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Abstract

The reduction of energy consumption has become a key research area for the information and communication
technology (ICT) industry, due to economical, environmental, and marketing reasons. While the environmental
direction aims at minimization of greenhouse gas emissions by enforcing the usage of renewable energy in the ICT
industry, economical and marketing directions lead researchers to design low-power components or develop and
enhance energy-saving protocols without an impact on the level of the performance. With the steady increase in the
cost of energy, the expanding number of energy-hungry components and widespread usage of ICT industry, most of
the protocols that have become an integral part of our lives but are yet developed without any energy constraints in
mind in the past will need to be restructured or developed again. For this reason, researchers are studying on all layers
of the Internet protocol stack to develop energy-efficient protocols and algorithms. This paper reviews recent
approaches for energy efficiency studies for each layer in the Internet protocol stack from the physical layer to the
application layer. It is expected that with the deployment of current research output, the studies performed at each
layer will result in significant energy savings for the ICT industry which in turn will have a positive impact on our lives
for their economical and environmental results.
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Review
Introduction
Nowadays, the information and communication tech-
nology (ICT) industry represents an important source
of energy consumption and greenhouse gas emissions.
Although, it is extremely difficult to configure the exact
amount of energy consumption for the ICT, various
resources estimate these numbers from a conservative 3%
of the worldwide electricity consumption up to two-digit
figures [1,2]. Even if the above mentioned conservative
figures are accepted, it is a well-known fact that the
ICT industry will grow in an exploding manner and the
trend for the rapid increase in the amount of energy con-
sumption will continue. However, the excessive amount of
energy consumption will not only increase greenhouse gas
emissions but will also have a significant impact on global
warming and climate changes.
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Green communication technologies are expected to
reduce and/or solve the serious problems which we are
very likely to embrace in the future with the emergence
of new nature-friendly technologies. While the focus of
the environmental view of green communications aims at
minimizing greenhouse gas emissions and the focus of the
engineering view of green communications tries to find
ways of reducing the energy usage in the sector, both views
expect similar outcomes.
Based on these facts, network and communication

devices, protocols, and algorithms should be aware of the
energy that they consume to make efficient and respon-
sible decisions, as energy consumption and other green
issues are fast becoming the ICT industry’s biggest chal-
lenge. Many protocols that are currently in use were
developed to achieve maximum performance, and the
energy consumption issues were neglected. Given that
the enormous growth of the ICT sector will continue,
it has become extremely important to take precautions
quickly and start implementing new protocols to reduce
energy consumption. For this purpose, most of the exist-
ing protocols are being enhanced or new ones are being
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developed to achieve these goals in every layer of the
Internet protocol stack.
The aim of this paper is to review and summarize the

recent studies for energy-efficient approaches for all the
layers of the Internet protocol stack starting from the
physical layer up to the application layer. Table 1 summa-
rizes some of the work done for each of the layers. A con-
siderable amount of research is devoted for the physical
layer for energy-efficient solutions. Developing energy-
aware power amplifiers, modulation techniques are the
focus of the physical layer studies. Most of the work com-
pleted on green communications for the data link layer
is on the Media Access Control (MAC) sublayer since
MAC protocols have a considerable impact on energy
consumption. A MAC protocol reducing the number of
collisions with effective usage of radio interfaces can result
in significant savings. Another important area for conser-
vation of energy is scheduling algorithms. Data centers
are significant energy-hungry systems as their numbers,
capacities, and sizes are increasing rapidly. It is estimated
that data centers are responsible for approximately a quar-
ter of the energy consumption of the overall network.
Thus, many researchers have devoted their studies for
minimizing energy consumption for the data centers by
optimizing their locations, developing routing algorithms.
Due to the bursty nature of the network traffic, a large
proportion of network devices can be underutilized for
some portion of their lifetimes. Thus, switching off those
devices during off-peak hours or estimating the load on
the devices is an important way of energy savings. Devel-
oping efficient algorithms for mobile ad hoc networks and
wireless sensor networks also might help to reduce energy

Table 1 Summary of the recent energy-efficient
approaches for all layers

Layers Energy-efficient approaches

Application layer Energy-aware usage of web services

Energy-aware mobile application designs

Periodic real-time applications

Transport layer Energy-efficient TCP protocols

Network layer Switching-off underutilized network devices

Reducing energy consumption in data centers

Energy-efficient approaches for mobile ad hoc

networks

Energy-efficient approaches for wireless sensor

networks

Data link layer Energy-efficient MAC protocols

Energy-efficient scheduling

Physical layer Energy-efficient power amplifiers

Energy-efficient modulation schemes

consumption. The transport layer energy efficiency stud-
ies are on optimizing the TCP. In the application layer,
the development of mobile applications and usage of web
services and real-time applications can contribute to a
decrease in energy consumption. In addition to the studies
in all layers, cross-layer energy efficiency research is also
gaining strength.
The remainder of this review paper is organized as

follows: A discussion on the impact of the energy con-
sumption for the ICT industry is presented in the next
section. By providing various examples from different
sources, it is observed that ICT energy consumption has
become an important portion of the total consumption,
and thus, effective measures need to be taken. The lat-
ter sections are reserved for each layer of the Internet
protocol stack: physical, data link, network, and trans-
port and application layers. For each layer, recent studies
for reducing energy consumption are described. Finally,
the ‘Conclusions’ section summarizes and concludes the
paper by specifying the importance of developing energy-
efficient algorithms as they will have an impact not only
on us but also on future generations.

The impact of ICT on energy consumption
Global warming is the increase in Earth’s average surface
temperature due to the effect of greenhouse gases, such as
CO2 emissions. Since the early twentieth century, Earth’s
mean surface temperature has increased by about 1.4◦F,
with about two thirds of the increase occurring in the last
three decades [3]. A major portion of the global warming
in the last half century has been caused by human factors
as a result of emissions of greenhouse gases. Greenhouse
gases can absorb and emit long wave (infrared) radiation
in a planetary atmosphere. This phenomenon is known
as the greenhouse effect. Energy-related CO2 emissions,
resulting from petroleum and natural gas, represent a
significant amount of human-made greenhouse gas emis-
sions [4]. Worldwide CO2 emissions are expected to
increase by approximately 2% annually in the next decade.
Most of the increase in the emissions is expected to occur
in the developing world in emerging economies [4].
According to scientific studies, if the rate of increase of

greenhouse gas emission continues with the current trend,
average global temperatures are projected to increase
between 2◦F and 11.5◦F before the start of the next cen-
tury [3]. The temperature increase can cause very serious
and dangerous effects on the environment and human life
such as accelerated sea level rise, reduction in the amount
of fresh water, changes in the ecosystems, and increased
amount and severity of floods and droughts, thus result-
ing in severe problems for all forms of life living on Earth
[5,6].
The ICT sector which accounts for approximately 2% of

global CO2 emissions [7] has become an integral lifestyle
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commodity for human beings. ICT has played a central
role in bringing the people of the globe together. Peo-
ple and the companies have become dependent on ICT
for different kinds of reasons such as e-commerce, online
banking, home shopping, and instant access to music,
books, and videos. With the invention of new technolo-
gies and applications or widespread usage of emerging
technologies such as Cloud Computing, Smart Cities, and
Internet of Things, ICT’s impact on human life will con-
tinue to increase rapidly. However, according to a report
by Alcatel-Lucent [8], the network component of ICT is
responsible for approximately 250 to 300 million tons of
CO2 emissions which is equivalent to 50 million automo-
biles or 20% of the cars in the US. Thus, the ICT sector
has become a major contributor to global warming, and
consequently, measures need to be taken for greening the
ICT. Figure 1 shows how different ICT fields contribute to
global CO2 emissions.
Based on [9], ICT now uses approximately 1,500 TWh

of power per year which is roughly equivalent to 10%
of the world’s total electricity generation or the com-
bined power production of Germany and Japan. The
power consumption of ICT is doubling every 5 years at
an alarming rate. Another research by [10] illustrates the
usage of phase electricity consumption for a number of
ICT services as an overview of ICT energy consumption.
According to this study, the collective electricity con-
sumption of communication networks, data centers, and
personal computers which are the major energy-hungry
parts of the ICT is also growing rapidly. For example,
in 2007, electricity consumption of these parts world-
wide was less than 700 TWh. But in 2012, this amount
has exceeded 900 TWh, about one-third increase only
in 5 years. As the usage of ICT products and services is

growing exponentially, electricity consumption will also
increase in a similar manner. In 2012, phase electricity
consumption of these parts exceeded 4.7% of the total
electricity consumption.
In the UK, ICT equipment accounts for approxi-

mately 10% of UK’s total electricity consumption accord-
ing to [11]. Asami and Namiki [12] present the energy
consumption for ICT equipment in Japan. The total
power consumption of only the routers was 7.3 TWh
in the year 2004, and in 2010, this value has reached
13 TWh. Another study [13] estimates that the elec-
tric power consumption of the 1.5 billion computers
in the world is about 10% of the global consumption.
Hinton et al. [14] also investigate the power consump-
tion of ICT and illustrate the power consumption of
the wired and wireless access network technologies per
user as a function of the access rate and year. Accord-
ing to [14], wireless-based (WiMAX, 3G/UMTS) access
networks are the most power-demanding technologies
and the power consumption per user increases rapidly.
For example, in 2010, while the power per user for
WiMAX was about 8 W, this value is tripled to 24 W in
2014.
Nowadays, there are more than 4 million base stations

serving mobile users, and each year, 120,000 new base
stations are deployed servicing 400 million new mobile
subscribers around the world [15]. Each base station con-
sumes, on the average, 25 MWh per year. As a result,
electricity has become a significant cost factor for both
network operators and their users. Figure 2 shows the cel-
lular network power consumption fields, and it can be
clearly seen that the base stations and mobile switching
are responsible for a significant portion of power con-
sumption. Also, the most energy-consuming part of the

Figure 1 ICT fields’ global CO2 emissions.
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Figure 2 Cellular network power consumption.

base stations is the power amplifiers. According to the
research of green wireless networks [16], power amplifiers
cause more than half of the energy consumption of the
base stations.
The Internet traffic is also rapidly increasing. Currently,

the total annual traffic is at a level measured in exabytes
(1018 bytes), and it is expected to reach zettabyte (1021
bytes) levels in the next 5 years. The energy consump-
tion of the Internet has continued to increase as a result
of demand growth of at least 50 to 100 times in the last
decade. Further demand growth between 40% and 300% is
estimated in the next 3 years [17]. According to a report by
CNN [18], more power is pumped for the maintenance of
Internet than the global automotive industry. Thus, Inter-
net uses more electrical power than the entire automotive
industry’s combined production of cars and trucks. If we
assumed that the Internet was a country, it would rank
fifth in the world for the amount of energy consumption
and carbon dioxide emissions. A report by Greenpeace
states that the Internet consumesmore power than Russia.
Greenpeace estimates that when functioning at full capac-
ity, Google’s eight server farms could use up to 476 MW
of electricity which would be enough energy to power San
Diego [18] which had a population of about 1.32 million
people in 2012.
The energy consumption of modern networks has

reached remarkable levels in the recent years because
of the increased pervasiveness of computer networks.
European Telecoms nowadays consume approximately
21.4 TWh per year, and it is anticipated to increase to
about 35.8 TWh by 2020 [19]. The IP networks currently
are responsible for 20% of total energy consumption of the

Internet, and the prediction shows that the energy con-
sumption of IP networks in the year 2017 will be 12 times
larger than that in 2009 [20].
With the entry of software-driven smart phones, the

Internet is now accessible from mobile platforms which
results in even greater demand for broadband. According
to [9], last year, the average smart phone customer used
1.58 GB of data per month. Each GB requires approxi-
mately 19 kW. Thus, the average smart phone user con-
sumes 361 kWh of electricity per year.
In addition to the global energy consumption perspec-

tive of the ICT, [21] points out that a desktop computer
uses approximately 200 kWh of electricity annually, com-
pared with 50 to 70 kWh for a notebook PC, 12 kWh for a
tablet, or 2 kWh for a smart phone in a residential area.
As can be seen from the above examples, it is very diffi-

cult to find out the exact energy consumption of the ICT
and the estimated figures are different from each other.
However, on the other hand, it is very crucial to com-
prehend that these figures are extremely significant and
they will continue to increase rapidly. Thus, urgent actions
need to be taken to reduce the severity of this problem. For
all layers of the Internet protocol stack, many researchers
have started working on developing new technologies,
enhancing current ones for energy-efficient mechanisms.
The rest of this paper will describe some of these research
starting from the physical layer.

Physical layer
The physical layer consists of the basic networking hard-
ware transmission technologies of a communication net-
work. It is considered as the fundamental layer underlying
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the logical data structures of the higher level functions in a
network and consists of radio frequency circuits, modula-
tion, and coding. The physical layer provides an electrical,
mechanical, and procedural interface to the transmission
medium. A considerable amount of attention has been
given to the physical layer for energy-efficient solutions.
Modulation is the process of varying one or more prop-

erties such as amplitude, phase, or frequency of a periodic
signal which usually contains information. With modula-
tion, a signal can be carried inside another signal that can
be physically transmitted. Many different analog and dig-
ital modulation techniques constitute the basis for com-
munication; thus, a considerable amount of effort is being
spent for energy-efficient modulation techniques.
Power amplifiers (PA) consume large amounts of energy

and dissipate heat, and since increasing demand of larger
capacity, higher data rates will increase the burden on
PAs; energy efficiency issues for PAs are another major
research area. In this section, we discuss some of the
recent energy-efficient approaches in the physical layer.
PAs have low energy efficiency because of the linearity

requirement enforced by the amplitude phase modulation
schemes. Introducing nonlinearity might be a way to over-
come this problem; however, its consequence is distortion,
and some studies for distortion cancellation [22] aim to
enhance the energy efficiency of PAs by taking into con-
sideration the polarization state of signals that is robust to
nonlinear distortion and propose a polarization modula-
tion design in wireless communications. In performance
analyses, the energy efficiency of the proposed scheme is
compared with phase shift keying (PSK) modulation and
significant reduction in energy consumption is observed.
Wei et al. [23] aim for an energy-efficient subcarrier-
power allocation (EESA) scheme. EESA is implemented
for the polarization-amplitude-phasemodulation (PAPM)
in the channel with polarization mode dispersion (PMD).
In this scheme, the PA energy efficiency is optimized
by distributing the PA input power on each subcarrier.
According to the results, the energy efficiency of the PA is
increased and significant energy gain is achieved.
Multiple-input multiple-output (MIMO) systems pro-

vide capacity and spectral efficiency improvements com-
pared to single-antenna systems. Multiple RF chains cause
an increase in energy consumption at the transceivers.
Thus, decreasing the number of RF chains increases
energy savings. The transmit antenna selection method
is the fundamental method for single RF chains.
In recent years, the spatial modulation procedure is
used for utilizing multiple antennas with only one
RF chain. In [24], a feedback-based spatial modula-
tion technique is introduced by using only one RF
chain. The proposed scheme results in energy savings
compared to the single RF transmit antenna selection
scheme.

In [25], adaptive modulation and dynamic signal-to-
noise ratio (SNR) adjustment is combined for achieving
an energy-efficient orthogonal frequency division multi-
plexing passive optical network (OFDM-PON). According
to the results, a significant amount of energy efficiency
is obtained for each bit in an FPGA-based receiver. In
[26], linearly modulated signals are transmitted with peak
power limitation. Several modulation formats are evalu-
ated in terms of mutual information and compared from
the energy efficiency perspective.
An ultra-compact, slight power modulation technique

in a wireless transceiver by controlling transmit power
for enhancing network power gains is designed in [27].
The on-off keying (OOK) modulator which provides low
power dissipation underlies the proposed scheme, and
significant energy savings are achieved.
An energy-efficient modulation consideration for wire-

less sensor communications is presented in [28]. In
this study, an energy-efficient modulation scheme, AQ-
DBPSK, is investigated. Its performance is evaluated in
AWGN and Rayleigh fading conditions. It provides the
best bit error rate (BER) performance; thus, the pro-
posed scheme may be a good option for energy-efficient
communication systems.
In [29], the cooperative diversity at physical layer is

analyzed by using an energy-efficient model for the reach-
back problem. In this problem, a large number of sensors
are scattered on a field for measuring the state of some
physical process that unfolds over the field and then coop-
eratively send this information back to a distant receiver
for further processing. In this study, the BER of the des-
tination is analyzed and the total energy consumption
for each bit is obtained. The total energy absorption for
achieving a given BER with ideal delay is obtained through
numerical analysis under different simulation parameters.
According to the simulation results, the total energy con-
sumption of cooperative diversity with two nodes is more
than that of the direct transmission for short transmission
distances, because of the circuit energy consumption for
short distance transmission. However, when the distance
is long enough, cooperative diversity can savemore energy
than direct transmission.
Energy efficiency in wireless ad hoc networks with

two realistic physical layer methods is discussed in [30].
These methods are the total energy consumption calcula-
tion and the reciprocal of the energy efficiency function.
The authors investigate these methods in the Rayleigh
fading and lognormal fading scenarios to derive the opti-
mum transmission range in wireless ad hoc networks.
In the two-node model, the hop-by-hop retransmissions
(HHRs) model is used. In the HHRs model, a packet is
retransmitted between two nodes until it is received and
acknowledged correctly. The transmission ranges of the
nodes are adjustable. Therefore, each node has different
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levels of transmission power, and the transmission power
arrangement provides energy efficiency. An energy effi-
ciency function which minimizes the energy consumption
between the source and the destination nodes is also
introduced. When this function is maximized, the opti-
mal energy consumption between the source and the
destination is obtained. The reciprocal of this function
is linearly proportional to the total energy consumption
value. According to simulation results, the two methods
- the total energy calculation method for the end-to-end
model and reciprocal of the energy efficiency function
method - have the equivalent energy efficiencies.
In [31], an optimization scheme based on adaptive

modulation and power control for a green routing pro-
tocol is used. In order to find the energy consumption
of the data packet transmission, the energy consumption
per bit for transmitting these packets is calculated. The
derived equation demonstrates that the transmit power
depends on the distance between the transmitter and
the receiver. M-ary Quadrature Amplitude Modulation
(M-QAM) provides better spectral efficiency, and the
M-ary Frequency Shift Keying (M-FSK) warrants power
efficiency. Using M-FSK is the most optimum solution for
sensor networks because it requires the least circuit com-
plexity, and for a given symbol error rate (SER), it needs
less transmitted power. Based on this, the non-coherent
M-FSK (NC M-FSK) is selected for modulation. Total
energy consumption is calculated based on two energy
spending reasons. The first reason is due to the RF sig-
nal generation and target distance. The second one is due
to the hardware electronic components. In the network
model, each node is stationary and knows its location by
using GPS. The IEEE 802.15.4 standard is taken as a ref-
erence, and the ISM band is assumed for operating the
modulation schemes. For evaluating the performance of
the proposed algorithm over the multi-hop route, two
scenarios are chosen: without optimization of power and
modulation order and with optimization of power and
modulation order. In the simulations, the impact of route
length is analyzed. According to results, using maxi-
mum power while transmitting at a fixed rate causes
the largest energy consumption. With optimization, the
system achieves significant energy gains.
In [32], a method for a robust and energy-efficient

physical layer for wireless sensor networks is proposed.
For assessing the radio link quality and calculating the
energy per bit transmitted successfully, the BER is used.
The results are presented for an indoor environment.
For energy efficiency, transmission power evolution is
tested for two transmission chains (with and without
forward error correction), three modulation schemes
(ASK, FSK, MSK), and two different frequency bands
(433 and 868 MHz). The best configuration observed for
optimal energy efficiency is a transmission system with

MSK modulation, 433 MHz frequency band, and for-
ward error correction (FEC) usage. It is also pointed out
that the physical layer optimization alone is not suit-
able to achieve the desired lifetime for a wireless sensor
network.
The authors of [33] had earlier introduced a novel recur-

sive physical layer security scheme. In [33], a novel syn-
chronization process is introduced where energy spending
is minimized and the impact on memory and CPU is mea-
sured. The analysis which is confirmed by simulations
sustains significant performance enhancements. The best
physical layer authentication preamble (AP) consisting of
a hash function using some secure keys and additional
information is achieved. Through simulations, it is shown
that the developed protocol is able to measure the opti-
mum operational point where the energy dissipation of
the system is minimum. The simulation results show that
their system saves a significant amount of energy.
Some energy efficiency studies on the physical layer

[34,35] also try to combine energy efficiency with secu-
rity considerations. Zhang et al. [34] combine the physical
layer secrecy and application layer secrecy requirements
for characterizing the partial secrecy metric to provide
an energy-efficient physical layer security in Gaussian
fading channels. In [35], for compensating the relaying
of the information in a secret and efficient scheme and
taking into consideration the quality of service (QoS) lim-
itations, the physical layer security technique with an
energy-efficient power allocation is proposed.
Packet loss, delay, and bandwidth are the parame-

ters which can affect the performance of VoIP services.
Increasing the transmission power overcomes this prob-
lem, in the expense of more energy consumption. In [36],
an energy-efficient transmission power algorithm (TPO)
which improves the energy utilization by considering QoS
limitations is proposed. The proposed algorithm adopts
the lowest possible transmission power with the help of
SNR approximation without affecting the VoIP service
quality. The transmission power is managed in accor-
dance with channel conditions. In simulations, significant
energy gains are obtained especially in a noisy channel
situation.

Data link layer
Most of the studies for green communications for the data
link layer focus on the MAC sublayer. In this section, we
discuss recent energy-efficient MAC protocols as well as
Long-Term Evolution (LTE) solutions.

Media access control
MAC data communication protocol is considered as a
sublayer of the data link layer. A MAC protocol defines
the rules of how a frame is transmitted on a commu-
nication link by addressing and channel access control
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mechanisms. Whenmultiple nodes share a single link, the
MAC protocol coordinates the channel access. This chan-
nel may provide unicast, multicast, or broadcast commu-
nication services. In this section, recent energy-efficient
approaches for the MAC sublayer are discussed.
For mobile devices, the most energy-hungry compo-

nent is the radio interface. For example, the radio interface
approximately consumes 70% of the total energy in a smart
phone when the screen is off. The radio interface can be
in transmit, receive, idle, or sleep mode, and the most
power is used in the transmit mode. In the idle mode,
a node requires to sense the medium and therefore the
consumed amount of power is approximately equal to
the receive mode. Collisions are another reason of high
energy consumption in wireless devices. The reduction of
collisions can enhance the throughput and decrease the
energy consumption. As MAC protocols assign a channel
to the nodes in the network, they directly control the radio
interface operation and have a significant role in energy
consumption for wireless devices.
In [37], a novel energy-efficient MAC scheme is studied.

The proposed scheme schedules the active and sleep times
of node radio interfaces in a distributed method. The col-
lisions are reduced by the use of a temporary coordinator
node. The network throughput is improved, and a lower
packet delay than current power saving mechanisms is
obtained. In performance analyses, the proposed scheme
is compared with a power saving mechanism in IEEE
802.11 which is called as PSM where time is divided into
beacon intervals that are used to synchronize the nodes
and all the nodes must stay awake for a fixed time, and
IEEE 802.11 without power saving mechanism (WoPSM).
Aggregate throughput, power consumption, energy con-
sumption, and packet delay are the performance mea-
surement metrics. The power consumption analyses show
that WoPSM is the most energy consumer because all the
nodes are in the awake state all the time. The overall net-
work power consumption increases as the load increases
for all the schemes. It is clearly obtained that the proposed
scheme outperforms both PSM and WoPSM in terms of
energy efficiency and also in terms of throughput and
delay.
A popular MAC standard described by IEEE 802.15.4

for wireless sensor networks and actuator networks
defines two operating modes: non-beacon-enabled mode
where the receivers are always awake to receive a frame
and beacon-enabled mode which describes super frames
where the nodes are only awake during a small part of
a super frame and they sleep quite often. In the second
mode, significant traffic results in frequent collisions and
packet losses which causes an increase in energy con-
sumption and low throughput. To operate IEEE 802.15.4
with low duty cycles needs MAC parameter adjustment
to attain low energy consumption. The beacon-enabled

mode behavior is analyzed in [38] to define the main per-
formance bottlenecks. The adaptation method is referred
to as ABE where a coordinator observes the number of
idle slots before a transmission starts. However, a node
consumes energy to observe idle slots because it needs
to be awake. This problem is solved by delegating track-
ing of idle slots to the coordinator that always needs to
stay awake during the active period. ABE is compared
with the IEEE 802.15.4 standard configured with static
backoff exponent which specifies the size of the con-
tention window values. Results show that ABE provides
optimal throughput without considering the number of
nodes. The value of the contention window which opti-
mizes throughput is found by the coordinator in ABE. The
adaptation mechanism in ABE which adjusts the optimal
contention window values yields high throughputs along
with low duty cycles, leading to low energy dissipation.
Forcing the nodes to sleep adaptively while ensuring

the continuation of communication is the purpose of
[39]. The Base Station Controlled MAC (BSC-MAC) con-
serves energy by switching off the idle nodes. The source
nodes generate the data and forward it to the base station
through the root nodes. In BSC-MAC, the list of all nodes
reaches the base station by flooding. The nodes with sub-
sets are detected, and they are designated as the root
nodes. The capture of a path causes the neighbor nodes
to go to sleep mode. This mechanism provides power sav-
ings, reduces packet collisions, inhibits packet losses, and
also prolongs the network lifetime. A NS-2 simulator is
used for simulations. BSC-MAC is compared with Pat-
tern Medium Access Control (P-MAC) which designates
the sleep of sensor nodes adaptively, Timeout Medium
Access Protocol (T-MAC) which is used for idle listening
for wireless sensor networks (WSNs), and SensorMedium
Access Protocol (S-MAC) which puts the nodes into sleep
mode periodically when the nodes unnecessarily listen to
the environment to the point of total energy consumption
for all scenarios. BSC-MAC performs better than S-MAC.
It has worse results than P-MACwhen the total number of
generated packets increases. Also, BSC-MAC is compared
with Adaptive Energy-Efficient MAC (AEE-MAC) which
provides more energy efficiency than MAC by using addi-
tional improvements: adaptive sleep, reuse of the channel,
and combined control packets. BSC-MAC can result in
more energy savings compared with AEE-MAC.
Various MAC schemes have been proposed to enhance

resource sharing and energy preservation for WSNs.
However, these MAC mechanisms are complex and
expensive. For this reason, simulators are required to
understand the network behavior. The authors in [40]
are interested in the performance of wireless MAC pro-
tocols for energy dissipation. A simulator (EnergySim)
is developed to evaluate energy consumption of a net-
work and nodes for any given wireless MAC protocol.
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EnergySim provides position information of the nodes,
nodes’ residual energy, energy consumption, and the num-
ber of alive nodes. It is an event-driven simulator and
specifies the shortest paths by the usage of the Dijk-
stra algorithm. It allows to make detailed energy analyses
for any given wireless MAC protocol. Table 2 compares
some CSMA/CA-based MAC protocols for their energy
efficiency.

LTE (Long-Term Evolution)
Wireless access networks consume 80% of the total energy
used by mobile communication network operators. Radio
resource management and allocation functions for LTE
have become an important research subject as energy con-
sumption in base stations and downlink transmissions
seems to be a major area where significant conservation
can be achieved.
Instead of optimizing to improve spectral efficiency of

access networks, in [41], energy efficiency of some well-
known principal scheduling schemes is introduced. Three
relevant energy-efficient schedulers are introduced: round
robin (RR), best channel quality indicator (BCQI), and
proportional fair (PF). RR is the one of the most popular
principal schedulers. It assigns the same number of phys-
ical resource blocks (PRBs). BCQI and PF are channel-
aware scheduling schemes. BCQI selects the user with
the highest channel quality index (CQI), which measures
the quality of a wireless communication channel; in other
words, a high CQI is indicative of a high-quality signal
at each transmission time interval (TTI) for each PRB. In
PF, the users are selected based on a normalized achiev-
able rate at each time slot. When the energy consumption
model is examined, a linear power consumption model is
considered. The bandwidth is traded off for energy when-
ever possible. According to derivations, the amount of
energy consumed in each TTI is reduced so it provides
overall reduction of the transmission energy. Finally, a
maximum of one PRB is assigned to each user, and three
energy-efficient schedulers are obtained: energy-efficient
round robin (EERR), energy-efficient proportional fair
(EEPF), and energy-efficient best channel quality indica-
tor (EEBCQI). In simulations, a network with a single base
station with multiple users is used. The performance of

the proposed schedulers (EERR, EEPF, EEBCQI) is com-
pared with that of principal schedulers (RR, PF, BCQI) in
terms of energy efficiency and QoS. According to results,
when there is a low number of available resources (PRBs)
in the system, the proposed schedulers save significantly
more energy than the principal schedulers. By increasing
the number of PRBs, this energy gain scales up because all
of the PRBs are not occupied as ON/OFF traffic source is
considered. So, if all the PRBs are assigned to the users,
the energy gain will rise. In conclusion, this work shows
that energy savings gain mostly depends on the available
resources (PRBs) and number of users in each TTI.
3GPP Long-Term Evolution-Advanced (LTE-A) is one

of the advanced technologies for mobile communications.
In LTE-A, multiple QoS classes have been defined for dif-
ferent bit rate, packet delay, and packet loss rate character-
istics. In order to decrease the power consumption of the
user equipments (UEs), a discontinuous reception (DRX)
mechanism has been designed in LTE-A. This mechanism
switches off the radio interfaces of the UEs when evolved
node B (eNB) does not have data to deliver to the UEs.
Existing studies show that the usage of DRX can signifi-
cantly reduce energy consumption in UEs. Although these
studies have mentioned the DRX optimization problem,
they did not consider QoS requirements and aimed to
manage the DRX cycle length for UEs to enhance energy
efficiency. Authors in [42] mention the DRX optimiza-
tion problem. This study provides QoS satisfaction for
UEs and saves energy by minimizing wake-up periods of
UEs. A packet scheduling method and an efficient scheme
are proposed. The proposed scheme is compared with the
counter-driven DRX (CDD) which manages the length of
the DRX cycle for each UE by using predefined thresholds,
and multiple-threshold DRX (MTD) which designs multi-
ple lengths and thresholds. The effects of packet loss rate,
rate satisfaction ratio, and power consumption are exam-
ined. Reduced packet loss rates are obtained by using the
proposed scheme since it extends wake-up periods and
catchesmore packets. The proposed scheme possesses the
highest satisfaction ratio when the network is saturated.
Additionally, the power consumption performance of the
proposed scheme has been observed to be in between the
MTD and CDD. CDD outperforms the proposed scheme

Table 2 Comparison of MAC protocols

Protocols Type Latency Throughput Energy efficiency

P-MAC Contention based Medium Medium High

T-MAC Contention based High Low High

S-MAC Contention based Low Low Medium

AEE-MAC Contention based Low Low Medium/high

BSC-MAC Contention based Low Medium Medium/high
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in terms of energy efficiency; however, it neglects the QoS
satisfaction of UEs.
While some studies aimed to decrease the energy

consumption of UEs in mobile networks, UE energy
consumption is only a small fraction of the energy con-
sumption in these networks. A larger fraction belongs to
BSs. A study [43] is developed as part of the EARTH
Project which aims to improve energy efficiency of LTE
cellular networks while providing more wide coverage and
to reduce the carbon footprint. Authors aim to enhance
radio transmission techniques such as beamforming and
MIMO antenna techniques to promote the objectives of
the EARTH Project. Especially MIMO is used to enhance
the spectral efficiency of the communication links. It is
pointed out that in macrocells, significant reduction in
power consumption can be obtained at high loads by using
reconfigurable antennas. A suitable MIMO mode selec-
tion and proper precoding and scheduling can provide
even more power savings. Also, significant power reduc-
tions are attained in picocells with convenient MIMO
mode selection.
In [44], the design comparison between LTE and LTE-

A is presented in terms of energy efficiency. LTE-A
adds three new functionalities: carrier aggregation which
increases the bit rate, heterogeneous networks which
include combination of macrocell- and femtocell-based
stations, and having multiple antennas in other words
improved MIMO support to LTE. The energy efficiency
in wireless access networks is formulated by specifying
the most energy-efficient BS. The effects of the three
new functionalities of the LTE-A on energy efficiency are
investigated. The results show that especially LTE-A’s car-
rier aggregation andMIMO enhancement provide signifi-
cant increment on energy efficiency when compared with
LTE. LTE-A also provides improved support for relaying,
and this can also improve energy efficiency even more.

Network layer
The energy consumption of the ICT sector has grown
rapidly in the recent years with the exponential increase
in the number of people and devices that are connected
to the network as well as the broad number protocols
that have become key components of our daily lives. As
a result, energy-efficient solutions have become a major
concern and scientists have started to work on energy-
aware protocols. With the next generation of networking,
we will soon be using energy-efficient protocols which
will replace the current protocols developed without any
energy constraints.
Data centers are one of the largest and fastest grow-

ing energy consumers in the world as they have become
the backbone of many institutions. The explosion of Inter-
net traffic and its content pushes data centers’ energy
needs forward. Thus, a significant amount of effort is

spent on designing energy-efficient data centers. Switch-
ing off existing devices when they are idle is also an
important candidate for providing an immediate energy-
efficient solution. However, the questions of when and
how to make these decisions without an impact on the
performance need to be answered. There are also energy
efficiency studies on optical IP, mobile ad hoc networks,
and wireless sensor networks. In this section, we try to
describe some recent energy-efficient approaches for the
network layer.

Switching off network devices
Switching off lightly loaded devices such as network links
and/or nodes is one of the extensively studied energy
efficiency methods as shown in Figure 3. Switching off
network devices can result in immediate and significant
energy savings provided that it does not have a negative
impact on the network traffic. For this reason, tradition-
ally used protocols need to be enhanced to compensate for
switching off solutions.
With the Open Shortest Path First (OSPF) protocol,

shortest path trees (SPTs) are computed and used by all
routers in the network. Energy-Aware Routing (EAR) [45],
on the other hand, uses only a subset of router SPTs for
traffic routing. The EAR protocol classifies the routers
into exporter, importer, and neutral routers. The exporters
calculate their SPTs, and then the importers use these
SPTs to construct their own modified path trees (MPTs)
and to determine the links that can be switched off. Neu-
tral routers act as in the traditional OSPF routing protocol.
The performance of the protocol is measured by a using
a performance index which shows the the percentage of
links that the EAR protocol allows to switch off. The sim-
ulation results indicate that a significant number of links
can be switched off and energy savings can be increased
especially under light traffic conditions.

Figure 3 Switching off the nodes.
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In [46], a distributed link management algorithm for
energy-efficient IP networks is developed. The links in a
network can be switched on/off based on the dynamically
managed two threshold levels. The threshold levels are
chosen based on the link flow amount. The distributed
link management algorithm provides redirecting the flow
on the fly without losses or loops during the long conver-
gence of the routing protocols after switching on/off the
links. In this work, the authors also implement an opti-
mization tool which can specify the optimal power saving
network topology.
A distributed approach [47] utilizes sleep mode abil-

ities of links in an ISP network with the knowledge of
current link load instead of current traffic matrix. The
working states of the links are adjusted dynamically, and
the network capacity is adapted to the current traffic load
without overloading the resources. The optimization is
to minimize the network power consumption under spe-
cific traffic conditions and QoS limitations. Distributed
Least Flow (DLF) which selects the least loaded link and
Distributed Most Power (DMP) which selects the most
power-hungry link is used for algorithm design. These
two algorithms are further divided into LastSleep which
selects the last link entering a sleep state and Distance
which selects the closer sleeping link to the congestion
point. According to results, the DMP algorithms are more
powerful than the DLF in terms of sleep attempts because
DMP aims energy-hungry links which carry a lot of traf-
fic. Furthermore, Distance policies save more power than
LastSleep policies.
Minimizing energy consumption by putting idle routers

and links into sleep mode and, furthermore, keeping the
interference on network operation minimal is studied in
[48]. On the contrary to the previously discussed works,
this work can put both nodes and links into sleep mode.
The optimization problem is formulated to maximize the
number of sleeping nodes and links by taking into consid-
eration the load balancing and the link utilization varia-
tion problems, and a heuristic Energy-Efficient Topology
(EET) protocol is proposed. In the derivations, the energy
efficiency of the nodes and the links is expressed sep-
arately, and the average energy efficiency of the overall
network is obtained. The subset of routers and links that
can be put into sleep mode is found. It is pointed out
that more energy can be saved by switching off a network
node than putting a single link into sleep mode. Thus, in
EET protocol, the maximum number of nodes that can be
switched off is determined first and then the links that can
be switched off are identified. When the network load is
low, a larger amount of routers can be selected to put into
sleep mode.
A table lookup bypass (TLB) approach is proposed in

[49]. Under suitable traffic conditions, the table lookup
(TL) operation of a line card (LC) is bypassed and the

received packets are deterministically forwarded through
the next-hop router. Forwarding engine (FE) function-
alities are frozen, and power dissipation is significantly
reduced. By this way, the forwarding operation is inde-
pendently achieved by each LC in core IP routers. The
proposed approach also combines TLB and link switch off
(LSO) approaches. There are two alternatives: to switch a
whole link off or freeze out only the FE of LC. Especially in
high traffic conditions, the proposed approach promises
a lower energy consumption. It is pointed out that TLB
is very suitable when LSO cannot be fulfilled; in other
words, traffic load does not allow switching off of other
links when the network is highly meshed.
In [50], a novel energy-efficient routing approach

called Safe and Practical Energy-Efficient Detour routing
(SPEED) is proposed. It provides power saving maximiza-
tion with guaranteed connectivity by applying two key
ideas: precomputing loop-free next-hops for each primary
next-hop to forward traffic and selecting loop-free further
next-hops then aggregating traffic to them without extra
routing costs. Primarily, the proposed approach achieves
energy savings by putting idle links into sleep mode after
traffic aggregation. In simulations, real network topolo-
gies GEANT and Abilene are used. The performances of
ORIG (routings computed by a traditional intradomain
routing protocol), SPEED (proposed protocol), SPEED-C
(proposed protocol with modified network configurations
where the link weights are modified), OPT-MAX (the
traffic over links with heavier loads will be pruned first),
and OPT-MIN (traffic over links with lighter loads will
be pruned first) are compared. According to the power
saving ratio analyses of the simulations, it is proved that
SPEED and SPEED-C are efficient for power savings in the
traditional IP networks.
An energy efficiency and load balancing optimiza-

tion algorithm called as Green-Load-balancing Algorithm
(GLA) based on existing link switch off techniques is
introduced in [51]. By optimizing the Interior Gateway
Protocol (IGP) link weights of a network, energy saving
gains are obtained by using the link sleeping and load
balancing jointly. The algorithm aims to put more links
to sleep without affecting the load balancing require-
ments. In simulations, the GEANT is used. The GLA is
compared with Interior Gateway Protocol Weight Opti-
mization (IGP-WO), and it is obtained that GLA shows
slightly better performance than IGP-WO in terms of load
balancing and results in energy savings at the same time.
According to several experiment scenarios, the proposed
algorithm improves the energy efficiency and enhances
the performance of existing switch off algorithms in terms
of energy efficiency.
A distributed energy-aware traffic engineering analysis

DAISIES is proposed in [52]. DAISIES uses routing-based
approach where the link switch off process is handled
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individually by each node. The switching off process is
managed with respect to the traffic variations. A defi-
nite load-dependent link-weight function is proposed to
perform DAISIES more efficiently. The proposed scheme
is different from other studies in two important aspects:
there is no off-line centralized component, and it searches
for the best path for each traffic demand rather than
search for the best set of links to switch off. It takes advan-
tage of traffic engineering of the existing routers andmod-
ifies the path computation strategy, and it does not require
significant changes in current routers. The event-driven
simulation packet is used for simulations. For different
traffic conditions, DAISIES performance is tested and it
is observed that the proposed scheme provides significant
energy gains.
In [53], switching off links and routers, managing the

link weights for minimizing the energy consumption
besides the network congestion with priority order is
aimed. A Mixed Integer Linear Programming-based algo-
rithm for Energy-aware Weights Optimization (MILP-
EWO) which takes advantage of the IGP-WO algorithm
is presented, and the link weight optimization is con-
figured. Link capacities are considered, and the network
congestion level is minimized for ensuring service quality.
According to the simulation results for several real net-
work topologies, significant energy savings can be gained
by using the efficient configuration of link weights in IP
networks with homogeneous and heterogeneous network
equipments by switching off a considerable number of
core nodes.
In [54], the green routing algorithms are analyzed based

on realistic network scenarios. idleEnergy, fully propor-
tional, and energy-agnostic models for a network device
energy consumption are investigated with an objective to
find the network configuration that minimizes the total
energy consumption. The pan-European data network
GEANT is used for comparing Green and IGP-WO rout-
ing algorithms for idleEnergy (realistic case), fully propor-
tional (best case), and energy-agnostic (worst case) energy
models. The results conclude that on all energy models, it
is possible to achieve higher energy savings by switching
off links rather than by switching off nodes. In addition, it
is observed that the energy saving performance depends
on the network topology, traffic requests, and the device
technology rather than the maximum device utilization.

Optical IP
Telecommunication networks can be classified into
access, metro, and core domains. Core networks con-
sume a significant amount of energy as they support
high capacities with very high data rates. Core networks
depend on optical transmission. In particular, the IP over
wavelength-division multiplexing (WDM) technology is
used for compensating increased Internet bandwidth

requirements. For reducing the power consumption, the
optical switching solutions are chosen. The most signifi-
cant advantage of the optical switches is that their power
dissipation does not increase significantly as the data
rate increases. Generally, three types of optical switching
solutions - optical circuit switching (OCS), optical burst
switching (OBS), and optical packet switching (OPS) - are
considered. In OCS, low costs and power consumption
reductions are proposed; however, flexibility and band-
width utilization is restricted. OBS sets up data into bursts
and decreases network costs and power, but results in
high data losses at core nodes. The highest flexibility and
resource utilization is obtained by OPS, and it can be con-
sidered as the best alternative for electronic switching.
However, it needs complex optical components that lead
to high power consumption.
For exploiting the advantages of OCS, OBS, and OPS

on the same network, the hybrid optical switching (HOS)
is implemented in [55] for achieving an energy-efficient
Internet core. Three possible architectures - an all-
optical HOS network, an optical/electronic HOS net-
work, and all-electronic network - are proposed for future
high-capacity networks. For comparison of the proposed
network solutions, the Pan-European network is used.
According to the results, the all-electronic network pro-
duces the highest carbon dioxide emissions. As the input
load in HOS networks is lower, the HOS network emis-
sions as well as the energy consumption are lower. But it
can cause a decrease in the network throughput and larger
data loss rates.
In [56], adaptive networks and mixed-line rate (MLR) IP

networks are compared over DWDM networks in terms
of cost and power efficiency. With a realistic IP traffic
pattern, the network optimization scheme optimizes the
IP layer and WDM layer by setting additional IP links
to bypass IP routers and route them through suitable
transmission links except for all links that minimize the
power consumption of the whole network. The simulation
results show that the MLR network achieves more power
gain than the adaptive network which is more hardware
efficient in terms of total number of transponders with
hierarchical scenario (higher link load but less number of
IP links) and flat scenario (additional shortcuts between
ex-region nodes together with lower link capacities) in
both optimized IP layer and optimized WDM layer.
In [57], the power savings achieved by optimization of

the physical topology of IP over WDM networks is inves-
tigated in terms of non-bypass and bypass approaches
under nodal degree constraints, traffic symmetry, and
renewable energy availability. The results of simulations
show that the optimized physical topologies provide sig-
nificant energy gains when compared to the NSFNET
topology, which covers the US and provides a realistic sce-
nario, delay-minimized topology, and the virtual topology.
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In [58], the energy consumption of IP over opticalWDM
networks is analyzed through an optical power-aware
backbone network model. It is stated that the energy con-
sumption of the IP over optical WDM networks can be
reduced by bypassing the lightpath in the optical layer
which causes a reduction in the number of IP router ports
that consume maximum energy. In an energy-minimized
design, the set of nodes corresponds to IP routers and
optical switch nodes, and the link set symbolizes the
physical fibers in the network. The proposed optimiza-
tion model decreases energy dissipations in the network
such as IP routers and WDM transponders to minimize
overall network energy consumption. From the simulation
results, it is observed that the proposed scheme consumes
less power than the traffic grooming scheme when the
lightpath bypass strategy is implemented. It is seen that
the network size growth increases the power savings of
the lightpath strategy because it provides longer lightpaths
and allows bypassing of more intermediate switch nodes.
In [59], the energy efficiency of rate and modula-

tion adaptive optical OFDM-based networks is investi-
gated. OFDM promotes heterogeneous traffic demands.
The distance-adaptive spectrum allocationwhich includes
the adaptation of the modulation level of subcarriers by
using optical paths of higher optical signal-to-noise ratios
(OSNR) is taken into consideration with flexible band-
width allocation. The proposed model differentiates the
power-minimized and spectrum-minimized optimization
schemes. In simulations, the optical OFDM-based net-
works are compared with conventional IP overWDMnet-
works under the bypass approach. OFDM-based networks
are also compared with MLR networks. The proposed
model saves a significant amount of energy compared to
IP over WDM networks and MLR networks. In addition,
MLR networks also have higher energy efficiency than
WDM networks.

Data center networks
Data centers are among the major contributors of energy
consumption for the ICT sector due to the ever grow-
ing demand for video and data extreme applications in
various fields such as informatics, genomics, finance, and
medicine. To make things even worse, the cost of energy
is steadily increasing. There are many studies that focus
on minimizing the power consumption inside the data
centers, as it is estimated that the data centers are respon-
sible for approximately one quarter of the overall network
power consumption. According to [60], the amount of
energy consumed by data centers is growing by 12% per
year. One data center can use enough electricity to power
180,000 homes; in other words, they can consume up to
100 times more energy than a standard office building
[61]. In this section, we present recent studies that focus
on decreasing power usage in data centers and reducing

the power dissipation of data transportation between data
centers and end users.
Air cooling represents an important share of the energy

expenditure in data centers. If computational power,
temperature, leakage, and cooling power needs can be
reduced, major energy savings might be possible. In
addition to air cooling, the location of data centers can
have a significant impact on energy usage. For over 10
years, Google [62] has been building some of the most
energy-efficient data centers in the world. Their data cen-
ters consume 50% less energy than the typical data centers,
resulting in a savings of more than a billion dollars to
date. By displacing the server farms to the banks of the
Colombia River, the energy offered by the hydroelectric
power plants nearby has been used with significant sav-
ings. The water flow provided by the river in addition is
used within the cooling systems. An alternative cooling
system designed by Microsoft in the Tent and Marlow
projects [63] leaves servers in the open air so that heat can
dissipate quickly.
Dong et al. [64] study the location of the data centers

for minimizing the power consumption through mathe-
matical optimization models. Two traffic scenarios: the
traffic towards and from the data centers and the traffic
between data centers with the non-bypass approach and
the multi-hop bypass approach are analyzed. The optimal
data center locations provide approximately one quarter
more energy gain when compared to the worst locations in
the non-bypass approach. The energy gain value is about
one half of the non-bypass case with the multi-hop bypass
approach. The problem of whether to locate data centers
next to renewable energy or to transmit renewable energy
to data centers is studied and concluded that a significant
energy gain can be obtained in optimization of the data
centers’ locations with renewable energy.
As leakage power is exponentially dependent on tem-

perature, higher temperatures can cause higher power
consumption. Fan speeds affect the power dynamics of
servers and can cause an increase in temperature and
leakage power. In [65], a leakage and temperature-aware
server control mechanism is presented for enhancing
energy efficiency of enterprise servers in data centers. In
order to determine the leakage-temperature effects on
the energy efficiency of servers, two fan control schemes
- the LUT-based Controller which periodically monitors
the load utilization and provides fan speedmanagement of
the power supplies and the Bang-Bang Controller which
keeps the temperature in between two desirable tempera-
ture values - are presented. According to the results, both
fan control schemes provide energy savings in compari-
son to the original fan scheme. It is also observed that, the
LUT-based scheme is better in energy efficiency because
the runtime temperature values are lower and steadier and
leakage is always kept low.
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A study for temperature powermanagement in [66] tries
to optimize temperature sensor deployment in data cen-
ters to control cooling supply which is still a problem in
the data center energy efficiency perspective. To solve this
problem, authors deploy sensors in a single rack and aim
to extend the algorithm to the whole data center. Then, an
optimization problem is formulated to determine proper
positions for temperature sensors to adjust cooling supply.
In simulations, the relationship between the optimal tem-
peratures and optimal sensor positions is investigated. It
is observed that significant energy savings can be obtained
when compared with random sensor deployment.
Authors in [67] enhance techniques to analyze and

optimize energy management in multi-core servers by
involving the dynamic power of the processor in addi-
tion to leakage power and switching overhead between
speed levels. An objective function that is a linear com-
bination of energy usage, queuing cost, and switching
costs is established. The considered processor is multi-
core where each core is running at a different speed, while
previous studies considered only the case where all the
cores were running at the same speed. According to the
results, a significant part of the energy efficiency gain
is obtained with one or two thresholds. Also, the hys-
teretic model, in which there are two threshold buffer
levels and the queue is served with the lower service rate,
outperforms the one-threshold model in terms of energy
efficiency. Consequently, the most energy-efficient model
is the two-threshold model for all scenarios.
A new throughput-guaranteed Power-Aware Routing

algorithm (PRA) is presented in [68] which aims to reduce
the total power consumption of network devices. PRA
provides efficient power utilization in data center net-
works by exploiting sufficient network power to ensure
the routing service while sustaining the target network
throughput. In addition, the trade-off between power con-
servation and network fault tolerance is investigated. The
proposed approach uses a different rate model where
the transfer rate of each flow is bandwidth constrained
and depends on network resource competition with other
flows rather than the constant traffic demand. The pro-
posed approach is pruning-based. The switches and the
links are iteratively eliminated, and it is a significant alter-
native for existing routing algorithms. BCube and Fat-Tree
topologies which are used for data center networks are
considered in simulations. The results are obtained in the
sense of various traffic patterns. It is obtained that the
proposed algorithm decreases the power consumed by
switches at low network loads, and as expected, the power
saving percentage is inversely proportional to the network
load. Besides, the proposed algorithm is compared with
the ElasticTree scheme where every flow has a constant
transfer rate. Results show that PRA obtains abundant
power gains than ElasticTree.

Since networking, servers, and cooling are the major
energy consumers in data center networks, most of the
existing studies focus on energy-aware routing and topol-
ogy designs rather than scheduling traffic flows in a more
energy-efficient scheme. In [69], authors depart from
this idea and propose a joint manner which combines
preemptive flow scheduling and energy-aware routing. In
the proposed algorithm, Flow Preemption and Energy-
Aware Routing (FP and EAR), the higher priority owner
flow is preferably scheduled and the lower ones are sus-
pended until the flow ends. This scheme makes the links
completely utilized and saves more energy. Then, the
energy-aware routing assigns the paths sharing switches
sufficiently to the traffic flows which are scheduled at the
same time in the network. In the simulations, the per-
formance of the FP and EAR is compared with ECMP
routing which is traditionally used in data center network
topologies and achieves load balance and high network
performance. According to results, the network energy is
saved significantly by the proposed algorithm under the
impact of flow arrival interval. In addition, the effect of
traffic flow distribution on the network energy consump-
tion is also evaluated. It is seen that when the percentage
of used servers is low, the impact of FP and EAR increases
significantly.

Mobile ad hoc networks
Unreliable wireless links and multiple receivers associ-
ated with a single packet transmission can result in poor
energy efficiencies for wireless networks. In this section,
several studies aiming to overcome these difficulties and
providing for energy-efficient solutions for mobile ad hoc
networks (MANETs) are described.
The performance of several routing protocols such as

AODV, DSR, DSDV, TORA, and EAODV for MANETs
is compared in existence of frequent link failures due to
the high mobility of the nodes in [70]. In energy effi-
ciency analyses, it is pointed out that formeasuring energy
efficiency, the network lifetime can be used instead of
power consumption. In simulations, four performance
metrics - packet delivery ratio (PDR), normalized routing
load (NRL), average end-to-end delay, and energy con-
sumption - are used. Performance results of these metrics
are obtained with the impact of three parameters: node
velocity, packet sending rate, and pause time. The energy
consumption of the on-demand protocols increases as the
maximum node velocity increases. The results show that
DSR has lower energy per user data than EAODV and
DSDV. When velocity increases, the energy efficiency of
the DSR is better than EAODV, TORA, and DSDV.
A scalable, opportunistic, and energy-efficient routing

procotol (E2R) is proposed in [71] which employs a greedy
forwarding algorithm by reducing the control message
overhead. E2R protocol is highly distributed and scalable



Cengiz and Dag EURASIP Journal onWireless Communications and Networking  (2015) 2015:108 Page 14 of 22

as it requires one-hop neighbor information. The protocol
exploits spatial diversity in wireless networks rather than
determine data delivery paths such as next hop. Thus, the
discovery packets and data packets are delivered by broad-
casting. The proposed protocol is compared with AODV
and SBA-AODV (scalable broadcast algorithmAODV). In
SBA, before rebroadcasting the first received packet, each
node waits for a randomly assigned time interval. Packet
delivery ratio, control overhead, and packet delivery delay
are the metrics used for evaluating the protocols. The
impact of node density and node failure is examined for
these metrics, and it is observed that the control overhead
is 90% reduced compared to AODV.
The energy-efficient routing protocols are generally

classified into two categories in literature: Minimum
Energy Routing Protocols and Maximum Network Life-
time Routing Protocols. Progressive Energy-Efficient
Routing (PEER) presented in [72] is a minimum energy
routing protocol. Contrary to other energy-efficient rout-
ing protocols that try to find the optimal path during route
discovery process, PEER searches for the more energy-
efficient path progressively and ensures the route contin-
uously. A suboptimal path to the most energy-efficient
path is formed between the source and the destination,
and the transmission path changes when necessary with
slight overhead to guarantee energy-efficient transmis-
sions. PEER is a cost-based protocol. The cost of all
the links are calculated, and the minimum cost path is
selected. In simulations, the performances of PEER, Min-
imum Total Reliable Transmission Power (MTRTP), and
AODV are compared in static andmobile scenarios. In the
static scenario, PEER performs the best in terms of energy
consumption per packet followed by MTRTP and AODV.
PEER performs better than MTRTP because it uses more
exact link costs, its routing overhead is lower, and it can
adapt paths to the environment changes quickly. Also,
PEER and MTRTP perform better than AODV as they
search for the most energy-efficient path instead of the
shortest path. In the mobile scenario, PEER has the best
and MTRTP has the worst performance as MTRTP can-
not adjust well to mobility. Consequently, PEER reduces
energy consumption by approximately 25% compared to
AODV and 40% compared to MTRTP in the mobile sce-
nario.
InMANETs, nodesmay act selfishly as the network does

not rely on a pre-existing infrastructure. Topology control
game is examined in [73] for attaining an energy-efficient
topology inMANETs in the existence of selfish nodes. The
proposed scheme uses the benefit of a node for joining
a network as a function of its transmission power. How-
ever, the energy consumption of the nodes also depends
on the volume of transferred traffic. A new objective func-
tion which takes into account both load and transmission
power is described. For evaluating the energy efficiency of

the communications, the energy usage of nodes is calcu-
lated. For global methods, each node is aware of the whole
information about the connectivity of all other nodes. On
the other hand, every node is only aware of topological
information about nodes within a limited hop distance in
local methods. Significant energy efficiency is obtained
when each node merely removes one link. Local meth-
ods outperform the global methods in terms of energy
efficiency.
A wireless mesh network (WMN) is a particular type

of MANET which is reliable, offers redundancy, and con-
sists of radio nodes organized in a mesh topology. It
often includes mesh clients such as laptops, cell phones,
mesh routers, and gateways. A routing algorithm based
on Strength Pareto Evolutionary Algorithm (SPEA) is
proposed in [74] for WMNs. SPEA aims to build the
most efficient routes. These routes consider the shortest
path, energy consumption, and QoS limitations. The main
objective of the proposed protocol is to find an optimal
route, which is energy efficient, by decreasing the possi-
bility of packet loss and satisfying the maximum delay and
minimum bandwidth requirements of the connection, for
unicast or multicast schemes. In the work, a mathemati-
cal model is described with four objective functions: hop
count, energy consumption, free space loss, and delay. For
the energy consumption function, it is assumed that the
network is formed by heterogeneous nodes and they can
have different energy consumption for both transmission
and reception. The proposed protocol selects the path
with the lower overall energy consumption to increase
the battery life of these devices. In simulations, differ-
ent scenarios are configured to compare the solutions
of the proposed algorithm and the traditional shortest
path algorithm. When the power consumption is individ-
ually minimized by minimizing the energy consumption
function, significant energy gain is achieved.
Delay-tolerant networks involve the technical issues of

heterogeneous networks and are deprived of continu-
ous network connectivity. They can operate in mobile or
extreme terrestrial environments. Energy-efficient Rout-
ing and Rate Allocation (ERRA) protocol for a delay-
tolerantMANET is described in [75]. The existing routing
schemes for delay-tolerant networks (DTNs) mainly uti-
lize metrics such as delay, hop count, and bandwidth.
ERRA is designed for optimizing the energy efficiency
with constraints of congestion, buffer, and delay bound
for DTNs. In traditional networks, three events can occur:
listening, sending, and receiving. In ERRA, if no events
occur at a node, the node can switch to sleep state for sav-
ing energy. In energy consumption analyses, the energy
cost function is calculated by considering the average
amount of energy consumption per bit. In simulations, an
ad hoc delay-tolerant network is used. A fixed static node
is placed at the center and used as an access point. ERRA is
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compared with the Epidemic and modified Dijkstra algo-
rithm. Epidemic routing uses a naive flooding method,
but it wastes resources and reduces the network perfor-
mance. The modified Dijkstra algorithm is based on a
time-dependent graph forwarding scheme and maintains
at most one copy of a packet in the network during the
routing process. ERRA provides better energy efficiency
because the Epidemic algorithm uses copy to deliver
data packets so more energy is consumed. The modified
Dijkstra algorithm uses forward method for minimizing
the average delivery delay, but it does not consider energy
wastings.

Wireless sensor networks
WSNs consist of distributed sensors which monitor phys-
ical or environmental properties, such as temperature,
humidity, and pressure, and pass the collected data to a
sink node. WSNs have a wide range of usability in many
distinct areas, such as science, transportation, habitat,
emergency, and military applications. The primary chal-
lenges in a WSN include energy efficiency, responsive-
ness, robustness, adaptation, and self-configuration. Sim-
ilar to MAC protocols described before, routing protocols
also have a significant impact on the energy consump-
tion of WSNs. In this section, energy-efficient routing
approaches for WSNs are discussed.
Limited energy availability in sensor nodes makes net-

work lifetime an important issue in WSN applications.
To extend the network lifetime, energy-efficient wire-
less sensor network protocols and algorithms have been
devised in the literature. Node clustering, in-network data

processing, data fusion, and network coding are some of
the measures taken to reduce the amount of data that is
processed, sensed, or transmitted. Minimization of energy
spent in processing, sensing, and transmission of data
allows sensor nodes to save energy. Such energy savings
help to extend the lifetime of WSN applications.
The main goal of cluster-based routing protocol is to

efficiently maintain the energy consumption of sensor
nodes by involving them in multi-hop communication
within a cluster and by performing data aggregation and
fusion in order to decrease the number of transmit-
ted messages to the sink and transmission distance of
sensor nodes. Low-energy adaptive clustering hierarchy
(LEACH) [76] forms clusters randomly in an adaptive and
self-organized way. Figure 4 shows an example of a ran-
dom cluster formation and cluster head (CH) selection
with LEACH.
The LEACH protocol allows clusters and CHs to change

dynamically based on the energy levels of the CHs, and
Figure 5 shows another possibility for the network config-
uration with LEACH.
LEACH provides a significant decrease in the overall

energy consumption of the network and improves net-
work lifetime and decreases number of dead nodes. The
randomly determined cluster formations of LEACH espe-
cially prolong the lifetime of the remote nodes to the base
station (BS). Relay or route nodes are usually very energy
harvesting, but changing the clusters and CHs in each
round can extend the lifetime of relay and route nodes.
On the other hand, LEACH has some disadvantages.

The random determination of clusters and CHs can

Figure 4 Cluster formations in LEACH, the cluster formation in the existing round.
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Figure 5 Cluster formations in LEACH, the cluster formation in the next round.

cause inefficient cluster formations and unbalanced clus-
ter sizes. In some cases, the position of CHs cannot be
optimal and they can be very far from the BS; thus, their
batteries drain quickly and they can die prematurely, and
hence, this can shorten the network lifetime. Also, the
dynamic configuration of frequent cluster formations and
CHs can induce more energy dissipation and can bring
extra network costs while broadcasting the advertisement
messages of the CHs. In recent years, numerous stud-
ies are proposed to solve the problems of LEACH and
to improve its performance, such as MR-LEACH [77],
I-LEACH [78], LEACH-IMP [79], V-LEACH [80], and C-
LEACH [81]. Table 3 compares these protocols for their
energy efficiency and lifetime.
In [82], an energy-efficient secure routing protocol for

WSNs is presented. An integrated protocol which simulta-
neously takes into consideration the security and routing
is proposed. The proposed protocol has three benefits.
First, in order to offer a better delivery ratio, the protocol

uses a sink-oriented grid structure originated from the
grid design in Two-Tier Data Dissemination (TTDD) pro-
tocol. This protocol is a query-based routing protocol and
designed to address the scalability and efficiency problem
with multiple mobile sinks. Second, the benefit is that the
proposed protocol searches the outermost highest energy
emission node to find an efficient path from the source
to the sink, resulting in a lower energy consumption. The
last benefit is the security consideration. In the network
model, aWSNwith a stationary sink and stationary sensor
nodes is considered.Without using GPS, each node knows
its own position by using a localization discovery system.
The nodes are homogeneous and conscious of their neigh-
bors. From the source to the sink, multi-hop forwarding is
used for data forwarding. In simulations, the comparison
between the proposed protocol and TTDD is presented.
According to results, the proposed protocol achieves sig-
nificant improvement in delivery ratio because of the
usage of the sink-oriented grid mechanism which is more

Table 3 Comparison of LEACH protocols

Protocols

LEACH MR-LEACH I-LEACH LEACH-IMP U-LEACH C-LEACH

Cluster formation Each round Each round Each round Fixed Each round Threshold

Self-organized Yes No No No No Yes

Location usage No Yes Yes Yes Yes No

CH selection Random By BS Residual energy Only once Residual energy Threshold

Energy efficiency High Very high Very high Very high Very high Very high

Network lifetime High Very high Very high High Very high Very high
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successful in availability of the path from any node to the
sink than in TTDD. The average energy consumption of
TTDD is higher than that of the proposed algorithm, as in
TTDD, the packet from the same source-destination pair
travels through a longer path to the sink. The average hops
in the proposed algorithm are relatively steady because
of the estimation of the position of the sink through the
farthest-highest energy dissemination node search, while
in TTDD, they slightly increase with the node density. The
longer the routed path, the more energy is consumed for
transmission so the proposed algorithm ismore successful
than TTDD in energy conservation idea. Finally, in life-
time analysis, the proposed protocol provides significant
improvement as compared to TTDD.
In [83], using the WSN, an energy-efficient routing

approach in a VoIP network infrastructure is studied. Six
steps - registering all mobile devices, arranging successful
VoIP communication between mobile devices, clustering
based algorithm, enhanced cluster head selection, regis-
tering mobile devices to their respective cluster heads,
and selecting alternative cluster head - are defined. The
outcome of the study shows energy efficiency in VoIP
communication by using the clustering approach.
Pantazis et al. [84] provide a comprehensive survey for

energy-efficient routing protocols in WSNs. The energy-
efficient routing protocols are classified into four main
types: network structure (flat, hierarchical), communi-
cation model (query, coherent, and negotiation based),
topology based (location and mobile agent based), and
reliable routing (multipath and QoS based). The perfor-
mance comparisons between these types are presented
in terms of energy efficiency. For small networks with
stable nodes, the flat protocols are suitable. For large
networks, hierarchical protocols solve the incommodi-
ousness of the flat ones and provide efficiency by divid-
ing the network into clusters. The location-based and
mobile agent-based protocols can be a proper solution
for highly dynamic networks. The negotiation-based ones
provide optimum performance in both point-to-point and
broadcast networks in terms of energy gains. Multipath-
based protocols sustain multiple paths from nodes to
sink; however, they suffer from the overhead of table
and state maintanence. QoS protocols solve the deliv-
ery accuracy problem of the data. Query-based protocols
can be used for dynamic network topologies, and they
also promote multiple route replies. Finally, the coherent-
based routing protocols include energy-efficient mecha-
nisms and provide minimum processing cost to the sensor
nodes.

Transport layer
The transport layer provides end-to-end reliable/
unreliable communication service for the applications.
The energy efficiency studies in the transport layer focus

on increasing energy efficiency through new or enhanced
transport layer protocols, but more commonly on TCP.
Authors in [85] investigate the effects of dynamic

transmission control on the performance of the TCP.
Measurement-based slow start (MSS) calculates the round
trip time (RTT) to detect congestion and promptly enters
into the congestion avoidance mode after finishing the
slow start. The number of active links between switches is
dynamically controlled by dynamic link aggregation pro-
tocol (dynamic LACP). MSS saves more power compared
to compound TCP (CTCP) because the number of active
links in MSS is less than that in CTCP and the available
bandwidth is not used effectively in CTCP.
MPTCP is a coupled multipath-aware congestion con-

trol, and it proposes the resource pooling principle and
provides a load balancing mechanism by moving more
data traffic load into the less congested paths. MPTCP
expands the standard TCP and allows data streams to be
delivered across multiple connections and paths. This fea-
ture of MPTCP makes it quite charming for the recent
consumer mobile devices that support multiple radio
interfaces such as 3G, WiFi, Bluetooth, and LTE. How-
ever, an efficient multipath congestion control algorithm
design that is both energy-aware and able to handle load
balancing has not been addressed.
In [86], an energy-aware congestion control algorithm

(ecMTCP) for multipath TCP is developed. In ecMTCP,
the rate control depends on a traffic sharing principle
between the paths and applied by its energy costs and
traffic loads. The sender and receiver measure the energy
costs of data and ACK packets, respectively. The energy
costs of the receiver side is piggybacked to the sender
periodically with ACKs, and finally, the sender calculates
the overall end-to-end energy cost of the successful trans-
mission of one data packet. Energy efficiency is provided
by offloading traffic from higher energy cost paths to the
lower paths and by using an energy-aware control mech-
anism where the congestion window increase is inversely
proportional to the energy cost on each path. In simu-
lations, energy efficiency is indicated by measuring the
energy consumption difference of the proposed algorithm
and MPTCP. According to results, the energy savings of
ecMTCP is better than that of MPTCP.
Chen et al. [87] propose a novel energy-aware MPTCP-

based content delivery scheme (eMTCP). eMTCP follows
the channel status for each of the transmission paths and
offloads traffic from the most energy-consuming inter-
face to other interfaces for obtaining energy efficiency.
In simulations, LTE and WiFi are considered. Data trans-
mission performance is measured in terms of remaining
energy, throughput, energy efficiency, estimated battery
lifespan, and user-perceived quality. The performance
of the eMTCP is compared with that of MPTCP and
TCP. According to results, eMTCP achieves significant
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improvement on the battery lifespan when compared with
the original MPTCP. Higher energy savings are achieved
when compared with MPTCP and TCP.
Various versions of TCP such as AIMP, Cubic, Bic,

Vegas, and CTCP are studied to analyze the conges-
tion window and average throughput values in [88]. The
ESTOP algorithm is used for decreasing the congestion
window value. ESTOP switches off links in increasing
order of an associated centrality level of the network by
counting the number of shortest paths. In the algorithm,
the switch off count is associated with a threshold value
which preserves the network connectivity. After switch
off operation, the link state update of OSPF is used for
changing the topology. The ESTOP is simulated in the
Abilene network. In simulations, a TCP flow is estab-
lished between two distant nodes in the network. For the
worst case scenario, the outermost two nodes are selected
as TCP flow endpoints, and in these nodes, TCP flow is
also affected in terms of available capacity after the links
switch off. It is observed that, for the considered TCP ver-
sions, it is possible to gain energy in the network without a
drastic compromise of the TCP performance. The switch-
ing off links obtained by using ESTOP produce higher
energy savings.
The rapid growth of wireless Internet and broadband

networking infrastructures, such as 3G, WLAN, WLAN-
mesh, andWiMAX, makes multimedia information avail-
able anytime, anywhere, and on any device. An efficient
transport protocol which reduces all types of losses by
satisfying multimedia constraints is designed in [89].
Loss proportion increase and loss proportion decrease
(PIPD) algorithm is used for defining burst period in
order to increase efficiency. Efficient Transport Protocol
(ETP) is implemented with NS2 to evaluate its perfor-
mance over wireless Internet. Throughput, energy effi-
ciency, fairness index, sending rate, data received with
time, bandwidth, packets lost, and end-to-end delay are
the performance evaluation parameters. ETP is compared
with TCP Friendly Rate Control Protocol (TFRC), and it is
observed that ETP performs better than TFRC for energy
efficiency.
An energy-aware mechanism for the TCP-based trans-

port protocol is proposed in [90]. The proposed mech-
anism aims to enhance energy savings at the end hosts
by decreasing the multimedia traffic amount through
handling loss tolerance of multimedia applications. This
tolerance is utilized by reducing the offeredQoS to themin-
imum required by the application. Three end host inter-
faces - IEEE 802.3 (for wired networks), IEEE802.11 (for
wireless networks), and UMTS (for 3G mobile phones) -
are considered. When the network is more reliable, the
proposed mechanism is more efficient. The number of
generated packets is reduced, energy savings are achieved,
and the minimal QoS requirements are provided.

A Reliable and Energy-Efficient Transport Protocol
(REETP) is developed in [91]. The proposed protocol
implements an efficient node selection algorithm which
determines a set of efficient nodes called as E-Nodes.
These nodes form a near-optimal coverage set with largest
area and highest discard energy level. REETP transfers
encoded packets using Luby Transform (LT) Code from
the source to the sink block by block, and each of these
blocks is forwarded to an E-Node. After the reception
of the encoded packets, the E-Node tries to reconstruct
the original data packets and it encodes the original
data packets again and relays them to the next E-Node
until it reaches the sink. The results are compared with
MAC-aware Energy Efficient Reliable Transport Protocol
(MAEERTP) which provides the desired event reliabil-
ity to the application by distributing the load at a sensor.
The energy-related results are better than MAEERTP.
The results show that the proposed protocol has higher
packet delivery ratio with reduced packet loss and energy
consumption than MAEERTP.
Based on the data reliability notion, the authors in [92]

propose a Data-Reliable Energy-Efficient Transport Layer
Protocol (DREET). As sensor data varies slightly in rel-
atively short times unless certain events occur, a small
subset of sensor data can be constructed as key data
and provide reliable transport only for these key data
instead of the whole sensor data. Their solution decreases
retransmission and energy while keeping data reliability.
Simulation results show that DREET provides an optimal
event detection rate and relative standard deviation (RSD)
between sensor data and sink data, by introducing a tiny
increase in energy consumption. It can be obtained from
this study that,DREET is a novel transport layer solution
for reliable event detection inWSNwithminimum energy
expenditure.
In [93], a rate-based transport protocol for reducing

energy consumption of nodes in MANETs is presented.
The percentage of power consumption time is consid-
ered as the evaluation parameter, and NS2 simulator is
used. The simulations are realized for different num-
bers of nodes and for various data rates. The number of
flows through the intermediate node is changed, and its
impact is analyzed. A higher number of flows increases
the load on the node as well as the power consump-
tion. According to the simulation results, the proposed
approach consumes less power than the Ad hoc Trans-
port Protocol (ATP) where the packets are carried upward
to the transport layer only to update the delay stamp-
ing, and the flow control is dealt with only at the end
nodes.

Application layer
The application layer is the highest layer of the Inter-
net protocol stack. It contains protocols for process to
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process communication, and it is the only layer where an
end user directly interacts with. The actual communica-
tion between processes on end users is initiated in this
layer. Although a great number of energy saving mecha-
nisms whose impact might be significant are conducted
on lower layers, we believe that the studies for this layer
are also valuable.
Browsing a single web page can consume a significant

amount of power, and this amount increases rapidly with
the usage of applications involving streaming video. For
example, Google has determined the power consumed
during an average Google search in 2009. Three hundred
million searches per day can cause 90,000 kWh power
consumption. The authors in [94] propose a model which
supports energy-aware usage of web services. The pro-
posed model estimates the power consumption during
web service workloads. The factors which cause power
consumption in web services such as nature of the I/O,
server configuration, and web service design are inves-
tigated. In experiments, several measurable performance
counters are determined, and several monitors are used.
Multiple independent clients that invoke all of the web
service operations are considered, and the samples of
the actual power and performance counter measure-
ments are collected. According to the results, a nonlinear
model and CPU utilization-based powermodel segmenta-
tion increases accuracy. The proposed model significantly
reduces the power consumption of the experimental web
services and provides isolation of the power consump-
tion of a particular web service within a regular server
environment.
Mobile smart phones and other portable embedded sys-

tems such as PDAs and tablets are permeative devices.
They are used for web browsing, multimedia, games,
e-mail, and social networking. One of the most impor-
tant parameters in mobile devices is battery lifetime.
Some recent studies have discussed enhancing energy effi-
ciency of applications in mobile environment, focusing
on extending battery lifetime by using software opti-
mizations. The authors in [95] present a novel appli-
cation and user-interaction-aware energy management
framework (AURA) for mobile devices. AURA exploits
user idle time between interaction events of the spot-
light application to optimize CPU and backlight energy
consumption. It balances energy consumption and QoS
demands. Based on user interaction, AURA dynamically
classifies applications. After classification, the proces-
sor frequency and screen backlight levels are managed
to reduce system energy consumption with Markov
decision process-based power management algorithms.
For user-device interaction field study, several Android
applications from different categories are selected. In
experiments, the performance of AURA middleware
framework is compared with CHBL [96] which uses the

changing blindness to increasingly ramp down CPU fre-
quency and screen backlight levels over time. Accord-
ing to results, AURA presents higher energy savings
because it dynamically adapts to the user interaction
patterns and makes full use of user idle time. Con-
trary to this, CHBL is independent of user interaction
patterns.
Another novel study for promoting energy-aware

mobile application design is Anole [97]. It is a framework
that aims to tell application designers the changing time of
the energy consumption states of applications. The Anole
framework involves three modules: energy profiler is a
module used for estimating application energy consump-
tion, energy-aware APIs that state applications by using
the energy information and energy-aware policy which
applies the energy adaptation of operating system by
including service and hardware adaptations. The energy
adaptation levels are predefined. This provides closing the
services according to these levels. For example, when the
level is six, the network service will be closed, and when
the level is one, Bluetooth service will be turned off. The
power consumption of the whole system is measured with
voltage measurement of the resistor connected between
the battery and mobile phone. To investigate the effi-
ciency of application, energy adaptation, video player, and
web browser applications are used and significant average
energy savings are obtained.
In [98], user-aware streaming strategies for energy-

efficient smart phone video playback applications are pro-
posed. A Gaussian mixture model (GMM) is used for
obtaining the distribution of the real playback length;
thereby, the best buffering strategy for minimum energy
losses is obtained. In experiments, an Android applica-
tion is enhanced tomonitor and collect the users’ YouTube
video playback activities. The results show that the pro-
posed strategy ensures remarkable amount of reduction
in energy usage when compared to the static strategies.
The GMM model outperforms normal and exponen-
tial distribution models in terms of energy savings while
downloading operations.
For periodic real-time applications, an energy-aware

standby-sparing technique is presented in [99]. The use
of Earliest Deadline First (EDF), which executes prepared
tasks as soon as possible, and Earliest Deadline Late
(EDL), which delays the tasks as much as possible, sched-
ules on the primary and collateral CPUs, respectively.
The joint use of EDF and EDL allows to minimize the
overlap between the two copies at runtime and decrease
the energy cost due to the backup implementations. This
joint usage forms the Standby-Sparing for Periodic Tasks
(SSPT) algorithm. The main idea in the algorithm is that if
the primary processor is idle, the job is dispatched imme-
diately. If not, a job is dispatched only if it has a superior
priority than the currently executing job. The proposed
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algorithm is compared with reliability-aware power man-
agement (RAPM) techniques which assume that the sys-
tem’s original reliability is acceptable when all the tasks
are executed at the maximum CPU frequency. The effect
of the system load and workload variability is analyzed
in simulations. According to results, the SSPT algorithm
outperforms RAPM in terms of energy gain.

Conclusions
Energy conservation has become a very crucial research
area to support the enormous growth of the ICT indus-
try. Various analyses indicate that the ICT industry is now
responsible for 2% to 10% of the global energy consump-
tion and the weight of ICT is expected to increase as
we continue to integrate ICT technologies in our daily
lives. In this paper, we first review several indicators show-
ing the impact of ICT on energy consumption from data
centers to WSNs. Then, we try to describe some recent
research studies for all layers of the Internet protocol stack
which have addressed the issue of energy efficiency or in
other words green communications.
Although the impact of energy consumption for some

protocols may be larger than the others, it is very essen-
tial to work on all layers to develop less energy-consuming
ways for the ICT industry as the increasing levels of
energy consumption directly affects the greenhouse gas
emissions, global warming, and thus our future.
Most of the energy efficiency studies are observed

to be studied in the lower layers. The physical layer
is historically the first layer concerned with the energy
saving mechanisms and focuses on developing energy-
efficient modulation schemes. The data link layer con-
centrates on MAC protocols for energy efficiency. Most
of the research in the network layer focuses on devel-
oping energy-efficient routing protocols for both wired
and wireless networks. Managing the network devices by
turning them off (or on) depending on the traffic con-
ditions and data center networks are other extensively
studied ways for reducing energy consumption. While in
the transport layer new versions of the TCP protocol are
studied, the energy efficiency studies for the application
layer concentrate on developing power-aware applications
and software optimizations.
It is predicted that the growth rate of the ICT industry

is going to continue with the invention and widespread
usage of new technologies such as IoT (Internet of
Things), Cloud Computing, Smart Cities, and Smart
Homes. Thus, it is extremely important to develop energy-
efficient protocols which can satisfy the growing demand
with similar or better performance levels both for eco-
nomical and environmental reasons. Although it might
be very difficult, time consuming, and expensive to move
from well-established protocols to new ones, it is highly
likely that the traditional protocols that we are currently

using will be forced to change in the future based on their
energy impacts.
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