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Abstract Wireless communication has nowadays become
one of the major worldwide causes of energy consumption
in the field of ICT, with a devastating impact in terms of
pollution and energy waste. As a result, the past decade has
witnessed tremendous efforts and progress made by both
the industry and academia for improving energy and power

Part of the work of L. Chen is supported by the ANR (Agence
Nationale de la Recherche) under the grant Green-Dyspan (ANR-
12-1S03).

Part of the work of W. Wang is supported by National Natural
Science Foundation of China (Nos. 61261130585 and 61001098).

L. Chen (P<)

Department of Computer Science,

Laboratoire de Recherche en Informatique,
University of Paris-Sud, France, 91045 Orsay, France
e-mail: chen@lri.fr

W. Wang

Department of Information Science and Electronic Engineering,
Zhejiang University,

Hangzhou, People’s Republic of China

e-mail: wangw @zju.edu.cn

A. Anpalagan - K. Illanko - M. Naeem

Department of Electrical and Computer Engineering,
Ryerson University, Toronto, Ontario, Canada
e-mail: alagan@ee.ryerson.ca

A. V. Vasilakos

Department of Computer and Telecommunications Engineering,
University of Western Macedonia, Kozani, Greece

e-mail: vasilako@ath.forthnet.gr

H. Wang

Department of Electrical and Computer Engineering,
University of Massachusetts, Dartmouth, MA, USA
e-mail: hwang @ece.umass.edu

@ Springer

efficiency in current and emerging wireless communication
networks, among which cognitive and cooperative commu-
nication are proposed as key technologies to increase both
spectrum and energy efficiency. In this article, we provide
a comprehensive survey of the green cognitive and coop-
erative communication and networking techniques from its
characteristics point of view to operational details in the
eventual deployment. We present a systematic overview on
the tools and techniques that can be used to solve prob-
lems arising in energy efficiency optimization problem in
this context. The need to incorporate green concepts such as
multi-input and multi-output, multi-rate, and multi-carrier
systems, short-range low-power communication using small
cell networks, and machine to machine communication
in emerging and advanced wireless communication tech-
nologies is also addressed. Finally, we highlight design
challenges and open issues in embracing green technolo-
gies in different and cross layers of communication and
networking.

Keywords Cognitive radio networks - Cooperative
communication - Green networking

1 Introduction to green communication and networking
1.1 General context

The last two decades have witnessed an unprecedented
success of wireless networks due to the proliferation
of inexpensive, widely available wireless devices. Such
rapid development in wireless communication systems
and networks is accompanied by the ever growing carbon
footprint. The industry of Information and Communi-
cation Technology (ICT) as a whole accounts for about
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2-4 % of global CO;, emissions with a projection to
reach 10 % in 5-10 years. Particularly, wireless and mobil
communications play an important role in this process.
The Smart 2020 Report [46] predicts that the footprint
of wireless mobile communications would almost triple
from 2007 to 2020, corresponding to more than one-third
of present annual C O, emissions of the whole United
Kingdom [46]. It is evident that limiting the energy expendi-
ture and the resulting carbon emission has become a crucial
issue for the wireless mobile communications industry.

In addition to minimizing the overall carbon footprint of
wireless communications, there is a strong economic drive
to reduce the energy consumption of these networks. Let us
take the energy cost of the base stations as an illustrating
example. Currently there are more than 4 million base sta-
tions serving mobile users, among which the number of base
stations in developing regions are expected to almost double
by the year 2012. Each base station consumes on average
25 MWh per year. Consequently, electricity has become a
significant cost factor for both network operators and users,
by accounting for up to half of the operating expense of a
mobile service provider.

The ever increasing carbon footprint and energy cost of
wireless communication and networking systems have led
to the dedication of significant research efforts to the reduc-
tion of energy consumption in both academic and industry.
Such process of reducing energy expenditure is usually
referred to as the greening of wireless mobile networks.

1.2 Cooperative and cognitive communication for greener
planet

Despite the pressing energy concerns for wireless mobile
networks, existing network architecture is far from adapted
from a green perspective.

e First, existing wireless communication systems are
based on the conventional ‘“command-and-control”
spectrum usage model and do not support the adap-
tive exploitation of spectrum opportunities which can
increase the energy efficiency by more effective inter-
ference management, better spatial and temporal reuse.

e Secondly, existing wireless communication systems use
traditional layered approach borrowed from the wired
networking paradigm. However, the need to operate
the wireless medium (by nature a broadcast medium)
in a manner that resembles wired links for compati-
bility with traditional higher-layer protocols cannot be
achieved without a sacrifice of energy efficiency and
communication reliability.

As a result, the past decade has witnessed tremen-
dous efforts and progress made by both the industry and
academia for improving energy and power efficiency in

current and emerging wireless communication networks,
among which cognitive and cooperative communication
are proposed as key technologies to increase both spec-
trum and energy efficiency. The paradigm of cognitive and
cooperative communication combines the idea of cognitive
radio and cooperative communication and relay, which is
summarized as follows.

Cognitive radio, first envisioned by Mitola [37] and then
investigated by the DARPA XG program [9], is the key
enabling technology for future generations of wireless sys-
tems that address critical challenges in spectrum efficiency,
interference management, and coexistence of heterogeneous
networks. The core concept in cognitive radio networks is
opportunistic spectrum access, whose objective is to solve
the imbalance between spectrum scarcity and spectrum
under-utilization. Built upon a hierarchical access structure
with primary and secondary users, opportunistic spectrum
access resolves the inefficiency of the current command-
and-control model of spectrum regulation while maintain-
ing compatibility with legacy wireless systems. The basic
idea is to allow secondary users to exploit instantaneous
spectrum availability and communicate non-intrusively to
primary users.

Motivated by the limitation of the traditional layered
design of wireless networks, the concept of cooperative
communications [43] has been proposed recently to take
advantage of the broadcast nature of the wireless medium
and provide diversity against link fades and outages on the
main path, by allowing additional nodes in the vicinity of a
route that overhear a transmitted signal to assist in deliver-
ing the data to its destination. Cooperative communication
methods in wireless networks, ranging from relaying by a
common neighbor over a single wireless hop to opportunis-
tic routing at the network layer, have been shown in recent
years to offer significant performance gains over traditional
approaches that ignore the broadcast nature of the wire-
less medium, and are particularly valuable in environments
prone to channel shadowing and fading, such as mobile
ad-hoc networks.

With cognitive and cooperative communication, the use
of larger spectrum band and the opportunistic adaptation of
the spectrum use lead to more effective interference man-
agement, better spatial and temporal reuse, thus reducing the
power consumption. Despite the ever growing interests, the
research on green cognitive and cooperative communica-
tion and networking is still in its infancy. Some fundamental
problems are still open and require immediate studies, for
example:

e How to optimally apply cognitive and cooperative com-
munication techniques to increase the energy efficiency
without sacrificing significantly the users’ enjoyed
quality of service?
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e How to minimize the energy consumption overhead
introduced by cognitive and cooperative communi-
cation such as spectrum sensing, channel switching,
cooperative relaying?

Particularly, we would like to emphasize that despite
spectrum and energy efficiencies are among the most
important venues for technological advances in current
and emerging wireless communication networks; in many
cases, they are conflicting objectives as some energy effi-
ciency criteria are in conflict with the spectrum efficiency
objectives. For example, in order to increase spectrum effi-
ciency, a user is better off searching a wide range of
spectrum; however, scanning frequency bands over a wide
spectrum and switching among them incur high energy
cost.

As a new technology, green cognitive and coopera-
tive communication presents many important and pressing
design challenges:

e At the algorithm level:

— How to allocate efficiently the spectrum resources
among users?

— How to design mechanisms that allow equipment to
efficiently cooperate and coordinate among them?

— How to limit the energy cost of cognitive and coop-
erative communication and design energy-efficient
cognitive and cooperative communication mecha-
nisms?

e At the protocol level:

— How to design the control channels that are neces-
sary for node coordination and synchronization?

— How to exchange the control information during
spectrum handover?

— How to design energy-efficient protocols and limit
the energy consumption caused by protocol over-
head?

Given the above research challenges, we believe that a
systematical study is called for on green cognitive and
cooperative communication, both at theoretical modeling,
protocol design and experimental evaluation levels from the
perspective of joint energy and spectrum efficiencies.

The remainder of this article is organized as follows.
In Section 2, we provide a comprehensive survey of
the green cognitive and cooperative communication and
networking techniques from its characteristics point of
view to operational details in the eventual deployment. In
Section 3, we present a systematic overview on the tools
and techniques that can be used to solve problems arising
in energy efficiency optimization problem in this con-
text. The need to incorporate green concepts such as
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multi-input and multi-output, multi-rate, and multi-carrier
systems, short-range low-power communication using small
cell networks, and machine to machine communication in
emerging and advanced wireless communication technolo-
gies is addressed in Section 4. Finally we highlight design
challenges and open issues in embracing green technolo-
gies in different and cross layers of communication and
networking in Section 5.

2 Green wireless communication design and deployment
2.1 Green metrics and measurements

For designing the green wireless networks, it is necessary
to investigate the energy efficiency metrics [52] to evaluate
how much the wireless networks are green, which provides
the objective for the energy efficiency optimization. In this
way, the techniques in wireless networks could be evaluated
from an energy efficiency perspective.

There have been several green metrics and measurements
proposed by some international organizations and compa-
nies, as listed in Table 1. IPMVP (International Performance
Measurement and Verification Protocol) [15] is proposed
by IPMVP committee of Efficiency Valuation Organiza-
tion (EVO). The measurement methods in IPMVP are not
specified for wireless networks, but these methods could be
considered as an important reference for the measurement
and evaluation of energy efficiency in wireless networks.
To evaluate the energy efficiency, ECR (Energy Consump-
tion Rating) [13] proposed by ECR Initiate and TEER
(Telecommunication Energy Efficiency Ratio) [5] proposed
by Alliance for Telecommunications Industry Solutions
(ATIS) calculate the ratio of the achieved system output
to the energy consumption. TEEER (Telecommunications
Equipment Energy Efficiency Ratings) [47] proposed by

Table 1 List of green metrics and measurements

Metrics and Description

measurements

IPMVP The metrics and evaluation methods to measure
the energy, conservation and the low-cost
implementation of measurement.

ECR Calculate the ratio of the energy consumption
and the effective system capacity.

TEER Calculate the ratio of the useful work
to the consumed energy.

TEEER Define the formulas of energy efficiency

and provides the measurement methods at various

utilization levels.
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Verizon establishes more detailed energy efficiency for-
mulation and measurement at various utilization levels.
These metrics are applicable to broadband, video, data-
center, network and customer-premises equipments. They
are provided to the manufacturers for energy efficiency
improvement.

Most of the existing energy efficiency metrics are
designed for parts of wireless networks rather than the
entire networks. In addition, they are not primarily designed
considering various factors in different environments, e.g.,
interference environment, traffic load. Due to the above two
issues, the following aspects should be taken into account
when designing the future green metrics and measurements
for wireless networks [48].

e The green metrics are reflected by the carbon emis-
sion eventually, rather than just the energy efficiency,
especially for the cases evaluating the green prop-
erty of entire networks. Actually, the carbon emis-
sion is not simply linear to the energy consumption,
because consuming the energy from various sources
causes totally different carbon emission. Therefore,
towards the green wireless networks, the metrics should
include the carbon emission as an important factor,
which is directly related to how much the networks
are green.

e The conventional per-bit energy consumption from the
information theoretic perspective does not always rep-
resent the energy efficiency in practical wireless net-
works. The green performance has close relationship
to the specified situation, e.g., interference environ-
ment, traffic load. For example, some protocols and
algorithms achieve mentionable energy efficiency with
light traffic load, but their green performance degrades
quickly with the increasing load. Therefore, it is neces-
sary to evaluate the energy efficiency based on typical
scenarios for providing more practical energy efficiency
performance evaluation.

e For green measurement, the modules for predicting,
monitoring, evaluating the green metrics and finally
decision making should be deployed in the equipments
including core network, base station, relay node and
user equipments. The corresponding signaling is also
necessary for exchanging the energy information and
control information between equipments in the net-
works. In the layered protocol architecture, the new
modules should be compatible to the existed proto-
cols well, which would become a major property of
green wireless networks. By collecting the related infor-
mation, the green equipments can predict the energy
consumption caused by different strategies and make
the decision for improving the energy efficiency of
entire networks.

2.2 Green network deployment

Different wireless networks have different properties and
requirements, so it is difficult to find a general green deploy-
ment approach for all kinds of wireless networks. In this
part, we investigate cellular networks, sensor networks and
machine-to-machine networks, respectively, to provide an
insight on green network deployment.

1) Green Cellular Networks

In cellular networks, the principle method to reduce
the energy consumption significantly is turning off some
base stations, which could be considered as the dynamic
adjustment of network planning. According to its traffic dis-
tribution, the base station of this cell can be turned off for
saving energy consumption. In order to avoid the coverage
hole after turning off some base stations, the base stations
nearby should be reconfigured to compensate the coverage
hole [20]. In addition, the neighbor relation needs to be
updated to decrease the handover delay.

For heterogeneous cellular networks, the macrocell base
station guarantees the coverage in the cell, while several
small cells are deployed to increase the capacity at hot spots.
In that case, the coverage areas of multiple base stations are
overlapped. If the traffic load of a small cell is relatively
light, it is possible to turn off the base station of this small
cell for saving energy consumption without causing cover-
age holes. The energy conservation is maximized, because
all the energy that was supposed to be consumed by the base
stations is saved by turning off the base stations.

2) Green Sensor Networks

In sensor networks, the energy consumption is a cru-
cial issue, since the sensor energy is supplied by battery in
most applications. When the number of sensors is more than
required, some sensors could sleep and just remain the mini-
mum necessary functions to reduce the energy consumption.
In [12], all the sensors are divided into multiple disjoint sets,
which sleep in turn for saving energy. Only the sensors in
one of the sets work at an instant. Furthermore, the slot-
based sleeping strategies TRAMA [18] and SERENA [36]
schedule the nodes into sleeping according to the traffic.

There are two green approaches for data transmission in
wireless sensor networks. One is reducing the energy con-
sumption during transmission. In [45], the route with the
lowest energy consumption is selected, and in [35], the route
with the largest residual energy is selected. Considering
both energy consumption and residual energy, the tradeoff
between the above two factors is balanced in [44]. The other
is decreasing the transmitted information. LEACH [6] and
MLDA [39] are the classic data aggregation approaches in
wireless sensor networks. LEACH aggregates data based
on clustering, in which the data from the whole cluster are
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aggregated at the cluster head. MLDA establishes a tree for
determining the data aggregation strategy.

3) Green Machine-to-Machine Communications

Machine-to-machine (M2M) communications [2] is an
emerging technique towards the Internet of Things. Accord-
ing to the properties of M2M communications, i.e., large
number of devices, light traffic load for each device and
infrequent transmission, it is necessary to take energy con-
sumption into consideration in the scenario with a large
number of devices. The energy efficiency can be increased
by adjusting the transmission power to the minimal neces-
sary level and designing green distributed protocols, e.g.,
routing protocols, sleeping scheduling algorithms [34].

Furthermore, the M2M devices can decrease their mea-
surements during sleeping. In the sleep state, the M2M
devices does not communicate, but they should measure
neighbours cells at least once per Discontinuous Reception
(DRX) period. The conventional cellular devices perform
multiple idle measurements during a DRX period to pro-
vide better mobility support. As M2M devices do not
require active mobility support, the implementation can be
relaxed to reduce power consumption. If the DRX period is
extended to a longer value, the average idle power consump-
tion decreases dramatically.

2.3 Cross-layer approach to green cooperative cognitive
communication and network design

For achieving high energy efficiency in the Green Coopera-
tive Cognitive Communication and Networking (GCCCN),
the algorithms and protocols in different layers should be
designed and optimized jointly. In GCCCN, both coop-
erative communications and cognitive radio are the key
techniques towards green communications. Here, consider-
ing the characteristics of both techniques, we discuss the
green design issues in different layers in Table 2.

To achieve better performance, two or more schemes in
the above table can be designed jointly. By cognitive radio,
the nodes sense the channels by spectrum sensing to find

Table 2 Green design in different layers

Layer GCCCN design

Physical layer modulation & coding selection due to cooperation,
sampling rate during spectrum sensing,
power control

Link layer spectrum sensing duration adjustment, channel

allocation for each link, dynamic channel access
Network layer cooperation partner selection,
interference-avoid routing

Transport layer ~ TCP congestion window adjustment

@ Springer

out the available channels. The number of signal samples
affects the sensing accuracy and the energy consumption
during spectrum sensing. The accurate sensing results pro-
vides a large amount of available spectrum resource, which
improves the energy efficiency. By cooperative commu-
nications, the energy efficiency is improved because the
node cooperation essentially increases the utilization of
given resources, e.g. more power, more space freedom, etc.
For improving the transmission and energy efficiency, the
user transmits the information by not only itself but also
the nearby users. The channel gain and the interference
on different channels are not the same, so the coopera-
tion partner selection should be considered with channel
allocation together. The dynamic channel availability leads
to the necessity of modifying the current transport layer,
in which the lower layer information should be obtained
to adjust the congestion control scheme, and the interac-
tion between transport layer and lower-layer parameters is
a plus.

2.4 Energy-performance tradeoff in GCCCN

According to Shannon capacity formula, it is easy to
obtained that the energy consumption decreases with the
decreasing data rate for a given mount of data. There
exist the packet delay constraints in some cases, espe-
cially for the real-time services. In that cases, the data
rate could not be too slow. It is obvious that there is a
tradeoff between energy consumption and transmission per-
formance. One of the methods to balance the tradeoff is
adopting as slow data rate as possible on the condition that
the delay requirement of the traffic is satisfied. The analysis
is, however, just for point-to-point communications. Here,
we discuss the new energy-performance tradeoffs brought
by cooperative communications and cognitive radio,
respectively.

Cooperative communications In order to minimize the
energy consumption, one or more appropriate nodes are
selected for node cooperation, and the transmit data rates
between nodes are adjusted for load balancing. The energy
consumed by nodes is composed by two parts. One part
is the energy used for data transmission, which is related
to the data rate. The other part is consumed by the equip-
ment circuit and control signaling exchange. Even if the
node does not transmit any data, the latter part of energy
can not be saved. In that case, although more nodes par-
ticipating the cooperation can achieve better transmission
performance, it is not always a good choice to utilize
all the available nodes for cooperation. Appropriate num-
ber of collaborate nodes should be optimized to balance
the tradeoff between energy consumption and transmission
performance.
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Cognitive radio It is necessary to investigate the energy
consumption of sensing, reporting and transmission jointly
with cognitive radio. The performance of cooperative spec-
trum sensing depends on the cooperation strategies, which
affects the energy consumed during cooperative spectrum
sensing. The merit of cooperative spectrum sensing mainly
lies in the sensing diversity gain provided by multiple
users. With the increasing number of cooperative users, the
sensing performance is improved, which means that the
environment information can be provided more accurately
to discover more spectrum opportunities. In this case, the
energy consumption of transmission can be saved when
more spectrum bands are available. On the other hand,
the cooperative spectrum sensing with a large number of
users induces a lot of extra communication overhead that
causes more energy consumption. In multi-channel cases,
there also exists another similar tradeoff on the number of
exploited channels.

3 Select tools and techniques for green communication

Most of the the green effort so far in the wireless commu-
nication research can be divided into four broad categories:
those that address the efficiency of the power amplifiers in
the base stations [23], those that seek to increase the effi-
ciency of these amplifiers by their on/off behavior [53],
studies that focus on the energy efficiency of the data trans-
missions [8, 17, 21, 29, 30, 51, 54, 55], and those that
study the placement of the base stations and/or relays to
improve coverage efficiency [4, 32]. A considerable frac-
tion of these efforts are simulation studies [28, 31, 41].
Another fraction deals with ad-hoc protocols that does
not require any analytical methods. Others require only
the analytical tools that are already familiar to a typi-
cal communication engineer or researcher, such as convex
optimization. This article concentrates on green initiatives
seeking to reduce the carbon foot-print, that require tech-
niques that a communication engineer may not readily
know. These include fractional programming [31, 41, 42],
Charnes-cooper transformation [42], Dinkelbach method
[11], multi-objective optimization [10], and evolutionary
algorithms [14].

Energy efficiency (EE) can be an appropriate metric in
green communication as discussed before. Let us consider
the OFDMA based transmissions from a base station. The
total energy efficiency in terms of bits/Joule of the trans-
missions is defined by the total number of information
bits transmitted (throughput) per Joule of energy used. The
energy includes any static energy consumed by the transmit
power amplifier. The difficulty with this metric is that it is
not concave in the powers. If we include the sub carrier allo-
cation in the optimization problem it becomes formidable

hard, because we know that the subcarrier allocation that
maximizes even the throughput is NP-hard.

One way to get around these difficulties is to use the
Charnes-Cooper Transformation [42], to convert the opti-
mization problem into a concave problem. After solving the
power allocation problem for a fixed subcarrier assignment,
use any insights gathered to solve the subcarrier assignment
problem using evolutionary algorithms [14]; and finally per-
form the power allocation over the subcarrier assignment
thus obtained.

Another metric is a weighted average of the normalized
throughput and one minus the normalized total energy. In a
world where companies have to pay for the environmental
harm they are causing, there will be a cost to the company
via something similar to a carbon tax that increases with
the energy used. In such a situation, it is easily seen that
the above expression represents the revenue of the com-
pany. The weights will depend on the revenue from the
data transmissions and the cost due to carbon tax. How-
ever, optimizing a linear combination of two functions does
not always produce a solution that is at the exact ratio
dictated by the coefficients of the linear combination. How-
ever, by normalizing the two functions, as suggested by
multi-objective optimization [10], we can overcome this dif-
ficulty. In the following we describe the tools in details
that can be used to overcome the difficulties mentioned
previously.

3.1 Concave fractional program

Finding the power allocation that maximizes the EE for
pre-assigned subcarriers is difficult because the EE is not
concave in the powers. However, this belongs to a class
of optimization problems called Concave Fractional Pro-
grams [42]. Furthermore, a concave fractional program with
an affine denominator can be transformed into a concave
program using a transformation proposed by Charnes and
Cooper [42].

Throughout this section, we use bold letters to represent
vector variables. Consider an optimization problem where
we want to maximize the quotient N (x)/D(x) subject to the
constraints M;(x) > 0,i = 1,2, ..., k. Here, N(x), D(x),
and each M, (x) are scalar functions of vector variable x. The
following theorem summarizes the essence of the Charnes-
Cooper Transformation.

Theorem 1 The concave fractional program max{N (x)/
DXx)|M;x) > 0,i = 1,2,...,k} can be reduced to
the concave program max{tN(y/t)| tM;(y/t) = 0,i =
1,2,...,k, tD(y/t) = 1, t > 0}, by using the transforma-
tiont =1/D(x), x=Yy/t.

Proof Please see Avriel, Chapter 7, page 216 [42]. O
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3.2 DinkelBach method

Now that we have reduced our original optimization to a
concave fractional program, one way to solve it is to use
an algorithm known as the DinkelBach method [11], which
finds the maximum value of the fraction N (x)/D(x).

DinkelBach Algorithm

1. Choose an arbitrary x € S and let g = N (x)/D(x)

2. Solve the problem f(g) = max{N(x) — gD (x)|x € S}
and denote the solution as x*.

3. Unless the convergence criterion is satisfied let ¢ =
N (x*)/D(x*) and go to step 2.

3.3 Multi-objective optimization

Consider a situation where we have two different conflicting
objectives that depend on the same decision variables. An
example would be maximizing the throughput R and mini-
mizing the C O; emissions V. Suppose that we are interested
in finding a trade off between these two objectives. First,
minimizing V is equivalent to maximizing —V. This way,
we have two maximizing objectives. We can now maximize
a linear combination of the two, where the coefficients, or
the weights, represent the relative importance we give to
each objective.

An important step here is to make sure that both objective
functions have the same range. Otherwise the “solution” of
the optimization problem will not produce the objective val-
ues in the ratios of the weights. We make assure that they
have the same range by normalizing each objective function
by dividing it by its maximum possible value. That is, we
work with Ry = R/Rmax and Vi = 1 — V/ Vipax. We maxi-
mize « Ry + BV where « and 8 are the desired weights. In
an example, they will be determined by the relative values
of the revenue from the throughput and the penalty or tax
payable due to the C O, emmissions.

3.4 Genetic and EDA algorithms

The computational complexity of solving the subcarrier and
relay assignment problems in cooperative communication
using analytical methods is often too high to be of any use
in real time applications [38]. If we are willing to settle for
near optimal solutions, evolutionary algorithms can be of
great use. In what follows, we describe two evolutionary
algorithms: the genetic algorithm (GA) and the estimation
of distribution algorithm (EDA).

Both GA [40] and EDA [33-38] are sophisticated search
methods that avoid intractability by getting rid of points
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in the solution space that are unlikely to yield the opti-
mal solution. In both methods, points in the solution space
are represented by individuals, or more precisely, by their
chromosomes. The objective function of the optimization
problem is often referred to as the fitness function. Each
iteration of the algorithm corresponds to one generation
of individuals. The algorithm starts with the creation of
a number of individuals or chromosomes that represent a
random selection of points in the solution space. During
each iteration, the fitness of the individuals are evaluated
by computing the objective function. Only a fraction of
the individuals whose fitness evaluation are the highest are
allowed to pass information in their chromosomes to the
next generation of individuals. GA and EDA differ in how
the chromosomes of a new generation are created. In what
follows we will first explain GA using a specific example.

Consider the subcarrier assignment problem with 64 sub-
carriers and 16 users, where the objective of the optimiza-
tion problem is to maximize the throughput. The subcarrier
assignments can be stored in a 1 x 64 array whose cells
represent the subcarriers, as shown in Fig. 1b. The cells
in the array can hold a number between 1 and 16, which
indicates the user to whom that subcarrier is assigned. For
example, in Fig. 1b, cell number 5 contains number 7,
indicating subcarrier 5 is assigned to user 7. This array
represents a chromosome or an individual. The subcarrier
assignment represented by this chromosome will give a par-
ticular throughput. The higher that throughput is the better
this chromosome is. The steps involved in the GA are shown
in Fig. 1a. Steps 1 through 5 are self-explanatory.

In step 6, each of the 2P individuals is married to a ran-
domly chosen individual. The chromosomes of the couples
is split at a randomly chosen but identical location as shown
in Fig. lc, and the pieces are swapped to create two new
chromosomes, or children. In order to prevent the algorithm
from converging to a local maximum, occasionally we are
mutating the chromosomes at birth. This occurs at step 8,
but the algorithm executes this step only rarely. The chro-
mosome of the individual with the best fitness evaluation
in the last generation gives the near optimal solution to the
problem.

There are many variations in GA that the readers can
experiment with. For example, the Elites can be divided into
two groups, the super Elites and regular Elites and the super
Elites can be allowed to have more children than the regu-
lar ones. The chromosomes can be created using two-point
crossovers. The only limit is the imagination.

EDA does not use crossovers or mutations to create new
chromosomes. When creating a new chromosome, EDA
uses a probability distribution that predicts the likelihood
of finding a particular chromosome in fit individuals. For
example, we can consider the Elites as the fit individuals
and ask the question what is the probability of finding a par-
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Fig. 1 a The genetic algorithm.
b The chrornosome. C One—point 1. Randomly generahte 3P number of individuals
crossover (Reproduced with or chremosomes
(Rep ] e FEE

permission from [40])

2. Evaluate the fitness function of each individual.

3. Pick the P number of individuals with the highest
fitness and label them Elites

4. Erase the P individuals with the least fitness

5. Label the rest of the P individuals Luckies.

6. Put the P number of Elites and the P number of Luckies
in one group and randomly pair them in groups of two.

7. For each pair, use the .two chromosomes to create two
new chromosomes (children) using one-point crossover.

8. Occasionally, mutate each children's chromosome by
interchanging the numbers in two randomly

selected cells in the chromosome.

children to form the new generation.

9. Put the P number of Elites and the 2P number of

10. Go to step 1 unless the convergence criteria is satisfied.

(a)

ticular chromosome among the Elites. Usually, determining
this probability distribution is extremely expensive compu-
tationally. In practice, a number of simplifying assumptions
are used, and a variety of probability distributions have
been derived. We mention here, only the simplest of such
probability distributions. Naturally, the simplest distribution
comes from the strongest assumption, which is, that the
contribution of a single cell to the fitness of the complete
chromosome is independent of the contribution of other
cells. This assumption allows us to work with probability
distributions for individual cells.

As an example, consider the Sth cell. It can contain any
integer from 1 to 16. We now examine the 5th cell of all
the chromosomes of the Elites during a particular generation
and form a frequency table. Suppose there are 100 Elites and
the number 13 appears 23 times in the 5th cell of the Elites.
This suggests that we should assign the number 13 to the Sth
cell with probability 0.23. Each cell of the chromosome of
a new generation can be decided based on a frequency table
for that cell obtained from the chromosomes of the Elites of
the previous generation.

4 Challenges and future research directions
in emerging green networks

It is challenging to design multihop cognitive radio net-
works due to multiple entities and operations in the network.
The routing is a fundamental issue to be addressed in
the multi-hop scenario. In [16], the authors argue that in
multi-hop cognitive radio environments, adaptive routing

solution should be provided with respect to the radio envi-
ronments. The authors provide some guidelines in designing
good routing algorithm. In [3], the authors proposed a tree-
structure based routing protocol for multi-hop cognitive
radio networks, which can reduce the network delay and
improve the system throughput. The authors in [7] consider
the joint design of routing and spectrum assignment, which
can be basically categorized to QoS driven routing. In [50],
the authors use the graph model to investigate the rout-
ing selection for multi-hop cognitive radio networks and in
[27], a probabilistic based routing approach is proposed to
achieve opportunistic routing performance.

4.1 Multi-rate networks

Muti-rate wireless networks have been extensively studied
in recent years. The modulation adaption at the physi-
cal layer can provide the wireless networks with multiple
transmission rates. The transmission rates can also impact
the bit error rates at the physical layer. Therefore, the
challenging of multi-rate networks is how to choose the
multi-rates based on dynamic channel conditions and net-
work topologies making it a cross layer design. In paper
[49], a design guideline of multi-channel and multi-rate
wireless networks has been studied. Especially in mobile
wireless networks, the rate design is significantly related
to the energy consumption of each network node when the
communication energy consumption is dominated in the
wireless networks. The energy and multi-rate optimization
at the physical layer has been investigated in [1]. The cross-
layer design approaches are dominated in the design of
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multi-rate networks. Many cross-layer design frameworks
[19] are proposed. However, the challenges still remain
when the overheads must be added for the message
exchanges among multiple layers.

4.2 MIMO and multi-carrier systems

A significant advance in multi input multi output (MIMO)
have significant improved the throughput of wireless net-
works, and helped to resist the wireless channel noise.
Diverse channel coding schemes and modulation schemes
have been extensively studied for the MIMO and multi-
carrier systems. To achieve MIMO, numerous techniques
[22-24] have been extensively studied: beamforming,
space-time coding/processing, SDMA, spatial multplexing
and cooperation. There is also significant research on the
combination of two or more of them to achieve high MIMO
system performance. Cooperative MIMO, also known as
Net-MIMO can improve the MIMO system by introducing
multiple antenna advantages such as diversity, beamforming
and multiplexing. The technique is useful for the future cel-
lular networks which consider wireless mesh networking or
wireless ad-hoc networking.

4.3 Femto and small cell networks

Next generation network includes femto, pico, microcells.
These small cell networks are gaining momentum and popu-
larity. The small cells can operate in licensed and unlicensed
spectrum that have range of 10-200 m. These techniques
are mainly used to support mobile data offloading with the
growth of mobile phones and traffic. The femto and small
cell networks can provide the wireless services in-building
and outdoor. The future small cell will be integrated with
LET networks. Although in 3G networks, the small net-
works can be regarded as an offloading technique. The small
cell networks will be fully development and can be inte-
grated with layers of small and large cells. The significant
challenges of femto and small cell networks is how to inte-
grate these types of networks and services with existing
3G or 4G wireless networks seamlessly, and the challenges
with cooperative and cognitive radio networks would be
€normous.

4.4 Green multimedia communication

Multimedia such as 3D video are large sized data. The
transmission of these large size data requires high commu-
nication bandwidth. Many source coding techniques have
been significantly studied in the past to reduce the size of
multimedia but also keep the quality the transmitted mul-
timedia. For the multimedia over mobile devices, both the
source coding and transmission will consume the energy

@ Springer

of the devices, and produce C O, in the air. Especially,
when the ubiquitous multimedia services are everywhere,
it is important to develop green multimedia communica-
tion techniques to overcome the energy issues of wireless
mobile devices. In the multimedia communication research
field, cross-layer design such as joint design of source
and channel coding are dominated. In [25-26], both the
cognitive radio techniques and scalable video coding have
been applied to improve the media quality and network
throughput. In the near future, with the growth of 3D video
applications, developing energy efficient multimedia com-
munication techniques is becoming more and more critical.

4.5 Field trials and testbeds

All the techniques mentioned above have been or are being
implemented in the real network system such as 4G net-
works. The scalability of the green networks is becoming
a significant challenges for the field trials. Therefore, the
large size network modeling is required to evaluate the per-
formance of the emerging wireless networks. In addition,
how to design an effective network measurement system
and collect the network information from heterogeneous
future network will be a difficult task. The testbeds should
include both prototype tested in the academic institute and
research labs, but also include the large scale testbed from
the major telecommunication industry. Significant collab-
orations among these organizations will push the emerg-
ing network forward. In addition, many industry standards
should be developed for realizing the future emergent green
networks. IEEE standard organization and America FCC
have drafted and modified a number of standards to support
the future emerging green networks.

5 Conclusion

Green cooperative, and cognitive communication and net-
working (GCCCN) brings about many benefits such as
savings in power budget, efficient utilization of scarce radio
frequency resources, expanded coverage benefiting in terms
of quality of services, to name a few. However, due to the
complexities involved in combined technologies, there are
many challenges to be tackled by system designers in order
to understand fully how the GCCCN performs. This arti-
cle reviewed GCCCN from its characteristics point of view
to operational details in the eventual deployment. Also we
presented some tools and techniques that can be used to
solve problems arising in energy efficiency optimization
problem in GCCCN design. The need to incorporate green
concepts such as multi-input and multi-output, multi-rate,
and multi-carrier systems, short-range low-power commu-
nication using small cell networks, and machine to machine
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communication in emerging and advanced wireless commu-
nication technologies was also addressed. Future research
embracing green technologies in different and cross lay-
ers of communication and networking was discussed. The
next generation of wireless communication technologies are
expected to be energy-smart while providing rich multime-
dia contents to the end-users, and the industry and academia
is expected to play a major role in achieving this goal.
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