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Abstract—Energy ef cient (EE) communication has earned environmentto provide ubiquitous network coverage. With the
tremendous interest in recent years due to ever increasing number jncreased drive from the industry for a fully connected network,
of wireless devices operating in shrinking cells, while demanding there is also a need to design heterogeneous wireless network

high data rates with high Quality of Services (QoS) and Quality . . . .
of Expectation (QOE). To support these abjectives, energy is con- (HetNet) architecture to interconnect these different wireless

sumed in every protocol layer. Establishing and maintaining a networks [1][55], where UEs can connect to any available
successful wireless communication link to simultaneously achieve wireless network depending on their requirements. Such an
all these objectives becomes challenging since the energy conpver development of wireless technologies using static resource
sumption requirements of the user and network are different for allocation techniques can result in spectrum scarcity and low

different objectives. Thus, there is a need for tradeoff techniques . - . .
to achieve energy ef ciency in each protocol layer. In this paper, Spectrum Efpciency (SE:) [6]. ymamic radio resource alloca-

we provide a survey of different tradeoff mechanisms proposed tion and Cognitive Radio (CR) based algorithms can then be
in the literature. The EE tradeoffs have been classied based used to enhance SE and Energy Efbciency (EE) of the system
on each protocol layer and discussed its affect in the network [/JE)j11].
energy ef ciency. These other QoS parameters include spectral  According to some estimates, the global information commu-
ef ciency, deployment, delay, routing, scheduling, bandwidth and . .
coding etc. This survey also discusses the various EE techniqueé“catlons technology (ICT) ecosy_Stem consume; around 1100
to improve energy-ef ciency in infrastructure mode. Finally, the to 1800 Terawatt-hours of electricity annually, which is roughly
work provides an discussion, where impact of EE tradeoffs have equal to the electricity used by Germany and Japan combined
been presented based on different wireless architecture towards [12]. Worldwide telecommunication networks (which include
realizing a green wireless communication network. wire-line, wireless and core networks) are responsible for more
Index Terms—Green communication, energy ef ciency, spec- than one third of this energy consumption due to increased
tral ef ciency, routing ef ciency, scheduling ef ciency, transport  coverage and user subscriptions. For example, in UK a typical
ef ciency. mobile phone operator may consume approximately 40 MW,
excluding the power consumed by the userOs haridsets [13]. In
. INTRODUCTION several countries, direct access to electricity is not available
at each and every cell site and hence diesel generators (direct
IRELESS networks have seen tremendous growth 19, ,rce of ©, emissions) are used to power the Base Stations
V' support Quality of Service (QoS) and Quality of EXpeCrgss) it should also be noted that BSs consume almost 60%
Fatlon (QoE) requirements ofdlv_erse appllcatpns with INCreags the total power consumption of a typical mobile network
ing number of users. To cope with these requirements, variqys) rurthermore, the data trafbc volume of mobile broadband
wireless standards have been proposed, ranging from teGBgyorks is expected to increase by 89 times in the year
nologies_ characterized by networks for few User Equipmengo g¢ compared to the trafbc volumes in 2010 [15]. The
(UEs) with small coverage area (e.g. bluetooth) to networks, ement of this data from core network to user handset will
with larger coverage and hundreds of users (e.g. LTE). Thesg, demand signibcant amount of energy. For example, to
technologies are diverse in nature and coexist in the sa@8iver an hour of video on weekly basis to a smartphone for

one year will consume more power than the combined annual
power consumption of two household refrigerators [12]. To
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goal (ex. separating data & control plane [16], [17]) and shoFable | provides the gap analysis between the existing surveys

term goal (ex. appropriate activation of BSs, reduce interfeand our work on green communication.

ences | /], 1183], [19]) and the resulting tradeoff mechanisms is Considering the above two perspective together produce

the focus of this paper. several different EE tradeoffs for energy efbcient green com-
Several researchers have pointed out that the design of enunication. The work presented in this paper is about the EE

ergy saving mechanisms are comparatively easier for hontadeoff mechanisms in greesommunication, which to our

geneous environment than heterogeneous environment. Thriswledge has never been conducted and is a novelty of this

is mainly due to conficting design goals of different Radiwork. In this article, we present the survey of different EE

Access Technologies (RATs). E@bjective of one particular tradeoff techniques, proposed in the literature. In particular,

RAT can have detrimental effects on the other co-existing RATIsese tradeoff techniques have been discussed in a layer-wise

within the same radio and ge@ghical environment. Severalmanner starting with physical (PHY) layer all the way up

approaches (discussed in the following subsequent section) @rdigher layers such as transport and application layers. We

proposed in the literature [20[D[38] are the main contribsummarize the main contribution of this work as follows:

tions to the challenging energy-consumption issue in wireless

network. € Provide a detailed study of the energy-efbcient tradeoffs
Thesegreenengineering solutions showed that by adapting _ echnique for green communication.

the access and transmission parameters of APs to the network€ Presentasurvey of the different EE tradeoffs proposed in

scenarios can have a large iagp on improving EE of wireless the literature.

networks. However, to introduce energy saving in a holistic € Study the different tradeoffs and its importance within

way, HetNet requires a generic framework that enables intel-  the energy-efbcient communication with respect to the

ligent and dynamic selection of different available strategies at _ Particular protocol layer, where they are being used.

APs. The issue of EE in wireless communication networks can € Analyze the behaviour of tradeoffs corresponding to the
be approached in two ways: protocol layer and compare with the other tradeoffs in the

same layer.
tive includes energy-efbcient schemes for implementa-  types of wireless architecture.

tion at different layers of the protocol stack in a wireless 14 rest of the paper is organized as follows, Section I

system. , _ B resents the discussion on wireless networks and power con-

€ System design perspectives: This perspective 'ndu@ﬁ‘mption model of different cell types APs/BSs. The EE met-
power management policiesifrastructure deployment, yicq of green communications are also presented in this section.

and design of low-power processors among multiplgection |11 presents the overview of EE tradeoffs in different
communication nodes. layers, whereas Sections IVDVIII present the details discussion

i , ¢ , of each layer, physical, MAC, Network, transport and appli-

_Several surveys_avallable in th_e literature are discussed frattion layer respectively. The EE tradeoffs in infrastructure
different perspectives. Authors in [39] provide a survey Ofomain have been discussed in Section IX. Section X discusses

green networking research from a system design perspectivey|g pngings of the survey. Finally, Section XI concludes the
this survey, they have considered four main branches, as ad@aBrk with future research directions.

tive link rate, interface proxying, energy-aware infrastructure
and energy-aware applications and observed the root causes of
energy-waste in these four main branches. In [40], authors have Il. WIRELESSNETWORKS, POWER CONSUMPTION
presented an overview of the energy consumption problems MODEL AND GREEN METRICS
of wireless communication networks and described different

. . ; A. Wireless Networks
technigues in general that have been used to improve the enérgy
efbciency of these networks. The work in [41] surveys and Consider a heterogeneous wireless environment as shown in
discusses various techniques towards realizing green molbilg. 1. The network is composed of different types of cells
networks, with a focus on mobile cellular networks. This workaries with coverage areas, power, spectrum usage, supported
has also summarized the current research projects relateddovices etc. |3], [50], [51]. For cellular technologies, like
green mobile networks. Survey In [42] presented a brief surv&6M, LTE, WiMax, Wireless-in-local-loop, the cell dimen-
of current efforts for the standardization of the green metricsion is moving from macrocell to microcell to picocell and
the challenges that lay ahead and also considered the engagfemtocell, to accommodate larger number of subscribers
consumption issue in heterogeneous cognitive networks. Otgth enhanced performances with decreasing mobility. These
surveys have discussed important issues, such as schedufe@nologies are normally providing services under licensed
in sensor network: [43], EE techniques in cellular networkspectrum and in general controlled by service provider. Not
[44], [45]. Several fundamental tradeoff techniques for cellulamly that, the relay station is also placed between the BS and
network were discussed in |46], whereas survey In [47] praubscribers so as to improve QoS performarices [22]. Apart
vides a brief overview of energy-efbcient caching techniqué®m these licensed spectrum seein, there are other wireless
in information-centric networking. The work in |4€&], |49] dis-technologies, which are based on unlicensed spectrum, like
cussed different tradeoffs for generalized MIMO transmissioWLAN, UWB, Bluetooth, RFID, etc., used by subscribers
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GAPS IN THE SURVEY PAPERS
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Survey reference

Main approach or contributions

of the survey

Gaps in the survey

Survey of green

networking [39]

Discussion focussed on the physical layer

parameters.

Studied the systematic approach and
not the parametric one, only a few PHY

layer parameters are discussed in detail.

Survey of green radio

communications [40]

Discussion on different techniques

in general to improve EE.

Discussed different techniques in general

without focus on EE in particular.

Survey of green

mobile networks [41]

Evaluation on different projects, which

work on energy consumption issues.

EE tradeoffs are not discussed in detail.

Survey on green

cellular [42]

Discussion on several parameters

from an energy-consumption perspective.

Discussed different energy-aware
technologies and mentioned few EE

tradeoff techniques.

Survey of energy-efficient

scheduling [43]

Evaluation of sensor network
mechanisms, and discussion on

scheduling protocols.

Lacks discussion on tradeoffs within

sensor networks.

Green cellular

networks [44]

Evaluation of several energy-efficient

techniques within cellular networks.

Lacks discussion on tradeoffs.

Survey of energy-efficient

wireless communications [45]

Discussion on different transmission techniques

and a few associated tradeoffs.

Tradeoffs are not discussed in detail.

Tradeoffs for GREEN wireless
networks [46]

Provides a discussion on few fundamental

tradeoffs.

Inter-layer tradeoffs are not discussed

in particular.

Survey of energy-efficient

caching [47]

A brief survey of energy-efficient
caching techniques in information

centric networking.

Tradeoffs are not discussed in this

survey.

Spatial modulation for

generalized MIMO [48], [49]

Tradeoffs discussion from MIMO

perspective.

Tradeoffs for other applications are not

discussed in detail.

spectrum (e.g. WLAN, UWB, Bluetooth etc.) [1], [2], I'32].
These technologies are operate on many overlap regions. UEs in
HetNet can connect to any available neighboring AP/BS based
on its QoS requirement and can also operate with different
RATs at a given point of time. Thus, the selection of EE
operating point is a non-trivial task in such a network scenario
[31], 138], [53]. In adition to this, uses of secondary BS for
cognitive-radio application increases the compexility to select
EE operating point [7], [3].

B. Power Consumption Model

Power consumption model is the most important and basic
component of any wireless network. HetNet wireless system
consists of different types of Base-Stations (BSs), for macro-
cell, microcell, picocell and fatocell [22], 194]. In a typical
BS, the power consumption will not remain bxed, equal to
the one given at maximum load, but will change based on
the actual real-time changingafioc load. In a conventional
within a small coverage area with static or limited mobility. ABS, it is mainly the Power Ampliper (PA), DC power con-
typical HetNet scenario consists of several cellular technologiesmption that scales down due to reduced trafpc load. This
(e.g. GSM, LTE, WiMax, WLL etc.) operating in licensed specmainly happens in multi-carrier communication systems when
trum and other short-range wireless systems within unlicensa@ number of transmitted subcarriers is reduced in idle mode

Fig. 1. Scenario of heterogemes wireless network (Hetnet).
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o c TABLEM” 5 2) Equipment Level MetricsThese metrics are used to
OWER CONSUMPTIONM ODEL PARAMETERS . . . . .
FORDIFFERENTBS TYPES[55] investigate the EE of a given device (end user terml_nal or BSs)
[58]. EE performance of digitdbbaseband processor is usually

BS Type | Poae(W) | Po (W) | A, mea_sm_Jred in terms of Roating poin@ performance (FLOPS/watt)
or Million FLOPS (MFLOPS)/wat: [53]. Energy Proportional-

Macro 40 72145 ity Index (EPI) has been proposed as a metric for equipments

Micro 6.3 106 | 6.35 that evaluates EE of a device on the basis of its energy con-

Pico 0.25 14.9 8.4 sumption at idle and maximum load. In [57], the authors have
Femto 0.1 10.1 15 analyzed the EE for concenteat and distributed BSs. In the

brst architecture, all the elements are in the same location;

while in the second case terminals are located close to the

operation and/or there are subframes free-of-data [22]. Also %enna and a central elemewnaect the BS to the network
baseband processor shows @lslidependence on trafbc loaqnfrastructure

due to lower dynamic power consumption when less users/les%) System/Network Level Metric&hese metrics aim at
subcarriers have to be processed. On the other hand, the s asuring both the energy consumed by the wireless device

signal RF transceiver will show no dependence on the rafBfy he performance experienced at network level (coverage,

load [54]. capacity, delay, etc.) 591, [60]. A number of metrics have been

The relation between relative RF output power and BS pow&r, oseq for EE networks/systems to efbciently evaluate the

consumption of these reference conbgurations are nearly Iingﬁéct of novel techniques towards achieving green communi-

[55]. Hence, for studies not dkg specibcally with compo- .atigns systems. The simplest metric is known as the Energy
and measures the ratio of the

nent improvements, a linear approximation of the power mw@bnsumption Gain (ECG) [17]
energy consumption at the baseline system and a system under

is justibed. To attain a certain output powyy: (0 Pout

Pmay), the required input power Bin = Po+ pX Pou |bb}’ test. Thus in our opinion, it is worth mentioning that this metric
HerePmaxdenotes the maximum RF output power at maximui ,fren ynfair and it is not always the correct way to compare
load andPy is the power consumption calculated at the miniy,,, systems with different characteristics such as, performance,
mum possible output power, which is assumed to be 1% of thgyhjexity. supported services etc. A fairer metric is the Energy
maximum. The value of , denotes the constant factor, varieg,ngmption Rating (ECR) that is dePned as the ratio between
with BS pres_. The parameters for different BS types based e peak power and the maximum data throughput that is
summarized in Table |1 [55]. successfully delivered by the network [J/bit] [17]. However,
this metric is appropriated to assess the system EE only at full
load. When the network works below its capacity (e.g. in rural
scenarios) the Area Power Consumption (AR®G) nv¥] is a

The important aspects of a green communications includere effective metric. An extended version of the ECR, named
debning green metrics, bringiragchitectural changes in baseas Energy Efbciency Rating (EER) [bit/J], is debned to capture
stations, network planning, and efbcient system de:sign [42]. Bie degree of proportionality between the energy consumption
metrics are required to measure the energy consumption of grel different level of load [61]. It reBects dynamic network
network. Different metrics can measure the energy-consumptmonditions considering energy consumption in full-load, half-
or energy-performance tradeoff in a different ways. These métad, and idle periods respectively [61]. Furthermore, weight
rics have been used to measure the energy-consumption in copefbcients are introduced to represent the relative importance
ponent level, equipment level, system level. This includes tloé different modes of operation and are application-dependent.
measurement for each of the proposed techniques for reducAs shown in [57] network level performance indicator
ing power consumption or enhancing energy efpciency. Sin¢subscribers/W) is debPned as the ratio between the average
these metrics are related to enhancing energy efbciency in eaamber of subscribers on busy hour trafbc and the site power
layer of communication, altogether can be considered as Gre@amsumption. Such metric is used to evaluate the efpciency
metric. On the other hand, Greenness metrics (Green Perfafrthe system in dense urban areas where the trafbc demand
mance Indicator, Carbon Emission Calculator, emission factassoften larger than the network capacity. Finally, in [58] the
(gCO2e/kWh etc. [56]) are directly involved into G@mis- deployment efbciency (DE) [bits/$] is debned to characterize
sion. Understanding these metrics provide a better view on h&k of heterogeneous cells deployment. DE is debned as the
EE can be achieved in wireless networks from a componerdtio of the network throughput per unit bandwidth over the
equipment and networks level, respectively [57]. network deployment cost within a year of operation.

1) Component Level MetricsComponent level metrics In our opinion, due to the intrinsic difference of various
measure the performance of a specibc part (antenna, poa@mmunication systems and scenarios under observation, it is
ampliber, power supply, etc.) of a wireless device. In genergljestionable that only one metric may be sufpbcient. Further-
metrics for EE components is its power efbciency, debPnetbre, in future, metrics should consider also the delay intro-
as the ratio between the output power and the required ingluiced by the system under test, QoE at the end-user, backhaul
power [bz]. This metric can be reliably used to measure the EBsts and reliability, etc. However, achieving a wide consensus
performance at several components, such as PAs, antennasgand small set of (simple, relevant, and accurate) metrics will
power supply. permit to reliably compare different methodologies/systems

C. Green Metrics



MAHAPATRA et al. ENERGY EFFICIENCY TRADEOFF MECHANISM TOWARDS WIRELESS GREEN COMMUNICATION

TABLE 11
DIFFERENTTYPES OFTRADEOFF

Tradeoff Name Impact on Remarks References Protocol Layer
SE vs Data rate, bandwidth | Higher SE needs higher [20], [63], [85] Physical
EE utilization transmit power. [77], [91], [94] layer
Energy vs Error rate coding Significant impact on sensor [71], [82], [93] Physical
coding networks. layer
Bandwidth vs Data rate, spectrum Higher BW and throughput [201], [85], [87] Physical
power utilization needs wideband antenna. [86] layer
Delay vs Service QoS Higher delay implies data [59], [62], [67], [68] PHY, Network
power packets stay in network for longer duration. [65], [123], [136] Transport layer
Deployment Throughput, power Requirements for lower outage and service [20], [21], [134] Infrastructure
efficiency blocking leads to higher cost, [5], [137], [138] layer
(DE) vs EE and power consumption. [145], [146]

Energy vs throughput | Throughput, delay Higher path-length, results in increase in [66], [67], [83] Transport, MAC

with path-length congestion, and power consumption. layer

Routing efficiency Service QoS More impact on sensor [109], [131] Network, MAC
vs EE and adhoc networks. [59], [60] layer
Energy vs bandwidth Throughput, Multiple antenna [84], [86] Physical
for spatial use complexity based systems are needed. layer
Energy vs transmission | Computation Evaluates coding, [91], [107] Device, PHY
computation complexity and processing mechanisms. layer
Energy vs delay Delay, throughput Multiple antennas needed with [63], [64], [87], [99] Physical, Data
due to diversity for multiuser systems. layer
Energy vs delay Delay, error Analyzes the error-delay relationship. [130] PHY, Application
for accuracy rate layer
Energy vs BER, Evaluation of modulation, Physical
adaptive modulation throughput coding, and channel state. [89], [120] layer
EE vs QoS Studies network [11], [105], [132] MAC
protocol efficiency protocol techniques. layer

[60], [69], [70], [88], [101] | Network, MAC
[90], [104], [143], [144] layer

scheduling efficiency

vs EE QoS

Throughput, delay, Investigates user scheduling,

and resources allocation.

and accelerate the research/standardization activities towartiss improvementis limited by delay in different protocol layer,

the realization of greener cellular networks. In the followingsuch as delay due to scheduling, routing and transport [59],

we will discuss the relationshipelbween different parameters|62], [65 B[ 70)].

to achieve green communications. In the following, we discuss the tradeoffs between the
various efpciencies in a layer-based and infrastructure based

Ill. TRADEOFFMECHANISMS OVERVIEW perspectives.

The green metrics discussed above are used to quantify EE of
the components, equipment or system. The literature shows that

EE can be maximized by optimizing some QoS criteria, €.9.,To reduce the energy consumption of the network, research
spectral efbciency (SE), delagténcy etc [22], [62], related attempts were made to control the physical layer parameters,
to different protocol layers. Tde Ill provides a list of various sych as modulation, coding, transmit power etc., which lead to

tradeoff mechanisms. several interesting tradeoffs.
The system performance can be improved by using Multiple-

Input—MuItlpIe—Qutput(MI'MO) pchnlques, e.g., using multlpIeA_ SE-Bit Energy Tradeoff

antennas, multiple users in a single cell scenario, distributed and

cooperative MIMO in case of multicell environment [63] etc. To measure and compare the energy efbciencies of different
These techniques improve the SE of the system and availabibstems and transmission schemes, one can choose a met-
of these techniques is also directly related to SE and EL= [64F, which is the energy required to reliably send one bit of

IV. EE TRADEOFFS INPHYSICAL LAYER
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information. Information-theoretic studies show that energy- EE PW
per-bit requirement is generally minimized if the system op- |deal case
erates at low signal-to-noise ratio (SNR) levels, and hence
EE is maximizec |/1]. Furthermorz, [ /1] also determined the
minimum bit energy required for reliable communication over

a general class of channels by considering the Shannon capacity
formulation, and studied the SE-bit energy tradeoff in the pe (@) SE DL (b) BW
wideband regime. In the widand regime, the required bit EE PW

energy levels are found to be strictly greater than those achieved

Under practical concerns

when Shannon capacity is considered. In [72], authors brst use
modulation scaling to reduce power consumption in transmis-
sion. Using modulation scaling, authors showed changing mod-
) SE DL (

ulation scheme affects the system performance, such as del

and throughput and also the system energy [72]. Traditionallypg

network should use lower modulation to consume lower power.

However, using lower order modulation decreases SE of thig. 2. Fundamental tradeoff for greeeammunications (EE: energy efbciency,

system, thus throughput of network will reduce, and the dapk: deployment efbciency, SE: spectral efbciency, BW: bandwidth, DL: delay
: - L Al T and PW: power) |20].

delivery will also be delayed due to lower $E [66], 72].

In [73], [74] SE-bit-energy tradeoff has been analyzeghse of multiuser/multicell environment inter-user interference
in the low-power and widebahregimes by employing the o jnter-cell interference may break the fundamental assump-
effective capacity formulation, rather than the Shannon capagms in the point-to-point cases |77]. As shown in Fig. 2(b),
ity with considering QoS constraints. In particular, variablepr g given data transmission rate, the expansion of the signal
rate/variable-power and variable-rate/Pxed-power transmissig\y/ is preferred to reduce transmit power to achieve better
schemes are studied, in [73] and [75], when the receiver hag. This BW-Power (PW) relation is crucial to radio resource
perfect channel side information (CSI) in both the cases aﬁqinagement, which has been exploited in cognitive radio
with or without knowledge at the transmitter. The effective Cqechniques to determine green transmission strategy [7], [78].
pacity regions for multi-access channel with different schedyinhother tradeoff, system throughput per unit of deployment
ing policies have been characterized in [76]. In the worsst (DE)-EE is the network performance indicator for mobile
/4], authors investigated EE both low-power and wideband gperators. These includes all kinds of infrastructure, operation
regimes. It has been shown that the bit energy increases withgi§l maintenance cost. It is an important parameter in HetNet.
bound in the low-power regime, which is also equivalent t&nother tradeoff, DL-PW is relad to service latency, which is

the wideband regime with rich multipath fading, as the averag@measure of QoS and user experience and is closely related to
power vanishes. On the other hand, the minimum bit energy amg trafpc types and statistics j20].

wideband slope expressions are found in the wideband regime
with multipath sparsity | 74]. C. Throughput, Energy and Path Power Tradeoff

BW

(c d)

The work in [/Y] characterizes throughput and energy
tradeoff. This work shows that the average path power is
The authors ir |20] have characterized the SE-EE tradeaffpiecewise linear function of throughput, which increases
for point-to-point transmission in additive white Gaussian noisaonotonically. The throughput and average path power tradeoff

B. SE-EE Tradeoff

(AWGN) channels.~ depends heavily on the size of the region, node density, tech-
Using ShannonOs formula, the SE and EE of the systemmukbgy parameters and channel conditions. A similar kind of
debned as, work has been discussed in [80] for bluetooth scatternet. This

work provides an analytical study of the tradeoff between

se= log, 1+ (1) throughput, energy and path length (number of hops). Partic-

NOBP ularly, they have shown that minimizing the hop count in the
tee= Blog, 1+ /P, (2) presence of mobility changes the trafpc Rows and interference,
NoB which play an important role in the network performance.

whereC is the channel capacit, is the given transmit power,
andB is system bandwidth, ardy is the power spectral density
of AWGN, where eeCan be expressed interms @tas tee = For larger coverage, the tradeoff between bandwidth-
s°- This expression shows thatee converges to a constant,efpciency and energy-efbciency has been studied in case of
1/( NoIn 2) when seapproaches zero, ange approaches zero adhoc wireless network [81]. hE required multi-hop relay
when ge tends to inbnity. The fundamental tradeoff betweetnansmission uses more channel, leads to a loss in bandwidth
EE and SE is shown in Fig. 2. This SE-EE relationship is fafbciency but a potential gain in EE because each node can
point-to-point communication not for network. Under practicadave its transmitting power [82]. It has been shown in [83] that
environment, this relationghihas been inBuenced by severahe per node throughput capacity of an ad-hoc network with
hardware constraints, such as circuit power, power ampliPerrimodes decreases withas(1l/ nlogn), with no constraints

D. Energy-Bandwidth Tradeoff
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on the energy used at nodes. The authors also develop a singi@nnel fading from a negative factor that should be mitigated
metric as transport efbciency which is the product of bandwidifto a positive factor that can be exploited in wireless networks
efpciency and EE. As a tradeoff, there is a fundamental gamimprove capacity. They provide a lower bound of energy-
in EE according to the strategies on the channel uses. Bglay tradeoff which offers a deep insight into the benebpts of
simulating transport efbciency, authors in [81] have shown th@MIMO compared with classical multi-hop communications.
for low SNR regime, the proposed common power scherid&e proposed cross-layer framework provides the lower bound
performs better than a commoate scheme while for high of energy-delay tradeoff of cooperative communications, which
SNR regime, a common rate scheme is superior to a comnisrdeduced on the condition that the number of cooperative
power scheme. This work has been extended in [84] and [8BRnsmitters and receivers is bxed. In case of cellular environ-
In the energy-bandwidth tradeoff, authors showed that multitent, EE has been studied in OFDMA cellular relay systems.
hop routing with spatial reuse uses the same minimum tofethe authors studied power allocation scheme for multi-cell
energy transmission strategy without considering the receiewvironment [83].
processing energy. This provides the best performance at a
given energy-bandwidth tradeoff by considering simultaneo@ Transmission-Computation-Energy Tradeoff
transmissions and the number of hops. The authors in [60], [63]
showed that the total energy consumption can be minimiz?d . - i
b timally choosing the rate. determined from the locatii®™ Since data are coded before transmission to mitigate
y op y g ; R

of relays and the end-to-end distance. Therefore, the b % channel effec: [89], [50]. Author in [¢1] analyzed the

energy-bandwidth tradeoff can be obtained by comparing t rgnsm|SS|on—computatlon-emrtradeoff|n wireless as well as

) . . In Pxed networks. The tradeoff has been measured between the
total energy consumption for different location of relays and . . . .
. S ._energy required for decoding and processing transmissions and

a routing path. The work in [63] proposed an energy-efpcient .
the energy necessary to transmit a message. It has been shown

cooperative relay selection scheme that utilizes the transmissgﬁgt e adefage progésSing (or computation) energy per symbol
power more efbciently in cooperative relaying systems. Th gpends exponentially on the information rate of the source

nodes in the network were deployed with multiple antennas arr}]essa e This sudgests stronaer codes are referable at low
decode-and-forward relay protocol was used [86]. ge. 99 9 P

data rates while linear complexity and uncoded transmission

becomes preferable at high data rates with acceptable error.

Thus a tradeoff is necessary. However, transmission energy
Another EE metric has been proposed for periodic montonsumption is not the only component to calculate EE of the

toring applications, referred to as the Energy Distance Raggstem. Circuit energy consutign plays a signibcant part of

per bit (EDRD) [62]. By minimizing EDRb, an optimal hopit, especially in short range communication [92], [93].

distance in a Wireless Sensor Network (WSN) is obtained for

which related parameters such as optimal transmission powgr, SE-EE Tradeoff in Multi-Cell Environment

optimal SNR, and optimal bit error rate (BER) are found in In multicell environment, interference plays an important
Rayleigh fading environment [62]. This work concludes the}tta},ctor in EE. This increase,s the transmisZioﬁ power cF:)ost and
both too short and too long hops routing are not efbcient fo ay reduce the EE of the system 177]. Thus, power opti-

the purpose of energy saving in WSNs. This affects the senso) ation schemes are importaior interference management
lifetime, due to number of retransmission or transmits witfrzat Imp ! . Y .
high power. Thus, the network architecture will be affected A wireless sys@ins asYaigggte resulting from aggressive

’ g_pectral reuse and high power transmission severely limits the

sensors. Since, optimizing number of hops in WSN will restri Stcgieriormage |88].' An e.nergy-gfbuent power optimiza-
n scheme has been investigatin /] for interference-

the number of retransmission, thus increasing the lifetime Ol ted communications in cellular network. Thev developed
sensor, alias network. Eventually, this will help to decrea m ) Y P

energy consumption in the long run [84]. If the transmissigrCVer control and resource allocation scheme to improve EE by

can be arranged to occur during non-busy network hours, m&ansidering multi-cell interference-limited scenarios. In two-

bandwidth and thus a larger number of subcarriers can be allpe" jgy'vestigation is carried out in four regime; circuit

cated to the mobile terminal. n [37], a circuit-level power mo |h2;vr$;rgﬁ::n£eg§?nirﬁzgclgje};r?r:jgtns%v(\;?sredg(;nr:]?s;?g drfglrirr]r?é
eling has been considered toadyre joint bandwidth-power 9 gime.

scheduling algorithms for EE in the wireless communicatioWIth complel® network knowledge and cooperation, both users

systems. The proposed low-complexity joint bandwidth—pOW([eT}aX'mIze the EE of network as,
allocation algorithms can be utilized to achieve the maximum ra r2 3)

Computation energy is also important in energy consump-

E. Energy-Distance-Ratio-Per Bit Tradeoff

= +
EE in the multi-user wireless networks and outperforms any e Prt Pc P2+ Pc

other baseline algorithms. wherer1, ra, p1, p2, Pc are the rate and transmit power of user 1

and 2 and circuit power. The EE of the network debned by a
coupling factor , which is the ratio between the channel gains
In [64], authors investigate the tradeoff between the energyth and without interference [ /7]. Fig. 3 shows the tradeoff of
consumption and the transmission delay of Cooperative MIMEE and SE with different interfering scenarios. Whegs 0,
(CMIMO) scheme. CMIMO communications have transformedrbitrary SE can be obtained by choosing enough transmit

F. Energy-Delay Tradeoff



8 IEEE COMMUNICATIONS SURVEYS & TUTORIALS

A. Energy-Latency Tradeoff

Scheduling is an important aspect for any wireless commu-
nication system. The paper [96] explores the energy-latency
tradeoff in wireless communication using modulation scaling
in the context of data gathering in WSNs. Other scheduling
schemes such as non-overlappdemsity control, density con-
trol with adjustable sensing ranges and non-overlapping density
control based on distances proposec In [97], to improve the
optimal geographical density controi {98]. This has been done
by relaxing the coverage requirements by replacing location re-
qguirements with only distancegairements and by considering
adjustable sensing range. In [99], authors propose a simple link
scheduling algorithm to Pnd the minimum-delay schedule given
the slot lengths for all the communication links. The work com-
puted Pareto optimal energy-delay curves by solving a series of

Fig. 3. Tradeoff of EE and SE with different interfering scenarios [77]. convex optimization problemslere, each objective function is

. . aweighted sum of the delay and the total energy consumption.
pawer. When > 0, regions beyond the SE upperbound is n?—Iinally, the curves of optimal delay-energy tradeoff show a

achievable. Furthermore, EE is much more sensitive to POWEL iBcant reduction of energy and delay is possible by joint

selection than SE. In interference-limited scenarios, increasig Sign of routing and scheduling together with rate adaptation
transmit power beyond theptimal power for EE has little After scheduling, it is needed to route the data packet.

SE improvement but signibcantly degrades EE. Furthermo e longer route consumes more energy. A novel cross-layer

power optimization to achieve the highest EE will also reducoeesign method has been proposed to minimize consumed
SE tradeoff with the increase of. The investigation shows energy per packet [100]. This method uses a conventional

that the EE power optimization improves not only EE but alsc?n-demand routing protocol in power-controlled multihop

e oo waiblr netvorc The minimum consumed power routng
P gorithm considers transmitting power as well as receiving

throughpur1/9]. . . . : Power. The algorithm outperforms other MAC algorithms
Another cooperation technique in terms of coordma}ted_mu\k}. h similar average success rate. Authors 1n [L01] present a

point (CoMP), addresses the traQeoﬁs pgeen gaineg C(e:l}een Adaptive Scheduling (GAS) algorithm that improves the

throughput and energy consumption [94]. It can be eXpec;tgc(,jheduling EE in OFDMA based wireless cellular networks.

that using CoMP, network increases the energy consumpt_LPHe proposed GAS scheme reduces the overall downlink

in cellular base stations. However throughput can also be | Jergy consumption while adapting the target of SE to the

creased, by considering additional pilot, control and feedba wal load of the system and meeting the QOS. GAS is a highly

overhead required for. (.:OMP scgemes. These are varying Ung&lin|e and effective schedultar a variety of trafpc scenarios
varying network densities and cooperation of cluster sizes [9 d it drives to notable energy cost reductions while meeting

It has been shown that EE of the\qggiem is OHig moderate; fe QoS of UEs active admitted in the system. The simulation

affected by the use of CoMP schemeSRgl potential g’amsr%sults shown that the GAS outperforms other scheduling

10% and 20% for small and large site distances, respectivelya éorithms earliest deadline Ib(EDF) and maximum channel

is very interesting to note that the cooperation between non 9 interference ratio (MCI) i.e. EE-scheduling efbciency
located base stations does not appear to be benebcial due tqr%a

T . . o eoff. The paper [102] concentrates on characterizing
diminishing SE gains for clust sizes above three, and add't'onénergy, latency and capacity trade-offs in multi-hop wireless

ally requires backhauling power for those clusters [94]. Highe &-hoc networks. It proposed a multi-objective framework to

EE gains were O.b seryed when all cooperatmg BS are CO'IOC‘? C}ive the Pareto-optimal set of solutions with respect to delay,
throughout all site distances. Energy-efpcient link adaptati n

. - . 5 rgy and capacity. The Pareiptimal solutions with respect
was StUd'(.ad for transmlssmn.on. a f'requency—s.electlve chgn oegnergy and capacity are obtained for a constant transmission
.l%]' In th|'s wprk, a power dls.,5|pat.|on model is used, whic ower that is related to the cuit energy and the pathloss
mcluc_jes cwcw_t power that varies with the sum rate and pow befbcient only [102]. However, stability is an issue in Pareto
ampliber efpciency that varies with the bandwidth. In Table | Lo

. : . thlmlzatmn.
we summarize the impact of the above mentioned tradeoffs |

different type of network.
B. Stability-Energy Tradeoff
The work in [103] compares ability-energy tadeoff for

After the physical layer, MAC layer is the most importantlifferent adhoc network protocols. The routing protocols can
layer in communication network. Several technologies habe classibed into two types; minimum-weight based, such as
been proposed to discuss the issue of energy consumptionBymamic Source Routing (DSR) protocol, Adhoc On-Demand
network. In the following, we will discuss few tradeoff used irDistance Vector (AODV) protocol and stability-based, such
MAC layer. as Association Based Routing (ABR), Flow-Oriented Routing

V. EE TRADEOFFS INMAC LAYER
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TABLE IV

COMMENTS ONPHYSICAL LAYER TRADEOFFS INDIFFERENTTECHNOLOGIES

Technology | Tradeoffs Remark
Cellular SE vs EE Significant impact as SE requirement is directly proportional

to transmit power capability.

Energy-bandwidth Moderate impact on dynamic BW usage.

Throughput, energy and path power | Significant impact as coverage distance is proportional to
transmit power.

SE-bit-energy Significant impact to enhance SNR.

Energy-Distance-Ratio-per bit Significant impact as coverage distance is directly dependent
on transmit power.

Energy-delay Impact level depends on type of services.

Transmission-computation-energy Impact level depends on type of application.

Sensor SE vs EE Low impact as it does not requires high SE.

Energy-bandwidth Moderate impact due to static nature.

Throughput, energy and path power | Significant impact as higher data rate needs to be supported within
constrained energy resources over satisfactory coverage distances.

SE-bit-energy Low impact due to enhancement in SNR.

Energy-Distance-Ratio-per bit Significant impact as there exists a requirement to maximize
the coverage distance.

Energy-delay Significant impact as delay is a critical factor.

Transmission-computation-energy Low impact as computation accomplished at the sensor level.

Wifi SE vs EE SE requirements improve the impact level.

Energy-bandwidth Moderate impact due to static nature.

Throughput, energy and path power | Low impact due to short range coverage requirements.

SE-bit-energy Low impact due to improved SNR.

Energy-Distance-Ratio-per bit Moderate impact due to limited coverage distance.

Energy-delay Impact level depends on type of services.

Transmission-computation-energy Impact level depends on type of application.

Cognitive | All tradeoffs Since the cognitive radio is a futuristic technology, all tradeoffs
have their different level of impact, which depends on various
factors, such as application types, service area, spectrum usage,
device types etc.

Protocol (FORP) and Route-Lifetime Assessment Based Rotitan RABR, which is better than FORP. Thus, proper routing
ing (RABR) protocol. In case of adhoc network, the systerotocol can be chosen based on stability-energy tradeoff. In
needs to optimize parameteng $electing the appropriate pro-Table V, we summarize the impact of the above mentioned
tocol (i.e EE-protocol efbciency tradeoff). Since, adhoc netadeoffs in different type of network.

work supports to dynamic connection/disconnection of nodes,
Pnding a protocol for optimum performance is always chal-
lenging. Some protocol are best suited for short time frame
and some are for longer time frame. This corresponds to localNetwork layer is responsible for hopping, scheduling, rout-
minima and global minima in casf Pareto optimization. The ing the packets. Many times, network layer needs help from
parameter, stability is used to Pnd the local/global minima witMAC layer to perform the task. In the following, we present
respect to direction, path, hop etc. This path stability depenfésv tradeoffs in this layer discussed in the literature.

on hop count, route discoveries, network density, node mobility

and network topology. The simulation results in [1.03] sho .

that FORP routes are the most stable and ABR consumes \%SSEE-Hoppmg Tradeoffs

energy per node than other routes, which are more stable thaithe number of hops is an important factor in sensor and
ABR routes. On the other hand, based on the energy consuradtioc network [104], if total energy consumption includes
per packet and the average energy used per node, ABR is batteuit energy consumption along with transmission energy

VI. EE TRADEOFFS INNETWORK LAYER
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TABLE V
COMMENTS ONMAC LAYER TRADEOFFS INDIFFERENTTECHNOLOGIES

Technology | Tradeoffs Remark

Cellular Energy-latency Impact level depends on applications type.

EE-scheduling efficiency | High impact due to data scheduling requirements.

EE-protocol efficiency Moderate impact as it depends on services.
Stability-energy Impact level depends on type of services.
Sensor Energy-latency Low impact as it can store or broadcast.

EE-scheduling efficiency | Low impact as it can store or broadcast.

EE-protocol efficiency Moderate impact for proper network usage.
Stability-energy High impact for proper network usage.
WiFi Energy-latency High impact due to increased data delivery requirements.

EE-scheduling efficiency | Low impact as it supports limited number of users.

EE-protocol efficiency High impact for achieving optimal routing implementation.
Stability-energy High impact for achieving optimal network usage.
Cognitive All tradeofts The impact of different types of trade-off is dependent on

the mechanism for cognitive radio implementation.

consumption. The circuit energy consumption is compatible ftre network resources to the trafbc conditions, if supported by
smaller transmission range evaluation. In [59], a tradeoff h#se topology design and energy-efbcient device design. The ser-
been studied between two energy elements for multi-hop avide provider will have to carefully select the trade off between
single hop transmissions. The results demonstrate that the niire achievable energy efbciency gain and the robustness of the
imum energy transmission scheme is a combination of mulsielutionNas the choice of an unlucky robustness threshold may
hop and single-hop transmissions for general networks. Thagverally limit the achievable EE gains.
found that the optimal transmission scheme can be a mix ofThe work in [L0Y] also proposed a power-aware routing to re-
single hop and multi-hop routing. Minimization of total energylesign individual network elements to make them rate-adaptive.
favors fewer hops compared to minimization of just transmighis redesigning is capable of network-wide trafbc rerouting
sion energy. Another work [60] addressed routing strategy iof response to trafpc Buctuations. The proper tradeoff between
a cellular network with two-hop Pxed relay nodes. To enhancate- adaptivity and power-aware routing saves a signipcant
the radio resource utility, a utility maximization framework vidraction of network power consumption, for a wide variety
pricing is adopted for multi-cellidtributed power allocation. of network topologies, trafpc loads, and base power ratio. A
The best route has been selected based on tradeoff betwesttery-aware scheduling in wireless mesh networks presented
power consumption and data rate using an efbcient power-based 10]. The battery lifetime of a device depends on its usage,
routing algorithm. The proposed power-based routing strategiich is directly related to power consumption due to use of
performs better than other routing strategies. |[105] proposeswatious services. The energy-efbcient communication makes
approach to select relay using a threshold-based transmissiorimpact in case of online oumunication such as voice, live
protocol for a system with multiple amplify-and-forward relaysteaming etc. This eventually affects the battery life-time. Not
and users. The proposed green cooperative communication usdg this, graphics, computation complexity, software usage
a selection threshold on the brst-hop SNR and one-bit feedbat&. also affect the power camsption of a device. Since, the
and aims to reduce signal processing complexity by limitemerall network energy consumption considered the total power
feedback and save RF power by interrupted transmissionctinsumption of all the components involved in the process.
is shown that transmit power can be dramatically reducddherefore, the consideration of battery lifetime with energy-
without sacribcing outage performance by appropriately choafbciency is needed in the discussion of green communication,
ing the selection threshold for a given number of relays armdthough the effect is smali |[/0], [111], [112]. The authors
SNR range. discussed a tradeoff between scheduling algorithm and battery
lifetime in mesh routers.

The concept of sleep mode is used in [.13] for Discontinuous
Reception (DRX) framework. In DRX, cellular network may

Energy aware routing can also be designed [106], [107]. pjmovide Rexible means to aiglve micro-sleep operation for
[108], authors analyze the design of green routing algorithril= even though it is in active mode and running a service.
and evaluate the achievable energy savings in several realigtie DRX-aware scheduling provides signibcant performance
network scenarios, such as network topology, trafbc matrix agdins in terms of packet loss rate and power consumption. In
the energy proble of the network devices. The proposed grélable VI, we summarize the impact of the above mentioned
routing may provide an energy-efbcient automatic adaptationtedideoffs in different type of network.

B. EE-Routing Tradeoffs
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TABLE VI
COMMENTS ONNETWORKLAYER TRADEOFFS INDIFFERENTTECHNOLOGIES

Technology | Tradeoffs Remark
Cellular EE-Hopping Impact level depends on relay network architecture.
EE-Routing Impact level depends on application.

Scheduling-battery lifetime | High impact from user perspective.

Sensor EE-Hopping High impact as hopping depends on the latency to detect gateway.

EE-Routing High impact as routing depends on the latency to detect gateway.

Scheduling-battery lifetime | High impact to enable optimal throughput with constrained power.

Wifi EE-Hopping Low impact as normally no relay associated.

EE-Routing Low impact as normally no intermediate node.

Scheduling-battery lifetime | High impact from user perspective.

Cognitive | All tradeoffs EE-routing tradeoff plays an important role in a cognitive radio

network, whereas scheduling-battery lifetime tradeoff is

important for CR user.

VIl. EE TRADEOFFS INTRANSPORTLAYER between switches to reduce the power consumption on the basis

. . - . oé the change in trafbc volume [122]. If the history information

The transport layer is responsible for providing efbcient aM8lated to the arriving trafbc is known, the transmission capacit
reliable data transport between network endpoints independen%l 9 ' pactty

of the physical network in use. This is the layer that is rean OREEer estigggfed. In [123], the problem of maximizing

. . : . etwork utility and minimizing energy consumption while sat-
sponsible for congestion control in a network, and without; . : - .
. ) ) isfying a given transmission delay constraint for each packet
proper management, it can incredlhe energy consumption of

. has been discussed. To adapt the distributed nature of the
the network. The energy management in the transport layer IS - . . .
g . 7 _nétwork, a distributed algorithm is used, where nodes decide
critical due to the complexity of network structure j1.14], [115]. y S g .
: . 0n choosing transmission ratasdgprobaliities based on their
In transport layer, data need to be transported with higher "~ . ) . . . )
L o . . . Ocal information. The algorithm is analyzed in star and linear
reliability. The reliability requires two essential mechanisms;

congestion control (detection and avoidance), and loss @ée_twork topologies. The minimum delay constraint of the link

tection and recovery. The different levels of reliability for €S slowly with the network size. The Pareto optimal points

. o . are used to control the tradedfétween energy minimization
each kind of applications no) dnenergy efbcient (reduces I S o le V|
the exchanged messages to reduce total consumed energyaarllrgd‘]t'“ty mgmmuqtlon == tradeoffs). In Table VI, .

: L - . Y“we summarize the impact of the above mentioned tradeoffs in
thereafter increases the network lifetime) [116]. TeChmque(ﬁﬁerent type of network
such as reliable transport protocol for data streaming [117] and '
energy-efbcient reactive store-and-forward protocoi [118] have
been proposed for sensor network EE vs. protocol efpciency
tradeoff. The energy efpciency of three variants of TCP have
been presented in [119]. It is anticipated that the internet trafbc will continue to

Apart from these, the impact of transport layer is studiegtow exponentially for the foregable future, which will re-
mainly with respect to cross layer functionalities. The termuire ever-growing energy. Since a lot of the internet trafpc
transport efpciency is used to quantify the SE and delay. gmowth comes from predictablersices (such as video) there is
[120], authors brst study a cross layer framework for opti huge potential for decreasing future internet energy require-
mizing the performance of wireless networks as measured fmgnts by synchronizing the operation of routers and schedul-
applications or upper layer protocols. The approach combiriag trafbc in advance, thus reducing complexity (e.g., header
adaptive modulation with netwk utility maximization. This processing, buffer size, switching fabric speedup and memory
maximization problem intend to Pnd the optimal source ratecess bandwidth speedup). This coined a tradeoff between
that maximizes overall network utility with optimum networkenergy and computation [91], [107]. Today, scheduling and
links under optimum power consumption. This enables a tradgmchronizing large scale data transfer operations can be easily
off between EE vs. transport efbciency. achieved by utilizing a choice of several global time sources,

On the other hand, The throughput improvement can Ireely available on earth and in space. In a way, this manuscript
achieved by frequency reuse and signal strength as the debiews how to trade global time for electricity utilized by the
sion making metric [121]. In all wireless standards, the ratiglobal internet [124].
between peak data rate and data rate of edge user is very higiThe upper layer deals with partitioning of tasks between bxed
However this ratio can be reduced at expense of cell capatrd mobile hosts, source coding, digital signal processing, and
ity with proportional fair scheduling and fractional frequencgontext adaptation in a mobile environment. Services provided
reuse. The transmission capacity can be controlled dynamicadhthis layer are varied and application specibc. For multimedia

VIll. EE TRADEOFFS INAPPLICATION LAYER
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TABLE VII
COMMENTS ON TRANSPORTLAYER TRADEOFFS INDIFFERENTTECHNOLOGIES
Technology | Tradeoffs Remark
Cellular EE vs transport efficiency | Impact level depends on services.
EE vs utility Impact level depends on network utilization.
EE vs. protocol efficiency | Moderate impact due to data rate requirements and constrained power.
Sensor EE vs transport efficiency | Moderate impact depends on required data-rate.
EE vs utility Impact varies with the choice of Network topology.
EE vs. protocol efficiency | Impact level depends on data rate requirements.
Wifi EE vs transport efficiency | Low impact as normally no additional link is involved.
EE vs utility Impact varies with user association.
EE vs. protocol efficiency | Significant impact from user perspective.
Cognitive All tradeoffs Different tradeoffs have varying impact on distinct topologies. Also,
network utilization impact varies with applications and services.

streaming applications in wireless networks, an energy efbci¢ntconsiders different layouts featuring varying numbers of
cooperative techniques has been developed and analyzednioro BSs per cell in addition to conventional macro BSs.
|125]. Authors combined cellular and short range network afhis introduces the concept of area power consumption as a
chitecture to achieve robust tremission over wireless channelsystem performance metric. Using proper power models, the
and for energy saving. The authors in [126] focused on the Pistestigation shows that the power savings from deployment
stage of the graphics processor pipeline the vertex transforroémicro BSs are moderate in full load scenarios and strongly
tion stage and introduces an approach to lowering its switchidgpend on the offset power consumption of both macro and
activity by reducing the precision of arithmetic operations. Asiicro sites. This work has been extended in [134], [135], which
a result, the approach enabla tradeoff between EE and theemploy simulations to evaluate potential improvements of this
quality of the rendered image, i.e. precision efbciency. metric through the use of micro base stations. To reduce power
Network devices consume high amount of power. An analyttonsumption, several approaches have been investigated by ex-
cal framework has been proposed to effectively optimize powgloiting different characteristics of participating BSs and users.
consumption of a network device with respect to its expected
forwarding performance [127]. The work focuses on poweX Tyadeoffs Using Sleep Mode Technique
saving mechanisms working at the network equipment level.
In [128], authors present a new energy management approach0 improve the EE, both the energy-consumption-ratio
that allows systems to monitor their users for energy savingCR). as the energy per delivered information bit and the
Whereas, authors in j129] focuses on energy-aware devi@igrgy-consumption-gain (ECG) of a cellular access network
to reduce their energy requirements by adapting performarf#é used when the cell size is reduced for a given trafbc density
(energy vs delay in accuracy tradeoff). These devices are abl@fl coverage area [113], [136|D]:L38]. Reducing the cell size
save energy through two main energy-aware primitives, nameigduces the cell ECR as desiredlile increasing the capacity,
low power idle and power scaling. Through accurate estimatiohereas the overall energy consumption remains unchanged
it has been shown that the proposed model can be effectwbhf/] For better understanding, the concept of sleep mode is
applied to design and control energy-aware hardware of nesilized [13¢]. It states that Owhen capacity density exceeds
generation network devices [11:2], [1301D[132]. demand, the architecture is unnecessarily consuming energy
The above mentioned EE tradeoff techniques are applicaBl keeping unused base station switched on. Thus a sleep
for accessing service of user. These EE tradeoffs are usé@de has been applied where the cells that are not populated
When users are a“'eady Conrmtto the network and want to Wlth users are turned off. O In Sleep mode cells without active
communicate with each other. This pointing out towards tHtsers are powered off, thereby saving energy. An energy-aware
network conbguration i.e infrastructure of network, where uséf@nagement scheme is used to characterize the amount of
are lying. This infrastructure mode consumes high energy afiergy that can be saved by reducing the number of active
more responsible for COemission. On the other hand, thesé&ells during the periods when they are not necessary because
are the responsible for proper connectivity to the user. In tH&fPc is low [138]. When some cells are in sleep mode, radio

later section, we will discuss the effect of infrastructure ofoverage and service provisioning are taken care of by the cells
energy efbciency in the network. that remain active. This nesd tradeoff between DE and EE

[20]. This also effects the tradeoff between SE-EE.

IX. TRADEOFF ININFRASTRUCTUREDOMAIN

This section discusses the EE tradeoff by deploying varlous Cell Breathing Technique

BS. The work in [133] investigates the impact of deployment In cell breathing technique, the radius of a cell can be con-
strategies on the power consumption of mobile radio networksolled dynamically when the load of the cell increases (i.e. the
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may create load Ructuations [143], [1.44]. Authors in [145]
introduces energy-aware network re-conbguration methods to
Rexibly load variations encouraging none or minimal extra
energy consumption. Future cellular mobile radio networks will
exhibit a much more dense BS deployment, particularly with
regards to trafbc coverage with a signibcant increase in power
consumption of cellular networks (i.e., DE vs EE tradeoff). To
counter this trend, EE of such networks should be increased
considerably. Concerning EE, utilizing micro BSs with their
smaller power consumption capabilities appear promising. In
addition to this, network comprises with various homogeneous
and heterogeneous deployment. Authors In [146] investigated
various strategies incorporating micro BSs with focus on EE
represented by power consumption and throughput (i.e., SE vs
EE tradeoff, EE vs adaptive modulation tradeoff). They also
analyze the impact of different load conditions on network
Fig. 4. Cell zooming operations in cellular networks. (a) Cells with originaénergy_efpciency with various topologies. In case of limited
size. (b) Central cell zooms in when load increases. (c) Central cell zooms gut . .
pacity demand, heterogeneoupldgments are better suited

when load decreases. (d) Central cell sleeps and neighboring cells zoom G
(e) Central cell sleeps and neighbaicells transmit cooperatively [5]. than homogeneous cell deployments.

A Base Station

® Mobile users

D. Reducing Electromagnetic Pollution

number of mobile increases) for a given outage probability Ny adays energy saving and reduction of electromagnetic
[139]D[141]. This technique is eful to reduce interference . tion have become important issues. One approach to these

on the user, especially in multicel/multi RAT environment,,ohjems is the introduction of taxes on the energy dissipation

Depending on the trafbc scenario, few BSs can be switchesz /16511 49]. Apart from this, mobile operators can manage the
off by applying appropriate load-balancing technigue, whic,

§bectrum in energy efbcient way. An intra-operator dynamic

result to reduce power consumption. Deploying many types 9o -+-ym management scheme proposed for an operator®s net-
BS introduces interferences on the environment. A closed fo

X _ rks of its available spectrum bands to improve power efp-
formula of the intercell mterfer.ence' for CDMA and OFD_MAciency |6]. It is considered dynamically shifting users into the
based cellular networks is derived in [142]. From a maximullli;.e hands to allow to switched off radio network equipment
outage probability, a relation between cell coverage and mobileqiner hands when possible; reducing the transmission power
density has been derived. It has also been discussed ho"“ogrbynamically sharing of spectrum; allowing more channel

operator can combat coveraggeles induced by cell breathingBWS by sharing of spectrum thus transmission power can be
by sectorizing omni-directional sites and/or by increasing the

. e X nibpcantly decreased, and the better hierarchical management
number of BSs. In the literature, cell breathing is consider as ef?spectrum among different types of cells, whenever coexist
feature of cell zooming technique [139]. '

This work is extended to intra-operator spectrum sharing for
EE and throughput enhancement (i.e. DE vs EE, SE vs EE

C. Cell Zooming and Load Balancing tradeoffs), where over 50% reduction on power consumption
. L hrgs been achieved with up to 20% throughput enhancements
However, energy consumption of network can be minimize

: . ; . 1150], 1151].
by putting more number of BS in sleep mode, while coveririy In addition to this, the impact of EE on society is also in

the user by cell zooming [5]. In c_eII zooming, network adaq_lbz]D[154]. In [152], EE of mobile cellular networks has been
tively adjusts the cell size according to trafbc load, user loca-—. .~ .
. . . ! Studied in concern of industry, operators, as well as of regu-
tion, user requirements and channel conditions. Fig. 4 shoYvn

. . tory bodies and the society. It stresses that for fundamental
the cell zooming operation on cellular network. Trafpc lo . .
. . mprovements of the EE for wireless broadband access (i.e.,
Buctuations can be even more dynamics as the next genera . L N
. vs EE, SE vs EE tradeoffs), joint optimizations yielding an
cellular networks move towards smaller cells such as micro-

cells, picocells, and femtocells, which increase the difbculty 8Pt|mum at_s;c/jgt%m I(Iavel is needed rather than optimizing single
cell deployment. In this work, ceralized and distributed cell aspects or individual components.
zooming algorithms are developed, and simulation results show
that the proposed algorithms can greatly reduce the energy con-
sumption, which leads to green cellular networks by providing To support energy-efbcient communication, the current lit-
tradeoff between energy and outage. erature has proposed several algorithms, which are developed
Energy saving management aims to match the capadity all the communication layers. These techniques are used
offered by operators to the actual trafbc demand at offpetkoptimize the performance of communication with respect to
times when the network loadinder-utilizes the maximum energy consumption. Thus, tradeoffs between energy-efbciency
capacity dimension. Such a mess is relatively complex in and QoS performance efpbciency play important role in green
cellular infrastructures since mobility and user activity patterm®@mmunications.

X. DIsScUssION
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TABLE VIII
IMPACT OF VARIOUS TRADEOFFPARAMETERS IN DIFFERENTTYPES OFNETWORK (IMPACT LEVEL, Low (L), MEDIUM (M) AND HIGH (H))

Impact Level on

Tradeoffs Cellular Sensor | Wi-Fi | Adhoc | Cogn- | Remark
Large | Small itive
Cell Cell
SE vs EE H L L M M H SE is directly proportional to transmit power capability

as power requirement increases with distance.

Energy vs H M M L H H Coding provides robustness towards channel variations
Coding and also has an impact on raw data rate, and delay.
BW vs M L H M M H Effect of channel noise on dynamic
power BW usage has impact on system QoS.

DE vs EE H L H M H H Increase in deployment of BSs & sensors

leads to higher power consumption with enhanced performance.

Delay vs H L H L H H Cooperation and multihop techniques enhance
power delay, power consumption, coverage & QoS.
Energy- H L H L H M Longer path-delay implies increase in delay, latency
Throughput- power consumption, cost, and complexity.
Path-length
Routing M M H M H H Appropriate route selection has an impact on
efficiency vs EE activation and/or participation of nodes.
Energy-delay H L M M M H Cooperation and coordination affects system
-diversity network QoS, UE’s QoE, and power consumption.
Scheduling H H L L L H RRM scheduling in congested spectrum affects
efficiency vs EE the network, UE’s QoS, and spectrum pollution.

The green tradeoffs have mostly been studied for the hoeding, BW, deployment and routing play crucial role in energy
mogeneous network scenarios. Different tradeoffs have a difbciency. In WiFi network, none of the tradeoff criterion yields
ferent impact level on energy consumption in different typa high impact, however it can make large impact in association
of networks. In Table VIII, we list down the impact of thesewith larger cell network. Routing is an important factor in
tradeoffs in cellular, sensor, Wi-Fi, adhoc and cognitive radedhoc networks. Efpcient routing minimizes the delay in an
networks. Cellular networks are further classibed into largganned deployed adhoc networFinally in cognitive radio
cells and small cells. We divide the impact level into threeetworks, all the tradeoffs have a greater impact on reducing the
different categories, low (L)medium (M) and high (H). For energy consumption, becausetod interdependencies between
example, SE vs EE tradeoff has a high impact on reducifgw tradeoffs, such as SE-delay-DE-EE, SE-scheduling-EE,
the energy consumption of a cellular network with large celldelay-SE-EE, incorporation of higher layer parameters etc.
compared to small cells. Achieng high SE needs high transmitTable IX on page 28, Section X) listed down the important EE
power and path-loss component contributes more in poweadeoffs with appropriate references, used in different types of
consumption in larger cell than smaller cell. Similarly, waetwork.
can also observe that several tradeoff criterion have a higheBased on Tables VIII and IX, we have seen the EE tradeoff
impact in large cells than small cells, such as delay-EE (pattriteria is not limited to two parameters and there is an interde-
length will effected by cooperation & coordination), DE-EEpendency among different parametefbciencies. The criteria
(deployment of larger cell-BSs consume more power), routirgg two parameters holds good in case of homogeneous network,
efbciency-EE (cooperation & coordination among several B8sere the basic parameters like transmit power, coverage area,
effect the transmitting route) etc. In small cell networks, likérequency usage are always constant. However, future network
femto-cell network, radio resource scheduling plays an imparemprises with various networks, where basic parameters are
tant part in system efbciency due to their inherent nature different. These parameters nease the complexity to bPnd out
supporting high SE and sharing spectrum with other cells. Thiise EE tradeoffs. Thus, for future heterogeneous network, im-
scheduling energy vs EE tradeoff has a high impact in smalhct of EE tradeoffs analysis aadaluation is crucial in achiev-
cell network. In sensor networks, instead of path-loss compiag the objective of green communications. These tradeoffs are
nent, circuit-power consumption dominance the total energgmetimes interdependent anded to be analysis cross lay-
consumption. Therefore, SE \&E and scheduling efbciencyer approach. These inter-dependencies (i.e. SE-delay-BW-EE,
vs EE tradeoffs yield a low ipact on the network, whereasSE-DE-power, scheduling-delay-routing etc) may have more























