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Abstract

Traditional design of mobile wireless networks mainly feea on ubiquitous access and large
capacity. However, as energy saving and environmentakgtion become a global demand and
inevitable trend, wireless researchers and engineers toeshlift their focus to energy-efficiency
oriented design, that is, green radio. In this paper, wegsem framework for green radio research
and integrate the fundamental issues that are currentlyesed. The skeleton of the framework
consists of four fundamental tradeoffs: deployment efficie- energy efficiency tradeoff, spectrum
efficiency - energy efficiency tradeoff, bandwidth - poweadeoff, and delay - power tradeoff.
With the help of the four fundamental tradeoffs, we demaistthat key network performance/cost

indicators are all stringed together.
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I. INTRODUCTION
A. Why Green Evolution?

The next generation wireless networks are expected to gredvigh speed internet access
anywhere and anytime. The popularity of iPhone and othersygd smartphones doubtlessly
accelerates the process and creates new traffic demandasuobbile video and gaming. The
exponentially growing data traffic and the requirement ofqultous access have triggered
dramatic expansion of network infrastructures and fasalason of energy demand. Hence,
it becomes an urgent need for mobile operators to maintatasable capacity growth and,
at the same time, limit the electricity bill.

The escalation of energy consumption in wireless netwonlectlly results in the increase
of greenhouse gas emission, which has been recognized apathraat for environmental
protection and sustainable development. European Uniemabted as a leading flagship in
energy saving over the world and targeted to have a 20% goesehgas reduction. China
government has also promised to reduce the energy per urt BD20% and the major
pollution by 10% by the year of 2020. The pressure from so@aponsibilities serves as
another strong driving force for wireless operators to drarally reduce energy consumption
and carbon footprint. Worldwide actions have been taken.iisiance, Vodafone Group has
announced to reduce its G@missions by 50% against its 2006/7 baseline of 1.23 million
tonnes, by the year of ZOB_O

To meet the challenges raised by the high demand of wirela& tand energy consump-
tion, green evolution has become an urgent need for wirelessorks today. As has been
pointed out inl[1], the radio access part of the cellular mekns a major energy killer, which
accounts for up to more than 70% of the total energy bill fouember of mobile operatais
Therefore, increasing the energy efficiency of radio neke@s a whole can be an effective
approach. Vodafone, for example, has foreseen energyeeifigciimprovement as one of the
most important areas that demand innovation for wirelessdstrds beyond LTE [2].

Green RadidGR), a research direction for the evolution of future wesa architectures and
techniques towards high energy efficiency, has become aartamd trend in both academic

and industrial worlds. Before GR, there have been effortgoel to energy saving in
Information available at:[“http://www.vodafone.comhstanedia relations/news/grougpress releases/2007/01.html”

2The figure is from the energy efficiency solution white pap&Haawei Technologies, “improving energy efficiency,

lower CQ; emission and TCO”, available at: http://www.huawei.coreém.do.
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wireless networks, such as designing ultra-efficient paawveplifier, reducing feeder losses,
and introducing passive cooling. However, these effortsisolated and thus cannot make a
global vision of what we can achieve in five or ten years forgnsaving. GR, on the other

hand, targets at innovative solutions based on top-dowmtanture and joint design across

all system levels and protocol stacks, which cannot be setigia isolated efforts.

B. Research Activities

In the academia, several workshops dedicated to green coioations have been orga-
nized to discuss the future green technologies. For instdiE=E has two green communi-
cation workshops in 2009, in conjunction with ICC’09 and #com’09 and at least three
more in 2010, in conjunction with ICC’10, PIMRC’10, and Gimm’10, respectiv

On the other hand, research projects on GR have sprang up difféeent international
research platforms during the latest years. [Big. 1 listsssorajor international projects on GR
researclH. For instanceOptimizing Power Efficiency in mobile RAdio NETwo(K3PERA-
NET), a European research project started in 2008, dedistingtenergy efficiency in cellular
networks. In UK, GR is among Core 5 Programs in Mobile VCE si2009, targeting at
parallel evolution of green architectures and techniqihdsteover, Energy Aware Radio
and neTwork tecHnologie(EARTH) [3], one of the integrated projects under European
Framework Program 7 Call 4, starts its ball rolling to depelyreen technologies at the
beginning of 2010. Most recently, GreenTouch, a consortafmndustry, academic, and
non-governmental research experts, sets its 5-year obsgaal to deliver the architecture,
specification, and roadmap needed to reduce energy consunmetr bit by a factor of 1000

from the current level by the year of 2015.

C. Target of the Article

GR research is a large and comprehensive area that covéagexi$ in the protocol stack
of wireless access networks as well as the architecturesemhaiques. Instead of a survey

that reaches every aspect of the matter, this article fecose¢he fundamental framework for

®IcC, Globecom, and PIMRC are three international confeeenmder IEEE Communications society, i.e., IEEE Inter-
national Conference on Communications, IEEE GLOBAL COMMUONTIONS CONFERENCE , and IEEE International
Symposium on Personal, Indoor and Mobile Radio Commurunatirespectively.

“Detailed information about these projects can be foundeafdhowing addresses: http://www.mobilevce.com/ingiéxi
(MVCE), http://lwww.greentouch.org (Green Touch), angitttvww.opera-net.org/ (OPERA-NET), respectively.
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GR research and strings the currently scattered reseaiols pssing a logical “rope”. We
propose in this article four fundamental tradeoffs to cardtsuch framework. As depicted
in Fig.[2, they are
« Deployment Efficienc{DE) - Energy EfficiencyEE) tradeoff: to balance the deployment
cost, throughput, and energy consumption, in the network a#ole;
« Spectrum EfficiencySE) - EE tradeoff: given a bandwidth available, to balanue t
achievable rate and the energy consumption of the system;
« Bandwidth(BW) - Power (PW) tradeoff: given a target transmission rate, to baldhee
bandwidth utilized and the power needed for the transmissio
. Delay (DL) - PW tradeoff: to balance the average end-to-end serdelay and the
average power consumed in the transmission.
By means of the four tradeoffs, key network performance/@adicators are all stringed

together.

[Il. FUNDAMENTAL FRAMEWORK

In this section, we shall elaborate in detail the four trdf$eihat constitute the fundamental
framework. As we will see, they actually connect the techgms towards green evolution
in different research aspects, such as network plannisguree management, and physical

layer transmission scheme design.

A. DE-EE Tradeoff

DE, a measure of system throughput per unit of deploymerit an important network
performance indicator for mobile operators. The deployinwst consists of botleapital
expenditure(CapEx) andoperational expenditurdOpEx). For radio access networks, the
CapEx mainly includes infrastructure costs, such as batmistequipment, backhaul trans-
mission equipment, site installation, and radio netwonktcaler equipment. The key drivers
for the OpEX, on the other hand, are electricity bill, sitel ackhaul lease, and operation and
maintenance cost|[4]. Usually, wireless engineers wilheste the network CapEx and OpEx
during network planning. EE, defined as system throughpuuhit energy consumption, is
mostly considered during network operation.

The two different metrics often lead to opposite designedat for network planning.
For example, in order to save the expenditure on site rehtae station equipment, and

maintenance, network planning engineers tend to “stretbb”cell coverage as much as
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possible. However, the path-loss between the base statdmabile users will degrade by
12 dB whenever the cell radius doubles if the path-loss exposdaur, which induceg2 dB
increase in the transmit power to guarantee the same recsigeal strength for those users
at the cell edges. On the other hand, to provide cellularreme=for a given area, increasing
the number of base stations will save the total network trainpower by the same factor.
For example, it is shown ir_[5] that by shrinking the cell ralifrom 1,000 m to 250 m,
the maximum EE of the HSDPA Network will be increased froml1 Mbits/Joule t01.92
Mbits/Joule, respectively, correspondinglto5 times of gains. Therefore, to minimize energy
radiation, radio resource management engineers favor selkkize deployment. From the
above discussion, there should be a tradeoff between DE &nd&shown in Figll3 (a),
where each point on the curve corresponds to a cell size, lamalds be chosen to balance
specific DE and EE requirements.

However, this shape of the curve is correct when only tragsioin power is considered and
the deployment cost scales continuously and proportipeth the cell radius. In reality,

. there are limited types of base stations and the equipmesttdmes not scale propor-

tionally with the target cell size;

« the total network energy includes both transmit-dependeatgy (e.g. power consumed

by radio amplifier) and transmit-independent one (e.g.@t@ing power consumption).
Therefore, the relation of DE and EE may deviate from the &rtmadeoff curve and become
more complex when considering practical aspects, as shovawri recent study [6]. Fid.|4
summarizes the main result of/ [6]. From the right-most ptbere might not always be
a tradeoff between DE and EE and the shape of a DE-EE curvendgpen the specific
deployment scenarios. For the suburb scenario, where thelges exponent is small (about
3.5), the network EE even increases with its DE. For the densanugtenario, where the
path-loss exponent is large (abaub), two different EE values may result in the same DE
value, corresponding to very small and very large cell radispectively. The former is
because of the huge increase in CapEx by increasing the muphisées; the latter is due
to the sharply increased electricity bill in OpEX.

Since the shapes of DE-EE curves may not match our intuitbaracterizing the curves
with practical concerns is helpful to real-world networkaphing. As shown in Figl]4,
for any target network throughput and given deployment btidgge can first calculate the
corresponding deployment efficiency, from which we can diedhe maximum achievable

energy efficiency by looking up the DE value on the DE-EE tadideurve; then from the
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EE versus cell radius curve, we get the corresponding optieihsize.

No doubt that the current results are still quite prelimyndn the future, research efforts
may focus on the following two aspects:

. improving the optimal DE-EE frontiers with advanced netkarchitectures;

« joint architecture design with advanced transmissionmsaseand scheduling algorithms

to improve the network DE-EE tradeoff relation.

For LTE-Advanced or beyond networkiseterogeneous networksletNet) has been ap-
proved as a work item, such as in 3GPP Release 10. With theigatidn of macro cells
and micro/pico/femto cells, the traditionally related dtionalities, coverage, and capacity
provision can now be decoupled into different tiers of themoek. In general, macro cells
handle the coverage and mobility issues while micro/pidts decus on local throughput.
It has been shown i [7] that the network EE increases as thsitgeof micro/pico cells
grows. On the other hand, the DE aspect of HetNet has beeredtud [4] for different
traffic distributions. From[]4], a complementary hot-spaydr of micro/pico cells on top of
macro cells has been the most cost-effective architectrradn-uniform spatial traffic. The
tradeoff of DE and EE for HetNet, however, is still open.

Another promising candidate for future architecturesosperative network§CoopNet),
where new air-interface techniques, such as relaydistdibuted antenna systeni®AS), are
employed. The newly introduced infrastructures, such Es/seand remote radio heads, are
of much lower cost and smaller coverage compared with maase Istations, which bring
mobile users closer to the network and make the deploymenmné ritexible. However, the
backhaul cost and signalling overhead may become newkilterenergy consumption and
system efficiency. Therefore, how much improvement the Gleb@rchitecture can bring to
DE-EE tradeoff needs to be carefully studied.

Moreover, the incorporation of EE oriented user schedwdimgj radio resource management
algorithms on top of HetNet and CoopNet are bound to furthggrove network utilization
efficiency. This is especially important when the spatiaffic distribution is non-uniform and
varies with time. Dynamic power control that exploits chanvariations has been proved to
enhance the link-level power efficiency. Similarly, by exdeng the idea to network-level, we
may introduce dynamic coverage management to exploitdraffriations. Dynamic switch
off/on of coverage overlaid cells in low traffic is an exampieHetNet while dynamic relay
selection or CoMP pattern selection is the counterpart enGbopNet. As it introduces no

extra cost but saves redundant energy consumption, it garowa DE and EE simultaneously.
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More research efforts on this topic are desired in the future

B. SE-EE Tradeoff

SE, defined as the system throughput for unit bandwidth, igdalwaccepted criterion for
wireless network optimization. The peak value of SE is akvagnong the key performance
indicators of 3GPP evolution. For instance, the target dowrSE of 3GPP increases from
0.05 bps/Hz to5 bps/Hz as the system evolves from GSM to LTE. On the contilgy, is
previously ignored by most of the research efforts and hasbeen considered by 3GPP
as an important performance indicator until very recerfly.the green evolution becomes
a major trend, energy-efficient transmission becomes miodenaore important nowadays.
Unfortunately, SE and EE are not always consistent and soregtconflict each other.
Therefore, how to balance the two metrics in future systeesei/es a careful study.

To characterize the SE-EE tradeoff for point-to-point srarssion inadditive white Gaus-
sian noise(AWGN) channels, Shannon’s capacity formula plays the lag.rFrom Shan-

non’s formula, the achievable transmission rafe,under a given transmit power?, and

P

system bandwidth}V, is simply R = W log,(1 + WG

), where N, stands for the power
spectral density of AWGN. According to their definitions, 8&Bd EE can be expressed as
nse = logy(1 + i) andnge = Wlog,(1 + w/-)/(P), respectively. As a result, SE-EE

relation can be expressed as

NISE
= 1

which is sketched in Fid.]3 (a). From the above expressigs, converges to a constant,
1/(NyIn2) when ngr approaches zero. On the contrany;z approaches zero whenyg
tends to infinity.

In practical systems, however, the SE-EE relation is notimaple as the above formula.
In particular, circuit power will break the monotonic retat between SE and EE as shown
in [8]-[10]. More precisely, if circuit power is considerethe SE-EE curve will turn to a
bell shape, as illustrated in Figl. 3 (c). From [8], we see thattransmission conditions and
strategies, such as the transmission distance, modulatidncoding scheme, and resource
management algorithms, all have significant impact on thdewff of SE and EE.

Nevertheless, the SE-EE relation characterized by equdipis only for point-to-point
transmission rather than for a network. Further invesogadf the energy-efficient transmis-

sion policies is expected to obtain more benefit and is crfmidhe environmental protection
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and sustainable development in future wireless cellulatesys. Examples of future research

topics may include the following aspects

« characterizing SE-EE tradeoff relation under practicabiihvare constraints;
« investigating network SE-EE tradeoff relation in multiessnulti-cell environments;
« joint design of physical layer transmission schemes anouree management strategies

that will improve the network SE-EE tradeoff relation.

The performance limit predicted by theoretical analysisymat be achieved in real
systems due to the practical hardware constraints. Farinst the typical energy conversion
efﬁcienc@ of a power amplifier in current base stations is less thd¥. Moreover, the
limited linearity regions of power amplifiers also set a doaigt on the transmitted signals,
such as the peak-to-average power ratio. How these issudd aifect the SE-EE tradeoff is
not clear yet. Therefore, a more detailed modeling of thepegent level energy consumption
and practical constraints in hardware devices and trassonissignals will help us to find
practically achievable SE-EE regions. The gaps betweeth#wetical limits and achievable
regions may further guide the design of future wireless pdte:

For the multi-user/multi-cell cases, inter-user intezfere or inter-cell interference may
break the fundamental assumptions in the point-to-poisegaAn interesting extension of
SE-EE tradeoff relation to multi-cell scenarios with int&ll interference has been studied
in [9]. From [Q], the interference power generated by theyhkoring cells not only reduces
the maximum achievable EE but also degrades SE and EE. As nvenegine, the higher
the interference level, the larger the degradation wouldlbethis case, the results from
the simple point-to-point case are not applicable and aesyatic approach towards the
multi-user/multi-cell systems shall be developed to btiid theoretical fundamentals of the
energy-efficient wireless transmissions.

Energy efficient transmission, from the point of view of neste management, can be
interpreted as assigning thigght resource to transmit to theght user at theright time.
Cross-layer optimization techniques, which have beenggaseful, may also help to design
resource allocation or user scheduling algorithms thahopé the achievable SE-EE tradeoff.
A comprehensive survey on the techniques for energy-aftisiereless communication from
time, frequency, and spatial domains can be foundlin [8] &anthy serve as a good tutorial.

In advanced network architectures, such as HetNet and Gstopghk system may benefit
SAlso known as drain efficiency, defined as the ratio of outpwer over input power.
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even more from the joint design of physical transmission esgburce management. Our

recent work in[[10] presents initial results in relay-assiscooperative systems.

C. BW-PW Tradeoff

BW and PW are the most important but limited resources in lesse communications.
From the Shannon’s capacity formula, the relation betwhertransmit power and the signal

bandwidth for a given transmission rat&, can be expressed as
P = WNy(2% —1). )

The above expression shows a monotonic relation betweenRWB®W as sketched in Fig.
(b). It can be easily seen from the above expression thanthienum power consumption
is as small asVyR1n 2 if there is no bandwidth limit.

The fundamental BW-PW relation in Figl 3 (b) shows that, fayieen data transmission
rate, the expansion of the signal bandwidth is preferreddermnto reduce the transmit power
and thus achieves better energy efficiency. In fact, theutonl of wireless systems exhibits
the same trend for bandwidth demand. For example, in GSM)stbandwidth per carrier
is 200 kHz while it is 5 MHz in UMTS systems. In future wireless systems, such as LTE
or LTE-Advanced, system bandwidth2® MHz and may even reach up to as widerlae
MHz if some techniques, such aarrier aggregation(CAB, are used.

The BW-PW relation is also crucial to radio resource managemn [11], it has been
exploited to determine the “green” transmission strategyich first senses and aggregates
the unused spectrum usiieggnitive radio(CR) techniques, and then adjusts the modulation
order according to the available BW each time. However, @ctical systems, the circuit
power consumption, such as filter loss, actually scales thizhsystem BW, which entangles
the BW and PW relation as shown in Fig. 3 (d). Furthermore, Bidllustrates a visual
example of the 3-dimension relation among PW, BW, and EEmRiee figure, we have the

following two observations.

« If the circuit PW scales with the transmission BW (fixed powpectrum density), fully
utilization of the bandwidth-power resources may not bertiwst energy-efficient way

to provide the wireless transmission under fixed transiomssate.

SCarrier aggregation (CA) is a technique that enables agtjmeyof multiple component carriers (basic frequency kédc
into overall wider bandwidth. CA is among the main featured.TE-Advanced.
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« Given a target EE, the BW-PW relation is non-monotonic.

Although the BW-PW tradeoff has been noticed decades agee tire still many opening
issues that deserve future investigation. Some of them are

« advanced techniques for BW-PW tradeoff with practical eons;

« novel network architectures and algorithms to improve BW-Radeoff.

As we know, the 2G and 3G wireless communication system$y asdGSM and UMTS,
use fixed BW transmission, leaving no space for dynamic BWsddjent. With the evolution
of wireless technologies, the future deployment of LTE oELAdvanced systems provides
more flexibility on the spectrum usage so that the transomsBMW can be tuned for differ-
ent applications. Meanwhile, technologies, such as apmcte-farmina, CA, andsoftware
defined radio(SDR) based CR techniques, are maturing to support the léexge of BW.
However, the implementation and integration of these teldgies will incur extra overhead
in practical systems. For example, CA requires multipldio frequencyRF) chains and CR
needs additional energy for sensing. Therefore, we shagllnpare attention to how these
technologies can be integrated efficiently.

On the other hand, the deployment of advanced network aathie may also change the
shape of the BW-PW tradeoff frontier. In particular, the ldgment of CoopNet and HetNet
introduces additional infrastructure nodes into the nekwoonsequently, the BW and PW
planning will be different from the conventional networlchitectures. Hence, the BW-PW
tradeoff with advanced resource management algorithmgrunew network architectures
deserves future research. In addition, with the combinatfoCA and CR techniques, cross-
layer approaches that jointly consider dynamic BW acqoisiand BW-PW tradeoff will

certainly play important roles in the future design.

D. DL-PW Tradeoff

In the tradeoffs described above, the metrics such as DEa&EBW, are either system
efficiency or resource, which are more physical layer ogénDifferent from these metrics,
DL, also known as service latency, is a measure of QoS andexperience and is closely

related to the upper layer traffic types and statistics. Assallt, the design of transmission

"Spectrum re-farming is more like a government action to stpmore efficient use of wireless spectrum via reassigning

2G spectrum to 3G applications. For instance, it is now s$o deploy UMTS (3G system) dd00 MHz (2G spectrum).
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schemes shall cope with both channel and traffic uncerggintvhich makes the characteri-
zation of DL-PW tradeoff more complicated.

In early mobile communication systems, such as GSM, thacetype is very limited and
focuses mainly on voice communications. The traffic geeerat voice service is continuous
and constant where fixed rate coding and modulation scheraegad enough. In this case,
the DL between the transmitter and the receiver mainly ad®f signal processing time
and propagation delay. Hence, there is not much we need tdddweever, the types of
wireless services become diverse as technologies evotvéhanability of mobile terminals
enhances the popularity of mobile http service, multimedéessage service, and multimedia
video service. The future networks must be with various iappbns and heterogeneous DL
requirements. Therefore, in order to build a green radig itnportant to know when and
how to trade tolerable DL for low power.

To understand the DL-PW tradeoff, let us start with the sespkase first excluding the
impact of both channel and traffic dynamics. For point-taparansmission over AWGN
channels, Shannon’s formula tells us thiat= W log, (1 + WLNO) bit information are trans-
mitted each second; hence, it takes= 1/R second to transmit a bit. Therefore, the average

power per bit can be expressed as
Py = W Nty <2tfw - 1) . 3)

The above expression shows a monotonically decreasingorelbetween per bit PW and

DL as sketched in Fig.]3 (b). Also note th%—, = % can be regarded as modulation level
for an uncoded communication system. Then the transmit p@se bit decreases as the
modulation level reduces. However, as in all other thredew# relations, once we take

practical concerns into consideration, such as circuit ggpshe tradeoff relation usually

deviates from the simple monotonic curve and it may appéar di cup shape as sketched
in Fig.[3 (d).

DL-PW relation with traffic dynamics is more complicated.this case, the service DL
should include both the waiting time in the traffic queue dredttime for transmission, the sum
of two part is also known as queueing DL. In addition, wheffittdlow is considered, average
DL per packet will be used instead of average DL per bit. Th@dtmadeoff in[(B) has been
extended to the finite packets schedulingin/ [12]. A lazy dafewas proposed to minimize
the total transmission power while guaranteeing the trasson of all packets to be finished

before a pre-determined time. A benchmark paper [13] takéls thannel uncertainties and
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random traffic into consideration. However, the mathenaativodel there is very complicated

since both information theory and queueing theory are wraal Nevertheless, the results there

is only for point-to-point ca@and more open issues need to be addressed, including

« DL-PW tradeoff for heterogeneous DL requirements in mu@r/multi-cell scenarios;

« joint design of physical layer transmission schemes anuures management to improve
DL-PW tradeoff with consideration of practical concerns;

« simplified and insightful but approximate mathematical mlsdor DL-PW relation.

From queueing theory, we know that the average DL of a padketig is determined by
the statistics of the traffic arrivals and departures. Ugutthie departure rates are closely
related to the transmission schemes and the radio resoavedlable. In multi-user/multi-
cell environments, however, the system resources aredlaaneng different users and also
among various application streams, which makes the deparaies of different queues
correlated with each other. Consequently, network DL-PVdtien needs to be considered
and the mathematical model becomes even more complicategknleral, there is no closed-
form expression available to show the direct relation betw®L and PW. Therefore, the
investigation of simplified but approximate models is degito provide insights for practical
system design. On the other hand, due to correlation amorgegy user scheduling and
resource allocation algorithms are crucial to control theeration point that maximizes

network power efficiency while balancing the heterogenddlusequirements.

[1l. CONCLUSIONS

In this article, we have proposed a framework for GR resetréhtegrate the fundamental
connections that are currently scattered. Four fundarheatieoffs constitute the skeleton of
the framework. We have shown that, in practical systemgr#ueoff relations usually deviate
from the simple monotonic curves derived from Shannon’'mfda as summarized in Figl 3.
Moreover, most of the existing literature mainly focusestoa point-to-point single cell case.
Therefore, the tradeoff relations under more realistic emplex network scenarios deserve
future investigation. The insights, such as how to imprdweettadeoff curves as a whole and
how to tune the operation point on the curve to balance theifspsystem requirements,

are expected to guide the practical system designs towae#s) gevolution, which will be

8There are progresses on the DL-PW tradeoff research intrgears. Interested readers may refer to the following link:

“http://ee.usc.edu/stochastic-nets/wiki/dokuwikiB3805-05/doku.php”.
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our next steps following this piece of work. F[d. 6 demortstsaa whole picture of how the
proposed framework will impact the green design of futurstems.

As the market develops, wireless networks will continue stpamd in the future. Green
evolution, as a result, will continue to be an urgent demamtliaevitable trend for operators,
equipment manufacturers, as well as other related in@gstArogresses in fundamental GR

research, as outlined in this article, will certainly hetpmaking a green future.
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