
HAL Id: tel-01762147
https://theses.hal.science/tel-01762147

Submitted on 9 Apr 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Modeling the correlation between the energy
consumption and the end-to-end traffic of services in

large telecommunication networks
Wilfried Yoro

To cite this version:
Wilfried Yoro. Modeling the correlation between the energy consumption and the end-to-end traffic of
services in large telecommunication networks. Networking and Internet Architecture [cs.NI]. Institut
National des Télécommunications, 2018. English. �NNT : 2018TELE0005�. �tel-01762147�

https://theses.hal.science/tel-01762147
https://hal.archives-ouvertes.fr


Specialty: Computer science and Networks 

 PhD school: Computer science, Telecommunications, Electronics of Paris 

Defended by 

Wilfried YORO 

To be awarded the degree of 
PhD of TELECOM SUDPARIS 

Modeling the correlation between the energy consumption and the end-to-end traffic of services in large 
telecommunication networks 

Defended on 08 March 2018  

In front of the jury composed of: 

PhD Supervisor 
Tijani CHAHED - Professor - Telecom SudParis 

Reviewers 
Laurent LEFEVRE - Researcher - INRIA 
Patrick MAILLE - Professor- IMT Atlantique 

Examiners 
Cicek CAVDAR - Researcher - KTH - Royal Institute of Technology - Sweden 
Guy PUJOLLE - Professor - Paris 6 University 
Mamdouh EL TABACH – Research engineer - Orange Labs  

N° NNT : 2018TELE0005 



Contents

1 Introduction 10

1.1 Context................................ 10

1.2 Motivationandmethodology.................... 13

1.3 Contributionsandmanuscriptorganization............ 15

2 Sharingthe ResponsibilityofServiceCategoriesintheFixed
EnergyConsumptionofaRadioAccessNetwork 17

2.1 Contextandproblemstatement................... 17

2.2 Relatedwork............................. 18

2.3 Sharingtheresponsibilityofservicecategoriesinthefixedenergy
consumption ............................. 18

2.4 Shapleyvalue............................. 19

2.5 Sharingscenarios........................... 21

2.5.1 Casewithnomandatoryplayers.............. 21

2.5.2 Casewithamandatoryplayer ............... 22

2.5.3 Casewithonlymandatoryplayers............. 23

2.5.4 Heterogeneousradioaccessnetwork............ 23

2.5.5 Evolvingnetworkinfrastructure............... 24

2.6 Implementationissues........................ 24

2.7 Numericalapplications........................ 26

2.7.1 Casewithnomandatoryplayer............... 27

2.7.2 Casewithamandatoryplayer ............... 28

2.7.3 Caseofanevolvingnetworkinfrastructure......... 29

2.8 Conclusion .............................. 31

3 Sharingthe ResponsibilityofServiceCategoriesintheFixed
EnergyConsumptionofaEnd-to-EndNetwork 32

3.1 Contextandproblemstatement................... 32

3.2 Sharingmodel............................. 33

3.2.1 Componentsofablockenergyconsumption........ 33

3.2.2 Sharingtheresponsibilityofservicecategoriesinablock
fixedenergyconsumption.................. 33

3.3 Numericalapplications........................ 34

3.3.1 Shapleyvalueappliedtotraffic............... 34

3.3.2 Shapleyvalueappliedtousefuloutputs.......... 37

3.4 Conclusion .............................. 39

2



4 EnergyEfficiencyoftheServiceCategoriesDeliveredbya Mo-
bileAccessNetwork 42
4.1 Contextandproblemstatement................... 42
4.2 Relatedwork............................. 43
4.3 Energyefficiencyofservicecategoriesdeliveredbyaradioaccess

equipment............................... 44
4.3.1 Model............................. 44
4.3.2 Numericalapplications.................... 46
4.3.3 4Gbasestationwithoutsleepmodefeature........ 47
4.3.4 4Gbasestationwithsleepmodefeature.......... 48

4.4 Energyefficiencyofservicecategoriesdeliveredbyaradioaccess
network................................ 48
4.4.1 Energyefficiencymodels................... 48
4.4.2 Numericalapplications.................... 50

4.5 Howtonotdeteriorateamobilenetworkenergyefficiencyunder-
goingnetworkupgrades....................... 51
4.5.1 Energyconsumedpertransmittedbit........... 51
4.5.2 Energyefficiencyversustrafficrate............. 52
4.5.3 Upgradingaradioaccessnetwork.............. 53

4.6 Conclusion .............................. 56

5 Conclusionandperspectives 58
5.1 Conclusion .............................. 58
5.2 Perspectives.............................. 60

ListofFigures 61

ListofTables 63

Appendices 64

A Closed-formexpressionforShapleyvalueofaplayerinthecase
without mandatoryplayers 64

B Casewitha mandatoryplayer 66
B.1 Closed-formexpressionforShapleyvalueofthemandatoryplayer 66
B.2 Closed-formexpressionforShapleyvalueofanon mandatory

playerinthecasewithamandatoryplayer............ 67

C Closed-formexpressionforShapleyvalueofaplayerinthecase
withonly mandatoryplayers 69

D Energyconsumptionofnetworkequipment 70

E Network’straffic 74

Bibliography 77

Listofpublications 83





Educationisthemostpowerful
weaponwhichyoucanuseto
changetheworld.

NelsonMandela

5



Acknowledgment

IwouldliketoexpressmydeepgratitudetoDoctorMamdouhElTabach,Doctor
TaoufikEn-Najjary,DoctorAzeddineGati,andProfessorTijaniChahed,my
researchsupervisors,fortheirpatientguidance,constantencouragementand
usefulcriticsofthisresearchwork.Iwouldalsoliketothank MsOlfaBen
Haddada, manageroftheteamwhereIconductedmyPhDstudies,forher
valuablesupportinprovidingmewiththeresourcesindealingwithmyproject.
Finally,specialthanksshouldbegivento myfamilyandfriendsforthe

supportandencouragementthroughoutmystudy.

6



Abstract

Internettrafficisgrowingexponentially.AccordingtoCisco,mobiledatatraffic
willincreasesevenfoldbetween2016and2021,growingatacompoundan-
nualgrowthrate(CAGR)of47%.Inordertoimproveorkeepupwithusers
qualityofexperience(QoE),mobilecarriersupgradethenetworkwithaddi-
tionalequipment. Asaconsequence,thenetworkcarbonfootprintincreases
overtime,alongsidewithitsenergyconsumption.Inaddition,mobilecarriers
marginsaredecreasing.Globaltelecommunicationrevenuesdeclinedby4%be-
tween2014and2015basedontheinternationaltelecommunicationunion(ITU)
figures.Theseconcernsfosteredagreatinterestintheresearchcommunityfor
reducingnetworksenergyconsumption.Inthisregard,manyworksinthelit-
eratureinvestigatetheenergyconsumedbyservicesonnetworkequipmentfor
optimizationpurposesnotably,focusingonthevariablecomponentofenergy
consumption. Energyconsumptionofanetworkequipmentiscomposedofa
variableandafixedcomponents.Thevariablecomponentisconsumedtoserve
traffic. Thefixedcomponentisconsumedirrespectiveoftraffic.Inthisthe-
sis,ourobjectiveistosharetheresponsibilityofservicecategoriesinthefixed
energyconsumption.Todoso,weusetheShapleyvalue.
First,weconsideraradioaccessnetworkandsharetheresponsibilityof

theservicecategoriesitdeliversinthefixedenergyconsumption.Theservices
areclassifiedintofivecategories,namely,Streaming, Web,Download,Voice
andotherdataservices.Inaddition,weconsiderthecasewhensomeservice
categoriesaremandatorytobeprovided,suchasVoiceduetolegalconstraints
forinstance.BecausetheShapleyvaluehasahugecomputationalcomplexity,
weintroduceclosed-formexpressionsinordertosignificantlyreduceit.
Next,weconsidertheend-to-endnetworkandallitssegments,thatis,the

mobileaccess,thefixedaccess,thecollect,themobilecore,theregisters,theIP
coreandtheserviceplatforms.Foreachsegment,wesharetheresponsibilityof
theservicecategoriesinthefixedenergyconsumptionwiththeShapley-based
modelintroducedintheprecedingchapter. WefindthatStreamingistheservice
thatconsumesthemostwhateverthenetworksegment,exceptforregisters,as
itrepresentsthevastmajorityofInternettraffic.
Eventually,wefocusontheservicecategoriesenergyefficiency. First,we

considerabasestationandcomputetheservicesenergyefficiencyforthecases
withandwithoutsleepmode. Then,weconsideraradioaccessnetworkand
computetheservicesenergyefficiencywithandwithoutamandatoryplayer.
Moreover,wediscusstheconditionstonotdeterioratethenetworkenergyeffi-
ciencyovertimefollowingdifferentupgradescenarios.
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Résumé

D’aprèsCisco,letraficmobilededonnéesaugmenterad’unfacteur7entre
2016et2021. Pourfairefaceàl’augmentationdutrafic,lesopérateursmo-
biledimensionnentleréseau,cequis’accompagned’uneaugmentationdesa
consommationd’énergieetdesonempreinteCarbonne. Enoutre,lesmarges
financièresdesopérateursbaissent.Ainsi,lerevenuglobalgénéréparlesecteur
destélécommunicationsaconnuunebaissede4%entre2014et2015d’après
l’unioninternationaledestélécommunications(UIT).Cespréoccupationsont
suscitél’intérêtdelacommunautéscientifiquepourlaréductiondelaconsom-
mationélectriquedesréseaux.Desétudesdanslalittératureestimentl’énergie
consomméeparlesservicessurleséquipementsréseauxensefocalisantsurla
consommationvariable.Laconsommationénergétiqued’unéquipementréseau
estcomposéed’unecomposantefixeetd’unecomposantevariable.Danscette
thèse,nouspartageonslaresponsabilitédescatégoriesdeservicedanslacon-
sommationfixeduréseauenutilisantlavaleurdeShapley.
Dansunpremiertemps,nousconsidéronsunréseaud’accèsmobileetparta-

geonslaresponsabilitédescatégoriesdeservicequ’ilfournitdanslaconsomma-
tionfixe. Nousdéfinissons5catégoriesdeservice,àsavoir,le«Streaming»,
le Web,letéléchargement,lavoixetlesautresservicesdedonnées.Enoutre,
noustraitonslecasdefigureoùcertainescatégoriesdeservicesontobligatoires.
EtantdonnélacomplexitéalgorithmiquedelavaleurdeShapley,nousenpro-
posonsuneformeapprochéequipermetd’enréduireconsidérablementletemps
decalcul.
Ensuite,nousconsidéronsleréseaudebout-en-bout,c’est-à-dire,l’accès

mobile,l’accèsfixe,lacollecte,lecœurIP,lecœurmobile,lesregistresetles
plateformesdeservice.Pourchaquesegment,nouspartageonslaresponsabilité
descatégoriesdeservicedanslaconsommationfixeenappliquantnotremodèle
departagebasésurlavaleurdeShapley.L’analysedesrésultatsmontrequele
service«Streaming»consommeleplusd’énergiequelquesoitlesegmentde
réseauconsidéré,àl’exceptiondesregistres.
Pourfinir,noustraitonsdelamodélisationdel’efficacitéénergétiquedes

catégoriesdeservice.Dansunpremiertemps,nouscalculonsl’efficacitéénergé-
tiquedescatégoriesdeserviceétantdonnéunestationdebaseavecetsans«
sleepmode».Ensuite,nouscalculonsl’efficacitéénergétiquedescatégoriesde
serviceétantdonnéunréseaud’accèsmobileetconsidérantlescasavecetsans
catégoriesdeserviceobligatoires. Aussiétudions-nouslesconditionspourne
pasdétériorerl’efficacitéénergétiqueduréseauaucoursdutempsenfonction
desscénariosdedimensionnement.
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Chapter1

Introduction

1.1 Context

AccordingtoCiscovisualnetworkingindex(VNI)2017[1],globalmobiledata
trafficgrew63%in2016,ascomparedto2015figures. Mobiledatatraffic
hasgrown18-foldoverthepast5years. Almosthalfabillionmobiledevices
andconnectionswereaddedin2016.Smartphonesaccountedformostofthat
growth. Mobilenetwork(cellular)connectionspeedsgrewmorethan3-foldin
2016. Mobilevideotrafficaccountedfor60%oftotalmobiledatatrafficin2016.
Averagesmartphoneusagegrew38%in2016.
Globalmobiledatatrafficwillincreasesevenfoldbetween2016and2021,

growingatacompoundannualgrowthrate(CAGR)of47percent,Fig.1.1.
Mobilenetworkconnectionspeedswillincreasethreefoldby2021,Fig. 1.2.
Mobilevideowillincrease9-foldbetween2016and2021,accountingfor78%of
totalmobiledatatrafficbytheendof2021,Fig.1.3. Globalmobiledevices
andconnectionsCAGRwillbe8%onthesameperiod,Fig.1.4.

Figure1.1: Mobiledatatrafficfrom2016to2021

Accordingtotheinternationaltelecommunicationunion(ITU),information
andcommunicationtechnologies(ICTs)havebeenestimatedtocurrentlycon-
tribute2%to2.5%ontheglobalgreenhousegas(GHG)emissions.Thisshare
isexpectedtoincreaserapidlywithbusinessasusualduetotheexponentialin-
creaseofinternettraffic[2,3].InternationalInternetbandwidthgrewworldwide
by32%between2015and2016,Fig.1.5.
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Figure1.2: MobileSpeedsbyTechnology:2GVersus3GVersus4Gfrom2016
to2021

Figure1.3: Mobilevideotrafficfrom2016to2021

Figure1.4:Globalmobiledevicesandconnectionsgrowthfrom2016to2021

Furthermore,electricityconsumptionoftheICT-sectorisontherise,Fig.
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1.6. Meanwhile,globaltelecommunicationrevenuesdeclinedby4%between
2014and2015,Fig.1.7.

Figure1.5:InternationalInternetbandwidthperregionfrom2008to2016,
sourceITU

Figure1.6:Yearlypowerconsumptionforecastfrom2007to2020,sourceITU

Manyworksintheliteratureaddressedtheissueofenergyconsumptionin
networksingeneralandinmobilenetworksinparticular[4,5,6,7,8,9].It
hasbeenshownthatthemostpowerconsumingpartofthenetworkistheradio
accessincludingbasetransceiverstations. Modelshavealsobeengiventoassess
thepowerconsumptionofamobileaccessnetworkatcountrylevel. Wecanalso
findmorefined-grainedpowerconsumptionmodelswhichfocusonthecompo-
nentlevel,e.g.,poweramplifierandcoolingequipment. Moreover,thepower
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Figure1.7: Telecommunicationrevenues,worldandbylevelofdevelopment
from2007to2015,sourceITU

consumptionofmicrobasestationsisstudiedinthecontextofheterogeneous
networks.
Fewerworksconsideredenergyconsumptionoftheservicestransportedby

thenetwork[10,11,12,13,14].Ithasbeenshownthatitisnotalwaysenergy-
wisetousetheCloud;performingcertaintaskslocallycanbemoreenergy-
efficient.Theenergyconsumptionofinformationandcommunicationtechnol-
ogyservicesandCO2emissionatlife-cycleofequipmentisalsodiscussedin
termsofnegativeandpositiveimpacts:positiveimpactreferstopotentialgains
duetodematerialization,suchasphysicaltransportsubstitution.Negativeim-
pactreferstoCO2emissionsnotably.
In[15,16,17,18,19,20],theauthorsassesstheenergyconsumptionof

servicesonmobiledevices.Theyprovidemodelsusefultodevelopersandhelp
themtounderstandapplicationenergyconsumptionbehavior.Itisshowedthat
3GandGSMinterfacesconsumemoreenergythan WiFi,whichadvocatesfor
thedeploymentof WiFiinHeterogeneousnetworks.Inaddition,itresultsfrom
theseinvestigationsthatfreeapplicationsconsumesignificantenergyconsump-
tionduenotablytothird-partyadvertisementmodules. Moreover,itisshowed
thatenergyconsumedforsignalingtrafficcanrepresentalargepartinthe
energyconsumption,notablyforalways-onapplicationswhichsendkeep-alive
signalsonacontinuousbasis.

1.2 Motivationand methodology

Basedonfieldmeasurements,thepowerconsumptionofanetworkequipment
canbe modeledasalinearfunctionoftheloadasillustratedinFig. 1.8.
Itconsistsoftwocomponents:avariablecomponentwhichisconsumedto
servetraffic,andafixedcomponentconsumedirrespectiveoftraffic. Asa
networkequipmentisacommonresourcetypicallysharedbyseveralservices,it
isworthtodeterminethepartofeachserviceintheoverallequipmentenergy
consumptionforoptimizationoreco-designpurposesforexample. Mostauthors
assigntoeachserviceashareinthevariableenergyconsumptionequaltoits
trafficproportionasthisenergycomponentisload-dependent[10,11].Thefixed
energyconsumptionisnotassignedtoservicesasitisconsumedirrespectiveof

13
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Figure1.8:Exampleofpowerconsumptionofa4Gbasestation.

Inthisthesis,ourobjectiveistosharetheresponsibilityofservicecategories
inthefixedenergyconsumption,knowingthatitcanrepresentupto80%of
thetotalenergyconsumption.Itmayseemintuitivetoassignthefixedenergy
consumptionequallytotheservicecategoriesasitisconsumedirrespectiveof
traffic. However,thisenergycomponentincreaseswithtrafficovertimedue
tonetworkupgradeoperationsasdepictedinFig.1.9,andso,itissomehow
relatedtoservices.Becauseofthis,weproposetoassigntoeachservicecategory
ashareofthefixedenergyconsumptionbasedonitsimpactonthisincrease.
Weconsiderthattheservicecategoriescooperatetousethenetworkasthe

fixedenergyconsumptiongetsamortizedwithtraffic. Cooperationbehaviors
amongdifferentplayers,inourcaseservicecategories,arestudiedunderthe
frameworkofcooperativegametheory.Incooperativegames,asolutionconcept
isafunctionthatallowstoshareacommoncostorrevenueamongdifferent
players. Theshareofaplayeriscalleditspayoff,andthevectorofpayoffsis
anallocation.Somesolutionconceptsfocusonallocationswhichstabilizethe
grandcoalition,thatis,thecoalitionofalltheplayers,andaresuchthatno
subsetofplayerscanimproveitspayoffbyleavingthegrandcoalition.Some
othersolutionconceptsdealwithallocationshavingsome"fairness"properties.
Weassumeinourcasethattheservicecategoriescannotformcoalitionsinthe
network,andso,onlythegrandcoalitioncanbeformed.Therefore,thereisno
needforstudyingthestabilityofthegrandcoalition. Weproposeinsteadtouse
theShapleyvaluebecauseofits"fairness"propertyaxiomaticallydefinedbyL.
Shapleyasonethatsatisfiesthefollowingproperties[21,22,23]:i.Symmetry:
onlytheroleofaplayerinthegameshouldmatter,nothisspecificnamesor
label;ii. Carrier:onlyplayerscontributingtothecostshouldbeallocateda
non-zeroshare;andiii.Linearity:theShapleyvalueisalinearfunction.
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Inthissense,thefairnesspropertyoftheShapleyvalueisnotafairness
measuresuchastheonesbelongingtoα-fairness[24,25,26,27]oryetthe
Jain’sfairnessindex[28,29].
ItisagoodoutcomethatourmodelsatisfiestheaxiomsoftheShapleyvalue

astheseaxiomsconveyrationalfairnessproperties.

Fixed energy consumption 

 of the network

Traffic evolution 

 of the network

0 1 2 3 4 5

Upgrade epochs

Figure1.9:Evolutionoftheloadandnetworkinfrastructure.

AnappreciableoutcomeofourShapley-basedmodelisthatitisatrade-off
betweenanequalsharing(uniformsharing)andasharingassigningtoeach
servicecategoryashareequaltoitstrafficproportion(proportionalsharing).
Auniformsharingfavorsservicecategorieshavingalargetraffic,andapropor-
tionalsharingfavorsthosehavingasmalltraffic.
Then,wederivetheenergyefficiencyofservicecategoriesbasedontheout-

putofourShapley-basedmodel.
Theproposedmodelsarevalidatedwithrealdatasetstakenfromanoper-

ationalEuropeannetwork.

1.3 Contributionsand manuscriptorganization

Inchapter2,wesharetheresponsibilityofservicecategoriesinthefixedenergy
consumptionofaradioaccessnetworkwiththeShapleyvalue. Weconsider
thecasewhensomeservicecategoriesaremandatorytobeprovided. Taking
intoaccountthemandatorynatureofaservicecategoryintheShapley-based
modelincreasesitsshareascomparedtothecasewhenitisnotconsideredtobe
mandatory.BecausetheShapleyvalueisofhugecomputationalcomplexity,we
introduceclosed-formexpressionswhichsignificantlyreducethecomputational
complexitywhilebeingspecifictotheproposedmodel. Moreover,westudythe
caseofheterogeneousnetworkswithupgradeoperationsovertime.

15



Then,inchapter3,weconsidertheend-to-endnetworkandallitssegments,
thatis,themobileaccess,thefixedaccess,thecollect,themobilecore,the
registers,theIPcoreandtheserviceplatforms. Foreachsegment,weshare
theresponsibilityoftheservicecategoriesinthefixedenergyconsumptionwith
theShapley-basedmodelintroducedintheprecedingchapter. Weapplyour
Shapley-basedmodeltotraffic,toso-calledusefuloutputs(accordingtoETSI
[30],theusefuloutputofanequipmentisdefinedasitsmaximumcapacity,and
isexpressedasthenumberofErlangs,packets/s,subscribers,orsimultaneously
attachedusers)andtobothofthem.Thelasttwocasesimpactonlythesharesin
themobilecoreenergyconsumptioncomparedwiththefirstcase. Wefindthat
Streamingistheservicethatconsumesthemostwhateverthenetworksegment,
exceptforregisters,asitrepresentsthevastmajorityofInternettraffic.
Next,inchapter4,wederivetheenergyefficiencyoftheservicecategories.

AccordingtotheEuropeantelecommunicationsstandardsinstitute’s(ETSI)
[31],theenergyefficiencyofamobileaccessequipmentisdefinedtobetheratio
ofitstrafficvolumetoitsenergyconsumption. Weextendthisdefinitionand
definetheenergyefficiencyofaservicecategorytobetheratioofitstrafficvol-
umetoitsenergyconsumption. Weconsiderfirstabasestation.Considering
themeantrafficthroughputandmeanpowerconsumption,weexpressedthe
energyefficiencyofaservicecategoryastheratioofitstrafficthroughputto
itspowerconsumption. Wesharetheresponsibilityoftheservicecategoriesin
theequipmentfixedpowerconsumptionusingourShapley-basedmodel.After-
ward,westudythecasewhenthebasestationisputintosleepmodeduring
idleperiods. Weintroducetheanalyticalexpressionoftheequipmentpower
consumptioninthisscenarioandassignittotheservicecategoriesusinganew
Shapley-basedmodelconsistentwiththisexpression.Inaddition,weconsidera
radioaccessnetworkandcomputetheenergyefficiencyoftheservicecategories
itdelivers. Weconsiderthecasewhennoservicecategoryismandatory,and
thecasewhensomeservicecategoriesaremandatory. Moreover,wediscussthe
conditionstonotdeteriorateanetworkenergyefficiencyovertime. Weconsider
thecasewhenthenetworkisupgradedwiththesameradiotechnology,andthe
casewhenitisupgradedwithanewradiotechnology,typicallymoreenergy
andspectralefficient.
Eventually,chapter5concludesthe manuscriptandgivessomehintson

futureworkperspectives.
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Chapter2

SharingtheResponsibility
ofServiceCategoriesinthe
FixedEnergyConsumption
ofaRadioAccessNetwork

2.1 Contextandproblemstatement

Inthischapter,weconsideraradioaccessnetworkandsharetheresponsibil-
ityoftheservicecategoriesitdeliversinthefixedenergyconsumption. We
classifytheservicesintocategoriesbasedoncriteriasuchastraffic,originating
serviceprovidersand/ordevices.Basedontraffic,wesegmenttheservicesinto
5categories,namely,Streaming, Web,Download,otherdataservicesandVoice.

Weconsidertwosettings:thefirstonewithaconstantnetworkinfrastructure
andtheotheronewithanevolvinginfrastructure,overalargertimescale,in
termsofadditionaland/orchangingequipmentsoastokeepupwithtraffic
loadincrease.

Westudytwovariantsofthesharingmodel:onewherenoservicecategoryis
mandatoryandanotheronewithmandatoryplayer(s)whichreflectstherealistic
casewhensomeoperatorsmaybelegallymandatedbythestatetoofferacertain
service,suchasVoice.

Theremainderofthischapterisorganizedasfollows.Insection2.2,we
reviewsomeliteraturerelatedtocostsharing.Insection2.3,weintroduce
ourmethodologyforassigningashareofthefixedenergyconsumptiontoeach
servicecategory.Insection2.4,wegivesomematerialontheShapleyvalue
concept.Insection2.5,weproposeamodelforassigningashareofthefixed
energyconsumptiontoeachservicecategorywiththeShapleyvalue,considering
differentscenarios. WediscusssomeimplementationissuesoftheShapley-based
modelandhowwetackletheseissuesinsection2.6.Insection2.7,werun
numericalapplicationsbasedonourShapley-basedproposal,onarealdata
settakenfromanoperationalEuropeannetworktransportingthreemaindata
services:Streaming, WebandDownload,inadditiontoVoiceandotherdata
services.Eventually,section2.8concludesthechapter.
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2.2 Relatedwork

In[32,33,34,35,36,37,38],theauthorsdiscusscostsharinginajobscheduling
problemusingtheShapleyvalue.Theyhoweverdonotdistinguishbetweenthe
variableandfixedcostcomponents,asopposedtoourworkwherewefocuson
thefixedenergycomponent.Forinstance,Mishraetal.[32]considerasetof
jobsthatneedtobeservedbyasingleserverwhichcanserveonlyonejobata
time.Jobshaveprocessingtimesandincurwaitingcosts.Thejobssharetheir
coststhroughcompensationusingmonetarytransfers.Theauthorscharacterize
theShapleyvalueruleforthismodelusingfairnessaxioms. Theydefinethe
worthofacoalitionasthecostincurredbyjobsinthecoalitionifthesearethe
onlyjobsservedinthequeue.Theyprecisethattherearemanyotherwaysto
definetheworthofacoalition,likeconsideringthedualoftheirdefinition,or
byassumingthatacoalitionofjobsareservedafterthejobsnotinthecoalition
areserved.
Yet,otherauthorsconsiderexplicitlyafixedcostcomponentintheircost

sharing.In[39]forinstance,Anshelevichetal.studytheproblemoffaircost
allocationinnetworkdesign.Theauthorsshowthatsharingequallythedesign
costofeachnetworkedgebetweenuserswhoseconnectionsmakeuseofitlead
tonear-optimalNashequilibria. Anequalsharingofthedesigncostseems
rationalasitisnotdirectlyrelatedtoauser.Inourwork,anequalsharingof
thefixedenergyconsumptionbetweentheservicecategoriesmaylookrational
tooasitisconsumedirrespectiveoftraffic.However,weconsiderthatanequal
sharingdoesnotreflecttheimpactoftrafficonthefixedenergyconsumption
increase,andso,weproposeasharingofthefixedcostbasedonShapleyvalue.

2.3 Sharingtheresponsibilityofservicecate-
goriesinthefixedenergyconsumption

Again,basedon[10]andmeasurementscarriedoutonarealoperationalEu-
ropeannetworkbythenetworkoperator,thepowerconsumptionofanetwork
equipmentcanbemodeledasalinearfunctionoftheloadwithavariableand
afixedcomponents.
LetPk(t)denotethepowerconsumptionofanetworkequipmentatinstant

t.Itisgivenby:

Pk(t)=P
f
k(t)+(P

max
k (t)−Pfk(t))ρk(t) (2.1)

wherePfk(t)isthefixedpowercomponent,P
max
k (t)themaximumpowercon-

sumption,ρk(t)theloadand(P
max
k (t)−Pfk(t))ρk(t)thevariablepowercom-

ponent.
LetEkdenotetheenergyconsumptionofthenetworkequipmentkoverthe

timeperiod∆T.Itisgivenby:

Ek =
∆T

Pk(t)dt

=
∆T

(Pfk(t)+(P
max
k (t)−Pfk(t))ρk(t))dt

LetEdenotestheenergyconsumptionofanetworkcomposedofKequip-
ment,thenE=

K
k=1Ek.
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LetEvandEfdenotethevariableandfixedenergycomponentsofthe
networkrespectively:

Ev=

K

k=1 ∆T

(Pmaxk (t)−Pfk(t))ρk(t)dt (2.2)

Ef=

K

k=1 ∆T

Pfk(t)dt (2.3)

Letusfirstconsideraradioaccessnetworkwithonlyoneradiotechnology
(homogeneousnetwork)transportingasetNofNservicecategories,consuming
energyEwhichistobeassignedtotheservicecategories. Wehave,

E=Ev+Ef (2.4)

LetEidenotetheenergyconsumptionassignedtoservicecategoryi,with
variableandfixedcomponentsEviandE

f
i,respectively,

Ei=E
v
i+E

f
i (2.5)

Theshareofservicecategoryiinthevariableenergyconsumptionisits
trafficproportionϕiasitisload-dependent.Thatis,

Evi=ϕi×E
v (2.6)

Asofthefixedenergycomponent,itmayseemrationaltoshareitequally
betweentheservicecategoriesasitisconsumedirrespectiveoftraffic. This
isactuallytheoutcomewhenapplyingtheShapleyvaluetothetotalenergy
consumptionofthenetwork(thefixedcomponentisequallyassignedtothe
servicecategoriesandthevariablecomponentisassignedproportionallytotheir
traffic). However,thisenergycomponentincreaseswithtrafficovertimedue
tonetworkupgradeoperationsasdepictedinFig.1.9,andso,itissomehow
relatedtotheservices. Weproposethentoassigntoeachservicecategorya
shareofthefixedenergyconsumptionbasedonitsimpactonthisincrease.To
doso,weusetheShapleyvalueforitsfairnesspropertyasaxiomaticallydefined
byL.Shapleyandpresentedinthenextsection.Thatis,

Efi=φi×E
f (2.7)

whereφiistheShapleyvalueofservicecategoryi.

2.4 Shapleyvalue

Ingametheory,acooperativegame(orcoalitionalgame)isagamewhichallows
groupingofplayerswithinso-calledcoalitions,thanksforinstancetothepos-
sibilityofexternalenforcementofcooperativebehavior(e.g.,throughcontract
law)[40,41,42].Theseareopposedtonon-cooperativegamesinwhichthere
isnopossibilitytoforgealliances.Thepayoffofaplayerinacooperativegame
representsitsgainorlossinthegame. Anallocationrepresentsavectorof
payoffs.Cooperativegamesaretypicallyanalyzedintheframeworkofcooper-
ativegametheory,whichfocusesonpredictingwhichcoalitionswillform,the
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jointactionsthatgroupstakeandtheresultingcollectivepayoffs.Itisopposed
tonon-cooperativegametheorywhichfocusesonpredictingindividualplayers’
actionsandpayoffsandanalyzingNashequilibria.
Incooperativegametheory,asolutionisavectorofRN thatrepresents

anallocationtotheplayers,withN thesetofplayers,andN thenumberof
players. Therearetwotypesofsolutionconceptsincooperativegames:the
unobjectionablesolutionsandtheequitablesolutions.Theformerguaranteea
sharingbetweentheplayerssuchthatanycoalition(groupingofplayers)cannot
increaseitsgainbyleavingthecoalitioncomposedofalltheplayers,called
thegrandcoalition. Animputationisasolutionthatexactlysplitsthetotal
valueofthegrandcoalitionamongtheplayers,suchthatnoplayerreceives
lessthanwhathecouldgetonhisown. Thecoreisthesetofimputations
underwhichnocoalitionhasavaluegreaterthanthesumofits members’
payoffs.Unobjectionablesolutionsincludethecore.Therefore,nocoalitionhas
anincentivetoleavethegrandcoalitionandreceivealargerpayoff.Equitable
solutionstakeintoaccountsomeconsiderationofequitybetweenplayers.Such
solutionsincludetheShapleyvalue.
ThecharacteristicfunctionVinacooperativegameisafunctionwhichas-

sociatestoeachcoalitionanumbercorrespondingtoitsvalue. Acooperative
gameiswithtransferableutilitywhentheplayerscansharetheircommonvalue
amongtheminanyway. Acooperativegamewithtransferableutilityisrep-
resentedbythenumberofplayersinthegameandthecharacteristicfunction.
LetL(N)denotethesetofsubsetsofN.Acharacteristicfunctionisanelement
ofRL(N).
L.ShapleyapproachestheShapleyvalueaxiomatically. Thatis,heasked

whatkindofpropertieswemightexpectsuchasolutionconcepttosatisfy,and
hecharacterizedthemappingφthatsatisfiestheseproperties.
Shapley’sfirstaxiomassertsthatonlytheroleofaplayerinthegameshould

matter,nothisspecificnameorlabelinthesetN.

Axiom1 (Symmetry).ForanyVinRL(N),anypermutationπ:N →N,
andanyplayeriinN,φπ(i)(πV)=φi(V)

ApermutationofthesetofplayersNisanyfunctionπ:N →Nsuchthat,
foreveryjinN,thereexistsexactlyoneiinNsuchthatπ(i)=j.Givenany
suchpermutationπandanycoalitionalgameV,weletπVbethecoalitional
gamesuchthat

πV({π(i)|i∈S})=V(S),∀S⊆N

Thatis,theroleofanyplayeriinVisessentiallythesameastheroleof
theplayerπ(i)inπV.
Shapley’ssecondaxiomassertsthattheplayersinacarriersetshoulddivide

theirjointworth(whichisequaltotheworthofthegrandcoalition)among
themselves,andallocatenothingtothedummies.

Axiom2(Carrier).ForanyVinRL(N)andanycoalitionR,ifRisacarrier
ofV,then i∈Rφi(V)=V(R).

Wesaythatacoalition RisacarrierofacoalitionalgameViff

V(S∩R)=V(S),∀S⊆N (2.8)

IfRisacarrierofV,thenalltheplayerswhoarenotinRarecalleddummies
inV,becausetheirentryintoanycoalitioncannotchangeitsworth.
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Axiom3(Linearity).ForanytwocoalitionalgamesVandW inRL(N),any
numbersuchthat0≤p≤1,andanyplayeriinN,

φi(pV+(1−p)W)=pφi(V)+(1−p)φi(W) (2.9)

ShapleyshowedthatthereisauniquemappingφcalledtheShapleyvalue
thatsatisfiesthesethreeaxioms.

Theorem1. Thereisexactlyonefunctionφ:RL(N)→RN thatsatisfiesthe
threeaxiomsoftheShapleyvalue.Thisfunctionsatisfiesthefollowingequation,
foreveryiinN andeveryVinRL(N):

φi(V)=
S⊆N−i

|S|!(|N|−|S|−1)!

|N|!
(V(S∪{i})−V(S)) (2.10)

VissuperadditiveifforanycoalitionsSandTinL(N)suchthatS∩T=∅,
wehave

V(S∪T)≥V(S)+V(T)

IfVissuperadditive,thentheShapleyvaluemustbeindividuallyrational,
inthesensethat

φi(V)≥V({i}),∀i∈N

TheformulafortheShapleyvaluecanbeequivalentlywritten

φi(V)=
S⊆N−i

|S|!(|N|−|S|−1)!

|N|!
(V(N\S)−V(S)) (2.11)

2.5 Sharingscenarios

2.5.1 Casewithno mandatoryplayers

Sharesoftheservicecategoriesandvaluesofthecoalitionsarenormalizedby
thefixedenergyconsumption,unlessotherwisestated.
LetSdenoteasetofservicecategories,whichwedenotea"coalition",and

sitssize,i.e.,thenumberofservicecategoriesinthecoalition.
Weassumethatthevalueofcoalition Sistheratioofitstrafficvolumeto

thetrafficvolumeofcoalitionshavingthesamesizeasS.Thatis,

V(S)=

s
k1=1

vk1,S

(Ns)
j2=1

s
k1=1

vk1,Sj2

(2.12)

where N
s isthenumberofcoalitionsofsizesandvk,Sisthetrafficvolume

ofthekthelementofacoalition.k1spansovertheservicecategoriesinsidea
coalition,j2spansovercoalitionsofsizesand(·)isthebinomialcoefficient.
Theintuitionbehindthecharacteristicfunctioncanbeseenasfollows.Over

thelongterm,trafficofdifferentservicecategoriesincreases,andsodoesthe
energyconsumption. Ourfocusisonthefixedcomponentofthisenergycon-
sumption. Weassumethattheimpactofaservicecategoryinthefixedenergy
consumptionincreaseisequaltoitstrafficproportion. Andso,wesharethe
fixedcomponentoftheenergyconsumptionbetweentheservicecategoriespro-
portionallytotheirtraffic,takingtheseservicecategorieswithincoalitions.On
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theshortterm,thefixedenergycomponentisconstant,andso,atthisscale,
whatmattersisthenumberofplayerspercoalition,andnotthetrafficvolume
ofeachplayer.Andso,theproportionalsharingdoneatthelongerscaleisdone
onlyoncoalitionsofthesamesize.
Thischaracteristicfunctionisaparticularchoicemotivatedbytheabove

rationale.Otherchoicesforothercharacteristicfunctionsarepossible.
Thischaracteristicfunctioncanbeexpressedasfollows:

V(S)=
ϕ(S)
N−1
s−1

whereϕ(S)isthetrafficproportionofcoalitionS.
ThederivationofthisexpressioncanbefoundinAppendixA.
BasedonEqn.(2.10),theshareφiofplayericanbeequivalentlywritten

asEqn.(2.13)[43],

φi(V,S)=
1

N!

N

s=1

(N−s)!(s−1)!

(N−1s−1)

j1=1

δ({i},S) (2.13)

whereδ({i},S)=V(Sj1,{i})−V(Sj1,{i}\{i})isthemarginalcontributionof
playeriincoalitionS.ItrepresentsthecostgainedorlostbycoalitionS
becauseofplayeri.
Thecomputationalcomplexityof(2.13)growsexponentiallyinthenumber

ofservicecategories,whichcouldrepresentanobstacleforimplementation.So,
weproposeaclosed-formexpressionwhichlowerthecomputationalcomplexity,
derivedfrom(2.13).
Theclosed-formexpressionoftheShapleyvalueofplayeriisgivenby:

φi(N,ϕi)=(

N

s=1

1

sNs
)ϕi+(

N

s=2

(N−1s−2 −
N−1
s−1 )

N−2
s−2

N−1
s−1

N−1
s−2 s

N
s

)(1−ϕi) (2.14)

ThederivationofthisexpressioncanbefoundinAppendixA.

2.5.2 Casewitha mandatoryplayer

Letusnowconsiderascenariowithamandatoryplayer. Thisisthecasefor
instancewhenanoperatorhastheobligation,bythestate,toofferagiven
service,notablyVoice,whendeployinganetworkinfrastructure. Therefore,
wesupposethatthenetworkcannotprovideasetofservicecategoriesnot
containingthemandatoryservicecategory.Thatis:

V(S) = ϕ(S)

(N−1s−1)
ifi∗∈S

V(S) = 0 ifi∗∈S
(2.15)

wherei∗denotethemandatoryplayer.
Sharesφi∗ andφoofthemandatoryplayeri

∗andanonmandatoryplayer
o,respectively,areobtainedfrom(2.13).
Theclosed-formexpressionoftheShapleyvalueofthemandatoryplayeris

givenby:
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φi∗(N,ϕi∗)=(

N

s=1

1

sNs
)ϕi∗+(

N

s=2

N−2
s−2

N−1
s−1 s

N
s

)(1−ϕi∗) (2.16)

ThederivationofthisexpressioncanbefoundinAppendixB.1.

Theclosed-formexpressionoftheShapleyvalueofanonmandatoryplayer
isgivenby:

φo(N,ϕi∗,ϕo)=(

N

s=2

(N−1s−2 −
N−1
s−1 )

N−2
s−2

N−1
s−1

N−1
s−2 s

N
s

)ϕi∗+(

N

s=2

N−2
s−2

N−1
s−1 s

N
s

)ϕo

+(

N

s=3

(N−1s−2 −
N−1
s−1 )

N−3
s−3

N−1
s−1

N−1
s−2 s

N
s

)(1−ϕi∗−ϕo) (2.17)

ThederivationofthisexpressioncanbefoundinAppendixB.2.

2.5.3 Casewithonly mandatoryplayers

Letusconsiderascenariowherealltheplayersaremandatory.Theclosed-form
Shapleyvalueofplayeriisgivenby:

φi(N)=
1

N
(2.18)

ThederivationofthisexpressioncanbefoundinAppendixC.

Thus,whenalltheplayersaremandatory,thefixedenergycomponentis
equallyassignedtotheservicecategories. Auniformsharingisthenaspecial
caseoftheShapley-basedmodel.

2.5.4 Heterogeneousradioaccessnetwork

Whenthenetworkiscomposedofseveralradioaccesstechnologies,weshare
theresponsibilityoftheservicecategoriespertechnology.

LetTdenotethesetofradiotechnologies,Ftthesetofservicecategories
providedbythesub-networkimplementingtheradiotechnologyt,Evt (E

f
t)

thevariable(fixed)energyconsumptionofsub-networktandϕi,tthetraffic
proportionofservicecategoryiregardingthesub-networkt.Thetotalnetwork
energyconsumption(variableandfixed)assignedtoservicecategoryiisgiven
by:

Ei=
t∈T

ϕi,tE
v
t+φi,tE

f
t (2.19)

Ifθtistheshareofthevariablecomponent,then,

Ei=
t∈T

(θtϕi,t+(1−θt)φi,t)Et (2.20)

whereEtistheenergyconsumptionofsub-networkt.

23



2.5.5 Evolvingnetworkinfrastructure

Overlongperiodsoftime,typicallyontheorderofyears,thenetworkinfras-
tructureneedstobeupgradedinordertokeepupwithloadincrease,asdepicted
inFig.1.9.
Whenthereareseveralupgradelevels,theshareofaservicecategoryinthe

fixedenergycomponentofthenetworkisderivedfromitssharespertechnology
andperupgradelevel.LetLdenotethesetofupgradelevels,ϕi,t,lthetraffic
proportionofservicecategoryionsub-networktconsideringupgradelevell
andEvt,l(E

f
t,l)thevariable(fixed)energyconsumedbysub-networktregarding

upgradelevell.

Ei=
l∈Lt∈T

(ϕi,t,lE
v
t,l+φi,t,lE

f
t,l) (2.21)

Trafficvariationsstronglyimpactnetworkupgrade,andso,oneneedsto
makeasharingofenergyandequipmentcostswhichtakesintoaccountthis
aspect.Forthispurpose,onecanconsiderthevariationsoftraffic,δv,instead
ofthetrafficvolumes,v,inthemodel.Trafficvariationδvofaservicecategory
representsitstrafficincreasebetweentwoupgradelevels.Atthefirstupgrade
level,trafficvariationscorrespondtotrafficvolumes.

Ei=
l∈Lt∈T

(
δvi,t,l

k∈Ft
δvk,t,l

Evt,l+φi,t,lE
f
t,l) (2.22)

2.6 Implementationissues

Fig.2.1showstheruntime(inseconds)oftwoalgorithmsforthecomputation
oftheShapleyvaluesoftheservicecategories,oneusingtheShapleyvalue
function(2.13)-denotedbyClassical-andtheotherusingtheclosed-form
expressionoftheShapleyvalue(2.14)-denotedbyOptimized.
Thealgorithmusingtheclosed-formexpression(2.14)hasaruntimealmost

independentofthenumberofservicecategoriesinthenetwork(lessthan1
secondforupto50servicecategories,themaximumnumberofservicecategories
wemeasureintheconsiderednetwork),whilethealgorithmusing(2.13)has
acomputationalcomplexitygrowingexponentiallyinthenumberofservice
categories,doesnotconvergeandhassomeresourcelimitationstartingfroma
certainnumberofservicecategories(dependingonthesimulationenvironment).
ThisisbecausetheShapleyvaluefunctioncomputesthemarginalcontributions
ofeachservicecategoryin2N−1coalitions,unliketheclosed-formexpressions
wederivefromit.Theseexpressionsarelinearintrafficproportionandcanbe
writteninthefollowinggeneralforms:

φi(N,ϕi)=A(N)ϕi+B(N) (2.23)

for(2.14),

φi∗(N,ϕi∗)=C(N)ϕi∗+D(N) (2.24)

for(2.16)and

φo(N,ϕi∗,ϕo)=E(N)ϕi∗+F(N)ϕo+G(N) (2.25)
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Figure2.1:Runtimesoftheclassical-basedandclosed-form-basedShapleyvalue
algorithms.

for(2.17),whereA(N)istheimpactofplayeritrafficinitsshare,C(N)the
impactofthemandatoryplayeri∗trafficinitsshare,E(N)theimpactofthe
mandatoryplayeri∗trafficinanoptionalplayeroshare,andF(N)theimpact
ofanoptionalplayeroinitsshare.B(N)isthelowerboundonplayerishare,
D(N)thelowerboundonthemandatoryplayeri∗shareandG(N)thelower
boundonanoptionalplayeroshare.

Forexample,forN =5,φi(ϕi)=A(5)ϕi+B(5)=0.417ϕi+0.117. As
depictedinFigs.2.2and2.3,A(N),B(N),C(N),D(N),G(N)areasymptoti-
callyequivalentto1/N.E(N)andF(N)tendfasterto0.Thatis(2.14),(2.16)
and(2.17)becomerespectivelyφi(N,ϕi) =

1+ϕi
N ,φi∗(N,ϕi∗) =

1+ϕi∗
N and

φo(N)=
1
N foralargenumberofservicecategories.

Itisworthtonotethatφi(ϕi)=A(2)ϕi+B(2)=ϕiforN =2,which
meansthattheShapley-basedmodelisequivalenttoaproportionalsharing
whenconsideringjust2servicecategoriesandifnoneisconsideredasamanda-
toryservice.

Inaddition,besidesthereductionofthecomputationalcomplexity,the
closed-formexpressionsgivethelowerboundontheplayerssharesinthefixed
energyconsumption. Consideringforinstancethescenariowithoutamanda-
toryplayer,and5servicecategories,thelowerboundontheplayerssharesis
B(5)=12%.

AsillustratedinFig.2.3,thelowerboundontheplayerssharesisafunction
ofthenumberofservicecategoriesdefinedinthemodel.Consideringagainthe
scenariowithoutamandatoryplayer,thelowerboundontheplayerssharesis
thehighestwhenconsidering5servicecategories(12%)andthelowestwhen
considering2servicecategories(0%).
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Figure2.2:Impactoftrafficproportionsonsharesinfixedenergyconsumption.
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Figure2.3:Lowerboundonsharesinfixedenergyconsumption.

2.7 Numericalapplications

We considerarealoperationalEuropeanradioaccessnetwork. Theperiodof
thestudycoverstwoyearsrepresentingamature2G/3Gnetworkwithearly
LTEdeploymentandassociatedtrafficincrease. Wemeasureallvoiceanddata
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servicesthataretransmittedinthenetworkwiththefollowingsegmentation
fortheservicecategories:twolargeones,namelystreamingandwebbrowsing,
andthreesmallerones:download,voiceandotherdataservices.Fig.2.4shows
theirtrafficproportionsastakenfromtherealdataset. Weconsidertrafficand
energyconsumptionofthe3Gsub-network.

Voice
9%

Download
13%

Other data
13%

Web
30%

Streaming
35%

Figure2.4:Trafficproportionsperservicecategory.

Theshareofaservicecategoryinthevariableenergyconsumptionequals
itstrafficproportionasthisenergycomponentisload-dependent.Thisimplies
thatdataservicesareresponsibleforabout90%oftheUMTSTerrestrialRadio
AccessNetwork(UTRAN)variableenergyconsumption. Theseservicesare
dominatedbyOverTheTop(OTT)actorslikeGoogle.
Wenextturntothesharingoftheresponsibilityoftheservicecategoriesin

thefixedenergyconsumption.

2.7.1 Casewithno mandatoryplayer

WeshowinFig. 2.5thesharingachievedwithourShapley-basedproposal
alongsidewithtwootherapproaches:uniformandproportionalsharing.Again,
auniformsharingconsistsinassigningthefixedenergyconsumptionequallyto
theservicecategories,andaproportionalsharingconsistsinassigningtoeach
servicecategoryashareequaltoitstrafficproportion.
Auniformsharingfavorsservicecategorieshavingalargetrafficvolumeas

comparedtoaproportionalsharing,anditisthereverseforservicecategories
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Figure2.5: Sharesinfixedenergyconsumption: uniform,proportionaland
Shapley-basedsharing.

havingasmalltrafficvolume. OurShapley-basedmodelachievesatrade-off
giventhatservicecategorieshavingalargetrafficvolume,namelystreaming
andweb,areassignedalowersharethanwithaproportionalapproach,and
thosehavingasmalltrafficvolume,namelyvoice,downloadandotherdata
servicesareassignedalowersharewithregardtoauniformsharing.

Thisisanappreciableoutcomeforstreamingandwebasitdoesnotpenalize
themalotandacknowledgesthefactthattheyaremajordriversfornetwork
activity,andsoitisforservicecategorieshavingasmalltrafficvolumeasit
doesnotmakethemtoomuchresponsibleforthefixedenergyconsumptionand
encouragestheirtransportaswellastheintroductionofnewones.

BasedonourShapley-basedmodel,dataservicesareresponsiblefor85%of
theUTRANfixedenergycomponent.

2.7.2 Casewitha mandatoryplayer

WenowturntothecasewhenVoiceismandatoryduetolegalconstraints.

AsdepictedinFig.2.6,themandatorynatureofVoiceisreflectedinour
Shapley-basedmodelwhichincreasessignificantlyitssharefrom15%to29%.
Itisanexpectedoutcomebecausetheoperatorwouldbemandatedbythelaw
toimplementandofferitonanationalbasis.Indeed,toofferthisservice,the
operatorwouldneedtodeployanetworkanddimensionitinsuchawayto
reachallthecitizensofthegivencountry.Inthiscase,thenetworkcanbeseen
asinitiallydeployedtotransportprimarilyVoice,andsoitisnaturalthatit
wouldtakealargepartoftheshareintheenergyconsumption(yetnotallof
itsinceitissharingtheinfrastructurewith”subsequent”servicecategories).
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TheaimoftheregulatorisnotnecessarilytoincreasetheshareofVoicein
theenergyconsumptionofthenetwork,butnotablytoguaranteesomebasic
servicesonanationalbasis.
Heretoo,theShapley-basedmodelisatrade-off.Atrade-offisnotrequired

forVoiceasamandatoryplayerbecauseitisobligedtobedeliveredwhatever
thesharingmodel.
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Figure2.6:Sharesinfixedenergyconsumption-Voiceisamandatoryplayer.

2.7.3 Caseofanevolvingnetworkinfrastructure

Wenowstudythecasewhenthenetworkinfrastructureisupgradedinorder
tokeepupwithtrafficincrease.Fig.2.7depictsthetrafficproportionsofthe
sameservicecategoriesovertwoperiodsoftimecorrespondingtotwonetwork
upgradelevels,termedlevels1and2inthefigure. Weconsidertrafficprediction
inthisscenario.
Heretoo,eachservicecategoryisassignedashareinthevariableenergy

consumptionequaltoitstrafficproportion,andso,thecorrespondingfigureis
omitted. Asofthefixedenergyconsumption,Fig.2.8showsthenewshares
basedonourShapley-basedmodel(2.14),ateachupgradelevel,consideringthe
trafficvolumesandthetrafficvariationsatlevel2.
Consideringthetrafficvolumesputstheweightonservicecategorieshaving

alargetrafficvolume. Consideringthetrafficvariationsputstheweighton
servicecategorieswhosetrafficincreasesrapidly,reflectingtheiractualrolein
thenecessityofupgradingthenetworkinfrastructure(addingnewequipment
inthenetwork),whichinturnincreasesthenetworkenergyconsumption.
Itisimportanttonotethattrafficincreaseandtrafficvolumesarecorrelated

inthestudiednetwork,i.e.,servicecategorieshavinglargetrafficvolumestend
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Figure2.7:Trafficperservicecategory-caseofevolvingnetworkinfrastructure.

toincreasefasterintermsoftraffic. Asaresult,wenoteasimilarsharing
(intermsofweights)oftheresponsibilityoftheservicecategoriesinthefixed
energyconsumptionwhetherweconsidertrafficvolumesortrafficincreases.
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Figure2.8:Sharesinfixedenergyconsumption-caseofevolvingnetworkin-
frastructure.
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2.8 Conclusion

Weinvestigated inthischapterhowtosharetheresponsibilityofservicecate-
goriesinthefixedenergyconsumptionofaradioaccessnetwork.Itmayseem
rationaltoequallyassignedthefixedenergyconsumptiontoservicecategories
asitisconsumedirrespectiveoftraffic.However,itincreaseswithtrafficover
timeduetonetworkupgradeoperationsandisthensomehowrelatedtoservices.
Becauseofthis,weassignedtoeachservicecategoryashareofthefixedenergy
consumptionbasedonitsimpactonthisincrease. WeusedtheShapleyvalue
todoso.OurShapley-basedmodelputslessweightonservicecategorieshaving
asmallamountoftrafficthananequalsharing,andlessweightonservicecat-
egorieshavingalargeamountoftrafficthanasharingproportionaltotraffic.
Thisisanappreciableoutcomeasitencouragestransportandintroductionof
smallservices,andacknowledgestheroleoflargerservicesasmajordriversfor
networkactivity.
AstheShapleyvaluehasahugecomputationalcomplexity,weprovided

closed-formexpressionsallowingtocomputethesharesoftheservicecategories
withsignificantlesscomplexity.
Weconsideredtwosettings:onewithaconstantnetworkinfrastructureand

onewithanevolvingnetworkinfrastructureoverlongerperiodsoftime. More-
over,weconsideredthecasewhensomeservicecategoriesarelegallyobligedto
beprovided,suchasVoiceinseveraldeployedoperatornetworks. Theshare
ofamandatoryservicecategoryincreasessignificantlyascomparedtothecase
whenitisnotconsideredtobemandatory.
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Chapter3

SharingtheResponsibility
ofServiceCategoriesinthe
FixedEnergyConsumption
ofaEnd-to-EndNetwork

3.1 Contextandproblemstatement

Thischapterisageneralizationofchapter2whosemotivationconsistsinsharing
theresponsibilityofservicecategoriesinthefixedenergyconsumptionofaradio
accessnetwork.Inthischapter,weconsiderthewholenetworkinfrastructure.

Wedecomposethenetworkinto7blocks,namely,theradioaccess,thefixed
access,theaggregation,themobilecore,theregisters,theIPcoreandtheservice
platforms. Weconsider5servicecategories:Streaming, Web,Download,other
dataandVoice.AccordingtoETSI[30],theusefuloutputofanequipmentis
definedtobeitsmaximumcapacity,andisexpressedasthenumberofErlangs,
packets/s,subscribers,orsimultaneouslyattachedusers.Eachservicecategory
isassignedashareinthefixedenergyconsumptionofablockwithourShapley-
basedmodelintroducedin[44]. Wefirstapplyittotraffic,thentoso-called
usefuloutputs.

ApplyingourShapley-basedmodeltousefuloutputsinsteadoftrafficim-
pactsthesharesoftheservicecategoriesregardingthemobilecoreonly.In
fact,themobilecoreiscomposedofequipmentwhoseusefuloutputisnotnec-
essarilytrafficthroughput.Forexample,theusefuloutputoftheservingGPRS
supportnode(SGSN)isthenumberofsimultaneouslyattachedusersandnot
trafficthroughput[30].

Theremainderofthischapterisorganizedasfollows.Insection3.2,wein-
troduceourmodelforsharingtheresponsibilityofservicecategoriesinthefixed
energyconsumptionofaend-to-endnetwork.Section3.3showssomenumeri-
calapplicationsofourmodelrunonarealdatasettakenfromanoperational
Europeannetwork.Section3.4eventuallyconcludesthechapter.
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3.2 Sharing model

Atypicalnetworkiscomposedofanumberofblocks,asillustratedinFig.3.1.A
blockisasetofelementswithacommongeneralfunctionfromanarchitectural
pointofview.Forexample,forradioaccessnetworks,wecandefinetwomain
blocks:theblockofbasestationsandtheblockofcontrollers,whenapplicable.
End-usersshouldalsobeconsideredasoneormoreblocks.Thepartitionofone
blockintosub-blocksshouldbepossiblefollowingtheneedandthecoherence
ofthemodel. Eachblockorsub-blockiscomposedofalistofelements. An
elementmaybeanetworkequipment,aserveroradevicethatisusedtodeliver
theservicetotheend-user.Onebasestationisforexampleanelement.

Figure3.1:Exampleofamobilenetworkdecompositionperblock.

3.2.1 Componentsofablockenergyconsumption

Asstatedearlier,theenergyconsumptionofanetworkequipmentiscomposed
of2components:avariableandafixedone.LetEfkdenotethefixedenergy
componentofequipmentkovertimeperiod∆T,andEvkitsvariableenergy
component.

Theoverallenergyconsumptionofablockisthesumofindividualenergy
consumptionsofitselements.LetKdenotethenumberofelementsinblockj,
andEjtheenergyconsumptionofblockj. Wehave:

Ej=

K

k=1

Efk+E
v
k (3.1)

Hence,thevariableenergycomponentofblockjisgivenbyEvj=
K
k=1E

v
k

anditsfixedcomponentisgivenbyEfj=
K
k=1E

f
k.

3.2.2 Sharingtheresponsibilityofservicecategoriesina
blockfixedenergyconsumption

Letidenoteaservicecategory,Efi,jthefixedenergyassignedtoservicecategory
iregardingblockjandEvi,jthevariableenergyassignedtoservicecategoryi
regardingblockj.Letϕi,jdenotethetrafficproportionofservicecategoryi
withrespecttoblockj.
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Aservicecategoryisassignedashareinthevariableenergyconsumption
equaltoitstrafficproportionsincethisenergycomponentisload-dependent.
So,

Evi,j=ϕi,j×E
v
j (3.2)

Eachservicecategoryisassignedashareinthefixedenergyconsumption
withourShapley-basedmodelintroducedintheprecedingchapter. So,the
shareofservicecategoryiinthefixedenergyconsumptionofblockjisgiven
by:

Efi,j=(A(N)ϕi,j+B(N))×E
f
j (3.3)

where

A(N)=
1

N
+
N

s=2

1

sNs
−
(N−1s−2 −

N−1
s−1 )

N−2
s−2

N−1
s−1

N−1
s−2 s

N
s

(3.4)

B(N)=

N

s=2

(N−1s−2 −
N−1
s−1 )

N−2
s−2

N−1
s−1

N−1
s−2 s

N
s

(3.5)

whereNisthenumberofservicecategoriesand(·)isthebinomialcoefficient.

3.3 Numericalapplications

Inthissection,weconsiderthearchitectureofarealEuropeannetworkas
illustratedinFig.3.2.

Figure3.2:End-to-endarchitectureofatelecommunicationnetwork.

Thestudiednetworkconsistsofafixedaccess,amobileaccess,anaggrega-
tion,amobilecore,theregisters,anIPcoreandastreamingserver. We,again,
consider5servicecategories,namely,Streaming, Web,Download,otherdata
servicesandVoice.

3.3.1 Shapleyvalueappliedtotraffic

ThenumberofservicecategoriesN tobeconsideredinthesharingdepends
ontheequipmentunderconsideration.Forexample,mobileswitchingcenters
(MSCs)donotdeliverdataservices,andSGSNsdonotdeliverVoice.Inthis
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Table3.1:Sharingmodelparameters

Parameters Values

A(1) 1

B(1) 0

A(4) 0.556

B(4) 0.111

A(5) 0.417

B(5) 0.117

Table3.2: Weightcoefficients

Networkblock Weight

CScoreenergyconsumption 0.21×Mobilecoreenergyconsumption

PScoreenergyconsumption 0.21×Mobilecoreenergyconsumption

EPCcoreenergyconsumption 0.48×Mobilecoreenergyconsumption

IMScoreenergyconsumption 0.10×Mobilecoreenergyconsumption

SGSNnetworkenergyconsumption 0.16×PScoreenergyconsumption

HSSnetworkenergyconsumption 0.92×Registersenergyconsumption

work,Voicereferstocircuitswitchedvoice.BasedonthepossiblevaluesofN
inourstudy,thevaluesofparametersA(N)ofEqn.(3.4)andB(N)ofEqn.
(3.5)canbefoundinTab.3.1.
The mobilecoreiscomposedofdifferentsub-blocks,namely,thecircuit

switchedcore(CScore),packetswitchedcore(PScore),evolvedpacketcore
(EPC)andIPmultimediasubsystemcore(IMScore). Thesesub-blockshave
theirowntrafficproportions,andso,theservicecategoriesareassigneddifferent
shares.Inordertocomputethesharesoftheservicecategoriesregardingthe
mobilecore,weneedtoknowtheweightsofthesub-blocksinthemobilecore
energyconsumption. ValuesoftheseweightsaredepictedinTab.3.2. They
comefrommeasurementscarriedoutonthestudiednetworkandcanbefound
inAppendixD(weconsiderenergyconsumptionvaluesofyear2016,knowing
thattheIMSenergyconsumptionwas619MWhthesameyear).
Givenablock,theshareofaservicecategoryistheweightedsumofits

sharesinthefixedandvariableenergycomponentsoftheblock.Itsshare
inthevariableenergycomponentisweightedwiththeproportionofvariable
energyinthetotalenergyconsumptionoftheblock. Weconsiderthevariable
energycomponenttoaccountfor20%ofablockenergyconsumption[11,45].
Fig.3.3depictsthesharesoftheservicecategoriesintheenergyconsump-

tionofthestudiedoperationalEuropeannetworkperblock. Weobservethe
following:

•Energyconsumptionofthestreamingserverisallocatedintotaltothe
streamingservice.

•Thefixedaccessandaggregationhavethesameenergysharingfigures
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Figure3.3:Sharesinend-to-endnetworkenergyconsumption.

sincewedonotconsidermobilecontrollers,i.e.,BSCsandRNCs,inthe
scopeofthisinvestigation.So,theaggregationnetworkiscomposedof
Ethernetswitchestransportingthetrafficoriginatingfromthefixedaccess.
Asaresult,theseblockshavethesametrafficdistribution,andso,the
samesharesfortheservicecategories.

•Streamingistheservicethatconsumesthemost,whatevertheblockun-
derconsideration,exceptfortheregistersgiventhattheirtrafficconsists
essentiallyofrequeststhataresupposedtobeevenlydistributedamong
theservicecategories.Streamingconsumesnearlyhalftheenergyofthe
fixedaccess,aggregationandIPcore.Infact,Streamingrepresentsthe
vastmajorityoftrafficinthenetwork,around60%ofthefixedaccess,
aggregationandIPcoretrafficregardingthestudiednetwork.

•Sharesregardingthemobilecorearedifferentfromthoseofthemobile
access(RAN),althoughtheseblocksdealwiththesametraffic.Indeed,
trafficoriginatingfromthe mobileaccessisnotoperatedbythesame
equipmentinthemobilecoredependingonthenatureoftheservice.Be-
causeofthis,themobilecorehasdifferentsharespersub-block,resulting
inglobalsharesdifferentfromthoseofthemobileaccess.

•SharesregardingtheIPcorearequitesimilartothoseofthefixedaccess,
eventhoughtheIPcoredealswithtrafficoriginatingbothfromthefixed
and mobileaccesses.Indeed,thisoutcomeisbecausethefixedtraffic
accountsforahugeamountofIPtraffic. Forexample,thefixedtraffic
(including WiFitraffic)accountsforaround80%ofoverallIPtrafficon
thenetworkunderinvestigation.
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3.3.2 Shapleyvalueappliedtousefuloutputs

Intheaboveanalysis,weassignedashareoftheblocksenergyconsumption
toeachservicecategorybasedontraffic.Inthissection,weconsidertheso-
calledusefuloutputstoassigntoeachservicecategoryashareintheend-to-end
networkenergyconsumption.Again,theusefuloutputofanequipmentisde-
finedtobeitsmaximumcapacityandisexpressedasthenumberofErlangs,
packets/s,subscribers,orsimultaneouslyattachedusersaccordingtoETSI[30].
Itmightbemorerationaltoconsiderusefuloutputinsteadoftrafficforsome
equipment.Forexample,itmakesmoresensetodiscusstheenergyconsump-
tionofthehomesubscriberserver(HSS)intermsofnumberofsubscribers
insteadoftrafficthroughput,becausethisequipmentisdesignedforregistering
subscribers.

Simulationsetup

TheusefuloutputsofnetworkequipmentunderinvestigationaregiveninTab.
3.3. Thefirstcolumnshowsthenetworkequipmentweconsiderinthescope
ofthisinvestigation,column2givesthecorrespondingusefuloutput,basedon
ETSI[30].Incolumn3,wegivethenumberofservicecategoriesoperatedby
thegivenequipment.Thelastcolumnshowstheusefuloutputproportionsof
theservicecategories.

Trafficproportionsofthemobileandfixedaccessescomefrommeasurements
carriedoutonthenetworkunderinvestigationbythenetworkoperator.

MSCsdealwithcircuitswitchedservices,andso,wesupposethatonlyVoice
impactstheseequipment.

Weassumethateveryend-userusesallthedataservices,andso,dataservice
categorieshavethesameimpactonSGSNsintermsofsimultaneouslyattached
users.VoicedoesnotimpactSGSNsgiventhattheseequipmentprovidedata
servicesonly. ThesamereasoningappliesforgatewayGPRSsupportnodes
(GGSNs),mobilitymanagemententities(MMEs),packetgateways(PGWs)and
signalinggateways(SGWs).

Wealsoassumethatdataserviceshavethesamemeanpacketsize,andso,
proportionswhichshouldbecomputedbasedonthroughputexpressedinpacket
persecondcanbeapproximatedwithtrafficproportions,whicharemoreeasily
measurable.InthecaseofGGSNs,weconsider3Gdatatrafficproportionsonly.
Infact,GGSNsdeliver2Gand3Gdatatraffic,however,the2Gdatatrafficis
negligiblecomparedtothe3Gtraffic.Forexample,wemeasured1%2Gdata
trafficversus34%3Gdatatrafficonthestudiednetwork. Whenitcomesto
PGWsandSGWs,weconsider4Gtrafficproportionsinstead.

UsersregisteredintheHSSusealltheservicecategories(Voiceanddata),
andso,theservicecategorieshavethesameimpactonthisequipmentinterms
ofnumberofregisteredsubscribers.Infact,2Gsubscriberscannotbeconsidered
asvoice-onlyusersgiventhattheydogeneratedatatraffic;Forexample,there
are4%of2Gsubscribersonthestudiednetwork,andtheygenerate1%oftotal
datatraffic. Wekeepthesamereasoningwithequipmentidentityregisters
(EIRs)intermsofnumberofregisteredmobilephones.

Ethernetswitchescarrytrafficoriginatingfromthefixedaccess,andso,
thesetwoblockshavethesametrafficproportions.

TrafficproportionsoftheIPcorearetheweightedsumoffixedandmobile
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accessestrafficproportions;Thefixedtrafficaccountingfor80%oftotaltraffic,
basedonmeasurementscarriedoutontheinvestigatednetworkbythenetwork
operator. Weconsider WiFitraffictobepartofthefixedaccesstraffic.

Asweconsiderastreamingserver,100%ofitstrafficisduetoStreaming.

Useful-output-basedsharingoftheresponsibilityofservicecategories
inthe mobilecoreenergyconsumption

Asstatedabove,onlythesharesofthemobilecoreareimpactedwhenapplying
ourShapley-basedmodeltousefuloutputsinsteadoftraffic.Infact,theuseful
outputofthenetworkblocks,exceptthemobilecoreandregisters,istraffic
throughput,andso,thesharesoftheservicecategoriesarenotalteredcompared
tothecasewhenweapplytheShapley-basedmodeltotraffic. Whenitcomesto
themobilecoreblock,someequipmentusefuloutputisnottrafficthroughput.
ThisisthecaseforSGSNs,forexample,whoseusefuloutputisthenumberof
simultaneouslyattachedusers.

Althoughtheusefuloutputofregistersisnottrafficthroughput,westillhave
anequalsharingoftheenergyconsumptiongiventhatthenumberofregistered
subscribersintheHSSandthenumberofmobiledevicesinEIRsareequally
distributedovertheservicecategories,liketherequests. Asaresult,onlythe
figureofthemobilecoreblockismodifiedasshowninFig.3.4.

Itisimportanttonotethattheuseful-output-basedsharingisbeneficial
toservicecategorieshavingalargetrafficvolumeascomparedtothetraffic-
basedsharing.Indeed,moreequipmenthavetheirenergyconsumptionequally
assignedtotheservicecategoriessincetheirusefuloutputisuniformlydis-
tributed. ThisisthecasefortheSGSN,theHSSandtheEIRforexample.
Replacingasharingproportionaltotrafficproportionswithauniformsharing
isnaturallybeneficialtoservicecategorieshavingalargetrafficvolumeasil-
lustratedinthefigure.However,theshareofVoiceremainsunchangedbecause
theenergyconsumptionoftheCScoreisthesame.

Hybridsharingoftheresponsibilityofservicecategoriesinthemobile
coreenergyconsumption

Sincethevariableenergyconsumptionisconsumedproportionallytotheload
[10],theshareofaservicecategoryinthisenergycomponentisequaltoits
trafficproportion.

Asofthefixedenergyconsumption,weassignittotheservicecategories
basedontheirutilityfortheblock,expressedbytheusefuloutput.Forexam-
ple,theshareofadataservicecategoryinthevariableenergyconsumptionof
SGSNsisequaltoitstrafficproportion,whilethefixedenergyconsumptionis
equallyassignedsincethesimultaneouslyattachedusersonaSGSNareequally
distributedoverthedataservicecategories.

Asaresult,wehaveahybridsharingofthemobilecoreenergyconsumption
inthesensethatitsvariableenergyconsumptionisassignedtotheservice
categoriesbasedontheirtrafficproportions,whileitsfixedenergyconsumption
isassignedbasedonusefuloutputs.Thesharesoftheservicecategoriesinthe
mobilecoreenergyconsumptionconsideringahybridsharingareshowninFig.
3.5.
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Figure3.4: Sharesin mobilecoreenergyconsumption: useful-output-based
sharing.

Letusnotethatthehybridsharingliesbetweenthetraffic-basedanduseful-
output-basedsharing,soitisatrade-offbetweentheservicecategoriesinthe
sensethatthosehavingalargevolumeoftrafficgetalowersharethanwitha
traffic-basedsharing,andsoitisforservicecategorieshavingasmallervolume
oftrafficascomparedtoauseful-output-basedsharing.

3.4 Conclusion

Inthischapter,wesharedtheresponsibilityofservicecategoriesinthefixed
energyconsumptionofaend-to-endnetwork. Wedecomposedtheentirenet-
workinto7blocks,namely,theradioaccess,thefixedaccess,theaggregation,
themobilecore,theregisters,theIPcoreandtheserviceplatforms. Weapplied
ourShapley-basedmodelperblock. Weconsidered5servicecategories,namely,
Streaming, Web,Download,otherdataandVoice.

Streamingistheservicethatconsumesmostwhateverthenetworkblock.In
fact,thisserviceaccountsforthevastmajorityofInternettraffic,around60%
ofthefixedaccess,aggregationandIPcoretrafficregardingtheoperational
Europeannetworkunderinvestigation.

Themobileaccessandmobilecorehavenotthesamesharesalthoughthey
dealwiththesametraffic.Indeed,themobilecoreiscomposedofsub-blocks
withdifferenttrafficproportionsresultingindifferentglobalsharesascompared
tothemobileaccess.

WealsoappliedourShapley-basedmodeltousefuloutputs.Onlytheshares
ofthemobilecorearemodified,consideringthestudiednetwork.Indeed,the
mobilecoreiscomposedofequipmentwhoseusefuloutputisnotnecessarily
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Figure3.5:Sharesinmobilecoreenergyconsumption:hybridsharing.

trafficthroughput.
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Ta
ble
3.3:

Usef
ul
o
ut
p
uts

Usefuloutputproportionsperservicecategory

Networkequipment Usefuloutput Numberofplayers Streaming Web Download Otherdata Voice

MobileBasestations Datathroughput 5 43% 31% 8% 16% 3%

DSLAM/OLT Datathroughput 4 63% 10% 12% 14% 0%

MSC Subscriber 1 0% 0% 0% 0% 100%

SGSN SimultaneouslyAttachedUsers 4 25% 25% 25% 25% 0%

GGSN Paquets/s 4 43% 32% 9% 16% 0%

GGSN SimultaneouslyAttachedUsers 4 25% 25% 25% 25% 0%

MME SimultaneouslyAttachedUsers 4 25% 25% 25% 25% 0%

PGW/SGW Paquets/s 4 45% 32% 8% 15% 0%

PGW/SGW SimultaneouslyAttachedUsers 4 25% 25% 25% 25% 0%

HSS/AuC Subscriber 5 20% 20% 20% 20% 20%

EIR Mobilephones 5 20% 20% 20% 20% 20%

Ethernetswitch Datathroughput 4 63% 10% 12% 14% 0%

IProuter Datathroughput 5 59% 15% 11% 15% 0%

StreamingServer Datathroughput 1 100% 0% 0% 0% 0%
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Chapter4

EnergyEfficiencyofthe
ServiceCategories
Deliveredbya Mobile
AccessNetwork

4.1 Contextandproblemstatement

Oncewehavesharedtheresponsibilityofservicecategoriesinthenetwork
energyconsumption,thischapteraimsatcomputingtheirenergyefficiency.
AccordingtoETSI[31],theenergyefficiencyofaradioaccessnetworkisthe
ratioofitstrafficvolumetoitsenergyconsumption.

Extendingthisdefinition,weintroduceanewmetricforcomputingtheen-
ergyefficiencyofservicecategoriesdeliveredbyaradioaccessnetwork,ex-
pressedinbits/imputedJoule. Thismetricshouldbevalidforallservicesto
bedefinedsuchasvoice,data,videostreaming,onlinegaming,etc,andforall
possiblearchitectures:classicalreferencearchitecture,centralizedradioaccess,
virtualizedradioarchitecture,etc.

Wedefinetheenergyefficiencyofaservicecategorytobetheratioofits
trafficvolumetoitsenergyconsumption.

Weconsiderfirstanetworkequipment. Theenergyefficiencyofaservice
categorycanbeexpressedastheratioofitstrafficthroughputtoitspowercon-
sumptionconsideringthemeantrafficthroughputandmeanpowerconsump-
tion. Wespecificallyconsider5servicecategories:Streaming, Web,Download,
otherdataservicesandVoice. Weconsidertwocases:thecasewhenthenet-
workequipmenthasnosleepmodefeatureandthecasewhenitisputinto
sleepmodeduringidleperiods,thatis,periodsoftimetheequipmenthasno
packets.Intheformer,weuseourShapley-basedmodelintroducedpreviously
toassignashareofthefixedpowerconsumptiontoeachservicecategoryand
thenderivetheenergyefficiency.Inthelatter,thepowerconsumedbythe
equipmentirrespectiveoftrafficistheaverageofthefixedpowerconsumed
whenitisactiveandthepowerconsumedwhenitisinsleepmode. Wegive
itsanalyticalexpression,andso,introduceanewsharingmodel,alsobasedon
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theShapleyvalue,whosecharacteristicfunctionisconsistentwiththisexpres-
sion.Thissleep-mode-orientedShapley-basedsharingmodelisalsoatrade-off
ascomparedtouniformandproportionalapproaches,whichisanappreciable
outcome.
Moreover,weconsideraradioaccessnetwork. Weconsidertwoscenarios,

onescenariowheresomeservicecategoriesaremandatory,itistypicallythecase
ofVoicewhichismandatorytobeprovidedduetolegalconstraints,andanother
onewherethereisnomandatoryservicecategories. WeuseourShapley-based
modeltoassignashareofthefixedenergyconsumptiontoeachservicecategory,
andderivetheenergyefficiency.
Wealsodiscusstheconditionstonotdeterioratetheenergyefficiencyofa

radioaccessnetworkovertime.Atconstantcapacity,energyefficiencyincreases
withloadduetotheamortizationofthefixedenergyconsumption. Astraffic
increases,thefixedcomponentgetsamortizedandthenetworkenergyefficiency
isimproved.
Upgradingthenetworkbasedonlongtermprevisions(fiveyearsforexample)

typicallyresultsinahigherincreaseinenergyconsumptionthanintraffic,at
leastforawhileaftertheupgradeoperation,whichtypicallyconsistsinadding
additionalequipmentinthenetwork.Becauseofthis,theenergyefficiencyof
thenetworkgoesupwardanddownwardasitdecreasesafteranupgradethen
increaseswiththeloaduntilthenextupgradeoperation.
Newertechnologiesaretypicallymoreenergyefficientthanolderones,they

comewithbettersoftware,algorithms,etc. Onthefieldhowever,thenetwork
isnotoperatedatfullload,i.e.,atmaximumcapacity,andso,thenewertech-
nologiesarenotnecessarilymoreenergyefficient.Forinstance,deployinga4G
networkalongsidetheexisting3Gnetworkmayresultinalessenergyefficient
networksincetrafficissharedbetweenthetwotechnologies.
Wespecificallyfocusonthetwowaysmostlyusedforupgradingnetwork

capacity:eitherbyaddingequipmentwiththesametechnology,forinstance
adding4Gsitesina4Gnetwork,orbydeployingequipmentwithanothertech-
nology,typicallymorerecentandmoreefficientlikeaddingLTE-Asitesina
LTEnetwork.Ineachcase,wedeterminethemaximumnumberofsitestobe
addedsothattheupgradedoesnotdeterioratethenetworkenergyefficiency
overtime.
Theremainderofthischapterisorganizedasfollows.Insection4.2,we

reviewsomeliteraturerelatedtotheenergyefficiencyofmobilenetworksand
services.Insection4.3,weconsideraradioaccessequipmentanddiscussthe
energyefficiencyofservicecategories.Insection4.4,weconsideraradioaccess
networkanddiscusstheenergyefficiencyofservicecategories.Insection4.5,
weinvestigatetheconditionstonotdeterioratethenetworkenergyefficiency
overtime.Section4.6eventuallyconcludesthechapter.

4.2 Relatedwork

In[46,47,48,49,50,51,52],theauthorssurveythestate-of-the-artaddressing
energyefficiencyinwirelessaccessnetworks.
Greenbergetal.in[53]examinethecostsofcloudservicedatacenters.The

authorsdefinedthecostintermsofworkcompletedperdollarinvested.They
noticethatthiscostismostofthetimehighbecauseresourcesinsidethedata
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centersoftenoperateatlowutilizationduetoresourcestrandingandfragmenta-
tion.Thisrecalltheimportanceofamortizingthefixedenergyconsumptionof
equipmenttoreducetheenergycostasdiscussedinthischapter.Inourwork,we
considertheenergycostofnetworkequipmentinstead.In[54,55,56,57,58,59],
theauthorsassesstheenergy-per-bitofnetworkequipment.Theygivemethods
andtoolsforoptimizingtheequipmentenergy-per-bit.However,theseinvesti-
gationsdonotconsidertheenergyefficiencyaspectsofservices.Thischapter
goesinthisdirection.
In[60,61,62,63,64,65],theauthorsdiscusstheenergy-awaremanagement

of mobileaccessnetworksandrecommendnotablyloadadaptivetechniques
suchassleep modeinordertooptimizetheamountofenergythatcanbe
savedbyreducingthenumberofactivecellsduringtheperiodswhenthey
arenotnecessarybecausetrafficislow.Sakeretal.[63]showthatdynamic
real-timesleepmodeoutperformsstaticsleepmode.Inourwork,weconsider
theformer.Energysavingsduetosleepmodestemfromthereductionofthe
powerconsumedbythenetworkirrespectiveoftraffic. Wediscusstheanalytical
expressionofthispowerinthischapter.
In[66,67,68,69,70,71],theauthorsdiscusshowtoupgradeanetworkwhile

improvingitsspectralandenergyefficiencies.Itisshowedthatnetworkdensi-
ficationisreachingafundamentallimitasthesignal-to-interference-plus-noise
ratio(SINR)decreasesmonotonicallywithdensityindensenetworks. Some
authorsrecommendtodensifythenetworkwithindoorsmallcellsmainly,while
maintainingsomeoutdoorcoverageforhigh-speedoutdoorusers.Someworks
showthatinscenarioswithfullload,thedeploymentofmicrobasestations
hasarathermoderateeffectonthepowerconsumptionofacellularnetwork.
Theseworksrecommendtoupgradethenetworkwithsmallcellsinorderto
improveitsspectralandenergyefficiency.Inthischapter,wediscusshowto
upgradeamobileaccessnetworkwiththesameradiotechnologyorwithamore
recentone,typicallymorespectralandenergyefficient,withoutdeteriorating
itsenergyefficiencyovertime.

4.3 Energyefficiencyofservicecategoriesdeliv-

eredbyaradioaccessequipment

4.3.1 Model

Asstatedearlier,thepowerconsumptionPofanetworkequipmentcanbe
modeledasalinearfunctionoftheload.Itisgivenby:

P(ρ)=Pf+(Pmax−Pf)ρ (4.1)

whereρistheloadoftheequipment(itisafractionoftheequipmentmaximum
throughput),Pfisthefixedpowerconsumptionwhichisconsumedirrespective
oftrafficandPmax itsmaximumpowerconsumptionwhichisconsumedatfull
load,i.e.,Pmax =P(ρ=1).
Thepowerconsumptionofanetworkequipmentisthencomposedofafixed

componentPfandavariablecomponentPv=(Pmax−Pf)ρ.
Letβidenotetheenergyefficiencyofservicecategoryi,thatis,theamount

ofbitsofservicecategoryitransmittedperjouleofenergy.AccordingtoETSI

44



[31],theenergyefficiencyofanetworkequipmentistheratioofitstrafficvol-
umetoitsenergyconsumption. Weextendthisdefinitionanddefinetheenergy
efficiencyofaservicecategorytobetheratioofitstrafficvolumetoitsenergy
consumption. Consideringthemeantrafficthroughputandmeanpowercon-
sumption,theenergyefficiencyofaservicecategorycanbyexpressedasthe
ratioofitstrafficthroughputtoitspowerconsumption.Andso,

βi=
di
Pi

(4.2)

wherediisservicecategoryitrafficthroughputandPiisitspowerconsumption.

Pi=ϕiPv+xiPf (4.3)

whereϕiisthetrafficproportionofservicecategoryi,andxiitsharesinthe
fixedpowerconsumptionwedeterminewiththeShapleyvalue.

Nosleep mode

Inthisscenario,theequipmentisnotputintosleepmodeduringidleperiods.
Letmodel1denoteourShapley-basedmodelintroducedinchapter2.
Theshareofservicecategoryiinthefixedpowerconsumptionusingmodel

1isgivenbyxi=φi,with:

φi = (
N

s=1

1

sNs
)ϕi +(

N

s=2

(N−1s−2 −
N−1
s−1 )

N−2
s−2

N−1
s−1

N−1
s−2 s

N
s

)(1− ϕi) (4.4)

whereNisthenumberofservicecategories.
Thepowerconsumptionofservicecategoryiisgivenby:

Pi=ϕiPv+φiPf (4.5)

Casewithsleep modefeature

Weconsiderinourworkthepossibilityofputtinganequipmentintosleep
wheneverithasnopackettoserve.Inthiscase,thepowerconsumedduring
theseidleperiodsislessthanPfassomecomponentsareswitchedoff.LetPSM
denotethepowerconsumedduringidleperiods.
Whentheequipmentisputintosleepmodeduringidleperiods,thepower

P̄fconsumedirrespectiveoftrafficistheaverageofthefixedpowerconsumed
whenitisactiveandpowerconsumedwhenitisinsleepmode.Then,

P̄f=Pfπ({active})+PSMπ({SM}) (4.6)

LetusconsidertheequipmenttobeaM/M/1queuingsystemwithPoisson
arrivalswithrateλandexponentialservicewithrateµ.Then,

π({active})=ρ (4.7)

and

π({SM})=1−ρ (4.8)
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Wederive,
P̄f=PSM+(Pf−PSM)ρ (4.9)

So,thepowerconsumedirrespectiveoftrafficregardingcoalitionSisgiven
by:

V(S)=PSM+(Pf−PSM)ρS (4.10)

whereρSisthetrafficloadofcoalitionS.
LetTdenoteacoalitioncontainingservicecategoryi,servicecategoryi

marginalcontributioninTisgivenbyδ({i})=V(T)−V(T\{i}),so

δ({i})=(Pf−PSM)ρi (4.11)

exceptforthecoalition{i}where

δ({i})=PSM+(Pf−PSM)ρi (4.12)

asV(∅)=0.
TheShapleyvalueSViofservicecategoryiisthe meanofits marginal

contributionsinallthescenarioofconstructingthegrandcoalition.
BasedonEqn.(2.10),

SVi=
(N−1)!

N!
(PSM+(Pf−PSM)ρi)+

(N−1)!(N−1)

N!
((Pf−PSM)ρi) (4.13)

We derive

SVi=
PSM
N
+(Pf−PSM)ρi (4.14)

Letdenoteφ′itheshareofservicecategoryiinthepowerconsumedirre-
spectiveoftraffic.Itisgivenby:

φ′i=
PS M
N +(Pf−PSM)ρi

P̄f
(4.15)

xi=φ
′
iandso,thepowerconsumptionofservicecategoryiisgivenby:

Pi=ϕiPv+φ
′
iP̄f (4.16)

Letmodel2denotethescenariowithsleepmode.

4.3.2 Numericalapplications

Weconsidera4GbasestationwhosedistributionoftrafficisdepictedinFig.
4.1,basedonarealdatasetextractedfromanoperationalnetworkinEurope.
Trafficontheequipmentisclassifiedinto5servicecategories:Streaming, Web,
Download,otherdataservicesandVoice.
Tabs.4.1summarizestheparametersofthesystem,basedon[72,10]. We

consideramaximumpowerof742.2 Watts,afixedpowerof138.9 Watts,a
downlinkcapacityof72 Mbps,anuplinkcapacityof12 Mbps. Accordingto
[72],abasestationcanfeatureseveralsleepmodes. Weconsider,again,one
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Table4.1:Basestationparameters

Parameters Values

Maximumpower(Watt) 742.2

Fixedpower(Watt) 138.9

Sleepmodepower(Watt) 86.3

Capacity(Mbps) 72DL,12UL

sleepmodeandweassumethatitconsumesasmuchpowerconsumptionasthe
shortestsleepmodediscussedbytheauthors,thatisPSM =86.3 Watts. A
basestationhasdifferentparametersindownlinkanduplinkdirections.Uplink
accountsfor20%oftotaltraffic,basedon[73]andmeasurementscarriedouton
theabove-mentionedrealoperatornetwork,and13%oftotalpowerconsump-
tionaccordingto[10,11]. Wefocusinthisworkontheuplinkdirection.The
methodologyremainsvalidforthedownlink.

Figure4.1:Trafficproportionsoftheservicecategories.

4.3.3 4Gbasestationwithoutsleep modefeature

Fig.4.2showstheenergyefficiencyofthe5servicecategoriesbasedonour
Shapley-basedmodel1alongsidewithuniformandproportionalapproaches.

Aproportionalsharingofthefixedpowerconsumptionamountstoconsid-
eringthatalltheservicecategorieshavethesameenergyefficiencywhatever
theirtrafficvolumes,whileanequalsharingresultsinabetterenergyefficiency
forservicecategorieshavingahightrafficvolumeascomparedtothosehaving
alowertrafficvolume.

EnergyefficienciesresultingfromtheShapley-basedmodelliebetweenthose
ofuniformandproportionalapproaches. Thisisanexpectedoutcomeasthe
Shapley-basedmodel1isatrade-offbetweenuniformandproportionalsharing.
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Figure4.2:Energyefficiencyofservicecategories-casewithoutsleepmodes.

4.3.4 4Gbasestationwithsleep modefeature

Whentheequipmentisputintosleepmodeduringidleperiods,wecompute
theenergyefficiencyoftheservicecategoriesbasedonmodel2.

Fig.4.3showsthesharesoftheservicecategoriesinthepowerconsumedir-
respectiveoftraffic,basedonuniformsharing,proportionalsharingandShapley-
basedmodel2. Wenoticethatmodel2isalsoacompromiseamongtheservice
categories,andthisisanappreciableoutcome.Itrangesbetweenauniformshar-
ingandaproportionalsharingaccordingtothesleepmodepowerconsumption.
Itissimilartoauniformsharingwhenthesleepmodepowerconsumptionequals
thefixedpowerconsumption.Itissimilartoaproportionalsharingwhenthe
equipmentconsumesnopowerinsleepmode.

Fig.4.4showstheenergyefficiencyoftheservicecategoriesinthecasewith
sleepmode. Wenoticethattheenergyefficiencyisimprovedbecauseofthe
sleepmode.

4.4 Energyefficiencyofservicecategoriesdeliv-
eredbyaradioaccessnetwork

4.4.1 Energyefficiency models

Inthissection,weconsideraradioaccessnetworkandcomputetheenergyeffi-
ciencyoftheservicecategoriesitdelivers.Again,wedefinetheenergyefficiency
ofaservicecategoryastheratioofitstrafficvolumetoitsenergyconsumption.
Thismetricisexpressedinbits/imputedJoule.
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Figure4.3:Sharesinthefixedpowerconsumption.

Letβidenotetheenergyefficiencyofservicecategoryi,

βi=
vi
Ei

(4.17)

whereviisthetrafficvolumeofservicecategoryi,andEiisitsenergyconsump-
tion.Thetrafficvolumeofservicecategoryicomesfrommeasurementscarried
outontheinvestigatednetworkbythenetworkoperator. Asoftheenergy
consumption,itderivesfromourShapley-basedmodelintroducedinchapter2.

Asstatedearlier,theenergyconsumedbytheradioaccessnetworkiscom-
posedofavariableandafixedcomponent,denotedbyEvandEf,respectively.

Eachservicecategoryisassignedashareofthevariableenergyconsumption
equaltoitstrafficproportionsincethisenergycomponentisload-dependent.
So,

Evi=ϕi×E
v (4.18)

whereEviisthevariableenergyconsumptionofservicecategoryiandϕiisits
trafficproportion.

Letφidenotetheshareofservicecategoryiinthefixedenergyconsumption,
thuswehave:

Efi=φi×E
f (4.19)

whereEfiisthefixedenergyconsumptionofservicecategoryi.

Inthecasewithoutmandatoryplayer,theshareofservicecategoryiisgiven
by:

φi=(

N

s=1

1

sNs
)ϕi+(

N

s=2

(N−1s−2 −
N−1
s−1 )

N−2
s−2

N−1
s−1

N−1
s−2 s

N
s

)(1−ϕi)
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Figure4.4:Energyefficiencyofservicecategories-casewithsleepmode.

Whenthereisa mandatoryplayer,theshareofthemandatoryplayeris
givenby:

φi∗=(

N

s=1

1

sNs
)ϕi∗+(

N

s=2

N−2
s−2

N−1
s−1 s

N
s

)(1−ϕi∗)

wheresubscripti∗standsforthemandatoryplayer.
Theshareofanon-mandatoryplayerisgivenby:

φo=(

N

s=2

(N−1s−2 −
N−1
s−1 )

N−2
s−2

N−1
s−1

N−1
s−2 s

N
s

)ϕi∗+(

N

s=2

N−2
s−2

N−1
s−1 s

N
s

)ϕo

+(

N

s=3

(N−1s−2 −
N−1
s−1 )

N−3
s−3

N−1
s−1

N−1
s−2 s

N
s

)(1−ϕi∗−ϕo)

wheresubscriptostandsforanon-mandatoryplayer.
Basedonthesemodels,wecomputeandanalyzetheenergyefficiencyof

servicecategories.

4.4.2 Numericalapplications

Wenowrunnumericalapplicationswithourmodelsforcomputingtheenergy
efficiencyofservicecategoriesdeliveredbyaradioaccessnetwork. Wecon-
siderarealoperationalEuropeannetwork. Theperiodofthestudycovers
twoyears,representingamature2G/3GnetworkwithearlyLTEdeployments
andassociatedtrafficincrease. Wemeasureallvoiceanddataservicesthatare
transmittedinthenetworkwiththefollowingclassificationofservices:twolarge
ones,namelystreamingandwebbrowsing,andthreesmallerones:download,
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voiceandotherdataservices.Fig.2.4showstheirtrafficproportionsastaken
fromtherealdataset. Weconsideronlytrafficandenergyconsumptionofthe
3G/UMTSsub-network.

Fig.4.5showstheenergyefficiencyoftheservicecategories.Inthefigure,
weconsidertwoscenarios:onescenariowherealltheservicecategoriesare
optional,i.e.,noneofthemisobligedtobedelivered,andanotherscenario
whereVoiceismandatory. Naturally,Voiceismoreenergyefficientwhenitis
optionalsinceitscontributioninthefixedenergyconsumptionis15%insteadof
29%.Letusnotethattheenergyefficiencyofaservicecategoryisanincreasing
functionofitstrafficproportion.So,servicecategorieshavingalargetraffic
volumesuchasStreamingand Webaremoreenergyefficientthanthosehaving
asmalltrafficvolumesuchasDownload,Voiceandotherdataservices. Data
servicesarefurthermoreenergyefficientwhenVoiceisamandatoryplayer.
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Figure4.5:Energyefficiencyofservicecategories.

4.5 Howtonotdeteriorateamobilenetworken-
ergyefficiencyundergoingnetworkupgrades

4.5.1 Energyconsumedpertransmittedbit

Theenergy-per-bitofthenetwork,whichwedenotebyα,istheamountof
energyconsumedbythenetworktotransmitonebit,andisexpressedin
(Joules/bit).Itistheinverseofenergyefficiencywhichisexpressedin(bits/Joule).
Let∆tdenotetheobservationperiodofthenetwork;∆t=t2−t1,witht1and
t2theinitialandfinalinstantsofobservation,respectively. Again,theenergy
efficiencyofaradioaccessnetworkistheratioofitstrafficvolumetoitsenergy
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consumptionaccordingtoETSI,andso,theenergy-per-bitover∆tisgivenby:

α=

t2
t1
P(t)dt

v
(4.20)

wherevisthetrafficvolumemeasuredonthenetworkover∆t(inunitsof
(Giga)bits)andP(t)istheinstantaneouspowerconsumptionofthenetwork,
whichconsists,asstatedearlier,ofafixedcomponent(independentoftraffic)
andavariableone(load-dependent).
Accordingto[10],thepowerconsumptionofanetworkequipmentcanbe

modeledasalinearfunctionoftheload,thatis:

P(t)=Pf+ρ(t)(Pmax−Pf) (4.21)

wherePfisthefixedpowerconsumption,ρ(t)istheloadattimetandPmax
isthemaximumpower.
Inaddition,whenconsideringthemeantrafficrate,thetrafficvolumecan

beexpressedasfollows:
v=R×∆t (4.22)

whereRisthemeantrafficrate(inunitsof(Mega)bitspersecond).So,

α=
1

∆t

t2
t1
Pf+ρ(t)(Pmax−Pf)dt

R
(4.23)

.

α=
Pf
R
+ρ
Pmax−Pf
R

(4.24)

whereρ= 1
∆t

t2
t1
ρ(t)dtisthemeanloadover∆t.

Moreover,

ρ=
R

C
(4.25)

whereCisthenetworkcapacity(alsoin(Mega)bitspersecond).
Andso,Eqn.(4.24)becomes,

α(R,C)=
Pf
R
+
Pmax−Pf
C

(4.26)

4.5.2 Energyefficiencyversustrafficrate

Thevariationofenergy-per-bitversustrafficrateatconstantcapacityisgiven
by:

∂α(R,C)

∂R
=−
Pf
R2

(4.27)

AsillustratedinEqn.(4.27),energy-per-bitisadecreasingfunctionofthe

trafficrateatconstantcapacitygiventhat∂α(R,C)R <0,andso,theenergy
efficiencyisanincreasingfunctionofthetrafficrateatconstantcapacity.
Thus,atrafficrateincreaseimprovesthenetworkenergyefficiencyaslong

asthisincreasedoesnotcallforanetworkupgrade. Whenanetworkupgradeis
operated,thisrulemightbeupset,andwestudynexttheimpactofanupgrade
ontheenergyefficiencyofthenetwork.
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Table4.2:eNodeBparameters

Parameters Definition Typicalvalues

K Numberofsites

Pbsmax(Watt) Maximumpower 528

Pbsf(Watt) Fixedpower 333

Cbs(Mbps) Basestationcapacity 72DL,12UL

R Trafficrate

4.5.3 Upgradingaradioaccessnetwork

Weconsiderareal operational4Gaccessnetworkcomposedof10000eNodeBs
andanaveragetrafficrateof10Gbps. Tab.4.2summarizestheparameters
ofthenetworkequipment. Column3givesthetypical meanvaluesofthe
maximumpower,fixedpowerandcapacityofaneNodeB. Weassumethatthe
uplinkaccountsfor20%ofthetotaltraffic,basedon[73]andonmeasurements
carriedoutontheabove-mentionedrealnetworkbythenetworkoperator,and
itaccountsfor13%ofthetotalpowerconsumption[10,11].

Energyefficiencyofservicecategories

Weassumethatthenetworkequipmenthavethesamemeancapacity,maximum
powerandfixedpower. Then,thetotalmeancapacityofthenetworkisthe
meancapacityofanequipmentmultipliedbythenumberofsitesinthenetwork.
Itappliesalsotothemaximumandfixedpowers.Hence,Pmax =KP

bs
max(T),

Pf =KP
bs
f(T)andC=KC

bs(T)wherePbsmax(T),P
bs
f(T)andC

bs(T)are
respectivelythemaximumpower,fixedpowerandmeancapacityofasite.T
denotestheradiotechnology.Inthesequel,weusethetermsbasestationand
siteinterchangeably.
BasedonEqn.(4.26),theenergy-per-bitofthenetworkisgivenby:

α(R,K,T)=
Pbsmax(T)−P

bs
f(T)

Cbs(T)
+Pbsf(T)

K

R
(4.28)

Forclaritysake,Twillbeomittedinthesequel. Eqn.(4.28)showsthat
energyefficiency(inverseofenergy-per-bit)isanincreasingfunctionofthetraffic
andadecreasingfunctionofthenumberofsites. Butthenetworkenergy
efficiencycannotbeincreasedindefinitelyasthetrafficshouldnotexceeda
thresholdRthreshold,atconstantcapacity. WederivefromEqn.(4.25):

Rthreshold=KC
bsρthreshold (4.29)

whereρthresholdisagivennetworkloadthresholdobeyingoperationalcon-
straints.
Eqns.(4.28)and(4.29)yieldalowerboundonthenetworkenergy-per-bit

atconstantcapacity,termedαmin.

αmin =
Pbsmax−P

bs
f

Cbs
+

Pbsf
Cbsρthreshold

(4.30)
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Theaccessnetworkhasdifferentcharacteristicsintheuplinkanddownlink,
soalltheaboveexpressionsshouldbeconsideredseparatelyinbothdirections.
Thenetworkunderstudyhasanuplink-energy-per-bitof200µJ/bitbasedon
Eqn.(4.28),i.e.,theuplinkradioresourcesconsumeonaverage200µJper
transmittedbit. Accordingto[10],theobservedtrafficforuploadinga5-MB
phototoFacebookinnormalqualityusingasmartphonewith Wifiand4G
technologiesisabout1.1MB,becauseFacebookcompressesphotosheavilyin
userbrowserbeforesendingthemtoFacebookservers.Uploadinga5-MBphoto
toFacebookinnormalqualitycostsabout0.5 Wh.Ifthenetworkwereloaded
athalfofitscapacity,thenthiscostwouldbereducedto0.02 Wh,sincethe
energy-per-bitwouldbe9.3µJ/bitbasedonEqn.(4.30). Thiswouldcorre-
spondto96%ofenergygain. Thus,loadingthenetworkevenonlyathalfof
itscapacityallowssignificantenergysavings,unliketheactualoperationofnet-
workswhicharemostofthetimeunder-loaded.So,loadadaptivetechniques
ornetworkinfrastructuresharingaregoodcandidatestoreducenetworkenergy
consumption.
Letusconsideranetworkupgradewiththesametechnologyinorderto

keepupwithatrafficincreaseproportionofz.LetKmaxf denotethemaximum
numberofsitesintheupgradednetworkwhichdoesnotdeteriorateenergy
efficiencyovertime. Wehave:

Kmaxf =(1+z)×Ki (4.31)

whereKiisthenumberofsitesinthenetworktobeupgraded.

Eqn.(4.31)resultsfromtheresolutionofα(Rf,Kf)≤α(Ri,Ki),i.e.,the
energy-per-bitoftheupgradednetworkshouldbelowerthanorequaltothe
energy-per-bitoftheinitialnetwork.So,themaximumnumberofsitesthat
canbeaddedinthenetworkwithoutdeterioratingitsenergyefficiencyispro-
portionaltotrafficincrease.Itisworthtonotethatthisresultdoesnottake
intoconsiderationspectralefficiencyconstraints,anditisuptothenetwork
designertoconsiderbothourresultsalongwithothernetworkconstraintsin
theupgradepolicy.

Next,weconsideranetworkupgradewithamorerecenttechnology.

LTEnetworkswap

Aswapconsistsinreplacingthesitesofthenetworkbynewer,moreefficient
ones. Wediscusstheconditionsunderwhichaswapoperationdoesnotdegrade
theenergyefficiencyofthenetwork. Weproposetoinvestigatetheswapof
LTEsitesbyLTE-Aones.Theenergyefficiencyofnetworkequipmenttypically
improveswiththetechnology.Thus,anLTEsiteislessenergyefficientthanan
LTE-Asiteatfulloperatingload.Butinpractice,networksaretypicallyunder-
loaded,andso,anLTE-Anetworkisnotnecessarilymoreenergyefficientthan
anLTEnetwork.Hencetheneedtostudytheconditionsforaswapoperation
nottodegradeenergyefficiency.
LetxdenotetheratioofanLTE-AsitefixedpowerconsumptiontoanLTE

sitefixedpowerconsumption.Inthiswork,weassumethespecialcasewhen
thisratioisthesameregardingthemaximumpowerconsumptions.Furtherin-
vestigationswillconsideramoregeneralcase. Weconsidervaluesofxranging
from0.5to1.5dependingonthenetworkconfiguration. Whenx=1,anLTE-A
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siteconsumesasmuchpowerasanLTEsite. Wecomparethepowerconsump-
tionsatequalload;theloadbeingafractionofthemaximumthroughputof
theequipment.
Inthesimplecasewhenthenetworkoperatormakesaswapoperationcon-

sistinginreplacingeachLTEsitebyaLTE-Asite,atconstanttraffic,the
networkenergyefficiencyisnotdeterioratedwhenaLTE-Asiteconsumesat
mostasmuchpowerasaLTEsite.
InthecasewhentheLTEsitesarenolongernecessarilyreplacedbyanequal

numberofLTE-Asites,themaximumnumberofLTE-Asitesintheupgraded
networkwhichdoesnotdeteriorateitsenergyefficiencyisgivenby:

Kmaxf (x,y,z)=
1+z

x
Ki+(1+z)(

1

x
−
1

y
)(
Pbsmax
Pbsf

−1)
Ri
Cbs

(4.32)

withx>0,y>1.
Eqn.(4.32)comesfromtheresolutionofα(Rf,Kf)≤α(Ri,Ki),i.e.,the

energy-per-bitoftheupgradednetworkshouldbelowerthanorequaltothe
energy-per-bitoftheinitialnetwork.Letusnoticethatthemaximumnumber
ofLTE-AsitesisalinearfunctionofthenumberofLTEsitestobereplaced
whoseslopeistheratioofthetrafficincreasetothepowerconsumptionincrease.
So,onecanhavemoreLTE-Asitesinthenetworkwhentrafficincreasesfaster
thanpowerconsumption. ThismaybeagoodoutcomeifmanyLTE-Asites
arerequiredtodealwithQoSconstraints.
Fig.4.6showsthemaximumnumberofsitesintheupgradednetworkwhich

doesnotdegradeenergyefficiency. Weconsider23%trafficincrease(according
toCisco[74]),i.e.,Rf =1.23Ri. Wesety=10asLTE-Aissupposedto
increasethetheoreticalLTEbasestationthroughputbyafactorof10.
PleasenotethatreplacingtheLTEsitesbyalowernumberofLTE-Asites

wouldnotresultnecessarilyincoverageholesinthenetworksincetheLTE-A
sitesmaytransmitathigherpowerandthushavehighercoverage.

ProportionofLTE-Asitesintheupgradednetwork

Inthissection,wereplacesomeLTEsiteswithLTE-Asites. Theobjective
istofindtherightproportionofLTE-Asitesintheupgradednetworktonot
deteriorateenergyefficiency.
Resolvingtheinequalityα(Rf,Kf)≤α(Ri,Ki),i.e.,theenergy-per-bitof

theupgradednetworkshouldbelowerthanorequaltotheenergy-per-bitof
theinitialnetwork,weget:

(1−x)(1−y)KfC
bsPbsf

zRi
θ2+(((

xKf
z
−Ki)

1−y

Ri

+
(1−x)yKf
zRi

)CbsPbsf +(y−x)(P
bs
max−P

bs
f))θ

+((
xKf
z
−Ki)

yCbsPbsf
Ri

+(x−y)(Pbsmax−P
bs
f))≤0 (4.33)

whereθistheproportionofLTEsitesintheupgradednetwork.
Letusconsider23%trafficincreaseaccordingtoCisco[74].Fig.4.7shows

theleft-handsideof(4.33). The minimumproportionsofLTEsitesinthe
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Figure4.6: Maximumnumberofsitesintheupgradednetwork(LTE-Asites)
toavoiddegradingthenetworkenergyefficiency

upgradednetworkwhichdonotdeteriorateenergyefficiencyarethevaluesofθ
forwhichthecurvesarenegatives.Forexample,whenanLTE-Asiteconsumes
30%morepowerthananLTEsite,i.e.,x=1.3,theoperatorshouldkeepat
least20%ofLTEsitesintheupgradednetwork.

4.6 Conclusion

Inthischapterwefirstintroducedhowtocomputetheenergyefficiencyofser-
vicecategoriesdeliveredbyanetworkequipment. Weclassifiedtheservices
into5categories:Streaming, Web,Download,otherdataservicesandVoice.
ExtendingtheETSIdefinitionofamobileaccessequipmentenergyefficiency
[31],wedefinedtheenergyefficiencyofaservicecategorytobetheratioof
itstrafficvolumetoitsenergyconsumptionwhichweexpressedastheratioof
trafficthroughputtopowerconsumptionconsideringthemeantrafficthrough-
putandmeanpowerconsumption. Weassignedashareoftheequipmentpower
consumptiontoeachservicecategorywithourShapley-basedmodelintroduced
inchapter2. Wealsoconsideredthecasewhentheequipmentisputintosleep
modeduringidleperiods. Weintroducedtheanalyticalexpressionofthepower
consumedbytheequipmentirrespectiveoftrafficinthisscenarioandassignedit
totheservicecategoriesusinganewShapley-basedmodelwhosecharacteristic
functionisconsistentwiththisexpression.

Then,wecomputedtheenergyefficiencyofservicecategoriesdeliveredbya
mobileaccessnetwork. WeusedourShapley-basedmodelintroducedinchapter
2toassignashareofthenetworkenergyconsumptiontoeachservicecategory
andderivedtheenergyefficiency. Weconsideredtwoscenarios:onescenario
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Figure4.7:Energy-per-bitoftheupgradednetworkminusenergy-per-bitofthe
LTEnetworkversustheproportionofLTEsites,casewith23%trafficincrease

whereVoiceismandatorytobeprovided,inlinewithwhathappenstypically
inrealoperatednetworks,andanotheronewithoutmandatoryplayers. The
mandatorynatureofaplayerdegradesitsenergyefficiencyasitsshareinthe
networkenergyconsumptiongetsincreased.
Moreover,wediscussedtheconditionstonotdeterioratetheenergyeffi-

ciencyofamobileaccessnetworkundergoingupgradeoperationsovertime. We
consideredtwoapproachesforupgradinganetwork:eitheraddingsiteswith
thesametechnologyoraddingsitesimplementinganothertechnology,typically
morerecentandmoreefficient.Inbothcases,wederivedthemaximumnumber
ofsitestobeaddedinthenetworksoastonotdeteriorateitsenergyefficiency.
Weshowedthatanetworkloadedevenatonlyhalfofitscapacityallowssignif-
icantenergysaving,nearly95%foraphotouploadonFacebookregardingthe
networkunderstudy.Giventhatoperatednetworksaretypicallyunder-loaded,
operatorsshouldcloselyconsidertechniquesforadaptingnetworkcapacityto
load. Eventually,weinvestigatedtheright mixbetweensitesimplementing
differenttechnologiesinthenetwork,fromanenergyefficiencypointofview.
Becausethevalidityofthesemodelsdoesnotrelyonanyparticularityofthe
mobileaccessnetwork,theyareapplicabletoothernetworksegments.
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Chapter5

Conclusionandperspectives

5.1 Conclusion

Weinvestigatedinthisthesishowtosharetheresponsibilityofservicecategories
inthefixedenergyconsumptionofanetwork.

Weclassifiedtheservicesbasedoncriteriasuchastraffic,originatingservice
providersand/ordevices. Basedontraffic,wesegmentedtheservicesinto5
categories,namely,Streaming, Web,Download,otherdataservicesandVoice.

Basedonfieldmeasurementsandworksintheliterature,thenetworkenergy
consumptioniscomposedofavariableandafixedcomponents.Theformeris
consumedtoservetrafficunlikethelatterwhichisconsumedirrespectiveof
traffic. Theshareofaservicecategoryinthevariableenergyconsumptionis
equaltoitstrafficproportionasthisenergycomponentisload-dependent.As
ofthefixedenergyconsumption,itmayseemrationaltoassignitequallyto
theservicecategoriesasitisconsumedirrespectiveoftraffic,however,thisdoes
nottakeintoaccountthefactthatthisenergycomponentincreaseswithtraffic
overtimeduetonetworkupgradeoperations,andso,itissomehowrelatedto
services.Becauseofthis,weproposedtousetheShapleyvaluetoassigntoeach
servicecategoryashareinthefixedenergyconsumptionbasedonitsimpact
onthisincrease.

First,weconsideredaradioaccessnetworkandsharedtheresponsibilityof
servicecategoriesinthefixedenergyconsumptionbasedonourShapley-based
model.AnappreciableoutcomeoftheShapley-basedmodelisthatitisatrade-
offinthesensethatsharesofservicecategorieshavingalargetrafficvolumeare
loweredascomparedtoasharingproportionaltotraffic(proportionalsharing),
andsoaresharesofservicecategorieshavingalowtrafficvolumeascomparedto
anequalsharing(uniformsharing).Giventhecomputationalcomplexityofthe
Shapleyvalue,weproposedaclosed-formexpressionforcomputingthesharesof
servicecategorieswithlesscomputationalcomplexity. Wealsostudiedthecase
whensomeservicecategoriesaremandatorytobeprovided,asitistypically
thecaseforVoiceduetolegalconstraints.TheShapley-basedmodelreflectsthe
mandatorynatureofVoicebyincreasingitsshareinthefixedenergyconsump-
tion,reducingconsequentlysharesofdataservices.TheShapley-basedmodel
issimilartoaproportionalsharingwhenthereareonly2servicecategoriesand
noneofthemismandatory. Whenalltheservicecategorieshavethesametraf-
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ficproportionsorareconsideredtobemandatory,themodelisequivalenttoa
uniformsharing. WealsoshowedthattheShapley-basedmodelisimpactedby
thenumberofservicecategories;Impactofservicecategorieshavingamarginal
trafficismaximumfor5categoriesandminimumfor2categories.Toclosethe
firstpartofourwork,wesharedtheresponsibilityofservicecategoriesinthe
fixedenergyconsumptionofheterogeneousnetworkswithupgradeoperations
overtime.Inthisregard,weappliedourShapley-basedmodelperradiotechnol-
ogyandupgradelevel. WeconsideredthecaseswhentheShapley-basedmodel
isappliedtotrafficvolumesortotrafficincrease.Theformerputstheweighton
servicecategorieshavingalargetrafficvolume,andthelatteronthosehaving
ahightrafficincrease.

Moreover,wesharedtheresponsibilityofservicecategoriesintheenergy
consumptionofaend-to-endnetwork.Inthisinvestigation,wetookintocon-
siderationalltheblocksofthenetwork,thatis,themobileaccess,thefixed
access,thecollect,theIPcore,themobilecore,theregistersandtheservice
platforms.Foreachblock,weassignedtoeachservicecategoryashareinthe
fixedenergyconsumptionwithourShapley-basedmodel. Weconsideredthree
scenarios: whenourShapley-basedmodelisappliedtotraffic,whenitisap-
pliedtousefuloutputsandwhenitisappliedtobothtrafficandusefuloutputs.
Thelasttwoscenariosimpactonlytheservicecategoriessharesregardingthe
mobilecoreascomparedtothefirstone. WefoundthatStreamingistheser-
vicecategorythatconsumesthemostwhateverthenetworkblock,exceptfor
theregisterswhoseenergyconsumptionisequallydistributedovertheservice
categories.

Finally,weintroducedametricforcomputingtheenergyefficiencyofservice
categories.ExtendingtheETSIdefinitionoftheenergyefficiencyofamobile
accessequipment[31],wedefinedtheenergyefficiencyofaservicecategoryto
betheratioofitstrafficvolumetoitsenergyconsumption. Wefirstconsidered
abasestation. Weexpressedtheenergyefficiencyofaservicecategoryasthe
ratioofitstrafficthroughputtoitspowerconsumptionconsideringthemean
powerconsumptionandmeantrafficthroughput.Inthecasewhenthebase
stationhasnosleepmodefeature,weassignedtoeachservicecategoryashare
inthepowerconsumptionwithourShapley-basedmodel.Then,weconsidered
thecasewhenthebasestationisputintosleepmodeandgivetheanalyticalex-
pressionofthepowerconsumedirrespectiveoftrafficinthisscenario,andso,we
definedanewShapley-basedmodelwhosecharacteristicfunctionisconsistent
withthisexpression. Furthermore,weconsideredaradioaccessnetworkand
conductedthesamestudy. Weconsideredascenariowherenoservicecategory
ismandatorytobeprovidedandanotheronewheresomeservicecategoriesare
mandatory,suchasVoiceduetolegalconstraints. Whenaservicecategory
isconsideredtobeamandatoryplayer,itbecomeslessenergyefficientasits
shareinthefixedenergyconsumptiongetsincreased.Eventually,wediscussed
theconditionstonotdeterioratetheenergyefficiencyofaradioaccessnetwork
overtime. Wediscussedthecaseswhenthenetworkisupgradedwiththesame
radiotechnologyandwhenitisupgradedwithanewradiotechnology,typically
moreenergyandspectralefficient. Weshowedthatloadadaptivetechniques
allowsignificantenergysaving. Moreover,wecomputedthemaximumnumber
ofadditionalsitesforupgradingthenetworksoastonotdeteriorateitsenergy
efficiencyovertime.
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5.2 Perspectives

Apossiblefollowupofourworkscouldbethedesignofincentivemechanisms
inordertoinciteend-usersandserviceproviderstoadoptagreenerbehavior
soastoreduceenvironmentalandoperationalcostsofnetworks. Modelsfor
computingtheresponsibilityofend-usersandserviceprovidersintheenergy
consumptionofnetworksarekeyforbuildingthesemechanisms.
Ourresultsarealsovaluablefordesigningfairpricingschemes.Letuscon-

sider5Gnetworksasanexample.Inordertooptimizeusageofthescarceradio
spectrum,5Gcomeswithnewconnectivityschemes,namely,licensedshared
access(LSA)andlicensedassistedaccess(LAA).Theseconnectivityschemes
allowseveralmobilecarrierstoshareacommonradiospectrumwhichhasa
lowusagerate,amilitaryspectrumforexample.Inthisregard,marketplace
platformsareexpectedtoariseforthedemandandoffertomeet.Ourmodels
wouldallowthedesignofauctionmechanismstakingintoaccounttheenergy
costofservicesexpectedtobeprovided.
Inthiswork,weusedtrafficandusefuloutputstoassigntoeachservice

categoryashareintheend-to-endnetworkfixedenergyconsumption.Itwould
beinterestingtodiscusswhichoneisbesttobeused.Inaddition,wediscussed
theenergyefficiencyofservicecategoriesdeliveredbyaradioaccessnetwork.It
wouldbeworthtoconductthesamestudyconsideringothernetworksegments,
aswellastheentireend-to-endnetwork.Inthiscase,parameterstobeconsid-
eredforcomputingtheenergyefficiencyofservicecategoriesarenotnecessarily
traffic.Furthermore,wedidnotconsiderinouranalysissleepmodeactivation
anddeactivationtimesandthiswouldbeaninterestingstudytoundertake.
Moreover,weconsideredastreamingserverwhensharingtheresponsibilityof
servicecategoriesintheenergyconsumptionofaend-to-endnetwork.Onepos-
sibledirectiontogonextistoconsideralltypesofserversandDatacenters
intheinvestigationforthistobeasgeneralaspossible. Takingintoaccount
Datacentersintheanalysisshouldallowdiscussingtheimpactofvirtualization
paradigmssuchasnetworkfunctionvirtualizationandCloud-RadioAccessNet-
works(C-RAN)onourmodels.Asso-calledtelcoCloudisexpectednotablyto
bringlowlatencyinnetworks,thisisexpectedtosparkdeploymentofnewus-
agessuchasInternetofThings(IoT).Apossiblewaytogowouldbetodiscuss
theenergyconsumptionandenergyefficiencyofIoTservices.
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AppendixA

Closed-formexpressionfor
Shapleyvalueofaplayerin
thecasewithout mandatory
players

Thecharacteristicfunctioninthescenariowithoutamandatoryplayerisas
follows:

V(S)=

s
k1=1

vk1,S

(Ns)
j2=1

s
k1=1

vk1,Sj2

wherek1spansoverthememberofacoalition,andj2overcoalitionsofsizes.

Thischaracteristicfunctioncanbeexpressedasfollows,thatis:

V(S)=
ϕ(S)
N−1
s−1

whereϕ(S)isthetrafficproportionofcoalitionS,andsitssize,i.e.,thenumber
ofservicecategoriesinS.

Toshowthis,itsufficestorememberthatthereexists N−1
s−1 coalitionsofsize

scontainingagivenplayer,andso,
(Ns)
j2=1

s
k1=1

vk1,Sj2=
N−1
s−1 vT.Knowing

that
s
k1=1

vk1,S=v(S),wegettheresult.

vT:totaltrafficvolume,v(S):trafficvolumeofcoalitionS.

ThemarginalcontributionofplayeriincoalitionSisthegainorlossofthe
coalitionduetoplayeri.Itisdeterminedasfollows:

V(S)−V(S\{i})=

s
k1=1

vk1,S

(Ns)
j2=1

s
k1=1

vk1,Sj2

−

s−1
k2=1

vk2,S\{i}
(Ns−1)
j4=1

s−1
k2=1

vk2,Sj4

Then,
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(N−1s−1)

j1=1

V(Sj1)−V(Sj1\{i})=

(N−1s−1)
j1=1

s
k1=1

vk1,Sj1,{i}
(Ns)
j2=1

s
k1=1

vk1,Sj2

−

(N−1s−1)
j1=1

s−1
k2=1

vk2,Sj1\{i}

(Ns−1)
j4=1

s−1
k2=1

vk2,Sj4
N−1
s−1 isthenumberofcoalitionsofsizescontainingplayeri,

(Ns)
j2=1

s
k1=1

vk1,Sj2 and
(Ns−1)
j4=1

s−1
k2=1

vk2,Sj4 arerespectivelythetrafficvol-
umesofthecoalitionsofsizesands−1.Theyareconstantforagivencoalition
sizes,hencewecantakethemoutofthesumovercoalitionsofthesamesize.

(N−1s−1)
j1=1

s
k1=1

vk1,Sj1,{i} isthesumofthetrafficvolumesofthecoalitions

ofsizescontainingplayeri.vk,Sj,{i} isthetrafficvolumeofthek
thelementof

thejthcoalitionofsizescontainingplayeri.Playeribelongstoallthe N−1
s−1

coalitions,whileanyotherplayerbelongsto N−2
s−2 coalitions.Infactthereare

N−2
s−2 coalitionsofsizeswithbothplayeriandagivenplayerk.

(N−1s−1)
j1=1

s−1
k2=1

vk2,Sj1\{i}isthesumofthetrafficvolumesofthecoalitions

ofsizes−1notcontainingplayeri.vk,Sj\{i}isthetrafficvolumeofthek
th

elementofthejthcoalitionofsize|Sj|notcontainingplayeri.|.|isthecar-

dinalfunction.Similarly,agivenplayerkappearsin N−2
s−2 coalitionsamong

the N−1
s−1 coalitionsofsizes−1,derivedfromthe

N−1
s−1 coalitionsofsizes

containingi.
Thenwehave:

(N−1s−1)

j1=1

V(Sj1)−V(Sj1\{i})=

N−1
s−1 vi+

N−2
s−2

N
k3=1
k3=i
vk3

N−1
s−1

N
k4=1

vk4
−

N−2
s−2

N
k3=1
k3=i
vk3

N−1
s−2

N
k4=1

vk4

φi(v)=
1

N!

N

s=1

(N−s)!(s−1)!(

N−1
s−1 vi+

N−2
s−2

N
k3=1
k3=i
vk3

N−1
s−1

N
k4=1

vk4
−

N−2
s−2

N
k3=1
k3=i
vk3

N−1
s−2

N
k4=1

vk4
)

N

s
=

N!

s!(N−s)!
=⇒(N−s)!(s−1)!=

N!

sNs
Hence,

φi(v)=
1

vT
(

N

s=1

1

sNs
)vi+

1

vT
(

N

s=2

(N−1s−2 −
N−1
s−1 )

N−2
s−2

N−1
s−1

N−1
s−2 s

N
s

)(vT−vi)

Letϕidenotethetrafficproportionofplayeri.

ϕi=
vi
vT

φi(N,pi)=(

N

s=1

1

sNs
)ϕi+(

N

s=2

(N−1s−2 −
N−1
s−1 )

N−2
s−2

N−1
s−1

N−1
s−2 s

N
s

)(1−ϕi)
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AppendixB

Casewitha mandatory
player

B.1 Closed-formexpressionforShapleyvalueof
the mandatoryplayer

Leti∗denotethemandatoryplayer.Thevalueofacoalitionwiththemandatory
playeris:

V(S)=

s
k1=1

vk1,S

(Ns)
j2=1

s
k1=1

vk1,Sj2

1i∗∈S

Thepayoffofthemandatoryplayeris:

φi∗(v)=
1

N!

N

s=1

(N−s)!(s−1)!

(N−1s−1)

j1=1

V(Sj1,{i∗})

InfactV(S\{i∗})=0∀S

(N−1s−1)

j1=1

V(Sj1,{i})=

(N−1S−1)
j1=1

s
k1=1

vk1,Sj1,{i}
(Ns)
j2=1

s
k1=1

vk1,Sj2

(N−1s−1)

j1=1

V(Sj1,{i})=

N−1
s−1 vi+

N−2
s−2

N
k3=1,k=i

vk3
N−1
s−1

N
k4=1

vk4

φi∗(v)=
1

N!

N

s=1

(N−s)!(s−1)!

N−1
s−1

vi∗+
N−2
s−2

N

k3=1,k=i∗
vk3

N−1
s−1

N

k4=1
vk4

Hence,

φi∗(v)=
1

vT
(

N

s=1

1

sNs
)vi∗+

1

vT
(

N

s=2

N−2
s−2

N−1
s−1 s

N
s

)(vT−vi∗)
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Thepayoffofthemandatoryplayerisgivenby:

φi∗(N,pi∗)=(
N

s=1

1

sNs
)pi∗+(

N

s=2

N−2
s−2

N−1
s−1 s

N
s

)(1−pi∗)

B.2 Closed-formexpressionforShapleyvalueof

anon mandatoryplayerinthecasewitha
mandatoryplayer

Letodenoteanon-mandatoryplayer.Thepayoffofoisgivenby:

φo(v)=
1

N!

N

s=1

(N−s)!(s−1)!

(N−2s−2)

j3=1

V(Sj3,{i∗,o})−

(N−2s−2)

j3=1

V(Sj3,{i∗,o}\{o})

N−2
s−2 isthenumberofcoalitionsofsizescontainingbothplayersi∗ando.
ThemarginalcontributionofplayeroincoalitionSisgivenby:

V(S)−V(S\{o})=

s
k1=1

vk1,S

(Ns)
j2=1

s
k1=1

vk1,Sj2

−

s−1
k2=1

vk2,S\{o}
(Ns−1)
j4=1

s−1
k2=1

vk2,Sj4

(N−2s−2)

j3=1

V(Sj3,{i∗,o})−V(Sj3,{i∗,o}\{o})=

(N−2s−2)
j3=1

s
k1=1

vk1,Sj3,{i∗,o}
(Ns)
j2=1

s
k1=1

vk1,Sj2

−

(N−2s−2)
j3=1

s−1
k2=1

vk2,Sj3,{i∗,o}\{o}

(Ns−1)
j4=1

s−1
k2=1

vk2,Sj4

(N−2s−2)

j3=1

V(Sj3,{i∗,o})−V(Sj3,{i∗,o}\{o})=

N−2
s−2 vi∗+

N−2
s−2 vo+

N−3
s−3

N
k5=1
k5=i∗,o

vk5

N−1
s−1

N
k4=1

vk4

−

N−2
s−2 vi∗+

N−3
s−3

N
k5=1
k5=i∗,j

vk5

N−1
s−2

N
k4=1

vk4

Inthecaseofamandatoryplayer,anynonmandatoryplayercannotform
acoalitionoflessthan2members.

φo(v)=
1

N!

N

s=2

(N−s)!(s−1)!(

N−2
s−2 vi∗+

N−2
s−2 vo+

N−3
s−3

N
k5=1
k5=i

∗,o

vk5

N−1
s−1

N
k4=1

vk4
)

−
1

N!

N

s=2

(N−s)!(s−1)!(

N−2
s−2 vi∗+

N−3
s−3

N
k5=1
k5=i∗,o

vk5

N−1
s−2

N
k4=1

vk4
)
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Hence,

φo(v)=
1

vT
((

N

s=2

(N−1s−2 −
N−1
s−1 )

N−2
s−2

N−1
s−1

N−1
s−2 s

N
s

)vi∗+(

N

s=2

N−2
s−2

N−1
s−1 s

N
s

)vo)

+
1

vT
((

N

s=3

(N−1s−2 −
N−1
s−1 )

N−3
s−3

N−1
s−1

N−1
s−2 s

N
s

)(vT−vi∗−vo))

φo(N,ϕi∗,ϕo)=(
N

s=2

(N−1s−2 −
N−1
s−1 )

N−2
s−2

N−1
s−1

N−1
s−2 s

N
s

)ϕi∗

+(
N

s=2

N−2
s−2

N−1
s−1 s

N
s

)ϕo+(
N

s=3

(N−1s−2 −
N−1
s−1 )

N−3
s−3

N−1
s−1

N−1
s−2 s

N
s

)(1−ϕi∗−ϕo)
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AppendixC

Closed-formexpressionfor
Shapleyvalueofaplayerin
thecasewithonly
mandatoryplayers

Letusconsiderthatallplayersaremandatory.Then,onlythegrandcoalition
canbeformed,whosevalueisV(N),thefixedenergyconsumptiontoimpute
toservicecategories.Accordingto(2.13),thepayoffofaplayerkis:

φk=
1

N!
(N−N)!(N−1)!

sisalwaysequaltoN andthemarginalcontributionofanyplayerinthe
grandcoalitionisthevalueofthegrandcoalitionasallplayersaremandatory.
V(N)−V(N\{k})=1,sinceV(N\{k})=0,∀k.
Asareminder,payoffsandvaluesarenormalizedbythefixedenergycon-

sumption,i.e.,V(N).
So,

φk(N)=
1

N

Hence,theuniformsharingisaspecialcaseoftheShapley-basedsharing,
whenalltheplayersaremandatory.
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AppendixD

Energyconsumptionof
networkequipment

FigureD.1:Architectureofamobilenetwork

ValuesofenergyandpowerconsumptiongivenintablesD.1,D.2,D.3,D.4,
D.5concernonlythenetworkequipmentanddonottakeintoaccountthe
technicalenvironment(Coolingsystem,converters,...).

TableD.1:EnergyconsumptionofCSCNequipment,years2012−2020
Equipment 2012 2013 2014 2015 2016 2017 2018 2019 2020

MSC-Server 561 480 398 317 236 154 154 154 154

CS-MG W 1983 1983 1983 1454 925 397 397 397 397

HBSC 42 0 0 0 0 0 0 0 0

MSCinterco 57 57 57 57 57 57 57 57 57
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TableD.2:PowerconsumptionofCSCNequipment,year2012
Equipment Theoretical power

MSC-Server APZ21250 2.1kW

MSC-Server APZ21240 0.935kW

MG W GMP V3.0 3.3kW

MG W GMP V2.0 2.4kW

ET4-1 0.435kW

TableD.3:EnergyconsumptionofPSCN/EPCequipment,years2012−2020
Equipment 2012 2013 2014 2015 2016 2017 2018 2019 2020

SGSN 386 338 290 241 193 145 97 48 0

GGSN 108 95 81 68 54 41 27 14 0

GGSN’sauxiliaryequipment 1936 1694 1452 1210 968 726 484 242 0

EPC 405 487 569 651 733 815 897 979 1061

EPC’sauxiliaryequipment 1079 1314 1550 1785 2020 2256 2491 2726 2962

TableD.4:PowerconsumptionofPSCN/EPCequipment,year2012

Equipment Theoreticalpower

SGSN 2.2kW

GGSNM120 2.15kW

GGSNJ20 0.75kW

ASR5KCisco 405MWh

ExtraequipmentrelatedtoEPC 1079MWh

TableD.5:Accesstotransportequipment,years2012−2020
Equipment 2012 2013 2014 2015 2016 2017 2018 2019 2020

ATMbackhaul 1212 808 404 0 0 0 0 0 0

IPbackhaul/backbone 3145 3373 3601 3828 3828 3828 3828 3828 3828

O&Mnetwork 1110 1110 1110 1110 1110 1110 1110 1110 1110

Gi/S Gibackboneto PDN 90 90 90 90 90 90 90 90 90

TDMbackhaul/backbone 218 162 111 65 59 54 54 54 54
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FigureD.2:Transportnetworkformobiledata

FigureD.3:Distributionofthemobilecorenetworkenergyconsumption,year
2012
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FigureD.4:Distributionofthemobilecorenetworkenergyconsumption,year
2020
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AppendixE

Network’straffic

FigureE.1:Voicedistributionperradiotechnology
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FigureE.2:CircuitVoiceversusdataVoice

FigureE.3:Distributionofend-users’devices
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FigureE.4:Trafficdistributionperservice
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