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Preface



Lookingattheever-evolvingtelecommunicationindustryitcanbeseenthatassmartmobilecomput-
ingdeviceshavebecomeincreasinglyaffordableandpowerfulthereisalsoasignificantgrowthinthe
numberofadvancedmobileusersaswellastheirbandwidthdemands.Peoplecanenjoynowubiquitous
connectivitytotheInternetevenwhentheyareonthemove(e.g.,pedestrians,inthecar,onthebus,etc.)
orstationary(e.g.,athome/office/airport/coffeeshops,etc.).Dependingontheuserlocation,theInter-
netconnectivityisenabledeitherviawirelineorwirelesssolutionsprovidedbydifferentRadioAccess
Technologies(RATs)suchas:cellularnetworks,wirelessbroadbandnetworks,wirelesspersonalarea
networks,etc.Theseaccessnetworksprovidecoverageovervariousgeographicallocationsandusually
inanoverlappingmanner.Moreover,theseRATshavedifferentcharacteristicsanddifferincapacity,
coveragearea,monetarycost,connectionspeed,andcanbedeployedbyoneormorenetworkoperators.

The‘AlwaysBestConnected’and‘AlwaysBestExperienced’visionsarelookingatascenariowhere
mobileusersseamlesslyroamwithinamulti-operatormulti-technologymulti-terminalmulti-application
environmentsupportedbythenextgenerationofwirelessnetworks.Thisheterogeneousenvironment
enablesmobileuserstobeequippedwithmulti-modewirelessmobiledevicesthatallowsthemtoget
onlineanytimeandfromanywhere.Theubiquitousconnectivityprovidedbythisheterogeneousenvi-
ronmentcreatesflexibilityaroundthemobileuser’sactivities,enablingthemtousetheirpersonalor
professionale-mails,takepartinvideoconferencing,usevideostreamingservices,mobileTV,enter-
tainment,downloadoronlinelistening/watchingmusic/videos,transfer/receivefilesto/frombusiness
contactsorfriends,onlineshopping,usevariousapplications.Amongthese,theuseofsocialnetworking
applications(e.g.,Instagram,Twitter,Facebook,Linkedin,etc.)hasbecomeapartofone’sdailylifeand
canbeusedeitherforbusiness(e.g.,topostaprofile,orlookforajob),orjusttoconnecttopeopleand
sharesocialmediadata(e.g.,news,personalexperience,videos,photos).Moreover,theseapplications
canbeaccessedbyanydevicewithInternetconnectivity.Becauseoftheadvancesintechnology,the
high-endmobiledeviceshavebecomemoreandmoreaffordable,easytouse,andpowerful,leadingto
anincreaseinthemobileusers’expectationsofrichmediaservicesathighqualitylevels.

However,theincreaseinthenumberofmobileusersaswellastheirapplicationdemandsledtoan
exponentialincreaseinthemobilebroadbandtrafficputtingsignificantpressureonthewirelessnetworks
capacity.Onesinglenetworktechnologycannotcopewiththisexplosionofmobilebroadbanddatatraf-
fic,makingthenetworkconvergenceonepromisingsolutionforthefuture5Gnetworks.
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THE CHALLENGES

Withintherapidly-evolvingInformationCommunicationsTechnology(ICT)industryastealth,butvery
powerfulservice-orientedrevolutiontakesplacestep-by-step.

Inthefirstinstance,thehigh-endmobilecomputingdeviceshavebecomepowerfulandaffordable
leadingtoasignificantgrowthintheirnumber,aswellastheirusersandtheirprocessing,communica-
tionanddisplaycapabilities(e.g.,improvedCPU,graphics,display,etc.).Thisledtothemass-market
adoptionofthesemulti-modehigh-enddevices-smartphones,iPhones,netbooks,tablets,andlaptops,
whichinturnledtoanewchallengeforthemobileoperatorsthatarenowconfrontingwithamassive
trafficgrowth.

Thesecondinstanceisrepresentedbythewiderangeandincreasingpopularityofvariousservices
includingthoseofferedbyvideosharingsitessuchasYouTube,socialwebsites,mobileTV,banking,
gamingandotherentertainmentservices.Inthisregard,CisconotedthattheglobalIPtrafficwillincrease
threefoldby2021,soitestimatesthatmorethan278Exabytesofdatapermonthwillbetransferred,out
ofmorethan63%willbeexchangedwirelessandaround82%willberichmedia-based(Cisco,2017).
Someoftheseservices(e.g.liveInternetvideo,virtualrealityandaugmentedrealitytraffic,360ovideo,
etc.)putimportantpressureonbothcontentprocessingaswellasdelivery.

Inthethirdinstance,theInternetconnectivitytogainaccesstovariousservicesfromanywhereat
anytime,isenabledbyawiderangeoftechnologieseitherwhileonthemoveorstationary.Thesetech-
nologiesincludebroadcastaccess(e.g.DVB-T2,DVB-H,etc.),broadbandaccess(e.g.IEEE802.11g,
IEEE802.11n,etc.)orcellular(e.g.LTE,LTE-Advancedetc.)accesstechnologies.Multiplecoexisting
radioaccesstechnologieswillbefundamentalforthenextgenerationofwirelessnetworksinorderto
handlethevolumeanddiversityofusertrafficdemands.

Inthefourthinstance,wecanidentifyadefinitetrendtowardsusingmobilecloudcomputingor
mobileedgecomputingforthenextgenerationbusinessprocessingandcommunicationneeds,offering
bothrobustnessandflexibility.Bymakinguseofcloudcomputingamassmarketadoptionofthemobile
deviceshasbeenobservedwiththeadvantageofenablingtheubiquitousavailabilityofmobilebroad-
band.Thisrequiresdataexchangeandprocessingbothintheforegroundandbackground.Moreover,
thereisanimportantincreaseininter-communicatingobjectsorthings,includingmachines,appliances,
sensorsandvehicles.

Thelastinstancebutnottheleast,thereareon-goingeffortsputinenergyconsumptionoptimization
andinfindingsustainablesolutionsindiverseareas,includingICT,andnetworkinginparticular.The
increasedcompetitioninthenetworked-basedservicesandthecurrentworld-wideeconomicsituation
determinesincreasedeffortsforreducingthecostsbymakinguseofoptimizationand/orfindinginnova-
tiveandmoreefficientresearchanddevelopmentdirections.

ManyyearsICThasfocusedonprovidingsolutionsforsupportingawiderangeofservicetypesand
thenonincreasinguserqualityofexperienceonly.However,inrecentyearsarisingconcernonfind-
ingsustainableandenergy-efficientsolutionsappeared.Thiswasdrivenbyboththeevolvedsocietal
interestsanduserconsciencebeingbackedbyEUandworld-widepoliciesrelatedtothereductionof
thegasemissions.Moreover,thecurrentandfutureeconomicsituationhasdeterminedalltheimportant
marketplayerstoworkatreducingcostsandtomaketheirbusinessesmoreefficient.However,thesecost
andenergy-efficiencytargetscontrastseverelywithboththeuserdemandexpectationsofhighquality
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levelsandserviceproviders’needtointroducenewvariousinteractiverichmediaservices.Allthese
newrichmedia-baseddataservicesarewellknownasbeingbandwidthandpower-hungryapplications.

Toaddressall thesechallenges,within thismulti-servicemulti-technologymulti-providermulti-
devicemulti-userenvironmentthereisaneedforthedevelopmentofacoherentframeworkandaset
ofnewsolutionstosupportcostandenergyconsumptionoptimizationwhileofferinghighqualityof
experiencelevelstothemobileuserswhiletheyavailfromdiverseservices.

SEARCHING FOR A SOLUTION

Itisestimatedthatnetworkeddelivereddigitalmedia,especiallyoveraheterogeneousenvironmentto
mobilecustomerswillbecomeoneofmaineconomicdrivingforcesinthecomingyears.However,this
willonlybepossiblebyhavingthenecessaryinfrastructuretoaccommodatetheincreasingnumberof
mobileusersandsupportingtheirexpectedhighqualityofexperiencelevels.TherearemanyInternet
ServiceProviderswhichprovideexcellentwiredconnectivitytoresidentialandbusinessusersalike.
For local network access and service support wireless technologies such as WLAN (wireless local
areanetwork)andWPAN(wirelesspersonalareanetwork),canbedeployed.Additionally,fullwire-
lessconnectivityissupportedviadifferentradioaccesstechnologies,offeredbydifferentoperators.
Theseoperatorscanprovideconnectivitybymakinguseofdifferenttechnologiessuchas:LTE,LTE-
Advanced,etc.Oneoperatorcancovervariousregionsusingdifferentaccesstechnologies.However,no
singlenetworktechnologyandnosinglenetworkproviderwillbecapabletodealwiththisexplosionof
mobilebroadbandtrafficandthediverseservicesdemands,makingtheoptimizedinnovativeuseofthe
co-existingbroadband,broadcastandcellularnetworktechnologiesakeysolution.Inordertodealwith
thisexplosionofmobilebroadbanddata,networkoperatorshavestarteddeployingdifferentradioaccess
technologiesinoverlappingareas.Thissolutionenablesthemtoaccommodatemoremobileusersand
tokeepupwiththetrafficdemands.Inthiscontext,thenewchallengethatthenetworkoperatorsare
facingistoensureseamlessrichmediaservicedeliveryexperienceathighqualitylevelstotheend-user
inaheterogeneousenvironment.

Thismulti-usermulti-technologymulti-applicationmulti-providerenvironmentrequiresthedevel-
opmentofnewtechnologiesandstandardsthatseektoensurethequalityofexperiencefortheglobal
end-users. While wireless technologies had a spectacular evolution over the past years, the present
trendistoadoptaglobalnetworkofsharedstandardswhichcomestomeetuserapplications’require-
ments.Forexample,theevolutionofwirelessnetworkarchitecturewiththe4G/LTEdensificationand
thefuture5Gwirelessnetworksrepresentstheconvergenceofthephysicalassetsoffixednetworks
andwirelessaccesspointswiththeaimtoincreaseflexibility,reliabilityandcostsavings.Thecurrent
Internet-centricenvironmentandtheneedforubiquitousconnectivitypavethepathtowardsnetwork
convergence.Thismeansthatthenetworkofthefuturewillenablethedeliveryofhighdataratetraffic
throughahighcapacityorbroadbandnetworkthatmixesmultiplecommunicationmodesoverasingle
networkenablingconvenienceandflexibility.

Othersolutionsadoptedbynetworkoperatorswhendealingwiththeincreasingamountofmobile
broadbanddatatrafficistheuseofWLANoffload.WLANshavehadanimportantimpactinthearea
ofmobilecommunicationsandtheirusehasgrownsignificantlyinrecentyears(e.g.,extendedcover-
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age,low-latency,power-efficientconnection,reducedloads,etc.).TheWireless-Fidelity(Wi-Fi)offload
solution isalreadyadoptedbymanyserviceproviders, (e.g.,DeutscheTelekomand iPass launched
WiFiMobilize).Thissolutionenablesthetransferofsomeofthemobilebroadbandtrafficfromthe
corecellularnetworktotheWiFinetworkatpeaktimes.Inthiswayuserscanavailofawiderservice
offering.However,theoveralluserexperienceisstillfarfromoptimalasprovidinghighqualitymobile
videoserviceswithQualityofService(QoS)provisioningoverresource-constrainedwirelessnetworks
remainsachallenge.Moreoverusermobility,aswellastheheterogeneityofmobiledevices(e.g.,dif-
ferentoperatingsystems,displaysize,CPUcapabilities,batterylimitations,etc.),andthewiderangeof
thevideo-centricapplications(e.g.,VoD(VideoOnDemand),videogames,livevideostreaming,video
conferences,surveillance,etc.)opensupthedemandforuser-centricsolutionsthatadapttheapplication
totheunderlyingnetworkconditionsanddevicecharacteristics.Inthecurrentenvironment,mobileus-
erswanttobeconnectedtothebestvaluenetworkthatbestsatisfiestheirpreferencesfortheircurrent
application(s)requirements.Ontheotherhand,thenetworkoperatorswanttomaximizetheirrevenue
byefficientlyusingtheirnetworkstosatisfyandretainthemostcustomerspossible.Challengesforthe
operatorsincludenetworkoptimizationespeciallyforvideotraffic,ifitistorepresenttwo-thirdsofthe
overallwirelesstraffic.Uninterrupted,continuous,andsmoothvideostreaming,minimaldelay,jitter,
andpacketloss,mustbeprovidedinordertoavoiddegradationintheapplicationqualityanduserex-
perience.ThemainchallengefortheusersistoselectthebestavailableRadioAccessNetwork(RAN).
Forexample,thereisaneedforanefficientsolutionforselectingthebestvaluenetworkfortheuser,
consideringtheuserpreferences,applicationrequirements,andnetworkconditions.Thenetworkselec-
tiondecisionisacomplexone,withthechallengeoftrading-offdifferentdecisioncriteria,(e.g.service
classtype,user’spreferences,mobiledevicebeingused,batterylevel,networkload,timeofday,price,
etc.).Thisisfurthercomplicatedbythecombinationofstaticanddynamicinformationinvolved,the
accuracyoftheinformationavailable,andtheeffortincollectingallofthisinformationwithabattery,
memory,andprocessorlimiteddevice.Thisselectiondecisionneedstobemadeonceforconnection
initiationandsubsequentlyaspartofallhandoverdecisions.

AnotherchallengeistherichmediaservicedeliverywithQoSprovisioningoverwirelessnetworks.
Thisisduetotheconstraintsofwirelesslinks,andtheusermobility.Inthiscontext,itisessentialto
provideQoSmechanismstocaterfortherichmediathroughput,delay,andjitterconstraints,especially
withinthewirelessenvironmentwhereconnectionsarepronetointerference,highdatalossrates,and/
ordisconnection.Theaimofthesemechanismsistomaintainanacceptableuserperceivedqualityand
makeefficientuseofthewirelessnetworkresources.

Theenergyconsumptionisanotherkeycomponentthatconsumerscarehighlyabout.Handsetsare
usedasmobileworkandentertainmentcentres,e.g.forcommunications,listeningtomusic/radio,taking
photos,GPSservices,playinggames,andforrichmediaplayback/streaming.Itisknownthatreal-time
applications,andinparticularthosewhicharebasedonmultimedia,havestrictQoSrequirements,but
theyarealsothemostpower-hungry.Inthiscontext,oneoftheimpedimentsofprogressisthebattery
lifetimeofthemobiledevice.Withadvancesintechnology,themobileuserhasnowawidechoiceof
highcapabilitymobiledevices,fromlaptopcomputersandnetbookstoPDAs,tabletsandsmartphones.
Howeverthebatterieshavenotevolvedasmuchasprocessorsandmemory,andtheircapabilityisvery
muchlimited.Thisdeficiencyinbatterypowerandtheneedforreducedenergyconsumptionprovides
motivationforthedevelopmentofmoreenergyefficientsolutionswhileenablingalwaysbestconnectiv-
ityandalwaysbestexperiencetomobileusers.
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This continuinggrowthofvideocontent creates challenges for thenetwork serviceproviders in
ensuringseamlessmultimediaexperienceathighend-userperceivedqualitylevels,giventhedevice
characteristicsandnetworkresources.Technologiesimprovementsalonewouldnotbeabletokeepup
withthisexplosionofmobilebroadbandtraffic.Thismakesnetworkconvergenceandthecoexistence
ofdifferentradioaccessnetworktechnologiestobeseenasakeysolutionthatcouldcontributetothe
economical,socialandtechnologicalbenefitsofthefuture5Gnetworks.

ORGANIZATION OF THE BOOK

Thebookwillcoverimportantaspectsof theemergingtechnologiesinthismulti-technologymulti-
applicationmulti-terminalmulti-userenvironmentwiththemainfocusontheconvergenceproblems
andqualityofserviceprovisioning.Itpresentsvariousconvergenceapproachesandadaptivetechniques
identifyingthemainresearchissuesandchallengesandpresentsasurveyoftheproposedsolutionsin
theliterature.

Themanuscript is structured in twomain sections.The first sectionon“ConvergentEvolution”
describes thecurrentwirelessmulti-accessenvironmentwhich leads towards thenextgenerationof
wirelessnetworks.Itincludesimportantchapterswrittenbyresearchersfromprestigiouslaboratories
fromAustralia,Ireland,India,Italy,UnitedKingdom,Portugal,andSlovakiawhichpresentthecurrent
stateoftheartintheheterogeneouswirelesscommunicationenvironmentincludingeconomicalaspects,
mobilitychallenges,resourceallocationandmanagement,ensuringalwaysbestexperience,smartcities
andvehicularnetworks,energymanagement,interferencemitigation,wirelessandfiberopticsconver-
gence,etc.TheConvergenceEvolutionsectionconsistsofsixchapters.Abriefdescriptionofeachof
thechaptersinthissectionisgivenbelow:

Chapter1identifiestheeconomicalaspectsofthefuture5Gnetworksintermsofuserriskattitude
anddegreeofbillingplansusage.Thepopularityandtheincreaseusageofmultimediacontentbymo-
bileusersondailybasisburdensthenetworkoperatorsintermsofnetworkresources,whichmightlead
tonetworkcongestion.Inordertoprovideabettercontrolandreducethenetworktraffic,thenetwork
operatorshavecappedtheirbillingplanswhichmightrequirethemobileusertopayextramoneywhen
exceedingthequota.However,thismightresultsinundesirablyhighbillsforthemobileuserwhich
couldleadtoasignificantdropinusers’satisfactionandincreasedchurnrate.Thechapterintroduces
amodelthatinvolvespersonalisingthemultimediacontentbasedontheuserattitudetowardsrisk.It
makesuseofamodelthatassessestheuserattitudetowardsriskbyconsideringtheuserage,gender
andriskattitudeself-assessment.Theresearchpresentedinthischapteraddstothestateoftheartby
takingintoaccounttheusercontext(e.g.whethertheuserusestheroamingserviceornot,thecurrent
dataconsumption)aswellastheuserinput.Theimprovedmodelmaybeusedtoprovideamoreac-
curatetrade-off:qualityvs.priceresultinginanincreaseofusersatisfactionandabetterservicequality
withinthefuture5Gnetworks.

Chapter2highlights the importanceofVehicularAd-hocNetworks (VANETs) in thecontextof
5G-enabledsmartercitiesandroads.CurrentlyVANETattractssignificantacademic, industrialand
governmentalplanning,research,anddevelopmentefforts.AverypromisingavenueinVANETisto
bringtogethermultiplewirelesstechnologiesinthearchitecturaldesigninordertobuildanintelligent
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publictransportationsystemsbasedonreal-timeinformation,trafficmanagementsystemsforcongestion
avoidance,safetyapplications(e.g.collisionavoidance)andgreenapplications(e.g.intelligentrouting
aimingtoreducefuelconsumption,gasemissionsorenergyconsumption)aswellasenableautono-
mousvehicles.Oneofthesolutionsthatcanbeemployedindesigningsucha5G-VANETarchitecture
thatsuccessfullyusesdifferenttechnologiesisclustering.Clusteringwillhaveanimportantroleinthe
desiredvehicularconnectivityinthefuturecitiesandroadsasitaddressessomeof5G-VANETs’major
challengessuchasscalabilityandstability.Thischapterpresentsacomprehensivesurveyofclustering
schemesinthe5G-VANETresearcharea,coveringaspectsthathaveneverbeenaddressedbeforeina
structuredmanner.Moreover,thesurveyprovidesageneralclassificationoftheclusteringalgorithms,
presentssomeofthemostadvancedandlatestalgorithmsin5G-VANETs,andinadditionreviewsthe
performanceassessmentofclusteringalgorithms.

Chapter3discussestheimplementationdetails(i.e.architectureandnetworkcomponents),issues
associatedwithheterogeneousbroadbandwirelessaccessnetworks(BWANs)(i.e.handovers,network
selectionandbasestationplacement),andthevariousresourceallocationschemes(i.e.sharedresource
allocationinsplithandoverandinter-RATself-organizingnetworks)thatcanimprovetheperformance
ofthesystembymaximizingthecapacityandaccommodatingmoreusers.Thechapterlooksatthe
existingsolutionsthathavebeenproposedintheliteratureinordertoovercomeseveralissuesfacedby
thefutureheterogeneousnetworksintermsofnetworkselection,inter/intra-RAThandovers,BSplace-
ment,andresourceallocation.Theseissuescanbeverycomplexmainlybecauseoftheheterogeneity
ofradioaccessnetworks.

Chapter4analyzesthepossiblechallengesthatmightexistwhensupportingmulticastservicesover
LongTermEvolution(LTE),withparticularattentiontoresourcemanagement,consideredasthekey
aspectforaneffectiveprovisioningofMultimediaBroadcastMulticastService(MBMS)servicesover
cellularnetworks.Recently,themobileoperatorsobservedagrowingdemandofmulticastservicesover
theirradiocellularnetworks.Sincemulticastapplicationsareexpectedtobemassivelyexchangedover
theforthcomingFifthGeneration(5G)systems,theThirdGenerationPartnershipProject(3GPP)defined
theMBMSstandardthatofferssupportformulticastservicesoverLTE,the4Gwirelesstechnology
abletoprovidehighqualityservicesinmobileenvironments.Nevertheless,severalissuesrelatedtothe
managementofMBMSservicesandthechallengesfacedwithinthefuture5Gnetworksarestillopen
andarediscussedinthischapter.

Chapter5looksintotheuseofGameTheoryforcollaborationinfuturenextgenerationnetworks.It
hasbeenshownthatcooperativestrategieshavethegreatpotentialofimprovingnetworkperformance
andspectrumutilizationinfuturenetworkingenvironments.Thisrepresentsanewparadigmintermsof
networkmanagement.However,thisrequiresanoveldesignandanalysisframeworktargetingahighly
flexiblenetworkingsolutionwithadistributedarchitecture.GameTheoryisacomprehensivemathematical
toolsuitableformodelinghighlycomplexinteractionsamongdistributedandintelligentdecisionmakers.
Inthisway,themoreconvenientmanagementpoliciesforthediverseplayers,e.g.contentproviders,
cloudproviders,edgeproviders,brokers,networkprovidersorusers,shouldbefoundtooptimizethe
performanceoftheoverallnetworkinfrastructure.Thischapterdiscussesrelevanttheoreticalmodels
forenablingcollaborationamongplayersindifferentways,namelypricingorreputation.Additionally
thechapterhighlightstheopenproblems,suchasthelackofpropermodelsfordynamicandincomplete
informationscenariosanddiscussesabusinessmodelforfuturenetworks.
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Chapter6explorestheuseofthehybridpassiveopticalnetworks(HPON)configuratorindesign-
ingaconvergedFi-WiPONnetworkbasedontheHPONnetworkintegratingopticalfiberandwireless
technologies.Lookingattheemergingapplicationsandtheneedsofeverincreasingbandwidthdemands,
itisanticipatedNG-PONwillrequirehigherbandwidthtosatisfyalltheend-userdemandsandforthe
networkoperatorstodevelopvaluableaccessnetworks.Therefore,thischapteridentifiesthechallenges
ofintegratingopticalandwirelesstechnologiesintocommonbroadbandaccessnetworks.AstheHPON
presentanecessaryphaseofthefuturetransitiontowardsopticalfiber,thespecificrequirementsofthe
HPONnetworksarealsopresented.ThevariousarchitecturesoftheHPONwiththeircharacteristics
anddistinctionsarediscussesandtheHPONnetworkconfiguratorisintroducedwiththemainaimon
helpingusers,professionalworkers,networkoperatorsandsystemanalyststodesign,configure,analyze
andcomparevariousvariationsofpossiblehybridpassiveopticalnetworksandtheconvergedfiber-
wirelessaccessnetworks.

Thesecondsectionentitled“QoSProvisioningSolutions”presentsvarioussolutionsproposedby
worldknownresearchersindifferentareasofwirelesscommunications.Itincludesimportantchapters
writtenbyresearchersfromprestigiouslaboratoriesfromIndia,UnitedKingdom,Sweden,Pakistan,
China,Japan,Serbia,andMoroccopresentingresultsintheareaofqualityofserviceawaregreencom-
munication,handoverandnetworkselectionwithinheterogeneousenvironments,accesstrafficsteering,
switchingandsplittingin3GPP,offloadandin-networkcaching,etc.TheQoSProvisioningSolutions
sectionconsistsofsixchapterswithabriefdescriptiongivenbelow:

Chapter7investigatesQualityofService-awaregreencommunicationstrategiesforoptimalutiliza-
tionofresourceswithinthefuture5Gnetworks.Efficientutilizationofresourcescanreducethepower
consumptioncostwhichwillincreasetheeconomy-characteristicsofnetworks.Theresourceconsumption
canbereducedunderanintelligenttechnology-neutralpolicieswhichoptimizesthedeploymentofthe
networkarchitecturealongwiththeirtransmitpowerpavingthewayforfifthgeneration(5G)ingreen
wirelesscommunications.Onanotherfront,theultra-densedeploymentofthesmallcellscanincrease
thefrequencyreusefactoraswellashelpinreducingtheenergyconsumption.Thischapterdesigns
theenergyefficientnetworkswhilesatisfyingtheunderlyingQoSbyjointoptimizationofavailable
resourcesdependingontheinteroperabilitychallengesinterrestrial,underwateracoustic,andfreespace
optical(FSO)communications.

Chapter8discussestheongoingworkaroundhybridaccessandnetworkconvergence,withparticular
emphasisonrecentworksonaccesstrafficsteering,switchingandsplitting(ATSSS)in3GPP.Three
mainaspectsareanalyzed:policyenforcement,integrationwith5GQoSframework,interactionwith
underlyingmulti-pathtransportprotocol.PreliminarytestbedresultsshowingthebenefitsofATSSSin
themanagementofmultipleaccessesanalyzingsomeprimaryperformanceindicatorssuchasachievable
datarates,linkutilizationforaggregatedtrafficandsessionsetuplatencyarepresented.Moreover,two
examplesofrealizationofATSSSpoliciesareconsidered,toavoidinefficiencyinlinkutilizationand
toallowthefulfillmentofdataraterequirements.

Chapter9presentsacomprehensivesurveyofvarioushandoffstrategies,handofftypesinmacro-femto
cellnetworksandexistingsolutionsforfrequentandunnecessaryhandoffs.Femtocellsareintegrated
inmacrocellularnetworktoincreasethecapacity,coverageandtofulfilltheincreasingdemandsofthe
users.Timerequiredforhandoffprocessbetweenthecellsbecamemoresensitiveandcomplexwiththe
introductionoffemtocellsinthenetwork,introducinghigherlatency.Consequently,thehandoffprocess
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willbecomesslowerandnetworkoperationwillbecomeinefficient.Somestandards,proceduresand
protocolsshouldbedefinedformacro-femtocellnetworkratherthanusingexistingprotocols.

Chapter10discussesthemostrecentsolutionsforacceleratingmobiledatadelivery,focusingonthe
differentissuesforachievingthisgoal.Theseissuesincludetheefficiencyofmobiledataoffloadingand
in-networkcaching.Bycharacterizingdifferentoffloadingoptionsfromtheaspectoffloadingefficiency,
dynamicallyoffloadingcellulartrafficontocost-effectiveoptionsisabletoachievegreatperformance
gains.Ontheotherhand,withconcernsontightlycoupleddependencyonoriginaldatasources,mobile
userscouldeasilysufferfromthescarcityofcontentobjectresources.Researchersfurtheraccountfor
thepossibilityofdecouplingcontentavailabilitydependencyfromoriginalcontentsources.Akeyen-
ablingfactorcouldbetherecentlyemergedtechnology,i.e.,in-networkcaching,wherebytheemerging
Information-CentricNetworking(ICN)performsitscriticalfunctionalities.CouplingICNwithmobile
cellularnetworkcouldbeanattractivesolution,inordertoresolvethetensionbetweenthetremendous
growthofmobilecontenttrafficandbackhaulbottleneck.

Chapter11presentsacomprehensivesurveyofnetworkslicing fromanend toendperspective,
detailingitsoriginationandcurrentstandardizationefforts,principalconcepts,enablingtechnologies,
aswellasapplicablesolutions.Inparticular,italsoprovidesspecificslicingsolutionsforeachpartof
the5Gsystems,encompassingorchestrationandmanagementintheradioaccessnetworkandthecore
networkdomains.Thevisionof5Gmobilesystemscanbeseenasahighlyflexibleandprogrammable
endtoendnetworkinginfrastructurethatprovidesincreasedperformanceintermsofcapacity,latency,
reliability,andenergyefficiency,whilemeetingplethoraofdiverserequirementsfrommultipleservices.
Networkslicingisemergingasaprospectiveparadigmtomeettheserequirementswithreducedoperat-
ingcostandimprovedtimeandspacefunctionality.Anetworksliceisreferredasthewayforproviding
betterresourceisolationandincreasedstatisticalmultiplexing.Withdynamicslicing,5Gwilloperate
onflexiblezonesofthenetwork,permittingvarying,adaptablelevelsofbandwidthandreliability.

Chapter12presentsanimprovedmodelingfornetworkselectionbasedongraphtheoryandcost
functioninheterogeneouswirelesssystems.Thenextgenerationofmobilewirelesscommunications
representsaheterogeneousenvironmentwhichintegratesavarietyofaccesstechnologies.Themajor
challengeinthisheterogeneousenvironmentistodecidewhichaccesspointtousewhenmultiplenet-
worksareavailable.Thischapterproposesanewmechanismbasedongraphtheoryandcostfunctionin
ordertodeterminethebestpathfortheenduserintermsofqualityofservicewhentheverticalhandover
processisneeded.Theimpactofsomeexistingweightingmethodsinordertodeterminethesuitable
methodwhichcanbecoupledwiththecostfunctionisalsoinvestigated.Theexperimentsevaluationby
usingMininetemulatordemonstratethattheproposedapproachcanachieveasignificantimprovement
concerningfourQoSmetrics:throughput,packetlost,packetdelay,andpackerjitterfortwoservice
typeslikeFTPandvideostreaming.

Theprospectiveaudienceofthisbookaremainlytheundergraduatestudents,postgraduatestudents,
andresearcherswhoareinterestedinlearningmoreaboutthelatestdevelopmentsintheareaofmobile
andwirelesscommunications.Italsotargetsindustryprofessionalswhoareworkingorareinterested
inthisarea,providingthemwithareferenceofthelatesteffortswhichbringtheresearchfurtherby
addressingsomeoftheshortcomingsoftheexistingsolutions.
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ABSTRACT

The increase in multimedia traffic is likely to pose challenges for the 5G networks. The data bundles are 
likely to increase but also open the door to new applications which will increase the data consumption. 
This chapter discusses how multimedia adaptation could be improved in this context by considering the 
user and the contextual factors for multimedia adaptation. This could be used to deliver a more accurate 
trade-off between quality and price. As a result, this could reduce the network consumptions, reduce the 
cost the user has to pay, and improve user satisfaction with the multimedia services.

INTRODUCTION

The continuous increase in the number of mobile devices and users on one hand and advent of ubiquitous 
communication technologies, development of innovative networking applications and user demand for 
high quality rich media content on the other hand are behind the latest massive amounts of data generated 
and exchanged, whose volume continues to grow at an exponential pace. For instance, the data digital 
universe is experiencing a two-fold expansion every two years since 2012 so that the annual global IP 
traffic is expected to reach 2.3 zettabytes per year by 2020 (Cisco, 2017a). By 2020, wired communi-
cations will be responsible for 34% of IP traffic (down from 52% in 2015), whereas Wi-Fi and mobile 
devices will account for 66% of IP traffic. At the same time mobile video traffic is estimated to reach 
77% of the total traffic by 2020, up from 55% in 2015 (Cisco, 2017b). These trends show that both the 
number of high-end mobile devices and user consumption of high-bandwidth services are increasing 
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(e.g. a tablet exchanges rich media traffic as much as 113 phones with basic features). The average 
number of devices per capita is also increasing, with classic PCs and new smart devices being lately 
complemented by wearable devices and device-to-device (D2D) communicating machines. Addition-
ally, network technologies have also diversified and technologies including the latest ones such as IEEE 
802.11ac for wireless broadband, LTE and LTE-A for cellular and DVB-T2 for broadcast are supporting 
high speed wireless information exchange.

In this context, no single network technology and no single network provider will be equipped to 
deal with the explosion of data and diverse services as described by UE views. It is also not realistic a 
scenario where the potentialities of the new 5G will be materialized based exclusively on completely 
brand new technologies/standards, that will substitute current network infrastructures. The proponents 
believe that the 5G services can only be realistically implemented making innovative use of the co-existing 
broadband, broadcast and cellular network technologies (Andrews et al., 2014; The European Commis-
sion, n.d.). Cross-network optimisation will be a key component of the 5G solution. In this context there 
should be a global effort towards the creation of a convergent service quality-oriented network delivery 
environment. This environment should be composed of inter-connected networks over which services 
are offered at best quality level, given service requirements, network technology availability, network 
delivery conditions, device characteristics and user profiles.

There are currently different views of the implications of the emerging 5G networks, services and 
applications. There is the mainstream push towards building a landscape with a very high increase in 
data volume and large number of network-connected devices, offering access to an increasing number of 
rich media services. At the same time, efforts are put to support quality-orientation for these rich media 
services and to enable operation cost reduction and energy-awareness.

In parallel, these technical offerings foster exploitation of media and content convergence opportu-
nities. These opportunities appear in form of content aggregation, annotation, personalization, media-
sharing for the diverse services, targeting increased user experience (e.g. hyper-personalized, real-time 
storytelling, free viewpoint, and other advanced contents and formats).

As 5G standard was completed in June 2018, the network operators have started to update their 
software using equipment that complies with the 5G standard. It is expected that the first 5G capable 
smartphones to be released on the marked early 2019. In parallel a number of the network operators have 
announced the launch of 5G service in 2019 and 2020. For example, AT&T plans to be the first carrier 
to launch a standards-based mobile 5G service in a dozen cities in the United States by late 2018 (Al-
leven, 2018). While T-Mobile is aiming for a 2019 launch followed by nationwide 5G coverage in 2020. 
United States, South Korea, Japan and China will be the leaders in the deployment of 5G technology 
by 2019 while Europe will start the deployment slowly in 2020. However, according to a 5G subscriber 
forecast presented in the Ericsson Mobility Report, it is expected 1 billion 5G subscribers by 2023, and 
more than 20% of the world’s population will has access to the 5G technology.

The rapid growth of devices that can connect in the network and the huge amount of data that will 
be delivered will pose a challenge for the 5G networks, and the connections will be more demanding 
and intensive than what exists now. Various studies forecast a huge amount of money to be invested by 
network operators to build a 5G infrastructure. However, there are no words yet about how much the 
customers will pay for a 5G service. We estimate that initially, 5G subscriptions might cost more than 
4G and billing plans that will differentiate between different services will exist. Low cost billing plans 
will have a cap on mobile data traffic while more expensive plans will provide unlimited data access. 
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Similar billing models that exist now for the 4G service will be introduced by the network operators for 
the 5G service in an effort to increase their revenues and impede congestion.

At the moment, mobile billing plans currently have “very strict quotas” (Raj et al., 2013) that can 
lead to high bills as the user has to pay extra for exceeding the quota or having their connection speed 
reduced (Jordan, 2017; Molnar & Muntean, 2013a, 2013b). This aspect creates problems for the users 
that are not willing/do not afford to pay the required price but still want to access rich media content 
(e.g. multimedia clips) over the Internet.

A price reduction for the user, as well as reduced bandwidth consumption, can be obtained as a 
trade-off in multimedia quality (Molnar & Muntean, 2013b; Oeldorf-Hirsch et al., 2012). However, not 
all users are affected in the same way by the content delivery cost. Some people prefer to pay as much 
as it is required for an excellent multimedia quality while others being sensitive to a price increase and 
they prefer to trade-off for quality (Molnar, 2016a; Molnar & Muntean, 2010). It has been shown that 
the difference in the attitude of people when choosing a certain video quality over the price to be paid 
might be explained by people’s attitude towards risk (Molnar & Muntean, 2015). A method that classi-
fies people either in willing to pay for high video quality (risk seekers) or not willing to pay (risk averse) 
based on their age, gender and their risk attitude self-assessment was proposed in (Molnar & Muntean, 
2015). This classification may be used to personalise the content. This chapter investigates the applica-
bility of the model presented (Molnar & Muntean, 2014) in the context of 5G by considering the user 
risk attitude and degree of billing plans usage.

The rest of this chapter is organised as follows. The next section provides an overview of the existing 
research focusing on the following aspects: personalisation, research on user risk attitude and types of 
user models. The personalization is divided into user profile based personalization, device based person-
alization and context based personalization. The related work section is followed by the context aware 
based extension proposed for the user risk attitude model presented in Molnar & Muntean (2014). An 
exemplification of the extended model is also provided. The chapter continues with a discussion of the 
implications and possible applications of the proposed model and ends with conclusions.

RELATED WORK

As this research is transdisciplinary, this section will start by presenting the existing work on personali-
sation, continue with research done on user risk attitude and concludes with the types of user models.

Adaptation and Personalisation

Personalisation Based on the User Profile

User profile based personalisation builds a profile that stores information about the user such as the 
user’s knowledge, background, past interaction, preferred media type, etc. This type of personalization 
has been used a lot in customizing and adapting the user content provided to the consumers. It has been 
also used in personalizing the content aimed at students. Two projects in this area are JPELAS2 (Yin et 
al., 2010) and EducaMovil (Molnar & Frias-Martinez, 2015).

JPELAS2 stores information about the user such as name, gender, number of years in school, friends 
and relatives. This information is introduced by the user when s/he first enters into the system. In addi-
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tion, the system automatically detects the user comprehension. The aim of the JPELAS2 is to facilitate 
learning of Japanese and its politeness rules.

EducaMovil (Molnar et al. 2015) considers the required time for a user to answer a question, the 
number of correctly answered questions and the number of errors done in order to determine the edu-
cational content to be shown to the user.

When personalising multimedia content, several adaptation algorithms have considered adapting 
the multimedia content based on the user region of interest (Ciubotaru, et al., 2014). This approach as-
sumes that there are certain regions in a video clip that are of a higher interest to the user than the other 
regions where a more aggressive degradation of quality can be applied without affecting as much the 
user perceived user video quality as degrading equally the whole video clip.

Personalisation Based on the Device

The diversity of devices a user may have when accessing a multimedia clip, and the device characteristics 
have always been considered a challenge when it comes to personalisation. Devices can have different 
screen size, screen colour depth (bits/pixel), screen mode (it refers to whether the screen has portrait 
or landscape mode and if it supports switching between them), capabilities (i.e. whether the device is 
capable of displaying multimedia, audio or images), memory and type of supported network connectiv-
ity (WiMax, 3G, 802.11, etc.). For example, Karadeniz (2011) designed a mobile application that takes 
into account the screen size of the user’s mobile phone when delivering multimedia; Huang et al. (2012) 
proposed a system that adapts the content regardless of the used device by taking into account the device 
resolution and supported colours; Louhab et al. (2018) propose a mechanism to adapt the multimedia 
courses based on the capabilities and characteristics of the device, considering the software, connectivity 
and hardware (in this case screen size, resolution and battery). Adaptation with the aim to deliver the 
multimedia content in an energy efficient manner has been proposed also by other researchers such as 
Ghergulescu et al. (2014) and Zou et al. (2018).

Personalisation Based on the Context

One of the main difference between the content accessed from the mobile devices as opposed to the 
one accessed through desktop is that this content can be access anytime, anywhere. This implies that 
the user could be in different contexts when accessing the context, and these contexts could influence 
what information they need. Examples of context aware personalised systems are JAPELAS2 - Japanese 
Polite-Expressions Learning Assisting System (Yin et al., 2010) and Dandelion (Varela et al., 2015). JA-
PELAS2 aims at suggesting which Japanese polite expression may be used in a given context. The users 
have a PDA equipped with IR (infrared), RFID (Radio Frequency Identification) tag, GPS and wireless 
LAN. Information about the user location is obtained through the RFID tag attached to the doors when 
the user is located inside the building, or by using GPS when the user is located outside. IR is used for 
simplifying the communication targets; instead of entering the interlocutor name, the user just points to 
him. The users are required to introduce information about them when they use the system for the first 
time. Based on this information, the system suggests the appropriate “level of politeness”. Four “levels 
of politeness” were considered: casual, basic, formal, more formal. The level of politeness the user has 
to use changes according to hyponymy (e.g. age, position, etc.), social distance (e.g. family, colleagues, 
etc.), and formality of the situation (e.g. meeting). Dandelion is an user interface framework which 
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makes use of ambient intelligent in order to adapt to different user scenarios in order to provide the most 
natural user interaction (Varela et al., 2015). The research presented in this chapter considers how much 
the user has consumed from the available bundle, in order to provide a better user risk attitude model.

Risk Attitude

One of the dispositions that drive economic decisions is the human attitude towards risk. Risk is con-
sidered “the pivotal element in consumer behaviour” (Taylor, 1974), a central element to economics and 
finances (Bucciol & Zarri, 2013). It is most often associated with uncertainty (e.g. missing informa-
tion – making decisions about an unfamiliar brand, however, “full information” contexts do not imply 
missing uncertainty).

It has been found that risk attitude has a great impact on many of the person’s decisions such as those 
involving investment, educational attainment, ownership of a home and occupational choices (Dohmen et 
al., 2011a). Understanding people’s attitude towards risk is linked to predicting the consumer behaviour 
(Dohmen et al., 2011b).

Purchase decisions are one of the areas which involve perceived risk. Five kinds of risks that affect 
purchase decisions are presented in Solomon et al. (2010): monetary risk, functional risk, physical risk, 
social risk and psychological risk. Items which are perceived as having a high price are more susceptible 
to monetary risk. Functional risk refers to the performance of the product. The physical risk is greater 
when the accident is bigger. Social risk involves the pressure put by the peers when buying visible 
goods (e.g. when the choice is visible to other peers, there is a risk of embarrassment if the work deci-
sion is made). Psychological risk refers to how satisfied the consumer will be when acquiring a certain 
product. Risk is perceived differently by different consumers. For example, a self-confident consumer 
will not be so much affected by peer choices; person’s wealth can also influence how monetary risk is 
perceived. As price is an issue in the capped billing plans provided by the mobile network operators, 
monetary risk is of a greater importance for the research community. However, by adopting an open 
user model the user is able to modify its profile and have an impact if, for example, a peer manifest has 
an influence on his/her choices.

Based on people’s attitude towards risk, previous studies have shown that certain categories of people 
tend to be more risk averse than others. For example, women are less willing to take risks than men in 
general (Ding et al., 2010; Grossman, 2013; Hügelschäfer & Achtziger, 2014; Jin et al., 2017) and the 
risk could different based on the contexts (Dohmen & Falk, 2011; Gerhardt et al., 2016; Karhunen & 
Ledyaeva, 2010; Hügelschäfer & Achtziger, 2014); and age influences the decision to take risks (Dohmen 
et al., 2011b; Jin et al., 2017).

Based on their attitude towards risk people can be classified into:

• Risk Averse: They prefer not to assume risks;
• Risk Neutral: Who are neutral to risk;
• Risk Seekers: They love risk.

However, these three categories are not always used as they are. The first and last one are the most 
used ones, risk neutral people being included in any of the previous two categories. Depends on the 
relevance of the three categories and if the system is able to determine the risk neutral category, not all 
three categories are used. Experimental studies involving lottery and hypothetical questions are typically 
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able to determine a risk neutral person. Studies that ask people to assess on a scale their attitude towards 
risk in general or in a certain context, were not able to place on the scale a risk neutral person The three 
risk type categories were used to determine the user attitude towards risk across different domains such 
as health, financial matters, and career, in order to predict the economic behaviour or to explain different 
decisions taken by people (Hammitt & Haninger, 2010; Dohmen et al., 2011b).

A controversy concerning whether the person’s risk attitudes is constant or not across different con-
texts exists in between neo-classical economics and psychology. Neo-classical economists believe that 
risk preference is the same across all contexts, and psychology challenges this idea. More recent studies 
show that a stable risk attitude exists but it may vary across the contexts (Dohmen et al., 2011b; Gerhardt 
et al., 2016; Lauriola et al., 2013), therefore, when taking into account people’s attitude towards risk, 
the context should also be considered in order to obtain better results. The proposed context aware user 
risk model presented in this chapter aims to model better the user’s risk attitude by enhancing an already 
existing model that does not take into account the contextual factors.

User Model

User models are created to store information which could be used by the system to personalise the 
content delivered to the user. However, some systems (Kopeinik et al., 2017; Wongchokprasitti et al., 
2015) have adopted an ‘open user model’ that allows the users to see and even to modify the information 
saved in the model. This allows alleviatingsome of the issues with the cold start in the recommender 
systems (Wongchokprasitti et al., 2015). An open user model is used in this research because we wanted 
the users to be able to see and modify their individual profiles regarding their economic behaviour, as 
it has been shown that the risk behaviour can vary across contexts (Dohmen et al., 2011b; Gerhardt et 
al., 2016; Guiso, et al., 2018).

USER MODEL FOR MULTIMEDIA ADAPTATION

The aim of this section is to present the extension brought to the risk attitude model presented in (Molnar 
& Muntean, 2015). The proposed enhancement considers contextual factors (i.e. user data consumption). 
The proposed open risk attitude user model allows the users to directly adjust their risk attitude and any 
other user related information stored by the model.

Risk Attitude Model

A user model that assesses user risk attitude by taking into account the user age, gender and his answer 
to the general risk question has been proposed in (Molnar & Muntean, 2012). This model assumes that a 
user who is risk averse will be willing to switch to a lower multimedia quality if monetary cost benefits 
are obtained, whereas a user who is a risk seeker prefers to pay for maintaining the multimedia quality 
(Molnar & Muntean, 2012). For the purpose of this paper, the user risk value computed as in Equation 
(1) and presented in more details in (Molnar & Muntean, 2015) is named a general user risk model, as 
it can be applied regardless of the user context.

RVGeneral = w1 * RVGeneralRiskQuestion + w2*RVAgeGender (1)
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where, w1 + w2 = 1.
RVGeneralRiskQuestion and RVAgeGender take values between 0 and 10 and therefore the computed RVGeneral 

value will also be in the range of 0 to 10. If the RVGeneral is a value between zero and less than or equal to 
5, the user is classified as a risk averse. If the value is greater than 5 is considered as risk seeker.

The value of the first parameter, RVGeneralRiskQuestion, is computed based on the answer given by the user 
to the general risk question. The general risk question asks users to assess their attitude towards risk 
on a 0 (risk averse) to 10 (fully prepared to take risks) scale. Users who pick a value between 0 and 5 
(inclusive) are classified as risk averse, and the ones that select a value higher than 5 are classified as 
risk seekers (Dohmen et al. 2011b). The general risk quests used was used as described below and the 
scale is presented in Figure 1.

The second parameter, RVAgeGender considers the age and the gender of the person and it is computed 
based on an analysis performed on the SOEP data set (SOEP v.26). SOEP is a survey performed by the 
German Institute. It is a longitudinal research study, the survey taking place each year since 1984 and 
it is used for economic research. In 2009, the SOEP survey was administered to 20,869 people, 52% 
were women, and 48% men and they age varied from 17 up to 100 years old. The survey required the 
participants to provide, among others, information about their gender, the year when they were born, 
and to answer the general risk question. As users’ attitude towards risk differs with age and between the 
two genders we have analysed the results of the SOEP study. A general formula for the computation of 
a user risk value based on person’s age and gender was proposed and presented in Equation (2).

RV RiskValue ProbabilityRiskValue
AgeGender

i
i i

=
=
∑
0

10

*  (2)

For a given person, RVAgeGender is computed as the sum of probabilities of having a certain risk value i 
for a certain gender and certain age (ProbabilityRiskValuei), multiplied by the risk value i (RiskValuei), 
where i can have a value from 0 up to 10, as the risk values scale from the general risk question.

For example, for a 24 years old female, the percentage of subjects from the SOEP survey that have 
assigned a particular risk value is presented in Table 1. The first row represents the 0 to 10 risk value 
range, and the second column the percentage of 24 years old females that were assigned for each risk 
value based on the SOEP survey analysis. Similar tables were created based on the SOEP data analysis 
for each age between 17 and 100.

When RVAgeGender value is computed, RiskValuei represents a particular risk value from the first row of 
the Table 1, and ProbabilityRisk Valuei represents the percentage of people being assigned to RiskValuei. 
Therefore, for a 24 years old female, RVAgeGender is computed as presented in Equation (3).

Figure 1. User’s Risk Attitude Scale
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RV24Female=0*0.021+1*0.0035+2*0.1049+3*0.1109+4*0.0909+5*0.2308 

+6*0.1329+7*0.1678+8*0.0839+9*0.007+10*0.014 

RV24Female = 4.94 (3)

The computed value is less than 5, therefore, all 24 years old female persons have RVAgeGender equal 
to 4.94 and they are classified as risk averse just based on their age and gender. RVAgeGender is combined 
with RVGeneralRiskQuestion and an individual risk attitude value is computed for a particular person. The 
general user risk model described above has been validated and results have been presented in (Molnar 
& Muntean, 2012). A multimedia delivery mechanism that uses the general user risk model has been 
already proposed in (Molnar & Muntean, 2013a).

Context Aware Extension for the Risk Attitude Model

It has been shown that the user attitude towards risk can vary across different contexts (Dohmen et al., 
2011b; Lauriola et al., 2013). Among the factors that influence people decisions when it comes to pay-
ing for multimedia quality, is whether the user still has data available in the bundle and the price to be 
paid when exceeding the quota (Molnar & Muntean, 2012; Molnar, 2016a). Therefore, this research 
considers user billing plan usage as a contextual factor in the model.

Since a user could have multiple billing plans even in the home country (i.e. an increasing number of 
people use multiple SIMs to access the best tariff (Page et al., 2013), the risk attitude model presented 
in the next subsection computes a RV value for each of the billing plans the user has. The reason for this 
is that a different billing plan could influence the outcome and the user switching from one to another 
could lead to different attitudes. The user is however not restricted to two billing plans and can have 
multiple billing plans.

Open User Model

In this case, the user model allows the user to see and update his profile, depending on the context s/he 
is in, as we acknowledge that the current model is not able to consider all factors that may affect people’s 
situation. The user may change directly the information found in the user model. When the user updates 
his profile, by changing the risk attitude value, with a new value named RVUserUpdate, the new risk attitude 
value will be considered for the duration of the session, unless the user specifies otherwise.

Table 1. Percentages of 24 Years Old Females for each Risk Value (RV) on the 1-10 scale, based on 
SOEP Data Set

RV 0 1 2 3 4 5 6 7 8 9 10

% 2.10 3.50 10.49 11.19 9.09 23.08 13.29 16.78 8.39 0.70 1.40
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Real Time Update of the User Risk Attitude Value

At a certain point, multiple factors can trigger a change of the user risk attitude such as user changes 
his risk value or billing plan data. As consequence, the computed risk value RV is updated. Two cases 
can be distinguished. If one of the factors is a user action that triggers the computation of the RVUserUpdate 
this value overwrites all the changes the other factors can have on the user model. If the user does not 
update his risk attitude value RVUserUpdate, an average of the computed RV values corresponding to each 
activated factor is computed as in Equation (4). This approach has the advantage that multiple factors 
can be introduced in the model. The research presented in this paper considers another factor, except 
for RVUserUpdate: RVData as in Equation (7). In the equation below RVFactor1… RVFactorM are risk attitude 
values computed for each activated factor.

RVRealTime = Avg(RVFactor1, RVFactor2, … RVFactorM) 

RVRealTime = RVFactor1 when only one factor was activated (4)

The risk attitude value RVi stored in the user profile is updated with a new value RVi+1 as in Equa-
tion (5) every time when RVRealTime is computed due to a re-computation of RVUserUpdate, and/or RVData. 
The weight values, w’1 and w’2, are in this case 0.1 is 0.9. These values were taken in order to ensure 
a slow modification of the stored user risk attitude value over time, such that a certain change which 
might be triggered by an occasional change of context for the user, will not have a big effect on the 
user risk attitude value as a whole. A slow modification of the values is recommended when the initial 
value is a reasonable approximation (Rich, 1979). As previous research has shown (Molnar & Muntean, 
2012) this also holds true for this case. The selected weight values were considered based on the TCP/IP 
model (RFC: 793, 1981). TC/IP model is used with the aim of ensuring that there are no sudden spikes 
in the traffic, and in this case is used to ensure that there are no sudden changes in the user model. The 
computed value will be used for the next session.

RV RV
General1

=  

RV w RV w
RV RV

i alTime
i General

+ = +
+

1 1 2 2
' * ' *

Re
 (5)

where

′ + ′ =w w
1 2

1  

RVData Computation

Bundle based billing plans (capped billing plans) are the most common billing plans currently used by 
mobile network operators (Molnar & Muntean, 2013a). A bundle billing plan requires the user to pay 
for a certain data quota in advance. When the data quota included in the bundle is exceeded, the user can 

 EBSCOhost - printed on 2/14/2023 2:28 PM via . All use subject to https://www.ebsco.com/terms-of-use



10

User-Based Adaptive Multimedia Delivery Over 5G Network
 

be penalised in two ways: either to pay extra for the exceed quantity (most often at a higher price than 
the charge for the quantity of data contained in the bundle) or to throttle the user’s bandwidth (Molnar, 
2011). When the user has a bundle based billing plan (a capped billing plan) the personal consump-
tion is monitored through the user risk attitude model. The aim is to maintain data consumption in the 
limits of the bundle quota. Therefore, when the user requests multimedia content, an estimation of the 
remaining data quantity from the bundle is computed as in Equation (6), where DataQuota represents 
the original data quota included in the bundle when the plan was bought; TimeLimitInterval the time 
interval for which the bundle is available, CurrInterval is the time period elapsed since the plan was 
activated. For example, if the bundle has an availability of 30 days, CurrInterval will be the number of 
the day when the multimedia was requested, counting as day one the day when the plan was activated. 
DataCons represents the quantity of data used so far from the bundle.

Estimated mainingData
DataQuota

TimeLimitInterval
CurrInteRe = * rrval DataCons−  (6)

If the EstimatedRemainingData has a negative value, the estimated user risk attitude value RVData 
is computed as in Equation (7), where RVi is the last user risk attitude value saved in the user profile.

RVData = RVi – RVi * 10% (7)

Once the RVData was computed due to a multimedia clip request, the RVRealTime value will also be 
updated considering the new value of the RVData. As result a new user risk attitude value RV

i+1  is com-
puted and saved in the profile. This value becomes the new risk value, until the user requests data again, 
or particular contextual factor is activated. If the EstimatedRemainingData has a positive value, the risk 
value remains unchanged.

Exemplification of the User Risk Attitude Value Computation

A person living in Ireland has acquired a bundle plan with a 500MB data quota, valid for a 30 days period. 
The person has the current risk attitude value RVi equal to 5.2 and the RVGeneral value equal to 5. As the 
current risk attitude value is higher than 5 the person is classified as risk seeker. By the third day s/he has 
already consumed 100MB. The estimated remaining data in the bundle is computed as in Equation (9) 
and it is equal to -50, which means that the person has exceeded its quota for the first 3 days by 50MB. 
If a person exceeds the daily quota multiply by the number of days the bundle is already activated, the 
model assumes that by the end of the bundle period the user will be exceeding the bundle quota.

Estimated mainingDataRe = −
500
30

3 100*  (9)

Estimated mainingDataRe =−50  

As the estimated remaining data is negative the RVData value is computed and presented in Equation 
(10).
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RVData = 5.2 – 5.2 * 10% (10)

RVData = 4.68 

As the user has requested some data over the Internet the RVRealTime value is computed. Since there is 
only one factor considered in our algorithm, RVRealTime will be equal with RVData.

RVRealTime = 4.68 

As result of the RVRealTime computation, the user risk attitude value stored in the user profile is updated 
with a new value computed as in Equation (13).

RV
i+ = +

+
1
0 1 4 68 0 9

5 2 5
2

. * . . *
.  (13)

RV
i+ =1 5 058.  

The newly computed risk attitude value is lower than the previous value but not lower than 5 so the 
model will maintain the same user risk attitude.

DISCUSSION

This chapter presented a user model which could be taken into account when delivering multimedia 
quality. The user model takes into account the user risk attitude and considering contextual factors such 
as the user changes the risk attitude value and bundle data quota.

Improvements to the Model

Further improvements can be made to the model by increasing its granularity: instead of stereotyping 
the people in two categories: risk averse and risk seekers other categories may be used to classify those 
persons that have a moderate opinion with regards to how much they are willing to trade-off. Another 
way of improving the model is by considering user preference for different multimedia content which 
could affect the user preference for video quality (Molnar, 2016b). Furthermore, the model might be 
improved by considering categories of multimedia clips for which the risk averse users are willing to 
pay for quality due to other extraneous benefits. For example, in the case of tele-monitoring glaucoma 
patients, it is a requirement of the doctor to have a very good (high definition) video image of the 
patient’s eye in order to be able to consult the patient (Molnar & Weerakkody, 2016). In this case the 
patient is reducing the health related cost through other means such as avoiding the cost of travelling to 
the hospital, not queuing in the hospital anymore and/or the necessity to ask somebody to accompany 
her/him to the hospital, as the patients suffering from glaucoma are typically older – therefore giving 
more independence to the patient. A cost reduction for the hospital is also obtained due to the usage of 
tele-monitoring. A better patient management and hence a more efficient use of the ophthalmologists 
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time may be obtained (Molnar & Weerakkody, 2016). Furthermore, the model is flexible enough to 
incorporate or remove factors. As the introduction of 5G might bring different billing plans or differ-
ent ways of accessing the data by the users, new factors could be considered in the model to provide a 
better user profile. This might imply adding new factors or removing other factors which might not be 
relevant (e.g. limited billing plans).

Future Directions

As the network capacity is affected due to increase in traffic, especially in the mobile traffic, the pro-
posed model could be used to incentivize a user to accept a lower multimedia quality that requires lower 
bandwidth thus allowing a critical application, such as ambulance service to make use of a higher band-
width (Weerakkody et al., 2013). In the context of an emergency service, the ability to obtain fast and 
good quality data (e.g. videos, images) about the patient could improve patient health or even save the 
patient life. Although the introduction of 5G is likely to alleviate some of the bandwidth problems, the 
increased use in video content (Cisco, 2016), other types of multimedia such as 360 videos and virtual 
reality are likely to continue to put strains on the mobile networks. It is also likely that 5G will be first 
available in the metropolitan areas and the low bandwidth problems could still affect rural or remote 
areas until 5G will be introduced.

The context aware user risk attitude model may also be used by the Internet service providers as part 
of an adaptive mechanism with the aim to reduce the network congestion or by the service providers to 
reduce the traffic to the server/proxy. It could provide a better quality of experience model by improving 
the existing adaptation mechanisms which take into account network parameters and/or battery lifetime 
(Ciubotaru et al., 2014; Ciubotaru et al., 2017; Ghergulescu et al., 2014; Zou et al., 2018).

The model might be also used as an input for a handover mechanism. There are some studies that 
consider the cost of data delivery when performing a handover operation (Bakmaz, 2013) and risk at-
titude as a willingness to trade-off for handover related waiting time (Ormond et al., 2006). The risk 
averse users could prefer a network which has more bandwidth constraints as long as the price is re-
duced, whereas risk seekers could prefer a network that ensures high quality content delivery even if 
the delivery cost is high.

CONCLUSION

This research proposed an open user model that considers the user risk attitude and contextual factors, in 
our case the quantity of data consumed from the bundle plan and user’s own update of the risk attitude 
value. Several examples of how the model works and a discussion on the different scenarios in which the 
model could be used as it is or enhanced had been also presented. The model could help reduce network 
congestion, costs of delivery for the user while trading off multimedia quality. However, further work 
is needed to validate the proposed model.
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KEY TERMS AND DEFINITIONS

Bundle-Based Billing (Capped Billing Plan): A bundle-based billing is characterized by the fact 
that the user has to pay for a specific amount of data (bundle) in advance. That may be used over a given 
period of time. If the amount of data used is exceeded during the given period, the user may have the 
following options: (1) pays a different price for the exceeding quantity; (2) buys a new bundle at the 
same or different price; (3) the bandwidth is throttled.

Multimedia Adaptation: Adapting the multimedia properties (e.g., bit rate, frame rate) such that 
they satisfy certain constraints.

Open User Model: A user model that shows the user the information stored about him. Some open 
user models would also allow the user to modify the information stored.

Personalized Systems: Systems that adapt their results based on user characteristics, context, etc.
Risk-Averse Person: A person who prefers stability to risk.
Risk-Neutral Person: A person whose decision is not influenced by the uncertainty.
Risk-Seeking Person: A person who prefers to assume risks.
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ABSTRACT

This chapter highlights the importance of vehicular ad-hoc networks (VANETs) in the context of the 
5G-enabled smarter cities and roads, a topic that attracts significant interest. In order for VANETs and 
its associated applications to become a reality, a very promising avenue is to bring together multiple 
wireless technologies in the architectural design. 5G is envisioned to have a heterogeneous network 
architecture. Clustering is employed in designing optimal VANET architectures that successfully use 
different technologies. Therefore, clustering has the potential to play an important role in the 5G-VANET-
enabled solutions. This chapter presents a survey of clustering approaches in the VANET research area. 
The survey provides a general classification of the clustering algorithms, presents some of the most ad-
vanced and latest algorithms in VANETs, and it is among the fewest works in the literature that reviews 
the performance assessment of clustering algorithms.

INTRODUCTION

Nowadays, smart cities represent a very important research direction for academia, industry and gov-
ernments that are eager to embrace various technologies, which will make cities “smarter”. The main 
purpose of smart cities is to improve all the facilities provided in a city (e.g. buildings, infrastructure, 
transportation, energy distribution, etc.) in order to improve the citizens’ quality of life, while creating 
a sustainable environment. Related to the transport, the declared aim of smart cities is to promote sus-
tainable forms of transportation, to build intelligent public transportation systems based on real-time 
information, traffic management systems for congestion avoidance, safety applications (e.g. collision 
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avoidance) and green applications (e.g. intelligent routing aiming to reduce fuel consumption, gas 
emissions or energy consumption). Moreover, self-driving cars play an important role in the context of 
smart cities, due to their potential of improving citizen’s life by improving their comfortability. Various 
statistics demonstrate that people are spending a lot of their time in the vehicles, in traffic (INRIX, n.d.). 
Self-driving cars would allow people to use this extra time in a more efficient way.

In this context, Vehicular Ad-hoc Networks (VANETs) or simply vehicular networks represent a hot 
research topic both for academia and industry due to their high potential to create not only smarter cities, 
but also smarter roads. This potential relies in the on the wheels connectivity provided by VANETs that 
can also meet the always connected need of drivers and passengers as they are spending much of their 
daily time in their vehicles. Moreover, VANET has a crucial role in the context of self-driving vehicles 
(Ydenberg, Heir & Gill, 2018). VANETs are based on “smart” vehicles that are able to communicate 
to each other and to the infrastructure via vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) 
communications, known under the generic term of V2X communications, but also via other wireless 
communications technologies (e.g. cellular, WLAN).

V2X communications are considered the dedicated enabling technology of VANETs. They have 
exclusively dedicated spectrum that is of high importance particularly for safety applications. As this 
technology has a low penetration rate and also some limitations (i.e. short-lived and intermittent con-
nectivity), in some architectures, other access technologies are employed as well, in order to support the 
diversity of VANET applications (i.e. safety, traffic management and infotainment applications). Due 
to the importance of VANET, cellular technologies that have a high market penetration have considered 
to accommodate this type of communications starting from 4G. More improvements and developments 
are planned in 5G. LTE for instance was mainly considered for the communication between vehicle and 
infrastructure because according to the studies performed, it seemed to be unable to support the huge 
amount of messages exchanged by vehicles during rush hours. The general consensus is that VANETs 
and their diversity of applications cannot rely on a single type of access technologies. Thus there is a need 
of bringing together multiple technologies, V2X communications, cellular technologies and WLAN, in 
order to enable support for a wide range of VANET applications.

In this context, clustering can play a very important role in the design of VANET architectures: on 
one hand clustering addresses some of the V2X communications limitations such as sparse deployment 
of the infrastructure, and intermittent connections and on the other hand it optimizes the communication 
via cellular access technology. In addition, clustering algorithms in VANET address some of the main 
VANET challenges: scalability and stability, and have been integrated in a various range of applications. 
This chapter presents a thorough survey of clustering algorithms in VANETs.

There are some reviews in the literature dedicated to clustering in VANET (Vodopivec, Bester & Kos, 
2012; Cooper, Franklin, Ros, Safaei & Abolhasan, 2017), but these do not provide any classification 
of the performance assessment of these algorithms. This review is an extension of the one presented in 
(Tal&Muntean, 2014) and similar to this is trying to address a gap that there is in the literature, namely 
the lack of a well-structured analysis of the performance assessment of clustering algorithms in VANET, 
while considering new and significant stages in this research field.

The structure of the chapter is as follows. In the first sections, an overview of vehicular networks, their 
enabling technologies, applications and challenges is presented. The following sections are dedicated 
to clustering: general concepts of clustering, survey of clustering in VANETs – application, classifica-
tion, performance assessment and representative algorithms. The chapter ends with future directions 
and conclusions.
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BACKGROUND

Introduction to VANETs

Vehicular Ad-hoc Networks (VANETs) or simply vehicular networks are a specific class of mobile 
ad-hoc networks (MANETs), where the mobile nodes are represented by vehicles. Although they are a 
class of MANETs, they have specific characteristics that differentiate them, characteristics which will be 
discussed in a dedicated section. VANETs are mostly based on the communication between vehicle-to-
vehicle (V2V), vehicle-to-infrastructure (V2I) or infrastructure-to-vehicle (I2V), generally referred to as 
V2X communications. This type of communications is mainly supported by a specific type of wireless 
access called Wireless Access for Vehicular Environment (WAVE). WAVE contains the standards dedi-
cated to vehicular environment (Uzcategui & Acosta-Marum, 2009): IEEE 802.11p and IEEE P1609.x 
standards. IEEE 802.11p, developed to provide wireless access in vehicles, is a new amendment of 
IEEE 802.11 standard body (IEEE 802.11p, 2010). This is a justified decision in the context of the wide 
adoption and subsequently the low cost of IEEE 802.11 technologies. Both, IEEE 802.11p and IEEE 
1609.x standards, are based upon the allocation of Dedicated Short Range Communications (DSRC) 
spectrum band. This initiative, started in USA in 1999, allocated dedicated spectrum of frequency to 
be used exclusively by V2X communications. In Europe, spectrum allocation was harder to achieve, 
as each country has different regulations, but agreement was eventually made on a spectrum similar to 
the USA. Seven channels of 10MHz in the 5.9GHz range are allocated for use in DSRC/IEEE 802.11p 
standard. Out of the 7 channels, 6 are service channels (SCH), while the one left is the control channel 
(CCH). CCH is reserved for system control and safety messages, an SCH channel is dedicated to safety 
messages as well, whereas the rest of SCHs are mainly used to exchange non-safety and larger data.

While IEEE 802.11p covers the Physical and MAC layers, IEEE P1609.x covers the entire VANET 
scope of services from application down to the MAC layer.

• IEEE P1609.1 (IEEE P1609.1, 2006) is the WAVE Resource Manager standard, defining the in-
terfaces and services of WAVE applications and the format of data messages.

• IEEE P1609.2 (IEEE P1609.2, 2006) is the WAVE Security Services for Applications and 
Management Messages standard that defines the WAVE security: anonymity, authenticity and 
confidentiality and also the exchange of messages.

• IEEE P1609.3 (IEEE P1609.3, 2007) is the WAVE Networking Services that defines routing and 
transport services. It provides description and management to the protocol stack, network configu-
ration management and also provides the transmission and reception of WAVE short messages.

• IEEE P1609.4 (IEEE P1609.4, 2006) is the WAVE Multi-channel Operations that provides the 
DSRC frequency band coordination and management.

In addition to V2X communications, other types of technologies are also used in supporting vehicu-
lar applications. Depending on how these VANET enabling technologies are employed in the vehicular 
applications, three types of VANET architectures are defined: pure ad-hoc, pure WLAN/cellular and 
hybrid (K.C. Lee, U. Lee & Gerla, 2010).

In the ad-hoc architecture, there is V2V communication only, without any infrastructure support. 
This scenario is feasible since the infrastructure and wireless access points are not everywhere and 
their deployment is limited by the cost or geography. Information exchanged between vehicles can be 
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of extreme value, especially in difficult conditions or special circumstances (e.g. an icy road section 
previously detected by another car or an accident blocking the road).

In WLAN/cellular architecture, cellular base stations and WLAN access points facilitate vehicles’ 
connection to the Internet and provide support for vehicular communications-based applications. Initially, 
in this type of architecture, the vehicles did not have support for directly communication with each other 
in a distributed manner with few exceptions. In this context, clustering can be successfully employed 
to limit for instance the cellular network communications. However, starting with 4G important steps 
have been made towards direct communication between vehicles. From Release 12 (Rel.12) a new fea-
ture known as Proximity Services was specified within 3GPP1. Proximity Services Direct Discovery 
and Proximity Services Direct Communication enable Device-to-Device (D2D) communications (Lin, 
Andrews, Ghosh & Ratasuk, 2014). However, this release of the Proximity Services specification has 
not considered the requirements of V2X communications as it provides low mobility support. Therefore, 
D2D communications specified in Rel.12 is not really suitable for V2V communications, especially not 
in highway scenarios characterized by high speeds. Cellular V2X communications, also called C-V2X 
was standardized in 3GPP based on LTE Release 14 (3GPP, n.d.), but this supports basic safety scenarios 
only. Improvements of these specifications aiming to support the diversity of VANET applications are 
planned in 5G (5G Americas Whitepaper, 2018).

In the hybrid architecture all types of communications are present. Vehicles can talk to each other and 
exchange information (V2V communications), but also can communicate with fixed infrastructure that 
is deployed alongside the road also referred to as road side unit (RSU) (V2I) or with access points, or 
wireless towers (WLAN, cellular). This is the most complex architecture and provides support for more 
complex applications. Especially infotainment applications which require richer content are based on this 
type of architecture, but also complex traffic management systems. Similar to the previous architecture, 
clustering can be a viable solution for an optimal communication between vehicle to infrastructure, if 
this is done via cellular technologies. In the case of V2I communications, clustering can be the response 
to limited range of communications, sparse deployment of RSUs and intermittent communication.

In VANET architectures the communication capabilities of a vehicle are provided by an in-vehicle 
component referred to as the on-board unit (OBU) that can have multiple network interfaces (V2X, UMTS, 
LTE, etc.). Note that this component was envisioned to be integrated in the cars by the car manufactures, 
but in the latter VANET solutions OBU can stand for different devices with wireless capabilities such 
as the driver’s smartphone. OBU also supports intra-vehicle communication needed to collect the data 
from the vehicle’s sensors and devices, data that is then used in the applications enabled by VANET. 
Most VANET applications assume that the position of the vehicle is known, so a GPS or other position-
ing system is considered to be integrated in OBU (or co-exist with OBU).

Figure 1. VANET Architectures
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VANET Applications

A large plethora of applications have been envisioned and proposed for VANETs. These can be catego-
rized in three big classes (Karagiannis et al., 2011): active road safety applications, traffic efficiency 
and management applications and infotainment applications. Moreover, VANET is considered one of 
the main enabling technology of self-driving cars (Ydenberg, Heir & Gill, 2018).

Active road safety applications aim to provide a safer driving environment by reducing the probabil-
ity of accidents and preventing the loss of lives. Such applications are traffic signal violation warning, 
emergency electronic brake light, pre-crash sensing, lane change warning, cooperative forward collision 
warning, etc. These are mainly pro-active approaches that are trying to avoid accidents. Reactive safety 
approach based on VANETs can be developed in the context of emergency systems. “Green” routes for 
emergency vehicles can lead to saving many human lives. In their survey, Martinez, Toh, Cano, Calafate, 
& Manzoni (2010) emphasized on both the great potential of V2I/V2V communications in enhancing 
the emergency services and the need of designing systems based on this type of communications that 
ensure efficient emergency service delivery. The architecture and principles of a complete solution, a 
VANETs-based traffic management system ensuring “green” routes for emergency vehicles has been 
proposed in (Djahel, Salehie, Tal, & Jamshidi, 2013).

Traffic efficiency and management applications’ goal is to improve the overall efficiency of trans-
portation by managing the navigation of the vehicles via cooperative co-ordination (e.g. cooperative 
adaptive cruise control (Chang, Tsai & Liang, 2017)). Also, they aim to improve not only the overall 
efficiency, but the efficiency per vehicle via speed management applications (e.g. avoiding stopping to 
the intersections (Rakha & Kamalanathsharma, 2011)). This type of applications is situated somewhere 
at the border between safety and infotainment applications.

Infotainment applications are applications that are not directly related to traffic safety or efficiency, 
but they are designed for the needs and comfort of the users. These applications can be split into two 
big classes: entertainment applications and driver assistance applications.

Entertainment applications include solutions for different service delivery such as for instance live 
video streaming or multimedia delivery over VANETs (Lobato, Rosario, Gerla & Villas, 2017).

Driver assistance applications comprise countless VANETs-based solutions. This type of applications 
provide driver with useful information in driving process, but not only (e.g. applications that provide 
valuable information for driver, such as price of fuel or closest charging station, etc. are also included). 
Example of such applications are routing applications (Doolan & Muntean, 2017), free parking discovery 
applications (Lu, Lin, Zhu & Shen, 2009), applications that give driving/riding advices based on certain 
criteria: e.g. how to drive/ride in certain conditions in order to reduce gas emissions, fuel (Rakha el al., 
2011) or energy consumption in the case of electric cars (Tielert, Rieger, Hartenstein, Luz & Hausberger, 
2012) or electric bicycles (Tal, Zhu & Muntean, 2013; Tal, Ciubotaru & Muntean, 2016), etc.

VANET Characteristics and Challenges

VANETs have specific characteristics that differentiate them from any other type of ad-hoc networks. 
Some of these characteristics are very attractive for the researchers, while the others are creating new 
technical challenges that need to be addressed. The following features are among the attractive ones:
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• Theoretical Unlimited Power: Is considered due to the fact that any vehicle-node is capable of 
generating power while moving. In the case of classic MANET mobile nodes, power is a very se-
rious issue. However, this VANET characteristic is not applicable to the case of electric vehicles 
(EVs), where energy preservation is vital for increasing the travel range.

• High Computational and Storage Capabilities: Unlike the handheld devices in classic MANETs, 
vehicles can afford significant computational, storage and communication capabilities. This capa-
bility is partially made possible by the previously mentioned characteristic.

• Predictable Mobility: Is possible in VANETs due to the fact that vehicle movement is con-
strained by the roads, traffic regulations and driver behavior. So, given parameters such as the 
current position, current speed, route, average speed and/or learning about driver behavior, it is 
possible to predict the next position of the vehicle. On the contrary, the node mobility in classic 
MANETs is very hard to predict.

The challenging set of VANET features includes:

• High Mobility: Vehicle-nodes have very high speed compared to the nodes from MANETs. In 
highway scenarios speeds of up to 300km/h may occur, while in city scenarios speeds of up to 
70km/h.

• Rapidly Changing Topology: The aforementioned high node mobility in VANETs leads to a 
frequent link disconnection between the vehicle-nodes and consequently to a rapidly changing 
network topology.

• Diversity of Conditions: Mainly refers to the diversity of the network density that can be very 
sparse or on the contrary, very dense. In a city scenario, especially during rush hours, the network 
is extremely dense, while in a highway scenario the network can be very sparse.

• Frequent Disconnections: In the network; mainly caused by the two previously mentioned char-
acteristics. Road dead-ends is another factor that can produce frequent disconnections in VANETs.

• Potentially Large Scale: VANETs are networks with a potential high number of nodes. There is 
no limitation in terms of number of nodes, as it is in the case of other networks, so vehicle-nodes 
can potentially expand over the entire road network.

• Diversity of Applications: As presented in the previous section, a large plethora of applications 
have been envisioned for VANETs in the areas of traffic safety, traffic management and efficiency, 
and infotainment ranging from multimedia applications to driver assistance services. The require-
ments of these applications are as diverse as their range is. Consequently, much VANET- dedicated 
technology needs to be designed so these networks can cope with all this diversity of applications.

CLUSTERING AND VANETs

Introduction to Clustering

Clustering is a division technique that creates groups of similar objects (Wanner, 2009) mainly with the 
purpose of dealing with scalability. The similarity between objects is built upon one or more clustering 
metrics that are extremely varied and highly dependent on the context clustering is applied in. Clustering 
is widely used in data analysis, data mining, statistics, text mining, information retrieval, etc. Cluster-
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ing has been widely adopted in MANETs, as it provides support for good system performance, good 
management and stability of the networks in the presence of mobility and large number of terminals 
(Yu & Chong, 2005). Thus, clustering helps solve some of the main issues in MANETs: scalability and 
stability (Wanner, 2009).

In MANETs, clustering involves dividing the nodes into virtual groups based on some rules that 
establish if a node is suitable to be within a cluster or not. These rules are defined based on clustering 
metrics that in MANETs can be node type, battery energy level, mobility pattern, etc.

In general, a clustering scheme considers that a node can be in one the following situations (Yu & 
Chong, 2005), based on the node membership and task associated to the node. If node situations are 
associated with states, one could consider the following as possible node states:

• Unclustered, also known as non-clustered or independent, when it does not pertain to any cluster
• Cluster member or clustered when the node is within a cluster
• Cluster head (CH) when the node has extra-responsibilities in a cluster. Usually, CH is the main 

controller of the cluster, the main coordinator of the communication within the cluster (i.e. intra-
cluster communication) and has a main role in the functionality that is supposed to be provided 
by the cluster.

• Gateway node is the node that ensures the communication between the clusters, also called inter-
cluster communications.

A general classification of MANET clustering schemes is based upon the following criterion: CH-
based clustering, if there is a CH in the clusters created or non-CH-based clustering, if there is no CH 
in the cluster created. Note that in CH-based clustering, the performance of clustering is highly depen-
dent on CH election as this node has the main responsibilities in its cluster. Therefore in this type of 
clustering algorithms the focus is mainly on CH selection algorithms. Another general classification 
of clustering is based upon the number of hops between node pairs in the cluster: 1-hop clustering or 
multi-hop clustering.

Successfully applied in MANETs to address stability and scalability, clustering was adopted in VANETs, 
where these issues are even more augmented. At the beginning, MANET clustering algorithms were ad-
opted and directly applied to VANETs without any modifications, but as this research direction evolved, 
new clustering algorithms dedicated to VANETs were designed to address their specific characteristics.

Figure 2. Illustration of node states in MANET clustering
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Clustering in VANETs

The clustering concepts presented in the context of MANETs are valid in VANETs context as well, 
especially given the fact that clustering in VANETs has evolved from MANETs. There are only some 
additional aspects that need to be mentioned and that derive from the adaptation of clustering to VANET-
specific conditions.

Clustering metrics were adapted not only to address VANET challenges imposed by their specific 
characteristics such as high mobility, rapidly changing topology and diversity of conditions, but also 
to take advantage of some of these characteristics, such as predictability of their movement. Therefore, 
clustering in VANETs is based upon more metrics than in MANETs that need to describe the complexity 
of VANET environment. Among the most common metrics in VANET clustering are direction, vehicle’s 
relative speed in comparison to other neighbouring vehicles, vehicle’s relative position, but also traffic 
flow, the lane in urban scenarios (e.g. right lane, left lane, and ahead lane), predicted future speed and 
position, density of vehicles (sparse or dense), etc.

In the context of node states, as already described, additional node states have to be added in VANETs 
in order to address its more dynamic environment. These intermediate states include the candidate node 
and CH backup or CH candidate states. The candidate state was introduced by some approaches in order 
to obtain a better stability of the cluster. A node is not immediately given the cluster member state; it 
goes into the candidate state until it proves that it has certain stability in the cluster. The CH backup/CH 
candidate (quasi-CH in other approaches) state was introduced to make faster and smoother the process 
of changing the CH. Clustering in VANETs can be represented as a state machine, where the machine is 
the vehicle-node that can be in one of the following states: unclustered, cluster member, CH (in the case 
of CH-based clustering) and, optionally, in an intermediate state candidate and CH backup/candidate 
as previously defined (Figure 3).

Once adopted in VANETs, clustering gained popularity mostly due to its efficiency in addressing 
network stability issues. Clustering algorithms were implemented in the design of a large variety of 
VANET solutions: MAC protocols, routing protocols, data aggregation, security solutions, inter-vehicle 

Figure 3. State machine representing CH-based clustering in VANETs
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communication, and data and infotainment dissemination solutions and various architectures such as 
cluster-based heterogeneous networks architectures or vehicular cloud-based architectures. In addition, 
various generic clustering algorithms were defined for VANETs. A classification of the clustering al-
gorithms based on the application criterion can be seen in Table 1.

Independent of the type of VANET solution the clustering algorithm is designed for, one of the main 
purpose of clustering is to achieve network stability. Therefore, the clustering metrics are focusing mainly 
on this aspect and they relate to VANET’s dynamic environment. Thus independently of the context in 
which clustering is applied (i.e. MAC protocols, routing protocols, etc), clustering metrics focus on the 
same issues and they are similar to each other. They are only dependent on the ingeniously modeling of 
the VANET environment and they are different from solution to solution as researchers are experiment-
ing in trying to find the best clustering metrics to express the dynamicity of the VANETs. Similarly, in 
clustering performance assessment, usually first the network stability achieved is measured and then, 
the overall assessment of the clustering solution is performed (the overall solution where clustering is 
integrated; e.g. MAC protocol, data aggregation, etc). All these considerations allows for a uniform 

Table 1. Clustering Algorithms Classification: Application Criterion

Class References

Generic Clustering Algorithms

Fan et al., 2005 
Cherif et al., 2009 
Kuklinski &Wolny, 2009 
Rawashdesh &Mahmed, 2009 
Shea et al., 2009 
Almalag & Weigle, 2010 
Dror et al., 2011 
Maslekar et al., 2011 
Dror et al, 2013 
Harikrishnan & He, 2013 
Tal & Muntean, 2013a 
Ucar et al, 2013 
Khan, Abolhasan & Ni, 2018

Cluster-based routing algorithms
Goonewardene et al., 2009 
Teshima et al., 2011 
Wahab et al., 2013

Cluster-based data aggregation Shoaib et al., 2012

Cluster-based MAC algorithms Su & Zhang, 2007 
Hafeez et al., 2011

Cluster-based architectures

Sivaraj et al., 2011; 
Taleb & Benslimane, 2010; 
Benslimane et al., 2011, 
Tung et al., 2013 
El Mouna, Tabbane, Labiod & Tabbane, 2015 
Arkian, Atani, Diyanat & Pourkhalili, 2015 
Duan, Liu & Wang, 2017 
Amad et al., 2018

Cluster-based data & infotainment dissemination Huang et al., 2011 
Tal & Muntean, 2012

Cluster-based security solutions
Gazdar et al., 2010 
Gazdar et al., 2011 
Sharma & Kaul, 2018
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analysis of clustering algorithms in VANETs, independent of the type of solution/application in which 
they are integrated.

Although there is a considerable number of clustering solutions in VANETs, this research direction 
is still not mature. A closer analysis of the existent solutions in the literature reveals some major issues 
that relate to the performance assessment of clustering solutions in VANETs. So far, no analysis on this 
topic was provided in the literature and this is reflected by the fact that the existing clustering solutions 
use intuitively-defined performance assessment metrics or re-defined metrics similar with already ex-
isting ones mostly because researchers were not aware that such metrics have already been proposed in 
the literature. This resulted in metrics having various name versions. In particular, this is the case for 
the metrics used to measure the stability of the clusters, which contributes to network stability. These 
metrics are a direct measure of the performance of clustering algorithms in the context of VANETs, 
where the performance of clustering algorithms is reflected in how well clustering algorithms perform 
in achieving good network stability. It can be therefore concluded that the aforementioned major issues 
directly relate to the metrics used to evaluate the performance of clustering algorithms in VANETs.

In the absence of a study on performance assessment metrics of VANETs clustering solutions and in 
the absence of the standardized metrics, we performed a survey of the performance evaluation of cluster-
ing solutions in VANETs and of clustering algorithms designed for these solutions. This survey resulted 
in the identification and comprehensive definition, including in mathematical terms, of generic metrics 
that can be used in the evaluation of clustering algorithms in VANETs. Next sections describe in details 
the results of the study that can be considered an invaluable guide for the performance assessment of 
VANETs cluster-based solutions in general and VANETs clustering algorithms in particular and could 
support the standardization effort of these general metrics. This standardization is highly needed in order 
to avoid metrics being “re-invented” or intuitive assessment of the clustering solutions in VANETs to 
be performed. Moreover, evaluating the performance of clustering algorithms via these general metrics 
can greatly facilitate the comparison between clustering algorithms, independent from their type (i.e. 
generic algorithms or solution-specific).

Performance Assessment of Clustering in VANETs

The study conducted aimed to exhaustively analyze clustering solutions in VANETs. First, the focus was 
on the performance assessment of clustering solutions in general. Then the focus was moved on the evalu-
ation of clustering algorithms designed for these solutions. As a result of the analysis performed, three 
major classes of performance assessment metrics for clustering solutions were identified and they are 
illustrated in Figure 4: network-specific metrics, application-specific metrics and topology-based metrics.

Network-specific metrics are well-known metrics applied in network communications, evaluating 
the performance of the clustered network mainly in terms of data transfer: throughput, loss, delay, data 
delivery ratio, overhead, etc.

Application-specific metrics depend on the type of the cluster-based solution employed. As emphasized 
above, clustering algorithms were implemented in the design of a large variety of VANET solutions: 
data aggregation solutions, MAC and routing protocols, security, etc. Therefore, this class includes a 
large variety of metrics as well. For instance, a data aggregation cluster-based solution is evaluated by 
measuring the size of data that needs to be disseminated, as the goal of a data aggregation scheme is to 
reduce the size of the data that needs to be disseminated. Note that these metrics and network-specific 
metrics are evaluating the performance of the overall solution based on clustering.
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Topology-based metrics (hashed in Figure 4) evaluate the stability and robustness of the resulted 
clusters. Cluster stability translates into network stability, thus topology-based metrics are measuring 
the network stability. Network stability is emphasized as an important issue in VANETs due to their 
rapidly changing topology. Therefore, topology-related metrics are of great importance, fact acknowl-
edged by researchers: the majority of proposed clustering solutions are using topology-based metrics in 
the performance assessment.

Independent of the type of VANET solution the clustering algorithm is designed for, the general aim 
of a clustering algorithm is to achieve network stability. In this context, the performance of clustering 
algorithms is not seen from a computational point of view (e.g. complexity of the algorithms). The 
focus is on how well clustering algorithms perform in achieving good network stability. Based on these 
considerations it can be said that in the context of VANETs, topology-based metrics are a measure of 
clustering algorithms performance.

TOPOLOGY-BASED METRICS FOR CLUSTERING 
ALGORITHMS ASSESSMENT IN VANETS

In the previous section, topology-based metrics were identified as the metrics suitable for the evalua-
tion of clustering algorithms in VANETs. Therefore, this section contains an in-depth analysis of the 
topology-based metrics. The comprehensive definition of the performance metrics subscribing to the 
general topology-based class from the solution-dependent topology-based class is one of the purposes 
of this work. The first class contains the metrics we called as being general metrics for the evaluation 
of clustering algorithms in VANETs.

Next the topology-based metrics identified during the analysis of VANET clustering algorithms are 
presented. Several aspects regarding the form of presentation need to be mentioned before getting to the 
presentation of the topology-based metrics. These aspects relate to several issues revealed during the 
study performed on the clustering solutions in VANETs.

An important issue is the inconsistency in naming the metrics. As already mentioned some of the 
metrics have been re-defined and consequently bare different names. In some cases of re-defining, 
general metrics are constrained by particular conditions/characteristics of the algorithm they are used 

Figure 4. Classification of the performance assessment metrics used in VANETs clustering solutions
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to assess: general metrics are defined either using particular conditions/assumptions of the algorithm 
or using particular parameters of the current algorithm. This is not necessary wrong as it is perfectly 
applicable for that particular algorithm, but can lead to misconceptions and misusing in case of other 
clustering algorithms. In addition, there are a considerable number of metrics that are not provided with 
a mathematical definition at all, being described in words only. So far, a single work in the literature (Su 
& Zhang, 2007) has provided mathematical definitions for some general metrics used in the evaluation 
of clustering.

Due to the aforementioned aspects, when presenting the metrics in the next sections, all naming 
versions are provided. The most representative name was chosen based on either the popularity or the 
degree of match with the metric description. In addition, general mathematical definitions for each of 
the general metrics were provided. The mathematical formulas were proposed based on the textual 
definitions of the metrics and the in-depth analysis of the results. The general mathematical definitions 
provided to some of the general metrics in by Su & Zhang (2007) were taken in the same form as pre-
sented in their work. Together with these metrics were taken the notations used in their definitions (i.e. 
first 6 notations from Table 2).

General Topology-Based Metrics or General Metrics for the 
Evaluation of Clustering Algorithms in VANETs

• Average CH Lifetime: ( )CHL  (average CH duration, CH time) is one of the most popular topol-
ogy-based metrics. It is applicable to the CH-based clustering algorithms only. It was used for the 
evaluation of VANET clustering algorithms in a considerable number of works (see Table 3). The 
popularity of this metric is explainable: the importance of CHs lifetime is crucial as, usually, the 
CH is the main controller and content forwarder in the CH-based clustered networks. Smaller CH 
lifetime affects the overall performance of the clustering algorithm. Higher CH lifetime implies 
more stable cluster topologies are found, leading to a decrease in number of re-clusterings, and 
consequently avoiding the waste of system resources and excessive use of computation time.

Table 2. Notations used in topology-based metrics definition

Notation Explanation

|V(t)| Total number of vehicles at time t

|C(t)| Numbers of clusters at time t

|CHi(t)| Number of cluster members in cluster i at time t

SP ti
� ��
( ) Velocity vector of vehicle i at time t

| ( ) |SP ti
� ��

Speed of vehicle i at time t

S Simulation time

CHLi(t) Time period between time t, when vehicle i becomes a CH, and the moment of time vehicle i changes to another state.

CLi(t) Time period between time t, when cluster i is formed and the moment of time cluster i is dismissed.

CMTj
i(t) Time period between time t, when vehicle j becomes a cluster-member of cluster i, and the moment of time vehicle j 

leaves cluster i.
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Table 3. General Metrics for the Evaluation of Clustering Algorithms in VANETs: Summary

Metric Mathematical Definition Popularity Restriction

Average CH 
Lifetime (

CHL ) CHL
CHL t

BC t

i
i

V t

i
i

V t
t

S

= =

=

=

∑

∑
∑

( )

( )

| ( )|

| ( )|
1

1

0

,

where 

BC t
i t

i
( )

,

,
=

1

0

if vehicle  changes to cluster head at time 

ottherwise








Blum et al., 2003 
Gunteret al., 2007 
Su & Zhang, 2007 
Rawashdesh & Mahmed, 2009 
Shea et al., 2009 
Huang et al., 2011 
Lai et al., 2011 
Tal & Muntean, 2012 
Harikrishnan & He, 2013 
Tal & Muntean, 2013a 
Ucar et al., 2013 
Arkian, Atani, Diyanat & 
Pourkhalili, 2015

CH-based 
algorithms 
only

Average 
number of 
clusters (

NoC ) NoC
S

C t
t

S

=
=
∑1
0

| ( ) |

Wolny, 2008 
Rawashdesh &Mahmed, 2009 
Shea et al., 2009 
Gazdar et al., 2010 
Dror et al., 2011 
Maslekar et al., 2011 
Shoaib et al., 2012 
Dror et. al, 2013 
Tal & Muntean, 2013a 
Harikrishnan & He, 2013

-

Average cluster 

size (CS )
CS

S
CH t

i
i C tt

S

=
∈=
∑∑1

0

| ( ) |
( )

Fan et al., 2005 
Su & Zhang, 2007 
Kuklinski &Wolny, 2009 
Hafeez et al., 2011 
Teshima et al., 2011 
Harikrishnan & He, 2013

-

Average CH 
change rate (

CHCR )

CHCR
S

CHD t
i

i

v t

t

S

=
==
∑∑1
10

( )
| ( )|

,
where 

CHD t
i
( )

,
=

1  if vehicle i changes from cluster head to anotheer type of node at time 

 otherwise

t

0,








Fan et al., 2005 
Kuklinski &Wolny, 2009 
Shea et al., 2009 
Almalag & Weigle, 2010 
Ucar et al., 2013 
Khan, Abolhasan & Ni, 2018

CH-based 
algorithms 
only

Average 
cluster member 
lifetime (

CML )

CML
C t

CMT t CMD t

CMD k

j
i

j
i

j CH t

j
i

j CH tk

S
i

i

= ∈

∈=

∑

∑∑

1

0

| ( ) |

( ) ( )

( )

( )

( )

ii C tt

S

∈=
∑∑
( )0

where 

CMD t

j i

j
i( )

,
=

1
if vehicle ,clustermember of cluster is

dissmissed frrom the cluster at time

otherwise

t

0,










Goonewardene et al., 2009 
Shea et al., 2009 
Huang et al., 2011 
Ucar et al., 2013

-

Cluster changes 
per node (

CC )

CC
S

CMD t
j
i

i C t j CH tt

S

i

=
∈ ∈=
∑∑1

0

( )
( ), ( )

,
where CMD is defined as above

Wolny, 2008 
Dror et al., 2011 
Dror et al, 2013

-

Average cluster 
lifetime (

CL )

CL

CL t

C t

i
i C tt

S

t

S
= ∈=

=

∑∑

∑

( )

| ( ) |

( )0

0

Cherif et al., 2009 
Rawashdesh &Mahmed, 2009 -

continued on following page
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The mathematical definition of ( )CHL , as given by Su & Zhang (2007), is shown in equation (1).

CHL
CHL t

BC t

i
i

V t

i
i

V t
t

S

= =

=

=

∑

∑
∑

( )

( )

| ( )|

| ( )|
1

1

0

 (1)

In equation (1), BCi(t) represents a function that defines the transition of a node (vehicle i) to the CH 
state as described by equation (2).

BC t
i t

i
( )

,

,
=

1

0

if vehicle  changes to cluster head at time 

ottherwise








 (2)

CHL  is one of the metrics that were re-defined in the literature. In the work proposed by Rawashdesh 
& Mahmud (2009), this metric is given a mathematical definition dependent on the particularity of the 
clustering algorithm (equation (3)).

CHL
L

C
i
life

i

L

=
=
∑1
1

(3), 

where L is the number of clusters created throughout the session and C
i
life  has the same meaning as 

CHL t
i
( ) . This is not a general definition, as the clusters are dismissed when the CH is changed. There 

Metric Mathematical Definition Popularity Restriction

Cluster 
reconfiguration 
rate (

CRR )

CRR
S

CD t
i

i

C t

t

S

=
==
∑∑1
10

( )
| ( )|

,
Where 

CD t
i t

i
( )

,
=

1  if cluster  was dissmissed at moment 

0, otherwiise 








Wang et al., 2008 
Huang et al., 2011 -

Average 
relative speed 
compared to 
the CH within 
a cluster (

RSWC )

RSWC
C t S

SP t SP t

CH t

i j
j CH t

ii C t

i=

−
∈

∈

∑
1

| ( ) |

| ( ) ( ) |

| ( ) |
( )

( )

� �� � ���

∑∑∑
=t

S

0

Su & Zhang, 2007 
Hafeez et al., 2011

CH-based 
algorithms 
only

Average 
relative speed 
among CHs (

RSCH )

RSCH
S

SP t SP t

C t

i j
i j C t i j

t

S

=
−

∈ ≠

=

∑
∑1 2
0

| ( ) ( ) |

| ( ) |
, ( )̂

� �� � ���

Su & Zhang, 2007
CH-based 
algorithms 
only

Table 3. Continued
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are clustering algorithms (Hafeez et al., 2011) where clusters have back-up CHs. Often, when the ve-
hicle CH changes its state, its role is taken by its back-up and the cluster is not dismissed. In this situa-
tion, equation (3) cannot be used in all CH-based clustering algorithms evaluation.

•  Average Number of Clusters: (NoC ) is a very popular metric used to assess the performance of 
a large number of clustering algorithms (see Table 3). NoC  is a general metric that can be applied 
to assess the performance of all the categories of clustering algorithms. NoC  is a measure of 
network stability. When there are fewer clusters, better network stability is obtained. Equation (4) 
is proposed as a general mathematical definition of NoC .

NoC
S

C t
t

S

=
=
∑1
0

| ( ) |  (4)

It can be stated that the same metric is used by Maslekar et al. (2011), although instead of number of 
clusters, the number of CHs is measured. This is due to the fact that in this particular solution, a cluster 
is dismissed when its CH is dismissed. In consequence, the number of CHs is equal to the number of 
clusters created.

• Average Cluster Size: (CS ) metric (average number of cluster members) measures the average 
size of the clusters throughout the session. This size of a cluster is considered to be determined by 
the number of vehicles in the cluster. CS  is a metric applicable to all clustering algorithms and 
was highly used in the literature (see Table 3). Its general definition, as given by Su & Zhang 
(2007), is shown in equation (5).

CS
S

CH t
i

i C tt

S

=
∈=
∑∑1

0

| ( ) |
( )

 (5)

• Average CH Change Rate: (CHCR ) is another popular metric (see Table 3) and it is seen as a 
measure of cluster stability. In more stable clusters, nodes in general and CHs in particular change 
their cluster membership or their state less often. It is a metric that can be used for the perfor-
mance assessment of CH-based algorithms. Equation (6) is proposed as the general mathematical 
definition of CHCR .

CHCR
S

CHD t
i

i

v t

t

S

=
==
∑∑1
10

( )
| ( )|

 (6)

where CHD t
i
( )  is the CH dismissed function of vehicle i, that was defined in equation (7) to express 

the transitions from CH to another type of node.
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CHD t
i
( )

,
=

1  if vehicle i changes from cluster head to anotheer type of node at time 

 otherwise

t

0,








 (7)

• Average Cluster Member Lifetime: (CML ) (average cluster member duration, cluster resi-
dence time) was used as a performance metric by Goonewardene et al. (2009); Shea et al. (2009) 
and Huang et al. (2011). It is a general topology-based metric measuring the overall stability of 
clustering. CML  is a similar metric to the average CH lifetime just that the lifetime is computed 
for all the nodes in the cluster members not only for the CH. Same as for CHL , longer average 
cluster member lifetime indicates a more stable clustering topology. A general mathematical defi-
nition of CML  is provided in equation (8).

CML
C t

CMT t CMD t

CMD k

j
i

j
i

j CH t

j
i

j CH tk

S
i

i

= ∈

∈=

∑

∑∑

1

0

| ( ) |

( ) ( )

( )

( )

( )

ii C tt

S

∈=
∑∑
( )0

(8), 

Where CMD t
j
i( )  is the cluster member dismissed function of vehicle j from cluster i being defined 

in equation (9).

CMD t
j i

j
i( )

,
=

1 if vehicle ,cluster member of cluster is dissmissed frrom the cluster at time

otherwise

t

0,








 (9)

• Cluster Changes Per Node: (CC ) (average number of cluster switches per node) measures the 
number of transitions of a vehicle between clusters and is used in order to measure cluster stability. 
The less number of transitions indicates better cluster stability. In the work proposed by Dror et al. 
(2011), the metric is called improperly cluster stability and was measured through average number 
of cluster switches per node.

Based on the descriptions provided by Shea et al. (2009) and Wolny (2008) and on the evaluation of 
the results, equation (10) is proposed as the general mathematical formula for CC , applicable to all 
clustering algorithms.

CC
S

CMD t
j
i

i C t j CH tt

S

i

=
∈ ∈=
∑∑1

0

( )
( ), ( )

 (10)

where CMD t
j
i( )  was defined in equation (9).

• Cluster Stability: Is stated as a metric by Wolny (2008), Dror et al. (2011) and Wahab et al. 
(2013). In the latter work, it is described and measured in terms of the average number of cluster 
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switches per node during the simulation. As stated before, this metric is actually CC . Wolny 
(2008) states that the cluster stability metric depends on the change rate of the cluster and provide 
a formula that is not generic, but solution-dependent and uses some undefined terms. A solution-
dependent description is provided by Wahab et al. (2013) for what they call network stability 
metric. However, we argue that no metric can be called cluster stability until it is not able to com-
prise all the metrics that were defined so far for its measurement. In addition, cluster stability is a 
property of the VANETs which is assessed by most of the topology-related metrics defined and 
not only a metric. In consequence, cluster stability is not proposed and considered as a general 
metric in this work.

• Average Cluster Lifetime: (CL ) (Rawashdesh & Mahmud, 2009) (average cluster lifecycle 
(Cherif et al. 2009)) is another general metric that can be used for assessing the performance of 
any type of VANETs clustering algorithm. It is a measure of cluster stability: larger average clus-
ter lifetime translates into more stable clusters, thus a more stable network. Rawashdesh & 
Mahmud (2009) consider the average cluster lifetime equal to the average CH lifetime, as the 
clusters are dismissed whenever their CH changes. The authors define CL  through equation (2) 
which was considered not to be an appropriate general formula for CH lifetime. It is obvious that 
equation (2) cannot be also considered a general formula for the CL  as the cluster duration is not 
always dependent on the CH lifetime. This is valid in non-CH schemes and even in CH-based 
schemes. Equation (11) is proposed as a general mathematical definition for CL .

CL

CL t

C t

i
i C tt

S

t

S
= ∈=

=

∑∑

∑

( )

| ( ) |

( )0

0

 (11)

• Cluster Reconfiguration Rate: (CRR ) (Wang et al. 2008) (number of re-clusterings (Huang et 
al., 2011)) is a metric defined to measure cluster stability based on the fact that a good clustering 
algorithm should be stable and it should not change the cluster configuration too drastically when 
few nodes are moving and the topology changes rapidly. This metric does not have a mathematical 
definition in none of the solutions that use it. Moreover, these solutions are both CH-based algo-
rithms and they state that the re-clustering/reconfiguration happens when CH changes. Described 
like this, the metric becomes identical to CHCR . However, equation (12) proposed a general 
mathematical description for the CRR  applicable to all clustering algorithms.

CRR
S

CD t
i

i

C t

t

S

=
==
∑∑1
10

( )
| ( )|

(12), 

where CDi (t) is the cluster dismissed (CD) function for cluster i as defined in equation (13).

CD t
i t

i
( )

,
=

1  if cluster  was dissmissed at moment 

0, otherwiise 








 (13)
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•  Average Relative Speed Compared to the CH Within a Cluster: (RSWC ) (Su & Zhang, 
2007) (average cluster stability factor (Hafeez et al., 2011)) measures the topology stability of 
clusters. It is a general topology-based metric for all the CH-based algorithms. In all CH-based 
algorithms, a smaller average speed of the cluster member compared to that of the CH is translated 
into an increased stability of the cluster. However, RSWC is not a very common metric. It was 
defined and used as in equation (14) by Su & Zhang (2007). Hafeez et al. (2011) re-defined this 
metric as the average cluster stability factor and it is described depending on some particular pa-
rameters of the solution. However, a deeper analysis reveals that average cluster stability factor is 
identical to RSWC .

RSWC
C t S

SP t SP t

CH t

i j
j CH t

ii C t
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| ( ) |
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| ( ) |
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∑∑∑
=t

S

0

 (14)

•  Average Relative Speed Among CHs: (RSCH ) (Su & Zhang, 2007) is a general topology-based 
metric for CH-based algorithms. It measures the global topology of the network. Equation (15) 
represents the general mathematical definition of this metric as given by Su & Zhang (2007).

RSCH
S

SP t SP t

C t

i j
i j C t i j

t

S

=
−

∈ ≠

=

∑
∑1 2
0

| ( ) ( ) |

| ( ) |
, ( )̂

� �� � ���

 (15)

RSCH  and RSWC  are more complex metrics for CH-based algorithms that are indicators of both 
CH and network stability, as this type of metrics are measuring better the cluster stability in general. 
This statement also sustained by Fan et al. (2005), that fist assessed the clustering algorithms defined 
using CS  and CHCR  and then using relative measure (CS /CHCR ) arguing that this is a better mea-
surement of cluster stability.

All the general metrics presented and defined (except the cluster stability which is not considered 
a metric) are summarized in Table 3. This section and the table-based summary provided represent an 
invaluable guide for the performance assessment of VANETs clustering algorithms in particular and of 
VANETs cluster-based solutions in general. Evaluating the performance of clustering algorithms via 
these general metrics can greatly facilitate the comparison between the clustering algorithms, indepen-
dent from their type: generic algorithms or integrated in a specific solution (e.g. clustering algorithm 
implemented in a MAC protocol).

Solution-Dependent Topology-Based Metrics

Node re-clustering time (Goonewardene et al., 2009)/ Re-affiliation frequency (Blum, 2003) are metrics 
very differently named, but both described as being the time between cluster associations for a given 
node. Solutions using this metric consider that this is a measure of the stability of a cluster membership 
and shorter node re-clustering time/re-affiliation frequency means an increased stability of a cluster 
membership. However, we consider that average cluster membership lifetime and average CH lifetime 
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(in case of CH-based algorithms) are a better indicator of the stability of cluster membership and we 
base this statement on the following considerations. Particularly in VANET clustering, as emphasized 
before, the nodes can be in intermediate states. They have different states like candidate, visitor and they 
are not clustered until they demonstrate their future stability in the cluster, meaning a long lifetime as a 
cluster member. This translates into longer period of re-clustering/re-affiliation frequency, but this does 
not mean that the topology is less stable. These considerations represent also the motivation of including 
this metric in the class of solution-dependent topology-based clustering metrics. In this class, we also 
include the average percentage of clustered nodes metric (Kuklinski & Wolny, 2009). A bigger aver-
age percentage of clustered nodes it is usually translated into a better stability of the network topology. 
However, in the aforementioned particular clustering algorithms, this metric is not applicable because at 
some moments of time there can be a considerable number of nodes not-clustered (candidates or visitors).

CLUSTERING ALGORITHMS IN VANETs

Initial approaches of clustering in VANETs used clustering algorithms designed for MANETs. Lowest 
Id (Yu & Chong, 2005) is a state-of-the-art clustering algorithm in ad-hoc networks and was borrowed in 
VANETs from MANETs. Its principle is very simple. The nodes have assigned a unique fixed id which 
is broadcasted periodically in the network. The clusters are formed around the node with the lowest id 
among them, which is chosen as CH. Although its principle is very simple, it is a very efficient algorithm, 
more efficient than other clustering schemes, such as Highest-Degree (Yu & Chong, 2005), that take 
into consideration more factors (Fan et al., 2005). Highest-Degree is another state-of-the-art clustering 
algorithm in the area of ad-hoc networks. Its principle is similar to the Lowest Id algorithm, but the 
clusters are formed around the node with the highest number of neighbors. These two algorithms, as 
state-of-the-art algorithms in the area of ad-hoc networks, are very often used in the comparison-based 
assessment of the VANETs clustering algorithms and served as source of inspiration for many VANETs 
clustering approaches.

As emphasized before, although VANETs represent an instantiation of MANETs, they have unique 
features that need to be considered in order to design appropriate clustering algorithms for vehicular 
networks. On one hand some of the VANET’s characteristics need to be overcome by the clustering 
schemes, such as their rapidly changing topology, high mobility and scalability, while on the other hand 
clustering schemes can make use of other characteristics such as predictable mobility due to the road 
topology, traffic regulations and driver’s behavior. Researchers acknowledged these facts and VANET-
dedicated clustering solutions have been proposed. After an overview of VANET clustering solutions in 
the literature, a very broad classification is provided here and several approaches are presented for each 
class for exemplification. The classification is made based on the cluster formation criterion: is the clus-
ter formation dependent on some fixed structures such as road segments, grids, etc, or is it independent 
on any kind of structure and it is just following the traffic flow, vehicle’s movement? In the first case, 
vehicles from the same structure (road segment, grid, etc) are grouped into a cluster. Thus static clusters 
are created bounded by this structure. Therefore, we called this type of VANET clustering algorithm 
under the generic name of static clustering algorithms. In the second case, cluster formation does not 
depend on any type of structures. Clusters are created by following the movement of the vehicles: vehicles 
with similar mobility patterns such as neighboring vehicles are grouped into clusters through exchange 
of clustering messages. In this type of approaches there is usually a beaconing message (a periodically 
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broadcasted message in the network) sent either by the unclustered vehicle, either by a CH or a node 
with extra-responsibilities in the cluster. In the absence of predefined structures, this is necessary in 
order to announce the availability of joining the cluster or the availability of a cluster in zone so that a 
vehicle can join a cluster. The clusters created following this approach are mobile clusters, following 
the mobility of the vehicles and therefore we name this class of VANET clustering algorithms, mobile 
clustering algorithms.

Static Clustering Algorithms

Cherif et al. (2009) propose a CH-based clustering algorithm where the cluster formation is depended 
on fixed road segments. The communication area where vehicles can be reached by RSU via multi-hop 
communication is called extended communication area. This area is split into fixed length segments, 
vehicles located into the same segment forming a cluster. Beside CH and simple cluster member, nodes 
can have another status inside a cluster, called super-member. This is a node that has been a CH and is 
yielding the job to another node. Inside the cluster, a main area of interest is conceptually partitioned in 
the centre of the segment. This area is called central zone and has the radius equal to the transmission 
range. Central zone has an important role in the distributed election of the CH. Initially, each member 
in the cluster estimates the time period it is going to spend in the central zone. The main principle behind 
CH election algorithm is to choose as CH the vehicle with the highest probability to spend the longest 
duration in the central zone. The speed and the position of the vehicle are also taken into consideration. 
All these parameters are used in the computation of each vehicle’s electing factor, based on which the 
CH is selected. After that, each vehicle periodically examines its status and, by using the laws of uniform 
motion from Physics ( )dis ce speed timetan = ×  predicts its future position in the immediate next mo-
ment of time. If a CH determines that it will be leaving the central zone in this moment of time, it will 
resign as CH, and a new CH is elected following the same procedure.

The proposed algorithm takes into consideration the high mobility of VANET nodes and movement 
predictability. Algorithm’s assessment is performed both via general topology-based metrics –CL – and 
network metrics – overhead, end to end delay and delivery ratio. These are evaluated in relation to net-
work density, but it is to be mentioned as a limitation the fact that the solution is not compared against 
any other clustering scheme.

Luo et al. (2010) propose a CH-based clustering algorithm where the cluster’s formation is based on 
square grids. The geographical area is divided into a subset of square grids. All the vehicles pertaining 
to a grid form a cluster. The vehicle having the closest position to the centre of the grid is elected as 
CH. This clustering scheme is implemented in a cluster and position-based routing protocol dedicated to 
VANETs and claims to reduce the overhead and packet delivery delay. CHs are the main data forwarders, 
a packet is sent from CH to CH until it gets to the CH that governs in the cluster where the destination 
node is positioned. The performance assessment is not very thoroughly, the authors presenting just a small 
analysis where they make some observation about their algorithm in comparison with state-of-the-art 
routing algorithms. Moreover, the clustering scheme neither tries to address any of VANETs challenging 
characteristics nor does it take advantage of any of VANETs characteristics. Thus, the clustering scheme, 
only by itself is not VANETs dedicated, but the routing protocol is taking advantage of the vehicle’s 
knowledge about their own positioning via the GPS integrated in their OBU.
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Ramakrishnan et al. (2011) adopt a similar approach in their proposed CH-based clustering algorithm 
to the one previously discussed: cluster formation is based on road segments called clustering areas. 
However, these clustering areas are not assigned with a fixed length value. Their size varies depending 
on the average speed of the vehicles within them. If the average speed is small then the cluster size is 
smaller, otherwise bigger. However, it is not mathematically described what smaller or bigger means. If 
an RSU is inside a cluster, then this is elected as CH. Otherwise, CH election is based on a single metric 
that is the velocity. As the clusters are static, the vehicle with the lowest speed in the cluster is going to 
spend the more time inside the cluster. Thus this vehicle is elected as CH. However, although the CHCR 
is reduced, is not clear how the fact that the position of CH related to the other cluster members is not 
taken into consideration is affecting the communication between CH and cluster members.

Performance assessment is done via topology metrics only, which are quite different than the ones 
typically used. Instead of measuring directly the rate of changes in CH or clusters, the times of creation 
of clusters or the time of electing CH is measured. However, these are not good measurements of the 
stability in clusters; instead these assess the initial performance of clustering.

There are some clustering solutions that represents a bridge between the two main identified types 
or a combination. Such is for instance the solution proposed by Tung et al. (2013). This is a clustering 
algorithm designed in the context of an intersection collision avoidance service. This clustering algo-
rithm is employed in the design of a novel VANET WLAN-cellular architecture. This architecture is 
based on a heterogeneous network: LTE and WiFi. The communication messages inside the cluster are 
done via WiFi and they are called beacons, while CHs only are using the LTE interface for communi-
cating with the base stations. As aforementioned, the proposed algorithm uses both static and mobile 
approach. On one hand, the clustering is bounded by the so called service region, region that is placed 
in the nearby of the intersection, but on the other hand it follows the mobility of the vehicles taking into 
account their direction. The proposed clustering algorithm is very specific to the solution built within. 
However, it indicates an efficient modality of bringing LTE in the vehicular networking context, as 
at this moment it appears to be more likely that LTE cannot handle the multiple messages that can be 
generated in VANET, especially during rush hours and in the traffic collision related applications when 
a huge number of messages can be generated. This solution was preceded by (Sivaraj et al., 2011) that 
employed a clustering algorithm to design a LTE-WAVE network architecture dedicated to multimedia 
delivery. This latest work uses a similar principle as in (Taleb & Benslimane, 2010; Benslimane et al., 
2011), where a generic VANET UMTS-WAVE architecture based on clustering is designed, but instead 
of 3G brings 4G in the VANET context. The principle of these three works differ from (Tung et al., 
2013) by delegating the responsibility of communicating to infrastructure (via 3G or 4G) to another 
node, a gateway node, while CH is the main forwarder of messages inside the cluster. Multiple metrics 
are involved in both selection procedures: CH and gateway node as both states are of great importance. 
Independently of the type of node that has the responsibility of communicating with the infrastructure, 
CH or gateway, there is a single node in each cluster that is accessing the cellular network interface. This 
leads to an optimized architecture that it is also proven to be reliable even for applications that require 
a rich content such as multimedia applications.

In (Tung et al., 2013), the procedure of selecting the CH is based on a single metric: the proximity 
to the base station. The algorithm is evaluated in the context of the overall solution using solution-de-
pendent metrics. Although WiFi standard is chosen for the inter-vehicle communications, the authors 
suggest that this can be replaced with V2V communication (IEEE 802.11p). Such architecture is used 
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in the clustering solution proposed by Harikrishnan & He (2013): IEEE 802.11p – V2V communication 
– for intra-cluster communication and LTE for the communication between CH and base station. This 
algorithm is a general CH-based clustering algorithm for VANETs. The clustering metrics are not 
clearly stated, but the CH is selected following the same policy as above: minimum distance to the base 
station. The algorithm is evaluated in terms of both network-specific performance metrics and topology-
based performance metrics, namely: CHL , CS  and NoC . Another clustering approach where clusters 
are bounded to an intersection region was proposed in (Chen et al., 2016). Unlike (Tung et al., 2013) the 
architecture of the clustered network is a pure ad-hoc architecture, based on V2V communication only. 
The clustering is done on the geographical location basis only, but the novelty of the approach is the 
employment of game theory in order to determine the CHs to decide on the aggregated transmission 
power and packet generation rate. Game theory has a secondary role in the context of the cluster-based 
solution proposed for congestion control. However, game theory started to be considered as the main 
decisional framework in the context of clustering algorithms. Some of these approaches will be discussed 
in the next chapter.

Mobile Clustering Algorithms

Su & Zhang (2007) proposed a CH-based clustering algorithm in the design of a dedicated VANET MAC 
protocol. The cluster formation is based on beaconing messages (an initial message periodically broad-
cast in the network either by a vehicle recently entered in the network, either by CHs) and other cluster 
messages among the same-direction neighbours. Thus in cluster formation the main criterion considered 
is the direction of the vehicles based on the assumption that vehicles flowing in the same direction have 
similar speeds and moving patterns that are regulated by the traffic rules. Another criterion considered 
in cluster formation is signal strength and its role is revealed in the next paragraph.

The possible states of a vehicle-node in this clustering algorithm are: CH, quasi-CH, cluster member 
and quasi-cluster member. Each vehicle is seen from the moment of entering on the road a potential 
CH, so it receives the quasi-CH state. If after a predefined period of time it does not receive any valid 
invite-to-join beaconing message from a CH, the vehicle elects himself as a CH, otherwise the vehicle 
joins the cluster and its state changes to cluster member. Note that valid invite-to-join message must 
have the signal strength greater than a predefined threshold. Thus the size of the cluster is determined 
by the signal strength threshold.

This algorithm is among the first mobile VANETs clustering algorithms. Its principle is simple, the 
only clustering metrics considered are direction and signal strength and the CH election is very simple, 
no decision process based on multiple metrics is involved. However, it is the first that considered direc-
tion metric in clustering the vehicles. In addition, this is the first approach in the literature that thor-
oughly defined some of the most popular general topology metrics in VANETs: CHL  and CS . Also, 
they defined 2 relative topology metrics, previously discussed: RSWC  and RSCH . These metrics are 
used to illustrate the performances of the clustering algorithm, but no other clustering algorithm is used 
as reference. The focus of the authors is on testing the MAC protocol where the clustering solution has 
been integrated. Tests show that this MAC protocol outperforms the standard IEEE 802.11p.

Kuklinski & Wolny (2009) propose a mobile clustering algorithm where mobile clusters are formed 
by the neighbouring vehicles through beaconing and other messages exchange. Multiple clustering met-
rics are considered in creating stable clusters such as: connectivity level that is actually measuring the 
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density, link quality estimated by SNR, relative nodes position and the prediction of this position in the 
future (based on speed and position) and nodes reputation built upon the history of node connections. 
The prediction of vehicle positions aims on one hand to avoid situations like clustering the vehicles that 
are moving in different directions with high speed. On the other hand, it allows for clustering the vehicles 
that are moving in different directions but with a low speed (e.g. vehicles in traffic jam). This approach 
leads to a greater stability of the clusters. Moreover, in order to avoid a high rate of re-clusterings, a 
node is given three possible states, excepting the CH state: member, candidate and visitor. Vehicles must 
prove they are potentially stable members of the clusters before they can join. First, a vehicle is in the 
visitor change, then after a time threshold is given the candidate state and only after applying the other 
clustering metric (connectivity, future position, etc), its state is changed into a member. Candidate and 
visitor nodes do not have the same rights as members do. They are not provided with the services that 
are provided in the cluster and they only have the right to exchange clustering messages. CH election 
algorithm is not described, although in each cluster a vehicle is assigned with this role. In addition, it is 
not clear what the CH responsibilities are.

The proposed solution is compared against the state-of-the-art algorithm, Highest Degree and proves 
better performances in terms of CS  and CHCR  topology metrics.

Almalag & Weigle (2010) introduced a CH-based clustering algorithm designed mainly for urban 
scenarios that uses traffic flow in cluster formation. The authors focus on the CH election algorithm as it 
is a well-known fact that stable CHs conduct to stable clusters. This algorithm is based on multiple clus-
tering parameters: density, distance between vehicles, speed and the lane of travelling. This last parameter 
is a new parameter considered so far in the clustering schemes and the key novelty of the algorithm. The 
rationale behind considering this parameter is that CH should be selected from a lane that the majority 
of vehicles are travelling in. Each vehicle first determines its own lane. Then each lane, referred as traf-
fic flow, is given a weight. It is not explained what is the rationale behind weights’ assignment for each 
traffic flow. Then for each vehicle it is determined on one hand the number of vehicles it is connected 
to (density), the comparison of its speed compared to others within its range and the comparison of its 
distance from all other vehicles within its range and on the other hand all these parameters but within 
their own traffic flows. The first group of parameters are multiplied with the traffic flow weights and 
then added to the second group in order to obtain the CH level of each vehicle. The vehicle with the 
highest CHL is selected as CH.

The proposed algorithm is compared against other three algorithms: the well-known Lowest Id, 
Highest Degree and against what authors generic named the Utility Function algorithm for VANETs. 
The latter clustering approach was proposed by Fan et al. (2005) having as models Lowest Id and High-
est Degree and it is probably the first clustering scheme proposed for VANETs. The focus in this scheme 
is fully on the CH election that is suggested to be chosen for VANETs as the vehicle having the speed 
closest to the average and the distance between vehicles closest to the average. Although the authors do 
not provide details about what closest to the average means, they state that simulation results show bet-
ter performance of their approach compared to Lowest-Id and Highest Degree. In the performance as-
sessment of the traffic flow based algorithm, the authors use their own understanding of what closest 
to the average means for both speed and distance parameters. This is the same understanding that they 
used for implementing their own algorithm with respect to speed and distance metrics. The traffic flow-
based algorithm outperforms all three algorithms (i.e. Lowest Id, Highest Degree and Utility Function) 
in terms of the topology metric used, CHCR .
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Shea et al. (2009) proposed another mobility-based clustering algorithm for VANETs with focus on 
the stability of the resulted clustered network. The novelty of the algorithm consists in employing affin-
ity propagation (Frey & Dueck, 2007), a clustering technique that is borrowed from data clustering field. 
Same pattern for clustering formation is followed as in the other structure-free discussed algorithms: 
exchange of clustering messages between vehicles in 1-hop neighbourhood. Direction is the first param-
eter considered in clustering formation: the vehicles form clusters with their 1-hop same-direction 
neighbours. The focus is again on the CH election algorithm where the affinity propagation technique 
applies. This technique is based upon a similarity function that is tailored for VANETs. Thus it is based 
on the Euclidean distance between the position of the node and the positions of its same-direction neigh-
bours and the Euclidean distance between the next position of the node and the next positions of its 
same-direction neighbours. The efficiency of the algorithm is demonstrated against the previously dis-
cussed clustering algorithm proposed by Su & Zhang (2007) by applying the most popular topology-
based metrics: CHL , CML , NoC  and CHCR .

Goonewardene et al. (2009) proposed a mobile clustering algorithm based on exchange of clustering 
messages between 1-hop neighbours designed with a robust adaptability to mobility – RMAC (i.e .robust 
mobility adaptive clustering). The algorithm is designed to support geographic routing, although no 
routing protocol is proposed. An unclusterd node first makes a list of its 1-hop neighbours that answer 
to its beaconing messages with a message containing their speed, location and direction of travelling. 
Based on these metrics, the list is then sorted so that the most appropriate neighbour of the unclustered 
node to be selected as its CH. The appropriateness is decided as follows. First the position parameter is 
considered. Based on this the Euclidean distance is computed between the node and its neighbours. If the 
distances are comparable, then the next parameters, speed and location are considered. Based on these 
two parameters the next locations of the node and its neighbours are computed. The first neighbour in 
the list, the most appropriate to become the CH, is the one closer in the current moment of time and in 
the next one. This is quite a new approach in the literature, as usually a CH is elected in the cluster based 
on some values (id, computed weight using different techniques) that applies globally. The clustering 
algorithm proposed here is node-oriented – node precedence algorithm – as each node elects its own 
CH. If the first node in its 1-hop neighbours list is already a CH then the unclustered node becomes a 
member of its CH cluster. Otherwise, the vehicle selects this node as its CH and e new cluster is formed. 
Thus, beside cluster member and CH, a node can be in a dual state that is when it is a CH of a cluster and 
a member of another cluster. This leads to overlapping neighbouring clusters and no message overhead 
in case of a cluster member transition to a neighbouring cluster.

Another novel concept introduced by this algorithm is the zone of interest that enables each vehicle 
to keep an updated table of its neighbours that goes beyond their transmission range. Zone of interest’ 
radius is established as two times their transmission range. Thus vehicles have prior knowledge about 
the network while they are travelling into the neighbourhood which it’s translated into an optimized and 
smoother process of re-clustering.

The algorithm is compared against an algorithm proposed by Basagni (1999) that is shortly called 
DMAC (Distributed and Mobility Adaptive Clustering). DMAC is a generalised clustering algorithm 
designed for MANETs where the CH election is done globally and is not node-oriented. Each vehicle 
has a weight associated. The clustering process begins with each node examining the weights of all nodes 
within its own transmission range. The node with the highest weight becomes the CH. This algorithm 
can be tailored for VANETS where the weight of a vehicle is calculated using metrics such as distance/
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speed/acceleration. RMAC outperforms DMAC in terms of CML , and in terms of another topology 
metric: node re-clustering time.

Fuzzy Logic was employed in the decision making process in the context of several clustering approaches 
(Hafeez et al., 2011; Tal & Muntean, 2013a; Arkian, Atani, Diyanat & Pourkhalili, 2015; El Mouna, 
Tabbane, Labiod & Tabbane, 2015, Sharma & Kaul, 2018). Fuzzy Logic is an excellent mathematical 
framework for dealing with imprecision and multiple parameters. This is what needs to be modelled in 
VANET clustering: imprecision – it is impossible to define precisely how each of the clustering metrics 
influences the stability of CH in particular and clusters in general – and multiple clustering metrics that 
are imposed by the dynamicity and complex vehicular networking environment (Tal&Muntean, 2017). 
Moreover, Fuzzy Logic is widely used in prediction and detection systems.

Hafeez et al. (2011) introduced a clustering algorithm in the context of a new MAC protocol. Vehicles 
are organized in clusters on the basis of the beaconing and clustering messages they exchange in their 
neighbourhood. The focus is again on the CH election as CH is assigned with the main organizing and 
communication roles inside its cluster. The vehicles can have 5 different states: lone (not clustered), 
member, temporal CH, backup CH and CH. Temporal CH and backup CH roles aim to provide on one 
hand a stable CH in the cluster, a temporal CH must prove that it is the most stable selection, and on 
the other hand to ensure a smoother CH re-election, backup CH is ready to take over the CH role. CH 
election algorithm is based on a weighted stability factor that is built upon the exponential-weighted 
moving average of the previous stability factors. Stability factor is computed for each vehicle and it 
is based on the relative movement between the neighbouring vehicles reflected in the average speed 
difference between the vehicle speed and its neighbours’ speed. The novelty of this clustering scheme 
consists in the technique implemented in order to provide a smoother CH re-election and consequently 
to improve the cluster stability. Basically, this technique states how backup CH is taking over the CH 
role. The implementation of this technique is based on a Fuzzy Logic system that aims to predict and 
learn driver’s behaviour. Based on this the next position and speed of the vehicles are computed. If in 
this next moment of time if not all the member of its cluster are in its range anymore, but they are still 
in the range of the backup CH, then CH hands over its role to the backup CH.

The proposed clustering solution is assessed using a large variety of metrics from all the classes 
presented. Thus, the MAC protocol integrating the clustering solution is assessed as well. However as 
our interest relays in the clustering schemes we mention the topology-based metrics employed in assess-
ment:CHL , CML , CS . The proposed clustering algorithm is demonstrated to overcome the perfor-
mances of another cluster algorithm designed for a VANETs MAC protocol that was previously discussed 
(Su & Zhang, 2007). Moreover, the MAC protocol based on the proposed clustering solution proves 
better performances than the protocol used as comparison.

Tal & Muntean (2013a) proposed a new CH-based scheme that has as main novelty the employment 
of Fuzzy Logic as decisional framework in selecting the CH. The clustering metrics considered are the 
average relative distance, average relative velocity, direction of travelling and the average relative com-
patibility. This later parameter was introduced as a novelty by Tal & Muntean (2012) and measures the 
compatibility in the users (vehicles’ drivers/passengers) preferences in certain data/content. The aim is 
to increase the probability of users being provided with data/content of their interest inside the cluster. 
Thus both clustering schemes aim to provide a cluster-based architecture for disseminating data/content 
of users’ interest inside the cluster. In addition, these two approaches emphasize on the capability of 
clustering of designing efficient and optimized VANET architectures where the communication with 
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infrastructure is limited (only CH is communicating with RSU) and in the same time the communication 
range can be extended via multi-hop communication inside the cluster in case of a multi-hop clustering.

In an assessment that compares these both algorithms and in addition the Lowest Id it is shown that 
the Fuzzy Logic-based clustering algorithm performs better than others two. The performance metrics 
used were CHL , CS and a solution–dependent relative topology metric.

Arkian, Atani, Diyanat & Pourkhalili (2015) introduced a new cluster-based vehicular cloud archi-
tecture. The purpose of this architecture is to provide a better management of the limited resources in 
vehicular networks. Fuzzy Logic is employed in the CH selection algorithm that is proven to perform 
better than the one proposed in (Tal & Muntean, 2013a) in terms of CHL  performance metric and 
other solution-dependent performance metrics. The clustering metrics used in the algorithm are: neigh-
borhood degree, average speed, and RSU link quality. The selection of the CH subscribes to the follow-
ing policy: a CH should have a high neighborhood degree and the RSU link quality should also be high.

A newer trend in VN clustering is the employment of clustering algorithms in designing reliable and 
efficient VN architectures that bring together multiple access technologies. Such cluster-based hybrid 
architectures were proposed in some of the aforementioned clustering solutions (Sivaraj et al., 2011; 
Taleb & Benslimane, 2010; Benslimane et al., 2011, Tung et al., 2013). El Mouna, Tabbane, Labiod & 
Tabbane, 2015 proposed such an architecture, with Fuzzy Logic playing a central role. The vehicles in 
the cluster communicate via V2V communications based on the IEEE 802.11p standard, while a GW in 
the cluster is chosen for connection to the LTE Advanced infrastructure. Fuzzy Logic is employed in the 
GW selection. The selection takes into consideration multiple criteria: QoS classes, connectivity strength 
between the vehicle and infrastructure, connectivity strength between the CH and infrastructure, CH 
load and link connectivity between the vehicle and CH that encompasses the mobility of the vehicle. The 
algorithm is demonstrated to perform better than other clustering algorithms, and also the benefits of the 
clustered network are demonstrated against the non-clustered/flat network. The performance metrics were 
mainly network-specific metrics, including the overhead imposed by the clustering messages/control.

Security is a hot research topic in the context of 5G and VANET. Sharma & Kaul (2018) proposed a 
Fuzzy Logic cluster-based swarm optimized intrusion detection system for VANET, where Fuzzy Logic 
is employed as the main player in the CH selection. The main role of the clustering in the context of the 
proposed solution is to deal with the stability of the ever-changing VANET network.

Wahab et al. (2013) is a two-hop CH-based clustering scheme for VANETs that is also incorporating 
computational intelligence. This is one of the proposed clustering algorithm novelties: the employment of 
Ant Colony Optimization in selecting the nodes having a state called multi point relay. These nodes are 
selected by CH for inter-cluster communication. The other novelty of this approach consist in building 
5 new clustering metrics models with the focus on QoS. The most complex one combines bandwidth, 
connectivity and mobility metrics specific to VANETs (i.e. relative speed and distance). The output of 
the model is a QoS factor that is computed for each vehicle. Each of these models can be employed in 
further QoS-oriented clustering algorithms for VANETs, the authors describing each model’s recom-
mended scenario. This QoS factor is used to elect the most suitable CH and the multi point relays, while 
the clustering formation is done only on the basis of 2-hop neighbouring.

The clustering algorithm is designed in the context of a new routing protocol dedicated for VANETs 
that derivates from a MANET routing protocol designed to improve QoS, QoS-OLSR that on its turns 
derives from the state-of-the-art routing protocol for MANETs, QLSR (Optimized Link State Routing). 
Thus the performance assessment aims to demonstrate on one hand the efficiency of the clustering 
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algorithm in terms of network stability and on the other hand to prove the efficiency of this algorithm 
in the designed routing protocol. In the first case, the performance is tested using a solution-dependent 
topology metric defined by the authors that is generic entitled stability. The metric is highly dependent 
on the clustering parameters. The authors show the performances of the algorithm in terms of stability 
and network metrics (e.g. packet delivery ratio) in 5 different cases corresponding to the 5 different 
clustering metrics models. No comparison is done with other clustering schemes. The comparison-based 
assessment is done only when showing the performances of the overall solution. The cluster-based rout-
ing protocol outperforms QoS-OLSR and OLSR both.

Game theory started to be explored as a decision making tool in the context of clustering approach-
es in the more generic context of mobile networks (Massin, Le Martret & Ciblat, 2017), but also in the 
specific context of VANET clustering (Khan, Abolhasan & Ni, 2018). In (Khan, Abolhasan & Ni, 2018) 
game theory is employed in the decision making process for both cluster head selection and vehicle 
clustering. An Evolutionary Game Theoretic (EGT) framework aiming to create stable clusters and to 
select stable CHs is proposed. The decision criteria are throughput, link capacity between the RSU and 
CH and cluster size. Initially, the vehicles are randomly clustered and the cluster reformation and CH 
selection is triggered through the EGT framework. The clustering algorithm is evaluated in terms of 
both network-specific performance metrics and topology-based performance metrics, namely: CHCR . 
The latter metric is the one used for measuring the stability of the proposed approach. Game theory was 
employed in another VANET clustering algorithm, but not as a decisional tool (Ahmad et al., 2018). In 
this V2X-LTE cluster-based solution, clustering is used in order to minimize LTE usage, while game 
theory is used to enforce a cooperation policy between the cluster members in order to avoid bottlenecks 
in sharing data.

FUTURE RESEARCH DIRECTIONS

In a roadmap of clustering algorithms in the VANET research area, its start is recorded in 2005 when 
the first studies have been performed by employing Lowest Id and Highest Degree in VANETs sce-
narios and by suggesting new approaches that relate to these (e.g. Fan et al. (2005)). Actually, most of 
the VANET mobile clustering algorithms are using the basic principles that fundament Lowest Id and 
Highest Degree algorithms. Back in 2005 some of the main clustering challenges in VANETs have been 
outlined as well: rapidly changing topology of VANETs, scalability, multiple services to be provided with 
different requirements (real-time traffic, non-real time traffic) (Reumerman, Roggero & Ruffini, 2005).

Since then, the clustering algorithms evolved, many approaches have been proposed to tackle especially 
the rapidly changing topology of VANETs. More and more mobility parameters have been considered 
in clustering: direction, lanes, speed, position, predicted speed and position and combined with other 
parameters such bandwidth, connectivity (or density of the vehicles) and signal strength. These param-
eters are mainly considered in selecting the nodes with extra-responsibilities in the cluster, especially 
CH. CH election algorithms are of high importance and some of the researchers are actually focusing 
on this aspect of clustering only. Usually CH has the main responsibilities in the cluster and therefore 
a stable CH is required. In addition, the stability of CH is highly influencing the stability of the cluster 
itself, as most of the times when CH is re-elected a cluster reconfiguration is required, too. Therefore, 
researchers employed all kind of techniques to combine the clustering parameters and to decide which 
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is the most suitable CH. The predominant techniques are utility functions and weight-based techniques, 
but the more these algorithms evolved, more and more innovatory techniques such as Affinity Propaga-
tion, Fuzzy Logic, game theory, etc. have been employed. As a matter of fact, one of the latest trends in 
VANET clustering algorithms is the employment of computational intelligence. Initially, these techniques 
were employed in secondary roles, but afterwards they were employed as main players in CH selection/
clustering algorithms. As such, Fuzzy Logic (Hafeez et al., 2011) and Ant Colony Optimization (Wahab 
et al., 2013) were employed for instance in some secondary roles in clustering such as predicting the 
future positions of the vehicles. Fuzzy Logic decisional systems, known as very powerful decisional 
systems, have started to be employed as main players in the context of CH selection algorithms (Tal & 
Muntean, 2013a; Arkian, Atani, Diyanat & Pourkhalili, 2015; El Mouna, Tabbane, Labiod & Tabbane, 
2015). Fuzzy Logic is the perfect mathematical framework for dealing with imprecise information such 
as the one used in clustering (it is impossible to precisely define how each of the clustering parameters 
influence the stability of CH) and with multiple parameters. Similarly, game theory was employed as 
the main decision making tool in the context of another clustering scheme for both CH selection and 
clustering algorithms.

Another trend in VANET clustering is the employment of clustering algorithms in designing reli-
able and efficient VANET architectures that bring together multiple access technologies. The need to 
converge multiple types of technologies in VANET context in order to enable the diversity of vehicular 
applications is underlined more and more in the literature and is also enforced by the low penetration rate 
of the WAVE technology. Moreover, 5G will be characterized by a heterogeneous network environment. 
Thus, design techniques of VANET architectures that bring together multiple access technologies are of 
high interest. First, VANET cluster-based 3G-WAVE architectures were envisioned and more recently, 
VANET cluster-based architectures using 4G together with other technologies (WLAN or WAVE) were 
proposed. Very recently, an SDN enabled 5G-VANET clustered architecture was proposed (Duan, Liu 
& Wang, 2017), where the one of the main role of clustering is again to optimize cellular communica-
tion – reduce from the communication burden: every CM would communicate with the BS via CH only, 
while the intra-cluster communication would rely on another type of communication (e.g. IEEE802.11p).

As a conclusion to the aforementioned aspects, the future directions in this research area of clustering 
in VANETs can be summarized as follows:

• More mathematical frameworks incorporating computational intelligence should be experimented 
in trying to find the most appropriate method of combining the clustering parameters in order to 
obtain stable CHs and stable networks. Machine learning techniques and their application are 
gaining momentum in the context of VANET (Ye et al., 2018) and we argue that this would be a 
research direction to explore in the specific context of VANET clustering as well considering that 
clustering algorithms in general have their own particular role in the context of machine learning.

• Although this chapter does some significant steps forward in the context of performance assess-
ment of clustering algorithms in VANETs, this remains still an open challenge. The analysis of 
the VANET clustering algorithms conducted in this work, leads to the idea that there is a need 
of standardizing clustering performance metrics, especially the general topology metrics. In ad-
dition, there is a huge need of traffic and mobility models for performing the testing of VANETs 
clustering algorithms.
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• A direction to be followed is the one that relates to clustering capabilities of conducting to a reli-
able and optimized design of VANET architecture based on multiple access technologies that is 
able to support the diversity of VANET applications. As 5G will be characterized by a heteroge-
neous network environment this research direction is of particular interest.

• Moreover, VANET security in particular and 5G security in general is a hot research topic 
(Hussein, Elhajj, Chehab, & Kayssi, 2017; Hasrouny, Samhat, Bassil & Laouiti, 2017; Sharma 
& Kaul, 2018b). The potential of clustering to be used in the context of security solutions was 
highlighted in (Sharma & Kaul, 2018a; Sharma & Kaul, 2018b) where clustering is suggested 
to have an important role in overcoming security issues that relate to the network scalability and 
stability control. As clustering is a well-known solution to these later issues, this potential should 
be further exploited in future security solutions.

CONCLUSION

This chapter has emphasized the high importance of VANETs in the context of future 5G-enabled smart 
cities and roads. Initially, VANET was mainly associated with WAVE/DSRC technologies, but this work 
has underlined the need for the convergence of multiple wireless technologies for support of a reliable 
VANET architecture that is able to provide a variety of services and to cope with the multiple challenges 
of VANETs. Clustering can be employed in designing such a VANET architecture that successfully uses 
different wireless communications technologies in an optimal manner. Thus, clustering algorithms may 
play an important role in the future 5G heterogeneous networks. Moreover, clustering addresses some 
of VANETs major challenges such as scalability and stability.

This work presents a comprehensive survey of clustering schemes in the VANET research area 
covering aspects that were not really addressed before in a structured manner. The survey presented in 
this chapter provides a general classification of the clustering algorithms, presents some of the most 
advanced and latest algorithms in VANETs, and in addition, this is among the few works in the literature 
that also reviewed the performance assessment of clustering algorithms. In this chapter, we discussed the 
performance assessment metrics used in clustering in VANETs, provided a classification, identified and 
defined general performance metrics to be used in the evaluation of clustering algorithms in VANETs.
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KEY TERMS AND DEFINITIONS

3G/4G/5G – 3rd/4th/5th: Generation of mobile cellular communications.
Clustering: Technique of grouping similar objects used mainly to deal with scalability, but its aim 

depends on the context it is applied in.
Performance Assessment: Evaluation; in the context of this chapter, the evaluation of clustering 

algorithms in VANETs.
Smart Cites: Cities of the future that provide increased comfort to their citizens while creating a 

sustainable environment.
V2X Communications: The main enabling technology of VANETs.
VANET: Vehicular ad-hoc networks.
WAVE: Wireless access vehicular environment; V2X communications standardization.
WLAN: Wireless Local Area Network.

ENDNOTE

1  3GPP TS 23.303. (July 2015). Proximity-based services (ProSe); Stage 2.V12.5.0 (Rel-12).

 EBSCOhost - printed on 2/14/2023 2:28 PM via . All use subject to https://www.ebsco.com/terms-of-use



56

Copyright © 2019, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

Chapter  3

DOI: 10.4018/978-1-5225-7570-2.ch003

ABSTRACT

The advent of heterogeneous broadband wireless access networks (BWANs) has been to support the 
ever-increasing cellular networks’ data requirements by increasing capacity, spectrum efficiency, and 
network coverage. The focus of this chapter is to discuss the implementation details (i.e., architecture and 
network components), issues associated with heterogeneous BWANs (i.e., handovers, network selection, 
and base station placement), and also the various resource allocation schemes (i.e., shared resource 
allocation in split handover and inter-RAT self-organizing networks) that can improve the performance 
of the system by maximizing the network capacity.

INTRODUCTION

Emergence of BWAN as a popular alternative to the wire-line access infrastructure is primarily associated 
with steady increase in data rate support and has inherent advantages, such as: easy scalability; ease of use 
in the end system; and low deployment and maintenance cost. According to Dahlman et al. (2008), the 4th 
generation (4G) BWAN, like LTE-A (long term evolution-advanced) and WiMAX-Mobile (world-wide 
interoperability for microwave access-mobile), have a maximum data rate of approximately 1 Gbps in 
downlink and 300Mbps in uplink as per the IMT-Advanced (international mobile telecommunications-
advanced) specification. According to the data published by Ericsson (2018) and Cisco (2017), the 
mobile broadband data traffic has been increasing exponentially every year and the increase was nearly 
18-fold over the past five years. Traffic forecast update by Cisco (2017) also projects an increase in mo-
bile devices and connections to 11.6 billion and a 24 percent increase in network connection speeds by 
2021. Latouche et al. (2013) has suggested value-added services (based on end-user information and user 
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identification) and industry “coopetation” (simultaneous cooperation and competition between service 
providers) as feasible solutions for the predicted mobile data explosion. Mobile data offloading (such 
as Wi-Fi offloading) is a cost-effective solution for delivering cellular network data that eases network 
congestion, provides seamless connectivity, and offers higher bandwidth to end-users.

The future heterogeneous network would efficiently and effectively integrate the prevailing het-
erogeneities as discussed by Chan et al. (2011), such as: communication modalities, channel types, 
technology generations, protocol types, and QoS requirements. To address dynamic, distributed, and 
unpredictable nature of these networks, they need to have self-organisation properties that range from 
self-configuration during startup, to self-adaptation to dynamic changes in operating environment, to 
self-healing in presence of failures and losses, as has been discussed by Razzaque et al. (2010). Among 
the standardization groups in this domain, are next generation mobile networks (NGMN) alliance that 
aims to bring affordable mobile broadband services to the LTE and LTE-A end users and Small Cell 
Forum/Femto Forum that works towards adoption of small cell technologies to improve coverage, capac-
ity, and services delivered by mobile networks.

Heterogeneous Networks have proved their worth in 3G/4G cellular systems and because of the in-
numerable advantages associated with them, they will play a big role in future 5G networks as well. In 
3G and 4G cellular networks the aim of BS densification is to improve the wireless transmission rate 
in partial regions and to cover the dark spots arising due to various natural and artificial obstacles, as 
discussed by Ge et. al. (2016).

The prominent need to enhance network capacity, throughput and users’ quality of service (QoS) 
has led to the advent of heterogeneous next generation networks, comprising of different RAN (radio 
access networks) connected to a single core network. Implementing these networks, while ensuring high 
data rates in the wireless environment, poses certain resource allocation challenges such as: positioning 
the base station (BS) transceiver, handovers and network selection etc. In this chapter, we discuss: the 
architecture of heterogeneous BWAN; the issues associated with their implementation such as handover, 
network selection and BS placement; shared resource allocation solution to maximize the users capac-
ity; and the idea of self-organizing network (SON) based inter-RAT (radio access technology) MRO 
(mobility robustness optimization).

ARCHITECTURE

Heterogeneous network (het-net) architecture is a prominent low-cost approach where an operator can 
exploit the different BWANs to provide additional areal capacity gain, indoor coverage improvement, 
and improved quality of service (QoS) in the network, as per Yeh et al. (2011).

Deployment Scenarios

Multitier Architecture Network Components

A heterogeneous BWAN architecture consisting of hierarchical multitier multiple radio access technolo-
gies (RAT) deployments is shown in Figure 1. This multitier deployment improves capacity and coverage 
by enabling dense reuse of the spectrum and enhancing link quality. The role of tiers and the larger and 
smaller footprint devices is examined as follows:

 EBSCOhost - printed on 2/14/2023 2:28 PM via . All use subject to https://www.ebsco.com/terms-of-use



58

Resource Allocation in Heterogeneous Wireless Networks
 

1.  Macrocells/Microcells: Macrocells are deployed in rural or suburban areas with a coverage distance 
of more than 500m. The advantage of having large macrocells is that it provides support for high 
mobility users with reduced frequency of handovers. Both the macrocell and microcells provide 
essential coverage in het-nets.

2.  Picocells: Pico BS (PBS) are deployed as hotspots to serve capacity hungry locations (example: 
airports, stadiums) where the serving area is smaller than micro-cells. PBSs are low cost, low power, 
simplified MBSs (macro/micro BS) that are accessible to all cellular users. MBSs and PBSs are 
planned and controlled by operators and horizontal optimization is beneficial across tiers. MBSs 
and PBSs are connected to the network through operator-owned backhaul.

3.  Femtocells: Femto access point (FAP) covers a very small area (10-50m, in a house). These utilize 
residential backhaul links (digital subscriber line (DSL) or cable). FAPs are privately owned and 
deployed according to users’ needs. FAPs are configured in closed subscriber groups (CSG), where 
FAP is accessible to only restricted users. CSG FAPs causes excessive interference to the network 
when the same spectrum is shared with other tiers. CSG FAP interference and network scalability 
to support large number of FAPs are important research challenges.

4.  Relays: Relay stations serve similar sizes of footprints as PBSs. They provide coverage extension 
and throughput enhancement by forwarding an enhanced version of the received signal from BSs 
to mobile stations. Relays use wireless backhaul, so no landline resource is required; however, this 
reduces the amount of spectrum available for access. Operators may choose to implement infra-
structural relays over PBSs at coverage holes where wired backhaul is unavailable or difficult to 
implement.

5.  Client Relay: Client relay is the client cooperation (CC) tier that lies between clients comprising 
of very short range links. Utilizing good links between clients and BS, it improves the successful 
transmission probability for and virtual link quality for users in poor locations (i.e., cell edge users), 

Figure 1.  
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thereby reducing the amount of channel resources, battery power consumption, and interference 
caused to other cells. CC improves average network throughput.

It is efficient to deploy small cells in significant data generation sites (shopping mall, stadium, uni-
versity campus, public transportation hub, etc.) and where subscribers spend considerable amount of 
time (home, office, etc.).

Handover

Handover is the process of transferring an active call or data session of a mobile user from one cell in a 
cellular network to another or from one channel in a cell to another. It plays a very vital role in mobile 
wireless networks, to ensure a seamless service to a mobile user. Because of high data rates in broadband 
wireless access networks, providing a seamless handover is a challenging issue. Handover is associated 
with loss of data resulting in a decreased throughput and increased latency, discussed by Vasudeva et. 
al. (2017).

Before performing handover, an appropriate BS candidate must be chosen and then the handover 
procedure should be continued based on the current technology and the specific application constraints 
of the MS (mobile station/subscriber). The exact procedures vary depending on the used technology, 
and usually within the technology several alternatives are available as well.

Classification and Associated Factors

The various handover schemes in het-nets are based on several factors that have been shown in Figure 
2. The underlying factors for these handover schemes are enlisted as follows:

1.  Network Types Involved: Based on the network types involved, handovers are classified as verti-
cal handover and horizontal handover (depicted in Figure 2). Horizontal handover is the handover 
between two same radio access technology (RAT) networks and vertical handover is the handover 
between two different RATs. Vertical handovers can be further classified as upward vertical handover 
and downward vertical handover. In upward vertical handover the user device connects to a cell 
with larger coverage area and lower bandwidth than its source cell. In downward vertical hando-
ver the user device connects to a cell with lower coverage area and higher bandwidth. Downward 
handover is less critical as the device can stay connected to upper layer. In vertical handover, the 
decision of when to carry out handover itself is a complex problem since in vertical handover we 
cannot consider only the signal strength like we do in horizontal handover due to different physical 
techniques that are used by different overlay networks. In vertical handovers, the two key issues to 
be considered are network conditions for vertical handover and connection maintenance which have 
been discussed by Guo et al. (2004). Both the vertical and horizontal handover process constitute 
of three phases – handover decision, radio link transfer, and channel assignment, as discussed by 
Nasser (2006). These handover process phases are elaborately discussed later in the chapter.

2.  Frequencies Engaged: Based on the frequencies engaged, handovers are classified as intra-frequency 
handover and inter-frequency handover. Intra-frequency handover is the handover between same 
frequency access points. Example: handovers in CDMA. Inter-frequency handover is the handover 
between different frequency access points. Example: handovers in GSM.
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3.  Number of Connections Involved: Based on the number of connections involved, handovers are 
classified as hard handover, soft handover, and softer handover. These are depicted in Figure 2. 
In a hard handover, the new connection will only be established after disconnecting from source 
base station. In hard handover the user device maintains only single connection at a time. In a soft 
handover, the user device maintains connection with atleast two base stations in an overlapping 
handover region. These types of handovers are possible when handover is between cells operating 
with same frequency. Softer handover is soft handover between sectors of a given cell. Different 
variants of hard handover and soft handover are semi-soft handover and fractional handover in 
OFDM based systems that have been discussed by Lee et al. (2011) and Chang et al. (2011), fast 
base station switching (FBSS) and macro-diversity handover (MDHO) specified in IEEE Standard 
for Local and Metropolitan Area Networks-Part 16. (2005). Soft and softer handovers improve 
forward link capacity and signal to interference ratio for mobile users near the cell and sector 
boundaries, as per Lee et al. (1998).

4.  Administrative Domains Involved: Based on the administrative domains involved, handovers are 
classified as intra-administrative handover and inter-administrative handover. In intra-administrative 
handover the user device moves from one network to another which belongs to same operator. In 
Inter administrative handover the user device moves from one network to another which is oper-
ated by different operators.

5.  Necessity of Handover: Based on the necessity of handover, handovers are classified as obligatory 
handover and voluntary handover. Obligatory handover is necessary to avoid connection termina-
tion. Voluntary handover is optional and mostly used in scenarios in order to improve QOS.

Figure 2. Handover classification
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6.  User Control Allowance: Based on the user control allowance, handovers are classified as proac-
tive handover and passive handover. In proactive handovers, user can give preferences which will 
affect the handover decision. In passive handover, the handover decision is not controlled by the 
user.

As compared to soft/softer handover schemes, a further increase in capacity is achieved by using a 
split handover procedure as discussed by Singhal et al. (2014), which results in a capacity gain by em-
ploying a 2-dimensional shared resource allocation for cell edge users in orthogonal frequency division 
multiple access (OFDMA) networks. Here, the MSs at the cell-edge can maintain parallel connections 
with more than one BS when it is in their coverage area. A MS, before handover to a new BS, seeks to 
utilize additional resources from the other BSs if the BS through which its current session is registered 
is not able to satisfy its requirements. The BSs participate in split handover operation while guaranteeing 
that they are able to maintain QoS of the existing connections associated with them.

Handover Process Operations

The handover process constitutes of three phases (handover decision, radio link transfer, and channel 
assignment) and the following discussion is in context of hard and soft handover.

1.  Handover Decision: In horizontal handover, the decision is mainly reflected by the QoS which in 
turn depends mainly on signal strength since the source and target base station are using the same 
physical techniques. So a horizontal handover is executed if the signal strength from the source BS 
is less than the threshold value and signal strength from neighboring BS is more than the threshold. 
Unlike in horizontal handover there are many network parameters that will affect the handover 
decision in vertical handover since it is between the BSs with different access technologies. These 
parameters are - quality of service, cost of service, power requirement, velocity, and proactive 
handover etc. Here the network selection which we will discuss subsequently comes into picture. 
Based on the above parameters, if a better network is available when the current one is not able 
to service then vertical handover will be executed. The handover parameters are briefly stated as 
follows:
a.  Quality of Service (QOS): Handing over to a better network with better QoS parameters 

such as - transmission rates, error rates, delay and connectivity etc.
b.  Cost of Service: It is one of the important parameter as some users are not willing to pay 

more than a certain limit and may want to connect to the cheapest network available with 
minimum requirements. Different access technologies have different costs, hence it is critical 
in vertical handover decision making.

c.  Velocity: It is also an important parameter because if the user is moving with higher velocity 
then it is better to connect him to a cell with larger radius (macro cell) rather than connecting 
him to a cell with smaller radius (micro or pico cell) which in turn increases the handovers.

d.  Power Requirements: The mobile devices have the limited battery power and when the bat-
tery level decreases it is better to handover to a network which consumes less battery power.

e.  Proactive Handover: By proactive handover, it means that the ultimate decision is with the 
user to satisfy their special requirement. If a user wants to handover to a network regardless 
of network conditions the vertical handover decision is executed.
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2.  Radio Link Transfer: There are two approaches for radio link transfer they are forward handover 
and backward handover. In forward handover the radio link transfer is initiated by the target BS 
unlike the backward handover in which the source BS initiates the radio link transfer. Both have 
their advantages and disadvantages, for instance the advantage of backward handover is that in 
this the initial signaling information is transmitted through the existing connection and thus does 
not need establishment of a new channel. However, the disadvantage of backward handover as per 
Shen & Zeng (2007) is that if the link quality of source BS is too poor, then the signaling informa-
tion might be lost leading to unsuccessful handover. Backward handover is used in most cellular 
networks.

3.  The final handover stage is the channel assignment stage, in which allocation of resources to the 
mobile node is done by the target BS. In this stage a call admission control (CAC) algorithm will 
take decision of accepting or rejecting the new mobile node based on the available amount of 
resources and the effect of existing connection on QoS that may have been caused due to a new 
connection.

NETWORK SELECTION

Network selection in het-nets is a challenge as the user device has to select from radio access networks 
(RANs) with different latency, coverage area, cost etc. These RANs may belong to different service 
providers who are competing with each other to maximize their own revenue or cooperating with each 
other for mutual benefit. The network selection may be needed mainly at two stages, while requesting 
for a new connection and in the handover process. Proper modeling of network selection by user device 
is important, since a bad network selection algorithm results in unnecessary handovers which in turn 
decreases the QoS of the users.

The network selection in het-nets is modeled mainly by using two different approaches that are: user 
oriented approach and network oriented approach. In network oriented approach, a central node runs the 
decision algorithm to assign the access networks to the users and users bind by the decision. The above 
approach mainly enhances the network capacity. It is very complex to implement and it creates extensive 
overhead in networks. On the contrary, in user oriented approach given by Charilas & Panagopoulous 
(2010), the users’ mobile device executes the algorithms for network selection and implements them. This 
approach is more dynamic and it has less communication overhead and low complexity of implementation.

Steps Involved in Network Selection

Network selection for heterogeneous networks mainly involves the following five steps:

1.  Selection of Decision Criteria: The user device is responsible for determining the set of decision 
criteria to be used. The decision criteria are classified into the following three categories:
a.  Network Based Parameters: Utilization, reliability, coverage, anonymity, security, seamless 

number of active users, etc.
b.  Service Based Parameters: Delay, jitter, packet loss, throughput average in kbps, bit error 

rate, signal-to-interference ratio in dB, etc.
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c.  User Based Parameters: Sojourn time, forced termination probability for handover, blocking 
probability, etc.The above mentioned parameters can also be classified into two groups, as 
follows:
i.  Objective Parameters: Can be measured accurately and thus can be quantified.
ii.  Subjective Parameters: Can only be estimated usually in the form of fuzzy numbers 

(i.e., a number that refers to a set of possible values between 0 and 1), as given by Zhang 
(2004).

2.  Parameters like jitter, packet loss are to be given low priority because they cannot be measured 
before establishing the connection to the network whereas parameters such as bandwidth, signal-
to-interference ratio, and coverage area should be given comparatively higher priority since infor-
mation about these can be known before connecting to the network.

3.  Collection of Values for Selected Criteria: After listing of the available RANs, value of parameters 
for each RAN is collected, and monitoring of the network conditions is also done. The following 
four ways are used for collecting the parameter values:
a.  Collecting mean values from previous sessions. This is suitable when the network is not prone 

to abrupt changes.
b.  Collecting most recent values that reflect current status of the network.
c.  Predicting and forecasting the values of the parameters. The forecasting can be done by two 

techniques such as: direct estimation of parameters like load on the hot spot by using past 
values in weighted moving average or simple moving average methods; and predicting the 
probability of parameter (like SNR, blocking probability, termination probability) using 
markov chains for modeling, as discussed by Shen & Zeng (2007).

d.  Bootstrap and sequential Bayesian estimation of dynamic QoS parameters discussed by Ong 
& Khan (2008) and Zoubir & Boashash (1998). The bootstrap estimation generates probability 
distribution of parameters using samples collected from parameter values.

Figure 3. User oriented network selection process
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4.  Defining criteria weights in the final outcome based on their importance and also user or applica-
tion context based requirements. This can be performed by the following six models:
a.  User feedback based evaluation of weights i.e. obtained through questionnaire and provided 

to the device. Since this model depends on overall users’ perception of the service, it cannot 
guarantee accurate results for objective criteria. However, in scenarios where user always 
wants to select the cheapest network, this model is helpful.

b.  Analytical hierarchy process (AHP), given by Pervaiz & Bigham (2009) is widely used in 
multi criteria models by dividing the decision problem into multi-level hierarchical model 
and determining weights by paired comparisons between parameters. When AHP is followed 
by game theory modeling for ranking, it results in achieving optimum network utility and 
customer’s satisfaction in competing wireless networks.

c.  Fuzzy analytical hierarchy process (FAHP) is an extension of AHP that solves hierarchical 
fuzzy problems, since AHP cannot handle imprecise data represented in fuzzy numbers. The 
outputs of pair-wise comparison in FAHP are fuzzy numbers. Shen (2010) uses FAHP for 
access selection among various RATs and for optimizing system performance by considering 
multiple criterions of QoE to cater to user-preferences and experiences. Sgora (2010) com-
bines two Multi Attribute Decision Making (MADM) methods, the AHP method to determine 
weights of the criteria and the fuzzy Total Order Preference by Similarity to the Ideal Solution 
(TOPSIS) method to obtain the final access network ranking.

d.  In fuzzy inference system (FIS), input is converted to linguistic variables by fuzzier; system is 
controlled using if-then rules (based on questionnaires, network measurement, and previous 
system knowledge) by the inference engine. The main disadvantage of this system is that it 
is not scalable, since the weights of all parameters are determined by all the combination of 
large number of rules in the inference engine.

e.  Adaptive network based FIS (ANFIS) is developed to add scalability and adaptability for FIS. 
The advantage of this system is that the user need not develop all the rules, instead a training 
data set is the input to ANFIS and the rules are automatically adapted. However, in FIS and 
ANFIS the number of rules increases exponentially with increase in the number of RANs. 
Jang (2002) presented FIS based architecture and learning procedure for adaptive networks.

f.  General algorithms (GA) can also be implemented to determine the weights. Unlike FIS 
and AFIS, genetic algorithms can be used when large numbers of RANs are involved. They 
can also be used to implement fuzzy logic for network selection, as have been discussed by 
Alkhawlani (2008).

5.  Ranking the Networks and Network Selection Decision: The network selection decision is initi-
ated by a new call connection or by handover of existing connection. The best network is selected 
by ranking of the available networks based on evaluation of the parameters collected in the previous 
step. The various procedures for ranking of networks are given as follows:
a.  Utility Function: This is an easy way to rank the available networks by maximizing the util-

ity function value. Network with highest utility function value is selected. The networks are 
ranked in the decreasing order of utility function value. For example, according to Ormond et 
al. (2006), a possible utility function used for ranking can be consumer surplus (Datavolume 
-ServiceCost). A disadvantage of this method is that every user tries to maximize its own 
utility function irrespective of others.
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b.  Game Theory Model: It is the best tool to model the competitive environment where different 
players interact to maximize their utility functions, as has been discussed by Trestian et al. 
(2012). There are six different approaches of using game theory to model network selection:
i.  Users versus users cooperative approach, where users mutually cooperate with each 

other for mutual benefit.
ii.  Users versus users non-cooperative approach, where users compete with each other to 

maximize their own utility function.
iii.  Users versus networks cooperative approach, where users and networks mutually cooper-

ate with each other for mutual benefit.
iv.  Users versus networks non-cooperative approach, where users and networks compete 

with each other for their own benefits.
v.  Networks versus networks cooperative approach, where networks mutually cooperate 

with each other for mutual benefit.
vi.  Networks versus networks non-cooperative approach where networks mutually compete 

with each other for their own revenue maximization.
c.  Non-cooperative game model is mostly used as compared to cooperative (i.e. cooperative 

behavior between BSs) game model. In the above scenario, users try to maximize their utility 
function and networks try to maximize their revenue and capacity. The various game theory 
models like trading market game, auction game, repeated game, bargaining game and strategic 
game (prisoners dilemma) etc. can be used in different approaches. Watanabe et al. (2008) 
have used Evolutionary game for network selection and parameters considered for payoff func-
tion are loss rate, mean burst size and delay jitter; Zhu et al. (2010) have used Bayesian game 
and parameters considered for payoff function are bandwidth and price; Khan et al. (2010) 
and Khan et al. (2009) used Auction game for network selection and parameters considered 
are bandwidth, Delivery and response time, application requirements; Charilas (2009) used 
Prisoners dilemma game for network selection and parameters considered are delay, jitter, 
throughput, packet loss and cost; Niyato & Hossain (2008) have used Trading market game 
for network selection and parameters considered are bandwidth and network load. Bargaining 
game and repeated game are cooperative games while others are non-cooperative games.

d.  Bayesian Estimation: It is the fundamental statistical approach for decision making in the 
presence of uncertain values. It is based on Bayes theorem. It maximizes the probability aver-
age values (≤ corresponding thresholds) estimated and thus selects the network with highest 
probability.

6.  Resource Allocation at the New Base Station: For network selection initiated by handover, after 
the network is selected, protocol is transferred from source BS to target BS and resource is allocated 
at target BS.

BASE STATION PLACEMENT

BS placement is also a very important challenge in heterogeneous networks because poor placement 
leads to wastage of resources or inefficient utilization which in turn decreases the capacity and revenue 
etc. Choosing the optimal places for BSs in heterogeneous networks is a complex problem because of 
its multi-layer structure (usage of macro, micro, pico and femto cells) and different radio access tech-
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nologies with different coverage areas should coexist to enhance the effective coverage and increase 
spectrum efficiency. The parameters to be considered to find an optimal position for BSs for different 
radio access technologies are coverage area, capacity, available bandwidth, cell structure (antenna height), 
maintenance cost, and deployment cost etc.

There are several algorithms proposed in the literature and some of these are discussed here. Guru-
prasad (2011) proposed a Generalized Vornoi partition scheme. Vornoi partition also known as Dirchlet 
tessellation is mainly used in homogeneous scenario. So generalization of standard Vornoi partition is 
used in order to corporate the heterogeneity of BSs. Wen (2009) formulated the BS placement problem 
as an integer-nonlinear programming problem. In this the algorithms used to choose BS position are 
based on simulated annealing approaches and Lagrangian relaxation. The methods used by Wen (2009) 
mainly focused on decreasing the deployment cost of the heterogeneous network while satisfying users’ 
QoS requirements.

Relay Based Heterogeneous Network

The relay based het-net improves the effective coverage area, and QoS, etc,and have been discussed in 
Peng et al. (2011). In relay based het-net, the relay nodes (relay stations) are introduced which will receive 
the signal from the BS, enhances it and retransmit it so that the cell edge users’ QoS is improved. An 
iterative algorithm that has been discussed by Isalm et al. (2012), determines the optimum positions for 
the BSs and relay stations. Islam et al. (2012) showed that by using relays, the total transmitted power 
is significantly reduced and is thus preferred over increasing the number of BSs instead.

SHARED RESOURCE ALLOCATION IN HET-NETS

A significant improvement in capacity and QoS of the het-nets can be achieved by using shared resource 
allocation scheme (split handover) and network selection, wherein the resources of multiple RATs are 
pooled together so as to enhance the user experience in a mobile network environment. Here, we discuss 
the architecture, capacity enhancement analysis, and protocol functionalities in split handover with net-
work selection facilitating differentiated QoS provisioning that accounts for MS speed, channel quality 
and load of different RAN involved in resource sharing.

System Model

With the advent of LTE and use of 2G and 3G being prevalent, the inter-RAT handover between LTE 
to 3G and from 3G to 2G, would gain significance due to limited LTE and 3G coverage since LTE is 
deployed more in areas having high traffic overlaying with the legacy 2G and 3G mobile systems. We 
consider BWA (broadband wireless access) system with LTE, 3G, and 2G mobile systems deployed. In 
order to incorporate the flexibility in the scheme Figure 4 depicts a new transport layer, two-level queueing 
system model, for minimized impact of user movement on the connection for active users. Queueing is 
applied at the data link control (DLC) layer and the transport control (TCP) layer, to distribute the traffic 
to the BSs which are participating in data transmission of the users in the shared region. This scheduling 
principle applies to both downlink and uplink (control message exchange related modifications) traf-
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fic. In Figure 4, the node architecture and its interaction with other network entities is presented. This 
resource sharing between two BSs can be extended to three or more BSs.

Two BSs, BSi
r1 and BSj

r2 are shown in the figure belonging to different RAT r1 and r2 with an over-
lapping coverage. There are Ni users which are served only by BSi

r1, Nj users served only by BSj
r2, and 

Nij users served by both BSi
r1 and BSj

r2 in shared mode. BSr1i maintains queues for Ni + Nij users and 
serves them using its Sdownlink scheduler. Likewise, BSj

r2 maintains queues for Nj + Nij users and serves 
them using Sdownlink. It is assumed that one user has only one class of service at a time. If a single user 
maintains multiple parallel connections with different QoS requirements, then the scheduling can be 
easily handled by additional queues, called priority queues, at a BS. A controller directs the flows from 
the classifier according to the routing table maintained at the controller. Controller and classifier are the 
two logical entities which can be physically co-located. Based on the feedback from the BSs, the classifier 
is used to distinguish the incoming/outgoing flows if they are of a shared user - served by two BSs, or 
a non-shared user - served by only one BS. The controller also maintains the queues for all users which 
can be served by both BSs. Flow scheduling at the controller is according to the rule provided by Scontroller. 
The parameters considered for splitting of traffic are fed back to the controller using feedback links.

Figure 4. System architecture and downlink queuing model, with different queue structure for the shared 
and non-shared users
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Some of the advantages of the given architecture are: (i) centralized routing information maintenance 
for the subscribers to create multiple parallel connections when necessary; (ii) avoidance of packet du-
plication, by distributing packets for a cell-edge user across the BSs, thereby minimizing resource wast-
age; (iii) rule based splitting of traffic by using scheduler Scontroller; (iv) possibility of resource allocation 
based on traffic classification.

The controller in split handover is connected to the BSs via high-speed wireline or wireless links. 
Beyond signal transmission-reception over the radio links, the BSs have a very little role to play. Func-
tionality-wise, a controller will perform some extended tasks beyond a conventional BSC (base station 
controller) or a RNC (radio network controller). The specific activities of a controller in split handover 
are: (i) construction of universal DL-map and broadcasting to all BSs, and (ii) scheduling and traffic 
load balancing by accounting the CINR (carrier-to-interference- and-noise ratio) at the MS from the con-
nected BS and the neighboring BSs, available resources of the neighboring BSs, and QoS requirements 
of subscribers. The participating BSs are assumed synchronized through the controller.

The split-handover of the MS occurs between- the primary BS (PBS) (the BS with which a MS ex-
changes the management messages as well as data and the secondary BS (SBS) (a BS with which the 
MS exchanges only data).

The WiMAX multi-tier architecture’s BS specification for each tier is given in Table VI-A. For an 
inter-tier handover the PBS and SBS belong to different tiers. This concept is equally applicable to 
multi-tier architecture of other 3G and 4G wireless technologies.

Multi-Tier and Intra-RAT Split Handover Scheme for WiMAX

WiMAX standard based shared resource split-handover system functionalities for multi-tier architecture 
has been explained in the following discussion and an extension of this scheme is applicable to other 
RATs. Following the WiMAX standard notations for channel usage, the downlink interval usage code 
(DIUC) used by a MS with the PBS is denoted as DIUC1, and the DIUC used by a MS with the SBS 
is denoted as DIUC2. As indicated in the proposed system architecture (Section VI-A), traffic splitting 
is done at the transport layer. The controller stores the BS IDs and their associated loads. With respect 
to a particular MS, it stores the MS ID, its MAC address, PBS ID, DIUC1, priority calculated based on 
the service flow QoS parameters, and SBS ID and DIUC2 - in case the MS is in contact with two BSs. 
The timing diagram of a MS session and a split handover process is shown in Figure 5, in which only 
downlink data traffic is considered. The initialization procedure is similar as in a standard service flow 
set up. The MAC information and DIUC1 of the MS is passed to the controller at the network entry 
phase. During data and management message exchange with the PBS, the MS sends scanning request 

Table 1. WiMAX multi-tier architecture base stations

Tier Range No. of Users per Sector Typical RF Output Power No. of Sectors

Macro up to 5 km >200 10W 3

Micro up to 3km <200 4W 3

Outdoor pico 1km up to 100 1W 1

Indoor pico 100m up to 50 500mW 1

Femto 20-30m <10 100mW 1
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(MOB_SCN_REQ) to the PBS when the CINR from the PBS falls below Threshold-1 (which corresponds 
to a higher-than-the-lowest modulation and coding rate).

If the response (MOB_SCN_RSP) from the PBS is positive, the MS starts scanning for a SBS and 
synchronizes with one, initiating the split handover set up phase. Otherwise it continues its connection 
with the PBS only. During scanning, the MS sends (via the PBS) the SBS information (BS ID, DIUC2, 
traffic load) to the controller. Subsequently, a new CID for data connection with the SBS is created by 
the controller, which is forwarded to the MS. With the ongoing CID for the PBS and the new CID for 
the SBS, the user-level split handover procedure starts. The timing information of the bursts (slots) for 

Figure 5. Timing diagram of a MS session and split handoff process, where only the downlink traffic is 
considered
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connecting to the PBS and SBS is notified to the MS by the controller via a universal DL-map. To ad-
dress user QoS and cell load imbalance, the controller accounts for the QoS priority, buffer status at the 
MS, and the BS traffic load at the time of burst scheduling. The burst timings for the PBS and SBS are 
separated within a frame such that the sub-carrier frequency reassignment latency of the MS is sufficiently 
accommodated. Note that, with frequency reuse factor = 1, it may be possible that the MS is connected 
to the BSs at different time slots over the same assignment of sub-carriers, in which case no reassign-
ment is necessary. On the other hand, in case the adjacent BSs operate at different carrier frequencies, 
i.e., with frequency reuse factor < 1, split handover involves sub-carrier reassignment latency. Finally, 
when the CINR from the PBS falls below Threshold-2 (corresponding to the lowest allowable data rate), 
a PBS change request is sent to the controller. At that point the SBS assumes the responsibility of PBS 
for the MS. This process marks the end of split handover.

Analytical Model for Shared Resource Allocation in Het-Nets

In the following discussion an analytical framework for shared resource allocation is shown to result in 
capacity gain.

1.  Maximizing Capacity by Scheduling Shared Users: Theoretically, QoS is defined by the maxi-
mum tolerable delay Dmax for a user (traffic type) beyond which the delay violation probability 
exceeds a predefined threshold ε i.e. supPr{ ( ) }

max
t

D t D≥ ≤ ε . Also for a dynamic Also for a 

dynamic queuing system, where the arrival and service processes are stationary and ergodic, the 
probability that the delay at time t, D(t) exceeds the threshold Dmax can be accurately given as 
supPr{ ( ) } ( )

max

( ) max

t

DD t D e≥ ≈ γ θΩ Ω , where θ(Ω) is a function of constant source rate Ω, Dmax is 

a sufficiently large quantity, and γ(Ω) is the probability that the delay of a particular packet is non-
zero, i.e., γ( ) Pr{ ( ) }Ω = >D t 0  at a randomly chosen time instant t. Here, θ(Ω)>0 is a parameter 
describing the exponential decay rate of probability of QoS violation. θ(Ω) is referred as the QoS 
exponent. A large value of θ(Ω) corresponds to stringent QoS requirement and a smaller value 
corresponds to a loose QoS requirement.

The effective capacity for a given QoS exponent θ(Ω) specifies the maximum constant arrival rate 
that can be supported by the system at the link layer. Applying the effective capacity concept to wireless 
channels with arbitrary physical-layer characteristics, for a discrete-time stationary and ergodic service 

process with rate μ(n) and channel service rate R m n
n

m

( ) ( )=
=
∑µ
0

, the effective capacity is given as 

E E e
c m

m

R m( ) lim ln { }( )θ
θ

θ=
→∞

−1  where m is the block length. For uncorrelated block fading channels, 

where the service process μ(n), n=1,2, ··· is also uncorrelated, the expression is reduced to 

E E e
c

m

n( ) ln { }( )θ
θ

θµ= −1 , where the product TfB is the total time-frequency resources available in one 

frame S=TfB.
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A saturation condition arises when the total resource demand is more than the available resources at 

the BS such that S Su

u

N

i

i

=
∑ =
1

 where Si is the total resource available per frame in BSi and (0 ≤ Su ≤ Si) 

is the resource allocated to the user u from BSi, in order to maintain its QoS demand. It is assumed that 
the total resource available, at each BS in a cluster with FFR plan, is equal, i.e., S S i N

i c
= ∀ ∈ .

The effective capacity of user u scheduled from BSi, is E
S
E eu

C i
u

u

u u
i

,
( ) ln { }θ

θ
θ µ=−

1  where θu is the 

QoS exponent of user u and µu
i

u
i
ur S= is the rate provided to user u from BSi, with modulation index 

ri
u. The joint effective capacity when the user u is scheduled from two BSs i.e. BSi and Bsj, is:
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that maximize the joint effective capacity. Hence for a MS in the coverage regions of two or more BSs 
and when the resource allocation is done from these BSs as per the iterated scheme increases the total 
effective capacity.

2.  Class Based Shared Resource Allocation for Mobile Users: Class based resource allocation 
policy which is also influenced by the dynamic availability of bandwidth, cell load conditions, 
and shared BS resource usage. The usual standard service differentiation suggests division of user 
traffic into service classes. For differentiated shared resource usage, the following three classes 
categorize the user traffic of user: P0 (voice packets), P1 (video traffic), and P2 (data traffic). P0 is 
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most delay sensitive and needs a guaranteed bandwidth; P1 requires a minimum bandwidth and 
has more delay flexibility. P2 traffic does not have delay or bandwidth guarantee constraints. Since 
P0 traffic is most delay sensitive, initially the resources are allocated to this traffic class, then the 
resources are allocated to P1 traffic and the remaining resources of each BS are allocated to P2 
traffic.

For resource allocation to mobile users in a class Pc, c ∈ { , , }0 1 2  the user with the maximum sched-

uling function ψ ρ
τ

n
u

u
=












max  is successively selected. To maximize throughput the current bit rate of 

user u, ρu, ensures the user with best channel conditions is selected while the user throughput, τu, ensures 
none of users’ experience starves. Fairness is ensured with the selection of the user with high ρu and /or 
low τu. The resource allocation for mobile users is influenced by statistical characteristics of the traffic 
arrival and channel behavior and backlog history usage. The resource required over a time frame inter-

val Tf for the incoming traffic using a linear predictor is given as: �S n n l
PC C l

PC
u v

P
u v

l

L

( ) ( )( ) ( )
,

+ = −
=
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ξ  where 

the prediction order L
PC

 is a function of the traffic type PC, ξP l
u

C ,
 is the parameter that indicates the impact 

of actual resource requirements �S n
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u v( )( )−1  due to new arrivals in frame (n-l). ξ
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C ,
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mean square (LMS) algorithm as: ξ ξ η
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 The requested resource for frame (n +1) 

and Pc traffic type is given as: S n S n S n
P
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P
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C C C
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P
u q

C

( )( )  is the resource required 

from nth frame due to user u’s queued traffic and service type. For any given traffic type PC, it is im-
portant to choose an important optimum number of taps that maximizes the quality of prediction using 
historical prediction. A higher value of L

PC
 increases the prediction accuracy as it sharply predicts the 

burstiness of the traffic, but also causes increased lag in predicted traffic and detrimental to prediction 
quality. A small value of L

PC
 tracks the traffic fast but is unable to track burstiness.

Shared Resource Allocation for Split Handover 
in Comparison to MDHO and FBSS

Prior to discussing the advantage that shared resource allocation has in comparison to the other soft 
handover scheme variants like MDHO and FBSS (shown in Figure 6), it is necessary to briefly discuss 
about these soft handover techniques.

• Macro Diversity Handover (MDHO): MS maintains a diversity set that constitutes a group of 
BSs that operate on same frequency channel and are synchronized on time and frame level. The 
BSs having a considerable CINR are selected for the diversity set by the MS by the exchange of 
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MAC context between BS and MS. All the BSs in the diversity set have the information of the MS 
and the MAC context and are said to be active BSs. The BS, with which the MS is registered or is 
handed over to, is the active BS. All the other BSs that are not a part of the diversity set and do not 
have any traffic exchange with MS but the MS is still able to perform signal strength measurement 
with these BSs, are said to be the neighbor BSs. The diversity set is updated when the CINR of the 
serving BS falls below a predefined threshold or when CINR of a BS is above another predefined 
threshold. In MDHO, during downlink communication MS receives data from all the active BSs 
in the diversity set and the MS combines the multiple signals by the virtue of diversity combining 
to obtain an improved data signal. During uplink communication the MS’s data signal is received 
by different active BSs and the BS with the strongest signal finally makes the transmission after 
performing selection diversity.

• Fast Base Station Switching (FBSS): During handover the MS receives signal from all the BSs 
of diversity set and then from these BSs, MS selects one BS for exchanging uplink or downlink 
data. This BS is known as the anchor BS. MS registers and shares MAC context information with 
this anchor BS only. Anchor BS can be updated at a MS based on CINR levels

In the case of class based shared resource allocation, intelligent scheduling of MS by multiple BSs 
to increase users’ capacity and QoS. In case of schemes like MDHO the diversity combining underuti-
lizes the resources in the shared cell region, resulting in a poorer data rate for the users in this region 
as compared to the split-handover scheme. Since the class based traffic is scheduled by two different 
BSs (several BSs as the case may be), it results in increase in the effective throughput and data rate 
provided to the mobile user. These metrics are significantly higher than the hard handover or the other 
soft handover scheme variants (MDHO and FBSS). This is also reflected in the Figure 7, wherein the 
data rate of MS in shared cell region is highest by the split handover scheme, intermediate for MDHO 
soft handover scheme, and least for hard handover scheme.

Figure 6. Soft handover scheme: MDHO and FBSS
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Shared Resource Allocation for Mobile Users in LTE-A Het-Net

One of the biggest challenges of a Heterogeneous NW is the frequent HO due to presence of a large 
number of small cells. Same are depicted in Figure 8 and are elaborated in Table 2.

A mobile UE, traversing across a macro-cell is bound to encounter a number of micro-cell in a het-
erogeneous network. This may result in decrease of throughput on two accounts:

• Loss of data during handover from macro-cell and micro-cell.
• Reduced resource availability at micro-cell to guarantee the ongoing services.

Figure 7. Two cell scenario, comparison of data rate for the hard, soft (MDHO), and split handover 
schemes

Table 2. Heterogeneous Architecture Parameters

S. No. Parameter 3G/4G 5G

1 Density
Macrocell BS: 4-5 BS/Km2 
Microcell BS: 8-10 BS/Km2 
Femtocell AP

Small Cells: 40-50 BS/Km2

2 Planning
Macrocell: Properly planned 
Microcell: Semi planned 
Femtocell: Completely random

Small Cells:Properly planned

3 Coverage Area
Macrocell: 1.5-10 Km 
Microcell: 100-500m 
Femtocell: 10-25m

Small Cells: 100m

4 Challenges
Horizontal/ Vertical Handovers, 
Inter/ Intra Cell Interference 
Resource Allocation

Vertical Handovers, 
Backhaul Connectivity 
Resource Allocation
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Both of these phenomenon take place in region I and II, shown in Figure 9.
For LTE-A Het-Net the shared resource allocation for Scenario shown in Figure 9 is simulated with 

parameters given in Table 3 for mobile users.
The simulation results are shown in Figure 10. It is seen from Figure 10 that ’Shared resource Allo-

cation’ achieves a higher throughput than the `actual throughput’ without the shared resource allocation 
by compensating the deficient bandwidth by the macro cell ’resource Blocks’. The achieved throughput 
at the end of shared resource allocation is close to the ideal throughput, because of discrete nature of 
resource block and its allocation to mobile users.

Figure 8. Macrocell-Microcell Shared Resource Allocation

Figure 9. Reduction in Throughput at Cell Edge & Handover
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SON Based Inter-RAT MRO

The increasing demand for high speed communication services has led to the deployment of the new 
radio access technologies (RATs) (LTE overlaying legacy 3G and 2G mobile systems). Inter-RAT han-
dover is necessary to fully utilize the capabilities of the various RATs to provide best QoS and meet 
users’ demands. While discussing the heterogeneous networks, an important concept is that of SON 
(self-organizing network) and its important use case of MRO (mobility robustness optimization). SON 
is a technology that simplifies and speeds up the planning, management, configuration, healing and op-

Table 3. Simulation Parameters for LTE-A Het-Net

S. No. Parameter Microcell Macrocell

1 Cell Radius 150m 1000m

2 Distance between eNodeB 150m 850m

3 Downlink Bandwidth 10MHz 15 Mhz

4 NRB 10 As per scenario

5 AWGN PSD -174 dB -174 dB

6 Pathloss Coefficient 4 4

7 Transmit power 2W 39.4W

8 Log-normal Fading 8dB 8dB

Figure 10. Reduction in Throughput at Cell Edge & Handover
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timization of NGMN (Next Generation Mobile Networks) that comprises of several RATs deployed. An 
inter-RAT MRO algorithm given by Awada et al. (2013) automates the adjustment of handover threshold 
of each cell. Various measurement quantities such as SS (signal strength) and SQ (signal quality) form 
the basis for measurement event.

1.  Inter-RAT Handover Procedure: At any given time the UE is served by an LTE, 3G or 2G cell. 
A UE u being served by a cell c experiences a radio link failure (RLF) when its SINR (γu,c(t)) falls 
below a threshold (Qout) for a certain interval of time T

Qout
 i.e. γ

u c out
t Q

,
( )<  for t T t t

Qout0 0
− < < . 

The serving BS in LTE, 3G or 2G network configures the UE to perform signal strength measure-
ment for intra or inter-RAT neighboring cells and the serving cell and sending a report to the serving 
BS periodically or by means of event trigger mechanism (report sent on fulfillment entering condi-
tion of measurement event). The handover is triggered by serving BS after receiving the measure-
ment report. For LTE to 3G handover the serving LTE BS configures UE with measurement event 
B2. For a handover from 3G cell to LTE or 2G, the measurement event is event 3A. The measure-
ments of the signal strength by UE in LTE cell is of received signal received power (RSRP), in 3G 
it is of received signal code power (RSCP). RSRP is the linear average of power contributions of 
the resource elements carrying cell-specific reference signals within the measurement frequency 
bandwidth considered, and RSCP is the received power measured on primary common pilot chan-
nel (CPICH). These measurements are inclusive of path loss, antenna gain, log-normal shadowing 
and fast fading. The phases before handover comprise of handover triggering condition, measure-
ment by mobile UE of neighboring cells, and selection of the best candidate cell that fulfills the 
handover criteria condition.

The entering condition for the event 3A or B2 is fulfilled when serving cell’s signal (i.e. Su,c(t)) falls 
below threshold Sthr in dBm and the target cell’s signal T t

u C,
( )
0

 greater than threshold (i.e., Tthr) in dBm. 

The entering condition needs to be fulfilled for time duration TT for the measurement report to be sent 
by the UE i.e., S t S T t T

u c thr u C thr, ,
( ) ( )< ∩ >

0
 for − < <T t t

T 0
.

After receiving the measurement report from the UE u, the serving cell c sends a handover request 
to the target handover cell c0 in order to prepare handover of UE. An additional delay termed as hando-
ver preparation time (i.e. THP) during which c waits for acknowledgement from c0. Handover occurs 
after THP seconds after the measurement event trigger and the UE’s SINR γu,c(t) being greater than the 
threshold Qfail. Thus, the execution of handover is based on the following conditions’ fulfillment, i.e. 
S t S T t T
u c thr u C thr, ,
( ) ( )< ∩ >

0
for t T T t t T

HO HP T HO HP
− − < < −  and γ

u C HO fail
t Q

,
( )> .

The key performance indicators (KPI) for inter-RAT mobility are to capture the radio link failure 
(RLF) events and the costly inter-RAT handover like ping-pongs (PPs). There are three RLF mobility 
events: Too late inter-RAT handover (TLH), too early inter-RAT handover (TEH), and inter-RAT handover 
to wrong cell (HWC). There are two kinds of costly inter-RAT HOs: Inter-RAT PPs, and unnecessary 
HOs (UHs) from LTE to 3G. It is essential to minimize UHs to enable users to benefit from the newly 
deployed, higher priority LTE network. These KPIs are briefly described as follows:

• TLH: The UE is dropped before handover is executed or has been initiated from one RAT to 
another and subsequently the UE reconnects to a RAT that is different from the previous serving 
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cell. This occurs when the entering condition of the measurement event is not fulfilled or the RLF 
occurs before the inter-RAT handover is executed in spite of the fulfillment of the entering condi-
tion of the measurement event. There are four cases (illustrated in Figure 11) in which TLH for 
inter-RAT handover scenario occurs. (i) Case A:

• Misconfiguration of Tthr Is the Root Cause for TLH. (ii) Case B: S t S T t T
u c thr u C thr, ,
( ) ( )> ∩ >

0
 

misconfiguration of Sthr is the root cause for TLH. (iii) Case C: S t S T t T
u c thr u C thr, ,
( ) ( )< ∩ <

0
 mis-

configuration of the threshold corresponding to the smallest values of ∆
S

 and ∆
T

, is the root 
cause for TLH. (iv) Case D: Entering condition of measurement event is fulfilled but RLF occurs 
before inter-RAT HO, and the misconfiguration of one of the two thresholds that is reached later 
is the root cause for TLH.

• TEH: An RLF happens shortly after the UE is successfully handed over to a cell of a different 
RAT, and the UE reconnects to a previous RAT cell. Also when the UE fails to connect to c0 us-
ing random access channel (RACH), the inter-RAT handover fails and is considered as a TEH. 
Misconfiguration of Tthr is the root cause of TEH. Tthr needs to be increased to ensure that signal 
of target cell of a different RAT i.e., c0 is strong enough.

• HWC: Shortly after the UE is successfully handed over to a cell c0 of a different RAT, an RLF 
happens and UE connects to a cell c0 of the same RAt as c0. Similar to TEH, misconfiguration of 
Tthr is the root cause for HWC. Tthr should be increased to guarantee that other RAT’s cell signal 
is strong enough.

• PP: When the UE is handed over to a cell of a different RAT and then handed over back to the 
same cell or a different cell of the previous RAT within a time interval of TPP . By delaying the 

Figure 11. Four cases of inter-RAT TLH
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first inter-RAT handover by either increasing Tthr or decreasing Sthr, it is possible to resolve inter-
RAT HO.

• UH: The UE is handover from a cell of high priority RAT to a cell of low priority RAT, even 
though the signal quality of the previous RAT is good enough. This can be evaluated in terms of 
reference signal received quality (RSRQ) of the previous LTE cell is higher than QRSRQ threshold 
for T

QRSRQ
 time interval. To resolve UHs it is essential to decrease Sthr thereby increasing the LTE 

cell coverage.

The SON with inter-RAT MRO needs that the two thresholds (i.e. Sthr and Tthr) should be adjusted 
properly for the above mentioned KPIs, and for this purpose a feedback controller can be used to deter-
mine magnitude change in the handover threshold.

Although the above discussion is more focused on LTE to 3G cell inter-RAT HO, however this same 
analytical framework is equally applicable to 3G to 2G cell inter-RAT handover and had been discussed 
by Mohammed et al. (2007).

CONCLUSION AND FUTURE RESEARCH DIRECTIONS

According to ITUs vision of optimally connected anytime, anywhere, mobile users are free to roam 
between different RATs that are provided by different service providers, has resulted in advent of 
heterogeneous networks. Next generation networks are based on these heterogeneous networks with 
heterogeneity in terms of communication modalities, channel types, technology generations, protocol 
types, and QoS requirements. This chapter has discussed several issues faced in heterogeneous networks 
in network selection, inter/intra-RAT handovers, BS placement, and resource allocation. These issues 
can be very complex mainly because of heterogeneity in radio access networks. Selection of suitable 
scheme depends on many parameters which have been discussed. In different scenarios different pa-
rameters should be weighted with high priority, for which the various existing schemes in the literature 
have also been enlisted in this chapter.

Although, several aspects of next-generation heterogeneous networks have been studied by researchers 
in the recent times and are discussed in this chapter. However, still there are some other issues in hetero-
geneous wireless access networks that still needs to be focused upon, like pricing schemes, and several 
approaches where network operators or service providers will compete with each other to maximize 
their revenue and users will compete with each other to maximize their QoS, which will have effects 
in decision taken in network selection and handover. In addition to this, it is essential to also consider 
simultaneous cooperation and competition by the service providers in an optimized manner to integrate 
resources and provide users with improved service experience, and also consider user-preferences while 
configuring the network system in an automated manner. Even though any optimization is often based 
on tradeoffs and also since each of the solutions discussed previously look into a subset of the factors 
concerning heterogeneous network. Hence, a collated, well-balanced, and comprehensive solution is the 
need-of-hour, which would integrate the network heterogeneities to the advantage of users as well as the 
service providers, while utilizing the available resources in the best possible manner.
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KEY TERMS AND DEFINITIONS

Broadband Wireless Access (BWA) Networks: BWA technologies provide broadband data access 
over wireless LAN (Local Area Network), 3G, MAN (Metropolitan Area Network).

Differentiated QoS: It is an end-to-end, application-level, QoS-management technique that classifies 
application-traffic into multiple classes with different QoS parameters.

Effective Capacity: Effective capacity of a system is the maximum constant arrival rate that can be 
supported by the system at the link layer.

Mobility Robustness Optimization (MRO): It is an algorithmic optimization framework that au-
tomates the adjustment of handover threshold of each cell based on measurement quantities such as SS 
(signal strength) and SQ (signal quality).

Multi-Tier Handover: It is an intra-RAT handover technique where handover occurs between hier-
archical tiers (macrocell, picocell, and femtocalls) of an infrastructural RAT deployment.

Network Selection: Network selection is a process in which the user devices (while requesting for 
a new connection or during the handover process) select from the radio access networks (RANs) that 
belong to competing service providers having different latency, coverage area, and cost.

Radio Access Technology (RAT): RAT is the underlying physical connection method for a radio 
based mobile communication network such as Bluetooth, Wi-Fi, 3G, 4G, and LTE.

Self-Organizing Network (SON): SON is a technology that simplifies and speeds up the planning, 
management, configuration, healing and optimization of NGMN (Next Generation Mobile Networks) 
that comprises of several RATs deployed.

Shared Resource Allocation: Resource allocation technique wherein resources of multiple RATs 
are pooled together to improve capacity and QoS in a mobile network environment.

Split Handover: Shared resource allocation technique for cell edge users in orthogonal frequency 
division multiple access (OFDMA) networks, where MSs maintain parallel connections with more than 
one BS.
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ABSTRACT

In recent years, mobile operators are observing a growing demand of multicast services over radio 
cellular networks. In this scenario, multicasting is the technology exploited to serve a group of users 
who simultaneously request the same data content. Since multicast applications are expected to be mas-
sively exchanged over the forthcoming fifth generation (5G) systems, the third-generation partnership 
project (3GPP) defined the multimedia broadcast multicast service (MBMS) standard. MBMS supports 
multicast services over long-term evolution (LTE), and the 4G wireless technology provides high qual-
ity services in mobile environments. Nevertheless, several issues related to the management of MBMS 
services together with more traditional unicast services are still open. The aim of this chapter is to 
analyze the main challenges in supporting heterogeneous traffic over LTE with particular attention to 
resource management, considered as the key aspect for an effective provisioning of mobile multimedia 
services over cellular networks.
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INTRODUCTION

The increase in the content availability and the growing number of available devices with enhanced me-
dia capabilities (i.e., smartphones and tablets) enabled a tremendous growth in the demand of advanced 
services over mobile radio systems. Among those, multicast services are expected to be massively 
transmitted over Fifth Generation (5G) wireless systems and allow groups of users to simultaneously 
access services with high Quality of Service (QoS) (such as Mobile TV, news forecast, video calls, video 
conferencing, Internet video streaming). Since multicasting is considered as one of the main value-added 
services for 5G systems, standardization bodies and network providers are currently working to suitably 
support multicast services over Long Term Evolution (LTE), the most promising wireless technology 
that will lead the growth of mobile broadband services in the next years (Third Generation Partnership 
Project, 2012). With this aim, the Third Generation Partnership Project (3GPP) standardized the Multi-
media Broadcast Multicast Service (MBMS). This standard, which defines all networks enhancements 
necessary to support the transmission of multicast services over LTE, introduces the Point-to-Multipoint 
(PtM) transmission mode and covers different functionalities related to the management of multicast 
services (e.g., service announcement, joining and leaving procedures, session setup and re-configuration). 
An example of PtM transmission mode is shown in Figure 1, where the main differences between PtM 
and the traditional unicast transmission mode, i.e., Point-to-Point (PtP), are highlighted. In particular, 
PtM simultaneously serves all users interested to a given multicast service through a shared channel, 
with the aim to improve the system capacity and “theoretically” serve an unlimited number of users per 
group (Lecompte & Gabin, 2012).

Although MBMS improves the capabilities of LTE in supporting multicast services, the main chal-
lenge in multicast environments is related to the Radio Resource Management (RRM), which includes 
all functionalities necessary to manage the radio resources available in the cellular system (Richard, 
Dadlani & Kim, 2013). In particular, the RRM is in charge of performing link adaptation procedures, 
i.e., the selection of the transmission parameters, such as the Modulation and Coding Scheme (MCS), 
for multicast content delivery according to the channel conditions experienced by the User Equipments 
(UEs). Indeed, in a multicast scenario, link adaptation must be accomplished on a per-group basis, i.e., by 
taking into account the channel state information of all terminals interested to a given multicast service. 

Figure 1. A comparison of multicast service delivery through Point-to-Point (PtP) and Point-to-Multipoint 
(PtM) transmission modes
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This may limit the session quality performance achieved by multicast members, due to the presence of 
cell-edge users which experience poor channel conditions and consequently cannot support high data 
rates. Moreover, the delivery of typical multicast applications (e.g., mobile TV) requires a large amount 
of radio resources and this further challenges the spectrum efficiency and the coexistence with other 
services (e.g., unicast flows) in the cell. In fact, while advantaging unicast user requests leads to a sig-
nificant network capacity decrease, favoring multicast traffic causes an unfair bandwidth distribution 
between multicast and unicast traffic with negative consequences on unicast users’ degree of satisfaction.

In this Chapter, we will focus on the challenges related to the RRM of multicast services alongside 
traditional unicast traffic over LTE. We firstly will present an overview on the most typical multicast ap-
plications, with the related requirements in terms of QoS, and we will discuss about the MBMS standard, 
by introducing the network architecture and the system features of LTE/MBMS. Then, we will address 
the structure of LTE packet scheduler, by underling the aspects related to the RRM. Finally, we will focus 
on the issues related to RRM in multicast environments over LTE, and we will present an overview of 
the different approaches defined in literature for the delivery of mixed unicast and multicast services.

MULTICAST SERVICES

A multicast service is defined as a service which is simultaneously transmitted towards a set of managed 
UEs, namely multicast members. Each multicast service transmitted in a given cell of a mobile radio 
system is associated to only one multicast group. The terminals can receive only those services related 
to the multicast group they belong to. A multicast service is announced by the base station through sev-
eral advertising messages and, through this procedure, interested cellular users may join the multicast 
group. Once the multicast group is formed, the base station will send data content only towards those 
nodes that joined the multicast group. The multicast service delivery can be considered similar to a tra-
ditional broadcast transmission. Indeed, while at the physical layer the transmission of both broadcast 
and multicast services is the same, the difference between these two modes lies in the set of involved 
users: broadcast services are available to all users of a given mobile network (i.e., there is no need for 
subscriptions), whereas multicast services are restricted only to those UEs belonging to a multicast group.

In the following of this Section, we will discuss the multicast applications commonly exchanged 
over mobile radio systems.

Multicast Applications

Multicast services can cover several types of applications, each one characterized by different QoS 
requirements. One of the main multicast services expected to be massively exchanged over LTE is 
audio and/or video streaming, which can range over a wide set of applications such as standard video 
(e.g., Mobile TV) or audio streaming (e.g., web radio), news (e.g., weather forecasts) or advertisement 
message distribution, video or audio conference calls, and so on. The management of multicast audio/
video streaming sessions poses several challenges since these services are characterized by strict QoS 
constraints. In particular, the most relevant QoS issues are related to the provisioning of a minimum data 
rate, a maximum packet transfer delay and tolerated jitter.

Another important multicast application is the file downloading. Multicast file downloading can be 
suitable for software update transmission (e.g., codec or plug-in), for image and text distribution and 
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for multimedia content delivery (e.g., video or audio files) for off-line use. The management of these 
multicast services does not pose strict constraints in terms of delay and guaranteed bit rate are, but it is 
characterized by strict requirements in terms of packet loss ratio.

Recently, the transmission of geographic information updates is growing in importance in the mobile 
market scenario. Typical examples of such services are traffic reports, local news, weather forecast, stock 
prices and location-based advertisement. In these cases, data must be delivered only to those users located 
in a given area. The management of these services is quiet similar to the typical management of multicast 
file downloading, but additional issues must be considered in order to perform multicast group forma-
tion according to users’ position. Moreover, additional procedures are required to dynamically update 
the members belonging to a given group by taking into account the users’ direction and mobility speed.

The applications considered above can be divided into two categories. The single-rate applications 
require all multicast users to be served with the same session quality. Examples of single-rate services 
are file downloading and geographic information updates. On the contrary, for the multi-rate applications 
the original information is split into different levels of “quality”, and the better the channel condition 
of a given multicast user the higher the quality experienced by such a user. Multi-rate services cover a 
large set of multicast applications, e.g., audio/video streaming, and they will be explored in the follow-
ing of this Section.

Multi-Rate Services

Multi-rate applications foresee to split the original data stream into different sub-streams, where each 
sub-stream represents a “portion” of the overall information to be transmitted to multicast group members. 
The idea at the basis of multi-layer techniques is that the perceived session quality improves as users 
receive a higher number of sub-streams. As a consequence, a minimal service, namely base sub-stream 
(or base layer), is received by all multicast users, while terminals with higher channel gain (which poten-
tially support less robust MCS and can accordingly attain higher data rates) can also receive additional 
enhancement sub-streams and, consequently, experience improved session quality.

Currently, two categories of multi-layer schemes are largely used: Multiple Description Coding 
(MDC) and Scalable Video Coding (SVC). In MDC, multimedia data is split into multiple descriptors, 
where each descriptor represents a given sub-stream of the original information. According to MDC, 
the higher the number of successfully received descriptors the higher the session quality experienced 
by a given user. It is worth noticing that the quality improvement is not related to the priority of each 
descriptor. Indeed, in MDC, all descriptors have equal priority and any combinations of the received 
descriptors can be decoded independently. Because of its sub-stream independence feature, MDC has 
received high attention from researchers, though MDC suffers of several limitations in case of real-time 
audio/video streaming applications. Concerning this latter type of multicast services, SVC represents a 
more attractive solution, which is based on the idea to dynamically adapt the quality of the streaming to 
the various needs or preferences of multicast users (as well as to varying capabilities of involved UEs 
or to different network conditions and loads) by removing one or more parts of the original audio/video 
data. Being similar to MDC, the term “scalable” refers to the fact that, also in the case one or more 
sub-streams of the original content are not successfully received by a UE, the received sub-stream (or 
sub-streams) represents a valid information for some target decoders. SVC applications enable three 
different types of scalability: temporal, spatial, and quality. Spatial and temporal scalabilities refer to 
the cases where the reception of only a subset of original sub-streams involves the reception of a video 
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stream with a reduced picture size (i.e., spatial resolution) or frame rate (i.e., temporal resolution), re-
spectively. With quality scalability, the sub-stream provides the same spatio-temporal resolution as the 
reception of the overall available sub-streams, but with a lower fidelity (where fidelity is often informally 
referred to as signal-to-noise ratio, i.e., SNR). The main difference between MDC and SVC is related 
to the order in the reception of the sub-streams. In SVC, a given sub-stream n can be considered as suc-
cessfully received (i.e., it represents a valid information for the decoder) only if the sub-stream n-1 has 
been previously received by the user. This involves that, in SVC applications, all available sub-streams 
are hierarchically ordered.

Multicasting Over LTE

The 3GPP, motivated by the increasing demand for high-quality services over mobile broadband net-
works, carried out several activities under the LTE and System Architecture Evolution (SAE) projects, 
finalized to respectively define the radio access and the core network for the next generation of mobile 
radio systems. The LTE system is one of the most promising wireless technologies able to support the 
growing demand of high-quality multicast services. LTE offers several benefits in terms of (i) high data 
rates in both downlink and uplink directions, (ii) low latency, (iii) low cost per bit, (iv) high spectrum 
efficiency even for cell-edge users, (v) high system capacity.

LTE is very appealing to network providers as a means to deliver high quality services with strict 
QoS constraints. With the aim to efficiently support multicast services, the 3GPP defined the MBMS 
standard, which will be the main topic addressed in this Section.

Multimedia Broadcast Multicast Service

The LTE/MBMS architecture, depicted in Figure 2, is based on a flat all-IP network infrastructure where 
both control and data information is transmitted through IP-based connections. This characteristic in-
troduces great flexibility in the management of network devices and allows mobile operators to reduce 
installation and configuration costs.

The LTE/MBMS network is composed of:

• eNodeB (i.e., the LTE Base Station): The eNodeB is the entry point for UE to the LTE network. 
It is responsible for RRM procedures. In particular, it handles the configuration of transmission 

Figure 2. The network architecture of LTE/MBMS

 EBSCOhost - printed on 2/14/2023 2:28 PM via . All use subject to https://www.ebsco.com/terms-of-use



89

Resource Management of Mixed Unicast and Multicast Services Over LTE
 

parameters (i.e., link adaptation) in single-cell MBMS mode (i.e., a MBMS service transmitted 
by only one eNodeB). The eNodeB is also in charge of collecting the channel state information of 
LTE subscribers and performs handover procedures.

• MultiCell/Multicast Coordination Entity (MCE): It is a logical entity (it can also be deployed 
within the eNodeB) involved in session control signaling towards multiple eNodeBs (the MCE 
does not perform signaling towards the MBMS receivers). One eNodeB is managed by one MCE 
while one MCE could manage multiple eNodeBs. The MCE covers different functionalities. 
Among those, the admission control and the allocation of the radio resources used by all the 
eNodeBs involved in a multi-cell MBMS transmission are the most important. This is typically 
the case of broadcast services simultaneously delivered by several base stations through single-
frequency transmissions. In particular, in a multi-cell scenario, the MCE selects the transmission 
parameters (i.e., MCSs) to be simultaneously exploited by involved eNodeBs. The MCE performs 
the selection between multi- and single-cell transmission modes in the setup (or network recon-
figuration) phase of the MBMS Service. The MCE also performs MBMS session suspension/
resumption based on the counting results for the corresponding MBMS service. The MCE is con-
nected to the served eNodeB via the M2 interface, used for MBMS session management and radio 
configuration signaling. The Stream Control Transmission Protocol (SCTP) is used over the M2 
interface to carry the control traffic.

• Mobility Management Entity (MME): It performs authentication and security procedures for 
subscriber’s identification when a UE establishes a connection to the LTE network. The MME is 
also in charge for mobility management by storing the serving eNodeB for each terminal in active-
mode while it stores the Tracking Area (which indicates a set of base stations relevant to a specific 
area) for UEs in idle-mode. Finally, the MME allocates the multicast IP address (in addition to the 
IP address relevant to the multicast source) to the eNodeB(s) that joined the MBMS session. The 
M3 interface connects the MME and the MCE for conveying MBMS session management signal-
ing. The SCTP is used over the M3 interface to carry the control traffic.

• MBMS-Gateway (MBMS-GW): It is a logical entity (i.e., it may be a stand-alone device or it 
may be co-located with other network nodes) which accomplishes data content forwarding to 
the eNodeB(s) involved in the MBMS session. The MBMS-GW is in charge of maintaining the 
IP multicast groups. In particular, it allocates the multicast IP address to a multicast group. The 
eNodeB joins the IP multicast group to receive the data relevant to the MBMS user plane when 
the session starts, while it leaves the IP multicast group when the session stops. The M1 interface 
connects the MBMS-GW and the eNodeB(s) in the user plane. The data delivery over the M1 
interface is performed by exploiting IP multicast transmissions (there is no uplink data over M1 
radio network layer). The MBMS synchronization protocol (SYNC) is used over the M1 interface 
to allow content synchronization for MBMS service data transmission.

• Broadcast Multicast-Service Center (BM-SC): It is a functional entity which represents the 
entry point for content provider transmissions. It authorizes and initiates MBMS Bearer Services 
by performing several procedures relevant to service provisioning. Indeed, The BM-SC should 
be used for scheduling and delivery procedures relevant to a MBMS transmission. In addition, 
the BM-SC is able to accomplish service announcement and membership functions and performs 
functions such as security operations and content synchronization. Finally, the BM-SC is in charge 
for header compression in multi-cell MBMS services.
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Multicast Session Procedures

The provisioning of a multicast service involves different procedures necessary for service announce-
ment, multicast group formation and service delivery. In details, the phases to be accomplished for a 
MBMS multicast session set up are:

• Subscription: It is an agreement between the UE and the service provider for the reception of the 
MBMS service(s). The BM-SC stores the subscription information. At the end of this phase, the 
subscriber’s terminal is updated with MBMS-specific information (MBMS service keys and user 
keys) useful to decipher the received data traffic.

• Service Announcement: It allows the MBMS members to collect service activation information 
(e.g., multicast IP address, service start time) about the available MBMS services. Service pro-
vider may consider different discovery mechanisms: (i) Point-to-Point or Cell Broadcast SMS; (ii) 
MBMS Broadcast mode to announce both multicast and broadcast services; (iii) MBMS Multicast 
mode for MBMS Multicast services advertising; (iv) URL (HTTP, FTP); (v) PUSH mechanisms 
(WAP, SMS-PP, MMS).

• Joining: The subscriber joins the multicast group. In this phase, the UE becomes a multicast 
group member and it initiates the relevant MBMS bearer services in order to receive the multicast 
data content.

• Session Start: The BM-SC performs the transmission of MBMS data content. A Session Start 
message is sent for each MBMS bearer service involved in the MBMS session. The Session Start 
message does not depend on the activation of the service by the user (i.e., the service activation 
can be performed by the user before or after the transmission of the Session Start message).

• MBMS Notification: In this phase multicast members are informed about forthcoming MBMS 
multicast data transfer.

• Data Transfer: In this phase the MBMS traffic is delivered to the multicast group members.
• Session Stop: The BM-SC stops data transmission and the MBMS bearers are accordingly 

released.
• Leaving: In this phase a subscriber leaves a multicast group.

Subscription, joining and leaving phases are performed on a per-user basis. On the contrary, other 
phases involve the whole set of users interested in the MBMS multicast session and are accordingly 
performed on a per-group basis.

MBMS Channels

The MBMS standard defines two logical channels to be exploited for multicast content delivery: the 
Multicast Traffic Channel (MTCH) and the Multicast Control Channel (MCCH). The MTCH is a PtM 
downlink channel for data transmission. Multiple MBMS services can therefore be transmitted using a 
single MTCH. The MTCH exploits the Radio Link Control (RLC) unacknowledged mode. According to 
this mode, no retransmissions at the RLC layer of LTE protocol stack are used, i.e., multicast terminals 
do not send any acknowledgement message to the eNodeB.
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The MCCH is a PtM downlink channel for signaling traffic transmission. One MCCH carries infor-
mation regarding one or several MTCHs, including the sub-frame allocation and the MCS relevant to 
each MTCH. The MCCH exploits the RLC unacknowledged mode.

In single-cell mode, these channels are mapped on the Downlink Shared Channel (DL-SCH). The 
design of the MCCH is a key challenge in order to efficiently manage the MBMS signaling traffic. The 
number of MCCHs varies according to the data transmission mode and, for single-cell MBMS deploy-
ments, one MCCH is activated for each MBMS service transmitted by the eNodeB.

RESOURCE ALLOCATION OF MIXED UNICAST AND MULTICAST SERVICES

The joint management of unicast and multicast traffic is a key design issue of future mobile networks. It 
is demonstrated by the intense research activity conducted by both standardization and academic bodies. 
Recently, also the 5G-PPP (5G Infrastructure Public Private Partnership) committee has indicated the 
full integration between emerging mobile group-based (i.e., multicasting) and more traditional unicast 
communications as one of the major research priorities in next-to-come 5G networks.

The main challenge in achieving this targeted goal is the design of effective resource allocation strate-
gies, due to the use of different transmission modes for unicast and multicast services. Indeed, in case 
of unicast services, data is delivered to a single user; so the modulation and coding scheme (MCS) is 
selected according to individual channel conditions between the eNodeB and the user equipment (UE). 
Differently, in the multicast case, transmission parameters are selected by the eNodeB on a per-group 
basis. Multicast group members could measure different radio link qualities and support different MCSs: 
poor links need robust MCSs to face hostile propagation conditions, while users with good channels could 
receive data at higher bit rates. However, the multicast group member with the worst channel condition 
imposes the MCS selection for the entire group, and thus it becomes the bottleneck of the whole group; 
this severely affects the transmission efficiency.

In general, favoring multicast traffic allows a provider to achieve a high overall system capacity (mea-
sured as the number of users simultaneously served by the eNodeB). This is at the expense of an unfair 
bandwidth distribution between multicast and unicast traffic, with negative consequences on the degree 
of satisfaction of unicast users. On the contrary, by advantaging unicast users, the network capacity could 
significantly decrease, which is undesirable. This unbalance is due to the fact that multicast group(s) 
and unicast users have different sizes. It is clear that for the best balance between service quality and 
efficiency, there is a need for a combined unicast and multicast traffic management solution.

This Section presents a non-exhaustive review of current proposals in the literature that address: (i) 
support of multicast traffic in broadband wireless access networks, (ii) management of multiple multicast 
groups, and (iii) delivery of mixed unicast and multicast traffic.

Support of Multicast Traffic in Broadband Wireless Access Networks

In a context where the base station has to serve multiple destinations joined in the same multicast group, 
point-to-multipoint (PMP) transmissions represent an effective solution in order to efficiently exploit the 
broadcast nature of the radio channel by using a single transmission to feed the whole multicast group.

The main issue related to the PMP approach is that the link adaptation procedures, i.e., the selection 
of transmission parameters such as the MCS, are performed on a per-group basis. As a consequence, the 
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presence of cell-edge users forces the base station to use more robust MCSs in order to guarantee an error 
free reception to the whole set of multicast receivers and this aspect dramatically influences the perfor-
mance of subscriber stations with high channel quality, which could potentially attain higher data rate.

The Conventional Multicast Scheme (CMS) (Richard et al., 2013) performs the link adaptation pro-
cedures by adopting a conservative approach which foresees to assign the group data rate based on the 
user experiencing the worst channel conditions. Although this approach guarantees the highest fairness 
(i.e., all multicast members are served at the same data rate), it introduces severe inefficiencies in the 
spectrum management that is not fully exploited with a consequent poor spectral efficiency performance.

Several approaches have been proposed in order overcome the limitations of the CMS approach. 
For example, the opportunistic scheme (Low et al., 2009) foresees, during any given time slot, to serve 
only the “best” portion of multicast members in order to maximize the Quality of Service (QoS) of the 
served users.

A similar approach is proposed in (Hou et al., 2009), where is presented a cooperative transmission 
model: in the first phase the BS multicasts data at a high rate by exploiting an opportunistic scheme, 
whereas in the second phase users in good channel conditions help in relaying the received data to the 
remaining users.

Although the opportunistic multicasting introduces several improvements for high quality users, it 
could require the adoption of additional data coding, i.e, rateless codes, in order to make the service 
work properly (due to the fact that the portion of receivers could change slot by slot) and involves several 
issues for the cell-edge subscribers which will experience poor throughput performance and increased 
delivery latency.

An interesting approach that aims at enhancing the radio channel utilization in multicast environments 
by exploiting the multi-user diversity is the subgrouping (Araniti et al., 2012), depicted in Figure 3. It 
splits the multicast group members into several subgroups, where each subgroup collects subscribers 
which experience similar channel qualities. The goals of subgrouping are to serve the whole multicast 
group within every time slot while guaranteeing improvements in terms of session quality, user satisfaction 
and spectrum utilization. Subgrouping efficiently supports both single- and multi-rate multicast services.

The subgroup formation can be accomplished with different strategies. A basic approach is to split 
the multicast group into two subgroups and to define a single multicast transmission rate for such sub-
groups. For instance, the cell is divided into two QoS regions. The eNodeB transmits two data streams 
with different transmission parameters, i.e., MCS, and power level, according to the QoS definitions. 

Figure 3. Multicast subgrouping
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Each stream corresponds to a different QoS region. Users with high channel gain can receive both 
streams (i.e., they will achieve the highest quality session) while the users with poor channel qualities 
will receive only one stream (i.e., basic video quality).

Another strategy for multicast subgrouping is to design the subgroup formation according to an 
optimization problem. In this way, the most suitable subgroup configuration (i.e., number of subgroups 
with the related MCS, portion of users, assigned resources, and data rate for each enabled subgroup) 
is dynamically selected by the eNodeB based on an optimization problem which takes into account 
the users’ CQI values and the QoS constraints of multicast session. The optimization problem can be 
formulated in order to achieve different goals, for example to maximize the system throughput or the 
spectral efficiency. Another strategy is to recast the subgroup creation phase with the aim to minimize 
the amount of RBs needed for multicast content delivery. Finally, another suitable approach is to en-
able the best subgroups in order to achieve proportional fairness allocation with the aim to attain both 
intra- and inter-group fairness.

Management of Multiple Multicast Groups

Several works in literature addressed the problem to efficiently deliver multimedia streaming content 
to different multicast groups simultaneously served by a given base station. Such works consider each 
video stream (or program) encoded into different layers and focus on the following problem (Deb et al., 
2008): for any time slot within a given scheduling frame, which layer of which multicast group should 
be transmitted at what modulation coding scheme (MCS)? In order to reach this goal, the number of 
receivers per layer has to be dynamically adjusted according to the experienced channel conditions and 
the available network bandwidth, so as to maximize a given utility function.

Authors in (Kuo et al., 2007) propose a utility-based resource allocation scheme for layer-encoded 
IPTV multicast streaming service over IEEE 802.16 WiMAX networks. They prove that the problem of 
finding the best portion of users to serve per layer for each multicast group is NP-hard. Indeed in case of 
G multicast groups, K users per group and m MCSs, the number of possibilities to consider is equal to 
mKG. Then, authors propose an approach that can run in polynomial time. Works (Deb et al., 2008) and 
(Li et al., 2009) follow an approach similar to (Kuo et al., 2007), by proposing near-optimal algorithms 
for subgroup management.

In particular, authors in (Deb et al., 2008) present a fast greedy algorithm, aimed at achieving pro-
portional fairness resource allocation, that is provably within a constant approximation of the optimal 
solution (based on a metric that reflects video quality as perceived by the user).

The idea at the basis of work (Li et al., 2009) is to maximize the total system utility (defined as a 
generic non-negative and non-decreasing function of the received rate) through a two-step dynamic 
programming algorithm.

It is worth noting that, with the aim to maximize the total system utility of all video multicast ses-
sions, (Li et al., 2009) assumes that the base layer should be not received by all users, i.e., some video 
sessions could be dropped or some users could not decode any layer.

Finally, (Sharangi et al., 2011) extended the referred problem by defining an algorithm for transmit-
ting multicast data in bursts in order to conserve energy of mobile receivers.

The main issue related to these works is that they consider, within a scheduling frame, a given number 
of resources useful for supporting real-time services. They do not consider a practical case where such 
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applications co-exist with other applications with heterogeneous QoS constraints in terms of guaranteed 
data rate and delay or jitter. A suitable allocation of resources across different class of applications char-
acterized by different QoS requirements is the key issue we considered in our research work.

Delivery of Mixed Unicast and Multicast Traffic

Nowadays, broadband wireless communication systems are claimed to manage both multicast and uni-
cast traffic. However, the design of effective algorithms for mixed unicast and multicast traffic is still 
an open research field.

In (Monserrat et al., 2012) the authors assess the joint performance of unicast and multicast services 
in LTE. In particular, they consider the transmission of both streaming and file delivery service when 
Multicast and Broadcast Single Frequency Network (MBSFN) operational mode is selected for the 
delivery of streaming services like mobile TV.

The system performance in terms of system capacity, worst average channel user’s capacity, and 
outage probability for varying cell environments of the unicast and multicast transmission schemes are 
evaluated and compared in (Baek et al, 2009).

Furthermore, a transmission scheme in a mixed-traffic environment is presented. The proposed 
approach takes into account only the SNR threshold values and minimum performance guarantees are 
assured neither to unicast nor to multicast services. A comparison between unicasting and multicast-
ing has been presented also in (Konrad et al., 2007), where authors determine the switching thresholds 
(based on the user density within the cell) able to make multicasting beneficial compared to unicasting 
for download or streaming services.

When focusing on the literature dealing with joint management of unicast and multicast traffic, three 
main trends can be identified: Unicast Maximization (UM), Equal Sharing (ES), and Equal Competition 
(EC). The first trend prioritizes unicast traffic; the second one aims to equally share the available resources 
between unicast and multicast users; and the third one aims to maximize the number of conveyed bits 
to improve the spectrum utilization.

Example of proposals which belong to the UM philosophy in multi-carrier Orthogonal Frequency 
Division Multiplexing (OFDM) systems are given in (Seo et al., 2007) and (Shen et al., 2009). The main 
idea behind these solutions is to guarantee a minimal required data rate to all multicast users, according 
to the CMS logic, and then to assign the remaining resources to unicast users following a maximum 
throughput approach. As a consequence, an increased throughput is offered to unicast destinations at the 
expense of multicast receivers, which experience significant limitations in QoS.

An example of the ES strategy is available in (Wu et al., 2012), which presents a power-saving 
scheduling algorithm that manages mixed unicast and multicast traffic. According to the ES philosophy, 
multicast and unicast services equally share the network capacity; the resources to assign to the two types 
of traffic (unicast and multicast) are statically split into two equal sets. This policy prevents a traffic class 
to utilize the resources assigned to the other class. Despite the approach is fair, its main inefficiency is 
due to the static bandwidth assignment that cannot adapt to the dynamic load variation of both unicast 
and multicast users, thus resulting in inefficient spectrum utilization and possible negative effects on 
the quality of one of the traffic classes.

Finally, a technique that follows the EC logic and aims to guarantee a minimum data rate of both 
unicast and multicast flows is designed in (Deng et al., 2012). The extra resources are assigned according 
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to a maximum throughput scheme, which iteratively selects the service that delivers the highest number 
of bits to the destinations. Another example of the EC philosophy can be found in (Chen et al., 2015), 
which proposes a proportional fairness problem where unicast and multicast users equally compete to 
get the available resources (i.e., the available resources are assigned to either unicast or multicast users 
according to which ones are able to maximize the sum of logarithmic data rates). With the aim to maxi-
mize the system throughput, this technique intrinsically advantages multicast services, since multiple 
destinations can be satisfied with a single transmission. Therefore, multicast users have higher prob-
ability to be served with respect to unicast users, which may suffer from poor throughput performance.

FUTURE RESEARCH DIRECTIONS

From the discussion in the previous Sections, it clearly emerges that the design of an effective RRM 
policy for the management of multicast services over LTE is still an open issue. Among the addressed 
solutions, multicast subgrouping is the most promising scheme since it allows to improve the multicast 
session quality by efficiently exploiting multi-user diversity while guaranteeing full coverage. For this 
reason, future researches are required to definitively demonstrate the effectiveness of multicast subgroup-
ing in several cell deployment scenarios and load conditions. Furthermore, since RRM procedures must 
be accomplished with strict time constraints (link adaptation is performed every 1ms-long TTI), a further 
challenge is related to the design of low-complexity subgrouping schemes which can perform subgroup 
formation without requiring high computational cost at the eNodeB.

Another important scenario to consider is related to the management of multiple multicast services 
transmitted in a cell. Indeed, since multicast services are considered as the value-added of 4G wireless 
systems, it is expected that several multicast sessions are simultaneously served by a given eNodeB. This 
scenario poses several challenges since the delivery of several multicast applications could meaningfully 
reduce the capacity of LTE systems. Finally, further investigations are still required to assess the impact 
of multicast subgrouping on the management of typical unicast services transmitted in a LTE cell.

CONCLUSION

This Chapter focused on the issues and the challenges related to the RRM of mixed unicast and multicast 
services over LTE systems. Multicasting is expected to be massively used over LTE together with more 
traditional unicast services, and effective solutions in terms of resource allocation and link adaptation 
procedures are required in order to allow unicast services to compete for resource distribution on an equal 
footing with multicast traffic. In this Chapter we analyzed the different strategies proposed in literature for 
the management of multiple multicast groups, and for the delivery of mixed unicast and multicast traffic.

It appears clear that providing satisfactory services to all users represents a challenging task and that 
further research is needed in order to design novel approaches for efficiently managing heterogeneous 
traffic.
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KEY TERMS AND DEFINITIONS

CQI: Channel state information transmitted by a UE to the base station.
FDPS: The unit responsible of link adaptation procedures over LTE.
Link Adaptation: Selection of the most suitable transmission parameters according to users’ CQI.
LTE: Radio mobile system able to support high data rate even for users located at the cell-edge.
MBMS: Standard allowing to efficiently support multicast services over LTE.
Multicast: A service which is simultaneously transmitted towards multiple users.
RRM: Set of functionalities relevant to the management of radio resources over cellular networks.
UE: Mobile terminal connected to the LTE system.
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ABSTRACT

Cooperative strategies amongst network players can improve network performance and spectrum utili-
zation in future networking environments. Game Theory is very suitable for these emerging scenarios, 
since it models high-complex interactions among distributed decision makers. It also finds the more 
convenient management policies for the diverse players (e.g., content providers, cloud providers, edge 
providers, brokers, network providers, or users). These management policies optimize the performance of 
the overall network infrastructure with a fair utilization of their resources. This chapter discusses relevant 
theoretical models that enable cooperation amongst the players in distinct ways through, namely, pricing 
or reputation. In addition, the authors highlight open problems, such as the lack of proper models for 
dynamic and incomplete information scenarios. These upcoming scenarios are associated to comput-
ing and storage at the network edge, as well as, the deployment of large-scale IoT systems. The chapter 
finalizes by discussing a business model for future networks.

1. INTRODUCTION

Game Theory (GT) techniques have recently emerged in many engineering applications, notably in com-
munications and networking. With the emergence of cooperation as a new communication paradigm, 
alongside the need for self-organizing, decentralized, and autonomic networks, it has become imperative 
to seek suitable GT tools to analyze and study the behavior and interactions of nodes in Future Networks 
(FNs). The final goal is to find low-complexity distributed algorithms that can efficiently manage the 
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high-complexity future network environment formed by heterogeneous technologies, enhancing collabora-
tion among players and punish selfish or misbehaving nodes. In addition, the new management solutions 
should reduce the unwanted effects of stale information (e.g. oscillation around a specific network status) 
by choosing the proper values, namely, for both sampling rate of network status and delay associated to 
the dissemination of status information amongst the network nodes. This chapter fills a hole in existing 
communications literature, by providing a comprehensive review about GT models/concepts that are 
highly relevant for enabling collaboration in FNs environments.

In FNs, distributed and intelligent management algorithms can manage (control) the network infra-
structure. These algorithms create incentive mechanisms that force the players to cooperate instead of 
pursuing their own interest. This novel player’s behavior enables the efficient usage of available (some-
times-constrained) network resources, satisfying the heterogeneous requirements of data flows. Broadly 
speaking, the current literature highlights two different ways to encourage cooperation (collaboration) 
among the players: one with a short-term control effect and the other with a long-term control effect. 
The first approach uses virtual payments (credit-based games) to relieve costs for relaying traffic, and 
the second approach enforces the creation of communities (or groups, clusters) to establish long-term 
relationships among the nodes (reputation-based games). The reputation-based games sustain coopera-
tion among the players because defection against a specific node causes personal retaliation or sanction 
by others. In the limit, nodes that do not cooperate will not be able to use the network themselves. Ef-
fective corrective actions against cheating nodes are also required with either permanent or temporary 
measures. Other interesting perspective to investigate is the deployment of hybrid solutions combining 
credit-based and reputation-based methods to enhance collaboration amongst players.

There is a relatively new and a very interesting set of games designated by evolutionary coalitional 
games that can enable more intelligent, self-adjustable, and robust algorithms for the management of FNs. 
In addition, the social networks, like Facebook or Flickr, can rapidly disseminate the positive impact of 
collaborative actions among the users of FNs (Apicella, Marlowe, Fowler, & Christakis, 2012) (Bond 
et al., 2012). Furthermore, the deployment in large scale of vehicular and sensor networks supported by 
the convergent (Moura & Edwards, 2015) and heterogeneous (Moura & Edwards, 2016) wireless access 
can enable some collaborative behavior amongst players.

The current chapter reviews the literature to discuss the more promising GT proposals that can incen-
tivize the collaboration among the diverse players, aiming to use more intelligently and efficiently the 
available resources of FNs. This chapter has the following structure. Section 2 introduces and discusses 
important GT aspects for FNs. Section 3 gives the background and highlights collaborative strategies in 
FNs. It also presents our vision about FNs. Then, section 4 describes how GT can enable and enhance 
collaboration in FNs. Section 5 offers a broad GT literature survey in wireless networking. Section 6 
discusses some relevant research work about how GT addresses the more significant functional aspects 
we expect to be present in FN environments. In addition, Section 7 discusses the business perspective 
for FNs. Finally, Section 8 concludes with relevant GT open problems to support collaboration in FNs.

2. DISCUSSING GAME THEORY

The current section introduces and discusses relevant aspects of GT, which can be very useful to model 
the emergent network environments of FNs.
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2.1. Roots and Scope

The earliest predecessors of GT are economic analysis of imperfectly competitive markets of the French 
economist Augustin Cournot in 1838 (Dutta, 1999). The next great advance is due to John Nash who, 
in 1950, introduced the Nash equilibrium (NE) which is the most widely used concept in modern GT. 
The NE consists on a game status where no rational actor playing that game has enough incentives to 
deviate from its current strategy. In fact, as any player would decide to use a different strategy from the 
one associated to the NE state then that player would be punished in the sense that his (her) reward is 
reduced. Nash´s initial work created a new branch in GT grouping all non-cooperative games. Further 
GT historical evolution is available in (Dutta, 1999).

GT is the study of multi-person decision problems (which differentiates it from the classical decision 
theory) in applications drawn from industrial organization, labor economics, macroeconomics, financial 
economics, and international economics (Gibbons, 1992). Alongside with previous applications in Eco-
nomics and Finance, GT could be applied to other completely different real world cases (Dutta, 1999).

Classical GT essentially requires that all the specified players of a specific game make rational 
choices among a pre-defined set of static strategies. Therefore, it is fundamental in GT that each player 
must consider the strategic analysis that the players’ opponents are making in determining that his (her) 
own static strategic choice is appropriate to receive the best payoff (reward) as possible. Otherwise, if 
other players do not influence a player’s reward, then GT is not a proper tool. In this case, it is more 
convenient to use constrained optimization in the place of GT. Following, we discuss how GT can create 
a mathematical model (e.g. matrix form) that mimics real-life scenarios with conflict situations among 
the players, trying to solve those conflict situations.

2.2. Matrix Games

Matrix games are those in which the payoff to a player can be determined from a matrix of payoffs. The 
payoffs are assigned to each element of the matrix assuming that interactions among players are pairwise. 
One player chooses a row of the matrix and the other chooses a column of the matrix. The intersection 
between the row and the column points out a unique element of the matrix. As an example, if player 
A’s strategy is to choose the third row and player B’s strategy is to choose the first column, the resultant 
payoff to player A is the value in the third row and first column of the matrix. A consequence of this is 
that the number of strategies available to the players is finite and discrete.

The matrix games can be asymmetric or symmetric. On one hand, a game is asymmetric if players 
have different set of strategies and/or if players are distinctively rewarded from choosing a given strategy 
against an opponent with a particular strategy. A classic example of an asymmetric game is the battle of 
sexes that is modelled by two distinct payoff matrixes. On the other hand, a game is symmetric if play-
ers have the same set of strategies and experience the same reward of using a given strategy against an 
opponent with a particular strategy. A classic example of a symmetric game is the prisoner’s dilemma, 
which can be modelled with a single matrix. Following, we discuss with further detail the prisoner’s 
dilemma because is the classical GT approach to solve the dilemma of an individual choice between 
cooperate or defect (not cooperate) with others, which is the focus of the current chapter.

The prisoner’s dilemma can be formulated in terms of a single payoff matrix with two players, each 
one with two possible strategies, as shown in Table 1. Suppose that two individuals are being held in a 
prison in isolated cells. In this game, regardless of what the other prisoner decides, each prisoner gets a 
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higher pay-off by betraying the other (“defecting”). The reasoning involves an argument by dilemma: B 
will either cooperate or defect. If B cooperates, A should defect, since going free is better than serving 
1 year. If B defects, A should also defect, since serving 2 years is better than serving 3. Therefore, either 
way, A should defect. Parallel reasoning shows that B should also defect. As both players choose to defect, 
they will be serving 2 years. Yet both players choosing to cooperate obtain a higher payoff (serving only 
1 year) than both players defecting! In this way, GT results in both players being worse off than if each 
chose to lessen the sentence of his accomplice at the cost of spending more time in jail himself. Later, 
in the current chapter, we use this game to show that the cooperation among network operators is very 
useful to all of them. In the following text, we discuss evolutionary game theory.

2.3. Evolutionary Game Theory

In opposition to the classical GT, Evolutionary GT (EGT), states that the players aren´t completely 
rational. The players have limited information about available choices and consequences and their strat-
egies are not static. In fact, the players have a preferred strategy that continuously compare with other 
strategies, checking if they need to change their current strategy to get a better reward (fitness). The 
decision to change the preferred strategy can be also influenced by other neighboring players belonging 
to the same population (by observation and leaning). In this way, the strategy with the highest selection 
score inside a group of individuals forming a community will become the predominant strategy for that 
generation of individuals. Then, this strategy is transferred to the next generation of individuals (evo-
lutionary aspect). Following, we discuss how EGT can model the upcoming scenarios of FNs. These 
future scenarios will be more complex and dynamic than current networking scenarios. Table 2 briefly 
compares traditional GT with EGT.

EGT has been developed as a mathematical framework to study the interaction among rational 
biological agents in a population. In evolutionary games, the agent revolves the chosen strategy based 

Table 1. Payoff matrix of prisoner’s dilemma

Prisoner B

Cooperate (Silent) Defect (Betray)

Prisoner A
Cooperate (Silent) 1, 1 3, free

Defect (Betray) free, 3 2, 2

Table 2. Comparison between traditional GT and EGT

Game Characteristic Traditional 
GT EGT

Pure strategies Yes No

Strategy adaption over time No Yes

Hyper rational behavior Yes No

Equilibria is always possible No (in some scenarios due to 
restrictions on the strategy options)

Yes (i.e. at least it discovers an asymptotic equilibrium 
due to unrestricted strategy space)

Model dynamic and high complex game No Yes
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on its payoff. In this way, both static and dynamic behavior of the game can be analyzed (Han, Niyato, 
Saad, Baar, & Hjrungnes, 2012). In this way, on one hand, evolutionary stable strategies (ESS) are used 
to study a static evolutionary game. On the other hand, replicator dynamics is used to study a dynamic 
evolutionary game.

EGT usually considers a set of players that interact within a game and then die, giving birth to a new 
player generation that fully inherits its ancestor’s knowledge. The new player strategy is evaluated against 
the one of its ancestors and its current environmental context. Also, through mutation, a slightly distinct 
strategy may be selected by a set of players belonging to a specific generation, probably offering better 
payoffs. Next, each player competes with the other players within the evolutionary game using a strategy 
that increases its payoff. In this way, strategies with high payoffs will survive inside the system as more 
players will tend to choose them, while weak strategies will eventually disappear. Following, we present 
a tutorial in how EGT can be applied to wireless networks (Y. Zhang & Guizani, 2011).

Formally, we should consider within an evolutionary game an infinite population of individuals that 
react to changes of their environmental surroundings using a finite set of n pure strategies S = {s1, s2, 
…, sn}. There is also a population profile, i.e. x = {x1, x2, …, xn}, which denotes the popularity of each 
strategy s S

i
∈  among the individuals. This means that xi is the probability that a strategy si is played 

by the individuals. By this reason, x is also designated by the set of mixed strategies.
Consider an individual in a population with profile x. Its expected payoff when choosing to play 

strategy si is given by f (si, x). In a two-player game, if an individual chooses strategy si and its opponent 
responds with strategy sj, the payoff of the former player is given by f (si, sj). In a more generic way, the 
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The replicator dynamics is a differential equation that describes the dynamics of an evolutionary 
game without mutation (Y. Zhang & Guizani, 2011) (Taylor & Jonker, 1978). According to this differ-
ential equation, the rate of growth of a specific strategy is proportional to the difference between the 
expected payoff of that strategy and the overall average payoff of the population, as stated in (3) 
�x x f f

i i x
= −( ). . Using this equation, if a strategy has a much better payoff than the average, the number 

of individuals from the population that tend to choose it increases. On the contrary, a strategy with a 
lower payoff than the average is preferred less and eventually is eliminated from the system set of strat-
egies.

Considering now the mutation issue, suppose that a small group of mutants m � ,∈ 

0 1  with a profile 
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given by (5) and the average payoff of mutants will be given by (6)
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In this context, a strategy x is called evolutionary stable strategy (ESS) if for any ′ ≠ ∈x x m
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an ESS is reached, the population is immune from being invaded by other groups with different popula-
tion profiles. By other words, in this context the population is not affected by mutation issues.
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EGT may be successfully applied to model a variety of network problems. The authors of (Y. Zhang 
& Guizani, 2011) review the literature concerning the applications of EGT to distinct network types such 
as wireless sensor networks, delay tolerant networks, peer-to-peer networks and wireless networks in 
general, including heterogeneous 4G networks and cloud environments. In addition, (Han et al., 2012) 
discusses selected applications of EGT in wireless communications and networking, including congestion 
control, contention-based (i.e. Aloha) protocol adaptation, power control in CDMA, routing, coopera-
tive sensing in cognitive radio, TCP throughput adaptation, and service-provider network selection. By 
service-provider network selection, (Han et al., 2012) suggests EGT to study different scenarios:

• User churning behavior that impacts the revenue of service providers;
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• User choice among candidate service providers of the access network that maximizes the per-
ceived QoS for a service type.

In (Nazir, Bennis, Ghaboosi, MacKenzie, & Latva-aho, 2010), an evolutionary game based on replicator 
dynamics is formulated to model the dynamic competition in network selection among users. Each user 
can choose a service class from a certain service provider (i.e. available access network). They present 
two algorithms, namely, population evolution and reinforcement-learning for network selection. Although 
the network-selection algorithm based on population evolution can reach the evolutionary equilibrium 
faster, it requires a centralized controller to gather, process, and broadcast information about the users 
within the corresponding service area. In contrast, with reinforcement learning, a user can gradually learn 
(by interacting with the service provider) and adapt the decision on network selection (through a trial-
and-error learning method) to reach evolutionary equilibrium without any interaction with other users.

Some work (Nazir et al., 2010) (Bennis, Guruacharya, & Niyato, 2011) investigated and compared the 
convergence behavior of Q-learning with EGT to enable a satisfactory performance of cellular networks 
with femtocells. The authors of (Nazir et al., 2010) introduce two mechanisms for interference mitigation 
supported by EGT and machine learning. In the first mechanism, stand-alone femtocells choose their 
strategies, observe the behavior of other players, and make the best decision based on their instantaneous 
payoff, as well as the average payoff of all other femtocells. They also formulate the interactions among 
selfish femtocells using evolutionary games and demonstrate how the system converges to equilibrium. 
By contrast, using the second mechanism (i.e. reinforcement learning), the information exchange among 
femtocells is no longer possible and hence each femtocell adapts its strategy and gradually learns by in-
teracting with its environment (i.e., neighboring interferers). The femtocells can self-organize by relying 
only on local information, while mitigating interference inside the macrocell. In this way, the macrocell 
user can meet its Quality of Service requirements. They have concluded that the biologically inspired 
evolutionary approach converges more rapidly to the desired equilibrium as compared to the reinforcement 
learning and random approach. Nevertheless, this faster convergence requires more context information 
at the femtocells. The authors of (Bennis et al., 2011) reached equivalent results as (Nazir et al., 2010).

Further references that address EGT applications to the networking area are available for wireless 
(M. A. Khan, Tembine, & Vasilakos, 2012a) (M. A. Khan, Tembine, & Vasilakos, 2012b) and wireline 
(Eitan Altman, El-Azouzi, Hayel, & Tembine, 2009) networks. The impact of evolutionary games in 
future wireless networks is analyzed in (Tembine, Altman, El-Azouzi, & Hayel, 2010). Evolutionary 
models have been also proposed for hierarchical mobile (Semasinghe, Hossain, & Zhu, 2015) (Lin, Ni, 
Tian, & Liu, 2015) and vehicular (Shivshankar & Jamalipour, 2015) networks. In the text below, we 
discuss the Stackelberg game, which it is like a NC repeated game.

2.4. Stackelberg Game

Figure 1 shows the model of a Stackelberg game (SG). This game is like a Non-Cooperative (NC) game 
but instead of the players playing a single shot as a typical NC game, the players execute the SG game 
via a step-by-step way. In addition, a SG has a player, designated by a leader that has the highest priority 
to take the first action. However, before doing that, the leader observes other players’ strategies. Then, 
the leader announces its preferred strategy to the remaining players, also designated by followers. The 
followers perceive the leader’s action and adjust their strategies to minimize their own cost. After, the 
followers reveal their strategies again to the leader. In summary, the SG model is a sequential one with 
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hierarchical decision-making that analyses the interaction between a leader (or leaders) and a set of fol-
lowers to achieve a specific set of model goals. The final aim of a SG model is to discover the Stackelberg 
Equilibrium (SE), i.e. (Strategy_leader, Strategy_follower). We conclude that SE is an evolution from 
a NC game, where the former model adds two novel aspects: action observation and stage repetition.

Some applications of SE games are: Software Defined Networking (SDN) scenarios, where the SDN 
controller is the Leader; Femtocell power control (Han et al., 2012) in hierarchized mobile networks; 
and device-to-device (D2D) communication (Zhu & Hossain, 2015). The main advantage of using a 
SG model is to optimize diverse virtualized resources (e.g. computation, storage, and networking) of 
very complex topologies at the network edge under users’ Quality of Experience. The main challenges 
the network designer should be aware of are as follows: i) implement a robust mechanism to ensure the 
correct and synchronous shift among leaders and followers; ii) the Stackelberg Equilibrium (SE) could 
give a worst result than NE due to the hierarchical decision-making process among leaders and followers 
(Han et al., 2012); and iii) a SE game requires complete and perfect information about other strategies 
and payoffs. In this situation, communication jitter among a leader and followers of a SG could disrupt 
the right control sequence and create instabilities on the control loop, affecting the obtained results from 
that model. In the next section, we discuss a model game that deals with a real problem that each player 
could have. It is related with the player uncertainty (full or partial) about the other players decisions. In 
this way, the players hardly predict how the pool of network resources shared among all them will be used.

2.5. Bayesian Game

In a Bayesian game (BG) the players have incomplete information about their environment (Y. Zhang 
& Guizani, 2011). This can occur due to some practical physical impairments that counteract the global 
dissemination among the nodes of useful information about the status of the system being studied, e.g. 
channel gain (Duong, 2016). Following Harsanyi’s work (Harsanyi, 2004), a BG has a special player with 
random behaviour, i.e. ‘Nature’. These games are called Bayesian because they require a probabilistic 
analysis. Players have initial beliefs about others’ payoff functions. A belief is a probability distribu-
tion over the possible types for a player. Then, the initial beliefs might change based on the actions the 
players of the game have taken. As a game with incomplete information is repeated, the folk theorem 
(Fudenberg & Maskin, 1986) can find its social-optimum solution. The game also enables a distributed 
model to study the system. In this way, this game type can support user privacy as users do not need to 
disclose private data to an external centralized server or controller. However, it could be complicated 

Figure 1. Steps of a Stackelberg Game Theory
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to find the Bayesian NE, due to the dynamic characteristic of this game, where the players adjust their 
decisions based on their learning from the acquired information during the time the game is played (Han 
et al., 2012). The players’ learning could be adversely affected also by jitter, security attacks, interfer-
ence, errors, available battery energy to transmit, system unpredictability, etc. The reader could find in 
(Böge & Eisele, 1979) a comparison between a BG and a non-BG. In (Chawla & Sivan, 2014) a Bayesian 
mechanism design is also explained.

We have found in the literature some BGs for wireless networking environments. These games cover 
the following areas: hierarchical small cells (Bu, Yu, & Yanikomeroglu, 2015) (Z. Khan, Lehtomaki, 
DaSilva, Hossain, & Latva-aho, 2016) (Duong, Madhukumar, & Niyato, 2016); D2D communications 
(Kebriaei, Maham, & Niyato, 2015) (Xiao, Chen, Yuen, Han, & DaSilva, 2015) (Yan, Huang, & Wang, 
2013)(Yan, 2013); vehicular scenarios (Duong et al., 2016) (Kumar, Misra, Rodrigues, & Obaidat, 2015) 
(Kumar, Zeadally, Chilamkurti, & Vinel, 2015); and wireless sensors (Kumar, Chilamkurti, & Misra, 
2015) (La, Quek, Lee, Jin, & Zhu, 2016) (Zheng, Liu, & Qi, 2012).

2.6. Mechanism Design

There is a subfield of GT designated by Mechanism Design (MD) that allows a game designer to define 
initially the desired outcome and then specify the game rules to achieve that outcome (Han et al., 2012, 
221-252). This is the opposite of game analysis, in which the game rules are predefined and then the 
outcome is investigated, as shown in Figure 2. That is why MD is also designated as reverse GT.

A very important result in MD is the Revelation Principle that states for any Bayesian Nash Equilibrium 
is associated a Bayesian game with the same equilibrium outcome but in which players truthfully report 
their choices (it could be a preference list), which simplifies the game analysis, eliminating the need to 
consider either strategic behavior or lying. So, no matter what the mechanism, a designer can confine 
attention to equilibrium in which players only report truthfully. To accomplish this, the model needs 
to consider incentives for players to truthfully cooperate among them, optimizing the game outcome.

3. BACKGROUND AND TRENDS IN FUTURE NETWORKS

According to the Cisco Global Forecast (CISCO, 2016) more than three-fourths of the world’s mobile 
data traffic will be video by 2021. From the same source, sixty percent of total mobile data traffic was 
offloaded onto the fixed network through Wi-Fi or femtocell in 2016. This traffic offloading occurs 

Figure 2. Game theory (GT) vs. mechanism design (MD)
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due to the lack of capacity in the mobile network infrastructure, originally dimensioned to support only 
voice and messages. The traffic offloading is one possible solution to mitigate congestion, avoiding the 
loss on the perceived quality by users’ applications.

However, the first approach to the problem has been to perform an inter-technology handover between 
available technologies, with all the traffic routed through the most convenient access technology. A survey 
about mobility is available in (Fernandes & Karmouch, 2012). In our opinion, a better usage of available 
resources on the network-edge with a more fine-grained traffic management based on flows (e.g., Web 
traffic, VoIP) should alleviate the negative impact of network congestion, which has been reported very 
often essentially in the mobile broadband access. Multi-interface handheld terminals will soon have the 
battery autonomy and the capability to perform network access using simultaneous multi-radio access 
technologies (RAT). In addition, it is of particular interest the support of simultaneous data/multimedia 
flows through different access systems (LTE-A, WLAN, Wimax). Recent works (Yap et al., 2012) (Silva, 
Marinheiro, Moura, & Almeida, 2013) (Moura & Edwards, 2015) (Moura & Edwards, 2016) (Alves, 
Silva, Neto Marinheiro, & Moura, 2018) propose that mobile multimode terminals should use all the 
available connectivity options simultaneously. The mobile terminal should choose dynamically the most 
suitable network to each flow, obtaining faster connections by stitching flows over multiple networks, 
decrease the usage cost by choosing the most cost-effective network that meets application requisites, 
and reduce the energy consumption by selecting the technologies with the lowest energy-usage per byte. 
The management of the flows per network interface may not only be implemented independently by the 
terminal, but also be assisted transparently by the network (Alves et al., 2018).

This concept for FNs contributes to the perspective of integrating complementary access technologies 
with overlapping coverage to provide the expected ubiquitous coverage and to achieve the Always Best 
Connected (ABC) concept (Louta, Zournatzis, Kraounakis, Sarigiannidis, & Demetropoulos, 2011). This 
concept allows a flow to use at any time the most suitable access network/Network Attachment Point 
(NAP). This management of flows should be done in a distributed way with low complexity and reliable 
algorithms/protocols in networks formed by heterogeneous access technologies, where the most part of 
involved nodes should cooperate. Network brokers such as in (Moura & Edwards, 2016) follow on this 
idea. Brokerage systems, possibly implementing GT algorithms, can manage the network architecture, 
in which distributed nodes discover relevant context information to enhance the usage of local available 
connectivity resources (Mateus & Marinheiro, 2010). In this way, mobile operators can develop poli-
cies for IP flow mobility, and control which traffic is routed over different access technologies (Alves 
et al., 2018).

Another aspect to consider is that the Internet was initially designed to support communications 
between remote hosts. Since its early days, the Internet has evolved drastically, with a huge evolution in 
broadband access penetration and dissemination of mobile terminals with unforeseen capacities. This 
evolution has altered the Internet into a medium to connect people in multiple ways with content made 
available in completely new and complex modes through the entire network infrastructure. In fact, cur-
rent users are more interested in searching for information over Google, watch videos on YouTube, and 
share files via Dropbox than to worry about connectivity to a particular host.

This content demand has catalyzed an exponential growth of Internet traffic volume and content 
distribution is increasingly becoming more centric in the Internet, and this is challenging and changing 
how the Internet is being organized.

 EBSCOhost - printed on 2/14/2023 2:28 PM via . All use subject to https://www.ebsco.com/terms-of-use



110

Game Theory for Cooperation in Multi-Access Edge Computing
 

Content delivery network (CDN) operators, content providers as well as ISPs are important players 
to consider in the typical content-centric cases of FNs. However, these players interact with a mix of 
technologies that are difficult to manage in a comprehensive and global ways.

Research efforts have been made to move the Internet away from its current reliance on purely 
point-to-point primitives and, to this end, have proposed detailed designs that make the Internet more 
data-oriented or content-centric (Jacobson et al., 2009)(L. Zhang et al., 2014). As such Information-
centric networking has emerged as a new approach in the research community (Cheriton & Gritter, 2000) 
(Ahlgren, Dannewitz, Imbrenda, Kutscher, & Ohlman, 2012) to integrate content delivery as a native 
network feature and make networks natively content-aware.

Due to this, FNs most probably will sustain the next generation of the Internet infrastructure, intercon-
necting people and content through mobile cloud networks (as said before, the Internet is evolving from a 
node discovery to enable the discovery of specialized objects). These cloud networks will operate on an 
always best-connected scenario, where a person is allowed to choose the best available access technol-
ogy (from small cells to standard base stations), access network and terminal device at any point in time. 
Generally, the idea is to enhance FNs to automatically interpret, process, and move content (information) 
independently of users’ location. Additionally, the traditional approach, where resources are provided 
by remote clouds, is also not capable of giving adequate response to the fast-growing number of con-
nected devises and their resource requirements. For all these reasons, new cloud architectures have been 
evolving, by migrating resources, such as services and data, closer to end users and devices (Figure 3).

With remote clouds, devices communicate directly with traditional distant resource-rich servers. 
These clouds can provide unlimited resources, but this approach does not easily scale, and long latency, 
bandwidth bottleneck, communication overhead, and location blindness is experienced. In face of this, it 
is necessary to bringing computing resources closer to end-users, to overcome the limitations of remote 
cloud computing (C. Li, Xue, Wang, Zhang, & Li, 2018). This is on the genesis of the edge computing 
paradigm, that allows more responsive cloud services, accomplished by extending the services from 

Figure 3. Cloud architectures providing services to end devices
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the core in cloud data centers to the edge of the network, by placing intermediate nodes between the 
cloud and the end user, which are responsible for better serving ubiquitous smart devices, fulfilling user 
resource requests.

Edge computing may follow different architecture implementations such as cloudlets, fog computing, 
or Multi-Access Edge Computing (MEC).

Cloudlets (Jararweh, Tawalbeh, Ababneh, Khreishah, & Dosari, 2014) are trusted devices or a cluster 
of devices with high capabilities. They are most often installed along with Access Points (AP) to allow 
mobile devices to access it, and in some cases both of the cloudlet and AP are integrated in one entity. 
Fog Computing is a term introduced by Cisco Systems (CISCO, 2015). Their rationale for coining this 
term is that a fog is nothing more than a cloud that is closer to the ground. Fog computing’s main fea-
ture is that the fog system is deployed close to end users in a widely distributed manner (Yi, Li, & Li, 
2015) (C. Li et al., 2018), in the form of fog nodes (Tordera et al., 2016), possibly at different levels and 
numbers (Balevi & Gitlin, 2018). The MEC paradigm (Taleb et al., 2017) was introduced by an industry 
lead initiative (ETSI 2014), to provide IT and cloud-computing capabilities within the Radio Access 
Network (RAN) in close proximity to mobile subscribers. Mobile network operators will allow the use 
of the access network, where low latency and high-bandwidth as well as direct access to real-time radio 
network information (such as subscriber location, cell load, etc.) is available. This can be used to allow 
content, services and applications to be accelerated, increasing server responsiveness from the edge. 
Additionally, MEC servers are context aware, as they manage information on end devices, such as their 
location and network information. Nevertheless, their capacity is limited, therefore deciding which and 
how resources can be managed at the edge can still be a trick endeavour (Gabry, Bioglio, & Land, 2016).

The clouds are migrating even closer to end users, with new computing architectures where mobile 
devices use their extra resources in a coordinated manner, to support cloud services. This contrasts with 
the previous edge implementations, where the mobile device’s exclusive role in the cloud was that of 
a consumer. There is a myriad of proposals, either with centralised control, such as Hyrax (Marinelli, 
2009) and FemtoClouds (Habak, Ammar, Harras, & Zegura, 2015), or a decentralised control, where 
nodes keep track of their own resources, such is the case with EECRS (Hu, Zhu, Xia, Chen, & Luo, 2012) 
(Lu et al., 2013), Phoenix (Panta, Jana, Cheng, Chen, & Vaishampayan, 2013), Mobile Host (Srirama 
& Paniagua, 2013) and (Monteiro, Silva, Lourenço, & Paulino, 2015).

This migration of clouds, to the proximity of users, in particular in the extreme case of clouds sup-
ported by autonomous mobile devices, brings new challenges regarding resource management. Once 
again this portrays a perfect scenario to apply game theoretic approaches, where conflicting interests 
have to be mediated.

Another trend gaining momentum for FNs is the Internet of Things (IoT). However, the IoT paradigm 
is not new (Corcoran, 2016), but building end-to-end IoT systems from scratch has always been a chal-
lenging and a risky enterprise, many times with ambiguous and uncertain business cases. To overcome 
this, a new trend in IoT, engaged by a surge of companies, is the building of complete solutions that en-
capsulate aspects of an end-to-end IoT system using building blocks that can be used in a repeatable and 
replicable way. These aggregated building blocks materialize many IoT platforms that allow companies 
to reduced development and deployment time and costs, and allow the creation of new business models, 
such as paying per use or fixed licensing. (Gluhak et al., 2016) provides an exhaustive review on differ-
ent IoT platforms. In fact, IoT platforms have become so popular, which are present over 360 platforms 
on the market, with many more providers and consumers of this kind of platforms. The diversity of 
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players at stake sometime have conflicting goals, and this challenge is an ideal use case for game theory 
approaches, such is the case with resource management (Semasinghe, Maghsudi, & Hossain, 2017).

But the IoT paradigm is progressing even further influencing new developments in various domains, 
such as the Internet of Mobile Things (IoMT), Autonomous Internet of Things (A-IoT), Autonomous 
System of Things (ASoT), Internet of Autonomous Things (IoAT), Internet of Things Clouds (IoT-C) 
and the Internet of Robotic Things (IoRT) (Vermesan et al., 2017), where new challenges are at stake. 
In fact, the initial tendency of centralized platforms, usually deployed at a remote cloud, following the 
classic centralized computing paradigm, faces several of such challenges such as high latency, low capac-
ity and network failure. Because of these, the trend is now evolving to more distributed IoT platforms 
that can also, but not only, deployed at edge. This follows the same principles of fog computing to bring 
the cloud closer to IoT devices. The fog can provide IoT data processing and storage locally, instead of 
sending them to remote clouds, providing services with faster response and greater quality, enabling the 
IoT to provide efficient and secure services for many IoT users. (Atlam, Walters, & Wills, 2018) and 
(Mahmud, Kotagiri, & Buyya, 2018) reviewed pertinent state-of-the-art fog computing architectures 
and emerging IoT applications that will be improved by using the fog model, highlighting the benefits 
and implementation challenges. In these approaches, distributed resource management is usually more 
difficult to attain, and IoT devices are more than ever expected to act smart and resolve diverging goals. 
Once again, this is also a good used case for game theory approaches.

There are many applications for the IoT that include smart cities, like smart vehicles, surveillance 
systems, traffic monitoring, and smart parking, or homes and communities, like smart homes, wearable 
devices/mobile phones, healthcare, and hospitals, or the industry like business and production lines fac-
tories, or even agriculture, like automation and precision agriculture, and so on. This diversity of uses 
cases has also lead, regarding communication technologies, to the proliferation of a myriad of multi-
radio access technologies for IoT, sometimes optimized to specific applications, to connect devices at 
the edge. (Vermesan et al., 2017). This has generated heterogeneous mobile networks that need complex 
configuration, management and maintenance, where it is important to have devices that play a more ac-
tive role, at the edge of the network, making decisions and performing tasks without human intervention.

One of the major challenges for the the FN is how to achieve security in a growing networked world 
of distributed devices and services. To overcome this, blockchain and smart contracts have been a key 
technology to consider. The idea that supports blockchains, also referred to as distributed ledgers, is that 
distributed users maintain a public and identical dynamic digital register of all transactions that have taken 
place. The history of the recorded transactions alone determines the ownership, so it is imperative that 
transactions within this database are audited and agreed upon by consensus (Mingxiao, Xiaofeng, Zhe, 
Xiangwei, & Qijun, 2017). This decentralized method of keeping track of changes ensures the ledger 
cannot be practically controlled by any one entity. It also eliminates the possibility of single-points of 
failure and allows for the verification of transactions without the need for third-party intervention. The 
seminal paper for the Bitcoin protocol (Nakamoto, 2008) has triggered all this. With a blockchain in 
place, applications that could previously run only through a trusted intermediary, can now operate in a 
decentralized manner, without the need for a central authority, and achieve the same or better functionality 
with the same amount of certainty. This has prompted a new wave on security supported by blockchains 
and smart contracts, in several fields relevant for the FN such as the IoTs (Christidis & Devetsikiotis, 
2016) and Wireless Mesh Networks (Selimi, Kabbinale, Ali, Navarro, & Sathiaseelan, 2018).

Blockchain technology can very well change and even disrupt future network (Mougayar, 2016) 
(Marsal-Llacuna, 2018) in several ways: it’s reliable peer-to-peer communication model can lend to 
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more effective IoT ecosystems; applications can be developed and hosted within decentralized storage 
environments, data bases can be connected using smart contracts; the overhead of managing and track-
ing large networks of devices without the need for a centralized controller could be reduced; network 
management could be further simplified using self-executing smart contracts, programmed to perform 
actions when certain requirements are met; transferring assets could be streamlined, in cloud-based 
architectures where edge devices are playing a greater role in networking; distributed and cooperative 
cloud storage environment over a peer-to-peer network could be possible.

Of course, the upcoming design of FNs (MEC/FC/IoT/Security) scheme to operate in a satisfactory 
way, a great number of very demanding requirements must be fulfilled, not only technical ones (e.g. 
autonomic self-x requisites with cognitive radios like self-learning) but also in terms of business rela-
tionships among operators and service providers, as well as, the handling of the service subscription.

The course of finding a solution that can satisfy all the involved entities in the high complex network 
environment of FNs, like content providers, cloud providers, home providers, brokers, network providers 
or users, can be found by means of GT (Moura & Hutchison, 2018). In this way, as the players define 
their strategies then the GT can find ways to build-up win-win situations for all of them. Cooperation 
between technologies and/or providers, alongside Machine to Machine (M2M) communications or In-
ternet of Things deployment will require complex and dynamic management algorithms to maximize 
network efficiency, pricing, Quality of Service (QoS), Quality of Experience (QoE) and ultimately, profit.

Considering all previous facets, we foresee that FNs will have to form a network infrastructure with a 
collective intelligence, as shown in Figure 4. This intelligence is very pertinent in FNs to address emer-
gent traffic requisites, the management complexity of the heterogeneous wireless access technologies, 
and the challenges faced by a more content and data centric network.

Figure 4. Collective intelligence in FNS to manage emergent traffic and functional requisites
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To enhance the network intelligence, the future network infrastructure needs to be supervised in order 
to enable learning processes on management algorithms when these control some network problems 
(e.g. congestion situation, node misbehaving behavior). In this way, the network intelligence will be 
enhanced, enabling the network infrastructure to manage the high complex future heterogeneous ac-
cess infrastructure in a much more efficient way. As an example, the load could be balanced among the 
diverse wireless access technologies, reacting to a detected congestion situation to mitigate its negative 
effects. Alternatively, the load could be also balanced in a flash crowd scenario where a network problem 
is predicted and some policies are applied to the network to avoid the occurrence of that problem, e.g. 
offloading flows from the technology that soon could become disrupted to other available technologies 
with low levels of traffic load. In addition, congestion situations could be controlled by limiting the 
transmission rate of some users and freeing network resources to others. The one-billion-dollar question 
that remains to be answered is to find out the more efficient levels of aggressiveness of the algorithm 
that dynamically increases/decreases the rate transmission in a high complex networking scenario with 
diverse wireless access technologies and flow requirements.

To enable the network collective intelligence, we argue that it is important to obtain cooperation 
among the nodes. In this way, the network nodes need to be incentivized to cooperate, and the nodes that 
do not cooperate should be detected in a truthful way and be gradually penalized (e.g. their access rate is 
diminished). Eventually, uncooperative nodes that afterwards would change to a cooperative behavior, 
they could have their reputation values being restored to values that allow them to use again the network 
resources without any restriction on their access rate.

In practical terms, the FNs should require distributed management algorithms to support the network 
self-configuring feature. GT seems a very important area to model, analyze and decide how these distrib-
uted algorithms need to be deployed. In the following Section, we discuss some literature contributions 
that use theoretical games to enhance the cooperation among the diverse network players.

4. GAME THEORY CONTRIBUTIONS FOR 
ENHANCING NETWORK COOPERATION

FNs will be demanding for the deployment of novel management solutions aiming more efficiently 
and fairly usage of the available network resources. To accomplish the overall network goals, the nodes 
should collaborate or cooperate essentially in a multi-hop network topology, the typical scenario of 
future heterogeneous and high-complexity networks. For example, a terminal node should process both 
related and non-related traffic, whereas non-related classifies traffic not originated (not destined) from 
(to) that node. This new collaborative functionality will become possible at the physical layer in future 
multi-hop wireless networks because the network edge infrastructure will be vastly deployed by radio 
technologies, which allow the easy share of data messages among local terminals due to their broadcast 
transmission characteristic.

A very significant number of researchers have proposed GT models to encourage players (terminals 
and networks) to cooperate and enhance the overall network performance instead for acting selfishly to 
optimize their own performance. In this way, some additional incentives are required in FNs to enable 
collaboration among the nodes, defeating eventual misbehaving nodes like selfish or malicious ones. A 
selfish node may refuse to forward a non-related message to save its battery. In this way, this node needs 
a correct incentive to forward traffic, e.g. the network could increase the throughput of flows originated 
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(destined) from (to) that node as a reward to previous collaboration in forwarding non-related traffic. 
Alternatively, a malicious node may try to disrupt the network functionality; in this case, the network 
could isolate that node from the network for a certain period as a punishment to that wrong procedure.

Broadly discussing, the right incentives to the nodes collaborate among them can be divided in two 
large groups: monetary-based and reputation-based. On one hand, the monetary-based solutions typically 
aim to achieve short/medium-term relationships among nodes. On the other hand, the reputation-based 
solutions typically aim to establish long-term relationships among nodes. This section will be highlight-
ing some relevant work from these two groups, which is summarized in Figure 5.

The first group of contributions makes use of virtual payments for channel use and to incentive the 
collaboration among nodes in a multi-hop wireless network topology, as shown in Figure 6. Here, there 
are typically three types of nodes: the senders, the forwarders (intermediates) and the destination nodes. 
Some proposed credit-based systems suggest that distinct node types should be charged to cover the costs 
for packet forwarding. In fact, some proposals suggest that only the senders should be charged with a 
tariff initially specified (Zhong, Chen, & Yang, 2003) (L. Buttyan & Hubaux, 2000) (Buttyán & Hubaux, 
2003) (Ileri, Siun-Chuon Mau, & Mandayam, 2005) (Shastry & Adve, 2006) (Chen, Yang, Wagener, & 
Nahrstedt, 2005) (T. Alpcan, Basar, Srikant, & Atman, 2001) (Saraydar, Mandayam, & Goodman, 2002) 
(Vassaki, Panagopoulos, Constantinou, & Vázquez-Castro, 2010). Alternatively, the destination nodes 
are charged (L. Buttyan & Hubaux, 2000) (Hua Liu & Krishnamachari, 2006) or destination and senders 
are both charged (Levente Buttyan & Hubaux, 2001) (Yanchao Zhang, Wenjing Lou, & Yuguang Fang, 
2004). In addition, an incentive mechanism called bandwidth exchange was proposed in (D. Zhang, 
Ileri, & Mandayam, 2008), where a node can delegate a portion of its bandwidth to another node in 
exchange for relay cooperation. Finally, a different approach of credit-based schemes appear in (Chen & 
Nahrstedt, 2004) (Demir & Comaniciu, 2007), where auction-based incentive models are proposed. The 
basic idea of these schemes is that each intermediate node operates as a market; the users of the network 
put bids for their packets, the packets are accordingly scheduled to transmission and then charged after 

Figure 5. Summary of game theory work supporting cooperation incentives
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their transmission. The goals to achieve with auction models could be node truthful bidding and social 
network welfare maximization (Chen & Nahrstedt, 2004) or balancing residual battery energy and the 
current currency (credit) levels of the nodes in the network (Demir & Comaniciu, 2007).

The main advantage of credit-based approaches is that they succeed in large-scale networks to enforce 
a distributed cooperation mechanism among selfish nodes. Moreover, credits are useful when an action 
and its reward are not simultaneous. This is valid for multi-hop wireless networks: the action is packet 
forwarding and the reward occurs after sending their own packets. These approaches could be useful to 
discover the more convenient routing policies, solving very challenging dilemmas in multi-hop networks. 
For example, these approaches could help to choose the cheapest route between a source and a destination 
node either by minimizing the total number of hops (minimizing end-to-end flow delay) or by choosing 
the less-congested hops (increasing flow data rate). The drawbacks of credit-based proposals are extra 
overhead and complexity to charge users fairly and avoid cheating, turning these proposals hard to deploy.

In FNs, customers can be billed using a congestion-sensitive tariff, where prices are set in real time 
according to current load and taking full advantage of demand elasticity to maximize efficiency and 
fairness (Saraydar et al., 2002). The demand elasticity utilizes historical information about expected 
peak load periods. According to (Felegyhazi & Hubaux, 2006), an investigation area where pricing has 
practical relevance is service provisioning among operators (e.g., renting transmission capacity).

The second group of contributions makes use of reputation-based proposals (Trestian, Ormond, & 
Muntean, 2011) (Munjal & Singh, 2018) to incentivize the collaboration among nodes in a multi-hop 
wireless network topology. The reputation metric represents the amount of trust the network community 
has about a node. Figure 7 illustrates the typical phases of a reputation system to incentivize a correct 
node behavior.

During the initial phase, the reputation information of each node is collected to a central node con-
nected to the wired network. After receiving the new reputation information, the central node updates a 
reputation matrix, which stores the reputation information from all the nodes (second phase). Then, in 
the next phase, management decisions are selected, which, during the fourth and last phase, are applied 
to the network infrastructure. In this way, as an example, members that have good reputation, because 
they helpfully contribute to the community welfare, can use the network resources; while nodes with a 
bad reputation, because they usually refuse to cooperate, are excluded from that community.

Figure 6. Credit-based incentive mechanism
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A very popular game-theoretic approach for reputation analysis is the repeated game because in this 
context it does not make sense that a game for reputation is based uniquely in its current (instantaneous) 
value; in fact, the reputation should be also evaluated through a historical term, normally with a higher 
weight than the one associated with the instantaneous value of reputation. In this way, it is possible 
to avoid false misbehavior detections due to temporary link communications failures. In addition, the 
uncertainty about the information that is available to other players and their decisions is normally mod-
eled with Bayesian Game or Game with Incomplete Information (Harsanyi, 2004). Finally, to correctly 
model the robustness to changes on the behavior of the participants, auction games are preferred (Nurmi 
& Nurmi, 2006).

There are at least two different strategies on how the reputation could incentivize cooperation among 
nodes (or players). One of the ways is to develop a strategy such that the cooperation of a node is mea-
sured and if the fraction of packets it has dropped is above a threshold, it is considered selfish and is 
disconnected for a given amount of time. This strategy is known as a Trigger Strategy (Milan, Jaramillo, 
& Srikant, 2006). An alternative way is designated by Tit For Tat (TFT) (Axelrod, 1981). A player us-
ing this strategy will cooperate initially and then act regarding the opponent´s previous action: if the 
opponent previously was cooperative then the former player will be cooperative as well; otherwise, the 
former player will not cooperate. To illustrate the advantages of the TFT strategy being used by game 
players, a Finite Repeated Prisoner’s Dilemma Game was simulated via Matlab (5000 iterations). The 
game is between two players. Each player tries to score the most number of points against each opponent 
player during each game. In this case, the player Operator1 can choose in each game’s iteration between 
‘cooperate’ or ‘defect’, like player Operator2. In each game’s iteration, points are then awarded to both 
players based on the combination of their choices, following what is shown in Table 3.

The maximum number of points a player can win during a game’s iteration is five. This maximum 
score only occurs if that player defects and the opponent cooperates. Nevertheless, the former player 

Figure 7. Reputation-based incentive mechanism
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scores one point instead five points if both players defect. As one can easily conclude, the main difficulty 
imposed to each player of the current game is to choose the option that maximizes his reward because 
he ignores the opponent’s choice, as both players, during a game’s iteration, perform their choices 
simultaneously. The previous difficulty in a player choosing the right option to maximize the reward 
points won by that player is perfectly evident from the simulation results presented in Figure 8. In fact, 
the random strategy used by each player to make a choice gives the worst performance. In opposition, 
TFT strategy shows a better performance.

Despite the good performance of TFT, it could reveal some drawbacks in a wireless scenario. As an 
example, TFT does not distinguish uncooperative behavior from a transmission failure due to a collision. 
In this way, TFT could penalize a collaborative player that had the bad luck of suffering a collision during 
a data transmission tentative. Consequently, a few TFT variants have been proposed (Milan et al., 2006) 
(Jaramillo & Srikant, 2007) (Q. Li, Zhu, & Cao, 2010) (Vedhavathy & Manikandan, 2018) (Ntemos, 
Plata-Chaves, Kolokotronis, Kalouptsidis, & Moonen, 2018) to correct that problem.

For a multi-hop wireless network, there is an interesting tradeoff between the amount of available 
information to evaluate a node´s behavior (reputation) and the protocol overhead/complexity used to 
disseminate the necessary information through the network. Some proposals are more concerned with 
all the nodes having access to the full information about node behavior (Buchegger & Le Boudec, 2002) 
(Jochen & Le, 2005) (Qi He, Dapeng Wu, & Khosla, 2004) to enhance the accuracy on how the repu-
tation is evaluated. These proposals could have problems related with fake information disseminated 

Table 3. Points awarded to each player based on individual player’s choices

Operator2

Cooperate Defect

Operator1
Cooperate 3, 3 0, 5

Defect 5, 0 1, 1

Figure 8. Outcomes of a finite repeated prisoner’s dilemma game using two distinct strategies
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among the nodes that create wrong reputation values. To avoid these problems, the protocol used to 
disseminate the reputation values through the network must be enriched with additional authentication 
and trust functional features. Alternatively, to keep the protocol overhead low, each node should only 
disseminate the reputation values he directly measured to its neighbors (it only uses first-hand reputation 
changes) (Bansal & Baker, 2003).

Recent work proposed dynamic reputation-based incentives for cooperative relays present in a net-
work topology formed by heterogeneous networks (Hwang, Shin, & Yoon, 2008) (Skraparlis, Sakarellos, 
Panagopoulos, & Kanellopoulos, 2009) (Z. Zhang, Long, Vasilakos, & Hanzo, 2016) (Kwon, Lim, Choi, 
& Hong, 2010). The incentive for cooperation among nodes can be given either by additional throughput 
(Hwang et al., 2008) or by additional time-slots for transmission (Skraparlis et al., 2009) (Z. Zhang et 
al., 2016) (Kwon et al., 2010).

Regarding strategies for penalizing misbehaving users, the research community has proposed several 
ways to perform it: isolate misbehaving users from the network (Buchegger & Le Boudec, 2002), reduce 
misbehaving users’ bandwidth (Hwang et al., 2008) or reduce the transmission slots of misbehaving 
users (Skraparlis et al., 2009).

The main advantage of reputation-based proposals is that they rely on observations from multiple 
sources, turning it relatively resistant to the diffusion of false information from a small number of lying 
nodes. Some potential problems are the usage of additional bandwidth and battery energy to intensively 
monitor the behavior of each network node. In addition, some nodes could collude to cheat the reputa-
tion of other nodes by the dissemination of false information through the network about the latter nodes 
to the former nodes increase their benefits.

Game theory approaches have also been applied to blockchain security. The decentralized coopera-
tive method of keeping track of blockchains, by miners, without the need for third-party intervention, is 
a relevant use case for many game models. (Nakamoto, 2008) already uses incentives in a simple, albeit 
insufficient, model. But unfortunately, distilling the essential game-theoretic properties of blockchain 
maintenance is far from trivial, and there have been many works that examines possible types of attacks 
against the blockchains and suggest adaptations of the protocol to ensure its security. A brief mention 
of some of these works follows.

In (Kroll, Davey, & Felten, 2013) the equilibria of the Bitcoin game are considered, and prove that 
any monotonic strategy is a Nash equilibrium (one of many). In (Eyal and Sirer, 2014), present a specific 
attack strategy called the “Selfish Mine” and examine when it is beneficial for a pool of miners. This is 
further exploited by (Sapirshtein, Sompolinsky, & Zohar, 2017), with a wider set of possible strategies, 
that includes the “Selfish-Mine” strategy, and explore this space computationally. In (Eyal, 2015) the 
author considers attacks performed between different pools where users are sent to infiltrate a competitive 
pool, giving raise to a pool game, the miner’s dilemma, an instance of the iterative prisoner’s dilemma. 
Further on, (Lewenberg, Bachrach, Sompolinsky, Zohar, & Rosenschein, 2015) has made a (coopera-
tive) game theoretic analysis regarding pool mining. (Babaioff, Dobzinski, Oren, & Zohar, 2012) deals 
with Sybil attacks and propose a reward scheme which will make it in the best interest of a miner to 
propagate transactions. (Kiayias, Koutsoupias, Kyropoulou, & Tselekounis, 2016) have considered two 
simplified forms of a stochastic game, in which the miners have complete information: the Immediate-
Release Game and the Strategic-Release Game.

The development of more suitable and fair schemes to incentivize cooperation in FNs is a challeng-
ing research direction. According to the authors of (Han et al., 2012) (Bouhaddi, Radjef, & Adi, 2018) 
(Ungureanu, 2018), hybrid schemes that combine both reputation and credit aspects are of particular 
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interest to be further investigated. Lastly, by defining mechanisms of incentives for cooperation and 
disincentives against cheating or selfish behavior, and applying repeatedly both of these mechanisms, 
the cooperation among the players apparently becomes stronger in a distributed way without the need 
to sign a contract among the players (Trestian et al., 2011) (Munjal & Singh, 2018).

5. GAME THEORY FOR WIRELESS NETWORKING

In this section, we revise the literature in terms of how GT can be successfully applied to networking 
and wireless communications areas, including IoT.

(MacKenzie & DaSilva, 2006) describes ways in which GT can be applied to real applications in 
wireless communications and networking, such as: pricing, flow control, power control, medium access 
and interference avoidance. They also pointed out some appealing future applications of GT: cognitive 
networks and learning, mobility support and cooperation in wireless networks. (Y. Zhang & Guizani, 
2011) explores applications of different economic approaches, including bargaining, auctions, coopera-
tion incentives and dynamic coalition games for cooperation. (Han et al., 2012) discusses game-theoretic 
models in a wide range of wireless and communication applications such as cellular and broadband 
wireless access networks, wireless local area networks, multi-hop networks, cooperative networks, 
cognitive-radio networks, and Internet networks. In addition, some relevant Internet problems such as, 
congestion control, pricing, revenue sharing among Internet service providers, and incentive mechanisms 
to enable cooperation into peer-to-peer applications, are also discussed.

(Jianwei Huang & Zhu Han, 2010) presents several GT models/concepts that are highly relevant for 
spectrum sharing, including iterative water-filling, potential game, supermodular game, bargaining, auc-
tion, and correlated equilibrium. (Huang, 2013) outlines a taxonomy to systematically understand and 
tackle the issue of economic viability of cooperation in dynamic spectrum management. The framework 
divides the problem space according to four orthogonal dimensions, including complete/incomplete net-
work information, loose/tight decision couplings, user/operator interactions, and static/dynamic decision 
processes. The vast majority of the key methodologies for each dimension involve GT. (Walid Saad, 
Han, & Hjørungnes, 2011) reviews coalitional GT for cooperative cellular wireless networks. (Marina, 
Saad, Han, & Hjørungnes, 2011) revises GT work about malicious behavior.

From the literature a significant number of surveys have been found about GT application in wire-
less communications and networking, as summarized in Figure 9. These surveys cover the following 
areas: wireless networks (Charilas & Panagopoulos, 2010) (Akkarajitsakul, Hossain, Niyato, & Kim, 
2011) (Ghazvini, Movahedinia, Jamshidi, & Moghim, 2013) (Niyato & Hossain, 2007) (Trestian et al., 
2011) (Larsson, Jorswieck, Lindblom, & Mochaourab, 2009) (M. A. Khan et al., 2012a); wireless Ad 
Hoc networks (Srivastava et al., 2005); wireless sensor networks (WSNs) (Machado & Tekinay, 2008) 
(Shen, Yue, Cao, & Yu, 2011) (Shi, Wang, Kwok, & Chen, 2012); MIMO systems (Scutari, Palomar, 
& Barbarossa, 2008); cognitive radio networks (Beibei Wang, Wu, & Liu, 2010) (B Wang, Wu, Liu, & 
Clancy, 2011); 4G networks (M. A. Khan et al., 2012b); smart grids (Fadlullah, Nozaki, Takeuchi, & 
Kato, 2011) (W Saad, Han, Poor, & Basar, 2012); telecommunications (E Altman, Boulogne, El-Azouzi, 
Jiménez, & Wynter, 2006); and Internet of Things (IoT) (Semasinghe et al., 2017).

Covering the area of wireless networks where GT is applied, we can explicit the following surveys: 
a significant number of GT proposals are discussed in a network-layered perspective (Charilas & Pana-
gopoulos, 2010); multiple access games are analyzed in (Akkarajitsakul et al., 2011); games of random 
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access with Carrier Sense Multiple Access (CSMA) are covered in (Ghazvini et al., 2013); games about 
resource management and admission control are addressed by (Niyato & Hossain, 2007); games for 
network selection and resource allocation are available in (Trestian et al., 2011); games of spectrum 
allocation, power control, interference are covered in (Larsson et al., 2009); and finally, evolutionary 
coalitional games for wireless networking and communications are available in (M. A. Khan et al., 2012a).

Since the application of GT to enhance cooperation in FNs, formed by heterogeneous wireless ac-
cess networks, is the main focus of the present chapter, we particularize now some surveys related to 
Wireless Sensor Networks (WSNs), cognitive radio networks and 4G networks. (Machado & Tekinay, 
2008) reviewed the literature about the usage of game-theoretic approaches to address problems related 
to security and energy efficiency in WSNs. (Shen et al., 2011) main concern was to revise GT approaches 
towards the enhancement of WSN security. Finally, (Shi et al., 2012) offered a more comprehensive 
survey than previous referred ones about GT applied to WSNs.

The games for cognitive radio networks are classified by (Beibei Wang et al., 2010) into four catego-
ries: non-cooperative spectrum sharing, spectrum trading and mechanism design, cooperative spectrum 
sharing, and stochastic spectrum sharing games. For each category, they explained the fundamental 
concepts and properties, and provided a detailed discussion about the methodologies on how to apply 
these games in spectrum sharing protocol design. They also discussed some research challenges and 
future research directions related to game theoretic modeling in cognitive radio networks.

Cognitive attackers may exist in a cognitive radio network, who can adapt their attacking strategy to 
the time-varying spectrum opportunities and secondary users’ strategy. To alleviate the damage caused by 
cognitive attackers, a dynamic security mechanism is investigated in (B Wang et al., 2011) by a stochastic 
game modeling. The state of the anti-jamming game includes the spectrum availability, channel quality, 
and the status of jammed channels observed at the current time slot. The action of the secondary users 

Figure 9. Summary of game theory surveys
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reflects how many channels they should reserve for transmitting control and data messages and how to 
switch between the different channels. Since the secondary users and attackers have opposite goals, the 
antijamming game can be classified as a zero-sum game.

Regarding IoT, many challenges need to be addressed in order to efficiently manage available resources. 
Centralised resource management is however infeasible when a large number of entities is involved, not 
only because of the computational complexity involved but also due to information acquisition require-
ments. For this reason, in IoT there has been a trend in performing distributed resource management, in 
particular using game theoretic approaches such as proposed by (Al-Kashoash, Hafeez, & Kemp, 2017) 
(Borah, Dhurandher, Woungang, & Kumar, 2017) (Kim, 2016) (Sedjelmaci, Senouci, & Al-Bahri, 2016).

However, conventional game models are not always suitable for large-scale IoT systems, due to the 
massive information acquisition overhead, the slow convergence to equilibrium, the inefficiency of equilib-
rium, the extreme computational complexity, and the complexity required to characterize the equilibrium 
set (Semasinghe et al., 2017). Therefore, non-conventional game theoretic models are required to match 
the intrinsic characteristics of future large-scale IoT systems. These are characterized by having random 
deployments, scalability issues, limited fronthaul/backhaul, inhomogeneity, non-guaranteed energy supply, 
uncertain and incomplete information. Game models will inevitably have to overcome these challenges 
for an efficient distributed resource management. (Semasinghe et al., 2017) discusses several promising 
game models for IoT such as evolutionary games, mean field games, minority games, mean field bandit 
games, and mean field auctions. They describe the basics of each of these game models and access the 
potential IoT-related resource management problems that can be solved by using these models (Table 4)

The authors of (M. A. Khan et al., 2012b) study game dynamics and learning schemes for hetero-
geneous 4G networks. They propose a novel learning scheme called cost-to-learn that incorporates the 
cost to switch, the switching delay, and the cost of changing to a new action. Considering a dynamic and 
uncertain environment, where the users and operators have only a numerical value of their own payoffs 
as information, and strategy reinforcement learning (CODIPAS-RL) is used, they show the users are 
able to learn their own optimal payoff and their optimal strategy simultaneously. Using evolutionary 
game dynamics, they prove the convergence and stability properties in specific classes of dynamic robust 
games. They also provide various numerical and simulation results in the context of network selection in 
wireless local area networks (WLAN) and Long Term Evolution (LTE). In addition, (Silva et al., 2013) 
clearly shows the main advantages of cooperation among wireless access technologies. The following 
sections justify why the collaboration aspect should be very important in FNs and how GT can help to 
study the best ways to deploy this new functionality in a distributed way.

6. GUIDELINES TO APPLY GAME THEORY ON FUTURE NETWORKS

The current section discusses some relevant research work in how GT can be used to address the more 
significant operational or functional expected aspects of Future Network (FN) environments. The most-
part of the discussed scenarios belongs to the network edge of Internet. More specifically, these scenarios 
are concerned in how the heterogeneous wireless access infrastructure can be efficiently used by multi-
mode terminals, as well as, to guarantee a reliable access to the Internet through wireless backhaul links. 
In this way, several possible functional/operational enhancements are envisioned to use efficiently the 
heterogeneous wireless access infrastructure in the following topics: network planning, multi-technology 
wireless networks, network management, Internet of Things (multi-hop reliable networks) and reliable 
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wireless backhaul. These should be hot research areas in FNs and are summarized in Table 5 together 
with references for relevant work that should be initially studied in order to find innovative ways to plan, 
control, manage and operate FNs.

6.1. Network Planning

Imperfect network coverage, especially in indoor locations is an important problem in existing cellular 
networks. To overcome this problem, the concept of Femtocell Access Points (FAPs) has recently been 
proposed as a means to overlay, on existing mobile networks, low-power and low-cost Base Stations (BSs). 
FAPs are connected by an IP backhaul through a local broadband connection such as DSL, cable or fiber.

Notably, various benefits of using FAP technology have been already identified:

• Enhances indoor coverage
• Provides high data rates
• Improves Quality-of-Service (QoS) to subscribers
• Ensures longer battery life for handheld terminals

Table 4. Potential IoT applications for different game models

Game Theoretic Model Potential Use Case for IoT

Evolutionary games Power control, spectrum/subcarrier allocation, transmission mode/network selection

Mean field games Energy/queue/channel-aware resource allocation, resource management under mobility

Minority games Scheduling, transmission mode/network selection, interference management

Mean field bandit games User association, scheduling, channel allocation

Mean field dynamic auctions User association, scheduling, channel allocation

Table 5. Relevant FN topics/areas where GT can be successfully applied

Topic/Area Scenario/Game Type Reference

Network planning Stackelberg game to control power transmission in a network formed 
by macrocells and femtocells

(Guruacharya, Niyato, Hossain, & Kim, 
2010)

Multi-technology 
wireless networks

Bayesian game to study vertical-handovers in which the users have 
distinct bandwidth requirements (Zhu, Niyato, & Wang, 2010)

Network 
management

Evolutionary game to study rate selection for VoIP service; non-zero 
sum game for studying user admission control to avoid congestion

(Watanabe, Menasche, de Souza e Silva, & 
Leao, 2008) (Yu-Liang Kuo, Eric Hsiao-
Kuang Wu, & Gen-Huey Chen, 2004)

Internet of things 
(multi-hop 
reliable networks)

Hop price-based routing game; auction theory to support truthfulness 
and security;

(Hua Liu & Krishnamachari, 2006) 
(Anderegg & Eidenbenz, 2003) 
(Eidenbenz, Resta, & Santi, 2008)

Reliable wireless 
backhaul

Evolutionary game to study traffic routing through multi-hop 
wireless backhaul links

(Anastasopoulos, Arapoglou, Kannan, & 
Cottis, 2008)

Multi-access edge 
computing

How game theoretical games should model wireless data 
communication networks to understand how to deploy in an efficient 
way upcoming edge technologies/services, such as the Internet of 
Things, user wearables, and virtual/augmented reality applications.

(Moura & Hutchison, 2018)
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• Offloads traffic from the mobile operator’s backhaul to the wired residential broadband connec-
tion, reducing the backhaul cost of the mobile operator.

When FAPs are deployed on top of an existing cellular system, and since FAPs operate on the same 
frequency bands as macrocell BSs, a new problem arises. This problem is related with the interference 
among channels that can impair the overall network performance. In such a network scenario, it is of 
interest to study the problem of transmit-power control in the downlink, minimizing the interference 
problem and ensuring an acceptable network performance.

In this section, we adopt the approach of (Guruacharya et al., 2010), also thoroughly discussed in (Han 
et al., 2012), for studying the transmit-power control in the downlink from a game-theory perspective. 
First, we model the scenario as a Stackelberg game. Then, we discuss the properties of the considered 
game and its solution. In the following text, we present a low-complexity algorithm to reach the desired 
outcome (Han et al., 2012).

6.1.1. Stackelberg Game to Control Transmission Power

In order to tackle the power-control problem using GT, a framework of a Stackelberg game has been 
used (Han et al., 2012). In the studied femtocell deployment model, it is considered that the macrocell 
BSs are the leaders and the FAPs are the followers in a Stackelberg game, as summarized in Table 6. In 
this multi-leader multi-follower Stackelberg game, there exists a competitive game among the leaders 
and a competitive game among the followers. The Stackelberg game keeps a distinct hierarchy among 
leaders and followers such that the leaders can anticipate, and take this into consideration, the behavior of 
the followers (the reciprocal is not true), before making their own decisions to maximize their data rate.

It was considered a Stackelberg game with complete and perfect information. As already mentioned, 
the leaders are the set of macrocell BS transceivers M, the followers are the set of FAPs N. Therefore, 
the total set of players in this game is M U N. The strategy space of the leaders is given by P Pup

i M
i

=
∈
∏ , 

and any point in Pup is called a leader strategy. Let Pi denote the set of all feasible power vectors of 
transmitter i. The leaders compete with each other in a non-cooperative way to maximize their indi-
vidual data rate, while always anticipating the strategic responses of the followers. This game among 
the leaders is referred as the upper subgame, and its equilibrium is referred as the upper subgame equi-
librium. After the leaders apply their strategies, the followers make their moves in response to the lead-
ers’ strategies.

The strategy space of the followers is P Plow

i N
i

=
∈
∏ , and any point in Plow is called a follower strategy. 

The followers also compete with each other in a non-cooperative way to maximize their own data rate, 

Table 6. Summary of relevant characteristics of femtocell deployment game

Scenario Game Type Player Player’s Strategy Payoff

Femtocell 
deployment

Stackelberg with complete 
and perfect information to 
control power

Base-stations (leaders)/
femtocell access points 
(followers)

Choose the maximum 
transmission power constrained 
by power constraints

Maximize Shannon data 
rate that each player can 
achieve

(Guruacharya et al., 2010)
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and this competition among the followers is referred as the lower subgame. It is expected this game could 
offer an equilibrium state designated by the lower subgame equilibrium.

For any user i M N∈ ∪{ } , it is defined the best-response function as shown in (8).

p p p b p p m
i p i i i i i ii
= ( )= ( )− −argmax , , ,  (8)

where the notation –i refers to all of the users in the set {M U N} except user i; p
i

 is the total power 
constraint; m

i
.is the individual power constraint, where m

i
 is chosen so as to maximize user i’s capac-

ity function subject to the power constraints.

6.1.2. Lower Subgame Equilibrium

It is defined the lower subgame equilibrium as any fixed point p p p Plow
N

low* * *, ,= ( ) ∈1
�  such that 

expression in (9) is satisfied.

p b p p p m
i i i

up
i i

* *( , , )= −  (9)

where p Pup up∈  is a fixed but arbitrary leader strategy for all the i N∈ . Note that this definition is the 
same as a Nash Equilibrium (NE) of the lower subgame.

Following (Han et al., 2012), since every user participating in the lower subgame will maximize in 
a myopic way their individual data rate, the best response bi(.) of each user in the subgame can be given 
by the following water-filling game function (Lai & El Gamal, 2008), as shown in (10).

p F p p m w A v r A S
i i i i i i i i i i
= ( )= ( ) + ( )− , , ,  (10)

where Wi (Ai) is an Li x Li symmetric matrix which contents is explained in more detail in (Han et al., 
2012); ri (Ai, Si) is an Li-dimensional column vector detailed in (Han et al., 2012).

The main goal of a water-filling game is to identify a set of resource allocation strategies distributed 
among rational and selfish users (i.e. not interested in the overall system performance), who are interested 
in maximizing the utilities they obtain from the network (Lai & El Gamal, 2008).

By letting blow≡(bi(.))
N

i=1, it is possible to express the lower subgame equilibrium as any fixed point 
of the system-power space p P* ∈  such that p b plow* *= ( ) .

Note that the function blow(.) does not impact the upper subgame strategy.
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6.1.3. Upper Subgame Equilibrium

It is defined the upper subgame equilibrium as any fixed point p p p Pup
M

up* * *, ,= ( ) ∈1
�  such that the 

expression in (11) is satisfied.

p b p p p m
i i i

low
i i

* * , , ,
*

= ( )−  (11)

where p Plow low*

∈  is an equilibrium follower strategy conditioned on the upper subgame strategy, for 
all i M∈ .

Equivalently, let bup≡(bi(.))
M

i=1; then the upper subgame equilibrium as the fixed point p Pup up*

∈  
such that (12) is a valid expression.

p b p b p pup up up low low up* * * *

, ,= ( )( )  (12)

For convenience, the notation can be further simplified by writing the upper subgame equilibrium 
in terms of a system-power vector, i.e. as any fixed point p P* ∈  such that (13) is true.

p b b pup low* *= ( )( )  (13)

Note that although the function bup(.) acts only on the upper subgame strategy, the lower subgame 
equilibrium strategy (the reaction of the followers) associated with each upper subgame strategy needs 
to be computed as well, since the leaders compute their strategies given their knowledge of what the 
followers might play.

6.1.4. Multi-Leader Multi-Follower Stackelberg Equilibrium

A suitable solution for the formulated hierarchical game between the base stations and the FAPs is the 
Stackelberg equilibrium. In such a multi-leader multi-follower game, the Stackelberg equilibrium is 
defined as any fixed-point p p p Pup low* *

, *( ) = ∈ .that satisfies both conditions as shown in (14).

p b b p

p b p
up low

low

* *

* *

= ( )( )
= ( )







 (14)
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6.1.5. Algorithm for Reaching the Stackelberg Equilibrium

Finding, iteratively, the fixed point of the lower subgame using the water-filling algorithm usually yields 
an unstable system for a random channel gain matrix (Han et al., 2012). Therefore, it can be used a 
technique designated by Mann iterative methods, which allows a weaker stability criterion but it ensures 
that a stable system status point can be reached. To achieve this further discussion is available in (Han 
et al., 2012).

6.2. Multi-Technology Wireless Networks

The FN environment will be a heterogeneous network infrastructure composed by distinct wireless access 
technologies and several users/terminals aiming to monitor and select the best technology/Access Point 
(AP)/ Base Station (BS) to connect to, depending on their Quality-of-Service (QoS) requirements. One 
possible QoS requirement is the best throughput as possible each user can have through each AP/BS taking 
in consideration the overload imposed by the other attached users. Each user (the player of this network 
selection/vertical handover game) after its monitoring phase about all the available AP/BS connection 
possibilities should choose the one that ensures the maximum throughput value among all the options. 
Most of the existing work on vertical handover assumes that users have complete information on one 
another (Han et al., 2012). In FNs, the users will lack the ability to predict the behaviors of others based 
on past actions. In this case, it is more convenient to utilize a game with incomplete information, i.e. a 
Bayesian game, like the one adopted by (Zhu et al., 2010). Since the payoff (i.e. utility) for a mobile user 
is composed by private information (see Table 7), each user has to make a network selection given only 
the distribution of the preferences of other users (Han et al., 2012). In this game, it is very interesting to 
investigate the impact of different system parameters on the game performance itself using a practical 
setting, like the one composed by three different access technologies (Wifi, Wimax and cellular). The 
studied system parameters have been the convergence property of the aggregate best-response dynamics 
for the considered network selection game, the game adaptation for different handover costs (delay or 
packet loss), the impact of connection price on the equilibrium distribution and the impact of learning (i.e. 
user strategy adjustment) rate on game dynamics. The obtained results are discussed in (Han et al., 2012).

6.3. Network Management

The support of voice service in FNs will be a challenging task due the heterogeneity of both the network 
infrastructure and user requirements. A very interesting starting point to this problem is available in 
(Watanabe et al., 2008). It is proposed an analytical model based on Evolutionary Game Theory (EGT) 

Table 7. Summary of relevant characteristics of network selection with incomplete information game

Scenario Game Type Player Player’s Strategy Payoff

Network selection 
with incomplete 
information

Bayesian game

Users in a service 
area with K 
available access 
networks

Represents the probability of choosing 
an access network K and the minimum 
user bandwidth requirement (only the 
user knows about this, which turns this 
game an incomplete one)

User utility combines user 
achieved throughput above 
a minimum threshold (user 
private information) vs. price 
paid for the connection

(Zhu et al., 2010)
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(see Table 8) to analyze the consequences of a situation in which all users are allowed to freely choose 
the transmission rate. They perform that by selecting the codec and Forward Error Correction (FEC) 
mode to maximize the voice quality (payoff), which can be experienced by them. They show that in a 
scenario where the users know only their own perceived voice quality, the system converges to a total 
transmission rate close to that of the effective cell’s capacity. They concluded that each individual user’s 
MOS, which is estimated by a Random Neural Network (RNN), can also be satisfied. Further, cell’s 
congestion is avoided by local user adaptation (dynamically changing its codec/FEC to maximize its 
perceived quality) without any intervention from a centralized controller.

6.4. Internet of Things (Multi-Hop Reliable Networks)

FN environments will have a large-scale deployment of wireless networks, which consist of small, low-
cost nodes with simple processing and networking capabilities. This emergent environment is commonly 
designated inside the research community as the Internet of Things. In order to reach the desired desti-
nation such as the data sink node, transmissions depending on multiple hops are necessary (Han et al., 
2012). Because of this, the routing optimization is a pertinent problem that involves many aspects but the 
one more relevant for the current work is the nodes not willing to fully cooperate in the routing process 
through multiple wireless hops, forwarding traffic from other nodes, because relaying external traffic 
consumes their limited battery power. Hence, it is crucial to design a distributed –control mechanism 
encouraging cooperation among the nodes in the routing process (see Table 9). The literature describes 
two typical approaches to enforce cooperation. First, in a price-based approach, each hop has a price and 
the game outcome is controlled between the source-destination pair and the intermediate hops. Second, 
an auction-based approach is suggested to ensure that users reveal their information truthfully to others 
for network cooperation, because this strategy will bring them the best benefits.

6.5. Reliable Wireless Backhaul

In FN environments wireless multi-hop backhaul links are expected to be very popular deployments. In 
this case, the channel quality between relay stations can fluctuate because of fading. Therefore, the users 
(players) at the source node must be able to observe, learn, and change the routing strategy to achieve 
the most reliable path from source node to the Internet gateway, as summarized in Table 10.

Table 8. Summary of relevant characteristics of an evolutionary game to study rate selection for VoIP 
service

Scenario Game Type Player Player’s Strategy Payoff

Study rate selection 
to guarantee the QoS 
offered to VoIP users

Evolutionary game VoIP users in a 
service area

Each user selects the 
transmission rate through the 
codec and FEC mode

Voice quality experienced by the 
user and measured via a Mean 
Opinion Score (MOS) technique

(Watanabe et al., 2008)
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6.6. Computing and Storage at the Network Edge

The paradigm of Multi-Access Edge Computing (MEC) (Yi et al., 2015) (Abbas, Zhang, Taherkordi, 
& Skeie, 2018) (Hang Liu et al., 2017) is finally possible to deploy because foundational technologies 
such as virtualization (e.g. docker, Linux Containers) and communications (e.g. 5G) are becoming a 
reality now more than ever. Edge computing aims to provide more compute and storage power at either 
Base Stations or Access Points. The potential benefits to the data traffic are: i) diminish the data access 
latency; ii) decrease the load on the backhaul links; iii) save users’ cost because less traffic is exchanged 
with remote clouds. Nevertheless, this new paradigm can increase the battery consumption on mobile 
nodes. To overcome this potential problem, computation offloading from mobile devices to edge devices 
(APs or BSs) can be a viable solution.

The authors of (Nawab, Agrawal, & El Abbadi, 2018) propose extending edge computing technol-
ogy with dynamic, mobile edge datacenters, which they designate as nomadic datacenters. Nomadic 
datacenters are small and portable edge datacenters that can be easily moved around according the traffic 
load needs. In this way, nomadic datacenters can replace a damaged communications infrastructure by 

Table 9. Summary of characteristics of games to incentivize cooperation among multi-hop nodes

Scenario Game Type Player Player’s Strategy Payoff

Incentivize 
cooperation 
among nodes 
(Hua Liu & 
Krishnamachari, 
2006)

Hop price-based 
reliable routing game

All the 
nodes 
except the 
destination 
one

A node to participate in this 
game should at least choose 
one next hop node in the 
path from the source to the 
destination; otherwise it is 
out of this game

The source’s utility is the expected income 
(destination payment minus the payments 
to all of the intermediate nodes, times the 
probability that the packet will be delivered 
over the route) minus the link set-up cost for 
the first hop of the route; The utility for each 
intermediate routing node equals the expected 
payment that it obtains from the source node, 
times the ongoing route reliability minus the 
transmission cost per packet to its next-hop 
neighbor. If any node does not participate in 
the routing, it gains (and loses) nothing.

Incentivize 
cooperation 
among nodes 
(Eidenbenz et 
al., 2008)

Vickrey-Clarke-Groves 
(VCG) auction to 
prevent players from 
lying and to route 
messages along the 
most energy-efficient 
paths (as defined by 
the topology control 
protocol)

All the 
network 
nodes

A strategy is a combination 
of strategies from the 
following base space: 1. a 
node can declare any value 
for its type; 2. a node can 
drop control messages that 
it should forward; 3. a node 
can modify messages before 
forwarding, and 4. a node 
can create bogus messages.

Maximizing the node’s utility. The sender’s 
node utility is the difference between the 
amount of money it is willing to pay for the 
connection and the amount it effectively 
pays for that; the intermediate’s node utility 
is the difference about the amount of money 
received from the sender and the total cost 
incurred by relaying the sender’s packet.

Table 10. Summary of relevant characteristics of game to study traffic routing through multi-hop wire-
less backhaul links

Scenario Game Type Player Player’s Strategy Payoff

Multi-hop 
Wireless 
Backhaul Links

Evolutionary 
game Users

Users periodically and randomly sampling different 
wireless backhaul links to select a convenient path 
between a source node and an Internet gateway

Find a backhaul link that ensures 
the smallest number of packet 
errors due to rain attenuation

(Anastasopoulos et al., 2008)
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a natural disaster. Alternatively, nomadic datacenters can temporarily extend the capacity of a mobile 
network in the case of a public event that concentrates several hundreds of thousands of people (e.g. 
musical concert within a stadium).

There is a huge number of recent literature contributions on MEC, namely covering the next topics: 
i) the communication perspective (Mao, You, Zhang, Huang, & Letaief, 2017); ii) computation offload-
ing (Mach & Becvar, 2017); iii) convergence of computing, caching and communications (S. Wang et 
al., 2017); iv) emerging 5G network edge cloud architecture and orchestration (Taleb et al., 2017); v) 
software-defined networking (Kumar, Chilamkurti, et al., 2015); vi) architecture harmonization between 
cloud radio access networks and fog networks (Hung, Hsu, Lien, & Chen, 2015); vii) Internet of Things 
(Chiang & Zhang, 2016); and viii) latency control in software-defined mobile-edge vehicular networking 
(Deng, Lien, Lin, Hung, & Chen, 2017). None of the previous surveys comprehensively analyzes GT 
into MEC. Nevertheless, there is a very work (Moura & Hutchison, 2018) that tries to discuss in a com-
prehensive way those two pertinent areas, in the sense to understand how GT can address in a successful 
way the emerging requirements of MEC use cases. They also discuss GT research topics related to MEC, 
namely on wireless sensor networks, cognitive small cells, vehicular networks, and unmanned vehicles.

7. BUSINESS PERSPECTIVE

From a business viewpoint, collaboration may be positive or negative – if a certain company plans to 
take over the market, it would engage in an open competition with its competitors in the hope to conquer 
most of the market, but in doing so it would have to pay the price of being competitive; be it by lowering 
their prices or by increasing their quality. If the company would engage in collaboration with its com-
petitors, they would assess the market needs together and become more efficient, operating at a point 
where all would maximize their profit. In this case, assuming a total of n companies, and taking Pm as 
the maximum price for the product that all the companies manufacture, we can build an inverse demand 
curve (the demand curve solves for Quantity, whereas the inverse for Price), where the price charged 
for one of those products is equal to the Pm minus the quantity Q, multiplied by a factor α (assuming a 
linear relationship for simplicity, as shown in (15); more detailed curves can be found in (O’Sullivan, 
Sheffrin, & Perez, 2003).

P P Q
m

= −α  (15)

In the case of n competing companies, we have the total quantity given by (16).

Q Q Q Q
n

= + +…+
1 2

 (16)

The total revenue is given by the product price x quantity. The total revenue for all companies can 
thus be calculated as shown in (17).

TR P Q P Q Q P Q Q
m m

= × = −( )× = −α α 2  (17)
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The derivative of TR with respect to Q gives us the Marginal Revenue (MR), which in our simple 
linear model is given by (18).

MR P Q
m

= −2α  (18)

In Figure 10, we have an illustration of the above formulas. Note that the MR curve represents the 
slope of the TR curve (which is drawn at a different scale, for practical reasons), and that maximum 
total revenue is obtain when MR=0.

Since the objective is to maximize profit, we must check at which point MR equals the Marginal Cost 
(MC), to find the ideal price and quantity to produce, as we evaluate below:

MR MC P Q MC
m

= → − − = ⇔2 0α  

⇔ =
−

⇔Q
P MC
m

2α
 

⇔ =
+

P
P MC
m

2
 

The Figure 11 illustrates the trend’s point in which MC=MR (point b), and the corresponding Price 
and Quantity (P1 and Q1). From the previous figure, notice also that Q0 denotes the free market equilib-
rium quantity, in which the marginal cost of producing a unit equals its price – in a hyper competition 
setting, companies may operate close to this point, ideally a bit more to the left to obtain some (minimal) 
profit. The difference between quantities Q1 and Q0, and between prices P1 and C0, can be regarded as 

Figure 10. Inverse demand curve, total revenue and marginal revenue
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the difference between operating collaboratively (or in a monopoly) and competitively (the area of the 
triangle abc is also referred to as the deadweight loss of monopoly). It is up to each company’s strategy 
if it should consolidate or invest/risk to (try to) conquer market (operating close to C0 will lead many 
less cost-effective companies to file for bankruptcy, allowing for the bigger companies to take over their 
market-share).

Should the companies engage in competition, all would be losing out, operating with a higher quantity 
each, and subsequently lower prices and profit margins. There is a clear incentive to appeal to collabora-
tion, although all companies want the best possible deal for themselves, which sometimes might hinder 
the collaboration attempts. Game theory models try to assess the best possible solution for all parties, 
quantifying the possible gains and losses predicted by the used model. Collaboration goes beyond rev-
enue sharing (Bhaskaran & Krishnan, 2009); it may include the sharing of knowledge about the markets 
and technologies, setting the market standards, the sharing of facilities, etc. (Goyal & Joshi, 2003). To 
reap the full benefits of collaborating, one must analyze the collaborative conditions beforehand, hence 
negotiating the collaboration terms is of paramount importance. Important decisions need to be taken, 
such as the level of investment, profit sharing, knowledge and trust.

There has been some interesting work on the field to obtain win-win solutions for collaborative 
partners, and the authors would like to highlight (Arsenyan, Büyüközkan, & Feyzioğlu, 2015) for the 
proposed mathematical model integrating trust, coordination, co-learning and co-innovation for collab-
orative product development using Nash bargaining, as well as work in Hospital Information Exchange 
(HIE) networks that attempt to quantify the benefits and losses from the exchange of patient information 
both to the hospitals and patients (Martinez, Feijoo, Zayas-Castro, Levin, & Das, 2018). In the same 
field, Desai developed a game theoretical model to analyze the potential loss of competitive advantage 
due to HIE adoption (Desai, 2014).

Figure 11. Collaboration and competition operating points
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8. CONCLUSION

8.1. Cooperation: Current Status and Open Issues

Cooperation is a revolutionary wireless communication paradigm that can achieve much higher network 
performance and spectrum utilization in future networking environments. Many technical challenges, 
however, need to be addressed to make this vision a reality. In particular, the distributed and dynamic 
nature of the sharing of information about node cooperation requires a new design and analysis framework. 
GT provides a very solid solution for this challenging task. In this book chapter, we describe several GT 
models that have been successfully used to solve various problems associated with node cooperation.

The most part of discussed models relies on the concept of Nash Equilibrium (NE) in games with 
complete information and static strategies. Although mathematically convenient, this may not be the 
most suitable GT model in practice. For example, the complete information assumption is difficult to 
be satisfied in practice, due to the dynamic and uncertain environment associated to FNs (or MEC / FC) 
formed by heterogeneous wireless access technologies and a huge variety of flow types. A model of 
incomplete games will be more suitable. Moreover, NE assumes rational players and static strategies but 
the players in FNs aren´t completely rational; the players have limited information about available choices 
and consequences of others; the game strategies are not static (in fact, the strategies are highly dynamic). 
A recent branch of GT - Evolutionary GT (EGT) seems a very promising alternative to the traditional 
GT to be applied in FNs. Some preliminary work has been reported along these directions (M. A. Khan 
et al., 2012a) (Nazir et al., 2010) (Bennis et al., 2011) (Eitan Altman et al., 2009) and definitely much 
more is required. As a pertinent example, evolutionary network models can provide useful guidelines 

Table 11. Open issues in applying GT to future wireless networking scenarios

Scenario Reference Open Issue

Network planning (Guruacharya et 
al., 2010)

Due to the notorious computational burden of estimating the Stackelberg equilibrium, a 
low complexity algorithm based on Lagrangian dual theory was chosen. However, the 
numerical results show that the adopted algorithm is suboptimal.

Multi-technology 
wireless networks

(Zhu et al., 
2010)

Future work can study based on the Equilibrium distribution, how the service providers 
can adjust the system capacity and price accordingly to maximize the profits

Network management (Watanabe et 
al., 2008)

The experiments were performed with small populations. Future work can devise more 
scalable experiments.

Internet of things (multi-
hop reliable networks)

(Hua Liu & 
Krishnamachari, 
2006)

Add the destination as a player; consider scenarios where the destination can choose from 
several source nodes for a given piece of information. This will allow for an auction to be 
held among the source nodes 
to optimize destination’s payoff

Internet of things (multi-
hop reliable networks)

(Eidenbenz et 
al., 2008) Enhance previous protocol to be robust against malicious nodes and collusion

Reliable wireless 
backhaul

(Anastasopoulos 
et al., 2008) Extend previous work in the direction of IEEE 802.11s (wireless mesh networking)

Computing and Storage 
at the Network Edge

(Moura & 
Hutchison, 
2018)

Low data/service access latency; distributed offloading computing hierarchical mobile 
environments; proactive data caching at the network edge managed by data popularity, 
social links, and available node battery energy; low-power wireless communications and 
networking for IoT; fingerprinting localization technology to support indoor location-
based services; and understand emerging security and privacy problems in cyberspace and 
potential solutions.
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for upgrading protocols/algorithms to achieve stable infrastructure functionality around preferred status/
configuration in FNs. Other interesting models are Stackelberg and Bayesian ones. Finally, in Table 11, 
some relevant contributions found in the literature, which can be the foundations for new work in the 
FN area, are listed together with some associated open issues.

As a final conclusion, the current authors think that non-conventional game theoretic models are 
required to fulfill the demanding requisites of upcoming scenarios, such as: i) computing and storage at 
the network edge; ii) large-scale IoT systems; and iii) business models based on virtual money.
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ABSTRACT

With the emerging mobile applications and needs of ever-increasing bandwidth, it is anticipated that 
the next-generation passive optical network (NG-PON) with much higher bandwidth is a natural path 
forward to satisfy these demands and to develop valuable converged fiber-wireless access networks for 
wireless network operators. NG-PON systems present optical access infrastructures to support various 
applications of many service providers. Hybrid passive optical networks (HPON) present a necessary 
phase to future PON networks utilized the optical transmission medium – the optical fiber. For develop-
ing hybrid passive optical networks, there exist various architectures and directions. They are specified 
with emphasis on their basic characteristics. For proposing reliable and survivable architectures, traffic 
protection schemes must be implemented. For converging Fi-Wi passive optical networks, an integration 
of optical and wireless technologies into common broadband access network must be considered. Finally, 
the HPON network configurator as the interactive software tool is introduced.

INTRODUCTION

Emerging applications of advanced end users can be associated with increasing bandwidth demands. 
Except technological improvements of mobile broadband and broadcast technologies, it is avoidable 
to consider a reliable support in access networks by appropriate modern and advanced technologies 
utilizing the fixed transmission medium, above all optical fibers. Optical access networks designed for 
those applications are called passive optical networks (PON) because only passive optical equipment 
is located in the remote node (RN). Their main advantages are high reliability, simple maintenance and 
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no need of external power supplies. Moreover, present optical infrastructure is transparent to bit rates 
and modulation formats of optical information signals. Complete passive optical access networks can be 
upgraded without substantial changes of this fundamental infrastructure. Also, the wavelength division 
multiplexing (WDM) technique with separated transmission channels assigned to particular subscrib-
ers can be implemented into passive optical networks and, by this way, various specific broadband and 
multimedia services can be provisioned to each end subscriber (Čuchran & Róka, 2006).

The PON network is in its substance a bi-directional point-to-multipoint system that contains passive 
(optical fibers, passive optical splitters, couplers, connectors) optical elements in a distribution part of 
the access network and active optical line and network terminals (OLT, ONT) placed in end terminating 
points of the access network. The key advantage of this PON approach is locating only passive optical 
components in the optical distribution network (ODN). Optical transmitters and receivers are located 
inside buildings; other active optical components are not utilized in the outside plant (Figure 1). By 
this way, total network costs for installing, operating and maintenance of optical network equipment are 
markedly decreased.

Current standardized PON networks based on the time-division multiple access (TDMA) have evolved 
as an access solution to provide simplicity and low operational cost. The most effective utilization of the 
optical transmission medium can be attained using more wavelengths per one fiber by means of WDM 
technologies. Moreover, scaling up TDMA-PON networks to several tens of gigabits per second of the 
aggregate capacity is extremely challenging due to the complexity of optical components and burst 
mode receivers at such high data rates. Therefore, WDM-PON networks are increasingly considered to 
deliver ultra-high-speed services by enabling service providers to offer a dedicated wavelength straight 
to a home or business with limitations in terms of scalability and bandwidth granularity.

From a viewpoint of the architecture, we can classify passive optical networks into following classes 
with basic characteristics (Ramaswami & Sivarajan, 2001), (Róka, 2014):

• All Fiber: Passive optical network (AF-PON),
• Time Division Multiplexing: Passive optical network (TDM-PON),

Figure 1. The general PON network architecture
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• Wavelength Division Multiplexing: Passive optical fiber passive network (WDM-PON),
• Wavelength Routing: Passive optical network (WR-PON).

Now, we can shortly present basic steps of a consistent transition from the existing TDM-PON net-
work to the WDM-PON and WR-PON networks (Róka, 2014), (Róka, 2015):

• In the first step, a change of the central office equipment is executed. Specifically, a coupler is 
adding to combine the original time OLT equipment and the new wavelength OLT equipment into 
the one-fiber transmission.

• In the second step, appropriate changes in ONT equipment are executed, specifically with adding 
new wavelength ONT equipment assigned to specific wavelengths for ONT transceivers. These 
new wavelength ONT terminal can be connected only to the new AWG element, not to a common 
power splitter. Also, a coupler must be added into the remote node to combine the original 1:N 
power splitter and the new AWG element with 32 specific wavelength outputs into the one-fiber 
transmission.

• In the final status, only new wavelength PON system with appropriate OLT and ONT equipment 
and the AWG element is working. All old TDM-PON system parts in the outside plan are removed, 
including old OLT TDM-PON equipment, power splitters and old ONT TDM-PON equipment.

There are some basic variations of WDM-PON architectures (Grobe, 2008), (Róka, 2015), they can 
use a fixed-wavelength laser array or a multi-frequency laser as WDM transmitters. In the OLT equip-
ment, circulators can be used instead of band splitters to enable bidirectional operation over a single fiber.

• The broadcast-and-select (B&S) WDM-PON architecture (Figure 2a) utilizes a passive 1:N split-
ter in a remote node. It is affected by loss of the passive splitter, as well as the broadcast security 
issues. No identical ONT units can be used unless both the receiver filters and transmitters are 
tunable.

• The AWG WR-PON architecture (Figure 2b) replaces the passive splitter by an arrayed waveguide 
grating (AWG). This scheme offers lower insertion loss and simplified ONT units with no wave-
length-selective receivers. However, different (or tunable) ONT wavelengths are still necessary.

• The use of identical ONT units can be facilitated by using a single (shared) wavelength for the 
upstream (US). This leads to the spectrum slicing (SS) WR-PON architecture (Figure 2c) with a 
simplified operation. To unify the ONT design, ultra-broadband sources can be used in ONT units 
as an alternative. In the AWG element, the broadband US signals are spectrally sliced. Spectrum 
slicing leads to identical ONT units, but it suffers from a poor power budget. Also, the US band-
width is limited and multiple-access (burst-mode) techniques are required.

For developing future passive optical networks, it is important the investment protection of legacy 
passive optical networks. Therefore, a strong interest for utilization of old TDM equipment in passive 
optical networks is present. From this viewpoint, the network sharing for next-generation passive optical 
network technologies is possible, but it is more effective in a case of hybrid passive optical networks. 
There are strong differences between costs per home passed for the urban, suburban and rural geotypes. 
The initial investment cost for operators on shared networks is lower than the cost of one operator deploy-
ing the network alone, and this is true regardless of which network architecture or geotype is analyzed 

 EBSCOhost - printed on 2/14/2023 2:28 PM via . All use subject to https://www.ebsco.com/terms-of-use



153

Converged Fi-Wi Passive Optical Networks and Their Designing Using the HPON Network Configurator
 

(Schneir, 2014). The cost increase can be explained by additional number of network elements needed to 
share the network or by the lower number of subscribers achieved by each operator in a network-sharing 
scheme. To obtain the cost per home connected, the total cost per operator should be divided by the 
number of subscribers of each operator.

For a reason of comparison, we can present basic steps of a consistent transition from the existing 
TDM-PON network to the hybrid passive optical network (Róka, 2014), (Róka, 2015):

Figure 2. Variations of WDM/TDM-PON network architectures
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• In the first step, a coupler is adding to combine the original OLT TDM-PON system and the 
new OLT TDM/WDM-PON system into the one-fiber transmission. The OLT TDM/WDM-PON 
equipment is connected to the coupler through dedicated outputs of the common power splitter.

• In the second step, new ONT TDM/WDM-PON equipment is adding and connected to outputs of 
the original 1:N power splitter.

• In the final status, new hybrid TDM/WDM-PON system with appropriate OLT and ONT equip-
ment and the OLT power splitter is working. Only the old OLT TDM-PON equipment is ex-
changed, power splitters in the outside plan and old ONT TDM-PON can be re-used without 
changes.

The long payback periods found in suburban and rural areas explain why operators usually prefer to 
invest initially in FTTH deployments in urban areas. As the payback period depends on the total cost 
per operator and a number of subscribers achieved by every operator, there is an increase in a number 
of years for some PON architectures. For three geotypes, there are differences in the payback period 
of GPON and XG-PON architectures because both use a multi-fiber deployment and every operator 
involved in a network sharing has to deploy an additional infrastructure. As costs per home connected 
are slightly increased when using a network sharing with the TDM/WDM-PON architecture (TWDM-
PON), there is only a slight increase in the payback period. For a case of the AWG-based wavelength 
PON architecture, there is no increase in the payback period.

In the first case, ducts of the feeder segment are already available, which implies that an operator 
incurs no initial investment for digging or deploying manholes, but this operator needs to pay an annual 
fee for using the ducts and must deploy the fibers. In the second case, ducts of the feeder and distribu-
tion segments are already available and the operator must pay an annual fee and deploy the fiber. For all 
cases, there are important reductions of costs per home connected achieved when available ducts in the 
feeder and distribution segments are used. When the passive infrastructure is reused, costs per operator 
are reduced. However, a network sharing scheme still leads to higher costs for GPON, XG-PON and 
TWDM-PON architectures than the standalone scenario (Schneir, 2014).

For technological improvements of mobile broadband and broadcast technologies, it is important a 
reliable support in access networks. Therefore, another challenge is the reliable offer of traffic protection 
and restoration schemes for different migration strategies in developing future passive optical networks. 
The migration toward a protected access network can be based on either the access network planning that 
has overseen its future traffic protection and the installation included dark fibers or on the planning that 
did not foresee a traffic protection and any additional protection equipment and/or fibers were neither 
bought nor installed.

There exist various protection deployment approaches to get protected optical access networks based 
on the proposed fiber layout. The first case is from the greenfield directly to the protected scenario. 
The second case is represented from the greenfield to the protected scenario through an intermediate 
unprotected architecture under the first case. The third case is characterized from the greenfield to the 
protected scenario through an intermediate unprotected architecture under the second case.

The benefit of deploying a traffic protection – a significant reduction of the total costs of ownership 
compared to the unprotected access in all of considered (rural, urban, dense urban) scenarios – at very 
low increase of infrastructure expenses a large reduction of operational expenditures can be obtained 
as a consequence of the reliability performance improvement and the service interruption decrement 
experienced by users. It can be beneficial to either provide protection functionalities at the time of net-
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work deployment or at least install a sufficient amount of fibers in advance. It can be recommended to 
provide a traffic protection as early as possible (Mas Machuca, 2012).

Future passive optical access networks must be able to provide high sustainable bandwidths on per 
user basis while keeping capital and operational expenditures as low as possible. Moreover, the large 
coverage makes possible to reduce the total network costs by merging several optical line terminals into 
a single one. Furthermore, the growing importance of uninterrupted internet access makes the fault 
management an important challenge for future optical access networks. Therefore, next-generation 
passive optical networks (NG-PON) need to provide survivability schemes in a cost-efficient way. The 
reliability requirements may depend on user profiles. Thus, NG-PON networks should also support the 
end-to-end protection for some selected users when requested.

For practical implementations of future passive optical networks, a high importance is dedicated to 
the energy saving in long-reach broadband access networks and energy efficient activities on both optical 
terminal sides and in converged broadband wireless-optical access networks.

Novel methods of energy efficiency improvements for optical access networks are arisen (Vetter, 2014):

• The sleep mode is a method of the power reduction by turning off parts of the system when the of-
fered traffic is lighter than the total capacity of the system. The goal is to make the average power 
consumption as much as possible proportional to the traffic load. The idea behind the bit-interleav-
ing protocol is that if a ONT terminal can determine which bits are intended for other units, these 
bits should not undergo further processing. In the TDM-PON system, only a small part of the total 
bit rate is destined to a simple ONT terminal, therefore a significant power saving can be realized.

• It is possible to improve the energy efficiency of optical components by exploiting the low sub-
scriber rate and optical budget. By introducing programmable transmitter and receiver circuits, 
it is also possible to adaptively control launch power and a corresponding receiver signal gain at 
the transimpedance amplifier in both OLT and ONT terminals to optimize their operating point.

• An additional improvement on the component level in the WDM-PON system is to employ a 
cooler-less tunable laser or amplifier. It is possible to improve the energy efficiency of the switch-
ing fabric by considering the relatively low network utilization and typical aggregation function.

The cyclic sleep mode is the most effective approach to reduce the power consumption when com-
patibility to existing standards is a given. In the TDM-PON network, the cyclic sleep mode applies to 
ONT terminals, the OLT terminal with its relatively small contribution is always on. The WDM-PON 
network consumes more power due to a tunability of the WDM transmitter in ONT terminals, as well 
as the thermo-electric cooling for stabilizing the wavelengths at the OLT side. The TWDM-PON archi-
tecture offers an interesting capability to scale the power consumption of the OLT terminal as a function 
of the required total capacity. It is done by lighting up an appropriate number of wavelength pairs by 
all ONT units connected to the shared medium. The OFDMA-PON architecture consumes the highest 
power due to the need for ADC/DAC and (I)FFT signal processing blocks. By narrowing the spectral 
band behind the ONT receiver, it is possible to reduce the power consumption incurred by these signal 
processing blocks (Vetter, 2014).

In the near future, a convergence of optical and wireless technologies will be continued. Mobile base 
stations can be backhauled through the normal passive optical network and they can be thought of as 
normal PON ONT elements. Between the central office and the remote base station will be introduced 
another intermediate node responsible for generation and transmission of control data streams over 
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shorter fiber distances. Moreover, a virtualization of heterogeneous optical-wireless network and IT 
infrastructures can be mentioned for support of wireless access and backhauling solutions and for cloud 
and mobile cloud service.

Broadband wireless solutions that are able to support several even mobile end-users in a large areas 
and the optical technology representing by the PON can bring a large bandwidth, but in certain, fixed 
and pre-determined optical paths are prepared for convergence. A utilization of advantages from both 
technologies can provide an access solution by deployment of the hybrid wireless-optical access network, 
known as the fiber over wireless (FiWi). An infrastructure of the optical part can utilize a termination 
FTTC or FTTB, whereby wireless access points can widen a broadband access connection up to end-
users. The integration of optical and wireless technologies into the FiWi network can ensure a powerful 
solution in respect of the high broadband potential of optical fibers and the mobility of wireless access 
equipment. In principle, optical and wireless technologies can mutually complement for building a 
common network and are able supporting new unavoidable applications and services requesting high 
bandwidth also in some cases of mobility.

The integrated wireless-optical network can connect several optical and wireless technologies. El-
ementary factors for selecting of technologies incorporate an available budget, a geographical area (rural 
or city), a requested QoS guarantee and other requirements related to end-users, e.g. a connection type, a 
cable interface, a mobile connection, etc. In most cases of converged technologies, a hybrid architecture 
is selected with the imbedded ONT network element. Optical technologies (including TDM-PON, WDM-
PON, …) can be combined with WiMAX, WiFi and LTE wireless technologies. An advantage of optical 
technologies is above all a possibility for providing high transmission capacities. The most of proposed 
converged networks utilize optical fibers for supporting the backbone part. Wireless technologies by 
contrast offer low costs of necessary equipment and mobile broadband access networks. The main aim 
of the Fi-Wi integration is creating of at once easy available and reliable network.

In this chapter, we focus on a design of a transition stage between TDM-PON and WDM-PON networks 
and explain possible cooperation between optical fiber and wireless technologies in converged Fi-Wi PON 
networks. A main reason for this motivation is that at first a number of operating TDM-PON networks 
is even now high and still rising, at second a utilization of installed optical infrastructures is maximized 
for transmission capacity’s increasing and at third an extreme extension of wireless technologies between 
subscribers. On the other side, a creating the hybrid HPON network can be used as the upgrade of old 
networks in many cases with a utilization of relevant parts of the original infrastructure with minimum 
financial costs and with traffic protection provisioning. Moreover, a consistent transition from only optical 
HPON network to the passive optical network with converged fiber-wireless technologies is important. 
Therefore, it is important to identify a right time for creating and building of the converged Fi-Wi PON 
network. For this purpose, the HPON Network Configurator as an interactive software tool can be used.

REQUIREMENTS FOR NG-PON NETWORKS

The next-generation PON (NG-PON) with much higher bandwidth is a natural path forward to satisfy 
demands of ever increasing bandwidth. Many network operators are motivated to further develop a valu-
able optical access network and to leverage such NG-PON systems as a common access infrastructure 
to support broader market segments. The NG-PON technology must be able to protect the investment 
of legacy passive optical networks. There are several migration scenarios to meet disparate service 
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provider`s needs. Two of them – service-oriented and service-independent scenarios – reflect recognition 
that differing service introduction strategies might affect requirements for the NG-PON specifications.

NG-PON technologies can be divided into two categories. The NG-PON1 presents an evolutionary 
growth with supporting the coexistence with the GPON on the same ODN. The coexistence feature enables 
seamless upgrade of individual customers on active optical fibers without disrupting services of other 
customers. The NG-PON2 presents a revolutionary change with no requirement in terms of coexistence 
with the GPON on the same ODN (Kani et al., 2009; Effenberger et. al., 2009). From another view, there 
are several possible architectures that could meet the NG-PON requirements. The 10G-GPON system 
is referred to as the XG-PON, where the Roman numeral X signifies 10 Gbit/s transmission speed, and 
we can expect its various versions – the XG-PON1, the XG-PON2, the extended reach and wavelength 
controlled XG-PON, the hybrid DWDM/XG-PON (Effenberger et. al., 2009; Tanaka, 2010).

The largest requirement for NG-PON networks is its coexistence with the operational GPON on the 
same ODN infrastructure. This presents a challenge due to multiplexing new systems with old ones. For 
this purpose, we can use both WDM and/or TDM techniques. Each of these methods will have different 
requirements for the wavelength plan (Effenberger et. al., 2009), (Róka, 2014):

• The WDM technique in both directions,
• The WDM downstream, the TDMA upstream,
• The TDM downstream, the TDMA upstream.

In present days, PON networks with the TDM multiplexing technique are creating in many countries. 
In the near future, we can expect NG-PON technologies with different motivations for developing of 
hybrid passive optical networks (Róka, 2014), (Róka, 2015):

1.  Creating the new PON network overcoming TDM-PON network possibilities with minimum finan-
cial costs. In this case, various optical resources are utilized, but it isn’t the full-value WDM-PON 
network, and the TDM approach is still utilized from various reasons. This HPON network is not 
very expensive created (in a comparison with the WDM-PON network) and provides a sufficient 
transmission capacity for customer needs in a long-time horizon.

This variation can be included in the NG-PON1 category, where the WDM filter is installed to 
combine and separate GPON and XG-PON1 signals into and out of the common ODN infrastructure. 
The ODN, i.e. optical fibers and the remote node, is not replaced or changed during the migration to 
the NG-PON1 network.

2.  Preparing the transition from the TDM-PON to the WDM-PON network with minimum costs for 
rebuilding of the existing TDM-PON infrastructure. Such HPON network should satisfy following 
features:
a.  A backward compatibility with the original TDM-PON architecture and a coexistence of TDM 

and WDM approaches,
b.  A maximum exploitation of the existing optical infrastructure, optical fibers and optical 

equipment,
c.  New bonus functions for the network protection and fast traffic restoration in a case of failures.
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This variation can be included in the NG-PON2 category, where separate optical fibers and power 
splitters may be used. Also, a different device replacing the simple power splitter may be used (Kani et. 
al., 2009). In a case of the extended reach and wavelength controlled NG-PON version, the basic feature 
is a more controlled ONT wavelength. If we use a wavelength-controlled ONT, then the bandwidth of 
optical amplifiers can be reduced to about 0,5 nm and this reduction allows a sensitivity to be improved 
by many dB. By this way, a wavelength-controlled ONT also opens possibility for WDM-based multi-
plexing upgrades in a future. In a case of the hybrid DWDM/XG-PON network, multiple NG-PON are 
combined with using a DWDM MUX/DEMUX and a colorless technology for the ONT equipment. Key 
components for the new system are colorless transmitters (the seed light injected reflective semiconduc-
tor optical amplifiers and tunable laser diodes) and WDM filters.

For new deployments (greenfield) (Figure 3a), the impact on existing customers will not be an issue 
and testing the ODN infrastructure during the construction stage will be very similar to what is being 

Figure 3. Greenfield and brownfield deployments for NG-PON networks
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done for current PON networks. However, in order to conduct proper testing during the activation and 
maintenance phases, new measurement instruments will be required, as current tools must be adapted 
to new requirements.

In brownfield deployments (Figure 3b) where the next-generation PON technology will coexist with 
current technology, customer will already be connected to the network, so special care will have to be 
taken to minimize the effects on subscriber services. This type of deployment (brownfield) will require 
the installation of new optical components (such as WDM filters) to combine two technologies, and 
adding these components could temporarily interrupt all services. Furthermore, adding new optical 
devices in the optical distribution network will add extra loss to the overall loss budget, which could 
affect existing customers if the previous budget was not sufficient enough to compensate for extra loss 
in the network. In addition to the filters, next-generation ONT units will also have to be deployed, and 
power measurements should be taken to ensure that each of these ONT terminals will receive enough 
power to respect requirements by the different standards (EXFO, 2012).

Bandwidth demands continue to increase as subscribers are constantly adopting new applications 
and services. Service providers are looking into ways to make their optical networks – long-haul, met-
ropolitan or access – faster. Key drivers and applications for deploying next-generation optical access 
networks can be easily found anywhere and there can be found many examples in both the business and 
residential markets. Among all the technologies that could possibly allow service providers to increase 
the bandwidth per user, two currently stand out to become the technology of choice for next-generation 
PON networks – NG-PON1 (10G-GPON, 10G-EPON) and NG-PON2 (WDM-PON).

Besides the fact that these technologies can offer higher bandwidth per user, one of the main reasons 
that these options are ahead of the others is that they are based on PON networks, so service provid-
ers who have already deployed FTTx architectures will be able to re-use the same optical distribution 
network and therefore protect their investment. One interesting characteristic of 10G-GPON and 10G-
EPON systems is allowing for concurrent operation with current PON technology (Table 1). Both PON 
networks are based on the existing PON technologies and are upgraded for 10 Gbit/s transmission rates 
by WDMA or TDMA technologies. The future NG-PON2 network is expected for coexisting these PON 
networks (Nakamura, 2013).

The time and wavelength division multiplexing PON technology is a primary system for the NG-
PON2 network (Nakamura, 2013). Table 2 describes a few of the main characteristics defining this 
TWDM-PON technology.

Different TWDM-PON flavors with varying remote node architectures are proposed. Typically, there 
are three variants of the TWDM-PON architecture according to the RN configuration (Dixit, 2012):

Table 1. Technical specifications for 10 Gbit/s PON systems

Item 10G-EPON (10G Symmetric) XG-PON

Line rate Upstream: 10,3125 Gbit/s 
Downstream: 10,3125 Gbit/s

Upstream: 2,488 Gbit/s 
Downstream: 9,953 Gbit/s

Transmission bandwidth 10 Gbit/s for upstream and downstream (64B66B coding) Same as the line rate (scrambled NRZ coding)

Maximum loss 20 / 24 / 29 dB 29 / 31 dB

Services Ethernet data Full services (Ethernet, TDM, POTS)
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• A wavelength selected TWDM-PON network with power splitters,
• A wavelength split TWDM-PON network with arrayed waveguide gratings,
• A wavelength switched TWDM-PON network with wavelength selective switches.

The wavelength selected variant is a fully flexible solution as the power splitter broadcasts all wave-
lengths to all users, but has a high insertion loss and poor security due to the use of only optical power 
splitting. The wavelength split variant has a fixed wavelength allocation at the arrayed waveguide grat-
ings and thus will not be able to serve flexibility advantages. However, the full flexibility is not always 
required and a partial flexible solution can already give several advantages of flexibility. Overcoming the 
drawbacks of both previous variants, a partially flexible solution with the wavelength selective switch 
can be proposed as the wavelength switched variant.

The WDM-overlay application is requiring high capacity and low latency. In this case, the ONT ter-
minal uses a dedicated wavelength in both US and DS directions (Nakamura, 2013). Table 3 describes 
a few of the main characteristics defining this technology.

Table 2. Specifications for the TWDM-PON system

Item

Bandwidth
Upstream: 2,5-10 Gbit/s/channel

Downstream: 2,5-10 Gbit/s/channel

Wavelength channels 4 - 8

Physical splitting ratio 64

Transmission distance 40 km

Co-existence systems Legacy PON systems 
RF-video system

Table 3. Specifications for the WDM-overlay system

Item

Bandwidth
Upstream: 1-10 Gbit/s/channel

Downstream: 1-10 Gbit/s/channel

Wavelength channels to be defined

Physical splitting ratio to be defined

Transmission distance to be defined

Co-existence systems Legacy PON systems 
RF-video system
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REQUIREMENTS FOR THE HPON NETWORK

Features of the HPON Network

One of the most promising candidates for the NG-PON architecture is a hybrid WDM/TDM passive 
optical network. The WDM technique increases the capacity using an additional wavelength layer, while 
the TDM technique improves the scalability and leads to flexible utilization. A cost-efficient architecture 
for the HPON network can support different levels of the traffic protection and restoration in order to 
satisfy availability requirements of both residential and business users (Róka, 2003).

The hybrid passive optical network (HPON) is a hybrid in a way that utilizes both TDM and WDM 
multiplexing principles together on a physical layer. The HPON network utilizes similar or soft revised 
topologies as TDM-PON architectures. For downstream and upstream transmissions, TDM and WDM 
approaches are properly combined, i.e. it is possible to utilize the time-division or wavelength-division 
multiplexing of transmission channels in the common passive optical architecture.

The first HPON network design is based on principles of the evolutionary architecture from the TDM-
PON network utilizing few WDM components (Figure 4). A basic architecture of the optical distribution 
network that distributes signals to users consists of the one-fiber topology and several topological links 
connected to the optical network terminals through the remote node. Logically, a connection of the point-
to-point type is created between the optical line terminal and the remote node. The remote node consists 
of either a passive optical power splitter (TDM-PON) or an arrayed waveguide grating (WDM-PON). As 
resources of optical radiations, two different types of tunable lasers based on dense or coarse wavelength 
multiplexing for various wavelength areas can be utilized in order to decrease a number of necessary 
optical sources. A number of OLT tunable lasers is smaller than a number of transmission channels 
utilized in a network; therefore various subscribers can dynamically share tunable lasers. Of course, 
there are other possible HPON architectures that can be also included in the HPON Network Simulator.

Figure 4. The evolution of the WDM/TDM-PON network architecture
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Except the original WDM/TDM-PON network design (Róka, 2015), we can propose other variations 
of hybrid passive optical networks. In the second design, besides utilizing few WDM components in the 
original TDM-PON infrastructure, changes of the network topology can be considered with modifica-
tions of WDM techniques utilizing in both transmission directions (SUCCESS HPON). In this case, 
there exists a backward compatibility with previous TDM-PON networks, however, an exchange of TDM 
ONT equipment is necessary. In the third design, an integration of metropolitan and access networks 
is included into utilizing WDM technologies (SARDANA HPON). In this case, a combination of the 
WDM distribution network ring with add/drop nodes and TDM access subnetwork trees seems to be 
very profitable for the implementation. In the fourth design, active components are utilized in an outside 
plant and therefore a network reach can be markedly extended (LR-PON).

Although a TDM-PON technology minimizes a number of required optical components using one 
shared transceiver unit at the central office, it does this at a performance penalty. In a TDM-PON net-
work, the power splitter in a remote node prevents an OTDR from separating and identifying the multiple 
Rayleigh backscatter signals from each of its distribution fibers. These problems are not present in a 
WDM-PON network. Since a wavelength splitter is used in place of the power splitter, the splitting loss 
can be very small. In addition, because a WDM technology provides a point-to-point optical connection, 
the receiver noise penalty arising in a TDM-PON network does not exist in a WDM-PON network since 
the bandwidth of each ONT receiver is matched to its data rate. Another relatively important advantage is 
the ability to completely characterize all the optical fiber paths in a WDM-PON network from the central 
office. This is possible since at each wavelength a single optical path exists. The GigaWaM project aims 
to develop essential optical subsystem components required for a future-proof WDM-PON broadband 
access system providing each end user with up to 1 Gbit/s bidirectional data bandwidth (Prince, 2012).

The WDM-PON technology offers the most straightforward way of capacity increase. It minimizes 
needed for the TDMA protocol and has a potentially high reach and security. However, the WDM-PON 
system suffers from some major issues like migration from presently deployed TDM-PON network, 
low customer fan out and static resource allocation. A new architecture of the wavelength switched 
TWDM-PON network in which one WSS switch feeds wavelengths to multiple AWG elements is pro-
posed. Hybrid TDMA/WDM-PON (TWDM-PON) network combines the flexibility of the TDM-PON 
technology with the increased overall capacity of the WDM technology, and it is an important NG-PON 
candidate. Its advantages are its high fan out, easy migration capabilities and ability to provide higher 
peak data rates. The most important advantages can be found in network planning, network migration, 
network extensibility and energy efficiency (Dixit, 2012).

Hybrid Networks for a Smooth Transition

Hybrid networks for a smooth transition from TDM-PON to WDM-PON networks allow a possibility 
for simultaneous provisioning of both TDM and WDM services. However, new WDM subscribers can 
be added by exchanging TDM ONT equipment. Configuration changes are controlled from the OLT and 
no other interventions are necessary on the original TDM subscribers’ side. There can be considered 
various architectures (Róka, 2014):

• The self-renewable HPON with a tree topology,
• The HPON with a video overlay,
• The SUCCESS HPON.
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Hybrid Networks With an Integration

Hybrid networks with an integration of the WDM technology with present TDM networks bring an 
increasing the number of subscribers, transmission rates and network reaches. By this way, a network 
design can concatenate and combine functionalities of metropolitan and access networks. This integra-
tion utilizes the common central office equipment and combines WDM distribution networks with a 
bidirectional ring topology and OADM nodes that are connecting to TDM access subnetworks. As an 
example, the SARDANA HPON can be presented (Róka, 2014).

Hybrid Networks for Long Distances

As technologies advance, long-reach access networks have become a reality. Further extended systems 
enable a number of existing PON networks to be grouped and converted into long-reach systems with 
DWDM backhaul networks. An attention is focused on the TDM-based long-reach PON network, e.g. 
SuperPON. Recently, long-reach PON networks with the WDM technology are investigated and hybrid 
DWDM/TDM long-reach PON systems are proposed (Talli, 2007), (Smolorz, 2009), (Róka, 2014)

• SuperPON,
• LR-PON,
• Hybrid DWDM/TDM Long reach PON,
• Photonic integrated metro and access network PIEMAN.

Traffic Protection in Hybrid HPON Networks

HPON architectures can be proposed with and without protection. They are designed having in mind 
different possible paths for the network deployment and protection upgrade. The proposed survivable 
architectures can also be applied to passive optical networks with more than one stage of remote nodes 
based on power splitters. The hybrid passive optical network can be proposed with different levels of the 
traffic protection compatible with all the HPON architectures (Róka, 2015), (Róka, 2016):

• No Protection: The basic scheme without any protection is modified compared to the convention-
al deployment. This approach takes into account facilitating an easy and cost-efficient migration 
toward a reliable next-generation optical access network. For future protection upgrades, a limited 
number of output power splitter ports is reserved for the end-to-end protection of some selected 
customers. The main goal is to minimize the amount of new fiber paths required to provide a full 
protection for some selected users, which could be much more costly than additional costs caused 
by the increased number of passive components.

• Protection Up to First Remote Node: Compared to the unprotected scheme, the extra infrastruc-
ture and equipment is needed for protection. The 1:N components in the remote node are replaces 
by the 2:N ones in order to provide a connection to both the working and protection (backup) 
feeder fibers. Extra costs of the duplicated resources are shared by all the users connected to each 
PON network. This approach comes out from previous when duplicated devices are permanently 
utilized.
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• End-to-End Protection: Two parallel distribution networks act as a potential backup for each 
other, which will considerably reduce the need for additional trenching for the traffic protection. 
To obtain the end-to-end protection, duplicated transceivers are considered at the ONT side to 
access both working and protection last mile fibers. Furthermore, a new fiber connection for the 
protected ONT should be added. To decrease the new trenching required for the traffic protection, 
the available ducts should be utilized.

It can be shown a clear benefit when a network planning is done with possible protection upgraded, 
which leads to a decrease in investment costs. The longer the protection deployment time, the higher the 
total capital expenditures. This confirms an importance of the right deployment plan for future passive 
optical networks (Mahloo, 2014).

Fi-Wi Convergence in Hybrid HPON Networks

The integration of optical and wireless technologies into one broadband access network is marked as the 
fiber over wireless (Fi-Wi). A lot of wireless-optical scenarios can be divided in two main categories 
from a viewpoint of the integration:

• The RoF Architecture: A radio signal transmission over optical fibers - radio over fiber (RoF) 
– is focused on integrating the physical layer mainly. Radio frequencies are transmitted through 
an analog interconnection of optical fibers between the central office and remote antenna units 
that are used by end-users for data transmitting and receiving. The RoF primary aim is related to 
modulation and transmission functions. A functionality and a complexity of subscribers units is 
low because of signal processing functions and resource allocation rules are executed in the cen-
tral office. Therefore, a costs and power saving is present in subscriber units and by using a distri-
bution MAC protocol IEEE 802.11b in a wireless part, power limitations are arising. However, a 
centralized RoF function can bring on a troubleshooting point in the hybrid FiWI network because 
a generated traffic from end-users in a wireless part is directed into an optical part. In a case of the 
central office failure, this can lead to an enormous impact to total network performance.

• The R&F Architecture: Hybrid optical-wireless architectures are focused on integrating two lay-
ers – physical and data link. The radio and fiber (R&F) design incorporate self-employed optical 
and wireless networks that together create one hybrid optical-wireless network and specific fea-
tures of present networks are inviolate. The R&F structure is able solving limitations of the RoF 
architecture by using various data link protocols in both areas – optical and wireless - simultane-
ously. Generally, a realization of the R&F architecture can be executed in two different platforms 
based on orientation in service provisioning.
 ◦ The first R&F architecture is a hybrid wireless optical access network. In this case, hybrid 

network architectures are utilizing one wireless base station (BS) directly connected to the 
optical network by means of optical network terminal (ONT). A typical example is the in-
tegration of different PON structures with broadband WiMAX, LTE and/or Wi-Fi wireless 
technologies.

 ◦ The second R&F architecture is called hybrid wireless optical mesh networks that can broad-
en a network range by various equivalent wireless nodes of the Ad Hoc network. The most 
representative method is the wireless-optical broadband access network (WOBAN).
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THE HPON NETWORK CONFIGURATOR

The HPON Network Configurator allows comparing possibilities of various passive optical access networks. 
The created HPON Network Configurator (Róka, 2013), (Róka, 2015) represents real possibilities for a 
consistent transition from the TDM-PON to the HPON based on various specific parameters – a network 
capacity from a viewpoint of the physical layer, a number of TDM and WDM network subscribers, a 
number of exploited wavelength multiplexing types, a growth of the channel capacity by connecting of 
new subscribers and other feasibilities.

For better understanding, the HPON NetCon manual is inserted into the lower part of the main dia-
logue window. The manual consists of three simple steps that can help users to direct toward to achieving 
desired results. In substance, the manual describes three parts of the program:

• Parameters of the optical fiber,
 ◦ A type of the optical fiber,
 ◦ A DWDM multiplexing density,
 ◦ An availability of CWDM and/or DWDM wavelength carriers,

• Parameters of the TDM-PON network infrastructure,
 ◦ A number of TDM networks,
 ◦ A type of the network,
 ◦ A number of subscribers,
 ◦ A OLT-ONT distance,

• Topology selections including the traffic protection,
 ◦ A type of the network topology,
 ◦ A specified HPON network – WDM/TDM-PN, SUCCESS HPON, SARDANA HPON, 

LR-PON,
• Expected parameters of the selected HPON network:

 ◦ A total network capacity,
 ◦ A total number of subscribers,
 ◦ Power relationships (a transmitting power of light sources, a sensitivity of receivers, an at-

tenuation of the transmission path and particular optical components,
• Traffic protection and restoration schemes.

This network simulator has main dialogue window for designing a transition from original and de-
ployed TDM-PON to new and developing HPON networks. Additional dialogue windows with basic 
network schemes and short interactive descriptions serve for the specific HPON configuration setup.

Based on parameters of the optical transmission environment (attenuation values, wavelengths), 
possible CWDM/DWDM carriers are calculated. A number of new DWDM subscribers and a required 
capacity per one subscriber are inserted. Based on primary input values of the deployed TDM-PON 
network (a number of TDM nodes, a capacity of the node, a number of subscribers per node), a total 
capacity of the deployed hybrid network and an average capacity per one subscriber are calculated (only 
for the downstream direction). Also, a growth of the capacity due to connecting of new subscribers, 
a number of necessary DWDM transmitters and receivers, a number of utilized CWDM and DWDM 
wavelengths are evaluated.
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The Configuration of the HPON Environment: Its Capabilities and Parameters

The HPON Network Configurator for comparing possibilities of various passive optical access networks 
is created by using the Microsoft Visual Studio software working with the C++ programming language 
including the Microsoft foundation class (MFC) library for the graphical interface. The simulation 
model has one main interactive dialogue window (Figure 5) for inserting and presenting parameters 
of transitions from TDM-PON to HPON networks. It allows comparing and analyzing four principal 
approaches for designing and configuring of hybrid passive optical networks. Therefore, additional 
dialogue windows with configuration and relation of basic network infrastructures can be used for the 
specific HPON configuration setup. For WDM/TDM-PON and SUCCESS HPON networks, transitions 
from the original TDM-PON architecture are expressed by GIF animations. For their presentation, a free 
available CPictureEx class is used. For SARDANA HPON and LR-PON networks, features of networks 
are presented in a simple picture.

The HPON Network Configurator is working in several steps following algorithm:

1.  Setting Parameters for the Optical Fiber: A type of the optical fiber (according to the ITU-T 
standards), the DWDM multiplexing density.

2.  Evaluating Optical Fibers and Wavelengths: Standard or inserted specific attenuation values in 
dB/km, a calculation of numbers of utilizable CWDM and DWDM carriers.

3.  Inserting Input Parameters for the Deployed TDM-PON Network: A number of original TDM 
networks, a type of the network, a number of subscribers per one network, a distance between the 
OLT and ONT terminals.

4.  Evaluating TDM-PON Network: A calculation for the total transmission capacity of the TDM 
network together with the average capacity per one subscriber, the total number of subscribers 
and the maximum attenuation of the TDM network; finally, the attenuation class is presented. 

Figure 5. The main window of the HPON network configurator
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When one of higher splitting ratios of subscribers per network is selected or when a total network 
attenuation exceeds defined attenuation classes, options for configuration of other hybrid passive 
optical networks - WDM/TDM-PON, SUCCESS HPON and SARDANA HPON - are automati-
cally deactivated because they don’t support this selected splitting ratio. For this case, an option 
for the Long Reach PON configuration is only active. This step is terminating with the selection 
of detailed hybrid PON configuration design.

5.  Setting Input Parameters for the Hybrid PON Configuration: Based on the stored TDM-PON 
network data and selecting one from possible HPON types.

6.  Application input parameters and specific parameters of the HPON network configuration (the 
total capacity of the hybrid network, the total number of subscribers, the average capacity per one 
subscriber, the maximum attenuation of the hybrid network between the OLT and ONT terminals, 
a number and type of used active and passive components) with summing up a type and number 
of deployed optical components and presenting possibilities for future expanding of hybrid HPON 
network types is executed.

Thereafter, changes of the topology and a subsequent transition to the selected HPON network are 
presented to the user. By this way, a user can take a decision to regulate or to exchange primary input 
values for adapting to traffic demands of the specific HPON network. Thereafter, further possible net-
work extensions are displayed.

Parameters of the Optical Fiber

In the first step, a selection of the optical fiber’s type and the DWDM multiplexing density can be 
executed. A selected type of the optical fiber is presented by the specific attenuation values and by a 
number of transmission bands. For specifications, various ITU-T recommendations – ITU-T G.652A, 
G.652B, G.652C, G.652D, G.656, G.657 – together with the “Other values” option can be inserted. Then, 
specific attenuation coefficients are concretely displayed. Also, a total number of CWDM and DWDM 
carrier wavelengths for particular bands are presented.

Also, an attenuation of optical fibers for available wavelengths is calculated in specific network 
configurations. In this case, we prefer attenuation coefficients for common optical fibers according to 
the ITU-T G.652 (ITU-T, 2009). However, we can incorporate attenuation coefficients for new types of 
optical fibers according to the ITU-T G.657 (ITU-T, 2009) and the ITU-T G.656 (ITU-T, 2010) and, by 
this way, evaluate their utilization in the HPON network infrastructure.

The G.652A fiber has a zero value of the chromatic dispersion at the 1310 nm wavelength, so it is 
suitable for the O band transmission. In the C-band transmission, a calculated value of the chromatic 
dispersion is around 17 ps/(nm.km).

The G.652B fiber supports higher transmission rates due to decreasing of the polarization mode 
dispersion.

The G.652C fiber has similar parameters as the G.652A fiber. Moreover, a total attenuation is af-
fected by elimination of the OH- absorption and a transmission in all bands from O up to L. However, 
this fiber is not optimized to the PMD dispersion.

The G.652D fiber is an alternative with reduced values of the polarization mode dispersion as in a 
case of the G.652B fiber.
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The G.656 fiber is characterized by nonzero values of the chromatic dispersion that allows a sup-
pression of nonlinear effects in C, S and L wavelength bands.

The G.657 fiber has lowered attenuation parameters caused by macrobends.

Parameters of the TDM PON Network Infrastructure

In the second step, a selection and a listing of parameters for the deployed TDM-PON network can be 
executed. A number and type of networks (EPON, GPON, 10G-EPON, XG-PON), a number of subscribers 
per one network and a network reach, respectively the OLT-ONT distance (max. 999 km) can be selected. 
In Table 4, specific parameters of selected PON networks are presented. Then, features of the selected 
TDM-PON network configuration – a total capacity, an average capacity per one subscriber, a total 
number of subscribers, the maximum network attenuation and the attenuation class – can be calculated.

In a case that the maximum network attenuation exceeds a specified value depending on parameters 
of the optical fiber, deployed TDM network types, a number of subscribers and on a distance between 
OLT and ONT terminals, options of WDM/TDM-PON, SUCCESS HPON, SARDANA HPON network 

Table 4. Specific parameters of selected PON networks

EPON 10G-EPON GPON XG-PON

Recommendation IEEE 802.3ah IEEE 802.3av ITU-T G.984 ITU-T G.987

Variations of 
transmission rates

1G/1G symmetric 10G/10G symmetric 1,25G/1,25G symmetric 10G/2,5G asymmetric

10G/1G asymmetric
2,5G/1,25G asymmetric

2,5G/2,5G symmetric

Transmission rates of 
the physical layer

1,25Gbit/s 10,3125Gbit/s 2,48832Gbit/s 9,95328Gbit/s

1,25Gbit/s 1,24416Gbit/s 2,48832Gbit/s

Attenuation classes PX10 PX20
PR10, PRX10 
PR20, PRX20 
PR30, PRX30

A, B, B+, C Nominal 1 and 2 
Extended 1 & 2

Wavelengths [nm] DS 1480-1500 
US 1260-1360

DS 1575-1580 
US 1260-1280 or 1260-1360

DS 1480-1500 
US 1260-1360 or 1290-1330

DS 1575-1580 
US 1260-1280

Reach [km] < 10, < 20 < 10, < 20 < 20 < 20, < 40

Max. splitting ratio 1:16, 1:32 1:16, 1:32 (also 1:64, 1:128) 1:64, (proprietary 1:128) 1:256

Table 5. Attenuation classes for EPON and GPON technologies

EPON GPON

PX 10 PX 20 A B C

DS Wavelength [nm] 1490 1480-1500

US Wavelength [nm] 1300 1260-1360

Max. reach [km] 10 20 up to 20

Max. achievable attenuation [dB] 20 24 20 25 30

Min. achievable attenuation [dB] 5 10 5 10 15

Splitting ratio 1:16 up to 1:64
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configurations are turned off and a challenge for utilization of the Long Reach PON network is appear-
ing. For selected PON network technologies - EPON and GPON (Table 5), the 10G-EPON (Table 7) and 
XG-PON (Table 8) technologies, concrete values of the attenuation classes are presented. In the HPON 
Network Configurator, there are included intervals of values for specific attenuation classes determined 
in Tables 6 and 9.

Table 6. Attenuation intervals for EPON and GPON technologies

EPON GPON

Attenuation Values [dB] Attenuation Class Attenuation Values [dB] Attenuation Class

< 5, 10) PX 10 < 5, 10) A

< 10, 21) PX 10/20 < 10, 15) A/B

< 21, 25) PX 20 < 15, 21) A/B/C

> 25 invalid < 21, 26) B/C

< 26, 30) C

- > 30 invalid

Table 7. Attenuation classes for the 10G-EPON technology

Low Attenuation Class Medium Attenuation Class High Attenuation Class

PRX 10 PR10 PRX 20 PR 20 PRX 30 PR 30

DS Wavelength [nm] 1577 - 2, 1577 + 3

US Wavelength [nm] 1310 ± 50 1270 ± 10 1310 ± 50 1270 ± 10 1310 ± 50 1270 ± 10

Max. reach [km] > 10 > 20 > 20

Max. attenuation [dB] 20 24 29

Min. attenuation [dB] 5 10 15

Splitting ratio 10 km 1:16 1:16 -

Splitting ratio 20 km - 1:32 1:32

Table 8. Attenuation classes for the XG-PON technology

Nominal Attenuation Class Extended Attenuation Class

N1 N2A N2B E1 E2A E2B

DS Wavelength [nm] 1575 - 1580

US Wavelength [nm] 1260 - 1280

Max. reach [km] > 20

Max. attenuation [dB] 14-29 16-31 31 18-33 20-35 35

Splitting ratio 20 km 1:256
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Attenuation classes for the 10G-EPON technology can be divided into 2 subclasses:

• PRX for the asymmetric transmission with the 1 Gbit/s upstream transmission rate and the 10 
Gbit/s downstream transmission rate,

• PR for the symmetric transmission with the 10 Gbit/s transmission rates in both directions.

For the XG-PON technology, there will be two loss budgets denoted Nominal and Extended. The 
Nominal loss budget is defined with a Class B+ loss budget plus an insertion loss from a WDM1 filter. 
The link loss will be approximately 28,5 dB to 31 dB at BER = 10-12. The Extended loss budget is 
defined with a Class C+ loss budget plus an insertion loss from a WDM1 filter (Effenberger, 2009).

The Configuration of Selected Network Topologies 
and Traffic Protection Schemes

In the third step, hybrid network topologies including the traffic protection are reserved. By using the 
DISPLAY push button in the main dialogue window, autonomous dialogue windows for the specific 
hybrid network topology configuration are opened. Then, a configuration of specific network param-
eters can be proceeding for the WDM/TDM-PON, SUCCESS HPON, SARDANA HPON and LR-PON 
options. If necessary, RELATION push buttons are prepared for users with short descriptions of basic 
features for the selected HPON network. Finally, a comprehensive list of basic characteristics – a total 
capacity of the hybrid network, a total number of subscribers, an average capacity per one subscriber, 
the maximum network attenuation – calculated for each option are displayed.

As an advanced extension, a new functionality is focused on the traffic protection and restoration 
schemes. There are two basic topologies considered for of the protection schemes - the tree topology 
and the ring topology.

Based on selected HPON network configuration, a type and a number of deployed optical components 
are summarized. For this possibility, allowable optical components are associated according to their 
location, specifically in OLT and ONT terminals or in the ODN network.

Table 9. Attenuation intervals for 10G-EPON and XG-PON technologies

10G-EPON XG-PON

Attenuation Values [dB] Attenuation Class Attenuation Values [dB] Attenuation Class

< 5, 10) PR 10 < 14, 16) N1

< 10, 15) PR 10/20 < 16, 18) N1/N2

< 15, 21) PR 10/20/30 < 18, 20) N1/N2/E1

< 21, 25) PR 20/30 < 20, 29 > N1/N2/E1/E2

< 25, 29) PR 30 (29, 31 > N2/E1/E2

> 29 invalid (31, 33 > E1/E2

(33, 35 > E2

> 35 invalid
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Simultaneously, possibilities for future expansions of the specific hybrid passive optical network are 
presented with a subsequent transition to the appropriate HPON network architecture. Except equipment 
enhancement, changes in the network topology are offered to the user.

Applications of the HPON Selection and the Traffic Protection

Providing a certain level of the traffic protection is necessary for next-generation hybrid passive opti-
cal networks. However, network providers might prefer to start with the deployment of an unprotected 
network but considering the future upgrade. Different protection approaches can be proposed, starting 
from a no-protection scenario towards a proposed architecture with the end-to-end protection:

• First, providers will deploy an unprotected access network. Then, providers offer a traffic protec-
tion to the first remote node. This level of protection is necessary in order to prevent a large num-
ber of customers being out of service at the same time. Finally, an end-to-end protection is offered 
on a per-user basis as soon as a business customer requests a reliability performance improvement.

• Second, the transition from a no-protection scheme in the access network directly to a protection 
to first remote node is provided. The possibility for an end-to-end protection for business users is 
added in the future if required. This approach is more logical if a provider has the monopoly, and 
every user in the region has to switch to its network eventually.

• Third, it might be more beneficial to deploy a reliable HPON network in a single step, from a no-
protection scheme directly toward an end-to-end protection in the access network. This approach 
is realizable, if operators know in advance the location and number of all residential and business 
users in their networks.

In the HPON Network Configurator, a selection of traffic protection types is added as the extension 
of original configuration windows. In the first case, the WDM/TDM-PON configuration window with 
extended traffic protections (Figure 6) is opened. After inserting requested parameters of the hybrid 
WDM/TDM-PON network and also a number of TDM subnetworks, the Apply button can be pushed. 
Then, a complete set introducing type and number of optical components is introduced together with 
their basic characteristics.

If NO PROTECTION option is selected, then a reasonable notice in an empty bottom panel is dis-
played. Also, if no protection scheme is required, then the appropriate box must be confirmed and the 
single WDM/TDM-PON configuration is no influenced. In any type of the traffic protection is selected, 
then appropriate calculations and notices in the main dialogue window are changing.

Specially, a condition for the 1:N traffic protection is implemented. This traffic protection type is 
active only if a number of WDM/TDM-PON networks is more than 2. The considered condition co-
ordinates a mutual relationship between a number of networks and the selected traffic protection type.

The comparison of traffic protection types in WDM/TDM–PON and LR-PON networks is based on 
following input parameters and particular specifications:

• In the Main Window: G.652 D optical fiber, 0,4 nm (50 GHz) DWDM channel spacing, 10 G–
EPON 10 Gbit/s technology, 2 TDM networks, 16 subscribers per network, 20 km OLT-ONT 
distance
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• In the WDM/TDM-PON Configuration Window: 2 WDM/TDM-PON networks, 1:2 upstream 
/downstream traffic ratio, 10 Gbit/s utilized laser rate, 32 AWG ports (a number of subnetworks), 
1:8 splitting ratio, 4 TDM subnetworks, 625 Mbit/s channel capacity per subscriber

Consequently, specific parameters and network components can be introduced (Róka, 2016).
For the 1+1 protection type (a duplicated optical fiber), a number of optical components is not in-

creasing excepting a duplication of the optical fiber. However, an increasing of the maximum network 
attenuation is arising. For other protection types, a number of optical components is increasing and 
simultaneously network costs are influenced.

For the 1+1 protection type with (duplicated network components), a number of optical components 
is double increasing when compared to the no-protection scenario. For the 1+1 protection type (the 
supplementary circuit included in the RN), a number of optical components is double increasing excepting 
a number of SOA/RSOA amplifiers that can be located in ONT units. For this protection type, 2 power 
splitters and 2 switches must be located in each RN and therefore network costs are rapidly enhanced.

Figure 6. The WDM/TDM-PON configuration window with extended traffic protections
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For the 1:1 protection type (a duplicated optical fiber), a number of optical components is not increas-
ing as it is present for other protection types. Moreover, a maximum network attenuation is not increased. 
Therefore, a utilization of this protection type has no negative impact on network costs.

For other protection types (with duplicated network components and the supplementary circuit), a 
number of optical components is increasing and network costs are expressively enhanced. But, more 
complex traffic protection and restoration is provided.

For the LR-PON network, the same conclusion is valid. A difference is in accessing to optical am-
plifiers utilization. Each amplifier type has a different maximum amplification level: Raman max. 25 
dB, EDFA max. 35 dB and SOA max. 30 dB. Using of these active components, a maximum network 
attenuation can be accommodated.

For the 1:N protection type (a duplicated optical fiber), optical components are the same. However, 
it is unavoidable to realize a mutual network interconnection for the 1:N protection provisioning.

In the second case, the SUCCESS HPON configuration window with extended traffic protections 
(Figure 7) is opened. After inserting requested input parameters for TDM nodes and WDM nodes, the 

Figure 7. The SUCCESS HPON configuration window with extended traffic protections
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APPLY button can be pushed. Then, a complete set introducing type and number of optical components is 
introduced together with their basic characteristics. Moreover, a graphical presentation of the bandwidth 
allocation between TDM downstream, TDM upstream and WDM wavelengths is presented.

If NO PROTECTION option is selected, then a reasonable notice in an empty bottom panel is dis-
played. Also, if no protection scheme is required, then the appropriate box must be confirmed and the 
single SUCCESS HPON configuration is no influenced. In any type of the traffic protection is selected, 
then appropriate calculations and notices in the main dialogue window are changing.

At particular different levels of the traffic protection, there are implemented following possibilities 
of the selection specifications:

• A number of optical fibers,
• A utilization of the transmission capacity,
• An activity at the simple and multiple fiber interruptions or at the node failure,
• Installation and deployment costs,
• A complexity.

As in the previous case, the comparison of traffic protection types in the SUCCESS HPON network 
is based on following input parameters and particular specifications:

• In the Main Window: G.652 D optical fiber, 0,4 nm (50 GHz) DWDM channel spacing, 10 G–
EPON 10 Gbit/s technology, 2 TDM networks, 16 subscribers per network, 20 km OLT-ONT 
distance

• In the SUCCESS HPON Configuration Window: 60 km ring length, 5 new 10 Gbit/s nodes, 
1:16 new splitting ratio for TDM nodes, 1:2 upstream/downstream traffic ratio, 10 Gbit/s utilized 
laser rate, 8 new WDM nodes, 50 new subscribers, 1000 Mbit/s channel capacity per subscriber

Consequently, specific parameters and network components can be introduced (Róka, 2016).
For all protection types, a number of optical components is increasing. This leads to a more complex 

protection and restoration against traffic failures; however network costs are significantly influenced.
The 4F-BLSR protection type provides the highest protection level from a viewpoint of the physical 

layer in the ring topology. In this case, a number of optical components is quadruple comparing to no-
protection network traffic scenario. For 2F-BLSR and UPSR protection types, a number of components 
is the same; however the 2F-BLSR provides more comprehensive protection provisioning.

In the third case, the SARDANA HPON configuration window with extended traffic protections 
(Figure 8) is opened. After inserting requested input parameters for remote nodes, TDM trees and the 
WDM ring length, the APPLY button can be pushed. Then, a complete set introducing type and number 
of optical components is introduced together with their basic characteristics.

If the complex solution is required, i.e. both the WDM ring and the TDM tree are requested for traf-
fic protection provisioning, than 24 different combinations of protection specifications are available. 
For each the WDM ring protection type (UPSR, 2F-BLSR and 4F-BLSR) considered, a selection from 
TDM tree protection types (1+1 and 1:1) with four possibilities of selected specifications varying by a 
number of utilized optical components can be executed.

If only the WDM ring part will be protected and the TDM tree part remains without protection, than 
three protection possibilities are offered. In an opposite case if the WDM ring part remains without a 
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protection and only the TDM tree part will be protected, than eight protection possibilities are offered. 
Of course, a possibility for unprotected WDM ring and TDM tree parts is also included. Ultimately, 36 
various combinations of traffic protection provisioning for the SARDANA HPON network are prepared.

As in previous cases, the comparison of traffic protection types in the SARDANA HPON network 
is based on following input parameters and particular specifications:

• In the Main Window: G.652 D optical fiber, 0,4 nm (50 GHz) DWDM channel spacing, 10 G–
EPON 10 Gbit/s technology, 2 TDM networks, 16 subscribers per network, 20 km OLT-ONT 
distance

• In the SARDANA HPON Configuration Window: 16 connected RN, max. number of 32 TDM 
trees, 4 lasers with 1 Gbit/s (EPON/GPON) rate, 28 lasers with 10 Gbit/s rate, 1:64 splitting ratio, 
3 km access fiber length, 17 km WDM ring length

Consequently, specific parameters and network components can be introduced (Róka, 2016).

Other Considered Parameters of HPON Networks

A Total Network Capacity

In the TDM network, a capacity is based on selected architectures and on the OLT transmitter capacity. 
In the WDM network, a capacity is depending on the transmitter capacity, because each subscriber has 
a dedicated own wavelength. Therefore, the total WDM capacity is a number of subscribers (or wave-
lengths) multiplied by the transmission capacity of transmitters. In the HPON network, TDM parts are 
unchanged and WDM tunable lasers can be shared by several subscribers, then a total network capacity 
is depending also on a number of utilized tunable lasers.

Figure 8. The SARDANA HPON configuration window with extended traffic protections
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An Availability of Wavelengths

In the WDM/TDM-PON network, 2 sets of wavelengths can be utilized - for CWDM and for DWDM 
systems. Because these bands are overlapped, a number of available wavelengths is depending on uti-
lized bandwidths and on a density of the wavelength allocation (100 GHz, 50 GHz or 25 GHz channel 
spacing). In the simulation program, a dependency between wavelengths is exactly scheduled (Róka, 
2010), (Róka, 2011).

Now, it is appropriate to clarify a relationship between a number of available CWDM and DWDM 
wavelengths in the network (Figure 9). The less CWDM wavelengths are used, the more DWDM 
wavelengths can be utilized in a relevant spectrum. Simulation calculations are based on a following 
relationship (1):

λ
λ
λ

λ
D

C
C

=
⋅ − ⋅

−
20 18 125( )

∆
 (1)

where λC assigns a number of used TDM nodes, respectively CWDM wavelengths, λD is a maximum 
number of available DWDM wavelengths for WDM subscribers, Δλ is the interval between DWDM 
channels (25, 50 or 100 GHz). This relationship describes a maximum possible number of available 
DWDM wavelengths that can be utilized by WDM subscribers in a dependency on a number of utilized 
CWDM wavelengths.

In the SUCCESS HPON network, a situation is different. In the first step of a transition to the HPON, 
a network topology is changing from various point-to-multipoint infrastructures to the one ring by 
means of the one optical fiber. Therefore, DWDM wavelengths (one wavelength per one TDM node) 

Figure 9. The relationship between numbers of available wavelengths at various channel allocations
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are utilizing in the downstream direction. In the upstream direction, each TDM node utilizes a different 
wavelength from the CWDM grid.

In the SARDANA HPON network, transmissions in both directions are limited by using of wave-
lengths in the C-band due to the EDFA operational range. So, the utilization of DWDM systems can be 
varied with different densities of the channel spacing.

In the LR-PON network, a selection from three types of optical amplifiers –EDFA, RAMAN and SOA 
– is possible. These optical amplifiers have different characteristics from a viewpoint of wavelengths. 
The EDFA amplifier is working in the C band only (and special dopped optical fibers are necessary), 
Raman and SOA amplifiers are working in O, E, S, C and L bands of the wavelength spectrum.

A number of CWDM and DWDM (Róka, 2003) possible wavelengths in particular transmission bands 
is presented in Table 10. By reducing of the DWDM channel spacing, negative influences of nonlinear 
effects (e.g. FWM) can be practically increased in the real optical transmission media.

Power Relationships

In the HPON Network Configurator, total power relationships are depending on specific network charac-
teristics and applied optical component parameters. We prefer real values of optical components utilized 
in passive optical networks (Table 11).

A calculation of the total network attenuation is coming out from attenuation of optical components 
used in the remote node, a number of remote nodes and a type of coupling elements and parameters (spe-
cific attenuation coefficient and length) of the specified optical fiber. For the total network attenuation, 
a maximum achievable value from the network viewpoint is under consideration. The final relationship 
consists of two parts – the fiber attenuation together with insertion loss of the remote node and the at-
tenuation in a remote node alone.

The Configuration of the WiMAX Access Part

At the designing of wireless access parts in the specified HPON network topology, it is possible to de-
termine an architecture the network convergence. By using of check boxes, a selection of the architecture 
type is realized.

Possibilities for network convergence architectures are:

• Without utilizing microwave connections,
• An independent architecture,

Table 10. A number of DWDM and CWDM wavelengths for particular transmission bands

Bands O 
1260-1360 nm

E 
1360-1460 nm

S 
1460-1530 nm

C 
1530-1565 nm

L 
1565-1625 nm

Total Number 
of Possible 

Wavelengths

DWDM (0,8 nm, 100 GHz) - - 50 25 75 150

DWDM (0,4 nm, 50 GHz) - - 100 50 150 300

DWDM (0,2 nm, 25 GHz) - - 200 100 300 600

CWDM (20 nm) 5 5 4 1 3 18
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• A hybrid/combined architecture,
• The MoF architecture.

If necessary, RELATION push buttons are prepared for users with short descriptions of basic features 
for the selected architecture of the Fi-Wi network.

In the HPON Network Configurator, a configuration of the WiMAX access part can be realized 
inserting main input parameters for the base station (BS):

• A channel bandwidth,
• A modulation technique,
• A SU-BS,
• A visibility.

For the channel bandwidth, possibilities 5 MHz and 10MHz are allowed corresponding to the 802.16d 
standard.

Table 11. Attenuation specifications of HPON optical components

Symbol Description Value

αFIBER the maximum fiber attenuation in wavelength bands ITU-T standards

αDWDM the maximum fiber attenuation in the DWDM wavelength bands 0,25 dB/km

LACCESS the access fiber length optional

LRING the ring length optional

aFILTER the attenuation of the WDM filter 0,4 dB

aAWG the AWG attenuation 5 dB

a50:50 the 50:50 power splitter attenuation 4,4 dB

a90:10 the 90:10 power splitter attenuation 0,8:12 dB

the 1:4 splitter attenuation 7,5 dB

the 1:8 splitter attenuation 11 dB

the 1:16 splitter attenuation 14,1 dB

aSPLIT1:N the 1:32 splitter attenuation 17,4 dB

the 1:64 splitter attenuation 21,0 dB

the 1:128 splitter attenuation 22,5 dB

the 1:256 splitter attenuation 26,4 dB

aTDM-RN the TDM node attenuation (including connectors) 1,5 dB

aWDM-RN the WDM node attenuation (including connectors) 1 dB

aADD/DROP the attenuation of added/dropped wavelengths 1,2 dB

aISOLATOR the attenuation of the isolator 0,3 dB

aCON the connector attenuation 0,2 dB

loss of a splice 0,15 dB

loss of the fiber span 0,25 dB/km
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For the modulation technique, a selection from eight combinations using four modulations 2x BPSK 
1/2, 2x QPSK 1/2, 2x QPSK 3/4, 2x 16QAM 1/2, 2x 16QAM 3/4, 2x 64QAM 2/3, 2x 64QAM 3/4, 2x 
64QAM 5/6 is prepared, where „2x“ label means an utilization of the dual antenna on the base station. 
This dual polarization allows using both types - vertical and horizontal - polarizations. At the configura-
tion, the same modulation for both types of polarization in the frame of one broadcasting external unit is 
possible. We can suppose an ideal angle level of the antenna when a signal level is stable and the same for 
each polarization. For this case, we don`t suppose the automatic modulation regulation (AMR) function 
because ideal conditions provide a stability and a modulation is not oscillating during the transmission 
depending on external influences, a line saturation, …

For the distance between subscriber units (SU) and the base station, a scale of 1, 2, 4, 6, 8 and 10 
km is included.

For the radiation power, differentiated values from 10 to 20 dBm are prepared. The radiation power 
allows boosting a signal level for the purpose of achieving better parameters in given microwave con-
nection. Presented values are given based on physical hardware possibilities in BS.

For the visibility, one from possibilities the line of sight (LoS) and the non-line of sight (NLOS) can 
be selected. At the NLOS selection, following specifications can be used – a barrier in the path and a 
building. Both NLOS examples worsen a signal level between SU and BS significantly comparing to 
the LOS possibility.

Figure 10. A possible configuration of the base station in the WDM/TDM-PON network
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FUTURE RESEARCH DIRECTIONS

NG-PON systems present optical access infrastructures to support various applications of many service 
providers. Technological improvements of wireless broadband and broadcast technologies will require 
a reliable support in optical access networks. Therefore, appropriate advanced converged technologies 
utilizing the optical transmission medium and wireless transmission can be expected in a near future 
and more reasons begin effect on utilization and implementation of the WDM multiplexing technique 
in converged Fi-Wi passive optical networks.

On the other hand, the NG-PON technology must be able to protect the investment of legacy passive 
optical networks. Therefore, a strong interest for utilization of old TDM equipment in converged Fi-Wi 
passive optical networks is present. Naturally, an expansion of hybrid passive optical networks seems 
to be a practical solution. However, an area of research directions in converged HPON networks is very 
wide and can include e.g. a mutual convergence of technologies between optical metropolitan and optical/
wireless access networks, an utilization of power saving methods for subscriber terminals, an expansion 
of dynamic bandwidth and wavelength allocation mechanism, etc.

CHALLENGES AND OPEN ISSUES

In the near future, a convergence of optical and wireless technologies will be continued. Mobile base 
stations can be backhauled through the hybrid passive optical network and they can be thought of as com-
mon ONT elements. Between the central office and the remote base station will be introduced another 
intermediate node responsible for generation and transmission of control data streams over longer fiber 
distances. Broadband NG-PON networks can be deployed by three main scenarios to address different 
cases with diverse degrees of consolidation – the urban, the passive extended reach and the active ex-
tended reach. With these, also various converged Fi-Wi PON deployments could be included into pos-
sible future extensions. Moreover, a variety of users - residential, corporate/business and telco – must 
be considered. And, therefore, more flexible HPON architectures should be considered.

For practical implementation, there are some open issues. A high importance is dedicated to the 
power saving in long-reach broadband optical metropolitan and access networks and energy efficient 
efforts on both terminal sides in converged broadband converged optical fiber-wireless access networks. 
From this viewpoint, the HPON possibilities with reliable traffic protection provisioning can also play 
an important role. For enhancing broadband NG-PON networks, DSP-based approaches can be utilized 
for flexible per-wavelength rate upgrades and for extending reach of optical metropolitan and access 
systems. The virtualization of converged heterogeneous wireless-optical network with reconfigurable 
OLT elements and ICT infrastructures can be mentioned for supporting wireless and metallic access 
and backhauling solutions and for cloud services, the HPON Network Configurator must be ready for 
incorporation also these future deployments. Therefore, possible HPON deployments can be extended 
with these prospective variations of future broadband NG-PON networks.
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CONCLUSION

With the emerging mobile applications and needs of ever increasing bandwidth, it is anticipated that the 
next-generation passive optical network (NG-PON) with much higher bandwidth is a natural path forward 
to satisfy these demands and for wireless network operators to develop valuable converged fiber-wireless 
access networks. NG-PON systems present optical access infrastructures to support various applica-
tions of many service providers. thus also for emerging applications of advanced mobile broadband and 
broadcast technologies associated with increasing bandwidth demands.

Hybrid passive optical networks (HPON) present a necessary phase of the future transition between 
PON classes with TDM and/or WDM multiplexing techniques utilized on the optical transmission me-
dium – the optical fiber. For developing hybrid passive optical networks, there exist various architectures 
and directions. For proposing reliable and survivable architectures, traffic protection schemes must be 
implemented for various HPON networks. For converging Fi-Wi passive optical networks, an integration 
of optical and wireless technologies into common broadband access network must be considered. We 
focused on a design of converged Fi-Wi PON networks based on the HPON network integrated optical 
fiber and wireless technologies. A main reason for this motivation is that at first a number of operat-
ing TDM-PON networks is even now high and still rising, at second a utilization of installed optical 
infrastructures is maximized for transmission capacity’s increasing and at third an extreme extension 
of wireless technologies between subscribers. a creating the hybrid HPON network can be used as the 
upgrade of old networks in many cases with a utilization of relevant parts of the original infrastructure 
with minimum financial costs and with traffic protection provisioning. Moreover, a consistent transi-
tion from only optical HPON network to the passive optical network with converged fiber-wireless 
technologies is important. Therefore, it is important to identify a right time for creating and building of 
the converged Fi-Wi PON network.

The HPON Network Configurator as an interactive software tool can be used for identifying a right 
time for creating and building of the full-value WDM-PON network. Its main aim is helping users, 
professional workers, network operators and system analysts to design, configure, analyze and compare 
various possible hybrid passive optical networks. This software program can be simply, fast and effec-
tively upgraded for further variations of future broadband NG-PON networks.
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KEY TERMS AND DEFINITIONS

Fi-Wi PON: The converged access network based on the cooperation between optical fiber and 
wireless technologies for connecting more subscriber terminals.

HPON: The hybrid passive optical network with utilization of both TDM and WDM multiplexing 
principles together on a physical layer with assigning different time slots and/or wavelengths for particular 
subnetworks or subscriber terminals.

HPON Network Configurator: The interactive software tool for designing, configuring, analyzing, 
and comparing various possible hybrid passive optical networks.

NG-PON: The next-generation PON as a natural path forward to satisfy demands of ever-increasing 
bandwidth and to protect the investment of legacy passive optical networks.

PON: The access network based on the optical transmission medium with only passive optical com-
ponents locating in the outside environment.

TDM Multiplexing: Sharing a common optical path by various transmission channels in the upstream 
direction assigning different time slots for particular subscriber terminals.

WDM Multiplexing: Sharing a common optical path by various transmission channels in downstream 
or upstream directions assigning different wavelengths for particular subnetworks or subscriber terminals.
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ABSTRACT

With increase in demand of data traffic with no compromise on the underlying quality of service (QoS), 
the coexistence problem arises due to high electricity consumption by the network architecture which 
results in a huge CO2 emission and thereby causing various health hazards. Efficient utilization of the 
resources can reduce the cost of power consumption which will increase the economy-characteristics 
of the network. The resource consumption can be reduced under an intelligent technology-neutral poli-
cies which optimizes the deployment of the network architecture along with their transmit power paving 
the way for fifth generation (5G) in green wireless communications. On another front, the ultra-dense 
deployment of the small cells can increase the frequency reuse factor as well as help in reducing the 
energy consumption. This chapter designs the energy efficient networks while satisfying the underlying 
QoS by joint optimization of available resources depending on the interoperability challenges in ter-
restrial, underwater acoustic, and free space optical (FSO) communications.

INTRODUCTION

This chapter describes a quality-of-service (QoS)-aware energy-efficient network in terrestrial, underwater 
acoustic and free space optical (FSO) communications according to the interoperability challenges in 
their transmission links as shown in Figure 1.
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The demand of data is increasing day by day without any compromise with QoS. For improving the 
coverage of the user equipments (UEs), various works have been done on the deployment of base stations 
(BSs) in cellular networks. Deployment in grid-based network where the shape of the cells is hexagonal 
is less tractable (ElSawy, Hossain & Haenggi, 2013). Placement of BSs based on homogeneous Poisson 
point process (HPPP) and binomial point process (BPP) is realistic (Andrews, Baccelli & Ganti, 2011; 
Srinivasa & Haenggi, 2010), but deterministic deployment of BSs using the distribution of UEs gives 
significant performance enhancement (Su et al, 2014). The power consumption in the cellular network 
is nearly 1% of the world wide total energy consumption (Fettweis, & Zimmermann, 2008). Therefore, it 
leads to a need for an energy-efficient network design for minimizing the operational cost of the network 
while satisfying the quality-of-service (QoS) of the network.

Also, the energy-efficient network design in underwater acoustic networks (UANs) has gained 
significant research interest in recent years (Darehshoorzadeh & Boukerche, 2015). As the underwater 
acoustic channel has large delay and restricted bandwidth in long-range communications. Therefore, 
for satisfying a minimum data rate, it is required to transmit the signal through a relay in a cooperative 
communication by reducing the hop length which also gives an energy-efficient design (Stojanovic, 

Figure 1. Optimal resource allocation in cooperative underwater acoustic, FSO, and terrestrial networks 
while tackling the underlying interoperability challenges
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2007). Thus, this chapter investigates the green network by jointly optimizing the power allocation (PA) 
and relay placement (RP) in a dual-hop UAN where the direct link is absent.

As the optical communication in wireless channel is an alternative of fulfilment of demand of high 
data rate with less power consumption in congested radio frequency (RF) spectrum, this has enforced a 
research interest in free space optical (FSO) communication. The usage of FSO communication ranges 
from home network to satellite communication (Son, & Mao, 2017). However, the range of FSO com-
munication is limited by lots channel impairments due to atmospheric turbulence, pointing error, and 
angle-of-arrival (AOA) fluctuations (Huang, & Safari, 2017). Again, using relay-assisted cooperative 
communication, the link length can be reduced which is also helpful in reducing the channel impairments 
in FSO communications (Saidi, Tourki, & Hamdi, 2016).

BACKGROUND

From the state-of-the-art, most of the works have deployed the BSs and UEs according to HPPP. An-
drews et al. (2011) have evaluated that HPPP is more tractable than conventional grid method for the 
deployment. But it has been shown that BPP is more tractable than HPPP with respect to distribution of 
points and size of the network (Srinivasa & Haenggi, 2010). Placement of BSs based on homogeneous 
Poisson point process (HPPP) and binomial point process (BPP) is realistic (Andrews, Baccelli & Ganti, 
2011; Srinivasa & Haenggi, 2010), but deterministic deployment of BSs using the distribution of UEs 
gives significant performance enhancement (Su et al, 2014). Therefore, in the energy-efficient network 
design, the BSs are deterministically deployed according to the distribution of UEs by BPP.

Mugume et al. (2015) have minimized the operation cost of the network by optimizing the transmit 
power, BS densities, and the deployment factor whereas multiple parameters like transmit power, BSs 
densities, number of BS antenna, and number of UEs per cell are optimized by Verenzuela et al. (2016). 
Peng et al. (2015) have shown that the joint optimization of transmit power and BS density while satisfy-
ing the coverage constraint is converged to a fixed value. Gonzalez-Brevis et al. (2011) have separately 
optimized location, PA and then number of BSs and location. From the state-of-the-art, the joint opti-
mization of placement of BSs, their number and transmit power has not been evaluated.

Liu et al. (2017) and Kam et al. (2014) have designed an energy-efficient UAN by optimizing the 
location of the relays, whereas Babu et al. (2012) have investigated optimal PA. Nouri et al. (2016), Cao 
et al. (2010), and Doosti-Aref et al. (2017) have shown that significant performance enhancement is 
achieved by optimizing the PA and RP in cooperative UAN. Therefore, this chapter designed an energy-
efficient cooperative UAN by jointly optimizing the PA and RP while minimizing the outage probability 
for satisfying the minimum data rate.

In case of cooperative FSO communication, Abou-Rjeily et al. (2014), Sun et al. (2017), and Has-
san et al. (2017) have optimized the power consumption of the network by considering only channel 
fading due to atmospheric turbulence. Abou-Rjeily et al. (2014) and Sun et al. (2017) have analysed the 
energy-efficient network by considering intensity modulation and direct detection (IM/DD), but Hassan 
et al. (2017) have considered coherent detection because of its lots of advantages in the performance 
enhancement. From the state-of-the-art, the joint optimization of power over source and relay nodes in 
a realistic channel is required to be investigated.

The aim of this chapter is to explore the opportunities of design for QoS-aware energy-efficient 
networks in both terrestrial and underwater communications which paves the way for next generation 
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green wireless communications. The interoperability challenges and optimal solution in the design over 
the two networks have been described. In case of terrestrial cellular networks, it has been shown that the 
power consumption can be significantly reduced by jointly optimizing the location of BSs, their density 
and transmit power. Since their joint optimization is nonconvex and combinatorial, the optimal solution 
can be obtained by optimizing the three parameters individually. Whereas, in case of UANs, the joint 
optimization of PA and RP is more challengeable than terrestrial wireless networks due to completely 
frequency-selective nature of the underwater channel in fading, path loss, and channel noise. From the 
recent development, it is discoursed that although the problem is generalized convex, it is complicated and 
not tractable for the optimal solution in continuous frequency domain. Therefore, the chapter describes 
a recently proposed solution methodology where the optimal design has been realized by discretising 
the operating bandwidth into sub-bands because in each sub-band the frequency-selective channel 
behaves like a flat channel. However for large number of sub-bands, the optimal solution faces high 
computational complexity. It is presented using the state-of-the-art that the complexity can be reduced 
by computing the optimal solution using tight near optimal approximation algorithm where the optimal 
solution is realized using one equation irrespective of the number of sub-bands. Finally, the challenges 
in designing energy-efficient cooperative FSO network with its anticipated solution methodology are 
discussed briefly as a future direction.

The rest of the chapter is organized as follows. In first section, the optimal deployment strategy of the 
BSs in a circular field is described. Then it is presented that the optimal location, density and transmit 
power of BSs can be individually optimized for their joint solution. Via numerical investigations, various 
insights on the variation of different parameters on the optimization are realized along with compara-
tive study for the performance enhancement. In next section, the design of QoS-aware relay-assisted DF 
UAN is described using the recent developments. Then it is presented that the optimization problem is 
generalized convex and has global optimal solution which is tractable in discrete frequency domain. In 
following discussion, it is discoursed that the computational complexity can be significantly reduced by 
a tight near optimal approximation algorithm. Via numerical investigation, various insights on optimal 
PA and RP are realized with a comparative investigation of the joint optimization against a benchmark 
scheme. Lastly, the chapter is concluded by summarizing the key take-away points and presenting some 
future research directions.

EFFICIENT ULTRA-DENSE BASE STATION DEPLOYMENT 
FOR QOS-AWARE COMMUNICATIONS

Here the strategies for optimal deployment of BSs have been discoursed in both the scenarios when the 
number of UEs is high and when it is moderate.

Network Topology in the Terrestrial Communication

In the network as described by Prasad et al. (2018), N
U

 UEs are placed by BPP where the BSs are de-
ployed deterministically for the efficient coverage. Intracell and intercell interference are assumed to be 
mitigated by orthogonal multi-access techniques (Andrews, J. G., 2005). It gives the advantage in obtain-
ing the optimal solution with less complexity. The cells over the circular field are generated efficiently 
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without coverage hole using Voronoi-tessellation (Liu, C. H. & Wang, L. C., 2015). Based on that Prasad 
et al. (2018) have generated the cells using the sectoring mk t+  as shown in Figure 2.

Sectoring mk  for t = 0  and mk +1  for t = 1  is differ with respect to absence or presence of a BS 
at the center of the circular field. Initially, the circular field is divided into k  equal sectors each of angle 
θ  and along each sector, m  BSs are placed in their associated cells along the symmetric line of each 
sector. All generated sectors in the circular field are having same properties. Location of the BSs is 
measured from the center which is given as d = ∈{ ; }d i

i
 , where  = − − …{ , , , }1 2t t m  and d

i
 is 

the location of the ith  BS.
The transmit signal over the channel is distorted by a path loss and frequency selective Rayleigh 

fading. The channel power gain is given by h r
n i n i, ,

−α , where α  is the path loss exponent, h
n i,

 is power of 
the channel coefficient, r

n i,
 is distance of nth  UE from the ith  BS. The distribution of h

n i,
 is exponen-

tial with mean value 1. The signal-to-noise ratio (SNR) at the UE is expressed as γ
σ αn i
t n i

n i

Ph

r,
,

,

=
2

, where 

P
t
 is the transmit power, σ2  is the variance of the additive which Gaussian noise, and T is the thresh-

old SNR for detecting the signal. The coverage probability can be expressed as (Mekikis et al., 2015, 
eq. (8)):

P e e fn i
r

T r

P

T r

P

r

nn i

n i

t

n i

t

u i

cov
,

,

, ,,

=

















=

− −

∫
σ σα α2 2

0
,, , ,
( , )
i n i n i
r drdi  (1)

where f r
n i n i, ,
( , )di  is the probability density function of r

n i,
.

Figure 2. Sectoring (a)  :mk N
B

=  for t = 0 , (b)  :mk N
B

+ =1  for t = 1

 EBSCOhost - printed on 2/14/2023 2:28 PM via . All use subject to https://www.ebsco.com/terms-of-use



191

QoS-Aware Green Communication Strategies for Optimal Utilization of Resources in 5G Networks
 

Optimal Deployment Strategy for High Density of UEs

As discoursed by Prasad et al. (2018), when the number of UEs N
U

 in a finite field is asymptotically 
high then farthest UE associated with a cell lies at the farthest point Euclidean distance from the BS. 
Therefore in this case the optimal location of BSs depends on the minimization of farthest point Euclid-
ean distance over all cells which can be expressed as minmax

,d i u i
r . As shown in Figure 3, it can be 

further written as minmax{ , , , , }
d

d l l l
m1 1 2

… . Here l
i
 is the distance of the vertex of the cell from the BS, 

r l l i
u i i i,

max{ , }= ∀ ∈−1 1I � , and r d l
u i i i,

max{ , }=  for i = 1 . The problem achieves the minimum 

value l
min

 at d * , when farthest point Euclidean distance of all cells becomes equal, i.e., 
r l l d i
u i i, min
= = = ∀ ∈

1
 . Using the trigonometric relationship with some algebraic simplification, 

l
min

with corresponding optimal location d *  has been listed in Table 1 for different sectorings. The 
optimal sectoring for a given N

B
 is determined by choosing a sectoring from a given set of sectorings 

which gives the least value of l
min

 as depicted in Figure 4. The range of N
B

 for which a sectoring is 
optimal has been listed in fourth column of the table.

Optimal Deployment Strategy for Moderate Density of UEs

For moderate density of UEs over the circular field, the optimal location of BSs depends on both the 
farthest point Euclidean distance as well as the distribution of area around the boundaries as shown in 
Figure 5 (Prasad, G., Mishra, D. & Hossain, A., 2018). Here for calculation of actual location of the BS, 
first the location is computed for minimizing the farthest point Euclidean distance. Thereafter the prob-
able region around the optimal location is evaluated where the actual location lies. In case of single BS 
deployed at the center of the circular field (cf. Figure 5(a)), the distribution of area around the boundar-
ies is same. Therefore, the probability of lying of farthest UE around the boundaries is almost same. So, 
the actual optimal location d

0,
*
act

 lies exactly at the optimal location d
0
*  which is computed by minimiz-

Figure 3. Deployment of BSs in a sector for t = 0
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ing the farthest point Euclidean distance. For a BS associated with a cell as shown in Figure 5(b), the 
area around the boundaries about the MN axis is symmetric, whereas it is asymmetric about the axis 
PQ. Therefore, if the area 2  around the boundaries is greater than the area 2  then there is higher 
probability that the farthest UE lies on left side. So, for minimizing the farthest UE’s distance from the 
BS, the actual location d

i,
*
act

 lies on left side to the optimal location d
i
*  and vice versa. Here d

i
*  is real-

ized from minimizing the farthest point Euclidean distance of the cell from the associated BS. From 
extensive simulations, it has been interpreted that performance enhancement achieved by deploying the 
BSs based on minimizing the farthest point Euclidean distance is almost same as the deployment based 
on minimizing the farthest UE’s distance.

Figure 4. Variation of l
min

 with N
B

 in each cell for different type of sectoring

Figure 5. (a) Actual location d
0,
*
act

 in a circular field, (b) d
i,
*
act

 in ith  cell for a givenN
B
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SMART POWER CONTROL TECHNIQUES FOR 
OPERATIONAL COST MINIMIZATION

In this section, the number of BSs and PA are jointly optimized for realizing the minimized operational 
cost over the network.

Operational Cost Model

The operational power cost model over a BS is expressed as below (Peng, J., Hong, P. & Xue, K., 2015; 
Liu et al., 2017):

P a P b
BS B t B
= +  (2)

In the above linear cost model, a
B

 is a constant that scales the transmit power which depends on the 
number of power amplifiers, their number, b

B
 represents the power cost due to processing, cooling and 

battery backup. Using equation (2), the total operational power cost is N P
B BS

 which has to be minimized 
for the design of QoS-aware green communication while satisfying the minimum coverage demand of 
the UEs. The numerical results for optimal deployment strategy with minimization of operational 
power cost have been discoursed in the next section.

Table 1. Optimal sectoring *  and the corresponding minimized value l
min

 of max
,i u i
r  for a given 

number of BSs N
B

 at their optimal location d *
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Problem Formulation

As discussed earlier the coverage over the region is determined by the average coverage probability over 
the farthest UE which is expressed as (Prasad et al. 2018, eq. (4)):

P e f r drfar i

T r

Pr

far i far i far i

far i

t
u i

cov
,

, , ,

,

,

( , )=
−

∫
σ α2

0
di  (3)

Here f r
far i far i, ,
( , )di denotes the PDF of farthest UE’s distance r

n i,
. Using the coverage constraint as 

given in equation (3), the joint problem for minimizing the operation power cost by optimizing transmit 
power P

t
, location d , and corresponding number of BSs N

B
 can be expressed as [Prasad et al. 2018, 

eq. (5)]:

( ) : ,
, ,

P0 minimize N
N P B B t B
B t

a P b
d

+



  

subject to

C P ii1 1: , ,,
cov
far ≥ − ∀ ∈ε I  

C N N
B B

2 1 2: { , , , },
,

= …
max

 

C P P
t t

3 0: ,
,max

≤ ≤  

C d d i
i i

4 0: , ,
,max

≤ ≤ ∀ ∈   

Here constraint C1 makes sure that coverage probability over the farthest UE greater than the accept-
able threshold 1−  , where 0 1< � . The box constraints C2 and C3 gives the boundary conditions 
on the transmit power P

t
 and d

i
, respectively. As the problem (P0) is nonconvex combinatorial, it is 

discretized into three individual problems to find the optimal solution.

Optimal Power Allocation

For high coverage demand, the coverage probability given by constraint C1 of problem (P0) should be 
high or the corresponding threshold   must be quite less. To ensure at least 90% coverage or  ≤ 0 1. , 
the coverage probability can be approximated with error less than 0.05% as (Prasad et al. 2018, eq. (7)):

P
T
P

r f r drfar i

t
far i

r

far i far i far i

u i

cov
,

, , , ,

,

( , )� ε1 1
2

0
− ≥ −∫
σ α di ,,∀ ∈i I  (4)
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The percentage error further decreases with the coverage demand. After some algebraic simplifica-
tion, the optimal PA over whole BSs deployed in the homogeneous network can be expressed as (Prasad 
et al. 2018, eq. (9)):

P
T

r f r dr
t i far i

r

far i far i far i

u i*
, , ,

*
,

max ( , )
,

�
ε
σ α
2

0∫







di 




 (5)

Here note that the optimal PA given by equation (5) is a function of acceptable threshold   and the 
optimal location di

* * * *{ , , }= − +d d d
i i i1 1

 which is the optimal placement of the BSs in ( )i th−1 , ith , and 
( )i th+1  cells, respectively. Also, the optimal PA is evaluated for a given N

B
 for which the optimal 

sectoring has been taken from Table 1.

Iterative Scheme for Evaluation of Optimal Number of BSs

As the problem (P0) is unimodal in N
B

 (Prasad, G., Mishra, D. & Hossain, A., 2018), using the com-
puted optimal location and optimal PA in equation (5), the optimization of number of BSs N

B
 can be 

evaluated using Algorithm 1 and Algorithm 2 (Prasad et al. 2018, pages 7, 8).
Using Algorithm 1, the total operational cost is calculated for a given number of BSs N

B
. Here, first 

optimal sectoring *  is evaluated using Table 1, then optimal PA at each BS can be evaluated at their 
optimal locations. Finally using equation (5) the optimal PA is computed for the homogeneous network 
by which the total operational power cost can be computed. In Algorithm 2, golden search has been used 
for the iterative solution of optimal number of BSs N

B
* . Thus, the optimized total operational cost is 

given as N P
B t
* * . The algorithms converges to the optimal solution as the golden search reduces the search 

range logarithmically.

Numerical Results

The default system parameters used in evaluating the numerical results has been listed in Table II. The 
optimization techniques have been compared against a fixed benchmark scheme with setting given as 
N
B
= 35 , P

t
= 4  W,  : k , d

1
250=  m for N

B
≥ 2 ; d

1
0=  for N

B
= 1 .

Algorithm 1. Calculating operational cost function f N
B( )  for a given N

B
 and predefined set of system 

parameters
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In Figure 6, the variation of average coverage probability with P
t
 has been shown which entails that 

the improvement in coverage probability is not much more when the deployed number of BSs N
B
= 2  

instead of 1. But, for N
B
= 3  and 4, significant improvement take place because of large reeducation 

in farthest point Euclidean distance.
The operational power cost minimization using the two deployment strategies has been compared 

in Figure 7. It approves the earlier discussion that deployment based on minimization of farthest point 

Algorithm 2. Iterative scheme to obtain optimal operational cost

Table 2. Default system parameters and their values
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Euclidean distance almost gives the same performance as it can be achieved by minimization of farthest 
UEs distance.

It can be observed in Figure 8 that when the transmit power by the BSs is low then higher number 
of BSs is required for meeting the quality of coverage demand, whereas for high transmit power the N

B
*  

is low. But, the optimized operational power cost is almost same due to the trade-off between the trans-
mit power and number of BSs requirement where the operational cost is the product of the two.

The performance degradation in minimization of operational power cost due to non availability of 
ℵ  number of cells has been depicted in Figure 9. As for low coverage demand, the requirement of 

Figure 6. Validation of coverage probability variation with P
t

Figure 7. Comparison of the two deployment which are based on actual and fixed optimal location
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number of BSs is less, therefore higher degradation take place even when 1 or 2 randomly picked cells 
are not available for the deployment of BSs. Whereas, for very high coverage demand, high number of 
BSs causes negligible degradation in the performance.

In Figure 10, the three optimization schemes, ONB: optimal number of BSs with P
t
= 4W, OPA: 

optimal PA with N
B
= 35 , and the joint optimization scheme are compared against the fixed benchmark 

scheme. The joint optimization always performs better than ONB and OPA. If we compare ONB and 
OPA, initially ONB performs better than OPA, but for very high coverage demand, there is always need 
of high number of BSs where the optimization of PA dominates over optimization of number of BSs. 
In next section, the optimization of PA along with relay location has been studied in a cooperative UAN.

Figure 8. Variation of optimized entities with quality of coverage for a given transmit power

Figure 9. Performance degradation due to non-availability of few cells for deployment of the BSs
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Optimal Resource Allocation in Cooperative UAN

Network Topology

In cooperative UAN, the information transfer from the source   to destination   takes place through 
relay   in two slots: first from   to  , then from   to  . Using the channel model given by Sto-
janovic (2007) and Cao et al. (2010), the SNR received at node j  from the transmit node i  is expressed 
as (Prasad, G., Mishra, D. & Hossain, A., 2018, eq. (1)):

γ α
ij i ij

d

ij
f S f G f a f d N fij( ) ( ) ( ) ( ) ( )= 











− − −1
 (6)

where S f
i
( ) is power spectral density (PSD) of the transmit signal by the node i , G f

ij
( )  is the Rician 

fading power gain, α  is the spreading factor, N f( )  is PSD of noise, a f( )  is absorption coefficient. For 
Rice factor K ≤8000  of the frequency-selective fading channel, the complementary CDF of γ

ij
f( )  is 

given as (Mishra, D., & De, S., 2017, eq. 10):

Pr[ ( ) ]

( )
( )

γ
β

γ

ij

K x
f

f x e ij> =
−

+










A

B
2 1

 (7)

Here  = e Kφ( )2  and  = ϕ( )2
2
K  and the functions φ( )v  and ϕ( )v  is described in (Mishra, D., 

& De, S., 2017, eqs. 8(a), 8(b)).

Figure 10. Comparison of various optimization techniques against a benchmark scheme
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Problem Formulation

In a DF realy-assisted UAN, the end-to-end outage probability in the absence of direct link is expressed 
as (Mishra, D. & De, S., 2017):

p f f df r
out

BW

= + ≤











∫Pr log ( min{ ( ), ( )})
1
2

1
2

0

γ γSR RD  (8)

For minimizing the outage probability given in equation (8) through jointly optimizing the PA and 
RP, the joint problem can be formulated as (Prasad, G., Mishra, D. & Hossain, A., 2018, problem (P0)):

(P1): minimize
S f S f d out

p
S R SR( ), ( ),

, . 

subject to

C d1 : ,SR ≥ δ  

C d D2: ,SR ≤ − δ  

C S f S f df P
B

BW
3

0
: ( ( ) ( )) ,S R+ ≤∫  

Here the constraint C1 and C2 restrict the location of the relay with minimum separation between 
the two nodes is δ . C3 it the constraint on the total power budget P

B
 for efficiently utilizing the avail-

able energy resources. It is shown by Prasad et al. (2018) that p
out

 is pseudoconvex with respect to its 
underlying variables. Therefore, the problem (P1) is generalized-convex which has a global solution.

Equivalent Optimization

As the problem (P1) is intractable in continuous frequency domain (Babu, A. V. & Joshy, S., 2012), it 
is discretized to compute its optimal solution. In discrete domain, the number of discrete frequency sub-
bands n  is large enough such that difference between p

out
 as defined in equation (8) is nearly same as 

p
out

�  given in equation (9) which is expressed as (Prasad, G., Mishra, D. & Hossain, A., 2018, eq. (5)):

p
f

r
out q

n

q q

� � Pr log ( min{ , })
∆
2

1
1 2=∑ + ≤











γ γSR RD  (9)
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In the dual-hop communication, the qth  sub-band of SR  and RD  links are coupled with each 
other. Note that larger the value of n , p

out

�  matches more with p
out

. The received SNR at node j  of ij  

link is given as: γ α
ij i ij q

d

ij qq q q

ijP G a d N f= − − −[ ]∆ 1  in which P
iq

 is the power allocated, S
iq

 is the power 

spectral density (PSD) over the qth  sub-band of the ith  transmitting node, a
q

 is absorption coefficient, 
N
q

 is additive noise, G
ijq

 and c G
ij ijq q
= [ ]  are the channel power gain and its expectation in qth  sub-

band of the ij  link. In each sub-band, each parameter is flat and depends on its center frequency.
As the CDF of a random variable monotonically decreases with its expectation (Mishra, D., De, S. 

& Krishnaswamy, D., 2017, Theorem 1), minimization of p
out

�  in (9) is equivalently can be realized by 
maximization of the mean of the underlying variable

∆f

q

n

q q2
1

2
1

[log ( min{ , })]+
=
∏ γ γSR RD . 

[ ( min{ , })]1
1

+
=
∏
q

n

q q
γ γSR RD  is a jointly pseudoconcave function as the logarithmic transformation 

is monotonically increasing. Assuming that all the sub-bands are independent to each other, equiva-
lently problem (P1) can be written as

(P2): maximize
{ , } ,

( [min{ , }])
P P d q

n

q q q
n q q

S R SR
SR RD

=

+
=
∏

1

1
1

 γ γ  

subject to

C C C1 2 3, , :� ( )P P P
q qq

n

BS R+ ≤
=∑ 1

. 

Here the constraint C 3�  gives the condition on the utilization of power budget. From (Prasad, G., 
Mishra, D. & Hossain, A., 2018), the expectation

[min{ , }]γ γ γ
β

α

SR RD
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B
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q q

q q
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a d
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δ αδSR
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. 

As the problem (P2) is convex due to pseudoconcave objective function and convex constraint, La-
grangian function 

1
 can be expressed as:

L JSR RD1 1
1= + { }














−=∏  min ,γ γ λ

q qq

n  (10)
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Here λ , J S R� ( )P P P
q q

q

n

B
+ −









=

∑
1

. Using the KKT conditions by taking the derivative with respect 

to underlying random variables, along with  , ( )2 2n +  system of equations have been expressed as:

P P c c a D d Q c N
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T c N fa d
q q q

d

q
= −− +( [ ] )β λ α

SR SR

B
BSR∆ 1 1 1  (12b)

V c P a D d c P a d
q q

D d

q

d

q q q q
= − − +− −( ( ) ) ( )SR S SR

B
RD R SR

BSR SRδ α αδ  (12c)

For large value of n , it is quite difficult to solve ( )2 2n +  equations, therefore next a low-complex-
ity approximation algorithm has been proposed.

Approximation Algorithm

In the proposed algorithm, first the optimization is done within a sub-band of the two links for a given 
RP, then the optimization across the sub-bands are evaluated. Finally, the relay location is optimized 
after solving a single equation.
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Optimal PA Within a Sub-Band

For a given power budget along a sub-band P P n
t Bq
= / , γ

q
 is maximized by evaluating ∂ ∂ =γ

q
P

q
/  0  

after substituting P P P
q q qtR S= −  which gives the optimal power allocations P

q
*  and P P

q qqR SZ* *=  across 

the sub-bands, where

Z SR SR RD SR
SR SR

q q

D d

q

dc a D d c a d
q q

� − −
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δ α αδ
1


+
B
B 1
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Optimal PA Across the Sub-Bands

As P P
q qqR SZ= , { }P

q q
n

 =1 can be eliminated from 
1
 which can be expressed as:
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. 

Now the KKT conditions for evaluating optimal PA across the sub-bands are given as:
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It is evident that (15a) is not satisfied by λ* = 0 . So for λ* > 0 , { }*P
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Optimization of RP

Now after substituting (16a) and (16b) into 
2
, the new Lagrangian function 

3
 is a function of single 

variable dSR . By evaluating 
∂
∂

=
L

SR

3 0
d

, optimal relay location dSR
* which is after substitution in (16a) 

gives P
q
*  and P

q
*  can be computed using the relationship P P

q qqR SZ* *= . Here note that irrespective of 

the value of n , the optimal point can be evaluated by solving only one equation.

Numerical Results

The default system parameters for the numerical results are: the operating frequency range is 5 to 15 
kHz, direct link length D = 10  km, location of relay dSR = 5  km, number of sub-bands n = 260 , 
threshold data rate r = 1  kbps, Rice factor K = 3 01.  dB, spreading factor α = 1 5. , and power budget 
P
B
= 100  dB re µ  Pascal. In the benchmark scheme, the uniform PA (UPA), i.e., P P P n

q q BS R= = / ( )2  

is allocated over all sub-bands and relay location is fixed at d DSR = 0 5. .
In Figure 11, the optimal PA (OPA) is compared against fixed PA (FPA) scheme where uniform 

power is allocated at the sub-bands of   or  . OPA always performs better in outage minimization, 
also it can be observed that with lower PA over the sub-bands at the source nodes through FPA, the 
relay location dSR is shifted leftward and vice versa to minimize the outage probability. Also, the per-
formance of actual and approximation algorithm in the outage performance is almost same.

The three optimization schemes, ORP: optimal relay placement with uniform PA across the all sub-
bands, OPA: optimal PA with a fixed relay location d DSR = 0 5. , and the joint optimization always 
perform better than the benchmark scheme as shown in Figure 12. Also, joint optimization outperforms 
compared to the ORP and OPA. Significant performance enhancement is achieved through joint and 
ORP when the assymetricity in the two links increases.

Figure 11. Variation of outage probability with location of relay in fixed power allocation scheme
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CONCLUSION AND FUTURE DIRECTIONS

The design of QoS-aware energy-efficient network in terrestrial and UAN according to the interoperabil-
ity challenges in their communication links has been described in this chapter. In the terrestrial cellular 
network, the total operational power cost can be minimized by jointly optimizing the deployment, PA and 
density of the BSs over the field of interest. In case of UAN, the channel is entirely frequency-selective 
compared to the terrestrial channels. Also, the optimal solution for the joint optimization of PA and RP 
is intractable in continuous frequency domain. Therefore, the solution can be realized by discretizing the 
frequency domain, but for large number of sub-bands in the discrete frequency domain, it is cumbersome 
to solve large number of system of equations. So, a low-complexity approximation algorithm has been 
presented using the recent developments to find the global points.

As mentioned in the introduction section of the chapter that apart from the terrestrial and under-
water networks, FSO networks is also gaining interest in recent developments. However challenges in 
FSO networks for joint optimization of PA over source and relay nodes arises due to fading caused by 
atmospheric turbulence, pointing error, and AOA which will be investigated in future. Also, due to high 
data rate in FSO, the QoS based on limiting the bit-error is suitable for the QoS-aware energy-efficient 
network design. Harvesting energy from the dedicated radio frequency (RF) source(s) has also recently 
grown as a promising technology for practically realizing the goal of perpetually operating IoT networks 
(Mishra, D. & De, S., 2016). Consequently, the smart communication strategies and resource alloca-
tion protocols as presented in this chapter can be merged together with these ones, along with the usage 
of green signal processing techniques (Mishra, D. & Alexandropoulos, G. C., 2018) for multi-antenna 
wireless powered communications, to move towards the goal of sustainable 5G networks.

Figure 12. Performance comparison (in %) of different optimization schemes against a benchmark scheme
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ABSTRACT

This chapter discusses the ongoing work around hybrid access and network convergence, with particular 
emphasis on recent works on ATSSS in 3GPP. Three main aspects are analyzed: policy enforcement, 
integration with 5G QoS framework, interaction with underlying multi-path transport protocol. The 
chapter also provides some preliminary testbed results showing the benefits of ATSSS in the management 
of multiple accesses analyzing some primary performance indicators such as achievable data rates, link 
utilization for aggregated traffic, and session setup latency. The chapter also provides some results by 
considering two examples of realization of ATSSS policies to avoid inefficiency in link utilization and to 
allow the fulfillment of data rate requirements.
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INTRODUCTION

The increasing availability of heterogeneous accesses offers an opportunity for exploitation in order to 
boost network capacity and present new business opportunities as for instance discussed by Raj et al. 
(2010). The exploitation of fixed and mobile broadband (FBB and MBB, respectively) introduces several 
benefits, among those: (i) boosting end-user performance; (ii) load balancing; (iii) network optimization; 
(iv) “always best connected”; (v) session continuity when leaving coverage of one access (i.e., failover).

The exploitation of multiple accesses can be accomplished via different approaches. A first option 
is to exploit the aggregation of multiple available links towards one destination to boost the data rate of 
a session. Available links can be managed at the end-points (i.e., the end-device and the remote server) 
thanks to utilization of transport protocols such as multipath TCP (MPTCP), which is in charge for 
advertising the availability of multiple links and managing traffic aggregation. In this case, the end-
points are unaware of the status of the two networks, and the FBB and MBB links are unaware of the 
aggregation that is performed. Therefore, this limits the opportunities for network operators to optimize 
the traffic within their networks.

In order to exploit in a more effective way the availability of multiple links, another approach is the 
so-called fixed-mobile convergence (FMC), where a service provider is aware of the availability of the 
different links and exploits this capability directly in a coordinated way. FMC enables the possibility to 
deliver any service, anywhere and via any access technology. Given the fact that, historically, FBB and 
MBB networks have been built separately and operated independently, FMC can be realized by exploit-
ing a hybrid access gateway (HAG) considering the terminology used by the Broadband Forum (BBF) 
in BBF TR-348. The HAG is an aggregation point for the traffic from/to the Border Network Gateway 
(BNG) and the Packet Gateway (PGW) of the fixed and mobile networks, respectively, as seen in Figure 
1(a). In this case, an operator managing the two networks is aware of the multiple accesses and, thus, can 
properly manage the traffic across them. In addition to improved user performance, the HAG allows to: 
(i) improve reliability, as traffic can be switched to another access if the performance degrades due to 
either congestion or mobility issues; (ii) enable seamless experience, as a service can now be accessed 
via either FBB or MBB. The latter aspects might also enable rapid service deployment by providing 
services such as high-speed broadband usually delivered via, e.g., fixed access through mobile networks 
in regions where fixed access is difficult and costly (or vice versa). More details on the improvements 
introduced through the exploitation of the HAG are given by Samdanis et al. (2017).

Nevertheless, some limitations are due to the fact that the BNG/PGW nodes as well as the HAG have 
a limited visibility of the network (e.g., layer 1/2 and mobility status is not available) and this limits the 
possibilities for the overall optimization of the end-to-end paths. Recently, the 3rd Generation Partner-
ship Project (3GPP) has been working towards the concept of having a converged core network on the 
road to the standardization of the 5G system architecture, which can be found in 3GPP TS 23.501. This 
solution, shown in Figure 1(b), allows network operators to manage multiple accesses in a coordinated 
way by considering information related to service (e.g., QoS), network (e.g., statistical performance) 
and user (e.g., subscription type). To take full advantage of this feature, 3GPP TR 23.793 introduces 
the access traffic steering, switching and splitting (ATSSS) capabilities within the 5G CN in order to 
optimize and effectively drive the behavior of the network. The goal is twofold: (i) defining ATSSS poli-
cies to map specific services to the access(es) that better support their QoS requirements (i.e., steering) 
and this is of particular importance to effectively deliver services with strict QoS constraints such as 
ultra-reliable low latency communications (URLLC); (ii) guaranteeing reliability for ongoing sessions 
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in case of performance degradation (e.g., due to mobility or congestion) by moving to another access or 
simultaneously using multiple accesses (switching and splitting, respectively). Hence, ATSSS allows 
service providers to apply the best connectivity for optimal network utilization and end-user experi-
ence. In addition, network operators can guarantee consistent performance across the user equipment 
(UE) as all UEs equipped with the same protocol stack will be able to support the same set of ATSSS 
policies. The 5G network architecture has to be enhanced with ATSSS capabilities on both user- and 
control-plane (UP and CP, respectively) in order to support the exploitation of multiple accesses. In the 
CP, new capabilities are needed to generate and enforce ATSSS policies as well as to trigger commands 
(switching or splitting) to drive the utilization of the available accesses. To this aim, new policies are 
needed, containing information about the parameters to monitor in order to trigger, switch or split. The 
UP has to be enhanced with multi-path capabilities that can guarantee session continuity for switching or 
splitting and, in order to support this, the UP has to provide additional performance monitoring on both 
session and access levels. The ATSSS framework needs to be integrated within the ongoing 5G design, 
by means of having an ATSSS policy delivery integrated within network procedures currently under 
definition in 5G. Finally, ATSSS needs to be integrated within the 5G protocol stack and, in particular, 
with the 5G QoS framework to guarantee a proper treatment of the traffic via exploited accesses. The 
aim of this paper is to provide a technical overview of activities on ATSSS in 5G and above mentioned 
aspects will be presented in detail in the remainder of this chapter.

The aim of this chapter is to present the status of FMC activities, focusing on both hybrid access and 
converged CN approaches in order to discuss their capabilities in terms of network configuration. The 
chapter summarizes the state of the art for hybrid access as well as discussing the recent advances by the 
3GPP in supporting the enforcement of ATSSS policies in converged networks. The chapter also analyzes 
the role played by MPTCP in hybrid access and converged core scenarios as well as the improvements 
needed in order to better cope with these approaches. A testbed where a HAG aggregates the traffic of 
a FBB and an in-house commercial-grade LTE network has been developed, the chapter presents some 
results of experiments conducted with such testbed to understand how capacity and latency imbalances 
between FBB and MBB links affect the overall performance when using MPTCP to aggregate the traffic. 
The results also analyze the benefits of FMC in reducing the session setup time, as this aspect has some 
benefits in improving the network utilization and the radio link efficiency. Finally, results will show some 
examples of policies to be used for ATSSS in order to improve the utilization of FBB and MBB links.

Figure 1. FMC with a HAG inter-connecting FBB and MBB (a), FMC with converged core network (b)
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BACKGROUND

Hybrid Access

The BBF is investigating different aspects related to hybrid access with the aim to define and examine 
scenarios, evaluate possible business models, and drive the technical roadmap to align the industry and 
to interwork with other standardization bodies.

The reference architecture to move from non-converged networks towards a fully hybrid access 
network is presented in Figure 2, where a hybrid customer premises equipment (HCPE) offers a coordi-
nated and simultaneous access over different networks via a hybrid access gateway (HAG), which can 
be placed either at the BNG or PGW. To carry the traffic between the HAG and the HCPE, BBF mainly 
considers different transport options: layer 3 (L3) overlay tunneling, L3 network-based tunneling and 
L4 multipath, like MPTCP.

MPTCP is designed with the twofold purpose of improved throughput and resiliency. By building 
upon widely used TCP and having stringent networking compatibility goals, MPTCP integrates well 
into many networks and coexists easily with middleboxes like firewall and Network Address Translation 
(NAT) already in place, which helped to expedite its uptake as for instance described in IETF RFC 8041 
where several “real world” use cases of MPTCP are presented.

Alternative means of hybrid access are being investigated in literature. Samdanis et al. (2017) describe 
several hybrid access use cases and provides a comprehensive overview of the different transport options 
discussed in both 3GPP and BBF standardization bodies, focusing on architectural concepts and review 
the implications in control- and user-plane (CP and UP, respectively) and on the role of programmable 
networks enabled by Network Functions Virtualization (NFV) in supporting enhanced traffic distribution 
schemes. Leitao et al. (2016) focus on the way towards a unified network for policy and QoS conver-
gence, however authors do not mention the hybrid access use case of network convergence. Coninck et 
al. (2016) discuss the benefits of hybrid access in terms of bandwidth aggregation, increased reliability 
and service continuity, with details on the implementation of a carrier-grade MPTCP proxy which allows 
service providers to implement traffic steering policies using the available access networks.

Figure 2. Hybrid Access reference architecture from BBF TR-348
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5G Converged Core

The 5G system architecture is defined in 3GPP TS 23.501, and the main components are depicted in 
Figure 3 which are:

• Access and Mobility Management Function (AMF): It handles registration, connection, reach-
ability, and mobility management, access authentication and authorization.

• Session Management Function (SMF): It handles session establishment, modification and re-
lease, selection of CP and UP functions and configuration of traffic steering of UP entities.

• Policy Function (PCF): It provides policy rules to CP entities to govern the network behavior.
• Unified Data Management (UDM): It includes the User Data Repository (UDR) containing user 

subscription data.
• User Plane Function (UPF): It interconnects the 5G network to external networks and acts as 

anchor point for intra-access mobility. The UPF is in charge for packet forwarding/routing, QoS 
handling and traffic usage reporting.

• Application Function (AF): It interacts with the PCF to implement application-tailored policy 
control.

• Network Data Analytics (NWDA): It generates statistical information about network performance.

The support of untrusted non-3GPP is achieved by means of the Non-3GPP InterWorking Function 
(N3IWF), which extends CP/UP functionalities towards the non-3GPP access with a N2 interface to 
the AMF and a N3 interface to the UPF. The N3IWF allows devices accessing the 5G core through 
non-3GPP access to support non-access stratum (NAS) signaling (i.e., N1 interface). The availability 
of a CP connection via the N3IWF allows the CN to manage a UE connected via a non-3GPP access in 
a similar way as it were connected via 3GPP access thanks to the availability of functionalities such as 
NAS signaling and policy enforcement.

Figure 3. 5G architecture as in 3GPP TS 23.501 with ATSSS capabilities
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ACCESS TRAFFIC STEERING, SWITCHING AND SPLITTING (ATSSS)

Use Cases and Related Benefits

They key benefits of ATSSS from an operator’s perspective are largely around increasing the quality of 
experience for the user. One important use case is improving the experience of using a multi-connected 
mobile device; the main issues are associated with poor throughput and edge of coverage experience, 
and lack of seamless mobility. The typical user behavior to resolve the first two of these issues will be to 
switch off Wi-Fi on the device which will only lead to poor experience later when the WiFi needs to be 
switched back on again. ATSSS offers the potential to improve this experience by combining networks 
to boost the throughput potentially by splitting traffic flows across both accesses. However, not all traffic 
can be given this treatment, either due to latency requirements, where the experience will be better if the 
traffic flow is steered or switched to the best performing network, or due to access restrictions where the 
service is only available on, for example, the local private network, such as a printer.

Another important operator use case is the residential gateway that provides fixed broadband access 
to either a home or business. In some locations, the fixed line speed available to the residential gateway 
is limited. Offering a multi-connected residential gateway with 5G ATSSS capabilities would enable 
the operator to provide a boosted throughput experience similar to that described above, in addition to 
an increase resilience to network faults and fast provisioning.

One key aspect of providing ATSSS in a 5G converged core that underlies both these use cases, is 
that the identity of the mobile device or residential gateway is the same across all access networks, and 
so the same consistent treatment can be applied to traffic such as policy control regardless of access.

ATSSS Architecture

Figure 3 shows one of the approaches being considered in the ATSSS study 3GPP TR 23.793. The 5G 
system architecture is enriched by means of:

• UDR - Access Traffic Steering Switching and Splitting Function (UDR-AT3SF): It holds UE 
ATSSS subscription data for operator service and user profiles, e.g., subscription profiles (prima-
ry, etc.), list of allowed accesses and related priority, access-specific restrictions (e.g., maximum 
allowed data rate).

• Policy Control Access Traffic Steering Switching and Splitting Function (PC-AT3SF): It de-
fines ATSSS policies to drive the behavior of the network. Policies are generated on a UE- and 
application-basis, with the twofold aim of selecting the most suitable access to steer an application 
according to its QoS needs and of effectively exploiting the availability of multiple accesses to 
guarantee adequate QoS for an ongoing session.

• Session Management Access Traffic Steering Switching and Splitting Function (SM-AT3SF): 
It receives policies from the PC-AT3SF and is responsible for ATSSS policy enforcement and ses-
sion management of all sessions between the 5G CN and UE. It can receive traffic usage reports 
from either the UE and the CN and, based on such traffic usage reports, it may send commands 
(e.g., change access or access forbidden) to either UE or CN to optimize ATSSS behavior.
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• User Plane Access Traffic Steering Switching and Splitting Function (UP-AT3SF): It is re-
sponsible for enforcement in the UP of the CN of ATSSS policy rules for downlink traffic. It 
generates traffic usage reports to be sent to SM-AT3SF.

• UE - Access Traffic Steering Switching and Splitting Function (UE-AT3SF): It is the point for 
ATSSS policy rule enforcement for UE-initiated traffic (i.e., uplink direction) and it might also 
generate traffic reports sent via the UP-AT3SF or as CP signaling via N1 (i.e., NAS).

ATSSS Policies

The flow chart related to ATSSS policies is depicted in Figure 4. ATSSS policies are generated by the 
PC-AT3SF. ATSSS steering policies extend the existing UE Route Selection Policy (URSP) framework 
defined in 3GPP TS 23.502 and 3GPP TS 23.503 and contain information such as:

• “App” Identifier: It is used by the packet filter to identify the packets to apply the policy to.
• Default Access: It might also contain information about a specific RAT (e.g., 4G or 5G).
• ATSSS Mode: It may be one of steered, switched or split.
• Criteria: It indicates the criteria to be monitored for the App under consideration. Examples are 

throughput, packet delay budget, and packet error rate. Such criteria are used as thresholds to trig-
ger changes of the access(es) to be used according to the ATSSS mode of the policy.

• Measurement Window: It is the time window used to measure the criteria indicated in the policy.

Figure 4. ATSSS policy generation and enforcement
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Policies are generated with input from the UDR-AT3SF to consider the capabilities and restrictions 
across the available accesses according to UE subscription type. The AF provides the PC-AT3SF with 
application-related input, with focus on QoS parameters.

ATSSS policies are delivered to the UE-AT3SF during UE network registration as an extension of the 
set of URSP policies. In case of UE- or network-initiated ATSSS traffic, related policies are enforced at 
UE-AT3SF, SM-AT3SF and UP-AT3SF during the session establishment. UE-AT3SF and UP-AT3SF 
monitor the criteria defined in the policy to check whether an ATSSS threshold is reached and thus to 
split/switch the traffic as defined by the ATSSS policy.

The SM-AT3SF receives traffic reports by the UP-AT3SF. Additional reports might also be gathered 
from the UE-AT3SF. The SM-AT3SF exploits above discussed reports for session management purposes, 
where ATSSS decisions can be taken to optimize network behavior such as improved balancing mecha-
nisms. Information available at the SM-AT3SF might be enhanced with the availability of access-related 
information from the AMF, to guarantee that ATSSS decisions will consider the current status of available 
accesses to avoid, e.g., switching the traffic to a congested access that cannot guarantee the needed QoS.

ATSSS and QoS Framework and Multi-Path Protocol

The ATSSS protocol stack is depicted in Figure 5. ATSSS works as a middleware in between the appli-
cation and the access-related layers. At the UE, ATSSS policies generated by the PC-AT3SF extend the 
set of URSP rules delivered during the registration phase and are used to configure the packet filter. In 

Figure 5. ATSSS protocol stack
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this way, traffic from specific applications can be mapped as ATSSS-traffic (e.g., App2 in the example 
in Figure 5) and redirected to a layer able to manage the availability of multiple paths (referred to as 
multi-path transport protocol in Figure 5). Filtering can be implemented by considering the 5-tuple 
IP/port source and destination and application ID (or a subset of). When a session is established, the 
SM-AT3SF will be in charge of delivering the related ATSSS rules to the ATSSS configuration entities 
at the UE-AT3SF and UP-AT3SF, which are responsible for properly configuring the management of 
available accesses. A multi-path protocol such as MPTCP can be used to guarantee session continuity 
when switching access or in-sequence delivery in case of splitting.

The ATSSS needs to configure and to inform the multi-path protocol with the following parameters:

• ID (or filtering information) of the connection the configuration refers to.
• Definition of the accesses to be used and related priorities for resilience purposes.
• Capabilities to add/remove access in case an access becomes available/unavailable for an ongoing 

session.

Additional configuration options might also include: selection of the transport protocol type (e.g., 
TCP or UDP), configuration of buffer sizes for each access, configuration of transmission window 
strategies for TCP flows. To implement above listed features, the following information is required by 
ATSSS from the multi-path protocol: access binding, to guarantee the identification of available accesses; 
identification of current sessions at both session and subflow levels.

For ongoing sessions, if needed, the SM-AT3SF can update the ATSSS configuration (e.g., switch 
access). In this case, the update might happen at both UE-AT3SF (via NAS) and UP-AT3SF (via N4) 
and the update is reflected with an update configuration of the parameters of the multi-path protocol. To 
reduce the CP signaling via NAS, the update can be triggered at the UP-AT3SF and the novel configu-
ration might be enforced at the multi-path protocol in the CN and delivered at the UE-side via in-band 
signaling of the multi-path protocol, if this feature is available. This solution might also guarantee a 
quicker re-configuration compared to NAS signaling, as delivered directly with data transfer.

TESTBEDS

The aim of the testbeds presented in this chapter is to create a platform enabling hybrid access over FBB 
and MBB. The testbed depicted in Figure 6 comprises of physical LTE, 4G core network and Ethernet 
links, that provide a realistic setup. In order to conduct an analysis considering performance as in real 
deployments, the testbeds have been configured by taking into account statistical analysis FBB and 4G 
MBB performance in UK provided by Ofcom (2015, 2017).

The testbed consists of an MPTCP-capable HCPE which communicates with an MPTCP-capable 
HAG via an operator which runs FBB and MBB. HCPE and HAG are Linux-based computers with an 
experimental in-house developed implementation of MPTCP. A FreeBSD-based router acts as a com-
mon anchor point for FBB and MBB and connects both networks to the HAG via a high-speed Gigabit 
Ethernet to accommodate traffic from/to both networks.

The HCPE is multi-homed with MBB and FBB interfaces. The MBB link is made via an LTE dongle 
which dials up to an in-house commercial-grade LTE eNB. Traffic from/to the eNB is managed by a PGW 
for the UP traffic and by a Mobility Management Entity (MME) for the control-plane traffic. MBB’s RTT 

 EBSCOhost - printed on 2/14/2023 2:28 PM via . All use subject to https://www.ebsco.com/terms-of-use



218

Managing 5G Converged Core With Access Traffic Steering, Switching, and Splitting
 

is ~53ms, with throughput performance ~20Mbps and ~5Mbps in downlink and uplink, respectively. 
The second interface of the HCPE is connected via Ethernet directly to the FreeBSD router. Employ-
ing the dummynet tool on this interface, we emulate the FBB environment denoted as “up to 76Mbps 
FTTC” by Ofcom (2017), with a RTT equal to ~13ms and average rates of ~70Mbps and ~20Mbps in 
downlink and uplink, respectively.

The HCPE and the HAG act as the end-points in our experiments, hosting the applications used for 
testing. TCP-based traffic is managed by running several applications targeting the transmission of a 
100MB file: scp has been used in both downlink and uplink directions to consider an application with 
a complex session setup mechanism; iperf has been used for HCPE-HAG traffic; wget for HAG-HCPE 
traffic. Network analysis tools such as tcpdump and ifstat are used to carry out measurements over the 
system.

Fixed-Mobile Converge

In this analysis, the aim is to analyze the behavior of FBB and MBB links when using FMC (without 
ATSSS). Figure 7 focuses on the link rate for the cases without FMC (i.e., MBB only and FBB only) and 
with FMC (i.e., FBB and MBB used simultaneously). This analysis shows that, when having FMC, the 
downlink and uplink link rates are ~80Mbps and ~18Mpbs, respectively, meaning that the aggregated 
link rate is not equal to the sum of the link rates of aggregated accesses. Comparing the performance 
of FBB and MBB when aggregated with FMC, the utilization of the FBB and MBB links is reduced 
down to 85% and 82%, respectively, compared to the case when FBB and MBB are used without FMC. 
On average, the impact is more marked in the downlink, which exhibits the highest imbalance between 
the capacity and latency between the two accesses. This is an important aspect to consider when using 
protocols such as MPTCP. This behavior is due to fact that MPTCP has to manage the traffic of two 
links with different capacities and RTTs, and this might have the side effect of reducing the utilization 
of one link if an acknowledgment from another path is missing due to losses or delays. Summarizing 
above results, our testbed shows that FMC effectively improves UE’s performance in terms of data rate, 
but also the imbalances in capacity/RTT of the available links affect the gains in terms of aggregated 
performance and this depends on the transport protocol managing the traffic aggregation.

Figure 6. General setup of the testbed
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One aspect analyzed in our testbed is the session setup time, measured as the time interval from the 
moment the application is triggered to the moment the first data packet is transmitted over the radio 
interface. This analysis allows to understand two aspects: (i) the “waiting” time for the end-user before 
the effective session start; (ii) the utilization of the available links. The second aspect is interesting from 
a network point of view, because session setup is composed of small packets for, e.g., key exchange, 
mutual authentication, and this might impact the overall utilization of the links and especially the spectral 
efficiency of MBB.

From the analysis for scp in the downlink case, the top plot in Figure 8 shows that the session setup 
time for FBB and MBB only cases are ~400ms and ~900ms, respectively. The bottom plot in Figure 8 
shows that in case of FMC the application traffic starts after ~300ms, i.e., both FBB and MBB links can 
be used ~100ms and ~600ms earlier compared to the case without FMC. This behavior is given by the 
fact that also the session setup can happen in parallel via the different links with FMC, i.e., FMC further 
improves the user performance such that the user will be able to start a session earlier than if having a 
single FBB or MBB link. In addition, from a network point of view, FMC allows resources to be used 
more efficiently for the transmission of (possibly huge) data packets instead of being underutilized for 
a long-time interval.

ATSSS

Apart from the in-house built MPTCP implementation, the testbed realises ATSSS-like capabilities via 
numerous newly created software modules, which communicate with each other via control messages. 
A Policy Module to drive the traffic behavior runs on the HAG and enforces policy at both HAG and 
UE, through changing the MPTCP configuration (i.e., priority of accesses). A Measurement Module 

Figure 7. Impact of fixed-mobile convergence on link utilization
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implemented in software on the router performs real-time session-based measurements of the traffic 
from/to each access. These measurements are sent to the Policy Module on the HAG, which monitors 
policy-defined criteria and provides the ATSSS control for ongoing sessions. Such decisions cause 
the Policy Module to reconfigure the behavior of MPTCP at the HAG (i.e., modify the list of access 
priorities), and the updated configuration is delivered at the UE via MPTCP in-band signaling for use 
in uplink control. In the following analysis, the focus on downlink direction, and iperf TCP traffic has 
been used for traffic generation. 

For the first analysis, the following ATSSS policy based on traffic duration has been developed: traffic 
is transmitted initially via FBB, if the network detects that the traffic has been continuously transmit-
ted for 5 seconds, the MBB is enabled and the traffic is split by simultaneously using FBB and MBB. 
The reason behind this policy is the following: different links may be associated to different costs, and 
from an operator perspective it could be preferable to avoid using expensive connections to transmit a 
small amount of data. In our testbed, we considered only one application, in real implementations the 
measurements on traffic duration can be performed with different granularities (also for application or 
application class or on a QoS flow level) and different activation thresholds can be defined.

The results of this analysis are depicted in Figure 10. To analyze the impact of the policy described 
above, the first scenario considered is Case A, where the traffic involves a file transfer of 20MB. In 
case of FMC without ATSSS, both links are used simultaneously since the application is triggered, with 
the remark that MBB link requires ~100ms w.r.t. FBB before being fully utilized for data transfer. As a 
result, the overall file transfer lasts ~2.4s, where both FBB and MBB links are utilized simultaneously 

Figure 8. Impact of fixed-mobile convergence on session setup time
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Figure 9. Fixed-mobile convergence testbed enhanced with ATSSS capabilities

Figure 10. ATSSS policy based on traffic duration
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for the whole duration of the transfer. When considering Case A with ATSSS, the small file size allows 
to use only FBB for the data transfer, which in this case lasts ~3.1s (i.e., MBB has not been activated as 
the traffic lasted less than 5s). Combining the two results, the overall file transfer when using ATSSS 
policy has been extended of ~700ms with the advantage of saving ~2.4s of MBB utilization. Another 
scenario is considered in Case B, where now the file size to be transferred is equal to 100MB. In this 
case, when FMC is used without ATSSS, the file transfers lasts ~10.7s while it is equal to ~11.7s in 
case of FMC with ATSSS policy based on traffic duration. The overall file transfer duration has been 
increased of ~1s, with a reduction of MBB link utilization from ~10.7s down to ~6.7s (i.e., a savings of 
~38% in terms of time the MBB is up). The results in Figure 10 testifies the effectiveness of the designed 
ATSSS policy in avoiding the utilization of MBB link for short file transfers without hardly affecting 
the performance of file transfer.

The following analysis considers the following ATSSS policy based on data rate requirement: the 
network aims at offering a data rate of at least 55Mbps to its users, ATSSS is applied by monitoring the 
performance in terms of link rate of user traffic via FBB and by enabling the MBB link to boost the data 
rate up to the data rate requirement of 55Mbps. For this analysis, iperf has been used with a file size 
transfer of 100MB. In Figure 11, three cases are considered: Case C, the user is able to reach ~70Mbps 
via FBB; Case D, where the user is able to reach ~50Mbps via FBB; Case E, where the user reaches 
~40Mbps via FBB. Above listed cases can be associated to different scenarios: (i) the data rate of FBB 
is affected by the distance of the user from the cabinet (the longer the distance, the lower the data rate 
of FBB due to longer cabling); (ii) FBB performance varies during the day or during the week due to 
increased/decreased utilization; (iii) FBB is affected by a sudden reduction of data rate due to anomalies 
of hardware fault. The results of this analysis are depicted in Figure 11, which shows how ATSSS is 

Figure 11. ATSSS policy based on data rate requirement
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able to boost the data rate for Cases D and thus allowing the traffic to reach the target requirement of 
55Mbps. It is worth to underline that the ATSSS policy is able to understand how much traffic from 
MBB is needed to cope with FBB limitations, thus boosting the traffic with ~10Mbps and ~20Mbps 
via MBB for Cases D and E, respectively. This policy allows a network operator to offer to users high 
data rates even in cases where the capabilities of FBB are limited, without incurring in inefficiencies of 
using MBB for short data transfers (in this analysis, policies on data rate requirement and traffic dura-
tion are jointly used).

FUTURE RESEARCH DIRECTIONS

From the results presented in the previous Section, the following outputs can be summarized:

• FMC allows boosting of UE performance, but the multi-path protocol strategy exploited to simul-
taneously utilize multiple links might limit the gains in terms of aggregated data rate if unbalanced 
capacity/RTT figures are not managed properly.

• FMC can exploit the availability of different accesses to shorten the session setup time, with con-
sequent benefits from an end-user and network efficiency points of view.

• ATSSS policies to drive the access selection for a new session or to change the access for an on-
going session are beneficial for operators to properly optimize the traffic within their networks to 
avoid inefficiencies without negatively affecting the users or to guarantee the agreed requirements.

Supporting policies for ATSSS requires several enhancements. Generalizing the policies presented in 
this chapter, to generate subscriber-oriented policies, the policy framework needs to take into consideration 
information such as subscriber priority, to guarantee that a given subscriber will be served according 
to their profile. In addition, to effectively satisfy session requirements, the policy framework needs to 
retrieve application-oriented policy (e.g., minimum requested data rate, maximum tolerated latency) to 
avoid steering or switching a session to use an access that is unable to satisfy the service needs. This 
aspect is of particular interest in order to effectively support services with strict QoS requirements such 
as URLLC. This also means that information about the ability to satisfy some traffic requirements needs 
to be available at the network side. Once policies are generated and enforced, switching and splitting can 
be used to react to changes such as mobility, access availability and congestion. To enable this capability, 
two components are needed: (i) monitoring of ongoing sessions to allow the network to understand if 
service requirements are currently satisfied by the selected access; (ii) link with UP policy enforcement 
points (i.e., UE and UPF) to enable switching/splitting of existing traffic. These two aspects need to be 
properly investigated, especially regarding the delivery of policies and commands to the UE from the 
network.

Another aspect to consider is the management of multiple links. As shown the experiments of this 
chapter, the presence of links with unbalanced capacity/RTT might result in underutilization of available 
accesses compared to the cases when such accesses are managed without aggregation (i.e., no FMC). 
Nevertheless, even when the links are balanced in terms of average capacity and delays, issues such 
as multi-user multi-link scheduling becomes very relevant in large scale deployments. Although FMC 
should be independent of the transport protocol used to aggregate the available links, effective solutions 
to avoid the reduction of the link utilization when aggregating multiple links are thus beneficial to fur-
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ther boost the performance of FMC. An example on this direction is provided by Wu et al. (2015), who 
investigate the problem of load distribution for real-time traffic over multipath networks and propose a 
goodput-aware load distribution model that takes into consideration path status estimation to accurately 
sense the quality of each transport link, flow rate assignment to optimize the aggregate goodput of in-
put traffic, and deadline-constrained packet interleaving to mitigate consecutive losses. Another aspect 
requiring further investigation is related to the size of data packets, as MPTCP-like solutions might be 
better designed for large packets while other approaches with ideally less overhead should be considered 
for traffic dealing with small-packets, as for instance analyzed by Grinnemo et al. (2015).

A final remark is that FMC should work regardless of the transport protocol type. Currently, MPTCP 
is considered as a possible solution for TCP connections, while further improvements are currently under 
investigation for UDP. Other approaches, such as QUIC, might offer alternative solutions to manage 
multiple links for UDP connections with less overhead compared to MPTCP.

CONCLUSION

This chapter discussed the ongoing activities on convergence between fixed and mobile networks. Dif-
ferent solutions have been presented considering the standardization efforts by BBF and 3GPP, with 
focus on hybrid access and aggregated core network with ATSSS capabilities. On the latter aspect, the 
paper described the further benefits introduced with ATSSS in terms of enforcing policies for traffic 
management in a unified way in both FBB and MBB. Future directions have been identified and dis-
cussed, which can be used to drive the research on this topic.

A testbed has been developed to analyze some preliminary results achieved with FMC, focusing on 
aspects such as link utilization and session setup time when using MPTCP as a transport protocol to 
aggregate FBB and MBB. In addition to boosting end-user performance in terms of throughput, results 
underlined the benefits introduced with FMC in reducing the session setup time, with consequent gains 
in enhancing network utilization and radio link efficiency. The testbed has been extended with ATSSS-
like capabilities, and two examples of policies have been presented: one policy aiming at avoiding the 
exploitation of MBB link for short file transfers, thus avoiding inefficiencies in using expensive links for 
small data; one policy on data rate requirement aiming at boosting the data rate to reach a pre-defined 
rate requirement in case it is not fulfilled via FBB.
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KEY TERMS AND DEFINITIONS

Access Traffic Steering Switching and Splitting (ATSSS): A network capability to configure poli-
cies to statically or dynamically manage multiple accesses, either switching from one access to another 
or simultaneously using multiple accesses.

Hybrid Customer Premises Equipment (HCPE): A device able to simultaneously exploit multiple 
accesses.

Fixed Broadband (FBB): Wired access (e.g., ADSL).
Fixed Mobile Convergence (FMC): A network which is composed of both fixed (e.g., ADSL) and 

mobile (e.g., 3G, 4G, 5G) accesses.
Hybrid Access Gateway (HAG): A network component that inter-connects two networks at the 

level of the border router.
Mobile Broadband (MBB): Wireless access (e.g., 3G, 4G, 5G).
Quality of Service (QoS): A set of characteristics that identify the type of treatment a certain traffic 

should receive in the network.
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ABSTRACT

With the rapid increase in data traffic and high data rate demands from cellular users, conventional 
cellular networks are becoming insufficient to fulfill these requirements. Femto cells are integrated in 
macro cellular network to increase the capacity, coverage, and to fulfill the increasing demands of the 
users. Time required for handoff process between the cells became more sensitive and complex with the 
introduction of femto cells in the network. Public internet which connect the femto base station with the 
mobile core network induces higher latency if conventional handoff procedures are also employed in 
macro-femto cell network. So, handoff process will become slower and network operation will become 
insufficient. Some standards, procedures, and protocols should be defined for macro-femto cell network 
rather than using existing protocols. This chapter presents a comprehensive survey of handoff process, 
types of handoff in macro-femto cell network, and proposed methods and schemes for frequent and un-
necessary handoff reduction for efficient network operation.

INTRODUCTION

Over the last few years, there is a tremendous increase in the ratio of smart phones and tablets etc. As 
a result, the number of users in the network are increasingly aggressively and their requirements of 
bandwidth and throughput are increasing exponentially in recent times. Cisco research group has shown 
a 39 fold increase in the data traffic and throughput demand from year 2009 to 2014 (Reardon 2010). 
Due to this rapid increase in the data traffic and users demand of higher throughput for their multime-
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dia application like video streaming, video conferencing and online gaming etc. Should we keep small 
cells or femto cells? Conventional wireless cellular network was becoming short of resources which 
was severely degrading the QoS of the users. To cope up with these limitations of the network, concept 
of heterogeneous network was evolved which integrates the small cells like femto, micro and pico cell 
in the conventional network and forming multi-tier communication. The next generation wireless com-
munication networks are promising in terms of providing the larger bandwidth and higher throughput 
while assuring the quality of service (QoS) to the users for both voice and different data and multimedia 
services. Femtocell networks provides good quality of services with enhanced throughput to the users 
in the indoor environment with lower cost. Transmitter and receiver deployed closer to the user increase 
the capacity of wireless link as well as it creates dual benefits of better quality of links and more spatial 
reuse of spectrum resources (Liu et al. 2010). So, femtocell is one of the best approaches for the hetero-
geneous convergence networks for coverage area extension and capacity maximization.

A femtocell is a small base station with shorter communication range and low transmit power also 
referred to as home-enhanced NB (H(e)NB). This base station supports fewer users as compared to 
macro base station and employs the frequency reuse concept to enhance the system capacity. Femto 
cells are normally installed indoor to provide communication coverage to the users affected penetration 
losses and low SINR of macro cell signals (Chandrasekhar, Andrews, and Gatherer 2008a). One of the 
most important feature of a cellular communication system is the freedom of mobility but in this system, 
this service will be provided by supporting handoff process also known as handover from one cell to 
another without any interreption. Handoff is the process of changing the frequency, time slot, channel, 
spreading code, or combination of them from one base station to another while communication session 
is in progress. It is often initiated when any user crosses the cellular region or degradation of QoS in 
current channel, Different types of handoff algorithms are investigated by research community which are 
based on received signal strength (RSS), user’s velocity, dwell time, SINR value and users association 
with predefined threshold have been studied in (Halgamuge et al. 2005). The threshold sets a minimum 
handoff criteria for handoff initiation but hysteresis model adds a margin H(hysteresis threshold) to the 
threshold of RSS or dwell time from the serving BS.

The integration of femtocell with conventional macrocell networks is not very simple and easy because 
it leads several types of problems i-e, radius size of femtocell is very small which means, we required a 
large number of femto cells up to several hundred within a macrocell. If a UE attempts handoff between 
macrocell and femtocell then it will experience more severe SINR degradation than UE moving between 
macrocell at the speed. In otherwords, we can say that interference also increases by deploying the femo-
tocells within a macrocell. Interferrence also increase as we increase the femtocells within a macrocell.

An effective and comprehensive solution for these problems may lead towards efficient femtocell 
network operation (Bae, Ryu, and Park 2011). The key advantage of femto cell technology from user’s 
perspective is that, users required no any other equipment for communication setup. Due to this advan-
tage, provision of high data rate and the deployment cost of femto cell is very low increasing the capacity 
of the system. This makes the femto cells feasible for deployment at a large scale which is the ultimate 
objective of this technology (Nasser, Hasswa, and Hassanein 2006) (Akiyama et al. 2003). Femto cells 
are connected with core network through internet broadband backhaul connection whereas macro cell 
are connected with core network through dedicated lines. Handoff time between macro-macro cell is 
maximum up to 100ms whereas handoff between macro-femto cell or femto-femto cell takes more than 
200ms due to longer transmit time required for packet transfer in broadband internet (Dimou et al. 2009). 
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Hence, current handoff procedures defined for macro cellular network will not work well for femto 
cell integrated heterogeneous environment. In conventional cellular networks the standardized legacy 
handoff processes are controlled and executed by the mobile core network (MCN). User equipment 
cache (UE) associated by which macro base station is also a part of this core network. In standardized 
handoff process from one base station to another which is managed by the MCN, it is assumed that the 
latency for handoff process is minimum between the macro base stations connected with the same core 
network (Leung 1992).

Femtocells are densely deployed and integrated with the macro cells cellular network which will 
impact on the architecture of current cellular systems (Zhang and De la Roche 2011). Integration of 
femto cells with the conventional macro cells will make the network structure multi-tier i.e. two differ-
ent communication tiers for macro cell and femto cells would be formed. In these communication tiers, 
macro cell will be served to provide cellular coverage to the mobile users and users at longer distance 
whereas, femto cell is served to fulfill the higher throughput demand of the indoor and comparatively 
static users with service provision of different multimedia applications with short range base stations. 
Although two-tier communication network increases the sum rate of the network and also extends the 
coverage area but topology of two-tier networks also induces some new design challenges, like cross-
tier interference at downlink or uplink of the communication due to the spectrum sharing and reuse at 
both communication tiers.

Handoff between femto-femto cell and macro-femto cell is challenging as it is difficult to find4 the 
most appropriate femto cell among several candidate target cells for optimal handoff execution (Habeeb 
and Qadeer 2009). In femto-femto cell handoff scenario, it is necessary to maintain a minimum neighbor 
femtocell list because it will take much more power for scanning the multiple neighbor femtocells for 
handoff and will cause a significant MAC overhead as femtocell are deployed with high density. Seam-
less handoff is executed if neighboring femto cells coordinates with each other to maintain the effective 
neighborhood list. Large neighbor cell list causes unnecessary scanning for candidate handoff cell and 
takes much longer time for handoff initiation process with selected optimal candidate cell. Neighbor cell 
list should be precise and as short as possible and it also must considers the hidden femto cells so that 
signaling message to large number of neighbors is avoided and network resources are not overburdened 
and utilized efficiently.

In this book chapter, we have thoroughly elaborated the concept of small cell network and its emer-
gence, deployment of femto cells in two-tier heterogeneous network and handoff process in two-tier 
communication network. Handoff decision making criteria and different scenarios of handoff are also 
elaborated in detail. This paper is categorized in four main section. Section-I provides the introduction 
and overview of macro-femto network and enlightens the handoff process and its importance in two-tier 
communication network. Section-II shows the overall management of handoff and its initiation process. 
In section-III different handoff decision making criterias are discussed due to which handoff function 
is induced in the network. In section-IV different handoff scenarios like macro-femto, femto-femto and 
femto-macro cell handoffs are elaborated in detail and different proposed schemes for these handoff 
scenarios are presented. Section-V shows the issues and bottlenecks for handoff process in the network 
and identifies some future research directions to be explored. Section-VI provides an overview and 
concludes the paper in an effective manner.
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HANDOFF MANAGEMENT

In wireless multi cell network, each cell has some communication range which depends upon its cell 
size, communication area and transmission power (Racz, Temesvary, and Reider 2007). If a user wants 
to continue its communication session outside the host cell communication area it must have to handoff 
to the other cell or base station. Handoff is also known as handover and it is a process of changing the 
radio frequency band, time slot, code words or combination of these parameters depending upon the 
employed access technique while session is not terminated (Kim and Lee 2010). The procedure of handoff 
mostly occurs at the cell edge or if the strength of the received signal is low from a specific threshold. 
In femto-cell networks, both inbound and outbound handoffs are executed. Inbound handoff is executed 
from upper communication tier to the lower (i.e. from macro cell to femto cell) and outbound handoff 
is a process of handing-off from lower communication tier to the upper (i.e. from femto cell to macro 
cell). Issues in the femto cell network becomes more critical due to multi-tier communication network 
with large number of base stations having reduced coverage area. In femto cell scenario, handoff can 
occur between femto-femto cell, femto-macro cell and macro-femto cells. Handoff between macro-femto 
cells is more complicated as the user will experience more interference than users handing off between 
macro cells. Femto cell network deployment with overlaid macro cell and their handoff scenarios are 
shown in Figure 1.

A macro cell optimization mechanism is proposed in (Lee et al. 2010) which is based on macro-
pico cells configuration but it focuses on in-bound mobility of user, i.e., from macro cell to pico cell. 
Another handoff mechanism based on femto cell is proposed in (Kim and Lee 2010) which focuses 
on out-bound mobility, i.e., user requests for handoff from femto cell to macro cell. To avoid frequent 
handoffs in multi-tier small cell network concept of umbrella cells is also introduced (Furukawa and 
Akaiwa 1994) . This is the solution for users with high mobility in the small cell network and it covers 
several small cells under its coverage area. Transmission power inside the umbrella cell area is increased 
as compared to the small cells. When user with high mobility or frequent handoff is detected it is handed 
off to the umbrella cell with whom it can stay connected for longer distance and time. Hence, reducing 
the number of handoffs and network load (Furukawa and Akaiwa 1994) (Chowdhury, Jang, and Haas 
2011) (Chowdhury, Jang, and Haas 2010a).

Handoffs process is classified in two types i.e. hard handoff and soft handoff. Hard handoff is also 
referred to as break before make connection in which radio link of the user is terminated from current 
BS and then established with the target BS (either macro or small cell). This process is fast enough that 
call does not drop and user does not observe any disconnectivity. Soft handoff is also referred to as make 
before break connection in which first radio link with the target base station is established and handed 
over and then previous connection is disconnected. In femto cell network, with overlaid macro cell, users 
are prone to uplink interference due to large asymmetry between downlink and uplink signal strengths. 
Soft handoff in femto cell network mitigates this problem as currently deployed symmetric coverage is 
not beneficial in heterogeneous deployment (Balachandran et al. 2012). A cooperative uplink reception 
scheme is also proposed in (Balachandran et al. 2012) which mitigates the cross cell interference by 
employing the virtual soft handoff scheme. If handoff occurs between two small cells or two sectors of 
a macro cell then it is referred to as softer handoff (Chowdhury, Jang, and Haas 2010b). In small cell 
scenario with multiple micro, femto and pico cells in open access mode, handoff occurs very often which 
is hard handoff due to its easy implementation and support in OFDMA networks. These handoffs reduces 
the network performance and induces the signaling overhead. Several handoff reduction techniques like 
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HeNB aided virtual handoff (HaVHO), self-organizing network (SON), HeNB policy function (HeNB 
PF) and mufti-threshold dependency algorithm (MTDA) are employed in small cell network but some of 
these techniques reduces the data rate of the network (Andrews et al. 2012) (Chandrasekhar, Andrews, 
and Gatherer 2008b) (Chowdhury, Jang, and Haas 2010a) (Pantisano et al. 2014). In (Lee et al. 2013) 
author has investigated the fast cell selection in the two-tier small cell network and has compared it with 
the hard handoff. Author shows the significant improvement in throughput of the network depending 
on the backhaul connection. If backhaul connection has large capacity then throughput is high and if 
backhaul capacity is limited then it shows improvement for low bit rate.

Handoff Initiation Schemes

As discussed earlier, there are several handoff reduction techniques like HaVHO, SON, HeNB PF and 
MTDA are employed in small cell network but considering all these schemes, handoff decision making 
process can be divided into three main categories which are centralized, semi distributed and distributed 
handoff scheme. Comparisons of these categories are given in Table 1. Centralized Handoff method is 
also known as network controlled handoff. In this method, network makes complete handoff decision (i.e. 

Figure 1. Dense femto cell deployment with overlaid macro base station and their handoff scenarios
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channel switching, data transmission and network switching). Handoff decision is based on the number 
of users at a particular BS and the received signal strength. This handoff decision at the network level 
have overburdened the network and brought complexity in it. Centralized handoff method is not suitable 
for femto cell network overlaid with macro cell due to the fact that there are many femto cells in a region 
and each cell has to maintain a long neighbor list and handoff signaling is also increased (Hsieh et al. 
2014). Delay associated with this type of handoff process is approximately 1s or 2s (Rappaport 1996).

Semi distributed Handoff method is also known as MS-assisted Handoff. In this handoff method as 
the name MS-assisted indicates, MS makes the handoff measurements and network (MSC) makes the 
decision of handoff based on the received signal strength (RSS) and signal to noise and interference 
ratio (SINR) measurements of MS. Delay associated with this type of handoff process is approximately 
1s (Vrzic and Fong 2004).

Handoff method mostly used in small cells and multi-tier network is distributed Handoff. It is also 
known as MS controlled handoff. In this method, MS measures the RSS and interference from all nearby 
cells and initiates the handoff process, if RSS from a particular cell is higher than the current one by 
a pre-defined threshold value then the MS requests to target cell for allotment of lowest interference 
radio channel. In distributed handoff scheme, each MS is fully authorized for the handoff process at its 
own. This type of handoff schemes are most appropriate for higher mobility and multi cell scenarios. 
Main advantage of this scheme is its short handoff time i.e. 100ms (Dharmaraja, Trivedi, and Logothetis 
2003) (Tawil, Pujolle, and Demerjian 2008). In multi cell scenario, where many femto cells are operat-
ing within the macrocell coverage area, and macro cell may not contain information of all neighboring 
femto cells. Due to which macro cell cannot transfer all the control information to the femto cell. In this 
scenario, MS controlled handoff schemes would be most suitable to measure and decide the handoff 
to a particular femto or macro base station. This scheme is not much efficient in single cell scenario 
because of reliable and efficient centralized handoff scheme, emerging device to device communication 
and sufficient BS resources for handoff process (Yeh et al. 2008). A distributed handoff mechanism in 
small cell network is proposed in (Wu, Chu, and Fang 2013a). In this mechanism, a stochastic election 
process is incorporated for selection of candidate femto cells in handoff of UE. This stochastic election 
process is evaluated by Monte Carlos simulation which efficiently selects the small number of candi-
date femto cells for handoff. Performance analysis shows that distributed handoff mechanism performs 
well as compared to centralized mechanism in dense small cell scenario and induces less uncoordinated 
interference in the small cell communication tier.

Table 1. Handoff decision making categories

Handoff Control Advantages Disadvantages Delay Application Area References

Centralized Fully Network 
control handoff

Not suitable for 
femto cells

1 sec or 
2 sec

Macro Base 
Station (Rappaport 1996)

Distributed
Autonomous, 
Suitable for femto 
cells

Not suitable for 
Macro cells 1 sec Inter Femto Base 

Station

(Dharmaraja, Trivedi, and Logothetis 
2003) (Tawil, Pujolle, and Demerjian 
2008)

Semi-distributed Partially Network 
Controll handoff

Not suitable for 
Inter femto cells 10msec Macro to femto 

Base Station (Vrzic and Fong 2004)
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Handoff process with different scenarios in two-tier communication network and different handoff 
decision making criterias in the network are given in Figure2 which are also elaborated comprehensively 
in the following sections.

HANDOFF DECISION MAKING CRITERIA

Handoff is a feature of mobile communication especially in macro cell femto cell network where users 
moves more randomly and frequently to and from the cell communication area. So handoff is more often 
in this type of network. There are some particular limits and thresholds at which handoff is initiated 
by either network or mobile entity. These handoff criteria are set very carefully and precisely as they 
significantly contributes towards network efficiency. The major handoff criteria in macro cell femto cell 
network are surveyed below.

Figure 2. Handoff scenarios and decision-making criteria
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RSS Based Handoff

This handoff scheme is based on received signal strength by mobile user from different base stations with 
in the area. Each base station keeps the minimum but effective neighborhood list for efficient handoff 
operation. Mobile user receives the signals from multiple base stations in macro femto co-deployment 
scenario and during mobility when user has to handoff to some other base station, it makes the handoff 
decision based on RSS value, i.e. user gets connected to that base station from which it receives the 
strongest signal. It is an effective criterion for handoff operation which does not includes complex cal-
culations and reduces the signaling overhead of the network.

Velocity Based Handoff

Another criterion for handoff operation is based on the speed of the user equipment (UE). This is an 
efficient criteria to reduce the frequent handoff load of the network in small cell deployment scenario. 
In this handoff criteria, decision is based on the velocity of the user, i.e, if UE is moving with higher 
velocity then femto cell would not be considered as a potential target for handoff and if velocity is lower 
than both femto and macro cells would be considered for handoff. It improves the QoS of the user as 
well as the network efficiency.

User Association Based Handoff

Handoff decision is also made based on the association of the user with a particular base station. In this 
criterion, UE maintains the list of neighborhood base stations and when handoff is required it checks the 
RSS and SINR values of neighbor base stations and handoffs to the pre-decided base station neglecting 
that any other base station has higher RSS value in the vicinity ensuring that RSS value of the pre-decided 
base station must be higher than threshold value. This criteria induces the fairness in the network.

Dwell Time Based Handoff

Handoff decision function is also taken on the basis of dwell time which is the time spent by a UE in a 
particular cell for its communication without a handoff. If a dwell time of UE is less for a particular cell 
then handoff will be more frequent. Dwell time of UE is also helpful in measuring the speed of the UE 
which can be further used for handoff decision.

SINR and Available Bandwidth Based Handoff

Noise in the signal received by a UE is another factor which induces the handoff. If the ratio of noise in 
received signal is high and available bandwidth for UE is also low then it will reduce the throughput of 
the user and leads to the inefficient operation of network resources which further reduce the efficiency 
of the system. UE always look for higher bandwidth and higher SINR value to maximize the throughput. 
So we may conclude from this, greater the SINR value, lower will be the handoff ratio.
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HANDOFF SCENARIOS IN FEMTO CELL NETWORK

In femto cell network with integration of macro base station there are three main scenarios in which 
handoff process is executed i.e. macro-femto, femto-femto and femto-macro cell handoffs. These sce-
narios with the existing handoff strategies are thoroughly reviewed in the following sections and also 
illustrated in Table 2.

Macro Cell: Femto Cell Handoff

In this scenario handoff occurs from macro cell to femto cell due to mobility of UE. Handoff from mac-
rocell to femto cell due to user’s mobility is difficult as compared to the two later scenarios due to the 
large number of candidate femto cells in the user’s vicinity and some characteristics of femto cells, e.g., 
access mode, RSS and radio channel availability. In this handoff scenario, communicaion with multiple 
femto cells for handover function and a list of large number of neighboring femto cells and macro cell 
are involved, which may induce a large delay in handoff process and signaling overhead in the network. 
Different schemes and algorithms proposed for handoff in (Wu, Chu, and Fang 2013a) – (Tang, Hong, 
and Xue 2013) are illustrated. A macro-femto handoff scheme is proposed in (Wu, Chu, and Fang 
2013a). This scheme proposes a handoff mechanism based on “Dutch auction” in which MS works as 
an auctioneer and candidate femto cell works as a bidder. Furthermore, a stochastic process is also em-
ployed for electing the bidders so that the number of candidate bidders can be reduced. Link quality is 
improved significantly by employing this scheme but there is no coordination among the neighbor femto 
cells and neighbor discovery is repeated for each handoff process in this scheme. In (Yusof et al. 2014a), 
authors have proposed a mechanism for macro-femto cell handoff for outdoor users which uses context 
information from both network and user for femto cell discovery and better handoff decision. Context 

Table 2. Handoff scenarios in multi-tier femto cell network

Sr. 
No

Handoff 
Scenario Handoff Scheme Related Reference

1

Macro 
cell- 
Femto 
cell 
handoff.

Dutch auction, reactive data bicasting 
HeNB policy finction(HeNB-PF),RSS 
value, Dwell time, multi armed bandit, 
Context prefetching (CoPS), User’s 
velocity,MMNN scheme .

(Wu, Chu, and Fang 2013b)(Yusof et al. 2014a)(Guo, ul Quddus, and 
Tafazolli 2012) 
(Bai et al. 2011)(Ellouze, Gueroui, and Alimi 2011)(Moon and Cho 2010) 
(Singoria, Oliveira, and Agrawal 2011)(Choi et al. 2012)(Roy, Shin, and 
Saxena 2012) (Xenakis et al. 2013)(Cheikh et al. 2013)(Becvar and Mach 
2012) (Wang, Katz, and Giese 1999)(de Lima et al. 2010)(Moreira et al. 
2013) (Chowdhury and Jang 2010)(Shbat and Tuzlukov 2012)(Tang, Hong, 
and Xue 2013)

2

Femto 
cell- 
Femto 
cell 
handoff.

Feedback technique, HeNB aided 
virtual handoff (HaVHO), SON, 
queuing theory, fractional guard 
channel, backbone capacity, dwell 
time, Ant colony optimization(ACO), 
Bayseian estimation.

(Dimou et al. 2009)(Moon and Cho 2009)(Badri et al. 2013) 
(Feki et al. 2013)(Ramanathan 2002)(Lee et al. 2014) 
(Khalid and Kwak 2013)(López-Pérez et al. 2010)(Fan and Sun 2010) 
(Cohen and Levin 2012)(Zhou et al. 2013)(Rath and Panwar 2012) 
(Wang et al. 2012)(Huang 2012)

3

Femto 
cell-
Macro 
cell 
handoff.

Multi threshold dependency alforithm, 
Velocity and QoS, Temporary area 
partners (TAP), Multi egress network 
mobility(MEN-NEMO), dwell time 
and velocity, RSSI.

(Salem and Reguiga 2013)(Qiu and Wang 2012)(Wu 2011) 
(Chowdhury, Bui, and Jang 2011)(Becvar and Mach 2011)(Xiaoying, 
Jingjing, and Zhenchuan 2005) 
(Kwon and Cho 2011)(Chaganti et al. 2013)

 EBSCOhost - printed on 2/14/2023 2:28 PM via . All use subject to https://www.ebsco.com/terms-of-use



236

Handoff Management in Macro-Femto Cellular Networks
 

information includes the candidate femto cells list and their access modes from network side and loca-
tion and speed of the user from user side. Results shows reduced power consumption for outdoor users 
without compromising the QoS parameters. Another macro – femto based handoff scheme is proposed 
in (Guo, ul Quddus, and Tafazolli 2012) which is based on reactive data bicasting. As compared to the 
conventional handoff schemes based on data forwarding which induces a large downlink interruption 
time, data bicasting scheme uses very limited extra network resource in terms of buffer memory and 
reduces the downlink interruption time and avoids the packet loss. In this scheme, when the network 
mobility management entity (NMME) receives a handoff message from the current cell, it determines 
the target candidate cell and asks the source gateway for data bicasting to both source and destination 
end. When handoff process is completed, this buffered data is deleted. Using this data bicasting scheme, 
packet loss is avoided and seamless handoff is executed.

A policy based unnecessary handoff reduction strategy between macro – femto cell is proposed in 
(Bai et al. 2011). In this scheme authors have proposed a HeNB policy function (HeNB PF) for handoff 
which takes into account the user type (authorized or unauthorized in case of CSG), access mode of 
the candidate small cell and current load of the small cell for handoff decision. This scheme makes an 
intelligent decision for selecting the candidate small cell for handoff i.e. if user type and access mode 
conditions are satisfied but radio resource is not available or having low SINR value, it will not select 
that particular cell for handoff and vice versa. Advantages of this scheme are minimization of unneces-
sary handoff, reduction in handoff failure probability, load reduction of shared resources in open access 
femto cell and QoS assurance. Additional computations increase signaling overhead of the system. An-
other macro – femto cell efficient handoff scheme is proposed in (Ellouze, Gueroui, and Alimi 2011) . 
This scheme is based on two factors, first is minimization of connection break time by minimizing the 
number of scanned target femto cells and second is handoff selection decision i.e., weather to select the 
femto cell or macro cell for handoff based on user QoS profile. In this scheme, handoff is decided ac-
cording to the user’s QoS requirements. This scheme reduces the handoff delay as well as balances the 
load among neighboring small cells and macro cell. Another handoff algorithm is proposed in (Moon 
and Cho 2010) for inbound mobility of the user. This algorithm combines the RSS value of serving cell 
(i.e. macro base station) and target femto cell by considering the deviation in their transmit power for 
efficient handoff. Derivation criteria for handoff from these combined RSS values is based on combi-
nation process. This combination process is described by the RSS from macro BS and a combination 
factor which is performed when RSS value of target femto cell is greater than pre-defined threshold. This 
scheme selects the optimal candidate femto cell and reduces the frequency of frequent handoff. Another 
RSS based in-bound handoff strategy for macro/femto hierarchal network is proposed in (Tang, Hong, 
and Xue 2013). In this scheme large asymmetry in the transmit powers of macro cell and femto cell is 
reflected. Handoff decision is made based on this large asymmetry in the transmit power. Simulation 
results shows the improvement in the handoff process for hierarchal network.

A distributed handoff strategy to reduce the unnecessary handoff between WIMAX macro cell and 
small cells is proposed in (Singoria, Oliveira, and Agrawal 2011). Small cells are integrated to minimize 
the shadowed area for WIMAX macro cell. In this strategy, a new CAC protocol is defined which takes 
into account the users mobility, signal to interference and noise ratio (SINR) and available bandwidth 
so that MS executes the handoff process and there is no load on FAP for handoff process. By taking 
all these factor into account, unnecessary handoffs are reduced. Another SINR based multi objective 
handoff solution for macro cell-small cell handoff scenario is proposed in (Roy, Shin, and Saxena 2012). 
Most of the handoff schemes for LTE network are based on SINR. Proposed solution in (Roy, Shin, and 
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Saxena 2012) considers the SINR as well as the available bandwidth for optimal target cell selection. 
Consideration of these factors reduces the failure probability of successful handoff and handoff delay 
time as well as lead to the best cell selection among all available cells. A handoff process is proposed in 
(Choi et al. 2012) which is based on available data volume. For this purpose, a “dwell time” is defined 
which is the duration for which a user stays in a particular cell. When a handoff is desired, firstly a 
dwell time is estimated by MS then it calculates the available data volume for both macro and femto cell. 
Handoff between macro cell and femto cell is performed only if available data volume of femto cell is 
greater than that of macro cell. This scheme increases the total throughput of the system and reduces the 
number of handoffs as compared to the RSS based schemes but it doesn’t works well for high mobility 
users and fairness among the users is compromised. Enhanced ICIC mechanism for interference reduc-
tion is proposed in (Xenakis et al. 2013) which enhances the handoff performance and also maximizes 
the throughput of the network for users of higher and medium level mobility. This mechanism uses the 
multi armed bandit (MAB) method and results of these parameters are checked and verified by 3GPP 
mobility robustness optimization indicators. Result shows improved throughput of the network and 
reduction in the handoff process failure.

An efficient call admission control based handoff algorithm for macro/femto environment is proposed 
in (Cheikh et al. 2013) . Motivation of this algorithm is to provide good quality communication during 
handoff process and reduction of unnecessary handoffs. This algorithm takes into account the UE’s 
direction, its velocity, SINR value and resource availability in selecting the target FAPs list for possible 
handoff. Comparison with conventional SINR based handoff schemes has been done to validate the 
simulation results which shows the improvement in signal quality and unnecessary handoff reduction. 
Another handoff algorithm for macro/femto environment is proposed in (Becvar and Mach 2012) which 
can be implemented for all three macro-femto cell, femto-femto cell and femto-macro cell environment. 
This algorithm triggers the handoff decision based on received signal strength indicator (RSSI), veloc-
ity of the UE and periodic triggering. Periodic triggering parameter with combination of UE’s velocity, 
enforces the MS to handoff to femto cell which offloads the traffic towards femtocell for its maximum 
utilization. Results validates the reduced unnecessary handoff and efficient FAP utilization ratio. Another 
macro to femto handoff scheme is proposed in (Shbat and Tuzlukov 2012) . In this scheme handoff is 
based on policy function of femto cell which specially includes the velocity information of UE and CSG 
access mode information of target femto cells and other parameters like available bandwidth and SINR 
value for optimal cell selection. All candidate femto cells for handoff are evaluated on above mentioned 
parameters and best among all is selected according to the objectives.

A context pre-fetching (CoPS) based handoff scheme for WiMAX small cell environment is pro-
posed in (Wang, Katz, and Giese 1999) . It performs the context retrieval and pre-registration of data 
path before handoff happens in actual to reduce the lengthy handoff preparation phase. Two triggering 
mechanisms (periodic triggering and signal based threshold triggering) in accordance with mobility 
scenarios are also implemented to initiate the CoPS. Approximately 17% improvement in handoff time 
is achieved by employing this scheme but some additional computational overhead is also induced in 
the network. A handoff mechanism based on reducing handoff cost (RHC) is proposed in (de Lima et 
al. 2010) . Objective of this mechanism is to minimize the frequent handoffs and enhance the traffic 
offloading probability of femto cells. RHC uses handoff delay timer to minimize the frequent handoffs. 
Due to this delay timer handoff reduction and traffic offloading ratios are improved and results shows 
the effective achievement of objective. A modified handoff procedure is proposed in (Moreira et al. 
2013) with integration of femto cell in macro cell network. Main objective of this procedure is load 
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balancing among different cells and different communication tiers. This modified procedure makes the 
handoff decision based on number of users in a cell and their velocity. If velocity of the user is lower 
than 30km/h then handoff will be done with femto cell otherwise hand off will be done with macro cell 
to minimize the frequent handoff load. By employing this scheme, better load balancing and QoS is 
achieved as compared to the RSS and dwell time based handoff methods. Another handoff mechanism 
for small and medium scale WCDMA femto/macro cell network is proposed in (Chowdhury and Jang 
2010). In this mechanism, M/M/N/N queuing scheme based CAC strategy is proposed for minimizing 
the handoff call dropping probability and new call blocking probability whereas utilizing the available 
bandwidth efficiently. Proposed scheme takes into account the signal to interference level and user’s 
authentication to reduce the candidate femto cells for handoff. Due to this, signaling overhead of the 
network and size of neighbor femto cells list is reduced. Results shows better performance in terms of 
bandwidth utilization and unnecessary handoff reduction. Comparison among different handoff decision 
making criteria are presented in Table 3.

Table 3. Comparison between different handoff decision making criteria

Sr.
No

Handoff 
decision 
criteria

Advantages Disadvantages
Suitable 

Application 
Scenario

Related References

1

Received 
Signal 
Strength 
based handoff

Optimal target cell 
selection and avoidance 
of unnecessary handoff

Inefficient for users 
with high mobility

Hetrogeneous 
and 
Microcellular 
Network

(Moon and Cho 2010)(Tang, Hong, and Xue 
2013) (Badri et al. 2013)(López-Pérez et al. 
2010) (Rath and Panwar 2012)(Salem and 
Reguiga 2013) (Becvar and Mach 2011)
(Xiaoying, Jingjing, and Zhenchuan 2005)

2 Velocity 
based handoff

Reduced handoff 
execution time, efficient 
FAP utilization and load 
balancing ratio

Enhanced signaling 
and overhead 
and may induces 
interference MUEs

-

(Yusof et al. 2014a)(Cheikh et al. 2013) 
(Becvar and Mach 2012)(Moreira et al. 
2013) (Shbat and Tuzlukov 2012)(Zhou et 
al. 2013) (Wu 2011)(Kwon and Cho 2011) 
(Chaganti et al. 2013)

3 Handoff

Network capacity 
enhancement, better 
utilization of femto cell 
resources and frequent 
handoff reduction

Fairness among the 
users is compromised 
may arise cross-tier 
interference

- (Wang et al. 2012)

4 Dwell time 
based handoff

Enhancement in total 
throughput of the system 
and minimization of 
unecessary handoffs

Inefficient for 
high mobility 
users introduces 
complexity in the 
system and unfair for 
users accessibility

GPRS/ EDGE 
Networks

(Choi et al. 2012) (Fan and Sun 2010) (Qiu 
and Wang 2012) (Kwon and Cho 2011)

5

SINR and 
available 
bandwidth 
available 
handof

Reduced co-tier and 
cross-tier interference 
and best target cell 
selection

Frequent handoffs 
for high mobility 
users and inefficient 
utilization of small 
cell resources.

Hetrogeneous 
Networks

(Bai et al. 2011)(Singoria, Oliveira, and 
Agrawal 2011) (Roy, Shin, and Saxena 
2012)(Cheikh et al. 2013) (Chowdhury 
and Jang 2010)(Shbat and Tuzlukov 2012) 
(Huang 2012)(Xiaoying, Jingjing, and 
Zhenchuan 2005)

6
Fractional 
guard channel 
based handoff

Reduced call drop 
probability for handoff 
calls and improved 
system capacity

Long queue time for 
the new built calls.

Two tier 
Networks such 
as macro-femto 
and interfemto

(Khalid and Kwak 2013)
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Femto Cell: Femto Cell Handoff

In this scenario, handoff occurs from one femto cell to another femto cell due to mobility of UE. Handoff 
decision making process among different femto cells is also difficult due to more than one candidate 
cells. This makes it difficult to select the target cell. Handoff among the femto cells is a slow process due 
to the fact that a message takes about 200ms to transmit via public internet network as compared to the 
macro cell handoff message which takes about 100ms (Dimou et al. 2009). Different handoff schemes 
to minimize this delay and to optimize the handoff process among the small cells are proposed in (Moon 
and Cho 2009)–(Huang 2012) to improve the network efficiency. In (Moon and Cho 2009) author has 
proposed the femto – femto cell handoff scheme based on a feedback technique and air interface existence 
as signaling system. In the feedback technique, target femto cell receives an effective SINR value from 
the UE which helps to enhance the speed of handoff process and air interface allows to exchange the 
priority list of UE made initially to help in handling the handoff process faster and easily. In (Badri et 
al. 2013) authors have proposed a HeNB aided virtual handoff (HaVHO) mechanism in which neighbor 
femto cells exchange the cooperation messages when they receive interference or low signal quality. In 
this mechanism, when a femto cell detects strong interference it requests the neighbor HeNB to relay 
the data traffic for its user without performing a handoff. This relay of the data is referred to as virtual 
handoff and it leads towards handoff minimization.

Another handoff scheme for femto cell network is proposed in (Feki et al. 2013). The proposed scheme 
considers the interference, energy efficiency and user mobility into account for handoff decision process. 
This scheme selects that femto cell as a target for handoff which maintains the minimum channel gain 
for continuity of the service and minimizes the average transmit power of MS by utilizing the standard 
signal measurements. Another femto – femto cell handoff scheme is proposed in (Ramanathan 2002) 
to minimize the unnecessary handoff. This scheme is based on self-organizing network (SON). SON 
estimate the position of UE in a building or particular area by using the position reference signal (PRS). 
Handoff triggering is executed on the basis of above said information which avoids the unnecessary 
handoff intelligently. In (Lee et al. 2014), authors have proposed a femto – femto cell handoff scheme 
based on queuing theory and cell selection algorithm. This scheme maintains fairness among the users 
and minimizes the handover failure if any fault occurs in the femto cell. In cell selection algorithm, UE 
selects the target femto cell on the basis of information of those UEs which have initiated the handoff 
previously. This previously transition flow is described by the cell selection matrix “α”. Queuing model 
is employed to represent the dynamics of femto cell. Drawback of the proposed scheme is that it induces 
signaling overhead by broadcasting the cell selection information by the previously handed off UEs. A 
fractional guard channel based handoff scheme is presented in (Gupta and Deswal 2015). In this scheme 
authors have presented a new call admission control policy which reserves a fractional part of avail-
able bandwidth for handoff calls and also allows the new built calls to utilize the fractional bandwidth 
in addition by a factor “decimal fraction” after a limited queue time. This bandwidth allocation to the 
new built calls reduces the call blocking probability of the network but induces the queue time which 
prolongs the session initiation process for new built calls.

A received signal strength (RSS) based femto-femto cell efficient handoff scheme is proposed in 
(López-Pérez et al. 2010). This scheme is based on the knowledge of neighbor cells. In this scenario, 
each cell has to maintain a minimum but effective neighbor cells list for efficient femto-femto cell 
handoff. This schemes takes the RSS into account and detects the sub channel from both open and hid-
den neighbor cell. Neighbor list maintained for small number of neighbors reduces the scanning power 
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consumption and inclusion of hidden FAPs decreases the handoff failure probability. A handover strategy 
between femto cells is also proposed in (Fan and Sun 2010). In this strategy, proposed algorithm takes 
into account the femto backbone capacity and time spent in femto cell by a particular user “tc”. If back-
bone capacity of the FAP in terms of delay and bandwidth are not satisfied and value of “tc” is lesser 
than “tc threshold” which is defined according to FAP load than handover is initiated. Increase in “tc” 
will decrease the handoff frequency. Another handoff scheme based on optimal call admission control 
(CAC) for small cell network is proposed in (Cohen and Levin 2012). This handoff scheme maximizes 
the network performance for fast growing network applications like adaptive TCP video streaming, video 
conferencing and online gaming. Frequent handoff in small cell environment will effect these applica-
tion due to packet loss in handoff. Earlier complete forward or complete block algorithms were used for 
data packets which were inefficient methods. In this scheme, selective forward algorithm is used which 
employs the elastic forwarding buffer to make the runtime decision i.e. which packet has to be forwarded 
and which has to be blocked to the handed off small cell. This scheme maximizes the throughput and 
minimizes the throughput variance during the handoff process but complexity of the network is increased 
and additional resources are occupied in terms of bandwidth during handoff process.

A fast handoff scheme for femto-femto cell handoff is proposed in (Zhou et al. 2013). Femto cells 
are connected with the core network through public internet and packet transfer through this mode is 
slower as compared to the conventional cellular network. A prefetch-based fast handoff scheme is pro-
posed in (Zhou et al. 2013) which employs the speed of UE as a handoff decision criterion and modifies 
the process of message flow of conventional handoff scheme used in LTE system for prefetching the 
higher layer data to the target femto cell. This makes the handoff process faster without making any 
modification to the system architecture. An automated handoff optimization mechanism is proposed in 
(Rath and Panwar 2012). In femto cell coverage area, there are some special areas where frequent users 
mobility leads to frequent handoff process and some areas are general where mobility does not leads 
towards handoff. The proposed mechanism is based on ant colony optimization (ACO) algorithm which 
differentiates between special area and general area and assigns different hysteresis margins for these 
areas within a femto coverage area. If RSRP of neighbor cell is equal to HM in terms of dBs in special 
area then handoff is initiated. It solves the problem of different handoff parameter calculations for UEs 
of different areas with different mobility and reduces the frequent handoff rate.

A cell association based handoff scheme is proposed in (Wang et al. 2012). In this scheme authors 
have proposed an algorithm for user association by making tradeoff between network capacity and fair-
ness. Based on this algorithm, another algorithm is developed for handoff between the small cells using 
Bayesian estimation. Posterior probability is computed upon this estimation to find the available BSs 
and best one is selected on the basis of coverage for the user. Authors in (Huang 2012) have proposed a 
handoff algorithm for femto cell network in which a new handoff decision parameter is defined which 
combines the femto/energy capacity, SINR, channel nature and user priority. This algorithm balances 
the user load among macro and femto cells while consuming the minimum possible energy and reduces 
the unnecessary handoff.

Femto Cell: Macro Cell Handoff

In this scenario handoff occurs from small cell to macro cell due to mobility of UE. Handoff decision 
making process is simpler as compared to the earlier described two scenarios. There is only one candidate 
cell with the higher power for handoff so comparison and best cell selection overheads are reduced. In 
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mobility management and handoff process call admission control (CAC) is very important, i.e, how to 
execute the handoff process while signaling overhead is kept minimum. In this regard, different handoff 
schemes proposed for femto – macro cell handoff scenario are reported in (Salem and Reguiga 2013) 
–(Chaganti et al. 2013)and also shown in Table 3. In (Salem and Reguiga 2013) authors have presented 
a handoff scheme for TD-SCDMA femto cell network. Based on this scheme author has proposed mufti-
threshold dependency algorithm (MTDA) for call admission control. In MTDA, handoff is triggered 
by interdependent thresholds like RSS, bandwidth availability and access permission instead of RSS 
threshold only which leads to efficient handoff execution and minimizes the unnecessary handoff. A 
scheme based on RSS threshold value has been proposed in (Becvar and Mach 2011). In this scheme 
a procedure for femto hybrid access mode is proposed. In conventional access system, if a non-CSG 
MS comes in femto cell coverage area with handoff request, macro cell avoids the unnecessary handoff 
signaling by the knowledge of femto access list. Proposed procedure depends upon adaptive threshold 
like RSS based on QoS for femto cell access and handoff process which is initiated by femto cell. This 
minimizes the handoff signaling overhead in the network. Likewise, another RSS based intra cell handoff 
scheme to cope up the cross-tier interference is proposed in (Xiaoying, Jingjing, and Zhenchuan 2005). 
In this scheme if a base station either macro or femto detects the cross-tier interference and signal quality 
degradation it can re-assign the power and sub channel resources to the user. This scheme is applicable 
for both closed and open access modes as cross-tier interference is more often in close access mode 
and handoff is more frequent in open access mode. In (Qiu and Wang 2012), authors have proposed a 
hybrid access mode based novel handoff scheme between femto – macro cells. In this scheme feature of 
the femto – macro hierarchal network are utilized with specialized knowledge of dwell time threshold, 
adaptive hysteresis and differentiated treatment and better system performance is achieved. It performs 
load balancing for hybrid access femtocell but fairness is not maintained among the users by this scheme.

In (Wu 2011), the authors have presented a handoff procedure between femto – macro cell in which 
handoff decision is based on the speed of UE and QoS. Speed of UE is categorized in three different 
threshold levels which are below 20km/h, from 20km/h to 30km/h and above 30km/h. For the later two 
cases, handoff is performed with the macrocell without considering the femto cell due to higher user 
mobility. But in the first case (below 20km/h), neighboring femto cells are also considered for handoff 
but users may face the QoS problem due to attenuation in the outdoor signal propagation which can 
cause the failure in the handoff process. Another handoff scheme for femto – macro cell is proposed in 
(Chowdhury, Bui, and Jang 2011) in which energy efficient handoff is performed with low latency. In 
this scheme, concept of temporary area partners (TAP) is introduced by the authors which consists of 
mobile UE connected through device to device communication. This TAP network is used to establish 
the connection with the macro cell by using the S1interface instead of X2 interface which uses the public 
internet as a backhaul connection and it is slow in nature. By using this technique, latency of handoff 
process is reduced up to some extent

An urban environment handoff scheme based on reactive and proactive concept is proposed in (Kwon 
and Cho 2011). Here UE’s velocity and dwell time (time spent by a user in a particular cell) are taken 
into account for handoff decision. Upper and lower thresholds are set for UE’s velocity which decides 
that whether user has enough time to handoff to a femto cell or not. If velocity is high than all femto cells 
are removed from target handoff cell list and handoff is performed with macro cell only. Performance 
analysis shows the improvement in call dropping probability. A handoff scheme for high speed user in 
femto network environment is proposed in (Chaganti et al. 2013). This scheme is based on multiple 
egress network mobility (MEN-NEMO) method which tends to reduce frequent handoff, handoff latency 
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and poor QoS experience to the user. This method is usually used in high speed trains for provision 
of internet. In this scheme two antennas are deployed on the train, i.e, one on the head (engine) of the 
train and second on the tail of the train. They performs their functions alternatively for carrying user’s 
traffic and performing handoff process execution. Multiple egress network interface prevents the users 
from bad QoS service and transient transmission during the handoff process. Simulation results shows 
improvement in frequent handoff reduction by employing this scheme in high mobility environment 
but large computational complexity and continuous neighbor list updating induces signaling overhead.

FUTURE RESEARCH DIRECTIONS

Small cells are deployed to enhance the capacity of macro cell based cellular network. Integration of these 
small cells in the core network with fair resource allocation is a challenging task. For mass deployment 
of femto cells in the hot spot areas, it is necessary to develop some distributed interference. Management/
mitigation and efficient handoff schemes are also used to minimize the frequent and unnecessary hand-
offs while ensuring the QoS parameters of both macro and femto cell UEs. This enhances the coverage 
area and system capacity as a secondary objective. Some already proposed handoff schemes for all three 
scenarios of handoff between macro-femto cells are already elaborated thoroughly in this survey paper. 
Performance or some parameters of these schemes are still needed to be investigated further for optimal 
results. In this regard, some future research areas are highlighted in this section which are given as under.

Handoff Validation and Comparative Performance Analysis

Design and development of simple small cell network layouts doesn’t often replicate their optimized 
deployment in real life implementation. Although some of the existing algorithms for handoff decision 
making are supplemented with built in performance analysis parameters, but validating the performance 
of these HO decision algorithms in real life systems or simulation setups is still a critical issue for femto 
cell network. Beside the independent performance analysis in real environment, comparative perfor-
mance analysis among different HO algorithm should also be carried out. Evaluation of other important 
parameters like data rate, power consumption and interference measurement of the proposed algorithms, 
should be an integral part of femtocell-specific HO decision algorithms.

CONCLUSION

With the emergence of new technologies and increase in the users and their data demand, network structure 
has been shifting towards multi-tier and heterogeneous network and small cells have been introduced. 
In this survey paper, handoff process with its types, proposed methods and schemes for minimization of 
frequent and unnecessary handoffs are discussed thoroughly as handoff process becomes more frequent 
and complex in the two-tier macro-femto cell networks. All three scenarios for handoff, i.e, macro-femto, 
femto-femto and femto-macro are elaborated in detail with handoff decision making criteria. In the later 
part of this survey paper, future research directions and challenges are also highlighted for motivation 
for future work to be done in this area of research.
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KEY TERMS AND DEFINITIONS

Femto Cell: A femtocell is a small base station with shorter communication range and low transmit 
power also referred to as home-enhanced NB (H(e)NB). Femto cells are normally installed indoor to 
provide communication coverage to the users affected penetration losses and low SINR of macro cell 
signals.

Handoff Process: Handoff is the process of changing the frequency, time slot, channel, spreading 
code, or combination of them from one base station to another while communication session is in progress.
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Hard Handoff Process: A hard handoff is a handoff technique used with cellular networks that 
requires the user’s connection to be entirely broken with an existing base station before being switched 
to another base station.

HeNB: Femto cells which are normally installed indoor to provide communication coverage to the 
users affected penetration losses and low SINR of macro cell signals.

Macro Cells: A macro cell or macro site is a cell in a mobile phone network that provides radio cov-
erage served by a high-power cell site (tower, antenna or mast). Generally, macro cells provide coverage 
larger than microcell and femto cell.

Small Cells: A broader term of femto cell which is more widespread in the industry is small cell, 
with femto cell as a subset. Micro cell is also included in small cells.

Soft Handoff Process: A soft handoff is a technique in which a cellular user is switched to another 
base station before broken the connection with an existing base station. In this technique, call of user is 
not disconnected when a user switches from one base station to another.
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ABSTRACT

This chapter discusses the most recent solutions for accelerating mobile data delivery, focusing on the 
different issues for achieving this goal. These issues include the efficiency of mobile data offloading and 
in-network caching. By characterizing different offloading options from the aspect offloading efficiency, 
dynamically offloading cellular traffic onto cost-effective options is able to achieve great performance 
gains. On the other hand, with concerns on tightly coupled dependency on original data sources, mobile 
users could easily suffer from the scarcity of content object resources. Researchers further account for 
the possibility of decoupling content availability dependency from original content sources. And a key 
enabling factor could be the recently emerged technology (i.e., in-network caching) whereby the emerging 
information-centric networking (ICN) performs its critical functionalities. Coupling ICN with mobile 
cellular network could be an attractive solution in order to resolve the tension between the tremendous 
growth of mobile content traffic and backhaul bottleneck.
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1. INTRODUCTION

This chapter discusses the most recent solutions for accelerating mobile data delivery, focusing on the 
different issues for achieving this goal. The objective of this chapter is to review in detail these issues, 
which include the efficiency of mobile data offloading, the impact of in-network caching on the allevia-
tion of ever-growing mobile content demands, incentives of how these techniques could contribute to 
5G research and finally the challenges in bringing the concept into reality.

Mobile data offloading enables to dynamically deliver much of the cellular traffic through comple-
mentary wireless technologies. These techniques utilize cost-effective options to provide ubiquitous 
connectivity for mobile Internet access. Various open research areas where mobile data offloading will 
show great efficiency are explained. This includes the eNodeB or base station (BS) offloading that 
makes use of existing cellular infrastructures (i.e., BSes), the Wi-Fi and Femtocell offloading that deploy 
cost-effective facilities (i.e., access points), and device-level offloading (i.e., device-to-device (D2D) 
offloading) that utilizes end users’ equipment (e.g., smartphones and tablets, etc.). Offloading efficiency 
are discussed to show the effectiveness specific operation regimes can achieve.

There are great concerns on tightly coupled dependency on original data sources, and mobile users 
could easily suffer from the scarcity of content object resources. Typical examples are P2P-like content 
delivery networks, where end users (or user devices) are both consumers and contributors. By addition-
ally accounting for such issues, researchers further account for the possibility of decoupling content 
availability dependency from original content sources. And a key enabling factor to achieve such goal 
could be the recently emerged technology, i.e., in-network caching, whereby the emerging Information-
Centric Networking (ICN) performs its critical functionalities.

Coupling ICN with mobile cellular network could be an attractive solution especially for the 5G 
network (Cao, 2015; Zhang, 2017), in order to resolve the tension between the tremendous growth of 
mobile content traffic and backhaul bottleneck. The implications of in-network caching on network 
efficiency are discussed, highlighting various approaches focuses on the different issues for enhanc-
ing the mobile data offloading efficiency. These approaches include independent in-network caching 
scheme and cooperative caching approach. Some of the main challenges and incentives are elucidated. 
The chapter finally summarizes there research efforts and provides an overview on the mobile content 
delivery enhanced with offloading coupled with ICN techniques.

Service providers aim to provide pervasive connectivity nowadays, whereby service velocity could be 
substantially improved by enabling services at the network edge. Researchers as well as service providers 
have commonly agreed that offloading along with in-network caching enables great performance gains 
for the above two goals. And the following discussions in this chapter are based on the two aspects.

The rest of the chapter is organized as follows. Open research issues with mobile data offloading are 
discussed in Section 2. Section 3 elucidates the most representative approaches of in-network caching 
for mobile content delivery, followed by Section 4 wherein incentives and challenges are concerned. 
And the chapter is summarized in Section 5, wherein conclusions are also made.
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2. MOBILE DATA OFFLOADING OPEN RESEARCH ISSUES

Cellular traffic data has been observed a dramatic increase globally. The proliferation of mobile device 
(e.g., smartphones, tablets) plays a key role in such massive growth, largely driven by the popularity 
of online social networking services. In fact, end users are more than ever in huger for data-intensive 
applications, e.g., video streaming, etc. However, it is commonly believed that the cellular capacity 
is being overloaded already and advanced cellular technologies (4G, LTE) cannot scale up enough to 
satisfy such appetite (Cisco, 2017).

To ease the pain of carriers’ concerns on constrained mobile networks, a cost-effective approach is 
to automatically offload cellular data traffic onto small-cells (e.g., Femtocells) and WiFi networks via 
complementary network technologies (Andrews, 2012; Suh, 2016; Zeydan, 2016). With offload, an op-
timal network available is selected (e.g., examined and chosen by the mobile device), and the subscriber 
is automatically connected and authenticated. Mobile offload enables to free up cellular resources espe-
cially in high-traffic venues, e.g., city centers and airports. And the ubiquitous connectivity demanded 
by customers can be supported by offloading techniques with fast downloading speed. The focus of 
this section is on mobile data offloading open research issues. The most representative approaches are 
discussed, including pros and cons.

2.1 Wi-Fi Offloading

According to Cisco reports, more than half of total mobile data traffic was offloaded through WiFi or 
Femtocells in 2016 and will reach 63% by 2021 (Cisco, 2017). WiFi offers high data rates with low cost 
that normally works on unlicensed spectrum. And hence, there is no interference with existing cellular 
networks. WiFi offload has been recognized by the wireless industry as an effective as well as economi-
cal approach to satisfy growing customer demand for mobile data.

Actually, mobile network operators have deployed a number of WiFi access points (AP) (Suh, 2016; 
Zeydan, 2016), such as AT&T, Vodafone and Orange. The integration of WiFi into the mobile network 
is becoming essential so as to maximize the benefits of both. As illustrated in Figure 1, by offloading 
cellular data onto WiFi networks, such as content (or video) data and even voice services, more network 
capacity is able to be added in an affordable and flexible way. Customers are enjoying good service 

Figure 1. A simple illustration of WiFi offload paradigm
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experiences as well, such as desirable downloading speed and better voice services especially indoors. 
In fact, most WiFi-enabled mobile devices are designed to favor WiFi connections whenever available.

Integration of WiFi networks with the mobile core will become the mass-market business opportunity 
for upcoming 5G network operators. Clearly, it is a strong trend that 5G and Wi-Fi will be integrated 
into one service. Incentives for WiFi offload are mainly driven by the following well-known factors.

• Cost-Effectiveness: To accommodate adequate data service, many more base stations (BSs) or 
access points are required. Compared to costly BSs deployment (e.g., expensive real-estate cost), 
carrier-class WiFi deployments allow to save massive capital cost for mobile operators, up to 40% 
on network CAPEX according to Ref. (Aptilo, 2013).

• Smart-Driven Devices: The widespread WiFi-capable devices favor WiFi networks when avail-
able. And these smart devices are capable of choosing the best network available intelligently and 
dynamically. The intelligence in the devices enables to constantly measure the connection quality, 
and to actively interact with mobile core to make connection shift decisions.

By enabling Wi-Fi access with mobile core integration, WiFi network can be treated as an alternative 
Radio Access Network (RAN), with full mobility. Offloaded data traffic is backhauled to the mobile core 
through GPRS Tunneling (GTP) protocol. With this approach, WiFi traffic is treated as mobile broadband 
and service operators can have complete control over subscribers’ connection to WiFi networks. This 
means that the existing cellular policy control or charging mechanisms can all be applied. Therefore, 
personalized services over WiFi networks are able to be offered with enhanced customer experiences. 
This may require to integrate policy and charging with the Wi-Fi service management system as well.

2.2 Small Cell Offloading

Unlike WiFi, small cell (e.g., Femtocell) operates on licensed spectrum via a low-power cellular base 
station with low-range coverage (radius up to 10 m). In comparison, the macro-cell is controlled by the 
base station with wider range (radius up to 30 km) and higher power, as illustrated in Figure 2. Since the 
same licensed frequency band is shared by both small cell and macro-cell, no additional physical sup-

Figure 2. Small cell offloading illustration
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port is required at the side of user equipment, such as a WiFi radio unit. However, there is interference 
between Femtocell and macro network, and between nearby Femtocells, as well.

As a typical example, Femtocell is designed as a solution to offer better voice and data services (An-
drews, 2012) for poor indoor performance limited by macro-cell. With backhaul, Femtocell connects 
to the mobile network operator usually through broadband Internet connection (e.g., cable modem or 
DSL). Femtocells are usually deployed by customers, and macro cell BS does not have to actively oversee 
Femtocell BS so this is practically suitable for large deployment. Therefore, femtocell is considered to 
be energy-efficient and of high security.

With small cells offloading, cellular data traffic is diverted onto small cell BS via wireless access 
points, which is similar to WiFi offload. However, due to different broadband frequencies adopted, they 
differ in the following aspects.

• Operators Guaranteed Service Quality: Since small cells operates on licensed spectrum same 
as cellular networks, operators can have full control over the traffic and offer premium services.

• Interference: Since the same spectrum channels are shared between macro and small cells, coor-
dination between them is needed to mitigate such conflict.

Often, small cells and WiFi work together especially in locations with high traffic demands, such as 
dense metro areas (e.g., airports and city centers), with small cells more frequently deployed outdoors 
and Wi-Fi indoors. The marginal cost of deploy a WiFi access point or a small cell is very low, so it is 
feasible to have Wi-Fi built-in modules for small cells.

2.3 BS Offloading

With locally cached popular contents, the potential of utilizing existing cache facilities at RAN is expected 
to satisfy users’ demands more efficiently. Specifically, cache-enabled BSs (or evolved NodeBs, eNBs) 
play key role in data offloading at RAN (Golrezaei, 2012). Many research works have exploited RAN 
caching at eNBs that have shown great efficiency on traffic load reduction at mobile core (Zhang, 2017).

Figure 3. A simple example of BS offloading
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BSs offloading provides desirable service experiences for customers, and enables to effectively al-
leviate backhaul congestion issues with intelligent content placement planning. Content objects are often 
split into data chunks that can be delivered via different paths to the requestor. As will be discussed in 
Section 3, eNBs are required to be equipped with content-aware functionality if equipped with the in-
network caching capability (Zhang, 2017; Koponen, 2007; Jacobson, 2009). As such, eNBs or BSs are 
capable of intercepting and caching passing-through data items.

Figure 3 illustrates a simple example of eNB (or BS) offloading paradigm, wherein cache-enabled 
eNBs are incorporated at RAN. Without caching capability at eNB, content requests generated from 
user equipment (UE) have to reach far into the Internet through mobile core network (CN), where the 
content provider (CP) located. As compared, UEs can be satisfied locally at eNBs with great feasibility 
if the demanded data items are fully (or partially) cached. And hence the backhaul traffic is considerably 
alleviated given ever-growing UE demands on mobile data.

For example in Figure 3, assuming that the content object is requested at UE side, which is originally 
delivered from CP by splitting into several data chunks. Suppose eNB A has cached several chunks of 
the content object. Mobile users subscribing to eNB B request for the content object. Instead of fetching 
all content chunks from the original source, content demand could be partially served locally by nearby 
eNB A alternatively, via coordination between eNB A and eNB B.

BS offloading can be highly effective if the local eNB has knowledge of caching states at nearby eNBs 
(Zhang, 2017). To facilitate such capability, coordination between adjacent eNBs needs to be enabled, 
which can be realized through the X2 interface (Rangan, 2012). With cooperation, service providers are 
able to achieve the following performance goals as compared to independent BS offloading.

• Lower access delay for customers without resorting to further remote source CP
• Elimination of potential bottlenecks on backhaul links
• Reduction on cache redundancy among cache-enabled eNBs

It is commonly believed that a transformed mobile base station (e.g., BS offload-enabled) can greatly 
relive the hunger for computational capacity and meet the needs for robust networking.

2.4 D2D Offloading

Cellular offloading via device-to-device (D2D) communication can be a particular enhancement tech-
nique for data distribution in 5G networks. Different from other offloading options dependent more 
or less on cellular infrastructure, direct communication between UEs in proximity is enabled without 
use of the mobile network facilities. By forming into a device-to-device (D2D) networking group, UEs 
operate as ad hoc relays in the following two ways: a) either to connect to non-congested BSs (Andreev, 
2015; Lin, 2014) or b) to cooperatively download the content. By concept, the BS unicasts original data 
items of the content to a selected group of UEs, which then multicast them to each other over local ad 
hoc networks using multi-hop cooperation.

Due to the opportunistic communication nature with D2D, non-real time content delivery is often 
offloaded for delay-tolerant networks. And D2D in 5G may even allow for better service experiences, 
in terms of decreased communication latency and higher downloading rate with reduced energy con-
sumption. Possible applications are thus driven by user proximity, such as social networking and local 
exchange of information (e.g., advertisements and vehicular communication between smart cars). In 
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particular, D2D networking could be a key enabling factor in the support for national security/public 
safety in case of not-spot network coverage area, where local connectivity is provided by devices at least.

D2D links can operate either on licensed bands or unlicensed bands. Unlicensed band D2D protocols 
operates on WiFi-direct or bluetooth are without network control, while protocols on licensed bands are 
with the help of cellular networks. With network-assistance, a centralized infrastructure (e.g., orches-
trated by BSs) assists and controls the operation of D2D communication (Andreev, 2015; Lin, 2014).

For example in Figure 4, network control is applied when D2D shares with cellular the same licensed 
spectrum bands. With network assistance, device discovery is managed by the controller. The D2D link 
quality effect can be detected by the smart device locally, which is then reported to the serving control-
ler (e.g., BS) when an offload mode shift need is detected. In comparison, with unlicensed spectrum 
adopted, D2D links can be established without centralized control. However, the discovery process can 
be very time and energy consuming in this way.

In fact, mobile devices are becoming smart capable of decision-making on switching between dif-
ferent access types (e.g., Wi-Fi or cellular). However, with network-assistance, customers could experi-
ence benefits especially on minimizing energy consumption and accelerating device discovery (Fodor, 
2012). And operators can also gain from such functionality for concerns on traffic management, policy, 
charging and security, etc.

With network control, D2D communication could achieve potential gains as the following.

• Energy and Time Consumption Gain: D2D paring and device discovery could be significantly 
improved with the assistance of network infrastructure, e.g., BSs. For example, the scan for other 
wireless technologies can be avoided, the transmission and reception of discovery signals can be 
synchronized to save UEs frequent information exchange.

• Capacity Gain: By enabling spectrum resources sharing with cellular networks, the network 
capacity can be greatly improved with spectrum efficiently shared among multi- concurrent D2D 
links. By confining radio transmissions to the D2D connection, even higher spectrum reuse gain 
can be achieved as compared to LTE small cells.

• Data Rate and Latency Gain: High peak rates can be achieved when devices in proximity and 
actively engaged in data propagation. Since devices communicate over a direct link, the end-to-
end latency may be reduced as compared to cellular communication, while a busy BS can be the 
bottleneck.

Figure 4. An example of cellular offloading via D2D communication
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With D2D offloading, cooperation among mobile devices can be made within a single hop range 
or to multi-hops extent. However, one hop cooperation proves to be computationally efficient. And a 
tradeoff between delay and offloading extent exists, which proves to be NP-complete. To boost perfor-
mance gains, D2D offloading bundled with BS offloading can significantly alleviate traffic pressure 
over cellular networks.

2.5 Mobile Data Offloading Efficiency

An efficient offloading approach is able to maximize the offloaded cellular traffic volume with im-
provement on performance gains, in terms of access delay, user data rate, network capacity and energy 
consumption, etc. The criteria is tightly coupled with each other and tradeoffs exist between one or two 
metrics as discussed previously. And thus a discussion on specific performance metric is meaningless 
without account for careful designs on the following operation process.

• When to Offload: Such issue has been discussed previously with respect to specific offload tech-
nique. To efficiently offload traffic from cellular networks, the key issue is to manage seamless 
shift control between different offload options, especially in a heterogeneous network scenario 
with various options co-existing (e.g., WiFi, small cell, BS and D2D offload). Such shift control 
can be performed by smart devices locally, or assisted by cellular infrastructure to save more 
energy on devices. When the delay users can tolerant is beyond a threshold, an offload shift will 
be triggered. In particular, the interworking of two options, such as WiFi offload integrated into 
cellular networks, will offer great performance gains. Meanwhile, when there are multiple offload 
options available, some level of strategy is need to hierarchically shift to a favored offload mode. 
Such strategized operation can be assisted by cellular network, so as to achieve energy and com-
putation efficiency.

• Where to Offload: This could be a concern particularly with D2D offload. The rational is that 
a group of D2D candidates needs to be selected prior to commencing D2D communication ses-
sions, wherein the original data is delivered to the group via cellular communication. However, 
how to choose such target UE group can be a challenge with concerns on tradeoffs between desir-
able service experiences and network performance gains. With network assistance, the BS can 
help to choose a set of user devices identified as target-UEs. The optimal UE-set selection proves 
to be an NP-hard problem (Han, 2012). Typical target-set selection algorithms are well-known 
as Greedy, Heuristic and Random algorithm. If mobile users actively participate in delivering 
content data, the performance among different set selection algorithms is not very significant. As 
such, a simple Random algorithm is effective enough to achieve desirable performance benefits.

• What to Offload: While alleviating traffic load from cellular networks, BSs and D2D offload need 
to consider what to offer to customers from their local cache. To intelligently provide such func-
tionality, BSs and target-set UEs can be equipped with in-network caching functionality, which 
will be discussed in detail in Section 3. With such in-network replica intelligence, BSs (or target-
UEs) are capable of intercepting passing through popular contents and selectively making cache 
decisions. When content items are pushed to UE level, the BS would assist D2D systems to select 
content items (Andreev, 2015). For instance, top popular content data items could be pushed by 
the BS to the target-UEs, a) by off-line operation with pre-selected content catalog, or b) by on-
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line procedure managed in real-time the push-decision, which could rely on the demand history 
recorded at the BS. As such, data items cached at a BS is able to serve subscribed customers, and 
users would be benefited from nearby UEs with local caches for direct data delivery via D2D com-
munication. Details regarding this part will be elaborated in Section 3.

3. IN-NETWORK CACHING FOR MOBILE CONTENT DELIVERY

The incentives of mobile edge offloading (e.g., BS offloading, D2D offloading, etc.) could be enhanced 
greatly by the capability of ICN-based caching technologies, whereby caching at the core or edge net-
work in 5G-based network environments can be supported by sophisticated caching mechanisms at the 
device-level.

Offloading along with in-network caching technologies are among the most popular solutions for 
enabling efficient multimedia content delivery services. Such a feature will substantially increase the 
network efficiency when more and more end users become actually mobile users with smartphones, 
and thus will substantially improve the service in future 5G environments, given that mobile data will 
substantially dominate in future content distribution applications.

3.1 A Brief Survey on Information-Centric Networking

As the rapid growth towards the popularity of content distribution applications, end users are more car-
ing about the content itself that can be obtained from the Internet. Consequently, tremendous overlay 
traffic can be incurred over the network due to users’ appetite for data-intensive applications. In fact, 
the cellular networks is already overloaded especially by the mobile data traffic (Cisco, 2017). On the 
other hand, substantial access burden at the content provider side can be increased considerably due to 
their limited uploading bandwidths capacity, compared to the massive data demanded.

In order to provide more efficient content delivery, ICN (Koponen, 2007; Jacobson, 2009) has 
therefore emerged as an optimized method to relieve the above issues through caching inside network 
elements, e.g., at cache-enabled eNodeBs. A key feature of ICN is to deploy in-network caching that 
content objects can be cached within the network for local access by future interested clients, so as to 
alleviate the content access burden from the content provider’s side. Namely, caching is deployed in ICN 
as an inherent network capability rather than an overlay service as conventional caching promoted, e.g., 
the Web caching or the CDN caching.

Generally, in-network caching policy can be categorized as two main types (Alimi, 2013; 2011; 
Rossini, 2012): independent and coordinated caching. With independent caching, individual network 
elements make their own caching decisions based on local information. Within this scope, a caching 
everything everywhere policy is generally utilized (Jacobson, 2009), whereby the concept is to cache 
every data item retrieved at all network devices along the delivery path.

However, given the limited capacity of network devices in comparison to the large number of content 
overlay traffic, the management of content distribution among the device side, or the in-network caching 
is crucial. Some researches thus promote content distribution among intermediate nodes in a selective 
way (Psaras, 2012), by taking into consideration some local information, such as cache capacity, in the 
caching decisions.
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Coordinated caching (Guo, 2012; Cho, 2012; Ming, 2014), on the other hand, requires network 
elements to make caching decisions in a coordinated manner by sharing their state of local caching 
information with each other, in order to provision the cache capacity more efficiently and thus improve 
the network efficiency as well as users’ perceived service quality.

In the following subsections, the main ICN architecture is presented to give an overview of how in-
network caching operates. Different caching policies will be elaborated and compared in the next section, 
followed by a more detailed discussion on the concerns of caching efficiency.

3.1.1 Overview of the ICN Architecture

Next, the most representative ICN architecture is introduced by describing its main components to give 
an overview of the operation of an ICN-deployed network before bringing out in the next section its 
main idea of in-network caching.

Several architectures regarding the ICN concept have been proposed (Koponen, 2007; Jacobson, 2009; 
Ain, 2009; Ahlgren, 2010), among which Ref. (Jacobson, 2009) is the most representative paradigm 
that introduced content-centric networking (CCN) paradigm. The main components of a CCN node 
include a content store entity, a pending interest table (PIT) and a forwarding information base (FIB), as 
shown in Figure 5. The Request Packet Process and the Data Packet Process are key functions wherein 
in-network caching is involved.

Figure 5. ICN architecture overview
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• Request Packet Processing

A data consumer, having access to the Internet via an access point (or network element) A in Figure 
5, requests for a content object located next to D by broadcasting its interest over all available connectiv-
ity, e.g., via A-B-D and A-C-D in Figure 5 (the interest can be decomposed as several interests for small 
data chunks that constitutes the content object). Any intermediate network element along the delivery 
path can intercept the interest and locally serve it if it has a replica cached at the Content Store entity. A 
longest-match lookup on the Content Name in the Interest packet will perform the cache check. Otherwise, 
if the interest matches one of the PIT entries, simply the Interest’s arrival face will be recorded and the 
interest will not be forwarded upstream. Such operation is referred to as the interest aggregation so as to 
avoid repeated forwarding and to reduce traffic redundancy. If no matches can be found at PIT entries, 
the Interest packet would be forwarded upstream towards the source data if there is a matching FIB entry, 
and a new PIT entry is created for this Interest and also its arrival face. Otherwise, the Interest will be 
simply discarded if there is no match at all, since such interest could arise from malicious behaviours.

• Data Packet Processing

The Data packet retrieving is relatively simple as compared to the Interest packet processing. The 
Data packet simply follows the symmetric reverse path of the PIT entries back to the requester as il-
lustrated in Figure 5, e.g., via D-B-A and D-C-A. Only a PIT match along the delivery path can enable a 
caching decision upon an arrival of a Data packet. The reason is straightforward, since a Content Store 
match only means a duplicated data and thus the Data packet is discarded. A FIB match occurs when 
there is no PIT match, and it can arise from a malicious behaviour, and thus the Data packet is discarded 
as well. In particular, based on the CCN paradigm, each content chunk is cached at every cache along 
the delivery path, referred to as the caching everything everywhere policy. Such universal caching can 
certainly achieve a high caching performance in terms of desirable cache hits at individual caches due 
to its aggressive caching for each incoming content chunk. However, huge cache redundancy can exist 
since duplicated caching exist in the whole network. Besides, cache operational cost can as well arise 
due to great cache evictions incurred for each new incoming chunk. These issues will be discussed in 
detail in the next subsection.

It should be noted that in-network caching is a key feature in the context of ICN, which differentiates 
it from traditional caching schemes, such as the Web caching or CDN caching that deploy the caching as 
an overlay service. Rather, the ICN deploys caching as an inherent network capability in order to enable 
more efficient content distribution and achieve network efficiency. Henceforth, the understanding of the 
in-network caching is important to help to have an in-depth understanding of device-level mobile data 
offloading. Next different in-network caching policies are elaborated and detailed comparisons are also 
dicussed, in the purpose of providing a hint to design an optimal caching policy.

3.2 In-Network Caching Approaches

The motivation of in-network replica is to effectively alleviate the problem of increasingly constrained 
mobile networks through device-level data chunk caching. This technology has been introduced to op-
timise core network resources, and also to achieve better Quality of Services (QoS) including reduced 
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content access time as well as end-to-end transmission delay. Researchers have explored intelligent al-
gorithms and mechanisms for content chunk caching according to specific content delivery application 
characteristics such as content availability/popularity, as well as end user behaviours including group 
join/leaving and mobility patterns (Zhang, 2015). Optimised chunk caching and replacing algorithms 
are designed at the device level in order to best utilise the content caching resources.

Next, the in-network caching polices are elaborated to provide a general understanding. Note the caching 
policy is orthogonal to the cache replacement policy and thus the two can operate separately. Generally, 
in-network caching policy can be categorized as two main types: independent and coordinated caching.

3.2.1 Independent In-Network Caching Scheme

Within the scope of independent caching, individual network elements independently make caching deci-
sions based on local information, without awareness of caching state of others. The main representative 
approaches in this scope can be categorized into two groups: the universal caching approach (Jacobson, 
2009; Rosensweig, 2009; Arianfar, 2010), and the selective caching approach (Zhang, 2015; Psaras, 2012).

• Universal Caching: As shown in Figure 6, the caching decision is made solely based on local 
information. Network elements randomly (or aggressively) caches incoming chunks if none of 
the incoming chunk has been stored at the cache currently (Jacobson, 2009; Rosensweig, 2009; 
Arianfar, 2010). And if the cache is fully occupied, cache replacement policy will be adopted to 
make room for the new one, which will be discussed later. In this way, each data item of the con-
tent object can be cached everywhere within the delivery scope as shown in Figure 6. It should be 
noted that such caching policy makes caching decisions locally without awareness of duplicated 
caching elsewhere or content diversity property, e.g., chunk popularity degrees associated with 
different content objects.

Figure 6. An independent caching overview
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• Selective Caching: Based on the universal caching approach, the network cache resources are not 
efficiently utilized, especially given the limited cache capacity at individual network devices. As 
a result, an aggressive caching can easily result in cache redundancy. Towards this end, efficient 
caching approaches are proposed (Zhang, 2015; Psaras, 2012).

A simple example of selective caching is a fixed rate caching decision approach (Arianfar, 2010) 
And its caching logic is performed uniformly over the network element with a fixed probability for 
every incoming content chunk. For example, if the probability is set at 0.5 for each incoming chunk to 
be cached, each cache will store approximately half amount of the demanded content object at some 
point when the network is stable. As such, a certain cache space would be released for upcoming content 
chunks and the cache redundancy could be reduced to a certain level. Intuitively, higher set of the fixed 
probability value imply higher cache hits due to more chunks to be cached. And the probability equals 
to one based on the universal caching, wherein severe cache redundancy will be triggered.

Some research works are more concerning the issue of where to cache. They suggest to deploy in-
network caches at some selected localities, such as inside access networks rather than at every cacheable 
network device (Katsaros, 2011), in order to localize overlay traffic to reduce mobile core network traffic 
and also to achieve the performance improvement of end users as well.

However, what to cache is not a big concern with in-network caching approaches as discussed above. 
And a simply universal caching policy is usually adopted. However, more strategized caching approaches 
(Zhang, 2015; Psaras, 2012) emerged aiming to achieve more efficient content distribution across the 
network. These policies concerns more about the content object features. Specifically, content popu-
larity/availability (Zhang, 2015), and context information at local (e.g., the cache capacity and cache 
locality) are taken into account to make caching decisions. With the consideration of cache capacity, 
content chunks tend to be stored at relatively larger caches along the delivery path. In case of multiple 
same size caches as candidates, the one located in proximity to requesters will be preferred. As such, 
the content access latency will be reduced and the network resources can be more efficiently managed, 
especially in the heterogeneous caches network scenario. For instance, if caches in Figure 6 all have 
identical cache capacity, more popular content chunks will be cached at network devices closer to the 
consumer side based on this strategized caching policy, e.g., more chunks would be cached towards to 
cache A rather than at cache D.

3.2.2 Cooperative In-Network Caching Scheme

However, a certain level of duplicated caching can still exist even if a carefully selective caching policy 
is adopted. The main rational is that there is no context information exchanged between individual caches 
regarding their cached contents. And the lack of coordination among caches can also result in the case 
that a request unable to be served at a cache would be forwarded towards the original source, while the 
demanded data is cached somewhere near to the cache already.

In the purpose of eliminating the cache redundancy so as to achieve more efficient in-network cach-
ing, a few research works have been engaged in the context of coordinated in-network caching efforts 
(Zhang, 2017; Cho, 2012).

A key enabling factor of coordinated caching is cooperation among neighboring caches. By concept, 
network elements within the same community (e.g., e.g., caches along the same delivery path or network 
devices nearby) are able to share with each other caching status. This includes context information, such 
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as the popularity degree of incoming content chunks and the list of cached contents. As such, content 
demands could be served in a whole neighborhood range rather than at a single cache. With awareness 
of such context information available, caches can leverage it when making caching decisions, such that 
cache redundancy can be further reduced.

Generally, coordinated caching enables significant improvement on caching performance in mainly 
two ways. Firstly, cache hits could be greatly increased by forwarding requests to nearby caches. And 
thus the access burden from content providers can be relieved considerably. And secondly, the coordi-
nation operation allows caches to be aware of cached states within the overall neighbours, such that a 
duplicated caching can be avoided.

Take an example in Figure 7 for the illustration of a simple coordination scenario with two objects 
traversing, content object a and b, respectively. Each content object is divided into five data chunks of a 
unified size. And the cache size is denoted as the number of chunks, assumed to be a five-chunk capac-
ity. Assuming a case wherein neighbouring caches of one-hop distance coordinate with each other via 
caching status sharing and requests serving. For individual network elements, either a universal caching 
or a selective policy can be adopted. As shown in the figure, neighbouring caches are able to hold diverse 
content chunks due to coordination.

However, network devices beyond one-hop distance can still hold the same chunks, such as cache A 
and D, or cache B and C, since it is beyond the communication distance. If the cache redundancy in a 
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Figure 7. A simple coordinated in-network caching illustration
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= = % . As compared with non-coordination caching approaches, where-

in the cache redundancy intensity can be up to 100% based on a universal caching policy, while a reduc-
tion of 67% at least can be achieved under coordination in this case.

Theoretically, the ideal performance gains could be achieved when neighbouring caches exchange 
the whole list of cached contents, so as to completely avoid duplicated caching. However, the signalling 
overhead can be another concern. Thus a trade-off exists between the goal of cooperation (maximising 
the diversity of cached items) and the performance goal of minimizing the access latency.

3.2.3 Cache Replacement Policies

When the cache is fully occupied, a cache replacement policy needs to be adopted to evict cached data 
chunks. In comparison, cache replacement is orthogonal to caching policy, and thus the two can operate 
independently without affecting each other’s decisions. Generally, there are two main eviction policies, 
known as the LFU (Least Frequently Used) and LRU (Least Recently Used). Based on these two eviction 
policies a combination of a Least Frequently and Recently Used policy is also implemented (Lee, 2001). 
A more simplified eviction policy known as the RND (random replacement policy) is considered as an 
efficient replacement policy especially for ICN in (Arianfar, 2010), due to the line-speed consideration 
in ICN caching operations and a RND is easy to implement in practice to make ICN scalable.

LFU is the eviction policy to remove the item in the cache with the smallest number of accesses. 
However, such eviction policy is hard to be implemented in practice in constant time. In Comparison, 
LRU is a relatively simpler policy easily implemented in practice as compared to the LFU. It replaces 
items that are so far have not been accessed in the longest time. LRFU is a combination of LRU and 
LFU, which leverages between these two eviction policies to promote the most benefits of both. A weight 
value is associated to each chunk to weigh its preference degree for staying in the cache, wherein a con-
stant parameter allows for a trade-off between recency and frequency. Chunks with the lowest weight 
value will be evicted. A simple random eviction policy (Rossini. 2012), however, is proved to be able 
to perform fairly well to achieve desirable performance gains.

3.3 In-Network Caching Efficiency

The caching efficiency is essentially associated with the following performance aspects: cache hits, 
cache evictions, and cache redundancy.

• Cache Hits: Are important to evaluate a caching policy, which is often expressed as a ratio that 
refers to the fraction of requests served at a cache for a given amount of time. Intuitively, a cach-
ing-everything-everywhere policy enables high cache hits due to its aggressive caching. However, 
it can suffer from low caching efficiency due to its data-insensitive caching nature. In compari-
son, a more strategized caching policy takes into account important context information so as to 
perform intelligent caching decisions’ making. Typical examples are (Zhang, 2015; Cho, 2014; 
Ming, 2014) based on content popularity and routing information, such as distance-aware caching. 
As such, popular content items tend to be more frequently served at caches, and latency can be 
reduced due to demanded data stored at closer caches. If coordination is further enabled between 
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adjacent caches, cache hits can be further improved due to the possibilities for serving content 
requests are increased to larger scale. Namely, requests unable to be served locally re forwarded to 
nearby caches that may store the demanded data (Zhang, 2017; Cho, 2012).

• Cache Evictions: Are also important to expresses the efficiency of a caching policy. The op-
erational cost for a cache is mainly attributed to cache evictions. And thus high cache hit ratio 
along with low number of cache evictions usually defines the efficiency for a caching policy. 
With the universal caching, high cache hits do exist based on evaluations of Ref. (Zhang, 2015). 
Nevertheless, severe cache evictions are incurred at the same time due to its content-blind caching 
strategy. As compared, a more selective caching can reduce huge cache evictions owing to its in-
telligent content-aware caching decision. It promotes more popular data items to be cached while 
less unpopular caches are discarded or evicted. With coordinated caching policy, cache evictions 
can be further reduced as compared to the independent selective caching. The rational is the cach-
ing knowledge shared via coordination cooperation among adjacent caches. As such, unnecessary 
evictions can be avoided if the to-be-cached popular data items are already cached nearby.

• Cache Redundancy: Is the metric that can measure the efficiency of the management of network 
resources. As shown previously, the cache redundancy refers to the intensity of data replicas dis-
tributed over the network. From the network’s perspective, a low cache redundancy is expected to 
more efficiently utilize cache resources. However, huge cache redundancy can be incurred under 
a universal caching as dicussed previously as shown in Figure 6. Although a selective caching can 
reduce a certain level of the cache redundancy by taking into account some context information 
(e.g., the locality of the cache, or the popularity degrees of content items), cache redundancy still 
exists under such caching strategy among network elements due to their independency on caching 
operations. In comparison, coordinated caching can greatly reduce the cache redundancy. With 
awareness of neighbouring caches’ caching states, duplicated caching can be avoided. However, 
concerning the signalling scalability, an exchange of a full list of content items among adjacent 
caches can be costly in terms of communication overhead. On the other hand, the coordination 
scope among caches can be enabled in various scales that may achieve different performance re-
sults. However, by enabling neighbouring caches with one-hop distance coordinating with each 
other, the performance gains are sufficient enough (Zhang, 2017; 2015). A more strategized con-
sideration promotes selecting caches with the most connection degrees in the network, which are 
engaged in coordination with their nearby caches (Wang, 2013). The rational behind this is that 
caches with high connection degree can have great potential to serve more requests from nearby 
nodes.

4. INCENTIVES AND CHALLENGES

Largely driven by the alleviation of cellular traffic load on networks, mobile data offloading can offer 
improved network capacity, lower cost and desirable user data rate. These benefits provide incentives 
for customers to remain connected on the cellular network, most of the time. With offload, the potential 
incentives include:

• Minimal changes to existing network protocols and interface, by avoiding costly deployment, i.e., 
dependence on expensive real-estate cost.
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• Assured service quality in a simple way with regard to deployment.
• However, new challenges are implied mainly in the following aspects:

 ◦ Interference Management: It is one of the challenges for D2D offload, when devices oper-
ates in the same band as cellular communications. For example, interference will happen 
when two adjacent devices share the same band but access to different networks (e.g., one 
with D2D mode and the other with the cellular network). Due to the coexistence of D2D and 
conventional cellular, harmful interference can be caused. Two types of interference can be 
invoked: a) cellular-D2D user interference and b) D2D-D2D user interference. By adopting 
some power control strategies performed by BS in a centralized way, the cellular-D2D can be 
relieved. And operations managed by devices in a distributed manner can alleviate the D2D-
D2D interference. However, how to design an effective and efficient strategy has always been 
a major challenge (Lin, 2014; Han, 2012).

 ◦ Mobility Management: Since mobile data is offloaded from mobile networks that naturally 
supports seamless handovers for users in mobility, it is important to maintain service con-
tinuity with offload cases. However, the challenge is how to efficiently handle the mobility 
management in a heterogeneous access network scenario, i.e., in case of multiple offload op-
tions available (e.g., WiFi/small cell, BS, D2D offload). Some strategized offload shift poli-
cies need to be designed to make efficient decisions, such as to identify the right time to initi-
ate the shift and to trigger optimal selections on the most appropriate interface. Meanwhile, 
due to D2D natures, high latency and signaling overhead are some of the major issues (Lin, 
2014), especially with energy concerns that devices can be out of battery quickly when 
served as relay. With account for offload efficiency, desirable service continuity becomes 
challenging for users in mobility.

 ◦ Security and Privacy Issues: As in D2D communication, since the user data is transmitted 
through other users’ devices, the security and privacy become crucial which must be main-
tained. The BS can work as a trusted party that is responsible for authentication of the relay-
ing devices and proper encryption on data, so as to maintain the privacy of the users. Without 
intervention of BS, devices have to establish trust based on local knowledge that can be vul-
nerable to malicious attacks, which is an open research problem in this case (Tehrani, 2014).

By taking advantage of network-assistance, concerns discussed above could be greatly relieved, 
e.g., by adopting the key generation and distribution mechanisms already available in mobile networks. 
However, the centralized fashion with the network-control incur concerns with issues inherently with 
such operation, such as communication overhead and network scalability.

Key techniques of in-network caching are discussed previously, in the hope of providing hints on the 
design of efficient offload paradigm. However, remaining challenges still need to be addressed in order 
to design an efficient in-network caching policy in a cellular network.

• Trade-Off: Between users’ perceived service quality and the network efficiency. From a con-
sumer’s perspective, it is ideal that every content demand can be served. While from the network’s 
perspective, a desirable caching policy should be more selective rather than aggressive, so as to 
efficiently distribute diverse contents among caches with limited capacities. As such, more popu-
lar content items tend to be cached and served by intermediate nodes while less popular content 
items are discarded and may only be reached from original sources. With content items suffering 
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from availabilities at original sources, access latency could be increased for end users. Hence, the 
trade-off between users and the underlying network is one concern worth noticing.

• Communication Overhead: Is one major concern in such coordination deployment. In order to 
keep caches to be updated, network elements need to periodically exchange information on their 
locally cached data items, in order to avoid unnecessarily duplicated caching between nearby 
caches. As a result, potentially huge information will be incurred for exchange. Bloom Filters 
(BFs) (Liu, 2012) are one technique effective for aggregating information on cached data items in 
signalling between coordinated caches in order to achieve scalability.

• Cooperation Scope: Another research issue concerning how far in the neighbourhood caches 
should search. Most researches keep cooperation at one-hop scale. The main purpose is to ensure 
the access latency at a demanded level with an accepted cache redundancy. Thus a trade-off exists 
between the goal of cooperation (maximising the diversity of cached items) and the performance 
goal of minimizing the access latency. An optimal degree of redundancy is also seen as a chal-
lenging problem (Wang, 2013). To avoid such a dilemma, the scope of cooperation is usually kept 
at one-hop scale, which frees researchers from routing concerns and also benefits the reduction of 
signalling overhead.

• Legal Issues: The content items cached may incur copy right issues for some content providers, if 
the economic benefits are on the main concern of illegally wide distribution of the contents. Such 
issue needs to be taken into account when making caching decisions, to make sure the cached 
data has already acquired the certificate from the content provider. Nevertheless, such certificate 
needs the cooperation with the content owners, and the strategy regarding the distribution of the 
economic utilities between the network operator and the content provider is still unknown.

5. SUMMARY AND CONCLUSION

Offloading along with in-network caching is among the most popular solutions for enabling efficient 
multimedia content delivery services in upcoming 5G environments. Researchers as well as service 
providers have commonly agreed that the two techniques enable great performance gains by enabling 
services at the network edge, with regard to enhanced pervasive connectivity as well as service velocity. 
Given that mobile data will substantially dominate in future content distribution applications, such a 
feature will substantially increase the network efficiency when more end users become actually mobile 
users with smart user devices.

There is no doubt that mobile data offloading is a major opportunity for mobile network operators, 
which enables feasible data distributions with cost-effective solutions. By pushing the communication 
mode towards the network edge, it has the potential to achieve efficient network operation for the concerns 
of future cellular services. Meanwhile, offload brings forward many challenging issues that remain as 
open research problems, which requires further research standardization efforts.

By promoting ICN-based caching technologies at the core or edge network in 5G-based network 
environments, the incentives of mobile edge offloading could be enhanced greatly. In-network caching 
can be supported by sophisticated caching logics at the network-element or user device-level. Several 
standardization activities also advocate efficient in-network caching strategy. The Internet Engineer-
ing Task Force (IETF) have proposed two options to cache content chunks within the network, either 
implicitly or explicitly. With implicit caching, network nodes passively cache passing-through content 
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chunks, while the explicit policy enables caches to explicitly request for content chunks to be cached 
locally. Most research works are based on implicit caching concept, while the explicit caching is not 
gaining much research interests due to its complexity for deployment in reality.
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ABSTRACT

5G mobile systems can be comprehended as highly flexible and programmable E2E networking infrastruc-
tures that provide increased performance in terms of capacity, latency, reliability, and energy efficiency 
while meeting a plethora of diverse requirements from multiple services. Network slicing is emerging 
as a prospective paradigm to meet these requirements with reduced operating cost and improved time 
and space functionality. A network slice is the way to provide better resource isolation and increased 
statistical multiplexing. With dynamic slicing, 5G will operate on flexible zone of the network, permit-
ting varying, adaptable levels or bandwidth and reliability. In this chapter, a comprehensive survey of 
network slicing is presented from an E2E perspective, detailing its origination and current standardiza-
tion efforts, principal concepts, enabling technologies, as well as applicable solutions. In particular, 
it provides specific slicing solutions for each part of the 5G systems, encompassing orchestration and 
management in the radio access and the core network domains.

INTRODUCTION

Fifth generation (5G) mobile networks are expected to create multitenant ecosystem with extremely 
increased performance for dedicated use-cases and specific types of services in order to simultaneously 
satisfy various users’ demands. In such an environment network slicing emerged as one of the key pro-
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spective technologies which support different requirements through a common network infrastructure. 
In this sense, service necessity, isolation and support on a common level of physical infrastructure are 
assured. It means that on-demand services can be fully supported, while network resources are efficiently 
allocated according to the users’ requirements. With network slicing, 5G applications will operate on 
the flexible zone, allowing them to draw adaptable levels of bandwidth and reliability.

Although the network slicing concept is still immature, the potential enabling technologies, such as 
software defined networking (SDN) and network functions virtualization (NFV), have many feasible 
researches with practical solutions (Ordonez-Lucena, Ameigeiras, Lopez, Ramos-Munoz, Lorca & Fol-
gueira, 2017). Based on SDN and NFV many user-centric service slicing strategies were proposed. By 
means of SDN and NFV, operators can provide high degree of flexibility and programmability, allowing 
legacy functions to be partitioned or migrated in data centers, advancing virtual architectures (Zhang, 
Liu, Chu, Long, Aghvami, & Leung, 2017).

Currently, network slicing is in the main focus of both, academia and industry, as well as different 
standardization bodies, e.g., International Telecommunication Union (ITU), 3rd Generation Partnership 
Project (3GPP), European Telecommunications Standards Institute (ETSI), etc. At the moment, efforts 
are toward developing 5G mobile systems which are in a position to deploy slicing of different structures 
and sizes (Katsalis, Nikaein, Schiller, Ksentini, & Braun, 2017).

This chapter aims to provide an updated state of the art in research activities when dealing with the 
5G network slicing, together with identified and analyzed opportunities and challenges. To this end, 
a common framework for bringing together and evaluating various approaches from open literature in 
concise and holistic manner is presented. The main objective is to analyze current maturity of prospec-
tive solutions according architectural segments they target and to identify remaining gaps. This chapter 
can provide reliable backbone for future standardization and research activities.

The remainder of this chapter is organized as follows. The next section presents service requirements 
in 5G mobile systems. Following that, a brief overview of network slicing origination and main principles 
are provided. As enablers of network slicing, different virtualization technologies are introduced. Then, 
specific slicing approaches for radio access domain and core domain are analyzed. Finally, some open 
research challenges are elaborated and relevant conclusions are provided.

SERVICE REQUIREMENTS IN 5G SYSTEMS

5G mobile systems can drastically change the architecture and nature of communications. Many use 
cases are emerging with diverse requirements in terms of data rate, latency, connection density, mobil-
ity, reliability, spectrum and energy efficiency. These use cases may be broadly categorized in the three 
generic services (ITU-R, 2015), i.e., enhanced mobile broadband communications (eMBBC), massive 
machine-type communications (mMTC), sometimes referred as massive Internet of Things (mIoT), and 
ultra-reliable low-latency communications (uRLLC), a.k.a. mission-critical services, based on corre-
sponding key performance indicators (KPIs), as presented in Figure 1. In this case KPIs can be treated 
as technical requirements for 5G services. 5G is anticipated to make it possible to efficiently enable 
diverse services, connecting a pool of varied devices while accessing diverse networks.

At the same time, the 5G Infrastructure Public Private Partnership (5G-PPP), as a joint initiative be-
tween the European Commission and industry, brought interest into the requirements of 5G through the 
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Mobile and wireless communications Enablers for Twenty-twenty (2020) Information Society (METIS) 
project. The network capabilities such as extremely fast (data rates of 10 Gb/s), great service in a crowd 
(traffic volume of 9 Gb/h), super real-time and reliable connection (E2E latency less than 5ms and reli-
ability in order of 10-5), as well as ubiquitous thing communicating (3x105 devices/cell) are supporting 
rapid time-to-market for brand new services and reducing management costs.

Recently, 3GPP SA WG1 has completed its first technical specification on Service requirements for 
the 5G system (3GPP TS 22.261, 2018). This specification contains both requirements on underlying 
capabilities and performance targets. 5G capabilities can be characterized by:

• Scalability and ubiquitous support for plethora heterogeneous services and vertical markets.
• Resource efficiency for existing and new services ranging from low data rate servicing (e.g., 

mMTC) to high bitrate multimedia services (e.g., virtual and augmented reality).
• Energy efficiency and power supply optimization.
• Capability exposure to allow third party Internet service/content providers to manage network 

slices and deploy applications in the operator’s hosting environment.
• Connectivity from remote devices via relay and seamless service connectivity between indirect 

and direct connections.

It should be noted that this specification defines performance targets for different scenarios when 
considering service areas (urban and rural wide-area, indoor hotspots, dense urban area, etc.) and ap-
plications (broadband access in a crowd, tactile interaction, transport systems, etc.). For example, user 
experienced data rates vary from 1 Gb/s in downlink for indoor hotspots to 15 Mb/s in uplink for airplanes 
connectivity. Also, latency targets are as low as 0,5 ms for tactile interaction, while capacity targets 
can be as high as 15 Tb/s/km2 with 250 000 users/km2 for indoor hotspot such as office environments. 
These service requirements are used as starting guidelines for the normative work in other 3GPP WGs.

Figure 1. Technical requirements for 5G services
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NETWORK SLICING ORIGINATION AND PRINCIPLES

The period 1960s, when the IBM operating system CP-40 with implemented resource virtualization 
was developed, can be considered as pioneering step to the network slicing concept (Goldberg, 1974). 
Virtualization was widely adopted through data centers in the 1970s, while a decade later it was applied 
into the computer networks. In the late 1980s, overlay networks of nodes connected over logical links 
and forming a virtual environment over a physical infrastructure, are introduced. They can be seen as an 
early form of network slicing, combining heterogeneous resources over various administrative domains. 
During the last decade, several testbeds on network virtualization technologies for promoting research 
on a clean slate network are conducted (Berman, Chase, Landweber, Nakao, Ott, Raychaudhuri, Ricci, 
& Seskar, 2014). The main idea was to promote research on clean state network, while addressing con-
solidate resources and mobile environment.

Recently, Next Generation Mobile Network Alliance introduced network slicing defined as a con-
cept for running multiple logical networks as independent business operations on a common physical 
infrastructure (NGMN Alliance, 2016). Each slice represents an independent virtualized E2E network 
and allows operators to run deployments based on different architectures in parallel. A network slice 
as a logical E2E construct is self-constrained, having customized functions also including phase in the 
user equipment (UE) and using network function (NF) chains for delivering services to a given group of 
users (Nikaein, Schiller, Favraud, Katsalis, Stavropoulos, Alyafawi, Zhao, Braun, & Korakis, 2015). Key 
aspects necessary to realize the network slicing are: resources, virtualization, orchestration, and isolation.

Resource is manageable unit defined by a set of attributes or capabilities that can be used for service 
distribution. In this sense, there are two types of resources to be considered, i.e., NFs and infrastructure 
resources. NFs as functional blocks provide network capabilities in order to support and realize the 
particular service to use case demands. NFs can be physical and/or virtualized. As for infrastructure 
resources, they include computing hardware, storage capacity, and radio interface. Virtualization enables 
resource sharing among slices. Network virtualization enables new business models with novel actors, 
such as, for example, infrastructure providers, end users, etc. The allocation of resources to each slice 
can be either statically or dynamically. With static slicing, each slice is assigned a fixed portion of the 
physical resources during entire service time. This amount of resources usually corresponds to the peak 
service requirement. Despite its simplicity, static slicing does not result in an efficient utilization of the 
physical resources. In the case of time-varying service requirements, a static slicing approach may result 
in the overprovisioning of physical resources. Therefore, a more promising solution is dynamic slicing 
(Raza, Fiorani, Rostami, Öhlen, Wosinska, & Monti, 2018).

Orchestration is required to separate processes for creating, managing, and distribution of services. 
In network slicing, orchestration cannot be performed by a single centralized entity, not only because 
of the complexity and broad scope of orchestration tasks, but also because of its necessity to preserve 
management independence. Each slice must be managed independently as a separated network.

This is one of a major requirement for isolation, which need to be satisfied in order to operate parallel 
slices simultaneously on a common shared underlying substrate. Isolation is an E2E issue, regardless 
of the congestion and performance levels of offered slices. Security and reliability in terms of isolation, 
means that attacks or failures occurring in one slice must not have an impact on other slices. Each slice 
must have independent security functions (Arfaoui, Bisson, Blom, Borgaonkar, Englund, Félix, Klaedtke, 
Nakarmi, Näslund, O’hanlon, Papay, Suomalainen, Surridge, Wary, & Zahariev, 2018).
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In order to enable on demand mobility management in 5G systems, a mobility driven network slicing 
(MDNS) was proposed (Hucheng, Shanzhi, Ming, & Yan, 2017). MDNS takes individual mobility support 
requirements into account while customizing networks for different services. Within this framework, the 
actual levels of required mobility support are determined by a mobility description system, and network 
slice profiles with the corresponding mobility management schemes are defined by a network slice 
description function. By instantiating the network slices, each mobile terminal can select the network 
slice with the most appropriate mobility management scheme.

Network Slicing-Based 5G System Presentation

As shown in Figure 2, there are three main layers in network slicing-based 5G system (Foukas, Patounas, 
Elmokashfi, & Marina, 2017): infrastructure, NF layer and service layer as well as management and 
orchestration (MANO) entity. This framework is favorable for presentation and analysis of fundamental 
slicing concepts and benefits.

Infrastructure layer refers to the physical network infrastructure spanning both radio access network 
(RAN) and core network (CN). It also includes: deployment, control and management of the infrastruc-
ture. The allocation of resources to slices and the way they can be managed to higher layers is included, 
too. NF layer encapsulates all the operators that are related to the configuration and life cycle manage-
ment of NFs offering E2E services. When considering service layer, it should be noted that the most 
important property that distinguishes network slicing in 5G from other forms of slicing, is its E2E nature 
and the possibility to express a service through a high-level description and to map it to appropriate 
infrastructural elements and NFs. Finally, MANO entity translates user cases and service models into 
slices by changing NFs, mapping them to infrastructure resources, while configuring and monitoring 
each slice during its life cycle.

Figure 2. Network slicing-based 5G system representation
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Slicing Benefits

5G slice is a bundle of network services functions, applications, resources and equipment. The perceived 
advantages are significant, particularly useful in the design of next generation wireless networks, such 
as slice isolation, simplified service chains, flexible VNF settings, and transparent management. The 
entirely isolation allows simpler and efficient design of each slice and as a consequence overall system, 
too. The goal is to meet requirements offered by the slice tenant. In addition, network failures, overload, 
or security attacks, in one slice will not affects the operation of other slices in the system. Simplified 
service chains means that in network slicing, each service can rely on a different subset of functions. 
NFV introduces an additional degree of freedom regarding the placement, of these functions in the 
network. Intelligent placement may improve network performance and reduce the operating costs. Fi-
nally, network slicing provides an abstraction of the physical resources and makes slice management 
transparent to the slice tenant.

MAIN NETWORK SLICING ENABLING TECHNOLOGIES

Network slicing is found to the realization of 5G making feasible to invoke new applications within new 
large additional investments. The modularity of the NF chains leads directly to the process of creating 
new services. As for the operators they feel that the 5G family of technologies come from the possibility 
to provide value-added solutions for requirements (Samdanis, Costa-Perez & Sciancalepore, 2016). 5G 
will guarantee levels of network performance with respect to quality of service (QoS) metrics such as 
data rate, latency, availability, reliability, etc. For realizing this vision, mobile systems need to evolve 
into more virtualized, cloud like environment, using prospective technologies such as SDN and NFV. 
The growing interest in these technologies is motivated by the novelty of the overall context, specifically 
their sustainability and high performance. Together with cloud, edge and fog computing, these technolo-
gies can be seen as facets of a broad innovation wave, called softwarization (Manzalini & Crespi, 2016).

Software Defined Networking

SDN simplifies network management by decoupling control and data plane and by utilizing logically 
centralized intelligence in form of programmability and open access. SDN was originally designed for 
flexible and dynamic control of data path functions like traffic routing and management. However, 
characteristics such as flexibility, scalability, and robustness, become significant stimulus for SDN 
implementation in the slicing concept. A SDN controller alleviates third parties over the virtualizer, and 
through the means of an agent, it provides multi-tenancy support. Each tenant is assigned a policy that 
determines its programming capabilities for the underlying data layer using the data control plane function.

The SDN-based network architecture provided by Open Networking Foundation (ONF TR-526, 
2016) features a unified plane, where hierarchical controllers are used to achieve differentiated services 
in user access layers. The major SDN architectural components are resources and controllers (Figure 3).

By applying the SDN architecture, the client context provides the complete abstract set of resources 
(resource group) and supporting control logic that constitutes a slice, including the complete collection 
of related client service attributes. Resource group includes infrastructure resources and NFs, as well as 
network services. SDN controller mediates between clients and resources, acting simultaneously as server 

 EBSCOhost - printed on 2/14/2023 2:28 PM via . All use subject to https://www.ebsco.com/terms-of-use



277

Principles and Enabling Technologies of 5G Network Slicing
 

and client via client and server contexts, respectively. This is in accordance with the key principles of 
network slicing, having in mind a wide range of service demands, which need to be satisfied in a flexible 
and cost-effective way (Ordonez-Lucena, Ameigeiras, Lopez, Ramos-Munoz, Lorca & Folgueira, 2017).

Client context provides all the necessary information to the controller in order to support and com-
municate with a given client. It comprises a resource group and a client support function. On the other 
hand, server context represents all the information the controller needs to interact with a set of resources, 
included in a resource group.

SDN controller perform virtualization and orchestration functions in the process of transforming the 
resource groups accessed through server contexts to those defined in separate client contexts. Through 
virtualization, the SDN controller carries out abstraction and sharing of the underlying resources. In that 
way, each client context provides a specific resource group that can be used by the client associated with 
that context to realize desired service. When performing orchestration, the SDN controller optimally 
distributes the selected resources to such separate resource groups. The interplay of both controller func-
tions enables the fulfillment of the diverse demands from all clients while providing the isolation among 
them. The SDN architecture also includes an administrator, with instantiating and configuring functions, 
including the creation of both server and client contexts, as well as their joint policies.

Network Function Virtualization

It is obvious that SDN architecture lacks capabilities that are crucial for efficient management of network 
slices life cycle and corresponding structural resources. Regarding this fact, the NFV approach is ideal to 
play this role, because it can manage the infrastructure resources and orchestrates the allocation of such 
resources. With NFV, services are described as a forwarding graph (Abdelwahab, Hamdaoui, Guizani, 
& Znati, 2016) of connected NFs. Here, forwarding graph defines the sequence of NFs that process dif-
ferent E2E traffic flows. Generally, virtualization can be conducted on mobility management entities, 
serving gateways, baseband processing units (e.g., medium access control (MAC), radio link control 
(RLC), radio resource control (RRC), etc.), switching function, traffic balancing, service centers, etc.

To achieve full potential from the management and orchestration functionalities, appropriate coop-
eration between SDN and NFV is required. It is important to note that SDN and NFV frameworks are 

Figure 3. SDN network slicing architecture provided by Open Networking Foundation
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not dependent on each other, although these two concepts are mutually beneficial. It means that the NFs 
can be deployed without SDN and vice-versa. However, integration of SDN and NFV architectures into 
a common framework is a complex issue (ETSI, 2015). The NFV framework defines:

1.  Virtual network functions (VNFs) which represent software components of NFs deployed in virtual 
environments.

2.  NFV infrastructure (NFVI) which comprises the logical building blocks, i.e., storage, computing, 
network and corresponding hardware.

3.  MANO which is responsible for full automation, management and coordination of VNFs and NFVI.

In the context of network slicing, this framework provides service chaining, resource-oriented VNF 
embedding, as well as management of VNFs.

Cloud, Edge and Fog Computing

Cloud computing can be seen as a solution for serious challenges such as high availability, load balanc-
ing, and high performances. The long term solution for growing traffic demands on the current cellular 
architecture is the possibility of excluding computing beyond data centers toward mobile end-user, 
providing E2E connectivity as a cloud service. A set of techniques such as mobile node function vir-
tualization and caching are also introduced for the on-demand provision of a decentralized and elastic 
network as a cloud service over a distributed network of cloud computing data servers. Operators can 
enter the cloud computing market and create new value-added services and experiences by integrating 
industry content and applications.

Cloud computing make user to obtain much more real-time applications to utilize 5G network effi-
ciently. This can be realized through application, platform, as well as infrastructure segment. Application 
is based on-demand software services. They vary in their pricing and distribution schemes. The platform 
segment refers to products that are used to develop Internet. Finally, the infrastructure can be seen as 
the backbone of the entire concept.

For enabling a network slicing process, edge computing together with cloud computing offers a single 
or multiple platforms. In addition, edge computing enables diverse applications, data management and 
service acquisition in close proximity to end users. In that way a kind of edge-centric networking will 
be allowed, while data proximity, ultra-low latency, high data rates and control are permitted (Lopez, 
Montresor, Epema, Datta, Higashino, Iamnitchi, Barcellos, Felber, & Riviere, 2015; Taleb, Samdanis, 
Mada, Flinck, Dutta, & Sabella, 2017).

Among numerous edge computing realization, one of the most popular is Multi-access Edge Comput-
ing (MEC) (ETSI, 2016). MEC deals with stand-alone platforms. Here, the focus is on RANs, as well 
as fixed access networks, while the main object is development of an interface which will enable the 
process of controlling various services from the network edge.

The second one of the most popular realization is fog computing. From a systematic perspective, fog 
environment provides a distributed computing system with a hierarchical topology. Fog environment 
is characterized by stringent latency requirements, reduced power consumption of end devices, while 
providing real-time data processing and control with localized computing resources. The fog available 
resources are typically much more heterogeneous, and the criticality of some applications requires 
special treatment. The complementarity between fog and cloud has traditionally been seen as a man-
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datory feature. However, Lingen et al. (2017) advocate for a different approach. Instead of specifying 
an architecture where fog and cloud are complementary by design, focus is on a service management 
architecture that fuses fog and cloud. With this solution, an infrastructure composed of network, cloud, 
and fog nodes, can be provided as promising paradigm to service administrators as a unified resource 
pool. Administrators can then define where to allocate resources according to the service requirements. 
The requirements to host and manage NFV, MEC, and fog computing services are doubtless similar. It 
is only a matter of time until fog computing becomes part of the convergence that is already existing 
between NFV and MEC, driven by operators, enterprises, and third party investments. The goal is to 
conceal underlying complexity, and to promote service management into simple and intuitive opera-
tions. Overlapping needs and challenges, when considering MEC and fog integration, can be identified 
as: virtualization, management of network, services, billing and pricing, security, etc., multi-tenancy, 
as well as, detailed analytics.

NETWORK SLICING IN RADIO ACCESS NETWORK DOMAIN

In order to manage limited frequency spectrum resources, for network slicing in RAN domain, the fol-
lowing characteristics are required: dynamic resource management, resource isolation and sharing, as 
well as functional requirements. Dynamic resource management implies that the procedures are flexible 
and programmable enabling the advantages of application programming interfaces (APIs). In this case 
resource sharing is provided with the help of KPIs for each slice. For example, eMBBC slice seeks high 
throughput, while on the other hand, uRLLC slice needs very low latency (Bojkovic, Bakmaz & Bakmaz, 
2017; Sachs, Wikstrom, Dudda, Baldemair, & Kittichokechai, 2018).

RAN domain is characterized by the fact that E2E slices are in a position to provide self-contained 
networks together with the corresponding degree of isolation. In the RAN domain, spectrum isolation 
leads to be a bottleneck because of limitations in multiplexing gains. The goal of functional require-
ments is that each network slice need a different control/user plane functional split and corresponding 
VNF placement to provide an optimal performance. The interface between network slicing and RAN 
is shown in Figure 4.

The network slice selection function introduced by Rost et al. (2017) is significant for selecting the 
corresponding slice per user. As for RAN-CN interface, it is carried out in a way that the control and 
user plane traffic are routed to functional entities in the CN slice. User plane anchor (UP-anchor) is 
responsible for traffic distribution to the slice policy and for encryption. The radio flow in slice #1 is 
configured with two connections, while slice #2 is configured with only one connection according to 
the provided policy configuration.

Radio resource management and control in the base station is responsible for configuring the RAN 
protocol stack and QoS according to the slice requirements (Rost, Mannweiler, Michalopoulos, Sartori, 
Sciancalepore, Sastry… Bakker, 2017). For example, in eMBBC slice with high capacity requirements, 
radio bearers are configured to support multi-connectivity, similar to the dual connectivity in 4G systems. 
On the other hand, in uRLLC slices, lower frame error rates as well as multi-point diversity techniques 
need to be utilized. Also, flexible architecture incorporating millimeter wave support is required to meet 
different slice requirements. This support is essential for multi-connectivity realization covering both 
eMBBC and mMTC slices.
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SLICING IN CORE NETWORK DOMAIN

During the last decade, evolution of mobile CN was evident. Going back to the past, the beginning was 
with Long Term Evolution (LTE) and a full IP CN, then passing through softwarization and utilization 
of the CN elements, until 5G and network slicing. Today, SDN and NFV have become the key enablers 
in order to obtain more dynamic evolved packet core (EPC) networks. It should be noted that the main 
EPC entities have been divided into granular NFs. Moreover, 3GPP has completely reshaped the CN 
with modular architecture and network slicing concept for many types of different services.

From the introduction of network slicing on the mobile network layer, new requirements as the result 
of autonomous and dynamic network configuration are raised for the transport layer. As a consequence, 
there is a need for a new interface between the RANs and CNs (3GPP TR 28.801, 2018). The purpose 
of introducing such an interface is to connect the management system of the RAN with the transport 
network controller. One of the main objectives is to provide and facilitate the mapping of RAN slice to 
CN resources (Afolabi, Taleb, Samdanis, Ksentini & Flinck, 2018).

The fact that building blocks of the CN can be deployed as virtual instances, brings more flexibility, 
elasticity and QoS guaranties to the service provisioning techniques. The flexibility and elasticity in 
service provisioning implies that operators can deploy multiple instances of the EPC at the same time, 
to serve different categories of users based on their service requirements. Moreover, while some services 
may need all the components that constitute the EPC, others do not (e.g., mMTC services with limited 
mobility does not need mobility management). Therefore, the notion of CN slicing is centered around 
the possibility to deploy multiple instances of virtual EPC (vEPC) running in parallel in order for each to 
fulfill different service demands, e.g. uRLLC services may require a distributed vEPC closer to the users.

In fact, vEPC can be orchestrated and managed over cloud platforms. Here, different orchestration 
schemes can be utilized offering an efficient management and operation of the EPC entities. Control 
plane and user plane entities can be provided as a service on commodity servers, bringing new dimension

to the operating models of the vertical markets. The EPC as a Service (EPCaaS) model proposed by 
Taleb et al. (2015) leverages the cost efficiency offered by deploying vEPCs on the cloud to introduce 

Figure 4. Interface between network slicing and RAN
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two major virtualization approaches and different architectural implementation scenarios. First one is a 
full virtualization approach where both the control and user plane entities are virtualized. For the second 
approach, only the control plane entities are virtualized, while the data plane components are deployed 
on proprietary hardware in order to ensure high throughputs and to enable the implementation of traffic 
policies. The suggested implementation scenarios include: 1:1 mapping (where each functional compo-
nent runs on a virtual machine), 1:N mapping (where each functional component runs on multiple virtual 
machines, N:1 mapping (where all functional components run on virtual machine), and N:2 mapping 
(where the control plane and data plane components run on a virtual machine each).

OPEN RESEARCH CHALLEGES

Although network slicing is currently undergoing a standardization phase, its realization is full of dif-
ferent challenges. The main challenges and future researches are arising from slicing implementation. 
First of all, since 5G systems provide ubiquitous connectivity for everything, both the RAN and CN 
domains need evolution and reconstruction to support E2E network slicing. In ultra-dense heterogeneous 
networks, the cooperation of multiple RANs should be considered to provide seamless mobility and high 
throughput. Secondly, although service providers and operators have started to pave the way for slicing 
solutions, the management remains at an early stage in terms of its development. Many technologies are 
introduced to create, activate, maintain and deactivate network slice at the service level.

Next, the open research challenge refers to the cooperation with traditional and emerging technolo-
gies such as broadband transmission, mobile cloud engineering, SDN and NFV. The cloud of access 
networks and CN have advantages of physical resource pooling, distribution of software architectures 
and centralization of management. It should be noted that there is still a problem with integration of 
network slicing with centralized RAN, SDN, and NFV to provide point-to-point connection between 
physical radio equipment and controller.

The open interfaces that support the programmability of the network, introduce security treats to 
softwarized architecture. The number of VNFs that network slices have in common or share is in direct 
relation to the number of security vulnerabilities between them. In the case of network sharing, when slices 
of different tenants are used, the security vulnerabilities are even more evident. The fact that each of the 
operating tenants can share resources alongside their isolated slices with different security parameters, 
exposes their individual slices to the intra-tenant security threats. Thus, a multi-level security includ-
ing policies and mechanisms for software integrity, user authentication and management are welcome.

Finally, new charging models together with new foundations for cost sharing and standardized so-
lutions have to be taken into consideration when dealing with open research challenges. In that way, 
interoperability in multi-technology environment will be supported, too.

CONCLUSION

This chapter focuses on some most relevant problems concerning principles and enabling technologies 
of slicing in 5G networks. Strong potential of network slicing was revealed for addressing the diverse 
requirements of future services. Having in mind the current maturity state, a role of network slicing in 
the development of the 5G architecture is provided. At the same time the enablers of network slicing 

 EBSCOhost - printed on 2/14/2023 2:28 PM via . All use subject to https://www.ebsco.com/terms-of-use



282

Principles and Enabling Technologies of 5G Network Slicing
 

such as the NFV, SDN and cloud technologies are introduced considering various scenarios, resource 
allocation principles for QoS requirements and interface constraints. These technologies can offer strong 
support in developing 5G sliced architecture. Significant efforts are still needed to develop optimal ar-
chitectural configuration in order to realize cooperative environment between enablers technologies and 
take benefits from their advantages. With regards to E2E architecture, this chapter survey how network 
slicing can be achieved by slicing the RAN and CN. Finally, open research challenges in line with the 
realization of network slicing in 5G mobile networks are observed and discussed.
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KEY TERMS AND DEFINITIONS

Cloud Computing: Technology that allows accessing a set of shared and configurable computing 
resources (e.g., servers, storage facilities, infrastructure, applications) offered as services.

Edge Computing: Highly distributed computing environment that can be used to deploy services 
and applications, as well as storage and processing resources in close proximity to the mobile users.

Network Functions Virtualization: Software abstraction of network functions in next generation com-
munications systems, which otherwise require dedicated hardware concerning traditional infrastructure.

Network Slice: A bundle of services functions, applications, resources and corresponding equipment.
Network Slicing: A solution for running multiple dedicated logical networks as mutually isolated 

according to the service requirements of different use cases.
Software-Defined Networking: Technology which simplifies network management by decoupling 

control and data plane and by utilizing logically centralized intelligence in form of programmability 
and open access.

Virtual Network Functions: Software components deployed in servers or cloud infrastructure in-
stead of network hardware.
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ABSTRACT

The next generation of mobile wireless communications represents a heterogeneous environment which 
integrates variety of network generation like third generation (3G), fourth generation (4G), and fifth 
generation (5G). The major challenge in this heterogeneous environment is to decide which access point 
to use when multiple networks are available. Process of roaming mobile user from one technology to 
anther different is called vertical handover. In this chapter, the authors propose a new mechanism based 
on graph theory and cost function in order to determine the best path for the end user in terms of qual-
ity of service (QoS) when the vertical handover process is needed. Then, they investigate the impact of 
some existing weighting methods in order to determine the suitable method which can be coupled with 
the cost function. The experiments evaluation by using Mininet emulator demonstrate that the proposed 
approach can achieve a significant improvement concerning four QoS metrics: throughput, packet lost, 
packet delay, and packer jitter for two services FTP and video streaming.
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1. INTRODUCTION

The future networked world have integrated multiple wireless network technologies like the third genera-
tion (3G), the fourth generation (4G) and the fifth generation (5G). The 3G mobile system is designed 
to support multimedia services and video teleconferencing with data rate of 2 Mbps to 11 Mbps. The 
3G can be divided into two groups. The first group represents cellular networks designed by the Inter-
national Telecommunication Unit’s (UIT). The universal mobile telecommunication system (UMTS) 
is one of the most popular 3G network. The standardization of UMTS network (Javier, & Mamadou, 
2001) is carried out by Third Generation Partnership Project (3GPP). In addition the UMTS network 
can provide wireless data with data rate of 2Mbps. The second group of 3G systems consists of wireless 
access networks specified by IEEE 802.11 committee (IEEE 802.11. 2007). These networks include 
WiFi (IEEE 802.11 a) and its extended systems such as IEEE 802.11b, IEEE 802.11n, etc. For example, 
the IEEE 802.11 a technology can ensure data rate of 11 Mbps. Furthermore, the 4G technology is on 
all IP system characterized with high data rate and high coverage area. The 4G system can integrate 
cellular networks such as Long Term Evolution (LTE) and wireless networks such as Interoperability 
for Microwave Access (WIMAX). The LTE network (Barth, 2006) is specified by 3GPP in December 
2008, this standard allows supporting a variety of services such as interactive and streaming. The WiMax 
network (IEEE 802.16) is specified by the IEEE 802.16 committee (IEEE 802.16. 2004). This technology 
have been deployed in order to provide high data and to support multimedia applications. Actually both 
3G and 4G have been increasing demand of utilization in spite of their limitations in term of coverage, 
bandwidth and mobility. In this context, in order to enhance the quality of service (QoS), to ensure high 
mobility and to increase the bandwidth, the companies of telecommunications are currently driving the 
development of the fifth generation network (5G). This new generation will provide the foundational 
infrastructure for building many applications such as Internet of Energy (IoE), Internet of Things (IoT), 
and Internet of Vehicles (IoV).

In parallel, the development of new mobile devices equipped with multiple network interfaces allow 
users to roam seamlessly between different technologies by using the vertical handover process (Lahby, 
2013). Consequently, the users have the privilege to use different services like voice, data, web browsing, 
and video streaming by using different technologies at anytime and anywhere. The vertical handover 
can be divided into three parts namely: handover initiation, handover decision (it is also called network 
selection) and handover execution. The present chapter focuses on the second part which is considered 
the principle key of the vertical handover. However, how to choose the most suitable access network by 
satisfying Always Best Connected (ABC) Paradigm (Gustafsson & Jonsson, 2003), becomes a significant 
challenge during the network selection process, in this heterogeneous environment. To deal with this 
issue, several algorithms and strategies have been proposed in the literature in the recent years

Up to our knowledge, most of these existing references, have studied the network selection in the 
context of selecting only one access technology. In this chapter, we propose new mechanism based on 
graph theory and cost function in order to determine the best path for the end user in terms of quality of 
service (QoS). Firstly we introduce graph theory for modeling the network selection problem as graph. 
Then we use the cost function to calculate the weight of each edge and they apply the Dijkstra’s algorithm 
to determine the best path in terms of QoS. Finally, we investigate the impact of some existing weighting 
methods in order to determine the suitable method which can be coupled with the cost function.

This chapter is organized as follows, in section 2 we outline some of existing works related to verti-
cal handover algorithms which proposed during the last decade. In section 3 we discuss several exist-
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ing weighting algorithms based handover. In section 4 we describe our new approach based on graph 
theory and cost function to deal with vertical handover problem. Section 5 comprises the testbed and 
the experimental results. Section 6 presents conclusion of this chapter, open issues and future works.

2. RELATED WORK AND PROBLEM STATEMENT

The network selection problem is one of the major trends in the heterogeneous wireless networks, to cope 
with this issue, several network selection algorithms and policies have been proposed in the literature 
in the recent years. According to reference (WANG & Eng-Sheng 2013), various mathematical theories 
can be used to model and to optimize the network selection problem. We can categorize them into eight 
main groups: the utility theory, the cost function, fuzzy logic, game theory, combinatorial optimization, 
Markov chain, multiple attribute decision making (MADM) and hybrids algorithms.

According to (VUONG, Thinh, DOUDANE & Nazim, 2008) the utility functions models are com-
monly used to describe the level of satisfaction of the mobile terminal according different services of-
fered by the network technology. The authors Lee, Han and Hwang (2013), have proposed an effective 
utility function for vertical handover decision algorithm. The utility function is composed of several 
parameters such as signal to interference plus noise ratio (SINR), bandwidth, traffic load and velocity 
of terminal mobile. The proposed utility function adopts Shannon’s formula as QoS function in order 
to increase throughput.

In the cost function based algorithms (Yan, Mani, & Sekercioglu, 2008), the goal is to find the network 
which minimize the output of the cost function. The authors in Hasswa et al, (2005) have proposed a 
new cost function in order to select the best access network. This cost function is based on the follow-
ing metric attributes: cost of service, power requirements, security, proactive handoff (user preference), 
network conditions, network performance and velocity.

Moreover, fuzzy logic approach has been widely utilized to model and to design an intelligent system 
for vertical handoff process. The authors Hou and O’Brien, (2006), have proposed a new scheme for 
network selection based on fuzzy logic. In this scheme three input fuzzy variables are considered: the 
probability of a short interruption, the failure probability of handover to radio, and the size of unsent 
messages.

The authors Trestian, Ormond, and Muntean, (2012), have classified and reviewed the most significant 
game theory algorithms that have been used to deal with the network selection problem. The authors E. 
KHLOUSSY, et al (2015), have tackled the network selection between the cellular and wireless local 
area network by using the Markov decision process. This technique is applied to maximize the revenue 
and user satisfaction.

Another popular category of handover algorithms proposed in the recent years is MADM methods. 
According to recent survey (Lahby, Silki. & Sekkaki, 2015), a lot of vertical handover schemes based 
on MADM methods are proposed to select the best radio access network. The first category of MADM 
algorithms such as simple additive weighting (SAW), multiplicative exponent weighting (MEW), tech-
nique for order preference by similarity to ideal solution (TOPSIS), Grey relational analysis (GRA), 
distance to ideal alternative (DIA), and the novel method (NMMD) based on Mahalanobis distance are 
used for ranking. While the second category includes analytic hierarchy process (AHP), fuzzy analytic 
hierarchy process (FAHP), analytic network process (ANP) and fuzzy analytic network process (FANP) 
are used to calculate the corresponding weighting of criteria.
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The solution based on SAW and AHP has been extensively applied for making network selection 
decision. For example, in Sheng-Mei et al. (2010) and De Oliveira Filho and Madeira (2011), the AHP 
method is used to weigh each criterion involved in the network selection. While the SAW method is 
used to rank all alternatives.

The authors in (Karam, 2012) and (Escobar, 2010) have modeled the network selection problem by 
coupling two methods AHP and MEW. The authors in (Fu, 2010) and (Yafang, Huimin, & Jinyan, 2010) 
have proposed an algorithm for network selection based on two MADM methods AHP and GRA. Firstly 
the AHP method is used to find the weights of the available networks. In the second step the GRA method 
is applied to rank the alternatives, in (Sgora, 2010) and (Lahby, Leghris, & Adib, 2011) the authors 
have proposed to combine the AHP and TOPSIS methods for the network selection problem. The AHP 
method is used to weigh different criteria while TOPSIS method is applied to rank the available networks.

The authors (Lahby, 2013), have proposed a new ranking algorithm NMMD based on Mahalanobis 
distance. The proposed algorithm allows the selection of the best available access network. In addition, 
according to simulation results provided in this work, the NMMD algorithm can provide the better per-
formance than the classical MADM methods such as SAW, MEW, TOPSIS and DIA.

Reference Lahby et al. (2013), an Enhanced TOPSIS (E-TOPSIS) is proposed for the vertical han-
dover decision using the ANP for the weighing of the criteria. The authors have shown that the number 
of handoffs and ranking abnormality phenomenon are reduced, and E-TOPSIS provides better results 
than some existing methods.

Finally, based on reviewed literature, many hybrids algorithms have been proposed to model and 
to optimize the vertical handover problem. The authors in Phuoc Tran and Boukhatem (2009), have 
developed a new scheme for network selection based on utility function and DIA algorithm. In this 
scheme, each interface network is associated by utility function which takes into account the application 
requirements and the energy consumption of the terminal. Then the DiA algorithm is used to rank the 
interfaces considering the interface utility values and the network side attributes. The authors in Goyal, 
Kaushal, and Sangaiah (2017) have proposed an optimal model for network selection based on the utility 
function and novel fuzzy-Analytic Hierarchy Process (AHP). Firstly, the utility function is used to model 
different criteria bandwidth, delay, jitter, bit error rate, and user preferences. Then a new non-linear fuzzy 
optimization model based AHP method is applied to weigh each criterion. Finally, scores are calculated 
for each network by three MADM algorithms SAW, MEW and TOPSIS.

In order to guarantee the selection of the optimal network, the authors in Lahby, Sekkaki (2017) and 
Lahby, Attioui, and Sekkaki (2017), combined the utility function respectively with TOPSIS algorithm 
and E-TOPSIS algorithm. The simulation results show that, both two hybrids algorithms reduce the 
reversal phenomenon, the ping-pong effect and the handoff failures better than MADM algorithms and 
utility function.

The authors S. Goudarzi, et al. (2017) focused on the optimization of vertical handover by combining 
two algorithms Markov decision process (MDP) with genetic algorithm (GA). The genetic algorithm 
is used to find a set of optimal decisions that ensures the best trade-off between QoS based on their 
priority level.

However, the major weakness of these previous approaches is that the network selection decision 
is based only on selecting of one access technology. In reality, the infrastructure of each operator is a 
heterogeneous environment which can have the coexistence of different networks technologies. In ad-
dition, each network access we can find various access points. In this context, when the mobile user 
communicates with other mobile user, his message can cross different access points and not only one 
access point.
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To cope with this issue, in the literature review we find only two references (Naeem, Ngah, Hashim, 
& Maqbool, 2014) and (Lahby & Sekkaki 2018) that allow to select the most appropriate path during 
vertical handover process. The authors (Naeem, Ngah, Hashim, & Maqbool, 2014) have proposed a 
new history-based communication graph scheme to perform vertical handover decision. The proposed 
scheme is based on the graph theory in order to determine the best path between any heterogeneous 
nodes among existing traversed paths. In addition, the proposed scheme has shown better performance 
in terms of minimizing the number of unsuccessful handovers and reducing the ping-pong effect.

However, there are two drawbacks of this work, the first one lies on the cost of each edge between 
two nodes that use only RSS criterion. The second one lies in the performance results which are given 
by using simulation based on Matlab simulator. In our previous work (Lahby & Sekkaki 2018) we have 
coupled two approaches graph theory and cost function. Firstly the graph theory approach is used to 
model the vertical handover problem. Then, the cost function is used to quantify the importance degree 
of each edge. The Dijkstra’s algorithm is applied to choose the best path for vertical handover decision. 
The experiments evaluation on a testbed by using Mininet emulator showed that for both services FTP 
and streaming, the proposed mechanism for selecting the best path provides higher throughput, exhibits 
smaller packer lost, decreases the delay, and the jitter better than better than handover based RSS, han-
dover based bandwidth and handover based cost function.

This previous solution, however, consider the same importance for different criterion because the 
cost function is combined with the equal weighting method. To deal with this issue, in this chapter, we 
propose an improved modeling for vertical handover based on graph theory and cost function, we inves-
tigate the impact of these weighting techniques combined with cost function when Dijkstra’s algorithm 
is used to select the best path in terms of QoS.

3. AN OVERVIEW ON WEIGHTING METHODS

One of the most critical steps of making decision problems is determining the importance of different 
criteria. In this step, the decision-makers determine the weight of each of the criteria. In the context of the 
vertical handover, several weighting methods are proposed such as fuzzy logic (Kaleem, Mehbodniyay, 
Yen, & Adachi, 2012), the genetic algorithm (Alkhawlani & Ayesh, 2008), entropy method (Sheng-mei, 
2010), random weighting (Lahby, Leghris, & Adib 2012), equal weighting (Lahby, & Sekkaki, 2018), 
AHP method and ANP method.

In this chapter we focus on four weighting algorithms which are equal weighting, random weighting, 
AHP method and ANP method. We investigate the impact of these weighting techniques combined with 
the cost function when Dijkstra’s algorithm is used to select the best path in terms of QoS.

3.1 Analytic Hierarchy Process (AHP) Method

The AHP is one of the extensive multi-attribute decision making developed by Saaty (Saaty 1998) and 
has been widely used in network selection process to assign weights for different criteria. The AHP ap-
proach is based on five steps:

1.  Construct of the Structuring Hierarchy: A problem is decomposed into a hierarchy which contains 
three levels: the overall objective is placed at the topmost level of the hierarchy, the subsequent 
level presents the decision factors and the alternative solution are located at the bottom level.
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2.  Construct of the Pairwise Comparisons: To establish a decision, AHP builds the pairwise matrix 
comparison such as:
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Elements xij are obtained from the table 1 which contains the 1-9 preference scales.

3.  Construct the Normalized Decision Matrix: Anorm is the normalized matrix of A, where A(xij) is 
given by, Anorm(aij) such:
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4.  Calculating the Weights of Criterion: The weight of each criterion i can be calculated by:
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5.  Calculating the Coherence Ratio (CR): To test consistency of a pairwise comparison, a consis-
tency ratio (CR) can be introduced with consistency index (CI) and random index (RI).

 ◦ Let define consistency index CI
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 ◦ We calculate the coherence ratio CR by the following formula CR CI
RI

=

The various values of RI are displayed in table 2. If the CR is less than 0.1, the pairwise comparison 
is considered acceptable.
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3.2 Analytic Network Process (ANP) Method

The ANP is a MADM method proposed by Saaty (Lee, & Kim 2000), which extends the AHP approach 
to overcome the problems with dependence and feed beck within clusters (inner dependence) and between 
clusters (outer dependence). The ANP approach is based on six steps:

1.  Model Construction: A problem is decomposed into a network in which nodes corresponds to 
components. The elements in a component can interact with some or all of the elements of another 
component. Also, relationships among elements in the same component can exist. These relation-
ships are represented by arcs with directions.

2.  Construct of the Pairwise Comparisons between Component and of Inter-Dependencies: The 
way of conducting pairwise comparisons is the same as in the second step of AHP approach.

3.  Construct the Normalized Decision Matrix: Is the same as in the third step of AHP approach.
4.  Calculating the Weights of Criterion: Is the same as in the fourth step of AHP approach.
5.  Calculating the Coherence Ratio (CR): Is the same as in the fifth step of AHP approach.
6.  Construct the Super-Matrix Formation: The local priority vectors are entered into the appro-

priate columns of a super-matrix, which is a partitioned matrix where each segment represents a 
relationship between two components.

3.3 Equal Weighting Method

The equal weighting method is a very simple type of weighting techniques that gives the same weight, 
to each criterion for vertical handover. For each criterion Cj (j=1,...,n), we associate the same importance 

wi with 
i

n

i
w

=
∑ =
1

1 .

Table 1. Saaty’s scale for pair-wise comparison

Saaty’s Scale The Relative Importance of the Two Sub-Elements

1 Equally important

3 Moderately important with one over another

5 Strongly important

7 Very Strongly important

9 Extermely important

2,4,6,8 Intermediate values

Table 2. Value of random consistency index RI

Criteria 3 4 5 6 7 8 9 10

RI 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49
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3.4 Random Weighting Method

Equal weighting is a very simple type of weighting methods that generates the random weight, to each 
criterion for vertical handover. For each criterion Cj (j=1,...,n), we associate the random importance wi 

with 
i

n

i
w

=
∑ =
1

1 .

4. OUR IMPROVED STRATEGY FOR NETWORK SELECTION

In this section, we describe how can introduce the graph theory for modeling network selection problem. 
Then, we investigate the impact of on four weighting techniques which are equal weighting, random 
weighting, AHP method and ANP method. Our goal is to determine the suitable method which should 
be used with the cost function when Dijkstra’s algorithm is applied to find the best path in terms of QoS.

4.1 System Model

Any geographical area of each operator of telecommunication contains a set of heterogeneous networks 
such as Wifi, UMTS, WIMAX and LTE. The Figure 1 illustrates how can deploy different access points 
in order to build this heterogeneous geographical area.

Figure 1. Illustration of network selection in heterogeneous geographical area
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In order to model this area, we introduce the graph theory to build the graph. Let G = (V,E) be a di-
rected graph defined by nodes set V and an edges set E. Here the nodes refer to different mobile devices 
(iPad, Smart phone,, ..) or other connected objects (vehicle, camera,..).. While the edge set E corresponds 
to the set of mobility links between nodes. In fact, the edge weight can be measured as Distance, RSS, 
Bandwidth, or combination between different parameters concerning each both nodes.

4.2 Our Improved Strategy for Network Selection

The network selection strategy is based on Dijkstra’s algorithm in order to select the best path. In fact, 
for each edge, the cost function C(e) is calculated by addition of weighted metrics. The formula of C(e) 
is expressed as equation below:

C e w CB w
S
w
AB

w PD w PJ w PL( ) = + + + + +1 2
1

3
1

4 5 6 � 

The different metrics introduced in this formula are cost per byte (CB), security (S), available band-
width (AB), packet delay (PD), packet jitter (PJ) and packet loss (PL). With w1, w2, w3, w4, w5 and 
w6 represent respectively the weight of each criterion. In this chapter, we compare the performance of 
four weighting techniques combined with the cost function in order to determine the most weight of 
each attribute.

The pseudo code of our Algorithm 1 that allows choosing the best path is shown in Figure 2.

Figure 2. The pseudo code of our proposed strategy for network selection
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5. EXPERIMENTAL RESULTS

5.1 Scenario and Testbed Setup

In order to illustrate the effectiveness of our mechanism based on graph theory and cost function, we 
conducted two testbed experiments, according to ftp service and streaming service by using Mininet 
emulator (Team, 2012). In the first experimental, we compare the performance of our policy with three 
other algorithms, namely Handover based RSS, Handover based bandwidth and cost function. While 
the second experimental consist to choose the most appropriate weighing algorithm which should be 
coupled with our mechanism. For that, we perform the performance comparison between four weighting 
techniques which are equal method, random method, AHP method and ANP method.

For each testbed we analyze four QoS metrics which are throughput, packet loss, packet delay and 
jitter. The network topology concerning our testbed is depicted in Figure 1.

5.2 Performance Evaluation

5.2.1 Experimental 1

In this experimental, we present performance comparison between four algorithms namely:

• Our Mechanism: This technique represents our proposed algorithm 1 for selecting the best path 
by using Dijkstra’s algorithm.

• Handover Based RSS: In this technique, the weight of each edge is the Received Signal Strength 
(RSS) of the technology installed on the edge.

• Handover Based Bandwidth: The weight of each edge is the Received Signal Strength (RSS) of 
the technology installed on the edge.

• Handover Based Cost Function: The cost for each edge e is calculated as:

C e
PJ

D

AB

D
Te

Te

Te

Te

( ) = −









+ −










α β1 1 � 

where α=β=0,5, when DTe and PJTe are the distance (between mobile and access point) and the jitter of 
technology Te respectively. We notice that this cost function of each edge e is used in [15] to choose the 
best path for vehicular networks.

Figure 3 shows the average throughput of FTP traffic and streaming traffic for all algorithms. We 
remark that our policy increases the throughput with a value of 3.8 Mbps and 11.5 Mbps for FTP and 
streaming respectively. The all values provides by our policy are higher than the other values of the other 
algorithms. So, our proposed mechanism can improve the FTP throughput and streaming throughput better 
than handover based RSS, handover based bandwidth and handover based cost function for each service.

Furthermore, the throughput for handover based cost function is 2.8 Mbps for FTP service and 1Mbps 
for streaming service. Both these values are higher than the values provided by handover based RSS and 
Handover based Bandwidth. On the other hand, the handover based on RSS provides the smaller value 
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of the throughput 1.2Mbps for FTP service and 4Mbps for streaming service. For that, this algorithm is 
bad mechanism for selecting the best path for network selection.

Figure 4 shows the average value of the packet lost for all algorithms concerning FTP service and 
Streaming service. We notice that our policy diminishes the packet lost with a value of 0.42% and 0.85% 
for FTP service and streaming service respectively. For that, our mechanism can help to reduce the 
packet lost better than other algorithms because all values provides by our mechanism are smaller than 

Figure 3. Throughput (Mb/s) for both services FTP and Streaming

Figure 4. Average of Packet lost (Kb/s) for both services FTP and Streaming
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the other values of the other algorithms. While the handover based cost function can reduces the value 
of the packet lost with 0.6% for FTP service and 1% for streaming service, both these values are smaller 
than the values of handover based RSS and handover based Bandwidth. Moreover, Figure 3 shows that 
higher values of this parameter are provided by handover based RSS, with 1.25% for FTP service and 
1.4% for streaming service. For that, the handover based RSS is not appropriate mechanism for selecting 
the best path for network selection.

Figure 5 shows the average value of end-to-end delay for all algorithms concerning FTP service and 
streaming service. We remark that our mechanism decreases the delay with 39ms for FTP service and 
with 24ms for streaming service. Based on these values, our mechanism exhibits smaller delay than the 
other algorithms. In addition, we remark that the handover based cost function provides better perfor-
mance than conventional algorithms such as handover based RSS and handover based bandwidth.

Finally the Figure 5 shows that higher values of this parameter are provided by handover based RSS, 
with 84ms for FTP service and 96ms for streaming service. For that, the handover based RSS is not 
appropriate mechanism for selecting the best path for network selection.

Figure 6 shows the average jitter of FTP traffic and streaming traffic for all algorithms. We notice that 
our mechanism diminishes the jitter with a value of 6ms for FTP service and 7ms for streaming service. 
Both these values are smaller than the other values of the other algorithms. For that our proposed mecha-
nism can improve the jitter better than handover based RSS, handover based bandwidth and handover 
based cost function for all traffic classes. Furthermore, the handover based cost function is 12.5 ms for 
FTP service and 8.5 ms for streaming service. Both these values are smaller than the values provides by 
handover based RSS and Handover based Bandwidth. Finally, the handover based on RSS provides the 
higher value of the jitter with 35ms for FTP service and 33ms for streaming service. For this reason, the 
handover based RSS is the bad mechanism for selecting the best path for network selection.

Figure 5. Average of Packet delay (ms) for both services FTP and Streaming
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5.2.2 Experimental 2

In this experimental, we investigate the impact of four weighting techniques combined with the cost 
function when Dijkstra’s algorithm is used to select the best path in terms of QoS. These four weighting 
methods are equal method, random method, AHP method and ANP method.

Figure 7 shows the average throughput of the selected path for all weighting algorithms. We remark 
that, for ftp service, the ANP method increases the throughput with a value of 5.3 Mbps, the AHP method 
increases the throughput with a value of 4 Mbps, the equal method increases the throughput with a value 

Figure 6. Average of Packet jitter (ms) for both services FTP and Streaming

Figure 7. Throughput (Mb/s) for different weighting methods based handover
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of 3.8 Mbps and the random method increases the throughput with a value of 1.09Mbps. Concerning 
streaming service, the ANP method increases the throughput with a value of 12 Mbps, the AHP method 
increases the throughput with a value of 11.8 Mbps, the equal method increases the throughput with a 
value of 11.5 Mbps and the random method increases the throughput with a value of 6 Mbps.

The all values provides by our mechanism based on ANP method coupled with the cost function are 
higher than the other values of the other methods for both services. So, our proposed mechanism based 
on ANP method can improve the ftp throughput and streaming throughput better than all other weighting 
methods which can be coupled with the cost function.

Furthermore, the AHP method can exhibit significant improvement of the ftp throughput and stream-
ing throughput than the random method and the equal method. Finally, the random method is the only 
method that provides smaller results of throughput according both services, which represent the bad 
method that coupled with our mechanism.

Figure 8 shows the average value of the packet lost for all weighting techniques concerning ftp ser-
vice and streaming service. We notice that for ftp service, the ANP method, the AHP method, the equal 
method and the random method can decrease the packet lost with values of 0.5%, 0.8% 0.9% and 2% 
respectively. In addition, for streaming service, the ANP method, the AHP method, the equal method 
and the random method can diminish the packet lost with values of 0.5%, 0.6% and 0.99% and 1.01% 
respectively.

We deduce that, for both services, our mechanism based on ANP method can be used to reduce the 
packet lost. On the other hand, the AHP method can diminishes the value of the packet lost better the 
random method and the equal method. The random method is the bad method that coupled with our 
mechanism.

Figure 9 shows the average of end-to-end delay for all weighting techniques concerning ftp service 
and streaming service. We remark that, for ftp traffic, the four algorithms Equal method, Random 

Figure 8. Average of Packet lost (Ms) for different weighting methods based handover
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method, AHP method and ANP method decrease the packet delay with 39 ms, 60.6 ms 33 ms and 30 ms 
respectively. In addition, for streaming traffic, the four algorithms Equal method, Random method, AHP 
method and ANP method decrease the packet delay with 45 ms, 50 ms, 30 ms and 30 ms respectively.

Based on these values, for both services, the ANP method exhibits smaller delay than the other 
weighting algorithms. On the other hand, the higher values of this parameter are provided by random 
method, for that, this method is not appropriate algorithm to be combined with our mechanism for se-
lecting the best path.

Figure 10 shows the average jitter for all weighting algorithms according to ftp service and streaming 
service. Note that in this figure, for ftp service, the four algorithms Equal method, Random method AHP 
method and ANP method decrease the packet jitter with 6 ms, 8 ms, 6 ms and 5.86 ms respectively. In 
addition, for streaming service, the four algorithms, Equal method, Random method, AHP method and 
ANP method decrease the packet delay with 10.99 ms, 11.63 ms 10.05 ms and 9.37 ms respectively.

Figure 9. Average of Packet delay (ms) for different weighting methods based handover

Figure 10. Average of Packet jitter (ms) for different weighting methods based handover
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Based on these values, we remark that for both traffic classes, the ANP method provides the smaller 
value of the average jitter than the AHP method, the equal method and the random method. For that, the 
ANP method can improve the jitter better than all weighting techniques.

Furthermore, the AHP method provides better performance than equal method and random method. 
Finally, the random method provides the higher value of the jitter. For this reason, the mechanism coupled 
with this technique is the bad solution for selecting the best path for vertical handover.

6. CONCLUSION

In this chapter, we proposed an efficient mechanism for network selection decision based on graph theory 
and cost function in order to determine the best path during the network selection decision. Firstly, the 
graph theory approach is applied to model and build graph concerning the network selection problem. 
Then, six criteria: cost per byte (CB), security (S), available bandwidth (AB), packet delay (PD), packet 
jitter (PJ) and packet loss (PL) are introduced to develop a new cost function which used by Dijkstra’s 
algorithm for selecting the best path for network selection decision. Moreover, we improved our mechanism 
by investigating the impact of four weighting techniques: equal method, random method, AHP method 
and ANP method on cost function in order to determine the most suitable weights for different criteria.

The experiments evaluation on a testbed by using Mininet emulator showed, that our efficient 
mechanism for selecting the best path provides higher throughput, exhibits smaller packer lost, decreases 
the packet delay, and the packet jitter better than handover based RSS, handover based bandwidth and 
handover based cost function. In addition, we notice that the vertical handover based on one criterion 
such as RSS or bandwidth is not efficient to choose the best path for network selection in heterogeneous 
wireless networks. Moreover, the cost function based on ANP method provided better performance in 
terms of QoS for both services than equal method, random method and AHP method.

Finally, in spite of our mechanism has achieved promising results in light of modeling vertical handover 
as graph, our proposed solution suffered two limitations. The first one is that, we presumed that the ac-
cess technology installed along the road edges; consequently, the proposed mechanism does not consider 
dynamic users. The second limitation is that the proposed mechanism does not take into account what is 
the most appropriate time to start the network selection algorithm. For that, our on-going work focuses 
to deal with both limitations, we will propose k-partite graph to model the network selection problem in 
order to deal with the first limitation. In addition, to deal with the second limitation, we will introduce 
machine learning in order to predict the most appropriate time to start the network selection algorithm.
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KEY TERMS AND DEFINITIONS

Always Best Connected (ABC) Paradigm: Means that the users have the possibility to connect to 
applications using the devices and access technologies that best suit his or her needs, thereby combining 
the features of access technologies such as Bluetooth, Wifi, WiMax, UMTS, and LTE. In addition, a 
user is able to choose the best available access networks at anywhere and at any in time by using mobile 
terminal equipped with multiple interfaces.

Handover: In cellular telecommunications, the terms handover or handoff refer to the process of 
transferring an ongoing call or data session of mobile terminal from one access network to another access 
network. Basically, handovers are mainly classified into horizontal and vertical handovers. Handover 
within same access networks is referred to as horizontal handover, while handover across heterogeneous 
access networks is referred to as the vertical.

Handover Decision: It’s namely also network selection. In this step the mobile terminal evaluates 
the reachable wireless networks to make a decision according some criteria such as battery, velocity, 
QoS level, security level, users’ preferences, perceived QoS, etc.

Handover Execution: It consists on establishing the target access network by using mobile IP protocol.
Handover Initiation: During this step, the mobile terminal discovers available networks. In addition, 

some initial parameters for measurement and handover are configured. Measurement related parameters 
may include the required link quality, measurement metrics, measurement interval, and so on.

International Telecommunication Unit (ITU): Is the leading United Nations agency for information 
and communication technologies. As the global focal point for governments and the private sector, ITU’s 
role in helping the world communicate spans 3 core sectors: radio-communication, standardization and 
development. ITU also organizes TELECOM events and was the lead organizing agency of the World 
Summit on the Information Society.

Packet Delay: Is defined as difference between time taken by the transmitted packets from source 
to destination. It includes all possible delays in the network like buffering route discovery latency, and 
propagation and transmission delay.

Packet Jitter: Is defined as a variation in the delay of received packets. At the sending side, packets 
are sent in a continuous stream with the packets spaced evenly apart.

Packet Loss: Is the ratio of the number of the failure of packets and the number of packets originated 
by the source.

Quality of Service (QoS): Refers to the description or measurement of the overall performance of a 
service, such as access network or a cloud computing service, particularly the performance seen by the 
users of the network. To quantitatively measure quality of service, several related aspects of the network 
service are often considered, such as throughput, packet loss, packet delay, packet jitter, etc.

Throughput: For each access network, this parameter represents the ratio of total successful data 
delivered over a communication channel per unit time.
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