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Tomeettherecentwirelesstrafficvolumeincrement,5Gheterogeneouscellularnetworkshavebeen
investigatedasthemostpowerfulnetworkarchitecturetoenhancebothspectrumandenergyefficiency
inacost-effectiveway,wherevariouskindsofsmallcellswithdifferentdownlinkpowerscoexistinthe
coverageofmacrocells.Thesesmallcellscanbepicocells,femtocells,remoteradioheads,relays,and
device-to-devicecommunicationpairs.Thesesmallcellscanoffloadthetraffic,extendthecoverage,
andbettermeetthesubscribers’qualityofexperience(QoE).Insummary,5Gheterogeneouscellular
networkswillcounterthechallengeofcost-effectivelysupportinga1000-foldincreaseintrafficdemand
overthenextdecades.

However,thesegoodopportunitiesprovidedbythe5Gheterogeneouscellularnetworksalwayscome
withvarioustechnicalchallenges,forinstance,boththeinter-andtheintra-tierinterferencedamagesthe
potentialperformanceimprovement.Thisismainlyduetothelimitedspectrumresources,thusleading
totheseunderlyingsmallcellsfullysharingthelicensedspectrumtothemacrocells.

Ontheotherhand,denserdeploymentofsmallcellsmeanshigherenergyconsumption,andbackhaul
andfronthaulexpenditures.Therefore,thespectrum,energy,andcostefficiencyproblemsarebecoming
moreserious,inparticular,intheultra-densedeploymentscenarios.Thiseditedbookwillconcentrate
onthepromisinginterferencemitigationandenergymanagement,withtheaimtoreleasethepotential
capabilitiesofthe5Gheterogeneouscellularnetworks.

Bynow,extensiveresearchhasbeenpouredonthistopic,whichcanbeviewedfromthefollowing
aspects:first,theoreticperformancelimitsofinterference-limitedsystemshavebeenanalyzedinthe
frameworkofstochasticgeometryandoptimizationtheory.However,researchersprefertheadvanced
mathematicaltoolswithfeaturesofcharacterizingtheinteractionandrationalbehaviorsanddistributed
controlschemes.Second,althoughthereexistdifferentinterferencemitigationtechnology,theyshould
be further studiedandapplied to the5Gheterogeneouscellularnetworks.Meanwhile, there should
existasurveyontheinterferencealignment,enhanceinter-cellinterferencecoordination,andinterfer-
encecancellation.Inaddition,differentenergymanagementmethodologyshouldbejointlyconsidered
includingthecell-zoomingandcellrangeexpansiontoenhancetheenergyefficiency.Lastbutnotthe
least,newnetworkarchitecturesandtypicalfeaturesareinvolvedintheheterogeneouscellularnetworks,
includingcloudcomputing,cognitiveradio,andsoftware-definednetworksandnetworkvirtualization.
Thesewilllargelyenhancethecapabilitiesof5Gheterogeneouscellularnetworks.

Thepromising5Gfeaturedtechnologyhasbeenwidelystudiedtomitigateinterferenceandsave
energy,thusimprovingbothspectrumandenergyefficiency.Researchersfromacademia,industry,and
standardizationcommunitiesarestillworkinghardonthesepromisingtopics.Therefore,itisnecessary
tocallforthemtoproposetheirnovelideastocontributethisbook.

xv



Preface

Itisknownthattheenergyefficient,green,andinterferencemanagementshouldbeexploredand
exploitedforbetterunderstandinganddesignwirelessnetworks.Thisbooklooksintodiscussandaddress
interferenceandenergymanagementfortheemerging5Gheterogeneouscellularnetworks,wherewe
concentrateonbuildingaoverallpictureonthetopic,surveyingthecurrentresearchstatus,andprovid-
ingnovelmathematicalframeworks,e.g.,matching,game,andpricing.

Thisbookisthereforebothtimelyandapposite.Thebookwillprovidethenovelandpotentialway
tosolvetheencounteredproblemsforwirelessnetworkresearcherandengineer.Italsowillhelpvarious
kindsofnetworkingengineersforunderstandinganddesigningthesuitablewirelessnetworks.

TARGET AUDIENCE

Researchers,advanced-levelstudents,technologydevelopers,andengineerswillfindthistextuseful
infurtheringtheirresearchonInterferenceMitigationandEnergyManagementin5GHeterogeneous
CellularNetworks.Thistextwillassistwirelessengineersinfurtheringtheirownresearcheffortsand
interests,wheretheywillfindusefulandvaluableguidancefromthesurveyedtechniques,thespecific
technologyappliedtospecificscenarios,andthemathematicalframeworks.

CHAPTER OVERVIEW

Aftercarefulandrigorousreview,finallyweaccepted12chaptersaccordingtothereviewresults,and
content,concentration,andobjectiveofthisbook;andthenwedividethemintothreesectionsaccord-
ingtotheirinternallogic.

Section 1: Energy-Efficient Communications and 
Energy Management Techniques

Inthesection,wehavethreechapters,wherethefirsttwochapters(Chapter1andChapter2)concen-
trateonspecificenergyefficienttechnologyfromdifferentperspectives,andChapter3surveyedthe
currentresearchstatusandtheongoingprojectsallovertheworld,finallytheauthorslookedintothe
futureresearchdirections.Indetail,Chapter1studiedtwokindofgreencommunicationtechniques,
includingaddingmoresectorspersiteanddeployinganoverlayofsmallcells,whicharekeymethods
toenhancetheRANcoverageandcapacity.Theimpactofthesetwotechniquesoncellularnetwork
energyconsumptionwasalsoinvestigatedinChapter1withtheaimtofindanenergyefficientdeploy-
mentstrategywhentrading-offtheorderofsectorisationwiththeintensityofsmallcelldensification.
Inaddition,Chapter1evaluatedtheamountofnetworkenergyefficiencyimprovementwhenvarious
adaptivesectorisationschemeswereimplemented,wheretheconclusionwasthestrategyofaddingmore
sectorswaslessenergyefficientthandirectlydeployinganoverlayofsmallcells,evenwhenadaptive
sectorisationwasimplemented.

InChapter2,theauthorsstudiedcachingtoultra-denselydeployedsmallcellstosavetheenergy
consumption,wheretheauthorsinvestigatedaNP-hardenergy-efficientcontext-awareresourceallocation
problemandformulateditasaone-to-onematching.Thepreferencelistsinthematchingweremodeled
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basedontheoptimumenergyefficiencyunderspecifiedmatchingandestablishedbyusinganiterative
powerallocationalgorithmbasedonnonlinearfractionalprogrammingandLagrangedualdecomposi-
tion.SomepropertiesoftheproposedGale-Shapleyalgorithmwerediscussedandanalyzedindetail.
Moreover,theauthorsextendedthealgorithmtothematchingwithindifferentandincompleteprefer-
encelistsinChapter2.Ingreencommunications,thenetworkoperatormakeseffortstoreduceenergy
consumption.,wheredifferentresearchschemesaboutenergyefficientcommunicationtechniques,the
designofenergy-awarenetworkarchitecturesandprotocols,energy-friendlysoftware,andrenewable
energysourceshavebeenwellstudiedrecently.Howeverdevelopinganoptimalenergymanagementplan
requirestheunderstandingofthecharacteristicsof5Gheterogeneouscellularnetworksthatcouldbe
exploitedtoimproveenergyandresourcesefficiency.InChapter3,theauthorspresentedastudyabout
challengesinenergy-efficientcommunicationsandcommunicationstechnologiesasenablersforgreen
solutionsandhowthischallengescouldbeextendedtomeetthoseofthe5Gheterogeneousnetworks,in
ordertoidentifypossiblesolutionstoaddresstheenergyefficiencyandinterferencemitigationissues.
Chapter3surveyedthecurrentresearchstatusandtheongoingprojectsallovertheworld,finallythe
authorslookedintothefutureresearchdirections.

Section 2: Enhanced Interference Management 
Technology with Featured Characteristics

Inthissection,wehavefivechapters,whereChapters4,5,6,and7investigatedtheinterferencemanage-
mentschemeswithfeaturedcharacteristicsofthefull-duplexmassiveMIMOrelay,thecognitiveMIMO
system,thecombinationofresourceallocationandinterferencealignment,andgametheory.Finally,
Chapter8summarizedthemajorchallengesandsolutionsof interferencemanagement. Interference
cancellation,avoidanceandcoordinationwerediscussedindetailinChapter8.

MassiveMIMOfull-duplexrelaying(MM-FDR)wasstudiedinChapter4,wheremultiplesource-
destinationpairssimultaneouslycommunicatedwiththehelpofacommonfull-duplexrelay.Different
fromthetraditionalMM-FDRprotocol,ageneralmodelwasformulatedwheresourcesanddestinations
wereallowedtoequipwithmultipleantennas.Alowcomplexityhardwareimpairmentsawaretransceiver
scheme(namedasHIAscheme)waspresentedtomitigatethedistortionnoisesbyexploitingthestatistical
knowledgeofchannelsandantennaarraysatsourcesanddestinations.TheresultsshowedthattheHIA
schemecanmitigatetheceilingeffectappearingintraditionalMM-FDRprotocolwhenthenumbersof
antennasatsourcesanddestinationscanscalewiththatattherelay.InChapter5,theauthorsanalyzed
atypicalscenariowheretheGEOsatellite-terrestrialnetworkandthe4Gmobilecommunicationnet-
workcoexistheterogeneously.Besides,amulti-usercognitivesystemmodelwasalsoproposed,where
secondarysatelliteterminalsinterferedtheprimaryMIMO4Gbasestations.Meanwhile,DBFin4G
basestationsystemwasadoptedtominimizethecognitiveinterferencecausedbymulti-antennasand
multi-users,whereweightvectorwasonlyrelatedtotheazimuthoftheinterference,thustheproposed
algorithmdidnotneedreal-timeandrepeatcalculations,andhadsmallcomplexity.Finally,thenumerical
simulationresultsverifiedthattheproposedsystemandalgorithmcaneffectivelyreduceinterference
betweensatellite-terrestrialnetworkandterrestrialwirelessnetworktoacertainextent.

Chapter6andChapter7arefromtheresourcemanagementperspectivetomanagetheinterference.
However,differentwiththetraditionalresourceallocationproblems,theconsistencyofresourceoccupa-
tionandthediversityofinterferenceofparticipantsininterferencealignment(IA)clustersbringabout
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thecomplexityinthecombinationofresourceallocationandIA.Therefore,Chapter6gaveatransformed
conflictgraph-basedsolutionframeworkwhichconsideredthelowcomplexityofchordalgraph,where
theselectioncriteriaofIAclustersweredeterminedbytheinfluenceofIAontheresourceoccupation
andtheinterference.Thesimulationresultsshowedthattheproposedschemescanimprovethenetwork
performance.Meanwhile,itissignificanttostudytheself-organizeddistributedco-tieredinterference
mitigationandresourceallocation.Gametheoryisaneffectivedistributedapproachtowardshandling
thedistributedco-tieredinterferencemitigationproblemwithoutacentralcontroller.Chapter7wasto
addresstheapplicationofgametheoryanddistributedlearningsolutionsfordistributedco-tieredinter-
ferencemitigation.Twopotentialgamemodelsforstaticanddynamicco-tieredinterferencemitigation
werepresentedanddiscussedforsmall-cellnetworkswithfixedloadsanddynamicloadsseparately.
Inaddition,twodistributedlearningalgorithmswerepresentedandresultsarediscussed.Finally,some
futureresearchdirectionsweregiven.

Inadditiontothelistedinterferencemanagementschemes,Chapter8summarizedthemajorchal-
lengesandsolutionsofinterferencemanagement.Interferencecancellation,avoidanceandcoordination
werediscussedindetail,includingenhancedintercellInterferenceCoordination(eICIC),Coordinated
Multi-pointTransmission(CoMP)etal.Inaddition,thefuturechallengesofinterferencemanagement
hadalsobeenpresented.

Section 3: Novel Mathematical Frameworks for 
Interference and Energy Management

Wehavefourchaptersinthissection,whereweprovidednovelmathematicalframeworks,althoughthere
haveexitedthespecificapplicationsofmatchinginChapter2andgameinChapter7.Inthissection,a
geometricprogrammingformulationwasfirstgiven,thusleadingtothediscussionofthenecessityof
self-organizingnetworksinthe5Gera.Followingthat,weintroducedtwosurveysofStackelberggame
andpricingmethodologytomeatthehierarchicalarchitectureofInterferenceMitigationandEnergy
Managementin5GHeterogeneousCellularNetworks.

InChapter9,theauthorsstudiedthehigh-speedmovingscenario,suchashigh-speedrailway(HSR).
Whichwasatypicalapplicationscenarioof5Gcommunicationsystems.Recently,theHSRhasbeen
rapidlydevelopedintheworld.Mobilerelaystations(MRSs)whicharemountedinahigh-speedtrain
(HST) is thepopular systemarchitecture forhigh-speedmobile communications.However, sharing
spectrumbetweenthemacrocellandtheMRScell,interferenceexistsinthishybridsystem.Chapter
9investigatedthedownlinkofamulti-cellulardecodeandforward(DF)relayedOFDMA)systemand
formulatedtheproblemtomaximizethesystemsumrateofallcellssubjecttoatotalpowerconstraint
andanewproposedtimedelayconstraint.Aneffectiveresourceallocationschemecombinedbyagreedy
sub-carriersallocationandgeometricprogramming(GP)basedpowerallocationalgorithmwasproposed
tooptimizesubcarrierallocationandpowerallocation.Particularly,arigidtimedelayconstraintwas
introducedtoaccommodatethehighspeedmobileenvironmentexceptforthecommonpowerconstraint.
Numericalexperimentsverifiedthattheproposedresourceallocationschemeoutperformstheothertradi-
tionalapproachesandthenecessityofintroducingthetimedelayconstraint.Althoughoptimalsolutions
canbefoundintheconvexoptimizationframeworks,therecomesthenovelchallengesofdistributed
interferencemanagementandselfadaptabilitywiththeoverlayingmacrocellularnetworksincemost
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smallcellbasestationsareuserdeployedanddonothavecentralizedcontrolontheirconfigurationand
operation.ThepurposeofChapter10istoelaboratetheconceptofheterogeneousnetworkandSelfOr-
ganizationNetwork(SON)inLTE-A.ThevarioususecasesofSONthatcanbenefittheheterogeneous
networkhasbeendiscussedlayingemphasisoninterferencemanagementusecase.Furtherthecurrent
trendofresearchinthisfieldhasbeenhighlighted.Itprovidesaholisticpictureoftheheterogeneous
networkandSONinLTE-Aandupcomingmobilecommunicationgenerations.

Chapters11and12consideredthejointinterferencemitigationandenergymanagement,wherethe
concentrationistointroducethenovelgameandpricingtechniquestofacilitatethedesignofdistributed
schemes.Gametheoryhasfoundanextensiveapplicationinwirelesscommunicationnetworksincluding
cognitiveradionetworks,heterogeneouscellularnetworks,cooperativerelaynetworks.Also,cognitive
radionetworks,greencommunicationsandheterogeneouscellularnetworkshaveattractedawideat-
tentiononimprovethespectrumefficiencyandenergyefficiency;therefore,thecapacity,thecoverage
andtheenergyconsumption.However,interferenceproblemandenergyconsumptionarecriticalfor
thesenetworks.Introducinghierarchyamongdifferentdecision-makingplayersincognitive,heteroge-
neous,green,cooperativecellularnetworkscanbothsaveenergyandmitigateinterference,thusenhance
throughput.Stackelberggamesuitstomodel,analyzeanddesignthedistributedalgorithmsinthese
hierarchicaldecision-makingnetworkingscenarios.Inthischapter,weintroducebasicsofStackelberg
gameandsurveytheextensiveapplicationsofStackelberggameincognitive,heterogeneous,cooperative
cellularnetworkswiththeemphasisonresourcemanagement,greencommutationsdesignandinterfer-
encemanagement.Chapter11highlightedthepotentialsandapplicationswith thepromisingvision
ofStackelberggametheoreticframeworkforfuturecognitivegreenheterogeneouscellularnetworks.

Pricingtheoryandmethodologyfromeconomicfieldshavefoundextensiveapplicationsincogni-
tiveradioandmulti-tierheterogeneouscellularnetworks.Conventionaleconomicpricingapplications
inwirelesscommunicationsarealwaysrelatedtothemonetaryrevenueofnetworkoperators.Inthis
chapter,theauthorsconcentrateondifferenttechnicalapplicationsandresearchdirectionsofpricing
theoryandmethodology,wheretheauthorsinvestigatefollowingtechnicalapplicationsandfunctionsof
pricingincludingcooperativeincentivemechanismdesign,Pareto-andsocialoptimalityimprovement,
distributedalgorithmdesignwiththelowsignalingoverhead.theauthorsfirstclarifydifferentconcepts
ofpricing,summarizethemotivation,presentataxonomyaccordingtothesedifferenttechnicalapplica-
tions.Then,theauthorssurveyapplicationsofpricingtheoryandmethodologywithunderstandingsand
observationsincognitiveradioandmulti-tierheterogeneouscellularnetworks.theauthorsemphasize
someoftherecentcriticalproblems,suchasthecooperationincentive,resourceandinterferencemanage-
mentandeconomicsofsmallcells.Finally,theauthorsconcludethischapterwiththepossibleresearch
directionsandmorepotentialnetworkapplicationsofpricingtheoryandmethodology.

CONCLUSION

Thiscomprehensiveandtimelypublicationaimstobeanessentialreferencesource,buildingonthe
availableliteratureinthefieldofinterferencemitigationandenergymanagementforwirelesscommuni-
cationnetworks,andinparticular,thereaderswillfindusefulandvaluableguidancefromthesurveyed
techniques,thespecifictechnologyappliedtospecificscenarios,andthemathematicalframeworks.
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Thebookwillprovidethenovelandpotentialwaytosolvetheencounteredproblemsforwireless
networkresearcherandengineer.Italsowillhelpvariouskindsofnetworkingengineersforunderstand-
inganddesigningthesuitablewirelessnetworks.
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