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TheinnovativeandeffectiveuseofInformationandCommunicationTechnologies(ICT)isbecoming
increasinglyimportanttoimprovetheeconomyoftheworld.Wirelesscommunicationnetworksare
perhapsthemostcriticalelementintheglobalICTstrategy,underpinningmanyotherindustries.Itis
oneofthefastestgrowingandmostdynamicsectorsintheworld.

Thedevelopmentofwireless technologieshasgreatly improvedpeople’sability tocommunicate
andliveinbothbusinessoperationsandsocialfunctions.Thephenomenalsuccessofwirelessmobile
communications ismirroredbya rapidpaceof technology innovation.From the secondgeneration
(2G)mobilecommunicationsystemdebutedin1991tothe3Gsystemfirstlaunchedin2001,thewire-
lessmobilenetworkhastransformedfromapuretelephonysystemtoanetworkthatcantransportrich
multimediacontents.The4GwirelesssystemsweredesignedtofulfilltherequirementsofInternational
MobileTelecommunications-Advanced(IMT-A)usingIPforallservices.In4Gsystems,anadvanced
radio interface is used with Orthogonal Frequency-Division Multiplexing (OFDM), Multiple-Input
Multiple-Output (MIMO),and linkadaptation technologies.4Gwirelessnetworkscansupportdata
ratesofupto1Gb/sforlowmobility,suchasnomadic/localwirelessaccess,andupto100Mb/sfor
highmobility,suchasmobileaccess.

Long-TermEvolution(LTE)anditsextension,LTE-Advancedsystems,aspractical4Gsystems,have
recentlybeendeployedorsoonwillbedeployedaroundtheglobe.However,thereisstilladramatic
increaseinthenumberofuserswhosubscribetomobilebroadbandsystemseveryyear.Moreandmore
peoplecravefasterInternetaccessonthemove,trendiermobiles,andingeneralinstantcommunication
withothersoraccesstoinformation.

Morepowerfulsmartphonesandlaptopsarebecomingmorepopularnowadays,demandingadvanced
multimediacapabilities.Thishasresultedinanexplosionofwirelessmobiledevicesandservices.As
moreandmoredevicesgowireless,manyresearchchallengesneedtobeaddressed.Oneofthemost
crucialchallengesisthephysicalscarcityofRadioFrequency(RF)spectraallocatedforcellularcom-
munications.Cellularfrequenciesuseultra-high-frequencybandsforcellularphones,normallyranging
fromseveralhundredmegahertztoseveralgigahertz.Thesefrequencyspectrahavebeenusedheavily,
makingitdifficultforoperatorstoacquiremore.

Anotherchallengeisthatthedeploymentofadvancedwirelesstechnologiescomesatthecostofhigh
energyconsumption.Theincreaseofenergyconsumptioninwirelesscommunicationsystemscausesan
increaseof(CO2)emissionindirectly,whichcurrentlyisconsideredasamajorthreatfortheenvironment.
Otherchallengesare,forexample,averagespectralefficiency,highdatarateandhighmobility,seamless
coverage,diverseQualityofService(QoS)requirements,andfragmenteduserexperience(incompat-
ibilityofdifferentwirelessdevices/interfacesandheterogeneousnetworks),tomentiononlyafew.
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Alltheaboveissuesareputtingmorepressureoncellularserviceproviders,whoarefacingcon-
tinuouslyincreasingdemandforhigherdatarates,largernetworkcapacity,higherspectralefficiency,
higherenergyefficiency,andhighermobilityrequiredbynewwirelessapplications.Ontheotherhand,
4Gnetworkshavejustaboutreachedthetheoreticallimitonthedataratewithcurrenttechnologiesand
thereforearenotsufficienttoaccommodatetheabovechallenges.

Asaresult,5Gisthenextstepintheevolutionofmobilecommunication.Itwillbeakeycomponent
oftheNetworkedSocietyandwillhelprealizethevisionofessentiallyunlimitedaccesstoinformation
andsharingofdataanywhereandanytimeforanyoneandanything.5Gwillthereforenotonlybeabout
mobileconnectivityforpeople.Rather,theaimof5Gistoprovideubiquitousconnectivityforanykind
ofdeviceandanykindofapplicationthatmaybenefitfrombeingconnected.

Mobilebroadbandwillcontinuetobeimportantandwilldrivetheneedforhighersystemcapacity
andhigherdatarates.But5Gwillalsoprovidewirelessconnectivityforawiderangeofnewapplica-
tionsandusecases,includingwearable,smarthomes,trafficsafety/control,andcriticalinfrastructure
andindustryapplications,aswellasforvery-high-speedmediadelivery.

Incontrasttoearliergenerations,5Gwirelessaccessshouldnotbeseenasaspecificradioaccess
technology.Rather,itisanoverallwireless-accesssolutionaddressingthedemandsandrequirements
ofmobilecommunications.

LTEwillcontinuetodevelopinabackwards-compatiblewayandwillbeanimportantpartofthe
5Gwireless-accesssolutionforfrequencybandsbelow6GHz.Therewillbemassivedeploymentsof
LTEprovidingservicestoanenormousnumberofdevicesinthesebands.Foroperatorswithlimited
spectrumresources,thepossibilitytointroduce5Gcapabilitiesinabackwards-compatibleway,thereby
allowinglegacydevicestocontinuetobeservedonthesamecarrier,ishighlybeneficialand,insome
cases,evenvital.

Inparallel,newRadioAccessTechnology(RAT)withoutbackwards-compatibility requirements
willemerge,atleastinitiallytargetingnewspectrumforwhichbackwardscompatibilityisnotrelevant.
Inthelonger-termperspective,thenewnon-backwards-compatibletechnologymayalsomigrateinto
existingspectrum.

THE CHALLENGES

In5Gcellularnetworks,thechallengesaretoenableconnectivityforaverywiderangeofapplications
withvastlydifferentcharacteristicsandrequirements.Thecapabilitiesof5Gwirelessaccessmustextend
farbeyondthoseofpreviousgenerationsofmobilecommunication.

Massive System Capacity

Trafficdemandsformobile-communicationsystemsarepredictedtoincreasedramatically.Tosupport
suchtrafficinanaffordableway,5Gnetworksmustbeabletodeliverdatawithmuchlowercostper
bitcomparedwiththenetworksoftoday.Furthermore,inordertobeabletooperatewiththesameor
preferablyevenloweroverallenergyconsumptioncomparedwithtoday,5Gmustenableradicallylower
energyconsumptionperdeliveredbit.

Anotheraspectof5Gsystemcapacityisthecapabilitytosupportamuchlargernumberofdevices
comparedwithtoday.Thenewusecasesenvisionedfor5Ginclude,forexample,thedeploymentof
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billionsofwirelesslyconnectedsensors,actuatorsandsimilardevices.Eachdevicewilltypicallybe
associatedwithverylittletraffic, implyingthat,evenjointly, theywillhavealimitedimpactonthe
overalltrafficvolume.However,thesheernumberofdevicestobeconnectedprovidesachallenge,for
example,intermsofefficientsignalingprotocols.

High Data Rates

Everygenerationofmobilecommunicationhasbeenassociatedwithhigherdataratescomparedwith
thepreviousgeneration.Inthepast,muchfocushasbeenonthepeakdataratethatcanbesupportedby
awireless-accesstechnologyunderidealconditions.However,amuchmoreimportantcapabilityisthe
dataratethatcanactuallybeprovidedunderreal-lifeconditionsindifferentscenarios.

5Gshouldbeabletoprovidedataratesexceeding10Gbpsinspecificscenariossuchasindoorand
denseoutdoorenvironments.Dataratesofseveral100Mbpsshouldbegenerallyachievableinurban
andsuburbanenvironments.Dataratesofatleast10Mbpsshouldbeachievableessentiallyeverywhere,
includingsparsely-populatedruralareasinbothdevelopedanddevelopingcountries.

Low Latency

Lowerlatencyhasbeenakeytargetforboth4Gandtheevolutionof3G,drivenmainlybythecontinuous
questforhigherachievabledatarates.Duetopropertiesoftheinternetprotocols,lowerlatencyoverthe
wirelessinterfaceiscriticaltorealizethehigherdatarates.5Gtargetsevenhigherdatarates,andthis
initselfwilldriveaneedforevenlowerlatency.

However,lowerlatencywillalsobedrivenbythesupportfornewapplications.Someoftheenvisioned
5Gapplications,suchastrafficsafetyandcontrolofcriticalinfrastructureandindustryprocesses,may
requiremuchlowerlatencycomparedwithwhatispossiblewiththemobile-communicationsystems
oftoday.Tosupportsuchlatency-criticalapplications,5Gshouldallowforanapplicationend-to-end
latencyof1msorless.

Ultra-High Reliability and Availability

In addition to very low latency, 5G should also enable connectivity with ultra-high reliability and
ultra-highavailability.Forcriticalservices,suchascontrolofcriticalinfrastructureandtrafficsafety,
connectivitywithcertaincharacteristics,suchasaspecificmaximumlatency,shouldnotonlybe‘typi-
callyavailable.’Rather,connectivitywiththerequiredcharacteristicshastobealwaysavailablewith
essentiallynodeviation.

Low Energy Consumption

Thepossibilityforlowcostandlowenergyconsumptionformobiledeviceshasbeenakeyrequire-
mentsincetheearlydaysofmobilecommunication.However,inordertoenablethevisionofbillions
ofwirelesslyconnectedsensors,actuatorsandsimilardevices,afurtherstephastobetakenintermsof
devicecostandenergyconsumption.Itshouldbepossibleforsuch5Gdevicestobeavailableatvery
lowcostandwithabatterylifeofseveralyearswithoutrecharging.
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High Network Energy Performance

Whiledeviceenergyconsumptionhasalwaysbeenprioritized,highenergyperformanceonthenetwork
sidehasmorerecentlyemergedasaKeyPerformanceIndicator(KPI).

• Highnetworkenergyperformanceisanimportantcomponentinreducingoperationalcost,aswell
asadriverforbetterdimensionednodes,leadingtolowertotalcostofownership.

• Highnetworkenergyperformanceallowsforoff-gridnetworkdeploymentsrelyingondecently
sizedsolarpanelsaspowersupply,therebyenablingwirelessconnectivitytoeventhemostremote
areas.

• Highnetworkenergyperformanceispartofageneraloperatoraimofprovidingwirelessaccess
inasustainableandmoreresource-efficientway.

Theimportanceofthesefactorswillincreasefurtherinthe5Gera,andthepossibilityofveryhigh
networkenergyperformancewillthereforebeanimportantrequirementinthedesignof5Gwireless
access.

SEARCHING FOR A SOLUTION

Suchrequirementsneedspecialtechnologiestobedeployed.Thedetailed5Gstandardsarestillwork
inprogressanduncertainyet.CarrierAggregation,massiveMultipleInput–MultipleOutput(MIMO),
beamforming,cloudcomputing,millimeterWaves(mmW),CognitiveRadio(CR),FullDuplex(FD),
Non-OrthogonalMultipleAccess(NOMA),greencommunication,energyharvesting,Device-to-Device
(D2D),wearableantenna,newsecurity techniquesandCloudRadioAccessNetworksarepotential
technologiesunderresearchtomeet5Gneedsandbeappliedonit.Inthisbook,wetendtooverview
someofthesesupportivetechnologiesfor5Gheterogeneousnetworks.

ORGANIZATION OF THE BOOK

Thebookisorganizedinto12chapters.Abriefdescriptionofeachofthechaptersfollows:
Chapter1coversthemajordevelopmentsincellularCommunicationnetworksnamelyFixedInternet,

Mobileinternet,ThingsInternetandtheupcomingTactileInternet.Theauthorsofthischapterpresent
newtrendsandchallengesinadopting5thGenerationofCellularCommunication(5G)forInternetof
Things(IoT).Further,theyprovideaninsightaboutthetransformationfrominfrastructurebasedinternet
toopportunitiesorservicebasedinternetdesign.

Chapter2presentastudyaimstodevelopamodelofinformationtransmissionbasedondiscreteevent
concepts.Thismethodologyaimstoincreaseefficiencyinsendingandreceivingdatabyreducingthe
consumptionoftimeduringthisprocess.Next,chapterdiscussesthetechnologicalconceptsthatinvolve
themobiletransmissionandthatmotivatedthedevelopmentoftheCBEDEmethodology(Codingof
BitsforEntitiesbymeansofDiscreteEvents)presentedinthischapter.

Chapter3introducesanoverviewofmicrostripantennaandMIMOsystemsforthenext5Gband.
Also,inthischapter,anoveldesignofMIMOantennaforthecominggeneration5Gbandsasasolution
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forthenextgenerationofsmartphoneantennasisinvestigated.Moreover,theeffectofmutualcoupling
oncloselycoupledmicrostripantennasincloselyMIMOantennasystemsisdiscussed.Theanticipated
wirelesssystemissize-compact,relativelyeasytofabricateandimplementinpracticalmobileapplications.

Chapter4showstwodifferenttypesofdual-bandflexiblewearableantennasdesign.Thefirstoneis
arectangularantennawithsixU-slotsonthepatch.Thiswearableantennacombinesthehardnessand
flexibilityinthat,itisprintedonamaterialcalled“ULTRALAM®3850HT”.Thesecondantennaisa
planarinverted-2FwearableantennapastedonJeanstextilematerialasasubstrate.Thetwoproposed
5G-antennasareappliedforfoundedofasmartwatch.

Chapter5comparesbetweenBitErrorRateanalysis(BER)ofDiscreteWaveletTransform(DWT)-
OFDMsystemandconventionalFastFourierTransform(FFT)-OFDMAsysteminordertoensurethat
wavelettransformbasedOFDMAtransmissiongivesbetterimprovementtocombatInterCarrierInter-
ference(ICI)thanFFTbasedOFDMAtransmissionandhenceimprovementinBER.Inthischapter,
authorusesakalmanfilterinordertoimproveBERbyminimizingtheeffectofICIandnoise.

Chapter6focusesonadaptivecachemanagementschemesforCloudRadioAccessNetworks(CRAN)
andMulti-AccessEdgeComputing(MEC)of5Gmobiletechnologies.Moreover,thischapterproposesa
newcachemanagementalgorithmusingZipfdistributiontoaddressdynamicinputforCRANandMEC
models.Thisworkcontributesinthesupportof5GforIoTbyenhancingCRANandMECperformance;
italsocontributestohownovelcachingalgorithmscanresolvetheunbalancedinputloadcausedby
changingdistributionsoftheinputtraffic.

Chapter7designsnewefficientcachemanagementschemesfortheBaseBandUnit(BBU)poolin
CRAN.ItadoptstheExponential-Decay(EXD)schemetokeeprecentlyfrequentlyrequestedrecords
incacheandenhancesitwithAnalyticalHierarchyProcess(AHP)tosupportmultiplelevelsofmobil-
ityandQoS.Theothernewalgorithmsincludeaprobability-basedscoringscheme,ahierarchical,or
tiered,approach,andenhancementstopreviouslyexistingapproaches.

Chapter8obtainsanoverviewaboutDevice-to-Device (D2D)communication technology in the
existencewithcellularnetwork.Somestandardshavebeensummarizedsuchasrecent3GPPandD2D
WRANbasedIEEE802.22evaluation.Moreover,currentD2D’sprototypeshavebeenshowed.Also,
theimportanceofattachingD2Dtechnologywithdifferentfeatureshasbeenillustrated.Besidesthat,
D2Dtechnologyfacesalotofvitalchallenges;thathavebeenhighlighted.

Chapter9addressesCognitiveRadioSystems(CRSs)inthe5Gnetworkandpresentstheexisting,
emergingandpotentialapplicationsemployingCRScapabilitiesandtherelatedenablingtechnologies,
includingtheimpactsofCRStechnologyontheuseofspectrumfromatechnicalperspective.Thede-
scriptionofsuchtechnologies,operationalelementsandtheirchallengesarealsopresented.Furthermore
thischapterprovideshighlevelcharacteristics,operationalandtechnicalrequirementsrelatedtoCRS
technology,theirperformancesandpotentialbenefits.

Chapter10isdiscussingtheroleofCloudComputingcentersin5Gnetworks,andhowsuchinte-
grationcouldbeimplementedasfoundintheliterature.ThebenefitsofCloud/5Gintegrationwillbe
explainedaswell.Inaddition,somechallengesrelatedtotheintegrationisdemonstrated.

Chapter11proposesa5GtutorialconsistingofthepreviousVehiclestoanything(V2X)technologies,
theimprovementsoverthe4GandIEEE802.11P,the5Gvitalrequirements,challenges,technologies,
securityenhancements,andthe5Gsystemstructure.Inthischapter,authorscoverthepreviousDedi-
catedShortRangeCommunication(DSRC)/wavestandards,theLTE-V,thecellularV2X,thestructure
ofC-V2X,theevolutionofLTEtowards5G,theenhancementoftheproposed5Gtechnologies,and
finallythesecurityaspectsoftheproposed5GwithinV2Xcommunications.
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Chapter12presentsasummaryandstateofartofMachine-to-Machine(M2M)communications
characteristics,taxonomy,applications.Theauthorsalsoshowdifferenttechnologiesfordeployingof
M2Mcommunications,andfuturechallenges.

Thepurposeofthisbookistotakeasteptowardclarifyingwhat‘5G’reallymeansinthetechnologi-
calsense,by:introducing5Gfundamentalsupportivetechnologies;expandingonsomeoftheusecase
scenariosandapplicationsthat5Gmightenable;anddiscussingconceivableimplicationsforoperators
intermsofnetworkinfrastructureandcommercialopportunities.Finally,researchers,academicians,
students,faculties,scientistsandInformationTechnologysectorindustryprofessionalswillfindthis
handbookbeneficialforresearchexposureandnewideasinthefieldof5Gcellularcommunicationand
wirelessheterogeneousnetworkstechnologies.
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