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Abstract. In this paper,we presentnumeroussmallcell basestation,i.e. femtocellbasestation(FCBS),
with control/user-planecoupledand separatiorarchitecturebasedon the numberof transceiverand
operatingfrequencybandsto servecontrol/user-planetraffic. A singletransceiveenabledFCBScan
operateaat eithera co-channemicrowavenf the overlaidnacrocelbr amillimetr waveband.For multiple
transceivergjualtransceiverareconsideredperatingat both bands FCBSsaredeployedn a numberof
buildingswith eachfloor modeledas5x5 squaregrid apartmentsThe co-channelnterferencevith FCBSs
is avoidedusingenhancedntercellinterferencecoordinationtechniquesWe proposea staticfrequency
reuse approachand developan algorithm by avoiding adjacentchannelinterferencedrom reusing
frequenciesr FCBSsWe alsodeveloparesourceschedulinglgorithmfor FCBSawith CUCAandCUSA
to evaluatesystemevelperformancesvith a multitier network It is found that a singletransceiveco
channelmicrowaveenabled-CBSwith CUCA providesthe worse whereas singleor dualtransceivers
millimetr waveenabled=CBSwith CUSA providesthe bestoverallsystemcapacityand FCBS énergy
efficiencyperformancedBesidesywe showthe outperformancesf the proposedesourceeuseapproach
overanexistingapproachn literaturen termsof systencapacityandfairnesamongF-CBSswith CUCA.
Finally,we point out the applicabilityof a multi-bandenabled=CBSand severafeaturesand issuesf
FCBSwith CUCAandCUSA.
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1. Introduction
1.1. Background

The envisagedhigh capacitydemandof next generationi.e. fifth generation5G), mobile networksis
expectedo be drivenmainlyby threemajortechniquesyamelysmallcellnetworkdensificationgpectrum
extensionand spectrakfficiencytechniquel]. The architecturef smallcell basestations(SCBSs),e.
femtocell base stations (FCBSs),for serving controlplane and userplane (G-/U -plane) data traffic
particularlyin indoor environmentsplaysa significantole on how effectivelythesethreemajorenabling
techniquesisaforementionedanbe appliedio achievehe requiredcapacitydemandf 5G networkslin
existingheterogeneousetworks(HetNets),a commonfeatureis tightly coupledcontrotplane(C-plane)
anduserplane(U-plane)irrespectivef the degreef densityandheterogeneityyhichis oneof the major
reasondor most problemsthat the networkdensificatioris facing,e.g.low energyefficiency,complex
interferencemanagementhigher signalingoverheadand backhaulnetwork requirementand clumsy
mobility managemen#s the mobile datatraffic demandincreasesxistingnetworkshavebeenfacing
problemsfrom providing the necessargapacitythat causego initiate network architecturaldesign
innovations.

To addressucha high capacityequirementthoughsmallcells(SCs)aredeployedn the coveragef
macrocell§MCs),the tight couplingof C-/U -planein conventionahetworkarchitecturesyhichis also
termedas C-/U -plane coupledarchitectur CUCA), restrictsthe flexibility in network operationand
performancemanagementThis is becauseeventhough there is no datatraffic demandfrom user
equipment$UES),suchtight couplingof C-/U -planecauseto switchthetransmitpowerof abasestation
(BS)alway®nin orderto ensurea ubiquitousoveragandhenceresultsn apoor resourceitilizationand
unnecessargnergyconsumptioneadingto a low energyefficiencyperformanceg?2]. Thesecall for
developinga newarchitecturevhereC-/U -planearedecoupledo servehigh datarateservicesto switch
thetransmitpowerof a SCBSn andoff basedn the actuadatatraffic demandandto ensureanalways
on connectivitySucha networkarchitecturés termedasC-/U -planeseparatiomrchitecturd CUSA)[2-3]
andis consideredsoneof the majorchangef 5G networkg4]. In CUSA the C-planeis servedy MCs
operatingypicallyat alow frequencyuchasbelow3 GHz to providelargecellcoveragesndthe U-plane
is servedby SCs,e.g.femtocells(FCs),operatingtypicallyat a high frequencysuchas millimeer wave
(mmWavejo providehighdatarateserviceso UEsasshownin Fig. 1.
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Fig.1. CUCAandCUSA[2].

Moreoverasanothemajortechniqueincreasinghe systenbandwidthto addressuchahighcapacity
demandof 5G, the co-existencef a numberof frequencybandswith diversepropagatiorcharacteristics
(e.g.,microwaveand mmWavebands)within the samesystemis expectedn 5G networks[5]. Besides,
traffic is generatedon-uniformlynetworkwide,andthe characteristiasf traffic generatetdy C-/U -plane
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areasymmetriddence thesenhigh capacitynon-uniform,andasymmetritraffic has a directimpacton the
capabilityof a SCBSesultinghe requiremendf anadaptivesCBSandonewayto addresshis featureis
to implementmore than one transceiverin a SCBSoperatingat dual bandswith diversepropagation
characteristicg.g. microwaveand mmWavebands.Havinga SCBSoperatedat dual bands,basedon
traffic characteristicgachSCBScan switchto mmWaveband during a high traffic demandand to
microwavebandduringa low traffic demandFurther,becausef smalltraffic volume,C-planetraffic can
be servedat the microwavefrequencywhereadargetraffic volume of U-planecan be servedat the
mmWavdrequency.

However becausef the scarcityof bandwidthavailabilityn microwavebandsandan additionalcost
from licensinga new high frequencyband,the third major techniqueas aforementioned,e., spectral
efficiencyimprovementechniquesuchasreusinghe samemicrowaveandmmWavespectrumsn SCBSs
hasbeenseenasone of the effectivewaysto addresshe high capacitydemandof 5G. Sincemostdata
traffic is generatedn indoor environmentse.g. denseurban multistoragebuildings,the co-channel
interferencd CCl) associatewvith reusingthe samespectrumof anybandsin FCBSswithin a building
morethanonceis oneof the majorchallenget overcomeandan appropriatelusteringpf FCBSsn a
buildingcanbe an effectivewayto addressuchCCl in orderto reuseresourcetn FCBSsat an optimal
distancesatisfyingertainconstraintse.g.perlink qualitylimit [6].

1.2. RelatedWork

An extensivédevelof researcheis ongoing particularlyon CUSA[2-3], [7-9] asoneof the majorenablers
to achievéiighindoor capacityAuthorsin [2-3], [7-8] proposedo split C-/U -planeby usingdifferentBSs
whereC-planeis servedby the macrocelbasestation(MCBS)operatingtypicallyat a low microwave
frequencyand U-planeis servedby SCBSsi.e. FCBSsEach FCBSis enabledwith a singletransceiver
operatingat a high frequencymmWaveband, and hencethe dual connectivityfeatureof a UE to
communicatevith two nodesoperatingat different frequenciesvasproposedin [10]. A similarSCBS
architecturevasalsoproposedy theauthordn [1]. Recentlythe authordn [9] proposedo addres€-/U -
planesplittingby implementinglualtransceiverat the sameFCBSwhereone of the transceivereperates
atthe co-channemicrowavdrequencysthatof the MCBSandthe otheratthe mmWavdrequencyThey
showedhat splittingwith the sameFCBSoutperformssplittingvia differentBSsin termsof, e.g.energy
efficiencysystentapacityandspectraéfficiency.

Further, a considerableamount of researche®n numerousissuesof FC, e.g.[11-14] for the
interferencemanagemenand resourcereuseand allocationin FC networks,[1516] for enforcinga
minimum distancebetweenFCBSs,and [17-22] for FC clusteringand resourceallocationhave been
addressediathematicabols suchasstochastigeometri@pproachefl 5-16] havebeenappliedunder2-
dimensional2D) random BS location scenarioto addressssuessuch as interferencemodelingand
enforcemenbf a minimum distancebetweenBSs.However,suchapproacheare mostly limited to a
simplehomogenou$oissonpoint procesr Maternhardcoreprocessand an amorphousshapeof cell
areas.

A numberof studiesalsoaddressessue®f clusteringandresourceeusan FCsunder3-dimensional
(3D) in-buildingscenariofAuthorsin [23]proposed graphbaseddaptive-C clusteringgchemédor inter
FC interferencecoordinationwithin the samebuilding. In [24], authors proposedan adaptivesoft
frequencyeuseschemeavheregroupsof FCsareformedusingthe receiveaignaktrengthindicationfrom
UEs, and different frequencyreusefactors and transmissiorpowersare adjustedto mitigate mutual
interferenceAuthorsin [25]exploitedfractionalfrequencyeuseusingiBuildNetto proposea cooperative
transmissiorand a semistaticinterferencemitigationschemedor in-buildingdense=Cs.Also, authorsin
[17] proposeda dynamicclusteringbasedcognitive sulkband allocationschemeto reduceinterFC
interferencel-C clustergFCL9 areformedusinginterFC interferencgraphsandresourcearereusedn
eachdisjoint FCL within a building. Authors in [26] proposedan analyticamodel usingplanasWyner
modelfor intrafloor andlinearWynermodelfor interfloor interferencenodelingn abuildingto derivea
minimumdistancébetweerco-channeFCBSdor a numberof optimizationconstraintsn orderto reuse
microwavdrequencietn FCBSswith CUCA deployedn the building.Theyalsoproposedandanalyed
the performancef aresourceeuseapproactwherea fractionof the systenmbandwidthis keptreserved
for reusingn eachco-channeFCBS(cFCBSkuchthat a clusteris formedwith respecto eachcFCBS
Theremainingesourcevlock (RB) resourcesf the systenbandwidthareallocatedo all non-cFCBSsn
the buildingto showthatthe spectrakfficiencyof 5G networkscanbe achievedHowever the proposed
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resourceeuseapproachs susceptibléo achangen the numberof reusedRBspercFCBSor thefairness
in resourceallocationamongall FCBSsin a buildingsinceRB resourcesre consideredeusingonly in
cFCBSs.

Althoughseveraissue®f FCBSdhavealreadypeenaddressedsaforesaidotherthanthatin [26],an
approacHor reusinghe systenbandwidthin FCBSgdeployedn morerealistic3D multi-storageuildings
is not obviousIn addition thoughanumberof architecturesf FCBSdor servingC-/U -planetraffic have
beenproposedn existinditeraturesto the bestof our knowledgea commonunderstandingn howthese
FCBSarchitectureperform,and a performancesvaluatiorof thesearchitecture$or C-/U -planetraffic
capacityand energyefficiencyhasnot beenaddresseglet by any existingcontributionswhich canhelp
network operatorsand vendorsgive insightson consideringan appropriateFCBSarchitecturdor 5G
networkslIn thispaperweaimataddressinthe aforementionetsues.

1.3. Considerationand Contribution

We considera multi-tier networkconsistinga MC, a numberof outdoorpicocell§fPCs)andindoor FCs
deployedn multi-storagebuildings Each building consistsof a numberof floors with 5x5 squaregrid
apartmentswhich is compliantwith the 3rd GenerationPartnershigProject(3GPP)urban dense5x5
squaregyrid based=C modelfor Long Term EvolutionAdvancedLTE-Advancejisystenevaluatio27]
Eachapartmenhasone FCBS.Both the MCBSandall picocellbasestationdPCBS¥yareoperatedat the
microwavéand.Thewholemicrowavéandwidthis reusedn FCBSawithin a building,andthe crosstier
CClI betweermacroUEs (MUs)andfemto UEs (FUs)is avoidedusingthe almostblanksubframgABS)
basedtnhancedhtercellinterferenceoordinationelCIC)technigueHoweverthe mmWaveébandis used
onlyin FCBSsTheclusteringf FCBSss doneby adoptinghe analyticanodelproposedn [26].

We first presentvariousSCBSarchitecturegor servingC-/U -planetraffic basedon the numberof
transceiverandtheir operatingrequencypandsexistingin a SCBSnamelya singletransceiveoperating
eitherat a co-channelmicrowaveor an mmWavebandand dualtransceiversperatingat both the co-
channelmicrowaveand mmWavebands.We proposea staticfrequencyresourcereuseand allocation
approachand developan algorithmto reuseresourcesn FCBSs.With a systemlevel simulation,we
evaluatdirst the performancesf a numberof C-/U -planecoupledandseparatiof-rCBSarchitecturem
termsof the systentapacityndenergyefficiencyFor a givenlink qualityconstrainbetweera FCBSand
a UE and the numberof FCBSsin a building, we demonstrate¢he outperformancesf our proposed
resourcaeuseapproachfor FCBSswith CUCA in termsof the overallsystemcapacityand fairnessn
resourcallocationsn FCBSsverthe proposedesourceeuseapproachin [26]

The paperis organizedas follows. In section2, numerousFCBSswith C/U -plane coupledand
separatiorarchitecturesre discussedSection3 discusse&C networls, interferencananagemengnd
regionof exclusion(RoE) modelingto reuseresourcesn FCBSsin any buildings The FC clustering
techniqueand proposedresourcereuseapproachand algorithmfor FCBSsare coveredin section4. A
multitier systenmarchitecturandinterferencenanagemerior CUCAandCUSAarediscusseih sectiorb.
Section6 coversthe problem formulation, including multitier network model, capacityand energy
efficiencyformulationsfor numerousd=CBSarchitectureqroportionalfair schedulingandJ a ifairriess
index.A resourceschedulinglgorithmfor systemevelperformancesvaluationslongwith the resource
scheduleimplementationarediscusseth section?. In section8, simulatiorparameterandassumptions
are given, performanceevaluationsof various FCBS architecturesare carriedout, and performance
comparisonsf the proposedesourceeuseapproactwith that proposedn anexistingesearchvork are
performedA numberof keyfeaturesandissue®f a FCBSwith CUCAandCUSAandthe applicabilityf
a multiband enabledFCBSin termsof nontuniform traffic and split architecturesre pointedout in
section9. We concludehe paperin sectionl0.A list for the abbreviationandselectechotationsusedin
thispaperaregivenin Tablel andTable2, respectively

2. Femtocell BaseStation Architecturesand ResourceAllocations

Basedn the numberof transceiverandtheir operatingrequenciesonsidereah a FCBSto route C-/U -
planetraffic, a numberof FCBSsboth with CUCA and CUSA can be developedas explainedn the
following.In CUCA, a MCBStypicallyoperatesat a low microwavdrequencyHowever, FCBSscanbe
operatedat either the samemicrowavefrequencyas that of the MCBS with a proper crosstier CCl
managemeriietweerthe macratier andthe femtotier (Fig.2(@) or adifferentfrequencyFig.2(b)) from
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that of the MCBSat the costof licensingan additionafrequencyand.Both BSsserveC-/U -planetraffic
to theirrespectivéJEs.

Tablel. A listof abbreviations.

Abbreviation

Full Form

2D 2-Dimensional

3D 3-Dimensional

3GPP Third GeneratiorPartnershifroject

5G Fifth Generation

ABS AlmostBlankSubframe

APP ABSPatternPeriod

BS BaseStation

C-/U -plane ControtPlaneandUserPlane

CCl Co-Channelnterference

cFCBS Co-ChanneFemtocelBaseStation

CH ClusteHead

C-plane ControlPlane

CSG ClosedSubscribeGroup

CUCA ControtPlaneandUserPlaneCoupledArchitecture
CUSA ControtPlaneandUserPlaneSeparatioArchitecture
dB Decibel

dBi DecibelRelativeo anlsotropicRadiator
dBm DecibelMilliwatts

DL Downlink

elCIC Enhancednter-CellinterferenceéCoordination
E-UTRA EvolvedUniversaT errestriaRadioAccess
FCBS FemtocelBaseStation

FU FemtoUserEquipment

HetNets Heterogeneousdetworks

LTE-Advanced Long TermEvolutionAdvanced

MCBS MacrocelBaseStation

mmWave Millimeter Wave

MU MacroUserEquipment

PC Picocell

PCBS PicocelBaseStation

RB Resourc8lock

RoE Regiorof Exclusion

SC SmallCell

sFCBS Serving-emtocelBaseStation

sFU Serving-emtoUserEquipment

TTI TransmissioifimelInterval

UE UserEquipment

UL Uplink

UL/DL UplinkandDownlink

U-plane UserPlane

In CUSA, splitting of C-/U -plane can be obtainedby implementingeither a singleor multiple
transceiverat a FCBSdescribesfollows.In asingletransceiveimplementedCBS C-/U -planecanbe
decoupledby operatingthe FCBS either at the co-channelfrequencyas (Fig. 2(c)) or at a different
frequencyfrom that of its overlaidMCBS(Fig.2(d)). Unlike CUCA, C-planetraffic of all UEs is served
only by the MCBS ,andU-planetraffic of FUsis servecby FCBSsHowever like CUCA,whenoperating
at the co-channemicrowavdrequencya properinterferencenanagemerietweerthe MC-tier and FC-
tier is neededn orderto avoidcrosstier CCl. In contrastthereis no needfor suchcrosstier interference
managemetit aFCBSis operatingat adifferentfrequencyeauseof operatinghe MCBSandanyFCBSs
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alwayst orthogonafrequencieslhoughit comesatthe costof licensingan additionafrequencyandfor
FCBSsthisarchitectur@asbeenproposedvidelyin literatureor 5G mobilenetworkd2-3].

Table2. Selectedist of notations.

Notation Description

Chin Minimumdistancef acFCBSrom anysFUsin intrafloor level

dier.min Minimumverticaldistancef acFCBSn interfloor level

a,, anda,, Normalized intrafloor and interfloor interferencepower from a cFCBS
respectively

7 Maximumnumberof cFCBSgertierin bothintrafloor andinterfloor levels

actra(dtra) and CCl power(dBm)atasFUfrom acFCBSat dra andder respectively

ac,ter(dter)

s (Oya) Normalizedvalueof intrafloor interferencgpower at an arbitrarydistanceta
fromacFCBSatasFU

Arer (Do) Normalizedvalueof interfloor interferencgowerfor anarbitrarydistancel. at
asFUfrom acFCBSocatedn afloor otherthanthatof thesFCBS

dra @ndder An arbitrarydistancein intrafloor and interfloor levelsbetweena sFU and a
cFCBSespectively

d,. Verticaldistancéetweera sFCBSandanycFCBS®n afloor otherthanthat of
thesFCBS

Apgque ANA @y Aggregaténterferencgpowerreceivedat a sFU from intrafloor andinterfloor

' ' cFCBSsespectively

PandP ... Transmitpowerper FCBSandmaximuntransmitpowerof a FCBSrespectively

fomand fo Operatingrequencyf aMCBSanda FCBSrespectively

Qroe Numberof FCBSgerRoEin abuilding

Siree Link spectrakfficiencyconstraint

S pasc@Nd S . o Link spectrakfficiencies intrafloor andinterfloor levelgespectively

a;(d.,) Floor attenuatiorfiactor

M, and m, Numberof RBsin microwaveandmmWavebandwidthsespectively

X andx, Resourceeusdactorandresourceeusdimesrespectively

N andL Number of MUs in the systemand Maximumnumberof buildingsin a MC
coverageespectively

S Numberof activeFCsin eachbuilding

7 and 7ags Simulatiorrun timeandnumberof ABSsin everyABSpatternperiodrespectively

I Receivedignato-interferencglusnoiseratiofor aUE atRB=i in TTI=t

s, ( (_) Link throughpuatRB=i in TTI=t in bpsperHz

Uec Numberof FCBSger3D cluster

Mec An equahumberof RBsperFCBSfor microwavédandsper3D cluster

M An equahumberof RBsperFCBSfor mmWavebandgper3D cluster

Sir@nds, Requiredink spectraéfficiencybetweera sFUandits sSFCBSwithin a clusterfor

’ ' microwavendmmWavebandsespectively

X, .and x; Resourceeusdimesfor microwaveandmmWaveper buildingrespectively

Xep Percentagef C-planetraffic for FCBSswith CUCA in both microwaveand
mmWavebands

h..andF, Averagesnergyperbit transmissioin J/b andJ a ifairriessndexrespectively
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In a multiple transceiverimplemented=CBS,a FCBSoperatesat multiple frequenciesSincethe
numberof transceiverandtheir operatingrequencieslo not varythe analysisye considelin this paper
dualtransceiverat a FCBSoperatingat dual frequenciespnamelyco-channelmicrowaveand different
mmWavefrequenciegFig. 2(€)). The decouplingdof C-/U -planetraffic is performedby servingtraffic of
eachplaneat differentfrequenciesf separatéransceiverddence both C-/U -planetraffic of anyFUs is
serveduy its serving=CBSitself. Howeverwhenthe FU is out of coveragef its serving=CBSijts C-/U -
planetraffic is then servedoy the MCBS.Unlike the singletransceivebased-CBSarchitectureshownin
Fig. 2(d), no coordinationsignalingis requiredbetweenthe C-plane MCBS and any U-plane FCBSs.
Howeverjt comesatthe costof anadditionatransceiveandits operatingrequencyandateachFCBSas
wellasUE. Note thata singlebandoptionis not applicabldéor a multipletransceiversnplementedCBS
becausef consideringnorethanonetransceiverataFCBS.

In singlbandechanndkeploymenbf FCBSawithCUCA, a certainpercentagef the total numberof
RBsMr in the microwavébandwidth(e.g./m, RBs)is keptreservedo serveC-planetraffic of MUs by the
MCBSin all transmissiotime intervals(TTIs) and C-planetraffic of FUs by the respectivd-CBSsby
reusingrme RBsin themfollowingthe CCl managemerschemenly duringnon-ABSs.TheremainingdM+-
my) RBsarereusedo serveU-planetraffic of FUs duringnon-ABSs.In contrastfor FCBSswithCUSA
whenoperatingat the co-channemicrowavdrequencyC-planetraffic of all UEs is servedoy the MCBS
with m, RBs andlike CUCA, (Mr-m,) RBsarereusedn FCBSgsluringnon-ABSsIf FCBSswithCUSAare
operatingat adiffereftequeneyg.mmWavewith mr RBs,all mr RBscanbereusedo servel-planetraffic
of FCBSsandthe MCBSservesC-planetraffic of all UEs in the systemat the microwavdrequencywith
m, RBs.However,for FCBSswithCUCA, like co-channeldeploymenta certainpercentagef the total
numberof RBsmy in the mmWavebandwidth(e.g.m RBS)is keptreservedndreusedo serveC-plane
traffic of FUsby therespective&CBSsn all TTls. The remainindmr-my,) RBsarereusedo servel-plane
trafficof FUsin all TTls.

In multbandco-channeland different frequenciesdeploymentof FCBSswith CUSA (Mr-mp,)
microwaveRBscanbe reusedo serveC-planetraffic of FCBSghemselveduringnon-ABSs,andall mr
mmWaveRBscanbe usedto servelJ-planetraffic of FCBSghemselvem all TTIs. Unlikeanysingleband
deploymentsC-planetraffic of only MUs is servedby the MCBS.Note that multi-band deploymenbf
FCBSaswith CUCAIs not applicablefFurther,sincea channeresponsehangesvith the typeof frequency
bands.the link qualityconstraintsat the co-channelmicrowaveband and different frequencymmWave
bandarein needof beingadjusteduchthatthe clustersizesof FCBSdo serveboth C-planeandU-plane
traffic of FCBSsrethesamen orderto reducecomputationatomplexity.

C-/U-plane decoupled MC coverage
e

(d) CUSA: Single band different

(e) CUSA: Multi-band frequency deployed FCBS

deployed FCBS | MCBS

Backhaul for co-channel
interference management

(c) CUSA: Single band co-

(3) CUCA: Single band co- channel deployed FCBS
channel deployed FCBS

(b) CUCA: Single ba
different frequency deployed
FCBS

C-/U-plane coupled

Fig.2. FCBSswith CUCAandCUSA.
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3. In-Building Femtocell Network, Interference,and RoE Modeling
3.1. Femtocell Network Modeling

We adopt the regulargrid basednetwork and intraand interfloor interferencemodelingof FCBSs
deployedin a 3D multi-floor building we proposedin [26] as follows A 3D multi-floor buildingis
considereaonsising a numberof 2D floors eachwith 53 5squaregrid apartmentsEachapartmentas
oneFCBSplacedn the centr of its ceiling The areaof eachsquareapartmenis10m® 10 andafree

spae of 10m is considere@roundeachbuilding.A FU per FCBSis considere@ndplacedat the farthest
radialdistancdrom its servingFCBS(sFCBS)An illustrationof an exampleaggregatmterferencesffect
of allcFCBSsitaserving=U (sFU)is shownin Fig.3[26].A link betweeracFCBSandasFUis termedas
CCllink, andthe onebetweera sFU andits sSFCBSs termedasdesiredink. For simplicity the sameCCl
effectat a sFU from eachcFCBSof the sametier is consideredThe regionup to which the aggregate
interferencés significanenoughsothatit exceeda maximumallowablexggregatmterferencatasFUis
termedasthe RoE for reusinghe sameresourcesf the sFCBSn anyFCBSsawithin the RoE.Hencea
ROE in Fig. 3 is up to tier1 andis shownin red color lines.Note that irrespectiveof tier indicesthe
maximumnumberof cFCBSdor a sFCBSin intrafloor levelis 8. Modelinginterfloor architecturas
straightforwarexceptthat an additionafloor attenuatioriossbetweera sFU anda cFCBSneeddo take
into account.The CCI effectfrom the maximumof two cFCBSdor doublesidedcFCBSsand one for
singlesidedcFCBS4docatedbn averticallystraightup anddownfloorsfrom the servingfloor of sSFCBSs
consideredsignificant(Fig. 3) [26]. In [26], the modelingof intrafloor interferenceand interfloor
interferences carriedout by using planafWyner model and linearWyner model [28] respectivelyA
detaileddescriptioron the FC networkmodellingcanbefoundin [26].

Inter-floor CCl link

Desired link
Intra-floor CCl link Intra-floor level RoE

Ny Floor f/+1
Tier 1 of S A\
cFCBSs >.‘ 4
« tra
j dmin
fra
de— 1 5) «— Inter-floor
oy Q@ level RoE
@ o S< ) @ Floor 7/
<0 5T =06
o oo l—"o~
Q P o 3m
[ d
Gir .’<+ I nter-floor
< |® CCl link
o >~ Floor /-1
dmin_
SiSSquaegrid goartments
’4 per floor

' 3D RoE
B o>

Multi-storage FCBSnot gpplicablefor ~ FCBSapplicablefor ~ sFU
building reusing resources reusing resources

Fig.3. Intra-andinterfloor interferencenoddingin a3D regulasquaregrid based-C network
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3.2. Femtocell Interferenceand RoE Modeling
3.2.1.Interferencenodeling

For interferencenodellingin both intraandinterfloor levels hormalizatiorof the interferencgpoweris
consideredh [26]to simplifyexpressiond.he normalizednterferencg@oweris definedasthe ratio of the
interferenc@owerreceivedrom anycFCBS®f anytiersatasFUto theinterferencg@owerreceivedrom
a cFCBSclosesto thatsFU,i.e.,a cFCBSat the minimumdistanceThe minimumdistanceof a cFCBS
from anysFUsis thin =5 m in intrafloor level whereashe minimumverticaldistancef a cFCBSs dier,min
= 3 min interfloor levelasshownin Fig. 3. Theinterferencgpowerfrom eachcFCBSs normalizeduch

that "y g I'[O,]]:fazza ~ 7ad 4 for intrafloor interference power and

"y 3 I’[O,ﬂ A =,a 7., ja forinterfloorinterferenc@owerreceivedrom anycFCBSy

ter
of anytierswherey  denoteghe maximurmumberof cFCBSgpertier. Hence the normalizechggregate
intrafloor interferenc@oweratasFUcanbe expresseds

Vm
agw=al (3) ° g
y=1

whera, i {a,, @, a.... ,4.1()defineshatl()= 1ifa, existsn theset, for any , otherwisel(.)= O.

Usingthe 3GPPindoor pathlossmodelof FCBSH27,29] and considerindhe interferencesffectof
cFCBS®f thefirst-tier andthe maximumtransmitpowerof 20 dBm of anyFCBSsthe normalizedralue
of intrafloor interferenc@owerat anarbitrarydistancel., from acFCBSatasFUis givenby [26],

atra (dtra) = ( dmin/ CLa)3 (1)

whered,;, istheminimum(or referencedlistancdetweeranycFCBSsndasFU.
Theproofof Eq. (1)is givenin thefollowingin Proof1 [26].

Proof 1: The CCl power(dBm)atasFUfrom acFCBSatd. is givenby;,
8,(d,)=P -PLd,) 20 (227 3@log( d/ 100

where,in generalp, and PL(d,, ) respectivelgenotethe transmitpowerof any FCBSsandthe distant
dependenpathlossbetweeranyFCBSsandanysFUsat d., from the FCBS.
Solvingor a,,,(d,,) yieldsthefollowing.

ac,tra(dtra) =10 (10.7 +3logy(dy/ 100P

As aforementioned;onsideringynly thefirst tier of cFCBSsarounda sFCBSthe maximumvalueof CCl
from acFCBSYsgivenby,

a d mir) — 10—(10.7 +31ogh(d i/ 100D

max,tra(

Hencethenormalizedralueof intrafloor interferencérom acFCBSatasFUis givenby,

Ao (Oia) = R dud/ Frni d

Solvingfor a,, (d,.) yieldsthefollowing.
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Ay (dtra) = ( O/ qra)3 4

Usingthe sameconditionsasin intrafloor interferencenodelingandafloor attenuatioriactora;, (d,, ),

thenormalizedralueof interfloor interferenc@owerfor anarbitranyinterfloor distanceler atasFUfrom
acFCBSocatedn afloor otherthanthatof thesFCBSs givenby[26],

() =200 @) (d/ d, ) )

wherethevariationin a,(d,, ) ismodeledsuchthatthe measuredignatlecreasdsy about12dB perfloor
for thefirst 6 floors of separatiomndanaveragef 1.35dB perfloor from floors 7 to 12.For anyfloors
13 and beyond,a randomvalue[0, 1] in dB is consideredAlso, d_ of a cFCBSfrom a sFU canbe

ter

expressedsd,, = 4f d.’ +d.’ whered,istheverticaldistancévetweera SFCBSandanycFCBS®n a
floor otherthanthatof the SFCBSTheproof of Eq. (2)is givenin thefollowingin Proof2 [26].

Proof 2: Followinga,,,(d,.) , the CCI power(dBm)at a sFU from a cFCBSat de in interfloor level,
a.e:(dy,) canbeexpressedsfollows:

8907+ Cher ay (dher)
aC,ler(dter) =10 %07 3|090( 100() * 10

Also,thenormalizedeceivegoweratasFUin interfloor levelis givenby,

Po(dy = dy) 0BTl
rter er in,

Hence the normalizedCClI power a,, (d,,) from anycFCBS®n anyfloors otherthanthe floor of the
sFUis givenby,

Ao (der) = Ao di)/ Pl dd

Solvingor a,,(d,,) yieldshefollowing.

8y, () =202 4 (d_/ d.)? !

In a 3D multifloor building,sincecFCBSsarepresentn both intrafloor andinterfloor levelsthe
totalaggregataterferenc@oweratasFUis givenasfollowssuchthat &, ot @agg1a® Qnrier + G-

aagg,totz agg.ter + a&gg,

aagg,totz 10_(& (%r)/lo) ymax,te( d m'A d tg? + ymax,l(a d r)éin d)i

wherea,, .and a,, .denoterespectivelan aggregatmterferencgpowerreceivedat a sFU from intra

floor andinterfloor cFCBSs.
3.2.2.RoEmodeling

TheRoE of cFCBSslependsnainlyon thefollowingfactors.
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1. Optimizationconstraintsto enforcea ROE, e.g.link spectralefficiencyconstraintssuchthat
Siase> Swrs N intrafloor levelands 2 s, . in interfloor level.s . denoteshe spectral

thr,s thr,s
efficiencyconstraintthe valueof which is upper limited by 4.4 bps/Hz for a link signato-
interferencglusnoiseratior,, 2 22 dB suchthatthevalueof s, . canbevariedfrom O bps/Hz

to 4.4bps/Hz.
2. TransmitpowerperFCBSPR ¢ R

T,max

ter,se thr,se

tra thr,se

whereP

T,max

isthemaximuntransmitpowerof aFCBS.
Operatingfrequencyof eachFCBS,either a singleband{ f.,,: f,J f, Uf} or mult-band

{fes® Trenel T,DF} suchthat{ f,.: fod f,Uf, Of, @} . Note that f, and f, denote

operatingrequenciesf aFCBSat differentbands.
4. Operatingrequenciesf the MCBSandFCBSseitherat the sameco-channelow frequencyi.e.

fieps = Frmeoes OF @ different high frequencyi.e. f,, > o suchthat{ fiooo: fens? Frck - Frncos

denotegheoperatingrequencyf the MCBS.
5. C-U -planearchitecture®f FCBSS{a,,: &yl U a.p, Wherea,., anda,,,denoteCUCA

andCUSArespectively.
Hence mathematicallgn optimal RoE canbe found by solvingthe following optimizationproblem
for thegivenfactors3, 4,and>5.

minimize Qg,c
such that s,,..2 s

tra,se thr,se
s ter,se

2 s
RCR

thr,se
T, max

whereQ - denoteshe numberof FCBSgerRoE in abuilding.Note thatthe minimizationis considered

becausthe smallethe RoE,the moretheresourceeusdimesfor the samesetof FCBSgerbuilding.

SinceQ,:in a 3D multifloor buildingcanbe definedby an optimalminimumdistanced,, for intra
floor levelaswelld,,, for interfloor levelto reuseresources both intraandinterfloor cFCBSsthe above

optimizationproblemfor Q- canbe solvedin termsof d,, andd
subproblemswheresubproblem1 is for finding a solutionofd,
solutionofd,, asfollows.

ter

ter

ra’?

by separatinghe probleminto two
and subproblem2 is for finding a

Subproblem1: Subproblem?2:
minimize d,, minimize d,
SUCh that Stra,sez Sthr,s< SUCh that Ster,sez sthr,ss
I:)T ¢ I?’,max I:!I' ¢ I:')I',max
For the maximumtransmitpower of a FCBS,the solutionsof d,, and d, for a,,.,> >N°®and
A,01e> N° aregivenby[26],
. v3
dtra 2 qnin( Ynax,trizsmr'se _])) (3)
o . 3
* v (0-1 {der thr,se 7
dter 2 dminé:%'o ( ( )) Ynax,te( Z oo :) 8 (4)
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whereN*{ [O]] denoteghe normalizechoisepower.The maximumnumberof cFCBSsy, . .,=8 for
intrafloor interferencewhereashe maximumnumberof cFCBSsy, . .= 1for singlesidedcFCBSsand

Ymaxier = 2 fOr doublesidedcFCBSdor interfloor interferenceThe proofs of Eq. (3) andEq. (4) are
givenin thefollowingin Proof 3 andProof4 respectivel{26].

Proof 3: An intrafloor link capacityn bps/Hz for thelink capacitys,,, in bpsandanarbitrarybandwidth
X. . canbeexpresseds

tra

Stase™ str¥ xtra ITQQ (1 #( a"‘ggv"aNS-'))

However,s . .2 S, issatisfiedvherd,, 2 d,, suchthattheaboveexpressiosanbewrittenas

tra,se

Iogz(1+ ]‘[ ( Yimaxrd Aol dtrf + N)) 3

Solvingford__ fora > >N ®yieldsthefollowing.

agg,tra

A2 Ao e 27 D)

Similarly,an interfloor link capacityin bps/Hz for the link capacitys, . in bps and an arbitrary

bandwidthX . canbeexpresseds

ter

ter

Sterse™ Ste/ Ker bg{]' #( af*gg"e’qu))

But,s_ .2 s suchthatthe aboveexpressiosanbewrittenas

ter,se thr,si

is satisfiedvhend,, 2

er?

Iogz(1+ ]‘( ( 100 (der) Yimael, Ao dte)3 + N)) g o

Solvingfor d, fora > >N °® yieldsthefollowing.

agg,ter

o . 13

dt*er 2 dmin%'o- (O'Jaf (d‘er)) %ax,te( Zlhfﬁe -:) 8 J

Sinced,, andd,, areindependenf the numberof reusedRBsin acFCBSanynumberof RB canbe
reusedn cFCBSghat arelocatedrom oneanotherat distancest leastd,, 2 d,, for intrafloor leveland

d. 2 d_for interfloor level.Note thatsincewe adoptthe solutionsfrom [26],eachproof of the solutions

givenby Eq. (1}Eq. (4)is providedin brief aboveanda detailedderivationof eachproof canbefoundin
[26].In addition,a moredetailexplanatioron intraandinterfloor interferencenodelingcanbe found in

[26].Hencea3D ROE Qg 4, Of anycFCBSshencanbeformedusingd,, andd,,, asfollows.

Let 4., -denotethe maximurmumberof tiersof FCBSswith orthogonafrequenciewithin the RoE

of anycFCBSsén intrafloor level whichcanbegivenby,

kmax,tra: Ce”(d*tra '(57{ 3/ %
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wherea=10 misthelengthof anedgeof anysquarepartments.
Hencethe RoE aroundanycFCBSsn intrafloor levelin termsof the numberof FCBSsanbefound
asfollows.

— kmax,tra
QROE,tra _a. k=1 8 k

Similarlyfor the inter-floor level,the maximumnumberof tiersof FCBSsawith orthogonafrequencies
withinthe RoE of anycFCBSss givenby,

kmax,ter: Ceil(d*te/ d ve)
Hencea3D RoE of anycFCBSsanbefoundasfollows.

QROE,SD :( ymax,ter k max,tgr 3 R@,

where y, .. .= 1for singlesidedcFCBSsand v, ., .= 2for doublesidedcFCBSsn interfloor level.In

Fig. 3, Qroca B 1 8, Ky =Ceil 6 3 =isuchthatfor y,. ...=1, Qe <1 ® & 1€ Since
k =2, frequencyesourcesanbereusedn everyalternatdloor of the buildingasshownin Fig. 3.

max, ter
4. In-Building FCBSClustering and ResourceReuseApproach
4.1. FCBSClustering Approach

A clustef FCBSsanbeformedbasedn the RoE asmodéedin the previoussectionconstrainedby the
link spectrakfficiencyin both intraandinterfloor levelsasfollows. The clustersizeof a cFCBSn intra
floor levelcanbe expressedsfollows.

ch,tra :é. I::(;I"a(l -2/()

Hencethe 3D clustersizeof anycFCBSs$n amulti-storagéuildingcanbefoundasfollows

ch,3D :( ymax,ter 7( max,t;r 3 cg

Figure4 showsanillustrativeformationof a 3D clusterof FCBSsan a multi-floor buildingusingthe
link spectrakfficiencyconstraintbasedresourcereusegraphwith respecto the floor fl+1. Eachnode
representst cFCBS and eachedgerepresentshe constraintthat is to be satisfiedo reuseresourcesn
cFCBSsNotethatclusterof FCBSsn both intraandinterfloor levelsareshownin redcolorlines;edges
in blue color representhat the constraintis satisfiedto reusethe samefrequencyresourcesashcolor
circlesrepresentFCBSsHence frequencyesourcesanbe reusedn every3 FCBSsn intrafloor level
andeveryalternatdloorsin interfloor levelin Fig.4. Note thatwith a changen the constrainivvalue the
sizeof aclustervaries Sincewe consideithe samevalueof spectrakfficiencyconstrainfor all clustersn
both intraandinterfloor levelsall 3D clusterswithin a buildingcompriseof the samenumberof FCBSs
for a givenconstraintHowever,the sizeof eachclusterin differentbuildingsmay vary with different
valuef theconstraint.
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Fig.4. FCBSclusteringvith astaticallocatiorandreuseof the availablérequencyn FCBSgleployedn a
building.

4.2. FCBSResourceReuseApproach

We considereusinghe availabldrequencyf eachFCBSarchitecturén eachcluster(Fig.4) followinga
staticfrequencyallocationschemeo avoid CCl suchthat all FCBSswithin a clusterare cFCBSswith
respectto all neighbaring clusters.Each FCBSwithin a clusteris allocatedio the sameamountof
frequencyHence,the frequencyallocationto eachFCBSwithin a clusteris static,i.e. the frequency
allocatedo any FCBSr of anyclusterc| S ¢, canonly be allocatedo the FCBSr of the neighbarring
cluster(cl+1), S c+ suchthatS =S a+nWheren=1,2,3 , &l ., andcl ,, denoteghe maximumumber

of clustersthat canbe formed within a 3D building.Hence,becaus®f reusingthe samefrequencyin
contiguousclustersfrequencyresource®f any FCBSr of clusterc| S g, cannotbe allocatedo other
FCBSghanr of anyneighbaring cluster(cl+r) eventhoughthereis lessor no traffic demandrom the
FCBSr of cluster(cl+n in anyTTIs.

Thoughthereuseof RBsbecomeslependentn the deploymenof FCBSawithin anyclusterdecause
of staticandregularmpatternof RB allocationsn FCBSser clusterthe wholeavailabldrequencycanbe
reusedn FCBSawithin eachclusterandhencethe capacityndspectragfficiencyincreasavith adecrease
in clustersizefor a givenfrequencyesourceFurther sinceall FCBSsn all clustergjainadvantagesom
the link spectrakfficiencyconstraintenforcedoy an optimizer,the overallcapacitygainfrom suchstatic
resourcaeuseapproachs expectedo be higherthanthat achievedvith techniquesvhereresourcesf
oneclusteris reusedpportunisticallyo another andclustersarerelativelyfar apartfrom oneanotherno
avoidCCI. Furthermorebecausef anequalnumberof RBsallocatedo eachFCBSwithin a clusterjike
RoundRobinschedulethe maximumnfairnesgactorof unity canbeachieved.

In the following, we proposean algorithmfor a non-adjacenttaticRB allocationin FCBSswith
CUCAperclusterto avoidadjacenthanneinterferenc¢ACI). The extensiorior CUSAIs straightforward
basedn the numberof transceiverandfrequencyandsper FCBSasdescribe@bove Sincehe enforced
constraintsn both intraandinterfloor levelsmustbe satisfiedthe total availabldandwidthmustfirst be
dividedby the numberof floors flspr within a clusterfor interfloor levelconstraintA setof an equal
numberof RBsin the bandwidthis thenallocatedo eachFCBSwithin eachclusterspanningacrosdlspr
floors. Thealgorithmis describedh anumberof stepsasfollowsin Algorithm1.
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Algorithm 1. ProposedA\Cl avoidedstaticRB resourceeuseandallocatiorto FCBSswith CUCAINn a
3D building.

Stepl: Divide the total numberof RBsMry of the systenbandwidthinto flspr setsof consecutivikBs
suchthatM =M,/ fl, . consecutiveRBs are allocatedand reusedin FCBSsof each3D cluster

spanningicrosshkor floorsto satisfitheinterfloor spectraéfficiencyconstrain(Fig.5(a)).

Step2: Now divideM for anyfloorswithin aclusterinto two setsof consecutiv&Bsdenotedas{i} and
{i} suchthatm, ={{#}.{ }}andjm|= M. Let m,={1,2, O} denotea setof RBindicessuchthat
thefollowingholds(Fig.5(a)):

|i| 4, ifM/2isanon -integ
=1il, if M/2 is an integer

Sothat i={1,2, O(®L] x,}
i={(M/2) 4,(M/2 2, KK

wherex, =1 for |i| >|j|, andx, =0 for |i| =|j|.
Step3: Find the valueof the numberof FCBSsn,,,alongthe diagonalof the set of squaregrid
apartmentsnthe 2D spacef anyfloorswithinthecluster.

Step4: Estimatehetotalnumberof FCBS9erfloor in a3D clustergivenby thefollowingexpression.
rr YV=(Nag 1)
n, = r!jiag -Qa yy;lr?i ( njiag _9’

Step5: Estimatethe total numberof orthogonaketsof RBsin my, whichcanbe found by the following
expression.

rn:rth = rtljiag -( r‘Hiag ]:) 2:r!1iag :l

Step 6: Form the orthogonalsetsof RBs m,,, suchthat the sets{i} and {j} include subsetsof
consecutiv&B indicesof the sizesasfollows(Fig.5(b)).

i:{1’315' or@ago ]mdiaa andiag;_ S 5,3,

j ={ 2,4,6, Org%golndiag 2’ndTag 4, 5 6’4k
whereeachentryin {i} and{j} representshe numberof consecutivdkB indices,.e.the sizeof the
correspondingubsebf RBindices.

Step7: Now allocateconsecutiveubset®f RB indicesto FCBSsalternativelgtartingfrom set{i} to

{j}, thenbackto{i} to {j} againandsoon until the lastsubsebf either{i} or {j} reachegFig.5(c)).
RBindicesareallocatedo FCBSsstartingrom thelowertriangleheadingowardshe diagonahndthen

to the uppertriangleof the squareclusterso that adjacenfRB indicesarenot allocatedo contiguous
FCBS4o0 avoidACI. All thesestepsareexplainedvith anexamplen the followingin Examplel. Note

thatall FCBS4n all clustersn a multi-floor buildingareallocatedy RBsfollowingthe sameandfixed

patternusingthe aforementione®tepsl through?.

Step8: Sincethetotal numberof RBsin the systenmbandwidthMr is reusedn all floors per clusterwith
M RBsperfloor, andeachfloor hasthe samenumberof FCBSsthe total numberof timesMr canbe
reusedoer buildingcanbe found by dividingthe total numberof floorsin a buildingfl by the number
of floors per 3D clusterflpr. Note that with 3D cluster,we definea clusterthat satisfiesspectral
efficiencyconstraintsn both intrafloor andinterfloor levelsLet chya denotethe numberof FCBSger
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floor in a 3D clusterand & denotethe total numberof FCBSper building.The resourceeusefactor
(i.e.thenumberof FCBSger3D cluster)sthengivenby,

X = flapr ¢l

ntra

Also,theresourceeusdimescanbegivenby,

X =S/ &
RB: lust
(|nt2ri-)fei(r)grlll:virl) 1‘2‘3‘4‘5‘6‘7‘8‘9‘10‘11‘12‘13‘14‘15‘/1:6/‘17‘---‘327‘33‘---‘47‘48
RB Just
(int?ar-)f:};:rlljesvzrl) 1-16 ‘ 17-32 ‘ 33-48
M for fi=1 M for fi=2 M for =3
M; for all 3 floors
(a)
Diagorlal
1 \ _ Upper
1 d tri I
=, 234} 56,7} (81 3PN
e 9 e 0 g Lower % \g)
iangle| 1 .
j= {{9.10}, {11,12,13,14}, {15,16})} " °° e “3 @
(b) (c)

Fig.5. StaticRB resourcallocationto FCBSswith ACI avoidance(a) Mr = 48for interfloor level;(b)
(c)M=16for intrafloor level.

Example 1 LetMy =48, flapr=3, chv=4, andfl-=15.

Step 1 M =48 3=16, i.e. each intéioor level cluster has 16 FCBSs.
Step 2m, ={1,2, 6, &, andM/2= 1§ 2 =8is an integer. Hence,
i ={1,2,3,4,5,6,%,
j={9,10,11,12,13,14,15,
Step 3for M=16, n,,,=4.
Stepan =4 23 (4 3) #2063 Q@ i+ 1
Step 5the total number of orthogonal sets of RBg,=(2 4) 1 7
Step 6for m,,, orthogonal sets of RBs, the sets {i} and {j} include subsets of consecutive RE
of the sizes:
i={133}
i={2,4.3
such that RB indices in subsets are as follows.
i={({3{2.3.3{ 5.6 }p
j={{9.19 { 11,12,13}14 , 13}

Step 7 allocate consecutive subsets of RB indices to FCBSs alternatively starting from set {i
avoid adjacent RB interference.

Step 8 the resource reuse factgr= fl,,, 3cl,, 3% 4 =12, and resource reuse tin
x =S/ x 250 12 =20.& Hence, the spectral efficiency can be improved by 20.83 times be
reusing resources in FCBSs.
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Note thatin intrafloor level(Fig.5(c)), thereis no contiguoudRB indicesallocatedo FCBSasextto
one anotherexceptthoseFCBSsat the edgepoint alongthe diagonabf eachapartmentHowever,such
effect is negligibleas comparedto the non-adjacentRB allocationsaround eachside of eachsquare
apartmentt-or interfloor level,orthogonaketof RBsareallocatedo eachfloor within the cluster.

5. Multi -Tier SystemArchitecture and Interference Management
5.1. Multi -Tier SystemArchitecture
5.1.1. Basestationanduserdistribution

We considera multi-tier networkfor both CUCA and CUSAasillustratedn Fig. 6, which consistf a
singleMCBSof a cornerexcited3-sectoredVC siteanda numberoutdoorPCsandindoor FCsdeployed
in a number of multistoragebuildingsin an urban environment. A certain percentagef MUs are
consideredwithin buildings,and a few outdoor MUs are offloadedto nearbyPCBSsAll MUs are
partitionedrandomlyinto threedisjointsubset®f indoor, outdoor,and offloadedMUs. EachFC serves
one FU, and an offloadedMU to any PCBSsis equallylikely in a realizationPCs and multistorage
buildingsof FCs are locatedrandomlyand uniformly within the coverageof the MC. Outdoor MUs,
offloadedMUs, and FUs are distributedrandomlyand uniformly within their respectivlB0coverage
However to definea RoE,a FU is consideredo locateat the farthestradialdistancdrom its SFCBSor
theworstcaseanalysis.

5.1.2.Backhaul

In Fig. 6, backhaulén greencolor carryboth C-/U -planetraffic, andbackhaul#n red color carryonly C-

planetraffic. Unlike CUCA, separatdackhauldor C-/U -planetraffic are neededfor CUSA.Hence,
backhaul@n greencolorin Fig. 6 for the MCBSandPCBSaeedto be splitinto two, onefor C-planeand
the other for U-planetraffic. However,FCBSscarryonly the U-planetraffic whenoperatingat a single
band.For multipleband enabled~-CBSsseparat€-/U -planebackhaulareneededT’he MCBSandeach
clusterof FCBSsn abuildingareconnectedo eachotherviaan X2 backhauthrougha FCBSgatewayo

coordinateesourcallocatiorfor interferencenanagemer@ndUE association.

5.2. Multi -Tier Interference Management

Assumehatthe pathlossbecausef the distancéetweerbuildingsandthe externaivall penetratiooss
of abuildingaresignificanenoughsuchthatthe CCl effectfrom reusinghe samdrequencyn FCBSof
different buildingsis negligible Hence,the whole systembandwidthcan be reusedin FCBSsof each
buildingfor aco-channebperatedCBS All UEs areallocatearthogonallyo RBsin theirrespectivéier.
Offloadedand outdoor MUs cantransmitin all TTls. A MU canbe detectedvhetheror not within any
buildingsusingtechniquesuchasmeasuringis downlinkpathlosssuchthata sudderfall in the received
signalstrengthat the MU canbe observedvhenmovinginto a buildingbecausef a high externalwall
penetratioriossof the building.To avoidthe crosstier CCl, an orthogonalallocationof RBsin time-
domainis consideredetweenndoor MUs and FUs, i.e.indoor MUs can be servedonly during ABSs,
while FCBSscan transmitonly during nonABSsof the ABS basedelCIC. For a different frequency
operated-CBS we considet60-GHz mmWaveband,andthereis no needfor the crosstier interference
managemeriietweeranyindoor MUs and FUs becausef operatinghe MCBSand FCBSsat different
frequencies.
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Fig.6. Systenarchitecturef amultitier network.
6. Problem Formulation
6.1. Multi -Tier Network Model

Considerthat thereare N MUs in the systemLet S denotethe numberof PCsin the MC coverage.
Considerthat the numberof offloadedMUs is uniformly distributedin the interval[1, Uog]. If all PCs

havean equalnumberof offloadedMUs Up, i.e" qUZ =U,, thenthe total numberof offloadedMUs,
Uori=SpxUp. Howeverjn generall lis arandomvariablewhichvariefrom onePCto anotherandthe

realizatiorof UZJfor a PCis mutuallyindependentrom the othersIf pw denotegheratio of the number

of indoor MUs, thenthe total numberof indoor MUs is Uui=pwi*N, outdoorMUs servedoy the MC is
Umo= N-Uor-Uwmi, total outdoor MUs servedby the MC and PCsis Uwp= Umo+Uori, andtotal MUs
servedytheMCis Uv=Umo+Umi.

Let Mm denotethe setof indicesof all MUs suchthat Vu={1, 2, 3,€é , N}. Denote Mwo, Np, and
Nw respectivelthe setof indicesof all outdoorMUs, offloadedMUs, andindoor MUs. Note that Vv is
partitionedandomlyinto threedisjointsubsetsVvo, NVp, and My . Let L denotethe maximunmumberof
buildingsn aMC coverageand S denotethe numberof activeFCsin eachbuilding.Assuminghat & is
the samefor all buildingsthe total numberof activeFCsin the systenis Sss=Lx . Considerthat the
numberof FUsin buildingsareindepender@induniformlydistributedn theinterval[1, Ug]. In generallJe
is arandomvariablethat variesfrom one buildingto anotherandthe realizatiorof Ur for a buildingis
mutuallyindependenfrom the otherswherearealizations definedasa simulatiorrun time.

Let Uy denotethenumberof FUsservecby aFCS!in abuildingsuchthat' wU' i g0, Uy, . If all

FCshavean equalnumberof FUsU_, i.e" wUE' =U.,, thenthe total numberof FUs in anybuildings,
Ur=SxUru. Howeverjn generalyJ ”is arandomvariablehat variesfrom one FCBSto anotherandthe
realizatiorof U/ for a FCBSis mutuallyindependenirom the others.If eachFC in abuildingserveone
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UE, i.eU_, =1, thetotal numberof FUsin abuildingis Ur=Sr, andin the systems Urs=Lx Ur. Let Nk

denotethe setof all FU indicesin abuildingsuchthat Ve ={1, 2,3 , &Jg}. Therealizatiorof MUs served
by the MC andPCsarenot mutuallyindependensinceMUs servedoy PCsareMUs offloadedfrom the
MCBS,and the schedulerfiavea completeknowledgevhena MU is offloaded.The indoor MUs are
distributedandomlyandnon-uniformlywithin buildings.

Let 7 denotesimulationrun time with the maximumtime of Q (in time stepeachlastingl ms)such
that 7={1, 2,3 , @}, Let Tass denotethe numberof ABSsin everyABS patternperiod (APP)of 8
subframesuchthat 7ags| 7 and 7ass= {t: t=8v+z v=0, 1, 2 , @/8, z=1 , §A85} whereTass = 1,

2 , € coBespondsto ABS patterns/ =1/8, 2 / 8 ,868,respectivelyLet t, ;s and t. ., ,zs denote
respectivelgnABSandanon-ABSsuchthatt,, I 7assandt, . el 7\ Thes.

6.2. Capacity Formulation

Letd,,, ,d-c, and d-, denoterespectivelthe distancesf anyMUs, PCs,andbuildingsirom the MCBS,
and d-. denotethe distancebetweera FCBSanda FU. The distance®f all UEs of eachcategoryn a

realizatioraregeneratedbllowingthe respectivelistributionfunctionsasmentionecearlier The received
signato-interferencglusnoiseratiofor aUE atRB=i in TTI=t canbe expresseds

Iy :(R,i/(NtS,i 'Ht,i))-Htj (5)

whereR ; is thetransmitpower, N/, is the noisepower, |, ; is the totalinterferenceignapower,and H, ;
isthelink lossfor alink betweera UE andaBSatRB=i in TTI=t. H ; canbeexpresseth dB as

Hi(dB)=G, %) @ Pk;) (&, SS$* ©)

where(G, + G )and L . arerespectivelyhe total antennagainandconnectorlossLS, ;,SS,; , andPL;

respectivelydenote large scaleshadowingeffect, small scaleRayleighor Ricianfading, and distance
dependenpathlossbetweeraBSandaUE atRB=i in TTI=t.

UsingS h a n rcapaciiyfermula,alink throughputat RB=i in TTI=t in bpsperHz is givenby [30
31}

€0, ry<10dB |

S, I( (,i) :{ |bgz(1 +1((jl_.(dB)/l‘3) . 10dB ¢U_,. @Zdli (7)
|
4.4, r.,>22dB

whereAis consideredstheimplementatiotossfactor.
LetM, and m; denoterespectivelthe numberof RBsin microwaveandmmWavebandwidthsvhere

an RB is equalto 180kHz suchthatin the following expressiongn arbitrarynumberof RBsmustbe
multipliedby 180kHz (not shownexplicitly)to estimatéhe capacityn bps.The aggregateapacityof all
MUsfor M; RBsandQ TTIs canbeexpresseds

SMC:éil aM; '$,i( t’f) ®

wheres and r areresponsesverMr RBsof onlyindoorMUs in tI 7ags andall outdoorandoffloaded
MUsintl 7.
Let U.. denotethe numberof FCBSser 3D clusterand M. and m..denotean equalnumberof

RBsper FCBSfor microwaveand mmWavebandsrespectivelyer 3D clustersuchthat the followings
hold.
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My =Ugc M ©)
My = Ue *mc (10)

Lets,, .ands,, , denotetherequiredink spectrakfficienciebetweerasFUandits sSFCBSwithin a

clustemrespectivelfor microwaveandmmWavebandssuchthatthe requiredcapacityonstraintfor each
FCBSrespectivelfor microwavandmmWaveéandscanbeexpresseds

sthr,c,cc: M FC 3 sthr,cw (11)

Stredt = Mec 2 Sprar (12)

Hence,the aggregateapacityfrom reusingM; andm, RBs in microwaveand mmWavebands
respectivelper3D clusterf U.. FCBSdor Q TTls canbegivenrespectiveliy,

QM

Srca=A oy 85 ()
=UFC 3sthr,c,cc Q (13)
=Ugc 3(MFC gthr,cc) c

wheres and r areresponsesverMr RBsof FUsperclustefintl 7\ 7ags.

e Q  us

Secad ™ A o anl -?1( t,i,‘)
=Uee Spear @ (14
=Ugc 3(mlrc §thr,df) Q

wheres and r areresponsesvermr RBsof FUsperclusterintl 7.

Hence,the aggregateapacityfrom reusingM, and m; RBsin microwaveand mmWavebandsper
buildingfor Q TTls canbegivenrespectivelipy,

sFC,aII,cc: )q,cc {U FC (:1\/| FC 3‘$hr,)c Q} (15)
Srcandg= Xt {U FC (3m FC 3~§1r,d) Q): (16)
where x, . and x, , denoteresourcereusetimes respectivelyfor microwaveand mmWavebandsper
building.
6.2.1. FCBSawith CUSA

For a singletransceivebased=CBSswith CUSAoperatingat the co-channemicrowaveno FCBSscan
transmitsignalsiuringan ABS.Hence the aggregateapacityf all FUs perbuildingfor anyf and x; _for

t,cc
QTTlsisgivenby,

Scusa,cc,sz (1 - 0 3 @C,all,cc

L) % (Ve (M 52) Q) 1)

However for asingletransceivebased=-CBSoperatincgat a differentfrequencynmWave f =0such
thattheaggregateapacityf allFUsperbuildingfor x; ,, andQ TTls is givenby,
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S cusadts— S FCalldf

(18)
= Xt :(U FC (3ch ghr,df) Q)i
In adualtransceiverbased~-CBSwith CUSA sincethe mmWaveservedJ-planetraffic,the aggregate
capacityof all FUs per buildingis the sameas that of a singletransceivebaseddifferent frequency
mmWaveenabled=CBSandis givenbyfor Q TTIs,

S cusa,df,d: scusa,df,s

19
= Xt 3(U FC (:ch Shr,df) Qf
Note that the valuesof spectrakfficiencyconstraintin microwaveand mmWavebandsareadjusted
suchthatthe clustersizesat both bandsarethe same(i.e., x, .. = X, ) whenFCBSsareenabledvith dual

transceivers.
6.2.2. FCBSwith CUCA

Let Xx¢p denotethe percentagef C-planetraffic for FCBSswith CUCA in both microwaveandmmWave
bandsAccordingto [32],thetotal controloverheadncludesl0%for S1signéing,4% for handoveranda
certainpercentage®r managemersignalingHence we assume;=0.25asan exampleSincexc, simply
scalesC-/U -planetraffic capacityconsideringa different valuewill not changethe trend of capacity
responsesiencethe aggregateapacityor a singletransceivebased=-CBSswvith CUCA operatingatthe
co-channemicrowavenddifferentfrequencynmWaven a buildingcanbe givenrespectivelfor Q TTls

by,

S cucaces (1 X c} (31 ’) ic,all,cc

(20)
:(1 _ch) (31 f) {ég (U F%: (M Fg tﬁr,c)a Q)
and
S cucadrs— (1 X CJ %Fc,all,df
(21)
=(1 _ch) )?t,df (U FC (rn:?ic ‘Shriif) (2)

6.2.3. Overallsystentapacitgstimation
A) SingleBandDifferentFrequenciyimWaveEnabled=CBSs

WhenFCBSswith CUCA operateat a singlebanddifferentfrequencynmWaveC-planetraffic of UEsis
servedoy therespectivSsj.e.MCBSfor allMUs andFCBSdor FUs.However for FCBSswvith CUSA
operatingat a singlebanddifferentfrequencynmWaveC-planetraffic of all UEs is servedby the MCBS
only. For FCBSswith CUCA, lets . ...« denotethe aggregateapacityof all MUs over Mr RBsfor Q

TTls withoutreusingMr in FCBSswhichis givenby,

S'vc cucadis (1 X c} é-thl aM:Tl ‘$|( t'{‘) (22)

wheres and r areresponsesverMr RBsof allMUsintl 7.

Hencefor FCBSawith CUCA operatingat a differentfrequencynmWavethe overallsystencapacity
of themulti-tier networkover M; RBsfor allMUsand m, RBsfor all FUsperbuildingfor Q TTIs canbe
expressedsthe sumthroughpuif allUEs asfollows
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ST,cuca,df,s: sMC,cuca,df,s+ Scuca,df,s

y 23
(1) AL Eu(6) (bx) w0 )09 @

For FCBSsawith CUSA the aggregateapacityof allMUs overMr RBsfor Q TTls is the sameasthat
of CUCAsuchthat

sMC,cusa,df,S: s MC,cuca,¢ (24)

However sinceC-planetraffic of all FCBSswith CUSAIs servediy the MCBS the aggregateapacity
of allFUsatthemmWavébandfor Q TTIs isgivenby,

S cusadts— S ECalldf

(25)
= Xyt :(U FC (%FC ghr,df) Q)a
Hence Jike CUCA, the overallsystentapacitpf FCBSawith CUSAoperatingat a differentfrequency
mmWavdor Q TTls canbeexpresseds

sT,cusa,df,s: MC,cusa,df,s+ S cusa,df,s

N 26
=(1x,) &% &"%s(6) # (Vi (M2 w9 9 .

B) SingldBandCo-ChanneMicrowaverrequenc¥nabled=CBSs

Like a singleband different frequencymmWave,when FCBSsoperateat a singleband co-channel
microwavefrequencyC-planetraffic of all MUs is servedby the MCBSand FUs by the FCBSswith
CUCA,wherea€-planetraffic of all UEs is servedoy the MCBSonly for FCBSswith CUSA.For FCBSs
with CUCA  theaggregateapacityf allMUs for Mt RBsatmicrowavéandfor Q TTls is givenby,

SMC,cuca,cc,s: (l X c)) ail a,M:l ‘$|( t'f) (27)

wheres and r areresponsesverMr RBsof onlyindoorMUsin tI 7ags andall outdoorandoffloaded
MUsintl 7.Using(8)fors theoverallcapacitys givenby,

cuca,cc,!

S = s

T,cuca,cc,s MC,cuca,cc,s cuca,cc,s

M 2
=(1 'ch) éil a;st,i( (j) (l" Xcﬁ) (13) -t,cg((U FC (:M FC 3thr:éc Q) 9

For FCBSswith CUSA theaggregateapacityf allMUs for Mr RBsat microwavébandfor Q TTIs is
the sameaasthatof CUCAsuchthat

sMC,cusa,cc,s: (1 X n)p ail aM:Tl ‘$|( t() (29)

UsingEg. (17) fors the overallsystentapacitys givenby,

cusa,cc,’

= +
ST,cusa,cc,s sMC,cusa,cc,s S cusa,cc,s

) 30
=(1x,) &2, &"%s,(6) (¥ )F 2U(M2 w3 Q) (30)
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C) DualBandsEnalled FCBSs

For dualbandsenabled=CBSswith CUSA,C-planetraffic of all MUs is servedby the MCBSandFUs by
the FCBSsat co-channelmicrowavefrequencyThe aggregateapacityof all MUs for Mt RBs at the
microwavéandfor Q TTls is givenby,

S've.cusaced (1 X Jy ail aM; $|( t() (31)

wheres and r areresponsesverMr RBsof onlyindoorMUs in tI 7ags andall outdoorandoffloaded
MUsintl 7. UsingEqg. (19 fors theoverallsystentapacitys givenby,

cusa,df,¢?

ST,cusa,d: S

t S

MC,cusa,cc,d

=(1 _XCP) é-thl aMlest,i( (i) # (U3FC (M ?:C Th?ti Q)

cusa,df,d

(32)

6.3. Energy Efficiency

Energyefficiencyis definedasthe amountof energyequiredper bit transmissionyhichcanbe expressed
asfollowsfor FC networkg33-34]

hee=Ped s, (33)

where/,,is the averagesnergyper bit transmissionn joulesper bit (J/b). B.. =20dBm denotesthe

transmitpower of any FCBSsand s, denotesthe aggregateapacityper TTI for the respectivd=-CBS
architecturem the downlink.

6.4. Proportional Fair Scheduling

Since proportional fair schedulerprovides an optimal tradeoff betweenfairnessand throughput
performancesye consideiit to scheduléime andfrequencyesourceamongUEs. Basedn the current
and pastaverageghroughputsof a UE, it schedules UE x, (t) in TTI t at RB i with the maximum

performancenetricgivenby [35],
x, () =arg mags,; (t)/ 5, (1)) (34)

wheres, ; (t) and$,; (t) representespectivelthe currentandpastaveragéhroughputof UE x at RB
i in TTI t. The pastaveragehroughputs, ; (t) at RBi is updatedn everyTTI asfollows[36] wheret.
denotesdjustablémeconstant.

(t
(t

(%)

ey £5000 99 Hos.0x

)(1- ¥t.), x % (1) §
6.5.J a i Raithaesslndex

J a i fairdessindex is usedto evaluatefairnessperformanceof usersservedby FCBSsand can be
expressedsfollows[36-37]

o UF 2~ o UF
FJ :%- Xx 3/ U ;3 axxz (36)
Cx=1 7 C x=1

where X, representthetotalnumberof RBsallocatedo userx overthe simulatiorruntime.
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7. SystemLevel ResourceSchedulingAlgorithm and Implementation

A resourceschedulinglgorithmfor FCBSawith CUCAandCUSAto evaluatsystenievelperformancés
givenin Algorithm 2. Frequencylomainschedulergor FCBSscan be implementeckither per building
basiswhereall FCBSdn abuildingcanbe scheduledr per clusterbasisvhereFCBSsdn eachclusterin a
buildingcanbe scheduledby frequencydomainschedulerdasedon the clustersize.Dependingon the
architectureof FCBSs,either one or multiple frequencydomain schedulersare neededFor instance,
FCBSsenabledwith dualbands,i.e. co-channeimicrowaveand mmWavebands two frequencydomain
schedulerspne for microwaveand the other for mmWavebands,are requiredto scheduleRBs of
respectivbandgo serva-Us(Fig.7).

For co-channemicrowaveenabled=CBSsjn joint scheduleimplementationf38], all the frequency
domainschedulerareimplementegointly with the time-domainschedulettypicallylocatedat the MCBS.
However for disjointscheduleimplementationgachfrequencydomainschedulecanbe implementedt
the location of respectivebuildingsor clusters.Any FCBSswithin either a building or a clusteras
aforementioneaan be consideredo serveas a frequencydomainschedulerandis literallytermedas
clusterhead(CH) [38]. A CH allocatesRBsto FCBSsduring nonABSs.The time-domainscheduler
updateseachCH the numberof nonABSsper APP basedon the informationprovidedby indoor MUs
within abuildingin the uplink. Thepresencef anindoor MU duringanyAPPscause$o sendinformation
about the ABS patternfor the next APP to the correspondingrequencydomain schedulewia X2
backhaulgdowever for joint implementationgrequencydomainscheduleratthe MCBSallocateRBsto
FCBSwiatheirrespectiv€Hsby sendingnformationover X2 backhauls.

For FCBSsenabledwith a differentfrequencyfrom that of the MCBSand PCBSsthe frequency
domainschedulersanschedulé&rBsin all TTls, andarepreferabléo beimplementedtthe CH to avoid
delayfrom X2 backhaulsHowever,for co-channemicrowaveenabled=CBSsdependingn the smal
scaldfadingeffectandbackhautapacitythe choiceof frequencydomainscheduleimplementationsan
be made More specificallyit is preferablg¢o considedisjoint schedulemmplementationto addresshe
smaklscaldadingeffect whereagint implementationt minimizedelayfrom X2 backhauls.

Algorithm 2. Systentevelresourcechedulinglgorithmfor FCBSawith CUCAandCUSA
Ol1:Inputs:

() SetM; .M, Sy ={ Srce Gug Xep, Pu Po, Pe 1, S, S5 N, Up, UR, QL
oA GG, Ley Guins Yimaxrsr Ywsten @ (Gler ) G

02:(ii) Initializel { Tass, T\Taue}={1, & , R

03:(iif) Estimate’ t,i { PL,; LS, .SS 71, » ()} Urc: Mec: Mec S Ko Koy
04:// Intraandnteffloointerferemstimation

05:Estimate? d,, @y, (0,) H duf Ao’

06:" dp, @,e,( d) =10 %) (d,/ )

07:// RoEestimation

08:Estimate’” s, . d, 2 dmi,( ymax,n(azs‘“"” 4))]/3
2 . y3

09:" Syl 20, r%O-(o.:af(d[er)) ymax,ts(y Finse ]) g
Q 0

10:// Capacigstimation
11:Estimatgcapacityf all FUsfor allFCBSarchitectures):

12: scuca,cc,sz (1_ ch) :(1 f_) &c (U :|5=C (M I:EC tﬁr,c} Q)
13: S cucadt; = (1 _ch) )?t,df (U FC (m?,':C Shr%f) (2)
14: scusa,cc,s = (1 _f) 3t),€c (U FC ( NPFC tﬁst:) Q)
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1515 cusat = Xior {UFC (ech Shr,df) Q)

16: 5 cysa i = X :(U FC (:ch Qhr,df) Q):
17:Estimatgcapacitpf allMUsfor all FCBSarchitectures):

18:" Uy "t Mas @i 8T Sycaes(1 % ) &2 &% 5i( )
19:" 1T Sycaaas(1 % B2, 8% 5i( )
20:" Uy "t Mg @ t'T Sy (1% ) &2 &% 5( )
21" T Syoasans(1 % § &2, 8% si( )

.n n F [ " _ Q s My
22 UMI t ITABS WMP t T sMC,cusa,cc,d_ (1 X c)) é. t=1 a 4 ‘$i ( t()
23:Estimatgoveralkystentapacityor all FCBSarchitectures):

24: ST,cuca,cc,s: &Fs

S MC,cuca,cc,s cuci

25 -S T,cuca,df,s: S MC,cuca,df,s+ S cuca

26: ST,cusa,cc,s: s

S MC,cusa,cc,s cus

27: sT,cusa,df,s: sMC,cusa,df,s+ s cuse
28:s S t S

MC,cusa,cc,d
29:Estimatgenergyefficiencyof allFUsfor all FCBSarchitectures):
30:" s, h,.=P/ S,

31:Estimatq J afairne8sadexfor FC networks):

2 U 2, QUg
32:F, =28 X, y USEX,2
gx=l 7 gx 4
33:Outputs:

34:Disp|aydt*ra’dt*er’ UFC' MFC’ rn:C'Xt,cc'Xt,df’ FJ

35:Plot: hee ) ST,cuca,cc,'s s MC,cuca,cc,s S cuca, sT,cuca,df,s S MC,cuca,df,s S cucat

T,cusa,d cusa

sT,cusa,cc,'s s MC,cusa,ec,ss cusd sT,cusa,df,s s MC,cusa,df,s s cusal

sT,cusa,d sMC,cusa,cc,d scusa

8. Simulation Parameters Assumptions,and PerformanceResults
8.1. Simulation Parametersand Assumptions

The defaultsimulatiornparameterandassumptionasedfor the systermevelsimulatiorarelistedin Table
3. Unlessstatedexplicitly the defaultvaluefor anyparameteris usedfrom Table3. Note thatwe consider
empiricabimplifiedpathlossmodelfor indoor FCsandassuméhe similarmechanismfor the duakstrip
modelfor evaluatinghe performancef FCs[27]recommendely the 3GPP .WeconsidethatFCsin all
buildings experiencethe similar signal propagationcharacteristicsHence, there would not be any
significantdeviationin the performanceresultsfrom using empiricalmodelsthat do not necessarily
guarantethetransportabilitpetweerenvironmentsSincan digitalcellulaimobilesystemsnformationis
transmittedn everydiscreteransmissiotime interval(TTI), e.g.1 msfor longterm evolutionadvanced
(LTE-Advanced)nobilesystemsye considethe discreteeventtypesimulatiorat TTI of 1 msto execute
simulationresults Further, for evaluatinghe performancesy simulationand solvingthe formulated
optimizatiorproblemsthecomputationaiool MATLAB Releas20134ds used.
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8.2. PerformanceResults
8.2.1. Performancevaluation

From Eq. (1) and Eq. (2), the aggregatinterferencesn both intraand interfloor levelsat a sFU is

inverselyrelatedto the requiredminimum distancesl,, and d;, respectivelyFurther, becauseof an

additionafloor attenuatioreffect 10 (> () , theinterfloor interferenc@owerdecaysonsiderabliaster
with distanceas comparedo the intrafloor interferencgpower.Hence,floor penetrationosseslay a

significantrole on interfloor interferenceeffectat a SFU. We considellink spectrakfficiencieof 3.459
bps/Hz and3.9bps/Hz, whicharecorrespondingp the aggregatimterferencesexperiencetly thedesired
link betweera sFU and a sFCBSwhenoperatingat a co-channelmicrowaveand a differentfrequency
mmWavebandsrespectivelyl hisis becauseaypicallynmWavebandshavebetterlink qualitythanthat of

microwavebands Hence,s, .. = 3.45%ps/Hz and s, . =3.8bps/Hz arechosensuchthat the cluster

sizesnf FCBSawvhenoperatingat both bandsarethe sameFurther for the time-domainelCIC,ABS=L1is
considered.

Using Eq. (3), for link spectralefficienciesof 3.459bps/Hz and 3.9 bps/Hz, the corresponding
minimumdistancesnustbe equalor greatetthan 22 m and 24 m respectivelyn intrafloor level.Since
thesevaluesf distancarelessthan 25 m, resourcesanbe reusedn FCBSan intrafloor levelthatare
two-tier apart.SimilarlyusingEq. (4), for link spectrakfficiencieof 3.459bps/Hz and 3.9 bps/Hz, the
correspondingninimum distancesn interfloor level must be equalor greaterthan2 m and 2.9 m
respectivel\Becausthesevaluef distancarelessthan3 m of af | o leeighiresourcesanbereused
in everyfloor in abuilding.
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Fig.7. Disjoint frequencydomainscheduleimplementationfor dualbandsenabled=CBSsper cluster
basis.
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Table3. Defaultsimulatiorparameterandassumptions

Parametersand Assumptions Value

E-UTRA simulatiorcasé 3GPPcase3

Celluladayout andinter-sitedistance Hexagonajrid,denseaurban,3 sectorgperMC siteand1732m
(ISD):2
CarrierfrequenciBandtransmit
direction

Systenbandwidth

Numberof cells

TotalBStransmitpowet (dBm)

2 GHz (microwave) 50 GHz (mmWavéine-of-sight)and
downlink

5 MHz (for both 2 GHz and60GHz)

1 MC,2PCsand250FCs

46for MCLs, 37for PC, 20(for 2 GHz) for FCL.36and17.3(for
60GHz) for FCL3

Frequencgelectiv&ayleigtior MC andPCandRicianfor FC

Co-channefadingmodet

Externalwallpenetratioioss (Low)

20dB

MCBSanda UE! OutdoorMU PL(dB)=15.3+ 37.6logR, Risinm
IndoorMU  PL(dB)=15.3+ 37.6logR + Low, Risinm
Pathloss PCBSandaUE! PL(dB)=140.7+36.7lagR, Risin km
FCBSandaUE!23 PL(dB)=127+30log(R/1000)for 2 GHz;

PL(dB)= 68+21.7log(R) for 60GHz,Risin m

Lognormakhadowingtandardleviation(dB)

8for MCBS, 10for PCBS, 10(for 2 GHz) and
0.88(for 60 GHz) for FCBS33

Antennaconfiguration

Singleénputsingleoutputfor allBSsandUEs

Antennapattern(horizontal)

Directional(120) for MCt andomnidirectionafor PCt andFCt

Antennagainplusconnectotoss(dBi)

14for MCBS, 5for PCBS, 5 (for 2 GHz) and5
(for 60GHz, Biconicahorn)for FCBS3

UE antennaair#3 0dBi (for 2 GHz), 5 dBi (for 60 GHz, Biconical
horn)
UE noisefigure4andUE speetl 9dB, 3km/hr
Totalnumberof MUsandnumberof UEsperFC 30andl
PCcoveragandMUs offloadedo allPC$ 40m (radius)2/15
Indoor MUs! 35%
Numberof buildings 1
Numberof floorsperbuilding 10
Numberof apartmentperfloor 25
Numberof FCBSsperapartment 1
FCBSactivatiorratio 100%
_ o FCBSdeploymentatio 1
3D multi-storageuildingand Totalnumberof FCBSserbuilding 250
FC modelqregulasquaregrid) Areaof anapartment 10° 1007
Locationof aFCBSin anapartment Center
d,,5andd,5 5mand3m
ymax,tra5 8
Yinax to SinglesidedcFCBSs 1
DoublesidedcFCBSs 2

Scheduleandtraffic modet

ProportionaFairandfull buffer

Typeof FCs Closedsubscribegroup

Channestateinformation Ideal

Spectragfficiencyconstraintgor 3.45%ps/Hz for microwavend3.9bps/Hz for mmWave
FCBSs

TTIt andscheduletime constantt.)

1 msand100ms

ABSpattern APP, andtotal simulatiorruntime

1/8, 8 ms,and8 ms

Note: Takentfrom [39], 2from [27],3from [40],4from [41], 5[26] and¢[43]
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Using expressionfor capacityestimationsn section6, the aggregateapacityresponsesf various
FCBSsarchitecturesis discussedn section2 are shown Fig. 8. Note that with the term capacitywe
implicitlyrepresent-planedatatraffic capacityf UEs.FromFig.8, it canbe foundthatmostdatatraffic
is servedby FCBSsascomparedo the MCBSandPCBSsFurther,FCBSswith CUSAservemoretraffic
thanwith CUCAIrrespectivef thetypeof frequencypandsandthe numberof transceiveratanyFCBSs.
Likewise,FCBSsoperatingat the mmWaveband servemore traffic than operatingat the co-channel
microwavéandbecausef betterlink qualityat mmWaveéandbetweera FU andaFCBS.

Sincen dualbandsenabled=CBSspnly the mmWavebandservedJ-planetraffic, the overallsystem
capacitiesbtainedrom a singletransceiveanda dualtransceiverbased=CBSsarethe sameHowever,
dualtransceiverbased-CBSgainadvantagefsom the reducedcontrolsignalingverheadecausef no
cooperatiomeededetweerthe C-planeandU-planeBSs Besidesywhena singletransceivebased-CBS
operatesat the mmWaveband,no CCI coordinationis neededetweerthe MUs and FUs. Hence the
aggregateapacityf allMUs increasegsshownin Fig 8.

Figure 9 shows the energy efficiency performancesof FCBSswith CUCA and CUSA. As
aforementionedhecaus&CBSswith CUSAcanservemoretraffic (Fig. 8) for the samebandwidththan
with CUCA, the energyrequiredper bit transmissioof FCBSswith CUSAIs correspondingliessthan
FCBSawith CUCAIn the downlink.Overall,amongall FCBSarchitecturediscusseih section2, asingle
transceiveco-channeimicrowaveenabled=CBSswith CUCA providesthe worse,and a singleor dual
transceiversimWaveenabled-CBSswith CUSAprovideghe bestoverallsystentapacityandaveragé&C
n et w energysffidiencyperformances.

4 I
3.8 | I CUCA (Single transceiver co-channel microwave enabled FCBSs)
3.6 R cucA (Single transceiver mmWave enabled FCESs)
i [ Jcusa (Single transceiver co-channel microwave enabled FCBSs)
3.4 —| [ CUSA (Single transceiver mmWave enabled FCBSs)
32 - CUSA (Dual transceivers co-channel microwave and mmWave enabled FCBSS)
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8.2.2. Performanceomparison

To evaluatehe performancesf the proposedresourceeuseapproachwe considerthe resourceeuse
approaclproposedn [26]to comparén termsof the capacityandfairnesgperformancedVeconsidethe
total capacityf both C-/U -planeof all UEsin the systenfor anonABSfor FCBSswith CUCAunderthe
samescenarig(i.e., more specificallyreusedfrequencyresourceof 5 MHz, a link spectralefficiency
constraink,,, . = 3.459 bps/H:for microwavdrequencya buildinghaving10 floors,andeachfloor with

25apartmentsfachapartmenhasoneFCBS andeachFCBSserve®nlyoneUE.

HenceusingEq. (28, for asinglébandco-channemicrowavdrequencyanaveragsystentapacityf
286.85Mbps per TTI canbe achievedvith our proposedresourcaeuseapproachThis is considerably
greatetthanthe achievablsystencapacityof 135Mbpsper TTI for nornrorthogonalresourceeuseand
allocatiorby the resourceeuseapproactproposedn [26]for the numberof reusedRBsof 5 percFCBS.
Thoughin [26],with anincreasén reusedRBsper cFCBSfrom 5 to 10,the achievableapacityncreases
nearproportionallythe increasedapacitys still lessthanwhatcanbe achievedby our proposedesource
reuseapproachMoreover,with an increasen reusedRBsfrom 5 to 10, the fairnessfactor degrades
significanthffrom 0.087for 5 RBsto 0.062for 10 RBs[26] becausef competingelativelymoreby non
cFCBSwwith areducechumberof RBsallocatedor them.Furthermoreit is unusuato allocate40% of
the total systembandwidthto a cFCBSandis not recommendabl®o in orderto ensurehe qualityof
servicdor noncFCBSsOnN the contrary,in our proposedesourcaeuseapproachgeachFCBSwithin a
clusteris assignedtaticallyan equalamountof bandwidth andthereforethe fairnesgactor for resource
allocation@mongall cFCBSss 1. Hence pur proposedesourceeuseapproactperformsbetterthanthat
proposedn [26]in termsof both the systentapacityaswell asfairnessn resourcallocationamongall
FCBSswith CUCA in a buildingasshownin Fig. 10 wherethe all capacityvaluesare normalizedwith
respecto the capacitychievedby our proposedesourceeuseapproach.

1.2

I T
-Proposed resource reuse approach :
-Resource reuse approach in [26] :

1.1+

09} §
g 08| .
= : :
f06f 5 5 _
E 05 |
=) : :
0.3 |
02} ]
, | .
System Capacity Faireness Factor
Fig.10 Systentapacityandfairnesperformancesf FCBSswith CUCAwith theproposedesourceeuse
approaclandtheresourceeuseapproactin [26]for L=1 perTTI.

9. Features,Issues and Applications of FCBSs with CUCA and CUSA
9.1. Featuresand Issues

Operatinga FCBS with CUCA benefitsfrom a reducedor no control signalingoverheadfor the
cooperatiorof C-/U -planeBSsand suffersfrom achievinga high dataratein indoor. On the contrary,
whenoperatingvith CUSAa singlebandenabled=CBScanachievea high dataratein indoor but suffer
from originatinga considerablamountof control signalingpverheador the cooperatiorof C-/U -plane
BSslIn Table4, wepoint out majorfeatureandissue®f FCBSsvith CUCAandCUSAasshownin Fig.
2.
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Tabled4. Feature

sindissue®f FCBSsvith CUCAandCUSA.

Feature FCBSswith CUCA FCBSswith CUSA
and Issue
Low resourcaitilization High resourcaeutilization
No U-plane cell discovery U-plane cell discovery mechanism is needed
mechaniss needed particularhfor singlebandenabled~CBSs

Low U-planedatatraffic capacity High U-planedatatraffic capacityof FCBSssinceC-
of FCBSshecaus®f allocatinga plane traffic is servedby the MCBS so that all
certainportion of the bandwidth resourceganbe allocatedo serveU-planetraffic of
to C-planetraffic FCBSs

Strength  No

cooperation between the Cooperatiorbetweerthe MCBSandFCBSss amust

and MCBSand FCBSsis not needed for C-plane traffic to make alignedwith U-plane
weakness for C-planetraffic trafficfor asinglebandenabled-CBSs

Thetransmitpowerof the MCBS The transmit power of the MCBS is alwayson,

and
hen

FCBSsis alwayson and whereaghe transmitpower of FCBSsto serveU-
ce low systemlevel energy plane traffic is switched on based on the UE

efficiency generatedraffic requestsand hencea high system

levelenergyefficiencycanbeachieved

Control signéing network is Controlsignéing networkis complexparticularlyfor

simple asinglebandenabled-CBSs

No feedbaclsignéing delayfrom Considerabléedbaclsignalinglelayfrom switching

switching=CBSs the transmitpower of FCBSsbetweenon and off
states

Becauseof coupledC-/U -plane, The sgnding networkis complicatedparticularlyfor
networkmanagemeris complex asinglébandenabled-CBSs

Viability Becausef complexinterference The FCBS discoveryand wake up mechanismgo
challenge and mobility managementthe addresgnergyefficiencyarecomplexparticularlyfor
densification of FCBSs to asinglebandenabled=CBSs
enhance network capacity is
difficult

)l

Open
research
issue q

Improvement in  overall  Simplecontrolsignéingnetwork
network capacity, spectral  FCBSdiscoveryandwakeup mechanisms
efficiency, and  energy q UE associatioandhandovemechanisms

efficiency o For multitransceivebasedFCBSs,multi-band
Scaling SCBS densifications jntegratiorandsimultaneousperaion andmulti
with traﬁlc demand bandtransceiverdesign

Increasen peruserdatarate, ¢ UE design to avoid selfinterference from
andsimplificationof network multiplebands

management f CCI managementvhen a FCBSis operatingat

thesameébandasthatof the MCBS

9.2. Applications

In thefollowing,we discus®n the applicabilityof a multi-bandenabled-CBSin contrasto asingleband
enabled~CBSin light with the prospectiveevicecentricnetworkarchitectureto split C-/U -planeaswell
asuplinkanddownlink(UL/DL) trafficandnon-uniformandasymmetritraffic for 5G mobilenetworks.

9.2.1. SplitArchitecture

SplittingUL/DL andC-/U -planeis considere@sone of the majorenablingechnologiefor 5G mobile
networkgo addressssuesuchashighenergyandspectraefficienciesindhigh datarateservicesr o split
C-/U -planeandUL/DL, the applicabilityof a multrbandenabled=CBSarchitecturés shownin Fig.2(e)
wherea FU can communicatewith its associatedlosedsubscribergroup (CSG)FCBSat co-channel

microwave f,) for uplink(UL) and/or C-planetrafficandatmmWavg f,) for downlink(DL) and/or U-
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planetraffic by employingdual connectivityfeatureswith the sameFCBS ,asopposedo communicating
viadifferentBSsenabledvith a singletransceiverA numberof variationsof this splitarchitectureanbe
obtaineddependingn how UL/DL andC-/U -planetraffic areconfiguredor routingthroughmmWave
andmicrowavebandsFor example¢co-channemicrowaveo serveUL traffic andmmWaveo serveDL
traffic can be completelydedicated Similarly,C-planetraffic can be servedonly by the co-channel
microwavdandandU-planetraffic only by anmmWaveband .Note thata UE hasto beableto operateat
both bandswvhenit is withinthe coverageandonly atthe microwavébandwhenit is out of coveragef its
associate€SG FCBS.Sincethe propagatiorcharacteristiover an mmwWaveband differs considerably
from a microwaveband,a separatéransceivewith a separatdasebandinit for eachof thesebandsis
neededor thearchitecturef aUE [38].
C-/U -planesditting benefitdrom the multibandenabled=CBSarchitecturdor issuessfollows.

1. Sendinga high traffic volume and achievinga high data rate demandof U-plane can be
accomplishedsingthe mmWavébandvia Slinterfacalirectlyto the mobilecorenetwork[1].

2. BytransmittingC-planetraffic atthe microwavéband,a continuityin connectiorof a UE between
indoorandoutdoorenvironmentsanbe providedresultingessetworkwidecaltdrop.

3. By performingbasbandprocessindor U-planetraffic at the CHs in a decentralizechannen1],
the conventionatentralizedJ-planetraffic processingtthe MCBScanbe overcomdo allowthe
densityof SCsindependenbf the centralizedasebangrocessingn orderto achievehe high
datatraffic demandf 5G networks.

UL/DL splitting alsobenefitsfrom the mult-bandenabled=CBSarchitectureUL traffic is suitedto
transmitat the microwavéandfor suchreasonsisfollows.

1. A microwavesignalhaslesspenetratiolossand shadowingeffectthan an mmWavesignaland
hencehelpsimproveSINRataFCBSfor aUE.

2. UL generatedraffic is typicallylessthanthatin DL which canbe sufficientto be servedoy the
microwaveéand.

SimilarlyDL is suitedto transmitatanmmWavebandfor suchreasonsisfollows.

1. The presencef line-of-sightcomponentf a DL signalat an mmWavebandresultsin a high
SINR andthroughputperFU.

2. Becausef highpenetratiodossandgoodchannetonditionat anmmWaveband high datarate
demand in DL canbe providedwith a smallcoverageand a low transmitpower which help
furtherincreas¢éhe SCdensity.

Overall, sincethe traffic demandin UL/DL or C-/U -planeis asymmetricusing BS idle mode
capability[42] and splitting UL/DL and C-/U -plane by employingthe multiband enabledFCBS
architectureanoptimizationof FCBStransmitpowerto addres&nergyefficiencyof 5G mobilenetworks
canbeachieved.

9.2.2. Non-uniformtraffic

Though the averagdraffic demandhas beenincreasedy manifold in the last decadetraffic is not
generatedniformlynetworkwide[38]becausef suchissueasfollows.

1. BSdocatedn urbanareaservemoretraffic thanthosein suburbaror ruralareas.

2. In urbanenvironmentsll placesarenot populateduniformly,e.g.busstationsaandshoppingmalls
aremorelikelyto be populatedhan other placesBSslocatedin theseareasieedto servemore
trafficthanothers.

3. Thedemandor highdatarateservicess not uniform sincethe traffic demandargelydepend®n
user profiles, and user characteristicdlence,it is more probablethat a userof upper class
residentialzones can afford and hence generatemore high data rate servicesthan others.
AccordinglymoreBSsshouldbeinstalledn suchareas.
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4. The traffic demandvarieswith time, e.g.most corporatetraffic is generatediuring 8:0018:00,
whereasnostresidentiairafficis generateduring17:0623:00.

Sinceboth spectrumbandandbandwidthhavedirectimpactson the capacitya FCBSimplemented
with dual spectrumssuch as microwaveand mmWaveas shownin Fig. 2(e) can addresssuch nor+
uniformityin traffic demandasaforementionedsinceanmmWavebandprovidesnorecapacitgfhanaco-
channemicrowavéband,a mult-bandenabled~-CBScanbe operatecat an mmWavespectrumduringa
hightraffic demandandat a co-channemicrowavespectrunduringa low traffic demandn placesvhere
the traffic fluctuationis very high. In both casesthe other off-servicetransceiverj.e. co-channel
microwavedor ahightrafficandmmWavdor alow traffic, canbe switcheff to saveenergylf necessary,
both spectrumganoperateatthe sameimeto provideevenhigherdataratethanthatwhenoperatingata
singlespectum. With such an adaptivemulti-spectrumavailabilityin FCBSs,network operatorscan
provideon-demanddatarate servicespptimizelocationspecificresourceallocationand maximizeprofit
margin.

10.Conclusion

We presenin this papervarious=CBSarchitecturefor servingC-/U -planetraffic baseddn the numberof
transceivers.e.singleor multiple andtheiroperatingrequencyandsTo avoidcostfrom licensinganew
band we considereusinghe sameamnicrowavéandof thelargeMC fully in FCBSgleployedvithin multi-
storagebuildings.The crosstier co-channelinterference betweenMUs and FUs are avoidedusingthe
almostblank subframe(ABS) basedenhancedntercellinterferencecoordination.For a different and
diversefrequencycharacteristica high frequencymmWaveband is consideredor FCBSsonly. We
considera singletransceiveoperatingat eitherthe co-channelmicrowaveor mmwWaveband,and for
multiple transceivergjual transceiverare consideredperatingat both the co-channelmicrowaveand
mmWavebands.For reusingresourcesthe clusteringof FCBSsis done usingthe analyticaimodel
proposedn [26].Weproposea staticfrequencyesourceeuseapproaclanddevelopnalgorithmto reuse
resourcef FCBSgleployedn a multistoragebuildinghavinga numberof floors,eachwith 5x5 square
grid apartmentsand one FCBSper apartmentFor a systemlevel performancesvaluationusingthe
proposedesourceeuseapproactor FCBSsvith CUCA andCUSA weformulatenecessamgxpressions,
developaresourceschedulinglgorithmanddiscussheimplementatioof theresourcescheduler.

With a systenlevelsimulationwe evaluatehe performancesf numerousC-/U -planecoupledand
separatior-FCBSarchitecturesn terms of the systemcapacityand energyefficiencywith a multi-tier
networkconsistinga MC, anumberof outdoorpicocellsandindoor FCBSsn multistoragebuildingslt is
shownthat FCBSswith CUSAservesnoretraffic thanwith CUCA irrespectivef the typeof frequency
bandsandthe numberof transceiveratanyFCBSsandhencehe energyequiredoerbit transmissiofor
FCBSswith CUSAIis correspondindessthanthat with CUCA. Overall,amongall FCBSarchitecturesa
singld@ransceiveco-channemicrowavesnabled-CBSwith CUCA providegheworseandasingleor dual
transceivermmWavesnabled-CBSwith CUSAprovidesthe bestoverallsystentapacityandan average
FCn e t w enerfgysffitiencyperformanceds-or agivenlink qualityconstrainbetweera FCBSanda UE
andthe numberof FCBSsn a building,we alsodemonstratéhat our proposedesourceeuseapproach
performsbetterthan that proposedin [26] in termsof both the systemcapacityas well as fairnessin
resourceallocationsamongFCBSswith CUCA. Finally,we discuson the applicabilityof a multiband
enabled=CBSin contrasto a singlebandenabled=CBSarchitectureandpoint out a numberof features
andissue®f FCBSswvith CUCAandCUSA.
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