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Abstract

Recentevolutionandtechnologicaladvancementinwirelesscommunicationsand micro-

electronicshaveenabledenhancedresearchtrendstoward wirelessbodyareanetworks

(WBANs). Thisemergingnewfieldofresearchplaysanimportantrolein medicaland

healthcareservices. Anelectronichealth(eHealth)monitoringsystemisoneofthemajor

applicationsof WBANsthatinadditiontosavinglivescanprovidecost-effectivehealthcare

servicesbyreplacingtheneedforcostlyin-hospitalmonitoringwithwearableorimplanted

monitoringsystemsthathelpearlydetectionandpreventionofanyabnormalphysiolog-

icalactivitiesthatcouldriskthepatients’lives. Suchasystemcontinuously monitors

thepatient’svitalsignsandhelpspatientstoinvolveintheirroutineactivitiesofdaily

lifewithoutrequiringintensiveorspecialized medicalservicesallthetime,thuscreating

significantenhancementinthestandardofliving. Oneofthekeychallengesthatlimit

thewidespreadusageofeHealthsolutionsinpracticalhealthcarefacilitiesisthelimited

batterylifeofsensornodes(SNs)thatareneededtobereplaced/rechargedmanuallyonce

theenergyisdepleted.In mostscenarios,batteryreplacementisnotpreferable,andit

becomeshighlyunsuitableandimpractical,especiallywhentheSNsareimplantedinside

thehumanbody. ThislimitedbatterycapacityofSNsnotonlycausesaperformance

bottleneckbutisalsolikelytodisruptthefutureoperationsofSNs,whichmaycausealife

hazard. Therefore,inordertohaveseamlessandefficientimplementationofaneHealth

monitoring WBAN,improvingtheSNs’lifetimeorenergyefficiency(EE)isofparamount

importance.

EEisoneofthefundamentaldesignobjectivesthatgreatlyaffectstheperformance

oftheeHealthsystem,andoptimizingtheEEenablesefficientuseofenergy-constrained

SNs.Inthisregard,thisthesishasthreefoldobjectives. Firstly,alinearfractionalEE

optimizationproblemisformulatedandsolvedforaneHealthmonitoring WBANconsisting
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ofSNsequippedwithenergyharvestingcapabilitiescommunicatingwithanaggregator.

TheEEobjectivefunctionisdefinedastheratiooftheoverallsourcerateofalltheSNsto

thetotalpowerconsumptionof WBANbyconsideringenergyharvestingandpowerbudget

constraints.Secondly,arobustcommunicationschemeforeHealth monitoring WBANis

proposedthatcancharacterizethepropagationcharacteristicsofvariouspatientactivities

byonlyutilizingthegeneralizedgammadistributionthatcanefficientlymodelvariousbody

movements.Inthisregard,anovelEEoptimizationproblemisformulatedandsolvedthat

doesnotrequirechannelstateinformation(CSI)fromtransmittingSNstotheaggregator

whileoptimizingthetransmitpowerandencodingrateofeachSNbyconsideringoutage

probabilityandpacketretransmission.Lastbutnottheleast,anenergy-efficientresource

allocationframeworkisproposedto maximizetheEEofaneHealth monitoring WBAN

assistedwithbackscattercommunication(BackCom)andenergyharvestingtechnologies,

subjecttoqualityofservice(QoS)andpowerbudgetconstraints. Morespecifically,the

optimizationproblemoptimizesthetransmitpoweroftheaggregator,transmissiontime,

andbackscattertimeof WBANconsistingofenergy-constrainedSNswhichhavetheability

toharvestenergyfromthesignalstransmittedbytheaggregator.
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Chapter1

Introduction

1.1 Backgroundand Motivation

Thepopulationoftheworldisincreasingrapidly,andeverycountryaroundtheglobeis

experiencinggrowthinthenumberofolderpeopleintheirpopulation. Accordingtoa

reportonworldpopulationagingstatistics[1],therewere703millionpeopleaged65years

oroverintheworldin2019,andfrom2025to2050,theelderlypopulationisprojectedto

nearlydoubleatleastto1.6billionglobally,asshowninFig.1.1.Furthermore,thenumber

ofpeoplelivingaloneisincreasingdaybyday,andthemajorityofolderpeoplearefacing

chronicdiseases. However,conventionalmedicaltreatmentwhichneedspatientstogotoa

medicalfacilityordoctorwhentheyfeelsick,cannotconfrontthesesituationsinatimely

manner.Itisexpectedthatthisincreaseinthenumberofadultswilloverburdenthe

efficientperformanceofthehealthcaresystems,thusconsiderablyaffectingthequalityof

life.Basedonthesestatisticsitisnecessarytohaveadramaticshiftincurrentlyavailable

healthcaresystemstowardsmoreaffordableandadaptablehealthsolutions[2–4].
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Fig.1.1: Worldpopulation(inmillions)byagegroup:2015to2050[1].

Ontheotherhand,hundredsofthousandsofpatientsdieeveryyearfromvariousfatal

andchronicdiseasessuchascancer,cardiovasculardisease,Parkinson’s,diabetes,asthma,

obesity,etc[5].In mostcases,thepatientssufferingfromsuchfataldiseasesexperience

thesymptomsofillnessandhavebeendiagnosedwiththediseasewhenitistoolate. Most

oftheresearchstudieshaveshownthat manyofthesediseasescanbecurediftheyare

detectedduringtheirearlystages. Therefore,futurehealthcaresolutionsneedtooffer

dynamicwellness managementandfocusonearlydetectionandpreventionofanysigns

ofillness.Inthisregard, withtheevolutionofwearablesensorsandtheadvancement

inwirelesscommunicationtechnologies,eHealth monitoringsystemarisesasanemerging

researchfieldintheacademicsandR&Dindustriesworldwide[6–9].

eHealthsystemservesasapromisingsolutionthatprovidescost-effectivehealthcare

servicesthroughwearableorimplanted monitoringsystemsthathelpearlydetectionand

preventionofanyabnormalphysiologicalactivitiesthatcouldriskthepatients’lives.Such

asystemcontinuously monitorsthepatient’svitalsignsandhelpspatientstoinvolve
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intheirroutineactivitiesofdailylifewithoutrequiringintensiveorspecialized medical

servicesallthetimethuscreatingsignificantenhancementinthestandardofliving.Such

seamless medicalandhealthcareservicescanonlybeacquiredthroughasmartnetwork

consistingoflow-powermicroelectronicsandnanotechnologybasedactuatorsandSNsthat

canbedeployedonthebodysurfaceaswearabledevicesorimplantedinsidethepatient’s

body. Suchnetworksarecommonlycalledas WBANs[10–12].Incomparisonwiththe

conventionalhealthcareservices,eHealthsystemswith WBANtakeadvantageofportable

health monitoringdevicestoofferlocation-independenthealthcarefacilities.Inaddition

tosavinglives,theprevalentuseof WBANswillreducehealthcarecostsbyremovingthe

needforcostlyin-hospitalmonitoringofpatients[2].

1.2 Research ChallengesandPossibleSolutions

TofacilitatetheefficientandseamlessimplementationofeHealth monitoring WBANs,

suchastobeadoptedwidely,certainchallengesneedtobeaddressed.Inthisregard,

increasingthebatterylifewithsustainableenergysupply,QoSguaranteeofthedata,and

highEEwith minimalpowerconsumptionareofsignificantimportance[8,13,14]. Body

SNsrequireasustainableenergysupplytoperformtheiractivitiesandperpetualoperation.

Conventionally,theseSNsarepoweredbybatteries,whichhavealimitedlifetimeandare

neededtobereplaced/rechargedmanuallyoncetheenergyisconsumed. Moreover,battery

maintenanceandreplacementarenotpreferablesometimes,anditbecomesunsuitable

whensensorsareimplantedwithinthehumanbody.Furthermore,theevolutionofbattery

technologiesisnotyetcapableof meetingtheenergydemandtodevelop WBAN with

sufficientlifetimeandsatisfactorycost;thusthereexistsavastgapbetweentheenergy

demandofthe wirelessdevicesandtheenergydensityresultingfromthedevelopment
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inbatterytechnology. Thatsaid,improvingtheSNs’lifetimeorEEisofparamount

importanceforthewidespreadadoptionofeHealth monitoringsystemsinthepractical

healthcareenvironment.

Numerousresearcheffortsarecarriedoutintheliteratureatdifferentlayerswitha

focuson minimizingtheenergyconstraintsbydesigningenergy-efficientprotocols,en-

ergyconservationstrategies,andeffectivenetworktopologydesigns. Asaresultofrecent

technologicalbreakthroughs,variousbatteryrechargingtechniqueshavebeendeveloped

toovercomethelimitedbatterylifeoftheSNsthatremaineda majorhurdle making

the WBANuselessappealing. Onesuchalternativeiswirelessenergyharvesting,which

servesasapromisingapproachandhelpsenabletheself-sustainedbodySNsoperations.

Inthistechnique,SNsareequippedwithenergyharvestingcapabilitiesthatallowthemto

scavengeenergyfromamplebiochemicalandbiomechanicalenergysourcespresentinthe

humanbodyorambientgreensources(e.g.,solar,thermal,vibrational,radiofrequency

(RF))[15–18]. However,theenergyrechargingrateisusuallyslowandvariesfromtimeto

time;thereforeabodysensormaydepleteitsenergybeforeitsbatteryisrechargedwhich

createsadisturbanceintheeHealth monitoringsystem. Thisinterruption maycausea

hazardifthevitalinformationofaseriouspatientisnotreceivedontime.Nevertheless,the

harvestedenergyrequireseffectiveenergymanagementschemessuchasEEmaximization

thatfocusesonsavingtheenergyof WBANgiventheavailableresourceswhilemaintaining

thesatisfactoryperformancelevelofthenetworkintermsofdatatransmission.

RecentlyBackComhasemergedasanevolvingparadigmthatservesasacommuni-

cationtechnologyforthenext-generationwirelessnetworkssuchaseHealth monitoring

WBANs[19]. BackComcanprovidenearlylimitlesschancestoconnectwirelessdevices

duetothisrevolutionarywayofcommunicationbyreflectingandmodulatingtheincident

signal.BackComisconsideredakeyenablertotackletheissueoflimitedbatterycapacities
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inwirelessdevices,thereforecanbeutilizedtoenablepervasiveconnectivityinavariety

ofapplications,includingwearabledevices,smartconnectedhomes,industrialInternet-of-

Things(IoT),andsmallembeddeddevices.Incontrasttoaconventionalradioarchitecture

thatrequiresachainofpower-hungrymodules,abackscatternodedoesnotcompriseany

activeRFcomponents,therefore,canbedeployedtohaveminiaturehardwarewithexcep-

tionallylowpowerconsumption[20].Furthermore,BackComisenvisionedtorevolutionize

thehealthcaresuppliedthroughembedded microelectronicsandwearabledevicesbyeffi-

cientlytransmittingthedataunderalow-powerbudget. Consequently,thistechnology

helpsenablecustomizedself-managingandself-monitoringeHealthsystems[21].

1.3 Objectivesand Thesis Contributions

Asdiscussedearlier,the mainobjectiveofaneHealth monitoringsystemistoservewith

continuousandhigh-qualityservicetothesubscribers. Asustainableservicenecessitates

thatthesystemcanoperatewithoutinterferenceforanadequatelyprolongedstretchof

timewiththeendgoalthatadequateinformationcanbegatheredforapatient. Dueto

limitedbatterylife,improvingtheSNslifetimeorEEisofsignificantimportancetorealize

smarthealthcaresolutionsinreallife.However,suchadesignobjectivehasbeenoverlooked

intheliterature,and mostoftheexistingresearchoneHealth monitoring WBANsis

basedonaspectsofdesigningthemediumaccesscontrol(MAC)protocols[13,22,23]and

maximizingthethroughputof WBANsthatfocusesontransmittingthe maximumdata

byutilizingalltheavailablepower[24–26].

Incomparisonwiththeexistingliteratureon WBANs,theobjectiveofthisthesisisto

designanenergy-efficienteHealthsystembyconsideringEEasthedesignobjective.EEis

oneofthefundamentaldesignobjectivesthatgreatlyaffectstheperformanceofaneHealth

5



system.Inthisregard,thisresearchproposesnewsolutionsforachievingenhancementsin

theeHealthmonitoringsystembyconsideringdifferentsystemmodelsandvariousdesign

parameterswiththeprincipleaimofsavingthepowerofenergy-constrained WBAN.In

addition,thediscussionandinsightintofutureresearchdirectionswithpotentialscopeof

improvementsandopportunitiesforfurtherresearchareprovided.Themaincontributions

(alsosummarizedinFig.1.2)ofthisthesisarebrieflydescribedasfollows:

1. Anoptimizationproblemisproposedandsolvedto maximizetheEEofaneHealth

monitoring WBAN.Theproposedsystem modelconsistsofSNsequippedwithen-

ergyharvestingcapabilitiescommunicatingwithanaggregator,andthecorrespond-

ingenergyharvestingprocessoftheSNsismodeledusingthediscrete-time Markov

chain. TheEEobjectivefunctionisdefinedastheratioofthesumofthesource

rateofalltheSNstothepowerconsumptionofallSNsinthenetwork.Theformu-

latedlinearfractionalEEoptimizationproblemisconvertedtoanequivalentlinear

formbyusingtheCharnes-Coopertransformation. Theoptimizationproblemaims

to maximizetheoverallEEoftheself-sustainedeHealth monitoringsystemwith

WBANbyoptimallyallocatingeachSNsourceratesuchthattheoverallEEofthe

WBANsystemis maximized. Moreover,thestructureoftheoptimizationproblem

isanalyzedtoprovideasuboptimalsolutionatlowercomputationalcomplexity,and

mathematicalexpressionsofupperandlowerboundsofthesourceratesoftheSN

arederived. Extensivesimulationsareperformedtoevaluatetheperformanceof

theproposedscheme,whichrevealthattheoptimalallocationofthesourcerateto

energy-constrainedSNsimprovestheperformanceof WBANintermsofEE.

2. ArobusteHealth monitoringcommunicationsystemisproposedthatcancharac-

terizethepropagationcharacteristicsofvariouspatientconditionsbyonlyutilizing
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thegeneralizedgammadistributionthatsupportsvariouspatientconditionsandcan

efficiently modelbotheverydayanddynamicactivities. Morespecifically,anopti-

mizationproblemisformulatedtooptimizetheEEof WBANwithoutrequiringthe

CSIfromthetransmittingSNstotheaggregator. Theoptimizationproblemopti-

mizesthetransmitpowerandencodingrateofeachSNsuchastooptimizetheEE

(measuredinJ/bits)byconsideringoutageprobabilityandpacketretransmission.

Itisshownthattheformulatedoptimizationproblemissemi-strictlyquasi-convex

ineachdecisionvariable,andanalternativeoptimizationapproachisproposedto

determineitssolution.

3. AresourceallocationframeworkisproposedtomaximizetheEEof WBANassisted

withBackCom,subjecttoQoSandpowerbudgetconstraints. Morespecifically,the

optimizationproblemoptimizesthetransmitpoweroftheaggregator,transmission

time,andbackscattertimeof WBANconsistingofenergy-constrainedSNswhich

havetheabilitytoharvestenergyfromthesignalstransmittedbytheaggregator.

Ageneralizedgammadistributionisadoptedtocharacterizethechannelpropaga-

tioncharacteristicsofpatientsunderdifferentarbitrarybodymovements/activities.

TheformulatedEEoptimizationproblemisshowntobeaquasi-concavenonlinear

fractionalproblem, whichistransformedtoanequivalentparametricproblemby

usingtheDinkelbachapproach,andthecorrespondingKarush-Kuhn-Tucker(KKT)

conditionsaresolvedtoobtainthesolution.Furthermore,alow-complexityiterative-

basedsuboptimalheuristicisproposedwithperformancefairlyclosetotheoptimized

solution.Simulationresultsdemonstratetheeffectivenessoftheproposedschemein

maximizingEEofthe WBANbyconsideringrelaxing,walking,andrunningstates.

Additionally,comparisonswiththerelatedworkfromtheliteratureareperformed

thatreaffirmthesuperiorityoftheproposedalgorithm.
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scheme through simulation results
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Design of an energy-efficient  
system supported to operate under
BackCom and HTT communication
modes studied on a transmission

frame

Proof of quasi-concavity of the
formulated non-linear fractional EE
problem and the utilization of the
Dinkelbach approach and KKT
conditions to obtain the solution

Exploited the structure of the
optimization problem to propose a
suboptimal algorithm along with the
computation complexity analysis

Performance evaluation and
comparison with existing research  
to show effectiveness of proposed
scheme through simulation for

relaxing, walking, and running states

Fig.1.2:Summaryoftheresearchcontributionsinthedissertation.
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1.4 Thesis Outline

Thethesisisorganizedasfollows:

In Chapter2,thegeneralarchitectureof WBANanditsvarious medicalandnon-

medicalapplicationsincludingeHealth monitoringsystemisdiscussed. Thetaxonomyof

WBANsincludingdifferent modulesandabriefoverviewoftheclassificationof WBAN

devicesaccordingtotheirfunctionalitiesarealsohighlighted.Thedifferentcommunication

architecturesarealsodiscussedtoprovideanideaaboutdifferentcommunicationtiersin

WBANs. Moreover,energyharvestingin WBANsisdiscussedandaclassificationofthe

availableenergyresourcesthatcanbeutilizedforharvestingenergyarealsoprovided.Last

butnottheleast,abriefoverofBackComineHealth monitoring WBANisdiscussedto

highlighttheadvantagesinovercomingtheissueoflimitedbatterycapacitiesineHealth

systemsbyenablingpervasiveconnectivity.

InChapter3,aself-sustained WBANsystem modelispresentedinwhichtheenergy

harvesting mechanismoftheSNis modeledusingthediscrete-time Markovchain. In

thisregard,anEE maximizationproblemformulationanditssolutionarediscussedthat

intendsto maximizetheEEofenergy-constrainedSNsequippedwithenergyharvesting

capabilitiescommunicatingwithanaggregator.Finally,thesuboptimalsolutionatalower

computationalcomplexityisalsodiscussedinthischapter.

InChapter4,a WBANsystem modelwitharobustcommunicationschemethatfo-

cusesonsavingthepowerofenergy-constrainedSNsispresented.Inthisregard,anEE

optimizationproblemwithouthavingtheCSIfromthetransmittingSNstotheaggregator

isformulatedandsolved. Moreover,ageneralizedgammadistributionisadoptedthatcan

supportdifferentpatientconditionsduringdailylifeactivitiesandcanefficiently model

botheverydayanddynamicactivities.
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Inchapter5,aBackCombasedeHealthmonitoringsystemmodelisproposedthataims

toprovidesustainableandhigh-qualitymedicalservices.Basedonthat,anenergy-efficient

optimizationframeworkisstudiedonatransmissionframeconsistingoftwophases,i.e.,

passiveBackComphase,andactivedatatransmissionphasetomaximizetheEEofenergy-

constrained WBANequippedwithenergyharvestingcapabilities. Moreover,ageneralized

gammadistributionisadoptedto modelvariouspatients’conditionsbyconsideringre-

laxing, walking,andrunningstates. Lastbutnottheleast,extensivesimulationsare

performedtoevaluatetheperformanceoftheoptimizedandsuboptimalsolutionsincom-

parisonwiththerelatedliteraturetoshowtheeffectivenessoftheproposedschemein

maximizingtheEEof WBAN.

In Chapter6,asummaryofourinvestigationandimportantconclusionsregarding

theresearcharedrawnbysummarisingtheimportantfindingsfromeachresearchcon-

tribution.ItalsoincludesdiscussiononfutureresearchdirectionsinthefieldofeHealth

monitoring WBANthatareexpectedtobeasourceofinspirationforfutureinnovations

anddevelopmentsin WBANs.
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Chapter2

Wireless Body Area Networks:

BackgroundandPreliminaries

2.1 Introduction

Therecentevolutionandtechnologicaladvancementsinwirelesscommunicationand mi-

croelectronicshaveenabledtheenhancedresearchtrendstowardsthedevelopmentoflow-

power,inexpensive,miniaturizedsmartwirelessdevicesthatcanbeimplantedunderneath

theskinorattachedtothehumanbodysurfaceaswearablessensors,orintegratedwithac-

cessoriesandclothing.Thissetofbio-medicalsensorscanbeconnectedtoformanetwork

referredtoas WBANthatenablesadvancedcontinual monitoringapplicationswithout

disturbingthedaily-lifeactivitiesofthepatients. Thesolestandardavailablefor WBAN

isIEEE802.15.6,whichwasissuedin2012.IEEE802.15.6defines WBANasaspecific

formofwirelesssensornetwork(WSN)[27].IEEE802.15.6offersreliablecommunication

overashortdistanceandawiderangeofdataratestoserveavarietyofapplications.
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WBANshelpenabletheSNstocontinuously monitorvariousphysiologicalattributesof

thebodyduringstationaryor mobilitystates. TheSNssensethepatients’vitalinfor-

mationsuchasheartrate,bloodpressure,respiratory measurement,bodytemperature,

pulseratedata,andbloodglucoselevelfromthebodyandtranslatethisinformationinto

datapacketswhicharewirelesslytransmittedtothecentralcoordinatornodeknownas

aggregator/gateway. Mostimportantly,theinformationcollectedbyaneHealth monitor-

ing WBANprovidesthe medicalfacilityandhealthcareproviderswithaclearpictureof

thepatient’sstatusasthisdataisgatheredduringapatient’sdaily-liferoutineactivities

inanaturalenvironment[28].

2.1.1 Taxonomyof WBAN Devices

Asdiscussedearlier,a WBANsystemconsistsof miniaturedeviceswithcommunication

capabilitiestosensetheinformationthroughvariousSNsandtransmitthatinformation

asdatapacketsover wirelesschannels. Basedontheirfunctionalitiesandroles,these

devicescanbecategorizedintothreeclasses. Thissectiondetailsabriefoverviewofthe

classificationof WBANdevicesaccordingtotheirfunctionality.

i.WirelessSensor Node: ASNsensesthephysiologicalattributes,performs

thedataprocessingofthesensedinformationbyusingtheanalog-to-digitalconverter

(ADC),andtransmitsthatintheformofdatapacketstotheaggregatorusingwireless

communicationtechnology. ThegeneralarchitectureofawirelessSNcomprisesfour

componentsasshowninFig.2.1:aradiotransceiver,storagebattery,microprocessor,

andthesensorcomponent[29]. WhenconnectedtothepowersupplytheSNsare

activatedtoprovidewirelessmonitoringforanybody,anywhere,andanytime.SNsin

WBANarecategorizedaccordingtotheirlocationonthebody,asfollows
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Fig.2.1:Illustrationofdifferentmodulesofawirelesssensornode[29].

•WearableSensor: Thesedevicesareplacedonthebodysurfaceorattached

totheclothesforgatheringvitalsigns.Someexistingvarietiesofthesesensors

canbeembeddedinasmartwristwatch,smartphone,orearphoneofthepatient,

allowingcontinuous monitoringindependentofthepatient’slocation. Forex-

ample,peripheraloxygen measuresthesaturationlevelofoxygeninthehuman

blood.Theelectrocardiogram(ECG)sensorinvestigatesthefunctionalityofthe

heartbysamplingtheheartmusclepropagationwaveformwithrespecttotime.

Theelectroencephalography(EEG)sensorutilizestheelectro-physiologicalmon-

itoringmethodtorecordtheelectricalactivityofthebrain.Thevarioustypesof

availablesensorsforeHealthmonitoring WBANaretemperaturesensor,motion

sensor,bloodpressure(BP),bloodglucose,pulserate,motionsensor[2,4].

Withtheadvancementsinwearabledevices,thetrendof measuringtheBP

usingthesensorshasincreased[30,31].ItisduetothefactthatmeasuringaBP

usingacuff-basedtechnologyissometimesdistressingasitutilizesaninflatable

cuffthatiswrappedonanarmandpressureisappliedtothearterybyincreas-

ingthepressureonthearmandthengraduallyreleasingthepressurefromthe
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cuff,thusenablingthemeasurementofthesystolicanddiastolicBP.Duetothe

inflationandthedeflation,acuff-basedBPmeasurementtakesafewminutesfor

thearteriestorecoverfully. Asaresult,cuff-basedBPmeasurementtechnology

isconsideredobstructiveandunsuitableforwearable-basedeHealth monitoring

WBANs[32].Therearevariousstudiesintheliteratureregardingthecufflessand

wearabletechnologiesto measuretheBPusingseveralindirecttechniquessuch

astonometryandpulsetransmittime(PTT) methodsasdiscussedin[33,34].

DuetoitsabilitytotrackBPchange,aswellasitsbenefitsasanoninvasive,

continuous,and mostimportantlycufflessinstrumentforBP measurement,the

PTTmethodhasattractedmuchinterestinrecentdecades. Mostindustryand

academiaeffortsforcufflessBP monitoringarenowfocusedonPTTtoreduce

thedistresscausedduetothecuffinflations.In[31],acuff-lessbasedBPesti-

mationsystemisdesignedthatusesonlyonesensorforphotoplethysmography

thatisexpectedtoprovideawearabledeviceforcontinuousandstress-freeBP

monitoring.Thestudiedresearchevaluatesandvalidatestheclinicalapplication

ofcufflessBPestimationincompliancewiththeIEEEstandardforwearable

cufflessBP measuringdevices(issuedbyIEEEtopublicizethedevelopmentof

cufflessBPmeasurement)[35].

•ImplantableSensor:Thesedevicesareplacedbeneaththeskinsurfaceor

eveninjectedintothebodytissueorinthebloodstreamtoaccessthehealth

parameters. Thesesensorscanconstantlyassess metabolitelevelsirrespective

ofthepatient’sphysiologicalcondition(rest,sleep,etc.)[36]. Forexample,in

Parkinson’sdisease,thesesensorsareusedtosendelectricalimpulsestothe

brainthroughneuralsimulators[37]. Oneofthedistinguishedapplicationsofan

implantablesensorinhealthcareistheabilityofretinaprosthesischipsimplanted
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withinahumaneyetoassistvisuallyimpairedorpatientswithnovisiontosee

atadecentlevel[36].

ii.Actuators: Actuatorsareusedtoadministermedicinetoapatient.Therequired

drugisadministereddirectlyinapredefinedmannerwhenasensordetectsanabnor-

malityorwhenitistriggeredbyanexternalsource,accordingtothedoctorsdecision.

SimilartoaSN,anactuatorconsistsofatransceiver,battery, memory,andtheac-

tuatorhardwarethatholdsand managesthedrug. Theactuatorisactivatedupon

receivingdatafromthesensors.Itsfunctionistooffernetworkfeedbackbyactingon

sensordatasuchasinjectingtherightamountofdosetocontrolthebloodpressure,

bodytemperatureandtotreatmanyotherillnesses[38].

iii.WirelessPersonal Device: Apersonaldevice(PD)isresponsibleforcollect-

ingtheincomingdatainformationtransmittedfromthesensors.Itisalsocalleda

bodycontrolunit,gateway/aggregator,orsink[2,8].Itisthecentralunitthatis

responsibleforestablishingcommunicationbetweensensors,actuators,andacellular

phoneinawirelessfashion.PDcanbeaspecializeddedicatedunit,apersonaldigital

assistant(PDA)orasmartphone. Asmartcellularphone,forexample,canbecon-

figuredtotransmitinformationtoandfromthehumanbodytoexternalhealthcare

providers. Thisdeviceisusually moreresource-richthantheSNs.Its maincompo-

nentsareatransceiver,arichpowersource,alargeprocessor,andalargememory.It

canalsoprovidecoordinationbysendingthedeviceconfigurationupdatesormedical

alertsfromtheserviceprovidertotheSNs. Unliketheenergy-constrainedSNs,aPD

isusuallyenergysufficient,andnormallyithasstablechargingaccesswithinreach

suchasapoweroutlet,orhighcapacityportablepowerbanktorechargeitsbattery.
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Fig.2.2: Medicalandnon-medicalapplicationsof WBANs[39].

2.2 Applicationsof WBANs

Inthissection,theapplicationsof WBANsarediscussedthatcanhelpreduce medical

expensesandprovideenhancementinqualityoflife. WBANsapplicationscanbe mainly

classifiedinto medicalandnon-medicalapplications.Fig.2.2showssomeinterestingand

innovativemedicalandnon-medicalapplicationsthat WBANscansupport.Thelowpower

andthelowcostofindividualSNsarethekeyfactorsduetowhich WBANapplications
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spandiversefieldsincluding,butnotlimitedto,eHealthmonitoring,stresscontrol,patient

rehabilitation,trackingrecordsofpatientbio-metrics,managingchronicdiseases,together

withthenon-medicalapplicationssuchasintelligentenvironmentalsurveillance,disaster,

andemergency managementfor workerssafetyinhazardous workplaces(e.g.,building

workers,firefighters,soldiers,etc.),humanactivityrecognitionsuchassports,andfitness

tracking[39,40]. Thecommonaspectofall WBANapplicationsistoimprovetheuser’s

standardofliving.

2.2.1 Electronic Health Monitoring

WBANshaveagreatpotentialtorevolutionizethefutureofthehealthcarefieldbyidentify-

ingseverallife-threateningdisordersandbyenablingreal-timecontinuouspatientmonitor-

ingviaeHealthsystem.Fig.2.3illustratesthegeneralarchitectureofeHealthmonitoring

systemwith WBAN[41].Ithastwo main modulesthatincludeabodysensornetwork

(BSN)andaneHealthserviceprovider. BSNsarethetypeof WSNsthatconsistsofsev-

eralbodySNsandthecentralcoordinatornodeknownasanaggregator. Asdiscussed

earlier,theaggregatorcouldbeahandhelddevicesuchasasmartcellphone.TheSNsare

deployedonthebodysurface,ortheycanbeimplantedinsidethehumanbody[2,8,40].

Thesesensorscontinuouslymonitorandcollectthepatient’srequiredinformationandsend

itwirelesslytotheaggregator. Theaggregatorwirelesslytransmitsthecollecteddatato

thebasestation. Further,theinformationfromthebasestationissenttotheeHealth

serviceprovideroverthewiredchannelsforfurtherprocessingandanalysis.eHealthmon-

itoringprovides medicalfacilitiesat multipleplacesthat mayincludethepatient’shome,

shoppingmall,andthehospitalandtheywillbecontinuouslymonitoredasfarastheyare

inoneoftheeHealthlocations.
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Fig.2.3: GeneralarchitectureofaneHealthmonitoringsystemwith WBAN[41].

2.2.2 Patient Rehabilitation

WBANshavesignificantdevelopmentsincontinuouspatientmonitoringandadministering

appropriatemedicationwhenneeded.Inthisregard, WBANsarealsoequallyusefulwith

highpotentialintherehabilitationprocessofindividualssufferingfrom mobilityissues,

suchasthoserecuperatingfromastrokeortraumaticbraininjury.Theyplayasignificant

roleinkeepingtrackofapatient’sphysicalactivitiesandexercisesinorderto:
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•Avoidimproperexercises

•Updatedifficultylevelofexercises

•Observerecovery

•Comparealternativetreatmentprotocols

•Enabletelerehabilitation

Thepurposeofa WBANsinrehabilitationistypicallytocapturepatients’ movements

andpostureduringmotoractivities.Thevelocityandaccelerationoflimbsandjointsare

traditionallymeasuredusingaccelerometers,gyroscopes,andmagnetometers.Thosetools

haveprimarilybeenemployedforgaitanalysis[40,42].

2.2.3 AssistedLiving

Assistedlivingfacilitieshaveevolvedasaviablehousingoptionforelderlywithdisabilities

whoarenotregardedasindependentbutdonotrequireround-the-clockmedicalassistance,

suchasprovidedbynursingorretirementcenters. Asaresult,assistedlivingencourages

independenceandself-respectintheagingpopulationwhilealsoloweringmedicalexpenses.

Asaresult,smarthomeshavedevelopedasaneffectivetoolfor monitoringpatients’

activitiesandlifestylesbyutilizingasensornetworkcontainingwearableandlivingspace

sensorsthatcansenseandregulatethecharacteristicsoftheenvironmentbeforesending

bodydatatoacentralstation.Thepatient’shealthcanbeevaluatedbasedontheirheart

rate,bloodpressure,andenvironmentaldata.Inaneventofsignificantchangesinthe

measuredparametersordeviationsfromtheusualrange,thesystemmaybeconnectedto

ahealthcarefacilityforsurveillanceandemergencyhelp[39,40].
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Fig.2.4:Communicationarchitectureof WBANwithdifferenttiers[2].

2.3 Communication Architectureof WBAN

Thecommunicationarchitectureof WBANsaspresentedinFig.2.4,canbeseparatedinto

threedifferenttiersasfollows

•Tier-1:Intra-WBANcommunication
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•Tier-2:Inter-WBANcommunication

•Tier-3:Beyond-WBANcommunication

Fig.2.4illustratesthenetworkcommunicationwithina WBANandbetweenthe WBAN

andamong multipletiersinanefficient,component-basedsystem. Thedevicesaredis-

persedalloverthebodyinacentralizednetworkarchitecturewheretheexactlocation

ofadeviceisapplicationspecific. However,duetotherandombody movementsduring

daily-lifeactivities(e.g.running,walking),theidealbodylocationofSNsisnotalways

thesame;hence, WBANsarenotalwaysregardedasbeingstatic.

Tier-1:Intra- WBANcommunication -Tier-1depictsthenetworkinteractionof

SNsandtheircorrespondingtransmissionranges(∼2 meters)inandaroundthehuman

body.InTier-1communication,differentwearableandimplantablesensorsareusedto

transmitthevitalinformationfromthepatient’sbodytothepersonalserver,alsoknown

astheaggregatornode,locatedinTier-1.Thecollectedphysiologicaldataisthenprocessed

andwirelesslytransmittedtoanaccesspointinTier-2.

Tier-2:Inter- WBANcommunication -Tier-2communicationisusuallybetween

theaggregatorandoneor moreaccesspoints(APs). TheAPscanbeconsideredaspart

oftheinfrastructureorevendeliberatelyplacedinadynamicenvironmentto manage

emergencycircumstances.Tier-2communicationfocusesonconnecting WBANswithother

networks,includingcellularnetworksandtheInternet,thatmaybeconvenientlyaccessed

indailylife. The moretechnologiessupportedbya WBAN,theeasierforthemtobe

integratedwithinapplications.

Tier-3: Beyond- WBAN Communication -Thiscommunicationtierisintended

forusein metropolitanareas.Inotherwords,fromtheInternettothehealthcarefacility

inaparticularapplication,agateway,suchasanaggregatorcanbeutilizedtobridge
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thelinkbetweenTier-2andTier-3. However,thedesignofTier-3forcommunicationis

application-specific.Inprinciple,adatabaseisoneofthemostcrucialelementsofTier-3in

amedicalsettingbecauseitcontainsthepatient’smedicalhistoryandprofile. Asaresult,

eithertheInternetorshort messageservicecanbeusedtoinformdoctorsorpatientsof

anemergencysituation. Additionally,Tier-3allowsrestoringallnecessaryinformationof

apatientwhichcanbeusedfortheirtreatment.

2.4 Energy Harvestingin WBANs

Energyharvestingisapromisingalternativethathasgainedsignificantattentioninthe

communicationsolutionsin WBANsbyallowingtheenergy-constrainedSNstoharvest

energyandperformtherequiredoperations[16].IneHealth monitoringsolutions,the

energyharvestingtechnologyisconsideredafeasiblesolutionforincreasingtheoperational

timeofthenetworkormayevenreplacethebatteryofSNswithacontinuousenergysupply.

IneHealth monitoring,energyharvestingcanenablethereal-time monitoringofvarious

vitalparametersofthepatients,resultinginaself-sustainablesystem[17].

Energycanbeharvestedfromavarietyofdifferenttypesofenergysourcesavailable

inthesurroundingenvironmentandconvertingittousableelectricalform. However,the

availabilityofaspecificenergysource mayvarydependingonthepatient’sbodystate

andsurroundingenvironment,orthebatterycapacity,location,orfunctionofaparticular

SN.Eventhoughitisnotanovelconcept,knowingthatithasbeendeployedonavast

scalearoundtheworld,itsapplicationinsmalldevicessuchasSNsisanemergingtopic

inacademicsandindustry. Alongwith minimizingthenetworkexpenses,itreducesthe

electricalwasteintheformofdrainedordeadbatteries,thuspromotingtheconceptof

greenenergysupplyaswell. Moreover,recenttechnologicaladvancementshavealsomade
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Fig.2.5:Classificationofenergysourcesavailableforenergyharvestingin WBANs[15].

itpossibletoharvestenergyfromavarietyofsourcespresentwithinthehumanbody,which

waspreviouslyunimaginable[15]. WBANscanharvestenergyfromarangeofambient

sourcesavailableinthesurroundingenvironmentandhumanbody,assummarizedin

Fig.2.5.Inthissection,abriefoverviewoftwo maincategoriesofenergysources,i.e.,

ambientandhumanbodysourcesavailableforharvestingenergyin WBANsarediscussed.
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2.4.1 Energy Harvestingfromthe Human Body

Inthehumanbody,thereareplentyofenergysourcesthatcanbeexploitedtopower

bothin/on-bodySNs. Basedonthetypeofenergy,theenergysourcesavailableinthe

humanbodycanbecategorizedintobiomechanicalandbiochemicalenergysources. The

formersourceismobilitydependentandbasedonthevoluntaryandinvoluntarymovement

ofthehumanbody,whichcanbeconvertedintoelectricalenergy. Thelatterdealswith

harvestingenergyfromtheelectrochemicalreactionsinsidethehumanbodythatgenerate

energyandcanbeutilizedforthepurposeofharvestingenergy.

i.Biochemical EnergySources: Insidethehumanbody,biofluidsincludea

widerangeofchemicalsandactiveenzymesthatsupplyenergytothebody. Biofuel

isthekeyenablertechnologyforharvestingenergythatreliesonconvertingchemical

energyintoelectricalenergyfromthechemicalcompoundsbyusingelectrochemical

processesunderappropriateconditions[43]. Thescavengedenergycanbeusedto

powerlow-powerSNsembeddedinsidethebody.Theamountofharvestablechemicals

inthebodyfluctuateswithageandismostlydeterminedbyanindividual’shealthand

dailyfoodandnutritionintake.Ingeneral,thesesourcescanbeharvestedwhenever

necessary,aslongasthebodyhasanadequatequantityofpotentialchemicals.

Asanexample,amongthedifferentchemicalsubstancesthatthebodyextracts

fromdietarysubstances,glucoseisamongthe mostcommonsourcesofenergy. By

utilizinganimplantableenzymaticbiofuelcellthathelpstodigestglucoseintoacid

andreleaseselectrons,whichcanbesubsequentlyusedtogenerateelectricalenergy.

Lactateisanotherchemicalfoundinhighconcentrationsinhumansalivaorsweat.

Anoninvasivetattoo-basedbiofuelcelldesignthatcanbeexternallypositionedona

humanbodycanalsobeusedtoharvestenergy[44].
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ii.Biomechanical EnergySources: Anothertypeofsourceassociatedwith

thehumanbodyisbiomechanicalenergy whichexistsintheformofkineticen-

ergyobtainedthroughvariousinternalandexternal movementsofthehumanbody.

Thesebodymovementscanbeinvoluntaryandvoluntaryactivities.Theinvoluntary

movementsrefertothebody’scontinualactions,suchasbreathing,heartbeat,blood

pressure,andother muscular movements,irrespectiveofahuman’sdesire. Whereas

walking,exercising,andothersimilaractivitiesconnectedcorrespondingtophysical

movementsareexamplesofvoluntarymovements[45].

Thehumanbodymovementsaccountforalargeportionofbiomechanicalsources,

whichincludefootsteps,knee movement,andarm motion. Variouspiezoelectricand

mechanicalgeneratorscanbeusedtoharvestenergyfromthesesources. Foottaps

duringwalkingcangenerateasignificantquantityofenergy,whichcanbescavenged

byemployingpiezoelectricpolymersintheshoesole. Theenergyproducedcanbe

utilizedtopowerbiometricsensors.Inaddition,considerableamountsofvibrations

occuratthekneeduring movementsthatgeneratekineticenergy,whichcanalsobe

usedtoscavengeenergy[15,46].

2.4.2 Energy Harvestingfrom AmbientSources

Energycanalsobeharvestedfromvariousambientsources,suchasRFradiation,thermal,

andsolar. Thesesourcescangenerateaconsiderableamountofenergy,which,ifutilized

effectively,canpoweravarietyofembeddedandwearabledevices.

Lightisthemostdominantoftheseambientsources,anditmaybescavengedinboth

outdoorenvironmentsfromthenaturalsunlightandindoorsettingsfromartificiallight

sources.Inoutdoorlocations,theamountofenergyharvestedfromsunshinevariesgreatly
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dependingonthetimeofday,region,andenvironmentalcircumstances,butsuccessful

solarharvestingcanresultinafulldayorseveraldaysofoperationaltime. However,

indoorartificiallightdoesnothavethesameintensityasnaturalsunshine;thus,itcan

onlygenerateasmallamountofenergy[42]. Similarly,thehumanbodycontinuously

dissipatesareasonableamountofheatthroughouttheday. Thisheatisareliablesource

ofthermalenergythatcanbeharvestedbyusingthethermoelectrictransducertocharge

wearabledevices[47].

Withtheexplosiveincreaseinthegrowingwirelessdevices, RFradiationsavailable

inthesurroundingenvironmenthavealsoincreasedsignificantly. Consequently, Wi-Fi

routers,cellularandradiotowers,andTVbroadcastingtowersutilizetheelectromagnetic

spectrum,inparticular, RFradiationsfordatacommunication[15]. Thesesignalscan

becapturedbyutilizingarectifyingantennawhichisaspecifictypeofefficientantenna

connectedtospecialhardwareknownasanenergyharvester. Thisrectifyingantenna

convertsthereceivedradiationsintousableDCelectricalenergy[48]. However,oneofthe

drawbacksisthattheamountofharvestedenergyisdependentonthedistancebetween

thetransmitterandthereceiverdevice.Eventhoughtheremaybealotofelectromagnetic

radiationavailableforharvestingnearbyatransmittingsource,asitradiatesandspreads

fartherout,theamountofenergyavailableforharvestingalsodecreases. Therefore,by

takingthedistanceintoconsideration,this methodofharvestingenergycanprovidea

promisingsolutionforlower-powerdevicesineHealth monitoring WBANs.Inaddition,

dedicated RFsourcesincludespeciallydesignedandconfiguredtransmittersthatemit

radiowavesandactasareliablesourceoftransmittingenergysignals,e.g., TX91501b

powercastertransmitter[49].
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2.5 Backscatter CommunicationineHealthSystems

BackComhasemergedasanevolvingparadigmthatservesasacommunicationtechnology

forthenext-generationwirelessnetworkssuchaseHealthmonitoring WBANs[19].Back-

Comcanprovidenearlylimitlesschancestoconnectwirelessdevicesduetothisrevolu-

tionarywayofcommunicationbyreflectingandmodulatingtheincidentsignal.BackCom

isconsideredakeyenablertotackletheissueoflimitedbatterycapacitiesinwirelessde-

vices,thereforecanbeutilizedtoenablepervasiveconnectivityinavarietyofapplications,

includingwearabledevices,smartconnectedhomes,industrialIoT,andsmallembedded

devices.

AsillustratedinFig.2.6,abasicBackComsystemconsistsoftwocomponents:aTag,

whichisa mobilebackscatternode,andaReader[50]. TheTagisapassivedevicethat

harvestsenergyfromasinusoidalcontinuouswave(CW)emittedbytheReaderandmod-

ulatesandreflectstheincidentsignalbacktotheReader.Thesignalreflectioniscausedby

anintendedimpedance mismatchbetweentheantennaandtheloadimpedance. There-

flectioncoefficientvariesastheloadimpedancevaries,followedbyarandomsequencethat

modulatesthereflectedsignalwithTag’sdatainformationbits. This modulationscheme

isknownasbackscattermodulation.InBackCom,theReadertransmitsabinaryintensity

modulatedsignaltotheTag.TheTagconnectsitsinformationdecoderandutilizesthere-

ceivedRFsignalforRFenergyharvestingandenergy-detectionbaseddemodulation.The

decodingmechanismisusedforultra-lowpowerdesignsthatallowthereceivertodecode

thedatainformationwithhighefficiencybyonlyutilizinganaverageenvelopedetector

andathresholdcomputationcircuit.Firstly,theenvelopedetectorsmoothes/averagesout

thevariationsofthereceivedsignals,andthenbasedonthetwosignallevelsproducedat

theoutput,athresholdvalueiscalculated. Finally,thecomparisoncircuitconsistingof
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Fig.2.6: Ageneralarchitectureofabackscattertag[50].

anresistor/capacitor(RC)circuitandacomparatorcomparestheaverageenvelopesignal

andthethresholdtodistinguishbetweentheoutputbits.

Incontrasttoaconventionalradioarchitecturethatrequiresachainofpower-hungry

modules,abackscatternodedoesnotcompriseanyactiveRFcomponents,therefore,canbe

deployedtohaveminiaturehardwarewithexceptionallylowpowerconsumption[20].Fur-

thermore,BackComisenvisionedtorevolutionizethehealthcarefacilitiessuppliedthrough

embeddedmicroelectronicsandwearabledevicesbyefficientlytransmittingthedataunder

alow-powerbudget. ThereforethepotentialbenefitsofBackComareconsideredtohave

aconsiderableimpactonhowdoctorsandpatientsengagewithwirelessdevices. Con-

sequently,thistechnologycanhelpenablecustomizedself-managingandself-monitoring

eHealthsystems[21].
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Chapter3

EnergyEfficiency Maximizationof

Self-Sustained Wireless Body Area

Sensor Networks

3.1 Introduction

eHealthmonitoringsystemwith WBANshelpsintegratethepatient’sdataprocessingand

communicationstechnologiesintotraditional medicalfacilitiesandservesasapromising

approachtoboosthealthcareefficiency.Ina WBAN,theSNs monitorthepatient’svital

signsandsendthedatawirelesslytotheaggregator. TheseSNsareconventionallypow-

eredbybatteries,whichareneededtobereplacedoncetheenergyisconsumed. Moreover,

batteryreplacementisnotpreferablesometimes,anditbecomeshighlyimpracticaland

infeasibleinthecaseofimplantedSNs.Therefore,wirelessenergyharvestingservesasan

alternativeapproachthatenablesself-sustainedSNsoperationsbyscavengingenergyfrom
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variousbiomechanical,biochemical,andambientsources(e.g.,thermal,electromagnetic

radiations)[15]. Nevertheless,theharvestedenergynecessitatesappropriateenergy man-

agementtechniquessuchasEEmaximization,whichfocusesonconserving WBANenergy

givenavailableresources while maintainingasatisfactorynetworkperformancelevelin

termsofdatatransmission.

3.1.1 Related Work

Asdiscussedearlier,inordertorealizeanefficienteHealthsysteminreal-lifehealthcare

environments,improvingthelifetimeofenergy-constrainedSNsorEEisofparamount

importance.EEisoneoftheimportantdesignobjectivesthathaveasignificanteffecton

theperformanceofaneHealthsystem. However,suchacrucialdesignobjectivehasnot

beenthoroughlyinvestigatedfordifferenteHealthsystems. Morespecifically,in[51],an

efficientpowerQoScontrolschemefor WBANisproposedinwhichtheSNsarepowered

byhumanbodyenergyharvesting. Theproposedalgorithmutilizestheconceptofan

energyneutraloperation(ENO)basedpowermanagementtoprolongthenetworklifetime

andachievecontinuousoperationaslongastherearenofaultsinthesystemhardware.

Inotherwords,aSNthatutilizesenergyharvestingissaidtobeintheENOstateifits

powerconsumptionislessorequaltotheenergyscavengedfromthesurroundingenviron-

ment.Inthisregard,theproposedENOinspiredalgorithmfocusesonachievingthebest

possibleQoSbyefficientlytransmittingthedatapacketsunderdifferenthumanactivities

andensuringthattheSNscandetectanymedicalconditionbyconsideringvarioushuman

bodymovements.

In[52],stochastic modelingofwirelesslypoweredwearablesisproposedthatprovides

ananalyticalframeworkfortheSNs’abilitytonotifythemedicalstaffaboutthepatient’s
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conditionpromptlybyderivingtheprobabilityofcorrectnotificationinacluster-based

hospitalenvironment. Morepractically,inordertobeapprovedbythe medicalcommu-

nitysuchastobewidelyadoptedinreal-lifehealthcarefacilities,wearables musthavea

perpetuallifetimeandreliabledatacommunication.Inthesesituations,itiscriticalto

understandthelikelihoodofaccuratenotification,whichisprimarilyaffectedbythede-

ploymentofwirelesswearablesandtheirpowersource.Sincethehospitalroomsfrequently

housenumerouspatients,thereforeinordertoobtainmorereliableresults,acluster-based

communicationmodelisadoptedinwhichtherearemultipleclusterswitheachcontaining

multiplepatientsdistributedaroundtheclusterhead/gatewayaccordingtothePoisson

clusterprocess.

In[13],aMAClayerprotocolforhealthmonitoring WBANisproposedthatutilizesthe

carrier-sensemultipleaccesswithcollisionavoidance(CSMA/CA)andtimedivisionmul-

tipleaccess(TDMA)hybridschemestoextendthelifetimeandEEofSNssufferingfrom

theenergyshortagechallenge.Intheproposedprotocol,theconceptofawaitingorders

(AO)isproposedthatreferstoaspecifictypeofidlestateinwhichaSN’ssynchronous

clockkeepsworking,whereasallotheroperationsarestoppedtohelpsaveenergy.Anytime

aSNneedstotransmitorreceivedatainformation,itcanpromptlyswitchtotheactive

statefromanAOstate.Inaddition,thetransmissionoverheadintheproposedprotocol

isputontheaggregator’ssidetosavetheenergyofSNs.Simulationresultsincomparison

withtherelatedliteratureshowthattheproposed MACprotocolconsumeslessenergy.

In[53],a MACprotocolfor WBANisproposedthatdealswiththetwoimportantchal-

lengesassociatedwiththe WBANs,i.e.,tomaintainasatisfactoryQoSandensuretheEE

ofenergy-constrainedsystem.Inthisregard,aTDMAbased MACprotocolisproposed

thatensurestotacklethesechallengesinthepower-constrainednetworkbydynamically

adjustingthetransmissionorderandbyoptimizingthetransmissionslotsuchastheen-
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ergyconsumptionoftheSNsis minimized. Simulationresultsshowthatincomparison

withtherelatedliterature,theproposedschemeisenergy-efficientintermsoflesspower

consumption.

Thecooperativeenergyharvesting-adaptive MACprotocolproposedin[23]improves

the WBANperformanceintermsofdelay,EE,andthroughputbychangingitsoperation

basedontheenergyharvestingconditions.In[54],apoint-to-pointcommunicationsystem

isstudiedfora WBANconsistingofSNsthatcanharvestenergyfromradiosignals.In

theproposedsystem,powersplittingandpowerswitchingprotocolsareconsideredfor

normalandabnormalsituations,respectively,andthecorrespondingpowerspillingand

timeswitchingratiosarederivedforeachprotocol. Thegoalofthisstudyistomaximize

theinformationthroughputinuplinkfromtheSNstotheaccesspointbyoptimizingthe

timeinthecommandtransfer/energyharvestingphaseandinformationtransferphase

whileconsideringtheenergyconstraint.

In[8],theauthorsinvestigatedtwoimportantchallengesassociated with WBANs,

i.e.,theneedforsustainableenergysupplyfortheSNsandthe QoSguaranteeofthe

data. Resourceallocationoptimizationisusedtoprovidehighqualityandsustainable

healthmonitoringsystembyformulatingandsolvingtworesourceallocationoptimization

problems.Inthefirstproblem,namedasasteady-rateoptimizationproblem,thesource

rateofeachSNisoptimizedto minimizethesourceratefluctuationswithreferenceto

theaveragesustainablesourcerate,whileconsideringthepowerbudgetconstraints. The

energyharvestingprocessofaSNis modeledusingthediscrete-time Markovchainand

thetheoreticalrelationshipbetweenthesourcerateandtheuninterruptedlifetimeofaSN

isanalyzed. Basedontheoptimalsourceratesobtainedfromthesteady-rateproblem,

thesecondoptimizationproblemcalledas QoSoptimizationproblemisformulated.In

thisproblem,thetransmissionpowerandthetransmissionrateareoptimizedjointlyfor
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eachSNtoensurea QoSguaranteeofthedatatransmission. Simulationresultsshow

thatoptimalresourceallocationoftransmitpowerandtransmissionratecanimprovethe

performanceoftheeHealth monitoringsystemintermsofsustainabilityandguarantee

satisfactoryQoS.

3.1.2 Contributions

Comparedtotheexistingworkdiscussedabove,inthischapter,anenergy-efficientopti-

mizationproblemisformulatedandsolvedthatfocuseson maximizingtheEEofenergy-

constrained WBANbyusingoptimizationtechniques. ThelinearfractionalEEobjective

functionisdefinedasaratioofthesumofthesourcerateofalltheSNsinthenetwork

tothetotalpowerconsumptionof WBAN.Ina WBANsystem model,theSNsarecon-

sideredtobeequippedwithenergyharvestingcapabilitiesthatallowsthemtoharvesten-

ergy,whereasthecorrespondingenergyharvestingprocessismodeledusingadiscrete-time

Markovchain. Tofacilitateobtainingthesolution,theCharnes-Coopertransformationis

usedtoconvertthedefinedlinearfractionalEEoptimizationproblemtoanequivalentlin-

earform. Moreprecisely,thegoaloftheoptimizationproblemisto maximizetheoverall

EEoftheself-sustainingeHealthmonitoring WBANbyoptimallyassigningthesourcerate

toeachSN,suchthattheoverallEEofthe WBANsystemis maximized. Furthermore,

thestructureoftheoptimizationproblemisinvestigatedinordertoproposeasuboptimal

solution withlowercomputationalcomplexity,andtoobtainthe mathematicalexpres-

sionsoftheSN’supperandlowerboundsofthesourcerates. Extensivesimulationsare

performedtoassesstheperformance,revealingthatallocatingthesourcerateoptimally

toenergy-constrainedSNsenhances WBAN’ssystemperformanceintermsofEEunder

variousbodymovements/activitiesofthepatientsduringdailylife.
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3.2 System Model

Fig.3.1: WBANsystemmodel.

Weconsidera WBANwithoneaggregatorcarriedbythepatientwhichactsasthe

gatewayasshowninFig.3.1. ThereareN SNsinthenetworkdeployedonthepatient’s

bodyinastartopologysuchthateachnodedirectlycommunicateswiththeaggregator.

Theaggregatorisassumedtobeconnectedwithareliableenergysource,whereastheSNs

areenergy-constrainedandaresupposedtohavearechargeablebatterythatcanharvest

energyfrombiochemicalandbiomechanicalenergysourcesavailableinthehumanbody.

In WBAN,eachSNinquiresadedicatedguaranteedtimeslotfromtheaggregator,during

whichitperiodicallytransmitsitsdatausingthestandardTDMAscheme[13].

3.2.1 Energy Harvesting Model

In WBAN,energycanbeharvestedfromthehumanbodythatincludesbiochemicalenergy,

thermalenergy,andbiomechanicalenergygeneratedbythemotion,andthemovementof

limbsofthehumanbody[16]. Theamountofavailableenergydependsonthesizeand
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efficiencyoftheenergyharvestingdevice,aswellastheavailabilityofenergysources.In

recentyearsenergyharvestingfromthehumanbodyhasbeenatopicofgreatinterestfor

energizingthewearableandimplantableSNsduetotheiralmostubiquitousavailability.

Theavailablepowerdensityfromhumanbodyenergyharvestingcanprovideaconsid-

erableamountofenergythatcanpotentiallyoperatethelowpowerSNs[47,55]. Dueto

theuniversalavailabilityofenergy, manystudiesintheliterature modeltheenergyhar-

vestingprocessbyutilizingtheenergysourcesavailableinthehumanbodyasdescribed

in[8,56].Thereforeinthiswork,wemodeltheenergyharvestingprocessinwhichtheSNs

areassumedtobecompatiblewithharvestingenergyavailableinthehumanbody.

TheenergyharvestingofaSNisarandomprocessanditdependsonthetypeof

energyharvestingtechnologyusedandthestateofthesubscriber.Inthecaseofenergy

harvestingfromthehumanbody,thestate/postureofthesubscriber,the motionduring

dailyactivities,andtheenvironmentalconditionsaretime-varying,duetowhichtheenergy

rechargingrateistime-varying. Therefore,theenergyharvestingrateofeachSNisalso

varyingduringdifferentpositions(e.g.,relaxing,walking,running). However,ineachtime

slot,basedonthestateofthepatient,theSNicanharvestdifferentamountsofenergythat

followsauniformdistributioninarangeof[Emin
i ,Emax

i ],denotingtheminimumenergylevel

requiredtobemaintainedandthemaximumbatterycapacityofSNi,respectively[56].

Theenergyharvestingprocessinthisworkis modeledbyadoptingthediscrete-time

Markovchain modelin[8]. Sincethesourcerateandtheenergyrechargingrateduring

eachtimeslotremainsconstant,theenergyharvestingprocessatSNicanbemodeledasa

discrete-time Markovchain[8,51]representedas{Ai,Pi},whereAiisthesetofstatesin

theMarkovchainmodel,andPiisthetransitionprobabilitymatrix.Theenergyrecharging

rateatstatem (m∈Ai)isexpressedasg
(m)
i .Fig.3.2showsthetwo-state Markovchain

withtransitionprobabilitiesP10,andP01 fromstateS1 toS2,andfromstateS2 toS1,
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Fig.3.2:Twostatediscrete Markovchainofenergyharvestingprocess.

respectively.ThestatesinAiarearrangedinanincreasingorderasg
(1)
i ≤g

(2)
i ···≤g

|Ai|
i ,

where|Ai|isthecardinalityofAiandrepresentsthenumberofthestatesinAi.LetΠi

bethesteady-probabilityvectoratSNi,thatcanbecalculatedasfollows:ΠT
iPi=ΠT

i,

andΠT
iI=1,where Iistheidentityvectorwithallentriesequalto1. Thelong-term

averagerechargingrateofSNiisthenwrittenasgavg
i =ΠT

igi,wheregiisthevectorof

therechargingratesatSNi.

3.2.2 Power Consumption Model

In WBAN,thepowerconsumptionofaSNdependson:sensingpowerconsumptionand

transmissionpowerconsumption. TheSNs monitorandcapturethepatient’svitalinfor-

mation/readingsandtranslatethesereadingstodatapacketsandsendthemwirelesslyto

theaggregator.ThesensingpowerconsumptionistheenergyconsumedbytheSNduring

itssensingoperation.IfaSNsenses morereadings/sec,thesensingpowerconsumption

willbehigher,anditwillhaveahigheramountofdatatobesenttotheaggregatorand

vice-versa.ThereforethesensingpowerconsumptionataSNiisproportionaltothesource
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Fig.3.3: Radioenergydissipationmodel[57].

raterimodeledas: Ps,i=ψiri,whereψiistheenergycostofsensingatSNi[8].

InaneHealthsystem,mostofthewearabledevicesandSNsarefastenedtothehuman

body;thereforecommunicationbetweentheSNsandtheaggregatoroccursalongthe

surfaceofthehumanbody,whichcontributestowardstheattenuationofthetransmitted

radiosignal. Furthermore,therandombody movementsofthesubscribercausechanges

inthedistanceandthedirectionoftheSNtotheaggregatorthatresultsinthechangeof

pathlossandultimatelyattenuatesthetransmissionpowerconsumptionPt,i.

Accordingtotheradioenergydissipation model[57]asshowninFig.3.3,thetrans-

mitterdepletestheenergytooperatetheradioelectronicsandthetransmitamplifierof

theSN,andonthereceivingend,thereceiverconsumestheenergytooperatetheradio

electronics.Thesignalpowerattenuatesasthesignalpropagatesacertaindistancedfrom

theSNtotheaggregator.Therefore,thepowercontrolcanbeutilizedtoinvertthisprop-

agationlossbyadjustingthepoweramplifiersuchastoguaranteeacertainpoweratthe

receiver/aggregator. Thus,theenergyconsumption modeltotransmitandreceivek-bits

dataoveradistancedcanbegivenasfollows[57]

ETX(k,d,mp)=kETx−elec+kETx−ampd
mp,

ERX(k)=kERx−elec (3.1)
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whereETx−elecandERx−elecaretheenergyconsumptioncostsdissipatedbytheradiotorun

thecircuitryforthetransmitandreceiveelectronics,respectively.ETx−ampistheenergy

costoftransmitamplifier(inJ/b/mmp),andmpisthepathlossexponent.Asdiscussed,the

poweramplifiercanbeadjustedtocontrolthepropagationlossbetweenthetransmitterand

thereceiver,thereforeweareonlyinterestedinthetransmitamplifiertermtodetermine

therequiredtransmitpowerasafunctionofreceiverthresholdandthedistancebetween

theSNandtheaggregator. Thus,intermsoftransmitpowerconsumption,(3.1)canbe

writtenasfollows

Pt=ETx−ampRbd
mp, (3.2)

wherePtisthetransmittedpowerconsumptionequaltothetransmitenergyperbit,and

Rbisthebit-rateoftheradio. AccordingtotheFriisfreespaceequation,thereceived

powerPrisgivenasfollows

Pr=
ETx−ampRbGtGrλ

2

(4π)2
. (3.3)

SincewehavetoadjustthePtsuchthatthereceivedpowerattheaggregatorisabove

aspecificthresholdPr−thresh. ThereforetheparameterETx−amp canbefoundbysetting

(3.3)equaltoPr−threshwrittenasfollows

ETx−amp=
Pr−thresh(4π)2

RbGtGrλ2
, (3.4)

whereGtandGrarethetransmittingandreceivingantennagains,respectively.λrepre-

sentsthewavelength.ByusingthevalueofETx−ampfrom(3.4)thetransmitpowerPtcan

befoundfrom(3.2)asfollows

Pt=
Pr−thresh(4π)2dmp

GtGrλ2
, (3.5)
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Finally,therequiredtransmittedpowerconsumptionPt,asafunctionofreceiverthreshold

andthedistancebetweentheSNandtheaggregatorcanbewrittenas

Pt=ΥPr−threshd
mp. (3.6)

whereΥ= (4π)2

GtGrλ2. Therefore,accordingtotheradioenergy modelin[57],toguarantee

acertain minimumreceivedpowerattheaggregator,Pt,itakesd
mp

i asapathlossand

theenergycostduetoachannelvariationinrespectwithdistancedibetweenSNiand

theaggregator,andthusmakesthereceivedpowerindependentofd
mp

i .Thetransmission

powerconsumptiondependsonthepathlossmodelofthewirelesschannelsin WBANas

illustratedin[8]

PL(di)=PL(do)+10mplog10

di

do

+Xσ, ∀i∈N, (3.7)

wherePL(do)isthepathlossatreferencedistancedo,mpisthepathlossexponent.The

transmissionpowerconsumptionatSNicanbemodeledasPt,i=10
Xσ
10βiri+θi,whereθi

istheconstantenergycostoftransmitelectronicsofSNi,βiisthetransmissionenergy

consumptioncostofSNigivenbyβi= ζid
mp

i ,andζiisacoefficienttermassociated

withtheenergycostoftransmitamplifier. Xσ isthe Gaussianrandomvariablethat

representsshadowing,anddenotedasN(0,σ2s). Thestandarddeviationσs depictsthe

differentposturesofthebodysuchasrelaxing,walkingorrunning[58]. Thetotalpower

consumptionatSNiisthesumofPs,iandPt,igivenas

Pi=Ps,i+Pt,i=ψiri+10
Xσ
10βiri+θi,

=(ψi+10
Xσ
10ζid

mp

i )ri+θi, ∀i∈{1,...,N}. (3.8)
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3.3 EnergyEfficiency OptimizationProblem

Inthissection, weproposeandsolveanoptimizationproblemto maximizetheEEof

the WBANsubjecttoenergyharvestingconstraints. Furthermore,thestructureofthe

optimizationproblemisanalyzedtoproposeasuboptimalsolutionatasignificantlylower

computationalcomplexity.

3.3.1 ProblemFormulationand OptimalSolution

TheproposedoptimizationproblemaimstomaximizetheEEofthe WBAN,consistingof

SNsequippedwithenergyharvestingcapabilities.TheEEobjectivefunctionisdefinedas

theratioofthesumofsourcerateofalltheSNstothepowerconsumptionofalltheSNs

inthenetwork. Mathematicallytheproblemcanbeformulatedasfollows

maximize
ri

N

i=1

r
(t)
i

N

i=1

P
(t)
i

subjectto C1: P
(t)
i =(ψi+10

Xσ
10ζid

mp

i )r
(t)
i +θi, ∀i,

C2: E
(t+1)
i =E

(t)
i +τφ

(t)
i −τP

(t)
i −F

(t)
i ,

C3: Emin
i ≤E

(t+1)
i ≤Emax

i , ∀i,

C4: r
(t)
i ≥0, ∀i. (3.9)

Inproblem(3.9),theconstraintC1 representsthetotalpowerconsumptionatSNi

duringtimeslott.C2representstheenergyatthebeginningoftimeslot(t+1),E
(t)
i is

theenergyofSNiatthebeginningoftimeslott,thelengthofthetimeslotisτ,andφ
(t)
i

istheenergyrechargingrateofSNiattimeslott.F
(t)
i istheamountofenergywasted
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bySNiduringtimeslottduetobatteryoverflow.C3showsthattheenergyattimeslot

(t+1)mustnotbelessthantheminimumenergylevelEmin
i requiredtobemaintainedat

SNiandshouldnotbelargerthanthemaximumbatterycapacityEmax
i ofSNi.

3.3.2 LinearFractionalProgramming

Theoptimizationproblemin(3.9)isinlinearfractionalformandaproblemofoptimiz-

ingsucharatioofaffinefunctionsisknownaslinearfractionalprogramming(LFP).A

LFPproblemcanbetransformedintoanequivalentlinearprogram(LP)withthehelp

ofaCharnes-Coopertransformation[59]. ALPcanbeviewedasaspecialcaseofthe

LFPproblem,inwhichtheobjectivefunctionistransformedfromtheratiooftwolinear

functionstoanequivalentlinearfunctioninwhichthedenominatorisaconstantfunction

equaltoone.ThestandardLFPproblemcanbewrittenasfollows

fo(r)=
xTr+d

eTr+f
, (3.10)

FromthestandardLFPproblemdefinedin(3.10),theEEobjectivefunctionin(3.9)

canbewritteninstandardlinearfractionalformasfollows

fo(r)=
xTr

eTr+f
, (3.11)

where risan×1vectorthatcontainsthesourcerateofeachsensorgivenasr=

r
(t)
1 r

(t)
2 ···r

(t)
n

T

,andthecoefficientsofobjectivefunctionxisan×1vectorofonessuch

asx= 11···1
T

.Similarlyeisan×1vectorwrittenasfollowse= λ1λ2 ···λn

T

,

where,λj=ψj+10
Xσ
10ζjd

mp.ThesumoftheenergycostoftransmitelectronicsoftheN

sensorsinthenetworkcanbeexpressedasf=θ1+θ2+...+θN andd=0inourcase.
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3.3.3 TransformingtoaLinearProgram

Fromequation(3.11),itcanbeseenthattheEEoptimizationproblemcanbewrittenas

astandardLFPproblem. Now,inordertoapplytheCharnes-Coopertransformationto

theEEobjectivefunctionin(3.11),multiplyboththenumeratorandthedenominatorof

theobjectivefunctionbyapositiveconstantvalueαsuchthattheobjectivefunctionvalue

doesnotchange.

Thatsaid,theEEobjectivefunctionin(3.11)canbere-writtenasastandardlinear-

fractionaloptimizationproblemas

fo(z)=
xTz

eTz+fα
, (3.12)

wherez=rα,andthevalueofαcanbeselectedsuchthatthedenominatoroftheobjective

functionin(3.12)isequaltoone,i.e.,eTz+fα=1.Inordertoshowtheequivalence,it

canbenotedthatifrisfeasiblein(3.11),thenzisfeasiblein(3.12),withthedenominator

functionequaltooneandwiththesameobjectivefunctionvalueequaltofo(z) =xTz.

TheequivalentLPofthe(3.9)canbewrittenasfollows

maximize
α,z

xTz

subjectto C1:αP
(t)
i =(ψi+10

Xσ
10ζid

mp

i )zi+αθi, ∀i,

C2:E
(t+1)
i =E

(t)
i +τφ

(t)
i −τP

(t)
i −F

(t)
i ,

C3:Emin
i ≤E

(t+1)
i ≤Emax

i , ∀i,

C4:eTz+fα=1,

C5:zi≥0, ∀i,

C6:α>0. (3.13)
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Itcanbenoted,thattheEEoptimizationproblemdefinedin(3.13)hasalinearobjec-

tivefunctionwithasetoflinearequationsandinequalities,andanadditionalequality

constraintC4hasbeenaddedasaconstraintafterapplyingtheLPtransformation.

TheconstraintscanbefurthersimplifiedbysubstitutingtheconstraintC1andC2inC3

oftheproblem(3.13),theresultantEEoptimizationproblemcanbewrittenasfollows

maximize
α,z

xTz

subjecttoC1:αEmin
i ≤αE

(t)
i −τ[(ψi+10

Xσ
10ζid

mp

i )zi+αθi]

+ατφ
(t)
i −αF

(t)
i ≤αEmax

i , ∀i,

C2:eTz+fα=1,

C3:zi≥0, ∀i,

C4:α>0. (3.14)

Further,simplifyingthecompoundinequalityconstraintC1 in(3.14),theEEoptimiza-

tionproblemwiththelinearobjectivefunction,andthesimplifiedsetofconstraintswith

decisionvariableszandαcanbewrittenasfollows

maximize
α,z

xTz,

subjectto C1:τ(ψi+10
Xσ
10ζid

mp

i )zi+(Emin
i +F

(t)
i +τθi−E

(t)
i −τφ

(t)
i )α≤0,

C2:−τ(ψi+10
Xσ
10ζid

mp

i )zi+(E
(t)
i +τφ

(t)
i −τθi−F

(t)
i −Emax

i )α≤0,

C3:eTz+fα=1,

C4:zi≥0, ∀i,

C5:α>0. (3.15)
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TheEEoptimizationproblemdefinedin(3.15)canbewritteninageneralizedformas

maximize
α,z

xTz

subjecttoC1:aizi+biα≤0, ∀i,

C2:−aizi+ciα≤0, ∀i,

C3:eTz+fα=1,

C4:zi≥0, ∀i,

C5:α>0. (3.16)

whereaicanbewrittenas,ai=τ(ψi+10
Xσ
10ζid

mp

i ),bi=Emin
i +F

(t)
i +τθi−E

(t)
i −τφ

(t)
i ,and

cicanbegivenasfollowsci=E
(t)
i +τφ

(t)
i −τθi−F

(t)
i −Emax

i .Theoptimizationproblem

tomaximizetheEEof WBANisnowinastandardformandcanbesolvedtoobtainthe

optimalsolutionusingthesimplexmethod[60].

3.3.4 SuboptimalSolution

Inthissubsection,weexploitthestructureoftheEEoptimizationproblemin(3.16)and

provideasuboptimalsolution withlowercomputationalcomplexity. Theoptimization

problemfindsthesourcerateofeachsensorinthenetworkandbasedonthatinformation,

thepowerconsumption,andultimatelytheEEoftheoverall WBANiscalculated.From

theconstraintsC1andC2oftheoptimizationproblemdefinedin(3.16),thesourcerateof

thesensoricanbewrittenas

r
(t)
i ≤

E
(t)
i +τφ

(t)
i −τθi−F

(t)
i −Emin

i

τ(ψi+10
Xσ
10ζid

mp

i )
=rmax

i , (3.17)
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r
(t)
i ≥

E
(t)
i +τφ

(t)
i −τθi−F

(t)
i −Emax

i

τ(ψi+10
Xσ
10ζid

mp

i )
=rmin

i . (3.18)

Alternativelybyusing(3.17)and(3.18),thesourcerateofSN icanbe writtenasa

compoundinequalityasfollows

rmin
i ≤r

(t)
i ≤rmax

i (3.19)

Accordingto(3.19),thesourcerateoftheSNicantakeanyvaluebetweenthe mini-

mum rmin
i andthe maximumsourceratermax

i . Byanalyzingtheoptimizationproblemin

(3.16),itcanbenoticedthatbyrelaxingtheC3thatiscouplingthedecisionvariablesin

theconstraintstogether,thesourcerateofeachsensorcantakeeitherthe maximumor

minimumsourceratevaluesonly.Inordernottodeviatemuchfromtheoriginaloptimiza-

tionproblemandtheoptimalsolution,constraintC3anditseffectonthesourcerateshas

tobedetermined.ItcanbeobservedthatC3iscontributingtowardsthedenominatorof

theobjectivefunctionin(3.12),wherethesourcerateofeachsensoriscoupledwithother

sensorsinthenetwork.

The mainideaofthesuboptimalsolutionistochoosethesourceratessuchasto

maximizetheEEobjectivefunction,i.e.,tokeepthedenominatoroftheobjectivefunction

asminimumaspossibleasthenumeratoristheequal-weightedsumoftheSNs’sourcerates.

Thatsaid,weproposetoallocateeitherthemaximumortheminimumsourceratestoeach

SN(basedonthecoefficientsλi)tominimizethedenominatorin(3.12).Inparticular,the

SNwithahighercoefficientλishouldtakethe minimumsourcerate,andtheSNwith

alowercoefficientλiwillbeallocatedbythe maximumsourcerateequation. Fromthe

systemmodel,thehigherλimeansthattheSNisfarfromtheaggregatorandontheother

hand,thelowercoefficientλimeansthattheSNisneartotheaggregator.Consequently,it
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canbeconcludedfromouranalysis,thattheSNclosetotheaggregatorshouldtransmitits

datawithmaximumsourceratermax
i ,andtheSNfarfromtheaggregatorshouldtransmit

thedatabyminimumsourceratermin
i .

ThequestionnowistodeterminethenumberofSNstransmittingwithmaximumand

minimumratesforagivensetofparameters. Toaddressthisquestion, weproposea

suboptimal Algorithm1thathastwofoldobjectives:1)Itseparatesthesourcerateof

eachsensorintotwogroupsthateithersatisfythe maximumor minimumsourcerate

equation.2)Basedontheselectionofsourceratesofeachsensor,itfindsthe maximized

EEoftheoveralleHealth monitoring WBAN.TheproposedalgorithmcalculatestheEE

ofthe WBANbyselectingtheoptimalsourceratescombinationfromeither maximum

or minimumsourcerateforeachSN,suchastoachievethe maximumEE. Thebasic

ideaofthealgorithmistoassumeallthesensorswillhavea minimumsourcerate. Then

weincrementallyassignthe maximumsourcerateforeachsensorbasedonitsdistance

fromtheaggregatorandcalculatetheEE.Thesourceratecombinationsthatresultinthe

maximumEEistherequiredsuboptimalsolution.TheproposedsuboptimalAlgorithm1

isformallysummarizedatthetopofthenextpage.

3.3.5 Complexity Analysis

Theworstcasecomputationalcomplexityofthesuboptimalsolutioncanbeanalyzedas

follows:startingfromline1oftheAlgorithm1,takinginputforN numberofsensorsis

independentofanyparametersintheoptimizationproblem;thereforeitscomplexitydoes

notscalewiththevalueofN. ForremaininginputsRmin,Rmax,Pmin,andPmax have

thecomplexityofO(N)each.SincethecomplexityscaleslinearlywiththenumberofSNs,

theoverallcomplexityoftheinputisO(N). Thecomplexityoftheforloopatline2is
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Algorithm1 Proposedsuboptimalalgorithmforenergyefficiencyoptimizationproblem

1:INPUT:N,Rmin,Pmin,Rmax,Pmax

2:fori=0,...,n+1do

3: ifi=0then

4: ReplaceRmax[i−1]withRmin[i]

5: ReplacePmax[i−1]withPmin[i]

6: endif

7: GetsumofallRmin sourcerates

8: GetsumofallPmin powerconsumption

9: Findtheenergyefficiency

10: ifi=0then

11: pushenergyefficiencyvalueinnewarrayK[]

12: else

13: pushenergyefficiencyvalueinnewarrayK[i]

14: endif

15: Incrementi

16:endfor

17:OUTPUT:FindthemaximumenergyefficiencyfromthearrayK[i]andgettheindex
ofthemaximumelement.

O(N+2)asthelooprepeatsN+2times.Fromline3toline6,theoverallcomputational

complexityisO(N+1).Forline7andline8,thecomplexityisO(N+1)each.Fromline9

toline12,eachhasacomplexityofO(1)asthiscomputationisindependentofN.Theline

13executesN+1times,whichmakesitscomplexityequalstoO(N+1).Hence,theoverall

worst-casecomputationalcomplexityofthesuboptimalEEoptimizationAlgorithm1is

O(N+2)O(N+1)+O(N)=O(N2),whichisthepolynomialtimecomplexityofN.In

comparison,thecomputationalcomplexityoftheoptimalsolutionthatutilizesthesimplex

methodhasaworst-casecomputationalcomplexityofO(2N)[60].
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3.4 Resultsand Discussion

Weconsidereda WBANwith10SNstoevaluatetheperformanceoftheproposedscheme.

Byfollowingthesimulationparametersof[8],thedistancebetweenSNsandaggregatoris

uniformlydistributedbetween0.3and0.7m.TheinitialenergyEiniofeachSNissetto0.1

J.The maximumbatterycapacityEmax ofeachSNis0.11J.The minimumenergyEmin

requiredforeachSNis0.01J.Inthepowerconsumptionmodel,theenergycostofsensing

ψiandtransmitelectronicsθiofSNiissetas2×10−8J/band6×10−8J/brespectively.

Similarly,theenergycostoftransmitamplifierζischosenas8×10−8J/b/mmp.Thepath

lossexponentmpoftheSNsissetbetween1.4to4.4.Intheenergyharvesting Markov

chain model,fromstate1tostate2,thetransitionprobabilityisuniformlydistributed

between0.6and0.8. Fromstate2tostate1,thetransitionprobabilityisuniformly

distributedbetween0.2and0.4.Thelengthofthetimeslotτissetas5s.

Astatistical modelofthedynamicon-bodytime-varyingchannelbasedonanexper-

imental measurementcampaignfordifferenthumanbody movementsisproposedin[58].

Themodelconsidersdifferentbodymovementsofvarioushumansubjectstostudytheef-

fectofhumanactivitiesonpropagationchannelbehavior.Themeasurementresultsreveal

thatthemovementconditionsofthesubjectarestrictlyshadowingdependent. Moreover,

theshadowingconditionsalsodependonthehumansubject’swayofmovement,andshad-

owingconditionsremainidenticalifthesubjectdoesnotshowany movement. Dueto

therandom movementsofthepatientduringdailylifeactivities,thedirection,andthe

distancefromtheSNtotheaggregatorchanges, whichresultsinthevariationofpath

loss.Since,thetransmissionpowerconsumptionisafunctionofdistance,thechangein

distanceaffectsthetransmissionpowerconsumption. Therefore,inourwork,thevaria-

tionsofthetransmissionpowerconsumptionPt,iduringdifferentposturesaremodeledas
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Fig.3.4: Optimalandsuboptimalenergyefficiencyof WBANinrelaxingstate.

Pt,i=10
Xσ
10βiri+θi,whereXσ istheGaussianrandomvariabledenotedasN(0,σ2s).The

standarddeviationσsdepictsthedifferentposturesofthebodysuchasrelaxing,walking

orrunning[8,58].Inthisregard,Xσ ischosenas1intherelaxingstateasthedirection,

andthedistancefromaSNtotheaggregatorremainsunchangedintherelaxingstate.

However,thearbitrary movementsofthehumanbodychangethedirectionanddistance

betweentheSNandtheaggregatorandcausevariationsinthepathloss.Therefore,based

ontheexperimentaland measuredresultsin[58],σs forthe walkingandtherunning

activitiesarechosenas2.15dBand3.49dB,respectively.

Fig.3.4showstheperformanceoftheoptimalandsuboptimalsolutionoftheEE
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Fig.3.5: Optimalandsuboptimalenergyefficiencyof WBANinwalkingstate.

optimizationprobleminrelaxingstateincomparisonwiththesteady-rateproblem[8].It

canbenoticedthattheEEoptimizationproblemprovideshigherEEincomparisonwith

thesteadyrateproblem.TheEEremainsalmoststaticduringthetimeslotsbecausethe

distanceandthedirectionfromtheSNtotheaggregatorremainunchangedinarelaxing

state. Moreover,theperformanceofasuboptimalsolutionisveryclosetotheoptimal

solution.

Fig.3.5illustratestheeffectofEEwhenthepatientisinthewalkingstate. TheEE

variesduetothechangeofpathlossandthedistancefromtheSNtotheaggregator.
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Fig.3.6: Optimalandsuboptimalenergyefficiencyof WBANinrunningstate.

Moreover,theenergyharvestingratealsochangesduetodynamicbehavior.Therefore,for

aparticulartimeslot,iftheharvestedenergyismorethantheenergyconsumed,EEwill

increase,andiftheharvestedenergyislessthanthepowerconsumed,EEwilldecrease.As

depictedfromFig.3.6,intherunningstate,theEEishigherascomparedtothewalking

stateastheharvestedenergyishigherduetotheaggressivebodymovements.
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3.5 Conclusion

InthedesignofaneHealthmonitoring WBAN,duetothelimitedbatterylifeoftheSNs,

savingenergyisofparamountimportance.Therefore,maximizingtheEEenablesefficient

useoftheenergycriticalnodes. Thischapterformulatesandsolvesanoveloptimization

problemtomaximizetheEEofthe WBANequippedwithenergyharvestingcapabilities.

Theoptimizationproblemistransformedfromthelinearfractionalproblemtoalinear

function,andtheresultantproblemissolvedusingnumerical methods. Forfurtherin-

depthanalysis,weexploitedthestructureoftheoptimizationproblemandderivedthe

upperandthelowerboundsofthesourcerates,andasuboptimalsolutionisproposed

thatapproachestheoptimalsolutionwithlowercomputationalcomplexity. Simulation

resultsvalidatetheproficiencyoftheproposedschemes,andtheperformance meritsin

termsofEEoftheeHealthmonitoringnetwork.

3.6 Publication ResultedFrom This Chapter

•O.Amjad,E.Bedeer,andS.Ikki,“Energy-Efficiency MaximizationofSelf-Sustained

WirelessBodyAreaSensorNetworks,” IEEESensorsLetters,vol.3,no.12,pp.14,

Oct.2019.
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Chapter4

RobustEnergyEfficiency

Optimization Algorithmfor Health

MonitoringSystem with Wireless

Body Area Networks

4.1 Introduction

Theagingpopulationposesseveralchallengesforhealthcareprovidersaspeopleagedover

65yearsareexpectedtoaccountfornearly12%oftheworldpopulationby2030. Such

challenges motivatetheresearchcommunityandhealthcareproviderstoinvestigatenew

techniquestoreducecostsandcutunnecessaryhospitals/clinicsvisitswhile maintaining

theexpectedhighqualityofcare.eHealthisanewparadigm—bridgingconceptsfrombio-

sensing,signalprocessing,andcommunicationtheory—proposed mainlytosupportand
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improvetheexistinghealthservices.IneHealth,sensorsaredeployedon,in,oraround

thehumanbodytoperformreal-time monitoringofphysiologicalattributes,andhence,

detectanyvitalsignabnormalities[61].

4.1.1 Related Work

OneoftheimplementationchallengesofeHealthsolutionsisthatnotallthesensors’

batteriescanbeeasilyreplaced,especiallyiftheyareimplantedinthepatient’sbody.

Thatsaid,improvingthesensors’lifetimeorEEiscrucial. Suchadesignobjectivehas

beenoverlookedintheliterature[25],[61–66].In[25],a multi-point WBANisproposed

thataimstomaximizethethroughputbyconsideringthenormalandabnormalscenariosto

promotereliableinformationtransmissionandtoimprovetheperformanceofthesystem.

Inthisregard,timeswitchingprotocolandhybridtimeswitchingandpowersplitting

protocolsareproposed. Intimeswitchingprotocol,SNstransmitcommandsignalsto

theaccesspointintheuplink,andtheaccesspointthenbroadcaststheenergysignals

todistributedsensorsinthedownlink. Asaresult,SNsprovidedatainformationtothe

accesspointintheuplink.Inthehybridtimeswitchingandpowersplittingprotocol,

aftertheaccesspointtransmitswirelessenergyandcommandstoallSNs,theSNstake

turnstosimultaneouslysendtheneededphysiologicaldataintheoppositedirection.The

transmissiontimeofSNs,timespendbytheaccesspointintransmittingtheenergysignals,

andpowersplittingratiosareoptimizedtoobtainthesolutionoftheproposedthroughput

maximizationproblems.

Theauthorsin[61]proposedthedesignanddevelopmentofaneHealthsystemthat

keepstrackofpatientparameterstosupportdisease managementduringdailylifeac-

tivities. Thepresentedsystemcombinespatienthealth monitoring,statusloggingfor
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recordingvariousdifficultiesorsymptomsencountered,andsocialsharingoftherecorded

datawithinthepatient’scommunity,allwiththegoalof makingillnesstreatmenteas-

ier. Aprototypeforunobtrusivevitalsignmonitoringviaawearablemulti-sensingdevice

isbuiltona mobiledevice,demonstratingthefeasibilityandapplicationofthecurrent

work.Inaddition,astudyinvolving16hypertensivepatientswasdonetodetermineuser

acceptance,usability,andthemeritsoftheproposedscheme.

Theauthorsin[62]proposedtwoTDMAbasedschedulingalgorithmstoimprovethe

reliabilityandEEof WBANsuchastoguaranteebetter QoSinunexpectedemergency

situationswhile minimizingenergyconsumption.Inthisregard,anadaptivescheduling

schemeisproposedthatdynamicallyallocatesthetimeslotstotheSNsbyobserving

theirchannelconditions.Inaddition,anotherdynamicschedulingschemeisproposedthat

allocatesthetimeslotstotheSNsbasedonthestatusoftheirbuffer. Bothnormaland

emergencysituationsareconsideredtoevaluatetheperformanceoftheproposedalgorithms

toensure WBANreliability,EE,andbetterQoS.

In[63],EEoptimizationfor WBANisperformedthatconsiderstheQoSrequiredfrom

eachSN,intelligenttimeandpowerresourceallocationforenergysaving.Inthisregard,

globalenergy minimizationandnetworklifetime maximizationproblemsaresolvedto

improvetheEEbyconsideringtheminimumpowerconsumptionofaSNinanactivestate,

requiredthroughputofaSN,andtheglobalenergyconstraintofaneHealthnetwork.

In[64],aninvestigationofthereal-timehealth monitoringsystemisprovidedforthe

patientssufferingfromthethreateningdiseaseofdiabeticketoacidosisbyusingtheC-band

sensingtechniques.In[65],aremoteeHealthsystemisdesignedthatoptimizesclinician

timewithreduced medicalcostsandimprovedhealthcare. Asystem-leveldesignwitha

specificfocusonearlydetectionofpatientdeteriorationprovidedin[66]utilizesthevarious

wirelesssensorstomonitorpatientactivities.
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4.1.2 Contributions

Comparedtotheexistingliterature,inthischapter,arobustoptimizationalgorithmis

designedtosavethepowerofenergy-constrainedsensors,whichdoesnotrequireperfect

CSIfromthetransmittingsensortothegateway. Theoptimizationalgorithmisrobust

inasensethatitutilizesageneralizedgammadistributionthatsupportsvariouspatient

conditionsandcanefficiently modelbotheverydayanddynamicactivities. EEobjective

functionisdefinedastheratioofthetransmissionpowerconsumptionoftheSNtoatrans-

missionrateoftheSNwhileconsideringtheretransmissionsduetoerror.Theformulated

problemoptimizestheEE(measuredinJ/bits)byoptimizingthetransmitpowerand

encodingrateofaSNwhileconsideringoutageprobabilityandpacketretransmission.It

isshownthatoptimizationproblemissemi-strictlyquasi-convexineachdecisionvariable,

andanalternativeapproachisutilizedtodetermineitssolutionatreducedcomplexity.

Theremainderofthischapterisorganizedasfollows:Section4.2presentsthesystem

modelandproblemformulation.TheproblemisanalyzedandsolvedinSection4.3.Section

4.4providesthenumericalresults,andthechapterisfinallyconcludedinSection4.5.

4.2 System ModelandProblemFormulation

Inordertodesignarobustcommunicationsystemfor WBANthatcansupportdifferent

patientconditionsisachallengingtaskaseachconditionhasitsownpropagationchar-

acteristics.Forinstance,thechannelpropagationofpatientswitheverydayactivitieslike

walking,outdoorjogging,regularhome,andofficeactivitieswasfoundtobecharacterized

by Weibullorgammadistributions[67,68].Suchactivitiescanbereferredtoas“everyday

activities”. Forpatientswith more“dynamicactivities”suchasrunningorexercising,

theauthorsin[68]showedthatthechannelpropagationcharacteristicsfollowalognor-
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maldistribution.Thepropagationcharacteristicsofeverydayanddynamicactivitieswere

confirmedlaterin[69]anditwasalsoshownthatRayleighdistribution—whichisusually

assumedfor WBANtransmission—isapoorfitforsuchscenarios.

Weconsidera WBANwithoneaggregatorcarriedbythepatientthatactsasagateway.

Thesensorsaredeployedon,in,oraroundthehumanbodyto monitorthepatient’s

vitalsigns. Eachsensorinquiresadedicatedguaranteedtimeslotfromtheaggregator,

during whichitperiodicallytransmitsitsdatadirectly(i.e.,noneedforarelay)toa

gatewaywithouthavingperfectCSIusingthestandardTDMAscheme[41].Themaximum

transmissionrateofsensornforinfinitepacketlengthcanbeexpressedasfollows[70]

Cn=B log2(1+γnsn), (4.1)

whereB isthebandwidthandsn isthetransmitpowerofsensorn.γn = |hn|2/σ2
n is

theinstantaneouschannelgaintonoiseratio(CNR),hnisthecomplexchannelcoefficient

betweensensornandthegatewayandσ2
nisthenoisevariance.From[70],Cnin(4.1)can

beapproximatedtocharacterizethechannelcapacityofafinitepacketlengthgivenas

Capprox≈Cn−
V(γnsn)

L
Q−1(), (4.2)

whereLisafinitenumberofbitsperpacket,Q−1(.)istheinverseofthe Gaussiancu-

mulativedistributionfunction,and ∈(0,1)istheaverageerrorprobability.V(γn,sn)

istheGaussiandispersionfunctionthatmeasuresthestochasticvariabilityofthechannel

relativetoadeterministicchannelwiththesamecapacitygivenasfollows

V(γn,sn)=log2e.
γnsn(γnsn+2)

2(γnsn+1)2
. (4.3)

From(4.2),thenumeratorinthesecondtermmainlydependsuponV(γn,sn),sinceQ−1()

isnotalargevalue.Therefore,bylookingatthetermV(γn,sn)in(4.3),itcanbeobserved
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Fig.4.1:Actualandapproximatedchannelcapacityvs.SNRfordifferentpacketlengths.

thatitisafunctionofγnandsn.Itcanbenoticedfrom(4.3),ifthesensortransmits

itsdatausingafixedsn,thetermV(γn,sn)isalwayssmallforanypracticalvalueofγn,

becausebothnumeratoranddenominatorareofthesameorder. Moreover,intheworst

case,ifγnapproachesinfinityandforafixedsn,V(γn,sn)becomesasfollows

lim
γn→∞

V(γn,sn)=log
2e.lim

γn→∞

γnsn(γnsn+2)

2(γnsn+1)2
=
1

2
log2e. (4.4)

Therefore,from(4.2),itcanbenoticedthatforafixedsn,andanypracticalvalueofγn,the

numeratorinthesecondtermissignificantlysmallincomparisontoafinitepacketlength

ofLbits,consequentlytheterm V(γn,sn)
L
Q−1()reachesaverysmallvalue. Therefore,

basedonthesimulationresultsinFig.4.1,forL≥50theapproximationofachievable

rateisfoundtobesignificantlygoodtotheShannon’scapacitygivenin(4.1),andthus

(4.1)issufficientlyacceptabletocharacterizethechannelcapacityforL≥50bits.

Wedonotassumeknowledgeoftheinstantaneousvalueof hn,andhence,knowledge

ofγn,atthetransmittingsensornduetothelackofafeedbackchannelfromthegateway
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tosensorn. Accordingly,sensorntransmitsitsinformationusingafixedencodingrate

γn,0anditstransmissionrateisgivenas

Rn=B log2(1+γn,0sn). (4.5)

ApacketsentfromsensorntothegatewayisreceivedcorrectlyifRn≤Cn,andisreceived

inerrorifRn>Cn andoutageoccurs.Theoutageprobabilityisgivenby

Pout=p(γn<γn,0)=F(γn,0), (4.6)

wherep(.)istheprobabilityandF(.)isthecumulativedistributionfunction.Inorder

todesignarobustandreliable WBANsystemthatsupportsbotheverydayanddynamic

activitiesofpatients,ageneralizedgammadistributionforγn isadoptedthatcaneasily

capture Weibull,gamma,andlognormaldistributions[69].

SensorntransmitsitsinformationtothegatewayinpacketseachoflengthLbits.

IfanyoftheLbitsarereceivedinerror,anoutageoccursandthegatewayrequests

retransmissionofthewholepacket. Theretransmissionisassumedtoberepeateduntil

thepacketisreceivedcorrectly. Theaveragenumberofretransmissionsofagivenpacket

(Nav)untilitisreceivedcorrectlyisderivedasfollows

Nav=
∞

i=1

i(PER)i−1(1−PER)

=(1−PER)−2(1−PER)

=(1−PER)−1, (4.7)

whereiisthenumberofretransmissionsandtheandtheinfinitegeometricseriesin(4.7)
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hasaconvergentsumgivenas
∞

i=1

i(PER)i−1=(1−PER)−2.Thepacketerrorrate(PER)

ofagivenpacketcanbeexpressedas[56]

PER=1−(1−Pe)
L. (4.8)

wherePeisthebiterrorprobability. Consequently,substitutingPERfrom(4.8)in(4.7)

theaveragenumberofretransmissionsofagivenpacketNavuntilitisreceivedcorrectly

isgivenasfollows

Nav=(1−Pe)
−L, (4.9)

Intheconsideredsystemmodel,sincethemajorityoferrorsareduetotheoutage,therefore,

intherestofthischapter,theoutageprobabilityisconsideredtobeapproximatelyequal

totheprobabilityoferror,andhence,Pe≈F(γn,0).Thetotaltransmitpowerofsensorn,

Sn,isgivenas[41]

Sn=κnsn+sn,c, (4.10)

whereκnrepresentstheamplifierefficiencyofsensornandsn,cisthefixedpowerconsumed

intransmissionbysensorn. Thatsaid,theEEηn (measuredinJ/bits)forsensorn

consideringtheretransmissionsduetoerrorsisrepresentedas

ηn=
κnsn+sn,c

B log2(1+γn,0sn)
(1−F(γn,0))

−L. (4.11)

Theaimofthisworkistooptimizethesensortransmitpowersn anditsencodingCNR

valueγn,0tooptimizetheEEηn.
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4.3 OptimizationProblem AnalysisandSolution

Inthissection,theoptimizationproblemisanalyzedandsolvedtooptimizetheEEηn of

sensornwithoutknowledgeofperfectCSI.TheEEoptimizationproblemcanbeformally

expressedas

min
sn,γn,0

ηn=
κnsn+sn,c

B log2(1+γn,0sn)
(1−F(γn,0))

−L

s.t. sn≤sn,max, (4.12)

where sn,max representsthe maximumtransmitpowerofsensorn. The EEobjective

functionin(4.12)isanalyzedinordertofacilitateobtainingasolutioninalowcomplexity

manner. Thepowerterminthenumeratorin(4.12)isaffinein sn andpositiveassuming

thatsn,c > 0, whilethetransmissionrateterminthedenominatorispositiveandbi-

concaveinsn andγn,0. Toanalyzetheterm(1−F(γn,0))
−L,itssecondderivativecanbe

foundasfollows

∂2(1−F(γn,0))
−L

∂γ2
n,0

= L(L+1)f2(γn,0)(1−F(γn,0))
−L−2+Lf(γn,0)(1−F(γn,0))

−L−1,

(4.13)

wheref(γn,0)isthefirstderivativeoftheprobabilitydensityfunction(PDF)f(γn,0)of

therandomvariableγn,0. Onecanseethatthesecondderivativeispositiveifandonlyif

(L+1)f2(γn,0)+f(γn,0)(1−F(γn,0))>0. (4.14)

Thequestionnowiswhether(4.14)holdsforthegeneralizedgammadistributionadopted

for WBANto modelpropagationcharacteristicsofvariouspatientconditions. ThePDF
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f(γn,0)ofgeneralizedgammadistributionisgivenas[69]

f(γn,0;a,b,c)=
c

bacΓ(a)
γac−1

n,0 exp −
γn,0

b

c

, (4.15)

whereΓ(.)isthestandardgammafunction,aandcrepresentstheshapeparametersof

thegeneralizedgammadistribution,respectively,andbisitsscaleparameter.The Weibull

andgammadistributionscanbereachedfromthegeneralizedgammadistributionPDF

bysettinga=1and c=1,respectively;however,thelognormaldistributioncanbe

reachedfromthegeneralizedgammadistributioninthelimitingcasewhenc−→ 0and

a=2/(c2bc)[69].

Lemma1. ThePDFofthegeneralizedgammadistributionthatcharacterizesvarious

patientconditionsof WBANislog-concaveifc≥1andac≥1.

Proof: Thesecondderivativeofthelogofthegeneralizedgammadistribution,i.e.,

log(f(γn,0;a,b,c)),isfoundas

∂2log(f(γn,0;a,b,c))

∂γ2
n,0

=−
1

γ2
n,0

c(c−1)
γn,0

b

c

+ac−1 . (4.16)

ForthegeneralizedgammadistributionPDFtobelog-concave,itssecondderivativein

(4.16)hastobenon-negative. Onecanseethatthiscanbeachievedwhenbothc≥1and

ac≥1.For Weibulldistribution,i.e.a=1,thisconditionreducestoc≥1. Ontheother

hand,forgammadistribution,i.e.c=1,theconditionreducestoa≥1.

ThefactthatthegeneralizedgammadistributionPDFislog-concaveforacertain

operatingregionimpliesthat(1−F(γn,0))islog-concaveaswell.Fromthepropertiesofa

twicedifferentiablelog-concavefunction,itisknownthat(1−F(γn,0))∇2(1−F(γn,0))≤

(∇(1−F(γn,0)))
2 [71]. Thisimpliesthat−f(γn,0)(1−F(γn,0))≤ f2(γn,0),andhence,
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theconditionin(4.14)isalwayssatisfiedforL≥ 1. Thisconcludesthattheterm(1−

F(γn,0))
−L isstrictly-convex.

Recallingthatthetransmissionrateinthedenominatorof(4.12)isbi-concave,the

powerconsumptioninthenumeratorisaffine,andtheaveragenumberofretransmission

isstrictly-convex,hence,theEEoptimizationproblemof WBANwithoutknowingthe

CSIatthetransmittingsensorissemi-strictlyquasi-convexwithrespecttosn andγn,0

individually.

Toobtainalow-complexitysolutiontotheoptimizationproblemin(4.12),analternate

optimizationapproachisfollowedwherefirsttheEEisoptimizedwithrespecttosnwhile

treatingγn,0asaconstant.LateroptimizedistheEEwithrespecttoγn,0whiletreating

sn asaconstant. Thisprocessrepeatsuntilconvergenceisreachedsuchthatthechange

inEEisnogreaterthan =0.001.Inparticular,westartbyfindingthelocal minimum

withrespecttosn bysetting∂ηn

∂sn
=0whichresultsin

(1+γn,0sn)ln(1+γn,0sn)=γn,0sn+
sn,c

κn

γn,0, (4.17)

Then,thetransmitpowersn ofsensorncanbegivenas

sn=
1

γn,0

−1+exp 1+W e−1 sn,c

κn

γn,0−1 , (4.18)

whereW(.)istheLambert-Wfunction. Toconsiderthe maximumtransmitpowercon-

straintin(4.12),thetransmitpowers∗
n ofsensorncanbeexpressedas

s∗
n=min(sn,sn,max). (4.19)
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Algorithm2 Robustenergy-efficientiterativealgorithmforoptimizingEEofeHealth
monitoring WBAN

1:INPUT:κn,sn,c,L,andB.

2:Assumeinitialvaluesofsn andγn,0.

3:Calculatethetransmitpowerofsensors∗
n using(4.19).

4:Calculatetheencodingrateγ∗
n,0numericallyfrom(4.20).

5:Repeatsteps3and4untilconvergenceisreachedsuchthatchangeinEEisnogreater
than =0.001.

6:OUTPUT: s∗
n andγ∗

n,0.

Second,thelocalminimumisfoundwithrespecttoγn,0bysetting ∂ηn

∂γn,0
=0asfollows

f(γ∗
n,0)

1−F(γ∗
n,0)

(1+γ∗
n,0sn)ln(1+γ∗

n,0sn)=
sn

L
. (4.20)

Unfortunately,aclosed-formsolutionofγ∗
n,0 cannotbereached;however,(4.20)canbe

efficientlysolvednumerically. TheproposedAlgorithm2tooptimizetheEEof WBAN

withoutknowingtheperfectCSIatthetransmittingsensorisformallysummarizedatthe

topofthispage.

4.4 Simulation Results

WeconsideraneHealthsystemwith WBANtoevaluatetheperformanceoftheproposed

algorithm.Inthisregard,theamplifierefficiencyκnofthesensornissetto35%.From[41],

thefixedpowerconsumedintransmissionbysensorn,i.e.,sn,cissetto5×10−8W.The
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Fig.4.2: Optimizedtransmitpowerofthesensorfordifferenteverydayanddynamic
activities.

maximumtransmitpowersn,maxofthesensornissetas10mW,andthebandwidthBisset

to1MHz.Theparametersofthegeneralizedgammadistributiondependonthemeasured

dataunderdifferentactivitiesandbasedonthatbestfittingdistributionmodelisapplied.

Fromtheexperimentalresultsin[68]theshapeparametersarechosenasa=3.08and

c=1,andscaleparameterissetasb=0.28tomodeltheeverydayactivities.Similarly,

thedynamicactivitiesaremodeledbysettingthea=0.9,b=0.14,andc=2.5.

Fig.4.2showsthetransmitpowerofasensorfordifferentpatient’sconditionscalcu-

latedfromtheanalyticalsolutionin(4.19).ItcanbenoticedthatforhigherL,thesensor
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Fig.4.3:Optimizedfixedencodingrateofthesensorfordifferenteverydayanddynamic
activities.

transmitsitsinformationwithhighertransmitpowerforbotheverydayanddynamicac-

tivities. Moreover,itcanbeobservedthatwithanincreasedL,thetransmitpowerofa

sensorindynamicactivitiesishigherascomparedtoeverydayactivities.

Fig.4.3showstheoptimizedfixedencodingrateγ∗n,0ofthesensorfordifferentpacket

lengthsobtainedfromsolving(4.20)usingbisectionandinversequadraticinterpolation

methods[71]. Thesimulationresultsandthemathematicalsolutionshowsthats∗nand

γ∗n,0areinverselyproportionaltoeachother. However,comparedtoeverydayactivities,

dynamicactivitieshaveahigherencodingrate.
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Fig.4.4: Comparisonofoptimizedandsuboptimalenergyefficiencyofthesensorfor
everydayactivities.

Fig.4.4depictsthesolutionoftheoptimizationproblemandachievedEEats∗nand

γ∗n,0foreverydayactivities. SincetheEEisafunctionofJ/bits,totransmitahigher

numberofbitsperpackethighertransmitpowerisrequiredbythesensorthatultimately

resultsintheincreaseofEE.Moreover,from(4.9)ifapacketcontainsahigherL,PER

andNavarealsoincreased,duetowhichmoreenergywillbeconsumedbythesensorto

retransmitthesamepacketagain.Therefore,itisbettertotransmittheshorterpackets

insteadofsendingtheinformationinasinglebursttoavoidthenumberofretransmission

requestfromthegatewayofincorrectlyreceivedbits,andtoultimatelysavetheenergyof
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Fig.4.5: Comparisonofoptimizedandsuboptimalenergyefficiencyofthesensorfor
dynamicactivities.

thesensor.Thecomparisonoftheoptimizedsolutionwiththesuboptimalresultsobtained

byusingdifferentvaluesofsnandγn,0otherthancalculatedfrom(4.19)and(4.20)shows

thattheoptimizedsolutionprovidesbetterEE.

Fig.4.5showstheoptimizedEEfordynamicactivities.Incomparisonwitheveryday

activities,theEEfordynamicactivitiesishigherduetothehighertransmitpowerrequired

totransmitthefixednumberofbitsperpacket.Forvarioussuboptimalvaluesofγn,0,and

snotherthancalculatedfrom(4.19)and(4.20),theEEcurveshiftsupwardswhichshows

thatthesensorrequiresmoreenergy/bitascomparedtotheoptimizedsolution.
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4.5 Conclusion

Inthedesignof WBAN,duetothelimitedbatterylifeofthesensors,savingenergyis

ofparamountimportance. Consequently,optimizingtheEEenablesefficientuseofthe

energy-constrainedsensors. Thischapterformulatesanoveloptimizationproblemthat

aimsto minimizetheEE(measuredinJ/bits)of WBANbyoptimizingtransmitpower

andencodingrateofthesensorwhileconsideringoutageandpacketretransmission. The

simulationresultsdemonstratethatforapacketlengthofL=50bitstheproposedalgo-

rithmis47%moreenergy-efficientincomparisonwithL=500bits. Therefore,transmit-

tingtheinformationinsmallerpacketsispreferabletoavoidtheretransmissionrequest

foranyincorrectlyreceivedbits,andthustosavetheenergyofoverall WBANsystem.

Additionally,theproposedalgorithmis30%moreenergyefficientwhencomparedtosub-

optimalsolutionwithaconstantencodingrateandtransmitpowerof5dB,and0.6mW,

respectively.

4.6 Publication Resultedfrom This Chapter

•O.Amjad,E.Bedeer,N.A.Ali,andS.Ikki,“RobustEnergyEfficiencyOptimization

AlgorithmforHealth MonitoringSystemwith WirelessBodyAreaNetworks,”IEEE

CommunicationsLetters,vol.24,no.5,pp.11421145,Feb.2020.
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Chapter5

EnergyEfficient Resource Allocation

foreHealth Monitoring Wireless

Body Area Networks with

Backscatter Communication

5.1 Introduction

Withtheevolutionoflow-powerwearablesensorsandadvancementinwirelesscommuni-

cations, WBANshaveexperiencedremarkablegrowthinprovidingtheagingpopulation

with moreproactiveandaffordablehealthcaresolutions[2].eHealth monitoring,among

prominentapplicationsof WBAN,allowscontinuous monitoringofpatients’healthand

helpsearlydetectionandpreventionofanyabnormalphysiologicalactivities.eHealthsys-

temwith WBANconsistsofseveralSNsdeployedon,orimplantedinsidethehumanbody
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andacentralcoordinatornodeknownasanaggregator(e.g.,asmartcellphone)[72].

TheSNscollectthepatient’svitals(e.g.,heartrate,bloodpressure,bodytemperature,

andpulserate)andsenditwirelesslytotheaggregator[2,73]. BydeployinganeHealth

system,patientscanperformtheirdailylifeactivitieswithoutconstantlyrequiringspecial-

izedmedicalservices,thusreducingtheunnecessaryhospitalvisitsandcreatingsignificant

enhancementinthestandardofliving.

Tofacilitatetheefficientandseamlessimplementationof WBANs,therearecertain

challengesthatneedtobeaddressed.Forwhatconcernsthemajorissuestobeaddressed,

increasingbatterylifeorEEoftheSNsisofsignificantimportance. BodySNsrequirea

sustainableenergysupplytoperformaperpetualoperation.Conventionally,theseSNsare

poweredbybatteries,whichhavealimitedlifespanandareneededtobereplaced/recharged

manuallyoncetheenergyisdepleted. Moreover,battery maintenanceandreplacement

arenotpreferablesometimes,especiallywhenSNsareimplantedwithinthehumanbody.

Therefore,wirelessenergyharvestingemergedasanalternativeandapromisingapproach

thatallowstheenergy-constrainedSNstoharvestenergyfromavarietyofenergysources

andultimatelyhelpsenableself-sustainedbodySNsoperations[41,74].

BackComtechnologyisconsideredasapromisingsolutioninovercomingthelimitedlife

spanchallengeinnext-generationwirelessnetworkssuchas WBANs.Ithasaremarkable

potentialtodecreaseoreveneliminatetherelianceonbatteriesandallowsself-sustainable

operationstoenergy-constrainedSNstotransmitinformationbyreflectingand modulat-

ingtheincidentsignaloftheaggregator. Unlikeaconventionalradioarchitecturethat

requiresachainofpower-hungry modules,abackscatternodedoesnotneedanyactive

RFcomponents,therefore,canbedeployedtohaveminiaturehardwarewithexceptionally

lowpowerconsumption[21].
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5.1.1 Related Work

Moststudiesregarding WBANsintheliteraturefocusondevicesthatharvestenergy

througharectenna-basedenergyharvestingdevicethatconvertsthesignalscapturedei-

therfromambient,orbiomechanicalandbiochemicalenergysourcesavailableinsidethe

humanbody. Despitethefactthatthistechniqueofharvestingenergyisfeasible,the

amountofharvestedenergyistypicallyverylimited. Ontheotherhand,BackComhas

gainedsignificantattentionduetothefactthatitcanextendthebatterylifeofthewireless

networkbyconsuminglesspower. However,BackComhasnotbeenthoroughlyinvesti-

gatedforeHealthsystems. Thereisonlyalimitednumberof worksintheliterature

thatconsideredBackComtechnologyforeHealthsystems.In[75], Kwanetal.studied

atwo-waydatatransmissionoptimizationproblemforwirelesspoweredcommunication

network(WPCN)consistingofmultipleon/inbodySNsandmultiplehybridaccesspoints

(H-APs). Morespecifically,ablindadaptivebeamformingwithcombinationsensors(MS2-

BABF/combo)protocolwithtimeswitchingandpowersplittingstructureisstudiedon

atimeblockdividedintothreephasesthatincludesenergyharvesting/backscatteruplink

phase,downlinkdatadecodingphase,anduplinkdatatransmissionphase. The MS2-

BABF/comboprotocoloptimizesthebeamformingvectorateachH-AP,durationoftime

usedbyH-APintransmittingenergysignals,powersplittingratiobetweenenergyharvest-

inganddatadecoding,andsystemtimingssuchasto maximizethetotalthroughputof

WPCN,includingthethroughputfairnessbetweensensorsbyadoptingtheJain’sfairness

index. MS2-BABF/comboalgorithmattemptsto maximizethethroughputof WPCNby

usingtheoptimalbeamformingvectorforeachH-APandthedurationoftimeusedby

theRFsourceintransmittingenergysignalsforeachH-APbyinitiallyconsideringnoSN

intheBackCom mode.Lateron,thealgorithmconsidersoneSNatatimestartingwith

theSNwiththelowestsignal-to-noiseratio(SNR)tobeoperatedinaBackCom mode.
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BasedonthepreviousSNsoperation modeconfiguration,thealgorithmkeepsacheckto

observeifadding moreSNstotheBackCom modewillresultinanyimprovementinthe

WPCNthroughput.Ifthereisnoimprovement,itshowsthatadding moreSNstothe

BackCom modewillnotenhancethethroughputanyfurtherindicatingthattheglobal

optimalsolutionhasalreadybeenreached.

Lingetal.in[76]proposedanoptimalresourceallocationforpoint-to-point WBAN

byemployingBackComandharvest-then-transmit(HTT) modes. Theauthorstreated

eachmodeindependentlyandsolvedthethroughputmaximizationproblembyoptimizing

thetimeslots,reflectioncoefficient,andtheSN’stransmitpowerbyconsideringonlyone

SN.Zangetal.in[77]investigatedanexperimentalstudyofathroughput maximization

of BackCom-based WBANstudiedonatimeblockthatonlyconsidersthe BackCom

modeinwhichSNstaketurnstotransmitdatatothegatewayusingpassiveBackCom

technology.TheproposedoptimizationschemeutilizestheCVXtoolboxtojointlyoptimize

theemittingpowerofthesourceaswellasthebackscattertimebycollectingreal-time

WBANdataofapatientinawalkingscenario.

BackComtechnologyhasalsobeenstudiedintheliteraturetoprolongthelifetimeof

wirelesspoweredbackscattercommunicationnetworks(WPCNs).Inthisregard,Yeetal.

in[78]considereda WPCNconsistingofonetransmitter-receiverpairandoneBackCom

nodetomaximizetheEEbyoptimizingthetransmitpower,timeallocation,andreflection

coefficientbyonlyconsideringthepassiveBackCom mode.In[79],Lyuetal.studieda

WPCNthatconsidersapowerbeacon(PB),anaccesspoint,onehybriddevice(HD)

operatingin HTT mode,andoneBackComdeviceoperatinginBackCom mode. The

proposedschememaximizestheEEbyoptimizingthebeamformingvectoradoptedatPB,

time,andpowerallocationbyusingfractionalprogrammingandasemidefiniterelaxation

approach. Shietal. in[80]studieda WPCNconsistingofaPB,areadernode,and
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multiple HDsthatcaneitheroperateintheBackComor HTT modes. Theproposed

scheme maximizestheEEbyoptimizingthePB’sandHDstransmitpowerandthetime

allocationbetweentheBackComand HTT modestoobtaintheoptimalsolutionusing

theiterativealgorithm.In[81], Xuetal.studieda multi-subcarrier WPCNconsisting

ofadedicatedpowersourceandoneinformationtransmitter-receiverpairtosolvethe

rate maximizationproblembyoptimizingthepowerallocation,timeallocation,energy

allocation,andreflectioncoefficient. Yangetal. in[82],proposedanunmannedaerial

vehicle(UAV)enabledhybridBackCom-HTTIoTnetworkinwhichUAVservesasamobile

PBtoprovideenergysignalstotheIoTnodes. Theproposedscheme maximizestheEE

byoptimizingtheUAV’stransmitpowerandtrajectory,BackComreflectioncoefficients

ofthenodes,andtimeallocationbyusingfractionalprogrammingtoobtainthesolution.

5.1.2 Contributions

BasedontheabovediscussiononBackCombasedresourceallocation,incomparisonwith

thethroughputmaximizationproblem[75,76],and[81],theproblemformulation,analysis,

andthesolutionofaproposedprobleminourworkaredifferentasitfocusesonmaximizing

theEEof WBANdefinedasratiooftheoverallachievablethroughputtothesumoftotal

transmissionandcircuitpowerconsumptionof WBAN[83]. Consideringthefractional

EEobjectivefunction makestheoptimizationproblem morecomplextosolveduetothe

couplingofthedecisionvariables. Moreover,unlike MS2-BABF/comboalgorithm[75]that

initiallyconsidersnoSNintheBackCommodeandthen,lateron,considersoneSNata

timestartingwiththeSNwiththelowestSNRtobeoperatedinaBackCom modesuch

thatnotalltheSNsarealwaysselectedtobeoperatedinBackCom mode,inourwork

allSNstaketurnstooperateintheBackCom modeduringthepassiveBackComphase.
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Similarly,incomparisonwiththerelatedworksthatonlyconsideredoneSN[76,78,79],

in[81],andthestudiesthattreatedbothBackComandHTTmodesindependently[76],or

onlyconsideredtheBackCommodeasin[78],ourworkconsidersthe WBANwithmultiple

SNsthataresupportedtooperateunderbothBackComandHTTmodes.eHealthsystem

withmultipleSNsandconsideringthetimeframeinwhichBackComandHTTmodesare

notindependent makestheoptimizationproblem morechallengingandcomplextosolve

duetothemoreoptimizationvariablesbeinginvolved.In[75,76,78,79],and[81],thereare

noconstraintsthatrestrictthetransmitpoweroftheSNs,whichisunsuitablefor WBANs

asexcessivetransmissionpowerofSNscanbehazardoustohumanhealth[84]. Moreover,

inordertofullyexploittheinformationtransmissiontime,theaggregatorinourwork

isassumedtooperatebothinthedownlinkfrequencyforsendingenergysignalstothe

SNs,andthecorrespondinguplinkfrequencyonwhichtheSNscaneitherbackscatteror

performactivedatatransmissiontotheaggregator.Basedonsuchanassumption,wehave

consideredanenergyharvestingmodelsuchthat,whenaspecificSNistransmittingdata

totheaggregatorduringtheactivedatatransmissionphasetheremainingSNscanstill

harvestenergyfromtheaggregator’ssignalandstoreitforoperationsinnexttimeframe.

Therefore,incomparisontotheexistingliteraturewithanassumptionthattheaggregator

stayssilentduringtheactivedatatransmissionphase,ouroptimizationprobleminvolves

couplingoftheBackComanddatatransmissiontimevariables.

Inthiswork,weinvestigatetheenergy-efficientresourceallocationproblemforBack-

Com-based WBAN.Theobjectiveofanyresourceallocationframeworkin WBANisto

betterexploitthenetworkresourcesgivenaparticulartransmissionscenariowhileensuring

asatisfactoryperformancelevelforeachSN.Inthisregard,theproposedmodelisstudied

onatimeframedividedintotwophases,i.e.,thepassiveBackComphaseandtheactive

datatransmissionphase.Themaincontributionsofthisworkaresummarizedasfollows
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•Aresourceallocationoptimizationframeworkisproposedto maximizetheEEof

eHealth monitoring WBANsubjecttoenergyharvestingandpowerbudgetcon-

straints, whereasthecommunicationbetweenSNsandaggregatorisassistedby

adopting BackCom. Inordertodesignanenergy-efficientsystem,andto make

thebestuseofavailableresources,theSNsaresupportedtooperateintwodifferent

communication modes,i.e.,theBackComandHTT modes.Inthisregard,anEE

maximizationproblemisformulatedthatoptimizestheaggregator’stransmitpower,

BackComtime,anddatatransmissiontimeofeachSN,withtheprincipalaimof

usingthepowerofenergy-constrained WBANwithastrictereconomy.

•OneofouraimsinthisworkistodesignaneHealthsystemthatcanincorporate

different movements/activitiesofthepatientsduringdailylife. Thisisachalleng-

ingtaskaseacharbitrary movementofthepatienthasitsownspecificpropagation

characteristics,andaccurate modelingofthe WBANradiopropagationchannelis

requiredthatisappropriateforavarietyofbody movements. Numerousstatisti-

calcharacterizationsbasedonreal-time measurementsarestudiedinliteratureto

approximatethehumanbodyradiopropagationchannel[69].Inthisregard,the

channel modelofpatients withactivitieslike walking,outdoorjogging,drivinga

car,generalhome,andofficeactivitieswasfoundtobecharacterizedby Weibull

orgammadistributions[67,68].For moreaggressiveactivitiessuchasrunning,the

authorsin[68]showedthatthepropagationcharacteristicsofthecommunication

channelcanbebest modeledbyalognormaldistribution.Later,in[69]itisshown

thatthewell-knownRayleighdistribution,commonlyassumedfor WBANcommu-

nicationchannel—isapoorfitforsuchscenarios. Therefore,inthiswork,instead

ofutilizingadifferentdistributiontomodelvariouspatientconditions,ageneralized

gammadistributionisadoptedfortheBackCombasedeHealthmonitoring WBAN.
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Ageneralizedgammadistributioncansupportpropagationscenariosunderdiffer-

entbodymovementsandhelpsmodeltheradio-propagationchannelthatcaneasily

characterizethe Weibull,gamma,andlognormaldistributions[85].Inthisregard,

theEEoptimizationproblemformulationinourworkutilizesthegeneralizedgamma

distributionforchannelgaintonoiseratiowhoseparametersareusedto modelthe

differentbodymovementsofthepatient.

•Tofacilitateobtainingthesolution,wefirstprovethatthenonlinearfractionalEE

objectivefunctionisquasi-concaveandthenitisconvertedtoanequivalentparamet-

ricformbyusingtheDinkelbachalgorithm,andthecorrespondingKKTconditions

aresolved. Basedontheexpectedvalueoftheoverallthroughput,weobtainthe

throughputperformancelowerandupperboundstoshowthattheresultsoftheEE

maximizationproblemusingboththeboundsaretight.Toreducethecomputational

complexity,thestructureoftheEEoptimizationproblemisanalyzedandaniterative

suboptimalsolutionisprovidedwhoseperformanceisfairlyclosetotheoptimized

solution.Extensivesimulationsareprovidedtoevaluatetheperformanceofthepro-

posedschemesincomparisonwithrelatedworkfromtheliteraturethatshowthe

superiorityoftheproposedalgorithmintermsofEE.Simulationresultsrevealthat

optimalallocationofaggregator’stransmitpower,BackComanddatatransmission

timeshelpsimproveEEofthe WBAN.

Theremainingchapterisorganizedasfollows:InSection5.2,thesystem modelis

described.Section5.3formulatestheBackCom-basedEEoptimizationproblem.Section

5.4detailstheoptimizationproblemanalysisincludingoptimizedandsuboptimalsolutions.

Finally,simulationresultsarepresentedinSection5.5,whereasconclusionsaredrawnin

Section5.6.
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Fig.5.1: WBANsystemmodelwithbackscattercommunication[83].

5.2 System Model

5.2.1 WBANTopology

WeconsideraneHealthmonitoring WBANwithonecentralcoordinatornode(i.e,an

aggregator)thatiscarriedbythepatientwhichservesasboththegatewayandenergy

sourcefortheSNs,asshowninFig.5.1.ThereareNSNsinthenetworkdenotedbySi,

where,i=1,...,N.TheseSNscouldbeeitherdeployedonthepatient’sbodysurface,or

theycanbeembeddedinsidethebodytomonitorthevitalsigns.TheSNsareconnected

inastartopologysuchthateachSNcommunicatesdirectlywiththeaggregator. The

aggregatorisassumedtobeconnectedwithareliableandsteadyenergysupplywithineasy

reach,e.g.,apoweroutletorahighcapacityportablepowerbank.Notethat,forenergy

harvestingratherthantransmittingarandomburstsignaltheaggregatornodehasto
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broadcasttheCWsignal.Incontrast,theSNsareenergy-constrainedwithlimitedbattery

capacityandaresupposedtohavearechargeablebatterywithanaccompanyingenergy

harvestingdevicetoharvestenergy. Thedownlinkfrequencyuponwhichtheaggregator

broadcaststheenergysignalstotheSNsisrepresentedbyf1. Thecorrespondinguplink

frequencyuponwhichtheSNseitherbackscatterthedatapassivelyorperformactivedata

transmissionstotheaggregatorisrepresentedbyf2. TheSNscanharvestenergyfrom

theCWsignalstransmittedbytheaggregator,whichuponstorageintheirbatteries,can

beusedtosupportinternaloperationsas wellasdatatransmissiontotheaggregator.

Alternatively,theSNs mayexploittheincidentbroadcastsignalstotransmitdatatothe

aggregatorbyperformingBackCom.

5.2.2 TimeframeStructure

AsillustratedinFig.5.2,thetransmissionframestructureisconsideredtohavetwoop-

eratingphases,i.e.,thepassiveBackComphase,andtheactivedatatransmissionphase.

DuringtheBackComphase,theSNscaneitherbackscattersignalstotransmitdatatothe

aggregatorbymodulatingandreflectingtheincidentsignalsoftheaggregator,oralterna-

tively,theSNscanharvestandstoretheenergysignalsfortransmittingtheirdatalater

intheactivedatatransmissionphase.Itisimportanttoemphasizethat,whenaSNSiis

backscatteringthedata,theremainingN−iSNsinthe WBANcanstillharvestenergy

fromincidentsignalsoftheaggregator. Thisfeatureensuresthe maximumutilizationof

theenergysignalsbroadcastedbytheaggregator. However,ifataparticulartimeslot

morethanoneSNbackscattertheirdataatthesametime,theycancreateinterference

foreachother. Thus,toavoidsuchasituation,eachSNintheconsidered WBAN model

isequippedwithasingleantenna, meaningthatataspecifictimeslot,itcanonlyeither
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Fig.5.2:Normalizedtimeframestructureof WBAN.

harvestenergyfromthesignalstransmittedbytheaggregatororbackscattersignals.That

said,notwoSNsareallowedtobackscatteratthesametime,assuringtheeliminationof

anypossibilityforinterference.

ThebackscattertimeisallocatedtotheSNbasedonmultiplefactorsthatincludeits

energyharvestingefficiency,databackscatteringrate,andtheaggregator’stransmitpower

tomaximizetheoverallEEoftheWBAN.ThepassiveBackComphaseandtheactivedata

transmissionphaseofthe WBANunderconsiderationarenotindependent.Asaresult,if

theSNsspendmoretimebackscatteringdatainthepassiveBackComphase,lessduration

oftimewillbeallocatedtotheSNsfortransmittingdatainthesecondphase. Moreover,

sincetheSNsareenergy-constrainedwefocusonmaximizingtheoverallEEoftheWBAN

subjecttotheenergyharvestingandtransmissionpoweroftheSNs.

Ineachtransmissionframe,lettbidenotesthenormalizedamountoftimeduringwhich

sensorSibackscatterdatainformationtotheaggregatorandt
a
irepresentsthenormalized

timedurationallocatedtothesensorSifortransmittingdatatotheaggregator.Since

duringaparticulartransmissionframe,tbiandt
a
iaretheportionsofthetimeallocatedto

sensorSieitherfordatabackscatteringorperformingactivedatatransmission,respectively,
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thereforeinaparticulartransmissionframethetotalnormalizedtimeisgivenbythe

followingconstraints






N

i=1

tb
i+

N

i=1

ta
i≤1,

tb
i,tai≥0, ∀i∈{1,...,N}.

(5.1)

5.3 Energy Efficiency Optimization ProblemFormu-

lation

Inthissection,wediscussandformulatetheoptimizationproblemthataimstomaximize

theEEofaBackCom-assisted WBAN.Inparticular,theoptimizationproblemoptimally

allocatesthetransmitpoweroftheaggregator,backscatterandtransmissiontimesof

energy-constrainedSNssubjecttoenergyharvestingandtransmissionpowerconstraints.

Additionally,the WBANunderconsiderationissupposedtooperateundertwocommu-

nication modes:1)BackCom modeand2)HTT mode,whosedetailsareprovidedinthe

subsections.Furthermore,thestructureoftheoptimizationproblemisanalyzedtopropose

asuboptimalsolutionatasignificantlylowercomputationalcomplexity.

5.3.1 Passive BackComPhase

Databackscatteringdependsonlyonthefirstoperatingphaseofthetransmissionframe.

Duringthepassive BackComphase,theSNsexploittheincidentbroadcastsignalsof

theaggregatortobackscattertheirdatatotheaggregatorbyemployingTDMAasde-

scribedinFig.5.2.Inordertoobtainaclosed-formofthebackscatterthroughput,the
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receiver/aggregatormustbeabletosamplethereceivedbackscattersignalfordemodulat-

inganddecodingthedatainformation. Obtainingthedigitalsamples,ontheotherhand,

necessitatestheuseofanADC,whichisoftenavoidedinultra-low-powerdesigns.Inthis

regard,thedecoding mechanismproposedin[86]allowsthereceivertodecodethedata

informationwithhighefficiencybyutilizinganenvelopedetectorandaveragingcircuitand

athresholdcomputationcircuit.Inordertoevaluatethefeasibilityoftheproposedmecha-

nismthehardwareprototypeisimplementedandrealtimeexperimentswereperformedin

ametropolitanareaatdifferentindoorandoutdoorlocationstoaccountforthemultipath

andattenuationeffectbyconsideringthechannelbetweenthebackscattertransmitterand

receiverthatisnotideal. Firstly,theenvelopedetectionandaveragingcircuitsmoothes

byaveragingoutthevariationsofthereceivedsignals,then,basedonthetwosignallevels

producedattheoutputoftheaveragingcircuitthethresholdvalueiscalculated.Finally,

thecomparisoncircuitconsistingofanRCcircuitandacomparatorcomparestheaverage

envelopesignalandthethresholdtodistinguishbetweentheoutput“0”andthe“1”bits.

Undertheproposeddecoding mechanismin[86],theclosed-formofthebackscatter

throughputfortheBackCom modecannotbederivedasitexplicitlydependsonthe

decodingcircuit,andtheBackComratecanberegulatedbyadjustingthe RCcircuit

elementsoftheaggregatornode. Asaresult,foragivenBackComsystem,theBackCom

achievableratecanonlybedeterminedthroughrealexperiments[87]asperformedin[86]

byconsideringpracticalchannelconditionsinwhichthechannelbetweenthebackscatter

transmitterandreceiverisnotideal.

In[88],ahybridBackComfor WPCNsisproposed. Theauthorshaveconsideredtwo

zonessuchaslong-range WiFi-zoneandshort-range Macro-zoneinwhichtheachievable

BackComratesforeachzonearespecified withdifferentrateequations. Forinstance,

short-range Macro-zonetransmissionupto15 meterstheachievableratesareprototype
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dependentandtheBackComrateislimitedbythetransceiverdesign.Sincetheachievable

rateoftheshort-rangeBackComtransmissionisunknown[88],thereforebasedonthe

designedprototypein[86]theauthorshaveusedthefixedBackComratethatdependson

therealexperiments.

Sincethecommunicationin WBANisintherangeoffew metersonly,andthefocus

ofourworkistodesignanenergy-efficient WBAN,thereforebyfollowingthedecoding

mechanism[86],wehaveassumedthattheachievableBackComratecanbedetermined

inadvanceby meansoftestingthroughreal-timeexperimentsasconsideredin[87–92],

whichismorerelevantandrelatedtotheshort-range WBANcommunications.Therefore,

theBackComthroughputofSNSiduringdataBackComphasedenotedasRb
i,canbe

expressedasfollows

Rb
i=tb

iB
b
i, (5.2)

whereBb
irepresentstheachievablebackscatterrateofsensorSi,i.e.,thenumberofdata

bitssuccessfullydecodedattheaggregatorbyusingBackCom[87–92].Itisworthnoting

thatwhenasensorSiisbackscatteringitsdatasignalstotheaggregator,inthe mean-

timeotherSNsinthe WBANsimultaneouslyharvestenergyfromthesignalsbroadcasted

bytheaggregator,andthisguaranteesthattheSNshavesufficienttimeforbothdata

backscatteringandenergyharvesting.

5.3.2 Active Data TransmissionPhase

ThedatatransmissionofSNsdependsonboththepassiveBackComphaseandtheactive

datatransmissionphaseofthetimeframe.TheSNsadopttheHTTprotocoltoharvestthe

energyfirstinthepassiveBackComphasefromthesignalsbroadcastbytheaggregator.

84



Then,theSNsutilizetheharvestedenergyfortransmittingdataintheactivedatatrans-

missionphaseusingTDMA.Sincetheaggregatoristransmittingandreceivingondifferent

frequencychannels,thereforeinordertoefficientlyutilizetheavailableresources,itshould

benotedthatwhentheSNSiistransmittingthedatatotheaggregatorduringtheactive

datatransmissionphasetheremainingSNsinthenetworkcanstillharvestenergyfrom

theaggregator’ssignalandstoreitfortheoperationsinnexttransmissionblock.Inthe

following,weformulatetheenergyharvesting model,powerconsumption model,andthe

totalthroughputoftheSNsintheactivedatatransmissionphase.

1) Energy Harvesting Model:

Asstatedin[93],theenergyreceivedbythesensorSifromthesignalstransmittedbythe

aggregatorcanbecomputedbyusingFriisfreespacepropagation model,whichcanbe

mathematicallygivenasfollows

PR
i =δiPt

GTGR
iλ2

(4πdi)2
, (5.3)

wherePR
i istheharvestedpowerofsensorSiandδiisitsenergyharvestingefficiency.The

transmitpowerandtheantennagainoftheaggregatoraredenotedbyPt,GT,respectively.

GR
i istheantennagainofSNSi.λrepresentsthewavelength,anddiisthedistanceofSi

fromtheaggregator.

Inaparticulartransmissionframe,theSNSiusestb
iamountoftimefordatabackscat-

teringandta
i amountoftimeisutilizedforactivedatatransmission, whereasallthe

remainingslotsareusedforharvestingenergy. Therefore,basedonthereceivedenergy

signalsfromtheaggregator,thetotalenergyharvestingtimeofsensorSiineachtransmis-

sionframeisgivenas N
n=1tb

n −tb
i+ N

n=1ta
n −ta

i .Thus,thetotalenergyharvested
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bySiinonetransmissionframe,denotedasEh
i,whichisequaltothetotalenergyhar-

vestingtimeofSNSimultipliedbytheharvestedpowerPR
i.Thiscanbemathematically

expressedasfollows

Eh
i=

N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i, (5.4)

2) Power Consumption Model:

TheenergyconsumptionofaSN mainlydependsonsensing,dataprocessinganddata

communicationfortransmittingdatatotheaggregator.Thesensingpowerconsumptionis

mainlyresponsibleforsensingoperationsincludingthesignalamplificationandADC.The

ADCconvertstheanalogsignalsofthesensorsintodigitalsignals,whicharesubsequently

suppliedintotheprocessingunit. Thekeyfunctionsofthedataprocessing moduleare

sensorcontrollinganddataprocessingusingthe microcontrollerunit(MCU).Thepower

consumptionoftheamplificationandADCblockisusuallyverylow(inµW),andtheTI

MS430P microcontrollersfamilygenerallyusedinhealth monitoringalsohavelowpower

consumption[94].

TheSNSiutilizestheharvestedenergytotransmititsdatatotheaggregatorduring

thetimeslotta
iinthedatatransmissionphase.LetPa

irepresentsthetransmitpowerofthe

SNSiduringthetransmissiontimeslotta
i,whichcanbeobtainedasEh

i/ta
i.Notethat,the

majorpowerconsumptionisduetothecommunicationmoduleinwhichtheSNstransmit

theirdataduringtheactivedatatransmissionphase[95].Inordertobetterunderstand

thisconcept[95]showedthroughanexamplebycomparingtheenergyconsumptioncosts

ofthedataprocessingbyradioanddatatransmission.Itisshowedthatforground-to-

groundtransmission,3Jofenergyisconsumedtosend1kbofdataacrossadistanceof
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100m.Incontrast,ageneralpurposeprocessorwithamodestprocessingcapabilityof100

millioninstructionspersecondcanexecute300 millioninstructionsforthesameamount

ofenergy. Therefore,thetotaltransmissionpowerconsumptionofN SNsineHealth

monitoring WBANcanbewrittenasfollows[52,96,97]

Psum=Pc+

N

i=1

Pa
i

=Pc+
N

i=1







N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i

ta
i





, (5.5)

wherepowerconsumptionPciswrittenasPc=pa+pb+pc,whereparepresentsthefixed

circuitpowerconsumptionoftheaggregator[79],pbisthetotalcircuitpowerconsumption

intheBackComphase[76,98],andpcisthetotalpowerconsumptionrequiredtotransmit

theinformationfromSNstotheaggregatorincludingthesensingandprocessingpower

consumption[52,81].

Letra
ibethemaximumachievabletransmissionrateofSNSiduringactivedatatrans-

missionphase,whichcanbewrittenasfollows[99]

ra
i=W log2(1+γiP

a
i), (5.6)

whereW isthebandwidthofthechannelfromSNtotheaggregator.γi= |gi|
2/N0 is

theinstantaneouschannelgaintonoiseratioofSNSi,wheregiisthecomplexchannel

coefficientbetweenSNSiandtheaggregator,andN0isthenoisepower. Then,thetotal

numberofdatabitstransmittedbySNSiduringtheactivedatatransmissiontimeta
i
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denotedasRa
icanbegivenasfollows

Ra
i=ψit

a
ilog2





1+γi

N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i

ta
i





, (5.7)

whereψi= iW,andi∈(0,1)representsthetransmissionefficiencycoefficient.Thetotal

throughputofthesensorSiisthesumofthenumberofbitstransmittedduringthepassive

BackComandactivedatatransmissionphases,i.e.,Ri=Rb
i+Ra

i,writtenasfollows

Ri=tb
iB

b
i+ψit

a
ilog2





1+γi

N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i

ta
i





, (5.8)

Thus,theoverallachievablethroughputofN sensorsina WBAN,denotedasRsum,can

bewrittenasfollows

Rsum=
N

i=1





tb

iB
b
i+ψit

a
ilog2





1+γi

N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i

ta
i











. (5.9)

Notethat,inthiswork,weconsidertheaveragevalueofthetotalthroughputoveralarge

numberofchannelrealizations. Theaveragevalueofthethroughputdoesnotrequirean

estimationofthechannelcoefficientseverycoherencetime,whichsignificantlyreducesthe

complexityofthesystem. Theoverallaveragethroughputofthe WBANrepresentedas

Ravg=E[Rsum],whichcanbecalculatedasfollows

E[Rsum]=

N

i=1

E tb
iB

b
i +E ψit

a
ilog2 1+γi

Eh
i

ta
i

, (5.10)
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whereE[·]representstheexpectedvalue.Letf(·)beareal-valuedconcavefunctionwith

respecttox,wherexbetherandomvariablewithfiniteexpectation,thentheJensen’s

inequality[100]canbestatedasE[f(x)]≤f(E[x]).Sinceγiistheonlyrandomvariablein

(5.10),thereforeitcanbeeasilyverifiedthat(5.10)isaconcavefunctionofγibyshowing

thatthesecondderivativeRsum(γi)≤0. Accordingly,byapplyingtheJensen’sinequality

on(5.10)asE[log(1+x)]≤ log(1+E[x]),expectedvalueoftheoverallthroughput

performanceupperboundcanbewrittenas

Ravg≤
N

i=1

tb
iB

b
i+ψit

a
ilog2E 1+γi

Eh
i

ta
i

. (5.11)

Consequently,aftersimplemathematicalmanipulationsandbyusingtheexpectationprop-

erties,theexpectedvalueoftheoverallthroughputperformanceupperboundcanbewrit-

tenasfollows

Ravg≤
N

i=1

tb
iB

b
i+ψit

a
ilog2 1+

Eh
i

ta
i

E{γi} . (5.12)

Similarly,byconvexityoflog2(1+1/z),wherez=1/xforz >0,andbyapplyingthe

Jensen’sinequality,theoverallthroughputperformancelowerboundcanbewrittenas

follows[101]

Ravg≥
N

i=1

tb
iB

b
i+ψit

a
ilog2 1+

Eh
i

ta
i

E
1

γi

−1

. (5.13)

Notethat,theexactvalueoftheoverallthroughputexpressiongivenin(5.10)is

boundedbetweenthethroughputperformanceupperandlowerboundsgivenin(5.12)
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and(5.13),whichcanbewrittenasfollows

N

i=1

ηit
b
iB

b
i+ψit

a
ilog2 1+

Eh
i

ta
i

E
1

γi

−1

Lowerboundofthroughput

≤
N

i=1

ηit
b
iB

b
i+E ψit

a
ilog2 1+γi

Eh
i

ta
i

≤

N

i=1

ηit
b
iB

b
i+ψit

a
ilog2 1+

Eh
i

ta
i

E{γi}

Upperboundofthroughput

. (5.14)

Asdiscussedearlier,oneofouraimsinthisworkistodesigna WBANthatcanincorpo-

ratedifferentmovements/activitiesofthepatientsduringdailylifeandtheircorresponding

transmissionrequirements.Therefore,inordertodesignareliable WBANcommunication

system,ageneralizedgammadistributionforγiisadoptedtomodeltheradio-propagation

channelthatcansupportpropagationscenariosunderdifferentbodymovements[85].The

PDFofγiisgivenasfollows

f(γi;ai,bi,ci)=
ci

baici
i Γ(ai)

γaici−1
i exp −

γi

bi

ci

, (5.15)

whereΓ(.)isthestandardgammafunction,aiandciaretheshapeparametersofthe

generalizedgammadistribution,respectively,andbiisthescaleparameter. Fromoverall

throughputperformanceupperboundin(5.14),theexpectedvalueofwell-knowngener-

alizedgammadistributionE{γi}canbewrittenas[102]

E{γi}=
biΓ(ai+1/ci)

Γ(ai)
=χ

UB
. (5.16)

Similarly,fromoverallthroughputperformancelowerboundin(5.14),theexpected

valueoftheinverseofthegeneralizedgammadistributionE 1
γi

canbecalculatedby
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doingtheintegrationasfollows

E
1

γi

=
∞

0

1

γi

ci

baici
i Γ(ai)

γaici−1
i exp −

γi

bi

ci

,

=
∞

0

ciΓ(ai−1/ci)

bib
aici−1
i Γ(ai−1/ci)Γ(ai)

γaici−2
i exp −

γi

bi

ci

,

=
Γ(ai−1/ci)

biΓ(ai)

∞

0

ci

baici−1
i Γ(ai−1/ci)

γaici−2
i exp −

γi

bi

ci

,

=
Γ(ai−1/ci)

biΓ(ai)
, (5.17)

From(5.17),E 1
γi

−1

canbewrittenas

E
1

γi

−1

=
biΓ(ai)

Γ(ai−1/ci)
=χ

LB
. (5.18)

Therefore,theexactvalueoftheoverallthroughputboundedbetweenthelowerandthe

upperboundsofthethroughputcanbewrittenas

N

i=1



ηit
b
iB

b
i+ψit

a
ilog2



1+
Eh

iχ
LB

ta
i









Lowerboundofthroughput

≤
N

i=1

ηit
b
iB

b
i+E ψit

a
ilog2 1+γi

Eh
i

ta
i

≤

N

i=1



ηit
b
iB

b
i+ψit

a
ilog2



1+
Eh

iχ
UB

ta
i









Upperboundofthroughput

. (5.19)

Thus,theEEobjectivefunctionη
EE

(measuredinbits/Joule)isdefinedastheratio

oftheoverallachievablethroughputof WBANtothesumofthetotaltransmissionpower
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andcircuitpowerconsumptionofalltheSNsinthenetwork,canbewrittenasfollows

η
EE

=

N

i=1

tb
iB

b
i+ψit

a
ilog2 1+

Eh
iκi

ta
i

Pc+
N

i=1






N

n=1
tb
n −tb

i+
N

n=1
ta
n −ta

i PR
i

ta
i






· (5.20)

Consequently,theoptimizationproblemtomaximizetheEEofeHealthmonitoring WBAN

canbeformallyexpressedasfollows

max
ta,tb,Pt

N

i=1

tb
iB

b
i+ψit

a
ilog2 1+

Eh
iκi

ta
i

Pc+
N

i=1






N

n=1
tb
n −tb

i+
N

n=1
ta
n −ta

i PR
i

ta
i






s.t. C1:

N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i

ta
i

≤Pmax
i ,

C2:
N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i ≥Emin

i ,

C3:
N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i ≤Emax

i ,

C4:

N

i=1

tb
i+

N

i=1

ta
i≤1,

C5:Pt≤Pmax
t ,

C6:tb
i,tai≥0. (5.21)
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Notethat,thetermκiin(5.21)caneithertakethevalueχ
UB

orχ
LB

asgivenin(5.16)and

(5.18)toobtaintheEEoptimizationproblemusingthethroughputperformanceupperor

lowerbound,respectively.Inoptimizationproblem(5.21),thevariablestb=[tb
1,...,tbN],

andta =[ta
1,...,taN],arevectorsofthedataBackComanddatatransmissiontimesof

alltheSNsinthe WBAN,respectively. ThevariablePtrepresentsthetransmitpower

oftheaggregator. Notethat,thetermEh
i inthetotalthroughputoftheEEobjective

isafunctionoftb
i,ta

i,andPt. Similarly,inthetotalpowerconsumption,thetermPR
i

isafunctionofPt,suchthatallthedecisionvariablesarecoupledinthenumeratorand

thedenominatoroftheEEobjectivefunction.Inordertoavoidtheharmfuleffectsof

thetransmitpoweroftheSNsonthehumanbody,theconstraintC1boundsthetransmit

powerofeachSNsuchthatitshouldbelessthanorequaltothemaximumtransmitpower

thresholdoftheSNdenotedasPmax
i .TheconstraintC2ensuresthetotalharvestedenergy

ofeachSN mustnotbelessthanthe minimumenergyEmin
i neededtobe maintainedat

theSN.DuetothefinitebatterycapacityoftheSN,C3guaranteesthatthetotalharvested

energyofeachSN mustnotexceedits maximumbatterycapacityEmax
i . Theconstraint

C4reflectsthatthetotalnormalizedtimeduringboththeoperatingphases mustbeless

thanorequaltoone. TheconstraintC5 requiresthatPtshouldbenogreaterthanthe

predefinedmaximumpowerthresholdoftheaggregatordenotedasPmax
t .

5.4 OptimizationProblem AnalysisandSolution

Inthissection,theEEoptimizationproblemisanalyzedandsolvedbyusingtheconcepts

offractionalprogramming. Tofacilitateobtainingthesolution,theDinkelbachalgorithm

isutilizedtoconvertthenonlinearfractionalproblemtoanequivalentparametricprob-

lem. Tobalancebetweenthecomputationalcomplexityandachievableperformance,the
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inherentstructureoftheEEoptimizationproblemisanalyzedtoprovideaniterativebased

suboptimalheuristicsolution.

5.4.1 OptimizationProblemSolution

InordertofindthesolutionoftheformulatedEEoptimizationproblem,wefirstprove(as

shownintheAppendixA)thattheoverallthroughputfunctioninthenumeratorof(5.21)

isconcavewithrespectto(ta
i,tbi,Pt),andthetotalpowerconsumptioninthedenominator

isconvexwithrespectto(ta
i,tbi),andaffinewithrespecttoPt. Thatsaid,theconcave-

convexfractionalEEoptimizationproblemin(5.21)isaquasi-concavewithrespectto

timevariables∀(ta
i,tbi),wherei∈{1,...,N},andtheaggregator’stransmitpowerPt,

individually.SuchcharacteristicsallowustoutilizetheprimalDinkelbachalgorithm[103]

tosolvetheparametricconcave-convexoptimizationproblem. Accordingly,thenonlinear

fractionalEEproblemin(5.21)canbeconvertedtoanequivalentparametricproblem,

writtenasfollows

max
ta,tb,Pt

N

i=1

tb
iB

b
i+ψit

a
ilog2 1+

Eh
iκi

ta
i

−q





Pc+

N

i=1







N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i

ta
i













s.t. C1,C2,C3,C4,C5,C6. (5.22)

whereqisaconstantnon-negativeparameterwhoseoptimizedvalue,denotedasq∗,isthe

maximumEE,i.e.,q∗=maxη
EE

.TheparametricEEmaximizationproblemin(5.22)can
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besolvedbyusingtheKKTconditionstoobtainthesolution. Thecorrespondingpartial

LagrangianfunctionLcanbewrittenasfollows

L(ta,tb,Pt,λ,β,γ,ζ,σ)=
N

i=1

tb
iB

b
i+ψit

a
ilog2 1+

Eh
iκi

ta
i

−q





Pc+

N

i=1







N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i

ta
i













−
N

i=1

λi

N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i −ta

iP
max
i

−
N

i=1

βi Emin
i −

N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i

−
N

i=1

γi

N

n=1

tb
n −tb

i+
N

n=1

ta
n −ta

i PR
i −Emax

i

−ζ
N

i=1

tb
i+

N

i=1

ta
i−1

−σ(Pt−Pmax
t ), (5.23)

whereλ=[λ1,...,λN],β=[β1,...,βN],γ=[γ1,...,γN],ζ,andσarethenon-negative

Lagrange multipliersassociated withtheconstraintsC1,C2,C3,C4,andC5 respectively,

givenin(5.21).Sincetheoptimizationproblemisquasi-concave,thenecessaryandsuffi-

cientKKTconditionscanbesolvedtoobtainthesolution[71]. ThecorrespondingKKT
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conditionsoftheEEmaximizationproblemcanbewrittenasfollows

∂L(tai,t
b
i,Pt,λi,βi,γi,ζ,σ)

∂tai
=0, (5.24)

∂L(tai,t
b
i,Pt,λi,βi,γi,ζ,σ)

∂tbi
=0, (5.25)

∂L(tai,t
b
i,Pt,λi,βi,γi,ζ,σ)

∂Pt
=0, (5.26)

λi

N

n=1

tbn −t
b
i+

N

n=1

tan −t
a
i P

R
i−t

a
iP
max
i =0, (5.27)

βi E
min
i −

N

n=1

tbn −t
b
i+

N

n=1

tan −t
a
i P

R
i =0, (5.28)

γi

N

n=1

tbn −t
b
i+

N

n=1

tan −t
a
i P

R
i−E

max
i =0, (5.29)

ζ
N

i=1

tbi+
N

i=1

tai−1 =0, (5.30)

σ(Pt−P
max
t )=0 (5.31)

N

n=1

tbn −t
b
i+

N

n=1

tan −t
a
i P

R
i−t

a
iP
max
i ≤0, (5.32)

Emini −
N

n=1

tbn −t
b
i+

N

n=1

tan −t
a
i P

R
i ≤0, (5.33)

N

n=1

tbn −t
b
i+

N

n=1

tan −t
a
i P

R
i−E

max
i ≤0, (5.34)

N

i=1

tbi+

N

i=1

tai−1≤0, (5.35)

Pt−P
max
t ≤0, (5.36)

tai,t
b
i,λi,βi,γi,ζ,σ≥0. (5.37)
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From(5.24),(5.25),and(5.26)wecanobtain(5.38),(5.39),and(5.40)shownbelowand

thetopofthenextpage. Forsimplificationandtosavespace,thetermpiin(5.40)has

itsdefinitionin(5.3),suchthatPR
i =ρiPt.Itisimportanttonotethat,thetermκiin

(5.38)-(5.40)caneithertakethevalueχ
UB

orχ
LB

asgivenin(5.16)and(5.18)toobtain

theEEoptimizationproblemsolutionandtoevaluatethetightnessoftheresultsusing

thethroughputperformanceupperandlowerbound,respectively.Itcanbeseenfrom

(5.24)-(5.31)thatthereare5N+3equationswith5N+3unknownvariablesthatinclude

ta,tb,Pt,λ,β,γ,ζ,andσ.

N
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R
j −

N

j=1
j=i

γjP
R
j −ζ=0, ∀i=1,...,N, (5.38)
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Theparametricoptimizationproblemin(5.22),canbesolvedbynumericallysolvingthe

KKTconditionsseparatelyoverthetimevariables(ta
i,tb

i),andPt.Inordertofindthetime

variablesta
iandtb

iasystemof5N+1equationswith5N+1unknownsasgivenin(5.38),

(5.39),andequations(5.27)-(5.30)aresolvedsimultaneouslyusingthenonlinearequation

solverataspecificinitialvalueofqusingtheprimalDinkelbachiterativealgorithm. The

MATLABnonlinearequationsolverutilizestheinterior-pointmethodtosolvethesystem

ofequationsasdescribedin[71]. Aftereachiterationthevalueofqisupdatedwiththe

resultsobtainedfromthepreviousiterationandtheparametricproblemin(5.22)issolved

againuntilta
i andtb

iareoptimizedwithnofurtherchangeinvalues. Lateron,byusing

theoptimizedvaluesofta
i andtb

i,thetransmitpoweroftheaggregatorPtisoptimized

separatelybynumericallysolving(5.31)and(5.40). Theiterativeprocedureisrepeated

overtimevariablesandthetransmitpoweroftheaggregatoruntilthevaluesofthedecision

variablesareoptimizedwithnofurtherchangeinthevalues.Theoptimizedvaluesoftime

variablest∗a
i,t∗b

i,andtransmitpowerP∗
t canbeusedtofindtheconvergedq∗. This
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convergedq∗isthemaximumEEvalue,givenasfollows

q∗=

N

i=1

t∗b
iBb

i+ψit
∗a
i log2 1+

E∗h
i κi

t∗a
i

Pc+
N

i=1






N

n=1
t∗b
n −t∗b

i +
N

n=1
t∗a
n −t∗a

i P*R
i

t∗a
i






, (5.41)

whereP∗
t istheoptimizedtransmitpoweroftheaggregator,t∗a

i,andt∗b
i aretheoptimized

valuesofthedatatransmissionanddatabackscatteringtimesofsensorSi,respectively.

5.4.2 SuboptimalSolution

Inthissubsection,thestructureoftheEEoptimizationproblemisanalyzedtoobtainalow-

complexitysuboptimalsolution.Itcanbeseenthat(5.38)and(5.39)are2N equations

in2N unknownsforknownvaluesoftheLagrange multipliers. Similarly,(5.40)isone

equationinoneunknownPtforknownvaluesofLagrange multipliersandtimevariables

ta
i,tb

i. Unfortunately,theclosed-formexpressionoftimeallocationfrom(5.38)and(5.39),

andaggregator’stransmitpowerPtfrom(5.40)cannotbereached;however,theycanbe

solvedefficientlyusingnumericaltechniques.Inthisregard,toreducethecomputational

complexityofEEoptimizationproblem,aniterative methodisusedtofindthevaluesof

decisionvariablesta
i,tb

i,andPt. Whereasthesubgradientmethod[104]isusedtotunethe

valuesoftheLagrange multipliersaftereachiterationsuchastoconvergetotheoptimal

valuesthatsatisfiestheconstraints. ThesubgradientLagrange multiplierupdateruleis

givenas

λl+1
i =λl

i−υl
i(t

a
iP

max
i −Eh

i), ∀i=1,...,N, (5.42)

βl+1
i =βl

i−υl
i(E

h
i−Emin

i ), ∀i=1,...,N, (5.43)

99



γl+1
i =γl

i−υl
i(E

max
i −Eh

i), ∀i=1,...,N, (5.44)

ζl+1 =ζl−υl 1−

N

i=1

tb
i+

N

i=1

ta
i , ∀i=1,...,N, (5.45)

σl+1 =σl−υl(Pmax
t −Pt), ∀i=1,...,N. (5.46)

whereυirepresentsthesufficientlysmallstepsizesassociatedwiththecorrespondingLa-

grange multipliers,chosenas
√

0.1/l,andlrepresentstheindexnumber. Notethat,the

MATLABisusedfortestingtheperformanceoftheproposedalgorithm,howeveritcan

beimplementedinanyprogramminglanguageasanapplicationthatcanberunona

smartphone. Asthegoaloftheproposedstudyisto maximizethebatterylifeorEE

ofenergy-constrainedSNsthatrelyontheenergysignalsharvestedfromtheaggrega-

tor,thereforethealgorithmneedstoberunontheaggregatorinsteadofrunningiton

eachSNasadistributedalgorithm. As mentionedthat wefocusonsavingenergyof

theenergy-constrainedSNs,thereforerunningthealgorithmonanaggregatorwillincur

theoperationaloverheadcostsuchascomputationandprocessingontheaggregatornode

ratherthantheSNs.Therefore,inthisregard,theaggregatornodeinourworkissupposed

tohavesufficientenergyandhasstablechargingaccesswithinreach.Thesuboptimalalgo-

rithmtomaximizetheEEofBackComassistedeHealthmonitoring WBANissummarized

inAlgorithm3shownatthetopofnextpage.

5.4.3 Complexity Analysis

Thecomputationalcomplexityoftheproposedsuboptimalalgorithmisanalyzedasfol-

lows: GiventhenumberofiterationsneededtoupdatetheLagrange multipliersdenoted

asKmax,tosolvetheLagrangiandualmethodin(5.23)byusingthesubgradientmethod
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Algorithm3 Proposediterativebasedsuboptimalalgorithmforenergyefficiency maxi-
mizationproblem

1:INPUT:GT,GRi,λ,di,δi,W,i,ai,bi,ci,Bbi.

2:Startwiththeinitialvaluesofq,ta
i,tbi,Pt,λi,βi,γi,ζ,σ.

3:Calculatethedatatransmissiontimeta
inumericallyfrom(5.38)usingtheinterior-point

methodin MATLAB.

4:Calculatethedatabackscatteringtimetb
inumericallyfrom(5.39)usingtheinterior-

pointmethodin MATLAB.

5:CalculatethetransmitpoweroftheaggregatorPtnumericallyfrom(5.40)usingthe
interior-pointmethodin MATLAB.

6:Repeatsteps3-5untiltheconvergenceisreached.

7:UpdatetheLagrangemultipliersλl
i,βl

i,γl
i,ζl,andσaccordingto(5.42),(5.43),(5.44),

(5.45),and(5.46),respectively.

8:Repeatsteps3-7untiltheconstraintsaresatisfiedorcertainstoppingcriterionis
fulfilled.

9:Calculatethevalueofenergyefficiencyη
EE

from(5.20).

10:Updatethevalueofqaswithη
EE

obtainedfromstep9.

11:Repeatsteps3-10untiltheconvergenceisreachedsuchthatthechangeinη
EE

isno
greaterthanϕ=0.001.

12:OUTPUT: ThesuboptimalsolutionofEEmaximizationproblem.

aftereachiterationcalculatedfrom(5.42),(5.43),(5.44),(5.45),and(5.46),respectively,

isofcomputationalcomplexityO(KmaxN). Foreachiteration,tosolvetheoptimization

problemin(5.22)numericallyusingtheinteriorpoint methodhasacomputationalcom-

plexityofO(
√

m1log(m1)),wherem1representsthenumberofinequalityconstraintsin

(5.22)[71,105]. Giventhenumberofiterationsneededtoreachtheconvergenceofthe

DinkelbachdenotedasLmax,andImax arethenumberofiterationsrequiredtoalternately

solvethetimevariablesta
i,tb

i,andtransmitpoweroftheaggregatorPtarecalculated

accordingto(5.38),(5.39),and(5.40),respectively. Therefore,thetotalcomputational

complexityofAlgorithm3becomesO (KmaxN+
√

m1log(m1))LmaxImax .
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5.5 Simulation Results

Inthissection,simulationresultsarepresentedtodemonstratetheperformanceofthe

proposedEEoptimizationschemeforeHealthmonitoringsystem.AsillustratedinFig.5.1,

weconsideraBackCom-based WBANwithN =3SNsandoneaggregatorthatnotonly

servesasagatewaybutalsoactsasapowersourcetostimulatetheSNstransmissionin

WBAN.Intheenergyharvesting model,thedistance difromtheSNtoaggregatorisset

between0.3to0.7 m[8]. ThetransmissionantennagainoftheaggregatorGT andthe

SNsGR
i arechosenas6dBi,respectively[106].Inthepowerconsumption model,the

powerconsumptionpcincludingsensingandprocessingconsumptionisconsideredas5

mW[79],andthecircuitpowerconsumptionintheBackComphaseis10 µW[98]. The

transmissionefficiencyiandenergyharvestingefficiencyδiaregivenas60%[84,89].The

lengthofeachnormalizedtimeframeissetas1s. From[8],the minimumenergyEmin
i

and maximumbatterycapacityEmax
i oftheSNissetto0.01Jand0.11J,respectively.

The maximumtransmitpowerPmax
i oftheSNissetto1.5 mW[84]. Theparametersof

thegeneralizedgammadistributiondependonthemeasureddataunderdifferentarbitrary

movementsofthepatient’sbodyduringroutineactivitiesofdailylife,andbasedonthat,

thebestfittingdistributionmodelisapplied.Fromtheexperimentalresultsin[68],three

mostcommonbodyposturesare modeledusingthegeneralizedgammadistribution,i.e.,

relaxing,walking,andrunningstate.

5.5.1 Energy Efficiencyofthe WBAN Under Different Body

Movements

Fig.5.3showstheoptimizedandsuboptimalEE(inbits/Joule)ofthe WBANinarelaxing

statewithgeneralizedgammadistributionparameterssetasai=3.84,bi=0.0026,and
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Fig.5.3:OptimizedandsuboptimalEEof WBANforrelaxingstatewithai=3.84,bi=
0.0026,andci=1.

ci=1[68].ByfollowingtheFederalCommunicationsCommission(FCC)rulesin[106]

thatallowsthemaximumtransmitpowerofadeviceinanISMbandupto36dBm,the

simulationresultsareplottedagainstthepredefinedmaximumtransmitpowerthresholdof

theaggregatorPmaxt varyingfrom20dBmto30dBm.Itcanbereadilyobservedthatthe

performanceofthesuboptimalsolutionisreasonablyclosetothatoftheoptimizedcase.

Inordertoprovideafaircomparisonandtoevaluatetheperformanceoftheproposedopti-

mizationframework,theresultsarecomparedwiththethroughputmaximizationproblem

in[89].ItcanbeclearlynoticedthattheproposedEEmaximizationproblemprovides
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Fig.5.4:OptimizedandsuboptimalEEof WBANforwalkingstatewithai=3.52,bi=
0.251,andci=1.

higherEEincomparisonwiththethroughputmaximizationproblem,inwhichtheSNs

transmitdatatotheaggregatorwithmaximumtransmitpower. Moreover,theobtained

EEofsystembyusingboththethroughputperformancelowerandupperboundsisfairly

closetoeachotherthatvalidatesthattheobtainedboundsaretight.

Fig.5.4depictstheEEofeHealthmonitoringWBANbyconsideringthepatientinthe

walkingstate.Basedontheexperimentalresultsfrom[68]tomodelthewalkingposture,

generalizedgammadistributionwithshapeparameterschosenasai=3.52andci=1,and

scaleparametersetasbi=0.251.ItcanbenoticedthatEE(inbits/Joule)followsthe
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Fig.5.5:OptimizedandsuboptimalEEofWBANforrunningstatewithai=1,bi=0.948,
andci=1.64.

increasingtrendwiththeincreaseinmaximumtransmitpoweroftheaggregator.Itisdue

tothefactthat,sincetheaggregatoractsastheenergysourcefortheSNsbybroadcasting

energysignalsatacertaintransmitpower,thereforewhenthemaximumtransmitpower

thresholdoftheaggregatorisincreasedtheSNscanharvestmoreenergythatultimately

resultsinhigherEE. Moreover,itcanbeobservedthattheEEoftheoptimizedand

suboptimalsolutionsareclosetoeachother.

Fig.5.5illustratestheEEofBackCombased WBANinrunningstate.From[68],the

runningstateofthepatientismodeledusingthegeneralizedgammadistributionwithshape
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parameterschosenasai=1andci=1.64,andscaleparameterissetasbi=0.948.Similar

totherelaxingandwalkingstate,theEEinrunningstatealsofollowsthesameincreasing

behaviorwiththeincreasedmaximumtransmitpowerthresholdoftheaggregator.

5.5.2 EffectofBackscatterRateonEnergyEfficiencyoftheSys-

temin BackComand HTT Modes

InordertoobservetheperformanceoftheproposedalgorithminboththepassiveBackCom

phaseandtheactivedatatransmissionphase, wecalculatedtheEEoftheindividual

phases, whicharereferredtoasBackComand HTT modes. TheEEoftheBackCom

modeandHTTmodeiscalculatedastheratioofthethroughputinthepassiveBackCom

phaseortheactivedatatransmissionphase,tothetotalpowerconsumptionofthe WBAN

suchthatthesumoftheEEofboththemodesisequaltotheEEoftheoverall WBAN.

Fig.5.6showstheEEofthe WBANinarelaxingstateagainstthebackscatterrate

varyingfrom2kbpsto30kbps,byconsideringathroughputperformancelowerbound.

Forafixed maximumtransmitpowerthresholdoftheaggregatorsetas20dBmandδi

as40%,itcanbeseenthatbyincreasingthebackscatterrate,theEEofthe WBANalso

increases. Moreover,anotherinterestingresultthatcanbededucedistheeffectofthe

backscatterrateontheBackComandHTTmodesofoperation.Inaspecifictimeframe,

asthebackscatterrateincreases,theSNswillspend mostoftheirtimeinbackscattering

datatotheaggregatorinthepassiveBackComphaseandultimatelylessdurationoftime

willbespentbySNsfortransmittingdataintheactivedatatransmissionphase. Asa

result,whenthebackscatterrateincreasesthesolutionoftheEE maximizationproblem

switchestotheBackCommode.SincetheSNsspendlesstimefordatatransmissiondueto

theincreasingbackscatterrate,theEEintheHTTmodeislessthanthatintheBackCom
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Fig.5.6:EffectofbackscatterrateonEEofthesysteminBackComandHTTmodes.

modeandfarfromtheEEmaximizationsolution.

5.5.3 Effectof MaximumTransmitPowerofAggregatoronEn-

ergyEfficiencyinBackComandHTT Modes

Fig.5.7illustratestheeffectofthemaximumtransmitpowerthresholdoftheaggregator

ondifferentcommunicationsmodesaswellastheEEoftheWBANsystemintherunning

statebyconsideringthroughputperformancelowerbound,andafixedbackscatterrate

of4kbps. Themaximumtransmitpowerthresholdoftheaggregatorisanimportant
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Fig.5.7:Effectofaggregator’smaximumtransmitpoweronEEofthesysteminBackCom
andHTTmodes.

factorthataffectsthetimeallocatedtotheSNsduringthepassiveBackComandactive

datatransmissionphases.Asmentionedearlierthattheaggregatornodealsoactsasthe

energysourcefortheSNsbybroadcastingtheenergysignals,thereforebyincreasingthe

aggregator’smaximumtransmitpower,theSNswillspendmoretimeforharvestingenergy

duringthefirstphase.Consequently,whenthemaximumtransmitpoweroftheaggregator

increases,theSNsutilizetheharvestedenergyinthefirstphasetotransmitdataduringthe

activedatatransmissionphase.Asaresult,thesolutionoftheEEmaximizationproblem

switchestotheHTTmode. Byincreasingthemaximumtransmitpowerthreshold,the
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EEoftheHTTmodeisreasonablyclosetotheEEmaximizationsolution.Incomparison

withtheBackCommode,itcanbenoticedthattheEEinBackCommodedecreaseswith

theincreaseofmaximumtransmitpoweroftheaggregator.

5.6 Conclusion

Inthischapter,weproposedanenergy-efficientresourceallocationframeworkforaBack-

Com-basedeHealthsystemtoprovidesustainableandhigh-quality medicalservicesby

maximizingtheEEof WBAN.BackComtechnologyisenvisionedtobehighlydesirable

fortheEEsystemcateringtosevereandlife-threateningillnessbykeepingtheenergy-

constrainedSNsaliveandthusassuringtheself-sustainableandperpetual WBANoper-

ations. ThesignificanceoftheproposedoptimizationschemeandtheEE maximization

algorithmisimportantfor widespreadadoptionintheeHealth monitoring WBAN,as

theoptimalallocationofaggregator’stransmitpower,dataBackComanddatatransmis-

siontimesdemonstratetheeffectivenessoftheproposedschemeinmaximizingtheEEof

the WBAN.Furthermore,forapracticaldynamicenvironment,theadoptedgeneralized

gammadistributionisappropriateforavarietyofbody movementsandcanefficiently

modeldifferentactivities/movementsofthepatientduringdailylife.

SinceimprovingtheSNslifetimeorEEisacrucialdesignobjectiveintheeHealth

systems,inthisregardsimulationresultsdemonstratethattheproposedEEmaximization

frameworkoutperformsincomparisonwiththethroughputmaximizationschemefromthe

literature.Inaddition,inaspecifictimeframeiftheBackComrateisincreasedtheSNs

willspend moretimebackscatteringtheirdatatotheaggregator,andto maximizethe

EEofthe WBAN,thesolutionoftheoptimizationproblemswitchestoBackCom mode.

Alternatively,thesolutionoftheEEproblemswitchestotheHTT modebyincreasing

109



themaximumtransmitpoweroftheaggregatorasmoretimewillbespentbytheSNsfor

harvestingenergyinthefirstphase.Simulationresultsshowtheeffectofvaryingaggrega-

tor’s maximumtransmitpowerandBackComrateontheEEindifferentcommunication

modes,alongwiththeperformanceoftheproposedschemein maximizingtheEEofthe

WBANunderdifferentarbitrarymovements.

5.7 Publication Resultedfrom This Chapter

•O.Amjad,E.Bedeer,N.A.Ali,andS.Ikki,“EnergyEfficientResourceAllocation

foreHealth Monitoring WirelessBodyAreaNetworkswithBackscatterCommuni-

cation,”doi:10.1109/JSEN.2022.3175754,IEEESensorsJournal.
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Chapter6

ConclusionsandFuture Work

Thischaptersummarizesthecontributionsmadeinthisdissertationanddiscussespotential

extensionsandfuturedirectionstoourwork.

6.1 Conclusions

OneofthekeychallengesthatlimitthewidespreadusageofeHealthsolutionsinprac-

ticalhealthcarefacilitiesisthelimitedbatterylifeoftheSNsthatareneededtobere-

placed/rechargedmanuallyoncetheenergyisdepleted.Inmostscenarios,batteryreplace-

mentisnotpreferable,anditbecomeshighlyunsuitableandimpractical,especiallywhen

theSNsareimplantedinsidethehumanbody. ThislimitedbatterycapacityoftheSNs

notonlycausesaperformancebottleneckbutisalsolikelytodisruptthefutureopera-

tionsoftheSNs,which maycausealifehazard.Inordertohaveseamlessandefficient

implementationofaneHealthmonitoring WBAN,improvingtheSNs’lifetimeorEEisof

paramountimportance.
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Inthisregard, wehaveformulatedandsolvedtheEEoptimizationproblemsunder

differentsystem modelsandcommunicationsystems. Firstly,anoptimizationproblemis

proposedandsolvedto maximizetheEEofaneHealth monitoring WBANconsistingof

SNsequippedwithenergyharvestingcapabilitiesinwhichtheenergyharvestingprocess

oftheSNis modeledusingthediscrete-time Markovchain. TheEEobjectivefunctionis

definedastheratioofthesumofthesourcerateofalltheSNstothepowerconsumption

ofalltheSNsinthenetwork.TheoptimizationproblemaimstomaximizetheoverallEE

oftheself-sustainedeHealth monitoringsystemwith WBAN.Itcanbeconcludedfrom

thisresearchthatthesourcerateoftheSNsisanimportantparameterthataffectsthe

EEofthesystem,andbyoptimallyallocatingeachSN’ssourceratetheoverallEEofthe

WBANcanbeimproved.

Secondly,arobusteHealth monitoringcommunicationsystemisproposedthatcan

characterizethepropagationcharacteristicsofvariouspatientconditionsbyonlyutilizing

thegeneralizedgammadistributionandcanefficientlymodelbotheverydayanddynamic

activities. Morespecifically,anoptimizationproblemisformulatedtooptimizetheEE

of WBANwithoutrequiringtheCSIfromthetransmittingSNstotheaggregatorand

byconsideringoutageprobabilityandpacketretransmission. Thetransmitpowerand

encodingrateoftheSNsareimportantparametersthatcanbeoptimizedtoimprovethe

EEofthesystem.

Finally,consideringaBackCom-assisted WBANintheproposedresearchhasitsbasis

onexceptionallylow-powerconsumptionandenablingtheenergy-constrainedSNswith

self-sustainingcapabilitiesbyutilizinganenergyharvesting mechanismcanhelpimprove

theefficiencyofthehealthcaresystemglobally.Inthisregard,thesignificanceofthepro-

posedoptimizationframeworkandEE maximizationalgorithmisthatitshowspotential

intacklingtheimplementationdifficultyfacedbyaneHealthsystemthatrequiresasus-
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tainableenergysupply.Inthisway,itcanfacilitatetherealizationofeHealthsolutionsin

real-lifehealthcaresettingsbyefficientlyutilizingthenetworkresourceswhileguaranteeing

asatisfactoryperformanceofthe WBAN.Furthermore,thehealthcaresectorisprojected

tobeoverwhelmedbythegrowingpopulation.Inthisregard,theproposedschemealso

hasthepotentialtoprovideadaptablehealthservicesundervariousbodypostureswith-

outlimitingthepatients’ mobility,therebylimitingunnecessaryhospitalvisits. Thiscan

ultimatelyreducehealthcareexpensesbyeliminatingtheneedforexpensivein-hospitalpa-

tient monitoringandalleviatingoverburdeningofhealthcarefacilities.Simulationresults

demonstratetheperformanceoftheproposedalgorithmincomparisonwiththeexisting

literature,alongwiththeeffectivenessoftheproposedschemein maximizingEEofthe

WBANunderdifferentarbitrarymovements.

6.2 Future Work

Therearevariousfuturedirectionsthatcanserveasourceofinspirationinfuturedevel-

opmentandadvancementofeHealthmonitoring WBANs,whichcanbebrieflyoutlinedas

follows:

•ItwouldbeworthwhileresearchingtoextendBackComassistedeHealthmonitoring

WBANtothescenarioof multi-input-multi-output(MIMO)system. Morespecif-

ically,theBackComassistedEEoptimizationproblemcanbeextendedtoacase

inwhichtheaggregatorinsteadofhavingonlyasingleantennahas multipleanten-

nas. Extendingtheworktothe MIMOsystemisexpectedtoenhancethesystem

performanceintermsofEEofthesystem.

•Interferenceisacriticalissuein WBANsandhasasignificantimpactonsystem
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performance,includinglifetime,EE,andreliability.Inrealapplications, multiple

WBANspatientsmaycoexistinthesamelocalregion,suchasahospitalward. Mul-

tipletypesofinterferencesources,suchasBluetoothand WiFi,maycoexistinsuch

anenvironment. WhennumerousSNsusethesamechannelandtimeslotatthe

sametime,interferenceoccurs,resultingintransmissionproblemsforthoseSNs.In

thisregard,interference mitigationschemesareanotherinterestingresearchdirec-

tionthatcanbefocusedontohelpimprovetheperformanceofeHealthmonitoring

WBANsinthereal-lifepracticalhealthcareenvironment.

•WBANshaveusuallyusedthe2.4GHz microwaveIndustrial,Scientific,and Med-

ical(ISM)band.Itisanticipatedthatthe2.4GHz microwaveband,ontheother

hand,willbeinsufficientforthePHYchanneloffuture WBANs,asevidencedbythe

expandingrequirementsforreal-timehigh-speedcommunicationof WBANs. Fur-

thermore, manyexistingservicesusethe2.4 GHzspectrum,whichwouldinterfere

withthereliabilityof WBANconnections.Inthisregard,a60GHzmmWaveband

canserveasapotentialalternativethatcanofferhighdatarateswithlow-power

consumptioninshort-rangenetworks. However,theexactpotentialandlimitations

ofthisbandhaveyettobecompletelyinvestigated.Large-scaletestingandresearch

of60GHzcommunicationenvironmentsarerequiredforthedevelopmentof WBAN

solutionsin5Gnetworks.[11].
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Appendix A

Proofofthe Quasi-Concavityofthe

ObjectiveFunctionofEE

MaximizationProblem

A.1 Proofof Quasi-Concavityof BackCom-Assisted

EE ObjectiveFunction

TheEEobjectivefunctiondefinedin(5.20)isaquasi-concavefunction∀(ta
i,tbi),where

i∈{1,...,N},andtheaggregator’stransmitpowerPt,individually,satisfyingthegiven

constraints.RecallingtheEEobjectivefunctionin(5.20)isaratiooftheoverallthrough-

putof WBANinthepassiveBackComphaseandtheactivedatatransmissionphaseto

thetotalpowerconsumptionofalltheSNsinthenetwork.Inordertofindthesolutionof

theEEoptimizationproblem,weneedtoverifytheconcavityofthetotalthroughputin

thenumeratorandthetotalpowerconsumptionterminthedenominator.Forsimplicity,
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wewillshowthatthetotalthroughputofsensorSiisaconcavefunctionineachdecision

variable,i.e.,(tai,t
b
i,Pt).Inthisregard,westudytheconcavityoftotalthroughputfunction

Ri(t
a
i,t
b
i,Pt)bycomputingtheHessianmatrixasfollowsH1=

2Ri(t
a
i,t
b
i,Pt),whichis

foundtobewrittenas

H1 Ri(t
a
i,t
b
i,Pt)=

2ψiρiE
h
i
2
κ2i

PRiln2t
a
i+E

h
iκi

2








−PRi
2

tai
0 ρiP

R
i

0 0 0

ρiP
R
i 0 −taiρ

2
i







, (A.1)

Thenforanyarbitraryrealvectorz=[z1 z2 z3]

zH1z=
2ψiρiE

h
i
2
κ2i

PRiln2t
a
i+E

h
iκi

2

−z21P
R
i

2taiρi
+z1z3+

−z23t
a
iρi

2PRi
, (A.2)

From(A.2),wecanwritethefollowing

z21P
R
i

2taiρi
−

z23t
a
iρi
2PRi

2

=
z21P

R
i

2taiρi
−z1z3+

z23t
a
iρi
2PRi

≥0, (A.3)

Accordingly,bymultiplying(A.3)with−1,thesignoftheinequalityisreversedasfollows

−z21P
R
i

2taiρi
+z1z3−

z23t
a
iρi
2PRi

≤0, (A.4)

Sincefortai,t
b
i,Pt≥0,ψi,ρi,κi,E

h
i>0,∀i∈{1,...,N},andbyutilizing(A.4),itcan

beseenfrom(A.2)thatzH1z≤0,∀i∈{1,...,N}. Hence,from(A.1),theHessian

matrixH1Ri(t
a
i,t
b
i,Pt)isnegativesemi-definite(∀i∈N),thereforethetotalthroughput

functionofsensorSi,i.e.,Ri(t
a
i,t
b
i,Pt)isconcavewithrespecttot

a
i,t
b
i,andPt.

InordertoanalyzethethetotalpowerconsumptionterminthedenominatorofEE
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objectivefunctionin(5.20),i.e.,Psum(t
a
i,t
b
i),theHessianmatrixH2=

2Psum(t
a
i,t
b
i)can

becomputedasfollows

H2Psum(t
a
i,t
b
i)=

2
N

n=1

tbn −t
b
i+

N

n=1

tan −t
a
i P

R
i

tai
3





1 0

0 0




, (A.5)

Foranyarbitraryrealvectorz=[z1 z2]

zH2z=
2z21
tai
3

N

n=1

tbn −t
b
i+

N

n=1

tan −t
a
i P

R
i ≥0. (A.6)

As,zH2z≥ 0,theHessianmatrixH2Psum(t
a
i,t
b
i) in(A.5)ispositivesemi-definite

(∀i∈N),whichprovesthatthetotalpowerconsumptionterm,i.e.,Psum(t
a
i,t
b
i)isconvex

withrespecttotaiandt
b
i.Similarly,foraspecifict

a
iandt

b
i,thetotalpowerconsumption

ispositiveandaffinewithrespecttoPt. Therefore,theobjectivefunctiontomaximize

theEEof WBANisconcave-convexfractionalprogramwhichinturnisaquasi-concave

functionintaiandt
b
i,andseparatelywithrespecttoPt[107].Inthesimilarmannerthe

abovementionedanalysiscanbeadoptedtoshowthattheoverallEEofNSNsinthe

WBANisaquasi-concavefunction.
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