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Abstract—Aninfrastructure-to-Vehicle(I2V)communication
frameworkenablesautonomousandsemi-autonomousvehicles
tolocalizeanddetectthepresenceofinfrastructure markers
likelane-dividers,stopsignsorinfrastructurehealthinformation
whichcanenrichtheinformationcapturedbycamerasandLI-
DARsystemsandenhancedrivingexperience.However,thekey
challengeindesigningelectronictagsforI2Vplatformistomake
themoperateinembeddedconditionsandwhilebeingableto
retrievewirelessdatawithlowerlatenciesthatcansupportreal-
timeI2V.Inthisregard,weproposehybridRFIDsensorsthat
arebattery-poweredandintegratedwithaRFtriggerelement
thatcanbeselectivelytriggeredusinganappropriateRFsource.
Inthispaper,weexperimentallydemonstratethefunctionality
ofahybrid-poweredprototypeunderacontrolledoperating
conditionsandvalidatethepowerconsumptionandlatencyusing
prototypesassembledusingcommercial-off-the-shelfcomponents.
Themeasurementresultsdemonstratetriggeringdistancesof1m
canbeachievedatdrivingspeedsofat-least40kmh 1,andthe
operationallife-spanofthetagisestimatedtobegreaterthan
20years.

I.INTRODUCTION

Structural Health Monitoring Sensor 
Static Data and TemperatureSensor

Technologicaladvancesinreal-timesensingandcomput-
ingmodalitieshaveenabledthedevelopmentofself-driving
anddriverassistedvehicles[1]thatcanoperatethemau-
tonomouslyorwiththeassistancefromhumandrivers.How-
ever,thedevelopmentofanidealsensingplatformsforve-
hiclesremainsanelusivetarget,onethatneitherhumanor
modernartificial-intelligence(AI)systemshasperfected —
especiallywhenfacedwithnon-idealconditions(e.g.occluded
visionfromfog,lossofwirelessconnectivity,unexpected
changesininfrastructureconditions).Forexample,LIDAR
basedsystemssufferespeciallypoorperformanceininstances
ofheavysnowandrain[2].To mitigatetheseproblems,
severalalgorithmicandmachinelearningbasedmethodologies
havebeendevelopedtoincreasetheperformanceofthese
systems[3]–[5].ForconditionswherethesetraditionalAI
approaches mayencounterdifficulties,aframeworkbased
onInfrastructure-to-Vehicle(I2V)communicationcanpro-
videadditionalinformationabouttheirsurroundingstoaid
intheirdecisionmakingprocess.Examplescenariosofan
I2VplatformisillustratedinFig.1wherethesensorscan
beembeddedinsidetheinfrastructure,whetheritberailway
tracksorpavements,andcantransmitinformationabouttheir
surroundingstothevehiclesinreal-time[6]. Duetoits
modularnaturethisframeworkcouldbeextendedtoother
motorizedvehicles.

Figure1. AnillustrativeexampleofInfrastructureto Vehicular(I2V)
communication,wheretheinfrastructureisendowedwithsensornodesthat
providedynamicaldataandstaticinformationpertinenttorealtimedecision
makinginvehiclestravelingalongtheroute.

Previously,weevaluatedthreedifferenttopologiesofsen-
sorsandtagsthatcouldbeusedtodemonstrateI2Vcom-
municationandcomparedtheirperformancebasedontar-
getapplicationspecifications.Thesetopologiesinclude:(a)
battery-poweredactivesensor;(b)energyharvestingbased
passivesensor;and(c)ahybridsensorbuiltbyintegrat-
inga minimally-loadedRFtrigger wakeupforabattery-
assistedwirelesstransceiver.Althoughhybridtopologyhas
beeninvestigatedinliteratureinseveralothervariants[7],
[8],theRFtriggermodalityhasaddedadvantagesofbeing
lowlatencyandlongerlifespanwhichiscrucialinI2Vcom-
munication[9].Althoughthestudyconcludedthatthehybrid
approachprovidedthebesttrade-offwehaven’tevaluatedthe
performanceofthehybridprototype.Inthispaper,wepresent
experimentalresultsonpowerconsumptionduringdifferent
modesofoperation,evaluatethestartuplatencyandtest
systemperformanceinsimulateddeploymentconditions.

II.SYSTEMARCHITECTUREANDCHARACTERIZATION

Thehybridprototypeisdesignedtoprovidestaticdata(lane
markers,speedlimits,infrastructurematerial)anddynamic
data(temperature,damage,etc.)throughawirelesslink,but
onlyunderRFinterrogation.AsshowninFig.2(A)-(B),the
hybridprototypeprimarilyconsistsofaRFtriggerloadswitch
selectivelyconnectingthebatterytoasensingplatformanda
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Figure2.(A)Acircuitschematicoftheenergyharvestingmoduleontheleft,andablockdiagramofthesensingmodulestotheright.(B)Animageof
animplementedprototypecontaining:(i)Battery(ii)EnergyHarvestingAntenna,(iii)ChargePump,(iv)ControlCircuitry,(v)Sensors,(vi) WirelessMCU,
(vii)TransmittingAntenna.(C)Plotshowingtheestimatedcurrentsuppliedbythebatteryindifferentoperatingmodes.

wirelessmicrocontroler(MCU).Byusingachargepumpas
thewakeuptrigger,thewirelessMCUispower-gated,resulting
intheMCUonlybeingoperationalforshorttimeperiods(ms).

A.RF-TriggerWakeupCircuitry

Currently,ourprimarytargetistoreducetheresponsetime
whileincreasingthetransmissiondistanceandlifetimeof
sensortagsthatcanbeembeddedininfrastructure.Wechose
touseaRF-DCconvertertoimplementtheRF-triggerto
power-gateabatteryinordertoenablelowlatency,long
distancecommunication.However,batteriesonlycontaina
limitedamountofenergy,about1000mAhinourcase,thus
itisvitaltokeepthesysteminthelowestpowerstate
wheneverpossible.ThisisaccomplishedbyusinganRF
triggeringcircuitryconsistingofafive-stageDicksonCharge
PumpbuiltusingpFcapacitorsandzerothresholdSchottky
diodes(SMS7621-079LF,fromSkyworksSolutionsInc.).This
chargepumpoperateswithanefficiencyofapproximately
40%,whilethehelicalPCBantennaconnectedtotheinput
stageisdesignedfor USISMBandat915MHzwitha
measuredS11of 9.93dB.Energythatcouplesontothe
antennaisboostedbythechargepumpandusedtosignal
anultra-lowpowerlatch(TPL5111,fromTexasInstruments)
thatisconnectedtoaloadswitch(TPS22860)thatisolatesthe
batteryfromsubsequentcircuity.Unlikeatraditionalenergy
harvestingapproachthatattemptstoprovidetheseveralmA
ofsupplycurrentforasensorsystemusingtheRFtoDC
chargepumpscheme,thismethodessentiallyonlyneedsto
chargethegateofa MOSFET.Bydrasticallyreducingthe
loadofthechargepump,thesensitivityandresponsivenessof
thesystemisvastlyimproved.

Atafixeddistanceof1m,ittakes212µsforthevoltage
onthe10nFsourcecapacitortoreachthisthresholdwith
acontinuoustransmissionof20dB.Oncethevoltageon
theenablepinofthelatchexceedstheswitchingthreshold
(530mV),ithasameasuredinternallatencyof13ms,which
isoneofthelargersourcesoflatencyinthesystem.For
preliminarysystemevaluation,thislatencywasnotamajor
limitation;however,ifwerequireanfasterhybridstartupit
isrecommendedthattheTPL5111isavoidedinitsuseasa
latch,alatchbuiltusingdiscretetransistors.Thetimerenable
pinisalsoconnectedtoapulldownresistor,thevalueofwhich
causestheinternalcircuitryofthetimertomanuallyshutof
powertotheMCUandsensorsafterafixedamountoftime
proportionaltothisresistance.Inourcurrentimplementation,
thistimeroperatesasawatchdog,preventingthesystemfrom
gettingstuckinanunwantedstate.Aftertriggering,thetimer
willenabletheTPS22860switch,whichsuppliespowertothe
MCUandvarioussensors.

B.DataAcquisitionandTransmission

Thesecond modulecontainsanRF MCUand multiple
sensorswhichhavethecapabilityofdeliveringbothstatic
anddynamicdatatoavehiclewhenitinterrogatesthetag.
Forthisprototype,weelecttoutilizetheCC1310 Wireless
MCUfromTexasInstrumenttobothcollectdataandtransmit
itwirelesslybacktothevehicle.Afterbeingtriggeredbythe
interrogator,thehybridwakeupcircuitryenablesthepower-
gatedMCU.Specifictotheexperimentsinthismanuscript,we
includedtheLMT84analogtemperaturesensortogenerate
representativedynamicdata.Aswith most MCUs,several
othertypesofsensorscanbeintegratedwithinthisplatform
tosupplyawidevarietyofinformationthatcanbeusedto
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Figure3. Comparisonofhybridandactivesensorintermoflifespan(in
years).Theshadedregionindicatestheactivesensoroperationwhichcan
varybasedontheimplementation.

characterizetheinfrastructure,providedtheyoperatefroma
standardanalogordigitalinterface.Itisalsoimportantto
notethataddingadditional modalitiesandfunctionscould
potentiallyincreasethepowerconsumptionorlatencyofthe
platform.Inadditiontothedynamicdata,astatic16-bytearray
isassignedtoeachsensor,capableofprovidingalargeamount
ofidentificationinformation,suchasaninfrastructureID,lane
markers,speedlimits,roadhistory,orsurfacematerial.Once
allofthisrelevantdatahasbeencollected,itistransmitted
backtotheinterrogatorovera915MHzISMlinkwitha
transmitpowerof8dB.Thiswillallowforthetagtostill
communicatewiththevehicleevenifexceedstheinterrogator,
whichislikelytooccurwhenthesensorsareembeddedunder
severaltensofcmofpavement. Wehaveverifiedtransmit
distances(offullinformationpackets)inexcessof10m.Upon
completingitstransmission,theMCUwillrevertbackintoa
dormantstatebyassertingadonesignaltotheswitch,forcing
animmediateshutdownofallsubsystems.

C.Interrogator

Forthesespecificprototypes,theinterrogationsystemcon-
sistsofonesoftwaredefinedradio(SDR)toprovidethe
energytotheRFwakeupcircuitryandaseparateTICC1310
connectedtoaPCforreceivinganytransmitteddatafrom
thehybridboards.TheSDR,providesalayerofflexibilityto
varythefrequencyandpoweroftheRFwakeupcarrierwhich
allowsustodeliverasufficientamountofpowertoeachtag
despitedifferencesfortheenvironmentalconditionsthattag
couldexperience.TheTICC1310readerontheinterrogator
continuouslylistensforreturningdatapacketsandisableto
detectanyvalidtransmissionsandlogsthembacktoaPCfor
furtheranalysisandlong-termstorage.

III.RESULTS
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Allprototypeevaluationandsystemtestingwasconducted
inacontrolledlaboratoryenvironment.Thehybridoperation
principleshowninFig.2(A)reducesthesystemcurrent

Figure4.(A)Experimentalsetupusedinspeedtest.(B)Experimentalsetup
forverifyingthefunctionalityinembeddedenvironment.

consumptiondowntoafewnAwhenthe MCUisnot
operational.Outofthiscurrentbudget,only10nAisspent
onmaintainingthechargeonbypasscapacitorsand35nAfor
theloadswitch’slatchinglogic.Whenunderinterrogationthe
voltagebuiltupbythechargepumpwhichinturntriggers
thelatchoftheloadswitch.Oncethewakeupcircuitryis
activatedthewirelessMCUcanoperateasatypicalbattery-
basedsensor.AftertheMCUhascollectedthesensorreadings
andtransmittedthedatabacktotheinterrogator,itwilldisable
theloadswitch,therebyreturningtoanAsleepmode.Typical
batteryusageoftheprototypeissummarizedinFig.2(C).
Life-spanisbeestimatedbasedonthecapacityofthebattery
(1000mAh)andtheaveragecurrentrequiredbytheprototype
ineachoperationstate[10].Estimatedlife-spanofahybrid
prototypewithrespecttodifferenttrafficrates(transmission
persecond)isshowninFig.3.Also,comparisonispresented
withrespecttoactivetag,asseeninFig.3,indicatingthe
advantageofhybridprototypeovertheactiveprototypeby
atleast10%inembeddedapplications.

A.SystemPerformanceEvaluation

Inordertotesttheprototypeinsituationssimilartoones
thatitwouldexperienceinarealworlddeployment,wecon-
structedthreetestscenarios.Thefirsttestscenarioconsisted
ofaziplineapparatusthatcausedtheprototypetomovepast
theinterrogatoratafixeddistance,andatarepeatablespeed,
asdepictedinFig.4(A).Thereadercomponentoftheinter-
rogatorwaslocatedadistanceofapproximately10mawayto
demonstratethedevice’sabilitytomaintaincommunication
withavehicleevenifthevehiclehaslefttheimmediate
vicinityofthesensornodebythetimethatatransmission
ofdataoccurs.Thissetupvalidatedthatthetagfunctionedas
expectedatspeedsofapproximately38.26kmh1(velocity
estimatedfromhigh-speedvideo).Beyondtheselevelsof
speed,wewouldneedtotaketheprototypesoutsideofthe
labfortesting,thisisataskthatweareintheprocessof



organizingnowthatthefeasibilityofthismethodhasbeen
demonstrated.
Asecondexperimentalconfigurationtestedtheprototype’s

abilitytorespondseveraltimesinrapidsuccession,very
similartowhatitmightexperienceifitwereplacedona
busyroadwheremanyvehicleswouldinteractwithitover
ashortperiodoftime.Inordertotestthis,wedeveloped
acirculartrackwithamovementapparatusthatcausedthe
sensornodetopassbyaninterrogatorapproximatelyonce
everyfiveseconds.Inthisexperiment,wewereabletohave
thesensornodetriggerandtransmitdataononehundred
percentofthepasses(outofapproximately50trials).During
thisexperiment,wehadzerofalsetriggers,demonstrating
thatthetag’ssensitivitycanbepreciselycontrolled.Consider
forexample,anattackwhereamaliciouspartyattemptsto
generatemanyfalsetriggersinanefforttodischargethenode’s
batterywouldrequiretheindividualtophysicallystandright
overthedevice,inthemiddleoftraffic,thereforeeliminating
theriskofremoteattacks.
Preliminarytesting wasalsoconductedtoevaluatethe

feasibilityoftheRF-triggeredloadswitchwhenthenodewas
embeddedinasimulateddeploymentenvironment,seenin
Fig.4(B).Duringthistesting,theprototypewasplacedunder
8inchesofasphaltthatwaspartiallysubmergedinwaterwhile
theRFinterrogatorantennawasplaced16inchesabovethe
surfaceofthatasphalt.Thistestverifiedthatinstationary
conditions,theinterrogatorwasabletoconsistentlydeliver
enoughenergytothetagtotriggertheloadswitchinstationary
conditions.
Weacknowledgethatthistestingsetupisnotthemostro-

bust,howeverwedobelievethatitprovidesstrongpreliminary
resultsfortheefficacyofourproposedarchitectureasanI2V
platformandwearecurrentlyworkingonfindinglocations
andoutfittingavehicletoperformmoreconclusivefieldtests.

IV.CONCLUSION

Previously, wehaddefinedasetofspecificationsfor
designinganI2Vsensingnetworkthatwouldallowfora
networktooperatewithamovingvehicleoperatingunder
typicaldrivingconditions[9]. Webelievethatthisprototype
andthereportedparameters,assummarizedinTable.I,canbe
extendedmoregenerallytoanysetoflandbasedvehicles,and
thattheanoptimizedhybridprototypecanbeusedtocreatean
effectiveI2Vsensornetworkforprovidingbothrelevantstatic
anddynamicdata.Testingresultsinthispaperdemonstrated
thetagoperatingatinterrogationspeedsof38.26kmh1

withaonehundredpercentsuccessrateintriggeringand
receivingofpacketsduringacircuittest.Usingatypical
1000mAhbattery,weestimatedtheprototypewilllastmore
than20yearswhenrespondingasfrequentlyasonceper
minute(traffic-rate),whichwhenpairedwithfuturevehicle-
to-vehiclestandardscouldprovideup-to-dateinfrastructure
datatoafleetofvehicles.Inthishybridconfiguration,the
bottleneckforlonger-lastingsensorshasbeenmovedfromthe
batterycapacitytotheoperationallifespanoftheelectronic
components(e.g.capacitors,oscillators,etc.).

TableI
KEYDEVICESPECIFICATIONS

Parameter HybridI2VPrototype

PCBArea(cm2) 22.15

TransmissionPower(dBm) 8

TransmissionDistance(m) >10

Lifetime(yrs) >20

TriggerDistance(m) 1

TriggerLatency(ms) 75

BatteryUsage

Dormant(nW) 141.9

AwakeandSensing(mW) 10.86

Transmitting(mW) 57.2

Wearecurrentlymovingtowardsconductingafieldde-
ploymentandcompletesystemtestduringwhichasensor
networkwillbefullyembeddedinpavementandinterrogated
byvehiclesthatareoperatingintypicaldrivingconditions.
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