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Abstract—Thoughbeingwidelyusedinindustrialandlogistic
applications,currentpassiveRFIDtechnologystillhasafunda-
mentallimitation:Individualusers,whodonotcarryanyreader,
aredifficulttointeractwithtaggeditems,suchasretrieving
theirdigitalprofilesandrequestingcertainassociationwiththem.
Recentproposalstoimproveuser-iteminteractionexperiencerely
onspecialhardwaresuchassmartphonebasedRFIDscanner.
Thisworkpresentsapromisingapproachtoalloweachuser
tointeractwithtaggeditemusingonlyonepassivetag,which
isnamedTag MutualIdentificationInterface(TagMii).TagMii
requiresausertoputherusertaginaphysicalproximity
withanitemtagtoexpresscertaininteractionsbetweenthe
useranditem.ThekeyideabehindTagMiiistoutilizetwo
experimentalobservations:1)inductivecouplingfordetecting
interactionevents,and2)channelsimilarityfordeterminingthe
actualinteractingtags. WeimplementTagMiiusingcommodity
off-the-shelfRFIDdevicesandconductexperimentsincomplex
environments withrich multipath, mobility, wirelesssignals,
electricaldevices,and magneticfields.Theresultsshowthat
TagMiiprovidesaccurate mutualidentification. TagMiiisa
completelynewapproachforuser-iteminteractionsinpervasive
environmentsandenables manyuser-friendlyIoTapplications
withlowcostandconvenience.

I.INTRODUCTION

TheRadioFrequencyIDentification(RFID)technology,
widelyconsideredasacheap,energy-efficient,andscalability
solutionoftheInternetofThings(IoT),hasbeendeployedfor
ubiquitousapplications,suchasretailing,warehouse,trans-
portation,and manufactures.ThebasicfunctionsofRFID
thathavebeenextensivelystudiedincluding:1)Collectthe
identityinformationoftaggeditemsorusersinatargetarea
[1];2)Countorestimatethepopulationofitems/users[2]–
[4];3)Advancedsensingtasksthatexplorethephysicalsignal
featuresofRFID,suchaslocalizationandtracking[5]–[15],
andhumanactivitysensing[16]–[19].

However,currentpassiveRFIDapplicationsare mainly
restrictedtoindustrialandlogisticareas,duetoanfunda-
mentallimitation:anindividualuserisdifficulttointeract
withtaggeditemsorothertaggedusers,ifshecarriesno
reader.Theinteractionswithtaggeditemsmayinclude1)
collectingcertaininformationfromthedigitalprofilebehinda
tag,suchastheitemname,price(formerchandise),packing
locationandtime(forpackages);2)requestingthebackend
systemtoconnecttheuserprofilewiththeitemprofileand
conductcertainprocessing,suchaschargingthisitemtothe

useraccount.HencepassiveRFIDisseldomusedinconsumer
applications.
Recenteffortshavebeenmadetoimprovetheconsumer-
experienceofinteractingwithpassivetags,suchassmal-
lreader[20],smart-phonebasedRFIDscanner[21],and
readingtagsthroughthesmartphone WiFiinterface[22].
AlsosmartphonesmayhaveNFCinterfaces.Howeverthese
methodsstillrequirenon-trivialhardwarecarriedbytheusers
–asmartphoneataminimum.Asaresult,children,some
seniors,peoplewithcertaindisabilities,andotherpeoplewho
arenotfamiliarofoperatingsmartphonescannotutilizethese
methods.
Thisworkprovidesanextremelylow-costandconvenient
solutionforuser-taginteractionbyansweringthisquestions:
Canauserinitiatetheinteractionwithtaggeditemswith
nothingbutasinglepassivetag?Theproposedsolutionis
calledTagMii(Tag MutualIdentificationInterface).TagMii
allowstwotags‘read’eachother:Iftwotagsareplaced
inaclosephysicalproximity,thereadercanidentifythese
interactingtagsamongmanyothertagsintheenvironment.
Thetwotagscanbetheidentifiersofauserandanitem,or
twousers. WepresentanumberofIoTapplicationsthatcan
utilizeTagMiitoperformsimpleyetimportanttasks,which
wasdifficulttoachieveinexistingRFIDsystems:
Application1.Amuseumdisplaysacollectionofartworks.
Atagisplacedonthewallnexttoeachartwork.Eachuser
wearsasetofwirelessheadphones.Ifauserwantstolisten
tothecommentaryofanartwork,sheputsherusertagclose
tothetagoftheartwork.Thebackendsystemthensends
therecordedcommentarytoherheadphonesinthepreferred
languageaccordingtotheuserprofile.
Application2.Inacashier-freeretailstore,atagisattached
toeachtypeofitems.Whenauserputsherusertagclosetoan
itemtag,shecanheartheitemprice,description,andreviews
fromherheadphones.Shemayrepeatthisoperationtorequest
thebackendsystemtoputtheiteminhervirtualshoppingcart,
whichcanbelaterchargedbywarehouseworkers.
Application3.Inasmarthome,eachappliancecanbe
controlledbyinteractingoneormoretagsnexttoit.TagMii
allowsthebackendsystemtoverifytheidentityoftheuser
tag.Forexample,thethermostatcanonlybecontrolledby
familymembers.
Application4. Inaconference,twoattendeeschatting
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Fig.1. TwoapplicationsofTagMii

duringacoffeebreakmayputtheirusertagstogether.Anapp
runninginthebackendsystemwillautomaticallyexchange
theirdigitalprofile(e-businesscard)andrecordthetimeand
location.Aftertheconference,thecollecteddigitalprofiles
willbeemailedtotheuserandshecaneasilyreviewthe
profilesfromtheattendeeswhoshehaschattedto.

Someexistingtechnologiesmayalsobeabletoaccomplish
thetasksintheaboveapplications.Forexample,acustomer
canusehersmartphonetoscanthebarcode[23]orQRcode
[24]attachedtotheitemstoretrievetheiteminformation
and/orrequestthepayment.Somemobileappssupporte-
businesscardexchange.Comparedtothesesolutions,the
keyadvantageofTagMiiisthatitissmartphone-freeand
henceveryconvenientforchildren,someseniors,people
withcertaindisabilities,andotherswhodonotoperate
smartphones.OtheradvantagesofTagMiiinclude:1)Easyto
carry.Theusertagcanbeattachedtoaconferencebadge(or
museumbadge,shoppingbadgeinasimilardesign).2)Fast
interaction.Usingsmartphonesforcodescanningorprofile
exchangeusuallytakeshalfaminute.TagMiimayonlytake
10seconds.Suchspeedadvantageisespeciallyimportantin
busysituationslikeconferencebreaks.3)TagMiidoesnot
requirelightconditionscomparedtocodescanning,suitable
formuseumsandwarehouses.4)Systemmanagercaneasily
obtaintheusefulinformationmonitoredbythebackend,such
asthepopulargoods,shoppinghabitsofusers,andpreference
ofartworksbyuserswithdifferentagesandregions.Onemight
noticethatTagMiistillrequiresareaderplacedineachroom.
Howeverthismethodisscalable:onereaderperroomcan
monitormultipleusertagsanditemtags.

ThedesignofTagMiiisbasedontwoimportantideas:
inductivecouplingandphaseprofilesimilarity. Weobserved
fromexperimentsthatwhentwotagsareplacedinphysical
proximity(e.g.,<2cm),thebackscattersignalfromeithertag
wouldbedifferentfromthesignalbyputtingthetagalone,
calledtheinductivecouplingstate.Asuddenchangeofthe
backscattersignalstrengthfrombothtagswilloccuratthe
beginningofinductivecoupling.TagMiitrackssuchsignal
strengthchangetofindoutthepotentialtagsthatmaybeinthe
couplingstate,amongalltagsintheenvironment.Inaddition,
tofurtherselectthepairoftagsthataretrulyinthecoupling
state,weutilizethetags’phaseprofilescollectedbymultiple
antennasbasedonthefactthatnearbyRFIDtagsexperiencea

similarmultipathenvironmentsandthusexhibitsimilarphase
profiles.Byevaluatingthesimilaritiesbetweenphaseprofile
ofpotentialcouplingtags,TagMiicanaccuratelyidentifythe
tagsplacedtogetherandthereforerecognizetheuserandthe
targetitemthatisinteractingwithher.
Inthiswork,weaddressandresolvethreemainchallenges
indesignandimplementationofTagMii.1) Wedesignac-
curatetagcouplingdetectionalgorithmforcomplexenvi-
ronmentswithrich multipath, mobility,wirelesssignals,
electricaldevices,and magneticfields.2)TagMiishould
identifythecouplingtagsinashorttimeeventhoughthereare
alargenumberoftagsintheenvironment.3)TagMiishould
beabletoextractsufficientinformationfromsignaldynamics
usingcommodityRFIDreaders,whichhavelowmeasurement
resolution.
WeimplementTagMiiusingcommodityoff-the-shelf(COT-
S)RFIDdevicesonly.Althoughwearethefirsttostudy
mutualidentification(interactingatagwithanothertag),we
donotconductourstudyinalaboratoryconditionthatis
freeofmultipathreflectorsandmovingobjects.Infact,all
implementationandexperimentsareconductedinvarious
complexenvironmentswithrichmultipath,mobility,wireless
signals,electricaldevices,andmagneticfields,inordertovalid
TagMiiforpracticalapplications.Evenintheseenvironments,
TagMiiprovideshighaccuracy. WebelieveTagMiiservesas
animportantextensionofcurrentRFIDapplicationsandtag
mutualidentificationwillattractfurtherresearchduetoits
low-costandconveniencetoenableconsumerexperienceof
interactingwithtaggeditems.
Theremainingpaperisorganizedasfollows.SectionII
presentstherelatedwork.SectionIIIintroducestheback-
groundandmodels.WepresentthedetaileddesignofTagMii
inSectionIV. Weshowthesystemimplementationand
evaluationresultsinSectionV. Weprovidesomediscussion
inSectionVIandconcludethisworkinSectionVII.

II.RELATEDWORK

User-iteminteraction:Automaticidentificationanddata
capture(AIDC)techniqueslikebarcodes[23]andquickre-
sponse(QR)codes[25]providefast,easyandaccuratedata
collectionapproachesforinventorycontrol,productmanage-
ment[26].AbarcodeorQRcoderequirestobereadby
ascannerorcamera.Differentfromthem,RFIDdoesnot
requiresuchline-of-sightscanningasRFsignalscanpenetrate
throughnon-metalobjects[24].RFIDsensingtechniqueshave
beenwidelyusedfordetectingthegesture-basedinputs[27],
[28].IDSense[29]recognizesthephysicalmovementsand
toucheventsofeverydayobjectsusingreal-timeclassification
oftheRSSIandphaseangleswithonlyonereader,however,
itrequirestrainingandcalibrationandisinsufficientlyprecise.
PaperID[30]isasimilarworkthatusessupervisedmachine
learningtodetectdifferenttypesofon-tagandfree-airinter-
actionswithcustom-designedRFIDtags.AndPradhanetal.
[31]showhowchangesinthereceivedsignalphasecaused
bytouchingonRFIDtagcanbeleveragedtodetectthefinger
swipeortouchgesturewithoutanypre-trainingstage.There
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alsoexistsaresearchdirectiontryingtosolvetheissuethat
usershavetouseRFIDreaderstoquerytags,andthus,cannot
benefitfromtheconvenienceprovidedbytheirmobiledevices.
TiFi[22]allowsa2.4GHz WiFireceivertoidentify800
MHzUHFRFIDtags.Otherrelatedtechniquesincludesmall
RFIDreader[20]andsmart-phonebasedRFIDscanner[21].
Comparedwiththeseworks,TagMiionlyrequireseachuser
tocarryatagand/orothernecessaryfeedbackdevicesofthe
application(suchasheadphonesinthemuseumcommentary
case).
RFID Localization: UsingRFIDforLocalizationisa

possibleresearchdirectionforTagMii,consideringanytwo
tagsinveryclosepositionsareinteractingtags.EarlyRFID-
basedlocalizationmethodsmainlyrelyonRSSIinformation
toacquiretaglocation.Theyusuallyrelyondenselypre-
deployingtagsintheareaofmonitoringandleveragethepre-
collectedRSSIvaluesofthesetagsasreferencestolocate
aspecifictag[5],[32],[33].ThemajorlimitationofRSSI-
based methodsisthattheyarehighlysensitiveto multi-
pathpropagation,andthuscannotachievehigh-accuracy
localizationinmulti-pathenvironment. Meanwhile,thereis
agrowinginterestinusingphasedifferences[9],[28],[34],
[35]orAngleofArrival(AoA)information[8]toestimate
absolutelocationsoftags.[Localizationusingadvancedelec-
tromagnetismandcommunicationtechniqueslikesynthetic
apertureradar(SAR)[36]ormultipleantennas[10]havealso
beenstudied.However,simplyadoptingtheexistingRFID
taglocalizationprotocols[8]–[10],[36]tolocalizealltags
inTagMiiwillnotwork,asexistingtaglocalizationmethods
usingcommodityreadersarenotabletoachievelocationerrors
<10cm[9],[10].Henceitislikelythattwotagswithin10-
20cmdistancearelocalizedtoasameposition.Thesetagsare
notnecessarilytheusertaganditemtagthatareinteracting.

III.BACKGROUNDANDMODEL

A.Problemspecification

TagMiitargetsonmakingconvenientuser-iteminteraction
usingRFIDtags.InTagMii,weemploytwotypesoftags,the
firsttypearecalledusertagsandtheotherareitemtags.Each
userregisteredtoTagMiiholdsausertag,andeachitem(or
eachtypeofitems)intheapplicationislabeledbyanitem
tag.Whenauserwantstointeractanitem,sheputsheruser
taginaclosedistance(<2cm)tothecorrespondingitemtag.
TagMiicanbecompletelyimplementedwithCOTSRFID

devices.ItrequiresnomodificationoncurrentRFIDtagor

readerhardware.Itisimplementedasasoftwareprogramon
thebackendserverconnectedtothereader,whichstoresthe
profileinformationofallusersandtagsthatcouldappearinthe
system.TagMiianalyzesthephysical-layersignalscollected
bythereaderantennasfromalltagsintheenvironmentsand
determinestheinteractingones.

B.Basicideas

TagMiiisbasedontwoimportantfactsandobservations
frompracticalRFIDcommunication:inductivecouplingand
channelsimilarity.Iftwotagsareputinaphysicalproximity,
theywillinterferewitheachotherandcausechangeson
theirbackscattersignals.Thisphenomenoniscalledinductive
coupling[37][38].Ourkeyinnovativeideaistousethe
occurrenceofthecouplingphenomenonasanindicator
ofuser-taginteraction,whichcanbedetectedbyanalyzing
thesignalscollectedbythereader.Oneadditionalchallenge
isthat,whenusersaremovingtheirbodiesto‘scan’theitem
tagsusingtheirusertags,thebodymovementmaycausesignal
changesonothertagsintheenvironmentsthatarenotinvolved
inthisinteraction.Bymonitoringthesignalvariations,we
canfindoutalistoftagscalledcandidatetagsthatmay
becouplingwiththeusertag.Tofigureoutwhichcandidate
tagisindeedthetargettagthatisbeingreadbytheuser,
TagMiifurtherusesthechannelsimilaritybetweentheusertag
andthosecandidatetags.Channelsimilarityisbasedonthe
observationthattwocouplingtagswillshowhighsimilarityon
theirreceivedphaseinformation.Infact,thewirelesschannel
isdeterminedbyaseriesoffactors,includingtags’locations,
outsideenvironment,andmovingobjects.Onlythetargettag,
whichactuallyhasaclosedistancewiththeusertagwill
experiencesimilarcommunicationchannelsandshowshigh
similarityontheirreceivedsignalphases.

C.Inductivecoupling

Intheenvironment, we mayhavedozensoforeven
hundredsoftagsthatrepresentdifferentitemsandpeople.
Eachofthemmaybetheonethattheuserisinteracting.
Itisextremelytime-consumingandcompute-intensiveforour
systemtocompareallthetags’signalswiththatoftheusertag.
Fortunately,weobservethatwhentheusertagisclosetothe
itemtag,thereisasuddendecreaseonbothoftheirreceived
signalstrength(RSS)[39].Wespecifythisphenomenonwith
boththeoreticalmodelandpracticalexperiments.
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Intheory,apassiveRFIDtagcanbemodeledasacircular
loop.Ifthereisnousertag,foreachitemtagTi,asteady
currentIiwillbeinducedbytheelectronicwavessendbythe
RFIDreader.Aftertransmittinginthewirelesschannel,which
hasachannelparameterofht↔R,thereceivedsignalstrength
RSSiofthetagTishouldbe:

RSSi=ht↔R·10·log10(1000·Pi), (1)

wherePiisthepoweroftagTiandUisthevoltageonly
relatedtothereader’ssignals:

Pi=Ii·U. (2)

However,whenausertagisplacedcloseenough(Fig.3),
i.e.,2cmawayfromtheitemtag,theRSSesofthetwotags
willsignificantlychange.AsshowninFig.2,theusertag
andtheitemtagcanbemodeledastwocircularloops,whose

radiusvectorsare−→r.Letvector
−→
ddenotesthedirectional

vectorfromthecenterofitemtag’scirculartothatoftheuser
tag.OncetheRFIDreadersendsanelectronicsignal,itwill
induceasteadycurrentofIitotagTi.Thesteadycurrentwill
generateamagneticfieldaroundit.ThemutualinductanceM
betweenitemtagTiandtheusertagTucanbecalculatedby:

M =
µ0
4π c

1

|d−r|2
. (3)

Duetotheinfluenceofthemagneticfield,thecurrentIuin
tagTuchangestoIu:

Iu=Iu−
1

Ru
·
dM

dt
·Ii, (4)

whereRuistheresistanceofusertagTu.ObservingEq.4and
3,wefindthatboththeresistanceRuandmutualinductance
M arepositivevalues.Inotherwords,wehaveaconclusion
that:

Iu<Iu (5)

ThesituationissimilarfortheitemtagTi,i.e.Ii<Ii.In
otherwords,forastablechannel,thereceivedsignalstrength
RSSiandRSSuforthesetwotagswilldecreaseduetothe
inductivecoupling.
Wealsoconductasetofexperimentstoverifythemodelling

results.WefirstputonetagTuinFig.3withadistanceof2cm
fromastatictagTi.Afterkeepingthetwotagsstablefortwo
seconds,wetakeawaytagTu.Thesignalsofthetwotagsare
showninFig.4.Obviously,duetoinductivecoupling,both

tagsexperiencesignificantdecreasesontheirRSSeswhenthey
areputtingtogether.DuringthecouplingtheirRSSeskeepa
lowervaluesthanthosebeforeandafter.
Byobservingthesharpandsimultaneousdecreasesoftheir
RSSes,TagMiicanfindoutafewcandidatetags,whose
populationismuchsmallerthantheentiresetoftags.Then
findingtheactuallycouplingtagsfromthecandidatetagsis
mucheasierandtime-efficient.InSectionIV,wewillspecify
thedetailedalgorithmtoselectthecandidatetags.

D.Channelsimilarity

Infact,onlyobservingthedecreaseoftheRSScanhelp
toselectthecandidatetagsbutmaynotexactlyfigureout
theactualcouplingtags.ThatisbecausetheRSSesofthe
othertagswillalsobeinfluencedbytheusermovementand
environmentaldynamics.Ifamovingobjectblockstheline-
of-sight(LOS)propagationpathbetweenatagandthereader
antenna,thetag’sRSSwillalsoexperienceadecrease.In
addition,ifmultipleusersareusingtheirusertagstoscan
differentitemtags,alloftheinvolvingtagswillfallinthe
couplingstatewithRSSdecrease.Toresolvethisproblem,
wefurthercomparethephasedataofthecandidatetags.The
basicideabehindthisisbasedonthechannelsimilarityof
twotagsinaphysicalproximity.
Actually,besidesthephasechangesoverdistance,the
measuredphaseθijoftagTiatantennaAjalsocontains
theinitialphaseofthetagandtheantenna,i.e.,θTiandθAj,
respectively.Wecanrepresentθijasfollows:

θij=(θdij+θmij+θTi+θAj) mod2π, (6)

where θdij isthephasechangesoverdistanceandθmij
representsthephasechangesintroducedbythe multi-path
effects.Asweknow,thetag’sphasechangesoverdistance
canbecalculatedas:

θdij=2π(
2dij
λ
) mod(2π), (7)

wheredijistheLOSdistancebetweentagTiandantennaAj.
ObservingEq.6,wefindthatthereceivedphaseisnotonly
determinedbythedistanceandtheoutsideenvironment,but
alsoimpactedbydevicediversity.Eveniftwodifferenttags
areveryclosewitheachother,i.e.,havesimilarθdandθm,
theirmeasuredphasesarehighlikelytobedifferentwitheach
other.Todealwiththeerrorsintroducedbydevicediversities,
weemploymultipleantennasinoursystem(Fig.5).Themain
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ideaisthateventhoughdifferenttagshaveambiguousand
diverseinitialphases,suchdifferencecanbecancelledusing
themeasurementfromtwoantennas. Wecalculatedifference
ofthephasesoftagTithatcollectedatantennasA1andA2:

∆θi=θi1−θi2=(θdi1−θdi2)+(θmi1−θmi2)+(θA1−θA2).
(8)

Inthisway,thetagdiversitycanbecancelled.ForausertagTu
andanitemtagTithatareveryclosetoeachother,theirLOS
pathareverysimilar(thepathdifferenceismuchlessthanthe
LOSpropagationpath),i.e.,θduj ≈θdij.Existingwork[40]
demonstratesthatthechannelconditionsareextremelysimilar
fortwotagsinphysicalproximity.Hencewemayusethe
similarityamongthephasechangestoinferthetwocoupling
tags,i.e.,θmuj ≈θmij.Theantennadifference(θA1−θA2)
isaconstantforallthetags.Asaresult,thephasedifference
∆θiofthetargetitemtagshouldbeclosetothatoftheuser
tag,i.e.,∆θu.Ontheotherhand,othercandidatetags,though
haveadecreaseontheirRSSes,arelikelytohavedifferent
LOSdistancesandmultipatheffectswiththeusertag,and
hencetheirphasedifference∆θiwouldhaveamuchlarger
gapwiththatoftheusertag,namely∆θu.Bycomparing
thephasedifferences,wecanfurtherdeterminethetargettag
amongallcandidatetags.InSectionIV,wewillspecifymore
detailsofthealgorithmtodeterminethecouplingtags.

IV.SYSTEMDESIGN

TheTagMiiprogramhasfourmodules,namelytaginterac-
tiondetection,signalpreprocessing,candidatetagselection
andtargettagdetermination,whichareillustratedinFig.
6.Taginteractiondetectiondeterminesthebeginandend
timeforaninteractionactionperformedbyuser.Thesignal
preprocessingmoduleperformsRSSprofilesmoothingand
phasede-periodicityoverthereceivedsignal.ThenTagMii
selectscandidatetagsbydetectingtheRSSdecreasesand
finallydeterminestheinteractingtagsamongallthecandidate
tagsbycomparingthephaseprofiles.

A.Detecttheactionofinteraction
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Whenauserholdsuptheusertagtoplaceittogetherwith
atargetitemtag,thehandmovementwillresultinanabrupt
changeintheRSSofusertag(showninFig.7(a)).TagMiialso
requeststhattheuserwavestheusertagslightlyinpurpose
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timepointswithRSSdiscontinuitytolocatethestartingand
finishingtimefortaginteraction.TagMiiusesathreshold
Rhtodetectinteractionevents:iftheRSSdifferencebetween
currentandfollowingsignalpointsislargerthanRh,then
thetimestampofthissignalpointisconsideredaspotential
starting/finishingtimefortaginteraction.
Afterlocatingthesetimepoints,TagMiicanleveragethe
aforementionedinductivecouplingphenomenontodetermine
whetherthecurrent momentisthestartingtimefortag
interaction.Iftheuserdoesbegintointeractanitemtag,then
theRSSwillexperienceasignificantdecrease.

B.SignalPreprocessing

BeforefeedingthereceiveddataintotheTagMiialgorithms,
preprocessingisnecessaryforabetterperformance.Asshown
inFig.6,therearethreestepsinthesignalpreprocessing
module,namelyRSSprofilesmoothing,phasede-periodicity,
andRSSandphaseprofileinterpolation.
RSSprofilesmoothing:WerequireTagMiitousecom-
mercialRFIDdevices, whichhavelowresolutiononthe
RSS measurementcomparedtoadvanceddevicessuchas
thesoftwaredefinedradio.TheminimumRSSresolutionis
0.5dBbyusingtheImpinJR420reader[21],whichisfar
fromsufficientforaccuratelycapturingnecessarytagsignal
changes.AsshowninFig.8,therawRSSprofile(blueline)
isfluctuateandnoisy,whichiserror-proneforthefollowing
signalprocessing.Toaddressthisproblem,wefirstsmooththe
rawRSSprofilebyemployingalow-passfilter.Keepinmind
thattheRSSvariationsintroducedbyinductivecouplinghasa
muchlowerfrequencycomparedtotheGaussianwhitenoise
producedbyelectronicdevices,wechooseanappropriatelow-
passfilterandtheperformanceareshownasthereddotlinein
Fig.8.Obviously,itremovesalotoffluctuationsandmakethe
signaltrendmoreclear.However,thelow-passfiltermayalso
obscuretheexactchangetimepointoftherawRSSprofile.So
inthecandidatetagselection,weproposetoemployasmall
windowtolocatetheRSSchangepoint.
Phasede-periodicity:Therawphasedataisaperiodic
valuerangingfrom0to2π,whichwillchangegradually.
Howeverwemayobservethattherawphasedatashowsharp
decreasesorincreases.Wenamedthisphenomenonas‘faked
changes’.Duetothemovementcausedbyhumanbeingsor
otherobjects,thephasesmayvaryallthetime.Weshouldtell
thedifferencebetweenthefakedchangesfromthetruephase
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changes,andonlyremovetheformerone.Weproposetofind
thefakechangesthataresharpandthetruechangesthatare
moregradual,amongthesamplingdata.Torecognizethefake
changes,weaddorsubtractanadditional2πtothefollowing
receivedphases,i.e.:

θ(t+1,te)=
θ(t+1,te)−2π, θ(t+1)−θ(t)>(2− θ)·π

θ(t+1,te)+2π, θ(t+1)−θ(t)<(θ−2)·π
(9)

whereθ(t+1,te)representsthephasevaluesfromtimepoint
t+1totheendtimepointte.θisanexperimentally-chosen
threshold.Theperformanceofphasede-periodicitycanbe
foundinFig.9,whichshowsthatTagMiicansuccessfully
removethefakechangesfromthereceivedphasedata.
RSSandPhasesignalinterpolation:Accordingtothe

ALOHA-basedRFIDprotocol[41],thesamplerateforeach
tagcouldbehighlydifferent.Forsimplycomparingtheir
RSSandphaseprofiles,weadoptacubicsplineinterpolation
methodtore-sampletheRSSandphasesequencewitha
uniformsamplingrate.Afterthisstep,TagMiiobtainsthe
samenumberofsamplesforthetagsthatareundercomparison
inagiventimeperiod.

C.CandidateTagsSelection

As mentionedinSectionIII-C, weobservethat when
theuserputsherusertagclosetoanitemtag,bothtags
willshowasignificantdecreasesontheirRSSprofiles.The
couplingusertagcanbedetectedusingthemethodpresented
inSectionIV-A.Heretopresentthemethodtoselectthe
candidatetagsthatmightbecouplingwiththeusertag.If
therearemultipleusertagsthataredetectedtohavecoupling,
TagMiicomputesasetofcandidatesforeveryusertagusing
thesamemethod.
Themainideaofthetagselectionalgorithmistolocate

everychangepointsintheRSSprofileofeachitemtagand
usertag.SinceTagMiihasobtainedthemomentwhentheuser
tagstartstobeincouplinginSectionIV-A,ifanitemtaghas
experiencedasignificantRSSchangeatasimilartimeasthe
usertag,wewilladdthisitemtagintothecandidatetagset
SuoftheusertagTu.
DuetothepoorresolutionofRSSmeasurementcollected

beaCOTSreader,locatingtheexactchangepointofthe
smoothedRSSprofileiserror-prone.Inaddition,thechanging
timepointsfortheusertagandtheitemtagmaynotalign
perfectly.Tomakeouralgorithmmoretoleranttothepractical
cases,weadoptaslidingwindowwhosesizeisTandstep
is∆t.Ifthereisasignificantchangeoccursinthesliding

window,wewillrecordthestarttimeofthecurrentwindow
asthechangingtimepoint.
However,asaforementioned,manyotherfactors,suchas
blockingLOSbymovingobjects,canalsointroduceanRSS
changes.Onlyonetaginthecandidatesetisthecorrectcou-
plingtag.Toreducethenumberofcandidatetagswechoosein
mistake,weconsidertheRSSchangesofbothantennas.That
isinspiredbyasimplebuteffectiveidea,theRSSchanges
effectedbytheinductivecouplingaresimultaneouslycaptured
bythetwoantennas.Whileforthetagsthatblockedbymoving
objects,theRSSdecreases maynotbeobservedbyboth
antennas–inmostcases,themovingobjectswillnotblock
theLOSfromallantennas.Henceweonlyconsiderthetags
thathavesignificantandsimultaneousRSSchangesinboth
antennasandselectthemasthecandidatetags.
Fig.10showsanexampledemonstratingthefeasibilityof
multi-antennasolution.Inthisexample,a3×3tagarray
(namelytag01-09)isattachedonthe wallinanoffice.
Thedistancebetweeneachtaganditsneighboris40cm.A
volunteerisaskedtobrowsethetagarrayandusetheuser
tagTutoscantheitemT2he’sinterestedinatabout4-th
second.Thescanningbehaviorwilllastforabout5stillthe
userleavesaway.Duringthewholeprocess,RSSprofileof
eachtag-antennalinkiscollectedtoexploretheirtemporal
dynamics.Fig.11plotsthesomeoftheRSSmeasurements
inthisstudy.Inaccordancewithouranalysis,duringthefirst
10seconds,theRSSprofilesofsometags(T1)maintainina
relativelystablelevel,whiletheRSStrendsofT2,T3changes
significantly,indicatingthattheuserappoarchestheitemsand
impactsthesetags’sLOSpathssequentially.

D.CouplingTagDetermination

FromSectionIII-BweknowthatfortagiintheTagMii
system,itsphaseprofileatantennajcanbe modeledas
Eq.6.Ifwecomparethephaseprofilesfortagireceivedat
multipleantennas(antennasA1andA2inourexample),we
caneliminatethephaseshiftintroducedbythetaghardware
orenvironment.
BasedonEq.8,iftagiandjarelocatedinaphysical
proximity,theyshouldhavesimilarvaluesbetweenθdi1−θdi2
andθdj1−θdj2,θmi1−θmi2andθmj1−θmj2,aswellasθmi1−
θmi2 andθmj1−θmj2.Henceforsamplesatanytimepoint
∆θishouldbeasmallvalue. Wedefinethephasedifference
profileDiasavectorwhereeachelementis∆θi(T)attime
T.Duringthecouplingstate,DiandDjfortwotagsiand
jshouldbesimilar. Wedefineaneffectivedistancemetric
Dist(Di,Du)astheEuclideandistancebetweenDiandDj
toevaluatetheirsimilarity.
Thecouplingtagdeterminationalgorithmfirstcomputesthe
phasedifferenceprofileDiforeachtagi.TagMiimeasures
thesimilaritiesbetweenprofilesoveratimewindowwithfixed
sizeT.ThechoiceofTdeterminesthelatencyandprocessing
overheadofcomputation.OnceTagMiihasdeterminedthe
setofcandidatetagsSc,itimmediatelybegins measuring
thesimilaritiesbetweenphasedifferenceprofilesoverthese
candidatetagsandusertag.
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Fig.11. RSSprofilesofitemtagsandusertagacquiredby2antennas

Fig.12.Phasedifferenceprofileoffourtags

TagMii first gets current phase difference profiles
D1,D2...Dnforncandidatetags,whereDiistagi’sphase
differenceprofileintimeinterval(t,t+T).Afterinterpolation
inSectionIV-B,thesenvectorsshouldhaveequallength,
whichwedenoteasL.
TagMiithencalculatestheEuclideandistancebetween

thephasedifferenceprofilevectorsofusertaguandeach
candidateitemtagi,

Li=

L

k=1

(eik−e
u
k)
2 (10)

whereeikande
u
karethek-thelementsofthephasedifference

profileDiandDu,respectively.TagMiiperformscalculations
betweenusertaguandeverycandidatetag,andthenfinds
theitemtagiwhoseLisatisfies|Li−Lu|≤Lhandrecords
thetopM tagsthathastheleastLivaluesfromthem,
whicharemostlikelyinthecouplingstatewithusertag.Lh
isaempiricallypre-definedthresholdforcomparison.After
choosingthetopM tags,TagMiiusesaNc×TlmatrixVto
recordsthecomparisonresult.TheonewiththesmallestLi
willbeassignedwith1andthesecondonewith2andsoon.

Hence,eachelement(i,t)inVrepresentsthetagi’sresult
inthetopM listatt-thsegment(V(i,t)=0ifiisnotin
thelist).Forexample,iftheelementV(3,2)is1,itindicates
thattag3’shasthehighestsimilaritywiththeusertagin2-th
profilesegment.
Afterfindingthecandidatetagthatminimizesthedistance,
wecanobtainanarrayVforallTlsegments.Ourgoalisto
determinethetagwiththemostoccurrencesof1inV,which
ismostlikelytheonecouplingwiththeusertag.
IntheexampleshowninFig.10,theuserisinteractionwith
Tag2amongallnineitemtags.TheRSSprofilesofthetags
aroundTag2aswellastheusertagareshowninFig.11.
Aftercandidatetagselection,threetagsareselectedasthe
candidatetags,namelyTags2,3,and5.Thephasedifferent
profilesofthreecandidatetagsandtheusertagareshownin
Fig.12.Althoughallthreecandidatetagshavesignalchanges
causedbytheusermovement,TagMiiisstillabletoselect
Tag2astheinteractingtagbyanalyzingthephaseprofile.

V.IMPLEMENTATIONANDEVALUATION

A.PrototypeImplementation

WebuildaTagMiiprototypebasedonCOTSUHFRIFD
devices:anImpinJSpeedwaymodeledR420RFIDreader,
twoLairdS9028-PCLdirectionalantennas,andthreemodels
oftags:ALN-9740,ImpinJE41C/B,andAlien964X. We
observedinductivecouplingforallmodelsoftags.Evenif
twotagsareindifferentmodels,inductivecouplingstilloccurs
andcanberecognizedbyTagMii.Infact,aslongasone
modeloftagswork,TagMiicanbesuccessfullyimplemented
andused.WeonlyshowtheresultsofusingImpinJE41C/B.
EachitemforevaluationisattachedwithanImpinJE41C/B
tag. Wedeploythereaderantennasinadistanceabout2m
awayfromthetagarray.Noteonereadermayconnectto
multipleantennasandtheantennasarenotnecessarilyatthe
samelocationofthereader–dependingonthelengthof
thecable.Henceonereaderissufficienttocoveralarge
indoorarea.Thetransmissiongainandreceivinggainare
both25dB.TheprototypeiscompatibletothestandardEPC
Class1Generation2protocols(C1G2). Werunthesoftware
componentsofTagMiiataDelldesktop,equippedwithIntel
Corei7-7700CPUat3.6GHzand16Gmemory.

B.EvaluationMethodology

WeevaluatetheperformanceofTagMiiintwo complex
environmentswithvarious multipathreflectors, moving
objects,wirelesssignals(WiFi,LTE,andBluetooth),elec-
tricaldevices(servers,workstations,printers,refrigerator),
andmagneticfields(whiteboard):(a)anofficeroomand(b)
ameetingroomasshowninFig.13(a).Theofficeenvironment
simulatesaretailstorewhereshelvesaredenselyplaced,
andthe meetingroomsimulatesthe museumapplication
whereartworksareplacedonthewall.Inofficeenvironment
weuseatagarraythatiswith3rowsand5columnsas
illustratedinFig.13(a)tosimulatethetagsattachedonarack
ofcommoditiesorexhibitions,whileinthemeetingroomwe
furtherexploitTagMii’sperformancewhentagsareattached
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inaline.Thelocationofthetagarrayishighlightedwithred
markersshowninFig.13(a)
Tobeconsistentwiththerealimplementation,thedistance

betweenthereaderantennasandthetagarrayis1.5min
officeroomand3minmeetingroom.Noteinpracticereader
antennascanbehungfromtheceilingtoreducetheprobability
ofblockingLOSsignalsbymovingobjects.Notealthough
intheoryUHFRFIDcanoperatein10mdistance,practical
deploymentsusuallyonlyallowthedistancetobearound3m
orless.Howeverwearenotabletoreconstructtheceiling
tohangantennas.Thedistancebetweentwoadjacenttagsis
initiallysettobe30cmintheofficeroomand80cminmeeting
room,whilethehorizontaldistancebetweenthemareboth
settobe30cm. Wewillshowthatlongerdistancebetween
adjacenttagswillresultinmoreaccurateresults.Consider
theapplicationinretailstores,itwillberathertime-and
cost-inefficientifeachitemisattachedwithapassivetag.
Moreover,alargetagpopulationwilldegradethesampling
rateforeachtag. Wemayassignoneitemtagforeachtype
ofitems.Hence30cmdistanceisapracticalsetting.Inour
experiments,weinvite4volunteerswithheightsvaryingfrom
160cmto180cm. Weletvolunteerarbitrarilymoveinthe
spaceandusetheirtagstointeractwiththeitemtagsinthe
environment.Intheworstcase,amovingvolunteermayblock
theLOSpathofthesignalbetweentagsandthereaderantenna
asshowninFig.13.Eachuserisonlytrainedwith3minutes
onwhattheyshoulddotointeractwithitemtags.
Everyaccuracyvalueshowninthissectionistheaverage

of120productionexperiments
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Inthefollowingsubsections,wewillfirstshowtheeval-

uationresultsoftwoimportantstepsofTagMiirespectively,
namelyinteractioneventdetectionandcouplingtagdetermi-
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nation.

C.InteractionEventDetection

Evaluation metrics.Theinteractioneventdetectionstep
reportstheeventsofinteractions. Weusetwo metricsto
evaluatetheaccuracyofthisstep:1)Amongallinteraction
eventsperformedbytheusers,theaccuracyisdefinedasthe
ratioofeventsthataresuccessfullydetectedbyTagMii.2)
Wealsoletausercarryausertag,walkinfrontoftheitem
tagarray,butdonotperformanytaginteraction.Thefalse
detectionrateisthenumberofinteractioneventsreported,
whichdidnotactuallyhappen,duringagiventimeperiod.
Fig.14showstheaccuracyforthe1st-timeactionandthe
improvementofa2nd-timeaction.Ifaninteractionfailstobe
detectedbyTagMiiforthe1sttime,repeatingtheinteraction
fora2ndtime maypossiblesuccess,similartotheuser
experienceofmostinputinterfaces.Thedetectionaccuracy
forall8tagsintheenvironmentcanbe>95%fortwo-time
actions.AsdiscussedinSec.IV-A,TagMiiusesapre-defined
thresholdRhtodetectinteractionevents. WevaryRhfrom
3dBmto5dBmwithastepof0.2dBmandrecordtheaccuracy
changeofinteractiondetection.AsshowninFig.15,TagMii
achievesabest1st-timeaccuracywhentheRhis4.2dBm.
Usingothersetups,thebest-casethresholdsaresimilar.Hence
weusethisthresholdvalueinthefollowingexperiments.
Inthissetofexperiments,weaskfourvolunteerstocarry
theusertagsandwalkinfrontofthetagarraywithoutinter-
actingwithanyitemtag.Thefalsepositiverateismeasured
innumberoffalsepositivesperminute(FPPM).Wevarythe
distancebetweentheusertothetagarrayinfourdifferent
valuesfrom40cmto100cm.Ineachexperimentweaskeach
usertowalkfor1.5minutes.Werepeattheexperimentforfour
usersandtwodifferentwalkspeeds.Theresultsareshownin
TableI.Thevalues0.17and0.33areallinFPPM.Hencethe
chanceoffalsepositivesisverysmall.

D.TargetTagDetermination

Evaluation metric. Theaccuracyµofthetargettag
determinationstepisdefinedas:µ= np/no,wherenois
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thetotalnumberofinteractionoperationsperformedbythe
users,andnpisthenumberoftagpairsthatarecorrectly
determinedascouplingtagsamongthem.

ImpactofthresholdLh:ThecomparisonthresholdLh
playsaimportantroleinjudging whetheratagcanbe
consideredasachoiceintoplist.Intuitively,ifLh istoo
large,thenthesystemmayprobablytakemanyirrelativeitem
tagsintoconsideration.Onthecontrary,asmallLh may
causethemissoftargetitemtag. WevaryLhfrom0to

π
2,

andshowtheaccuracyµofTagMiiinFig.16.TagMiican
maintainanaccuracyofabout88%whenLh=π/4andthis
valueisconsistencyacrossdifferentsetups,hencewesetthe
comparisonthresholdtobeπ/4.

ImpactofthresholdTc:IfthetimeintervalthresholdTc
toolarge,TagMiiwillselecttoomanyitemtagsascandidate
tags.AlsoasmallTcmightcausenotincludingthetargetitem
tagasacandidate.WevaryTcfrom0.1sto1s,andshowthe
accuracyµofTagMiiinFig.18.TheaccuracyofTagMiiis
relativelystablebyvaryingTc,butitstillachievesarelative
highvaluewhenTc=0.4s.Weusethisthresholdvalueinthe
otherexperiments.

OperationdurationT:AsmentionedinSectionIV-D,we
useafilterwithslidingwindowtoprocessthecollecteddata.
IntuitivelyalongeroperationdurationTforusertoputits
usertagclosetotheitemtagwillresultinhigheraccuracy.
However,theuserexperiencewilldowngradeiftheoperation
lastsverylong. WevarythetimewindowsizeTfrom0.5s
to8sandshowtheaccuracyinFig.19.Itshowsthatwhen
T=4s

30 40 50 60

Distance between tags (cm)

0

20

40

60

80

100

A
c
c
ur
a
c
y 
(
%)

top 1, 1st time

top 1, 3 times

top 3, 1st time

,theaccuracyofTagMiicanstayinahighvaluefor
allexperimentalscenarios.Hence,TagMiirequireseachuser
toputtheusertagfor4sintheotherexperiments.Notethat
ausermayreceivefeedbackearlierthan4s.
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Fig.24. Differengestures

E.OverallPerformanceofTagMii
WeevaluatetheperformanceofTagMiiinthestaticen-
vironmentswherethereisonlyoneuserinteractingwiththe
items(Fig.13a)andindynamicenvironmentswheremoving
peopleexist(Fig.13b).TheaccuracyofTagMiiisdefinedas
theratioofcorrectlyrecognizingthetwotagsinvolvedin
eachinteractionevent.Inaddition,wealsoshowtheaccuracy
ofrecognizingthetagswithuptotworepeatedinteraction
actions,ifTagMiireportsnoresulttothe1st-timeaction.Note
ifTagMiireportsawrongresult,thenthisexperimentwillbe
consideredfailedimmediately.Wedenotethisastheaccuracy
in3times.Alsoweareinterestedinexploreifthetargettag
isinthetop-3listofcandidatesofTagMii,ifitisnottop
1.Somehuman-computerinteractionapplicationssupportthe
followingfunction:ifthesystemishardtoselectthemost
relevanttarget,itcanshowthetop-3listandlettheuserto
selectthecorrectone.Wedenotethisastheaccuracyintop-3
list.
Impactofdistancebetweenitemtags.Weconductthe
experimentsbyvaryingthedistancebetweentheitemtags
from30cmto60cmintheofficeandfrom80cmto120cm
inthemeetingroom.TheresultsareshowninFig.20and
Fig.21. Wefindthatforsingleusercase,theaccuracyof
top1resultsishigherthan75%evenifdt≈30cm,avery
denseplacementsetup. Whenweincreasethedistance,the
accuracyofTagMiisignificantlyincrease.Fordistance>1m,
theaccuracyoftop1andtop3resultsarearound90%and
98%respectively.
Accuracywithretrying.FromtheexperimentsinFig.20
wenoticethattherearetwotypesoffailuresinTagMii.
OneisthethatTagMiireportsnoresultandtheotheris
thatTagMiireportsawrongresult.Intheno-resultcases,we
furtherexploreifoneortwoextraretryingwillgiveacorrect
result. Weshowtheaccuracyin3timesinFigs.22and23.
Wefindretryingdoesimprovestheaccuracythoughnotina
bigmargin.
Impactofdifferentcouplinggestures.Wealsoevaluate
theperformanceofTagMiiwhentheusertagisnotplaced
correctly.Weasktheusertorotatethetag(Fig.24(b)),tomove
thetagupanddown(Fig.24(c)),ortomovethetagaround
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theitemtag(Fig.24(d)).Weshowthecorrespondingaccuracy
inFig.25.Allincorrectgestureswilllowertheaccuracy,but
theaccuracyisalways>50%.

Impactof movingpeople.Whileconductingtheexperi-
ments,weaskoneextravolunteertotalkaroundthereader
antennaswithtwopatternsshowninFig.13(b).RouteA
willblocktheLOFsignals.RouteBdoesnotbutstillmakes
theRFIDsignalmorecomplicated.ComparingFig.27with
Fig.22andFig.23withFig.28,wefindthatRouteAcould
possiblylowertheaccuracyofTagMiiby10%to15%.Route
BprovidesbetterresultsasshowninFig.29.

Processingtime.WeshowtheprocessingtimeofTagMiito
determinetheinteractingtagsinTableII.Wevarythedistance
betweentwoitemtagsfrom40cmto120cm.Theresultsshow
thattheprocessingtimeofTagMiiisveryshort(<1sec)for
allexperiments.

Concurrentinteractions.Westudythecasethattwousers
concurrentlyinteractwiththeirtargetitemtags.TagMiishould
beabletorecognizewhichusertagpairstowhichitemtag.
TheresultsinFig.30showstheaccuracyofthetwousers
respectively.Comparedtothesingle-usercase,theaccuracy
isreducedby10%.Howeveritstillmaintainsinahighlevel.

Distance(cm) 40 60 80 100 120
Time(sec) 0.7696 0.7364 0.8189 0.7972 0.7783

TABLEII
AVERAGEPROCESSINGTIME

VI.DISCUSSION

ThecurrentRFIDprotocolusesslottedALOHAasthe
MAClayersolution.Hencetagscompetesthetimeslotsto
replytothereader.ThecommodityRFIDreaderssupport
aconstantnumberofsuccessfulreadoperationspersecond
(around400onourdevice),regardlessofthenumberoftags
withtheinterrogaterange.Whenthenumberoftagsincreases,
theshareoftimeslotsofeverytagdecreases.Wedefineindi-
vidualreadingrate(IRR)asthenumberofreadingsobtained
fromaparticulartagpersecond[42].Inordertoachievehigh
accuracy,theIRRofatagshouldbesufficientlyhigh,suchthat
itsstatechangescanbecontinuouslyandcorrectlycaptured.
MissingRSSandphasesampleswillconsequentlyreducethe
accuracyofbothcandidatetagselectionandcouplingtag
determination.

Fig.23showsanexampleinwhicheightitemsandfour
usersaretagged.Inthissetofexperimentswefurtherattach
fivemoretagsintheenvironmentwithoutanyotherchanges
onexperimentsettings.Consequently,theaverageIRRof
eachtagreducesfromabout40reads/sectofewerthan30
reads/sec.Fig.17showsthatlowerIRRwillresultinobvious
accuracydecrease. Weleveragesseveralpossiblemethodsto
improvetheIRR,including:(1)DecreaseEPClength.Shorter
packetdurationscanincreasetheindividualreadingrate.One
approachistodecreasetheElectronicProductCode(EPC)
length.FollowingthecommercialEPCC1G2standard,the
lengthofEPCcodecanbesetto8-bitataminimum[1].
Wemayadoptthislengthinourimplementation.(2) Adopt
FM0readerinventorymode.Asanotherapproachtodecrease
packetlengths,thereader mayusefasterreaderinventory
mode(i.e.,FM0mode)tospeedupthecommunicationrate
[16].(3)UtilizePHY-layerfiltering.ThePHY-layerfiltering
featureissupportedbytheRFIDClass1Generation2(C1G2)
protocol,whichallowsthereadertoreadonlyasubsectionof
thetags[42].

VII.CONCLUSION

TagMiiisanewapproachtoenableuser-iteminteractions
usingpassiveRFIDtags.Comparedtoothersolutionsthat
requireausertocarrynon-trivialhardware,TagMiionly
requireseveryusertocarryapassivetag.Thereaderdeployed
intheenvironmentmonitorstheinteractioneventsandpairthe
usertagandthecorrespondingitemtag.Thekeyadvantage
ofTagMiiisthatitiscost-efficientandespeciallyconvenient
forchildren,someseniors,peoplewithcertaindisabilities,and
otherswhodonotoperatesmartphones.WeevaluateTagMiiin
complexenvironmentswithrichmultipath,mobility,wireless
signals,andmagneticfieldsandfindTagMiitobeaccuratein
recognizinguser-iteminteractionsinvarioussetups.

VIII.ACKNOWLEDGEMENT

ThisworkispartiallysupportedbyNationalScienceFoun-
dationGrant1717948and1750704.Wethanktheanonymous
reviewersfortheirsuggestionsandcomments.



REFERENCES

[1]EPC Global. SpecificationforRFID AirInterfaceEPC™Radio-
FrequencyIdentityProtocolsClass-1Generation-2UHFRFIDProtocol
forCommunicationsat860MHz-960MHz.Technicalreport,Technical
report,GS1,2008.

[2]M.KodialamandT.Nandagopal.FastandReliableEstimationSchemes
inRFIDSystems.InProc.ofACMMOBICOM,2006.

[3]C.Qian,H.Ngan,Y.Liu,andL. M.Ni. CardinalityEstimation
forLarge-scaleRFIDSystems. IEEETransactionsonParalleland
DistributedSystems,2011.

[4]Z.Zhou,B.Chen,andH.Yu.UnderstandingRFIDCountingProtocols.
IEEE/ACMTransactionsonNetworking,2016.

[5]YiyangZhao,YunhaoLiu,andLionel M.Ni. VIRE:ActiveRFID-
basedLocalizationUsingVrtualReferenceElimination.InProceedings
ofIEEEICPP,2007.

[6]XiaofengShi, Minmei Wang,Ge Wang,BaiwenHuang,HaofanCai,
JunjieXie,andChenQian.TagAttention:MobileObjectTracingwithout
ObjectAppearanceInformationbyVision-RFIDFusion.InProceedings
ofIEEEICNP,2019.

[7]Lionel M. Ni, YunhaoLiu, YiuChoLau,and AbhishekP.Patil.
LANDMARC:IndoorLocationSensingUsingActiveRFID.Wireless
Networks,10(6):701–710,2004.

[8]Cory Hekimian-Williams, Brandon Grant, Xiuwen Liu, Zhenghao
Zhang,andPiyushKumar.AccurateLocalizationofRFIDTagsUsing
PhaseDifference.InProceedingsofIEEERFID,2010.

[9]TianciLiu,Lei Yang, QiongzhengLin, Yi Guo,and YunhaoLiu.
Anchor-freeBackscatterPositioningforRFIDTagswithHighAccuracy.
InProceedingsofIEEEINFOCOM,2014.

[10]LeiYang,YekuiChen,Xiang-YangLi,ChaoweiXiao, MoLi,and
YunhaoLiu. Tagoram:Real-timeTrackingof MobileRFIDTagsto
HighPrecisionUsingCOTSDevices.InProceedingsofthe20thannual
internationalconferenceonMobilecomputingandnetworking,pages
237–248.ACM,2014.

[11]LongfeiShangguan,ZhenjiangLi,ZhengYang, MoLi,andYunhao
Liu.OTrack:OrderTrackingforLuggageinMobileRFIDSystems.In
ProceedingsofIEEEINFOCOM,2013.

[12]LongfeiShangguan,ZhengYang,AlexX.Liu,ZimuZhou,andYunhao
Liu.RelativeLocalizationofRFIDTagsUsingSpatial-TemporalPhase
Profiling.InProceedingsofUSENIXNSDI,2015.

[13]LeiYang,QiongzhengLin,XiangyangLi,TianciLiu,andYunhaoLiu.
SeeThroughWallswithCOTSRFIDSystem!InProceedingsofACM
MOBICOM,2015.

[14]JinsongHan,ChenQian,XingWang,DanMa,JizhongZhao,WeiXi,
ZhipingJiang,andZhi Wang. Twins:Device-freeObjectTracking
UsingPassiveTags. IEEE/ACMTransactionsonNetworking(TON),
24(3):1605–1617,2016.

[15]YunfeiMa,NicholasSelby,andFadelAdib.MindingtheBillions:Ultra-
widebandLocalizationforDeployedRFIDTags.InProceedingsofACM
Mobicom,2017.

[16]JinsongHan,HanDing,ChenQian,Dan Ma, WeiXi,Zhi Wang,
ZhipingJiang,andLongfeiShangguan.CBID:ACustomerBehavior
IdentificationSystemUsingPassiveTags.InProceedingsofIEEEICNP,
2014.

[17]LongfeiShangguan,ZimuZhou,XiaolongZheng,LeiYang,Yunhao
Liu,andJinsongHan.Shopminer:MiningCustomerShoppingBehavior
inPhysicalClothingStoreswithCOTSRFIDDevices.InProceedings
ofACMSenSys,2015.

[18]HanDing,ChenQian,JinsongHan,GeWang,WeiXi,KunZhao,and
JizhongZhao. RFIPad:EnablingCost-efficientandDevice-freeIn-air
HandwritingUsingPassiveTags.InProceedingsofIEEEICDCS,2017.

[19]LeiYang,YaoLi,QiongzhengLin,Xiang-YangLi,andYunhaoLiu.
MakingSenseof MechanicalVibrationPeriodwithSub-millisecond
AccuracyUsingBackscatterSignals.InProceedingsofACMMobicom,
2016.

[20]PhychipsInc.http://www.phychips.com/applications-main/.
[21]ImpinJInc.http://www.impinj.com/.
[22]ZhenlinAn,QiongzhengLin,andLeiYang. Cross-FrequencyCom-

munication:Near-FieldIdentificationofUHFRFIDswith WiFi! In
Proceedingsofthe24thAnnualInternationalConferenceon Mobile
ComputingandNetworking,pages623–638.ACM,2018.

[23]CLTurner,ACCasbard,andMFMurphy.BarcodeTechnology:ItsRole
inIncreasingtheSafetyofBloodTransfusion.Transfusion,43(9):1200–
1209,2003.

[24]TruptiLotlikar,RohanKankapurkar,AnandParekar,andAkshayMo-
hite.ComparativeStudyofBarcode,QR-codeandRFIDSystem.Int.
J.Comput.Technol.Appl.,4(5):817–821,2013.

[25]Yong MingKow,XinningGui,and WaikuenCheng. SpecialDigital
Monies:TheDesignofAlipayandWechatWalletforMobilePayment
PracticesinChina.InIFIPConferenceonHuman-ComputerInteraction,
pages136–155.Springer,2017.

[26]MabelVazquez-Briseno,FranciscoIHirata,JuandeDiosSanchez-
Lopez,ElitaniaJimenez-Garcia,ChristianNavarro-Cota,andJuanIvan
Nieto-Hipolito. UsingRFID/NFCandQR-codein MobilePhonesto
LinkthePhysicalandtheDigital World. InInteractiveMultimedia.
IntechOpen,2012.

[27]ParvinAsadzadeh,LarsKulik,andEgemenTanin.Gesturerecognition
usingrfidtechnology.PersonalandUbiquitousComputing,16(3):225–
234,2012.

[28]Jue Wang,DeepakVasisht,andDinaKatabi. Rf-idraw:Virtualtouch
screenintheairusingrfsignals. InACMSIGCOMMComputer
CommunicationReview,volume44,pages235–246.ACM,2014.

[29]HanchuanLi,CanYe,andAlansonPSample.Idsense:Ahumanobject
interactiondetectionsystembasedonpassiveuhfrfid.InProceedings
ofthe33rdAnnualACMConferenceonHumanFactorsinComputing
Systems,pages2555–2564.ACM,2015.

[30]HanchuanLi,EricBrockmeyer,ElizabethJCarter,JoshFromm,ScottE
Hudson,ShwetakNPatel,andAlansonSample.Paperid:Atechnique
fordrawingfunctionalbattery-freewirelessinterfacesonpaper.InPro-
ceedingsofthe2016CHIConferenceonHumanFactorsinComputing
Systems,pages5885–5896.ACM,2016.

[31]SwadhinPradhan,EugeneChai,KarthikeyanSundaresan,LiliQiu,Mo-
hammadAKhojastepour,andSampathRangarajan.RIO:APervasive
RFID-basedTouchGestureInterface.InProceedingsofthe23rdAnnual
InternationalConferenceonMobileComputingandNetworking,pages
261–274.ACM,2017.
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