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Abstract

Future ubiqutous computirg devices will need to
communicte with other smartdevicesin an ad hocfash-
ion, usingminimalpowerandpossiblywithoutthehelpofa
central infrastructue. However, sofar nosinglecommuni
cationtechndogy hasestablishedtselfin thefield of ubic
uitous compuing: manycurrent wirelesscommuitation
techndogies seemto lack robustnessconsumeoo mud
enegy, or requiraninfrastructueto beviablecandichtes.
In orderto evaluatethesuitability of thenew andpromising
Bluetoothstandad for sudh communiction requirements,
we haveintegrateda Bluetodh moduleinto thefirst proto-
typeof adistributedsensometworknode developedwithin
the European Smart-Itsreseach project. While Bluetodh
offers robust and convenientad hoc commuication, pre-
liminary experimentssuggestthat the Bluetoothstandad
couldbendit fromimprovedsupportfor symmetriccommu-
nicationestablishmenandslave-toslavecommuication.

1 Introduction

In the vision of ubiquitous computing, every-day objeds
areaugnentedvith compuationandcommunicationcapa-
bilities in orderto makethem“smart” While suchartifacts
retaintheiroriginal useandappeaance theiraugnentation
canseamlesslgnhane andextendtheir usageppenirg up
nove interactionpatternsandapplicatiors.

*The Smart-ltsproject is partly fundedby the EuropeanCommission
(contractNo IST-2000-25438) andthe SwissFeder Office for Educatio
andSciene (BBW No 00.0281).

Thegoalof the Smart-ts projed [12] is to addsmart-
nesdo real-world objectsn apost-ha fashiornby attaching
small,undbtrusive compuing devices,so-calledSmart-ts,
to them. While a single Smart-Itis ableto perceve con-
text informationfrom its integratedsensorsafederatia of
ad hoc conrectedSmart-ltscangain collectiveawareness
by sharingthis information.

Sharinginformation requires a suitableconmunica-
tiontechndogy, which preferably shouldbewirelessin or-
derto bein line with theunddtrusive natureof the devices.
Sincethereis no centralauthorityin a Smart-ltssensonet-
work, nodeswithin the network mustalsobe ableto com-
municde in anadhocfashionj.e., withoutaprior knowl-
edgeof eachother andwithout the help of a baclgrourd
infrastricture(thoughthey may utilize servicesvhenavail-
able). Moreover, the commnunicationtechnolgy mustbe
rohust, scalewell, andmustefficiently usethe limited en-
ergy of the autoromots device. Finally, the communica-
tion techrology emplo/ed shouldadhereo a broady-used
standardo leverag from existing commuiicationservices
in the ervironment. Theseneedshave pronpteda search
for a suitablecommurication techndogy for the Smart-ts
sensometwork. After a brief surney of the existing tech-
nology, we decidedto take a closerlook at the emeging
Bluetoothstandardhsa potertial candidae.

Bluetooth[6] is anemeging commuicationstandard
thatprovidesad hocconfiguation of master/slae picorets
including eight active units at most. It suppots sponta-
neots connetionsbetweerdeviceswithoutrequirirg apri-
ori knowledgeof eachother Bluetoothallows datatrans-
fersbetweenunitsover distance®f nominally upto 10me-
ters. The grossdataratesof 1 Mbpsis sharedamongall



participarts of a piconet.Bluetoothoperatesn thelicense-
free 2.4 GHz ISM spectrun (2.40-2.84 GHz) anduses
frequency hopping spreadspectrimn (FHSS)to minimize
interfererte prodems. The technolgy is geaed toward
low enegy consumption, and targets the consume mass
market with world-wide availability andlow price.

In orderto explore the pradical useof this comnuni-
cationtechndogy, andto evaluateits suitability for ubic
uitous computing in generé and the Smart-Itsprojectin
particular we have built a small numkber of Smart-ltspro-
totypeswith Bluetoothcommunications. While the func-
tional protaypeallowedusto geta godd first look atusing
Bluetoothin custombuilt devices,the lack of suppat for
mary of the corefeaturesn our pre-seies Bluetoothmod
ulesdid not allow usto arrive at final resultsregarding its
suitability. Insteadwe areplannirg to conduct further ex-
perimetts in thefuture,preferably with morematuremod
ulesfrom a numberof differentvendas.

Section2 belov describesour first Smart-ts proto
typesandlistsits designconsideationsandtechndogy op-
tions. It alsogivesanoverview of theboardlayou andits
systemsoftware. In section3 we thendiscussthe Blue-
tooth standardn view of its prgectedusein the prgect,
and reportthe initial experiercesgainedwith our proto
types. Section4 introducesrelatedwork and briefly de-
scribesotherpossiblecomnunicationtechnolgies, while
section5 summaries our expeliencesand outlines possi-
ble future work.

2 The Smart-ltsPrototype

Thegoalof the Smart-Itsprojed [12] is to add"smartness”
in a post-toc fashion. It aimsat embedihg computation
into real-world objectsby attachingsmall,unolirusive,and
autonanouscomputing devicesto them.Thesedevices,the
Smart-Its integrate sensingprocessing,and comnunica-
tion capabilities,which can be custonized to the objeds
they areattachedo.

While a single Smart-Itis able to perceve context
information from the integratel sensors,a fedeation of
ad hoc conneted Smart-ltscangain collectiveawareness
by sharimg this information. A federatimmn of Smart-Its-
augmeted objeds can thus establisha comma context
that canbe exploited by applicatiors andservicedocated
in theervironmert.

Application scenariosof collectve awarenss of

Smart-ltshave beendescriledin [10], for examge ananti
credit-cad theftmodewherea Smart-It-embledcreditcard
only functions if a sufiicient number of Smart-Itenabled
persoml artifactssuchas clothesor car keys are arourd,
rendeing the carduselessvhenlost or stolen.

The next sectionswill outline our requrementsfor a
Smart-lthode,describehe compmnerts integrated into our
first protaype,andgive anoverview of the device’s circuit
boardandsystenmsoftware.

2.1 Requirements

At the outset,the designof the first prototype shouldful-
fill two main requirenents: the device shouldbe easyto
use,program, anddehug. At the sametime, it shoud be
smallenaighto sene asademorstratorfor aSmart-ltsen-
sornode,but largeenaighfor easyhanding.

In order to facilitaterapidprototyping, thefirst Smart-
It unit shouldimplement a limited functional core only.
That is, it shouldinclude a processor memory and, of
courseBluetoothcommunicatiors. We decidedo dowith-
out integratel sensingcapabilities,but insteadsettledon
providing a ratherversatile externalinterfacewith analog
anddigital 1O, allowing usto conrect singlesensoror a
evena daugler boardfor sensing.This givesus not only
the option to easily integrate comnercially available sen-
sorshaving very diverse interfaces(rangng from simple
analogoutpu over serial interfacesto bus systemssuch
as12C), but alsoleave us with moretime to identify ap-
propriate sensorsand sensingalgaithms for usewithin a
Smart-ltservironmen. In additionwe wantedan RS232
serialport, mainly for dehugging purpases.

Keepingin line with the undbtrusive natureof the
ubiquitous compuing paraligm, the Smart-Its devices
shouldbe ableto operateautammomously for extenced pe-
riods of time. This includesconsciasly chaosing the
compamentsregading their power consunption, as well
asproviding a suitablepower sour@. For easyhandlirg,
we deciced to run the device from an extemally attached
rechageable battery pack, rather than having a battery
housingmourted on the device. This way we can have
smallbatteriesattachedor normaloperatia but still oper
atethe device usingbulky but morepowerful batteriesfor
extencedtesting.

For easylayout of the circuit boad, we optedfor a
singlevoltageplaneandan overall low compamentcount.
Finally, the systemshouldbe in-circuit progammablein



orderto minimize turn-aroundtimes.

2.2 Components

Commercial Bluetooth solutions are available as self-
containedranscerer modules. They areshieldedsubsys-
temsdesignedo be usedasaddon peripterals. They fea-
tureanembealdedCPU, differenttypesof memay, aswell
asbasebandndradiocircuits. Themodulesoffer agereric
Host Contrdler Interface(HCI) to the lower layersof the
Bluetoothpratocol stack while thehigher layersof thepro-
tocol, aswell asapplications, mustbeimplementedon the
hostsystem.Sincethein-systemCPUandmemoy arenot
availablefor installing userspecificimplemertations,even
a minimal standaloneBluetoothnodethus needsan addi-
tionalhostCPUto exeauteapplicatimsandthecorrespod-
ing higherlayersof the Bluetoothprotacol. Transpat lay-
ersfor comnunicationbetweerthe Bluetoothmodue and
the host systemare standarized for UART, RS232,and
USB. The only units available at the time (Januay 2001
were engineeing samplesof the EricssonROK 101 007
module[8].

To run the higher Bluetodh protccol layersand ap-
plications, we chosethe Atmel ATMegal®L microcon-
troller [4] as our host CPU. The unit is in-systempro-
grammaéle, and featues an 8-bit RISC core with up to
4 MIPS at4 MHz, a serial UART aswell asseveralpower
modes. The embedied memay consistsof 128 Kbytes
Flashmemoy and4 Kbytes of interral SRAM. The data
memorycanbe exterded up to 64 Kbytes,requring only
two extemal compneris, the SRAM andanaddreslatch.
The external memay is directly addressabldy the 16-
bit data-nemory addressbus, i.e., without pagirg. Even
thougha lesspowerful processowith lessmemorycould
have potertially deliveredsensodatato theblugoothmod
ule aswell, we decided to usea more powerful systemin
orderto allow morecomple on-boardpre-pocessing.

2.3 Deviceoverview

Figure 1 shavs a Smart-Itsprotaype on top of a battery
pack(mostly hiddentbehindtheboad) usedfor testingand
evaluation All commnentsaremourted ontoa4 x 6 cm
two-layerprintedcircuit boad. Theunit hasseveralexter-
nal interfaces.A serial UART port (atthetop) is available
for datatransferanddehuggng at speedsipto 57.6 Kbps.
Therearetwo 8-bit generalpurposel/O potts, eight 10-bit

Figure 1: Smart-Its prototype

analogto digital corvertersandtwo edgeor level triggered
interrypt linesto interfaceexterna sensor®r othercomp-
nents(nore of the interfacepins are connetedin the pic-
ture). Four LEDs (on the right) can be usedfor dehug-
gingandstatusinformation.For examge, we useoneLED
to flasha heartbat signalwhenthe unit is operatimal. A
voltagereguator is usedto supplythe necessargperaing
voltageof 3.3V from the batterypack

Jumpergroviding accesdo eachof the maincompo-
nentsindividual powersupplylinesallows for exactmoni-
toring of power consunption andduty cycles. Theconrec-
tor onthe upperright is thein-circuit systemprogramning
interface(SPI) of the MCU. The Bluetoothmodue andan
exterrmal 2.4 GHz antenia are mountedon top of a grourd
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Figure 2: System overview



plane(on the left), to shieldthe systemfrom RF interfer
ence.

The Bluetooth modue is attachedto the microcon-
troller unitby anUART implementedn software(asshavn
in Figure2). We decidedagairstusingthehardvareUART
provided by the microcatroller, as that would have re-
quiredadditioral circuitry for multiplexing pinssharecdbe-
tweenthe UART and the in-circuit programning ports.
Therefoge we implementeda secondsoftware UART in
C. Timing constraits prohibit data transfes exceeding
9.6 Kbps, effectively limiting the gross datarate of Blue-
tooth. In this first designwe valuedlow commpnentcount
andlow circuit compleity overhigher datarates.Thiswill
changen future desigrs.

24 System software

The systemsoftwareis implemenedin C, providing low-
level drivers, a simple schedier (which suppats evert-
drivenscheduliig of application tasks)andthe hostportion
of the Bluetoothpratocol stack. Thereare systemdepen
dentdriversfor bothUART ports,analogto digital corvert-
ers,generaburposelO, randbm nunbergeneator, system
clock,andsensors.

At the time of the project start (Januay 200L), one
opensource[5] and several commercialimplemenations
of thehostportionof the Bluetoothstackareavailable. The
commecially availablesoftwarestackgposedvery highre-
quirements on the systembothin termsof required oper
atingsystenfeatues(particulaty multi-threading aswell
asprogramanddatamemoy provisions. The opensource
implemertation was targetedtoward Linux environmens
andalsodid nottake microcontrdler requrementsinto ac-
count. However, previous experierceswith the software
hadshowvn thatabou 2 Kbytesof datamemoy would suf-
fice for a minimal implementation, mostof which is used
ashuffer space Sinceall alternatveswereequallysuitable
(or ratherunsutable) we decidedto usethe opensource
implemeration, last not leastdueto its immedate avail-
ability.

We portedthe host pottion of the Bluetooth proto
col stackfrom the opensour@ Linux implemertation to
our microcorniroller ervironment. Suppoted layers are
HCI andthe Logical Link Contrd and Adaptatia Proto-
col (L2CAP). TheLinux versionof the Bluetoothstackre-
quiredmulti-threading capaliities andaccesgo the serial
port. On our system thesefunctionsaretaken careof by

theschediler andthelow-level drivers. The mainobstacle
in porting wasthe limited memoy capacityof the micro-
contrdler.

3 Discussion

How well is Bluetoothsuitedfor adhocnetworking today?
Bluetoothis thefirst de-factostandardor ad hoc network-
ing, broughtabou in ajoint effort of mary differert com-
panies.It wasoriginally concevedasa cablereplacenent
techndogy andmay sene well in thatapplication domain.
However, its particdar designmalesit lesssuitedfor other
applicatiors in the domainof ad hoc networking. Further
more,theindustryseemso have problemssuppying mod-
ulesin thequartity andquality desiredby the market. First
products were anrouncedfor late 1999 which only ap-
pearedate 200. Evenin the beginning of 2001, whenwe
startedour project,vendrs continted to ship pre-eleases
of their Bluetoothmodulesthatwerestill notfully built to
thespecification.

In this sectionwe discusssomeof the idiosyncasies
thathampetrthe useof Bluetoothtechndogy in distributed
sensornetworks and descrile our efforts integrating the
techndogy into our Smart-Itsinfrastricture.

3.1 Piconets and scatternets

Bluetoothhasbeenoptimizedto suppot alarge numker of
communicationsto take placein the sameareaat once. It
organizesall communicationsin picorets,eachservingup
to eight participants. Multiple picorets with ovedapping
coverageareasarereferral to asa scatternetlt is possible
to intercomectpiconetsby mears of units participatingin
differentpicoretsonatime-dvision multiplex basis.How-
ever, sincetheradiocanonly tuneto a singepicoret carrier
atary instantin time, a unit canonly commuwicatein one
piconég atatime.

Piconetsare managd by a single masterthatimple-
mentscentralizedcontrd over chanrel access.All other
participarts in a picond are designatedslaves Commu-
nicationis strictly slave to master(or vice versa),but can
never be slave to slave. During the existene of a piconet,
masterandslave rolescanbe switched. This is desirable,
for exampe, whena slave wantsto fully take over an ex-
isting piconet.Lik ewise,aslave in anexisting piconetmay
wantto setup a new picoret, establishingtself asits mas-



ter andthe current piconé masterasslave. Thelatter case
implies a doube role of the original piconé master;it be-
comesa slave in the new picoret while still maintainirg
the original piconetasmaster A unit canbe slave in two
piconetsor bemastetin one,andslave in anothe picoret.

Being ableto link only the eight nodes of a piconet
will in most casesbe inadeqate to setup dersely con-
nectedsensornetworks. Wanting to comnunicate with
morethaneightnodesat the sametime will requre some
sort of time multiplexing, where addtional nodeshave
to be parked and unpaked repeatedly Settingup addi-
tional piconetsinsteadwill still requre gatevay nodesto
alternatédbetweertheirrespectie picorets,sinceBluetooth
only suppats unitsbeingin oneactive picoretatatime.

Also, applicatimswill mostlikely needslave-toslave
communication, which is not provided in the Bluetooth
standard Oneobviousworkaraindis to channekll slave-
to-slave traffic throudh the mastey thus increasingboth
traffic andenegy consunption. Alternatively, one of the
slaves could switch roleswith the currert master or even
setup an additinal picoret altogéher Both solutionsin-
cursubstantiacommunicationandconfigurationoverhead.
Future expeaimentswill needto shav if and how clever
communication protcacols can alleviate someof this over-
head,andmore predgsely measureats impacton communi-
cationandpower usage.

3.2 Power consumption issues

The default stateof a Bluetoothunit is standly. In this
state theunitis in alow-power mode with all compmpneris
but theinternalclock shutoff. In standbytherecanbe no
connectimsopen

Whenthereis anactive conrectionto a Bluetoothunit,
it is saidto bein comectstate.ln connet state Bluetooth
knows four differentpower modes:active sniff, hold, and
park In active mode,the Bluetoothunit actively partici-
pateson the chanmel. Datatransmissiorcan startalmost
instantaneasly, but attheexperseof increasedpowercon-
sumption(comparedto theremaning threemodes).

Whenlow-power opeation is favored over shortre-
sponsdimes,unitscanmake useof oneof thethreepower-
saving modessniff, hold, andpark All low-power modes
reducethe duty cycle of differentunits within a picoret.
In sniff mode,slave units only listenin on the channé at
specifiedimes,agreediponwith themaster Hence trans-
missionscan only start at thesetimes. The connetions

of a picond canalso be put on hold. In hold modeev-
ery participant (includng the master)cantake sometime
off for sleeping. Prior to enteringhold mode, masterand
slavesagreeon atime whento returnto active modeagain.
The time off canalsobe usedfor condicting other busi-
nesssuchasattendimg otherpiconetspr scanningor other
units.

The park moce is a specialmodefor slavesthat do
not needto participatein a picond, but neverthelesswant
to remaincomected(in order to avoid going throwgh the
conrectionestablishmenprocalureagan). Parked slaves
do not cownt asregular (i.e., active) picoret membes. In
additionto theup to eightactive membes theremaybe up
to 255 parked slaveswithin a picoret.

Low-povermodesareatrade-df betweerpowercon-
sumptionandresponséime. Increasingsleeptime redues
power consunption but prdongs time before accesscan
be made,andvice versa. Low-power modesare a pow-
erful tool offering a range of optiors to applicatiors when
the transmissiorpatternis knowvn befaehand Whendata
traffic commencesat a reguar schedulethe sniff andpark
modesseemto be appopriate. For exanple, a Smart-ts
nodemaywantto dispensdts sensoreadngsevery 10sec-
ondsto a nodein the backgound infrastructure(imple-
mentingthe master).Thatnodewould setitself up for sniff
modewith a 10 second sleepcycle. Similarly, the hold
modesenesapplicatiors commnunicatingon a more irreg-
ular, yet predctableschedule.

If, however, time-critical data transmissionsstart
spontaeously an apgication has no other option than
keepingthe Bluetoothmodulein active mode. The exam-
pleheremaybea Smart-Ithoce usingabackgourd service
for processincaudioclues. Transmissiorof thedatawould
needto startimmediatelyafter observimg the audio clue,
sincebuffering onthelocal Smart-ts deviceis notfeasible.

Thesystenpowerconsumptiorfor differentoperding
modesasmeasuedwith our prototype,is given in tablel.
Tablel shaws thatthe doninantcompaentin a Smart-It,
with respecto power consunption, is the Bluetoothmod-
ule. Sinceour Bluetodh modules areengireeringsamples
thatdo notimplemen low-power modes,no datais avail-
ableon how thesewould alleviatethe significantpower us-
ageof themoduesin active mode.

We expect, however, that improved Bluetooth prod-
uctswill evertually reducepower consumption consider
ably. Our systendesignallows for easyreplacemat of the
Bluetoothtranscerer modue, onae improved moduesare



Table 1: System power consumption at 3.3 V

CPUpowereddown, Bluetodh detacled
CPUrunring, Bluetoothdetached

CPUrunring, Bluetoothstandby
CPUrunring, Bluetoothinquiry-scanmode
CPUrunring, Bluetoothinquiry mode

Bluetoothtransmitmodé

Bluetoothrecevve modé

<11mw
29mw

50mw
100mw
200mw

94 mwW
94 mwW

availableon the market.

3.3 Inquiry and connection establishment

Bluetoothsuppats the paradign of spontaeousnetwork-
ing, wherenodes can engagein commuricationswithout
a priori knowledgeof eachother A proeduretermedin-
quiry canbe usedto discover which otherBluetoothunits
arewithin comnunicationrange Connectimsarethenes-
tablishedbasedon information excharged during inquiry.
Oncea unit hasdiscoreredanotherunit, conrectionestab-
lishmentis vely fast, sinceinformation exchargedin the
inquiry procalurecanbe exploited.

Inquiry is anasymmetic procealure,in whichthein-
quiring unit and the inquired unit needto be in comge-
mentarymodes,calledinquiry andingury-scan Whena
Bluetoothunithasbeersetto inquiry mode,it contiruously
sendutinquiry message® prabefor otherunits. Inquiry
modecontiruesfor a previously specifiedime, until apre-
viously specifiechumbe of unitshave beendiscovered, or
until stoppedexplicitly. Likewise, other Bluetoothunits
only listen (andreply) to inquiry messagewhenthey have
beenexplicitly setinto inquiry-scanmode. In a unit, in-
quiry andinquiry-scanmodesare mutual exclusive at ary
time.

Whena unit in inquiry-scanmoce recogtizes an in-
quiry messageit repliesto the inquirer. Thus,the com-
pleteinquiry procedire requiesonebroadtastmessageo
be sentfrom theinquirer, andonemessagdérom evely in-
quiredunit backto theinquirer.

If aninquiry is initiated periadically, thenthe inter-
val betweerntwo inquiry instancesnustbe deterninedran-
domly, to avoid two Bluetoothunitssynchraizing theirin-

Lvaluestaken from [8].

quiry proceduresn lock step.In ascenariovhereunitsare
peersj.e.,whenthereis no dediatedinquirer, apgication
softwarecarriestheburden of breakng the symmetry

As canbe seenfrom table 1, power consumptionin-
creasesconsideably during inquiry. This is dueto the
asymmetricnatue of the Bluetooth inquiry procedure,
wherethe burden of experding power is mostly placedon
theunit condieting theinquiry.

In orderto save power, a unit in inquiry-scanmode
doesnot cortinuouslylistento inquiry messagesinstead,
it only listensfor a very shortperiodof time (11.5 mshy
default), which, underregular corditions, sufiices for the
inquiry messagéo getthrough with sufficiently high prob-
ability. Thentheunitenterddle modefor amuchlongerin-
terval (typically 1.28 s). However, theinquiring unit need
to sendinquiry messagegandalternatelylisten for poten-
tial replies)during the entireinterval, sinceit canna know
whenthetarget unitis actuallylistening.

Accordirg to Salonidisetal. [11], the expecteddelay
for link formaion (i.e., inquiry plusconnectio establish-
ment)of peerunitsis 1 swhenbothunitsalternae between
inquiry andinquiry-scanmodes following uniform distri-
bution. In thelink-formationdelay device discovery is by
far the dominating factor However, we cameto different,
muchhigherresultsfor device discovely, bothin theoryas
well asin expeaiments. Firstly, the figuresgivenin [11]
neglectthatunitsin inqury-scanmodeonly pay attention
to inquiry messagefor 1125 msout of 1.28s, lessthan
onepercant of thetime! Therefore,we would needto add
(1.28 s —11.25 ms) /2 to theexpecteddelay Seconéy, the
figuresarebasedon the assumptiorof anideal, errorfree
ernvironmen, wheremessagearenever lost.

Indeed our experimentsshav that device discovery
is muchslower in real-live settingsandoftentakesseverd
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Figure 3: Average time to establish a connection with a device that is in inquiry-scan mode

secondgo compete. Figure3 shavs thedistribution of the
discovely delayfor aninquireddevice, basen 1500tests.

The expetiment setup consistedof two immabile
Bluetoothevaluationboard, usingthe sameROK 100007
modules asour Smart-t prototypes,which wereplacedat
adistanceof aboutonemeter Oneunit wasconstatly set
to inguiry-scanmode, while theotherunit wasdedicatedo
inquiry, bothusingBluetoothdefaut settings.

Insteadof usingtwo of our Smart-t unitsdirectly, we
decidedto usethe evaluaion board (where the hostpor
tion of the inquiring unit’s stackwasrun on a Linux ma-
chine)sinceit offeredusamuchfinertimergrarularity than
whatwould have beenpossibleusingthe Smart-Itsproto
type. In every test,the dedcatedinquirerwas condicting
inquiry for exactly 12.8second, evenif the targetdevice
wasdiscoveredin lessthan12.8 second. Prior to carry
ing out the next testthe inquirer wentbackto standbyfor

a time uniformly distributed between0 and 12.8 second

to avoid synchonizationartifacts. The experimentwasset

in a typical office ervironmen with little traffic from an

IEEE 80211 wirelessLAN andno Bluetoothtraffic.
Theresultsof the expeaimentsare:

1. theaveragenquiry delayis 2221 ms

2. after1910ms, 4728 ms, and5449ms, the target unit
hadbeenfoundin 50, 95, and99 percen of all tests,
respectiely.

A possiblereasonfor the high discovety delay may
be that inquiry messageand repliesto inquiry messages
arelostor arenot beingrecogrizedassuch.Differercesin
thelocal clocksandthefrequeng hoppng schemenaybe
reasondor thelattercase.

The Bluetoothinquiry modelin genera seemso be
gearedowardsettingsvhereadedcatedunitis responsible



for discovering a setof otherunits, e.g. alaptopcompuer

periodially scannindor periphey. It seemdessappopri-

atefor truly symmetricahodes.Also, in thelaptopsetting
describedhbove, a delayof several secondgor comection
establishmenwould betolerable In distributedsensonet-
works suchasthe Smart-ts network, however, we expect
nodeso bemolile. An exanple would be sportsgearaug-
mentedwith Smart-ts, e.g. bikes, skateboats, or a foot-

ball. Basedon the experiemcedmeandiscovery delay of

2221ms,two Bluetoothdevicestraveling atarelative speed
of 12.5km/h (4.5m/s) codd alrea¢y barley setup a con-
nectionbefae moving out of communicationrange again

Thelenghy connetion establishmeneffectively prevents
theuseof Bluetoothin fast-mwing settings.

The inqury messagéroadastby an inquiring unit
doesnotcortain ary informationabou thesource Instead,
theinquired unit gives away informationrequirel for con-
nectionestablishmety suchasthe unigue deviceid, in the
inquiry response.Thusthe inquired unit mustreveal in-
formation abaut itself without knowing who is inquiring.
This inquiry schemeanaybecane a privagy concernin our
project,wherepersonabelondgngs suchaschildreris toys
maybeaugmetedwith Smart-ts.

Finally, becauseof power consumgion, Bluetooths
inquiry is prabably less suitedfor low-powver nodesthat
will frequently have to scantheir surrourdingsto discover
new nocesor backgourd services Onthe otherhand,this
posesno problemto more powerful devicessuchaslap-
top computers: Placingthe power burdenon theinquiring
unit may be a desiredfeatue in anasymnetrical commu
nicationsetting,whete it would relieve molile low-power
periphey.

3.4 Pre-seriesBluetooth modules

In their curren statemary comnercialBluetoothmodules
do not offer the full functionality of the specification.The
EricssonROK 101 007 modulesat our disposalhave sev-
eralfeatuesmissing.

Most impoartantly, the units do not implemen point-
to-multipoint conrections. Theefore, picoretsarelimited
to just two devices andinterconrectedpicorets canrot be
establishedConseqantly, broaccastandmasterslave role
switching hasnot beenimplemented either sinceit only
malkes sensefor piconetsof three or more participants.
Whenin conrect state,our units cannotactively inquire
otherdevices,nor canthey be inquired, regardlessof ary

traffic over that connectio. In additionto the very high
power consumtion of the modue, nore of the low power
modeghdd, sniff, andpark) aresuppated.

Besidesmportart featuesnot beingimplementd, a
numter of otherdifficulties aroseduiing the development
of the first Smart-t protaypes. The Bluetoothmodues
werehardto obtainandcameataratherhighprice(USD 80
per piece) Secondy, product information, suchas un-
implemenedfeatues,andmechaical andelectricalspeci-
ficationswereunavailable until the moduleswereshipped.
Also, for the assemblyof the Smart-ts devices a place-
ment machinewas required Whereasall other compo-
nentscould be solderedmanudly, the ball-grid array of
the SMD-paclagedBluetoothunit could not. This meart
thatthe assemblyof only a few Smart-ts alreadyrequred
productionscalefacilities solely due to the packadgng of
the Bluetoothunits, thusgreatlyincreasingcost.

Although this is not a particular prodem of using
Bluetooth in geneal, it indicatesthat expeimentation
and devdlopmern for researchearwithout direct accesso
productionscalefacilitiesis madedifficult at this pointin
time.

4 Related Work

Severalaspect®f our Smartits projectwith respecto its
form factorandcommunicationtechnol@y arealsobeing
investigatedn otherresearclprojects.

In the Smart-Dust{13] projectat Berkeley, similar-
sizedpratotypeshave alreadybeenbuilt. However, instead
of aimingfor a sticker-sizedform factor smartdustis ulti-
matelyaimingat muchsmallersize of only a singlecubic
millimeter, i.e., "dust-sized. Also, insteadof radio com-
municdion, smartdust pursuesactive and passve opticd
communicationsfor ultra-lov power consumgion. While
passive communicationis very power corsenative, it re-
quiresa centralauthaity (basestationtranscerer, BTS)
thatinitiatescommunicationwith a modulatedbeamlaser
IndividualnodesreflectaconstantaserbeanfromtheBTS
andusea deflectabe mirror built in MEMS techndogy to
moduate the reply onto the beam. Active communication
scenariosisinga built-in laserarealsoinvestigated.How-
ever, it is notyetclearhow two suchdevicescanlocateand
commuicateto oneanothemwithoutinitially knowing the
locationof theotherdevice.

Also, Smart-Itsareervisioned to provide asubstantial



amoun of preprocessingfor examge in theareaof audio
andvideo sensordata,not only on a singleunit basis,but
particularlyasa collective, distributed processomadeup
of a smart-itsfedemtion. Conseqgantly, smart-itsaim at
providing complex contet information, while smart-dst
focuseson relayingdirect sensordatato a more powerful
centralprocessor

Within the Smart-Dustprojed, a rangeof prototypes
have alsobeenbuilt thatusedifferentcommunicationtech-
nologies apartfrom opticalcommurcation. Mostrecently
the”weC Mote” usesa custompratocol overa 9165 MHz
transcererwith arangeof 20 metersandtransmissiomates
of upto 5 Kbps. It runsa custommicro-threade opeat-
ing systencalledTinyOS [9], featuesvarious differenton-
boardsensorsandis alreadybeingusedin the UCLA habi-
tat monitaing prgect [7] aspart of a tiered ervironmen
tal moritoring system. While one of our prgect partners
within the Smart-Itsproject,the Universityof Karlsrute,is
also building Smart-It protaypesusinga fixed frequengy
customradio transcever in the 915 MHz ISM bard [10],
we purposefullywantedto investigatethe suitability of the
Bluetoothstandad in orde to allow Smart-ltsto commu
nicatewith otherBluetoothenableccommecial devices.

Next to theBluetoothtechrology employedin ourfirst
prototypes,a numbe of compaablecommunicationtech-
nologies exist thatsuppet someor all of ourrequiredcom-
munication aspects.

Boththepopuar IEEE80211for WirelessLocal Area
Networks (WLAN) andits competite, HiperLAN/2 [1],
offer ad hoc modesfor peerto-peercomrnunication Be-
cause80211 requres a dedicatedaccesspoint (AP) for
mary featuressuchas QoS or power saving, its ad hoc
modeis very limited. In HiperLAN/2, mobile terminds
take over the role of APs when beingin ad hoc mode
andthus can contirue to suppot QoS and power sasing.
Sincethesetechnolgiesaremainly intendedor scenarios
wheremobile clients commuricate through basestations,
theirtransmissiompoweris consideably higherthanthatof
Bluetooth(10-300 mW, compaedto 1 mW in BluetootH).
FutureWLAN devicesthatsuppat transmitpower contiol
(TPC) might be a suitablealternatie. Also, noneof these
devicesareyetavailablein thedesiredform-factor

A very interestingrecentstandariation processhas
beeninitiated by the IEEE 80215 working groyp, which
triesto definea PersonaAreaNetwork (PAN) standard?2].
Its first incarration (80215.]) is to be basedon Bluetooth
and shouldimprove and exterd the existing specification.

80215.3aimsfor high dataratesof 20 Mbps or more, at
low costandlow power consumgion. 802.5.4 supple-
mentsa low datarate (10 Kbps) standardbut usingultra-
low power, comgexity andcost.

Recently the XI Spike comnunicationplatform [3],
developed by Eleven Engireeringin Canada,hasstirred
interestas a viable compditor to Bluetooth opearting at
boththe915MHz and2.4 GHz ISM bandsusingfrequeng/
hoppng anddirect sequencepreadspectrum. Originally
developedfor the gaming industry(conne&ting game con-
trollersto consdes), it offers multiple dataratesof up to
844Kbpsusingatransmissiompowerof 0.75mW; suppots
bothpeertopeerandbroalcastconmunication allows its
embededRISCprocessorto beusedfor userapplicatiors;
andis saidto comeatamuchlower pricethanary available
Bluetoothmodue today(USD 6.25.

5 Conclusions

Several factorshave cortributed to the significant atten-
tion Bluetoothhasreceved in recentmontts. As one of

thefirst internatioal standardswvailable,it greatlysimpli-

fies ad hoc networking using the piconetcommunication
paradgm. By usingthe freely available ISM band,Blue-

tooth devices canbe usedworld-wide without alterations.
Its frequeng/ hoppng technolg@y makestransmissionso-

bust aganst narrav-band interfeences(which might be

frequent within the ISM band. Even thowgh Bluetooth
moduesarecurrently ratherexpersive, pricesareexpected
to dropto abou USD 5 per unit on@ mass-prductionis

running full-scale.

Originally intendedas a cablereplacemet technol-
ogy, future Bluetoothmodues(i.e., built fully to specwill
bewell suitedfor scenariosvhereapowerful mastedevice
(usuallya laptop, PDA or mohle phane) connectsseam-
lesslyto anumker of peripterals(e.g, aprinter, keyboard,
or mowse).With dataratesof upto 1 Mbps, Bluetoothalso
offers morethanenowgh bandwidh for ubigutouscomput-
ing applicatiors suchassimplesensometworks (asexem-
plified by our Smartis). However, scenariosnvolving a
large numter of identicallow-power devicesusingad hoc
networking in a true peerto-peerfashion(like our Smart-
Its nodes)still facea numberof obstaclesvhenusingBlue-
toothastheir communicationtechndogy:

e AsymmetricA comnunication setup: Finding new
communicationpartrersrequires onenocke to bein in-



quiry moce andthe otherbeingin inquiry-scanmode
atthesametime.

¢ Masterslave communicationparadign: Commurica-
tion in piconetsmust always be condwcted between
masterandslave—two slavesmustalwaysinvolve the
mastemocke in orderto communicate.

e Piconetconcep: No morethansesen slaves canbe
active in a picoret at ary time—if more nodesneed
to be added otheractive nodesmustbe put in park
mode. In parkmodehowever, nodescanna actively
communicate.

e Scatternetoncep. Eventhoudh nodescanbein more
thanonepiconetat atime, they canonly be active in
one of themat a time—meanwhe communications
within otherpicoretsmustbe suspendd.

e Pawer consunption: Evenif the power consunption
of current pre-seriesnodudes canbe cut significantly
centralizeccontrd of the picoretaswell astheasym-
metricnatue of inquiry andcomectionestablishment
putsthe burden of experding powver ontoa singlede-
vice. Low-pover mocesmayhelpbut they do notap-
ply to evely situation.

Incorporéing oneof theearlyBluetoothmoduesinto
our Smart-Itprototype gave usa goodideaon boththe po-
tentialandthepossibldimitationsof thistechnolagy. How-
ever, it is difficult to arrive at a final judgmentregaiding
the suitability of Bluetoothfor peerto-peercomnunica-
tion in ubigquitouscompuing applicatiors: Sinceour pre-
seriesunitslackedmary of thestandardluetoothfeatures
(e.g.nopoint-tomultipaint communication,no power sav-
ing mocks),we werenot ableto assertheir suitability for
applicatiors suchasour Smart-ts sensometwork.

EventhoughBluetodh might notbe optimdly suited
for ourdomain it still seemgo bethebestreadly available
alternatve at the moment. Using a customradio solution
might render communicationsensitve to interfererce un-
lessspreadspectrun solutiors suchasfrequeng/ hoping
is used. Also, erra correction, transmissiormpower adap-
tation, andfundamentalquality of serviceoptionsthatare
alreadypart of the Bluetooth standardwould needto be
re-implementedwhenusing a customsolution. Oncethe
next generéion of Bluetoothmodues becanesavailable,
we areplannng to re-examinetheir usabilityasanad hoc
networking technolay in our Smart-Itsprojed. Also, we

continwe to explore other wireless comnunication stan-
dardssuchasIEEE 80211, HiperLAN/2, IEEE 80215, or
XI Spikefor usein truepeerto-peer low-powersensonet-
works,assoonaswe will be ableto obtaincorresponthg
moduesin a matchingform factor
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