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Abstract
�

Future� ubiqu� itous
	

computin
 g� de
�

vices
 will� need� to�
communica
 te� with� other� smart� de

�
vices
 in

	
an� ad� hoc

�
fash-
�

ion,
	

using� minimal� power� and� possibly� without� the� help
�

of� a�
centr
 al� infr

	
astructu� re� .� However
 ,� so� far

�
no� single� commun
 i-

	
cation
 tec� hno

�
lo
�

gy� has
�

established� itself
	

in
	

the� field
�

of� ubiq� -
uitous� compu
 ting:� many� curr
 ent� wir� eless� commun
 ication

	
tec� hno

�
lo
�

gies� seem� to� lac
�

k
�

r� ob� ustness,� consume
 too� muc� h
�

ener� gy� ,� or� r� equir� e� an� infr
	

astructur� e� to� be
�

viable
 candid
 ates.�
In
�

or� der
�

to� e� valu
 ate� the� suitability� of� the� ne� w� and� pr� omising�
Bluetooth
 

standa� r� d� for
�

suc� h
�

communica
 tion� r� equir� ements,�
we� have

�
inte
	

g� rated� a� Bluetooth� module� into
	

the� fir
�

st� pr� oto-�
type� of� a� distrib

�
uted� sensor� network� node� ,� de

�
velop
 ed� within�

the� Europea� n� Smart-Its
!

resear� c
 h� pr� oject.� WhileBluetooth�
of� fer
�

s� rob� ust� and� con
 v
 enient� ad� hoc
�

commu
 nication,� pr� e-�
liminary
�

e� xperiments" sug� g� est� that� the� Bluetoothstanda� rd
�

could
 bene
�

fit
�

fr
�

om� impr
	

o� ved
 support� for
�

symmetric� commu-

nication� establishment� and� slave-to-� slave� commun
 ication.

	

1 Intr
#

oduction$
In
%

the
&

vision' of( ubiq) uitous) comp* uting,) e+ v' ery+ -day objec( ts
&

are, aug, mented- with. compu* tation
&

and, comm* unication) capa-*
bilities
/

in
0

order( to
&

mak- e+ them
&

“smart.” While
1

such2 artif, acts,
retain3 their

&
orig( inal

0
use) and, appear, ance,, their

&
augm, entation+

can* seamlessly2 enhanc+ e+ and, e+ xtendtheir
&

usage,) openin( g4 up)
nov' e+ l interactionpatterns5 and, application, s.26
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The
A

goalB ofC the
D

Smart-I
E

ts
D

projecF t
D
[12]

G
is
H

to
D

addI smart-J
nessK to

D
real-wL orC ld

M
objectsC in

H
aI post-hoN cO f

P
ashionI by

Q
attachingI

small,J unoR btrusi
Q

vS eT compuU ting
D

de
V

vices,S so-calledJ Smart-I
E

ts,
D

to
D

them.
D

While
W

aI singleJ Smart-It
E

is
H

ableI to
D

perceiF vS eT con-U
te
D

xtX infor
H

mationY from
P

its
H

inte
H

grB atedI sensors,J aI federatio
P

nK ofC
adI hocconnU ectedT Smart-Its

E
canU gainB collectiveO awarZ eness[

by
Q

sharingJ this
D

information.

Sharing
E

inform
H

ationI requirL esT aI suitableJ comU munica-Y
tion
D

techno
D

logy,\ which] preferrF ablyI shouldJ be
Q

wireless] in orC -
der
V

to
D

be
Q

in line with] the
D

unoR btrusi
Q

vS eT natureofC the
D

de
V

vices.S
Since
E

there
D

is nocentralU authorityI in aI Smart-Its
E

sensorJ net-
w] ork,C nodesT within] the

D
networkC mustalsoI be

Q
ableI to

D
com-U

municate
D

in anI adI hocfashion,I i.e.,without] aI priorF i knowl-]
edgeT ofC eachT otherC ,\ andI without] the

D
help
^

ofC aI back
Q

grounB d
V

infrastru
H

ctureU (tho
_

ughR the
D

y` mayY utilizeR servicesJ when] aI vS ail-I
able).I More

a
oC vS erT ,\ the

D
commU unicationR technolo

D
gyB mustY be

Q
robL ust,R scaleJ well,] andI mustY efT ficiently

b
useR the

D
limited
M

en-T
erT gyB ofC the

D
autonI omouC sJ de

V
vS ice.
H

Finally
c

,\ the
D

comU munica-Y
tion
D

techn
D

ologyC emploT yed` shouldJ adhereI to
D

aI broad
Q

ly-used
M

standardJ to
D

levS eragT eT from eT xistingcommunU icationservicesJ
in the

D
enT viroS nment. TheseneedshavS eT promF ptedF aI searchJ

for aI suitableJ communU icationtechno
D

logy for the
D

Smart-I
E

ts
D

sensorJ network.C After aI brief
Q

survJ eT y` ofC the
D

eT xisting tech-
D

nology` ,\ we] decided
V

to
D

tak
D

eT aI closerU look atI the
D

emerT gB ing
BluetoothstandardJ asI aI potenF tial

D
candidaU te.

D
Bluetooth[6]

G
is anI emerT gB ing commuU nicationstandardJ

that
D

proF vS ides
H

adI hoc
^

configuU rationL ofC master/slaY vS eT piconF etsT
includin
H

gB eightT actiI vS eT unitsR atI most.Y It
d

supporJ ts
D

sponta-J
neouK sJ connecU tions

D
between
Q

de
V

vS ices
H

without] requirinL gB aI pri-F
oriC kno

e
wledge] ofC eachT otherC . Bluetooth

f
alloI ws] data

V
trans-
D

fers
P

between
Q

unitsR oC vS eT rL distances
V

ofC nomK inally
H

upR to
D

10me-Y
ters.
D

The
A

grossB data
V

ratesL ofC 1 Mbps
a

is
H

sharedJ amongI allI



participanF ts
D

ofC aI piconet.F BluetoothoperatesC in the
D

license-
free 2.4 GHz

g
ISM spectruJ m (2.40

_
0–2.4
h

84
i

GHz)
g

andI usesR
frequency` hoppingF spreadJ spectruJ m (FHSS)

_
to
D

minimize
interferenceU probF lems. The technolo

D
gyB is gearB edT to

D
w] ardI

lo
M

w] enerT gyB consuU mption,Y andI tar
D

gB etsT the
D

consumeU rL massY
markY etT with] w] orld-widC eT aI vS ailabilityI andI lo

M
w] price.F

In orderC to
D

eT xplore the
D

pracF tical
D

useR ofC this
D

commU uni-R
cationU techno

D
logy
M

,\ andI to
D

eT vS aluateI its
H

suitabilityJ for
P

ubiqR -
uitousR compU utingR in

H
generaB l

M
andI the

D
Smart-Its
E

projectF in
H

particularF ,\ we] ha
^

vS eT b
Q
uiltR aI smallJ numbK erT ofC Smart-Its

E
proF -

totypes
D

with] Bluetooth
f

commuU nications.K While
W

the
D

fun
P

c-U
tional
D

protoF type
D

alloI wed] usR to
D

getB aI gooB d
V

first
b

look
M

atI usingR
Bluetoothin custom-U b

Q
uiltR de

V
vices,S the

D
lack ofC suppoJ rt for

many` ofC the
D

coreU featuresin ourC pre-serF iesBluetoothmod-
ulesR did

V
not alloI w] usR to

D
arriI vS eT atI final resultsregaB rding its

suitabilityJ . Instead,we] areI planninF gB to
D

condU uctR furtherT eT x-
perimenF ts

D
in the
D

future,preferF rablywith] morematuremod-
ulesR from aI number

Q
ofC dif
V

ferentT vS endoT rs.
Section
E

2 belo
Q

w] describes
V

ourC first Smart-I
E

ts
D

protoF -
types
D

andI lists its design
V

considerU ationsI andI techno
D

logy op-C
tions.
D

It alsoI giB vS esT anI oC vS eT rview] ofC the
D

board
Q

layout
D

andI its
systemJ softwJ are.I In

d
sectionJ 3

j
we] then

D
discuss
V

the
D

Blue-
f

tooth
D

standardJ in
H

vieS w] ofC its
H

proF jected
k

useR in
H

the
D

proF ject,
k

andI reportL the
D

initial
H

eT xperienX cesU gainedB with] ourC protoF -
types.
D

Section
E

4
l

introd
H

ucesR relatedL w] orkC andI briefly
Q

de-
V

scribesJ otherC possibleF commU unicationR technolo
D

gies,B while]
sectionJ 5

m
summarizJ esT ourC eT xperiencesandI outlinC esT possi-F

ble
Q

future w] orkC .

2 The Smart-Its
n

Prototypeo
The
A

goalB ofC the
D

Smart-Its
E

projecF t
D
[12]

G
is
H

to
D

addI ”smartness”J
in aI post-hN ocp fashion.I It aimsI atI embeddT ing compU utationR
into real-worldC objectsC by

Q
attachingI small,J unobR trusi

D
vS e,T andI

autonoI mouscompU utingR de
V

vS icesto
D

them.
D

Thesede
V

vices,S the
D

Smart-Its
q

,\ integrateB sensing,J proF cessing,U andI commU unica-R
tion
D

capabilities,U which] canU be
Q

customU ized to
D

the
D

objecC ts
D

the
D

y` areI attachedI to.
D

While
W

aI singleJ Smart-It
E

is ableI to
D

perceiF vS eT conteU xt
D

informationI from the
D

integrateB d
V

sensors,J aI federationI ofC
adI hoc

^
connecU ted

D
Smart-Its
E

canU gainB collectiveO awarZ eness[
by
Q

sharinJ gB this
D

inform
H

ation.I A
r

federatio
P

nK ofC Smart-Its-
E

augmenI ted
D

objecC ts
D

canU thus
D

establishT aI commoU nK conteU xX t
D

that
D

canU be
Q

eT xploX ited
H

by
Q

applicationI sJ andI servicesJ located
M

in
H

the
D

enT virS onmenC t.
D

Applicatio
r

nK scenariosJ ofC collectiU vS eT aI w] areneI ssJ ofC

Smart-Its
E

havS eT been
Q

describ
V

edT in [10],
G

for eT xample anI antiI
credit-caU rd theft

D
modewhere] aI Smart-It-en

E
abledI creditU cardU

onlyC functions if aI sufJ ficient
D

number
Q

ofC Smart-It
E

enabledT
personF alI artifI actsI suchJ asI clothesU orC carU keT ys` areI arounI d,

V
rendeL ringL the

D
cardU uselessR when] lost

M
orC stolen.J

The
A

neK xX t
D

sectionsJ will] outlineC ourC requL irements
H

for
P

aI
Smart-It
E

node,describe
V

the
D

compU onenC ts
D

integrateB d
V

into ourC
first protoF type,

D
andI giB vS eT anI oC vS eT rview] ofC the

D
de
V

vS ice’sJ circuitU
board
Q

andI systemJ softwJ are.I

2.1
s

Requirementst
At the

D
outset,C the

D
design
V

ofC the
D

first prototyF peF shouldJ ful-
fill tw

D
oC main requirements: the

D
de
V

viceS shouldJ be
Q

easyT to
D

use,R progrF am,I andI deb
V

ug.R At the
D

sameJ time,
D

it shouJ ld be
Q

smallJ enoT ughR to
D

servJ eT asI aI demon
V

stratorJ for aI Smart-It
E

sen-J
sorJ node,b

Q
utR largeB enoT ughR for easyT handling.

In
d

ordC erT to
D

f
P
acilitateI rapidL prototyF ping,F the

D
first
b

Smart-
E

It
d

unitR shouldJ implem
H

entT aI limited
M

functio
P

nalK coreU onlyC .
That is, it shouldJ include aI proF cessorU ,\ memory and,I ofC
course,U BluetoothcommU unicationR s.J W

W
eT decided
V

to
D

do
V

with-]
outC integrateB d

V
sensingJ capabilities,U b

Q
utR insteadsettledJ onC

proF vS iding aI rathervS erT satileJ eT xternalinterfaceI with] analogI
andI digital

V
IO, alloI wing] usR to

D
connU ectT singleJ sensorsJ orC aI

eT vS enT aI daugh
V

ter
D

board
Q

for
P

sensing.J This
A

giB vS esT usR notK onlyC
the
D

optionC to
D

easilyT inte
H

grB ateI commU erciallyT aI vS ailableI sen-J
sorsJ ha

^
vingS vS eryT di

V
vS eT rseL interf

H
acesI (rang

_
ing
H

fro
P

mY simpleJ
analogI outpuC t

D
oC vS erT serialJ interf

H
acesI to

D
b
Q
usR systems,J suchJ

asI I
dvu

C),
w

b
Q
utR alsoI lea

M
vS eT usR with] moreY time

D
to
D

identify
H

ap-I
propF riateL sensorsJ andI sensingJ algoI rithmsL for

P
useR within] aI

Smart-Its
E

enT virS onmenC t.
D

In
d

additionI we] w] antedI anI RS232
x

serialJ porF t,
D

mainlyY for
P

deb
V

ugR gingB purpoF ses.J
KeepingT in line with] the

D
unoR btrusi

Q
vS eT natureofC the

D
ubiquR itous compuU ting

D
paraF digm,

V
the
D

Smart-Its
E

de
V

vS ices
shouldJ be

Q
ableI to

D
operateC autoI nomouK slyJ for

P
eT xtendX edT pe-F

riodsL ofC time.
D

This
A

includes
H

conscioU uslyR choU osingC the
D

compoU nentsK reL garB ding
V

their
D

poF wer] consumU ption,F asI well]
asI proF vS iding

H
aI suitableJ poF w] erT sourcJ e.T F

c
orC easyT handlin

^
g,B

we] decid
V

edT to
D

runL the
D

de
V

viceS from
P

anI eT xterX nallyK attachedI
recharL geableB battery

Q
pack,F ratherL than

D
ha
^

vingS aI battery
Q

housingmounted
D

onC the
D

de
V

vice.S This w] ayI we] canU havS eT
smallJ batteries

Q
attachedI for normaloperatioC n b

Q
utR stillJ operC -

ateI the
D

de
V

vS ice usingR b
Q
ulkR y` b

Q
utR morepoF w] erfulT batteries

Q
for

eT xtendedT testing.
D

F
c
orC easyT layout

M
ofC the

D
circuitU boa

Q
rd,L we] optedC for

P
aI

singleJ vS oltageC planeF andI anI oC vS eT rallL lo
M

w] compoU nentK count.U
Finally
c

,\ the
D

systemJ shouldJ be
Q

in-circuit
H

progF rammableL in
H



orderC to
D

minimizeT turn-
D

aroundI times.
D

2.2 Components

Commercial
y

Bluetooth solutionsJ areI aI vS ailableI asI self-J
containedU transcei

D
vS eT r modules.They` areI shieldedJ subsys-J

tems
D

designed
V

to
D

be
Q

usedR asI add-I onC periphF erals.T They` fea-
ture
D

anI embeT dded
V

CPU,
y

dif
V

fer
P

entT types
D

ofC memoY ryL ,\ asI well]
asI baseband
Q

andI radioL circuits.U The
A

modY ulesR ofC fe
P

rL aI genB ericT
Host
z

Contro
y

ller
M

Inter
d

f
P
aceI (HCI)

_
to
D

the
D

lo
M

wer] layers
M

ofC the
D

Bluetooth
f

proF tocol
D

stack,J while] the
D

highe
^

rL layers
M

ofC the
D

proF -
tocol,
D

asI well] asI applicatioI ns,K mustY be
Q

impleme
H

ntedK onC the
D

host
^

system.J Since
E

the
D

in-system
H

CPU
y

andI memorY y` areI notK
aI vS ailableI for

P
installing
H

userR specificJ implemen
H

tations,
D

eT vS enT
aI minimalY standaloneJ Bluetooth

f
nodeK thus

D
needsK anI addi-I

tional
D

hostCPU
y

to
D

eT xecT uteR applicatioI nsandI the
D

correspoU nd-
ing higherlayersofC the

D
BluetoothprotoF col.U Transport lay-

ersT for commU unicationR between
Q

the
D

Bluetoothmodule andI
the
D

host systemJ areI standardJ ized for U
{

ART,\ RS232,andI
USB.
{

The onlyC unitsR aI vS ailableI atI the
D

time
D

(Januar
_

y` 2001)
|

were] engineerT ing
H

samplesJ ofC the
D

Ericsson
}

R
~

OK
�

101 007
h

moduleY [8].
G

ToC run the
D

higherBluetooth
D

protoF colU layersandI ap-I
plications,F we] choseU the

D
Atmel ATMegB a10I 3L

j
microcon-U

troller
D

[4]
G

asI ourC host CPU.
y

The unitR is in-systemproF -
grammaB ble,

Q
andI featur

P
esT anI 8-bit

i
RISC
~

coreU with] upR to
D

4
l

MIPS
a

atI 4
l

MHz,
a

aI serialJ U
{

AR
r

T
A

asI well] asI seJ vS eralT poF wer]
modes.Y The

A
embedT ded

V
memoY ryL consistsU ofC 128 Kbytes

�
Flash
c

memorY y` andI 4
l

Kbytes
�

ofC intern
H

alI SRAM.
E

The
A

data
V

memoryY canU be
Q

eT xtenX ded
V

upR to
D

64
�

Kbytes,
�

requL iring
H

onlyC
tw
D

oC eT xterX nalK compU onenC ts,
D

the
D

SRAM
E

andI anI addreI ssJ latch.
M

The
A

eT xternalX memoY ryL is
H

directly
V

addressableI by
Q

the
D

16-
bit
Q

data-m
V

emoryT addressI b
Q
us,R i.e., without] paginF g.B EvenT

though
D

aI lesspoF werf] ulR processorF with] lessmemorycouldU
havS eT potenF tially

D
deli
V

vS erT edT sensorJ data
V

to
D

the
D

blue
Q

tooth
D

mod-
uleR asI well,] we] decid

V
edT to

D
useR aI moreT poF werf] ulR systemJ in

orderC to
D

alloI w] morecompleU x on-C board
Q

pre-pF rocessing.

2.3
s

De
�

vice overview

Figure1 shoJ ws] aI Smart-Its
E

protoF type
D

onC top
D

ofC aI battery
Q

packF (mo
_

stlyJ hidd
^

entT behind
Q

the
D

boar
Q

d)
V

usedR for
P

testing
D

andI
eT vS aluationI . All

r
compU onentsC areI mounY ted

D
ontoC aI 4

l
xX 6
�

cmU
tw
D

o-layerC printedF circuitU boar
Q

d.
V

The
A

unitR has
^

seJ vS eralT eT xterX -
nalK interf

H
aces.I A

r
serialJ U

{
AR
r

T
A

portF (at
_

the
D

top)
D

is
H

aI vS ailableI
for
P

data
V

transfer
D

andI deb
V

uggR ing
H

atI speedsJ upR to
D

57.6
m

Kbps.
�

There
A

areI tw
D

oC 8-bit
i

general-B purpF oseC I/O
d

porF ts,
D

eightT 10-bit
Q

Figure 1: Smar
�

t-Its
�

prototype

analogI to
D

digital
V

conU vS erters,T andI tw
D

oC edgeT orC le
M

vS elT trigger
D

edT
interru
H

ptF lines
M

to
D

interf
H

aceI eT xternaX l
M
sensorsJ orC otherC compU o-C

nents(non
_

eT ofC the
D

interfaceI pinsF areI conneU ctedU in the
D

pic-F
ture).
D

FourC LEDs (on
_

the
D

right) canU be
Q

usedR for deb
V

uR g-B
gingB andI statusJ information.ForC eT xample, we] useR oneC LED
to
D

flashaI heartbeatI signalJ when] the
D

unitR is operatioC nal. A
vS oltageC reguB lator is usedR to

D
supplyJ the

D
necessaryoperaC ting

D
vS oltageC ofC 3.3

j
V
�

from the
D

battery
Q

packF .
Jumpers
�

proF vS iding
H

accessI to
D

eachT ofC the
D

mainY compU o-C
nent’K sJ indi

H
vidS ualR poF wer] -supplylines

M
alloI ws] for

P
eT xactX moni-Y

toring
D

ofC poF wer] consumU ptionF andI duty
V

cU ycles.` The
A

connU ec-T
tor
D

onC the
D

upperR rightL is
H

the
D

in-circuit
H

systemJ proF grammB ing
H

interf
H

aceI (SPI)
_

ofC the
D

MCU.
a

The
A

Bluetooth
f

moduY le
M

andI anI
eT xternX alI 2.4

�
GHz
g

antennI aI areI mountedY onC top
D

ofC aI grounB d
V

Microcontroller
ATMega103L
�

Supply
�Power

SPI
�

LEDs

GPIO

Analog I/O

Clock/Timer
�

RS232

Module
Bluetooth

RS232

Figure 2: System
�

o� ver� view



planeF (on
_

the
D

left), to
D

shieldJ the
D

systemJ from RF interferT -
ence.T

The
A

Bluetooth
f

moduY le
M

is
H

attachedI to
D

the
D

microY con-U
troller
D

unitR by
Q

anI U
{

AR
r

T
A

implemented
H

in
H

softwJ areI (as
_

shoJ wn]
in
H

Figure
c

2).
�

W
W

eT decided
V

againI stJ usingR the
D

hard
^

w] areI U
{

AR
r

T
A

proF vS ided
H

by
Q

the
D

microcoY ntrollerK ,\ asI that
D

w] ouldC ha
^

vS eT re-L
quired� additionI alI circuitryU for

P
multipleY xinX gB pinsF sharedJ be-

Q
tween
D

the
D

U
{

ART andI the
D

in-circuitR proF grammB ing ports.F
Therefore we] implementedT aI secondJ softwJ areI U

{
ART in

C.
y

Timing constrainU ts
D

proF hibit data
V

transfer
D

sJ eT xceedingT
9.6
�

Kbps, efT fectivS elyT limiting the
D

groB ssJ data
V

rateofC Blue-
tooth.
D

In this
D

first design
V

we] vS aluedI low] compU onentC countU
andI lo

M
w] circuitU compleU xityX oC vS erT high

^
erT data
V

rates.L This
A

will]
changeU in

H
futu
P

reL design
V

s.J

2.4
s

System software

ThesystemJ softwJ areI is implemented
D

in C,
y

proF vS iding low-]
levS elT dri

V
vS eT rs, aI simpleJ scheduJ ler (which

_
suppoJ rts eT vS enT t-

D
dri
V

vS enT schedulinJ gB ofC applicatioI n tasks)
D

andI the
D

hostportioF n
ofC the

D
BluetoothproF tocol

D
stack.J ThereareI systemJ depen

V
-

dent
V

dri
V

vS erT sJ for both
Q

U
{

ART ports,F analogI to
D

digital
V

conU vS ert-T
ers,T generalB purpF oseC IO, randomC number

Q
generB atorI ,\ systemJ

clock,U andI sensors.J
At
r

the
D

time
D

ofC the
D

projeF ctU startJ (Januar
_

y` 200
�

1), oneC
openC sourceJ [5]

G
andI seJ vS eralT comU mercialY implemen

H
tations
D

ofC the
D

host
^

portionF ofC the
D

Bluetooth
f

stackJ areI aI vS ailable.I The
A

commerU ciallyU aI vS ailableI softwJ areI stacksJ posedF vS eryT high
^

re-L
quireme� nts onC the

D
system,J both

Q
in terms

D
ofC requiredT operC -

atingI systemJ featuresT (particular
_

ly multi-threading)
|

asI well]
asI proF gramB andI data

V
memory` proF visions.S TheopenC sourceJ

implementation
D

w] asI tar
D

getedB to
D

w] ardI Linux enT viroS nments
D

andI alsoI did
V

not tak
D

eT microcontroU ller requirementsinto ac-I
count.U Ho

z
we] vS erT ,\ preF vS ious

H
eT xperienX cesU with] the

D
softwJ areI

had
^

shoJ wn] that
D

abouI t
D
2
�

Kbytes
�

ofC data
V

memorY y` w] ouldC suf-J
fice
b

for
P

aI minimalY impleme
H

ntation,K mostY ofC which] is
H

usedR
asI b

Q
ufR f
P
erT space.J Since

E
allI alternatiI vS esT were] equallyT suitableJ

(or
_

ratherL unsuR itable)
H

we] decided
V

to
D

useR the
D

openC sourceJ
implemen
H

tation,
D

last
M

notK least
M

due
V

to
D

its
H

immed
H

iate
H

aI vS ail-I
abilityI .

W
W

eT portedF the
D

host porF tion
D

ofC the
D

BluetoothprotoF -
colU stackJ from

P
the
D

openC sourcJ eT Linux
�

implemen
H

tation
D

to
D

ourC microconY troller
D

enT viroS nment.K Suppo
E

rtedL layers
M

areI
HCI
z

andI the
D

Log
�

ical
H

Link
�

Contro
y

l
M

andI Adaptatio
r

nK Proto-
�

colU (L2CAP).
_

The
A

Linu
�

xX vS ersionT ofC the
D

Bluetooth
f

stackJ re-L
quired� multi-threY adingI capabU ilities

H
andI accessI to

D
the
D

serialJ
port.F On

�
ourC system,J these

D
fun
P

ctionsU areI tak
D

enT careU ofC by
Q

the
D

scheduJ ler andI the
D

low-le] vS elT dri
V

vS eT rs. ThemainobstacleC
in portinF gB w] asI the

D
limited memory` capacityU ofC the

D
micro-

controU ller.

3
�

Discussion

Ho
z

w] well] is
H

Bluetooth
f

suitedJ for
P

adI hoc
^

netwK orC king
e

today?
D

Bluetooth
f

is
H

the
D

first
b

de-f
V

actoI standardJ for
P

adI hoc
^

netwK orC k-
e

ing,
H

bro
Q

ughtR abouI t
D

in
H

aI joint
k

efT for
P

t
D

ofC manY y` dif
V

feren
P

t
D

com-U
panies.F It

d
w] asI originC allyI conceiU vS edT asI aI cableU replacemL entT

techno
D

logy andI mayservJ eT well] in that
D

applicatioI n dom
V

ain.I
Howe] vS eT r,\ its particuF lar design

V
makesT it lesssuitedJ for otherC

applicationI sJ in the
D

domain
V

ofC adI hocnetworkC ing. Further-
more,the

D
industryseemsJ to

D
havS eT proF blems

Q
suppJ lying mod-

ulesR in the
D

quan� tity
D

andI quality� desired
V

by
Q

the
D

market.T First
prodF uctsR were] annI ouncedC for

P
late
M

1999,\ which] onlyC ap-I
pearedF late

M
200
�

0.
h

Ev
}

enT in
H

the
D

be
Q

ginB ningK ofC 2001
�

,\ when] we]
startedJ ourC project,F vS endT orsC continuU edT to

D
shipJ pre-rF eleasesT

ofC their
D

Bluetooth
f

modY ulesR that
D

were] stillJ notK fully
P

b
Q
uiltR to

D
the
D

specification.J
In this

D
sectionJ we] discuss

V
someJ ofC the

D
idiosyncrasiesI

that
D

hamperthe
D

useR ofC Bluetoothtechno
D

logy in distrib
V

utedR
sensorJ networC ks andI describ

V
eT ourC efT forts integratinB gB the

D
techno
D

logy into ourC Smart-Its
E

infrastructure.U

3.1
�

Piconets
�

and scatternets

Bluetoothhasbeen
Q

optimizedC to
D

supporJ t
D
aI largB eT numberT ofC

commuU nicationsto
D

tak
D

eT placeF in the
D

sameJ areaI atI once.C It
orC gB anizesI allI commuU nicationsin piconF ets,T eachT servingJ upR
to
D

eightT participaF nts. Multiple piconF etsT with] oC vS erT lapping
coU vS eT rageL areasI areI referreL d

V
to
D

asI aI scatternet.J It
d

is
H

possibleF
to
D

intercon
H

nectK piconetsF by
Q

meanY sJ ofC unitsR participF atingI in
H

dif
V

fer
P

entT piconF etsT onC aI time-d
D

i
H
visionS multipY le

M
xX basis.
Q

Ho
z

w-]
eT vS erT ,\ sinceJ the

D
radioL canU onlyC tune

D
to
D

aI singeJ piconF etT carrierU
atI anI y` instant

H
in
H

time,
D

aI unitR canU onlyC commuU nicateK in
H

oneC
piconeF t

D
atI aI time.

D
PiconetsareI managed

V
by
Q

aI singleJ master� that
D

imple-
mentscentralizedU controU l oC vS erT channU elT access.I All otherC
participanF ts

D
in aI piconeF t

D
areI designated

V
slaves� . Commu-

y
nicationK is

H
strictlyJ slaJ vS eT to

D
masterY (or

_
viceS vS ersa),T b

Q
utR canU

neK vS erT be
Q

slaJ vS eT to
D

slaJ vS e.T During
�

the
D

eT xistencX eT ofC aI piconet,F
masterY andI slaJ vS eT rolesL canU be

Q
switched.J This

A
is
H

desirable,
V

for
P

eT xampX le,
M

when] aI slaJ vS eT w] antsI to
D

fully
P

tak
D

eT oC vS eT rL anI eT x-X
isting
H

piconet.F Lik
�

eT wise,] aI slaJ vS eT in
H

anI eT xistingX picoF netK mayY
w] antI to

D
setJ upR aI neK w] piconF et,T establishingT itself

H
asI its

H
mas-Y



ter
D

andI the
D

currU entT piconeF t
D

masterasI slaJ vS e.T ThelattercaseU
impliesaI doub

V
le role ofC the

D
originalC piconeF t

D
master;it be-

Q
comesU aI slaJ vS eT in the

D
new] piconF etT while] stillJ maintainingB

the
D

originC alI piconetF asI master. A unitR canU be
Q

slaJ vS eT in tw
D

oC
piconetsF orC be

Q
masterY in

H
one,C andI slaJ vS eT in

H
anotheI rL piconF et.T

Being
f

ableI to
D

link
M

onlyC the
D

eightT nodK esT ofC aI piconetF
will] in most casesU be

Q
inadequateI to

D
setJ upR den

V
selyJ con-U

nectedsensorJ networkC s.J W
W

antingI to
D

commU unicateR with]
morethan

D
eightT nodesT atI the

D
sameJ time

D
will] require someJ

sortJ ofC time
D

multiplexing, where] addI itional nodeshavS eT
to
D

be
Q

parkF edT andI unpaR rkedT repeatedly. Setting
E

upR addi-I
tional
D

piconetsF instead
H

will] stillJ requL ire
H

gateB w] ayI nodK esT to
D

alternateI between
Q

their
D

respectiL vS eT piconF ets,T sinceJ Bluetooth
f

onlyC suppoJ rtsL unitsR being
Q

in
H

oneC actiI vS eT piconF etT atI aI time.
D

Also,
r

applicatioI nsK will] mostY lik
M

elyT needK slaJ vS e-to-T slaJ vS eT
commuU nication,K which] is

H
notK proF videdS in

H
the
D

Bluetooth
f

standard.J One
�

obC vS iousw] orkaroC undR is to
D

channelU allI slaJ vS e-T
to-sla
D

vS eT traf
D

fic throug
D

h the
D

master,\ thus
D

increasingboth
Q

traf
D

fic andI enerT gB y` consumU ption.F AlternativS eT ly,\ oneC ofC the
D

slaJ vS esT couldU switchJ roleswith] the
D

currenU t
D

master,\ orC eT vS enT
setJ upR anI additioI nal piconF etT altogeI ther

D
. Both solutionsJ in-

curU substantialJ commuU nicationK andI configU urationR oC vS erT head.
^

Future
c

eT xpeX rimentsL will] needK to
D

shoJ w] if
H

andI ho
^

w] cleU vS erT
commuU nicationK protoF colsU canU alleI viateS someJ ofC this

D
oC vS eT rL -

head,
^

andI morY eT precF isely
H

measureY its
H

impact
H

onC commU uni-R
cationU andI poF we] rL usage.R

3.2
�

Power consumption issues

The
A

def
V

aultI stateJ ofC aI Bluetooth
f

unitR is
H

standb� y� . In
d

this
D

state,J the
D

unitR is
H

in
H

aI lo
M

w-p] oC wer] mode,Y with] allI compU onenC ts
D

b
Q
utR the
D

internal
H

clockU shutJ ofC f.
P

In
d

standbyJ there
D

canU be
Q

noK
connectioU nsopenC .

When
W

there
D

is anI actiI vS eT connU ectionT to
D

aI Bluetoothunit,R
it
H

is
H

saidJ to
D

be
Q

in
H

conO nect� state.J In
d

conneU ctU state,J Bluetooth
f

kno
e

ws] fou
P

rL dif
V

fe
P

rentL poF wer] modes:Y activeZ ,\ snif� f
�
,\ hold
�

,\ andI
parkN . In

d
actiI vS eT mode,Y the

D
Bluetooth
f

unitR actiI vS elyT partici-F
patesF onC the

D
channU el.T Data

�
transmission
D

canU startJ almostI
instantaneou
H

slyJ ,\ b
Q
utR atI the

D
eT xpenX seJ ofC increa

H
sedJ poF wer] con-U

sumptionJ (comp
_

aredI to
D

the
D

remaL ining
H

three
D

modY es).T
When
W

low-po] wer] operC ationI is faI vS oredC oC vS erT shortJ re-
sponseJ times,

D
unitsR canU makY eT useR ofC oneC ofC the

D
three
D

poF wer] -
saJ vingS modesY snifJ f,

P
hold
^

,\ andI parkF . All
r

lo
M

w-p] oC wer] modesY
reduceL the

D
duty
V

cU ycle` ofC dif
V

f
P
erentT unitsR within] aI piconF et.T

In
d

snifJ f
P

mode,Y slaJ vS eT unitsR onlyC listen
M

in
H

onC the
D

channeU l
M

atI
specifiedJ times,

D
agreedI uponR with] the

D
masterY . Hence,

z
trans-
D

missionsY canU onlyC startJ atI these
D

times.
D

The
A

connecU tions
D

ofC aI piconeF t
D

canU alsoI be
Q

putF onC hold. In hold modeeT v-S
eryT participaF nt (includ

_
ing the

D
master)canU tak

D
eT someJ time

D
ofC f for sleeping.J Prior to

D
enteringT hold mode,T masterandI

slaJ vS esT agreeI onC aI time
D

when] to
D

returnto
D

actiI vS eT modeagain.I
The
A

time
D

ofC f
P

canU alsoI be
Q

usedR for
P

condU uctingR otherC b
Q
usi-R

ness,K suchJ asI attendinI gB otherC piconets,F orC scanningJ for
P

otherC
units.R

The parkF modeT is aI specialJ modefor slaJ vS esT that
D

do
V

notK needK to
D

participateF in
H

aI piconeF t,
D

b
Q
utR neK vS eT rthelessL w] antI

to
D

remainL conU nectedK (in
_

ordC erT to
D

aI vS oidC goingB throu
D

ghB the
D

connU ectionT establishmenT t
D

proceF dure
V

agaI in).
H

P
�

arkI edT slaJ vS esT
do
V

notK couU ntK asI reL gularB (i.e.,
_

actiI vS e)T piconF etT memberY s.J In
d

additionI to
D

the
D

upR to
D

eightT actiI vS eT memberY sJ there
D

mayY be
Q

upR
to
D

255
�

parkF edT slaJ vS esT within] aI piconF et.T
Lo
�

w-po] wer] modesY areI aI trade-o
D

f
P
f
P

between
Q

poF wer] con-U
sumptionJ andI responseL time.

D
Incr
d

easingT sleepJ time
D

reducL esT
poF wer] consumU ptionF b

Q
utR proF longs

M
time
D

befor
Q

eT accessI canU
be
Q

made,Y andI viceS vS ersa.T Lo
�

w-p] oC wer] modesY areI aI poF w-]
erfulT tool

D
ofC fe
P

ringL aI rangL eT ofC optionC sJ to
D

applicationI sJ when]
the
D

transmission
D

patternF is
H

kno
e

wn] befo
Q

rehandL . When
W

data
V

traf
D

fic commU encesT atI aI reguB lar schedule,J the
D

snifJ f andI parkF
modesseemJ to

D
be
Q

apprI opriate.C ForC eT xample,F aI Smart-I
E

ts
D

nodemayw] antI to
D

dispense
V

its sensorJ readingseT vS eT ry 10sec-J
ondsC to

D
aI node in the

D
backgr
Q

oundC infrastructureJ (imple-
_

mentingthe
D

master).Thatnodew] ouldC setJ itself upR for snifJ f
modeY with] aI 10 secondJ sJ sleepJ cU ycle.` Similarly

E
,\ the
D

hold
^

modeY servJ esT applicationI sJ commU unicatingR onC aI morY eT irre
H

g-B
ularR ,\ yet` predF ictable

H
schedule.J

If, howe] vS erT ,\ time-critical
D

data
V

transmissions
D

startJ
spontanJ eouslyT ,\ anI appI lication has no otherC optionC than

D
keepingT the

D
Bluetoothmodulein actiI vS eT mode.TheeT xam-

pleF here
^

mayY be
Q

aI Smart-It
E

nodK eT usingR aI backg
Q

rounL d
V

serviceJ
for
P

proF cessingU audioI clues.U T
A

ransmissionL ofC the
D

data
V

w] ouldC
needK to

D
startJ immediately

H
afterI observinC gB the

D
audioI clue,U

sinceJ b
Q
ufR fer
P

ing
H

onC the
D

local
M

Smart-I
E

ts
D

de
V

viceS is
H

notK feasible.
P

ThesystemJ poF wer] conU sumptionJ for dif
V

ferentT operaC ting
D

modes,asI measuredT with] ourC prototyF pe,F is giB vS eT n in table
D

1.
TableI 1 shoJ ws] that

D
the
D

dom
V

inantcompoU nentin aI Smart-It,
E

with] respectL to
D

poF wer] consumU ption,F is
H

the
D

Bluetooth
f

mod-Y
ule.R Since

E
ourC Bluetoo

f
th
D

moduleY sJ areI enginT eeringT samplesJ
that
D

do
V

notK implemen
H

t
D

lo
M

w-p] oC wer] modes,Y noK data
V

is
H

aI vS ail-I
ableI onC ho

^
w] these
D

w] ouldC alleI viateS the
D

significantJ poF wer] us-R
ageI ofC the

D
moduY les

M
in
H

actiI vS eT mode.Y
W
W

eT eT xpX ect,T ho
^

we] vS eT rL ,\ that
D

impro
H

vS edT Bluetooth
f

proF d-
V

uctsR will] eT vS enT tually
D

reduceL poF wer] consuU mptionY considerU -
ablyI . Our

�
systemJ design

V
alloI ws] for

P
easyT replacemeL ntK ofC the

D
Bluetooth
f

transcei
D

vS erT moduY le,
M

oncC eT impro
H

vS edT moduY les
M

areI



Tab� le 1: System
�

power� consumption� at� 3.3
�

V

CPU
y

poF wer] edT do
V

w] n,K Bluetoo
f

th
D

detach
V

edT � 11mWY
CPU
y

runnL ing,
H

Bluetooth
f

detached
V

29
�

mWY
CPU
y

running, BluetoothstandbyJ 50
m

mW
CPU
y

running, Bluetoothinquiry-scan` mode 100mW
CPU
y

runnL ing,
H

Bluetooth
f

inquir
H

y` modY eT 200
�

mWY
Bluetooth
f

transmit
D

modeY 1 94
�

mWY
Bluetooth
f

receiL vS eT modeY 1 94
�

mWY

aI vS ailableI onC the
D

markY et.T
3.3
�

Inquiry
�

and connection establishment

BluetoothsuppoJ rts the
D

paradigF m ofC spontaJ neousnetworkC -
ing, where] nodesJ canU engT ageI in communU icationswithout]
aI priorF i knowledge] ofC eachT otherC . A procF edureT termed

D
in-
 

quiry¡ canU be
Q

usedR to
D

disco
V

vS erT which] otherC Bluetooth
f

unitsR
areI within] commU unicationR rangeL . Connectio

y
nsK areI then

D
es-T

tablished
D

based
Q

onC inform
H

ationI eT xchanX gedB durin
V

gB inqu
H

iry
H

.
Once
�

aI unitR has
^

disco
V

vS eredT anotherI unit,R connU ectionT estab-T
lishment
M

is
H

vS erT y` f
P
ast,I sinceJ inform

H
ationI eT xchanX gedB in

H
the
D

inquiry
H

proceF dure
V

canU be
Q

eT xpX loited.
M

Inq
d

uiryR is
H

anI asymmetrI ic
H

proceF dure,
V

in
H

which] the
D

in-
H

quiring� unitR andI the
D

inquire
H

d
V

unitR needK to
D

be
Q

in
H

compU le-
M

mentarymodes,calledU inquiry
 

andI inqu
 

iry-scan
 

. When
W

aI
BluetoothunitR hasbeen

Q
setJ to

D
inquiry` mode,it continU uouslyR

sendsJ outC inquiry messagesto
D

proF be
Q

for otherC units.R Inquiry`
modecontinU uesR for aI preF vS iouslyspecifiedJ time,

D
untilR aI pre-F

viouslyS specifiedJ number ofC unitsR havS eT been
Q

disco
V

vS erT ed,T orC
untilR stoppedJ eT xplicitly. LikeT wise,] otherC BluetoothunitsR
onlyC listen

M
(and
_

reply)L to
D

inquir
H

y` messagesY when] the
D

y` ha
^

vS eT
been
Q

eT xpX licitly
M

setJ into
H

inqu
H

iry-scan
H

modY e.T In
d

aI unit,R in-
H

quiry� andI inqu
H

iry-scan
H

modesY areI mutuY alI eT xclusiX vS eT atI anI y`
time.
D

When
W

aI unitR in
H

inqu
H

iry-scan
H

modY eT recognL izes
H

anI in-
H

quiry� message,Y it
H

repliesL to
D

the
D

inquir
H

erT . Thus,
A

the
D

com-U
pleteF inqu

H
iry
H

procedF ureR requirL esT oneC broad
Q

castU messageY to
D

be
Q

sentJ from
P

the
D

inquire
H

rL ,\ andI oneC messageY from
P

eT vS erT y` in-
H

quired� unitR back
Q

to
D

the
D

inquirer.
If
d

anI inquiry
H

is
H

initiated
H

perioF dically
V

,\ then
D

the
D

inter
H

-
vS alI between

Q
tw
D

oC inquiry
H

instances
H

mustY be
Q

determ
V

ined
H

ran-L
domly
V

,\ toD aI vS oidC tw
D

oC BluetoothunitsR synchroJ nizingtheir
D

in-
1V
¢

aluestak
£

en¤ from [8].

quiry� procF eduresT in
H

lock
M

step.J In
d

aI scenarioJ where] unitsR areI
peers,F i.e.,

H
when] there

D
is
H

noK dedic
V

atedI inquirer
H

,\ appI lication
M

softwJ areI carriesU the
D

b
Q
urdeR nK ofC break

Q
ing
H

the
D

symmetryJ .
As
r

canU be
Q

seenJ from
P

table
D

1, poF we] rL consuU mptionY in-
H

creasesU considerU ablyI dur
V

ing
H

inqu
H

iry
H

. This
A

is
H

due
V

to
D

the
D

asymmetricI naturK eT ofC the
D

Bluetooth
f

inqu
H

iry
H

procF edure,T
where] the

D
b
Q
urdR enT ofC eT xpenX ding

V
poF wer] is

H
mostlyY placedF onC

the
D

unitR conduU ctingU the
D

inquiry` .
In
d

orderC to
D

saJ vS eT poF wer] ,\ aI unitR in
H

inquiry
H

-scanmodeY
does
V

not conU tinuously
D

listen to
D

inquiry` messages.Instead,
it onlyC listensfor aI vS eryT shortJ periodF ofC time

D
(11.2
_

5
m

msby
Q

def
V

ault)I ,\ which,] underR regB ularR conU ditions,
V

sufJ fices for the
D

inquiry` messageto
D

getB throu
D

ghB with] sufJ ficiently highproF b-
Q

abilityI . Thenthe
D

unitR entersT idlemodefor aI muchlongerin-
terv
D

alI (typ
_

ically
H

1.28
i

s).J Ho
z

we] vS erT ,\ the
D

inqu
H

iring
H

unitR needK sJ
to
D

sendJ inquiry
H

messagesY (and
_

alternatelyI listen
M

for
P

poten-F
tial
D

replies)L dur
V

ing
H

the
D

entireT interv
H

al,I sinceJ it
H

cannoU t
D
kno
e

w]
when] the

D
tar
D

gB etT unitR is
H

actuallyI listening.
M

Accordin
r

gB to
D

Salonidis
E

etT al.I [11],
G

the
D

eT xpX ectedT delay
V

for
P

link
M

forma
P

tion
D

(i.e.,
_

inquir
H

y` plusF connectioU nK establish-T
ment)Y ofC peerF unitsR is

H
1 sJ when] both

Q
unitsR alternaI te

D
between
Q

inquiry` andI inquiry-scanmodesT followin] gB unifoR rm distri-
V

b
Q
ution.R In the

D
link-formationC delay

V
,\ de
V

viceS disco
V

vS eT ry is by
Q

farI the
D

dom
V

inating factorI . Howe] vS erT ,\ we] cameU to
D

dif
V

ferent,T
muchhigherresultsfor de

V
viceS disco

V
vS erT y` ,\ both

Q
in theory
D

asI
well] asI in eT xperiments. Firstly,\ the

D
figuresgiB vS enT in [11]

G
neglectB that

D
unitsR in inquiry-scanmodeonlyC payF attentionI

to
D

inquiry messagesfor 11.25 ms outC ofC 1.28s,J lessthan
D

oneC perceF ntK ofC the
D

time!
D

Ther
A

efore,T we] w] ouldC needK to
D

addI¥v¦¨§ª©¬«®­°¯±¦²¦¨§ª©¨³µ´±­·¶¹¸¨©
to
D

the
D

eT xpeX ctedU delay
V

. Second
E

ly
M

,\ the
D

figures
b

areI based
Q

onC the
D

assumptionI ofC anI ideal,
H

errorT -freeL
enT virS onmenC t,

D
where] messagesY areI neK vS eT rL lost.

M
Indeed
d

,\ ourC eT xperimX entsT shoJ w] that
D

de
V

viceS disco
V

vS eT ryL
is
H

muchY sloJ wer] in
H

real-liL vS eT settingsJ andI oftenC tak
D

esT seJ vS eraT l
M
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Figure 3:
�

A
º

v» er� age� time
�

to
�

estab� lish a� connection� with¼ a� de
½

vice» that
�

is in inquiry-scan¾ mode

secondsJ to
D

compU lete.
M

Figure
c

3
j

shoJ ws] the
D

distrib
V

utionR ofC the
D

disco
V

vS erT y` delay
V

for
P

anI inquired
H

de
V

vS ice,
H

based
Q

onC 1500tests.
D

The
A

eT xperX iment
H

setupJ consistedU ofC tw
D

oC immo
H

bile
Q

BluetootheT vS aluI ationI board
Q

s,J usingR the
D

sameJ ROK
�

100007
h

modulesJ asI ourC Smart-I
E

t
D

prototyF pes,F which] were] placedF atI
aI distance
V

ofC aboutI oneC meter. One
�

unitR w] asI constanU tly
D

setJ
to
D

inquiry-scanmode,T while] the
D

otherC unitR w] asI dedicated
V

to
D

inquiry,\ both
Q

usingR Bluetoothdef
V

auI lt settings.J
InsteadofC usingR tw

D
oC ofC ourC Smart-I

E
t
D
unitsR directly

V
,\ we]

decided
V

to
D

useR the
D

eT vS aluaI tion
D

board
Q

sJ (wher
_

eT the
D

hostporF -
tion
D

ofC the
D

inquiring unit’R sJ stackJ w] asI run onC aI Linux ma-
chine)U sinceJ it

H
ofC f
P
eredT usR aI muchY finer

b
timer
D

granB ularityR than
D

what] w] ouldC ha
^

vS eT been
Q

possibleF usingR the
D

Smart-Its
E

protoF -
type.
D

In
d

eT vS eT ryL test,
D

the
D

ded
V

icated
H

inquirer
H

w] asI condU uctingR
inquiry
H

for
P

eT xactlyX 12.8secondJ s,J eT vS enT if
H

the
D

tar
D

getB de
V

viceS
w] asI disco

V
vS eT redL in

H
less
M

than
D

12.8secondJ s.J Prior
�

to
D

carryU -
ing
H

outC the
D

neK xtX test
D

the
D

inqu
H

irer
H

went] back
Q

to
D

standbyJ for
P

aI time
D

uniforR mlyY distrib
V

utedR between
Q

0
h

andI 12.8 secondJ sJ
to
D

aI vS oidC synchrJ onizationC artifI acts.I The
A

eT xpX erimentT w] asI setJ
in
H

aI typical
D

ofC fice
b

enT virS onmenC t
D

with] little
M

traf
D

fic
b

from
P

anI
IEEE802

i
.11wireless] LAN andI noBluetoothtraf

D
fic.

TheresultsofC the
D

eT xperimentsare:I
1. the

D
aI vS erageT inquiry delay

V
is 2221 ms

2.
�

afterI 1910ms,Y 4728
l

ms,Y andI 5449
m

ms,Y the
D

tar
D

gB etT unitR
hadbeen

Q
foundin 50,

m
95,
�

andI 99
�

percenF t
D

ofC allI tests,
D

respectivS eT ly.

A possibleF reasonfor the
D

high disco
V

vS erT y` delay
V

may
be
Q

that
D

inquir
H

y` messagesY andI repliesL to
D

inqu
H

iry
H

messagesY
areI lost

M
orC areI notK being

Q
recognL ized

H
asI such.J Dif

�
feren
P

cesU in
H

the
D

local
M

clocksU andI the
D

freq
P

uencR y` hopp
^

ing
H

schemeJ mayY be
Q

reasonsL for
P

the
D

latter
M

case.U
The
A

Bluetooth
f

inqu
H

iry
H

modelY in
H

generaB l
M

seemsJ to
D

be
Q

gearedB to
D

w] ardI settingsJ where] aI ded
V

icated
H

unitR is
H

responsibleL



for disco
V

vS eT ring aI setJ ofC otherC units,R e.g.T aI laptopcompuU ter
D

periodicF allyI scanningJ for peripheF ry. It seemsJ lessapprI opri-C
ateI for truly

D
symmetricalJ nodes.Also, in the

D
laptopsettingJ

described
V

aboI vS eT ,\ aI delay
V

ofC seJ vS erT alI secondsJ for conU nection
establishmentT w] ouldC be

Q
tolerable
D

. In
d

distrib
V

utedR sensorJ net-K
w] orksC suchJ asI the

D
Smart-I
E

ts
D

netwK orkC ,\ ho
^

we] vS erT ,\ we] eT xpectX
nodesK to

D
be
Q

mobY ile.
H

An
r

eT xamX pleF w] ouldC be
Q

sportsJ gearB aug-I
mentedY with] Smart-I

E
ts,
D

e.g.T bik
Q

es,T skateboarJ ds,
V

orC aI foot-
P

ball.
Q

Based
f

onC the
D

eT xperieX ncedK meanY disco
V

vS eT ryL delay
V

ofC
2221
�

ms,Y tw
D

oC Bluetooth
f

de
V

vS ices
H

tra
D

vS elinT gB atI aI relatiL vS eT speedJ
ofC 12.5km/h (4.5

_
m/s) couU ld alreadI y` barle

Q
y` setJ upR aI con-U

nectionbefo
Q

re movinS gB outC ofC commuU nicationrangeT againI .
The lengthy

D
conneU ctionU establishmenT t

D
efT fectivS eT ly preF vS entsT

the
D

useR ofC Bluetoothin fast-moI vingS settings.J
The
A

inqu
H

iry
H

messageY broad
Q

castU by
Q

anI inquirin
H

gB unitR
does
V

notK conU tain
D

anI y` info
H

rmationL abouI t
D
the
D

source.J Instead,
d

the
D

inquir
H

edT unitR giB vS eT sJ aI w] ayI infor
H

mationY requireL d
V

for
P

con-U
nectionK establishmenT t,

D
suchJ asI the

D
uniquR eT de

V
viceS id,

H
in
H

the
D

inquiry response.Thus the
D

inquired unitR must revS ealT in-
formation aboI utR itself without] knowing] who] is inquiring.
This inquiry schemeJ maybeco

Q
meaI priF vS acI y` concernU in ourC

project,F where] personaF l belong
Q

ingssuchJ asI childrenU ’sJ to
D

ys`
maybe

Q
augmenI ted

D
with] Smart-I

E
ts.
D

Finally
c

,\ because
Q

ofC poF wer] consumpU tion,
D

Bluetooth
f

’sJ
inquiry
H

is
H

proF bably
Q

less
M

suitedJ for
P

lo
M

w-po] wer] nodesK that
D

will] freq
P

uentlyR ha
^

vS eT to
D

scanJ their
D

surrounJ dings
V

to
D

disco
V

vS eT rL
neK w] nodK esT orC backg

Q
rounL d

V
services.J On

�
the
D

otherC hand,
^

this
D

posesF noK problemF to
D

moreY poF we] rfulL de
V

vicesS suchJ asI lap-
M

top
D

compU uters:R Placing
�

the
D

poF w] erT b
Q
urdenR onC the

D
inquirin
H

gB
unitR maybe

Q
aI desired
V

featureT in anI asymmI etricalT commuU -
nicationsetting,J wher] eT it w] ouldC relievS eT mobile low-po] wer]
peripheF ry.

3.4
�

Pre-series Bluetooth modules

In
d

their
D

currenU t
D
state,J manY y` commU ercialT Bluetooth

f
modY ulesR

do
V

notK ofC fer
P

the
D

full
P

functio
P

nalityK ofC the
D

specification.J The
A

Ericsson
}

R
~

OK
�

101007
h

modY ulesR atI ourC disposal
V

ha
^

vS eT seJ v-S
eralT featur

P
esT missing.Y

Most importantly,\ the
D

unitsR do
V

not implement
D

poinF t-
D

to-multip
D

ointC connU ections.T Therefore,T piconF etsT areI limited
to
D

just
k

tw
D

oC de
V

viceS sJ andI interconn
H

ectedT piconF etsT cannU otC be
Q

established.T Consequ
y

entlyT ,\ broad
Q

castU andI masterY -slavS eT roleL
switchingJ has

^
notK been

Q
impleme
H

ntedK eitherT ,\ sinceJ it
H

onlyC
makY esT senseJ for

P
piconetsF ofC three

D
orC moreY participF ants.I

When
W

in
H

connU ectT state,J ourC unitsR cannotU actiI vS elyT inqu
H

ire
H

otherC de
V

vices,S norK canU the
D

y` be
Q

inqu
H

ired,
H

reL gaB rdlessL ofC anI y`

traf
D

fic oC vS eT r that
D

connectioU n. In additionI to
D

the
D

vS eryT high
poF wer] consumpU tion

D
ofC the

D
module, noneT ofC the

D
low] poF wer]

modes(ho
_

ld, snifJ f, andI parkF )
|

areI suppoJ rted.
Besidesimportant

D
featuresT not being

Q
implemented,

V
aI

numberT ofC otherC dif
V

ficulties aroseI dur
V

ing the
D

de
V

vS eT lopment
D

ofC the
D

first Smart-I
E

t
D

protoF types.
D

The Bluetoothmodules
were] hardto

D
obtainC andI cameU atI aI ratherhighpriceF (USD

_
80
i

perF piece)F . Second
E

ly
M

,\ proF duct
V

info
H

rmation,L suchJ asI un-R
implemen
H

ted
D

featur
P

es,T andI mechanY ical
H

andI electricalT speci-J
fications
b

were] unaR vS aI ilable
H

untilR the
D

modY ulesR were] shippJ ed.T
Also,
r

for
P

the
D

assemblyI ofC the
D

Smart-I
E

ts
D

de
V

vicesS aI place-F
mentY machineY w] asI requiredL . Whereas

W
allI otherC compU o-C

nentscouldU be
Q

solderedJ manually,\ the
D

ball-g
Q

rid arrayI ofC
the
D

SMD-pack
E

agedI BluetoothunitR couldU not. This meant
D

that
D

the
D

assemblyI ofC onlyC aI few] Smart-I
E

ts
D

alreadyI required
prodF uction-R scaleJ facilitiesI solelyJ due

V
to
D

the
D

packagF ing ofC
the
D

Bluetoothunits,R thus
D

greatlyB increasingcost.U
Although this

D
is not aI particularF probF lem ofC usingR

Bluetooth in geneB ral, it indicates that
D

eT xperimentation
andI de

V
vS eT lopment

D
for researchersJ without] direct

V
accessI to

D
prodF uction-R scaleJ facilitiesI is madedif

V
ficult atI this

D
pointF in

time.
D

4
¿

Related
À

W
Á

orko
Se
E

vS eralT aspectsI ofC ourC Smart-
E

Its
d

projectF with] respectL to
D

its
H

form
P

f
P
actorI andI commuU nicationK technolo

D
gyB areI alsoI being

Q
in
H

vS eT stigatedJ in
H

otherC researchL projects.F
In
d

the
D

Smart-Dust
E

[13]
G

projectF atI Berk
f

eleT y` ,\ similarJ -
sizedJ proF totypes

D
ha
^

vS eT alreadyI been
Q

b
Q
uilt.R Ho

z
we] vS eT rL ,\ instead

H
ofC aimingI for

P
aI stickJ erT -sizedform

P
f
P
actorI ,\ smartJ dust

V
is
H

ulti-R
matelyY aimingI atI muchY smallerJ sizeJ ofC onlyC aI singleJ cubicU
millimeter,\ i.e., ”dust-sized”. Also, insteadofC radio com-U
munication,

D
smartJ dust

V
purF suesJ actiI vS eT andI passiF vS eT opticaC l

commuU nicationsfor ultra-loR w] poF wer] consumpU tion.
D

While
W

passiF vS eT commuU nication is vS erT y` poF wer] conU servJ atiI vS e,T it re-
quires� aI centralU authoI rity (base

_
stationJ transcei

D
vS erT ,\ BTS)

that
D

initiatescommuU nicationwith] aI modulatedR beam
Q

laser.
IndivS idualnodesT reflectaI constantU laserbeam

Q
fromthe

D
BTS

andI useR aI deflectab
V

le mirrorC b
Q
uiltR in MEMS techno

D
logy to

D
moduY late

M
the
D

replyL ontoC the
D

beam.
Q

Acti
r

vS eT commuU nicationK
scenariosJ usingR aI b

Q
uilt-inR laser

M
areI alsoI in

H
vS eT stigated.J Ho

z
w-]

eT vS erT ,\ itH is
H

notK yet` clearU ho
^

w] tw
D

oC suchJ de
V

vS ices
H

canU locate
M

andI
commuU nicateK to

D
oneC anotherI without] initially

H
kno
e

wing] the
D

location
M

ofC the
D

otherC de
V

viceS .
Also,
r

Smart-Its
E

areI enT visioneS d
V

to
D

proF vS ide
H

aI substantialJ



amounI t
D
ofC pre-F processingF ,\ for eT xample in the

D
areaI ofC audioI

andI videoS sensorJ data,
V

not onlyC onC aI singleJ unitR basis,
Q

b
Q
utR

particularlyF asI aI collectiU vS e,T distrib
V

utedR proF cessorU madeupR
ofC aI smart-itsJ feder

�
atioZ n� . Consequ

y
entlyT ,\ smart-itsJ aimI atI

proF vS iding
H

compleU xX conteO xtÂ inform
H

ation,I while] smart-duJ stJ
focuses
P

onC relayingL direct
V

sensorJ data
V

to
D

aI moreY poF werf] ulR
centralU proceF ssorJ .

W
W

ithin the
D

Smart-Dust
E

projecF t,
D

aI rangeofC prototyF pesF
havS eT alsoI been

Q
b
Q
uiltR that

D
useR dif

V
ferentcommuU nicationtech-

D
nologiesJ apartI from opticalC communU ication.Most recently,\
the
D

”weC Mote” usesR aI customU proF tocol
D

oC vS erT aI 916.
�

5
m

MHz
transcei
D

vS erT with] aI rangeofC 20metersandI transmission
D

rates
ofC upR to

D
5
m

Kbps. It runsaI customU micro-threade
D

d
V

operC at-I
ing
H

systemJ calledU T
A

in
H

yO` S
E

[9],
G

featur
P

esT vS ariouI sJ dif
V

fer
P

entT on-C
board
Q

sensorsJ andI is
H

alreadyI being
Q

usedR in
H

the
D

UCLA
{

habi-
^

tat
D

monitoY ringL proF ject
k

[7]
G

asI partF ofC aI tiered
D

enT virS onmenC -
tal
D

monY itoring
H

system.J While
W

oneC ofC ourC proF ject
k

partnersF
within] the

D
Smart-Its
E

project,F the
D

Uni
{

vS ersityT ofC Karlsruh
�

e,T is
H

alsoI b
Q
uildingR Smart-It

E
protoF types

D
usingR aI fixedT frequencT y`

customU radio transcei
D

vS erT in the
D

915
�

MHz ISM ban
Q

d
V

[10],
G

we] purF posefullyF w] antedI to
D

invS estigateT the
D

suitabilityJ ofC the
D

BluetoothstandarJ d
V

in ordeC r to
D

alloI w] Smart-Its
E

to
D

commuU -
nicatewith] otherC BluetoothenabledT commerU cialU de

V
vices.S

Ne
Ã

xt to
D

the
D

Bluetoothtechn
D

ologyC emploT y` edT in ourC first
prototyF pes,F aI numbeK rL ofC compaU rableL commuU nicationK tech-

D
nologieK sJ eT xistX that

D
suppoJ rtL someJ orC allI ofC ourC requirL edT com-U

municatioY nK aspects.I
Boththe

D
popuF lar IEEE802

i
.11for W

W
irelessLocalArea

Netw
Ã

orksC (WLAN)
_

andI its competitoU r,\ HiperLAN/2 [1],
G

ofC fer adI hoc modesfor peerF -to-peercommU unicationR . Be-
causeU 802.

i
11 requires aI dedicated

V
accessI pointF (AP)

_
for

many` featuressuchJ asI QoS
Ä

orC poF wer] saJ ving,S its adI hoc
modeis vS erT y` limited. In HiperLAN/2,\ mobile termina

D
ls

tak
D

eT oC vS eT rL the
D

roleL ofC APs
r

when] being
Q

in
H

adI hoc
^

modeY
andI thus

D
canU continU ueR to

D
supporJ t

D
QoS
Ä

andI poF we] rL saJ ving.S
Since
E

these
D

technolo
D

giesB areI mainlyY intended
H

for
P

scenariosJ
where] mobileY clientsU communU icate

H
thro
D

ughR base
Q

stations,J
their
D

transmission
D

poF wer] is
H

considerU ablyI higher
^

than
D

that
D

ofC
Bluetooth(10-3

_
00
h

mW,\ comparU edT to
D

1 mW in Bluetooth).
|

FutureWLAN
W

de
V

vicS esT that
D

suppoJ rt transmit
D

poF wer] contrU olC
(TPC)
_

might be
Q

aI suitableJ alternatiI vS e.T Also, noneofC these
D

de
V

vicesS areI yet` aI vS ailableI in the
D

desired
V

form-factorI .
A
r

vS eryT interesting
H

recentL standardJ ization
H

proF cessU has
^

been
Q

initiated
H

by
Q

the
D

IEEE
d

802.
i

15 w] orkinC gB grouB p,F which]
tries
D

to
D

define
V

aI Personal
�

Area
r

Netw
Ã

orkC (P
_

AN)
r

standardJ [2].
G

Its
d

first
b

incarn
H

ationI (802
_

.15.1)
|

is
H

to
D

be
Q

based
Q

onC Bluetooth
f

andI shouldJ impr
H

oC vS eT andI eT xtenX d
V

the
D

eT xistingX specification.J

802.
i

15.3aimsI for high data
V

ratesofC 20 Mbps orC more,atI
low] costU andI low] poF we] r consumpU tion.

D
802.1
i

5.4
m

supple-J
mentsaI low] data

V
rate(10

_
Kbps)standardJ ,\ b

Q
utR usingR ultra-R

low] poF wer] ,\ compU lexity andI cost.U
Recently
~

,\ the
D

XI
Å

Spik
E

eT commU unicationR platfoF rmL [3],
G

de
V

vS eloT pedF by
Q

Ele
}

vS eT nK Engin
}

eeringT in
H

Canada,
y

has
^

stirredJ
interest
H

asI aI viableS compeU titor
D

to
D

Bluetooth
f

,\ operC atingI atI
both
Q

the
D

915
�

MHz
a

andI 2.4
�

GHz
g

ISM
d

bands
Q

usingR frequ
P

encT y`
hopp
^

ing
H

andI direct
V

sequenceJ spreadJ spectrum.J Originally
�

de
V

vS eloT pedF for
P

the
D

gaB mingY industry
H

(conne
_

ctingU gaB meY con-U
trollers
D

to
D

consoU les), it ofC fersJ multiple data
V

ratesofC upR to
D

844
i

KbpsusingR aI transmission
D

poF wer] ofC 0.75
h

mW; supporJ ts
D

both
Q

peerF -to-peerF andI broa
Q

dcast
V

comU munication; alloI ws] its
embedT ded

V
RISCproceF ssorJ to

D
be
Q

usedR for userR applicationI s;J
andI is saidJ to

D
comeU atI aI muchlower] priceF than

D
anI y` aI vS ailableI

Bluetooth
f

moduY le
M

today
D

(USD
_

6.25
�

).
|

5
Æ

ConclusionsÇ
Se
E

vS eralT f
P
actorsI ha

^
vS eT conU trib

D
utedR to

D
the
D

significantJ atten-I
tion
D

Bluetooth
f

has
^

receiL vS eT dV in
H

recentL monthY s.J As
r

oneC ofC
the
D

first international standardsJ aI vS ailable,I it greatlyB simpli-J
fies adI hoc networkC ing usingR the

D
piconetF commuU nication

paradF igm. By usingR the
D

freely aI vS ailableI ISM band,
Q

Blue-
tooth
D

de
V

vicesS canU be
Q

usedR w] orld-widC eT withou] t
D

alterations.I
Its frequencT y` hopping technolo

D
gyB makesT transmissions

D
ro-

b
Q
ustR agaI inst

H
narroK w-band] interfer

H
encesT (which

_
mighY t

D
be
Q

frequ
P

entT within] the
D

ISM
d

band
Q

).
|

Ev
}

eT nK thou
D

ghB Bluetooth
f

moduY les
M

areI curreU ntlyK ratherL eT xpenX siJ vS e,T pricesF areI eT xpX ectedT
to
D

drop
V

to
D

abouI t
D

USD
{

5
m

perF unitR oncC eT mass-proY duction
V

is
H

runnL ing
H

full-scale.
P

Originally
�

intended
H

asI aI cable-U replacemeL ntK technol-
D

ogyC ,\ futureT Bluetoothmodules(i.e.,
_

b
Q
uiltR fully to

D
spec)J will]

be
Q

well] suitedJ for scenariosJ where] aI poF wer] ful masterde
V

viceS
(usually
_

aI laptop,PDA orC mobile phoF ne) connectsU seam-J
lesslyto

D
aI numberT ofC periphF eralsT (e.g.

_
,\ aI printerF ,\ keT yb` oard,C

orC mouse).J W
W

ith data
V

ratesofC upR to
D

1 Mbps,J BluetoothalsoI
ofC fersJ morethan

D
enouT ghB bandwid

Q
th
D

for ubiquR itouscompU ut-R
ing applicationI sJ suchJ asI simpleJ sensorJ networkC sJ (as

_
eT xeT m-

plifiedF by
Q

ourC Smart-
E

Its).
d

Ho
z

we] vS eT rL ,\ scenariosJ in
H

vS oC lving
M

aI
lar
M

geB numbK erT ofC identical
H

lo
M

w-po] wer] de
V

vicesS usingR adI hoc
^

netwK orkC ing
H

in
H

aI true
D

peerF -to-peerf
P
ashionI (lik

_
eT ourC Smart-

E
Its
d

nodK es)T stillJ f
P
aceI aI numK ber

Q
ofC obstaclesC when] usingR Blue-

f
tooth
D

asI their
D

commuU nicationK techno
D

logy:
M

È Asymmetrica
r

l
M

commU unicationR setup:J Finding
c

neK w]
commuU nicationK partnF ersT requireL sJ oneC nodK eT to

D
be
Q

in
H

in-
H



quiry� modeT andI the
D

otherC being
Q

in inquiry-scanmode
atI the
D

sameJ time.
D

É Master-slavS eT commuU nicationparadigF m: Commun
y

ica-
tion
D

in
H

piconetsF mustY alI w] aysI be
Q

conduU ctedU between
Q

masterY andI slaJ vS e—twT oC slaJ vS esT mustY alI w] aysI in
H

vS olvC eT the
D

masterY nodK eT in
H

orderC to
D

commuU nicate.K
Ê Piconet
�

concepU t:
D

No
Ã

moreY than
D

seJ vS enT slaJ vS esT canU be
Q

actiI vS eT in aI piconF etT atI anI y` time—if
D

morenodesneed
to
D

be
Q

addedI ,\ otherC actiI vS eT nodesmust be
Q

putF in parkF
mode. In parkF modehowe] vS eT r,\ nodesT cannoU t

D
actiI vS elyT

commuU nicate.

Ë Scatternet
E

concepU t:
D

Ev
}

enT thoug
D

h
^

nodK esT canU be
Q

in
H

moreY
than
D

oneC piconetF atI aI time,
D

the
D

y` canU onlyC be
Q

actiI vS eT in
H

oneC ofC them
D

atI aI time—meanwh
D

ile
H

commuU nicationsK
within] otherC piconF etsT mustY be

Q
suspendJ ed.T

Ì Power] consuU mption: EvenT if the
D

poF wer] consumU ptionF
ofC curreU nt pre-seriesF modulescanU be

Q
cutU significantlyJ ,\

centralizedU controU l ofC the
D

piconF etT asI well] asI the
D

asym-I
metricnatureT ofC inquiry andI conU nectionestablishmentT
putsF the

D
b
Q
urdR enT ofC eT xpending

V
poF wer] ontoC aI singleJ de-

V
vice.S Low-po] wer] modesT mayhelpb

Q
utR the
D

y` do
V

not ap-I
plyF to

D
eT vS erT y` situation.J

Incorporating
D

oneC ofC the
D

earlyT Bluetoothmodulesinto
ourC Smart-It

E
prototyF peF gaB vS eT usR aI goodB ideaonC both

Q
the
D

po-F
tential
D

andI the
D

possibleF limitationsofC this
D

technolo
D

gyB . How-]
eT vS erT ,\ it is dif

V
ficult to

D
arriI vS eT atI aI final judg

k
ment regarB ding

V
the
D

suitabilityJ ofC Bluetooth for peerF -to-peer
D

commU unica-R
tion
D

in ubiqR uitousR compuU ting
D

applicationI s:J Since
E

ourC pre-F
seriesJ unitsR lack

M
edT manY y` ofC the

D
standardJ Bluetooth

f
features
P

(e.g.
_

noK point-toF -multipoint
H

commuU nication,K noK poF w] erT saJ v-S
ing
H

modY es),T we] were] notK ableI to
D

assertI their
D

suitabilityJ for
P

applicationI sJ suchJ asI ourC Smart-I
E

ts
D

sensorJ netwK ork.C
Ev
}

enT though
D

Bluetoo
f

th
D

mightY notK be
Q

optimaC lly
M

suitedJ
for ourC domain

V
,\ it stillJ seemsJ to

D
be
Q

the
D

best
Q

readily aI vS ailableI
alternatiI vS eT atI the

D
moment. Using

{
aI customU radio solutionJ

might renderT commU unicationR sensitiJ vS eT to
D

interferenceU un-R
lessspreadJ spectruJ m solutionJ sJ suchJ asI frequencT y` hoppingF
is used.R Also, erroT r corrU ection,T transmission

D
poF wer] adap-I

tation,
D

andI fund
P

amentalI quality� ofC serviceJ optionsC that
D

areI
alreadyI partF ofC the

D
Bluetooth
f

standardJ w] ouldC needK to
D

be
Q

re-implemL entedT when] usingR aI customU solution.J Once
�

the
D

neK xtX generaB tion
D

ofC Bluetooth
f

moduY les
M

beco
Q

mesY aI vS ailable,I
we] areI plannF ing

H
to
D

re-eL xX amineI their
D

usabilityR asI anI adI hoc
^

netwK orkinC gB technolo
D

gyB in
H

ourC Smart-Its
E

projecF t.
D

Also,
r

we]

continuU eT to
D

eT xplore otherC wireless] commU unicationR stan-J
dards
V

suchJ asI IEEE 802
i

.11,HiperLAN/2, IEEE 802
i

.15,orC
XI Spik

E
eT for useR in true

D
peerF -to-peer,\ low-po] wer] sensorJ net-

w] orks,C asI soonJ asI we] will] be
Q

ableI to
D

obtainC corrU espondT ing
moduY les

M
in
H

aI matchingY form
P

f
P
actorI .
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