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Abstract 

Blue色∞ぬ deviωdiscov1町so色herBlueωoth devic錨， and舗もablish伺 oonnectionswi出 thosedevicω. Device 
discovery is achieved byぬem鎚旬rrunning the Inquiry protocol and slav'倒 runningthe Inquiry Scan protocol. 
The mas色erand a slave establish a connection usingぬePage and Page Scan proもocols，respectively. Ona a 
connection泊 es色ablishedbetween a m錨色erand a slave， upp町 leveldata can be exchanged betw関 nthe two 
devices. Thus， device dis∞Ivery and connection倒 ablishm朗色町efundamenta1 to∞，mmunication betw伺 ntwo 
Bluetooぬ devices.While a device is in the proc伺 sof discovering 0色herdevices， there is a r組.domdelay. We 
analyze the discovery time for different situ飢ions.We further show色hedelay-disなibutionfor varied number of 
devices. The resul旬 wereobtained by simulation which is thorough to every details of the proもocolspec温c剖ion.
We位 plainre舗 onsof occ舗 ionallongdiscovery time， and propose meansωimprove it. 

1. Introduction ぬebaseband level. But， device discovery atぬeb錨 e・

Bluetooぬ (BT)specification version 1.1， published 
in 2001， is an泊dustryst釦 d紅 dfor providing low 
pOwer， low-oost， short-range wireless radio link to con-
nect devices like a head phone， a prin加r，an In色erne色
access poin色etc.色oaho抗 likea mobile PC or a Palm. 
Alω:rnatively， it could be like gathering information 
about r側 aur組組， game-anters， in a depl凶 mental
stores floor， using a palm or a mobile-phone equipped 
wi色hBT module. Device discovery simplifies the色ask
of finding and connecting色odi宜erentservices available 
locally. 1色helpsto organize a mobile ad-hoc network 
旬jJoredω もherequirement. Alternately， it simplifies 
the t舗 kof building and maintaining a ne色work，ωpe-
cially when new services紅 eintroduced. With rising 
number of such sぽvicωtobe linked dynamically and 
without cable， efficient node dis∞Ivery plays an impor-
b釦色 rolein overall perform組 ceofぬeBT wirel白 snet-
work. Th町ehave been innovative effo抗S泊 usingthe 
technology to form personal area network and multi-
hop ad hoc neもworks[3， 5]. 
The baseband protocol takes care of the b凶 ic色錨b

of device dis∞Vぽ y組 dsubsequent connection. The In-
q凶ryproも.ocolruns atぬedisc.overing end， also called 
ぬeM錨 ter.It triω 色.0locate devices泊 itsvicinity. In-
q凶ηscanprotoc.ol is execu旬dby those devices which 
offer回rvic邸組dwaiもtobe discovered. They areαlled 
slav'回 . Ona the discovering de吋ωdiscoversa slave， 
色hetw.o deviCes can go色0もheconnection s凶 ethrough 
Pagingpro色ocol.Bo白色hωeproもooolsrun at the b鎚e-
band level. 
Mosもof色heprevious rese釘 chworks in BT serviω 

discovery are in色hehigher layer 叫 ServiωDevicePrか
もocol(SDP)， to e油 ancei旬 functionalitiesor compare 
i匂 functionalitieswith competitive technologi回. To 
our knowledge， no work h鎚 ye色beendone， or repo此ed
anyr倒叫色 aboutthe performana of device discovery at 

band level is出ecore色ωk，on which SDP包b舗 ed.We 
implemented a complete BT ne色，workenvironmen色by
softw，紅'esim叫ation，with full details of色heb鎚 eb組 d
protocols， to do制 erentperformance experime蜘.We 
madeもheobservation由叫 thedevice discovery de-
pends on the density of出.edevic館組dthe random 
b副主offtime. We also indicate how to improve the dis-
∞，very delay. 

Therω色ofthe paper isωfollows. The procedurωof 
In伊iry釦 dIn伊，irysωn， which釘 ethe b錨 isfor find-
ing other BT nod笛，泊 describedin S舵もion2. Rela色ed
work has been discussed in Section 3. An estimation 
ofぬedelay in device discovery is done in Section 4. 
Simulation results釘 edescribed in Section 5， and we 
∞nclude色hepapぽ泊 S舵もion6. 

2. Inquiry and Inquiry Scan Pro-
cotols 
The de吋cediscovery pro色ocolco凶 istsof色wopぽ旬，

namely Inquiry and Inquiry Sc飢. A discovering de・
吋ce(or， mas色er)runs the Inquiry protocol and a dか

vice 羽 出19ω bedi民 overed(or， s伽l加卸鵬州e吋)runs色叫出恥h恥1鴎凶e
Sc卸 protocol.The two protocols have been eJ中l組問d
in t依も forminぬeBlue色oothb舗 ebandspecification 
[4]. However， forぬep町 oseof clear understanding， 
we presentedもhemin the form of s凶e-transitiondia-
gram. 
In a cluster of BT enabled devices， before釦 ycom-

munication or connection is established， all nodes are 
泊 Standbys色ate. For a device to ch釦 ge企oman 
uncommunicating Standby state to a ∞mmunicating 
Connection st前e，it h舗 togo色hroughtwo subs切tω，
namely Inquiry and Page. In fact， a device can go 
to Inquiry sta旬企omConnection state too， time to 
time， to discov:ぽ newernodes. Even then， the basic 
S旬psof deviωdiscovery are色hesame. The inquiry 

-136-



C国凶出踊 IQTx‘刷
lnpu1:例iI)

~II 
0刷z:1'lar国語D陣刷

Figure 1: State transition diagram of Inquiry 
Protocol 

procedure enables a unit to discover which 0ぬeru凶旬

釘 'ewithin the short r釦 geof BT communication. Pag-
ing procedure is to enable the紙切alconnection. We 
will only discuss色hesteps involved in discovering other 
devices. We will also eJ中lainde凶ilsusing timing dia-
gr創nsof different packets trar回mi此edand received. 

2.1 The Inquiry Protocol 

The sta'色e-tr組 sitiondiagr卸nof the Inquiry prか
tocol担 shownin Fig.1. The protocol consists of 
two states: STANDBY or CONNECTION and IN-
QUffi.Y. Initially， a device could be in the STANDBY 
or色heCONNECTION state. It isもheLink Man-
ager Proもocol(LMP) layer that decides when色heb部e-

band layer may initiateもheInquiry protocol. A色白is
po泊t，色heLMP layer asks the b鉛 ebandlayer to en-
ter色heINQUffi.Y s胤 e(#1). In #1， the baseband 
layer s色町tsa timer called 飢quiryTO.The bωeb釦 d
layer moves. ttom色he町 QUffi.Y 前脚色othe origi-
nal STANDBY /CONNECTION state in色，woways， by 
もr釦 sition#4， ocωrs when it is asked to do so by 
LMP and #5， occurs when the in卵白"YTOtimer ex-
pires. Two kinds of s切，te位組副ionsocα.tr depending 
on whether it泊泊 aTx (色rans凶副on)制 ora Rx 
(reception) slo色，舗 shownin tr制 ition抑制紅 側i-
tion #3， respectively. In Tx slot the discov町 ingdevice 
transmiもstwo ID pacl机句， one鉱山ebeginning and the 
other a色白emiddle ofぬeslot. In Rx slo丸紅卸国ition
#3 takωplace， when色hereception of an FHS packeも
signa1s the dis∞Ivery of a device w剖泊g色obe discov-
ered. In位釦sition#3， the b錨 ebandlayer informsむhe
LMP of the discovery of a device， and the m錨色erde田

vice remains in the INQUffi.Y s色ate.恥 maybe noぬd
that出ediscovering device does no色a汰nowledge色he
reception of an FHS packeι 

In inquiry hopping sequence a set of 32仕equenciωis
p町出ionedinωtwo subsets of 16仕equenci邸 each，組d
two色rains，n創 nely色rainA and train B， are cons位uc色ed
仕omtho鈍色wosubsets. They are di宜:eren色permuta'色ion
ofdi貸住enも告句uenci倒.AsanIDp副主:etis 紅白田mitted
色，wicein each Tx sloむ， i色色akeseight Tx slots色ocoverthe 
whole train of 16仕equencies.Because出eTx and Rx 
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Figure 2: State transition diagram of In仰 ，ry
Scan Protocol 

slots紅 einterleaved， the toぬ1length of time to cover 
each train is 16 sloω，or 1伽 8(=16 x 625μ8ec， 625μ8ec 
being the duration of one time-slot). A single位ain
is repeaもedfor at le舗色 Nふquir1l= 256 times before 
the 0池町佐ain泊 used. In ord位 tocollect all re-
sponses in an error-仕ωmanner，剖 le銅色 fourtr話ns
or in other words three tr剖nswi色chesmust have色aken
place. Therefore， the INQUffi.Y substate may have to 
las色for10.24 sec. (256 x 10 x 4m8ec). H d倒 ired，the 
inquirer can also prolong the inquiry substate to泊四

cre鉛 ethe probabiIity of receiving all rωponsωin an 
error-free manner. 

2.2 The Inquiry Scan Protocol 

Thes色ate-色ransitiondiagr創 noftheInq凶ryScan釦 d
Response pro色ocolis shown in Fig.2. H a device wants 
to be discovered by others， thenぬ.eLMP layer of the 
deviωissu邸 acommand to the baseb加 dlayer to move 
仕omits present STANDBY /CONNECTION state to 
the Inquiry Scan substate， which is shown as transition 
#1. In色histr組 sitionthe device st紅 tsthe inqrespTO 
timer，組dinitializ伺 aBackoffDone sag to false. Hぽe
we explicit1y speci守山eb蹴 koffmechanism for a clear 
underst加 dingof出eprotocol. H the device reωiV1ωm 
ID packet and the b副主offhωnotbωn done，色henit 
starts an inq叫ryrespon関むimerirRAND，舗 wename 
it， with a duration randomly set between 0加 d1023 
slots and moves to its original state. H the device re-
ωives a田condID packet in the Inquiry Scan state， 
then it st釘 tsanother one-slo色timerwe call oneslotTO， 
after expiry of which it moves toぬeInquiry Response 
state. After waiting for低 actlyone slo色加 theInquiry 
Rβsponse state， the device transmits a FHS packet， 
reinitializes the BackoffDone Bag to false，加dmoves 
to the Inquiry Scan sta旬.Aftぽ theinqrespTO timer 
依 pires，the device moves 針。，mthe Inquiry Scan state 
to its original STANDBY/CONNECTION state. 
The idea behind having the responding devic飽 to

wait for a r釦 domperiod is to avoid collision of FHS 
packets 企'omdevicωthat receive the same fir抗 B
pa.a剖仕oma discovering deviω. When m阻 ydevices 
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紅 'esim叫，tanωlusly∞mpe色泊gω be dis∞vered， there 
泊 afini旬 probabilityof也担色ohappen. 

3. Related Research 
DeIay ana1ysis ofぬ，edevice discOV'ぽyprO'to∞l組 d

proposa1s to mO'dify the proto∞lωreduce the deIay 
have recently been a topic of research凶 e鮒 [1，2，句.
Z制 ba釦 dGupぬ [1吋simpli令色heanalysis ofぬedis-
cov'ぽyprO'tO'col by assumingぬ叫 noneO'f色he従ains-
AorB一泊 repeatedbefore a色rainswi色ch.CO'nnectiO'n 
establishment be色，weentwo mutua1Iy unknown devices 
takes 5.76 secO'nds in a typicalωse and may takeω 
IO'ng鎚 23secon也 inthe worstωe [1]. Thus， for Blue-
ωo由旬chnology色obeu鎚 fu1in a mobile envirO'nment， 
there is a need色ospeed upぬedis∞，very time. WeIsh， 
Murphy and Fr組旬[司 prOPO'sethree PO'ssible changes 
to the Blue色∞thspec埠c叫ion泊O'rder色oreduceぬe
dis∞lvery time. Th鵬 su邸側ionsare: (i) eIiminaぬO'r
decte舗 e色her，組dombackoff deIay inぬeInquiry Scan 
prO'tO'col， (日)usea伽 gle仕equency位制泊風e凶O'ftwO'
A and B-in the Inquiry proω∞1， and (巡)∞mb泊ethe
fir抗 two. Sa1O'nidis， Bh~伊叫組d 百槌i叫舗[司 have
sh側 n色hatde吋ω d旭covery色imec姐 bereduced by 
having devices al色町n銑ebe'色，weentWO' rO'les， namelJ月a
discoverer and one wiIling色0'be discO'vered. 

4. Analysis of Discovery Time 
In this section， we will analyze the discovery山田.

TIDl This is the average time taken by a slave to 
receive色hefir抗 ID.This泊neism伺 S町 'ed企'om色he
加抗antthe m締切rs色町旬色ransmi悦ingID packe旬
色0色heinstant when a slave receives an ID. 

勾 :This旭色heaverage of the r組 dO'mba.ckoff time 
a此erthe slave receives色hefirst ID pa.cket. 

TID2 :This泊色heaverage time taken by the slave色ore・
ceive a se∞nd ID. This time泊mωsured仕O'm色he
instan色色heslave ∞，mes ou色ofits r.組dO'mbackO'ff 
む0色heinstant when it reωives組 ID.

1・slot: This福山el-s1ot wa比byぬ，eslave beも，ween
receiving a second ID組 d位組閣mi悦泊g組 FHS
P副主:et.We will ignore this 1・slO'色∞mpO'nen色合'O'm
h凶herconsidera'もiO'n.

Thぽ efore，dis∞Ivery time， denoted by T， is邸:prωsed
as fO'llows. T = TIDl +九+TID2.

The Blue色oothspecific叫ionstatωtha色ar釦 dO'm
backoff凶 ervalbe uniformIy chO'sen from色herange 
伊， 1023] slots. Th凶，色heaverage vaIue of Tb泊 512
slots. There is a similarity betwl偲 nTIDl and TID2， 
because bo白色h鎚e泊，tervals町eassO'cia'色edwi白色he
same ∞ndition. For勾Dlwe have assumed出品 a
slave en旬rsi色sInq凶rySc組 stateno la蹴色hanthe 
master entering色heInq'凶ry前ate. Es関ntially，what 

ぬ泊 assumptionimplies is that by the time the m鎚・

旬rstar旬位組smi色tingID packets， a slave h舗aIready
begun or j凶色 beginsscanning the medium色oreceive 
an ID packeむ. Wemeωure TID2企'om色heins臨時 a
slave enters Inq-凶ηSc組 fora se∞nd time色owhen 
it receiVI舗 asecond ID. Thus，勾Dland TID2 can be 
computed泊出esame way. S， we can write， 

T = 2*TID +T6， 
where TID =むDl= TID2 reprωen也色heav'町age

time色akenby a sIave色oreceive an ID pack凶仕'om色he
in前組，twhen色hemωter泊tr組 smi抗ingIDp倒的旬組d
ぬes1ave泊 scanningthe medium. Thus，色ogive組

句凶mationof T， we need色0飴色imateTID. 

N鮒， wedisω鑓 theimpact of the vaIue of k (phase 
duferenω) on dis∞Ivery time， and will show也前 出is
ph舗 eplays an important role泊 deもenniningthe delay. 
LetF=AUBbeぬ，eseむof32仕equenciωusedinぬe
discovery proto∞t Members of F釘 edenoぬdby fi， 
where 1 < i < 32. A slave scans曲einedium onぬe
same frequency， say fi for 2048' slo旬. A+ and B+ 
reprlωent repetition of色heA色rainandぬeB位剖nfor 
256timω.Sinωaslave sc細 川hemedium on the same 
frequency for 2048 slo旬 and色heI回都hof each of A+ 
and B+ is 4096 slo旬， the range of ph舗 edifference色O
be considered泊 [0，204倒slo旬. In 0色herworks， we 
have 0 ~ k ~ 2046. Mor'ωiVer， we ∞nsider onIy色he
ev佃叫uesofk in色herange伊， 20必1].This泊beca脱
出em樹脂位ansmi加 IDpacke旬ini旬Txslots， and 
remains in reωive mode in色heRx slo飴色ocatch釦

FHS戸.cket.
TO' show the impact of也evaIue of k on dis∞Ivery 

色加，ein an informal m組問r，we∞，nsider two valu伺 of
k， such錨 k= 0 and k = 16. These two cases are 
disCl路関d泊色hefollowing. On色heone h組.d， if k = 0， 

a slave scans也emedium on two differen色合equencies
during the periO'd when the m紙 ertransmits ID pack-
e旬 usingA + frequencies. Thus，ぜ frOεA or frl E A， 

色heID pacl飢 w迎 bereceived by色hes1ave. Onぬe
O'therhand，ぜk> 0， a slave scans the medium on色hree
di偽re凶仕equenci回 during色heperiod when the m錨・

色er位ansmitsID packe旬 usingA + frequencies. This is 
eviden色仕omFig.3(b). Th凶， deviωdis∞iVery time is 
低P舵旬d色0'be sma1I町泊 thelatt町 C鉛 e.Wec組自立ー

也erid阻，ti骨組0色herimpO'此釦，tvaIue of k， n卸nelyk= 
16，鎚 fO'llO'ws.Le色 us舗 sume色ha色ktakes on a vaIue 
lωs th釦 16，say 14. In 14 consecutive s10色sthere are 
7 Tx s1O'ts組 d7 Rx slots. Since the ma品erc組位組s-

mit two ID p以北e旬泊 eachτ'xslot O'n two differ叩 t
仕equenciω，only140u色of16 A train仕equencieswill 
be PO'tential match fO'r f r2鎚 shownin Fig.3{b) (山 is
nO't a1ready m銑cheddur泊gA・位剖，n).Thus the prob-
ability of receiving組 IDpa.cke色dueω fr2ma色ching
with one of色hefrequencies泊色heperiO'd Ilt旭smaller
fO'r smallぽ valuesof k in色herange [2，司. A s旭日首

位 gumen色canbe田 edto show出品 thetwo r8.I唱:esO'f 
k， namely [2，司組d[2034，側，]， I制 to削 1紅dis-
cO'veryぬne.When 16 ~ k ~ 2032， fr2 c組 scanallぬe
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Figure 3: Situations with diJferent Jl.t 

A部 well舗 B位'ainof仕'equencies，and the match is 
ce吋剖nat this stage， if no色before.Therefore， we need 
to consider four distinct ranges of k鎚 followsto give 

a model of Tr D・

(i) k = 0 
(u) 2 ~ k ~ 14 
(出)16 ~ k壬2032
(iv) 2034 ~ k三2046
Cωes (日)組d(iv) lead to simil町 delaybehavior. 

Now we ob凶 n釦 expre鎚ionfor TrD by combining 
the位 pr邸 sionsfor TrD， (k=O)， TrD， (2三k三14)，釦d
TrD， (16三k三2032).We can write an e却，ression由貿

Tr D as follows: 
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I色ispossible色oca1cu1ate the average delay for differ-
e凶va1uesof k for diff紅白色 combinationsof A-train， B-
traIn，組.dslave scanning仕equenci倒 withtheir∞町e-
sponding probabilities. The details is beyond色hes∞pe
of this paper， bu色thefina1 va1ue ofむD is calcu1ated 
to be appr'ωam飢ely1141 time slots. 

5. Simulation Result 

We have developed a Bluetooth simu1ator色ostudy 
the pぽformanceofぬedeviωdiscovery pro色oco1.In 
ぬesimulator， we have implemenぬdぬe企equencyhop-
ping kernel box specified in Chapter .11 of the Blue-
tooth specification [4]. From the analysis in Section 4， 
we obtained dis∞，very time for different ranges of va1-
ues for k， n担nelyk = 0， 2 ~ k ~ 14， 16 ~ k ~ 2032， 
and 2034 ~ k ~ 2046， whereぬesecond and the fourぬ
blocks of k values紅 etreated a1ike. 
We a1s0 w釦旬dto comp釘 e色he釦 alyticalmodel 

wi色hsimul抗eddata. Using the邸中ressionfor Tr D 

given in Equation (1)， we comp凶edTrDωbe 1141 
slo旬.H the random b拙 offrange is [0，1023]， the av-
erage va1ue of r釦 dombackoff va1ues chosen仕omthe 
range is 512 slots. Thus， the average value of discovery 
time， when there ~e only 2 BT devices， one master and 
one slave， cou1d be computed as T = 2 x 1141 + 512 = 
2794 810凶.

The simulator takes input p紅 創neterssuch銅色he
number of devicω 釦 dbackoff limit. Each data point 
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in Fig.4 and 5紅 'eaverages of 1000 independent experi-
ments. In Fig.4， we assume色ha色色hereare N number of 
devices within the radio propagation area of伺.cho色her.
One device p町formsthe Inquiry protocol釦 dthe res色
N・1devices perform Inquiry Response. We have per-
formed eJ中erimentsfor di鉦erentva1ues of the b以主off
period. The y-axis shows the aVIぽ agetime ωdiscover 
ade吋ceas a function of N. For N =2， i.e.， one Inquirer 
and one Inquiry scannぽ situation，the discovery delay 
conforms wiもhour theoretical analysis. 

As predicted， the aVIぽ'agedis∞Ivery time increωes 
rapidly when the number of devices is increased. Also， 
it is observed that when出ebackoff time is more， the 
delay increases. When backoff time is reduced to very 
low value， the probability of collision告omtwo or more 
FHS packets incr伺.ses，resu1ting in longer discovery de-
lay. This is shown in Fig.5. 

In Fig.5， the y-a必sshows the average time of device 
discovery as a function of the ba.ckoff limit for differ・
伺色 valuesof N踊白中lainedabove. Though a b邸主off
limit of 1024 h錨 beensuggested in the specification to 
reduce the possibility of collision，誌 simply1伺.dsto a 
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Figure 6: A verage total delay in device discov-
ery 8B a function of total number of devices 

larger discovery time for smaller values of N. Discov-
ery delay improves with decreasing backoff time up to 
some point， after which collision of FHS becomes the 
predominanもfa瓜orand the dis∞，very delay incre鎚 es，

For N =50 the op色imumdelay is obtained when backo宜
色imeis三 250，whereas for N=5 the optimum delay is 
obtained when backoff is三 70.

In order to reduce discovery time，もhereare propω-
alsもoavoid repetition of the individual位剖nsfor 256 
t加 ω問， Thus， ra色her七hanuse a sequence ofぬeform
A+ B+ A+ B+…， the su邸;estedsequence is A B A B 
However，ぬeeffect of the proposal on discovery time 
has noもbeenstudied in detail. To observe howもhe
proposal affects discovery time， we simulated delay be-
havior when frequency位組問釘'enotrepea旬d，加dare 
switched alternatively. The rωults紅 ein Fig.6， where 
we show howもhediscovery time varies with incre錨 ing
number of potential slaves for the two cases of inquiry 
sequena， n創 nelyA+ B+ A+ B+ and A B A B， for 
different fixed valuωof the backoff 1imit. 

There is加 oth町 proposalto improve dis∞very山ne
by el凶 in杭泊gor reducing the random backoff time. 
However， i色泊clear企omFig.5tha色比isnot a good idea 
色oeliminate the concept of random backoff， Insもead，a 
small b副主:offliI凶t，say， 200色o300 slo色s，can be used 
for釦 overalllowdiscovery time， even whenもhere町 e
l紅 'genumber of conもendingslav1ω. 

6. Discussion and Conclusion 

We performed a 1釘 genumber of低 perimentsto ob-
tain insights泊，tothe dis位ibutionof discovery time. 
We observed howぬe色otaldiscovery色凶evaries wiむh
the number of potential slav1ω when the backoff limiむ
is co凶 tant.We also observed howぬeto色aldiscovery 
time variωwi白色hebackoff 1imi色 whenthe number 
of potential slaves is cons色組ιWi色hsmall valu伺 of 
backoff 1imit， dis∞Vぽytime could beωo long，百色here
釘 'emore th組 10poもentialslav'ω 泊 thes副田町ea.
By performing additional simul剖ionswe observedぬe

effectiven笛 sof two proposed iInprovemen色sto de吋ω
dis∞Ivery. Specifically， i色isuseful to avoid rep侃i色ions
of色heindividual A釦 dB位福田 beforea train sw抗ch.
On the 0色h町 hand，complete e1imination ofぬeidea 
ofrandom b倒的宣isno色agood ideaωdiscovery tiIne 
will beωo long. Rather， choosing a small b邸主:offlimit，
say， 200色o300 slo旬， is useful in reducing dis∞，very 
time even when the number of potential slav伺 inthe 
S祖国紅ea泊 1紅 ge.
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