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Abstract— Ef cient communication in Bluetooth networks re-
quires design of intra and inter-piconet scheduling algorithms,
and therefore numerous algorithms have been proposed. How-
ever, due to complexitiesof the Bluetooth MAC, the performance
of thesealgorithms has beenanalyzed mostly via simulation. We
presentexactanalytic resultsregarding the exhaustive, gated,and
limited (pure round robin) schedulingalgorithms in piconetswith
unidir ectional traf c. We show that, surprisingly, in symmetrical
piconets with only uplink trafc, the mean waiting time is the
samefor the exhaustive and limited algorithms. This obsewvation
is extended for Time-Division-Duplex systems with arbitrary
packet lengths. Furthermor e, we show that the mean waiting
time in a piconet with only uplink traf c is signi cantly higher
than its corresponding value in a piconet with only downlink
traf c. We then demonstrate the dif culties in analyzing the
performance of the exhaustive and gated algorithms in a piconet
with bi-dir ectional traf c. Finally, we numerically compare the
exact resultsto approximate results, presentedin the past.

I. INTRODUCTION

Bluetoothis a PersonalArea Network (PAN) technology
which enableglevicesto connectandcommunicatevirelessly
via short-rangead-hocnetworks [2]. The basicnetwork topol-
ogy (referredto asa picone) is a collection of slave devices
operatingogethemwith onemasterA multihopadhocnetwork
of piconetsin which someof the devicesare presentin more
thanonepiconetis referredto asa scatternetA device thatis
a memberof more than one piconet(referredto asa bridge)
mustscheduldts presencen all the piconetsin whichiit is a
member

The master uses intra-piconet scheduling algorithms to
schedulethe traf ¢ within a piconet Inter-piconetscheduling
algorithmsare usedto schedulehe presencef the bridgesin
different piconets.Numerousintra and inter-piconetschedul-
ing algorithms have been proposed(see [3],[5],[8].[9].[20],
andreferencegherein).

Analytical performancesvaluationof intra andinter-piconet
scheduling algorithms has great importance, since it may
provide insight on their designand optimization. However,
as mentionedin [3], dueto the specialcharacteristicof the
Bluetooth Medium Access Control (MAC) which is based
on Time-Division-Duplex (TDD), the performanceof these
algorithmshas beenanalyzedmostly via simulation. In this
paper we presentoverlooled connectionshetweenBluetooth
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piconetsand polling systems We showthat theseconnections
can be utilized in order to obtain (in a straightforwad

manner) analytic results regarding the performanceof the

algorithms

We shav that a piconetwith unidirectional uplink trafc
operatedaccordingto the exhaustive scheduling algorithm
is equivalent to a specic exhaustive polling systemand
derive exact analytic results regarding intra-piconetwaiting
times? We alsoshaw thata piconetwith unidirectionaluplink
trafc operatedaccordingto the limited (pure round robin)
scheduling algorithm can be modeledas a 1-limited polling
systemand derive exact results.

Following this analysis,a surprisingresultis obtained:the
meanwaiting timesfor the limited and exhaustivealgorithms
areequalin a piconetwith only uplink traf c, whereall arrival
ratesare statisticallyequal. Moreover, the meanwaiting time
whensucha piconetis operatedaccordingto the gatedalgo-
rithm is higherthanin the exhaustve or limited algorithms.
Theseobsenations are extendedto arbitrary Time-Division-
Duplex systemswherethe paclets are not necessarilyl, 3,
and>5 slotslong (asrequiredin Bluetooth[2]). This extension
is important,sincethe TDD mechanisnwill be usedby other
technologiesFor example,3.5G and 4G cellular systemsare
expectedto usea combinationof TDD and CDMA [6].

It is shavn thatthe resultregardingthe equalityof the mean
waiting timesis a speci ¢ caseof aresultthatholdsin polling
systemsThis obsenationyieldsa decompositiomesultfor the
meanwaiting time in symmetricall—limited polling systems.

Furthermore,we show that a piconet with unidirectional
downlinktraf c operatedaccordingto the exhaustiveschedul-
ing algorithm is equivalent to an exhaustve polling system
with zeo-switchover periods. A similar equivalence holds
for the gated and the limited algorithms. It is shovn that
the meanwaiting time in a piconetwith only uplink trafc
is signi cantly higherthanin a piconetwith only downlink

1A polling systemconsistsof several queuessened by a single sener
accordingto a setof rules (polling scheme)1, p. 195],[18.

20ur exact resultsare derived under the assumptionof a Poissonarrival
process.

3In a polling system,the time requiredfor the sener to shift from one
queueto anotheris referredto asthe switchover period.



traf c.

We amguethatwhenthetraf c is bi-directional it seemghat
thereis no closedform expressiorfor the ProbabilityGenerat-
ing Functionof the time to exhaustthe two relatedqueuesat
agivenslave andthe masterFinally, we notethatapproximate
resultsregarding the performanceof variousintra and inter-
piconetschedulingregimeshave beenrecentlypresentede.g.
[11],[15],[16],[17]). We concludeby numerically comparing
our exact resultsto the approximateresultspresentedn [15]
and[16].

In [22] we have derived exact analytic resultsfor symmet-
rical piconetsoperatedaccordingto the limited algorithm.To
the bestof our knowledge,the resultspresentedn this paper
andin [22] arethe only availablecorrectexactanalyticresults
regardingthe performancef Bluetoothschedulingalgorithms.
Theresultspresentedn [22] have beenextendedby Miorandi
and Zanellafor an asymmetricalarrival procesg12] and for
fading channels[13]. Similarly, we amue that the results
presentedin this paper regarding speci c scenarios(e.g.
Poissonarrival process),can be easily extendedto different
scenarioshy utilizing the vast amountof researchregarding
polling systems.

The rest of the paperis organized as follows. Sectionl|
gives a brief introductionto the Bluetoothtechnology while
Sectionlll presentghe model.In SectionlV we analyzethe
schedulingalgorithmsin piconetsandin generalTDD systems
with unidirectional uplink trafc. In SectionV we discuss
generalpolling systemsand presenta simple decomposition
result. In SectionVI we analyzepiconetswith unidirectional
downlink trafc. SectionVIl analyzedhe gatedalgorithmin a
piconetwith bi-directionaltrafc and SectionVIIl compares
numericalresultsto resultsobtainedin the past. SectionIX
summarizeghe main results.

Il. BLUETOOTH TECHNOLOGY

In a piconetone unit actsas a masterand the othersact
asslaves(a mastercan have up to 7 slaves). Bluetoothchan-
nels use a Frequeng-Hop/Time-Division-Duple (FH/TDD)
schemein which the time is divided into 625-* secintervals
called slots The mastefto-slave transmissionstartsin even-
numberedslots, while the slave-to-masterttransmissiorstarts
in odd-numberedlots.Mastersandslavesareallowedto send
1, 3, or 5-slot padkets which are transmittedin consecutie
slots. Packets can carry synchronousnformation (voice link)
or asynchronousformation(datalink).* Informationcanonly
be exchangedhetweena masterand a slave.

A slave is allowed to start transmissionin a given slot if
the masterhasaddressedt in the precedingslot. The master
addressea slave by sendinga datapaclet or, if it hasno data
to send,a 1-slot POLL padket The slave must respondby
sendinga datapaclet or, if it hasnothingto send,a 1-slot
NULL padket We referto the masterto-slave communication
as downlink and to the slave-to-mastercommunicationas

4We concentrateon networks in which only datalinks are used.
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Fig. 1. An exampleof the TDD schemen a Bluetoothpiconet.

uplink An example of the TDD schemein a piconet with
N slavesis givenin Fig. 1.

Themasterscheduleshetraf c in apiconetaccordingto an
intra-piconetschedulingalgorithm.We focuson the following
algorithmsin which the mastercommunicatesvith the slaves
accordingto a xed cyclic order.

2 Limited (Pure) RoundRobin — At mosta single paclet
is sentin eachdirection(downlink anduplink) wheneer
a masterslave queuepair is sened.

> Exhaustve RoundRobin— The masterdoesnot switchto
the next masterslave queuepair until both the downlink
andthe uplink queuesare empty

2 GatedRoundRobin— Only the pacletsthatarefoundin
the uplink and downlink queueswhen the masterstarts
servingthe queuepair are transmitted.

I1l. THE MODEL

The numberof slavesis denotedby N andwe assumehat
eachnodehasan in nite buffer. We assumehat the paclets
are generatedat the uplink and downlink queuesaccording
to a Poissonarrival process Sincethe arrival processin real
networksis not Poissonthroughoutthe paperwe brie y point
out the additional stepsthat have to be taken in order to
analyzesystemswith a compoundPoissorarrival procesqi.e.
systemsin which batdhes of paclets arrive accordingto a
Poissonarrival process).

We considerdifferent paclet generatiorscenarios:

= Symmetricapiconet— The arrival rateto every downlink
and uplink queueis , (paclets/slot).

> Half-symmetricalpiconet — The arrival rate to all the
downlink queuess the same(denotedby , 4). Similarly,
thearrival rateto all theuplink queuess , ,, but, 4 6 | .

= Asymmetricalpiconet — The arrival rate to the uplink
queueatslavei is | |, andthe arrival rateinto the master
of pacletsintendedfor slavei is | .

We assumethat the masteris the nal destinationof all
paclets generatedat the slaves. The probabilitiesof a paclet
lengthbeing 1, 3, or 5 slotsare p;, ps, andps, respectiely.®
Themeanandsecondnomentof thepacletlengtharedenoted
by L and L2. The waiting time is the time a paclet waits
in the uplink or the downlink queuebeforeit is sened. The

5Although we assumethat the paclet lengths are randomly selected,in
practice, theselengthsdependon the Seggmentationand Reassembly(SAR)
of higherlayer paclets (seethe discussionin [5]). The SAR policy canalso
affect the arrival process(i.e. in practice,it is likely that batchesof paclets
will arrive at once).



meanwaiting times in the uplink and downlink queuesare
denotedby W, and Wy, respectiely. In casethe piconetis
asymmetricalthe meanwaiting time in the uplink queueof

slave i is denotedoy W, .

Someof the schedulingalgorithmsproposedn the past(e.qg.
[5]) assumethat the masterhas someinformation regarding
the status of the slaves' queues.However, obtaining such
informationrequireschangingthe Bluetoothspeci cations[2]
or usinga proprietaryalgorithmin all the devicesparticipating
in a piconet. Thus, we assumehat the masterdoesnot have
ary information about the state of the uplink queues.This
assumptioncomplieswith the assumptionamadein several
previous analysesf intra-piconetschedulingalgorithms(e.g.
[3],[11],[14],[15],[16],[17]).

We notethatwheneer we referto resultsregardinggeneral
(non-Bluetooth)symmetricalpolling systemswe follow the
notation of Takagi[18]. Namely the polling systemis com-
posedof N queuesenedby asinglesener. Thepacletarrival
processto eachqueueis Poissonwith intensity , . The mean
and secondmomentof the paclet servicetimes are denoted
by b andb® . The meanandvarianceof the switchover times
aredenotedby r and+2.

V. UPLINK TRAFFIC
A. Analysisof the ExhaustiveAlgorithm

Considera piconetwith only uplink traf c operatedaccord-
ing to the exhaustiveschedulingalgorithm.First, we analyzea
half-symmetricabiconet(i.e. a piconetin which, , =, > 0
and, 4 = 0). Then,we shawv thatan asymmetricapiconet(in
which the arrival ratesto the uplink queuesarenot necessarily
equal)can be analyzedin a similar manner

Since , 4 = 0, when the master communicateswith a
particularslave it sendsonly POLL paclets. The slave replies
with data paclets until its queueis empty Then, it sends
a NULL paclet which signals the end of the exhaustve
communicationwith that particularslave®.

In order to model the piconet as an exhaustve polling
system,we de ne the servicetime of a k—slot data paclet
as (k + 1) slotswhich are composedof the k slots of data,
augmentedy the following POLL paclet. Hence,the service
time of a 1-slotpaclet is de ned as?2 slots,for 3—slotpaclet
it is 4 slots,andfor 5-slotpacletit is 6 slots. The switchover
time is de ned as 2 slots, composedof the NULL paclet
ending the exchangewith a particular slave and the POLL
paclet startingthe exchangewith the next slave.

For a half-symmetricalpiconet(, , =, > 0; , 4 = 0), we
apply the model for a symmetricaldiscrete-timeexhaustve
polling systemdescribedn [18, p. 68]. Accordingly we apply
eg. (3.63b) in [18], where the numberof queuesis N, the
arrival processs Poissonwith intensity, , the switchover time

6The termination of the masterslave exchangewith a POLL-NULL ex-
changeresultsfrom the fact that the masterhas no information about the
slaves' queuesand complieswith the assumptionsnadein previous analyses
of the exhaustve algorithm (e.g.[14],[15],[16]).
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Fig. 2. The exact meanwaiting time (calculatedaccordingto (1)) andthe

averagewaiting time values,computedby simulation,in piconetscomposed
of 7 slavesandwith only uplink trafc, operatedaccordingto the exhaustve

algorithm.

is two slots (r = 2) with zerovariance(¥?> = 0), the mean
servicetime is b = L + 1, and the secondmomentof the
servicetime is b? = 4p; + 16p; + 36ps. By adding0.5 slot,
we obtain the meanwaiting time (in slots)':

o]
N 1+ 4, (p3+ 3ps)
1i N,(L+1)

W, = 1)
We shallreferto N , (L + 1) astheloadin theuplink exhaustve
system.

In a piconet with a single slave (N = 1) thereis no
differencebetweenthe exhaustve andthe limited scheduling
algorithms.As a specialcase considera piconetwith unidirec-
tionaltrafc of 1-slotpaclets(i.e. p1 = 1) operatechccording
to the limited algorithm. Its meanwaiting time is given in
eqg.(2) in [22] as:

i N ]
T 1 2N @
It readily follows that for sucha piconet(,!, = ,; N = 1,

andp; = 1) (1) and(2) coincide.

Theresultpresentedn (1) wasalsoveri ed by a simulation
modelbasedon OPNET (the simulationmodelis describedn
[8]). For example, Fig. 2 comparesthe exact meanwaiting
time to the computed(by simulation) averagewaiting time,
in piconetswith 7 slavesin which (i) all paclets are 1-slot
long and (ii) p1 = 0:2, p3 = 0:6, andps = 0:2. For eachload
value, the resultshave beencomputedafter 230,000slots.

We now consideran asymmetricapiconetwith only uplink
trafc (i.e. .} = 0 8i, and,|, > 0 not all necessarily

"We add 0.5 slot, sincewe are interestedin the waiting period from the
time of arrival, whereasn [18] the waiting time is countedfrom the end of
the slotin which a paclet arrives. We notethat usingeq. (3.69)in [1, p. 200]
with the sameparametersloesnot requireadding0.5 slot andyieldsthe same
result.



equal). Such a piconetcan be analyzedin a similar manner
to a half-symmetricalpiconet. Namely it canbe modeledas
an asymmetricalexhaustve polling systemcomposedof N
gueues,with 2—slot switchover time and with service time
of (k + 1) slots for a k—slot data paclet. Accordingly the
meanwaiting time in eachuplink queuecan be obtainedby
ary of the methodsfor analyzingexhaustve polling systems
describedin [18] and [19]. Since some of these methods
require solving O(N 2) equationsand since N 7, the
computationalcompleity is negligible. We note that results
canbe obtainedevenfor the casein which the probabilitiesof
a paclet lengthbeing 1, 3, or 5 slotsvary in differentuplink
gueues.

Finally, we note that a piconetwith batcharrivals can be
analyzedby directly applyingthe methodsfor the analysisof
exhaustve polling systemswith a compoundPoissonarrival
procesyqseefor example[18]).

B. Analysisof the GatedAlgorithm

A piconetwith only uplink traf c operatecaccordingto the
gatedalgorithmis similar to a piconetoperatedaccordingto
the exhaustve algorithm. The main differenceis that a slave
replies to the masteronly with the data paclets that were
presentin the uplink queueat the momentit received the rst
POLL paclet from the masterIn orderto signalthe endof the
gatedcommunicationthe slave sendsa NULL paclet. Since
we assumethat the masterand the slave do not exchange
gueuestatusinformation, the last POLL-NULL exchangeis
required.Yet, we notethat by slightly modifying the protocol
this exchangecould be avoided.

This algorithmcanbe modeledasa gatedpolling systemin
a similar mannerto the modelingof the exhaustve algorithm.
Namely we de ne the servicetime of a k—slotdatapaclet as
(k + 1) slots,andthe switchover time as 2 slots. For a half-
symmetricalpiconet, we apply the model for a symmetrical
gated polling systemdescribedin [18, p. 104]. Accordingly,
usingeq. (5.23)in [18], we obtainthe meanwaiting time (in
slots):

h [
N 1+ 4, (ps+ 3ps)

1;i N,(L+1)

2N (L + 1)
1i N,(L+ 1)

W, = (3
Note the additionalterm with respectto (1).

An asymmetricalpiconet with only uplink trafc can be
similarly analyzedby one of the methodsdescribedin [18]
and[19].

C. Analysisof the Limited Algorithm

In this sectionwe shav that a piconetwith only uplink
trafc operatedaccordingto the limited (pure round robin)
schedulingalgorithm can be modeledas a 1-limited polling
systemlIn sucha piconetthe mastercontinuouslysendsPOLL
paclets to the slaves. Even if the slave hasnothing to send,
one slot must be usedduring the uplink communication(by
the NULL paclet).

Piconet
Master to Slave 1 E| L E E| R
Master toSlave2 @ | | | = 00 =H o0 =
Slave 2 to Master|[Jiii BEnE N | Do ,
Time (slots)

I D:o Packet =3 POLL Packet [ ] NULL Packet

Equivalent Polling System

Queue21::m1;;mjjjm‘}
Time (slots)
- Data I Zero Slots Data S Switchover

Fig. 3. An exampleof a piconetoperatedaccordingto the limited algorithm
and of the equivalent polling system.

We de ne the beginning of the switchover to a queueas
the instancein which the precedingslave startstransmitting
the lastslot of a datapaclet or a NULL paclet. A switchover
endswhenthe mastercompleteghe transmissiorof the POLL
paclet intendedto the slave (if at the end of the switchover
the queueis empty the switchover to the next queueis
immediatelystarted).We de ne the switchover time to each
of the queuesas 2 slots:

= |If the precedingslave sendsa 3 or 5-slot data paclet,
the 2 switchover slots are composedof the last slot of
the paclet andthe following POLL paclet.

= |f the precedingslave sendsa 1-slot data paclet or a
NULL paclet, these2 slots are composedf the paclet
sent by the precedingslave and the following POLL
paclet.

Consequentlywhendatapacletsare sent,someof the data
is actually sent during the “switchover” to the next queue.
Therefore the servicetime of a k—slot datapaclet is de ned
as(ki 1) slots.Notethatthis impliesthata 1-slotpaclet has
a servicetime of 0 slots. Fig. 3 illustratesan example of the
operationof a piconetand of the equialentpolling system.

We now focus on half-symmetricalsystemsin which the
arrival ratesto all uplink queuesareequal(i.e.,, =, > 0
and, 4 = 0) andapply the modelfor a symmetricaldiscrete-
time 1-limited polling systemdescribedin [18, p. 140]. We
use [18] eq. (6.60), where the switchover time is two slots
(r = 2) with zerovariance(* = 0), the meanservicetime
isb= L 1, andthe secondmomentof the servicetime is
b2 = 4ps; + 16ps. By adding0.5 slot, we obtain the mean
waiting time (in slots):

h i
N 1+ 4, (ps+ 3ps)

W, = 1i N, (L+1) : @)

As a specialcase considera half-symmetricapiconetwith
unidirectionaltrafc of 1-slotpaclets (i.e. p; = 1) operated
accordingto the limited algorithm. Its meanwaiting time has
beenderivedin [22] andit is given by (2). It readily follows
that for sucha piconet(,!, = , andp; = 1), (4) coincides

5



with (2). Moreover, theresultpresentedn (4) wasalsoveri ed
by a simulationmodelbasedon OPNET

We note that an asymmetricalpiconetwith unidirectional
uplink trafc can be modeledas a 1-limited polling system
with N queuesin a similar manner Since there are no
closedform resultsfor the latter case approximationmethods
reviewed in [19] can be used. Moreover, a piconet with
batch arrivals can be analyzedby applying the methodsfor
the analysisof 1-limited polling systemswith a compound
Poissonarrival procesq19].

D. Equality of MeanWaiting Times

Eq. (1) and (4) leadto the following.

Corollary 1: The meanwaiting time in a half-symmetrical
piconetwith only uplink trafc is the samefor the exhaustve
andfor the limited schedulingalgorithms.

It is well known [18],[19] thatin the classicalsymmetrical
polling systemswhere switchover time is incurredwheneer
the sener moves from one channelto the next, the mean
waiting time in the exhaustve regime is smaller than its
counterpartin the 1-limited regime. When the piconet is
operatedaccordingto the exhaustve algorithm, switchover
time is incurred at the end of a slave-mastersession.On
the other hand,in the limited algorithm, when two adjacent
slaves' queuesare non-empty no real switchover time is
incurred. Real switchover times are paid only when a slave
has nothing to transmit. Thus, the currentlimited procedure
is moreefcient thanthe classicalone.In the next sectionwe
extend Corollary 1 to generalTDD systemsandin sectionV
we shaw thatit is a speci ¢ caseof a phenomenoroccurring
in symmetrical(non-Bluetooth)polling systems.

The meanwaiting time in a piconetusingthe gatedregime
(3) is higher than the correspondingvalue in piconetsusing
the exhaustie andlimited algorithms.Again, this obsenation
differsfrom the situationin classicalpolling systemsUsually,
one can use the gated algorithm in order to provide some
fairnessto the different queueswhile maintainingrelatively
low delay It seemghatin asymmetricabiconetwith unidirec-
tionaltrafc, thelimited algorithmprovidesboththe desirable
fairnessandthe lowestdelay

E. Extensionto Genenl TDD Systems

In the following lemmawe extend the result presentedn
Corollary 1 to generalsystemsperatedaccordingto the TDD
mechanismFirst, we de ne ageneal TDD systenasfollows.

De nition 1: A geneml TDD systemis composedof a
master(basestation)andat leastone slave (station),operated
in a similar mannerto a Bluetoothpiconet,namely:

2 The channelis slotted.

> A slave is allowed to starttransmissionin a slot, if the

masterhasaddressedt in the precedingslot.

= The masteraddressea slave by sendinga datapaclet or

a 1-slotemptypadket

= The slave must respondby sendinga data paclet or a

1-slotemptypadet

= The masterand slavesare allowedto senddata padets

of any length. The probability of a paclet length being

i slotslong is denotedby p;.

Lemmal: In asymmetricalgeneralTDD systemwith only
uplink trafc, the two meanwaiting times, in the exhaustve
andlimited schedulingalgorithms,are equalto eachotherfor
ary given paclet length distribution.

PrBof: Accordingto De nition 1, the meanpacletlength
isL = i1:l pii andthe secondnomentof the paclet length
distribution is L2 = ilzl pii2. Similarly to the analysisin
SectionlV-A, it canbeshavn thatthe considered’DD system
operatedaccordingto the exhaustiveschedulingalgorithmis
equialent to the symmetricalexhaustve polling system.In
the equialent polling system,the servicetime of a k—slot
paclet (of the TDD system)is de ned as k + 1 slots and
the switchover time is de ned astwo slotswith zerovariance.
Accordingly, usingthe notationof [18], the meanservicetime
isb= L + 1, the meanswitchover timeis r = 2, the variance
of the switchover time is #2 = 0, and the secondmomentof
the servicetime is: b = = 1 (i+ 1)2p = L2+ 2L + 1
Using [18], eq. (3.63b) and adding 0.5 slot, we obtain the
meanwaiting time (in slots):

_ L2  +2)
W, = N(GL i 2) .
21j N,(L+12)

®)

The considered’DD systemoperatedaccordingto the limited
scheduling algorithm is equialent to the symmetrical 1—
limited polling system.In the equivalent polling system,the
servicetime of a k—slotpaclet (of the TDD system)is de ned
as(kj 1) slotsandthe switchovertime is de ned astwo slots
with zerovalgance.Accordineg b=Lj 1,r=2+#=0,
andb? = = L (ij 1)2p = L2 2L + 1. Using [18],
eg. (6.60) and adding0.5 slot, we again obtain (5). ]
It canbe shawvn thatin a symmetricalgeneralTDD system,
the waiting time in the gated algorithm is higher than the
waiting timesin the exhaustve and limited algorithms.

V. GENERALIZATION TO POLLING SYSTEMS

In this sectionwe extendthe resultpresentedn Lemmal
to continuougtime (non-Bluetooth)polling systemsWe shav
thatthe meanwaiting time in a symmetricall-limited polling
systemwith constantswitchover timesis equalto the mean
waiting time in a correspondingexhaustve polling system
with extendedservicetime. Furthermorejn [4] and[7] it has
beenshovn that the meanwaiting times in exhaustve and
gated polling systemsdecomposento a sum of two terms,
one being a function of the switchover times and the other
the meanwaiting time in the correspondingnodelwith zero-
switchover times. We shall shav that for symmetricalpolling
systemsoperatedaccordingto the 1-limited regime, a similar
decompositiorresultto the one obtainedby Fuhrman[7] for
the exhaustve regime holds aswell.

We denote the mean waiting times in the symmetrical
exhaustve and1-limited (non-Bluetooth)olling systemswith



constant switchover times by W™ and W". We denote
the sener utilization at a queueby ¥ and the total sener
utilization by 2= N%;. The correspondingextendedservice
polling systemis de ned as follows®.

De nition 2: A corresponding extended-servicepolling
systemdiffers from the basicpolling systemonly by the fact
thatthe servicetime of a paclet whoseoriginal lengthis k is
extendedto k + r.

Accordingto De nition 2,the meanandthe secondnomentof

the servicetime in the correspondingxtended-servicaystem
arex = b+ r andx® = 02 + 2rb+ r?, respectiely. We

denotethe meanwaiting time in the correspondingxtended-
servicesystemby W, .

Observationl: The meanwaiting timesin the symmetrical
1-limitedpolling systemwith constanswitchover timesandin
the correspondingextended-servicexhaustve polling system
are equal.Namely:

(6)
Proof: Applying [18, eq. (4.33b)]with servicetime b+ r
andsecondnomentof servicetime b + 2r b+ r2 to getW,." ,
yielding the sameresultas W - givenin [18, eq.(6.19)]. =

According to Obsenation 1, the result about the equality
of the meanwaiting timesin generalTDD systemsoperated
accordingto the exhaustve and the limited algorithms(i.e.
Lemmal) is aspecialcaseof aresultthatholdsin symmetrical
polling systems.

We shall now de ne a correspondingzen-swithover sys-
tem, differing from the basicpolling systemonly by the fact
that the switchover time is zero. We denoteby W© the mean
waiting time in the correspondingero-switchoer system.

In [7, Prop. 4] it has beenshovn that in an exhaustve
polling systemwith constantswitchover times:
Nr(li %) .

21i
The resultderived in [7] holdsfor asymmetricakystemsand
was extendedby Cooperet al. [4] for the casein which the
switchover times are randomvariables.Sincein continuous-
time symmetricalsystemswith zero-switcheer periodsthe
meanwaiting time is the samedisragardingthe polling regime
[10Q], the following corollaryimmediatelyfollows from Obser
vation 1 and (7).

Corollary 2: The mean waiting time in the 1-limited
polling system decomposesnto two terms: (i) the mean
waiting time in the correspondingextended-servicezero-
switchover 1-limited polling systemand (ii) a function of the
switchover and servicetimes. Namely:

Nr(1i %) .
2(1i B

where Y3 and % are the sener utilization values in the

correspondingxtended-servicesystem.

W = Wo* @)

W= WO, + ®)

8Recallthatr is the meanswitchover time in a polling system.
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Fig. 4. An exampleof the operationof the exhaustve algorithmin a piconet
with only downlink trafc.

This Corollary resemblesthe decompositionresult (eq. (7))
derived in [7] for the exhaustve algorithm.

VI. DOWNLINK TRAFFIC
A. Analysisof the ExhaustiveAlgorithm

Consider a piconet with only downlink trafc operated
accordingto the exhaustve algorithm.In sucha piconettraf c
o ws only from the masterto the slaves and the masterhas
completeinformation on the statusof its downlink queues.
Thus,thereis no reasorto senda POLL pacletin orderto end
amasterslave exchangeYet, in caseall queuesareempty the
masterregularly transmitsPOLL paclets (andreceve NULL
paclets) until a data paclet arrives to one of its downlink
gueues.

We de ne the operationmodel of the piconetas follows.
The master senes the downlink queuesin a x ed cyclic
ordet Whenservingqueuei, the mastersendsall datapaclets
presenin the queueandthe slave replieswith NULL paclets.
Whenthe masteremptiesqueuei, it immediatelyswitches,in
a cyclic mannerto the next non-emptydownlink queue.In
caseall queuesareempty the mastersendsa POLL paclet to
oneof the slaveswhich replieswith aNULL paclet. If by the
end of the NULL paclet at leastone of the queuesbecomes
non-empty the masterrandomlyselectsone of the N queues
and proceedsfrom therein a cyclic manneruntil it nds a
non-emptyqueuewhich is immediatelysened.

Fig. 4 illustrates an example of the operation of such
a piconet. In this example, when the master empties the
downlink queueof pacletsintendedto slave 1, the queueof
slave 2 is empty When it emptiesthe queueof slave 3, all
the queuesare empty and therefore,it sendsPOLL paclets
until atleastonepacletarrives.In thescenariadescribedn the
gure, pacletsarrive to queuesl and4 duringthetransmission
of the NULL paclet by slave 2. The masterrandomlyselects
gueued, senesit, andcontinuego queuel in acyclic manner

The piconet can be modeled as a discrete time polling
systemwith zero-switch@er periods[10]. In orderto obtain
results for a discretetime exhaustve polling system with
zero-switcheer periods,Levy and Kleinrock [10] de ne the
AZSOP (AlmostZem Switdover Period) polling system In
thatsystemit is assumedhatthe switchover periodis nonzero
with probability p (p > 0) and zero with probability 1 p.



Then, the systemis analyzedas an exhaustve polling system
with meanswitchover timesde ned asp andthe variancesof
switchover time dened asp(1j p). It is shovn that when
p! O, thewaitingtime in the AZSOP systemapproacheshe
waiting time in the zero-switchoer period system.

We notethatthe continuoustime polling systemwith zero-
switchover periods [18, p. 142] does not comply with the
operationmodel of a piconet, due to the following reason.
In the continuoustime modelit is assumedhat if a paclet
arriveswhile the sener is idle, its servicestartsimmediately
On the other hand, in a piconet,if a paclet arrives while a
POLL or aNULL pacletis sent,it could be sened only after
the transmissiorof the NULL paclet.

In orderto modelthe piconetasan AZSOP polling system,
we de ne a singleslot in the AZSOPsystemas two slotsin a
Bluetoothpiconet To this end, we de ne the servicetime of
a k—slot datapaclet in a Bluetoothpiconetas(k + 1)=2 slots
in the AZSOP system,which are composedf the k slots of
data,augmentedy the following NULL paclet. Thus,in the
correspondindhZSOPpolling systemthe servicetime of a 1—
slot Bluetoothpacletis de ned as1 slot, for 3—slotBluetooth
pacletit is 2 slots,andfor 5—slotBluetoothpacletit is 3 slots.
The switchover time in the AZSOPsystemis de ned as1 slot,
composedf POLL andNULL paclets.As mentionedabove,
the length of this periodis 1 slot with probability p.

We now focus on half-symmetricalsystems(i.e. , ¢ =
, > 0and,, = 0). By applying the model for a discrete-
time exhaustve polling systemdescribedin [18] and using
the methodologydescribedin [10], we can obtain the mean
waiting time. Accordingly, we apply [18] eq. (3.63b),where
thearrival processs Poissorwith intensity2, , the switchover
time is r = p, the varianceof the switchover time is +* =
p(1i p), the meanservicetime is b = (L + 1)=2, and the
secondmomentof the servicetime is b'? = p; + 4ps + 9ps.
Lettingp! 0, adding0.5slot(sincein [18] thewaitingtimeis
countedfrom the endof the slot), and multiplying by 2 (since
the obtainedresultis the numberof slotsin the AZSOPsystem
andwe areinterestedn waiting time measuredn Bluetooth
slots), we obtainthe meanwaiting time (in Bluetoothslots):

1+ 4N, (p3 + 3ps) .

Wd: —
1i N,(L+1)

9)

A similar approactcanbe usedfor the analysisof asymmet-
rical piconetswith only downlinktrafc (i.e.,! = 08i, and
{j > 0, not all necessarilyequal). Thatis, it canbe modeled
asanasymmetricaAZSOPpolling systemoperatedaccording
to the exhaustve regime and composedof N queues,with
1-slot switchover time and with servicetime of (k + 1)=2
slots for a k—slot datapaclet. Accordingly, a relatively good
approximationof the waiting times in eachdownlink queue
canbe computedby solving O(N ) equationsasdescribedn
[10, Section3.6].

B. Gatedand Limited Algorithms

Half-symmetricalpiconetsoperatedaccordingto the gated
and limited algorithms can be modeledas AZSOP polling
systemssimilarly to the modeling of exhaustve algorithm.
By applyingthe modelsfor discrete-timegatedand 1-limited
polling systemsdescribedn [18] and usingthe methodology
describedin [10], we obtain the meanwaiting times for the
two schemeslt turns out that all 3 meanwaiting times, for
the exhaustve, gated,andlimited, areequalandgiven by (9).

C. Comparison

The fact that in a half-symmetrical piconet with only
downlink trafc, the mean waiting time is the same for
all algorithmsis expected. Such a result was obtainedin
[10] for a symmetricdiscrete-timepolling systemwith x ed
servicetimes and zero switchover times. Similarly, it is well
known [10],[18] that the mean waiting time in symmetric
continuoustime polling systemswith zero switchover time
is equalto the meanwaiting time in an M/G/1 systemwith
the combinedinputs of all queuesregardlessof the polling
regime (exhaustve, gated,or 1-limited). Yet, it is interestingto
comparethe resultsobtainedfor systemswith only downlink
trafc (i.e. (9)) to the resultsfor systemswith only uplink
trafc (i.e. (), (3), and (4)). For clarity of the presentation,
we usein the following equationsthe superscriptto denote
the schedulingalgorithm. It canbe seenthat

| . | | Nij1
Wy=Wg=W5 =W, i — 1= (10
1i N,(L+1)
whereit hasbeenshown in SectionlV that
| L 2N (L+ 1
W= Wh = W L+ 1) (11)

u v TN (LY

Moreover, for the specialcasein whichthetraf ¢ is composed
of only 1-slot paclets (i.e. p; = 1), thereis a signi cant
difference betweenthe valuesin only downlink and only
uplink piconets.Namely

W, =W, = NW; = NW; = NWs:  (12)
The above resultscan be useful for developing piconetand
scatternettopology constructionalgorithms (see [20] for a
review of the scatternetopologyconstructiorproblem).When
thetraf c is mostly unidirectional allowing the nodethatgen-
eratesmostof the trafc to be the masterwould signi cantly
decreasehe delay

VIl. BI-DIRECTIONAL TRAFFIC

Analyzing the performanceof schedulingregimessuchas
the exhaustve andgatedin a piconetwith bi-directionaltraf ¢
requiresobtainingthe PGF of the exchangetime of a single
masterslave queuepair (channel) This analysigs signi cantly
complicatedby the TDD mechanismand the use of POLL
and NULL paclets by the masterand the slaves. In order
to demonstratethe dif culties in analyzing the exhaustive



algorithm, we discussa less complicated case, namely a
singlemasterslave channelin a piconet,operatedn the gated
algorithm

In the gated algorithm, only the paclets that are found in
the uplink anddownlink queuesvhenthe masterstartsserving
the masterslave queuepair are transmitted.If the numberof
downlink paclets exceedsthe numberof uplink paclets, the
slave sendsNULL pacletsasaresponsao somedatapaclets.
On the other hand, if the numberof uplink paclets exceeds
the numberof downlink paclets,the mastersendssomePOLL
pacletsin orderto allow the slave to reply with datapaclets.
We assumethat at the end of the masterslave exchange the
slave hasto respondwith a NULL paclet to a POLL paclet.

Let X denotethetotal time (numberof slots) requiredfor
the exchangedurationof a single masterslave channelin the
gatedalgorithm.Namely it is the numberof slotsrequiredto
sene all pacletspresentin both downlink and uplink queues
at the instancewhen the masterstartsservingthe queuepair
plus2 slots(thelastPOLL-NULL exchange)ThePGFandthe
meanof X ¢ aredenotedby X ¢(x) and X . For simplicity,
we assumethat all padketsare 1 slotlong (p; = 1) andthat
paclets have accumulatedn both queuesfor someT slots
before the gated service starts.We de ne U and D as the
numberof paclets accumulatedn the uplink and downlink
gueuesyespectiely, during T slots(U; D » Poisson(,T )).

Thus,giventhatp; = 1, X equalstwice the maximumof
U andD plus?2 slots.Namely it is afunction of the maximum
of two Poissonrandom variables.Accordingly the PGF of
the time to sphe a single masterslave channelis given by:
Xg(x) = x2  L_, x2™ Prob(max[U;D] = m), where

3 .

m
Prob max[U;D]=m = 2¢e -7 % (13)
0 1 '
i 1 i H m T2
@ o CTY A, o T (T) .
=0 j! m! '

Unfortunately it appearsthat in view of (13) thereis no
closedform expressionfor X g (x) andconsequentlyit seems
that thereis no closedform expressionfor the waiting time
in a piconetwith bi-directionaltrafc operatedaccordingto
the gatedalgorithm. It is clear that the exact analysisof the
exhaustve algorithmis more complicated.

The meantime to sene a single masterslave channelis
givenby: X = 2E (max[U;D]) + 2. In orderto boundthe
value of X, we obsenre that for U;D » Poisson(°) and
°>0: 1< E(max[U;D])=° < 2. To illustratethe behaior
of this ratio, we have randomly generated300,000different
valuesof U andD (for 17 variousvaluesof °) andcomputed
the averagevalue of max[U; D] andits ratio to °. Theresults
are depictedin Fig. 5.

We shall now provide a simple explanationfor an obsena-
tion madevia simulationin [3] and[8]. Accordingto [3] and
[8], in piconetswith bi-directionaltrafc and high loads,the
limited algorithm outperformsthe exhaustie algorithm.Con-
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Fig. 5. Theratio of the averagevalue of max [U;D] to °.

sidera symmetricalpiconetoperatedaccordingto the exhaus-
tive or gatedalgorithms,with only 1-slotpaclets. According
to the above analysis,for an arrival rateof , (paclets/slot),a
nodewill have to transmiton averageE (max[U; D]) paclets
per slot (whereU; D » Poisson(, )). Thus, the arrival rate

should be set such that 2N E(max[U;D]) < 1. As we
have showvn in Fig. 5, E (max[U; D]) canapproacl?, . Hence,
a necessarycondition for stability is , < 1=(®N), where
2 < ® < 4. On the other hand, when the same piconet
is operatedaccordingto the limited algorithm, a necessary
conditionfor stabilityis , < 1=(2N). When, approachethe
stability limit, the waiting time approachesn nity . Thus,in
a piconetusingthe exhaustve or gatedalgorithm,the waiting
time approache nity for lowervaluesof , thanin apiconet
usingthe limited algorithm.Therefore for high valuesof load
the waiting time in the limited piconetwill be lower thanin
the exhaustve or gatedpiconet.

VIII. NUMERICAL RESULTS

Approximate results regarding the performanceof vari-
ous intra and inter-piconet schedulingalgorithmshave been
presentedin [11],[15],[16], and [17]. The analysisof the
exhaustve algorithm in [15] is basedon 2 stages:(i) the
derivation of the PGF of the time to exhausta single master
slave queuepair, and (i) modelingthe piconetas an M/G/1
gueuewith vacationslin [21] we have shavn thatthe PGF of
thetime to exhausta queuepair, derivedin [15], doesnot take
into accountthe compleities discussedn SectionVIl. Thus,
it differs from the correct PGE Moreover, we have argued
that the direct applicationof resultsfrom the M/G/1 queue
with vacationsmodelto the piconetsystemignoresimportant
statistical dependencieghat exist in the piconet operation
model.In this sectionwe compareour exact numericalresults
to numericalresultscomputedaccordingto [15] and[16].

The modelpresentedn Sectionlll is a speci ¢ caseof the
piconetmodel presentedn [15]. Thus, Fig. 6, comparesthe
meanwaiting time computedaccordingto the analysisof the
exhaustve regime in [15] when, 4 = 0 to the meanwaiting
time computedaccordingto our analysig(i.e. accordingto (1)).
The gure presentghe waiting time (in slots) as a function
of the load in the uplink exhaustve system(N , (L + 1)) in
half-symmetricalpiconetswith 2 slaves.

In [16] the intra-piconetexhaustve schedulingalgorithmis
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Fig. 6. Themeanwaiting time derived accordingto [15] andthe exactmean
waiting time (derived accordingto (1)) in half-symmetricapiconetswith only
uplink trafc, composedf 2 slaves,andoperatedaccordingto the exhaustve
algorithm.
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Fig. 7. The meanwaiting time derived accordingto [16] and the exact

meanwaiting time (derived accordingto (1)) in half-symmetricalpiconets
with only uplink trafc, operatedaccordingto the exhaustve algorithm, in
which p; = p3 = ps = 1=3.

analyzedin a somevhat differentmethodologythanthe anal-
ysis describedn [15]. In Fig. 7 we comparethe exact mean
waiting time to the meanwaiting time computedaccording
to [16], in half-symmetricalpiconetswith only unlink trafc
(Lu = .; ,d = 0)in which the probabilitiesof 1, 3, and
5-slotpacletsareequal.

It is clearthatin all casesshownn the resultspresentedn
[15] and[16] underestimatesr overestimateéhe meanwaiting
time. Thus, we conjecturethat for complicatedscenariosde-
riving approximateesults which arebasedn the relationship
betweenBluetooth piconetsand polling systems,will yield
signi cantly better approximationghan thosethat are based
on M/G/1 queuewith vacations.

IX. CONCLUSIONS

This work reveals overlooked connectionsbhetweenBlue-
tooth piconetsand polling systemghat enableto obtain exact
and approximateanalyticalresultsregarding the performance
of Bluetooth schedulingalgorithms.First, we have analyzed
piconetswith unidirectionaluplink trafc. We have obtained
exact resultsfor the symmetriclimited, gated,and exhaustve
regimes, and shavn that exact results can also be obtained
for asymmetricapiconetsoperatedaccordingto the gatedand
exhaustve algorithms.

We have showvn that in symmetrical piconets with only
uplink trafc, the meanwaiting times are the samefor the
limited and exhaustve algorithms.This obseration hasbeen
extended for general TDD systemsand for specic (non-
Bluetooth)polling systems.The extensionto polling systems
yields a delaydecompositiorresultfor symmetricall—limited
polling systems.

Furthermore,we have shavn that a piconet with unidi-
rectional downlink trafc is equivalentto a polling system
with zero-switch@er times. The meanwaiting timesin such
a piconet can be signi cantly lower than in piconetswith
only uplink trafc. The complicationsin analyzingthe gated
schedulingalgorithm in piconetswith bi-directional traf c
have beendescribedindicatingthatthe correspondingnalysis
of the exhaustve regime is even more comples. Finally,
numericalresultshave beencomparedo approximateresults
derived in the past.

The presentednalysiscanbe extendedn variousdirections
(e.g. batch arrivals, asymmetricalarrival processesretrans-
missions,etc.) by directly applying variousresultsregarding
the performanceof polling systems(see for example the
extensionsin [12] and[13] to our work regardingthe limited
algorithm[22]).

The exact results presentedn this papercan be utilized
in order to validate and evaluate simulation modelsand ap-
proximateanalyticmodels.They alsoprovide a few important
insightsregardingthe designandthe performancef Bluetooth
piconetsandscatternetsi-or example,sincethe meanwaiting
times are equalfor the exhaustie and limited algorithms, it
seemshatwhenthetraf ¢ is mostly unidirectional the limited
algorithm, which provides somedegree of fairness,s prefer
able. Moreover, topology constructionalgorithmscan exploit
the obsenation that whenthe trafc is mostly unidirectional,
allowing the node that generatesmost of the trafc to be
the masterwould signi cantly decreaséhe delay Finally, the
effect of the paclet lengthdistribution on the waiting time has
beenrevealed(the effect on the piconetthroughputhasbeen
quite clear).

Due to the TDD mechanismalgorithmsthat tend to opti-
mize the performanceof polling systemsare not necessarily
optimal for piconets.Therefore,a future researchdirection
is the developmentof optimal piconetschedulingalgorithms.
For example,we wish to analyzevariationsof the K —Limited
schedulingalgorithmin which the masterexchangeaup to K



paclets with eachslave in every cycle. Furthermoredue to
theinherentcomplities in analyzingthe gatedandexhaustve
algorithms,a future researchdirectionis to obtaina good (at
leastapproximate)analysisof suchregimes.
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