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Abstract— Ef�cient communication in Bluetooth networks re-
quir es 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 beenanalyzedmostly 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 traf�c, the mean waiting time is the
samefor the exhaustive and limited algorithms. This observation
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 results to approximate results,presentedin the past.

I . INTRODUCTION

Bluetooth is a PersonalArea Network (PAN) technology,
which enablesdevicesto connectandcommunicatewirelessly
via short-rangead-hocnetworks [2]. Thebasicnetwork topol-
ogy (referredto asa piconet) is a collectionof slave devices
operatingtogetherwith onemaster. A multihopadhocnetwork
of piconetsin which someof the devicesarepresentin more
thanonepiconetis referredto asa scatternet. A device that is
a memberof more thanonepiconet(referredto as a bridge)
mustscheduleits presencein all the piconetsin which it is a
member.

The master uses intra-piconet scheduling algorithms to
schedulethe traf�c within a piconet. Inter-piconetscheduling
algorithmsareusedto schedulethe presenceof the bridgesin
differentpiconets.Numerousintra and inter-piconetschedul-
ing algorithms have been proposed(see [3],[5],[8],[9],[20],
andreferencestherein).

Analytical performanceevaluationof intra andinter-piconet
scheduling algorithms has great importance,since it may
provide insight on their design and optimization. However,
as mentionedin [3], due to the specialcharacteristicsof the
Bluetooth Medium AccessControl (MAC) which is based
on Time-Division-Duplex (TDD), the performanceof these
algorithmshas beenanalyzedmostly via simulation. In this
paper we presentoverlooked connectionsbetweenBluetooth

piconetsandpolling systems1. We showthat theseconnections
can be utilized in order to obtain (in a straightforward
manner) analytic results regarding the performanceof the
algorithms.

We show that a piconet with unidirectional uplink traf�c
operatedaccording to the exhaustivescheduling algorithm
is equivalent to a speci�c exhaustive polling systemand
derive exact analytic results regarding intra-piconetwaiting
times.2 We alsoshow thata piconetwith unidirectionaluplink
traf�c operatedaccordingto the limited (pure round robin)
schedulingalgorithm can be modeledas a 1–limited polling
systemandderive exact results.

Following this analysis,a surprisingresult is obtained:the
meanwaiting timesfor the limited and exhaustivealgorithms
areequalin a piconetwith only uplink traf�c, whereall arrival
ratesarestatisticallyequal.Moreover, the meanwaiting time
whensucha piconetis operatedaccordingto the gatedalgo-
rithm is higher than in the exhaustive or limited algorithms.
Theseobservations are extendedto arbitrary Time-Division-
Duplex systems,where the packets are not necessarily1, 3,
and5 slotslong (asrequiredin Bluetooth[2]). This extension
is important,sincethe TDD mechanismwill be usedby other
technologies.For example,3.5G and4G cellular systemsare
expectedto usea combinationof TDD andCDMA [6].

It is shown thattheresultregardingtheequalityof themean
waiting timesis a speci�c caseof a resultthatholdsin polling
systems.This observationyieldsa decompositionresultfor the
meanwaiting time in symmetrical1–limited polling systems.

Furthermore,we show that a piconet with unidirectional
downlinktraf�c operatedaccordingto the exhaustiveschedul-
ing algorithm is equivalent to an exhaustive polling system
with zero-switchover periods3. A similar equivalenceholds
for the gated and the limited algorithms. It is shown that
the meanwaiting time in a piconet with only uplink traf�c
is signi�cantly higher than in a piconet with only downlink

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

2Our exact resultsare derived under the assumptionof a Poissonarrival
process.

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



traf�c.
We arguethatwhenthetraf�c is bi-directional, it seemsthat

thereis no closedform expressionfor theProbabilityGenerat-
ing Functionof the time to exhaustthe two relatedqueues,at
a givenslave andthemaster. Finally, we notethatapproximate
resultsregarding the performanceof various intra and inter-
piconetschedulingregimeshave beenrecentlypresented(e.g.
[11],[15],[16],[17]). We concludeby numerically comparing
our exact resultsto the approximateresultspresentedin [15]
and [16].

In [22] we have derived exact analytic resultsfor symmet-
rical piconetsoperatedaccordingto the limited algorithm.To
the bestof our knowledge,the resultspresentedin this paper
andin [22] aretheonly availablecorrectexactanalyticresults
regardingtheperformanceof Bluetoothschedulingalgorithms.
Theresultspresentedin [22] have beenextendedby Miorandi
and Zanellafor an asymmetricalarrival process[12] and for
fading channels[13]. Similarly, we argue that the results
presentedin this paper, regarding speci�c scenarios(e.g.
Poissonarrival process),can be easily extendedto different
scenariosby utilizing the vast amountof researchregarding
polling systems.

The rest of the paper is organizedas follows. Section II
gives a brief introductionto the Bluetoothtechnology, while
SectionIII presentsthe model. In SectionIV we analyzethe
schedulingalgorithmsin piconetsandin generalTDD systems
with unidirectional uplink traf�c. In Section V we discuss
generalpolling systemsand presenta simple decomposition
result. In SectionVI we analyzepiconetswith unidirectional
downlink traf�c. SectionVII analyzesthegatedalgorithmin a
piconetwith bi-directional traf�c and SectionVIII compares
numericalresultsto resultsobtainedin the past.SectionIX
summarizesthe main results.

I I . BLUETOOTH TECHNOLOGY

In a piconet one unit acts as a masterand the othersact
asslaves(a mastercanhave up to 7 slaves).Bluetoothchan-
nels use a Frequency-Hop/Time-Division-Duplex (FH/TDD)
schemein which the time is divided into 625–¹ secintervals
called slots. The master-to-slave transmissionstartsin even-
numberedslots, while the slave-to-mastertransmissionstarts
in odd-numberedslots.Mastersandslavesareallowedto send
1, 3, or 5–slot packets, which are transmittedin consecutive
slots.Packetscancarry synchronousinformation (voice link)
or asynchronousinformation(datalink).4 Informationcanonly
be exchangedbetweena masteranda slave.

A slave is allowed to start transmissionin a given slot if
the masterhasaddressedit in the precedingslot. The master
addressesa slave by sendinga datapacket or, if it hasno data
to send,a 1–slot POLL packet. The slave must respondby
sendinga datapacket or, if it hasnothing to send,a 1–slot
NULL packet. We refer to the master-to-slave communication
as downlink and to the slave-to-mastercommunicationas

4We concentrateon networks in which only datalinks areused.
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Fig. 1. An exampleof the TDD schemein a Bluetoothpiconet.

uplink. An example of the TDD schemein a piconet with
N slaves is given in Fig. 1.

Themasterschedulesthetraf�c in a piconetaccordingto an
intra-piconetschedulingalgorithm.We focuson the following
algorithmsin which the mastercommunicateswith the slaves
accordingto a �xed cyclic order:

² Limited (Pure)RoundRobin – At most a single packet
is sentin eachdirection(downlink anduplink) whenever
a master-slave queuepair is served.

² Exhaustive RoundRobin– Themasterdoesnot switchto
the next master-slave queuepair until both the downlink
and the uplink queuesareempty.

² GatedRoundRobin – Only the packetsthat arefound in
the uplink and downlink queueswhen the masterstarts
servingthe queuepair are transmitted.

I I I . THE MODEL

The numberof slavesis denotedby N andwe assumethat
eachnodehasan in�nite buffer. We assumethat the packets
are generatedat the uplink and downlink queuesaccording
to a Poissonarrival process.Sincethe arrival processin real
networks is not Poisson,throughoutthepaperwe brie�y point
out the additional steps that have to be taken in order to
analyzesystemswith a compoundPoissonarrival process(i.e.
systemsin which batches of packets arrive accordingto a
Poissonarrival process).

We considerdifferentpacket generationscenarios:

² Symmetricalpiconet– Thearrival rateto every downlink
anduplink queueis ¸ (packets/slot).

² Half-symmetricalpiconet – The arrival rate to all the
downlink queuesis the same(denotedby ¸ d). Similarly,
thearrival rateto all theuplink queuesis ¸ u , but ¸ d 6= ¸ u .

² Asymmetricalpiconet – The arrival rate to the uplink
queueat slave i is ¸ i

u andthe arrival rateinto the master
of packets intendedfor slave i is ¸ i

d.

We assumethat the masteris the �nal destinationof all
packets generatedat the slaves.The probabilitiesof a packet
lengthbeing1, 3, or 5 slotsarep1, p3, andp5, respectively.5

Themeanandsecondmomentof thepacket lengtharedenoted
by L and L 2. The waiting time is the time a packet waits
in the uplink or the downlink queuebeforeit is served. The

5Although we assumethat the packet lengthsare randomly selected,in
practice,theselengthsdependon the Segmentationand Reassembly(SAR)
of higher layer packets (seethe discussionin [5]). The SAR policy canalso
affect the arrival process(i.e. in practice,it is likely that batchesof packets
will arrive at once).



meanwaiting times in the uplink and downlink queuesare
denotedby W u and W d, respectively. In casethe piconet is
asymmetrical,the meanwaiting time in the uplink queueof

slave i is denotedby W
i
u .

Someof theschedulingalgorithmsproposedin thepast(e.g.
[5]) assumethat the masterhas someinformation regarding
the status of the slaves' queues.However, obtaining such
informationrequireschangingtheBluetoothspeci�cations[2]
or usinga proprietaryalgorithmin all thedevicesparticipating
in a piconet.Thus,we assumethat the masterdoesnot have
any information about the state of the uplink queues.This
assumptioncomplies with the assumptionsmade in several
previous analysesof intra-piconetschedulingalgorithms(e.g.
[3],[11],[14],[15],[16],[17]).

We notethatwhenever we refer to resultsregardinggeneral
(non-Bluetooth)symmetricalpolling systemswe follow the
notationof Takagi [18]. Namely, the polling systemis com-
posedof N queuesservedby asingleserver. Thepacketarrival
processto eachqueueis Poissonwith intensity ¸ . The mean
and secondmomentof the packet servicetimes are denoted
by b andb(2) . The meanandvarianceof the switchover times
aredenotedby r and±2.

IV. UPLINK TRAFFIC

A. Analysisof the ExhaustiveAlgorithm

Considera piconetwith only uplink traf�c operatedaccord-
ing to theexhaustiveschedulingalgorithm.First,we analyzea
half-symmetricalpiconet(i.e. a piconetin which ¸ u = ¸ > 0
and¸ d = 0). Then,we show that an asymmetricalpiconet(in
which thearrival ratesto theuplink queuesarenot necessarily
equal)canbe analyzedin a similar manner.

Since ¸ d = 0, when the master communicateswith a
particularslave it sendsonly POLL packets.The slave replies
with data packets until its queue is empty. Then, it sends
a NULL packet which signals the end of the exhaustive
communicationwith that particularslave6.

In order to model the piconet as an exhaustive polling
system,we de�ne the service time of a k–slot data packet
as (k + 1) slots which are composedof the k slots of data,
augmentedby the following POLL packet. Hence,the service
time of a 1–slotpacket is de�ned as2 slots,for 3–slotpacket
it is 4 slots,andfor 5–slotpacket it is 6 slots.Theswitchover
time is de�ned as 2 slots, composedof the NULL packet
ending the exchangewith a particular slave and the POLL
packet startingthe exchangewith the next slave.

For a half-symmetricalpiconet(¸ u = ¸ > 0; ¸ d = 0), we
apply the model for a symmetricaldiscrete-timeexhaustive
polling systemdescribedin [18, p. 68]. Accordingly, we apply
eq. (3.63b) in [18], where the numberof queuesis N , the
arrival processis Poissonwith intensity¸ , theswitchover time

6The terminationof the master-slave exchangewith a POLL-NULL ex-
changeresults from the fact that the masterhas no information about the
slaves' queuesandcomplieswith the assumptionsmadein previous analyses
of the exhaustive algorithm(e.g. [14],[15],[16]).
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Fig. 2. The exact meanwaiting time (calculatedaccordingto (1)) and the
averagewaiting time values,computedby simulation,in piconetscomposed
of 7 slavesandwith only uplink traf�c, operatedaccordingto the exhaustive
algorithm.

is two slots (r = 2) with zero variance(±2 = 0), the mean
service time is b = L + 1, and the secondmomentof the
servicetime is b(2) = 4p1 + 16p3 + 36p5. By adding0.5 slot,
we obtain the meanwaiting time (in slots)7:

W u =
N

h
1 + 4¸ (p3 + 3p5)

¤

1 ¡ N ¸ (L + 1)
: (1)

Weshallreferto N ¸ (L+ 1) astheloadin theuplink exhaustive
system.

In a piconet with a single slave (N = 1) there is no
differencebetweenthe exhaustive and the limited scheduling
algorithms.As aspecialcase,considerapiconetwith unidirec-
tional traf�c of 1–slotpackets(i.e. p1 = 1) operatedaccording
to the limited algorithm. Its meanwaiting time is given in
eq. (2) in [22] as:

W
i
u =

N
1 ¡ 2N ¸ i

u
: (2)

It readily follows that for such a piconet (¸ i
u = ¸; N = 1,

andp1 = 1) (1) and(2) coincide.
Theresultpresentedin (1) wasalsoveri�ed by a simulation

modelbasedon OPNET(thesimulationmodelis describedin
[8]). For example, Fig. 2 comparesthe exact meanwaiting
time to the computed(by simulation) averagewaiting time,
in piconetswith 7 slaves in which (i) all packets are 1–slot
long and(ii) p1 = 0:2, p3 = 0:6, andp5 = 0:2. For eachload
value,the resultshave beencomputedafter 230,000slots.

We now consideran asymmetricalpiconetwith only uplink
traf�c (i.e. ¸ i

d = 0 8i , and ¸ i
u > 0 not all necessarily

7We add 0.5 slot, sincewe are interestedin the waiting period from the
time of arrival, whereasin [18] the waiting time is countedfrom the endof
theslot in which a packet arrives.We notethatusingeq.(3.69) in [1, p. 200]
with thesameparametersdoesnot requireadding0.5slot andyieldsthesame
result.



equal).Sucha piconetcan be analyzedin a similar manner
to a half-symmetricalpiconet.Namely, it can be modeledas
an asymmetricalexhaustive polling systemcomposedof N
queues,with 2–slot switchover time and with service time
of (k + 1) slots for a k–slot data packet. Accordingly, the
meanwaiting time in eachuplink queuecan be obtainedby
any of the methodsfor analyzingexhaustive polling systems
describedin [18] and [19]. Since some of these methods
require solving O(N 2) equationsand since N · 7, the
computationalcomplexity is negligible. We note that results
canbeobtainedevenfor thecasein which theprobabilitiesof
a packet lengthbeing1, 3, or 5 slotsvary in differentuplink
queues.

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

B. Analysisof the GatedAlgorithm

A piconetwith only uplink traf�c operatedaccordingto the
gatedalgorithm is similar to a piconetoperatedaccordingto
the exhaustive algorithm.The main differenceis that a slave
replies to the masteronly with the data packets that were
presentin the uplink queueat the momentit received the �rst
POLL packet from themaster. In orderto signaltheendof the
gatedcommunication,the slave sendsa NULL packet. Since
we assumethat the masterand the slave do not exchange
queuestatusinformation, the last POLL-NULL exchangeis
required.Yet, we notethat by slightly modifying the protocol
this exchangecould be avoided.

This algorithmcanbemodeledasa gatedpolling systemin
a similar mannerto the modelingof the exhaustive algorithm.
Namely, we de�ne the servicetime of a k–slot datapacket as
(k + 1) slots,and the switchover time as 2 slots.For a half-
symmetricalpiconet,we apply the model for a symmetrical
gatedpolling systemdescribedin [18, p. 104]. Accordingly,
usingeq. (5.23) in [18], we obtain the meanwaiting time (in
slots):

W u =
N

h
1 + 4¸ (p3 + 3p5)

i

1 ¡ N ¸ (L + 1)
+

2N ¸ (L + 1)

1 ¡ N ¸ (L + 1)
: (3)

Note the additionalterm with respectto (1).
An asymmetricalpiconet with only uplink traf�c can be

similarly analyzedby one of the methodsdescribedin [18]
and [19].

C. Analysisof the Limited Algorithm

In this section we show that a piconet with only uplink
traf�c operatedaccordingto the limited (pure round robin)
schedulingalgorithm can be modeledas a 1–limited polling
system.In sucha piconetthemastercontinuouslysendsPOLL
packets to the slaves. Even if the slave hasnothing to send,
one slot must be usedduring the uplink communication(by
the NULL packet).

Slave 2 to Master


Master  to Slave 2


Slave 1 to Master


Master  to Slave 1


Piconet


Time (slots)

Data Packet
 POLL Packet
 NULL Packet


Queue 2


Time (slots)
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Equivalent Polling System


Switchover
Data
 Zero Slots Data


Fig. 3. An exampleof a piconetoperatedaccordingto the limited algorithm
andof the equivalentpolling system.

We de�ne the beginning of the switchover to a queueas
the instancein which the precedingslave startstransmitting
the last slot of a datapacket or a NULL packet. A switchover
endswhenthemastercompletesthetransmissionof thePOLL
packet intendedto the slave(if at the end of the switchover
the queue is empty, the switchover to the next queue is
immediatelystarted).We de�ne the switchover time to each
of the queuesas2 slots:

² If the precedingslave sendsa 3 or 5–slot data packet,
the 2 switchover slots are composedof the last slot of
the packet and the following POLL packet.

² If the precedingslave sendsa 1–slot data packet or a
NULL packet, these2 slots are composedof the packet
sent by the precedingslave and the following POLL
packet.

Consequently, whendatapacketsaresent,someof the data
is actually sent during the “switchover” to the next queue.
Therefore,the servicetime of a k–slot datapacket is de�ned
as(k ¡ 1) slots.Note that this implies thata 1–slotpacket has
a servicetime of 0 slots.Fig. 3 illustratesan exampleof the
operationof a piconetandof the equivalentpolling system.

We now focus on half-symmetricalsystemsin which the
arrival ratesto all uplink queuesare equal (i.e. ¸ u = ¸ > 0
and¸ d = 0) andapply the model for 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 zero variance(±2 = 0), the meanservicetime
is b = L ¡ 1, and the secondmomentof the servicetime is
b(2) = 4p3 + 16p5. By adding0.5 slot, we obtain the mean
waiting time (in slots):

W u =
N

h
1 + 4¸ (p3 + 3p5)

i

1 ¡ N ¸ (L + 1)
: (4)

As a specialcase,considera half-symmetricalpiconetwith
unidirectionaltraf�c of 1–slot packets (i.e. p1 = 1) operated
accordingto the limited algorithm.Its meanwaiting time has
beenderived in [22] and it is given by (2). It readily follows
that for sucha piconet (¸ i

u = ¸ and p1 = 1), (4) coincides



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

We note that an asymmetricalpiconet with unidirectional
uplink traf�c 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 process[19].

D. Equality of MeanWaiting Times

Eq. (1) and(4) lead to the following.
Corollary 1: The meanwaiting time in a half-symmetrical

piconetwith only uplink traf�c is the samefor the exhaustive
and for the limited schedulingalgorithms.

It is well known [18],[19] that in the classicalsymmetrical
polling systems,whereswitchover time is incurredwhenever
the server moves from one channel to the next, the mean
waiting time in the exhaustive regime is smaller than its
counterpartin the 1–limited regime. When the piconet is
operatedaccording to the exhaustive 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 current limited procedure
is moreef�cient thanthe classicalone.In the next sectionwe
extendCorollary 1 to generalTDD systemsand in sectionV
we show that it is a speci�c caseof a phenomenonoccurring
in symmetrical(non-Bluetooth)polling systems.

The meanwaiting time in a piconetusingthe gatedregime
(3) is higher than the correspondingvalue in piconetsusing
the exhaustive andlimited algorithms.Again, this observation
differs from thesituationin classicalpolling systems.Usually,
one can use the gated algorithm in order to provide some
fairnessto the different queues,while maintainingrelatively
low delay. It seemsthatin asymmetricalpiconetwith unidirec-
tional traf�c, the limited algorithmprovidesboth thedesirable
fairnessand the lowestdelay.

E. Extensionto General TDD Systems

In the following lemmawe extend the result presentedin
Corollary1 to generalsystemsoperatedaccordingto theTDD
mechanism.First,we de�ne a general TDD systemasfollows.

De�nition 1: A general TDD systemis composedof a
master(basestation)andat leastoneslave (station),operated
in a similar mannerto a Bluetoothpiconet,namely:

² The channelis slotted.
² A slave is allowed to start transmissionin a slot, if the

masterhasaddressedit in the precedingslot.
² Themasteraddressesa slave by sendinga datapacket or

a 1–slotemptypacket.
² The slave must respondby sendinga data packet or a

1–slotemptypacket.

² The masterand slavesare allowedto senddata packets
of any length . The probability of a packet length being
i slots long is denotedby pi .

Lemma1: In a symmetricalgeneralTDD systemwith only
uplink traf�c, the two meanwaiting times, in the exhaustive
andlimited schedulingalgorithms,areequalto eachotherfor
any given packet lengthdistribution.

Proof: Accordingto De�nition 1, themeanpacket length
is L =

P 1
i =1 pi i andthesecondmomentof thepacket length

distribution is L 2 =
P 1

i =1 pi i 2. Similarly to the analysisin
SectionIV-A, it canbeshown thattheconsideredTDD system
operatedaccordingto the exhaustiveschedulingalgorithm is
equivalent to the symmetricalexhaustive polling system.In
the equivalent polling system,the service time of a k–slot
packet (of the TDD system)is de�ned as k + 1 slots and
theswitchover time is de�ned astwo slotswith zerovariance.
Accordingly, usingthenotationof [18], themeanservicetime
is b = L + 1, the meanswitchover time is r = 2, the variance
of the switchover time is ±2 = 0, and the secondmomentof
the servicetime is: b(2) =

P 1
i =1 (i + 1)2 pi = L 2 + 2L + 1.

Using [18], eq. (3.63b) and adding 0.5 slot, we obtain the
meanwaiting time (in slots):

W u =
N (¸ L 2 ¡ ¸ + 2)

2
³

1 ¡ N ¸ (L + 1)
´ : (5)

TheconsideredTDD systemoperatedaccordingto the limited
scheduling algorithm is equivalent to the symmetrical 1–
limited polling system.In the equivalent polling system,the
servicetime of a k–slotpacket (of theTDD system)is de�ned
as(k ¡ 1) slotsandtheswitchover time is de�ned astwo slots
with zero variance.Accordingly, b = L ¡ 1; r = 2; ±2 = 0,
and b(2) =

P 1
i =1 (i ¡ 1)2 pi = L 2 ¡ 2L + 1. Using [18],

eq. (6.60) andadding0.5 slot, we again obtain (5).
It canbeshown that in a symmetricalgeneralTDD system,

the waiting time in the gated algorithm is higher than the
waiting times in the exhaustive and limited algorithms.

V. GENERALIZATION TO POLLING SYSTEMS

In this sectionwe extend the result presentedin Lemma1
to continuoustime (non-Bluetooth)polling systems.We show
that themeanwaiting time in a symmetrical1–limitedpolling
systemwith constantswitchover times is equal to the mean
waiting time in a correspondingexhaustive polling system
with extendedservicetime. Furthermore,in [4] and[7] it has
beenshown that the meanwaiting times in exhaustive and
gated polling systemsdecomposeinto a sum of two terms,
one being a function of the switchover times and the other
the meanwaiting time in the correspondingmodelwith zero-
switchover times.We shall show that for symmetricalpolling
systemsoperatedaccordingto the 1–limited regime,a similar
decompositionresult to the oneobtainedby Fuhrman[7] for
the exhaustive regime holdsaswell.

We denote the mean waiting times in the symmetrical
exhaustiveand1–limited(non-Bluetooth)polling systemswith



constant switchover times by W
E x

and W
L

. We denote
the server utilization at a queueby ½1 and the total server
utilization by ½= N ½1. The correspondingextendedservice
polling systemis de�ned as follows8.

De�nition 2: A corresponding extended-servicepolling
systemdiffers from the basicpolling systemonly by the fact
that the servicetime of a packet whoseoriginal lengthis k is
extendedto k + r .
Accordingto De�nition 2, themeanandthesecondmomentof
theservicetime in thecorrespondingextended-servicesystem
are x = b+ r and x (2) = b(2) + 2r b+ r 2, respectively. We
denotethe meanwaiting time in the correspondingextended-
servicesystemby W b+ r .

Observation1: Themeanwaiting timesin thesymmetrical
1–limitedpolling systemwith constantswitchover timesandin
the correspondingextended-serviceexhaustive polling system
areequal.Namely:

W
L

= W
E x
b+ r : (6)

Proof: Applying [18, eq. (4.33b)]with servicetime b+ r

andsecondmomentof servicetimeb(2) + 2r b+ r 2 to getW
E x
b+ r ,

yielding the sameresultasW
L

given in [18, eq. (6.19)].
According to Observation 1, the result about the equality

of the meanwaiting times in generalTDD systemsoperated
accordingto the exhaustive and the limited algorithms(i.e.
Lemma1) is aspecialcaseof aresultthatholdsin symmetrical
polling systems.

We shall now de�ne a correspondingzero-switchover sys-
tem, differing from the basicpolling systemonly by the fact
that the switchover time is zero.We denoteby W 0 the mean
waiting time in the correspondingzero-switchover system.

In [7, Prop. 4] it has been shown that in an exhaustive
polling systemwith constantswitchover times:

W
E x

= W 0E x
+

N r (1 ¡ ½1)
2(1 ¡ ½)

: (7)

The resultderived in [7] holds for asymmetricalsystemsand
was extendedby Cooperet al. [4] for the casein which the
switchover times are randomvariables.Since in continuous-
time symmetricalsystemswith zero-switchover periods the
meanwaiting time is thesamedisregardingthepolling regime
[10], thefollowing corollary immediatelyfollows from Obser-
vation 1 and(7).

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

W
L

= W 0L
b+ r +

N r (1 ¡ ½1)
2(1 ¡ ½)

; (8)

where ½1 and ½ are the server utilization values in the
correspondingextended-servicesystem.

8Recall that r is the meanswitchover time in a polling system.
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Fig. 4. An exampleof theoperationof theexhaustive algorithmin a piconet
with only downlink traf�c.

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

VI . DOWNLINK TRAFFIC

A. Analysisof the ExhaustiveAlgorithm

Consider a piconet with only downlink traf�c operated
accordingto theexhaustive 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 reasonto senda POLL packet in orderto end
a master-slave exchange.Yet, in caseall queuesareempty, the
masterregularly transmitsPOLL packets (andreceive NULL
packets) until a data packet arrives to one of its downlink
queues.

We de�ne the operationmodel of the piconet as follows.
The master serves the downlink queuesin a �x ed cyclic
order. Whenservingqueuei , themastersendsall datapackets
presentin thequeueandtheslave replieswith NULL packets.
Whenthe masteremptiesqueuei , it immediatelyswitches,in
a cyclic mannerto the next non-emptydownlink queue.In
caseall queuesareempty, themastersendsa POLL packet to
oneof theslaveswhich replieswith a NULL packet. If by the
end of the NULL packet at leastone of the queuesbecomes
non-empty, the masterrandomlyselectsoneof the N queues
and proceedsfrom there in a cyclic manneruntil it �nds a
non-emptyqueuewhich is immediatelyserved.

Fig. 4 illustrates an example of the operation of such
a piconet. In this example, when the master empties the
downlink queueof packets intendedto slave 1, the queueof
slave 2 is empty. When it emptiesthe queueof slave 3, all
the queuesare empty, and therefore,it sendsPOLL packets
until at leastonepacketarrives.In thescenariodescribedin the
�gure, packetsarrive to queues1 and4 duringthetransmission
of the NULL packet by slave 2. The masterrandomlyselects
queue4, servesit, andcontinuesto queue1 in a cyclic manner.

The piconet can be modeled as a discrete time polling
systemwith zero-switchover periods[10]. In order to obtain
results for a discrete time exhaustive polling system with
zero-switchover periods,Levy and Kleinrock [10] de�ne the
AZSOP (Almost Zero Switchover Period) polling system. In
thatsystemit is assumedthat theswitchover periodis nonzero
with probability p (p > 0) and zero with probability 1 ¡ p.



Then,the systemis analyzedasan exhaustive polling system
with meanswitchover timesde�ned asp andthe variancesof
switchover time de�ned as p(1 ¡ p). It is shown that when
p ! 0, thewaiting time in theAZSOPsystemapproachesthe
waiting time in the zero-switchover periodsystem.

We notethat the 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 model it is assumedthat if a packet
arriveswhile the server is idle, its servicestartsimmediately.
On the other hand, in a piconet, if a packet arrives while a
POLL or a NULL packet is sent,it couldbe served only after
the transmissionof the NULL packet.

In orderto modelthepiconetasanAZSOPpolling system,
we de�ne a singleslot in the AZSOPsystemas two slots in a
Bluetoothpiconet. To this end,we de�ne the servicetime of
a k–slot datapacket in a Bluetoothpiconetas(k + 1)=2 slots
in the AZSOPsystem,which arecomposedof the k slots of
data,augmentedby the following NULL packet. Thus, in the
correspondingAZSOPpolling system,theservicetime of a 1–
slot Bluetoothpacket is de�ned as1 slot, for 3–slotBluetooth
packet it is 2 slots,andfor 5–slotBluetoothpacket it is 3 slots.
Theswitchover time in theAZSOPsystemis de�ned as1 slot,
composedof POLL andNULL packets.As mentionedabove,
the lengthof this period is 1 slot with probability p.

We now focus on half-symmetricalsystems(i.e. ¸ d =
¸ > 0 and ¸ u = 0). By applying the model for a discrete-
time exhaustive polling systemdescribedin [18] and using
the methodologydescribedin [10], we can obtain the mean
waiting time. Accordingly, we apply [18] eq. (3.63b),where
thearrival processis Poissonwith intensity2¸ , theswitchover
time is r = p, the varianceof the switchover time is ±2 =
p(1 ¡ p), the meanservicetime is b = (L + 1)=2, and the
secondmomentof the servicetime is b(2) = p1 + 4p3 + 9p5.
Lettingp ! 0, adding0.5slot (sincein [18] thewaiting time is
countedfrom theendof theslot), andmultiplying by 2 (since
theobtainedresultis thenumberof slotsin theAZSOPsystem
and we are interestedin waiting time measuredin Bluetooth
slots),we obtain the meanwaiting time (in Bluetoothslots):

W d =
1 + 4N ¸ (p3 + 3p5)

1 ¡ N ¸ (L + 1)
: (9)

A similar approachcanbeusedfor theanalysisof asymmet-
rical piconetswith only downlink traf�c (i.e. ¸ i

u = 0 8 i , and
¸ i

d > 0, not all necessarilyequal).That is, it canbe modeled
asanasymmetricalAZSOPpolling systemoperatedaccording
to the exhaustive regime and composedof N queues,with
1–slot switchover time and with service time of (k + 1)=2
slots for a k–slot datapacket. Accordingly, a relatively good
approximationof the waiting times in eachdownlink queue
canbecomputedby solvingO(N 3) equationsasdescribedin
[10, Section3.6].

B. Gatedand Limited Algorithms

Half-symmetricalpiconetsoperatedaccordingto the gated
and limited algorithms can be modeledas AZSOP polling
systemssimilarly to the modeling of exhaustive algorithm.
By applyingthe modelsfor discrete-timegatedand1–limited
polling systemsdescribedin [18] andusing the methodology
describedin [10], we obtain the meanwaiting times for the
two schemes.It turns out that all 3 meanwaiting times, for
the exhaustive, gated,andlimited, areequalandgiven by (9).

C. Comparison

The fact that in a half-symmetrical piconet with only
downlink traf�c, the mean waiting time is the same for
all algorithms is expected.Such a result was obtained in
[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 equal to the meanwaiting time in an M/G/1 systemwith
the combinedinputs of all queues,regardlessof the polling
regime(exhaustive,gated,or 1–limited).Yet, it is interestingto
comparethe resultsobtainedfor systemswith only downlink
traf�c (i.e. (9)) to the results for systemswith only uplink
traf�c (i.e. (1), (3), and (4)). For clarity of the presentation,
we use in the following equationsthe superscriptto denote
the schedulingalgorithm.It canbe seenthat

W
L
d = W

G
d = W

E x
d = W

E x
u ¡

N ¡ 1

1 ¡ N ¸ (L + 1)
; (10)

whereit hasbeenshown in SectionIV that

W
E x
u = W

L
u = W

G
u ¡

2N ¸ (L + 1)

1 ¡ N ¸ (L + 1)
: (11)

Moreover, for thespecialcasein which thetraf�c is composed
of only 1–slot packets (i.e. p1 = 1), there is a signi�cant
difference betweenthe values in only downlink and only
uplink piconets.Namely,

W
L
u = W

E x
u = N W

L
d = N W

E x
d = N W

G
d : (12)

The above resultscan be useful for developing piconet and
scatternettopology constructionalgorithms (see [20] for a
review of thescatternettopologyconstructionproblem).When
thetraf�c is mostlyunidirectional,allowing thenodethatgen-
eratesmostof the traf�c to be the masterwould signi�cantly
decreasethe delay.

VI I . BI-DIRECTIONAL TRAFFIC

Analyzing the performanceof schedulingregimessuchas
theexhaustive andgatedin a piconetwith bi-directionaltraf�c
requiresobtainingthe PGF of the exchangetime of a single
master-slavequeuepair (channel).Thisanalysisis signi�cantly
complicatedby the TDD mechanismand the use of POLL
and NULL packets by the masterand the slaves. In order
to demonstratethe dif�culties in analyzing the exhaustive



algorithm, we discuss a less complicated case, namely a
singlemaster-slave channelin a piconet,operatedin thegated
algorithm.

In the gatedalgorithm, only the packets that are found in
theuplink anddownlink queueswhenthemasterstartsserving
the master-slave queuepair are transmitted.If the numberof
downlink packets exceedsthe numberof uplink packets, the
slave sendsNULL packetsasa responseto somedatapackets.
On the other hand, if the numberof uplink packets exceeds
thenumberof downlink packets,themastersendssomePOLL
packets in orderto allow the slave to reply with datapackets.
We assumethat at the end of the master-slave exchange,the
slave hasto respondwith a NULL packet to a POLL packet.

Let X G denotethe total time (numberof slots)requiredfor
the exchangedurationof a singlemaster-slave channelin the
gatedalgorithm.Namely, it is the numberof slotsrequiredto
serve all packetspresentin both downlink anduplink queues
at the instancewhen the masterstartsservingthe queuepair
plus2 slots(thelastPOLL-NULL exchange).ThePGFandthe
meanof X G are denotedby X G (x) and X G . For simplicity,
we assumethat all packets are 1 slot long (p1 = 1) and that
packets have accumulatedin both queuesfor someT slots
before the gated servicestarts.We de�ne U and D as the
numberof packets accumulatedin the uplink and downlink
queues,respectively, during T slots (U; D » Poisson(¸T )) .

Thus,given that p1 = 1, X G equalstwice the maximumof
U andD plus2 slots.Namely, it is a functionof themaximum
of two Poissonrandomvariables.Accordingly, the PGF of
the time to serve a single master-slave channelis given by:
X G (x) = x2 P 1

m =0 x2m Prob (max[U; D ] = m) , where

Prob
³

max[U; D ] = m
´

= 2e¡ ¸T (¸T )m

m!
(13)

0

@
m ¡ 1X

j =0

e¡ ¸T (¸T ) j

j !

1

A +
µ

e¡ ¸T (¸T )m

m!

¶ 2

:

Unfortunately, it appearsthat in view of (13) there is no
closedform expressionfor X G (x) andconsequently, it seems
that there is no closedform expressionfor the waiting time
in a piconetwith bi-directional traf�c operatedaccordingto
the gatedalgorithm. It is clear that the exact analysisof the
exhaustive algorithmis morecomplicated.

The mean time to serve a single master-slave channelis
given by: X G = 2E (max [U; D ]) + 2. In order to boundthe
value of X G , we observe that for U; D » Poisson(° ) and
° > 0 : 1 < E(max[U; D ])=° < 2. To illustratethe behavior
of this ratio, we have randomly generated300,000different
valuesof U andD (for 17 variousvaluesof ° ) andcomputed
the averagevalueof max[U; D ] andits ratio to ° . The results
aredepictedin Fig. 5.

We shall now provide a simpleexplanationfor an observa-
tion madevia simulationin [3] and[8]. Accordingto [3] and
[8], in piconetswith bi-directionaltraf�c and high loads,the
limited algorithmoutperformsthe exhaustive algorithm.Con-
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Fig. 5. The ratio of the averagevalueof max [U; D ] to ° .

sidera symmetricalpiconetoperatedaccordingto theexhaus-
tive or gatedalgorithms,with only 1–slotpackets.According
to the above analysis,for an arrival rateof ¸ (packets/slot),a
nodewill have to transmiton averageE(max[U; D ]) packets
per slot (where U; D » Poisson(¸ )). Thus, the arrival rate
¸ should be set such that 2N E(max[U; D ]) < 1. As we
have shown in Fig. 5, E (max[U; D ]) canapproach2¸ . Hence,
a necessarycondition for stability is ¸ < 1=(®N ), where
2 < ® < 4. On the other hand, when the samepiconet
is operatedaccordingto the limited algorithm, a necessary
conditionfor stability is ¸ < 1=(2N ). When¸ approachesthe
stability limit, the waiting time approachesin�nity . Thus, in
a piconetusingthe exhaustive or gatedalgorithm,the waiting
time approachesin�nity for lower valuesof ¸ thanin a piconet
usingthe limited algorithm.Therefore,for high valuesof load
the waiting time in the limited piconetwill be lower than in
the exhaustive or gatedpiconet.

VI I I . NUMERICAL RESULTS

Approximate results regarding the performanceof vari-
ous intra and inter-piconet schedulingalgorithmshave been
presentedin [11],[15],[16], and [17]. The analysis of the
exhaustive algorithm in [15] is basedon 2 stages:(i) the
derivation of the PGFof the time to exhausta singlemaster-
slave queuepair, and (ii) modelingthe piconetas an M/G/1
queuewith vacations.In [21] we have shown that the PGFof
thetime to exhausta queuepair, derived in [15], doesnot take
into accountthe complexities discussedin SectionVII. Thus,
it differs from the correct PGF. Moreover, we have argued
that the direct applicationof results from the M/G/1 queue
with vacationsmodelto the piconetsystemignoresimportant
statistical dependenciesthat exist in the piconet operation
model.In this sectionwe compareour exactnumericalresults
to numericalresultscomputedaccordingto [15] and [16].

The modelpresentedin SectionIII is a speci�c caseof the
piconetmodel presentedin [15]. Thus, Fig. 6, comparesthe
meanwaiting time computedaccordingto the analysisof the
exhaustive regime in [15] when ¸ d = 0 to the meanwaiting
timecomputedaccordingto ouranalysis(i.e.accordingto (1)).
The �gure presentsthe waiting time (in slots) as a function
of the load in the uplink exhaustive system(N ¸ (L + 1)) in
half-symmetricalpiconetswith 2 slaves.

In [16] the intra-piconetexhaustive schedulingalgorithmis
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analyzedin a somewhat differentmethodologythanthe anal-
ysis describedin [15]. In Fig. 7 we comparethe exact mean
waiting time to the meanwaiting time computedaccording
to [16], in half-symmetricalpiconetswith only unlink traf�c
(¸ u = ¸; ¸ d = 0) in which the probabilitiesof 1, 3, and
5–slotpacketsareequal.

It is clear that in all casesshown the resultspresentedin
[15] and[16] underestimatesor overestimatethemeanwaiting
time. Thus,we conjecturethat for complicatedscenarios,de-
riving approximateresults,which arebasedon therelationship
betweenBluetooth piconetsand polling systems,will yield
signi�cantly betterapproximationsthan thosethat are based
on M/G/1 queuewith vacations.

IX. CONCLUSIONS

This work reveals overlooked connectionsbetweenBlue-
tooth piconetsandpolling systemsthat enableto obtainexact
andapproximateanalyticalresultsregarding the performance
of Bluetoothschedulingalgorithms.First, we have analyzed
piconetswith unidirectionaluplink traf�c. We have obtained
exact resultsfor the symmetriclimited, gated,andexhaustive
regimes, and shown that exact resultscan also be obtained
for asymmetricalpiconetsoperatedaccordingto thegatedand
exhaustive algorithms.

We have shown that in symmetrical piconets with only
uplink traf�c, the meanwaiting times are the samefor the
limited andexhaustive algorithms.This observation hasbeen
extended for general TDD systemsand for speci�c (non-
Bluetooth)polling systems.The extensionto polling systems
yieldsa delaydecompositionresultfor symmetrical1–limited
polling systems.

Furthermore,we have shown that a piconet with unidi-
rectional downlink traf�c is equivalent to a polling system
with zero-switchover times.The meanwaiting times in such
a piconet can be signi�cantly lower than in piconetswith
only uplink traf�c. The complicationsin analyzingthe gated
schedulingalgorithm in piconets with bi-directional traf�c
havebeendescribed,indicatingthatthecorrespondinganalysis
of the exhaustive regime is even more complex. Finally,
numericalresultshave beencomparedto approximateresults
derived in the past.

Thepresentedanalysiscanbeextendedin variousdirections
(e.g. batch arrivals, asymmetricalarrival processes,retrans-
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 presentedin this paper can be utilized
in order to validate and evaluatesimulation modelsand ap-
proximateanalyticmodels.They alsoprovide a few important
insightsregardingthedesignandtheperformanceof Bluetooth
piconetsandscatternets.For example,sincethe meanwaiting
times are equal for the exhaustive and limited algorithms,it
seemsthatwhenthetraf�c is mostlyunidirectional,thelimited
algorithm,which providessomedegreeof fairness,is prefer-
able.Moreover, topology constructionalgorithmscan exploit
the observation that when the traf�c is mostly unidirectional,
allowing the node that generatesmost of the traf�c to be
the masterwould signi�cantly decreasethe delay. Finally, the
effect of thepacket lengthdistribution on thewaiting time has
beenrevealed(the effect on the piconetthroughputhasbeen
quite clear).

Due to the TDD mechanism,algorithmsthat 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 theK –Limited
schedulingalgorithmin which the masterexchangesup to K



packets with eachslave in every cycle. Furthermore,due to
theinherentcomplexities in analyzingthegatedandexhaustive
algorithms,a future researchdirection is to obtaina good(at
leastapproximate)analysisof suchregimes.
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