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Abstract—In this paper, we present a mathematical frame-
work that permits a detailed performance analysis of Bluetoth
connections in fading channels. Conversely to most part ofhe
literature, we distinguish between the transmission of udel and
duplicate frames, which are handled in a different manner by
the receiving unit. To this end, we define a two-state Markov
Chain and we apply the renewal reward theory to determine
the expressions of the throughput, energy efficiency and day
performance of the link. Although the model can be applied to
any version of Bluetooth specifications, as a proof of concep
we provide an accurate performance analysis of an asymmetri
Bluetooth v2.0+EDR (Enhanced Data Rate) connection in typ-
ical propagation environments. The analysis reveals that ést
performance are (almost) always obtained by using the longe
baseband frames transmitted at2 Mbps in the low—to—-medium
signal-to—noise ratio (SNR) region, and at3 Mbps in the high
SNR region. Furthermore, we observed that it is more fruitful
assigning the master role to the destination unit. The model
hence, proves to be a valuable tool to gain insights on the asgts
that have a major impact on the system performance.

Index Terms—Bluetooth, EDR, model, energy, throughput,
delay, performance

|. INTRODUCTION

. r

One of the most attractive features of Bluetooth technolo&
is the very low power consumption that permits its integnati
in portable, battery driven electronic devices, such asihaobt

of Bluetooth mainly to cable—replacement applicationseSen
limitations have been partially removed by the enhancesent
included in the Bluetooth v2.0+EDR specifications [2]. The
new version of the standard, in fact, includes an Enhanced
Data Rate (EDR) mode for higher transmission rates (up to
3 Mbps) together with other improvements aimed at speeding
up the node discovery and connection setup procedures and
limiting the interference with other devices operating e t
same frequency band. In February 2007, moreover, the Blue-
tooth Special interest Group published the last update ®f th
standard, Bluetooth v2.1 + EDR [3], which contains further
improvements to the link establishment procedure. Witls¢he
upgrades, Bluetooth is ready to break through the borders
of cable-replacement products and enter the wide arena of
high—speed radio technologies and pervasive networks Thi
enlarged and challenging scenario includes differentsyqfe
applications, such as opportunistic data exchange, buik da
transfer, distributed and cooperative computing and gora
and so on [4].

The success of Bluetooth in these competitive areas, how-
ever, depends on the actual performance, in terms of through
put, delay and energy efficiency, that the technology can
ovide in realistic propagation environments. This tolpas
en partially addressed by previous work. In [5], the atgho
investigate some techniques to improve Bluetooth EDR data
hroughput by using forward error correction and interiegv

phone, mouse, PDA and so on. As a matter of fact, Bluetoqott?hemes. However, the study does not present any delay

standard defines four operational modes, namelyve Hold,

and energy efficiency analysis. The point—to—point Blu#too

Sniff andParked These modes correspond to different degre?f‘?‘roughput achieved by Mbps frame formats is derived in

of activity and, in turn, different levels of power consurnopt
Besides these high—level mechanisms, energy—savingas

pursued at a microscopic level, by means of a suitable pac

roach to the performance analysis of Bluetooth piconebean
nd, for instance, in [9]-[16]. The aim of such works, how-

%\f;_[S] for different channel conditions. A mathematicad-a

reception mechanism that permits a device to switch off thg,e, s 1o model the general performance trend of the system

receiver circuitry as soon as it realizes that the incomiggad

in order to permit a comparative analysis of different pli

cannot be cprrectly dec.oded oritis addressed to ano”é\?{d retransmission strategies, rather than providingrateu
device. In this way, a unit that is not addressed by any Valllgsults for throughput and energy efficiency. Segmentation

packet is active for less thar0% of the time.
Despite this very attractive low—power feature, some i

Mihere throughput is still considered as the only perforreanc

&—-Reassembly (SAR) policies are investigated in [17], [18]

plementation and compatibility problems have slowed dowWReyic some discussions on the energy efficiency aspects of
the_ penetration of the Bluetooth technology in the markethe Bluetooth system can be found in [19] and references
unti recen.tly. Most Of, such problems are now SO'V_ed "’_‘rmerein. Such works are mainly focused on the definition

BIuetoo_th is undertaking the expected success, being 'nB‘?'dynamic power management policies, which reduce the
grated in hundreds of portable electronic devices. HOWeV%ergy consumption by using the low power modes provided

the first generation of BIL_Jetooth products, comp_liant whb t by the standard. However, the energy consumption during
Bluetooth v1.1 specifications [1], was characterized byva 0,04y gata exchange and for different channel conditisns i

transmission ratel(Mbps) and a rather long connection setrot investigated.

up time (order of seconds), which have restricted the USEA|| the cited papers, as well as most of the other works

concerning Bluetooth performance analysis, are based on a
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neglects some details defined by the standard. Althougle thedl the cases, the symbol period remains equdlte- 1 i1 s, SO
simplifications might be acceptable for comparing différerihat the frequency band of the radio signal is not signifigant
high—level protocols, they become critical when looking ahodified by the introduction of the EDR schemes.
the link—layer performance, in general, and at the energyThe expressions of the bit error rate (BER) for the three
efficiency, in the specific. Therefore, in this paper we psgomodulation schemes can be found, for instance, in [22]-
a novel mathematical model that takes into consideratien tf24]. For reader convenience, we have collected them in, [25]
microscopic—level energy saving mechanisms defined by tlogiether with the expressions of the frame reception events
Bluetooth specifications and permits an accurate analyfsistioat will be described later. For a given Signal-to—Nois&dra
the throughput, delay and energy efficiency achieved by t(®NR), defined as the ratio between the average energy per
different baseband frame formats at the link layer. symbol F; and the noise energy,, the BER of GFSK
More specifically, we analyze the events that occur duriremd = /4-DQPSK modulations is very similar, so that the last
active frame exchange and we determine the average enesgiyeme is always preferable, giving a transmission rate tha
consumed by each unit, the amount of transferred data and haéwice the basic one. This performance gain is payed in
time taken by the process. Then, applying the renewal rewaedms of transceiver complexity. For instance, the baate-r
theorem and the first—step analysis, we derive the throughpBFSK scheme, being a constant—envelope modulation, germit
delay and energy efficiency performance metrics. to have the amplifier working in proximity of the saturation
As a case study, we apply the mathematical model topaint, where it is most efficient. Conversely, DPSK moduwalati
Bluetooth v2.0+EDR asynchronous data link and we derigehemes have a peak to average ratio of aBdudB, which
the system performance for different values of the signal tequires to move the working point of the amplifier below the
noise ratio in Rayleigh fading radio channels. saturation point, in order to avoid clipping effects. THere,
The contribution provided by this work, hence, is twofoldto maintain the same output power, more efficient amplifiers
First, we provide a complete performance model for Bluétoohave to be used.
data link in active mode. Second, we present a case study inn the light of this consideration, the rest of this paper wil
which we apply the mathematical framework to a Bluetoothe focused on EDR schemes only. Reader interested on the
v2.0+EDR link and we derive the throughput, delay angerformance analysis for the basic rate packet formats are
energy efficiency figures of different frame formats in typic referred to [8], [11], [26].
radio propagation environments. A preliminary versionto$t
work appeared in [20]. That work is here enriched by th
definition and analysis of new performance indexes, such as
packet delivery delay statistics and energy balancing,land The Bluetooth standard encompasses two types of links:
a thorough investigation of the impact of the master/slae r Synchronous Connection Oriented (SCO) and Asynchronous
assignment in asymmetric connections. ConnectionLess (ACL). SCO links are aimed at the transport
The remainder of this paper is organized as follows. Sec.di delay—sensitive traffic (mainly voice) and make use of a
provides an overview of the Bluetooth radio system. In Séc. | periodical time—-reservation scheme. ACL links are intehde
we describe the mathematical model for an ACL data lirflor the transport of asynchronous data traffic, as genetated
and we derive the reward functions that are used in Sec. e transfer and web browsing applications. In the follogvin
to define the performance metrics. Sec. V presents the sesolt this paper we focus on ACL links only.
obtained for the case study. Finally, Sec. VI concludes the
paper with some final remarks.

ACL baseband frame formats

Table |
CHARACTERISTICS OFACL DATA FRAMES

Il. BLUETOOTH V2.0 + BENHANCED DATA RATE Type | Slots | Rate PAYLOAD [bytes] FEC rate
. . . [Mbps] | header data CR(Q

This section shortly overviews the features of the Bludtoot POLL 1 1 T - - -
v2.0+EDR standard that are of interest for our analysis. An| NULL | 1 1 1 - - -
introductory description of the main features of Bluetooth gggé % g g 35647 g -
technology can be found in [21], whereas for the details we| opps | 5 2 2 679 2 -
refer the reader to the official standard [3]. 3DHI | 1 3 2 83 2 -
3DH3 | 3 3 2 552 2 -
3DH5 | 5 3 2 1021 2 -

A. Physical layer: basic and enhanced data rate modes

The Bluetooth v2.0+EDR specifications encompass threeBluetooth v2.0+EDR adds six ACL frame formats to the
modulation schemes, which correspond to a basic data rhsesic rate formats introduced in the first version of the stan
of R; = 1 Mbps (BR), and two enhanced data rate modes dérd. Each ACL data frame begins with an Access Code (AC)
Ry = 2Mbps (2EDR) andR?3 = 3 Mbps (3EDR), respectively. field that is used for synchronization, DC offset compeisati
The BR mode makes use of a binary Gaussian—shape Faed piconet identification. AC is followed by the frame heade
guency Shift Keying scheme (GFSK), while 2EDR and 3EDRHEAD) field, which contains link control information, in-
are obtained by using Differential encoded Phase Shift#ggyicluding frame type, destination address, sequence nuianter,
(DPSK) modulations, with a constellation of four symbolsicknowledgment flag. Furthermore, the HEAD field contains
(r/4-DQPSK) and eight symbols (8DPSK), respectively. Ia checksum word (HEC) which is used to verify the integrity



of the field after decoding. For backward compatibility, A. Micro—level energy saving mechanisms
and HEAD fields are always transmitted at the basic rate. Energy-saving was a key feature in the design of the

In EDR frames, the HEAD is followed by a guard time o ,a150th technology. According to this principle, a urtiiss
approx5 ps, which is used to switch the transceiver CIrCUItr¥eceiving and enters a low—powebze modeas soon as it

to the approprigte ,DPS,K scheme. The guard time is followgliomines that a field in the incoming frame is affected by
by a synchronization field (SYNC) of0 DPSK-modulated \, ecoverable errors or the frame is addressed to anotiter un
symbols that is used for signal acquisition at the receiviee (see [1], Volume 1, pg. 124, and [3], Vol. 2, pg. 174).

_SYINSJ |sa;ollljov;/e<:] b%a vag;_bls—tlerggz:PA\l{)I% Tflc_ir,hwf:lcft] More specifically, at the beginning of each receive slot,
Inciudes a=—byte header an oyte sublield. 1he 1astye Bluetooth unit scans the received radio signal looking
field of the frame is the EDR Trailer of onfysymbals. SYNC, for a valid AC field. If the AC is not recognized within a

PAYL and Trailer fields are transmitted by using the select oper time window, reception stops and the unit enters a
.ED.R _modulation scheme. The t_ime occupancy Qf EDR fram —power doze moéamtil the beginning of the following
is limited to 1, 3 or 5 consecgtlve slots. The d|ffere_nt EDRreceive slot. Conversely, after the recognition of the AQfie
frame f_orr_nats are qlenoted t;)DH_n, where j :_2’ 3 Is the the receiver processes the HEAD field and checks the validity
transmission rate (in Mbps), while = 1,3,5 is the slot of the HEC word. If the check fails, the device enters doze—
occupgncy. o mode, otherwise the HEAD field is inspected to determine the
Besides these data frames, Bluetooth specifications defipgo format and the destination address. Slaves not adtes
two short control frames, named POLL and NULL, whichyy the master transmission may enter doze—mode ill the £nd o
contain AC and HEAD fields only with no PAYL. the frame. The slave addressed by the master, instead,check
The characteristics of the different frame formats are sufye sequence number contained in the HEAD field of the
marized in Tab. I. incoming frame to verify whether it is a DUPCK or not. In
the first case, the remaining of the frame is not decoded and
the slave enters doze mode till the end of the transmission,
C. Baseband after which it piggy—backs a positive acknowledgment to the
aster. When the incoming frame is not a DUPCK, instead,

piconet, a cluster of no more than eight devices sharingt ¢ slave decodes the entire frame and, then, it piggy backs

common frequency—hopping radio channel. When the picor\;"_:elggs‘'t:cveh orpgi?_a:llv%ACK according to the outcome of the

is established, one unit gets theasterrole, while the others of the 1ela.

get theslaverole. The master is in charge to manage the

medium access by means of a polling scheme: the master I1l. ACL DATA LINK MODEL

cyclically polls the slave by sending either useful datarnfea _ ) ) _

or POLL frames. The slave addressed by the master frame idn this section, we define the mathematical model that

required to immediately return a data or NULL frame. permits an accurate performance analysis of a Bluetooth ACL
Bluetooth provides a reliable data connection by using @nnection. To this end, we need first to introduce some

Stop&Wait Automatic Retransmission Query (ARQ) mecHlotations and_hypotheses. Then, we define a Ma_lrkov quel

anism at the baseband layer. Each data frame is transrHg€d to describe the system evolution and we briefly outline

ted and retransmitted until the source node gets a posith¥¢ Pasis of the renewal reward theory. Finally, we deteemin

acknowledgment (ACK) from the destination. The ACK idhe average reward functions that will be successively tsed

carried in the HEAD field of the baseband frame (piggydetermine the performance indexes of interest.

backing), so that its reception probability is independeirt FOr the sake of simplicity, we limit the study to the case
the frame format. Since negative ACK is assumed by defaulf, @ piconet with only two units: one master and one slave.
master retransmissions are also triggered by ACK losses. IR€ extension of the analysis to the multi-slave case, which
particular, the loss of frames carrying positive ACKs wilf€quires a more cumbersome notation and exposition, ifyprie
trigger the retransmission of frames that had already be@igcussed in Appendix.

successfully delivered to the slave. These frames aredcalle

duplicate packet$DUPCKSs). When a slave receives a frameA Notation
it checks whether the sequence number in the HEAD field

has been changed since the last useful frame received from\s explained in Sec. II-D, the reception of a baseband frame
the master. If not, the slave recognizes the incoming franseperformed in three consecutive steps corresponding)to: 1
as a DUPCK and returns a positive ACK, irrespective dkccess code acquisitiond; 2) frame Header recognitiott);

the actual reception state of the payload field. Notice, tha} Data (payload) receptior)). If one of such step fails, then
slave transmissions are allowed only upon receiving a valide unit enters power saving mode, skipping the remaining
master's frame that, in turn, will also carry the (positive oreception steps.

negative) acknowledgment for the previous slave—to—maste The success or failure of a given reception step will be
transmission. Therefore, slaves retransmissions occly odenoted by adding the subscriptand f, respectively, to the
when solicited by an explicit not acknowledgment sent by ttstep symbol. For instancé/; denotes the case in which AC
master. acquisition step is correctly concluded but HEAD decoding

The basic Bluetooth network configuration is the so—call



fails. Notice, that the different reception events meet tHe. Markovian Model

following relations: Under the considered hypotheses, the dynamic of the system
can be captured by means of a Markov Chain (MC) with two
As=-dys As=H,UHp; He=D:UDys; (1) gaesnomal (N) andDuplicate(D). In stateN, the master
where the symbols: and U denote the complementary andransmits new downlink fr:_:tmes or retransmit frames thathav
never been correctly received by the slave. The systemdeave
the N state to enter stat® whenever the master does not
recognize a slave’s frame carrying a positive acknowledgme
Therefore, the transition probabilitiyp from state N to D
Pa, =1-Pyu, is given by

Pa, =Pu, +Ph, ) Pxp = P(g)s(l - P(;I)s) (3)
Pu, =Pp, +Pp,

union operators, respectively. Furthermore, we will dertmyt
Px the probability of the generic reception evexit Hence,
according to (1), the following relations must hold

In state D, the master keeps transmitting duplicate packets.

When necessary, we add the superscfipt) and (S) to State D is left when the master_ finally gets a positive ac-
distinguish between master and slave unit, respectively. FKnowledgment from the slave. Since the slave disregards the
example P}, denotes the probability of receiving a master§AYL field of DUPCKSs, the transition probabilitypx from
frame with valid AC and HEAD fields and unrecoverabl§ta€D to N is given by
errors in the PAYL field. Notice, _that the .reception prob- Pon = P}M},P(; (4)
abilities for the AC and HEAD fields, which are always s
transmitted at the basic rate, do not depend on the frarhe steady state probabilities; and7p of the MC being in
format. Converselyy p, andP p, depend on the frame format,StatesN and D, respectively, are then given by
though this dependency does not appear in the notation, to Pon _ - Pxp
reduce clutter._. _ o ™= P+ Pon’ ™7 Pup + Pox

The probability functions depend on the characteristics of
the Bluetooth receiver and on the channel model considered. Reward functions

For space constraints, we do not report here their expressio Following the approach suggested in [30], Bluetooth perfor
that can be found, for instance, in [8]. Furthermore, fodea e can be investigated by resorting to the classicahtheo
convenience, we have collected all the equations used $n th \onewal reward processes [31]. Consider two genericrwa
paper into a public available technical report [27]. functions, R and R®, such thatR" and R? are the
average reward earned each time thje Markovjchain enters in
statej € E. Furthermore, leR™) (1) and R®)(7) be the total
reward earned through the system evolution in the interval

We consider a heavy traff.i(.: scenario, V\{here master and ] so that, denoting by; () the number of times statg
slave have always packets waiting for transmission. Wemassuis entered in the time interva, 7], we have

infinite retransmission timeout: packets are retranschitieer

and over again until the sender receives a positive acknowl- R(h)(T) = Z Rgh)fj (r); h=12

edgment. In order to determine the performance achieved by JEE

the different baseband frame formats, we consider a staticfundamental result of renewal theory [32] states that the
Segmentation and Reassembly (SAR) policy that makes ysgio between the two reward functions asymptotically ésjua

of a single frame format per connection. Concerning thfie ratio of the statistical reward averages’) and R(. In
radio channel, we assume the classical WSSUS (Wide—-Sefiighula, we have

Stationary Uncorrelated Scattering) slow flat Rician fadin

®)

B. Assumptions

model [28], so that, by virtue of the frequency hopping ) ZR,gl)Ij(T) ijng-l) 5(1)
mechanism, frames are subject to statistically indeperftn 15, BO(r) — lim £ _ IE = },{
fading. T RON(T)  rmee NC Ry N mRP RY
Notice, that a node can determine the end of an ongoing jEE JEE '
transmission by inspecting the information contained ia th (6)

HEAD field of the frame. However, we assume that, if th@/nere; is the steady state probability of the chain being
packet is not recognized because of unrecoverable errtginin Statej. Thanks to this result, we can derive a number of
AC or HEAD fields, the node is still capable of determining thBerformance indexes from the statistical average of a t@fec
end of the ongoing transmission by measuring the Receiv%tjsu'.table revyard functions. In particular, we consideg th
Signal Strength (RSS) at the antenna. Although this carrf@flowing functions: _

sensing mechanism is not explicitly required by the Blugtoo « State transition timeT’; -
specifications, it is now provided by the last generationeBlu + average number of successfully delivered data tits,
tooth chipsets [29]. In any case, the mathematical framlewor « amount of consumed energy,.

we provide may be very easily adapted to the case in whichin order to derive the expected values of these reward
carrier—sensing is not supported, as done in [25]. functions, we need to introduce some further notations. Let



Wy (X)), wyy (X) and w,(X) be the amount of energy of energy spent by the master is given by
consumed by a unit for transmitting, receiving asehsing ™ S

respectively, the generic packet fieldl. Let jDHn and W =w,, (jDHn) + Py Py w,, (iDHm)
iDHm, with n,m € {1,3,5} andi, j € {_2,3}, be thg packgt 4 Pg) P(;I) {wm (AC + HEAD) + wSS(PAYL(S))]
types used by the master and slave units, respectivelyllyzina o ‘

let D(h, k) be the number of useful data bits carried by the + Py PY, [w,, (AC) + w, (HEAD + PAYL®)]

generichDHFE frame, as reported in thdat a column of ™
Tab. I. + (1 - PHS)wss (AC) (10)
Time Reward The energy spent by the slave unit can be obtained in a similar

The transmission of g DHn frame by the master alwaysWay: taking into consideration that slaves are not requioed
takesn time slots. In order to reply with anDHm frame, receive the PAYL field of DUPCKs and, as usual, the slave
the slave needs to decode at least the AC and HEAD fielg8eds to sense the channel in order to recognize the end of
of the master frame. In this case, the uplink phase will tag€ transmission in case of AC or HEAD errors. Therefore,
m slots. Otherwise, the slave is not allowed to transmit ar@iter some algebra, we get

the uplink phase takes only one slot. The averdge reward

o s
earned per MC transition is, then, equal to W —w,  (AC) + P(x)szX (HEAD)+
(M) (M) (M) (M)
T=n+1+Phy (m—1) @) +Pp, W, (PAYL ) + (1 = Py Jwy, (PAYL)
+ Pl we (HEAD) + Py w, (iDHm) (11)

Data Reward

In statelV, the master transmits useful frames, i.e., frames that B
have not been correctly received by the slave yet. ThergforeReplacing the generic average reward functigi$) and

in state N, the successful reception of a masters frame b§> (6) with the time, energy or data rewards derived in the
the slave brings about a data reward Bfj,n). Notice, Previous section we get a number of different performance
that the reward is earned even whether the positive AdRdexes, among which we selected the following ones.
returned by the slave is not received by the master. In this

case, however, the master will enter the duplicate sfate A, Goodput

and start transmitting DUPCKs, which do not carry useful 1o goodputg provides a measure of the average trans-

information and, hence, do not yield any reward. The slaygission capacity that the baseband layer offers to the highe
unit, in turn, gains a data reward @(i,m) whenever it ,qioc0ls. The system goodput is defined as the average

correctly decodes the header of a master frame (thus belygq ¢ of successfully delivered data bits per unit of time
allowed to transmit its own frame) and its frame is succélsfu 5 4 it is given by

decoded by the master. Summing up, the average number of

IV. PERFORMANCE METRICS

(M) (S)

data bits successfully delivered by the master and slaus,uni D +D
respectively, in a MC step is given by g= T (12)
(™) _
D = FNP%LD(J}”) (8) B. Energy Efficiency
=& e The energy efficiency is defined as the average amount
D = PyPpD(im) ©) of successfully delivered data bit (in any direction) peitun
of energy [33]. Thus, the overall system efficiency can be
Energy Reward expressed as " ©
The computation of the energy spent by the master and slave D +D
units for each transition step of the MC, though cumbersome, £= W (13)

is not complicated.

At each step of the MC, the master spends, (jDHn) Energy Balance
energy units to transmit its frame and some energy to decode o ) i ,
the slave’s reply (if any). More specifically, if the slaveedo The system I|fet|m_e IS _defmed as the average time th?
not recognize the master polling (probability- P(E)\), then System can operate in active state be_fore a unit depletes its
no frame is returned, so that the master recepﬁon phasep%tery' Normally, the energy conSl_Jr_nptlon d_lffers from teas
concluded after that the channel has been sensed idle 8P sla\{e. _The.refore, energy efficiengybeing equal, the
a time period equal to the AC duration. Conversely, wheystem lifetime is extended when the energy consumption of

an iDHm frame is returned, the master starts decoding tlﬁ%aStder andhslave umtsblsl bal:_;mcgdd To ?ju?nufé/ th|s} a}lswect,
incoming bitstream, unless unrecoverable errors occu'ngurIntro uce the energy-balancing index, defined as follows

the reception of the AC or HEAD fields. In this case, the =M O

. . : W -Ww
master stops decoding and keeps sensing the channel till the (=|——mw
end of the slave’s transmission. Therefore, the averagaiaimo W



The closer¢ to 0, the more balanced the energy consumptiddue to the memoryless property of the MC, the random
between master and slave and, consequently, the Ionger\thﬂabIeSy(M) and yj:') have the same distribution. Therefore,
system lifetime. by rising to the square both sides of (18) and taking the
expectation of all the terms, after some algebra we get

(M)

D. Packet delay statistics
y . e o (1 (m = DPY 4200+ 1 (m — 1P,
The last performance index considered in this work is M, = . .

(M)
related to the delivery delay of a protocol data unit (PDU) Pp.
generated by the Logical Link Control and Adaptation Pro- (1— P(:I) )P(g) [M;M’ + meyM) (n+ m)}
tocol (L2CAP), which lies directly upon the baseband layer. + — Z (19)
In particular, we are interest in the meam, and variance Pp.,
0,2 of such a time. In general, each L2CAP PDU will be om™ {(n+m)pg’ +(n+1)(1-PY )}
fragmented into a number of (possibly different) baseband + Y ! o -
frames, according to the Segmentation—&—Reassembly (SAR) Pp,

policy. The PDU delayr is, then, given by the sum of thehere 1/
service timey; required to successfully delivering each of th(;nw) H
baseband frames:

is the statistical power oy(M’ and yir), while
yp and M;M) are the statistical mean and power y);f),
n respectively. These last statistics, in turn, can be obthioy
T = Zyi applying the first—step analysis to the transmission psoces
i=1 from stateD. In fact, on the basis of the above rational, the
Due to the statistical independence of these random vasabresidual service tim@g) can be expressed as

the first and second order momentsroére given by: ™ ™
n Y, =n+1+m—=1Dxgm + 1 —xzmxye)y, (20)
M = Zl Myi (14) Wherey(g) andg}g) are identically distributed. Hence, we easily
‘. get
2 2
ot =3 0y, 15w 41+ (m-1)Py
i=1 myD = P(M) P(S) (21)
wherem,, ando? are mean and variance, respectively, of the f e o o
baseband service delay o (n+1)°+ (m—1)Py +2(n+1)(m—1)Py
The mean baseband service time$ andm,’ seen by the = ¥» Py Py
master and slave unit, respectively, can be obtained assll
ve unl p vely, 0 | 2m(M) (n + 1)(1 o P(M) P(S) ) + (m o 1)P(M) (1 . P(S) )
D(j, n) T Yp H. ' H, H. H,
m;M) _ ](’M? T — - (16) + P po
D m™P% H," H,
D (22)
® D(i,m) — T : : :
m, = —5— T = =5 (17) Then, replacing (21) and (22) into (19) we get the final result
D Pu.Ph, The derivation of the service time at the slave unit is

h Ew) dﬁ(S) . by (8) and (9 ivel simplified by the fact that the slave never transmits DUPCKSs,
where an are given by (8) and (9), respectively. so that the transmission process renews itself at every BIE st

To _determlne the variance 9t instead, we need to resortirrespective of its state. A transmission attempt takesree ti
to a first—step analysis.

Let us first focus on the baseband service time seen E)gual ton+m if the slave is capable of correctly decoding the

the master. We notice that, whenever a new baseband framé”lder of the master frame, and- 1 otherwise. The first-step

is loaded into the transmission buffer, the MC is in state anaSIyS|s, then, returns

The transmission takes a time equalste+ m if the frame y( [ (m = 1)x g0 + (1= xgzmXpe)T
header is recognized by the slavEl.( event) andn + 1 C® e S
otherwise. If the frame is not successfully acknowledgeent Where, once againy~ and g are identically distributed.

it will be retransmitted. The retransmission can occur wiga RiSing to the square and taking the expectations we, then,
MC in state N or D, depending on the outcome of the firs8€t

transmission attempt. Let, andy,, denote the corresponding ) (n+ 1)% + (m — 1)p‘g) +2(n+1)(m— 1)p‘g)

residual service time, i.e., the time to complete the servicM, = P(M)SP(S) .

given that the first attempt has failed and the MC state is o ” (S?S Ds ” ©

N or D, respectively. Furthermore, let4 be the indicator 2m, |(n+1)(1 =Py Pp )+ (m—1)Py (1-Pp )
function for the event4, so thaty, = 1 when A holds true + P po®

and y 4 = 0 otherwise. Then, the baseband service time can Hs™ D,
be expressed as follows

' (23)

(24)

™ ™ Finally, the variance of the service delay, both at mastdr an
y =n+l+(m—Dxgem +1—xpm)y, (18)  slave, can be obtained as

™
+ X pm (1- XHS’)?/D 05 =M, — mz



V. CASE STUDY a5 ‘Goodput (‘Rayleigh) ‘

T
3DH5
3DH3
3DH1
2DH5
2DH3
2DH1

A. Model Accuracy

The correctness of the mathematical model has been
checked by comparison with computer simulations. It shall
be noticed that the mathematical model does not make any
simplifying assumption in excess with respect to the sim-
ulation model. Therefore, the comparison was not intended
to assess the accuracy of the analytical model with respect
to a “real” case, but rather to double check the correctness
of the equations. For this reason, this comparison has not
been reported in the manuscript. Furthermore, we have com- 1o 15 20
pared our mathematical model with some previous literature
when possible. We observed that thg goodput curves optai%%re 1. Goodput fof M =-S) data flows in Rayleigh channel.
through the model closely match with those reported in [81
for Bluetooth v1.0, except for a small discrepancy due to the

N
<O+ % 0 x

[
5]
T

G [Mbit/s]

-
T

0.5F

; ;
25 30 35 40
SNR (dB)

Service time standard deviation (Rayleigh)

inclusion in the model of the effect of the duplicate packets 1
Also, the statistics of the service delay derived in [16] for 1t
a half-symmetric piconet, with slaves sendibg71 packets ol
and master sending onlOLL packets, correspond to what a
returned by (17) and (24) in the same scenario. g2
g2 s
[=h
B. Reference scenarios o o
Since most of the data services that might be supported il
by Bluetooth networks generally produce asymmetric traf- 2t
fic flows, we will consider connections in which one unit o ‘ ‘ ‘ ‘ ‘ :
transmits data frames whereas the other replies with dontro ey S

frames (either POLL or NULL) only. The symbol(d// -S)
and (S-M) are used to distinguish the case when data flofigure 2.  Standard deviation of the PDU service delay (fof >-S) data
from master—to—slave andce versa respectively. flows in Rayleigh channel.

For fair comparison, the service delay is computed with
respect to a reference PDU of size= ID(3,5) = 1021 byte,
so that for a fixed frame form@(h, k), the mean and variance
of the service delay are given by

For space constraints, we limit the analysis to Rayleigh
channels, which represent an adverse scenario from the radi
propagation perspective. Finally, we assume that the geera

L Signal to Noise Ratio (SNR) is the same at both master and
"= Dk | Y @5 gjave unit.
L
(77.2 = {——————————W (72 :2(3
D(h, k) | ¥ (6) C. Performance analysis in fading channel

where[z] is the ceiling function, which returns the smallest Fig. 1 and Fig. 2 show the average system goodput and
integer greater than or equal:to For space limits, we will not the standard deviation of the PDU delay, respectively,ugers
report the results concerning the mean service delay, whjchSNR, for a (M >S) connection. The energy efficiency and
in any case, proportional to the goodput metric. Instead, veeergy balancing curves in the same conditions are reported
will show the service delay variance, which is of interest fan Fig. 3 and Fig. 4, respectively. The six curves in each lgrap
multimedia applications. correspond to the different EDR frame formats used by the
We model the energy consumption in transmission, recepaster, as indicated by the legend.
tion and channel sensing, as the product of the overall powelAt a first glance, Fig. 1 shows that the best performance in
absorbed by the unit to perform the task and the time takentesms of goodput is obtained by usiA@ H5 for SNR greater
complete it. This model has been proved valid for Bluetoothan23dB and2DH5 for lower SNR values. Shorter frame
v1.1 by some experimental studies [34]. For conveniendermats, however, might be used to transmit PDUs that do not
we define a unit of energye() as the amount of energyfill the payload field of five—slot long frames.
required for transmitting a bit at the basic rate. According Fig. 2 reveals that the standard deviation of the PDU service
to the results found in [34], we assume that the energielay obtained with 3EDR frames is always greater than
consumed in transmission, reception and channel sensegrg ahat obtained with 2EDR frames, despite a single PDU is
a time intervalTy, = 1us is equal toPrx x Ts = leu, fragmented into multiple 2EDR frames, as expressed in (26).
Prx xTs = 0.8eu and Psg x Ts = 0.1 eu, respectively, The reason is that 3EDR formats are more likely to be retrans-
independently of the frame format used. mitted than 2EDR formats, thus increasing the randomness in
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Figure 3. Energy efficiency fofM >-S) data flows in Rayleigh channel. Figure 5. Goodput gain witliS >=M) configuration in Rayleigh channel.
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Figure 4. Energy balancing fqM -S) data flows in Rayleigh channel.  Figure 6. Delay standard deviation gain wifl$ =)) configuration in
Rayleigh channel.

PDUs service time. Nonetheless, the performance gap betwee

frames of different size is rather narrow. This is due to # f represent an additional energy cost that might be avoided by

that, in fading channels, the frame size has a limited impaRgsigning the slave role to the source node, i.e., adopting

on the frame error rate, which is instead strongly affectgd Bhe (S-1) configuration. To better appreciate the difference

the random fluctuations of the channel gain. between(S-M) and (M -S) configurations, we introduce
The energy efficiency curves plotted in Fig. 3 show the sarffee gain metric for the goodput, delay standard deviation and

pattern observed for the gooudput, though the performarfeergy efficiency, defined as follows:

gap between 3DH5 and 3DH3, as well as between 2DH5 _

and 2DH3 frames, is limited. Therefore, from the energetic AG = g(SHgW&W f;jV[ =) (27)
perspective, those frame formats are (almost) interchatrige

Concerning the energy consumption balancing, Fig. 4 shows E(S=M) —&(M=S)

a floor for high SNR values, which is due to the asymmetry Al = £(M =S) (28)
of the connection and the different energy cost of trangamgitt

and receiving. The sharp worsening of the energy balanaing i Ao — or(S=M) — o.(M>S) (29)

the low SNR region is determined by the fact that, the lower o (M =S)
the SNR, the higher the probability that the data frame donta _ . . _
unrecoverable errors in the AC or HEAD fields. In this casé(ye_ do. not glefme the g,a'”_f‘” the energy balancing metric,
the slave unit saves energy by stopping reception befocehafnich is by itself a relative index. _

The same argument also explains why the energy balancing fof19- S Fig. 6 and Fig. 7 report the gain curves for the
2DH5 and 2DH3 is worse than for 3DH5 and 3DH3 formatd00dput, delay standard deviation and energy efficiency. Fo

in the low—SNR region, where 3EDR frames have very logPTPleteness, the energy balancing obtained for(the M)
energy efficiency, as shown by Fig. 3. configuration is reported in Fig. 8. We can notice that the

(S>=M) configuration yields better performance th@d >-S5)
. with some frame formats and worse with others. More in
D. Swapping master and slave role detail, single—slot formats always achieve lower goodmuat a
In the (M S) configuration it is possible for the masterenergy efficiency, where&¥ D R multislot frames experience
unit to transmit duplicate packets. These transmissiong map to20% of goodput increment ané)% of energy efficiency



Energy Efficiency Gain (Rayleigh)
T T T

60 energy—saving mechanisms defined by Bluetooth standard,

T
x  3DH5

o 3DH3 which have a significant impact on the overall performance
a0 TR figures of the system.
o o As a case study, we applied the model to an asymmetric

2 data connection using EDR frame formats in Rayleigh fading

e channel. The study has revealed that, as expedé&d)R
frame formats yield better performance, both in terms of
goodput and energy efficiency, in the high SNR 23 dB)
region, while2 ED R frame formats perform better in the low
SNR region. However3EDR formats suffer higher delay
‘ ‘ ‘ variance over the entire SNR range (though the difference
s % a0 reduces as the Rice factor decreases).

Finally, in case of asymmetric data transfer, better perfor
Figure 7. Energy efficiency gain f@iS M) data flows in Rayleigh channel. mance is achieved by configuring the source node as slave and
the destination unit as master. This configuration, in faetds

A (%)
o

-20

-60 L L
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" Energy Balance (Rayleigh) better performance, provided that the suitable frame ftsma

X aDHs are used in each SNR region. However, the performance
o % v | gain rapidly reduces for high SNR values and Rice factors,
038 g though for space contraints we have not reported the related

performance curves.

We wish to remark that these considerations have been
drawn for a specific case study. Therefore, applying the
model to devices with different bit error rate figures and
energy profiles, we might get discording results. In any case
the analytical framework here proposed remains valid, thus
representing a useful tool for a detailed performance aisly

10 15 20 2 %0 P 40 of Bluetooth systems.
SNR (dB)

&

0.05F %

Figure 8. Energy balancing fdiS>-M) data flows in Rayleigh channel. APPENDIX
MULTI-SLAVE SCENARIO

gain. Multislot3E DR formats, finally, show a limited perfor- L€t US consider a piconet with active slaves and, in turn,
mance gain for SNR greater tha)dB, while they suffer " asynchronous connectlonl_ess I|n_ks. We assume the_ master
severe performance loss for lower SNR values. In this SNIOPtS @ simple round robin poliing strategy according to
region, however3EDR frames are not suitable, since the)Wh'Ch each slave is polled once per cycle, in a given order.
achieve very low goodput also in tHé/ =S) configuration, €t ¢x € E = {N, D} denote the state of the-th link, as

as shown in Fig. 1. Observing the results reported in Fig.e5, Wefined in Sec. I, at the beginning of a polling cycle. The
see that théS = M) configuration yields lower delay varianceS!umn Vector(2 = [ex]i—1,....» is, then, the state 07‘2 an-—

in the high SNR region, in particular f@DH5 and2p i3 dimensional Markov chain with state spak = E" and
formats. Conversely, the delay variance increases in the IgiScréte steps corresponding to polling cycles. Followtimey
SNR region, in particular foB EDR formats that, as a"eadyfootprlnts o_f Sec. Ill, we can dgtermme the column vectors
notice, are basically useless for these values of SNR. IginaF°rresponding to the average time, data and energy rewards
the (S =M ) configuration yields better (closer to zero) energ§@ined by each link over a polling cycle. Therefore, it isyeas
balancing, as it can be seen by comparing graphs of Fig._%real|ze_ that the time r_eward is the same for every link and
and Fig. 4. However, it shall be noted that, witl§ =11) it is obtained by summing up the values returned by (7)

configuration, the most consuming unit is the slave, whidRr each Ilnk.. Since transmission statistics on d|ffe.r_enksl
is in charge for transmitting the data frames. are mutually independent, the steady—state probabilityhfe

We observed similar results with other channel modelgem:‘r,iC Iipkk being in statelV or D can Sti_" be obtair_1ed by_
though the performance gain ¢ >M) configuration be- plugging into (5) the frame formats and signal to noise gtio

comes progressively less significant as the channel mof& (_)ciated to I_inlk_. Hence, the master and sl_ave data rewards
approaches AWGN. for link % are still given by (8) and (9), respectively. The energy

reward gained by the master over the generic krdan still be
computed as given by (10). The energy reward of a slave unit,
conversely, has to be augmented of the amount of energy spent
In this paper, we provided a mathematical model for they the unit during the polling of the other slaves. According
performance analysis of a Bluetooth data link, in terms &b the standard, in fact, slaves are required to wake up ay eve
goodput, delay, energy efficiency and system lifetime. Threception slot to listen for a valid frame. However, slaves n
model is based on an accurate analysis of the microscopiidressed by the master are allowed to sleep till the end of

VI. CONCLUSIONS



the ongoing transmission, provided that AC and HEAD fields4] J. Misic and V. Misic, “Modeling Bluetooth piconet perinance,”

are csorrectly decoded. Hence, the average amount of ene[r1%¥

AW, (h) spent by slave: during the service of link, with
h # k, is given by

__(9
AW, (h) = w,, (AC) + Py (K)wy, (HEAD + PAYL")
+ P, (k) [ (HEAD) 4w, (PAYL™)] +
(S)
+ Py (k)w,y (HEAD) + P (h)w, (AC) mTh (30)

wherePAY L™ refers to the payload field of the frame format

used by master over the-th link, whereaSmf) is the slot
length of the frame used by thle-th slave. All the terms in
the right—hand side of (30), but the last, account for thegne [20]
spent by slavé: to handle the master’s frame intended for slave

h. Conversely, the last term accounts for the energy spent jpy;

slavek checking the channel for a valid AC (every two slots

during the transmission of slave This term is weighted by
the probabilityP%l (h) that slaveh correctly decode the AC
and HEAD of the master’s frame, being then allowed to return
its own frame. Finally, the overall energy reward for sldve
is obtained by summing up the values returned by (30) for

h # k, plus the energy consumed during the service of th#]
link k&, as given by (11).
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