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Performance Analysis of Single Bluetooth Piconet in
Error-Prone Environments

Soo Young Shin, Hong Seong Park, Dong-Sung Kim, and Wook Hyun Kwon

Abstract: This paper analyzes the performance of a Bluetooth pi-
conet in error-prone environments. A statistical characterization
of a waiting time, an end-to-end delay, and a goodput are derived
analytically in terms of the arrival rates, the number of slaves, and
the packet error rate (PER). For simplicity, half-symmetric piconet
is assumed in this analysis. Both exhaustive and limited scheduling
are considered. The analytic results are validated by simulations.

Index Terms: Bluetooth, end-to-end delay, error-prone environ-
ments, goodput, packet error rate (PER), performance, piconet,
waiting time.

I. INTRODUCTION

A Bluetooth piconet consists of one master and up to seven
active slaves [1]. In an applied environment, devices in Blue-
tooth piconets will sometimes receive erroneous packets, both
the payload packets and the acknowledgement (ACK) packets.
Therefore, for practical Bluetooth applications, it is necessary
to investigate the performance of the Bluetooth piconet in envi-
ronments where such errors occur. Because channel access in a
Bluetooth piconet is controlled by means of a polling scheme,
scheduling policy is one of the important factors that affect the
performance of a polling system. The effect of scheduling poli-
cies on performance within a single Bluetooth piconet is ana-
lyzed in [2]-[4]. However, the analysis is based on simulation
results only without considering the packet errors.

Some researches have analyzed the waiting time of a Blue-
tooth piconet [5]-[9]. The waiting time of a Bluetooth piconet is
analyzed using an M/G/1 queue with vacations in [5]. In [6], the
analysis of the limited scheduling algorithm for a piconet with
asymmetrical traffic is analyzed based on polling system theory.
The exact analysis of the waiting time for the limited scheduling
algorithm for a symmetric Bluetooth is performed in [7]. In [8],
the waiting time for the symmetric limited, gated, and exhaus-
tive scheduling are obtained. The packet delay is analyzed with
asymmetric traffic in a piconet [9].

These studies have analyzed performance using exhaustive,
limited, and/or gated scheduling algorithms. However, these
researches do not take packet errors into consideration either.
When the packet errors occur, retransmissions are required for
the successful data exchange. Those retransmissions make the

Manuscript received August 31, 2005; approved for publication by Luciano
Lenzini, Division II Editor, July 4, 2007.

S. Y. Shin and W. H. Kwon are with the School of Electrical Engineering and
Computer Science, Seoul National University, Seoul, Korea, email: {wdragon,
whkwon } @cisl.snu.ac.kr.

H. S. Park is with the department of Electrical and Computer Engineering,
Kangwon National University, Kangwondo, Korea, email: hspark@kangwon.
ac.kr.

D.-S. Kim is with the School of Electronic Engineering, Kumoh National In-
stitute of Technology, Korea. email: dskim@kumoh.ac.kr.

service time vary. Therefore, the packet errors should be taken
into consideration.

Some researches have examined the packet error rate (PER)
[10]-[14]. In [10], the throughputs of various packet types are
analyzed using simulation, taking into account errors in ACK
packets. In [11], the PER and the throughput for various packet
types are analyzed in the presence of fading and inter-piconet
interference. In [12], the throughput of a piconet is provided an-
alytically as a function of the number of packets in the presence
of inter-piconet interference, although errors in ACK packets are
not considered. The PER and the transfer delay in the presence
of interference between Bluetooth and IEEE 802.11 WLAN are
obtained using simulation in [13], [14].

Even though, these studies perform a mathematical analysis
or a simulation of the effect of the PER on the throughput, but
they do not consider the waiting time and the end-to-end delay.
To the best of authors’ knowledge, the analysis of the waiting
time and the end-to-end delay of Bluetooth network considering
the packet error has not been reported on yet in the technical
literature.

In this paper, an average waiting time, an end-to-end delay
and a goodput of a Bluetooth piconet in an error-prone envi-
ronment are described in terms of the arrival rate, the number
of slaves, and the PER. This paper considers the error control
mechanisms such as the forward error correction (FEC) and the
automatic repeat request (ARQ) to cope with packet error. For
analytic simplicity, a piconet with unidirectional uplink traffic,
i.e., half-symmetrical piconet, is considered with the exhaustive
scheduling and the limited scheduling regimes.

The paper is organized as follows: The Bluetooth piconet
system model is defined in Section II, the performance mea-
sures are derived analytically in Section III, numerical results
are provided in Section 1V, and the conclusions are presented in
Section V.

II. BLUETOOTH PICONET SYSTEM MODEL

The Bluetooth piconet uses a frequency hopping with time
division duplex (FH/TDD) for the channel access mechanism as
shown in Fig. 1.

In Bluetooth piconet, master controls the channel access by
two methods: Sending data and polling. The master transmits
data packet to the desired slave at even time slot, f(2k), and
the desired slave can transmit data packet if there is data to send
at odd time slot, f(2k 4+ 1). Otherwise the desired slave only
responds with ACK packet. Polling scheme by a POLL packet
is used when there are packets for slave to send to the master
and the master has no packets to send.

Fig. 2 shows a packet structure of Bluetooth. For simplic-
ity, only asynchronous connectionless link (ACL) with DHz

1229-2370/07/$10.00 (© 2007 KICS



230
; f2k) . A2k f2k+2)
slave {TTTTTR .:L————l YT
: : t
625 us

Fig. 1. Time division duplex of the Bluetooth piconet.
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Fig. 2. Bluetooth packet structure.
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packets is considered in this paper, where  means the length
of time slots (z = 1, 3, 5). A Bluetooth packet consists of
three fields: the access code, the header, and the payload. De-
note Py, Py, and Pp pp. be the error probability in the access
code, the packet header, and the payload of a DHx packet, re-
spectively. In the Bluetooth systems, data transmission consists
of sending a data packet, which in general contains all the access
code, header and payload, and receiving an ACK packet, which
contains an access code and a header with or without a payload.

Assume that b is the bit error rate (BER) over a memoryless
channel. The access code uses (64, 30) BCH coding that can
correct at most 9 errors [15]. Then, the access code error proba-
bility can be shown as

9

et [ (o]

z=0

(D

The header uses the 1/3 rate FEC, in which each bit is repeated
three times, thus one error within each three consecutive bits can
be corrected. The header error probability is shown as

Py=1- [i( i )bz(1_b)3~$}18.

z=0
The payload error probability of the DHz packet is given by:

€y

b)L(DHz)

3

PP,DHz:]-_(l_

where L(D H ) is the length of DHx packet payload.

A piconet model is shown as Fig. 3. Denote N be the number
of slaves in a piconet, where N < 7. Each slave has an infinite
buffer. A half-symmetrical piconet is assumed, i.e., the arrival
rate to all slave queues is the same with A,; = A and the arrival
rate to master is assumed to be 0, i.e., Ag = O as shown in Fig. 3.
The arrival process is assumed to be Poisson. The master is
the destination of all packet generated at the slaves. The packet
length can be 1, 3, or 5 slots with probability p;, ps, or ps,
respectively. In this scenario, the probability of a successful data
packet transmission is

Pspue = {(1 = Pae)(1 — Pp)}>(1 — Ppprz) (4
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Fig. 3. Bluetooth piconet.

which means that the POLL packet by the master and the DHz
packet by a desired slave are successfully transmitted.

III. PERFORMANCE ANALYSIS

In this paper, an average waiting time, an end-to-end delay,
and a goodput are used for measuring the performance of a pi-
conet.

e Waiting time—the waiting time is the time a packet waits in
the slave queue before it is served.

¢ End-to-end delay—the end-to-end delay is the time elapsed
from the moment that a packet is arrived at a sending queue
to the moment that the packet is arrived correctly to receiver.

¢ Goodput—the goodput is the the throughput of successfully
transmitted packets.

A. Exhaustive Scheduling

As stated earlier, half-symmetrical piconet, i.e., a piconet in
which Ay, = A > 0 and Ay = 0 is assumed. Since A\g = 0,
when the master communicates with a slave, it sends only POLL
packets. In the exhaustive scheduling, the slave replies with data
packets until its queue is empty. If the queue is empty, the slave
responds with NULL packet. In the exhaustive scheduling, the
service time of DHz packet is defined as (z + 1) time slots as
[8]. In other words, to serve DHz packet, (x + 1) time slots
are required because of z time slots for data and 1 time slot for
POLL packet. Hence, the service time of a DH1 slot packet is
defined as 2 time slots, where one slot time is Ts = 625us.
For a DH3 slot and a DHS slots packet, the service time are 4
time slots and 6 time slots, respectively. The switch over time
is defined as 277, i.e., the NULL packet ending the exchange
with a slave and the POLL packet starting the exchange with
the next slave. Denote the mean and the second moment of the
packet service time to be X and X2. The mean and variance
of the switchover time are defined as V and o?. Fig. 4 shows
an example of the piconet operation with exhaustive scheduling
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Fig. 5. DH1 packet service time example with packet errors.

algorithm and its the equivalent polling system.

However, if the packet error occurs during the packet ex-
changes, both the service time and the switchover time will vary
according to the PER. Let’s consider transmissions of the DH1
packet in error-prone environments shown as Fig. 5. Note that
an arrow with ‘X’ mark means unsuccessful packet transmis-
sion.

At the first and the second slot, the switchover is accom-
plished. Slave 2 tries to send a DHI1 packet but it is transmit-
ted incorrectly. Master polls again Slave 2, but at this time, the
POLL packet is corrupted. Because there is no response from
the desired slave, i.e., Slave 2, Master polls again, and Slave 2
sends the DH1 packet, which is also corrupted. Finally, Mas-
ter transmits the POLL packet and Slave 2 transmits the DH1
packet successfully. Then, Master sends another POLL packet
to Slave 2. The DH1 packet can be transmitted successfully at
the 10th time slot. Therefore, as illustrated in Fig. 5, the service
time is 87Tg".

Assume that a DH1 packet is successfully transmitted after
the kth retransmission. Then, the service time distribution of
the DH1 packet can be expressed as

Pr{Xpm =2(k+1)Ts} = (1~ PS,DHl)k Pspmi (5

where the Xy, is a random variable for the service time of
the DHz packet and ¥ = 0,1,-.-. By simple manipulation,

In the exhaustive scheduling, it is assumed that the succeeding POLL packet
from a master will be successful when the data packet from a slave is successful.
This assumption could be applied without loss of generality because it occurs
scarcely that the succeeding POLL packet from a master fails after the data
packet from a slave is successful.

Slave1 W *
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T

Queue 1
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Fig. 6. An example of switchover time with packet errors.

the mean and the second moment of the delay suffered by DH1
packet are obtained as

2Ts

X = —5—
bH Pg pm1

(6)
and
4T§ (2 - Ps,pu1)

2 —_
Xpm = P2
S,DH1

. (7N

Using the same method, the mean and the second moment of
the delay suffered by the DH3 and DHS packet can be obtained
easily.

Xpaz = F:%i;

2. - 1672 (1%; I;j,DHS) 8)
P, .%,DHBm = %

XT - 3672 (Izg_DijDHS) . ©)

Fig. 6 illustrates the switchover time which is varying with
packet errors. In Fig. 6, the first NULL packet is received in-
correctly at the master. Then, the master retransmits the POLL
packet, but it is received incorrectly at the desired slave. Af-
ter T's, the master retransmits the POLL packet because there is
no response from the slave. At this time, the slave receives the
POLL packet well, and transmits the NULL packet. The master
receives the NULL packet well and transmits the POLL packet
to the next desired slave. In this example, the switchover time
is 6 time slots, i.e., 6 Ts. Since both the POLL and the NULL
packet are composed of an access-code and a header only, the
probability of the successful POLL or NULL packet transmis-
sion is (1 — P,.}{1 — Pg). Therefore, the probability of the
successful switchover is {(1 — P,.)(1 — Py)}? due to the ex-
change of one POLL packet and one NULL packet.

Assume that j retransmissions are required for a successful
switchover. The switchover time distribution is given by

Pr{V =2(j+1)7s} =
(1= Pae) (0 = Per))? {1 = (1 = Pac) (1 = Pu))’}

J

(10)
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where 5 = 0,1, - - -. Then, the mean switchover time is obtained
as

2Tg
{(1 ‘PaC) (1 _PH)}2

The variance of the switchover time can be obtained easily as

V= an

413 {1~ (1 - P) (1 - P))*)}
((1 - Pac) (1 _PH))4

As stated in [8], the waiting time could be obtained using (3.69)
in [16]. The mean service time and the second moment of the
service time of one DH packet, which are denoted as X pg and

X2, are derived as

0% = (12)

Xpr =1 Xpm1 +p3Xpus +psXpus
Xby =01 Xpm + 03 XDps + ps X s

(13)

The system load, p, is NAX py and the average waiting time
of the exhaustive scheduling can be expressed as
XD, (N -pV o}
2(0-p)  2(1-p) 2V
Note that (14) is identical to (1) in [8] when the BER is zero.

An end-to-end delay of the exhaustive scheduling, Degc ex, is
defined as sum of the waiting time and the service time. Hence,
the average end-to-end delay can be expressed as

Wu,ez =

(14)

DeZe,ex = Wu,ez + Xpy — Ts. (15)
A Goodput is defined as the the throughput of successfully
transmitted packets and is interpreted as the bandwidth usage for
successful packet transmission excluding the packet overhead
such as access code and header. The goodput of a piconet, G,
can be easily obtained from the packet arrival rate, the number
of slaves, and the service time as
Gez = ANL (16)
where L is the average payload length, ie., L = mL(DH1) +

B. Limited Scheduling

In the limited scheduling, i.e., pure round robin, at most a sin-
gle packet is sent in each direction (downlink and uplink) when-
ever a master-slave queue pair is served. In the half-symmetrical
piconet, i.e., a piconet in which A, = A > 0 and Ay = 0, the
master communicates with a slave with POLL packets only. The
polled slave replies with a data packet or a NULL packet and
then the master polls another slave. A piconet with only up-
link traffic operated according to the limited (pure round robin)
scheduling algorithm can be modeled as a 1-limited polling sys-
tem [8]. The switchover time to a queue is defined as the time
elapsed from the instance in which the preceding slave starts
transmitting the last time slot (even for the NULL packet) to
the instance that the master completes the transmission of the
POLL packet intended to the slave. In error-free environments,
the switchover time is 27s.
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scheduling with packet errors.

Fig. 7 shows an example of the piconet operation with the
limited scheduling algorithm and its the equivalent polling sys-
tem based on [8]. When data packets are sent, some of the data
is actually sent during the switchover to the next queue as illus-
trated at 4th slot of the equivalent polling system in Fig. 7. In the
limited scheduling, the service time of a DHx packet is defined
as (z — 1) time slots without packet errors, where z is 1, 3, or 5.

However, if there are packet errors, both the service time and
the switchover time will vary due to the retransmissions time.
Let’s consider transmissions of the DH1 packet in the error-
prone environments first as illustrated in Fig. 8. To transmit a
DH1 packet, the preceding switchover must be successful. In
other words, the POLL packet transmitted by the master is suc-
cessfully received at the slave as shown in the 4th time slot in
Fig. 8. At the 5th time slot, the Slave 2 tries to send DH1 packet
but it is corrupted. Master polls again Slave 2, but Slave 2 fails
to transmit successfully at the 7th slot>. Finally, the DH1 packet
from Slave 2 is successfully transmitted at the 9th slot. There-
fore, in the example, the service time of a DH1 packet is 47,
compared to 0Ts in the error-free environments in Fig. 7.

Because the successful switchover is prerequisite for the data
transmission, in other words, POLL packet is received success-
fully, the service time of the DH1 packet can be 0 with the proba-
blllty ofapy = (l—Pac)(l—PH)(l _PP,DHl)y which means
only a DH1 packet is successfully transmitted in the first trans-
mission. Assume that a DH1 packet is successfully transmitted
after the kth retransmission. Then, the service time distribution

?There are two options for the packet retransmissions such as immediate and
not-immediate ARQ in the limited scheduling [18]. In this paper, the immediate
ARQ is assumed for the time critical applications.
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of the DH1 packet can be expressed as

k=
k=1,2,---

a7
where 8 = (1 — apm1) Ps,pr1. By simple manipulation, the
mean and the second moment of the delay suffered by a DH1
packet in the limited scheduling are obtained as

« )
et <2 = (e

2Tg
Ps pm

Xpa1=(1—apm) (18)

and
TZ(2 - Ps.pm1)

(19)
Pg,DHl

X} = (1 —apm)

The mean service time and the second moment of the delay suf-
fered by a DH3 and a DHS packets are easily obtained as

v _ AT,
Xpusz =2Ts + (1 — apns) m’ig—s
Xy = 4T + (1 — apns) P3T2TL

S,DH3

(20)

and

¥ . 67"
Xpus =6Ts + (1 —apys) @SI—{;
X%HS — 16T§ + (1 _ aDHS) T5(72+12Ps,pus)

2
PS,DHE

€3y

where ADHx = (1 — Pac)(l — PH)(l — PP,DHx)-

In the limited scheduling piconet, the switchover will be taken
place only when the previous data packet, transmitted by previ-
ous slave, is successfully received at the master. Otherwise, the
time required for the packet retransmission is counted as the ser-
vice time of the previous packet. Since the previous data packet
is received successfully, if the POLL packet for the next slave is
error-free with probability of (1 — P, )(1 — Py ), the switchover
time is 27Ts. That means the switchover is finished without re-
transmissions. However, if the POLL packet could be erroneous
like the 10th time slot in Fig. 8, Slave 1 cannot respond. Then,
the master polls Slave 1 again, but it fails again. Finally, the
master polls Slave 2 successfully at the 14th time slot, which
means the switchover is performed successfully. Here, as illus-
trated in Fig. 8, the switchover time is 67's. Note that switchover
contains a 0 Slot Data because the polled slave, Slave 1, trans-
mits a DHI packet.

Assume that j retransmissions are required for a successful
switchover. The switchover time distribution is given by

Pr{V =2(j + 1)Ts}

; 22
= (- (= P)(~ P)) (1= P - )
where j = 0, 1, - - -. The mean switchover time and the variance
are obtained as
— 2Ts
V = (23)
(1= P,e) (1 — Pr)
ATZ2{1 — (1 - P,.)(1 - P,

((1 _PaC) (1_PH))2
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Fig. 9. Average waiting time values vs. load in a piconet composed
of 7 slaves and with only uplink traffic, operated according to the
exhaustive algorithm with p; = p3 = ps = 1/3.

For the half-symmetric piconet with uplink traffics only, the
model for a symmetrical discrete time 1-limited polling sys-
tem is used in {17]. Using the mean service time, Xpy =
p1Xpr1 +psXpys + ps X pys and the second moment of the
service time, X%, = p1 X% + ps X33 + ps X% 5 of one
DH packet, the system load, p = NA(Xpg + Ts), the average
waiting time of the limited scheduling, W, ;,,, can be expressed
as

N (3XPy +V (14 3Xpn) + 2} )

2
_ b
Weim = T 31— NA (V + Xom))

2V

. (25)

Note that (25) is identical to (14) and (4) of [8] in the error-free
environments.

An end-to-end delay, Dege im and a goodput, Gy,,, are ob-
tained easily as defined as

De2e,lm = Wu,lm + XDH + TS
Gim = ANL (26)

where L is the average payload length.

IV. NUMERICAL RESULTS

Simulation is performed using OPNET [19]. In the error-
prone environments, the bit error rate (BER) is set to 0.1%,
which is minimum requirements in the Bluetooth specification
[1]. For each load value, the results have been computed after 4
hours simulation.

A. Exhaustive Scheduling

Figs. 9, 10, and 11 compare the analytical results with sim-
ulation results of the exhaustive scheduling under the error-free
and error-prone environments.

Figs. 9 and 10 show the waiting time and the end-to-end delay
as a function of the load in the uplink exhaustive system, p, in
half-symmetrical piconet with 7 slaves.
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Fig. 11. Goodput vs. load in a piconet composed of 7 slaves and with
only uplink fraffic, operated according to the exhaustive algorithm
with p1 = p3 = ps =1/3.

For example, when p = 0.5, the average waiting time of
BER = 0.1% is about 0.054548 second. The end-to-end de-
lay of the BER = 0.1% is 0.076898 second in the exhaustive
scheduling when p = 0.5.

Goodputs of a piconet with different system load using the
exhaustive scheduling is shown in Fig. 11. For example, when
p = 0.5, the goodput of BER = 0% is about 292.8 kbps
and that of BER = 0.1% is about 31.9 kbps. The goodput
with BER = 0 is approximately 9.2 times larger than that with
BER =0.1%.

Figs. 9, 10, and 11 validate the analytical results of the ex-
haustive scheduling in the error-free and error-prone environ-
ments.

B. Limited Scheduling

Figs. 12 and 13 show the waiting time and the end-to-end
delay as a function of the load in the uplink limited system, p,
in half-symmetrical piconets with 7 slaves.

The waiting time of the limited scheduling with BER = 0%
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Fig. 13. End-to-end delay values vs. load in a piconet composed of 7
slaves and with only uplink traffic, operated according to the limited
algorithm with p1 = p3 = ps = 1/3.

shows the same plotting with Fig. 9 because the mean waiting
time of the limited scheduling is identical to that of the exhaus-
tive scheduling in the error-free environments. In the error-
prone environments, when p = 0.5, the average waiting time
of BER = 0.1% of the limited scheduling is about 0.054587
second.

The end-to-end delay of the BER = 0.1%is 0.076936 second
in the limited scheduling scheduling when p = 0.5. Both the
average waiting time and the end-to-end delay are larger in the
limited scheduling compared to the exhaustive scheduling when
BER = 0.1%.

Figs. 12, and 13 validate the analytical results of the limited
scheduling in the error-free and error-prone environments.

V. CONCLUSION

In this paper, the average waiting time, the end-to-end delay,
and the goodput of a single Bluetooth piconet were analyzed
for the error-prone environments in terms of the arrival rate, the
number of slaves, and the PER. This paper considers the error
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control mechanisms such as the FEC and the ARQ to cope with
packet errors. In the half-symmetric piconet with uplink traffics
only, both the exhaustive and the limited scheduling are consid-
ered for the analysis.

The main contribution of this paper is to provide an analysis
of the performance of a Bluetooth piconet in the error-prone en-
vironments, which to our knowledge has not been carried out
previously. The performance of the error-free case was com-
pared to that of the 0.1% BER case. The effects of different
packet types such as DH1, DH3, DHS, and various arrival rates
were analyzed. Some simulations validated the correctness of
the analysis.

This analysis may be useful in the design and application of
Bluetooth piconets.
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