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Abstract In this paper, we present an analytical model for
single-slave Blueiooth piconets when the coexistence of
multiple interfering devices produces collisions. Closed-
form expressions for the channel throughput and the mean
packet delay are obtained, including the time spent waiting
on the node's queue. The effect of propagation losses and
asynchronous piconets are also discussed. The results of the
analysis are validated through simulation.
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L INTRODUCTION

Bluetooth is a global standard for a low-power, short-range
Wireless Personal Area Network (WPAN). A typical
Bluetooth system is composed of a small number of devices
that form a wireless network called a piconef. Since
connections are established ad-hoc, a variable number of
piconets may coexist in the same area. A typical scenario
may consist of a number of people with portable (and
moving) devices entering a common area and connecting to
fixed networks and maybe to other portable terminals (for
instance to share documents in a meeting) [1].

Therefore, a situation where several people in proximity
have open Bluetcoth connections is very common: airports,
conference halls, office, etc. In these cases, channel
interference is not negligible and in this paper we try to
model its effect on performance. Bluetooth operates in the
ISM ({Industrial, Scientific & Medical) band, from
2.402GHz 10 2.480GHz. This is currently a very popular
band for wireless short-range devices {2]. However, we only
focus on the interference generated by Bluetooth devices,
although there are many possible sources of interference
(microwave ovens, 802.11 LAN, etc.).

When a Bluetooth unit establishes a piconet, it becomes a
master so that the other units {s/aves) synchronize with it.
Any unit may function as a master or as a slave (this role is
maintained only for the duration of the piconet), but
although it may participate as slave in multiple piconets it
may only be a master in one piconet. The Bluetooth channel
is divided into siots of length 625s so, the time slots are
alternatively used by the master and the slaves. Although
multi-slot packet transmissions are allowed (e.g., DH3 and
DHS packets), in this paper we assume that each packet
occupies a single slot. For a given piconet (with a master
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and up to 7 slaves) communication is Time Division
Duplex: transmitter and receiver alternate  their
transmissions in separate slots. The master of the piconet
performs a polling among all the slaves. The scheduling
policy is not specified by the current Bluetooth specification
because the best policy depends on the application. Several
alternatives have been studied in the literature mainly
through simulation [3], with very scarce analytical studies
[4]. The actual scheduling should be implemented at the
middleware level. However, a common use of current
Bluetooth devices is simply a point-to-point link between
the master and a single slave, that is, a "single slave
piconet”. In this paper, we are especially concerned with this
simple case.

Whatever polling scheme is used, within a piconet collisions
do not occur. Therefore, interference may only occur among
devices connected to different logical channels (independent
piconets or scatternets). In order to reduce this interference,
and also to serve other purposes like reducing multipath
effects, Bluetooth uses Frequency Hopping. The main
hepping sequence, called Connecred Mode, used in all usual
transmissions, distributes the hops evenly over all carriers.
We denote the number of hop carriers as M, although the
Bluetooth specification defines 79 different frequency bands
at IMHz spacing [5]. The slot length of 625us comes from a
hop rate of 1600 hops per second (there are no frequency
hops within a slot).

When several independent (but interfering) Bluetooth
devices coexist in the same area, we can assume that they
transmit using randomly chosen frequencies. Of course,
there is a possibility that several devices choose the same
hop carrier. In that case, a collision occurs and the packet
will be received incorrectly. The sender is notified of this
error in the slot directiy following the unsuccessful
transmission using a fast-ARQ scheme [5]. The packet is
retransmitted at the next opportunity (in alternate slots) until
the packet is successfully received.

II. PREVIOUS WORKS

Several recent studies have addressed the problem of the
analysis of channel interference in Bluetooth systems. El-
Hoiydi [6] studies the worst case, that is, he considers 100%
traffic. As a result, his model provides upper bounds on the
packet error rate (probability of collisions) as well as lower
bounds on the throughput. On the other hand, Lim et al. [7]
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do not limit their study to the worst case, but they provide an
approximate throughput vs. offered load analysis. In both
references the different cases of synchronized and
unsynchronized piconets are considered. Of course, in the
Bluetooth specification piconets are not synchronized, but
equations for the synchronous case are much simpler and
they may provide acceptable prediciions in some cases. Lim
et al. also consider multi-slot packet transmissions.

Packets delays are also an important performance parameter.
El-Hoiydi and Decotignie [8] present delay bounds for two-
way (DATA-ACK) transactions under co-channel
interference. Also in a previous work [9], we obiained
simple expressions for the mean delay that packets suffer
due to possible collisions with other Bluetooth devices. We
modelled the different effects of new and retransmitted
packets, and also discussed the differences between the
synchronous and asynchronous cases.

However none of these works include the effect of the
waiting time in the device buffer. This delay can be
modelled using quening theory. For instance, a recent work
models several polling policies in Bluetooth piconets using
M/G/1 queues with vacations [4], but ignoring the effecis of
interferences with other devices. However, in this paper we
are interested in modelling these interferences. Since the
scheduling policy is not specified by the Bluetooth
specification, we will only consider the case of single-slave
piconets in order to exclude the polling delay from our
analysis. It is clear that a single-slave piconet can be
modelled as an M/G/1 system, with the Bluetooth channel
considered as a single-server sysitem with an arbitrary
service time distribution.

In all of these references the mitigation effects of
propagation losses of radio waves are ignored, that is, it is
assumed that the interference of just one bii is enough to
destroy the packets. It is not easy to take into account the
effects of propagation of radio waves in a building,
including capture effects, position of terminals/obsiacles,
environment geometry, etc, For instance, Karnik and Kumar
[10] present an analytical model for the packet loss
probability, obtained by limiting the number of interfering
piconets to three because it is very complicated to obiain
even approximate results for a higher number. Probably, one
of the most interesting approaches for our purposes is given
by Mazzenga et al. [11]. They provide a simple way fo
include these effects in the analysis of channel interference,
and we will use their approach in our model.

In the following sections, we first present our madel
assuming synchronised interfering piconets, beginning with
the computation of the probability of a successful
transmission and then deriving important parameters like
channel throughput. Also, although the effect of propagation
losses are not explicitly considered, we show how they
could be included in our model following [11]. Then, in
order to model the Bluetooth device as an M/G/1 queue we
first derive the mean and variance of the “service time”,

which in a single-slave piconet is just the delay due to
collisions, and derive an expression for the waiting time in
the queue, In the subsequent section we present some
simulation results in order to validaie the model, and finally
we present our conclusions.

1II. ANALYSIS

Let N be the number of interfering piconets. We first assume
that all the piconets are synchronized among them (later in
this section we discuss this issue further). Let r be the
normalized load over every piconet. We assume a
homogeneous traffic, so r is the same for all the piconets.
Collisions may occur if devices in different independent
piconets use the same carrier. In that case, packets are
retransmitted in alternate slots. For a given piconet, which is
transmitting in a slot in a particular carrier, the probability of
a collision with another piconet is r/M, that is, the
probability that a transmission attempt occurs in the other
piconet and that the same particular carrier is also chosen. A
collision does not occur with probability /-r/M. Therefore,
the probability that # out of the interfering piconets produce
a collision in a slot is

N-1 , " r Nel-n
N 5 R m
qim = o
l—Zq(m) n=0

where f3, are coefficients that include propagation losses and
capture effects [11]. Their computation is not easy because
they depend on the geometry and propagation characteristics
of the environment, the position of obstacles and Bluetooth
devices for every interfering piconet, etc. A possible
solution to this issue is proposed in [14].

Anyway, a successful transmission occurs only if there are
no collisions in /wo consecutive (and independent) slots: one
for the packet and the other one for the acknowledgement
(ACK). If the ACK 1is not received, the packet is
retransmitted as if a collision had occurred. Therefore, the
probability of a successful transmission is given by

b S @

n=l

with g(n) given by eq. (1). Note that we assume that all
piconets devices (master or slave) produce the same load
over the piconet. If we ignore propagation effects (that is,
B.=1 for all n), then eq. (2) becomes:

P, {yé]wm. 3)

which coincides with the result in [7]. This result can be
easily interpreted as the probability that none of the other N-
I piconets transmit with the same carrier than our reference
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piconet in two consecutive slots. Now we are able to obtain
the throughput (the rate of successfully transmitted packets)
simply as $=rPs, that is, the probability that a transmission
altempt occurs and that this attempt is successful.

Equation (2) was obtained assuming synchronized piconets.
The effect of considering asynchronous piconets is always small
because in the Bluetooth standard a single slot packet is only
of duration 366ys, while the time-slot length is 625us. In a
previous work [9], we showed that a simple expression for Ps

for the asynchronous case is p (1_(2Rr)/ Y. which is
p=(1-CRY,

similar 10 eq. (3) except for the factor 2R. Here we take into
account that »/M<<J (M=79 in most cases, and r<1) so we neglect
the term (#M)°. In other words, the equations for the
synchronous case provide an acceptable approximation to the
asynchronous case just assuming in our equations an increase
of 2R (17%) in the offered load.

As discussed in section 1. in this paper we are also
interested in the estimation of message response times. Let
us first compute the mean delay that a packet suffers due to
possible collisions with other Bluetooth devices, ignoring
the waiting time in the queues. The wasted slots due to
collisions correspond 1o a sequence of Bernoulli trials with
probability of success Pg [9]. The number of wasied slofs is
therefore geometrically distributed, so its mean is:

“Sit-pyp =15, C))
W—gt(l F)'P, >

§

Considering that any device transmit in alternate slots, the
mean delay including the successtul slot is

T=2W+l=2[l;PsJ+I (5

5

expressed in slots of length 625ps. Note that this expression
represents the mean delay that packets suffer due to possible
collisions with other Bluetooth devices, excluding waiting
times in the queues. Also note that we add one slot for the
successful transmission while a single slot packet is only of
duration R=366/625=0.5856 slots. This difference should be
taken into account mainly for small loads (W<<).

A, Considering the time spent in the queue.

So far, we have only considered the delay that the packet
suffers due to collisions with other Bluetooth devices. In
single-slave piconets, the other source of delay is the iime
spent waiting on the node's queue. We model the device
queue as an M/G/1 system. We assume that messages arrive
foliowing a Poisson distribution, with mean A messages per
second. The Bluetooth channel is considered a single-server
system with an arbitrary service time distribution. For such a
M/G/]1 system, the average number of customers in the
queue is given by the Pollaczek-Kinchin mean value
formula [12]

0-p* (149 ) u-py (6)

where var[T] and T are the variance and the mean of the
service time distribution, respectively, and o is the
utilization factor. Now using Little’s law, we get the mean
waiting time in the queue

7, =%= p(:" + V”[T){)/ﬂl -p) N

The second expression comes from the fact that p=AT. In
order to relate this expression with the model developed
above, we use r (the offered load) instead of p, as a measure
of the probability that the system is busy.

If interference from other Bluetooth devices is ignored, then
service time is a constant (var[7]=0) and the system
becomes an M/D/1 system. With several interfering piconets
the mean service time should include the slots wasted due to
collisions, and therefore is given by 2W+2, with W given by
eq. (4). Note that the queue is emptied only in alternate slots
and therefore the service time for the M/G/1 queue includes
two slots per transmission atiempt. The variance can be
obtained since the variance for the geometric distribution of
the number of wasted slots W is:

K _W. ®)
BT R

var[W] =

By definition var[T]=77-(T), so from eq. (5) we get that
the wvariance of the service time distribution is
var[T]=4var[#]. As a final result, the total time that a packet

spends in the system can be obtained as the sum of the time
in the queue and the packet service time itself [eq. {5)]:

TT:T+T?=[%—rJ/(1—r) ®

This equation is expressed in slots of length 1=625us. A
final observation is that the mean queuing delay of 2 normal
M/G/1 queue and that of an M/G/t queue with clocked
service differs by half the clock interval [13]. Therefore, due
to the slotted time assumption, we should modify eq. (%) by
increasing the mean delay by one slot of 625us, since the
clock interval of our M/G/1 system is 21 (two slots per
transmission attempt).

IV. VALIDATION

In order to validate the above model we performed several
simulations with a detailed Bluetooth simulator developed
using Matlab 6.1. For the comparison between analysis and
simulation, we considered a variable number of interfering
single-slave piconets, ignoring propagation losses of radio
waves and other effects like forward error correction. That
is, we assume that a cochannel interference will always
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destroy all packets. Piconets are synchronized and packets
are generated with exponential inter-arrival times. Finally,
since we are only interested in the comparison between the
models, we assume single-slot packets.

Figure 1. Channel throughput vs. Offered load for a variable
number of interfering piconets.

In Figure 1 we show the throughput-offered load
characteristics for 2, 5 and 10 interfering piconets, from both
the simulation and the analytical model [using eq. (3)]. It
can be observed that the estimation using the analysis is
very close to the simulation results. Note that as the number
of interfering piconets grows, the maximum throughput
decreases because of the slots wasted due to collisions.
Although not shown in Figure 1, a hump can be observed
with very large N, that is, maximum throughput is achieved
at medium loads and then throughput decreases for higher
values of the offered load [7]. The reason is that in this
situation the channel is almost “idle” (because of the wasted
slots due to collisions) while there are packets in the system
waiting to be transmitted. However this very high number of
interfering piconets (N>40 [7]) is not common in a real
scenario. Furthermore, when N becomes larger, a higher
distance separates Bluetooth devices. As a result, the effect
on the probability of collision of devices situated far away
becomes almost negligible. That is, in eq. (1) the assumption
of B,=1 for all » is no longer valid. This intuitive reasoning
is confirmed through simulation in [8], where it is shown
that the packet error probability remains almost constant as
N increases. Cur model would be able to include this effect
if we could estimate adequate values for 5, This is the
matter of further research. However, in this paper we
maintain the assumpiion that co-channel interference always
destroy the packeis and for this reason we only consider
relatively low values for V.

Figure 2a, 3b and 3¢ show the mean delay versus offered
load characteristics for N=2, N=5 and N=10 respectively,
using a logarithmic scale because of the very high values of

the mean delay at high loads. The simulator counts 366us
for the transmission time of one slot packet, while eq. (9)
includes one full slot of 623us for the successful
transmission. This difference between the models would
produce small deviations limited to the zone of small loads.
Instead, we prefer to modify eq. {9) by using the actual
{ransmission time of R=366/625=0.5856 slots instead of one
(successful) slot. With this change, the comparison between
the models confinms the accuracy of the analysis. Note that
the mean delay increases very rapidly with the offered load.
If queuing delay is not considered, the mean delay increases
slowly with the offered load as expected from eq. (5) (see
[9])- On the other hand, it is a known result that waiting
times in a queue depend on the first and second moment of
the service time distribution [12]. Therefore, the higher the
variance of the service time, the worse the performance. In
our case the mean waiting time in the queue increases with
the variance of the number of wasted slots feq. (7)]. This
variance is given by eq. (8), where it can be seen that it
grows with r much more rapidly than the delay due to
collisions itself, since Py is a decreasing function of ». This
result is infuitive since retransmitted packets have the same
opportunities than new packets, so it may occur that some
unlucky packets suffer very large delays. As a result of this
high variability of the service times, the queue size (and thus
the time spent in the queue) grows very rapidly with r,
especially when the number of interfering piconets is large.
This is the reason of the high values for the mean delay in
Figure 2.

Finally, an important observation is that the offered load
includes both new packets as well as the retransmission
attempts of previously collided packets. Therefore, the
actual offered load over the channel may be much higher
than the “original” load due to the higher-level protocols
(see [9] for numerical results). As a result, the values of the
offered load for which the mean delay suddenly increases
may be relatively not unusual.

V. CONCLUSIONS

When many Bluetooth devices coexist in the same area, the
problem of channel interference may become of high
importance. In this paper we have presented an analysis that
adequately models the effect of this interference in
performance. Particularly, we obtain simple expressions for
the channel throughput and the mean packet delay. The
analysis has been validated through simulation. We have
also discussed how to include the effect of propagation
losses and the fact that in general piconets are not
synchronised. Although the delay due to the polling policy
in multi-slave piconets is not considered, our results could
be useful for any Bluetooth connection under co-channel
interference.
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Figure 2. Mean packet delay vs. Offered load.

Differently from other models in the literature, the analysis
also includes the waiting times in the queues. This is
especially important in this case because although collisions
produce an increase in the mean service time of a packet, it

is the variance of this time that tends to grow very rapidly
with the offered load and the number of interfering piconets.
As a result, the waiting time in the queues increases rapidly
and becomes the most important component in the packet
delay. This effect may become a serious drawback in
applications like continuous voice or video streams, real-
time control, etc. even in situations where the number of
interfering Bluetooth devices is relatively low.
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