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Abstract—Bluetooth is an emerging, short range, indoor wire-
less network technology, based on FH-CDMA/TDD, which al-
lows a collection of devices to form small overlapping networks,
called piconets, in an ad hoc fashion. It is likely that the Blue-
tooth specification may be adopted in the IEEE 802.15 Wireless
Personal Area Network standard. In this paper, we present an
analysis of the Bluetooth physical layer. We consider a single
room office environment (LOS propagation), with a number of
piconets distributed in it. In the present work we have focussed
only on the interference between piconets. Assuming a uniform
distribution of Bluetooth devices in the room, we provide an anal-
ysis of the outage probability as a function of the number of over-
lapping piconets. We then characterise the temporal correlation
in the outage process. This leads to an approximation for the
mean outage duration. Combining the outage probability with
the mean outage duration, we provide a 2-state Markov model
for the Bluetooth channel.

I. INTRODUCTION

Bluetooth is an emerging indoor wireless network technol-
ogy which aims at replacing many proprietary cables that con-
nect one device to another with one universal short-range ra-
dio link. Various devices such as laptops, cell-phones, PDAs
and desktops can be part of a Bluetooth system. Beyond un-
tethering devices, Bluetooth also provides a mechanism to
form small, ad-hoc networks of devices called piconets. Be-
cause of the ad-hoc nature of their formation, piconets are ar-
bitrarily distributed in space and in fact form a system of over-
lapping networks. Moreover, a piconet is an autonomous net-
work with a central controller and operates using FH-CDMA.
One research objective is to characterise the behaviour of the
wireless channel associated with piconets in order to under-
stand the performance of applications over Bluetooth.

In this paper we study the performance of the hopping chan-
nel of a piconet as the number of piconets increases in a given
area. We consider a typical scenario for Bluetooth, namely
an office environment with piconets randomly distributed in
it. The performance measure we use is the outage probabil-
ity with respect to a target signal-to-noise ratio at the receiver.
We find that the outage probability is of the order of 10~2 and
expect it to increase linearly with the number of piconets. We
then characterise the temporal correlation in the outage pro-
cess. This leads to an approximation for the mean outage du-
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ration. Combining the outage probability with the outage du-
ration, we provide a 2-state Markov model for the Bluetooth
channel. Markov models for wireless channels ([1], [2]) are
of interest because of their analytical simplicity. Such models
would be useful, for example, in the performance analysis of
TCP controlled applications over Bluetooth (see [3]).

The paper is organised as follows. In Section 11, we briefly
describe the Bluetooth physical layer. In Section Il1, indoor
propagation models are discussed. In Section 1V, we anal-
yse the statistics of the outage process and provide a 2-state
Markov channel model based on it. Results are provided in
Section V, and we conclude in Section VI.

Il. BLUETOOTH PHYSICAL LAYER

Fig. 1. In a Bluetooth network piconets overlap to form a scatternet.

Bluetooth ([4]) is a short range (< 10m) radio technology
which operates in the 2.4GHz ISM band. Since the ISM band
is free for use, there are many sources of interference, e.g., mi-
crowave ovens, WLAN etc. In addition, Bluetooth uses low
power; in the range of 1ImW-100mW. To avoid interference,
the physical layer is based on FH-CDMA. Bluetooth uses 79
carrier frequencies and as per the regulations, the signal band-
width is limited to 1IMHz. Nominal bit rate is 1Mbps. Sensi-
tivity level (the input level for which the raw BER specifica-
tion is met) and co-channel interference resistance are speci-
fied as -70dBm and 11-14dB respectively for BER < 0.001.

Figure 1 shows a network of overlapping Bluetooth pi-
conets. By definition, the unit that establishes and co-
ordinates a piconet is called the master. All other participants
in the piconet are called slaves. There can be a maximum of
7 slaves in a piconet. A slow frequency hopping channel is
associated with every piconet; each piconet has a unique hop-
ping sequence determined by the master. Time is divided into
slots of 625 ps. The timing is maintained by the master and
slaves synchronise to the clock of the master.



Higher layer packets are fragmented into Bluetooth physi-
cal layer packets. Each packet has 126 bits of control informa-
tion and a maximum payload of 2745 bits. Packet transmis-
sion takes place on one hop frequency and can take multiple
slot. Full duplex communication is achieved by implementing
TDD. Access control is exercised by the master. Only com-
munication between the master and a slave is possible. The
master transmits in odd numbered slot and the corresponding
slave responds in the next slot. 1/3 or 2/3 FEC can be used
for data. In addition, 1-bit acknowledgment indication ARQN
is implemented. If the data is received incorrectly, it is re-
transmitted at the next opportunity.

I1l. MODELLING INDOOR WIRELESS PROPAGATION

Propagation of radio waves inside a building is a very com-
plicated process, and it depends significantly on the indoor
environment (e.g. office, factory), and topography (LOS, ob-
structed). The statistics of the indoor channel varies with time
due to motion of people and equipment. A survey of indoor
propagation measurement and models is provided in [5].

The indoor channel is characterised by high path losses and
large variations in losses. The reported values of the path loss
exponent 7 are 1.5-1.8 for LOS and 2.4-2.8 for obstructed fac-
tory channels. In a factory environment ([6]), the overall path
loss is found to be log-normal with 7.1 dB standard deviation,
whereas in an office environment ([7]), the signal envelope is
found to be Rician distributed (K ratio of about 2 dB) around
the mean determined by the propagation losses.

Motion within the building causes signal fading which com-
pares well with the Rician distribution with K equal to 6.8 dB
and 10 dB for office and factory environments respectively
([6], [7]). If the degree of motion is small (as in an office en-
vironment), the fading is extremely slow; the Doppler band-
width is about 4 Hz. The channel is then said to be quasi-
static. The fading statistics are, however, statistically non-
stationary. but wide-sense stationary characteristics are ex-
hibited for periods up to 2s. Since many digital symbols are
transmitted during this period at practical data rates, this type
of fading is referred to as quasi-wide-sense stationary.

In our analysis, since we consider LOS propagation in an
open office environment, we take n = 2 and a Rician signal
distribution with K = 6 dB.

IV. SIR ANALYSIS OF OVERLAPPING PICONETS

We consider a single circular room (radius R) office envi-
ronment (LOS propagation), with a number of Bluetooth de-
vices distributed randomly in it to form M piconets. Because
of the ad-hoc nature of the formation of piconets, devices in a
piconet are spatially randomly distributed in the room leading
to overlap among the piconets. Note that, in our results M
will be a parameter, i.e. we are interested in analysing the per-
formance of the Bluetooth system as the number of piconets
increases in a given area.

Since Bluetooth operates in the ISM 2.45 GHz band, there

Fig. 2. Frequency hopping system. Black boxes indicate overlap of hop
frequencies.

are many sources of interference other than Bluetooth devices,
e.g. microwave ovens and IEEE 802.11 Wavelans. We, how-
ever, focus on the interference generated within the Bluetooth
system only 1. A piconet experiences interference when a fre-
quency hit occurs, i.e., the transmission frequency of a packet
in a piconet matches with that being used in one or more other
piconets for some overlapping duration. Figure 2 shows ex-
ample hop sequences for 4 piconets. The first row shows
the frequency hit regions of the reference piconet. T' denotes
the hop time. Note that, the piconets are not synchronised
in time. We assume that the time offset of the i*" piconet
(2 <i < M — 1), denoted by ¢;, with respect to the reference
piconet are uniformly distributed in [0, T].

Since the devices in the piconets are spatially distributed,
the interfering piconet is not a fixed location or a device but
a random device in that piconet transmitting at a given time.
We assume a physically stationary environment (little or infre-
guent movement) so that the channel is quasi-static and quasi-
wide-sense stationary. Hence, for the duration of a frequency
hit on the single frequency, constant interference power can
be assumed to be received from the individual interferers.

We consider a reference piconet and denote by {T'(¢),¢ >
0}, the SIR process.

Ps(t)

T(t) =

N(t)

; NoW
PIRACEE
j=1

where, at time ¢, Ps(t) is the desired signal power, Pj(t) is
the interference power due to the j** interfering piconet and
N(t) is the number of interferers. Recall that, in Bluetooth a
device can transmit in alternate slots. In addition, a slave can
transmit only when polled. Hence, the receiver is not a fixed
device and the SIR process we characterise is of the reference
piconet as a whole.

A. Outage Probability

Outage occurs when the bit SIR falls below the resistance
ratio (denoted by v) specified by the standard. We denote by

1IEEE802.11 uses more power than Bluetooth but is a slower hop system
(50 hops/s vs 1600 hops/s in Bluetooth). It remains to be investigated which
system will affect the other more. Also microwave ovens collocated with the
work space in an office is an unlikely scenario.



Ty the bit SIR and seek the stationary outage probability P,.;.
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Pg is the desired signal power and P{ denotes the power re-
ceived from the jt* interferer. N, denotes the number of
interferers in a bit duration. Let Pr, := Z;‘Zl Pl. A
Bluetooth receiver has -70dBm sensitivity level to meet BER
< 0.001. With 1 Mbps bit rate, the noise power is approxi-
mately 2.5 x 10~*mW. Hence ignoring the thermal noise,

Ny
P(Ps <vY_ P})

j=1

Porw =

M—-1
> P(Ps < vPry|Ny = n)P(N, = n)

n=0

Recall that in the indoor environment under consideration,
the mean received power is given by the inverse square law
and the signal fading is Rician. Thus, given the distance of
the reference transmitter D, = d, and j** interferer D; =d;
from the reference receiver, P and P/ are non-central chi-
square distributed with means (ds/do) 2, (d;/do)~? respec-
tively. In the indoor channels dg = 1m ([8]). It then follows
that Py ,, is non-central chi-square distributed with 2n degrees
of freedom.

The reference receiver is located randomly in the room.
Let D, denote the distance of the receiver from the center
of the room and let Fp, (.) be its cdf. Denote by D :=
(Ds,D1,D,,...,D,) the vector of distances of the n + 1
transmitters (one reference transmitter and n interferers) from
the receiver. Let Fip(.|D,) denote the conditional distribution
of D given the location of the receiver. Then,

P(Ps < vPpo|Ny = 1) =
/ " P(Ps < Py Dy = . Ny = n)dFp, (7)
P(Pso< VP |D, =7,Ny =n) = @)
/ P(Ps < vPyn|D = d, D, = i, Ny = n)dFp (dJf)
P(PSA< VP oD =d, D, =, Ny = n) =

/ FPS (I/SL‘|ds)dFPI,n (.’L’|d1,,dn)
0

where, A = {d : 0 < d;,d; < R+ 7,1 < i < n}. Note
that, Fp,(.|d;) and Fp, ,(.|d1,...,d,) are the non-central
chi-square distributions of Ps and P; , respectively as dis-
cussed above.

B. Distribution of N,

We model the frequency hopping pattern as a discrete time
Markov chain; a state denotes a frequency. Hopping patterns

of piconets are independent and identically distributed. We
consider { X,k > 0} with one-step transition probabilities
given as below. This represents the ideal random hopping pat-
tern.

1
1 Ji#Fh
P X = T, X = = N.f 1 J

( k+1 fJ| k fk) { 0 f_] — fk
Ny is the total number of frequencies available for transmis-
sion. Denote by 7 the bit duration and by K the number of
bits in a slot(hop); thus T = K. It can be shown that the
probability of piconet j hitting a bit in the reference piconet is

1

1
Prip = —[1 4+ —
hit Nf[+K]

Independence among the piconets implies that

M-1

P(Nb=n)=< .

) (Puit)" (L~ Pa) " (3)

C. 2-State Markov Channel Model

In order to characterise the temporal correlation in the out-
age process, consider a bit b and Ny = n. If the nextbit b + 1
starts in the same hop frequency as b , then Ny1 consists of
the interferers out of n that remain in the same hop in b+1, de-
noted by V', and the new interferers out of A — 1 —n piconets
that were using a different hop in b, denoted by Z. However,
if b+ 1 starts with a new frequency (b is the last bit in the slot)
then Ny equals the interferers from potential M — 1 — V
piconets. Let this be denoted by W. Let v indicate the hop
change, i.e., u = 0 if there is a hop change and 1 otherwise.
Then,

Nop1 = u(V + Z) + (1 — w)W @)

Vo= Yt 2= 0y, W= T
where (B(p) denotes the Bernoulli distribution with probabil-
ity of 1 being p), v ~ B(1 — 1/K), v; ~ B(1 — 1/K),
zj ~ B(1/K x 1/Ny) and w; ~ B(P;). Recall that, K is
the number of bits per slot.

Using Equation 4, we obtain the one step joint distribution
and then approximate the outage process by a Markov pro-
cess. This gives us a 2-state Markov model as follows. We
say that the channel is in good state, denoted by ‘g’, if I'y, > v
or BER on the channel is below the specified value and is in
bad state, denoted by ‘b’, when I'y, < v, i.e., when the outage
occurs. The transition probabilities have been derived in Ap-
pendix A. Let P;; denote the transition probability of going
from state s to state 5. Then, the outage duration (in number of
bits) is geometrically distributed with mean 1/(1 — Pyy). Also
the outage probability calculated from the Markov model, de-
noted by P, is given by P,/ (Pyp + Piy).

V. RESULTS

We take R = 5m and assume that the devices are dis-
tributed uniformly in the room with respect to the center of



the room. Then if the receiver is at the center, the cdf of D,

the distance of a random device from the receiver is given by

Fp(d) = d?/R?,0 < d < R. Given D, = F, the interferers

are assumed to be independently and identically distributed
~ 2, =2 2

in the room. Let I;(z) := X arccos (U2 HT =4y ang

27(7F—d+x)
(d—7+z)’+7> —d®

I () =  arccos (“5xz 515 —)- Then, it can be shown

thatif 7 > R — 7,

Fp(d|F) =
201 (2) 24t g 0<d<R—7
- T”I(m)wdm R—F<d<F¥
(d r) +fR+r d 2(d T+z)d§(] <d<R+F
Similar expressions can be found if # < R — 7. Figure 3
shows the conditional distance distribution Fp (d|7) for 7 =
0,1,2,3,4,5m.
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Fig. 3. Distance cdfs for receiver offset # = (0, 1,2, 3,4,5)m
A. Outage Probability
Since the calculation of exact outage probability is com-
plicated, even numerically, we resort to finding bounds. De-
fine g(ds,d1,...,dn,7,n) := P(Ps < vPr,|d,7,n). Then,
Equation 2 can be written as,
P(PS < VPI,nlDT =7, Ny = n) =
Eds\FEan‘"Edlﬁ[g(d«ﬁdl:'"Jdn7,':7n)] (5)

Note that g(.) is a decreasing function of {d;,1 < i < n} and
an increasing function of ds. Also, if ¥; < 75 (see Figure 3),

P(D,’ > t|7‘~1) < P(D, > t|7‘~2) (6)
With this stochastic dominance, it follows that, for1 < i <n

Eg,1r, l9(...,di,...)] > Edi|r~2[g(. vy diy )]
Eq, 7 l9(ds,...)] < Eq, 5, [9(ds, - . .)]

Using Equation 7 and 8 in Equation 5, a lower bound on P,,,;
can be found.

As a simple calculation, assume that there are only two pi-
conets and there is no fading on the channel. Then Pgs =

if 7 <7y7)
if 71 <7y8)

(Z=)~% and Pr = (5£)72. Then,

P(Ps < vP|Ny = 1) = P(D? < vD%|N, = 1)

R
_ / P(D; < v"*Dg|D, = #, Ny = 1) fp, (7)dF
0

P(D; < v'*Dg|D, = #,Ny = 1) ©)
RA-7
= / P(D[ < V1/2ds|DS =ds, T, 1)dFDS (dS|F)
0

= EDle[FDI (V1/2ds|d3, ’F)]
> ED5|F=0[FD1 (V1/2d5|d87 77)]
> Epg i=olFp, (v'/?d,|d,, 7 = 5)]

(10)
(11)

Note that, Equation 10 follows from Equation 8 and Equation
11 follows from Equation 6. Approximating F'p (d|7 = 5) by
a 4t" degree polynomial and taking » = 25(14dB), we get
P(Ps < vPr|N, = 1) > 0.939992 and hence with P(N, =
1) = 1/Ny, P,y > 0.01189. Table | shows lower bounds on
P, with signal fading.

TABLE |
LOWER BOUNDS ON OUTAGE PROBABILITY FOR M = 2,3 PICONETS

M-1 | Lower bound on P,,;
14dB | 11dB
1 0.0114 | 0.0103
2 0.0227 | 0.0204
B. Outage Duration
TABLE II

PARAMETERS OF THE 2-STATE MARKOV MODEL

M-1 [ Py, P, | PY [EB]|EG
1 | 0.00005 | 0.005 |0.010 | 200 | 20000
2 | 0.000055 | 0.0035 | 0.016 | 285 | 18018

Using the derivation of transition probabilities in Ap-
pendix A, and lower bounds on the outage probability derived
in Section V-A we calculate approximate values of the P
and P, for v =14dB and 400 bits packet size. We also cal-
culate the outage probability from this Markov model (P24,),
Results are shown in Table 11. Table Il also shows in bits the
mean outage duration (EB) and the mean duration in good
state (EG).

C. Discussion

It is very complicated to calculate even the approximate val-
ues of P,,; as the number of piconets increases. We, there-
fore, have results only for M < 3 piconets. However, the in-
sight gained with these results allows us to predict the perfor-
mance for larger values of M. The results indicate that when



a frequency hit occurs it is difficult to maintain the resistance
ratio of 14dB as specified by the standard. Hence, co-channel
interference is avoided mainly through the use of large number
of frequencies. For larger values of M, we expect that P,
will increase almost linearly, in the form of % Though
the Markov model is only an approximation (as seen from
Table II), we expect that when number of piconets is small
outages are infrequent (once in 20000 bits) This is because
piconets are not time-synchronised and frequency hits occur
with probability Nif However, outages persist for approx-
imately 200 bits which is considerable duration considering
1/3 and 2/3 FEC used in Bluetooth. Also in certain packet
types FEC is not mandatory. As M increases, duration of
good state will reduce at the cost of longer outage durations.

VI. CONCLUSIONS

We considered a typical scenario for Bluetooth piconets and
found the outage probability and the mean outage duration
of the SIR process. This led us to a 2-state Markov model
for the Bluetooth channel. The outage probability appears to
increase almost linearly with the number of piconets. Longer
outage durations combined with simple FEC schemes imply
that to the applications on Bluetooth, the channel will degrade
rapidly as the number of piconets increases.

APPENDIX

I. DERIVATION OF TRANSITION PROBABILITIES FOR THE
OUTAGE PROCESS

We derive Py, := P(T'y41 < v|T'y < v). Derivation of P,
follows similarly.

Py <v, Ty <v)
P(Fb < V)
P(Tp41 <v, Ty <v) = P(I'y <v) = P(Tp41 < v, T} > v)

P(F(H_l < Vlrb < 1/) =

In the following equations, when a random variable is given,
it is understood that the value it takes is given by the corre-
sponding small letter.

P(Tp41 <v, T 2 v)
M-1
= Z P(Typy1 < v, Ty > v|Ny)P(Ny = n)
n=0
P(Fb+1 <v,['y > I/|Nb)
= P(Tp1 <v,Ipy >vju=1,Np)P(u=1)
+P(Tp41 < v,Tp > vlu=0,Np)P(u=0)

Note that w is independent of N,. Let Py, := Z;:l Pl
From now on we denote v = 1 by u; and u = 0 by uy.

« u = 1 = no hop change. Recall that, the channel is as-
sumed to be quasi-static and quasi-stationary. Then constant
Pg is received for the hop time. Also, for the duration of a
hit, constant interference power is received from the individ-
ual interferers.

P(Tpy1 < v, T4 > vlug, Np)
M-1-n n
= D> D P(Ps<vPrziv,Ps 2vPrn,Z =z,

z=1 wv=1
V =vluy, Np)
P(Ps < vPrz1v,Ps > VP, Z = 2,V = v|uy, Np)
= P(Ps < VPr 4y, Ps > VPrp|Z,V,u1, Np)
P(Z = 2,V = v|uy, Np)
= P(WPr,n < Ps < VPr 44| Z,V,u1, Np)
P(Z = z|Ny) P(V = v|Ny)
« u = 0 = hop changes. Hence, the receiver changes. We

indicate by Pg“ and P¢ the signal powers received in bits
b+ 1 and b respectively. Then,

P(Tpy1 < v, T > vlug, Np)

n
=Y P(P{' <vPrw,P§ > vPrp,V = vlug, No)

v=1
P(PE™ < vPrw, Pt > vPrn, V = vlug, Np)
= P(Pi™ < vPrw, Pl > vPp .|V, uo, Ny)

P(V = Ule)
P(PS < vPrw, P% > vPrn, |V, uo, Np)
M—-1—v
= Y PP <vPLw,P>vPry,
w=1

W = w|V,uo, Np)

P(PE™ < vPrw, Pt > vPr W, W = w|V, ug, Np)
= P(W = w|V)P(vPr,, < PS\W,V,ug, Np)
P(P < vPr|W,V,ug, Np)

since the power distribution at different receivers is indepen-
dent.
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