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Abstract

Bluetooth device discovers other Bluetooth devices, and establishes connections with those devices. Device
discovery is achieved by the master running the Inquiry protocol and slaves running the Inquiry Scan protocol.
The master and a slave establish a connection using the Page and Page Scan protocols, respectively. Once a
connection is established between a master and a slave, upper level data can be exchanged between the two
devices. Thus, device discovery and connection establishment are fundamental to communication between two
Bluetooth devices. While a device is in the process of discovering other devices, there is a random delay. We
analyze the discovery time for different situations. We further show the delay-distribution for varied number of
devices. The results were obtained by simulation which is thorough to every details of the protocol specification.
We explain reasons of occasional long discovery time, and propose means to improve it.

1. Introduction

Bluetooth (BT) specification version 1.1, published
in 2001, is an industry standard for providing low
power, low-cost, short-range wireless radio link to con-
nect devices like a head phone, a printer, an Internet
access point etc. to a host like a mobile PC or a Palm.
Alternatively, it could be like gathering information
about restaurants, game-centers, in a departmental
stores floor, using a palm or a mobile-phone equipped
with BT module. Device discovery simplifies the task
of finding and connecting to different services available
locally. It helps to organize a mobile ad-hoc network
tailored to the requirement. Alternately, it simplifies
the task of building and maintaining a network, espe-
cially when new services are introduced. With rising
number of such services to be linked dynamically and
without cable, efficient node discovery plays an impor-
tant role in overall performance of the BT wireless net-
work. There have been innovative efforts in using the
technology to form personal area network and multi-
hop ad hoc networks [3, 5. ‘

The baseband protocol takes care of the basic tasks
of device discovery and subsequent connection. The In-
quiry protocol runs at the discovering end, also called
the Master. It tries to locate devices in its vicinity. In-
quiry scan protocol is executed by those devices which
offer services and wait to be discovered. They are called
slaves. Once the discovering device discovers a slave,
the two devices can go to the connection state through
Paging protocol. Both these protocols run at the base-
band level.

Most of the previous research works in BT service
discovery are in the higher layer at Service Device Pro-
tocol (SDP), to enhance its functionalities or compare
its functionalities with competitive technologies. To
our knowledge, no work has yet been done, or reported
any result about the performance of device discovery at

the baseband level. But, device discovery at the base-
band level is the core task, on which SDP is based. We
implemented a complete BT network environment by
software simulation, with full details of the baseband
protocols, to do different performance experiments. We
made the observation that the device discovery de-
pends on the density of the devices and the random
backoff time. We also indicate how to improve the dis-
covery delay.

The rest of the paper is as follows. The procedures of
Inquiry and Inquiry scan, which are the basis for find-
ing other BT nodes, is described in Section 2. Related
work has been discussed in Section 3. An estimation
of the delay in device discovery is done in Section 4.
Simulation results are described in Section 5, and we
conclude the paper in Section 6.

2. Inquiry and Inquiry Scan Pro-
cotols

The device discovery protocol consists of two parts,
namely Inquiry and Inquiry Scan. A discovering de-
vice (or, master) runs the Inquiry protocol and a de-
vice willing to be discovered (or, slave) runs the Inquiry
Scan protocol. The two protocols have been explained
in text form in the Bluetooth baseband specification
[4]. However, for the purpose of clear understanding,
we presented them in the form of state-transition dia-
gram.

In a cluster of BT enabled devices, before any com-
munication or connection is established, all nodes are
in Standby state. For a device to change from an
uncommunicating Standby state to a communicating
Connection state, it has to go through two substates,
namely Inquiry and Page. In fact, a device can go
to Inquiry state from Connection state too, time to
time, to discover newer nodes. Even then, the basic
steps of device discovery are the same. The inquiry
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Figure 1: State transition diagram of Inguiry
Protocol

procedure enables a unit to discover which other units
are within the short range of BT communication. Pag-
ing procedure is to enable the actual connection. We
will only discuss the steps involved in discovering other
devices. We will also explain details using timing dia-
grams of different packets transmitted and received.

2.1 The Inquiry Protocol

The state-transition diagram of the Inquiry pro-
tocol is shown in Fig.l. The protocol consists of
two states: STANDBY or CONNECTION and IN-
QUIRY. Initially, a device could be in the STANDBY
or the CONNECTION state. It is the Link Man-
ager Protocol (LMP) layer that decides when the base-
band layer may initiate the Inquiry protocol. At this
point, the LMP layer asks the baseband layer to en-
ter the INQUIRY state (#1). In #1, the baseband
layer starts a timer called snquiryTO. The baseband
layer moves from the INQUIRY state to the origi-
nal STANDBY/CONNECTION state in two ways, by
transition #4, occurs when it is asked to do so by
LMP and #5, occurs when the inquiryTO timer ex-
pires. Two kinds of state transitions occur depending
on whether it is in a Tx (transmission) slot or a Rx
(reception) slot, as shown in transition #2 and transi-
tion #3, respectively. In Tx slot the discovering device
transmits two ID packets, one at the beginning and the
other at the middle of the slot. In Rx slot, transition
#3 takes place, when the reception of an FHS packet
signals the discovery of a device willing to be discov-
ered. In transition #3, the baseband layer informs the
LMP of the discovery of a device, and the master de-
vice remains in the INQUIRY state. It may be noted
that the discovering device does not acknowledge the
reception of an FHS packet.

In inquiry hopping sequence a set of 32 frequencies is
partitioned into two subsets of 16 frequencies each, and
two trains, namely train A and train B, are constructed
from those two subsets. They are different permutation
of different frequencies. As an ID packet is transmitted
twice in each Tx slot, it takes eight Tx slots to cover the
whole train of 16 frequencies. Because the Tx and Rx

Increment phaae offact in the inguiry bop scquence
Figure 2: State transition diagram of Inquiry
Scan Protocol

slots are interleaved, the total length of time to cover
each train is 16 slots, or 10ms(= 16 x 625usec, 625usec
being the duration of one time-slot). - A single train
is repeated for at least Ninquiry = 256 times before
the other train is used. In order to collect all re-
sponses in an error-free manner, at least four trains
or in other words three train switches must have taken
place. Therefore, the INQUIRY substate may have to
last for 10.24 sec. (256 x 10 x 4msec). If desired, the
inquirer can also prolong the inquiry substate to in-
crease the probability of receiving all responses in an
error-free manner.

2.2 The Inquiry Scan Protocol

The state-transition diagram of the Inquiry Scan and
Response protocol is shown in Fig.2. If a device wants
to be discovered by others, then the LMP layer of the
device issues a command to the baseband layer to move
from its present STANDBY/CONNECTION state to
the Inquiry Scan substate, which is shown as transition
#1. In this transition the device starts the inqrespTO
timer, and initializes a BackoffDone flag to false. Here
we explicitly specify the backoff mechanism for a clear
understanding of the protocol. If the device receives an
ID packet and the backoff has not been done, then it
starts an inquiry response timer irRAND, as we name
it, with a duration randomly set between 0 and 1023
slots and moves to its original state. If the device re-
ceives a second ID packet in the Inquiry Scan state,
then it starts another one-slot timer we call oneslotTO,
after expiry of which it moves to the Inquiry Response
state. After waiting for exactly one slot in the Inquiry
Response state, the device transmits a FHS packet,
reinitializes the BackoffDone flag to false, and moves
to the Inquiry Scan state. After the inqrespTO timer
expires, the device moves from the Inquiry Scan state
to its original STANDBY/CONNECTION state.

The idea behind having the responding devices to
wait for a random period is to avoid collision of FHS
packets from devices that receive the same first ID
packet from a discovering device. When many devices
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are simultaneously competing to be discovered, there
is a finite probability of this to happen.

3. Related Research

Delay analysis of the device discovery protocol and
proposals to modify the protocol to reduce the delay
have recently been a topic of research interest [1, 2, 6].
Zaruba and Gupta [10] simplify the analysis of the dis-
covery protocol by assuming that none of the trains -
A or B-is repeated before a train switch. Connection
establishment between two mutually unknown devices
takes 5.76 seconds in a typical case and may take as
long as 23 seconds in the worst case [1]. Thus, for Blue-
tooth technology to be useful in a mobile environment,
there is a need to speed up the discovery time. Welsh,
Murphy and Frantz [9] propose three possible changes
to the Bluetooth specification in order to reduce the
discovery time. These suggestions are: (i) eliminate or
decrease the random backoff delay in the Inquiry Scan
protocol, (ii) use a single frequency train instead of two
A and B-in the Inquiry protocol, and (iii) combine the
first two. Salonidis, Bhagwat and Tassiulas [7] have
shown that device discovery time can be reduced by
having devices alternate between two roles, namely, a
discoverer and one willing to be discovered.

4. Analysis of Discovery Time

In this section, we will analyze the discovery time.

Tip:1 : This is the average time taken by a slave to
receive the first ID. This time is measured from the
instant the master starts transmitting ID packets
to the instant when a slave receives an ID.

Ty : This is the average of the random backoff time
after the slave receives the first ID packet.

Trp2 :This is the average time taken by the slave to re-
ceive a second ID. This time is measured from the
instant the slave comes out of its random backoff
to the instant when it receives an ID.

1-slot : This is the 1-slot wait by the slave between
receiving a second ID and transmitting an FHS
packet. We will ignore this 1-slot component from
further consideration.

Therefore, discovery time, denoted by T', is expressed
as follows. T =Trp1 + Ty + T1D2.

The Bluetooth specification states that a random
backoff interval be uniformly chosen from the range
[0, 1023] slots. Thus, the average value of T'b is 512
slots. There is a similarity between T7p; and Trpa,
because both these intervals are associated with the
same condition. For Trp; we have assumed that a
slave enters its Inquiry Scan state no later than the
master entering the Inquiry state. Essentially, what

this assumption implies is that by the time the mas-
ter starts transmitting ID packets, a slave has already
begun or just begins scanning the medium to receive
an ID packet. We measure Trps from the instant a
slave enters Inquiry Scan for a second time to when
it receives a second ID. Thus, T;p; and Tip2 can be
computed in the same way. S, we can write,

T=2xTip+ T;n

where Trp = Trpy = Tip2 represents the average
time taken by a slave to receive an ID packet from the
instant when the master is transmitting ID packets and
the slave is scanning the medium. Thus, to give an
estimation of T', we need to estimate Trp.

Next, we discuss the impact of the value of k¥ (phase
difference) on discovery time, and will show that this
phase plays an important role in determining the delay.
Let F' = AU B be the set of 32 frequencies used in the
discovery protocol. Members of F are denoted by f;,
where 1 < i < 32. A slave scans the medium on the
same frequency, say f; for 2048 slots. A+ and B+
represent repetition of the A train and the B train for
256 times. Since a slave scans the medium on the same
frequency for 2048 slots and the length of each of A+
and B+ is 4096 slots, the range of phase difference to
be considered is [0, 2046] slots. In other works, we
have 0 < k < 2046. Moreover, we consider only the
even values of k in the range [0, 2046]. This is because
the master transmits ID packets in its Tx slots, and
remains in receive mode in the Rx slots to catch an
FHS packet.

To show the impact of the value of k on discovery
time in an informal manner, we consider two values of
k, such as k = 0 and k = 16. These two cases are
discussed in the following. On the one hand, if k = 0,
a slave scans the medium on two different frequencies
during the period when the master transmits ID pack-
ets using A+ frequencies. Thus, if fro € A or fr1 € A,
the ID packet will be received by the slave. On the
other hand, if ¥ > 0, a slave scans the medium on three
different frequencies during the period when the mas-
ter transmits ID packets using A+ frequencies. This is
evident from Fig.3(b). Thus, device discovery time is
expected to be smaller in the latter case. We can fur-
ther identify another important value of k, namely k =
16, as follows. Let us assume that k takes on a value
less than 16, say 14. In 14 consecutive slots there are
7 Tx slots and 7 Rx slots. Since the master can trans-
mit two ID packets in each Tx slot on two different
frequencies, only 14 out of 16 A train frequencies will
be potential match for f,2 as shown in Fig.3(b) (if it is
not already matched during A-train). Thus the prob-
ability of receiving an ID packet due to f2 matching
with one of the frequencies in the period At is smaller
for smaller values of k in the range [2, 8]. A similar
argument can be used to show that the two ranges of
k, namely [2, 8] and [2034, 2046), lead to similar dis-
covery time. When 16 < k < 2032, f,2 can scan all the
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Figure 3: Situations with different At

A as well as B train of frequencies, and the match is

certain at this stage, if not before. Therefore, we need

to consider four distinct ranges of k as follows to give

a model of TIDo

@i k=0

(ii)2<k<14

(iii) 16 < k < 2032

(iv) 2034 < k < 2046

Cases (ii) and (iv) lead to similar delay behavior.
Now we obtain an expression for Trp by combining

the expressions for Typ, (k=0), Trp, (2 < k < 14), and

Tip, (16 < k < 2032). We can write an expression for

Trp as follows:

1
T, B m— 1
1D 1024 m

14 2032
Trp,(k=0) +2 X E TiD,(3<k<14) + E T1D,(16<k<2082)

h=2 k=16

It is possible to calculate the average delay for differ-
ent values of k for different combinations of A-train, B-
train, and slave scanning frequencies with their corre-
sponding probabilities. The details is beyond the scope
of this paper, but the final value of T;p is calculated
to be approximately 1141 time slots.

5. Simulation Result

We have developed a Bluetooth simulator to study
the performance of the device discovery protocol. In
the simulator, we have implemented the frequency hop-
ping kernel box specified in Chapter 11 of the Blue-
tooth specification [4]. From the analysis in Section 4,
we obtained discovery time for different ranges of val-
ues for k, namely k¥ = 0,2 < k < 14,16 < & < 2032,
and 2034 < k < 2046, where the second and the fourth
blocks of k values are treated alike.

We also wanted to compare the analytical model
with simulated data. Using the expression for Typ
given in Equation (1), we computed T7p to be 1141
slots. If the random backoff range is [0,1023], the av-
erage value of random backoff values chosen from the
range is 512 slots. Thus, the average value of discovery
time, when there are only 2 BT devices, one master and
one slave, could be computed as T = 2 x 1141 + 512 =
2794 slots.

The simulator takes input parameters such as the
number of devices and backoff limit. Each data point
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in Fig.4 and 5 are averages of 1600 independent experi-
ments. In Fig.4, we assume that there are N number of
devices within the radio propagation area of each other.
One device performs the Inquiry protocol and the rest
N-1 devices perform Inquiry Response. We have per-
formed experiments for different values of the backoff
period. The y-axis shows the average time to discover
a device as a function of N. For N=2, i.e., one Inquirer
and one Inquiry scanner situation, the discovery delay
conforms with our theoretical analysis.

As predicted, the average discovery time increases
rapidly when the number of devices is increased. Also,
it is observed that when the backoff time is more, the
delay increases. When backoff time is reduced to very
low value, the probability of collision from two or more
FHS packets increases, resulting in longer discovery de-
lay. This is shown in Fig.5.

In Fig.5, the y-axis shows the average time of device
discovery as a function of the backoff limit for differ-
ent values of N as explained above. Though a backoff
limit of 1024 has been suggested in the specification to
reduce the possibility of collision, it simply leads to a
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Figure 6: Average total delay in device discov-
ery as a function of total number of devices

larger discovery time for smaller values of N. Discov-
ery delay improves with decreasing backoff time up to
some point, after which collision of FHS becomes the
predominant factor and the discovery delay increases.
For N=50 the optimum delay is obtained when backoff
time is = 250, whereas for N=5 the optimum delay is
obtained when backoff is = 70.

In order to reduce discovery time, there are propos-
als to avoid repetition of the individual trains for 256
times [8]. Thus, rather than use a sequence of the form
A+ B+ A+ B+..., the suggested sequenceis AB A B
However, the effect of the proposal on discovery time
has not been studied in detail. To observe how the
proposal affects discovery time, we simulated delay be-
havior when frequency trains are not repeated, and are
switched alternatively. The results are in Fig.6, where
we show how the discovery time varies with increasing
number of potential slaves for the two cases of inquiry
sequence, namely A+ B+ A+ B+ and A B A B, for
different fixed values of the backoff limit.

There is another proposal to improve discovery time
by eliminating or reducing the random backoff time.

" However, it is clear from Fig.5 that it is not a good idea
to eliminate the concept of random backoff. Instead, a
small backoff limit, say, 200 to 300 slots, can be used
for an overall low discovery time, even when there are
large number of contending slaves.

6. Discussion and Conclusion

We performed a large number of experiments to ob-
tain insights into the distribution of discovery time.
We observed how the total discovery time varies with
the number of potential slaves when the backoff limit
is constant. We also observed how the total discovery
time varies with the backoff limit when the number
of potential slaves is constant. With small values of
backoff limit, discovery time could be too long, if there
are more than 10 potential slaves in the same area.
By performing additional simulations we observed the

effectiveness of two proposed improvements to device
discovery. Specifically, it is useful to avoid repetitions
of the individual A and B trains before a train switch.
On the other hand, complete elimination of the idea
of random backoff is not a good idea as discovery time
will be too long. Rather, choosing a small backoff limit,
say, 200 to 300 slots, is useful in reducing discovery
time even when the number of potential slaves in the
same area is large.
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