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Abstract

Recently, the low price and the small size of the mo-
bile device makes a great success in personal mobile com-
munication. A lot of people use a cell phone, PDA, and
laptop computer in their daily lives. Bluetooth which en-
ables incompatible devices to communicate with each other
over a wireless link can speed up the growth in popular-
ity. BLUEPAC(BLUEtooth Public ACcess) [2] is designed
to support IP over Bluetooth and provide users to access to
the public network such as the Internet.

Our work is motivated by the need for a fast handoff in
BLUEPAC. A mobile device experiences frequent handoffs
due to the short radius of the piconet which is about 10m.
A handoff requires a connection establishment between a
mobile device and a new base station which is is a time-
consuming procedure in the frequency hopping system. This
situation may cause many connection losses which hurt the
network performance as a result.

In this paper, we present a new scheme for improving the
handoff performance. The basic idea is that a base station
controller helps a mobile device to establish a connection to
new base station by giving their addresses and clocks. Sim-
ulation results show that our scheme significantly reduces
handoff delay and imposes the very light overhead on the
base station.

1. Introduction

There is the rapid spread of the usage of the mobile
device including cell phones, PDAs, and latop comput-
ers in that the technology improvement of the mobile de-
vice makes them cheaper and smaller. Bluetooth which
enables incompatible mobile devices to communicate with
each other over a wireless link can speed up the growth in
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popularity. BLUEPAC[2] is designed to support IP over
Bluetooth and can be installed in a pulic area such as train
stations, airports, and super-markets. The mobile Bluetooth
device is able to access to not only the ad hoc network, but
also the Internet via BLUPAC.

Our work is motivated by the need for a fast handoff
in BLUEPAC. When a handoff occurs, the connection be-
tween a mobile device and a new base staion should be
established. A connection establishment in the frequency
hopping system is a complex, time-consuming procedure
due to synchronizing the frequency between the mobile de-
vice and the base station. In a worst case, a mobile device
spends 10.88 sec on a handoff. Since the short range of
Bluetooth arises frequent handoffs, slow handoffs might re-
sult in the degradation of the network performance. There-
fore, processing handoffs quickly is a very important prob-
lem in IP over Bluetooth.

In order to reduce handoff delay, a handoff scheme
should minimize the number of inquiry invocations. The
inquiry procedure is the most time-consuming factor in a
connection establishment. In general, the inqury delay is
strongly dependent on the scan interval of a idle device.
Bluetooth specification [1] defined three types of scan in-
tervals. As a idle device has the longer scan interval for
power-saving, the inquiry device spends more time. In our
situation, a base station has a medium scan interval for both
the efficient usage of bandwidth and the fast connection es-
tablishment. Fortunately, the clock and device address of
new base station make it possible that a mobile device make
a connection to a new base station without the inquiry pro-
cedure [1].

Our scheme eliminates the inquiry procedure during a
handoff and considerably reduces the handoff delay. A base
station controller aggressively assists a mobile device to
handoff to new base station. The device gets full informa-
tion about the clock and the device address of the neighbor-
ing base station. The device is able to locate all the neigh-
boring base station without the inquiry procedure and does
not suffer from catching the frequency which the station is
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listening on. The only job is to choose the best one among
them.

There were some works related to the mobility sup-
port in Bluetooth network system. In [2], Albrecht pro-
posed BLUEPAC network architecture by considering some
scenarios with user mobility. He also presented the good
framework how Mobile IP, Celluar IP, and DCHP were ap-
plied to IP over Bluetooth. In [4], Daid tried to reduce the
handoff delay by using handoff-preparation and handoff-
assistance mechanism. Handoff-preparation mechanism is
an periodic inquiry procedure for preparing the real handoff,
so the delay of the inquiry is not longer than 0.64s. Handoff-
assistance eliminates the master-slave switch, which also re-
duces the small amount of the handoff delay. This scheme
outperforms the plain procedures defined in [1]. However,
handoff-preparation mechansim tends to require additional
inquiries in the normal state. In [3], Baatz proposed the re-
configuration scheme of the piconet and the protocol layer
called IP adapatation layer. The layer provided some func-
tions to L2CAP and IP layer such as hiding Bluetooth spe-
cific details from IP, but spent much time on handoff.

The rest of paper is organized as follows. Section 2
describes the background including reference network ar-
chitecture and delay examination in a connection establish-
ment. Section 3 introduces our handoff scheme. We analyze
the handoff performance in Section 4 and state conclusions
in Section 5.

2. Background

Bluetooth is the frequency hopping system in which each
channel has a different hopping sequence. Mobile devices
in a piconet communicate with each other on a common
channel. Among them, a master invites slaves to form a pi-
conet and controls the medium access. There is a burden of
synchronizing the frequency between a master and a slave to
share a common channel. The procedure of the frequency
synchronization will be briefly exaplained in Section 2.2.
The piconet can have at most seven active slaves.

2.1 Reference network architecture

BLUEPAC is a kind of the indoor network and its struc-
ture is similar to that of celluar network. The architecture
is depicted in Figure 1. Note that some terms are renamed.
A base station is a fixed Bluetooth device which controls
the piconet channel, and acts as a master in almost time.
We assume that the scan interval of a base station is 1.28
sec. A base station controller connects to a gateway toward
the public network and controls a group of base stations.
A base station controller sends control messages as well as
data messages to base stations.

Figure 1. BLUEPAC reference network archi-
tecture

2.2 Connection establishment

Bluetooth specification defined the inquiry and the page
procedure for a connection establishment. Inquiry proce-
dure enables a mobile device to find devices within the
range. The device will have their clock and address in-
formation required for a connection establishment. Page
procedure enables a mobile device to establish a connec-
tion to other device. If a mobile device has no knowlege of
the address of neighboring device, it should perform both
the inquiry and subsequent page procedure for a connec-
tion establishment. However, if the devices met before,
the page procedure can be used. The device establishes a
connnection to the neighboring device using an estimate of
its frequency phase. The estimate can be calculated from
the clock information which was exchanged during the last
connection.

The frequency synchronization between two devices, a
sender and a receiver, is resolved by either the inquiry or
the page procedure. The frequency synchronization delay is
proportional to the scan interval of the receiver. Bluetooth
specification defined three scan intervals, 10 ms(continous
scan), 1.28 sec, and 2.56 sec respectively. According to re-
ceiver’s own scan interval, receiver periodically scans dur-
ing 10ms (16 slots) and sleeps during the remaining time.
Every time a receiver wakes up, it scans at a different hop
frequency. A sender does not know exactly when a receiver
wakes up and on which the frequency. In order to syn-
chronize the frequency between the two devices, a sender
broadcasts repeatedly IAC(Inquiry Access Code) packets.
In the case of the page procedure, a sender repeats to trans-
mit DAC packets to the specific receiver. Figure 2 shows
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the frequency synchronization through the inquiry and page
procedure. A dashed arrow denotes a missing packet by
the reason that the packet is transmitted on the different fre-
quency or a receiver is sleeping.

Figure 2. Diagram for the inquiry and page
procedure

Figure 2.(a) indicates that the inquiry procedure needs
two frequency synchronizations due to the random backoff
which is intended to prevent a contention. If a receiver suc-
cessfully gets an IAC packet after backing off, it responds
with the FHS packet which contains its own clock and ad-
dress. Then, a sender subsequently performs the page pro-
cedure. In contrast to the inquiry procedure, the page proce-
dure (Figure 2.(b)) transmit a DAC packet to a specific de-
vice by unicasting. Hence, there is no need for a backoff de-
lay and a subsequent frequency synchronization. As stated
in [5], the connection establishment delay through the in-
quiry procedure is Tinquiry = 2*frequency synchronization
delay + random backoff delay. However, the delay in the
page procedure is Tpage= frequency synchonization delay.
Table 1 summarizes the worst delays of a connection estab-
lishment by different scan intervals and procedures. In the
case of using the page procedure without the inquiry page,
a connection establishment delay is reduced by more than
half. The inquiry procedure is the most time-consuming
factor.

Table 1. Worst delays of the inquiry and page
procedure

Scan Connection establishment delay
interval paging after inquiry only paging
0.01 sec 0.68 sec 0.02 sec
1.28 sec 5.76 sec 2.56 sec
2.56 sec 10.88 sec 5.12 sec

3. The propsed handoff scheme

Our fundamental idea is that the base station controller
assists a mobile device to establish a connection to new base
stations by giving their addresses and clocks. A mobile de-
vice during a handoff has no need for inquiring the new base
station.

Consider the flow chart of how handoffs are performed
in Figure 3.

Figure 3. Flow chart for the proposed handoff
scheme

While exchanging data with a base station, a mobile de-
vice measures the signal strength for the handoff detection.
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If the strength is down to a specific threshold value, a mo-
bile device makes a decision to handoff to a new base sta-
tion. The threshold value is in inverse relation to the dis-
tance between a mobile device and a base station. If the
value is set to be very small, a mobile device has a possibil-
ity of performing handoff too late, and thus it may result in
a connection loss. Therefore, the value should be examined
carefully from the real Bluetooth hardware.

If a handoff is detected, a mobile device requests the ad-
dress and the clock of new base stations from the base sta-
tion controller. Using the address and clock, the mobile de-
vice is able to estimate the correct frequency the base station
is listening to. Since the controller does not know the exact
position of the mobile device, it gathers all the information
from the neighboring cell and responds to the mobile de-
vice. The mobile device sends the synchronization request
to the controller and then, the controller orders neighbor-
ing base stations to go to scan mode. Since the scan mode
of base staions and the page mode of the device begin at
the nearly same time, the frequency synchronization delay
decreases.

The device chooses one of the surrounding base stations
and subsequently transmits a DAC packet. Then, the new
base station responds immidiately with a DAC packet and
the device measures the signal strength from the base sta-
tion. The device stores the measurement and repeats to
trasmit a DAC packet to one of the remaining base station.
After completing iterations, the device acquires measure-
ments of signal strength of all the neighboring base stations
and the device establishes a connection to the best one. The
device and the base station forms a temporary piconet where
the device acts as a master. The handoff procedure is com-
pleted. The optimal delay of our scheme in Figure 3 is 10ms
(16 slot).

However, the base station has to take part simultaneously
in serval piconets, which may results in bandwidth waste.
The base station should control the medium access as soon
as possible. If the base station has less than seven slaves
in the existing piconet, it initiates the master/slave switch
procedure in order to merge the two piconets into a piconet.

There arises the overhead for the base station controller
to send the FHS packet of new base stations to the mobile
device, and for those stations to scan. We’ll discuss it in
next section.

4 Simulation analysis

To evaluate the performance of the proposed scheme,
we implement the core stack of the Bluetooth specification
related to the handoff procedure. The core stack of our
simulator includes the baseband functions which are most
important in a connection establishment: The inquiry, the
page, the inquiry scan, the page scan and the master/slave

switch procedure. We add the medium access control which
is used to simulate packet transmissions of slaves. A sim-
ple polling technquie is applied and a master decides which
slave is allowed to tranmit. Mobile devices, base stations
and base station controller are implemented on the core
stack. The mobile device is designed to move in two di-
mensional topology and generate data by the poisson pro-
cess. The handoff message is higher priority than data. The
base station has same properties as the mobile device except
that the base station has immobility and routing capability.

For comparsion, we investigate Daid’s scheme[4] and the
plain inquiry-page procedure. Handoff delay is defined as
the delay from when a mobile device dectects handoff till
when a mobile device establishes a connection to new base
staion. Since the mobile device keeps a connection with
new base station before the master/slave switch, this delay is
excluded from handoff delay. Figure 4 shows two network
topolgies used in our simulation. Four base stations stay
in fixed positions , mobile devices in Figure 4.(a) move to a
free direction at speed of 1m/s, and mobile devices in Figure
4.(b) move to a specific direction at the same speed.

Figure 4. Network topology for the simulation

Figure 5 compares the average handoff delays of theses
different schemes. The delay of the inquiry-page procedure
is longest and about 2 sec. As stated in Section 2, the in-
quiry procedure is the most time-consuming one. Since
base station scans periodically, Regardless of the number of
devices and the network topology, the delays of the inquiry-
page procedure do not vary. Daid’s scheme reduces the
handoff delay by about 85% of the delay of the plainproce-
dure. Figure 5.(a) and Figure 5.(b) indicate that the handoff
delay of Daid’s is influenced by the network topology. The
reason is that Daid’s requires the inquiry to all the neighbor-
ing base station.

The delay of our scheme is shortest and about 13.35 ms.
Our scheme spends slightly more time as the number of
neighboring base stions is increasing like Daid’s scheme.
The results show that our scheme reduces the handoff de-
lay by at least 33.9 % � 97.9 % in comparison with Daid’s
scheme.
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Figure 5. Average handoff delays

Finally, consider the overhead of our scheme. Table 2
shows the overhead as the number of devices. The over-
head is defined as ratio of the required time during handoffs
and the total simulation time. As the number of devices is
increasing, the number of handoffs is increasing, therefore
the overhead also is increasing. However, we see that the
overhead is negligibly small, only 2.49% in 25 devices. In
summary, the proposed scheme is able to process handoff
very quickly in IP over Bluetooth with the negligible over-
head.

Table 2. Overhead in our scheme

The num. of devices 10 15 20 25
Overhead 0.98% 1.51% 2.03% 2.49%

5 Conclusions

Bluetooth is a promising wireless technology which en-
ables incompatible devices to communicate with each other.
Mobile users can access to the public network as well as the
ad hoc network. For an example, BLUEPAC(Bluetooth Ac-
cess Network) is designed to support IP over Bluetooth and
provide users to access to the public network such as the

Internet.
In this paper, we presented a new scheme for improv-

ing the handoff performance in BLUEPAC. For a seamless
connection, the handoff performance is very important. In
order to reduce handoff delay, the inquiry procedure should
be invoked as small times as possible. Since a base station
controller stations aggressively assist a mobile device, the
mobile device has no need to inquiry the new base stations.
Simulation results showed that our scheme significantly re-
duced the handoff delay and imposed the very light over-
head on the base station.
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