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Abstract

Bluetooth is a wireless communication technology that provides short-range, small-size,
low-cost, and low-power connectivity among mobile devices. The MAC protocol for Bluetooth
is based on a Time Division Duplex (TDD) scheme, where the master determines channel
access to all other slaves in the piconet. Hence, the polling scheme used by the master has a
significant effect on the Bluetooth system performance. Accordingly, this paper proposes an
enhanced Limited Round Robin with a priority policy for Bluetooth. In simulations, the
proposed scheduling algorithm demonstrates a better overall performance in a Bluetooth
network.
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1. Introduction

Bluetooth is a wireless technology that allows communication devices and
accessories to interconnect using a short-range, low-power, inexpensive radio. While
initially developed to eliminate the numerous short-range cables involved in
interconnecting mobile devices (laptops, mobile phones, headsets, PDAs, etc) in small
networks, usually referred to as PANs (Personal Area Networks), Bluetooth has since
expanded in scope to encroach on wireless LANs. As such, Bluetooth uses a fast
frequency hopping (up to 1600 hops/sec) physical layer to resist the interference and is
operated in a 2.4GHz ISM (Industrial Scientific Medicine) band. The band is divided
into 79 channels of 1 MHz bandwidth. FEC (Forward Error Correction), ARQ
(Automatic Repeat Request) and CRC (Cyclic Redundancy Check) are used to support
adequate reliability on wireless environment [1].

The smallest Bluetooth unit is called a piconet, which is composed of one master
node and several slave nodes (up to seven). In a piconet a Bluetooth device can be
operate in active mode or sleep mode (Sniff, Hold and park mode). However just one
master and seven active mode slaves are allowed in a piconet. If some nodes desire to
switch the state to active mode, some active nodes should change the state from active
mode to sleep mode when seven slaves are already operated in active mode. All nodes
in a same piconet should follow same frequency hopping pattern. Multiple piconets can
also exist in the same area and be connected via a bridge node, creating a scatternet.
Figure 1 shows a piconet with one master and 5 slaves.

In a Bluetooth system, full-duplex transmission is supported using a master-driven
TDD (Time Division Duplex) scheme to segment the channel into 625us time slots,
which are alternatively distributed between the master and the slaves. As such, the
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master sends a poll or data packet to a slave using the even-numbered slots, then the
slave sends a packet to the master using an odd-numbered slot immediately after
receiving a packet from the master [1]. Thus, the MAC scheduling in Bluetooth is
controlled by the master and executed using master-slave pairs. All Bluetooth devices
in a same piconet have to synchronize the clocking exactly and a node which has
privilege of using the slot will not release the resource of transmission to other nodes
even if it does not have any data to transmit. Hence Bluetooth seems to be inefficient
but it can support more reliable connection. So Bluetooth is appropriate for high quality
interconnection between mobile devices and many researchers have proposed
algorithms to enhance the performance of Bluetooth network[2]-[6].

Figure 1. A Piconet with one master and 5 slaves

Bluetooth systems support two types of virtual data communication link between the
master and slave: a Synchronous Connection Oriented (SCO) link and Asynchronous
Connection-Less (ACL) link. An SCO connection supports a circuit-oriented service
with a constant bandwidth using a fixed and periodic allocation of slots. An SCO
connection is suitable for latency-sensitive multimedia traffic like voice traffic, whereas
an ACL connection supports a packet-oriented service between the master and slave for
data. An SCO connection only uses one time slot, while an ACL connection can use
one, three, or five time slots according to the data packet size [1]. The Round Robin
(RR) scheme is a default MAC scheduling algorithm for Bluetooth that uses a fixed
cyclic order. The POLL packet does not have any information and just gives the polled
slave the privilege of transmitting packet in next slot. If the polled slave does not have
any data to transmit, it replies to the master by sending a NULL packet which also does
not have any information. As a result, numerous slots can be wasted with POLL or
NULL packet exchanges in the case of no data to transmit. Despite the introduction of
several Bluetooth MAC scheduling algorithms to reduce these slot waste, problems still
remain.

Accordingly, this paper proposes a simple and efficient MAC scheduling algorithm
to reduce slot waste and enhance the performance of Bluetooth. The remainder of this
paper is organized as follows: Section 2 presents previous work on Bluetooth MAC
scheduling algorithms, then Section 3 discusses the proposed scheduling algorithm.
Section 4 presents simulation results for the proposed algorithm, and final conclusions
are given in Section 5.

2. Bluetooth MAC Scheduling Algorithm
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The principal MAC protocol in Bluetooth is a polling scheme that uses a master-
driven time division duplex (TDD). Here, a slave is only allowed to transmit a packet to
the master immediately after receiving a packet from the master. Plus, the master can
only use an even-numbered slot to send a packet to a slave, while the slave can only
reply to this packet using an odd-numbered slot. The MAC scheduling scheme for a
Bluetooth system is shown in Figure 2. The TDD slots are shared by the SCO and ACL
link in this figure.
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Figure 2. MAC Scheduling scheme of Bluetooth

In the Pure Round Robin (PRR) scheme, every slave has the same opportunity to
send one data packet even when they have no packet to transmit. Once the master polls
a slave, the next time slot is then assigned to the slave without reference to whether the
slave has data to transmit or not. Consequently, numerous slots can be wasted when
POLL packets are sent by the master and NULL packets are sent by the slaves in the
case of no data packets to transmit. Therefore, the PRR scheme is an inefficient
scheduling algorithm when the traffic in the network is asymmetric, and several
Bluetooth MAC scheduling algorithms have already been proposed to improve the
system performance [2]-[6]. Some works assume that the Master knows up-to- date
information of slave’s queue status [2]-[4]. Some approaches do not require this
information [6]. Some researchers also proposed low power mode based scheduling

policy [5].

In [2], a Master-Slave Queue-State-dependent Packet scheduling algorithm is
proposed, where a free bit in the Bluetooth payload header is used by a slave to inform
the master of the next available data. Based on this feedback bit, the master classifies
all the master-slave pairs into one of four states, and a higher priority assigned to a pair
that utilizes the slots more efficiently than the other pairs. However, this algorithm
assumes that the master has updated information on the slave queue at all times, which
is not actually available given the current Bluetooth specifications, as the slaves can
only provide information on their queue state when they send a packet to the master. In
addition, a slave starvation problem can occur for low priority pairs when higher
priority pairs always have packets to transmit.

In [3], HOL-Priority Policy (HOL-PP) is proposed. This algorithm use similar
priority policy with [2]. The master schedules on the basis of the head of line (HOL)
packet size at the Master and slave queue. Additional two bits are required to
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distinguish 4 possible HOL packet size for classifying the master and slave pair into
three classes by slot utilization. However this policy assumes the master has up-to-date
information of slave queue’s status like [2].

In [4], the authors use the similar priority policy as in [2] and [3] to improve the
performance of the system considering both throughput and delay on each Master-Slave
pair in scheduling decision. They use the amount of link utilization to assign a priority
class based on queue status of master and slave pairs. But they also assume that the
master knows up-to-date information of the slave-to-master queue status.

Some researchers proposed MAC scheduling policy to optimize power consumption
and improve slot utilization by using a low power mode in Bluetooth [5]. In this
research authors proposed variable sniff interval and variable serving time on the base
of slot utilization. However this scheduling policy is not adequate for dynamic traffic
and requires additional information.

In [6], several scheduling algorithms are compared. The Exhaustive Round Robin
(ERR) is a simple scheduling policy that uses a fixed order like RR. Yet, since the
master does not switch to the next slave until both the master and the slave queues are
empty, there is a danger that the channel can be captured by stations generating a higher
traffic than the system capacity. Thus, the Limited Round Robin (LRR) was proposed to
solve this capture effect Although the LRR also has a fixed cyclic order and is
exhaustive, like the ERR, parameter “t” is adopted to limit the number of transmissions
(tokens) that can be performed by each pair per cycle. The maximum number of
transmissions per cycle then limits the cycle length and avoids the capture effect.
Nonetheless, despite an improved throughput and fairness when compared with the RR
and ERR, the LRR still suffers from a slot wastage problem under asymmetric traffic
conditions.

Accordingly, on the foundation of the MAC scheduling algorithms in [2] and [6],
this paper proposes an enhanced Limited Round Robin with a priority policy (ELRR-
PP) based on slot utilization to improve the performance. Plus, fairness is maintained
using a maximum number of transmissions per cycle.

3. New ELRR-PP Algorithm

The proposed MAC scheduling algorithm (ELRR-PP) operates in accordance with
the master-slave queue status. As such, four classes of priority are assigned to the
master-slave pairs based on the existence of data in the respective queues, which is
similar to the method in [2], except the proposed method uses the current queue status
for the master and previous queue status for the slave.

Hence, additional information on the slave queue is not necessary, in contrast to [2].
This priority scheme is described in Table 1. Based on the classes, the slave with the
highest priority is polled first. It is also assumed that class 2 has priority over class 3, as
there is a possibility that the slave has no data to send to the master In the case of
several pairs in the same class, the pair with the largest amount of data in the master
queue has priority. But for the class 2, the pair with the smallest amount of data in the
master queue has priority to relegate this pair to class 4. The ELRR-PP algorithm is
described in figure 3.
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Table 1. Priority Scheme

Priority Queue status

Class 1 Master has packets in queue and the slave sent packets to the master during
previous turn

Class 2 Master has packets in queue and slave did not send packets to the master
during previous turn

Class 3 Master has no packets in queue and slave sent packets to the master during
previous turn

Class 4 Master has no packets in queue and slave did not send packets to the master
during previous turn
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Figure 3. Flowchart of ELRR-PP

To avoid starvation of the low priority pairs, a maximum number of transmissions
per cycle is adopted for each class, where Max1 is the maximum transmission number
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for class 1, and Max2, which is smaller than Max1, is the maximum transmission
number for class 2 and class 3. Parameter “t” is used to count the number of
transmissions in figure 2. To prevent slot waste, the polling interval for class 4 pairs is
modified. For the first cycle, such an inactive pair has the same opportunity to be
polled. But, if it still has no packets to send in the next cycle, the polling interval for
this pair is increased linearly by one cycle to limit the chances of transmitting packets.
Parameter “i” is used for this purpose in figure 3.

4. Performance Evaluation

To avoid starvation of the low priority pairs, a maximum number of transmissions
per cycle is adopted for each class, where Max1 is the maximum transmission number
for class 1, and Max2, which is smaller than Max1, is the maximum transmission
number for class 2 and class 3. Parameter “t” is used to count the number of
transmissions in figure 2. To prevent slot waste, the polling interval for class 4 pairs is
modified. For the first cycle, such an inactive pair has the same opportunity to be
polled. But, if it still has no packets to send in the next cycle, the polling interval for
this pair is increased linearly by one cycle to limit the chances of transmitting packets.
Parameter “i” is used for this purpose in figure 3.

To evaluate the proposed algorithm, a C++ discrete event simulator was used, and all
the simulations were based on a single piconet consisting of one master and six slaves,
where the master had a corresponding queue for each slave. The traffic mode
considered was ACL. The traffic at the master and each slave was generated
independently in accordance with a Poisson process. When comparing the proposed
algorithm with other algorithms, the maximum number of transmissions per cycle for
the LRR was set at 4, while for the proposed ELRR-PP it was set at 8 for class
1(Max1=8) and 4 for class 2 and class 3 (Max2=4).

Figure 4 shows the average delay when each master-slave pair had the same arrival
rate. As shown in figure 4, the ELRR-PP produced a lower delay, however, the
difference compared to the other algorithms was not significant.

180
[m— ELRR-FP
160 -| |HEEEN ERR
/I FRR
140 4 I LRR

120 o

100 -

Average Delay (ms)

01 0.2 0.3 0.4 06 06 07 0.8 09

Traffic Load

Figure 4. Average delay with same arrival rate
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Figure 5. Throughput with variant traffic load

To evaluate the delay characteristics when each pair had a different traffic
generation rate, the arrival rate was changed, as shown in table 2. The arrival rate of the
6th master-slave pair was changed from 0.03 to 0.27 to increase the system traffic from
0.4 to 0.88. As such, the arrival rate for slave 6 was increased from 0.03 to 0.27, while
that for the master was selected randomly between 0.03 and 0.27.

Table 2. Traffic generation Parameter

Piconet M1 S1 M2 S2 M3 S3

Arrivalrate | 0.2 | 0.02 | 0.05 | 0.007 | 0.007 0.05

Piconet M4 S4 M5 SO M6 S6

Arrival rate | 0.001 | 0.002 | 0.002 | 0.001 | Variable | Variable

Figure 5 presents the throughput for the 6th master-slave pair with a variant traffic
load. As Expected, the PRR produced a lower throughput than the other algorithms due
to the increased traffic load for slave 6. Meanwhile, the ELRR-PP produced a higher
throughout than the LRR, and higher or similar throughput to the ERR.

Figure 6 shows the average delay with a variant traffic load for slave 6. The delay of
the PRR suddenly increased when the traffic load for slave 6 increased. Also, the delay

of the LRR increased significantly as the traffic load increased The ELRR-PP
produced a lower delay than the PRR and LRR, and comparable performance with the
ERR.
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Figure 6. Average delay with variant traffic

5. Conclusions and Future Works

This paper proposed an enhanced Limited Round Robin with a priority policy for
data exchange within a Bluetooth piconet, and its throughput and delay performances
were evaluated. The proposed algorithm utilizes the status of the master and slave to
schedule the slots effectively, yet additional information on the slave is not necessary.
In simulations, the proposed ELRR-PP produced a better performance than the existing
PRR and LRR scheme. In comparison between proposed ELRR-PP and conventional
ERR, our proposed ELRR-PP has better or comparable performance when the ERR is
vulnerable to a channel capture problems.
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