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Q-BT: Queue-Based Burst Transmission Over an Asynchronous
Duty-Cycle MAC Protocol

Seungbeom Jeong, Hyung-Sin Kim, Sung-Guk Yoon, and Saewoong Bahk

Abstract—In this letter, we tackle the channel contention and
hidden terminal problems of asynchronous duty-cycle MAC pro-
tocols under heavy traffic scenario. To resolve the problems, we
design a queue-based burst transmission MAC protocol (Q-BT),
which couples burst (and fast) transmission and asynchronous
duty-cycle features together by using queue length information.
We evaluate its performance in a multihop testbed, which shows
that our proposal improves packet reception ratio and duty-cycle
performance by 70.2% and 59.1%, respectively, at a maximum
compared to BoX-MAC (i.e., the default MAC in TinyOS).

I. INTRODUCTION

L OW POWER and lossy networks (LLNs) have received
a great attention to support a variety of applications

including smart grid automated metering infrastructures, envi-
ronmental monitoring, and wireless sensor networks. Since an
LLN node has limited computing capability and uses battery as
its power source in many applications, simplicity and energy-
efficiency are two main factors to be considered in LLNs.

To support LLNs, a large number of duty-cycle medium
access control (MAC) protocols have been proposed. The first
group are synchronous MACs [1], which allow all neigh-
bor nodes to be synchronized and share a wake-up schedule.
However, they demand not only some computational burden but
also significant control packet overhead for time synchroniza-
tion and resource allocation, which are not suitable for low-cost
embedded devices. Some work such as TSCH [2] considered
time-slot scheduling in a TDMA manner, which requires even
tighter time synchronization.

Instead, asynchronous duty-cycle MAC protocols have been
widely used in LLNs [3]–[5]. Specifically, these protocols
allow each node to have its own wake-up schedule in a
distributed manner. Despite redundant transmission overhead
inherited in asynchronous operations, they achieve energy-
efficient packet delivery under the assumption that an LLN
generates lightweight traffic.

However, nowadays, LLNs also need to deliver heavy traf-
fic to support large scale applications such as smart grid. These
applications are supported by multihop LLNs consisting of a
large number of nodes, where nodes near a sink have to relay
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heavy traffic even though each node generates low rate traffic
[6]. In heavy traffic scenarios, asynchronous duty-cycle MACs,
regardless of their types (i.e., sender- or receiver-initiated),
experience severe performance degradation, in terms of both
packet delivery ratio and energy consumption, due to chan-
nel contention and hidden node collision. Resource-constrained
nodes have very small size queues [6], which worsens network
performance due to severe queue losses.

In this letter, we design a new MAC protocol, termed Q-BT ,
which exploits queue length information (i.e., the number of
packets that a node contains in its transmit queue) to enable
burst transmission under asynchronous duty-cycle operation in
an energy-efficient manner. Specifically, a channel contender
uses the queue information of a neighbor node to delay its data
transmission until the end of an ongoing (burst) data trans-
mission on the channel, which enables the neighbor node to
transmit its packets in a burst manner. We implement Q-BT
on the resource-constrained embedded platform of TinyOS and
evaluate its performance in a 25-node testbed, which shows
significant performance improvement compared to the other
competitive schemes in terms of packet delivery ratio and
energy efficiency.

II. RELATED WORK

Among asynchronous duty-cycle MAC protocols that have
been proposed so far, BoX-MAC [3] and RI-MAC [5] are
two representative protocols, which are sender- and receiver-
initiated ones, respectively. They show problematic behaviors
at heavy traffic load. In BoX-MAC, a sender transmits a packet
repetitively during a whole sleep interval since it does not know
when its receiver wakes up, which makes the channel busy for
too long. RI-MAC allows a sender to transmit a packet only
after receiving a beacon from its receiver, which incurs severe
channel contention among multiple senders at the end of a
beacon transmission.

Some recent work [7]–[9] improved throughput of asyn-
chronous duty-cycle MACs. Burst forwarding (BF) [7] enables
burst transmission on top of sender-initiated MACs by allow-
ing a sender to transmit multiple packets consecutively with-
out having random backoff once it wins channel contention.
However, when hidden nodes exist, BF experiences burst packet
collisions more severely than the default protocol of BoX-
MAC. Strawman [8] and STAIRS [9] addressed the packet
collision problem of receiver-initiated MACs in a single hop
network where all nodes share a single parent. However, they
suffer from packet collisions among nodes that have different
parent nodes in a multihop network.

There have been recent studies that use queue length to
achieve high throughput in LLNs [10]–[12]. In BEAM [10],
a receiver replies with an ACK that contains its transmit queue
length, which enables the sender to delay its packet transmis-
sions to mitigate queue overflow at the receiver. However, this
incurs severe queue losses at the sender-side when delivering
heavy traffic. In LA-MAC [11], a receiver schedules packet
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Fig. 1. Comparison of BoX-MAC with BF for a single channel case.

transmissions of multiple senders according to their priorities
and queue length information, which requires additional con-
trol packet overhead and computational burden. In T-AAD
[12], a receiver temporarily decreases its sleep interval con-
sidering the sender’s queue length, which reduces transmission
delay but cannot relieve channel contention nor support burst
transmission.

III. Q-BT DESIGN

In this section, we propose Q-BT that aims to improve
both throughput and duty-cycle performance in heavy traffic
scenarios by using queue length information without incur-
ring any control packet overhead. We first describe BoX-MAC
(the default MAC in TinyOS) and BF in detail to clarify our
motivation, and go on to Q-BT design on top of BoX-MAC1.

A. Limitations of BoX-MAC and BF

We describe the limitations of BoX-MAC in a heavy traffic
scenario using Fig. 1(a), in which a pair of nodes exist, and R
and S represent receiver and sender, respectively. First, BoX-
MAC’s repetitive transmission overhead incurs severe channel
contention among multiple senders, which causes a signifi-
cant delay for channel access. Furthermore, since each single
transmission requires clear channel assessment and backoff
(C&B) for channel access, a node cannot transmit packets fast
even when its queue is nearly full. Lastly, even if a node suc-
ceeds in channel access, it may still experience transmission
failure due to the hidden terminal problem2.

As depicted in Fig. 1(b), when a BF sender has multiple pack-
ets in its queue and wins channel contention, it consecutively
transmits all the packets without C&Bs to occupy the chan-
nel until its queue becomes empty. However, hidden nodes still
freely access the channel and cause transmission failures. The
problem becomes even more severe when hidden nodes also
trigger burst transmissions, which results in burst packet col-
lisions as depicted in Fig. 1(b). To avoid the hidden terminal
problem, the authors in [7] proposed each neighbor node to use
a different channel, but this is not a good solution due to waste
of spectrum usage and WiFi interference3.

1Even though we design Q-BT in a sender-initiated MAC, our idea of
queue-based burst transmission can be easily applied to receiver-initiated MAC
protocols with a few modifications.

2Although there exist hidden terminals, BoX-MAC occasionally succeeds in
packet transmissions owing to random backoff, as shown in Fig. 1(a).

3Note that only channel 26 in IEEE 802.15.4 is free from WiFi interference.

Fig. 2. Operation example of Q-BT.

B. Q-BT Description

Unlike BoX-MAC and BF, Q-BT achieves burst transmis-
sion even when a sender and its hidden nodes coexist on the
same channel by resolving contention and hidden terminal
problems. Our key idea is that a node uses queue length
information contained in data and ACK packet headers that are
sent by neighboring nodes. Specifically, a channel contender
overhearing this queue length information uses it to determine
its sleep duration. Fig. 2 shows an example case where three
senders (denoted as S1, S2, and S3) transmit data packets to
one receiver (R). Assume S1, S2, and S3 have four, two, and
one data packet(s) to transmit, respectively, and S1 and S3 are
hidden to each other.

S1 starts to transmit a data packet with C&Bs4 that con-
tains its current queue length of 3. R wakes up and receives
the packet. Since it received the packet indicating S1’s queue
length of greater than zero, it keeps its radio on to receive the
next packets from S1, which enables burst packet reception.
Furthermore, contenders (e.g., S2) who overhear piggybacked
queue length information of a data packet compute the remain-
ing time of the ongoing burst transmission as

Tsleep,D = Q DTex (1 + Mre) + Tack . (1)

Here Tex is the time interval for a successful exchange of
data and ACK packets, Q D is the queue length obtained from
overhearing the data packet, and Tack is the time for ACK
transmission. Lastly, Mre is the margin of error considering
the potential packet retransmissions due to external interference
and channel perturbation, which can be determined depending
on network conditions [12].

Until Tsleep,D passes, contenders delay their data trans-
missions, which allows a sender to occupy the channel for a
whole burst transmission without being interfered. Moreover,
each contender is enabled to turn off its radio for Tsleep,D to
save energy. We call this function ‘sleep-after-overhearing’.
For example, Fig. 2 shows that S2 obtains S1’s queue length
information (i.e., Q D = 3) by overhearing S1’s data trans-
mission, stops contending for the channel access, and goes to
sleep for Tsleep,D (= 3Tex (1 + Mre) + Tack), which lowers
energy consumption of S2 and allows contention-free burst
transmission of S1.

The burst transmission can still fail due to the hidden ter-
minal problem. To resolve this problem, we design a receiver
to echo the queue length information of its sender when it
transmits an ACK. By doing so, the receiver enables its neigh-
boring nodes to overhear the queue length information of the
sender. From this ACK overhearing, hidden contenders (e.g.,
S3) also postpone their transmissions and trigger the sleep-
after-overhearing function. The sleep duration induced by ACK

4The subsequent packets are transmitted without C&Bs.
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Fig. 3. Testbed topology with a snapshot of a routing path given by RPL.

overhearing is calculated as

Tsleep,A = Q ATex (1 + Mre), (2)

where Q A is the queue length information obtained from over-
hearing the ACK. In Fig. 2, we also depict that a data packet
and its corresponding ACK contain the same queue length
information, and S3 (hidden to S1) turns off its radio after over-
hearing an ACK from R. Thus, Q-BT enables S1 to exploit burst
transmission without suffering the hidden terminal problem.

As another approach to the hidden terminal problem, we can
consider applying RTS/CTS mechanism to LLNs. However,
it is not suitable to LLNs, differently from WiFi networks,
because it incurs significant control overhead that consumes
40%–75% of the channel capacity due to the small data size
(<128 bytes) allowed in LLNs [13].

IV. PERFORMANCE EVALUATION

This section compares the performance of Q-BT with that of
BoX-MAC and BF through experimental measurements.

A. Experimental Setup

As depicted in Fig. 3, we have configured a testbed environ-
ment. There are 24 LLN nodes and one root node (marked with
the star) in an office. Each node is a TelosB clone device with
an MSP430 microcontroller and a CC2420 radio, and uses a
transmission power of −10 dBm with an antenna gain of 5 dB,
which forms a four-hop network. The network degree in the
experimental topology is 6.5 on average. We use only channel
26 of IEEE 802.15.4 for experiments, which means that our
testbed environment has the limited channel resource.

For upper layers, we use the UDP/IPv6/6LoWPAN stack
and IETF standard routing protocol for LLN (RPL) in TinyOS,
called BLIP and TinyRPL, respectively5. The maximum
allowed size of FIFO transmit queue at IPv6 layer is 10 pack-
ets. Each node except the sink periodically generates uplink
data packets with the maximum MAC payload size of 127
bytes, targeting at the sink through multihop communications.
Finally, each node wakes up every 2 seconds, whereas the
sink always keeps its radio on6. Each result in Section IV-B
comes from 10 times of 1-hour experiments and an error bar
represents 95% confidence interval.

B. Evaluation Results

Figs. 4(a) through 4(d) plot the end-to-end packet reception
ratio (PRR) and duty-cycle performance according to varying
uplink packet interval (3 to 7 seconds). First of all, Fig. 4(a)

5We conducted all experiments during the nighttime (stable link) to focus on
link layer behaviors rather than routing topology changes by RPL.

6It is a common setting since the sink node is usually connected to a wall-
powered device.

Fig. 4. PRR and duty-cycle performance with varying packet interval.

Fig. 5. Ratio of the number of burst transmissions in Q-BT to that in BF at
node 7.

shows that the PRR performance of BoX-MAC is severely
degraded as traffic load increases. Given that our wireless
environment provides fairly stable link quality which results in
negligible link losses (<1%), severe packet losses mainly come
from queue losses7.

From Figs. 4(a) and 4(b), we can see that Q-BT provides
much better average PRR and duty-cycle performance than
the others. The performance improvement becomes more sig-
nificant as traffic load increases, which verifies that Q-BT is
quite effective in resolving congestion with energy saving.
Specifically, Q-BT improves the PRR up to 70.2% and reduces
duty-cycle up to 59.1% compared to BoX-MAC. Figs. 4(c) and
4(d) reveal that Q-BT also provides fairer PRR and duty-cycle
performance among nodes (i.e., better Jain’s fairness index).

An interesting observation is that BF underperforms
BoX-MAC, which contradicts the results in [7]. In a single
(restricted) channel environment, BF suffers from hidden
node collision more severely than BoX-MAC case due to its
burst transmission nature without having C&Bs. In contrast,
Q-BT achieves contention-free burst transmissions by using
queue length information included in data and ACK packet
headers. The performance degradation of ‘Q-BT without ACK
overhearing (AO)’ case reveals the effect of echoing queue
length in ACK packets.

To investigate the effectiveness of Q-BT more precisely, we
counted the number of successful burst transmissions at a bot-
tleneck node (i.e., node 7 in our experiments). Fig. 5 plots the
ratio of the number of burst transmissions in Q-BT to that in BF
with varying uplink traffic load. It shows that Q-BT achieves
much more successful burst transmissions than BF, up to five
times, which confirms that it greatly mitigates contention and
hidden terminal problems during burst transmissions.

From Fig. 4(b), we observe that duty-cycle in Q-BT first
increases and decreases with traffic load (i.e., concave shape),
even though heavy traffic load naturally incurs more energy
consumption. To analyze this phenomenon, we use Fig. 6 that
plots the sleep duration triggered by the sleep-after-overhearing
in Q-BT with varying traffic load. It shows that the sleep

7Note that we consider very heavy traffic loading.
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Fig. 6. Sleep duration thanks to sleep-after-overhearing operation in Q-BT.

Fig. 7. Number of queue losses and queue loss ratio when the uplink traffic
period is 4 seconds.

duration increases with traffic load since each node overhears
others’ transmissions more frequently. This results in a
concave-shaped duty-cycle performance with traffic load.

To take a deeper look, we use Fig. 7(a) that plots the number
of queue losses at each node when the uplink traffic interval is
4 seconds. It shows that queue loss performance is quite unbal-
anced even among the nodes with a same hop distance. That
is, most of queue losses occur only at nodes 7 and 17, each of
which has six and seven children nodes, respectively, as shown
in Fig. 3. This is due to the load balancing problem of RPL [6],
which reveals that the link layer needs to resolve congestion
caused by the routing protocol.

Now, let’s turn our attention to the queue loss ‘ratio’, which
is defined as the number of queue losses divided by the number
of packet transmission requests at IPv6 layer. From Fig. 7(b),
we can observe that children nodes of a bottleneck node suffer
from severe queue loss ratio even when they deliver a relatively
small amount of traffic. This confirms that the traffic congestion
at a bottleneck node has a negative impact on the performance
of its children nodes as well as its own.

Furthermore, Figs. 7(a) and 7(b) show that Q-BT substan-
tially reduces queue losses at both bottleneck nodes and their
children nodes by using burst transmissions. This significant
improvement is achieved at a cost of incurring more queue
losses at nodes 6 and 8 (leaf nodes) than the other schemes
despite their low traffic load. This is because they are adjacent
to congested nodes (i.e., nodes 4, 5, and 7), and thus frequently
delay packet transmissions by sleep-after-overhearing.

Fig. 8 shows more details about this delay characteristics
of Q-BT. Specifically, Q-BT requires longer average transmis-
sion delay than the others, since bottlenecks’ neighbor nodes
postpone their transmissions frequently. However, this enables
rapid packet transmissions of bottleneck nodes (e.g., ∼8 times
faster in the case of node 7), which significantly reduces
queue losses. Our results confirm that Q-BT makes a group
of resource-constrained nodes collaborate together to convert
queue losses at bottleneck nodes into a bit longer average delay,
thus considerably improving PRR in the network.

Lastly, we investigate the effect of the margin of error (Mre)
in Eqs. (1) and (2) by using Fig. 9, which shows that Q-BT

Fig. 8. Per-hop transmission delay when the packet interval is 3 seconds.

Fig. 9. PRR vs. margin of error (Mre).

provides the best PRR performance with Mre = 3 and Mre = 1
during the daytime and nighttime, respectively. Q-BT needs
larger Mre during the daytime than the nighttime because it
incurs more link layer retransmissions due to dynamic link
conditions. This reveals that Mre needs to be set considering
link characteristics.

V. CONCLUSION

In this letter, we have tackled the congestion problem in asyn-
chronous duty-cycle MAC protocols at heavy traffic load. To
resolve the problem, we proposed Q-BT, which performs burst
packet transmission by exploiting queue length information
included in data and ACK packet headers. We have imple-
mented our Q-BT on resource constrained embedded devices
and evaluated its performance through testbed experiments. We
have confirmed that Q-BT outperforms BoX-MAC and BF con-
siderably at heavy traffic load, in terms of end-to-end packet
delivery ratio and energy consumption.
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