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Abstract—The energy efficiency and delivery robustness are
two critical issues for low duty cycled wireless sensor networks.
The asynchronous receiver-initiated duty cycling media access
control (MAC) protocols have shown the effectiveness through
various studies. In receiver-initiated MACs, packet transmission
is triggered by the probe of receiver. However, it suffers from the
performance degradation incurred by packet collision, especially
under bursty traffic. Several protocols have been proposed to
address this problem, but their performance is restricted by
the unnecessary backoff time and long negotiation process. In
this paper, we present Contention Detectable MAC (CD-MAC),
an energy efficient and robust duty-cycled MAC for general
wireless sensor network applications. By exploring the temporal
diversity of the acknowledgements, a receiver recognizes the
potential senders and subsequently polls individual senders one
by one. We further design efficient algorithm to avoid the possible
acknowledgement collision. We implement CD-MAC in TinyOS
and evaluate the performance on an indoor testbed with single-
hop and multi-hop networks. The results show that CD-MAC
can significantly improve throughput by 1.72 times compared
with the state-of-the-art receiver-initiated MAC protocol under
bursty traffic loads. The results also demonstrate that CD-MAC
can effectively mitigate the influence of hidden terminal problem
and adapt to network dynamics well.

I. INTRODUCTION

Wireless sensor networks (WSNs) are widely used in many
different scenarios [1] [2] [3] [4]. Due to the constraint of
energy resource, the radio of sensor motes usually works in
low duty cycle mode [5] [6] [7] to extend network lifetime. A
widely adopted low duty cycle media access control (MAC)
is asynchronous receiver-initiated, such as the pioneered RI-
MAC [8] and the state-of-the-art A-MAC [9]. In A-MAC,
for example, nodes periodically wake up and send a data
solicitation (probe) to notice potential senders [11]. When a
packet is pending, a sender waits the intended receiver’s probe.
Then it sends the packet after successfully decoding the probe.
Many works [8][9][10][11] have reported the energy efficiency
and versatility of this scheme.

One critical issue [10] of duty cycling MAC is that the
opportunity of data reception is decreased, since the radio is
mostly turned off. As a result, the probability of packet colli-
sions increases [12]. This problem will be further aggravated
when the traffic load is bursty or high. Consider an event-
driven network [13], nodes stay keep silence until an event
occurs. Upon detecting the event, several nodes simultaneously
report it, leading to sudden bursts of traffic [10][13]. Beyond

that, network image updates [14] and periodic data collection
with high sampling rate [15] also can generate a lot of traffic
within a short time. Thus, it is of great importance to design
an efficient contention resolution mechanism.

For the asynchronous receiver-initiated duty cycling MAC,
it allows a receiver to coordinate the potential senders by either
dynamically adjusting the backoff period [8][9] or involving
extra negotiation process [10][16]. Although these existing
methods alleviate the contention problem in some degree, some
innate limitations still hamper their performance. First, enlarg-
ing the backoff period to avoid collision will reduce energy ef-
ficiency and throughput. Second, the extra negotiation process
will increase the energy baseline. Finally, some requirements
of the auxiliary information (synchronization, signal strength,
packet length, etc.) [17] might limit the scalability.

On the other hand, the way that a receiver coordinates
all senders based on traditional TDMA reservation approaches
[18] also holds several limitations. A notable drawback [5] is
that due to the fixed slotted schedule, TDMA-based reservation
approaches are hard to achieve adaptive duty-cycle for diverse
traffic patterns. Moreover, the reliability depends on the syn-
chronization accuracy between the receiver and the senders,
consuming extra maintenance overhead.

To address these issues, we present Contention Detectable
MAC (CD-MAC), which integrate a novel and light-weight
contention resolution mechanism into receiver-initiated duty
cycling MAC. The basic idea is that the receiver utilizes the
temporal diversity [19] of multiple probe acknowledgements
(ACK) to recognize the potential senders, then it will poll the
data one by one. Since the period of one ACK transmission is
very short (192 us for CC2420 [20]), the overhead of coordina-
tion process is low. CD-MAC also does not need any auxiliary
information. However, if the receiver fails to receive any ACK
due to ACK collision, the performance will be degraded. We
further develop an algorithm to resolve the potential ACK
collision problem. With CD-MAC, we improve the energy
efficiency and network reliability for general wireless sensor
network applications.

The main contributions of this work are as follows:

•We develop a practical and novel contention resolution
mechanism for duty cycling wireless sensor network by utiliz-
ing the temporal diversity of multiple ACKs.

•We propose CD-MAC to improve the performance of
asynchronous receiver-initialed duty cycling protocols for var-978-1-4673-7331-9/15/$31.00 c© 2015 IEEE
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Fig. 1. Overview of CD-MAC with burst traffic load, which consists of
reservation frame and packet polling stage. Among the duration of reservation
frame, senders reply ACKs to confirm the success reception of S-probe (C).
During the packet polling stage, R polls senders by D-poll (dark square with
a number) in orderly manner according to the acknowledged slot sequence
number. D-poll is also used to acknowledge previous data packet.

ious traffic patterns (periodic and bursty). In CD-MAC, we
design an efficient algorithm to resolve ACK collision prob-
lem.

• We implement CD-MAC in TinyOS and evaluate it on a
testbed with single-hop and multi-hop networks. The results
demonstrate that CD-MAC can improve throughput by up
to 172% compared with the state-of-the-art receiver-initiated
MAC protocols under bursty traffic loads with low overhead.
The results also demonstrate that CD-MAC effectively miti-
gates the influence of hidden terminal problems and adapts to
network dynamics well.

The remainder of this paper is organized as follows. Section
II illustrates the detailed design of CD-MAC, followed by
its implementation and evaluation in Section III and IV,
respectively. We discuss the related work in Section V. Finally,
in Section VI, we present the conclusion of this paper.

II. DESIGN OF CD-MAC

A. Design Overview

Under a receiver-initiated MAC design framework, the
basic operation of CD-MAC is the following. A sender listens
for transmission solicitation from the intended receiver. The
receiver, upon waking up, immediately sends a probe if the
channel is sensed to be idle, notifying all potential senders
within its range that it is ready to receive packets, as well
as initiating a reservation frame (referred to as RSVP frame)
containing a certain number of slots immediately following the
probe. A sender, upon receiving the probe, acknowledges it
using an ACK sent within a selected slot in the reservation
frame, thereby announcing its intention of sending data to
the receiver. At the completion of the reservation frame,
the receiver obtains the information on the quantity and the
difference between nodes which are ready to send by exploring
the temporal diversity, with the possibility of ACKs lost to
corruption or collision when multiple ACKs happen to be
sent within the same slot. The receiver then poll each of
the pronounced senders, one at a time, for data transmission.
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Fig. 2. ACK collision ratio as a function of the reservation frame size n,
with and without using m. Node IDs are from [0, 1000], and NS denotes the
number of neighbor nodes

The amount of data sent by each sender upon being polled is
adjustable and can be catered to the need.

This operation is depicted in Fig. 1: Si (1 ≤ i ≤ 5) holds
data and waits for the intended receiver R to wake up. When
R wakes up, it sends a Sender Probe (referred to as S-probe
or C in all figures) packet to notify senders of its readiness
to receive, and to indicate the start of a reservation frame
consisting of n time slots. Contained in the S-probe are two
integers, n and m, an auxiliary parameter used by a sender to
compute the slot number (the position in the reservation frame)
in which to send its ACK adopting software acknowledgement
(details of the computation is given in the following Section).
Both n and m can vary from one solicitation to another. During
the reservation frame an ACK could be lost due to corruption
(see e.g., the ACK sent by S5 as illustrated in Fig. 1), or
due to collision if two senders happen to compute the same
slot number to use. In such cases the receiver will have missed
these senders. Those whose ACKs have been successfully sent
and received by the receiver will be referred to as announced
senders.

Following the reservation frame, the receiver starts the
packet polling stage, in which it polls the announced senders,
one by one. Each polling starts with a Data-poll (referred to
as D-poll or P in all figures) packet, which also serves as
an ACK to the previous packet transmission, if there is one.
This process is repeated until the receiver has polled all the
announced senders. Within each poll, the polled sender can
choose to send some or all of its data, i.e., each poll may
occupy different amount of time.

At the conclusion of the data polling stage, the receiver
may decide to conduct another solicitation by sending out
another S-probe, or go to sleep mode. The former decision can
happen if the sender has reason to believe there had been ACK
collision in the previous round. If so it can adopt a different
frame size n for the next round.

Note that the adoption of variable n, which means a sender
may reply the receiver by selecting different slot sequences,
in RSVP phase is aim to make the tradeoff between the
adaptivity of variant network traffic, network dynamics, and
energy efficiency. Because in silent phase network traffic is
low, a few slots are enough to differentiate the potential
senders. However in a network with sudden burst traffic, an
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Fig. 3. The gap between the number of expected senders and the number of
factual senders.

increasing number of slots are needed. Consider this situation,
using RSVP with variable slot number is much more adaptive
to network dynamics than the method with fixed slot [28].

The selection of parameters n and m, as well as other
design details are given below.

B. Reservation Frame Size and Slot Computation

One of the most critical design parameters of our scheme is
the size of a reservation frame (n) and the procedure a sender
uses to determine its slot position in the frame using the two
integers n and m. The objective is to do it in such a way so
that the senders will select slot numbers that tend to spread out
across the frame so as to minimize the probability of collision.

We now detail the procedure a sender S uses to determine
its slot number. The input to this process consists of n, m, as
well as the sender’s (network-wise) ID number denoted by s,
and the output is the slot number denoted by π(s,m, n). The
procedure takes two steps: S first maps its ID s into an integer
within [1,m], then further into the range [1, n], both using a
modulo operation:

π(s,m, n) = Mod (Mod(s,m), n) . (1)

The rationale behind this double-modulo process is to provide
one more degree of freedom so we could achieve a better
tradeoff between having low delay (which requires a relatively
small value of n) and low collision rate over slot selection
(which requires a sufficiently large value of n).

1) Optimal choice of m: Specifically, we let a receiver first
fix the value for n, chosen from a pre-set range [nmin, nmax].
The dynamic selection of n is detailed shortly. The selection
of the value for m is then determined by the following
minimization problem:

min
m

∑∑

i �=j

I{π(si,m,n)=π(sj ,m,n)} (2)

where si, sj denote a pair of nodes in the network, and the
indicator function IA = 1 if A is true and 0 otherwise. The
above objective function seeks to minimize the total pair-wise
collisions in slot selection. The optimal m values can then be
computed for each selection of n values. CD-MAC assumes the
vast majority of child nodes’ IDs are known, which is achieved
by collecting the topological relation from data packets and
routing beacons. The computation is triggered when network
topology has been constructed according to the inter-routing
beacon interval. Then, CD-MAC gets a set of parameter pairs,
and selects one of them before sending each S-probe. The
computation will also be triggered again when discovers a new
child node. Note that the computation complexity is O(mnc),

Fig. 4. The 4th bit of FCF is used to achieve batch transmission, the reserved
5 bits are used to attaching slot sequence number.

where m is the space size of m, n is the space size of n,
and c is the amount of child nodes, the cost of computation is
usually very small because of limited n and c. For efficiency,
we set the range of m from 0 to 1000 in our implementation.
The feasibility is simulated in the following description.

The effectiveness of the two-pass modulo operation is
demonstrated in Fig. 2, where we plot the simulated ACK
collision rate after the node IDs are mapped into multiple
slots (ranging from 4 to 20) within the reservation frame, as
a function of the frame size n. Here a node ID s∈[0, 1000];
m is ranging from 0 to 1000; up to NS node IDs are drawn
from this set to represent the number of neighbor nodes. We
then compare the collision rate between using a two-pass
process (i.e., collisions based on mapping the node IDs using
π(s,m, n) with an optimal choice of m; denoted as w/m in the
figure) and not using a two-pass process (i.e., collisions based
on mapping the node IDs using π(s, n, n); denoted as w/o m
in the figure). As can be seen, there is a dramatic reduction in
collision rate. In particular, with a neighborhood size limited to
5, this two-pass modulo process practically reduces the ACK
collision to zero.

Note that the above objective can also be modified to take
into account different transmission rate of different senders, if
such information is available from historical data. For instance,
the pairwise collision count can be weighted by the probability
both nodes of the pair actually have data to send. Also note
that this minimization is over the entire set of nodes, whereas
for each transmission instance, a receiver is most likely faced
with only a subset of node as senders.

2) Adaptive selection of n: The selection of n consists of
two stages. One is to select an initial n for node’s wakeup, and
the other is to select a different n to differentiate the potential
senders which selected the same time slot in previous round.

For the former, the idea is to increase n if the sender per-
ceives high volume of traffic or large number of senders, and
decrease n otherwise. Consider that the expected traffic load
during current wake up is related to that of previous period.
Hence, we use moving average to calculate the expected slot
number nexp of current wake up. nold is the accumulated value
of slot number, and nnew is the total number of senders when
the receiver previously woke up. We update the accumulated
value by nexp = α ∗ nold+(1 − α) ∗ nnew. For the latter, a
receiver can select a different value of n from the given range
in each round (from the sending a S-probe to the replying an
acknowledgement for the transmission from the last announced
sender). For simplicity, we change n in each successive round
by decreasing 1 (if n is decreased to nmin, n increases by 1).
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Fig. 5. Batch transmission. To successively transmit the holding data packets,
S sets the frame pending flag (b) in FCF of packet header. By receiving a
flagged data packet, R will poll S again.

�

�� ����

�

(

�

�

�� �����

���� �

�

����

Fig. 6. Handling packet loss. If the data packet from S1 is lost and the
packet waiting time of R exceeds Tpwt, R moves on to S2.

To get a rational value of α, we trace the amount of
senders in each wakeup interval of a certain node, which has 23
children nodes, during an entire day. By setting different value
to α, we get the average gap between the actual amount of
senders and the expected amount of senders (nexp) as Figure 3
shows. To achieve a better tradeoff between having low gap
and high adaption to dynamic, 0.4 is a rational value for α. By
setting n to be nexp plus 2 or nmin, whichever is greater, the
vast majority of packets can be polled during the first round.
Note that the optimal value of α changes with data transmis-
sion rate, a robust and efficient method should dynamically
adjust the parameter. Some machine learning methods [21]
could be used to adjust α. However, for simplicity, we use
a fixed experimental value in our implementation.

C. Other design considerations

1) Batch Transmission: If a sender holds multiple packets
ready for the receiver, then CD-MAC allows batch operation
from this sender as follows. Upon being polled by the receiver,
the sender sends the first packet with the batch transmission
bit (flag b in Fig. 5) which is marked as frame pending of the
MAC layer header in Fig. 4 to inform the receiver that there
is at least one more packet. Upon receiving the packet, the
receiver will then poll the same sender again with another D-
poll packet. The batch transmission has involved the principle
of fairness, which is not in the scope of this paper and was
referred to [22].

2) Handling Packet Loss: A polled packet may not mate-
rialize, either because loss due to corruption, or because the
sender moved away, or somehow the ACK was incorrectly
received. There is a timeout value the receiver associates with
each D-poll packet; upon expiration of this timer if the receiver
has not received from the sender, the receiver will move on to
the next announced sender with a new D-poll as Fig. 6 shows.
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Fig. 7. Against singular announced sender. R does not poll S by receiving
only one ACK. Without listening a D-poll from R within Tdpt, S immediately
transmits its packet to R.

If this happens due to packet loss, then the sender will not have
received an ACK from the receiver (under normal operations
carried in the next D-poll), and will thus participate in the
reservation process during the next round.

3) None or singular announced sender: If the reservation
frame reveals that there is no or only a single announced
sender, then subsequent polling becomes unnecessary. By
receiving zero ACK after the reservation frame, the receiver
turns off the radio to go to dormant state. By receiving only
one ACK, the receiver can simply wait for a small period for
the sender to transmit. At the same time, the sender keeps a
timer Tdpt waiting to hear from the receiver a D-poll. If by
the expiration of Tdpt it does not hear one, then it concludes
that it is the only sender and proceeds with transmission to
the receiver. This is shown in Figure 7. After a period of time,
Tpwt which is a little larger than Tdpt, if the receiver does
not receive any data packet, it considers that a data collision
occurs, and sends a S-probe with a different n to differentiate
the potential contenders.

4) Carrier Sense: The time interval between D-poll and
data packet (TIDD) is almost a fixed value in CD-MAC. TIDD
is decided by system time cost for checking from receiving an
full packet to transmitting a pending data packet. CD-MAC
adopts a fixed backoff time (DBT) which is a little longer
than TIDD to avoid inter-flow interference.

III. IMPLEMENTATION

We implement CD-MAC in TinyOS run on the TelosB plat-
form equipped with 802.15.4-compliant CC2420 radios. Below
we discuss a few implementation-specific issues, including the
selection of various parameter values. These are summarized
in Table I.

A. ACK Detection

One of the most critical steps of the proposed approach is
the reservation process by the senders, and the ability of the
receiver to detect these ACKs and find out who send them, so
that it can poll the right set of senders in the data receiving
stage.

Note that different from 802.11, under ZigBee and in
particular CC2420, an ACK contains a Data Sequence Number
(DSN) but no source ID information. Therefore the receiver
cannot immediately tell who the sender is just by decoding
the ACK packet. This is where the two-pass modulo mapping
method comes into play. If the receiver can detect accurately
that a single ACK was sent during slot π, then it can poll the
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TABLE I. PARAMETERS SETTING OF DIFFERENT EXPERIMENTS.

Parameter Value

slot duration: Tslot 0.4 ms

first ACK delay: Tbase 2.3 ms

maximum frame size: nmax 19

minimum frame size: nmin 4

maximum auxiliary m: mthr 100

D-poll waiting timer: Tdpt 2 ms

auxiliary data packet waiting timer: Tpwt 6 ms

sender whose ID s must satisfy π = Mod (Mod (s,m), n).
In other words, even though the receiver may not be able
to uniquely determine s, the fact that the ACK is decoded
correctly suggests there is only one node whose ID maps into
slot π, and therefore can be successfully polled to transmit its
data.

To ensure sufficiently high ACK reception accuracy, the
size of a reservation slot, Tslot needs to be carefully determined
based on the time it takes a sender to reply with an ACK, and
the time variance caused by clock skew and system deviation.
The former is a constant value while the latter is a variable.
From the receiver’s perspective, if the time of reception, say
Tr, of an ACK satisfies the following condition:

Tbase +KTslot ≤ Tr < Tbase + (K + 1)Tslot , (3)

the slot number of the received ACK is taken to be K. Here
Tbase is the expected time from the completion of transmitting
an S-probe to the reception of an ACK replied in the first slot.
Tbase varies little and is almost constant.

An ACK is considered to have been corrected re-
ceived/detected, if the detected reservation slot number cal-
culated above matches the actual slot number a sender used.
We use the probability of correct detection to measure the
accuracy of our approach, and the result as a function of the
slot size is shown in Fig. 8(a). We see that provided Tslot is
no less than 0.3ms (a little longer than the time for receiving
an ACK), the accuracy is close to 100%.

The maximum slot number, nmax, is set to 19 using results
shown in Fig. 2. With this choice the two-pass modulo process
reduces the ACK collision rate to no more than 5%, even with
the neighbor count as high as 20.

We end this subsection by taking a look at the overall ACK
reception ratio, especially when there are multiple senders.
This result is shown in Fig. 8(b). We see that the ACK receipt
ratio under different number of senders is no less than 96%
by setting the Tslot to 0.4ms.

TABLE II. SETTING OF D-POLL WAIT TIME THRESHOLD AND RELATED

ACCURACY.
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B. Adaptive Parameter Selection

To measure the performance of our adaptive parameter
selection and slot computation, we records the amount of
missed and expected ACKs of each S-probe to compute ACK
loss ratio. Moreover, we evaluate two different slot compu-
tation methods which are random selection method and ideal
selection method. Under the former, a sender selects a slot
to reply an ACK randomly, and under the latter, each sender
replies an ACK in a fixed slot without ACK collision. The
adaptive selection method combines the receiver’s coordination
with the senders’ slot computation. By understanding the
potential neighbor nodes, the receiver provides an optimal
parameter pair (n and m) attached in S-probe. Then, each
sender computes a slot sequence number using the parameters
and its identity. Fig. 8(c) shows the comparison. The ACK loss
ratio of the ideal selection method (about 5%) is due to the
unreliability of link quality. It is shown that there is no clear
distinction between our adaptive selection method (Applied
Method) and ideal selection method on ACK collision ratio
with the increasing of the number of contenders. In addition,
the ACK loss ratio of random selection method is above 20%
when there is more than 2 contenders. It can be concluded
that the random selection method performs unsatisfactorily
just like random backoff in traditional MAC protocols, and
the adaptive parameter selection method used by CD-MAC is
near the optimal method.

C. None or singular announced sender

We now examine the performance of the proposed method
when there is none or a single sender responding to the
receiver’s transmission solicitation. As described earlier, in
this case our approach uses timers by the sender (Tdpt) and
the receiver (Tpwt) to either trigger the data transmission or
move quickly to the next round. To determine the right choice
for Tdpt, we perform a set of experiments using two flows to
transmit data packets independently. In any one flow, multiple
senders transmit data packets to one receiver. Each sender’s
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same next hop, the wake up interval is set to 128ms and IPI is set to 128ms.

inter-packet interval (IPI) is set to 10s, and the wake up interval
is set to 512ms.

As Table II shows, positive error is the misjudgment:
when the D-poll probe is delayed, the sender makes a wrong
decision (inferring that the receiver adopts negatively waiting)
to immediately transmit data packet. Negative error means that
the sender does not receive D-poll probe which has already
been emitted by receiver (D-poll loss). The negative error may
cause packet collisions because the sender thinks there is no
other contender and transmits data packet instantly although it
is not its turn to deliver packet. With the increasing of Tdpt, the
accuracy of senders’ estimation increases. By the experimental
results, it is clear that the negative error is stable because the D-
poll loss is stable in a certain scenario. With the increasing of
Tdpt, the positive error decreases rapidly. To weigh the positive
error and radio on time, we set Tdpt to 2ms in CD-MAC.

IV. EVALUATION

In this section we test the performance of CD-MAC.
Specifically, we compare the collision indications (mean trans-
mission count, mean congestion backoff count, and mean
single hop delay), reliability and energy consumption of CD-
MAC with that of the state-of-the-art protocols, such as X-
MAC (sender-initiated) [23], A-MAC (receiver-initiated) [9],
and A-MAC combined with Strawman [10].

Briefly, X-MAC is the most typical and widely applied
MAC protocol, over which packet transmission is initiated by
sender. A-MAC is the state-of-the-art receiver-initiated link
layer protocol for low-power wireless networks that provides
the most energy efficiency compared with existing receiver-
initiated link layer protocols. Strawman is a contention res-
olution mechanism designed for receiver-initiated low-power
networks that experience traffic bursts. It lets multiple senders
to contend for the next data transmission time by simul-
taneously sending contention packets with different lengths
once detecting data collision. The sender with the longest

contention packet wins and completes its transmission in the
next time slot. Strawman is just activated when link layer
protocol detects data collision.

A. Evaluation Setup

In our experiments, each node generates a packet with a
fixed IPI. The packet length is 100 Bytes. The wake up interval
and IPI are set according to experiment scenarios. For each IPI,
the experiment time lasts at least 30 minutes and is repeated
at least five times. The experiments are conducted at a time
with minimal human activity to reduce its impact.

We perform several sets of experiments. First, we conduct
a one-hop experiment where multiple senders transmit packets
to the same receiver. Second, we conduct a multiple-hop exper-
iment to test the performance of collection tree protocol (CTP
[24]) built upon CD-MAC, X-MAC, and A-MAC, respectively.
Third, we test the performance of these protocols with hidden
terminals.

In the single hop experiments, by accurately letting all
senders transmit packets to the next hop node during an
IPI to generate burst traffic load, we use A-MAC combining
with Strawman to compare with other protocols. Note that
Strawman is based on the assumption that the receiver can
completely detect packet collisions, however, it is infeasible to
accurately detect packet collisions in state-of-the-art wireless
technique [27]. Hence, expect for the well-planned single hop
experiments, the A-MAC combining with Strawman will not
be conducted in the other sets of experiments.

In the following sections, we use packet reception ratio
(PRR) as an indicator of network reliability. The energy
consumption is measured by duty cycle, the portion of radio
on-time, as a metric for energy efficiency. This metric is
a good proxy for power, because typical sensor platforms
have their power profile dominated by the radio chip, and
because transmit and listen operations commonly have a sim-
ilar current draw. Furthermore, duty cycle, unlike the actual
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power consumption in Watts, is a platform-independent metric.
Additionally, we use the single hop time cost to approximate
the transmission latency.

B. One-hop Collision Avoidance

We construct a one hop network where multiple senders
transmit data packet to the same receiver. The sleep interval is
set to 128ms, and the IPI of each contender is also set to 128ms
to ensure the occurrence of burst traffic load. The send queue
size is set to 1, which means a new packet is dropped if the
previous packet is pending in the send queue. The maximum
retransmission count is set to the TinyOS default value (31).
Under the same experimental configurations (sleep interval,
IPI, environmental condition, etc.), besides CD-MAC, we have
also evaluated A-MAC, A-MAC combined with Strawman, and
X-MAC respectively. With the experimental configurations,
for X-MAC, when the receiver wakes up, each contender
must have a packet in send queue. X-MAC’s strategy that
receipt of a packet will extend for a period of active state
(about 30ms in TinyOS) makes the receiver possible to receive
contenders’ packets. For A-MAC, we tune its system parameter
to set the receiver’s sleep interval to 128ms (in default A-
MAC, the wake up interval is 128ms), and make contenders
to generate packet with the same IPI (128ms). Then, when
the receiver wakes up to poll contenders’ data packets, each
contender also has a data packet in send queue. In this case,
before receiving all contenders’ data packets, if the receiver
receives nothing after its data poll probe, the receiver can
accurately infer the occurrence of data collision. Hence, A-
MAC will trigger Strawman to avoid collision in the case of
A-MAC combined with Strawman. Each contender will record
the transmission count (routing layer) of each packet, backoff
count of each transmission (MAC layer), time cost for each
delivery, and radio duty cycle, and then sends these records
to the controller through serial ports. The receiver will record
all received packets, the time cost for receiving all contenders’
packets, and radio duty cycle.

Fig. 9(a) shows that CD-MAC provides the highest
throughput compared with A-MAC, A-MAC combined with
Strawman, and X-MAC, improving the mean throughput by
172%, 58.6%, and 42.3%, respectively. With the increase in
traffic load (number of senders), the throughput provided by
A-MAC remains steady due to the using of truncated bina-
ry exponential backoff to avoid collision. Although X-MAC
greedily occupies channel before the successful transmission,
X-MAC provides a higher throughput than A-MAC with the
increase of traffic load. As discussed earlier, under receiver-
initiated MACs senders postpone packet transmissions until

the receiver wakes up. Hence, it increases the risk of data
collision, which is further aggravated under bursty traffic loads.
By combining with Strawman, A-MAC improves the mean
throughput by about 60%, which is close to X-MAC.

We further analyze the performance of these protocols
in mean transmission count, mean congestion backoff count,
single hop delay, and the duty cycle of senders. Mean trans-
mission count is a good indicator of packet collision. However,
it is hard to know whether an unsuccessful transmission is due
to a preamble failure or due to collision in low power sender-
initiated MAC (X-MAC). Here, we consider both transmission
count (Fig. 9(b)) and congestion backoff count (Fig. 9(c))
because X-MAC uses greedy channel occupancy to transmit
packet and uses congestion backoff to defer the ongoing trans-
mission. As Fig. 9(b) shows, the mean transmission count of
A-MAC increases sharply while the mean congestion backoff
count is no larger than 2 with the increase in traffic load. Packet
collision causes so many retransmissions that the mean single
hop delay dramatically increases as shown in Fig. 9(e). By
combining with Strawman, the retransmission ratio of A-MAC
is sharply decreased. However, Strawman is just activated
when it detects the collision. The starting of Strawman after
collision introduces almost 70% retransmissions. High trans-
mission count and low backoff count indicate that carrier sense
mechanism of traditional receiver-initiated MACs performs
badly in the scenario with bursty traffic load. Different from
others, CD-MAC differentiates potential senders before data
transmissions, and then polls them in order to fundamentally
avoid collisions. The retransmission ratio (about 6%) of CD-
MAC remains steady and is consistent with the analysis of
Section III-B.

In addition, the mean completion time for a receiver to
successfully receive all senders’ data packets and the mean
single hop delay of each packet (from the listening of a probe
to the successful transmission) are shown as Fig. 9(d) and
Fig. 9(e), respectively. Consider the difficulty to know the
equipollent single hop delay of X-MAC protocols, we do not
plot the related information about X-MAC here. As the figures
show, the completion time of CD-MAC is far less than A-
MAC, and A-MAC combined with Strawman. As Fig. 9(f)
shows, CD-MAC is the most energy efficiency compared
with the other three, because high transmission count and
high packet delay cost extra energy. The change tendency
of energy consumption with the variance of traffic loads are
matching with the change tendency of the throughput and mean
transmission count. CD-MAC reduces energy consumption by
23% to 39% with multiple contenders compared with A-MAC.
By combining with Strawman, A-MAC slightly increases radio



TABLE III. CTP PERFORMANCE OVER X-MAC, A-MAC AND

CD-MAC WITH PERIODIC TRAFFIC.

PT X-MAC A-MAC CD-MAC

Average Duty Cycle 5.14% 3.35% 3.53%

Average Packet Delivery Ratio 99.3% 99.1% 99.7%

TABLE IV. CTP PERFORMANCE OVER X-MAC, A-MAC AND

CD-MAC WITH BURSTY TRAFFIC.

BT X-MAC A-MAC CD-MAC

Average Duty Cycle 7.15% 5.58% 4.14%

Average Packet Delivery Ratio 95.8% 97.8% 99.3%

duty cycle. Compared with it, CD-MAC reduces the energy
consumption by from 18% to 30%. X-MAC slightly decreases
the duty cycle with the increasing of contenders because
multiple contenders increase the probability that the receiver
is in active state. Comparing with X-MAC, CD-MAC saves
energy consumption by 15% totally.

C. Collection Tree Protocol Performance

We next explore how well the Collection Tree Protocol
(CTP) [24] performs over CD-MAC. CTP is the default col-
lection routing protocol in TinyOS and it represents a canonical
link layer client. We use 30 nodes in an indoor testbed, this
time by configuring the CC2420 radio chip to use a lower
transmission power mode to promote multi-hop topologies.
The resulting network setup stretches across at least 4 hops.
The default TinyOS LPL (X-MAC) implementation, A-MAC,
and CD-MAC are tested in different experiments. To study
how our network is affected by sudden traffic bursts, we also
instrument the protocol with the ability to temporarily disable
all route maintenance. By doing so, we ensure that multiple
traffic bursts are forwarded over the same routes, thus factoring
out the influence of route maintenance on our study. Using this
setup, we test two different traffic patterns, corresponding to
different settings we study to isolate the effect of the three
MACs in absence or presence of traffic burst. We test every
traffic pattern for at least five hours:

Periodic traffic (PT): each node generates a data packet
every 1 minutes, on average. This allows us to test the energy
efficiency under low traffic load.

Bursty traffic (BT): after making sure routes are stable,
we disable route maintenance and instantaneously generate
one data packet each on 10 randomly-selected nodes. This
generates a sudden surge of traffic that yields intense collisions
across multiple hops leading to the sink, which is the scenario
we target.

Throughout the study, we compare CD-MAC against X-
MAC and A-MAC. We draw our conclusions based on data
delivery ratio at the sink and system-wide radio energy con-
sumption. Table III and Table IV summarize the results of
the two experiments. The results show that CD-MAC provides
steady and high performance under different traffic loads.
Although the energy consumption of CD-MAC is slightly
more than that of A-MAC in very low periodic traffic due
to the indispensable reservation stage, it provides more energy
efficiency in the scenario with bursty traffic. Furthermore, CD-
MAC provides the highest network reliability than X-MAC and
A-MAC.

D. Network with Hidden Terminal

We run X-MAC, A-MAC, and CD-MAC in several con-
trolled scenarios to determine their ability to handle hidden
terminals. In the experiments, we construct two different
network topologies: one in which hidden nodes were present,
and the other with no hidden nodes. Specifically, for each
case, we set up a network with three nodes where two senders
transmit to one receiver. The wake up interval and IPI are set
to 512ms. For X-MAC, the radio of all nodes is set to always
on. The distance between each sender and the receiver is the
same. Each sender and receiver are within transmission range
of each other. In the case with no hidden terminal, two senders
are also within each other’s transmission range, whereas in the
case with hidden terminal, two senders are not aware of each
other.

The experiment results are shown in Fig. 10. We compare
the retransmission ratio of X-MAC, A-MAC, and CD-MAC
in Fig. 10(a). The x-label indicates whether or not the two
senders are hidden from each other. To guarantee a perfect
link we control transmission power under which the packet
receipt ratio between a sender and a receiver is almost 100%.
With the case of hidden terminal, X-MAC experiences a high
transmission failure rate (795% retransmission ratio) due to
collision, because the senders are not aware of each other
and each node uses deterministic backoff time causing a
successive retransmission collisions. While in the scenario
with no hidden terminal, the retransmission ratio (11%) is far
less than that of hidden terminal scenario. In addition, hidden
terminals also greatly degrade system performance in terms
of energy consumption (the duty cycle increases from 16.8%
to 78% as Fig. 10(b) shows) and the latency (the mean delay
increases from 32ms to 215ms as Fig. 10(c) shows). For A-
MAC, although it uses truncated exponential backoff to avoid
collision, it has little effect to avoid collision because it is
activated after the occurrence of collision. As Fig. 10(a) shows,
although the difference of retransmission ratios between hidden
terminal scenario (83.2%) and the no hidden terminal scenario
(33.7%) is not as large as X-MAC, it increases the energy
consumption by about 3% as Fig. 10(b) shows. Surprisingly,
the mean delay increases from 54ms to 479ms as Fig. 10(c)
shows. The mismatch between the duty cycle and mean delay
of A-MAC is because senders can take the opportunity of
waiting to turn off radio before the receiver’s next waking up.

We conclude from the above observations that CD-MAC
outperforms X-MAC and A-MAC. It is resilient against hidden
terminals because it can differentiate the potential hidden
nodes using different slot number. As our experimental results
show, the difference of retransmission ratio between hidden
terminal scenario (10.7%) and no hidden terminal scenario
(8.2%) is insignificant comparing with other protocols. Under
this condition, the extra energy consumption for hidden termi-
nal is only 0.5%, and the increase in delay is about 13ms.

V. RELATED WORK

Collision resolution has been extensively studied and been
tackled from various aspects in the research literatures. Re-
searchers have proposed a lot of protocols and mechanisms
across different network layers. Here we have a brief discus-
sion on the existing proposals in three aspects respectively.



Carrier sensing and backoff: Most existing MAC pro-
tocols, such as RI-MAC [8], X-MAC [23], and A-MAC [9],
etc. exploit carrier sensing to limit only one sender accessing
the channel, while the other senders need to perform random
backoff to avoid collision. The limitation of those protocols is
that they merely work in the cases with a limited number of
senders. When the number of concurrent senders increases, the
performance of backoff-based mechanisms is badly degraded,
due to the increasing probability of re-collision and the long
latency caused by large backoff window.

Schedule-based: Another part of MAC protocols sched-
ule senders’ transmissions to eliminate collisions. TCF [25]
dynamically allocates the channel resource to get rid of con-
tention overhead of CSMA. ZMAC [26] proposes a hybrid
MAC protocol combining CSMA and TDMA to be adaptive
to dynamic traffic loads, however, at the cost of remarkable
overhead incurred by synchronization and coordination. Those
protocols thus have limited applicability in large-scale sensor
networks.

Exploiting contention: Some other collision resolutions
[10] [16] are proposed to embed to existing MAC protocols
by deliberate contention. Although these existing methods
alleviate the contention problem in some degree, however,
enlarging the backoff period to avoid collision will reduce
energy efficiency and throughput; the extra negotiation process
will increase the energy baseline; and some requirements of the
auxiliary information (synchronization, signal strength, packet
length, etc.) might limit the scalability.

Different from these collision resolutions, CD-MAC uses
a new mechanism to efficiently and effectively avoid collision,
by exploiting temporal diversity to obtain the quantity and
differentiate the potential senders. Based on this mechanism,
CD-MAC effectively avoids data collision with very low
overhead.

VI. CONCLUSION

In this paper, we present CD-MAC, an adaptive receiver-
initiated link layer that offers low duty cycle in light traffic
loads, achieves contention avoidance in bursty traffic loads,
and significantly diminishes the influence of hidden terminal
problem. In addition, it is adaptive to network dynamics, such
as topology change and node mobility. We implemented CD-
MAC in TinyOS and evaluated it on a Testbed with TelosB
motes. In scenarios with bursty traffic loads, evaluation results
show that CD-MAC performs better than the stat-of-the-art
MAC protocols.
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