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Abstract 
 

In wireless sensor networks (WSNs), most energy saving asynchronous MAC protocols are 
custom tailored for unicast communications only. However, broadcast protocols are very 
commonly used in WSNs for a variety of functionalities, such as gathering network topology 
information, event monitoring and query processing. In this paper, we propose a novel 
low-power asynchronous broadcast MAC protocol called Alarm Broadcast (A-CAST). 
A-CAST employs the strobe preamble that specifies the residual waiting time for the 
following data transmission. Each receiver goes back to sleep upon hearing the strobe 
preamble for the residual time duration, to conserve energy and to wake up just before data 
transmission starts. We compute the energy consumption of A-CAST via rigorous 
mathematical analysis. The analytic results show that A-CAST outperforms B-CAST, a 
simple broadcast extension of the well-known B-MAC. We also implement A-CAST on 
sensor motes and evaluated its performance through real experiments. Our experimental 
results show that A-CAST reduces the energy consumption by up to 222% compared to the 
previously proposed protocols. 
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1. Introduction 

In wireless sensor networks (WSNs), energy consumption is a challenging issue, since WSNs 
typically consist of limited battery-powered nodes. The two major sources of energy waste in 
WSN communications are idle listening and overhearing [1]. Idle listening is employed since 
the sensor node needs to keep the radio on to receive possible incoming traffic. Therefore, 
nodes use idle listening for the majority of time, even when there are no transmissions in the 
air, resulting in relatively high energy consumption. Several asynchronous MAC protocols use 
duty-cycling, where the nodes periodically alternate between sleep and awake states according 
to a polling interval, to overcome this problem. When a sender has a packet to transmit in 
duty-cycling, it sends a preamble longer than the polling interval. Thus, the sender can 
rendezvous with every receiver, which individually wakes up according to its schedule. The 
nodes that detect the preamble remain in the awake state, i.e., keep their radios on, so that the 
following data packet can be received.  

However, most previously proposed WSN MAC protocols [1][2][3][4][5][6][7] are 
designed for unicast communications only, although it is highly desirable to support broadcast 
applications, such as query processing and route discovery [8]. Numerous broadcast MAC 
protocols have been proposed for wireless ad hoc networks. Wireless ad hoc networks are 
similar to WSNs in the sense that they use contention based MAC and multi-hop wireless 
communications. Therefore, a straightforward method of employing the broadcast operation 
in WSN MAC can be to adopt one of the broadcast MAC protocols devised for wireless ad hoc 
networks. Nevertheless, these protocols are not well-suited for WSNs, since they omit the 
typical characteristics of WSNs, such as asynchronous duty-cycle or energy constraints. 
Another solution is the naïve broadcast extension of the asynchronous duty-cycle technique 
used in WSN unicast [2]. However, this requires the sender to conduct multiple unicast 
transmissions to emulate the broadcast operation, since the wake up times of its neighbors are 
diverse and independent, thus severely wasting energy and wireless bandwidth. Moreover, the 
sender needs to manage the neighbor information to conduct multiple unicasts, while the 
simultaneous transmissions at the neighbors increase the contention probability. In summary, 
we need to address key challenges, such as elimination of redundant multiple transmissions, 
avoidance of forwarding collisions and minimization of management overhead at the sender, 
to design an efficient WSN broadcast MAC protocol.  

In this paper, we propose an asynchronous energy-efficient broadcast MAC protocol called 
Alarm Broadcast (A-CAST). A-CAST employs the strobe preambles, as in the X-MAC [2] 
unicast protocol and reduces energy consumption due to idle listening. However, unlike 
X-MAC, each preamble piggybacks the residual waiting time for the following data frame 
transmission. A receiver can avoid unnecessary idle listening by immediately going into sleep 
and scheduling a just-in-time wake up event, according to the residual waiting time 
information. In addition, a sequence number is embedded in each of the preambles, which can 
prioritize the forwarding schedules of the neighbors. A node that receives a preamble with a 
small sequence number has the advantage to rebroadcast the packet earlier than the node that 
has a larger sequence number. This reduces packet forwarding collisions.  

We first evaluate the energy consumption of A-CAST via mathematical analysis. We then 
show the analytic results by comparing A-CAST to B-CAST, which is a simple broadcast 
extension of the well-known B-MAC unicast protocol [4]. We also implement A-CAST, 
B-CAST, and Asynchronous Duty-Cycling Broadcast (ADB) [15], which is a previously 
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proposed broadcast protocol, on the commercial sensor mote CC2420. We compare their 
performance through real experiments. Our results show that A-CAST outperforms B-CAST 
and ADB by up to 222% in terms of energy efficiency.  

The remainder of this paper is organized as follows. Section 2 summarizes the previous 
work of WSN low power MAC protocols. In Section 3, we describe our proposals, A-CAST 
and B-CAST. Section 4 presents the analytical model. Numerical results are shown in section 
5. In Section 6, we discuss the performance of A-CAST in a multi hop environment and 
consider other factors. Section 7 describes the implementation details and experimental results. 
Finally, Section 8 concludes our paper. 

2. Related Work 
Idle listening is the most significant source of energy consumption for most sensor MAC 
protocols. This motivates the duty-cycling technique that alternates the sleep and awake states. 
MAC protocols that use duty-cycling can be categorized into the following two approaches: 
synchronous and asynchronous.  

In synchronized protocols, such as S-MAC [1] and T-MAC [5], all nodes are time 
synchronized, so that they wake up and sleep at the same time. Data exchanges occur during 
wake up periods only, and the synchronous MACs can avoid idle listening. Synchronized 
schemes, however, induce severe overhead, especially in large scale WSNs, for global 
synchronization. Also, global synchronization may be difficult in WSNs, where links are not 
always reliable [9]. 

Asynchronous MAC protocols [2][4] do not require synchronization and reduce idle 
listening by Low Power Listening (LPL) [6]. In B-MAC [4], each node wakes up periodically 
at each polling interval. When a node awakes, it checks the channel state to determine whether 
it should remain in awake state or go back to sleep. On sensing the channel as idle, the node 
immediately goes back to sleep mode, because there would be no packet transmissions until 
the next wake up time. Conversely, a busy channel indicates imminent packet transmission 
and the node should remain in the awake state. The sender attaches a preamble longer than the 
polling interval before each data packet, so that the nodes will be in the awake state when the 
data packet is transmitted (Fig. 1). However, B-MAC wastes power due to the long idle 
listening duration at the target node and overhearing at non-target nodes.  

X-MAC [2] has been proposed to overcome the drawbacks of B-MAC. Instead of using one 
long preamble, X-MAC strobes short preambles that each contains the destination address. 
Therefore, X-MAC wakes up only when the destination receiver either receives or overhears 
the non-target nodes. In addition, X-MAC employs an immediate ACK mechanism that solves 
the long idle listening problem at the receiver node. However, X-MAC requires relatively 
longer CCA (Clear Channel Assessment) check time than in LPL, since the CCA check time at 
every wake-up moment must be longer than the ACK waiting duration of a sender to safely 
detect the short preambles.  

Several broadcast protocols [10][11][12] for wireless ad hoc networks are proposed, but 
they are unsuitable for WSNs, since they do not consider energy consumption. Recently, Feng 
Wang and J. Liu [13] proposed a duty-cycle-aware broadcast protocol in WSNs. Not all nodes 
are active simultaneously due to the different polling intervals of sensor nodes. Under the 
strong assumption that the network topology and the active/dormant patterns are known, they 
develop a centralized optimal solution that balances between forwarding efficiency and delay 
with reliability guarantees. In addition, a distributed algorithm based on the above centralized 
solution is contrived but its operation depends on the knowledge of duty-cycles of neighbors. 
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This requires higher synchronization overhead. DiPippo and et al. [14] proposed a broadcast 
MAC protocol for WSNs. However, this method requires node synchronization that may 
induce high overhead.  
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Fig. 3. X-MAC-UPMA 

In ADB [15], the sender uses unicast to broadcast to each neighbor individually. This 
technique avoids redundant transmissions, utilizing the footer beacon and allows the following 
hops to quickly begin forwarding the broadcast packet by disseminating the progress 
information. In addition, it enables the sender nodes to go to sleep again, as soon as all the 
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neighbors have been reached. Despite these advantages, ADB may still suffer when multiple 
nodes wake up simultaneously. ADB uses multiple beacons, such as a wake-up beacon [16] 
and an ADB footer beacon. If neighbors wake up concurrently around the end of duty cycle, 
then ADB cannot schedule the multiple beacons in the current duty cycle (Fig. 2). Thus, some 
of the transmissions must be scheduled in the next duty cycle. Furthermore, if the data packet 
size is long, this problem becomes even more severe. In contrast, A-CAST is unaffected by the 
simultaneous wake up problem. 

Opportunistic Flooding [17], tailored for low-duty-cycle networks with unreliable wireless 
links, makes an energy optimal tree to reduce delay and to avoid redundant transmissions. This 
protocol assumes that predetermined working schedules should be shared by all one hop 
neighbors. Thus, local synchronization is required to support the scheduled transmission, 
incurring overhead. If some neighbors have identical work schedules, simultaneous 
transmissions from multiple nodes can collide.  

X-MAC-UPMA [18][19] is the X-MAC-based broadcast implementation in the UPMA 
package of TinyOS. Fig. 3 Illustrates the overall operations of X-MAC-UPMA. A sender 
transmits consecutive replica of a data packet over a duty cycle interval. Neighbors stay awake 
during the end of transmission of the sender, even if they have already received it. 
X-MAC-UPMA can be more reliable than A-CAST due to the redundant receptions of data 
packet, whereas it obviously consumes large energy.  

I-Hong Hou et al. [20] proposed an efficient broadcast scheme based on network coding for 
WSNs to reduce broadcast traffic. Network coding [21] is a promising technique that 
efficiently reduces transmission count by broadcasting a XORed packet instead of unicasting 
two packets in sequence, but it requires higher CPU computation and memory overhead for 
coding and decoding. It is hard to implement network coding on the sensor nodes due to the 
low performance of sensor processors. 

3. Proposed Broadcast Protocols 
We focus on the development of asynchronous broadcast MAC protocols, since they are more 
suitable for broadcasting than unicasting. Conversely, synchronous protocols require a large 
overhead due to global synchronization. We also adopt the duty-cycling mechanism, since it is 
efficient in reducing power consumption. 

Let us first consider B-CAST, a simple extension of the B-MAC [4] for broadcasting. In, 
B-CAST, the sender transmits a broadcast packet after a long preamble, instead of a unicast 
packet. Note that in B-CAST, like the B-MAC protocol, all receiver nodes wake up and wait in 
the awake state, until the packet is transmitted. Therefore, B-CAST suffers from the same long 
idle listening problem of the unicast B-MAC protocol. 

We also extend the X-MAC for broadcast communications. However, the strobe preamble 
and immediate ACK mechanisms of X-MAC may not be well suited for broadcast support. If 
the application is straightforward, the immediate ACK leads to multiple unicasts to individual 
receivers, undesirable due to the energy consumption and wireless bandwidth. Another 
problem is that multiple unicasts require the management of neighbor node information at the 
sender. We modify X-MAC so that the sender transmits short preambles for duration longer 
than the polling interval to avoid multiple unicasts. We eliminate the immediate ACK and all 
receivers wait in the long idle listening state, until the data transmission is initiated. This 
modification, still better than multiple unicasts, negates most of the X-MAC advantages over 
B-MAC and brings in the long idle listening. 
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Note that the operation of B-CAST is almost identical to that of X-MAC-UMPA [18]. The 
sender of B-CAST transmits the long preamble during the entire polling interval to wake up 
every receiver, and sends a data packet at the end of the long preamble (see Fig. 4)). In contrast, 
X-MAC-UPMA transmits data packets to the receivers consecutively during the entire polling 
interval (see Fig. 2). Thus, the receiver operations of both protocols are the same. Furthermore, 
the energy consumption of both protocols is identical.   

We devise a new scheme that solves the long idle listening problem of the naive X-MAC 
extension. In addition to the broadcast MAC address, we inserted the residual time 
information in the preambles. The residual time is the remaining time left for the following 
broadcast data packet transmission. Upon hearing a preamble, a neighbor node returns to the 
‘sleep’ state to wake up just before data transmission begins. Note that the residual time has 
been previously proposed in unicast transmissions [14][22]. We term the proposed broadcast 
method A-CAST (Alarm CAST), because the receiver sets an alarm for the next wake up 
according to the residual time. Fig. 4 shows the operations of B-CAST and A-CAST with 
some examples. There are three neighbors, R1, R2, and R3, near sender S. A-CAST saves 
energy by allowing receivers to return immediately to sleep state upon hearing a preamble. In 
contrast, receivers remain in the awake state in B-CAST. 

A-CAST transmits one data packet at the end of a duty cycle. This can cause an 
unsuccessful reception of the data packet due to the channel error or interference due to hidden 
terminals. Therefore, we embed a sequence number in each preamble that serializes the 
rebroadcast schedules of its neighbors. Namely, a node that receives a preamble with a small 
sequence number has the advantage to rebroadcast the packet earlier than the other nodes that 
have a large sequence number. In Fig. 5, R1 rebroadcasts the packet earlier than R2, since R1 
receives a preamble earlier than R2 does. Another usage of the sequence number is resolving 
NACK collisions. If a node does not receive a data packet successfully, it asks for 
retransmission by sending a NACK. The sequence number prevents the NACK collisions by 
serializing the transmission time of NACK packets. The data packet is sent by unicasting in the 
case of retransmission. 
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4. Analysis 
We compare the performance of A-CAST with that of B-CAST by numerical analysis. In the 
analysis, we only consider the energy consumption of the radio to highlight the difference 
between the two algorithms. We first compute the energy consumption of A-CAST and 
B-CAST. Then, we compute the optimal polling intervals that minimize the energy 
consumption. In our analysis, we assume a network consists of one sender with N neighbors. 
All nodes can communicate with each other directly (i.e., single hop network). The sender 
generates data packets at a fixed rate of λ  packets per second. The total energy consumption of 
this single hop network is composed of the energy used for sender transmission (E(s)), the 
receiving of N nodes (E(r)), and the common energy (E(c)) used for polling and sleeping at 
both sender and receivers. 

 
( ) ( )( ) ( ) ( )( )cENrENsEtotalE 1)( +++= λ      (1) 

 

Table 1. Symbols used in analysis and typical values for the CC1000 [23] and a CC2420 [24] 

symbol Meaning CC1000 CC2420 
Ptx 
Prx 
Psleep 
Ppoll 

Power in transmitting 
Power in receiving 
Power in sleeping 
Power in channel polling 

31.2mW 
22.2mW 
3 Wµ  
7.4mW 

52.2mW 
56.4mW 
3 Wµ  
12.3mW 

Tinterval 
Tdata 
Tapl 
TB 
TxmacSeg 
TxListen 

Channel polling period 
Time to send one data packet 
Avg. time to poll channel 
Time to send/receive a byte 
Time to send one short preamble 
Time to receive one ACK packet 

varying 
varying 
3ms 
416 sµ  
varying 
varying 

varying 
varying 
2.5ms 
32 sµ  
varying 
varying  

Ldata 
LxmacSeg 

Data packet length 
Short preamble length 

50byte 
20byte 

50byte 
20byte 

4.1 Energy Consumption of A-CAST 
In duty-cycling, nodes alternate between four radio states: transmitting, receiving, sleeping, 
and polling. Let txP , xrP , pollP  and sleepP  denote the power consumption in the transmitting, 
receiving, polling and sleeping states, respectively. Also, let txT , rxT , pollT  and sleepT  denote the 
expected time spent in transmitting, receiving, polling and sleeping states, respectively. Table 
1 lists all power values and time parameters. 

Let us compute the energy consumed by the sender. The energy consumption of the sender 
is composed of carrier sensing energy and transmitting energy. In this analysis, we assume that 



1120                                                                           Kang et al.: Design, Analysis and Implementation of Energy-efficient 
Broadcast MAC protocols for Wireless Sensor Networks 

the sender does not perform carrier sensing, since there is only one sender. When the sender 
tries to send short preambles, the sender alternates the ‘transmitting’ and ‘sleep’ states to save 
energy. We assume that xListenT , the gap between two consecutive short preambles, equals the 
duration of sending one short preamble, xmacSegT , since the length of them is quite similar in 
reality. Accordingly, one half of the ervalintT  is used to transmit short preambles, and the other 
half is used for sleeping. Therefore, the energy consumption of the sender is given by: 
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Fig. 6. Worst and best case for successful preamble reception 

It is important for receivers to successfully receive and decode a preamble that contains the 
residual time information. If a receiver wakes up in the middle of a short preamble, it may fail 
to synchronize with that preamble. The receiver must wake up no later than the beginning of 
the short preamble to decode a short preamble successfully. Therefore, on average (i.e. 

), the receiver must listen for the duration of two preamble times for 
successful interpretation (see Fig. 6). The energy consumption of the receiver is given by: 
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The common energy required for polling and sleeping is given by: 
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sleepP is much smaller than other power parameters. It does not affect overall energy 

consumption significantly. Using Eq. (1)-(4), we obtain the energy consumption of the 
A-CAST, as follows. 
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4.2 Energy Consumption of B-CAST 
As mentioned in the previous section, B-CAST can be substituted with X-MAC-UMPA [18], 
since they result in the same energy consumption. The transmission energy of B-CAST is the 
same as that of B-MAC. Therefore, we use the same result derived in [4].  
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We assume that the wakes up times of N receivers are uniformly distributed. Therefore, a 

receiver waits in the idle listening state for half of the polling interval on average. The energy 
consumption of the receiver is given by: 

 

( ) 





 += data

erval
rx TTPrE

2
int

     (7) 

 
The common energy of B-CAST is the same as that of A-CAST. Using Eq. (1), (4), (6), and 

(7), we obtain the total energy consumption, as follows. 
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The marginal performance gain of A-CAST compared to B-CAST is derived by subtracting 

Eq. (8) from Eq. (5), as follows. 
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5. Numerical Results 

5.1 Energy Consumption vs. polling interval 
We evaluate our energy model using the specifications of the two well-known radio modules, 
CC2420 radio and CC1000 radio. Note that the figures in the “Numerical Results” section are 
based on the numerical results from theoretical analysis. First, we show the energy 
consumption of B-CAST and A-CAST, as a function of polling interval. Here, there are ten 
receivers and the packet generation rate λ  is 0.01 packets per second. 

The difference of the sender operation of both protocols is that the sender of A-CAST 
switches to RX state to wait for an early ACK. Fig. 7 shows the energy consumption of a 
sender. In the case of the CC2420 radio, A-CAST consumes more energy than B-CAST, 
because CC2420 radio uses higher energy in the RX state than in the TX state (TX:52.2mW, 
RX:56.4mW). Conversely, in the case of CC1000 radio, A-CAST consumes less energy than 
B-CAST due to the low power in the RX state (TX:31.2mW, RX:22.2mW). When the polling 
interval is 100msec, the polling overhead occurring in every polling interval is the main energy 
consumption factor. However, as the polling interval increases, the transmission overhead of 
the long preamble also increases. 

In Fig. 8 and Fig. 9, we observe that A-CAST consumes less energy than B-CAST at all 
polling intervals. More specifically, the performance gap widens, as the polling interval 
increases, because B-CAST wastes energy during the idle listening that increases in proportion 
to the polling interval. A-CAST, however, eliminates the idle listening issue, since receivers 
can interpret the data packet transmission time exactly. That is, A-CAST is insensitive to the 
channel polling interval. In addition, when the polling intervals are 400msec in the CC2420 
radio and 500msec in the CC1000 radio, the energy consumption of the receivers increases due 
to the increased overhead for listening to the long preamble. As shown in the Table 1, the 
CC2420 radio consumes more energy than the CC1000 radio in both TX and RX states during 
the unit time. In the case of B-CAST, the sender equipped with the CC2420 radio transmits a 
long preamble during the entire polling interval to rendezvous with a receiver and the receiver 
has to listen to the channel until the end of the preamble. Thus, transmission and reception 
costs of the CC2420 radio are much higher than that of the CC1000 radio. 
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Fig. 7. Energy consumption vs. polling interval (N=10, λ = 0.01): sender side 

 

  
Fig. 8. Energy consumption vs. polling interval (N=10, λ = 0.01): receiver side 
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Fig. 9. Energy consumption vs. polling interval (N=10, λ = 0.01): Total (sender + receivers) 

5.2 Energy Consumption vs. Packet Generation Rate 
Next, we evaluate the energy consumption of B-CAST and A-CAST, as a function of packet 
generation rate. We set the number of receivers to 10, the polling interval to 300msec, while 
changing the packet generation rate from 0.001 to 0.1. 

The energy consumption of the sender in both protocols is quite similar, as shown in Fig. 
10. In Fig. 11, in the case of A-CAST, the slope of the energy consumption at the receiver side 
in CC2420 radio is smaller than that in CC1000 radio due to the high data rate of CC2420 
radio (Table 1). The data transmission time of CC2420 is 416 sµ  per byte and that of CC1000 
is 32 sµ per byte. That is, the data rate of CC2420 is 1byte/32 sµ = 250kbps (kilo bits per second) 
and that of CC1000 is 1byte/416 sµ  = 19.20 kbps. This means that CC2420 may send a data 
packet 13 times faster than CC1000, thus CC2420 consumes much less energy than CC1000 to 
transmit the same amount of data. Note that CC2420 consumes much more energy than 
CC1000 for the same amount of time at the saturation condition, since CC2420 can send 13 
times more data packets than CC1000. From Fig. 12, as the packet generation rate increases, 
we see that A-CAST significantly improves energy efficiency, because the reception cost is 
affected by receiving a short preamble and a data packet except for long idle listening. 
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Fig. 10. Energy consumption vs. packet generation rate (N =10, ervaltinT = 300msec): sender side 

 

 

Fig. 11. Energy consumption vs. packet generation rate (N =10, ervaltinT = 300msec): receiver side 
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Fig. 12. Energy consumption vs. packet generation rate (N =10, ervaltinT = 300msec): Total (sender + 
receivers) 

5.3 Energy Consumption vs. Number of Nodes 
Fig. 13 shows the effect of the number of receivers on the energy consumption of B-CAST and 
A-CAST. We set the packet generation rate as 0.03 packets per second, the polling interval as 
100msec, while varying the number of receivers from 1 to 20 nodes. As the number of 
receivers increases, the energy consumption of both protocols is proportional to the number of 
receivers. However, the slope of A-CAST is smaller than that of B-CAST, because receivers 
of A-CAST are free from idle listening. 

We observe that the energy consumption of B-CAST and A-CAST is affected by three 
factors: packet generation rate, polling interval and number of receivers. We derive the 
optimal polling interval in the next sub section, considering these factors. 

 

 

Fig. 13. Energy consumption vs. number of nodes (λ = 0.03, ervaltinT = 100msec) 
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5.4 Optimal Polling Interval 
The optimal polling interval that minimizes the energy consumption of each proposed scheme 
is computed by differentiating E(total) with ervalintT .  

 
 The optimal polling interval of A-CAST : 

 
( )

tx

pollapl*
A-CAST λP

PTN  T 12 +
≈      (10) 

 
 The optimal polling interval of B-CAST : 
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1      (11) 

 
Fig. 14 shows the optimal polling intervals of the proposed schemes for N=10, when the 

packet generation rate varies from 0.001 to 0.1. We observe that the optimal polling interval 
decreases, as more packets are generated. Over the whole range of λ , the optimal polling 
interval of A-CAST is more than twice as large as that of B-CAST for both CC2420 and 
CC1000. 

Fig. 15 shows the energy consumption of A-CAST and B-CAST, when their optimal 
polling intervals for N=10 are applied. A-CAST conserves energy by almost one-half over the 
whole range of λ. For instance, when the packet generation interval is 0.1 seconds, A-CAST 
outperforms B-CAST by 222%. 

 

 
Fig. 14. Optimal Polling Intervals for N=10 
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Fig. 15. Lower bound of energy efficiency for N=10 

6. Discussion on multi hop environment 
We analysed the performance of the two proposed protocols in a single hop environment. Now 
we discuss the performance of both protocols in a multi hop environment. Note that we should 
account for the flooding packets from its one-hop neighbors and its two-hop neighbors in a 
multi hop topology. A-CAST is free from the idle listening problem of receivers due to the 
residual time information in each preamble. Therefore, the reception energy of A-CAST 
operating in a multi hop environment is the same as that of A-CAST operating in a single hop 
network. In contrast, the energy consumption of B-CAST is affected by the number of 
neighbors. 

Next, we compare A-CAST to X-MAC-UPMA to investigate the trade off among various 
factors, such as throughput, energy efficiency, and delivery delay. In X-MAC-UPMA, a 
sender transmits consecutive replica of a data packet over a duty cycle interval. Neighbors stay 
awake during the entire duty cycle, even if they have already received the data packet. 
Receiving redundant packets is helpful in terms of reliability, whereas it is disadvantageous in 
terms of energy consumption. The transmission energy consumption of A-CAST and that of 
X-MAC-UPMA are equal, since the senders of both protocols transmit preambles (data 
packets) persistently during the entire duty cycle. Receivers of X-MAC-UPMA, however, 
waste energy during the half duty cycle interval on average. Conversely, the receivers of 
A-CAST go back to sleep state immediately after receiving the preamble. Consequently, the 
idle listening of A-CAST converges almost to zero when the polling interval increases. In a 
single hop network, X-MAC-UPMA could outperform A-CAST in terms of delivery delay. 
However, in a multi hop environment, the delay of both protocols are almost the same, because 
the neighbors of X-MAC-UPMA should wait until the start time of the next duty cycle to 
rebroadcast a data packet.  

 A trade off exists between reliability (delivery ratio) and energy efficiency. The simple 
way to increase reliability is to receive redundant packets several times. However, the protocol 
then wastes more energy, as explained above. We can shorten the delay, using some beacons 
to notify the wake up event, while these beacons also increase the collision probability and 
result in wasting energy. There are numerous wireless sensor applications, where each 
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application has a particular objective. Energy efficiency is the most important criterion in 
some surveillance applications, whereas delivery delay is critical to emergency applications. 
A-CAST focuses on the energy efficiency with reasonable delay bound. 

7. Protocol Implementation 
We implemented B-CAST, A-CAST and ADB on the TelosB sensor motes, which follow the 
IEEE 802.15.4 standard, to validate the analytical model. We inserted an energy measure 
component into the sensor motes to measure how much time it resides in sleep state and awake 
state, respectively. The TelosB sensor mote consists of MSP430 Micro Control Unit (MCU) 
[25] and CC2420 radio chipset [24]. The CC2420 chipset is an 802.15.4 compliant device that 
operates in the 2.4GHz ISM band with a data rate of 250kbps. The Chipcon CC2420 
packetizing radio inserts its own preamble in the front of a payload.  

We transmit consecutive short packets with a small gap during the entire polling interval 
for a TelosB sensor mote to support the long preamble of A-CAST and B-CAST. In the case of 
A-CAST, the transmission time of one short preamble is around 2.8msec that contains the 
packet processing overhead of our implementation on TinyOS 1.x. Therefore, the sender 
transmits 28 short preambles in the case of the 100msec polling interval. B-CAST sends 
consecutive packets more efficiently when it transmits the same short packets during the 
polling interval. If we push a packet to the RF buffer, we can continuously send the packet 
without any processing overhead. Thus, the gap between two consecutive packets is reduced. 

In our implementation of A-CAST, each preamble is composed of two bytes of residual 
time and a one byte sequence number. As mentioned before, a sender transmits short 
preambles until the end of the duty cycle to wake up neighbors. Thus, the effect of embedding 
3 bytes of additional information in a short preamble is negligible in terms of bandwidth 
utilization. In the case of ADB, we modified the short preamble to be used as the wake-up 
beacon and the ADB footer beacon.  

In our experiment, we deploy 11 sensor motes on a star topology: a sender in the center and 
ten receivers surrounding the sender. All nodes conduct the duty-cycling and the sender 
generates broadcast traffic every 5 seconds periodically. 

Fig. 16 shows the energy consumption of B-CAST, A-CAST and ADB protocols at 
different polling intervals, varying from 100 msec to 500 msec. We observe that, as the polling 
interval increases, B-CAST suffers from long preamble overhead. This implies that the 
network consumes more energy at 500 msec than at 300 msec to transmit and receive the 
longer preamble. In the case of A-CAST, however, energy consumption decreases, as the 
polling interval increases, because receivers can stay in the dormant state for the residual time. 
We observe that ADB consumes large energy at 100 msec compared to the other polling 
intervals, since it suffers from the contention among the wake-up beacons. The contending 
nodes must stay in the receiving state during the contention, thus consuming a large amount of 
energy for the CC2420. As the polling interval increases, however, ADB consumes less 
energy, since the contention opportunity among the nodes sending the wake-up beacon was 
decreased by the long polling interval. The overall performance of A-CAST, ADB, and 
B-CAST are similar to our analytical model, verifying its accuracy. We believe that the small 
gap between the experimental result and the numerical analysis stems from the overhead of 
TinyOS implementation. 
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Fig. 16. Experimental result of energy consumption 

8. Conclusion 
Although the unicast MAC protocols have been widely studied and developed, the broadcast 
MAC protocols for WSNs have not yet been actively investigated, even though their 
applications have various benefits when used in WSNs. In this paper, we proposed an 
asynchronous energy-efficient broadcast MAC protocol called A-CAST. A-CAST employs 
the strobe preamble that informs the residual waiting time of the start of the following data 
frame transmission. In turn, the receivers reduce the energy consumption, by avoiding the 
unnecessary idle listening. In addition, a sequence number is added into each preamble to 
reduce forwarding collisions. Through both mathematical analysis and TelosB sensor mote 
implementation, we show that A-CAST achieves the best performance, in terms of energy 
consumption. We believe that A-CAST can be easily deployed in current devices, since it only 
requires a simple modification at the preambles. 
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