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Abstract: Various kinds of sleep wake scheduling protocols have been proposed in the literature. Synchronized sleep
wake scheduling protocols have been proposed in. In these protocols, sensor nodes periodically or a periodically
exchange synchronization information with neighboring nodes. However, such synchronization procedures could incur
additional communication overhead and consume a considerable amount of energy. On-demand sleep wake scheduling
protocols have been proposed, where nodes turn off most of their circuitry and always turn on a secondary low-powered
receiver to listen to “wake-up” calls from neighboring nodes when there is a need for relaying packets. However, this ondemand sleep wake scheduling can significantly increase the cost of sensor motes due to the additional receiver. In this
paper, we are interested in asynchronous sleep wake scheduling protocols such as those proposed. In these protocols,
each node wakes up independently of neighboring nodes in order to save energy. However, due to the independence of
the wake-up processes, additional delays are incurred at each node along the path to the sink because each node needs to
wait for its next-hop node to wake up before it can transmit the packet. This delay could be unacceptable for delaysensitive applications, such as fire detection or a tsunami alarm, which require the event reporting delay to be small.
Index Terms: Sleep-wake, Sensor node, Wireless Network s, Energy.
network may end up being disconnected. In the recent

1. INTRODUCTION
Energy conservation is one of the key

literature, several schemes have been proposed which

technical challenges in sensor networks and ad hoc

address this problem. For example, SPAN tries to

networks. It is necessary to devise communications and

coordinate the sleeping activity of the nodes so that a

networking schemes which make judicious use of the

connecting backbone is always present. GAF identifies

limited energy resources without compromising the

groups of nodes which are equivalent from a routing

network connectivity and the ability to deliver data to

point of view, i.e., in each group, it is sufficient that a

the intended destination. In addition, sensor nodes are

single node is awake at any given time. STEM, on the

often subject to further constraints in terms of CPU

other hand, provides a means to communicate with a

power, memory space, etc., which call for simple

node currently asleep, by implementing a rendezvous

algorithms and schemes whose memory needs are

mechanism based on beacon transmissions. As to the

modest.

MAC itself, most papers in the literature assume either
TDMA-based schemes [4] or multi channel setups in
One of the main mechanisms to save energy is

which parallel transmissions can be performed without

the use of sleep modes at the MAC layer, by which

interference or variants of classic contention-based

nodes are put to sleep as often as possible. This must be

schemes, usually based on RTS/CTS handshake in

done in such a way that connectivity is preserved since,

order to mitigate the hidden terminal problem.

if too many nodes are sleeping at the same time, the
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However, anycast does not necessarily lead to

rates and the anycast packet-forwarding policy. We

the minimum expected end-to-end delay because a

show how to use the solution to the delay-minimization

packet can still be relayed through a time-consuming

problem to construct an optimal solution to the lifetime-

routing path. Therefore, the first challenge for

maximization problem for a specific definition of

minimizing the expected end-to-end delay is to

network lifetime.

determine how each node should choose its anycast
Before we present the details of our problem

forwarding policy (e.g., the forwarding set) carefully.

formulation and the solution, we make a note regarding

The work in proposes heuristic anycast protocols that

when the anycast protocols and the above optimization

exploit the geographical distance to the sink node.

algorithms are applied. We can view the lifetime of an

However, these solutions are heuristic in nature and do

event-driven sensor network as consisting of two

not directly minimize the expected end-to-end delay.

phases: the configuration phase and the operation phase.

The algorithms use the hop-count information (i.e., the

When nodes are deployed, the configuration phase

number of hops for each node to reach the sink) to

begins, during which nodes optimize the control

minimize some state-dependent cost (delay) metric

parameters of the anycast forwarding policy and their

along the possible routing paths. However, these

wake-up rates. It is during this phase that the

algorithms do not directly apply to asynchronous sleep–

optimization algorithms discussed in the last paragraph

wake scheduling, where each node does not know the

will be executed. In this phase, sensor nodes do not

wake-up schedule of neighboring nodes when it has a

even need to follow asynchronous sleep–wake patterns.

packet to forward.

After the configuration phase, the operation phase
The second challenge stems from the fact that

follows. In the operation phase, each node alternates

good performance cannot be obtained by studying the

between two subphases, i.e., the sleeping subphase and

anycast forwarding policy in isolation. Rather, it should

the event-reporting subphase. In the sleeping subphase,

be jointly controlled with the parameters of sleep–wake

each node simply follows the sleep–wake pattern

scheduling. Note that the latter will directly impact both

determined in the configuration phase, waiting for

network lifetime and the packet-delivery delay. Hence,

events to occur. Note that since we are interested in

to optimally tradeoff network lifetime and delay, both

asynchronous sleep–wake scheduling protocols, the

the wake-up rates and the anycast packet-forwarding

sensor

policy should be jointly controlled. However, such

messages in this sleeping subphase.

nodes

do

not

exchange

synchronization

interactions have not been systematically studied in the
Finally, when an event occurs, the information

literature. In this paper, we address these challenges.

needs to be passed on to the sink as soon as possible,

We first investigate the delay-minimization problem:

which becomes the event-reporting subphase. It is in

given the wake-up rates of the sensor nodes, how to

this event reporting subphase when the anycast

optimally choose the anycast forwarding policy to

forwarding protocol is actually applied, using the

minimize the expected end-to-end delay from all sensor

control parameters chosen during the configuration

nodes to the sink. We develop a low-complexity and

phase. Note that the configuration phase only needs to

distributed solution to this problem. We then formulate

be executed once because we assume that the fraction

the lifetime maximization problem: given a constraint

of energy consumed due to the transmission of data is

on the expected end-to-end delay, how to maximize the

negligible. However, if this is not the case, the

network lifetime by jointly controlling the wake-up
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transmission energy will play a bigger role in reducing

out after Np empty CTS slots (which forces the node to

the residual energy at each node in the network. In this

abort the handshake and to reschedule it at a later time).

case, as long as the fraction of energy consumed due to
3. If it hears a signal but is unable to detect a

data transmission is still small (but not negligible), the

meaningful message, it will assume that a CTS collision

practical approach would be for the sink to initiate a

took place and will send a COLLISION message, which

new configuration phase after a long time has passed.

will trigger the start of a collision resolution algorithm
(to be described later) and will listen again for CTSs.

2. SYSTEM MODEL
We consider a wireless sensor network with N

After packet transmission, an immediate ACK

nodes. Let N denote the set of all nodes in the network.

is expected. If it is correctly received, it completes the

Each sensor node is in charge of both detecting events

transaction and the node can go back to sleep. Notice

and relaying packets. If a node detects an event, the

that if the receiver is an intermediate node toward the

node packs the event information into a packet, and

destination, in a scheme in which a packet exchange is

delivers the packet to a sink s via multihop relaying. We

immediately initiated, the RTS message itself could

assume in this paper that there is a single sink; however,

serve as the ACK. Here, on the other hand, we assume

the analysis can be generalized to the case with multiple

that an explicit ACK is used. If the transmitter does not

sinks.

get an ACK within a given time, it times out and
declares the transaction failed. It will then reschedule

2.1 Transmitter

the same packet for future transmission. After NMaxAtt

When a sleeping node has a packet to send, it

failed attempts for the same packet, the transmitter will

enters the active state and monitors both frequencies for

give it up and generate an error message for the higher

T seconds. If either frequency is busy, the node backs

layers. While listening for CTSs and for the ACK, the

off and reschedules an attempt at a later time. If, on the

node transmits the busy tone to prevent interference

other hand, both frequencies are sensed idle during this

from hidden terminals.

entire interval, the node transmits a broadcast RTS

Notice that, with the above rules, the protocol

message which contains the location of the intended

does not lead to transmitter deadlock as the sender will

destination as well as its own. After sending the RTS,

never wait indefinitely for CTSs or ACKs. Only in the

the transmitting node listens in the subsequent slots for

case of a completed transaction will the transmitter

CTS messages from potential relays. In each of the CTS

consider the packet as successfully passed to the next

slots following the end of the RTS message, the

hop. A remaining problem with this scheme is that

transmitting node acts as follows:

packet duplication may occur. In fact, if the final ACK

1. If only one CTS message is received, it

is lost, the relay node is now in charge of packet

starts transmission of the data packet whose initial part

delivery, whereas the transmitter will not be aware of

acts as a CTS confirmation for the node which issued

this fact and will retry the transmission of the same

the CTS.

packet. This ambiguity does not compromise the
correctness of the scheme and can be solved by
2. If it receives no CTSs, it will send a

intermediate nodes when an additional copy of the same

CONTINUE message and listen again for CTSs, timing

packet is received and discarded. This requires that
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nodes keep the memory of recent transmissions. If this

whether or not to continue. Who decides to continue

is not possible or desirable, as well as in the case in

will send a CTS in the next slot. Three events are

which multiple copies of the same packet go through

possible:

disjoint sets of nodes, packet duplication will be
1. Only one node sends, transmitter starts

detected at the destination, which leads to some

packet transmission, and all others drop;

inefficiency that, on the other hand, is mitigated by the
fact that losing an ACK when the packet was successful

2. More than one CTSs are sent in the same

is a low probability event and the overall performance

slot, transmitter sends a COLLISION message, those

impact may be expected to be limited.

who did not send drop out, those involved in the
collision decide whether or not to continue as before,

2.2 Receiver

until the collision is resolved;
Each node will (more or less) periodically
3. No CTS is heard, a CONTINUE message is

wake up and put itself in the listening mode. If nothing

sent by the transmitter, and all nodes who did not select

happens throughout the listening time, whose duration

the current slot decide again independently whether to

may be fixed or random, the node goes back to sleep.

continue as before.

On the other hand, if the node detects the start of a
transmission, it goes into the receiving state. Note that

This procedure will terminate in few slots with

the randomness of the events involved makes the sleep

high probability. In order to force it to be limited, the

process not exactly periodic. The sleep time will be

transmitter can send an ABORT message if the collision

considered as a constant in the following, for

is not resolved within NMaxColl CTS slots. Finally, any

convenience of explanation and of analysis. In reality,

node which receives a message it does not understand

more sophisticated schemes could be envisioned in

will drop out.

which sleep times could be random or could depend on
Nodes which heard the RTS correctly will

the battery status.

follow the sequence of steps above and they are
Upon detecting the start of a message, a

guaranteed to either become the relay node or to drop

listening node starts receiving. At the same time, it

out at some point. The event that two nodes think they

activates the busy tone on the busy tone frequency for a

are the designated relay can be completely avoided if

duration TRTS. If no valid RTS is received, the node

the start of the packet contains the full relay node’s

goes back to the listening state, where it stays for the

address or made very unlikely in a simplified scheme

originally scheduled duration. On the other hand, if a

where, at the start of the packet, a random number

valid RTS is received, the node reads the information in

(included in the CTS as temporary short address) is

it and determines its own priority as a relay.

transmitted. In order to avoid the hidden terminal
problem, each node involved in the above procedure

If, on the other hand, a COLLISION message

will keep the busy tone active until it drops out or, if it

is received, this means that more than one CTS was

is the winner, until the whole data packet has been

generated in the CTS slot. All nodes who did not

received.

transmit will drop out while those involved in the
collision will start the collision resolution algorithm.

3. DESIGN OVERVIEW

Each colliding node will decide with probability 0.5
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S-MAC includes approaches to reduce energy

overhead, we prefer neighboring nodes to synchronize

consumption from all the sources of energy waste that

together. That is, they listen at the same time and go to

we have identified, i.e., idle listening, collision,

sleep at the same time. It should be noticed that not all

overhearing and control overhead. Before describing

neighboring nodes can synchronize together in a

the components in S-MAC, we first summarize our

multihop network.

assumptions about the wireless sensor network and its

3.2 Collision Avoidance

applications. Sensor networks will consist of large
If multiple neighbors want to talk to a node at

numbers of nodes to take advantage of short-range,

the same time, they will try to send when the node starts

multihop communications to conserve energy. Most

listening. In this case, they need to contend for the

communications will occur between nodes as peers,

medium. Among contention protocols, the 802.11 does

rather than to a single base station. In-network

a very good job on collision avoidance. S-MAC follows

processing is critical to network lifetime, and implies

similar procedures, including virtual and physical

that data will be processed as whole messages in a

carrier sense, and the RTS/CTS exchange for the hidden

store-and-forward fashion. Packet or fragment-level

terminal problem. There is a duration field in each

interleaving from multiple sources only increases

transmitted packet that indicates how long the

overall latency. Finally, we expect that applications will

remaining transmission will be. If a node receives a

have long idle periods and can tolerate latency on the

packet destined to another node, it knows how long to

order of network messaging time.

keep silent from this field. The node records this value
in a variable called the network allocation vector and

3.1 Periodic Listen and Sleep

sets a timer for it. Every time when the timer fires, the
As stated above, in many sensor network

node decrements its NAV until it reaches zero. Before

applications, nodes are idle for long time if no sensing

initiating a transmission, a node first looks at its NAV.

event happens. Given the fact that the data rate is very

If its value is not zero, the node determines that the

low during this period, it is not necessary to keep nodes

medium is busy. This is called virtual carrier sense.

listening all the time. S-MAC reduces the listen time by
Physical carrier sense is performed at the

putting nodes into periodic sleep state.

physical layer by listening to the channel for possible
We call a complete cycle of listen and sleep a

transmissions. Carrier sense time is randomized within

frame. The listen interval is normally fixed according to

a contention window to avoid collisions and starvations.

physical-layer and MAC layer parameters, e.g., the

The medium is determined as free if both virtual and

radio bandwidth and the contention window size. The

physical carrier sense indicates that it is free. All

duty cycle is defined as the ratio of the listen interval to

senders perform carrier sense before initiating a

the frame length. The sleep interval can be changed

transmission. If a node fails to get the medium, it goes

according to different application requirements, which

to sleep and wakes up when the receiver is free and

actually changes the duty cycle. For simplicity, these

listening again. Broadcast packets are sent without

values are the same for all nodes.

using RTS/CTS. Unicast packets follow the sequence of

All nodes are free to choose their own

RTS/CTS/DATA/ACK between the sender and the

listen/sleep schedules. However, to reduce control

receiver. After the successful exchange of RTS and
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CTS, the two nodes will use their normal sleep time for

procedure. The randomized carrier sense time reduces

data packet transmission. They do not follow their sleep

the chance of collisions on SYNC packets.

schedules until they finish the transmission. With the
2) If the node receives a schedule from a

low-duty-cycle operation and the contention mechanism
during

each

listen

interval,

S-MAC

neighbor before choosing or announcing its own

effectively

schedule, it follows that schedule by setting its schedule

addresses the energy waste due to idle listening and

to be the same. Then the node will try to announce its

collisions. In the next section, we will present details of

schedule at its next scheduled listen time.

the periodic sleep coordinated among neighboring
nodes. Then we will present two techniques that further

3) There are two cases if a node receives a

reduce the energy waste due to overhearing and control

different schedule after it chooses and announces its

overhead.

own schedule. If the node has no other neighbors, it will
discard its current schedule and follow the new one. If
the node already follows a schedule with one or more
neighbors, it adopts both schedules by waking up at the
listen intervals of the two schedules.

4. COORDINATED SLEEPING
Periodic sleeping effectively reduces energy
waste on idle listening. In S-MAC, nodes coordinate
their sleep schedules rather than randomly sleep on their
own. This section details the procedures that all nodes
follow to set up and maintain their schedules.

(Fig. 1) Neighboring nodes A and B have different
schedules. They synchronize with nodes C and D
respectively.

It also presents a technique to reduce latency
due to the periodic sleep on each node.

To illustrate this algorithm, consider a network

4.1 Choosing and Maintaining Schedules

where all nodes can hear each other. The node that
Before each node starts its periodic listen and

starts first will pick up a schedule first, and its broadcast

sleep, it needs to choose a schedule and exchange it

will synchronize all its peers on its schedule. If two or

with its neighbors. Each node maintains a schedule

more nodes start first at the same time, they will finish

table that stores the schedules of all its known

initial listening at the same time, and will choose the

neighbors. It follows the steps below to choose its

same schedule independently. No matter which node

schedule and establish its schedule table.

sends out its SYNC packet first (wins the contention), it
will synchronize the rest of the nodes. However, two

1) A node first listens for a fixed amount of

nodes may independently assign schedules if they

time, which is at least the synchronization period. If it

cannot hear each other in a multihop network. In this

does not hear a schedule from another node, it

case, those nodes on the border of two schedules will

immediately chooses its own schedule and starts to

adopt both. For example, nodes A and B in Fig. 1 will

follow it. Meanwhile, the node tries to announce the

wake up at the listen time of both schedules. In this

schedule by broadcasting a SYNC packet. Broadcasting

way, when a border node sends a broadcast packet, it

a SYNC packet follows the normal contention

only needs to send it once. The disadvantage is that
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these border nodes have less time to sleep and consume

In the previous section, we solved the delayminimization problem. In this section, we use the result

more energy than others.

to develop a solution to the lifetime-maximization
Another option is to let a border node adopt

problem (P). Hence, we convert Problem (P) to the

only one schedule the one it receives first. Since it

following

equivalent

problem

that

controls

For

any

given

knows that some other neighbors follow another
schedule, it can still talk to them. However, for
broadcasting, it needs to send twice to the two different
schedules. The advantage is that the border nodes have
the same simple pattern of periodic listen and sleep as
other nodes.
We expect that nodes only rarely see multiple
Where

schedules, since each node tries to follow an existing
schedule

before

choosing

an

independent

one.

is the optimal anycast policy that

However, a new node may still fail to discover an

minimizes the delay from all nodes,

existing neighbor for a few reasons. The SYNC packet
from the neighbor could be corrupted by collisions or
interference. The neighbor may have delayed sending a
SYNC packet due to the busy medium. If the new node
is on the border of two schedules, it may only discover
the first one if the two schedules do not overlap. To
prevent the case that two neighbors miss each other
forever

when

schedules,

they

S-MAC

follow
introduces

completely

different

periodic

neighbor
6. CONCLUSION

discovery, i.e., each node periodically listens for the
whole synchronization period.

In this paper, we develop an anycast packetforwarding scheme to reduce the event-reporting delay

The frequency with which a node performs

and to prolong the lifetime of wireless sensor networks

neighbor discovery depends on the number of neighbors

employing

it has. If a node does not have any neighbor, it performs

asynchronous

sleep–wake

scheduling.

Specifically, we study two optimization problems. First,

neighbor discovery more aggressively than in the case

when the wake-up rates of the sensor nodes are given,

that it has many neighbors. Since the energy cost is high

we develop an efficient and distributed algorithm to

during the neighbor discovery, it should not be

minimize the expected event-reporting delay from all

performed too often. In our current implementation, the

sensor nodes to the sink. Second, using a specific

synchronization period is 10 s, and a node performs

definition of the network lifetime, we study the

neighbor discovery every 2 min if it has at least one

lifetime-maximization problem to optimally control the

neighbor.

sleep–wake scheduling policy and the anycast policy in
5. MAXIMIZATION OF NETWORK LIFETIME

order to maximize the network lifetime subject to an
upper limit on the expected end-to-end delay.
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