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Abstract— The aim of this paper is to maximize the lifetime of
a sensor network by correctly configuring the wake-up interval of
a pseudo-asynchronous wake-up media access control technique.
The evaluation of the overall energy consumption is done by
a realistic simulation based on a global framework simulating
simple nodes with a microcontroller and a communication system
dedicated to sensor networks. The processing of this simulation
program includes the MAC and physical layers, the link layer, the
network and the application layers, allowing a good estimation
of cross-layer interactions. Indeed, the wake-up interval that is
the main concern of the paper highly depends on the application
paradigm.

I. I NTRODUCTION

Media access control (MAC) layer design is a very active
domain of research on sensor networks since the realization
of energy-efficient designs with high lifetimes still requires
innovation. The performance of MAC protocols is difficult to
evaluate because it is tightly linked to the application. Deve-
lopers still face problems to get realistic energy consumption
evaluation. Some works proposed new methods [1], [2] to give
accurate consumption models based on microprocessor plat-
forms running the widely used tinyOS event-driven operating
system. These tools capture the detailed energy requirements
of the CPU, radio, and every other peripheral. A framework
has been proposed in [3] for cross-layer design of the link layer
components. However, the paper does not particularly target
“real world systems” and the power consumption estimation
is highly theoretical, contrary to [1] and [2].

Contrary to other kinds of wireless networks, for example
high throughput networks, too simplistic application models
lead to very bad energy estimation. However, the impact of
application paradigms is rarely precisely considered, causing
wrong evaluation, since it is now widely known that cross-
layer optimization is necessary in order to get the highest

lifetime sensor networks [4]. The analysis of the consumption
in a typical non optimal functioning mode (figure 1) shows
that the communication component is the main cause of energy
consumption and that improvement of the communication part
offers most opportunities for energy savings.

Fig. 1. Consumption repartition for non optimal wake-up interval tuning.
Total average power per node : 0.36 mW.

For that reason, new kinds of methods and tools for cross-
layer design are required for maximizing the energy efficiency
and the lifetime of these wireless networks. The aim of
this paper is to define optimal low-level platform parameters
for a given sensor network application, from the energy per
successfully transmitted useful bit point of view. This work
focuses on a pseudo-asynchronous MAC layer, that allows
turning off the reception. The communication occurs when
the transmitter and the receiver synchronize for what is called



a rendez-vous. This rendez-vous is initiated by the node that
plays the role of the receiver for the communication, and this
occurs periodically according to a wake-up interval.

In section II, the performance models used are described,
from the channel to the link layer. Then, the power
consumption estimation is developed in section III. The
applications tested in this work are presented in section
IV and some results concerning the tuning of the wake-up
interval are given in section V.

II. PERFORMANCEMODELLING

A. Application model

The network is constituted ofN nodes, in a particular
geographic configuration. The distance between a source
node i and a destination nodej is noted Di,j . What is
often difficult to evaluate and which is however crucial
is the typical volume of data transmitted for a particular
application. Our sensor network prototype is able to run two
kinds of situations. First, for a limited quantity of nodes,
it is possible to realize real condition experiments on our
physical platforms. However, it is not possible to realize large
networks of hundreds or thousands of nodes, so a simulator
for the prototype allows to extend the study to larger scale
networks.

B. Channel

The channel model used is a gaussian additive noise.
Considering that the signal power before the transmission
is Plevel and the gain of the transmitter antenna isGt, the
radiated power isPrad(dB) = Plevel(dB) − Gt(dBi). At a
distance of1 meter from the antenna, the signal power can be
modelled byP1m = Prad.

λ2

16.π2 , with λ the carrier wavelength.
For a distanced between the transmitter and the receiver, the
power loss lowers the signal strength which can be expressed
by Pd = P1m

dα , with α the attenuation coefficient [5]. At the
receiver, the signal observed is then weakened by the receiver
antenna. The signal-to-noise ratio (SNR) can be deduced by
SNR(dB) = Pd(dBm) − Gr(dBi) − Pn(dBm), with Gr the
gain of the receiver antenna andPn the noise power. In order
to minimize the energy consumption, one should note that
Plevel is chosen with respect to the distance between 2 nodes.
On Fig. 2, the minimum energy consumed for a transmission
between 2 nodes is represented by the bold continuous line.

C. Physical layer model

The physical layer is modelled by a BPSK modulation
system which gives an expression of the BER (binary error
rate) that can be observed in the bitstream. This expression is
BER = 1

2 .erfc(
√

SNR).

Fig. 2. Energy par successfully transmitted bit with respect toPlevel and
distanced between 2 nodes.

D. Link layer model

The error control strategy is applied at the link layer and
different solutions have been evaluated, all based on block
coding. The quality criterion that is of main interest is the
tolerance to binary errors. A detection-only strategy will not
tolerate any binary error, while a correction strategy associated
with a simple checksum for detection will tolerate one error.
Considering that the packet length ispl and if the tolerance
is notedtol, then the retransmission rate for a communication
from nodei to nodej for a tolerancetol is

Ri,j(tol) = 1−

(
tol∑

k=0

Ck
plBERk(1− BER)pl−k

)
, (1)

where the binomial coefficientCk
pl =

(
pl
k

)
= pl!

(pl−k)!k! .

E. Collision probability model

In order to evaluate the collision probability, the MAC
level has to be accurately described. Our MAC and physical
schemes are highly inspired by the RICER (Receiver Initia-
ted CyclEd Receivers) version of the MAPLAP Technique
(MAC And Physical LAyer Power) [6]. This MAC/Physical
layer is a pseudo-asynchronous technique (also called cycled
receiver) that realizes rendez-vous between wireless nodes,
that means that nodes establish rendez-vous on demand.
Despite the ability to work asynchronously, the software
initiates the rendez-vous at approximately constant periods,
that is why this method is considered as pseudo-asynchronous.
This MAPLAP/RICER MAC scheme can be used with very
simple communication hardware. The media access timing
for a successful rendez-vous is showed on figure 3, and the
unsuccessful wake up is illustrated on figure 4.

In this scheme, two kinds of collision are possible. The first
one, the wake up collision, occurs during the first phase of the
communication when a node wakes up before the end of the



Fig. 3. Media access control timing for successful rendez-vous

Fig. 4. Media access control timing for unsuccessful wake up

wake up process of another node. When a node wakes up, it
takes the channel for a durationTwu. If N is the number of
nodes in the network,Tobs the observation time, andIwu the
wake up interval, the total number of rendez-vous is

NRDV = N
Tobs

Iwu
. (2)

The occupancy rate of the channel is then

OR =
Twu×N

Iwu
. (3)

It must be less than 1 in the general situation or equal to 1
at channel saturation. For a particular node, the probability to
collide during the first phase is then equal to

pcol1 =
Twu(N − 1)

Iwu
. (4)

The second type of collision occurs during the second phase
of the communication, when more than one node want to send
a packet to the node that has just waken up. A random anti-
collision time mechanism allows the first node to wake up
while the others stop their transmission procedure, forcing
them to retry at the next wake up of the receiver. In order
to evaluate the probability to be in this situation, it has been
considered that the number of nodes willing to transmit some
information as a response to the waking up node is Poisson
distributed.Vi,j is the number of frames transmitted from a
transmitter nodei to a receiver nodej during the time interval
Tobs. The probabilityµj for a particular node to be willing to
transmit some information as a response to the waking up node
j is

µj =
∑
i 6=j

Vi,j
Iwu

Tobs
, (5)

which is always inferior to 1 if the total number of answers
is inferior to the number of wake up slots related to nodej,
which is the case if there is no saturation, and that can be
traduced by this inequation∑

i 6=j

Vi,j ≤
Tobs

Iwu
. (6)

The probability thatk nodes want to respond to the waking
up nodej is then

pj,k = exp(−µj)
µk

j

k!
. (7)

In the end, the probability for a nodei to collide while
answering to the waking up nodej is

pcol2(j) =
∞∑

k=2

pj,k
k − 1

k
. (8)

III. E NERGY CONSUMPTION MODELING

The total power consumptionEtot is the sum of 3 terms,
Ealgo, Ean, and Eamp. Ealgo is the energy consumed by the
microcontroller for the link and MAC layers control,Ean is
the part of the energy consumed by the shaping of the signal,
and Eamp is the additional part that depends on the output
power.

Our sensor network software is based on the embedded
system Contiki, and more precisely on the Protothread library
[7] which allows to realize event-driven systems. It has been
showed that asynchronous processing, typical of sensor net-
works applications, perfectly fits event-driven programming.
Another famous event-driven system is TinyOS, which is
widely used on the sensor networks community, but the
Protothread library has been chosen instead because of its
greater flexibility, the compactness of code and the ease of
development in C language. The main kernel of the program
is an infinite loop that sequentially gives the processor to each
process. After each loop of the main kernel, it is possible to
record an execution trace which depends on external events
and which can be identified and classified. The approach used
for the power estimation is accurate, because it is based on
the analysis of real code and includes the consumption of
the communication component and the microcontroller. It is
also simple, because after having identified the consumption
of each software task of each typical execution trace, the total
power only depends on the number of these typical traces.

The evaluation of the termEalgo is done by measuring the
processing time of the different tasks of the loop traces. The
termsEan andEamp are calculated with the time spent by the
communication component in the receive mode or transmit
mode, which depends on the transmission powerPlevel. With
Pr the power consumption of the communication component in
receive mode,Pt(Plevel) and Pt(min) respectively the power
consumptions of the communication component in transmit
mode for an output power ofPlevel and for a minimal power
transmission,Tr the time spent in receive mode andTt the
time spent in transmit mode,Ean andEamp are

Ean = (Pr + Pt(min))(Tr + Tt) (9)

Eamp = (Pt(Plevel)− Pt(min))Tt. (10)



IV. CLASSES OF APPLICATIONS

The configuration that has been selected is a set of 16 nodes
positioned as a square of 4 by 4, with a fixed step between
neighbors. The base station is assumed to be located in a
corner of the network. The application modelling the activity
in the network is defined by data volume transmitted during
the observation timeTobs and it has been declined in three
versions.

The first application model that has been evaluated is a
random and non realistic configuration defined by a data vo-
lume matrixVi,j(random). In this model, the communications
repartition is a continuous uniform distribution.

For the second application scenario, it has been considered
that the sensor network is completely static. The environment
is periodically sampled and each sample is routed to the base
station in a multi-hop way. The initial routing calculation is
done only once at the setup. The data volume matrix modelling
this behavior isVi,j(static). A typical example of this class of
application is a large temperature sensing system, where each
node transmits regularly its information to a base station.

The third application scenario is used for low mobility
dynamic sensor networks, as a network for livestock survey,
for example. In this case, the updating of the routing
information is done at a periodTupdate. The update mechanism
is rather complex and it is constituted of 4 phases : during
the first phase, the base station initiates an update order, with
a packet that is flooded in the whole network, indicating
the location of the base station at the same time. Each
node then initiates a neighbors discovery, which is the
broadcasting of a packet to every node considered as a
neighbor ; this is the second phase. The answers to the
neighbor discovery constitute the third phase. Then, each
node sends an identification packet by multi-hop routing to
the base station that has the privilege of knowing every node
in the network. This update mechanism uses a flooding mode
during the first phase and a broadcasting mode during the
third phase and these two modes intensely use the channel
during short periods of time, thus increasing the probability
of collision. The data volume matrix modelling this behavior
is notedVi,j(rdum).

V. WAKE-UP INTERVAL AND RESULTS

The influence of the wake up interval is particularly crucial
for the MAC layer studied in this work. If the wake-up interval
for a particular node is rather short, then the global energy
consumption is high because the density of rendez-vous is
high, with many wake up cycles, most of them unsuccessful. A
longer wake-up time lowers the average power of the network.
The choice of a very long wake-up interval should intuitively
allow trading reactivity for longer lifetimes. However, the
global energy increases again for long wake-up intervals. This
phenomenon can be analyzed more precisely by observing
the global energy repartition for all nodes. As shown by
figure 5, for short wake-up intervals the main part of the
energy is used by the communication component in transmit

Fig. 5. Global energy as a function of the wake-up interval.

mode, since wake-up frames are transmitted at high rate. For
longer wake-up intervals, the energy is mostly consumed by
the receive mode of the communication component, because
source nodes willing to transmit spend a long time waiting for
the destination node to wake-up. In our system, this waiting
in done with an active microcontroller, and in that case, the
microcontroller consumption part grows proportionally to the
receive mode of the communication component. Figure 6
illustrates the repartition of the consumption for every cause
in the system at the optimal wake-up interval.

Fig. 6. Consumption repartition at optimal wake-up interval for the RDUM
scenario. Total average power per node : 0.13 mW.

Figure 7 shows the impact of the tuning of the wake-up
interval on the global network lifetime for the three applicative
scenarios presented in section IV. The optimal tuning to get
the highest lifetime is different for each application. These
results prove that high level constraints have to be considered
for fine tuning of low level MAC parameters. This work
of accurate simulation of the power consumption of sensor
networks allows to make good decisions to get that optimal
tuning.



VI. CONCLUSION

A generic framework has been described including the
channel, physical, MAC, link, and application layers, to have
a realistic overview of the way the energy is used in the
system. The MAC strategy has a particular impact on the
performance of the whole system, since the consumption of
the radio part is the most important, and it has been preci-
sely modelled according to a promising pseudo-asynchronous
MAPLAP RICER strategy, making it possible to use very
simple hardware in a power efficient way. It has been supposed
that the system is based on the Protothread library with a
static scheduler. The power evaluation is done by the analysis
of the execution traces of the scheduler, and the particular
traces used during communications phases have been isolated,
characterized, and injected into the consumption model. This
method is a realistic, pragmatic and accurate way to evaluate
the energy consumption of a communication process. Finally,
all elements are gathered into the expression of the energy per
successfully transmitted useful bit, allowing to take decision
for unknown parameters. Let us point the fact that realistic
network and application models are crucial, because the impact
on the final energy per successfully transmitted useful bit
figure is very high like illustrated by simulations results, for
a fixed amount of data exchanged.

It has been proved that the fine tuning of the MAC layer
has an important impact on the whole energy consumption, but
this tuning must be done with the knowledge of the application
characteristics to get the highest possible lifetimes.

Fig. 7. Average lifetime as a function of the wake-up interval for three
typical scenarios.
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