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Abstract

In this paper we present an accurate energy consumption evaluation of preamble sampling based MAC protocols for
wireless sensor networks (WSN). The evaluation of software and hardware power consumptions is based on real-time
measurements which explore the details of the current leveldrawn during all possible scenarios that can occur during the
communication between sensor nodes. In typical asynchronous wireless sensor network applications, there are two types
of collisions (control and data packets) that can occur during the communication between sensor nodes. Depending on the
application and the network topology, these collisions candrastically increase the energy waste. The energy consumption
is detailed for different application scenarios and some extensions of this accurate analysis are proposed to design energy-
efficient networks.

1 INTRODUCTION

Wireless sensor networks (WSN) consist of a distributed
set of inexpensive integrated devices (called sensor nodes)
which are typically placed in ad-hoc network topology
with high constraints on battery replacement and power
consumption. Accurate energy consumption evaluation is
crucial for the design of autonomous nodes with regards
to achieving the highest lifetime. Since the energy con-
sumed is not only due to the components at the individual
layers [1], the influence of cross layer based interaction for
power management and optimization for the global energy
evaluation is very important [8] [9].
In the context of global energy consumption, the medium
access control (MAC) layer plays a pivotal role in opti-
mizing the WSN lifetime, because the dominant energy
consumption is due to radio chip, whose activity is con-
trolled by the MAC layer [10]. Moreover, for typical low
traffic WSN applications such as temperature monitoring,
surveillance, etc., usually the actual payload at the MAC
layer is negligible with regards to its associated headers.
Consequently, the radio wakes up at more frequent rate
with regards to what it actually transmits, which leads to
a significant proportion of energy waste.
The real-time accurate measurements for the energy con-
sumption is critical to the occurrence of the events and
more precisely to their timings. For example, in distributed
asynchronous sensor networks (DASN), a sensor node can
wake up at a particular instant and communicate with an-
other node without any collision, but the same node can
have collision when it wakes up at another instant. As a
result, the energy consumption for the same node is com-
pletely different. Therefore, in order to have deeper and
accurate evaluation of energy consumption, it is important
to identify different executing scenarios that can occur dur-
ing communication between sensor nodes.
With regards to the accurate power estimation methods and
techniques, several models such as [2] [3] and [15] rep-

resent the prediction of the node current consumption in
terms of numerical equations with a large number of pa-
rameters. These parameters evaluation is not always trivial,
also the accuracy of the predictions of these static models
lacks reliability. Similarly, node platform vendors provide
tools for node lifetime calculation [5], which are based on
the consumption of the charge consumed as a function of
node duty cycle which is defined as the ratio of active and
not active node time interval [6]. The main shortcoming
with such an approach is that it assumes a deterministic
current usage profile to predict node life time. An alternate
solution can be a monitoring tool to characterize the node
current usage profile as presented in [4]. For the precise
power consumption of the WSN hardware platform, [7]
presents a very interesting measuring methodology as well
as the power consumption for elementary functionalities
(such as microcontroller, internal flash, LEDs, timer and
radio components) of the WSN platform.

In this paper, we present a real-time power consumption
estimation technique for sensor nodes with the aim to ob-
serve the details of the current drawn in different executing
scenarios that occur during the communication between
sensor nodes. The method extracts the variations in the
current levels of the different states hence presents accu-
rate energy evaluation. Further, the real-time effects such
as collision avoidance and collisions of contention based
MAC protocols such as preamble sampling MAC proto-
cols are presented. The presented technique focuses on
the energy consumption for two cases: firstly, the success-
ful rendez-vous and communication between sensor nodes
and secondly, the unsuccessful rendez-vous and communi-
cation which means the energy consumption and behavior
of sensor nodes during collisions.

The rest of this paper is organized as follows. In Section
II, we present the scenario-based methodology of energy
consumption evaluation and preamble sampling MAC pro-
tocols. In Section III, we introduce the detailed real-time
measurements of current consumption of our platform, fur-



ther the results of energy consumption and exploitation of
the presented measurements are discussed in Section IV.
The paper ends with the conclusion. A list of acronyms is
presented in the appendix to help the readability.

2 METHODOLOGY OF ENERGY
CONSUMPTION EVALUATION

2.1 Scenarios Description

To introduce the scenario-based energy consumption eval-
uation, we consider an example of distributed asyn-
chronous sensor networks (DASN). In DASN there can
be several scenarios. Firstly, a sensor node can wake
up at a particular instant and communicate with another
node without any collisions. Secondly, a node can have
a wake-up-collision with another neighbor node when the
both nodes wake up at exactly the same instant. Thirdly,
there can be data collision between the nodes when they
transmit to the same destination node at exactly the same
time. Therefore, the energy consumption for a sensor node
changes according to its executing scenario. Furthermore,
with regards to the software and hardware consumption,
there is different energy consumption for being either in
transmit or receive states. The sleeping modes of the soft-
ware component are directly linked with the frequency of
the events. If there are more events it does not go to deep
sleep mode otherwise it can be in the deep sleep mode
for multiple wake-up-intervals. Similarly for the hardware
consumption, while transmitting the data or control pack-
ets, there are two distinct executions: the channel sensing
(CCA) and the actual transmission, and their consumptions
are not the same as shown in Fig. 5. Therefore, we have to
isolate them and not evaluate them through only one state
(i.e. transmit state) as it is the case in classical models.

The executing scenarios which typically occur during a
communication process are shown in Fig. 1. These scenar-
ios are called as, calculation before transmission(CBT ),
transmitter wake up(TWU), wake-up-beacon(WUB),
wake-up-collision(WUC), Data Transmission (DT), Data
Reception(DR), Acknowledgment(ACK), Data Re-
ceived With Errors(DRE) andData Collision(DC). The
scenarios which are shown in plain lines are common to ev-
ery communication while the ones in dotted lines illustrate
some bad events that may occur especially in asynchronous
rendez-vous schemes.

Figure 1: Communication phases between transmitnode

and receivenode: The energy model is based on execu-
tion traces of different scenarios which occur during the
communication. These scenarios include,CBT which is
the calculation before transmission,TWU is the transmit-
ter wake-up,WUB is the wake-up-beacon,WUC is the
wake-up-collision,DT is the data transmission,DR is the
data reception,DC is thedata collision, DRE is the data
received with errors andACK is the acknowledgment of
data.

2.2 Preamble Sampling MAC Protocols

Medium Access Control (MAC) is the ability of a node to
efficiently share the wireless medium with the other nodes
in the network [10]. The main objective of the MAC layer
is to keep the energy consumption low by turning off the
radio module as often as possible. In the design of en-
ergy aware MAC protocols, the main causes of energy
consumption are idle listening, overheads, overhearing and
collisions. Therefore, in order to achieve the highest en-
ergy efficiency these factors need to be minimized, but
there exists a trade-off for the optimal design. For exam-
ple, the protocol with the aim to reduce idle monitoring and
collisions demands extra synchronizations and overheads,
whereas, reducing the overheads and synchronizations re-
sults in an increase in energy waste due to collisions.
In the context of energy efficient WSN protocols, the
preamble sampling method is an attractive option for light
WSN traffic [10]. Preamble sampling MAC protocols are
based on non-scheduled mechanism without any synchro-
nization among the nodes, which means that each node is
completely independent of its own active/sleep strategy.
The general mechanism of a preamble sampling protocol
is shown in Fig. 2. The initialization of communication
between sensors can be initiated by either a transmit or a
receive node (depending upon the specific protocol being
used) both cases are depicted in Fig. 2. If the communica-
tion is initiated by the receiver, the receive node will send
the preamble to the transmit node and the transmit node
will respond with the data packet, whereas if it is initiated
by the transmitter then the preamble will be sent by the
transmit node followed by the data packet. The receive
node wakes up periodically at sampling interval to sense
the channel activity and if it does not find any preamble
it goes to sleep mode immediately. It is to be noted that,



preambles have to be long enough such that the intending
receive/transmit node can be able to receive the preamble
on the wake up and further to keep the radio on for receiv-
ing the subsequent data packet.

Figure 2: General mechanism of preamble sampling pro-
tocols. Every receive node wakes up with a specific
sampling interval called as wake-up-intervalWUInt, and
samples the channel. After the channel sensing if it finds
the preamble, it remains awake otherwise the node goes to
sleep. The communication can either be initiated by re-
ceive or transmit node.

Preamble sampling category includes energy efficient
MAC protocols such as Cycled Receiver i.e. RICER (Re-
ceiver Initiated Cycled Receiver) [15], TICER (Transmit-
ter Initiated Cycled Receiver) [15], LPL (Low Power Lis-
tening) [11], BMAC (Berkeley MAC) [11], XMAC [12],
WiseMAC [13] etc. These protocols reduce the cost of
extra overheads (in comparison with scheduled based pro-
tocols) and synchronizations by simply having single or
multiple preambles. In addition, a protocol like WiseMAC
can adjust the duty cycle efficiently based on the ’wake up
time’ of the neighbor nodes, which results in a great re-
duction of idle monitoring, preamble size and probability
of collisions.
In the preamble sampling protocols the wake up time of
one node is independent of the other nodes in the network,
which means that two nodes can wake up and send their
preambles at the same time, resulting in apreamble colli-
sion. In addition topreamble collisions, data collisionscan
occur due to randomly distributed sensing and also due to
the hidden terminal, even though in different variants of
preamble protocols, such as XMAC, WiseMAC, TICER,
RICER etc., the data packet is sent after channel sensing
and initial rendez-vous between the nodes.

3 EXPERIMENTAL EVALUA-
TION OF POWER CONSUMP-
TION

3.1 PowWow HW/SW Platform

The architectural block diagram of our WSN platform
(PowWow [17]) is shown in Fig. 3. PowWow is a power
optimized hardware platform associated to a software ar-
chitecture designed for complete WSN solution. The hard-

ware platform is, like many others, based on a low-power
micro-controller and a radio transceiver. However, Pow-
Wow also includes new features which improve the energy
efficiency with regards to state-of-the-art platforms: dy-
namic voltage and frequency scaling (DVFS) of the digital
processing part and also co-processing capabilities usinga
low-power FPGA (Field Programmable Gate Array). The
detailed description of the hardware architecture and its
utilization can be found in [16]. For the context of this pa-
per, it is noteworthy that the dynamic voltage scaling is not
used also the MAC protocol is implemented in the micro-
controller therefore, DC/DC converter and FPGA are not
included during the measurements for this paper.

Figure 3: Hardware block diagram of PowWow. The key
components in terms of power consumption are processing
units (T.I MSP430, Actel IGLOO FPGA), DC/DC con-
verter (used for voltage scaling), and the radio chip (T.I.
cc2420).

The parameters that have been described in Sec. 2.2, such
as collision avoidance, wake-up and data collisions, have
been identified through real-time measurements during the
implementation. Some general parameters used in the
physical platform are shown in Tab. 1. These parame-
ters are data packet length, MAC layer timing data, an-
tenna gains, receive and transmit power levels of the radio
transceiver chip.

Table 1: Physical platform and MAC timing parameters.
Treact is the reaction time to switch the states,Tsync is the
time to synchronize,TDF (Rx) andTDF (Tx) are the time
to receive and transmit the data frame

pl = 128 bits E[w](Tx) = (1.5- 15) ms
Gt = -1.0 dBi Treact = 0.1 ms
Gr = -1.0 dBi Tsync= = 0.1 ms
Pn = -95 dBm WUInt = (0.3-3) s
Fc = 2.4 GHz TDF (Rx) = (1.5-4.5) ms
C = 3.108m/s TDF (Tx) = 1ms
α = 4 Pt(0dBm) = 57.2 mW
Pr = 56.9 mW Pt(−20dBm) = 30.5 mW

3.2 Platform Power Measurements

The real time measurements are conducted with Agi-
lentN6705A DC Power Analyzer which is equipped with
four channel modules which means that at one time the
power consumption of four components/devices can be



measured. The platform setup for measurements is con-
stituted of three WSN PowWow motes connected to the
DC Power Analyzer. The external power supply of3.3 V

is used. The four modules of theN6705A are connected
with thecc2420 andMSP430 respectively, to measure the
current consumption of each component of the connected
nodes. The current consumption for the complete commu-
nication between three sensor nodes is shown in Fig. 4. In
the MAC protocol, since the transmission is initiated by
the receiver, the transmitting node after waking up has to
wait for theWUB from the receiver, before it starts trans-
mitting the data. In our implementation, the maximum ex-
pected waiting time of the transmitter is15 blocks, where
eachblock (defined as the wake up time of each node) can
be between0.3s to 3s depending on the application.
In Fig. 4, the combined total current consumption based on
software and hardware (MSP430 and cc2420) for three
WSNs nodes is shown. In this configuration each node is
connected to a single power analyzer module. The inter-
esting aspect of the Fig. 4 (coming from MAC Protocol)
is that the transmitting nodes also send their ownWUB

at an interval of everyblock, so as to reduce the overall
network latency and to improve the power consumption
of idle monitoring of other neighbor nodes that want to
communicate with the transmitting node. The rendez-vous
occurs between the nodes and after the complete commu-
nication all the nodes go to sleep mode.

Figure 4: Total Current Consumption: Two nodes want
to transmit the data to the same destination node. In
this particular case, after 5blocks, the transmitter wakes
up and sends itsWUB, and a rendez-vous (detailed in
fig.5) occurs between the two nodes on the single chan-
nel. The total current consumption including thecc2420
andMSP430 is 22.5mA.

The details of a rendez-vous are shown in Fig. 5. Two
nodes want to transmit data to the same destination node
and both are waiting forWUB in the receive mode. The
receive node wakes up (according to its own wake-up-
interval) from the sleep mode and configures its software
as well as hardware in calculation before transmission
(CBT ). The execution of this calculation can be differ-
ent depending upon the exact mode of software and hard-

ware, for example, if the regulator of the radio transceiver
is off (sleep state), it requires complete restart, similarly if
the micro-controller (software) is in deep sleep mode it re-
quires to boot from the start. When theWUB is received,
two nodes change their mode from receive to transmit and
start transmit their data packet. Since both nodes sense
the channel through clear channel assessment (CCA) be-
fore transmitting their data, in this particular example, the
Tx node2 finds the channel already occupied by Tx node1
and hence it backs off and therefore the data collision is
being avoided as can be seen in Fig. 5. Tx node1 continues
its transmission which completes at the reception ofACK

signal from the receive node.

Figure 5: Details of Rendez-Vous: Three phases i.e.
WUB, DT andAck are clearly shown, and all the events
are described during the rendez-vous. TheTx node 1
senses the channel first and hence occupies the channel
before theTx node 2. Therefore the collision is being
avoided.

The software component(MSP430) consumes0.0 µA,
0.01 µA, 2.5 mA, 3.7 mA, in sleep, low power mode
(LPM), transmit, and receive modes respectively. Whereas
the hardware component(cc2420) consumes,0.0 µA,
0.4 mA, 17.6 mA, and19.6 mA, in sleep, LPM, trans-
mit, and receive modes respectively. It should be noted
here that the time taken for theWUB transmission and for
the data transmission is different (because of the different
packet sizes), and hence the energy consumption is differ-
ent even though the level of the current drawn by both of
them is nearly the same.
Fig. 6 shows very interesting effects of data collision. In
this case, two transmitting nodes intend to transmit at the
same time to the same destination node, both nodes find
the channel as idle and transmit their data, which results in
data collision. In this specific example, both transmitters,
after sending their data, switch to the receive mode and
wait for theACK signal from the receiver. Due to data
collision over the channel, the receive node keeps waiting
until 4ms, which is three times more than the time during
normal successful communication. Similarly, both trans-
mitters wait more than3ms for the ACK signal. First,
the extra cost of this data collision at the two transmitters



is found to be0.3699.10−3J and 0.3701.10−3J respec-
tively, secondly at the receiver the energy is calculated as
0.3888.10−3J .

Figure 6: Unsuccessful communication because of data
collision, which is one of the bad executing scenario as
mentioned in the energy model. The two nodes end up
with collision and this results in extra power consumption
because of the waiting ofACK for the transmit nodes and
data packet for the receive node. After about 4 ms. of wait
in monitoring state, all nodes go to sleep mode.

4 RESULTS AND EXPLOITATION
OF POWER MEASUREMENTS

4.1 Energy Consumption Evaluation

The energy consumptions have been measured for exe-
cuting scenarios that can occur during the communica-
tion between two nodes (according to the energy model
as presented in Fig. 1) and Tab. 2 illustrates the accurate
consumption of these scenarios. To be more precise, the
consumptions have been isolated into software and hard-
ware. For the case of software, the energy is measured
through profiling of the actual code of different scenar-
ios, whereas for the hardware, it is calculated based on the
real-time measurements of the current consumption. The
consumption evaluation in the software is based on trans-
mit and receive states, link and network layers, timing and
controller of the MSP430 (tx, rx, link, ntwk, timing,
contr.), whereas, for the hardware it is based on the trans-
mit and receive states of cc2420. The current drawn in
different states of the radio is interpreted in terms of nu-
merical sample values and the integrated sum over the time
results in energy for different scenarios. The total energy
consumption for one complete communication (i.e. for
transmitting and receiving one packet between two nodes
which are within the radio-range) includes all the energy
required for scenarios shown in Tab. 2, and the energy of
transmitter wake-upTWU . The energy consumption of
the transmit node in Joules (J) is(0.0431, 0.0052)J for
(cc2420, MSP430), whereas for the receive node it is cal-

culated as(0.1789, 0.0043)∗10−3J . The transmitter con-
sumption is103 times more in comparison to the receiver
because of the penalty of long waiting timeE[w] for the
WUB. The energy consumption at the transmitter due
to TWU is calculated as0.0483J , which is nearly equal
to the total energy consumed by the transmit node during
one complete communication or more precisely103 times
more in comparison to the rest of the consumption for the
transmit node. This concludes that the main bottleneck (in
the selected MAC protocol of preamble sampling category)
lies in expected waitE[w]. Having said that, this consump-
tion can be reduced by applying adaptive wake-up-interval.

Table 2: Energy Consumption of Communication Phases
(Joules): The software and hardware energy consumptions
of the executing scenarios which are identified during com-
munication between sensor nodes. The energy consumed
in WUB andACK is the same because of same control
packet size.

SW/HW CBT WUB DT WUC DC

tx 0.02µJ 0.05µJ 12µJ 0.04µJ 10µJ

rx 0.05µJ 1.2µJ 0.05µJ 1.3µJ 0.05µJ

timing 0.5µJ 0.5µJ 0.5µJ 0.5µJ 0.5µJ

link 0.4µJ 0µJ 0µJ 0µJ 0.4µJ

ntwk 0.4µJ 0µJ 0µJ 0µJ 0µJ

contr. 0.3µJ 0.3µJ 0.3µJ 0.3µJ 0.3µJ

cc.Tx 0µJ 0µJ 68µJ 0µJ 290µJ

cc.Rx 7.8µJ 50µJ 100µJ 31µJ 230µJ

Total 9.7µJ 51µJ 170µJ 32µJ 530µJ

4.2 Exploitation of Power Measurements

There is a significant increment on the overall power con-
sumption of the individual node and consequently of the
network due to the effects of collisions (as shown in Fig. 6).
For typical WSN applications such as critical temperature
sensing of environment monitoring the amount ofWUC

and DC can result in an increment of considerable en-
ergy waste in comparison to the energy consumed dur-
ing non-collision transmission and reception. Therefore,
to improve the accuracy of the actual energy consumption
and its evaluation it is necessary to add the real time ef-
fects of collisions on the existing power models. It is worth
mentioning here that, even if there is no collision (i.e. non-
contention based protocol) the presented measurements are
more precise in terms of accuracy than the basic power
models which consider constant current levels in different
states such asTx, Rx, etc.
Another potential application of our energy model can be
in optimizing the total energy per successfully transmitted
useful bit between two nodes as a function of the distance
and of the transmission power level. For a given topology,
particular transmission power level allows to optimize the
total power. Similar examples can be obtained such as for
different error correcting codes we can determine the op-
timal point against the power consumption and the energy
per useful transmitted bit. The life-time of the system can



be prediction by considering a geographical network and
by using a routing algorithm to compute the volume of traf-
fic for all the nodes of the network and thereafter by using
our energy measurements we can predict the life time of
the network.

5 CONCLUSION

Energy efficiency is one of the most important require-
ments for wireless sensor networks. Therefore, it is im-
portant to have accurate measurements of the energy con-
sumption of the nodes in a network. We proposed a
scenario-based energy consumption approach capable of
accurately identifying and evaluating the sensor nodes en-
ergy consumption. The presented measurements explored
the details of the current levels in different executing states
during the communication. We have shown that the en-
ergy consumption for contention-based MAC protocols in-
creases significantly due to collisions. The penalty can be
several times more (depending upon the real effects of col-
lision) in comparison to normal transmission and recep-
tion. Further, several potential applications of the pre-
sented measurements have been discussed. It is to men-
tion here that, the energy model presented is specific to
preamble sampling category of MAC protocols, however,
the approach presented details for evaluation of power con-
sumption and therefore it can be easily extendable to other
contention based protocols.
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