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ABSTRACT
Wireless Sensor Networks (WSNs) consist of small, autonomous
devices with wireless networking capabilities. In order to
further increase the applicability of WSNs in real world ap-
plications, minimizing energy consumption and size are im-
portant research topics. A WSN node itself is a complex
system consisting of numerous components, and the energy
consumption of the node depends heavily on the interac-
tion between its components and their respective operation
modes. To develop a power consumption model, we have
investigated the power characteristics of a Bluetooth(BT)-
equipped node based on COTS (commercial off-the-shelf)
components running standardized protocols for communica-
tion. The characterization captures the transient behavior
of the individual components as well as the dynamic behav-
ior of the system as a whole. Although the parameters of
the model are derived for a specific node, the model and our
conclusions can be applied to WSN nodes in general. Based
on our model the estimated lifetime of a battery powered
BT-equipped node can range from a couple of days to sev-
eral months depending on battery and usage. This result
indicates that COTS based sensor nodes can be used in a
wide range of applications.

1. INTRODUCTION
Wireless Sensor Networks (WSNs) provide unique opportu-
nities in environmental monitoring, industrial, health care,
and military applications. WSNs are networks of several
small, autonomous devices equipped with wireless commu-
nication. Over the years, WSNs has evolved from tiny data
gathering networks [12] to functionally rich distributed sys-
tems [8]. Comprehensive surveys on WSNs can be found
in [4, 21] where different aspects of sensor networking are
discussed.

Minimizing energy consumption and size are important re-
search topics in order to make WSNs deployable. As most
WSN nodes are battery powered, their lifetime is highly de-
pendant on their energy consumption [17]. In cases with
hundreds of nodes, changing batteries can be an almost un-
achievable task due to the sheer number of nodes. Due to
the low cost of an individual node, it is perhaps more cost
effective to replace the entire node than to locate the node
and replace or recharge its battery supply. In other scenar-
ios the location of the node make battery changes infeasible;
the node might be physically inaccessible (as embedded into
the hosting equipment), the node may be located in an en-

vironment where human intervention is undesirable (such as
a bird nest [14]), the node is situated in a dangerous envi-
ronment (such as a chemical plant), or the node resides in
rugged unaccessible terrain.

An effective solution to prolong the operational lifetime of
a node is to apply energy scavenging methods such as solar
technology [20], or vibrations [1][2]. Another approach is to
apply a local RF field to temporarily power an individual
node in order to retrieve data [10].

The work presented in this paper is based on COTS com-
ponents and standardized protocols for communication, in
our case the microcontroller based platform MULLE [11]
featuring Bluetooth and TCP/IP communication. COTS
based solutions provides valuable insight of the underlying
problems and serve as a basis for experimental work and
development of real world applications.

As wireless communication is one of the key issues for WSN
nodes, the problem of energy-aware routing has been the
focus of recent research [18, 5]. We however, investigate the
power characteristics of an individual node in a single-hop
network in order to develop a power consumption model.
The node itself is a complex system consisting of numerous
components. As the energy consumption of the node de-
pends heavily on the interaction between its components and
their respective context (operation mode), it is necessary to
regard the transient behavior of the individual components
as well as the dynamic behavior of the system as a whole.
To formally analyze a WSN node would be intractable using
today’s methodologies and tools. Component characteris-
tics are often publicly unavailable due to proprietary issues.
Even if we could obtain such information, there would still
be a lack of formal methods for complex system analysis. So
we ask ourselves, given the complexity of a node, is it at all
possible to derive a model of its energy consumption. If so,
will the model be robust, intuitive, and applicable?

To address this problem, we undertake an applied approach,
based on real life measurements conducted for representative
contexts (operation modes for the node as a whole). In this
paper we extend the general design methodology previously
proposed in [13], by developing a model for the MULLE
node. Although the parameters of the model are derived
for this specific node, the model and our conclusions can be
applied to WSN nodes in general.
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Figure 1: MULLE: front and back.

The outline of the paper is as follows; chapter 1 gives an
introduction, chapter 2 describes the system setup, chapter
3 gives information on measurement setup, chapter 4 is a
description of the characterization, chapter 5 explains the
model, and the paper is concluded with discussion and re-
sults.

2. SYSTEM SETUP
2.1 WSN Architecture
A WSN node consists of a sensor, a microcontroller (MCU)
and a communication device. The MCU acquires data from
the sensor and transmits it using the communication device
either raw or preprocessed.

2.2 Hardware
The MULLE, shown in Figure 1, is a wireless sensor node de-
veloped at EISLAB [3], Lule̊a University of Technology. The
physical size of the sensor node is 25x23x5 mm. The batter-
ies used are a selection of lithium or lithium-ion with capac-
ity ranging from 120 mAh to 2200 mAh. It holds a Renesas
M16 [15] microcontroller with 20 kB of RAM, mounted as a
bare die to save space on the PCB. The wireless communica-
tion device chosen is a Bluetooth module [6]. The MULLE
has a 3.0 V linear regulator controlling the power supply. A
real-time clock (RTC) is also integrated and serves several
purposes, it; provides the MCU with a sub clock, generates
timer interrupts, and serves as non-volatile storage. A 26
pin connector allows a multitude of sensors to be connected
to the MULLE using both analog and digital I/O’s.

2.3 Software
To give the node the possibility to use available communi-
cation infrastructure, such as cellular networks and the In-
ternet, all communication is performed using standardized
protocols. Contained in the highest layer of the software
hierarchy (Figure 2) are the applications; a generic sensor
application which acquires and communicates data from the
sensor, and a web server. The web server provides the user
interface for the sensor application in the form of a Java ap-
plet. TCP/IP communications are handled by a lightweight
stack lwIP [9] and Bluetooth communications are handled
by lwBT [16]. No realtime operating system is used, all
low level functionality is handled by an in-house hardware
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Figure 2: The MULLE software stack.

abstraction layer. In [19] several data delivery models are
presented. The data delivery model used by the MULLE
in this work is continuous, this means that data is sent at
a pre-specified rate. Between transmissions, the MCU and
the BT-module sleep and only wake up to send data or store
data for later transmission.

3. MEASUREMENT SETUP
To capture the power consumption, a digital oscilloscope
Tektronics TDS7254 was set up to measure the voltage over
a series resistor. The oscilloscope has a vertical resolution of
8 bits with a gain accuracy of 2%. During measurement the
oscilloscope has been setup to use as much as possible of the
available resolution. The resistor was chosen to 10 Ohm to
get a reasonably large signal to measure while keeping the
voltage fluctuation over the MULLE low. The steady state
current measurements were made with a digital Sourcemeter
Keithley 2400. As the voltage provided to the MULLE is
held constant we can calculate the power consumption. The
Sourcemeter has a accuracy of 0.012% and a resolution of 5
1/2 digits. In order to validate the derived model (presented
in chapter 5) real world life time tests were made. To give
the MULLE a lifetime in the range of minutes, convenient
for conducting repeated experiments, a capacitor was used
as power supply in a similar manner to [18].

4. CHARACTERIZATION
To make a complete characterization of the MULLE. The
measurements were made on three representative operating
modes; sleep mode, data acquisition, and data transmission.
These modes should apply to WSN nodes in general.

4.1 Sleep mode
In order to reduce the power consumption, the MULLE uti-
lizes the sleep mode whenever possible. To investigate how
much power individual components consume, measurements
began with only the MCU, and the basic components it re-
quires to operate, such as the RTC and voltage regulator
mounted. The next step was to measure with the voltage
references mounted, the voltage references are used by the
MCU internal AD converter. The last component mounted



Components Power

MCU + Regulator 270 µW
Voltage References 470 µW

Instrumentation Amplifier 450 µW
Bluetooth module 270 µW

Total Sum 1460 µW

Table 1: Power consumption of different parts on
MULLE in sleep mode.
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Figure 3: Ten overlayed measurements of the
MULLE power consumption when acquiring one
sample. At time a an interrupt is generated by the
RTC and the MCU wakes up from sleep mode and
starts initialization. At time b the MCU switches
from 1.25 MHz to 10 MHz and acquires the sample.
The MCU returns to sleep mode at time c.

was the instrumentation amplifier. The instrumentation
amplifier is used to give MULLE an analog differential in-
put. The results of the measurements are shown in Table 1.
This characterization shows that for the MULLE, the sleep
mode power consumption could be reduced from 1460 µW to
270 µW by introducing switches to completely power down
the BT-module, voltage references, and the instrumentation
amplifier when they are not used.

4.2 Data Acquisition
To characterize the MULLE during data acquisition, mea-
surements were taken when the MULLE was reading analog
values from a temperature sensor at a specific periodic rate
controlled by interrupts generated by the RTC. Figure 3
shows ten overlayed measured activations. Each activation
consists of the RTC generating an interrupt, the MCU ini-
tiating and acquiring one sample. During characterization
tests where made with the MCU running at different clock
frequencies. A comparison between 1.25 MHz and 10 MHz is
shown in Figure 4. The tests showed that running the MCU
at full speed (10 MHz) was most energy efficient. To fully
take advantage of the reduced frequency an accompanying
reduction in supply voltage would be required. As the sup-
ply voltage could not be adjusted the faster clock speed was
preferred, allowing the MULLE to return to the low power
sleep mode earlier.
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Figure 4: MULLE power consumption while run-
ning at 10 MHz vs 1.25 MHz. The total energy
consumption for these cases are 2.8 and 3.4 µJ re-
spectively, obtained by integrating the above curves.

4.3 Data Transmission
To be able to characterize the data transmission, measure-
ments were made when the MULLE created a Bluetooth
connection to a LAN-access point and sent 16 bytes of sam-
pled data. The by far most energy consuming component
of the MULLE is the Bluetooth-module, where most of the
energy is spent during the connection phase. Sending of the
actual measurement data only corresponds to about 1% of
the energy used by the Bluetooth-module during transmis-
sion.

In order to decrease the time required to make the Bluetooth
connection, a fixed Bluetooth address was used. By using
this approach, there is no need to make a time consuming
Inquiry Scan before each connection. The recommended
time for scans is set to 10.24 s by the Generic Access Profile
[7], so by reusing the previously used address, the connection
setup time is reduced and made more predictable.

In many cases, such as when using a mobile phone or LAN
Access Point as the Internet provider, the Bluetooth address
will in fact remain constant over time. The only occasion it
is necessary to make an Inquiry scan is when the provider is
no longer operational, in which case the MULLE must find
a new Internet providing device within its vicinity. A Blue-
tooth connection starts by synchronizing the Master and
Client clocks. The next step is to set up an ACL radio link.
When the ACL link is established, the power consumption
initially fluctuates, leveling out at around 0.17 W, as seen
in Figure 5.

The next steps involve setting up L2CAP, RFCOMM and
PPP connections. All of these steps are considered to only
be data traffic on the ACL link and do not cause any major
variations on the power consumption.

When a PPP connection is established between the Client
and the Master, TCP traffic flows from the Master to a
server on the Internet. Once all TCP data is sent, the Master
shuts down the ACL link causing all other layers to abruptly
disconnect.
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Figure 5: Ten overlayed measurements of the
MULLE power consumption during a Bluetooth
connection

Variable Description Unit

Psleep Power Consumption while sleeping W
Eacq Energy Consumption while acquiring data J
Econ Energy Consumption for a connection J
facq Frequency of acquisition Hz
fcon Frequency of connection Hz

Table 2: Expression description

5. ENERGY CONSUMPTION MODEL
During characterization, the energy consumption for MULLE
was measured in three representative operating modes, based
on these measurement the model was formulated. The ex-
pression is given in Equation 1 with a description of the
variables given in Table 2.

E = T × (Psleep + facq × Eacq + fcon × Econ) (1)

This model describes the total energy consumption for the
MULLE platform given periodic data acquisition and trans-
mission. It captures the complex interaction between the
hardware and software components and incorporates oper-
ation mode transitions. In this way, the model provides the
system designer with a simple tool that conceals the com-
plex system implementation when dealing with application
development and system dimensioning, e.g. battery capac-
ity, sampling frequency and data aggregation.

Table 3 shows the average power consumption for MULLE
depending on time in between activations/connections. It
is obvious from the results that the communication interval
has by far the most influence on energy consumption. To
validate the model real world life time tests were made. Pre-
liminary results indicate a good agreement with the model.

Time between Transmission interval
Activations 10 sec 1 min 1 h 24h

1 ms 129 mW 25 mW 4.5 mW 4.1 mW
1 s 127 mW 22 mW 1.8 mW 1.5 mW

> 1 s 127 mW 22 mW 1.8 mW 1.5 mW

Table 3: Average power consumption depending on
time between activations and transmissions.

6. CONCLUSIONS
Wireless Sensor Networks are gaining increasing interest,
and can be useful for example in; environmental monitoring,
industrial, health care, and military applications. As most
of the nodes are battery operated the dominant constraint
for WSNs is power consumption. Due to the complexity of
a WSN node, it is a difficult task to make a formal analy-
sis of the energy consumption. Instead, we derive a model
of the energy consumption by characterizing measurements,
and we show that the model is robust, intuitive and ap-
plicable by comparison between expression and real lifetime
experiments.

The model is useful to target operational lifetime and modes
of operations, and to make design decisions to minimize en-
ergy consumption. The model can be used as a design tool
e.g. to;

• Estimate battery operating life, given activation and
connection frequency.

• Decide the number of activations or connections for a
certain battery capacity.

• Make decisions on battery capacity, given a requested
lifetime.

The derived model has been validated experimentally with
promising results, but the internal resistance of the capaci-
tance gives rise to voltage drops. This can cause the MULLE
to reset, so further refinements to the measurements are
needed. The characterization of the MULLE indicates pos-
sible improvements, for example by switching off the voltage
references for AD conversion and power down the instrumen-
tation amplifier and the BT-module. Such modifications are
projected for the next revision of the MULLE. Future work
also includes extending the model with support for routing
costs in ad-hoc sensor networks.
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P. Lindgren, and J. Delsing. Mulle: A minimal sensor
networking device - implementation and
manufacturing challenges. In IMAPS Nordic 2004,
pages 265–271, 2004.

[12] J. M. Kahn, R. H. Katz, and K. S. J. Pister. Next
century challenges: mobile networking for ’smart
dust’. In Proceedings of the 5th annual ACM/IEEE
international conference on Mobile computing and
networking, pages 271–278. ACM Press, 1999.

[13] M. Lundberg, J. Eliasson, L. Svensson, and
P. Lindgren. Context aware power optimizations of
wireless embedded internet systems. In Proceedings of
the 21st IEEE Instrumentation and Measurement
Technology Conference, IMTC 04, volume 1, pages 91
– 95, May 2004.

[14] Alan Mainwaring, Joseph Polastre, Robert Szewczyk,
David Culler, and John Anderson. Wireless sensor
networks for habitat monitoring. In ACM
International Workshop on Wireless Sensor Networks
and Applications (WSNA’02), Atlanta, GA,
September 2002.

[15] Microcontroller M16C/62M. Renesas Technology
Corporation. http://www.renesas.com/eng/, June
2004.
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