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Abstract. This paper presents a first approach towards cooponly good results as long the sensor network is operated un-
erative energy management in wireless sensor networks usler almost static environmental conditions because energy
ing online battery monitoring. Using a standard platform for models in simulators or testbeds usually do not imply vari-
wireless sensor networks, a simple concept for measuring thable environmental conditions.
battery voltage on the mote with little additional hardware is  But real-world application of WSN usually involves these
shown. This is used for modelling of the battery dischargechanging conditions. One example of such conditions, espe-
behaviour of Li-lon batteries and deriving the remaining life- cially variable temperature, is found within logistics for mon-
time under given environmental conditions. As an applica-itoring of sensitive or perishable freight. Especially temper-
tion example this model can be incorporated into a topologyature strongly affects the battery behaviour. A model for the
control scheme for optimized network lifetime under vari- battery behaviour should only rely on few input parameters
able environmental conditions. (e.g. battery voltage) and should be computationally simple
to be integrated into networking protocols without imposing
much overhead. This awareness about their remaining en-
1 Introduction ergy level for autonomous wireless devices enables these de-
vices to cooperate on routing of data, aggregation of data and

Wirelessly networked embedded sensor devices or wirelesgistribution of tasks within the network while allowing for a
Sensor Networks (WSN) offer a broad range of applications,long network lifetime and a step towards truly adaptive pro-
from industrial surveillance over security to medical moni- tocols.
toring. Another emerging application of WSN systems is the The organisation of this paper is shown in the following.
monitoring of perishable or sensitive freight in logistics. The In the second chapter the energy consumption of all subsys-
information provided may be further used in the concept oftems of a wireless sensor node is shown and common en-
Autonomous Logistics currently investigated within the Col- ergy sources for WSN systems are given. The third chap-
laborative Research Center 637 at the University of Brementer addresses the problem of online battery monitoring. A
This is the main application addressed by the system premeasurement circuitry that is based on a common hardware
sented in this paper. platform for WSN systems is shown. Based on this setup

Energy is a scarce resource for this class of devicesmeasurements were performed which lead to a simple linear
Mostly running on batteries as energy source the improve-approximation of the temperature behaviour of the applied
ment of energy-efficiency and power management are bebattery type. As an application example this model may be
coming ever important research topics. Considering commonused in a topology control algorithm for wireless sensor net-
application profiles for Wireless Sensor Networks (WSN), works which is demonstrated in chapter four. The paper is
these systems should maintain unattended operation fogoncluded in chapter five with a summary of the work done
months, possibly years without being serviced. and an outlook on future work.

Energy efficiency and power management is usually char-
acterized before deployment using network simulators or ) i
testbeds. Using this methodology network protocols are? Architecture for Wireless Sensor Network systems

tuned to reach the pre-planned power consumption behaV|ou1:he basic elements of Wireless Sensor Networks are the net-

and are deployed to the real-world afterwards. But this g'veswork nodes or mainly referred to as “motes”. These motes

Correspondence taC. Behrens consist of an RF-transceiver, a microcontroller for protocol
(behrens@item.uni-bremen.de) processing and sensor interfacing, sensors for measuring en-
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Fig. 1. Typical Li-lon and NiCd/NiMH battery behaviour.

Table 1. Comparison of power consumption for sending of mes- primary Zm(?fA'r or Lithium CQIIS. But the advantage of
sages at differing RF power level settings and reading of an internal€charge ability outperforms this drawback.

temperature sensor. When considering the discharge curves of the most com-
mon types of secondary cells, NiCd and NiMH cells behave
Current Duration  Energy almost equally with almost flat discharge behaviour while Li-

MAl (ms]  [wJ] lon batteries have a constant negative slope (see Fig. 1).
Sending of Data Packet (@BAEVEL = 3) 11.16 1.82 48.75 : i ) : ot
Sending of Data Packet (QEAEVEL = 31)  22.5 182 98.28 This feature of the Li-lon cell’s discharge characteristic

Reading internal temperature sensor 1.1 0.013 00358 Offers the advantage of computing the remaining capacity of
the battery when the actual load and the temperature of the
battery are known. We consider Li-lon batteries as being
more favourable then using Ni-based batteries because the

vironmental parameters and an energy source which is ustsmall slopes of Ni-based batteries impose higher demands

ally a battery. on the measurement of the voltage as small changes in output
voltage result in larger changes in discharge capacity. There-
2.1 Energy consumption of WSN components fore, Li-lon cells were selected due to their higher energy

density and their behaviour towards discharge modelling. As
We use a hardware platform based on the commer@ voltage regulator is used in our mote, the higher slope of the
cially available TmoteSky system by Moteiv Corpora- output voltage does not affect the performance of the mote it-
tion. These systems use the IEEE 802.15.4-compliant RFself.
transceiver CC2420 and the 16-bit low-power microcon-
troller MSP430F1611, both from Texas Instruments. The
following measurements were made for the sending of a dat%
message (41 bytes) and the reading of the internal tempera-
ture sensor in the microcontroller. The results are shown in ) ) ) ) )
Table 1. From these results it may be concluded that adap”S discussed in the previous chapter, Li-lon batteries are
tively tuning the output power of the transceiver and reducing™ere favourable for modelling due to their higher negative

communication overhead may drastically improve energy ef.slope. This enables the usage of the internal AD-converter of
ficiency of a single mote and by this increase network life- microcontroller of the mote. It offers a sufficient resolution

time. of 12 bits for the measurement of the battery voltage.

Battery monitoring

2.2 Battery technologies for WSN systems 3.1 Circuitry and measurements

Batteries are the common energy sources for motes. AlThe measurement setup requires minimum additional hard-
though energy harvesting may be an option for certain appliwvare for the mote system. (see Fig. 2). In order to verify this
cation where there is enough energy (e.g. movement, vibrasetup a series of measurements was taken under controlled
tions, light) in the surroundings of the WSN system. Consid-temperature using a constant load. As battery we selected
ering logistics as an application the amount of energy beinghe Panasonic CGA103450A cell with a nominal output volt-
harvested is much too low to power a mote sufficiently. age of 3.6 V. The results for 2@ and—10°C are also shown

In our system we use secondary batteries although thén Fig. 2 and reflect the temperature dependency of the dis-
energy density of this type is much smaller compared tocharge behaviour.
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Fig. 2. Measurement setup and resulting graphs{&6°C and 10C.
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Fig. 3. Approximated discharge characteristics with varying temperature.
3.2 Modelling cut-off parameters. This endpoint voltage is e.g. dependent

on the used voltage regulator type and the minimum system
Using these measurements, a simple numeric model wasupply voltage. By simply subtracting the current capacity
generated by dividing the discharge curve into two phasesfrom this maximum capacity, the residual capacity is calcu-
normal operation and post-cut-off. The normal operation is|ated. The resulting graph is shown in Fig. 3.
given for the slightly decreasing slope. Post-cut-off is given  Other approaches to battery modelling use much more
justbefore the battery is empty. Both phases can be describegbmplex models (e.g. Benini's discrete-time model) which
by a simple linear model as a set of four numerical paramewere originally developed for mobile PC platforms. Due to
tersco to c3, the temperaturé and the output voltage of the = their complexity these models are not suitable for mote-type
batteryVout in the following equation: systems as they impose too much overhead.

C=(co+c1-0)+(c2+c3 1) Vour 1)

Furthermore a cut-off capacity is defined which cIearIy4 Application in topology control

marks the border of the two operational phases: To benefit from the battery information and prolong the net-
work lifetime we introduce a sample application controlling
the topology of a sensor network. In a shared-channel wire-
ChaseiS a numerically found base capacity and constai less sensor networks the high density of motes entails to a
the slope of the cut-off capacity with varying temperatdre  network redundancy so that already a small contingent of
The switch-over between these phases is realized by using motes is adequate to form the multi-hop spanning tree and af-
different parameter set{ to c3) for Eq. (1). The maximally  fords data forwarding. A Cluster-based Energy Conservation
usable capacity can be calculated by defining an end-poinCEC) Algorithm does not rely on location information, but
voltage which is used in adding Egs. (2) and (1) with the avails of useful connectivity characteristics, e.g. link qual-

Ceutoff = Chaset c4 - ¥ (2)
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a testbed. The model will be enhanced by the inclusion
of other effects on battery performance (e.g. self-discharge,
load-dependence). Further optimization of the model will

also be considered in the near future.
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5 Conclusions

The need for information on residual energy in wireless sen-
sor networks is an emerging field of research. The temper-
ature behaviour of batteries may strongly affect the residual
energy and thereby the performance of the network. Based
on a standard platform, a simple measurement setup and a
computationally simple linear model was developed which
is capable of calculating the residual energy as a function of
temperature directly on the mote. This information may be
used in power-adaptive protocols, e.g. the routing and topol-
ogy control protocol set iHEED.
For future work the performance of this model will be

evaluated by deploying battery model based algorithms in
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