Chapter 2
CH4 Monitoring with Ultra-Low Power
Wireless Sensor Network

Davide Brunelli and Maurizio Rossi

Abstract We propose a novel method to reveal and measure natural gas presence
in air, using commercial off-the-self available MOX gas sensors in wireless sen-
sor network applications. This technique reduces the power consumed by the cat-
alytic sensors of a factor 10x, by an analysis on a reduced sampled period and
thus extending the autonomy of battery operated systems. The information about the
gas concentration is extracted from the sensor transient response through a discrete
cosine transform (DCT) analysis and permits to immediately discriminate between
clean-air and hazardous situations. The characterization of the sensing device has
been conducted using a wide range of humidity and environmental conditions to
demonstrate the effectiveness of the approach and a detailed comparison with the
standard usage has been performed. Finally, the technique has been implemented in
a Wireless Sensor Network designed specifically to measure air-quality in a large
area and to share information over the internet.

2.1 Introduction

The detection of volatile chemicals is an essential to assess the air quality and the
safety of indoor environments, because together with surveillance techniques [1], it
guarantees to keep the environment safe and secure. Catalytic gas sensors are widely
used in environmental monitoring applications because of their low cost, and are
available for many kind of chemicals. Moreover, they are more robust with very
low maintenance, they exhibit long life time with respect to electrochemical sensors
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and have fast response time. However the low selectivity and the big energy con-
sumption are challenging problems if the energy availability onboard is constrained.
Indeed, nowadays, many environmental monitoring projects are moving toward the
use of wireless sensor networks, where any mW of power counts. Usually WSN are
designed with low power sensors (e.g. temperature, light, pressure, acceleration...);
thus catalytic gas sensors would impact with the highest power consumption with
respect to any other component on the sensor node, including radio transceivers. Sen-
sors of this kind are commonly used with continuous power supply leaving it always
powered (e.g. in smoke detectors), or, at least, for a time interval sufficient to ensure
a reliable response. Furthermore, the influence of air humidity variations has been
never investigated in the sensor behavior. In this work, both the energy reduction and
the humidity influence are taken into consideration to describe the effectiveness of
the proposed method.

Analyzing features of the transient response such as the DCT, it is possible to
determine gas concentration and its dependence on environmental conditions (in
particular humidity). The outcome is an estimation of the gas concentration, which
is, of course, less accurate than the traditional method, but still reliable and capable
to discriminate between clean air and hazardous concentration, saving more than one
order of magnitude in terms of energy absorbed by the sensing device. The goal is to
outperform the state-of-art gas sensors in terms of energetic efficiency, providing, at
the same time, a new method to integrate the traditional time-based characterization
[2] for catalytic sensors. A Wireless Sensor Network (WSN) has been developed
to characterize the autonomy of the systems when the sensor are used on battery
operated boards. To pave the way to future developments, the coordinator mote
has been USB-connected with a smartphone to add internet connectivity. With this
configuration, the system can upload the data about air quality to the cloud and make
them available everywhere. The power budget needed to maintain the network is also
mitigated by compressive sampling techniques such as [3].

2.1.1 Related Works

Chemoresistive sensors are usually targeted at natural gas and combustibles detection,
with a focus on performance in terms of ppm/ppb rather than consumption [4, 5]. A
great variety of reliable sensors exists, but no one designed to low power applications
as it is mandatory for WSNs. However, recently, electrochemical sensors and new
catalytic sensors have been presented [6], with low consumption and developed to
achieve good performance in environmental monitoring applications.
Unfortunately, an exhaustive characterization of these innovative sensors is not
reported, and generally electrochemical devices exhibits a limited lifetime, due to the
consumption of the electrochemical reactive elements. Thus, smart and not destruc-
tive power management, is still fundamental to achieve ultra-low power consumption
with traditional and more robust technology. Some researchers focused their atten-
tion on the strategy used to sense the environment. Articles [7—10] propose efficient
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duty-cycle activity of the node, and achieve an extension of the life of a node by 2 x
or 3x, still using the sensor as indicated by the manufacturer. Other kind of opti-
mization were introduced in the hardware of nodes [11, 12], achieving significant
reduction of wasted power when the device is in idle or sleeping state.

2.2 Gas Measurement Characterization

To validate our approach, we used the AS-MLK natural gas sensor, from the Applied
Sensor. ! This is intended for mass market application which key requirements are
long lifetime, low cross sensitivity and long term stability. The AS-MLK is targeted
at real-time monitoring applications, this means that it must be always switched on
to have a prompt response, as shown in Fig. 2.1, where the characteristic provided by
the manufacturer is depicted, and the output resistance (versus time) changes quickly
to varying concentrations. This device is able to detect gas level in air in the order of
hundreds part per million, well below the explosive threshold (5 %), and temperature
and humidity slightly influence the measure. Generally, catalytic gas sensors need
a constant voltage supply for a reliable measure because the reversible chemical
reaction is triggered by heat. The energy consumption are then closely related with
the time a sensor needs to reach stability, however, to save power, this time has to be
shorten. In environmental monitoring applications, a high frequency of measurement
is enough to detect abrupt changes, especially when a dangerous situation is unlikely
to happen.

A duty-cycle strategy, in which a measure lasts for less than 6 s and are repeated
with intervals of 2 min are shown in Figs. 2.3 and 2.4. The first one was collected with

! AS-MLK Datasheet, http://www.appliedsensor.com.
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Fig. 2.2 W24TH mote used in our testbed with MOX sensor onboard

30 % of relative humidity in the fluxed mixture (technical air + natural gas), while
the latter with 50 %. In both the cases the sensor reaches the stability in the response
and it is easy to distinguish the gas level, which traces out the values extracted from
the characteristic curve in the datasheet (Fig. 2.1). Unfortunately this approach does
not achieve the expected performance, because of the transient response is too long
and requires too much power.

2.2.1 Ultra-Low Power Strategy

The transient responses presented in this paper are illustrated in Figs. 2.3 and 2.4,
and are detailed in Figs. 2.5 and 2.6. Generally, the larger the humidity, the slower
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Fig. 2.3 Standard output response 20 °C with 30 % RH, 5 % duty-cycle
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Fig. 2.4 Standard output response 20 °C with 50 % RH, 5 % duty-cycle

the response time. Thus to achieve a good trade-off between energy saving and
reliability, reducing the duty-cycle by decreasing the power-on time is not sufficient,
because in some environmental conditions it is not possible to discriminate the gas
concentration from few samples.
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Fig. 2.5 Detail on first 512 samples 20 °C with 30 % RH, 5 % duty-cycle
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Fig. 2.6 Detail on first 512 samples 20 °C with 50 % RH, 5 % duty-cycle

The output resistance of the catalytic sensor is an aperiodic signal and can be
interpolated to extract a continuous spectrum through the Discrete Fourier Trans-
form. From the analysis of the normalized amplitude spectrum, it has been observed
that the components around 20 Hz, are pretty proportional to the gas concentra-
tion, despite the parameters listed before (i.e. time and humidity). This property has
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Fig. 2.8 DFT on interpolated standard response 20 °C with 50 % RH, 5 % duty-cycle

been fully characterized and then used as feature to assess the gas concentration,
while reducing the energy need by the device. Figures 2.7 and 2.8 show the normal-
ized amplitude spectrum of the first 512 samples extracted from the experiments of
Figs. 2.3 and 2.4. A Normalized Discrete Cosine Transform (DCT) has been imple-
mented to concentrate on only one component at a time (20 Hz), as the definition
shown in Eq. 2.1.

N—1 —i2nkp
~ Zn:O X, e N

X =
N-—1
Zn:O Xn
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Fig. 2.9 Characteristic response with DCT analysis 20 °C versus RH, 0.5 % duty-cycle

The main advantage of the DCT is the lack of complex computation, thus reducing
the arithmetical operations and the amount of memory required, finally resulting in
a fast execution of the task. Thus, the smart characterization of the sensor consists
in the analysis of the spectrum obtained by the normalized DCT transform of 512
samples taken every 1 s, but it is strongly related with the strategy employed (i.e.
repetition interval between measurements).

2.2.2 Characterization

Natural gas is a dangerous volatile substance, thus it is important to guarantee a fre-
quent measurements in the environment, and to assess the features of the proposed
technique, we compared it with others implementation characterized by longer rep-
etition interval, namely 2 min: 0.5 % duty-cycle, and 15 min: 0.07 % duty-cycle.
In both the characterization, showed in Figs. 2.9 and 2.10, the results are promis-
ing, despite the reduced range of relative humidity condition presented, due to the
limits of the gas bench used. The first consideration is related to the very small stan-
dard deviation in the measures (the thick lines on top of each bin) which suggests
the possibility to reach a smooth characterization and a quantitative determination of
this chemical. The other is the behavior of the sensor, strongly related with the sleep
time. For short interval, higher the concentration, higher the normalized measure, the
opposite in the other case. This underline the importance of defining the sleep inter-
val before each measurements and a careful characterization of the sensor response.
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Fig. 2.10 Characteristic response with DCT analysis 20 °C versus RH, 0.07 % duty-cycle

However, these figures demonstrate that discriminating natural gas presence in air
is possible, with a minimal energy. Moreover such techniques are compatible with
renewable aware policies such as the scheduling proposed in [13].

2.3 Energy Saving in WSN Monitoring Applications

The ultra-low power approach, presented in this paper, permits to reduce of one order
of magnitude the energy required to estimate the gas concentration in air, decreasing
the response time from 6 s of continuous supply to almost 0, 6 s. The whole character-
ization of the devices and the final example presented in the results were conducted
interfacing the sensor to battery operated and resource constraints platform such as
a node of a Wireless Sensor Network. Specifications and performance of the nodes
can be found in [11]; the most remarkable are the computational architecture (a 32bit
microcontroller 32 MHz useful to perform on line processing), with integrated RF
module, IEEE 802.15.4 compliant, and integrated antenna, sensors for temperature,
relative humidity, light and dock for the catalytic sensors.

The analysis of the consumption is plotted in Fig. 2.11. The trace represents the
profile of the power consumption and it is taken using 1 §2 shunt-resistor. It can
be split in two parts: processing and transmission. From the data collected during
the tests, we notice that the average duration of the measurement phase (collecting
temperature, humidity, battery level, gas sampling, processing and log into SD-card)
completes in 2.5 s with an average current consumption of 29 mA, while sleeping
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Fig. 2.11 Power consumption profile of the W24TH node
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Fig. 2.12 Web based user interface to represent collected data
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Fig. 2.13 Picture of the extended wireless sensor network setup

the motes drains 8 |LA in average (oscillator on during sleep). Using two 2,500 mAh
batteries, it is possible to reach nearly 168 weeks of autonomy in the case of 15 min
interval, considering that gas sampling is not the only task to execute on the micro-
controller. Of course, better autonomy performance can be achieved if the system
is equipped with energy harvester devices [14—17] capable to extract and convert
energy from the surroundings. Figure 2.13 shows the extended version of the envi-
ronmental monitoring network, where the coordinator node has been connected to a
smartphone, running Android Ice Cream Sandwich (ICS) OS. The data collected by
the coordinator are then sent by USB to the smartphone, which uploads the infor-
mation to the web. Figure 2.12 is a screenshot of the monitoring application’s user
interface.

2.4 Conclusion

To extend the lifetime and energy autonomy of air monitoring devices, a new strategy
of sensing have been investigated for available commercial off-the-shelf gas sensors.
The approach is cheaper and faster with respect to developing a new silicon sensor-
device. The results presented are straightforward with a reduction of one order of
magnitude in energy consumption that has been achieved using the AS-MLK cat-
alytic sensor for natural gas detection, by reducing the sampled interval to ~500 s
compared to the 5 s, at least, of the standard approach. In the near future we expect to
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make a more exhaustive testing and to reduce even more the sampling period of the
aerosols, to achieve an aggressive power saving strategy useful for an environmental
monitoring application.

Acknowledgments The work presented in this paper was supported by the project GreenDataNet,
funded by the EU 7th Framework Programme (grant n. 609000), and by the Autonomous Province
of Trento within EnerViS —‘Energy Autonomous Low Power Vision System’ project.

References

10.

11.

12.

13.

14.

15.

. Magno, M., Tombari, F., Brunelli, D., Di Stefano, L., Benini, L.: Multimodal video analysis

on self-powered resource-limited wireless smart camera. IEEE J. Emerg. Sel. Top. Circ. Syst.
3(2), 223-235 (2013)

. Varpula, A., Novikov, S., Haarahiltunen, A., Kuivalainen, P.: Transient characterization tech-

niques for resistive metal-oxide gas sensors. Sens. Actuators B Chem. 159(1), 12-26 (2011)

. Caione, C., Brunelli, D., Benini, L.: Distributed compressive sampling for lifetime optimization

in dense wireless sensor networks. IEEE Trans. Ind. Inf. 8(1), 30—40 (2012)

. Xu, L., Li, T., Gao, X., Wang, Y.: A high-performance three-dimensional microheater-based

catalytic gas sensor. IEEE Electron Device Lett.33(2), 284-286 (2012)

. Zhang, P., Vincent, A., Kumar, A., Seal, S., Cho, H.J.: A low-energy room-temperature hydro-

gen nanosensor: utilizing the schottky barriers at the electrode/sensing-material interfaces.
IEEE Electron Device Lett. 31(7), 770-772 (2010)

. Somov, A., Baranov, A., Savkin, A., Ivanov, M., Calliari, L., Passerone, R., Karpov, E., Suchkov,

A.: Energy-aware gas sensing using wireless sensor networks. In: Picco, G., Heinzelman, W.
(eds.) Wireless Sensor Networks, ser. Lecture Notes in Computer Science, vol. 7158, pp. 245—
260. Springer, Berlin (2012)

. Vito, S.D., Palma, P.D., Ambrosino, C., Massera, E., Burrasca, G., Miglietta, M., Francia, G.D.:

Wireless sensor networks for dis-tributed chemical sensing: addressing power consumption
limits with on-board intelligence. IEEE Sens. J. 11(4), 947-955 (2011)

. Rossi, M., Brunelli, D.: Ultralow power wireless gas sensor network for environmental monitor-

ing applications. In: 2012 IEEE Workshop on Environmental Energy and Structural Monitoring
Systems (EESMS), pp. 75-81 (2012)

. Rossi, M., Brunelli, D.: Analyzing the transient response of mox gas sensors to improve the

lifetime of distributed sensing systems. In:2013 5th IEEE International Workshop on Advances
in Sensors and Interfaces (IWASI), pp. 211-216 (2013)

Choi, S., Kim, N., Cha, H., Ha, R.: Micro sensor node for air pollutant monitoring: hardware
and software issues. Sensors 9, 7970-7987 (2009)

Jelicic, V., Magno, M., Brunelli, D., Paci, G., Benini, L.: A context-adaptive multimodal wire-
less sensor network for energy-efficient gas monitoring. IEEE Sens. J. 13(1), 328-338 (2013)
Bhattacharyya, P., Verma, D., Banerjee, D.: Microcontroller based power efficient signal con-
ditioning unit for detection of a single gas using mems based sensor. Int. J. Smart Sens. Intell.
Syst. 3(4), (2010)

Moser, C., Brunelli, D., Thiele, L., Benini, L.: Real-time scheduling with regenerative energy.
In: 18th Euromicro Conference on Real-Time Systems (ECRTS06), 2006, pp. 261-270. DC,
USA, Washington (2006)

Dondi, D., Bertacchini, A., Larcher, L., Pavan, P., Brunelli, D., Benini, L.: A solar energy
harvesting circuit for low power applications. In: IEEE International Conference on Sustainable
Energy Technologies (ICSET 2008), 2008, pp. 945-949 (2008)

Magno, M., Marinkovic, S., Brunelli, D., Popovici, E., O’Flynn, B., Benini, L.: Smart power
unit with ultra low power radio trigger capabilities for wireless sensor networks. In: Design,
Automation Test in Europe Conference Exhibition (DATE), 2012, pp. 75-80 (2012)



2 CH4 Monitoring with Ultra-Low Power Wireless Sensor Network 25

16. D. Porcarelli, D. Brunelli, M. Magno, and L. Benini. A multi-harvester architecture with hybrid
storage devices and smart capabilities for low power systems. In: 2012 International Symposium
on Power Electronics, Electrical Drives, Automation and Motion (SPEEDAM), pp. 946-951
(2012)

17. Weddell, A.S., Magno, M., Merrett, G.V., Brunelli, D., Al-Hashimi, B.M., Benini, L.: A survey
of multi-source energy harvesting systems. In: Design, Automation Test in Europe Conference
Exhibition (DATE), 2013, pp. 905-908 (2013)



	2 CH4 Monitoring with Ultra-Low Power  Wireless Sensor Network
	2.1 Introduction
	2.1.1 Related Works

	2.2 Gas Measurement Characterization
	2.2.1 Ultra-Low Power Strategy
	2.2.2 Characterization

	2.3 Energy Saving in WSN Monitoring Applications
	2.4 Conclusion
	References


