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Abstract. Wireless Sensor Networks (WSN) have recently been applied in
various monitoring applications including hazardous gases detection. However,
being a major power consumer of a sensor node, off-the-shelf gas sensors sig-
nificantly constrain its lifetime. In this paper we present a WSN for hazardous
gases detection with a special focus on the power consumption of the sensor
node. The sensor node is designed on the basis of a planar catalytic sensor with
improved power consumption characteristics. The power supply of the node is
divided into digital and analogue parts. This is done to guarantee digital
remote control of the device even when the analogue power source has already
been depleted by the sensing circuit. In addition, we propose a differential gas
measurement approach along with specific heating pulses for the sensor to se-
cure substantial energy saving. The resulting average power consumption is
1.45 and 2.64 mW for the gas sensor and the sensor node respectively. With
our techniques, the sensor node lifetime improves from 187 days up to 641
days.

Keywords: wireless sensor network, catalytic sensor, remote sensing, gas de-
tection, dual power supply.

1 Introduction

A Wireless Sensor Network (WSN) is a distributed collection of sensor nodes which
measure ambient conditions, store and/or communicate the data over the network by
wireless means. A sensor node consists of four main blocks: a radio transceiver, a
sensor, a processing unit (with memory), and a power supply. Depending on the ap-
plication, the node may contain extra hardware parts.
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WSNs have been applied in multiple areas [1] including hazardous gas detection
[2]. Due to their limited capacity, the energy buffers of a sensor node, i.e. batteries
and/or supercapacitors, must be used efficiently. The on board radio chip is typically
the most power-hungry component of the sensor node [3]. However, the WSNs aimed
at early hazardous gases detection adopt sensors (spectroscopic, catalytic, semicon-
ductor) which may consume currents of up to 800 mA [4], [5], [6], [7]. There are
some commercial off-the-shelf systems available on the market with high power con-
sumption [8] and limited up to 14-hours [9] life time cycle. The sensor node lifetime
problem in this case seems to be of vital importance.

To overcome this problem, several alternative platforms with energy efficient on
board sensors were proposed [10], [11]. These platforms do not provide high accuracy
and sensitivity though. Besides, their long response time equal to approximately 5
minutes [10] does not comply with safety standards [12]. Other recently proposed
approaches to address the lifetime problem (the state-of-the-art systems claim approx-
imately 187 days of life cycle operation [2]) in the Gas WSN (GWSN) domain in-
clude the application of energy scavenging technology [8], [13], the employment of a
pulse heating profile for the sensing unit [2], and the establishment of a trade-off be-
tween the sensing and communication units of the node [14].

In fact, high power consumption of the gas sensor may result in situations when the
sensing may fully deplete the energy storage with no chance to transmit an alarm
message to a network coordinator. In this case the late detection of hazardous gas may
lead to human victims and pecuniary losses. In order to prevent situations of this kind,
it is highly desirable to secure the communication unit from de-energizing.

In this work we present a WSN for early hazardous gas detection with a special fo-
cus on lifetime of the sensor nodes. Apart from the sensor nodes, the WSN includes
three units: a relay node, a network coordinator, and a wireless actuator. To avoid the
deenergizing of the sensor node communication unit, we employ a dual (digital and
analogue) power supply. The digital one supplies processing and communication
units, the analogue the sensing one. More importantly, we propose and implement a
number of techniques aimed at improving the long-term operation of the sensor node.
First, we shift from typical catalytic sensors to sensors made using planar design.
Second, instead of a gas measurement circuit based on a Wheatstone bridge with two
sensors, we propose a differential technique which requires one sensor and a sophisti-
cated heating pulse. The range of wireless transmission is extended using the relay
nodes, which support communication between the sensor node and the network coor-
dinator. Whenever a hazardous gas is detected in the atmosphere, the network coordi-
nator alarms an operator by the GSM/GPRS or Ethernet network and/or controls a gas
emission source by the wireless actuator.

The paper is organized as follows: we introduce the reader to developed WSN in
Section 2. After that we describe the catalytic sensor design and energy efficient gas
measurement in Section 3. The sensor node design and the problem associated with
its long-term operation are presented in Section 4. The network operation is shown in
Section 5. Finally, we discuss the results and conclude in Section 6.
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2 WSN Overview

The developed WSN for hazardous gases detection (see Figure 1) consists of four
units: a sensor node, a relay node, a wireless actuator, and a network coordinator.
Depending on the gas monitoring scenario, the WSN may include various number of
units of each type. Since the communication range of the TG-ETRX35x (hereafter
TG-ETRX3, or ETRX3) employed transceiver is only around 20 m, we use relay
nodes. The relay node consists of a TG-ETRX3 transceiver and a power supply. Data
routing is performed by the firmware of the transceiver. The firmware forms a cluster
topology with a maximum number of hops up to 30.

The network coordinator is the main unit of the WSN. It supports the network op-
eration by wireless communication based on the IEEE802.15.4 standard and the Zig-
Bee specification. The network coordinator is also responsible for alerting a network
operator or an emergency service using the Ethernet network or sending a SMS using
a GSM/GPRS modem. In fact, upon receiving the alert message from the sensor node,
the network coordinator can perform the first counter actions by deactivating the
source of gas emission via the wireless actuator.
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Fig. 1. Block diagram of the wireless sensor network for hazardous gases monitoring (sensor
node, relay node, network coordinator, and wireless actuator)

Wireless communication between the network coordinator and the sensor
node/wireless actuator can be implemented via the relay node(s) to extend the WSN
coverage. The network itself is automatically organized by the ZigBee modules in-
stalled on each unit.

The goals of the sensor node are environmental monitoring, early detection of tar-
geted hazardous gas, and alerting of the network coordinator. Successful monitoring,
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however, requires the availability of significant energy resources. In the following
sections, we demonstrate how we reduce the power consumption of the sensor node.

3 Catalytic Sensor for the Sensor Node

This section is motivated by the need of efficient catalytic gas sensor with extremely
low average energy consumption required for wireless sensor nodes powered by port-
able batteries. In practice, a typical on board gas sensor consumes more power than a
microcontroller (MCU) or a transceiver. Table 1 shows the power consumption of
some off-the-shelf components used in a sensor node design. Since the current drawn
by the gas sensors changes during their operation, we report their consumption in
terms of power (mW). For the other components, which can operate under different
voltage levels, we report the current consumption (mA) one. The data are reported
from the web pages of the respective manufacturers.

Table 1. Power consumption of some off-the-shelf components used in sensor node design

Type Manufacturer Power (mW) or
current consumption (mA)
DTK-2 NTC-IGD, Russia 120 mW
SGS-21XX Delta, Russia 200 mW
semiconductor
» | TGS2610 FIGARO, Japan 280 mW
% semiconductor
2 | NAP-66A Nemoto, Japan 360 mW
& | catalytic
1 M@ Hanwei 750 mW
semiconductor Electronics, China
NLK series NTT Electronics, 800 mA
laser spectroscop-  Japan
ic
CC2500 Texas Tx: 21.2 mA @ 0 dBm
Instruments Rx: 13.3 mA
» | CC2430 Texas Tx: 27 mA,
,% Instruments Rx: 25 mA
2 | ETRX35x Telegesis Tx: 31 mA @ +3 dBm,
§ Rx: 25 mA @ 12 MHz clock speed
& | TR1000 RF Monolithics Tx: 12 mA @ 0 dBm, Rx: 3.1 mA
IN5148-001- Jennic Tx: 15 mA @ +2.5 dBm,
MSP430F247 Texas Active mode: 321 uA @ 3V /1 MHz
& Instruments Low power mode: 1 uA @ 3V /32768 Hz
:8 ATmegal 68P Atmel Active mode: 1.8 mA @ 3V /4 MHz
‘g Power-save mode: 0.9 uA @ 3 V/32kHz
8 | ATxmega32A4 Atmel Active mode: 1.1 mA @ 3 V/2MHz
S Power-save mode: 0.7 uA @ 3V /32 kHz
2 ADuC824 Analog Devices Active mode: 3mA @ 3 V/1.5MHz
Power-down mode: 20 uA @ 3V /32 kHz
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For the wireless sensor node we have developed a planar catalytic sensor on gam-
ma alumina membranes with a thickness of 30 um (Figure 2a). To avoid bending of
the membrane during periodic heating (eventually leading to membrane failure) and
to further decrease energy consumption, we use free wedge-shaped membranes with-
out linking them to a rigid frame. Micro-heater patterns are formed by lithography on
top of the membrane. Micro-heaters are deposited by magnetron sputtering of a plati-
num (Pt) target. The heated area is about 200x200 um (Figure 2b).

Micro-heaters are covered by porous gamma alumina oxide material that is used as
catalyst support for catalytically active metals (mixture Pd and Pt). In order to im-
pregnate the catalyst support by catalytic metal, salts of palladium chloride (PdCl,)
and platinum acid (H,PtClg) are used. The noble metal clusters are formed on the
catalyst support after annealing.

Planar catalytic methane sensors were tested in the pulsed operating regime in or-
der to measure dynamic parameters, to optimize the heating velocity and to minimize
energy consumption.

a b

Fig. 2. a) Sensor picture (magnification 20X). The microheater is on the top. b) Electronic
picture of microheater covered by catalyst (magnification 250X).

To reduce energy consumption during the measurements, we propose to avoid the
Wheatstone bridge measuring circuit used in the majority of current systems [2], [13].
However, this leads to the need of a compensation method for the effect of environ-
mental parameters (in particular, humidity and temperature) on the measurement re-
sults. For this reason, we have developed a differential method for measuring methane
concentration using a single gas catalytic sensor with compensation for changes in
ambient temperature, relative humidity and atmospheric pressure.

The method consists in measuring the difference between the sensor response at
two different characteristic temperatures of catalysis: the beginning of the kinetic
region (~ 200 °C) and the start of the external diffusion region (~ 450 °C). For this
purpose, the sensor is heated by applying a 4-stage voltage pulse (Figure 3). Overall,
during each cycle, the sensor is heated for about 250 ms.
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Fig. 3. Four-stage pulse of voltage applied to the sensor heater

The implementation of the differential method of measurement is performed by
powering the sensor with a pulse, where the first and second pulses (afterburner for 55
ms and the support for 150 ms) provide the sensor heating to the external diffusion
region of catalysis and the partial evaporation of surface water (~ 450 °C). These
stages are followed by a pause (third stage) during which the surface is not heated.
The final voltage pulse (fourth stage) heats the sensor to the beginning of the kinetic
region of catalysis (~ 200 °C). After this pulse, the element cools down to ambient
temperature. Then, the cycle repeats after 30 s.
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Fig. 4. Voltage across the sensor after application of the four-stage pulse. Output signal
AU=U;-U,.
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The output of the sensor, i.e., the voltage measured across the sensor surface, is
sampled twice during a period. The first value, U, is the voltage at the end of the
second stage of pulse heating (which heats the sensor up to 450 °C and lasts for
t;=190 ms). U, is the voltage at the end of the fourth stage of pulse heating (which
heats the sensor up to 200 °C and lasts for £,=550 ms). This is done to compensate the
absorption of moisture on the sensor surface that occurs between two cycles, and
influences the quality of the measurement. After the first two heating pulses, the water
particles evaporate only partially, while much longer heating pulses would be
required to guarantee full evaporation, immediately resulting in higher power con-
sumption. The heating pulse duration have been defined to achieve an almost equal
quantity of non evaporated water on the sensor’s surface at U; and U, (see Figure 4).
By taking the output of the sensor as the difference between U; and U,, the influence
of absorbed moisture is compensated.
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Fig. 5. Output signal of the sensor as a function of methane concentration

The dependence of the output signal of the sensor on the methane concentration is
shown in Figure 5. The specific sensitivity of the sensor under test was 19.8 mV /
%CH,. The absolute error of measurement of methane concentration was less than
0.1% volume fraction.

4 Sensor Node Design

The main purpose of wireless gas sensor node in the network is to perform methane
measurement using the planar catalytic sensor described in Section 3 and to commu-
nicate the data to the network coordinator or activate the wireless actuator in the case
of alarm situation.
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The wireless sensor node is based on the ATxmega32A4 microcontroller (MCU).
This MCU has been chosen due to its low power consumption (~ 1uA in power-save
mode), sufficient performance and high-precision 12-bit ADC and DAC. To provide
communication across the WSN, we have used an ETRX357 ZigBee transceiver. It
complies with the IEEE 802.15.4 standard, operates in the 2.4GHz ISM band and has
a low sleep current (~ 0.7 uA). Both devices support a wide supply voltage range
from2.1 Vto3.6 V.

A noteworthy feature of the sensor node is its use of a dual power supply for the
digital and analogue circuits (see Figure 6). Each power supply is composed of batte-
ries. The first battery (GB1) is composed of three C-sized alkaline cells and supplies
the gas sensor system (‘analogue circuit’). The second battery (GB2) is a AA-sized
lithium-thionyl chloride (Li-SOCI,) cell with a nominal capacity of 2.6 Ah and it
powers the MCU and the transceiver (‘digital circuit’). Such design prevents digital
noise from entering the analogue circuit. In addition, it provides high reliability and
long lifetime of the device because the average sensor power consumption exceeds
the digital circuit consumption. Thereby, in case of a discharge of the first battery, the
node does not disconnect from the WSN and can transmit alert messages.

Typically, the methane measurements are realized by a pair of an active and refer-
ence catalytic sensors embedded in a Wheatstone bridge. However, our processing
technique allows us to use only one active catalytic sensor applied in a voltage divid-
er. The circuit with one sensor has worse response (which, in fact, can be amplified
by software gain), but provides significant energy savings.

The voltage across the gas sensor is provided by an ADP161 linear regulator. It is
enabled by the MCU and adjusted via the DAC which uses the ADP161 output as a
reference voltage. Thus, there is a feedback loop, which secures the sensor voltage
from the voltage deviations of power supply caused by a constant battery discharge.
In the other respects, the hardware design was implemented according to the manu-
facturer specifications.
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- LIvin  ENPS 51 pB1 rRxD1 2% >—1IsciTxp
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Fig. 6. Hardware architecture of the wireless gas sensor node
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The operation algorithm of the node is defined by the MCU firmware, written in C.

After power up, the MCU initializes its peripherals: the GPIO ports, the interrupt
system, a real time counter (RTC) and the watchdog timer. The CPU clock frequency
is set to 2MHz, USART baud rate is 19200bps, The DAC is set to low power mode.
Afterwards, the MCU sends AT-style commands via the USART interface to the tran-
sceiver to configure it as a ZigBee End Device, join a WPAN and then switch the
transceiver to sleep mode.

Thereafter, the MCU starts a cycle of measurement sequences. The sequences con-
sist of several stages: measuring, data transmission to the network coordinator, and
sleeping. At the measuring stage, the MCU enables heating of the gas sensor, acquires
the sensor response by the ADC and processes the data. It should be observed that the
ADC operates in a differential input mode with gain, where inputs ADC5 and ADC4
are exploited as a differential pair. The gain factor, which is used to amplify the signal
before conversion, is 4. The ADC clock frequency is 125 kHz and uses an accurate
internal 1.00V reference voltage. In order to reduce possible ADC errors, the MCU
acquires 16 samples and stores their mean value.

Figure 7 and Figure 8 show the current consumption of the sensor node with the
Wheatstone bridge (with the catalytic bead sensors) circuit and with the differential
(with the planar sensor) measurement technique (described in Section 2), respectively.
Methane is used for the test measurements. For both approaches, a heating voltage of
2.8 V is applied during 700 ms to heat the sensor(s) up to the operation temperature
(450 °C), but with a different profile.
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Fig. 7. Power consumption diagram for the gas sensor node with two catalytic bead sensors
embedded in a Wheatstone bridge
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Just after measuring (in both cases), the MCU disables the linear regulator, the
ADC and the DAC. Then, the MCU processes the gas sensor data, awakes the tran-
sceiver and sends the AT command to transmit a unicast to a sink node. Besides sen-
sor data, the transmitted unicast contains battery charge information.

To ensure energy saving, the data transmission is performed only in case the gas
concentration exceeds a threshold (warning threshold is 0.25 %, alarm threshold is 1
%). If the gas concentration does not exceed these thresholds, the sensor node sends
unicasts every 5 minutes to inform of the correct status of operations.

To ensure successful transmission, the node waits for an acknowledgement. If un-
icast transmission fails, the node will repeat it twice. If all of them fail, the node will
attempt to rejoin a WPAN every 60 seconds.
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Fig. 8. Power consumption diagram for the wireless gas sensor node with a single catalytic
planar gas sensor in a voltage divider

After successful transmission, the node immediately turns to power-save mode and
stays in this mode for 30 seconds. The current consumption of the node in power-save
mode is about 1.8 uA. All modules and clocks of the MCU are shut down except for
the RTC, which is clocked by an external 32.768 kHz crystal oscillator. The RTC
interrupts are used to wake-up the MCU. After waking up, the measurement sequence
is repeated.

The calculated values of the power consumption and estimation of battery lifetime
are presented in Table 2. The average power consumption, P, is as follows:
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ju(t)-i(r)dt (D

where u(t) is voltage, i(t) is current, 7T is the time period (30 s). It should be noted that
the digital-to-analogue converter of the MCU operates during measurement. There-
fore, the Wheatstone circuit results also in higher digital power consumption, since
the converter is kept in the on state for longer time than with the differential tech-
nique. The obtained results demonstrate that the application of the differential mea-
surement technique ensures the sensor node operation almost for two years.

Table 2. Average power consumption and lifetime estimation of the sensor node

Digital circuit Analogue circuit
Sensor. node Parameter Cqmmuni- Cqmmuni- Total
design cation every | cation every
30 s S min (sensors)

with Wheat- P,, mW 0.82 0.50 6.65 (4.18)
stone bridge | Life time, days 476 781 225

with single P,, mW 0.62 0.30 2.34 (1.45)
sensor circuit | Life time, days 629 1308 641

The node has been housed into a sealed plastic container (Figure 9a,b). The catalyt-
ic gas sensor has explosion-proof construction. For status indication of the node, a
LED was built in. Also, in the future the node will be supplemented by a buzzer to
give an acoustic alert.

ZIGBEE
TRANSCEIVER

SENSOR
a) b)

Fig. 9. The hardware prototype of the wireless gas sensor node: (a) top view showing the MCU,
the ZigBee module, and the gas sensor, (b) bottom view showing dual power supply: the AA
battery for digital section and the 3xC batteries for analogue section.

Experimental transmission range of the node inside reinforced-concrete buildings
is about 20-25 m. It corresponds with the ETRX357 characteristics of +3dBm output
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power and -100dBm sensitivity. If necessary, the node can be equipped with a com-
patible long-range ETRX35x-LRS series transceiver, which has +20dBm output pow-
er and -106dBm sensitivity, however it adversely affects energy-saving.

5 WSN Operation

In the two previous sections we have demonstrated how to achieve low power con-
sumption of the sensor node by:

e transitioning from a traditional catalytic bead sensors to a planar sensor design;

e combination of the MEMS technology for alumina thin films with the nanotech-
nology for catalyst materials;

e transitioning from the Wheatstone bridge circuit measurement to a single sensor
based measurement (the differential method);

e transitioning from the sensor operation in continuous regime to a pulse regime.

In this section we describe the remaining units of the WSN and explain the principles
of WSN operation.

5.1 Network Coordinator and Wireless Actuator

The network coordinator (see Figure 10) is based on the LPC2478 microcontroller
and equipped with a TFT display to indicate of the sensor node status, an MP3 decod-
er for gas alarm, and an SD memory card which stores service information and
performs the data logging from the sensor nodes. Besides, the network coordinator
includes a GSM/GPRS modem MTSMC-G-F4-IP and an Ethernet module for a spe-
cial service and responsible person alert. Depending on an application demands, the
coordinator can be supplied by batteries or a 5 V /550 mA power adapter.

VISUAL ALERT BY
SENSOR NODE 1 SENSOR NODE 2

IS OUT OF NETWORK

SENSOR NODE 3

IS IN THE NETWORK

WIRELESS ACTUATOR
IS IN THE NETWORK

NETWORK STATUS [__ + mugopaonnoe oxo <::] SD CARD

SENSOR NODE 4
IS OUT OF NETWORK

Fig. 10. The photograph of network coordinator where the highlighted sections on the display
show the status of the WSN, the sensor nodes, and the wireless actuator(s)
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The status of a sensor node is indicated on the TFT display (with Touch Screen op-
tion) of the network coordinator. When a received message contains a gas alert, the
coordinator generates a visual alert as well as activates a wireless actuator shown in
Figure 11.

Fig. 11. Physical implementation of the wireless actuator: valve and transceiver with power
supply in the housing

In order to prevent disasters caused by the gas leak, the wireless actuators control a
valve which locks the gas emission source. The wireless actuator consists of a TG-
ETRX3 transceiver, a power supply, and a valve. The WSN software is designed so
that the commands to the wireless actuators can be sent by the sensor and relay nodes
as well as by the network coordinator. The units which are located within one hop
from the actuator can counteract the leakage rapidly.

5.2  Gas Detection and Alerting

The sensor nodes are setup for methane detection within two thresholds. The lower
specified threshold is set to 0.15% =+ 0.5% vol.; if the concentration rises above this
threshold, the WSN will send an alert about the presence of methane in the environ-
ment. The second limit is set to 0.5% + 1%, vol. The lower limit of methane explo-
sion is 5% vol. [12]. The sensor calibration is desirable once a year.

One of the potential applications for the developed WSN is hazardous gas detec-
tion in buildings. For this application we choose the cluster topology depicted in Fig-
ure 12 which provides secure and reliable operation. The network configuration and
data routing are performed by the ZigBee module.

The sensor nodes, S, measure the gas presence in the building each 30 s according
to the safety standards [12] and compares the obtained value with the two preset thre-
sholds (the sensor nodes are in sleep mode when are not measuring). If the gas is not
detected or its concentration is less than 0.15 %, the sensor nodes go to sleep mode.
However, the relay nodes, R, the network coordinator, C, and wireless actuators, A,
are in receive mode all the time.
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If the sensor node has detected a gas concentration within 0.15%-0.5%, it activates
the transceiver and sends the message with its identification information to the net-
work coordinator via the relay node(s). As soon as the acknowledgement has been
received, the transceiver goes to sleep mode.

Fig. 12. An example of network topology deployed in an office where S is a sensor node, C is a
network coordinator, A is a wireless actuator, R is the relay node, F/ and F2 are the alarm ser-
vice and the responsible person

The sensor node sends the alert message directly to the wireless actuator if the gas
concentration is in the range of 0.5%-1% to close the gas valve. Upon receiving the
acknowledgement from the wireless actuator, the sensor node notifies the coordinator.

The network coordinator performs the conversion of the WSN data transmission
protocol to other ones for further data transmission. For example, upon receiving an
alert message from a sensor node, the coordinator retransmits the alert as SMS to an
operator, F2, or alarm service using the on board GSM/GPRS modem. Moreover, the
data from a sensor node can be forwarded to a server using the GSM/GPRS modem or
an Ethernet module.

The protocol used by the ZigBee specification contains several layers. Apart from
the physical and media access control layers described in the IEEE802.15.4 standard,
ZigBee provides network, application framework, and application layers. All these
layers, except for the application layer, are realized by the firmware of the TG-
ETRX3 transceiver which is installed on each unit of the WSN.

At the application framework layer, the units of the WSN transmit their current sta-
tus. The status of each sensor node in the WSN is expressed with a unique code which
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consists of three bytes. Data frames contain the information regarding the gas concen-
tration in the environment, power supply status, or errors discovered in the WSN.

6 Conclusion

In this work the possibility of developing the sensor node for hazardous gas detetion
characterized by low average power consumption (2.64 mW per scanning of envi-
ronment each 30 s and data communication each 5 minutes) has been for the first time
demonstrated. The proposed sensor node is able to operate for up to 641 days using
autonomous power supply. It has been designed for atmosphere monitoring as part of
a WSN, particularly for methane detection in office buildings, apartments, and indus-
trial premises.

The sensor node low power consumption during environmental scanning has been
achieved through the application of special technology (transition from the catalytic
bead sensor technology to the planar one), and a careful reading procedure and hard-
ware design. We have proposed a differential method (one sensor required) of gas
measurement instead of the widely used Wheatstone bridge (two sensors required)
and developed a four-stage pulse heating profile for compensation. The experimental
results have shown that the differential method with the planar sensor allows the sen-
sor node to save up to 2.85 times more power, which results in approximately 641
days of operation as opposed to only 225 days in case of the Wheatstone circuit with
catalytic bead sensors and to 187 days of state-of-the art systems [2].

In addition, a dual power supply for the sensor node has been implemented. This
was done to secure the digital section of the node (MCU and transceiver) from the
analogue one (sensor). It prevents the situations where the batteries are getting dep-
leted due to high power consumption of the gas sensor and, therefore, the sensor node
becomes remotely uncontrolable.

Due to its reasonable simplicity, wireless connectivity, and low power consump-
tion of the sensor nodes, the designed WSN for hazardous gases detection can be
deployed in a short time without entailing considerable maintenance cost. In addition,
the use of Ethernet and GSM technologies makes the network easy to manage in real-
time.
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01.426.11.0022. This work was also supported by NATO Collaborative Linkage
Grants CBP.CLG.984158.

References

1. Chong, C.-Y., Kumar, S.P.: Sensor Networks: Evolution, Opportunities, and Challenges.
Proceedings of the IEEE 91(8), 1247-1256 (2003)

2. Somov, A., Baranov, A., Savkin, A., Spirjakin, D., Spirjakin, A., Passerone, R.: Develop-
ment of Wireless Sensor Network for Combustible Gas Monitoring. Sensors and Actuators
A: Physical 171(2), 398405 (2011)



260

11.

12.

13.

14.

A. Somov et al.

Shnayder, V., Hempstead, M., Chen, B., Allen, G.W., Welsh, M.: Simulating the Power
Consumption of Large-scale Sensor Network Application. In: 2nd Conference of Embed-
ded Networked Sensor Systems, Baltimore, Maryland, USA, pp. 188-200 (2004)

Ho, S., Koushanfar, F., Kosterev, A., Tittel, F.: LaserSPECks: Laser Spectroscopic Trace-
Gas Sensor Networks — Sensor Integration and Application. In: 6th International Sympo-
sium on Information Processing in Sensor Networks, Cambridge, Massachusetts, USA,
pp- 226-235 (2007)

Xiaoqiang, Z., Zuhou, Z.: Development of Remote Waste Gas Monitor System. In: Inter-
national Conference on Measuring Technology and Mechatronics Automation, Changsha,
China, pp. 1105-1108 (2010)

Nakano, S., Yokosawa, K., Goto, Y., Tsukada, K.: Hydrogen Gas Detection System Proto-
type with Wireless Sensor Networks. In: 4th Conference on Sensors, Irvine, CA, USA,
pp- 159-162 (2005)

. Wobscholl, D.: A Wireless Gas Monitor with IEEE 1451 Protocol. In: The IEEE Sensors

Application Symposium, Houston, Texas, USA, pp. 162—-164 (2006)
Gastronics. True Wireless Gas Detector, http://www.gastronics.com
RAE Systems. QRAE II Gas Detector, http: //www.raesystems.com

. Hayes, J., Beirne, S., Lau, K.-T., Diamond, D.: Evaluation of a low cost wireless chemical

sensor network for environmental monitoring. In: 7th Conference on Sensors, Lecce, Italy,
pp- 530-533 (2008)

Kim, Y.W., Lee, S.J., Kim, G.H., Jeon, G.J.: Wireless Electronic Nose Network for Real-
Time Gas Monitoring System. In: International Workshop on Robotic and Sensors Envi-
ronments, Lecco, Italy, pp. 169-172 (2009)

Standard EN 50194:2000: Electrical Apparatus for the Detection of Combustible Gases in
Domestic Premises. Test methods and performance requirements (2000)

Somov, A., Spirjakin, D., Ivanov, M., Khromushin, I., Passerone, R., Baranov, A., Savkin,
A.: Combustible Gases and Early Fire Detection: an Autonomous System for Wireless
Sensor Networks. In: 1st International Conference on Energy-Efficient Computing and
Networking, Passau, Germany, pp. 85-93 (2010)

Somov, A., Ivanov, M., Baranov, A., Savkin, A., Kandeepan, S.: Energy Efficient Trade-
off between Communication and Sensing in Wireless Gas Sensor Node. In: 1st Interna-
tional Workshop on Cognitive Radio and Cooperative Strategies for Power Saving,
Lisbon, Portugal, pp. 1-11 (2010)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


