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Andrey Somov, Member, IEEE, Evgeny F. Karpov, Elena Karpova, Alexey Suchkov, Sergey Mironov,

Alexey Karelin, Alexander Baranov, Member, IEEE, and Denis Spirjakin

Abstract—Wireless sensor networks (WSNs) have recently been
applied for industrial monitoring, including combustible and
flammable gases monitoring. In this work, we present a wireless
gas sensor node in which a widely used Wheatstone sensing circuit
based on two sensors is exchanged with a single sensor circuit, as
well as the associate gas measurement procedure. The core of the
measurement procedure is the four-stage heating profile, which
enables low power consumption of sensing circuit and thermo
compensation adjustment. A thermo compensation algorithm is
capable of avoiding the effect of the environmental temperature
on the measurements by keeping stable zero-offset within ±1 mV

and ensuring low absolute error within 0.1% vol. The thorough
design of the sensor node allows it to fit into the 5.5 cm

3 packag-
ing, which ensures its true ubiquitous deployment in outdoor and
industrial environment.

Index Terms—Advanced packaging, gas sensing, low power,
power management, temperature compensation, wireless sensor
network (WSN).

I. INTRODUCTION

A LMOST every industrial plant has some quantity of

flammable and combustible liquids stored in its facility.

Most of apartments and houses in Europe exploit methane-

based (CH4) boiler facilities to heat living spaces and use

methane for cooking. Hydrogen, propane, butane, and methane

are considered to be the ecological fuels for vehicles and are

used at filling stations in many countries. Leaking of a com-

bustible gas may lead to grave consequences, such as a house

explosion with human victims (March 12, 2014, New York,

USA) or gas poisoning. The detection of low gas concentra-

tion leaks is highly important in terms of ensuring the sanitary

standards. Personnel working in gas mines and gas industry, in

general, is subject to the occupational diseases. For example,

factory workers dealing with methane have problems with the
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vegetative nervous system (hypotension and positive Aschner

reflex).

Nowadays, a combustible gas leak at industrial facilities can

be detected using two general technologies: electro catalytic

(catalytic bead) and infrared (IR) absorption [1]. The detectors

implemented by one of the technologies are deployed over a ter-

ritory and wired in a network. This “wired” approach imposes

a number of restrictions, especially for industrial premises:

1) large demand in terms of cable production;

2) dependency on a power grid;

3) time-consuming system deployment and debugging;

4) separation of the sensor wiring from the ac wiring.

Within the last years, the wireless sensor network (WSN)

paradigm has been applied to a huge number of monitor-

ing applications [2], [3] including gas monitoring. Indeed,

there is a growing interest to gas WSN research [4]–[6] and

deployment [7]. Until now, there are a number of widely used

approaches for gas detection with WSN. The first solution

relies on the energy-aware film (colorimetric) gas sensors [8],

[9]. It is characterized by low power consumption (around

3 mW) and long sensor response time (up to 5 min) that

fails to meet safety requirements [10]. In contrast, the gas

WSN platforms employing laser spectroscopic trace-gas sen-

sors [11] can detect and quantify numerous gas mixtures at

part-per-million to part-per-billion (ppm–ppb) concentrations.

Nonetheless, WSN platforms based on sensors of this type

do not meet a long lifetime requirement consuming around

500 mA. Similarly to spectroscopic approach, metal-oxide

(MOX) and electrochemical [36] sensors operate properly in

ppm concentrations and their application to the detection of

combustible gas leakage in % vol. concentrations will result in

poisoning.

A viable tradeoff to secure both the long-term opera-

tion and sensor performance is the application of catalytic/

semiconductor sensors for combustible gas monitoring using

WSN [12], [13]. However, semiconductor sensors have low

selectivity to combustible gases such as methane, propane, and

hydrogen, which makes the catalytic sensors most appropriate

for this application. The principle of operation of the catalytic

sensors is based on heating the sensing element and measuring

its conductivity which changes in the presence of a gas in the

atmosphere. A number of works report on the acceptable life-

time (>1 year) and performance of WSN nodes with catalytic

sensors [4], [14].

Since gas WSNs for hazardous gases detection are typi-

cally provided for deployment in boiler and industrial facilities,

it implies some additional requirements and challenges [15].

Generic challenges, e.g., resource constraints [16], radio link
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quality [17], and WSN maintenance [18] have been exten-

sively discussed in the literature so far. On the contrary, the

application-specific challenges (such as the compact size of a

gas sensor node to ensure true ubiquitous deployment and the

gas measurement procedure guarantying both good sensitiv-

ity and low power consumption under significant temperature

variation) are still subject for further research.

In this work, we present a WSN platform for combustible

gases sensing with a special focus on industrial applications.

The contribution of this work in terms of practical application

is twofold.

1) Gas measurement procedure: We propose a four-stage

heating profile which enables low power consumption of

sensing circuit and a corresponding thermo compensation

adjustment algorithm referred to below.

2) Thermo compensation adjustment: We propose and apply

this algorithm during the measurement procedure to com-

pensate for the ambient temperature change that helps

avoiding the temperature impact on the measurements

and, therefore, guarantying sensor stability and response.

This paper is structured as follows. The relevant works

are reviewed in Section II. Section III presents the platform

design, the resultant small-sized prototype, and its operation.

The gas measurement procedure and thermo compensation

algorithm are described in Section IV. The sensor node per-

formance in terms of response and power consumption is

evaluated in Section V. Finally, we provide concluding remarks

in Section VI.

II. RELATED WORKS

WSN technology has opened up wide vista for environmen-

tal sensing and industrial applications including the hazardous

gases detection. There are many examples of recently proposed

gas WSN platforms aiming at long lifetime [4] and investigation

of sensor performance [19]. Industrial applications, however,

impose some additional requirements to WSN [15]. The sen-

sor nodes for hazardous gases detection at plants, in some

cases, have, e.g., to be deployed at various heights includ-

ing the mixing emission height and difficult-to-access areas in

indoor/outdoor conditions [20]. The industrial gas WSN plat-

forms, therefore, must be of small scale factor to guarantee

true ubiquitous WSN deployment and ought to ensure accurate

measurements under the ambient temperature variation.

In this section, we survey the state-of-the-art literature that

can be divided into three groups: 1) small form factor WSN

platforms proposed or implemented for gas and similar mon-

itoring applications; 2) thermo compensation algorithms and

solutions for gas WSNs; and 3) power consumption of gas

sensor nodes.

A. Form Factor of WSN Nodes

The first “classical” motes, e.g., MicaZ, Mica2, TelosB, sup-

ported basic sensing, processing, and wireless communications

capabilities and were of the size of half a cigarette pack.

Surprisingly enough, the size of the state-of-the-art commercial

motes (FlyPort [21] and WaspMote [22]), supporting also the

hazardous gases detection, is even bigger and thicker coming

up to in the full cigarette pack size. These platforms, as a

rule, are the modular devices attempting to meet the user’s

growing demands in data storage, multifunctionality, wireless

communications, and emerging technologies, e.g., the Internet

of Things [23].

The research gas WSN prototypes based on the catalytic/

semiconductor sensors are bulky devices [7], [13], [14], [24]. In

fact, the commercial and certified catalytic gas sensors require

large casing, e.g., TO-7, and power management circuits to

enable their correct functioning. To ensure their long lifetime,

the designers often equip the nodes with the D-type batteries

[24] or provide separate power supplies for analogue (sensing)

and digital (wireless communication and processing) circuits

[14]. At the same time, WSN hardware platforms for other

industrial applications, such as structural health monitoring [2]

and ultraviolet flame detection [25], are of comparable size.

Miniaturization of sensing devices is a problem of top

priority in the forthcoming era of Internet of Things [23]

where tiny devices are ubiquitously deployed and seamlessly

interconnected. To meet the small-scale factor requirement,

CMOS/MEMS technologies [5] and modular approach [26]

have become widely adopted in various industrial sectors.

MEMS-based 3.9× 3.9× 3.5 mm sensor node presented in

[28] is intended for temperature and humidity monitoring. A

customized design supports signal processing, power manage-

ment, and data transmission functions. Although the node has

on-board integrated sensors, it can be easily interfaced with

extra external digital/analogue sensors and energy harvesters,

e.g., solar cells. PicoCube platform [26] is a 1 cm3 sensor

node for tyre pressure monitoring supporting the modular and

integrated approach. It includes five vertically stacked printed

circuit boards (radio, power management, sensing, processing,

and energy storage ones) packed in a plastic case. The long life-

time of the device is ensured by a harvester producing ac signal.

The harvester is supposed to be an external though.

Yet, the size and power consumption of gas sensor nodes

have been too large for the proper ubiquitous deployment. What

we propose in our work is the significant reduction in the gas

sensor node form factor achieved neither in the state-of-the-

art research prototypes nor in commercial hardware platforms

[12]–[14], [21], [22]. This challenge is resolved by the combi-

nation of tiny electronic components in a modular way using

the advanced casing.

B. Temperature Compensation

The ambient temperature varies significantly within a year

and various industrial environments. This variation results

in instability of sensor parameters and, therefore, in sens-

ing accuracy [19]. In this section, we overview some relevant

approaches proposed recently to overcome this problem.

The Wheatstone bridge is a commonly used sensing circuit

in sensor nodes based on catalytic/semiconductor sensors [12],

[24]. It includes two sensors, one active and one for reference.

The active sensor is covered by a catalyst and is used to per-

form the measurements. The reference sensor is identical to

the active one, but is not covered by a catalytic material. This

makes the reference sensor insensitive to the gas concentration
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allowing the “automatic” compensation for environmental fac-

tors such as temperature and humidity. The Wheatstone circuit

is very reliable in terms of compensation. However, it has two

critical disadvantages in the scope of WSN: additional power

consumption due to the application of two sensors and frequent

“zero offset” calibrations, since the parameters of the sensors

used vary unequally with respect to each other over time. To

overcome these disadvantages, a sensing circuit with one sensor

has been proposed recently [4], [29]. However, no temperature

compensation techniques for the state-of-the-art gas WSN plat-

forms based on one sensor can be found in the literature so far.

This makes the state-of-the-art platforms practically useless for

outdoor and industrial applications.

The approaches for temperature compensation proposed

in [5] and [30] are modifications of the commonly used

Wheatstone circuit. Okazaki et al. [30] propose a temperature

compensation method for a sensing circuit employing active

and reference catalytic sensors. The bottom line is that the sens-

ing procedure requires the sensors being heated up to different

temperatures with different heating currents: the active sensor is

heated to above thermal decomposition temperature and the ref-

erence one to below thermal decomposition temperature. The

authors claim that the method guarantees long-term stability,

but lacks good selectivity, which limits its application.

The extra temperature sensor incorporated in a gas sensor to

ensure the precise ambient temperature variation measurement

is proposed in [5]. In contrast to the heater resistance measure-

ment, this approach provides significant improvement of the gas

sensor stability. However, integrating the temperature sensor

has a number of drawbacks in terms of complexity and cost, as

well as extra calibration for the temperature sensor apart from

the gas one.

The novelty of our concept lies in using the temperature com-

pensation approach for a single sensor-based sensing circuit.

We propose the gas measurement procedure that applies the

four-stage heating profile to a catalytic sensor. Measuring the

sensor response after the stages, the software algorithm pro-

grammed in MCU compensates for ambient temperature. Our

approach requires neither extra hardware components [5], nor

the complicated generation of different heating currents [30].

C. Power Consumption

Nodes in WSN typically integrate four capabilities: comput-

ing, sensing, wireless communication, and power management

for detecting a physical phenomena, for processing the data and

forwarding it to a user over the network. Traditionally, wireless

transceivers have been reported to be the most power-hungry

device within a node [15]. Indeed, wireless transceivers typi-

cally consume up to 25 and 20 mA at 3.3 V in the transmit

and receive modes, respectively. This is much higher than the

power consumption of an MCU, which requires up to 5 mA

at 3 V in the active mode and just a few micro ampere in

the sleep mode. Widely used sensors, such as a temperature,

luminosity, and humidity ones, consume even less power than

the MCU in the active mode. From the industrial perspective,

there is a number of monitoring applications when a sensor

requires a significant amount of power for correct functioning.

For example, the power consumption of catalytic and semicon-

ductor gas sensors often exceeds that of a wireless transceiver

[14]. We summarize the power consumption of widely used

commercial and certified catalytic gas sensors manufactured

by the world leading companies and compare their power con-

sumption with other electronic components used on board in

Table III. In this section, we focus on the power consumption

of relevant gas sensor platforms as follows.

The power consumption of gas sensors may achieve 1–5 W,

which prevents their application in WSNs. To address this prob-

lem, plenty of research efforts have been made recently [19].

In terms of power consumption of sensing circuit, this work

improves the state-of-the-art on combustible and hazardous

gases monitoring using WSN technology.

The early generic platform proposed by Wobscholl [34] con-

sumes up to 1 W, but allows for automatic sensor (catalytic/

semiconductor) calibration. Commercial sensing platforms for

natural and LPG gases detection FlyPort [21] and WaspMote

with the “Gases” extension sensing board [22], though having

no automatic calibration option as compared with Wobscholl

platform, are characterized by slightly reduced power consump-

tion up to 800 and 280 mW, respectively. The advantage of com-

mercial platforms is the simplified application design available

by the code reuse and technical support, as well as the minimum

time required for platform debugging. These platforms, how-

ever, ignore the influence of environmental conditions resulting

in inaccurate measurements.

Platforms for methane monitoring proposed in [12] and

[24] largely improve on power consumption in spite of using

Wheatstone sensing circuit based on two sensors: catalytic and

semiconductor, respectively. The key advantage of this circuit

is the “automatic” compensation for the ambient conditions,

since the resultant circuit response is calculated on the basis of

responses from an active (with catalyst) and reference (without

catalyst) sensors. The sensor platform proposed in [24] con-

sumes 264 mW and uses the pulsed heating profile instead of

continuous sensor heating [21], [22], [34]. This approach, how-

ever, can damage the sensor due to frequent ON/OFF of heating

pulses. Another drawback of the pulsed approach is that the

moisture does not fully evaporate between the pulses, thus lead-

ing to inaccurate measurements. The continuous heating profile

used in [12] addresses the problem of the incomplete moisture

evaporation and, due to careful design and power management,

improves the power consumption up to 227 mW. Yokosawa

et al. [13] present a similar sensor node for hydrogen leak

monitoring at petrol stations. This node has 200-mW power

consumption and long sensor response. Similar research on the

investigation of heating profiles has been done for MOX sen-

sors, which are applied for hazardous gases detection in ppm

range [35], [36]. These works make an emphasis on the reduc-

tion in sensor power consumption by finding a tradeoff among

the number of pulses forming the burst, the pulse width, and

sleep time between pulses. The lifetime of a battery is 30 times

improved, though temperature and humidity noticeably affect

the resultant response.

The sensor nodes presented in [14] and [4] are based on sin-

gle catalytic sensor sensing circuit and have the lowest power

consumption 124.30 and 85.68 mW, respectively. Both works
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Fig. 1. Block diagram of the wireless gas sensor node.

focus on reducing power consumption and compare the single

sensor approach with the Wheatstone circuit. The comparative

study shows that the single sensor circuit is approximately 65%

more energy efficient. Focusing on the energy-aware design,

these works do not consider the change in environmental tem-

perature which results in inaccurate measurements. The heating

profiles designed in [4] and [14] are aimed at 1) power con-

sumption reduction and 2) moisture evaporation. The heating

(sub)pulses are designed in the way that does not allow their

application for temperature compensation. Our work performs

temperature compensation and ensures the low average power

consumption of 67 mW of sensing circuit. This is achieved

by the improved hardware together with power management

and a heating profile designed for compensation adjustment.

The heating profile used in this work allows for the increase

in catalytic sensor stability in the ambient environment.

III. PLATFORM DESIGN

The proposed hardware platform shown in Fig. 1 com-

prises two 3 cm2 PCBs connected by a standard commercial

ten-pin connector. The platform includes four units: the pro-

cessing and sensing units are realized by PCB 1; wireless

communication and power conditioning ones are provided by

realized by PCB 2. All electronic components incorporated in

the units are to meet the following requirements: energy effi-

ciency, small size, compatibility of the components, and their

simple interface.

The processing unit is implemented around the ADuC845

Microcontroller (MCU). The selection of the MCU was mainly

driven by the following requirements: low power consumption,

on-chip temperature sensor, and precise analog-to-digital con-

verter (ADC) and digital-to-analog converter (DAC) integrated

in MCU. Both devices must be as precise as possible to generate

the sensor’s heating profile, to make intermediate calculations

(see Section III-B), to calculate the output signal in digital form

and send it to the wireless communication unit. The 24-bit

ADC performs signal processing without extra signal ampli-

fiers that generate noise [4], while the 12-bit DAC generates the

four-stage dynamic heating profile for the sensor.

The sensing unit is built on the one-sensor-based sensing cir-

cuit (voltage divider) [4]. The sensing circuit is disabled by a

MOSFET switch when it does not conduct the sensing of the

TABLE I

SUMMARY OF DTK-3 SENSOR PARAMETERS

atmosphere. An operational amplifier (Amp) ensures the suffi-

cient level of heating current for the sensor. A more detailed

analysis of the sensing circuit is presented in Section IV-A. We

use the catalytic sensor DTK-3 manufactured by NTC IGD,

Russia. The sensor height is 9.5 mm and diameter 9 mm; power

consumption is 75 mW in the continuous measurement mode

and full duty cycle. Its low power consumption is achieved by

applying a heater implemented as 10 µm platinum microwire

in glass insulation. Table I summarizes key parameters of

DTK-3 sensor. We note that the state-of-the-art catalytic sen-

sors employ the 20 µm heaters and are of 10 mm height and

12 mm diameter with the power consumption of 150–600 mW

[24]. The sensor power consumption in the proposed design

can further be reduced by using the dynamic heating profile

and decreasing the duty cycle for the sensing task. For our

purposes, we use one sensor-based sensing circuit in contrast

to the widely used Wheatstone sensing circuit employing two

sensors [12].

The wireless communication unit employs the low power

ETRX3 wireless modem supporting IEEE 802.15.4 standard

(ZigBee specification) and transmitting in unlicensed 2.4 GHz

ISM band. The modem has an integrated chip antenna used

in this design (up to 25 m) and a connector for an external

antenna to enable a boost mode allowing data transmission for

up to 350 m. Besides that, the modem has a number of self-x

features enabling, for instance, WSN self-configuration and

self-diagnostics which significantly reduce WSN debugging

and deployment time.

The power conditioning unit provides the stable 2.7 V volt-

age supply for the sensor node. The core element of the unit is a

TPS61200 dc/dc in a tiny 3× 3 mm package. The device gen-

erates stable output voltage from 0.3 to 5.5 V on its input. We

use as a power supply the button type Li battery CR-2477 (3 V,

1000 mAh) for experimenting and proof of concept reasons.

Since the objective is ensuring low power consumption rather

than long lifetime, we leave the user an opportunity to choose

any battery that meets the node’s technical and application

lifetime requirements.

The sensor node prototype is shown in Fig. 2. To meet

the small form factor requirement for the sensor node, we

consider an approach, where tiny electronic components are

combined in a modular fashion using advanced A3 packag-

ing by Alphasense, while maintaining energy efficiency and

integration density.

A. Sensor Node Operation

Let us consider a WSN consisting of wireless gas sensor

nodes, wireless actuators, and gateway. The WSN topology
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Fig. 2. Sensor node: (a) 3 cm2 PCB with MCU (top view) and sensor; and

(b) final 5.5 cm3 prototype compared to 10 Euro cent coin.

is of star configuration. The WSN gateway sets up the net-

work parameters automatically. The sensor nodes are the energy

constrained devices performing gas sensing and communicat-

ing with actuators and gateway via the wireless channel using

the IEEE802.15.4 standard and the low power wireless speci-

fication ZigBee. To guarantee energy saving, the sensor nodes

spend most of their time in the sleep mode and perform their

sensing task once a minute and their communication task for

synchronization and service purposes every 5 min unless a

dangerous gas concentration has been detected. The actuators

periodically communicate with the sensor nodes and gateway

to be in time for closing a gas valve in a dangerous situation.

The gateway connects the actual gas WSN with the real world,

i.e., the WSN operator and/or gas service crew.

If the sensor node detects ≤0.5% vol. gas concentration, it

sends an alarm message to the gateway which decides what to

do next. When the measured gas concentration is between 0.5

and 1% vol., the sensor node immediately sends a request to

the actuator to close the gas valve and, in parallel, notifies the

WSN operator about the dangerous situation via the gateway.

The methane lower explosive limit (LEL) is 5% vol.

IV. MEASUREMENT PROCEDURE

In this section, we present the sensing circuit and then pro-

pose and discuss the dynamic heating profile enabling the ambi-

ent temperature compensation algorithm for the measurement

procedure.

A similar approach has been presented in [4], [14], and [24].

The authors propose a straightforward approach for the sensor

response measurement by applying frequent turning ON/OFF

heating pulses in [24]. This technique helps to reduce the power

consumption, but has a number of disadvantages: moisture does

not fully evaporate from the sensor, which results in inaccurate

measurements and the sensors can be damaged in a short period

of time due to frequent and drastic heating pulses variations.

Both works [4], [14] focus on how to reduce power con-

sumption. Being concentrated on the energy-aware design, the

authors do not consider the change in environmental tempera-

ture which leads to inaccuracy of measurements. The heating

profiles designed in [4] and [14] are aimed at power con-

sumption reduction and moisture evaporation from the sensor

surface. Our solution, on the contrary, enables the temperature

compensation to increase the sensor stability and response in

Fig. 3. (a) Sensing circuit based on one sensor shown as R with its chang-

ing resistance for ∆R during sensing and (b) an example of sensor resultant

response S in the presence of 2% vol. methane concentration depending on

Radj resistor value in the sensing circuit.

Fig. 4. Four-stage dynamic heating profile.

the ambient environment and ensures the low average power

consumption of the sensor node.

A. Sensing Circuit

In this work, we use one-sensor-based sensing circuit

(divider) [4] employing the catalytic sensor. The sensors of this

type are typically used in the LEL gas concentration range, i.e.,

for detecting combustible gases, due to their high sensitivity,

selectivity, linear, and fast response.

Fig. 3(a) shows the sensing circuit where the catalytic sensor

represented as its resistance in normal conditions R is embed-

ded in one arm of the voltage divider circuit. The operating

principle of a catalytic sensor provides for its heating up to

450 ◦C and measuring its change in resistance ∆R. Resistance

Radj is the predefined and precise resistor needed to calculate

the divider parameters, e.g., heating current. The exact value of

Radj should be chosen with care: by increasing Radj the user

improves the circuit response [see Fig. 3(b)] and at the same

time increases the power consumption (Padj = U2
in ·Radj).

Fig. 3(b) shows how sensitivity depends on Radj in the active

mode. The sensor temperature during sensing is 450 ◦C.

The voltage divider sensing circuit is more energy efficient

than the Wheatstone one due to application of one sensor.

However, it has an important disadvantage being unable to com-

pensate for the effect of ambient temperature as compared with

the Wheatstone circuit where the resultant response from the

active and reference sensors provides this compensation “by

default” [4]. In the following sections, we demonstrate how to

address this problem.
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Fig. 5. Sensor response (a) U0
2 , (b) U0

4 , and (c) resultant output response S0 under the environmental temperature change for 38 ◦C at 0% gas concentration in

the atmosphere where solid line is approximation and dots are experimental values.

B. Heating Profile

The dynamic heating profile is shown in Fig. 4. The profile

includes four stages: two heating and two measuring ones. The

first stage ensures the sensor preheating and lasts for 60 ms

at 1.9 V. During the second stage the moisture evaporation

(without gas burning) occurs. At the end of this stage lasting

350 ms at 0.7 V, the sensor temperature is stabilized at 200 ◦C

and system measures sensor response U2, a “reference mea-

surement,” showing how the environment conditions (without

burning) have affected the measurement. Basically, this mea-

surement has the same function as the reference sensor in the

Wheatstone sensing circuit [24]. The objective of the third stage

which lasts for 60 ms at 1.9 V is to heat the sensor to higher

temperature when methane oxidation begins.

At the fourth stage lasting for 200 ms at 1.6 V, the sensor

operates as the active one in the Wheatstone sensing circuit.

At the end of this stage, the temperature is stabilized at

450 ◦C and system measures the sensor response U4. The

temperature of the sensing layer is proportional to methane

concentration in the environment. When the measurement is

conducted, the sensor goes to the sleep mode. It is worth not-

ing that the average voltage during the measurement procedure

(0.67 s) is around 1.2 V. For the Wheatstone circuit, this value

is 2.8 V [4].

The sensor output signal S in mV is proportional to a gas

concentration in the atmosphere and is calculated as follows:

S = (U4 − U2)− S0 (1)

where

S0 = U0
4 − U0

2 (2)

where S0 is the sensor output signal in mV at 0% CH4 concen-

tration in the atmosphere, U0
2 and U0

4 are the sensor responses

in mV at 0% CH4 concentration in the atmosphere after second

and fourth stages, respectively.

Replacing the Wheatstone sensing approach by the sin-

gle sensor one results in the appearance of an excess error.

Its nature lies in the different heat loss at various heating

temperatures (see Fig. 4).

Fig. 5 demonstrates the experimentally derived curves of the

sensor response at different measurement stages (U0
2 , U0

4 , and

S0) with respect to the environmental temperature change for

38 ◦C. The response change is 15 and 10 mV for U0
2 and U0

4

signals, respectively. The maximum drift of the zero offset for

this sensing circuit is 0.33% vol. instead of 0.1% vol. tolerance

at the temperature change for 38 ◦C. The obtained error is of

additive character and will entail an equal error during methane

detection of no 0% vol. concentration.

C. Thermo Compensation Adjustment Algorithm

To avoid an excess error during the measurement procedure

and under the changing environmental temperature, we propose

an algorithm for measurements’ correction.

At the time of sensor calibration in normal conditions

described in standard GOST IEC 6007929.1, we measure the

current I02 and I04 flowing through the sensor during the second

and fourth heating stages using Radj as a shunt and calculate

sensor resistance R0
2 and R0

4, respectively,

R0
2 = U0

2 /I
0
2 (3)

R0
4 = U0

4 /I
0
4 . (4)

In real conditions, the system measures the respective sen-

sor responses U2 and U4 allowing for the fact that the heating

current in normal and real conditions is equal (I2 = I02 and

I4 = I04 ) and calculates the sensor respective resistances R2

and R4 using (3) and (4), respectively.

The system then calculates, using (5), the sensor resis-

tance change at the second heating stage ∆R2, which is only

influenced by the environmental temperature change (not by

methane burning). Using (6), the system calculates the sensor

resistance change at the fourth stage ∆R4, which is influenced

by both the environmental temperature change and methane

burning

∆R2 = (R2 −R0
2) (5)

∆R4 = (R4 −R0
4). (6)

The corrected sensor responses U2C and U4C at the sec-

ond and fourth heating stages, respectively, are calculated as

follows:

U2C = U2 −∆R2 · I2 = U2 − (R2 −R0
2) · I2 (7)

U4C = U4 −∆R4 · I4 = U4 − (R4 −R0
4) · I4. (8)

The resultant sensor response is proportional to methane

concentration in the atmosphere and is calculated using (9)

SC = U4C − U2C . (9)
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Fig. 6. Sensor output voltage fluctuation with thermo compensation (SC ) and

without thermo compensation (S0) adjustment at 0% vol. methane concentra-

tion and ambient temperature change for 38 ◦C.

The sensor calibration in gas environment is conducted with

the adjusted sensor response signals calculated using (7)–(9),

which helps avoiding an excess error. We note that sensor cal-

ibration is required once a year according to standard GOST

IEC 6007929.1.

V. EVALUATION AND DISCUSSION

In this section, the proposed temperature compensation algo-

rithm is experimentally assessed in terms of sensor response

at varying ambient temperature and gas concentration in the

atmosphere. In particular, we evaluate the sensor zero-offset,

absolute measurement error, and sensor response. Finally, an

estimation of the sensor node power consumption and life time

is given. In all experiments, we apply to the sensor the heating

profile described in Section IV-B.

A. Response

To evaluate the sensor response, we conduct three experi-

ments. The goal of the first experiment is to evaluate the zero

offset with and without the application of thermo compensa-

tion adjustment at the ambient temperature change. To conduct

the experiment, we put the sensor node in a temperature cham-

ber. The MCU registers both temperature values with offset

drift 10 nV/◦C and the sensor output voltage using ADC with

±10 µV error. The results of the first experiment are demon-

strated in Fig. 6. It shows the voltage fluctuation of zero offset

caused by the environmental temperature change in the absence

of methane. In the best case, the voltage fluctuation must be

0 mV so as not to affect the sensor response in the presence

of the gas (see Section IV-B). Without applying the thermo

compensation adjustment, this requirement is only achieved

at normal conditions at the time of sensor calibration, i.e., at

20 ◦C. The experimental results show that the application of

temperature compensation algorithm reduces the voltage fluc-

tuation and guarantees the sensor response stability, i.e., the

error of the adjusted resultant sensor response Sc at the ambi-

ent temperature change for 38 ◦C does not exceed 2 mV at

0% vol. methane concentration. The absolute error does not

exceed 0.1% vol. (equal to ±2 mV) defined as a threshold by

TABLE II

ABSOLUTE MEASUREMENT ERROR (% VOL.) OF TEST GAS MIXTURE

CH4 WITH (W) AND WITHOUT (W/O) THE APPLICATION OF THERMO

COMPENSATION

the standards [10], [20] and is 0.05% in the worst case, e.g., at

3 ◦C and 36 ◦C. The error of S0 response is 5 mV, the abso-

lute error grows with the temperature change from 20 ◦C, e.g.,

below 7 ◦C and above 33 ◦C the absolute error exceeds 0.1%

vol. This experiment demonstrates that the application of the

proposed algorithm helps keeping the zero-offset properly to

meet the absolute error requirement.

The goal of the second experiment is to evaluate the abso-

lute measurement error in the presence of gas and at different

temperatures. Table II demonstrates the absolute measurement

error at 0.5, 1, and 2.5% vol. CH4 test gas mixture concentra-

tions at three temperatures. Each experiment was conducted 50

times on 10 identical sensors with and without the application

of thermo compensation adjustment. As in previous experi-

ment, the sensor is calibrated at 20 ◦C, which results in precise

measurements for the sensor without the thermo compensation

adjustment. However, if the ambient temperature varies from

the calibration temperature, the absolute error grows and does

not meet the requirement of 0.1% vol. absolute error. In con-

trast, the application of thermo compensation adjustment keeps

the absolute error stable enough during the temperature change

and in none of the cases it exceeds 0.1% vol. absolute error.

The proposed approach helps to simplify the WSN mainte-

nance. There are two general approaches to ensure the proper

sensors operation at the ambient temperature: 1) sensors cal-

ibration in all range of operating temperatures and recording

these values in the memory of MCU; and 2) compensation

for the ambient temperature proposed in this work. This first

approach is a time consuming one especially bearing in mind

that a WSN consists of high number of nodes, which have to

operate autonomously as long as possible. The algorithm pro-

posed in this work ensures high accuracy and is programmed in

the memory of MCU. It is processed immediately together with

sensing.

We note here that the proposed algorithm can be imple-

mented on any catalytic sensors. However, we do advise to

carefully check the maximum heating ratings of other sensors

so as not to damage them.

Apart from ensuring the measurements’ stability, the thermo

compensation algorithm improves the sensor response. Fig. 7

shows the sensor response with and without the thermo

compensation algorithm at five methane concentrations. The

“etalon” reference sensor response signal is 30 mV at 1% vol.

in Wheatstone circuit [4]. This chart shows that our approach

approximately two times improves the state-of-the art results,

i.e., sensing circuits based on one sensor. The Wheatstone cir-

cuit has better response, but is 65% more power “hungry” than

the one sensor circuit (see Section II-C). The energy efficiency
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Fig. 7. Sensor response to 0.5, 1, 1.5, 2, and 2.5% vol. of methane with and

without the application of thermo compensation adjustment algorithm.

TABLE III

AVERAGE POWER CONSUMPTION OF THE GAS SENSOR NODE

ELECTRONIC COMPONENTS: COMPARATIVE STUDY

∗ Components used in this work.

of the one sensor-based approach can be explained by exploit-

ing just one sensor in the sensing circuit and the application

of four stage heating profile instead of continuous one. In fact,

the proposed approach generates enough response signal for

its processing in the MCU and does not require complicated

filtering with extra hardware components [4].

B. Power Consumption and Life Time Estimation

In this section, we experimentally evaluate the power con-

sumption of the sensing circuit and estimate the lifetime of the

gas sensor node. Table III demonstrates the node performance

in terms of power consumption in the active and sleep modes.

Besides, we note that we focus on experimental evaluation of

sensor current consumption since it is a core element for the

heating profile and thermo compensation algorithm and is the

most power hungry component of the node. At the same time,

the performance of the MCU and wireless modem is studied in

their specifications and relevant papers [14].

Fig. 8 shows the current consumption of the sensing cir-

cuit during the gas measurement procedure which takes 0.67 s.

This current flows through the precise resistor Radj shown

Fig. 8. Current consumption diagram of the sensing circuit.

in Fig. 3(a) and its average value is 56 mA. The power

consumption is approximately 67 mW (56 mA× 1.2 V, see

Section IV-B). We note that the same sensor consumes 150 mW

in the Wheatstone circuit (75 mW × 2 = 150 mW) in the con-

tinuous measurement mode. However, to effectuate the mea-

surement of the total power consumption of the sensor node is

a non trivial task due to the application of dc/dc which inher-

ently operates in the pulse mode and performs the circuit break

between the power supply and itself for a short period of time.

We, consequently, estimate the power consumption of MCU

and the wireless transceiver operating at 2.7 V (the power con-

sumption of other electronic components is negligible). MCU is

in active mode during the measurement procedure and wireless

communication and its maximum power consumption is about

11 mW. Our empirical study has shown that the wireless modem

operated for 0.11 s to transmit an alarm message and receive an

acknowledgement [4]. The average power consumption of the

transceiver in the case of one transmission per minute will be

about 0.15 mW(84 mW+ 76 mW)/2 ∗ (0.11 s/60 s), which

is negligible as compared to other components. If the measure-

ment occurs one time per minute, the total node consumption is

about 1.04 mW. The conditions are: the measurements cycle is

0.67 s, MCU is in active mode during the measurement cycle

(0.67 s) and data transmission (0.11 s), the transceiver is in

the transmission/receiving mode (0.11 s). The total power con-

sumption of the sensor node is approximately 161 mW for the

Wheatstone sensing circuit and continuous measurement proce-

dure and sensor heating, 78 mW for the voltage divider sensing

circuit with continuous measurement procedure and dynamic

sensor heating, and 1.04 mW for the voltage divider sensing

circuit with one time per minute periodic measurement proce-

dure and dynamic sensor heating. The results are summarized

in Table IV.

This estimation helps us evaluate the lifetime of the gas sen-

sor node. The sensor node lifetime is assessed for two cases

taking into account the principles of the sensor node opera-

tion described in Section III-A. If the sensor node conducts

measurements once a minute and there are no detections of dan-

gerous gas concentration and, therefore, the wireless modem

is kept in the sleep mode. In this case, the sensor node can

operate for about 3370 h (140 days) with CR-2477 battery

(see Section III). In the case of data transmission one time per

minute, the node can operate for about 2880 h (120 days).
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TABLE IV

AVERAGE POWER CONSUMPTION OF THE GAS SENSOR NODE

ELECTRONIC COMPONENTS IN DIFFERENT

MEASUREMENT MODES

The lifetime of the sensor node can be prolonged by applying

a battery with the improved capacity or by wiring the batteries

in parallel. The most important result is the low average power

consumption which, together with the platform small scale fac-

tor and the temperature compensation, opens up wide vista for

outdoor and industrial monitoring applications.

It should be noted here that lifetime of the sensor nodes

for the combustible gases application can be improved through

employing the energy harvesting technology and advanced

energy management [27]. Due to the power hungry nature of

this application, a hybrid energy harvesting approach may be

suggested as more efficient one [2]. Extra energy savings can

be achieved through various energy aware techniques, e.g.,

by providing the proper packaging insulation of the methane

sensor [31], by performing the careful analysis of the sen-

sor node power consumption using WSN simulators [32] and

by applying smart approaches such as context-aware sensing

[33] (adjusting sensing duty cycle w.r.t. people presence in a

building), ultra low power overlays [37] and on-board intelli-

gence [38] when a sensor node implementing a sensor fusion

component decides whether the measured data contain useful

information, and by energy aware physical layer and medium

access control design [39].

VI. CONCLUSION

In this paper, we have demonstrated small size low power

consumption gas WSN platform with thermo compensation

algorithm. The platform consists of two 3 cm2 boards fit-

ting into 5.5 cm3 packaging, which significantly improves the

state-of-the-art and ensures the platform ubiquitous deployment

including difficult to access areas.

To guarantee the sensor node long-term operation and stabil-

ity under the changing environmental conditions, we, for the

first time, presented the gas measurement procedure for the

one sensor-based sensing circuit which significantly reduces

its power consumption up to 1 mW for the periodic measure-

ment and data transmission mode. Our experimental results

have shown that the application of the thermo compensation

adjustment algorithm secures the sensor zero offset stability

within ±1 mV, absolute measurement error within 0.1% vol.

and performance. Besides, we further improved the gas WSN

state-of-the art in terms of the average power consumption of

the sensing circuit. The achieved results have got great potential

for the industries dealing with the combustible gases detection

in outdoor or harsh environments.
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