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Abstract: Metal oxide (MOx) gas sensor signals are mainly governed by adsorption and desorption 
processes of oxygen and its reaction with surrounding gas molecules. Different target gases exhibit 
different reaction rates leading to characteristic sensor responses for specific gas species and their 
concentrations. In this work, we compare temperature-modulated sensor operation (TMO) with 
sensor operation at a single temperature. Further, we explore if under specific TMO regimes, a 
simple signal processing allows for quantification of gas concentrations. We specifically investigate, 
if the relevant information can be captured in selected discrete wavelet coefficients. In addition, we 
compare the results received from this wavelet features to reaction rate evaluation features. 
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1. Introduction 

Metal oxide (MOx) gas sensors have a wide area of application, ranging from indoor air quality 
control to environmental monitoring. The benefits arise from their low costs, low power 
consumption, small size, high material sensitivity and quick response [1]. Conventional 
conductometric MOx gas sensor devices use MEMS-based microheaters to enable operation 
temperatures up to 500 °C. MOx gas sensors can be operated at constant temperatures or by 
temperature modulation. Hereby the microheaters enable fast heating and cooling ramps. 

The gas-specific reaction kinetics are based on the interaction of oxygen, adsorbed on the surface 
of the sensing material, and the test gas. The reaction kinetic can be influenced by different 
temperatures. Different sensors, together with TMO and machine learning algorithms are able to 
identify gases and quantify gas concentrations. This paper has two goals, on the one hand it compares 
different TMO modes to enable more stable gas measurement signal processing. On the other hand 
it presents and compares features derived from gas sensor responses to specific TMO modes. These 
features can then be further used for gas identification and quantification in machine learning 
algorithms. 

The paper is structured as follows: Section 2 describes the measurement setup and three different 
experiments being conducted. Section 3 compares measurements of these three different operation 
modes. Section 4 depicts methods for feature calculation. In Section 5 the features defined in Section 
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4 are computed and presented for a specific TMO mode to distinguish different gas concentrations 
of test gas CO and is followed by a conclusion in Section 6. 

2. Experimental Setup and Measurement Description 

Gas sensor measurements were performed at the gas measurement setup at Materials Center 
Leoben (MCL), consisting of several mass flow controllers, a relative humidity sensor and a Keithley 
3706A Switch. The setup ensures a controlled environment and a reliable resistance measurement of 
the discrete gas sensors. An additional in-house python software allows automatic measurements. 
The software operates the gas control and the switch according to the given experiment definition 
files and merges all the measurement data of an experiment into one hdf5 file. The experiment 
definition file specifies the test gases (e.g., CO) with the according concentrations, the relative 
humidity level, the heater temperature and the duration of each temperature step. The background 
gas for all the measurements is synthetic air (80% N2, 20% O2). Summarized, the measurement setup 
allows gas pulse measurements as well as TMO in an automated process. For this paper we used 2 
different kinds of experiments for a CO sensor (AS-MLC, ams Sensors Germany GmbH). The 
temperature profiles can be seen in Figure 1 and the experiments were conducted as follows: 
Experiment 1 (Exp1): 3 different temperature profiles ((i) constant temperature (450 °C), (ii) two fast 
changing temperature steps from 450 °C (0.4 s) to 150 °C (0.2 s), (iii) several fast changing temperature 
steps from 450 °C (0.4 s) to 200–440 °C, resp., increasing always by 20 °C (0.2 s) and repeating it), 
lasting for total 410 s at 50% relative humidity in synthetic air were compared. 

Experiment 2 (Exp2): The TMO of Exp1 (iii) was used, followed by 3 additional temperature 
jumps—from 450 °C (3 s) to 150 °C, 200 °C, 250 °C resp. (26 s) at 50% relative humidity in synthetic 
air with different concentrations of CO as test gas (0, 1, 3, 5, 7, 10, 12, 14, 15, 16, 18, 20, 25, 30, 40, 50, 
100 ppm). 

 

Figure 1. Temperature profiles for: (a) Exp1 (i); (b) Exp1 (ii); (c) Exp1 (iii); (d) Exp2. 

3. Results Experiment Exp1: Single Temperature Operation Versus TMO Mode 

The goal of Exp1 is to compare single temperature operation and temperature modulated 
operation. When a gas sensor is operated at a constant temperature without test gas, an equilibrium 
between adsorption and desorption of oxygen species is reached after some time [2], which can be 
seen by a nearly constant gas sensor resistance value (R). Exp1 showed that such an equilibrium can 
be reached faster by TMO measurements, as can be seen in Figure 2a, where the logarithm of the 

conductance (ln G = ln 
1
R

) is depicted as a function of time ln G(t). Comparing the curves formed by 

the local maxima of ln G(t) of each temperature jump in Exp1(ii), (iii) with the response curve  
ln G(t) of Exp1(i), the following observation can be made. In Exp1(i) it lasts approx. 200 s until ln G 
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reaches 98% of ln G(410), the last measured value of the experiment. Whereas for the other two 
experiments Exp1(ii), (iii) the 98% of the last value are already reached after approx. 15, 17 s, resp. 
This means that already after a very short time period the ln G values are not changing much 
anymore, hence measurement time until stabilization could be reduced by using TMO mode, 
compared to single temperature operation. 

 

Figure 2. (a) Response curves (ln(G)) to different TMO modes—Exp1 (i)–(iii); (b) Response curves 
(ln(G)) to the three temperature jumps for different concentrations of CO—Exp2. 

4. Feature Extraction Methods 

Features extracted from measurement data are important for using machine learning algorithms 
to detect and quantify gases [3]. As Schultealbert et al. [4,5] point out, for gas sensors, such features 
should be extracted from the response of the sensor at a low-temperature level, following a jump 
from a higher temperature level. Such jumps are present in experiment Exp2 and the considered low-
temperature levels are marked in red in Figure 1d.  

4.1. Features Extracted from Curve Fitting Parameters:  and τ Evaluation 

In [5] two different methods for feature calculation are proposed. For low gas concentrations, 

where the sensor response has not yet approached an equilibrium, they suggest to use the  
evaluation. Hereby,  is the slope of ln((ݐ)ܩ), which is an estimation of the reaction rate constant. 
For higher gas concentrations, where the sensor response has already stabilized the ߬ evaluation is 
applied. In [5] the time-constant ߬ of the relaxation process is defined as 

max min)
1[(1 )(ln ln ] t startt G G
e

τ = − − −  and 
1
τ

 is proposed to be used as a feature. 

4.2. Features Extracted from Transform Domain: Wavelet Coefficients 

In comparison to the features extracted from curve fitting parameters, where some knowledge 
about the curve itself is presumed, wavelet coefficients do not assume any specific curve form [6]. A 
wavelet transform uses basis functions to map the original signal from time into frequency space. 

For the computation of the wavelet coefficients the python module PyWavelets (pywt.dwt with 
wavelet = ‘db4’ and mode = ‘smooth’) is used. 

5. Results Exp2: Comparison of Features for Gas Quantification 

The three types of features introduced in Chapter 4 were computed for the sensor responses of 
Exp2 to different concentrations of CO to show the possibilities of gas quantification. The features 

plotted versus the concentration are depicted in Figure 3. The  evaluation shows good results 
for lower concentrations, whereas the concentration distinction gets harder for higher gas 

concentrations, because the  values are getting closer. The ߬ evaluation for this experiment seems 
to perform good also for lower concentrations, in contrast to the observations in [5]. The wavelet 
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features, in this case the first wavelet approximation coefficient is used, however, show a comparable 

result to the ߬ and  evaluation for low and high gas concentrations. 

 

Figure 3. Features plotted versus various CO concentrations (a) Feature: ; (b) Feature: 1/τ; (c) 
Feature: first wavelet approximation coefficient.  

6. Conclusions 

We compared TMO gas sensor measurements with sensor operation at a single temperature. 
Our experiments showed that the sensor response stabilized faster with TMO, hence TMO can be 
used to decrease the sensor operation time. With the second experiment we showed that features 
extracted from curve fitting parameters as well as features extracted from transform domain are 
suited for gas quantification with a single sensor. In further research this study should be extended 
to address the applicability of the features for gas identification for a single sensor. Furthermore, it 
would be interesting to investigate whether an array of gas sensors in combination with the above 
features can improve the gas identification and gas concentration quantification. 
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