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Abstract

Electronic noses and tongues can utilize noise data taken at the output of a chemical sensor. It is shown that even one single sensor may

be suf®cient for realizing an electronic nose or tongue. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Intensive research has been going on during the past

several years to use chemical and biological sensor [1±5]

elements to develop systems known as electronic noses and

electronic tongues [6±10]. They consist of several sensor

elements and a pattern recognition unit comprising data

acquisition and usually a neural network software. The

neural network, or a similar pattern recognition tool, is

necessary due to the nonlinear character of the sensor

system, which `learns' to interpret data during a calibration

process. There are several important practical issues, such as

ways to decrease the number of necessary sensors, ascer-

taining suf®cient sensitivity, obtaining reproducibility,

diminishing the need for frequent calibration, and establish-

ing the most suitable pattern recognition technique. This

paper addresses the need for multiple sensors and demon-

strates that measurements of conductivity noise in a sensor

can lower the required number of sensors to, in principle,

only one.

Conductivity noise in conducting polymer sensors was

studied by Bruschi and coworkers [11,12] who pointed out

that such data provided information of interest for sensing.

The authors demonstrated that the conductance noise spec-

trum is a sensitive measure of the chemical environment.

The exact origin of the microscopic noise component, due to

the chemical environment is presently unclear. It can cer-

tainly be associated with ¯uctuations of the carrier mobility

and density, due to concentration ¯uctuation and motion of

chemical fragments, originating from the chemical environ-

ment (ambient gas or liquid). The resultant resistance ¯uc-

tuations provide an ac signal with wide frequency

bandwidth, which obviously carries more information than

the dc resistance, that is normally recorded in a sensor. In

addition to being able to detect multiple species, the noise

technique enhances the sensitivity and selectivity of the

sensor.

2. The new nose/tongue principle

We propose to use the random temporal ¯uctuations

(noise) of the measured physical quantity in arti®cial noses

and tongues, see Fig. 1. We would like to emphasize that the

generality of the principle, makes it of secondary importance

only to consider the actual sensor device [1±5] (®lm, tran-

sistor, optical surface, etc.) and the corresponding physical

quantity (voltage, current, resistance, capacitance, light

intensity, angle, etc.) applied for sensing. The mathematical

expressions given below hold for any measured quantity

which is used for chemical sensing. However, for the sake of

simplicity [13], we use here the term resistance to represent

the pertinent physical quantity.

Assuming then a resistive sensor exposed to a chemical

environment, we propose the use of the resistance noise

dR(t) of the sensor resistance R instead of using the induced

static change dR of its mean value. The exact origin of

resistance ¯uctuations [14±20] in solids is a longstanding

unsolved problem [15±17]. Different results have been

interpreted in different ways, and even basic issues are

Sensors and Actuators B 71 (2000) 55±59

* Corresponding author. Tel.: �46-18-471-7232; fax: �46-18-500-131.

E-mail address: laszlo.kish@angstrom.uu.se (L.B. Kish).
1 Until 1999, his name was L.B. Kiss.

0925-4005/00/$ ± see front matter # 2000 Elsevier Science B.V. All rights reserved.

PII: S 0 9 2 5 - 4 0 0 5 ( 0 0 ) 0 0 5 8 6 - 4



controversial, such as, whether the microscopic origin of the

noise is mobility ¯uctuation or number ¯uctuation of charge

carriers [15±17]. Compared to these basic dif®culties, the

phenomenological origin of noise in chemical sensors is an

easier topic [20], as the noise is due to the chemical

fragments which originate from an absorbed ambient gas

or liquid. After equilibration of the sensor with its environ-

ment, the capturing and releasing of molecules becomes a

stationary stochastic process. Hence, dR(t) is also a sta-

tionary stochastic process.

Three important noise sources exist in the systems of

present interest [20]: dynamic adsorption±desorption, dyna-

mical percolation [18] of the chemical molecules, and

charge carrier trapping noise [14]. These effects provide a

noise spectrum characteristic of the chemical species, the

applied sensor material, and its microstructure. It is well

known that S(f), the power spectrum of the noise, is a much

more sensitive indicator of changes in the material structure

[18] and in the environment [19] than the change of the mean

resistance. In the rest of this section, we compare traditional

sensor arrays and corresponding systems employing noise

analysis.

We consider a system with M sensors and N different

chemical species. The resistance response of the sensors can

be described by a series of equations according to

dR1 � A1;1 C1 � A1;2 C2 � � � � � A1;N CN

..

.

dRM � AM;1 C1 � AM;2 C2 � � � � � AM;N CN

(1)

where dRi is the change of the resistance of the ith sensor, Cj

is the concentration of the jth chemical species, and Ai, j is a

set of calibration functions. The task is to determine the

concentrations C1, . . . , CN by the measurement of

dR1, . . . , dRN. Generally, the equations are nonlinear, and

the Ai, j quantities are functions of all of the concentrations,

i.e. Ai, j�Ai, j (C1, . . . , CN). This nonlinearity is the reason,

why practical sensor systems need a neural network that

`learns' these functions during a calibration process.

In order to illustrate the technical problem with the help of

the simplest mathematical formalism, and for the sake of

simplicity, we ®rst assume that the sensors are linear and that

their responses are independent for each investigated che-

mical species. Therefore, the Ai, j quantities are only cali-

bration constants. From the basic algebra of linear equation

systems, it then follows that one needs N independent

equations to solve the equation system (1). Therefore, the

number M of different sensors has to be larger than or equal

to the number N of chemical species, i.e.

M � N (2)

In a practical case, when the equations are nonlinear, the

limit given by relation (2) still holds. However, the situation

becomes much more complex, with several possible solu-

tions being allowed, and the application of a neural network

is required. The validity of relation (2) makes electronic

noses and tongues cumbersome and expensive because all of

the sensors have to exhibit different natures of their

response.

We now turn to the case of noise spectroscopy and, in

particular, consider the important issue of the number of

sensors needed to analyze a mixture of different chemical

species. It is ®rst assumed that only one sensor is present. If

the power density spectrum of the resistance ¯uctuations in

this sensor has K different frequency ranges, in which the

dependence of the response on the concentration of the

chemical species is different from the response in the other

ranges, one can write

dS�f1� � B1;1 C1 � B1;2 C2 � � � � � B1;N CN

..

.

dS�fK� � BK;1 C1 � BK;2 C2 � � � � � BK;N CN

(3)

where dS( fi) is the change of the power density spectrum

of resistance fluctuations at the ith characteristic frequency

(or frequency range), and the Bi, j quantities are calibration

constants analogous to the Ai, j quantities in the linear

response limit. Thus, a single sensor is able to provide

a set of independent equations to determine the gas com-

position around the sensor. Considerations corresponding

to those that led to relation (2), then imply that the num-

ber K of different applicable frequency ranges has to be

Fig. 1. Possible realization of the electronic nose or tongue principle [13]. The mean resistance and the resistance noise spectrum are measured. The spectrum

is analyzed by a pattern recognition technique.
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greater than or equal to the number N of chemical

species, i.e.

K � N (4)

In principle, even one sensor can be enough to analyze the

composition of a number of different gases. If we have P

different detectors, and if we can use the same characteristic

frequency ranges for all detectors, then we have

dS�1��f1� � B
�1�
1;1 C1 � B

�1�
1;2 C2 � � � � � B

�1�
1;N CN

..

.

C2Sd�P��fM� � B
�P�
M;1 C1 � B

�P�
M;2 � � � � � B

�P�
M;N CN

(5)

where dS(k)(fi) is the change of the power density spectrum

of resistance fluctuations at the ith characteristic frequency

range in the kth sensor. In the best case, the number of

independent equations is PK, so the relation

PK � N (6)

holds.

One should note that the mean resistance variation dR(k) of

the different sensors can also be used for detection, and it can

provide an additional independent equation. The relevant

relation is then

P�K � 1� (7)

3. Illustrative experiment with commercial taguchi
sensors

The new sensor principle was demonstrated via noise

measurements applied to different types of commercial gas

sensors. We used two different semiconducting thick ®lm

resistive sensors from the NAP 11 series (RS-components),

speci®cally a NO sensor (#286±642) and an air quality

sensor (#286±620). The sensor was placed in a grounded

aluminum box with a volume of about 300 cm3. A dc heating

voltage was applied according to the manufacturer's recom-

mendation. The chemicals to be detected in the experiment

were placed in a small plastic cup positioned in the mea-

surement box at a distance of about 5 cm from the sensor.

Then the box was closed. A stable dc measuring current was

fed through the sensor ®lm. The dc voltage on the sensor and

the voltage ¯uctuations (after preampli®cation) were mea-

sured by a computer with an AD converter card, which

performed the data analysis. After closing the box, the

concentration of chemical vapor (natural odor) inside the

box increased, thereby yielding a drift in the recorded dc

voltage. When the vapor reached saturation in the box, the dc

voltage attained a stable value. This saturation took about

5 min. To increase the visibility of the change in the `shape'

of spectra (the slopes in different frequency ranges), the

measured spectra were multiplied by the frequency.

The effectiveness of the new chemical sensing principle is

demonstrated in Fig. 2 by the analysis of natural oleoresi-

nous odors, such as, senna tea leaves, potato chips and white

pepper by the air quality sensor. The log±log plot for the

f�S( f ) function of the measured voltage noise is used for

analysis. The resistance noise and the voltage noise ampli-

tudes are related via the Ohm's law, which for the spectra

implies, a relation scaling with the square of the driving dc

current. Note that the main information is contained in the

shape of the pattern and not by the actual value of the

spectrum at a given frequency. The data show that the f �S( f )

`®ngerprint' is sensitive enough to detect these oleoresinous

odors and to indicate that they are different.

Fig. 3, pertaining to vinegar vapor and the NO sensor,

shows an example of a possible way of pattern generation

from the noise spectrum. We used the mean value of the

slope of the log±log plot for the f �S( f ) function in the

different frequency decades to generate the pattern. We have

Fig. 2. Demonstration of the usefulness of the new sensor principle. The voltage noise spectrum Su(f) of the sensor (proportional to the resistance noise

spectrum) was measured at a current of 125 mA during exposition of the sensor to different types of natural odors. The differences between the shape of the

spectra should be noticed.
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found that these slopes provide reproducible output quan-

tities for different chemicals. Independent patterns are gen-

erated by vinegar vapor and laboratory air (background), and

it is obvious that by using noise analysis, one can have a

single sensor replacing an array of at least six sensors.

4. Summary

This paper has presented a new principle for electronic

noses and other chemical sensor systems, based on resis-

tance noise spectroscopy. It has been demonstrated that even

a single sensor can be suf®cient to distinguish between a

number of different chemical species. Potential advantages

of the new technique include a strong reduction of the

number of necessary sensors, improved selectivity, and

sensitivity.

Acknowledgements

Valuable discussions with Prof. Vilho Lantto (Oulu Uni-

versity, Finland) and Prof. Ingemar LundstroÈm (LinkoÈping

University, Sweden) are appreciated. We are grateful for the

technical assistance provided by Dr. Zoltan Gingl (JATE

University, Hungary) during the initial measurements.

References

[1] I. Lundstrom, Approaches and mechanisms to solid state based sensing,

Sensors & Actuators B 35 (1996) 11±19 and references therein.

[2] V. Golovanov, J.L. Solis, V. Lantto, S. Leppavuori, Different

thick-film methods in printing of one-electrode semiconductor gas

sensors, Sensors & Actuators B 34 (1996) 401±406.

[3] M.G.H. Meijerink, M. Koudelka-Hep, N.F. de-Rooij, D.J. Strike, J.

Hendrikse, W. Olthuis, P. Bergveld, Gas-dependent field effect

transistor with an electrodeposited conducting polymer gate contact,

Electrochem. Solid State Lett. 2 (1999) 138±139.

[4] V. Sommer, P. Tobias, D. Kohl, H. Sundgren, I. Lundstrom, Neural

networks and abductive networks for chemical sensor signals Ð a

case comparison, Sensors & Actuators B 28 (1995) 217±222.

[5] E. Llobet, J. Brezmes, X. Vilanova, J.E. Sueiras, X. Correig,

Qualitative and quantitative analysis of volatile organic compounds

using transient and steady-state responses of a thick-film tin oxide

gas sensor array, Sensors & Actuators B 41 (1997) 13±21.

[6] P. Wide, F. Winquist, P. Bergsten, E.M. Petriu, The human-based

multisensor fusion method for artificial nose and tongue sensor data,

IEEE Trans. Instrum. Meas. 47 (1998) 1072±1077.

[7] M.A. MCraven, J.W. Gardner, P.N. Bartlett, Electronic noses Ð

development and future prospects, Trac-Trends Anal. Chem. 15

(1996) 486±493.

[8] A. Pardo, S. Marco, J. Samitier, Nonlinear inverse dynamic models of

gas sensing systems based on chemical sensor arrays for quantitative

measurements, IEEE Trans. Instr. Meas. 47 (1998) 644±651.

[9] B.G. Kermani, S.S. Schiffman, H.T. Nagle, A novel method for

reducing the dimensionality in a sensor array, IEEE Trans. Instrum.

Meas. 47 (1998) 728±741.

[10] I. LundstroÈm, Why bother about gas-sensitive field-effect devices?

Sensors & Actuators A 56 (1996) 75±82.

[11] P. Bruschi, A. Nannini, B. Neri, Vapour and gas sensing by noise

measurements on polymeric balanced bridge microstructures,

Sensors & Actuators B 25 (1995) 429±432.

[12] P. Bruschi, F. Cacialli, A. Nannini, B. Neri, Gas and vapour effects on

the resistance fluctuation spectra of conducting polymer thin-film

resistors, Sensors & Actuators B 19 (1994) 421±425.

[13] L.B. Kiss, C.G. Granqvist, J. SoÈderlund, Detection of chemicals

based on resistance fluctuation-spectroscopy, Swedish Patent

9803019±0, international (PCT) patent application submitted for

publication, September 1999.

[14] A. van der Ziel, Noise, Prentice-Hall, New York, 1954.

[15] Ch.R. Doering, L.B. Kiss, M.F. Shlesinger (Eds.), Unsolved

Problems of Noise (UPoN'96), World Scientific, Singapore, 1997.

[16] F.N. Hooge, T.G.M. Kleinpenning, L.K.J. Vandamme, Experimental

studies on 1/f noise, Rep. Prog. Phys. 44 (1981) 479.

[17] M.B. Weissman, Rev. Mod. Phys. 60 (1988) 537.

[18] L.B. Kiss, P. Svedlindh, Noise in High-Tc Superconductors, IEEE

Trans. Electron Dev. 41 (1994) 2112±2122.

[19] P. Gottwald, Zs. Kincses, B. Szentpali, Anomalous additional low-

frequency noise of surface origin generated in Thin GaAs Layers, in:

Ch.R. Doering, L.B. Kiss, M.F. Shlesinger (Eds.), Unsolved

Problems of Noise (UPoN'96), World Scientific, Singapore, 1997,

122±127.

[20] L.B. Kish, J. Solis, C.G. Granqvist, V. Latto, R. Schmitt, Model of

Noise in Resistive Chemical Sensors, in preparation.

Biographies

LaÂszloÂ B. Kish (until 1999: L.B. Kiss) is the

head of Noise and Nanomaterial Research

Group at The AÊ ngstroÈm Laboratory, Uppsala

University. He is an interdisciplinary scientist,

and his interest is ranging from new materials,

devices and systems to nonlinear science and

brain research. He received the Doctoral degree

in 1984 (Hungary) and habilitation in 1994

(Sweden). He had been a guest scientist in many

countries, including the USA, Japan, the United

Kingdom, Germany, the Netherlands, the Soviet

Union and Sweden. He has two patents, co-edited three books, published

over 120 papers, and held over 20 invited talks at international

conferences. He founded a new international conference series, `Unsolved

Problems of Noise' (UPoN'6 Hungary, UPoN'99, Adelaide, Australia,

UPoN'2002, Washington, DC, USA).

Fig. 3. Example of a way of pattern generation from the noise spectrum.

The pattern was generated by the mean value of the slope in the log±log

plot of the f �S( f ) function in the different frequency decades. The

background data were obtained in the laboratory air.
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