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Methods of nonlinear effects analysis at the output signal of tested objects give the possibility 
of defects and damage examination in materials and electronic devices what is useful in 
reliability prediction. For passive elements a very effective tool exemplifies Third Harmonic 
Index (THI). The THI measurements for interference suppressor capacitors and its properties 
have been described in detail. The application of bispectrum in analysis of resistance 
fluctuations in gas sensors was briefly presented. Advantages of nonlinear spectroscopy in 
non-destructive testing of objects have also been pointed out. 

 
 

1. INTRODUCTION 
 

A behavior of nonlinear systems is not expressible as a sum of the behaviors of its 
descriptors and is not subject to the principle of superposition. Therefore it is often difficult 
to model them, and their behavior with respect to a given variable (for example, time) is 
extremely difficult to predict. Nonlinearity is the behavior of a circuit, in which the output 
signal amplitude does not vary in direct proportion to the input signal amplitude. In  
a nonlinear device, the output-to-input amplitude ratio depends on the level of the input 
signal. 

Nonlinearity and noise measurements used for analysis, diagnostics and prediction of 
reliability of electronic devices have been presented in many papers. Reliability Physics is 
devoted to identification of failure modes and mechanisms related to quality assessment 
and reliability prediction. Generally it is assumed that reliability is determined by 
irreversible processes and the analysis of their time dependence represents a main tool for 
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device lifetime prediction. A nonlinearity of resistivity and the noise of tested objects can 
give a basis for solving the problem. 

Nonlinearity for two-terminal electronic devices is an unwanted feature of linear 
(passive) components caused by nonlinear areas within the bulk of these elements or  
a desired (useful) feature of some semiconductor devices. It manifests itself in a change in 
the component impedance dependently on the level of biasing or in a change in the time, 
expressed as a voltage versus current relationship in the time domain. 

Quality and endurance tests are required, for example, for all produced interference 
suppressor capacitors during their manufacturing. Such tests are carried out mainly using 
destructive and long-lasting environmental (endurance) trials for selected samples. The 
problem can be solved by implementation into the production testing system some direct 
nonlinearity measurement tasks. 

 
 

2. NONLINEARITY OF TWO-TERMINAL DEVICES 
 

It has been proved experimentally that passive components showing high nonlinearity 
are less stable and have shorter lifetime. The dependence between reliability and 
nonlinearity is similar as between noise and reliability, therefore the level of nonlinearity 
can be used as a measure of long term reliability (endurance) for a tested element [1]. 

Accomplished production investigations enables to state that the increased level of 
nonlinearity in capacitors is mainly caused by instability of contacts, improper adhesion 
(flicker of capacitance about 0.001% of a mean value), electrodes and dielectric 
heterogeneity, weak contact between an electrode and a terminal, ferric oxide existence in 
dielectric particles, slow processes of insulating layer degradation, inhomogeneities and 
microcracks of foil and silver migration in foil capacitors, dielectric aging, improper 
terminal construction, mechanical instability of a capacitor. In tested foil capacitors (with 
plastic film dielectric) nonlinearities can be related to terminals or plates of a capacitor and 
to a dielectric (e.g. gas bubbles as defects). In such a way it is possible to select the 
capacitors with higher level of reliability by means of nonlinearity measurement. The 
determination in production process of the statistics for the third harmonic index enables 
the improvement of a production technology. 

In practice, for resistors and capacitors (ceramic, tantalum, niobium, solid aluminum 
or foil) the tests rely on the measurement of nonlinearity for nominally linear parameters.  
A nonlinearity is measured by stimulation of a tested passive element by the pure harmonic 
signal and a selective measurement at the output the signal component having frequency 
equal the third harmonic of the stimulating voltage. It can be expressed (in decibels) as  
a ratio of the voltage of third harmonic (TH) to the voltage of applied sinusoidal signal. It 
was found that only a TH has a non-negligible level and higher harmonics have not to be 
taken into account. A residual nonlinearity of a measurement system should be assumed as 
no higher than –140 dB (-120 dB can be established as an acceptance level). 

Nonlinearity measurements consist in determining the deviation from linear V-I 
characteristics. Therefore the TH is proportional to the extent of elementary nonlinearity. It 
comprises a built-in component (its level is to be considered as a mean value of 
nonlinearity), excessive component (due to a high contact resistance of any junction 
affecting the U-I curve, physical properties of the base material, defects and inhomogenities 
in the material structure or interaction with the environment; equal zero at no defect 
present) and capacitor instability in time. If the first harmonic amplitude increases, the 
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response of the modulated signal will grow allowing distinguishing the built-in from the 
unwanted nonlinearity components. 

The nonlinearity of capacitor under test was determined by a measurement of TH  
(30 kHz) generated by a capacitor when a 10 kHz signal is applied to it (Fig.1). The voltage 

source 
03 fU  represents the nonlinear effect of the signal 

0f
U  processed in the tested 

capacitor. The level of TH component is chosen as a measure of the nonlinearity of the 
capacitor Cx. 

 

Ufo
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Fig. 1. Simplified equivalent diagram of the TH measurement system 
 

Nonlinearities and TH fluctuations of interference suppression capacitors designed to 
attenuate the radio frequency interferences generated by household equipment and 
conducted to supply network - WXPC 0.068 µF, 0.1 µF, 0.22 µF, 0.33 µF and 0.68 µF 
produced by MIFLEX [2] were measured. They have been produced using a 7.5 µm 
thickness and 13.5 or 21 mm width polypropylene foil with a 2 mm margin. The dielectric 
constant and resistivity of metallic layer are equal ε = 2.2 and r = 7.5 Ω/�  ± 30%, 
respectively. The TH level of several batches of capacitor samples (100 pieces each) was 
measured using Component Linearity Test Equipment LCT 10 (Danbridge) and LTC 1020 
Device Linearity Tester (VS Technology). The special construction matching transformer 
with minimization of residual nonlinearity and five ranges of transformation assures  
a matching of the generator and the selective voltmeter in a wide range of passive 
component impedances. If the first harmonic amplitude increases, the response of the 
modulated signal will grow allowing to distinguish the built-in from the unwanted non-
linearity components. It also gives a possibility an evaluation of nonlinearity variations in 
the time domain. It enables to detect poor contacts between foil and lead-in wire, defects in 
dielectrics and evaluate the quality of a base material. 

The foil capacitors normally exhibits low distortion, therefore reliability testing by 
means of the TH measurement can be carried out with success. It can be proved that TH is 
dependent on the signal rms value by the third order and on the second order of the foil 
thickness. Therefore the dependence of the foil thickness is a good tool to find capacitors 
with weak spots. In case of polystyrene capacitors the utmost stability is required and it is 
fulfilled at the TH measurement [3]. 

The TH distortion is proportional to the mth order of the applied voltage U1. 
Experimentally measured mean values of the exponent m are equal 1.75 to 2.1 for measured 
capacitors (Fig. 2), taking into account the mean value of the TH for all measured 
capacitors in the sample at the different voltage of stimulating harmonic signal U1[V]. 
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Fig. 2. U3h[µV] versus applied U1[V] (log-log scale) for several type of MIFLEX capacitors 
 

Standard endurance test are performed in the test chamber. Class X capacitors are 
submitted to an endurance test of 1000h at upper category temperature and with 1.25 
Voltage Rating (once every hour the voltage is increased to 1000 Vrms for 0.1s). After such 
a trial the mean malue of m parameter increases slightly for the 0.22 µF capacitors (Fig. 3). 

 

nonlinearity coefficient   m

22.70

1.34

3.62
6.01

8.91
12.44

20.40

0.30

11.04 12.30

0.66

6.60
4.63

2.97
1.57

0.14

U 3 = 0.3338U 1
2.017

U3 = 0.15U1
2.1

0.1

1.0

10.0

100.0

1 10U 1 [V ]

U 3[µµµµ V]

before stress after stress

 
 

Fig. 3. The change of the U3h slope versus applied U1[V] (log-log scale) after the endurance test 
 

The TH value of components (stemming from the same batch) with nominally the 
same impedance should have the Gaussian distribution around the mean value. However, 
usually a few of components exhibit a higher level of TH due to defects or deviations in 
material composition. The shape of the TH distribution is very important as a basis for the 
criterion of capacitors classification on the reliability classes. Exposing the batch to an 
accelerated life trial, the components having a higher value of TH will also be prone to 
exhibit inferior reliability. However, high-dielectric capacitors have sometimes excessive 
TH from a small defect hidden in the high inherent distortion which cannot be easily 
detected. In such cases it is used to plot the TH values on a special probability chart.  
The actual value of TH in a good component should be found experimentally. 

After the 1000h endurance test the capacitance and the TH values were measured for 
all the batches under test. The mean value of capacitance C in the sample was lowered after 
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the test and the shape of the C distribution was changed. The changes of TH distribution for 
the same capacitors after the endurance test are shown in the Figure 4 [4]. The mean value 
of the TH was decreased twice whereas the TH distribution became more wide. 

 

 
 

Fig. 4. TH distribution in the sample of 50 capacitors 220nF before and after the 1000h endurance test 
 

Generally, the capacitance after stress was decreased not more than 2% and the spread 
of C value remained at the same level. However the mean value of TH lowered about 
almost 50% but the standard deviation increased more than two times. One can expect that 
the capacitors having higher value of TH after such a trial are potentially more unreliable. 

The mean value of the TH in the sample depends on the capacitance – the higher value 
of a capacitance the greater mean value of the TH distriution (simplified diagram of this 
dependence taken experimentally is shown in the Figure 5). 

 

 
 

Fig. 5. Distribution of the TH for selected batches (100 pieces each) of MIFLEX foil capacitors 
 

The main part of an every curve represents the range of built-in non linearity adequate 
for good quality devices. On the left side of these areas we have a range corresponding to 
none or minimal non linearity whereas on the right side is the range of unwanted, excessive 
nonlinearity referring to the capacitors with lower level of reliability. The TH index is 
dependent on the capacitance of tested interference suppressor capacitors. 
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3. NONLINEARITY OF FLUCTUATION PHENOMENA IN GAS SENSOR S 
 

In resistive gas sensors the stochastic signal component )(tx  can be treated as  

a source of information that can significantly improve the sensitivity and selectivity of gas 
sensors [6]. The stochastic component of chemical sensor signal contains valuable 
information that can be visualized not only by spectral analysis but also by using nonlinear 
characteristic components. A strong non-Gaussian component is expected only in gas 
sensors with small volume or inhomogeneous current density, however non-Gaussian 
components can occur even in commercial Taguchi sensors because of their strongly 
inhomogeneous structure. 

The general block diagram of the portable electronic system for gas detection by noise 
measurement is shown in Figure 6 [5]. A gas sensor having resistance Rs is biased by the 
battery and heated by the additional DC voltage source. The sampled noise data have non-
gaussian components corresponding to different kind of detected gases. 

 

 
 

Fig. 6. Circuit of single gas sensor biasing and one channel of noise measurement system 
 

The inhomogeneous and porous sensor structure can be a source of different 
fluctuation phenomena that can be used for enhanced gas selectivity. The resistance noise 
spectrum is often used as a sensitive measure of the chemical environment. 

A more useful characteristic can be obtained from the bispectrum function defined as 
the second-order Fourier transform of the third-order cumulant of the noise signal. The 
bispectrum is a statistic used to search for nonlinear interactions. The Fourier transform of 
the second-order cumulant, i.e., the autocorrelation function, is the traditional power 
spectrum. The Fourier transform of C3(t1, t2) (third-order cumulant-generating function) is 
called the bispectrum or bispectral density. They fall in the category of higher-order 
spectra, or polyspectra and provide supplementary information to the power spectrum. 

The third order polyspectrum (bispectrum) is the easiest to compute, and hence the 
most popular. Its values are non-zero only for the case of non-Gaussian noise. The bispectra 
shown in the Figure 7 are rather relatively small for a limited range of low frequencies and 
it suggests that the tests of Gaussianity and linearity do not reject a Gaussian hypothesis. 
Very different shapes of the bispectrum function are observed for the different vapors. It is 
evident that the small, but characteristic, values of the bispectrum functions for different 
vapors give useful information for identifying odors. 

The bispectrum image in the form of cross-level plot (Fig. 8) giving more information 
than the power spectrum can be treated as an enhanced pattern for gas detection and 
recognition. This technique is suggested as a more important for the nanoparticle gas 
sensors having tiny and non-homogenous structures. 

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 -  69  - 

 
 

Fig. 7. Bispectrum function calculated for the recorded voltage noise samples of the sensor exposed to 
different natural vapors. 

 

 
 

Fig. 8. Bispectrum functions for the CO sensor at the sampling frequency fs = 100 Hz [6] 
 

Useful information about detected gases can give also more complex function such as 
an integrated bispectrum and trispectrum [6]. 
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4. NONLINEAR SPECTROSCOPY AS NON-DESTRUCTIVE TESTING T OOL 
 

The nonlinearity due to the presence of the cracks in the measured components is an 
extremely sensitive indicator of the presence of component’s damage [7]. The damaged 
portion of the material acts as a nonlinear mixer (multiplier). Nonlinear influence of crack 
to ultrasound wave propagation is very sensitive indicator of this defect, because 
undamaged material has practically zero nonlinear influence. Using a frequency spectrum 
analysis it is quite easy to show the difference between an undamaged and damaged object. 

A new principle of non-destructive testing of conducting solids is based on nonlinear 
effects created by nonharmonic motion of atoms subjected to ultrasonic wave motion [8]. 
Physical principle is based on ultrasonic phonons interaction with electrons on defect 
nonlinearity. Tested sample is excited by harmonic AC electrical signal with frequency fE 
and ultrasonic wave with frequency fU. On the defect nonlinearity new harmonic signal is 
created with frequency f0 given by superposition or subtraction of excited frequencies fE and 
fU.. This signal can be detected in the low frequency band for f0 = fE  - fU or in the high 
frequency band for f0 = fE + fU. The main advantage of this method is electrical signal 
detection on frequency different from frequencies of excitation signals, which allows to 
increase sensitivity to small defects and improve signal to noise ratio. 

The main advantage of this method is electrical signal detection on frequency different 
from frequencies of excitation signals, which allows to increase sensitivity to small defects 
and improve signal to noise ratio. The method belong to nonlinear ultrasonic spectroscopy, 
which is new progressive non-destructive technology. It should increase a sensitivity of 
non-destructive investigation (reducing of minimum dimension of defect in relation to 
ultrasound wave length) and allows to perform defectoscopy of bodies with more 
complicated forms giving an information on integral characteristics of tested specimen 
(without localization of defects and need lower time for experiment performance). 

The research in this domain has been realized in the frame of the Czech - Poland 
Intergovernmental S & T Cooperation Programme between Brno University of Technology, 
Faculty of Electrical Engineering and Communications, Department of Physics and Gdańsk 
University of Technology, Faculty of Electronics, Telecommunications and Informatics, 
Department of Metrology and Electronics Systems, included in the project entitled 
“Ultrasonic Spectroscopy and Nonlinearity Testing for Passive Electronic Components 
Reliability”. 

 
 

5. CONCLUSION 
 

The nonlinearity measurements of electronic components and other objects present 
important diagnostic tools of their possible failures. The implementation of nonlinearity and 
fluctuation of TH measurements in the system for production testing of high reliability 
interference suppressor capacitors gives a possibility of individual testing of an every 
produced element for accepted criteria of testing and classification. The proposed gas 
-sensor measurement system enables improved gas detection taking into account selectivity 
and sensibility by means of the higher-order spectra as an extra source of information. 
Ultrasonic phonons interaction with electrons on defect nonlinearity as a method of non 
-destructive testing of conducting solids enables to improve signal to noise ratio and 
efficiency of defects detection. 
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ANALIZA EFEKTÓW NIELINIOWYCH JAKO NARZ ĘDZIE DIAGNOSTYCZNE 
 

Metody analizy efektów nieliniowych nieliniowej analizy sygnałów na wyjściu 
testowanych obiektów umoŜliwiają badanie występowania defektów i uszkodzeń  
w materiałach i elementach elektronicznych, co jest niezbędne w predykcji niezawodności. 
W odniesieniu do elementów biernych bardzo skutecznym narzędziem okazuje się być 
wskaźnik trzeciej harmonicznej (THI – Third Harmonic Index). W artykule bardziej 
szczegółowo opisano pomiary parametru THI i jego właściwości dla kondensatorów 
przeciwzakłóceniowych. Skrótowo przedstawiono zastosowanie bispektrum w analizie 
fluktuacji rezystancji czujników gazu. Wyszczególniono równieŜ zalety spektroskopii 
nieliniowej w badaniach nieniszczących obiektów. 
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