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Abstract— Electrical Impedance Spectroscopy is a widely applied
material analysis technique which does not impair functionality nor
lead to destruction. The greatest advantage of the cost-effective
method is how it assesses the chemical compound of the material
analyzed. The data acquired during the measurements are analyzed by
equivalent electric models, in which the material parameters correlate
with the model parameters. The pre-requisites for the model applied
are primarily dependent upon the structure of the analyzed material and
the frequency spectrum. Based on the experiments implemented
through the considerably large number of low-frequency analyses (<
10 Hz) performed by our research team, we have modified the Cole-
Cole relaxation model to fit it as precisely as possible to the low-
frequency analyses. The present article demonstrates the modified
Cole-Cole model, and includes an experimental measurement to
support the efficacy and robustness of the self-developed analysis
system and method.
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I. INTRODUCTION

Electrical Impedance Spectroscopy (EIS) is a wide-spread
procedure, during which electric current flowing through the
electrodes as a result of the alternating voltage in a given
frequency spectrum is measured. The complex impedance
spectrum of the cell is determined by the coefficient of the
applied potentials and the current developed as a consequence
of which, can be presented on the Bode plot or displayed using
the Nyquist spectrum [1]. In the analysis of any given datum
point, however, it is not possible to identify precisely what
frequency was applied to fix the point, which is one of the major
drawbacks regarding the Nyquist plot. Distinctly, the Bode plot
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presents frequency information [2].

One of the advantages in reference to the EIS as opposed to
time-spectrum measures (e.g. impulse or quadrilateral wave
measures) is the frequency response in the frequency spectrum
can analytically be determined by applying equivalent electrical
circuit elements or couplings. These equivalent electrical circuit
elements can be represented by relatively simple mathematical
functions [3].

Equivalent electrical circuit elements form the basis for
developing equivalent couplings, among which resistance (R)
and capacitance (C), well-known from electronics, can
evidently be found. However, these are unable to describe
several other physical-chemical procedures, such as diffusion
or ion-transfer [3].

II. MODELS AND APPLICATION OF EIS TECHNIQUE

EIS data are usually assessed by fitting them to equivalent
electrical circuit models. The polarization of certain dielectric
materials is dependent upon the nature of the molecular and
atom chemical couplings. Presently, there are no universal
models which offer an explanation regarding polarization in
any material [4]. Since the relaxation response reaction
regarding several dielectric materials cannot be justified by the
standard Debye-model, the demand in newer models soared.
The most important models emphasize the Cole-Cole function,
the Cole-Davidson function and the Havriliak-Negami
function, all which consider the different distribution types of
the relaxation times [5].

In 1929, Debye developed a simple model in describing the
relaxation models, in which he presumed individual relaxation
time for each molecule [4]. The Debye model is the simplest
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model describing dielectric polarization procedures [5]:

(R,—R,)(1- jor)

Z(jo)=R, + (1—(022'2)

M

where
Z is the measured impedance,
R+ is the resistance corresponding to infinity frequency,
Ry is the DC resistance,
7 is the time constant,
o is the angular frequency and
Jj is the imaginary unit.

Debye’s response function was the first theoretical model to
describe the dielectric behavior of certain materials. Due to its
limitations, it cannot annotate an adequate picture referencing
low-frequency spectra, in which the real relaxation behavior
may differ from the traditional Debye pattern. This was the
primary reason why, in the ensuing years following the
appearance of the Debye model, several other response
functions were introduced, which may serve as a model
effectively revealing the dielectric relaxation regarding several
forms of material [4]. In comparison to the Debye model, the
Cole-Cole model, developed by the Cole brothers, features an
o parameter ranging between the values 0 and 1 [5]:

(Ro —Rw)

Z(jo)=R, + ~
1+(jor)

2

The o exponent parameter ensures the description among
various spectral shapes possible. When o=0, it represents the
standard Debye model [5]. Due to its simplicity and good fit
associated with the data measured, the Cole-Cole impedance
model is applied in several areas of research, ranging from
geophysics to evaluate biochemical or the pursuit of various
biological material. Four parameters are required to evaluate a
given tissue: Ry, Rw, o and 7 [6].

Cole’s and Davidson’s scientific achievements fulfilled a
nearly entire determination and increased precision regarding
quantitative description of the dielectric parameters possible. In
consideration of the invention of the Cole-Cole model, a more
complex model was soon thereafter developed on the basis of
the dielectric experimental data:

(Ro —Rw)

(3)
(I+ jor)

Z(jo)=R, +

In review of the equation above, note the distribution of the
relaxation times is not symmetrical. The  parameter, ranging
between the values 0 and 1, ensures a possibility for the
description of the dispersion spectrum. When 3 = 1, the function
is simplified in the form of a Debye function [5].

The Havriliak-Negami model can be considered as the
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generalization of the previous models, as the general expression
of the universal relaxation law. Consequently, the frequency
dependence of the complex permittivity is generally determined
referencing the following two-parameter formula:

(Ro —Rw)

Z(jo)=R, + [1 +(ja)r)a T

“)

in which the o and B exponents determine the symmetry of
the given spectrum and the range of the dispersion. When 3 =
1, it represents the Cole-Cole function, when o =1, it represents
the Cole-Davidson function, and when o = 3 = 1, it results in
Debye’s original model [5].

A. Application of EIS Technique

Electric Impedance Spectroscopy is applied in several fields
since it is rapid, simple and cost-effective. In the paint- and
coating-industry, it proves to highly beneficial in consideration
of the improved quality control measures regarding the various
coatings [7] and to detect any potential corrosion [8] — [9].

Furthermore, it is used in several biosensor systems, such as
a method to measure bacterium-concentration [10], and in the
detection of potentially harmful pathogens, such as the
Escherichia Coli O157: H7 [11]and the Salmonella Coli [12].

In agriculture, it has been verified as an excellent method to
follow-up growth and in quality control. Several research
studies have been performed to investigate its role in detecting
the maturity of different kinds of fruits [13] — [14], vegetables
[15] = [17] and meats [18] — [19], in diagnosing plant diseases
[20] — [21], in analyzing wine- and milk-compounds [22] —
[23], and also in monitoring olive oil extraction [24]. Compared
to traditional chemical methods, its application in the food-
industry explicitly reduces the investigation time and increases
precision.

Multi-layer earth structures, including their spatial
distribution can be determined by effective implementation
regarding this method [25].

Additionally, it is applied to estimate the composition and
different parameters of the human body, such as fluid content,
total body fluid and free fat mass [26] — [27].

III. A MODIFIED COLE-COLE MODEL IN ACQUIRING LOW
FREQUENCY MEASUREMENTS

Our research team has mainly specified to perform low-
frequency (<10 Hz) measures. Due to the behavior of the
impedance data at low-frequency, the Cole-Cole model can
only be applied with limitations in this frequency spectrum. The
team has modified the Cole-Cole model to ensure a proper,
precise fit in reference to the data collected. Thus, the
equivalent electrical circuit illustration representative of the
modified Cole-Cole model is represented below (Fig. 1.).
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Figure 1 The modified Cole-Cole model equivalent circuit

Compared to the original model (2), the most remarkable
difference regarding the modified Cole-Cole model is how
CPE,; cascaded with the Ry - Ry resistors is a non-linear
element. The equivalent electric circuit has two time constants
(11 > 10), since

Z )

_ 1
» Leppl =
(

joC, )ﬂ

B 1
CPE0 =
(

jaC, )a

the behavior regarding the coupling in the frequency
spectrum is primarily determined by these parameters. When
o — 0, the impedance of the coupling approaches to infinity,
while, when @ — oo, the impedance equals to R, which is
illustrated by the following figure (Fig. 2.).

100000

& (O hes)
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Figure 2 The impedance spectrum of the modified Cole-Cole
model

IV. MATERIAL AND METHODS

To present the method representative in estimating the
parameters of the modified Cole-Cole model, a linear system
was established, in which the CPE elements simply turn to be
capacitors by substituting a, p = 1. The RC parameters are the
following: R, = 1 kOhm, Ry - R, = 10 kOhm, while the values
of the capacitors are Co = 0.1 uF és C; = 1 uF. The resistors are
ultra-precise resistors with less than 2 ppm thermic coefficients
and 1% tolerance [28]. The tolerance of the capacitors is 5%,
while the thermic coefficient is 200 ppm/°C [29].
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A. The Measurement Method Applied

The experiment was performed using a self-developed
multifunctional instrument, which can also be used regarding
EIS and EIT measurements. The instrument [30] is capable of
measuring impedance, impedance spectra, and Fast Fourier
Transform (FFT) spectra on each channel independently. The
excitation was a monochromatic sine wave in a frequency range
between 1 mHz to 100 kHz, with a Total Harmonic Distortion
+ Noise (THD+N) greater than 100 dB. The maximum noise
levels in the frequency range 0.1 Hz to 40 kHz are 150 fA eff
for the current, while 1.5 puV eff for the voltage. The range of
applicable excitations is 110 dB in both current-generator and
voltage-generator modes with maximum values of 10 mA peak
to peak and 10 V peak to peak, respectively. The signals are
digitalized by the receiver board applying 24-bit Analog-Digital
(AD) converters and additionally processed using the digital
platform controlled by the PC. During precise impedance
calculations, (48 bit) resolution for both real and imaginary
parts, all operations regarding signal manipulations and
parameter extractions are performed in the digital domain. One
of the most important features regarding sensitivity
representative of the equipment is the accuracy of 1 ppm for
amplitude and 0.01° for phase. Fig. 3 depicts the customized
instrument.

Figure 3 The measuring instrument

The entire measurement procedure is implemented using PC
software referred to as Embedded System for Impedance
Measurement (ESIM). The ESIM displays the results on the
screen and it is capable of saving all measurement data, whether
on a Secure Digital (SD) card or Hard Disk Drive (HDD).
Interestingly, the measurement system is independently
operational without the use of a PC.

B. The Data Extracting and Evaluating Methods
Applied
By measuring the test circuit shown in Fig. 4, it is possible to
perform a statistical estimation of the accuracy of the system
and the data evaluation method by calculating the relative error
(e) of the measured values, the correlation coefficient (R?) and
the Chi-square values (%) for the model-fitting process.
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Figure 4 Passive test circuits (Rx symbolizes the measured model
circuit)

In order to test the advantages of the self-developed
impedance measurement technique, the test arrangement
depicted on Fig. 4. was used (the same arrangement as in [31]).
According to the patented method, Rx can be calculated by the
following formula:

Ve= Vref
Ry =Ry Ve
re

(6)

The EIS measurements were carried out by using lock-in
averages in duration of 1 second at 100 distinct frequencies
between 1 Hz and 10 kHz. In consideration of the evaluation
regarding the measured frequency-impedance data-pairs, the
Levenberg-Marqardt-based method, a non-linear optimization
algorithm, was developed in a MatLab environment [32].

V.RESULTS

These results demonstrate the capabilities and effectiveness
of the entire equipment together with the data acquisition
method. The error of impedance (Ry) values consists of two
components: the constant error of analogue measuring channels
and the resistor tolerance. The relative errors of the absolute
value (Z) and phase (¢) of impedance are shown in the
following formulae:

Zi=Z ¢, =100-%1"7

=100-
Z , v 3)

in which ez and e, are the relative errors (%), Zi and o;
represent the measured values corresponding to the i-th channel
@i=1,..,8), while Z is the magnitude and ¢ is the phase of
impedance (theoretical value based on equation (1), while o =
1). The results of EIS measurement can be seen in Fig. 5. The
maximum relative error regarding the magnitude of the
impedance (calculated for the entire frequency domain of the
measurement) is 0.57%. Regarding the measured phase values,
the maximum relative error is 0.67%.
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Figure 5 Result of EIS measurement performed on a test circuit
compared to the theoretical values

The Table 1 depicts the results of a MatLab fit-algorithm.
The relative error of the extracted model parameters is less than
the tolerance of passive components.

Component | Theoretical | Extracted | Relative
name value value error (%)
R, (Ohm) 1 000 997 0.3
Ro-Rx
(Ohm) 10 000 9957 0.43
a(-) 1 0.9999 0.01
To (sec) 0.01 0.01012 1.2
B () 1 0.9999 0.01
T; (sec) 0.1 0.0982 1.8

Table 1 The extracted model parameters compared to the theoretical
value of components

The goodness of fit was measured using the R? value, which
was 0.9999, while the y? value was 0.24, which demonstrates
the outstanding properties of the self-developed measurement
system, the data recording method including the evaluation
process.

VI. CONCLUSION

This article, in addition to illustrating the equivalent models
applied to the Electrical Impedance Spectroscopy, presented the
modified Cole-Cole model used for evaluating low-frequency
measurements, which correspondedly fitted to our low-
frequency data. Furthermore, the model was validated by an
equivalent passive electronic system, in which several
measurements were performed to evaluate the efficacy
regarding the instrument and its methodology regarding
theoretical values. The model parameters were determined by
non-linear regression from the fixed frequency-impedance
pairs, the standard deviation of which ranges within the
tolerance of the constituents of the passive system. In
consideration of all these various aspects, it was effectively and
successfully demonstrated, in which our self-developed
techniques are capable of evaluating measurement data
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regarding Electrical Impedance Spectroscopy recorded at low-
frequency levels, whether in the field of geophysics or biology.
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