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1. Introduction

Research in the field of materials continues to develop rapidly [1]. Researchers continue to
conduct studies to obtain higher quality materials that can be applied in various fields. One of the
materials currently being developed is dielectric material due to its enormous benefits. Dielectric
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material is a material that has the ability to store electrical energy [2]. Based on this capability,
dielectric materials have been widely developed in various fields of research. In electronics,
dielectric materials are typically used in the manufacture of electronic components, such as
dielectric materials for capacitors[3], material for making a single-element square microstrip
antenna [4], and cable coating materials[5]. The application of dielectric materials in the field of
electronics is inseparable from the application of their electrical properties.

Characterization of the electrical properties of materials refers to the measurement and analysis
of the electrical properties of those materials. Electrical properties are the characteristics of a
material when an electric charge is present [6]. In dielectric materials, these electrical properties
greatly affect their quality, such as dielectric constant and dissipation factor. Dielectric constant or
relative permittivity reflects a material's response to an external electric field and has become one
of the most important topics in physics [7]. Meanwhile, the dissipation factor (tan delta or loss
tangent) is a parameter that measures the ratio of stored energy to lost energy in a material [8]. The
dissipation factor can be measured at a single frequency or over a wide frequency range using
spectroscopy methods [9].

Spectroscopy methods that can be used to measure the electrical properties of materials such
as dielectric constants and dissipation factors are impedance spectroscopy. Impedance
spectroscopy is a measurement technique used in various applications and fields, including material
characterization and testing. The measurement procedure with impedance spectroscopy involves
applying an excitation signal such as current and voltage, and then measuring the voltage and
current response to measure impedance [10]. Then, from the impedance, the dielectric constant
and dissipation factor of a material can be obtained.

In several previous studies, the dielectric properties of Calcium Copper Titanate material were
measured using computerized impedance spectroscopy with an embedded system using a
microcontroller [2]. Although computerized, the system developed in this research has not yet
utilized a portable signal generator component, and the system automation still requires significant
human involvement in its operation. Research conducted in 2020 [11], shows that impedance
spectroscopy can be applied to smaller, energy-efficient, and inexpensive devices using an
STM32F407 microcontroller, AD9850 DDS, instrumentation amplifier, and Discrete Fourier
Transform (DFT) algorithm for signal analysis. However, it still uses a fairly complex algorithm,
which consumes a significant amount of memory, especially in embedded systems. A study in 2022
[12], comparing several AC signal processing methods such as Fast Fourier Transform (FFT),
Goertzel Filter, Discrete-Time Fourier Transform (DTFT), and Sine Fitting, based on speed,
memory requirements, and accuracy, found that the most efficient method overall is the Goertzel
Filter, particularly for systems with limited memory.

Thus, based on the limitations of the systems in those studies, this research aims to design an
impedance spectrometer to measure the electrical properties of dielectric materials in the form of
complex permittivity and dissipation factor and determine their relationship with the measurement
frequency. The system is designed to have a high level of portability using the STM32F407
microcontroller, AD9850 DDS for AC signal generation, and a simpler signal processing system
than DFT, namely the Goertzel algorithm.
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2. Materials and Method

The type of research conducted is engineering research. Engineering research involves the
process of designing, developing, testing, and evaluating until it becomes a product or prototype.
[13]. Engineering research can be conducted using various methods depending on the product
design and research objectives. The result of this research is a portable impedance spectrometer
for measuring complex permittivity and dissipation factor.

This research was conducted by collecting information related to the research topic. The
impedance spectroscopy system was created using electronic components consisting of a signal
generator, microcontroller, and signal processing algorithm. The system was first arranged
geometrically in a block diagram as shown in Figure 1.

The impedance spectrometer system consists of three main processes, namely the process of
exciting the AC signal to the sample, the process of amplifying the signal using an instrumentation
amplifier, and then the process of signal processing in a microcontroller. The components used in
these three processes consist of an AD9850 signal generator, the material being tested which is
placed between two conductor plates driven by a servo, an instrumentation amplifier with a circuit
as shown in Figure 2, and an STM32F407VET6 microcontroller as the analysis and control

component.

AC EXCITATION | INSTRUMENTATION STM32F407VET6
AMPLIFIER MICROCONTROLER

POWER SUPPLY

DIELECTRIC | || |
MATERIAL | OPA ADC 1
- <-
b ELECTRICAL
AD9850 Goertzel  »>—L o cemree
Rf ~| ora ¥ ADC 2

SIGNAL GENERATOR: T l

Figure 1. System block diagram

The AD9850 plays an important role as an AC signal source in the 1kHz-10kHz frequency
range. The instrumentation amplifier amplifies the received voltage response and transmits each to
ADC1 and ADC2 on the microcontroller. The voltage response received by ADC2 from the
voltage on the reference resistor is converted into current, while the voltage from the test material
received by ADC2 is not converted. This voltage and current data is arranged in an array to be
converted into the frequency domain by the Goertzel Filter signal analyzer, which produces the
phase and magnitude of the voltage and current signals. Calculations are then performed to obtain
the electrical properties of the test material, such as impedance, permittivity, and dissipation factor
(dielectric loss). The calculation results are displayed on an OLED sent via the microcontrollet's
12C.
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Figure 2. Schematic of the instrumentation amplifier

The instrumentation amplifier circuit consists of two non-inverting amplifiers and one
differential amplifier, so that the total gain is the product of the non-inverting gain and the
differential gain.

The total reinforcement is calculated using the equation[14]:

P <1 + 2R1) Ry
= — | X —
R:/) Rs M

With Ry = Ry, R, = Rs,dan Rg = R;, so that the output voltage will be obtained with the
equation[14]:

Vout = P X vj, @

The design of the impedance spectrometer system consists of hardware mechanical design and
software design. The hardware design is a mechanical design combined with an electronic circuit
consisting of several supporting components in the system, as shown in Figure 3. The software
design is a system flowchart, as shown in Figure 4.
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2.1. System Hardware Design

The hardware design consists of a mechanical design combined with an electronic circuit
consisting of several supporting components in the system, as shown in Figure 3.

1. Keypad

2. electrode plate

3. OLED

4. STM32F407VET6

5. DDS AD9850

6. Trough-hole PCB(Instrumentation
Amplifier)

7. Servo

Figure 3. Hardware Design

2.2. System Software Design
2.2.1. Flowchart

The system flowchart covers all measurement processes from initial sample
initialization, signal processing, to obtaining measurement results, as shown in Figure 4.
When the active measurement system starts from the frequency input that will be excited
by the DDS (Direct Digital Synthesis) AD9850 and then received by the ADC pin on
the microcontroller. The ADC data is then converted to voltage and current, which is
then stored in an array. Then the Goertzel algorithm is applied to the voltage and current
data array that has been converted from the ADC value to obtain the magnitude and
phase. This data is then used to obtain the impedance values and electrical properties of
the material.
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Figure 4. Impedance spectrometer system flowchart

2.2.2. Implementation with Goertzel Filter

In impedance spectroscopy, to obtain impedance, the amplitude and phase values
of the signal are required [10]. To determine the amplitude and phase using Fourier
transform-based methods such as Discrete Fourier Transform (DFT)[12]. DFT
calculations can be performed using the Goertzel Filter algorithm by placing the DFT
on the filter.

The Goertzel algorithm (Goertzel filter) was introduced in 1950 by Gerald Goertzel
to calculate one bin from the DFT, namely bin k defined in [15]:

N-1 .
X[k] = Z x[n]e TN, k=0,....,N—1 3)

n=0

which can be implemented as a second-order Infinite Impulse Response (IIR) filter that

is a transfer function in the Z domain defined in [15]

.2k
1—e/ Nzt

hk[Z] =
1—2cos (le—k) z7 14272

)

From this, we can derive a second-order difference equation, which is the final result of

the recursive form of the goertzel algorithm, and the output formula DFT kth [15]

s[n] = x[n] + 2 cos <2NLk)s[n— 1] —s[n —2] 5)
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_2mk 6

yln] = s[n] = eV s — 1] ©
From the second-order difference equation, an algorithm can be created as shown in
Table 1, where the real and imaginary components of the DFT are extracted when the
number of iterations reaches the number of samples N, which are applied to the current

and voltage signals, respectively. For spectroscopy systems that measure a single target

Nftarget

frequency, the frequency bin index is modeled with k = then the algorithm

becomes [12].

N

Goertzel Filter Algorithm

Input: f: target frequency, fs: sampling frequency
Output: Y: signal magnitude output in the form of complex values

e cosCDy
be sin(zfisf);

sln] « x[n] + 2a.s[n — 1] — s[n — 2];

Y « complex(a.s[n — 1] — s[n], b.s[n — 1]);

| v | 2 Yrealz+Yimag2
(_ —_—

T
N ’ Py = atanz(yimagr Yreal) + 5

x[n] is the input signal, Yyeq = a.s[n — 1] — s[n] real part from magnitude and
Yimag = b.s[n — 1]) imaginary part.

Using the same algorithm, the amplitude and phase for the current and voltage
signals are modeled with [12]:

2 2
\/Vreal + Vimag

™ )

[Vl =2 N , Py = atanZ(Vimagereal) + E
Ireal2 + Iimag2 T (8)

|1l = 2 , P = atanz(limagvlreal) +5

N 2
Ap = @, — @ ©)

Signal impedance is modeled with [10] :

|1Z| = %, Zrear = |Z|cos (Ap), Zimag = |Z|sin (Ap) (10)

2.2.3. Calenlation of Complex Permittivity and Dissipation Factor
Complex permittivity consists of a real part (€,¢4;) and the imaginary part(€ymqg),

provided by [17]:
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_dZimag e _ ereal
s w‘gOA(Zrealz + Zimagz)

Ereal =

= ) (11)
w‘gOA(Zrealz + Zimagz)
Dielectric loss or dissipation factor or loss tangent (tand) is the ratio between stored
energy and lost energy [17]:
g.
tans = D = —4

Ereal

(12)

3. Results and Discussion
3.1. System Hardware

The mechanics of this impedance spectrometer system are constructed using acrylic with a
thickness of 3 mm. The manufacturing process begins with designing each component in
Tinkercad, followed by cutting and assembling them as shown in the figure 5. The mechanical
system in Figure 5 is constructed in a compact size to enhance its portability, with dimensions
of 20 cm x 12 cm x 4 cm. The mechanism is designed to provide sufficient space for all
necessary components, such as the STM32F407 microcontroller, DDS AD9850, servo,
OLED, keypad, and other supporting components. On the top, there is a sample placement
area consisting of parallel electrode plates, which are adjusted by a servo to increase the
automation of the system.

| ﬂM_&

Servo

parallel plate

Keypad electrodes

Oled

STM32F407

Power Supply

DDS AD9850

Instrumentation
Amplifier

Figure 5. System hardware

The components forming the system are assembled in an electronic circuit using a PCB
with dimensions of 18 cm x 12 cm. The entire system is powered by an adapter with a voltage
of 5V. The instrumentation amplifier circuit is shown in Figure 5, consisting of three OPA2134
ICs powered by +12 V from a step-up module (the blue one). The two other ICs in Figure 20
are used as buffers and summing amplifiers to provide a DC offset to the signal so that the
entire signal range can be read by the microcontroller.
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3.2. System Testing

The test was conducted by comparing the results of complex impedance measurements
using an impedance spectrometer and an LCR meter in the frequency range of 1kHz-10kHz.
The test was necessary to determine the percentage of error and accuracy of the impedance
spectrometer that had been made using paper dielectric samples placed on the test field
between two parallel plate electrodes.

Real impedance measurements using an impedance spectrometer provide two types of
data, namely real impedance and imaginary impedance. Impedance values on an LCR meter
are measured using series mode, where the measurement results display the resistance (R) and

where Rs indicates real

bl

. . . 1
capacitance (C) values with a total impedance of Z=R + v

: 1. . L :
impedance and JaC indicates imaginary impedance. The error and accuracy percentage tables

are as shown in Table 1 for real impedance values and Table 2 for imaginary impedance values.

Table 1. Real impedance measurement data

Impedance
Frequency Spestrometer LCR Meter Error (%) Accuracy(%o)
(kHz) (kQ)
Q)
1 75,042 80,47 06,74 93,26
2 45,018 46,95 4.11 95.89
3 35,374 35,12 0,72 99,28
4 29,854 28,77 3,76 96,24
5 25,937 24,08 7,71 92,29
6 22,889 20,83 9,88 90,12
6,7 21,531 19,07 12.9 87,1
7.5 20,041 17,17 16,72 83,28
8.5 18,088 15,16 19,31 80.69
10 16,340 13,13 24.44 75,56
Average 10,63 89,37

Table 2. Impedance measurement data using an LCR Meter

Frequency Impedance LCR Meter

(kHz)  Spectrometer(kQ) (k) Error (%) Accuracy (")
1 378,991 343,921 10,19 89,81
2 202,845 -184,300 10,06 89,94
3 141,174 131,058 7,71 92,29
4 110,811 103,939 6,61 93,39
5 91,787 -86,776 5,77 94,23
6 78,598 74,758 5,13 94,87

6,7 71,773 68,642 4,56 95,44
7,5 -65,197 61,185 6,55 93,45
8,5 -58,072 54,642 6,27 93,73
10 -50,931 -48 547 491 95,09

Average 6,76 93,22
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A comparative graph of impedance measurements using an impedance spectrometer and
an LCR meter is shown in Figure 5.
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Figure 6. Graph of the relationship between real and imaginary impedance and frequency

From the results of measuring the impedance of each using an impedance spectrometer
and LCR meter, which were then compared as shown in Tables 1 and 2, the average percentage
error of the instrument in the range of 1 kHz -10 kHz was 10.63% for real impedance values
with an accuracy of 89.37% and 6.76% for imaginary impedance with an accuracy of 93.22%.
The error increases with each frequency increment, particularly in the measurement of real
impedance, in line with the findings of the 2020 study.[18], which indicates a significant

increase in parasitic impedance of the internal components compared to the impedance of the
tested sample, especially at high frequencies.
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3.3. Measurement of Complex Permittivity and Dissipation Factor

Measurement of complex permittivity and dissipation factor using an impedance
spectrometer that has been calibrated with a standard device using impedance values. On the
impedance spectrometer, measurement of the dielectric properties of materials can be
performed using real and imaginary impedance values using equation 11. The dielectric sample
measured was paper with a specified sutface area of 0,25 X 10* m? and thick 0,18 X 103m
performed in the frequency range of 1kHz-10kHz. The measurements aim to determine the
relationship between the electrical properties of paper, such as permittivity and dissipation

factor, at various frequencies. The measurement data can be seen in Table 3.

Table 3. Measurement data of Complex Permittivity and dissipation factor using an

Impedance Spectrometer .

Complex Permittivity

Frequency ; Dissipation
(kHz) Real Value Imaginary Part Factor (D)
(sreal) (slmag)
1 3,29 0,65 0,198
2 3,04 0,67 0,222
3 2,88 0,72 0,251
4 2,72 0,73 0,269
5 2,61 0,74 0,283
6 2,53 0,74 0,291
6,7 2,48 0,74 0,300
7,5 2,42 0,74 0,307
8,5 2,37 0,74 0,311
10 2,30 0,74 0,321
3,2 \
3,0- '\
g |
N
2,6 - \-\
I\.
.
2,4 - ~
\.
2,2

Figure 7a. Graph showing the relationship between real part of permittivity versus frequency

Frequency (KHz)
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Figure 7b. Graph showing the relationship between imaginary permittivity and dissipation
factor versus frequency

Based on the measurement data, the complex permittivity of the sample, namely paper,
has a value that is influenced by the measurement frequency. Figure 7 shows the relationship
between electrical properties and frequency. The real permittivity of paper dielectric decreases
from 3.29 to 2.3 with each increase in frequency in the measurement range of 1kHz-10kHz.
Meanwhile, the imaginary permittivity value increases from 0.65 to 0.74 at 1kHz-5kHz and
then remains relatively constant at 0.74 up to a frequency of 10kHz. The dissipation factor
increases with each increase in measurement frequency from 0.198 to 0.321, indicating that
the paper has higher dielectric loss as the frequency increases.

4. Conclusion

This research successfully designed a highly portable impedance spectrometer system with an
embedded system and Goertzel filter algorithm for characterizing the electrical properties of
dielectric materials. In testing the device, the results showed an average measurement accuracy level
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for real impedance of 89.37% and imaginary impedance of 93.22% with an average error rate of
10.63% and 6.76%. The system shows a strong relationship between frequency increase and
decrease in real and imaginary impedance values. The system also successfully characterizes the
electrical properties of paper dielectric materials, where the measurement results show a close
relationship between frequency increase and decrease in dielectric quality, as evidenced by a
decrease in permittivity and a significant increase in dissipation factor or dielectric loss at
frequencies of 1kHz — 10 kHz. The results of the study show that the impedance spectrometer
system provides an innovative solution in the field of material characterization, paving the way for
more reliable and efficient research.
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