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Abstract: The complex resistivity (CR) measurement constitutes a practical methodology
for investigating the internal structures of rocks and ores alongside their mineralogical
compositions and the chemical properties of fluids. However, during complex resistivity
testing, particularly at high frequencies, the leakage current caused by the distributed
capacitance of the instrument’s acquisition channels reduces the measurement accuracy.
Additionally, the contact impedance of the measuring devices and the electromagnetic cou-
pling effects of the measurement cables further affect the complex resistivity test results of
samples. To accurately characterize samples’ intrinsic induced polarization (IP) properties,
we developed a broadband complex resistivity measurement system (1 mHz–100 kHz) for
rocks and ores, comprising a complex resistivity analyzer and a sample holder, employing
the four-electrode method. In this study, we establish a circuit model for the measurement
system to analyze the influence of the distributed capacitance of the acquisition chan-
nels on the test results at elevated frequencies. We derive the error terms inherent in the
instrument’s measurements across various circuit design configurations and propose a
novel method for calculating the distributed capacitance of the instrument’s acquisition
channels, the parasitic capacitance of the sampling resistor, and for calibrating data by
reversing the polarity of the excitation signal. Furthermore, we investigate the effect of
contact impedance within the measurement setup on test results and design two sample-
testing devices. Through extensive testing on multiple circuit models and samples, the
system achieves an accuracy of up to 1% within the 10 MΩ range. Its overall performance
surpasses that of the Solartron 1260A impedance analyzer and traditional signal source
forward connection calibration methods. This advancement holds significant implications
for complex resistivity measurements and the study of rock physical properties.

Keywords: rock physics; spectral induced polarization; data acquisition and calibration;
distributed capacitance; contact impedance

1. Introduction
The complex resistivity (CR) method, also known as spectral-induced polarization

(SIP), is a geophysical technique used to describe the polarization characteristics of rocks.
This is done by testing the impedance spectra of various samples under the influence of an
external electric field [1]. Complex resistivity data consist of two components: the real part,
which reflects the conductivity of charge flow within the sample, and the imaginary part,
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which is associated with the accumulation of polarized charges on the internal and surface
boundaries of the sample [2].

Due to the strong induced polarization (IP) effects of metallic ores under an external
electric field, the CR method is commonly used in mineral exploration and develop-
ment [3,4]. Typically, measurement frequencies for this method are below 1 kHz [3,5].
As measurement techniques and theoretical understanding have improved, the method
has been widely applied in various fields. These include engineering geophysics [6,7],
hydrogeological surveys [8,9], biomedical engineering [10], and plant disease and pest
control [11,12]. Measurement frequencies have expanded from the traditional kHz range to
hundreds of kHz.

Although the physical mechanisms behind CR-induced polarization are not fully
understood, several theories have gained traction. Electrochemical polarization (or double-
layer polarization) occurs at the interface between solid particles and pore fluids. This
is attributed to reversible electrochemical diffusion processes, mainly at low frequen-
cies [13–15]. Interfacial polarization (or Maxwell-Wagner polarization) dominates at higher
frequencies. It describes the dielectric properties of rocks [2].

Despite the incomplete understanding of polarization mechanisms, observed po-
larization effects still reveal key relationships between the physical properties, material
composition, and structural characteristics of samples. In some cases, these effects can
be weak. For example, phase shifts in non-mineralized sedimentary samples may only
be a few millivolts, which makes them difficult to detect with traditional measurement
systems [16,17].

To capture the actual polarization characteristics of a sample, both the testing instru-
ment and measurement apparatus must meet stringent requirements. At high frequencies
(>1 kHz), studies have shown that the distributed capacitance in the instrument’s ac-
quisition channels can lead to significant phase errors [18–20]. Therefore, calibration of
high-frequency data is essential before use. In addition to internal circuit design and
material selection, the design of the measurement apparatus also plays a crucial role [21].
Polarization effects occur at low frequencies with measurement electrodes [22,23], elec-
tromagnetic coupling interference exists between measurement wires [24,25], and contact
impedance from structural design [26] can affect measurement accuracy. Even when
using the same apparatus for different sample types (e.g., rock samples vs. solutions),
varying error responses can occur. This makes error analysis for the CR measurement
system essential.

Given these testing challenges, increasing attention has been given to developing
high-precision data calibration methods. Zimmermann et al. [27] designed an impedance
analyzer and analyzed the effects of the instrument’s acquisition channel distributed
capacitance, and the material and positioning of the measurement electrodes on test data
using sampling resistors below 1 kΩ. This led to accurate CR measurements across the mHz
to kHz frequency range. Building on this work, Huisman et al. [28] improved calibration
accuracy by using reverse current and potential electrodes to precisely estimate electrode
impedance. Wang and Slater [29] developed an error estimation model using the error term
ωCinZx to approximate the impact of distributed capacitance in the acquisition channels.
Furthermore, because of inevitable electromagnetic coupling in traditional four-electrode
systems, Volkmann and Klitzsch [30] extended the frequency range to MHz by combining
the four-electrode method (low frequency) with the two-electrode method (high frequency).

During field exploration, many researchers have focused on the arrangement and
selection of electrode configurations. These approaches help suppress the apparatus effect
under high-frequency conditions [26,31,32]. To extract effective induced polarization (IP) re-
sponses from measurement data, inversion models and methods can also be employed [33].
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By leveraging differences in the transmission equations of the induced polarization field
and the electromagnetic induction field, the two effects can be separated [32,34]. New
measurement devices, methods, and electrodes have been continuously developed for use
in high-precision CR measurement systems [22,34,35].

Currently, specialized instruments for measuring the complex resistivity of rocks and
ores are not widely available. Most researchers rely on alternatives, such as impedance
analyzers or LCR bridge instruments. These include the Solartron 1260A impedance
analyzer from Solartron (Bognor Regis, UK) and the HP4194A impedance/gain-phase
analyzer from Hewlett-Packard (Palo Alto, CA, USA). These instruments are primarily
designed for measuring electronic components and typically use low-value sampling
resistors (<1 kΩ). Their calibration methods are based on the forward connection of
signal sources and primarily account for the distributed capacitance of the acquisition
channels. However, in testing high-impedance samples, which can have values up to 10
MΩ, using low-value sampling resistors leads to reduced voltage acquisition accuracy.
Traditional calibration methods struggle to meet the precision requirements for such high-
impedance samples.

To address the limitations in high-frequency complex resistivity measurement systems,
this study introduces a novel measurement instrument designed for a resistance range of
50 Ω to 10 MΩ. A new calibration method is proposed, using both forward and reverse
connections of the excitation signal source to calculate the distributed capacitance of internal
acquisition channels, and the parasitic capacitance of sampling resistors, and to improve
data calibration accuracy. The influence of contact impedance on measurement results
is analyzed, and two sample testing devices are developed to extend the instrument’s
measurement range and improve its precision for high-impedance samples.

Through extensive testing with multiple circuit models and actual samples, the pro-
posed system and calibration method achieve a measurement accuracy of 1% for resistances
up to 10 MΩ. This performance surpasses that of the Solartron 1260A impedance analyzer
and traditional calibration methods. The proposed system shows significant advantages for
rock physical property measurements and spectral-induced polarization data processing.

2. Measurement System
2.1. System Overview

The calibration work in this study was conducted using a self-developed broadband
electrical property measurement instrument for rocks and ores (CSUZA-FW08). Figure 1
presents the structural diagram of the measurement system. The instrument consists
primarily of the execution unit, the measurement apparatus (sample holder), and an
Android App. The measurements are performed using the four-electrode method, with a
test frequency range covering one mHz to 100 kHz.

The central unit of the instrument, the execution unit, is the core of the measurement
system. It consists of three main components: the signal source, acquisition system, and con-
trol system. The primary function of the execution unit is to receive control commands from
the Android app, provide an integrated excitation source, perform core data acquisition,
and transmit the data.

The low-power control system is based on an embedded control board equipped
with Bluetooth and WiFi modules. These modules connect the Android app to the data
acquisition board. The control board receives configuration and acquisition commands
from the app, which are then parsed and forwarded to the acquisition board. The control
board also processes the data collected by the acquisition board and uploads it to the
Android app after packaging.
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Figure 1. Structural diagram of the broadband rock and ore electrical measurement system. The
signal source generates a highly stable driving signal via a direct digital synthesizer (DDS) and a
constant current/voltage module, which is further adapted to diverse measurement requirements
through a multi-range adjustment module. During the measurement process, the voltage difference
(∆Umn) across the two ends of the sample holder is detected. The signal is subsequently filtered
through a low-pass filter (LPF) before being digitized by an analog-to-digital converter (ADC) and
analyzed by a field-programmable gate array (FPGA) for data processing and logical control. The
system transmits data and commands to an embedded control board via a serial peripheral interface
(SPI) and supports visualization and remote communication through a mobile application.

The signal source uses a board-level signal generator that provides sinusoidal signals
at different frequency settings. It offers multiple adjustment levels to achieve five constant
voltage outputs (1 mV, 10 mV, 100 mV, 1 V, and 10 V) and five constant current outputs
(1 µA, 10 µA, 100 µA, 1 mA, and 10 mA). The signal frequency accuracy reaches 0.1 ppm,
ensuring distortion-free excitation of the samples.

The high-precision acquisition system is designed with four acquisition channels. The
core component of the system is the FPGA model XC7K325T-2FFG900I. This system uses
ultra-high input impedance (>1 GΩ) technology to reduce channel leakage currents. The
voltage and current resolutions are 1 µV and 1 nA, respectively. Additionally, the instrument
is equipped with an adaptive sampling resistor network, extending the resistance range to
50 Ω–10 MΩ. During testing, the system can automatically match the sampling resistor
to the actual impedance of the sample, accommodating the measurement requirements of
high-impedance rock and ore samples.

The Android app, serving as the control software, is responsible for sending configuration
and control commands, as well as receiving and storing data. It also includes impedance
calculation and data calibration algorithms for real-time graphical data display, enabling users
to easily control and monitor the system. Data communication between the app and the
embedded control board is facilitated through Bluetooth and WiFi protocols, with Bluetooth
handling control commands and WiFi managing real-time data transmission.

To meet the testing requirements of different samples, we designed two sets of sample
holders. These sample holders are connected to the instrument using BNC triple-coaxial shielded
cables, eliminating errors caused by electromagnetic coupling in the four-electrode method.
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2.2. System Error Analysis

In the measurement system, the factors that most often affect the instrument’s accuracy
are the distributed capacitance in the acquisition channels and the device effects caused
by the sample holder. We have illustrated a simplified circuit model, as shown in Figure 2.
Let ∆Umn = Um − Un represent the voltage measured across the sample, and ∆Umn

′ = Um
′

− Un
′ represent the actual voltage across the sample. Ix and Is denote the current passing

through the sample and the sampling resistor Rs, respectively. At low frequencies (<100 Hz),
these effects can often be minimized through careful design of the acquisition circuit and
optimization of the measurement apparatus. Under such conditions, according to Ohm’s
law, the impedance of the sample is given by:

Zx = |Zx|eφxi =
∆Umn

′

Ix
=

∆Umn

Is
= |Zm|eφmi = Zm (1)
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Figure 2. Simplified circuit model of the complex resistivity measurement system. After being
generated by the signal source, the signal flows through the sample (Zx) and the sampling resistor
(Rs) and is subsequently processed by a differential amplifier to yield the output signal (∆Umn, Us).
However, the measurement accuracy is influenced by contact impedances (Z1, Z2, Z3, Z4) introduced
by the measuring instruments, as well as leakage currents caused by the distributed capacitance (C)
of the acquisition channels.

In Equation (1), Zx represents the actual impedance of the measured sample, with
|Zx| and φx corresponding to its impedance magnitude and phase angle, respectively.
Similarly, Zm represents the impedance value calculated by the instrument, with |Zm| and
φm corresponding to its impedance magnitude and phase angle.

However, as the measurement frequency increases, the errors introduced by the par-
asitic capacitance of the internal electronic components, the contact impedance of the
measuring device, and the electromagnetic coupling effects between electrodes signifi-
cantly intensify, making their impact on the measurement accuracy of the instrument
non-negligible. This is particularly true for soil or non-mineralized rock samples, with a
weak self-polarization effect. To accurately characterize the polarization characteristics of
such samples, it is necessary to analyze the error response of the measurement system.

In Figure 2, the dark box area represents the device effects of the sample holder. Z1

and Z4 indicate the parasitic impedance between the power supply electrodes and the
receiving electrodes, while Z2 and Z3 denote the contact impedance between the acquisition
channel and the receiving electrode. Additionally, the circuit model includes the internal
acquisition circuit of the instrument, where R0 represents the internal resistance of the
signal source, and Rs denotes the sampling resistance. For the sake of analysis, we utilize a
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capacitor C to simulate the distributed capacitance arising from leakage currents on the four
acquisition channels, typically on the order of picoFarads (pF), with impedance defined as
Zc = 1/(iωC), where ω is the angular frequency, and i is the imaginary unit. In the circuit
model diagram, I1, I2, I3, and I4 represent the magnitude of the leakage currents flowing
through the four channels; therefore, the actual current flowing through the sample is given
by Ix = I2 + I3 + Is. Based on the principle of current division, we can derive:

I3 = Is
Rs

Zc
, I2 =

(I3 + Is)Z4 + IsRs

Zc + Z3
(2)

By combining Equation (2), we obtain:

Ix = Is
(Z3 + Zc + Z4)(Rs + Zc) + RsZc

Zc(Z3 + Zc)
(3)

Similarly, based on the principle of voltage division in circuits:

Um

Um
′ =

Zc

Zc + Z2
,

Un

Un
′ =

Zc

Zc + Z3
(4)

Substituting ∆Umn = Um − Un and ∆Umn’ = Um’ − Un’ into Equation (4):

∆Umn
′ = ∆Umn +

Z2Um − Z3Un

Zc
(5)

In actual testing, Z2, and Z3 are often caused by the resistance of the electrodes them-
selves or the resistance of the electrolyte. Thus, Z2 ≈ Z3 = Z2,3, and therefore Equation (5)
can be simplified as:

∆Umn
′ ≈ ∆Umn +

Z2,3∆Umn

Zc
(6)

In the current and voltage calibration equations discussed above, we primarily consid-
ered the effects of parasitic capacitance in the acquisition channels and the device effects of
the measurement system itself. These considerations are based on the assumption that the
electronic components selected in the circuit design are ideal. However, even high-precision
resistors are subject to parasitic capacitance and lead inductance effects [36]. For instance,
a 10 kΩ resistor with a 1 pF parasitic capacitance can produce a phase shift of 6 mrad at
100 kHz. These subtle parasitic capacitances similarly affect the final measurement results.
To accurately measure the spectral response characteristics of high-impedance samples,
this instrument uses sampling resistors up to 10 MΩ. Therefore, it is necessary to account
for the parasitic capacitance of the sampling resistors in the calibration model.

3. Analysis and Calibration of the Instrument’s Acquisition Circuit
The distributed capacitance of the instrument’s internal acquisition channels can

significantly affect data collection. This distributed capacitance creates a low-pass filtering
effect that attenuates high-frequency signals, leading to waveform distortion and phase
shifts. This manifests in the circuit as leakage currents, which reduce the input impedance
of the instrument and consequently decrease measurement accuracy [37]. This impact
is predominantly observed at high frequencies, as the internal distributed capacitance
of the instrument is typically in the picoFarad (pF) range, exerting minimal influence at
low frequencies.

Figure 3 displays the instrument response results (uncalibrated) of the CSUZA-FW08
when testing a 100 Ω pure resistor, employing an adaptive testing method. In this scenario,
the instrument selects a sampling resistor (100 Ω) that closely matches the sample’s resis-
tance for measurement. When the frequency is below 1 kHz, the instrument’s resistance
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measurement accuracy can reach 0.3%, while the phase measurement accuracy can achieve
0.1 mrad. However, at high frequencies (>1 kHz), both the resistance and phase begin to
deviate from their actual values, with phase shifts reaching up to 2.8 mrad at 100 kHz.
This testing result primarily reflects the influence of the distributed capacitance within the
instrument’s internal acquisition channels. This effect further intensifies as the resistance of
the measured sample increases, potentially obscuring the intrinsic polarization characteris-
tics of the rock samples. To minimize the impact on test results, it is essential to analyze the
magnitude of the channel’s distributed capacitance, compensate for measurement errors,
and address circuit design and component selection. We designed two circuit models for
analysis, placing the sampling resistor at the end of the circuit or on the signal source side.
This can be easily achieved by altering the connection direction of the signal source, thus
referring to these configurations as the direct connection and reverse connection forms of
the signal source. We will compare the advantages, disadvantages, and differences between
these two circuit design forms.
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Figure 3. Impedance measurement results of a 100 Ω resistor under the influence of distributed
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3.1. Forward Connection of the Signal Source

In the first circuit design model (Figure 4), the sampling resistor Rs is positioned
at the end of the circuit, which is a commonly adopted design scheme in impedance
analyzers [27,29].

To analyze the measurement errors within the instrument independently, we employed
a BNC tri-coaxial shielded cable for direct resistance measurement. In this configuration,
the error terms related to the measurement device, Z1, Z2, Z3, and Z4, can be neglected,
leading to a simplified circuit diagram as shown in Figure 4. The measurement errors are
primarily induced by the leakage currents I2 and I3 of the second and third acquisition
channels, while the fourth acquisition channel is short-circuited. In this circuit model, the
actual current Ix flowing through the sample can be simplified from Equation (3) as follows:

Ix = Is + I2 + I3 = Is(1 + 2 RsωCi) (7)

Similarly, the actual voltage value across the sample, ∆Umn = ∆Umn’. The actual
impedance of the measured resistor can be calculated as:

Zx =
∆Umn

′

Ix
=

∆Umn

Is(1+2RsωCi)
=

Zm

1+2RsωCi
(8)
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sampling resistor positioned at the terminal far from the signal source. After being generated by the
signal source, the signal flows through the sample Zx and then to the sampling resistor Rs. Due to
the presence of distributed capacitance in the acquisition channels, a leakage current I1, I2, I3, I4 is
introduced, resulting in a discrepancy between the currents Ix and Is.

In Equation (8):

1 + 2RsωCi =

√
1 + (2RsωC)2etan−1 (2RsωC) (9)

The operating frequency range of the complex resistivity measurement system is from
1 mHz to 100 kHz, with an angular frequency ω = 2πf < 6.3 × 105 rad/s. Due to the
distributed capacitance C being in the picoFarad (pF) range, when the sampling resistor Rs

has a relatively low resistance (<1 kΩ), 2RsωC < 0.1. Thus, Equation (9) can be simplified
as follows:

1 + 2RsωCi ≈ e2RsωCi (10)

The error between the actual impedance of the sample and the measured impedance
is given by:

Zx =
Zm

1 + 2RsωCi
≈ |Zm|eϕmi

e2RsωCi = |Zm|e(ϕm−2RsωC)i (11)

From the above equation, it is evident that the impedance measurement error is
primarily reflected in the phase and is solely related to the value of the sampling resistor
Rs, independent of the intrinsic impedance characteristics of the measured sample. When
the sampling resistor Rs is small, the calibration method is simple and quick, making it
a commonly adopted calibration scheme. However, as the value of the sampling resistor
Rs increases, the impedance measurement error will rapidly escalate, complicating the
calibration process, and the influence of the parasitic capacitance of the sampling resistor
will also intensify. Therefore, this circuit model limits the range of sampling resistor values,
rendering it inadequate for the measurement needs of high-impedance samples.

3.2. Reverse Connection of the Signal Source

We compared the impedance measurement errors of the second circuit configuration,
as shown in Figure 5. In this case, the sampling resistor is positioned on the output source
side, which can be achieved by interchanging the connections of the signal source, referred
to as the reverse connection of the signal source.
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Figure 5. Simplified acquisition circuit diagram with reverse connection of signal source, with
sampling resistor positioned at the front end near the signal source. After being generated by the
signal source, the signal flows through the sampling resistor Rs and then to the sample Zx. Due to
the presence of distributed capacitance in the acquisition channels, a leakage current I1, I2, I3, I4 is
introduced, leading to a discrepancy between the currents Ix and Is.

In this circuit model, the current Ix is expressed as Ix = Is − I2 − I3, and the volt-
age difference ∆Umn is equivalent to ∆Umn’. The measurement error in impedance is
predominantly influenced by leakage currents associated with both the two-channel and
three-channel configurations:

Zx =
∆Umn

′

Ix
=

∆Umn

Is − 2Um
Zc

=
Zm

1 − 2ZmωCi
(12)

Similarly, when the resistance of the measured sample is relatively low, given that
2|Zm|ωC < 0.1, the impedance Z = |Z|cosφ + |Z|sinφi can be approximated as Z ≈ |Z| +
|Z|φi when the absolute value of the phase angle |φ| is small. Thus:

Zx =
Zm

1 − 2ZmωCi
≈ |Zm|eφmi

e−2|Zm|ωCi
= |Zm|e(φm+2|Zm|ωC)i (13)

∆Umn
′ ≈ ∆Umn +

Z2,3∆Umn

Zc
(14)

At this stage, the measurement error primarily manifests in the phase, and its mag-
nitude exhibits a similar pattern to the forward connection, albeit with an opposite sign.
However, the phase error is independent of the sampling resistance and is solely related
to sample impedance. When the impedance Zx is low, we can utilize this approach to
calculate the parasitic capacitance C of the internal channels of the instrument, which has
been measured to be approximately 24 pF. However, as Zx increases, Zm also increases,
leading to a larger measurement error with a more complex error pattern.

3.3. Correction Methods Based on Forward and Reverse Connection Circuit Configurations of the
Signal Source

Based on the above two circuit configurations, the first method, although primarily
dependent on the sampling resistance and therefore more convenient for calibration, poses
challenges for high-impedance samples. For certain dense surrounding rocks, the sample
resistance can exceed 10 MΩ, whereas the polarization effects remain minimal. In this sce-
nario, employing a small sampling resistance for measurements will lead to increased errors
in resistance calculations. Conversely, utilizing a large sampling resistance will cause the
phase shift due to the components’ parasitic capacitance at high frequencies, which will sig-



Appl. Sci. 2025, 15, 1526 10 of 22

nificantly affect the phase measurement results of low-polarization samples. To accurately
characterize the internal measurement errors of the instrument, it is essential to consider
the parasitic capacitance of the sampling resistance concurrently. Consequently, the current
Ix flowing through the sample in the first circuit configuration (forward connection) should
be modified according to Equation (7):

Ix = Is
′ + I2 + I3 = Is

′+2IsRsωCi = Is

(
Is
′

Is
+ 2RsωCi

)
= Is

(
Rs

Zs
+ 2RsωCi

)
(15)

Is
′ represents the actual current flowing through the sampling resistance Zs in Equation

(15). Substituting the equation back into Equation (8) yields:

Zx =
∆Umn

Is

(
Rs
Zs

+ 2RsωCi
) =

Zm

Rs

Zs

1 + 2ZsωCi
(16)

In the reverse connection configuration of the signal source, the current Ix flowing
through the actual sample is expressed as:

Ix = Is
′ − I2 − I3 = Is

′ − 2IsZmωCi = Is

(
Is
′

Is
− 2ZmωCi

)
= Is

(
Rs

Zs
− 2ZmωCi

)
(17)

Equation (12) is transformed to:

Zx =
∆Umn

Is

(
Rs
Zs

− 2ZmωCi
) =

Zm
Rs
Zs
−2ZsωCi

(18)

To characterize the error between the actual impedance Zs of the sampling resistance
and the calculated value Rs, we connect a component identical to the sampling resistance
in the BNC measurement line as the test resistance, i.e., Zx = Zs. Equation (18) can be
transformed to:

Zm =
Rs

1 + 2ZsωCi
, (19)

To differentiate the measured values Zm in Equations (16) and (19), we denote the
measurement in Equation (16) as Zm1 and that in Equation (19) as Zm2, representing the
measurements obtained under the forward and reverse connection configurations of the
signal source, respectively. By combining these two equations, we obtain:

Zx =
Zm1Zm2Zs

Rs
2 =

|Zm1||Zm2||Zs|
Rs

2 e(φm1+φm2+φs)i (20)

In Equation (20), |Zm1|, |Zm2|, |Zs| and φm1, φm2, φs represent the magnitudes
and phases of the impedances Zm1, Zm2, and Zs, respectively. From Equation (20), it is
evident that the actual impedance of the sample is related to the measured values Zm1

and Zm2 under the forward and reverse connection configurations of the signal source,
as well as the actual impedance Zs and calculated value Rs of the sampling resistance.
The phase error is primarily influenced by φm1, φm2, and φs, where φm1 and φm2 are
mainly determined by the parasitic capacitance distribution within the instrument. In
contrast, φs is affected by the parasitic capacitance of the components themselves. When
the sampling resistance is low and the measured impedance Zx = Zs, we have |Zm1| ≈
|Zm2| ≈ |Zs| ≈ Rs and φs ≈ 0, leading to φm1 = −φm2. This conclusion is consistent
with Equations (11) and (14). Essentially, Equation (20) generalizes the error term by
considering the parasitic capacitance of the sampling resistance, thus enhancing calibration
accuracy. Additionally, the form of this error term is simple and facilitates calibration
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without the need for separate analysis of the internal channel distribution capacitance C.
The sampling resistance Rs does not need to be limited to low values. By calculating the
actual impedances Zs of different sampling resistances and the measured values Zm2 for
the reverse connection configuration using standard components, this information can
be integrated into the data acquisition program to enable automatic data calibration for
varying sample impedances under the forward connection configuration. It is important
to note that the forward and reverse connection testing method does not require two
measurements for each sample, as this would significantly reduce acquisition efficiency.
During normal testing, the forward connection configuration of the signal source is still
employed, while the reverse connection configuration functions similarly to the calibration
process. Calibration data for different sampling resistances can be established once, and
the capability to switch between forward and reverse connections can be integrated into
the App control interface for user convenience.

To further validate the accuracy of the analytical results, a low-resistance testing
model with a pure resistance of 1 kΩ was designed. Adaptive testing of the sampling
resistance (also set at 1 kΩ) was conducted under both the signal source’s forward and
reverse connection configurations. The test results before calibration are shown in Figure 6.
The phase curves for the forward and reverse connections satisfy φm1 = −φm2, and the
resistance magnitudes Zm1 × Zm2 = Rs

2, consistent with the characteristics outlined in
Equation (20).
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the signal source, showing uncalibrated data.

Conventional data calibration methods generally utilize the forward connection of the
signal source, with calibration performed using Equation (11). To reduce the influence of
the sampling resistor on calibration accuracy, sampling resistors with values below 1 kΩ are
commonly selected. In this study, a forward-reverse switching approach for the signal source
connection is adopted. Initially, the reverse connection is employed to calibrate sampling
resistors with a wide range of resistances (50 Ω–10 MΩ). The forward connection is then used
to obtain the raw complex resistivity data of rock samples prior to calibration. Finally, the
data is calibrated using Equation (20). This method offers the advantage of eliminating the
restriction to low-value sampling resistors (below 1 kΩ) by calibrating the parasitic capacitance
of large sampling resistors, thereby enabling high-precision measurements for high-impedance
samples. To evaluate the method, a 10 kΩ pure resistor model was tested and calibrated using
both the traditional forward connection method and the proposed forward-reverse switching
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method, as shown in Figure 7. The results indicate that the proposed method achieves superior
resistance accuracy. While phase deviations were observed at high frequencies, measurements
conducted using an LCR bridge instrument revealed that the parasitic capacitance of the
10 kΩ resistor is approximately 0.46 pF, with the theoretical phase at 100 kHz being about
2.9 mrad, closely matching the calibration results.
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Figure 7. Comparison of impedance test results for a 10 kΩ resistor using adaptive and non-adaptive
sampling resistance methods, with the non-adaptive method employing a 1 kΩ sampling resistor.

Figure 8 presents the test results for three sets of parallel resistor-capacitor models. The
product of resistance R and capacitance C for each model is kept consistent, with varying
values employed to assess whether the instrument can achieve the same accuracy under
different sampling resistances. The resistance and capacitance values for the three sets of
models are detailed in Table 1. The testing results show that the precision of the first two
sets is within 1%, showing good agreement with the theoretical curves. However, the phase
curve of the third set exhibits slight deviations from the theoretical values. Measurements
taken with an LCR bridge indicate that the parasitic capacitance of the 100 kΩ component
is approximately 0.6 pF, while in the third model, the capacitance C3 = 8 pF, resulting in
lower phase measurement results during actual testing.
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Table 1. Resistance and capacitance values for the three resistor-capacitor models.

Model R/Ω C/pF

Appl. Sci. 2025, 15, x FOR PEER REVIEW 13 of 23 
 

 

Figure 7. Comparison of impedance test results for a 10 kΩ resistor using adaptive and non-adaptive 
sampling resistance methods, with the non-adaptive method employing a 1 kΩ sampling resistor. 

Figure 8 presents the test results for three sets of parallel resistor-capacitor models. 
The product of resistance R and capacitance C for each model is kept consistent, with var-
ying values employed to assess whether the instrument can achieve the same accuracy 
under different sampling resistances. The resistance and capacitance values for the three 
sets of models are detailed in Table 1. The testing results show that the precision of the 
first two sets is within 1%, showing good agreement with the theoretical curves. However, 
the phase curve of the third set exhibits slight deviations from the theoretical values. 
Measurements taken with an LCR bridge indicate that the parasitic capacitance of the 100 
kΩ component is approximately 0.6 pF, while in the third model, the capacitance C3 = 8 
pF, resulting in lower phase measurement results during actual testing. 

Table 1. Resistance and capacitance values for the three resistor-capacitor models. 

Model R/Ω C/pF 

 

1 1 k 800 
2 10 k 80 
3 100 k 8 

 

1 1 k 800
2 10 k 80
3 100 k 8

4. Design and Calibration of the Measurement Instrument
In addition to the internal calibration of the instrument, the influence of the measure-

ment device on the test results is also highly significant. The distinction between the rock
and ore electrical measurement instruments and traditional impedance analyzers lies in the
specific measurement objects. Enhancing the measurement accuracy of the rock sample’s
resistivity and providing a reasonable and practical sample holder design are the primary
tasks in developing this instrument.

In Figure 2, the dark box portion represents the device effects of the sample holder,
where Z1 and Z4 denote the stray impedances between the measuring and receiving
electrodes. In contrast, Z2 and Z3 represent the contact impedances between the acquisition
channels and the measuring electrodes. These error terms may vary depending on the
specific measurement device used. Referring to Figure 2, the actual current Ix flowing
through the sample is given by:

Ix = Is
′ + I2 + I3 = IsRs(

1
Zs

+
2

Zc
+

Z4

Zc
2 +

Z4

ZcZs
) (21)

By substituting Equation (5) into Equation (21), we obtain the actual impedance value
Zx of the sample, taking into account the device effects:

Zx =
Zm

Rs

Zs(1 + Z2,3ωCi)
1 + 2ZsωCi + Z4ωCi − Z4Zsω2C2 (22)

To analyze the impact of the measurement device on the test results, we designed the
circuit model shown in Figure 9a. With Zx = 1 kΩ and Z2 = Z3 = 100 Ω held constant, we
varied the values of Z1 and Z4. Figure 9b displays the phase test results of the instrument
before calibration for different values of Z1 and Z4, compared with the calculated results from
Equation (22). The results indicate that the calculated curve aligns with the measured results,
and as the contact impedances Z1 and Z4 increase, the measurement errors gradually expand.
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Figure 9. (a) Diagram of the designed circuit model, and (b) Comparison of the phase testing results of
this model (before calibration) with the calculated results obtained from Equation (22) upon varying
the values of Z1 and Z4.
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In this study, we designed two measurement devices for different testing subjects.
We chose the sample holder shown in Figure 10a for the measurement of rock and ore
samples. We selected the device depicted in Figure 10b to test loose materials such as
rock fragments and soil or for liquids. In both measurement setups, Z2 and Z3 represent
the actual impedance of the electrodes, which is less than 1 Ω, thus Z2 ≈ Z3 = Z2,3 ≪ Zin

(where Zin denotes the input impedance of the instrument’s acquisition channel, which is
approximately 17 GΩ for this device). Additionally, Z4Zsω2C2 ≪ 1. Combining this with
the results from the different sampling resistance reverse connection methods in Equation
(19), we can transform Equation (22) to:

Zx =
Zm1Zm2Zs

Rs
2 + Z4Zm2ωCi

(23)

Figure 10. Schematic diagrams of two measurement devices: (a) the diagram used for measuring
standard rock samples such as ores, and (b) the device employed for testing solutions and loose
samples.

The sample holder shown in Figure 10a can be divided into four parts: A for the power
electrodes; B for the measurement electrodes; C for the fixture, and D for the sample holder
container. During the design process of the sample holder using the four-electrode method,
the electromagnetic coupling between the measurement electrodes and measurement
lines is the primary concern, particularly affecting measurements at frequencies above 1
kHz and increasing with frequency. Therefore, BNC triple coaxial shielded cables were
selected to connect the measurement device to the equipment. The sample holder is made
of polymer materials, providing excellent electrical insulation and chemical corrosion
resistance. Furthermore, the current electrodes (power electrodes) and voltage electrodes
(measurement electrodes) are made from copper alloy, with an area of 10 cm × 10 cm.
This ensures good oxidation resistance to effectively mitigate the impact of low-frequency
electrode polarization on data results. This also facilitates uniform current flow through
the sample. A saturated CuSO4 solution is placed within the sample holder container to
minimize electrochemical reactions with the electrodes. Additionally, the CuSO4 electrolyte
technology solution reduces the electrolyte’s resistivity to a minimum (with resistivity
less than 0.1 Ω·m), allowing Z1 and Z4 to drop below 1 Ω, making their impact on the
measurement results negligible. Data calibration can be performed using Equation (20).
The sample holder is designed for convenience and ease of operation and is secured by a
support frame to ensure sample stability during testing. A copper sulfate paste contacts
the voltage electrode and the sample, reducing contact impedance. To prevent creeping
currents on the rock’s surface and evaporation of moisture during testing, plastic wrap can
cover the sides of the rocks.
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The device shown in Figure 10b meets the corresponding requirements for testing sand
and liquids. This design can also be divided into four parts: A for the power electrodes; B
for the measurement electrodes; C for the base; and D for the sample container. Acrylic
glass is chosen as the design material for this sample holder. To minimize the impact
of power electrode polarization on the measurement electrode, the distance between the
two should be approximately twice the sample spacing (i.e., the spacing between the
measurement electrodes) [27]. The power electrodes remain made of copper alloy, but the
measurement electrodes are altered. For rock samples testing, planar electrodes are selected
to maximize the contact area with the sample, thereby reducing transition resistance. In
contrast, point-type AgCl electrodes are used for water or sand tests to minimize errors
caused by poor coupling between the electrode and sample [4]. The AgCl electrodes
exhibit strong electrochemical stability and minimal polarization effects. In this case, the
stray impedances Z1 and Z4 between the power electrode and measurement electrode
are primarily induced by the sample itself and cannot be neglected; therefore, calibration
should be performed using Equation (23).

To verify the calibration effectiveness of the measurement device, we designed a
circuit model to simulate the polarization characteristics of samples and the device effects
during actual rock sample testing, as shown in Figure 11. The figure presents a comparison
between the calibrated test results and the theoretical results. It demonstrates a phase
shift occurring between 1 Hz and 10 kHz, simulating the low-frequency double-layer
polarization effects in rock and ore samples. After 10 kHz, the phase exhibits a downward
trend again, simulating the high-frequency interface polarization effects. The calibrated
test results show a high degree of consistency with the theoretical values, validating the
accuracy of the calibration algorithm.
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Figure 11. (a) Diagram of the designed circuit model, and (b) Comparison of the impedance testing
results of the model after calibration using Equation (23) with the calculated results.

Subsequently, we analyzed the testing performance of the sample holder shown in
Figure 10a. Figure 12 compares the spectral curves of a limestone sample before and after
calibration. This sample exhibits low resistance and polarization characteristics due to its
well-developed porosity, resulting in a lower resistivity. It does not contain metallic mineral
conductors that would cause significant polarization effects, with interface polarization
effects only observed at high frequencies. After calibration, the actual proper response
characteristics of the sample were effectively restored, with phase errors primarily evident
in the high-frequency region (>1 kHz), reaching 42 mrad at 105 Hz. Therefore, calibration
of high-frequency test data is necessary.
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5. Results
In this section, multiple circuit models were designed for testing, comparing the

measurement accuracy of our instrument with the Solartron 1260A impedance analyzer.
Combined with the test results from rock and ore samples as well as NaCl solutions, we
analyzed the overall stability and accuracy of the measurement system, further validating
the effectiveness of the calibration algorithm. First, we tested the impedance values of
pure resistances of 1 kΩ and 1 MΩ (Figure 13), comparing them with the results from the
Solartron 1260A impedance analyzer. For the low resistance test, the results from both
instruments were similar, with a high-frequency phase shift of approximately 0.5 mrad, and
both the resistance and phase curves were relatively smooth, indicating good instrument
stability. However, the results from the two instruments showed significant discrepancies in
the tests involving more extensive, more significant sampling resistances. Our instrument
exhibited a more petite polarization shift at high frequencies than the Solartron 1260A. The
internal parasitic capacitance of the tested 1 MΩ resistor was determined to be approx-
imately 0.50 pF, with a theoretical phase shift of around 300 mrad, which aligns closely
with our instrument’s measurements. Table 2 presents the test results for two instruments
across a resistance range of 100 Ω to 10 MΩ, using test resistors with a precision of 0.5%
and parasitic capacitance below 1 pF. The complex resistivity data was converted into
resistance and capacitance parameters for comparison. The results reveal that as the test
resistance increases, the measurement accuracy of the proposed instrument (CSUZA-FW08)
progressively surpasses that of the Solartron 1260A impedance analyzer. The resistance
error of the CSUZA-FW08 consistently remains within 1%, while the capacitance measure-
ments stay below 1 pF, accurately reflecting the actual characteristics of the test resistors.
More significant errors observed at high frequencies with the Solartron 1260A impedance
analyzer can be attributed to its input impedance (300 MΩ), much lower than that of our
instrument (17 GΩ). Additionally, the small sampling resistance used resulted in decreased
measurement accuracy when testing high-impedance samples. Our instrument achieves
precise measurements of high-impedance samples by increasing the sampling resistance
and employing an adaptive matching calibration algorithm. It is also evident that the
internal parasitic capacitance of the 1 MΩ pure resistor can cause a phase shift of around
300 mrad at high frequencies. Therefore, considering the influence of the sampling resis-
tance’s parasitic capacitance in the calibration model can further enhance the accuracy of
the calibration algorithm.
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Table 2. Comparison of measurement results between the CSUZA-FW08 instrument and the Solartron
1260A impedance analyzer when measuring different resistances.

Model R/Ω
Measured Resistance/Ω Measured Capacitance/pF

CSUZA-
FW08 Error (%) Solartron

1260A Error (%) CSUZA-
FW08

Solartron
1260A

1 100 99.8 0.20 99.8 0.20 0.03 0.01
2 1k 1000.7 0.07 1000.4 0.04 0.42 0.44
3 10k 10,018.5 0.19 9998.7 0.01 0.44 0.47
4 100k 100,372.1 0.37 99,803.9 0.20 0.57 0.64
5 1M 1,005,816.4 0.58 989,711.0 1.03 0.48 0.70
6 10M 10,096,038.6 0.96 9,570,166.5 4.30 0.83 5.26

Figure 14 compares the complex resistivity test results between our instrument and
the Solartron 1260A impedance analyzer, both using the sample holder shown in Figure 10a
for measurement. The tested sample was lead-zinc ore. The results from the complex
resistivity tests indicate that this sample exhibits low resistance and high polarization char-
acteristics, with the resistivity magnitude decreasing with increasing frequency. The phase
curve characterizes the sample’s double-layer polarization at low frequencies and interface
polarization effects at high frequencies. The results from both instruments are similar, with
smooth testing curves, indicating high stability and accuracy of the measurement system,
along with strong anti-interference capability.

We also tested solution samples using the instrument shown in Figure 10b. Figure 15
compares the phase test results for NaCl solutions of different resistivities with their
theoretical calculations. The spectral response characteristics of the NaCl solution at 21 ◦C
can be calculated using Equation (24) [38]:

φ = −arctan(ωε0εrρ′) (24)

In Equation (24), ε0 = 8.854 × 10−12 F/m represents the vacuum permittivity, εr = 79.7
is the relative permittivity of water at 21 ◦C, and ρ′ is the real part of the resistivity.

The results indicate a pronounced downward trend in the high-frequency phase of the
NaCl solution, with the decline accelerating as the resistivity increases. Below 10 kHz, the
test results remain generally consistent with the theoretical curve, with an error controlled
within 0.1 mrad. Above 10 kHz, the discrepancy between the two increases yet remains
within 2 mrad, The decline in high-frequency calibration accuracy may be attributed to the
following two factors:
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(a) In Equation (23), the measurement results of the stray impedance Z1 and Z4 between
the power supply electrode and the receiving electrode can influence the final cali-
bration outcome. If we assume that the test solution is uniformly distributed within
the measurement container, the relationship between the stray impedances Z1, Z4,
and the impedance of the sample Zx can be roughly estimated based on the distance
AM between the measuring electrode and the receiving electrode. However, for ac-
curate results, precise measurements of Z1 and Z4 should be conducted using other
testing methods.

(b) During the calibration of complex resistivity data, we primarily analyze the distributed
capacitance of the instrument’s acquisition channels, the parasitic capacitance of
the sampling resistor, and the device effects of the sample holder. In four-point
measurements, electromagnetic coupling interference must also be considered, as this
effect increases with the measurement frequency.
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Below 100 kHz, the calibration method proposed in this study can meet the demands
of high-precision testing. Since testing of rock and ore samples typically does not exceed
100 kHz, this calibration method remains highly applicable.

Finally, we conducted tests on two rock samples using the proposed instrument
(CSUZA-FW08) and calibration method, as shown in Figure 16. The two rock samples were
collected from the Chanlinshan multimetallic mining area in Nanjing, Jiangsu Province,
China, representing chalcopyrite and diorite samples. After completing the tests, we
performed an inversion of the complex resistivity data of the two samples using the Cole-
Cole model. The model equation is as follows:

ρ(iω) = ρ0

{
1 − m

[
1 − 1

1 + (iωτ)c

]}
(25)

In Equation (25):

ω represents the angular frequency, measured in rad/s.
ρ is the complex resistivity, expressed in Ω·m.
ρ0 denotes the zero-frequency resistivity, which characterizes the electrical conductivity of
the rock, measured in Ω·m.
m is the chargeability, describing the intensity of the induced polarization effect in rocks
and ores.
τ is the time constant, representing the speed of the induced polarization process in rocks
and ores, measured in seconds (s).
c is the frequency dependence coefficient, ranging from [0,1], which reflects the gradual or
abrupt nature of the dispersion process as indicated by the shape of the dispersion curve.
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By comparing the test results of the two rock samples, it is evident that the chalcopyrite
sample exhibits lower resistivity, and its phase curve shows a significant deviation at low
frequencies, indicating a stronger polarization effect. In contrast, the diorite sample displays
high-resistance characteristics, and its phase curve approaches zero at low frequencies,
revealing a clear physical property difference between the two samples.

Based on the inversion results of both rock samples, the time constant of the chal-
copyrite sample is significantly larger than that of the diorite sample. This parameter is
often used to describe the mineralization characteristics of rock samples. Therefore, this
calibration method proves to be effective in distinguishing and identifying mineralized
rock samples.
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6. Conclusions
This study is based on the self-developed broadband rock and ore electrical measure-

ment system, analyzing the errors generated within the instrument due to the distributed
capacitance of the acquisition channel and the parasitic capacitance of the sampling resistor.
By integrating two circuit design models (signal source direct connection and reverse con-
nection), a new calibration method for the instrument is proposed. This method requires
first measuring the spectral response characteristics of different sampling resistors with
the signal source reversed and incorporating these as calibration values within the testing
algorithm. Subsequently, the signal source direct connection method can be used to test
samples of varying impedance values. The instrument’s testing and calibration processes
are fully controlled via a mobile App. Once calibrated, the App autonomously selects
the appropriate sampling resistor based on the characteristics of the rock sample during
measurement, performs data calibration, and displays the processed data in real time on
the software interface, demonstrating strong practicality.

The calibration method offers the following advantages:

• Simplicity: It eliminates the need to consider the size of the instrument’s internal
acquisition channel distributed capacitance separately; calibration can be performed
solely on the results from the direct and reverse connection tests.

• Detail: The calibration content is refined, with the influence of the parasitic capacitance
of the sampling resistor included in the equations, leading to a more comprehensive
consideration.

• High Precision: The adaptive testing method can achieve a testing accuracy of 0.1%
for high-impedance samples (above 1 MΩ), outperforming traditional small sampling
resistor calibration methods.

Based on the design of two measurement devices, the measurement errors caused
by device effects were re-analyzed, leading to further improvements in the calibration
algorithm. Through extensive testing with multiple circuit models and actual samples, the
accuracy of the calibration method was verified, demonstrating good performance in prac-
tical applications. The resistivity accuracy achieved is 1%, with phase accuracy below 0.1
mrad at frequencies below 10 kHz, and phase accuracy controlled within 2 mrad between
10 kHz and 100 kHz. Comparative testing with the Solartron 1260A impedance analyzer
showed that the system and calibration method yield superior results for high-impedance
samples. Additionally, tests with actual rock samples confirmed the effectiveness of the
measurement system and calibration method in distinguishing mineralized samples, under-
scoring their significance for complex resistivity testing and rock physical property research.

On the other hand, the accuracy of the calibration method decreases as the test fre-
quency increases. This decline is partly due to the lack of precise measurement of the
stray impedances Z1 and Z4 between the power supply electrode and the receiving elec-
trode. Related scholars have already conducted in-depth studies by altering the circuit
design [28]. Additionally, electromagnetic coupling between the four-point measurement
system increases rapidly with frequency, and it cannot be completely eliminated. Currently,
a combined two-point and four-point testing approach is used to measure the complex
resistivity of samples up to MHz frequencies, thereby further extending the frequency
range of sample measurements [2].
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