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ABSTRACT

Induced polarization (IP) is the primary method used for the exploration of various

metal minerals and for groundwater prospecting. The function and performance of IP instruments have
significantly improved over the years; however, most instruments still have some shortcomings, such as
limited data acquisition accuracy, large size, separate transmitter and receiver, complex human—computer
interaction, difficult networking and remote monitoring. In this study, a novel multifunctional IP instrument
system is developed based on remote wireless communication technology, which has high data acquisition
accuracy, small size, lightweight, flexible and diverse functions (single instrument can realize transmission
and reception), remote wireless real-time monitoring, and convenient networking of multiple instruments.
We independently designed a high-precision data acquisition circuit with a noise floor of 0.29 'V and a
5-fold increase in acquisition accuracy. With an intelligent power module as its core, the designed transmitter
has a maximum output power of 6 kW and can transmit stepped waves and rectangular waves of various
frequencies and duty cycles. We also developed a host computer program on an Android mobile terminal
based on Java, which allows users to wirelessly control the instrument through mobile phones over Wi-Fi
networks. In addition, we introduced the Internet of Things technology in geophysical instruments and
designed a real-time remote monitoring system for data quality and multiple instruments networking scheme
based on the short message service of the BeiDou navigation satellite system and cloud service platform.
Multiple tests revealed that the proposed instrument meets the requirements of field exploration.

INDEX TERMS Cloud service platform, data acquisition, induced polarization instrument, Wi-Fi
communication.

I. INTRODUCTION

Electrical prospecting is widely used in geological explo-
ration and engineering inspection owing to its diverse
applicability and tools [1], [2]. Induced polarization (IP) is an
electrical prospecting method based on the differences in the
IP effects of different rocks and minerals for ore prospecting
and geological exploration to study the distribution of
artificial DC (time domain) or AC (frequency domain) IP
fields [3]-[5]. Compared with the resistivity method and the
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electromagnetic method, the IP method is more advantageous
for exploring disseminated metal ore deposits with small
differences in resistivity from the surrounding rocks. Field
practices have demonstrated that the IP method can also
achieve satisfactory results in the exploration of energy
sources, such as petroleum and natural gas, and detection of
groundwater. Currently, the IP method is the primary method
used for exploring various metal minerals and detecting
groundwater [6]-[9].

Advanced geophysical instruments, such as IP instruments
and seismographs, are very important for investigating
geoscience problems [10]. With the development and
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maturity of IP exploration and advancements in electronic,
computer, and signal processing technology, IP instruments
have also developed rapidly. Currently, representative IP
measurement instruments worldwide include the GDP series
multifunctional electrical prospecting instruments (Zonge
International), V series electrical prospecting instruments
(Phoenix Geophysics), KMS series exploration instruments
(KMS Technologies), full-waveform (FW) high-power IP
instruments (IRIS Instruments), IPR-12 (Scintrex), RESECS
series (DMT Group), McOHM series (OYO Corporation),
Horn3D full functional IP instruments (Crystal Globe), elec-
trical prospecting instruments and IP instruments (Advanced
Geosciences Inc.), and various electrical prospecting instru-
ments developed by institutes such as Central South
University, Jilin University, and the Chinese Academy of
Sciences. Although the functions and performance of these
IP instruments have generally improved significantly over the
years, some shortcomings remain [11]-[16]. First, most of
the above-mentioned instruments have only the functions of
a receiver; they require an additional transmitter to complete
field exploration work, which increases the difficulty and cost
of exploration. In terms of human-computer interaction, some
instruments (such as the SQ-5 dual-frequency IP instrument
of Geosun Hi-Technology) [17] still use traditional buttons
and LCD display screens, making their operation rela-
tively complex and simultaneous configuration of multiple
instruments difficult. Furthermore, the complexity of the
exploration environment requires higher data acquisition
accuracy and the use of lighter instruments. Some instruments
have disadvantages such as limited acquisition accuracy and
large weight (for example, the minimum input voltage of
IPR-12 by Scintrex is 50 pV, with a resolution of 10 uV
and weight of 7.1 kg) [18]. In terms of data transmission
and quality monitoring, some instruments store data only
on an internal SD card, which cannot realize real-time
display of data and results. Other instruments (such as GDD
DC IP instrument) use low-speed short-distance wireless
communication technology, such as Bluetooth [19], which
makes it difficult to realize real-time high-speed transmission
of large amounts of data and remote wireless data quality
monitoring.

In this study, we developed a novel multifunctional
IP instrument based on remote wireless communication
technology that integrates a high-power transmitter and a
high-precision receiver, and can also be used independently.
Field exploration can be performed using only the proposed
instrument, which reduces the complexity of fieldwork.
We achieved high-precision (in the order of several hun-
dred nV) data acquisition using circuits and programs
developed in our laboratory so that the instrument can
adapt to the increasingly complex exploration environment.
We introduced the Internet of Things (IoT) technology in
geophysical instruments to realize distributed networking
of multiple instruments to eliminate the complexity of
operations of traditional human—computer interaction, and
configure instrument parameters, control the operation of the
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instrument, monitor the data quality in real-time, and view the
data processing results using Android devices. At the same
time, users can also remotely monitor and control multiple
instruments through the short message service (SMS) of the
BeiDou navigation satellite system (BDS) or a cloud service
platform. The proposed instrument has advantages of high
integration, high data acquisition accuracy, multi-function
capability, compact, lightweight, convenient operation, and
a high degree of intelligence (details of the main indicators
and comparison with similar instrument are presented in “F.
PERFORMANCE SUMMARY AND COMPARISON” of
Section IV).

The structure of this paper is as follows: Section II briefly
introduces the basic theory of the IP method, Section III
describes the overall composition of the system, the key
technologies of the developed IP instrument system are
described in Section IV, Section V presents the test results,
and the main conclusions are summarized in Section VI.

Il. BASIC THEORY OF THE IP METHOD

Fig. 1 shows a schematic diagram of an IP instrument. The
transmitter injects current into the ground through electrodes
A and B, and the receiver receives the potential difference
signal generated by the ground medium at points M and N.

FIGURE 1. Schematic diagram of an induced polarization instrument (A
(left) and B: transmitting electrodes; M and N: receiving electrodes; K:
switch; V: voltmeter; A (right): ammeter).

If the medium is nonpolarized and the supply current
remains constant, the potential difference V| between M
and N is constant. If the ground medium is polarized,
the medium undergoes an electrochemical reaction with
the supply of current, resulting in a secondary potential
difference V, between M and N. Polarization of the medium
gradually decreases and saturates with time, and V; steadily
stabilizes. When A and B stop supplying power to the
ground, V| produced by the power supply disappears,
whereas the secondary potential difference V, produced by
the polarization of the medium does not disappear instantly;
the dissipation rate is initially fast but slows with time, and
V, gradually decreases until it disappears [20], [21]. The
schematic curve of the charging and discharging processes
described above is shown in Fig. 2.

IlIl. OVERALL COMPOSITION OF THE IP

INSTRUMENT SYSTEM

The overall composition of the IP instrument system is shown
in Fig. 3, comprising the instrument host and mobile terminal
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FIGURE 2. Charging and discharging curves of IP phenomenon in the
time domain.

FIGURE 3. Overall composition of the IP instrument system.

control software. The instrument host has four modules:
transmitter, master control, receiver, and interface boards.
The first three circuit boards are connected to the interface
board in parallel with high-performance connectors (Fig. 4).
Users control the operation of the instrument and monitor the
instrument status and data processing results through a Wi-Fi
network.

The interface board is equipped with a system power
supply unit and its control circuit, through which a user can
control the power supply of the transmitter and receiver,
in addition to monitoring the voltage, current, power, and
battery levels of the system in real-time. LED lights are
used to indicate the current operating status of the system.
Users can also control the on/off states of the instrument
and enter/exit the data acquisition state by pressing the
appropriate keys.

The instrument uses STM32F407, SRAM, and Nor
FLASH as the main control unit of the system. To improve
the accuracy of data acquisition, we designed a frequency
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FIGURE 4. Photograph of the host circuit board of the IP instrument.

calibration circuit that uses a calibrated temperature compen-
sated crystal oscillator (TCXO) as the clock. We used a global
positioning system (GPS) and a BDS integrated positioning
module to achieve high-precision synchronization of multiple
instruments using the second pulse signal of the module.
In addition, the unique SMS functionality of BDS provides a
new option for remote data quality monitoring. Data collected
by the instrument can be stored on an internal SD card; the
original data and the processed results can be transmitted
simultaneously to a mobile host terminal through a wireless
communication circuit for real-time viewing by users. Users
can debug and troubleshoot the instrument through the
reserved RS232 interface and monitor its internal temperature
in real-time using a temperature monitoring circuit to prevent
unnecessary losses caused by high temperatures.

IV. KEY TECHNOLOGIES

A. HIGH-PRECISION DATA ACQUISITION BOARD

The functional block diagram of the data acquisition board
shown in Fig. 3 primarily comprises signal conditioning,
analog-to-digital conversion, and power conversion circuits.
To reduce interference and noise, and improve the accuracy
of data acquisition, we employed a separate power supply and
single-point grounding for the analog and digital circuits and
separately equipped the analog-to-digital converter (ADC)
with a low-temperature drift and a low-noise precision
voltage reference chip. We designed the signal front-end
conditioning circuit, whose schematic is shown in Fig. 5,
based on the characteristics of the output signal of the
receiving electrodes M and N. To increase the input
impedance, the signal first enters the instrument amplifier
LT1168 after passing through the front-end protection circuit,
and then passes through the analog switch ADG419 and a
50 Hz notch filter was used when necessary. The Sallen—Key
(SK) unity-gain low-pass filter designed in this study was
used to filter the high-frequency noise in the signal [22],
and the adder circuit was primarily used for spontaneous
potential compensation. Users can choose to compensate
according to the actual exploration requirements. Finally,
the signal is converted to a differential signal, which is fed
into the ADC for analog-to-digital conversion, to improve the
common-mode rejection ratio (CMRR).
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FIGURE 5. Circuit diagram of the signal conditioning circuit.

The noise floor of the acquisition circuit is closely
related to the data acquisition accuracy of the instrument.
The signal input terminal was short-circuited to verify the
performance of the acquisition circuit, and the sampling
rate was configured to 1000 samples per second; data were
collected for a period of time, followed by calculation,
and analysis using MATLAB. The proportion of the noise
floor amplitude distribution within 10 s is shown in Fig. 6.
The figure shows that most of the noise is below 1 ©V, and
the average noise is 0.29 uV, indicating that the accuracy
of the acquisition circuit is extremely high compared with
that of the previous version of the circuit, which satisfies the
actual operating requirements of the instrument.

FIGURE 6. Proportion of noise floor distribution.

B. 50 Hz FILTER CIRCUIT

In practice, the 50 Hz utility frequency significantly affects
the instrument operation and exploration results. Therefore,
effective measures must be implemented in the instrument
design to reduce the effect of this interference on the
acquired signal [23]. In this study, we combined an analog
hardware filter circuit with a digital software filter to reduce
the interference of the utility frequency. In the hardware
circuit, a 50 Hz filter circuit with excellent performance was
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FIGURE 7. Circuit diagram of the 50 Hz filter circuit.

constructed with low-cost operational amplifiers TLO74 and
resistor-capacitors (Fig. 7).

The detailed analysis of the frequency selection circuit,
based on the KCL principle [24], is as follows:
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(C3 = C4,R30 = R32, R0 = Rpa).  (7)

When (7) reaches its maximum value, the degree of
attenuation of the filter circuit to the 50 Hz signal also
reaches its maximum. Next, we performed a frequency sweep
analysis on the filter circuit in the 1-100 Hz range; the
amplitude—frequency characteristic curve was evaluated and
plotted using MATLAB (Fig. 8). The attenuation of this
circuit to the 50 Hz signal was higher than 40 dB. After
applying the digital filter in the program, the attenuation of
the 50 Hz signal reached 80 dB, which satisfies the actual
operating requirements.

C. MULTIFUNCTION TRANSMITTER BOARD

The DC IP method and the AC IP method have their
respective advantages and disadvantages: the DC IP method
is superior in terms of exploration depth and mitigation of
electromagnetic coupling interference, whereas the AC IP
method has a strong anti-interference capability and more
parameters can be observed and studied. Therefore, the type
of IP method should be selected for a specific working area
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FIGURE 8. Amplitude-frequency characteristic curve of the 50 Hz filter
circuit in practice.

considering the geological tasks, topography of the working
area, and various interference conditions [25], [26]. In this
study, we designed a multifunctional transmitter board with
an intelligent power module (IPM) to transmit step waves
(time domain) or rectangular waves (frequency domain) with
various frequencies and duty cycles. The transmitter board
primarily comprises a high-voltage power supply, a control
circuit, IPM, a power conversion circuit, and a transmitting
electrode (Fig. 3). The high-voltage power supply passes
through a protection circuit and provides an adjustable
voltage for the input terminal of the IPM to meet diverse
needs of actual explorations. The signal from the main control
board controls the output of the IPM after passing through the
multi-channel optocoupler isolation device in order to reduce
mutual interference between the signals. The DC-DC module
converts the 5 V voltage into 15 V to provide the required
DC voltage for regular operation of the IPM. The current is
injected into the ground through the transmitting electrode
of the transmitter board to observe the IP phenomenon of
the ground medium; the voltage and current signals can be
recorded simultaneously by the data acquisition board for
post-acquisition data processing.

The versatility of the transmitter is crucial as different
exploration environments and methods present different
requirements for the transmitter [27], [28]. The transmitter
developed in this study has a maximum output voltage
of 1200 V and a maximum output current of 10 A, which
can meet the power requirements of various environments
(low power in the laboratory or high power in the field).
In addition, it is equipped with over-voltage, over-current, and
over-temperature protection circuits to ensure safety of the
operators. The transmitter board can be used in conjunction
with the data acquisition board (Section IV A) developed
in this study, in addition to being used with other types of
acquisition stations for various explorations. Fig. 9 shows
the waveforms recorded at a transmitting frequency of 1 Hz,
voltage of 900 V, and current of 4.5 A in an actual exploration;
the accuracy of the transmitting current is approxima-
tely 1%.
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D. MASTER CONTROL SOFTWARE

Python is a powerful, flexible, and extensible high-level
computer language. It contains a complete set of corre-
sponding standard library files, rendering programming more
accessible. Developers can use C or C+-+ to add new
modules or classes to Python. Accordingly, Python can also
be embedded in C or C++ projects. In addition, the excel-
lent cross-platform framework of Python renders it more
compatible with conventional systems such as Windows and
Linux [29], [30]. In this study, we used Python to develop the
master control program of the IP instrument, which comprises
several modules, including human—computer interaction,
system monitoring, wireless communication, data storage
and processing, transmission system control, and receiving
system control. The human—computer interaction module
responds by analyzing the different keying actions of the
user and simultaneously uses various flashing frequencies
and colors of LED lights to indicate the current working status
of the system. The system monitoring module is responsible
for real-time monitoring and reporting of the temperature,
voltage, current, power, battery level, storage space, and
working status of the system. The wireless communication
module establishes Wi-Fi communication, data transmission,
and command interaction between the instrument and the
Android mobile device. The data storage and processing
module is responsible for local SD card storage, real-time
data calculation, and parameter display of the collected data.
The transmission system control module enables users to
adjust the transmission power and set parameters such as the
transmission waveform and transmission time. The receiving
system control module performs the following functions:
channel self-test (uses signals inside the instrument to test
whether the channel is operating normally before fieldwork
commences), spontaneous potential compensation (reduces
the potential difference between the receiving electrodes
M and N), and automatic gain setting (adjusts the gain of
the amplifier according to the amplitude of the acquisition
signal).

The program adopts a top—down modular design scheme;
the operation flow chart of the master program is shown
in Fig. 10, which mainly includes network connection,
project creation, parameter setting, and data processing and
transmission. A project is first created when exploring
a location in the field; then, the key parameters of the
transmission and receiving systems are set. The real-time
processed results, raw data, and parameters are saved in the
project after measurement has been completed to facilitate
post-acquisition data analysis.

E. REMOTE WIRELESS COMMUNICATION TECHNOLOGY

In recent years, the current state of relying on heavy
cables for geophysical exploration has been alleviated
owing to continuous advancement in communication technol-
ogy. Communication technologies, including short-distance
Bluetooth and IoT technologies, such as low-power IoT,
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FIGURE 9. Waveforms recorded in an actual exploration: (a) voltage waveform, (b) current waveform,
(c) voltage transition edge, and (d) current transition edge.

FIGURE 10. Operation flowchart of the master program of the IP
instrument.

Zigbee technology, and low- and medium-speed Wi-Fi
transmission technologies, have been increasingly applied
in geophysical instruments to improve the efficiency
of field exploration and reduce the use of labor and
resources [31]-[34]. In the proposed system, users can
use Android mobile phones to perform remote wireless
control of IP instruments through Wi-Fi. Communication
between the mobile phone and the instrument is based
on the TCP protocol, and the system achieved stable and
reliable data transmission. The instrument receives and
analyzes data from the Android host computer through the
Wi-Fi module, and then performs appropriate actions and
feeds the corresponding data back to the host computer
terminal. The host computer is programmed in Java, and the
software uses the Model-View-Presenter (MVP) design mode
to separate the operation of the pages from the functional
logic; the underlying Wi-Fi control module and the message
delivery module of the software have high reusability, which
allows convenient software upgrade and expansion. A partial
interface of the host computer software is shown in Fig. 11.
Data quality monitoring is considerably important to
improve the quality of data collected in the field and the
reliability of exploration results. We provided two innovative
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FIGURE 11. Partial interface of the host computer (left: Project setting
interface, right: Data display interface during a single resistivity
measurement).

remote data quality monitoring solutions. Fig. 12(a) shows
the schematic diagram of remote monitoring based on the
unique SMS functionality of BDS. It can transmit up to
120 Chinese characters at a time, and has advantages of bidi-
rectional communication and low latency. After encrypting
the message, the sender relays and transmits it to the ground
central service station via a communication satellite. After
receiving the satellite communication command, the central
service station decrypts and re-encrypts the message, and then
transmits it to the receiver by broadcasting via the commu-
nication satellite. Once the receiver decrypts the message,
the receiving and transmitting processes of a message are
complete [35], [36]. In addition, the communication circuit
of the IP instrument, network port to 4G/5G module, and
cloud service platform can be utilized to realize remote
monitoring [37]. Each instrument can transmit relevant data
to the cloud server over 4G/5G network (Fig. 12(b)). Users
can use mobile phones, computers, and other terminals to
monitor the operating status of each instrument remotely and
control the instruments. When there is no carrier network
in some remote environments, a local area network (LAN)
can be constructed to realize long-distance and large-scale
monitoring.
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FIGURE 12. Schematic of the remote monitoring scheme of the IP
instrument: (a) BDS SMS-based and (b) cloud service platform-based.

TABLE 1. Main performance indexes: summary and comparison.

DEVELOPED IP

INDEX IPR-12 OF SCINTREX
INSTRUMENT
. TDIP, FDIP, .
Applicable method Resistivity TDIP, Resistivity
Function Trans'mltter, Receiver
Receiver
Dimension 270x180%x130 mm? 355x270%x165 mm?
Weight 2kg 7.1kg
Noise floor 0.29 uv 50 uv
Maximum input v 14V

voltage

Synchronous mode
Input impedance

Memory size

Data transmission
method

Maximum data
transmission speed
Human—computer
interaction mode

Battery type

Self-synchronization
& GPS

30 MQ

32GB

Wireless (Wi-Fi or
4G/5G)

>16 Mbps

Advanced Android
device

Lithium battery

Self-synchronization
16 MQ

400 dipoles

Wired (Serial port)

57.6 Kbps

Traditional buttons
and LCD screen
Nickel-cadmium
battery

F. PERFORMANCE SUMMARY AND COMPARISON

A comparison of the main performance indexes of the IP
instrument system developed in this study and that of IPR-

12 of Scintrex is presented in Table 1.

V. INSTRUMENT TESTS
A. LABORATORY TESTS

We first investigated whether the transmitter and receiver are
operating normally. During the test, a 20 2 resistor was used
as the transmitter load, and the receiver collects signals at
both ends of the resistor. Fig. 13 shows the waveform drawn
using MATLAB based on data collected when the power
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FIGURE 13. Transmitter waveform for a pure resistive load.

supply voltage is 60 mV and the power supply level time
is 4 s. The figure shows that when a pure resistive load is
used, the operations of the transmitter and receiver are stable,
and the output waveform is ideal without obvious glitches.
This demonstrates that the receiver can accurately collect
the signal, and that the IPM module circuit can effectively
suppress noise and overcome the impact of impulse current
on the acquisition circuit at the moment of switch opening and
closing. Then, we changed the load resistance to polarizable
bodies and conducted several flume experiments. Copper
plates were used as the transmitting electrodes A and B, and
the measured specimens (steel plates or copper plates) were
placed 2-3 cm below the water surface in the middle of the
flume. Platinum nonpolarized electrodes were used as the
receiving electrodes M and N to collect signals from both
ends of the specimen. Fig. 14 shows the time spectrum curves
when steel plates are used as the measured polarizable body.
The figure shows that immediately after turning on the power
supply, the voltage difference rapidly increases to form a
primary field. With the increase in the power supply time, the
voltage difference gradually increases and finally reaches a
stable value of 15 mV. After the power supply has been turned
off, the potential difference of the secondary field rapidly
drops to 5 mV at the instant of power failure, and then the
rate of decrease gradually slows, and the final attenuation
is zero. This indicates stable operation of the instrument
and that it accurately reflects the charging and discharging
characteristics of the polarization phenomenon.

FIGURE 14. IP curves of steel plates in the flume experiment: (a) 4 s level
time of power supply and (b) 8 s level time of power supply.

B. CAMPUS EXPERIMENT
To test whether the instruments are operating normally and
that they are collecting signals accurately in environments

100421



IEEE Access

W. Li et al.: Development of a New Multifunctional Induced Polarization Instrument

with severe interference, we conducted many outdoor exper-
iments in a school campus that has various interference
sources that are worse than in a wild environment. During the
experiments, the transmitting voltage was fixed, the distance
between the receiving electrodes M and N was varied, and the
voltage change of the secondary field was recorded. In one
of the experiments, the ratio of the distance between the
receiving electrodes M and N and the transmitting electrodes
A and B was 1:5. The collected secondary field data were
analyzed and processed in MATLAB; Fig. 15 shows the
attenuation curves of the secondary field. The figure shows
that all the voltage values of the secondary field decrease
rapidly from a large value (a: 40 mV b: 20 mV), and then
gradually approach a smaller stable value (a: ~0 mV b:
5 mV). In Fig. 15(b), the distances between A and B and M
and N are relatively large (AB: 30 m MN: 6 m). The recorded
stable value (5 mV) of the secondary field is smaller than that
in Fig. 15(a) (~0 mV) owing to some strong interference,
which is expected in a field environment. We can further
improve the quality of data acquisition by improving the
transmission power or reducing the distance.

FIGURE 15. Attenuation curves of the secondary field in campus
experiments: (a) 1 m between M and N and (b) 6 m between M and N.

FIGURE 16. Location distribution of each instrument.

C. WIRELESS COMMUNICATION TESTS

To verify the feasibility of the remote wireless communi-
cation solutions, we conducted a long-distance networking
experiment with multiple instruments in the field. The
location distribution of each instrument is shown in Fig. 16.
The red markings in the figure represent the instruments and
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FIGURE 17. Photograph showing the instrument in field experiment.

the yellow marking represents the location of the monitoring
center. Several instruments are located around the monitoring
center at a distance of more than 3 km; the farthest distance
was more than 5 km. We built a LAN using the Wi-Fi
communication function of the instrument and the related
communication equipment as there is no carrier network in
this area. Fig. 17 shows a photograph of the field work. The
bathymetric and joint profile results of one of the lateral
lines obtained by real-time processing of data transmitted
wirelessly from the instruments are shown in Fig. 18. It can be
observed from the bathymetric map that the resistivity can be
clearly divided into two regions, namely low resistivity and
high resistivity, at 280 m. A high resistance concentration
trap can be observed from the high resistance region, with
a center of (330 m, —30 m). The intersection of pA and
pB is found at almost the same location through analysis
of the results of the joint section, and it is concluded that
this location is likely to be the central location of the
anomalous body. In the joint profile, pA > pB when
the measuring line is greater than 330 m and pA <
oB when it is less than 330 m, but the peak resistivity
difference between the two sides is large. Therefore, it is
concluded that there may be an inclined geological body
or lithologic boundary. Experimental results show that our
LAN wireless communication solution can realize real-time
data transmission within a range of 5 km at a speed of
approximately 8 Mbps, which fully meets the requirements
of high-speed data transmission and long-distance real-time
monitoring.

D. COMPARATIVE FIELD EXPERIMENTS

To verify the consistency and reliability of the actual field
results of the developed instruments, we conducted several
additional field experiments. Fig. 19 and Fig. 20 show
the apparent resistivity and apparent polarizability maps
obtained from field experiments conducted using our two
IP instruments and the commercial instrument DZD-6A at
the same location in a suburb of Hebei Province. It can
be observed from the figure that the results of the three
instruments are highly consistent. In fact, the error of
the data measured using our instruments is no more than
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FIGURE 18. Results obtained by processing data in real time: (a) bathymetric result and (b) joint profile result.

FIGURE 19. Comparison of apparent resistivity results: (a) IP instrument No. 1, (b) IP instrument No. 2, and (c) DZD-6A.

FIGURE 20. Comparison of apparent polarizability results: (a) IP instrument No. 1, (b) IP instrument No. 2, and (c) DZD-6A.

0.5% compared with that of DZD-6A, indicating that our
instrument has good consistency and high reliability of
exploration results. Further analysis of the results showed
that the apparent resistivity is low (< 300 €2 - m) in the near
surface area. Furthermore, it generally exhibits an increasing
trend with the increase in the detection depth. When the
detection depth reaches 40-50 m, the apparent resistivity of
the region near the position of 0 m is large; however, a small
lateral fluctuation occurs, and abnormal geological bodies
may be present. The near surface apparent polarizability
is low (<2%), and the maximum value (~5.5%) occurs at
(20 m, 50 m) where abnormal geological bodies may be
present. We preliminarily considered that the area centered
at (20 m, 50 m) may consist of small amounts of metallic ore
because metallic minerals usually exhibit low resistivity and
high polarizability.
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VI. CONCLUSION

A novel multifunctional IP instrument system based on
remote wireless communication technology with advan-
tages of high integration, high data acquisition accuracy,
multi-function capability, compact, lightweight, convenient
operation, and a high degree of intelligence was developed
in this study. We explored the following key technologies in
the system to address the problems found in most existing
IP instruments, namely limited acquisition accuracy, large
size, separate transmitter and receiver, complex human-—
computer interaction, difficult networking, and remote
monitoring.

(1) Circuit design of a high-precision data acquisition
board. The circuits of pre-amplification, low-pass filtering,
single-ended to differential, and analog-to-digital conversion
were designed based on the characteristics of the collected
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signals. The test results showed that the noise floor of the data
acquisition circuit was 0.29 uV.

(2) Design of a filter to reduce the 50 Hz utility frequency
interference. Low-cost operational amplifiers and resistor—
capacitors were used to construct a 50 Hz filter circuit with
a notch filter depth exceeding 40 dB. The circuit can be
used in conjunction with a digital software filter; the 50 Hz
interference can be reduced to 80 dB.

(3) Design of the multifunctional high-power transmitter.
A multifunctional transmitter board was designed and
constructed using an IPM core; the maximum output power
was 6 kW, and it can transmit step waves (time domain) or
rectangular waves (frequency domain) with various frequen-
cies and duty cycles. It was equipped with over-temperature,
over-current, and over-voltage protection circuits to ensure
safety of users.

(4) Master control software design based on Python.
Python was used in this study to develop the master
control program of the IP instrument. A top—down modular
design was adopted, comprising several modules, including
human—computer interaction, system monitoring, wireless
communication, data storage and processing, and transmis-
sion and receiving system control.

(5) Design of the remote wireless communication scheme.
We introduced the IoT technology in the IP instrument.
Users can use Android mobile phones to control the
instrument through a Wi-Fi network, and can use the unique
SMS functionality of BDS or the cloud service platform
to establish remote data quality monitoring of multiple
instruments in a wide area.

The results of multiple experiments demonstrate that
the functions and indexes of the instrument satisfy the
expected requirements. However, it is not currently possible
to acquire multiple channels of data simultaneously because
the acquisition board is a single-channel. In the future,
we will continue to improve and upgrade the instrument,
such as modifying the single-channel data acquisition board
into a multi-channel board to improve the exploration
efficiency and the functions of the transmitter to increase
the transmission power and enhance its anti-interference
capability. Moreover, medical instruments can employ the
low-noise data acquisition circuit developed in this study
to improve the accuracy of weak bioelectrical signal acqui-
sition and medical imaging. The wireless communication
technology proposed in this study provides a reference for
joint work and networking of multiple medical instruments,
thereby enhancing the efficiency of real-time imaging and
intelligence of the instruments [38].
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