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ABSTRACT Semi-airborne electromagnetic method (SAEM) is a geophysical electromagnetic detection
method which places the transmitting subsystem on the ground and the receiver subsystem on the flight
platform. This transceiver configuration has been found to be more efficient than that of the traditional
ground electromagnetic methods while it can get much deeper penetration than the traditional airborne
electromagnetic methods. Therefore, the SAEM has been widely used in mineral, groundwater, geothermal,
and other resources exploration fields. In this paper, we would like to take the most key problems encountered
in the SAEM system design and application as the starting point, and then we focus mainly on reviewing
the progress of the transmitter, sensor, and receiver technology, as well as data processing, modeling, and
imaging methods of the SAEM in China. In particular, the research progress of multi-source SAEMs will be
introduced. Beyond that, two prospecting examples with different SAEM systems will be introduced. Finally,
we will discuss the future of the SAEM in terms of equipment developing, data processing, modeling and

inversion, to promote the research and application in this field to a higher level.

INDEX TERMS Semi-airborne, ground-air, electromagnetic, multi-source, exploration.

I. INTRODUCTION

Electromagnetic method acquires the electromagnetic
transfer function of the earth system by observing the elec-
tromagnetic response excited by natural or artificial sources,
and extracts the distribution information of the electrical
parameters of the earth on this basis [1]. The traditional
electromagnetic observation devices are located on the sur-
face of the earth, and only a few constraints are imposed
on the detection equipment, therefore the detection results
obtained by the traditional electromagnetic methods will
take into account both the large detection depth and the
shallow high resolution. However, the work efficiency of the
traditional methods has been found to be low, particularly in
the desert, the Gobi, mountain, wetland and water network
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dense areas. With the intent of overcoming the limitations of
various topographical and geomorphological conditions, the
Airborne Electromagnetic Method (AEM) was proposed in
the middle of the last century.

In AEM, all of the components of the observation system
will be mounted on a flight platform. In accordance with the
selected method, the AEM can be further divided into two
types: Airborne Transient Electromagnetic (ATEM) and Air-
borne Frequency-domain Electromagnetic (AFEM). In the
early stage of AEM technology, the helicopters had also been
tried as a platform due to its obvious advantages of low-
altitude and low-speed performance, but limited by its load
capacity at that time, the flight platforms used in AEM were
mainly fixed-wing aircraft from the late 20th century to 2000.
In recent years, with the dramatic improvements in perfor-
mance, the helicopter has become the main platform of AEM
(Fig.1). However, due to the dual constraints of the power
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FIGURE 1. Helicopter-borne TEM.

supply and allowable carrying weight of the helicopters,
the maximum detection depth which can be achieved by the
existing AEM systems remains still relatively limited [2]-[4].

Semi-Airborne Electromagnetic Method (SAEM) is a
method which combines the advantages of both ground and
airborne method. SAEM usually deploys the high-power
transmitting system (including transmitter and transmitting
antenna) on the ground, and also uses a flight platform to
carry sensors (induction magnetometer, or search coil) and
acquisition system for aerial observations [1], so as to achieve
a balance between detection depth and work efficiency. There
are also two types of SAEM: Semi-airborne Transient elec-
tromagnetic (SATEM) and Semi-airborne frequency-domain
electromagnetic (SAFEM). Both of these methods have
been applied in mineral resources exploration, groundwater,
geothermal resources exploration, geological mapping, envi-
ronmental monitoring and other fields [5]-[8].

Compared with the traditional AEM, it has been found
that, because the SAEM transmitting system is placed on the
ground, the power and weight of the system are no longer
limited by the power supply and carrying capacity of the
flight platform. Therefore, higher power output can be real-
ized, and thereby larger detection depths can be realized than
that of the AEM methods, meanwhile the flight risk can be
reduced. In addition, due to the miniaturization of sensors
and acquisition systems, and the remarkable improvement in
the performance of low-cost civil UAVs (Unmanned Aerial
Vehicle) in recent years, it has become possible to use the
low-cost civil UAVs to carry SAEM detection system. These
developments will help to further reduce the application and
maintenance costs of SAEM systems; in addition, multi-field
and multi-component observation can be realized based on a
UAV formation, in which each UAV carries different sensors
and forms a tensor of sensors.

Based on the above analysis, Chinese researchers have
basically reached the following consensus in the development
direction of SAEM technology: using low-cost civil UAV as
the carrier platform; using distributed transmitting array to
enhance the total output power of the transmitting system,
and reduce the difficulty of transportation and layout; devel-
oping more portable and flexible sensor and acquisition units;
adopting composite processing methods to mine the data
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FIGURE 2. Configuration of traditional semi-airborne TEM systems
(a) with loop source and (b) with grounded wire source.

potential, and finally achieve efficient and reliable extraction
of underground electrical parameter distribution information.

In this paper, we will review the development of the
international mainstream SAEM technology briefly, and then
elaborate on the key technical difficulties faced by SAEM
in regard to system design, application, and data processing.
Then on this basis, the latest progress in the research and
development of SAEM systems, data processing, and imag-
ing methods in China during the past decade were carefully
reviewed. Finally, we will discuss the future of SAEM in
terms of equipment developing, data processing, modeling
and inversion, to promote the research and application in this
field to a higher level.

Il. ORIGIN OF SAEM SYSTEMS

The world’s first SAEM detection system, Turair, was
introduced in the early 1970s [9], [10]. After 1990s,
FlairTEM [6], [11], TerraAIR [12], GREATEM [7], [13], [14]
appeared. In the early days of the SAEM method and
technology development, closed loops had been used as
the transmitting antenna (Fig.2a). Since the introduction
of the GREATEM system, the long grounded wire source
has also been used as the transmitting antenna (Fig.2b).
The SAEM systems generally utilize the induction magne-
tometer as the sensor to observe the electromagnetic field
of the earth’s response. In the above-mentioned systems,
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FIGURE 3. Common SAEM systems: (a) with helicopter [15] and (b) with
UAV (SAEM system of the Institute of Electrics, Chinese Academy of
Sciences).

because the sensors and acquisition units were still heavy,
the manned helicopters were used as the carrying plat-
forms (Fig.3a). During the subsequent development, with the
increase in the UAV’s carrying capacity, and the further opti-
mization and weight reduction of the sensors and acquisition
units, it was determined that the observation systems can also
be carried by UAVs (Fig.3b).

The Turair System is considered to be a pioneer in the
field of SAEM detection systems. The Turair system was
developed by Scintrex Company, and carried out extensive
exploration work in the 1970s and 1980s. The Turair is a
SAFEM system, which utilized closed loops as transmitting
antenna. The typical size of the loop was 2 km x 4 km
(based on a special device which can feed out more than
20 km of wire continuously), and the base frequencies were
200 or 400 Hz (with other frequencies also adopted). It was
generally powered by a 15 kW generator, and the transmit-
ting current range was 4-10 A. The Sensor system consisted
of two horizontal coplanar and/or two vertical coaxial
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air-core coils, which were rigidly mounted 2.2 m apart in
the sensor pod (Bird). The Bird was connected to the aircraft
using a pull cable, and was maintained 30 meters below
the aircraft under normal operating conditions. The Turair’s
observation was the ratios of the field strength and the phase
difference of the alternating magnetic field at the towed coils.
The sensitivity of the system was 0.1% strength ratio and 0.1°
phase difference, respectively.

The FlairTEM system was developed by the Elliott
Geophysics International Pty Ltd., and was considered to
be the time-domain version of Turair [16]. The FlairTEM
System was based on Zonge’s ground-based electrical equip-
ment, and carried out aviation adaptability upgrades and
improvements to meet the needs of SAEM detections. The
FlairTEM system used the Zonge’s transmitter to transmit
the square wave in 1 to 32 Hz with a duty cycle of 50%. The
maximum power which the system can reach was 25 kW. The
size of the loop was generally in the kilometer class, such as
6kmx2km. The receiver used the Zonge GDP 32, and the
sensor was a coil with an iron core with an effective area of
10000 m>. The Receiver typically used three channels, two
of which received the Z and X components of the magnetic
field, and the third one received the radar altimeter data. The
bird was carried by helicopter, and a height of approximately
50 m from the surface was maintained during flight.

The TerraAir system was developed by Fugro and was a
SATEM system which has adopted the EM-37 transmitter
of Geonics and the receiving system of GEOTEM (Fugro).
The TerraAir system also used closed loops as transmitter
antenna, the typical size of the loop was lkmx lkm. The
typical transmitter current was 5.25 A with a corresponding
turn-off time of 278 us. The sampling rate of the receiver was
more than 20 kHz, and the receiver worked continuously and
did not synchronize with the transmitter.

The GREATEM (Grounded electrical-source airborne
transient electromagnetic) proposed by Hokkaido University
of Japan, and was considered to be an airborne version of
the Long Offset Transient Electromagnetic (LOTEM) [13].
GREATEM utilized a generator (60KW, 440V) to supply
power to the transmitter (Chiba electronics, maximum out-
put 500V, 50A). The typical transmitting current was 24A.
The transmitting waveform was a bipolar square wave with
the duty cycle of 50%, and its transmitting base frequency
was 0.625Hz. The GREATEM utilized two types of Bird:
the Namazu-Type, which was suitable for deep exploration
and was suspended by a manned helicopter; and the Unagi-
Type, which was suitable for shallow observation and can
be suspended by a heavy unmanned helicopter. In addition
to a three-axis induction magnetometer, there were other
devices installed in the bird. These included a fiber optic
gyroscope for the observation and recording of the bird’s
attitude in the air; a magnetoresistance sensor for observation
and recording flying direction of the bird; a GPS; and a
battery. The data recording system (12.5 kHz, 16-bit ADC)
was mounted on the flight platform, and included a data
control PC, a high-precision synchronous clock and so on.

VOLUME 7, 2019



X. Wu et al.: Development and Applications of the Semi-Airborne Electromagnetic System in China

IEEE Access

In addition, a three-axis loop was used to observe natural and
human noise on the ground.

In recent years, with the support of the DESMEX project
(Deep Electromagnetic Sounding for Mineral Exploration),
a number of research institutions and enterprises in Germany
have jointly developed a new SAEM system [17], [18].
Although the newly developed system has inherited some
techniques of LOTEM, it is considered to be a SAFEM sys-
tem. The reason for choosing frequency domain processing
is that it is relatively easy to remove harmonic noise, and also
has more flexibility in the selection of the signal frequencies
which are least affected by system motion. As a result, a better
signal-to-noise ratio can be obtained. The typical transmit-
ter current is 20 A, and the base frequency is 10.41 Hz.
A Metronix ADU-07 acquisition unit is used to record data
with the bandwidth from 1 Hz to 10 kHz. The system also
utilizes helicopters as the flight platforms and a tube-shaped
bird to carry the sensors. There are two types of sensors,
one is a combination of fluxgate and induction coil sensors
(in-flight noise level of a few pT), and the other is SQUID-
based magnetometer. The system adopts a high precision GPS
synchronization strategy to realize synchronous observation
and recording of the transmitter current and magnetic field
response. An Inertial Navigation System (INS) is used to
record the motion and attitude of the bird; and the Inertial
Measurement Unit (IMU) of the INS is used to record the
orientation angles and the angular velocity of the bird.

Ill. ANALYSIS OF TECHNICAL DIFFICULT IN SAEM
Through the long-term tracking and analysis of the SAEM
technology characteristics, Chinese researchers have come
to widely believe that developing the SAEM method and
technology is more suitable for China’s national conditions.

Due to the aerial observation mode, the difficulties which
have been encountered in the design and application of
SAEM have been different from those of the traditional
ground methods. In order to move forward, some of those
problems need to be resolved at the hardware level, while
other problems require method and processing solutions,
as detailed in the next section:

(1) As an aerial observation method, the requirement of the
carrying capacity of the onboard portion does not factor in
the traditional ground method. The performance parameters
of the inductive magnetometer (slope and linear bandwidth
of the sensitivity curve, and output noise level) are directly
related to the geometric parameters of the coil, material
parameters, and the fabrication process. Therefore, if the
performance of the sensor is to be optimized by adjusting the
above parameters, the weight of the sensor will often increase
at the same time. In addition, the realization of airborne carry-
ing requires certain structural components, whose weight will
occupy the available weight resources of the system, thereby
counteracting the optimization of the system performance.
These issues indicate that under the condition of limited
available weight, the processes of improving the performance
of the SAEM systems through correlation optimization based
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on geometric parameters, material parameters, and the fabri-
cation process will be much more complex than those of the
traditional ground system.

(2) During SAEM detection processes, the survey line
often needs to cross the near zone, the transition zone, and
the far zone, and the approximate boundary points of those
zones on the survey line tend to vary for different signal
frequencies. When the observation position is in the far zone
for the entire signal bandwidth, then the Z component mag-
netic field sensor could be an ideal choice. However, when
the observation position is continually approaching to the
transmitting wire along the survey line, the observation signal
will first increase, then weaken, and subsequently completely
disappear when the system crosses over the transmitting wire
(similar to Zero Position). Alternatively, if an X-component
magnetic field is observed, the signals will increase as the
transmitting wires are approached until the maximum is
reached, at which point the system will leap over the cable.
This phenomenon in which the wavefront vector of exciting
electromagnetic field changes along the survey line has been
found to be a major challenge for the SAEM detections, both
in the frequency domain and time domain.

(3) In order to minimize the interference of the flight
platforms during aerial observation, it is necessary to observe
the disappearance distances of the electromagnetic noise
of the flight platforms before carrying begins. This allows
for the minimum distance between the sensor and the flight
platform to be ascertained. Based on the existing tests, it is
found that in order to minimize the interference of elec-
tromagnetic noise from the flight platforms, it is necessary
to increase the distance between the sensor and the flight
platform to several meters. However, under this condition,
a certain size of the carrier structure of sensor is required
to meet the requirement of disappearance distance of plat-
form EM noise. In Helicopter-borne Transient electromag-
netic systems (HTEM system, such as SkyTEM and VTEM),
the transceiver structure is mounted under the platform in the
form of soft connection to reduce the propagation of aircraft
vibration to the transceiver structure. Taking VTEM-Plus as
an example, the weight of its transceiver structure is about
500 kg, the diameter of transmitter loop is 28 meters, the main
pull cable is Kevlar material, about 40 meters (considering the
disappearance distance of platform EM noise). The speed of
the helicopter is normally 90 km/h, when the system enters
the working flight state, the huge inertia can ensure that the
transceiver structure can be relatively stable. For the SAEM
system using UAV, because the available load of the existing
civil UAV is only about 10 kg, its maximum speed can only
reach 10 km/h after the loading of the SAEM system. Under
these conditions, if a soft connection structure is used like
in HTEM systems (we have experimented), the sensor will
be very susceptible to the near-surface turbulent, resulting in
severe shaking, thus introducing additional motion-induced
noise in the data. But if the carrier structure of the sensor is
installed on the platform in the form of hard-links, a large and
hard-linked carrier structure of the sensor will increase the
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FIGURE 4. Composition of the SAEM system developed by Jilin
University [22].

difficulty of takeoff and landing for the system. Therefore,
some new techniques are required in order to carry out more
effective airborne system operations and optimize the noise
performance of the entire system. This issue has become very
important and urgently require solutions.

(4) One of the main advantages of the SAEM method is
the use of the ground-based high-power transmitter. However,
this has resulted in the size and weight of the transmitter
system becoming very large, even requiring special vehi-
cles to load and transport. In many underdeveloped areas,
the observation area is complicated by difficult terrain con-
ditions, which has resulted in poor traffic conditions, and
the transmitter vehicles sometimes have difficulty in reaching
the preset transmitting location. In addition, the deployment
of transmitting cables still mainly relies on manual work.
When a large transmitter electrode spacing is required, or the
ground conditions are complex, the deployment efficiency of
transmitting wire will become the bottleneck restricting the
efficiency of the entire survey. This indicates that although
SAEM transmitter can able follow the relevant technology of
traditional ground method, the manner in which the transmit-
ted signal is enhanced (by increasing the transmitter power
and expanding the spacing of transmitter electrodes) may
limit the applications of the SAEM systems under certain
conditions.

IV. SAEM HARDWARE TECHNOLOGY IN CHINA

Tracing the above difficulties, since 2010, Jilin University [8],
Chinese Academy of Sciences [19], Chengdu University
of Technology [20], and Chang’an University [21] and
other research institutions led the development of SAEM
related technologies under the support of national and local
projects. Jilin University has carried out research and devel-
opment projects related to SAEM system (Fig.4), focusing
on the optimization and development of sensors and trans-
mitters, flight noise suppression and SAEM rapid imag-
ing methods. Also, the Chinese Academy of Sciences has
developed a SATEM system (Fig.5), focusing on the design
and development of smart and low-noise sensors as well as
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FIGURE 5. Composition of the SAEM system developed by the Chinese
Academy of Sciences [19]. The UAV (Tianxiang V-750) showed in this
figure was reconstructed from a two-seat helicopter.

high-stability transmitters. The Chengdu University of
Technology has carried out SATEM system research and
development and data processing research. Chang’an Uni-
versity proposed a new SATEM method based on distributed
transmission technology (multi-source), and carried out
research studies related to the fast-imaging method based on
multi-source technology. These research efforts have greatly
promoted the development of SAEM method and technology
in China.

A. TRANSMITTER TECHNOLOGY

How to ensure that (1) the amplitude of the transmitter current
pulse is large and constant, (2) the waveform is stable and
distortion-free, and (3) the transmitter is small and light, have
become the central problem of high-performance transmis-
sion technology in recent years [23]. Xue et al. [24] designed
a current stabilization controller based on the pulse width
modulation circuit (PWM), which effectively suppressed the
error of current stabilization control below 4%, and restrained
the load change caused by grounding load capacitance.
Shi et al. [25] introduced the transmission line model for the
purpose of solving the problem of current waveform distor-
tion during the early phase of the current turn-off for long
grounded wire sources, which can be used as a theoretical
guide for the design and implementation of the minimum cur-
rent turn-off duration for transmitters. Also, in order to solve
the problem of poor performance for the existing electrical
source transmitters when outputting high frequency signals,
Zhen and Di [26] proposed a dual transmitter system which
had the ability to overcome the limitation of the parasitic
inductance of the power supply lines, and also improved
the high-frequency transmission capability of the transmitter
using the parasitic inductance effect. In another related study,
the high-frequency transmission capability of the transmitter
was effectively improved by Li ef al. [27], who had adopted
a solution based on capacitive compensation technology in
order to offset the inductive effects of loop conductors.
Geng et al. [28] took the constant-current transmission con-
verter as their research object, designed the circuit topology
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of the converter in detail, and then proposed a new model
reference adaptive proportional integral (PI) control algo-
rithm, which effectively eliminated the current rise overshoot
and made the descent edge more linear. In addition, in order to
solve the heat dissipation problem of high-power transmitters,
Xue et al. [29] analyzed the characteristics of striped radiators
and fan radiators, and obtained the engineering calculation
expression of the Nusselt number and the design process of
air-cooled heat dissipation. As a result, the rises in tempera-
ture of the 40 kW transmitter could be controlled within the
range of 20°C~40°C under general working conditions.

B. SENSOR TECHNOLOGY

Since the technology of non-contact electric field sensor
(capacitive electrode) is not yet fully mature, the induc-
tion magnetometer (IM) is still mainly used in the existing
SAEM system. Considering the need to carry the sensors
on the air, the IM sensor technology for SAEM systems
is mainly focused on achieving the characteristics of light-
weight, miniaturization and low noise. Yan et al. [30] put
forward two schemes for IM optimization as follows: 1) opti-
mizing the coil parameters when the size of the core is
known; 2) optimizing the parameters of the core and coil
when only the maximum allowable size of the sensor is
known. Duan and Luo [31] introduced the Backtracking
search algorithm (BSA) into the optimization of IM, and
proposed the adaptive BSA (ABSA), the probabilities of
crossover and mutation are varied depending on the fitness
values of the solutions to refine the convergence perfor-
mance, and thereby the optimization problems are effectively
solved. Liu et al. [32] designed and optimized the IM sen-
sor ultralow noise preamplifier with linear bandwidth from
0.1 Hz to 10 kHz, and the optimized IM sensor noise level
was 1pT/,/Hz @ 1Hz and 1.5 fT/,/Hz @ 2 kHz, with a total
weight of only 1.5 kg. Also in the frequency range of 0.1 Hz ~
10 kHz, Shi et al. [33] perform IM sensor optimization under
given noise equivalent magnetic induction and sensor size
conditions, analyze the transducer model; the equivalent input
voltage and current noise of the n-paralleled dual Junction
Field-Effect Transistor (JFET) differential preamplifier used
in sensor were calculated and optimized, and the optimal
sensor configuration was obtained considering the minimum
outer diameter limit of the sensor. Shi et al. [34] further
optimized the weight of the sensor under specific noise con-
straints. Yuan et al. [35] designed a three-component IM sen-
sor for the specific needs of the SAEM method, and proposed
to reduce the signal distortion by using the underdamped
matching mode; through the low noise design of the amplifier
circuit, the noise level of the sensor was effectively reduced.
The three-component IM sensor proposed in this study has a
total weight of 3.2 kg and a working bandwidth of 0.1 Hz
to 10 kHz, which has been used in practical observations.
In addition, Qu et al. [36] carried out the theoretical study of
the optically pumped magnetometer as the sensor of SAEM,
which laid the foundation for the follow-up work.
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C. RECEIVER TECHNOLOGY

The data acquisition technology which has applied to SAEM
systems is relatively mature, and mainly emphasizes the large
dynamic, low noise and light miniaturization. For the purpose
of debugging and calibrating SAEM receiver, Gao et al. [20]
first studied the characteristics of SAEM signals, using the
field programmable gate array (FPGA) as the main controller.
Then, based on the SOPC technology, referred to as the
Niosll softcore, the simulation output of the SAEM signal was
realized, and a test device dedicated to the SAEM receiver
was developed in combination with the PC and the DA circuit
in order to meet the requirements of the SAEM receiver test
and calibration.

V. SAEM METHOD RESEARCH IN CHINA

When comparing with the hardware technology, which began
in 2010, the research regarding the SAEM theory, method
and data processing had begun in China in the 2000s [37].
In recent years, with the completion of many SAEM pro-
totypes in China, a number of new research results have
emerged under the impetus of a large amount of measured
data.

A. DATA PROCESSING

Jilin University equipped the SAEM prototype on a small
unmanned airship [8], in order to achieve low-cost, high-
reliability testing and application. To overcome the baseline
drift problem during flight, Wang et al. [38] introduced a
wavelet analysis method based on the multiresolution anal-
ysis, in which a sym8 wavelet with 10 decomposition levels
was used, and the approximation at level-10 as the baseline
drift was obtained, so the corrected signal was then resulted
by removing the estimated baseline drift from the original
signal. To suppress the stationary noise and part of the non-
stationary noise (such as sferics noise, aircraft engine noise
and other human-related electromagnetic noises) entering the
SAEM observation, Ji et al. [39] introduced a composite
noise suppression method based on wavelet threshold method
and exponential adaptive window width-fitting: the wavelet
threshold method is used to remove the white noise in the
data to the maximum extent, and then the data is segmented,
and the decay curve features are picked up in each data
segment, and the non-stationary noise is identified and elim-
inated. Based on this method, Li et al. [40] improved the
processing details and applied them to the relevant detec-
tion tasks of Huaiyin-Shengshui fault. Motion noise is an
important type of noise in airborne electromagnetic detec-
tion: the observation coil moves in the geomagnetic field,
which leads to the change of the magnetic flux in the coil
due to the inhomogeneity of the geomagnetic field, and the
induced electromotive force (EMF) is considered to be the
motion noise. In order to overcome the motion noise, amount
of research have been done [41]-[43]. In order to elimi-
nate the influence of motion noise in SAEM observation,
Liu et al. [25] introduced the Ensemble Empirical Mode
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Decomposition (EEMD) method to decompose the data into
several Intrinsic Mode Functions (IMFs), and the motion
noise will be separated from the useful signal at different lev-
els of IMF. In another related study, Wu et al. [46] proposed
a method based on the wavelet neural network in order to
overcome the influence of high-frequency motion noise. This
method was originally proposed for helicopter-borne TEM
data, however, since SAEM observation data sometimes also
contain the same phenomena, and the method has now also
been introduced into the processing of SAEM data.

B. MODELING AND IMAGING

During the early stage of SAEM technology development,
it was necessary to provide theoretical support for hardware
system design, field methods, data processing and inver-
sion through the forward modeling process. Ji et al. [47]
carried out a one-dimensional SATEM forward modeling
based on electrical sources, and used the research results
to discuss the influence of the observation point elevation
on the response results, and verified the discussion conclu-
sions through field observations. Kang et al. [48] carried
out one-dimensional forward research for SAFEM, which
also used long grounded wire as the transmitter antenna.
Through the forward modeling, the effects of parameters such
as anomaly resistivity, anomaly burial depth and thickness,
transmitting and receiving offset, the elevation of observation
points on detection results were discussed, which laid a strong
data foundation for the subsequent system design. Based
on the above research, Liu et al. [49] developed a three-
dimensional forward method based on combined mimetic
finite volume and rational Krylov subspace, which is more
efficient in discretization of Maxwell equations than the
traditional method using the implicit time-stepping strategy,
so these research results lay a good foundation for the SAEM
three-dimensional inversion.

At the present time, a large amount of data and low com-
putational efficiency are the main causes of the restriction
in the development of SAEM three-dimensional inversion.
In regard to the field data, the imaging and one-dimensional
inversion are mainly used to extract the distribution informa-
tion of the underground electrical parameters. Based on the
horizontally layered model, Zhang et al. [50] carried out the
SATEM response forward modeling, and the definition of
the full zone apparent resistivity for the SATEM method was
proposed and then tested on two typical geoelectric models.
Based on the above-mentioned research, Qi et al. [51] fur-
ther proposed the definition of the Y-component full zone
apparent resistivity for SATEM. The long grounding wire
source is also used here, and the grounding wire direc-
tion is defined as the X direction, and the direction per-
pendicular to X on the horizontal plane is defined as Y
direction in their research. The definition of the appar-
ent resistivity of the whole region proposed in this study
is not limited by the early and late decay curves, nor is
it related to the transceiver offset, and the reliability of
the proposed definition was confirmed using field data.
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Differing from the above-mentioned apparent resistivity-
based imaging methods, Li et al. [21], carried out the inverse-
synthetic aperture imaging for SATEM, proposed a Kirch-
hoff migration imaging method suitable for SATEM virtual
wave field and used the correlation superposition technol-
ogy to achieve the synthesis of multi-point data in the aper-
ture. On this basis, an inverse-synthetic aperture processing
method with multiple point-by-point coverages was devel-
oped, and has been confirmed that this method had the ability
to achieve higher anomaly resolution using field data.

C. MULTI-SOURCE SAEM

In the previous discussion, we have seen that the existing
SAEM system generally uses a high-power transmitter. There
are compromises between the design and application: in order
to achieve a deep detection, it is necessary to increase the
transmission power as much as possible. However, the high
transmission power will lead to a large increase in the volume
and weight of the transmitter, which results in great diffi-
culties in transportation and deployment, even impossible in
some region. To solve this problem, Zhang et al. [52] pro-
posed a SATEM method based on multi-source that is, using
small- or medium-sized transmitters to form a distributed
transmitting array, so as to realize large-area and large-depth
detection on the basis of miniaturization of equipment, and
a multi-component full zone apparent resistivity definition
for multi-source SAEM is further proposed. On this basis,
Zhang et al. [53] derived the formulas for calculating the
vertical apparent conductance and apparent depth of multi-
source SATEM, thus established a fast imaging algorithm
for multi-source SATEM. Based on the imaging algorithm,
Zhao et al. [54] further developed a one-dimensional Occam
inversion study of multi-source SATEM. Compared with the
above multi-source SATEM research, Zhou et al. [55], [56]
they proposed a multi-source SAFEM method. By studying
the interaction between adjacent sources, they focused on
solving the problem of field installation of multi-source trans-
mitter system, and verified the feasibility of the multi-source
SAFEM method through experiments. On this basis,
Zhou et al. [57] proposed a tensor-tipper real induction vector
divergence detection method to improve the detection accu-
racy of the SAFEM system for three-dimensional objects
based on a pair of orthogonal electrical sources, and the
advantages and feasibility of this method have been proved
by field experiments.

VI. SAEM APPLICATION IN CHINA

The earliest SAEM application report in China was in 2013,
two applications were carried out by Ji et al. [8] from Jilin
University using the SATEM system developed by their
team. In early 2012, the seawater intrusion detection was
carried out in Rudong County, Jiangsu Province. A long
grounded wire source with a pole distance of 1.5 km was
used with the transmitter current of 14A. The Z component
magnetic field response was observed using an unmanned
airship as the carrying platform. The coil effective area
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FIGURE 6. The layout of the transmitting source and survey lines.

was 20,000 m?, the bandwidth was 2 kHz, and the cruis-
ing height of the system was 30 m. The resistivity pro-
file is obtained by processing the detected data. The trend
and path of seawater intrusion are judged by analyzing the
resistivity variation of the profile. The results are in good
agreement with the existing hydrogeological data. In addi-
tion, in September 2012, the system carried out groundwater
resources exploration work in Bayanbaolig Basin of Xilingol
League, Inner Mongolia, to clearly outline the basic form of
the aquifer.

After several years of development, the system was able
to support both time domain and frequency domain meth-
ods. The time domain transmitting base frequency includes:
3.125Hz, 6.25Hz, 12.5Hz, 25Hz, etc., and the frequency out-
put frequency range is 0.01~8192Hz. The maximum output
power of the transmitter is 100 kW and the maximum output
current is 68 A. The multi-rotor UAV is used as the carrier
platform, and the flight duration is more than 30 minutes.
The Z-component magnetic field response is observed by
the inductive magnetometer. The coil is 10-20 m below the
UAV, weighing 3 kg, and the effective bandwidth is 0.1 Hz-
10 kHz. At present, the system has been applied successfully,
such as Xue et al. [58] applied the system to carry out the
investigation and detection of goaf and underground cavities.
The investigation area is located in Yeshan County, Jiangsu
Province, with the aim of detecting abandoned underground
mining tunnel network. The average elevation of the local
surface is 100 m above sea level, and the buried depth of the
goaf and underground tunnel is between 70 m and 150 m.
As shown in Fig.6, 36 surveying lines were designed with
the line length of 350 m and line spacing of 10 m. A long
grounded wire was used as the transmitter antenna with a pole
distance of 1230 m. The results are shown in Fig.7: two 1-D
inversion slice maps at 7 m and -10 m above sea level, which
is the approximate depth of the known underground tunnel.
The inversion slices show that there is a high correlation
between the high resistance area and the tunnel network,
which proves the effectiveness of this method in detecting
underground goaf.
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FIGURE 7. Slice maps of inversion result at 7 m and -10 m above the sea
level and the tunnel networks.

The Chinese Academy of Sciences has carried out SATEM
system research and development since 2013 with the support
of national projects, and carried out exploration in 2017 at the
Lianhuashan Iron Mine in the Changyi-Anqiu metallogenic
belt in Shandong Province [19]. In this survey, 12 surveying
lines were deployed, with a line length of 3 km, line spacing
of 200 m, and the total survey area of 6.6 km?. A grounded
wire source was used with the pole distance is 2.7 km,
the transmitter current is 20 A, and the base frequency is
6.25 Hz. The inductive magnetometer was used for three
components observation. The Z component coil resonance
frequency was 9.7 kHz, and the resonance frequencies of the
X and Y component coil were both 29.5 kHz. The receiver
sampling rate is 48 kHz, dynamic range > 120 dB. A large
single-rotor UAV modified using a small manned helicopter
equipped with receivers and sensors, cruising altitude is
about 100 m (limited by surface conditions), and the cruising
speed is about 15 m/s. The data was processed and the one-
dimensional inversion was carried out to obtain the inversion
profile of each profile. Taking the 500-meter section in the
middle of line 6 as an example (corresponding to the known
geological area), as shown in Fig.8(a), the underground
structure of the section is approximately layered: the first
layer is a Quaternary overburden with a thickness of about
50 m, and the main components are clay and gravel-bearing
clay. The second layer is biotite granulite and garnet-bearing
biotite granulite, this layer is slightly inclined, the thickness
of this near the borehole ZK57 is about 160 m, and near the
borehole ZK54 is about 210 m. There are many layers of ore
bodies interpenetrating at the bottom of this layer. The third
layer is a granite body. The boundary between the third and
the second layer is clear, and the rock mass generally presents
the trend of high in the north and low in the south. Fig.8(b) is
a one-dimensional inversion profile, in which the resistivity
changes show a four-layer structure. The layer interfaces are
approximately 50 m, 130-150 m and 200-250m, which are in
good agreement with the geological data shown in Fig.8(a).
In recent years, the R&D team has been upgrading the system
focusing on solving the problem of light and miniaturiza-
tion. At present, the system can be also carried by a small
multi-rotor UAV to carry out engineering exploration tasks.
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FIGURE 8. Geological and resistivity section along the exploration line 6:
(a) Geological section and (b) resistivity profile.

VII. PROSPECTS FOR SAEM IN CHINA

With the development of application requirements, the
research regarding SAEM method technology has become
more in-depth, and now reflects the following development
trends:

A. HIGH-FREQUENCY SAEM METHOD AND TECHNOLOGY
Due to the current demands, the SAEM method has been
introduced into the development and construction of urban
underground space, monitoring and maintenance of under-
ground facilities, soil pollution detection, disaster prevention
and mitigation and other fields. These types of requirements
have mainly involved the underground space from O m to
100 m, and have emphasized high-resolution in the detection
results. Therefore, it has become necessary to expand the
frequency range of the traditional SAEM, for example, to
1 kHz ~ 1 MHz. Obviously, when the frequency range is
raised to such high levels, the response law of the electromag-
netic field will not completely satisfy the assumption of the
diffusion equation, but enter the transition section between
diffusion equation and wave equation [59]. How to solve the
problem of electromagnetic detection considering the effect
of displacement current, break through the limitation of the
existing theoretical framework, and realize the fine detection
at the depth range of 0 m to 100 m without any blind zone,
S0 as to better meet the needs of engineering detection, espe-
cially within urban areas, is one of the important directions
of SAEM technology development.

B. MULTIDIMENSIONAL INVERSION BASED

ON DEEP LEARNING

At the present time, some difficulties still exist in the
multi-dimensional inversion of airborne electromagnetic
sounding data by traditional methods. The main reasons are as
follows: (1) the calculation time is long; and (2) the subjective
regularization problem exists [60].

For these reasons, some researchers have begun to try to
introduce the deep learning methods mainly based on the
following considerations: (1) comparing with other meth-
ods which take the time of data acquisition completion as
the starting time point of the processing, while the deep
learning methods move the main working time to the net-
work training process at ordinary times. After completing
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the training, the well-trained networks can be used to data
processing (predict), which requires only one forward prop-
agation, so the processing speed will be very fast. (2) since
the deep learning approaches are end-to-end, data-driven
approaches which minimize human assumptions and process
interventions, the objectivity of the process will be signifi-
cantly improved. (3) Based on the memory of the network,
the data collected from multiple sources can be introduced
to train the network, and makes the network more “savvy”
(better generalization performance), and the applicability and
reliability of the results can be continuously improved. Build-
ing suitable neural network structures for solving SAEM
multi-dimensional inversion problems has attracted a lot of
academic attention and become another important direction
for the development of SAEM technology in China.

VIil. CONCLUSION

The SAEM method utilizes the high-power transmitter to
improve the detection depth, and the aerial receiving to
improve the detection efficiency. The SAEM method is an
efficient and large-depth electromagnetic detecting method
which combines the advantages of both ground and airborne
methods, and is widely used in the field of resource detection,
such as minerals, groundwater and geothermal.

The research regarding SAEM methodology and technology
in China started late and lagged behind the international
advanced level for some time. In recent years, although
remarkable progress has been made in the fields of SAEM
system design, hardware development, and data process-
ing and imaging methods, a large number of problems
remain unsolved, therefore, the degree of marketization of
the developed systems still remains low. In the future, with
increased demand, new methods and technologies (such as
high-frequency SAEM) will be studied, and the deep learn-
ing method will be introduced into the three-dimensional
inversion of data to achieve the fast, objective and strong
generalization extraction of underground information. It is
hoped that the introduction of this paper will further promote
the research and application of SAEM technology, which
could potentially provide more powerful technical means for
mineral resource exploration and engineering construction.
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