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ABSTRACT The central and western regions of China have appropriate conditions for mining development,
but there are many deserts, swamps and forest-covered areas in this vast land. As a result, the traditional
on-ground methods are difficult to carry out efficiently in these areas. The airborne transient electromagnetic
method can implement detection over large areas rapidly and efficiently, and play an important role in
terms of resource and environment detection. In recent years, two Helicopter-borne Transient electromag-
netic (HTEM) systems, CHTEM-I and CAS-HTEM, were developed in China. In this paper, the difficult
issues in the development of HTEM hardware and software will be analyzed, firstly. By tracing the specific
technical paths to solve these difficult issues, the latest research achievements in the development process
of CHTEM-I and CAS-HTEM will be expounded. Finally, we would like to briefly discuss the research and
development direction of HTEM technology in China to promote further development of the research and
application of this technology.

INDEX TERMS Helicopter, transient electromagnetic, system design, data processing, exploration.

I. INTRODUCTION
The Airborne Transient Electromagnetic (ATEM) Method is
a geophysical electromagnetic prospecting method, whose
devices are mounted on a flight platform. As shown in Fig.1,
the primary field is transmitted toward the earth using a
transmitter loop suspended on the flight platform, and excites
the eddy current in the earth’s interior. The decay of the eddy
current excites a new electromagnetic filed (secondary field),
and the subsurface structure will be detected by observing
the secondary field [1]. An ATEM system mainly includes
the transmitter, receiver, sensor and platform. Because of the
flight measurement, the ATEM can effectively overcome the
constraints of the terrain and geomorphological conditions,
and efficiently and accurately obtain the information of the
subsurface structure. The ATEM method has been widely
applied in the exploration of mineral, groundwater and other
resources [2]–[5].
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In accordance with the selected platform, the ATEM can
be further divided into two types: fixed-wing aircraft-borne
Transient Electromagnetic (FTEM) and Helicopter-borne
Transient Electromagnetic (HTEM). Due to the strong load
capacity and large power supply, the fixed-wing aircraft grad-
ually became the main choice of the ATEM system platform
in the 1970s, and this situation lasted until about 2000. Since
then, with the change in the international market condition of
aviation geophysical prospecting and the remarkable devel-
opment of the helicopter technology, the HTEM began to
replace the FTEM as the mainstream solution of the ATEM
system.

At present, the international mainstream HTEM systems
(VTEM, SkyTEM,HeliTEM, etc.) have shown the features of
multi-model serialization that takes into account the needs of
deep and shallow exploration. The initial design trend of the
VTEM system (Fig. 2a) of Geotech Ltd. is the large transmit-
ter moment [6]. In 2011, the performance of early response
detection was improved using system response correction for
existing models, which so were upgraded to the ‘‘full-wave’’
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FIGURE 1. Schematic diagram of the ATEM method.

system [7]. In 2016, a new model VTEM ET system was
further developed [8], which compressed the turn-off time
from 1.3 ms to 500 µs, and increased the sampling rate from
192 kHz to 864 kHz. The pulse width and the amplitude of the
transmitter current waveform can also be adjusted according
to specific needs, so as to further enhance the ability of the
VTEM series to detect the shallow target.

FIGURE 2. The international mainstream HTEM systems: (a) VTEM,
(b) SkyTEM and (c) HeliTEM.

SkyTEM system (Fig. 2b) was developed with the sup-
port of the Danish national project to solve the problem of
underground freshwater detection, so its original design goal
was to enable shallow high-resolution detection [9]. SkyTEM
is a dual magnetic moment system, which can change the
number of turns of the transmitting coil through a special
circuit, so that the system has a low moment mode (LM) and
a high moment mode (HM). In order to improve the deep
detection ability, the SkyTEM has further enhanced the peak
moment of the HM mode. At present, the peak moment of
the HM mode of the model SkyTEM-516 has reached about
1 MAm2 [10], which is close to the peak moment of the
former Fugro Company’s FTEM system MEGATEM.

CGG’s HeliTEM system (Fig. 2c) followed the relevant
technologies of the former Fugro Company’s FTEM systems,
and its original design goal was also to achieve a large detec-
tion depth. In 2013, the Multi-Pulse technology [11] was
introduced, and a short pulse with relatively low amplitude
will be transmitted complementary at the end of the off-time
period. This short pulse will increase the bandwidth of the
entire transmitting signal and significantly improve the shal-
low detection capability of the system.

The central and western regions of China have appropri-
ate conditions for mining development, but there are many
deserts, swamps and forest-covered areas in this vast land.
As a result, the traditional on-ground methods are difficult
to carry out efficiently in these areas. The ATEM equip-
ment and technology are urgently needed. In recent years,
with the support of national projects, the Aero Geophysical
Survey & Remote Sensing Center of Ministry of Land and
Resources (AGRS), Jilin University, Chinese Academy of
Sciences (CAS) and many other units have carried out the
key technology research and system development, and two
HTEM systems, CHTEM-I and CAS-HTEM, were devel-
oped in China. In this paper, the difficult issues in the
development of HTEM hardware and software will be ana-
lyzed, firstly. By tracing the specific technical paths to solve
these difficult issues, the latest research achievements in the
development process of CHTEM-I and CAS-HTEM will be
expounded. Finally, we would like to briefly discuss the
research and development direction of HTEM technology in
China to promote further development of the research and
application of this technology.

II. DIFFICULTY ANALYSIS OF HTEM SYSTEM DESIGN
Generally, the earth is assumed to be a linear time-invariant
system in transient electromagnetic (TEM) method [1]. Here,
assuming that impulse response of the earth is g(t), the func-
tion of the transmitting current pulse is I (t), the induction
magnetometer (IM) is used as sensor for observation of earth
response, and the system functions of sensor and receiver are
hS (t) and hR(t), respectively. The observed TEM signal is
recorded as V (t) and can be expressed as [1]:

V (t) = −ST · SS · g (t) ∗
dI (t)
dt
∗ hS(t) ∗ hR (t)+n(t) (1)

where ST and SS are the effective area of the transmitter loop
and the induction magnetometer, respectively, dI (t)/dt is the
derivative waveform of the transmitting current pulse, n(t) is
the noise.

To achieve large detection depth, the transmitting end
(transmitter+ antenna) is required to provide a largemoment,
while the receiving end (receiver + sensor) is required to
reach a low noise level as possible. However, to achieve a
high detection resolution, the transmitting end is required
to realize a rapid turn-off (so that the dI (t)/dt has a large
bandwidth), while the receiving end is required to have a large
bandwidth and dynamic range. These requirements can be
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well implemented for the ground system simultaneously, but
for the airborne system, it will face the following difficulties:

A. DIFFICULTY IN TRANSMITTING END
The turn-off time is a key indicator to measure the shallow
detection performance of the TEM system. The shorter the
toff , the larger the bandwidth of the excitation signal and
the higher the detection accuracy that can be achieved. The
toff has the following relationship with the single-turn area
of the transmitter loop A and the number of turns N of the
transmitter loop [12]:

toff ∝ N 2
·
√
A (2)

This shows that toff can be controlled more effectively by
reducing the number of turns N . However, for HTEM sys-
tems, in order to ensure sufficient detection depth, it is neces-
sary to realize a large transmitter moment on the transmitter
loop carrier structure with a limited area, for this situation it is
often only possible to increase the number of turns N , which
in turn will lead to an increase in the off-time. Not only that,
if the moment will be increased by increasing the current I ,
A and N individually or simultaneously, the system weight G
will be also increased judging by formula (3) [12]:

G ∝
√
A · N · I2 (3)

It can be known from the comprehensive (2) and (3) that
in order to achieve the optimal parameter design that takes
into account the transmitting magnetic moment, the turn-off
time and the system weight, the ideal choice is to increase
the area A. However, increasing the area A will increase the
overall size of the frame structure on which the transmitter
loop is mounted. This will lead to an increase in system total
weight, and may also increase the structural air resistance
during flight, which will affect flight safety.

B. DIFFICULTY IN RECEIVING END
For HTEM systems, because the distance between the trans-
mitter loop and the Sensor is relatively short, the primary
field signal can easily cause the sensor to be deeply saturated.
Because the desaturation process also requires time, this situ-
ationmakes the data in the entire On-time period and the early
stage of the Off-time period unavailable. The suppression of
the primary field can be achieved through specific system
designs, but it also puts forward higher requirements for the
subsequent processing:

(1) Enlarging the offset between the transmitter loop and
the sensor. This method generally sets the sensor away from
the transmitter loop plane, such as a certain distance above the
transmitter loop, so that the primary field weakens into the
dynamic range of the sensor and no longer causes data satura-
tion. This solution solves the problem of sensor saturation, but
also increases the distance between the sensor and the ground,
which requires a sensor with a lower noise level.

(2) Using compensation coil with opposing magnetic flux.
The compensation coil, the transmitting coil, and the sensor

have a concentric structure, and the compensation coil can
generate a reverse magnetic flux of equal magnitude with the
primary field at the sensor, to achieve the cancellation of the
primary field. This solution requires higher assembly accu-
racy, otherwise, the reverse magnetic flux cannot accurately
compensate the primary field, which results in the existence
of the remaining primary field.

(3) Placing the sensor in the ‘‘zero position’’. The sensor
coil is placed above the transmitter loop so that the positive
and negative magnetic fluxes of the primary field passing
through it cancel each other out. This method also requires
higher assembly accuracy. When the determined zero posi-
tion is inaccurate, it will also produce an effect similar to the
previous mentioned remaining primary field.

The above analyses demonstrate that the HTEM system
cannot be realized simply by aerial deployment of the tradi-
tional on-ground TEM system. Many external factors affect
the performance of HTEM system, so its design is more
difficult.

III. DEVELOPMENT OF HTEM SYSTEM IN CHINA
By continuously tracking the technological development of
the international mainstream HTEM systems, multiple Chi-
nese research teams have gradually launched the research and
development of the HTEM system.

Since 2010, ARGS, Jilin University and many other units
have jointly developed the CHTEM-I system with a rigid
frame structure [13]. As shown in Fig. 3, CHTEM-I is a
central loop system, the radius of transmitter loop is 6 m with
5 turns. The current waveform is a bipolar trapezoidal wave,
the turn-off time is about 1.2 ms, the duty cycle is about 1:4.4,
the peak transmitting current is 450A (typical value is 400A),
and the peak moment is approximately is about 0.26 MAm2.
After further upgrades, the peak current has been raised to
500 A, and the turn-off time has been controlled within 1 ms.

FIGURE 3. CHTEM-I System [14].

Another team composed of CAS, Jilin University and
many units has jointly developed the CAS-HTEM system
with a soft frame structure, since 2013. As shown in Fig. 4,
CAS-HTEM is also a central loop system, the peak trans-
mitting current is 250 A (typical value is 210 A), the peak

VOLUME 8, 2020 32759



X. Wu et al.: Progress of the HTEM Method and Technology in China

FIGURE 4. CAS-HTEM system.

moment is about 0.7MAm2, the turn-off time is about 450µs,
the noise level of the induction magnetometer is 0.1 nT/s.
To increase the receiver’s dynamic range, a double-gain chan-
nel strategy is adopted, which means inputting a signal into
two channels with different amplification gains (1/4, 1, 2,
4, 8, 16), and then synthesizing them into one signal after
amplification. The CAS-HTEM has six receiving channels
(one group for every two), which allows for three-axis obser-
vation. In addition, to evaluate and correct the observation
errors caused by flight attitude in the later stage, the system is
equipped with many auxiliary sensors such as aerial camera,
three-component attitude sensor, post-differential GPS, radar,
and laser altimeter.

A. TRANSMITTER TECHNOLOGY
The trapezoid-like waves are used as transmitting current
waveforms both in CHTEM-I and CAS-HTEM. The control
of the current waveform is generally divided into rising and
stable section control and falling edge control. It is required
that the waveform of the rising and stable section should be
stable, and the falling edge should be rapid and linear.

Based on BOOST circuit, Zhu et al. [15] introduced that
by introducing active constant voltage clamping technology
so that the transmitting current could be turn-off quickly and
linearly under the conditions of high current transmitting and
highly inductive load.

Yu et al. [16] adopted the soft switching technology based
on Buck Zero-Current-Switching Pulse-Width-Modulation
(ZCS-PWM) instead of the traditional hard switching tech-
nology that only relies on PWM. The soft switching technol-
ogy could effectively control the rising and stable waveforms

of the current waveform, reduce the switching losses, noise
and ripple, and further reduce power.

To meet the requirements of mounting on the flight plat-
form, Li et al. [17] introduced a three phases - single phase
matrix converter to replace the traditional system based on
AC/DC converter and H bridge inverter, which is helpful to
further reduce the weight of the transmitter.

In the early stage of CAS-HTEM system development,
an airship-borne TEM system was developed for system
principle verification, for which a double-hull airship was
used as platform. As shown in Fig. 5, the transmitter loop
of the airship-borne TEM system was fixed on the bottom
of the airship, with a single turn of 25m×12m and six turns.
A three-axis induction magnetometer was used as the sensor,
which was suspended in a pod approximately 25m below
the transmitter loop. The airship-borne TEM system adopted
a half-sine transmitting waveform. Liu et al. [18] completed
the development of the transmitter based on the proposed
bipolar half-sine current inverter topology based on RLC
series resonance and damping resistor pairs. With onboard
28V DC power supply, this transmitter achieved a peak cur-
rent of more than 500 A.

FIGURE 5. Airship-borne TEM system.

B. SENSOR TECHNOLOGY
The noise level and the bandwidth of the linear frequency
response curve are the two most critical parameters of the
induction magnetometer (IM) for TEM. Liu et al. [19] sum-
marized the existing design experience of IM for TEM, dis-
cussed the relationship between the sensor linear frequency
response and under-dampedmatching, and proposed themain
factors that affect the performance of the sensor at different
frequency bands. To meet the requirements of mounting on
the flight platform, Duan and Luo [20] proposed an adaptive
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FIGURE 6. Simulation model of the CPS [21]. The CPS is a
six-degree-of-freedom system; calculating and selecting the elastic
cable’s setting position and performance parameters allows for effective
intervention on IM’s natural mechanical frequency range.

algorithm based on the Backtracking search algorithm, which
is helpful to further optimize the weight and volume of IM.
Motion-induced noise (MIN) is an important type of noise
in ATEM detection. Fei et al. [21] considered a special sys-
tem structure including cable parallel structure (CPS) and
air-core IM. As shown in Fig. 6, CPS is used to change
the natural mechanical frequency range of the air-core IM.
In this way, the MIN generated by the IM vibration could be
separated from the useful signals in the frequency spectrum,
so that the MIN is removed by filtering more easily. In recent
years, Ji et al. [22] and Du et al. [23] used LT-SQUID to
carry out ground TEM detection and research of IP effect in
TEM. These research and application work laid the founda-
tion for the future development of HTEM systems based on
LT-SQUID.

C. TEST SITE
In order to test and evaluate the detection performance of the
developed equipment, many geological survey institutions
worldwide have built their own aero-geophysical static and
dynamic test bases [24]. In China, there was only an airborne
energy spectrum instrument metering station and calibra-
tion band in Shijiazhuang built by the Airborne Survey and
Remote Sensing Center of Nuclear Industry (ASRS) before
2012. Afterward, the methods for selecting and constructing
the aero-geophysical field test site have been established and
improved by AGRS [25], and subsequently the comprehen-
sive aero-geophysical field test site in north China has been
established [26]. The test site is located in Siziwang Banner,
Inner Mongolia, approximately 31.5km from north to south
and 31.8km from east to west. The general elevation of the
test site is 1350-1550m above sea level. The area has many

mineralization points of iron, gold, copper, and tungsten. The
maximum amplitude of the magnetic anomaly is > 100 nT,
and the maximum amplitude of the gravity anomaly
is > 20 mGal. The test area is far from the town, and human
noise is low. The completion of the test site will provide
vital support to the development of airborne geophysical
exploration technology, including HTEM.

IV. HTEM METHOD RESEARCH IN CHINA
A. DATA PROCESSING
The main task of HTEM hardware design is to optimize the
detection performance of the system under the conditions
of limited power supply and carrying capacity of the flight
platform, while the main task of the HTEM data processing
is to overcome various interferences and limitations brought
by aerial observation, including: (1) Suppression of various
noises, (2) Correction of attitude effects, and (3) ‘‘Remedy’’
of performance defects of hardware systems introduced by
adaptive system design for aerial observation.

1) DENOISING
Research by Combrinck [27] demonstrates that when the sys-
tem noise level drops by approximately 12 dB, the maximum
detectable depth of the system can be increased by about
100meters, so the noise suppression is of great significance to
improve the detection performance of the system. According
to the source, the noise entering the HTEM data can be
roughly divided into internal noise and external noise [28].
The internal noise mainly comes from the hardware sys-
tem, especially from the amplification circuit of the IM. The
external noise mainly includes: Natural EM noise, Cultural
EM noise, and motion-induced noise (MIN). The bipolar
synchronous sampling method in the traditional TEM is still
the most important noise suppression strategy in HTEM.
However, because the observation position changes contin-
uously with time during the measurement, so it is impossible
to achieve noise suppression for HTEM through long periods
of observation and data superposition, as the ground method
does. Therefore, new noise processing methods need to be
introduced.

Because the MIN is considered exclusive to ATEM, while
other noises (non-MIN noises) occur in both airborne and
ground TEM. To achieve the fine removal of non-MIN
noise, the common methods at present can be summa-
rized as ‘‘Decomposition of observation signal-Removal of
noise component-Reconstruction of useful signal (DRR)’’.
Chen et al. [29] proposed a denoisingmethod based on kernel
principal component analysis, in which the kernel principal
component analysis will be used to transform the obser-
vation data into the kernel principal component domain.
In the kernel principal component domain, the useful sig-
nal and noise will be separated, and then the noise will be
removed by reconstructing only the useful signal. For denois-
ing along with the channel profile, Wang et al. [30] introduce
the adaptive window wide-filter algorithm to design different
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component low-pass filter groups, so that in the principal
component domain, the noise in the low-order principal com-
ponents participating in the profile reconstruction could be
filtered out. Zhu et al. [31] proposed a denoising method
based on minimum noise fraction, which linearly transforms
the observation data into the ‘‘minimum noise fraction com-
ponent domain’’ through the rotation matrix, in which the
components are arranged in signal to noise ratio from big to
small, then the minimum noise fraction components with the
bigger SNR will be used for the useful signal reconstruction.
Ji et al. [32] proposed a denoising method based on the
stationary wavelet transform, which transforms observation
data into the wavelet domain, and then the wavelet threshold
method will be used to separate the useful signal and noise.

In order to remove the MIN, there are two kind of tradi-
tional methods, the high-pass filtering and the MIN fitting.
Wang et al. [33] studied the filtering scheme, discussed the
relationship between the sensor attitude and motion state
with MIN, and designed a more precise filter to improve the
filtering effect. In view of the shortcomings of the traditional
high-pass filtering method, Yin et al. [34] used the curve
fitting method: the coefficients of the MIN fitting polynomial
will be solved using the Lagrange optimization algorithm,
and then the MIN will be removed by subtracting the high-
quality fitted noise curve from the measured data. During
normal flight, if the sensor bird encounters short-term tur-
bulence or the system’s flight state changes rapidly, these
sudden conditions will cause high-frequency MIN. The fre-
quency range of high-frequency MIN is several hundred Hz
to several kHz, and far higher than the normal MIN. The
high-frequency MIN is therefore a serious in-band noise in
HTEM data. Wu et al. [35] proposed a processing flow based
on the wavelet neural network, which use the wavelet neural
network to realize the effective modeling and prediction of
high frequency MIN, so as to realize the accurate removal of
it. In addition, Zhu et al. [36] demonstrated that in addition to
the main source of MIN, the movement of the normal vector
of the coil in the secondary field also leads to MIN in the
region with a strong secondary field. The conclusion of this
study constituted the theoretical premise of the aforemen-
tioned work by Fei et al. [21].

2) COIL ATTITUDE CORRECTION
In HTEM flight, due to the adjustment of the flight state and
the influence of the air flow, the transceiver system will roll
(spin around the X-axis), pitch (spin around the Y-axis) and
yaw (spin around the Z-axis), and resulting in some degree
of data distortion. Because the HTEM transceiver structure
is typically Z-axis-symmetric, the yaw has relatively little
impact on the system with only Z-axis observation, and it
is also relatively uncomplicated to correct the data impact
caused by roll and pitch due to the fixed internal geometry
of the HTEM transceiver system. Ji et al. [37] proposed
a method for attitude correction, and provided theoretical
guidance for designing the installation position of the attitude,
altitude, and position sensors in the subsequent CAS-HTEM

system. Based on the research of Auken et al. [38], and
to further ensure the effectiveness of the correction, the
CAS-HTEM system requires that the roll angle and pitch
angle should not be greater than ±10◦ in the actual flight.
In addition, the specification of the CAS-HTEM system also
requires that when the number of measuring points with
roll angle and pitch angle greater than ±10◦ accounts for
more than 5% of the total measuring points in a survey line,
re-measuring must occur for this line.

3) REMOVAL OF SYSTEM RESPONSE EFFECT
The system response effect refers to the band-limited effect
of the HTEM observation system on the earth response.
As demonstrated in (1), observing dI(t)/dt and deconvolut-
ing it out from V (t) will effectively increase the signal
bandwidth and improve the ability to resolve shallow target.
Through this technology, the excitation signal bandwidth can
be ‘‘patched’’ to a certain extent [7]. Dring data processing
for the CAS-HTEM system, the transmitter current waveform
of the high-flight segment is taken as standard. In this way,
although the current waveforms in the actual observation are
not completely consistent, we use the deconvolution technol-
ogy to normalize all the real observation data to the data gen-
erated by this standard current waveform. With this special
reference, even if the transceiver system generates a certain
remaining primary field in the data due to insufficient assem-
bly accuracy, the system response can be removed accurately.
As a result, the earliest available time point advances to the
level of n×10 µs, which significantly improves the system’s
resolution to the shallow part. In addition, Xiao et al. [39]
propose a method to transform the observed data and trans-
mitter waveform to the time-constant domain, and remove
the band-limited effect in the time constant domain, which
further improves the processing efficiency.

B. IMAGING
After the data processing, imaging and inversion well be
used to obtain the distribution information of the subsur-
face electrical structure. In essence, imaging is one kind of
mathematical transformation for the observation data, which
needs no curve fitting based on the optimization algorithm.
The imaging can therefore directly obtain the intermediate
parameters such as the apparent resistivity and apparent depth
of the earth. On the basis of the existing imaging algorithm,
Qi et al. [40] introduced a new imaging method based on the
idea of a synthetic aperture. In this method, the correlation
coefficients of signals at different measurement points will
be calculated to generate different weight functions. These
weight functions will be taken as references, when the adja-
cent signal points are superimposed and formed new data,
so as to realize the relevant superimposition of HTEM data
for fast imaging (Fig. 7). To obtain better imaging effect
and resolution, Zhu et al. [41] proposed that the combination
of Bx and Bz observations for conductivity-depth imaging
can achieve a better agreement with the true model. For
different transmitter loop devices, Qin et al. [42] established
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the mapping relationship between TEM response character-
istics and resistivity based on the artificial neural network.
After well training, the network could be directly used for
TEM resistivity imaging, which significantly improves the
processing speed.

C. MODELING
In electromagnetic forward modeling research, the main
methods used include Finite Difference Time Domain
(FDTD), Finite-Element (FE), Finite-Volume (FV) and Time-
Domain Spectral-Element (SETD). Sun et al. [43] proposed
an FDTD method based on a multi-scale grid. This method
first uses a coarse grid for large-scale calculations, and
then performs a secondary division of the desired encrypted
area, thereby significantly improving the calculation effi-
ciency on the basis of ensuring the calculation accuracy.
Zhao et al. [44] adopted the first two initial times of elec-
tric field and second initial time of ∂B/∂t as initial condi-
tions to improve initial precision; in subsequent iterations,
the electric fields and ∂B/∂t are both valued at the same
integer time indices, thus iteration precision will be further
improved. To further improve the efficiency and accuracy
of FE calculations, Zhang et al. [45] proposed an adaptive
unstructured mesh-generation method based on the back-
ward Euler scheme, hybrid posterior error estimation and
random grid-selection technique, and these enable a fast
calculation of AEM response in large-scale, complex target
spaces. Li et al. [46] proposed a forward-solver based on
FE for the irregular transmitter loop and undulating terrain.
Compared with FDTD and FE, the FV method can balance
the advantages of both to a certain extent. Ren et al. [47]
used the FE to develop ATEM 3D modeling, which involves
separating the primary and secondary fields to reduce the
number of grids, as well as using local grid technology and
direct solution technology to further improve FE modeling
efficiency. In addition, Huang et al. [48] developed a SETD
method based on the mixed order spectral-element approach
for space discretization and the backward Euler approach
for time discretization, and adopted this method in the 3D
modeling of ATEM. The above-mentioned research has sig-
nificantly promoted the development of ATEM modeling in
China.

D. INVERSION
HTEM inversion can be divided into one-dimensional inver-
sion and multi-dimensional inversion. Lin et al. [49] pro-
posed a robust scheme based on the laterally constrained
inversion [50] algorithm, which considers the induced polar-
ization effect. Li et al. [51] proposed an inversion method
based on the Bayesian framework for decoupling the IP
effect, which adopts linear inversion results as the initial
model and adopts the multiple proposed points algorithm
for sampling acceleration to realize IP decoupling inver-
sion for TEM data. In terms of descent direction searching,
Yin and Hodges [52] proposed a method using the simulated
quenching method. Guo et al. [53] proposed an inversion

FIGURE 7. Results of measured data [40]. (a) Apparent resistivity section;
(b) section calculated using synthetic aperture method.

method based on the supervised descent method, which is
a method to select the inverse descent direction by machine
learningmethod. In addition, Zhu et al. [54] proposed an arti-
ficial neural network (ANN) inversion method based on the
principal components of the decay curve. The basic principle
of this method is to decompose the observed data into princi-
pal components and use ANN to communicate the principal
components and model parameters to realize the inversion of
the subsurface resistivity model.

In terms of multi-dimensional inversion, Yang and
Oldenburg [55] proposed a three-dimensional inversion
workflow based on the multi-mesh strategy, and this strat-
egy effectively improves inversion efficiency and demon-
strates that the multi-dimensional inversion can provide more
precise extraction of geological structure information. For
the multipulse technology of the HeliTEM system, Liu and
Yin [56] developed a three-dimensional multipulse inver-
sion method based on the FD, Gauss-Newton optimization
and moving footprint technology. Ren et al. [57] proposed a
three-dimensional inversion method based on FV and direct
Gauss-Newton optimization, and their method controls the
modeling volume in the AEM volume of influence of a 3D
source within the earth, which alleviates forward calculation
stress.

V. HTEM APPLICATION IN CHINA
The application of the HTEM technology in China is still
in its primary stage. Li et al. [58] introduced the experi-
mental detection activities of ASRS using the VTEM system
in Xinjiang and Inner Mongolia. The detection results are
consistent with prior data. Since then, ASRS has organized
metal exploration activities in Qinghai Province [59] and
Heilongjiang Province [60], which all have achieved reason-
able results. TheWulonggou survey area in Qinghai is located
on the northern side of the arc-magmatic-metamorphic com-
plex zone in the centralmargin ofKunming and theKunzhong
fault zone. This zone is characterized by a large area of
Precambrian base metamorphic rock series and intrusive
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FIGURE 8. Results of airborne electromagnetic and magnetic survey in
the mining area [59]. (a) Profiles map of dB/dt (30 ∼ 45); (b) map of time
constant. The electromagnetic response in the measurement area is
characterized by east-west sub-zoning. As Figure (a) demonstrates,
the gold ore body has obvious double-peak characteristics, with the right
peak higher than the left; as Figure (b) demonstrates, the gold ore body is
located in a relatively low-value zone in the middle of the high-value
zone and has a higher value on the east side.

complexes of various ages. The strata are generally dis-
tributed along the Kunzhong and Northern Kunshan fault
zones, and magmatic invasion occurred in Eastern Europe
from the Precambrian to Yanshan period. In the Wulong-
gou gold mine, the airborne electromagnetic and magnetic
surveying have been carried out. By studying the results
of electromagnetic detection (Fig. 8) and combining prior
geological data, six targets were delineated in themining area,
and one has been verified by drilling.

The CHTEM-I system was used for detection in
Keshiketeng Banner, InnerMongolia, and 40 electromagnetic
anomalies were found. At present, two anomalies have been
tested by drilling. In Hami, Xinjiang Province, 38 elec-
tromagnetic anomalies were discovered. Through ground
inspection, Baoyuandong copper-nickel or copper mineral-
ization and Hongliuchuan gold deposit were newly tested.

In addition to exploring mineral resources, AGRS also
conducts hydrogeological surveys using HTEM technol-
ogy. In the exploration of Baoqing County [61] and the
Fujin-Youyi area [62], Heilongjiang Province, AGRS found
that the regional quaternary electrical distribution character-
istics and the depth of the bottom surface can be clearly
delineated. By establishing a three-dimensional geological
model, the lithology can be inferred and the distribution of
aquifers can be predicted. The Baoqing County survey area
is 28 kmwide from north to south and 32.6 km long from east
to west; 66 north-south survey lines are arranged at 500m line
distance.

Figure 9 depicts the apparent resistivity section of one
of the survey lines and the inferred geological section.
The apparent resistivity section clearly demonstrates the
high-resistance bedrock and the relatively high-resistance
areas in the low-resistance area. Combining a priori geologi-
cal information, the general apparent resistivity is in the range
of 90-150 �m, and the areas with low-resistance areas in
the upper and lower parts are bodies of water. The upper

FIGURE 9. Result profiles of one survey line in Baoqing area [61].
(a) Apparent resistivity profile; (b) geological interpretation along the
survey line.

FIGURE 10. Designed survey line and tracks of CAS-HTEM test flight.

low-resistance area is interpreted as clay, the base is igneous
rock, the relatively high-resistance piece in the low-resistance
area is the aquifer sand layer, and the next high-resistance area
of clay near the igneous rock is muddy sand.

CAS completed the research and development of the
CAS-HTEM system in 2017 and conducted a principle ver-
ification test in East Wuzhumuqin Banner, Inner Mongolia,
north China. The detection results were consistent with
prior data, and new mineralization anomalies were found.
As shown in Fig. 10, 29 North-South survey lines (8.5 km
line length, 200 m line spacing) and five East-West lines
(5.6 km line length, 2 km line spacing) were designed.
Fig. 11 provides the slice map with drill holes No. 6 and
No. 9 of the survey area. High-grade mineralization was
observed in borehole 6, while in borehole 9, the degree of
mineralization was low. CAS-HTEM inversion results in a
high-low resistance transition zone in the borehole 6 area and
a pure high-resistance zone in borehole 9. Using the above
detection results as reference, new mineralization anomalies
were found in the survey area.
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FIGURE 11. Slice map with drill holes No. 6 and No. 9.

VI. PROSPECTS AND CONCLUSION
Since 2016, China has made significant progress in the devel-
opment of HTEM equipment and technology research, but a
large number of practical problems remain. These problems
include the need to develop systems with ultra-large magnetic
moment (over 1.5 MAm2) to suit large depth detection in
the plains, and systems with a medium magnetic moment
in plateau and mountainous areas. Novel sensors such as
SQUID and non-contact electric field sensors could be intro-
duced in airborne electromagnetic detection. The focus on
data processing and interpretation is to further develop rapid
high-dimensional imaging and inversion techniques. The
HTEM data will be integrated into a larger geoscience infor-
mation system architecture for the comprehensive geophysi-
cal interpretation.

Gradually achieving the above-mentioned key technolo-
gies will promote the development and application of China’s
ATEM detection equipment and provide more powerful
technical means for resource detection and engineering
construction.
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