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ABSTRACT In electromagnetic sounding, the detection areas of time-domain and frequency-domain
electromagnetic detection methods cannot be effectively connected, and the detection processes for these two
methods must be implemented separately. To combine time-domain and frequency-domain electromagnetic
detection methods and simplify the detection process, a time-frequency fusion transmission method is
proposed to simultaneously excite the earth to produce transient and steady-state responses. By analyzing
the characteristics of the time-domain and frequency-domain excitation current waveforms, a pseudorandom
transmission waveform with dead time is designed, and a transmission system for a time-frequency fusion
electromagnetic detection method is developed. In this detection mode, the pseudorandom transmission
waveform contains several frequencies, and the transient induction field can be received during the dead time.
The time-domain and frequency-domain responses can be obtained by the same procedure. At the same time,
a self-adaptive pseudoload device is designed and matched with the corresponding control sequence to reduce
the influence of dead-time. The experimental results show that the self-adaptive pseudoload transmitter
can effectively reduce the current fluctuation, and the time-frequency electromagnetic transmission system
can effectively excite the earth to produce transient and steady-state responses. The time-frequency fusion
electromagnetic transmission method proposed in this paper can be used in electromagnetic detection
instruments to improve the efficiency of electromagnetic sounding.

INDEX TERMS Time-frequency fusion, electromagnetic transmission, turn-off dead time, self-adaptation

pseudoload.

I. INTRODUCTION

Artificial field source electromagnetic detection plays an
important role in mineral resource exploration, oil and gas
resource exploration, geothermal resource development, geo-
logical engineering surveys, high-level radioactive waste
disposal and other fields [1]-[6]. According to the different
transmission waveforms and detection methods, the elec-
tromagnetic detection methods employed for artificial field
sources are mainly divided into time-domain and frequency-
domain electromagnetic detection methods. Time-domain
electromagnetic detection method usually transmits a bipo-
lar square wave current signal with a duty cycle of 50%.
By detecting the secondary induced field, the spatial
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distribution of the underground resistivity can be
acquired [7], [8]. Because the secondary field signal in this
method is weak for a long offset, it is usually detected in
the near-source area. For a conventional grounded long wire
source, the distance between the transmitter and receiver for
the time-domain method is generally less than 3 km. The
frequency-domain method transmits a continuous current
waveform and obtains the resistivity distribution of different
depths underground by collecting the amplitude and phase
information of the electromagnetic field at different fre-
quencies [9], [10]. Because the frequency-domain method
collects steady-state signals, it can achieve detection over
a wide range. However, this method is mainly applicable to
the far region [11]. The receiving and transmitting distances
are generally more than 3-5 times the skin depth, usually
greater than 6 km [12]. Therefore, both the time-domain and
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FIGURE 1. Diagram of the time-frequency electromagnetic detection system.

frequency-domain methods have their own applicable ranges.
The detection areas of the two methods cannot be effectively
connected. There is a detection blind area, and the whole
detection area cannot be achieved by using a single transmit-
ter. In addition, due to the different transmission waveforms,
conventional time-domain and frequency-domain methods
cannot be employed simultaneously.

In practical detection, when the environmental noise is
large, especially for the latest development in semi-airborne
electromagnetic detection methods [13], [14], the detection
distance between the transmitter and receiver is mainly con-
centrated in the range of 0.5-6 km. In this case, the nonplanar
wave region near the transmitter is transformed into the core
detection area. Conventional detection methods and trans-
mission waveforms cannot cover the whole area effectively.
To expand the detection range, He Ji-shan proposed a wide-
area electromagnetic detection method [15] that extended
the frequency-domain detection range from the far region
to the transition region. Due to the influence of stratum
waves in the near-source area, the method has a limited
extension range and cannot achieve a seamless connection
between the time-domain and frequency-domain detection
areas. Zhan-Xiang et al. proposed a time-frequency electro-
magnetic detection method for oil and gas target detection
and evaluation [16]-[18]. The method can collect signals in
the time domain and frequency domain at the same time,
extract resistivity and polarizability information according
to the two signals, and complete a prediction of the oil and
gas targets. In the early stage, the method only transmits
the current waveform in the frequency domain, including the
field source effect and primary field noise. In the later stage,
the frequency-domain current waveform and time-domain
current waveform are transmitted independently. By elimi-
nating the effect of field source effects and the primary field
through the time-domain waveform, the detection area is
expanded and can be detected in the transition area. However,
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because the method is based on the conventional transmission
waveform and detection method, it must transmit the wave-
form in the time-domain and frequency-domain separately for
acquisition, the detection efficiency is low and the expansion
area is limited.

To realize a seamless connection between the detection
areas in the time-domain and frequency-domain, improve the
detection efficiency and focus on detection in transition areas
covered by nonplanar waves, a time-frequency fusion electro-
magnetic transmission method is proposed, and a new pseu-
dorandom time-frequency fusion transmission waveform is
designed. Based on the transmission waveform, the time-
frequency fusion transmitter and control system are studied.
To solve the problem associated with the output current
fluctuation caused by the turn-off dead time in the time-
frequency waveform, a self-adaptive pseudoload device and
control method are designed. The transmission system with
the self-adaptive pseudoload device designed in this paper
can effectively suppress the fluctuation of the transmission
current. The proposed transmission waveform and transmis-
sion method can excite both the transient response in the
time-domain and the steady-state response in the frequency-
domain, improve the detection efficiency, and provide a new
method to further develop the area of electromagnetic detec-
tion in general.

Il. TIME-FREQUENCY FUSION ELECTROMAGNETIC
TRANSMISSION METHOD

The diagram of time-frequency fusion electromagnetic detec-
tion is shown in Fig. 1. To improve the detection efficiency
and adapt to the complex terrain structure, the actual detection
strategy mainly lays a long grounding wire to supply current
to the ground and uses the receiving system on an unmanned
aerial vehicle (UAV) to collect the magnetic field in the sky.
Because the acquisition time is short and the motion noise
in UAV increases, the signal-to-noise ratio (SNR) of the data
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FIGURE 2. Typical time-domain and frequency-domain transmission
waveforms.

decreases, so the transition region of the nonplanar wave inci-
dence becomes the core detection area. To overcome the field
source effects of the frequency-domain method and complete
whole-area detection from the near source to the far source, it
is necessary to correct the far-source frequency-domain inter-
pretation through a near-source time-domain interpretation
and reveal the complete underground resistivity structure by
combining the two methods. In terms of detection, the time-
domain transient response and the frequency-domain steady-
state response should be collected simultaneously in one
detection process for time-frequency fusion electromagnetic
detection.

A. CONVENTIONAL TRANSMISSION CURRENT
WAVEFORM

In conventional detection, the transient response and steady-
state response are obtained by an independent time-domain
excitation and frequency-domain excitation, respectively.
Typical transmission waveforms in the time-domain and
frequency-domain are shown in Fig. 2.

Time-domain methods usually detect the secondary field
response after the earth is stimulated. To eliminate the influ-
ence of the transmission source on the measured signal, it is
necessary to add a O-level excitation to the transmission
waveform. The typical time-domain current waveform is a
bipolar square wave with a duty cycle of 1:1. The transition
process of the secondary field during the turn-off time can
be divided into two stages: the early signal mainly reflects
the shallow information, and the late signal mainly reflects
the deep information. In a uniform half-space, the diffusion
depth in the time domain is determined by equation (1) [19]:

2
h= [P 1)
m

In the formula, h represents the detection depth,
t represents the duration of the zero level in the transmission
waveform, p represents the permeability of the medium,
and p represents the uniform earth electrical resistivity.
To achieve large-depth detection, the duration of the 0 level
is usually increased.

Typical transmission waveforms of the frequency-domain
electromagnetic detection method are shown in Fig. 2 (b).
The transmission waveforms are excited by a square wave
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FIGURE 3. Pseudorandom transmission waveform.

and do not contain a zero-level switch-off. In this method,
the frequency of the electromagnetic field is changed to
achieve sounding. In the uniform half-space, the skin depth
is usually determined by formula (2):

0
8§ =503 /= 2
‘/f (2

In the formula, § represents the depth of detection, and
f represents the frequency of the transmission current. For a
square wave, due to the attenuation of the harmonic signal,
the fundamental frequency is used for each transmission. For-
mula (2) shows that one transmission frequency corresponds
to one detection depth. If the ground resistivity information
of different depths must be detected, square wave signals of
different frequencies must be transmitted accordingly. The
number of experiments increases, and the detection efficiency
decreases. To improve the detection efficiency, He Ji-shan
proposed a 2n sequence pseudorandom transmission current
waveform [20] for frequency-domain detection. The wave-
form increases the available spectrum of the signal by chang-
ing the zero-crossing frequencies and the zero-crossing time
of the adjustment signal. Figure 3 shows the three-frequency
pseudorandom transmission waveform. There are four wave-
form flips (#1, t2, 13, and #4) in one cycle T. In the first half
cycle (fo-t2), the ratio of the high to low level duration is 3:1.
The latter half cycle waveform and the former half cycle
waveform form a centrosymmetric odd function. Fig. 4 shows
the signal spectrum of the fundamental frequency (12 Hz)
square wave and the three-frequency pseudorandom wave.
The simulation results show that the square wave spectrum
contains only odd harmonics, and the amplitude of each har-
monic decreases rapidly with an increase in frequency. The
spectrum of the three-frequency pseudorandom wave con-
tains many frequency harmonics, in which the amplitudes of
the fundamental, second and fourth harmonics are larger and
approximately equal. It can be seen that the pseudorandom
waveform is helpful for improving the detection efficiency
compared with the single-frequency square wave transmis-
sion mode.

B. DESIGN OF THE TIME-FREQUENCY FUSION
TRANSMISSION CURRENT WAVEFORM

Based on the multifrequency characteristics of the pseudo-
random signal, a 2" sequence pseudorandom signal is used
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FIGURE 4. Comparison of the spectra of the square waveform and
pseudorandom waveform.
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FIGURE 5. Time-frequency emission current waveform.

to design the time-frequency fusion transmission waveform
such that it meets the requirements for time-frequency detec-
tion and the acquisition of the time-domain transient response
and frequency-domain steady-state response. To ensure the
stability and controllability of the excitation frequency and
harmonic frequency, the waveform period and the number of
flips are kept unchanged in the fusion design. To achieve the
maximum time-domain excitation response, a zero-level con-
tinuation process is introduced at the end of the high and low
levels with the longest duration to ensure that one transient
response is excited in both the positive and negative directions
in one cycle. Fig. 5 shows a typical time-frequency fusion
transmission waveform. The transmission waveform is based
on a three-frequency pseudorandom wave. Within a period
of T, the waveform changes t1, 12, t3 and t4 are consistent with
the conventional pseudorandom wave. In the first high-level
stage (#p-t1) with the longest duration and the corresponding
low-level stage (#3-14), the zero level is introduced as the turn-
off dead time to excite the transient response in the time
domain. The zero-level duration is #;, which is determined
by the depth of the target. In practical detection, the steady-
state response in the frequency domain can be obtained by
detecting the signal in the whole period, and the transient
response in the time domain can be obtained by detecting
the signal in the turn-off dead time. The two responses in
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the detection area can be obtained simultaneously through the
transmission current waveform.

According to the design principle of the time-frequency
fusion current waveform, by satisfying the detection of
the transient response in the time domain and steady-state
response in the frequency domain, the expression of the
new pseudorandom time-frequency fusion waveform can be
expressed as follows:

LT —t
A O<i< i3
2 LT
LT —
O l—nASt< ;n
117;Z LT
—A — <t<—
p2,n,t) = 2n 2" 3)
LT InT — t,
—A mzfz =t< nzn :
0 lm,]T—ts§t<lmT:T
n n

In the formula, A is the amplitude, /x(k = 1,2..., m) are
integers, m represents the number of the polarity changes,
and #; is the dead time, which changes according to the
detection depth of the transient response in the time domain.
According to the time-series expression of the pseudorandom
time-frequency fusion waveform, the signal amplitude of the
target frequency point can be obtained by a Fourier transform,
and the influence of the dead time on the signal amplitude can
be analyzed. For the convenience of analysis, the amplitude
of the time-frequency fusion waveform is set to 1. For a
transmission current waveform with a period of T, the k-th
harmonic amplitude expression is [21]:

M
2 - . t,
At = o E (— 1y L@kt gin [wk(At,n — 5‘)}

m=1

1 1
w =ko, Tmzz(tm‘i‘tmfl)s Al‘mzi(tm_tmfl) 4

wy in the formula represents the harmonics of the trans-
mission current waveform and t,, represents the time length
of the positive and negative polarity of the current. A three-
frequency pseudorandom time-frequency wave with a trans-
mission frequency of 1 Hz is selected for the study.
Table 1 shows the spectrum amplitude of each frequency
point of the transmitted waveform current at different dead
times. When ¢, = 0 s, the time-frequency fusion waveform
is transformed into the conventional three-frequency pseudo-
random waveform. From Fig. 6, it can be found that with an
increase in the dead time, the amplitudes of the fundamental
wave and fourth harmonic decrease, and the amplitudes of
the second and third harmonic increase. When the dead time
reaches 0.05 s, that is, the ratio of the dead time is 5%,
the components of each main frequency are similar to those
with zero dead time, and the designed time-frequency fusion
transmission current waveform can still meet the detection
requirements of multiple frequency points and high efficiency
in the frequency domain. At the same time, the introduction
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TABLE 1. Effect of DEAD-TIME on spectrum.

Duty cycle of dead-time

Fundamental frequency

2th harmonic 3th harmonic 4th harmonic

0 0.9003
1% 0.8858
2% 0.8704
5% 0.8193

0.6366 0.3001 0.6366
0.6557 0.3147 0.6329
0.6727 0.33 0.6217
0.7107 0.3737 0.548
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FIGURE 6. Effect of dead-time on the spectrum.

of a long dead time can also meet the detection requirements
of a large depth in the time domain. In practical applications,
the frequency of the time-frequency fusion waveform and
dead time can be set according to the depth of the target body
such that the transient response and steady-state response can
be obtained.

Ill. DESIGN OF THE TIME-FREQUENCY TRANSMISSION
SYSTEM

The electromagnetic transmission system is powered by a
generator or battery. Based on power semiconductor devices
and the corresponding circuit topology, it can output a
specific current waveform through converter technology
and excite an alternating electromagnetic field in space.
A time-domain transmission system is usually loaded with
an ungrounded coil. Due to the low resistance and high
inductance of the load coil, the power of a time-domain
transmission system is generally low, and the response time
of the natural current turn-off process is long. It is necessary
to design a specific circuit structure to reduce the turn-off
time [22]. A frequency-domain transmission system usually
employs long grounded wires to excite the electromagnetic
field, and the load has a high resistance and low induc-
tance [23]. Compared with the turn-off time for a time-
domain transmission system, the natural turn-off time of
the current waveform in a frequency-domain transmission
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system is shorter and the transmitting power is higher. For
conventional detection, the transmission power is usually tens
of kilowatts; for deep detection, the power of the transmission
system can reach hundreds of kilowatts. To achieve large-
scale and deep detection, a time-frequency transmission sys-
tem is designed based on a frequency-domain grounding load
transmission system.

For conventional frequency-domain waveforms, the output
power of the transmission system is constant in one cycle.
In the time-frequency fusion transmission mode, there is
an abrupt power change in the transmission system due to
the introduction of dead time. In the dead time, the output
current of the transmitter is O A, and the generator is in a
no-load state; in the high- and low-level stages, the output
current of the transmitter is +A, and the generator is in the
full-load state. For a high-power transmission system, when
the generator is switched between the full-load and no-load
states frequently, the generator life will be reduced and the
stability will decline. In addition, due to the limitation of the
self-regulation accuracy and response time of the DC power
supply and current-stabilized circuit, the abrupt change in
the transient power will also lead to distortion in the output
current waveform, which will affect the detection accuracy.
To eliminate the impact of an abrupt power change, a time-
frequency transmission system with a self-adaptive pseu-
doload is designed in this paper. During the dead time of
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FIGURE 7. Schematic diagram of the transmission system.

the transmission current, the power release loop is employed
with a self-adaptive pseudoload to restrain the abrupt change
in the power and avoid a fluctuation in the transmission
current.

Fig. 7 shows a schematic diagram of the time-frequency
transmission system. It includes a generator, DC power
supply, current stabilization circuit, full-bridge output, self-
adaptive pseudoload and transmitter controller. The generator
outputs a three-phase alternating current to provide electrical
energy to the whole system. The DC power supply regulates
the three-phase AC, outputs a stable voltage Vj, and provides
DC power to the current-stabilizing circuit and self-adaptive
pseudoload. The current stabilization circuit uses a pulse
width modulation (PWM) algorithm to control the output cur-
rent such that it is constant [24]. The current is inverted by the
full-bridge circuit to output the preset excitation waveform to
the earth load. The self-adaptive pseudoload is connected in
parallel with the current stabilizer circuit, which is powered
by the DC power supply and controlled by the transmitter
controller. The controller is the core of the whole system,
which adjusts the working state and parameters of each circuit
in the transmission system.

Fig. 8 shows the control sequence of the transmitter con-
troller. A is the preset transmission waveform of the con-
troller, and ENB is the overall enabling signal of the system.
Its high-level indicates whether or not the current waveform
is output to the earth. G| and G, are the driving signals of the
inverted H-bridge switches V3, V4, V; and V5. High and low
levels indicate the turn-on and turn-off states of the switches,
respectively. Consider the definition:

G = (G1+ Gy) - ENB 5)

Thus,
G3=ENB-G (6)
In the formula, “+”, ““-”” and “‘—" represent “‘or”’, “and”

and ‘“‘not” logic operations, respectively. G is the enabling
control signal of the current-stabilizing circuit. Its high-
level indicates the turn-on and turn-off states of the current-
stabilizing circuit. G3 is the enabling control signal of the self-
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adaptive pseudoload, and its height indicates the turn-on and
turn-off states of the self-adaptive pseudoload circuit.

In the high-level stage of the preset waveform A, the driv-
ing signal G has a high level, the switches V3 and V4 turn
on, and the current flows forward to the ground load. In the
low-level stage of the preset waveform A, the driving signal
G; has a high level, the switches V> and Vs turn on, and
the current flows backwards to the ground load. In the high-
and low-level stages of the preset waveform, the enabling
control signal G has a high level, and the current stabilizing
circuit operates normally. In the zero-level stage of the preset
waveform A, the G and G signals are low and the G3 signal
is high. At this time, the current stabilizer circuit and the
output bridge stop working, and the self-adaptive pseudoload
works. The transmission power is matched by the resistive
load R;..

The self-adaptive pseudoload device uses a buck circuit
topology and PWM algorithm to adjust the output current
to achieve power matching. To ensure a constant output
current of the DC power supply, the control circuit of the
self-adaptive pseudoload reads the output current ;(¢) of the
power supply continuously when G3 has a low level. When
G3 changes from a low level to a high level, the control circuit
locks to the output current ;(#7) of the power supply corre-
sponding to #¢ at the previous time. When Gj3 has a high level,
the power circuit of the self-adaptive pseudoload operates.
The output voltage of the load is adjusted by the second PWM
current stabilizer, so that the output current /;(¢) of the power
supply equals /;(#r). To realize the adaptive function, the resis-
tive load is matched according to the maximum transmitting
power:

Rp = V7 /Py 7

When the power of the output bridge changes, the second
PWM current stabilizer automatically adjusts the output cur-
rent for power matching. The stability of the output current
on the bus can be guaranteed by the self-adaptive pseudoload
circuit and response control logic, which can prevent the tran-
sient impact an abrupt power change on the transmitter and
reduce the fluctuation of the output current of the grounding
load.
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FIGURE 9. Layout map of field test lines.
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FIGURE 10. Current waveform without an adaptive load.

IV. EXPERIMENTAL TEST

To verify the stability and incentive effect of the designed
transmitting system, a time-frequency transmitting test was
carried out in the goaf of Liaoyuan Coal Mine, Jilin Province,
in November 2017. The layout of field detection lines is
shown in Fig. 9. The transmitting source is in the north-
south direction and is laid along the highway. The length
of the line is 2 km. The survey line is east-west, starting
point is 500 meters away from the transmitting source, and
the length of the survey line is 1 km. It is located in the
transitional zone. During the test, the current station was used
to record the current waveform transmitted, and the receiving
system developed by the research group was used to record
the induction voltage signal produced by the coil sensor.

A. THE ADAPTIVE PSEUDO LOAD TEST

Figs. 10 and 11 show the time-frequency current
waveforms transmitted by different transmitters. The trans-
mission waveform in Fig. 10 is for a conventional frequency-
domain transmitter without a self-pseudoload. At the end of
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FIGURE 11. Current waveform with an adaptive load.

the dead time, when the current waveform changes to £A,
the current waveform will be distorted. Due to the sudden
power change and feedback lag of the generator and trans-
mitter system, the current decreases rapidly after reaching
the highest point, the maximum amplitude reduction is close
to 8 A, and the distortion duration is approximately 8 ms.
The waveform distortion will seriously affect the detection
accuracy of the acquisition signal. Fig. 11 shows the cur-
rent waveform generated by the time-frequency transmission
system with the self-adaptive pseudoload designed in this
paper. At high and low levels, the amplitude of the current
waveform is constant. By comparing the results of the two
tests, it can be concluded that in the time-frequency trans-
mission mode, the self-adaptive pseudoload can effectively
suppress the abrupt change in the generator power caused
by the introduction of the turn-off dead time, the distortion
in the transmission current waveform is obviously improved,
and the current amplitude is stable.

B. TEST RESULTS OF THE RECEIVING SYSTEM

Using the time-frequency transmission system with the self-
adaptive pseudoload, according to the requirements of the
detection depth and resolution ratio, the base frequency of the
transmission current is 16 Hz, the dead time is 5 ms, and the
transmission current is 40 A. Fig. 12 (a) shows the acquisition
signal, in which the red line shows the transmission current
and the blue line shows the induced voltage signal. When the
transmission current changes, the receiving system collects
the transient induced voltage signal. The upward current
change excites the positive transient attenuation signal, while
the downward current change excites the negative transient
attenuation signal. The amplitude of the attenuation signal
is proportional to the change in the current. At times f;
and 73, the amplitude of the transient response caused by
the excitation is larger because of the large change in the
current. Note that in the conduction phase of the transmission
system, a change in the current and coil orientation will easily
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FIGURE 12. Analysis of the acquisition signal.

introduce primary field noise, resulting in a large detection
error.

Therefore, the secondary field response is usually detected
in the O-level stage. The attenuation signal at position A
and position B in the figure is an effective detection signal.
Fig. 12 (b) shows the spectrum of the acquisition signal.
At 16 Hz, 32 Hz, 48 Hz and 64 Hz, a strong induction
voltage signal can be observed, which is much higher than the
noise level and sufficient for the frequency-domain electro-
magnetic detection method. The above test results show that
the designed time-frequency transmission method and system
can excite the earth to produce a transient response and a
steady-state response simultaneously. Time-domain detection
and frequency-domain detection are realized simultaneously,
which greatly improves the detection efficiency.

V. CONCLUSION

This paper proposes a time-frequency fusion transmission
method for electromagnetic sounding to solve the problems
associated with the blind areas in the ranges of time-domain
and frequency-domain detection. The fusion transmission
current contains two kinds of excitation waveforms, and
the corresponding responses can be achieved simultaneously.
The fusion transmission system is designed, and a self-
adaptive pseudoload is used to suppress the abrupt change
in the transmitting power and waveform distortion caused by
dead time. Field experimental results show that the designed
time-frequency transmission system with a self-adaptive
pseudoload can effectively suppress the abrupt change in
the generator power, eliminate the waveform distortion, and
ensure the stability of the transmission current. In addition,
the attenuation curve of the transient response caused by the
dead time can be detected in the collected data, and the target
frequency signal can be detected in the signal spectrum with
a high signal-to-noise ratio, obtaining the transient response
and steady-state response with a single detection process.
The research content of this paper verifies the feasibility
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of the time-frequency electromagnetic transmission method,
improves the detection efficiency, expands the detection area,
and lays a foundation for further study of time-frequency
whole-area underground target detection.
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