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Abstract: To make three-dimensional electromagnetic exploration achievable, the distributed wide field electro-
magnetic method (WFEM) based on the high-order 2” sequence pseudo-random signal is proposed and realized. In this
method, only one set of high-order pseudo-random waveforms, which contains all target frequencies, is needed. Based
on high-order sequence pseudo-random signal construction algorithm, the waveform can be customized according to
different exploration tasks. And the receivers are independent with each other and dynamically adjust the acquisition
parameters according to different requirements. A field test in the deep iron ore of Qihe—Yucheng showed that the
distributed WFEM based on high-order pseudo-random signal realizes the high-efficiency acquisition of massive
electromagnetic data in quite a short time. Compared with traditional controlled-source electromagnetic methods, the
distributed WFEM is much more efficient. Distributed WFEM can be applied to the large scale and high-resolution
exploration for deep resources and minerals.

Key words: distributed wide field electromagnetic method (WFEM); high-order pseudo-random signal; multi-
frequency; massive data

reception of multiple frequencies is realized [5,6].

1 Introduction

Wide field electromagnetic method (WFEM) is
a widely used frequency-domain electromagnetic
exploration method with controlled sources. Since a
complete and non-approximate electromagnetic
field calculation formula is applied, a large
exploration depth can be obtained under the
condition of a small transmission and reception
distance [1—4]. Moreover, only one component is
needed in actual exploration, which makes the field
work greatly simplified. Benefitted from the
application of 2" sequence pseudo-random signals
for exploration, the simultaneous transmission and

With the same acquisition time, more frequencies
are obtained in WFEM, and the exploration
efficiency is greatly improved. Based on the above
characteristics, WFEM has been widely used in the
exploration of deep oil and gas, unconventional oil
and gas, metal minerals, geological disasters, and
urban underground space, and has obtained good
detection results [7—12].

The use of 2" sequence pseudo-random signal
is an important improvement for electromagnetic
exploration. In fact, there are many types of
electromagnetic prospecting signals for different
electromagnetic methods, and different types of
prospecting signals have their own advantages and
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characteristics [13—18]. However, some signal types
are not suitable for frequency domain exploration.
2" sequence pseudo-random signal based on the
self-closing method of —1, 0, 1 is first constructed
in the 1990s [6]. Its main frequencies are evenly
distributed in the logarithm frequency domain, and
the energy of each main frequency is relatively
uniform, which is quite suitable for frequency
electromagnetic exploration. Benefitted from 2"
sequence pseudo random signal, multiple
frequencies are simultaneously transmitted and
acquired at the same time. This has brought huge
advantages for later data processing, especially in
strong interference environments.

At present, in the real exploration of WFEM,
the transmission is mainly based on the 2" pseudo
random signal in Type 7, that is, there are 7 main
frequencies in it. If 40 or more frequencies are
to be obtained, under normal circumstances, only 6
frequency groups need to be changed for
transmitting. Traditionally, in order to distinguish
the waveforms, these 6 frequency groups are
defined as Types 7-0, 7-1, 7-2, 7-3, 7-4 and 7-5.
Type 7-0 corresponds to 128, 256, 512, -,
8192 Hz, 7-2 corresponds to 1, 2, 4, -+, 64 Hz, 7-4
corresponds to 0.015625, 0.03125, 0.0625, ---,
1 Hz, and 7-3 corresponds to transmission
frequency of 1.5, 3, 6, -, 96 Hz, as encrypted
frequency group of 7-2. Types 7-1 and 7-5 are the
encrypted frequency groups of 7-0 and 7-4,
respectively [2]. Different versions of instrument
may have different naming methods, but the naming
principles are the same.

However, the continuous development of
industry puts forward higher requirements for
electromagnetic prospecting. On the one hand, the
demand for large-scale and high-resolution
exploration is increasing, and the demand for
short-term and large-scale exploration is even
stronger. Seismic exploration methods have realized
distributed, node-type 3D exploration. In contrast,
the development of distributed 3D electromagnetic
exploration is relatively slow. On the other hand,
the surrounding environment of the electromagnetic
survey becomes more and more complex, such as
exploration in mining areas, cities, and surrounding
areas. Due to factors such as acquisition time and
noise interference, the exploration data often have a
poor signal-to-noise ratio, and many algorithms
have been proposed to cope with that [19-22].

When conducting exploration in a mining area,
interference often requires the multi-period
collection to suppress, but the time for data
acquisition is often limited. In the same survey area,
interference in some locations is extremely strong,
while the noise in other locations is relatively weak.
The unified acquisition parameters need to be
adjusted according to different situations. How to
obtain more exploration data with a high
signal-to-noise ratio under the circumstance of
limited acquisition time and widespread noise
interference is an urgent problem to deal with.

In this work, based on the traditional WFEM,
a faster and more efficient acquisition method is
proposed, to distributed WFEM by
designing and transmitting high-order pseudo-
random signals. Its main feature is that only one set
of high-order pseudo-random signals, which
contains all target frequencies, is needed in
exploration. In addition, multi-channel distributed
WFEM receiving terminals are used for blind
acquisition, which fully increases the degree of
freedom of electromagnetic data acquisition. It truly
realizes independent acquisition and dynamically
adjusts the signal acquisition time according to the
actual noise situation in different locations. Then,
through technical means such as denoising and
harmonic extraction, the effective components,
including both main frequencies and harmonics, can
be obtained to the maximum extent. Based on
distributed WFEM, the acquisition of large-scale
and massive electromagnetic data is realized.

realize

2 High-order pseudo-random signal

2.1 Realization of high-order pseudo-random

signal

The main feature of the distributed WFEM is
the application of high-order 2" sequence pseudo-
random signals, and in that sense, only one set of
waveforms needs to be sent during exploration.
Therefore, how to design and select exploration
signals has become the key to the realization of
distributed WFEM. In the 1990s, a} sequence
pseudo-random signal based on self-enclosed
addition was proposed [6]. Because of good
spectrum characteristics, a} sequence pseudo-
random signal has been successfully applied to
electromagnetic exploration and other electrical
exploration [2]. 2" signal is a special type of af
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pseudo-random signal. The main frequencies of
the 2" signal are increased by a multiple of 2 and
equally logarithmic-distributed in the frequency
domain. It needs to be noted that the 2" sequence
signal is a signal not only for the WFEM and the
induced polarization method but also in other
scenarios.

In practical applications, the pseudo random
signal in Type 7 is usually the mainstay. During
exploration, it only needs to change the frequency
group a few times to obtain the information for
dozens of target frequencies. Figures 1(a, b) show
the waveform and spectrum of the waveform in
Type 7-2. The lowest frequency is 1 Hz, and the
highest frequency is 64 Hz. The main frequency is
increased by a multiple of 2, and there are 7 main
frequencies in total, which is also the reason why it
is called Type 7.

In real exploration, waveforms with more
frequencies, such as waveforms in Type 11 and
Type 15, as shown in Fig. 1(c, e), can also be
applied according to the actual situation to cope
with different exploration tasks. Whether it is Type
11 or 15, the main frequencies are increased by
multiple of 2 and are evenly distributed.

In the past, if it is desired to further increase
the exploration frequency, it was often achieved by
sending an additional set of pseudo-random signals
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with different fundamental frequencies, such as
signal in Type 11 with a fundamental frequency of
1.5 Hz, to achieve encryption of the exploration
frequency for signal in Type 11 with a fundamental
frequency of 1 Hz.

In fact, in the 2" sequence pseudo-random
signal, in addition to the main frequency
components, many harmonics can also be applied,
and the application of harmonics will help achieve
the goal of sending only a set of waveforms to
complete the exploration. To extract the effective
frequency components of harmonics, a method of
harmonic extraction and a method of the frequency
density calculation are proposed [23]. By analyzing
the theoretical waveforms and spectrum of the
signal in Type 7 and Type 11 with time domain
amplitude of 100 A, it can be found that there are
indeed many harmonics with relatively large values,
as shown in Figs. 2(a, b). There are 19 frequencies
with amplitude larger than 10 A in Type 11, and
71 frequencies with amplitude larger than 5 A in
Type 15, in which there both exist a lot of potential
effective components.

But at the same time, the distribution of
high-amplitude harmonics is not as uniform as the
main frequency, as shown in the frequency density
curve in the Figs. 2(c, d) [24]. There are more
frequencies in some frequency bands than in other
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Fig. 1 Waveforms (a, c, ) and spectra (b, d, f) of typical 2" signal in different types: (a, b) Type 7-2; (c, d) Type 11;

(e, f) Type 15
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bands. The harmonic extraction method can indeed
obtain more frequencies, but the effective frequency
components obtained are not evenly distributed.
Although the use of harmonics can increase the
number of exploration frequencies in quantity, the
frequencies cannot be customized according to
needs. Therefore, only based on the extraction of
harmonics, it is not possible to achieve the goal of
exploration by sending one traditional pseudo
random waveform.

In this context, based on the self-closing
addition of 1, —1, and 0, considering parameters of
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frequency displacement, amplitude and phase, the
high-order 2" sequence pseudo-random signal is
constructed [25]. As shown in Figs. 3(a, b), the
high-order pseudo random signal is the second-
order 27-frequency wave, noted as Type L2-F27, in
which L means level and F means main frequencies.
It can be considered as the composition of one set
of 15 frequencies of 0.25, 0.5, ---, 2048 Hz, and
another set of 14 frequencies of 0.75, 1.5, -,
3072 Hz. This is the reason why it is called a
second-order 2" sequence pseudo-random signal. As
shown in Figs. 3(a, b), when the amplitude of the
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Fig. 2 Spectra of ideal waveform (a, b) and frequency density curves for signal (c, d) in Type 7-2 (a, ¢) and

Type 11 (b, d)
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current in the time domain is 100 A, the average
amplitude of its frequency components is larger
than 20 A. Based on the same method, a third-order
39-frequency containing 39 dominant frequencies,
noted as L3-F39, was constructed, as shown in
Figs. 3(c, d), with an average amplitude larger than
17 A. The waveform and spectrum of the signal in
Type L4-F49 are shown in Figs. 3(e, f), respectively,
in which the average amplitude of the main
frequency is about 15 A. It is obvious that the
number of main frequencies corresponding to the
typical signal in high order is odd. In this case,
there are only 1, —1 in the signal and only 100 and
—100 in the corresponding waveform. This is
deliberately designed to prevent the instrument
from being empty. In fact, when the number of
main frequencies is even, there will be 1, 0, —1 in
the signal.

Besides signal types above, a much higher
order pseudo random signal in Type L6-F81 was
also designed. Figures 4(a, b) show the waveform
and spectrum of the ideal signal in Type L6-F81,
respectively, with the lowest frequency of
0.0625 Hz and the highest frequency of 3072 Hz.
The average amplitude of each frequency is larger
than 10 A. The transmission test was successfully
carried out in the field by an electrical source with
a length of 1.35km. Figures 4(c, d) show the
waveform and spectrum of the real transmitted
signal, respectively.

Affected by the earth, instrument, and long

wires, the real transmitted waveform of the

form, the current value corresponding to frequencies
above 300 Hz is significantly reduced, but the
overall signal still maintains good spectral
characteristics. With the current about 120 A in the
time domain, the amplitude of most of the main
frequencies in the frequency domain is larger than
10 A, and some of the main frequencies even reach
15 A.

By comparing the spectrum of high-order
pseudo-random signals of different orders, it is
found that as the number of main frequencies
increases, the average amplitude of the main
frequency is decreased, but the rate of decrease gets
slower. This is because the main frequency
amplitude is not geometrically decreased, but
roughly decays to the power of —1/2. This has been
explained in detail by previous studies [24,26]. It is
also noted that for high-order pseudo-random
signals, as the order increases, the number of main
frequencies in different frequency bands increases
uniformly, and the main frequencies are relatively
evenly distributed. And it is obvious that high-order
pseudo-random signals can be also applied to other
application scenarios.

At the same time, it is necessary to
comprehensively consider hardware performance
during real applications. Different hardware
modules correspond to different performance
conditions, and it is sure that not all design
waveforms can be realized under limited hardware
conditions. Therefore, when selecting the order and
frequency components of a high-order pseudo-

pseudo-random signal is a little different from the random signal, the exploration purpose and
theoretical waveform, especially the high frequency hardware conditions should be considered
components. Compared with the theoretical wave- comprehensively.
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2.2 Characteristics of high-order pseudo-random
signal

In the past, electromagnetic equipment, such
as V8 and GDP32, obtained the information for all
target frequencies through frequency sweeping
mode, that is, only one frequency was sent at one
time. The current in field work is generally 20—
30 A. For high-order pseudo-random signals, taking
waveform in Type L3-F39 (39-freqeuncy wave) as
an example, if this wave is transmitted using a
200 kW or higher power generator, the effective
current can reach 120 A or higher in a real case. The
average current of the main frequencies of
39-frequecy wave is larger than 20 A, which is very
close to the current of single-frequency emission
based on traditional equipment. Furthermore, when
frequency sweeping mode is applied to surveying,
if the acquisition time of each frequency is 2 min, it
will take 78 min to observe 39 frequencies in total.
However, if the acquisition time for the
39-frequency wave is 78 min, the corresponding
acquisition time for each frequency is 78 min too,
which is 39 times the acquisition time of the
frequency sweep mode. By using a high-order
pseudo-random signal, the acquisition time of each
frequency is longer in exploration. Thus, with the
precondition of the same current, the signal-to-noise
ratio of electromagnetic data based on high-order
pseudo-random signals is much larger.

If the generator of the same power is used to
send 39-frequency waves and single-frequency
waves separately, the average amplitude of main
frequencies in the 39-frequency wave is about 1/6.8
of the corresponding amplitude of single-frequency
transmission [24]. If acquisition time for each
frequency is 2 min in frequency sweeping mode,
the acquisition time of total 39 frequencies will be
78 min, while the acquisition time of each
frequency in the case of 39-frequency wave is
78 min and 39 times that of a single frequency. In
this case, if there exists Gaussian noise only in real
data, the noise effect decreases by the 1/2 power
of the acquisition time based on central limit
theorem [26]. In other words, if other conditions
are unchanged, the Gaussian noise effect in
39-freqeuncy wave becomes /339 of the effect
in frequency sweep mode, which is about 1/6.25.
That is to say, for frequency sweeping mode, it has
a larger amplitude, but less acquisition time.
However, for 39-freqeuncy wave, it has a smaller

amplitude, but much more acquisition time.
Therefore, under the same transmission power and
same total acquisition time, the signal-to-noise ratio
of a single frequency and high-order pseudo-
random signals is very close. However, it needs to
be noted that the similar signal-to-noise ratio is
under the condition of Gaussian noise only. In
mining areas, complex urban environments, etc.,
various industrial and communication interferences
and other non-Gaussian noises are ubiquitous. In
that case, the signal-to-noise ratio is mainly affected
by these noises rather than Gaussian noises.
Non-Gaussian noises often have non-uniform
characteristics in time distribution, that is, the noise
intensity varies greatly at different moments. When
observed with high-order pseudo-random signals,
all frequencies are full-time acquisitions, making it
easier to obtain useful data with a high signal-to-
noise ratio through denoising methods [22].
Furthermore, in different noise conditions, for
frequency sweeping mode, it often requires an
appointment time for observation, and then the
survey is conducted in sequence according to the
target frequency table. However, the noise at
different locations in the same area may vary
greatly. It is possible that at some locations it does
have very little noise and not need to be observed
for a long time, while some other locations are quite
noisy, requiring a longer acquisition time. Under
such circumstances, it is unreasonable to use
uniform acquisition parameters for all measuring
points. When high-order pseudo-random signals are
applied, data acquisition for receivers can be started
at any time and stopped once the signal-to-noise
ratio requirements are met. Further, there is no need
for synchronization between receivers. For example,
in some places with strong noise, the acquisition
time can be increased for the higher signal-to-noise
ratio, while in some places, when the noise is low,
high-quality data can be obtained in a short time.
Compared with the single frequency sweeping
mode, when high-order pseudo-random signals are
used, the acquisition time can be dynamically
adjusted according to the noise situation to ensure
the signal-to-noise ratio of different measuring
points, making exploration more cost-effective.

3 Realization of distributed WFEM

Litun Iron Mine is in the northern part of
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Qihe—Yucheng iron-rich ore comprehensive
exploration area in Shandong Province, China. The
iron ore in the area has the characteristics of large
thickness, high grade, and great deep burial. The
900—1100 m shallows are Quaternary and Neogene,
with low resistivity, 1100—1300 m shallows are
Carboniferous, Permian strata, and the main surface
has medium resistivity. The deep part is diorite,
which is mainly characterized by high resistivity.
There are mainly 5 boreholes in this area, as shown
in Fig.5, of which 4 meet ore and 1 meets
mineralization. The ore depth is between 1100
and 1300 m, and the overall ore thickness is
58.78—119.67 m. The average ore grade is
TFe 56.52% and mFe 51.65%. The ore body mainly
exists in the contact zone with diorite and the
Carboniferous—Permian, and it is a rich iron ore
covering thick sedimentary strata. Besides, the area
is with a quite flat surface, which is quite suitable
for large-scale electromagnetic exploration.

Under such circumstances, the field test of
distributed WFEM based on high-order pseudo-
random signals was carried out. The survey area is
equipped with 1350 survey points and 23 survey
lines, as shown in Fig. 5. The bottom map gives the
ground magnetic survey data. The blue point is the
measurement point of WFEM. The survey line
spacing is 100 m, part of the survey line spacing is
50 m, and the MN pole distance is 50 m. When
conducting exploration, receiving terminal is
equipped with 5 receiving groups, each of which
controls 4 instruments, and each instrument has 5
acquisition channels, that is, one group controls 20
channels for acquisition, a total of 100 channels.

3.1 Field working method of distributed WFEM

Since high-order pseudo-random signal is
applied in distributed WFEM, great changes have
taken place in the way of WFEM observation, both
in the transmitting terminal and receiving terminal,
as shown in Fig. 6. Figure 6(a) shows the field
working method of traditional WFEM and Fig. 6(b)
shows the field working method of distributed
WFEM.

3.1.1 Working method in transmitting terminal

In traditional WFEM, 6 frequency groups of
waveforms are needed to transmit, and the total
acquisition time for one routine is about 2 h, while
in distributed WFEM, it only needs to transmit one
waveform and the total acquisition time is about
0.5h, since it only needs to count the lowest
frequency acquisition time in distributed WFEM.

In a real application, the first thing is to select
the frequency range based on the target detection
depth and select the order of pseudo-random signal
according to the resolution requirements, since only
one set of waveforms is needed in distributed
WFEM. A signal in Type L3-F39 is designed, of
which the lowest frequency is 0.25 Hz, and the
highest frequency is 3072 Hz. However, the target
detection depth of Qihe—Yucheng is larger than
2000 m, and the main mineralization depth is 1100—
1300 m. Besides, the thickness of the four series
with low resistivity is about 900 m. Therefore, by a
transformation, a new set of waveforms in Type L3-
F39 was designed, in which the lowest frequency
becomes 0.0625 Hz and the highest frequency is
768 Hz. The spectrum of the ideal transmitting
signal is just like the spectrum shown in Fig. 6(b).
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Based on an electrical source with a length of
1.5 km, the signal in Type L3-F39 is transmitted.
And the transmission and reception distance is
11 km. Complete-time series data are needed for
harmonics extraction. Transmitted waveform and
spectrum are shown in Fig. 7, which mainly
contains 39 main frequencies with large amplitude,
10 secondary frequencies with considerable
amplitude, and a total of 49 candidate frequencies
in this signal. This means that in one launch 49
frequencies are acquired at the same time, which
are evenly distributed in the frequency domain. The
survey signal is continuously transmitted in the
distributed WFEM.
3.1.2 Working method in receiving terminal

As shown in Fig. 6, in traditional WFEM,
it needs to observe 6 frequency groups of data,

and different signal receivers need to work
simultaneously, while in distributed WFEM,
receivers are independent with each other, and they
do not need to work simultaneously. Since only one
set of waveforms is needed, theoretically the total
acquisition time is about 0.5 h for distributed
WFEM, while the total acquisition time is about 2 h
for traditional WFEM. In other words, in the case of
the same acquisition time, the distributed WFEM
greatly increases the number of superpositions of
each frequency, which means that it is much easier
to get data with a high signal-to-noise ratio for
distributed WFEM.

Specifically, in actual exploration, it needs to
set the shortest acquisition time in the target area,
and dynamically adjust the acquisition time
according to the noise situation in different areas.
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In Litun Iron Mine, the signal is continuously
transmitted. Different receiving groups are
independent of each other and the rolling
observations are carried out. The acquisition time
for one single-point is set as 4096s, and the
sampling frequency is 25600 Hz, with the lowest
frequency of 0.0625 Hz corresponding to 256
acquisition cycles, and the highest frequency of
768 Hz collecting 3145728 cycles in total. For each
measuring point, there exists 104857600 sampling
points, a huge data.

The waveforms and frequency spectra of
real data at Point S150—420 are shown in Fig. 8.
Although there is strong power frequency
interference, as well as some communication
interference, as shown in Fig. 8(c), benefitted from
the long-term acquisition, it does not interfere much
with target frequencies above 1 Hz and many
frequencies are with the high signal-to-noise ratio.
Low-frequency part is affected by electrode
polarization and floating current. To solve this, a
pre-processing based on Legendre polynomial is
applied to eliminating part of low-frequency noise.
The waveform and frequency spectrum after pre-
processing are shown in Figs. 8(b, d), respectively.
It is obvious that low-frequency noise is partially
eliminated, and the spectrum of frequencies below
1 Hz is greatly improved.

As shown in Fig. 9, the normalized electric
field curve of the measuring Point S150—420 is
obtained by dividing electric field corresponding
to each frequency obtained in Fig. 8§(b) by the
measured current in Fig. 7(b). Additionally, error
bars are embedded for the normalized curve, from
which it is clear that data obtained in Litun Iron
Mine based on the distributed WFEM are of high
quality in this area, especially in the middle and
high frequency bands.

In Litun Iron Mine, with total of 20 receivers,
each with 5 channels, using rolling measurement
method, at most 400 measuring points of data
collection were achieved in one day. A total of 1350
WFEM measuring points were completed in 4 d,
with 338 measuring points per day on average. The
efficiency of field work has been greatly improved.

3.2 Application result

In Litun Iron Mine, the WFEM inversion result
is based on the one-dimensional finite element
method [27,28]. Through the interpolation of
different survey line data, the underground
three-dimensional electrical data of the area are
obtained. Take line S170 as an example to analyze
the results of WFEM. As shown in Fig. 10, the
stratum of line S170 is divided according to the
electrical profile and a known borehole ZK 1. The
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Quaternary and Neogene strata in the survey line
range from the shallow elevation of —1020 m, and
the stratigraphic boundary is shallow in the east and
deep in the west. The Carboniferous—Permian is
shallow in the east and deep in the west within the
survey line. Affected by intrusive rocks, the overall
thickness in the east is relatively small, with a depth
from —850 to —1300 m, and the depth in the west is
below —1050 m. Diorite gradually thins from east to
west, and the resistivity at the measuring Point
100—-215 is generally low. It is inferred that at this
time, the rocks below —2000m are mainly

Carboniferous—Permian and Ordovician rocks. The
borehole ZK1 is located at about 448 points of the
survey line. The lithology of the borehole is shown
in Fig. 10(b), in which the results of WFEM are
consistent with known geological conditions.

Based on the inversion results of 23 survey
lines in this survey area, three-dimensional
electrical data shallower than 1800 m were obtained,
as shown in Fig. 11(a). Based on the resistivity
threshold, the Quaternary, Neogene strata, and
underlying Carboniferous were picked up, as shown
in Fig. 11(b), with 4 known boreholes with their
lithology embedded. Also, in Fig. 11(b), the
interface of the Permian strata and the underlying
strata present the undulating shape of the intrusive
rock mass.

Besides, there are two seismic survey lines Z1
and L1 crossing the survey area. The ore bodies in
this area are covered with thick sedimentary strata,
and the seismic exploration results reflect the
stratum above the ore bodies well. Therefore, it can
be used as a mutual verification with the results of
distributed WFEM. The positions of the two
seismic survey lines are shown in Fig. 12(a) and
Fig. 13(a). Based on the three-dimensional
electrical data, resistivity slices are obtained along
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the direction of the two seismic survey lines
separately.

As shown in Fig. 12(b), the stratum is divided
according to the seismic exploration results of
survey line Z1. According to the locations of the
seismic survey line, the electrical slice of the
corresponding position is obtained from the
three-dimensional electrical data. The electrical
slice is divided into three main electrical layers. The
first layer is characterized by low resistivity,
shallower than —900 m. It is the Quaternary and
Neogene strata. The second layer presents the

characteristics of medium resistivity value. In the
range from —900 to —1500 m in elevation, this layer
is the Carboniferous—Permian. The third layer
presents the characteristics of high resistivity, which
is the deep diorite rock mass. The overall results of
the WFEM inversion are consistent with the seismic
profile, and the stratum buried depth is highly
consistent.

According to the direction of the second
seismic survey line L1, as shown in Fig. 13, the
corresponding electrical profile is also obtained
from the three-dimensional electrical data. And the
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overall results of the distributed WFEM are
consistent with the seismic profile, reflecting
reliable exploration results.

It needs to be noted that the distributed WFEM
survey did not directly discover the ore body in this
area, but indirectly prospected through the
description of the deep structure. There are many
reasons for that, and the accuracy of the inversion is
one of them. Therefore, in the future, the high-order
pseudo-random signal in Type L6-F81 will be
applied in this area, and expected to identify the ore
body directly.

4 Conclusions

(1) Based on the 2" sequence pseudo-random
signal, the high-order pseudo-random signal is
proposed. By using this high-order pseudo-random
signal, only one set of waveforms needs to be sent
without changing the waveform or frequency, and
the information for all target frequencies can be
obtained at one time. Compared with the previous
electromagnetic method, it greatly saves acquisition
time. High-order pseudo-random signals, as same
as 2" sequence pseudo-random signal, can be also

applied to other scenarios.

(2) In distributed WFM, the same waveform is
continuously transmitted, while the receivers can
acquire exploration signals at any time and at any
location. Different receivers are independent of
each other and can dynamically adjust the
collection parameters according to the actual
situation and interference. Once one of the receivers
completes data acquisition, there is no need to wait
for other receivers. Then, rolling acquisition is also
realized in distributed WFEM, which doubles the
exploration efficiency and greatly reduces the
exploration cost.

(3) Benefitted from the high efficiency of
distributed WFEM, more measuring points with
massive complete series data are acquired in a short
time. More frequencies, including both main
frequencies and useful harmonics, are extracted at
one time based on these massive data. More
measuring points and more frequencies than
before make large-scale and high-resolution
three-dimensional distributed WFEM realizable.
Thus, distributed WFEM can be applied to the
fine exploration of deep resources, minerals, and
others.
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