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Abstract: In order to extract usable harmonics from real 2" sequence pseudo-random data, a technical method is
proposed. An equation for predicting the average amplitude of the main frequencies is proposed to guide the choice of
signal type for different exploration tasks. By the threshold of the amplitude of the transmitted signal, a set of candidate
frequencies are first selected. Then, by operating a spectrum envelope method at these candidate frequencies on
received data, effective components in data are extracted. A frequency density calculation method is proposed based on
a logical number summation method, to reasonably characterize the frequency density in different frequency bands. By
applying this method to real data in Sichuan, China, with signal Type 13, 75 effective components are extracted,
including both main frequencies and harmonics. The result suggests that the number of effective frequencies in the 2"
sequence pseudo-random signal can be increased by extracting usable harmonics, without any additional fieldwork.
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Compared with a sine wave, the square wave is

1 Introduction

The  frequency-domain  controlled-source
electromagnetic (CSEM) method has been widely
used in mineral resources, geological hazard
exploration, and oil-gas exploration [1-4].
In frequency-domain electromagnetic  (EM)
exploration, the response of ground is embedded in
the received signal, and different frequencies
involve different electromagnetic energy diffusion
characters. By applying certain geophysical inverse
algorithms, it is possible to obtain detailed
geophysical information about the subsurface. This
is the basis for the frequency-domain EM method.

A periodic square wave is frequently used as
the transmitter waveform for EM exploration.

easier to implement in hardware, especially when a
large current is needed. For the periodic square
wave, most of the transmitted energy is distributed
on the main frequency, and at most time only one
frequency is obtained at one time, which makes it
not quite convenient for frequency-domain EM
exploration, especially in those high-cost areas.
More efficient waveforms are needed. In the field
of radar communications, a variety of waveforms
are designed to meet the needs of different
situations [5—8]. However, due to the different
principles of communication and geophysical
prospecting, many methods are not suitable for
geophysical — prospecting  signals  designing.
According to the characteristics of geophysical
methods, many waveforms based on different
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methods are designed and created for different
geophysical purposes, in which energy is
distributed at more frequencies, such as binary
symmetric waveform by an analytical method [9],
pseudo-random binary sequence (PRBS) [10], and
specialized waveforms for CSEM [11-13]. All
these waveforms have quite good spectrum
properties. In these signals, it is not necessary to
continuously change the sending frequency. But it
still needs to be changed especially when there are a
lot of frequencies of interest. 2" sequence
pseudo-random signal was developed to design
more adaptive and complicated waveforms to
obtain more desired frequencies [14—16]. The 2"
sequence pseudo-random signal is formed by the
self-closed addition of —1, 0, 1 three elements and
its main frequencies are distributed according to 2".
It is a multi-frequency pseudo-random signal with
main frequencies that uniformly distributed in the
logarithmic frequency coordinates [16], which
makes it a quite efficient signal for frequency-
domain EM exploration. And recently, high order
2" pseudo-random sequences have been designed
based on traditional 2" sequence pseudo-random
signal [17,18].

In previous researches, only the
frequencies of 2" pseudo-random signal are used,
without attention to the effectiveness of harmonic
components [9—11]. In fact, for a pseudo-random
signal, especially a 2" sequence pseudo-random
signal, many harmonics are of considerable
amplitude, which can be further used for real
exploration. If these effective harmonic components
are extracted, it will increase the number of
frequencies and further improve the exploration
result. However, most of the frequency-domain
electromagnetic exploration equipments, especially
artificial electromagnetic  equipments,
traditionally only save quite limited coefficients,
rather than complete time series of signal, which
makes it not easy to systematically analyze the
spectrum of the prospecting signal and extract the
effective harmonic components.

Since data storage technology and computing
capabilities have been greatly developed, more and
more electromagnetic equipments can record and
save complete time-series signals on a large scale.
For example, the wide field electromagnetic method
(WFEM) using 2" sequence pseudo-random signals
has made the rapid storage of large-scale and

main

source

high-sampling rate data possible since 2013,
including both the current data and received data,
which provides a prerequisite for full-frequency
data analysis and harmonic extraction.

In this work, we first simulated the 2"
sequence pseudo-random ideal signal with different
types and systematically analyzed the spectrum
characteristics for different 2" sequence pseudo-
random signal. Based on the law of energy
conservation, we proposed an equation to predict
the average amplitude of the main frequencies in
the 2" sequence of a pseudo-random signal. After
that, we filtered the main frequencies and some
harmonics with different amplitude thresholds to
obtain potential effective frequencies. Finally, a real
case was involved to illustrate the extraction for
qualified frequencies as effective components based
on a spectrum envelope method. We also proposed
an algorithm calculation of frequency density to
obtain the distribution characteristics of those
effective components, making the extraction results
more instructive.

2 Energy distribution characteristics of
2" sequence pseudo-random signal

2.1 Energy conservation in time domain and

frequency-domain

The waveform and spectrum of the 2"
sequence pseudo-random of Type 7-2 are shown
in Fig. 1, in which there are 7 main frequencies
from 1 to 64 Hz. Its amplitude in time domain is
100 A. For the 2" sequence pseudo-random signal
with an odd #, there exist only +100 A and —100 A
in the waveform, and no zero value in the time
domain [15]. In the frequency-domain, the average
amplitude of the main frequencies is 44.25 A. It is
obvious that there are quite a lot of harmonics with
considerable amplitudes, such as the amplitude of
17 Hz greater than 20 A. If we add the amplitudes
of different frequencies together, it is far larger than
100 A. In fact, the energy of any signal is conserved
in both the frequency-domain and the time domain.
In this work, we proceed from the Parseval Identity
to show the energy conservation of 2" sequence
signals in the time domain and frequency-domain.
2.1.1 Different forms of Fourier series

Assuming the transmitted signal f{f) has a
period of 1, f{H)=f(¢t+1), f(¢) can then be expressed
through the sine wave with the frequency of 1 Hz
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Fig. 1 Waveform (a) and spectrum (b) of 2" pseudorandom signal in Type 7-2

and its harmonics:

)= A,sin(2nnt +@,) (1)
n=1
where A, is the amplitude of different frequency
components, and ¢, is the phase.
By introducing the cosine function, f{¢) is
written as

=Zw:(an cos(2mnt) + b, sin (2mnt ) (2)

n=

where |4, [=\a2 +b?.

If there is a direct component (DC) that means
n=0, the series becomes

—

i(a cos 2nnt +b, sm(ZTmt)) 3)

n=

4
2

—_

where ay/2 is the DC component. The amplitudes of
most exploration signals oscillate positively and
negatively at the center point of 0, so the DC
component is 0. However, this series form is not
convenient for large-scale calculations. Equation (3)
needs to be further simplified. As shown in Eq. (4),
the sine and cosine functions can be expressed by
complex exponential functions according to Euler’s
equation:

exp(2mint) + exp(—2mint)
2

cos(2nnt) = (4a)
exp(2nint) —exp(—2mint)

sin(2nnt) = 5

(4b)

Bringing Eq. (4) into Eq. (2) can simplify the
series to obtain a more concise representation of
complex exponential series [19]:

t) = i ¢, exp(2mint) ®)]

n=—00

where ¢, is the coefficient of the complex
exponential, and the variable »n ranges from — to
+oo, which is the origin of the concept of positive
and negative frequencies in the Fourier transform
and series. If f{(7) is real then c_, which means
that ¢, and c_, are complex conjugates, and
¢, [=1/2 /(a2 +b?) . In Eq. (2), for a real function
AD, A,=2|c,|, and 4, is the amplitude of the
corresponding sinusoidal function or signal.
2.1.2 Energy conservation based on Parseval
identity

The energy conservation of a signal, based on

Parseval identity, can be expressed as

ij(t)rdt:j_jF s\

where f{(¢) is the signal in time domain signal and
F(s) is the signal in frequency-domain. Essentially,
the signal representation in the time domain uses a
standard orthogonal basis, while the frequency-
domain uses another standard orthogonal basis. The
Fourier transform is just a bridge from one domain
to another. Although the representation is different,
the contained information and energy are equivalent.
For continuous functions, the energy is conserved in
both frequency and time domains.

ﬂ >

(6)
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In real exploration, the recorded signal is
discrete. Discrete Fourier transform is applied to
converting discrete time domain data to frequency-
domain data [19]:

F[m]= Z f[n]exp(- 2“”"”) (7)
n=0
fr)= s SF[mlexnCCT ®

m 0

where N is the signal length, for convenience, n
starts from 0O instead of —N/2, and the periodic
property equation of the complex exponential
function still holds; m is the index of frequency-
domain coefficients; 7 is the index of time domain
coefficients. Equation (9) can be obtained by
finding L2 norm on both sides of Eq. (7):

| | B Zf[n]exp(— 21t1mn

N-1
z [ ]e p(27t1mn )
n'=0

2n1m( n'))

[F[m] —Zf[n]Zf[nlexm—

N-IN-1

e =3 > 1]

m=0 m=0n=0

Nz_:lf[”'] exp(— 2nim(n—n')
n'=0 N

S |Fm = X [n) Y A1)

n'=0

)

2n1m(n n’)

¥ exp(- — )

m=0

When n=n’,

N~
Z exp(—2nim(n—n")/ N)=N,

m=0

and when n#n’,

N-1
Z exp(—2nim(n—n")/ N)=0,

m=0

which means that the sum of a complex exponential
throughout length N is always equal to zero. The
simplification of Eq. (9) is shown as

IF (] —Zf (]3]

n'=0

2n1m(n n ))

Z exp(—

Z|F (] = if ["]Z FIHING, .

m=0

2

N-1 2 N-1
D |Flm] =N fIn]fIn]
m=0 n=0

N-1 N-1
Y |Fim] =N Y| f[n] (10)
m=0 n=0

Equation (10) is the discrete form of Parseval
identity. Note that the value of F[k]/N in Eq. (8)
corresponds to the coefficient ¢, in the
frequency-domain in Eq. (5), and |c,|=4,/2, which
means in the Parseval identity, the coefficients in
the frequency-domain is numerically 1/2 of the
amplitude A4, of different frequencies. As shown in
Eq. (10), the sum of squares of coefficients in the
frequency-domain is equal to the sum of squares of
amplitudes in the time domain.

The waveform and spectrum of the sine wave
and square wave with frequency at 1 Hz and
amplitude of 100 A are shown in Fig. 2. It should be
noted that to distinguish different spectrums when
multiple waveforms are drawn at the same time, we
use the Plot command in MATLAB to draw them.
Since the data are discrete, the frequency spectrum
is a series of polylines. As shown in Fig. 2(b), the
sinusoidal signal only has energy at 1 Hz, and there
is no data at other frequencies.

The sine wave undergoes complex exponential
Fourier transform to obtain the spectrum whose
amplitudes of the positive and negative frequencies
are 50 A, that is, |¢;| is equal to 50 A, and the sum of
lcx] and |c— is 100 A, which means amplitude of
100. The amplitude of the main frequency in
the 1 Hz square wave is 127.3 A. In fact, the
corresponding amplitude of +1 Hz is 63.66 A. The
sum of the two results is 127.3 A, which
corresponds to A4, in Eq. (1). The energies of the
square wave and the sine wave with the same
amplitude are not same, and the square wave is
significantly larger than the sine wave. There are a
lot of harmonic components in the square wave,
while the sine wave has no harmonics.

Figure 3 shows the relationship between
the energy summation of the square wave in the
frequency-domain and the number of harmonics
participating in the calculation. As the number of



2106

Yang YANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2102-2115

100

Amplitude/A
o

—Periodic square wave
Periodic sine wave

-100 |
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Time/s
150
(b)
< — Periodic square wave
g 100 - = Periodic sine wave
=
g 50
) A
0 L A l | P S A

10°

10! 102

Frequency/Hz
Fig. 2 Waveform (a) and spectrum (b) of 1 Hz periodic sine signal and 1 Hz periodic square wave

105
100 FRFAXERFRKRAREFFRFRFFRF R KKK FF X
******&*****&
< |
3 .
£ 95t-
=
g — Time domain
90 » Frequency-domain
85

0 10 20 30 40 50 60 70 80 90 100
Number of harmonics
Fig. 3 Energy in time domain and frequency-domain

versus number of harmonics

harmonics included in the calculation increases, the
amplitude of the frequency-domain gradually
approaches a value of 100 A. If we add the sum of
the squares of coefficients at all frequencies and
perform the square root operation, it is equal to the
amplitude of the time domain, which means that the
energy is conserved in both time domain and
frequency-domain.

2.2 Variation law of main frequencies amplitude
In the 2" sequence pseudo-random signal, with
the number of main frequencies increasing, the
energy is evenly distributed on main frequencies,
and the amplitude of the main frequencies
decreases, as shown in Fig. 4. The amplitude of
main frequencies is 127.3 A for 2" sequence
pseudo-random signal in Type 1 (a periodic square
wave), and is 72.5 A in Type 3, is 54.1 A in Type 5,

and is 44.3 A in Type 7. As the number of main
frequencies increases, the decrease in average
amplitude is not linear. The reason is that the energy
of a signal is positively related to the square of the
amplitude, rather than the amplitude itself.

The odd 2" sequence pseudo-random signals
from Type 1 to Type 19 are sequentially generated
according to the self-closed addition operation, and
the average amplitude of the main frequencies is
respectively calculated, as shown in Fig. 5. The
average amplitude is about 33.9 A in Type 11, is
about 28.3 A in Type 15, and is about 23.4 A in
Type 21. As the number of main frequencies
increases, the current amplitude corresponding to
the main frequencies does not decrease rapidly. The
amplitude of Type 21 is 53% of Type 7 although the
number of its main frequencies is 3 times as much
as Type 7. If the number of main frequencies
continues to increase, the amplitude attenuation
becomes much slower. Therefore, according to the
calculated results, an approximate equation was
proposed to predict the average frequency
amplitude in the 2" sequence pseudo-random signal
based on the average amplitude of the main
frequencies:

y =0.99+/127.3%/x exp(—0.01x) (11)

where y is the predicted average amplitude, x is the
main frequency, 127.3 is the main frequency
amplitude corresponding to a periodic square wave
with a single frequency amplitude of 100 A, and
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0.99 and exp(—0.01x) are the correction coefficients.
The physical interpretation of the equation is that if
the energy of the main frequencies in 100 A
single-frequency periodic square wave is used as
standard energy, the energy is proportional to the
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sum of squares. x represents the number of halves
of the energy, and y represents the amplitude of the
energy divided by x. For the 2" sequence
pseudo-random signal, because of its uniform and
broad-spectrum characteristics, its energy is also
distributed in the harmonics except for the main
frequencies, so correction coefficients need to be
introduced to make the prediction equation more
accurate. As shown in Fig. 5, the amplitude curve
calculated according to Eq.(11) can well fit the
variation trend of the amplitude of 2" sequence
pseudo-random signal, and it is possible to predict
the corresponding average amplitude of signals
with more main frequencies. In practical
applications, considering the total current of signal
emission and the actual situation of external
interference, an efficient and reasonable exploration
signal type can be generated according to the
prediction equation. And high order 2" sequence
pseudo-random signal also follows this equation.
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3 Effective components in 2" sequence
pseudo-random signal

3.1 Energy distribution of 2" sequence pseudo-

random simulation signal

The previous analysis shows that the energy of
the 2" sequence pseudo-random signal is mainly
distributed at the main frequencies, but there are
also measurable amplitudes at the harmonics, which
could be used for real exploration. As is known,
there exist differences between the transmitted
signal filtered by the earth and the ideal waveform.
Fortunately, the earth does not change the frequency
components in the signal, but only the amplitude
and phase of the frequency. Therefore, the signal
after the ground filtering and the ideal waveform is
still very similar in frequency spectrum, as shown
in Fig. 6. The low frequency part in Type 7-2 signal
maintains the characteristics very well, while the
high frequency part is affected to a certain extent.

Since the filtering characteristics under
different ground and hardware conditions are not
the same, we may take the 2" sequence pseudo-
random ideal signal in Type 7 as an example to
discuss the principle of harmonic energy
distribution and find potential effective frequencies.
Then, a real signal processing example in the field
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is shown to illustrate the specific process of
effective components extraction in practical
applications.

Figure 7 shows the waveform and spectrum of
2" sequence pseudo-random ideal signal in Type 7-2.
The energy distribution of the odd harmonics is
significantly different from the periodic square
wave. There is no linear relationship between
harmonic energy and its order. The corresponding
amplitudes of 9, 17 and 21 Hz are all greater than
15 A, while the amplitude of 3 Hz is only 9.87 A.

As shown in Fig. 8, with odd harmonics of
2 Hz, the corresponding current of 18 Hz is 12.91 A,
that of 34 Hz is 13.41 A, while the amplitude of
6 Hz is only 9.878 A.

The harmonic amplitude in the 2" sequence
pseudo-random signal is not linearly related to the
harmonic order. And the order of the harmonics is
no longer applicable as a parameter to predict the
amplitude of harmonics.

However, many harmonics have considerable
amplitudes and potential exploration capabilities.
Extraction of effective components of the 2"
sequence pseudo-random signal cannot focus on
these main frequencies or some fixed harmonic
frequencies only. Effectiveness screening should
be performed on all frequencies according to the
signal-to-noise ratio (SNR) in the signal to obtain
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Fig. 6 Ideal waveform (a) and spectrum (c), and real transmitted waveform (b) and spectrum (d) of 2" sequence

pseudo-random signal in Type 7-2
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effective components. In the case of a certain noise,
the greater the amplitude is, the higher the
signal-to-noise ratio is. Therefore, it is reasonable
that the candidate frequencies are first selected
according to the amplitude.

We separately screen amplitudes of all main
frequencies and harmonics in Type 7 and Type 11
according to different thresholds. Using 25, 8, 5, 2
and 1 A as the threshold to filter the frequencies that
meet the amplitude conditions, statistical results are
shown in Fig. 9 and Fig. 10, respectively. There are
7, 30, 55, 127 and 251 candidate frequencies
extracted from Type 7 signal, while 11, 31, 71, 306
and 673 candidate frequencies extracted from Type
11 signal. Threshold statistics results are listed in
Table 1. The number of frequencies above 2 A and
1 A in Type 11 is 2.4 times and 2.6 times that of
Type 7, respectively. It is shown that there indeed
are a lot of harmonic components with large
amplitude in the 2" sequence pseudo-random signal,

which can be used as the candidate frequencies to
perform noise interference evaluation to extract
effective components.

3.2 Effective components extraction from 2"
sequence pseudo-random simulation signal
Obviously, the potential effective frequencies

need to be filtered before being used as not all

candidate frequencies meet the SNR requirements
for practical application. We have proposed an
algorithm based on wavelet decomposition and
analytic envelope for artificial source electro-
magnetic prospecting signals previously [20], by
which we can obtain the SNR information for
hundreds of frequencies simultaneously. The main
feature of this algorithm is to estimate the upper
bound of noise interference, rather than the accurate
value of noise interference. Based on this method,
we could obtain a parameter named noise ratio to
indicate noise impact level on different frequencies.
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Table 1 Number of screening frequencies for different
thresholds of WFEM signal in Type 7 and Type 11

Amplitude Number of frequencies
threshold/A Type 7 Type 11
40 5 0
33 7 8
25 7 11
15 13 11
8 30 31
5 55 71
2 127 306
1 251 673

Real WFEM data are taken to show how to
extract those useful frequencies. Observation data
are collected in Sichuan Province, China, as an
example and obtained through the E-Ex

arrangement. The electric source is used for signal
emission, and the electrode is for electric field
collection. The waveform and spectrum of the real
transmitted signal (current signal) in Type 13 are
shown in Fig. 11, with a fundamental frequency of
1 Hz and the highest frequency of 4096 Hz.
Affected by long wire inductance and ground
filtering, the high-frequency energy of the
transmitted signal decays rapidly.

There is a 50 Hz notch filter in the current
acquisition equipment, so the frequency spectrum
near 50, 100, 150 Hz, and other frequencies is
relatively small. By the current threshold screening,
as shown in Fig. 12(b), there are 10 frequencies
greater than 25 A, 19 frequencies greater than 8 A,
and 276 frequencies greater than 1 A in this signal.

For example, taking 1 A as the threshold, we
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can obtain 276 candidate frequencies for further
processing. By the proposed spectrum envelope
algorithm [20], we can obtain the upper bound of
noise interference at different frequencies, marked
as envelope, for the corresponding received signal,
as shown in Fig. 13(a). Then, by dividing this
envelope value at those candidate frequencies to the
amplitude of corresponding frequency, we can get
the noise ratio curve, as shown in Fig. 13(b), for all
these 276 candidate frequencies. Taking the value
of 2% as the filtering threshold for noise ratio, we
can obtain the qualified frequencies. Due to the
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influence of industrial noise, the noise ratio near
50 Hz is quite large, and there is no qualified
effective component in this range.

Based on the current data, we can also obtain
the normalized electric field curve of these qualified
frequencies, as shown in Fig. 14, in which the
number of qualified frequencies is 75. In other
words, by sending only one set of WFEM signal in
Type 13, without adding any fieldwork, 75 effective
frequencies with high signal-to-noise ratios can be
extracted, while in the past only 13 main frequency
components were used.
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3.3 Calculation method for frequency density

Based on the analysis above, we can see that
the distribution of effective harmonics is not
uniform, and the absolute number of frequency
points indicate the frequency
distribution. Therefore, we propose a new method
of frequency density calculation to evaluate the
density of effective components in different
frequency bands of 2" sequence pseudo-random
signals.

Based on the characteristics of the pseudo-
random signal of the 2" sequence, in the logarithmic
coordinates with the base of 2 and the unit length of

cannot well

1 as the minimum interval unit, the frequency
spectrum density is calculated in the interval
constructed by 0.5 units on the left and 0.5 units on
the right of the corresponding frequency. For
example, to calculate the frequency density
corresponding to 2°Hz, the considered frequency
range is (2 Hz, 2°°Hz]. To more reasonably
indicate the effective frequency distribution, a
length unit is further divided into 8 equal molecular
intervals (other division numbers can be also
selected according to the different applications),
based on the distribution of the effective
components, and the logical number in each
subinterval is calculated to replace the absolute
number of frequencies in corresponding subinterval.
If there is effective frequency in the subinterval, no
matter how many, the logical number is set to be 1;
if there is no effective frequency in the subinterval,
the logical number is set to be 0. The logical
number of subintervals are added together to obtain
a frequency parameter of unit length, and it is
defined as the frequency density to evaluate how
much the frequency position corresponds to the
effective frequency. With this definition, the
minimum frequency density corresponding to any
frequency position is 0 and the maximum is 8.

The 2" sequence 9 frequency wave is taken as
an example to illustrate the specific method and
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characteristics of the frequency density calculation.
The waveform and frequency spectrum are shown
in Fig. 15.

If the current amplitude of 20 A is used as the
effective frequency screening threshold, 9 effective
frequencies can be obtained from the signal, as
shown in Fig. 16. For example, the logical number
of the sub-interval (2% Hz, 27°*Hz] is 0, the
logical number of the sub-interval (27%'* Hz, 2° Hz]
is 1, and the logical numbers of other sub-intervals
are all 0, so the spectral parameter of the interval
(27%° Hz, 2°° Hz] is 1, that is, the frequency density
is 1. In the same way, the frequency density at the
2% Hz position and the interval spectral parameters
of (2°Hz, 2' Hz] are calculated, and the frequency

2113

density corresponding to the 2°°Hz position is
obtained to be 1. By analogy, the spectrum
corresponding to different frequencies is obtained
based on the spectrum density calculation method,
and the spectrum density obtained for this signal
20 A threshold is 1.

If the current amplitude of 5 A is used as the
effective  frequency threshold, 77 effective
frequencies can be obtained from the 2" sequence
pseudo-random signal. The frequency density
calculation method of the present invention is used
to obtain the frequency density corresponding to
different positions to evaluate. Exploration
capabilities of different frequency bands are shown
in Fig. 17.
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This method is operated on the processed
result of filed data in Fig. 14. Then, the frequency
density is got for this real case, as shown in Fig. 18,
which shows the distribution characters of the
effective components in different frequency bands.
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Fig. 18 Normalized E-field of main frequencies of
processed result for real filed data in Type 13 (a) and
corresponding frequency density curve (b)

4 Conclusions

(1) Based on the average amplitude calculation
equation proposed, the average amplitude under any
number of main frequencies can be predicted,
which provides a reference for the selection of
the number of main frequencies of 2" sequence
pseudo-random signal for different exploration
tasks.

(2) Besides main frequencies, there exists a lot

of effective harmonic components in the 2"

sequence pseudo-random signal. By screening the
corresponding amplitudes of different frequencies
of the transmitted signal, the candidate frequencies
are obtained. By the spectrum envelope method, the
signal-to-noise ratio is calculated at those candidate
frequencies in the received data. The qualified
frequencies can be extracted as effective
components, including main frequencies and
harmonics. And the number of effective frequencies
is increased without any additional fieldwork.

(3) Compared with the main frequencies, the
distribution of effective harmonic components is
not logarithmically uniform. Based on the
frequency density calculation method proposed, the
distribution of effective frequencies can be obtained
to indicate the exploration capabilities in different
frequency bands.
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