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Abstract: Magnetic anomaly signal detection (MASD) is a passive method for the detection of visu-
ally obscured ferromagnetic objects. This paper proposes a new method for MASD based on the
ambient field of power frequency magnetic (power transmission line system). Moreover, a new in-
formation extraction technique is extended by employing Synchrosqueezed Wavelet Transform
(SSWT) to improve the accuracy of the MASD method. With the extended information extraction
technique, the time-frequency information of the anomalies can be efficiently distinguished from
the power frequency magnetic anomaly signal. The multi-component of the time-frequency infor-
mation is separated by extracting the time-frequency ridges in the spectrogram. The complexity of
time-frequency information is evaluated using Rayleigh entropy. Compared with the continuous
wavelet transform and short-time Fourier transform, the Rayleigh entropy of our method is reduced
by 4.1886 and 4.3623, respectively. Finally, the efficiency of the new method is verified by the out-
field experiments.

Keywords: differential signal; magnetic anomaly target; magnetic anomaly detection; signal
modulation; weak magnetic anomaly; power frequency field

1. Introduction

Ferromagnetic materials become magnetized in the presence of a geomagnetic field
or another magnetic field, resulting in the generation of an induced magnetic field (they
may also generate a vortex field in an alternating magnetic field or when the target
moves). Both alternating magnetic fields and moving targets will change the spatial mag-
netic field distribution, leading to a local anomaly of a magnetic field. Magnetic Anomaly
Detection (MAD) technology typically refers to measuring fixed or moving targets in a
non-contact way through magnetic detection and then performing data processing and
analysis of the magnetic signals to detect and obtain correct target information [1]. This
technology detects, locates, and traces magnetic targets (such as vehicles [2], unexploded
ordnance [3,4], mines [5,6], underground ferromagnetic minerals [7-9], and submarine
wrecks [10]) that are visually obscured by changes in the space magnetic field.

The magnetic field generated by the magnetic target is used to identify local magnetic
field anomalies in geomagnetic anomaly detection. It is also mainly applied in the mag-
netotelluric (MT) methods. The magnetization intensity of the target is detected in mag-
netic anomaly detection by artificially creating electromagnetic waves. Methods based on
this theory include the controlled-source audio-frequency magnetotellurics (CSAMT)
method and the transient electromagnetics (TEM) method, etc. CSAMT detects targets
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using the magnetization effect of ferromagnets. TEM detects targets by using a secondary-
generated eddy-current field. These two effects of producing magnetic anomaly are the
necessary conditions of current magnetic anomaly detection technology.

The MT method is a passive detection method. It has two advantages over the posi-
tive method:

Firstly, it requires no artificial field sources, and the sensors of the MT method are
low-cost and easy to operate.

Secondly, it can break through high-resistance layer shielding, obtains a high resolu-
tion to low-resistance layers, and associates the exploration depth only with the magnetic
field frequency (from dozens of meters to several hundred kilometers).

Therefore, it has broader use in many fields than the positive method.

However, the magnetotelluric method has two fatal drawbacks: 1. The weak and ran-
dom signal produces a dilemma between precision and efficiency. 2. The formula itself
requires measuring two variables, an electric field, and a magnetic field, and contains
quadratic terms, giving rise to increased error.

In two-dimensional earth (2D), the apparent resistivity of the transverse magnetic
(TM) mode is given [11-13] by the following expression:

2
p=—|= )
wy |H,
where p is the apparent resistivity, u is the magnetic permeability of free space, Ex is
the electric field, and H, is the magnetic field parallel to the strike of the 2D structure.

The transient electromagnetism method is a mainstream method for detecting ex-
tremely low-frequency/very low-frequency magnetic field anomalies using artificial field
sources. This method uses an ungrounded loop or a grounded wire source to transmit the
primary pulsed magnetic field, then observes the secondary vortex field by coil or ground-
ing electrode during the primary pulsed magnetic field interval. In short, the ultimate
principle of the transient electromagnetism method is the law of electromagnetic induc-
tion. The attenuation process is generally divided into early, middle, and late stages. The
early electromagnetic field corresponds to the high-frequency component of the frequency
domain featuring fast attenuation with a small skin depth, while the late part is equivalent
to the low-frequency component of the frequency domain featuring slow attenuation with
a large skin depth. The geoelectric characteristics at different depths can be obtained by
measuring the time-varying law of the quadratic field in each period after powering off.
The transient electromagnetic approach offers the following benefits: high construction
efficiency, sensitivity to low-resistance geological bodies, insensitivity to topography,
great anomaly perception ability, and the ability to perform profile and bathymetry sim-
ultaneously. However, it still has drawbacks, such as substantial metal interference, seri-
ous low-resistance layer interference, a requirement for more a priori information, a huge
and heavy transceiver system, and so on [14].

In the above-mentioned research, the power frequency magnetic field signal is gen-
erally discarded as noise. However, it is widely disseminated and does not need the build-
ing of a transmitter-receiver system, which is a superb carrier of magnetic anomaly sig-
nals. Power frequency magnetic field signals also have difficulties such as high noise and
poor signals. However, with the fast development of magnetic sensor material processing
and manufacturing technology, a range of high-sensitivity, high-precision magnetometers
has been launched [15,16], boosting the development of power frequency magnetic de-
tecting techniques.

Magnetic targets are inevitably subjected to other magnetic fields (geomagnetic field,
power frequency magnetic field, sizable electromagnetic leakage or other magnetic fields)
in the natural environment, resulting in magnetic anomaly signals that are easily sub-
merged in magnetic noise [17]. Therefore, efficient detection algorithms are always re-
quired to maximize the detection probability. In 2009, Ginzburg et al. divided the
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magnetic anomaly detection algorithms into two categories [18]: the detection algorithms
based on targets and the detection algorithms based on noise.

The following conditions govern the target-based detection algorithm. The first is
that the distance between the sensor and the target is significantly greater than the target’s
actual size, satisfying the requirement that the magnetic dipole can be utilized to represent
the target [19]. The second is to keep the magnetic moment’s magnitude and direction
constant. The third step is to determine the target’s characteristic time. The sensor load
platform’s motion path is predetermined, and the spatial position of the target is continu-
ally measured throughout the motion. The representative algorithms of this method
mainly include the Target Analysis Algorithm based on the magnetic anomaly gradient
model proposed by Yoshii in 1982 [20] and the Orthogonal Basis Function Decomposition
Magnetic Anomaly Detection Algorithm proposed by Mori [21]. All of the above methods
require a large amount of information to be gathered beforehand and have difficulty solv-
ing the variable noise problem.

When numerous conditions specified by the target-based detection algorithm are not
met, another form of magnetic anomaly signal detection method, namely the statistical
analysis approach based on magnetometer noise, should be utilized. The minimum en-
tropy detector, high-order cross magnetic anomaly method, stochastic resonance method,
and wavelet transform method are examples of common methods. The noise-based
method assumes that the anomaly created by the induced magnetic field generated by the
ferromagnetic target alters the pattern of the background magnetic field distribution. This
approach does not require prior knowledge of the target’s CPA distance or motion direc-
tion. This simplifies the calculation. Although the minimal entropy filtering approach is
straightforward to calculate, it is difficult to recognize data features when the background
noise is complex. The High-order Crossing Magnetic Anomaly Method requires no mul-
tiplication, but it is incapable of detecting spatial signals because it is seriously being af-
fected by the fixed plane. The Stochastic Resonance Method improves the output signal-
to-noise ratio with noise-enhanced abnormal signals and is also greatly affected by input
noises. The wavelet transform method can retain as much target information as possible
without being affected by prior information.

Based on the excellent characteristics of the wavelet transform method, Mandrikova
et al. [22] used the wavelet packet to decompose and extract the components of the geo-
magnetic signal for analysis. Singh et al. [23] used continuous wavelet transform and Eu-
ler Deconvolution to analyze the magnetic field data of the Jharia Coalfield in India and
calculated different lithospheric depths. Zamudio-Ramirez et al. [24] used discrete wave-
let to analyze the transient data of external magnetic field to achieve symmetry detection
of the wound rotor. Although the above methods demonstrate that the wavelet transform
is advanced enough to analyze very stationary signals, it is still limited by the Fourier
Transform, i.e., the limited wavelet basis inevitably leads to energy leakage and ambiguity
of the resolution ratio.

To eliminate the extra simple harmonics without physical meanings, which are intro-
duced by the Fourier Transform (FT) and its derived methods for reflecting nonlinear and
non-stationary processes, Huang proposed the Hilbert-Huang Transform (HHT) [25] in
1998. Compared with the wavelet analysis method, it not only retains the advantages of
the wavelet transform method but also eliminates the ambiguity of the wavelet transform,
having a more accurate spectral structure. However, the core algorithm of the Hilbert—
Huang Transform —EMD lacks rigorous mathematical analysis.

To address the aforementioned issues, Daubechies et al. [26] suggested a new method
that integrates the concept of EMD, called synchrosqueezed wavelet transform. The
method uses the synchronous compression operator to reorganize the energy of the time-
frequency plane based on the wavelet transform. Finally, a time-frequency image is ob-
tained with a more focused frequency curve. The Synchrosqueezed Wavelet Transform
(SSWT) provides a new idea for time-frequency analysis. The literature [27] proves that
the synchrosqueezed wavelet transform is stable in the case of finite disturbance or white
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noise pollution and discusses a detailed Matlab implementation method. But the data im-
age processed by the synchrosqueezed wavelet transform lacks a visual display of the
target.

This paper combines the power frequency magnetic field detection method with the
traditional magnetic anomaly signal detection method and proposes a method to detect
the target by using the power frequency magnetic field. The power frequency magnetic
field anomaly signal is weak, the noise is complex, and there is no effective time-frequency
analysis method to detect the power frequency magnetic anomaly signal. In this paper,
the synchrosqueezed wavelet transform method introduces the time-frequency character-
istics of the power frequency magnetic anomaly signals extraction to improve the mag-
netic anomaly detection method in the following aspects: 1. It proposes to use the power
frequency magnetic signal generated by the worldwide distributed power grid as the sig-
nal transmission source, which reduces the requirements of establishing a transmission
source as compared with the magnetic anomaly detection method of artificial field source;
2. The synchrosqueezed wavelet transform introduces the magnetic anomaly signal de-
tection, which increases the signal time-frequency resolution as compared with conven-
tional methods; 3. It proposes to use the Greedy Algorithm to extract time-frequency
ridges to efficiently capture the magnetic anomaly disturbance of the measured data.

The rest of this paper is organized as follows: In Section 2, we systematically review
the previous magnetic detection and signal processing methods; in Section 3, we detail
the processing method of the power frequency magnetic anomaly signal as proposed in
this paper; in Section 4, we introduce the relevant simulations and experiments to prove
the effectiveness of this method; Section 5 is a discussion; Section 6 is a summary of the
work in this paper and discusses plans for future work.

2. Related Works

This paper will introduce the commonly used magnetic anomaly detection tech-
niques from recent years in Section 2.1 and introduce the existing leading magnetic anom-
aly signal processing methods in Section 2.2.

2.1. Magnetic Anomaly Detection Technology

Magnetic anomaly detection technology has already undergone a long development,
with the two current mainstream methods being geomagnetic anomaly detection and ex-
tremely low-frequency/very low-frequency magnetic field anomaly detection that uses
artificial field sources. For these two magnetic anomaly detection techniques, Zhao [1] and
Di [28] et al., respectively, gave a relatively comprehensive overview. Zhao mainly dis-
cussed the magnetic anomaly signal processing method based on the magnetotelluric
method, and in recent years, Di focused on the introduction of several new artificial field
sources of extremely low-frequency/very low-frequency magnetic field anomaly detec-
tion methods, such as the new electromagnetic detection technologies of the wireless elec-
tromagnetic method (WEM), the multi-channel transient electromagnetic method
(MTEM), and the short-offset transient electromagnetic method (SOTEM).

The wireless electromagnetic detection method (WEM) is a low-frequency electro-
magnetic field detection technology developed in recent years, also known as “Skywave”
detection. This “Skywave” refers to the electromagnetic wave generated by injecting hun-
dreds of amperes of coded current into the ground with a 100 km long ground wire, which
propagates upwards toward the ionosphere and is reflected from the bottom of the iono-
sphere to the ground. After reflecting between the bottom of the ionosphere and the
ground, it is transmitted down from the ground to the underground ore. Finally, it is
transmitted from the underground ore to the ground, and the ground receiver receives
the electromagnetic field carrying the information of the underground target body. The
“Skywave” is mainly used in military communications and navigation. Using “Skywave”
for use in deep underground prospecting needs to be studied theoretically. Specifically,
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the conventional “atmosphere-lithosphere” half-space propagation theory needs to be ex-
tended to the whole space of the “ionosphere-atmosphere-lithosphere”.

The new “Skywave” theory fully reflects the influence of the displacement current
between the ionosphere and the sky to deduce an accurate expression [29] applicable to a
whole space “Skywave” response. Fu et al. [30] and Li [31,32] found that it propagates in
a waveguide form, characterized by slow attenuation and long propagation distance. By
using a megawatt of power with a 100 km or longer transmission antenna, the transmis-
sion and receiving range has been extended from the conventional 10 km to over 3000 km,
which can realize electromagnetic detection of targets at a depth of 10 km underground
within Chinese territory. But WEM requires intensive amounts of manpower, financial
resources, and material resources to build a huge transmitting antenna. Regardless of
whether construction is done during the early stage, or maintenance is performed during
the later stages, it is extremely costly.

The MTEM was proposed by University of Edinburgh scholars [33] and has been
patented by the United States [34]. This method that adopts grounded wire source trans-
mission to acquire full waveform information of multiple underground coverages by an
array can significantly improve the vertical and horizontal resolution and detection depth
while using the same transmission source, with a maximum detection depth of up to 4
km. Compared with the conventional transient electromagnetism method, this method
has the following significant characteristics: (1) Adopts a pseudo-random coding source
as the transmission signals that can provide richer spectrum information and stronger
anti-interference capability; (2) Adopts a multi-channel array to observe full waveform
data and achieves multiple coverage observations; (3) Obtains earth impulse responses
through receiving the deconvolution of receiving voltage and transmitting current. In ad-
dition, the MTEM can simultaneously collect voltage signals from regions both near and
far from the source. The frequency components of the pseudo-random transmission
sources are rich with a noticeable [35,36] suppression equivalence effect. However, this
method requires moving the transmitting source and constructing a transmitting and re-
ceiving array [37].

The conventional working mode of the electrical source for the transient electromag-
netic method is the long-offset transient electromagnetic method (LOTEM). It implements
several kilometers of grounded wire to transmit switched-on bipolar square wave current
underground to observe the electromagnetic field response at an offset range greater than
three times the detection depth. As the grounded wire source can generate induced cur-
rents in both horizontal and vertical directions underground, it has a stronger discrimina-
tion ability for both low- and high-resistant underground targets so that it can play an
important role in the field of crustal research, oil and gas exploration, geothermal investi-
gation, and other areas at extreme depths [38]. Nevertheless, the larger the offset, the
greater the construction quantity is, which leads to a higher requirement from the trans-
mitter for power and performance, along with the factor of continuous waveform current,
which increases the difficulty of data processing.

Recently, the short-offset transient electromagnetic method (SOTEM) [39] was devel-
oped to conduct precision detection for deep targets 1.5 km underground. It uses the elec-
tromagnetic field excited by a switched-off bipolar current to observe the pure quadratic
field at an offset range of fewer than two times the detection depth. The received signal
strength is strong, as the transmitting and receiving distance is short. The SOTEM method
improves detection accuracy and construction efficiency to a certain extent. The current
mainstream electromagnetic instruments, such as V8 and GDP32, are all available for
SOTEM measurement, providing favorable conditions to popularize this method. The
SOTEM method has developed rapidly, with a relatively mature system of methods hav-
ing been formed in the forward modeling, apparent resistivity calculation, inversion in-
terpretation, and construction technology [40,41], and is widely and successfully applied
in the areas of metal ore and coal hydrogeology [42-45].
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The power frequency magnetic field-based detection approach suggested in this
study overcomes the limitations of the preceding technologies and does not necessitate a
huge transmitting and receiving array. It detects magnetic anomaly signals by using the
world’s alternating current (AC) transmission grid as the transmission source, and only
requires an industrial frequency magnetic signal as the background field.

2.2. Magnetic Anomaly Signal Processing Methods

Several common magnetic anomaly signal processing methods will be introduced
below:

1. The high-order crossing (HOC) technique is a discrete signal detection methodology
based on statistical signal characteristics and time series signal analysis theory. It is
also a zero-crossing number-based spectrum analysis approach. It can discriminate
between signals and is frequently used in non-destructive testing, facial recognition,
and seismic signal detection. The ferromagnetic target signal’s HOC value differs
from the noise signal’s HOC statistical features. As a result, the HOC approach may
be utilized to discriminate between the target signal and the noise signal, making it
an efficient magnetic anomaly signal identification method [46].

2. Stochastic Resonance (SR) is a new method type that uses noise to enhance weak
signal information. In 2022, this method was adopted by Wan to detect magnetic
anomaly signals, and it produced great results [47]. The Stochastic Resonance
Method distinguishes itself from other methods with two advantages: (a) ease of re-
alization; and (b) satisfactory detection performance, that is, the output state can be
switched when the magnetic anomaly signal is embedded in the noise detected.

3. Independent fractions can be suppressed by using the sparsity of the wavelet trans-
form matrix, thus achieving an effective signal extraction and demagnetizing
method. Current wavelet transform approaches for magnetic anomaly detection
mostly combine wavelet transform with neural networks [48], autoencoders [49], and
autoregressive-integrated moving average models [50].

The power frequency magnetic field disturbance signal is characterized by a low sig-
nal-to-noise ratio, difficult identification, and unclear signal features; therefore, the signal
extraction method based on deep learning is of great practical significance for the extrac-
tion and identification of power frequency disturbance signals. Deep learning recognition
methods based on neural networks can extract the features of nonlinear or high-dimen-
sional spatial data through nonlinear activation functions in neural networks without pre-
vious information. These methods can roughly be divided into two categories:

1.  Deep learning recognition based on feature parameters. Identification is made by us-
ing self-coding networks, the PCA algorithm, the Fisherface algorithm, wavelet
transform, and other methods, and combining the BP neural network, Softmax, K-
Nearest Neighbor, the deep self-coding network, and other classifiers [51].

2. Manual feature extraction is not required by deep learning recognition based on sig-
nal data. The preprocessed data are directly sent to the neural network [52], and the
classification and recognition of modulating signals are achieved through a self-or-
ganizing and self-learning mechanism of the network.

When dealing with a magnetic signal that is being interfered with by white noise, the
orthogonal basis decomposition has greater advantages. This approach is less sensitive to
the target magnetic moment and makes obtaining the target signal easier. The drawback
is that the calculation is enormous and difficult to do in real time. However, because the
noise in the magnetic signal is primarily random noise, it is frequently essential to whiten
the noise first, such as differential elimination of common-mode noise of two magnetom-
eters or the development of high-order whitening filters. Since the Orthonormal Basis
Function (OBF) is more suitable for white noise, and noise in a power frequency environ-
ment is mostly random, noise whitening is necessary before the application of the OBF
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method, such as differential elimination of common mode noise for two magnetometers
[53].

The HOC approach for magnetic anomaly identification has the advantage of requir-
ing only over-zero counts without the requirement for spectral analysis, making it com-
putationally simple and arithmetically efficient. However, HOC is only useful for signal
processing with a low signal-to-noise ratio. The Stochastic Resonance Method uses noise
to enhance abnormal signal information, thus improving the output signal-to-noise ratio
of a nonlinear dynamic system. It does not require deterministic parameters of the signal
and is applicable for random noise. But only one type of abnormal signal detection em-
ploys this approximate performance detection method. The wavelet transform approach
reduces noise well, but it has trouble retrieving information from signals with high noise
due to signal amplitude decay. The detected magnetic anomaly signal is usually com-
posed of tens of thousands of copies of magnetic field noise. Numerous elements influence
magnetic field noise, resulting in variance that is difficult to eradicate and lacks regularity.
Although the deep learning-based method moderates the demand for manual processing,
the currently used deep neural network is not as capable as expected in signal recognition
in low signal-to-noise ratio conditions.

Therefore, considering the above defects of the currently used magnetic anomaly de-
tection methods, the maximized retainment of magnetic anomaly signals and the removal
of magnetic field noise will become the focus of future research. Currently, there are a
large number of magnetic anomaly localization algorithms; however, most of them fail to
properly detect weak signals. Therefore, it is necessary to improve the existing algorithms
or develop innovative algorithms and put the improved or new magnetic anomaly detec-
tion technologies into practice.

In this paper, synchrosqueezed wavelet transform and extraction of time-frequency
ridges calculated from the greedy algorithm are combined to extract target-induced mag-
netic anomaly disturbances. Compared with wavelet transform, this method produces a
clearer time-frequency display of magnetic anomaly signals; it can effectively detect the
presence of targets even with a low signal-to-noise ratio, which is impossible for minimum
entropy filtering, deep learning, and higher-order crossings. Compared with the Orthog-
onal Basis Algorithm, it does not require multiple magnetometers to perform the differ-
ence and is less computationally intensive.

3. Methodology

In this paper, a scheme of power frequency Magnetic Anomaly Signal Detection
(MASD) based on synchrosqueezed wavelet transform and time-frequency ridges is pro-
vided. The scheme uses an inductive magnetometer to collect the Power Frequency mag-
netic field signal and uses the simultaneous synchrosqueezed wavelet transform to con-
vert the signal data into a time-frequency map, and finally uses a greedy algorithm to
extract the maximum value of the time-frequency signal to form a time-frequency ridge
to achieve target detection. Synchrosqueezed wavelet transform is a time-frequency anal-
ysis technique, which converts the rearrangement operator into wavelet transform, which
is an algorithm that combines the benefits of the rearrangement algorithm with wavelet
transform. The greedy technique can extract the perturbation signal caused by the mag-
netic anomaly signal in the external field environment with increased interference. We
will present the rearrangement operator, synchrosqueezed wavelet transform, and how
to extract the time-frequency ridges using the greedy technique in this part.

3.1. Time-Frequency Spectrum Rearrangement Algorithm

Time-frequency energy is seriously diffused near the real energy axis as with the
Continuous Wavelet Transform (CWT) and Short-Time Fourier Transform (STFT) meth-
ods. As a result, an inaccurate understanding of the time-frequency energy signal is de-
veloped. The rearrangement algorithm rearranges and compresses the time spectrum
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energy of signals according to their energetic center of gravity, thus obtaining more inten-
sive energy [54]. The rearrangement steps are as follows:
Step 1: The expression for calculating the rearrangement operator < tf, &, > is:

R 1
fr(w,t) =t — an arg Wr (w, t) (2)

R 1
07 (@,6) = 50, arg Wy (, 1) 3)

where £y can be regarded as group delay and @; can be regarded as instantaneous fre-
quency.

Step 2: After the rearrangement operator is obtained, rearrange the time spectrum
energy, namely < w, t >—< t, @y >, which can be expressed by the following formula:

Ri(w,t) = f f W (w, t)|26(a) —@p)8(t — )d wdt (4)
RY0

The original energy axis will get closer to the real energy axis through the Rearrange-
ment Algorithm, which can better reflect the time-frequency characteristics of non-sta-
tionary signals. From Formula (4), it can be noted that the spectrum will lose its phase
information and the reconstruction of the signal will fail after rearrangement, which is one
of the significant defects of this method.

3.2. Synchrosqueezed Wavelet Transform

Daubechies [26] proposed a compromise method to cope with the failure of recon-
struction through the Rearrangement Algorithm, that is, a Synchrosqueezing Algorithm
that only squeezes along the frequency’s direction. It can be regarded as a special case of
the Rearrangement Algorithm, which preserves the phase information while improving
the time-frequency resolution, thus realizing signal reconstruction.

The synchrosqueezed wavelet transform assumes that the signal to be analyzed is
multi-component. A multi-component signal is composed of a series of AM-FM signals,
and its mathematical expression is shown in Formula (5) [55]:

HOEDWACEDWHOED ©)
K=1 K=1

where A, (t) and ¢, (t) can be regarded as instantaneous amplitude and instantaneous
phase. When A4, (t) >0, ¢’ (t) >0, and ¢',,,(t) > @', (t) are simultaneously estab-
lished, the ideal time-frequency characterization of f(t) is shown in Formula (6):

Tly(t,0) = ) A5 = $'(®) ©)

If the mathematical formula of the signal f(t) is regarded as a single harmonic com-
ponent with amplitude A, there are:

f(t) = Acos(wt) (7)

The following results can be produced based on continuous wavelet transform and
the Plancherel Theorem:

W _ 1 o 1— ibE 1r _ A 1— ibé
H@h) = 5 [ FOamp(adeds = o [ 6 - o) + 8 + 0)laTplape dg ®

where f(&) and (§) are Fourier Transforms of the signal f(t) and wavelet function
Y, respectively. If (&) satisfies § <0, P(§) =0, the wavelet transform result f(t)
should be concentrated on Wy(a,b). However, the actual wavelet transform result
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Wr(a,b) expands from a = wy/w and the phenomena of instantaneous information am-
biguity are produced. Therefore, when W;(a,b) # 0 the instantaneous frequency will be:

d
Wy(a,b) = —i(Wy(a,b)™ = (Wr(a, b)) ©)

The result of the operator is f(t) for the mathematical formula of a single harmonic
signal Ws(a,b) = w, whileitis W(a,b) = W(a,b) for a weak modulation signal. The op-
erator is the mapping operator of the synchrosqueezed wavelet transform.

When coordinate mapping is performed on the wavelet coefficients of the continuous
wavelet transform, the wavelet coefficients are transformed from time-scale domain to
time-frequency domain, that is, < a,b >—>< W(a,b),b >. In applications, ay — ay_; =
(Aa), and w; — w;—; = Aw, synchrosqueezed wavelet transform in the discrete state can
be expressed as follows [56]:

Tweb)= @)™ Y Wyaeba (), 10)

ag:|lw(ag,b)-wilsdw/2

3.3. An Improved Greedy Algorithm for the Extraction of the Time-Frequency Ridge of Modulus
Maxima

A penalty function is created by the algorithm to punish frequency jumps, where the
specific penalty value is proportionate to the distance of the corresponding central fre-
quency interval and then the local optimal energy ridge is identified for every moment
through a continuous update. Let a, be the penalty value, A4,,, be the time-frequency
module at a certain point, and D be the distance from the frequency position obtained at
the previous time point, and the possible value A,,; of the new value generated after the
penalty is:

Aml = Amo + ao X D (11)

The process of acquiring the time-frequency ridge by the greedy algorithm is shown
as follows:

Step 1: The value of the initial time is unchanged, the energy module of the syn-
chrosqueezed wavelet transform is regarded as the time-frequency matrix A4, the vertical
axis m of matrix A is regarded as the frequency interval, and the horizontal axis n is re-
garded as the time step. Namely:

A(1,1)  A(L2) - A(Ln)
e (12)
A(m, 1) <+ A(m,n)

Step 2: The algorithm is started from the initial time of A(1,2), that is, after being
updated, the highest frequency, thatis, A(1,2)" is:

A(1L,1) + ag X Dyy

A(2,1) +ag X Dy

A(1,2) = min (13)

A(m, 1) + ag X Dy

At the second moment, other values are updated as shown in Equation (13), and the
value at the third moment is:

A(1,2) + ag X Dy,

A(1,3) = min{ A(22) + a0 X Dz

(14)
A(m,2) + ay X Dy,

A cyclic update is applied. The new data in the last column replace those in the first
column as the A,,, input of the data in the first column.
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Step 3: After the cyclic update, a new matrix is finally generated, as shown in Formula
(15):

ALY A2 - A(Ln)
R (15)
A(m, 1)’ w A(m,n)’

Step 4: The strongest time-frequency ridge path is abstracted and the cycle restarts
until an adequate number of time-frequency ridges are extracted.

4. Performance Analysis
4.1. Simulation Performance Analysis

In this paper, a moving target model with both target and 50 Hz background mag-
netic field was used and several points for observation were placed in the model for signal
collection. The purpose was to verify the detectability of targets in the power frequency
magnetic field and the superiority of synchrosqueezed wavelet transform to process
power frequency magnetic anomaly signals.

4.1.1. Setting up a Simulation Model

In this paper, a moving target detection model was used under a 50 Hz geomagnetic
field. For this model, a ferromagnetic target 5 m long, 1.9 m wide, and 1.4 m high was
placed in the model. The relative permeability was 1000. A simulated power frequency
background field was constructed, which had a similar intensity to the measured one as
well. An observation point was placed 5 m away from the target CPA, as shown in Figure
1:

ferromagnetic
observation target
point
e—C(PA=5M——-e

Figure 1. Moving target detection model.

The target passed through the observation point at a speed of 5 km/h, resulting in the
power frequency magnetic field disturbance signal as shown in Figure 2:
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Figure 2. Simulates the time-domain magnetic perturbation signal.

4.1.2. Extracting Time-Frequency Features from Simulation Signals

The disturbing signal was subjected to short-time Fourier transform, continuous
wavelet transform, and synchrosqueezed wavelet transform, respectively, to extract
power spectra. “Bump” wavelet was adopted by both wavelet methods, as shown in Fig-
ure 3:

60 0 20 40 60 0 20 40 60
Time (secs) Time (secs)

(b) (0)

Figure 3. The simulation data using STFT, CWT, and SSWT processing time-frequency diagram; (a—
c) are STFT, CWT, and SSWT images.

From the generation of the simulation signal and the analysis of the above figure, it
can be observed that the short-time Fourier transform and the continuous wavelet trans-
form does not have good time-frequency resolution and cannot effectively display the
change of the target signal in the time-resolved spectra while the synchrosqueezed wave-
let transform can better concentrate the energy near the real energy axis, and the signal
weakens significantly when the target passes through (that is, it turns from the yellow
color of strong energy to the blue color of weak energy). The simulation signal also effec-
tively proves the feasibility of the power frequency magnetic anomaly detection technol-
ogy, that is, the magnetic field around the observation point will be affected by the move-
ment of ferromagnetic targets.

Intending to obtain a quantitative and intuitive evaluation and comparison of the
advantages of several different methods for time-frequency analysis, this paper denoises
the simulated magnetic anomaly signals generated above and produces the Rayleigh quo-
tient values corresponding to the three time-frequency analysis methods under different
signal-to-noise ratios in Figure 3, as shown in Table 1:
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Table 1. Rayleigh entropy comparison of different time-frequency analysis methods under different
noise conditions.

Time-Frequency SNR =0 db SNR =5 db SNR =10 db SNR =15 db

Analysis Method
CWT 7.0825 6.8863 5.8225 5.3125
STFT 7.2562 6.9525 5.8956 5.6245
SSWT 2.8939 2.7960 1.9572 1.6572

The smaller the Rayleigh entropy, the higher is the time-frequency aggregation. As
shown in Table 1, the synchrosqueezed wavelet transform spectrum is significantly supe-
rior to the latter two in time-frequency resolution, and the synchrosqueezed wavelet trans-
form that generates time-frequency has the smallest Rayleigh quotient.

Meanwhile, this paper compares the performance of four different mother wavelets
in the synchrosqueezed wavelet transform: Gauss, Bump, Cmhat, and Morlet, and uses
the calculation of the corresponding Rayleigh entropy values of different mother wavelets
under different signal-to-noise conditions to judge the advantages and disadvantages of
different wavelet bases, the results of which are shown in Table 2.

Table 2. Comparison of Rayleigh entropy when SSWT is applied with different mother wavelets.

Mother Wavelet SNR =0db SNR =5 db SNR =10 db SNR =15 db
Gauss 3.2458 3.1455 2.9525 2.8574
Cmbhat 3.1192 3.0858 2.6851 2.4790
Morlet 2.9851 2.8913 2.3524 2.1724
Bump 2.8939 2.7960 1.9572 1.6572

The table demonstrates that the synchrosqueezed wavelet transform method has bet-
ter time-frequency resolution when using the “Morlet” and “Bump” mother wavelets.
When “Morlet” and “Bump” are compared, Bump has a better time-frequency resolution.
Therefore, this paper mainly uses the Bump wavelet as the mother wavelet function. In
addition, the Bump wavelet has the best performance on the image, and we will put the
image comparison between the Bump wavelet and Morlet wavelet in the measured data
in Section 4.2.2.

The contours are extracted from three time-spectrum types at the same time to extract
the disturbance signal’s features more effectively, as shown in Figure 4:
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Figure 4. Comparison of contour lines of STFT, CWT, and SSWT. (a—c) are time frequency contour
plots of STFT, CWT and SSWT respectively
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As shown in the enlarged image in Figure 4, the Synchrosqueezing Transform more
effectively preserves the features of the magnetic anomaly signal resulting from the
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target’s movement, and its contour distribution indicates a more profound change, which
can better represent the target-induced disturbance signal.

4.1.3. Simulation Signal Analysis Conclusion

It can be concluded through the above simulation data results that the power fre-
quency magnetic field can effectively detect the magnetic disturbance caused by the
movement of ferromagnetic targets within the simulated conditions. Compared with
other methods, the Synchrosqueezing Transform can also effectively extract the magnetic
anomaly signals induced by the movement of ferromagnetic targets and retain the tem-
poral frequency features of the magnetic anomaly signals. Therefore, it can be used as an
effective method for magnetic anomaly signal detection.

4.2. Analysis of Measured Magnetic Target Signals

The data used in this paper were collected from the on-site monitoring results of a
highway near Tangxun Lake in Wuhan City. This section has fewer vehicles, street lamps,
and residential areas. It is identified as a complex noise environment by the detection. In
this experiment, the target-induced disturbance was detected by an inductive magnetic
sensor, and the appearance of the target (i.e., the vehicle) was calibrated by a fluxgate
sensor’s geomagnetic measurements. The positions of the target and the magnetometer
are shown in the schematic diagram, shown in Figure 5. The induction magnetometer for
the measurement of the alternating magnetic field and the calibration for the fluxgate
magnetometer were placed in parallel at 20 cm.

magnetometer
(Inductive magnetometers CPA distance-Rg
for measurement and »
fluxgate magnetometers for A =5m target
calibration) ‘\‘ traj ectory
. -” .
‘\‘ "0" d<0
. -’ -
magnetic moment N

.‘
-
rl

o”

-"- d=0

. Speed - V
.--ferromagneti

<0 . target

Figure 5. Schematic diagram of relative position between sensor and target track.

The vehicle was traveling at a uniform speed and vertically passed the CPA point
along the connecting line from the magnetometer to the CPA point, and the average pass-
ing speed of the target was 5 km/s.

The 50 Hz power frequency magnetic disturbance signal collected by the induction
magnetometer used in this paper when the target (i.e., the vehicle) was passing the CPA
point is shown in Figure 6:
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Figure 6. 50 Hz signal with target from 3—axis inductive sensor.

4.2.1. Extraction of the Temporal Frequency Information of the Original Signal

The short-time Fourier transform, continuous wavelet transform, and syn-
chrosqueezed wavelet transform were adopted respectively to extract the time-frequency

spectra of the measured data of the induction magnetometer. The results are shown in
Figure 7:
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Figure 7. Comparison of three different time-frequency maps; (a—c) are time-frequency diagrams
for STFT, CWT, and SSWT.

They produced consistent results for the processing of simulation signals. The syn-
chrosqueezed wavelet transform can better concentrate energy near the real energy axis
in the processing of nonlinear and nonstationary signals without energy leakage. The
SSWT spectra had a similar phenomenon to the simulation results, that was, the 50 Hz
power frequency signal weakened at the point where the target appeared.

Two different mother wavelets "Morlet”” and "Bump” are compared, as shown in
Figure 8.
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Figure 8. Comparison of SSWT of mother wavelet “Morlet” and “Bump” where (a) is the “Morlet”
mother wavelet and (b) is the “Bump” mother wavelet.

Obviously, the image of the Bump wavelet is clearer and better shows the variation
of the measured signal.

The three types of time-frequency diagrams were enlarged to the same scale in the
time-frequency domain when the target appeared (near 40-60 S, 30-70 Hz), as shown in
Figure 9.

Frequency (Hz)
Frequency (Hz)

40 50 60 40 50 60
Time (secs) Time (secs)

(b) (0

Figure 9. (40-60 s, 30-70 Hz) resolution STFT, CWT, and SSWT images. (a—c) Time-frequency dia-
grams of STFT, CWT, and WSST are enlarged to clearly show the changes in the time-frequency
diagram.

When the images were enlarged to 40-60 s and 30-70 Hz, it could be observed that
the time-frequency resolutions of STFT, CWT, and SSWT differed significantly. Serious
energy leakages were observed for STFT and CWT from 35 to 67 Hz and from 43 to 53 Hz,
respectively, while only a little energy leakage was observed for SSWT from 49.6 to 50.7
Hz, which made the 50 Hz target magnetic anomaly signal stand out on the SSWT image.

4.2.2. Drawing the Time-Frequency Contour

The contours of short-time Fourier transform, continuous wavelet transform, and
synchrosqueezed wavelet transform were drawn respectively, and the results are shown
in Figure 10:
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Figure 10. Draw spectral contour lines for STFT, CWT, SSWT; (a—c) are spectral contour lines for
SFFT, CWT, and SSWT.

From the abstracted contour, it can be observed that the energy distribution of the
short-time Fourier transform in all frequency bands was strong as a result of serious en-
ergy leakage, and the contour lines gathered at the low-frequency band of the near geo-
magnetic field with high energy. The continuous wavelet transform was superior to Short-
time Fourier Transform for better performance, and the former was more advantageous
in the high-frequency domain; however, it was inferior in terms of energy leakage control,
and the contour lines covered almost all bands. The synchrosqueezed wavelet transform
was superior to both as no energy leakage was observed in the 50 Hz band, which signif-
icantly improved temporal frequency aggregation and developed a stronger anti-noise
ability.
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4.2.3. Extraction of Time-frequency Ridge of Synchrosqueezed Wavelet Transform

The time-frequency ridge of synchrosqueezed wavelet transform was abstracted and
compared with the geomagnetic calibration signal measured at the same position, as
shown in Figure 11:

9000

8500

8000

amp

7500

7000

6500
0

Figure 11. Extracting wavelet energy ridge and geomagnetic calibration. Among them, (a) is the
time-frequency ridge image extracted on the basis of Figure 10c, and (b) is the interference caused
by the object measured by the fluxgate sensor in the geomagnetic environment. The change time
of the two is consistent, which means that our scheme effectively detects the power frequency
magnetic anomaly signal caused by the target.

It can be observed that the 50 Hz signal shook violently when the amplitude of the
geomagnetic signal changed significantly and with the time-frequency ridge of the syn-
chrosqueezed wavelet transform. The abstracted time-frequency ridge of the syn-
chrosqueezed wavelet transform conformed to contour distribution. It can be proved that
power frequency magnetic disturbance induced by the target movement could be effec-
tively detected by this method.

4.3. Engineering Applications

The new power frequency Magnetic Anomaly Detection Technology proposed in this
paper has a wide application potential. It mainly relies on the power frequency field gen-
erated by the worldwide 50/60 Hz power grid. It is characterized by low-frequency, strong
energy, and cross-media propagation ability. The 50/60 Hz power frequency field signal
was detected with the electric field sensors used by low-earth orbit satellites of different
countries. The specific detection conditions are shown in Table 3.

Table 3. Satellite power frequency detection in various countries.

Satellite Model Detection Point Detection Intensity
Russia Chibis-M Satellite Over the Pacific Ocean 1.67 uV/m
USA C/NOFS Satellite Over the South China Sea 90 uV/m

In summary, the electric field data of the power frequency background field over the
ocean can be detected by low-earth orbit satellites. Ground, water, and underwater targets
generate power frequency amplitudes and phase disturbances that are stronger than the
background field, and their features differ greatly from the background field. Therefore,
it is feasible to detect targets by low-earth orbit satellites with power frequency electro-
magnetic waves.

The power frequency electromagnetic field signal spreads over a long distance, af-
fects a wide range, and crosses media. It can be applied in the following major fields,
namely detection of flight targets, land targets, marine targets, and unexploded ord-
nances, as well as mineral exploration, as shown in Figure 12:
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Figure 12. Schematic diagram of engineering application.

5. Discussion

In this paper, a moving target detection model under 50 Hz background is proposed,
in which a ferromagnetic target with a CPA distance of 5 m is deployed. The intended
speed is 5 Km/h. Its design, size, and material are comparable to those of a tiny passenger
car. The simulation results illustrate the viability of power frequency magnetic detection
technology and the usefulness of synchrosqueezed wavelet transform in information ex-
traction, specifically in the following ways:

1. In the time-frequency picture created by the SSWT technique, the target motion
causes the intensity change of 50 Hz power frequency background field at the obser-
vation point, which is 5 m distant;

2. In the case of SNR = 0 db, compared with continuous wavelet transform and short-
time Fourier transform, the Rayleigh entropy of synchrosqueezed wavelet transform
falls by 4.1886 and 4.3623 correspondingly.

We also took actual field trials and reproduced the simulated circumstances. The car
passed the sensor at a speed of 5 km/h, and the CPA distance between the vehicle and the
sensor was 5 m. Through trials, we proved that the approach can successfully identify the
power frequency magnetic anomaly disturbance signal induced by the presence of the
target. The phenomenon is that the extracted wavelet energy ridge anomaly is the same
as the occurrence time of the target calibrated by the geomagnetic sensor, or in other
words, the fluxgate sensor receiving the geomagnetic signal is deployed in the same po-
sition as the inductive magnetic sensor receiving the alternating magnetic signal.

Simulation and experimental results demonstrated the following findings:

1. A magnetic field with a high power frequency can be observed.
. The target’s mobility can impact the power frequency magnetic field and be detected.
3. The approach described in this research is more effective than the STFT and CWT
methods in detecting the power frequency magnetic field.
4. The Bump mother wavelet is more sensitive to magnetic anomalies than the Gauss,
Cmbhat, and Morlet mother waves.

The technique is projected to play its part in non-destructive testing, indoor position-
ing, target recognition, and other domains.

The technique still requires more air and underwater experimental verification and
lacks further verification trials under extreme interference circumstances. This approach
may also be integrated with the magnetic gradient anomaly model and target analysis
method discussed in the introduction to produce a more effective target location and tar-
get recognition algorithm. However, as a fresh notion, it has a certain importance.
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6. Conclusion

This research proposed a novel method for locating targets utilizing power-fre-
quency magnetic fields. A power frequency magnetic anomaly signal processing tech-
nique based on synchrosqueezed wavelet transform and enhanced greedy algorithm to
extract time-frequency ridge served as the framework for this method. This technique
combines the synchrosqueezed wavelet transform’s benefit of high temporal frequency
resolution with the greedy algorithm’s capacity to detect disturbance signals. As a result,
it can effectively detect the signal and has the benefits of both the synchrosqueezed wave-
let transform and the greedy method.

The approach suggested in this work has some research value because it is a novel
magnetic anomaly-detecting method. Compared to WEM, MTEM SOTEM, and other elec-
tromagnetic detection methods, the proposed technique has the advantages of low cost
and a simple construction by using a power frequency magnetic field as the emission
source. Furthermore, the applications of this technology as an alternative to magnetotel-
luric detection methods may be possible, given the broad coverage of the power frequency
magnetic field.

This method still has many unresolved issues, including a hazy mechanism for
power frequency electromagnetic field cross-media transmission and unclear effects of
target movement on power frequency magnetic signal detection. The next work plan re-
search will concentrate on those mentioned above.
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