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Abstract: Top-coal structure detection is an important basis for realizing effective mining in fully
mechanized cave faces. However, the top-coal structure is very complex and often contains multi-
layer gangues, which seriously influence the level of effective mining. For these reasons, this paper
proposes a novel multi-frequency ground-penetrating radar (GPR) data-fusing method through a
joint sliding window and wavelet transform weighting method to accurately detect the top-coal
structure. It possesses the advantages of both high resolution and great detection depth, and it can
also integrate multi-frequency GPR data into one composite profile to interpret the internal structure
information of top coal in detail. The detection procedure is implemented following several steps:
First of all, the multi-frequency GPR data are preprocessed and aligned through a band-pass filter and
a zero offset elimination method to establish their spatial correspondences. Secondly, the proposed
method is used to determine the time-varying weight values of each frequency GPR signal according
to the wavelet energy proportion within the sliding window; also, the edge detection algorithm is
introduced to improve the fusion efficiency of the wavelet transform so as to realize the effective
fusion of the multi-frequency GPR data. Thirdly, a reflection intensity model of multi-frequency
GPR signals traveling in the top-coal is established by using the stratified identification method, and
then, the detailed top-coal structure can be inversely interpreted. Finally, the quantitative evaluation
criteria, information entropy (IE), space—frequency (SF) and Laplacian gradient (LG), are used to
evaluate the multi-frequency GPR data fusion’s effectiveness in laboratory and field environments.
The experimental results show that, compared with the genetic, time-varying and wavelet transform
fusion method, the fusion performance of the presented method possesses higher values in the IE, SF
and LG evaluation criteria, and it also has both the merits of high resolution and great detection depth.

Keywords: multi-frequency GPR; data fusion; top-coal structure detection; wavelet transform;
sliding window

1. Introduction

Ground-penetrating radar (GPR) is a nondestructive technique used to detect and
locate underground targets and interfaces with high efficiency and resolution; it has become
one of the most popular tools used in top-coal structure detection in mine engineering [1,2].
Usually, the structure of top coal in mines with fully mechanized cave faces is very complex
and usually contains multi-layer gangues, which often seriously affect the effective level of
the fully mechanized cave face. The main reason is that the existence of multi-layer gangues
in the top coal will lead to the misjudgment or closure of the coal outlet in the mining
process and cause the interruption of effective mining. Therefore, it is urgent to accurately
detect detailed top-coal internal structure information (including gangue thickness and
layers) before effective mining in fully mechanized cave faces [3,4].

Normally, a high-frequency GPR signal can yield high resolution but limited detection
depth, while a low-frequency GPR signal possesses deeper detection depth but lower
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resolution [5,6]. However, the detection resolution and depth of complex top-coal struc-
tures are always limited when using a single-frequency GPR signal, as it is difficult to
simultaneously achieve a deep detection depth and high resolution for top-coal structure
detection [7,8]. To overcome the above limitations, a multi-frequency GPR data fusion
method is proposed to resolve the unavoidable trade-off between resolution and depth. Fur-
thermore, multi-frequency GPR signals fused and displayed into one profile can enhance
GPR data interpretation capacity and accuracy, simultaneously reducing the probability of
misjudgment in top-coal structure detection [9,10].

Multi-frequency data fusion is a promising technique for enriching effective frequency
signals into one profile. Normally, according to the data collection type, it can be classified
into three categories: one involves multi-channel GPR antennas placed at one acquisition
site, the next involves multi-frequency antennas placed along the same line, and the last one
involves the same antenna placed at different locations. Recently, several GPR data fusion
methods have been presented and tested by many researchers: Zhao et al. [11] presented
an adaptively weighted fusion method for multi-frequency GPR data based on genetic
algorithms. Xu et al. [12] presented a fusion method for ground-penetrating radar data
acquired at different center frequencies. De Coster et al. [13] proposed a novel physically
based method to merge radar data coming from antennas operating in different frequency
ranges. Zhao et al. [14] proposed a novel multi-frequency GPR data fusion method based on
a time-varying weighting strategy. Shen et al. [15] proposed a joint deconvolution approach
to associate single-frequency data with the target function directly. Lu et al. [16] presented
an advanced multi-frequency and multi-attribute GPR data fusion approach based on a
2-D wavelet transform, utilizing a dynamic fusion weight scheme derived from an edge
detection algorithm. Yue et al. [17] proposed a fusion framework by combining original
profiles with the abovementioned three features based on a two-dimensional wavelet
transform. Bi et al. [18] applied multi-frequency GPR data fusion with three algorithms that
were evaluated and compared with a fused radar profile and by a Laplacian operator. Xiao
etal. [19] developed a signal fusion method to extrapolate a high-frequency, high-resolution
GPR signal at a greater depth based on a lower-frequency, greater-penetration signal using
extrapolation with a deterministic deconvolution algorithm. Wen et al. [20] presented a
multi-station fusion detection method for a moving maritime moving target based on a
three-dimensional sliding window.

Although the above literature review demonstrates that the existing GPR data fusion
methods have achieved some progress in improving GPR detection resolution and depth,
the following limitations still exist [21-24]:

(1) The current research has only used a relatively simple weighting strategy to fuse multi-
frequency GPR signals; its biggest drawback is that the high-frequency components
of GPS signals are easily diluted and reduced in time-varying fusion local segments.

(2) Most of the above studies usually fuse all of the profile information of different-
frequency GPRs in one static window; it is difficult to keep the smoothness of the
transition in a section when merging high-frequency and low-frequency GPR pro-
files, and thus is not suitable for fusion occasions when the overlaps of GPS signal
bandwidths are not good enough.

Currently, the typical data fusion methods for multi-frequency GPR mainly include
wavelet transform, Fourier transform, S-transform and principal component transform.
Compared with the other methods, the wavelet transform method has good advantages in
signal processing and fusion for multi-frequency GPR data, and it is also widely used in the
field of data fusion. However, the current research mainly uses a relatively simple weighting
strategy to fuse wavelet transform signals; its biggest drawback is that the high-frequency
components of the signal are easily diluted, which results in the loss of high-resolution
reflection signals. For these reasons, this paper presents a novel multi-frequency GPR data-
fusing method via sliding window and wavelet transform weighting joint to accurately
detect top-coal structures, integrating the advantages of high- and low-frequency GPR
signals. The main contributions of this work are summarized as follows [25-28]:
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(1) A joint sliding window and wavelet transform-weighting method is proposed for
multi-frequency GPR data fusion that can integrate multi-frequency GPR signals into
one composite profile with higher resolution and greater detection depths.

(2) A dynamic sliding window is designed to determine the time-varying weight values
of each frequency GPR signal according to the wavelet energy proportion within the
sliding window.

(8) A reflection intensity model of multi-frequency GPR signals traveling in the top coal
is established, which can be used to identify the interface information between the
coal-gangue-rock and can also effectively display the detailed internal structure of
top coal in one composite profile.

The overall framework of this work is elaborated in Figure 1. First of all, the spatial
correspondences of different frequency GPR data are established based on the data prepro-
cess and spatial alignment. Secondly, the multi-frequency GPR data are fused through a
sliding window and wavelet transform-weighting method. Finally, a reflection intensity
model of multi-frequency GPR signals is established to recognize the detailed internal
structures of the top coal.

Moderate- Low-
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GPR Data GPR Data
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Hi fusion under
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Coal layer

Coal layer

Figure 1. The overall framework of our proposed method. It mainly consists of three stages: (a) GPR
Data Preprocessing and Alignment Stage: This is to realize multi-frequency GPR data preprocessing
and alignment. (b) Multi-Frequency GPR Data Fusion Stage: This is to integrate the multiple-
frequency GPR signals into one representation and enhance the detection information. (c) Top-Coal
Structure Detection: This is to interpret the detailed top-coal structure.

2. Materials and Methods

The proposed multi-frequency GPR data fusion method mainly includes 3 modules,
GPR data preprocessing and alignment, multi-frequency GPR data fusion and top-coal
structure detection, which will be described in detail in the subsequent subsections.

2.1. GPR Data Preprocess and Alignment

As shown in Figure 2, the data preprocessing and alignment process of GPR involves
two stages: preprocessing and spatial alignment. Specifically, the preprocess refers to
eliminating disturbing information using a pass filter and zero offset elimination algorithm;
the spatial alignment refers to performing horizontal and vertical alignment for multi-
frequency GPR data.
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Figure 2. The fusion process of multi-frequency GPR data.

2.1.1. Preprocess

Usually, the different acquired frequency GPR data contain some disturbing noise and
random errors. To eliminate the disturbing information and obtain better fusion results, the
data preprocess sequences are mainly dealt with using a band-pass filter and zero offset
elimination [29,30].

2.1.2. Spatial Alignment

The spatial alignment refers to performing an interpolation of the multi-frequency
GPR data and making sure the different frequency data align in the same number of
sampling channels. This mainly includes horizontal and vertical spatial alignment; the
detailed calculation process is illustrated as follows:

Assume that the GPR sampled data in two different frequencies can be denoted as
X™(i,j) and X™2(i*,j*), where i = 1,2,--- ,mq,j = 1,2,--- ,nyand i* = 1,2,--- ,mp,
j* = 1,2,---np. Suppose m; > myp and t; < tp; thus, the horizontal spatial alignment
equation for two different frequencies of GPR data can be calculated as

£, = 1 X2 (p( 2 EDY 1 Yoine( ) W

k=1 my

where X" and X2 denote GPR data with different sampled frequencies of m; and my;
¢(-) denotes the rounding function; and d is a positive integer value.

Similarly, the vertical spatial alignment equation for different frequencies of the GPR
data is expressed as

XM (i, i) = kilf("w (i,(p(W) +d> sinc(—d) @

1

where nj = tiny/t;.
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2.2. Multi-Frequency GPR Data Fusion
2.2.1. Data Fusion Method

As shown in Figures 2 and 3, data fusion refers to integrating the multiple-frequency
GPR signals into one representation to enhance the detection information and obtain more
reliable and detailed results. Suppose there are m different frequencies of GPR signals
distributed in the length, L, sliding window and that the sliding window will move AL
along the time series axis at each step. In the sliding process, the sliding window will
contain new GPR signals and remove the oldest GPR signal from the window. The overall
optimization model of all GPR signals, X(t), within the sliding window can be calculated
by minimizing the cost function of the Markov norm as

X*(t) = arg;nin{ZHX(f/ K|l = YIIX(6 K = AK) [+ 31X (5 K+ AK) | } ®)

where X*(t) represents the overall optimization model of all radar signals within the
sliding window, K, at time t; X(t, K) denotes the GPR signal data model within the sliding
window, L, at time t; X(t, K — AK) and X(t, K 4+ AK) represent the GPR signal data model
within the sliding windows, K — AK and K + AK K, at time ¢, respectively; and K and AK
are the window length and the moving step, respectively.

Old Signal Sliding Window New Signal

fr%lg%c}’¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢ Saﬁrr:]l(iang
I

High
Frequency|
Inverse Multi-
Medium | _ Fusion| eaeor| Frequency
Frequency| ™ Rules "| GPR Data
Fusion
Cow Decomposition and
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Frequency corresponding scale

Figure 3. The weighting joint of the sliding window and wavelet transform.

For convenience, assume that the GPR signals within sliding window, L, can be divided
into three categories: high-, moderate- and low-frequency GPR signals. Then, the weighted
fusion function of each segment frequency signal in the sliding window can be expressed as

X(t) = wnXp(t) + wmXjy () + wrXi (1) 4)

where wy, wp and wy, denote the weighting factors of high-frequency, moderate-frequency
and low-frequency wavelet signals in each segment of the sliding window, the values of
wy, wpy and wy, are within 0 and 1, also, wy + wy + wp, = 1.

Next, we use the wavelet transform method to calculate the time-varying weight
factors of the GPR signals in every frequency band within the sliding window. Suppose
that (x,y) is the center point of the sliding window, L; 0y, o) and o denote the root
mean square errors of high-, moderate- and low-frequency GPR signals within the sliding
window, respectively, with variances of D(Xy) = 0%, D(Xp) = 03, and D(X) = 02. To



Appl. Sci. 2024, 14, 2721 6of 16

ensure the D(X) optimization, we should calculate the minimum value of D(X) under the
constraint condition wy + wp + wp = 1, which is expressed as

x Y
LE (B (tWhH())
WH =
H QR 0RTHO
X ]
. 7;](0 2 (W ( )) 5)
M_om+(wmo
x Y
LY (e (WL (i)
w; = —' /
L= 2 (H)+a2,()+o2()

where WL (i, 7), Wi, (i, j) and W} (i, j) denote the wavelet function of the high-, moderate-
and low-frequency GPR signals within the wavelet decomposition scale, /, and [ is the
wavelet decomposition scale.

According to the above discussion, we can substitute Equations (3) and (5) into
Equation (4) to obtain the multi-frequency GPR fusing result.

The fusing step is summarized in Figure 3; it includes the following steps:

(1) Obtaining the preprocessing and spatial alignment for the input multi-frequency GPR
images.

(2) Selecting the optimal scale levels to make a wavelet transform for the high-, medium-
and low-frequency GPR data, respectively, and obtaining the optimal weighting
coefficients of wy, wp and wy, based on Equation (5).

(3) The high-, medium- and low-frequency weighting coefficients are fused according to
the multi-frequency fusion rules.

(4) Inverse wavelet transform, decomposition and fusion under the corresponding scale
are conducted to obtain the fusion results of the multi-frequency GPR.

2.2.2. Evaluation Method for Multi-Frequency GPR Data Fusion

To verify the fusion effectiveness of the GPR data, “Information Entropy (IE)”, “Space
Frequency (SF)” and “Laplacian Gradient (LG)” are employed to quantitatively evaluate
the fusing performance of the multi-frequency GPR data.

(1) IE. IE is the basic concept of information theory, which describes the uncertainty of
the occurrence of each possible event of a fusion information source. It mainly reflects the
average information amount contained in fusion areas; the values of IE strongly correlate
with the richness of the information contained in the fusion areas, which can be computed

as [31]
L—1

1E == ) p(D)logy(p() (6)
im

where p(i) represents the frequency of pixels value at grayscale, i, and L is the total gray
value of the image.

(2) SF. SF comes from human visual technology, which represents the overall activity
level of an image by coupling the standard scalar quantization of frequency coefficients.
Therefore, the larger values of SF imply that the image is clearer. For an M x N-sized image,
assume that each pixel processes the gray value, F(m, n), in position (m, n); then, the SF
can be calculated as

1 M N , 2 1] N M ) 2
SF = (MZ (P(m,n)—l—"(m,n—l))) +<MN}§1 ZZ(F(m,n)—F(m—l,n))> 7)

m=1n=2

(3) LG. LG refers to the second derivative gradient operator applied to the auto-focus
system. In this paper, it will be applied as a clarity indicator to evaluate the fusing results.
The LG function of point (x, y) in image I (x, y) can be computed as
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L7

LG =y + 52

1
=% Y Y Hx+1Ly)+I1(x—Ly)+I(x,y+1)+I(x,y—1) —4I(x,y)| (8)
Xy
where 7 is the total number of image pixels. The values of LG are proportional to the image
clarity; usually, the clearer of image, the better the detailed features inside the image can be

distinguished.

2.3. Top-Coal Structure Detection
2.3.1. GPR Reflection Intensity Model

As shown in Figure 4, assume that all the media in top coal are isotropic and homo-
geneous and that the top coal contains n gangue layers of thickness L; the thickness of
each coal seam layer is denoted as L1, L3, - - - , Ly, 1, with a relative dielectric constant of
€1,€3,° - ,€p41 and a conductivity of 02,04, - - - , 02, while the thickness of each gangue
layeris Ly, Ly, - - - , Lp,, with a relative dielectric constant of €3, €4, - - - , €2, and a conductiv-
ity of 03,04, - - - , 02,,. The relative dielectric constant and conductivity of roof rock are €3,
and 07,,42. Suppose that the GPR wave, Ty, is emitted from a GPR antenna at a distance of
Ly from the coal seam and undergoes reflection and transmission at the interface between
the air layer (first layer); assuming an incidence angle of 6y and a refraction angle of S, the
reflected wave, Ry, is received through the GPR-receiving antenna. The transmitted wave,
T, propagates in the first layer of the medium and undergoes reflection and refraction at
the interface between the first and second layers of the medium. Its incidence angle is 6,
and the refraction angle is 1. The reflected wave, Ry, will be received by the GPR-receiving
antenna. In the same manner, we can obtain the reflected wave, Ry, 41, of the 2n 4 1 layer
medium and the 27 + 2 layer medium; then, the total thickness of the coal top is computed
based on the two-way travel time of the wave as [32]

2n+1
v;t; cos B;
L — 1*1 1 9
i; - 9)

where v; is the propagation speed of GPR waves in the ith layer medium, and ¢; is the
two-way travel time of electromagnetic waves in the ith layer medium.
The electromagnetic wave intensity of the multi-frequency GPR waves between the
air layer and the first layer of the medium can be calculated as
PGy

Ph=—"—"—"—— 10
: 471(Lo/ cos 6p)? (10

where P; is the initial electromagnetic wave intensity emitted by the GPR, and G; denotes
the transmitting antenna gain.

The reflected wave at the interface between the air layer and the first layer of the
medium is obtained by the radar-receiving antenna, and the electromagnetic wave reflection
intensity is expressed as

PthGr/\zl’O‘l

0 =
16712(Lo/ cos b )

where G; represents the receiving antenna’s gain; A denotes the wavelength of the electro-
magnetic wave in the medium; and rq|; represents the reflection coefficient in the first layer
interface.

The electromagnetic wave energy of the GPR traveling between the first and second
layers of the top coal can be computed as

(11)

PG _mh
Pl _ ot 5 tO‘le cos B (12)
47(Ly/ cosby + L1/ cos B1)
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where t(|; represents the transmission coefficient of the GPR signal transmitting from the
air layer into the first layer; a; denotes the attenuation coefficient of the first layer.

Rock layer

Gangue laver

Jangue laver

~

GPR antenna (’

Figure 4. The reflection intensity model of GPR in top coal. It consists of n gangue layers, n coal
layers and one rock layer with a total thickness of L; the travel time of the electromagnetic waves in
each coal layer is t1,t3, - - , 5,11, and in each gangue layer is ty, t4, - - - , toy.

The returned electromagnetic wave intensity of the GPR traveling between the first
and second layers of the top coal is calculated as

Ly L
_ PGiGA 1y -ty e sty

1= 2
16m2 (o + B 4 L )

cos 6y cos By cos 1 cos 6q

(13)

where 1|, represents the reflection coefficient of the interface between layers 1 and 2 of
the medium, #; denotes the transmission coefficient of the radar waves entering the first
layer of the medium from the air layer, and t;) represents the transmission coefficient of
the GPR wave entering the air layer from the first layer of the medium.

Similarly, the energy expression of the reflecting wave in the interface between the nth
and n + 1 layers of the media received by the radar antenna can be derived as follows:

n L. L.
1 _,2 ‘xi(cos]ﬁ + coSIé)A )

PthGrAzrner»l . I_Il ti*l‘iti‘ifl e i=1 i i

1=

R, = - 5 (14)
L L
1672 (i;()<_cosﬁi + m))

where 7, | represents the reflection coefficient of the interface between the n and n + 1
layers of the medium, #;_;; represents the transmission coefficient of radar waves from the
i — 1 layer into the i-layer medium, L; denotes the i-layer medium thickness, ; represents
the transmission angle of the GPR wave from i — 1 to the i-layer medium, 6; represents the
incidence angle of the GPR wave from the i + 1 layer medium into the i-layer medium, «;
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n
represents the attenuation coefficient of the i-layer medium, r,,,, 1 - I1 #;_1);#;;1 represents
i=1

n . .
. . . . Z ai( coLs,/ii + CDL!;IGL' )
the reflection and refraction attenuation of each layer interface, and e =1

attenuation of radar waves by each layer of media.

is the

2.3.2. Top-Coal Structure Stratification Detection

During the GPR electromagnetic wave transmission in the complex top-coal struc-
ture, its transmitting path will be changed at the different dielectric constant interfaces.
According to this characteristic, the relationship between the reflecting intensity, R, and the
dielectric constant, ¢, can be computed as follows [33]:

- ()

2
A A; A
1- (A(l)) +,Z R; f,l-gl - Ag
i=1

A'l A
Ri/i; + a4,

=| L=

VEnrT = Ven (15)

where A is the amplitude of the GPR reflection wave, Ay is the GPR reflection wave
amplitude in the air layer, and the reflection energy of R is provided in Equation (14).

According to Equation (15), the dielectric constant of each layer in the top coal can
be determined; and then, the stratification structure of each layer in the top coal can be
recognized based on the dielectric constant value.

3. Results and Discussion

To estimate the effectiveness of our presented method, we conducted both laboratory
and field experiments in different conditions. We further performed both qualitative and
quantitative analyses based on the data from the multi-frequency GPR signals.

3.1. Laboratory Tests

As shown in Figure 5, from top to bottom, the constructed top-coal structure in
laboratory conditions mainly includes a rock layer, a coal layer, a gangue layer and a coal
layer; two groups of GPR central frequencies (900 MHz and 1500 MHz) were selected to
verify the GPR data fusion effectiveness in the laboratory environment. In the experiments,
we separately used two frequencies for the GPR antenna to detect the top-coal structure;
subsequently, preprocessing and spatial alignment were carried out to deal with the multi-
frequency GPR data. Assume that the time window of each frequency GPR profile was
uniformly set to 15 ns, and the number of sampling points was 512 channels. For the
sake of simple analysis, we selected 400 trace data of multi-frequency GPR to verify the
fusion effectiveness.

The experimental results are provided in Figure 6. We can see that the detection
accuracy and image resolution of the 1500 MHz GPR profile in Figure 6a are more accurate
than that of the 900 MHz GPR profile in Figure 6b with a range of 0~7.5 ns, while the
1500 MHz GPR profile penetration distance is limited to about 7.5 ns; when the transmitting
time is greater than 7.5 ns, the reflection signal is almost invisible in the GPR profile.
Conversely, the 900 MHz GPR profile still has a reflection signal between 7.5 ns and 11 ns.
To effectively combine the high detection resolution of the 1500 MHz GPR data and the
large penetration depth of the 900 MHz GPR data, we used our proposed method to fuse
the 1500 MHz and 900 MHz frequency GPR data; the experimental results are provided
in Figure 6¢. We can see that the fusion results of the 900 MHz and 1500 MHz GPRs not
only possess high-resolution characteristics of high frequency in a range of 0~7.5 ns but
also have a large penetration depth of low frequency in a range of 7.5~15 ns.
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To quantitatively evaluate the multi-frequency GPR data fusion effectiveness in a
laboratory environment, our proposed method was compared with the genetic [11], time-
varying [14] and wavelet transform [16] fusion methods based on the IE, SF and LG
evaluation criteria. The comparison results are provided in Table 1; it can be seen that
the low-frequency GPR profile (900 MHz) has a higher value of IE and LG due to its
greater penetration depth, while the high frequency (1500 MHz) possesses a higher value
of SF because of its higher resolution. The fusion results for the 900 MHz and 1500 MHz
GPR data using our proposed method possess the best performance. Compared with the
genetic, time-varying and wavelet transform fusion methods, the fusion results for the
IE, SF and LG evaluation criteria improved by “12.74%, 11.46% and 11.97%”; “13.59%,
11.47% and 11.96%"; and “12.77%, 8.51% and 10.64%”, respectively. Furthermore, the
above experimental results prove that the multi-frequency GPR data fused by our proposed
method possess both the merits of high-frequency GPR data—higher-resolution and low-
frequency data and greater detection depth—further proving our presented method to be
feasible and effective.

Table 1. The comparison results of our proposed method with the genetic, time-varying and wavelet
transform methods using 900 MHz and 1500 MHz GPR data.

Our Genetic Time-Varying Wavelet
Item 900 MH 1500 MH Proposed Method Method Transform
Method Method
IE 6.74 5.24 7.85 6.85 6.95 6.91
SF 26.33 28.21 43.57 37.65 38.57 38.36
LG 0.37 0.31 0.47 0.41 0.43 0.42

Coal layer

Figure 5. The complex top-coal structure model. It consists of four different layer structures, from top
to bottom: a rock layer, a coal layer, a gangue layer and a coal layer; also, every layer has a different
dielectric constant and conductivity.
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Figure 6. Multi-frequency GPR data fusion results for top coal in laboratory environments: (a) 900 MHz

GPR profile; (b) 1500 MHz GPR profile; (¢) 900 MHz and 1500 MHz fused profile.
3.2. Field Tests

We also carried out field tests on the fully mechanized mine cave face. A detailed
structure of the top coal is provided in Figure 7; the average thickness of the top coal is
12.36 m; the maximum number of gangue layers in the top coal is five; and the thickness of

the gangue layer is from 0.1 to 4 m.
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Figure 7. The structure of top coal in a fully mechanized cave face, where the horizontal axis denotes
the horizontal direction of the mine face, and the vertical axis represents the thickness of the top coal.

In the field tests, we selected two groups of GPR central frequencies (100 MHz and
270 MHz) based on the thickness of the top coal (its average thickness was about 12 m)
to detect the top-coal structure (see Figure 8). The GPR antenna was placed on a moving
vehicle; in this experiment, the static measurement mode was adopted for multi-frequency
GPR data acquisition, and 30 sampling channels of GPR signals were selected to analyze
the data fusion performance. Also, we chose three representative borehole locations to
verify our proposed method’s effectiveness. Note that the detailed structures of the top
coal in the borehole location were obtained via manual operation.

Figure 8. The layout of the GPR in field tests.

The test results are provided in Figure 9, where the horizontal axis denotes the number
of sampling channels, and the vertical axis represents the GPR signals’ propagation time.
Figure 9a,b denote the 100 MHz and 270 MHz GPR waveform accumulation profile, and
Figure 9c represents the GPR-fused waveform accumulation profile. We can see that the
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detection distance of the 100 MHz frequency GPR is relatively larger than the 270 MHz
frequency GPR; in a range of 150-300 ns, the echo intensity and image resolution were
higher. Conversely, the echo intensity and image resolution of the 270 MHz frequency GPR
were outstanding, in a range of 0-150 ns, while for a range greater than 150 ns, the detection
affection became worse. Figure 9c shows that the fused results not only possessed the
merits of higher detection resolution in a range of 0-150 ns but also had larger penetration
depth in a range of 150-300 ns.
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Figure 9. Multi-frequency GPR data fusion results for top coal in field environments: (a) 100 MHz
GPR waveform accumulation profile; (b) 270 MHz GPR waveform accumulation profile; (c) 100 MHz
and 270 MHz GPR fused waveform accumulation profile.
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Similar to Table 1, we also compared the genetic, time-varying and wavelet transform
fusion methods with our proposed method to evaluate multi-frequency GPR data fusion’s
effectiveness in a field environment. The comparison results are provided in Table 2;
we can see that the fusion results for the 100 MHz and 270 MHz GPR data using our
proposed method possess the best performance; compared with the genetic, time-varying
and wavelet transform fusion methods, the fusion results for the IE, SF and LG evaluation
criterion improved by “15.72%, 44.89% and 19.11%”; “10.77%, 9.47% and 12.13%”; and
“14.08%, 7.04% and 12.61%”, respectively. Moreover, the experimental results prove that
multi-frequency GPR data fusing can increase the information content and profile clarity,
and it also possesses both the merits of high-frequency GPR signals: higher-resolution and
low-frequency signals and greater detection depth.

Table 2. The comparison results for our proposed method with the genetic, time-varying and wavelet
transform methods using 100 MHz and 270 MHz GPR data.

Our Genetic Time-Varying Wavelet
Item 100MH 270 MH Proposed Method Method Transform
Method Method
IE 10.11 7.86 13.87 11.69 12.72 11.22
SF 39.49 42.32 64.27 57.35 59.18 56.47
LG 0.55 0.46 0.71 0.61 0.68 0.62

4. Conclusions

To realize the accurate detection of complex top-coal structures, we propose a novel
multi-frequency GPR data-fusing method using a joint sliding window and wavelet
transform-weighting method. It possesses both the merits of high resolution and great
detection depth and has the ability to integrate multi-frequency GPR data into one com-
posite profile to interpret the internal structure information of top coal in detail. Also, we
developed an edge detection algorithm to improve the fusion efficiency of the wavelet
transform so as to realize the effective fusion of multi-frequency GPR data. Furthermore,
we established a reflection intensity model of multi-frequency GPR signals traveling in
top coal and interpreted the detailed top coal structure. The experimental results prove
that, compared with the genetic method, the time-varying method and the wavelet trans-
form method, the fusion results for our proposed method in terms of the IE, SF and LG
evaluation criteria have improved by “12.74%, 11.46% and 11.97%"; “13.59%, 11.47% and
11.96%"; and “12.77%, 8.51% and 10.64%"” and “15.72%, 44.89% and 19.11%"; “10.77%,
9.47% and 12.13%"; and “14.08%, 7.04% and 12.61%” in laboratory and field environments,
respectively. Moreover, our method can also accurately interpret the internal structure of
top coal.

Although the proposed multi-frequency GPR data fusion method possesses many
merits in detecting top-coal structures, there are still some issues that should be addressed in
further research: (1) In fusion experiments, we only selected two kinds of GPR frequencies
to evaluate fusion effectiveness; thus, in future work, multiple frequencies of GPR will be
considered and compared. (2) More fusion performance assessments and evaluations of
multi-frequency GPR data fusion will be conducted for further applications to deal with
more challenging scenarios.
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