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Abstract 
 

As a nondestructive testing technology, ground penetrating radar (GPR) is widely used in the detection and recognition of 
high-speed railway subgrade diseases. Rough-surface direct wave suppression caused by locomotive vibration and 
subgrade irregularity is a challenge in the GPR signal process. Flat-surface assumption makes traditional method difficult 
to apply directly to the rough terrain environment. To remove rough-surface direct wave and improve the signal-to-noise 
ratio, a new adaptive algorithm is proposed in this paper. First, according to the characteristic of electromagnetic wave 
propagation, the echo model of GPR was constructed, and the composition of ground radar echo signal was analyzed. 
Next, the eigenvalue and eigenvector of the echo signal and ground direct wave were studied. With the increase of 
relative permittivity, the energy eigenvector of direct wave and echo signal converged to the same vector space. On this 
basis, a rough-surface direct wave suppression framework based on energy feature adaptive analysis was proposed. 
Finally, a numerical simulation and field experiment were carried out to verify the feasibility of the algorithm. Results 
showed that the algorithm effectively suppresses the rough ground direct wave, and the processing result preserves the 
target echo more completely. Without intervention, this method can be applied in automatic direct wave suppression, 
which will promote the development of automatic identification technology in the detection of railway subgrade diseases. 
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1. Introduction 
 
Railway subgrade presents a series of diseases caused by the 
repeated effects of the environment and the train load, which 
directly threatens traffic safety. Hence, research on 
developing a fast, accurate, and nondestructive disease 
detection method has become an urgent matter. 

Ground penetrating radar (GPR) is a type of 
nondestructive testing technology used to detect an 
underground structure with the reflection characteristics of 
high-frequency electromagnetic waves at the interface of 
different electrical parameters. Owing to its fast and 
continuous characteristics, GPR is widely used in shallow-
layer target detection, e.g., land mines [1], [2], municipal 
pipelines [3], and structural defects [4], [5]. 

Influenced by factors such as air–ground interface and 
anisotropic background media, a variety of clutter, including 
ground direct wave, multiple wave, and random noise are 
formed in GPR echo. Direct wave is caused by the relative 
permittivity difference between ground and air. Taking 
concrete surface as an example, the relative permittivity of 
concrete is εr=9 and the relative permittivity of air is εr=1. 
According to the Fresnel reflection formula, approximately 
50% of the incident energy is reflected. The target echo 
energy is also generally very small; if raw data are processed 

directly, the loss of target echo may occur. Thus, eliminating 
a direct wave with great energy is the first step in target 
recognition. 

At present, air-coupled antenna is used instead of 
ground-coupled antenna to accelerate the detection speed of 
subgrade diseases. However, for locomotive vibration and 
subgrade irregularity, the antenna follows the change of train 
position up and down, which damages the direction of the 
direct wave and increases the difficulty of target recognition. 
Suppressing rough-surface direct wave is thus a challenge. 

In this paper, from the perspective of energy, the 
relationship between echo signal and direct wave in the 
energy eigenvalue and eigenvector is discussed according to 
the components of the GPR echo, and a rough-surface direct 
wave suppression framework based on energy adaptive 
analysis is constructed. 
 
 
2 State of the art 
 
Numerous studies have been carried out on direct wave 
suppression, and the methods used are mainly divided into 
three categories: time domain method [6], frequency domain 
method [7], [8], [9], [10], [11], and space vector method [12], 
[13], [14]. The main representative of the time domain 
method is the mean-subtraction method. With the direct 
wave as a constant and the target echo as the disturbance 
signal, this method eliminates the constant by subtracting 
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between data in A-Scan and average data in B-Scan. In a 
frequency domain, frequency wavenumber method (F-K) 
and directional wavelet method are included. Wavelet 
method has become a hot spot in the field of direct wave 
suppression in recent years because of its good direction. Shi 
et al. [7], and Zhang et al. [8] constructed a 2D physical 
wavelet, which suppresses the direct wave via the different 
scale between direct wave and target echo. Tzanis [9], Baili 
et al. [10], and Zhang et al. [11] studied the direction of the 
direct wave and found that it changed slightly along the 
survey line, an outcome that is consistent with the 
characteristic of shearlet and ridgelet. Time domain and 
frequency domain methods are mainly used to remove direct 
wave from the morphological point of view. These methods 
work when the ground is flat, but they have no effect on the 
rough surface and even result in target echo signal loss. 
Abujarad et al. [12], Lu et al. [13], and Huo et al. [14] 
investigated the space vector method, e.g., principal 
component analysis (PCA), to eliminate direct waves. They 
believed that a large proportion of the direct wave leads to a 
large eigenvalue in PCA. Removing the main eigenvalues 
could eliminate the direct wave. This method does not 
discuss the relationship in eigenvalue between the direct 
wave and the GPR echo signal. Moreover, the choice of 
removed eigenvalue in the method is subjective, which is not 
conducive to realizing the automatic suppression of direct 
waves. 

The above analysis shows that the existing methods are 
not applicable for suppressing rough-surface direct waves. 
Therefore, theoretical derivations, a forward simulation, and 
a field test are combined to propose a new algorithm that can 
suppress rough-surface direct waves.  

The rest of this paper is organized as follows. In section 
3, a GPR echo signal model is built, the relationship of 
eigenvalue and eigenvector between GPR echo signal and 
direct wave is analyzed, and then an energy-adaptive-based 
algorithm is proposed. In Section 4, forward simulation and 
field test are carried out to verify the feasibility of the 
proposed method. In Section 5, signal loss in different 
methods is discussed. In Section 6, the article is summarized 
and related conclusions are drawn. 
 
 
3 Methodology 
 
3.1 GPR echo signal model 
Let us consider a common-offset GPR [21]. When the high-
frequency electromagnetic waves emitted by the transmitter 
encountered the air–ground interface, the reflected waves 
were collected by the receiver, while the transmitted waves 
continued to spread. Part of the transmitted waves would 
also be reflected at the surface of the target with different 
relative permittivities and go through the air–ground surface 
to be collected. Fig. 1 shows a schematic model of GPR 
echo signal. In the figure, T represents the transmitter, R 
represents the receiver, S represents the GPR echo signal, D 
represents the direct wave, O represents the target echo, and 
n represents the random noise. Thus, the GPR echo signal 
can be expressed as: 
              
X D O n= + +        (1) 

 
The parameters of the air and ground are (εr1, µr1, σ1) and 

(εr2, µr2, σ2) respectively, where εr represents relative 
permittivity, µr represents relative permeability, and σ 
represents conductivity. 
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Fig. 1. Schematic model of the GPR echo signal 
 
 
 Working with the hypothesis that the GPR surveys l 
times along the line, single-measurement data Si, e.g., the ith 
measurement, is called the A-Scan, Si = (si1, si2, …, sik)T, 
where k represents the sampling points.  

All of the A-Scans make up the B-Scan, which can be 
expressed as Matrix S: 
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Similar to the GPR echo signal, the direct-wave matrix D 

can be expressed as: 
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3.2 Energy characteristics of echo signal 
The correlation operation is developed to obtain the energy 
characteristic of the echo signal. Consider cmn as the 
correlation between the mth trace data and the nth trace data, 
i.e.: 
 

1

k

mn mj nj
j

c s s
=

=∑              (4) 

 
The correlation matrix C, which is composed of cmn, can 

be expressed as: 
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where cmn= cnm, which means matrix C is a real symmetric 
matrix.  

And there must be a standard orthogonal matrix P, which 
is satisfied as P-1CP = Λ and P-1 = PT. The superscript T 
denotes transpose, and Λ denotes the diagonal matrix: 
 

1 2( , , , )ldiag λ λ λΛ = L        (6) 
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Values (λ1, λ2,…, λl,) are the eigenvalues of correlation 
matrix C, and the standard orthogonal matrix P is the matrix 
consisting of eigenvectors. 

Given that the vectors in the standard orthogonal matrix 
are not related to one another, then inner product rij between 
eigenvector Pi and Pj can be written as: 
 

1
( , )

0ij i j

i j
r P P

i j
=⎧

= = ⎨
≠⎩

   (7) 

 
Therefore, matrix P can be regarded as an orthonormal 

basis in l-dimensional space, and the projection of GPR echo 
signal data S on P can be expressed as: 
 
' TS P S=   (8) 

 
The reconstruction formula is  

 
'S PS=            (9) 

 
Meanwhile, the sum of eigenvalues in Eq. (5) is equal to 

that of the diagonal elements in matrix C, which is  
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L
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    (10) 

 
In addition, with a descending order, let λ1>λ2>…>λl, 

where λi denotes the energy characteristics of the GPR echo 
signal at base Pi. 

 
3.3 Energy characteristic of direct wave 
Assuming that the GPR echo signal is a finite-length signal, 
no overlapped signal exists between direct wave and target 
echo, and nonzero value ranges of the direct wave is j∈[1, 
b], b<l. Thus, the direct wave value can be expressed as 
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Similar to the details in Section 3.2, eigenvalue λi' and 

eigenvector Pi' were obtained according to the correlation 
matrix of D. Furthermore, with a descending order, let 
λ1'>λ2'>…>λl', where λi' denotes the energy characteristics of 
direct wave at base Pi'. 

 
3.4 Energy adaptive reconstruction 
Under the condition that the GPR echo signal contains no 
target echo signal, or the permittivity of the target is very 
close to that of the background medium which means target 
echo energy is very low, the equations D =S and Pi' = Pi are 
set up. Given that P is an orthogonal matrix, the inner 
product rij' between Pi' and Pj can be written as: 
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        (12) 

 
Hence, eigenvector λi' denotes the energy characteristics 

of direct wave at base Pi. As the total energy is λi at the base 
Pi, to eliminate the direct wave, base Pi is modified to Pi": 
 

'
"
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P P
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=                           (13) 

 
Then reconstructing the GPR echo signal S" can be 

expressed as: 
 
" " 'S P S=                                (14) 

 
where S" does not contain direct wave any more. Fig. 2 

describes the flow chart of the algorithm. 
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Radar Echo data S 
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Eigenvector Pi

Isolated direct wave D 

Self-correlation DTD
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Eigenvector Pi＇

Correction Pi→Pi＂

Reconstruct echo S＂ 

End  
 
Fig. 2. Flow chart of energy adaptive algorithm 
 
4 Forward simulation and field test 
 
To verify the feasibility of the proposed method, forward 
modeling simulation and field test are carried out. 

 
4.1 Forward modeling 
Forward modeling is designed to verify the relationship 
between GPR echo signal and direct wave in the energy 
eigenvector and eigenvalue. The model is established by 
GprMax [15], [16], [17], as shown in Fig. 3. The modeling 
method is based on finite-difference time-domain [18], [19], 
[20], [21]. The modeling parameters are shown in Tab. 1.  

The model’s dimension is 2.0 m×0.6 m and is divided 
into two layers. The upper layer is free space with 
parameters (εr1, µr1, σ1)=(1, 1, 0), and the lower layer is the 
background medium (εr2, µr2, σ2)=(εr2, 1, 0.01). The target is 
a good conductor rebar. To check the correlation between  
Pi' and Pi of various relative permittivities, set the range of 
εr2∈ [4, 16]. A tilted surface likewise exists, where x∈ [0.5, 
1.5] with an angle θ=5.7°. 

Fig. 4 demonstrates the forward simulation results where 
εr2={4, 9, 16}. The direct wave is not in a line. Direction-
based methods, e.g., mean-subtraction method and 
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directional wavelet method, have no effect on direct wave 
removal. “A” in the figure represents the target echo. For the 
wave velocity inversely proportional to the square root of 
relative permittivity, the two-way travel time of the target 
echo is shortest when εr2=4, longer when εr2=9, and the 
longest when εr2=16.  

Fig. 5 shows the energy comparison between direct wave 
and target echo in different media. In Fig. 5(a), direct wave 
and target echo are pointed out under the condition of εr2=4 
The amplitude of direct wave is distinctly greater than that 
of the target echo, which is consistent with the large energy 
assumption of the direct wave. Fig. 5(b) shows the amplitude 
of direct wave and the target echo in different relative 
permittivities. Regularity reveals that the amplitude of direct 
wave increases and that of the target echo decreases with 
increasing background relative permittivity εr2. 
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Fig. 3. Forward simulation modeling 
 
Table 1. Forward modeling parameters 

Parameter Values Parameter Values 
Model size (m, m) (2.0, 0.6) Antenna frequency (Hz) 2G 

Δx (m) 0.004 Excitation Ricker 
Δz (m) 0.004 Samples 1236 

Time window (ns) 16 Target radius (m) 0.01 
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Fig. 4. Forward simulation result 
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Fig. 5. Energy comparisons between direct wave and target echo 
 

The simulation results are processed according to the 
proposed method and processing flow. Tab. 2 lists the 
largest normalized eigenvalues from λ1 to λ6. Tab. 3 shows 
the correlation between Pi and Pi' in different background 
media. 

 
Table. 2. Eigenvalue comparison in different media 

 εr2=4 εr2=9 εr2=16 
S D S D S D 

λ1 1 0.997 1 0.999 1 1 
λ2 0.721 0.714 0.707 0.705 0.703 0.702 
λ3 0.233 0.232 0.227 0.227 0.225 0.225 
λ4 0.043 0.037 0.037 0.036 0.036 0.036 
λ5 0.013 0.003 0.004 0.003 0.003 0.003 
λ6 0.010 0.002 0.002 0.001 0.001 0.001 

 
Table. 3. Eigenvector correlation in different media 

εr2 (P1, P1') (P2, P2') (P3, P3') (P4, P4') 
4 0.999856 0.998879 0.977721 0.998423 
9 0.999888 0.99924 0.993687 0.999463 

16 0.999897 0.99929 0.997554 0.999664 
 

Tab. 2 and Tab. 3 show that a good energy correlation in 
eigenvalues and eigenvectors exists between direct wave and 
target echo; the correlation also increases with the increase 
of background relative permittivity. This correlation would 
make the eigenvectors converge to the same eigenvector 
space.  

Fig. 6 is the processing result based on energy adaptive 
analysis, where εr2={4, 9, 16}. 

A comparison of Figs. 4 and Fig. 6 clearly indicates that 
the direct wave in Fig. 4 is suppressed. Specifically, with the 
increase of background relative permittivity, the effect is 
more significant. From Fig. 6(c), under the condition of 
εr2=16, the direct wave is removed, and the target echo 
hyperbola is very clear and preserved completely without 
break. This finding means that the energy-adaptive-based 
method can suppress the direct wave efficiently, and with 
the increase of relative permittivity, the effect is improved 
performance. Considering that relative permittivity of 
reinforced concrete in a humid environment generally is 
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bigger than 8, this method can be used to suppress direct 
wave in high-speed railways. 
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Fig. 6. Processing result in different media 

 
4.2 Field experiment 
A field experiment is designed to verify the availability in 
practice. The CRTS-II slab ballastless track laying in the 
training center of Shijiazhuang Tiedao University provided 
the experimental subject, and IDS-RIS GPR host and 2 GHz 
antenna were used to acquire data. The test field image is 
shown in Fig .7. 

CRTS-II slab ballastless track is made up of slab, CA 
mortar, and a support layer. The slab layers are reinforced 
concrete with a “V”-type water sink in interval d=0.65, 
which means it is not flat. The GPR parameters are set as 
shown in Tab. 4. 

 

 
 
Fig. 7. Field test with CRTS-II slab ballastless track 
 
Table 4. Field test sampling parameters 

Frequency 
(MHz) 

Sample points Window (ns) Interval 
(mm) 

900 512 40ns 8 
 

Fig. 8(a) shows a part of the acquired data. Directional 
characteristic of the direct wave is damaged while water sink 
echoes are introduced. Fig. 8(b) shows processing result 
according to the proposed method. The ground direct wave 
is found to be almost eliminated, and the echo of the 
reinforced bar is clearly visible, which verifies the feasibility 
of the algorithm in the practical application. 
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Fig. 8. Original data and processing result 
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5 Discussion 
 
The purpose of suppressing noise is to improve signal-to-
noise ratio (SNR). Given that the mean-subtraction method 
and directional wavelet method are unable to eliminate the 
direct wave rough ground, SNR discussions are carried out 
on the processing results based on PCA and the proposed 
energy adaptive method. 

The original data obtained by field experiment are shown 
in Fig. 8(a). Fig. 9 shows the processed result by PCA, 
which moves the largest two eigenvalues and corresponding 
eigenvectors. 
 

(b) processed data based on energy adaptive
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Fig. 9. Processing result based on PCA 
 
 

Compared with the details in Fig. 8(b), the maximum 
amplitude in Fig. 9 is less than that of the energy-adaptive-
processed data. This result means the PCA-based method 
will result in more signal loss.  

To analyze the target echo signal loss, correlation 
coefficient r and average cumulative error Δ are introduced 
to evaluate the integrity of the signal; they are calculated as 
Eq. (13) and Eq. (14) below: 
 

2 2

( )( )

( ) ( )
i i

i i

x x y y
r

y y y y

− −
=

− −

∑
∑ ∑

  (15) 

 
1

i ix y
k

Δ = −∑      (16) 

 
where xi donates the processed data, yi donates the original 
data, x  is the average of xi , and y  is the average of yi .  

The traces of i={25, 50, 75, 100, 125, 150} are extracted 
from original data, PCA processed data, and energy adaptive 

processed data, and processed according to Eq. (13) and Eq. 
(14). The results are shown in Tab. 5. 

Results indicate that the energy-adaptive-based method 
has better performance than the PCA-based method in 
correlation coefficient and average cumulative error. Thus, 
the energy-adaptive-based method can be used as an 
efficient way to suppress direct waves. 

 
Table. 5. Correlation coefficient and error comparisons 

Trace 
number 

PCA based Energy adaptive based 
r Δ r Δ 

25 0.85 0.29 0.91 0.07 
50 0.91 0.38 0.94 0.25 
75 0.72 0.31 0.82 0.10 

100 0.64 0.33 0.78 0.11 
125 0.83 0.29 0.90 0.07 
150 0.85 0.39 0.95 0.22 

Average 0.80 0.33 0.88 0.14 
 
 

6 Conclusion 
 
In this study, the relationship between echo signal and direct 
wave in the energy eigenvalue and eigenvector is discussed, 
and a new energy-adaptive-based algorithm is proposed to 
suppress direct waves. The conclusion are as follows: 

(1) The relationship between direct wave and GPR echo 
indicates that the energy eigenvector converges to the same 
space with the increase of background medium relative 
permittivity. 

(2) The method does not depend on the direction of the 
direct wave and can effectively eliminate rough-surface 
direct wave in the perspective of energy eigenvalue and 
eigenvector. Therefore, it overcomes the shortcomings of the 
mean-subtraction method and the directional wavelet 
method. Additionally, the effect will be better with the 
increase of background medium relative permittivity. 

(3) Numerical simulation and experimental results show 
that compared with the PCA method, the processed data 
based on energy adaptive method is more effective in 
retaining the target echo signal and has a higher SNR with 
the correlation coefficient of 0.88. 

With huge data quantity in detecting railway subgrade 
diseases, the disadvantages of artificial identification, such 
as long period and high false alarm rate, are displayed. The 
proposed method is a reliable and suitable way to suppress 
direct wave automatically, which will promote the 
development of automatic identification technology in the 
detection of railway subgrade diseases. 
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