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Ground penetrating radar is a high-resolution, efficient, non-destructive geophysical detection method. It is widely 
used in various application scenarios such as tunnel geological prediction and road maintenance. Ground penetrating 
radar data contains a variety of valid signals as well as noise. The diffracted waves of ground penetrating radar contain 
high-resolution small target imaging information. A critical challenge in GPR applications is how to extract diffracted 
waves from the wave fields. We provide a strategy to achieve this goal by applying the masking filters. Considering the 
complexity of the ground penetrating radar wave field and the weak energy of the diffracted waves, the median filter is 
first employed to suppress the linear reflections and then the f-k filter and τ-p filter are implemented to further increase 
the proportion of diffractions in the wave fields. Three numerical experiments are employed to test the diffraction-se-
paration method.

RESUMEN

El georradar es un método de detección geofísica de alta resolución, eficiente, y no destructivo. Se usa ampliamente en 
varios escenarios, como en la predicción de túneles geológicos y en el mantenimiento de carreteras. La información del 
georradar contiene una variedad de señales válidas pero también ruido. Las ondas difractadas del georradar contienen 
información detallada de pequeños objetivos en alta resolución. Uno de los principales problemas en las aplicaciones 
de georradar es el cómo extraer las ondas difractadas a partir de los campos de ondas. En este artículo se presenta una 
estrategia para lograr este objetivo a través de aplicar filtros de máscara. Al partir de la complejidad de la onda de campo 
del georradar y la señal débil de las ondas difractadas, el filtro mediano se usa inicialmente para suprimir las reflecciones 
lineales, y luego se implementan los filtros f-k y τ-p para incrementar la proporción de difracción en los campos de ondas. 
Se emplearon además tres experimentos numéricos para evaluar el método de separación por difracción.

Separación por difracción de información recolectada con georradar a través de la aplicación de filtros de máscara
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1. Introduction

As an important applied geophysical method, ground penetrating radar 
(GPR) is highly efficient, user-friendly, non-invasive and widely used in tunnel 
geological prediction and maintenance of transportation facilities (shown in 
Fig. 1) (Feng et al., 2015; Zhao et al., 2018; Giovanneschi et al., 2019). The 
GPR data contains many different types of wave fields. The nature of these 
wave fields is different. The diffraction energy is weaker than the reflection 
energy, however, it contains many field information of small-scale geological 
bodies and can be used for high-resolution imaging and identification. The 
processing methods for diffracted waves are currently mainly focused on 
seismic wave processing rather than electromagnetic wave processing. Many 
seismic wave processing methods can be used to process GPR data (Zong et al., 
2020; Yang et al., 2020; Li et al., 2021; Zong et al., 2023). Zhao et al. (2019) 
integrated the GPR diffraction wave separation method with the artificial 
intelligence method. Li and Zhang (2021) extrated the diffracted waves in Yutu-
2 Rover’s Lunar Penetrating Radar Data. Lin et al. (2022) enhanced optimum 
rank-reduction approach for achieving efficient diffraction separation. Sun et al. 
(2023) combined the time-frequency analysis method with inversion algorithm 
and applied it to road detection. The time-frequency analysis method can also 
be applied to GPR data processing. Lin et al. (2023) imaged the discontinuities 
by applying the angle gathers.

At present, there are few researches on GPR diffraction separation 
methods, and they mainly focus on using a single method to process the 
diffraction data. Using a single filter to separate them is difficult to get good 
results. The masking filters are implemented in the median filter, the f-k filter 
and the  ⁄ -p filter to extract the diffractions in this paper.

Median filtering method is a non-linear filtering technology, which has 
the characteristics of suppressing noise and edge protection ability. Brownrigg 
(1984) proposed a weighted filter to improve the median filter’s processing 
ability. Sun and Neuvo (1994) applied the detail-preserving median in image 
processing according to the local measurements of impulses. Wang and Lin 
(1997) modified the standard median filter algorithm to remove impulsive noise 
efficiently. Zhou and Zhang (1999) employed the progressive switching median 
filter to eliminate impulsive noise from severely distorted pictures. Zhu et al. 
(2004) applied the median filter to remove the linear noise in the seismic data 
processing. Cai et al. (2006) employed the median filter for reducing random 
seismic noise. Dong and Xu (2007) provided a directional-weighted median 
filter to eliminate random impulse noise. Huo et al. (2012) introduced a new 
multidirectional vector filter (MD-VMF) for separating mixed seismic shot 
sets. This method extends the traditional median filter from scalar to vector 
implementation; Kang et al. (2013) proposed a new median filter forensics 
technology based on the statistical characteristic analysis of median filter 
residual (MFR); Storath and Weinmann (2018) proposed a fast algorithm for 
filtering signals and images based on arc distance median according to the 
principle of median filtering, it is verified that the efficiency of the algorithm 
is higher than that of the classical median filter and has good adaptability to 
different data; Erkan et al. (2020) presented an adaptive-frequency median filter 
to solve the denoising problem.

F-K filtering method is based on two-dimensional Fourier transform and 
is a commonly used signal denoising technology. Canales (1984) proposed a 
technique to mitigate stochastic interference of the seismic data. Stone (1987) 
proposed a spatially variable f-k filtering method based on the “ROLL-ALONG” 
2-D Fourier transform, which improved the computational efficiency of the 
algorithm. Duncan and Beresford (1994) designed the slowness adaptive f-k 
filter of pre-stack seismic data. Paulus and Mars (2006) proposed a method for 
multicomponent or multidimensional data based on single component seismic 
method (F-K filter), which is applied to separate interference wave fields. Cai et 
al. (2011) presented a new adaptive f-k filter for the defect of poor adaptability 
of f-x domain denoising in complex geological structures. This method 
considers the time-frequency characteristics of local data, is easy to implement, 
and can effectively suppress random and coherent noise in complex geological 
structures; Chen and Jin (2015) presented a novel approach to eliminate random 
noise and improved seismic data resolution through the simple FK threshold 
step in the shaping regularization framework; Maman Herman et al. (2017) 
applied F-K filtering in shallow sea seismic exploration to eliminate noise in 
high-frequency seismic data and achieved good results; Lowney et al. (2020) 
designed a spatial variable filter based on plane wave destruction in f-k domain. 

In this method, the synthetic data and real data are used to verify the method, 
which proves the advantages of diffraction imaging in seismic interpretation.

 ⁄ -p filtering method is also a widely used filtering method. Radon 
transform theory was proposed by the famous Austrian mathematician Radon 
in 1917 to deal with the problem of image reconstruction (Radon, 1986); 
Carswell et al. (1984) applied the  ⁄ -p transform to the separation of the up 
and down waves of VSP seismic data, and achieved good results. The Radon 
transform was calculated using the least squares approach, which was examined 
by Thorson and Claerbout (1985). Sacchi and Ulryc (1995) proposed the high-
resolution Radon transform for channel interpolation and VSP wavefield 
separation and achieved good application effect; Trad et al. (2003) proposed a 
hybrid Radon transform method for suppressing surface waves, and achieved 
good results. Moldoveanu-Constantinescu and Sacchi (2005) proposed a 
phase shift hyperbolic equation, it can be clearly seen from the results that the 
equation improves the resolution in the Radon transform domain. Nowak and 
Imhof (2006) proposed the weighted Radon transform to suppresses multiple, 
which can keep the transformed amplitude well; Jiang et al. (2015) applied 
the frequency domain high resolution Radon to the separation of P-P and 
P-SV waves, and the application effect was good; Gholami (2017) proposed 
the convolutional Radon transform, which improves the time, slowness and 
curvature resolution of seismic data compared with the traditional Radon 
transform. Andersson and Robertsson (2019) proposed a simple, fast and more 
accurate algorithm based on Radon transform and opposite transform, this 
method reduces the computational complexity and the calculated cost.

In this paper, the τ - p masking filters are applied to separate the GPR 
diffractions. Three filtering methods, namely the median filter, the f-k filter and the 
filter, are used to process different types of the high-frequency electromagnetic-
wave signals and noises in GPR data. Then the purpose of extracting diffraction 
waves in GPR data is achieved. In the following sections, the principle of the 
masking filter and the principles of the filtering methods employed in it will be 
introduced first. Then zigzag model data, inclined layer model data and complex 
model data will be used to test the method in this article.

Figure 1. Application of GPR in tunnel prediction and maintenance of subways, 
highways and high-speed railways.

2. Method

2.1 Median filtering principle

Assume that the GPR record is described by Formula 1:

x i N j Ni j x t,
, , , ; , ,� � � �� � � �1 1 	 (1)

Where i and j are the spatial and temporal subscripts of the data Nx  is 
the number of spatial samples of the data, that is, the number of seismic traces;   
Nt  is the number of time samples per seismic record. Set the data sequence of 
channel i be Xj (j = 1,..., Nt) , if the given median filter span is N (generally N is 
odd), then the median filtering process for point k of channel i data is:
1.	 N sample points centered on point k;
2.	 rank the N sample points from small to large;
3.	 Take the value of the center position of the ordered N sample points as the 

output value of point k.
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Raw Data X X Xk N k k N� � � �( )/ ( )/
, , , ...,

1 2 1 2
  

Sort Data Y Y Yk N k k N� � � �( )/ ( )/
, , , ...,

1 2 1 2


Output Data Yk
Repeat the above process to realize the median filtering of seismic data 

record { }
,
xi j  .

The neutral filtering in phase elimination method is to subtract the filtered 
record Yk from the original record Xk to obtain the result Zk, as Formula 2:

Zk = Xk ₋ Yk	 (2)

It is sometimes referred to as subtraction median filtering.

2.2 F-K filtering principle

The F-K filtering method uses two-dimensional Fourier Transform to 
transform the signal in time-space domain (x, t) into frequency wavenumber 
domain (f, k). Let f(x, t) be about two-dimensional seismic data in time-space 
domain f(x, t) and contain valid signal s(x, t) and interference noise n(x, t), i.e. 
Formula 3:

(f, k) = s(x, t) ₊ n(x, t)	 (3)

Two-dimensional Fourier Transform of formula (3), i.e. Formula 4:
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This shifts the signal from domain (x,t) to domain (f,x), f to frequency and 
k to wavenumber. The formula above is simplified to Formula 5:

F (f,x) = S (f,x) ₊ N (f,x)	 (5)

Where F (f,x) is the frequency wavenumber spectrum of the original 
two-dimensional signal f(x, t); S(f, k) is the frequency wavenumber spectrum 
of the effective signal s(x, t) and N(f, k) is the frequency wavenumber spectrum 
of the interference noise n(x, t).

F-K filtering refers to the filtering in frequency-wavenumber domain for 
signals in time-space domain (x,t). The designed filtering factor is a function 
of time-space H(f,k).The filtering process is a product process in frequency-
wavenumber domain. The specific process is as follows:

In area (f,k), a two-dimensional filter H(f,k), is designed so that in area 
D, as Formula 6:

H f k
f k D

f k D
( , )

, ( , )

, ( , )
�

�

�

�
�
�

1

0 	 (6)

Filter F(f,k) signal through the wave, as Formula 7:
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Where )ˆ ˆ ˆ( , ) ( , ) ( ,F f k S f k N f k= +  satisfies Formula 8:
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Then the inverse Fourier transform of K in )ˆ ˆ ˆ( , ) ( , ) ( ,F f k S f k N f k= + region is obtained 
Formula 9:

ˆ ˆ ˆ( , ) ( , ) ( , )f f k s f k n f k= + 	 (9)

Because in area D, N (f, k) = 0 , so we can obtain Formula 10:

ˆ ( , ) ( , )f f k s x t= 	 (10)

Where ˆ ( , ) ( , )f f k s x t= is the filtered frequency-wavenumber spectrum of 
the original two-dimensional signal f(x, t); ˆ( , )S f k  is the filtered frequency-
wavenumber spectrum of the effective signal S(x, t) and ˆ ( , )N f k  is the filtered 
frequency-wavenumber spectrum of the interference noise n(x, t).

3. Basic principle of Radon transform

In multi-wave and multi-component seismic exploration, longitudinal 
and transverse waves are usually mixed together, which is not conducive to 
observation and processing. Better separation of longitudinal and transverse 
waves can reduce the difficulty of data processing, improve the accuracy of 
inversion, and better explain the structure of underground media. Radon 
transform provides a way to project the data in the time domain into the Radon 
domain, and then transform the data of Radon domain into the time domain. 
The purpose of the former is to separate the components in the Radon field and 
eliminate the unwanted components, and the target of the latter is to retain the 
required waves. The result of the Radon transform clearly shows that the noise 
has been effectively suppressed and eliminated.

Linear Radon transform is also called tilt stack or τ - p transform. Its idea 
is to superimpose and sum continuous signals in the time-space domain along a 
straight line with slope p and intercept τ (along a certain ray path), and apply τ 
and to describe the trajectory of the wave.

The expressions for d(t,x) and τ - p transform are as follows Formulas 
11-12:

m p d t px x x( , ) ( , )� ��
�� � � �� d 	 (11)

d t x m t px p p( , ) ( , )� � � ���
� � d 	 (12)

Where d(t,x) is a two-dimensional continuous signal; t means two-way 

time; x is the offset; m(τ, p) represents the oblique superimposed signal τ; is the 

intercept time; 
dt

p
dx

=  is slowness.

Seismic records in the time-space domain are discrete samples of the 
signal d(nt, nx). When wavefield separation is performed, it is necessary to 
discretize formulas (11) and (12). The equations are as follows Formulas 13-14:

m p d p x xi j i j k k
k

� �, ,� � � �� � �
�1

nx

	 (13)

d t x m t p x pm n m k n k
k

np

, ,� � � �� � �
�1

	 (14)

Parabolic Radon transformation principle Change the integral path t = τ + px  
in the linear Radon transform oblique superposition formula to  t = τ + qx2  , so 
the integral path changes from a ray to a parabola. The positive and negative 
transformation formulas are as follows Formulas 15-16:

m q d t qx x x( , ) ( , )� ��
�� � � ��

2
d 	 (15)

d t x m t qx p q( , ) ( , )� � � ���
� � 2

d

	 (16)

The processing of seismic data requires discretization, as follows 
Formulas 17-18:

m p d q x xi j
k

nx

i j k k� �, ,� � � �� � �
�1

2 	 (17)
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d t x m t q x qm n
k

np

m k n k, ,� � � �� � �
�1

2 	 (18)

The schematic diagram of the diffraction-separating method using the 
masking filters is shown in Figure 2.

Data loading

Trace editing

Geometry set up

Data analysis

f-k filter

data output

τ-p filter Median filter

Figure 2. The flow chart of separating the diffractions using the masking filters.

4. Numerical test on a zigzag model

The first test was conducted on a zigzag model with the dielectric 
permittivity distribution shown in Figure 3. The model has a size of 111 × 
201; The horizontal and vertical grid spacing of the model are both 0.1 m; The 
uppermost layer is the air layer with a dielectric constant of 1.0; The dielectric 
constants of the second and third layers are 9.0 and 16.0, respectively; The 
model contains two sharp points, which will produce diffraction hyperbolas 
during forward modeling. The zigzag model’s GPR modeling result is displayed 
in Figure 4. The source’s lateral location is dispersed between 0.0 and 19.7 
meters, with a source interval of 0.1 meters. The offset between the source and 
the receiver is 0.3 meters. We can clearly see diffracted, direct, and reflected 
waves in Figure 4. The energy of the diffracted wave is significantly less than 
that of the reflected and direct waves.

Figure 5 and Figure 6 show the diffracted waves and residual wave fields 
obtained using masking filters, respectively. It is evident that the diffractions 
may be successfully extracted using the masking filter approach. However, 
there are still some other waves in the extraction results that are difficult to 
eliminate and the removed wave energy contains some diffracted waves.

Figure 3. The dielectric permittivity distribution diagram of the zigzag model.

Figure 4. The GPR modeling result of the zigzag model.

Figure 5. The diffraction separation result of the zigzag model using the masking 
filters.

Figure 6. The residual wave fields of the zigzag model after extracting the 
diffractions.

5. Numerical test on an inclined layer model

The second test was performed on an inclined layer model, and the 
inclined layer model’s dielectric constant distribution is displayed in Figure 7. 
Its size is 110 × 200; The horizontal and vertical grid spacing of the model is 1 
m, and the dielectric constants from the first layer to the third layer are 1.0, 9.0 



179Diffraction Separation for the Ground Penetrating Radar Data by Masking Filters 

and 25.0, respectively. The model consists of six regularly inclined scattering 
points and two square anomaly blocks. The dielectric constant of the scattering 
points and square anomaly blocks is 16.0. Figure 8 shows the GPR forward 
modeling result of the inclined layer model. The sources are laterally distributed 
in the range of 0.0 m to19.7 m, and the source spacing is 0.1 m; From Figure 8, 
we can clearly see reflected wave, direct wave and diffracted wave where the 
diffracted wave’s energy is significantly less than the energy of the reflected 
and direct waves.

Figure 9 and Figure 10 show diffracted waves and residual wave fields 
of complex models obtained using masking filters, respectively. The mask filter 
can effectively separate diffracted waves, and the diffraction energy is very 
small in the residual wave field.

Figure 7. Dielectric constant distribution of inclined layer model.

Figure 8. GPR forward modeling record of complex synthetic model.

Figure 9. The diffraction separation result of the inclined layer model using the 
masking filters.

Figure 10. The residual wave fields of the inclined layer model after extracting the 
diffractions.

6. Numerical test on a complex model

The third test was run using a complex model. The model’s dielectric 
permittivity distribution is displayed in Figure 11. It has a size of 400 × 800. The 
horizontal and vertical grid spacing of the model are both 0.05 m. From the first 
layer to the fourth layer, the dielectric constants are 1.0, 3.0, 4.0, 5.0. The model 
contains multiple scattering points and a long-strip anomaly. The scattering 
points and the long-strip anomaly is 0.5 larger than the stratum containing it. 
The complex model’s modeling result is displayed in Figure 12. There is a 
0.5 m source interval. The receiver and source are offset by 0.3 meters. The 
scattering points produce many diffracted waves in the forward result.

Figure 13 and Figure 14 show the diffracted waves and residual wave 
fields of the complex model obtained using masking filters, respectively. 
The masking filters can separate the diffracted waves well and the residual 
wavefields contain little diffraction energy.

Figure 11. The dielectric permittivity distribution diagram of the complex model.

Figure 12. The diffraction separation result of the complex model using the 
masking filters.
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Figure 13. The diffraction separation result of the zigzag model using the masking 
filters.

Figure 14. The residual wave fields of the complex model after extracting the 
diffractions.

7. Conclusion

This paper focuses on extracting the diffractions from the GPR wave 
fields. The masking filters are employed to finish the task. Considering the 
complexity of the GPR wave field, median filtering, f-k filtering and  ⁄-p filtering 
are comprehensively applied to the separation of diffracted waves. Numerical 
results show that these three methods can overcome their shortcomings to a 
certain extent, and can suppress direct waves, reflected waves and random 
noises to obtain good diffractions. The masking filer method can be an effective 
tool for diffracted wave separation.
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