
PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

A false alarm reduction method for
GPR sensor moving at varying
heights

Sezgin, M., Nazlı, H., Özkan, E., Çelik, Esra

M. Sezgin, H. Nazlı, E. Özkan, Esra Çelik, "A false alarm reduction method for
GPR sensor moving at varying heights," Proc. SPIE 11418, Detection and
Sensing of Mines, Explosive Objects, and Obscured Targets XXV, 1141807
(29 April 2020); doi: 10.1117/12.2565907

Event: SPIE Defense + Commercial Sensing, 2020, Online Only

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 12 Jun 2020  Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

 

 

A FALSE ALARM REDUCTION METHOD FOR GPR SENSOR 

MOVING AT VARYING HEIGHTS 
 

M. Sezgin*a, H. Nazlıa, E. Özkana, Esra Çelika 
a TÜBİTAK BİLGEM, Gebze KOCAELİ TURKEY 

ABSTRACT   

In this study, we present a brief information about GPR data processing and then processing methods are proposed 

dedicated to false alarm reduction with varying antenna height. We used horizontal filtering in cross-track and continuous 

wavelet transformation for A-scan signals. Additionally, 2D Wavelets and Gabor filters are applied to the data. 

Comparative results are presented over real data set obtained from various buried objects. It is observed that the horizontal 

filtering gives satisfactory results especially in cases where there is variability in antenna height. 
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1. INTRODUCTION 

Ground Penetrating Radar (GPR) applications take place in civilian and military areas. There are many factors that affect 

GPR system performance [1], radiated power, transmitted signal modulation type, signal bandwidth, electromagnetic 

properties of the buried object (dielectric coefficient, loss, conductivity, etc.), properties of the medium to be inspected 

(dielectric coefficient, loss, conductivity, etc.), antenna gain and pattern, spatial data collection method, change of distance 

between antenna and soil surface and signal processing methods directly affects the performance of GPR. 

GPR systems can be realized in frequency domain or time domain [1]. In each category there are different difficulties. In 

time domain systems, alignment of sequential A-scan signals is one of the important problems in data collection stage, it 

may increase false alarm rate in rough surfaces if it is not properly tuned. At the same time, rough surfaces or change in 

the height of the antenna to the ground may cause false alarms in GPR detection test statistic function (DTS) [2].  

The antenna should be moved as close as possible to the ground surface to ensure efficient transmission from antenna to 

theground. However, when antenna-near field covers a part of the soil, the antenna characteristics change and low 

frequency components appear, which creates floating horizontal lines in B scan data corresponding to false alarms in DTS. 

There are studies in the literature that take into account the proximity of the antenna to the surface [3].  

GPR Data processing can be categorized as anomaly detection and identification. Anomaly detection contains 

preprocessing, background removal/clutter reduction and detection test statistics calculation. Identification contains, visual 

interpretation of the data, feature extraction and classification. 

In general, GPR data collection procedures can be categorized as controlled and uncontrolled. In controlled one, GPR A 

scan data is obtained sequentially according to a positioning sensor, such as wheel encoder or MEMS based positioning 

sensor. Most of the Geophysical GPR applications [4], railway base inspection [5], vehicle/robot-based applications [6] 

and some handheld mine detectors [7] can be considered in this category. On the other hand, the second group mainly 

consists of ordinary dual sensor mine detectors such as [8], [9]. 

For mine detection case GPR is one of the main sensors used in the detection and identification of metallic and non-metallic 

objects buried under the ground [10,11,12]. The detection and identification of the buried target depends on many natural 

parameters, such as soil dielectric properties, soil inhomogeneity, buried rocks, roots, and operating method of device [1]. 

Additionally, difficulties arise in systems that move very close to the ground and clutters caused by roughness of the soil 

surface and the user's inability to move the antenna always parallel to the surface cause false alarms in detection. In order 

to avoid these undesired effects and to reduce clutter, various pre-processing methods needs to be applied to the GPR data. 

In a GPR system developed for mine detection, it is particularly important to reduce the false alarm rate in detection. 

Elimination of the signal coming from the ground surface and prevention of false alarms caused by the change in antenna 

height also arises as a desired feature.   
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In order to solve this problem, a preprocessing method based on filtering at depth lines of GPR B-scan data and use of 

continuous wavelet transform over A-scan signals is presented. Additionally, use of 2-D wavelets and Gabor filter is 

applied to GPR data. Comparative results are also given over the actual data set obtained from various scenarios. We'll 

start with a brief introduction on GPR data processing and then the methods will be studied, at the end results of the 

methods will be given.  

2. METHODOLOGY  

In most applications, first step of buried object detection is pre-preprocessing [1]. Preprocessing stage may contain, 

filtering, alignment and averaging of A-scans to reduce undesired signals. After this step, background removal/ clutter 

reduction, then anomaly detection methods are applied.  Anomaly detection methods can be realized based on prediction 

of the next A-scan signals from previous ones, calculation of the target energy by correlating the background removed A-

scan signals in a window, etc. If the second method is used, we have constant or moving background signal calculation 

options [2]. If we calculate background signal estimation at the beginning near to the starting location this is named as 

constant background calculation, if we update this background as antenna moves along with cross-track this is named as 

moving background calculation. When we subtract this background estimation of A-scan signal from incoming A-scan 

signals, we obtain estimation of background removed B-scan data.  

In this study our aim is to reduce false alarm rate and to obtain interpretable B-scan data simultaneously, even the antenna 

has varying heights. In varying antenna height situation, antenna near-field characteristics changes, which affects system 

performance, then low frequency components appear in GPR data which causes horizontally sliding lines (generates false 

alarms in DTS. We need to eliminate the clutter that occur in case of a change in antenna height. In this scope, we apply 

different background removal/clutter reduction methods, filtering on each horizontal line of B-scan data, wavelet filtering 

for A-scan signals, 2-D wavelets and Gabor filtering for 2-D data. We perform a comparison for the considered methods. 

2.1 GPR target detection 

A typical GPR data and DTS function are given in Figure-1. The coordinate system and a sample B-scan image is given 

in Figure-1(a) which is reconstructed by horizontal concatenation of A-scan signals given in Figure 1(d). Detection test 

statistic is plotted in Figure-1(c).  Grid structure of B-scan data, background removal windows and correlation window is 

presented in Figure-1(b).  In Figure-1(d), ax(z) represents the A-scan data acquired at position x, where z is the depth index. 

Background removed A-scan signal - sx(z) is obtained by (1), estimation of B-scan Data is calculated by (2), equation (3) 

express calculation of detection test statistics (DTS) [2], b(z) represents background signal estimate. List of the studied 

methods are given in Table-1 

ax(z)    : Raw A-scan signal (column vector) acquired at position x 

b(z)     : A-scan background signal estimate  

sx(z)    : Raw A-scan target signal estimate at position x 

N          : Length of A-scan signal 

M         : Number of A-scan signal in B-Scan data 

P          : Background calculation window length 

K          : Number of A-scan signals to be correlated 

B(x,z)  : Raw 2-D GPR B-scan data 

βz(x)    : zth row of  B scan data 

BT(x,z) : B-scan 2-D target data estimate  

DTS(x)  : Detection test statistics function 

sx(z)     = ax(z)-b(z) (1) 

BT(x,z) = {sx(z)}, x =1, … ,M-1, z = 1, … , N-1 (2) 

𝐷𝑇𝑆(𝑥) = ∑ 𝑚𝑎𝑥{𝑠𝑥−𝑘(𝑧) ∗ 𝑠𝑥(𝑧)}
𝐾
𝑘=1  , where * represents convolution operator  (3) 
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Figure-1. GPR data processing scenario, a) GPR B-scan data (reconstructed by horizontal concatenation of A-scan signals), 

b) data grid of GPR image c) detection test statistics - DTS, d) an example A-scan signal.  

Table-1. The list of studied methods. 

  Background removal Horizontal Filtering Wavelet Filtering Gabor filter 2-D Wavelet Transform 

Method-1 Constant - - - - 

Method-2 Constant Yes - - - 

Method-3 Moving - - - - 

Method-4 Moving Yes - - - 

Method-5 Constant Yes Meyer - - 

Method-6 Moving Yes Meyer - - 

Method-7 Constant Yes Haar - - 

Method-8 Moving Yes Haar - - 

Method-9 Constant - - - Yes 

Method-10 Constant Yes - - Yes 

Method-11 Constant Yes - Yes - 

Method-12 Moving Yes - Yes - 

Method-13 Constant - - Yes - 
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2.2 Pre-processing 

Most of the time, digital filtering is applied to A-scan signals to remove undesired signal components at the beginning. In 

this study, we applied Butterworth band-pass filter to each A-scan signal as pre-processing with the parameters given in 

Table-2. 

Table-2. Band-pass filter parameters of pre-processing. 

First Stopband Frequency (normalized) 0.0040 

First Passband Frequency (normalized) 0.0100 

Second Passband Frequency (normalized) 0,0579 

Second Stopband Frequency (normalized) 0.0921 

First Stopband Attenuation 10 [dB] 

Pass-band Ripple  1 [dB] 

Second Stopband Attenuation 10 [dB] 

 

 

2.3 Background removal 

In constant background removal, an average A-scan is calculated from P A-scan signals at the beginning by taking average 

at each depth and this signal is subtracted from each A scan signal [2]. In moving average case, background signal estimate 

is updated dynamically as the position changes, this updated background signal is subtracted from each A scan signal, at 

the end background removed signal BT(x,z) is obtained. In our study constant or moving background removal is used 

according to Table-1, for each specified method. 

 

2.4 Horizontal filtering 

In order to remove varying height effect of antenna as much as possible, we applied a Butterworth high pass filter to each 

row of B-scan data. Filter parameters are given in Table-3 for a specific scanning speed. A sample is given in Figure-2, 

black line corresponds to a horizontal profile of B-Scan data βz(x), red line corresponds to high pass filtered horizontal 

profile of B-Scan data - β'z(x). As it is shown in Figure-2(c), horizontal sliding lines have been removed from B-scan data 

by using horizontal filtering.  

Table-3. High-pass filter parameters of horizontal filtering. 

Stopband Frequency (normalized) 0.0051 

Passband Frequency (normalized) 0.0150 

Stopband Attenuation 30 [dB] 

Pass-band Ripple  1[dB] 

 

 

 
a) Black line: original signal (βz(x)), red line: high pass filtered signal (β'z(x)). 

 

 
b) Processed B-scan data without horizontal filtering. 

 
c) Processed B-scan data with horizontal filtering. 

 

Figure-2 Effects of horizontal filtering. 
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2.5 Wavelet filtering 

Continuous wavelets can be used to extract information from the data [13]. Unlike conventional Fourier analysis, it is 

possible to search for signals in a certain form with wavelet filtering. In this context, we used Meyer [14] wavelet to search 

the desired signal over A-scan signals. General expression of 1-D wavelet are given by (4). We used Meyer wavelet given 

in Figure-3 

𝑊(𝑎, 𝑏) =
1

√𝑎
∫ 𝑥(𝑡). 𝜓 (

𝑡 − 𝑏

𝑎
) 𝑑𝑡

+∞

−∞

 

 

 

(4) 

 

a) Meyer wavelet. 

 

b) Frequency spectrum of Meyer Wavelet. 

Figure-3 1-D Continuous wavelet and frequency spectrum 

2.6 Wavelet Denoising 

Since wavelets localize features in different scales, undesired part of the signal can be removed by keeping important signal 

features. The basic idea behind wavelet denoising, or wavelet thresholding, is that the wavelet transform leads to a sparse 

representation for many real-world signals [13]. Wavelet coefficients which are small in value are typically noise and we 

can "shrink" those coefficients without degradation in signal. After we threshold the coefficients, we reconstruct the data 

using the inverse wavelet transform. In this processing method, we applied the wavelet denoising to GPR A-Scan signals 

by using Haar wavelet by selecting decomposition level-3 with universal soft thresholding and rescaling using level-

dependent estimation of level noise. A typical Haar wavelet is given in the following figure for a specific level. 

 
Figure-4 A typical 1-D Haar wavelet representation. 

2.7 2-D wavelet 

The 2-D continuous wavelet transform [14], [15] is a representation of 2-D data in variables: dilation, rotation, and position. 

Dilation and rotation are real-valued scalars and position is a 2-D vector with real-valued elements. In proper conditions, 

the 2-D CWT is defined by (5). We applied 2-D wavelet transform to GPR B-scan data by using gauss wavelet. Scale 

parameter 4 is used. A sample result of 2-D Continuous wavelet is given Figure-5. 

 

a) Original GPR B-scan data. 

 

b) 2-D wavelet representation.  

Figure-5 2-D Continuous wavelet representation of GPR data. 
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2.8 Gabor filtering 

Gabor filter [16] is a linear filter used for texture analysis, which means that it basically analyzes whether there are any 

specific frequency content in the image in specific directions in a localized region around the point or region of analysis. 

Gabor filters are directly related to Gabor wavelets, since they can be designed for a number of dilations and 

rotations. General form of Gabor filter is given in (6). 

 

𝑔(𝑥, 𝑦, 𝜆, 𝜃, 𝜓, 𝜎, 𝛾) = exp (−
𝑥′

2
+𝛾2𝑦′

2

2𝜎2
) + exp (𝑖(2𝜋

𝑥′

𝜆
+𝜓)) , 𝑥′ = 𝑥𝑐𝑜𝑠𝜃 + 𝑦𝑠𝑖𝑛𝜃, 𝑦′ = −𝑥𝑠𝑖𝑛𝜃 + 𝑦𝑐𝑜𝑠𝜃 

 

(6) 

 

In this equation λ represents the wavelength of the sinusoidal factor, θ represents the orientation of the normal to the parallel 

stripes of a Gabor function, Ψ is the phase offset, σ is the standard deviation of the Gaussian envelope and γ is the spatial 

aspect ratio, and specifies the ellipticity of the support of the Gabor function. We obtained two different angles of GPR 

data and we transformed to single image by superposition with the angles of θ=80o and 100o 

(SpatialAspectRatio=0.75,SpatialFrequencyBandwidth'=1.5), to compensate varying height affect.  

3. EXPERIMENTAL RESULTS 

We used a real dataset collected from a soil for 5 types of buried objects. Total data number is 100. List of the buried 

objects and burial depths are given in Table-4. Antenna height changes 5 cm to 15 cm during data collection in 1 meter 

cross track. Number of A-scan in each GPR data is approximately M=245. Length of each A-scan is N=256. Detection 

method parameters are K=7 and P=15. Sample raw GPR B-scan images are given in Figure-6. The results of the methods 

listed in Table-1 are given from Figure-7 to Figure-19. Receiver Operating Characteristics (ROC) of the methods are also 

given in Figure-20. 

Table-4 List of buried objects used in the tests. 

Objects name Burial depth Number of data 

M14 simulant 9 20 

TS50 Simulant 7 20 

Metal disk (diameter: 5cm) 10 20 

VS50 simulant 10 20 

M7A2 simulant 25 20 

TOTAL 100 

 

M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     
Figure-6 Sample raw GPR data. 

4. CONCLUSION 

We applied horizontal filtering at each depth line of B-Scan data, to remove varying height effect of antenna. Moreover, 

we used 1-D Meyer and Haar wavelets to filter out undesired signals from A-scan signals, 2-D Wavelet transform and 

Gabor filtering to enhance 2-D representation of B-scan data. We obtained different methods (13 methods) by taking a few 

combinations of main processes. 

 𝑊𝑇𝑓(𝑎, 𝑏, 𝜃) = ∫ 𝑓(𝑥)
1

𝑎
�̅�(𝑟−𝜃 (

𝑥−𝑏

𝑎
) 𝑑𝑥

ℝ2  , 𝑎 ∈ ℝ+, 𝑥, 𝑏 ∈ ℝ2 , 𝑟𝜃 = (
cos(𝜃) −sin(𝜃)
sin(𝜃) cos(𝜃)

) 𝜃 ∈ [0,2𝜋) 

 

(5) 
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M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     
 

 

 

 

 

 

 

 

 

 

Figure-7 Sample results of Method-1 (constant background removal),  

first row: processed GPR data, second row: DTS. 

 

M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     
 

 

 

 

 

 

 

 

 

 
Figure-8 Sample results of Method-2 (constant background removal + horizontal filtering),  

first row: processed GPR data, second row: DTS. 

 

M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     

 
 

    

Figure-9 Sample results of Method-3 (moving background removal),  

first row: processed GPR data, second row: DTS. 
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M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     
 

 

 

 

 

 

 

 

 

 

Figure-10 Sample results of Method-4 (moving background removal + horizontal filtering),  

first row: processed GPR data, second row: DTS.  

 

M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     

 
 

    

Figure-11 Sample results of Method-5 (constant background removal + horizontal filtering + Meyer wavelet),  

first row: processed GPR data, second row: DTS.  

 

M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     

    
 

Figure-12 Sample results of Method-6 (moving background removal + horizontal filtering + Meyer wavelet),  

first row: processed GPR data, second row: DTS.  
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M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     
 

 

 

 

 

 

 

 

 

 

Figure-13 Sample results of Method-7 (constant background removal + horizontal filtering + Haar wavelet),  

first row: processed GPR data, second row: DTS.  

 

M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     

 
 

 

    

Figure-14 Sample results of Method-8 (moving background removal + horizontal filtering + Haar wavelet),  

first row: processed GPR data, second row: DTS.  

 

M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     

     
Figure-15 Sample results of Method-9 (constant background removal + 2-D wavelet),  

first row: processed GPR data, second row: DTS.  
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M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     

 
 

    

Figure-16 Sample results of Method-10 (constant background removal + horizontal filtering  + 2-D wavelet),  

first row: processed GPR data, second row: DTS.  

 

M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     
 

 

 

 

 

 

 

 

 

 

Figure-17 Sample results of Method-11 (constant background removal + horizontal filtering + Gabor filtering),  

first row: processed GPR data, second row: DTS.  

 

M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     

 
 

    

Figure-18 Sample results of Method-12 (moving background removal + horizontal filtering + Gabor filtering),  

first row: processed GPR data, second row: DTS.  
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M14 Simulant TS50 Simulant MD5 VS50 Simulant M7A2 Simulant 

     
 

 

 

 

 

 

 

 

 

 

Figure-19 Sample results of Method-13 (constant background removal + Gabor filtering),  

first row: processed GPR data, second row: DTS.  

 

When we consider the moving background subtraction-based methods, we obtain that, Method-3 is the fastest Method 

to reach 100% detection rate, Method-4 is the second one to reach 100% detection rate (see Figure-20(a)).  If we consider 

the constant background subtraction-based methods, we obtain that, Method-7 and Method-11 reach 100% detection 

rate with approximately the same behavior. However, Method-7 can reach 0% false alarm rate (see Figure-20(d)), while 

Method-11 cannot reach. Method-10 seems to be a good one in terms of low false alarms with a high detection rate, and 

this method also produces easily interpretable GPR image (see Figure-16). 

 

When we consider the category that doesn’t use horizontal filtering, we obtain that, Method-3 is again the fastest 

Method to reach 100% detection rate, Method-13 is the second one to reach 100% detection rate but degrades spatial 

information (see Figure-20(c)). If we consider the category that use horizontal filtering, we obtain that, Method-7 and 

Method-11 reach 100% detection rate with approximately the same behavior. However, Method-7 can reach 0% false 

alarm rate, while Method-11 cannot reach. Method-10 seems to be a good one in terms of low false alarms with a high 

detection rate (see Figure-20(d)), and this method also produces easily interpretable GPR image (see Figure-16). 

 

When we consider all 13 methods in terms of ROCs given in Figure-20(d), we obtain that, Method-2, Method-3 and 

Method-7 reaches 0% false alarm rate with different detection rates but the other methods do not reach. Method-7 and 

Method-11 has a comparable performance, however, Method-7 can reach 0% false alarm rate with 88% detection rate, 

while Method-11 cannot reach. When we consider the results of Method-7, we see some degradation in the GPR B-scan 

images, but we obtain sharper and bigger peaks on detection test statistics function, corresponding to the target location. 

Although Method-3 is the fastest Method to reach 100% detection rate, may create degradation in GPR images. Method-

10 seems to be a good one in terms of low false alarms with a high detection rate. At the same time, this method 

produces easily interpretable GPR image of buried object even at the varying antenna height situation.  

 

A preprocessing method based on horizontal filtering in B-scan data and the use of continuous wavelet transform 

over A-scan signals is presented, 2-D wavelets and Gabor filter are also applied to GPR data, to solve varying 

antenna height problem. Comparative results are given over the actual data set obtained from various scenarios. It 

is observed that the horizontal filtering gives satisfactory results especially in cases where there is variability in 

antenna height. At the same time 2-D wavelet processing makes easy interpretation of GPR images. 
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Figure-20. ROC curves of the methods, a) ROCs of the category that use moving background subtraction, b) ROCs of the category 

that use constant background subtraction, c) ROCs of the category that doesn’t use horizontal filtering, d) ROCs of the category that 

use horizontal filtering,  e) ROCs of all 13 methods. 
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