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ABSTRACT 

An algorithm based on tracking stationary buried objects with advancing 
platform views is shown to reduce false alarms for Forward-Looking Ground 
Penetrating Radar (FLGPR). First, the Synthetic Aperture Radar (SAR) processed 
image is cleaned using a model-based clutter suppression method by applying 
masks to suppress the clutter signals. The mask is generated by L-band VV 
(vertical transmitting, vertical receiving), and VH (vertical transmitting, horizontal 
receiving) polarizations and X-band VV polarization SAR image results. Second, 
target tracking is applied to the clutter suppressed SAR image. These images are 
compared based on the system positions and the possible clutter signals are 
eliminated. The total detection performance is evaluated by a Receiver Operating 
Characteristic (ROC) curve with measurement data. The proposed method 
achieves significant reduction of the false alarm rate and improves the detection 
performance of the FLGPR system. 

KEYWORDS: Imaging system; Synthetic Aperture Radar (SAR); Forward-
Looking Ground Penetrating Radar (FLGPR). 

1. INTRODUCTION 

Buried explosive threats such as mines have been a problem for 
decades. Especially Improvised Explosive Devices (IEDs) are a 
significant problem and they are explosive devices assembled with 
conventional military weapon such as mines and projectiles and the 
detonating mechanism. Some types of sensors such as Ground 
Penetrating Radar (GPR), infrared sensor [1], acoustic sensor [2], and 
metal detector [3] have been studied and developed for a long time. 
Forward-Looking GPR (FLGPR) [4, 5] is also one of the approaches to 
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detect these treats and with the advantages of a safe stand-off distance 
between the sensor vehicle platform and the buried threat, and wide 
area coverage. FLGPR must distinguish between target of interest and 
clutter, due to scattering from the rough ground surface, rocks, objects 
above the surface like trees, bushes, and more. Model-based clutter 
suppression method for FLGPR has been proposed to solve this 
problem.  

In this work, a false alarm reduction method based on a target 
tracking with a model-based clutter suppression method is presented. 
The method is validated with a measurement data set provided by the 
United States (US) Army, Communications-Electronics Research, 
Development and Engineering Center (CERDEC), Night Vision and 
Electronic Sensors Directorate (NVESD). The FLGPR is a dual wideband 
radar system, which uses the lower frequency L-band (0.75~3.2 GHz) 
radar to sense subsurface objects, and the higher frequency X-band 
(8~12 GHz) radar to sense primarily the on-ground and above-ground 
scatterers. Model-based clutter suppression processing is able to clean 
the L-band Synthetic Aperture Radar (SAR) image using a mixture 
binary mask formed by L-band and X-band masks [6], with the binary 
mask covering just the clutter signals while excluding the buried target 
signals. The mask is applied to the L-band radar image and a new 
simulated response is generated. Primary clutter objects signals are 
subtracted from the original L-band signals, generating a clutter-
suppressed SAR image with minimal reduction in buried target image 
intensity. 

To reduce the false alarm rate further, a target tracking image 
processing method is proposed to supplement the model-based clutter 
suppression method. The tracking process is applied using SAR images 
at different Global Positioning System (GPS)-determined positions of the 
radar platform to track the buried target responses. This process is 
repeated for selected observation frames. Since grazing-incident 
refracted waves tend to be fairly independent of incident angle, 
underground objects tend to scatter similarly for most stand-off 
distances; and thus yield a consistent image, independent of platform 
position. This image consistency from the buried targets is a feature 
that is exploited to distinguish them from clutter objects. 
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2. METHODOLOGY 
 
This section explains the methodology of the false alarm reduction 
method. The system specification is described in Table I. The L-band 
radar has 8 transmitters and 8 receivers, and the X-band radar has 32 
transmitters and 4 receivers. A GPS is mounted on the system so that 
the antenna positions are obtained at each system location. Therefore, 
reconstructed wideband array based images can be added together 
coherently with using multiple frames in the range direction to form the 
SAR image. 

The target tracking method is applied after the model-based 
clutter suppression method [6]. Since the buried targets are static 
objects while the sensor system is moving forward, an estimated 
position can be derived from the position of the system at each 
observation frame. This position changes in the moving computational 
frame, corresponding to the movement of the vehicle between frames. 
The tracking procedure is divided into two main parts. The first part 
eliminates the possible false alarms by comparing the position of image 
peaks in different frames. In the second part, the tracking method is 
applied again to the positions declared in the first part to further 
eliminate false alarms. The procedure of the tracking method is 
described as: 
 
[First part] 

Step 1) Create the segments of the signals in a given image by 
choosing pixels above a certain threshold value in the current 
frame. 

Step 2) Detect peaks of each segment in the image at the current 
frame number.  

Step 3) Calculate the predicted position of each segment for the 
system positions from the next frames.  

Step 4) Detect peaks of each segment in the next frame. 
Step 5) Set the evaluation area based on the positions of Step 4 

and compare to the estimated positions from Step 3.  
Step 6) Decide and track using the results of Step 5. 
Step 7) Repeat Steps 1 to 6, to identify additional possible targets. 
Step 8) Declare the possible target positions in the first part. 
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TABLE I – FLGPR SYSTEM. 

 L-band radar X-band radar 

Antennas 8 transmitters, 8 receivers 32 transmitters, 4 receivers 

Frequency 
bandwidth 

0.75 GHz - 3.2 GHz 8.4GHz - 10.4 GHz 

 
[Second part] 

Step 9) Repeat Steps 1 to 8, discounting declared targets to track 
weaker signals and identify additional targets. 

Step 10) Evaluate these results and declare the final target 
positions.  

A series of images are used in this target tracking method to 
associate the positions of the peaks from frame to frame. The tracking 
method concept is presented in Figure 1, for N + 1 images. In this case, 
the front frame is frame #i and previous images from the past N 
platform positions have indexes from i – N  to  #i. These can be used to 
estimate the position of the peak in the next frame image. The frame 
number “i – N” is the starting frame to obtain the result of frame #i. The 
SAR image is given by I (x, y), and the peaks of the signals are 
calculated in the frame #i – N as: 

( p i –N, qi –N ) = max [I i –N (x, y)]     (1) 

where ( p i–N, q i–N  ) is the position within the regions at the front frame  
#i –	N of the image maximum. Since the vehicle mounted antenna 
platform is not necessarily moving in a straight line, it is important to 
re-register the images for every frame to ensure that the target 
responses from various frames overlap. The estimated position of the 
peaks can be calculated by the system position as: 

p’
i –N +1= pi –N - (Xi –N +1 –  Xi –N )    (2) 

q’
i –N +1= qi –N - (Yi –N +1 –  Yi –N )    (3) 

where ( 
p’

i –N +1, q’
i –N +1 ) is the estimated image maximum point of the 

region and ( Xi, Yi ) is the ith platform position. The next peak position in 
front frame #i – N + 1 is derived as: 
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(a) (b) 

FIG. 1 – Concept of the target tracking method: (a) System position in each 
frame. (b) Segment position in each frame. 
 
 

(pi –N+1, qi –N+1) = max [I i –N+1 (x, y)]    (4) 
 

The comparison of the estimated position ( 
p’

i –N +1, q’
i –N +1 ) and (4) is 

made to decide whether the estimation position is sufficiently close; and 
if it is not close, that region is defined as clutter. This comparison is 
conducted for all discrete image maxima. The positions of the potential 
threats are used for calculating the next estimated position. The general 
estimation point in frame #n (n = 1, 2, ..., N ) is presented as: 
 

p’
i –N +n = p i –N +n+1 – (X i –N +n – X i –N +n+1)   (5) 

 

q’
i –N +n = q i –N +n+1 – (Y i –N +n – Y i –N +n+1)   (6)  

 

This procedure is repeated until the final comparison is made,  
(pi, qi ) and (p’i, q’i ). If the response persists for all frames, as shown in 
Figure 1(b), the region is declared a target candidate. A flowchart of this 
concept is given in Figure 2. 
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FIG. 2 – Flowchart of the target tracking method. 

 
The second part of the method uses the same procedure as the 

first part, and it is applied to the output of the first part to further 
eliminate clutter signals. The positions of the possible target responses 
from the first part are compared to the positions of the vehicle, and if 
the responses are again declared, they have higher possibility of being 
target responses. Finally, the responses are declared as targets when 
they appear sequentially inside of the detection area. The parameters 
for the first and second parts are chosen from calibration runs in in the 
test lane. 
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3. RESULTS 

3.1  Pre-processing 

An example of the original SAR image generated from field measured 
data is presented in Figure 3(a) [6], and the binary-mask clutter 
suppressed image is represented in Figure 3(b).  Green triangle marker 
shows each true buried target (simulant explosives) position measured 
by GPS. In this paper, some buried targets are gathered in a group, but 
they are treated as one target. A noise reduction technique using a two-
dimensional Gaussian smoothing filter [7] is applied to suppress small 
segments of the clutter signal in the image. Gaussian smoothing filters 
are widely used to reduce image noise and image details in digital image 
processing. The Gaussian filter is applied to the masking processed 
image scale in dB. An example of the pre-processing SAR image is 
shown in Figure 3(c). The Gaussian standard deviation parameter is 
selected as 0.8 to avoid eliminating the target signals. The number of 
segments in the masking processed image selected as non-target 
segments is 488, and the remaining number of non-target segments in 
the pre- processed image is 76. The potential false alarms are reduced 
by this pre-processing procedure.  

3.2  First part of target tracking method 

After applying image pre-processing, the peaks are considered as 
candidates for tracked responses. Examples of the pre-processed SAR 
image and the peak points are plotted with a black dot. As an example, 
for the first part of the tracking method, 28 sequential single frame step 
images are considered. Figure 4 represents the first comparison 
between images generated by the two approaches (Steps 1 - 6). The dot 
marks in Figure 4(a) are the peak points from the pre-processed image 
configuration. In Figure 4(b), the overlaid asterisk marks are the peak 
image points generated from the next antenna system position. The 
circle marks in Figure 4(c) are the peak positions of the next antenna 
positions. A test area is set based on the position of asterisk points, and 
when the pink circles are inside the test area, the positions are declared 
as target candidates. The evaluation area is arbitrarily set as 1.5 m wide 
in azimuth and 1.0 m in range. The red squares in Figure 4(d) show the 
declared positions. Comparing the predicted and newly-sensed images 
reduces some of the false alarms. 
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(a) (b) 

 

(c) 

Fig. 3 – Model-based clutter suppression process image and pre-processed 
image. (a) Original SAR image. (b) Clutter suppression method SAR image. (c) 
Pre-processed SAR image. (∆: True buried target position) 

 
As an example, the procedure tested 28 images, with results 

presented in Figures 5–7. The declared points are plotted with white 
square boxes in the SAR image. After several iterations, the final 
declared potential target positions in the first step are shown in Figure 
7. Figure 8 describes the relationship between the number of  
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      (a)       (b) 

  

      (c)       (d) 
 
FIG. 4 – First part of the target tracking method, Steps 2-6. (a) Step 1. (b) Step 
2. (c) Step 3. (d) Step 4 and 5. ( · : Peak point in the current frame, 
∗  :  Estimated point of the next position, ◦ : Peak point in the next frame, 
� : Declared point, ∆ : True buried target position) 

comparisons and the number of declared peaks. As presented in Figure 
8, the number of declared peak points decreases by comparing the 
images frame by frame, from 77 at the 1st comparison to 7 at the 27th. 
The effectiveness of clutter reduction by the tracking method is 
confirmed. 
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(a)            (b) 

 

FIG. 5 – 5th comparison: (a) SAR image; (b) Peak plotted image. ( ∗ : Peak of 
current frame, · : prediction position, ◦ : Peak of next frame, � : Declared  
point, ∆ : True buried target position) 
 
 
 

  
(a) (b) 

 

FIG. 6 – Same as in Fig. 5, 15th comparison.  
 
 
 

https://doi.org/10.26376/GPR2018012



Ground Penetrating Radar 
The first peer-reviewed scientific journal dedicated to GPR 

 

 
Open access | www.GPRadar.eu/journal  
Volume 1 | Issue 2 | July 2018 

 
Published in Rome, Italy  

by TU1208 GPR Association  

 
123 

  
(a) (b) 

 

FIG. 7 – Same as in Fig. 5, 27th comparison. 
 

 
Fig. 8 – Relationship between the number of image comparison and the 
number of peaks ( ∗ : Peak point in the next frame, � : Declared point) 
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3.3  Second part of target tracking method 

Second part of the target tracking method is based on the same concept 
as the first part. The positions of possible target responses from the first 
part are compared to the positions of the system, and if the signals are 
still declared, the responses have a higher probability of being target 
responses. Clutter responses are further eliminated, and the responses 
are confirmed as targets when the declared responses persist, appearing 
continuously within the detection area. Example results are presented 
in Figures 9–12. Each figure contains the results of the original SAR, 
the model-based clutter suppression processed image, and the target 
tracking processed image. 

The potential target locations from the first part of the target 
tracking method are indicated with white markers, which are tracked 
during the second part of target tracking.  

When a white marker appears continuously 7 times inside of the 
detection area, it is converted into a green marker, which indicates a 
higher probability of it being a target. An identification number is 
associated with each green square marker. When a green marker 
appears more than 3 times inside the detection area, it is changed into 
a square magenta marker and declared as a detected target. For 
example, the marker ID number 1 is located inside of the detection 
area, the green marker shown in Figure 11 is changed into the magenta 
marker as shown in Figure 12. This procedure is repeated continuously 
in every forward moving frame. The detection area for this particular 
sensing application is set as -7 m to 7 m in azimuth limit and 5 m to 10 
m in range. The target is tracked simply and is effectively declared as 
detected by comparing the masking processed SAR images for various 
system positions. 

4. EVALUATIONS 

The FLGPR target tracking method was extensively tested for multiple 
targets and a large variety of clutter on two lanes, lane A and lane B. In 
the test lanes, the buried targets were metal objects with different burial 
depths. Receiver Operating Characteristics (ROC) curves are used to 
evaluate the detection performance of the system, presenting the 
relationship between the probability detection (Pd) and the False Alarm 
Rate (FAR). FAR is calculated as the total number of false alarms per  
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(a) 

  
(b) (c) 

 

FIG. 9 – Second part of the target tracking method: Step 9 (1st output in 
second part): (a) Original SAR image; (b) Model-based clutter suppression SAR 
image; (c) Target tracking processed SAR image. ( ∆: True buried target 
position, White square: First part tracked position). 
 

the total sensing area, which is the accumulated detection area for all 
measured frames. The detection area is -7 m to 7 m in azimuth and 5 m 
to 10 m in range. The halo area for evaluation of the detected target is 
derived from the location of the ground truth target, with a diameter of 
1 m. When a signal that rises above a specified threshold is located 
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(a) 

  
(b) (c) 

 

FIG. 10 – Same as in Fig. 9, for the 7th output in second part. 

 
inside the halo, the signal is scored as a detected target. The resulting 
ROC in lanes A and B are presented in Figures 12 and 13. These figures 
present the detection results for the original SAR image, the model- 
based clutter suppression processed SAR image, and the target tracking 
processed image. Figures 12(b) and 13(b) show the performance details 
for target tracking. Based on these figures, the false alarm rate is 
reduced by almost 50 times using the proposed tracking method. 
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(a) 

  
(b) (c) 

 

FIG. 11 – Same as in Fig. 9, for the 8th output in second part. Green squares 
represent the second part tracked position. 
 

5. CONCLUSION 

An advanced model-based target tracking clutter suppression process 
for the dual-band FLGPR was presented. The proposed method tracks 
and identifies buried targets by comparing the system position frame by 
frame and eliminating the more rapidly varying clutter images. The 
clutter suppression has been applied to the two lane data sets, and the 
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(a) 

  
(b) (c) 

 

 
FIG. 12 – Second part of the target tracking method: Step 10 (15th output in 
second part): (a) Original SAR image; (b) Model-based clutter suppression SAR 
image; (c) Target tracking processed SAR image. (∆: True buried target 
position, White square: First part tracked position, Green square: Second part 
tracked position, Magenta square: Detected target position). 
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(a) 

 
(b) 

 
FIG. 13 – ROC curve of lane A with metal target: (a) No target tracking applied 
(--------: Original SAR  image, ———: Model-based clutter suppression 
processed image); (b) With target tracking (note expanded FAR scale). 
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(a) 

 
(b) 

 
FIG. 14 – Same as in Fig. 13, for lane B. 
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detection performance has been evaluated by using the ROC. One of the 
lanes is used as the test lane for optimizing the system threshold 
parameters and the other was used to test the algorithm. The result of 
test lane measurements also shows that the presented clutter reduction 
method is able to significantly improve the false alarm rate. 
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