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REDUCING CLUTTER FROM 
GROUND PENETRATING RADAR IMAGES OF ROCK PILES

Allen Benter1, Wayne Moore1, Richard Xu1

ABSTRACT
This paper presents results of a clutter reduction algorithm to improve images using Ground 
Penetrating Radar (GPR).  The signal return from the ground represents a major source of  
clutter in GPR.  In order to improve the signal to clutter ratio, it is important to remove the  
ground surface reflections from the signal.  Current methods to remove extraneous surface  
reflections  from  GPR  signals,  such  as  time  gating  and  background  averaging,  are  not  
suitable  for  highly  irregular  surfaces,  such  as  the  drawpoint  in  an  underground  mine.  
Experimental  results  using  simple  geometric  shapes  under  laboratory  conditions  are 
compared to synthetic data, and show an improvement in clutter reduction.   

INTRODUCTION
Ground  Penetrating  Radar  (GPR)  gives  us  the  ability  to  detect  reflected  signals  from 
subsurface objects and changes in the electromagnetic characteristics of the ground material. 
Typically the subsurface environment under study requires the GPR antenna to be moved 
close to, and parallel to, the surface of the ground.  At individual locations a signal trace of 
reflections  is  recorded,  forming  an  A-scan.   Multiple  A-scans  can  be  joined  into  a  2-
dimensional B-scan, and further into a 3-dimensional C-scan.

A typical use of GPR is to move the antenna over the ground, closely coupled to the surface, 
to record the return signal.  Close coupling of the antenna to the ground ensures the energy 
from the antenna is transmitted into the ground and also focuses the beam (Bloemenkamp and 
Slob, 2003).  With the antenna closely coupled to the surface, the antenna beam footprint at 
the surface is minimised, thus reducing the effects of surface irregularities (Daniels, 2004).

One  application  that  is  of  particular 
interest  to  the  mining  industry  and  the 
authors  is  to  identify  fragments  in  a 
rubble formation at the draw point of an 
underground mine (see  Figure 1).  After 
blasting,  the  Load  Haul  Dump  (LHD) 
extracts the fractured ore and takes it to a 
primary  crusher.   Fragments  larger  than 
the  primary  crusher  can  accommodate 
may  be  hidden  from  view  beneath  the 
surface of the draw point.  Detecting large 
fragments will enable the LHD to avoid 
collecting  large  fragments  that  could 
block  the  crusher,  improving  ore 
extraction efficiency.

The signal reflected from the air  – rock 
interface will be analysed to identify the 
dimensions of the rock fragments within 
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Figure 1: An LHD extracts fractured ore for 
primary crushing.  The draw point presents a 
very irregular surface for GPR data 
acquisition. 
(Image courtesy of Newcrest Mining Ltd)



the volume of ore which will be collected in the next load.  The very coarse nature of the 
draw point surface however, and the slope of the ore presentation, prevents a close coupling 
of the antenna to the surface.  The antenna must stand off from the surface resulting in large 
reflections from the irregular surface, cluttering the return signal of objects directly beneath 
the antenna.

SIGNAL CLUTTER 
The GPR antenna signal is a broad beam which is transmitted into the ground and illuminates 
a large volume.  The large footprint of the antenna beam means that reflections are returned 
from  objects  directly  beneath  the  antenna,  and  also  objects  offset  from  the  antenna. 
Reflections from objects that are close to the target are capable of obscuring the target return 
signal wavelet.  These additional reflections clutter the signal and make it difficult to obtain a 
clear picture of what is directly beneath the antenna.

Clutter is defined as all the objects in the footprint of the antenna that are not considered 
targets.  In a landmine detection system, the target is determined as the landmine, and all the 
other local inhomogeneities  of the ground (tree roots, rocks, surface etc) are together seen as 
clutter (Kovalenko, Yarovoy & Ligthart, 2007).

In  the  application  presented  above,  the  rock  pile  contains  homogeneous  material,  and  is 
unlikely to contain any foreign objects.  Hence, all the objects could be considered 'targets'. 
However, in attempting to determine the fragment size, the target is assumed to be those 
fragments directly below (in a typical configuration) the antenna.  Fragments that are adjacent 
in any direction are considered clutter as they obscure the signal of the fragments below the 
antenna.  

When the antenna is in a stand-off position, the footprint covers a large area of the surface, 
comprised of a large number of point and planar scatterers.  Each of these has the potential to 
reflect a signal back to the antenna, resulting in a cluttered signal.  Penetrating deeper into the 
subsurface, each object has a similar potential to reflect and obscure the signal of targets.

The ideal scenario would be to have a pencil-thin antenna beam capable of discerning a target 
without  influence  from  nearby  clutter.   The  GPR  antenna  however  presents  almost  the 
complete  opposite  –  a  wide  beam that  collects  reflections  from every  object  within  the 
footprint.  Methods to correct this wide beam, and extract only the signal reflections from 
those objects located directly beneath the antenna, would achieve a similar result to the ideal 
pencil-beam.

METHODS TO REDUCE SIGNAL CLUTTER
The ground surface provides the largest source of clutter to the return GPR signal.  Time 
gating,  or clipping,  of signals to remove early return signals  are only suitable in surveys 
where the surface is flat, or where the region of interest is beyond the deepest valley of the 
surface (Rappaport, El-Shenawee and Zhan, 2003).  

The  surface  return  signal  of  smooth  surfaces  can  also  be  removed  using  background 
averaging,  however  this  rapidly  degrades  for  moderately  rough  surfaces  (Rappaport,  El-
Shenawee and Zhan, 2003).



Tjora, Eide and Lundheim (2004) show a number of methods to reduce ground bounce from 
smooth surfaces.  Wu et al (2005) achieves good results at removing ground bounce from 
rough surfaces using stepped frequency GPR system over rough ground.

Feng  et  al (2009)  report  improved signal  to  clutter  ratio  over  real  environments  using a 
horizontal  array  of  antennas  in  a  common  mid-point  configuration.   The  three  separate 
antenna  pairs  (transmitter  and  receiver)  operate  in  over  a  range  of  frequencies  to  avoid 
interference.   While  this  provides  for  efficient  capture,  in  order  to  process  the  data  the 
propagation velocity of the medium must be known.

VERTICAL OFFSET FILTERING
In material with a known velocity, the depth from emitter to reflector is given by 

z=vt /2  (1)

where v is the velocity of the signal through the material and t is the time measured from the 
antenna  to  the  reflector  and  back  to  the  antenna.   Where  the  velocity  is  not  known, 
determining the distance to a target is much more difficult.

Vertical  Offset  Filtering  (VOF)  uses  a  single  GPR antenna  to  acquire  multiple  traces  at 
increasing distance  from the  surface.   In  a  traditional  GPR acquisition environment,  this 
would be a vertical offset, however in a mining environment the antenna offset will likely be 
common to the motion of the acquisition vehicle.

The basic operation of the algorithm is to acquire a trace, move the antenna some distance 
along the propagation path (either forward or backward), then acquire another trace over the 
same scene.  

The effect of the change in elevation changes the footprint of the antenna.  Elevating the 
antenna means that more energy is reflected from the surface, such that target reflections 
become weaker while clutter stays the same. Increasing the elevation also changes the shape 
of the resulting hyperbola, resulting in a flatter hyperbola (Bloemenkamp and Slob, 2003).

VOF exploits this change in shape of the hyperbola to determine those objects outside the 
ideal pencil beam.  The typical hyperbolic pattern of a point reflector is given by the equation 
(Daniels, 2004)

z i= xi− x0
2z 0

2  (2)

Where zi is the distance to the target, z0 is the depth to the target, x0 is the horizontal position 
of the target and xi is the horizontal position of the antenna.  Hence, if the antenna is located 
directly above the target, zi = z0.

If we record a trace and move the antenna some distance h along the signal propagation path 
(that is, away from the ground) we can expect that objects that are located directly beneath 
the antenna will  also move  h in  the trace,  such that  zi = (z0 + h) and Equation  (2) thus 
becomes 

z i= xi− x0
2 z0h2  (3)

Such that if zi ≠ z0 + h then the point reflector is not located on the signal propagation path 



and  zi can be clipped from the trace.  Thus, the clutter from adjacent objects affecting the 
trace data is removed.

The algorithm requires a data set comprised of multiple A-scans collected at the same surface 
position,  offset  vertically.   For each A-scan in the data set,  the signal is adjusted for the 
vertical offset distance.  Signal peaks in each A-scan are identified and used to create a binary 
mask.  Following a summation over all the binary masks, those signal peaks that do not occur 
in each A-scan are excluded.  The resulting mask is a binary mask of common signal peaks 
common to each of the subject A-scans. 

The resulting binary mask is then used to recapture the stationary data, by multiplying the 
mask  against  one  of  the  original  A-scans,  and  restoring   amplitude  values.   In  order  to 
preserve  the  width  of  the  signal,  the  sample  values  before  and after  the  signal  peak  are 
restored until either a zero value is encountered, or until a change of direction in the slope of 
the signal.

To demonstrate the algorithm, a GPR scan was synthesised using MatGPR (Tzanis, 2006). 
The environment described was a 2000mm wide by 1000mm deep scan area of free space 
(v=299.79mm/ns).  The space contained one object of dimension 400mm x 400mm located at 
a depth of 400mm with a dielectric component value εr = 3.5.  Synthetic scans were produced 
using a finite-difference time domain (FDTD) 2D method simulating a 1200MHz antenna 
(Figure 2). 

In total, three synthetic scans were simulated over the same surface path, each with a different 
vertical offset.  The 0mm offset represents the initial position of the antenna.  The 150mm 
and  300mm  vertical  offsets  were  chosen  to  approximate  the  half-wavelength  and  full-
wavelength respectively of the signal through free space. 

Figure 3 shows individual traces extracted from the three vertically-offset scans.  The top of 
the object is indicated by the horizontal line marked A, the bottom of the object indicated by 
line  B.   Non-stationary  signals  are  evidenced  by  identifying  movement  within  the  time 
domain,  shown by the slightly sloped line  C and more pronounced slope of line  D.   By 
removing these non-stationary signals  we are left  with only the stationary signals,  which 
corresponds to those features located immediately below the antenna.

Figure 2: Synthetic scan over one object  
showing an A-scan and B-scan.



 

Combining the A-scans into a B-scan shows the effect of the clutter removal on the synthetic 
data.  Figure 2 Shows the original scan.  Figure 4 Shows the data after VOF filtering.  The 
strong hyperbola from the top and bottom of the box has been removed, along with the clutter 
beneath the target, leaving only the top and bottom of the target represented in the scan.

The Vertical Offset Filter shows clear improvement in the resolution of the target in synthetic 
data, and has removed nearly all of the clutter from the image.  

Figure 3: Three scans over the same object  
showing the mobile and stationary peaks.

Figure 4: Synthetic data after filtering with the 
VOF.



EXPERIMENTAL RESULTS
To test the algorithm on real GPR data, scans were obtained over a piece of solid wood of 
dimension 170mm x 170mm x 100mm.  The experimental setup for data acquisition was a 
timber frame suspending the antenna over the target and a concrete floor (see Figure 5 and 
Figure 6).  The antenna was moved over the elevated track using an encoder wheel to acquire 
data.  At each vertical offset, the track was raised or lowered to achieve the vertical offset 
motion with respect to the target, and a full scan over the subject recorded.  

The GPR system used for data acquisition was a Mala Geoscience CX System with a 1.2GHz 
antenna.  Data was acquired at 1024 samples over a time window of 11.32 ns with a trace 
spacing of 2mm.

Figure 5: Experimental  
setup showing scan track,  
subject position and Mala 
Geoscience 1.2GHz 
antenna.

Figure 6: Dimensions of experimental setup.  All  
dimensions in millimetres.



Three  scans  were  made over  the  target  at  vertical  offsets  of  0mm,  150mm and 300mm. 
Figure 6 shows the relationship of the antenna track to the target.  Traces representing the free 
space before the target (trace '100') and in the centre of the target (trace '400') were extracted 
and processed.

The processing flow for data involved firstly applying a zero offset, then a local smoothing 
function to remove jitter.  Local maxima and minima (peaks) were then identified in each of 
the three scans.  The three scans were aligned in time based on the vertical offset distance 
allowing extraction  of  the  common,  or  stationary peaks.   It  is  intended  to  automate  the 
alignment process using feature tracking to determine the vertical movement of the antenna.

Figure 7 and Figure 8 show an A-scan in free space located at trace '100' (indicated by the 
dashed line in Figure 6 labelled '100') before and after filtering.  The VOF has removed the 
early  signal  clutter,  the  only  significant  signal  peak  at  approximately  sample  700 
corresponding with the concrete floor.

Figure 9 and Figure 10 show an A-scan over the target located at trace '400' (indicated by the 
dashed line in Figure 6 labelled '400') before and after filtering.  The VOF has removed the 
early  signal  clutter  to  reveal  the  top  of  the  block  at  approximately  sample  350  and  the 
concrete floor at approximately 750.  There is also a smaller return not entirely clear in the 
diagram at approximately sample 580 correspondint to the bottom of the block.  

In both cases it is clear that the filter has removed clutter from the scans, enabling better 
determination of the target.

Figure 7: A-scan showing raw data in free 
space.

Figure 8: A-scan showing filtered data in free 
space.

Figure 9: A-scan showing raw data over the 
target.

Figure 10: A-scan showing filtered data over 
the target.



We defined clutter in our data, for the purposes of this paper, as unwanted peaks which are 
removed by the algorithm.  The application of the algorithm to real data as shown in Table 1 
has resulted in at least a minimum of 82% of unwanted peaks being removed in free space, 
and at least a minimum of 62% of unwanted peaks where a target exists.  

Trace Location Free Space Centre of Target

 Vertical Offset (mm) 0 -150 -300 0 -150 -300

Pre-Processing Peaks (mean) 174 112 89 276 144 97

Post-Processing Peaks 16 36

Table 1: Results of the Vertical Offset Filter removing clutter from real data.

As in the synthetic data, the Vertical Offset Filter shows clear improvement in the resolution 
of the target in real GPR data, and has removed nearly all of the clutter from the image.  The 
improvements in clutter reduction require no a priori knowledge of the progapation velocity, 
and remove reflections outside the time window.

CONCLUSION
The results of filtering the synthetic data in 1-dimension were encouraging and prompted us 
to perform the experiments over real samples.  The results here show the algorithm works on 
cluttered signals over simple geometric objects both for synthetic data and real data..

The reduction of clutter in GPR images is a fundamental problem in GPR signal processing 
(Daniels,  2004).   Being  able  to  remove extraneous  reflections  from surface  clutter  in  1-
dimension scans improves target detection.

We have shown in this paper that the vertical offset filtering algorithm removes at least 62% 
of clutter  from synthetic data and also removes clutter  from real  data.   The reduction in 
clutter does not require any a priori knowledge of the propagation velocity.

Further research is currently being conducted into extending the algorithm to 2-dimensions 
using  feature  tracking  to  determine  the  motion  of  the  vertical  offset,  and  automate  the 
filtering process.
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