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ABSTRACT 

In this paper a distance measurement based reflection point terrain estimation method (RPTEM) for 

characterizing two-dimensional (2-D) rough surfaces is presented. The method is based on the analysis of time-

domain field data obtained by GPR system with Synthetic Aperture Radar (SAR) scan over 2-D rough ground 

surfaces. The distance from each antenna position to the ground surface is established from the late time 

responses of each antenna. The distance information extracted form the reflected signal is used to to create an 

estimate of the rough ground. A circle is considered with a corresponding radius, which is the distance 

information, with the antenna location at its center. An outline of the terrain is obtained through the 

overlapping circles at neighboring antennas. The terrain profiles obtained via both SAR-processing and the 

RPTEM are discussed and compared with the actual geometry. The results show good agreement between the 

imagery of the surface height distribution obtained by RPTEM, SAR processing and the actual geometry of the 

2-D rough surfaces. Time consumed for image reconstruction is discussed for each method. 

KEYWORDS: Electromagnetic scattering, signal processing, image processing, ground penetrating radar 

(GPR), surface reconstruction; FDTD. 

I. INTRODUCTION 

In real life, most ground surfaces are not flat but rough. Surface reconstruction is an important feature 

in subsurface imaging. In order to be able to detect the small dielectric objects (such as nonmetallic 

anti-personnel mines) located beneath the 2-D rough ground surfaces or tumors under human body, 

the profile of rough surfaces must be obtained so that the effect of surfaces can be digitally eliminated 

from the measured data. So the reconstruction of the real 2-D surface is very challenging for several 

imaging problems. 

The dominant reflection in the scattered field in subsurface imaging is due to the ground surface. This 

reflection contains information such as the distance of the gorund from the antenna location and the 

electrical properties of the ground. The distance information extracted form the reflected signal can be 

used to obtain the outline of the rough surface.   

Radar-based microwave imaging techniques typically require the antennas to be placed at a certain 

distance from or on the surface. This requires prior knowledge of the surface location, shape, and size.  

There are several methods such as peak detection, impulse response methods in the literature [1-8]. In 

tissue sensing adaptive radar (TSAR) algorithm, the outline of the breast and the thickness of the 

breast skin [6] is obtained by analysing the reflected signal. A deconvolution technique is applied to 

find the impulse response with respect to a known reflected signal. Impulse response method is used 

to estimate the surface location.  

There are a variety of image and signal processing methods proposed [9, 10]. El-Shenawee et.al used 

SDFMM method to reconstruct the terrain profile of the rough ground surface [8], which was 

originally developed by Jandhyala, Michielssen, and Chew ([11-13]) to analyze 3-D scattering 

problems of quasi-planar structures. 

In the literature, some deterministic and stochastic approaches have been proposed for solving this 

problem. Stochastic approaches which are global optimization methods and are usually based on 

population based solutions such as: Genetic algorithm, ant colony optimization, particle swarm 

optimization etc. which are optimization methods used in electromagnetics for image reconstruction 

[14-20]. 
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In RPTEM, the function of the terrain profile is obtained approximately, which can be used for further 

processing approaches. However, in SAR processing, used in this paper, we just obtain the image of 

the terrain and have no digital information about the terrain profile. In addition, RPTEM is faster 

when compared with the other one. 

In this paper, the methods used to reconstruct surface image are discussed in the following section and 

the results obtained via both method are given in the third section. In the fourth and fifth sections, the 

conclusion of the paper and the progressive studies are expalined in the following sections. 

II. METHODS 

A recently introduced GrGPR, virtual tool is used to generate synthetic data for sample scenarios [21-

23]. In the simulations 50 transmitter/reciever antennas are placed over terrain and activated 

sequentially as in SAR principle or we can assume that a transmitter/reciever antenna pair is activated 

in 50 different positions over terrain (Fig. 1). The GrGPR receiver records time-domain raw signals, 

which contains both early- and late-time responses, for each antenna position. Early-time response 

consists of the transmit signal and the signal reflected from the boundary/ skin layer. The transmit 

signal received directly by the receiver is orders of magnitude higher than the signal backscattered 

from the surface under investigation. The reflected signals are analyzed and focused to create images 

that indicate the location of strongly scattering objects/ground surface. Then as described in the 

following subsections the recieved raw signals are processed in order to obtain surface profiles.  

 

Figure 1: GrGPR simulator , and a sample scenario with a number of radiator/receiver pairs located over the 

surface. 

2.1 SAR PROCESSING 

Early time response, which is orders of magnitude higher than the signal backscattered from the 

surface under investigation, must be removed prior to the application of SAR procedure. Different 

techniques may be used for this purpose; performing the simulations twice; with and without the 

object under investigation, and then subtracting one from the other. In this study, GrGPR simulations 

are repeated for free space and early-time response is removed accordingly.  

The accumulation of late-time responses from every single cell to a pair of radiator/receiver 

necessitates the calculation of round-trip signal delay. Denote coordinates of each cell/pixel by (xi,yj) 

where x and y are the horizontal and vertical axes, respectively. Coordinates of the kth 

radiator/receiver pair is denoted by
k

tr

k

tr y,x . The time necessary for a round-trip from the radiator to the 

cell/pixel, and back to the receiver can then be calculated via  
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where c is the speed of light. The corresponding pixel (distance) index 
k

j,il  is directly obtained from  
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where t is the FDTD time step. The field intensity ),( jiI of each cell (i.e., the image color) is then 

formed as 
 





N

k

k
ji

k
ji lajiI

1
,, )(),(

       (3) 
 

where 
k

j,ia is the intensity at calculated distance 
k

j,il . In summary, the three step SAR algorithm is 

based on, early-time response elimination and signal enhancement, the calculation of the time delays 

of all roundtrips from all pixels to all scan points and superposing scattered field values corresponding 

to those delays. 

2.2 Reflection Point Teerain Estimation Method (RPTEM) 

Reflection point estimation method (RPTEM), is based on identifying the time step that the reflection 

from the surface had occured. In this method, different than SAR processing, the GrGPR is run only 

once and the reflected fields are stored for each antenna position. As an inverse problem, the time 

domain reflected fields are then analyzed to obtain the corresponding pixel (distance) index 
k

j,il  at 

which reflection from the surface had occured.  

The reflected signal is digitized according to a treshold value. The absolute values which are greater 

than the threshold are assumed to be “1” and the rest is “0” (4). 
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where Tr is a Treshold value very close to “0”. Then the time steps where these level transitions and 

therefore the reflections accured are obtained (Fig. 2a). An enlarged form of the figure is also given in 

Figure 2b.  

 

Figure 2a:The analyzed reflected signal with early- and late-responses. 
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Figure 2b: The enlarged image of the analyzed signal. 

The round-trip time delay is calculated via Eq.5. 
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As the time step when the reflections from ground occur is obtained, the probable indices that the 

reflection could possibly come about are calculated. A circle may be considered with a corresponding 

radius of rk with the antenna location (
k

tr

k

tr y,x )at its center (6). The overlapping circles at neighboring 

antennas create an outline of the terrain estimate [2]. 

 







sin*r)1n(y)n(y

cos*r)1n(x)n(x
2

c*
r

icc

icc

k

j,i

i







      (6) 

 

where (xc,yc) represent the pixels on that circle. This approach is consistent with currently 

used omnidirectional antenna.  

III. RESULTS 

Terrain profiles obtained by proposed method RPTEM are compared with the images obtained via 

SAR processing. The results show good agreement with each other. In the following examples, 

antenna pairs are located 150 cells above the rough surface and activated consecutively as in SAR 

type antenna array. The scattered data receieved from the ground surface is stored for post-processing 

in order to obtain terrain profile.  

In Figure 3a and b, the terrain profile is obtained with both SAR processing and RPTEM, 

respectively. The obtained profiles are compared with the original terrain. The results show that the 

terrain obtained with RPTEM is in good agreement with the original one. 

Several terrain profiles are compared in Figures 4 and 5. The time consumed for each method are 

given in Table I. 
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(a) 

 
(b) 

Figure 3. 2D images of terrain profile obtained via (a) SAR processing and (b) RPTEM and their comparison 

with the original GRGPR scenario (solid line).  

 
(a) 
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(b) 

Figure 4: The comparison of obtained  (a) SAR and (b) RPTEM profiles with the original GRGPR scenario 

(solid line). 

 

(a) 

 

(b) 

Figure 4: The comparison of obtained  (a) SAR and (b) RPTEM profiles with the original triangle type terrain 

scenario (solid line). 
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Table 1: Time requirements between the SAR processing case and reflection point case. 

Figure SAR RPTEM 

Figure 3 2918.39 sec. 2.23 sec. 

Figure 4 1252.875 sec. 2.46 sec. 

Figure 5 3197.235 sec. 2.97 sec. 

 

IV. CONCLUSION 

Surface imaging and reconstruction in 2D idealized environments and reconstruction algorithms SAR 

processing and RPTEM are discussed. A FDTD-based GrGPR virtual tool is used to generate forward 

scattered data synthetically. The dominant reflection in the scattered field in subsurface imaging 

is due to the ground surface. This reflection contains information such as the distance of the 

gorund from the antenna location. As an inverse problem, the time domain reflected fields are 

analyzed to obtain the corresponding pixel (distance) index at which reflection from the surface had 

occured. The distance information extracted form the reflected signal is used to obtain the 

probable indices that the reflection could possibly come about. A circle is considered with a 

corresponding radius of rk with the antenna location (
k

tr

k

tr y,x )at its center which is consistent with 

currently used omnidirectional antenna. The overlapping circles at neighboring antennas create an 

outline of the terrain estimate. 

The simulations are run for concave/convex and triangle type terrain scenarios. Terrain profiles, 

obtained with both SAR and RPTEM, are in good agreement with the original one. The calculation 

time for each method are compared. The results show that RPTEM is much more faster when 

compared with SAR processing.  

V. FUTURE WORK 

In this paper the terrain profile is obtained by drawing the overlapping circles at neighboring antennas 

that create an outline of the terrain estimate. This shows us that an intersecting or neighbouring pixel 

can be found for each consecutive antenna locations where the reflection assumed to ocur on the 

surface of the terrain. Then cubic-spline algorithm can be applied to interpolate and find out the best 

curve function to fit the reflection points obtained on the terrain profile. In the fortcoming work, an 

algorithm to find out these intersection points will be developed and the terrain profile function will 

be obtained. A hybrid subsurface imaging and ray tracing algorithm will be developed for subsurface 

imaging analysis. 
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