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ABSTRACT

In ground penetrating radar (GPR) imaging, a single point target appears as a hyperbolic curve in the
space-time image. In order to focus the hyperbolic curves in GPR images, first, the back-projection (BP)
imaging algorithm was introduced. This standard BP imaging algorithm, was accompanied by a lot of
artifacts, which have adverse effects on targets detection. Second, an improved BP imaging algorithm,
based on cross-correlation between received signals for suppression artifacts, was proposed here. Third, to
improve the quality of BP imaging algorithm, a weight factor was designed by analyzing the statistical
character of receiving data for each point in regions of imaging. This proposed algorithm was applied on
the simulation and the real GPR data and the results showed that the proposed BP imaging algorithm has
superior suppression artifacts and produces images with high quality and resolution. In order to
guantitatively describe the imaging results on the effect of artifact suppression, focusing parameter was
evaluated.
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INTRODUCTION

GPR is an important nondestructive remote sensing tool that has been used in both military and civilian
fields. Recently, GPR imaging has attracted lots of attention in detection of subsurface shallow small
targets such as landmines and Unexploded Ordnance and also imaging behind the wall for security
applications (Daniels, 2004; Carin, et al., 1999) Depending on the application, different scanning
schemes, namely, A-scan, B-scan, and C-scan, are employed (Daniels, 2004). The static measurement of
the data collected at a single point is called an A-scan (Daniels, 2004). In the B-scan measurement
situation, a downward looking GPR antenna is moved along a straight path on the top of the surface while
the GPR sensor is collecting and recording the scattered field at different spatial positions. The GPR can
either be bistatic with either a transmitted and receiver antenna or monostatic with a single transmitted
and receiver antenna. For the monostatic arrangement in the space-time GPR image, a single point target
appears as a hyperbolic curve because of the different trip times of the EM wave when the radar moves
along a synthetic aperture and collects reflectivity of the subsurface targets (Ozdemir, et al., 2004). With
this hyperbolic curve, the resolution along the synthetic aperture direction shows undesired low resolution
features owing to the tails of hyperbola. However, highly accurate information about the size,
electromagnetic (EM) reflectivity, and depth of the buried objects is essential in most GPR applications.
Therefore hyperbolic curve behavior in the space-time GPR image is often willing to be transformed to a
focused pattern showing the object's true location and size together with its EM scattering.

The resolution along the depth achieved by the change of the transmitted signal’s frequency. The
resolution along the direction of recording data is attained by the synthetic processing of the received data
collected at different spatial points of the B-scan. While a fine resolution in the depth axis is usually easy
to get by utilizing a broadband transmitted signal, the resolution along the scanning direction is much
harder to realize and requires special treatment. For this purpose, many image focusing algorithms have
been developed recently. Synthetic aperture imaging methods used in GPR applications can be sorted into
two main categories; the back-propagation and the back-projection methods. The first group is formulated
through various algorithms including the phase-shift method (Gazdag, 1978), the finite-difference method
(Claerbout, 1972) and the frequency-wavenumber algorithm (Ozdemir et al., 2008). The second group is
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formulated through the geometrical approach and includes the diffraction summation (Miller et al., 1978)
and the back-projection (Carin et al., 1999) algorithms. The principle of back-projection algorithm is very
similar to the confocal microwave imaging (CMI) technique that employs Delay-And-Sum (DAS)
algorithm was proposed for medical application (Fear et al., 2002; Lim et al., 2008). The idea of DAS
algorithm is to sum all data coherency of points in regions of imaging at a time and repeat for all desired
points (Gu et al., 2004).

The common goal in a typical GPR image is to display the information of the spatial location and the
reflectivity of an underground object. Therefore, the main challenge of GPR imaging technique is to
devise an image reconstruction algorithm that provides high resolution and good suppression of strong
artifacts and noise. In this paper, at first, the standard back-projection algorithm that was adapted to GPR
imaging applications used for the image reconstruction.

The standard BP algorithm was limited with against strong noise and a lot of artifacts, which have adverse
effects on the following work like detection targets. Thus, an improved BP is based on cross-correlation
between the receiving signals proposed for decreasing noises and suppression artifacts. To improve the
quality of the results of proposed BP imaging algorithm, a weight factor was designed for each point in
region imaging. Compared to a standard BP algorithm scheme, the improved algorithm produces images
of higher quality and resolution.

The proposed improved BP algorithm was applied to numerically generated GPR data and real B-scan
GPR images, and the resultant focused GPR images were presented. In order to quantitatively describe
the imaging result on the effect of suppression artifacts, a focusing parameter was evaluated.

Standard BP Algorithm Method
The 2-D imaging configuration of monostatic GPR is shown in Figure 1. The region of imaging is divided

into two regions by z=0. The upper region is the air and characterized by permittivity €; = €3 and
permeabilityjr; = g, where €; and g denote permittivity and permeability in air, respectively. The
lower region is the ground and characterized with homogeneous soil with relative permittivity €; = €,
and relative permeabilityft; = geg. For the sake of simplicity, we assumed that the conductivity in air and
homogeneous soil is zero. In this monostatic GPR system, the antenna is located at (¥,,—h) and
synthesize an aperture on a line parallel to y axis at the distance h, with element M. The whole scanning
length of targets is ¥y — ¥,. As the transmitter/receiver antenna pair moves along the synthetic aperture
line z=—h with the interval Ay, backscattering signals at the each focal aperture point
¥4 =¥+ (i—1)Ay thati= 1,2, ..M, can be collected. The currently concerned antenna position
in the monostatic GPR array is shown by black triangle with the sequence number i, whose coordinate is

(¥ —h), while other M-1 antenna position are represented by white triangles.
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Figure 1: Imaging configuration

The regions of imaging are illuminated with a broadband signal s{). In the case of single point target p is
located at X, = (¥4, 2,) and complex reflectivity a(X, ), As shown in Figure (1), the received reflectivity
of the i"" receiver is given by Equation 1:

p(yut) = al(X,)s(t—1,;) (1)

Where, T,; is propagation delay as the EM wave travels from i" transmitter to the focal point target
located at X, = (3,,2,) and backs to the i" receiver, as shown in Equation 2:

2R, 2R,

.= + 2
R @

Where, ¢ and v represent, respectively, the propagation velocities of EM wave in air and soil, that

v=— andR,, and R, are distances from the refraction point on the ground surface to

vEF

transmitter/receiver pair point (;, —h) and focal point (¥y.Z,).
The output of the i receiver of the whole region of imaging D is given by Equation 3:

Po(rt) = [ P Dayaz 6)
D

This process is repeated until all M transmitter/receiver position making a synthetic aperture are used
sequentially. Thus, the output of all of the M transmitter/receiver position for formation of imaging result
is as follows in Equation 4:

M
100 = ) Port) @
i=1
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This is the equation of standard BP imaging algorithm. Repetition of the process until all of the points in
regions of imaging is calculated and forms image.

Improved Proposed Bp Algorithm

Modified Cross-Correlation BP

One of the disadvantages of the introduced standard BP imaging algorithm is that the level of energy of
artifacts and noises in the imaging results is high. The existence of noises and artifacts decreases the
contrast between objects and other things in imaging results. In order to decrease and suppress these
noises and artifacts (Zetik et al., 2005) and Foo and Kashyap (2004) have utilized a version of BP
algorithm using cross-correlation of received signals. However, that BP imaging algorithm needs an
additional reference channel to correlate with receiving signals. The position of reference channel should
be located away from the center of transmitter/receiver array and reference signal should be collected
there. This means that addition hardware receiver and signal processing procedure should be added.

In fact, more information can be obtained from the original receiving signal. Based on cross-correlation
for decreasing the noises and suppressing the artifacts, an improved BP algorithm for GPR application
was proposed. At this kind of improved algorithm, the response of the single point g will not be summed

directly as Equation 4. Instead, similar CMI method (Lim et al., 2008). We will first calculate the cross-
correlation of values between responses of focal point g in M transmitter/receiver position and then

summation is made to take the imaging result of point P as follows:

M-1 M

0 =) > PolutPo(r0) ®)

i=1 j=i+1

By this additional step, noises and artifacts in imaging result will be suppressed effectively.

Design Weight Factor

The value of standard deviation and mean of 2D GPR data that containing buried target reflected waves
are greater than the 2D GPR data that do not contain buried target reflected waves (Mast and Johansson,
1994). So, the ratio of the mean value to the standard deviation of focal point target is much bigger than
corresponding value of the other focal points, where there are no real targets. Thus, the standard BP
imaging algorithm can be modified by this characteristic.

By charactering a weight factor (¥, z,,), the result of the imaging quality can be improved using mean

(6) and standard deviation (7).
E‘z"il Ep.i

m = 2L (6)

M
-3 (o}

The weighting factor can be designed as follows:

1 v=1{
, _Jlm
m[}ﬁ’ zﬂ’l] - {— elsewhere (8
v

Now, the final improved proposed BP imaging algorithm is obtained as Equation 9:

J"’f_l J"’f
E-p = m(}"mzm} Z Z PD(}’i,t}.PD{}’}'_.I.’} (9}
=1 j=i+1
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The Implementation of the Algorithm

The steps of implementation of the improved proposed BP imaging algorithm can be expressed as
follows:

1- Calculate the round-trip time delays from M antenna position to focal point p and form

{Tnl* Tp,25 s TpJM},
2- Calculate the response point P in all the M receiving signal s:(t) and form {e%l, €p,2s es ew,,} that

3- For the standard BP algorithm, a summation is made to take the imaging result for focal point p as
follow (10):
M

E, =) e (10)

i=1
4- For improved BP imaging algorithm, calculate cross-correlation to utilize the relativities between M
receiving signal as follows (11):

M—-1 M
E‘”:Z Z €p,i - Ep,j (11)

i=1 j=i+1
5- The weighting factor w(y, ,z,,) is calculated for focal point p.
6- The final result of focal point p in the improved BP imaging algorithm can be taking with (12):

M-1 M
EJ“:? = m(}"mzmj Z Z Ep,z' 'Ep,j (12}
i=1 j=i+1

7- Repeat the steps up to cover all of points in regions of imaging.

Simulation and Experiments Results

The validity and effectiveness of proposed BP algorithm were tested via simulated and real measured
data.

Simulation Results

In this section, we describe the EM computer model that closely simulates the operation of GPR for
underground target detection. This model uses the Finite Difference Time Domain (FDTD) method for
EM field calculation. A simulation consists of exciting one transmitter with current pulse and receiving
the time domain y component of the electric field at the receiver location. This simulates a mono-static
radar configuration and is repeated separately for each transmitter/receiver pair.

The received signal includes the wave propagation directly between the transmitter and receiver, the EM
wave reflected by air-ground interface, and EM wave scattered by underground anomaly. Since we are
interested only received signal from buried target, we should cancel the direct and interface reflected
signals. Here, by using a monostatic arrangement, the direct wave was cancelled and for removing the air-
ground interface reflected signals, mean subtracted method was used (Foo and Kashyap, 2004).

For the EM calculation of scattering from underground region, a CST microwave imaging simulator was
employed. This simulator can successfully estimate EM scattering for any medium and all targets that are
buried there by FDTD method.

The backscattered EM signature was collected along synthetic aperture in y direction for a total of 61
discrete spatial points. The distance between two antenna positions was equal to 5 cm. The antennas are
placed at 5 cm above air-ground interface. The entire synthetic aperture was 3.05 m along y dimension.
The frequency was varied from 1 to 4 GHz with a 2.5 GHz central frequency. Three landmines with
identical size were located at different locations as the buried targets. These landmines, with 12 cm in
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diameter and 6 cm in length, were put horizontally at (-0.7,-0.5), (-0.50,-0.2) and (-0.7, 0.2) in meters.
These landmines were buried in depths 10cm, 5cm, and 15cm, respectively. This targets were buried in
homogeneous soil with the dielectric constante,. = 13. This dielectric property is the characteristic of wet
sandy soil. The mono-static GPR arrangement geometry and three landmines positions are shown in
Figure 2(a) and (b).
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Figurer 2: Simulated GPR arrangement geometry for three landmines. (a) Three landmines buried
in wet sandy soil. (b) Projection on the x —y plane.

Each landmine displays its hyperbola shaped range profiles as radar approaches and then eventually
passes each target. In addition to the main response from each landmine, there is some late time
responses, which are generated from wave travelling around the body of landmine.

Raw simulated GPR data
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Figure 3: Raw simulated GPR data after preprocessing

As presented in Figure 3, the traditional GPR image was obtained in 2D spatial-time backscattered data
after removing air-ground interface effect by mean subtracted method. As expected, the image was
hyperbolically defocused due to different round-trip distances between targets and antennas while radar is
moving along straight line for the monostatic arrangement.
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For focusing hyperbolas, due to the buried landmines, the standard and the proposed improved algorithms
were applied and images results from standard BP algorithm and improved BP algorithm are shown in
Figure 4. It is obvious that Figure 4(a) has much more noise and artifacts than Figure 4(b). Therefore, the
proposed improved BP imaging algorithm can obtain a better imaging result with a good artifacts
suppression.

Standard backprojection Image
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improved backprojection Image
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Figure 4: Comparison of imaging result for three landmines. (a) Result of the standard BP
algorithm. (b) Result of the improved BP algorithm.

In order to quantitatively describe the effect of artifacts suppression with standard and improved BP
algorithms, we evaluated Integrated Sidelobe Ratio (ISLR) parameter. This parameter is the ratio of the
energy in the side-lobes to that contained in the main-lobe that is defined as follows:
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E._.
ISLR = 10 1ag(L‘“' ) (13)
main

Where, E,..in and E; 4. are the energy of main lobe of object and the energy of side lobe of object that is
defined (Eiorar — Emain), and Eiqeqr is the energy of the image. The calculated ISLR parameter for

Figure 5 (b) and (a) are —6.4446 dB and —3.8979 dB, respectively. The ISLR parameter decreases by
2.5467 dE.

For better understanding of the decrease and suppression of artifacts with standard and improved
algorithms, two profiles at the peak point along ¥ and depth axes of the imaging results are displayed in

Figure 5. An average decline of suppression is 2.5 dB in both profiles that are shown in Figure 5(a) and

(b).
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Figure 5: Comparison of profiles at the peak point. (a). Profile along y axis. (b) Profile along depth
axis

Experimental Results

A GPR survey was conducted in order to test the standard and improved proposed BP imaging algorithm.
The goal of this survey is imaging two buried metallic bars (PEC) in concrete block. The equipment
evaluated in this study is a RAMAC/GPR (MALA Geosciences) and a shielded ground-coupled antenna
with a nominal central frequency of 2.3 GHz. In this experiment, two identical iron bars were buried at
nearly 10 and 13 cm below the homogeneous concrete block. The two metallic bars were put along the x-
axis. The relative permittivity of concrete block was 4.5.

Under monostatic configuration, the backscattered field data were collected along a synthetic aperture
with a length of 80 cm. Antenna was located just above the concrete surface and headed toward the buried
object while moving along the aperture.

Assuming that the bars routes are generally known a-priori, the B-scan measurements along the
longitudinal direction of the bars were taken. The acquired time series of B-scan data were then processed
to locate the buried bars. Figure 6 shows the imaging result of GPR received data after preprocessing.

As expected, the imaging result was hyperbolically defocused due to different round-trip distances
between targets and antennas while radar is moving along straight line for the mono-static arrangement.
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Raw Real GPR data
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Figure 6: The Raw Real GPR image after pre-processing

Figure 7 shows the imaging result of standard and improved proposed BP algorithm, respectively. It is
clear that Figure 7(a) has much more artifact than Figure 7(b). Obviously, image result from improved BP
algorithm is more concentrated around the true location of the metallic bars and the reflection from other
surfaces is well suppressed as they are not visible within the dynamic range of figure. Thus, superiority in
artifact suppression and resolution of improved proposed BP algorithm over the standard one is
conspicuous.

The calculated ISLR parameter for Figure 7(b) and (a) were —10.5527 dE and —8.3118 dE respectively

and the ISLR parameter decreases by nearly 2.2409 dE.

Standard backprojection Image
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Improved backprojection Image
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Figure 7: Comparison of imaging result for bars. (a) Result of the standard BP algorithm. (b)
Result of the improved BP algorithm

For better understanding of the decrease and suppression of artifacts with standard and improved
algorithms, two profiles at the peak point along ¥ and depth axes of the imaging results are displayed in

Figure 8. An average decline of suppression is 2.25 dB in both profiles that are seen in figure 8(a) and (b).
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Figure 8: Comparison of profiles at the peak point. (a). Profile along y axis. (b) Profile along depth
axis
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CONCLUSION

This paper presented an improved version of the cross-correlation BP algorithm for GPR imaging. This
improved proposed BP imaging algorithm has significantly suppressed noises and artifacts in the imaging
result of the standard BP algorithm. By using a weight factor that designed by statistical character
received data, imaging result showed a better performance for focusing quality. Simulation results and the
real data imaging demonstrated its validity in GPR high resolution imaging. In order to quantitatively
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describe the imaging result for the effect of artifact suppression with proposed improved BP algorithm, a
focusing parameter was evaluated. Future studies are recommended to focus on improving the proposed
algorithm to adapt to disperse medium and multi-layer scenario.
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