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ABSTRACT: In the classical B-Scan ground penetrating radar
(GPR) imagery, unprocessed image domain data exhibit undesired
hyperbolic effects and therefore have low resolution features. To
solve this problem, various focusing or migration techniques have
been developed and applied to focus the scattered energy at their
true spatial locations in the object space. In this article, we present
a synthetic aperture radar (SAR) based focusing algorithm to obtain
well-localized two-dimensional B-scan GPR images of various buried
objects. The concept and the formulation of our frequency domain
based imaging algorithm are presented. The performance of the algorithm is tested with both the simulated and measurement data. The
simulation data are generated by a physical optics shooting and
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bouncing ray (PO-SBR) technique code; whereas the C-band measured data are collected via an experimental set-up for different
ground environments. Almost perfect focusing performance is
achieved for the simulated GPR images. Similarly, well-focused GPR
images with high lateral resolutions are also obtained for the measurement data from metallic and non-metallic buried objects. © 2007
Wiley Periodicals, Inc. Microwave Opt Technol Lett 49: 2534 –2540, 2007;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.22724
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1. INTRODUCTION

For various applications from mine detection to archeology, it is
desirable to produce high resolution images of the subsurface
environment from the data acquired by a ground penetrating radar
(GPR) [1]. A single point scatterer shows up as a defocused,
hyperbolic signature in the traditional B-scan GPR imagery due to
the ﬁnite beam-width of the GPR antenna. To achieve wellresolved images of the buried objects, the GPR data collected over
the surface has to be migrated from image space to object space.
Several migration algorithms, aiming to focus the reﬂection signatures back to their true positions, have been reported in the
literature [2-7]. The well-known approaches are the ﬁnite-difference migration [2], diffraction summation [3], Kirchhoff waveequation migration [4], frequency-wavenumber (f ⫺ k) migration
[5, 6], and reverse-time migration [7]. Most of these popular
techniques are based on wave equations and have been widely
used especially in seismic signal processing. The similarities between the acoustic and electromagnetic (EM) wave equations have
led to the use of the same processing techniques for GPR image
processing as well [6-10]. Among these, the wavenumber domain
focusing techniques have been widely accepted and adapted to the
modern synthetic aperture radar (SAR) imaging [11-14]. These
algorithms have been developed by various groups in SAR community, and termed by different names including seismic migration [11, 12] and f ⫺ k migration [13]. In the case of GPR image
generation, wavenumber and space-time domain SAR-based focusing techniques are relatively new. Gunawardena [15] has applied a wave-equation based SAR method in the space-time domain. Anxue et al. [16] have used a wavenumber domain SAR
migration technique to increase the resolution of the GPR image
and to estimate the EM wave’s velocity under the ground. More
recently, Gilmore et al. [17] have compared and tested both the
wavenumber domain SAR focusing technique and the seismic f
⫺ k migration methods via laboratory GPR measurements.
Lately, we have also developed a focusing algorithm based on
hyperbolic summation (HS) technique that was successfully applied and tested with real GPR measurements [18, 19]. In this
algorithm, there were some deﬁciencies that resulted in some
unwanted defocusing effects in the resultant B-scan GPR images
especially when two or more buried scatterers were close to each
other.
In this work, we set out to develop and apply a frequency
domain GPR focusing technique based on wavenumber SAR reconstruction algorithm to mitigate the undesired hyperbolic effects
in the B-scan GPR image. The article is organized as follows: The
details of the proposed method are explained in Section 2. In the
next section, the algorithm is applied to a simulated data obtained
by a physical optics (PO) based simulation code. The performance
of the algorithm is ﬁrst checked by this simulated data. Focused
GPR images of various objects are presented accordingly. In
Section 4, the real performance is tested by the measurement data
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collected by a stepped-frequency continuous wave (SFCW) radar.
Focused GPR images of several objects, buried in laboratory
experimental set-up and outdoor soil environment, are provided. In
the last section, the work is summarized and the issues regarding
the applicability and other aspects of the algorithm are discussed.
2. SAR BASED FOCUSING ALGORITHM FOR GPR

The GPR image formation, modeled as a convolution in the spatial
domain, is generally performed more efﬁciently in the wavenumber (k) domain. The k-domain inversion methods have the main
advantage of exploiting fast Fourier transform (FFT) which provides signiﬁcant computational savings. These focusing methods
can be directly used in processing of GPR data when the scatterers
are buried in a homogeneous medium. In [20], Soumekh proposed
a f ⫺ k domain SAR imaging algorithm based on the plane wave
decomposition of spherical wave-fronts. In this work, we experimentally examine the near-ﬁeld imaging problem of the buried
objects by adapting and applying this f ⫺ k domain SAR imaging
algorithm to the B-scan GPR concept.
The geometrical layout of the GPR problem is shown in Figure
1(a) as the two-dimensional (2D) scattered electric ﬁeld Es共x,f 兲 is
recorded for different synthetic aperture points and frequencies
with the use of a SFCW radar system. As shown in Figure 1(b), the
transmitted signal is composed of a number of increasing step
frequencies. The radar measures the magnitude and phase of the
received ﬁeld for various frequencies at each spatial point. Assuming that the ﬁrst starting frequency in SFCW radar is f0 with a
constant increment of ⌬f, the frequency of the nth sample in the
received sequence is
f ⫽ f 0 ⫹ 共n ⫺ 1兲 䡠 ⌬f

n ⫽ 1,2,· · ·,M,

(1)

where M is the length of vector f. In a homogeneous environment,
the frequency domain back-scattered ﬁeld from the nth point
scatterer at d distance from the antenna will have the form of

冉

冊

f
E s共 f 兲 ⫽  䡠 exp ⫺ j4 d .
v

Figure 1 (a) Geometry of the monostatic B-scan GPR problem; (b)
Representation of the stepped frequencies for a SFCW radar. [Color ﬁgure
can be viewed in the online issue, which is available at
www.interscience.wiley.com]

(2)

Here,  is the strength of the scattered electric ﬁeld from the point
target and v is the velocity of the EM wave in the propagation
medium. For a homogeneous and lossless medium, it is obvious
that v ⫽ c/ 冑r where c is the speed of the light in free-space and
r is the relative electric permittivity of the medium. The signal in
Eq. (2) can also be represented in terms of wavenumber as

velocity for the EM wave propagation. Second, we assume that the
radar antenna is placed very close to air-ground surface so that the
wave travels within the ground medium most of the travel time.
This enables us to neglect the wave’s propagation in the air
medium. Under these assumptions, the B-scan received ﬁeld
Es共x,f 兲 can be given as below for a total of P point targets located
at different 共xi ,zi 兲 positions.

冘
P

E s共 f 兲 ⫽  䡠 exp共 ⫺ jk2d兲

(3)

E s共 x,f 兲 ⬵

 i 䡠 exp共 ⫺ jk共2 冑zi 2 ⫹ 共x ⫺ xi 兲2 兲.

(5)

i⫽1

where k ⫽ 2f/v is the wavenumber vector of M points. This
static measurement at single spatial point is nothing but an A-scan
measurement [1]. In the case of our problem, the 2D B-scan data
are obtained by collecting a series of A-scan measurement along a
synthetic aperture axis, say x [Fig. 1(a)]. EM scatterings are
summed for each discrete point as the radar antenna moves along
a straight path. For a measurement point xj on the synthetic
aperture vector of N points, the distance; d from the point target at
(x0, z0) to the sensor is equal to

Taking one-dimensional (1D) Fourier transform (FT) of Eq. (5)
along the x-direction to get the ﬁeld in the spatial frequency kx
domain as

冘
P

E s共kx ,f 兲 ⫽

i 䡠

i⫽1

d⫽

冑z 02 ⫹ 共 x j ⫺ x 0兲 2

j ⫽ 1,2,· · ·,N.

(4)

Before going further, we have couple of approximations in our
algorithm: First, we assume that the ground medium is isotropic
and homogeneous. This makes it possible to use only single
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⬁

冕

exp共 ⫺ jk共2 冑zi 2 ⫹ 共x ⫺ xi 兲2 兲兲 䡠 exp共 jkx x兲dx.

⫺⬁

(6)
By utilizing the principle of stationary phase, above integral can be
solved [21] as
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e ⫺j冉 4 冊

冘



E s共k x,f 兲 ⫽

P

冑4k 2 ⫺ k x2 i⫽1

 i 䡠 exp共 ⫺ jkx 䡠 xi ⫺ j 冑4k ⫺ kx 䡠 zi 兲.
2

2

(7)
Here, the ratio e⫺j 冉 4 冊 / 冑4k2 ⫺ kx 2 is the complex amplitude term
and has a constant phase. Therefore, it can be neglected for image
displaying purposes. Thus, Eq. (7) can be normalized to give
E s共kx ,f 兲 as


冘
P

E s共kx ,f 兲 ⫽

i 䡠 exp共 ⫺ jkx 䡠 xi ⫺ j 冑4k2 ⫺ kx 2 䡠 zi 兲.

(8)

i⫽1

This is the received GPR signal data in 2D kx ⫺ f domain and has
a linear phase term in x and z. However, it is obvious that a total
of P point scatterers should be ideally imaged in real coordinates
as in the perfect form of

冘
P

ẽS共x,z兲 ⫽

i 䡠 ␦共x ⫺ xi ,z ⫺ zi 兲,

(9)

i⫽1

where ␦(x, z) is the 2D impulse function. Now, taking the 2D FT
of this ideal image data with respect to x and z, we get the
following scattered ﬁeld value in 2D spatial-frequency domain as

冘
P

E S共kx ,kz 兲 ⫽

i 䡠 exp共 ⫺ jkx xi ⫺ jkz zi 兲.

(10)

i⫽1

The above ﬁndings claim that if we transform the received data
E S共kx ,f 兲 to kx ⫺ kz domain as in the form of Eq. (10), then we can
get a focused-image data by simply taking 2D inverse Fourier
transform (IFT) of the data in kx ⫺ kz domain. It follows that when
Eqs. (8) and (10) are compared with each other for accommodation, the transformation or spatial frequency mapping of kz
⫽ 冑4k2 ⫺ kx 2 must be done. Applying this critical mapping, one
can get the equality
E⬘S共kx ,kz 兲 ⫽ ES共kx ,f 兲.

(11)

This implies that we must relate values of E s共kx ,f 兲 at each f point
to the values of ES ⬘共kx ,kz 兲 at kz points with the help of the frequency
mapping equation of kz ⫽ 冑4k2 ⫺ kx 2 . On the other hand, when
the ﬁeld data in the kx ⫺ f domain is being transferred to the kx
⫺ kz domain, the points that are evenly spaced in the f domain
will be mapped to unevenly spaced points in the kz domain due to
the nonlinear behavior of the mapping equation. To exploit the fast
computation opportunity using FFT, ES ⬘共kx ,kz 兲 should lie on a
uniform Cartesian grid. Therefore, an interpolation procedure has
to be applied in kz domain to distribute the data into a rectangular
grid in kx ⫺ kz domain. Consequently, the ﬁnal focused 2D B-scan
GPR image spotting the true locations of the buried objects can be
obtained by taking the 2D IFT of Eq. (11) as

e S共x,z兲 ⫽

1
共2兲2

冕冕
⬁

⬁

⫺⬁

⫺⬁

ES⬘共kx ,kz 兲 䡠 exp共 jkx 䡠 x
⫹ jkz 䡠 z兲)dkx dkz .
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(12)

If we summarize our B-scan focusing algorithm, the basic steps are
listed below:
i. Collect the 2D B-scan back-scattered electric ﬁeld ES 共x,f 兲
from the subsurface environment in the frequency domain
ii. Take 1D FT of ES 共x,f 兲 along synthetic aperture x to get
ES 共kx ,f 兲 and normalize it to get ES 共kx ,f 兲
iii. Interpolate ES 共kx ,f 兲onto a rectangular mesh in kx ⫺ kz
domain to obtain ES ⬘共kx ,kz 兲
iv. Take 2D IFTES ⬘共kx ,kz 兲 to form the ﬁnal focused 2D GPR
image; eS 共x,z兲 in Cartesian coordinates.
3. SIMULATION RESULTS

The frequency-wavenumber based SAR imaging algorithm was
ﬁrst examined using a numerically generated B-scan GPR data
obtained by using a physical optics EM scattering code that utilizes
the shooting and bouncing ray (SBR) technique [22]. This simulator can effectively give the estimate of EM scattering from
metallic targets in a homogeneous medium [23, 24]. Therefore, the
air–soil interface was neglected during the simulation assuming
that the relative permittivity of the ground medium is not too high.
Considering the classical B-scan GPR set-up as in Figure 1(a), the
following parameters were used during the simulation: The relative permittivity of the ground medium was chosen as 2.0. The
backscattered electric ﬁeld data were collected along a straight
path ranging from x ⫽ ⫺0.25 to 1.25 m for a total of 64 evenly
spaced, discrete spatial points. As the radar antenna, a half-wavelength monopole antenna at 8 GHz was used. At each spatial point,
the frequency was varied from 6.82 to 9.14 GHz such that the
back-scattered ﬁeld data were collected for a total of 64 discrete
frequencies. Therefore, a 64-by-64 2D spatial-frequency B-scan
GPR data was gathered after the EM simulation of a pipe, a
mine-like cylindrical object and a plate. The computer aided design (CAD) view of these objects is shown in Figure 2(a). As seen
from the ﬁgure, they were buried at different locations. The diameter and length of the pipe are 12 and 50 cm, respectively. It is put
horizontally at x ⫽ 0 cm, z ⫽ 30 cm. The mine-like cylindrical
object with a diameter of 30 cm and a height of 11 cm was also
positioned horizontally at (x ⫽ 50 cm, z ⫽ 40 cm). The 10 cm ⫻
10 cm metal plate was buried ﬂat at x ⫽ 95 cm, z ⫽ 30 cm. The
2D B-scan GPR image in spatial-depth domain is obtained by
taking the 1D IFT of the back-scattered signal data along the
frequency domain [Fig. 2(b)]. As expected, the raw GPR image of
the simulated objects exhibits the hyperbolic defocusing characteristic. It is worth noting from the image that the hyperbolic
behavior for the pipe is more pronounced than the ﬂat ones as one
can expect. The outlines of the objects are drawn as lines for
referencing purposes. After applying the proposed focusing
method, we generated the new GPR image as shown in Figure
2(c). While applying the method, a sinc (sinus cardinalis) type
interpolation scheme [25] was employed to map the data onto a
uniform grid in kx ⫺ kz domain. As seen from Figure 2(c), the
resultant image is successfully focused and estimates better the
location of the dominant scattering points from the buried objects
when compared to the image in Figure 2(b).
4. MEASUREMENT RESULTS

4.1. Laboratory Measurements
We constructed an experimental set-up shown in Figure 3 to
perform real B-scan GPR measurements in the laboratory. A large
wooden pool with a size of 190 cm ⫻ 100 cm ⫻ 80 cm was
constructed and ﬁlled with homogeneous and dry sand material.
The relative permittivity of the sand was measured approximately
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Figure 3 B-scan experimental set-up for bistatic conﬁguration. [Color
ﬁgure can be viewed in the online issue, which is available at www.
interscience.wiley.com]

iment, two metal pipes were buried at different locations. A thin
pipe with 4.5 cm in diameter and 45 cm in length was buried
horizontally at x ⫽ 35 cm, z ⫽ 30 cm and a relatively thicker pipe
with 6 cm in diameter and 32 cm in length was buried horizontally
at x ⫽ 75 cm, z ⫽ 35 cm. The geometry of the buried objects and
the sand pool is illustrated in Figure 5(a). During the experiment,
sand’s surface is organized to be very rough to investigate the
effect of air– ground surface to the total scattered energy. Two
C-band pyramidal rectangular horn antennas were put aside, positioned just above the surface and operated in bistatic mode.
Forward transmission coefﬁcient (S21) measurements were collected along a straight path of 120 cm with 61 discrete spatial
points. For each spatial point, the VNA’s frequency was varied
from 4.0 to 7.1 GHz with 15.5 MHz frequency steps to have a total
of 201 discrete frequency points. The raw B-scan GPR image is
acquired by taking the 1D IFT of the measured spatial-frequency

Figure 2 (a) CAD view of a pipe, a mine-like object and a plate; (b)
Original defocused GPR image; (c) Focused GPR image after applying the
proposed algorithm. [Color ﬁgure can be viewed in the online issue, which
is available at www.interscience.wiley.com]

2.4 within the frequency band of 5.0 to 8.0 GHz. We assembled a
SFCW radar using Agilent E5071B ENA vector network analyzer
(VNA) and different C-band pyramidal rectangular horn antennas.
The automated measurement data from the VNA was recorded to
a computer via VNA’s GPIB port. A typical experiment scene is
pictured in Figure 4.
We have conducted a couple of B-scan GPR measurements to
test the focusing performance of the algorithm. In the ﬁrst exper-
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Figure 4 A scene from a laboratory measurement. [Color ﬁgure can be
viewed in the online issue, which is available at www.interscience.wiley.
com]
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Figure 5 (a) Conﬁguration of two metallic pipes experiment; (b) Classical GPR image (bistatic case); (c) Focused image after the proposed
algorithm. [Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

domain data as shown in Figure 5(b). Because of the good homogeneity and low relative permittivity of the sand medium, the
objects are clearly discernible in the image as hyperbolas but with

2538

Figure 6 (a) Conﬁguration of two closely placed pipes experiment; (b)
Classical GPR image (bistatic case); (c) Focused image after the proposed
algorithm. [Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

low lateral resolutions. The reﬂections from air– ground surface
and sandbox’s bottom surface can also be seen with signiﬁcant
intensity values in the image. After applying our f ⫺ k based SAR
focusing algorithm, we obtained the new focused GPR image as in
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ness of our proposed algorithm. A picture from the soil experiment is
given in Figure 7. Three objects were buried ﬂat at different locations.
A bottle of water with a size of 6 cm ⫻ 6 cm ⫻ 25 cm was buried at
x ⫽ 20 cm, z ⫽ 15 cm, a metal pipe with 7 cm in diameter and 33 cm
in length was put at x ⫽ 68 cm, z ⫽ 18 cm and a thin metal plate with
a cross section of 7 cm ⫻ 7 cm was buried at x ⫽ 115 cm, z ⫽ 20 cm,

Figure 7 A scene from a real soil measurement. [Color ﬁgure can be
viewed in the online issue, which is available at www.interscience.wiley.com]

Figure 5(c). During inversion, again a sinc-type interpolation
scheme is employed to map the data in a rectangular grid in kx
⫺ kz domain. After applying the proposed focusing method, the
scattering mechanisms have become more concentrated around the
true location of the pipes. Two major scattering mechanisms are
clearly visible from each pipe. The dominant scattering from the
top of the pipes are very well focused. The creeping wave scatterings as the EM waves travel around the perimeter of the pipes
are also focused well at the bottom of the pipes.
In the second experiment, the horizontal distance between the
metal pipes was reduced to investigate the algorithm’s ability in
resolving close targets. For this purpose, the same thin and thicker
pipes were buried ﬂat at x ⫽ 55 cm, z ⫽ 30 cm and x ⫽ 70 cm, z ⫽
40 cm, respectively [Fig. 6(a)]. We operated the antennas again in
bistatic mode but this time we used a smooth sand surface to
examine the effect of surface roughness to EM wave’s penetration
to the sand medium. The same frequency and spatial parameters
were used as in the previous experiment. The raw GPR image
obtained by taking 1D IFT of the measured spatial-frequency data
as illustrated in Figure 6(b). Following observations could be
easily made from this image: (i) The smoothness of sand surface
affects the EM reﬂection from the air-ground surface as this
particular scattering is highly reduced and almost invisible within
the 20 dB dynamic range of the display. (ii) Since most of the
transmitted energy could penetrate into the homogeneous sand
medium, the scattering from the bottom surface of the pool is also
clearly visible at z ⫽ 70 cm for the whole synthetic aperture of 120
cm. (iii) Scattering from the metal pipes experience the hyperbolic
behavior as expected. The tails of these hyperbolas interact because the pipes are close to each other. (iv) Creeping wave scatterings can also be seen in the image but still demonstrating the
undesired hyperbolic behavior. After applying our f ⫺ k based
SAR algorithm, a well-focused image is obtained as shown in
Figure 6(c). The same interpolation scheme is applied as done
before during mapping. The scattering mechanisms from the pipes
can be clearly distinguished from each other at their true locations
with good resolution in both range and cross-range directions.
4.2. Real Soil Measurements
We conducted a monostatic B-scan experiment with a C-band doubleridged horn antenna in outdoor soil environment to test the effective-
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Figure 8 (a) Conﬁguration of a bottle of water, a pipe and a plate in real
soil; (b) Traditional GPR image (monostatic case); (c) Focused image after
the proposed algorithm. [Color ﬁgure can be viewed in the online issue,
which is available at www.interscience.wiley.com]
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as illustrated in Figure 8(a). During the B-scan process, the backscattering parameter (S11) measurements were taken at 2 cm spacing
along a straight path of 134 cm. At each spatial point, the frequency
of the VNA was stepped between 0.8 and 5 GHz with 8.4 MHz
increments. Since the relative permittivity of the soil is unknown, the
space-time image [Fig. 8(b)] was obtained by simply taking the 1D
IFT of the spatial-frequency data along the frequency axis. The
dominant scattering mechanism from air– ground surface is easily
detected around at t ⫽ 18 ns and seen throughout the whole synthetic
aperture. As expected, the unprocessed GPR image in Figure 8(b) is
unfocused around the buried objects. After applying our algorithm,
well focused images of the three buried objects are successfully
acquired as depicted in Figure 8(c). The same interpolation technique
just as in the previous cases was employed in this study as well. The
dominant scattering mechanisms from buried objects are clearly identiﬁed at their true locations with resolutions in either direction.

10.

11.

12.

13.
14.

15.

5. CONCLUSION

In this work, we presented a frequency domain version of f
⫺ k based SAR focusing technique for B-scan GPR imagery. The
formulation of the algorithm was given in detail. The algorithm is
ﬁrst tested with a set of simulated data obtained by an EM
simulation code. Almost perfect focusing was achieved after applying the proposed technique to the simulated GPR data. The
performance of the method was also checked by laboratory sandpool and outdoor soil experiments. Measured B-scan GPR images
of metallic and nonmetallic objects after applying the algorithm
demonstrate the real performance of the method. The algorithm
successfully focuses any hyperbolic behavior with good ﬁdelity
without distorting any ﬂat behavior such as air-ground interface in
the image. Thanks to sharp focusing feature of the method, resolutions in the new 2D GPR images are so good that even very close
scattering mechanisms can be easily distinguished. This can be
seen from Figures 5(c) and 6(c), where the scattering from the top
of the pipes can be easily discerned from the creeping wave
scattering mechanisms. The necessary interpolation step in the
algorithm is the main source of the numerical noise in the resultant
focused GPR images.
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ABSTRACT: In this article, the dielectric dispersive models in Terahertz range are determined with the classical dielectric theory and genetic algorithm (GA). Four samples’ models, glass, plywood, spruce-
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