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Abstract— Migration can reconstruct the geometric structure
of a subsurface object from the ground penetrating radar (GPR)
data. However, a GPR antenna is usually simplified as an ideal
point/line source of normal migration algorithms, which ignore
the influence of the antenna radiation pattern in subsurface
soil. In this letter, the back-propagation algorithm is corrected
with the analytical half-space far-field radiation pattern of an
infinite line source. The superiority of this modified migration
algorithm is verified through numerical, laboratory, and field
experiments. The results show that the undesired diffractive
artifacts at the target edges can be suppressed, while reserving the
reflection amplitude in the migrated images with antenna pattern
correction, compared with the conventional back-propagation
and Kirchhoff algorithms.

Index Terms— Antenna radiation pattern, back-propagation,
ground penetrating radar (GPR), Kirchhoff migration,
migration.

I. INTRODUCTION

ROUND PENETRATING radar (GPR), as a recognized

geophysical method utilizing high-frequency electromag-
netic (EM) waves [1], has been widely applied in various
fields, such as civil engineering [2], landmine and utility
detection [3], [4], and space exploration [5]. Due to the
wide beamwidth of a GPR antenna and the target scattering,
the recorded raw GPR profile is far from the actual geometry
of a complicated subsurface structure. Migration, which is
initially used for seismic data processing, can move oblique
layers to their true subsurface positions, collapse the diffrac-
tion, and enhance the spatial resolution [6] and, thus, becomes
a common GPR processing tool.

Various migration algorithms, such as diffraction stack [7],
Kirchhoff migration [8], back propagation [9], phase shift
migration [10], Stolt migration [11], and reverse time migra-
tion (RTM) [12], have been applied to GPR data processing.
Recent advances in GPR migration algorithms have increased
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its ability to image complex subsurface structures. An aut-
ofocusing technique based on a generalized multilayer Stolt
migration was proposed to estimate geometries of subsurface
oblique layers [13]. Zhuge et al. [14] modified the Kirchhoff
migration algorithm for multiinput multioutput array-based
radar imaging in both the free space and underground space.
Liu et al. [15] proposed a frequency-domain RTM algorithm
based on layered medium Green’s functions, which greatly
reduces the computational cost by a magnitude of two orders.
Feng et al. [16] presented a polarimetric migration method
for GPR imaging, which is able to classify the geometries
of subsurface targets. Zhu et al. [17] modified the RTM
algorithm to compensate the GPR data attenuation. In these
scalar migration algorithms, GPR antennas are simplified as an
ideal point source in 3-D cases or a line source in 2-D cases,
from which EM waves are radiated equally in all directions.
However, the radiation pattern of a dipole or a real GPR
antenna lying horizontally on the interface of a half-space is
far from that of an omnidirectional antenna in free space [18].

For an infinitesimal dipole and an infinite line source
horizontally lying on the interface of a half-space, their
far-field radiation patterns in subsurface can be calculated by
an analytic solution [18], [19]. For a realistic GPR antenna, its
radiation pattern can be obtained by numerical modeling [20]
or a well-designed laboratory experiment [21], [22]. The
accuracy of imaging reconstruction by microwave tomography
has been verified to be improved through taking into account
of the simulated GPR antenna pattern [20]. A vector phase
shift migration algorithm that accounts for the radiation char-
acteristics of a dipole antenna through calculating the Green’s
functions has been proposed and can improve the imaging
quality of dipping layers [23], [24]. However, the evaluation
of the Green’s functions is computationally expensive. The
far-field radiation pattern of a horizontal dipole [18] is explic-
itly incorporated into the Kirchhoff migration algorithm [8],
but its effect requires further discussion.

In this letter, the influence of antenna radiation pattern
on migrated images is investigated. Specifically, the back-
propagation algorithm is corrected by incorporating the
half-space far-field radiation pattern of an infinite line
source [19], and the benefit is validated through numeri-
cal, laboratory, and field experiments. The rest of this let-
ter is organized as follows. The migration algorithm with
antenna radiation pattern correction is introduced in Section II.
Section III presents the experimental results and is followed
by the conclusions in Section IV.

II. METHODS

We use a modified back-propagation algorithm, which is
integrated with a simple correction factor of the half-space
far-field antenna radiation pattern in subsurface, to investigate
its effect on the migration results. The modified algorithm,

1558-0571 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.


https://orcid.org/0000-0003-4494-1075
https://orcid.org/0000-0002-3411-5573

3500805

LRX

P(x2)

N

Fig. 1. Schematic of the back-propagation algorithm with antenna radiation
pattern correction.

as well as the Kirchhoff migration algorithm, is introduced in
this section.

A. Migration With Antenna Pattern Correction

A schematic illustration of back-propagation algorithm with
antenna radiation pattern correction is shown in Fig. 1. A bista-
tic measurement mode is considered, and the transmitter and
receiver lay on the interface of a homogeneous half-space.
Thus, the two-way travel time of the reflected signal from the
transmitter to an arbitrary imaging point in subsurface and
back to the receiver is given by

Lty + Lgx
t(x,z):%
Vi —x)?+ 224+ Vo —x)* + 22

= (1)

1

where v is the propagation velocity of GPR waves in the sub-
surface medium, Lty and Lgy are the downward and upward
paths of reflected signal from the imaging point P(x, z),
respectively, and xt and xg are the horizontal coordinates of
the transmitter and receiver, respectively.

When a common-offset GPR antenna moves along a survey
line on the ground surface, the travel time—distance trajectory
of a point reflection is approximately a hyperbolic curve.
A conventional back-propagation algorithm assumes that the
source radiates energy equally in all directions and focuses the
image by stacking the energy along the hyperbolic trajectory
using the following equation:

n
S(x,y) =Y Ei(ti(x,2) ©)
i=1
where E;(;) is the amplitude of GPR signal recorded at the
ith station (antenna position) at the two-way travel time ¢;,
which is given by (1).

The modified migration algorithm considers a normalized
antenna radiation pattern as a weight coefficient. As illustrated
in Fig. 1, the view angles of each imaging point relative to
the transmitter and receiver are known and the corresponding
weight coefficients can be obtained from the radiation pattern.
Thus, the back-propagation algorithm with an antenna pattern
correction is given by

n
Sapc(x, y) =Y fri - fri - E;(ti(x,2)) 3)

i=1
where fr; and fr; are the correction factors corresponding the
radiation patterns of the transmitter and receiver, respectively.
When the GPR antenna is at the ith station, the correc-
tion factors can be obtained from a known radiation pattern
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Fig. 2. Radiation patterns of an infinite line source lying on a homogeneous
air—soil model, of which the relative dielectric permittivity of soil is 3.5, 6.0,
and 9.0.

according to the angles between the ray paths and the vertical
direction illustrated in Fig. 1. The method to obtain the antenna
radiation pattern is introduced in Section II-B.

B. Antenna Radiation Pattern

As mentioned above, the radiation pattern of a GPR antenna
can be modeled by a full-wave simulation or measured in
laboratory. However, we know that the GPR antennas usu-
ally operate in the proximity of the ground surface. Thus,
the antenna radiation pattern is strongly affected by the dielec-
tric properties of the subsurface soil, which greatly changes
in different environments. The simulation or measurement of
GPR antenna radiation patterns in different conditions would
be time consuming and labor consuming. Without losing
generality, the analytical solution of the half-space far-field
radiation pattern of an infinite line source is used to calculate
the pattern correction factors in (3), and its expression is
given by [19]

2
A- (n00520 —cosf -V 1— nzsinzﬁ)

(=0 <0 <6.)

0) = 4
1©) A (n200s49 + cos?0 - V/n?sin%0 — 1) )

(—£<¢9<90,(9€<9<£)
2 -~ - T2

where A = (wpol?/4zp)(n*/(n* — 1)2), o is the angular
frequency, I is the exciting current, n = +/(eo/€) is the
refractive index, 6, = sin’l(l/ n) is the critical angle, 8 is the
angle between the propagation direction and the vertical axis,
and ¢ is the dielectric permittivity of the subsurface soil. It is
noteworthy that the analytical solution is frequency invariant.

Fig. 2 shows the H -field radiation patterns of an infinite line
source calculated by (4), when the relative permittivity of the
subsurface soil is 3, 6, and 9. We can see that most energy is
radiated into the subsurface soil and the ratio increases with the
soil permittivity. The pattern in subsurface has two lobes, and
the maximum radiation direction corresponds to the critical
angle [19].

C. Kirchhoff Migration

In order to validate the effectiveness of modified back-
propagation algorithm with antenna radiation pattern correc-
tion, we also briefly introduce the Kirchhoff migration as a
reference. The formulation of 2-D Kirchhoff migration can be
expressed by [25]

1 <~ cosO o
P(x,z)=g;malfi(ti(x,z)) 5)
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Fig. 3. Simulation model in the numerical experiment.
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Fig. 4. Numerical experiment results. (a) Simulated raw GPR B-scan profile
and migrated images by (b) conventional back propagation, (c) modified
back propagation with antenna radiation pattern correction, and (d) Kirchhoff
migration.

where R = Lix + Lgrx is the two-way travel path. The
inclination factor cosf approximates the amplitude change
with the radiation direction [3]. Therefore, Kirchhoff migration
can be considered to have integrated a simple correction of
the antenna pattern, of which the maximum amplitude is in
the vertically downward direction [8]. Note that the half time
derivation will introduce a 45° phase shift in the 2-D Kirchhoff
migration. However, we omit the time derivation for a fair
comparison with the back-propagation migration.

IIT1. EXPERIMENTS AND RESULTS

In this section, we present the results of a numerical
experiment, a laboratory experiment, and a field experiment
to verify the performance of the proposed modified migration
with antenna radiation pattern correction, compared with the
conventional back-propagation algorithm and the Kirchhoff
migration.

A. Numerical Experiment

As shown in Fig. 3, the 2-D simulation model consists of
two media with a stair-stepping interface and an air void buried
in Medium 2. The GPR antenna on the ground surface is
simulated as an infinite line source, of which the polarization
is in the y-direction. The radiation pattern of the line source
in the first subsurface layer (Medium 1) is accurately depicted
in Fig. 2 by (4). The source excitation is a Ricker wavelet
with a central frequency of 400 MHz. A common-offset GPR
data set is simulated by the finite-difference time-domain
(FDTD) method. As shown in Fig. 4(a), two strong hyperbolic
reflections from the top and bottom of the air void can
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Fig. 5. Comparison between the GPR traces over the simulated air void
migrated by Kirchhoff migration and the proposed algorithm.

be observed. However, the actual geometry of the subsurface
structure can be hardly interpreted from the raw GPR profile.

The GPR images migrated using a homogeneous velocity
model are shown in Fig. 4(b)—(d). In the reconstructed image
by the conventional back-propagation algorithm in Fig. 4(b),
the inclined interface has been moved to its actual position
and the top of the rectangular air void is well focused.
The bottom of the void is over migrated to be a “smile,”
because the velocity in Medium 1 is used for migration,
which is different from those in air and Medium 2. However,
we can still see strong diffractive artifacts at the top corners
and of the void. In contrast, these diffractive artifacts have
been well suppressed in the migrated image by the modified
back-propagation algorithm with antenna pattern correction in
Fig. 4(c). The reconstructed image in Fig. 4(d) shows that
Kirchhoff migration can also suppress the diffractive artifacts
at the corners but reduces the intensity of the target reflection,
compared with Fig. 4(c). Comparison between the GPR traces
over the simulated air void further demonstrates that Kirchhoff
migration results in a smaller reflection amplitude, compared
with the proposed algorithm, as shown in Fig. 5. Therefore,
inclusion of an accurate correction of the antenna pattern in
the back-propagation algorithm can improve the migration
accuracy, while preserving the amplitude information.

A contrast metric is introduced to quantitatively evaluate
the imaging quality of reconstructed images. It is expressed
by [26]

2
\/Z:‘n:l Z?=1{|u(x,-, Zj)|2 — a(x;, Zj)}
C =
S Y fu Zj)}4

where m and n represent the pixel number of rows and

columns in the migrated image, u(x;, z;) is the amplitude of
the pixel, and a(x;, z;) is given by

m n 4

X St 2l &
mn

The migrated image corresponding to larger value of con-

trast metric is considered to have a better migration perfor-

mance. The contrast metric of Fig. 4(b)—(d) is 1.10, 1.18, and

0.99, respectively. It means that the antenna pattern correction
improves the imaging quality.

(6)

a(xi,Zj) =

B. Laboratory Experiment

A laboratory experiment was carried out to further verify the
effectiveness of the antenna pattern correction for migration
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Fig. 7. Laboratory experiment results. (a) Recorded GPR raw B-scan profile
and migrated images by (b) conventional back propagation, (c) modified
back propagation with antenna radiation pattern correction, and (d) Kirchhoff
migration.

when it is applied to GPR data measured by a real antenna.
The experiment was conducted on a sandpit, which has a depth
of 60 cm. The relative permittivity of the dry sand is about 3.5.
Two plastic pipes, an air void, and two metal pipes were buried
in the sand, as shown in Fig. 6. The rectangular air-filled void
is made of glass with a dimension of 20 cm x 10 cm x 10 cm.
GPR data were recorded using a commercial GPR system with
a 2-GHz bowtie antenna. Parallel GPR survey lines were set
on a plastic plate to avoid the spin of the distance-measuring
wheel equipped on the antenna on the sand surface and to
ensure that the antenna move along a straight line. Gridded
3-D GPR data were acquired on a survey area of 175 cm X
110 cm with 55 survey lines.

The raw GPR profile collected on the survey line over the
middle of the air void is shown in Fig. 7(a). The hyperbolic
reflection from the buried pipes and the horizontal reflection
from the bottom of the sandpit can be clearly identified. For
the air void, two intersecting hyperbolic reflections from the
two edges of its top surface and a hyperbolic reflection from its
bottom surface can be observed. Nevertheless, the shape of the
air void can hardly be identified. The GPR images migrated
using a homogeneous velocity model (v = 0.162 m/ns) are
shown in Fig. 7(b)—(d). In the reconstructed image by the
conventional back-propagation algorithm in Fig. 7(b), the rec-
tangular shape of the air void is well presented. However,
undesired diffractive artifacts form the corners of the air void
show up. The diffractive artifacts from the focused spot of the
metal pipe on the right are also observed. In contrast, these
diffractive artifacts have been suppressed to a certain extent
in the migrated image by the modified back-propagation algo-
rithm with the antenna radiation pattern correction in Fig. 7(c).
Compared with Fig. 7(c), the reconstructed image in Fig. 7(d)
shows that Kirchhoff migration can also suppress the diffrac-
tive artifacts at the corners but reduces the reflection intensity
of the target reflection. The comparison between GPR traces
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Fig. 8. Comparison between the GPR traces over the air void migrated by
Kirchhoff migration and the proposed algorithm.
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Fig. 9. Horizontal slices reconstructed by back-propagation migration
(a) without and (b) with the antenna radiation pattern correction.

over the air void in Fig. 8 further verifies that the proposed
algorithm can obtain stronger reflection energy compared with
Kirchhoff migration. Contrast metric of Fig. 7(b)—(d) is 1.45,
1.51, and 1.33, respectively. Hence, we can conclude that the
imaging accuracy can be improved after the antenna radiation
pattern correction.

Through reconstructing all the 55 GPR profiles by 2-D
migration, a 3-D cube of migrated GPR data is obtained. Two
horizontal slices at different depths are shown in Fig. 9. At the
shallow depth, the geometric shapes of tin two pipes and the
air cavity can be clearly discriminated. It should be noted that
the air cavity is better focused with an improved contrast in
the migrated image with antenna radiation pattern correction
in Fig. 9(b), compared with that in Fig. 9(a). As a result, it is
easier to interpret its shape and size. Therefore, it is concluded
that the correction of the half-space far-field radiation pattern
of an ideal infinite line source in subsurface is also effective
for a real GPR antenna. The reason is that most GPR systems
use resistively loaded dipole, bowtie, or horn antennas, which
can be considered as a type of broadband dipole antenna and
have a similar radiation pattern in subsurface with an infinite
line source.

C. Field Experiment

The proposed method is further validated by a field exper-
iment. A GPR profile was acquired using a commercial GPR
system with a 400-MHz antenna over a buried plastic water
pipe under a paved road on campus. The depth to the top of
the pipe and its diameter are 50 and 30 cm, respectively. After
data preprocessing including zero-time correction, bandpass
filtering, background removal, and gain, the original GPR
profile is shown in Fig. 10(a). A hyperbolic reflection from the
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Fig. 10. Field experiment results. (a) Recorded GPR profile and migrated
images by (b) conventional back propagation, (c¢) modified back propagation
with antenna radiation pattern correction, and (d) Kirchhoff migration.

buried pipe can be clearly discerned, although strong clutters
also exist.

The GPR images migrated using a homogeneous velocity
model (v = 0.068 m/ns) are shown in Fig. 10(b)—(d). In the
reconstructed image by the conventional back-propagation
algorithm in Fig. 10(b), the top surface of the buried pipe is
well focused. However, a number of upward-opening hyper-
bolic artifacts show up. After the antenna pattern correction,
these artifacts are well suppressed in Fig. 10(c). The Kirchhoff
migration can also suppress these artifacts but sacrifices the
amplitude of the pipe reflection in Fig. 10(d). Contrast metric
of Fig. 10(b)—(d) is 1.10, 1.26, and 1.15, respectively. Thus,
we conclude that the proposed migration with antenna radia-
tion pattern correction is effective in a GPR field experiment.

IV. CONCLUSION

In this letter, the influence of the antenna radiation pattern
on GPR migration is investigated by integrating the subsurface
pattern of an infinite line source lying on the ground surface
into the back-propagation algorithm. Based on the numerical,
laboratory, and field experimental results, it is concluded that
the imaging accuracy can be improved by introducing the
antenna radiation pattern correction and the correction using
the line source pattern is effective for the real dipole-type GPR
antenna. Compared with the Kirchhoff migration, the proposed
migration method can preserve the amplitude information of
target reflection.
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