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Abstract—Ground penetrating radar (GPR) has been widely ap-
plied to the detection of subsurface elongated targets, such as un-
derground pipes, concrete rebars, and subsurface fractures. The
orientation angle of a subsurface elongated target can hardly be
delineated by a commercial single-polarization GPR system. In this
paper, a hybrid dual-polarimetric GPR system, which consists of
a circularly polarized transmitting antenna and two linearly po-
larized receiving antenna, is employed to detect buried elongated
objects. A polarimetric calibration experiment using a gridded
trihedral is carried out to correct the imbalances and cross talk
between the two receiving channels. A full-polarimetric scatter-
ing matrix is extracted from the double-channel GPR signals
reflected from a buried elongated object. An improved Alford ro-
tation method is proposed to estimate the orientation angle of the
elongated object from the extracted scattering matrix, and its accu-
racy is validated by a numerical test. A laboratory experiment was
further conducted to detect five metal rebar buried in dry sand at
different orientation angle relative to the GPR scan direction. The
maximum relative error of the estimated angles of the buried re-
bars in the migrated GPR images is less than 5%. It is concluded
that radar polarimetry can provide not only richer information
than single-polarization GPR, but also a reliable approach for ori-
entation estimation of a subsurface elongated object.

Index Terms—Azimuth estimation, ground penetrating radar
(GPR), hybrid polarization, subsurface elongated target.

I. INTRODUCTION

ROUND penetrating radar (GPR) has been widely applied
G to detecting and imaging of subsurface elongated targets,
such as buried pipes, cables, concrete rebars, and subsurface
fractures [1]-[4]. Generally, a commercial GPR system employs
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apair of dipole or bowtie antennas, which transmits and receives
nearly linearly polarized electromagnetic waves. Thus, the re-
flection signal from the subsurface elongated object is sensitive
to its orientation direction with respect to the polarization direc-
tion of the transmitting and receiving antennas [5], [6]. When the
antenna polarization direction is perpendicular to the orientation
of the elongated object, the target reflection is weak or even unde-
tectable [7], [8]. To increase the capability of GPR for detecting a
subsurface elongated object, radar polarimetry has been widely
explored. A multicomponent GPR dataset can be acquired by a
repeated survey using different combination of bistatic antenna
arrangement [4], [9]. To increase the coherency of the multi-
component GPR data, a dual-polarization GPR system, which
consists of two couples of dipole antennas at orthogonal polar-
ization, has been applied to elongated target detection [10]. Full
polarimetric GPR systems, which enable the measurement of
the four components of the polarimetric scattering matrix, have
also been developed for subsurface target detection [6], [11]. A
full polarimetric GPR system can not only improve the target
detection accuracy [12], but also classify the geometric infor-
mation of the subsurface target [9], [13]. However, a high-speed
coaxial switch is required in a full-polarimetric GPR system, so
that the system complexity and the data acquisition time are in-
creased. In our previous work, a hybrid dual-polarization GPR
system, which consists of a circularly polarized transmitting an-
tenna and two linearly polarized receiving antennas, has been
proposed for the detection of subsurface elongated objects [2].
This system can simultaneously record the dual-channel GPR
data, from which the scattering matrix of the subsurface reflec-
tion can be extracted. In this paper, we further explore the po-
tential of this GPR system for estimating the orientation angle
of a buried elongated object.

The orientation of a subsurface elongated object can be read-
ily estimated from multiple parallel GPR profiles recorded on
ground surface [14]. However, this method drastically increase
the data acquisition time and can yield inaccurate results when
multiple linear objects are interlaced in subsurface. In a harsh
field environment, it is not easy to acquire multiple parallel GPR
profiles. Various methods have been proposed to classify and
estimate the orientation angle of a subsurface elongated target
from the scattering matrix extracted from the polarimetric GPR
signal. The linearity factor estimated from the eigenvalues of the
scattering matrix can be used to classify rotationally symmet-
ric and elongated objects [11], [15]. An elongated target has a
preferential scattering axis that coincides with its long axis [15].
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The strike direction of a subsurface fracture can be estimated
by minimizing the energy of the cross-polarized components,
which is realized by zeroing the derivative of the energy in the
cross-polarization channel [16]. However, to mitigate the influ-
ence of noise, Capizzi and Cosentino estimate the orientation
angle by maximizing the energy in the two cross-polarization
channels, and the result is obtained from an average of two angles
[17]. To make the angle estimation more stable, the Frobenius
norm of the scattering matrix is used as a criterion for selection
of strong amplitudes in the reflection hyperbola [8]. However,
the orientation angle estimated by these algorithms has an am-
biguity of 90° [9].

Calibration has to be applied to a polarimetric radar system to
ensure that the scattering behavior is faithfully represented. The
purpose of a polarimetric calibration is to estimate and correct
the imbalances and cross talk between the channels delivering
different polarimetric responses. It usually consists of two steps.
The first step is to establish a suitable distortion model and the
second step is to estimate the imbalance and cross-talk parame-
ters by comparing observed data to the theoretical scattering ma-
trix from specially made corner reflectors [18]. Various methods
have been proposed for calibrating full-polarimetric radar sys-
tems [18], [19], as well as hybrid polarimetric synthetic aperture
radar (SAR) systems in the circular transmitting and linear re-
ceiving mode [20], [21], which have a similar architecture with
our hybrid GPR system. These polarimetric calibration meth-
ods are defined in the frequency domain. For an ultra-wideband
radar system like GPR, it is convenient to evaluate the calibration
parameters in the time domain [22].

In this paper, we calibrate the hybrid dual-polarization GPR
system using a gridded trihedral and extract the scattering ma-
trix of the subsurface reflection from the recorded complex time
domain signals in two receiving channels. Then, we extend the
algorithm in [8] to estimate the orientation angle of a buried
elongated object using the Alford rotation method. This pa-
per is organized as follows. In Section II, we introduce the hy-
brid dual-polarization GPR system and the calibration method.
Section III presents the algorithm for orientation angle estima-
tion. The results of a numerical validation of the algorithm and
a laboratory experiment are given in Sections IV and V, and the
conclusion is presented in Section VI.

II. HYBRID DUAL-POLARIZATION GPR SYSTEM
A. Hybrid Dual-Polarization GPR System

Fig. 1 shows the hybrid dual-polarization GPR antenna array,
which consists of a right-hand planar spiral antenna for transmit-
ting and two orthogonally oriented Vivaldi antennas for receiv-
ing radar signals. Based on a vector network analyzer (VNA),
a stepped-frequency GPR system has been established, and it
records GPR signal at 596 frequency samples from 50 MHz to 6
GHz in the frequency domain. Constrained by the employed an-
tennas, the effective frequency bandwidth is from 1.2 to 4.0 GHz
[2]. Utilizing a coaxial switch, two GPR profiles can be recorded
in the two receiving channels by a single scan over a survey line.

Ideally, the circularly polarized electromagnetic waves radi-
ated by the spiral transmitting antenna, i.e., the incident waves,
can be decomposed into two linear components, which are
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Fig. 1. Manufactured hybrid dual-polarization GPR antenna array.

orthogonal to each other and have the same magnitude but 90°
phase difference, as given by

Ty
Ty

1
—J

1

V2

where E'r is the amplitude of the radiated right-hand circu-
larly polarized electromagnetic waves, T’y and Ty, are the de-
composed components in the horizontal and vertical directions,
respectively.

The scattered signals observed by two ideal probes oriented
in the horizontal and vertical directions can be expressed using
the scattering matrix, as given by

M,
RH| SE; —
Mryv

Substituting (1) into (2), the scattered signal recorded by
an ideal hybrid polarimetric GPR system can be expressed as

follows:
Mgn 1 [Sun Suv | |1
=== (B Q)
[MR\/] V2 [SVH SVV] J]

A complex reflection signal in each polarization channel can
be obtained from the data recorded by VNA through inverse
Fourier transformation. Thus, we can calculate the scattering
matrix from the amplitude of the reflection signals in the time
domain acquired by the hybrid polarimetric GPR system. In
reality, an ideal antenna does not exist. Thus, system errors, such
as channel imbalance and cross talk, are unavoidable. Ignoring
noise, the measured radar signals in the two linear polarization
channels can be expressed as [20]

]
1Te @
—J

Mpu| 1 |1 b2 |Sun Suv
Mry V2 |6 f||Sva Svv
where Mgy and Mgy are the analytical reflection signals
recorded in two receiving channels by VNA, Suy, Suv, Svi
and Syv are the full-polarimetric components of the scattering

matrix, d1, do are the cross-talk parameters, and f'is the channel
imbalance.

E; = = Er (D

@

S S
e Sy | B
Sva Svv

B. Polarimetric Calibration

A polarimetric calibration method using a gridded trihedral
has been successfully applied to a hybrid polarimetric SAR
system [20]. We extend this method to calibrate our hybrid
dual-polarization GPR antenna array in the time domain. The
geometry of the gridded trihedral calibrator is shown in Fig. 2.
Let the radar illuminate electromagnetic waves towards the
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ground

Fig. 2.  Geometry of the gridded trihedral for calibrating the hybrid dual-
polarization GPR antenna array.

corner of the trihedral, o and [ respectively denote the yaw
and roll relative to the flight direction of radar waves reflected
from the trihedral back to the radar. Assuming the antennas
under test are in the far field, the scattering matrix of the GPR
reflection from the gridded trihedral is represented by

cos? 3 —sinacos asin
Sgt = : . 9 .9 )
—sinacosasinf  cos” «a - sin® (3

Let Sy;1 and Sg2 denote the scattering matrices of the gridded
trihedral calibrator under two special conditions, i.e., when 8 =
90°, @ = 0° (horizontal grid) and 5 = 0°, a = 0°(vertical grid)
respectively, and they can be given by [23]

00 10
Sgt1: 01 Sgt2: 00 . (6)

By substituting (6) into (4), we obtain the channel imbalance
and the cross talks as

Miy My
51 = Mgtl 62 = ngtl
RH RH
Mgt2
1
Tr = V2M{y J =35 (7
RH

Mg} , MFg{ﬁ, Mg? , and Mﬁt}% are the measured scattering vec-
tors at the arriving time from the horizontal (gt1) and vertical
(gt2) gridded trihedral calibrator received by the two orthogo-
nal linearly polarized (H and V) channels. The arriving time is
evaluated by the maximum amplitude of signal reflected from
the horizontal gridded trihedral in the H channel.

Substituting (7) in (4), the calibrated scattering vectors can be

obtained
. 1
M'ru _ |Sur —JjSnv| @ Mgu| |1 02
M'gry Svu — jSvv Tr |Mgpy| |61 f

®)

where Mpy and M, are the calibrated scattering vectors.
Therefore, we obtain the calibrated scattering matrix of the GPR
signal reflected from the subsurface target as

g_ Sun SHV] _ [real(MRH) —imag(M'RH)] o

Sva Svv real(M'ry) —imag(M'ry)
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III. ORIENTATION ANGLE ESTIMATION

A. Orientation Estimation by Alford Rotation

The Alford rotation transformation [24] is applied to the ex-
tracted scattering matrix of the reflected GPR signal to estimate
the orientation of the buried elongated target, and its expression
is given by

E = RSR7, where (10)
cosf) sinf

R = ) (11)
—sinf cos6

where 6 is the anti-clockwise angle from the orientation of the
GPR antenna in the horizontal polarization channel (parallel to
the survey line) to the orientation of the buried elongated object,
as illustrated in Fig. 1. The range of @ is from 0° to 180°.

The meaning of the Alford rotation transformation is a math-
ematical rotation of the measurement frame to investigate the
target’s response as a function of the polarization direction. Af-
ter collecting GPR data in just four different polarimetric con-
figuration, i.e., HH, HV, VH, and VV, we can calculate the GPR
response for any orientation angle of the antenna. The reflection
signals in four different polarization channels after the Alford
rotation transformation can be represented by

Fan=cos? 0 - Suyp+sin® 0 - Syv+0.5sin 26 - (Sva + Suv)
By =cos? 0 - Siy — sin 0 - Sy +0.5sin 20 - (Svyv —Skn)
By =cos? 0 - Syy — sin? 0 - Sy +0.5sin 20 - (Svyv —Sun)
Fyy =cos? 0 - Syvy+sin? 0 - Sgpp — 0.5sin 26 - (Syu+ Siv)-

(12)
Take derivative of Eyy with respect to 6
d(E
% = (SVV — SHH) sin 260 + (S\/H + SH\/) cos 26.

(13)

Making zero the derivative above, the reflection amplitude

in the co-polarized channel reaches to maximum, and we can

estimate the angle between the antenna and target orientation by
(8]

(14)

1 (SHV + SVH)
0= iarctan —_— .

Sun — Svv

It is noted that the estimated orientation angle above ranges
from —45° to 45°, and has an ambiguity of 90°. It is proved that
the reflection amplitude of the cross-pol component is negative
when the anti-clockwise angle from the orientation of the survey
line to the orientation of the elongated target is in the range of
0°-90°, and positive in the range of 90°-180° [9]. Making use
of this property, we can eliminate the ambiguity and estimate
the orientation angle of the target relative to the survey direction
by

Htar = 9, (9 > 0, SVH < 0)
Orar =0+, (0 <0,Syn > 0)
Otar = 0 + %, (others).

s)

Therefore, the range of 6, is from 0° to 180°.
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Fig. 3. Geometry configuration for the bi-static radar migration.

B. Migration Algorithm

Migration, also called SAR processing, of a GPR image can
reconstruct the geometric shape, and benefit the detection and
location of a subsurface object. Thus, we apply a simple back
projection (BP) algorithm to the recorded GPR image before
estimating the orientation angle of the buried elongated object.
Since the employed hybrid GPR antenna array operates in an off-
ground mode, a half-space model is used for the BP migration,
as shown in Fig. 3. The GPR antennas are simplified as a point
source at their phase centers. For the planar spiral transmitting
antenna, its phase center locates at the feeding point. For the
Vivaldi receiving antenna, its phase center is measured at the
20 mm away from the antenna opening end on the symmetric
axis [25]. The two-way travel-time of a subsurface reflection
includes two parts, i.e., the downward and the upward ray paths.
For each ray path, a refraction occurs on the ground surface, and
it satisfies Snell’s law by

sin91
_— /Er

1
sin 0 (16)

where ¢, is the relative permittivity of the subsurface medium.
A direct solution of the refraction point is not easy, since it
is quartic equation [26]. Therefore, we calculate the refraction
point of each ray path by an iterative method. The two-way
travel-time of the signal reflected from the subsurface imaging
point (x, z) in the ith GPR trace can be calculated by

_ TTA T TRA 1S + TRS
Ti(z,2) = - +eér -

a7

where ¢ is the velocity of electromagnetic waves in vac-
uum, rta and rga are lengths of the downward and up-
ward paths in air, respectively, and rrg and rrg are those in
the subsurface medium. The reconstructed GPR image can be
obtained by

N
I(z,2) = ZAZ-(TZ-(;U,Z)) (18)

where A;(7) is the amplitude of the ith recorded GPR signal at
7, and N is the total number of the GPR traces along the survey
line.
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Fig. 4. 3-D schematic view of the numerical model.
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Fig.5. Decomposed GPR signals in four different polarization channels from
the simulated two traces. The arrival time of the reflected signal is indicated by
a red point.

IV. NUMERICAL VALIDATION

A numerical simulation is conducted to validate the accuracy
of the proposed algorithm for orientation estimation using the
Alford rotation transformation. The model is shown in Fig. 4.
Three rebars with a diameter of 16 mm are oriented at 30°, 90°,
and 150° with respect to the —x-axis in the xz plane, respectively.
The distances from the source to the three rebars are 40, 90,
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and 120 cm, respectively. The background medium is air, and
the targets are illuminated by a circularly polarized plane wave
source. Two probes respectively in the x (H) and z (V) directions
record the reflected signals from the metal pipes. Using (7), the
recorded GPR signals can be decomposed into four traces in
different polarization channels, which are shown in Fig. 5. We
can find the signals in the two cross-pol channels, i.e., Sgy and
Svi, are the same due to the reciprocity. The arrival times of
signals reflected from the three rebars are picked from the point
of maximum absolute amplitude, and they are about 3.3, 6.7,
and 8.7 ns, respectively. The amplitude of the reflected signal in
each channel is picked from the time of arrival and a polarimetric
scattering matrix is obtained from each reflection.

Fig. 6 shows the polar diagram of the amplitudes of three
reflection signals in four different polarization channels after the
Alford rotation transformation of the scattering matrix. We can
find that the co-pol amplitudes are related with Exx(0) = Evy
(6 + 90°), and that the cross-pol amplitudes are the same due to
the reciprocity principle. The small visible difference between
the cross-pol amplitudes is caused by the numerical dispersion
error. The orientation angles of the three pipes, which maximize
the HH component as indicated by an arrow, are estimated to be
30.1°,92.5° and 149.9°, indicating a high accuracy. The relative
large error observed for the 90° rebar is caused by the numerical
dispersion error, which leads to a small difference between the
signals in the two cross-pol channels.

V. LABORATORY EXPERIMENTS

First, we conducted an experiment in an anechoic chamber to
calibrate the hybrid GPR antenna array using a gridded trihe-
dral, as shown in Fig. 7. The grid of the trihedral was oriented
horizontally and vertically, sequentially and the distance from it
to the antenna array is 0.9 m. The reflected signal was recorded
by the two receiving Vivaldi antennas.

From (7) we calculated the two cross-talk parameters, i.e.,
61 =1.99 — j0.71 and 65 = —5.59 — j0.86, as well as the
channel imbalance parameter as f = 0.27 — j0.19. Then, these
parameters are input into (8) for polarimetric calibration of the
hybrid GPR antenna array.

Then, a laboratory experiment was carried out in a sand pit
to further verify the accuracy of the hybrid polarimetric GPR
system and the proposed method for estimating the orientation
angle of a buried elongated object. A metal rebar, which has a
diameter of 8 mm and a length of 1.2 m, was buried at a depth
of about 15 cm in dry sand at five different orientation angles
relative to the GPR survey line. The antenna array is placed at a
height of 5 cm above the sand, as illustrated in Fig. 8. Fig. 9 shows
the experimental setup. The antenna array was amounted onto
a three-dimensional scanning system. GPR signal was recorded
along a 1.3 m survey line at a step of 1 cm. The metal rebar was
sequentially buried in the sand at an orientation angle of 25.6°,
61.9°, 87.9°, 123.8° and 147.2° with respect to the survey line.
The actual orientation angle was estimated by a simple distance
measurement with the Pythagorean equation.

The recorded GPR images after pre-processing are shown in
Fig. 10(a)—(f) and the migrated ones are shown in Fig. 10(f)-(j).
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Fig. 6. Polar diagram illustrating the reflection amplitude in four different
polarization channels after the polarization rotation of (a) the first rebar, (b) the
second rebar, and (c) the third one.

Due to the limited space, only data recorded in the VV channel
after polarimetric decomposition and calibration are shown. Af-
ter migration, the hyperbolic signature of the buried rebar has
been focused, especially for the third one with an orientation
angle of nearly 90° with respect to the survey direction. The
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(b)

Fig. 7. Photos illustrating the calibration experiment by a gridded trihedral
with two different orientation, i.e., (a) horizontal gridded trihedrall with 5 =90°
and o =0° (gt1), and (b) vertical gridded trihedral with 8 = 0° and oo = 0° (gt2).

%
% Survey line

(a)

Survey line

Ll
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S5cm

15¢cm
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Fig. 8. Geometry of the laboratory experimental setup. (a) Plan view.
(b) Vertical section.

migrated images of other rebars are less focused, because the
rebar has a longer cross section in the vertical sensing plane.
Since the orientation angle estimation becomes very unstable
for small amplitude in noisy data [8], the orientation angles
are evaluated at strong reflection points, at which the ampli-
tude of the reflection signal in the VV channel is larger than
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Fig. 9. Photo of the laboratory experiment using the proposed hybrid

dual-polarimetric GPR system. The metal rebar was buried at a depth of 15 cm
in the sand.
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Fig. 10. Recorded GPR profiles from the buried rebar at the direction of
(a) 25.6°, (b) 61.9°, (c) 87.9°, (d) 123.8°, and (e) 147.2°. Panels (f—j) show
the migrated profiles with the corresponding angles. The estimated orientation
angle of the buried rebar is visualized by a color code.
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TABLE I
ORIENTATION ANGLES AND THE CORRESPONDING ERRORS OF THE BURIED METAL REBARS IN THE LABORATORY EXPERIMENT

Before migration

After migration

Real angle Estimated angle Error Estimated angle Error
25.6° 22.1° 3.5°(13.7%) 26.4° 0.8° (3.1%)
61.9° 67.2° 5.3° (8.6%) 64.9° 3.0° (4.9%)
87.9° 82.3° 5.6° (6.4%) 84.5° 3.4° (3.9%)
123.8° 119.8° 4.0° (3.2%) 124.9° 1.1° (0.9%)
147.2° 154.5° 7.3° (5.0%) 148.8° 1.6° (1.1%)

70% of the strongest one. From the relative phases of the signals
in the four decomposed polarimetric channels at those points,
we can estimate the orientation angles using the Alford rota-
tion method. The averaged value is obtained as an output for
each detected rebar and the results are given in Table I. We can
see that the estimated orientation angles have high accuracy.
The maximum relative error of the estimated orientation angle
of the buried rebar from the GPR image before migration is
less than 14%, and that from the migrated GPR images is less
than 5%.

VI. CONCLUSION AND DISCUSSION

In this paper, a hybrid dual-polarization GPR system is em-
ployed to detect a subsurface elongated target. This system is
composed of a circularly polarized transmitting antenna and
two linearly polarized receiving antennas. A polarimetric cal-
ibration experiment using a gridded trihedral is conducted to
reduce the channel imbalance and cross talk between the two
receiving channels. A full-polarimetric scattering matrix can be
extracted from GPR reflection signals recorded in the two re-
ceiving channels. From the calibrated scattering matrix of the
subsurface reflection signal, an improved algorithm based on
the Alford rotation transformation is applied to estimate the ori-
entation angle of a buried elongated target with respect to the
survey direction. The results of the numerical test validate that
the proposed algorithm can estimate the orientation angle of a
subsurface elongated target with a high accuracy, and the 90°
ambiguity of the estimated angle has been eliminated. From the
laboratory experiments, we can find that the orientation direc-
tion of a metal rebar buried in sand can be accurately estimated.
The maximum relative error of the estimated orientation angle
of the buried rebar from the GPR image before migration is less
than 14%, and that from the migrated GPR images is less than
5%. Migration can not only focus the hyperbolic reflection from
the buried elongated object, but also improve the accuracy of
the orientation estimation. It is concluded that radar polarimetry
can provide richer information than single-polarization GPR,
which provides a reliable approach for orientation estimation of
a subsurface elongated object.

There are some limitations of the proposed technique for ori-
entation estimation. It only works for buried conductive cylin-
ders with a diameter that is small compared to wavelength. When
the diameter of a subsurface cylinder is larger than the nominal
wavelength of GPR, the depolarization capacity of the cylinder

is decreased [6] and the orientation estimation method may be
inapplicable. The technique will also produce incorrect results
for small diameter plastic cylinders, since the reflection is very
weak and overwhelmed by noise and/or clutter.
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