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Abstract—Polarimetric technology has been one of the most
important advances in microwave remote sensing during recent
decades. H-alpha decomposition, which is a type of polarimetric
analysis technique, has been common for terrain and land-use
classification in polarimetric synthetic aperture radar. However,
the technique has been less common in the ground penetrating
radar (GPR) community. In this paper, we apply the H-alpha
decomposition to analyze the surface GPR data to obtain po-
larimetric attributes for subsurface target classification. Also, by
combining H-alpha decomposition and migration, we can obtain
a subsurface H-alpha color-coded reconstructed target image,
from which we can use both the polarimetric attributes and the
geometrical features of the subsurface targets to enhance the
ability of subsurface target classification of surface GPR. A 3-D
full polarimetric GPR data set was acquired in a laboratory
experiment, in which four targets, a scatterer with many branches,
a ball, a plate, and a dihedral scatter, were buried in dry sand
under flat ground surface, and used to test these techniques.
As results, we obtained the subsurface H-alpha distribution and
classified the subsurface targets. Also, we derived a subsurface
H-alpha color-coded reconstructed target image and identified all
four targets in the laboratory experiment.

Index Terms—Classification, ground penetrating radar (GPR),
H-alpha decomposition, imaging, migration, subsurface targets.

I. INTRODUCTION

G ROUND penetrating radar (GPR) is a type of electromag-
netic (EM) technique designed primarily for the detection

of objects or interfaces buried beneath the earth’s surface or lo-
cated within a visually opaque structure. The general objective
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of GPR signal processing, including migration, is to present an
image that can readily be interpreted or to distinguish the target
[1]. The migration technique, which essentially reconstructs the
target reflector surface image from the record data [1], [2], has
been well developed in seismic data processing. A number of
different migration methodologies, for example, reverse time
migration [3]–[5], F-K migration [6], and Kirchhoff migration
[7]–[9], have been applied successfully to a range of different
GPR applications. Depending on the geometrical features of the
subsurface reconstructed image achieved by the migration tech-
nique, we can possibly distinguish subsurface targets. However,
it is not always easy to identify subsurface targets directly using
only the image because different targets may have a similar
image.

Other attributes, which may be either directly sensitive to the
desired geologic feature or sensitive to the physical property
of interest, can help us visually enhance or quantify features
of interpretation interest. Recently, attribute analysis methods
have begun to be used in GPR prospecting [10]. A number of
papers have shown that the methods can be successfully applied
to detect different subsurface targets, including soil dielectric
permittivity [11], archaeological objects [12], [13], faults [14],
fluid [15], [16], and contaminant [17].

Polarization is also a type of useful attribute of an EM
wave and can enhance the classification ability. Polarimetric
technology has been one of the most important advances in
microwave remote sensing during recent decades [18], [19]. Re-
cently, the polarimetric GPR, including polarimetric borehole
radar [20]–[22], has been developed, and polarimetric signal
analysis has been applied to identify subsurface fractures [20],
[21], [23], pipes [24], and unexploded ordnance [25], [26].

The polarimetric decomposition technique, which can extract
a polarization attribute, is a type of polarimetric analysis tech-
nique. The technique has been common for terrain and land-
use classification in polarimetric synthetic aperture radar (SAR)
[27]. However, it has been less common in the GPR commu-
nity. H-alpha decomposition, which is a type of polarimetric
decomposition method, is based on the Kennaugh matrix [28].
Two features derived from this decomposition, H, which is
a global measure for the distribution of the components of a
scattering process, and alpha, which represents a wide variety
of different scattering mechanisms, are keys for the application
of the method to classification [21], [28].

In this paper, we apply the H-alpha decomposition to sur-
face GPR for subsurface target classification. Combining the
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migration technique with the H-alpha decomposition, we also
develop a signal processing technique to enhance the subsurface
image and improve the classification ability of GPR. We applied
the method to 3-D full polarimetric GPR data collected in the
laboratory to test the method. All four targets in the laboratory
experiment, a scatterer with many branches, a ball, a plate, and
a dihedral scatter, were distinguished.

II. METHODOLOGY

Because the subsurface target can change the polarization
of the scattered wave to be different from the polarization of
the incident wave, the receiving antenna of a full polarimetric
GPR must be designed to receive the different polarization
components of the EM wave. At the same time, to gener-
ate EM waves with different polarizations, the transmitting
antenna needs to generate signals with components in three
orthogonal or basis polarization directions. Therefore, a full
set of scattered radar measurements comprise nine compo-
nents, which are configured by combining three orthogonal
(X,Y,Z) transmitting antennas and three orthogonal (X,Y,Z)
receiving antennas. However, generally, only antennas in the
X-Y plane are really used in GPR surveys. Consequently, the
two most common basis polarizations are horizontal linear
(H) polarization and vertical linear (V) polarization in the
X-Y plane. Therefore, an antenna array of a full polarimetric
GPR system using H and V linear polarizations must have
four polarimetric modes, HH mode, VV mode, VH mode,
and HV mode. Here, in the pair of symbols, the first symbol
denotes the polarization of the transmitting antenna, and the
second symbol denotes the polarization of the receiving an-
tenna. Because the full polarimetric GPR transmit and receive
coordinate systems are identical, the role of the transmitting
and the receiving antennas can be interchanged. Hence, the HV
mode and VH mode have the same function. Consequently, the
full polarimetric GPR system generally uses three polarimetric
modes of antenna array and acquires three types of polarimetric
GPR data, VV data, HH data, and VH or HV data, at each
survey point.

For the polarimetric GPR data, we develop a signal pro-
cessing technique shown in the Fig. 1. The technique includes
mainly three parts, preprocessing, migration and H-alpha
decomposition.

A. Preprocessing

The full polarimetric GPR system can be considered to be
a stepped frequency radar system. In this case, at each survey
point, there are VV, VH, and HH data sets in the frequency do-
main. For these polarimetric GPR data, the preprocessing pro-
cedure includes removing the antenna coupling in the frequency
domain, bandpass filtering, inverse fast Fourier transform
(IFFT), and subtracting the averaged signal in the time domain.

The procedure of removing the antenna coupling includes
two steps. At first, the antenna couplings of three polarimet-
ric modes are measured by pointing the antenna array into
the air. Second, the antenna couplings are subtracted from
the corresponding polarimetric data in the frequency domain,
respectively.

Fig. 1. Processing flowchart to polarimetric GPR data.

Then, the frequency domain data are transformed into the
time domain by IFFT. The procedure of subtracting the aver-
aged signal also includes two steps. The first step is that we
average each polarimetric data to obtain three averaged signals.
The second step is that the averaged signals are subtracted
from the corresponding polarimetric data in the time domain,
respectively. This processing may suppress strong air/ground
reflection signals when the ground surface is almost flat.

B. Migration

The goal of migration is to obtain a reconstructed target
image containing its geometrical information in the form of
a reflectivity map that shows the locations and geometrical
features. Three polarimetric modes of antenna array can be
designed to share the same middle point. In this case, the
three polarimetric data at each survey point are a type of
common midpoint (CMP) data. Therefore, after preprocessing,
we have three time domain CMP polarimetric data sets, VV
data (Svv), VH data (Svh), and HH data (Shh). For the prepro-
cessed CMP polarimetric data, we use the Kirchhoff prestack
migration [2], [7]

Sout(xout, yout, z) =
1

2π

∫∫
cos θ

vrmsr

∂

∂t
[Svv(x, y, tvv)

+Svh(x, y, tvh) + Shh(x, y, thh)] dxdy. (1)

If three polarimetric modes of the antenna array have the
same axis direction and the axis direction is defined as the
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[T ] =

⎡
⎢⎢⎢⎢⎣

(Shh+Svv)(Shh+Svv)
∗

2
(Shh−Svv)(Shh+Svv)

∗

2 (Shh + Svv)Svh
∗

(Shh−Svv)(Shh+Svv)
∗

2
(Shh−Svv)(Shh−Svv)

∗

2 (Shh − Svv)Svh
∗

Svh(Shh + Svv)
∗ Svh(Shh − Svv)

∗ 2SvhSvh
∗

⎤
⎥⎥⎥⎥⎦ (3)

x-coordinate direction, we can get the travel time of the three
modes

tvv =

[
z2 + (x− dvv − xout) + (y − yout)

v2rms

] 1
2

+

[
z2 + (x+ dvv − xout) + (y − yout)

v2rms

] 1
2

tvh =

[
z2 + (x− dvh − xout) + (y − yout)

v2rms

] 1
2

+

[
z2 + (x+ dvh − xout) + (y − yout)

v2rms

] 1
2

thh =

[
z2 + (x− dhh − xout) + (y − yout)

v2rms

] 1
2

+

[
z2 + (x+ dhh − xout) + (y − yout)

v2rms

] 1
2

. (2)

In (2), dvv and dhh are the half transmitting antenna-receiving
antenna offsets in VV and HH modes, respectively, and dvh
is the half transmitting antenna-receiving antenna offset in VH
mode. vrms is the root mean square (RMS) velocity above the
scatter point (xout, yout, z), and r is the distance between the
measurement point (x, y, 0) and the scatter point. In (1), θ is
the angle between the direction of propagation and the vertical
axis z, and cos θ is the obliquity factor or directivity factor
describing the angle dependence of amplitude.

After migration, we can have a subsurface reconstructed
image showing the geometrical features of subsurface targets.
The geometrical features offer us a possible way to identify the
subsurface targets. However, if different targets show similar
geometrical features in the image, it will be difficult to distin-
guish them.

C. H-Alpha Decomposition

The geometrical information shown in the migrated image
also includes position information for the subsurface targets.
Depending on the position information, we can extract signals
scattered from the target by the method of range and time gating
from the three preprocessed polarimetric data sets. Then, the
polarimetric decomposition technique, H-alpha decomposition,
is applied to the extracted signals.

The coherency matrix can be parameterized in the form
shown in (3) [28], shown at the top of the page. A param-
eterization of the coherency matrix can be obtained in the
form [28]

[T ] = [U3][Λ][U3]
−1 = [U3]

⎡
⎣λ1 0 0
0 λ2 0
0 0 λ3

⎤
⎦ [U3]

−1 (4)

where

[U3] = [e1 e2 e3]
T

=

⎡
⎣ cosα1 cosα2 cosα3

sinα1cosβ1e
jδ1 sinα2cosβ2e

jδ2 sinα3cosβ3e
jδ3

sinα1cosβ1e
jγ1 sinα2cosβ2e

jγ2 sinα3 cosβ3e
jγ3

⎤
⎦

(5)

and where [Λ] is the diagonal eigenvalue matrix of [T ] with
λ1 ≥ λ2 ≥ λ3 ≥ 0, and [U3] is a unitary matrix whose elements
correspond to the orthonormal eigenvectors e1, e2, and e3 of the
coherency matrix [T ]. The parameterization of a 3 × 3 unitary
U3 matrix in terms of column vectors with different parameters
α, β, δ, and γ, which are the parameters of the dominant
scattering mechanism, is made so as to enable a probabilistic
interpretation of the scattering process. The three parameters β,
δ, and γ remain rotationally variant [27]. The entropy is defined
from the eigenvalues as [28]

H =

3∑
i=1

−Pi log3 Pi (6)

where

Pi =
λi

λ1 + λ2 + λ3
. (7)

The parameter αi is associated with a random sequence. The
best estimate of the parameter is given by the mean of this
sequence which is easily evaluated as [28]

α =

3∑
i=1

Piαi. (8)

Consequently, we can obtain a pair of H-alpha values from each
coherency matrix. Then, a 2-D H-alpha classification space,
which shows the classical H-alpha plane for random media
scattering problems as described by Cloude and Pottier [27],
[28] (shown in Fig. 2), is considered. The H-alpha plane is
divided into nine basic zones, and the different zones corre-
spond to different physical scattering characteristics [27], [28].
The location of the boundaries within the feasible combinations
of H and alpha values is set based on the general properties
of the scattering mechanisms. The key idea is that entropy
arises as a natural measure of the inherent reversibility of
the scattering data and that the alpha can be used to identify
the underlying average scattering mechanisms. There is some
degree of arbitrariness on the setting of these boundaries which
are not dependent on a particular data set [27]. Therefore, we
can achieve an H-alpha target distribution in the 2-D H-alpha
plane, which can be used to interpret the scattering mechanism
of the subsurface target and to classify the subsurface targets.
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Fig. 2. H-alpha plane for random media scattering problems.

Fig. 3. Full polarimetric GPR system.

D. Subsurface H-Alpha Color-Coded Reconstructed Image

In the H-alpha plane, the eight basic zones can be represented
by eight colors shown in Fig. 2 separately. We did not define
a color for Zone 3 because it is a nonfeasible region and we
cannot distinguish surface scattering with high entropy [27],
[28]. Therefore, the colors can show characteristic classes of
different scattering behavior. Consequently, each pair of H-
alpha values can be represented by a color, and we can achieve
a subsurface H-alpha color-coded target image, which can also
be used to classify the targets.

Finally, we can combine the H-alpha color-coded target
image with the reconstructed image by painting the color
determined by the pair of H-alpha values on the reconstructed
migration image to result in a subsurface H-alpha color-coded
reconstructed image. From the enhanced image, we can obtain
the information about not only the geometrical features but also
the polarimetric attributes of targets. This information enhances
the classification ability of GPR for subsurface targets.

III. APPLICATION TO EXPERIMENT DATA

A. Full Polarimetric GPR System and Experiment Setting

A full polarimetric stepped frequency GPR system shown in
Fig. 3 consists of a vector network analyzer, a Cartesian coor-
dinate robot, an antenna array, and a control unit (computer).

Fig. 4. Polarimetric antenna array. Three polarimetric modes of antenna array
are shown. (a) HH mode. (b) VH mode. (c) VV mode.

Fig. 5. Experiment setting. Target 1© is a metallic scatterer with many
branches. Target 2© is a metallic ball. Target 3© is a metallic plate. Target 4© is
a metallic dihedral scatter.

The network analyzer is an Agilent E5071C whose frequency
band is 9 kHz–8.5 GHz. The Cartesian coordinate robot can
accurately move the antenna array along a 3-D axis. The
antenna array uses a type of Vivaldi antenna [29], [30] and
has three types of polarimetric modes, HH mode, VH mode,
and VV mode, shown in Fig. 4. It can acquire three types
of polarimetric GPR data sets of HH, VH, and VV at each
survey point, respectively. The distance between feeding points
of transmitting and receiving antennas is 8 cm for all three
polarimetric modes with the same axis direction.
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Fig. 6. Cross-line profiles and averaged signal of HH polarimetric data and HH antenna coupling. 2© marks the signals from the metallic ball. (a) Raw cross-line
profile at x = 0.4 m. (b) Antenna coupling. (c) Cross-line profile after removing antenna coupling at x = 0.4 m. (d) Averaged signal.

Fig. 7. Preprocessed cross-line profiles of HH polarimetric data. 1© marks the signals from the metallic scatterer with many branches. 2© marks the signals from
the metallic ball. 3© marks signals from the metallic plate. 4© marks signals from the metallic dihedral scatter. (a) Cross-line profile at x = 0.4 m. (b) Cross-line
profile at x = 1.0 m.
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Fig. 8. Preprocessed cross-line profiles of VV polarimetric data. 1© marks the signals from the metallic scatterer with many branches. 2© marks the signals from
the metallic ball. 3© marks signals from the metallic plate. 4© marks signals from the metallic dihedral scatter. (a) Cross-line profile at x = 0.4 m. (b) Cross-line
profile at x = 1.0 m.

Fig. 9. Preprocessed cross-line profiles of VH polarimetric data. 1© marks the signals from the metallic scatterer with many branches. 2© marks the signals from
the metallic ball. 3© marks signals from the metallic plate. 4© marks signals from the metallic dihedral scatter. (a) Cross-line profile at x = 0.4 m. (b) Cross-line
profile at x = 1.0 m.

Fig. 5 shows the experiment setting. Four targets were buried
in homogeneous dry sand. Target 1© was a metallic scatterer
with many branches buried at a depth of about 25 cm. Target 2©
was a metallic ball buried at a depth of about 17 cm. Target
3© was a metallic plate buried at a depth of about 23 cm.

Target 4© was a metallic dihedral scatter buried at a depth of
32 cm. The ground surface is almost flat.

We carried out a 2-D scanning survey in the experiment. The
antenna array was moved at an elevation of 13 cm above the
sand. The 2-D scan measurement consists of 80 survey lines
with a line interval of 2 cm. The orientation of the survey line is
the same as the axis direction of the antenna array. Each survey
line consists of 72 measurement points, whose interval is also
2 cm. The frequency used in the experiment ranges between

500 MHz and 4.5 GHz, using 401 equally spaced samples.
There are three types of polarimetric antenna collecting data at
each survey point, respectively. Consequently, there are three
types of data profiles for each survey line. Therefore, the
experiment resulted in three 3-D frequency domain data sets,
one for each polarimetric mode. Following the technology used
in seismic acquisition, we call a set of data along a survey
line an in-line profile. Data collected across the survey line are
called a cross-line profile.

B. Preprocessing

The preprocessing procedures were used to process the three
3-D data sets. Fig. 6 show an example of the preprocessing.
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Fig. 6(a) shows a raw cross-line profile of HH polarimetric
data in the time domain at x = 0.4 m, and Fig. 6(b) shows
the HH antenna coupling in the time domain. Because strong
antenna coupling masks the scattering signal from targets, we
cannot find target signals in Fig. 6(a). After removing the
antenna coupling, the cross-line profile is shown in Fig. 6(c),
in which we can find unclear signals from the metallic ball.
Then, we average the data to obtain the averaged HH signal
shown in Fig. 6(d). After subtracting the averaged signal from
the data, we obtain the preprocessed data sets. Figs. 7–9 show
the preprocessed data for two lines collected using the HH,
VV, and VH modes, respectively. After antenna coupling was
removed and ground surface reflection was suppressed by the
preprocessing procedures, signals from subsurface targets are
clear. In these figures, 1© marks the signals from the metallic
scatterer with many branches, 2© marks the signals from the
metallic ball, 3© marks signals from the metallic plate, and 4©
marks signals from the metallic dihedral scatter. Figs. 7 and
8 are obtained in the HH and VV modes, respectively, which are
the copolarimetric modes that are common in the commercial
GPR system. From Figs. 7 and 8, we can find that signals
collected over 3© and 4© have similar geometrical features, in-
cluding horizontal events. Therefore, it is difficult to distinguish
between 3© and 4© only from the geometrical characteristics at
the data.

C. Migration

Because the gap between transmitting and receiving antenna
feeding points is the same in the three polarimetric modes, the
acquired data sets are the type of common offset data sets.
Therefore, in the case, we have dvv = dvh = dhh and tvv =
tvh = thh in (2).

Because the targets were buried at different depths, a contin-
uous subsurface RMS (C-RMS) velocity model was used here.
The C-RMS velocity is given by

vrms(t) =

√
v2soil(t− tair) + v2airtair

t
(9)

where vsoil is the propagation velocity in the soil, vair is the
velocity in air, and tair is the travel time in air that can be
estimated by vair and the height of the antennas.

After the prestack migration, we get a 3-D migrated image
for the polarimetric GPR data sets, and the result is shown
in Fig. 10. In this figure, the reconstructed 3-D subsurface
image is displayed by the method of plotting isosurface,
which is a surface that represents points of a constant
amplitude value within the volume of 3-D migrated data, in
Fig. 10(a). Fig. 10(b) and (c) shows vertical profiles for two
lines. From these figures, we can get some geometrical infor-
mation about the position and size of the subsurface targets.
We can distinguish between 2© and 3© because the image
feature of target 2© is circular in the 3-D image and curved
event in the vertical profile while the character of target 3© is
flat in both the 3-D image and the vertical profile. However,

Fig. 10. Migrated data. 1© marks the signals from the metallic scatterer with
many branches. 2© marks the signals from the metallic ball. 3© marks signals
from the metallic plate. 4© marks signals from the metallic dihedral scatter.
(a) is an isosurface view of the migrated image; (b) and (c) show the vertical
cross section of the image. (a) Three-dimensional subsurface reconstructed
image. (b) Cross-line profile at x = 0.4 m. (c) Cross-line profile at x = 1.0 m.

it is still difficult to distinguish between 3© and 4© because
their characters are both flat in the 3-D image and the vertical
profile.
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Fig. 11. H-alpha target distribution. Target 1© is the metallic scatterer with many branches. Target 2© is the metallic ball. Target 3© is the metallic plate. Target
4© is the metallic dihedral scatter. (a) Target 1©. (b) Target 2©. (c) Target 3©. (d) Target 4©.

D. Application of H-Alpha Decomposition to
Subsurface Targets

From the migrated data (see Fig. 10), we can get position in-
formation for the subsurface targets. Depending on the position
information, we can extract signals scattered by the four sub-
surface targets using the method of range and time gating from
the three preprocessed polarimetric data sets. Consequently, for
each target, we have three selected 3-D polarimetric data sets.
The H-alpha decomposition technique is applied to analyze the
selected signals of each target, respectively, and the entropy
and alpha are computed. Then, the values of H and alpha were
projected into the classical H-alpha classification space [28],
whose area was divided into nine zones, as shown in Fig. 11.

From Fig. 11(a), we find that most H-alpha values for target
1© occur in Zone 4 corresponding to medium entropy multiple

scattering, such as forested regions in SAR images [28]. In
Fig. 11(b) and (c), we can find that most H-alpha values of
targets 2© and 3© are found in Zone 9 corresponding to low
entropy surface scatter, such as a smooth surface in a SAR
image [28]. This coincides with targets 2© and 3© being the
ball or plate, respectively, in the experiment. In Fig. 11(d), most
H-alpha values of target 4© occur in Zone 7, which corresponds
to low entropy multiple scattering events, such as metallic di-
hedral scatter. Consequently, we can distinguish targets 1© and
4© in the experiment, but it is difficult to distinguish between

targets 2© and 3©.

Fig. 12. Subsurface H-alpha color-coded target image. 1© marks the result
from the metallic scatterer with many branches. 2© marks the result from the
metallic ball. 3© marks the result from the metallic plate. 4© marks the result
from the metallic dihedral scatter.

E. Subsurface H-Alpha Color-Coded Reconstructed
Target Image

We can use nine colors to represent the nine zones, respec-
tively, as shown in Fig. 2. For example

Zone 4 → Green
Zone 7 → Blue
Zone 9 → Pink.
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Fig. 13. Subsurface H-alpha color-coded reconstructed target image.
1© marks the result from the metallic scatterer with many branches. 2© marks

the result from the metallic ball. 3© marks result from the metallic plate.
4© marks result from the metallic dihedral scatter. (a) Three-dimensional sub-

surface H-alpha color-coded reconstructed target image. (b) Cross-line profile
at x = 0.4 m. (c) Cross-line profile at x = 1.0 m.

This means that, if the H-alpha values are projected into
Zone 4, the position will be filled with a green color and so
on. Then, we can achieve the subsurface H-alpha color-coded

target image shown in Fig. 12. The main color of target 1© is
green, which represents Zone 4. The main color of targets 2©
and 3© is pink, which corresponds to Zone 9. The main color
of target 4© is blue, which refers to Zone 7. From the results of
the subsurface H-alpha color-coded target image, we can also
classify the four targets into three groups. However, it is still
not possible to distinguish between targets 2© and 3©.

Finally, we can combine the subsurface H-alpha color-coded
target image shown in Fig. 12 with the subsurface reconstructed
image, which is the result of migration shown in Fig. 10. We
paint the color obtained from the subsurface H-alpha color-
coded target image on the subsurface reconstructed image and
achieve a subsurface H-alpha color-coded reconstructed image
shown in Fig. 13.

Fig. 13(a) is the 3-D subsurface H-alpha color-coded recon-
structed target image, and Fig. 13(b) and (c) are vertical profiles
for two cross-lines of the 3-D image. From these figures,
depending on the geometrical features and colors of targets,
we can distinguish all four targets. Target 1© has a curved
event feature and green color, which is the scatterer with many
branches in the experiment. Target 2© has a curved event feature
and pink color, which is the ball in the experiment. Target 3©
has a flat event feature and pink color, which is the plate in the
experiment. Target 4© has a flat event feature and blue color,
which is the dihedral scatter in the experiment.

IV. CONCLUSION

A type of polarimetric decomposition, H-alpha decomposi-
tion, was applied to analyze surface GPR data, which are ac-
quired in homogeneous soil under flat ground surface. H-alpha
target distribution and H-alpha color-coded target images were
obtained, from which we can analyze polarimetric attributes,
classify subsurface targets, and identify some of them. Migra-
tion can obtain geometrical features about subsurface targets,
from which we can possibly distinguish the characteristics of
subsurface targets and identify some targets.

By combining H-alpha decomposition and migration, we can
obtain a subsurface H-alpha color-coded reconstructed target
image, from which we can use both the polarimetric attributes
and the geometrical features of subsurface targets to enhance
the ability of subsurface target classification of surface GPR.
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