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Abstract—The effect of different decomposition tech-
niques on the imaging and detection accuracy for polarimet-
ric surface penetrating radar data is studied. We derive the
general expressions for coherent polarimetric decomposition
using the Stokes parameters and model based polarimet-
ric decomposition using the Yamaguchi technique. These
techniques are applied to multi-frequency (0.4-4.8GHz) full
polarimetric near-field radar measurements of scattering from
surface laid calibration objects and shallow buried landmine
types and show in detail how the decomposition results
provide effective surface and sub-surface clutter reduction
and guide the interpretation of scattering from subsur-
face objects. Data processing methods assume cross-polar
symmetry and a novel bistatic calibration procedure was
developed to enforce this condition. The Yamaguchi polari-
metric decomposition provides significant clutter reduction
and image contrast with some loss in signal power; while
Stokes parameters also provide imagery localising targets,
complementary information on the scattering mechanism is
also obtained. Finally a third novel polarimetric filter was
formulated based on differential interferometric polarimetric
decomposition. The three combined techniques contribute to
a significant improvement of subsurface radar performance
and detection image contrast.

I. INTRODUCTION

Ground penetrating radar (GPR) is increasingly being
used for landmine detection [1],[2]. In contrast to metal
detecting, GPR can be used for detection of low-metal
content or non-metal content targets. Subsurface radar
still suffers from two typical problems, a strong clutter
response from the surface and high signal to clutter
levels in the underground [3],[4],[5]. This paper ad-
dresses these problems through the use of a novel near-
field full-polarimetric (0.4-4.8 GHz) SFCW GPR system
that measures the polarimetric microwave backscatter
response and synthesises an equivalent complex clutter
scattering matrix that suppresses subsurface clutter in
the co-polar and cross-polar channels [6],[7]. The tech-
nique is compared to Stokes parameter analysis [8] of the
polarimetric response as well as to a novel differential in-
terferometric polarimetry technique which utilises phase
changes between two polarimetry states to contrast the
object. Results for these techniques are presented initially
for B-scan GPR images. The paper also describes the
polarisation channel equalisation and quasi-bistatic an-
tenna calibration procedure undertaken to acquire more
accurate imagery. The paper is organised as follows.
Section II outlines the measurement environment and

section III explains the calibration routine for the quasi-
bistatic setup. The full polarimetric clutter suppression
technique is described in IV and the Stokes parameters
are applied to the same dataset and compared in section
V. Section VI introduces a new differential interferomet-
ric polarimetry discrimination technique that is again
applied to the same data. Finally, Section VII gives an
engineering assessment of the results.

II. MEASUREMENT SYSTEM & EXPERIMENTAL
METHODOLOGY

A. System and Antennas
The stepped frequency radar is built around a Rhode

& Schwarz ZVA 10675E vector network analyser that
acts as the coherent transmitter-receiver unit. The other
parts of the system are the transmitting and the receiving
antenna and the computer to perform the signal pro-
cessing. The experimental setup is shown in Figure 1.
The presented GPR system uses a linear polarised TEM
horn as transmit antenna and two near-field probe (loop)
antennas, arranged orthogonally and in front of the TEM
horn, to collect the co- and cross-polar response. The
loop antennas are placed just outside the near-field of
the TEM horn at 12cm in front of the aperture at 400
MHz. The antenna array is scanned over a 3m sandpit
automatically under computer control.

B. Experimental Setup
Experiments have been conducted on the indoors soil

facility which consists of one soil bay (2.4Lx1.2Wx0.8H
meters) filled with sand; and one bay (1.2Lx1.2Wx0.8H
meters) filled with RAM for placing calibration targets,
such as a 40 mm sphere for co-polar calibration and
a brass rod, placed in an 22.5o angle perpendicular to
the direction of antenna movement, for cross-polar cal-
ibration. The soil is maintained within a 1-3% moisture
content and at a constant temperature of 25oC. A Near-
Field Measurement System (NFMS) has been erected
over the two bays with a 3m long linear automated
positioner. The antenna array acquires the scattering
parameter S21 across the 0.4-4.8 GHz frequency spec-
trum and takes measurements at 1cm intervals along
the horizontal x-axis. Figure 1 shows the dual polarised
near-field antenna configuration. The setup uses a linear
polarised TEM (Scientific Atlanta) horn that illuminates
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(a)

(b)
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Figure 1: Calibration targets and antenna head (a), sketch
of measurement setup (b), laboratory scene (c).

the ground scene in vertical (V) polarisation. The local
back-scattered electromagnetic field is collected by two
loop antennas arranged orthogonally and in front of the
TEM antenna to acquire VV and VH (vertical-horizontal)
co- and cross-polarised data. The loop antennas are 40cm
above the soil surface. The antenna height is typical
of a stand-off GPR. This height is a trade-off between
such factors as the energy attenuation, decreasing the
antenna-soil coupling, avoiding possible obstacles of the
ground surface, and forming sufficient antenna footprint
for future SAR processing. To make othogonal polariza-
tion measurements, i.e. HH and HV, the antenna array
is rotated clockwise by 90o[11] and data taken.

C. Signal Analysis
The complex S-parameter measurements are con-

verted to range profiles. The VNA uses a Stepped Fre-
quency Continuous Waveform (SFCW) consisting of N
pulses, equally separated by ∆ f Hertz. The phase of the
sampled quadrature mixer output is,

φn = −2π( fo + n∆ f )
2z
c

(1)

where z is the range to the object and fo is the
frequency of the first transmitted pulse [12] may be
expressed as the complex spectral return S of amplitude
An as,

S( fn) = An exp(jφn). (2)

The N complex samples in each burst are Inverse Fast
Fourier Transformed (IFFT) to a series of complex range
reflectivity profiles. It can be shown that taking the IFFT
(or FFT) of M samples (from N pulses) corresponding to
a range bin divides the range bin into finer subdivisions
resulting in a smoother range profile [13]. In this experi-
ment a total of N = 801 sample steps were taken in each
measurement and resampled to M = 4096. B-scans for
VV, HH and HV polarization can be seen in Figure 2-4.
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Figure 2: VV polarisation B-scan image of the radar scene
with targets indicated.
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Figure 3: HH polarisation B-scan image of the radar
scene with targets indicated.

Figures 2 and 3 show, that all targets are present in
co-polar channels, i.e. HH and VV. As expected, the
calibration sphere is missing in cross-polar HV (Figure 3)
and the landmines are present. Moreover, in all images
significant subsurface clutter is present. This is due
artefacts from processing as well as physical clutter being
present. Therefore, we now investigate techniques to
reduce the subsurface clutter in the images.
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Figure 4: HV polarisation B-scan image of the radar
scene with targets indicated.

III. CHANNEL CALIBRATION

Since, receive and transmit antennas are different, the
system is bistatic. Although the radar polarimetry is
derived from the monostatic case and the antennas are
located very close to each other, calibration of the system
is crucial [6]. The scattering matrix Sbistatic, equation
(3), obtained by the measurement system is different
from the one of the monostatic case. To accomodate
and calibrate the phase to mimic the monostatic system
response, we used an extrapolation method. Figure 5
shows the calibration scheme, viewed from the top of
the antennas. The calibration object, in this case the rod,
stays static at one position, as does the transmit antenna,
and the receive antenna is moved N positions away from
the rod. Measurements are taken in 1cm increments. In
this case we moved the antenna head N = 20 positions.
The plots for difference in phase and difference in ampli-
tude for each polarization at each position are shown in
Figure 6 and 7, respectively. Calculation of the correction
factor ψnm is shown in equations (4) and (5). The phase
and amplitude, at each position N > 1 is subtracted from
the phase or amplitude at position N=1 and the result
plotted. The phases and amplitudes are extrapolated to
position zero (i.e. ideal monostatic positions) and aver-
aged. This is done for each polarization and polarization
matrix is formed. Each pixel in each polarization B-scan
is multiplied with this correction factor.

Sbistatic =

[
S11 S12

S21 S22

]
(3)

ψnm = Ac(cos(Φc) + jsin(Φc)) (4)

ψnm =
( N

∑
n=1

ψnm

)
/N (5)

Smonostatic =

[
S11ψ11 S12ψ12

S21ψ21 S22ψ22

]
(6)

Figure 5: Schematic diagram illustrating the polarimetric
correction calibration procedure.
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Figure 6: Difference in Phase of 20 increments away from
calibration target Φc.
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Figure 7: Difference in amplitude of 20 increments away
from calibration target Ac.

IV. YAMAGUCHI POLARIMETRY DECOMPOSITION

In [7] Moriyama demonstrates it is possible to syn-
thesis a radar channel at any polarisation state from the
scattering matrix. If Et is the transmitted wave and Es
the scattered wave from the target then Et can be defined
by the Jones matrix as,



Et =
1√

1 + ρρ∗

[
1
ρ

]
. (7)

where ρ is the polarisation ratio. The scattered wave
is related to the transmitted wave via the scattering
matrix where S[HV] represents the targets polarimetric
scattering characteristics in the HV basis. The co-polar
and cross-polar powers can then be obtained. The co-
polar power,

Pco = |ET
t (HV) · S[HV] · Et(HV)|2 (8)

where T denotes the transpose and ⊥ denotes the
orthogonal polarisation. The complex null polarisation
value is calculated from the appropriate polarimetric co-
and cross-polar power expression by setting it to zero
and solving for the roots of the matrix as given by [7],

ρco,null =
SHV ±

√
S2

HV − SHH · SVV

SVV
(9)

and co-polar power is

Pco =

∣∣∣∣SHH + 2 · SHVρ + SVV · ρ2

1 + ρρ∗

∣∣∣∣2 (10)

In the case of cross-polar power Et case the transmitted
is again defined by the Jones scattering matrix as,

E⊥,t =
1√

1 + ρρ∗

[
ρ∗

−1

]
(11)

and the cross-polar power is deduced as,

Px = |ET
⊥,t(HV) · S[HV] · Et(HV)|2 (12)

and the roots are again found by setting equation (12)
to zero

ρx,null =
−B±

√
B2 − 4AC

2A
(13)

where,

A = S∗HHSHV + S∗HVSVV (14)

B = |SHH |2 − |SVV |2 (15)
C = −A∗ (16)

Px =

∣∣∣∣SHHρ∗ + SHV(ρρ∗ − 1)− SVVρ

1 + ρρ∗

∣∣∣∣2 (17)

The polarimetric clutter matrix, is agnostic in the sense
that it does not know the type of clutter we wish filtering
e.g. it could be antenna coupling, or as here, subsurface
clutter in the sand. Once the clutter region is selected
the polarimetric pixels are extracted to form the clutter
matrix, Ssand.

Ssand =

[
1.430 + 1.437j 0.150− 0.150j
0.150− 0.150j 1.352− 0.661j

]
· 10−2 (18)

There are two possible roots to Equation (13) for the
sand co-polar scattering matrix polarisation given below,

ρco,1 = −0.7133 · 10−2 + 0.4566j (19)

ρco,2 = −0.7133 · 10−2 − 0.4566j. (20)

Taking ρ value from equation (19) the co-polar channel
power can be calculated. A similar procedure is repeated
for the Px case and the results for the co- and cross-
polar power responses are shown in Figure 8. The B-
scans show significantly reduced clutter levels in both
co- and cross-polar filters. The response from the brass
rod has been reinforced as anticipated and the sphere
response weakened due to its lack of cross-polar signals.
The trihedral and landmine are well contrasted, in both,
co- and cross-polar.

V. STOKES PARAMETERS

The polarisation state of a plane wave can be char-
acterised by the Stokes parameters. Only three of these
Stokes parameters are independent, they are related by
the complex field vectors:

I2
0 = Q2 + U2 + V2 (21)

This relation only holds true if the wave is fully
polarized and can thus be used as an indicator of the
quality of polarization in our experiment.

I0 = EV E∗V + EHE∗H (22)

Q = EV E∗V − EHE∗H (23)

U = EV E∗H + EHE∗V (24)

V = j(EV E∗H − EHE∗V) (25)

The Stokes vector representation I0 and Q can be used
to display the individual intensities of the horizontal and
vertical polarization:

Iv = |Ev|2 = (I0 + Q)/2 (26)

Ih = |Eh|2 = (I0 −Q)/2 (27)

I0 represents the total intensity of a wave, Q repre-
sents the difference between vertically and horizontally
polarized intensities and U and V represent jointly the
phase difference between the vertically and horizontally
polarised components of the wave. All four Stokes pa-
rameters have been computed to study if they can be
used as means of clutter suppression. The summation of
horizontal and vertical intensities (I0) and the difference



between horizontal and vertical intensities (Q), as well as
the individual intensities of vertical (Iv) and horizontal
(Ih) polarizations can be seen in Figure 9. Analysis
of the results indicate that the Stokes parameters do
show all targets and clutter is significantly reduced, as
is the power of the targets. Interestingly, the butterfly
landmine, which is a low contrast target, is visible.

VI. DIFFERENTIAL INTERFEROMETRIC POLARIMETRY

Differential Interferometric Polarimetry (DinPol) takes
advantage of phase changes between two polarimetry
states in this case HH and VV. Equation, (28) and (29)
illustrate the technique. The authors previously applied
this [14] to exploit phase contrast in single polarimetry
imagery of drying soil around a buried object, here by
combining the phase contrast in the appropriate Stokes
parameters we can expose and localise different scatter-
ing mechanisms. Therefore,

P(x, y) =
polstate

∑
n=1

∆φ(x, y)n · |p(x, y)n| (28)

where,

∆φ(x, y)n = ∠
(

p(x, y)n+1

|p(x, y)n+1|
· |p(x, y)n|

p(x, y)n

)
(29)

where the summed P(x, y) pixel is the magnitude
weighted differential phase contrast of the complex val-
ued p(x, y) pixel at position (x, y) of the individual B-
scans that compose either co- or cross-polar images. Din-
Pol has much reduced clutter levels of similar magnitude
to Stokes, but the image contrast appears to be not as
effective as Yamaguchi imagary.

The resultant images are shown in Figure 10 for co-
polar (VV, HH) and cross-polar (VH, HV) DinPol. The
images retain all the polarimetric scattering mechanism
of Stokes parameters while suppressing random clut-
ter. Hence the DinPol co-polar almost completely sup-
pressed the air-ground interface and retains targets with
single or odd bounce scattering features; on the other
hand, the DinPol cross-polar retains only objects with
diplane scattering with relative orientation of 45o. It was
anticipated that no subsurface objects would be present,
however, a partial scatter from the brass rod calibration
object is present. This was found experimentally to orig-
inate from a slight dip on the brass rod in the horizontal
plane.

VII. DISCUSSION AND SUMMARY CONCLUSIONS

An experimental set-up for performing GPR measure-
ments and test signal-processing and imaging algorithms
has been developed. This experimental set-up composes
one sand bay to bury targets and one bay filled with
RAM to place calibration targets such as a 40mm sphere
and a brass rod on. Landmines from different shapes and
materials have been measured and channel balancing

and novel bistatic calibration has been performed on
the measured dataset. Various Stokes and Yamaguchi
polarimetric decompositions were investigated to pro-
vide clutter suppression on data collected for shallow
buried butterfly and shoebox landmines in sand. It was
shown, that the air-ground-interface and the antenna
cross talk can effectively be suppressed in Yamaguchi
co- and cross-polar products while the various scattering
mechanisms can be localised and clutter suppressed
using Stokes parameters. Moreover, a novel DinPol de-
composition technique was also applied and observed
to provide complementary interpretation of subsurface
scattering mechanisms. Taken together these techniques
provide significant performance enhancements at least in
subsurface image contrast. Further work is undergoing
to design techniques to quantify the image improve-
ments and clutter reduction performance.
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Figure 8: Co- and cross-polar polarimetric clutter suppression.
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Figure 9: Top: Stokes parameters I0 and Q, Bottom: Iv and Ih.
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Figure 10: Co- and cross-polar DinPol results.


