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ABSTRACT

Since 2003 several field experiments using Global Naviga-
tion Satellite Systems (GNSS)-Reflectometry (GNSS-R) have
demonstrated the feasibility of retrieving Soil Moisture (SM)
from GNSS-R observations. Different techniques such as the
power difference between direct and reflected signals, the
Signal to Noise Ratio (SNR)-analysis method, the Interfer-
ence Pattern Technique (IPT) or the Interferometric Complex
Field (ICF) have been used. The conventional IPT was first
proposed in 2008, and consisted on forcing a single multi-
path using a vertically polarized GNSS antenna with a rota-
tionally symmetric pattern pointing to the horizon. In this
work the conventional IPT is extended to dual-polarization,
horizontal (H-pol) and vertical (V-pol), in attempt to increase
the accuracy in the SM retrievals. In this case, the Brewster
angle is estimated from the phase difference between the H-
and V-Pol interference patterns. The use of dual-polarization
measurements is not sensitive to surface roughness and it is
more precise in the determination of the Brewster angle posi-
tion. Results from a field experiment at the Yanco site, New
South Wales, Australia, are shown to demonstrate the con-
cepts proposed in this work.

Index Terms— GNSS-R, Soil Moisture, Interference Pat-
tern Technique, Dual-Polarization, Dielectric constant.
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1. INTRODUCTION

GNSS-R has been widely used for the retrieval of SM at lo-
cal and medium scales. In 2003, the observation of the power
difference between direct and reflected GNSS signals at Right
Hand Circular Polarization (RHCP), Left Hand Circular Po-
larization (LHCP), H- and V-pol from a ground-based plat-
form was compared to the in-situ SM content at 6 cm depth
[1]. Correlation between SNR and SM was found for SM
contents larger than 20% [1]. The ratio of the H- and V-
pol estimated reflectivity should theoretically cancel surface
roughness attenuation preserving the dielectric constant infor-
mation [2]. Results from the SMEX02 experiment confirmed
that, under airborne conditions and using a zenith-looking
RHCP antenna and a nadir-looking LHCP antenna, the re-
flected GNSS signal power increases with SM content [3, 4].
The ICF [5], a time series of the ratio between the direct and
reflected waveform peaks, was later used for the determina-
tion of the surface reflection coefficient. From the estimated
averaged reflection coefficient, the SM can be retrieved [6].

Another GNSS-R approach followed by different re-
searchers to estimate SM is the IPT. The feasibility of sensing
the complex dielectric constant of soil by Global Positioning
System (GPS) multi-path observations due to the Brewster
angle position was first assessed in 1998 [7]. The IPT tech-
nique has also been used to determine SM and vegetation
parameters using a V-pol antenna with a rotationally sym-
metric antenna pattern [8, 9]. A similar approach has been
followed using GPS geodetic antennas, which is also known
as SNR-analysis method [10, 11]. The SNR-analysis method
acquires the reflected signals from the sidelobes of the an-
tenna pattern. As a geodetic antenna is purely RHCP, the
information provided by the Brewster angle, which occurs
only at V-Pol, is masked and cannot be used. Other ob-
servables such as the phase difference between consecutive
interference patterns can be used to determine relative SM



changes.
This work extends the conventional IPT proposed in [8,9]

to dual-polarization observations, H-pol and V-pol. In Sec-
tion 2 the theoretical model of the technique is presented. In
Section 3 simulations using that model are shown. In Section
4 preliminary results from a field campaign are presented. Fi-
nally, Section 5 presents the main conclusions of this work.

2. THEORETICAL REVIEW

The IPT consists of the coherent addition of the direct and
the reflected GNSS signals collected with a linearly polarized
antenna pointing to the horizon. Taking into account that di-
rect and reflected GNSS signals are circularly polarized, and
that the reflected signal polarization may change from LHCP
to RHCP for very low grazing angles, the use of linearly po-
larized antennas exhibits several advantages. First, the infor-
mation provided by the Brewster angle can be used as it only
occurs at V-pol. Second, the polarization dependency of the
reflected signal on the incidence angle is nearly lost along the
antenna beamwidth, as each linear polarization is sensitive to
one of the circular polarization components. Third, a linear
dual-polarization antenna with a high cross-polar ratio allows
the acquisition of both H- and V-pol interference patterns at
the same time. If this linearly polarized antenna has a rota-
tionally symmetric pattern, the theoretical IPT model can be
expressed by Eqn. (1).

PR ∝|Ei + Er|2 = Fn(θelev) · |E0i
|2·

· |1 + |Rq(θelev, εr)| · ej(∆φ+φRq (θelev,εr))|2,
(1)

where: PR is the instantaneous received/interference power,
Ei and Er are the incident and reflected fields respectively,
Fn(θelev) is the antenna radiation pattern, E0i

the ampli-
tude of the incident electric field, |Rq(θelev, εr)| the absolute
value of the Fresnel reflection coefficient at q polarization,
φRq

(θelev, εr) the phase of the Fresnel reflection coefficient
at q polarization, ∆φ = 4π

λ h sin(θelev) the phase differ-
ence due to the different electrical path between direct and
scattered electro-magnetic (EM) waves, h the height of the
receiving antenna, λ is the EM wavelength (∼ 19 cm), and εr
the soil surface dielectric constant.

From Eqn. (1) it is seen that the only components that
depend on the soil dielectric constant and consequently on
the SM are the Fresnel reflection coefficient magnitude and
phase. To assess the impact of SM on the interference pattern,
simulations using the dielectric constant model in [12] and a
two-layer model of the Fresnel reflection coefficients (Eqns.
(2)-(3)) were performed:

Rh1,2
=

√
1− sin2(θinc)−

√
εr2 − sin2(θinc)√

1− sin2(θinc) +
√
εr2 − sin2(θinc)

, (2)

Rv1,2 =
εr2 ·

√
1− sin2(θinc)−

√
εr2 − sin2(θinc)

εr2 ·
√

1− sin2(θinc) +
√
εr2 − sin2(θinc)

, (3)

To take into account surface roughness, Eqn. (4) has been
used [13].

Γq = |Rq1,2 |
2 · e−4·k2·σh

2·cos2(θinc), (4)

where: εr2 is the dielectric constant of the soil layer, θinc the
incidence angle, q the polarization (H-pol or V-pol), k = 2π

λ ,
and σh the surface rms height.

3. SIMULATIONS

In this section, simulations of different reflection coefficients
and interference patterns are shown for different SM contents.
On one hand, Fig. 1a shows the reflectivity curves for H-pol
(diamonds) and for V-pol (squares) for different SM values
and a specific soil composition. H-pol reflectivity decreases
monotonically with the elevation angle. It is straightforward
to identify the Brewster angle position at V-pol as it corre-
sponds to the minimum amplitude point. On the other hand,
Fig. 1b shows the phase of the reflection coefficient at H-pol
(diamonds) and V-pol (squares) for the same conditions than
Fig. 1a. The phase of the reflection coefficient at H-pol is very
close to 180◦ independently from SM conditions. At V-pol,
the behavior of the phase is different and it varies from 180◦

to 0◦ in a sharp transition. The steepness of this transition de-
pends on the SM conditions and soil texture. Analyzing and
comparing both sub-figures on Fig. 1 it is observed that the
minimum amplitude point at Fig. 1a corresponds to the 90◦

phase shift of Fig. 1b. This means that when the phase differ-
ence between H-pol and V-pol reflection coefficients is 90◦,
the Brewster angle is found [14].

This fact observed on the reflection coefficients is seen on
the interference patterns at H- and V-pol as both are in phase
when the reflection coefficient phase is the same, whereas
both are in counter-phase when the reflection coefficient
phase is opposite. Figure 2 shows two simulated interference
patterns for 10% and 30% SM content. In there, it is straight-
forward to identify the notch position, and when H-pol and
V-pol interference patterns are in phase or in counter-phase.
These helps to increase the estimation accuracy of the Brew-
ster angle position.

4. EXPERIMENTAL RESULTS

In July 2013 a field experiment was conducted at the Yanco
site, New South Wales, Australia, to test this theory. An up-
graded version of the SMIGOL instrument in [8] was used.
The main difference between these two instruments is the ad-
dition of a dual-polarization antenna (H-pol and V-pol) with a
high cross-polar ratio to avoid cross-polar contamination, and
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Fig. 1: Reflection coefficient plots as a function of the SM:
diamonds indicate H-pol, squares indicate V-pol. Adapted
from [14].

the addition of two receiving chains, one for each polariza-
tion.

Figure 3 shows an interference pattern measured during
the field campaign. The H-pol is marked in red and the V-
pol in blue. It is seen that the oscillation amplitude in H-pol
is larger than in V-pol due to the larger reflection coefficient.
At V-pol, it is quite difficult to identify where the Brewster
angle is, as there is a region with the same oscillation ampli-
tude. The phase observation algorithm helps to determine the
position of the Brewster angle more accurately.

A 15-day dataset, from July 16th to July 31st, has been
processed and compared with ground-truth data in order to
validate the proposed theoretical developments. Results are
represented in Fig. 4, which shows that the variation of the
SM retrieved using the proposed algorithm is smoother than
when looking to the minimum amplitude position only, which
matches with the ground-truth information.
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(a) 10% SM content.
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(b) 30% SM content.

Fig. 2: Interference patterns simulated for two different SM
values: (a) 10% and (b) 30%. H-pol (blue dashed), V-Pol
(green). Adapted from [14].

5. CONCLUSIONS AND FUTURE WORK

This work has extended the conventional IPT to dual-pol ob-
servations. By observing the relative phase difference be-
tween the H- and V-pol interference patterns it is possible
to track the phase difference between both reflection coeffi-
cients. When this phase difference is 90◦ the Brewster an-
gle position is found. This algorithm helps to identify the
minimum amplitude point in situations when the oscillation
frequency of the interference pattern is low, i.e. when the
instrument is at a low height (h < 2 m). As the reflection
coefficient is larger at H-pol than at V-pol, and its variations
are larger depending on the SM content, the next step is to re-
late the Brewster angle position with SM retrievals using the
H-pol interference patterns.
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