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Abstract

Nowadays, GNSS-Reflectometry (GNSS-R) can be a new promising remote sensing tool in the ocean, snow/ice and land surfaces,
e.g., vegetation biomass monitoring. Although GNSS-R provides a potentially special L-band multi-angular and multi-polarization mea-
surement, the theoretical vegetation scattering properties and mechanisms for GNSS-R are not understood clearly. In this paper, the
GNSS-R vegetation polarization scattering properties are studied and modeled at different incidence angles (specular direction). The
bistatic scattering model Bi-mimics is employed, which is the first-order radiative transfer equation. As a kind of forest stand, the Aspen’s
crown layer is composed of entire leaves, and its parameters in Mimics handbook are used as model input. The specular circular polar-
izations (co-polarization RR and cross-polarization LR) are simulated. For cross-polarization, the received polarization is assumed as a
linear (horizontal and vertical) polarizations and ±45� linear polarizations. Therefore, the HR VR, +45R and �45R polarizations are
simulated here. Contributions from different scattering components at RR, LR and VR polarization are also presented. For co-polar-
ization, it is large in the whole specular angles (10–80�). The scattering trends of the other cross polarization (HR, LR, +45R and �45R)
are a little similar when compared to the RR and RV. Therefore, the RHCP and V polarizations are more favorable to collect the
reflected signals. The trunk heights and crown depths do not affect the scattering trends of RR, RV and RL, while the trunk height
has some effect on the scattering amplitude of different polarizations. The azimuth angle has more effects on RR, RL and RV scattering,
especially in lower than 50�. The observation angles and polarization combinations are extremely important for GNSS-R remote sensing.
� 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Global Navigation Satellite Systems (GNSS) include the
United States’ GPS, Europe’s Galileo, Russia’s GLONASS
and China’s Beidou. They are originally exploited for
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navigation, positioning and timing. GNSS-Reflectometry
(GNSS-R) is a new promising remote sensing tool
(Gleason et al., 2009; Jin and Komjathy, 2010; Jin et al.,
2011; Cardellach et al., 2011), which was first suggested
in the early 1993 as a source of opportunity for altimetric
measurements (Martin-Neira, 1993). Since then many dif-
ferent applications of GNSS-R have been performed and
tested. Most previous works considered the altimetric
mode, estimating the delay between direct and reflected
signals. However, its scatterometric mode is also very
important, i.e., monitoring the targets’ properties from their
reflected signals. Nowadays, its applications are increasing,
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including the ocean, land and snow/ice surfaces. Further-
more, using GNSS-R’s scatterometric mode for land surfaces,
remote sensing of soil moisture and vegetation biomass is fea-
sible (Rodriguez-Alvarez et al., 2011a,b; Egido et al., 2012).

Due to strong attenuation and scattering of vegetation, it
is difficult to retrieve the soil moisture. However, vegetation
biomass monitoring plays an important role in carbon cycle,
greenhouse inventories, et al. Compared with the traditional
active and passive remote sensing techniques, such as SAR
and radiometry, GNSS-R provides a new complementary
technique with its unique advantages of small volume, light
weight, low power consumption and high time/spatial reso-
lution. Nowadays, Rodriguez-Alvarez et al. (2011a,b) have
been using the ground-based SMIGOL-Reflectometer
instrument (the Soil Moisture Interference pattern GNSS
Observations at L-band Reflectometer) for geophysical
parameters retrieval. The Interference Pattern Technique
(IPT) is used to measure the fluctuations of the direct signals
due to the multipath generated by the reflected interference
signals. The minimum amplitude oscillation is called as
notch and its number and position are a function of soil
moisture and vegetation height (Rodriguez-Alvarez et al.,
2011a,b). Small et al. (2010) estimated the vegetation
growth qualitatively using the multipath information of
GPS stations at Plate Boundary Observatory (PBO) net-
work and found that NDVI (Normalized Difference Vegeta-
tion Index) is negative correlated to multipath amplitude.
Since few GPS stations are set up in the forested area, this
method is applicable for crop land, grassland and shrub
land, and unsuitable for forest zone.

Ferrazzoli et al. (2010) presented some scattering theo-
retical simulations using the electromagnetic model devel-
oped at Tor Vergata University. Scattering in the specular
direction at circular polarization was performed. As for
the GNSS-R configuration, vegetation theoretical response
showed a deceasing trend with increasing biomass, without
showing the typical saturation of radar backscattering mea-
surements. They concluded that forest biomass retrieval
was theoretically applicable. Wu et al. (2012a) performed
some theoretical simulations using the modified Bi-mimics
model for GNSS-R forest and crop biomass study (Wu
et al., 2012b) and confirmed its feasibility. But the scattering
response to the vegetation biomass needs to further study,
especially its polarimetric properties.

Different from the traditional linear microwave remote
sensing technique, GNSS transmit the signals of RHCP
to mitigate ionospheric effects. After reflecting from the
Earth surface, the signals’ original correlation function is
changed and no longer a regular triangle. Meanwhile, the
reflected signals’ polarization properties are reversed
(Zavorotny and Voronovich, 2000a). The reflected signals’
polarization properties are needed to be investigated and
analyzed. As it is well known, polarization behavior of
electromagnetic waves has the potential utility for various
geophysical detections in remote sensing, such as soil
moisture, vegetation biomass, surface topography. It is
related to the orientation, shape and dielectric properties
of targets. However, the effect of land surface on GNSS-
R polarization is not well understood.

As early in Year 2000, Zavorotny and Voronovich
(2000a) pointed out the reflected signals’ polarization prob-
lems at ocean surface. Compared with the RHCP scattering
component, the LHCP component was much higher at steep
and moderate elevation angles and both components started
to converge for low-grazing incidence angles (Zavorotny
and Voronovich, 2000a). Models used in the simulations
were the local Fresnel Reflectivity (Zavorotny and Vorono-
vich, 2000a) and the Small-Slope Approximation (Zavor-
otny and Voronovich, 1999). For the ocean part, Clarizia
et al. (2012) found a significant difference between the
DDMs (delay-Doppler maps) of the UK-DMC satellite
data and the Z–V model (Zavorotny–Voronovich), and they
carried out simulations of L-band bistatic scattering returns
from the ocean surface. The Facet Approach was used to
represent polarization effects. It was found that the domi-
nant scattering component from the wave troughs was HH.

Cardellach et al. (2011) mentioned that the received
scattering co-polarization components did not agree well
with the modeled waveforms. Therefore, the co-polariza-
tion scattering component modeling must be investigated.
For the land part, the modified DMR was used in the
SMEX02 and SMEX03 airborne GPS-R experiments. To
receive the reflected signals, only a LHCP antenna was con-
figured with incidence angles from 15� to 35�. Multiple
polarizations (linear and circular) were also considered in
the BAO tower experiment (Zavorotny and Voronovich,
2000b) to exclude roughness effects and retain the dielectric
effects. However, the real data did not support their origi-
nal hypothesis. In a certain respect, the scattering proper-
ties of soil needs carefully study.

The experimental studies found that if LHCP was used,
the angular information was masked in the horizontal
polarization (Rodriguez-Alvarez et al., 2009, 2011a).
Therefore a vertically polarized antenna was used in their
ground-based receiver. Unfortunately, no detailed analysis
from the physical scattering mechanism was carried out for
this antenna polarization configuration. Although the
Fresnel reflection coefficients are often used at the present
work, this simple scattering model can only account for
the smooth surface, which is almost inadequate for the
practical random rough surface. However, an accurate
description of microwave scattering mechanisms is very
important in remote sensing data interpretation, data sim-
ulation, quantitative inversion algorithms, and new sen-
sors’ design. When considering antenna polarization
matching, the polarization of antenna should be sensitive
to the observed parameters in order to minimize the polar-
ization loss and maximize the reflected signals. This seems
much more important for the weak GNSS reflected signals.
This paper focuses on the forest canopy physical scattering
mechanism of GNSS-R polarimetric signals. The first-
order radioactive transfer equation Bi-mimics model is
used (Liang et al., 2005). After the modifications of wave
synthesis, it will calculate any transmit and receive signal
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polarization. The Aspen, which is composed of trunks and
leaves, in the Mimics (the Michigan Microwave Canopy
Scattering Model) handbook (Ulaby et al., 1990) is used
as the model input, since it is a kind of common represen-
tations of the deciduous trees. Theoretical scattering
simulations are carried out for co-polarization and cross-
polarization signals analysis.

2. Scattering models

2.1. Mimics model

The Mimics model is a radar backscattering model suit-
able for forest canopies (Ulaby et al., 1990). Its applicable
frequency range is 0.5–10 GHz and the incidence angle
should be larger than 10� and lower than 90�. The forest
canopy is divided into three layers, the crown layer (C),
the trunk layer (T) and the ground layer (G), as shown in
Fig.1. All the three components are treated as single scat-
ters. The forest crown layer is composed of leaves, needles
and branches; the trunk layer is composed of the vertically
orientated trunks. As for the ground layer, the surface
roughness is represented by root mean square height and
correlation length. The Mimics model is the first-order
solution of the radiative transfer equation. The first-order
means that the scattering process involving single scatter-
ing is by each layer; the double scattering is by pairs of each
layer. Extinction and phase matrices are used to describe
the changes of propagating microwave intensity in the lay-
ers. There are seven scattering mechanisms in the Mimics
model. For more details please refer to the handbook
(Ulaby et al., 1990).

2.2. Bi-mimics model

In addition to the seven scattering mechanisms (mea-
sured in bistatic directions) described in the Mimics model
(Ulaby et al., 1990), the ground reflection in the specular
direction is included in the Bi-mimics model. The scattering
mechanisms are shown in Fig.1. The original Mimics
model was a bistatic scattering (Ulaby et al., 1990). As
for incidence intensity I i, ðhi;uiÞ is the incidence zenith
and azimuth angles respectively, while ðhs;usÞ is the scat-
tering zenith and azimuth angles and the scattering inten-
sity is represented by Is. In the Bi-mimics model, the
incidence intensity and the scattering intensity is related
by the first-order bistatic transformation matrix T (Liang
et al., 2005; Ulaby et al., 1990).

Isðhs;usÞ ¼ T ðhs;usÞI iðhi;uiÞ ð1Þ

T is given in terms of the extinction and phase matrices,
which can be calculated by the average modified Mueller
matrices (Liang et al., 2005; Ulaby et al., 1990).

Compared with the Mimics model, the scattering zenith
and azimuth angles should be added to implement the
Bi-mimics model. Therefore the corresponding angles of
extinction and phase matrices for crown, trunk and ground
layer should all be modified (Liang et al., 2005). The Mim-
ics model (Ulaby et al., 1990) was originally planned to be
developed in three stages. The Mimics model of version 1.5
was used in our work as the basic model. According to the
methods mentioned in Liang et al. (2005) and the mimics
handbook (Ulaby et al., 1990), the Bi-mimics model was
performed by the corresponding modification of Mimics
model.

2.3. Wave synthesis

The Bi-mimics is a full polarimetric scattering model
that incorporates any transmit and receive polarizations
(Ulaby et al., 1990). The following wave synthesis equation
(Eq. (2)) gives the bistatic scattering cross section.

rrtðwr; vr;wt; vtÞ ¼ 4p~Y r
mMmY t

m ð2Þ

where ðwr; vrÞ; ðwt; vtÞ are the orientation and ellipticity an-
gles for receive and transmit polarizations, respectively.
Mm is the 4 � 4 real modified Mueller matrix (Ulaby and
Elachi, 1990). The modified Stokes vectors Y t

m and Y r
m are

given below (Ulaby and Elachi, 1990):

Y t
m¼

1
2
ð1þ cos2wtcos2vtÞ

1
2
ð1� cos2wtcos2vtÞ

sin2wtcos2vt

sin2wt

2
6664

3
7775 Y r

m¼

1
2
ð1þ cos2wrcos2vrÞ

1
2
ð1� cos2wrcos2vrÞ

sin2wrcos2vr

sin2wr

2
6664

3
7775

ð3Þ
Using the normalized stokes vectors of Y t

m and Y r
m, the

corresponding polarization scattering cross sections can
be calculated.

2.4. Specular scattering

The reflected signals are composed of coherent and
noncoherent components. As for ocean part, its surface
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roughness scales are commonly equivalent to or larger
than GNSS wavelength (k � 19 cm). Therefore the
received power is mainly noncoherent scattering coming
from the glistening zone. But as for land surface, its sur-
face roughness scales are well below the GNSS wave-
length. Therefore, the receiving power is considered to be
the coherent scattering component coming from the first
Fresnel Zone (Ferrazzoli et al., 2010; Beckmann and
Spizzichino, 1987) and the scattering at the specular direc-
tion is much larger.

When the height of receiver is much lower than the
height of transmitter, the size of the first Fresnel zone is
influenced by the incidence angles and the receiver height.
Its shape is an ellipse (Ferrazzoli et al., 2010; Beckmann
and Spizzichino, 1987).

As for GNSS-R vegetation remote sensing, the specular
scattering (hs ¼ hi;us ¼ ui ¼ 0�) should be studied. For
one thing, the angles in Bi-mimics can be set as specular
directions for calculation. For another, the corresponding
extinction and phase matrices should be modified after set-
ting their specular directions. Therefore, the Spec-mimics
model is developed for specular scattering calculations.
Its scattering mechanisms are the same with the Bi-mimics
model (Liang et al., 2005).

2.5. Model verification

Currently, the bistatic and forward scattering mea-
surements are not available, but the backscattering Mim-
ics model has already been tested by monostatic radar
experimental data. Liang et al. (2005) compared the
backscattering cross section simulated by Bi-mimics with
the original Mimics model (Ulaby et al., 1990). As for
the same model inputs, both models provided the same
results of backscattering cross section, since the back-
scattering direction is a special kind of bistatic scatter-
ing. As for the circular scattering cross sections, the
modified stokes vectors are set to linear to compare with
the original linear Bi-mimics model and the Bi-mimics’s
scattering angles are set in specular ones to compare
with the specular scattering cross section calculated by
Spec-mimics. Of course, their results are the same for
the same model inputs. Although the model has not been
validated by the experimental data, the backscattering
Mimics model has been verified experimentally over the
past years and has been accepted as an efficient canopy
backscattering model. Therefore, the consistency
between the modified model and the original Mimics
model make it (the modified model) believable (Liang
et al., 2005). After the modifications of wave synthesis,
the Spec-mimics model can be used as an analysis tool.
Therefore, the XR polarization scattering coefficient
can be calculated, where R indicates RHCP transmitted,
and X indicates any other polarization received, such as
RHCP, LHCP, H, V and ±45� linear polarization. The
following sections will illustrate some simulations of
different polarizations.
3. Forest canopies polarization properties at the specular

direction

3.1. Circular polarization

Cardellach et al. (2011) stated that the co-polarization
component weekly matched the modeled waveforms, which
should be included in the model. Fig. 2 shows the co-polar-
ization (RR) and cross-polarization (RL) scattering versus
incidence angles. The co-polarization (RR) scattering is an
important component throughout the entire incidence
angles range 10–80�. Scattering at RR polarization is lower
than the other XR poliazations (h 6 50�), and increases as
50� < h 6 70�. The VR increases slowly in smaller than 30�
and then decreases slowly with the increase of incidence
angles (30� < h 6 40�), but the scattering trend of VR
decreases sharply as the increase of incidence angles
(40� < h 6 70�). There are apparent dips for VR at the inci-
dence angle of 70� and 80�. The scattering dynamics of RR
and VR are much larger than the other polarizations (LR,
HR, +45�R, �45�R).

3.2. Other cross polarizations

This section will focus on the scattering simulations of
different XR polarizations. In order to compare between
different polarizations, RR and LR are also presented in
Fig. 2. We can see that XR polarizations exist at the entire
incidence angles. At smaller incidence angles (h 6 40�), the
scattering of RR polarization is much lower than any other
polarizations. In other words, if h 6 40�, then LR > VR >
RR. It is assumed that the GNSS-R receiver can receive
the reflected signals in the above mentioned observation
geometry (the specular observation elevation angle range
from 10� to 80�). The polarization mismatch between the
antenna and the reflected signals would make the antenna’s
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polarization loss larger and the antenna should be chosen
according to the polarization, Whereas the dynamic ranges
of the RHCP and V are larger and their scattering trends
are very different. Therefore, it is much favorable if the
RHCP and V polarizations are used for the antenna
polarizations as collecting the GNSS-R reflected signals.
These various polarizations would be appropriate for the
Aspen stand.
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Fig. 4. LR polarization scattering component contributions vs. incidence
angles.
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3.3. Component contributions to the total scattering

Here, we present the component contributions to the
total scattering at RR, LR and VR polarizations. The total
scattering and the scattering component of the total crown,
total trunk, direct-ground, and specular ground are illus-
trated in Figs. 3–5. As for the total crown part, it includes
the C–G component, G–C component and G–C–G compo-
nent. T–G and G–T components are included in the total
trunk layer part. Detail information of the scattering mech-
anisms please refer to Liang et al. (2005) and Ulaby et al.
(1990). As for RR polarization, the different component
contributions to the total specular scattering are shown in
Fig. 3. From the simulations shown in Fig. 3, it can be seen
that the total scattering is dominated by the total trunk
layer scattering component and then the S–G (specular
ground scattering) component. The D–G scattering (direct
ground) is lower than S–G scattering and scattering from
crown layer is relatively small (20� 6 h 6 75�).

As for LR polarization, the total crown layer scattering
exists for the entire incidence angles as shown in Fig. 4, but
it is not the dominant one. The total scattering is domi-
nated by the trunk layer. The total trunk component, spec-
ular-ground and the direct-ground components also exist
at these incidence angles and their contributions decrease
in order (the scattering amplitude of the total trunk
component is larger than the specular-ground one, which
is larger than the direct-ground component). Note that as
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Fig. 3. RR polarization scattering component contributions vs. incidence
angles.

Fig. 5. VR polarization scattering component contributions vs. incidence
angles.
for Aspen, there is strong scattering at specular direction
due to trunk. However, the crown component contributions
exist for the entire incidence angle range, but its scattering
amplitudes are the smallest, although the D–G component
is the smallest at very large incidence angles (h P 75�).

From Fig. 5, we can see that for VR polarization the
total scattering is dominated by the total trunk scattering
and both of them (total scattering and the total trunk scat-
tering) exist at the whole incidence angles. The second
influencing component to the total scattering is the specu-
lar ground component, and its trend is the same with the
total scattering component. The direct-ground component
is lower than the specular-ground component. When the
incidence angles are between 10� and 50�, the total crown
component produces the smallest contribution to the total
scattering component. But when the incidence angles are
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Fig. 6. Specular scattering coefficients of different polarizations (RR, RL
and RV) vs. specular incidence angles at different trunk heights (8, 10 and
12 m).
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Fig. 7. Specular scattering coefficients of different polarizations (RR, RL
and RV) vs. specular incidence angles at different crown depths (8, 10 and
12 m).
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between 55� and 80�, the total crown component is larger
than the direct-ground component but lower than the spec-
ular-ground component.

3.4. Discussion

The previous simulations are for Aspen, which has ver-
tical orientated trunk layer. The single scatter of a trunk
has strong scattering in the specular direction. Other kinds
of vegetation scattering in the specular direction should
also be carried out to determine the vegetation scattering.
But at least for vegetation like Aspen, the above
simulations indicate the polarization respond at XR
polarizations.

The receiver used in SMEX02 and SMEX03 (Masters
et al., 2004) airborne experiment is the modified DMR
receiver. It was programmed to track signals from the high-
est elevation angle in view; therefore its incidence angles are
from 15� to 35�. A zenith-orientated RHCP receiving
antenna was used to receive direct signals, while a nadir-
orientation LHCP receiving antenna was used to receive
the reflected signals. The LR is the largest at these inci-
dence angles, while the RR is the smallest. But for larger
incidence angles (h P 55�), the RV is the smallest, there
are dips, and the scattering trend of RV is very different
from the other polarizations. As for larger incidence angles,
co-polarization RR and cross polarization will yield more
information for vegetation detection. This polarization
may provide additional information for other geophysical
parameters. Our next work will focus on bare soil and crop
polarization study. We hope to find the best polarization
and angular combinations for GNSS-R observation and
then fully exploit its polarization and angular information
for robust remote sensing.

4. Sensitivity analysis

We set different trunk heights and crown depths at RR,
RL and RV polarization, and calculate the specular scat-
tering analysis. Also, scattering azimuth angles effects are
carried out in this section.

From Fig.6, we can see that the trunk height only affects
the amplitudes of the specular scattering coefficients at RR,
RL and RV pol. That is to say, the scattering trends are the
same for the same polarizations. For RR, RV and RL pol,
larger trunk heights correspond to higher scattering at the
same incidence angle.

Fig.7 shows that the effects of crown depths (d) on the
specular scattering at different polarizations are very small,
in fact, less than 2 dB. Since the specular scattering are
more sensitive to the forest biomass, which is dominated
by the trunk layer.

At present, the common GNSS-R scattering are focus-
ing on the in- plane (ui ¼ us) specular scattering, which
is the coherent scattering. But the geometry of the GNSS
constellations are changing, the ranges of their azimuth
angles are 0–360�. Although it is shown that the coherent
scattering at the specular directions are stronger than the
other directions, as the development of GNSS-R receiver,
such as the enhancement of the receiver’s gain, it is believ-
able that the in-coherent scattering at the other directions
may be received someday. Therefore, we show the azimuth
effects (hi ¼ hs ¼ 30�) on the out-of-plane bistatic scatter-
ing. We can easily see from Fig.8 that the azimuth symme-
try of scattering due to the model assumption. When the
azimuth angle is lower than 120�, RL > RV > RR, the
RR is the smallest and has the lowest scattering
(us ¼ 30�). When 120� < us 6 180�, RL > RR > RV. RL
and RV decrease as the increase of azimuth angles
(50� 6 us 6 180�), but the RR first decreases with
us 6 30� and then increase with 30� 6 us 6 50�. From
the above simulations, we can see the scattering azimuth
angles effects are very important for the final scattering
trends.
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5. Conclusions

To overcome the ionospheric effect, the GNSS transmit-
ted signals are RHCP. After reflecting from the Earth sur-
face, its polarization is mostly swapped, which is
commonly thought that the signals are flipped to LHCP,
however this flipped polarization properties are not well
understood at present. But in fact, the flipping extent is
depending on the surface’s dielectric properties. The
polarization scattering mechanism for GNSS-R vegetation
remote sensing is addressed in our work. The Bi-mimics
model is used in this paper. The Spec-mimics model is used
according to the GNSS-R configuration. Specular circular
scattering properties are simulated, including co-polariza-
tion and cross-polarization. Specifically, the VR, HR,
+45R and �45R are all included in the cross-polarization
simulations except for the commonly used LR polarization.
Theoretical calculations indicate that RR polarization
exists for the entire incidence angle range, but it is
the smallest for smaller incidence angles (h 6 50�).
Contributions of different components at RR, LR and
VR polarization are also simulated. The total trunk
component is existed for the entire incidence angle range
and dominates the total scattering (RR, LR and VR
polarization), while the total crown component has much
less effects. The VR has dips for larger incidence angles
(70�). As considered for retrieval, the VR polarization
component should also be considered. Different trunk
heights affect the scattering amplitudes of RR, LR and
VR but have no effects on the scattering trend. Crown
depths has a little effect on the scattering of RR, LR and
VR. Meanwhile, the angle response of co-polarization
and cross-polarization should also be considered carefully,
and the azimuth angle has effects on the scattering of
different polarizations. The influence of polarization on
GNSS-R scattering is an interesting issue, because the
polarization information would provide the potential
utility in terrestrial objects detections. In the future, it
needs to further study and test.
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Appendix A

DDM Delay-Doppler Maps

GPS
 Global Positioning System

GNSS
 Global Navigation Satellite

Systems

GNSS-R
 GNSS-Reflectometry

LHCP
 Left Hand Circular

Polarization

Mimics
 Michigan Microwave Canopy

Scattering Model

RHCP
 Right Hand Circular

Polarization

RR
 The polarization of the

transmitted signal is RHCP,
while the received one is also
RHCP
LR
 The polarization of the
transmitted signal is RHCP,
while the received one is
LHCP
Co-polarization
 The polarization of the
transmitted and received
signals are the same
Cross-polarization
 The polarization of the
transmitted and received
signals are different
HR, VR, +45R and �45R
polarizations
The polarization of the
transmitted signals are RHCP
with the received ones H
(horizontal), V (vertical), +45
(+45� linear) and �45 (�45�
linear) polarizations,
respectively
Line missing
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SMIGOL
 Soil Moisture Interference
pattern GNSS Observations
at L-band Reflectometer
Z–V model
 Zavorotny–Voronovich
model
SMEX
 Soil Moisture Experiments
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