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Abstract

—LR polarization is commonly used for the corresponding geophysical parame-
ters retrieval in GNSS#2; R(Global Navigation Satellite System-Reflectometry)
or SoOP-R (Signal of Opportunity-Reflectometry) . However, the other polar-
ization of the reflected signals has attracted more and more attention with the
development . The popular used equation for RR polarization demonstrates
that it decreases as the soil moisture content increase and this is in contradic-
tion with the experiment data. Here, three new models have been developed:
Spec4PolR (Specular reflectivity model for polarization GNSS#2; R), SPM4Pol
(small perturbation model for polarization GNSS#2; R), and Umich4Pol (Umich
model for polarization GNSS-R). The Mueller matrix of these three models has
been presented and the wave synthesis technique is employed to calculate the
reflectivity at RR polarization. SpecdpolR employs only three elements in the
Mueller matrix for the final reflectivity, while five elements for Umich4polR par-
ticipate in the calculation and although all the elements of the SPM4Pol have
constructed the Mueller matrix and only nine elements have been employed for
calculation. Each elements’ effects on the soil moisture content are presented
and the final reflectivity at RR polarization has been illustrated. However, due
to the simple formulations of SpecdPol, its reflectivity at RR polarization still
decreases as the soil moisture content increase. while the results of SPM4Pol
and Umich4Pol are consistent with the measured data and the reflectivity at
RR polarization increase as the soil moisture content increase. The accurate
forward calculation of RR polarization is crucial for the subsequent retrieval
algorithm of polarization GNSS-R/SoOP-R.
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Abstract

LR polarization is commonly used for geophysical parameter retrieval in GNSS-
R (Global Navigation Satellite System-Reflectometry) or SoOp-R (Signal of
Opportunity-Reflectometry). However, the other polarization of the reflected
signals has attracted increasing attention with recent technological develop-
ments. The popularly used equation for RR polarization demonstrates that
reflectivity decreases as soil moisture content increases, which contradicts ex-
perimental data. Here, we have developed three new models: Spec4PolR (Spec-
ular reflectivity model for polarization GNSS-R), SPM4Pol (Small Perturbation
Model for polarization GNSS-R), and Umich4Pol (Umich model for polarization
GNSS-R). The Mueller matrix of these three models has been presented, and
the wave synthesis technique is employed to calculate reflectivity at RR polar-
ization. Spec4PolR employs only three elements in the Mueller matrix for the
final reflectivity calculation, while five elements participate in the calculation
for Umich4PolR. Although all elements of SPM4Pol construct the Mueller ma-
trix, only nine elements are employed for calculation. Each element’ s effects
on soil moisture content are presented, and the final reflectivity at RR polariza-
tion is illustrated. However, due to the simple formulations of Spec4PolR, its
reflectivity at RR polarization still decreases as soil moisture content increases,
while the results of SPM4Pol and Umich4Pol are consistent with measured data
and show that reflectivity at RR polarization increases as soil moisture con-
tent increases. Accurate forward calculation of RR polarization is crucial for
subsequent retrieval algorithms in polarization GNSS-R/SoOp-R.

Index Terms—GNSS-R, RR polarization, SoOp-R, Specular reflectivity
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I. Introduction

The retrieval of global geophysical parameters at large spatiotemporal scales is
a critical requirement for the Earth science community, and Signals of Opportu-
nity (SoOp)-based systems have recently emerged as a novel microwave remote
sensing domain. The main principle of the SoOp-R approach is to receive and
extract information from free illuminators after their signals reflect off the Earth’
s surface. In contrast to traditional microwave remote sensing, existing signal
sources are used in a bistatic configuration with the transmitter and receiver
separated by a considerable distance [?].

Since the 1990s, the SoOp-R concept has been extensively used for collecting
and modeling Global Navigation Satellite System (GNSS) signal reflections over
the ocean surface to estimate wind vectors [?]. Later, its applications on land
surfaces have emerged and become increasingly promising, such as soil moisture
or root zone soil moisture estimation [?, ?], vegetation water content [?, ?], and
snow water content or biomass equivalent evaluation [?] using SoOp-R or GNSS-
R. As an emerging remote sensing method, SoOp-R/GNSS-R essentially utilizes
sensors to detect the scattering and reflection characteristics of electromagnetic
waves from objects. Polarization is an important characteristic of electromag-
netic waves, defined as the variation of the electric field trajectory over time at
a certain position.

In initial GNSS-R studies, it was believed that navigation satellites emitted
right-handed circularly polarized (RHCP) signals. Due to the weak signal energy
reflected from the surface, it was necessary to use left-handed circularly polarized
(LHCP) signals to effectively isolate the impact of direct signals and study the
reflection characteristics of ground objects [?]. Regardless of whether in ocean or
land domains, the focus has been on LR polarization (the transmitted signals are
RHCP while the received ones are LHCP), meaning researchers have inverted
surface parameters using LR polarization reflected signals [?].

However, with the development of GNSS-R technology, exploration and anal-
ysis of other polarization characteristics have never stopped. For example, in
monitoring land surface soil moisture, the receiver of the BAO tower in-situ
measurement uses antennas with different polarizations to measure surface re-
flection signals and then analyzes the sensitivity of various polarizations to soil
moisture. The receiver antenna includes a low-gain RHCP antenna pointing
toward the zenith to receive direct signals and five receiver antennas pointing
toward the ground: one low-gain LHCP and four high-gain (approximately 12
dB) antennas, i.e., V, H, RHCP, and LHCP [?]. One important point is that
experimental results are inconsistent with theoretical model results due to sim-
plistic model assumptions.

On satellite receivers, the antennas of UK-DMC (United Kingdom-Disaster
Monitoring Constellation), CYGNSS (Cyclone Global Navigation Satellite Sys-
tem), and F3E GNOS-R (GNSS Occultation Sounder II-Reflectometry) are all
LR polarization, and several results have been achieved in the inversion of wind
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speed, SWH (Sea Wave Height), soil moisture, and vegetation biomass [?, ?, ?].
Using a combination of L-band radiometry and SAR, the Soil Moisture Active
Passive (SMAP) mission was launched in 2015 with the objective of studying
Earth’ s surface properties, with soil moisture and freeze/thaw being its pri-
mary objectives. Shortly after launch, the radar ceased normal activities while
the SMAP radar receiver was adjusted to capture GPS L2 reflected signals,
which we call SMAP-Reflectometry (SMAP-R)—a special polarimetric GNSS-R.
Furthermore, computation of the signal’ s Stokes parameters allows for full re-
construction and a better understanding of the polarimetric properties of the
received signal. With polarimetric SMAP-R data, reflectivity at not only LR
polarization but also RR (the transmitted and received signals are both RHCP
polarization), VR (the transmitted signals are RHCP while the received ones
are vertical polarization), and HR (the transmitted signals are RHCP while the
received ones are horizontal polarization) polarizations were used for final soil
moisture or surface roughness estimation [?, ?].

Before the end of 2024, HydroGNSS, which has been selected as the second
Scout small satellite mission, will be built and launched. Different from pre-
vious CYGNSS, one unique feature of HydroGNSS is its polarization. DDMs
will be gathered from the antenna’ s left- and right-hand circular polarizations.
The ratio of the two polarizations (RR/LR) can assist in distinguishing soil
roughness effects from soil wetness, as well as in distinguishing biomass from
ground reflections [?]. We can see that, unlike traditional research on LR po-
larization characteristics, using RR polarization to study ground features is an
important research method, and the study of RR polarization characteristics is
an inevitable trend for the development of polarimetric GNSS-R. Therefore, the
study of the mechanism model of RR polarization is particularly important [?].

In this paper, we begin with the principles and formulas of three developed RR
polarization models. The theoretical fundamentals are presented in Section II,
numerical simulation results are provided in Section III, and conclusions are
presented in Section IV.

I1. Theoretical Fundamentals

In this section, we present the theoretical fundamentals for random surface
scattering models of RR polarization. For an ideal smooth surface, reflectivity
is determined by the Fresnel reflection coefficient and the polarization mode of
the incident signals [?]. The Fresnel reflection coefficients for horizontal and
vertical polarizations are:

cosf — /e, —sin® 0 0

n=

:

. 2
cosf+ /e, —sin” 0
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where 0 is the incidence angle and ¢, is the complex dielectric constant; the
subscripts h and v denote the polarization state. For completely smooth surfaces,
cross-polarization can be ignored. For GNSS signals, the satellite transmission
signal is RHCP, which can be understood as a linear combination of horizontal
and vertical polarization components [?]:

Irr = %(Fv - Fh) (3)

Equation (3) is the commonly used formula to calculate specular reflectivity at
RR polarization, and its relationship with soil moisture content is demonstrated
in Fig. 1 [Figure 1: see original paper|. The variation of reflectivity at RR
polarization versus soil moisture content at different incidence angles (10°, 20°,
30°, and 65°) is presented in Fig. 1. From the simulations, it can be seen that
reflectivity simulated using (3) decreases with increasing soil moisture. However,
both the BAO tower experiment and SOMOSTA (Soil Moisture Monitoring
Station) in-situ measurements show that reflectivity of RR polarization increases
with soil moisture content [?, ?]. Therefore, there is a contradiction between
results obtained from (3) and in-situ measured data.

A. Wave Synthesis Technique

To solve this problem, we provide three models for evaluation in this section.
Since we want to calculate specular reflectivity at RR polarization, we employ
the wave synthesis technique to obtain polarization properties [?]. The electric
field can be represented by an E-vector with components E, and E}, represent-
ing vertical and horizontal polarization components, respectively. One set of
parameters for characterizing polarization state is the four Stokes representa-
tion, which consists of Stokes parameters I, Q, U, and V. I represents the total
intensity of the wave, () represents the difference between vertically polarized
intensity and horizontally polarized intensity, and the last two (U and V') jointly
represent the phase difference between the vertically and horizontally polarized
components of the wave. @, U, and V are functions of ellipticity angle x and
rotation angle .

The definition of the modified Stokes vector is:

1 + cos 2x cos 21
1 |1—cos2xcos2y
Py, x) = 2 sin 2 sin 2¢) (4)

sin 2y
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It should be mentioned that by changing the ellipticity angle and rotation angle,
we can obtain reflectivity at any polarization combination. Table I presents the
defined angles for commonly used polarization states, along with corresponding
normalized Stokes parameters.

The scattered wave Stokes vector can be connected to the incident wave Stokes
vector through the Mueller matrix:

FS(QS, d)s) = M(Gs, ¢s; 91" ¢z) : Fi(oiv ¢z) (5)

Because the scattered wave is spherical, the 1/r? factor is required. For RR
polarization calculation, after obtaining the modified Stokes vectors as shown
in Table I, the other important step is calculating the Mueller matrix, which is
presented in the next section.

B. Spec4PolR

We employ the specular reflectivity matrix to calculate reflectivity at RR po-
larization, and we name this model Spec4PolR. All elements in this model are
based on horizontal and vertical polarization Fresnel reflectivity as shown in (1)
and (2). The reflectivity matrix of a specular ground surface, which is directly
related to the Mueller matrix, can be defined as follows [?]:

S S O 0

So1 Sey O 0
0 0 S35 Sgy
0 0 Sy3 Su

S —

To simplify the final form and demonstrate the elements that constitute the
Mueller matrix, we employ the following equation, where M is a real 4 x 4
matrix:

0 0 Re(S33)  Im(Ssy)
0 0 —Im(Su3) Re(Syy)

M =

We can see that there are six elements in the final Mueller matrix. After mul-
tiplying modified Stokes vectors and their transformations on the left and right
sides of the Mueller matrix, we obtain the following equation to calculate final
reflectivity:

ORR = FgR ‘M- Fgrp (8)
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After Spec4PolR calculation, it should be mentioned that only three elements
of the Mueller matrix are used for the final calculation: S;;, S, and Sy;.
Elements Ss5, Ss4, S43, and Sy, are not employed. Different from previously
used equations, in the modified equations, one quarter of the modulus of S,
and a half of the real part of S,; participate in the final calculations.

C. Umich4PolR

The Umich model is an empirical model developed based on polarimetric radar
measurements [?]. Here, it has been employed for calculating specular reflectiv-
ity at RR polarization, and we name it Umich4PolR. The co-polarization and
cross-polarization scattering coefficients at vv, hh, and hv are as follows:

Opy = Jlo)v : f(ev Eps kS) (9)
Ohh = Ugh - f(0,¢e,,ks) (10)
Ohy = Oph = J?Lv ’ f<9’€r7 kS) (11>

where 0, €,, and ks are the incidence angle, dielectric constant, and surface
roughness, respectively. The formula for ¢ can be expressed as:

ks
—1_ _ 12
q eXP( 0089) (12)

The W matrix used to calculate the Mueller matrix is as follows, with its basic
elements summarized based on o,,, 0y, and oy,

O v \/vaahh 0 0
_ | V%uwIhhn Ohh 0 0
W=1""7 0 Re(o,,) Tm(oy,)| (%)
0 0 —Im(oy,) Re(o,)

The final form for the Mueller matrix of the Umich4PolR model can be summa-
rized as:

_ U21 U22 0 0
MUmich - 0 0 U33 U34

(14)

After multiplying modified Stokes vectors at both sides of the Mueller matrix,
we obtain the final equations used to calculate specular reflectivity at RR polar-
ization. Five elements in the matrix presented in (14) are employed for the final
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calculation: U;;, U;q, Uy, Usg, and U,,. It should be mentioned that element
Us;s is not employed in the calculation.

D. SPM4PolR

The Small Perturbation Model (SPM) is a commonly used model for computing
scattering from natural surfaces [?]. Here, it has been developed based on the
wave synthesis technique to obtain specular reflectivity at RR polarization, and
we name this model SPM4PolR. The average modified Mueller matrix of the
SPM model can be written as a function of polarization-dependent factors:

MSPM -

For the SPM model, we can see that all elements in the 4 x 4 real matrix have
their own definitions and values. To simplify expressions, we employ the P
matrix to represent every element in the Mueller matrix, and the final form can
be defined as:

ofn" =Fhr Mgpy - Frp  (16)
After multiplying the modified Stokes vectors at both sides of the Mueller matrix,
we obtain the final form of specular reflectivity at RR polarization, shown in
the equation below. It should be mentioned that nine elements in the modified

Mueller matrix are employed for the final calculation: P4, Psy, Pi1, Poys Py,
Pry, Pyy, Py, and Pyy.

ITI. Numerical Simulation Results

Numerical simulation results based on Spec4PolR, Umich4PolR, and SPM4PolR
are presented in this section. Each element that affects the final reflectivity is
presented, and its effects on soil moisture content are illustrated.

A. Spec4PolR

From equations (6) to (8), we can see that only three elements of Spec4PolR
are employed for the final RR reflectivity calculation: S;;, Si5, and Sy;. The
relationship between these three elements and soil moisture content is simulated
here. From the numerical simulations presented in Fig. 2 [Figure 2: see original
paper], we can see that S;; increases as soil moisture content increases. The
real part of S}, increases as soil moisture increases when soil moisture content
is below 0.3; however, if soil moisture content exceeds 0.3, the real part of S,
decreases as soil moisture content increases, while its imaginary part remains
constant for different soil moisture contents. For the S,; element, its real part
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increases as soil moisture content increases, while its imaginary part remains
constant during soil moisture variation.

[Figure 2: see original paper]

The left figure in Fig. 3 [Figure 3: see original paper] presents the RR scattering
coefficient in the specular direction versus soil moisture content. The soil mois-
ture content for this simulation is 0.3, while the incidence angle is 30°. The final
result from the three elements in the Mueller matrix shows that RR reflectivity
decreases as soil moisture content increases, while RR reflectivity increases as
specular incidence angle increases. From the simulation, we can see that only
three elements employed in the specular reflectivity matrix cannot be used for
accurate RR reflectivity calculation; that is, the Spec4PolR model cannot be
used for RR calculations due to its simplistic utilization of modified Mueller
matrix elements.

[Figure 3: see original paper]

B. Umich4PolR Model

Numerical simulation results of the Umich model for RR polarization GNSS-R
application are presented in this section. From equations (9) to (14), we can
see that five elements (Uyy, Uyy, Uy, Uss, Uyy) are employed for the final RR
reflectivity calculation. The five elements’ effects on soil moisture content are
the same: as soil moisture content increases, the five elements increase. Specular
reflectivity at RR polarization is the result of the combined actions of these five
elements.

[Figure 4: see original paper]

The relationship between specular reflectivity at RR polarization and soil mois-
ture content is presented in the left figure of Fig. 5 [Figure 5: see original
paper], and its relationship versus specular incidence angles is presented in the
right figure. From the left figure, we can see that as soil moisture content in-
creases, specular reflectivity at RR polarization increases. As incidence angle
increases, specular reflectivity at RR polarization also increases. Both trends of
Umich4PolR in Fig. 5 are consistent with measured data.

[Figure 5: see original paper]

C. SPM4PolR Model

The SPM model for RR polarization GNSS-R application (SPM4PolR) is pre-
sented in this section. The different element effects on soil moisture content
are presented, and the final RR reflectivity versus soil moisture content and
specular incidence angle are also illustrated.

From equations (15) and (16), we can see that nine elements in the modified
Mueller matrix are employed, while their effects versus soil moisture content
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are different. The trends for P,,, P,,, P, and P,y are almost the same, al-
though their magnitudes differ. For the real parts of P;;, Py, Py, and Py,
they increase as soil moisture content increases (when soil moisture content is
lower than 0.3), and the trends become opposite when soil moisture content
exceeds 0.3, while the imaginary parts remain constant for these elements. The
elements P;, and P;, are not complex numbers but real numbers, and their
trends increase as soil moisture content increases. Elements P, Py, P4, and
P,y are also complex numbers; their real and imaginary parts decrease as soil
moisture content increases (when soil moisture content is lower than 0.3) and
increase as soil moisture content increases (when soil moisture content exceeds
0.3). Element P,, is also a complex number, while its real part increases as soil
moisture content increases and its imaginary part remains constant for different
soil moisture contents.

[Figure 6: see original paper]

The final RR reflectivity is the combined action of these nine elements, and their
trends versus soil moisture content and incidence angles are presented in Fig.
7 [Figure 7: see original paper|. We can see from Fig. 7 that RR reflectivity
increases as soil moisture content and incidence angle increase. These trends
are consistent with measured data.

[Figure 7: see original paper]

IV. Discussions and Conclusions

From the numerical simulations presented in Section III, we can see that based
on the theory and methodology presented in Section II, three models have been
developed: Specd4PolR, Umich4PolR, and SPM4PolR. The RR scattering coeffi-
cient of the Spec4PolR model decreases as soil moisture content increases, which
is contrary to actual measurement situations. The reasons are due to overly
simplistic assumptions during calculations, as presented by the commonly used
Fresnel combination form.

In contrast, the two proposed models—Umich4PolR and SPM4PolR—show
trends of RR scattering coefficients versus soil moisture content and specular
incidence angles that are consistent with measurement data. The reasons are
due to the more complex and detailed description of the Mueller matrix. One
point that should be mentioned is that the incidence angles and soil texture
information for the left figures in Fig. 5 and Fig. 6 are the same. However, the
range of RR reflectivity for Umich4PolR is between -29 dB to -24.5 dB, while
for SPM4PolR it is between -28.3 dB to -25.3 dB. The dynamic variation range
for Umich4PolR and SPM4PolR differs by no more than 0.5 dB. The angle
variation range for Umich4PolR and SPM4PolR are presented in the right
figures of Fig. 5 and Fig. 6. From the simulations, we can see that the dynamic
range of Umich4PolR is between -37 dB to -3 dB, while for SPM4PolR it is
between -25 dB to -3 dB. The results show that the range for the Umich4PolR
model appears larger than that of SPM4PolR. The reasons for this phenomenon
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are perhaps due to the applicable range of surface roughness. The surface
roughness parameters used in the SPM4PolR model are: RMS height equals
0.85 centimeter, and correlation length is 2.75 centimeters. The parameters
employed for calculations of the Umich4PolR model are different: RMS height
is 1.45 centimeters and correlation length is 1.75 centimeters. For different
surface roughness conditions, they present different reflectivity properties at
different incidence angles.

With the development of GNSS-R or SoOp-R remote sensing techniques, employ-
ment of polarization properties will become increasingly important, especially
RR polarization, which is orthogonal to the presently commonly used LR po-
larization. The development of formulas for RR polarization calculation in this
paper will benefit subsequent polarization studies and geophysical parameter
retrieval based on RR polarization.
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