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Optimization of Random Surface Scattering Models
for RR Polarization in SoOp-R/GNSS-R Applications

Xuerui Wu?, Lixiong Chen

Abstract—Polarization in global navigation satellite system-
reflectometry (GNSS-R) or signal of opportunity-reflectometry
(SoOP-R) is commonly used for retrieving geophysical parameters.
However, the attention toward other polarizations of reflected sig-
nals has increased with developments in this field. The widely used
equation for RR polarization suggests that it decreases as soil mois-
ture content increases, which contradicts the experimental data.
The accurate forward calculation of RR polarization is essential
for the subsequent retrieval algorithm in polarization GNSS-R/
SoOP-R. To address this issue, three new models have been
developed: specular reflectivity model for polarization GNSS-R
(Spec4PolR), small perturbation model for polarization GNSS-
R (SPM4Pol), and Umich model for polarization GNSS-R
(Umich4PolR). The Mueller matrix of these three models has been
presented, and the wave synthesis technique has been employed to
calculate the reflectivity at RR polarization. Spec4polR uses only
three elements in the Mueller matrix for final reflectivity, while
five elements are used in Umich4polR. In SPM4Pol, all elements
construct the Mueller matrix, and only nine elements are employed
for calculation. The effects of each element on soil moisture con-
tent are presented, and the final reflectivity at RR polarization is
illustrated. However, due to the simple formulation of Spec4Pol,
its reflectivity at RR polarization still decreases as soil moisture
content increases. On the other hand, the results of SPM4Pol
and Umich4Pol are consistent with the measured data, and the
reflectivity at RR polarization increases as soil moisture content
increases. The formula developed in this article for calculating RR
polarization will contribute to subsequent polarization studies and
geophysical parameter retrieval based on RR polarization.

Index Terms—Global navigation satellite system-reflectometry
(GNSS-R)/signal of opportunity-reflectometry (SoOP-R), random
rough surface scattering model, RR polarization, specular
reflectivity.

I. INTRODUCTION

HE retrieval of global geophysical parameters at large
T spatiotemporal scales is a requirement for the Earth
science community, and signals of opportunity (SoOp) based
systems have recently emerged as a novel microwave remote
sensing domain.
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The signal of opportunity-reflectometry (SoOP-R) approach’s
main principle is to receive and further extract information from
free illuminators whose signal reflects off the Earth’s surface.
In contrast to the traditional microwave remote sensing, the
existing signal sources are used in a bistatic configuration with
the transmitter and receiver separated by a considerable distance
(11, [21, [3].

Since the 1990s, the SoOP-R concept has been extensively
used for collecting or modeling the global navigation satellite
system (GNSS) signal reflections over the ocean surface to
estimate wind vectors [4], [5], [6], [7], [8].

Later on, its applications on land surfaces have emerged and
become more and more promising, such as soil moisture or
root zone soil moisture estimation [9], [10], vegetation water
content or biomass retrieval [11], [12], and snow water equiv-
alent evaluation [13] by SoOP-R or global navigation satellite
system-reflectometry (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. Polar-
ization is an important characteristic of electromagnetic waves
defined as the variation of the electric field trajectory over time
at a certain position.

In the initial GNSS-R study, it was believed that naviga-
tion satellites emitted right-handed circularly polarized (RHCP)
signals. Due to the weak signal energy reflected from the
surface, it is 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 [14].
Regardless of whether in the ocean or land domain, the focus
is on LR (the transmitted signals are RHCP, while the received
ones are LHCP) polarization, that is to say, researchers have to
invert surface parameters using LR polarization reflected signals
[15], [16], [17], [18].

However, with the development of GNSS-R technology, the
exploration and analysis of its other polarization characteristics
have never stopped. For example, in the monitoring of soil
moisture on the land surface, the receiver of the BAO tower
in situ measurement uses antennas with different polarizations
to measure the surface reflection signal, and then analyzes the
sensitivity of various polarizations to soil moisture, a low-gain
RHCP antenna in the receiver antenna that points toward the
zenith to receive direct signals; five receiver antennas pointing
toward the ground: 1 low-gain LHCP, 4 high-gain (approxi-
mately 12 dB) antennas, i.e., V, H, RHCP, and LHCP [19]. One
important point that should be mentioned is that the experimental
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results are inconsistent with the theoretical model results due to
the simplistic assumption of the model.

On satellite receivers, the antennas of United Kingdom-
Disaster Monitoring Constellations, cyclone global navigation
satellite system (CYGNSS), and F3E GNSS occultation sounder
II-reflectometry receivers are all LR polarization, and several
results have been achieved in the inversion of wind speed, sea
wave height, soil moisture, and vegetation biomass [11], [12],
[15], [16], [17], [18].

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 the Earth’s surface properties, soil
moisture, and freeze/thaw being its primary objectives. Shortly
after its launch, the radar was directed to stop its normal activi-
ties, while the SMAP radar receiver was adjusted to catch up with
GPS L2 reflected signals, and we call this SMAP-reflectometry
(SMAP-R), which is a special polarimetric GNSS-R. Further-
more, the computation of the signal’s Stokes parameters allows
for full reconstruction and a better understanding of the polari-
metric properties of the received signal. With the polarimetric
SMAP-R data, not only reflectivity at LR pol but also reflectivity
at RR (the transmitted signals and the received ones are all
RHCP polarization), VR (the transmitted signals are RHCP
polarization, while the received ones are vertical polarization),
and HR (the transmitted signals are RHCP polarization, while
the received ones are horizontal polarization) polarization was
used for the final soil moisture or surface roughness estimation
[20], [21].

Before the end of 2024, HydroGNSS, which has been chosen
as the second scout small satellite mission, will be built and
launched. Different from the previous CYGNSS, one unique
feature of HydroGNSS is its polarization. DDMs will be gath-
ered from the antenna’s left- and right-hand circular polar-
izations. The ratio of the two polarizations (RR/LR) can as-
sist in distinguishing soil roughness effects from soil wetness,
as well as in distinguishing biomass from ground reflections
[22].

Reflectivity of RR polarization versus soil moisture at different incidence angles.

We can see that different from the traditional research on
LR polarization 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 impor-
tant [23], [24], [25].

The rest of this article is organized as follows. The theoretical
fundamentals’ models are presented in Section II, and Section II1
provides the numerical simulation results. Finally, Section IV
discusses and concludes this article.

II. THEORETICAL FUNDAMENTALS

In this section, we will present the theoretical fundamentals
for random surface scattering models of RR polarization.

For an ideal smooth surface, the reflectivity is determined by
the Fresnel reflection coefficient and the polarization mode of
the incident signals [27]. The Fresnel reflection coefficients for
horizontal and vertical polarizations are as follows:

cosO — /e, — sin?0

r = — (1)
cost + /e, —sin“f

. g, cosl — /e, — sin®0 @)

£,co80 + /e, —sin20

While 6 is the incidence angle, ¢, is the complex dielectric
constant, and the subscripts i and v demonstrate the polarization
states.

For completely smooth surfaces, the cross-polarization term
Thy and 7y, 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
(14]
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TABLE I

VALUES OF %, X, AND THE NORMALIZED STOKES PARAMETERS i, = I,/Io, iy, = Ip,/Io, w = U/Iy, AND v = V/Iy FOR SOME COMMONLY USED

POLARIZATION STATES

Polarization State Rotation Ellipticity Nor.Stokes Parameters
Angle (v) Angle (y)
I I, u v
Vertical 0° 0° 1 0 0 0
Horizontal 90° 0° 0 1 0 0
Right circular -90°to 90° —45° 1/2 1/2 0 -1
Left circular -90°to 90° 45° 1/2 1/2 0 1
1
P - 5 (Fuw + 7 defined as
) I, % (1 + cos 21 cos 2)
(e, —1)“sin*0 I 1
= 3 5 F, = h| — | 5(1—cos2ycos2y) 6)
(ET sinf + /e, — sin29> (cos 0+ e, — sin29) U sin 29 cos 2y
2
where (3) is the commonly used formula to calculate the specular Iy =By = (Io+Q)/2 ™
reflectivity at RR polarization, and its relationship with soil In=| Eh|2 — (Ip — Q)/2. (8)

moisture content is demonstrated in Fig. 1.

The variations of reflectivity at RR polarization versus soil
moisture content at different incidence angles (10°, 20°, 30°, and
65°) are presented in Fig. 1. From the simulations, it can be seen
that the simulated reflectivity using (3) decreases with increasing
soil moisture. However, both the BAO tower experiment and soil
moisture monitoring station in situ measurement indicate that
the reflectivity of RR polarization increases with soil moisture
contents [19], [28]. Therefore, there is a contradiction between
the results obtained from (3) and the in situ measured data.

A. Wave Synthesis Technique

In order to solve the problems, we will provide three models
for evaluation in this section. Since we want to calculate the
specular reflectivity at RR polarization, we will employ the wave
synthesis technique to get the polarization properties [29].

The electric field can be represented by an E-vector with
components F,, and Ej, both of them represent the vertical
polarization component E,, and the horizontal polarization com-
ponent Ej,

E,
E:[Eh]. @)

One set of parameters for characterizing polarization state is
Stokes’ representation, which consists of four Stokes parame-
ters, Iy, @, U, and V. I, represents the total intensity of the
wave, () represents the difference between vertically polarized
intensity and the horizontally polarized intensity, and the last
two (U and V) represent jointly the phase difference between
the vertically polarized and horizontally polarized components
of the wave

R=Q*+U*+ V2 (3)

While @, U, and V are the functions of ellipticity angle and
rotation angle. The definition of modified Stokes vector can be

It should be mentioned that by changing the ellipticity angle
and rotation angle, we can get the reflectivity at any polarization
combination. Table I presents the defined angles for the com-
monly used polarization state. The corresponding normalized
Stokes parameters are also presented.

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

—-=r 1 — -
o= 7472M (asa¢s;0i7¢i;9j,¢j)Ft. 9)

Because the scattered wave is spherical, the factor 1 /7‘2 is
required. As for the calculation of RR polarization, after getting
the modified Stokes vectors, as shown in Table I, the other
important step is to calculate the Mueller matrix, which will
be presented in the parts B, C, and D of this section.

B. Specular Reflectivity Model for Polarization GNSS-R
(Spec4PolR)

We will employ the specular reflectivity matrix to calculate
the reflectivity at RR polarization, while this model is named
Spec4PolR. All the elements in this model are based on the Fres-
nel reflectivity (r, and r},) at vertical polarization and horizontal
polarization, 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
[30]:

Iro> 0 0 0
0 |ral? 0 0
R(O) = 10
©) 0 0  Re(ryry) —Im(r,r}) (10)
0 0 Im(ryry) Re(ryry)

To simplify the final form and demonstrate the elements that
calculate the final Mueller matrix, we will employ the following
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equation and is a real 4 * 4 matrix

Sii 0 0 0
0 Sy O 0
0 0 S35 S

S = (11)

We can see that there are six elements for the final Mueller
matrix and they are S11, S22, S33, S34, and Sy3. After multiply-
ing modified Stokes vectors and their transform formation at the
left side and right side of the Mueller matrix, respectively, we
can get the below equation to calculate the final reflectivity.

1 *
\Q—ERe (ro7},)
(12)

1 2
U%pecfpolezsll+ZS22_5544:Z|TU| 7 Lo

It should be mentioned from the above equation that only three
elements of the Mueller matrix are used for the final calculation,
e.g., 511,929, and S44, while S33, S34, and S43 are not employed
for the final calculation. Different from the previously used
equations, in the modified equations, one-quarter of the modulus
of r, and 7}, and a half of the real part of 7, and r} participate
in the final calculations.

C. Umich Model for Polarization GNSS-R (Umich4PolR)

Umich model is an empirical model developed based on po-
larimetric radar measurement [32]. Here, it has been employed
for the calculation of specular reflectivity at RR polarization.
And the developed model is named Umich4PolR. The copolar-
ization and cross-polarization scattering coefficients at vv, hh,
and Av are as follows:

3
02, (0,e,, ks) = 9‘1‘2’39 [Ty (6) + T (6)] (13)
opn (0,60, ks) = g\/ﬁcos39 [Ty (0) + T (0)] (14)
opy (0,60, ks) = qoy, (0,6, ks) . (15)

0, e,, and ks are the incidence angle, dielectric constant, and
surface roughness, respectively.
While the formula of g can be expressed as follows:

=0.23v/Tg [1 — exp (—ks)]

where [y is the Fresnel reflectivity of the surface at the nadir
direction

A Uhv (16)

2

N v

m"u\/a "
[1/3T]

i\ (2) ek 0y

The W matrix that is used to calculate the Mueller matrix is
given in 19, while its basic elements can be summarized based
onoy,, oy, and oy

(o0.,)° (o0)° 00
2 2
ww = | (@) (o) 0 0 (19)
0 0 o302, 0
0 0 0 ohnoo,
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The final form for the Mueller matrix of the Umich4PolR
model can be summarized as

Ui Uiz 0 0
| U1 Uz 0 0
U= 0 0 Usz O (20)
0 0 0 Uwp

After multiplying modified Stokes vectors at both sides of the
Mueller matrix, we can get the final equations that are used to
calculate the specular reflectivity at RR polarization

Ugmich = iUquiUeriUqu%ngf %U44. 20

Five elements in the matrix, as presented in (20), have been
employed for the final calculation. It should be mentioned that
the element of Uss is not employed for calculation.

D. SPM4PolR

The small perturbation model (SPM) is a commonly used
model for computing the scattering from a natural surface [31].
Here, it will be developed and based on the wave synthesis
technique to get the specular reflectivity at RR polarization and
the developed model is named SPM4PolR.

The average modified Mueller matrix of the SPM model can
be written as the function of polarization-dependent factors

fv'u ':'U fvhf:;h fv'u Zjh fvhf;;v

Mm = U ‘7—1 fhvff;.v fhhfi;.h fhvf};,h fhhfi;.v V_l.
0 fm;f}w f?)hfhh fvvfhh f?)hfhv
Trofoo  Tanfon  Trofon  frnfon

(22)

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

Py P Pi3 Py
Py Py Py3 Poy

P = 23
P31 Py P33 Py 23)
Py Py Pyz Py

After multiplying the modified Stokes vectors at both sides
of the Mueller matrix, we can get the final form of the specular
reflectivity at RR polarization, which is shown in the below equa-
tion. It should be mentioned that nine elements in the modified
Mueller matrix have been employed for the final calculation,
i.e., Pia, Poy, P11, Po1, Pa1, P12, Pao, Pyo, and Pyy

1 1 1 1
oM = — §P14 - §P24 + ZPH + 1P21

1 1 1 1 1
+ 1P41 + 1P12 + =P + ZP42 - §P44-

4

Not all of the elements in (23) are used for reflectivity at RR
polarization.

(24)

III. NUMERICAL SIMULATION RESULTS

The numerical simulation results based on Spec4PolR,
Umich4PolR, and SPM4PolR will be presented in this
section; each element that affects the final reflectivity will also
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Fig. 2. Modified Mueller matrix elements of S11, S22, and Sg4 versus soil moisture content.

be presented and their effects on soil moisture content will be
illustrated.

A. Spec4PolR

Spec4PolR is employed and its numerical simulation results
are presented in this section. From (10) to (12), we can see that
only the elements of S11, Sa2, and Sy in the 4 * 4 real modified
Mueller matrix are employed for the final RR reflectivity cal-
culation; therefore, the relationship between the three elements
versus the soil moisture contents is presented and simulated here.
From the numerical simulations, as presented in Fig. 2, we can
see that Sy increases as the soil moisture content increases. The
real part of Soo increases as the soil moisture increases when the
soil moisture content is below 0.3. However, if the soil moisture
content is larger than 0.3, the real part of So5 decreases as the soil
moisture content increases, and its imaginary part remains as a
constant for different soil moisture contents. For S44 element, its
real part increases as the soil moisture content increases, while
the imaginary part remains as a constant during the variation of
soil moisture content.

The left figure in Fig. 3 presents the RR scattering coeffi-
cient in the specular direction versus the soil moisture content.
The soil moisture content for this simulation is 0.3, while the
incidence angle is 30°. The final three elements in the Mueller
matrix result that the RR reflectivity decreases as soil moisture
content increases, while RR reflectivity increases as the specular
incidence angle increases.

From the simulation, we can see that only three elements
employed in the specular reflectivity matrix cannot be used
for the accurate RR reflectivity calculation, that is to say, the

Spec4PolR model cannot be used for RR calculations due to its
simple utilization of the modified Mueller matrix elements.

B. Umich4PolR Model

Numerical simulation results of the Umich model for RR
polarization GNSS-R application (Umich4PolR) are presented
in this section. From (13) to (21), we can see that five elements
(511, 521, 512, 522, and 544) are employed for the final RR
reflectivity calculation. The five elements’ effects on the soil
moisture contents are the same: as the soil moisture contents
increase, the five elements increase. Specular reflectivity at
RR polarization is the result of the combined actions of five
elements.

While the relationship between specular reflectivity at RR
polarization with the soil moisture content is presented in the
left figure of Fig. 5 and its relationship versus the specular
incidence angles is presented in the right figure of Fig. 5.

From the left figure, we can see that, as the soil mois-
ture content increases, the specular reflectivity at RR polar-
ization increases. While as the incidence angle increases, the
specular reflectivity at RR polarization increases. Both trends
of Umich4PolR in Fig. 5 are consistent with the measured
data.

C. SPM4PolR Model

The SPM model for RR polarization GNSS-R application
(SPM4PolR) is presented in this section. The different element
effects on soil moisture contents are presented and the final RR
reflectivity versus soil moisture content and specular incidence
angle are also illustrated in this section.
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From (22) to (24), we can see that nine elements in the
modified Mueller matrix are employed, while their effects versus
soil moisture content are different. The trends for S74, So4, and
Sjo are almost the same, although the magnitudes of them are
different. For the real parts of S14, S24, and Syo, they increase
as the soil moisture content increases (when the soil moisture
content is lower than 0.3) and the trends become opposite as

the soil moisture content is larger than 0.3, while the imaginary
parts remain as constants for these three elements. The elements
of S11, S21, Si2, and Sao are not complex numbers but real
numbers, while the trends for these four elements increase as the
soil moisture content increases. S4; and Sy4 are also complex
numbers, and their real part and imaginary part of S4; decrease as
soil moisture content increases (when the soil moisture content
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is lower than 0.3) and they increase as soil moisture content
increases (when soil moisture content is larger than 0.3). The
element of Sy4 is also a complex number, while the real part
of Sy, increases as the soil moisture content increases and the
imaginary parts of Sy;4 remain as constant for different soil
moisture contents.

The final RR reflectivity is the combined actions of these
nine elements, and their trends versus soil moisture content and
incidence angles are presented in Fig. 7.

We can see from Fig. 7 that RR reflectivity increases as the
soil moisture content and incidence angle increase. These trends
are consistent with the measured data.

IV. DISCUSSION AND CONCLUSION

From the numerical simulation, as presented in Section III,
we can see that, based on the theory and methodology pre-
sented in Section II, three models have been developed, i.e.,
Spec4PolR, Umich4PolR, and SPM4PolR. We can see that the
RR scattering coefficient of the Spec4PolR model decreases as
the soil moisture content increases and this is contrary to the
actual measurement situation; the reasons are due to the too
simple assumption during the calculations, as presented by the
commonly used Fresnel combination form.

While as for the other two proposed models, i.e., Umich4PolR
and SPM4PolR. The trends of RR scattering coefficients versus
soil moisture content and specular incidence angles are consis-
tent with the measurement data. The reasons are due to the more
complex and more detailed description of the Mueller matrix.
One point that should be mentioned is that the incidence angles
and soil texture information for the left figure in Figs. 5 and 6are
the same, However, the range of RR reflectivity for Umich4PolR
is between —29 and —24.5 dB, the one for SPM4PolIR is
between —28.3 and —25.3 dB. The dynamic variation range
for Umich4PolR and SPM4PolR has a slight no more than
0.5 dB difference. The angle variation range for Umich4PolR
and SPM4PolR is presented in the right figure of Figs. 5 and
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Specular reflectivity at RR polarization versus soil moisture content (left figure) and specular incidence angle (right figure).

6. From the simulations, we can see that the dynamic range
of Umich4PolR is between —37 and —3 dB, while the one for
SPM4PolR is between —25 and —3 dB. The results show that
the range for the Umich4PolR model seems larger than the one
of SPM4PolR. The reasons for this phenomenon 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 cm, and the correlation length is 2.75 cm.
While the ones employed for the calculations of the Umich4PolR
model are different, the rms height is 1.45 cm and the correlation
length is 1.75 cm. For the different surface roughness, they will
present different reflectivity properties at different incidence
angles. With the development of the GNSS-R or SoOP-R remote
sensing technique, its employment of polarization properties
will become more and more important, especially RR polariza-
tion, which is orthogonal polarization of the present commonly
used LR polarization. A companion experiment related to po-
larization GNSS-R will be conducted in the following month. It
should be noted that, although the current models used in this
article have not been validated with in situ measurements, they
were developed based on the Mueller matrix by changing the
modified Stokes vectors to obtain the scattering properties at
RR polarization. In other words, if we set the modified Stokes
vectors to linear polarization configurations, we can obtain the
VV, HH, VH, or HV scattering coefficients, which are compared
with the results of traditional models with good consistency.
This way, we validate our models and ensure their reliability.
The development of the formula for RR polarization calculation
in this article will benefit the following polarization study and
geophysical parameters retrieval based on RR polarization.
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