Wu et al. Geosci. Lett. (2021) 8:11

https://doi.org/10.1186/540562-021-00182-y @ GeOSCIence Letters

RESEARCH LETTER Open Access
()]

Check for
updates

Bistatic scattering simulations of circular
and linear polarizations over land surface
for signals of opportunity reflectometry

Xuerui Wu'?, Yezhi Song'?, Jin Xu*"®, Zheng Duan® and Shuanggen Jin'?

Abstract

Signals of Opportunity Reflectometry (SoOp-R) employs the communication system, GNSS (Global Navigation Satel-
lite System) constellation and other potential Signals of Opportunity (SoOp) as the transmitters. In recent years, it has
gained increased interests. Several experiments have been carried out, however it is still in the initial development
stage. Theoretical predictions of SoOp Reflectometry for land surface parameters detection, such as soil moisture and
vegetation biomass, should be carried out simultaneously. Meanwhile, at present less works are paid attention to the
polarization study of the polarizations. The first-order radiative transfer equation models are employed here and they
are developed according to the wave synthesis technique to get the various polarization combinations. Using the two
models as analysis tools, we simulate the bistatic scattering at all potential SoOp Reflectometry bands, i.e,, P-, L-, C-
and X-band for circular polarizations and linear polarizations. While the original commonly used microwave scattering
models are linear polarizations, here we compare the difference. Although the models can simulate bistatic scatter-
ing at any incident angles and scattering angles. Four special observation geometry are taken into considerations
during the analysis. Using the developed models as tools, the developed models establish the relationship between
the land surface parameters (such as soil moisture, soil roughness and vegetation water content, diameters et al.) and
bistatic radar cross section. The forward scattering models developed here enables the understanding of the effects
of different geophysical parameters and transmitter—receiver observation scenarios on the bisatic scattering at any
polarization combinations for any potential SOOP reflectometry bands. Robust retrieval methods for soil moisture and

vegetation biomass can benefit from the forward scattering models.
Keywords: SoOp Refletometry, GNSS-R, Soil moisture, Vegetation, Polarization, Bistatic scattering

Introduction

Compared with traditional remote sensing observations
by polar-orbiting satellites, GNSS-R technology can
provide continuous observation signals in most areas
on the earth’s surface. It will be a useful supplement to
polar-orbiting satellite observations in terms of tempo-
ral and spatial resolution and has become the current
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international hot research direction (Zavorotny and
Gleason 2014; Cardellach and Vey 2016).

The UK-DMC (United Kingdom-Disaster Monitoring
Constellation) and TDS-1 (TechDemoSat-1) test satel-
lites were launched for GNSS-R remote sensing research
in Year 2004 and 2014, respectively (Gleason and Adjrad
2005; Unwin et al. 2016). In December 2016, CYGNSS
(Cyclone Global Navigation Satellite) System) was suc-
cessfully launched. Its main scientific goal was to meas-
ure wind field information on the ocean surface during
tropical storms and hurricanes (Ruf et al. 2019; Mayers
and Ruf 2019; Crespo et al. 2019). It also provides an
important opportunity for land surface parameters and
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cryospheric research (Chew and Small 2018; Morris et al.
2019; Chew et al. 2017). In June 2019, China launched the
Bufeng-1 A and B satellites with GNSS-R payload, which
is mainly used for sea surface wind field detection (Jing
et al. 2019). The GNSS-R space-based payload GNOS II
(Global Navigation Satellite System Occultation Sounder
II) developed by the National Space Science Center of the
Chinese Academy of Sciences is expected to be launched
in Year 2022 with the E-star of the FY-3 meteorological
satellite (Sun et al. 2017). Although these satellite-borne
observation programs are currently mainly used for sea
surface parameter monitoring, their development has
also opened a door for land surface remote sensing moni-
toring (Alejandro 2013; Balakhder and Al-Khaldi 2019).

In recent years, SoOp Reflectometry has gained
increasing interests (James et al. 2017). This new prom-
ising remote sensing technique employs the RF sys-
tems (also known as “signals of opportunity” or SoOp)
as transmitters. Different from the previous GNSS-R,
which mostly use L-band signals of GNSS constellations
as transmitted signals, SoOp Reflectomtery employs all
potential transmitted signals working at P-band, C-band,
X-band and so on. Different frequency bands have differ-
ent wavelengths, thus results in the various penetration
depths. Each frequency bands have their own advantages
for geophysical parameters detection. Lower frequency
for example P-band, are suitable for root zone soil mois-
ture and forest biomass detection (Yueh et al. 2018).
Higher frequency are suitable for snow properties detec-
tion (Shah and Yueh 2017). With so many potential free
transmitters working at different microwave frequency
bands, SoOp Reflectometry provides more and more
opportunity for land surface parameters detection. How
to dig the wider frequency bands resources and make
fully use of them for land surface remote sensing needs
researchers more efforts. Scattering mechanisms study
is an efficient way for this kind of research and can help
demonstrate its feasibility (Kurum et al. 2019; Wu et al.
2014).

As for SoOp Reflectometry, the transmitters and the
corresponding receivers form the typical bistatic radar
mode. The complexity of the bistatic and changing obser-
vation geometry make this technique hard to employ
its angle information. Due the much higher scattering
amplitudes at specular scattering plane, at present, most
researches employ the coherent scattering for soil mois-
ture retrieval using CYGNSS data (Calabia et al. 2020;
Kim and Lakshmi 2018; Yan and Huang 2020). As for
the ocean surface, the scattering is mostly diffuse scat-
tering (Dong and Jin 2019). However, as for the land sur-
face, some researchers employ the incoherent scattering
for soil moisture retrieval (Clarizia et al. 2019; Al-Khaldi
and Johnson 2019). With so many signals sources of the

Page 2 of 13

transmitters, they provide large amount of observation
angles, however, still less work focus on fully dig the
angles information for geophysical parameters detection.
This limits the development of SoOp Reflectometry. Scat-
tering properties at various observation geometry need
though understand. At this stage, bistatic scattering mod-
els are needed. Without field measurement data, such as
ground-based and airborne-based experiments, theo-
retical models can provide simulations for various angles
combinations, thus illustrating the scattering properties
(Wu and Jin 2019, 2020).

To overcome the inosphere effects, most the SoOP
transmitters transmit the right hand circular polariza-
tion (RHCP) signals. Several experiments have employed
linear and circular polarization antennas to collect the
reflected signals. In the SMEX02/03 (Soil Moisture
Experiments 02/03) airborne GPS-R experiment, the
DMR (Delay Map Receiver) with RHCP to collect the
direct signals and LHCP (left hand circular polarization)
to collect the reflected signals are used (Katzberg et al.
2006). While in the later BAO-Tower experiments, four
antennas of vertical polarization, horizontal polarization,
RHCP and LHCP are used. Their original hypothesis is
to use the polarization ratio to decrease the roughness
effects for soil moisture retrieval. However, the results
are not as good as they supposed (Zavorotny and Masters
2003). Some researchers employ SIMIGOL (Soil Mois-
ture Interference pattern GNSS Observations at L-band
Reflectometer) with vertical polarization antenna and
PSMIGOL (the dual-polarization SMIGOL) receivers
with horizontal antennas for the geophysical parameters
detection (Rodriguez-Alvarez and Camps 2010; Alonso-
Arroyo and Camps 2014). LEIMON (Land Monitoring
with Navigation Signals) experiment employs RHCH and
LHCP for their experiment (Egido and Caparrini 2011).
As for the land surface detection, receivers with differ-
ent polarizations have been carried out, and most the
traditional microwave scattering are linear polarizations.
However, less work paid attention to the scattering prop-
erties of various polarizations.

With the more frequency bands coverage of SoOp
Reflectometry, to utilize its angle geometry and polari-
zations information, we developed microwave scattering
models that can accurately understand and describe the
microwave scattering mechanism of rough surfaces and
vegetation parameters, it is a key mechanism tool for
analyzing and interpreting satellite observations, satellite
data simulation, satellite data assimilation, development
of quantitative inversion algorithms for surface param-
eters, and new sensor design (Fung 1994).

More details of the model introduction are presented
in “Scattering models” section. The corresponding
simulations are shown in “Simulations and analysis”
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section. While the conclusion part is given in “Conclu-
sion” section.

Scattering models

As for our analysis, we employ the first-order radia-
tive transfer equation model to calculate the bare soil
and forest scattering properties. In this model, the tall
forest canopy is divided into three layers, the crown
layer, the trunk layer and the ground layer. As we all
know that the commonly used microwave scattering
models are either backscattering model for mono-
static radar (active microwave scattering model) or the
emissivity model for radiometer (passive microwave
scattering model). However, we need a bistatic scat-
tering model for GNSS-R and SoOP-R applications,
since we know that the transmitters and correspond-
ing receivers of this kind of remote sensing form the
typical bistatic radar. In this way, we need modify the
commonly used backscattering scattering form of the
first order transfer equation model to the bistatic scat-
tering model form. Meanwhile, it should also be noted
that to overcome the inospheric effects, the trans-
mitted signals of the GNSS constellation and some
of the communication satellite system are circular
polarization. However, most of the present microwave
scattering models are linear polarizations, we need
modify the model and develop ciruclar polarization
scattering models. It also be noted that although the
payload polarization of the present space-borne CYG-
NSS and Bufeng-1 are left hand circular polarizations,
their main purpose is oriented for the ocean surface.
Nowadays, the space-borne GNSS-R missions for land
surface applications are employing the linear polariza-
tions antenna to get the reflected signals. Therefore,
our models need to be modified to have the abilities
of calculating the circular-linear polarization scatter-
ing properties. To get the bistatic scattering model
from the traditional backscattering model, we need to
convert the BSA (Backward Scatter Alignment) coor-
dinate system to the FSA (Forward Scatter Alignment)
coordinate system. “Model description” section shows
the model description. The method to transform the
models from backscattering form to the bistatic scat-
tering form is presented in “Transform from backscat-
tering form to the bistatic scattering model” section.
Polarization coordinate system and the polarization
transformation method are presented in. “Polariza-
tion coordinate systems” and “Wave synthesis tech-
nique” sections. To make the model more clearly, we
have given a flowchart in “Model flowchart” section .
We have also presented the model validation shown in
“Model validation” section.
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Model description

The bistatic Michigan Microwave Canopy Scattering
model (short for Bi-MIMICS) is employed for the calcu-
lation of the bistatic forest scattering, the first-order fully
polarimetric transformation matrix is used (Liang and
Pierce 2005). In the Bi-MIMICS model, the canopy are
divided into three layers: the crown layer, the trunk layer
and the ground layer.

As for the ground part, there are four random rough
surface scattering models. The first one is the Kirchhoff
model which is under the stationary phase approxima-
tion and it is suitable for very rough surface, the second
one is the Kirchhoff model under the scalar approxima-
tion and it is suited for intermediate scales of rough-
ness, the third one is the small perturbation model and
it is suitable for surfaces with short correlation lengths.
The above mentioned three models are for discontinuous
rough surface. The random rough surface is continuously
changing, therefore the forth model of advance equation
model is developed and commonly used. For detail com-
plex formula, please see the reference (Ulaby et al. 1988;
Chen and Wu 2003).

There are eight scattering mechanisms in the model
(Liang and Pierce (2005): the direct ground term (DG),
the direct crown bistatic scattering term (DC), the crown
scattering and ground reflection term (C-G), the ground
reflection and crown scattering term (G-C), the ground
reflection and crown scattering and ground reflection
term (G-C-G), the trunk scattering and ground reflec-
tion term (T-G) and the ground reflection and trunk
scattering term (G-T) and the specular ground term
(S-G). Figure 1 illustrate the above mentioned scattering
mechanisms.

Tranform from backscattering form to the bistatic
scattering model

Iterative algorithms are used to solve the radiative trans-
fer equation. Assume that the incident density is 1;(6;, ¢;),
the scattered density is I (s, ¢s), the incident zenith angle
and azimuth angle are 6;, ¢;, respectively. While 6, ¢; is
the scattered zenith angle and azimuth angle. To simplify
the calculation, we assume the incident azimuth angle
is 0°(¢; = 0°). The observation geometry for the back-
scattering direction is 6; = 6;, ¢ = 180°, the one for the
specular scattering direction is 6; = 6;, s = 0°, while the
observation angles for the forward scattering direction is
0 = 180° — 0;, s = 0°.

After the incident energy is scattered by scatterer, the
relationship between the scattering energy intensity
and the incident energy intensity can be connected by
the transformation matrix T, which is calculated by the
extinction matrix and the phase matrix.
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Fig. 1 Geometry for the polarization coordinate systems
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Is(6s, 05) = T (65, 05)1:(0;, ¢1) (1)

The average modified Mueller matrix can be used to
calculate the phase matrix and the extinction matrix.
For more details and the formulations used to calcu-
late the above mentioned matrices, please see the ref-
erences (Ulaby et al. 1988; Chen and Wu 2003).

It is noteworthy that the angles should be changed
and modified correctly when we transforming the
backscattering model to the bistatic scattering model
and it is the core contents during the model develop-
ment. We should modify the original single incident
angles to the (6;,¢;) to the bistatic form, that is to
say, we need to add the scattering angles(6s, ¢5) in the
developed model.

As for the extinction of the crown layer, it include
the upward extinction matrix after the scattering
by the trunk layer (6; = 6s,¢; = ¢s; 0s = 05, 95 = @s)

and the downward extinction matrix
that are not scattered by the trunk layer
Oi=m—06;,0; =0;0s =m —0;,0s =0). The extinc-

tion matrices in the trunk layer include four kinds:
two upwards directions include the one that is scat-
tered by the trunk layer 0; = 605, ¢; = ¢5; 0 = 05, 05 = @5
and the one does not scatter by the crown layer
0; =6;,0i =0;0, =0;,0s =0, and two downwards
directions include the one that is scattered by the
crown layer 6; =7 — 05,0, = ¢5; O =7 — 05,05 = @5
and the other one that does not scattered by the crown
layer ¢, = w —0;, ¢; = 0; 6, = 7w —6;, s =0).

As for the calculation of the phase matrix, it includes
four kind of observation angles combination, which is
shown in the Table 1.

Table 1 Observation angles combinations as for the phase
matrix calculation

The incident direction Scattering direction

0 =0, =0 05 = 05,05 = s
0 =0, =0 Os =7 — 65,05 = @5
O =m—06,0=0 0s = 05,05 = s

Oj=m —6,0=0 O =7 — 65,05 = @5

Polarization coordinate systems

There are commonly two kinds of conventions to define the
electromagnetic wave when considering scattering from
a scatterer. One is the Forward Scatter Alignment (FSA)
convention, the other one is the BackScatter Alignment
(BSA) convention. Figure 1 illustrate the geometry for the
FSA and BSA conventions. FSA defines the vertical and
horizontal unit polarization vectors for the incident and
scattered waves and they are equal in the forward scatter
direction (Ulaby et al. 1988).

The incident direction and scattering direction are
depicted by #; andii;, while v and / are the unit polariza-
tion vectors for the vertical and horizontal components,
the subscript i and s indicate the incident field and the scat-
tered field. The angles information are expressed by (0;¢;)
and (04,¢;) for incident and scattered fields.

n; = x sinf; cosp; + ysinb;sing; + zcosb; (2)

ljti = —xsing; + ycosg; (3)
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V; = h; x n; = xcosb;cosg; + ycosh;sing; — zsinb;

(4)
71s = xsinfscosegs + ysinbgsings + Zcosbs (5)
hs = —Xxsings + ycosgs (6)

Vs = izs X 715 = XC080scosgs + ycosbssings — zsinbs
7)
As for the BSA convention, it defines the vertical and
horizontal unit polarization vectors for the incident and
scattered wave and they are equal in the backscatter
direction

-~

n; = xsind;cosg; + ysind;sing; + zcosh; 8)

=
Il

—Xxsing; + ycose; 9)

V; = h; x n; = xcos;cosg; + ycosh;sing; — zsinb;

(10)
7is = xsinfscosds + ysindssings + z cosbs (11)
1:15 = xsings — Jcoseps (12)
Vs = —izs X g = xcos0scosps + ycosbssings — Zsinbs
(13)

The only difference between the BSA and FSA conven-
tion is that kg is replaced with —h,. The BSA convention
has been the standard used in the area of radar polarime-
try. To get the various polarization combination using the
wave synthesis technique, we do the polarization coordi-
nate systems conversion accordingly.

Wave synthesis technique

To get the circular polarization properties, here we
employ the wave synthesis technique to make the scatter-
ing models can calculate various polarization combina-
tion (Ulaby and Elachi 1990).

O, (Ve Xor» Wts X)) = AT Y] M, Y, (14)

M,, is the modified Mueller matrix, Y,, is the modified
stokes vectors, where the upper subscript r and t indi-
cate the polarization of transmitted and received signals.
These depend on the variables of orientation y and ellip-
ticity y, respectively. The polarization of an electromag-
netic wave may be described in terms of the ellipticity
diagram shown in Fig. 2. It is sufficient to use the angles
of y and x o specify the polarization completely.
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Fig. 2 Polarization of an electromagnetic wave

It should be noted that the modified Stokes vector is
an alternative description of wave polarization. While
the modified Stokes vectors can be defined like the fol-
lowing and it is a function of the angles ¥ and y. For dif-
ferent polarization, the settings of the modified Stokes
are like Table 2.

%(1 + cos2yrcos2y)
%(1 — cos2yrcos2y)
sin2yrcos2 x
sin2y

Yim =

Model flowchart

Figure 3 shows the model flowchart. As for the ran-
dom surface scattering model, Soil temperature, soil
moisture and texture and surface roughness are the
soil physical input parameters. They are combined
with the satellite geometry for model inputs. Using the
wave synthesis technique, the model can get various
polarization combinations for different kind of soil. As
for the vegetation part, the vegetation physical param-
eters are the important part of the model inputs, such
as vegetation water content, density and diameters,
these information are also combined with the satellite
geometry for the inputs of the forest scattering model.
By employing the wave synthesis technique, we can get
bistatic scattering of bare soil and vegetation with vari-
ous polarization combinations.
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Table 2 Modified Stokes vectors for various polarizations
V pol H pol LHCP pol RHCP pol +45°pol —45°pol
Modified Stokes vector 1 0 0.5 0.5 0.5 0.5
0 1 0.5 0.5 0.5 0.5
0 0 0 0 —1 1
0 0 1 —1 0 0
Model Configuration
Yes No ) Yes |
Input P LA Bare soil Vegetation Input
texture moisture Temperature Roughness
density height biomass moisture
T
|
\

4 X 4 Mueller matrix(soil)

4 X 4 Mueller matrix (vegetation)

Wave synthesis technique

Bistatic scattering cross section of various polarizations

Fig. 3 Flowchart of the scattering model

Model validation
Due to the lack of the bistatic radar measurement data,
the above mentioned models cannot be validated with
measurement data. However, we know the models of
backscattering form have been validated and commonly
used (Liang and Pierce 2005). Therefore, we configure
our models to the back scattering form by setting the
elliptical and ellipticity angle. And not surprisingly, they
produce the same results as the original backscattering
model. This indicates our model is an efficient model
for SoOp Reflectometry study, which is a typical bistatic
radar form.

As for the polarization validation, we have employed
the wave synthesis technique to get the various polariza-
tion combinations, as we know the original model is the

linear form, we have set the modified Stokes vectors to
the linear form and compare the results with the origi-
nal model, and not surprisingly, they produce the same
results. In this way, we validate the polarization ability
of the model and we assume that the models calcula-
tions for various polarization combination is correct. Of
course, we await for the measurement validation in the
future.

Simulations and analysis

Bare soil simulations

As for the random rough surface simulations, here
we simulate the different scattering properties at
all potential SoOp Reflectometry frequency bands:
P-band(0.48Ghz), L-band (1.48Ghz), C-band (4.75Ghz)
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and X-band (10Ghz). We also simulate the scattering
properties at various polarization, such as RR, LR, VR,
HR, +45°R and — 45°R. For the polarization notations,
the first letter is the received polarization, the second
letter is the transmit polarization. To do comparison,
we also simulate the linear polarization properties.
Here four kinds of observation geometry is carried out.
The incident angle and the scattering angle are pre-
sented in Fig. 4, under its definition, the observation
geometry of {0; = 0;,¢; = 180°} indicates backscat-
tering; {0; = 6;, s = 0°} stands for specular scattering;
{6s = 0;, s = 90°} denotes the perpendicular scatter-
ing. While {6; =30°6; = (10° — 85°),¢, = 120°} is
one illustration of bistatic scattering. These four special

Crown Layer

Trunk Layer

enl' 8\
d'=-(d+Ht)

Fig. 4 Scattering mechanisms in the first-order Bi-mimics model,
including the GCG, CG, DC, GC, GT, DG, and TG terms. The SG term is
not shown. The crown layer depth is Z1=d and the trunk layer depth
Z2=Ht
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observation geometries are employed and analyzed as
the following.

Figure 5 presents the linear and circular polarization
random rough surface scattering cross section versus
scattering angle for P-, L-, C- and X-band at backscat-
tering plane. From the point of scattering amplitude, as
for linear polarization, the cross polarization, i.e., VH
polarization (Fig. 5¢), is the smallest one. As for circular
polarization, RR polarization (Fig. 5d) the smallest one
among the circular polarizations as shown in Fig. 5e—i.
It should be noted that there are scattering notches as
for VV polarization (Fig. 5b) and VR polarization due
to the Brewster angle (Fig. 5f), which is very useful for
the vegetation correction during soil moisture retrieval.
It is worth mentioning that the VV polarization means
the transmitted polarization and the received polari-
zations are all vertical polarization, while VR means
the transmitted signals are vertical polarization and
the received polarization is right hand circular polari-
zation. In Fig. 5, different frequency bands are simu-
lated, as for the same scattering observation geometry
and polarization, X-band is the smallest one, C-band
is larger than X-band. While P-band and L-band is the
largest one and their scattering properties are very near
the same, which is due to the close frequency bands.
When the backscattering angle is at lower and mod-
erate range, the differences for these four frequency
bands are more obvious, except for P-band and L-band,
the scattering properties are almost the same for higher
backscattering angle.
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Fig. 5 Various polarizations random rough surface scattering cross section versus scattering angle for P-, L-, C- and X-band at backscattering plane
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Figure 6 presents various polarizations random rough
surface scattering cross section versus scattering angle
for P-, L-, C- and X-band at 6; = 30°, ¢; = 120°. From
the simulations, we can see that the bistatic scattering at
this observation geometry is very small for all polariza-
tions. This means the diffuse scattering is very small. We
can also see that the scattering notches that appear in the
VV polarization and VR polarization as shown in Fig. 3
do not exist. The scattering trends for all polarizations
are almost the same. For the same observation geom-
etry, the magnitude of the scattering amplitude for dif-
ferent frequency bands is P-, L-, C- and X-band in turn.
For smaller observation scattering angle, the differences
between the four frequencies are smaller. As the obser-
vation scattering angle increase, the difference between
these four frequency bands are becoming more and more
obvious.

Figure 7 presents various polarizations random rough
surface scattering cross section versus scattering angle
for P-, L-, C- and X-band at perpendicular plane. From
the point of scattering amplitude, as for linear polariza-
tions, cross polarization, i.e., VH polarization (Fig. 6c)
is the much smaller than the co-polarizations at VV and
HH polarization. As for circular polarization, RR pol (the
transmitted and received polarizations are all right hand
circular polarizations) is smaller than the scattering at
LR, VR, HR, +45°R and — 45°R, whose scattering ampli-
tude is the same as VV and HH polarization. As for VV
and VR polarization, there are scattering notches due to
the Brewster angle. As for X-band scattering at LR, VR,
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HR, +45°R and — 45°R, there are scattering notches at
smaller incident angle. For all the polarizations, scatter-
ing at X-band is the smallest, while scattering at P-band
and L-band is almost the same and their scattering val-
ues are larger than C-band and X-band. The differences
of scattering values at various polarizations (except VH
polarization) at smaller and moderate incidence angles
are more obvious, while the scattering differences for
different frequency bands at larger incident angles are
almost the same. As for VH polarization, scattering val-
ues at smaller incidence angles are almost the same for
different frequency bands, but the differences become
more obvious at larger incidence angles.

Figure 8 presents various polarizations random rough
surface scattering cross section versus scattering angle
for P-, L-, C- and X-band at specular plane. There is no
specular scattering values at VH polarization. From the
simulations as shown in Fig. 8, we can see that the specu-
lar scattering have the largest scattering values among the
different observation geometry (From Figs. 5, 6, 7). Due
to the Brewster angle, there are scattering notches at VV
and VR polarizations as expected. It should be noted that
the scattering amplitude for different frequency bands are
opposite compared to the simulations as shown in Figs. 5,
6, scattering at X-band is larger than the other frequency
bands, scattering at P-band and L-band is smaller than
that at X-band and C-band.

From Figs. 5, 6, 7, 8, we simulate the random surface
scattering at four different observation geometry. Specu-
lar scattering has the largest scattering values. Due to the
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Brewster angle, there are scattering notches at specu- (VH polarization) has the smallest scattering values.
lar, perpendicular and backscattering plane. As for lin- As for circular polarization, scattering values at RR
ear polarizations, scattering values at cross-polarization  polarization is the smallest one. Except for specular
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scattering, scattering values decrease as the frequency
bands increase for the same the observation geometry.
However, the trends change opposite as for the specular
scattering.

Vegetation scattering

As for the vegetation (aspen as presented in reference is
an illustration (Ulaby et al. 1988) scattering, we also sim-
ulate the different scattering properties for four different
observation geometry. From the above simulations as
shown in Figs. 5, 6, 7, 8, scattering properties at + 45°R
is almost the same. Therefore, in this part, we ignore the
simulations at these two polarizations and focus on the
scattering properties at linear polarization and RR, LR,
VR and HR polarization.

Figure 9 presents the canopy scattering cross sec-
tion versus scattering angle from aspen for L-, C- and
X-bands at backscattering plane. As for linear polariza-
tion, cross polarization, i.e.,, VH polarization, has lower
scattering values than the co-polarization. As for circu-
lar polarization, scattering values at RR polarization has
lower scattering values than that at the LR, VR and HR
polarization. For different polarizations, the relationship
for P-, L-, C- and X-bands are complex, which is due to
the different volume scattering in the canopy layer. For
VH polarization and RR polarization, the scattering
properties at different frequency bands are more obvious
than the other polarizations.
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Figure 10 presents the canopy scattering cross sec-
tion versus scattering angle from aspen for L-,C-, and
X-bands at 6; = 30° ¢; = 120°. For this observation
geometry, it happens diffuse scattering. We can see that
the most obvious appearance is that there is a scattering
peak at 6; = 6 = 30°, which is due to the strong scatter-
ing caused by the trunk. The scattering amplitude for var-
ious polarizations are almost the same.

Figure 11 presents the canopy scattering cross sec-
tion versus scattering angle from aspen for L-, C-, and
X-bands at perpendicular plane. The scattering ampli-
tude for different polarizations are almost the same. The
scattering trends for X-band are more different than the
other frequency bands especially at lower incident angles.
For the other frequency bands, the scattering properties
are very close. But as the scattering angle varies, the scat-
tering trends for P-, L-, C- and X-band are very differ-
ent. Therefore, observation geometry is a very important
effect that affect the scattering values.

Figure 12 shows the canopy scattering cross sec-
tion versus scattering angle from aspen for L-, C-, and
X-bands at specular plane. Compared with Figs. 9, 10, 11,
the specular scattering has larger scattering values than
the other observation geometry. From the simulations,
we can see that scattering values at VH polarization has
the smallest values among all the various polarizations.
For the same observation geometry and polarizations,
we can see that the scattering values increase as the fre-
quency bands increase. In general, the scattering values
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decrease sharply for larger specular angles except for RR
polarization. The specular scattering firstly increase and
then decrease for RR polarization.

From the simulations as presented from Figs. 9, 10,
11, we illustrate the bistatic scattering for four different
observation geometry. We can see that scattering values

at the specular direction has larger values than the other
observation geometry. Different from the random rough
surface scattering properties, the scattering trends and
relationship for vegetation canopy is more complex. This
is due the different scattering mechanisms that dominate
the total scattering.



Wu et al. Geosci. Lett. (2021) 8:11

Page 12 of 13

n
S

30

S

@ [S) o
S S =) o

20

Specular Sq VV(dB)
Specular S, HH(dB)
o

-20

Specular S, VH(dB)

'S
S

-30
0

n
S

40 60
a Specular Angle(°)

80

20

b Specular Angle(®)

40 60
C Specular Angle(°)

80 100

-20

Sepcular Scattering o, RR(dB)

Sepcular Scattering S, LR(dB)
=

Sepcular Scattering oy VR(dB)

N
S

=)

o

-20

-30

Sepcular Scattering Sy HR(dB)
o

-30 -30

0 20 40 60 80 100 0

d Specular Scattering Angle(®)

20 40 60 80
© Specular Scattering Angle(°)

100

-40

Fig. 12 Canopy scattering cross section versus scattering angle from aspen for L-, C-, and X-bands at specular plane

20 40 60 80
f Specular Scattering Angle(°)

100 0 20 40 60 80

0 Specular Scattering Angle(°)

100

In this part, we can see that our developed models have
the ability to simulate the bistatic scattering at various
polarizations and different frequency bands. This will
be an efficient microwave tool for SoOp Refelctometry
study.

Conclusion

There is an increased interest in using all potential
reflected Signals of Opportunity for geophysical param-
eters, such as soil moisture and vegetation biomass
study in recent years. Although several experimental
and theoretical studies have demonstrated the poten-
tial of such applications, there are still many unknowns
that need be explored. Here we employed the random
rough surface scattering models and the vegetation
scattering models to relate the bare soil, vegetation
parameters and system observation geometry with the
bistatic scattering cross sections. The scattering models
are thus a critical tool for data explanation, future mis-
sion and experimental campaigns design. By employing
the wave synthesis technique, the models can calcu-
late the bistatic scattering at any polarization combi-
nation for all potential SOOP Reflectometry frequency
bands. Bistatic scattering at linear polarization and
circular polarization scattering properties are simu-
lated and compared for analysis in this paper. Although
the results are not validated by experimental data, the
model simulations predict the bistatic scattering prop-
erties suitable for SOOP Reflectometry applications in
terms of all polarizations and angular combinations. As
for random rough surface scattering, there are notches
at VV and VR polarizations, which is caused by the

Brewster angle, it should be noted that these notches
only exist at backscattering, specular and perpendicu-
lar plane. The notches angles in these polarizations can
be a good efficient information for bare soil retrieval.
As considering for the vegetation canopy scattering, the
notches angles disappear, which is due to the complex
volume scattering and reflection in the different canopy
layers. How to use the notches information to improve
the soil moisture retrieval accuracy and get rid of veg-
etation effects are a promising direction in the future
SoOp Reflectometry development. Al tough scatter-
ing at RR polarization is lower than the other circu-
lar polarization, it can provide the polarization ratio
to improve the geophysical parameters retrieval. This
advancement of theoretical simulations for bare soil
and vegetation can predict the bistatic scattering prop-
erties at any polarizations for all potential SoOp Reflec-
tometry bands, thus benefiting the future land surface
SoOp Reflectometry development.
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