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Abstract: Soil moisture is the most active part of the terrestrial water cycle, and it is a key variable
that affects hydrological, bio-ecological, and bio-geochemical processes. Microwave remote sensing
is an effective means of monitoring soil moisture, but the existing conventional radiometers and
single-station radars cannot meet the scientific needs in terms of temporal and spatial resolution.
The emergence of GNSS-R (Global Navigation Satellite Systems Reflectometry) technology provides
an alternative method with high temporal and spatial resolution. An important application field
of GNSS-R is soil moisture monitoring, but it is still in the initial stage of research, and there are
many uncertainties and open issues. Based on a review of the current state-of-the-art of soil moisture
retrieval using GNSS-R, this paper points out the limitations of existing research in observation geom-
etry, polarization, and coherent and non-coherent scattering. The smooth surface reflectivity model,
the random rough surface scattering model, and the first-order radiation transfer equation model of
the vegetation, which are in the form of bistatic and full polarization, are employed. Simulations
and analyses of polarization, observation geometry (scattering zenith angle and scattering azimuth
angle), Brewster angle, coherent and non-coherent component, surface roughness, and vegetation
effects are carried out. The influence of the EIRP (Effective Isotropic Radiated Power) and the RFI
(Radio Frequency Interference) on soil moisture retrieval is briefly discussed. Several important
development directions for space-borne GNSS-R soil moisture retrieval are pointed out in detail
based on the microwave scattering model.

Keywords: soil moisture; GNSS-R; polarization; observation geometry; coherent and non-coherent;
EIRP; RFI

1. Introduction

Soil moisture refers to the water content of the unsaturated layer of soil (also called
the seepage layer). Soil moisture is the most active part of the terrestrial water cycle, and it
is a key variable that affects hydrological, bio-ecological, and bio-geochemical processes.
It especially plays an important role in surface water evapotranspiration and seepage. Soil
moisture is also a link between surface water and groundwater and it is an important
part of terrestrial ecosystems and water circulation systems. As one of the determinants
of the state of the terrestrial hydrosphere, soil moisture largely controls the land surface
evapotranspiration, water migration, and carbon cycle. Soil moisture can be used to
understand and predict climate change, global water cycle, water resources management,
and watershed hydrology. Soil moisture monitoring plays an important role in improving
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model forecasts of regional and global climate, environmental disasters, and other related
natural and ecological environmental issues [1–4].

Time Domain Reflectometry (TDR) uses the soil reflection in the time domain to estimate
soil moisture content. However, this technique is very limited when dealing with large-
scale monitoring due to its uneven distribution on the Earth’s surface, and it is only used at
a regional scale [5]. Other traditional observation methods mainly use discrete observations
from meteorological stations, which can only sense a limited area (~10–100 cm). In addition,
these traditional techniques are time-consuming, labor-intensive, and cannot meet the needs
of large-scale, homogeneous-coverage, and high-efficiency soil moisture monitoring.

Fortunately, the recent advances in remote sensing technology have proposed a new
methodology for obtaining soil moisture measurements at a large scale. Microwave remote
sensing employs the soil permittivity (ε) properties to obtain soil moisture. The values of
dry (ε = 5) and wet (ε = 80) soil usually are very large, and the L-band is considered the
best band for soil moisture monitoring [6].

Traditional radiometers use the electromagnetic signal radiated by the ground, from
which geophysical parameters can be estimated, including, e.g., the surface brightness
temperature and the soil moisture content. Traditional radiometers usually provide a low
time resolution (2 to 3 days) and are not sensitive to surface roughness. However, these
measurements are strongly sensitive to background brightness temperature and artificial
radio frequency interferences (RFI). At present, two passive microwave radiometers, SMOS
(Soil Moisture and Ocean Salinity) from the European Space Agency (ESA) and SMAP (Soil
Moisture Active and Passive) from the National Aeronautics and Space Administration
(NASA), have been provided measurements since 2009 and 2015, respectively, with a spatial
resolution of ~40 km, and a temporal resolution of two to three days [7–9]. Nowadays,
these are the main sources for large-scale soil moisture monitoring.

Compared to radiometers, monostatic radars that emit microwave signals can also
be employed to sense the backscattered signal, and then use that information to retrieve
geophysical parameters. Soil moisture is one of the most important parameters that affect
the final backscattering signals. This technique can provide sub-kilometer spatial resolution
and is easily affected by surface characteristics, such as surface roughness, soil dielectric
constant, and vegetation structure. However, this technique has complex data processing,
a lower temporal resolution than radiometers, and a very high instrumental cost [7].

Recently, bistatic radars have been proposed as an emerging technology to estimate
soil moisture monitoring. This new technique requires heavy and expensive transmitters
and economic and low-power consumption receivers. In recent years, Global Navigation
Satellite Systems (GNSS) reflected signals have shown the potential capability of the
new GNSS reflectometry (GNSS-R) technology [10–12]. GNSS-R technology uses the
existing navigation satellite constellations as signal transmitters, and only needs a special
receiver on-board numerous kinds of platforms, such as CubeSats or airplanes, to collect
the reflected signals. This technique can provide measurements at a high spatial and
temporal resolution, and it is an effective supplement to existing observational methods.
Moreover, the continuous increase in existing direct signal sources results in an increase in
the sampling frequency of surface reflection data, and thus reducing the revisit period.

The earliest work of GNSS-R for soil moisture monitoring was a Master’s thesis [13].
Many studies have employed information on multipath effects from ground-based GNSS
receivers to retrieve soil moisture [14–17]. In addition, in the past years, several airborne
experiments have been carried out to monitor soil moisture using GNSS-R [18,19].

In terms of spaceborne observations, the UK-DMC (United Kingdom-Disaster Moni-
toring Constellation) and the TDS-1 (TechDemoSat-1) satellite tests were launched in 2004
and 2014, respectively [20,21]. In December 2016, the CYGNSS (Cyclone Global Navigation
Satellite System) was successfully launched, to measure wind field information on the ocean
surface during tropical storms and hurricanes. Fortunately, it also provides an important
opportunity for land surface and cryosphere monitoring [22,23]. In June 2019, Bufeng-1 A
and B satellites were successfully deployed for sea-surface wind monitoring [24]. Moreover,
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in December 2019, two GNSS-R CubeSats were launched with the Indian Polar Orbiting
Satellite Carrier (PSLV) rocket, for studies of soil moisture and sea breeze, and the payload
GNOS II (Global Navigation Satellite System Occultation Sounder II) of the National Space
Science Center of the Chinese Academy of Sciences (NSSCCAS) is expected to start on 2020
(E satellite of the FY-3 meteorological satellite) [25].

Although most of these space-borne satellite missions are currently mainly used for sea
surface monitoring, their development has also opened a door for land surface studies, more
specifically, soil moisture monitoring, which is a very important application for spaceborne
GNSS-R. This paper will give a review of the inversion technique for CYGNSS data, and carry
out corresponding simulations according to the existing problems for soil moisture retrieval.
Finally, we will discuss the potential development opportunities and challenges.

2. Research Status and Existing Problems

The available spaceborne GNSS-R programs for soil moisture detection mainly include
UK-DMC, TDS-1, and CYGNSS. The UK-DMC is equipped with the first spaceborne GNSS-
R receiver, which was originally used to study the ocean surface roughness and to estimate
the sea surface wind speed. Later research found that the reflected signals from the
land surface can also be received [20]. The TDS-1 satellite was successfully launched on
8 July 2014, with eight test payloads. The SGR-ReSI (Space GNSS Receiver Remote Sensing
Instrument) onboard TDS-1 can provide a large amount of GNSS reflection data [21].
The TDS-1 data is very similar to the CYGNSS data. However, the amount of data collected
by TDS-1 is several orders of magnitude smaller than that of CYGNSS, since the revisit time
of TDS-1 is greater than 6 months, while that of CYGNSS about 1 day. Therefore, TDS-1 can
only evaluate the spatial correspondence between GNSS reflected signals and soil moisture
at a single moment, and it cannot obtain large time-series analysis results [26–29].

Here, the parameter of interest is the peak energy of the Delay-Doppler Map (DDM),
which is not only affected by the nature of the reflecting surface, but also by the antenna
gain, the transmitter and receiver ranges, and the incidence angle, as shown in [26] as:

Pr,e f f ∝ PrdB − NdB + (Rsr + Rts)
2
dB − GrdB + cos2θdB (1)

In this equation, Pr,e f f is the effective reflected energy, i.e., the signal-to-noise ratio
(SNR) of the DDM. PrdB is the maximum reflected energy of DDM, N is the receiver noise,
Rts and Rsr are the transmitter and receiver ranges, θ is the incidence angle, and G is the
antenna gain. The first paper using spaceborne GNSS-R for soil moisture research pointed
out that the sensitivity of reflected signals to soil moisture changes is about 7 dB [26].
However, soil roughness and vegetation strongly affect the accuracy of the soil moisture
estimates but, if these effects can be effectively solved, the resulting products can become
a very valuable data-set at a high temporal and spatial resolution.

2.1. Soil Moisture Retrieval Using CYGNSS

There are several works done by [11,30–34] to retrieve soil moisture using CYGNSS.
Chew’s work [30] specified a complete coherence from CYGNSS data for soil moisture retrieval.
Kim and Yan’ works [31,34] assumed that the data is mainly coherent. Al-Khaldi [33] assumed
that the energy is mainly non-coherent. Here, we summarize the current calculation methods
of coherent and non-coherent terms [35] for CYGNSS data processing. The energy of the
coherent scattering can be expressed as:

Pcoh
R =

PTλ2GRGT

(4π)2(Rts + Rrs)
2 · |R|

2 · e−4k2
0h2cos2θ · e−2τ/(cosθi)

2
(2)

In this equation, PT is the transmitted power, λ is the wavelength, GR and GT are the
antenna gain of the receiver and transmitter, respectively, and R is the Fresnel reflection co-
efficient. The first exponential term is the coherent reflection loss (CRL), where k0 = 2π/λ
is the free space wave number, h is the surface roughness computed as Root Mean Square
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(RMS), and θ is the angle of incidence. The second exponential term is the attenuation due
to vegetation, where τ is the vegetation optical depth (VOD).

On the other hand, the energy of the non-coherent scattering can be expressed as:

Pinc
R (τ, f ) =

PTλ2

(4π)3

∫
A

GtGrσ0Λ2(τ − τ′)S2( f − f ′)∣∣Rtr − r
∣∣2∣∣Rsr − r

∣∣2 dr (3)

In this equation, Pinc
R is the non-coherent part of the received energy, where the time delay

and the Doppler shift are τ and f , respectively. σ0 is the bi-static radar cross-section. Λ · S
is the ambiguity function, r is the individual surface point, and the DDM at the specular
point (τ = 0, f = 0) can be approximated as:

Pinc
R (0, 0) ≈ PTλ2GRGT

(4π)3r2
Rr2

T

· σ0 · Ae f f (4)

where the effective area Ae f f is:

Ae f f =
2π

3
· G1x · G1y = π

(
G1m

2

)2
(5)

G1x =
1

Dxcosθ

√
2c(rRrT)

B(rR + rT)
(6)

G1y = TG1x (7)

T =
Dx

Dy
cosθ (8)

In [30], the observation angle is not specially processed. The SNR data of CYGNSS is
compared to SMAP soil moisture data from March 2017 to February 2018. It was found that
there is a strong positive linear correlation between the CYGNSS reflectivity and SMAP
soil moisture. The authors established a linear regression between CYGNSS and SMAP
data, with an RMS fit of 0.045 cm3/cm3. Their work indicates that CYGNSS can monitor
soil moisture under medium vegetation coverage, but in drought and dense vegetation
coverage, the results of soil moisture retrieval are poor. The results showed that CYGNSS
and other future GNSS-R missions can be used to provide global soil moisture observations.

In [31], the authors assumed that the surface reflected signal received by CYGNSS
is mainly coherent and, therefore, the calculation of the non-coherent scattering can be
ignored. The incidence angle is considered during inversion, and it is normalized as:

nSNR(xi, yi, θi) =

(
SNR(xi, yi, θi)− µ(SNR(xi, yi, [θi ± 5o]))× σ

(
SNRre f (xi, yi)

))
σ(SNR(xi, yi))

+ µ
(

SNRre f (xi, yi)
)

(9)

In this equation, SNR(xi, yi, θi) is the SNR for pixel (xi, yi) at the incidence angle θi.
It can be normalized by the SNR data within the angle range of (35◦ ± 5◦) in the same pixel,
that is, SNRre f (xi, yi) is the normalized value SNR(θi) at pixel (xi, yi). µ is the time average,
σ is the standard deviation of the SNR during the study period. The authors used the relative
SNR (rSNR) data from April 2017 to April 2018 for soil moisture inversion and assumed
a linear correlation between rSNR and SMAP soil moisture (r = 0.68/0.77). By coupling
rSNR and SMAP soil moisture data, the daily change of soil moisture can be obtained.
Although the angle factor is considered, it is actually a simple normalization process. The
scattering characteristics of soil moisture under different observation geometries have not
been explored and fully used. The inversion algorithm based on different observation
angles has not been established yet.
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In [32], the authors assumed that the reflected signal of CYGNSSs is mainly coherent,
used SMAP vegetation and soil roughness information as ancillary data, and employed
CYGNSS data to retrieve pan-tropical soil moisture. A linear regression method was
employed to estimate soil moisture as a function of SMAP VOD and surface roughness
with an RMS of 0.07 cm3/cm3. One advantage of this retrieval method is that it can be
applied to CYGNSS L2 data, which has higher resolution [32].

In [33], the authors pointed out that the coherent energy mainly comes from the specular
reflection of inland water. This will cause the DDM peak value to increase, and the peak
energy of the coherent part will be larger than the non-coherent part. Therefore, the method
for soil moisture inversion might have unreliable results by only considering the coherent
part of the reflection. In this way, [33] employed the non-coherent energy to retrieve soil
moisture. There is a strong correlation between the coherent reflection WAF (Woodward
Ambiguity Function) and the non-coherent reflection WAF. The method to remove the
coherent term is to establish a correlation between the normalized BRCS (Bi-static Radar
Cross Section) and the WAF. When the correlation is greater than the threshold, the DDM
is considered to be the main component due to coherent scattering. In [33], the low SNR
terms were also removed. The low SNR from land surface is mainly caused by the location
of the image point in the CYGNSS antenna pattern (low scattering). Then, by setting the
minimum threshold of SNR, the SNR term is removed. The calculation of land surface from
non-coherent BRCS adopts the following form [33]:

σ0 =
Γ(θi · ε)

MSS
e−τvsecθi (10)

In this equation, Γ(θi · ε) is the Fresnel coefficient, MSS is the mean square slope of
surface roughness, and τv is the VOD.

Previous research [31–33] focused on a small incidence angle. However, the incidence
angle of CYGNSS ranges between 0◦ and 70◦, with a standard deviation of 16.7◦. In order to
improve data quality, CYGNSS data with incidence angle values greater than 60◦ are elimi-
nated. The literature had processed the influence of incident angle on soil moisture retrieval,
where the reflectivity in the nadir angle direction is used for normalization [33]. Regarding
the attenuation of vegetation, it is assumed that the attenuation due to VOD at different
angles remains constant. The assumption was made during the inversion of soil moisture
in [33], where the surface roughness changed slowly compared with the changes in vegetation
and soil moisture. In the inversion, the soil moisture product of SMAP is generally used as
a reference value. For instance, [34] established a linear regression between the CYGNSS
reflectivity and the soil moisture and the VOD of SMAP. The authors showed that there
was a good correlation between the inverted soil moisture and the ground truth value, with
a correlation coefficient of 0.8, and a RMSE or 0.07 cm3/cm3. Compared with the soil moisture
of SMAP, the spatial coverage rate of the pantropical area covered by CYGNSS increased by
22%. However, reducing the dependence on external soil moisture data is a very important
aspect for GNSS-R. For instance, [11] retrieved soil moisture from CYGNSS coherent scattering
by only estimating the dielectric permittivity from Fresnel reflection coefficients, and without
any regression or fit to SMAP soil moisture data. The resulting values were compared to
SMAP with a RMS error of 0.05 cm3/cm3. Therefore, it is assumed that the receiver mainly
obtains the energy of coherent scattering.

2.2. Current Problems in CYGNSS Soil Moisture Retrieval

At present, the main problems in CYGNSS soil moisture retrieval are as follows.

2.2.1. Less Consideration on Observation Angles

CYGNSS has a very good spatial and temporal resolution, and the reliable amount
of data can be increased by accounting for the effects of extreme incidence angles. In the
literature, we can see that some authors [30,32,34] ignore the influence of incidence angle
for soil moisture inversion, while others [11,31,33] account for normalization. The angle
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information in the observation geometry is usually not considered (such as incident angle,
scattered zenith angle, and azimuth angle), while this can impact on the accuracy of the
final estimates. The processing of the angles is an open issue in the current inversion of
CYGNSS. In fact, the angle information in different observation geometries has a greater
impact on the reflection coefficient or bi-static scattering coefficient. In Section 3, microwave
scattering models will be used to simulate and analyze the scattering characteristics at
different angles.

2.2.2. Fuzzy Calculations on Coherent and Non-Coherent Scattering

On the ocean surface, it is assumed that the received reflected signal is a non-coherent
scattering. On the land surface, it is mainly considered that the energy received by the
receiver is the forward coherent energy from the first Fresnel zone [31,34]. However,
methods for threshold analysis of WAF and DDM have been studied recently, and these
used the non-coherent parts for soil moisture inversion [33]. The processing of coherent
and incoherent scattered energy of CYGNSS is currently an open issue. The actual surface
is randomly rough, and it seems impossible that the incident signal is completely a specular
coherent scattering. The scattered surface is randomly rough, and there might be parts of
diffuse scattering energy. In Section 3, the microwave scattering model is used to simulate
the coherent and non-coherent scattering.

2.2.3. Data Dependence in the Inversion Algorithm

There is a linear correlation between CYGNSS reflectivity and SMAP soil moisture.
Some researchers use CYGNSS reflectivity, SMAP, VOD, and roughness coefficients to
establish a statistical linear regression for soil moisture retrieval [30–34]. Meanwhile, SMAP
soil moisture data is usually regarded as truth data, so it makes the inversion algorithm
to be highly dependent on the ancillary data. To reduce the dependence on ancillary data
is a very important direction for inversion algorithm development. More methods based
on empirical and physical scattering models [11] should be developed for a realistic soil
moisture inversion.

In general, the initial purpose of CYGNSS was monitoring ocean winds with a spatial
resolution of 25 × 25 km. However, in recent years, many authors have provided higher
resolution for other products, as for example the UCAR/CU with CYGNSS soil moisture
product at a 6-h and at 0.5 × 3.5 km resolution (after July 2019, before was 0.5 × 7 km).
In this field, there are many options for improvements, as for example, supplementing
future missions with polar orbits. Note here that the geometry of GNSS-R versus the
traditional SAR has not been fully exploited.

Notwithstanding, an important point to improve is the dependence on auxiliary data,
including bare soil roughness, vegetation optical depth, etc. At present, the retrieval methods
depend on traditional microwave missions, as for example, roughness and vegetation from
NASA’s SMAP or the ESA’s Sentinel products. These dependencies strongly influence the final
results, and alternative approaches should be tested. For instance, [11] showed the different
results that could be achieved for soil moisture retrieval when using the low-resolution
low-range of SMAP bare soil roughness, versus the high-resolution microrelief given by the
ICESAT roughness products. Similarly, vegetation optical depth also results in important
influences, and alternative approaches, as for example, estimating vegetation optical depth
from optical remote sensing, have also been proposed. How to decrease the dependence on
SMAP and other auxiliary data should be taken into consideration in future research.

Space-borne GNSS-R missions cannot provide images as the traditional SAR, and this
is an important development direction. Hopefully, in the future, space-borne GNSS-R
mission will provide soil moisture products with high spatial and temporal resolution,
thus being a beneficial supplement to the existing polar-orbiting satellites.
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3. Challenges in the Space-Borne GNSS-R Soil Retrieval

Spaceborne GNSS-R missions specifically dedicated to remote sensing of soil moisture
still have not been started. The use of this technology for soil moisture monitoring is still
in the initial research stage, and many uncertain factors have to be defined (Section 2).
This section introduces the smooth surface reflectivity model, the random rough surface
scattering model, and the first-order radiation transfer equation model [16,36,37]. Through
the polarization synthesis method, the bi-static full polarization forms of the above models
will be used to simulate and analyze the important factors involved in the retrieval of soil
moisture [38]. Here, we combine the above-mentioned scattering models to indicate the
challenges in the space-borne GNSS-R soil retrieval.

3.1. Polarization

In order to overcome the influence of the ionosphere, the signals transmitted by the
navigation satellite systems are RHCP (Right Hand Circular Polarization). After the signals
are reflected by the ground surface, the polarization mode is reversed to LHCP (Left
Hand Circular Polarization) [22–25]. Some receivers have employed linearly polarized
antennas (horizontal polarization and vertical polarization) with no clear conclusions in
the experiments. For instance, the BAO tower experiment [39] with 5 antennas pointing to
the ground, viz. 1 low-gain LHCP antenna and 4 high-gain (~12 dB) end-fires antennas
(V, H, LHCP, and RHCP). Since 2008, the research community has employed specially
developed ground-based antenas, e.g. SMIGOL (Soil Moisture Interference pattern GNSS
Observations at L-band Reflectometer) and PSMIGOL reflectometers. These receivers
use V-polarized and H-polarized antennas to receive ground reflected signals. [16,17,40]
pointed out that if LHCP antennas were used, the H-polarized component in the reflected
signal would mask the Brewster angle information.

In recent years, several airborne experiments [18,19] with polarized measurement
have been carried out, and the polarization ratios were used to retrieve soil moisture.
Concerning space-borne GNSS-R missions, such as UK-DMC, TDS-1, and CYGNSS, LHCP
antennas are used to receive ground reflected signals. Compared with the direct signal,
the reflected signals from the ground surface are relatively weak. According to polarization
characteristics, the receiver needs a complex technical design, and the antenna with the
corresponding polarization should be used to reduce the polarization loss and improve
the reception of the reflected signal [41–43]. Therefore, with the development of new
technologies and monitoring targets, it is possible to use polarized antennas to receive
signals reflected on the ground.

In theory, the use of multiple polarization methods can effectively remove the influence
of vegetation and surface roughness, and improve the accuracy of soil moisture retrieval.
Here, we simulate and analyze specular scattering and diffuse scattering. We assume that
the transmitted signals are RHCP, LHCP, H, V, at ±45◦ polarization, and the corresponding
scattering characteristics of bare soil under different polarizations (LR, HR, VR, at ±45◦R)
are simulated and analyzed.

It should be noted that the input roughness parameters for these simulations are at
a correlation length of 18.75 cm, the RMS height is 0.45 cm, and the frequency band is
1.575 GHz. Considering the soil texture, the percentage of sand, clay, and silt are 20%,
70%, and 10%, respectively. It can be seen from Figure 1a that the specular scattering
coefficients of various polarizations increase with soil moisture. We also can see that the
trend is very similar, but with clear differences between them. The specular scattering of
LR polarization has the largest scattering, and the second is HR. Within the simulated soil
moisture range, the difference between the specular scattering coefficient of LR and HR
is about 2 to 3 dB, and the specular scattering coefficient of VR is the smallest. Figure 1b
simulates the bi-static scattering of various polarizations for different soil moisture values.
Since the observation geometry is not specular (θi = 20◦, θs = 50o, ϕs = 120o), it can be
seen that the bi-static scattering of −45◦R is the largest, and that of +45◦R is the smallest.
For different soil moisture values, the scattering cross-section is related to the polarization,
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and the change in the observation geometry will also cause the difference in the scattering
characteristics of different polarizations. Therefore, in different polarizations, the optimal
observation needs to be selected according to the observation geometry.

Figure 1. Scattering coefficients of various polarizations versus soil moisture: (a) coherent scattering;
(b) non-coherent scattering.

3.2. Coherent and Non-Coherent Scattering Components

For GNSS-R remote sensing, a bi-static radar is formed between the GNSS satellite and
the GNSS-R receiver. At present, the processing of coherent and non-coherent scattering of
CYGNSS satellite data is still an open issue (Section 2.1). In fact, for the Earth’s surface, unless
the surface is very smooth, coherent scattering mainly occurs, otherwise, the actual surface
is a random rough scattering surface. The scattered energy cannot be a completely coherent
scattering, and it is certain that most of the scattering is non-coherent. The amount of
coherent and non-coherent components at the surface is related to the roughness (Figure 2).

Figure 2. Electromagnetic wave scattering from several different rough surfaces. (a) specular surface.; (b) slightly rough
surface; (c) medium rough surface; (d) rough surface.

If the surface is relatively flat, the reflection is mainly specular from the First Fresnel
zone, which is defined [44–46] by the ellipse of semi-axes:

b =

√
λHRcosθi

cosθi
, a =

b
cosθi

(11)

In this equation λ is the wavelength, HR is the height of the receiver, and θi is the
incidence angle. In addition to the coherent scattering, this also includes the diffuse
scattering component from the glistening area.

MDPI
Highlight
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Figure 1a shows the coherent scattering, while Figure 1b is the non-coherent scattering.
From the comparison of these two subfigures, we can see that the coherent scattering
under various polarizations is greater than that of non-coherent scattering. This is also
consistent with the current CYGNSS data processing, where many researchers believe
that the reflected energy is mainly coherent. However, the surface cannot be completely
smooth, so that there is a certain degree of roughness, making the non-coherent scattering
inevitable. Many simulations over the last year have visualized that topographic effects
can produce dominantly incoherent data across Delay Doppler Maps [47,48]. Therefore,
how to make good use of the non-coherent scattering energy and extract the bi-static radar
cross-section from the receiver’s DDM waveform are vital for soil moisture retrieval.

3.3. Observation Geometry (Scattering Zenith Angle and Azimuth Angle)

The influence of the incidence angle for soil moisture inversion is rarely considered.
Some researchers [31,33] only use a simple angle normalization, and [11] first attempted
to include the incidence angle dependence in the soil moisture inversion. However, the
authors in [11] employed a model that was limited to low incidence angles (θ < 30◦). For
GNSS-R, since the receiver can obtain data of a wide range of incidence angles (variable
in terms of zenith and azimuth angles), this presents great advantages in front of other
remote sensing techniques.

3.3.1. Scattering Zenith Angle

In this section, we simulate the specular and the bi-static scattering versus the scat-
tering zenith angle under different polarizations. For this experiment we employ a soil
moisture of 0.3 (surface permittivity ε = 16.17 + 4.22i).

From Figure 3a it can be seen that except for the VR polarization, the specular scattering
coefficient gradually decreases with the increase of the scattering angle. At a small incident
angle, the LR polarization has the largest scattering, but at a larger incident angle, the HR
polarization has the largest scattering. Note also that at the Brewster angle, there is a scatter-
ing groove at VR polarization, which will be shown in detail in Section 3.3.3. In Figure 3b,
ϕs = 0o and the bi-static scattering occurs in the same plane. The scattering energy of LR
polarization is larger than that of the other polarizations. We can see that as the scattering an-
gle increases, the bi-static scattering first, increases, and then the scattering peak appears at
θs = 30◦. This effect is mainly at the incidence angle of 30◦, when specular scattering occurs.
In Figure 3c, ϕs = 90o, where the bi-static scattering occurs in a perpendicular plane. In this
panel, we can see that the VR’s scattering is the smallest. As the scattering azimuth increases,
the bi-static scattering decreases for the other polarizations. In Figure 3d-e, ϕs equals to
120◦ and 180◦, respectively. When ϕs = 120o, the +45◦R scattering is the lowest, and the
scattered values of the other polarizations are very close. When ϕs = 180o, the difference
between the scattering values of various polarizations is small.

3.3.2. Scattering Azimuth Angles

The simulations of the scattering characteristics at different zenith angles are presented
in Figure 3a–e. For the same observation target, the change of the observed azimuth
angle will cause differences in the scattering characteristics. This is a dependence that
cannot be ignored. The following analysis simulates the bi-static scattering properties
of different polarizations versus the scattering azimuth angle. While the observation
geometry is θi = θs = 45◦, ϕs = 0o, the volumetric soil moisture is 0.3 (surface permittivity
ε = 16.17 + 4.22i).

In Figure 4 we can see that when the azimuth angle increases the scattering gradually
decreases. At ϕs = 0o, in the specular plane, the scattering value is the largest. This is
mainly due to the occurrence of specular scattering at this observation geometry.
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Figure 3. Scattering properties of different polarization versus the specular/scattering angles: (a) Specular scattering;
(b) bistatic scattering in one-plane θi = 30◦, ϕs = 0o; (c) bistatic scattering in Perpendicular plane θi = 30◦, ϕs = 90o;
(d) bistatic scattering θi = 30◦, ϕs = 120o; (e) bistatic scattering θi = 30◦, ϕs = 180o.

Figure 4. Bi-static scattering of various polarizations versus scattering azimuth angle.

3.3.3. Brewster Angle

When a plane wave passes through the plane boundary between the lossless media,
there is an angle at which full transmission occurs for vertical polarization. This angle is
the Brewster angle θB, and full transmission does not occur for horizontal polarization [49].

√
ε2cosθB =

√
ε1

(
1− ε1sin2θB

ε2

) 1
2

(12)

In this equation, ε1 and ε2 are the permittivity of medium 1 and medium 2, respectively.
In Figure 3a, it can be seen that there is a scattering groove in the VR polarization,

which is caused by the Brewster angle. This section analyzes the scattering grooves that
appear in the VR polarization and the Brewster angles corresponding to different soil
moisture cases.

In Figure 5 we can see that the Brewster angle generally occurs at larger angles,
where the scattering of VR polarization disappears. When vegetation is abundant, a larger
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scattering at the VR polarization is possible. Therefore, the effect of vegetation can be
effectively removed by the Brewster angle information at the VR polarization.

Figure 5. VR scattering versus scattering angle and Brewster angle for different soil moisture cases. Figure (a) is the specular
scattering at VR versus the scattering angle. While Figure (b) is the Brewster angle versus the volumetric soil moisture value.

3.4. Surface Roughness

The permittivity of the soil and the surface roughness are strongly coupled, and gener-
ally, it is difficult to distinguish which parameter influences the GNSS-R signal. Therefore,
roughness is a very important factor that needs to be eliminated in soil moisture inversion.
At present, the scientific community has had very little consideration on surface roughness,
and only a few articles have conducted relevant research on surface roughness informa-
tion [11,50]. These works employ the roughness coefficient to correct the reflectivity during
the inversion process. This correction is highly dependent on the ancillary data [11,32]. For
instance, the authors in [11] suggested that small variations in surface reflectivity will not
influence the soil moisture retrieval below RMS roughness of ~0.2 m, while their tests carried
out with ICESat-2 data showed the high sensitivity to high RMS roughness. In their experi-
ment, the authors mentioned the high sensitivity of ICESat-2 to land surface microrelief, while
SMAP RMS roughness showed relatively much lower values. This would indeed cause large
differences in soil moisture estimation.

The surface roughness can be expressed by two parameters, namely the RMS height
and the correlation length of the surface (CL). These two parameters define the surface
roughness on the vertical and horizontal scales. In this section, we analyze the surface
roughness effects (RMS and CL) with the LR polarization.

Figure 6a shows the specular scattering versus roughness (RMS and CL), where
θi= 30o, θs= 30o, ϕs= 0o. At this observation geometry, as the roughness increases, the
specular scattering energy decreases. In Figure 6b, the incident and scattering angles are
in a plane, that is ϕs= 0o, but the incident angle is 30◦, and the scattering angle is 50◦.
In this panel, the greater the roughness the greater the bi-static scattering. In Figure 6c,
the azimuth angle is set to 120◦, so that the scattering is not in a plane. In this panel,
the roughness increases with the scattering energy, so that under different observation
angles, the roughness has a greater influence on the bi-static scattering, which is a problem
that needs to be accounted for in GNSS-R inversion. The elimination of the influence of
roughness on soil moisture retrieval is a key issue for improving retrieval accuracy.
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Figure 6. The effect of surface roughness (RMS height and cl (correlation length)) on the bi-static scattering under
different observation geometries. The polarization is LR. (a)θi= 30o, θs= 30o, ϕs= 0o; (b) θi= 30o, θs= 50o, ϕs= 0o;
(c) θi= 30o, θs= 50o, ϕs= 120o.

3.5. Vegetation

In this section, we employ the first-order radiation-transfer equation to study the bi-static
scattering characteristics when the ground is covered by vegetation (Aspen). The input of
Aspen is shown in Table 1, and the permittivity of the trunks, branches, and soil are shown in
Table 2. The scattering mechanisms include seven terms: D-G (direct ground), G-C-G (ground
reflection and crown scattering and ground reflection), G-C (ground reflection and crown
scattering), C-G (crown scattering and ground reflection) and D-C (direct crown scattering),
T-G (trunk scattering and ground reflection), G-T (ground reflection and trunk scattering).
The direct ground reflection term is D-G [36–38,41–43].

Table 1. Input parameters of Aspen.

Parameters Aspen

Canopy Density 0.11 m−2

Trunk Height 8 m
Trunk Diameter 24 cm
Trunk Moisture 0.5
Crown Depth 2 m

Branch Density (gravimetric) 4.1 m−3

Branch Length (m) 0.75 m
Branch Diameter (cm) 0.7 cm

Branch Moisture 0.4
Soil RMS Height 0.45 cm

Correlation Length 18.75 cm
Soil Moisture (volumetric) 0.15

Soil % Sand 10
Soil % Silt 30

Soil % Clay 60

Table 2. Input parameters of permittivity.

Stand Soil Trunk Branch Foliage

Aspen ε = 16.17 + 4.22i 14.49-j4.76 10.19-j3.36 -
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Our simulations are carried out for different incident angles and specular cones
(Figure 7) where ki is the incident wave vector, ks the scattering wave vector, and x, y, and
z are the local reference axes.

Figure 7. Specular cone.

Figure 8 shows the scattering properties for incidence angles of 10◦, 30◦, and 80◦.
It can be seen that when the incidence angle increases, the contribution of the D-G term
to the total scattering strongly varies. This dependence is mainly related to the scattering
azimuth angle. When the incident angle has a small range (Figure 8a), the contribution of
the D-G term is large, while the scattering azimuth angle is small. When the scattering
azimuth angle increases, the contribution of the D-G term decreases. The G-T term strongly
contributes to the total scattering energy. At a medium incidence angle (~30◦, Figure 8b),
the D-G term strongly contributes when the scattering azimuth is small. On the other hand,
at a large scattering azimuth, the contribution of the D-G term can be ignored, and the
G-T and T-G terms dominate the total scattering energy in the entire range of different
scattering azimuth angles. At large incident angles (Figure 8c), the contribution of the
D-C term increases, especially at medium and large scattering azimuth angles, while the
influence of the D-G item can be completely ignored.

Figure 8. Scattering characteristics at the specular cone for LR polarization. (a) θi= 10o, θs= 10o, ϕi= 0o; (b)
θi= 30o, θs= 30o, ϕi= 0o; (c) θi= 80o, θs= 80o, ϕi= 0o.
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In Figure 9 the specular scattering properties (ϕi = ϕs = 0o) show that while the
specular angle increases the total scattering energy decreases. In the whole range of
specular incident angles, the total scattered energy is dominated by the D-G term. The
influence of the G-T term cannot be ignored, especially when the incident angle is large.
Therefore, for GNSS-R, it is currently believed that the main energy received belongs to the
specular scattering, so that the influence of vegetation on this geometry is relatively small.
For a vegetation cover type such as that of Aspen (a representative forest canopy with
vertical trunk layer), D-G terms mainly control the scattered energy. When the observation
geometry changes, the influence of vegetation cannot be ignored, and affects the accuracy
in soil moisture retrieval.

Figure 9. The relationship of different scattering mechanisms with the incident angle during specular
scattering.

Vegetation attenuates the incident GNSS signals and the reflected signals. The signals
are scattered and reflected in the inner vegetation canopy layers, and some signals can
even be absorbed. The scattering properties change for different observation geometries.
Regarding the attenuation of vegetation for CYGNSS soil moisture retrieval, it is assumed
that the attenuation due to VOD at different angles remains constant. This assumption
was made during the inversion of soil moisture in [33]. However, the assumptions in the
present research papers seem to be a little too simple. Here, the scattering properties of
the Aspen cover type are presented using the vegetation radiative transfer equation model.
From the simulations, we can see that the scattering properties for different scattering
zenith angles and scattering azimuth angles are very different. Meanwhile, the scattering
properties at various polarizations are very different. These simulations show that the
vegetation attenuation cannot be assumed as a constant value for soil moisture retrieval.
Moreover, the observation geometry and the polarization state are important aspects that
should be also taken into consideration. Note the lack of scattering notches for the Aspen
cover at any of the scattering angles, while there is an obvious scattering notch for bare soil.
This means that for these angles, the ground surface scattering can be neglected, and the
vegetation information can be retrieved from these angles, so that we can evaluate the
vegetation properties during soil moisture retrieval process.
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3.6. Effective Isotropic Radiated Power (EIRP)

Data calibration affects the accuracy of the acquired GNSS-R reflectivity data, which
in turn affects the results of soil moisture retrieval. Currently, GNSS-R data calibration
is an open issue, while EIRP is an important aspect for calibration. The EIRP is defined
as the product of transmitted power and antenna gain pattern. As for the CYGNSS data
calibration, EIRP is measured and calibrated by a ground-based GNSS power monitor
system. DLR/GSOC’s measurements are used to verify the EIRP. These methods have
a low cost, are highly robust, and can significantly reduce the PRN dependence while are
used for CYGNSS calibration [51].

3.7. Radio Frequency Interference (RFI)

RFI refers to the interference phenomenon due to artificially emitted electromagnetic
waves of similar frequency, which are received by the GNSS-R sensors. RFI can enter
sensors through reflection, diffraction, atmospheric refraction, and scattering, and can
cause an abnormal increase in the observation of reflected signals, as shown in Figure 10.

Figure 10. RFI effects on the final GNSS-R power.

At present, there is a limited research on RFI for CYGNSS. Although is it stipulated by
the International Telecommunication Union that the L-band can only be used for satellite
Earth exploration services, in recent years, L-band satellites such as microwave radiometers
have detected a large number of RFI signals. The L-band SMOS satellites have confirmed
that RFI has a particular impact on data quality [52], and this has a serious impact on
satellite observation accuracy and data inversion. RFI inevitably affects the quality of
GNSS-R observation data, and to detect and suppress RFI is particularly important.

4. Conclusions

Based on the current research status of soil moisture using CYGNSS, this article sum-
marizes and points out the problems in soil moisture retrieval, such as observation angles,
coherent and non-coherent components, and dependence on ancillary data. Combined with
the microwave bi-static full polarization scattering models, simulations of the coherent and
non-coherent scattering characteristics at different polarizations and observation geome-
tries have been analyzed. It is pointed out that the energy of coherent scattering is larger
than that of non-coherent scattering. When the observation geometry changes, various
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polarizations have different scattering characteristics. VR polarization scattering grooves
will appear at the Brewster angle, making full use of its information that can effectively
remove the influence of roughness and vegetation effects. For specular scattering, the effect
of vegetation is relatively small. D-G scattering dominates the total scattered energy, but
the influence of vegetation on the total scattered energy cannot be ignored under changing
the observation geometry. The surface roughness has different effects on the scattered
energy under different observation geometries. Moreover, for data calibration, EIRP and
RFI are two important aspects that cannot be ignored. These strongly affect the accuracy in
soil moisture inversion. In general, several important development directions for GNSS-R
soil moisture retrieval are suggested.

The first aspect is how to effectively extract coherent and non-coherent components
from DDM observations in GNSS-R. Since at present it is an ambiguous aspect during the
soil moisture retrieval, some researchers have pointed out that the noncoherent component
will dominate the total DDMs, as we take the soil roughness into consideration.

The second aspect is to develop an inversion algorithm based on different incidence
angles to expand the usable GNSS-R data for soil moisture inversion. At present, since
the incidence angle information is not fully used during the retrieval, the ability of bistatic
observation of various angles should be well developed.

Meanwhile, how to effectively remove the influence of vegetation and roughness in
GNSS-R soil moisture inversion should also be investigated; these factors strongly affect
the soil moisture retrieval accuracy.

Finally, other 2 important aspects for space-borne GNSS-R soil moisture retrieval
are the calibration of EIRP and the suppression of RFI, so that GNSS-R data quality will
improve.
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Appendix A Dielectric Constant Models

In this paper, we employ the random rough surface scattering models and first-order
transfer equations model to do simulations and analysis [36,37]. One important input
parameter for the scattering models is the dielectric constant model. For the soil dielectric
constant model, we employ the mixed texture dielectric constant model [53,54]. For the
vegetation dielectric constant model, we employ the Debye-Cole dual-dispersion model [55].
More details of the dielectric constant model are presented in Section 1. The developed
scattering models are shown in Section 2.

Appendix A.1 Soil Dielectric Constant Models

In terms of electromagnetic characteristics, soil can be considered as the composition of
four kinds of materials: air, solid particle, free water, and bound water. The final dielectric
constant is the result of these four materials. The equation to get the mixed soil dielectric
constant as follows [53,54]:

εα = Vsεα
s + Vaεα

a + Vf wεα
f w + Vbwεα

bw (A1)
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In this equation, ε is the dielectric constant, V is the volume for different components,
α is the shape factor, the subscripts s, a, fw, bw, and i indicate the components of solid
material, air, free water, and bound water, respectively. The real part (ε′ f w) and imaginary
part (ε′′ f w) of the free water can be expressed as follows:

ε′ f w = εw∞ +
εw0 − εw∞

1 + (2π f τw)
2 (A2)

ε′′ f w =
2π f τw(εw0 − εw∞)

1 + (2π f τw)
2 +

σe f f

2πεo f
(ρs − ρb)

ρsmv
(A3)

In these equations, f is the electromagnetic wave frequency, εo is the permittivity of
free space, effective conductivity σe f f is related to soil texture, and ρs is the solid material
density. εw∞ is the high frequency of pure water dielectric constant and pure water static
dielectric properties εw0 and the relaxation time of pure water τw are defined as:

εw0(T) = 88.045− 0.4147T + 6.295× 10
−4

T2 + 1.075× 10−5T3 (A4)

τw( f , T) = f (0.11− 3.8× 10
−3

T + 6.938× 10
−5

T2 − 5.096× 10
−6

T3) (A5)

where T is the soil temperature.

Appendix A.2 Vegetation Dielectric Constant

We employ the same model to calculate dielectric constants for all scatterers in vegeta-
tion canopy, such as leaves, branches, and trunks. [55] showed that the dielectric constant
of vegetation can be calculated by the Debye-Cole dual dispersion model. The model
consists on free water and bound water. According to the model, the dielectric constant of
vegetation ε can be expressed as:

ε = A + B(4.9 +
εs − ε∞

1 + j f (Hz)
f0

− j
22.74

f (GHz)
) + C(2.9 +

55

1 +
√

j f (GHz)
0.18

) (A6)

where,
ε∞ = 4.9 (A7)

εs = 88.05− 0.4147T + 6.295× 10−4T2 + 1.075× 10−5T3 (A8)

f0 = (2πτ)−1 (A9)(
2πτ) = 1.1109× 10−10 − 3.824× 10−12T + 6.938× 10−14T2 − 5.096× 10−16T3 (A10)

A = 1.7 + 3.2mv + 6.5m2
v (A11)

B = mv(0.82mv + 0.166) (A12)

C =
31.4m2

v
59.5m2

v + 1
(A13)

T in the above equations is environment temperature, and mv is the volume water
content. If we know the dry material density of vegetation ρ and the water content mg,
then the volumetric water content mv can be expressed as:

mv =
mgρ

1−mg(1− ρ)
(A14)

Appendix B Scattering Models

The 2 commonly used models are the backscattering model for active monostatic
radar and the emissivity model for passive radiometer. However, for GNSS-R applications,
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the bistatic scattering model is necessary, since the GNSS constellation transmitter and the
GNSS-R receiver form the typical bistatic radar system. Therefore, it is necessary to develop
a new model in the bistatic form. Meanwhile, in order to overcome the ionospheric effect,
the transmitted signals of GNSS are mainly right-hand circular polarization, while the
commonly used microwave scattering models (both active and passive) use the linear form.
Then, new models are necessary for the circular polarization systems. Moreover, with the
development of the space-borne GNSS-R missions for land surface, the combination of
circular polarization and linear polarization should be also analyzed, so that new models
should be developed for various polarization combinations. The commonly used equations
to develop these models can be obtained in the literature presented in this manuscript.
Here, we illustrate the methods that are used in our model developments.

Appendix B.1 Polarization Coordinate System

There are basically 2 conventions for defining the polarization of an electromagnetic
wave when considering the scattering from an object. The first convention defines the
vertical and horizontal unit polarization vectors for the incident and scattered waves such
that they are equal in the forward scatter direction, namely the FSA (Forward Scatter
Alignment) convention (as shown in Figure A1) [36].

n̂i = x̂sinθicosφi + ŷsinθisinφi + ẑcosθi (A15)

ĥi = −x̂sinφi + ycosφi (A16)

v̂i = ĥi × n̂i = x̂cosθicosφi + ŷcosθisinφi − ẑsinθi (A17)

n̂s = x̂sinθscosφs + ŷsinθssinφs + ẑcosθs (A18)

ĥs = −x̂sinφs + ŷcosφs (A19)

v̂s = ĥs × n̂s = x̂cosθscosφs + ŷcosθssinφs − ẑsinθs (A20)

Figure A1. Geometry for FSA convention.

On the other side, the BSA (Back Scatter Alignment) convention defines the vertical
and horizontal unit polarization vectors for the incident and scattered wave such that
they are equal in the backscatter direction. The only difference between the BSA and FSA
convention is that ĥs is replaced with −ĥs. The BSA convention has been the standard used
in the area of radar polarimetry. In order to obtain the various polarization combination
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using the wave synthesis technique, we perform this polarization coordinate systems
conversion accordingly [36].

Appendix B.2 Angle Changes

For the vegetation part, we employ the first-order transfer equation model to get the
vegetation scattering. As for the phase matrix and the extinction matrix, we change the angles
to the bistatic form [37]. As for the extinction of the crown layer, we include the upward extinc-
tion matrix after the scattering is done by the trunk layer (θi = θs, ϕi = ϕs; θs = θs, ϕs = ϕs)
as well as the downward extinction matrices that are not scattered by the trunk layer
(θi = π − θi, ϕi = 0; θs = π − θi, ϕs = 0). The extinction matrices in the trunk layer include 4
kinds: 2 upwards directions (one scattered by the trunk layer θi = θs, ϕi = ϕs; θs = θs, ϕs = ϕs,
and one not scatter by the crown layer θi = θi, ϕi = 0; θs = θi, ϕs = 0), and two downward
directions (one scattered by the crown layer θi = π− θs, ϕi = ϕs;θs = π− θs, ϕs = ϕs and one
not scattered by the crown layer θi = π− θi, ϕi = 0; θs = π− θi, ϕs = 0). As for the calculation
of the phase matrix, we include 4 kinds of observation angles combination: (1) the incident
direction is θi = θi, ϕi = 0, while the scattering direction is θs = θs, ϕs = ϕs; (2) the incident
wave is θi = θi, ϕi = 0, while the scattering direction is θs = π− θs, ϕs = ϕs; (3) the incident
direction is θi = π − θi, ϕi = 0, while the scattering direction is θs = θs, ϕs = ϕs; (4) the
incident direction is θi = π− θi, ϕi = 0, while the scattering direction is θs = π− θs, ϕs = ϕs.

Appendix B.3 Wave Synthesis Technique

In order to get the various polarizations, we employ the wave synthesis technique [38].
The equation is as follows:

σrt(ψr, χr, ψt, χt) = 4πỸr
m MmYt

m (A21)

In this equation, Mm is the modified Mueller matrix, and Ym is the modified stokes
vectors, where the upper subscript r and t indicate the polarization of transmitted and re-
ceived signals. These depend on the variables of orientation ψ and ellipticity χ, respectively.
The modified stokes vectors can be calculated as follows:

Ym =


1
2 (1 + cos 2ψ cos 2χ)
1
2 (1− cos 2ψ cos 2χ)

sin 2ψ cos 2χ
sin 2χ

 (A22)
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