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Abstract: Soil moisture monitoring enables efficient management and use of water resources, having great importance
for several purposes, such as: monitoring of risk areas; delimitation of areas susceptible to flooding; geotechnical
activities; and in agriculture development. GNSS Reflectometry (GNSS-R) is a scientific and technological
development that allows one to perform proximal or remote sensing, depending on the antenna height concerning the
surface, by means of navigation satellites. This method exploits GNSS signals indirectly reaching a receiver antenna
after they are reflected on the surrounding surfaces. In this method, direct and indirect GNSS signals that reach the
receiving antenna are exploited, after reflection on the surfaces existing around the antenna. The combination of these
two signals causes the multipath effect, which affects GNSS observable and deteriorates positioning. On the other
hand, when interacting with these reflecting surfaces one can estimate their properties. One of the main advantages of
GNSS-R, when compared with the conventional methods, is the intermediate coverage area, as well as, the use of the
well-defined structure of GNSS systems that guarantee appropriate temporal resolution. The scope of this paper is to
present a conceptual review of GNSS-R applied to soil moisture monitoring.

Keywords: GNSS-R. Multipath. Soil Moisture. SNR.

Resumo: O monitoramento da umidade do solo possibilita 0 manejo e uso eficiente de recursos hidricos, sendo uma
atividade importante em diversas areas, tais como: no monitoramento de &reas de risco; delimitacdo de &reas
suscetiveis a enchentes; atividades da geotecnia; e na agricultura. A Refletometria GNSS (GNSS-R) é um
desenvolvimento cientifico e tecnologico que permite realizar sensoriamento remoto ou proximal, a depender da altura
da antena em relagdo a superficie, com satélites de navegacao. Neste método, explora-se os sinais GNSS que chegam
a antena receptora de maneira direta e indireta, apos reflexdo nas superficies existentes no entorno da antena. A
combinacdo destes dois sinais ocasiona o efeito de multicaminho, que afeta as observaveis GNSS e deteriora 0
posicionamento. Por outro lado, ao interagir com estas superficies, o sinal indireto permite estimar atributos acerca
destas superficies, como por exemplo a umidade do solo. Uma das principais vantagens em relacdo aos métodos
convencionais reside no fato do GNSS-R proporcionar uma area de abrangéncia intermediaria e o uso da estrutura
bem estabelecida dos satélites GNSS, que garantem resolucdo temporal apropriada. O escopo deste trabalho é
apresentar uma revisdo conceitual acerca do GNSS-R aplicado no monitoramento da umidade do solo.
Palavras-chave: GNSS-R. Multicaminho. Umidade do Solo. SNR.
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1 INTRODUCTION

Soil moisture can be defined as the water content stored in the unsaturated soil zone, also termed the
vadose zone (HILLEL, 1998). The vadose zone contains the root zone of the plants and extends from the land
surface to the groundwater table of the first unconfined aquifer, where all soil pores are filled with water
(ARORA et al., 2019).

Soil moisture content is inhomogeneously distributed vertically (over depth) and horizontally (over
land) (SENEVIRATNE et al., 2010). This quantity is commonly expressed for a given portion of soil at a given
matric potential in gravimetric or volumetric units (TULLER; OR, 2004). Gravimetric soil moisture (g/g) is
the ratio between the mass of the water within a soil sample and the dry mass of the soil sample. VVolumetric
soil moisture is the ratio between the volume of water contained in a given volume of a soil sample (cm3/cm3)
(BABAEIAN et al., 2019).

Soil moisture is linked to processes that are characterized at various scales. At large scales it is a key
component of the water and biogeochemical cycles, as well as influencing the flow and exchange of energy
between the Earth's physical surface and the atmosphere (ENTEKHABI et al., 2010; ROBINSON et al., 2008).
Within the scope of the water cycle, quantifying soil moisture allows inputting models for the delimitation of
aquifer recharge areas and flood areas (OCHSNER et al., 2013). The water stored on land is a relevant agent
in mass displacements, thus soil moisture is an important parameter in systems for monitoring areas susceptible
to natural hazards; in geotechnical activities; and in the planning and control of engineering works. Locally,
soil moisture has critical importance in agriculture, for example, because it is essential for the healthy
development of plants. Monitoring soil moisture allows optimizing the use of water and energy resources in
irrigation mechanisms (PEREIRA, 2001). In this way, its management contributes to the increase in production
and, concomitantly, the preservation of the environment.

Global Navigation Satellite System Reflectometry (GNSS-R) has been successfully used in soil
moisture estimation (Table 1), emerging as an alternative to conventional methods (Section 2). This method
allows the realization of remote or proximal sensing exploring the reflections of the radio waves transmitted
by GNSS satellites. It makes it possible to extract information on the properties of the reflecting surfaces
(TEUNISSEN; MONTENBRUCK, 2017), such as soil moisture. GNSS-R has certain advantages over other
methods, including global coverage; low cost; independence from climatic conditions; the possibility of
obtaining information almost in real-time; and the short revisit time of GNSS satellites (EDOKOSSI et al.,
2020). In the present paper, a conceptual review of the GNSS-R method for estimating soil moisture is
presented.

2 CONVENTIONAL METHODS

There exist several methods to measure or estimate soil moisture, directly or indirectly
(SENEVIRATNE et al., 2010). In the gravimetric method, soil moisture content is directly measured. In the
laboratory, soil moisture content can be derived weighting an in situ soil sample before and after drying. The
original volume of water in the soil sample is calculated by dividing the water mass by its density (HANSON,
2009). The gravimetric method is the most accurate method and the only direct method. It represents the
reference measurements for calibrating equipment used in indirect methods (MENDES, 2006). However, it
provides punctual measurements, which may not be representative of the larger surrounding area at a local
scale. Besides, it is laborious and destructive, due to the need to collect soil samples (ZHANG et al., 2014).
Therefore, it may not be suitable for continuous monitoring.

In all other methods, soil moisture is indirectly estimated from measurement of physical properties of
the soil. In these cases, measurements can be made by in situ probes or by remote or proximal sensing
(BABAEIAN et al., 2019). Probes are autonomous and allow ample data recording, allowing continuous
monitoring. The main property explored by these types of equipment is the dielectric permittivity of the soil.
The two most common techniques among probes that measure electric permittivity of the soil are based on the
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Time Domain Reflectometry! (TDR) and Frequency Domain Reflectometry (FDR), also termed capacitance
probes (SENEVIRATNE et al., 2010). In TDR probes, permittivity is determined by evaluating the variation
in the propagation time of an electromagnetic pulse. In turn, in FDR probes, permittivity is estimated by
assessing the frequency variation of an electromagnetic pulse (LIMA; SILVA; KOIDE, 2012). These probes
are accurate, but limited in terms of range, which is a few centimeters around the sensor. The capacitance
probes have limitations related to soil composition, mainly due to the content of salinity and iron oxides
(DELTA-T DEVICES LTD, 2001).

Furthermore, one can evaluate the moderation of fast neutrons, which is linked to the presence of
hydrogen atoms. Neutron probes can be active or passive. The active probes have their radiation source, mainly
from Americium and Beryl, to give rise to fast neutrons (PEREIRA, 2001). They have the disadvantage of
biological risks to the equipment operator and the environment due to the emission of ionizing radiation.
Passive probes explore radiation from extraterrestrial sources that originate from galactic cosmic rays. When
these rays reach the atmosphere, they give rise to a cascade of neutrons with high energy. These neutrons
continue to propagate downward reaching the soil, when a second cascade of neutrons arises. These neutrons
are moderated by hydrogen atoms contained in water that characterizes the soil moisture (DESILETS;
ZREDA; FERRE, 2010). The probes of the COsmic-ray Soil Moisture Observing System (COSMOS) network
exploit this property (ZREDA et al., 2012). They have a range of hundreds of meters, are accurate, and allow
ample and autonomous data recording; however, they can be expensive. On the other hand, through orbital
and aerial remote sensing, global or regional coverage can be reached, respectively, but with generalized
information (VEY et al., 2016).

The spatial resolution obtained with orbital sensors is approximately 100 m for active sensors (radars)
and 10 km for passive sensors (radiometers) (EDOKOSSI et al., 2020). Also, the temporal resolution, which
is related to the satellite revisiting the same location, is low. These characteristics limit its use in applications
such as agriculture. Electromagnetic waves of different spectrum bands from visible to microwaves can be
used in remote sensing through active and passive sensors. Some examples of satellite missions for monitoring
soil moisture are the European Space Agency’s Soil Moisture and Ocean Salinity satellite (SMOS) of (KERR
et al., 2001) and National Aeronautics and Space Administration’s Soil Moisture Active Passive
(SMAP)(ENTEKHABI et al., 2010). Both employ radio waves with active and passive sensors. Other missions
in this theme include: Special Sensor Microwave/Imager (DE RIDDER, 2003), Tropical Rainfall Measuring
Mission (GAO et al., 2006), Advanced Microwave Scanning Radiometer — Earth Observing System (XIE;
MENENT; JIA, 2019), and gravimetric missions such as the Gravity Recovery and Climate Experiment
(SWENSON et al., 2008).

3 GNSS REFLECTOMETRY

Several studies have demonstrated that soil moisture can be estimated by GNSS-R (Section 4). In
addition to the results obtained by these researchers demonstrating the efficiency of GNSS-R in this purpose,
some advantages can be highlighted: 1) intermediate coverage area, between conventional methods (in situ
probes and remote sensing) — approximately 50 meters radius for a 2-m tall GNSS antenna (TABIBI et al.,
2017); 2) adequate spatial and temporal resolution guaranteed by the existing GNSS structure, which has global
coverage, continuous transmission of signals by dozens of satellites, independently to weather conditions
(SEEBER, 2003); 3) possibility of using GNSS stations simultaneously for positioning and reflectometry
(LARSON; NIEVINSKI, 2013).

GNSS satellites transmit electromagnetic waves of the radio or microwave type with frequency in the
range of 1to 2 GHz, in the L band (TEUNISSEN; MONTENBRUCK, 2017). Coincidentally, these frequencies
are close to the frequencies used in SMOS and SMAP orbital missions. When such waves reflect on surfaces
around a GNSS antenna, they can reach this antenna indirectly (Figure 1) delayed due to the additional distance
traveled (LEICK, 1995). The combination between direct and reflected waves gives rise to the multipath effect,

! Note the conceptual distinction between these conventional methods of indirect measurement of soil moisture Time

Domain Reflometry (TDR) and Frequency Domain Reflometry (FDR), and the GNSS-R geodetic method, which is based
on GNSS transmissions.
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which is one of the main sources of errors that affect GNSS positioning, depending on the quality of the antenna
(TEUNISSEN; MONTENBRUCK, 2017).

After the interaction with the ground surface, radio waves have their characteristics changed
(amplitude, phase, polarization, and frequency). This makes it possible to estimate attributes about those
reflection surfaces (ROUSSEL et al., 2016). This is the principle of remote sensing, including GNSS-R that
exploites the GNSS observables affected by reflections. In this way, multipath enables GNSS-R, despited
being detrimental to GNSS positioning, thus expanding the range of applications of this technology.

Figure 1 — Simultaneous reception of direct and indirect waves from reflections on the surfaces surrounding a GNSS
antenna.

Source: Euriques (2019).

GNSS-R can be considered as a multi-static radar since the antenna receives multiple transmissions
from several satellites (JIA; PEI, 2018). This configuration contrasts with monostatic radars, where receivers
and transmitters are on the same platform, as in the case of nadir-pointing satellite altimeters. Although the
concept of GNSS Reflectometry was initially proposed by Martin-Neira (1993), most of the related research
comes from the last decade. Applications involve the determination of geometric attributes and the composition
of reflective surfaces. Altimetry is considered in the first type and consists of determining the vertical distance
between the GNSS antenna and the reflection surface as in snow depth monitoring (ZHOU et al., 2019), water
level variations (STRANDBERG; HOBIGER; HAAS, 2017), and some types of vegetation growth (ZHANG
etal., 2017). The application type dealing with surface composition includes soil moisture estimation (TABIBI
et al., 2015).

Multipath affects all observables, so GNSS-R can be performed, in principle, through pseudorange,
Doppler, carrier phase, or Signal-to-Noise Ratio (SNR) data. According to Nievinski and Larson (2014a) and
Larson et al. (2010), SNR consists of the power of the carrier phase (in watts) normalized by the noise power
or its spectral density (watts or watts per hertz), often expressed in a logarithmic scale, in decibels (dB) or
decibel-hertz (dB-Hz). This observable is recorded continuously by GNSS receivers throughout the tracking,
considering each satellite individually (BILICH; LARSON, 2007).

With the orbital movement of satellites, the propagation delay and the phase difference between direct
and reflected signals varies, creating constructive and destructive interference patterns between the two
superimposed waves, in turn resulting in oscillations (Figure 2) in the SNR time series (TABIBI et al., 2015).
SNR is the GNSS observable that best reveals the multipath effect, as it is invariable to the common effects
between the direct and indirect paths, even with single frequency receivers, such as errors related to orbits,
most of the atmospheric delays and synchronization errors, which would affect the other GNSS observables
(LARSON et al., 2008a). In comparison, carrier phase and pseudorange observables require combinations of
two or three carrier frequencies to isolate the multipath effect. In any case, it is possible to perform
reflectometric determinations from conventional GNSS receivers, developed for positioning, without changes
to the equipment or installation of the receiving antenna (LARSON et al., 2010). In this context, data from
existing GNSS stations can be used, such as from the Brazilian Network for Continuous Monitoring of GNSS
(RBMC), the continuous monitoring network from the Geocentric Reference System for the Americas
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(SIRGAS), or from the International GNSS Service (IGS).

Different names can be found in the literature about the category of GNSS-R that exploits conventional
ground instruments, developed for positioning and adapted to reflectometry: GNSS Multipath Reflectometry
(GNSS-MR) by Nievinski et al. (2016); GNSS Interference Pattern Technique (GNSS-IPT) by Rodriguez-
Alvarez et al. (2011a); GNSS Interferometric Reflectometry (GNSS-IR) by Larson (2016); SNR-based GNSS
reflectometry by Loéfgren and Haas (2014). GNSS-MR can be performed with any GNSS observable, while
GNSS-IPT/IR is normally restricted to the use of the SNR-type observable.

Access to SNR can be done in two different ways:

a) observation file in Receiver Independent Exchange (RINEX) format, which allows different
types of SNR for each carrier frequency (GURTNER; ESTEY, 2015). Since version 3, SNR values
are provided for each modulation at the same frequency (e.g., civil and military)

b) National Marine Electronics Association (NMEA) 0183 format, which is the specification re-
lated to data standardization for communication between electronic equipment (MARTIN et al., 2020).
This specification includes the transmission of SNR data via the GPS Satellites in View message
($GPGSV).

Figure 2 shows an SNR interferogram for different modulations, considering the ascending arc of a
satellite in the GPS constellation. Note that not all signals have the same quality concerning the multipath
signature. In general, modern GPS modulations, such as L2C and L5, correspond better to theoretical models,
while legacy modulations, such as C/A and P(Y) exhibit more distortions (TABIBI et al., 2017).

Figure 2 —SNR (dB) by different modulations for an ascending arc of a GPS satellite considering elevation angles
between 5 and 45 degrees.

GPS
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Source: Adapted from Tabibi et al. (2017).

3.1 GNSS-R footprint

The coverage area involved in GNSS-R is defined mainly as a function of the height (H) of the antenna
above the surface. In this sense, the range is local, when GNSS stations are mounted a few meters above the
ground (LARSON et al., 2008a); regional, when the receiving antenna is fixed on airborne platforms such as
conventional and remotely piloted aircraft (RODRIGUEZ-ALVAREZ et al., 2013); or global, when the sensor
is fixed on orbital platforms (GLEASON et al., 2005).

The coverage area for stations installed on the ground can be approximated by the Fresnel zones. Each
one of the Fresnel zones is an ellipse defined in terms of the elevation angle (e) and azimuth (a) over the
horizon of the antenna (Figure 3) (JIN; QIAN; KUTOGLU, 2016). In this calculation, the height of the antenna
and the wavelength (1) of GNSS carrier wave must also be considered. Following Larson and Nievinski (2013)
and assuming a flat and horizontal surface, the formulation for the first Fresnel zone can be expressed in terms
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of its semi-major (a) and semi-minor axes (b) as well as the horizontal distance to the center (D):

b
a=— 1)
sine
2dH d?
b= |[—+— @)
sine sin‘e
H d
tane sinetane 3)

where d = 0.5171. The major semi-axis is positioned along the satellite's azimuth.

Figure 3 shows the Fresnel zones of a GNSS station with an antenna height of 1.8 meters. On the left,
the Fresnel zone of a satellite with 90 ° azimuth is shown. The ellipses for different elevation angles are shown;
the higher the elevation angle (closer to the zenith), the smaller and closer to the antenna is the ellipse. On the
right, there is the set of Fresnel zones for a station assumed in the Southern Hemisphere. Note the absence of
zones in the vicinity of the South direction, which occurs due to the inclination of the orbital plane of satellites
(LARSON, 2016). When the GNSS station is located in the Northern Hemisphere, this gap occurrs in the
northern direction.

Figure 3 — Fresnel zones of a simulated GNSS station considering satellite elevation angles between 7 e 25 degrees
from the antenna horizon
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Source: Adapted from Larson (2016).
3.2 Reception of reflected signals

Indirect signals (reflected waves) are received by the antenna mainly from its lower hemisphere. The
GNSS antennas are designed to aim at the rejection or mitigation of the reflected waves. In this context, it is
common to use a metal plate integrated into the antenna element, named ground plane, or the use of a special
antenna attachment made of concentric metal rings named choke rings (MONICO, 2008). Specific
configurations were developed to increase the reception of these reflected waves (JIA; PEI, 2018):

a) Two antennas: one of them oriented in a conventional way, towards zenith, aiming to receive
direct waves, and another antenna oriented to nadir, or close to it, to capture the reflected waves. This
was the first configuration proposed for GNSS-R (MARTIN-NEIRA, 1993). This configuration is not
compatible with GNSS-MR/IPT/IR, because conventional GNSS receivers are unable to track the two
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waves separately. See Figure 4a;

b) Single vertical antenna: This is the case with only one antenna oriented towards zenith (con-
ventional orientation to GNSS positioning). It simultaneously receives direct and reflected waves (Fig-
ure 4b.) This configuration allows the shared use of the GNSS station for positioning and reflectometry
(LARSON et al., 2008a);

c) Single tilted antenna: analogous to the previous case, however with the antenna pointed at the
horizon, or close to it (Figure 4c) (RODRIGUEZ-ALVAREZ, 2009). It has the advantage of amplify-
ing the reception of waves reflected in the target azimuth; as a disadvantage, it impairs reception in the
opposite azimuth.

Figure 4 — Antenna system schemes in GNSS-R.

Ve |~ N~y ?

Zenith

Upper hemisphere
» TGP
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Source: The authors (2021).

3.3 SNR Modeling

The modeling of SNR for reflectometry purposes is carried out through the combination of a physical
model, related to the theoretical simulation of the multipath (NIEVINSKI; LARSON 2014b), and an inverse
model, by which unknown parameters are estimated through GNSS measurements (NIEVINSKI; LARSON,
2014c).

3.3.1 PHYSICAL MODEL: THEORETICAL SIMULATION

The scattering of electromagnetic waves occurs in three ways: diffraction, specular (coherent
reflection), and diffuse (incoherent reflection) (ZAVOROTNY et al., 2015). These conditions occur mainly
due to the characteristics of the reflecting surfaces. Specular reflections are the ones that most interfere with
direct waves since only coherent waves are subject to superposition. Coherent observations maintain a stable
phase relationship between direct reflected waves (NIEVINSKI; MONICO, 2016). In contrast, incoherent
observations have a random phase and do not maintain a predictable relationship between these waves.

The GNSS satellite transmissions are Right-Hand Circularly Polarised (RHCP) (WU; JIN, 2019).
When reflecting on surfaces, two components can be generated, RHCP and Left-Hand Circularly Polarised
(LHCP) (KATZBERG et al., 2006). The proportion between these components depends on the direction of
incidence of the direct wave and the dielectric properties of the reflecting surface. The electric field of the
reflected wave (E,), in volts per meter, is a complex vector, therefore with magnitude and phase given
according to Eq. (4) (NIEVINSKI; LARSON, 2014a):

E,=S-1-R-E, (4)

where E is the direct field. The magnitude S represents a loss of coherent power due to the surface roughness,
S = exp (—2m?A"%0fsine), which is a real value and less than 1; oy, is the surface height standard deviation
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(in meters). The scalar I = exp (Zn)L"lri\/—_l) is a complex value, usually unitary, which involves the phase
difference resulting from the propagation delay (z;, in meters) between reflected and direct waves. For a flat
and horizontal surface, 7; (Eg. (5)) can be estimated as a function of the satellite's elevation angle and antenna
height (GEORGIADOU; KLEUSBERG, 1988):

7; = 2Hsin(e) ®)

In Eq. (5), H is the vertical distance between the antenna phase center and the reflecting surface (TABIBI et
al., 2015); it is not exactly the geometric height of the antenna above the ground surface, as it depends on the
penetration depth of the electromagnetic wave.

The reflection matrix R (Eq. (6)), represents the effect of the surface composition on the reflected
electromagnetic wave (NIEVINSKI; LARSON, 2014a):

R=

RS RX] (©)

RX RS

This matrix is determined by the combination of the circularly polarized scalar reflection coefficients (complex
values): RS (Eq. (8)) for the same-sense polarizing value and R* (Eg. (9)) the cross-sense polarizing value
(NIEVINSKI; LARSON, 2014a).

Although the direct electric field has only RHCP component (EX) due to negligible LHCP component
(EL =~ 0), the reflected field can have both non-zero components (ER, EL). In the case of GNSS, Eq. (4) can
be simplified as Eq. (7):

E, = [ER, EE" =5S-I[RS, RX]"E% @

The circularly polarized scalar reflection coefficients are defined based on the linearly polarized reflection
coefficients that follow from the Fresnel equations (NIEVINSKI; LARSON, 2014a):

RH + RV
RS = —— 8
5 (8)
RH_RV
RX:T 9)

These coefficients are complex values that depend on the angle of incidence of the wave. In general, the same-
sense polarized reflection tends to zero for normal incidence (perpendicular to the surface), while cross-sense
polarized reflection tends to zero for near-grazing incidence. In the case of GNSS, this means that high
satellites tend to have LHCP reflections, and low satellites tend to have RHCP reflections. Therefore, for
satellites close to the zenith, the reception of reflection signals would be better with an antenna with LHCP
polarization.

In Eq. (8) and Eq. (9), the coefficients on the right side of the equalities are the linear vertical (R") and
linear horizontal (R*) reflection coefficients (NIEVINSKI; LARSON, 2014a):

_ (cos 8 —Ve—sin? 0)

RV = (10)
(cos® + V& —sin? 0)
y _ (&-cos8 —Ve—sin? 0)
R" = (11)

B (&-cosf + Ve—sin? )
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where 8 = 90° — e (assuming flat surface). The complex dielectric constant (s = &’ + vV—1¢") of the medium
is a complex number with real (£) and imaginary (¢") components that are related to the medium conductivity
(EDOKOSSI et al., 2020). In the case of soil, the values of those components vary with moisture according to
empirically calibrated curves (Figure 5), which link relative permittivity (adimensional) and moisture for
different types of soil (HALLIKAINEN et al., 1985).

The indirect electric field exists only in the free space between transmitting satellite and receiving
antenna (TABIBI et al., 2015). Consequently, it is necessary to calculate the electrical voltage (volts) of the
direct (V7;) and reflected waves (17.) induced in the electrical connection between antenna and receiver. This is
done by multiplying the electric field vector by the antenna effective length (L), a complex vector in meters:

Vy=ER. IR (12)
V=18 ER+ L5 Ef=S-1-X-E§ (13

Note that there are components for both polarizations (RHCP ou LHCP), denoted by superscript letters. The
subscript denotes the direction of the reception (direct or reflected signal) e.g., L% is the antenna response for
a direct RHCP wave. The magnitude and argument of each L the component comes, respectively, from the
gain pattern and the phase center variations of the antenna, both previously calibrated. The factor X = LERS +
LERX represents the interaction between the antenna responses (L) and the reflecting surface response (R)
(TABIBI et al., 2015). Therefore, it is linked to the soil moisture of the reflected surface.

Figure 5 — Complex components of soil permittivity for different types of soil at a 1.4 GHz frequency.
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Source: Adapted from Hallikainen et al. (1985).

Finally, the composite voltage, resulting from the superimposition of direct and reflected waves, can
be obtained: V =V, + V,.. This sum occurs on the complex plane, separately for the real and imaginary
components. The corresponding power P = V2, in watts, is given by:

P = Py + P, + 2,/Py\/Prcos¢; (14)

P is related to the powers of the direct signal (P; = |V,;]?) and the reflected signal (P. = |V,.|?). It also includes
a trigonometric term dictated by the interferometric phase (¢;), the difference between the phases of the two
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voltages: ¢; = ¢, — ¢4 = arg(V;.) — arg(V;) (NIEVINSKI; LARSON, 2014a). The interferometric phase is
dominated by the propagation delay (z;) stemming from the additional path of the reflected signal (TABIBI et
al., 2015), which is given by Eq. (15):

¢; = 2nA 1t + ¢y = 2nA7 1 2Hsin(e) + ¢y (15)

This equation includes the compositional phase ¢y = arg(X), resulting from the combination of the properties
of the reflecting surface and the GNSS antenna (NIEVINSKI; LARSON, 2014a). This is the phase component
that depends on soil moisture. It varies with the satellite's elevation angle as the reflected wave changes
polarization. Figure 6a shows the relationship between these quantities in two theoretical scenarios: the first is
completely dry soil (blue); the second with soil moisture equals 50% (red). Following Liu and Larson (2018),
the variations in the compositional phase cause a bias in the geometric height, designating a compositional
height bias Hy = d¢y/dk,, given by the rate of change in ¢y with respect to vertical wavenumber, k, =
4mA~1sen (e). Figure 6b shows the simulated height bias as a function of elevation angle in the two soil
moisture scenarios.

Figure 6 — Compositional phase (¢) on the left panel and compositional height bias on the right, as a function of the
satellite elevation angle in two scenarios concerning soil moisture (0 e 50%).
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According to Nievinski and Monico (2016), when the input signal is received, its power (P) is
normalized by the noise power (B,) and recorded by the receiver. B, is an arbitrary constant in the context of
SNR = P/P,, in watts per watts. The observed ratio can be modeled as the sum of two components, SNR =
tSNR + dSNR: atrend (tSNR) and a detrended (dSNR) interference fringes term (TABIBI et al., 2017). The
trend tSNR = P;1(P; + P,), stems mainly from the antenna gain pattern and has a polynomial form. The
complementary component dSNR = 2P, 1\/P—d\/§cos¢>i, resulting from the in-phase and out-of-phase

alignment of direct and reflected waves, has a sinusoidal form (NIEVINSKI; LARSON, 2014c). Figure 7
shows two SNR simulations generated from the forward modeling (theoretical simulation).

3.3.2 EMPIRICAL MODEL: SINUSOIDAL FIT

The physical model (section 3.3.1) can be approximated by the empirical model of Eq. (16). In this
equation, k, is adopted as an independent variable, because it is the basis of the propagation delay ¢; = k,H +
¢x, assuming a flat, horizontal surface (ZAVOROTNY et al., 2010).

tSNR =~ (co + ¢ ky + ck? + ) (16)
dSNR = A,, - cos(Hpk, + ¢m)

The parameter H,, is related to the multipath oscillation frequency. The sum Y.c;k%, is a polynomial that
approximates the trend; and the sinusoid approximates the dSNR complement. The amplitude 4,, (Eq. (17)),
the initial phase ¢,, (Eq. (18)) and the effective height H,, (Eq. (19)), are given following by Nievinski and
Larson (2014c):

Am ~ E{2P;\[P4\[P} (17)
¢m i E{‘f’x - szm} (18)
H,, ~ H+ E{Hy} (19)

These empirical parameters (4,,,, ¢, and H,,,) are constants defined from the expectation E{-} of the variables
resulting from the rigorous formulation of the theoretical model. The compositional height bias Hy ends up
assimilated in the effective height H,, = H + Hy (Figure 6b) (NIEVINSKI; LARSON, 2014a). In turn, the
empirical phase ¢,, is the average of the residual compositional phase, ¢y — k,H,,.

The parameters A,,, ¢., € Hy,, observed in SNR observations, vary depending on factors such as
carrier wavelength, free-space propagation medium, and the equipment, besides the influence of the reflected
signal. Each of these empirical parameters responds better to a given application. The empirical height H,,, has
been applied for altimetric applications as sea level monitoring and snow depth. In turn, the empirical
amplitude A,,, has been applied in vegetation growth monitoring (SMALL et al., 2016) and sea waves, because
such phenomena affect the surface roughness. The empirical phase ¢,,, parameter has been employed on soil
moisture estimations (CHEW et al., 2014).

3.3.3 INVERSE MODEL: STATISTICAL MODEL

The physical and empirical models can be ideally combined using previously available information,
such as the antenna model and the type of soil, estimating as unknowns only the effects that vary with time,
such as soil moisture. This strategy was developed and applied initially for the measurement of snow depth
(NIEVINSKI; LARSON, 2014c, 2014d). Afterward, it was adapted for use in determining soil moisture
(TABIBI et al., 2015). The inversion is a statistical model through which the unknown parameters are
determined from the GNSS observations. These measured observations are compared internally with the
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observations simulated by the forward physical model (NIEVINSKI; LARSON, 2014b). Hence, the simulated
observations are fitted to the measurements, involving in this process a nonlinear least-squares adjustment of
the unknown parameters (NIEVINSKI; LARSON, 2014c). As a result, we have the estimated parameters and
their precision: amplitude, phase, antenna height, and polynomial coefficients of the trend.

3.3.4 POST-PROCESSING: PHYSICAL-STATISTICAL COMBINATION

After inversion, several post-processing measures are required. Through this module, the inversion
parameters are subjected to statistical inferences, quality control, and optimization of results (NIEVINSKI;
LARSON, 2014d). Figure 8 shows simulated SNR observables and measured observations, as well as the
residuals associated with the difference between these observables.

In the case of soil moisture, the phase parameters (phase shift and the respective phase rate) have their
precision degraded, as they are very correlated. As soil moisture content affects the penetration depth of
electromagnetic waves into the soil, this creates variations in the effective height of the antenna (LARSON,
2016). Thus, a strategy to improve the estimation of the phase parameters is to define an average value for this
height and introduce it as a constraint in post-processing (EURIQUES, 2019).

It is also necessary to combine the independent estimates of the various satellites into an average value
for the station. Finally, a calibration curve, using a first or second-degree polynomial, establishes the
relationship between the parameters of the interferometric phase with the soil moisture values. Figure 9
exemplifies the relationship between phase values (vertical axis) and soil moisture (horizontal axis). In this
figure, the phase values were estimated from the reflected waves of the GPS satellite PRN 29 at a given station,
whereas soil moisture values were determined by the average of 5 TDR probes located close to this station
(LARSON et al., 2008b).

Figure 8 — Simulated and measure SNR signature and its residues for an ascending arc for the PRNO2 satellite.
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Figure 9 — Relationship between reflectometric phase and soil moisture.
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The calibration curve between soil moisture and the phase-shift is based on linear regression in the
forma - ¢,, + b, whose slope is often reported in the literature as a = 1,48 cm3cm™3°~1 (CHEW et al., 2015)
or its reciprocal, a=! = 65°/(cm3/cm?3) (VEY et al., 2016). These values were determined from physical
simulations considering specific antenna models. The intercept or constant coefficient of the regression (b) is
associated with residual soil moisture, which represents the minimum value present in the soil. It is normally
assumed b = 0,05 m3m?3 (VEY et al., 2016). Following Chew et al. (2015), the coefficient b can also be
obtained through the interpolation of soil texture maps.

3.4 Method limitations

The two coefficients of phase calibration for soil moisture are dependent on the site location and the
GNSS antenna model; therefore, they are uncertain for locations without additional data from conventional
methods or that have had an antenna exchange. This is probably the largest limitation of using the GNSS-R
method to soil moisture monitoring. Other limitations must be considered such as the effects of topography,
vegetation, surface roughness, and soil temperature because they affect the determinations.

Ground vegetation may obstruct the incidence and reflection of radio waves on the ground (ZHANG
et al., 2017). Besides, as explained in section 3.3.2, vegetation influences the roughness of the reflection
surface, which can affect the coherence of the signals and the amplitude and phase determinations.
Furthermore, the location of the GNSS station and the characteristics of the surroundings should have
unobstructed visibility to the ground on the reflection area, avoiding objects like fences, which is a basic
condition for carrying out GNSS-R.

Another limitation, not only for GNSS-R but also for other remote sensing methods that use
microwaves (L, C, and X bands), concerns the power of penetration of these electromagnetic waves into the
ground, which in the case of GNSS frequencies is mainly limited to a depth of about 5 cm (EDOKOSSI et al.,
2020). Thus, considering that the soil moisture varies along with a vertical profile in the soil when making
statistical comparisons between different methods, one should consider these possible differences between the
reference depths of each method.

4 RELATED STUDIES

In this section, we highlight the main works in which soil moisture was estimated through GNSS-R
using SNR from ground stations. Table 1 lists information such as: authorship; antenna height about the ground
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(meters); duration (days); GNSS system: being GPS (G), GLONASS (R), BeiDou (B), or Galileo (E); GNSS
modulation; soil cover; method of validating the reflectometric determinations; as well as the correlation (in
percentage).

Other types of GNSS-R, such as from aerial and orbital platforms, are not discussed. Further details
can be found, for example, in: Jin, Cardellach and Xie (2014); Masters, Axelrad and Katzberg (2004); Chew
and Small (2018); and Eroglu et al. (2019).

Larson et al. (2008a) were the pioneers in this theme. They have detected correlations between the
time series of reflected signal amplitudes, obtained by SNR via RINEX, and soil moisture obtained by the
Noah Land Surface Model. This model allows evaluating the evolution of moisture using meteorological
parameters as input data. GPS data recorded at the TASH station, located in Tashkent, Uzbekistan, were used.
The surroundings of this station are covered by low vegetation (grass). The effects of vegetation on the
modeling of reflective signals were not considered. To determine the amplitude series, the frequency L2 was
used in a range of 15° to 30° in terms of the elevation angles of the satellites. Additionally, it was found that
the two series had similar performances in precipitation events. Larson et al. (2008b), employed L2C
modulation (6 satellites of Block IIR-M), with elevation angle range 10° to 30°, for a station located in Marshall
- United States. The series of phases generated was converted empirically into a series of soil moisture. The
results were validated through the series compiled from 10 in situ probes (TDR) calibrated by the gravimetric
method. A correlation of 85% was obtained between these series. This research was expanded in Larson et al.
(2010), with elevation angles between 5° and 25°, recorded at the NCAR station (Marshall), which is part of
the active Earthscope Plate Boundary Observatory (PBO) network. The variation of the effective reflector
height, or the penetration depth of waves into the ground varied according to the soil moisture content. They
found that the parameter with the highest correlation with the moisture content close to the soil surface is the
phase shift, which obtained a 90% correlation with FTD probes calibrated by the gravimetric method.

Rodriguez-Alvarez et al. (2009) presented the GNSS-IPT technique performed from specific
equipment developed for reflectometry where the GPS hardware, in L1 frequency, was connected to a vertical
linear polarization antenna. In this case, the antenna was oriented towards the horizon (Figure 4c), and the
range of elevation angles between 7° e 50°. Unlike the previous cases, the SNR metric in this research was the
notch, which represents the elevation angle where the minimum amplitude of the multipath oscillation occurs.
The maximum soil moisture RMS error about the FDR probes was 3,1%. In later researches, Rodriguez-
Alvarez et al. (2011a, and 2011b) assessed the influence of different types of land cover on GPS-IPT
determinations. Arroyo et al. (2014), extended this technique to include two linear polarizations (vertical and
horizontal). In this case, the SNR metrics used were the points of maximum and minimum amplitude. The
correlation was 90% with a probe from the Oznet SM soil moisture monitoring network.

Chew et al. (2014) evaluated the performance of a direct model by an empirical relationship observed
in field data. GPS modulations with L2 carriers were simulated, isolating and disregarding the influence of
vegetation, topography, and surface roughness in modeling. The results obtained were compared with 11 FDT
probes, arranged at different depths. Authors defined a gradient of soil moisture as a function of depth. By the
reflectometric phase, a 91% correlation was obtained in the range between 0 and 5 centimeters depth. In Chew
et al. (2015) an algorithm was developed that started to consider the effects of vegetation on modeling.

Yan et al. (2014) conducted research using a low-cost GPS receiver with frequency L1. Yan et al.
(2016) used the B1 (BeiDou) and L1 (GPS) modulations with SNR obtained via NMEA 0138 sentence. Yan
et al. (2017) did not directly employ SNR, but the Signal Strength Indicator, also recorded continuously by
GNSS receivers.

Table 1 — Overview of related researches (published in scientific papers) related to soil moisture estimations by
GNSS - R via SNR recorded in ground stations.

Author/Year Height | Duration | System | Modulation | Land Cover Validation Corr.
(m) (days) (%)
Larson et al. 6 70 G L2 Grass Noah Model -
(2008a)
Larson et al. 19 83 G L2C Grass TDR 85
(2008b)
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Author/Year Height | Duration | System | Modulation | Land Cover Validation Corr.
(m) (days) (%)
Larson et al. (2010) 1.8 210 G L2C Grass TDR 90
Rodriguez-Alvarez 2.6 60 G L1 Bare FDR -
et al. (2009)
Rodriguez-Alvarez 45 25 G L1 Maize FDR -
et al. (2011a)
Rodriguez-Alvarez 3 600 G L1 Bare Hydra -
et al. (2011b)
Chew et al. (2014) 2.4 230 G L2 Bare TDR 91
Arroyo et al. (2014) 3.6 11 G L1 Grass OzNet SM 90
Yan et al. (2014) 1 2 G L1 Grass/bare TDR -
Tabibi et al. (2015) 153 G L2C; L5 Sparse veg. TDR 70; 80
Roussel et al. 1.7 40 G R L1 Bare FDR 95
(2016)
Chew et al. (2015) 15t02.1 730 G L2C Sparse veg. TDR -
Small et al. (2016) 2 730 G L2C Grass FDR -
Vey et al. (2016) 15 2100 G L2P; L2C Bare TDR 80
Yan et al. (2016) 2 60 B; G B1; L1 Bare FDR 80
Yan etal. (2017) 2 180 B; G Bare FDR 70
Yang et al. (2017) 2.2 105 B; G B1, B2, Sparse veg. Permittivity 62;71
L2C; L5
Zhang et al. (2017) 25 180 G C/IA Wheat FDR 74
Zhang et al. (2018) 29;3.3 300; 120 G L2C; L5 Grass FDR 86
Han et al. (2018) 1.7 40 G L1 Soy FDR 95
Yang et al. (2019) 2.4 300 G;B L2C; L5; Alpine veg. TDR 80; 85
B1; B2

Chang et al. (2019) 1.9 450 ;14 G L2C Sparse veg. Probe 61; 87
Martin et al. (2020) 1.8 66 G R E L1; L1 E1 Bare Gravimetric 70; 85
Han et al. (2020) 1.7 40 G L1 Bare FDR 95

Source: The authors (2021).

In Tabibi et al. (2015), soil moisture estimations were performed using L2C and L5 signals, reaching
correlations with in situ probes of 70 and 80%, respectively. Roussel et al. (2016) used GPS and GLONASS
modulations recorded by a station located in Lamasquére, France, considering elevation angles between 2° and
70°.

Small et al. (2016) evaluated the performance of different algorithms aimed at removing the effects of
vegetation on the reflected signals; data from 11 stations of the PBO network were used. Zhang et al. (2017)
carried out simultaneous monitoring of soil moisture and vegetation growth in a wheat field in France. Yang
et al. (2019) used SNR by L2C, L5, B1, and B2 obtaining correlations of up to 85%. Martin et al. (2020) used
modulations by multiple constellations (GPS, GLONASS, and Galileo) by a geodetic receiver and a low-cost
one. The results of this research were validated by the gravimetric method, and samples were collected daily.

5 DISCUSSIONS AND FINAL CONSIDERATIONS

Each of the different methods of soil moisture determination has limitations and specificities, such as
the spatial scale of the measurements or footprint: sometimes punctual, as in the case of the gravimetric method
and the direct in situ probes, sometimes in the order of tens of km?, as in the case of remote sensing (orbital).
Through these methods, there is information that may not be representative of a plot of land of interest. On the
other hand, equipment such as neutron probes can provide information on an intermediate scale, however, they
can be costly. In this scenario, GNSS reflectometry (GNSS-R) is an alternative or complementary method to
conventional methods. Over the past decade, research has been carried out on this topic at an international
level, in which results indicate a good correlation between the determinations by GNSS-R compared to
conventional methods, indicating the efficiency of the technique.

GPS and GLONASS systems have global coverage and are in full operation. Currently, there are about
60 satellites considering only these two systems. Given this, there is an adequate temporal resolution for data

427



Rev. Bras. Cartogr, vol. 73, n. 2, 2021 DOI: http://dx.doi.org/10.14393/rbcv73n2-55033

acquisition, due to the repetition of trajectories in terms of azimuths of passage. With the modernization of
GNSS, new signals are being introduced, such as the L5, L2C, and L1C. Also, new systems such as Galileo
and BeiDou have been expanding the possibilities to achieve better results in the most diverse applications in
which GNSS-R can be used.

Research has also been focused on the refinement of modeling, including the evaluation of different
antenna patterns (LI et al., 2018), and electromagnetic properties of the soil (WU; JIN, 2019). Investigations
have evaluated the combination of techniques, especially from the CYGNSS mission, which can contribute to
the spatial and temporal resolution of determinations (KIM; LAKSHMI, 2018). The CYGNSS mission has
great relevance in the orbital context, as it is a constellation of eight satellites aimed at monitoring the Earth
via GNSS-R (CALABIA; MOLINA; JIN, 2020).

In SNR-based GNSS-R, data from conventional GNSS stations can be used, as data from RBMC
stations. Historical series of these stations can be used in reflectometry, enabling the improvement of models,
calibration of satellite missions, increasing the accuracy of forecasts, and contributing to the understanding of
hydrological phenomena. However, it should be noted that the use of a given sensor for this application
depends on the conditions of direct visibility to the ground. In this context, many of the existing stations,
mainly urban ones, do not meet this requirement.

Future research perspectives are related to investigations concerning the limitations of the technique
and the improvement of modeling, highlighting the effects of the topography of the reflection surface, effects
of vegetation, and roughness.
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