MISTRALE: Soil moisture mapping service based on a RPAS-embedded GNSS-Reflectometry sensor
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l. INTRODUCTION

Around 70 percent of worldwide freshwater is used by agriculture. To be able to feed an additional 2 billion people by 2030,
water demand is expected to increase tremendously in the next decades. Farmers are challenged to produce “more crop per drop”.
In order to optimize water resource management, it is crucial to improve soil moisture situation awareness. Basically, this implies
the improvement of both the temporal and the spatial resolution of soil moisture measurements. Records from classical humidity
probes are punctual and are not representative of the soil moisture of the plot at a local scale, and monitoring an entire parcel is not
realistic for operational applications. With the advent of remote sensing, soil moisture can be systematically monitored at the global
scale but at the expense of the temporal and/or spatial resolution. Even with the SMOS satellite mission [1], the repetitivity of the
measurements is three days, which is not sufficient to monitor diurnal variations. Alternatively, recent studies suggested to take
advantage of the electromagnetic waves, continuously emitted by the Global Navigation Satellite System (GNSS) satellite
constellations, to retrieve different geophysical parameters of the Earth surface. This opportunistic remote sensing technique,
known as GNSS reflectometry (GNSS-R), consists in comparing the direct signals (i.e., the signals directly travelling from the
satellite to the receiver) with those reflected by the ground. It offers a wide range of applications in Earth sciences and particularly
in soil moisture monitoring. It namely presents the advantage of sensing a whole surface around the antenna (see, e.g., [2], [3], [4]).
Moreover, since GNSS signals lies in L-band, the GNSS-R is operational under cloud cover and during the night. It is less sensitive
to variation on the thermal background. Yet, GNSS-R measurements are affected by soil roughness and by vegetation. It is
nevertheless worth noting that the roughness impact can be mitigated using polarimetric measurements and computing the apparent
reflectivity for both left-hand and right-hand circular polarizations of the reflected signals. Next to this, the attenuation of the
reflected signal due to vegetation can be taken into account by using a corrective term (e.g, based on NDVI measurements). Two
main approaches can be considered: (i) the waveform one, which consists in comparing the amplitude of the direct and reflected
GNSS complex waveforms (i.e. basically the correlator’s output), and (ii) the Signal-to-Noise Ratio (SNR) method, based on the
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analysis of the SNR collected by a single GNSS antenna. The advantage of the latter is that it does not require a reflectometry-
dedicated GNSS receiver, since SNR is an output of classical receivers. The drawback is that this method is mainly designed for
ground-based applications.

Authors of this study are part of a H2020 project called MISTRALE (Monitoring soll moisture and water-flooded Areas for
agriculture and Environment), which aims at developing an airborne GNSS-R system (RPAS platform) to provide soil moisture
maps to decision makers in water management, like farmers and water boards and nature management. This project wants to
integrate various technologies to reach commercialization with these GNSS-R based soil moisture maps.

The aim of this paper is to present the current status of this project and the results obtained with two preliminary airborne
campaigns, based on the SNR technique. First section of this paper (8 2) describes the state of the art and the methodologies used in
this study. Second section (§ 3) presents the experimental setup of the two field campaigns we conducted. Finally, the results are
analyzed and compared (8§ 4) before concluding on the study (85).

1. METHODOLOGY
Multipath and Polarization of GNSS Reflected Waves

The GNSS provides autonomous geo-spatial positioning with global coverage thanks to almost 60 satellites from different
constellations (GPS, GLONASS, Galileo, etc.) emitting continuously L-band microwave signals. While the emitted signal from
GNSS satellites is supposed to be received directly in the zenith-looking hemisphere of a GNSS antenna, a part of it comes from
below the horizon, after one or several reflections in the surrounding environment. These so-called multipath signals interfere with
the direct wave and affect the GNSS measurements recorded by the receiver by adding new frequencies.

GNSS antennae are designed to reduce the contribution of the multipath which degrade the accuracy of the position determination
[5]. Classical GNSS antennae use the polarization properties of the GNSS signals to filter out part of the reflected waves. The
Right-Hand Circular Polarization (RHCP) of the GNSS waves is likely to change upon reflection depending on the nature of the
reflector (reflection coefficient) and the grazing angle that corresponds to the satellite elevation angle.

The reflected signal can be considered as the sum of two circularly polarized signals; one that maintains the co-polarized (original
RHCP) component, and a cross-polarized (opposite LHCP) one. For satellite elevation angle below a specific value known as the
Brewster angle [6], the predominant signal component after reflection is the co-polar (RHCP), and hence the reflected wave is
right-hand elliptical polarization. Conversely, for elevation angles greater than the Brewster angle, the predominant signal
component is the cross-polar (LHCP), and hence the reflected wave is left-hand elliptical polarization [7]. GNSS geodetic antennae
reduce LCHP signals to remove theoretical effects of multipath in positioning. GNSS antennae radiation pattern focuses the
antenna gain for THCP signals towards zenith and decreases the gain with decreasing elevation angle.

These filtering techniques of a GNSS antenna based on signal polarization affect the total received signal by reducing the amplitude
of the reflected signals with respect to the direct signal amplitude. But, fortunately for GNSS-R sciences, the energy of the reflected
signal is not completely dampened [8].

SNR Analysis

The signature of the reflections can also be detected in the Signal-to-Noise Ratio (SNR) data recorded by GNSS receivers on
the different frequencies. SNR is related to the addition of the powerful direct and weaker reflected GNSS signals in the receiving
antenna. The reflected signal will affect the SNR by producing a high frequency oscillation associated with a small amplitude
perturbation w.r.t. the direct signal, which depends on the satellite elevation angle. Since the direct signal is preferred to the
reflected signal by the antenna gain pattern and since the reflected signal energy is attenuated upon reflection, the direct signal
dominates the main shape of the SNR time series. In order to analyze the multipath component, the direct signal contribution must
first be removed from the raw SNR profile. The common way to proceed is to fit and remove a simple parabolic second order
polynomial to the raw SNR time series [8].

According to [9] and [10], and assuming a planar reflector, the frequency of the remaining multipath oscillations (named SNR,, in
the following), w.r.t. the sine of the satellite elevation angle is:

. 4 —tdan
_4

=—( ) 1)

where A is the GNSS signal wavelength, the satellite elevation angle, h the distance between the antenna phase center and the
reflecting surface (i.e., the antenna height), and — and — their respective rate of change. ~ is commonly estimated from SNRy, time

series using the Lomb Scargle Periodogram (LSP), based on the harmonic Fourier decomposition of the signal.

Soil Moisture Content (SMC) has an influence on the penetration depth of the GNSS waves into the ground [11] and on the
dielectric properties of the soil, causing slight time variations of the effective height h of the antenna above the reflecting surface.
Variations of h against time, retrieved from the measurement of (t), are thus an indicator of soil moisture fluctuations [12].
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Equation (1) shows that, if — is approximated to zero, the frequency of the multipath oscillations is constant and directly

proportional to the effective antenna height h above the reflecting surface. Some approaches are possible without neglecting —, like

e.g., in [13]. The effective antenna height h, derived from ~ is the first metric that can be inverted from SNR to retrieve SMC.
Following [8] and given a constant antenna height Ho, SNR,, can be formalized as:

- coe—0 ()+ ) @)

where A, scales with the intensity of ground reflections, and ., is the phase. A, includes both the gain pattern and multipath
intensity, which both depend on the satellite elevation angle. Field observations indicate that both Ay, and , vary with SMC [14,
15]. Ay and |, are estimated by applying a Least Square Mean resolution to SNR;, time series, and, in addition to h, are SNR
metrics that can be used to retrieve SMC.

1. PRESENTATION OF THE EXPERIMENTS
A. Airborne Platforms at MISTRALE

Different airborne platforms are used in the MISTRALE project, depending on the necessary payload and flight
characteristics.

Boreal UAV

Boreal UAV System is designed, developed and built by AJS (Fig. 1). Thanks to its carrying capacity (up to 5 kg) and altitude
performances (until 4500 m), the aircraft is involved in many scientific and R&D projects using high on board computing power,
like GNSS reflectometry, namely on the H2020 MISTRALE project which supports this study. Boreal UAV is able to fly
continuously for 10 hours and has a range of 1000 km. The large flight envelope of the RPAS (low speed and low altitude) enables
high spatial resolution of the soil moisture maps.

Homemade ENAC Aircraft

In order to facilitate the test of low-cost sensor solutions, a custom flying-wing configuration aircraft is manufactured by ENAC:
Fig. 2. The aircraft is made up of expanded polypropylene (EPP) foam, and reinforced with carbon structures. Electric propulsion
system is used. Maximum take-off mass is about 1.2 kg while carrying up-to 0.4 kg of payload. Flight speed envelope is between
10-18 m/s and the endurance can reach up to 45 minutes at 14 m/s cruise speed.

gt 2
ALE project.
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B. First MISTRALE Campaign: Esperce

The first flight was conducted near to Esperce, France in January 2016, in a land area (43°18°59.7174”N ; 1°24°25.1386”E),
using the Boreal UAV. The experiment aimed at testing the airborne SNR-based GNSS-R technique with a very low-cost setup:
classical UBLOX 6T GNSS receiver and low-cost CAM-M8Q U-Blox M8 Concurrent antennas. Even if the main goal of this
campaign was to use the SNR technique (i.e., based on a single conventional GNSS antenna), two antennas were embedded
onboard the Boreal UAV: one up-looking and the other down-looking, acquiring GPS and GLONASS data at 4 Hz frequency. Both
antennas are RHCP.

The Boreal UAV flew above forest and field in Esperce at 100, 125, and 150 m during 15 minutes each time. Flight path is visible
in Fig. 3.

A Leica AR10 antenna (base station in Fig. 3) was installed in the field overflowed by the UAV and acquired GNSS signals during
the whole measurements duration. Accurate trajectories of the two onboard antennas where calculated through Precise Differential
GNSS technique performed using RTKLib open-source software. The Leica AR10 antenna was used as the base, and the obtained
standard deviation on the up-looking antenna 3-dimensional coordinates is 3 cm (Fig. 4), and 40 cm for the down-looking one.

The aim of this experiment is to compare the SNR data acquired with the base station and the two onboard antennas, to validate the
SNR method for soil moisture retrieval from airborne applications, using low-cost receivers and antennas.

C. Second MISTRALE Campaign: Muret

A second test campaign was scheduled in July 2016 not far from Muret, France, using the same low-cost receiver as in the
previous one, but this time with dual-polarized antenna, enabling to receive both RHCP and LHCP reflected signal. GPS and
GLONASS data are acquired at a 4 Hz frequency. The aircraft flew at 75 m and 100 m above the ground surface, few minutes
each time, observing large circles around the area to monitor. The test equipment was embedded onboard the homemade ENAC
aircraft.

Precise trajectory of the UAV was calculated using DGNSS technique with a ~20 km baseline with IGN-RGP LACO permanent
receiver: see Fig. 5. Obtained standard deviation on the up-looking antenna 3-dimensional coordinates is 19 cm, and 7 m for the
down-looking antenna (Fig. 5).

—— Up-looking antenna

Fig. 3. First campaign in Esperce: Flight path of the Boreal and Leica AR10 base station.
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Fig. 4. First campaign in Esperce: East-West (top), North-South (middle) and Up-Down (bottom) coordinates of the up-looking
antenna calculated with D-GNSS technique.
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Fig. 5. Second campaign in Muret: East-West (top), North-South (middle) and Up-Down (bottom) coordinates of the up-looking
antenna calculated with GNSS technique (~ 20 km baseline), from the up-looking (red) and down-looking (blue) antennas.
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Fig. 6. Second campaign in Muret: Specular reflection points and first Fresnel areas for GPS (orange) and GLONASS (green)
constellation, with satellite elevation angles ranging from 10° to 90°. Trajectory of the receiver is represented in red.

Accurate locations of the specular reflection points on the surface have been determined through direct modeling using GNSS
Reflected Signals Simulations (GRESS) developed by [2]. Fig. 6 shows the theoretical locations of the specular reflection points
for both GPS (orange) and GLONASS (green) satellites, for an elevation angle ranging between 10° to 90°. First Fresnel areas are
also plotted. As visible in this picture, a large area and many distinct plots can be monitored with this technique.

V. RESULTS
A. SNR Analysis in Esperce and Muret Experiments

The first flight campaign in Esperce was dedicated to testing the SNR technique for soil moisture monitoring through
airborne measurements. Before trying to retrieve SMC from SNR, our first goal is to see the behavior of SNR data during the
flight, to see if it can be used to assess SMC.

SNR data recorded by the two antennas onboard the UAV are compared with the SNR data recorded by the static antenna
installed in the overflown land. During the whole measurement period, the mean SNR recorded by the ground based, the onboard
up-looking and the onboard down-looking antennas were respectively 45.2 + 1.9 dBHz, 41.2 + 3.6 dBHz and 35.2 £ 4.9 dBHz. As
we could expect, the SNR is higher with the geodetic and static ground-based antenna. There is a difference of 5.7 dBHz between
the two onboard antennas. SNR data are noisier with the two onboard antennas, particularly with the down-looking one.

Fig. 7 presents the SNR recorded by the three antenna for the same GPS satellite PRNO3, as well as the North-South component
of the up-looking antenna in purple, and the vertical (Up-Down) component in black. Satellite PRNO3 elevation angle ranges
from 32° to 48° during the observation period. As visible in this figure, the up-looking and down-looking antennas recorded SNR
data observe large variations (~10dBHz) each ~1 min. These offsets are perfectly synchronized with the turns observed by the
aircraft, as proved by the North-South component plotted in the figure. This effect is explained by the elevation angle and
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azimuthal dependence of the antenna gain pattern. During the turns of the aircraft during its flight, the antenna rotates, changing
the gain for a given incident electromagnetic waves, hence large and abrupt SNR variations causing noise in the signal. That is
why, the classical approach does not give any exploitable results in terms of soil moisture determination and further steps are
required to use airborne SNR data for soil moisture retrieval.

Therefore, in the second test campaign in Muret, we adopted a hippodrome trajectory with very low lateral inclinations, to reduce
the effect of the turns observed by the aircraft.

As visible in Fig. 8 with the example of satellite PRN18 (elevation angle of 42°), this system is really useful and dampens the
turns effects on the SNR amplitude, even if some small variations are still visible in the SNR data, synchronized with the turns.
We tried to apply the methodology explained in § 2 to retrieve the effective antenna height by making a frequency analysis of the
SNR time series of various satellites. No coherent results could be found, the retrieved antenna height being absurd. The vertical
variations of the plane, and the change in topography where the reflections occur must induce no-negligible fluctuations in the
frequency content, making the h parameter hard to retrieve. Therefore, we tested another method to retrieve h without f
characterization. It is presented in the next subsection B.

In terms of amplitude and phase of the SNR, time series, further investigations are needed to conclude if it is possible to invert
SMC. It could be possible to apply a calibration law, obtained with in situ measurement (like, e.g., in [13]) to convert the
measured phase and amplitude in terms of SMC. Ground truth data are however needed to validate the estimates. A next flight is
scheduled by end 2016 and will be an opportunity for us to fly over a well-known area, with in situ records which could be used
to validate our estimates by inversion of amplitude and phase of SNR,.
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Fig. 7. First campaign in Esperce: SNR data recorded during, with the base antenna (black), up-looking onboard antenna (red) and
down-looking onboard antenna (blue) for the GPS satellite PRNO3. North-south component of the up-looking onboard antenna is
plotted in purple, and Up-Down ¢ component in black. Scale is not respected.
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Fig. 8. Second campaign in Muret: SNR data of satellite PRN18 acquired by the up-looking (top) and down-looking antenna
(middle), and East-West component (bottom) calculated through DGNSS measurement on the up-looking (red) and down-looking
(blue) antennas both with Automatic Gain control that explains the average SNR values of 36.4 + 3.3 dBHz and 29.5 + 4.2 dBHz

respectively. Effects of the turns observed by the aircraft are dampened by the stabilizing systems maintaining the antennas

horizontal during the whole flight.
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B. Determination of the Height h without ~ Characterization

Due to the short duration of the SNR data recorded during the RPAS flight, we are not able to accurately measure ~ using

the LSP method. That is why we need to find another way to measure the height h. A possible way was defined in [14], using
both up- and down-looking antennas.
The reflected signal experiences an additional path delay, which depends on the antenna height: Fig. 9. If we consider that the
down-looking antenna only receives the reflected signal, It appears to be a virtual antenna below the ground surface (B’ in Fig.
10). The vertical distance between the two antennas is thus proportional to the distance between them and the ground surface. If
the vertical offset between the two antennas is neglected, the height of the aircraft above the ground surface can be expressed as:

= ©)

with Ha and Hg respectively the vertical component of the calculated position of the up-looking and down-looking antennas. Ha
and Hg thus corresponds to the red and blue dots in bottom part of Fig. 5. Heefection COrresponds to the height of the vegetation,
buildings, etc. on which reflections occur, inducing a bias on the calculated height of the aircraft above the true land surface.

It is worth noticing that in [14], authors tested the method with static antennas, to assess sea level variations. In our case, antennas
are not static, and reflections occur onto a complex and heterogeneous surface.

Fig. 10 presents in black the time series of H retrieved using Equ. (3), to which is applied a moving average window of 20 s. Red
time series in this figure is the vertical component of the up-looking antenna Ha, corrected from the initial offset. As visible in
this figure, the main trend of Hy is well retrieved with the GNSS-R technique with a linear correlation coefficient equal to 0.97.
Nevertheless, it is worth noting that Ha is not exactly the height of the plane above the ground surface, since it only takes the
plane attitude into account, and not the topography and vegetation below the plane. On the contrary, the GNSS-R based estimates
of plane height is influenced by the topography, but also by the presence of trees, houses where the signal reflections occur
(Hrefiection biais in (3)). Black line in Fig. 10 is thus a mean estimate of the height below the plane over a surface corresponding to
the monitored area in Fig. 6, whereas red line just represent the airplane attitude. It explains the high RMSE value of 10.7 m.

Fig. 9. Additional path observed by the reflected signal.
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Fig. 10. Vertical component of the up-looking antenna (red), and GNSS-R based estimate of the airplane height above the ground
surface.
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It is also interesting to highlight that larger differences are visible when the airplane is approximately 100 meters above the
ground surface than when it is ~75 m above it. This could be explained first by the fact than the higher the plane is, the further the
reflections occur, and so, the more numerous the possibilities to reflect on a house or on a tree, which is absolutely not taken into
account by Ha. Secondly, the higher is the plane, the lower is the amplitude of the reflected signal, hence probably worse results
with the GNSS-R method. Nevertheless, the first altimetric results presented here are promising, given that only very-low cost
and ultra light materials were used in this experiment.

V. CONCLUSION

The MISTRALE project aims at providing soil moisture maps using airborne GNSS reflectometry, to decision makers in
water management. MISTRALE wants to integrate various technologies to reach commercialisation with these GNSS-R based
soil moisture maps. In this study, we present first results obtained with SNR technique based on preliminary airborne
measurements. Only ultra light and very low instruments were used in this study.

The first test flight highlighted that soil moisture determination through SNR analysis is not possible without taking the aircraft
attitude into account in order to correct the antenna gain. This means that the attitude of the aircraft must precisely be observed as
well as the antenna gain pattern known in three-dimensions. However, it is difficult to display the three-dimensional radiation
pattern in a meaningful manner. Often radiation patterns measured are a slice of the three-dimensional pattern, resulting in a two-
dimensional radiation pattern which can be displayed easily on piece of paper, but are not complete enough for our purposes.

That is why, to avoid the effect of the turns observed by the aircraft, the second test flight adopted a trajectory with very low
lateral inclinations. The effect of the turns were drastically minimized but still visible. To completely remove this effect, next
flights will use a stabilizing system (such as GIMBAL system), to maintain the antennas horizontal during the whole flight. We
could also imagine use an octocopter which drastically minimize the lateral inclination angle while turning. Even after reducing
the influence of the plane attitude on the SNR amplitude, the frequency of its oscillations could hardly be retrieved, preventing us
to measure the antenna height above the reflecting surface. As this information is needed to invert SMC, we used another
technique based on the use of two antennas, one up-looking, and another one down-looking. The altimetric difference of the
coordinates of the two antennas is proportionnal to the height above the reflecting surface. This technique gives promising results.
In terms of amplitude and phase of the SNR, time series, further investigations are needed to conclude if it is possible to invert
SMC. It could be possible to apply a calibration law, obtained with in situ measurement (like, e.g., in [13]) to convert the
measured phase and amplitude in terms of SMC. Ground truth data are however needed to validate the estimates. A next flight is
scheduled by end 2016 and will be an opportunity to fly over a well-known area, with in situ records which could be used to
validate our estimates by inversion of amplitude and phase of SNR,.
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