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Abstract—As multipath effects still represent a major 

problem for reaching precise GNSS positioning, the mitigation of 
their influence has been widely investigated. Previous studies 
have lately proposed to use these interferences of GNSS 
electromagnetic waves to estimate parameters related to the 
reflecting surface (e.g., antenna heights, roughness…). Variations 
of the nature of the surface is likely to modify the properties of 
the reflected waves, and consequently lead to fluctuations of 
amplitude / phase and frequency of the signal-to-noise ratio 
(SNR), e.g., recorded at 1 Hz by a GNSS receiver. By analyzing 
the time variations of these three SNR metrics, linked to the 
dielectric constant of the surrounding soil, it is possible to recover 
the local fluctuations of the soil moisture content. The aim of our 
study is to validate this SNR technique in various conditions of 
reception and reflection. Three different cases are under study. 
First, we use a static geodetic Leica AR10 antenna installed on an 
agricultural plot with rich clay content. Correlation between our 
estimates and independent soil moisture records reaches 0.95 
during the 1.5 month period of measurements. The experiment is 
then repeated under the same conditions of reception but in 
another test site, presenting different conditions of reflection, 
namely, the surrounding soil is only sand. This leads to drastic 
changes of the penetration depth of the GNSS waves, hence 
different behavior of the three SNR metrics.  Last, a low-cost and 
airborne solution is tested for the first time, with a U-Blox 
antenna embedded on a UAV, flying over a clay field.  

Keywords—GNSS-R, SNR, multipath, remote sensing, soil 
moisture, ground-based, airborne 

I.  INTRODUCTION 
 

Soil moisture is a key variable of the climate system and 
plays an integrative role among the various subfields of 
physical geography [1]. The soil moisture measurements are 
critical components for climate studies, weather predictions, 
analysis of flooded areas or the recharge of aquifers. In 
agricultural areas, analyzing in real time the soil water content 
would allow the farmer to optimize the management of its 
plots. Unfortunately, the measurements 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 resolution. Even with the SMOS satellite 
mission [2], the repetitiveness of the measurements is three 
days, which is not sufficient to monitor daily 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), is based 
on the analysis of the GNSS waves which reflect upon the 
Earth surface, and offers a wide range of applications in Earth 
sciences and particularly in soil moisture monitoring. It also 
presents the advantage of covering a whole surface around the 
antenna. 

The aim of this study is to apply a particular GNSS-R 
technique, known as SNR (Signal-to-Noise Ratio) method. 
This is based on the analysis of the SNR data routinely 
collected by a classical geodetic antenna. SNR data is the sum 
of additive interferences of both direct and reflected signals. 
These latter interact with the ground while reflecting. 
Variations of the nature of the surface are likely to modify the 
properties of the reflected waves, hence dependence of SNR 
on soil moisture content. Three different parameters are under 
study: the amplitude, the phase and the frequency of the 
multipath contribution to SNR. The latter is directly linked to 
the antenna height above the reflecting surface. Our study is 
presented in three main parts. The first section (§ 2) presents 
the SNR-based retrieval of the soil moisture changes. The 
second section (§ 3) describes the experimental setup of the 
three field campaigns we conducted: the first two are ground-
based measurements but with different conditions of 



reflection, and the last one is an airborne campaign. Finally, 
the results are analyzed and compared (§ 4). 

II. METHODOLOGY: THREE SNR METRICS RETRIEVAL 
 

A. Reflected signal contribution to SNR 
 

The signature of the reflections can be detected in the 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 
[3]. 
According to [4] and [5], and assuming a planar reflector, the 
frequency of the remaining multipath oscillations (named 
SNRm in the following) is: 
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where λ is the GNSS signal wavelength, 𝜀 the satellite 
elevation angle, h  the distance between the antenna phase 
center and the reflecting surface (i.e., the antenna height), and 
𝜖 = !"

!"
 and ℎ = !!

!"
 their respective rate of change. Equation (1) 

can be simplified by making a change of variable  𝑥 = sin  (𝜖). 
We thus obtain  𝑓, the frequency of the multipath oscillations 
w.r.t. the sinus of the satellite elevation angle: 
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𝑓 is commonly estimated from SNRm time series using the 
Lomb Scargle Periodogram (LSP), based on the harmonic 
Fourier decomposition of the signal, which seems to be the 
best solution to analyze that kind of signal [3]. 
 
B. Determination of the effective antenna height 
 

Soil moisture content has an influence on the penetration 
depth of the GNSS waves into the ground [6] 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 𝑓(𝑡), are thus an indicator of soil moisture 
fluctuations [7].  
 
Equation (2) shows that, if ℎ is approximated to zero, the 
frequency of the multipath oscillation is constant and directly 
proportional to the effective antenna height h above the 
reflecting surface. If ℎ is not neglected, the frequency also 

depends on the satellite elevation angle 𝜀,   the   satellite  
elevation  angle  velocity  𝜖, and the variations of the effective 
antenna height over time ℎ. It is possible to estimate h and ℎ 
simultaneously by combining all the measurements realized 
from simultaneously visible satellites [8]: this method is called 
pseudo-dynamic SNR method in [8]. 
The effective antenna height h (derived from 𝑓) is the first 
metric that can be inverted from SNR to retrieve soil moisture 
fluctuations. 

C. Determination of the amplitude and phase of the multipath 
oscillations 

 
After removing the direct signal contribution from SNR 

(see §2.A), and for a given height H0 of the antenna, the 
reflected signal contribution to SNR, called SNRm, can be 
formalized as: 

𝑆𝑁𝑅! = 𝐴!  cos  (
4𝜋𝐻!
𝜆
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where Am scales with the intensity of ground reflections, and 
𝜙m is the phase. 
Am includes both the gain pattern and multipath intensity, 
which both depend on the satellite elevation angle. Field 
observations indicate that both Am and 𝜙m vary with soil 
moisture [6,7].  
Am and 𝜙m are estimated by applying a Least Square Mean 
resolution to SNRm time series. 

III. GROUND-BASED AND AIRBORNE EXPERIMENTS 
 

A. The Lamasquère experiment 
 

 
Figure 1. The first measurement site is located in Lamasquère, in the 
southwest of France (a). The Leica GR25 receiver and AR10 antenna 
were installed in a soya field in the country side (b) along with two 
theta probes (c). Note that during winter, the surface of the field is a 
bare soil. 

A Leica GR25 receiver and an AR10 antenna were 
installed in a soya field in Lamasquère, France 
(43°29’14.45”N; 1°13’44.11”E): Fig. 1. Lamasquère is located 
in the southwest of France, close to the city of Toulouse. GPS 
L1, L2, L2C, L5 and GLONASS L1 and L2 frequencies were 
continuously acquired from 5th February 2014 to 15st March 



2014 at a 1 Hz frequency. The study area was a bare soil 
during this period (northern hemisphere winter).  
Antenna height above the ground surface, determined with a 
tape measure, ranges between 1.69 and 1.70 m.  
Soil in the close vicinity of the antenna is composed of 18% of 
sand, 41% of clay, and 41% of silt (according to averages of 5 
samples taken around the antenna), and field capacity is 48%.  
In our study, we use S1C SNR signal strength on L1 C/A 
channel, as L1 frequency signals are stronger (i.e., higher 
SNR) than L2 frequency signals.  
The test site is equipped with two soil moisture ML3 
ThetaProbe Sensors (accuracy of ±0.01m3/m-3), installed at 2 
cm and 5 cm depth respectively, a few meters away from the 
GNSS receiver (Fig. 1 (c)). Acquisitions were taken with 10 
minutes sampling frequency . These data are used to validate 
our SNR-based estimations of soil moisture fluctuations. 
During the whole 1.5-month period of SNR acquisitions, the 2 
cm depth probe recorded soil moisture indicators ranging 
between 10.10 % and 15.95 % (referred as P2cm in the 
following), whereas the 5 cm depth probe recorded indicators 
ranging between 23.21 % and 29.87 % (referred as P5cm in the 
following). 
 
B. The beach volley field experiment 

 
The second playground is a 25x30 m² beach volley field 

located in Toulouse, France (43°33’46.93”N; 1°28’16.57”E). 
It is composed of small grains of sand ranging between 0.3 
and 0.5 mm in diameter. 
The 3D geometry is known following a survey by Ground 
Penetrating Radar with a 500 MHz antenna: mean sand 
thickness is around 70 cm, and depth ranges between 35 cm 
and 1.10 m. 
The same GNSS station used in Lamasquère (Leica GR25 
receiver and AR10 antenna) was installed at the top right 
corner of the field (see Fig. 3), at 1.6 m from the reflecting 
ground. Moisture is perfectly controlled via ML3 ThetaProbe 
Sensors installed in the Beach volley field. 
Acquisitions were realized during 3 days, from 25 to 27 April 
2015. 

 
Figure 2. Position of the GPS specular reflection points for the beach 

volley field campaign. 

Accurate locations of the specular reflection points on the 
surface have been determined through direct modeling using 
GRESS (GNSS Reflected Signals Simulations) [10]. Fig. 2 

shows the theoretical location of the specular reflection points 
of GPS satellites signals, for the 27th April 2014. As the 
antenna height H0 is 1.6 m above the reflecting surface, 
farthest specular reflection points are a bit more than 3 meters 
away from the receiver for satellite elevation angles above 30° 
and reach ~ 45 meters for satellite elevation angles above 2°. 

C. The Esperce experiment 
 

The last experiment was conducted in a land next to 
Esperce, France (43°18’59.7174”N ; 1°24’25.1386”E). 

 

  
Figure 3. Boreal UAV with two U-Blox antennas, one up-looking and 

the other down-looking. 

 
Two low cost CAM-M8Q U-Blox M8 Concurrent GNSS 
Antenna Modules were embedded onboard a Boreal UAV: 
one up-looking and the other down-looking. Both are RHCP 
polarized: see Fig. 3. 
Boreal UAV System is designed, developed and built by AJS. 
Thanks to its carrying capacity (up to 5 kgs) and altitude 
performances (until 4500 m), the aircraft is involved in many 
scientific and/or R&D projects using high on-board computing 
power, such as GNSS reflectometry, namely on the H2020 
Mistrale project which supports this study. 
The 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. 4. 
A Leica AR10 antenna (base station in Fig. 4) was installed in 
the field overflown by the UAV and acquired GNSS signals 
for the whole measurements duration. 
In addition, independent Theta Probe measurements of soil 
moisture were recorded during the period of acquisitions. 
 

 
Figure 4. Flight path of the UAV and Leica AR10 base station. 

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. 
Phase difference between up- and down-looking antennas will 
also be calculated and characterized. 



 

 
Figure 5. Evolution of the SNRm phase 𝜙m (green line) and independent soil moisture records (blue line) realized in the beach volley field. 

 
 

IV. RESULTS, CONCLUSION AND PERSPECTIVES 
 

The performance of the SNR method tested in this study 
to recover soil moisture fluctuations over clay soil is already 
well established [8]. The aim of this study was to test it in 
various reflecting and reception conditions. 
The first experiment conducted in Lamasquère with a static 
antenna and clay reflecting soil shows very good results in 
terms of soil moisture determination. Correlation between 
our SNR-based soil moisture estimates and independent 
records is above 0.95 over the whole 1.5-month period of 
acquisition [8]: Fig. 6. 

 
Figure 6. Evolution of the SNRm phase 𝜙m (black) and independent 
soil moisture records (red). Linear correlation coefficient is 0.95. 

Blue bars are the rain events (in mm). 

On the second experiment conducted in the beach volley 
field in Toulouse,the reflecting ground is only made of sand. 
Preliminary results showed that the large penetration depth 
of the GNSS waves into the ground (higher than 50 cm, i.e. 
higher than the GNSS L1 wavelength equal to 19 cm) 
implies wrapping of the phase. Unwrapping function was 
thus employed, leading to a correlation higher than 0.85 
over the 3 days of estimation (Fig. 5). 
 
Finally, the SNR data recorded by the two antennas onboard 
the UAV are currently compared with the SNR data 
recorded by the static antenna installed in the overflown 
land. 
The efficiency and the flexibility of the SNR analysis can be 
applied in other types of environmental applications like 
risk management of flooded areas, monitoring of water level 
changes in rivers and lakes. We can also used this  

methodology to detect the changes of water phase, which 
would broaden the GNSS-R applications, e.g., by detecting 
sea ice, or ice/snow on roads. In this case, SNR can lead to 
snow/ice thickness mapping. 
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