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Estimation of Surface Characteristics Using
GNSS LH Reflected Signals: Land versus Water

Yan Jia, Patrizia Savi, Senior Member, IEEE, Davide Canone, and Riccardo Notarpietro

Abstract— Estimating the characteristics of soil surface represents
a significant area in applications such as hydrology, climatology and
agriculture. Signals transmitted from Global Navigation Satellite Systems
(GNSSs) can be used for soil monitoring after reflection from the Earth’s
surface.

In this paper, the feasibility of obtaining surface characteristics from
the power ratio of left-hand (LH) reflected signal-to-noise ratio (SNR)
over direct right-hand (RH) is investigated. The analysis was done
regardless of the surface roughness and the incoherent components of the
reflected power. First, the analysis was carried out on data collected
during several in situ measurements in controlled environments with
known characteristics. Then, further data was collected by a GNSS
receiver prototype installed on a small aircraft and analyzed. This system
was calibrated on the basis of signals reflected from water. The
reflectivity and the estimated permittivity showed good correlation with
the types of underlying terrain.

Index Terms— GNSS reflectometry, signal-to-noise ratio,
permittivity retrieval.

I. INTRODUCTION

ver the last two decades, Global Navigation Satellite

System-Reflectometry (GNSS-R), has gained increasing
interest among the scientific community thanks to the
development of positioning systems. In this technique, the GPS
signals reflected from the ground are measured using a
ground-based or aircraft-based passive receiver [1]. Sea-state
retrieval, sea ice and snow characterization and soil moisture
retrieval are among the various applications implementing the
GNSS-R technique (see e.g. [2-3]). Recently, several ground
based field experiments and some airborne campaigns have
shown the feasibility of retrieving soil moisture using reflected
GNSS signals [4-13]. To this end, a different method has been
proposed to analyze the phase and magnitude of the
signal-to-noise ratio (SNR) modulation pattern arising from the
interference of the direct and reflected signals. In this model the
soil is considered as a stratified medium with a complex
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dielectric permittivity given by well-known mixing models [4],
[5]. The Interference Pattern Technique (IPT) is based on the
measurement of power fluctuations of the vertical polarized
signal given by the interference of the direct and reflected
GNSS signals [6]-[8]. The bi-static method is based on the
measurement of direct and reflected signals and the evaluation
of the signal-to-noise ratio [9], [10].

In this work, in situ GNSS-R campaigns in two well-known
environments are described. The first experimental field is
located in Grugliasco, Torino, Italy [11]. The soil is 70% sand
[12] and it is covered by non-irrigated permanent meadows.
The second area is located in Agliano, Asti, Italy and it has a
soil composition with 52% silt and 37% clay. The dielectric
constant was evaluated from the LH reflected signal coming
from satellites with a high elevation angle and the results
compared with local measurements based on Time-Domain
Reflectometry (TDR).

The data collected by a GNSS receiver prototype was also
analyzed. This prototype was developed by lIstituto Superiore
Mario Boella (ISMB) in the framework of the Italian project
SMAT-F2 (System of Advanced monitoring of the Territory —
phase 2). It can be easily installed on small aircraft due to its
light weight and small size. During the December 11, 2014
measurements, the aircraft flew over the area around the
Avigliana lakes, Torino, Italy. Both direct and reflected GPS
signals were measured using a right-hand circular polarized
(RHCP) and a left-hand circular polarized (LHCP) antenna
respectively.

The power ratio of LHCP reflected SNR over direct RHCP
SNR was evaluated, regardless of the surface roughness and
incoherent components. The reflected signal was processed
with an open-loop approach, in order to obtain Delay Doppler
Maps (DDMs) and the corresponding Delay Waveforms.
Signal-to-Noise Ratios (SNRs) time series were estimated from
several non-coherently integrated Delay Waveforms. A
calibration process was performed using the signals reflected
from the lakes. The reflectivity obtained from different
satellites was related to the type of terrain.

Il. RETRIEVAL PROCESS FROM LHCP REFLECTED SIGNALS

In this section, the retrieval of the dielectric constant
assuming a perfectly smooth surface (specular reflection) is
described (see Fig. 1). In this case, the reflected GPS signals are
predominately LHCP [13,14], especially for satellites with high
elevation (angles greater than 60°).
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The total electromagnetic field received by the down-looking
antenna is the sum of various contributions scattered from the
Earth’s surface. Two kinds of contributions can be defined:
coherent and incoherent. In the coherent part, the phase
distribution is constant, while in the incoherent part the phase is
random and uniformly distributed over an interval of 27 . In
[15] it is shown that, for a smooth surface the coherent
contribution is mainly LH polarized.

L band signals are not impacted by atmospheric attenuation
and normally have a good penetration through vegetation [15].
If the surface can be considered smooth, the non-coherent
component assumes very low values that can be ignored and the
total power received by the antenna can be approximated with
the coherent part only [13].

The retrieval process aims to establish the link between
received LHCP reflected signals and the dielectric constant of
the soil. From the dielectric constant, if the characteristics of
the soil are known, the soil moisture can be obtained by
applying several well established models (see for example the
empirical model of [16, 17]). These models may be useful for
the monitoring of a field of known characteristics in terms of
sand, clay percentage etc. In a general case, more powerful
techniques of inverse scattering should be used.

The bistatic radar equation describes the coherent component
in the GPS bistatic radar. Subscript Ir represents the scattering
when a satellite incident signal (right-hand polarized) is
scattered by the surface and inverts the polarization to the left
[15]:
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where P, is the transmitted signal power, G, is the transmitter

antenna gain; G, is the receiver antenna gain and A is the

wavelength (1 =19.042 cm for GPS L1 signal); ry is the
distance between the receiver and the specular point, r, between
the specular point and the satellite; R, is the power reflectivity

which depends on the surface roughness as [18]:
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Fig. 1. Bistatic radar geometry.

where T, is the Fresnel reflection coefficient and 4(z) is the

probability density function of the surface height . Under the
assumption of a perfectly flat surface, ,(z)=1.

Combining (1) and (2), the processed SNR of peak power can
be written as:
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where Px is the noise power and Gp is the processing gain due
to the de-spread of the GPS C/A code. The SNR peak power of
the direct RHCP signal is:
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where r3 is the distance between the transmitter and receiver. It
has to be noted that the receiver gain Gy and noise power Px
of the direct signal (4) are not equal to those in (3) for the

reflected signal. Therefore, a calibration process is needed. The
ratio of the reflected SNR (3) over the direct SNR (4) is given

by:
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where C is a calibration parameter
uncertainties of G, and P.

summarizing the

The reflection coefficient I, can be written as a linear
combination of vertical and horizontal polarization [19]:

Dy :%(rw —rhh) (6)

where 1, and 1, are the Fresnel coefficients for horizontal
and vertical polarization [20]:
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where @ is the incident angle, ¢, = ¢,, /&, in Which ¢ , is the
complex permittivity of the soil and ¢ is the complex

permittivity of the air. For the soil (dry and wet) the imaginary
part of the permittivity can be neglected [21, 22]. With this
hypothesis, the real part of the permittivity can be obtained
from eq. (3) together with eq. (6), when only the LH reflected
signal is known. If the LH reflected signal is normalized to the
direct signal, the real permittivity can be obtained from (5) with



water calibration. For satellites with high elevation angles
‘rw‘ = ‘th , the real part of the permittivity can be obtained by

solving the equation for 1, [23], or for T, asin [22, 24].

I1l. STATIC MEASUREMENTS

Several static measurements were carried out in two different
sites. The first site is a controlled environment located in
Grugliasco, Torino (45°03'58.5"N, 7°35'33.8"E), in the
Dipartimento Inter-ateneo di Scienze Progetto e Politiche del
Territorio (DIST). In this place, a wide field of known
characteristics (mainly 50% sand) was available. The second
site located in Agliano (44°47'29.1"N, 8° 15'19.8"E) is an area
of smooth hills mainly devoted to wine production. In this
second case, the composition of the soil is 50% silt and 37%
clay.

GNSS-R equipment and TDR setup were used to make
measurements before and after rain in bare fields, which were
intentionally chosen due to their different terrain composition.
Data obtained with GNSS-R measurements is related to TDR
measurements that can provide high resolution and reliable
permittivity profiles [25]. In the following, four campaigns are
discussed in details:

1. Grugliasco (dry condition), January 27, 2016
2.Agliano (dry condition), February 5, 2016

3. Grugliasco (wet condition), March 3, 2016
4.Agliano (wet condition), March 7, 2016

In Table I and 11 the composition (volume percentage and type
of sand, clay) of the soil for the two sites is reported. According
to the USDA Classification System, the soil of the sites of
Grugliasco and Agliano belong to the loamy sand and silty clay
loam textural classes, respectively [26].

TABLE |
COMPOSITION OF THE SOIL FOR THE GRUGLIASCO EXPERIMENT
Coarse Fine Very Coarse Fine Clay Organic
Sand Sand Fine Sand Silt Silt % Matter
% % % % % %
15.5 50.1 16.1 5.3 8.2 4.8 1.4
TABLE Il
COMPOSITION OF THE SOIL FOR THE AGLIANO EXPERIMENT
Coarse Fine Coarse Fine Clay Organic
Sand Sand Silt Silt % Matter
% % % % %
1.1 10.5 6.4 44.5 36.8 0.7

The GNSS-R system consists of two commercial front-ends
connected to two antennas and PCs for data acquisition. The
antennas and the front-ends were mounted on a metal bar fixed
on a tripod for a more efficient adjustment of the orientation of
the antennas (see Fig. 2). The right-hand circularly polarized
antenna was pointing upwards for the measurement of the
direct signal, while the antenna with left-hand circular
polarization was pointing downwards for the measurement of
the reflected signal [27,28].

The antennas used in the setup were active antennas
produced by ANTCOM Corp. [29] and are able to receive a
GPS signal in L1 band and L2 band with LH and RH
polarizations. The receivers used were SiGe GN3S v2 USB RF
front-end, developed by the Colorado Center For
Astrodynamics Research [30]. The acquisition of GPS data
received by the antennas was performed by using N-Grab
GNSS data grabber developed by the NavSAS group [31]. The
raw data collected by the N-Grab was post processed for
obtaining the SNR of each satellite.

The values of the permittivity obtained from the GNSS-R
signals were compared with the results obtained from local
measurements based on the Time Domain Reflectometry
technique (TDR) [32]. The measurements were performed with
a three-rod sensor (length 15 cm) and Tektronix Metallic Cable
Tester 1502 manufactured by Tektronix Inc., Beaverton, OR,
USA. The position of the TDR sensor was not perpendicular to
the terrain but tilted to 30°. In this position, only around 7cm of
the surface were taken into account in the TDR measurements.
This was done in order to compare the TDR results with those
obtained with GNSS-R that sense only the first few centimeters
of the surface. The major axis of the Fresnel zone (the region
surrounding the specular point from which power is reflected
with a phase change across the surface constrained to 7
radiants, see Fig.1) for satellites in our geometrical condition
(high elevation angle and a height of tripod of 1.5m) was
around 1m. The TDR portable system was then moved around
to cover this area. An average value of permittivity and soil
moisture were obtained.
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Fig. 2. Static measurement setup in Grugliasco (left panel) and Agliano (right
panel).

A. Measurements in Grugliasco

The static measurement setup in Grugliasco is shown in Fig.
2 (left panel). The bar on which the antennas were mounted was
kept horizontal at a height of 1.45m.

Concerning the TDR measurement, the value of permittivity
was obtained for each measurement from the travel time along
the TDR probe and an average value of 6.4 in dry condition was
calculated. By considering the average value of 7 for the
permittivity and using the model reported in [25], a soil
moisture of 10% can be estimated. The soil moisture calculated
from the permittivity is very low because the measurement was
performed after a long period of drought. The soil moisture
calculated is close to the minimum observable value in the
experimental field, and is consistent with the results of [11].
After a rainy period of one week the average measured value
was 9 corresponding to a soil moisture of 16%.



In Table IlI, the average values of SNR were obtained on
January 27 (dry condition) and March 3 (wet condition). The
values of permittivity were obtained from equation (3) with
considering the r,,,component. It was observed that the values

with an elevation angle greater than 60° are close to those
results obtained by TDR technique. For PRN 6 and PRN24 that
have low elevation angles, the approximation of |r,|=|r,|

could not be applied. Moreover, the results of PRN13 are not
very good . This is probably due to some interferences caused
by the position of this satellite with respect to the receiving
antenna.

TABLE Il
RESULTS FOR GRUGLIASCO: DRY CONDITION AND WET CONDITION

Meas. PRN 23 PRN 9 PRN 6
Ele SNR | Eps | Ele | SNR | Eps | Ele | SNR | Eps
(deg) | (dB) (deg) | (dB) (deg) | (dB)
ldry | 777 5 6 63.2 3 5 50.5 -5 2

2dry 70.9 4 6 70 3 5 55.2 1 4

PRN15 PRN13 PRN24
Ele | SNR | Eps | Ele | SNR | Eps | Ele | SNR | Eps
(deg) | (dB) (deg) | (dB) (deg) | (dB)

1 wet 72 10 8 59.7 6 4 43.8 0.5 3

2wet | 722 11 9 58.7 4 3 44.2 -3 2

B. Measurements in Agliano

The same measurements were carried out in Agliano (see
Fig. 2 right panel). In Table IV, the average values of SNR
obtained on February 5 (dry condition) and March 7 (wet
condition) are shown. In this case, the average relative
permittivity measured by TDR in dry condition was 15. After a
rainy period of one week, the average measured value was 22.
These values of permittivity correspond to a soil moisture of
28% and 36%, respectively. As in the previous case, the values
of permittivity obtained by the GNSS-R measurements are
close to those of TDR results only for satellites with high
elevation angles.

TABLE IV
RESULTS FOR AGLIANO: DRY CONDITION AND WET CONDITION

Meas. PRN 13 PRN 28 PRN 15
Ele | SNR | Eps | Ele | SNR | Eps | Ele | SNR | Eps
(deg) | (dB) (deg) | (dB) (deg) | (dB)

ldry | 79.6 12 18 | 52.6 7 6 57.5 11 16

2dry | 737 13 15 63 11 14 | 481 7 10

PRN 30 PRN7 PRN5
Ele | SNR | Eps | Ele | SNR | Eps | Ele | SNR | Eps
(deg) | (dB) (deg) | (dB) (deg) | (dB)

lwet | 725 13 24 | 678 9 20 | 49.1 6 11

2 wet 83 14 22 | 571 8 19 | 50.1 6 10

IVV. ON BOARD MEASUREMENTS

A. GNSS receiver prototype

A GNSS receiver prototype was developed by Istituto
Superiore Mario Boella (ISMB) [33] in the framework of the
Italian project SMAT-F2 (System of Advanced monitoring of

the Territory — phase 2). The hardware architecture consists of
two double-chain Radio Frequency Front-Ends (FE) and a
microprocessor board. The front-end receivers produced by
NSL Stereo [34] are connected to a microprocessor board
developed based on the Open-Android (ODROID)-X2 platform
[35]. The system is mounted in a carbon fiber box, specifically
designed with a wing profile for aerodynamic requirements.
The prototype dimensions are 75 mm x 150 mm x 250 mm and
its weight is less than 3 kg making it sufficiently light and
compact to be mounted on board small aircrafts or UAV. Two
antennas were connected to the front-ends. One was a
conventional GNSS L1 patch, up-looking Right-Hand Circular
Polarized antenna (RHCP), to receive the direct signal from
satellites. The other down-looking antenna (LH polarized
antenna of Antcom [29]) measured the signals after reflection
from the ground.

The raw data was stored on board in order to be post
processed. Due to the large amount of memory (GB/min)
required for storing the raw data, the duration of the data
collection was limited. The post-processing was made with the
software SOPRANO [36]. A coherent and non-coherent
integration time technique was adopted during the
post-processing in order to mitigate the noise. Due to the
characteristics of the reflected surface, the reflected signal is
much weaker than the direct one and it is not continuous in time.
Hence, in order to detect the reflected signal, a channel aiding
was implemented by using the direct signal information.
During data processing of reflected signals, a range of expected
delays was defined depending on the direct signal delays and
system geometry. The reflected peak value should appear in
the range of the delays. However, when this did not occur, we
adjusted the non-coherent time to repeat the search.

The optimal coherent and non-coherent time interval
depends on the coherence time of the scattered signal [27,28].
In GPS-reflectometry applications, a coherent time of 1 ms,
combined with a number of non-coherent sums in the order of
100 to 1000 are generally used [15]. However, for the typical
altitude of the flight analyzed in this work, the expected
coherence time was 0.1-0.5 seconds.

Fig. 3. GNSS-R prototype mounted on Digisky P92 aircraft.

B. Results

The GNSS receiver prototype was mounted on a Digisky P92
aircraft (see Fig. 3) and the aircraft flew over the area around
the Avigliana lakes during the measurements of December 11™,
2014. The vegetation was ignored since the estimation of the
quantitative impact is very difficult, being a combination of
incidence angle, wavelength, biomass volume, height, and loss
component induced by the dielectric constant of



water-containing stalks and leaves. And it is often modeled
separately from the bare soil surface as a signal attenuation
proportional to vegetation water content [15].

In Fig. 4 the sky-plot of GPS satellites at the 1570" second of
the flight is shown.

Fig. 4. Skyplot December 11" flights.

In the first flight route (see Fig. 5), PRN4 (elevation 78°) and
PRN32 (elevation 87°) were considered because the specular
points corresponding to these satellites fell on the lakes’
surfaces and it was possible to calibrate the system.
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Fig. 5. Route flight (yellow line), specular reflection points of PRN4 and

PRN32 with the levels of dielectric constant values.
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The reflected signals were post-processed with an
open-loop approach, in order to obtain Delay Doppler Maps
(DDMs) and the corresponding Delay Waveforms.
Signal-to-noise ratios time series were estimated from
non-coherently integrated Delay Waveforms. Both direct and
reflected signals were processed to obtain the signal-to-noise
ratio and a calibration process was performed through the
over-water condition to determine the calibration constant C of
eqg. (5).

In Figs. 6 and 7 the normalized power reflectivity of LH
reflected signal normalized to RH direct signal are shown. The
high reflectivity values correspond to the return flight over the
two lakes. The values of the real part of permittivity were
obtained from egs. (5) and (6). They are superimposed on
google map as shown in Fig. 5. On the lakes, the value of
permittivity is around 80, whereas on the land is from 4 to 30.

In the second flight route (see Fig. 8), PRN 3 (elevation
38.2°), 11 (elevation 80.3°), and 19 (elevation 46.7°) are also
taken into account. In this case only the PRN11 has a great
elevation angle. The reflection points for these satellites are
also shown in Fig. 8. The normalized reflectivity is shown in

Fig. 9. High values of reflectivity correspond to the presence of
the almost specular reflecting surface of the lake. This is
confirmed also for low elevation satellites such as PRN19 and
PRNS3.
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Fig. 6. Normalized power reflectivity of PRN4.

0 1 1 1 1 1 1 1
150 200 250 300 350 400 450 500 550
Time/s

Fig. 7. Normalized power reflectivity of PRN32.
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In Fig. 8, the values of the real part of the permittivity are
also shown and are in good agreement with the land and water
condition.
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Fig. 9. Normalized power reflectivity of PRN11, PRN3 and PRN19.

V. CONCLUSION

The use of GNSS-R reflected signals to monitor the Earth’s
surface was analyzed with in situ and on board measurements.
The values of the dielectric constant obtained with in situ
GNSS-R measurements were compared with TDR results for
validating the retrieval process. Data collected during a flight
over the Avigliana lakes by a GNSS receiver prototype
developed by the Istituto Superiore Mario Boella (ISMB) was
post-processed with an open-loop approach, Delay Doppler
Maps and Delay Waveforms were obtained. The power
reflectivity evaluated as the ratio of LH reflected signal to the
direct RH signal and the estimated real permittivity showed
good correlation with the types of underlying terrain.
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