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Polarimetric Features of GNSS-R Signal
Over Land: A Simulation Study

Laura Dente , Leila Guerriero , Member, IEEE, Emanuele Santi , Senior Member, IEEE,
Mehrez Zribi , Senior Member, IEEE, Davide Comite , Senior Member, IEEE,

and Nazzareno Pierdicca , Senior Member, IEEE

Abstract— In view of the launch of the ESA HydroGNSS
mission, whose receiver will measure both left and right-polarized
global navigation satellite system reflectometry (GNSS-R) signal,
this study analyses the features of dual-polarized signals by
using simulations provided by the soil and vegetation reflection
simulator (SAVERS) over both bare soil and forest. The reliability
of GNSS-R dual-polarized simulations of SAVERS over land
is first assessed by comparison with data collected in the
frame of the GLObal navigation satellite system reflectometry
instrument (GLORI) airborne campaigns. Then, the simulator
is used to carry out a sensitivity analysis of left–right (LR)
and right–right (RR) circularly polarized spaceborne GNSS-R
signals to soil moisture (SM), soil roughness (SR), and forest
biomass (BIO). The combinations of the two polarizations, such
as ratio, difference, and normalized difference, are included in
the analysis as well. The study evaluates also the SM effects
on the horizontal-right (HR) and vertical-right (VR) polarized
GNSS-R signal. The results show that the combination of the two
circular polarizations can reduce the small-scale roughness effect
in the SM monitoring as well as the effect of topography, and it
can extend the sensitivity to large values of BIO. A critical point
assessed by this study is the low value of the RR signal power,
which may be difficult to detect over the noise floor, especially
over land regions with low depolarization effects.

Index Terms— Biomass (BIO), Global Navigation Satellite
System Reflectometry (GNSS-R), polarimetry, soil moisture (SM),
soil roughness (SR).

I. INTRODUCTION

THE global navigation satellite system reflectometry
(GNSS-R) is a bistatic remote sensing technique exploit-
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ing the signal of GPS, GLONASS, Galileo, or other
transmitters of GNSS constellations [1], [2]. A GNSS-R
system is equipped with a receiver collecting the GNSS signal
reflected by the Earth surface in specular and quasi-specular
directions. The reflected signal is a source of information
about the surface conditions due to its sensitivity to bio-
and geophysical parameters. From the early 2000s, several
experiments have demonstrated the sensitivity of GNSS-R
observations to surface permittivity and vegetation param-
eters (see e.g., [3], [4], [5], [6], [7], [8]). More recently,
the availability of U.K. TechDemoSat-1 (TDS-1) [9] and
NASA Cyclone Global Navigation Satellite System (CyGNSS)
data [10], as well as of soil moisture (SM) active and
passive reflectometry (SMAP-R) data [11], has greatly stim-
ulated the interest in the spaceborne GNSS-R technique for
the monitoring of parameters related to land Essential Cli-
mate Variables [12], such as SM [13], forest biomass (BIO)
[14], permafrost conditions [15], and wetland or inundation
extension [16].

In this frame, an important contribution is expected to
be given by HydroGNSS [17], the Scout Earth Observation
small satellite mission approved by ESA and scheduled to
be launched in 2025. The mission aims at using a constel-
lation of two small satellites and novel GNSS reflectometry
features to improve and enlarge the GNSS-R potentiality. The
HydroGNSS receivers are designed to process both GPS and
Galileo signals (both E1/L1 and E5/L5 frequencies), to provide
both left- and right-hand circularly polarized data and to
download complex data to characterize, when possible, the
phase of the reflections with high sampling rate. These new
features should lead to an improved coverage and resolution
of the HydroGNSS data, with respect to the currently available
GNSS-R data, and to disentangle the effects of SM, soil rough-
ness (SR), and vegetation in the reflected signal, therefore
improving the retrieval capability.

The main aim of this study is to support the HydroGNSS
mission, identifying its added value for land monitoring. This
study focuses on the evaluation of the potential contribution
given by dual-polarized spaceborne GNSS-R data to the SM
and the BIO retrieval. The analysis is mainly focused on the
left–right (LR), and right–right (RR), (circularly transmitted
and received) polarized signal, but the sensitivity of horizontal-
right (HR), and vertical-right (VR), (circularly transmitted
and linearly received) polarized signal to SM is analyzed as
well. In the polarization acronyms, the convention used in this
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manuscript associates the first letter with the receiver and the
second with the transmitter.

At the time of this study, LR and RR GNSS-R data have
been collected by ground-based and airborne sensors only [4],
[5], [6], [18]. One experiment from a stratospheric balloon
has been also reported in [8]. In 2015, the bandpass center
frequency of the SMAP radar receiver was switched to GPS
L2C band in order to enable GNSS-R measurements and
to provide HR and VR polarized data [19]. With a refined
calibration methodology, promising results have been achieved
to assess the potential of SMAP-R data to monitor SM
and freeze-thaw [20], [21]. Though LR and RR data could
potentially be extracted from SMAP-R data, at the time of
the writing of the present manuscript, those data were not
yet publicly available and therefore they could not be used to
validate simulations and results.

As spaceborne GNSS-R simultaneous LR and RR data
are currently unavailable, the potential of this technique can
only be investigated using a GNSS-R signal simulator. In this
study, we rely on the soil and vegetation reflection simulator
(SAVERS) [22]. SAVERS can simulate polarimetric GNSS-R
observations taking into account the contribution of both soil
and vegetation, specifically the forest electromagnetic proper-
ties and the topography. Originally developed for ground-based
and airborne observations, SAVERS dual-polarized simula-
tions were successfully validated against the measurements
from the Land Monitoring with Navigation Signals (LEiMON)
campaign [23] and from the GNSS Reflectometry Analysis
for BIO monitoring (GRASS) campaign [6]. In the former
experiment, a ground-based receiver was employed, whereas
in the latter experiment, the receiver was installed on board
an airplane. In both validation exercises, it was shown that
SAVERS correctly simulates left-polarized signals, whereas it
simulates a larger dynamic range of the right-polarized signal
power than the observed one. Indeed, SAVERS estimated a
much lower noise-free right-polarized power than the observed
one, suggesting that the noise floor of the receiving instrument
was reached. The ground-based experiment in [24] reports
also the correct simulation of right-polarized attenuation and
scattering of GNSS signals from a forest canopy.

The upgraded version of SAVERS for the case of space-
borne GNSS-R systems was presented in [25] and validated
against TDS-1 data. The validation results show the capability
of SAVERS to correctly simulate the topography effect and the
vegetation attenuation of the left-polarized signal. SAVERS
performance has been compared also with simulations carried
out by other two GNSS-R simulators and against the delay
Doppler map (DDM) collected by CYGNSS over the San Luis
Valley validation site [26]. The three models, although based
on different approaches, generally agree in the representation
of the reflection and scattering properties of bare soils.

After describing the theoretical background of the polari-
metric simulations in Section II of the present article, the
accuracy of SAVERS dual-polarized simulations is further
evaluated in Section III by comparing them with airborne
data of the GLObal navigation satellite system Reflectometry
Instrument (GLORI) [27]. Then, in Section IV, SAVERS sim-
ulations for the case of a spaceborne system are used to carry
out a sensitivity analysis of dual-polarized GNSS-R reflectivity

to SM, SR, and forest BIO. The conclusions summarize the
potential of the combined use of left- and right-polarized data
for the land monitoring.

II. SAVERS SIMULATOR

A sensitivity analysis for the GNSS-R signal cannot be
performed on the basis of the bistatic scattering coefficient
alone because the resolution of GNSS-R measurements cannot
be defined in a univocal way, see for example [1]. Indeed, the
bistatic scattering coefficient can be extracted from monostatic
radar measurements through inversion of the radar equation
and normalization to the active area. For GNSS-R, instead,
the active area depends not only on the incidence angle (IA)
and on the platform altitude, but also on the scattering regime
(coherent or incoherent), and the coherent and incoherent
integration time. In other words, it is not possible to derive
a GNSS-R scattering coefficient that depends on the surface
parameters only, and the sensitivity analysis cannot be carried
out overlooking the received power that can be modeled
through the GNSS-R radar equation.

The SAVERS simulator and its updated version for space-
borne observations have been described and validated in
several studies [12], [22], [23], [25], [26] and it is used in
this work. The simulator computes the DDM of the reflected
GNSS-R signal using the integral bistatic radar equation [28],
weighting the bistatic scattering coefficient of all scatterers on
the surface by the woodward ambiguity function (WAF). The
bistatic scattering coefficient is made up of two components:
the quasi-specular reflection of the surface [29], as well as the
incoherent diffuse component due to the vegetation volume [2]
and to the rough soil [30]. SAVERS simulates them both
simultaneously, thus allowing a continuous and consistent tran-
sition from coherent to incoherent scattering regime. Indeed,
as surface roughness and vegetation BIO increase, incoherent
scattering becomes more and more important, and the model
applicability for the frequency and the roughness scales used
here have been proven in the literature [24], [29], [30].

Thanks to the simulation of the bistatic radar equation,
SAVERS takes into account antenna and receiver parameters,
which also determine the size of the active scattering area [29].
For example, in the GLORI airborne campaign, the GNSS-R
signal comes from the whole antenna footprint, while in the
TDS-1 spaceborne configuration, the signal is chip-limited.

The bistatic radar equation allows for simulating the
GNSS-R signal received at any polarization, provided the
polarimetric bistatic scattering cross-section σ r t is modeled.
To this end, the polarimetric covariance matrix C has been
introduced into the electromagnetic modules of SAVERS. For
a natural random target, it turns out that [31]

σ rt = 4πB · CB∗. (1)

Given the polarization unit vector pr of the receiving
antenna, and the polarization unit vector pt of the transmitting
antenna, the vector B is defined as follows:

B =


pr

v pt
v

pr
v pt

h
pr

h pt
v

pr
h pt

h

 (2)
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where pv and ph are the vertical and horizontal components
of pr or pt . B∗ is the conjugate of B. The covariance matrix
is given by the following equation:

C =


⟨SvvS∗

vv⟩ ⟨SvvS∗

vh⟩ ⟨SvvS∗

hv⟩ ⟨SvvS∗

hh⟩

⟨SvhS∗
vv⟩ ⟨SvhS∗

vh⟩ ⟨SvhS∗

hv⟩ ⟨SvhS∗

hh⟩

⟨ShvS∗
vv⟩ ⟨ShvS∗
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hh⟩

⟨ShhS∗
vv⟩ ⟨ShhS∗

vh⟩ ⟨ShhS∗

hv⟩ ⟨ShhS∗
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 (3)

where S is the target scattering matrix (whose elements are
given by the appropriate electromagnetic approximation and
are defined in the BSA convention) and < · > represents
the ensemble average of different target realizations. In a
GNSS-R system, pt is the polarization vector of a right
circularly polarized wave. In this article, we present sim-
ulations carried out considering a receiving antenna with
left and right circular polarizations or with horizontal and
vertical linear polarizations since these are the polarization
modes of the currently available GNSS-R spaceborne data.
However, the approach adopted by SAVERS (i.e., with the
inclusion of the bistatic scattering coefficient given by (1)
in the bistatic radar equation) allows simulations of fully
polarimetric data and compact polarimetric data [32].

When dealing with circular polarization, the polarization
mismatch of the receiver and the transmitter is conventionally
quantified selecting the relevant polarization vectors. In this
study, we have simulated the antenna polarization mismatch
assuming that the circularly polarized antennas are formed by
a couple of electrical dipoles as described in [22].

All simulations are carried out without taking into account
the noise, neither thermal nor speckle noise.

Once the signal received by the down-looking antenna
is computed using the bistatic radar equation [28] (i.e.,
Yr t (Θ, τ, f ) function of the time delay τ , of the Doppler
frequency f and of the target observation angle and dielectric
properties included in the vector parameter Θ), SAVERS pro-
vides as output the normalized DDM (nDDM), that represents
the power ratio of the signals received by the down-looking
antenna and the signal received by the up-looking antenna,
assuming the same coherent integration time

nDDMr t (Θ, τ, f ) =
|Yr t (Θ, τ, f )|2

|Y UP
RR |2

. (4)

The signal at the up-looking antenna Y UP
RR is defined as

follows:

|Y UP
RR |

2
=

λ 2

(4π)2 PT T 2
i

GT (ϑi )GUP
R (ϑi )

R2
T R

. (5)

RTR is the distance between the transmitter and the receiver
and GUP

R is the up-looking antenna gain pattern. λ , PT , and
GT are the transmitted signal wavelength, the power, and the
antenna gain of the transmitter, respectively. ϑi is the IA and
Ti is the coherent integration time.

The following analysis concerns the reflectivity observable
computed from the peak of the simulated DDMs normalized
to the incident power:

0
eq
rt (Θ) = max(nDDMr t )

GUP
R

G R

(RR + RT )2

R2
T R

(6)

where RR is the distance from the receiver to the specular
point (SP), RT from the transmitter to the SP, and G R is the
down-looking antenna gain pattern. The detailed definition of
this observable is reported in [25]. It is worth reminding that
this observable is an equivalent reflectivity, since the signal
is scattered from a finite surface, and it encompasses both
coherent and incoherent components of the scattered field [12],
[14], [25], [29]. In other words, 0eq is the reflectivity that
would be observed if the measured power originated from
coherent reflection only.

System and land surface parameters are all given as
input data to SAVERS that also includes a digital elevation
model (DEM) of the observed area to simulate topographic
effects [25]. The DEM provides the local slope and aspect of
the surface, which are taken into account in the quasi-specular
and incoherent scattering modeling, as well as in the polar-
ization rotation. Indeed, slope and elevation of surface facets
within a resolution cell affects the delay and the intensity
of the GNSS-R signal [25, Fig. 15]. The DEM can be
included in airborne- or ground-based simulations, however,
the topography effects are more significant in spaceborne
measurements. This is due to the decreased resolution of the
satellite GNSS-R measurements [1], so that the local IA shows
more variability in spaceborne acquisitions with respect to
airborne- or ground-based acquisitions because of topography.
SAVERS simulations of left-hand circularly polarized signals
were validated against TDS-1 observations over both bare soils
with complex topography and open and dense forests [25],
and against CyGNSS data over bare soils [26]. The validation
studies showed a good agreement between the simulations
and the observations over different sites, demonstrating the
capability of SAVERS to correctly simulate the effect of the
topography and the forest attenuation.

III. COMPARISON OF POLARIMETRIC SIMULATIONS
AND AIRBORNE DATA

The reliability of SAVERS circular dual-polarized simu-
lations is experimentally assessed in this study using the
data acquired in the GLORI campaign reported in [27]. The
campaign was carried out in 2015 in the Southwest of France
collecting airborne polarimetric GNSS-R data over the Landes
forest (mainly constituted by maritime pines) and agricultural
fields (cereals, corn, potato, and soybean). More details about
this campaign can be found in [18] and [27].

Fig. 1 (top panel) shows the RR circularly polarized reflec-
tivity versus the LR circularly polarized reflectivity observed
by the GLORI instrument. The reflectivity observable was
obtained following the approach described in [18]. The color
bar refers to the IA (in degree) and the red line shows the linear
regression function whose equation is reported inside the plot.
Two filters were applied on the data for both polarizations:
IA smaller than 40◦ (to neglect observations outside the
antenna beamwidth) and LR reflectivity lower than −5 dB
(to avoid the observations over water bodies). RR reflectivity
is generally lower than the LR reflectivity, with RR ranging
between −35 and −15 dB, and LR being larger than −30 dB.
Both polarizations reach a saturation in the minimum value.
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Fig. 1. GNSS-R reflectivity for RR polarization versus LR polarization
(axes are in dB, colorbar reports the IA in degree). (Top) Data from
GLORI campaign. (Middle) Simulated data for an airborne platform. (Bottom)
Simulated data for a spaceborne platform.

RR reflectivity is clearly dependent on the IA, whereas this
effect is much weaker on the LR, as it can also be observed
from the analysis of the Fresnel reflection coefficients in the
considered range of IA and from the experimental results
reported in [12].

In order to investigate the capability of SAVERS to correctly
simulate dual-polarized data, the simulator was run assuming

TABLE I
SAVERS INPUTS FOR THE AIRBORNE SYSTEM AND

FOR THE SPACEBORNE SYSTEM

an airborne receiver with the same characteristics of the
GLORI instrument (Table I reports the system parameters of
the airborne receiver simulated by SAVERS) and assuming
realistic surface conditions and input parameter ranges for the
areas observed during the campaign. The following cases were
simulated: dense softwood forest with a BIO ranging between
25 and 400 t/ha; open hardwood forest with BIO ranging
between 5 and 40 t/ha; very small but dense trees with BIO
ranging between 5 and 40 t/ha (this latter case was included
to simulate the fields with short vegetation).

For all these cover classes, the IA was varied from 5◦ to
30◦, the volumetric SM was varied from 5% to 40%, and the
SR height standard deviation was varied from 0.5 to 3.0 cm.
It was not possible to carry out a point-by-point validation
since no detailed in situ data were available in the frame of
this study, to be used as SAVERS inputs. Rather, a comparison
is performed against the variability ranges of the simulations
with those of the observation.

The scatter plot of RR versus LR reflectivity simulated by
SAVERS is reported in the middle panel of Fig. 1. There is
a general good agreement between the two top scatterplots
of Fig. 1, with a similar distribution of the points in the
reflectivity ranges. The slope and intercept of the linear fit
of simulated data are slightly higher than the observed ones.
This can be due to the differences between the assumed land
cover features and the in situ one.

The bottom panel of Fig. 1 shows the scatter plot of
the RR versus LR reflectivity simulated for the case of a
spaceborne receiver (having the same characteristics of the
TDS-1 receiver) and for the same surface and vegetation
parameters used for the middle plot. Table I reports the system
parameters that are used to simulate the spaceborne system
(these were used for the sensitivity analysis as well).

Due to the higher receiver altitude and the path losses, the
simulations for a spaceborne receiver reach much lower equiv-
alent reflectivity values than those for an airborne receiver
since, as mentioned in Section II, the equivalent reflectivity
embeds both coherent and incoherent scattering. In particular,
the observed surface is neither infinite nor plane, so that
reflectivity does not exclusively represent a physical property
of the surface, which by definition is independent of system
parameters or range.

Even though it is not possible to carry out a point-by-
point comparison, the plots of Fig. 1 show that SAVERS
circular dual-polarized simulations have features similar to the
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experimental data, such as similar variations with the IA, same
dynamic ranges, and similar distribution of the points in the
scatter plots. This leads to the conclusion that SAVERS is a
suitable tool to investigate the potential of GNSS-R spaceborne
polarimetric data.

IV. SENSITIVITY ANALYSIS

In this section, SAVERS simulations were used to carry out
a sensitivity analysis of both LR and RR reflectivity to SM,
SR, and forest BIO. We also consider the case of a linear
receiving antenna, thus collecting HR and VR polarizations.
The analysis was repeated both excluding and including the
effect of the topography. The potential of a combined use
of the two polarizations was investigated as well, by extend-
ing the sensitivity analysis to the polarization ratio (RR/LR
and VR/HR), polarization difference (LR-RR and HR–VR),
and normalized polarization difference [NPDL ,R = (LR-RR)/
(LR + RR) and NPDH,V = (HR − VR)/(HR + VR)]. All of
the above (i.e., ratio, difference, and NPD) were computed in
linear units and then converted to dB to plot the results. As it
will be better explained later, the computation in linear units
allows for removing the disturbing factors in the sensitivity
to SM and BIO, whereas this is not possible when the
computation is done in dB.

For this analysis, a spaceborne GNSS-R receiver having
the same system configurations of TDS-1 was assumed (see
Table I). In particular, positions and velocity of receiver and
transmitter were extracted from the GNSS-R data available at
the Measurement of Earth Reflected Radio-navigation signals
By Satellite (Merrbys) portal (http://merrbys.co.uk) under a
Creative Commons Attribution, Non-Commercial 4.0 Interna-
tional License.

A bare soil was assumed to evaluate the sensitivity to
SM and a boreal forest for the sensitivity study to BIO.
The variability range of the IA was set from 5◦ to 60◦.
However, it must be underlined that only a small percentage of
acquisitions by a GNSS-R system like TDS-1 or HydroGNSS
owns an IA larger than 50◦. To support this statement, the
SPs in GNSS-R tracks were simulated assuming both a
nadir looking antenna (as in TDS-1) and an antenna inclined
by 20◦ (like CYGNSS and HydroGNSS). The SPs of the
tracks were simulated for 1 month and, for each satellite
position, the four highest received powers were selected.
This selection was accomplished assuming a constant and
polarization-independent reflectivity along all tracks. The SP
distance from the receiver was taken into account, as well
as the antenna pattern. The latter has been simulated as the
typical pattern of GNSS-R receiver, i.e., an antenna with a
−3 dB beamwidth of about 30◦, a −10 dB beamwidth of
about 50◦, and first-null beamwidth of about 80◦. This means
that the power reflected by a SP observed with an IA larger
than 45◦ is reduced by more than 10 dB, even if the antenna is
inclined with respect to nadir. The simulations showed that, for
a nadir-looking antenna, more than 95% of the SPs observed
in 1 month has an IA lower than 40◦. If the GNSS-R antenna
is inclined at 20◦, the SPs observed at an IA larger than 45◦

are only 15% of the total (which is more than 10 350 000).

TABLE II
MEAN VARIATIONS OF LR, RR, RR/LR, LR-RR, AND NPDL ,R FOR THE

VARIATION OF SM FROM 5% TO 40%, OF SR FROM 0.5 TO 3 CM AND
OF IA FROM 5◦ TO 60◦ . CASE STUDY: BARE SOIL

In the following, we report plots of the observable of interest
as a function of the SM or the BIO for different roughness and
IAs. Moreover, the sensitivity to the parameter i , where i is
SM, SR, IA, or BIO, is quantified by computing the variation
1i of the observable with the i th input (e.g., SM) increasing
from its minimum to maximum value, and then averaging all
the 1i obtained varying the other inputs (e.g., SR and IA).

A. Sensitivity to Soil Moisture and Soil Roughness Without
Topography

The sensitivity to SM and SR was first analyzed, consid-
ering a bare surface without large-scale topographic features
(i.e., the elevation is set to a constant value). The IA ranged
between 5◦ and 60◦ (with a step of 5◦), the volumetric SM
varied from 5% to 40% (with a step of 5%), and the small
scale SR was set to 0.5, 1.5, and 3 cm. A correlation length of
5 cm and an exponential autocorrelation function were used
for all simulations. The mean variations of the observables
are reported in Table II for the case of a topographically flat
bare soil. Fig. 2 shows the simulated reflectivity as a function
of the SM for the cases of: a single circular polarization, the
ratio, the difference, and the NPDL ,R . To simplify the plots,
only the simulations for smooth and rough soil surface and
for 10◦, 20◦, 40◦, and 60◦ IA are reported.

Fig. 2(a) and the first column of Table II show that the LR
polarized signal is clearly sensitive to the SM (approximately
1.8 dB for a 10% variation of SM), but it is also very
sensitive to the SR. Whereas, the sensitivity of LR to the IA
increases with the roughness. The RR polarized reflectivity
[Fig. 2(b)] can reach much lower values than LR, in particular
at low IAs and for rough surfaces. RR is slightly sensitive
to the SM and strongly to the IA (see Table II). The RR
reflectivity shows a sensitivity to SR similar to LR; they
both decrease by approximately 12 dB when the SR increases
from 0.5 to 3.0 cm (about 4.8 dB for a variation of SR of
1 cm). The similar sensitivity of the two polarizations to SR
suggests combining LR and RR in order to obtain a parameter
independent of the roughness. As the surface roughness is a
factor of the exponential function in the formulation of the
bistatic scattering coefficient for both polarizations, the ratio
(computed in linear units) of the two polarizations or the
NPDL ,R removes the roughness factor. On the contrary, this
is not the case for the polarization difference and when ratio
and NPDL ,R are computed in dB.

The polarization ratio RR/LR shows a relatively good sensi-
tivity to SM (approximately −1.4 dB for 10% SM variation),
without the disturbing effect of the SR [see Fig. 2(c)]. The
continuous line (for a smooth surface) and the dashed-dotted
line (for a rough surface) in Fig. 2(c) are overlapped and
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Fig. 2. GNSS-R circularly polarized reflectivity of bare soil versus the SM
for SR 0.5 cm (continuous line) and 3.0 cm (dashed-dotted line) and for IA
10◦ (red), 20◦ (green), 40◦ (blue), and 60◦ (gray). (a) LR, (b) RR, (c) RR/LR,
(d) LR-RR, and (e) NPDL ,R .

the variation of the ratio due to the roughness increase,
1SR, is very small (Table II). The ratio is, however, strongly
dependent on the IA, like RR.

TABLE III
MEAN VARIATIONS OF HR, VR, VR/HR, HR–VR, AND NPDH,V FOR THE

VARIATION OF SM FROM 5% TO 40%, OF SR FROM 0.5 TO 3 CM AND
OF IA FROM 5◦ TO 60◦ . CASE STUDY: BARE SOIL

The polarization difference is almost equal to the LR reflec-
tivity for low IAs up to 40◦ [see Fig. 2(d)] as, for a bare and
flat (no topography) surface, the RR signal is much lower than
LR. As the IA increases, the RR reflectivity reaches values
similar to the LR reflectivity and therefore the polarization
difference (in dB) is much smaller than LR, for low SM values
in particular.

The sensitivity of the NPDL ,R to the SM is almost negligible
at low IAs, but a clear increase of this parameter with the SM
can be observed at high IAs [Fig. 2(e)]. It is worth mentioning
that it is not possible to compare the sensitivity index of the
NPDL ,R to the one of the other observables because of the
different dynamic ranges of the NPDL ,R . The latter is quite
limited because of the low values of RR reflectivity.

The sensitivity analysis was repeated assuming a GNSS-R
satellite system with the same characteristics of TDS-1,
in terms of satellite height, antenna pattern, antenna gain,
integration time, and DDM size and spacing, but with a
linearly polarized receiving antenna. The simulations results
are reported in the plots of Fig. 3, for HR and VR reflectivity,
VR/HR polarization ratio, HR–VR polarization difference and
NPDH,V = (HR − VR)/(HR + VR) normalized polarization
difference. Also for the linear polarizations, all parameters
were calculated in linear units and then reported in dB in the
plots. Table III reports the mean variations of the observables.

The HR and VR reflectivity of a flat bare soil are very
close to each other [see Fig. 3(a) and (b)] when the IA is
lower than 40◦, and about 3 dB lower than the LR reflectivity,
as expected and explained in detail in Appendix A. In fact,
the incident right-polarized wave may be decomposed into a
vertical and a horizontal polarized wave, each one carrying half
of the right-polarized one. Each component is then reflected
(or scattered) according to the corresponding linear Fresnel
reflection coefficient (or bistatic scattering coefficient). For
IAs very close to nadir, the two components are reflected (or
scattered) in equal proportion, so that the HR and VR signals
are 3 dB below the LR signal (see Appendix A). When the IA
increases, the VR reflectivity is lower than HR. This was also
observed with the data collected at about 40◦ IA over bare
soils in the SMAP-R experiment reported in [19].

Both HR and VR are sensitive to the SM, increasing on
average by 1.6 and 2.8 dB for every 10% increase of the
SM, respectively, and they are strongly dependent on the SR
(Table III). The sensitivity of HR and VR to the IA increases
with the roughness.

The polarization ratio VR/HR has the advantage to be
independent of the SR, but its sensitivity to the SM strongly
depends on the IA [see Fig. 3(c)]. At low IAs this sensitivity
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Fig. 3. GNSS-R linearly polarized reflectivity of bare soil versus the SM for
SR 0.5 cm (continuous line) and 3.0 cm (dashed-dotted line) and for IA 10◦

(red), 20◦ (green), 40◦ (blue), and 60◦ (gray). (a) HR, (b) VR, (c) VR/HR,
(d) HR–VR, and (e) NPDH,V.

is very weak, but at 60◦ IA the VR/HR ratio increases of about
20 dB when the SM increases from 5% to 40%.

Fig. 4. Normalized polarization difference NPDH,V,dB of the linearly
polarized reflectivity computed in dB at 40◦ IA and for smooth (0.5 cm)
and rough (3.0 cm) bare soil.

The polarization difference HR–VR has a weak sensitivity
to SM but a strong sensitivity to SR and IA [Fig. 3(d)]. Instead,
NPDH,V is not sensitive to SR, but it is much sensitive to the
IA. Assuming the IA effect can be predicted, its sensitivity to
the SM keeps almost constant at different IAs up to 40◦ [see
Fig. 3(e)].

LR, HR, VR, and LR-RR have the highest sensitivity to
SM among all the observables but they depend on the SR as
well. RR/LR and NPDH,V have a relatively lower sensitivity to
SM, but these two observables have the important potentiality
to single out the SM effect, as they do not depend on the
small-scale roughness of the observed surface. Moreover, their
sensitivity to SM does not change with the IA.

The reliability of the results obtained for the linearly
polarized reflectivity can be evaluated against the results
obtained with SMAP-R data. The GNSS-R system simulated
by SAVERS in this study is different from the SMAP-R
systems in terms of the receiving antenna pointing, gain, and
pattern. Moreover, a different calibration method was used in
this study to obtain the reflectivity. Therefore, it is not pos-
sible to directly compare HR- and VR-simulated reflectivity
with those observed by SMAP-R. However, it is possible to
compare the normalized polarization difference at 40◦ IA, as it
is not affected by the differences between the simulated and
the SMAP-R antenna and between the calibration methods.
The NPDH,V obtained from SMAP-R data observed over the
agricultural fields of the Corn Belt area in USA, when the
fields were bare both in the sowing season and after harvesting,
was reported in [33, Fig. 15].

However, in that case, the normalized polarization
ratio was computed in dB (and not in linear units),
i.e., NPDH,V,dB = (HRdB – VRdB)/(HRdB+ VRdB). For com-
parison, NPDH,V,dB was computed in the present study as a
function of the SM for a smooth and for a rough bare soil and
at 40◦ IA, and the results are reported in Fig. 4.

Since detailed ground truth for soil and vegetation is not
available for the corn belt data, a point-by-point model sim-
ulation is not possible. However, considering a generic SR
variability from smooth to rough, the simulated NPDH,V,dB is
in a good agreement with that reported in [33, Fig. 15(a)] in
terms of variability range and sensitivity to SM. This confirms
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the reliability of SAVERS simulations for the case of linearly
polarized signal.

Fig. 4 shows that the normalized polarization difference is
still dependent on the surface roughness when each term of
the ratio is given in dB. Instead, in order to single out the
sensitivity to the SM, it is preferable to compute the NPD
from the reflectivity in linear units.

In general, HR and VR observables are very similar in
a feasible range of IAs for GNSS-R systems, so that it
can be difficult to exploit their information content in a
retrieval algorithm. Additionally, being lower than LR, both
linearly polarized signals can exhibit low signal-to-noise ratio
(SNR), especially when mountainous and/or vegetated areas
are observed, and therefore their detection requires high-gain
antennas, as in the SMAP-R experiment.

It is worth stressing that the linearly polarized signals suffer
from the Faraday rotation effect, and they call for a specific
compensation during the calibration procedure, as it has been
done for SMAP-R data [20]. On the contrary, the ionosphere
produces only a phase change on the elliptical signal reflected
from the Earth, without introducing any amplitude variation
(see Appendix B for details). For all of the above reasons,
in the following of this study, only the circular polarizations
will be analyzed.

B. Sensitivity to Topography and Soil Moisture

In order to analyze the effect of the large-scale roughness,
i.e., the topography, on LR and RR signals and ratios, SAVERS
simulations were carried out along a SP track passing over
a mountainous area. The GNSS-R system configuration of
TDS-1 acquisitions over the Tibesti volcanic region in Chad
(top panel in Fig. 5) was used to set up SAVERS inputs
(the same track was analyzed in [25] but considering single
polarization data only).

In this analysis, the topography of the simulation area is
taken into account in the computation of the reflected signal,
by giving as input to the simulator the DEM of the area.
The simulation resolution is 300 m. A dry and rough soil
surface is assumed to be homogenously present along the track
(i.e., SR height standard deviation 3.5 cm and SM 5%). The
IA increases from 23◦ to 25.7◦ when the latitude increases.
As shown in Fig. 5, top panel, the DEM surface elevation
(dashed orange line) around the SP is characterized by a
significant variation, from 500 to 2500 m, as well as the
slope is highly variable. Fig. 5 reports the simulated LR
and RR reflectivity for each SP along the track. Left- and
right-polarized reflectivity have a similar pattern along the
track showing a decrease when the surface elevation increases.
This is due to the large values and variability of the slopes over
the mountainous areas, which causes a large variability of the
local IA in the observed area and the loss of the specular
condition for several illuminated surface elements.

Due to the similar sensitivity of the two polarizations to the
topography, the RR/LR polarization ratio is slightly affected
by this surface parameter, as shown by the almost flat pattern
of the red markers in the top panel of Fig. 5.

The reflectivity ratio slightly increases along the track
because of the IA increase from lower to higher latitudes.

Fig. 5. LR, RR, and RR/LR bare soil simulations, surface elevation, and
slope at SP along TDS-1 tracks. (Top) Track over a complex topography with
approx. 24◦ IA. (Bottom) Track over a gentle topography with approx. 10◦ IA.

Indeed, as RR increases with the IA, the simulated difference
between the LR and RR reflectivity decreases from 18.8 dB at
23.1◦ (latitude 19.57◦) to 16.4 dB at 25.4◦ (latitude 22.37◦).

The dependence of the polarization ratio on the IA is more
evident in case of GNSS-R observations having an IA lower
than 15◦, due to the higher sensitivity of RR to the angle. This
is the case of the simulations shown in the bottom panel of
Fig. 5. In this plot, the simulation along a TDS-1 track passing
over a gentle topography in Congo is reported, where the IA
varies along the track from 9.9◦ at −9.52◦ latitude to 12◦ at
−7.19◦ latitude (a bare surface was simulated with 2.0 cm
SR and 15% SM along the track). The surface elevation and
slope have a smaller variability range along this track than in
Chad but the small variations of the local IA introduced by
the topography lead to larger variations of RR and to a pattern
of the polarization ratio less stable than for the Chad track.

The sensitivity of the ratio RR/LR to SM over a real
topography was investigated by assuming a variation of SM
along the track. In this test, the SP track of TDS-1 over an
area with a gentle topography near the Tibesti region in Chad
was considered. Along the track, the surface elevation ranges
from 300 to 600 m and the IA ranges from 21◦ to 23◦. In the
top panel of Fig. 6, the simulated LR and RR reflectivity is
reported as a function of the SP latitude for the case of a
homogeneously constant SM of 5%.
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Fig. 6. LR, RR, and RR/LR bare soils simulations along a track passing
over a gentle topography. (Top) Homogenous SM for all SPs of the track;
the surface elevation is reported in the inset rectangle. (Bottom) Variable SM
along the track; the SM is reported in the inset rectangle.

The variations of the reflectivity along the track, similar for
the two polarizations, are mainly due to the topography. The
SP elevation (taken from the DEM) is reported in the shaded
box as a dashed black line. The ratio RR/LR (red markers of
Fig. 6 top panel) has a flat pattern, as it is not significantly
affected by the topography.

When a variation of SM is assumed along the track,
as reported in the orange box of the bottom panel of Fig. 6
(gray dashed line), the pattern of LR reflectivity is clearly
affected by a combination of topography and SM variations,
and the ratio RR/LR clearly follows the SM variations.

Having substantially removed the topography effect, the
sensitivity to SM is singled out by the RR/LR ratio. Therefore,
this ratio can potentially perform better than a single polariza-
tion (LR only) for the SM retrieval in the presence of gentle
and complex topography.

C. Sensitivity to Biomass Without Topography

The sensitivity of the LR and RR reflectivity to forest
BIO was analyzed assuming a surface with a homogenously
constant elevation (i.e., without topography) covered by a
boreal forest.

Fig. 7. (Top and middle) simulated quasi-specular (continuous line) and
diffuse (dashed line) reflectivity versus BIO of a boreal forest for LR (top)
and RR (middle) polarization. Different colors refer to different IAs. (Bottom)
LR total reflectivity (dashed line) and LR-RR (continuous line) versus BIO.

The above ground BIO was increased from 25 t/ha to
50, 100, 200, and 400 t/ha (the other vegetation parameters
were varied accordingly: diameter at breast height (dbh)
from 7 to 21 cm, tree density from 700 to 950 trees per hectare,
and leaf area index (LAI) between 0.5 and 8 m2/m2).

The IA ranged between 5◦ and 60◦, with a step of 5◦; the
volumetric SM ranged between 5% and 40% with a step of
5%; and the SR was set to 0.5, 1.5, and 3.0 cm. Fig. 7 shows
the LR-polarized (top panel) and RR-polarized (middle panel)
reflectivity simulated by SAVERS over the forest.
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TABLE IV
MEAN VARIATIONS OF LR, RR, RR/LR, LR-RR, AND NPDL ,R FOR THE

VARIATION OF BIO FROM 25 t/ha TO 100 t/ha (BIO < 100) AND
FROM 100 TO 400 t/ha (BIO > 100), OF SM FROM 5% TO 40%,

OF SR FROM 0.5 TO 3.0 cm, AND OF IA FROM 5◦

TO 60◦ . CASE STUDY: SOFTWOOD FOREST

Both the quasi-specular component (the continuous lines in
top and middle panels of Fig. 7) and the incoherent diffuse
component (dashed lines) of the signal are reported in the
plots. In order to simplify the plots, only the simulations
obtained for a 25% SM, a 1.5 cm roughness, and 5◦, 15◦,
25◦, 40◦, and 60◦ IA are here shown.

The quasi-specular component of both LR and RR signal,
which is due to the soil contribution attenuated by the vege-
tation, is strongly sensitive to the BIO increase, as it was also
shown in [2]. However, it can reach extremely low reflectivity
values at high IAs. The LR quasi-specular signal at 5◦ IA
decreases by about 40 dB in the analyzed BIO range, and by
about 119 dB at 60◦. The decrease of the LR reflectivity is
steeper for lower biomasses. A total decrease of about 34 dB
of the RR quasi-specular reflectivity is observed when the BIO
increases from 25 to 400 t/ha at 5◦ IA and by about 116 dB
at 60◦. Therefore, the quasi-specular RR signal is slightly less
sensitive to BIO than the LR.

The incoherent diffuse component, due to vegetation volume
scattering, is sensitive to BIO up to 100 t/ha for the case of LR
polarized signal, and it is insensitive to BIO for the case of RR
signal. Moreover, the diffuse component becomes dominant
at high BIO values, since the soil quasi-specular reflection is
very much attenuated by the above vegetation, thus causing
the saturation of the total reflectivity.

As for the LR polarization, the total reflectivity reaches the
saturation at about 200 t/ha at 5◦ IA and for a much lower
BIO at 60◦ IA (Fig. 7 bottom panel, dashed line). The RR
signal is already saturated at very low BIO values, i.e., at
about 50 t/ha. Therefore, on average, the total LR polarized
signal varies about 0.7 dB per 10 t/ha BIO variation (in the
BIO range from 25 to 400 t/ha) and the total RR polarized
signal varies about 0.2 dB per 10 t/ha BIO variation. For this
reason, the variation of LR due to the BIO increase reported
in Table IV is higher than the RR variation, for both low
(<100 t/ha) and high (>100 t/ha) BIO ranges. From the same
table, it is possible to conclude that both LR and RR are
less sensitive to SM under the forest than over bare soils and
depend on both SR and IA.

The incoherent diffuse component of the two polarizations
reaches a similar value when saturated. For this reason, the
computation of the difference LR-RR (the absolute difference
is computed in linear units and then it is reported in dB in

the bottom panel of Fig. 7) results in deleting the diffuse
component, which was the cause of the saturation, and in
singling out the quasi-specular component. The difference
LR-RR is compared to the total LR reflectivity (sum of the
quasi-specular and diffuse component) in the bottom panel
of Fig. 7. For IAs lower than 30◦, LR-RR does not saturate
even at high BIO values, but it remains sensitive to the BIO
above the saturation threshold of the LR signal. Whereas,
at IAs higher than 30◦, LR-RR saturates as LR. The highest
sensitivity is found at 15◦ IA: on average, the difference
LR-RR varies about 1.8 dB per 10 t/ha BIO variation over the
complete BIO range between 25 and 400 t/ha. The variation
of the polarization difference due to BIO variations reported
in Table IV confirms that the LR-RR is more sensitive to
BIO for both low and high values of this parameter than
LR. For completeness, the variations of the polarization ratio
and of the NPDL ,R for the case of forest are reported in
Table IV as well. However, the ratio is less suitable for
the BIO monitoring because it does not remove the diffuse
component and therefore the sensitivity of this observable
to high biomasses is relatively low (see 1BIO>100). NPDL ,R

has a lower 1BIO than the polarization difference. It is worth
mentioning that the ratio and NPDL ,R are still, though slightly,
sensitive to SR when the surface is covered by a forest, as it
is shown by the 1SR in Table IV.

D. Sensitivity to Forest Biomass With Topography

The effect of the topography on the sensitivity of the two
polarizations to the BIO was investigated considering the DEM
surface elevation and slope in the SAVERS simulations.

The GNSS-R system configuration of a TDS-1 acquisition
was used to set up SAVERS inputs and the simulations were
repeated for all SPs of a track passing over an area with
a gentle topography in Congo (surface elevation, ranging
between 800 and 1450 m, is reported in Fig. 8(a) with a dashed
orange line).

The IA increases from 16.3◦ to 18.8◦ moving from −9.19◦

latitude to −12.43◦ latitude. A homogeneous SM equal to 20%
and a value of SR height standard deviation equal to 1.5 cm
were assumed in the simulation area for all SPs of the track.

First, the simulation was carried out for the case of a
bare soil to single out the effect of the topography on the
received signal for both polarizations [see Fig. 8(a)]. Then,
the simulation was repeated assuming the presence of a boreal
forest with a variable BIO along the track (red dashed line
in the plots of Fig. 8). Three variability ranges of BIO were
considered: lower than 150 t/ha (corresponding to the BIO
values provided in [34] for that track) in Fig. 8(b), between
120 and 250 t/ha in Fig. 8(c), and between 220 and 350 t/ha
in Fig. 8(d). The last two ranges were obtained increasing the
values in [34] by 100 and 200 t/ha, respectively. The plots of
Fig. 8 show the total LR (green), the total RR (blue), and the
LR-RR (black) reflectivity along the track.

For the case of bare soils [Fig. 8(a)], the effect of the
topography causes the variations of the reflectivity. LR and RR
signals have similar sensitivity to the topography and differ by
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Fig. 8. LR, RR, and LR-RR simulated reflectivity along a track passing over
a gentle topography for the case of (a) bare soil and (b) boreal forest with
a variable BIO along the track in the following ranges: lower than 150 t/ha,
(c) between 120 and 250 t/ha, and (d) between 220 and 350 t/ha.

about 24 dB. In the same plot, it is possible also to see that
the RR/LR ratio is independent of the topography, whereas

TABLE V
PEARSON COEFFICIENT OF LR, RR/LR, LR-RR,

AND NPD WITH FOREST BIO

the LR-RR difference remains sensitive to this surface feature
(note that the LR and LR-RR curves are almost overlapped
because of the low values of RR).

As already discussed in Section IV-C, the plots of Fig. 8 for
the case of forest show that the vegetation attenuates the soil
contribution: the higher is the BIO, the higher is the attenuation
and the lower is the reflectivity.

When the forest BIO is lower than 150 t/ha [Fig. 8(b)],
LR reflectivity is very sensitive to BIO variations, whereas
the pattern of RR reflectivity is much flatter than that of LR.
In Fig. 8(b), LR-RR reflectivity is approximately equal to the
LR, as the latter is much higher than the RR reflectivity.

When the BIO ranges between 120 and 250 t/ha [Fig. 8(c)],
LR signal reaches the saturation above the 200 t/ha and
RR is saturated along the whole track. However, the LR-RR
difference keeps the sensitivity to the BIO along the whole
track, even above 200 t/ha.

For a BIO higher than 220 t/ha [Fig. 8(d)], both LR and RR
signals are saturated, but LR-RR still shows a variation along
the track related to the variations of BIO.

The Pearson coefficient was computed to compare the
correlation of a single polarization with the BIO and the
correlation of the polarization difference, the polarization ratio,
and the NPD over a realistic topography (see Table V).

The polarization difference largely improves the correlation
when the BIO reaches values higher than 220 t/ha (Pearson
coefficient of −0.81), with respect to the uncorrelated single
polarization (Pearson coefficient of −0.07) and has a higher
correlation when the BIO ranges between 120 and 250 t/ha.
On average, the polarization difference performs better than
the ratio and NDP over the complete range of BIO.

However, it must be remarked that both LR and RR polar-
ized signals reach very low reflectivity values that can hardly
be detected over a forest with high BIO.

V. CONCLUSION

SAVERS simulator was used in this study to investigate
the potential of polarimetric GNSS-R observations over land.
The reliability of SAVERS simulations of LR and RR circu-
larly polarized signals was first qualitatively assessed against
GLORI airborne GNSS-R data. Then, a sensitivity analysis
of LR and RR polarized signal to SM, SR, and BIO was
carried out both excluding and including the effect of the
topography.

The simulations over bare soils showed a comparable sen-
sitivity of LR and RR signals to SR and a higher sensitivity of
LR to SM (1.8 dB for a 10% variation of SM). Therefore, the
combination of RR and LR observations, i.e., the ratio RR/LR
(computed in linear units) can compensate for the effect of
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the small-scale SR and can single out the effect of the SM.
The sensitivity of RR/LR ratio to SM is similar to that of LR
and this sensitivity does not change with the IA. Moreover,
the RR/LR ratio has the advantage to strongly attenuate the
effect of the large-scale surface roughness, even for areas with
a complex topography. However, this ratio remains sensitive
to the IA variations, like the RR-polarized signal.

The suitability of the polarization difference and of the
NPDL ,R for the SM retrieval over bare soils was also inves-
tigated. Having the same features of LR, the polarization
difference does not add any advantage. The sensitivity of the
NPDL ,R to SM strongly depends on the IA (i.e., no sensitivity
at low IAs).

The sensitivity analysis was extended also to the linearly
polarized signal HR and VR (circularly transmitted and
linearly received). The SAVERS simulations for the linear
polarization over a bare soil were indirectly validated with the
results found in literature and obtained from SMAP-R data,
showing the reliability of the simulations. It was found that
the two linearly polarized reflectivity are very similar over a
bare soil and are 3 dB lower than LR at low IAs. Both HR and
VR are sensitive to the SM, increasing approximately 2 dB for
every 10% increase of the SM and have a similar sensitivity to
SR. Therefore, the linear polarization ratio and the NPDH,V are
not affected by the SR. However, the sensitivity of the linear
polarization ratio VR/HR to SM depends on the IA (i.e., no
sensitivity at low IAs).

An advantage of the circularly polarized receivers with
respect to the linear ones has been remarked in Appendix B.
It is well known that the ionosphere introduces a rotation of
the polarization plane of the linear electromagnetic fields that
induces a mismatch with the receiving linear antenna. For this
reason, the Faraday rotation angle before and after reflection
on the Earth surface must be properly corrected. Instead, the
amplitude of the signal received by a circularly polarized
antenna is affected by the ionospheric Faraday rotation only for
the transmitter to Earth path. And the latter can be neglected
when the axial ratio of the GNSS signal is low, as it is expected
to be for the Galileo satellites.

In case of a boreal forest, LR was found to be sensitive to
BIO: on average, 0.7 dB per 10 t/ha of BIO variations in the
range between 25 and 400 t/ha. For a BIO above 200 t/ha,
the volume scattering becomes dominant and the LR signal
reaches the saturation. Due to the much lower RR reflectivity
values, the RR signal is already saturated for a BIO of about
50 t/ha. The predominant sensitivity of LR to the attenuation
of soil quasi-specular reflection and the comparable LR and
RR volume scattering make the combination of the two
polarizations quite effective in the BIO retrieval. Indeed, the
difference between LR and RR (computed in linear units)
removes the diffuse component and singles out the quasi-
specular component. For this reason, LR-RR enhances the
sensitivity to BIO (between 1.2 and 1.8 dB per 10 t/ha BIO
variation, at 5◦ and 15◦ IA, respectively) and extends the
sensitivity range to BIO values above the saturation threshold
of a single polarization and of radar observations at the same
frequency. However, the LR-RR difference is sensitive to the

large-scale surface roughness, in particular for low BIO, and
this can introduce uncertainties in the BIO retrieval over gentle
and complex topography.

Based on the discussion outlined above, the synergic use
of two circular polarizations can potentially enhance the
GNSS-R capability for SM and BIO monitoring, as long as
the receiving sensor is able to measure very low levels of
reflectivity with sufficiently high accuracy. This represents
a major challenge with respect to the present spaceborne
configurations because of the typical antenna pattern of a
GNSS-R systems. As outlined in Section IV, most SPs with
an IA larger than 50◦ are discarded because they have a
low SNR, i.e., the reflected power falls beyond the −10 dB
antenna beamwidth, or even at the first nulls of the antenna
pattern. An increase of the antenna gain corresponds to
reduce its beamwidth, thus reducing further the number of
observable SPs.

To overcome this criticality, ad hoc strategies should be
implemented by future missions, such as the possibility of
steering high-gain beams at the SP optimizing the orbit height,
and achieving relatively low values of the noise figure of the
receiver.

APPENDIX

A. Covariance Matrix

The polarization dependence of the bistatic radar equation
is ruled by the radar cross section in (1) that, in turn, depends
on the electromagnetic approximation applied to evaluate the
scattering function Spq in (3). The matrix S of the target
relates the incident field Ei to the scattered field Es by
means of

Es
=

(
E s

p

E s
q

)
=

e−ιk R

R

(
Spp Spq

Sqp Sqq

)(
E i

p

E i
q

)
=

e−ιk R

R
SEi (A1)

where k = 2π /λ is the wavenumber in free space, and R is
the distance between the scatterer and the receiving antenna.
The scattering matrix elements depend on the incidence and
scattering angles, and on the target parameters. p and q
represent two orthogonal components of the complex scattered
and incident fields, respectively. They can be horizontal H
and vertical V components in a linear basis, or right R and
left L in a circular basis. Spq are complex quantities that
describe amplitude, phase, and polarization of the scattered
wave.

If the harmonic time variability in the complex domain
is assumed to be eιωt , the polarization unit vectors in (2)

in a linear basis are: pr t
R = (1/

√
2)(

1
−ι

) for the GNSS

transmitted or received right polarization, pr
L = (1/

√
2)(

1
ι
)

for the received left polarization, pr
V = (

1
0 ) for the received

vertical polarization, and pr
H = (

0
1 ) for the received horizontal

polarization.
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Applying (1), it is possible to get the radar cross sections,
given an incident right-polarized field

σRR = 4π

∣∣∣∣ SVV − SHH − ı(SVH + SHV)

2

∣∣∣∣2

= 4π |SRR|
2

σLR = 4π

∣∣∣∣ SVV + SHH − ı(SVH − SHV)

2

∣∣∣∣2

= 4π |SLR|
2

σVR = 4π

∣∣∣∣ SVV + SVH
√

2

∣∣∣∣2

= 4π |SVR|
2

σHR = 4π

∣∣∣∣ SHH + SHV
√

2

∣∣∣∣2

= 4π |SHR|
2. (A2)

At low IAs SVV = SHH = S0, and both SHV and SVH are
negligible with respect to S0. As a consequence

σLR = σ, σRR = 0, σVR = σHR = σ/2. (A3)

In this condition, the highest radar cross section is observed
for LR polarization, while both HR and VR polarizations are
expected to be 3 dB lower.

B. Faraday Rotation

The nominal polarization of the GNSS transmitted signal
is the right hand circular. However, the antenna imperfections
introduce a left-hand-polarized component that increases far
from the antenna boresight giving rise to an elliptical polarized
signal. In general, an electromagnetic field can be represented
as the superposition of circularly polarized components, so that

an elliptical wave in the circular basis (
R̂
L̂ ) is given by

−→
Ec

=

(
ER

EL

)
(B1)

with ER ̸= EL, being in general complex numbers. In this
basis, a linearly polarized wave has ER = ±EL.

If E⃗c impinges on a target, the scattered field is(
E sC

R

E sC
L

)
=

(
SC

RR SC
RL

SC
LR SC

LL

)(
ER

EL

)
= SC

(
ER

EL

)
(B2)

where SC
pq are the scattering functions in the circular basis

(being p and q, respectively, the polarization of the scat-
tered and incident wave, that can be equal to R and/or L).
The propagation factor (e−ιk R/R), here and in the following,
is understood.

The power carried by the right and left components of the
scattered wave is proportional to

|E sC
R |

2
= |SC

RR|
2
|ER|

2
+ |SC

RL|
2
|EL|

2
+ 2ℜ

{
SC

RRSC∗

RL ER E∗

L

}
|E sC

L |
2

= |SC
LR|

2
|ER|

2
+ |SC

LL|
2
|EL|

2
+ 2ℜ

{
SC

LRSC∗

LL ER E∗

L

}
(B3)

where ℜ is the real part operator.
After transmission through the ionosphere, an elliptical

wave becomes(
EFar

R

EFar
L

)
=

(
eι�t 0

0 e−ι�t

)(
ER

EL

)
= FCt

(
ER

EL

)
(B4)

where �t is the Faraday rotation angle from the transmitter to
the Earth. As observed in [34], [35], the ionosphere introduces

a phase shift between the left and right components of an
elliptical wave that is twice the Faraday rotation angle �t .

If �r is the Faraday rotation angle through the ionosphere
from the Earth to the receiver, the scattered field is(

ErFar
R

ErFar
L

)
= FCr SC FCt

(
ER

EL

)
=

(
eι�r 0
0 e−ι�r

)(
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R
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(
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RReτ�ι ER + SC
RLe−t�ι EL
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(B5)

and the power

|ErFAR
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2
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RR|
2
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|ErFAR
L |

2
= |SC

LR|
2
|ER|

2
+ |SC

LL|
2
|EL|

2

+ 2ℜ
{

SC
LRSC∗

LL ER E∗

Le2ı�t}. (B7)

Upon comparison with (B4), it is observed that the iono-
sphere affects the amplitude of the scattered field only through
the �t Faraday rotation angle, which is introduced along
the transmitter to Earth path. As long as the cross-polarized
component of the transmitted GNSS right-hand signal is small,
the ionospheric effect on the circular polarized scattered signal
is negligible.
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