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Abstract—Nowadays, the space missions employing the global
navigation satellite system reflectometry (GNSS-R) are UK TDS-1,
NASA CYGNSS, and the Chinese BuFeng-1A/B twin satellites, part
of the first Chinese global navigation satellite system reflectome-
try (GNSS-R) satellite mission. They provide delay-Doppler map
(DDM) measurements reflected from the land as well as the ocean.
Using land reflected DDMs, several studies have been conducted
to retrieve land geophysical parameters, such as soil moisture and
biomass. Despite the clear dependence on these parameters, many
other parameters impact the DDMs as well, such as topography,
surface roughness, etc. The impact of these perturbing factors
must be analyzed, and modeled in various conditions. This article
presents a comprehensive end-to-end simulator that can generate
synthetic DDMs reflected over land. It is an extension of a previ-
ously developed simulator validated for ocean applications. This
simulator is very generic, and it includes numerous configurable
parameters such as arbitrary scattering geometry (transmitter
and receiver positions and speeds), arbitrary GPS and Galileo
transmitted signals and frequencies, GNSS-R instrument antenna
and receiver errors, as well as surface topography, roughness, soil
moisture, vegetation cover, etc. The sensitivities of GNSS-R observ-
ables with respect to soil moisture and vegetation are obtained and
compared to previous experimental results, and synthetic DDMs
are compared and validated against TDS-1 ones.

Index Terms—Global navigation satellite system reflectometry
(GNSS-R), Simulator, scatterometry, soil moisture, TDS-1,
vegetation.

I. INTRODUCTION

THANKS to the successful operation of the spaceborne
global navigation satellite system reflectometry (GNSS-

R) instrument SGR-ReSI onboard TechDemoSat-1 [1] and
CYGNSS [2] missions, many studies have been conducted to
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expand the applications of GNSS-R techniques for Earth obser-
vation. For ocean applications, such as wind speed and mean
square slope, global data are routinely generated and distributed
via data centers.1 In addition to them, GNSS-R land applications
are also being explored to measure new geophysical parameters,
such as soil moisture, vegetation biomass, inland water bodies
and wetlands, etc. [3]–[13]. Although the GNSS-R observables
are sensitive to soil moisture, vegetation optical depth, and
biomass, accurate retrievals from space are still a matter of
research as many other effects have to be properly corrected
[14].

The European Space Agency (ESA) funded the project
“potential of Spaceborne GNSS-R for land applications”
(ESA/ESTEC CONTRACT n. 4000120299/17/NL/AF/hh) to
study the feasibility of spaceborne GNSS-R data to derive land
parameters. The main objectives were to study are as follows.

1) Suitability of spaceborne GNSS-R to retrieve soil moisture
and vegetation parameters.

2) Parameters that should be included in the model and their
impact.

3) To study retrieval algorithms and the products using TDS-
1 data. The first step for the project was to show the
sensitivity of GNSS-R measurements to the variation of
soil moisture and vegetation.

Although it has been shown that delay-Doppler map (DDM)
descriptors can be used to retrieve geophysical parameters, the
actual sensitivity to, for example, soil moisture was not properly
known as different experiments had provided very different
results (see discussion in Section V). Additionally, the DDM
peak values are also affected by the elevation (incidence) angles,
the receiving antenna pattern, the thermal noise level, as well as
the topography and surface roughness of the reflecting surface
among others. Therefore, in order to perform a comprehensive
study including all these effects, an efficient and accurate end-
to-end (E2E) simulator for GNSS-R over land is needed (e.g.
[15]–[17]).

In this article, a generic E2E simulator is presented
for the spaceborne GNSS-R land applications, titled
“GARCA/GEROS-SIM4Land.” It was originally developed
for ocean applications [18], and it was progressively improved
to include land effects [16]. This article describes its current
status in detail. To date, a number of software tools have been
developed to simulate the forward scattering of microwave

1Online. [Available]: http://merrbys.co.uk/; https://podaac.jpl.nasa.gov/
dataset/CYGNSS_L2_V2.1
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signals over land, some of them including the effect of surface
roughness, vegetation cover, and even topography. The main
features of this simulator reside in its generic approach,
including numerous tunable input parameters from the signal
frequency, and structure (GPS or Galileo and type of transmitted
codes), to the receiver and antennas imperfections, as well as
surface and vegetation parameters, including topography that
impact the shape and values of the DDM. The simulator has
been validated with several TDS-1 data tracks. It is important to
highlight that the approach followed avoids as much as possible
sophisticated numerical electromagnetic methods (e.g. for
vegetation scattering [19]) that will be very time-consuming.
Additionally, in practice these methods also prove to be quite
difficult to use because in general, it is either impossible to know
the values of the input parameters, or because these parameters
could be adjusted to many sets of values to fit the real data, but
may lack the capability to predict the GNSS-R observables in
other conditions.

The article is structured as follows. In Section I, the struc-
ture and the main algorithms are described. The operation and
the example results are presented in Section II. The simulator
has been validated using the TDS-1 data, and some validation
results are shown in Section III. One of the advantages of the
simulator is its capability to conduct sensitivity analyses with
respect to selected parameters. In Section IV, sensitivity results
to several parameters are presented. Finally, the main conclusion
is presented in Section V.

II. SIMULATOR STRUCTURE AND ALGORITHMS

The simulator has been developed and implemented effi-
ciently by using the heritage of spaceborne GNSS-R ocean sim-
ulator. The CommSensLab in UPC-BarcelonaTech developed
the E2E simulator, “GARCA/GEROS-SIM M2” as participating
in the PARIS-IoD and GEROS-ISS projects [20]. The land
simulator uses many parts of the predecessor, e.g., the geometry,
the DDM generation, and the instrument modules which were
described in detail in [18], and are just summarized later. The
main module to be replaced is the scene generation module
which computes the land reflection coefficients corresponding
to the observed scene geophysical parameters in each facet in
which the surface topography is discretized, e.g., soil moisture,
surface roughness, and vegetation cover/land use. The computed
reflection coefficients are further processed to generate the re-
flection intensities which are then observed by the GNSS-R
instrument according to the scattering scenario. In this section,
the structure of the simulator is described with the details of each
functional module.

A. Structure of the Simulator

Fig. 1. shows the structure of the GEROS SIM-4Land simu-
lator. It consists of three main modules: geometry, scene gener-
ation, and DDM generation module. These three modules com-
pute the intermediate and final data of the simulation according
to the input parameters. The module outputs are used for the
inputs of the other module.

Fig. 1. Structure of GARCA/GEROS-SIM4Land.

GEROS/GARCA SIM also uses a geophysical database that
includes among others a global digital elevation model (DEM),
soil moisture, vegetation optical depth, surface roughness maps,
etc. The instrument information used includes the delay and
Doppler bins resolution size and width, receiver gain and fre-
quency response, system noise temperature, and antenna pattern
(including beamforming).

Generally, the structure is similar to the ocean GNSS-R sim-
ulator [18], except for the scene generation module which now
computes the signal reflections over land.

The simulator has two modes: static/parameter sweep mode,
and orbit progressing/Inhomogeneous mode. The static mode
simulates the DDM varying only one single input parameter,
holding the other parameters as constant. This mode is efficient
to study the impact of that parameter on the DDM. The orbit
progressing mode simulates the DDM according to the actual
instrument and orbit as the spacecraft moves on each epoch.
It is convenient to simulate the actual spaceborne GNSS-R
instrument like TDS-1. More details of the two modes are given
in Section III.

B. Geometry Module

The Geometry module first defines the spaceborne GNSS-R
observation geometry according to the user input parameters.
The states (position and velocity) of the GNSS transmitting and
receiving satellites are computed in the Earth reference frame,
Earth-centered Earth-fixed or ECEF. In the static mode, the
position of the specular reflection point is provided by the user
as an input. For the orbit progressing mode, the specular point is
provided from the metadata, such as TDS-1 NetCDF file from.2

After this, the glistening zone (field of view) is defined. The
area around the specular reflection point is selected consid-
ering the observation geometry and the number and size of
delay/Doppler bin. For example, the FOV size of 200 km is

2Online. [Available]: http://merrbys.co.uk/
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Fig. 2. Reflection/scattering geometry of the surface facet. The interested
reader is referred to [21] for a detailed formulation of the equations to compute
the above vectors and angles.

large enough for an orbital height of ∼700 km. It contains the
delay of the more than 50 C/A chips and ±4 kHz of the Doppler
spread. The size of FOV is a user-defined input parameter to be
adjusted considering the computing time.

Once the area of the FOV/Glistening zone is defined, the
information of the land facets is read from a global DEM. In
this simulation, ETOPO1 is used, which has 1 arc-min resolution
(maximum distance at the equator∼1.8 km). It is possible to use
a different DEM with higher resolution by modifying the simu-
lator setup. However, computation time increases significantly
as the number of facets increases, and during the validation
process it was found that this resolution reproduced correctly
the dynamic range of the variability of the peak power of the
DDM. It must be noted that other input parameters such as the
surface soil roughness cannot be determined accurately, and have
a large impact in the dynamic range as well.

From the positions of facets, the vectors describing the geom-
etry of reflection and scattering are defined as shown in Fig. 2.

The following unit vectors and the angles are calculated.
1) Normal vector to the zenith ẑ.
2) Surface normal vector n̂g .
3) Incidence and specular reflection unit vectors k̂i.
4) Scattering unit vector: the direction of the facet from the

receiver positions k̂s.
5) The angle between the surface normal and zenith vector

α.
6) Local incidence angle θi: the angle between the surface

normal and incidence vectors.
7) The angle between the reflection and scattering vectors

βc.
Those vectors and angles are used for the computations of

the reflection and scattering coefficients in the scene generation
module.

C. Scene Generation Module: Reflection and Scattering
Corresponding to the Land Cover

The scene generation module computes the reflection and
scattering coefficients considering the land surface conditions,
which are land cover types, geophysical values, and observation
geometry. The attenuation by the vegetation is also included. The
output of the module is the reflection/scattering scene which is
collected by the receiver antenna. In the simulation, this scene

is reformatted in the delay/Doppler domain and convolved with
the woodward ambiguity function (WAF).

The first step of scene generation is the computation of
the Fresnel reflection coefficient according to the observation
geometry and the values of the geophysical parameters on the
facets. The vectors and the angles of observation geometry
are provided from the output of the geometry module. The
geophysical parameters are provided from the user inputs (static
mode) or read from a database (orbit progressing mode). Then,
the reflection coefficients in linear polarization are calculated as

ρV V =
ε cos θi −

√
ε− sin2θi

ε cos θi +
√

ε− sin2θi
,

ρHH =
cos θi −

√
ε− sin2θi

cos θi +
√

ε− sin2θi
(1)

where ε is dielectric constant of the facet.
The circular polarizations are calculated from the linear po-

larization reflection coefficients as

ρRL = ρLR =
1

2
[(ρVV − ρHH) + j (ρVH + ρHV)]

ρRR = ρLL =
1

2
[(ρVV + ρHH) + j (ρHV + ρVH)] . (2)

The power reflection coefficient including surface roughness
in is modeled as

ΓRE,eff = |ρRL|2e−−4k2σ2
hcos

2θi (3)

where k (= 2π/λ) is wavenumber, λ is electromagnetic wave-
length, and σh denotes the surface rms height.

The linear pol reflection coefficients ρvv, ρHH are computed
based on the SAIRPS radio transfer model [22]. In the SAIRPS
RTM, the average reflection coefficients of the composite land
covers are computed based on the portion of the land cover
type, using the geophysical database constructed for SAIRP
RTM, e.g., mixed soil (including vegetation), sand desert, no
sand desert, frozen soil, snow soil, urban soil, etc.

Once the reflection/scattering coefficients of the facets are
computed, they are reformatted from the spatial domain to
the delay/Doppler domain. Each facet has its own delay and
Doppler-frequency according to the observation geometry tak-
ing into account the surface height. Therefore, the values of the
reflection/scattering coefficients of the facets are assigned and
mapped onto their delay-Doppler coordinates. These values are
finally interpolated on a regular delay/Doppler grid in order to
be convolved with the WAF and obtain the DDM.

The modelling of the vegetation effects could follow a very
complex approach such as in [21], [23], and [24], but the problem
is finding the right input parameters to run the model. Therefore,
a more pragmatic approach has been followed, inspired in the
τ -ω model used in microwave radiometry at L-band [25]. As-
suming negligible scattering effects, the vegetation impact is
applied as an attenuation of the power, as shown in Fig. 3.

The power attenuation dependence on the biomass [see
Fig. 3(a)] is modeled based on the results of [24], [26], and
it was provided by University La Sapienza during the project.
Considering the global map and database of VOD is more
available than the biomass, the simulator utilizes the VOD as an
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Fig. 3. Attenuation of the reflected signal power by vegetation. (a) With respect
to Biomass (parametric model provided by Tor Vergata University of Rome
during the project). (b) With respect to VOD.

input. The VOD is then converted to biomass using the model in
[27], and the attenuation of the received power is then obtained
from Fig. 3(b).

D. DDM Generation Module

The power of received signals from the GNSS-R instrument
Pr have two components: coherent and incoherent components

Pr = P coh
r + P inc

r . (4)

Many studies have recently reported the coherent scattering
of GNSS-R over land [28]–[30]. For the simulator, a widely
used simple coherent scattering model [31] is used considering
the efficiency. The coherent component in pq polarization is
modeled as

P coh
r =

PTλ2GTGR

(4π)2(Rt +Rr)
2 · |Γpq(θinc)|2 (5)

where Rt and Rr are the distance from the reflection point to
the transmitter and the receiver satellites, respectively; PT is the
GNSS satellite transmitted power; GT and GR are the antenna
gains of the transmitter and the receiver, respectively.

The incoherent component is modeled as

P inc
r =

PT · λ2

(4π)2

∫ ∫

A

GTGRσ
0|χ(τ − τ ′, f−f ′)|2Λ2(τ − τ ′)S2(f − f ′)

R2
t ·R2

r

d
−→
r′

≈ PTλ2GTGRσ
0Aeff

(4π)3R2
tR

2
r

(6)

where Aeff is the area of the facet and σ0 is scattering coeffi-
cient (or normalized radar cross section); WAF is denoted by
χ(τ, f) = Λ(τ)S(f).

For the computation efficiency, the integral form can be com-
puted as 2D convolution of the WAF |χ(τ, f)|2 and the reflected
power [32]

DDM(τ, fD) = |χ (τ, f)|2 ∗ ∗Pr (τ, f) . (7)

Then, the power of the received signal is estimated. If the
power calibration method of the instrument is unknown, an
effective way to estimate the received power is based on the
nominal valued of the GNSS signal power on the Earth’s surface
assuming a unity receiver antenna gain (GR = 1)

Pnominal =
PTλ2GT

(4π)2(Rt)
2 . (8)

The nominal powers of various GNSS signals are listed in
[33]. For example, the nominal power of GPS C/A signal is
−155.5 dBW. It means that we can replace the terms in DDM
power model in (5) and (6) with −155.5 dBW. Since in the LEO
case (Rt � Rr) and (Rt +Rr)

2 ≈ (Rt)
2, the received power

can be estimated by substituting the received antenna gain GR,
the distance between the facet and the receiver satellite Rr, and
the reflection/scattering term Γpq and σ0. Then the coherent
component (5) becomes (linear units)

P coh
r = Pnominal · |Γpq(θinc)|2

= 10−155.5/10 · |Γpq(θinc)|2 [W] . (9)

Receiver antenna gain, including arrays with beam steering,
and possibly pointing errors are included afterward. The co-
herent components are included only for the specular reflection
condition satisfying the equal incidence and reflection angles to
the surface normal, i.e. βc = 0 in Fig. 2. However, in reality, a
perfect specular reflection does not exist, as an infinitely narrow
forward-scattering beam would only exist if the reflection takes
place over a perfectly flat (roughness much smaller than the
wavelength), and over an infinitely large facet (much larger than
the first Fresnel zone).

To properly apply the tolerance, facet size, which is larger
than the first Fresnel zone is considered, because the coherent
reflection is basically coming from that zone [29], [34]. For the
spaceborne GNSS-R case, the diameter of the average Fresnel
zone is around 700 m for the receiver altitude of 700 km [28].

In this simulator, the facet size is larger than the diameter of
the first Fresnel zone, e.g., 1 arc-min DEM (∼1.8 km facet size).
For the validation test suing TDS-1 scenario, the width of the
scattering pattern of 0.1° around the forward scattering direction
has been used [35].

For the incoherent components, it can be simplified using
nominal power

P inc
r = Pnominal

σ0Aeff

4πR2
r

. (10)

For the calculation of σ0, two effects of surface roughness and
geometry are introduced. First, the surface roughness introduced
as the effect of attenuation and scattering (widening of the
reflected ray). By using the formula of these two effects in [28],
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Fig. 4. Observation geometry for the static mode of the simulation.

[29], and [36]

σ0 =
|ρRL|2
s2

exp

[

−
(
βc

s

)2
]

(11)

where s is rms surface slope. For an isotropically rough surface
with a Gaussian correlation function, s is related to the rms
height σh by the correlation length [35]. The values of s range
typically from 0.1 to 0.17 overland [35]. The term of division
by s2 apply the attenuation by the surface roughness, and the
exponential term introduced the scattering. The scattering of the
facets in the non-specular points (βc �= 0) is accounted for by
the exponential term in (11). This scattering becomes wider as
the surface roughness term s increases.

After obtaining the coherent and incoherent power, the final
received power can be computed by applying the vegetation
attenuation shown in Fig. 3.

Last, thermal and speckle noises are introduced in the com-
puted DDMs, as described in [18]. The interested reader is
referred to this publication for further details.

III. OPERATION OF GEROS-SIM4LAND

The simulator has two operation modes: static/parameter
sweep mode and orbit progressing/inhomogeneous mode.

A. Static/Parameter Sweep Simulation

The static mode simulates the DDM as varying a single input
parameter, holding the other parameters as constant. This mode
is efficient to study the impact of a single parameter on the DDM.
In this case, the observation geometry is defined in the scattering
reference frame shown in Fig. 4. The definition of the scattering
reference frame is explained in [37].

In the static mode, the position of the specular reflection point
is set as user input. Other user inputs for this mode are the
receiver orbital height (HR −RE), the elevation angle (γ), the
azimuths of the Tx and the Rx satellites moving (αT , αR). In
order to apply the topographic effect, the specular point should
be defined on the Earth’s surface as (latitude, longitude) to

introduce the DEM. With the specular point, the azimuth of
the Tx-Sp-Rx line (y-axis of Scattering Reference Frame) is also
user-defined. The azimuth angle is measured counterclockwise
from the meridian. With the user input parameters earlier, the
observation geometry with the corresponding parameter can be
computed by the geometry module of the simulator.

In the static/parameter sweep mode, the DEM (ETOPO1)
of the facet is used for the topography, and additionally the
geophysical parameters impacting the DDM are set by user
input. These are the land cover type, soil moisture, vegetation
optical depth, and surface roughness. It means that the simulator
can generate DDM with the change of geophysical parameters,
i.e., parameter-sweep. In this case, the conditions of geophysical
parameter of the facets are set to be constant over the glistening
zone, in other words homogeneous FOV. An example of the
simulation results of static mode is shown in Fig. 5. Although
this is not the real situation of the FOV, this mode is conve-
nient to simulate the sensitivity of single parameter holding the
other parameters constant. The inhomogeneous FOV simulation
mode is more realistic for the actual situation, discussed in the
following section.

For the computation time of this mode, it simulates a snapshot
DDM such as the result of Fig. 5 in 4 s on average under the
computation resources of 3.2 GHz CPU with 16 GB memory.

B. Orbit Progressing/Inhomogeneous FOV Simulation

The orbit progressing mode for inhomogeneous FOV simu-
lates the DDM according to the actual orbit progress on each
epoch. This mode is convenient to simulate the actual space-
borne GNSS-R instrument like TDS-1. In this case, the Tx and
Rx states (positions and velocities) are inputs of the simulation. It
means that the metadata of TDS-1 (or any space-borne GNSS-R
instrument) can be directly imported to the simulation inputs.
The specular point information in the metadata could be used to
efficiently define the FOV.

The geophysical data are also read from the database. Once the
positions of facets are defined, correspondingly the geophysical
data are read from the global DB. For the DB, the simulator
uses the one constructed during the SAIRPS RTM development.
Accordingly, the FOV of the orbit progressing mode simulates
the DDM on the condition of inhomogeneous geophysical pa-
rameters. This mode is useful to compare to the TDS-1 data,
and to simulate any future spaceborne GNSS-R mission. Fig. 6
shows the simulation results of one snapshot in the case study of
the orbit progressing mode, described in the following section.

This mode takes a bit more time compared to the static mode
because of the access to the DB in a disk drive. On average, it
takes 7.5 s for the generation of DDM in Fig. 6 under the same
resources in the static mode with solid-state drive.

IV. STUDY ON INHOMOGENEOUS FOV AS INTERCOMPARISON

WITH MEASURED TDS-1 DATA

This section presents the results for inhomogeneous FOV of
the orbit progressing mode, which has been conducted at the
validation of the simulator. The simulations were performed
by finding interesting points on the L1b Catalogue of TDS-1
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Fig. 5. Example of static mode simulation (a) Observation geometry. (b) Altitude. (c) ISO-delay. (d) ISO-Doppler of FOV. (e) Noise-free. (f) Noisy DDMs.

Fig. 6. Example of the orbit progressing mode simulation: (first row from left) altitude, ISO-delay, and ISO-Doppler, SM, clay fraction, and vegetation fraction
of FOV; (second row from left) noise-free DDM, noisy DDM, forest fraction, desert fraction, and in-land water fraction.

with different land conditions. After selecting these regions,
the corresponding L1b metadata files were read to get all the
information.

A. Case 1: Tunisia, Dry, and Flat Region

This location was chosen mainly for its high desert fraction.
This specific part of Tunisia is quite flat and mostly on a desert,
as well as having no mountains or in-land water zones, which
makes it ideal to see how the simulator performs. From TDS-1

data, the time chosen is July 4, 2017, at H00, satellite number
93. The track of the TDS-1 is shown in Fig. 7. From the track, a
simulation of 40 snapshots was conducted on this location.

All the DDMs on this desert part have very low peak values
due to the geophysical conditions. Fig. 8 shows three DDMs
from the simulation results and the corresponding TDS-1 mea-
surements.

Fig. 9 shows the DDM peak values of case 1. The simulated
DDM peak power is quite weak due to dry condition, which is
around −170 dBW. Both the simulation and real DDM peaks
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Fig. 7. Track of the TDS-1 in case 1: Tunisia, dray, and flat.

Fig. 8. Simulated DDMs in dBW (left panel) and TDS-1 DDMs in linear scale
(right panel) for Tunisia (case 1) at 19 s (top), 26 s (middle), 29 s (bottom).

have similar trends, being somehow different in the middle part.
There is also a peak value on the final part of the DDM peak
plot, which corresponds to flat ground.

B. Case 2: Chad, Dry Soil, and High Topography Variation

The next location of interest is the northern part of the Chad
region. This location is interesting due to its dry land, high desert
fraction, but it is very different from Tunisia because as seen in
Fig. 10, it has a high topographic complexity on its Northern
part. The date of this TDS-1 track was November 29, 2016,
satellite number 83. There were two sets of data with different
time tracks. Within these sets, the satellite tracks are from 747
to 857 on the local data file and from 269 to 379 on the metadata
file. A simulation was conducted for 40 snapshots along the
track.

Fig. 11 shows the DDM peak values of case 2. The trend of
simulation peaks follows well the measured one. From all the
40 simulation results, three DDMs in the interesting region are
shown: one on the mountain area (up to around 5 s), another on

Fig. 9. DDM peak values of case 1: simulated power (blue line) and TDS-1
digital count (red line).

Fig. 10. Track of the TDS-1 in case 2: Chad, dry and high altitude variation

Fig. 11. DDM peak values of case 2: simulated power (blue line) and TDS-1
digital count (red line).

the high peak (around 11 s), and another in the more desert area
(around 31).

1) High topography variation: The first low part of the graph
corresponds to the mountain part of Chad, and thus the
reflectivity of the dry, stone-like mountain environment
is not very high, giving very low values DDM peaks. An
example of the DDMs in this part is shown in Fig. 12 (top).

2) High reflectivity peak value: The high peak corresponds
to an area that still is in a 500 m height, but there are not so
many topographical complexities, it is when the mountain
starts to go down and the surface becomes flat. An example
of the DDMs in this part is shown in Fig. 12 (middle).
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Fig. 12. Simulated DDMs in dBW (left panel) and TDS-1 DDMs in linear
scale (right panel) for Chad (case 2) at 5 s (top), 10 s (middle), 30 s (bottom).

Fig. 13. Track of the TDS-1 in case 3: Texas, low vegetation, and coast.

Fig. 14. DDM peak values of case 3: simulated power (blue line) and TDS-1
digital count (red line).

3) Desert area: In the desert area, it gives quite low powers
overall. An example of the DDMs in this part is shown in
Fig. 12 (bottom).

Fig. 15. Simulated DDMs in dBW (left panel) and TDS-1 DDMs in linear
scale (right panel) for Texas (Case 3) from a vegetated area at 20 s (top), and the
coastal area at 51 s (bottom).

Fig. 16. Track of the TDS-1 in case 4: Amazon, high vegetation, and inland
water.

Fig. 17. Geophysical parameters of FOV in case 4.

C. Case 3: Texas, Low Vegetation, and Coastal Region

This location was chosen considering the low amount of
vegetation, which is not so low as to be a desert, but not so high
as to be a forest-like Amazon. The soil moisture is also higher
than in cases 1 and 2. Also, the coastal area can be simulated
in this case. The selected day is July 3, 2017, at H18, satellite
number 160. A simulation of 56 snapshots was performed in this
area. The satellite track of this case is shown in Fig. 13.
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Fig. 18. DDM peak values of case 4: Simulated power (blue line) and TDS-1
digital count (red line).

Fig. 19. Simulated and TDS-1 DDMs for Amazon at 4 s; The reflected signal
is m Simulated DDMs in dBW (left panel) and TDS-1 DDMs in linear scale
(right panel) for Amazon (case 4) from a vegetated area at 4 s (top), and the
in-land water area at 22 s (bottom).

Fig. 20. DDM peak values of all four cases.

As it can be seen in Fig. 14, both the simulated and the
measured DDM peak curves are very similar. The first part is
vegetated soil exhibiting a low reflected power, and the last part
is a coastal area showing the high reflected power because of the
presence of water bodies.

Fig. 21. DDM peak values with respect to the SM. The other input parameters
are held as the RMS surface height of 1 cm, the VOD of 0.001.

Fig. 22. DDM peak values with respect to the VOD.

Fig. 23. DDM peak values with respect to the RMS surface height.

All the DDMs over this area had a pretty similar shape
(concentrated on the specular point), and there was not a lot
of variety due to flat topography in this region. The roughness
of the soil together with the medium vegetation generates a
medium level of reflectivity (∼ −165 dBW). The coast part
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Fig. 24. Simulated clean and noisy DDMs with the effect of the VOD.

shows relatively higher DDM peaks as shown in the bottom
panel of Fig. 15, because of water in part of the FOV.

D. Case 4: Amazon, High Vegetation, and In-Land Water

This location is quite interesting to study the impact of high
vegetation and inland water. Amazon region is a tropical forest,
having an immense amount of vegetation, and there is the
Amazon river. Water places are high reflecting areas, so this
river presents a chance to show the strong DDM peaks. Looking
at the L1B Catalogue in TDS-1, there is a track that goes over
this area on March 12, 2017, at H18. The satellite track is number
42. A simulation of 60 snapshots was performed over this area.

As seen in the track of this case (see Fig. 16), when the
satellite track crosses over the river, the color changes to almost
white (high DDM peak). Fig. 17 shows the conditions of the
geophysical parameters over the region.

As it can be seen in Fig. 18, the DDM peak value starts very
low corresponding to the heavily vegetated area. It rises as the
specular point gets closer to the river, and it reaches a maximum
value. Then, in the middle of the track, it drops due to the specular
point leaving the river area, but soon it goes up again to peak
on a nearby lake. Afterward, the DDM peak value drops down
again as it leaves the water areas, and enters into the forest.

Fig. 19 shows examples of simulated and corresponding TDS-
1 DDMs.

1) Forest fraction: Fig. 19 (top) shows DDMs for Amazon
on its forest part at 4 s. The peak values are so low (∼ -180
dBW) so that almost nothing is displayed on the snapshot.

2) Amazon river: Fig. 19 (bottom) corresponds to the specular
point being on the river itself at 22 s, and it has a very high
peak value (∼ −162 dBW).

Note that the dynamic range of the signal (∼20 dB) is also in
line with CYGNSS data.3

Finally, Fig. 20 shows the DDM peak powers of the four
cases. The peak powers of the dry region are quite low (around
−170 dBW) as compared to the wet region. Specifically, the
regions with water (inland or cost) show high DDM peak power
(around−161 dBW). The heavy vegetation and forest drastically
attenuate the power of the reflected signal, even making it smaller
than the dry region. All these results are reasonable according
to the geophysical conditions, and the observed and predicted
dynamic ranges are in agreement.

V. STUDY ON THE SENSITIVITY WITH HOMOGENEOUS FOV

The benefit of the static mode of the simulator is that it is
convenient to study the parameter impacts on the DDM. With a
parameter-sweep simulation, the sensitivity of the geophysical
parameters to the DDM can be efficiently studied. In this section,
three main parameters are discussed: soil moisture, vegetation,
and surface roughness.

A. Impact of Soil Moisture

An example of the simulated DDM with SM variation is
shown in Fig. 21. As keeping the other parameters constant, the
DDMs are simulated with SM change. Because of the homoge-
neous FOV condition, the shape of DDM is not much different.
However, the power of DDM increases with SM. The slope
of the curve can be calculated with two regimes: 43 dB/100%
in the SM ranging [0–0.15] and 8.6 dB/100% in the range of

3Online. [Available]: https://www.nasa.gov/feature/goddard/2018/flood-
detection-a-surprising-capability-of-microsatellites-mission

https:&sol;&sol;www.nasa.gov&sol;feature&sol;goddard&sol;2018&sol;flood-detection-a-surprising-capability-of-microsatellites-mission
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[0.15–0.45]. The slope in [0–0.45] is 17 dB/100%. Although
the curve is not linear and the regimes are arbitrary, these values
are in agreement with the experimental results in [3] and [38],
which are 38 dB/100% for bare dry soils, and ∼9 dB/100% at a
global scale.

B. Impact of Vegetation

An example of simulated DDM with respect to VOD is pre-
sented in Fig. 22. The vegetation effect is mainly the attenuation
of the received power. From VOD = 0 to 0.6, the slope of the
curve is – 11 dB, and if the VOD> 0.6 the vegetation attenuation
drastically increases. It means that the received power reflected
over the region with dense vegetation or forest is under the
noise floor (see the clean and noisy DDM with the effect of
the VOD in Fig. 24). In the case of VOD = 0.9, the feature of
DDM is not found in the Noisy DDM because the peak power is
around −177 dBW, which is much lower than the typical noise
floor of GNSS-R instrument. The heavy vegetation effect is well
illustrated in the case study of orbit progressing simulation in
Section IV Amazon case.

C. Impact of Surface Roughness

An example of the simulated DDM with rms surface height
variation is shown in Fig. 23.

As the surface becomes rougher, the signals are more scat-
tered, which means more spread with less power. The curve is
not linear. It can be divided into two regions arbitrarily, e.g. at
1.5 cm rms height. The slope of the decreasing curve is around
–3.1 dB/cm from 0.5 to 1.5 cm, and −6.2 dB/cm from 1.5 to
3.5 cm, which are comparable to the result in [31]. The case of
3.5 cm rms height is very rough, and the peak values are around
−178 dBW. In this case, the reflected signals are easily buried
under the noise floor like in Fig. 24 and cannot be detected.

V. CONCLUSION

This article has presented an efficient simulator to study the
impact of the geophysical parameters. The developed simulator
allows studying the dependency of the DDMs for the individual
parameters, such as the soil moisture and vegetation. Many other
influential parameters can also be efficiently analyzed for their
impacts on the DDM, e.g., the elevation angles, land cover,
topography.

The simulator has been verified and validated using the TDS-1
data for four different cases. In the results, the peak values of
the simulated DDM are well followed by the TDS-1 DDMs. The
characteristics of the specific conditions of the FOV also appear
well, e.g., dry and wet, desert and forest, inland water, and coast.
In this article, the variation of DDM peak has also been tested.
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