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Abstract—Weather forecast using GNSS-R relies, to a large ex-
tent, on data acquired by airborne and spaceborne platforms due
to the extended coverage that can be achieved. GEO satellites can
retrieve measurements over large areas but with spatial resolutions
on the order of thousands of meters per pixel. LEO satellites with
polar orbits can provide measurements over the entire world, but
they cannot provide good spatial or high temporal resolutions by
themselves. LEO constellations of small satellites have the same
coverage with improved spatial resolution and revisit times by using
data fusion techniques. High-altitude pseudo-satellites offer an ex-
cellent temporal and spatial resolution but only over limited areas.
In this article, the potential of using hosted GNSS-R payloads on
commercial aircraft is explored as an alternative and cost-effective
means to achieve a very high resolution and a very low revisit time
for regional environmental applications. Finally, a case study of
soil moisture monitoring over Europe is presented, including an
analysis of the expected performance.

Index Terms—Airborne instruments, Earth observation,
GNSS-R, soil moisture, weather nowcasting.

I. INTRODUCTION

GNSS-R [1] is a growing remote sensing technique, and its
applications have been proven from ground-based equip-

ment, airborne instruments, and also satellites. Ground-based
instruments have been broadly used to develop and validate
models, technologies, and also to provide periodic measure-
ments over the same area. However, these types of sensors lack
the versatility of mobile ones, such as the capability to take
measurements from different areas.

This technology has been proven to work in five space-based
missions: U.K.-DMC [2], TDS-1 [3], [4], CYGNSS [5]–[7],
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BF-1 [8], and, more recently, FSSCat [9]. The former was only a
proof-of-concept mission that demonstrated the capabilities and
potential of GNSS-R from space, whereas TDS-1 and CYGNSS
have provided a wealth of GNSS-R data that has been success-
fully used for sea state retrieval [4], sea ice detection [10], soil
moisture [11]–[13], target detection [14], [15], and waste on the
ocean surface, among others.

Despite the fact that GNSS-R systems have already been
deployed in spaceborne platforms, airborne-based GNSS-R can
provide better observations than in the spaceborne case, with
improved spatial resolution [16] and much better revisit time
over the flight routes. In the case of specular reflections, which
usually happen over land and ice, the spatial resolution of the
sensor is significantly improved as the reflection is determined
by the size of the first Fresnel zone [17]–[19]. This size (lFr)
depends on the instrument altitude as lFr =

√
λh [1], where λ

is the wavelength of the GNSS signal, h is the height of the
receiver, and the incidence angle is assumed to be 0. This area is
in the order of 45 m for an airplane flying at a 10-km height, or
for a spacecraft orbiting at a height of 500 km, it would be in the
order of 300 m. In combination with the newest GNSS signals,
such as the GPS L5 band, new applications can be developed
such as swell monitoring [20]–[22]. The extensive applications
of GNSS-R possible at lower heights, the reduced power, cost,
and volume budgets needed aboard airplanes compared to space-
crafts, and the improved revisit time for remote areas due to the
large number of commercial airplanes have sparked interest in
the implementation of the airborne GNSS-R technique.

This work was initiated in preparation for an ESA Invitation
to tender published in May 2019 (EXPRO+ NAVISP-EL1-028:
GNSS SCIENCE WITH COMMERCIAL AIRCRAFT, ESA
Open Invitation to Tender AO9877, Opening Date: May 24,
2019, Closing Date: July 19, 2019 13:00:00). In this work, a
review of some possible applications of GNSS-R techniques
enabled by airborne instruments is first presented. Then, the
capability to perform soil moisture is explored in detail, with
a discussion on the processing necessary to acquire meaningful
measurements. Afterwards, the results of a simulation using real
plane data obtained from a network of ADS-B receivers is used
to calculate the locations of the specular reflection points, with
special focus over Europe.

II. STATE-OF-THE-ART

To understand the climate change impact, the United Nations
established in 1992 the Global Climate Observing System.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0003-2736-1028
https://orcid.org/0000-0002-6441-6676
https://orcid.org/0000-0003-0031-0802
https://orcid.org/0000-0002-9514-4992
mailto:adrian.perez.portero@upc.edu
mailto:joan.francesc@tsc.upc.edu
mailto:park.hyuk@penalty -@M upc.edu
mailto:camps@tsc.upc.edu


PEREZ-PORTERO et al.: AIRBORNE GNSS-R: A KEY ENABLING TECHNOLOGY FOR ENVIRONMENTAL MONITORING 6653

Fig. 1. Geometry of the reflection of a GNSS signal over the sea, providing
the basis to perform GNSS-reflectometry.

Through this organization, up to 54 essential climate variables
(ECVs) were defined, focusing on particular aspects of our
planet. ECV monitoring is imperative to understand climate
trends and to mitigate and predict the effects of global warming,
and some of them can be observed through the use of GNSS-R.
GNSS-R represents a very interesting use of opportunistic sig-
nals (GNSS) as the transmitter part of a multistatic radar. The
main product of GNSS-R is the delay-Doppler map (DDM) of
the scattered signal. From it, multiple physical parameters can
be extracted, taking into account the properties of the signal
prior to the reflection, and the effects of the scattering surface at
the GNSS band (Fig. 1). The reflection coefficient of the GNSS
signal on a surface is given by

ΓRE,eff = |ρRL|2e−4k2σ2
hcos

2θi (1)

where ΓRE,eff is the reflectivity, ρRL is the Fresnel reflection
coefficient (RHCP to LHCP), k = 2π/λ is the wavenumber, λ

is the electromagnetic wavelength, σh denotes the surface rms
height, and θi is the incidence angle. From (1), it can be seen
how the incidence angle has a strong effect on the attenuation
introduced in the reflectivity, limiting the satellites from which
the obtained GNSS-R measurements are accurate.

From the reflectivity of the surface and other physical parame-
ters extracted from the DDM, several ECVs can be obtained, but
GNSS-R can also be used for other applications. In the following
sections, some of the main applications of GNSS-R that may
significantly benefit from airborne GNSS-R instruments will be
described as well as their requirements.

A. Sea State Information

Monitoring sea state is one of the first applications that were
envisaged for GNSS-R [22], [23]. Surface wind, swell, and
pollution conditions are some of the measurements usually ob-
tained over sea, which could be potentially sensed with varying
degrees of resolution depending on the GNSS signal used and
the receiver height.

Previous ground-based and airborne GNSS-R campaigns
have showcased the potential applications of this technique.
In [24], an extensive data set of GNSS-R acquisitions was used
to attempt oceanic measurements (altimetry and scatterometry),
soil moisture sensing, and sea ice and snow characterization.
In [22], GPS L5 signals (which offer a spatial resolution of 30 m
as compared to the 300 m of the GPS L1 C/A code signals) are

used to measure swell over the sea, when the swell wavelength
is comparable or larger than the width of the GNSS signal
auto-correlation function.

From space, multiple missions have provided GNSS-R data
over seas and, thus, contributed to sea state retrieval. In [25], sea
surface altimetry is obtained using GNSS-R measurements from
the CYGNSS mission. In [4], ocean winds were estimated with
data from the TDS-1 mission. Another remarkable example of
the potential application of GNSS-R for sea state determination
is the detection of tsunamis using wave altimetry measure-
ments, which was analyzed in detail in [26]. In [27], different
approaches using GNSS-R are used also in the detection of
tsunamis.

Estimation of the sea state is key in weather prediction, estima-
tion of sea currents, studying marine wildlife, optimizing mer-
chant routes for ships, and much more. In the case of navigation,
if sea state and ice presence could be estimated prior to departure,
alternative routes could be used for significant time and cost
savings. For example, ships traveling from economic poles such
as Northern Europe and East Asia could travel through the Arctic
North route (if clear), reducing the distance covered by ships by
up to 3000 nautical miles [28].

Thus, having improved revisit times and coverage can benefit
all the aforementioned use cases, and airborne GNSS-R can play
a key role in this endeavor.

B. Soil Moisture

Vegetation health is closely linked to the water content found
in the soil, where plants thrive. Thus, low soil moisture values
indicate a hydric stress and potential danger for the vegeta-
tion. On the other hand, moderate or high values can foster
floods, as water cannot be absorbed, or erosion [29]. Periodic
measurements of soil moisture are being used nowadays for
controlling the irrigation of crops, to estimate the risk of forest
fires by monitoring dry forest areas, and, overall, to have more
information on the water cycle.

Soil moisture significantly benefits from the use of air-
borne GNSS-R instruments [30]. High revisit times over agri-
cultural and forest areas can lead to improved efficiency in
agriculture, forest fire prediction, and assessments of lost
biomass after wildfires. There are several techniques to mon-
itor soil moisture: in situ probes, L-Band microwave radiome-
try [31], [32], thermal infrared spectrometers, radar, scatterom-
eters [33], synthetic aperture radars (SARs) [34]–[36], and
GNSS-reflectometry [13], [37].

GNSS-R has been shown to offer enhanced spatial resolution
(300 m from space and 40 m from transatlantic airplanes) by
averaging multiple measurements into bins [30] or averaging in
space and performing time-series analysis [7].

A tradeoff between spatial resolution and radiometric resolu-
tion can be seen in the aforementioned works in a way that it is
not possible to achieve a good radiometric and spatial resolution
at the same time. In [30] and [38], the soil moisture error was
reduced considerably when averaging more than 25 samples,
and the smaller the number the averages, the larger the error;
thus, a worse radiometric resolution can be achieved.
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As a considerable amount of measurements over a single
bin are needed to obtain accurate soil moisture measurements,
airborne GNSS-R emerges as a good solution over land, where
planes can provide measurements almost continuously.

C. Target Detection

Objects on the Earth’s surface that are susceptible to be-
ing detected using GNSS-R instruments include sea ice [39],
man-made objects on the sea surface [14], [15], oil slicks [40],
etc. Their detection is based on the difference of the reflection
coefficient between the sea around it and the target. Signals that
reflect on ice, for example, have a much higher reflectivity, which
translates to different features in DDMs [10].

In [41], an assessment of the sensitivity of different GNSS
signals is presented, concluding that even though GALILEO
signals achieve lower SNR than GPS ones, they provide
an improved surface resolution. This can be directly trans-
lated to target detection of smaller objects than with GPS
signals.

The major constraint for this technique in its use for sea traffic
control is the revisit time. In [14], it can be seen that with a
constellation of up to 32 satellite-based GNSS-R instruments, a
best case revisit time of 2 h could be achieved. Using airborne
GNSS-R instruments, a higher revisit time over the flight routes
can be expected, as it will be seen in Section IV-E.

D. Ocean Plastic Waste

Plastic that is not properly disposed often finds its way to
oceans. Due to the ocean currents, most plastic ends up floating
in the so-called garbage patches. One of the most notable exam-
ples is the Great Pacific garbage patch, a gyre of marine debris
located roughly from 135◦W to 155◦W and 35◦N to 42◦N [42].
The eastern part of this patch is located between Hawaii and
California, whereas the western part extends from Japan to the
Hawaiian Islands.

In most places, the typically low density of the plastics in
this patch (four particles per cubic meter) prevents detection
by satellite imagery, but it is thought that detection of plastic
concentration could be achieved from airborne GNSS-R instru-
ments possibly because of a change in the surface roughness, a
phenomenon that is increased by the presence of surfactants.

When plastics accumulate on a single spot, as is the case with
the Great Pacific garbage patch, wind-driven high-frequency
waves could get damped by the presence of plastics. This change
in the waves could possibly get detected with GNSS-R. Another
option is that when large amounts of plastic are near the surface,
it could even change the reflection coefficient itself and, thus,
detectable also with GNSS-R. As there are numerous flight
routes linking Japan, Hawaii, and California, planes flying over
them could be used to track the size or composition of these
garbage patches.

III. METHODOLOGY

In order to characterize the performance of a GNSS-R mis-
sion, there are three main parameters that need to be studied:

coverage, spatial resolution, and temporal resolution. Coverage
refers to the surface that can be monitored with the instrument,
taking into account its swath and movement. Spatial resolution
directly links the observable with the minimum area from which
the measurement can be obtained, resulting in better spatial
resolution the smaller the area is. Temporal resolution is the
periodicity at which measurements are obtained over the same
area, with better temporal resolution resulting from very frequent
repetition. Airborne GNSS-R missions have the potential to
provide excellent temporal resolution due to the amount of
aircraft that are in flight at any given moment, spatial resolution
thanks to their reduced height compared to other platforms, and
coverage over most inhabited land. To provide an indicator of
the performance of the proposed network of airborne GNSS-R
instruments, a simulation using real data was performed.

A. Simulation

Plane positions for all commercial aircraft with ADS-B ac-
tivated were obtained from a large-scale ADS-B sensor net-
work [43] between September 17, 2019 and April 17, 2020 to
simulate the results that could be achieved if every single plane
was equipped with a GNSS-R instrument. The data was stored
in a relational database to allow further analysis such as filtering
by aircraft model or airlines, but to illustrate the full potential,
it is assumed that all aircrafts are equipped with a GNSS-R
instrument. To obtain the swath of each instrument, the GPS
constellation is used to find all the specular reflection points
used for GNSS-R observables.

Positioning data was obtained every 10 s, and the specular
points were calculated in real time prior to storage in the
database. To perform the specular point calculation, the GPS
satellites’ positions were calculated using data downloaded from
NASA’s Crustal Dynamics Data Information System [44]. The
ephemeris and almanac of all GPS satellites at any point in
time can be obtained by propagating the two-line elements using
the SGP4 [45] model. By using the timestamp of the aircraft’s
positions, the position of GPS satellites at that point in time can
also be obtained, allowing for a very accurate simulation.

Using the same procedure as described in [46], the specular
reflection point of the GPS signals is obtained [47] by an iterative
algorithm which uses the WGS84 ellipsoid and the positions
of the transmitter and receiver. For each airborne receiver, a
number of specular points corresponding to the GPS satellites
in view at that moment in time were calculated. To avoid specular
points with poor elevations, a mask was set to 20◦ of elevation
(1) according to data obtained from previous missions and
studies [48], as a compromise between signals of opportunity
that would be acquired and the quality of the measurements.
Thus, for each plane in the world and every 10-s window during
months of data, 5–12 specular points (belonging to the different
GPS satellites in view) were calculated with a precision under
10 m. This procedure can be seen in Fig. 2.

B. Coverage and Temporal Resolution

Obtaining the performance of the network in terms of cover-
age and temporal resolution implies calculating the percentage
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Fig. 2. Block diagram of the processing chain.

of land that is covered by GNSS-R observables and the frequency
at which these measurements are repeated over the same area.
To ease the calculation of relevant statistics and maps, all spec-
ular points were binned into differently sized hexagonal grids,
depending on the area covered by the case study:

1) a coarse 100 × 100 km worldwide grid was used to obtain
information regarding global coverage;

2) a 36× 36 km grid over land to obtain global land coverage
for soil moisture;

3) a 9 × 9 km grid over the European Union including
the U.K. to perform a more precise study also for soil
moisture;

4) a 9 × 9 km grid over the Mediterranean Sea for sea state
information, target detection, and waste detection study.

The hexagonal grids were calculated using the WGS
84/NSIDC EASE-Grid 2.0 Global projection [49], standard in
remote sensing products, and for visualization purposes, Ge-
ographical Information System software was used to plot the
specular points as well as the differently sized bins.

C. Spatial Resolution

The spatial resolution of a GNSS-R instrument is given by the
size of the first Fresnel zone, which can be calculated as follows:

Fz =

√
λ · h

cos θinc

cos θinc
(2)

where λ is the wavelength of the signal, h is the height of the
receiver, and θinc is the incidence angle at which the signal
is received. If the instrument has as many channels for GPS
reception as satellites can be in view, it is possible to track up
to eight different GPS transmitters at the same time. This also
means that there can be eight specular points covering different
areas simultaneously.

Due to the geometry of the GNSS reflection and the difference
in heights of the transmitter and receiver, the spread of the
specular points changes with the height of the plane as well as
with the movement of the GPS satellites. In Fig. 3, the trajectory
of a plane taking off from the Dubai International Airport can
be seen and the specular points can be calculated.

The plane is color coded depending on its height, whereas
the specular points are colored depending on the GPS satellite
that is providing the signal. As the plane flies higher, the area

Fig. 3. Spread of the specular points received by an airplane taking off from
the Dubai International Airport, depending on its height.

Fig. 4. Mean specular point spread depending on the plane height, which
corresponds to the swath of the instrument.

Fig. 5. Worldwide density map over a five-day period, with 100 × 100 km
hexagonal bins, showing the limitations of ADS-B receivers.

covered by the specular points becomes wider, and the position
of the specular point from SV26 changes relative to the plane
due to the movement of the satellite. The relationship between
the height of the plane and the maximum size of the specular
points is shown in Fig. 4. This results in planes flying at cruise
altitudes covering larger areas than those flying local routes.

IV. SIMULATION RESULTS

Due to limitations of the ADS-B receivers used by the data
provider, no information from the planes is collected while they
are out of range from the network, which corresponds to the
period when the planes are flying over the ocean (Fig. 5). From
this limitation, this work focuses on soil moisture measurements
over land and waste and target detection over the Mediterranean
Sea.
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A. World

The theoretical coverage that could be achieved by a fleet of
airborne GNSS-R is, in all cases, lower than that of an Earth
Observation satellite in a polar orbit, especially over the oceans.
Even then, the coverage achieved by airborne receivers could be
enough to satisfy specific cases which might need better revisit
times than those provided by the satellites.

In Fig. 5, the cumulative specular points over a five-day
period, binned in 100 × 100 km hexagonal bins, can be found.
From this figure, the maximum reach of the ADS-B receivers
of the data provider used can be obtained, which would allow
applications such as coastal GNSS-R but not sea state determi-
nation. It is important to note that most of the areas over land
not shown in the density map do have planes flying over them,
but as no ADS-B receivers from the used data provider are in
range, no information was reported.

With the current data, only 13.52% (using the 100 × 100 km
grid) of the world could be mapped by airborne GNSS-R,
including the ocean and the poles. By connecting the areas with
specular points, a more realistic density map could be obtained,
covering a higher percentage of the world. To obtain a better
estimate of land coverage for soil moisture applications, a 36 ×
36 km hexagonal grid over land was used, with results indicating
that up to 25% of land could be measured. It is clear from Fig. 5
that a higher percentage of land is covered by planes, but more
accurate data is required to obtain this number.

B. South America

The Amazon rainforest represents over half of the planet’s
remaining rainforests and comprises the largest and most bio-
diverse tropical rainforest in the world. The Amazon rainforest
encompasses 5 500 000 km2, and, by 2018, 17% was already
destroyed, with the fires in 2019 aggravating the situation.

Amazonian evergreen forests account for about 10% of the
world’s terrestrial primary productivity and 10% of the carbon
stores in ecosystems. For this reason, it is of utmost importance
to monitor the biomass and health of the Amazon rainforest to
avoid further loss, helping to restore it to combat climate change.
The Amazonian rainforest is an important target to monitor by
itself, including ECVs regarding the biosphere and hydrosphere.

A detailed case study for the area surrounding the Amazonian
rainforest was conducted, using the 36 × 36 hexagonal grid
over land. In Fig. 6, even though no information on the planes
overflying the Amazon rainforest was collected, it can clearly be
seen how the routes that connect the nodes seen in the figure can
provide an almost complete coverage of the Amazon rainforest.
Thanks to the short length of the local flights in South America,
weather nowcasting of ECVs and the state of the forest would
be possible, with a strong emphasis on fire prevention and soil
moisture monitoring of deforested regions.

C. Australia

Eastern Australia is one of the most fire-prone regions of the
world. From September 2019 until March 2020, at the same time
that the data for this simulation was taken, Eastern Australia

Fig. 6. South America density map on a 36 × 36 km grid over a five-day
period.

Fig. 7. Australia density map on a 36 × 36 km grid over a five-day period.

suffered one of the worst bush fires in history, also contributing
to 2019 being one of the hottest years for Australia. Fires caused
massive property and personal damages, and the east coast’s
forests suffered massive destruction. For this reason, it is very
important to monitor soil moisture with good revisit times to
predict bushfires before they happen and to act quickly if they
do.

Fig. 7 shows the coverage obtained by the simulation, with
the entirety of the east coast covered by measurements with
excellent temporal resolution, mainly due to the short flights
and very close population centers found in Australia.

The main measurement over this area would be soil moisture,
which would allow for monitoring of forest fires, vegetation
height, or above-ground biomass [50] with excellent revisit time,
allowing for rapid responses to any event that could endanger
civilians or the forest.

Thanks to the flight routes between Australia, Tasmania, and
New Zealand, an excellent coverage of the Tasmanian Sea can be
achieved. This would allow for a monitoring and early-response
network to predict tsunamis using sea state determination from
GNSS-R instruments. Recent examples of tsunamis in the Tas-
manian Sea, such as the one occurred in March, 2011, reveal
that with continuous monitoring of the sea state, extensive
precautions can be undertaken, potentially saving the lives and
material properties of thousands.

Eastern Australia also houses the OzNet hydrological mon-
itoring network, near the town of Yanco, New South Wales.
This site contains 37 soil moisture stations distributed over a
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Fig. 8. Europe density map with a 9 × 9 km grid over a five-day period.

60 × 60 km area, and it is commonly used for calibration
of L-band microwave radiometers that attempt soil moisture
remote sensing. Further data for calibration could be provided by
airborne GNSS-R over the same area, allowing to cross-check
and validate with other GNSS-R instruments, increasing the
accuracy of the measurements.

D. European Union

A more exhaustive study was performed over the European
Union, with a 9 × 9 km grid and hourly aggregates. Fig. 8
shows the five-day cumulative specular point count, binned in
9 × 9 km hexagonal bins. It can be observed that the routes
connecting main European cities such as Madrid, Paris, and
Munich have a higher concentration of specular points, reaching
300 000 specular points per bin, which could be translated to over
40 specular points per cell and per minute.

Remote areas in the North of Finland, by contrast, hardly reach
a few hundred specular points, similar to the north-western coast
of Spain, where not many planes fly over, as there is no direct
route between major cities crossing that area.

In northern Europe, for instance, higher temperatures due to
climate change have increased snowmelt and liquid precipita-
tion [51]. Biomass and vegetation are growing in places that
historically had been covered in snow, and, thus, new biomes
could be emerging. Using airborne GNSS-R, this area could be
monitored to assess changes in biomass and sea-ice. This is of
utmost importance because upcoming missions such as ESA
BIOMASS P-band SAR will not be operational in the boreal
forests of the Northern hemisphere [52].

Overall, the land coverage over European Union countries is
excellent, taking into account the improved revisit time as com-
pared to satellite instruments. In Fig. 9, the total land coverage
over the European Union, per hour of the day can be seen. A
mean coverage of 74.68% is achieved during the entire day, with
a maximum of 87% during the peak hours of the day.

Most measurements occur over the same paths, as seen in
Fig. 10, where the average number of specular points per bin
depending on the hour of the day, with time represented in CET,
is shown. As there is a great variance in the amount of specular

Fig. 9. Coverage of European Union land by airborne GNSS-R in a day, per
hour, using a 9 × 9 km hexagonal grid.

Fig. 10. Average number of specular points per bin in Europe, depending on
the hour of the day, using a 9 × 9 km hexagonal grid.

points per bin, depending on whether the cells are below popular
flight paths or not, to indicate the uncertainty around the estimate
of the mean measurement, we use the standard error of the mean
calculated as the standard deviation divided by the square root of
the number of observations. It has then been converted to 95%
confidence intervals by multiplying it by the inverse value of the
t-distribution with a given probability and degrees of freedom
(observations).

During the peak hours of the day, far more specular points
are happening per bin than in the afternoon, whereas the land
coverage remains very similar throughout the mid-end of the
day. This indicates that during peak hours, revisit time increases
dramatically over covered areas. Averaging the specular count
for all the hours of the day, we obtain an average count per bin
and hour of 48.98 (σ = 66.31) specular points, with a median
of 31.63. This average translates to ∼8 specular points every
10 min all over Europe, which would enable for incredibly
complex acquisition strategies that rely on almost-instantaneous
data.

E. Mediterranean Sea

The Mediterranean Sea is a very interesting target for sea traf-
fic control, sea state information, and plastic garbage detection.
Averaging the specular count for the five days chosen, we obtain
an average count per bin and hour of 15.84 (σ = 26.41) specular
points, with a median of 7.96. A total coverage of 75.63% is
achieved, as seen in Fig. 11.
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Fig. 11. Mediterranean Sea density map using a 9 × 9 km grid over a five-day
period.

A revisit time of∼16 reflections per hour in a single bin could
very well comply with the requirements of sea traffic control,
depending on the implementation of the search algorithm. For
sea state information, the extensive coverage and good revisit
time could enable weather nowcasting to facilitate maritime
routes.

V. DISCUSSION

A. Performance of the Network

The coverage and revisit time presented in the previous section
ensures that measurements of soil moisture over Europe can be
obtained continuously. In order to extract accurate soil moisture
estimates, it is important to average the different observables
that occur over the same areas. In the CYGNSS Soil Moisture
retrieval, this is done by binning reflectivity values calculated
for each specular point acquisition over an EASE-grid at 36 ×
36 km resolution [6].

The number of points that are needed to be averaged to obtain
accurate measurements are linked to the size of the Fresnel
Zone ( 2). For the airborne case, Fz will range between 70 and
120 meters of diameter, depending on the different parameters.
If binning the measurements in 9 × 9 km grids, in order to
obtain the most accurate results (i.e., to statistically cover the
whole area with reflections), we would need a number of points
equivalent to the ratio between the areas, e.g., 90 points.

In [30], the relationship between the sample number of
CYGNSS observables within each bin and its direct impact
on the accuracy of soil moisture measurements is explained.
Furthermore, in [53], a study of the SM retrieval algorithm from
an airborne platform is presented. The relationship of the evo-
lution of the RMSE using the number of GNSS-R observables
with respect to the SM ground truth from the SMOS mission
is obtained and then extrapolated to the results presented in
this work to characterize the accuracy of the measurement with
respect to the repeated observables over the same bin. The more
observables being averaged together, the lower the error with
respect to the ground truth. By extrapolating the results obtained
in [53, Fig. 15] and assuming that the same algorithm for SM
retrieval is used, we obtain Fig. 12, where the RMSE of the SM
measurements is related to the number of GNSS-R observables
per bin, approaching a minimum around 90 (i.e., the whole bin
is covered by observables).

In Fig. 13, we can see the different areas in Europe depending
on the RMSE value obtained from Fig. 12, which translates
to the different levels of precision for SM estimation. In this

Fig. 12. Relationship between the number of GNSS-R observables per bin
and the RMSE of soil moisture measurements.

Fig. 13. Estimated RMSE for soil moisture estimation, using the hourly
average of measurements per bin. In light blue, very low RMSE values are
found, with low revisit times (see color bar in the figure indicating the RMSE
values).

simulation, which performs GNSS-R measurements every 10 s
(with the same frequency as the position updates from ADS-
B), areas with a high affluence of planes commonly surpass
90 observables per bin. On the other hand, in remote areas, it
is very difficult to achieve those values. In order to solve this
problem, the rate at which acquisitions are performed needs to
be tuned depending on the area the plane is overflying: In areas
where the average number of points per bin is 9, for example, if
the instrument performed measurements every second (i.e., 10
times more), 90 samples per bin could be obtained.

As mentioned before, revisit time is one of the main ad-
vantages of airborne GNSS-R when compared to spaceborne
instruments. It is important to note that this improved revisit
time mainly considers coverage over land, as airplanes are bound
to fly from one airport to the other in almost straight lines.
Less-common flight routes provide sparse coverage over remote
areas, whereas commercial routes between main airports provide
very frequent revisit times.

Being in the middle of multiple popular flight tracks, the
Mediterranean Sea has been found to have excellent coverage
and temporal resolution by commercial airlines and could be
used in the future for test flights to evaluate the goodness of the
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proposed approach. Using regional flights, sea state determina-
tion, target, and even plastic waste detection could be obtained.

B. Comparison to CubeSat Receivers

CubeSat platforms are well suited for passive remote sensing
due to the low power required for the instrument, the low
cost of development and launch, and the large coverage. By
contrast, airborne-mounted GNSS-R instruments are making
use of already-existing planes, thus working on platforms of
opportunity. Due to being constrained to existing flight routes,
truly global coverage is not achieved with airplanes, but the im-
proved revisit time can make it an optimal solution for regional
applications that are constantly overflown by planes.

In terms of cost, massively produced GNSS-R receivers for
airborne applications (∼$100) are orders of magnitude cheaper
than a 1-unit CubeSat equipped with a GNSS-R instrument such
as 3Cat-4 (∼$100 000), even without taking into account the cost
of launch, operations, and personnel.

Data retrieval is especially advantageous for the case of the
airborne instruments, as data could be received either in real
time by using satellite communication constellations providing
Internet access over the oceans or downloaded at the end of
the flight once the plane has arrived at the destination airport,
using other means of wireless connection. In the CubeSat case,
this retrieval would need to be performed with predetermined
ground stations over several passes every day, with expensive
operation costs, and with more time elapsed until data can be
accessed.

The effect of topography is also very different when com-
paring airborne to spaceborne receivers [48], [54]. The specular
reflection corresponds to scattering processes in which waves
from a single direction are reflected into a single reflected di-
rection. On the opposite side, in diffuse scattering, the incoming
waves are reflected in a broad range of directions. The specular-
to-diffuse regime is determined by the roughness structures of
the surface topography, rather than its dielectric properties. The
first Fresnel zone described in this article, which corresponds to
the area from which reflections are received, becomes larger as
the height of the instrument increases.

For this reason, at higher altitudes, this area has a higher
probability to contain distinct surface heights, and, therefore, the
ratio of the coherent to incoherent component decreases (e.g.,
from 3% from a few hundred meters to 0.08% from a LEO) [55].

For soil moisture purposes, one of the most important metrics
is the signal-to-noise ratio of the peak of the DDM. Since, at
lower heights, the ratio coherent-to-incoherent component is
larger, so is the power of the reflected signal, and the SNR.

C. Radio-Frequency Interference

As with every passive remote sensing method, RFI is a
very real threat to GNSS-R sensors. Previous studies regarding
RFI effects on GNSS-R measurements [56], [57] conclude that
precorrelation and postcorrelation methods need to be imple-
mented for RFI detection and mitigation in the receiver in
order to retrieve accurate measurements. The use of a test

bed [46] to characterize the effect of RFI on the GNSS-R instru-
ment and to develop countermeasures is increasingly important
before and during campaigns, as the problem of RFI remains
unsolved and is continuously affecting active missions with
passive sensors [58], [59].

Regarding the strong effects that RFI can have on the mea-
surements, a compromise has to be made regarding the com-
plexity and cost of the tentative GNSS-R receivers that would be
mounted on airplanes: Either RFI contaminated samples are dis-
carded upon detection with the consequent loss of information,
but a cheaper system is built as a result, or mitigation techniques
are used to recover as much data as possible at the expense
of a costlier receiver. In the case of a theoretical worldwide
network of airplanes, with the number of samples that would
be generated, it might be better from the cost perspective to
discard contaminated samples and recover the measurements
from another airplane when the RFI disappears. A lower cost
barrier of entry would be beneficial in the long run, while
often-contaminated flight paths could be individually monitored
to evaluate if RFI mitigation techniques could be implemented
in a case-by-case basis.

VI. CONCLUSION

Several key areas that involve the main applications of GNSS-
reflectometry have been presented and analyzed under the hy-
pothesis of a fleet of airborne GNSS-R instruments, showcasing
the benefits of this deployment in multiple fields. The per-
formance of airborne GNSS-R has been explored through the
coverage, spatial resolution, and temporal resolution that could
be achieved by this technology. It was found that over most con-
tinental territories and especially over densely populated areas,
airborne GNSS-R excels in the three performance indicators,
thus becoming a very interesting technology to explore in the
near future. Even over the ocean, long-haul flights may be able
to provide valuable measurements that could revolutionize sea
routes and monitor garbage patches or wind speed [60] and
direction [61].

The theoretical soil moisture measurements that could be
achieved by this system have been analyzed, and the coverage,
temporal resolution, and RMSE presented make airborne GNSS-
R a very competitive alternative to satellite-based GNSS-R
missions. Using the system presented in this work with inter-
European flights, very accurate soil moisture measurements
could be obtained over a large area, providing valuable data
for environmental monitoring and cross-validation of other in-
struments.

Advances in GNSS-R are happening rapidly, and many in-
struments are being developed with innovative technologies that
could pave the way to a network of airborne GNSS-R. ESA pro-
posed an Invitation to Tender to study this technology for remote
sensing purposes in 2019, and projects such as [62] appeared
with the objective to test this technology with real-world data
from Air New Zealand’s flights. The idea of ubiquitous airborne
GNSS-R is becoming a reality, and some companies are starting
to investigate airborne GNSS-R for remote sensing purposes due
to the low cost and benefits that this technique can provide.
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