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ABSTRACT The Institute of Electrical and Electronics Engineers (IEEE) Geoscience and Remote Sensing
Society (GRSS) created the GRSS “Standards for Earth Observation Technical Committee” to advance the
usability of remote sensing products by experts from academia, industry, and government through the
creation and promotion of standards and best practices. In February 2019, a Project Authorization Request
was approved by the IEEE Standards Association (IEEE-SA) with the title “Standard for Spaceborne
Global Navigation Satellite Systems Reflectometry (GNSS-R) Data and Metadata Content.”

At present, 4 GNSS constellations cover the Earth with their navigation signals: The United States of
America (USA) Global Positioning System GPS with 31 Medium Earth Orbit (MEO) operational satellites,
the Russian GLObal’naya NAvigatsionnaya Sputnikovaya Sistema GLONASS with 24 MEO operational
satellites, the European Galileo with 24 MEO operational satellites, and the Chinese BeiDou-3 with 3
Inclined GeoSynchronous Orbit (IGSO), 24 MEO, and 2 Geosynchronous Equatorial Orbit (GEO)
operational satellites. Additionally, several regional navigation constellations increase the number of
available signals for remote sensing purposes: the Japanese Quasi-Zenith Satellite System QZSS with 1
GSO and 3 Tundra-type orbit operational satellites, and the Indian Regional Navigation Satellite System
IRNSS with 3 GEO and 4 IGSO operational satellites. On the other hand, there are different GNSS-R
processing techniques, instruments and spaceborne missions, and a wide variety of retrieval algorithms
have been used.

The heterogeneous nature of these signals of opportunity as well as the numerous working methodologies
justify the need of a standard to further advance in the development of GNSS-R towards an operational
Earth Observation technique. In particular, the scope of this working group is to develop a standard for data
and metadata content arising from past, present, and future spaceborne missions such as the United
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Kingdom (UK) TechDemoSat-1 TDS-1, and the National Aeronautics and Space Administration (NASA)
CYclone Global Navigation Satellite System CYGNSS constellation coordinated by the University of
Michigan (UM). In this article we describe the scene study, including fundamental aspects, scientific
applications, and historical milestones. The spaceborne standard is under development and it will be

published in IEEE-SA.

INDEX TERMS GNSS-R, IEEE Standards Association, Satellite Missions, Earth Remote Sensing

. OVERVIEW OF THE IEEE STANDARD FOR
SPACEBORNE GNSS-REFLECTOMETRY

A. INTRODUCTION TO THE STANDARD: STRUCTURE
AND CONTENTS

This working group has been assembled to develop this
standard with the purpose of unifying and documenting
GNSS-R  measurements, calibration procedures, and
product level definitions (https://standards.ieee.org/). It
includes members, collaborators, and contributors from
academia, international space agencies, and private
industry. In a face-to-face meeting held on November 2019
during the 6% Workshop on Advanced RF Sensors and
Remote Sensing Instruments (ARSI’19) and 4" Ka-band
Earth Observation Radar Missions Workshop (KEO’19)
joint meeting, the need was recognized to develop a
standard with a wide range of operations, providing
procedure guidelines independently of constraints imposed
by current limitations on geophysical parameters retrieval
algorithms. As such, this effort aims to establish the
fundamentals of a potential virtual network of satellites
providing inter-comparable data to the scientific
community (Figs. 1,2).

The proposed IEEE standard [1] presented hereafter has
been submitted under the sponsorship of GRSS and is
limited to GNSS-R [2-5]. The IEEE standard was first
presented in the 2020 IEEE International Geoscience and
Remote Sensing Symposium (IGARSS). Here it is
summarized, and it is used as the base of this paper. The
primary objectives of the standard are three-fold:

a) To define a comprehensive, accurate, and clear set of
low-level parameters that forms a standard product. The
choice of parameters shall be sufficient to enable the
accurate retrieval of at least the most common GNSS-R
products: Ocean wind speed and surface altimetry, Soil
Moisture Content (SMC), Above-Ground Biomass (AGB),
inland water, and sea ice.

b) To define the procedures that shall be followed to
generate the required fundamental and derived observables
that configure this standard: Estimation of the nominal
specular point, absolute power calibration, correction for
path and atmospheric delays in phase, impact of the
coherent scattering term in the bistatic radar cross section,
estimation of the scattering area, computation of the noise
floor, and
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FIGURE 1. Artist’s view of the UK-TDS-1 satellite. Image credits Surrey
Satellite Technology Ltd. (SSTL).

FIGURE 2. Artist's view of the NASA’s CYGNSS constellation
coordinated by the University of Michigan (UM). Image credits NASA.

Radio Frequency Interference
mitigation.

c) To generate a list of metadata and quality flags that
provide as much information as possible to the final users.

(RFI) detection and

B. THE MOST GENERIC GNSS-R OBSERVABLE: THE
DELAY DOPPLER MAP

The basic GNSS-R observables are the so-called
delay-waveforms and Delay Doppler Maps (DDMs) (Fig.
3). Some GNSS reflectometers provide only power
waveforms. Some others are able to deliver their in-phase I
and quadrature Q components, and thus providing phase
information of the reflected electromagnetic field. The most
widely used GNSS-R observable is the power DDM. Power
DDMs (|Y,(t.f )\2 can be modelled using geometrical and
scattering related parameters as follows [4]:
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FIGURE 3. Sketch of a sample Delay-Doppler Map (DDM) [4].
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where T, is the coherent integration time, Py is the power
of the transmitted signals, A is the wavelength of the
signals, Gr and Gy are the transmitting and receiving
antenna gains towards the direction of the reflected radio-
link, Rt and Ry are the ranges from the transmitter and
the receiver to the specular point, respectively, 7 is the
Woodward Ambiguity Function (WAF), T is the delay of
the signal from the transmitter to the receiver, f is the
Doppler shift of the reflected signal, f. is aimed to
compensate the Doppler shift of the signal, ¢° is the
bistatic scattering coefficient, and p is the positioning
vector of the scattering point on the reflecting area.

The bistatic scattering coefficient can be defined as
follows [6-9]:

GO _ GCOh’O 4 GinCOh’O, (2)

where o™ and o are the coherent and the

incoherent scattering terms respectively. Consequently,
DDMs consist of a sum of two terms as follows [6-9]:

(Y@ 0F) = (Vo D )+ (Vo SOL) . 0
ng,coh<r,f>2>

surface, while

incoh,0

accounts for coherent reflections from the
|Yr,incoh (tf )|2> is responsible for the
diffuse scattering.

<‘Yr,coh (t.f )‘2 can be expressed analytically for the case
of an infinite and homogeneously reflecting surface as
follows [6-9]:

(Vi) =

2 4)

T2P A*GrGglx(%.f)
P G1Grl ‘R(Gi)‘zyexp(—(chcosOi)z),

(41)*(R1+Rp )’

where R is the Fresnel reflection coefficient, k is the
signal angular wavenumber, G is the surface height
standard deviation (related to small-scale surface
roughness), y is the transmissivity of the vegetation, and
0, is the incidence angle.
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|Yr’incoh (tf )|2 includes contributions from vegetation,
small-scale surface roughness, and topography. Further
details on the incoherent scattering over rough surfaces can
be found in [4]. The impact of attenuation and scattering by
the upwelling vegetation should be considered to establish

an accurate model of the incoherently scattered field.

More recently, a new model capable of evaluating both
the incoherent and the coherent scattering terms [10] has
been developed based on aperture diffraction theory. It has
been validated over a lake with spaceborne data as
generated using the CYGNSS raw Intermediate Frequency
(IF) processor. This model is helpful for accurate analysis
of composite scattering from smaller smooth regions
interspersed in larger rough terrain.

C. DATA PRODUCTS

An outline of the data products is provided here. Different
techniques with a spaceborne application are considered
including conventional c-, interferometric i-, reconstructed
r-, and partial interferometric pi- GNSS-R. All the complete
definitions and details are part of the “Standard for
Spaceborne  Global  Navigation  Satellite  System-
Reflectometry (GNSS-R) Data and Metadata Content™ [11].

1) FUNDAMENTAL OBSERVABLES

The following fundamental observables are required to
be in agreement with the standard:
* ddm_complex: This field includes the after-correlation in-
phase I (real part) and quadrature Q (imaginary part)
components of the scattered signal in raw counts. GNSS-R
sensors of the c- and r-type shall ideally provide two
ddm_complex observables, one for the direct and one for
the reflected signal. The GNSS-R sensors of the i-type only
need to produce one ddm complex measurement. The
nominal specular point location may be accurately and
efficiently computed using e.g. the DTU 10 model over
ocean and e.g. the MERIT or Earth 2014 Digital Elevation
Model (DEM) over land (or a “reduced” version of these
models). Over land, several specular reflection points may
be encountered. The number will depend on facet size, but
on surface roughness as well, as it widens the angular
pattern of the scattered signal [4]. If it is too rough, the
pattern will be too wide, and it will not be coherent
anymore. These considerations lead to the fundamental
question of how to define the specular point: minimum
delay?, incidence angle of the incident wave equals
incidence angle of the reflected wave? The array size shall
be sufficiently large to account for the complete spreading
of the DDMs in delay and Doppler domains. State-of-the-
art values are ~ 4 GPS Coarse Acquisition (C/A) chips x
5000 Hz or ~ 30 GPS C/A chips x 10000 Hz for the C/A
code systems. The optimum delay and Doppler bins size are
also being analyzed. The bin size shall be defined
considering the scientific requirements versus the peak
uncertainty. Coherent integration time shall be assumed to
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be a variable. All information defining the processing
approach shall be included as metadata. It is recommended
to study the possibility of using direct and reflected signals
synchronized in the same correlation channel for system
autocalibration.

e ddm_complex compressed: This is the compressed
ddm_complex, i.e. the ddm complex variable compressed
to reduce the number of bits required in its representation.
The selected compression approach and any uncertainties
introduced shall be included in metadata.

e ddm_complex cal: This is the calibrated ddm complex
after the application of any corrections for calibration
purposes. The calibration method shall be included in the
metadata.

* ddm_complex compressed cal: This is the calibrated
ddm_complex_compressed, after the application of any
corrections for calibration purposes. The calibration method
shall be included in the metadata.

* ddm_power: This is the uncalibrated power value in raw
counts, that is, the squared modulus of ddm complex or
ddm_complex_compressed. The incoherent integration time
shall be assumed to be a variable. Default-values for land
and ocean surfaces shall be specified for each type of
surface. These values shall be included in the nominal
operational mode of the receiver. The location of the
specular point corresponding to the ddm_power shall be
identified. This information shall be included as metadata.
ddm_power observables may be produced on-board but
also on-ground.

* ddm_power_cal: This is the calibrated power that would
have been measured by an ideal GNSS-R sensor. An ideal
GNSS-R sensor is one with isotropic antennas and known
instrumental gain, delays and offsets, having no
quantization errors. Calibration procedures both in delay
and amplitude shall be defined including those for cGNSS-
R, iGNSS-R, rGNSS-R, and piGNSS-R. Different options
exist for calibration. Direct and reflected signals may be
routed to a calibration switch circuit inserted between them
and their Low Noise Amplifiers (LNAs) which allows for
accurate delay and amplitude calibration. Other calibration
approaches are possible, including the injection of Pseudo-
Random Noise (PRN) signals or using the same antenna for
direct and reflected signal. The calibration method shall be
included in the metadata.

» phase: This value is the phase [deg] of the calibrated
complex (ddm_complex_cal or
ddm_complex_compressed cal) DDMs. The point of the
DDMs to what this value corresponds shall be included in
metadata. It can be the peak (totally coherent scattering) or
the point of maximum derivative of the leading edge of the
delay-waveforms (coherent and incoherent scattering terms
exist). In the case of GNSS-R sensors of the c- and r-type,
phase shall include both direct and reflected correlation
channels. The phase shall be corrected for path and
atmospheric delays. Such correction shall be also included
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in the metadata. Note: The use of model based open loop
tracking (delay, Doppler) allows phase retrieval without a
full waveform sampling [12,13].

» power: This value is the peak power of the calibrated
complex (ddm_complex_cal or the
ddm_complex compressed cal) and calibrated power
(ddm_power_cal) DDMs. In the case of GNSS-R sensors of
the c- and r- type the power shall include both direct and
reflected correlation channels. The power unit shall be
[dBm]. Automatic Gain Control (AGC) shall be stable, and
it is recommended to remove any AGC influence by using a
constant gain channel.

2) DERIVED OBSERVABLES

The following derived observables are required to be in
agreement with the standard:
* bres: This is the bistatic scattering radar cross section
[m?]. The impact of any coherent scattering term shall be
separated. This term shall be also considered for the
computation of the overall path loses. The level of the
reflected signal relative to the direct signal shall be
accurately estimated using preferably the direct signals
themselves instead of a look-up table. The GNSS satellites
antenna radiation pattern in the direction of the up-looking
antenna and the specular point may be assumed to be
similar or estimated.
« effective_area: This is an estimate of the effective surface
scattering area [m?] that contributes in terms of power to
each DDM bin, after accounting for the GNSS signal
spreading function. It may be calculated by convolving the
GNSS WAF with the surface area that contributes in terms
of power to a given DDM bin as determined by its delay
and Doppler values and the measurement geometry. The
specular point bin location matches the specular point bin
location in the bres. State-of-the art procedures use an “end-
to-end simulator” such as the CYGNSS or the PAU/PARIS
simulator. This information shall be included as a look-up
table.
* nbrcs: This value is an estimation of the normalized
bistatic scattering radar cross section [dB] derived from
dividing brcs by effective area. For wind speed retrieval, a
window of delay and Doppler bins centered in the nominal
specular point corresponding to the nominal spatial
resolution on Earth’s surface should be used (typically) ~
25 km x 25 km for systems using the L1 C/A code (3 delay
and 5 Doppler bins in CYGNSS). This window size may be
assumed to be a variable, and information shall be included
as metadata.
« snr: This value is the Signal-to-Noise Ratio (SNR) of the
power DDMs, taking the level of noise floor as reference,
in [dB]. In the case of GNSS-R sensors of the c- and r-type,
snr shall include both direct and reflected correlation
channels.
* noise floor: This value is the noise floor of the complex
(ddm_complex or ddm_complex compressed) and power
(ddm_power) DDMs. In the case of GNSS-R sensors of the

4

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



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3089762, IEEE Access

IEEE Access

The IEEE-SA Working Group on Spaceborne GNSS-R: Scene Study

c- and r-type, noise floor shall include both direct and
reflected correlation channels. The units of the n_floor are
arbitrary units. The computation of n_floor shall account
for the type of surface i.e. ocean vs. land, including the
effect of topography if needed. It shall be computed as the
average over the number of bins before beginning of the
leading edge, for all Doppler frequencies in the DDM.

» gamma: This value is the reflectivity computed from the
calibrated power (ddm_power_cal) DDMs [dB]. The use of
an empirical estimation has been evaluated because both
the coherent and the incoherent scattering terms contribute
to the peak power of the DDMs [4,9].

« area and vol: This is the area (area) and the volume (vol)
of calibrated power (ddm_power cal) DDMs. In the case of
GNSS-R sensors of the c- and r-type, area_vol shall include
both direct and reflected correlation channels. Simulation
work indicates that the volume and the area of the DDMs
are related to the changes in the contribution to the
brightness temperature of the ocean induced by the
roughness.

* te and le: This value is the trailing & leading edges width
of calibrated power (ddm_power cal) DDMs in [m]. It is
defined as the lag difference between a certain power
threshold of the reflected power delay waveforms and the
corresponding maximum power of the waveforms. In the
case of GNSS-R sensors of the c- and r-type the te and le
shall include both direct and reflected correlation channels.
The power threshold information shall be included as
metadata.

« del: This value is the delay between the peak of the direct
power delay waveforms and the point of maximum
derivative of the reflected power delay waveforms.

* coh_to incoh: This value is the coherent-to-incoherent
scattering ratio [4,6].

* coh_comp: This is the coherent component of calibrated
power (ddm_power_cal) DDMs. “Coherent DDMs” can be
generated after removing the influence of the incoherent
scattering term by the computation of the variance of the
coherently integrated DDMs prior to the incoherent
averaging.

Il. GNSS-R TECHNIQUES

It is understood that there are several different techniques for
producing spaceborne GNSS-R measurements, and it is the
intention of the working group that the standard will be
applicable generally to all of them. The working group has
identified, presently, the 4 current or proposed GNSS-R
techniques used in spaceborne applications:

A. CONVENTIONAL GNSS-R

Conventional GNSS-R (cGNSS-R) (Fig. 4) [5,14-17]
correlates coherently during Te (typically 1 ms for GPS L1
C/A, L5 and Galileo ES; and 4 ms for Galileo E1 OS) the
reflected signal with a locally generated replica of the
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FIGURE 4. Basic concept of a conventional GNSS-R instrument [4].
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FIGURE 5. Basic concept of an interferometric GNSS-R instrument [4].

transmitted signal after proper compensation of the Doppler
frequency shift, possibly for a number of Doppler
frequencies around the central Doppler and/or time delays.
c¢GNSS-R can be used even from platforms with small
antennas and relatively low coherent and incoherent
integration times. As such, this technique is recommended
for land surfaces applications (e.g. soil moisture and
biomass monitoring) because of the higher spatial
resolution as compared to iGNSS-R (explained in the
following) that requires longer integration times because of
the lower SNR (unless very large and directive antennas are
used).

B. INTERFEROMETRIC GNSS-R

In the interferometric GNSS-R (iGNSS-R) case [5,14]
(Fig. 5) the reflected signal is cross-correlated with a
measured direct signal itself after proper Doppler frequency
and delay adjustment. iGNSS-R allows exploiting the full
spectral density of the GNSS signals (i.e. all the codes are
implicitly available, even the encrypted ones), thus
improving ranging precision because of the steeper slope of
the power waveforms on the tracking point (the point of
maximum slope in the leading edge). As such, iGNSS-R
can provide enhanced precision in ocean altimetry as
compared to cGNSS-R using only the publicly available
codes. On the other hand, the SNR [18,19] is a key-
parameter because thermal noise affects both the direct and
reflected signal measurements, and the noise of the cross-
correlation signal is severely degraded unless the size of the
up- and down-looking antennas is increased significantly.
Consequently, beam-steering techniques and eventually
multi-beam antennas (1 per Space Vehicle SV to be tracked
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and 1 for its corresponding reflection) are required to
guarantee a high spatio-temporal sampling of the surface
for mesoscale altimetry. Additionally, a proper calibration
process is required to improve the altimetric product
accuracy because of instrument thermal and aging drifts.
However, a self-calibrated configuration can be used to
compensate for these drifts. The Passive Reflectometry and
Interferometry System In-orbit Demonstration (PARIS IoD)
[14], the GNSS REflectometry, Radio Occultation, and
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Scatterometry Onboard the International Space Station
(GEROS-ISS) [20], and the GNSS Transpolar Earth
Reflectometry exploriNg System (G-TERN) [21] Phase A
studies, the “Cookie” [22] concept, and several additional
works [23-25] provide results on the performance of
iGNSS-R design. It should be pointed out that this
optimization does not apply to a cGNSS-R altimeter, since
there is only a down-looking antenna and receiving
channel, and any drifts in the frequency response,
immediately translate into a delay error that cannot be
compensated for.
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C. RECONSTRUCTED CODE GNSS-R

Reconstructed-code GNSS-R (rGNSS-R) [27,28] (Fig. 6)
is similar to the cGNSS-R technique, but semi-codeless
techniques are used to reconstruct the P(Y) or other codes
which are then correlated with the reflected signal. In [27],
the correlation approach used in the down-looking channel
instrument provides P-code processing of encrypted GPS
signals without knowledge of the encrypted code, in
addition to the C/A code for cGNSS-R, while the up-
looking channels use a similar correlation approach and
feed the information to the down-looking channel. In [28],
the direct L1 C/A signal is processed with typical Delay
Locked Loops (DLLs) and Phase Locked Loops (PLLs).
The locked C/A code model is used to form a L1 P model,
which is then applied to the direct signal, and after
integration over ~ 0.5 MHz W-chips to estimate their signs,
it is combined with the P-code model to form a L1 Y-code
model which is used to correlate with the down-looking
channel. The advantages of rGNSS-R rely mainly on the
larger bandwidth of the P(Y) codes as compared to the C/A
ones, and the larger SNR as compared to iGNSS-R, despite
the losses of the semi-codeless approach.

D. PARTIAL INTERFEROMETRIC GNSS-R

Partial interferometric GNSS-R (iGNSS-R) [29] (Fig. 7)
is similar to the iGNSS-R technique but using only as
reference signal the encrypted large-bandwidth signals (P
and M code components) of the direct signal. Although the
signal bandwidth is the same, the Gabor bandwidth is
larger, and so is the achievable range resolution as
compared to the iGNSS-R. However, this theoretical
improvement comes at the expense of a 3 dB signal loss as
the C/A code has been removed, which has to be
compensated by a 3 dB larger antenna directivity.

E. COMPARISON OF DIFFERENT TECHNIQUES

At present, cGNSS-R is the most widely used technique.
iGNSS-R provides an improved accuracy in ocean altimetry
products but requires higher directivity in both the up- and
down- looking antennas. On the other hand, instruments of
the i-type are much more complex and require a dedicated
calibration strategy. However, tracking and re-tracking
strategies are of lower complexity because of the lower
dynamics as compared to cGNSS-R [30,31]. In general, the
best SNR performance (which could turn into best
altimetric performance) is the one given by rGNSS-R. The
improvement between the altimetric performance of the
iGNSS-R technique with respect to the one achieved by
c¢GNSS-R (C/A code) is at least a factor of 2 [24]. Further
studies are required to elucidate the pros and cons of the
different techniques for the different scientific applications,
including ocean, land, and cryosphere.
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lll. GNSS-R MISSIONS AND INSTRUMENTS

In defining the GNSS-R standard, a top priority is that it will
be applicable to the wide range of past e.g. UK TDS-1 (Fig.
1), present e.g. NASA CYGNSS (Fig. 2), and future
spaceborne GNSS-R missions (Table I), but also to ground-
based and airborne instruments (Table II). In this Section, an
overview of the key-parameters of these missions and
instruments is provided, including information about the
GNSS-R technique, band, polarization, and GNSS system
used by the different satellites and instruments.

At present, the most common configuration is [cGNSS-R,
L1/LHCP, GPS]. UK TDS-1 [2] and CYGNSS [3] use this
configuration, although different signals can also be
processed using raw collections of IF samples. BuFeng-1
A/B also follow this configuration, but additionally can
collect BeiDou signals [36].

UK TDS-1 (Fig. 1) was launched into space in 2015 with 8
payloads on-board. One of these payloads was a technology
demonstrator GNSS-R instrument [33]. UK TDS-1 data were
publicly available. As such, the community was able to check
and to develop new retrieval algorithms. CYGNSS (Fig. 2)
has been the first operational GNSS-R mission launched into
space. CYGNSS was first proposed for ocean wind speed
estimation over tropical cyclones, although it has been
extended to operations over land surfaces. The orbital
configuration of each CYGNSS satellites is a circular Low
Earth Orbit (LEO) with a height of ~ 520 km and an
inclination angle of ~ 35°. At present, all 8 CYGNSS
spacecrafts are healthy and operating nominally [56]. More
recently, BuFeng-1 A/B twin satellites were also launched
into space. Each platform has 2 Nadir GNSS-R antennas, 1
navigation antenna, 1 auxiliary antenna, 4 LNAs with
blackbody calibration, and a GNSS-R receiver. The two
Nadir antennas are directed at the left and right sides of the
platform with inclination angles of ~ 26°. A first feasibility
study for wind speed retrieval has been performed [36].

Finally, it is highlighted that *Cat-2 [34], launched in 2016,
was the first CubeSat mission dedicated to GNSS-R. More
recently, more CubeSats have also been launched [37,39].

IV. SCIENTIFIC APPLICATIONS

There are several scientific applications of GNSS-R for
different surface types including ocean, land, and cryosphere.
This Section provides an overview of the most relevant
algorithms, as well as the associated GNSS-R techniques.

A. OCEAN

GNSS Earth-reflected signals can be used as sources of
opportunity for mesoscale ocean altimetry and wind speed
retrieval with improved spatio-temporal sampling as
compared to traditional monostatic radar altimetry and
scatterometry.

1) OCEAN ALTIMETRY
The potential of ¢/iGNSS-R for ocean altimetry (Fig. 8)
was first published in 1993 [5]. Over smooth ocean
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TABLE I. GNSS-R space-borne missions. Left- and Right- Hand Circular Polarization (L, R- HCP).

GNSS-R Band/Pol GNSS
Mission Date type used used
UK-DMC [32] 2003 cGNSS-R L1/LHCP GPS
UK-TDS-1 2015 c¢cGNSS-R L1/LHCP GPS
[33]
CYGNSS [3] 2016 c¢GNSS-R L1/LHCP GPS
3Cat-2 [34] 2016 c¢cGNSS-R L1,L2/LHCP, RHCP GPS
rGNSS-R GLONASS
iGNSS-R Galileo
BeiDou
SMAP 2017 cGNSS-R L2/H,V GPS
GNSS-R [35]
BuFeng-1 A/B 2019 c¢cGNSS-R L1/LHCP GPS
[36] BeiDou
Spire series 2019 cGNSS-R L1/LHCP GPS
[37] Galileo
Fengyun-3 2020 c¢cGNSS-R L1/LHCP GPS
series [38] Galileo
BeiDou
3Cat-5 A/B 2020 cGNSS-R L1/LHCP GPS
(FSSCat Galileo
mission) [39]
3Cat-4 [40] 2021 c¢cGNSS-R L1,L2/LHCP GPS
Galileo
PRETTY [41] 2022 iGNSS-R L1/RHCP GPS
Galileo
TRITON [42] 2022 c¢cGNSS-R L1/LHCP GPS

surfaces, the altimetric range as it is obtained from the
delay of the peak was first proposed in [57]. In 2002, a new
approach was formulated which consists in fitting a
theoretical model to the data. The best fit model implicitly
indicates the delay location where the specular point lies
[58]. In 2010, it was demonstrated that the maximum of the
derivative of the waveform’s leading edge corresponds to
the specular ray-path delay (except for filtering effects of
the limited bandwidth) [59]. The DDM multi-look
technique was proposed later. It consists in the acquisition
of the full DDM as a way to perform multi-look altimetry
beyond the typical pulse-limited region [60]. Additionally,
improved altimetric techniques based on phase observations
have been tested from an aircraft [61,62] and a zeppelin
[63]. The results, for low elevation angles up to ~ 30°, show
altimetric precisions comparable to Nadir-looking peak-
derivative methods over open sea waters. These results
have been confirmed from space, both in near-Nadir
geometry over smooth sea ice surfaces [64] and grazing-
angle geometries over sea ice and ice sheets [65] and over
relatively calm seas [66]. All of the above algorithms are
based on ¢cGNSS-R. The peak-derivate method has also
been applied in 2013 to iGNSS-R [24], and in 2014 to
rGNSS-R [27].
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Finally, it is worth to comment that in the spaceborne
era, the peak-derivative method [67,68], and the phase
observations [66] have also been successfully explored
using ¢cGNSS-R. An alternative approach similar to the
peak-derivative method was proposed in [24]. It consists in
assuming that the specular path delay corresponds to the
delay at the 75% [24] and 70% [69] of the peak power. In
order to achieve the centimetric accuracy required to track
the mean sea level and its spatio-temporal variations,
related to large-scale circulation, ocean currents and eddies,
or El Nifio events, one of the challenging errors to be
corrected for is the Electro-Magnetic (EM) bias, which in
GNSS-R it also exhibits a dependence with the elevation
and azimuth angles [70-72]. Additionally, bandwidth has an
important impact in the iGNSS-R waveforms [73]. As the
bandwidth is reduced, the Auto Correlation Function (ACF)
becomes wider, and the waveform shape approximates to
the cGNSS-R approach, using the C/A code only. The
displacement produced is small for 20 MHz (40 MHz in
RF) (around 14 cm approx.). At 10 MHz (20 MHz in RF),
the displacement obtained is around 25 cm, which could
start to be relevant.
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TABLE Il. Summary of some available information on some existing GNSS-R receivers. Type of GNSS-R instruments: G (Ground-based), A (Air-borne),
S (Space-borne). GPS-IR means GPS Interferometric Reflectometry, which is a dedicated ground-based technique.

ID HW/ Number Frequency BB Sampling Output Receiver GNSS Type
Bands Bandwidth Rate Rate (Hz) Technique Constellation
SW RF Ports (MHz) (MHz)
GORS-1(2) HW 2 (4) L1,L2 - - - c¢GNSS-R GPS, G, A
[43] (C/A, L2C) Galileo
TR SW 2 L1,L2 - - - Raw GPS
BJ SW 4 L1,L2 18 20 20,000 Raw GPS G
TriG HW 8(16) Any 4 2 to 40 20/40 0.1-1000 Any: GPS,
within L- config. software GLONASS
(extended) band config. Galileo
OceanPal/ SW 2 L1 4 16.367 1000 Raw GPS G
SAM
OpenGPS HW 2 L1 - 5.7 <1000 c¢GNSS-R GPS G
[44] (C/A)
COMNAC SW 1 L1 - 5.7 - Raw GPS G
Ublox HW 1 L1 2 4 - c¢GNSS-R GPS
LEA-4T (C/A)
NordNav SW 1(4) L1 2 16.4 - Raw GPS
GRAS HW 3 L1,L2 20 28.25 1000 c¢GNSS-R GPS G
(C/A)
DMR [45] HW 4 L1,L2 4 16 variable c¢GNSS-R, GPS S
raw
NGRx [46] HW 20 LI, L5 32 65 variable c¢GNSS_R, GPS, Galileo, S
raw other
POLITO-G SW 1 L1 - 8.1838 - Raw GPS G
NSS-R
GRIP-SAR HW 2 L1, L5, 52 <=150 1 c¢GNSS-R GPS G
GO EL, ES Galileo
GLORI SW 4 L1 4 16.4 - c¢GNSS-R GPS A
[47]
GOLD- HW 3 L1 8 20 1000 c¢GNSS-R GPS G, A
RTR [48] (C/A)
PIR/A [49] HW 3 L1 12 80 1000 iGNSS-R Any at L1 G, A
SPIR [50] SW 16 LI, L5 80 40 40000 Raw Any atL1,L5 G, A
SPIR--UAV SW 8 LI, L5 80 40 40000 Raw AnyatL1,L5 A
DODEREC HW 3 L1 - 20.46 - c¢GNSS-R GPS G
[51,52] (C/A)
SMIGOL HW 1 L1 22 5.745 1 GPS-IR GPS G
[53] (C/A)
PYCARO SW 2 L1,L2 20 >100 Tc and Ti c¢GNSS-R, GPS, G, A,
27,54] MHz config. rGNSS-R GLONASS, S
iGNSS-R Galileo, BeiDou
PYCARO-2 SW 2 L1,L2,L5 50 >100 1 c¢GNSS-R, GPS, G
Bl1, B2, B3 MHz rGNSS-R GLONASS,
El, ES Galileo, BeiDou
MIR [26] HW/ 2 LI, L5 24 32.736 Tc and Ti Raw GPS G, A
SW (x2) config. Galileo
FMPL-1 HW/ 2 L1,L2 2 4.096 Tc and Ti c¢GNSS-R GPS S
[40] SW config.
FMPL-2 HW/ 2 L1, El 2.4 4.096 Tc=1or c¢GNSS-R GPSL1C/A S
[55] SW 4 ms; Ti Galileo E1
config
FMPL-3 HW/ 2 L5 24 10.230 Tc and Ti c¢GNSS-R GPS L5 S
SwW E5a config Galileo E5a
GENESIS HW 16 All L-band - 2-401/Q 1000 c¢GNSS-R, All GNSS and A,S
config. GNSS-RO, SBAS, >=2 freq.
GNSS-PRO each
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FIGURE 8. (a) Image of [67]: Technical University of Denmark (DTU) 10 Mean Sea Surface Height (MVSSH) over the North Pacific, (b) UK TDS-1 derived
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FIGURE 9. Empirical Geophysical Model Functions (GMFs) for the two Level 1 observables: (a) Delay Doppler Map Average DDMA, and (b) Leading
Edge Slope LES, at an incidence angle of ~ 30°, overlaid on log (density) scatter plots of the training data from which they were derived [95].

2) WIND SPEED

The first wind speed retrieval algorithms were based on the
so-called DDM-fit method [74-76]. After re-normalizing
and re-aligning the delay-waveform, the best fit against a
theoretical model gives the best estimate for the
geophysical and instrumental-correction parameters.
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Depending on the model used for the fit, the geophysical
parameters can be 10-meter altitude wind speed, or sea
surface slopes’ variance (Mean Square Slopes MSS).
Alternative methods perform the fit on the DDM [77,78]. In
this way, anisotropic information can be obtained from a
single satellite observation. In the so-called trailing-edge
methods, the fit is performed on the slope of the trailing-
edge [75,79]. Additionally, a stochastic method has been
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proposed [80]. It consists of two algorithms to relate the sea
roughness conditions with the Doppler spread and the delay
spread of the reflected signals. This technique was applied
to LEO-based GNSS-R data from the UK-DMC mission
[81], where five GNSS-R measured Doppler spreads
correlated with the MSS records taken by nearby buoys.

In 2008, simulations indicated that the volume under the
normalized DDM or the area under the normalized
waveform up to a predetermined threshold are due to the
changes in the surface roughness, signals which in turn are
also captured in the brightness temperature of the ocean
L-band emission [82-84]. Simultaneously, the discrete-
Probability Density Function (PDF) method was also
proposed [85]. When the bistatic radar equation for GNSS
signals is re-organized in a series of terms, each one
depending on the surface’s slope, the system is linear with
respect to the PDF of the slopes. Discrete values of the PDF
are therefore obtained. This retrieval does not require an
analytical model for the PDF (no particular statistics
assumed). When the technique is applied on DDMs, it is
possible to obtain the directional roughness, together with
others non-Gaussian features of the PDF (such as
up/down-wind separation). In 2011 the Normalized Radar
Cross Section (NRCS) inversion method was formulated
[86]. Numerically efficient methods were presented [86,87]
for inverting DDMs to produce a 2-D mapping of the
NRCS over the glistening zone [86,87]. All of the above
algorithms are based on cGNSS-R.

A feasibility study of wind speed retrieval from space
was performed using data from the UK TDS-1 mission
[88]. The most successful example of GNSS-R mission for
wind speed retrieval is the CYGNSS mission [3], designed
primarily for the purpose of monitoring tropical cyclones
[89-92], but collecting data over all of the oceans and
providing global retrievals of wind speeds [93-95]. These
retrievals are achieved using the so-called baseline
approach, that implements the minimum variance
combination of wind estimates from two observables
derived from CYGNSS DDMs, which are known as Delay
Doppler Map Average (DDMA) and Leading-Edge Slope
(LES) [93-95]. Wind speed estimates derived from each of
these observables are obtained via the development of
Geophysical Model Functions (GMFs), which consist of 2-
D lookup tables of retrieved wind speed, as a function of
the observable and the incidence angle (Fig. 9) [95]. The
baseline winds provide good quality global wind estimates
which have been shown to meet the mission requirements
[96], but suffer from significant retrieval biases, especially
at high wind speeds [97]. More recently, a retrieval
algorithm based on the use of an Artificial Neural Network
(ANN) has been also proposed for wind speed estimations
from CYGNSS [98].

3) SWELL
At present, there are few studies on the impact of swell
on GNSS-R. However, the scattering at L-band can be
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significantly affected by swell. In 2012, the superposition
of the wave spectrum with the swell was evaluated in [99].
In 2013, an air-borne experiment suggested the possibility
to measure seca waves periods and heights [100]. That
evidence triggered the need to better understand the
scattering mechanisms, and to that end, an experiment was
performed over a wave channel, showing the feasibility to
perform sea waves determination using coherently reflected
GPS signals [101]. Simultaneously, the effects of swell on
the EM bias were evaluated as a function of the elevation
angle [72]. In 2016, the existence of swell effects in low
wind speed conditions were analyzed with UK TDS-1 data
[102]. In 2020, an analysis in three domains (statistical,
time, and spectrum) using air-borne data [103,104] showed
the possibility to retrieve wind-driven waves period and
swell period thanks to the identification of the secondary
peaks [6] present on the coherent component, and other
derived products such as the sea state, and the sea surface
height with improved resolution. Finally, simulation studies
with effects of swell have been compared with TDS-1 data,
showing that swell changes the sea surface roughness and
has a significant impact on the scattering of GNSS-R
signals [105].
3) TARGET DETECTION

GNSS-R constellations could revolutionize sea target
detection thanks to the improved spatio-temporal sampling
properties [106-110]. In [106], airborne experimental data
demonstrated the possibility of ship detection. In [107], the
use of DDMs acquired in a backscattered configuration was
proposed. The feasibility of sea target detection from a
spaceborne platform was showed in [108] using a spatial
filter based on steerable antenna beams to solve for the
mapping ambiguity. [109] presented a Constant False
Alarm Rate (CFAR) method for ship object detection. In
[110], a sea target detection algorithm with a spaceborne
application was described. It was based on a sea clutter
compensation step, using an adaptive threshold to consider
spatial variability in the sea background and/or noise
statistics. More recently, a few more works [111,112] have
provided new insights. In [111], a matched filter was
proposed using data from the UK-TDS-1 to detect sea-
targets in a DDM sequence without requirements for any
(pre)detection. Finally, simulations for ship detection
applications at low incidence angle were performed in
[112] using a stochastic simulator for sea surfaces.

B. LAND

The use of different GNSS-R techniques for land-surface
applications requires further research activities because the
dielectric properties of this scattering medium make it more
complex than the ocean surface.
1) SOIL MOISTURE CONTENT

The first study on the potential use of GNSS-R for SMC
estimation was published in 2000 [113]. Follow-on
activities were proposed simultaneously to investigate the
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FIGURE 10. SMAP over-land power waveform analysis using one-year averaged values [35]: (a) Polarimetric ratio, (b) global distribution of time-
averaged retrieved surface soil moisture based on SMAP radiometer observations and application of the multi-temporal dual-channel algorithm [125].

capabilities of GNSS-R for SMC determination using
cGNSS-R  [114-116] and GPS  Interferometric
Reflectometry (GPS-IR) [53,117-119]. The use of the
polarimetric ratio (ratio of the reflected signals’ power at
two different polarizations) on cGNSS-R data collected
from two airborne experiments was further studied for
SMC determination because it can cancel out surface
roughness effects [35,120]. A GNSS dual-polarization
payload [27] was successfully tested during two
experiments from a stratospheric balloon [6]. A
comprehensive study over different land surface types was
performed to further assess the use of dual-polarization
information obtained during two air-borne campaigns
[121].

More recently, new important conclusions were also
derived. The use of the GPS-IR for accurate SMC
estimation was validated over multiple GPS test sites
including vegetated surfaces [118,122]. A sensitivity to
SMC of ~ 38 dB/(m*/m?) was measured over nearly bare-
soil target areas using data from UK TDS-1 [123,124]. A
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Pearson correlation coefficient of r ~ —0.6 between | year
averaged polarimetric ratio from a GNSS-R experiment on-
board the Soil Moisture Active Passive (SMAP) mission
and SMC (Fig.10) was measured over the complete Earth’s
surface [35,125]. The elevation angle should be considered
for the application of the so-called Tau-Omega model in the
GNSS-R case [9]. Daily averaged CYGNSS-derived and
SMAP-derived SMC showed a good agreement over
specific test sites [126]. A better sensitivity of CYGNSS to
SMC appeared over croplands when the coherent scattering
term became dominant over the incoherent one, with a
sensitivity to SMC of ~ 50 dB/(m*/m®) [127]. It was found
that the ratio of the coherent-to-incoherent scattering terms
depends on the elevation angle [127,128]. The reflectivity
was found to be a better SMC estimator than the SNR.
Additionally, it was found a significant influence of the
elevation angles on the results [128].

Several works have demonstrated the possibility to
estimate SMC using CYGNSS data. A retrieval approach
based on incoherent scattering was presented in [129],
under the assumption that vegetation and roughness
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FIGURE 11. Comparisons of SMAP and CYGNSS SMC [129] on time scales of 1 day and 3 days on a 0.2° x 0.2° latitude/longitude grid. (a) Retrieved
SMC using CYGNSS land returns over 1 day, (b) SMAP SMC over 1 day, (c) retrieved SMC using CYGNSS land returns over 3 days, (d) SMAP SMC over

3 days.

changes occur on timescales longer than those associated
with soil moisture changes. Results suggested that global
SMC retrieval with an RMS error on the order of ~ 0.04
cm®/cm® is possible over varied terrain (Fig. 11).
Simultaneously, the so-called Reflectivity-Vegetation-
Roughness R-V-R algorithm was implemented in [130].
The CYGNSS-derived SMC values that were estimated
globally agreed well with SMAP collocated measurements,
delivering an overall RMS error of ~ 0.07 cm®/cm®. The
University Corporation for Atmospheric Research (UCAR)
/ University of Colorado (CU) SMC product was presented
in [131]. This product was derived using the empirical
relationships between the reflectivity and SMAP-derived
SMC. It was validated at 171 in-situ soil moisture stations,
which resulted in a median unbiased RMSE of ~ 0.049
cm®/cm?. At present, the main remaining challenges are to
properly correct for the impact of the upwelling vegetation
cover and the small-scale surface roughness in the
reflectivity, so as to improve the accuracy in SMC
retrievals [132]. To do so, multi-pass and single-pass
techniques can be applied, each one with pros and cons.
Finally, it worth to mention that a significant effort has
been performed in the development of simulation tools to
better understand SMC retrieval capabilities from a space-
borne platform [133].
2) BIOMASS

Some pioneering studies showed a promising sensitivity
to forest biomass. Scattering simulations based on the
Bistatic MIchigan Mlcrowave Canopy Scattering (Bi-
MIMICS) model at linear polarization (Horizontal H,
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Vertical V) suggested a better sensitivity than monostatic
configurations for canopy Height CH ~ 8 m [134]. This
result was consolidated using the Tor Vergata model at
circular polarization (RHCP, LHCP) for higher levels of
biomass up to AGB ~ 200 ton/ha [135]. Direct and multiple
scattering terms were evaluated using Bi-MIMICS [136] at
circular polarization (RHCP, LHCP). It was concluded that
the total scattering field at both polarizations RHCP and
LHCP is dominated by the scattering over the tree trunks
layer. The Soil and Vegetation Reflection Simulator
(SAVERS) was developed using the Tor Vergata
electromagnetic = model [135]. SAVERS includes
capabilities to predict signal power as measured by a
GNSS-R reflectometer, considering system properties, and
observation geometry [116]. Two airborne experiments
confirmed the sensitivity of the bistatic reflectivity up to
high levels of AGB ~ 300 ton/ha [137].

Empirical results over boreal forests from a
stratospheric balloon suggested that the coherent scattering
term is roughly independent of the platform’s height [138].
The EMISVEG [139] and the Signals of opportunity
Coherent Bistatic scattering model for Vegetated terrains
(SCoBi-Veg) [140] simulators further analyzed this
hypothesis. Lindenmayer systems [141] were used to
generate fractal geometry and the Foldy’s approximation
[142] was used to account for attenuation and phase change
of the coherent wave propagating in the forest media. More
recently, a comprehensive study [143] demonstrated a
significant sensitivity of several GNSS-R observables up to
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FIGURE 12. Absolute error in AGB retrieval over (a) Congo, and (b) Amazon [144]. Trailing edge was used at grazing angles. Empirically derived

polynomial fitting functions were used.

AGB ~ 150 ton/ha at different elevation angles using the
GLObal navigation satellite system Reflectometry
Instrument (GLORI) instrument [47]. Feasibility studies for
the case of GNSS-R data collected from a spaceborne
platform have shown a certain sensitivity to forests biomass
on a global scale using the SMAP radar receiver [35]. CH
was demonstrated to be a key parameter, with a higher
impact in GNSS-R signatures than Normalized Difference
Vegetation Index (NDVI). More recently, the first maps of
absolute error in AGB retrieval from space using GNSS-R
were generated, showing a small error over areas with an
AGB up to ~ 500 ton/ha (Fig. 12). These findings suggest
the possibility of accurate AGB retrieval using GNSS-R on-
board small satellites such as, e.g., CYGNSS [144].
Additionally, experimental results have suggested that for
beech forest, NDVI is a good descriptor of signal
attenuation at L-band, which is known to be related to the
Vegetation Optical Depth (VOD) [145]. Depolarization
effects were also studied and they were found to be
significant at elevation angles as large as ~ 50° [145].
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3) INLAND WATER BODIES

GNSS-R data have also been exploited for inland water
monitoring thanks to the enhanced spatial resolution and
increased reflected power under the coherent scattering
regime [146-149]. GNSS-R airborne data collected over the
Ebro River Delta (Spain) and spaceborne data over the
Mississippi  River (USA) demonstrated that inundated
wetlands can be identified under different vegetation
conditions [146]. Later, [147] showed that CYGNSS data
provide clear evidence of surface saturation and inundation
extent over land with higher spatio-temporal sampling than
more traditional microwave radiometers such as e.g.
SMAP. [148] showed that CYGNSS watermasks provide
accurate, time-varying maps that are able to resolve
changes in lake and river position and extent. [149]
demonstrated that CYGNSS has a capability for frequent,
high-resolution observations of wetland dynamics across a
wide range of timescales in the tropics. Finally, [150]
demonstrated the creation of dynamic inland water body
masks at spatial resolutions ranging from 1 to 3 km through
the use of a recently developed coherence detector for the
delay-Doppler maps produced by the CYGNSS
constellation.
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FIGURE 14. Sea ice concentration: (a) Winter, (b) Summer. Sea ice type: (c) Winter, (d) Summer. Data provided by the European Organisation for the
Exploitation of Meteorological Satellites (EUMETSAT) Ocean and Sea Ice Satellite Application Facility (OSISAF). (1) no ice or vey open ice; (2) relatively
young ice; (3) ice that survived a summer melt. Probability of miss-detection filtered out in data processing.

1) SNOW

The first study on GNSS-R over thick dry snow masses
was the theoretical investigation performed in [151]. Later,
the GPS-IR technique was used in several experiments,

C. CRYOSPHERE
At present, there is also an increasing number of GNSS-
R applications in the cryosphere.
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FIGURE 15. (a) The number of melt days over the Greenland ice sheet for each 25-km grid cell, which is accumulated from the Greenland daily
microwave radiometer surface melt map during the 2018 melt season (May—-October), and (b) the averaged changes in GNSS-R reflectivity for each
grid cell computed with the UK TDS-1 data collected during the 2018 melt season (May—October) [174].

including the use of frequency [152], and frequency and
amplitude [153] measurements. In 2011, the use of the
GPS-IR at linear [154] and circular [155] polarization was
explored. Alternatively, radio-holographic techniques were
used on each lag of the delay-waveform to identify the
spectral content of the signal, and to identify each
frequency-component to different snow depths, reaching
down to ~ 300 meters depth in polar ice sheets of the
Antarctica [156].

2) SEAICE

In 2011, phase-delay observations [155-157] were used
to monitor the tidal signatures of floating sea ice in
Greenland. Alternatively, the peak-power method was used
to estimate the permittivity [158]. An empirical model was
generated after comparison of the peak power of GPS
reflections received by air-borne instruments with
RADARSAT backscattered peak power. This method was
also applied to spaceborne UK-DMC data and compared to
Sea Ice Concentration (SIC) measurements obtained with
the Advanced Microwave Scanning Radiometer-E
(AMSR-E) and ice charts [159]. However, this observable
can be strongly affected by the sea ice surface roughness.
To overcome this limitation, the polarimetric ratio was
explored in [160]. Linear [161] and circular [162]
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polarimetric phase shift methodologies were used as a
means to estimate the permittivity. A different approach to
obtain the sea ice roughness by fitting the waveform shape
was used in [162,163]. This method showed potential for
characterization of the different stages of sea ice after the
comparison with other remote sensing techniques. In 2013,
the scatterometric fit method [156] was used to estimate sea
ice roughness. In 2011, a certain correlation was found
[155,156] between the coherence time of the reflected
signals and the wind over the zone. All of the above
algorithms are based on cGNSS-R.

In the spaceborne era, a GNSS-R study was performed
over the Artic from SMAP in 2017 [35,164,165]. The
sensitivity of several observables (SNR, polarimetric ratio,
ratio of the trailing- over the leading- edge, and slope of the
trailing-edge) to seasonal fluctuations of SIC was
evaluated. The use of the polarimetric ratio at linear
polarization was found to provide improved results (Figs.
13,14). This observable followed the Fresnel reflection
coefficients for a smooth surface (sea ice): > 2 dB (Winter)
vs. ~ 0.5 dB (Summer). Additionally, several spaceborne
experiments have been performed from the UK TDS-1. In
2017, a sea ice detection algorithm was developed using
data over the Arctic and the Antarctic regions based on the
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similarity of the received GNSS reflected waveform to the
coherent reflection model waveform [166].

In 2018, the use of Convolutional Neural Networks
(CNNs) was proposed for sea ice detection and SIC
prediction [167]. In 2019, a framework that employs
Support Vector Machines (SVMs) was proposed for the
classification of DDMs, specifically, for separating DDMs
of sea ice from those of sea water [168]. The developed
approach shows improved sea ice detection performance
with respect to the existing NN- and CNN-based algorithms
in terms of, first, enhanced accuracy and improved
robustness with respect to false alarm, second, less DDM
data storage requirements, and finally, fewer tuning
parameters [169]. In 2020, an effective schematic was
developed for estimating Sea Ice Thickness (SIT) from the
reflectivity, which was formulated as the product of the
propagation loss due to SIT and the reflection coefficient of
underlying sea water [170]. A GMF for SIC retrieval has
been also developed based on a new observable termed as
differential delay waveform (DDW) [171]. Finally, the
potential of GNSS-R to classify ice types during the sea ice
formation period was demonstrated using a sea ice multi-
step classification approach based on UK TDS-1 data and
Synthetic Aperture Radar SAR-derived sea ice type maps
[172].

3) GLACIERS

A GNSS-R experiment over Greenland ice sheet was
performed from SMAP in 2017 [35] using several
observables (SNR, polarimetric ratio, and trailing-edge).
Two main conclusions were found: a) It is feasible to
monitor melting on the ice sheet and the corresponding
seasonal fluctuations, b) the spreading of the waveforms
increases with the amount of dry ice because of the impact
of the volume scattering term. Over dry ice, volume
scattering and scattering at different layers could occur
allowing the GNSS signals to penetrate the subsurface.
These findings triggered the possibility of cryosphere
monitoring using GNSS-R sensors from space. Several
dedicated studies over Greenland have also been performed
with data provided by the UK TDS-1 mission. In [173], the
information contained in the DDMs were inverted to obtain
altimetric estimates, and the retrieved height showed, as
expected, significant discrepancy with the ice surface
elevation corresponding to the topography given by
National Snow and Ice Data Center (NSIDC) Geoscience
Laser Altimeter System (GLAS) data from the Ice, Cloud,
and land Elevation Satellite (ICESat-1). The difference
between the GNSS-R derived surface height and the ice
surface elevation was attributed to the penetration of the L-
band signal into the ice-sheet. In 2020, ice-sheet melting
occurrence was detected using the reflectivity increment
from the empirical background reflectivity (Fig. 15) [174].
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V. GNSS+R 2021 AND BEYOND

Continuing the series of GRSS-co-sponsored conferences,
GNSS+R 2021 will be held in Beijing, China. GNSS+R
2021 will be an international forum for reporting and
discussing recent achievements in GNSS-R and other signals
of opportunity. The meeting will focus on the latest advances
in GNSS-R theory and modeling, instrumentation, algorithms
and applications in the field of ocean, land, and cryosphere
remote sensing. The “Standard for Spaceborne GNSS-R Data
and Metadata Content” working group will meet there to
share our standard [11] with all the potential users in the
community.

VI. SUMMARY AND OUTLOOK

Future advancements on satellite subsystems and retrieval
algorithms will further explore the performance of GNSS-R
to derive geophysical parameters of interest such as wind
speed, ocean surface height, soil moisture content, biomass,
inland water, and sea ice. As such, the GNSS-R standard is
focused on the definition of the L1 parameters required for
the generation of scientifically valuable products. We aim to
provide a strong foundation for GNSS-R data to further
explore and shift the limits of this technique, independently
of constraints imposed by current limitations on geophysical
parameters retrieval algorithms. In this article, an overview
of the different GNSS-R techniques with a spaceborne
application has been shown. Additionally, a description of
the most common retrieval algorithms has demonstrated the
wide range of scientific applications of GNSS-R over ocean,
land, and cryosphere. On the other hand, we have compiled
some available information on most of the existing GNSS-R
receivers. The wide variety of techniques, algorithms, and
instruments motivated the development of this working
group.

The GNSS-R community has been growing rapidly during
recent years. In the next decade, constellations of small
satellites (Fig. 16) are expected to be launched into space,
and works have also proposed larger missions [20-22] (Fig.
17). As such, we should plan future data sets so that valuable
and inter-comparable products will result with a view to
enable long-term stability and retrieval consistency in
support of science and operational applications.

VIl. ON-LINE RESOURCES

GNSS+R Bibliography, Institute of Space Sciences. Online
available:
https://www.ice.csic.es/personal/rius/gnss_r_bibliography/in
dex.html

Cyclone Global Navigation Satellite System, University of
Michigan. Online available https://clasp-
research.engin.umich.edu/missions/cygnss/ (07/07/2020).
PEPS/GEROS GNSS-R Simulator, Universitat Politecnica
de Catalunya. Online available:
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FIGURE 16. Artist’s view of a Spire GNSS-R CubeSat mission. Image credits Spire Global.
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FIGURE 17. Artist’s view of GEROS deployment at the upper Columbus External Payload Facility “upper balcony” of the ISS Columbus module with

limited field of view [20].

https://prs.upc.edu/2018/07/19/gnss-r-simulator/

(07/07/2020).

GEROS-SIMALAND GNSS-R  Simulator, Universitat
Politecnica de Catalunya. Online available:
http://147.83.91.189/ (07/07/2020).

P4003 - Standard for Global Navigation Satellite System-
Reflectometry (GNSS-R) Data and Metadata Content, IEEE
GRSS. Online available:
https://standards.ieee.org/project/4003.html (07/07/2020).

APPENDIX: THE GNSS CONSTELLATIONS

An overview of the 4 GNSS constellations (Table Al) is
provided in this Appendix. Understanding the heterogeneous
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nature of these signals of opportunity as well as the numerous
types of constellations is important in the GNSS-R scenario.

A. GPS

GPS is a robust constellation consisting of 31 operational
SVs plus 5 spares. More decommissioned satellites are in
orbit and available as spares. Satellites are distributed over
six orbital planes, separated by a Right Ascension of the
Ascending Node (RAAN) of ~ 60°, with an orbital
inclination of ~ 55°, and with an orbital radius of ~ 26,600
km. Each satellite orbits the Earth twice every sidereal day,
and the same ground track is repeated once per day.
Therefore, the same constellation geometry can be observed
every day with ~ 4 minutes (235.909 seconds) difference.
At the time of writing this article the constellation is
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TABLE A1. Parameters of the most common GNSS signals used in GNSS-R: GPS L1 C/A, GPS L2 P(Y), GPS L2 C, Galileo E1 OS, GLONASS C/A L1
and L2, GLONASS L2 P, and BeiDou B3lI.

GNSS GPS GPS GPS GPS Galileo GLONASS GLONASS GLONASS BeiDou
system
Code name C/A P(Y) CM CL El OS C/A C/A P B3I
Center 1575.42 1227.6 1227.6 1227.6 1575.42 (1598.0625- (1242.93- (1242.93- 1268.52
Frequency 1605.375) + 1248.625) + 1248.625 +
(MHz) 0.511 0.511 0.511
Frequency L1 L2 %) %) g1l L1 L2 L2 L2
band
Access CDMA CDMA CDMA CDMA CDMA FDMA FDMA FDMA CDMA
technique
Modulation BPSK BPSK (10) BPSK (1) BPSK (1) CBOC BPSK BPSK BPSK BPKS
(1) results of results of (6,1,1/11) (0.511) (0.511) (0.511) (10)
multiplexing multiplexing
two two
streams of streams of
511.5 kHz 511.5 kHz
Sub-carrier - - - - 1.023 and - - - -
frequency 6.138
(MHz) (Two sub-
carriers)
Chipping 1.023 10.23 0.5115 0.5115 1.023 0.511 0.511 0.511 10.23
rate (MHz)
Signal Data Data Data Pilot Data Pilot Data Data Data Data
component
Primary 1023 6.19x 1012 10230 767250 4092 511 511 - 10230
PRN code
length
Code Gold Combination M-sequence M-sequence Random M-sequences M- - -
Family codes and short from a from a Codes sequences
cycling of M maximal maximal
sequences polynomial polynomial
of of
degree 27 degree 27
Secondary - - - - 25 - - - -
PRN code
length
Data rate 50 bps 50 bps 1IF 50 bps; NA 250 bps 50 bps 50 bps 250 bps 50
IIR-M also NA
25 bps
Minimum -158.5 I/ITA/IIR TI/ITA/TIIR -157 -157 -161 -167 - -163
received -164.5 -164.5
power IIR-M IIR-M
(dBW) -161.4 -161.5
IIF IIF
-160.0 -161.5
B. GLONASSS

composed of the following satellites: 9 GPS IIR
transmitting the L1 C/A, L1 P(Y), and L2 P(Y) signals, 7
GPS IIRM transmitting the L1 C/A, L1 P(Y), L2 P(Y),
L2C, L1M, and L2M signals, 12 GPS IIF transmitting the
L1 C/A, L1 P(Y), L2 P(Y), L2C, L1M, L2M, and L5
signals, and 3 GPS IIIA transmitting the L1 C/A, L2 P(Y),
L2C, L1M, L2M, and LS5 signals. The GPS III satellites
provide four civil signals, and they use 3 improved
Rubidium atomic clocks. The GPS ground segment is
composed by a primary master control station at Schriever
Air Force Base (Colorado, USA), and 10 dedicated ground
antennas and monitor stations.

VOLUME XX, 2021

GLONASS was created by the Soviet Union and it
became fully operational in 1995. Later, the constellation
was reduced reaching a minimum of § operational satellites
in 2002. However, since 2010 it is again fully operational
and is currently composed of a total of 29 SVs from which
23 SVs are operational, 1 SV is in commissioning phase, 2
SVs are in maintenance, 1 SV is in flight tests phase, and 1
SV is a spare. GLONASS satellites orbit in three orbital
planes inclined ~ 64.8° and separated by ~ 120°. Each plane
includes 8 satellites equally spaced by ~ 45°, and the orbital
radius is of ~ 25,511 km.

New SVs (GLONASS-K2) will improve the accuracy of
current GLONASS-M and broaden the application domain.
In particular, it is expected to achieve the following
technical advantages: Longer guaranteed lifetime,
modernization of SVs’ support systems, improvement of
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on-board synchronizer stability, advanced technologies for
monitoring and control, orbit and clock data provision,
additional payloads and new signals (L1 OF, L2 OF, L1 SF,
L2 SF, L1 OC, L1 SC, L2 OC, L2 SC, L3 OC). The first
GLONASS-K2 launch took place in 2018. They are
currently in testing phase. The key features of this new
generation of satellites are the following:

* The SVs will allow the accommodation of all on-board
specialized equipment without any restrictions.

* The on-board subsystems will provide operational
conditions for the specialized instruments without any
constraints imposed by power consumption and thermal
control.

* The maximum pointing error will be better than ~ 0.25°.

e The Inter-Satellite Link (ISL) will allow continuous
operation during one cycle (reception-transmission) without
restrictions.

* Additional payloads to perform tests in space environment
and to achieve flight qualification could be accommodated.
The GLONASS ground control segment includes the
deployment of a measuring station network in Russia and
Antarctica, the deployment of an uplink station network in
Russia, the deployment of a global measuring station
outside Russia, and the further use of crosslink functions
for ephemerides and clock data provision.

C. GALILEO

In March 2002, the European Union (EU) and the
European Space Agency (ESA) agreed to develop the
Galileo navigation system, which was expected to be fully
functional by 2020. At the time of writing this document,
Galileo is under development, and it will be fully
compatible with the modernized GPS system. At present,
GNSS receivers are able to combine signals from several
constellations to increase significantly the achievable
accuracy. As compared to the USA GPS and the Russian
GLONASS, Galileo is designed specifically for civilian and
commercial purposes. The In-Orbit Validation Element
(GIOVE) A and B SVs, dedicated to take the first step of
the in-orbit validation phase towards full deployment of
Galileo, were launched in 2005 and 2008 respectively, and
retired in 2012. Three In-Orbit Validation (IOV) SVs were
launched from 2011 to 2012, being fully operational in
2015. At present, the Galileo constellation is composed of
22 operational SVs from which 3 SVs are IOV type, 19
SVs are Full Operational Capability (FOC) type, 2 SVs are
in testing phase, 2 SVs are unavailable, and 2 SVs have
been retired. The full constellation will consist of 30 SVs,
24 SVs operational and 6 active spares, distributed in three
orbital planes (~ 56° inclination) with an orbital radius of ~
26,600 km and with an orbital period of ~ 14 h.

Technology advances include:
» To improve robustness, quicker recovering from failures,
and the Orbit Determination and Time Synchronization
(ODTS) system, so as to provide long-term ephemerides.
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More specifically, improvements are required on Passive
Hydrogen Maser (PHM), mini PHM, robust Rubidium
Atomic Frequency Standard (RAFS) and cesium clocks.

* Increased SV capability while maintaining as a minimum
the same launch cost efficiency (to confirm by testing the
capability of  state-of-the-art  electric ~ propulsion
subsystems).

* Enabling either communication and/or ranging
capabilities (in-plane and inter-plane ISL, ODTS exploiting
ISL ranging, communication capabilities used for
navigation message dissemination and for improving
system robustness).

* The technology advances related to the improvement of
the ODTS system are the following: Use of several faster
navigation messages, improvement of orbit modelling, use
of advanced navigation messages by means of Signal-In-
Space (SIS) spare bits/words, d) enhancing fault detection
mechanisms, and e) use of adaptive clock fitting.

D. BEIDOU

BeiDou consists of 2 separate satellite constellations. The
first BeiDou system, officially called the BeiDou Satellite
Navigation Experimental System (BeiDou-1), consisted of
3 satellites. BeiDou-1 offered limited coverage and
navigation services, mainly for users in China and
neighboring regions. BeiDou-1 was decommissioned at the
end of 2012. The second generation of the system, officially
known as COMPASS or BeiDou-2, became operational in
China in December 2011, with a partial constellation of 10
satellites in orbit. Since December 2012, it has been
offering services to customers in the Asia-Pacific region
(currently 15 operational SVs). In 2015, China launched the
third generation of the BeiDou system (BeiDou-3) for
global coverage. The first BeiDou-3 satellite was launched
on March 30™ 2015. On December 27™ 2018, BeiDou-3
started providing global services, and the final satellite was
launched into orbit on June 23 2020.

BeiDou-3 is composed of a total of 34 SVs, 29 SVs
operational, and 5 spares. BeiDou-3 utilizes high stability
hydrogen atomic and rubidium clocks. Additionally, ISLs
help with time synchronization, and enhance search &
rescue services and Message Communication Services
(MCS), including regional MCS and global short MCS. The
Radio Determination Satellite Service (RDSS) payload of
the Beidou-3G satellites consists of a high-power S-band
transponder, a low-noise L-band amplifier and frequency
generator, a phased array L-band antenna, a L-/S-band dish
antenna and a C-band antenna. RDSS uses the original
position retrieval including the central ground station to
provide compatibility of the new system with existing
BeiDou-1 terminals. On the other hand, the Radio
Navigation Satellite Service (RNSS) payload uses ultra-
stable timing signals delivered by an atomic clock to
generate L-band signals that are transmitted through an
antenna array. RNSS also includes an L-band uplink
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receiver and laser reflector for orbit determination. This
payload works on the same principle as GPS and Galileo,
using similar frequency bands.
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