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Abstract—HydroGNSS (Hydrology using Global Navigation
Satellite System reflections) has been selected as the second Eu-
ropean Space Agency (ESA) Scout earth observation mission to
demonstrate the capability of small satellites to deliver science.
This article summarizes the case for HydroGNSS as developed
during its system consolidation study. HydroGNSS is a high-value
dual small satellite mission, which will prove new concepts and
offer timely climate observations that supplement and complement
the existing observations and are high in ESAs earth observation
scientific priorities. The mission delivers the observations of four
hydrological essential climate variables as defined by the global
climate observing system using the new technique of GNSS reflec-
tometry. These will cover the world’s land mass to 25 km resolution,
with a 15-day revisit. The variables are soil moisture, inundation
or wetlands, freeze/thaw state, and above-ground biomass.

Index Terms—Global navigation satellite system (GNSS), global
navigation satellite system reflectometry (GNSS-R), hydrology,
remote sensing.

1. INTRODUCTION

A. HydroGNSS (Hydrology using Global Navigation Satellite
System reflections)

OMPLEMENTING ESAs series of Earth Explorer re-
search missions, Scout missions are a new element in
ESAs Earth Observation FutureEO Programme. The intention is
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Fig.1. HydroGNSS uses a bistatic radar concept using GNSS-reflected signals
for hydrological measurements, targeting soil moisture, freeze/thaw state over
permafrost, AGB, soil moisture, and wetlands.

to demonstrate the capability of small satellites to deliver value-
added science and implement a Scout mission, from kick-off to
launch, within three years, and for a maximum of €30 million,
covering the development of the space and ground segment,
launch, and in-orbit commissioning.

HydroGNSS has been selected as the second Scout small
satellite mission and is planned to be developed and launched
before the end of 2024. Prior to selection, HydroGNSS was
supported as one of the four candidate concepts to undergo a
consolidation study, and the outputs of this study are summarized
in this article. The study assumed two HydroGNSS satellites,
although Scout funding is initially available for just a single
satellite.

HydroGNSS uses GNSS reflectometry (GNSS-R) to target
four hydrological essential climate variables (ECVs): soil mois-
ture, wetlands/inundation, freeze/thaw state, and above-ground
biomass (AGB) (see Fig. 1).

B. Importance of Hydrological Knowledge

Water is a natural resource vital to climate, weather, and life
on earth, and unforeseen global variability in hydrology poses
one of the greatest threats to the world’s population [1]. Water
manifests itself in or on the land in different ways, for example,
moisture in the ground, wetlands and rivers, snow and ice, and
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vegetation. The global knowledge of land water content and state
is important in its different forms for many reasons.

1) Soil moisture knowledge is needed for weather fore-
cast, hydrology, agriculture analysis, and wide-scale flood
prediction.

2) The freeze/thaw state affects the surface radiation balance
and the exchange rates of latent heat and carbon with
the atmospheric boundary layer and acts as a tracer for
subsurface permafrost behavior in high latitudes.

3) The AGB feeds into the understanding of carbon stock in
forests and a sink in the carbon dioxide cycle and also has
a coupling to biodiversity.

4) Wetlands are fragile water-dependent ecosystems, often
hidden under forest canopies and that can also turn into
sources of methane, while, elsewhere, an oversupply of
water can lead to inundation and destructive flooding.

These four aspects of hydrology are identified as ECVs by the

global climate observing system (GCOS) [2]. ECVs are defined
in association with the United Nations Framework Convention
on Climate Change, the Intergovernmental Panel on Climate
Change, and the World Meteorological Organization in order
to help understand and predict climate change to guide mit-
igation measures and to assess risks. Specific committees and
programs address the need for the measurements of soil moisture
(including freeze/thaw and inundation states), permafrost, and
biomass, while wetlands are among the targets of the climate
change initiative land cover and play a role as a primary source
for greenhouse gases. Increasingly complex and accurate models
are used to characterize and forecast hydrological processes:
earth system models are used for climate and numerical weather
prediction models for weather forecasting. These models have
a requirement for hydrological observational data to be assimi-
lated to ensure correspondence with the complexity of the real
world.

C. GNSS-R Background

GNSSs, such as GPS and Galileo, comprise dozens of satel-
lites in medium earth orbit that continually transmit low-power
L-band microwave navigation signals toward the earth. These
signals reflect back carrying the geophysical imprint of the
surface. GNSS-R is a technique to collect these reflections,
in this case, from low earth orbit (LEO) in order to sense the
geophysical properties of the earth’s surface [3].

Multiple reflections can be simultaneously collected by a
single observatory in LEO; GPS and Galileo constellations alone
offer more than 60 sources of L-band signals (see Fig. 2). Further
sources are available from GLONASS, Beidou, NavIC, QZSS,
and SBAS satellites, totaling over 130 once the constellations
are complete.

Observations are made of the forward scattered reflections,
i.e., implementing a bistatic radar geometry. The observations
are usually captured in the form of delay Doppler maps (DDMs),
where incoming signals are correlated with the on-board code
replicas and integrated incoherently to give measurements from
four simultaneous reflections (see Fig. 3).
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Fig. 2.  GPS and Galileo satellites in medium earth orbit, amongst others,
are available as signal sources for GNSS-R, and reflections are collected by a
satellite in LEO [45].

signal

Specular
point

Fig.3. Each HydroGNSS satellite collects multiple reflections from LEO. Yel-
low lines indicate the accumulated reflection tracks and results are represented
as DDMs in the bottom right of the picture [45].

Surrey Satellite Technology, Ltd., (SSTL) has taken a leading
role in GNSS-R developments since 2003, instigating the U.K.-
DMC reflectometry experiment [4], TechDemoSAT-1 (TDS-1)
sea state payload [5], and providing the instrumentation to the
NASA eight-satellite CYGNSS constellation [6].

One original driver for spaceborne GNSS-R experimentation
was for the scatterometric measurement of ocean winds and
waves, and such applications have been well established as
a result of the TDS-1 and CYGNSS satellite missions, e.g.,
[71-[9]. Furthermore, as TDS-1 was in a polar orbit, it was
able to show the potential of cryospheric applications, e.g.,
[10]-[12]. Ocean altimetry is a tantalizing target but achieving
coherent carrier phase precision over a rough surface remains a
technical challenge achieved only under certain conditions [29].
The potential of GNSS-R for land sensing was demonstrated by
both TDS-1 and CYGNSS missions.

D. Land Sensing Using GNSS-R

Investigations on GNSS-R for land applications date back
to the year 2000 [13]. Much work has been done using the
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Fig. 4. Two campaigns using GNSS-R for land-sensing, (left) LEIMON
investigated tower-based polarimetric GNSS-R as an agricultural tool [15], and
(right) GRASS investigated airborne polarimetric GNSS-R measurement of soil
moisture content and AGB [16].

established ground-based GNSS receivers, for example, in the
International GNSS Service network, for sensing land param-
eters, such as soil moisture and snow depth. These parameters
are observable by quantifying the amplitude and phase effects
caused by interference of reflected with direct GNSS signals
through the same antenna [14].

Since around 2008, ground-based and airborne experiments
demonstrated the sensitivity of reflected GNSS power to mois-
ture, vegetation, and ice. Several ESA-funded projects (e.g.,
Fig. 4) made investigations using ground [15], airborne [16], and
satellite GN'SS-R measurements [17], and were accompanied by
the corresponding models. These findings have fed into knowl-
edge that enables the development of a case for a spaceborne
hydrology mission, as discussed in Section II.

II. HYDROGNSS TARGETS AND EVIDENCE

HydroGNSS aims at monitoring ECVs using GNSS-R tech-
niques established by TDS-1 and CYGNSS, supplemented by
dual-polarization and complex coherent channel measurements,
as presented in Section I'V, to support the separation of variables.
The four ECV targets are discussed here as follows.

A. Soil Moisture

The capability of GNSS-R for deriving soil moisture mea-
surements is based upon well-known mechanisms. Specular
reflectivity is directly related to soil permittivity, which has good
sensitivity at L-band GNSS sensing frequencies. Reflectivity is
also inversely related to roughness and vegetation optical depth
(VOD), which is the opposite of backscatter radar, a fact that
further highlights the complementarity between GNSS-R and
monostatic radar.

The sensitivity (in the range of 0.7-3.8 dB/10%) [15]-[17],
[23], [24] is similar to that of the monostatic radar at similar
electromagnetic bands and there is the potential of reaching
a high resolution to the order of 2-7 km [17], significantly
better than spaceborne microwave radiometers. The availability
of dual-polarization GNSS measurements has been shown to
help detangle soil moisture and roughness effects through the
use of the polarization ratio; to some extent, roughness acts as a
common factor, while soil moisture affects primarily left-hand
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Fig. 5. Radiometer versus GNSS-R sensitivity to change in soil moisture
during the first and second half of April 2017 over Australia. (a) and (c) Change
in SMAP radiometer. (b) and (d) Change in CYGNSS GNSS-R SNR [22].

circular polarization [15], [16], [18], [19]. Nevertheless, ancil-
lary data, such as VOD maps, are generally required to help
separate the vegetation effects from soil moisture.

In addition to documented studies, at least one near-
operational soil moisture product has been developed to date us-
ing GNSS-R data from CYGNSS [20], [21]. Fig. 5 demonstrates
that the change in signal-to-noise ratio (SNR) from CYGNSS
on the right is very similar to soil moisture maps from the NASA
SMAP soil moisture satellite (see Fig. 5) [22].

B. Inundation/Wetlands

There is much evidence of GNSS-R capabilities in sensing
inundation and wetlands even in the presence of vegetation [25],
[26]. The concept has been proved using a spaceborne GNSS-R,
as depicted in Fig. 6, where a map from CYGNSS on the bottom
is compared with the passive radiometer and active radar on
SMAP [27], see also the articles presented in [22] and [25] for
a general discussion.

The bistatic forward scattered signals are strong and coherent
over the calm water and easy to be detected. The long GNSS
L-band signal wavelengths (~19 cm) while partially attenuated
by thick vegetation canopies have better penetration than the
C-band radar and can show up strong reflecting surfaces. The
ability for GNSS-R to sense water under forest canopies is
unique and helps address limitations in the existing remote sens-
ing measurements. The spatial resolution achievable improves
as the reflection becomes coherent, approaching the resolution
of the Fresnel zone, which is better than 1 km for L-band signals.

Furthermore, when surfaces are sufficiently flat, (e.g., rivers,
lakes, and calm seas), strong coherent reflections allow the re-
covery of precise GNSS phase information, potentially enabling
altimetry measurements [28], [29].
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Fig. 6. Remote sensing of Amazon basin. (a) SMAP passive 36 km resolution
brightness temperature, 2016. (b) SMAP active 3 km resolution data, 2015. (c)
GNSS-R SNR from CYGNSS, 2017 [27].

C. Above-Ground Biomass

There is growing evidence that the AGB can also be retrieved
from GNSS-R measurements. The mechanism is that the vege-
tation attenuates the soil-reflected signals due to the absorption
and scattering phenomena. This generates an inverse correlation
of the signal with respect to biomass, with a sensitivity that does
not saturate as is usual for the L-band backscatter when biomass
is greater than 150 t/ha [16], [30]-[33].

TDS-1 and CYGNSS GNSS-R data have been used to eval-
uate the sensitivity on both the local and global scale to VOD,
AGB, and tree height. They are 16 dB/VOD, 0.05 dB (t/ha)~!,
and 0.7 dB/m, respectively. Fig. 7 provides an example of an
AGB map derived from CYGNSS data using an artificial neural
network (ANN) algorithm [33]. The algorithm was trained using
a subset of pixels (1%) of an available pantropical AGB map.
Fig. 8 provides the comparison between the retrieved and the
reference AGB, and the statistical scores (correlation coefficient,
root-mean-square error, and bias) refer to a test set containing
the remaining 99% of pixels.

The measurement of reflections from areas with high biomass
is a challenge due to the significant attenuation of the signals.
A higher antenna gain and the availability of the coherent
channel will improve the reception of weaker signals from the
densest forests. A further challenge is the separation of AGB
from the underlying surface soil characteristics, but polarimetric
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measurements are anticipated to be correlated with AGB [16]
and could provide additional independent information.

D. Soil Freeze/Thaw and Permafrost

Because of its depth, the state of permafrost cannot be mea-
sured directly by GNSS-R, but the active layer freeze/thaw state
above can be sensed, and this provides a valuable input into
permafrost models. Frozen soil has a much lower permittivity
with respect to thawed soil; thus, surface-reflected signal di-
minishes in frozen conditions. The reflectivity measured is less
directly related to the subsurface temperature than is the case for
measurements made by microwave radiometers.

It was demonstrated in [34] that the increase of reflectivity be-
tween frozen and thawed states modeled according to the SMAP
F/T product as observable in GNSS-R data. More recently (see
Fig. 9), a high similarity between TDS-1 reflectivity monthly
means (in green) and seasonal variability of SMAP FT products
(in red) was observed when analyzing different land cover
categories in Siberia [35]. With this capability, HydroGNSS can
potentially help address any gap left when the ESA SMOS and
NASA SMAP soil moisture satellites complete their missions.

III. HYDROGNSS MISSION OBJECTIVES
A. Objectives for HydroGNSS

Table I presents the ECV targets identified; HydroGNSS shall
demonstrate the fulfillment of GCOS requirements for these
ECVs by a suitable constellation of small satellites. The table
summarizes the main requirements for level-2 specified after
a survey of requirements from different entities, notably [2].
The spatial resolution can be fulfilled for three ECVs at the
“breakthrough” level, while AGB is fulfilled at the “threshold”
level. The spatial resolution of 25 km is typically achieved when
signals are diffuse and shall be considered a threshold. The
goal of 1 km refers to the exploitation of the complex signal
over flatter surfaces where the reflected signal is more coherent.
Temporal resolution is 15 days for two HydroGNSS satellites or
30 days for a single satellite but could be improved by increasing
the number of satellites in the constellation.

The HydroGNSS satellites, in a near-polar orbit, will provide
coverage over the whole world but with a denser coverage and
a higher repeat rate, especially over the boreal climate regions.
The standard data delivery target of 31 days is anticipated, but
a preoperational fast service with 6 h of latency for dynamic
soil moisture products is expected to be trialed later in the
HydroGNSS mission.

B. HydroGNSS Secondary Objectives

The four land ECVs are the primary targets of HydroGNSS
and take precedence over any other measurements and deter-
mine any optimization of operational settings. Nevertheless, the
HydroGNSS mission is being scaled with the intention to allow
continuous operation over all surfaces, as it is recognized that
the same GNSS-R level-1 DDM measurements will be valuable
for many other applications.
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Fig.9. Time-series analysis of SMAP FT fraction (solid red curve, right axis)

and percentage of frozen pixels (dotted red curve, right axis) versus TDS-1
seasonal reflectivity (green, left axis) over Siberian permafrost shrublands [35].

AGB estimated by ANN using CYGNSS data plotted on the global map. Results limited to within +/—45° latitude due to the inclination of CYGNSS

As aresult of TDS-1 and CYGNSS, GNSS-R has been estab-
lished as a technique for measuring ocean winds. The accuracy
of independent algorithms has been shown to be in the order
of 2 m/s for winds up to 20 m/s [see Fig. 10(a)] [7], [36],
[37], with the benefit of careful calibration. Uniquely, GNSS-R
is also able to retrieve measurements through the most severe
cyclones, although winds are measured less accurately (>15%)
due to the saturation of parameters [8], [38]. Sea ice can also be
measured with sea ice extent validated to 98% accuracy and sea
ice concentration validated with <9% error. A study has also
showed that TDS-1 measurements can be useful in measuring
the Greenland ice sheet melting fraction [see Fig. 10(b)] [10],
[12].

With the ability to capture coherent reflections, GNSS carrier
phase measurements are enabled, unlocking the potential of
accurate polar ice height altimetry and even for measuring sea
ice thickness [11].

It is planned that level-2 products for ocean wind speed and
ice extent will be made available from HydroGNSS based on the
measurements and algorithms validated on TDS-1 but remain a
lower mission priority than the land ECV level-2 products.

IV. HYDROGNSS PRODUCTS
A. Innovations

To maintain compatibility with previous successful TDS-1
and CYGNSS missions, HydroGNSS will offer established
GNSS-R measurements based on incoherent DDMs from GPS
C/A code at GPS L1 frequency (1.575 GHz) at 1 Hz. In addition
to these, HydroGNSS will offer innovative GNSS-R measure-
ments that have not been available previously (see Fig. 11).

1) Galileo Signals — DDMs from Galileo E1 will be gener-
ated, offering double the coverage from the same antenna
field of view. The Galileo codes are longer (in common
with other future GNSS signals), which means that less
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TABLE I
HYDROGNSS LEVEL-2 PRODUCT REQUIREMENTS

ECV Units Horiz. Uncertainty Temp Resln
Resln

Surface Soil m¥m®  25km (1 km) 0.04 15 (30) days
Moisture
Surface Flag 25km (1 km) 9042 15 (30) days
Inundation
Freeze/Thaw Flag 25km (1 km) 90,2 15 (30) days
State
Above t/ha 25km (1 km) <20% 15 (30) days
Ground error®
Biomass

2 i.e., 90% classification accuracy;  or 10 t/ha when AGB < 50 t/ha.

TABLE I
HYDROGNSS LEVEL-0 MEASUREMENT SET (\/ \/ INDICATES NEW)

Level 0b GPS L1 GPS L1 Galileo E1 Galileo E1
LHCP RHCP LHCP RHCP
Non-coherent v 24 vV 2%
DDMs
Coherent vv vV vv vv
Channel
Black Body v Vv Same Same
Metadata Incl. settings, temperatures, GNSS positions, etc.
Level 0a L1/E1 L1/E1 L5/E5 L5/E5
LHCP RHCP LHCP RHCP
Sampled Data v v v Vv

(LHCP / RHCP mean Left and Right Hand Circular Polarised)

cross-correlation noise is to be expected from the un-
wanted GNSS signals.

2) Polarization — DDMs will be collected from both left- and
right-hand circular polarizations of the antenna. The ratio
of the two polarizations (RR/LR) can help separate soil
roughness effects from soil moisture and also plays a role
in the separation of biomass from ground reflections.

3) Coherent complex channel — A channel is added to each
DDM (of both polarizations) that captures the coherent
amplitude and phase of the signal at a higher rate. This
allows further separation of flat surfaces, accesses higher
resolution than the incoherent DDMs, and gives the flexi-
bility to implement longer integrations for weaker signals
and allowing focusing techniques. It also enables precise
altimetric measurements under certain conditions.

4) Second frequency — The ability to sample signals prior to
processing onboard will be used to capture both L1/E1
signals and the wide bandwidth L5/E5 GNSS signals.
Models suggest that the wideband signals reflected may
be weak but, if proved viable, the rewards could be a
higher resolution from these signals. As the instrument is
reprogrammable, it is planned to exercise E5/L5 on-board
processing schemes at a later stage of the mission, even
once in orbit.

All these new measurements will be backed up by simulations

to help understand and validate level-2 product generation.

Table II presents the measurements in tabular form with a

single tick indicating measurements previously available on
TDS-1 and CYGNSS and a double tick for measurements new
to HydroGNSS. In addition to the dual-polarized DDMs and
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Revisit Time
Revisit time of 2 HydroGNSS satellites (0.25 deg bt 0.25 deg grid) [Day) 5

Fig. 12.  Simulated revisit time of two HydroGNSS satellites over the globe
using 0.25° x 0.25° cells over a period of 30 days; the mean revisit time at any
point on the globe is less than 3 days, and near the poles, the density of coverage
is higher and revisit time lower.

coherent channels, data will be collected from blackbody loads.
The metadata will include many additional parameters required
for level-1 corrections. The raw sampled data collections will
be scheduled, including dual-polarization and dual-frequency
configurations for specific target reflection investigations.

B. Measurement Coverage

In keeping with the scope of the Scout opportunity, Hy-
droGNSS will initially be comprised of one or two satellites
in a near-polar LEO but with a view toward a larger future con-
stellation. To achieve consistent coverage, two satellites could
be launched together and phased apart by 180°. By selecting
a commonly used orbit, 550 km 10:30 A.M. longitude time
at ascending node (LTAN) sunsynchronous, it makes low-cost
rideshare more likely and enables passive re-entry at the end of
the mission. In this orbit, simulations of two satellites indicate a
coverage over the earth in 15 days (84%), assuming a resolution
of 0.25° x 0.25° (equivalent to 27 km x 27 km at the equator),
and an antenna field of view of +/-35°. The revisit time is
illustrated in Fig. 12; the mean revisit time in this orbit at any
point on the globe is calculated as less than 3 days. If only one
HydroGNSS satellite is available, the earth is covered in 30 days
with a global mean revisit time of just under 4 days.

C. Calibration Approach

Achieving good absolute calibrated performance is an im-
portant requirement of HydroGNSS. Prelaunch tests will be
carried out to measure instrument noise figure, receiver gain,
and antenna patterns. Once in orbit, the collection of spacecraft
information, such as attitude knowledge, low-noise amplifier
(LNA) temperature, and direct signal powers, will be required.
Experience from TDS-1 and CYGNSS missions will be applied
to HydroGNSS [37], [39], and the use of ocean-reflected signals
will play a role in correcting the receiver and transmitter terms
for application over the land. A diagram showing the factors
affecting the calibration is given in Fig. 13.

1) The antenna noise will be corrected by blackbody loads

noise routed to the nadir and zenith LNA as well as using
ground target, e.g., Antarctic dome-C.
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point, including direct powers, antenna patterns, and antenna noise. Corrections
will be developed using of on-board blackbody loads as well as external targets
over ocean and ice.

2) The receiving antenna correction terms are a function of
azimuth and off-pointing and can be determined from the
long-term data over the ocean.

3) The GNSS transmit powers and antenna patterns (for
each GNSS satellite) can also be determined through the
long-term data over the ocean plus other methods and,
in particular, the use of the direct signal measurement to
monitor temporal changes in the transmitter power and/or
the use of other GNSS observatories (from ground or
space) providing accurate transmitter power.

New calibration challenges include the following.

1) Calibration of the Galileo signals—further information
may be available from Galileo authorities or other obser-
vatories.

2) Calibration of the dual-polarization signals (polarimetric
calibration) of the coherent signals and intercalibration
with multiple GNSS-R satellites.

D. Level-2 Algorithms and Validation

The baseline level-2 ECV products will be generated using
consolidated algorithms based on the literature and past studies,
with an aim to later incorporate findings from future studies.
The empirical change detection [20], [40] and ANN-based al-
gorithms [24] have been exploited for soil moisture and, after
appropriate scaling, compared against SMAP, SMOS, and in situ
data (e.g., Fig. 14). Freeze/thaw discrimination will be based on
the change detection methods [35], while the inundation flag
will exploit the coherence [29]. Biomass retrieval is foreseen to
make use of the neural networks [33]. Ancillary data, such as
land cover and VOD maps, are likely to be required.

There are a number of resources available for validation,
notably SMOS and SMAP missions, while they continue to
operate. The International soil moisture network collates many
measurements, and models, such as the ECMWF ERA-5, pro-
vide a source of reference data. The biomass mission and the
GlobBiomass database will allow the comparison of AGB mea-
surements with HydroGNSS.

The exploitation of the new HydroGNSS features in the
algorithm (polarimetry, coherence, and Galileo signals) will be
investigated by simulation. A target interaction simulator for
GNSS-R reflections over land has been developed and validated
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for ground, airborne, and spaceborne applications by a team
composed by Sapienza and Tor Vergata Universities of Rome.
The simulator is called the soil and vegetation reflection sim-
ulator [19], [41]. The level-1 waveform simulation in Python,
developed by the Institute of Space Sciences, IEEC-CSIC in
Barcelona, is an open-source library that provides a set of object-
oriented classes dedicated to each of the different elements that
characterize a GNSS-R scenario [42]. Its main focus up until
now has been on ocean and ice applications but can be applied
to land. These two simulators will form the target interaction
and instrument modules of the end-to-end simulator, as shown
in Fig. 15.

E. Complementarity With Other Missions

Aside from other GNSS-R demonstration missions,
CYGNSS, and FSSCat, the functionally closest missions
to HydroGNSS (targeting global soil moisture measurements)
are the L-band radiometry missions SMOS and SMAP but, by
2024, these missions may have completed as they are well past
their design life, with successor satellites some years away.
Scatterometer and SAR satellites, such as MetOp-1 ASCAT,
and Sentinel-3 operate at higher frequency C-band; their
measurements are valued for hydrology but do not penetrate
vegetation and so cannot replace SMOS and SMAP.
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capability with respect to land sensing needs. HydroGNSS* indicates the spatial
resolution improvement due to the new coherent channel and HydroGNSS+
indicates the improved temporal resolution from adding satellites.

Copernicus high priority missions CIMR (radiometry) and
ROSE-L (SAR) are currently progressing, although funding
still needs to be confirmed, and these will not be ready until
at least 2026. SMOS-HR is a CNES-sponsored follow-on to
SMOS, offering 10 km resolution and advanced radio frequency
interference mitigation techniques, and has recently entered
Phase A of its mission. Other missions targeting water cycle
with L-band include the Chinese WCOM [43] and the TWRS
[44] satellites.

HydroGNSS, therefore, offers to provide some continuity
between the existing and future L-band missions. As it uses
a different technique to others, it will remain valuable as a
complementary data source once the new Copernicus missions
and SMOS-HR soil moisture products become available.

The ESA Earth Explorer Biomass mission is due for launch
late in 2022. It will provide exceptional data on forests but has
coverage gaps and low temporal sampling, so HydroGNSS can
offer complementary observations.

Fig. 16 illustrates the temporal and spatial resolutions and
how they relate to certain hydrological applications. Resolution
ranges covered for instance by SMOS and ASCAT aboard
MetOp are indicated in the range of a few tens of kilometers
and multiday temporal resolution.

A single conventional GNSS-R-based satellite would have
slightly better resolution than SMOS and ASCAT but worse
revisit, still supporting, for instance, some phenology studies.
Coherent HydroGNSS measurements (denoted by an asterisk)
can improve spatial resolution and become useful for crop yield
estimation. A constellation of HydroGNSS satellites (with the
plus symbol) would increase the temporal resolution with en-
hanced features and could fulfill an even wider range of applica-
tion requirements in the hydrological domain. A constellation of
satellites of the scale of CIMR or ROSE-L (>700 kg) is simply
not practical, while the small size and low cost of GNSS-R
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patch excited cup antennas capable of dual frequency and dual polarization.

missions mean a constellation could be envisaged at a budget
compatible with future earth observation programs.

V. MISSION ARCHITECTURE

The mission architecture comprises the satellite payload,
satellite platform, control and downlink ground segment, and
the payload data ground segment (PDGS).

A. Platform and Launch

The platform that has been selected for HydroGNSS is the
“SSTL-21,” which is the smallest family member of the “SSTL-
micro” platform. This is a highly capable platform but small
enough to maintain the low cost of a future constellation (see
Fig. 17). It has dual redundant avionics, three-axis attitude
stabilization, X-band-link supporting high data downlinks, up
to 160 MB/s, and a propulsion system with up to 30 m/s delta-v.
Itis 45 cm x 45 cm %70 cm in size and has a mass of 40 kg.

In particular, this platform offers HydroGNSS mission 100%
duty cycle, star camera attitude accuracy, and a high data
throughput, which will serve to raise the quality of the science
data. These capabilities would be difficult to match using a
smaller platform, such as a Cubesat.

In terms of system budgets, the SSTL-21 offers good margins
for the HydroGNSS mission. The orbit average poweris 41.5 W,
assuming 100% payload operations and 5% of the time for
downlinks. As the platform generates 56 W, this gives a healthy
26% margin. The TTC and payload links both have positive
margins. It is estimated that the mission requires 13.6 m/s out
of the satellite’s capacity of 30 m/s delta-v of propulsion; for
phasing orbits and for collision avoidance. The satellite will
naturally re-enter within 25 years due to the low altitude, meeting
the deorbit requirements, but the spare propellant could be used
to speed this up or alternatively to extend the mission life.
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and payload commissioning, operational phase, potential life extension, and
end-of-life activities.

A common sunsynchronous orbit (10:30 LTAN, 550 km) has
been selected to ensure a timely and good value launch. The
GNSS-R payload operates night and day and is not bound to
a particular hour angle or ground repeat track, so it could be
put into a number of similar near-polar orbits. The baseline
assumption is a rideshare on ESAs Vega launch vehicle, but
the satellites are compatible with several other options, which
should be an alternative launch that need to be considered.

B. Operations and Data Processing

Fig. 18 shows the mission architecture for HydroGNSS,
and Fig. 19 shows the operational timeline. After launch, the
satellite(s) will be commissioned using the Guildford ground
station and, if present, the second satellite phased 180° apart
from the first after a tip-off from the launch vehicle. Following
the platform and payload commissioning, the payloads will be
operated continuously for a 3-year lifetime with the potential
of a 2-year life extension. The data will be downloaded via
Svalbard, which means that the data can potentially be processed
in the PDGS and disseminated to users rapidly. At the end of the
mission, the satellites will be allowed to deorbit.

The payload data processing scheme evolves from MERRByS
that has been delivering processed TDS-1 GNSS-R data to users
since not long after its launch in 2014. Fig. 20 shows the different
levels of data planned from the HydroGNSS satellite. Payload
operations are not complex, as the payloads will usually be
generating LOB data comprising DDMs on-board the satellite
continuously, but the collections of raw sampled data will be
scheduled over specified targets.

Level-0A and level-OB data are reformatted and concurrent
metadata is prepared, and level-1 data disseminated to users.
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The level-2 processing will generate the ECV products, such
as soil moisture, which again are disseminated. It is expected that
the level-2 processors will evolve with time as new GNSS-R
measurements are better understood, and new algorithms are
validated.

Level-3 will comprise periodic maps of the products—either
monthly or more often.

C. HydroGNSS Payload

The HydroGNSS Payload (see Fig. 21) is an evolution from
the SGR-ReSI remote sensing instrument flown on TDS-1 and
CYGNSS.

The central unit is a delay doppler mapping receiver (DDMR).
There is one zenith antenna tracking direct GNSS signals, and
the nadir antenna collecting reflected signals and processing
them into DDMs. The LNAs contain blackbody loads that give
reference noise measurements. Once collected, the level-OA and
level-0OB data are sent to the data recorder in the satellite platform
for later download.

A similar medium high-gain antenna requirement as on TDS-
1 and CYGNSS is being adopted. This will allow the target-
ing of weak signals under vegetation without losing the wide
beamwidth needed to collect multiple reflections. This antenna

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

must support dual polarization and dual frequency (L1/El,
L5/ES), so afixed array of 2 x 2 dual-patch excited cup elements
has been selected. This gives a gain of around 14 dBi at L1 with
good cross-polar performance at both frequencies and takes a
physical area of about 32 cm x 32 cm on the spacecraft. The
LNA uses a similar approach to those on CYGNSS, including a
cavity filter, temperature sensor, load switch, and test ports.

Two quad channel front ends are used to collect signals
from the nadir and zenith channels. A Zynq processor with a
field programmable gate array is responsible for tracking the
GNSS signals and processing the DDMs. The zoom transform
correlator is implemented in VHDL (high-level hardware de-
scription language) within the Zynq processor and is driven by
the application software running on the Zynq.

The key instrument performance parameters have been de-
fined that affect level-1 and level-2 results, and include GNSS
sensitivity, stability, and the performance of the signal process-
ing approach used.

For HydroGNSS, the new measurements determine the need
for the new front ends and processor architecture. Tests have
been undertaken that demonstrate that the front ends are suitable
for dual-polarization measurements.

SSTL has access to a testbed in-orbit on DoT-1, an 18 kg
engineering satellite that was launched in August 2019. With
sponsorship from ESA, it has been possible to test the new
processing architecture in orbit on the Zynq processor within
DoT-1 and generate DDMs in orbit. While the DoT-1 satellite
mission has its limitations, it acts as an important stepping stone
for HydroGNSS.

D. Small Satellite Approach

HydroGNSS will be built using the small satellite approach
and timely schedule that SSTL has used for the past 35 years
and 60+ satellites. Most of the equipment on the HydroGNSS
platform have a high technology readiness level and heritage due
to the use in orbit on other satellites, such as the Vesta Cubesat,
DoT-1 microsatellite, and the Theos-2 satellite currently in build.
Other equipment is being procured with a qualified status.

The greatest attention is being given to the less mature sub-
systems, including the power system, data recorder, and the
instrument itself. Where possible, technology is being adopted
from previous missions. Design and development verification
plans are prepared for each unit, and engineering qualification
models are being used for qualification testing. To save time
and costs, where appropriate, requirement verification is being
performed at the spacecraft level during engineering verification
testing. SSTL is working with ESA on the tailoring of space
standards (ECSS) to ensure the correct level of quality assurance
for this small mission.

VI. CONCLUSION

HydroGNSS is a small satellite concept that uses GNSS-R to
address internationally agreed ECVs using an evidence-based
methodology: soil moisture, inundation, freeze/thaw state, and
AGB. In comparison with other established passive hydrological
missions, HydroGNSS offers better spatial resolution at L-band
for an order less in cost, with an affordable route for increasing
coverage.
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The mission is both unique and complementary. The forward
scatter measurements are different to those from other sensors.
The mission is timely as it addresses a potential gap in L-band
measurements. In terms of geography, it is global but with
excellent coverage over polar regions and provides measure-
ments where the ESA biomass mission cannot. The HydroGNSS
measurements penetrate vegetation and so are excellent augmen-
tation to C-band radar measurements. It is a low-cost approach
that can be supplemented and sustained with lower budgets than
normally associated with such missions.

GNSS-R is low risk but offers high gains. It is founded on
TDS-1 and CYGNSS capabilities but offering world first new
measurements. Although its main targets are over the land,
around 70% of the time, the HydroGNSS satellites will be
collecting DDMs over oceans and ice, and many users are able
to exploit these secondary measurements. The dual satellites
are optimally sized at 40 kg, offering excellent power density,
attitude, and downlink capabilities while still making use of the
small satellite approach.

HydroGNSS will be implemented by a strong industrial and
academic team that will address both theory and practice, and
the team is backed up by an established GNSS-R user com-
munity ready to provide support and ensure results that are fully
exploited as a new methodology for remote sensing of the planet.
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