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Abstract: The UK’s TechDemoSat-1 (TDS-1), launched 2014, has demonstrated the use of global
positioning system (GPS) signals for monitoring ocean winds and sea ice. Here it is shown, for the
first time, that Galileo and BeiDou signals detected by TDS-1 show similar promise. TDS-1 made
seven raw data collections, recovering returns from Galileo and BeiDou, between November 2015 and
March 2019. The retrieved open ocean delay Doppler maps (DDMs) are similar to those from GPS.
Over sea ice, the Galileo DDMs show a distinctive triple peak. Analysis, adapted from that for GPS
DDMs, gives Galileo’s signal-to-noise ratio (SNR), which is found to be inversely sensitive to wind
speed, as for GPS. A Galileo track transiting from open ocean to sea ice shows a strong instantaneous
SNR response. These results demonstrate the potential of future spaceborne constellations of GNSS-R
(global navigation satellite system-reflectometry) instruments for exploiting signals from multiple
systems: GPS, Galileo, and BeiDou.

Keywords: global navigation satellite system; GNSS reflectometry; GNSS-R; TechDemoSat-1; TDS-1;
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1. Introduction

Global navigation satellite system-reflectometry (GNSS-R) is a rapidly developing approach to
Earth observation that makes use of signals of opportunity from global navigation satellite systems
(GNSS), which have been reflected from the Earth’s surface. GNSS-R using global positioning system
(GPS) signals has already proven capable of accurate retrieval of ocean surface roughness and wind
speed [1-4] as well as of sea-ice presence [5-7]. The technology is particularly promising as it does not
require a dedicated transmitter, thereby reducing cost, mass, and power requirements of the receivers.
Past and present spaceborne GNSS-R missions (UK Disaster Monitoring Constellation (UK-DMC) [8],
TechDemoSat-1 (TDS-1) [9], CYclone Global Navigation Satellite System (CYGNSS) [10], BuFeng-1 [11])
have been focused on collecting reflected GPS signals. In principle, however, the existing receivers can
be adapted to the acquisition of navigation signals within a similar frequency spectrum transmitted by
other navigation systems (including the European Galileo and the Chinese BeiDou), which potentially
allows for a significantly larger number of simultaneous reflections available within the footprint of the
GNSS-R sensor, which should translate into higher sampling. The combination of a large number of
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simultaneous reflections alongside the potential for affordable multi-satellite constellations [12] offers
the opportunity to build up an Earth observation system delivering global coverage and high revisit
frequency on a relatively low budget. However, enabling GNSS-R sensors to use signals incoming
from multiple navigation systems requires extensive adaptation work including signal processing
optimization to account for different signal characteristics.

Geophysical inversion using GNSS signals from constellations other than GPS has already
been achieved in the past, including ground experiments exploiting GLObal NAvigation Satellite
System (GLONASS) and Galileo [13,14] and airborne experiments using BeiDou, GPS, GLONASS,
and Galileo [15-17]. A limited number of spaceborne collections of reflected signals transmitted by the
Galileo In-Orbit Validation Experiment (GIOVE) were collected by the UK-DMC mission, although
hardware limitations led to significant signal attenuation [18]. Multi-constellation sea surface altimetry
using both Galileo and GPS has been conducted using raw data from the CYGNSS mission [19].

During the lifetime of the TDS-1 mission (2014-2019), the receiver aboard TDS-1 was periodically
operated in raw acquisition mode (i.e., bypassing on-board signal processing) and raw sampled data
were collected and relayed to the ground to be processed later. Some of these collections were timed to
include non-GPS reflected signals such as Galileo signals. In this study we present data from seven
Galileo-reflected tracks, as well as one BeiDou-3 track. To the author’s knowledge, this possibly
represents the largest satellite Galileo reflectometry record at the time of writing. An initial analysis of
available signal-to-noise ratio (SNR) is presented here, together with a preliminary assessment of the
sensitivity of Galileo reflections to surface characteristics.

2. Materials and Methods

Seven Galileo-reflected tracks were acquired between November 2015 and March 2019, originating
from six different transmitters, as well as one BeiDou-3 track collected in March 2019. Each track was
of 130 s length, except the BeiDou-3 track which was 65 s long. All data were acquired by TDS-1 in
raw mode and later processed on the ground by Surrey Satellite Technology Ltd. (SSTL) (Guildford,
UK) [20]. Two parallel tracks, each 130 s long and ~200 km apart, were acquired simultaneously on
18 October 2018, the first being transmitted by GPS PRN26, and the second by Galileo E31, allowing
an initial assessment of neighbouring Galileo and GPS reflections collected by the same instrument.
The bandwidth of TDS-1 front-end was set to 2.5 Mhz for all collections in this work, except for the
final set (targeting E26) where the bandwidth was set to 4.2 MHz. All samples were processed on
the ground using different coherent integration times. Assuming that coherent integration interval is
suitably selected to avoid self-destructive signal interference, coherent delay Doppler maps (DDMs)
based on longer integrations are expected to provide a higher SNR [21]. The 1 ms coherent integration
used by the on-board TDS-1 correlator to process reflected GPS signals is relatively short compared to
the Galileo code length of 4 ms (the GPS L1 C/A signal has a code length of 1 ms) and refinement of the
signal processing strategy, possibly by including longer integration times, may be required to achieve
optimal retrieval performance from reflected Galileo data.

The GPS DDMs were processed using coherent integration times of 1 ms, corresponding to the
coherent integration time used by the TDS-1 on-board GNSS-R processor; and 2 ms, which should
provide a higher SNR. Galileo returns were processed using two different coherent integration times:
1 ms (i.e., the same as for GPS), and 4 ms (the same as the Galileo code length). BeiDou-3 data
were processed similarly, using 1 ms and 4 ms coherent integration times. In all cases, incoherent
accumulation time was adapted to obtain DDMs consistently output at 1 Hz. The longer of the two
coherent integration times for each system is analysed here as they should provide a stronger SNR,
making key features easier to recognise, (side-by-side comparisons of DDMs obtained using different
coherent integration times can be found in the supporting information, Figures S1 and S2, alongside
their processing settings in Table S1).
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Due to the unavailability of corresponding metadata necessary for radiometric calibration of
these experimental collections, the preliminary analysis presented here is limited to SNR as a primary
observable. The SNR is estimated from individual DDMs of BeiDou-3, Galileo, and GPS reflected data,
and the observable is defined as the ratio of the DDM power in the signal and the noise boxes using
the DDM characterization and peak power location mechanism described by [4]. The noise power box
(N) is fixed in DDM space and of constant size, covering all Doppler frequency bins and the first four
delay (1 chip) bins in the signal free area of the DDM. The signal box (S) also has a constant size of four
delay bins (1 chip) and a size of ~3000 Hz in Doppler, dependent on the Doppler resolution of a given
processing setting.

To assess the sensitivity of SNR to surface parameters, model reanalysis wind-speed and
observational sea-ice concentration fields were used. Wind speed fields were obtained from the
European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-5 High Resolution (HRES)
reanalysis model which is available with a spatial resolution of 31 km and a temporal resolution of 1 h
and is shown to provide favourable performance relative to scatterometers [22]. Sea-ice concentration
fields were obtained from the EUropean organisation for the Exploitation of METeorological SATellites
(EUMETSAT) Ocean and Sea-ice Satellite Application Facilities (OSISAF) Special Sensor Microwave
Imager/Sounder (SSMIS) sea-ice concentration maps, which are made available on a daily 10 km polar
stereographic grid.

3. Results

3.1. Ocean Wind Speed

Figure 1 shows example DDMs taken over the open ocean from signals originating from GPS,
Galileo, and BeiDou-3. The Galileo and GPS DDMs were collected simultaneously on 18 October 2018.
It is clear that all three DDMs show the same general shape. However there are some differences in SNR
levels that will originate from differences in signal geometry, surface conditions, and the transmitted
signals. It is notable that the GPS DDM delivers the highest SNR (~1.5 dB greater than BeiDou-3 and
Galileo), despite this surface having the highest wind speed conditions.
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Figure 1. Delay Doppler maps (DDMs) retrieved over the open ocean from (a) global positioning system
(GPS) (b) Galileo, and (c) BeiDou-3. All DDMs show a similar shape with a typical DDM “horseshoe”,
albeit with different SNR responses, dependent on different surface conditions, bistatic geometry,
and signal characteristics. Note that these DDMs were collected over the open ocean with different
surface parameters, including wind speed. GPS and Galileo DDMs were collected simultaneously on
parallel tracks on 18 October 2018 but the specular points had an average spatial separation of ~214 km.
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An example Galileo track is shown in Figure 2 collected on 11 November 2015, over the ocean
near the East Coast of North America. Figure 2a shows the location of the track within the ERA-5
wind speed field at the nearest hour, whilst Figure 2b shows the SNR of the track relative to the ERA-5
wind speed at the nearest point in space and time. Results indicate a well-defined inverse relationship
between Galileo SNR and wind speed, similar to what has been found in previous work based on
reflected GPS observations. It is also noticeable that sensitivity is reduced at higher wind speeds,
where signal power is lower and the effect of noise variance becomes more visible. This Galileo track is
of particularly low SNR which translates to increased dispersion of the observable already at moderate
wind speeds. This track shows for the first time a clear geophysical sensitivity of spaceborne Galileo
returns to ocean wind speed conditions.
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Figure 2. (a) Shows the location of one Galileo track on 11 November 2015 (descending pass),
transmitted by E19, overlaid on the ERA-5 wind speed field, (b) shows that Galileo SNR and wind
speed present a clear along-track inverse relationship. ERA-5 U10 indicates the wind speed at 10 m

above the ocean surface.

Figure 3 shows results based on all TDS-1 Galileo raw collections available at present (2015-2019),
clearly showing that SNR generally tends to decrease as surface wind speed increases. The line of
best fit follows a simple exponential similar to the geophysical model function (GMF) derived from
GPS reflected data, and adopted in the National Oceanography Centre (NOC) calibrated bistatic radar
equation (C-BRE) ocean wind speed algorithm [4]. Specifically, the line of best fit follows:

SNR = A BV10 4 C 1)

where A =12, B=-0.5,C=0.3, and U10 is the wind speed at a height of 10 m above ocean surface.
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Figure 3. Relationship between Galileo signal-to-noise ration (SNR) and ERA-5 wind speed, coloured
by transmitting Galileo satellite and associated Pseudorandom Noise code (PRN) (Exx). The red line
shows the line of best fit using an exponential curve, similar in shape to the geophysical model function
(GMF) that was found for GPS reflected signals. These preliminary results show some promise for
the future development of an ocean wind speed retrieval algorithm based on reflected Galileo signals.
See Supporting Figure S3 for a similar plot coloured by antenna gain towards the specular point (AGSP).

3.2. Sea Ice

Figure 4 shows GPS and Galileo DDMs collected on 18 October 2018 over sea-ice (no BeiDou-3
reflected data are currently available over sea-ice). DDMs over sea-ice show similar “k-shapes” as
described by [6], i.e., showing both a horseshoe and Doppler side-lobes. The Doppler side-lobes,
although faint, are clearly much sharper and better defined in the case of the Galileo DDM. Of the
two DDMs, a higher SNR is seen in the GPS collection; the peak in the Galileo DDM is noticeably
sharper than the GPS DDM meaning that the currently selected size of the signal box is likely too
large, thus picking up information from pixels too far away from the peak, and leading to non-optimal
estimation of the reflected SNR.
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Figure 4. DDMs retrieved on 18 October 2018 over sea-ice from GPS (a) and Galileo (b), and a close up
of the peak area of the Galileo DDM (c). The GPS and Galileo DDMs were collected from parallel tracks
having an average spatial separation of ~214 km. Both DDMs show a similar, albeit faint, “k-shape”
form over sea-ice—showing some promise for the development of sea-ice detection algorithms for
either navigation system, although these will require adaptation for a number of factors including
different average SNR and distinctive shape of the correlated Galileo waveform (triple peak).
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In Figure 4c a close-up is shown of the Galileo DDM signal; this shows a distinctive triple peak in
delay space. This triple peak derives from the modulation strategy (composite binary offset carrier
(CBOC)) used by Galileo E10S signals, whereas binary phase shift keying (BPSK) is adopted in GPS L1
C/A. Note that because of the input filtering associated with the TDS-1 RF chain only the BOC(1, 1)
component is collected by the instrument. The SNRs of each specular point of the two simultaneous
GPS and Galileo tracks collected in October 2018 are shown in Figure 5. There is a marked increase
in SNR (~2 dB for Galileo, ~4 dB for GPS) as the specular point transitions from the open ocean on
to the sea-ice edge. This shows that Galileo signals are responding to changes in the nature of the
geophysical surface in a similar way to GPS.
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Figure 5. (a) TechDemoSat-1 (TDS-1) tracks retrieved on 18 October 2018 (descending pass) including
transition from open ocean to sea-ice from GPS (right) and Galileo (left) reflected signals. (b) Received
SNR for the two tracks against distance from sea-ice edge. Along-track SNR shows a strong response
as the specular point location transitions on to sea-ice, indicating high sensitivity of both Galileo and
GPS to surface characteristics.

4. Discussion

4.1. Ocean Wind Speed

In Figure 1, it is notable that in the current processing configuration the GPS DDM delivers the
highest SNR (~1.5 dB greater than BeiDou-3 and Galileo), despite this surface having the highest wind
speed conditions. This may result from differences in the signal processing including available signal
bandwidth, front-end filtering effects, and coherent integration times. Transmitted GPS L1 C/A signals
have a bandwidth of ~2 MHz, whilst Galileo E10S and BeiDou-3 B1C services have a wider spectrum
of ~4 MHz (if only the BOC(1, 1) component is taken into account), a change necessitated in part by the
different modulation type used. Figures 54 and S5 show the Galileo signal power spectral density and
TDS-1 frequency response. In the context of remote-sensing applications, wider bandwidth of reflected
signals (as filtered by the receiver front-end) are expected to be associated with increased horizontal
surface resolution, but such reduced scattering area will also result in reduced reflected power, thereby
lowering the available SNR [18]. Lower available signal-to-noise ratios have the potential to reduce
the accuracy of scatterometric estimates of surface parameters; however, this effect could be at least
partially mitigated by the use of longer integration times, also courtesy of the smaller Galileo footprint
which potentially allows for longer integration at a given bandwidth. Further work to optimize signal
processing of Galileo and BeiDou-3 returns for remote sensing applications by carefully balancing the
above factors will likely help mitigate some of the current limitations.

At first glance, the shape of the SNR response to wind-speed (Figure 3) seems to apply to all Galileo
transmitters examined over ~4 years of collections. However, there are some notable exceptions to this;
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for example, E11 appears to show no apparent response to wind speed, this is likely associated with
contamination from noise variance as the average SNR level of this E11 subset appears to be particularly
low (average of ~0.18 dB). E11 is an in orbit validation (IOV) satellite with a lower transmit power
(95 W) than the Full Operational Capability (FOC) satellites (254273 W) [23]. Conversely, the subset
including reflected data from Galileo E31 appears to achieve a higher-than-average SNR (average of
~0.65 dB). This likely results from the relatively high antenna gain towards the specular point (AGSP) of
the E31 collections (Figure S3—supporting information). In summary, as the observables considered so
far are not radiometrically calibrated, some of these effects are most likely related to factors including
different equivalent isotropic radiation power (EIRP) between Galileo satellites, viewing geometry,
location of the specular point in the field of view of the instrument, and associated antenna gain.

4.2. Sea Ice

The distinctive triple peak of the correlation waveform (Figure 4c) is usually invisible over the
open ocean, especially at moderate to high wind speeds, primarily because of the relatively weak
coherent component typically incoming from rough ocean surfaces, and also because of the weighted
sum (convolution) of the many individual impulse responses (Woodward ambiguity function) from
the different individual “facets” where the scattering is taking place, which are closer than the width of
the Woodward ambiguity function itself. Again, further work is required to optimize the Galileo SNR
estimation over strongly coherent surfaces, also by taking into account the distinctive shape of the
Galileo auto-correlation function.

The increased SNR over sea ice (Figure 5) derives from the fact that the scattering regime at the
surface mainly consists of a dominant coherent component with energy primarily incoming from a
substantially smaller glistening zone centred on the specular point. The second observation is that,
as observed above, GPS returns routinely achieve higher SNR than Galileo, at least with the current
processing setup. This may in part be due to the non-optimal front-end bandwidth set-up adopted
during the acquisition of these initial Galileo collections (2.5 MHz rather than 4.2 MHz). It is also clear
that the SNR shows a substantial range over the sea-ice surface (~3 dB in the case of Galileo), which
may support the development of further ice characterisation algorithms, beyond simple detection of
sea-ice presence. This would likely require more information from the DDM [24], but it would be
interesting to determine with more data how the signals from Galileo compare to GPS in retrieving this
information, particularly in regard to the wider Galileo bandwidth and different correlated waveform
which might provide different sensitivity to ice properties.

5. Conclusions

A first comparison between forward-scattered correlated power maps incoming from Galileo,
BeiDou and GPS constellations is presented in this study, using ground-processed data collected
between November 2015 and March 2019 by the UK TDS-1 mission. For similar surface conditions,
results show that Galileo reflected signals generally achieve lower SNR than those from GPS, at least
when using the current signal processing design and setup. According to theory, the wider bandwidth
of Galileo reflections may correspond to improved surface resolution, but further work is needed for
experimental verification. It is clear from this study that signal processing optimization is of critical
importance for the design and development of future GNSS-R missions targeting the exploitation of
multiple navigation systems. Demonstrated here for the first time is sensitivity of Galileo reflectance to
geophysical parameters as detected by a spaceborne receiver, with both ocean wind speed and sea-ice
presence shown to have similar relationships to reflected GPS signals, at least in shape. Unfortunately,
due to the limited volume of available reflected BeiDou data at present, no conclusive analysis of the
geophysical sensitivity of BeiDou signals can be carried out. A greater volume of data from a variety
of surface conditions is required for detailed characterisation of the sensitivity of SNR to other sea
surface conditions from both Galileo and BeiDou. This work demonstrates the promising nature of
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spaceborne GNSS-R systems for future wind speed retrieval and sea-ice detection using signals from a
combination of different navigation systems, including GPS, Galileo, and BeiDou.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/18/2927/s1,
Figure S1: Galileo and GPS DDM Processing Examples, Figure S2: BeiDou DDM Processing Examples, Figure S3:
Galileo SNR Wind Speed Relationship by AGSP, Figure S4: Power spectral density of the Galileo E10S signal,
Figure S5: Frequency response of the TDS-1 front-end, Table S1: List of DDM processor settings.
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