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Spire EO Experience

Spire operates the third largest constellation of
satellites (110+ nanosatellites and growing)

Established company with ~250 people across six

offices Spire has introduced a faster and more agile
Spire was the first commercial company to paradigm for EO with constellations of nanosatellites

collect radio occultation data (atmospheric
profiles) and leads in quantity of GNSS-RO and

GNSS-R observations

June 2018:
100s RO

20+ launch campaigns and 29 globally profiles/day

distributed ground stations

Spire GNSS-RO data have been assimilated into

the operational forecasts of ECMWF and UK

MetOffice
Feb. 2020:
~10K RO
profiles/day

. ~100
A spire gncre:se)




Spire Earth Observations

GPS/GNSS Satellites

Space
Weather

Atmospheric
Profiles

Soil Moisture ,."/"

Ocean Winds

S Z
* Atmospheric sounding for NWP, climate » Grazing angle bistatic radar altimetry with GNSS-RO

. . o satellites
 lonospheric sounding for space weather monitoring
. . . . , * GNSS-R scatterometry: sea ice, soil moisture,
Asplre . Thermosph_enc densyty and possibly gravity through ocean winds, mean square slope
precise orbit determination



Scaling Earth Observations

Spire Earth observation production

advancement:
Quantity increase through launches and .
additional GNSS constellations tracked ~10K profiles per day and global coverage
Continual receiver and bus performance Spire Daily Avg RO Production (QC'ed)
improvements 12000
Continual data latency reduction 10000
Spire’s constellation is designed for
continuous scaling, replenishment, and g 800
improvement 5
) ) & 6000
Long-term, sustainable Earth observations to E
meet societal needs < 4000
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Spire GNSS Reflectometry (GNSS-R)

Observations
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Coherent rough surface

reflection from / / Footprint: ~20 km

smooth surface
Footprint: < 1km -~
Earth surface

* GNSS-R is a form of bistatic radar using GNSS signals of opportunity (e.g., GPS, Galileo, QZSS, GLONASS)

to perform Earth surface scatterometry (ocean roughness estimation, e.g., TDS-1, NASA CYGNSS
mission)

A spire * Natural progression from successful Spire radio occultation (RO) satellites to add GNSS-R scatterometer
satellites to Spire constellation
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Splre s Interest in GNSS-R Ocean Applications

Ocean Mean Square Slope (MSS) is key to air-ocean gas transfer.

« For NWP a global measure of the wind-wave coupling.

« GNSS-R is directly measuring the surface roughness (MSS) at L-band. This observable can be used
as-is, or inferred to surface wind-speed.

->

- Transmitters $
Q@
oL
V

Receiver

->

Low ocean roughness = High ocean roughness
X x 1
5 K

5000 10000 15000
Doppler, Hz

A Spire (Gleason et al., 2017) 7



Spire’s Interest in GNSS-R Ocean Applications
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Spire Ocean Product Roadmap

L1a
GNSS-R BRCS | | ]

L1b-Ocean
GNSS-R
nBRCS

Inversion

MSS

Ocean wind speed

Forward model

Spire
GNSS-R
Ocean Products

- Preliminary product of Spire GNSS-R ocean reflectivity inverted to MSS and ocean wind

speed

- For NWP assimilation we are also generating a observable + forward model product
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Spire Batch-1 GNSS-R Mission (2020)

. SPIRE GNSS-R “Batch-1” Satellites P
% e Launched two satellites in December 2019 i / A e
: e Novel relative power calibration method i ! g

Digital beamforming between antennas

Parameter NASA CYGNSS Spire GNSS-R
Batch-1

Simultaneous reflections

observed 4 <
GNSS Constellations GPS GPS, QZSS, Galileo,
tracked SBAS
Direct antenna L1 Single patch L1/L2 single patch

. 2, 3x2 L1 LHCP array 2, 3x1 L1 LHCP array
Reflection antenna . . .

(off-nadir) (nadir), beamforming

Mass 25 kg 5 kg
Orbit 35 deg, 510 km 37 deg, 571 km
Expected lifetime 2 years 2 years

SR < |
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https://docs.google.com/file/d/14_HwLCjqL-iGo-TxOKuiPdQWsb95Bijv/preview
https://docs.google.com/file/d/1uB-D30_R8xcqX7Ja3bFdyaKv3R3v6NRK/preview

Tracking More GNSS Constellations

«  GPS signals tracked since launch

« First operational DDM collections of non-GPS signals
« QZSS L1 (4 more transmitters) and Galileo E1C (22 more transmitters) added in December 2020
«  SBAS signals (~14 more transmitters) in mid-2021

2020-12-11T06-56-50Z_QZS_L1_CA_OLOOP_193_rgnssr_ocean_antmask4.ddm

QZSS L1 (ocean)
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Spire GNSS-R: First to Beamform

- Demonstration of beamforming to increase SNR from coherent combination of multiple
antennas. Currently beamforming only for short durations in ground processing.
Single antenna (Left) vs. beamformed (Right). Color scale is fixed.

DDM125 1.3 W/W DDM125 1.5 W/W

-10000 -5000 0 5000 10000 -10000 -5000 0 5000 10000
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https://docs.google.com/file/d/1N0xBTVYL5FCAx6MV6deC-6eQUxqFmaVq/preview

Spire Spire Batch-2 GNSS-R Mission (2021)

SPIRE GNSS-R “Batch-2” Satellites

Two satellites launched in January 2021

Sun synchronous (polar) orbit
3-panel, wide FOV antenna; direct sampling GNSS
receiver

Parameter Spire GNSS-R Spire GNSS-R
Batch-1 Batch-2

Simultaneous

reflections observed "

GNSS Constellations GPS, QZSS, Galileo, GPS, QZSS, Galileo,
tracked SBAS SBAS

Direct antenna L1/L2 single patch L1/L2 single patch

3, 3x1 L1 LHCP array
(nadir, 35 deg off-nadir,
and beamforming
STRATOS v2 (direct

GNSS receiver STRATOS v1 sampling, onboard
calibration, larger FPGA)

2, 3x1 L1 LHCP array

Reflection antenna (nadir), beamforming

Mass 5 kg 5 kg

Orbit 37 deg, 571 km S$S0: 9:30 LTDN, 500 km

Aspire 14



Comparison between Spire and CYGNSS

Comparison of GNSS-R normalised bistatic radar cross-section (nBRCS) to ECMWF u10 wind
speed

Preliminary like-for-like comparison between Spire and CYGNSS: GPS-only, 1 Hz nBRCS.

Good agreement between Spire and CYGNSS nBRCS for given wind-speed
Still some work to improve validation and quality flagging

Spire CYGNSS
Batch-1: FM109 antenna 1, Nov 2020 - Jan 2021 CYGNSS-1 antenna 2 v3.0 (8 days in Oct 2020)
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Comparison of Spire GNSS-R, ECMWF and ASCAT

Inversion to ocean wind and MSS are under development. Here is a preview showing
the good sensitivity of Spire nBRCS to ECMWF background wind for 1 Hz observations.

ECMWF wind speeds [ms-1.

Showing Dec 2020

* (Left Panel): Comparison of Spire nBRCS to ECMWF background
* (Right Panel): Comparison of Spire nBRCS to ASCAT
Spire nBRCS to ASCAT comparison

Spire nBRCS to ECMWF comparison
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Batch-1 and Batch-2 nBRCS Maps

- The plots below show ocean sigma-0 maps over the ocean for Batch-1 and Batch-2.
- For the 1 month period: 18 Feb 2020 - 18 March 2021
- Batch-1: utilising GPS, Galileo, QZSS
- Batch-2: utilising GPS only > These are preliminary results during cal/val (without quality
control (QC)). Coverage rate will scale x2-3 (add GNSS systems) x2 (duty-cycle).

Batch-1 (FM109, FM110) Batch-2 (FM146, FM147) o ac)
Map of mean sigma0_at_sp. Gridded at 100km Map of mean sigma0_at_sp. Gridded at 100km
FM109,FM110 From.ZOZl»OZJBTDS-OO-OO T0:2021-03_19T00-00-00 30.0 FM146,FM147 From:202 1-02718T0g-00-00 T0:2021-03_18T00-00-00 30.0
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§pire GNSS-R Program Status

Batch-2 Antenna

PY Two GNSS-R Batch-1 satellites %ﬁ:’tf.ﬁf::'f?’zﬁ,:séﬁEONAss %osr:ez%'l/;c?i-lggeznflssé:o?to 2019-11-04 23:58:50
in operation producing onboard ~ :;
DDMs from multiple GNSS —
e Two new GNSS-R Batch-2 .
satellites (new receiver and E "
antennas) are in operation [ 2
with cal/val in progress. .
e Operational GNSS-R products s
(e.g., L1 nBRCS, reflectivity, =
and L2 soil moisture, sea ice, g
surface water, ocean wind and g jg
MSS) operational in 2021 I 30
e Increased temporal and spatial g ij
sampling as Spire GNSS-R . 36
constellation builds out s
(example at right) : o

A Spire Simulated coverage/revisit for 20 Spire GNSS-R Batch-2 CubeSats (> 10 daily samples per 12 km cell)
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Spire data are available to funded researchers through the
NASA CSDAP and ESA Earthnet programmes. For more info,
contact earth-obs@spire.com.
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Thank youl!

Philip Jales
GNSS-R Programme Manager

philip.jales@spire.com
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