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Copernicus POD Service — general information
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*  Consortium led by GMV, Tres
Cantos, Spain

* magicGNSS, external GPS orbit and
clock provider (NRT, STC), backup
DLR Reticle
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Copernicus POD Service — general information

0 ag0 Orbit A
NRT (predicted) 1 m (2D) Focus of this study
-1 NRT 10 cm (2D) is on S-1 (NTC)
NTC 5cm (3D
- NRT (predicted) 3 m (2D)
NRT 1m (3D)
NRT (S3PODIPF) 10 cm radial (target of 8 cm) -
S-3 STC 4 cm radial (target of 3 cm)
NTC 3 cm radial (target of 2 cm)
T IEEE e

There are two official orbit providers for the S-3 mission. Copernicus POD Service provides NRT, STC and
NTC orbit products. CNES provides STC and NTC orbit products. Operational configuration is NRT (CPOD),

STC & NTC (CNES).

Orbit accuracy requirement for Sentinel-1 is given as 5 cm in 3D
RMS in the comparison to external processing facilities [1]

Copernicus POD Quality Working Group (QWG)
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CPOD Service — Sentinel-1

*  Sentinel-1, C-Band SAR (Synthetic Aperture Radar) mission with two polar-orbiting satellites
e Altitude: 693 km
* Inclination: 98.18 deg
e Mass: ~2150 kg
 Sentinel-1A
* Launch: 3 April 2014
e Sentinel-1B
* Launch: 25 April 2016

( Elevation of sun )

(beta) above

\%’ orbital plane *  Complex satellite structure due to self-shadowing effects
* Fixed solar arrays (30 deg w.r.t. satellite body)

beta (degree)

™ ( Eclipse season )
{ 4 mid of the year
X

W between the
two blue lines )

] 50 100 150 200 250 300 350
Day of Year

. More information at https://sentinel.esa.int/web/sentinel/missons/sentinel-1 and [2]-[5]
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CPOD Service — Selected evolutions for Sentinel-1

Launch Launch )
gravity field ,( Update of points and phase
Update of sat. macro center offsets
Deploy S-1A sat. macro model _
antenna PCVs model R ;‘;’:o:":f'zr
and changes reprocessing
IERS2003 =>1ERS2010 ITRF2008 => || during the long Update of gravity field, ocean .
Update of gravity field ITRF2014  J| e | tide, and atmosphere gravity |[Update of orbit
and ocean tide models | W | Sentinel-1 models; parametrization
Deploy S-1B satellites Carrier-phase ambiguity fixing
antenna PCVs enabled
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CPOD Service — Planning of reprocessing

* |TRF2014 / 1GS14 compatible GPS orbit, clock and bias (for integer ambiguity
resolution (IAR)) product for the entire mission times is needed => CODE (Center
for Orbit Determination in Europe) provided 1GS14-consistent reprocessed time
series of GPS orbits, clocks and biases for the years 2014-2019 (doi:
10.7892/boris.146753).

* For orbit validation and quality control external orbit solutions are needed (no SLR
(Satellite Laser Ranging) reflector on the satellites) => Copernicus POD QWG
members (AIUB, DLR, ESOC, TUM, TUD) provided Sentinel-1A & -1B reprocessed
orbit solutions based on their s/w packages and orbit determination settings for

validation.

A combined orbit solution (IGS-like combination based on weighted average) is
computed serving as a reference solution.
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Sentinel-1 POD solutions — data processing summary

Bernese GNSS Software v5.3 NAPEOS GHOST 2276 NAPEOS 4.2.1 GIPSY-X (V1.5) ?;L“de)se GNSS Software v5.3
Arclengths I} 32h 30h 30h 30h 30h

Gravity field (static) GOCO05s (120x120) :E:{(Zig)l(\ll.;;{)GS.RLOZl e GOCO03S (100x100) E:SLEI;\"GRGS'RLO"'MEAN‘ IEIISIFI;I(.ZGC?;(SZ-SB()M-MEAN- EIGEN GLO4C (120x120)
o . . X Drift/annual/semi-annual Drift/annual/semi-annual Drift/annual/semi-annual .
Gravity field (time varying) LU RECiE iU terms up to degree/order 90 /2 terms up to degree/order 80 terms up to degree/order 90 X311 20, £10, 410
EOT11A (50x50) FES2014 (100x100) FES2004 EOT11a (50x50) FES2004 FES2004 (50x50)
None AOD1B RLO6 (100x100) n/a AOD1B RLO6 (100x100) AOD1B RLO6 (180x180) None
None AOD1B RLO6 (100x100) n/a Ray-Ponte 2003 n/a None
Surface Forces and Empirical parameters
No explicit modelling Box-wing model Box-wing model Box-wing model Box-wing model Box-wing model
No explicit modelling Albedo and Infra-red n/a Albedo and Infra-red Albedo Albedo and Infra-red
e = e E A e E R No explicit modelling msise00 NRLMSISE-00, drag, lift msise90 DTM2000 MSISE-90
Radiation pressure .. . . - . . . .
No explicit modelling Fixed 1 coefficient to 1.0 1 per arc (estimated) Fixed 1 per arc (estimated) 1 per arc (estimated)
No explicit modelling 1 per arc (estimated) 1 per arc (estimated) 1 per day (estimated) 1 per arc (estimated) 1 per arc (estimated)
16 sets in along-track and 18 sets in along-track and 2 sets in along-track and
1/rev empiricals n/a cross-track direction n/a cross-track direction "T anr)g-trac.k e C.r CERRIELES cross-track direction
. A X R directions (sine/cosine) X X
(constant/sine/cosine) (constant/sine/cosine) (sin/cosine)
Constant empirical
Piecewise constant empirical Constant empirical accelerations in radial, cross- e ko EhEnEEs Cen
Other empiricals accelerations in R,S,W, every n/a accelerations in RTN at 10 n/a track and along-track every 15 mi;l
6 min min intervals 10 min (daily biases

removed)
GPS Parameters

Phase ambiguities Estimated (integer) Estimated (integer) Estimated (integer) Estimated (float) Estimated (integer)
Fixed (CODE repro/final

GPS orbits & clocks Fixed (COPE repro/final Fixed (COBE repro/final Fixed (COBE repro/final Fixed (ESOC COP Final) D
products()) products™) products™) products™)
(*) The CODE repro products have been used for the interval of time between the start of the mission until 31/12/2018, whereas the CODE final products have been used on 2019/2020.

Estimated (integer)

Fixed (JPL Final /1GS14)

(**) The CODE repro products have been used for the interval of time between the start of the mission until 31/12/2019, whereas the CODE final products have been used on 2020. The CODE final products
have also been used from 9t" June to 7t" September (both included) 2019 due to a problem with the reprocessed products.



Sentinel-1 POD solutions — data processing summary

highlighted
Bernese GNSS Software v5.3

GHOST 2276 NAPEOS4.2.1 GIPSY-X (v1.5) el
32h 30h 30h 30h 30h
EIGEN.GRGS.RLO4 TVG EIGEN.GRGS.RLO4.MEAN- EIGEN.GRGS.RLO4.MEAN-
GOCOO05s (120x120) (120x120) GOCOO03S (100x100) FIELD FIELD (200X200) EIGEN GLO4C (120x120)
AIUB provides fully . Drift/annual/semi-annual n/a Drift/annual/semi-annual Drift/annual/semi-annual S A S
empirical modelling terms up to degree/order 90 terms up to degree/order 80 terms up to degree/order 90 T
e FES2014 (100x100) FES2004 EOT11a (50x50) FES2004 FES2004 (50x50)

of non-gravitational

AOD1B RLO6 (100x100) n/a AOD1B RLO6 (100x100) AOD1B RLO6 (180x180) None

forces AOD1B RLO6 (100x100)
parameters
No explicit modelling Box-wing model Box-wing model Box-wing model Box-wing model Box-wing model
No explicit modelling Albedo and Infra-red n/a Albedo and Infra-red Albedo Albedo and Infra-red
e = e E A e E R No explicit modelling msise00 NRLMSISE-00, drag, lift msise90 DTM2000 MSISE-90

Radiati
c::;fai';oe:tpressure No explicit modelling Fixed 1 coefficient to 1.0 1 per arc (estimated) Fixed 1 per arc (estimated) 1 per arc (estimated)

No explicit modelling 1 per arc (estimated) 1 per arc (estimated) 1 per day (estimated) 1 per arc (estimated) 1 per arc (estimated)

n/a Ray-Ponte 2003 n/a None

16 sets in along-track and 18 sets in along-track

iri L2 ne-tr ESOC and TUDF cross-track 2 sets in ann.g-tra}ck and
1/rev empiricals n/a cross-track direction n/a cross-track direction ) i) cross-track direction
(constant/sine/cosine) (constant/sine/cosin are using (sin/cosine)
different GPS

i i iri i i roducts i .
- P|eceW|s§ con.stant empirical Constant' ESOC provides single Y dial, cross: e ko EhEnEEs Cen
Other empiricals accelerations in R,S,W, every n/a accelerati ambiguity-fl rack and along-track every X
- . iguity-float . L 15 min
6 min min inter A 10 min (daily biases
solution

removed)

Phase ambiguities Estimated (integer) Estimated (integer) Estimated (integer) Estimated (float) Estimated (integer) Estimated (integer)
Fixed (CODE repro/final

GPS orbits & clocks Fixed (CODE repro/final Fixed (CODE repro/final Fixed (CODE repro/final Fixed (ESOC COP Final) Fixed (JPL Final /1GS14) "
products()) products™) products™) products™)

(*) The CODE repro products have been used for the interval of time between the start of the mission until 31/12/2018, whereas the CODE final products have been used on 2019/2020.

(**) The CODE repro products have been used for the interval of time between the start of the mission until 31/12/2019, whereas the CODE final products have been used on 2020. The CODE final products
have also been used from 9t" June to 7t" September (both included) 2019 due to a problem with the reprocessed products.



Sentinel-1 reprocessing — orbit comparison — old => new

Sentinel-1A: CPOD vs. COMB [3D RMS]
® CPOD @® CPOR

10
_ ‘ Comparison of combined (based on
£ 8 ; szMW all reprocessed orbit solutions) vs.
% 61 operational (CPOD) and reprocessed
2 . (CPOR) orbit solution shows large
S impact of the correction of the GPS
-Q .
S N A . E antenna reference point and phase
end 38 - e P " % e . .
e e — center offsets (done in mid-2020)
Sentinel-1B: CPOD vs. COMB [3D RMS]
® CPOD ® CPOR . .
10 => Need for reprocessing is more
T 8- . than obvious!
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Sentinel-1 reprocessing - orbit comparison — 3D RMS

Sentinel-1A: ALL vs. COMB [3D RMS]

10 ® AlUB @® CPOR ® DLRR ® ESOC ® TUDF ® TUMM ° Comparison Of a” VS. Combined Orbit
—— : - _Short period - ' . solutions shows an extremely high
§ (.| with switch to : : consistency below 1.5 cm for most of
v 2.0 o4 redundant GPS . - .
£ __.-receiver - the time.
& +7 ' e Qutliers are mainly due to data gaps
g 1.07 and manoeuvres, which are handled
S 0.5 differently from the groups.
0.0 ; : : . | . e Seasonal variations dominate orbit
Sentinel-1B: ALL vs. COMB [3D RMS] H . .
i, o AUE o cror e DLRR e Eoc e TUDF e TUMM differences (eclipse season in summer)
'E 2.5
S
v 2.0
2 3
5151 §
= g \A
2 1.0 M| 3
3 \
O 0.5 80
0.0 T T e T T i , , s 50 00 5 200 2% 200 %0
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Sentinel-1 reprocessing - orbit comparison — mean diff

Orbit Difference [cm]

Orbit Difference [cm]

Orbit Difference [cm]

Sentinel-1A: ALL vs. COMB [Radial Mean] 4 N\ Sentinel-1B: ALL vs. COMB [Radial Mean]
® AUB ® CPOR @ DIRR © ESOC @ TUDF @ TUMM A ® AUB ® CPOR ® DIRR ©® ESOC @ TUDF ® TUMM
100 Seasonal differences 1.00
0754 - are visible in all _. 0751
. . £
0.501 components 2 0504
0.25 g 0251
0.00 | E 0.00 1
-0.25 1 . . 5 -0.251
_0501 ! Eclipse season mid- 2 -050]
~0.75 year is more © —0.754
-l.o0 2014 2015 2016 2017 2018 2019 2020 pronounced in radial -L.00 2014 2015 2016 2017 2018 2019 2020
Sentinel-1A: ALL vs. COMB [Along Mean] and a|ong-track Sentinel-1B: ALL vs. COMB [Along Mean]
® AUB ® CPOR ® DIRR © ESOC @ TUDF ® TUMM ) X @ AUB ® CPOR ® DIRR ® ESOC @ TUDF @ TUMM
1.00 —— g direction 1.00
0.751 R R : - _. 0754
L : : £
0.50 1 . R g : N\ S o501
0.251 . } i . : 3 0251
0.00 1 [ \ g 0.00 |
) .. )
s | ESOC (arrjblgwty £ o2
—0.504 . : . float) solution shows 5 0.0
~0.75 1 e . ' prominent cross- © 0754
-1.00 2014 ' 2015 ' 2016 | 2017 ' 2018 2019 | 2020 track mean L0050 2015 2016 2017 2018 2018 2020
Sentinel-1A: ALL vs. COMB [Cross Mean] differences Sentinel-1B: ALL vs. COMB [Cross Mean]
Loo e AUB @ CPOR @ DLRR © ESOC @ TUDF @ TUMM Loo e AUB @ CPOR @ DLRR ® ESOC @ TUDF e TUMM
0.75 . : — 0751
) . £ ]
00 ( Sentinel-lhasa \ = °°
0.25 I tellit S 0251
0.00 compiex satellite % 0.00 1
—0.25 ] : ; : : structure => further £ —02s] ; ' =4
~0.50 - B g AR i R g ~ investigations on the | £ -0s0 : ; T 4 : '
w073 d satellite macro model 0731 .
L0 2015 2006 2017 | 2018 2018 | 2020 are needed. L0 2015 2016 | 2017 | 2018 | 2019 2020
Date \ e Date
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Sentinel-1 reprocessing - orbit comparison

Sentinel-1A: All vs. COMB (Statistics of Mean)
N AlUB N CPOR HE DLRR s Esoc EE TUDF N TUMM

0.14

-I_l. O [

Racliial Alolng Crtlnss
Satellite Component

Mean of Daily Mean [cm]
o
=)

Sentinel-1A: All vs. COMB (Statistics of RMS)
N AlUB EEN CPOR EEE DLRR s ESOC EEE TUDF N TUMM

7~

1.0

0.8 1

0.6

Mean of Daily RMS [cm]

Radial Along Cross
Satellite Component

Mean of Daily Mean [cm]

Mean of Daily RMS [cm]

Sentinel-1B: All vs. COMB (Statistics of Mean)
N AlUB N CPOR HEE DLRR s Esoc HE TUDF s TUMM

et

Radial Along Cross
Satellite Component

Sentinel-1B: All vs. COMB (Statistics of RMS)
N AlUB EEN CPOR EEE DLRR . EsocC EEN TUDF N TUMM
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o
o

Id
S

o
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o
o
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Radial Along Cross
Satellite Component

* Despite seasonal systematic differences the overall mean differences are within £ 2 mm.
*  The mean 3D RMS over the entire mission times for both satellites are below 1 cm for all orbit solutions

= Very high consistency of all orbit solutions

= Orbit accuracy requirement of < 5cm 3D RMS w.r.t. external orbit solutions is fulfilled with large margin.

% s >0l
Service
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Sentinel-1 reprocessing — updated orbit solutions

5 S1Aw.rt COMB 5 S1B w.rt COMB
e . old - od
o’ -1* . '_ - - new - new
25 - 2.5 : :
3 2l z
§ 2r » s 2 '
) ) .
z z d
a 15 a 1.5 ] -
[ap] o .
= =
g g i
05 0.5
D 1 1 1 1 1 1 D 1 1 1 1
2014 2015 2016 2017 2018 2019 2020 2021 2016 2017 2018 2019 2020 2021

*  TUM recently updated the reconstruction of the GPS orbit positions in their processing to be more consistent
with the original GPS orbit modelling for the CODE GPS orbit products.
* This update led to a significant improvement of the TUM S-1 reprocessed orbit solutions in comparison to the

combined orbit.
» Not only the Sentinel-1 orbit modelling has to be looked at but also the reconstruction of the GPS satellite

positions is important

PasIiTiM Q'W ?0 © Authors. All rights reserved. 13



Summary and Conclusion

e Afull mission reprocessing of the precise orbit products has been performed for the two
Copernicus Sentinel-1 satellites (in orbit since April 2014 & 2016, respectively).

e Several model and orbit parameter updates during the last years and, in particular, a
correction of the GPS antenna reference point and phase center offsets made this
reprocessing necessary.

*  Orbit validation and quality control is done based on comparison to external orbit solutions
delivered by members of the Copernicus POD QWG.

e Although basic input data and settings have to be agreed it is also important to have multiple
s/w packages and orbit determination approaches available for validation.

* Small systematic and seasonal variations in the orbit differences are still present. Further
investigations on the satellite macro model are needed to even improve the orbit solutions.

* Reprocessed Sentinel-1 orbit solutions from the Copernicus POD Service are available on
the Copernicus Data Hub =>

https://sentinel.esa.int/web/sentinel/-/copernicus-sentinel-1a-and-1b-precise-orbital-products-currently-available-for-the-entire-mission/1.2

More information about the reprocessing may be found at https://sentinel.esa.int/web/sentinel/technical-guides/sentinel-1-sar/pod/documentation
=> Sentinel-1 Full Mission Reprocessing (2021).pdf

/ COPERNICUS
& g'nV rOD © Authors. All rights reserved. 14
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