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Abstract. The SAR (Synthetic Aperture Radar) Copernicus
Sentinel-1 satellites require a high orbit accuracy of 5 cm in
3D in comparison to external processing facilities. The offi-
cial orbit products delivered by the Copernicus POD (Precise
Orbit Determination) Service fulfil this requirement. Nev-
ertheless, analyses have shown discrepancies in the orbit
results for the two satellites Sentinel-1A and Sentinel-1B.
Since the satellites are identical in construction estimated or-
bit parameters like the scale factor for the radiation pressure
are expected to be at the same magnitude, which is not the
case. Estimation of GPS antenna offsets leads to differences
between the two satellites, which might explain the discrep-
ancies in the estimated orbit parameters. Such offset estima-
tions are, however, very sensitive to orbit and observation
modelling. It has to be assured that the results are not bi-
ased by insufficient models. First of all, stabilisation of the
antenna offset estimation is achieved by improving the obser-
vation modelling by applying single receiver ambiguity reso-
lution. The Copernicus Sentinel-1 satellites have a very com-
plex shape with the long SAR antenna and the two large solar
arrays. Antenna offset estimation based on different satellite
models may give results which differ by up to 1.5 cm. The
dispersion of the estimates is quite large depending also on
eclipse and non-eclipse periods. Consideration of simple as-
sumptions on satellite self-shadowing effects improves the
satellite model and also the results of the antenna offset esti-
mation. Finally, more consistent results for the two Sentinel-
1 satellites are achieved by applying the antenna offset esti-
mates.

1 Introduction

The European Copernicus Programme (Aschbacher and
Milagro-Pérez, 2012) has been set up to establish European
capacity for Earth Observations. The core of the programme
are Earth observation satellites. The Copernicus Sentinel
missions are dedicated satellites for specific needs within the
programme.

The Synthetic Aperture Radar (SAR) satellite Sentinel-
1A (S-1A, Fletcher, 2012; Torres et al., 2012) is the first
satellite of the Copernicus programme. It was launched on
3 April 2014 from Kourou, French Guiana. The second satel-
lite of the mission, Sentinel-1B (S-1B), was launched from
the same place about two years later on 25 April 2016.

Figure 1 shows an artist’s impression of the Sentinel-1
satellite. The C-Band SAR is the main instrument accom-
panied by telemetry antennas, three star trackers for attitude
determination and two (main and redundant) eight-channel
Global Positioning System (GPS) units for precise orbit de-
termination (POD). The orbit accuracy requirement for Non-
Time Critical (NTC) POD products is given as a maximum
of 5 cm in 3D in the comparison to external processing facil-
ities (GMES Sentinel-1 Team, 2006). The Copernicus POD
Service (CPOD Service, Fernández et al., 2014, 2015) is
in charge of providing the orbital and auxiliary products
needed by the Processing Data Ground Segment (PDGS) of
the satellites. The orbit determination processing is done with
NAPEOS (NAvigation Package for Earth Orbiting Satellites,
Springer et al., 2011) used for POD of other Earth observa-
tion satellites as well, e.g., Jason-2 (Flohrer et al., 2011).

GPS is the only POD observation technique available for
Sentinel-1. Assessment of the absolute orbit accuracy is,
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Figure 1. Artist’s impression of the S-1 satellite; © ESA.

therefore, difficult. Radar measurements have already suc-
cessfully been applied for orbit validation of TerraSAR-
X and TanDEM-X (Hackel et al., 2018). Schmidt et al.
(2018) indirectly validated the Sentinel-1 NTC orbits with
radar measurements but did not reach the level of accu-
racy necessary for absolute orbit validation. The valida-
tion of the orbit accuracy can, therefore, only be done
by orbit overlap analysis and by comparison to other or-
bits generated from different institutions. The Coperni-
cus POD Quality Working Group (QWG) is part of the
CPOD Service. The member institutions of the QWG de-
liver independent orbit solutions for all Sentinel satellites
using different software packages and different reduced-
dynamic orbit determination (Wu et al., 1991) approaches.
These alternative orbit solutions are compared in four-
month batches to the operational CPOD solutions. The
comparisons are published in the Regular Service Review
(RSR) reports (https://sentinel.esa.int/web/sentinel/missions/
sentinel-1/ground-segment/pod/documentation, last access:
16 March 2020). Based on these RSR comparisons and fol-
lowing detailed investigations (Peter et al., 2017) an erro-
neous information in the Sentinel-1 satellite geometry could
be identified. The Up-component of the GPS antenna phase
center offset (PCO) w.r.t. the antenna reference point (ARP)
has, therefore, been corrected by 29 mm. The consistency be-
tween the CPOD and POD QWG orbit solutions could sig-
nificantly be improved although systematic differences were
still present in particular during the eclipse period from May
to August.

S-1A and S-1B satellites are identical in construction.
Therefore, estimated orbit parameters allow to indirectly val-
idate the orbit solutions by comparing the estimated param-
eters such as solar radiation pressure (SRP) coefficient or
empirical cycle-per-revolution (CPR) parameters with each
other. They are expected not to be exactly the same but they
should have the same magnitude.

Figure 2. Sun angle above the orbital plane (β), eclipse period be-
tween lines in the middle of the year.

If the same orbit and observation models are applied
for precise orbit determination of the two satellites dif-
ferent results for the estimated orbit parameters might be
caused by erroneous satellite geometry, namely center-of-
mass (COM) coordinates, GPS ARP coordinates or GPS an-
tenna PCO+PCVs (phase center variations). Antenna off-
set estimation is a common method to sort out inconsisten-
cies between satellite geometry, observation and orbit mod-
els. Luthcke et al. (2003) and Haines et al. (2004) for in-
stance did an offset estimation for Jason-1 by estimating the
GPS antenna PCO together with the phase center variations
(PCV). Radial orbit accuracy and post-fit observation resid-
uals could significantly be improved. Peter et al. (2017) dis-
cussed the interdependency of PCO and PCVs in detail for
S-1A. They claimed the necessity of having PCVs available,
which do not induce offsets, in particular for satellite mis-
sions where such auxiliary data is provided to users with dif-
ferent software packages and different reduced-dynamic or
even kinematic orbit determination strategies.

In the study presented here antenna offset estimation
means the estimation of the vector from COM of the satellite
to the ARP, in most cases the physical mounting point of the
GPS antenna. Although a potential error cannot be assigned
either to the COM or the ARP or PCO/PCV, the antenna PCO
and PCVs are handled separately and are not included into
this term in this case.

A main topic of this research is the sensitivity of such an-
tenna offset estimations to orbit and observation modelling
for the special case of the Sentinel-1 mission. The two satel-
lites A and B are flying in the same sun-synchronous dawn-
dusk orbit (inclination 98.18◦, altitude 693 km) but 180◦

apart. This orbit implies a sun angle over the orbital plane
between 58 and 87◦ with an eclipse period of less than 100 d
between May and August (see Fig. 2).

The solar panels are fixed to an angle of 30◦ with respect
to the satellite’s z-axis (perpendicular to the SAR antenna
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face direction and positive in direction of radiation) in the
satellite-fixed reference frame (SRF). The xSRF-axis approx-
imately points into the flight direction and the ySRF-direction
is the anti-sun direction. In nominal attitude mode (for details
see Peter et al., 2017; Fiedler et al., 2005; Miranda, 2005)
the satellite bus is tilted approximately by 30◦ with respect
to the nadir direction as it is implied in Fig. 1. The GPS an-
tennas are also tilted w.r.t. the satellite bus (Peter et al., 2017)
to have the antenna boresight close to zenith direction all the
time. The non-gravitational force modelling is done based on
a satellite macromodel (box-wing model). The satellite and
orbit design implies a strong correlation between SRP mod-
elling and the cross-track component of the orbit. This fact
impacts the selection of the orbit parameter setup and also
plays an important role when analysing sensitivity of the S-1
antenna offset estimation to orbit and observation modelling.

Considering the complex shape of the Sentinel-1 satel-
lites, the mission and orbit design, the dependency of the
offset estimates on the complexity of the satellite macro-
model and different orbit parametrizations is analysed. So-
phisticated satellite models based on ray tracing considering
shadowing effects and multiple reflections proved to be bene-
ficial to satellite macromodels (Haines et al., 2004; Zelensky
et al., 2010) for the non-gravitational force modelling. Such
a sophisticated Sentinel-1 satellite model has been developed
by University College London (UCL, Li et al., 2018), but it
is not publicly available and has not yet been validated in
S1 POD. Therefore, self-shadowing effects are tried to be
considered in the present study by simple assumptions de-
pending on the sun incident angle on the individual satellite
surfaces. The satellite macromodel is updated accordingly.

In addition, the improvement in observation modelling,
namely the application of single-receiver ambiguity resolu-
tion for the Sentinel satellites (Montenbruck et al., 2018a),
is also taken into consideration for the analysis presented
here. Single-receiver ambiguity resolution has already suc-
cessfully been applied for other LEO (Low Earth Orbiting)
satellites such as GRACE, Jason-1, and Jason-2 (Laurichesse
et al., 2009; Bertiger et al., 2010). Montenbruck et al. (2018a)
nicely showed the impact of integer ambiguity resolution on
the cross-track component of the orbit due to the geometric
stiffness given by the fixed ambiguities. The integer ambigu-
ity resolution could be applied for the Copernicus Sentinel-
1, -2, and -3 satellites only recently, when the ground seg-
ment processing was upgraded to properly resolve half-cycle
biases in the carrier phase observations from raw correla-
tor data of the RUAG GPS receivers (Zangerl et al., 2014).
This was shown for the first time for Swarm also being
equipped with the RUAG GPS receiver (Allende-Alba and
Montenbruck, 2016). Full-cycle ambiguities can, fortunately,
be generated in a post-processing on ground and ambigu-
ity resolution results were already presented for Swarm in
a baseline (Allende-Alba et al., 2017) and in single-receiver
processing (Montenbruck et al., 2018b). Results for Sentinel-
3A were presented in Montenbruck et al. (2018a).

The sensitivity analysis of the S-1 antenna offset estima-
tion is composed as follows. Section 2 shows the differences
in the orbit determination results of the two S-1 satellites.
Section 3 describes the different orbit and observation mod-
els used, in particular a detailed description of the macro-
model update including assumptions on the self-shadowing.
The results of the different antenna offset estimations based
on the different orbit and observation models are summarised
and analysed in Sect. 4. The article is closed with conclusions
in Sect. 5.

2 S-1A and S-1B orbit determination results

Part of motivation for this study is that the estimated orbit
parameters (e.g., SRP coefficient and empirical CPR param-
eters) of the two Sentinel-1 satellites show different mag-
nitudes and or systematic signatures, which cannot be ex-
plained by other means than different antenna offset vectors
of the GPS antennas. The satellites are identical in construc-
tion, but of course there are differences in the satellite mass
due to the different age of the satellites. The satellite masses
change over time, which is documented in the correspond-
ing mass history files available from S-1 FOS (Flight Oper-
ations Segment). For instance the satellite masses have been
2145.057 and 2153.622 kg on 11 June 2018 for S-1A and S-
1B, respectively. The differences of about 8.5 kg is not very
large compared to the absolute mass of the satellites. The
satellite mass is used in the non-gravitational force models as
scaling factor to model the resulting acceleration. Therefore,
the mass is already properly incorporated in the modelling
and the SRP coefficient and atmospheric drag scaling factor
should not show large differences due to this. Significant dif-
ferences are, however, present in the center of mass (COM)
coordinates of the two satellites. Table 1 lists the correspond-
ing COM coordinates in SRF as of 11 June 2018 in the mid-
dle rows. The initial location of the COM is not directly
measured but computed based on the location and masses
of all spacecraft components. The COM position does also
change during mission time, but the changes are very small
(about 1 mm yr−1) and restricted to the z-component. Since
the launch of the satellites the z-component of the COM of S-
1A changed by 8 mm and that of S-1B by 3 mm (status: 8 Jan-
uary 2020). The larger change for S-1A is due to more fuel
consumption during the longer lifetime of the satellite and
due to the large number of manoeuvres in the first months of
the mission to correct the injection error (Martín Serrano et
al., 2015; Vasconcelos et al., 2015). The changes of the COM
coordinates are also documented in the aforementioned mass
history files of the satellites. Table 1 also lists the ARP co-
ordinates of the main and the redundant GPS antennas in the
top rows. The values are identical for both S-1 satellites. The
redundant antenna is added for completeness but it is not
used in the following analysis due to lack of data. The dif-
ferent COM coordinates of the two satellites lead to different
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Table 1. GPS ARP coordinates for main and redundant antennas
(top); COM coordinates (middle) and vectors from COM to the
main GPS ARPs (bottom) for the two satellites as of 11 June 2018;
all values are given in SRF.

xSRF (m) ySRF (m) zSRF (m)

S-1 GPS ARP main∗ −0.9371 0.3321 0.1310
S-1 GPS ARP redundant∗ −0.9465 0.5587 0.2362

S-1A COM 0.0040 −0.0090 2.0120
S-1B COM 0.0040 −0.0020 2.0230

S-1A COM-GPS ARP main −0.9411 0.3411 −1.8810
S-1B COM-GPS ARP main −0.9411 0.3341 −1.8920

∗ Note that the GPS ARP coordinates are different to the values documented in Peter et
al. (2017). In the meantime an error in the documentation has been detected. Due to
operational constraints S-1 operational CPOD orbits are still generated based on the
wrong values from Peter et al. (2017); status: 8 January 2020.

Figure 3. Estimated SRP coefficient for both Sentinel-1 satellites.

antenna offsets (vectors from the COM to the GPS ARPs) for
the two satellites (see bottom rows of Table 1, for the main
GPS antennas only).

Table 2 lists the observation model, orbit model and the
parameters used for S-1 orbit determination in this section,
basically the settings of the operational S-1 NTC orbit deter-
mination at the CPOD Service. Different settings used for the
analyses in Sect. 4 are explicitly stated in Table 3. The S-1
macromodel is described in detail in Sect. 3.1.

The estimated orbit parameters from S-1A and S-1B are
analysed based on orbit determination results from one year
of data (2018). At first, Fig. 3 shows the estimated SRP coef-
ficient. The estimates are different for the two spacecraft and
also show seasonal variations. Mean values are 0.94± 0.04
and 1.03± 0.06 for S-1A and S-1B, respectively. During the
eclipse period in the middle of the year (see Fig. 2) the es-
timated SRP coefficients are closest, but outside the eclipse
period the values differ up to 10 % from each other.

Figure 4 shows the two (sine and cosine) elements of the
empirical along-track and cross-track CPR parameters, re-

spectively. Three CPR parameter sets are estimated per or-
bital arc and the three values of each element are very similar.
For simplicity only the elements of the second CPR param-
eter are shown. It has to be noted that the scale is centered
to zero in all four panels but different for the four param-
eters. The cosine cross-track parameters (bottom right) are
very similar for both satellites. They do not exhibit large dif-
ferences. The sine cross-track parameters (bottom left) are
similar outside the eclipse period but during eclipse the val-
ues differ by up to 2 nm s−2. The along-track parameters (top
row) show differences in both elements, especially outside
the eclipse period. The differences grow up to 5 nm s−2 on
some days for the cosine along-track element (top right).

To check if the differences in the estimated orbit param-
eters are due to different antenna offset vectors, the estima-
tion of the y- and z-component of the antenna offset vec-
tor has been performed for both satellites. The x-component
cannot be estimated for Sentinel-1, because this direction
is fully correlated with the along-track component of the
state vector. A reliable estimation of the antenna offsets in
a reduced-dynamic orbit determination can only be guaran-
teed when the underlying gravitational and non-gravitational
force models are sufficiently good. The radial orbit com-
ponent is defined by the dynamical models. Any mismod-
elling does, therefore, directly impact the levelling in radial
direction. The cross-track orbit component is also defined by
the dynamical models. In the case of Sentinel-1 in the sun-
synchronous dawn-dusk orbit this is especially the SRP mod-
elling. That means that the satellite macromodel used for the
non-gravitational force models is of high importance for a
reliable estimation of the cross-track orbit component. Mis-
modelled forces should not deteriorate or even falsify the es-
timates. In the case of Sentinel-1 self-shadowing plays an
important role due to the specific shape and orientation of
the satellite and should be taken into account for accurate
SRP modelling. The impact of using different macromod-
els with and without taking self-shadowing into account is,
therefore, studied for the antenna offset estimation. In addi-
tion, the single-receiver ambiguity resolution has been con-
sidered in the GPS observation modelling. The improvement,
which mainly impacts the cross-track orbit component due to
the geometric stiffness given by the fixed carrier-phase am-
biguities (Montenbruck et al., 2018a), is studied as well for
the antenna offset estimation.

3 Description of different orbit and observation models

The processing of the data used for this study is based on
the model and parameter settings given in Table 2. The set-
tings of the solutions used for the antenna offset estimation
are only partly different and the differences to the settings in
Table 2 are mentioned in Table 3 (right column).

Common for all solutions is that no PCVs are used, be-
cause it shall be avoided to introduce any possible implicit
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Table 2. Summary of models and parameters employed for the Sentinel-1 orbit determination.

Software NAPEOS
Reference system IERS2010 (Petit and Luzum, 2010)

GPS measurement model

Sampling 10 s
Observation weight 10 mm for phase, 0.8 m for code observations, no elevation-dependent weighting
Elevation cut-off angle 7◦

Antenna phase wind-up applied
Sentinel-1 PCO+PCVs xARF/yARF/zARF⇒−0.5/1.0/68.0 mm; official PCVs∗

GPS orbits and clocks IGS Final
GPS clock sampling 30 s
GPS antenna PCOs+PCVs igs14.atx (Rebischung and Schmid, 2016)
Arc length 32 h

Gravitational force models

Gravity field model EIGEN.GRGS.RL03 (Lemoine et al., 2013), 120× 120, time-variable coefficients 50× 50
Ocean tide model EOT11a (Savcenko and Bosch, 2010), 50× 50

Non-gravitational force models

Atmospheric drag MSISE90 (Hedin, 1991), estimation of 15 drag coefficients per arc
Solar radiation pressure macromodel, re-radiation considered (Cerri et al., 2010), estimation of one SRP coefficient per arc
Earth albedo radiation macromodel, ANGARA (Doornbos, 2001), re-radiation considered
Infrared radiation macromodel, ANGARA, re-radiation considered
Empirical parameters 3 sets per arc, along-track sine+cosine, cross-track sine+cosine CPR parameters

∗ https://sentinel.esa.int/web/sentinel/technical-guides/sentinel-1-sar/pod/satellite-parameters (last access: 16 March 2020)⇒ANTEX file.

Table 3. Solution list for antenna offset estimation.

Solution Differences to Table 2

CFL SRP coefficient fixed to 1.0, ambiguity-float solution

A –
B SRP coefficient fixed to 1.0, no CPR parameters
C SRP coefficient fixed to 1.0
D SRP coefficient fixed to 1.0, older/insufficient macromodel used

(differences to values in Table 4: area of +y/− y: 4.330 m2, area of solar array: 31.000 m2)
E SRP coefficient fixed to 1.0, constant area for modelling SRP, no Earth radiation pressure (ERP) modelling
F SRP coefficient fixed to 1.0, macromodel updated with simplified shadowing assumptions (see Sect. 3.2)

offsets from the PCVs (see Peter et al., 2017). The y- and
z-component of the antenna offsets are estimated in all solu-
tions and the corresponding a priori values are the differences
between the main GPS ARP and COM coordinates (see bot-
tom rows of Table 1). It is also common to all solutions that
CNES-CLS (Loyer et al., 2012) Final orbit and clock prod-
ucts are used for the processing instead of the IGS Final orbit
and clock products. Single-receiver ambiguity-fixing is done
for solutions A–F based on the available widelane satellite
biases from CNES-CLS together with corresponding GPS
satellite clocks having included the narrowlane phase biases
(Laurichesse et al., 2009). Solution C is considered as stan-
dard solution, because it uses the macromodel described in
Table 4 and reasonable parameter settings for the antenna

offset estimation. To show the impact of the carrier-phase
ambiguity-fixing on the offset estimation a corresponding
ambiguity-float solution is also computed (solution CFL).
The entire year 2018 is processed for both satellites gener-
ating several solutions listed in Table 3. Solutions D and E
are added to show the impact of obviously insufficient mod-
els on the antenna offset estimations.

3.1 Sentinel-1 macro-model

Modelling of accelerations due to atmospheric drag, SRP
and ERP is done based on a macromodel of the Sentinel-
1 satellite. The macromodel consists of eight planes. The
surface area and normal vector in SRF of each panel

www.adv-geosci.net/50/87/2020/ Adv. Geosci., 50, 87–100, 2020
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Figure 4. Estimated CPR parameters for both Sentinel-1 satellites.

Table 4. Sentinel-1 macromodel, instantaneous re-radiation (Cerri et al., 2010) used for all panels except solar array front and back.

# Panel Normal vector Area (m2) αvis δvis ρvis αIR δIR ρIR

1 +x (+1.000, +0.000, +0.000) 5.570 0.300 0.060 0.640 0.710 0.065 0.225
2 −x (+1.000, +0.000, +0.000) 5.570 0.300 0.060 0.640 0.710 0.065 0.225
3 +y (+0.000, +1.000, +0.000) 6.790 0.300 0.060 0.640 0.710 0.065 0.225
4 −y (+0.000, −1.000, +0.000) 6.790 0.300 0.060 0.640 0.710 0.065 0.225
5 +z (+0.000, +0.000, +1.000) 12.550 0.190 0.000 0.810 0.850 0.070 0.080
6 −z (+0.000, +0.000, −1.000) 12.550 0.440 0.000 0.560 0.760 0.120 0.120
7 solar array front (+0.000, −0.866, −0.500) 34.456 0.910 0.000 0.090 0.810 0.000 0.190
8 solar array back (+0.000, +0.866, +0.500) 34.456 0.910 0.000 0.080 0.820 0.180 0.000

are given along with the visual (vis) and infrared (IR)
optical properties in Table 4. The macromodel is com-
piled based on information available to the Copernicus
POD Service (https://sentinel.esa.int/web/sentinel/missions/
sentinel-1/ground-segment/pod/documentation, last access:
16 March 2020), Sentinel-1 properties for GPS POD. Some
assumptions are taken, e.g., the ratio of MLI (multi-layer iso-
lation) and radiator surfaces on the satellite bus. The space-
craft bus and the SAR antenna are described by the first six
panels in±x/y/z-directions. The last two panels are the sum
of the front and back of the two solar panels, respectively. In
the case of Sentinel-1 the solar panels are not continuously

rotating to have the optimum angle towards the sun. The so-
lar panels are fixed at a 30◦ angle with respect to the z-axis
of the SRF during nominal operations (Peter et al., 2017).
The S-1 macromodel is based on length, width, and height
measures of the satellite bus, the SAR antenna and the solar
panels. No sticking out instruments like star cameras, GPS or
telemetry antennas are considered for the model. The uncer-
tainty level of the macromodel areas is at about 5 %. Solution
D uses an older S-1 macromodel, which considered smaller
areas for the ±y-surfaces and the solar arrays, see Table 3.
Although present in the documentation the thickness of the
SAR antenna (0.2 m thick on a length of 12.3 m, more than
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Figure 5. cos(θ) values for each day of a year (x-axis) depending on the argument of latitude (y-axis); (a) −x, (b) : −y, (c) −z, (d) solar
array.

Figure 6. Schematic drawing of shadowing assumptions of solar
array on backside of SAR antenna (−z surface).

a third of the entire y surface) was overlooked for the ±y-
surfaces as well as the triangle mountings of the solar arrays
(about 10 % of the solar array area). The old macromodel did
only take the reduced areas into account.

3.2 Self-shadowing updates for Sentinel-1 macromodel

A simple box(-wing) model cannot give full consideration to
the complex shape of Sentinel-1, in particular not to shadow-
ing effects, e.g., by one of the solar arrays to the backside of
the SAR antenna. Therefore, an update of the macromodel

Figure 7. Azimuth angle of the sun in SRF (+ySRF corresponds to
0◦) for approximately one orbital revolution on two example days,
1 January and 1 July.

is developed to consider part of the shadowing effects. The
simple shadowing assumptions have proven to be beneficial
for the SRP modelling especially during the eclipse period
of the Sentinel-1 satellite (Peter et al., 2018). The first step
to develop the box-wing model updates is to analyse the sun
incident angles on the individual satellite surfaces. The an-
gle θ is the angle between the normal vector of a surface and
the direction of the sun. The values of cos(θ) are analysed,

www.adv-geosci.net/50/87/2020/ Adv. Geosci., 50, 87–100, 2020
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Figure 8. Estimated 1y values for solutions C and CFL for S-1A (a) and S-1B (b).

Figure 9. Estimated 1z values for solutions C and CFL for S-1A (a) and S-1B (b).

because these values are used as scaling factors for comput-
ing the acceleration due to SRP (and other non-gravitational
forces) on the individual surfaces. If cos(θ)= 1 the sun is
perpendicular to the surface meaning the maximum solar ra-
diation is effective on this particular surface. If the values are
negative, the sun is not shining on the surface.

Figure 5 shows the values for cos(θ) for the −x (panel a),
−y (panel b), −z (panel c), and for the solar array (panel d)
for each day of the year (x-axis) and depending on the argu-
ment of latitude of the satellite (y-axis). Except for the solar
array (0.8. . .1.0) the values range from−1. . .+1. The values
for the corresponding surfaces in the +x/y/z-directions and
the back of the solar array are just the same but with oppo-
site sign. That means that the +y and +z-surfaces and the
solar array back are never in sunlight. The part of the orbit,
which is in eclipse in the middle of the year can be noticed as
dark blue ellipse in each plot at argument of latitude between
250 and 300◦. No surface is in sunlight during the eclipse
transitions of course. The values for the solar array (bottom
right) indicate that the sun is always close to perpendicular to
the solar cells. During eclipse period the values are smallest.
Similar to the solar array, the−y-surface (top right) is also al-

ways illuminated by the sun. The−x-surface (top left) shows
the largest variations also during one orbital revolution. Both
x-surfaces do, therefore, change from sun to shadow during
all orbital revolutions. The −z-surface is partly the backside
of the SAR antenna and this surface is also always in sun-
shine. Based on the analysis of cos(θ) the geometry of the
Sentinel-1 spacecraft is studied in more detail for shadowing
effects.

Figure 6 shows a schematic view of the spacecraft. The
xSRF-axis is pointing into the paper. The spacecraft is tilted
by 30◦, which corresponds to the nominal attitude configura-
tion. The sun is always coming from the “left” in this case.
Due to the asymmetric mounting of the solar panels on the
satellite body only one of the panels can shadow the backside
of the SAR antenna. This shadowing is explained based on
the drawing in Fig. 6. The angles θmin and θmax indicate the
sun incident angles on the −z-surface, which are the limits
for the shadowing of the solar panel on the backside of the
SAR antenna. When the sun is between these two θ angles
the SAR antenna is gradually shaded. The shadowing starts
with θmax = 60◦ and is at a maximum with θmin = 30◦. Based
on Fig. 5 it is known that θ = 60◦ is also the maximum possi-
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Table 5. List of shadowing conditions for Sentinel-1.

Shadowed surface max. condition factor

−z 42.86 % θ(−z)= [30◦. . .60◦[ 1− cos(θ(−z))−cos(60◦)
cos(30◦)−cos(60◦) · 0.4286

−x 14.81 % θ(−x)= [53.13◦. . .90◦[ 1− cos(θ(−x))
cos(53.13◦) · 0.1481

solar panel 16.14 % θ(−x)= [53.13◦. . .90◦[ 1−
(

1− cos(θ(−x))
cos(53.13◦)

)
· 0.1614

ble angle for the−z-surface. It is assumed that the shadowing
grows with a linear gradient of cos(θ). At maximum the en-
tire backside of the SAR antenna is shaded on this side of
the satellite (42.86 % of the −z-area). It is clear that the real
shadowing function is more complicated and not only depen-
dent on θ . The azimuth of the sun incident angle does also
have an impact. Figure 7 shows the azimuth of the sun inci-
dent angle in SRF on two example days, 1 January and 1 July,
for approximately one orbital revolution. The amplitudes are
±10◦ on 1 January and±40◦ on 1 July with respect to an az-
imuth of 180◦, which corresponds to the −y-direction. The
gap in the data of 1 July is due to the eclipse. In the case of
the−z-surface an azimuth variation of 40◦ accounts to about
3.5 % of the −z-area. This is less than 10 % of the maximum
shaded area of the −z-surface. For the sake of simplicity the
azimuth of the sun incident angle is neglected for this study.

Table 5 lists the shadowing conditions applied for
Sentinel-1. In addition to the largest shadowing of the so-
lar array on the−z-surface, the shadowing of the−x-surface
by the solar array and of the other solar array by the satellite
body is considered as well. The angles and maximal shad-
owed areas for these additional shadowings are derived from
corresponding considerations as shown in Fig. 6. The con-
dition to consider the shadowing of the solar panel by the
satellite body is the same as for the shadowing of the −x-
surface.

4 Results

The results of the antenna offset estimations from the dif-
ferent solution types listed in Table 3 are presented in this
section. The estimates of the y- and z-component of the an-
tenna offsets (delta to the a priori values from Table 1) are
displayed in Figs. 8–13 for both Sentinel-1 satellites for the
year 2018. The estimates for S-1A are always visible in pan-
els (a) and those for S-1B always in panels (b). Table 6 lists
the corresponding mean values and standard deviations for
all solutions and all estimates.

At first, the impact of the carrier-phase ambiguity-fixing
on the offset estimation is shown based on the comparison
of the offset estimates of solutions CFL and C (Figs. 8 and
9). The advantage of the ambiguity-fixing becomes clearly
visible in the results. The offset estimates for the C solution
are less noisy than those for the CFL solution. The standard

deviations of the estimates range between 0.7 and 2.4 mm for
the C solution compared to a range between 3.7 and 4.9 mm
for the CFL solution. In particular the 1y estimates are sig-
nificantly different for the two solutions, 1.77 cm for S-1A
and 1.37 cm for S-1B. The cross-track orbit direction benefits
most due to the tight constrain given by the fixed ambiguities
(Montenbruck et al., 2018a). In the case of S-1 the cross-
track orbit direction is highly correlated to the modelling of
the SRP due to the sun-synchronous dawn-dusk orbit. The
SRP modelling is fixed by the S1 macromodel and the corre-
sponding fixed radiation pressure coefficient for solutions C
and CFL. With float ambiguities (CFL) any cross-track shift
due to mismodelled SRP or wrong antenna offsets goes either
into the float ambiguities or into the offset estimates (mainly
into the y-offset due to the 30◦ tilted satellite bus). With fixed
ambiguities (C) any cross-track shift is mapped to the offset
estimates. The z-offset is also partly affected by this due to
the tilted satellite bus. Any shift in radial direction affects
both offset estimates, but mainly the z-component. In con-
trary to the cross-track direction the radial orbit component
is fully determined by the dynamical model. Whether carrier-
phase ambiguities are estimated as float values or fixed to
their integer values does not significantly impact the mean
radial orbit component. This can be noticed when compar-
ing the estimated z-offsets. The difference between solution
C and CFL is 1.8 and 0.3 mm in 1z for S-1A and S-1B, re-
spectively. The standard deviations of the z-offset estimates
do, however, benefit significantly from the ambiguity-fixing
(3.7 mm vs. 0.7 mm for S-1A and 3.8 mm vs. 0.8 mm for S-
1B). Solution C is displayed in all following plots as well,
because it is considered as standard solution. Thus the differ-
ences to this solution can always directly be seen.

Figures 10 and 11 show the estimates for solutions A, B,
and C. It is obvious that the estimation of the antenna off-
sets together with estimating the SRP coefficient (solution
A) shows very large deviations in the estimates during the
non-eclipse period of the satellites. The correlation between
the SRP coefficient and in particular the y-component of the
antenna offset causes these large deviations and it is not rec-
ommended at all to do a common estimation of these coeffi-
cients. The results of solution A also reveal the special case
of Sentinel-1. Except during the eclipse period from begin-
ning of May until beginning of August, the satellites are in
full sun for the entire orbital revolution. The decorrelation
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Figure 10. Estimated 1y values for solutions A, B, and C for S-1A (a) and S-1B (b).

Figure 11. Estimated 1z values for solutions A, B, and C for S-1A (a) and S-1B (b).

of the SRP coefficient and constant empirical orbit parame-
ters acting in cross-track direction is, therefore, very difficult.
Thus the SRP coefficient may also absorb other modelling
deficiencies than intended for.

The SRP coefficient is, therefore, fixed to 1.0 for all other
solutions. The antenna offset estimates for solutions B and
C are very similar for the individual satellites. The estimates
differ in the sub-mm range. The standard deviations of the
y-offset estimates from solution B are insignificantly larger
than those of solution C, but for the z-component the esti-
mates for solution C are much more precise than for solution
B. This means that the additional estimation of sine and co-
sine CPR parameters does not harm the solution. It gives less
noisy estimates and thus for the following solutions the es-
timation of the sine and cosine CPR parameters is kept. The
results from solutions B and C already show that the offset
estimates are different between S-1A and S-1B. The differ-
ence between S-1A and S-1B in 1y is 0.55 cm whereas the
difference in 1z is 1.34 cm.

The antenna offset estimates of solutions C–F are shown in
Figs. 12 and 13. The values are closest for all solutions dur-
ing eclipse period but for the rest of the year the differences

Table 6. Mean and standard deviation (cm) of 1y and 1z antenna
offset estimates.

S-1A S-1B

1y 1z 1y 1z

CFL −1.56± 0.49 0.48± 0.37 −1.00± 0.48 1.83± 0.38

A 3.35± 7.83 2.66± 4.38 3.71± 7.58 3.67± 4.24
B −0.23± 0.26 0.67± 0.25 0.35± 0.27 1.82± 0.28
C −0.21± 0.23 0.66± 0.07 0.37± 0.24 1.80± 0.08
D 0.79± 0.41 1.35± 0.17 1.36± 0.42 2.48± 0.17
E 1.48± 0.77 1.91± 0.36 2.04± 0.78 3.04± 0.36
F 0.05± 0.15 0.70± 0.07 0.52± 0.17 1.84± 0.07

grow up to 1.5 cm. Solution E using the constant area for the
SRP modelling differs most from Solution C. The impact of
the insufficient modelling is obvious. The older macromodel
used for Solution D also leads to differences up to 1 cm in
the mean value (1y S-1B).

Solution F shows equivalent results as solution C for the
z-component, only sub-mm differences in the estimates are
present. The differences in the y-component are larger with

Adv. Geosci., 50, 87–100, 2020 www.adv-geosci.net/50/87/2020/



H. Peter et al.: Sentinel-1: sensitivity of antenna offset estimation 97

Figure 12. Estimated 1y values for solutions C, D, E, and F for S-1A (a) and S-1B (b).

Figure 13. Estimated 1z values for solutions C, D, E, and F for S-1A (a) and S-1B (b).

Figure 14. Estimated SRP coefficient for both Sentinel-1 satellites,
original and F CDV solution.

Table 7. Corrected displacement vectors between main GPS ARP
and COM for S-1A and S-1B (based on solution F).

xSRF (m) ySRF (m) zSRF (m)

S-1A COM-GPS ARP −0.9411 0.3416 −1.8740
S-1B COM-GPS ARP −0.9411 0.3393 −1.8736

0.26 cm for S-1A and 0.15 cm for S-1B. Additionally, the
standard deviations get slightly smaller from 0.23 to 0.15 cm
for S-1A and from 0.24 to 0.17 cm for S-1B. The inclusion
of simplified shadowing effects has a small impact but the
lower standard deviations of the y-offset estimates confirm a
better consistency of the updated macromodel with the fixed
SRP coefficient (1.0) and the real conditions.

When applying the estimates of solution F to the a pri-
ori antenna offset values from Table 1 the displacement vec-
tors between GPS ARP and COM of the individual satel-
lites become very similar within 1–2 mm (Table 7). It cannot
be assessed if the corrections to the displacement vector are
caused by wrong COM coordinates or wrong ARPs.
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Figure 15. Estimated CPR parameters for both Sentinel-1 satellites, original and F CDV solution.

To conclude the analysis the orbit determination (as shown
in Sect. 2) has been repeated with the corrected displacement
vectors between main GPS ARP and COM for both satel-
lites, respectively, and with the modelling of solution F. In
accordance with the original orbit determination settings the
SRP coefficient is estimated and the antenna offset estima-
tion is not done (solution ID: F CDV). Figure 14 shows the
estimated SRP coefficient of this solution together with the
SRP coefficient estimates from the original solution (Fig. 3).
The estimates are now closer to each other for the two satel-
lites. The SRP coefficients of the ambiguity-fixed solutions
(light blue and orange) are very similar for both satellites and
close to 1.0, which is in line with the SRP coefficient fixed
to 1.0 for the antenna offset estimation. Only during eclipse
period, the estimates gradually drop to values around 0.95.
This might hint to still remaining satellite model deficiencies
for the SRP modelling during eclipse. Figure 15 shows the
four time series of the different CPR parameters for the final
ambiguity-fixed orbit solutions using the corrected displace-
ment vectors and for the original solution (Fig. 4). Except
for the cross-track cosine parameter (bottom right) all other
parameters show significant differences to the original solu-
tion. The estimated parameters are also closer to each other
for the two satellites. In particular the two along-track pa-

rameters (top row) have a lower dispersion than the values
for the original solution.

The corrected displacement vectors between COM and
GPS ARP lead to consistent estimated orbit parameters of
S-1A and S-1B, which is expected for the two identically
constructed satellites.

5 Conclusions

The Copernicus Sentinel-1 mission consists of two identi-
cally constructed satellites. Nevertheless, different orbit pa-
rameter estimates are present in the precise orbit determina-
tion results making an antenna offset estimation necessary.
Due to the sun-synchronous orbit and the complex satellite
design, the large solar arrays mounted on the two sides of the
satellite bus and the long SAR antenna partly shaded by one
of the solar panels, the sensitivity of the antenna offset esti-
mation to orbit modelling has been studied. Several solutions
with different macromodels for the satellite are performed.
Additionally, the observation modelling was updated by ap-
plying single-receiver ambiguity resolution.

All the different solutions for antenna offset estimation
show the sensitivity of the estimates on the orbit modelling
and on the observation modelling. Introducing carrier phase
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ambiguity fixing significantly improves the antenna offset es-
timates due to the stiffer solution resulting in less noisy esti-
mates. In particular the y-component mainly representing the
cross-track orbit direction benefits most. Highly insufficient
satellite macromodels (solutions D and E) have significant
negative impact on the antenna offset estimates.

The first main conclusion of this study is the necessity of
performing carrier phase ambiguity resolution to stabilise in
particular the cross-track orbit component. The second main
conclusion is that the orbit modelling, for Sentinel-1 in par-
ticular the SRP modelling, is of utmost importance to get
reliable antenna offset estimates. Finally, resulting antenna
offset estimates for S-1A and S-1B lead to consistent dis-
placement vectors from COM to the main GPS ARP of the
individual satellites and to consistent estimated orbit param-
eters in the orbit determination results.
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