
J Geod
DOI 10.1007/s00190-016-0909-6

ORIGINAL ARTICLE

Estimation of satellite antenna phase center offsets for Galileo

P. Steigenberger1 · M. Fritsche2 · R. Dach3 · R. Schmid4 ·
O. Montenbruck1 · M. Uhlemann2,5 · L. Prange3

Received: 8 January 2016 / Accepted: 18 April 2016
© Springer-Verlag Berlin Heidelberg 2016

Abstract Satellite antenna phase center offsets for the
Galileo In-OrbitValidation (IOV) andFullOperationalCapa-
bility (FOC) satellites are estimated by two different analysis
centers based on tracking data of a global GNSS network.
The mean x- and y-offsets could be determined with a pre-
cision of a few centimeters. However, daily estimates of the
x-offsets of the IOV satellites show pronounced systematic
effects with a peak-to-peak amplitude of up to 70 cm that
depend on the orbit model and the elevation of the Sun above
the orbital plane. For the IOV y-offsets, no dependence on
the orbit model exists but the scatter strongly depends on the
elevation of the Sun above the orbital plane. In general, these
systematic effects are significantly smaller for the FOC satel-
lites. The z-offsets of the two analysis centers agree within
the 10–15 cm level, and the time series do not show system-
atic effects. The application of an averaged Galileo satellite
antenna model obtained from the two solutions results in a
reduction of orbit day boundary discontinuities by up to one
third—even if an independent software package is used.
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1 Introduction

The space segment of the European global navigation satel-
lite system (GNSS) Galileo currently (mid of December
2015) consists of ten satellites. Four of them belong to
the first generation of In-Orbit Validation (IOV) satellites
whereas the remaining are so-called Full Operational Capa-
bility (FOC) satellites. High-precision geodetic applications
require detailed knowledge about the electrical phase center
of the satellite antenna. The deviation of this phase center
from a well-defined physical reference point is described by
phase center offsets (PCOs) and corresponding phase cen-
ter variations (PCVs) depending on the nadir and azimuth
angle of the receiving station as seen from the satellite (e.g.,
Hofmann-Wellenhof et al. 2008).Usually, the reference point
for observation modeling is the center of mass (CoM) of
the satellite. The z-offset in the antenna’s boresight direc-
tion (ideally pointing toward the center of the Earth) is also
called vertical PCO whereas x- and y-offsets are called hori-
zontal PCOs. Further details on the spacecraft axis definitions
used within the International GNSS Service (IGS; Dow et al.
2009) as well as for this paper are given inMontenbruck et al.
(2015a).

Unfortunately, pre-launch ground calibration results for
the Galileo satellite antennas are not publicly available
neither for the IOV nor the FOC satellites. Therefore, con-
ventional PCO values based on pictures of the satellites and
a scale model have been adopted for the Multi-GNSS Exper-
iment (MGEX; Montenbruck et al. 2014) of the IGS for the
IOV satellites (Rizos et al. 2013). For the FOC satellites,
rounded values of a preliminary PCO estimation based on
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Table 1 Galileo satellite antenna PCOs used within MGEX (Mon-
tenbruck et al. 2015a) and empirically derived z-offsets for the Galileo
broadcast ephemeris (BRDC) as discussed in Sect. 3

Satellite Type x (cm) y (cm) z (cm)

Galileo IOV MGEX −20.0 0.0 +60.0

BRDC +75.0

Galileo FOC MGEX +15.0 0.0 +100.0

BRDC +75.0

a few weeks of data (Steigenberger et al. 2015a) are used
so far (Montenbruck et al. 2015a; Schmid 2015). The cor-
responding numerical values are given in Table 1. Possible
PCVs depending on the observation direction are currently
neglected for both types of satellites. According to Monjas
et al. (2010a), IOV satellites exhibit significant PCVs with
peak-to-peak amplitudes of about 10–15 mm for individual
frequencies. However, no ground calibrations have been pub-
lished yet.

The estimation of more accurate PCO values for the
Galileo IOV and FOC satellites is a key goal of the present
publication. Overall, 20 months of data have been analyzed
by two different analysis centers (ACs) and with different
orbit modeling strategies. The results are compared and rec-
ommendations for updated conventional PCO values for the
individual spacecraft types are made. Section 2 introduces
the two different generations of Galileo satellites and the
two different antenna types used to transmit navigation sig-
nals. Section 3 summarizes the estimation of satellite antenna
PCOs from global GNSS tracking data and describes the dif-
ferent orbit models applied in the estimation process. The
GNSS processing strategies of the two ACs are briefly dis-
cussed. The results of the horizontal satellite antenna PCO
estimation and the impact of different orbit models on the
PCO estimation are shown in Sect. 4 whereas the results for
the vertical PCOs are discussed in Sect. 5. Section 6 intro-
duces rounded mean values for the PCOs and evaluates their
performance by day boundary discontinuities, orbit fit RMS
values, and satellite laser ranging (SLR) residuals. Finally,
Sect. 7 summarizes the most important results.

2 The Galileo satellites

Galileo comprises satellites in three orbital planes inmedium
Earth orbit (MEO) with an inclination of 56◦ and a semi-
major axis of 29,600 km. The eight Galileo satellites con-
sidered for this paper are listed in Table 2. The IOV and
FOC satellites were built by different manufacturers and are
equipped with different types of antenna panels. As for other
GNSS satellites, right-hand circularly polarized transmission
antennas are used (Chen et al. 2012).

Table 2 Galileo satellites considered for this study

Satellite name Satellite type PRN no. Launch date

GAL-101 IOV-PFM E11 21 Oct 2011

GAL-102 IOV-FM2 E12

GAL-103 IOV-FM3 E19 12 Oct 2012

GAL-104a IOV-FM4 E20

GAL-201b FOC-FM1 E18 22 Aug 2014

GAL-202b FOC-FM2 E14

GAL-203 FOC-FM3 E26 27 Mar 2015

GAL-204 FOC-FM4 E22

PRN pseudo-random noise, PFM pre-flight model, FM flight model
a Single-frequency transmission since May 2014
b Elliptical orbit due to launch failure

2.1 IOV satellites

The buildup of the operational Galileo constellation started
with four IOV satellites manufactured by Airbus Defence &
Space (formerly EADS Astrium) that were launched in 2011
and 2012, respectively. In May 2014, GAL-104 experienced
a sudden power loss (de Selding 2014) followed by a per-
manent failure of the E5 and E6 signal transmission. As
dual-frequency data are required for the estimation of satel-
lite antenna PCOs, only a limited interval of this satellite can
be considered.

The Galileo IOV navigation antenna shown in Fig. 1
is composed of 45 photo-printed stacked patch elements,
arranged in six subarrays of six or nine elements with a total
diameter of 1.4 m (Arenas et al. 2011; Monjas et al. 2010a, b;
Montesano et al. 2007). It is a refinement of the antenna of
the second Galileo test satellite, GIOVE-B, which contained
42 patch elements (Rubio et al. 2006).

2.2 FOC satellites

TheGalileoFOCsatellites aremanufactured byOHBSystem
AG (Bremen,Germany). The first pair of satellites (GAL-201
and GAL-202) was launched in August 2014. As a result of

Fig. 1 Galileo IOV transmit antenna. Image courtesy of ESA, Anneke
Le Floc’h
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Fig. 2 Galileo FOC transmit antenna. Image courtesy of OHB

a launch anomaly (Arianespace 2014), the spacecraft were
injected into an elliptical orbit with an eccentricity of 0.23
and a semi-major axis of 26,200 km instead of a circular
orbit with a semi-major axis of 29,600 km. With a series of
orbit maneuvers conducted in late 2014 for GAL-201 and
early 2015 for GAL-202, the orbits of both satellites could
be partly corrected. This resulted in an eccentricity of 0.16,
a semi-major axis of 27,980 km, and a 20-day repeat ground
track. Signal transmission of both satellites started inDecem-
ber 2014 and March 2015, respectively. The second pair of
FOC satellites was launched inMarch 2015, and signal trans-
mission of GAL-203 and GAL-204 started in late May 2015.
However, during summer 2015 extensive transmission out-
ages for up to three FOC satellites occurred. GAL-205 and
GAL-206 were not considered for this paper, as they did not
start signal transmission beforemid of October 2015. Further
dual as well as quadruple launches will follow to establish a
constellation of 24 operational satellites and up to six active
spare satellites (European Union 2014).

The Galileo FOC navigation antenna (Fig. 2) is similar
to the antenna of GIOVE-A, the first Galileo test satellite. It
comprises an array of 28 stacked patch elements symmetri-
cally arranged in the four quadrants (Valle et al. 2006).

3 Estimation of GNSS satellite antenna parameters

Satellite antenna PCOs and PCVs can be estimated from
GNSS observations of a global tracking network together
with other parameters like station coordinates, troposphere,
orbit, and Earth rotation parameters. However, due to corre-

lations not all parameters can be estimated simultaneously.
Strong correlations are, for example, present between:

• terrestrial reference frame scale and z-offsets (Zhu et al.
2003),

• nadir-dependent PCVs and z-offsets (Schmid and
Rothacher 2003),

• azimuth-dependent PCVs and horizontal PCOs (Schmid
et al. 2005).

Common approaches to cope with these correlations are:

• constraining of the terrestrial scale by a no-net-scale con-
dition w.r.t. the a priori coordinates,

• estimation of PCVs and PCOs in a two-step approach:
first, minimized PCVs are determined which are fixed
when solving for PCOs.

Furthermore, phase center estimates depend on the geom-
etry of the Sun with respect to the Earth and the satellite,
in particular on the elevation angle β of the Sun above the
orbital plane. While the nominal attitude control law induces
a continuous rotation about the Earth-pointing yaw axis,
the variation of the yaw angle decreases with an increasing
β-angle. In the theoretical case of β = ±90◦, the space-
craft y-axis is aligned with the along-track direction, while
the x-axis points toward the Sun. As a consequence, the
y-component of the PCO is fully correlated with the orbit
parameters. At the same time, the PCO x-component cannot
be separated from the direct solar radiation pressure coeffi-
cient D0 (see Sect. 3.2), since both of them induce a shift
of the antenna phase center in cross-track direction under
the given conditions. The first type of correlation is already
well known from the estimation of GPS/GLONASS PCOs
and was described, e.g., by Schmid et al. (2007). The sec-
ond type of correlation, however, becomes more important
for Galileo since the stretched shape of the Galileo satel-
lite bodies impacts the solar radiation pressure (SRP) and
induces notable variations of D0 with the β-angle. As a con-
sequence, a proper modeling of the SRP is a prerequisite for
a precise determination of Galileo satellite antenna PCOs.
Therefore, different SRP models will be applied for the PCO
estimation discussed in Sect. 4 to find an optimum estimation
strategy.

The satellite antenna corrections of the first absolute IGS
antenna phase center model igs05.atx (Schmid et al. 2007)
were based on the results of twoACs forGPSandonly one for
GLONASS. igs05.atx comprised block-specific horizontal
and satellite-specific vertical PCOs as well as block-specific
nadir-dependent PCVs for the GPS and GLONASS satel-
lites. Due to the difficulties in determining horizontal PCOs
(see above), manufacturer values were adopted for the IGS
antenna model and only z-offsets were estimated.
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The current IGS antenna model igs08.atx (Schmid et al.
2015) contains the more recently launched GPS and GLO-
NASS satellites including GPS Block IIF. PCOs and PCVs
for the latest generation of GPS satellites were earlier deter-
mined by Dilssner (2010). Whereas the horizontal PCOs and
the GPS PCVs from igs05.atx and igs08.atx are identical, the
vertical PCOs and the GLONASS PCVs (Dach et al. 2011;
Dilssner et al. 2010) were updated.

As of July 2015, the values listed in Table 1 for Galileo are
also included in igs08.atx (Schmid 2015) togetherwith PCOs
for the Chinese BeiDou Navigation Satellite System (BDS),
the Japanese Quasi-Zenith Satellite System (QZSS), and the
Indian Regional Navigation Satellite System (IRNSS).

For the sake of completeness, we note that PCO values for
the Galileo satellites are implicitly contained in the broadcast
ephemerides transmitted by those satellites. This is due to the
fact that the broadcast orbits transmitted via the navigation
message refer to the mean phase center of the satellite rather
than the center of mass as for the precise IGS and MGEX
ephemeris products. While the PCOs applied by the control
center for the generation of broadcast ephemerides are not
publicly disclosed, empirical values for the z-offsets could
be derived by Montenbruck et al. (2015b) from a compar-
ison of broadcast ephemerides with precise orbit products
provided by MGEX. More recent z-offsets valid after the
Galileo ground segment update in February and March 2015
(ESA 2015) are listed in Table 1. The analysis is based on five
months of data and reveals a change of the IOV z-offset by
−10 cm compared to Montenbruck et al. (2015b). The FOC
value is based on GAL-203 only, as the other satellites did
not start navigation message transmission before November
2015.

3.1 GNSS processing

PCO estimates for the Galileo IOV and FOC satellites
obtained by two different institutions are analyzed in this
paper:

• German Space Operations Center, Deutsches Zentrum
für Luft- und Raumfahrt (DLR),

• IGS Analysis Center of Deutsches GeoForschungsZen-
trum (GFZ).

A third solution provided by the Center for Orbit Deter-
mination in Europe (CODE), hosted by the Astronomical
Institute of the University of Bern (AIUB), is exclusively
used to provide a fully independent validation in Sect. 6.
Details on the DLR orbit determination strategy are given in
Montenbruck et al. (2015c) and Steigenberger et al. (2015c).
The GFZ solutions build on the contributions of this AC
to MGEX (Uhlemann et al. 2015). Table 3 lists general
processing options of the two ACs, whereas details on solu-
tions applying different SRP modeling are given in Table 4.
The different orbit models are described in Sect. 3.2. Solu-
tions with different orbit modeling cover a limited time
interval (DoY 1/2014–181/2015), whereas the final analy-
sis covers an extended interval from DoY 362/2013 to
242/2015.

All ACs employ the ionosphere-free linear combination
of L1 and L2 for GPS and of E1 and E5a for Galileo.
The observation data comprise combined GPS/Galileo sta-
tions from the MGEX network as well as additional legacy
IGS stations providing only GPS observations. The GPS
satellite antenna PCOs and PCVs were fixed to igs08.atx

Table 3 General analysis
options of DLR and GFZ

Solution DLR GFZ

Time interval (DoY) 362/2013–242/2015

Software NAPEOS 3.3.1a EPOS.P8b

Galileo stations ∼70 ∼95

GPS stations ∼130 ∼110

Sampling rate 5 min 5 min

Elevation cutoff angle 10◦ 7◦

Elevation-dependent weightingc sin ε 2 · sin ε for ε < 30◦

Ambiguity fixing Separately for GPS and Galileo (Ge et al. 2005)

Datum definition No-net-rotation with respect to IGb08d

Troposphere a priori model Global Pressure and Temperature (GPT) modele

Troposphere mapping function Global Mapping Function (GMF)f

a Springer (2009)
b Gendt et al. (1999)
c ε is the elevation
d Rebischung et al. (2012) and Rebischung (2012)
e Boehm et al. (2007)
f Boehm et al. (2006)
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Table 4 DLR and GFZ
solutions with different SRP
modeling

Solution Orbit parameters Galileo a priori model Constraints for D0 Arc length

DLR GFZ

EC ECOM, 5 param. None None 1 day 3 days

EC2 ECOM-2, 9 param. None None 1 day 1 day

BW ECOM, 5 param. Box-wing None 1 day 1 day

BWC ECOM, 5 param. Box-wing 0.1 nm/s2 1 day n/a

values for all solutions providing a sufficient constraint for
the scale. Due to the lack of a complete and consistent
set of Galileo receiver antenna calibrations, the GPS L2
PCOs and PCVs were also applied for Galileo E5a. This
approximation appears to be justified since anechoic cham-
ber calibrations for selected multi-GNSS antennas reported
by Becker et al. (2010) revealed only small PCV differ-
ences (e.g., less than 2–5 mm peak-to-peak variation for
Trimble Zephyr II and Leica AR25 Rev. 3) for these adja-
cent frequency bands. Galileo satellite antenna PCOs used
within MGEX (Table 1) served as initial values for the
data processing. No Galileo satellite antenna PCVs were
applied.

Nominal yaw steering (Bar-Sever 1996) is assumed for
both IOV and FOC satellites. In reality, the IOV satellites
use a so-called dynamic yaw steering (Ebert and Oester-
lin 2008) for |β| < 2◦ resulting in deviations of the
true attitude from the nominal one for time periods of
up to 30 min per revolution during five days in the mid-
dle of each eclipse period. However, the impact of these
deviations appears to be limited. Our analyses could not
show a significant change of the results due to the sim-
plified attitude modeling. For FOC satellites, details of the
attitude control have not been disclosed but a similar tech-
nique as for IOV can be assumed. For GAL-201/202, larger
deviations may, however, apply due to the non-nominal
orbit.

3.2 Orbit modeling

Both ACs used established dynamical models in accord with
current IGS conventions (IGSACC2014). Specific aspects of
relevance for the current analysis include the SRP modeling
for which different alternatives are considered.

A widely used SRP model is the Empirical CODE Orbit
Model (ECOM) developed by Beutler et al. (1994). This
model is expressed in a Sun-oriented reference frame with
D pointing to the Sun, Y along the solar panel axis and
B completing a right-handed system. In each direction, a
constant and sine/cosine terms depending on the argument
of latitude u are considered resulting in a total number of
nine parameters. Usually, only a subset of five parameters is
estimated:

DECOM = D0

YECOM = Y0

BECOM = B0 +BC · cos u + BS · sin u (1)

Whereas thismodel provides a goodperformance for theGPS
satellites, it partly fails for Galileo: analyses of the Galileo
products provided by the MGEX ACs revealed systematic
errors in the orbit and clock parameters (Steigenberger et al.
2015b) which are related to the different shape of the Galileo
satellites compared to GPS. Two different approaches have
been developed to copewith these systematic errors. The first
introduces an a priori model accounting for the specific prop-
erties of the Galileo satellites whereas the second considers
additional parameters to be estimated.

Montenbruck et al. (2015c) developed an a priori box
model for the Galileo IOV satellites accounting for the opti-
cal properties and dimensions of the satellites. Accelerations
in D- and B-direction are modeled as a function of the Sun
elongation (angle between Earth and Sun as seen from the
satellite). In the following, this model is used for both the
IOV and FOC satellites with an additional a priori acceler-
ation of D0 = 87 nm/s2 applied. This model is labeled as
box-wing (BW) model. The BW model is employed as an
a priori model along with the five-parameter ECOM to com-
pensate any remaining deficiency of a BW-only SRP model.

Arnold et al. (2015) modified and extended the ECOM by
changing the angular argument to the orbit angle with respect
to orbit noon�u and by adding higher order even harmonics
in D-direction and odd harmonics in B-direction. The orbit
model labeled as ECOM-2 in this paper considers only the
2nd and 4th order harmonics in D-direction:

DECOM-2 = D0 + DC2 · cos 2�u + DS2 · sin 2�u

+ DC4 · cos 4�u + DS4 · sin 4�u (2)

Both approaches provide a significant reduction of the sys-
tematic orbit and clock errors andhave a similar performance.
It must be noted, however, that the ECOM-2 parameters
exhibit notable seasonal (β-dependent) variations and do not
enable a simple constraining of the estimated parameters.
The BW a priori model, in contrast, accounts for most of
the β-angle variation and can thus be used with constrained
empirical parameters.
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4 Estimation of x- and y-offsets

Although horizontal and vertical PCOs were estimated
simultaneously, they are discussed in different sections
(Sects. 4, 5) due to their different characteristics. Further-
more, the horizontal PCOs of Galileo IOV and FOC satellites
also show a different behavior (Sects. 4.1, 4.2).

4.1 Galileo IOV satellites

4.1.1 PCO time series

GAL-103 was selected as an example for the Galileo IOV
satellites as it covers the widest range of β-angles (−74.7◦
to+75.6◦, see Fig. 3a). The three other IOV satellites exhibit
a similar behavior. However, β-dependent systematic effects
are less pronounced for GAL-101 and GAL-102 as these
satellites are in a different orbital plane and experience a
smaller range of β-angles (−61.8◦ to +63.5◦).

Figure 3b shows the x-offset estimates of DLR and GFZ
based on the ECOM five-parameter model without any
a priori model (solution EC). Both solutions reveal a pro-
nounced periodic signal with a peak-to-peak amplitude of
almost 70 cm. Estimates close to the conventional MGEX
value of−20 cm, which approximates the geometric antenna
center with an uncertainty of 5–10 cm, only occur for very
short time periods when the β-angle is close to zero.

The largest deviations of the x-offset estimates from the
conventional value are detected during time periods with
large absolute values of the β-angle (e.g., in January 2015).
The DLR solution shows a slightly larger scatter compared
to GFZwhich can be attributed to different arc lengths (1 day
vs. 3 days, see Table 4). The clear dependence of the x-offset
estimates on the β-angle indicates deficiencies/correlations
with the SRP parameters which will be discussed later.

The x-offset estimates based on the more sophisticated
ECOM-2 model (solution EC2) displayed in Fig. 3c show a
quite different behavior compared to solution EC. Both the
DLR and the GFZ solution provide stable x-offset estimates
with a scatter of less than 10 cm during short periods with
|β| < 20◦. Outside this range, the scatter of both solutions
increases dramatically with peak-to-peak variations of up to
2.5m.Obviously, the extended parameterization of ECOM-2
with 9SRPparameters is not appropriate for the simultaneous
estimation of PCOs and orbit parameters.

The positive impact of the a priori box-wing model is
demonstrated in Fig. 3dwhich exhibits a completely different
pattern compared to all other solutions discussed so far. The
periods with stable PCO estimates are much longer. Only
during periods of about one month around the extreme β-
angles, a larger scatter as well as deviations of up to 40 cm
from the conventional MGEX value occur. The GFZ BW
solution (not shown in Fig. 3d) has a similar performance.
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Fig. 3 Time series for GAL-103: a elevation β of the Sun above the
orbital plane; b DLR and GFZ x-offset estimates based on the ECOM
five-parameter model; c DLR and GFZ x-offset estimates based on the
ECOM-2 model; d DLR x-offset estimates based on the ECOM five-
parameter model and the a priori box-wing model without (BW) and
with constraints (BWC) for D0. In each case, the dashed line indicates
the conventional MGEX value of −20 cm

Analyses of the correlation matrix obtained from the least
squares adjustment confirm strong correlations of the x-
offsets with the direct SRP parameter D0. Figure 4a shows
the D0 parameter for a DLR solution applying the a pri-
ori box-wing model without estimating PCOs. The largest
absolute D0 values occur for |β| > 60◦ which coincides
with increased formal errors of the PCO estimates in solution
BW (see Fig. 5). The estimated D0 values exhibit a standard
deviation (STD) of 0.5 nm/s2. This comparatively lowSTD is
related to the proper SRPmodeling achieved by the box-wing
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Fig. 4 Direct solar radiation pressure parameter D0 vs. elevation β of
the Sun above the orbital plane for GAL-103: a DLR solution based
on box-wing model but without estimation of PCOs; b DLR solution

with estimation of PCOs (DLR BW); c DLR solution with estimation
of PCOs and a constraint of 0.1 nm/s2 for D0 (DLR BWC)
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Fig. 5 Formal errors of the horizontal satellite antenna PCO estimates
vs. elevation β of the Sun above the orbital plane for GAL-103 in solu-
tion DLR BW

model. In contrast, a solution with five-parameter ECOMbut
without the a priori box-wing model exhibits an STD for D0

of 2.4 nm/s2 with a peak-to-peak variation of 8 nm/s2.
As soon as horizontal PCOs are estimated (Fig. 4b), the D0

scatter increases resulting in an STD of 1.1 nm/s2. Different
constraints for D0 were analyzed when estimating PCOs to
stabilize the D0 estimates and to improve the x-offset results.
A constraint of 0.1 nm/s2 is considered most appropriate
as it results in a D0 behavior (Fig. 4c) that is very similar
to the solution without PCO estimation. The impact of the
D0 constraint on the x-offset estimates is shown in Fig. 3d.
Outliers during periods with large absolute values of the β-
angle can be significantly reduced. Note that the constraining
of D0 is only possible with the a priori box-wing model but
neither with stand-alone ECOM nor ECOM-2, since both
models yield β-dependent D0 estimates due to the stretched
bodies of the Galileo satellites.

Figure 6 shows the y-offset estimates for GAL-103 result-
ing from solution BW. Only time periods with low β-angles
provide stable y-offset estimates whereas variations of up to
±50 cm appear for periods with large absolute values of the
β-angle. In contrast to the x-offsets, solutions with different
SRP modeling (Table 4) do not differ significantly.
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Fig. 6 GAL-103 satellite antenna y-offsets resulting from solutionBW

The β-dependence of the formal errors of the horizontal
Galileo PCO estimates in Fig. 5 is similar to the GPS results
of Schmid et al. (2007) but the maximum Galileo values
are larger by a factor of about two. As already mentioned in
Sect. 3, the formal errorsmainly reflect the determinability of
the PCOs due to the satellite/Sun geometry which is similar
for GPS and Galileo. The formal errors of the GFZ solution
BW are slightly smaller but show the same shape. The worse
performance of theGalileoPCOestimation compared toGPS
might be related to the inferior ambiguity resolution rate due
to the incomplete satellite constellation. Whereas 98 % of
the GPS ambiguities could be fixed in the DLR solution, the
Galileo ambiguity resolution rate varies between 30 and 85%
with an average of 70 %.

4.1.2 Mean PCO values

Whereas the analysis of time series is important to identify
systematic effects, the final result of a PCO estimation should
be a single set of PCO values per satellite or satellite group.
Based on the results presented so far, several methods could
be applied to derive the desired PCO values:

• weighted average (either simple averaging based on for-
mal errors or combination of normal equations),
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Fig. 7 Mean horizontal Galileo
satellite antenna offsets. FOCe
stands for the Galileo FOC
satellites with elliptical orbit,
namely GAL-201 and -202
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• unweighted average but exclusion of time periods with
systematic effects (selection based on β-angle or formal
errors),

• unweighted average of solutionBWCwith D0 constraint.

All three methods agree within a fewmillimeters. Therefore,
the unweighted average of solution BW with exclusion of
time periods with |β| > 50◦ was selected as it can be eas-
ily applied without determining AC-specific outlier limits
and as no GFZ solution with D0 constraint was available.
The mean horizontal PCOs per satellite and AC for the
extended analysis interval (see Sect. 3.1) are plotted in Fig. 7.
The mean horizontal IOV PCOs of DLR and GFZ agree
within 5 mm. The differences between individual satellites
are larger than the AC-specific differences and reach 1 cm
in the x-component and 3.5 cm in the y-component, respec-
tively.

4.2 Galileo FOC satellites

4.2.1 PCO time series

For Galileo FOC satellites, only limited tracking data were
available, as the first satellite did not start signal transmis-
sion before December 2014. Furthermore, all satellites were
affected by transmission outages of up to several weeks.
Here, the extended time interval of solution BW is consid-
ered.AsGAL-201 is the satellitewith the longest observation
history, this satellite is used for illustration purposes. The
short data set of about 8 months in Fig. 8 shows that the sys-
tematic effects visible in the IOV x-offset estimates (Fig. 3d)
do not appear in the FOC time series. In contrast to IOV,
the FOC x-offset is positive. The y-offset estimates (Fig. 8c)
reveal a dependence of the scatter on β (maximumβ-angle of
48.9◦ in late March 2015, β equal zero in early January and
late June 2015). The formal errors of the horizontal PCOs of
the Galileo FOC satellites (not shown here) are very similar
to the IOV estimates (Fig. 5), although themaximum β-angle
of GAL-201 is comparatively small.

Small systematic effects are visible in the horizontal PCOs
of GAL-201/202 for |β| < 5◦ (end of June 2015; another
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Fig. 8 Time series for GAL-201 resulting from solution BW: a eleva-
tion β of the Sun above the orbital plane; b x-offsets; c y-offsets. The
dotted vertical line marks β = 0◦

period with β close to 0◦ at the end of 2014 coincides with a
transmission outage). For the x-offsets, a systematic bias of
about 5 cm appears, whereas the y-offset shows a sinusoidal
behavior with a peak-to-peak amplitude of about 8 cm during
a time period of about 16 days. These effects are probably
related to a modified behavior of the attitude control system
due to the high eccentricity of the orbits of these satellites.
GAL-203 andGAL-204 flying in a nominal orbit with almost
zero eccentricity do not show such a behavior.
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4.2.2 Mean PCO values

The mean offsets of GAL-201 and GAL-202 (labeled as
FOCe in Fig. 7) agree to about 1 cm. The scatter of GAL-203
andGAL-204 (labeled as FOC) is largerwithmaximumPCO
differences of up to 2.5 cm. However, one has to keep inmind
that these PCO estimates are based on only a few weeks of
data (7 weeks for GAL-203 and 2.5 weeks for GAL-204). A
mean difference of about 4 cm can be detected between the x-
offsets of GAL-201/202 and GAL-203/204 which is related
to the significantly different masses of these satellites.

The CoM values published on the web page of the Inter-
national Laser Ranging Service (ILRS 2015) allow for an
assessment of the PCO change due to fuel consumption.
GAL-201 and GAL-202 used a notable portion of their fuel
to reduce the eccentricity of their orbits. The mass loss due
to these maneuvers was about 45 kg. This can be inferred
from the comparison of the begin of life masses of the four
FOC satellites as published by the ILRS (2015). The large
mass difference allows for an evaluation of the impact of
mass loss on the PCO. Differentiating the CoM values and
the masses of GAL-201/202 and GAL-203/204 results in x-
offset changes of 1.2–1.6 mm/kg. The impact on the y- and
z-offsets is negligible: less than 0.1 mm/kg and 0.03 mm/kg,
respectively.

Based on a mean change of 1.4 mm/kg, the x-offsets of
GAL-201/202 should differ by 6.3 cm from GAL-203/204
which is 50 % larger than the estimated difference of 4 cm.
This discrepancy might be due to uncertainties in the PCO
estimation or in the calculation of the CoM values. However,
the consideration of different x-offset values for GAL-
201/202 and GAL-203/204 is appropriate as the estimated
difference is larger than the estimation uncertainty.

The mass difference between satellites within the same
orbital plane is 1.7 kg for GAL-201/202 and 0.5 kg for GAL-
203/204, respectively. For future quadruple launches with
Ariane V, which should start in 2016, larger mass differences
between the four satellites distributedwithin oneorbital plane
may be expected. However, even for differences of 3 kg the
impact on the x-offset would be less than 5 mm which still
appears negligible from a practical point of view.

5 Estimation of z-offsets

5.1 PCO time series

Figure 9 shows the vertical PCO estimates for GAL-103
resulting from solution BW of DLR and GFZ. In general,
the z-offset estimates have a larger scatter than the horizontal
PCOs but they do not exhibit pronounced systematic effects.
The STDs of the time series are on the 15–20 cm level for
both types of satellites and different ACs. Exceptions are the
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Fig. 10 Formal errors of the GAL-103 satellite antenna z-offset esti-
mates vs. elevation β of the Sun above the orbital plane resulting from
solution BW

STD of 28 cm for GAL-204 estimates of DLR (based on only
2.5weeks of data) and of 25 cm for theGAL-103 estimates of
GFZ. The z-offset bias between the two ACs of about 10 cm
that is better visible in Fig. 11 will be discussed in Sect. 5.2.

The formal errors of the z-offsets of GAL-103 are plotted
in Fig. 10 for solution BW of both DLR and GFZ. The mean
formal errors are on the level of about 8 cm for DLR and
6 cm for GFZ. A comparison of these formal errors with
the actual scatter of the corresponding time series reveals
that the formal errors are too optimistic by a factor of 2–3.
Compared to the formal errors of the x- and y-offsets (Fig. 5),
those of the z-offsets are also more scattered but do neither
show a systematic pattern nor a dependence on β. No general
differences can be detected between the z-offset time series of
the FOC satellites and those of the IOV satellites, neither for
the PCO estimates nor the formal errors. In contrast to the
horizontal PCOs, different orbit modeling has a negligible
impact on the z-offset estimation.

5.2 Mean PCO values

The formal errors of the z-offset estimates were introduced as
weights for the computation ofmean values from the individ-
ual time series of the twoACs. These mean values are plotted
in Fig. 11. The mean differences between DLR and GFZ are
on the level of −9 to −15 cm for the IOV and +2 to +6 cm
for the FOC satellites. The different sign of the AC-specific
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Fig. 11 Mean Galileo satellite
antenna z-offsets based on
solution BW. The gray bars
indicate the STD of the
corresponding time series
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Table 5 Rounded average Galileo satellite antenna PCOs based on the
DLR and GFZ analyses

Satellite x (cm) y (cm) z (cm)

Galileo IOV −17 +3 +95

GAL-201/202 +16 −1 +105

GAL-203/204 +12 −1 +110

bias for IOV and FOC renders a general scale difference
between the DLR and GFZ solutions unlikely. Schmid et al.
(2015) report mean differences in the GPS z-offset estimates
of five different ACs of 6.4 cm and a maximum of 22 cm.
Like for the horizontal PCOs, the worse agreement of the
vertical Galileo PCO estimates between different ACs com-
pared to GPS might be attributed to the ambiguity resolution
rate (see Sect. 4.1.1). The AC-specific mean z-offsets of the
IOV satellites within the same orbital plane (GAL-101/102
and GAL-103/104) differ by only 1 cm except for the DLR
values of GAL-103/104 that differ by 3 cm.

6 Galileo PCO model and model validation

Due to the uncertainties of the PCO estimates discussed in
the previous sections, specifying individual and precise val-
ues for each satellite seems not justified at present. Therefore,
rounded values for three different groups of Galileo satellites
are proposed inTable 5.Whereas the individual IOVsatellites
do not show significant differences, two subgroups have to be
formed for the FOC satellites due to significantly different
x-components of the PCOs (see Sect. 4.2.2): the satellites
in nominal (GAL-203/204) and the satellites in elliptical
orbit (GAL-201/202). The PCO values to be rounded were
weighted mean values of both DLR and GFZ. To account
for the different lengths of the time series, the number of
PCO estimates was used as weight. The formal errors of the
mean values are on the 1–2 cm level for the horizontal PCOs
and the 1 dm level for the z-offsets. Therefore, the horizontal
PCOs were rounded to 1 cm whereas the vertical PCOs were
rounded to 5 cm.

For the validation of this model, half a year (DoY
60–242/2015) of Galileo orbits were reprocessed with the
MGEXmodel (Table 1) and the newly estimated PCOmodel
(Table 5). The NAPEOS software was used with the same
options as described in Sect. 3.1 (solution DLR BW) except
for the estimation of PCO parameters. In addition, for a fully
independent assessment, identical computations were per-
formed with the Bernese GNSS Software (Dach et al. 2015)
by AIUB.

Three different quantities are listed in Table 6 for the eval-
uation of the orbit quality (detailed description can be found
in Steigenberger et al. 2015b):

• Day boundary discontinuities (DBDs): 3D position dif-
ferences between two consecutive orbits at the midnight
epoch.

• Orbit fit RMS: RMS of differences between orbit posi-
tions from two (NAPEOS) or three (Bernese) consecutive
1-day orbits with respect to a 2-day/3-day fit through
these orbits.

• SLR residuals: offset and standard deviation of one-
way SLR range residuals. The orbits estimated from
GNSS microwave observations and SLRF2008 (Pavlis
2009) station coordinates are kept fixed and residuals are
computed with DLR’s GPS High-Precision Orbit Deter-
mination Software Tools (GHOST;Wermuth et al. 2010).

A clear improvement by about one third can be seen for the
DBDs of the IOV orbits computed with the new model and
the NAPEOS software. For the FOC satellites, the improve-
ment is only on the 1–2 cm level due to the much smaller
z-offset differences between the two phase center models
(�z = 5 and 10 cm for FOC compared to 35 cm for IOV).
The orbit fit RMS values resulting from the validation with
NAPEOS can also benefit from the new PCOmodel, but only
on the few millimeter level. Again, the IOV satellites show
a larger improvement than the FOC satellites. When switch-
ing to the new PCO model, the absolute value of the SLR
offset increases by 1.5 cm for the IOV satellites but only by
a few millimeters for the FOC satellites. In general, the STD
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Table 6 Validation of the new
Galileo satellite antenna PCO
model for a half-year period
(DoY 60–242/2015)

Solution Satellite Day boundary Orbit fit SLR residuals

Discont. (cm) RMS (cm) Offset (cm) STD (cm)

MGEX New MGEX New MGEX New MGEX New

NAPEOS GAL-101 24.2 16.1 6.0 5.5 −1.7 −3.3 3.5 3.3

GAL-102 24.0 16.0 6.0 5.7 −2.1 −3.6 3.6 3.3

GAL-103 28.1 18.6 6.0 5.6 −1.3 −2.8 3.6 3.5

GAL-201 13.5 12.2 4.8 4.7 −2.2 −2.5 2.8 2.8

GAL-202 14.9 14.4 5.0 5.0 −2.6 −2.9 3.1 3.2

GAL-203 21.8 19.6 6.5 6.4 −2.1 −2.0 3.7 3.2

GAL-204 20.3 19.6 7.0 6.7 −3.0 −2.8 5.5 5.9

Bernese GAL-101 20.8 14.0 5.0 4.5 −2.2 −3.9 4.3 3.9

GAL-102 18.5 13.8 4.8 4.5 −2.6 −4.0 5.0 4.4

GAL-103 20.8 15.8 5.6 5.0 −1.6 −3.5 4.6 4.4

GAL-201 14.1 15.3 4.1 4.3 −3.4 −3.8 5.0 4.7

GAL-202 14.8 16.2 4.5 4.6 −3.1 −3.5 5.1 5.0

GAL-203 22.1 20.0 6.3 6.2 −2.8 −2.4 7.2 6.0

GAL-204 39.4 33.6 13.3 13.7 −0.7 0.2 8.4 8.7

ColumnsMGEX refer to the PCO values in Table 1, columns New to Table 5

decreases by up to 5 mm. The only exceptions are GAL-202
andGAL-204with a degradation of 1 and 4mm, respectively.
However, the results for GAL-204 are based on the smallest
data set of only 200 normal points which is reflected in an
STD of about 6 cm. It may be noted that the occurrence of
increased SLR offsets is evidently counterintuitive and con-
tradicts the presumed improvement of the orbits when using
the new PCO model. However, it needs to be emphasized
that the estimated SLR offsets may be affected by a variety
of other effects such as erroneous laser retroreflector offsets
with respect to CoM or SRP modeling errors. The small off-
set obtained with the MGEX PCO values might, therefore,
reflect a cancelation of two opposite error sources. It is, there-
fore, difficult at present to employ the mean SLR offset as a
criterion for the benefit of refined PCOs.

The Bernese validation provides a slightly different pic-
ture. Whereas the DBD improvements due to the new model
are on the NAPEOS level for the IOV satellites and the
FOC satellites in nominal orbit, a degradation of about 1.5
cm occurs for the FOC satellites in elliptical orbit. Slightly
increased orbit fit RMS values can be detected for the same
satellites whereas the other RMS values decrease on the few
millimeter level except for GAL-204. The SLR offsets result-
ing from the Bernese validation generally differ by about
−0.5 cm compared to the NAPEOS validation. However, the
degradation in the SLR offsets when switching to the new
PCO model as well as the STD improvements are very sim-
ilar for both validations.

Overall, the validation using two independent software
packages confirms a modest benefit from the new PCO val-
ues for the precision of Galileo orbit products. However, it is

also evident that those products have not yet reached the same
level of accuracy as presently achieved for GPS. Despite all
the effort to employ common processing standards, solu-
tions obtained with different software packages still reveal
subtle differences which potentially mask the benefit from
the revised PCO estimates. Thus, a further refinement of the
Galileo orbit modeling (e.g., attitude models, radiation pres-
sure) is deemed necessary. PCO estimates presented in this
work are, therefore, subject to further revision as improved
models and longer data arcs become available. This is partic-
ularly true for the FOC satelliteswhich have only be observed
for a fairly limited time span so far.

7 Summary and outlook

Satellite antenna PCOs for the Galileo IOV and FOC satel-
lites were estimated by two different ACs. The agreement of
the mean horizontal PCOs between solutions of both ACs is
on the few millimeter level for the IOV and on the 1–2 cm
level for the FOC satellites. Due to a significantly different
mass, two groups of FOC satellites have to be distinguished
as regards the x-offset: the pair of FOC satellites in ellipti-
cal and the FOC satellites in nominal orbit with an x-offset
differing by about 4 cm.

The stretched body of the Galileo satellites requires an
appropriate orbit modeling for a proper determination of the
horizontal PCOs. The estimation of 5 ECOMparameters and
the consideration of an a priori box-wingmodel gave themost
stable PCO estimates. Nevertheless, pronounced systematic
effects dependingon the elevation of theSun above the orbital
plane are still present in this solution. Therefore, time inter-
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Fig. 12 Mean phase residual maps of Galileo IOV (left) and FOC (right) obtained from the extended analysis interval

vals with large absolute values of the β-angle were excluded
for the determination of mean values per satellite group.

Distinct differences between the IOV and FOC satellites
are also visible in the phase residual maps (Fig. 12). For
IOV, a clear threefold pattern with an amplitude of 5 mm
is visible. The shape of the pattern is probably related to
the design of the IOV antennas which are composed of three
6-element and three 9-element subarrays. The single-
frequency radiation patterns reported by Monjas et al.
(2010a) are very similar although their amplitude is big-
ger by a factor of two. The FOC residuals do not show
an azimuth-dependence but only a small nadir-dependent
pattern with maximum values of ±1 mm. The pronounced
threefold pattern in the IOV residual maps suggests the pres-
ence of significant PCVs. Therefore, the estimation of PCVs
for this satellite type will be one of the next steps in refining
the Galileo satellite antenna model.
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