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Abstract

The spacecraft nicknamed Vespucci is the first GPS III satellite launched in December 2018. Numerous receivers of the global Inter-
national GNSS Service network tracked the signals of this new generation of GPS spacecraft from January to July 2019. This data set
serves as the basis for analysis of broadcast ephemeris performance and clock stability, as well as solar radiation pressure and satellite
antenna phase center models. Different empirical orbit models are tested, and box-wing models are developed based on approximate
dimensions, mass, and assumed optical properties. The box-wing models show in general a better performance than the empirical models.
Compared to Block IIF satellites, the stability of the GPS III rubidium clock is higher for integration times up to 10 s. At longer inte-
gration times, the stability of both clocks is similar but the GPS III clock does not suffer from frequency-specific line bias variations that
affect the apparent IIF clock. Estimated antenna phase center offsets agree on the centimeter level with the calibrations published by the
manufacturer. Measurements with a 30-m high-gain antenna revealed that the satellite did not stop signal transmission in July 2019 but
switched to non-standard codes and codes beyond the tracking capabilities of commercial GNSS receivers. Prior to this hibernation
mode, a 70 days test without broadcast ephemeris update was conducted during which the user range error increased to roughly 1 km.
� 2020 COSPAR. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Keywords: GNSS; Global Positioning System; GPS III; solar radiation pressure modeling; box-wing model; satellite antenna phase center offsets
1. Introduction

The first GPS III spacecraft is named after the Italian
explorer Amerigo Vespucci. It was launched on December
23, 2018, from Cape Canaveral with a Falcon-9 rocket. The
satellite is also denoted by its space vehicle number (SVN)
as GPS-74. In contrast to the previous generation of Block
IIF satellites with Boeing as prime contractor, the GPS III
spacecraft are manufactured by Lockheed Martin, which
already built the Block IIR and IIR-M satellites. A general
overview of the GPS III satellite and its payload can be
found in Marquis and Shaw (2011).
https://doi.org/10.1016/j.asr.2020.03.026
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Table 1 gives an overview of basic properties of the dif-
ferent generations (blocks) of GPS satellites. From genera-
tion to generation, the size of the satellite bus, its mass and
power, as well as the transmit power of the navigation sig-
nals increased. The GPS III launch mass is 3681 kg
(Alexander and Martin, 2018) but the on-orbit mass of
2161 kg is significantly lower due to the fuel consumption
for bringing the satellite from its transfer orbit to the des-
ignated orbit. The size of the spacecraft body is
2.46 m � 1.78 m � 3.40 m.

The GPS III spacecraft are equipped with three Rubid-
ium atomic frequency standard (RAFS) clocks based on
the RAFSs already flown on GPS Block IIR and IIR-M
(Wu and Feess, 2000). Following Cameron (2019), GPS
III satellites provide
org/licenses/by/4.0/).
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Table 1
Basic properties of different GPS block types according to Alexander and Martin (2018); Hegarty (2017); Rodriguez Solano (2014) U.S. Air Force (2015);
Steigenberger et al. (2018). Values in brackets are based on assumptions.

Block I Block II/IIA Block IIR/IIR-M Block IIF Block III

1st launch Feb 1978 Feb 1989 Jul 1997 May 2010 Dec 2018
Mass 455 kg 843 kg/930 kg 1080 kg 1633 kg 2161 kg b

Body size [m] 1:3� 1:2� 1:8 1:9� 1:5� 1:8 2:1� 2:0� 2:1 2:5� 2:1� 1:8 1:8� 2:5� 3:4
Span width 5.3 m 5.3 m 11.4 m 17.5 m 15 m
Power 400 W 700 W 1140 W 1952 W a 4480 W a

Transmit power (50 W) 50 W 60 W/145 W 240 W (300 W)

a End of life.
b In-orbit mass according to Alexander and Martin (2018). Solar radiation pressure estimates indicate a higher mass, see Section 4.
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– three times better positioning accuracy compared to
Block IIF with a 1 m user range error at 24 h

– improved anti-jamming capability
– the additional civil L1C signal (Betz et al., 2007)
– the 2nd generation civil navigation message CNAV-2
– a design life time of 15 years, three more years compared
to Block IIF.

For operation of the GPS III satellites, the next genera-
tion operational control system (OCX) is required. The
current OCX Block 0 version has basic capabilities for
launch and checkout but there are several limitations until
Block 1 delivery which is expected in June 2021 (Erwin,
2019). As a remedy, the Contingency Operations Program
(COps) was put in place and enabled a renewed operation
of GPS-74 from October 2019 onwards (GPS World,
2019).

GPS-74 is a new type of satellite, that is not yet fully
characterized by the scientific GNSS user community.
Therefore, a focus of the present study is to contribute to
an improved modeling of the satellite as a basis for highly
accurate orbit and clock products. In particular, the limited
availability of satellite metadata poses a challenge for pre-
cise orbit determination based on physical models. Com-
prehensive satellite metadata like attitude law, geometry
and optical properties of the satellite surfaces are presently
published by the providers of the European system Galileo
(GSA, 2017) as well as the Japanese regional Quasi-Zenith
Satellite System (QZSS, Cabinet Office, 2019). Metadata
for GPS III are currently limited to approximate mass
and body dimensions (Alexander and Martin, 2018) as well
as satellite antenna phase center offsets (PCOs) and inter-
signal correction parameters (Lockheed Martin, 2019b).
The optical properties of the satellite surfaces that are
required for solar radiation pressure modeling are currently
not publicly available. In addition, it is not clear if the
dimensions of the satellite body given in Alexander and
Martin (2018) refer to the solid box of the satellite or if they
refer to an envelope including, e.g., the antenna panel.
Therefore, several assumptions have to be made for the
development of a GPS III box-wing model and its empiri-
cal tuning.

The present study is based on GPS-74 observations col-
lected between January and July 2019. Section 2 discusses
Please cite this article as: P. Steigenberger, S. Thoelert and O. Montenbruc
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the transmission of navigation signals with standard and
non-standard codes as well as the navigation message.
The models and parameters applied for precise orbit deter-
mination are introduced in Section 3. Empirical and phys-
ical approaches for solar radiation pressure modeling are
detailed in Section 4. The quality of the estimated orbit
and clock parameters is assessed in Sections 5 and 6.
Finally, the published satellite antenna PCO calibration
values are validated with parameters estimated from GPS
observations in Section 7.

2. Signal transmission and broadcast ephemerides

First navigation signals of GPS-74 were received
roughly two weeks after the launch. A detailed GPS III sig-
nal analysis based on high-gain antenna as well as receiver
measurements is given in Thoelert et al. (2019). The follow-
ing sections focus on transmission of non-standard signals
after mid of July 2019 and a long-term propagation test of
the broadcast ephemerides starting in May 2019.

2.1. Navigation signals

The transmission of standard navigation signals started
on January 9, 2019 at 00:01 UTC with pseudo random
noise (PRN) number G04. A transmission outage occurred
between March 19, 22:11 UTC and March 20, 19:46 UTC.
Signal transmission with PRN G04 stopped on July 12,
2019. According to Cozzens (2019), the on-orbit checkout
and test activities were officially completed on that date.
PRN G04 was subsequently reassigned to the old Block
IIA satellite GPS-36 on 18 July 2019. During the total six
months of signal transmission, the health status of GPS-
74 was set to unhealthy.

Measurements with a 30-m high-gain antenna operated
by the German Aerospace Center (DLR) in Weilheim
(Germany) revealed that GPS-74 continued to transmit
navigation signals after mid July, even though the signals
could no longer be tracked by common receivers. L1 spec-
tra before and after this transition are shown in Fig. 1.
Aside from a 10 to 15 dB drop in the overall power, distinct
changes in the spectral characteristics occurred after 12
July. In particular, a pronounced dip at the L1 center fre-
quency (1575.42 MHz) may be noted, which comes along
k, GPS III Vespucci: Results of half a year in orbit, Advances in Space
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Fig. 1. L1 spectral flux density of GPS-74 measured with the 30-m high-gain antenna. The green curve was recorded on January 15, 2019 and refers to
nominal signal transmission. The red curve was recorded on July 17, 2019, when the spacecraft transmitted with reduced signal power and used non-
standard C/A codes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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with a narrow line spectrum at a spacing of 1.023 MHz.
Both features are related to the replacement of the L1 C/A
code modulation by a non-standard code (NSC; see
IS-GPS-200K, 2019) made up of an alternating sequence
of þ1 and �1 chips.

Other than for the L1 C/A component, the L1C channel
appears to be modulated with a regular ranging code dur-
ing the ‘‘hibernation” of GPS-74 from mid July to October
2019. Using a software receiver and radio-frequency sam-
ples collected with the 30-m antenna, a high correlation
was obtained for the PRN 117 code sequence from a Weil
Code generator in combination with the Weil Index and
Insertion Index provided in Table 3.2-2 of IS-GPS-800F
(2019). Even though the L1C signal ICD defines PRN
numbers up to 210, codes for high PRNs were not sup-
ported by geodetic GPS receivers in this time frame. Over-
all, the modified signal transmission caused a 3-month
outage in the IGS tracking coverage of GPS-74. M-code
and P(Y)-code signals are present on L1 and L2 but with
significantly reduced power level. The total power differ-
ences per band are �12 dB, �4.5 dB, and �9 dB for L1,
L2, and L5, respectively.

Since October 10, 2019, G04/GPS-74 is included in the
almanac, and normal signal transmissions of GPS-74 with
PRN G04 restarted on October 21. At 20:05 UTC, the L1
C/A, L1 P(Y), and L2 P(Y) signals were activated, L1C,
L2C, and L5 followed at 22:08 UTC. GPS World (2019)
reports that the GPS III Contingency Operations Program
(COps) successfully connected to GPS-74 on that date.
COps allows for operation of the GPS III satellites together
with the legacy satellites before completion of OCXBlock 1.

2.2. Broadcast ephemerides

The transmission of broadcast ephemerides started
simultaneously with the navigation signal transmission on
Please cite this article as: P. Steigenberger, S. Thoelert and O. Montenbruc
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January 9, 2019. GPS-74 transmits the legacy navigation
message (LNAV) on L1 C/A, the civil navigation message
(CNAV) as part of the L2C and L5 signals, and the 2nd
generation CNAV-2 on the L1C signal. During the first
six months of operation, the CNAV-2 messages provided
essentially the same parameter set as CNAV on L2 and
L5, but added distinct inter-signal corrections (ISCs) for
the pilot and data component of the L1C signal. With an
average value of 2.8 m for April 2019, the signal-in-space
range error (SISRE) of GPS-74 is worse by a factor of
up to five compared to IIF satellites with Rubidium clocks.
This can mainly be related to an extended upload interval
of typically four days as opposed to one day for the rest
of the constellation. Evidently the apparent performance
degradation is related to the non-operational status of
GPS-74 and does not indicate the expected performance
once the satellite is declared healthy. Only negligible differ-
ences may be noted between SISRE values for LNAV,
CNAV, and CNAV-2, since all messages are presently
derived from the same source of orbit and clock prediction
and uploaded only once per day. As such, the improved
smoothness of the CNAV/CNAV-2 ephemeris and the
availability of ISCs for users of the open L1 signals (C/A
or L1C) can only partly be materialized by civil navigation
users.

CNAV and CNAV-2 include several indices that allow
to compute the ‘‘non-elevation dependent integrity assured
user range accuracy” (IAURANED, IS-GPS-200K, 2019).
Between May 7 and July 8, 2019, the ‘‘data sequence prop-
agation time” of CNAV that represents the epoch of the
latest observation data entering the orbit and clock predic-
tion didn’t change for GPS-74. The resulting degradation
of IAURANED is illustrated in Fig. 2. Within two months,
IAURANED gradually degraded to up to 1400 m. During
normal operations, IAURANED values are usually within
one to seven meters.
k, GPS III Vespucci: Results of half a year in orbit, Advances in Space
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Figure 2 also shows the signal-in-space range error at
the worst user location (SISREWUL, Montenbruck et al.,
2015b) computed from differences between broadcast ephe-
merides and the precise orbit and clock product discussed
in Section 3. The radial and cross-track orbit differences
are within ± 10 m whereas the along-track differences
reach up to 600 m. The resulting SISREWUL shows once
per revolution periodic variations and has a maximum of
600 m. However, SISREWUL values are always well below
IAURANED that provides the upper bound for the accu-
racy of the broadcast ephemerides.
Fig. 3. GPS tracking stations used for precise orbit and clock determi-
nation. Stations tracking GPS-74 are given in red. (For interpretation of
the references to colour in this figure legend, the reader is referred to the
web version of this article.)
3. Orbit determination

Despite being marked as ‘‘unhealthy” and despite not
being part of the almanac, GPS-74 was already tracked
by a substantial number of stations of the International
GNSS Service (IGS, Johnston et al., 2017). For the present
study, a subset of 156 IGS tracking stations was selected to
estimate GPS orbit and clock parameters. However, only
71 of those stations were able to track GPS-74 (see
Fig. 3), as certain receiver types do not support tracking
of satellites that are not included in the almanac. While this
is less than half of the total number of stations, it is fully
sufficient to perform precise orbit and clock determination
of the new GPS III satellite. The GPS data were processed
with the NAPEOS software (Springer, 2009) using daily
batches and a 5 min observation sampling. The analysis
interval covers the full first transmission period of GPS-
74 from January 9 until July 12, 2019 (day of year 9–
193/2019). Details on the GPS data modeling and the esti-
mated parameters are given in Table 2.

Solar radiation pressure modeling, satellite antenna
phase center modeling, and phase windup modeling all rely
on a consistent definition of spacecraft body axis and the
inertial attitude of the spacecraft. Axis conventions for
Fig. 2. Signal-in-space range error at the worst user location (SISREWUL,
blue) and non-elevation dependent integrity assured user range accuracy
(IAURANED, red) of GPS-74. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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GPS III established by the manufacturer are defined in
Marquis and Shaw (2011). The +Z surface carries the L-
band transmit antenna array and the �Y axis coincides
with the rotation axis of the solar panels. Individual axes
in the manufacturer frame may be distinguished by the
prominent sunshade of the optical sensor of the burst
detector which is located in the +X/+Y corner of the +Z
surface.

With respect to spacecraft attitude, the GPS III satellites
employ a continuous yaw steering, which nominally keeps
the Y-axis perpendicular to the Sun-spacecraft-Earth
plane. While official specifications are presently missing,
it appears plausible to assume that GPS III applies the
same conventions as the Block IIR satellites built by the
same manufacturer. Here, the �X panel is permanently
sunlit while the opposite +X panel always points to deep
space (Montenbruck et al., 2015a). This assumption is fur-
ther supported by the inspection of images of the second
GPS III spacecraft taken shortly before launch
(Lockheed Martin, 2019a). These show that the +X panel
is covered by black multi-layer insulation (MLI), whereas
a silver MLI is used on the �X panel. Since the latter pro-
vides a higher reflectivity, it appears better suited for the
Sun-exposed surface, and suggests again that the �X panel
points towards the Sun. Finally, the assumed assignment of
the individual body axes is also supported by the estima-
tion of transmit antenna phase center offsets as discussed
in Section 7. Here, a better consistency with manufacturer
calibrations (Lockheed Martin, 2019b) is achieved when
assuming that the �X panel, rather than the +X panel, is
permanently sunlit.

As discussed in Montenbruck et al. (2015a), the IGS
favors a harmonized body axis convention for all yaw-
steering GNSS satellites in which the Sun-pointing body
axis is designated as þXIGS. Similar to the IIR satellites,
this implies opposite signs for the X and Y coordinates
of GPS III when referred to IGS versus manufacturer con-
ventions. Unless otherwise noted, all specifications of coor-
dinates and axes in the remainder of this study will refer to
IGS conventions.
k, GPS III Vespucci: Results of half a year in orbit, Advances in Space
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Table 2
Selected modeling options and estimation parameters of the GPS data processing.

Basic observables GPS L1 C/A and L2 P(Y) code and phase observations
Sampling 5 min for standard solutions, 30 s for high-rate clock solution
Antenna model igs14.atx for receiver and satellite antennas (Rebischung and Schmid, 2016)
Earth radiation pressure Springer (2009) for empirical models,

monthly CERES maps (Wielicki et al., 1996) for box-wing model
Antenna thrust Steigenberger et al. (2018, 2019)

Station coordinates estimated every day
Ambiguities fixed to integers for baselines up to 6000 km with the Melbourne

Wübbena approach (Melbourne, 1985; Wübbena, 1985)
Receiver clocks estimated epoch-wise
Satellite clocks estimated epoch-wise
Troposphere zenith delays 2 h, a priori from Boehm et al. (2007) and Saastamoinen (1972),

Global Mapping Function (Boehm et al., 2006)
Earth rotation x-/y-pole + rates, LOD estimated every day, UT1 heavily constrained to

USNO final EOP series
Satellite orbits state vector + SRP according to Table 4

along-track constant, sine, cosine once per revolution accelerations,
constrained with 0.1 nm/s2
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The nominal yaw-steering attitude is applied by GPS III
satellites for most of the year but cannot be exactly fulfilled
during periods of low Sun elevation above the orbital
plane. Here, excessive yaw rates would be required near
orbit noon and midnight to keep the solar panel rotation
axis strictly perpendicular to the Sun and Earth direction.
A rate-limited yaw steering must therefore be applied in
these periods but details of this specific mode have not
yet been publicly disclosed. Unfortunately, it is not possible
to determine the attitude behavior with the reverse PPP
technique as it was done by Dilssner (2010) for the Block
IIF satellites, since the horizontal antenna offsets are close
to zero. In the absence of other information, the Block IIR
attitude law (Kouba, 2009) for noon- and midnight-turns
during the eclipse season is also used for the GPS III satel-
lite within our study. This choice is mainly motivated by
the fact that both types of satellites were designed by the
same manufacturer but needs to be checked against obser-
vations. Even though a final confirmation is lacking, use of
this model for phase-windup modeling did not result in dis-
continuities or variations of estimated clock offsets near
noon and midnight beyond the statistical clock variations
observed in other periods.

In contrast to GLONASS, Galileo, and BeiDou, and
future Block IIIF spacecraft, the first generation of GPS
III satellites is not equipped with retro-reflector arrays for
satellite laser ranging (SLR) that allow for external accuracy
assessment of GNSS satellite orbits (Sosnica et al., 2015).
Therefore, the following quantities are used to assess the
GPS-74 orbit quality (e.g., Steigenberger et al., 2015):

Estimated SRP parameters:

if the a priori model covers all important features of the
satellite, the estimated empirical SRP parameters should
not show systematic effects or biases.
Please cite this article as: P. Steigenberger, S. Thoelert and O. Montenbruc
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Day-boundary discontinuities:

3D distance between the orbital positions obtained from
two consecutive days at the midnight epoch.

2-day orbit fits:

based on two individual and independent 1-day orbit arcs,
a 2-day arc is fitted with the same orbit model as for the
original arcs. The RMS of the original 1-day orbits w.r.t.
the newly determined 2-day arc is used as quality indicator.

Orbit predictions:

RMS of one-day orbit prediction w.r.t. the orbit of the next
day based on observations.

Clock residuals:

standard deviation (STD) of clock residuals after removing
a 2nd order polynomial per daily solution.

Actual results and a performance characterization of
GPS-74 orbit determination will be presented in Sections
5 and 6 after discussing the modeling of solar radiation
pressure for this spacecraft.

4. Solar radiation pressure modeling

Accurate modeling of the solar radiation pressure (SRP)
forces acting on a GNSS satellite is a prerequisite for pre-
cise orbit determination. Two major categories for SRP
modeling can be distinguished. Empirical models do not
require knowledge about the satellite and consider the
SRP by estimating empirical parameters. Widely used
empirical models are the empirical CODE orbit model
(ECOM-2, Arnold et al., 2015) developed at the Center
for Orbit Determination in Europe (CODE) and the GPS
Solar radiation Pressure Model developed at the Jet
Propulsion Laboratory (GSPM, Sibthorpe et al., 2011).
k, GPS III Vespucci: Results of half a year in orbit, Advances in Space
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Table 3
Areas and optical properties for the two GPS III box-wing models (BW-1,
BW-2) considered in this study. A satellite mass of 2600 kg is adopted in
both models.

Surface Area [m2] ai di qi

BW-1 BW-2

+Z bus 4.0 6.0 0.44 0.46 0.10
�Z bus 4.0 6.0 0.94 0.06 0.00
+X bus 7.5 5.7 0.44 0.46 0.10
Solar panels 28.2 0.92 0.00 0.08
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The ECOM-2 used in this paper models the SRP in a
Sun-oriented reference frame with axes D pointing towards
the Sun, Y along the satellite’s solar panel axis and B com-
pleting a right handed system. In each direction, constant
and optionally periodic terms are used to describe the
acceleration

aD ¼ D0 þD2C � cos 2DuþD2S � sin 2Du
aY ¼ Y0

aB ¼ B0 þ BC � cosDuþ BS � sinDu
ð1Þ

with estimated parameters D0, D2C, D2S, Y0, B0, BC, BS. Du
denotes the argument of latitude of the satellite relative to
the argument of latitude of the Sun in the orbital plane.
ECOM-2 in general allows for an arbitrary number of har-
monic coefficients but the coefficients shown in Eq. 1 repre-
sent the maximum number used in this paper. The older
ECOM-1 model (Beutler et al., 1994) does not include
the 2nd order terms in D direction that are important for
a proper modeling of stretched satellite bodies like those
of the Galileo satellites (Prange et al., 2017).

Physical models, on the other hand, consider the dimen-
sions, mass and optical properties of the satellite. Acceler-
ations acting on individual surfaces of the satellite are
computed based on absorption, diffuse, and specular reflec-
tion of the incoming photons. Corresponding coefficients
a; d, and q describe the optical properties of the surface ele-
ments. A simple approach for physical modeling is the so-
called box-wing model where the satellite body is repre-
sented by a cuboid (box) and the solar panels by rectangu-
lar surfaces (wings). Several such models have been
developed for different kinds of GNSS satellites (Bury
et al., 2019; Duan et al., 2019; Montenbruck et al., 2017;
Rodriguez-Solano et al., 2012; Zhao et al., 2018). With
more detailed knowledge about the structure of the satel-
lite, a ray-tracing approach can be used (Bhattarai et al.,
2019; Darugna et al., 2018; Li et al., 2018).

The acceleration for a box surface i of the satellite body
due to solar radiation pressure assuming instantaneous dif-
fuse thermal reradiation of the absorbed radiation
(Montenbruck et al., 2015c) is

abox;i ¼ �P � Ai

m
� cos hi

ðai þ diÞ � e� þ 2
3
en;i

� �þ 2qi cos hi � en;i
� � ð2Þ

where Ai is the area of surface i; hi is the angle between the
surface normal en;i and the Sun direction e�, and m is the
satellite mass. The solar radiation pressure at satellite posi-
tion r is given by

P � 1367 W=m2

c
� 1 AU

r� � r

� �2

ð3Þ

where c stands for the vacuum speed of light. For nominal
attitude (Montenbruck et al., 2015a), only the surfaces i =
+Z, �Z, +X are lit by sunlight.

For the solar panels it is assumed that thermal reradia-
tion of the front and back side are identical (introducing no
Please cite this article as: P. Steigenberger, S. Thoelert and O. Montenbruc
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net acceleration) and that they are always pointed towards
the Sun:

asp ¼ �P � Asp

m
asp þ dsp
� � � e� þ 2

3
dsp � en;sp þ 2qsp cos hsp � en;sp

� �
ð4Þ

For precise orbit determination, the box-wing models
presented below are not used as stand-alone models but
combined with a 5-parameter ECOM-1 model. By estimat-
ing the empirical D0, Y0, B0, BC, and BS terms, residual
modeling deficiencies due to uncertainties of areas and
optical properties, the detailed body structure, as well as
shading effects can partly be compensated.

Overall, two different box-wing models are considered in
this study, which differ in the assumed body-dimensions
(Table 3). BW-1 describes a stretched satellite body in
accord with geometric properties and dimensions of a
spacecraft model shown in Fig. 4. As discussed in the sub-
sequent sections, use of the BW-1 a priori box-wing model
minimizes seasonal variations in the estimated empirical
SRP parameters but shows distinct orbit-periodic varia-
tions of the estimated clock offset. As an alternative, the
BW-2 model is therefore considered. It describes an almost
cubic spacecraft body, which apparently contradicts the
actual shape. The respective cross-sections have been
adjusted such as to minimize the orbit periodic clock vari-
ations at the expense of showing more pronounced sea-
sonal variations of the empirical SRP parameters. Other
than for Galileo (Montenbruck et al., 2015c), no simultane-
ous minimization of the D0 and clock variations could be
achieved for GPS-74 using a simple box-wing a priori
SRP model. A detailed discussion of these aspects and
comparison of both models is provided in Section 5.

The surface characteristics for the box-wing model were
obtained from images of the second GPS III spacecraft
shortly before launch (Lockheed Martin, 2019a). These
images show that the �X and +Z surfaces are covered by
multi-layer insulation (MLI). For the +Z surface that car-
ries the L-band transmit antenna array, silver, radio-
transparent MLI is used. In contrast to Fig. 4, the complete
�X surface (including the golden oxidizer tank in Fig. 4) is
covered by black MLI, whereas the +X surface is basically
covered by silver MLI. For the �Z surface, the optical
properties of black MLI are adopted, as parts of the sur-
k, GPS III Vespucci: Results of half a year in orbit, Advances in Space
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Fig. 4. GPS-74 satellite surfaces according to IGS axes conventions obtained from a scale model by the manufacturer. The red boxes represent the
dimensions used for box-wing model BW-1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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face are covered by this type of MLI whereas the optical
properties of the launch adapter are completely unknown.

Optical properties of the two different types of MLI are
taken from Montenbruck et al. (2017) and listed in Table 3.
For the solar panels, the optical properties of the Block IIR
satellites (Fliegel and Gallini, 1996) resulted in a signifi-
cantly too high SRP acceleration. Therefore, the optical
properties of Galileo (GSA, 2017) are used, with a higher
absorption and a lower reflectivity resulting in a lower
acceleration.

Figure 5 illustrates the estimated direct solar radiation
parameter D0 for all GPS satellites active during the anal-
ysis interval. ECOM-1 has been used and no a priori box-
wing model has been applied. D0 is proportional to the
effective area in Sun direction and inversely proportional
to the satellite mass. The four different satellite blocks are
clearly discernible due to their significantly different mean
values. Variations in D0 are largely related to variations
of the effective area of the satellite in Sun direction. The
highest dispersion is visible for Block IIR satellites in orbi-
tal plane E (GPS-47, -50, -51) and F (GPS-41, -43, -55,
-60), which show the largest variations of the elevation of
Fig. 5. Estimated direct solar radiation pressure coefficient D0. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the Sun above the orbital plane. For Block IIF, D0 varia-
tions are less pronounced due to the higher mass and a
reduced stretching of the satellite body.

The D0 estimates of GPS-74 show a mean value of
�75.5 nm/s2, which is about 30% smaller than for Block
IIF and 25% smaller than for Block II-R. However, the
estimated D0 values appear incompatible with the GPS-
74 in-orbit mass of 2161 kg given in Alexander and
Martin (2018). Tests with this mass and an initial box-
wing model resulted in D0 residual estimates of about
28 nm/s2. A revised mass of 2600 kg has therefore been
adopted for this study. The discrepancy between the ‘‘ob-
served” and published mass suggests that Alexander and
Martin (2018) refer to a ‘‘dry mass” and do not account
for remaining fuel at the begin of in-orbit operations.
5. Orbit analysis

To assess the quality of the box-wing and empirical SRP
models in more detail, four solutions with different SRP
modeling approaches are computed, see Table 4. The orbit
quality is assessed with the methods described in Section 3.
Figure 6 shows the estimated SRP parameters D0 and BC

as a function of the Sun elevation b above the orbital plane.
Compared to a standalone ECOM-1 model, use of the BW-
1 a priori model reduces the standard deviation of the esti-
mated D0 parameters from 0.8 nm/s2 to 0.3 nm/s2. ECOM-
2 and BW-2 + ECOM-1 have significantly higher D0 vari-
ations of 1.3 nm/s2 and 1.4 nm/s2, respectively. All solu-
tions show a slight asymmetry in D0 estimates w.r.t.
Table 4
Options for solar radiation pressure modeling. For each ID, the estimated
parameters and optional a priori box wing models are marked. D2 stands
for the parameters D2C and D2S and B1 for the parameters BC and BS in
Eq. (1).

ID D0 Y0 B0 D2 B1 BW v1 BW v2

ECOM-1 � � � �
ECOM-2 � � � � �
BW-1 � � � � �
BW-2 � � � � �
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Fig. 6. Solar radiation pressure coefficients D0 and BC versus elevation of the Sun above the orbital plane. For D0, the mean value of each solution is
subtracted. ECOM-1: �75.5 nm/s2, ECOM-2: �75.0 nm/s2, BW-1: 0.1 nm/s2, BW-2: �2.7 nm/s2. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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positive and negative b-angles. The reason for this behavior
is unknown but may be related to asymmetries of the
spacecraft structure that cannot be addressed by the con-
sidered SRP models, or deviations from the Block IIR atti-
tude assumed in our processing.

For the BC parameters, ECOM-1 and ECOM-2 are
almost identical for jbj > 60� and also the STD of
1.7 nm/s2 matches for both solutions. Compared to the
purely empirical ECOM-1 or -2 models, the BC estimates
are closer to zero and have smaller STDs of 1.1 and
1.5 nm/s2 when using the BW-1 or BW-2 a priori models.
The other ECOM parameters do not change significantly
if an a priori box-wing model is applied.

The residuals of the estimated clock offsets after de-
trending with a second order polynomial over the daily
data arcs are given in Fig. 7. ECOM-1 introduces a small
dependency on the Earth-satellite-Sun angle �. This depen-
dency is more pronounced for ECOM-2 resulting in an
increase of 45% of the clock residual STD listed in Table 5.
The BW-1 clock residuals show a smaller variation with �
than for ECOM-2 but a larger variation than obtained with
the standalone ECOM-1 model. The BW-2 a priori model,
which has been specifically designed to minimize orbit-
periodic clock variations, achieves a STD of 2.8 cm which
is the smallest of all solutions.

Further orbit quality measures are listed in Table 5.
With RMS residuals of 1.4 cm, the best 2-day orbit fit per-
formance is achieved when using the BW-1 SRP model,
even though results for other models are only marginally
worse. For the 1-day orbit predictions, differences between
the solutions are at the 2 cm level or about 10% of the
actual prediction errors. Here, ECOM-2 performs better
Please cite this article as: P. Steigenberger, S. Thoelert and O. Montenbruc
Research, https://doi.org/10.1016/j.asr.2020.03.026
than ECOM-1 but the BW-1 model again achieves the low-
est errors. The day boundary discontinuities show the same
pattern: the box-wing models perform better than the
ECOM-only models and BW-1 performs better than
BW-2. For comparison purposes, the quality measures
are also given for orbits and clocks of Block IIR/IIR-M
and Block IIF satellites computed with the box-wing
models of Springer et al. (2014). The BW-1 model for the
GPS III satellite is in general within the margin of the per-
formance of the other satellite blocks although being close
to the upper bound. For the clock residual STD, the
ECOM-1, BW-1, and BW-2 solutions of GPS-74 outper-
form the older generations of GPS satellites. The stability
of the GPS-74 clock will be discussed in detail in Section 6.

Overall, the three orbit-related performance metrics as
well as the study of empirical SRP parameters provide
strong support for use of the BW-1 a priori model in
GPS-74 orbit determination. The BW-2 model, on the
other hand, differs from BW-1 in the magnitude and phase
of radial orbit perturbations and can thus provide clock
offset estimates that are essentially free of 1/rev variations.
However, the BW-2 model represents an almost cubic
spacecraft body and is obviously incompatible with the
actual GPS-74 geometry. Variation-of-parameter studies
show that it is not possible to simultaneously remove the
b-angle dependence of the estimated D0 values and the
orbit-periodic clock variations in a standard box-wing
model using modified surface properties.

A proper explanation for the apparent discrepancy of
GPS-74 SRP and clock analyses is presently missing. While
thermally-induced clock variations might be considered to
understand the conflicting results, it appears unlikely that
k, GPS III Vespucci: Results of half a year in orbit, Advances in Space
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Fig. 7. GPS-74 clock residuals versus Earth-satellite-Sun angle � for solutions with different SRP modeling.

Table 5
Orbit validation of different solar radiation pressure modeling approaches. The columns IIR/IIR-M and IIF denote the ranges of values for Block IIR/IIR-
M and Block IIF satellites, respectively. The Block IIF satellites with Caesium clocks (GPS-65 and GPS-72) were excluded for the clock residual STD.

ECOM-1 ECOM-2 BW-1 BW-2 IIR/IIR-M IIF

Clock residual STD [cm] 3.1 4.5 3.7 2.8 5.3–12.1 4.2–8.9
Median 2-day orbit fit RMS [cm] 1.7 1.7 1.4 1.6 1.1–1.6 1.2–1.5
Median 1-day orbit prediction [cm] 15.8 14.8 13.5 14.6 8.6–17.3 9.7–17.1
Median day boundary discontinuities [cm] 5.8 5.3 4.2 5.1 3.2–4.4 3.1–4.1
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such variations would be strictly in phase with the orbit
angle as indicated by Fig. 7. Instead, a phase delay as
found in the analysis of IIF observations would be
expected (Montenbruck et al., 2012). On the other hand,
the lack of laser retro reflectors on GPS-74 does not allow
to study the possible presence of radial orbit errors as a
source of periodic variations in the estimated clock offsets.
In case the clock variations would indeed be related to defi-
ciencies of the SRP model, refined ray-tracing models tak-
ing into account the detailed spacecraft structure along
with shading effects appear as a promising way forward
to further improve GPS III orbit and clock determination.

6. Clock stability

To characterize the stability of the GPS III RAFS, two
different approaches are used: the one-way carrier phase
(OWCP) method (Gonzalez and Waller, 2007) for analyz-
Please cite this article as: P. Steigenberger, S. Thoelert and O. Montenbruc
Research, https://doi.org/10.1016/j.asr.2020.03.026
ing the short term stability and a dedicated 30 s clock solu-
tion that was computed for selected days in addition to the
5 min clock solution. The OWCP approach is based on
1 Hz carrier phase observations of a GNSS station con-
nected to a highly stable hydrogen maser. After subtracting
the modeled range variation from the observed carrier
phase, the combined drift of the hydrogen maser and the
satellite clock is removed by a 1st order polynomial. By
limiting the OWCP analysis to 10 min analysis intervals
with high elevations of the selected satellites, tropospheric
and ionospheric delays can be assumed to be constant
and are also removed by the polynomial detrending.
Single-frequency L5 observations for GPS and E5 AltBOC
observations for Galileo are used as these observables have
the lowest noise.

Allan deviations (ADEV) obtained from the OWCP of
the IGS station MGUE00ARG (Malargue, Argentina)
for the GPS III satellite GPS-74 (PRN G04), the GPS
k, GPS III Vespucci: Results of half a year in orbit, Advances in Space
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Block IIF satellite GPS-68 (PRN G09, same orbital plane
as GPS-74), and the Galileo FOC satellite GAL-219
(PRN E36) are shown in the left part of Fig. 8 covering
integration times between 1 and 200 s. Whereas the GPS
satellites are equipped with different generations of RAFSs,
all Galileo satellites carry passive hydrogen masers
(PHMs). For integration times up to 10 s, GPS-74 and
GAL-219 have an almost identical ADEV behavior. As a
separation between phase measurement noise and clock
instability is not possible in the OWCP analysis, this curve
provides an upper bound for the clock stability of these
two satellites. The OWCP-derived ADEV of GPS-68 is
about 50 to 100% higher than that of GPS-74 at these inte-
gration times. In view of a similar L5 phase measurement
noise (Thoelert et al., 2019), this result suggests a notably
improved short term stability of the GPS III RAFS com-
pared to the earlier generation of Block IIF clocks.

ADEVs obtained from the 30 s clock solutions are given
in the right part of Fig. 8 covering integration times
between 30 and 36 000 s. At these integration times, the
stability of the Block IIF and Block III clocks is almost
identical. However, it has to be noted that a day with high
b-angle has been chosen. For lower b-angles (thin lines in
Fig. 8), a pronounced bump in the ADEV is present for
Block IIF satellites at 10 000 s due to line bias variations,
Fig. 8. Modified Allan deviation for GPS Block IIF (G09) and III (G04)
Rubidium clocks as well as a Galileo FOC passive hydrogen maser (E36)
for day of year 190/2019 (high b-angle). The lines covering 1 to 200 s
originate from a one-way carrier phase analysis of the IGS station
MGUE00ARG, the lines from 30 to 36 000 s from an orbit and clock
determination with ECOM-1 SRP model and 30 s observation sampling.
The thin lines for G09 and G04 refer to day of year 94/2019 (b-angle close
to zero) and illustrate the impact of thermal clock variations with 2/rev
periodicity in the IIF satellites. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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which degrade the performance of the apparent clock
(Montenbruck et al., 2012). The Block III clock is not
affected by line bias variations and does not show a depen-
dence of the ADEV on the b-angle. Overall, the Galileo
PHM shows the highest stability and reaches an ADEV

of 10�14 at an integration time of 10 000 s.

7. Satellite antenna phase center offsets

Satellite antenna phase center offsets (PCOs) describe
the vector between the center of mass of the satellite and
the mean antenna phase center of the transmit antenna.
In the IGS antenna model (currently igs14.atx,
Rebischung and Schmid, 2016), estimated PCOs for the
ionosphere-free linear combination of L1 and L2 are
included for previous generations of GPS satellites. For
Galileo and QZSS, frequency-specific calibrations provided
by the system operators are included. GPS-74 is the first
GPS satellite with antenna calibrations provided by the
manufacturer. Frequency-specific PCOs for L1, L2, and
L5 are published in Lockheed Martin (2019b) and listed
in the left part of Table 6.

To verify these calibration values, PCOs were estimated
from the ionosphere-free linear combination of L1 and L2
observations. The PCOs of all GPS satellites except for
GPS-74 were fixed to igs14.atx and the GPS-74 PCOs were
freely estimated together with the other parameters listed in
Table 2. The resulting horizontal and vertical PCOs are
shown in Fig. 9. Steigenberger et al. (2016) already demon-
strated the dependence of the x- and y-offset estimates on
the elevation of the Sun above the orbital plane due to cor-
relations between these PCOs, the along-track direction of
the orbit, and the SRP parameter D0. Therefore, horizontal
PCO estimates with formal errors exceeding 5 cm have
been excluded (17% for x, 34% for y). The STD of the
remaining estimates is on the 1 to 2 cm level. The weighted
mean values of the estimated PCOs are given in the right
column of Table 6. Whereas the mean y-offset differs from
the manufacturer value by only 2 mm, a 3 cm difference
occurs for the x-offset. However, this difference is still
below the threefold mean formal error of the x-offset esti-
mates of 3.8 cm. For the time series of z-offsets shown in
the right plot of Fig. 9, it was not necessary to remove out-
liers. The STD of the z-offsets is about 5 cm and the mean
value almost perfectly matches the manufacturer value
with a difference of only 2 mm.
Table 6
Satellite antenna phase center offsets given in Lockheed Martin (2019b)
converted to meters and to the IGS axes convention. L1/L2 denotes the
ionosphere-free linear combination of L1 and L2.

L1 L2 L5 L1/L2 Estimation

X [m] �0.0181 �0.0162 �0.0163 �0.0210 �0:052� 0:027
Y [m] 0.0038 0.0031 0.0032 0.0048 0:007� 0:021
Z [m] 1.2324 0.7405 0.7787 1.9929 1:995� 0:046

k, GPS III Vespucci: Results of half a year in orbit, Advances in Space

https://doi.org/10.1016/j.asr.2020.03.026


Fig. 9. Scatter plot of horizontal and time series of vertical estimated satellite antenna offsets of GPS-74. The error bars in the right plot represent the
threefold formal errors. The red cross and the red line indicate the manufacturer value for the ionosphere-free linear combination of L1 and L2 in the IGS
frame. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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8. Outlook

Shortly after its launch, the first GPS III spacecraft
started transmitting unhealthy navigation signals for about
half a year with PRN code G04. During this time period, a
2 months long-term propagation test of the broadcast
ephemerides was performed resulting in range errors of
up to 600 m. Spacecraft geometry obtained from a scale
model and default optical properties provided the basis
for developing a box-wing model for GPS-74. This BW-1
model performs slightly better than the empirical ECOM
models. However, periodic errors in the estimated satellite
clock parameters with an amplitude of about 10 cm are a
side effect of BW-1. These errors could be removed by
altering the box surfaces to an almost cubic satellite body
that does not represent the true dimensions of the stretched
shape of the GPS III spacecraft at all. In contrast to the
also stretched but much lighter Galileo satellites, ECOM-1
performs quite well for GPS-74, even better than ECOM-2.
The question why models developed for cubic satellites,
namely ECOM-1 and the BW-2 model, reduce systematic
effects in the clock residuals of the cuboid GPS III spacecraft
remains a topic for future research. However, more detailed
information on the satellite geometry, shading of parts of the
satellite body as well as optical properties are a prerequisite
for refined SRP modeling.

The second GPS III satellite named Magellan was
launched on August 22, 2019. Two launches per year are
planned for the time period 2019–2022 and the last GPS
III satellite is expected to be launched in 2023. A contract
for 22 GPS III Follow-on (IIIF) satellites was awarded to
Lockheed Martin in September 2018 (Cameron, 2019).
These satellites will provide a redesigned nuclear detona-
tion detection system, a laser retro-reflector array for satel-
lite laser ranging, a search and rescue payload, and a
regional military protection capability providing up to
�140 dBW signal power for the M-code (Zinn, 2016).
The latter requires an additional dish antenna that will
pose a major challenge for SRP modeling. A full constella-
Please cite this article as: P. Steigenberger, S. Thoelert and O. Montenbruc
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tion of 32 GPS III and IIIF satellites is expected by 2034
(Whitney, 2017).
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