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Abstract
The High Accuracy Service (HAS) is an upcoming addition to the Galileo service portfolio that offers free correction data 
for precise point positioning in real-time. Beyond terrestrial and aeronautical applications, precise orbit determination 
(POD) of satellites in low Earth orbit (LEO) has been proposed as a potential use case for HAS corrections in view of their 
global availability. Based on HAS data collected during a test campaign in September 2021, the benefit of HAS corrections 
is assessed for real-time, onboard navigation as well as near real-time POD on the ground using GNSS observations of the 
Sentinel-6A LEO satellite. Compared to real-time POD using only broadcast ephemerides, performance improvements of 
about 40%, 10%, and 5% in terms of 3D position error can already be achieved for GPS-only, GPS + Galileo, and Galileo-
only navigation. While Galileo processing benefits only moderately from the HAS correction data during the early tests in 
view of an already excellent Open Service performance, their use is highly advantageous for GPS processing and enables 
dual-constellation navigation with balanced contributions of both GNSSs for improved robustness. For near real-time offline 
POD, HAS corrections offer reduced latency or accuracy compared to established ultra-rapid GNSS orbit and clock products 
as well as independence from external sources.
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Introduction

GNSS-based precise orbit determination (POD) is nowadays 
a well-established technique for earth exploration and geod-
esy missions in low earth orbit (LEO) that require accurate 
knowledge of the satellite position to achieve their mission 
goals. Similar to precise point positioning (PPP; Malys and 
Jensen 1990; Zumberge et al. 1997; Kouba et al. 2017) for 
terrestrial users, the technique builds on the use of low-noise 
carrier-phase observations as well as precise GNSS orbit 
and clock products. These are typically combined with a 
dynamic or reduced-dynamic orbit model to describe the 
motion of the LEO satellite between consecutive measure-
ment epochs (Yunck et al. 1994). Recent results for satellites 
of the GRACE-FO, Swarm and Sentinel-3/6 missions (Kang 
et al. 2020; Mao et al. 2021; Montenbruck et al. 2021) have 
demonstrated the feasibility of cm-level POD when making 
use of post-processed precise GNSS orbit and clock products 
as offered by the International GNSS Service (IGS; Johnston 
et al. 2017) and its individual analysis centers. For onboard 
applications, the achievable real-time navigation accuracy is 
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generally limited by the quality of broadcast ephemerides, 
which presently represent the only source of GNSS orbit 
and clock information that is directly accessible on LEO 
satellites in real-time through the signal-in-space. Consid-
ering GPS, that is most widely supported by spaceborne 
GNSS receivers today, 3D RMS positioning errors of about 
25–70 cm are reported in offline studies of real-time naviga-
tion based on actual flight data from various LEO missions 
(Montenbruck and Ramos-Bosch 2008; Wang et al. 2015; 
Darugna et al. 2022). Even though the latter work identifies a 
factor-of-two improvement for Galileo-based onboard navi-
gation in view of the notably improved broadcast ephem-
eris quality, the use of external correction data transmitted 
through geostationary telecommunication satellites is still 
often considered as a prerequisite for PPP and precise real-
time orbit determination of LEO satellites (Toral et al. 2006; 
Tegedor et al. 2022).

This situation is about to change with the launch of the 
new Galileo High Accuracy Service (HAS; GSA 2020; 
Fernández-Hernández et al. 2022) that will transmit free 
correction data for GPS and Galileo broadcast ephemeri-
des through the E6B signal of Galileo. Other than the Cen-
timeter Level Augmentation Service (CLAS; Namie and 
Kubo 2020) of the Japanese Quasi-Zenith Satellite System 
(QZSS) and the PPP-B2b Precise Point Positioning Service 
of the Chinese BeiDou-3 system (Zhang et al 2022), the 
Galileo HAS is designed as a fully global service, offering 
GPS and Galileo correction data for world-wide users. Next 
to terrestrial and aviation users, HAS corrections can also 
be received by satellites in low earth orbit, where they can 
provide essentially continuous access to precise GNSS orbit 
and clock data without a need for external data links.

With the above background, the present study aims to 
assess HAS use for real-time and near real-time POD of 
LEO satellites based on early test transmissions performed 
in September 2021. Following a general overview of the 
HAS system architecture, the LEO GNSS observations and 
HAS data used in the study are discussed. Thereafter, a 
detailed characterization of the availability and quality of 
GPS and Galileo corrections obtained in the early HAS trial 
is presented. The POD performance achievable with HAS 
corrections in near real-time and real-time applications is 
studied next, and compared with the use of ultra-rapid pre-
cise ephemerides and broadcast ephemerides, respectively. 
Based on these results, a summary and conclusions are pre-
sented in the final section.

HAS overview

The Galileo High Accuracy Service, which is currently 
under development, offers freely available correction data 
for PPP with GPS and Galileo observations (GSA 2020; 

Fernández-Hernández et al. 2022). Once completed, it will 
comprise orbit and clock corrections as well as code and 
phase biases enabling a better than 20 cm (95%) horizontal 
positioning accuracy at 5 min convergence time (Service 
Level 1). As part of a complementary Service Level 2, 
additional information such as atmospheric corrections 
will be provided for regional users, targeting at a simi-
lar accuracy but a 3-times reduction in convergence time. 
HAS orbit and clock information is provided in the form 
of orbit and clock differences with respect to the respective 
data in the LNAV (legacy navigation) message of the GPS 
L1 C/A-code signal (SMSC 2021) and the INAV (origi-
nally referring to “integrity navigation”) message of the 
Galileo E1 and E5b signal (EU 2021a). These data are 
complemented by code biases enabling positioning with 
diverse user signals, as well as phase biases supporting 
integer ambiguity resolution.

HAS data are transmitted by the Galileo satellites within 
the CNAV (originally referring to “commercial service”) 
navigation message of the E6B signal, which continues to 
use an unencrypted ranging code and will remain freely 
accessible to all users. Individual HAS messages may con-
tain different combinations of metadata, orbit and clock 
corrections, and biases and use a highly efficient packing 
scheme (EU 2022) that is inspired by the Compact State 
Space Representation (SSR) message of the QZSS CLAS 
(Hirokawa et al.2021). Message lengths are not fixed but 
vary with content and number of supported satellites. For 
embedding into the CNAV message, each HAS message is 
split into multiple parts, termed pages, of 424 bits each. By 
way of example, 15 pages are required to transmit the slowly 
varying orbit corrections and auxiliary data along with code 
and phase biases for the current GPS and Galileo constella-
tion, while two pages are sufficient for the respective clock 
corrections that typically need to be transmitted at a higher 
rate.

To best exploit the multiplicity of space-to-ground links 
enabled by the entire Galileo constellation and to mini-
mize the overall time required for transmitting all pages 
of a HAS message to any of its users, a sophisticated dis-
semination scheme has been developed, which makes use 
of a high-parity Reed–Solomon (RS) encoding (Fernán-
dez-Hernández et al. 2020). Here, a total of set 255 code 
pages (including 32 original pages and 223 parity pages) 
is formed from up to 32 pages of a given HAS message. 
Distinct subsets of the 255 pages are then uploaded and 
transmitted to the individual Galileo satellites in a way 
that ensures a maximum diversity of messages received by 
users at arbitrary locations. A HAS message composed of 
k original pages can then be unambiguously reconstructed 
from any set of k RS encoded pages received in parallel 
or consecutively from the set of visible satellites. Except 
for uplink limitations, a complete set of corrections for the 
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full GPS and Galileo constellations can thus concurrently 
be made available to globally distributed users within a 
few seconds.

The dissemination of HAS messages via the global 
Galileo constellation is illustrated in Fig. 1. Depending 
on its location and the visible Galileo satellites, a receiver 
obtains a different sequence of individual pages from the 
encoded HAS message. Once an arbitrary (but distinct) 
set of k encoded pages has been received over time from 
the tracked satellites, the original HAS message can be 
recovered by the RS decoding. The total time to receive a 
complete HAS message depends on the number of concur-
rently tracked satellites: While user A obtains only two 
pages at a time and takes 3 s to extract the full 5-page mes-
sage, user B with three Galileo satellites receives the same 
HAS message in only 2 s. Aside from a slightly differ-
ent latency, the distribution scheme ensures that all users 
around the globe can concurrently obtain the same set of 
correction data irrespective of their location. In the actual 
implementation of the Galileo HAS, messages presently 
comprise either 2 pages (clock corrections) or 15 pages 
(mask, orbit corrections, and biases) that are RS encoded 
into 255 code pages. At a representative number of 3–4 
tracked Galileo satellites transmitting HAS data, the long 

messages can be decoded within 4–5 s after the start of 
dissemination, while the short HAS messages are obtained 
within one second.

Currently, Galileo HAS uses the same monitoring infra-
structure of Galileo 14 monitoring stations, or GSS (Galileo 
Sensor Stations), which are also used for the generation of 
broadcast ephemeris data. The performance improvement 
for HAS is mainly due to the satellite clock estimation every 
second (HAS) instead of every 10 min (OS), a shorter update 
rate of up to 10 s (HAS) instead of 10 min (OS), and a more 
refined measurement processing for HAS, including carrier 
phase ambiguity resolution at the GSS.

As part of the HAS build-up, various test campaigns have 
been conducted with limited public participation. Initial 
results from the September 2021 campaign are reported in 
Gioia et al. (2022) and Martini et al. (2022). That campaign 
included transmission of orbit and clock corrections as well 
as code biases for GPS and Galileo. New HAS messages 
with clock corrections covering 2 pages were transmitted 
once every 10 s, while long messages with orbit corrections 
and biases comprising 15 pages were updated and trans-
mitted once every 50 s. In total, roughly 10,000 distinct 
messages were disseminated in total per day and could be 
received through E6B-capable receivers around the globe. 

A H C B E F
G D B A H G

A B C D E F G H I J

Receiver A Receiver B

U V W X Y

U V W X Y
U V W X Y

RS Encoding

RS Decoding

RS Encoding

RS Decoding

Uplink 
station

Uplink 
station

HAS msg 

Encoded HAS msg 

HAS msg HAS msg 

Galileo satellites

Fig. 1  Conceptual view of HAS message distribution. In the example, 
a HAS correction message comprising k = 5 pages denoted as U, …, 
Y is Reed–Solomon (RS) encoded into a total of 10 pages A, …, J 
that are uploaded to the Galileo satellites and broadcast at a rate of 

one page per second. The subset and sequence of transmitted pages 
vary from satellite to satellite. Different colors (orange, blue, green) 
are used in the figure to indicate pages transmitted in the 1st, 2nd and 
3rd second. See text for further explanation
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During the test campaign, the HAS signal was subject to 
some limitations, such as connectivity issues, particularly 
in the Pacific region, and a lack of corrections for a small 
subset of healthy GPS satellites. Furthermore, no fractional 
phase biases were provided. As such, positioning with the 
HAS test data is restricted to code-only or float-ambiguity 
carrier phase processing but could not benefit from integer 
ambiguity resolution. Overall, the performance reported here 
for the early test transmissions is indicative of a lower bound 
of the operational HAS.

LEO GNSS and HAS data

For the assessment of HAS-based precise orbit determina-
tion, we make use of GNSS observations collected with the 
PODRIX receiver onboard the Sentinel-6A “Michael Freil-
ich” spacecraft (Fig. 2). The oceanography mission serves 
as a continuation of the TOPEX/Poseidon and Jason mis-
sions and provides continued sea surface altimetry as well as 
microwave radiometer measurements (Donlon et al. 2021); 
Sentinel-6A orbits the earth at 1340 km altitude in an orbital 
plane with 66° inclination, where it completes one revolution 
in roughly 110 min.

The PODRIX receiver onboard Sentinel-6A supports the 
tracking of GPS and Galileo signals in the L1/L2 and E1/E5a 
frequency bands (Montenbruck et al. 2021). Depending on 
the block type and signal availability, either L1/L2 P(Y) or 
the civil L1 C/A and L2C signals are tracked for GPS satel-
lites. For Galileo, the pilot components of the E1 open ser-
vice signal and the E5a signal are used in the measurement 

generation. With the available number of hardware channels 
and a 10° antenna elevation mask angle, an average of 7–8 
GPS satellites and 6–7 Galileo satellites are tracked at any 
time, where the differences roughly reflect the number of 
healthy satellites within the two constellations. As a refer-
ence for the (near) real-time POD analysis, we make use of 
ambiguity-fixed precise orbit products of the Sentinel-6A 
satellite, which are discussed in full detail in Montenbruck 
et al. (2021).

Raw Galileo E6B CNAV data were recorded from various 
DLR multi-GNSS sensor stations equipped with PolaRx5 
receivers located in Oberpfaffenhofen, Germany, Forteleza, 
Brazil, and Maui, Hawaii. While each Galileo satellite trans-
mits an independent set of RS-encoded HAS message pages, 
an identical and complete set of HAS messages is recovered 
from each station under nominal conditions. As an example, 
identical orbit/bias and clock messages covering the GPS 
and Galileo constellation were obtained by two stations in 
Hawaii and Germany with a representative jitter of about 
1 s in the respective receive time, even though the two sta-
tions have essentially no overlapping visibility of individual 
Galileo satellites. We can therefore assume that continuous 
reception and availability of HAS corrections data do not 
depend on the receiver location during future HAS opera-
tions and would likewise be ensured for an orbiting platform 
within the terrestrial service volume.

Based on the above considerations, HAS messages for 
the 4-week campaign period (September 2–30, 2021) were 
decoded exclusively from the recorded raw data of the 
Oberpfaffenhofen station. Following RS decoding of the 
Galileo CNAV frames, orbit corrections, clock corrections 

Fig. 2  Artist’s impression of the 
Sentinel-6A spacecraft. Image 
credit: ESA/ATG Medialab, CC 
BY-SA IGO 3.0
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and biases were extracted from the resulting HAS message 
as described in EU (2022) and Fernández-Hernández et al. 
(2022). To facilitate the exchange of HAS data and their 
use in established tools for POD and GNSS data analy-
sis, dedicated HAS orbit and clock products in SP3 (Hilla 
2016) and clock RINEX format (Ray and Coleman 2017) 
were generated on a daily basis over the campaign period. 
For this purpose, HAS corrections were applied to satellite 
positions and clock offsets from the corresponding broad-
cast ephemerides on an equidistant epoch grid with 50 s 
and 10 s sampling, respectively, using pre-recorded GPS 
LNAV and Galileo INAV navigation data (Montenbruck 
and Steigenberger 2022) in RINEX4 format (Romero 2021). 
For compatibility with established IGS orbit products, the 
HAS orbits were translated from the antenna-phase-center 
(APC) to the center-of-mass (CoM) using the latest igs14.atx 
antenna model (Rebischung and Schmid 2016) applicable 
for the test period. In addition to orbit and clock data, HAS 
code biases were archived in the bias SINEX format (Schaer 
2016) after extraction from the raw HAS messages. Out of 
the entire campaign, two intervals (Sept. 2, 09:00 to Sept. 9, 
09:00 and Sept. 23, 14:00 to Sept. 30, 12:00) of roughly one-
week duration are considered in the sequel, during which 
correction data were provided for both the GPS and Galileo 
constellations.

Availability of HAS corrections

The completeness of the HAS correction messages is 
analyzed based on the orbit correction and bias message 
received at DLR’s reference station in Oberpfaffenhofen, 
Germany. During the test campaign, the message was dis-
seminated with an update rate of 50 s, which resulted in 1728 
messages for a complete day. The availability of the correc-
tion messages was typically higher than 99.7%. Exceptions 
were three days (Sept. 06, 24 and 25), where the correction 
stream was affected by short interruptions, and the first and 
the last day of the test weeks, where the data stream started 
or stopped at mid-day.

No corrections were transmitted for satellites flagged 
as “unhealthy,” which includes PRNs G11, G28, E14 and 
E18 for the entire time of the test period. Furthermore, the 
Galileo satellite E01 was set to “marginal” state (EU 2021b) 
during Sept. 5–21 following a clock anomaly (Martini et al. 
2022) and was therefore also unusable for positioning. Three 
other GPS satellites were missing entirely (G02 and G18) 
or for most of the time (G27) in the correction data, even 
though they were healthy and usable during the test period.

Counting all available corrections for both constella-
tions without the fully or partially missing satellites, the 
overall completeness of the GPS satellites is 93.5% in the 
first week and 90.3% in the second week. For the Galileo 

constellation, the availability in the first week is similar at 
94.4% and increases to 97.8% in the second week. Including 
the missing but healthy satellites in the statistics for GPS, 
the availability is approximately 80% in the first week and 
75% in the second week.

The service provider computes the HAS orbit and clock 
corrections by forming differences of the estimated precise 
satellite position and clock offset values from the broadcast 
ephemerides (BCEs). The corresponding set of broadcast 
ephemerides is identified by the issue-of-data (IOD) number, 
and the user must have received the proper navigation mes-
sage in order to be able to use the corrections. The correc-
tion service provider should ideally use up-to-date broadcast 
ephemeris records for the computation of the corrections and 
transition to a new record not before the user has received it. 
The transition should also not happen too late, so the user 
does not have to keep several superseded records in store. 
Furthermore, the BCEs are only valid for a limited period 
of time and must not be used outside their validity interval. 
For GPS, the validity interval is equal to the fit interval of 
the BCEs, which can vary in length, but is set to 4 h in the 
majority of the cases. GPS ephemeris records are typically 
updated every two hours. The Galileo BCEs are also valid 
for 4 h (EU 2021b), but are typically updated at much shorter 
intervals of down to ten minutes.

Normally, orbit and clock offset corrections should not be 
referred to as broadcast ephemeris records which are outside 
their validity interval at the point in time the corrections are 
disseminated. For the HAS test period in September 2021, 
all of the disseminated corrections for Galileo referred to 
currently valid BCEs. However, in the case of GPS, 1.6% 
of the corrections in the first week and 5.1% in the second 
week referred to already expired BCE records due to limita-
tions in the initial testing configuration. For this study, it 
was decided to use the nominal BCE validity interval and 
accept the resulting small loss in available GPS orbits and 
clock corrections.

HAS accuracy

For a quality assessment of the GPS and Galileo corrections, 
the orbit, clock and bias products generated from the HAS 
corrections were compared to precise reference products 
provided by the IGS and its analysis centers, taking into 
account the relevant orbit and clock reference points and 
differences in the respective clock reference signals. More 
specifically, the Center of Orbit Determination in Europe 
(CODE) rapid orbit and clock products (Dach et al. 2020) 
and differential code biases (DCBs) from the Chinese Acad-
emy of Sciences (CAS; Wang et al. 2016) were chosen for 
the comparison.
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Results for the radial, along-track and cross-track orbit 
errors as well as the signal-in-space range error (SISRE) for 
the GPS and Galileo HAS corrections are listed in Table 1. 
For the SISRE analysis, the CODE reference ephemerides 
were translated to the native HAS clock reference signals, 
i.e., L1C/L2P(Y) and E1/E5b, using CAS differential code 
biases. It should be noted that GPS satellite G25 exhibited 
very large orbit and clock offset errors during the second 
test week. These outliers can be attributed to the early test 
phase of the HAS correction service and are not considered 
to reflect future operational performance. Therefore, this sat-
ellite was excluded from the statistics between Sept. 24–28.

The analysis shows that GPS orbit errors for broadcast 
ephemerides with HAS corrections in the first test week are 
notably larger than in the second week. The degraded HAS 
orbit quality is mainly due to the contribution of satellite 
G09, which exhibits along-track errors of up to approxi-
mately 3 m in that period. For Galileo, a more consistent 
HAS orbit quality is obtained, but a small improvement in 
the second week can be seen for the along-track component.

The overall quality of the HAS ephemeris data is charac-
terized through their RMS SISRE, which provides a global 
average of the line-of-sight projected orbit errors and clock 
errors (Montenbruck et al. 2018). For GPS, RMS SISRE 
values amount to 20.0 cm and 21.4 cm in the first and second 
week, respectively, which is driven by errors in the HAS 
clock offsets.  The quality of the GPS corrections is expected 
to improve prior to the operational HAS delivery. For Gal-
ileo, the SISRE is significantly smaller, with 9.6 cm and 
7.8 cm in the two test weeks. For comparison, Table 1 also 
lists the respective performance indicators for uncorrected 
broadcast ephemerides in parenthesis. It can be recognized 
that HAS benefits are most pronounced for GPS, especially 
in the along- and cross-track orbit component. The relative 
improvements are smaller for Galileo, because the broadcast 
ephemerides for this constellation already exhibit smaller 
orbit and clock offset errors.

Table 1 also lists modified “de-biased SISRE” metrics, 
for which constant, satellite-dependent clock offset errors 
are removed prior to computing the SISRE statistics. In car-
rier-phase-based positioning without ambiguity resolution, 
constant satellite biases are absorbed in the float ambiguity 
parameters without degrading the estimated coordinates. 

Only temporal variations of the orbit and clock errors affect 
the positioning solution, and their impact is best charac-
terized by this modified SISRE. An obvious performance 
improvement can be seen when considering the de-biased 
SISRE of GPS, which indicates that notable constant but 
satellite-dependent biases are present in the comparison of 
HAS clock offsets and the CODE reference product. This is 
an expected result, as earlier studies have shown that pseu-
dorange measurements of legacy GPS signals are strongly 
affected by correlator-dependent biases, which lead to sat-
ellite-specific offsets in clock solutions generated with dif-
ferent reference receiver networks (Hauschild et al. 2019). 
For the same reason, estimated DCB values necessary to 
align the different clock reference signals of HAS correc-
tions and CODE reference product may be biased and affect 
the SISRE. In view of a fully digital signal generation, the 
problem of correlator-dependent pseudorange biases is much 
less pronounced for Galileo, which is also reflected in only a 
marginal reduction of the de-biased SISRE for this constel-
lation as compared to the conventional SISRE definition.

HAS pseudorange biases for GPS and Galileo are dis-
seminated as observable-specific, pseudo-absolute biases, 
which are to be added to the corresponding observations by 
the user (EU 2022; Fernández-Hernández et al. 2022). In the 
subsequent comparison with IGS DCBs, individual signals 
are identified by their RINEX observation codes (Romero 
2021), which are listed in parenthesis after the signal names. 
For GPS, biases for the L1 C/A signal (C1C) and the pilot 
channel of the L2C signal (C2L) were transmitted during 
the HAS tests. For the Galileo system, the HAS test data 
provided biases for the E1 Open Service pilot signal (C1C), 
the E5a (C5Q) and E5b (C7Q) pilot signals, and the E6B 
signal (C6B) carrying the HAS data. Differential biases 
were formed from the HAS values and then compared to 
the corresponding DCBs from the CAS reference product. 
A constellation-mean DCB value has been removed from 
the statistics and missing C6B biases in the CAS product 
were substituted by the respective C6C values. The results 
collated in Table 2 evidence a better than 0.1 ns, or 3 cm, 
agreement of HAS and CAS values for the GPS C1C-C2L, 
while the Galileo DCBs exhibit slightly larger RMS errors 
of 0.1–0.2 ns.

Table 1  RMS errors for radial, 
along-track and cross-track 
orbit components as well as 
RMS SISRE for HAS-corrected 
broadcast ephemerides of GPS 
and Galileo

Values for broadcast ephemerides without corrections in parenthesis. GPS satellite G25 was excluded in 
the second test week. All values in cm

Test week GNSS Radial Along-track Cross-track SISRE SISRE (de-biased)

Sept. 2–9 GPS 8.0 (15.1) 18.6 (104.2) 6.5 (39.8) 20.0 (44.6) 12.2 (40.4)
GAL 4.7 (18.2) 18.0 (37.3) 7.8 (17.4) 9.6 (13.1) 9.2 (12.9)

Sept. 23–30 GPS 3.6 (14.1) 14.8 (92.2) 6.1 (42.5) 21.4 (44.5) 16.2 (40.4)
GAL 4.4 (11.4) 16.0 (24.6) 7.3 (16.5) 7.8 (9.9) 7.4 (9.5)
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Finally, the quality of HAS corrections was assessed in 
a kinematic precise point positioning using 24 h of GPS 
L1CA/L2C and Galileo E1/E5a observations collected by 
the IGS station BRUX on Sept. 28. Ignoring the first hour 
of the Kalman-filtered solution, 95th percentile errors of 
11.7 cm, 14.5 cm and 29.7 cm were obtained for the North, 
East and up component of the station position relative to 
IGS reference values in the HAS-based processing after 
initial convergence as compared to 2.7 cm, 1.7 cm and 
4.3 cm when working with CODE rapid products. While 
the achieved results may vary with the specific choice of PPP 
models and algorithms, the results illustrate a good overall 
consistency of the HAS performance during the Septem-
ber 2021 test transmissions with expectations for the future 
operational service.

Precise orbit determination performance

This section discusses the use of HAS corrections for pre-
cise orbit determination of the Sentinel-6A satellite based 
on GPS and Galileo observations. In the context of near 
real-time POD, the benefit of HAS-based orbit and clock 
information is assessed in comparison with ultra-rapid orbit 
and clock products of the International GNSS Service using 
a reduced-dynamic batch POD approach for the LEO satel-
lite. For real-time navigation, the processing of HAS correc-
tions is compared against the use of uncorrected broadcast 
ephemerides in a sequential, forward-only Kalman filter that 
is operated in a play-back-mode with pre-recorded flight 
data. All tests were performed using the Reduced Dynamic 
Orbit Determination (RDOD) and Real-Time Navigation 
(RTNAVI) modules of the GNSS High Precision Software 
Tools (GHOST) that are discussed in Wermuth et al. (2010) 
and Montenbruck et al. (2022). Relevant models and stand-
ards applied in the two processing schemes are summarized 
in Table 3. In the absence of truth orbits, the performance of 
all test cases is assessed against ambiguity-fixed precise orbit 
products of the Sentinel-6A satellite (Montenbruck et al. 
2021) that have been verified to offer 3D RMS accuracy at 
the 1-cm level in SLR analyses and interagency-comparisons 
(CPOD 2021). While the reference orbits are actually based 
on the same GNSS observations as the POD solutions under 

investigation in this study, the processing methodology and 
auxiliary data used in their generation are sufficiently dif-
ferent and of higher quality to serve as an independent refer-
ence for our quality assessment.

Near real‑time POD

For an assessment of near real-time (NRT) precise orbit 
determination, Sentinel-6A GPS and Galileo observations 
were processed as a series of overlapping 3-h data arcs 
with a 2-h shift between consecutive PODs over the two 
test weeks. This scenario is intended to resemble the low-
latency processing of GNSS data downloaded from a LEO 
satellite about once per orbit but choosing a slightly longer 
data arc for improved stability. Even though actual NRT 
processing schemes for LEO missions are likely to differ in 
the specific choice of start times and arc length, the above 
scheme is considered generally representative and suitable to 
highlight the performance achievable with sub-daily obser-
vation arcs and (near-) real-time GNSS orbit and clock data. 
To better assess the HAS-based POD quality, we also gener-
ate NRT solutions using the WUM0MGXULA ultra-rapid 
multi-GNSS orbit and clock products provided by the IGS 
analysis center of Wuhan University (Ma et al. 2017; Ogutcu 
and Farhan 2022). The ultra-rapid products comprise 24 h 
of observed orbit and clock data followed by a 24 h predic-
tion and are generated 24 times a day with one-hour latency 
after the end of the observed part. For the simulated near 
real-time processing, we made use of the latest available 
3 h of the observed part, which implies a waiting time of 
roughly 1 h after the arrival of the LEO GNSS observa-
tions but promises better performance than the use of the 
predicted part. The Wuhan orbit and clock products were, 
furthermore, complemented with CAS DCBs (Wang et al. 
2016) to support consistent processing of the block-specific 
GPS observation types (semi-codeless P(Y) versus L1 C/A 
and L2C) of the PODRIX GNSS receiver. Furthermore, 
predicted values of the IGS rapid earth rotation parameters 
were applied for transformations between the celestial and 
terrestrial reference frame in the observation modeling.

Results for the NRT processing of Sentinel-6A cov-
ering a total of 12 full days in the test period are shown 
in Fig. 3 for the different types of GNSS orbit and clock 
products. The RMS of 3D position errors with respect to a 
precise reference orbit is displayed. Median values amount 
to 9.4 cm, 6.8 cm, and 6.9 cm for the use of the hourly 
ultra-rapid GNSS products in a GPS-only, Galileo-only and 
combined GPS + Galileo processing. When using HAS-
corrected broadcast ephemerides, corresponding values of 
9.9 cm, 7.8 cm, and 7.5 cm are obtained for the three cases, 
and a somewhat larger scatter in the achieved performance 
can be observed. While a reduced performance of the real-
time HAS ephemerides compared to the hourly ultra-rapid 

Table 2  RMS errors for GPS and Galileo DCBs from HAS pseudor-
ange biases relative the CAS reference values

Signals are identified by their corresponding RINEX observation 
codes. All values in ns

Test week GPS C1C-
C2L

GAL C1C-
C5Q

GAL C1C-
C7Q

GAL C1C-
C6B

Sept. 2–9 0.09 0.15 0.12 0.10
Sept. 23–30 0.09 0.20 0.17 0.12
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product is expected in general, the actual results show only 
a minor, < 10%, degradation, which appears tolerable in 
exchange for the achieved gain in the timeliness of the POD 
process. Furthermore, a more homogenous and stable NRT 
processing performance can be expected with a fully con-
tinuous HAS data provision for all GPS and Galileo satel-
lites after the completion of the current test phase.

Real‑time POD

For the simulated real-time processing, we compare results 
obtained with the sole use of broadcast ephemerides to 
results obtained with HAS-corrected broadcast ephemeri-
des. GNSS orbit and clock information for broadcast-only 
processing was based on GPS LNAV and Galileo FNAV 
navigation messages, which were complemented by differ-
ential code biases from GPS CNAV to enable proper mod-
eling of L1 C/A and L2C observations as provided by the 
PODRIX receiver for the modernized GPS satellites. For 
the HAS-based processing, signal-specific code biases were 
taken directly from the HAS data messages and consistently 
applied in modeling the respective ionosphere-free pseudor-
ange observations of GPS and Galileo. In all cases, earth 
rotation parameters (ERPs) required for the transformation 
between the terrestrial and celestial reference frames were 
taken from the GPS CNAV navigation messages, which 
provide pole coordinates and UT1-UTC offsets with repre-
sentative accuracy at the 1-milli-arcsecond and 0.1-ms level 
(Steigenberger et al. 2022). In this context, it may be noted 
that ERPs are neither included in the presently defined Gali-
leo broadcast navigation message nor the HAS correction 
data. As such, joint GPS and Galileo tracking are desired for 
a fully autonomous GNSS-based onboard navigation without 
a need for auxiliary data uploads from the ground.

The real-time navigation filter used for this study (Mon-
tenbruck et al. 2022) is based on an extended Kalman fil-
ter with a reduced-dynamic force model and builds on the 

concept of pseudo-ambiguities, which lump the actual car-
rier phase ambiguity for compensation of signal-in-space 
range errors (Montenbruck and Ramos-Bosch 2008; Wang 
et al. 2015). Depending on the quality of the GNSS orbit 
and clock information, optimum performance is achieved 
with different observation weights and process noise values 
for the pseudo-ambiguities that were determined through 
a parametric search using the agreement with the precise 
Sentinel-6A reference orbits as a quality criterion. As shown 
in Table 4, GPS observations were de-weighted by a factor 
of two compared to Galileo when working with uncorrected 
broadcast ephemerides to account for the different SISRE 
values. In addition, a three times higher process noise for 
the pseudo-ambiguities was adopted. Given the higher and 
more uniform quality of the HAS-corrected orbit and clock 
data, equal weights representative of the actual measurement 
noise were applied for both constellations and the process 
noise for SISRE compensation was reduced accordingly. The 
respective values were found to offer the best overall perfor-
mance in a limited parametric search.

Results for GPS-only, Galileo-only and combined GPS 
and Galileo real-time processing are summarized in Table 5 
for two arcs of roughly one-week duration, which were each 
processed in a continuous run of the Kalman filter. The two 
data arcs, which were selected based on the joint availability 
of HAS corrections for GPS and Galileo, exhibit a slightly 
different performance but clearly demonstrate the feasibility 

Fig. 3  Box-whisker plot 
illustrating the distribution of 
3D RMS errors in simulated 
NRT POD of Sentinel-6A using 
3-h data batches with different 
types of GPS + Galileo orbit and 
clock products for September 
3–8 and 24–29. Solid blue lines 
and shaded boxes denote the 
median and inter-quartile range 
(IQR), while whiskers extend 
to 1.5 times the IQR around the 
median

Table 4  Standard deviations of pseudorange and carrier phase meas-
urement errors ( �PR , �CP ) and process noise ( �Q ) for pseudo-ambigui-
ties adopted for Sentinel-6A real-time navigation

�PR/�CP (m) �Q (mm) (at 60 s step)

BCE-only BCE + HAS BCE-only BCE + HAS

GPS 2.0/0.02 1.0/0.01 20 5
GAL 1.0/0.01 1.0/0.01 7 5
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of decimeter-level real-time navigation using onboard GNSS 
observations. In all cases, improved performance is achieved 
when using HAS corrections, even though the performance 
gain is most obvious for GPS-only or combined GPS + Gal-
ileo processing. These results reflect an already excellent 
quality of the current Galileo broadcast ephemerides but 
also show the pronounced improvement achievable with 
HAS corrections for GPS. Given the compatible quality of 
HAS-corrected GPS and Galileo observations, both constel-
lations can contribute in a balanced way to the filtered navi-
gation solution, thus increasing the redundancy and offering 
improved robustness of the resulting real-time orbit estimate.

A complementary graphical representation of naviga-
tion errors in radial, along-track and cross-track direction 
obtained in the combined GPS + Galileo processing for the 
second test week is shown in Fig. 4, which again illustrates 
a 10–20% improvement in precision when using the HAS 
data. Orbit errors in both solutions are dominated by orbit-
periodic contributions, which reflect the response of the 
dynamical filtering in a near-circular orbit (Colombo 1989), 
but show a clearly lower amplitude when working with the 
HAS corrections.

Summary and conclusions

Based on two weeks of data collected during an early test 
campaign in September 2021, the pre-operational per-
formance of the Galileo High Accuracy Service and its 
benefit for (near) real-time orbit determination of remote 
sensing satellites in low earth orbit have been assessed. 
Overall, HAS corrections were made available during the 
test period for roughly 95% of all satellites and epochs in 
the case of Galileo, while a reduced availability of 75–80% 
was achieved for GPS, partly due to testing limitations. 
Signal-in-space range errors of HAS-corrected broadcast 
ephemerides of 20–22 cm and 8–10 cm were achieved 
for GPS and Galileo, respectively. These values reduce to 
12–16 cm and 7–9 cm when ignoring the impact of satel-
lite-specific clock-offset biases that impact a code-based 
positioning but are of no relevance for carrier-phase-based 
precise positioning.

In near real-time processing of Sentinel-6A flight data 
using a short-arc batch-least-squares approach, representa-
tive orbit determination accuracies of 10 cm, 8 cm, and 
7.5 cm were obtained with GPS-only, Galileo-only and 
combined GPS + Galileo observations based on HAS-
corrected broadcast ephemerides. These results are mar-
ginally worse than those achieved with hourly ultra-rapid 
GNSS orbit and clock products of the IGS, but must be 
ranked against the benefit of a reduced latency of less than 
a minute compared to one hour and greater independence 
of the ground segment required for the processing of LEO 
spacecraft and science data. In the context of onboard 
processing, use of HAS corrections offers an obvious 
advantage over broadcast ephemerides. Benefits are most 

Table 5  3D RMS errors of the real-time positioning solution using 
broadcast ephemerides (BCE) without and with HAS corrections. All 
values in cm

Sept. 2–9, 2021 Sept. 23–30, 2021

BCE-only BCE + HAS BCE-only BCE + HAS

GPS-only 19.7 11.8 17.3 9.0
GAL-only 10.1 9.6 8.7 8.2
GPS + GAL 9.6 8.8 8.1 6.9

Fig. 4  Error of real-time navigation solution using GPS + Galileo observations with (red) and without (blue) HAS corrections. For each compo-
nent, the corresponding mean value and standard deviation are given in the legend
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pronounced in a GPS-only real-time processing, where the 
3D orbit determination errors of roughly 17–20 cm with 
broadcast ephemerides can be reduced to 9–12 cm when 
applying the HAS corrections. In view of the already very 
high quality of Galileo broadcast ephemerides, the rela-
tive performance gain is less pronounced for Galileo-only 
or combined GPS + Galileo processing but still amounts 
to roughly 10%. Overall, orbit determination errors of 
7–9 cm were achieved in the simulated real-time process-
ing of Sentinel-6A dual-constellation observations with 
HAS augmentation.

Despite various limitations in the availability and quality 
of correction data during the early trials, the results dem-
onstrate a high potential for using the Galileo High Accu-
racy Service in precise orbit determination of LEO satel-
lites. Compared to the sole use of broadcast ephemerides, 
HAS corrections offer an improved overall accuracy as well 
as enhanced robustness through the processing of dual-
constellation data with similar performance. The seamless 
and global availability of HAS corrections facilitates the 
design of fully autonomous real-time navigation systems 
with (sub-)decimeter accuracy and supports advanced mis-
sion concepts that require accurate orbit information for near 
real-time onboard processing of optical imagery, synthetic 
aperture radar data, altimeter measurements, or radio occul-
tation observations.

For completeness, it is noted that the present results do 
not yet benefit from single-receiver ambiguity-fixing that 
will be offered through fractional phase bias information in 
the fully operational High Accuracy Service, but was not 
supported in the early HAS testing. Overall, ambiguity fix-
ing is known to offer performance enhancements by up to a 
factor of two in LEO POD (Mao et al. 2021), but it remains 
to be seen, whether and to what extent further improvements 
of dynamical and measurement models for real-time naviga-
tion would be required to exploit this potential fully.
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