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1 | INTRODUCTION

Oliver Montenbruck

Abstract

The availability of orbit information with high precision and low latency is a key
requirement for many Earth-observation missions, predominantly in the field
of radio occultation. Traditionally, precise orbit determination solutions of low-
Earth orbit (LEO) satellites are obtained offline on ground after downloading
GNSS measurements and auxiliary spacecraft data to the processing center. The
latency of this processing depends on the frequency of LEO downlink contacts
and the availability of precise GNSS orbit and clock products required for the
orbit determination process. These dependencies can be removed by computing
the precise orbit determination solution on board the satellite using GNSS broad-
cast ephemerides. In this study, both real data and simulated measurements from
arepresentative LEO satellite are processed in a flight-proven Kalman-filter algo-
rithm. The paper studies the use of GPS, Galileo and BeiDou-3 for real-time
orbit determination in different combinations with simulated measurements.
Results show that use of dual-frequency observations and broadcast ephemerides
of Galileo and BeiDou-3 leads to a significant reduction of 3D rms orbit errors
compared to GPS-only processing. An onboard navigation accuracy of about one
decimeter can be achieved without external augmentation data, which opens up
new prospects for conducting relevant parts of the science data processing in
future space missions directly on board a LEO satellite.

KEYWORDS
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lite must be known with a representative accuracy of 0.05
to 0.2 mm/s (corresponding to a position uncertainty of

Earth-observation missions in low Earth orbit (LEO)
commonly rely on the high-precision orbit information
to fulfill their scientific objectives. Aside from precision, a
low latency of the orbit determination process has become
a key requirement, particularly in the field of GNSS radio
occultation processing. Here, the velocity of the LEO satel-

less than 5 to 20 cm) to enable a proper recovery of the tro-
pospheric bending angle and refractivity (Kursinski et al.,
1997). The orbit determination as well as the radio occul-
tation data processing must be performed in near-real
time (NRT) to allow use of the resulting data in near-term
weather forecast (Anthes, 2011). An increasing timeliness
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of precise orbit information is also desired in altimetry
missions such as Sentinel-3 or Jason-1/2/CS, which aim
at determination of the orbit height with few centimeter
accuracy in less than a few hours (Desai & Haines, 2010;
Rosell6 et al., 2012).

Dual-frequency GPS or GNSS measurements from
receivers on board LEO satellites are routinely used today
for precise orbit determination (POD) in a ground-based
processing. With the ever improving availability of precise
GNSS orbit and clock products in (near-) real time (Agro-
tis et al., 2017; Kechine et al., 2004), the overall latency
of a NRT POD is largely driven by the time to download
the GNSS measurements and attitude information of the
LEO satellite and to make these data available for process-
ing. Representative NRT POD processes for selected radio
occultation and altimetry missions are described in Andres
et al. (2010) and Desai and Haines (2010)

As an alternative to traditional ground-based process-
ing, onboard orbit determination may be considered to fur-
ther reduce the overall latency in the provision of pre-
cise orbit information. For many years, this concept has
successfully been implemented in the Doppler Orbitogra-
phy and Radiopositioning Integrated by Satellite (DORIS)
Immediate Orbit DEtermination (DIODE) system. Mak-
ing use of Doppler measurements from a global network
of ground beacons, real-time orbit determination solutions
with errors of less than 30 cm (3D) and 8 cm (radial)
have been achieved with DIODE on various remote sens-
ing missions (Jayles et al., 2010). However, less favor-
able results with meter-level 3D errors were obtained
in most studies and flight trials of onboard orbit deter-
mination using unaugmented GPS due to the limited
quality of its broadcast ephemerides (Gong et al., 2019;
Montenbruck et al., 2008; Reichert et al., 2002; Wang et al.,
2015).

To cope with this limitation in GPS-based onboard POD,
the transmission of precise GNSS orbit and clock informa-
tion via a geostationary satellite link has already been pro-
posed almost two decades ago (Reichert et al., 2002; Toral
et al., 2006), but not been demonstrated in actual space
missions so far. In a more recent study, Hauschild et al.
(2016) assessed the use of real-time GPS orbit and clock
corrections transmitted through multiple INMARSAT
satellites by a commercial service provider. Despite obvi-
ous coverage gaps near the poles such real-time corrections
can enable real-time positioning with 3D rms errors of less
than 9 cm in a reduced-dynamic onboard orbit determina-
tion. Alternative (and freely available) systems for dissem-
ination of GNSS orbit and correction data to LEO satellites
include satellite-based augmentation systems (SBAS) as
proposed in Kim and Kim (2018) or the upcoming Galileo
High Accuracy Service (HAS; Fernandez-Hernandez et al.,
2018). The latter will offer fully global coverage and can
thus support even purely kinematic precise point posi-

tioning (PPP). While the actual HAS performance is
not presently known, precise orbit and clock corrections
similar to those produced by the real-time service (Agrotis
et al., 2017) of the International GNSS Service (IGS; John-
ston et al., 2017) from a large global network could enable
real-time PPP of LEO satellites with 23 cm accuracy (Gior-
dano et al., 2017).

Despite the potential benefit of real-time correc-
tion services for GNSS-based onboard navigation, the
reception of such correction data on a LEO satellite
remains a technical challenge and complexity that has
received only limited attention, so far. In particular, this
applies for space-qualified L-band or S-band modems
(Heckler et al., 2016) to receive corrections from geosta-
tionary satellites over a wide range of Doppler shifts, but
likewise holds for spaceborne GNSS receivers support-
ing Galileo E6 tracking and extraction of the HAS data
stream.

In the interest of a technically lean solution for GNSS-
based onboard navigation we revisit the use of broad-
cast ephemerides as the sole source of GNSS orbit and
clock information of precise real-time orbit determination.
With the completion of new GNSS constellations such as
Galileo and BeiDou-3 and the continuing progress in GPS
modernization, a significant reduction of orbit and clock
errors in the broadcast ephemerides can be observed. A
superior quality can, in particular, be noted for broad-
cast ephemerides of the Galileo constellation (Hadas et al.,
2019), which offers orbit and clock errors at the 10 to 20 cm
level. This makes Galileo a highly promising candidate for
precise real-time positioning with broadcast ephemerides
and may render the upload of precise corrections obsolete
in many applications.

Our study starts with the analysis of broadcast
ephemeris errors taking into account modernized
navigation messages and the specific aspects of carrier-
phase-based positioning (Sect. 2). In the absence of LEO
missions with multi-GNSS receivers tracking all relevant
constellations, we assess GPS-only real-time POD with
broadcast ephemerides for a representative space mission
and complement it with use of simulated GNSS measure-
ments of GPS, Galileo, and BeiDou for the same spacecraft
and data arc. The Swarm mission used as basis for this
analysis is briefly introduced in Sect. 3. The simulation
concept and the employed models are described in Sect. 4
before discussing the real-time navigation filter concept
and the strategies for handling of broadcast ephemeris
errors in Sect. 5. Finally, the achieved orbit determina-
tion results for real GPS measurements and simulated
multi-GNSS observations are presented and discussed
in Sect. 6. This paper is an extension of a previous study
with significantly enhanced measurement simulation
and navigation filter settings (Hauschild & Montenbruck,
2020).
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FIGURE 1 RMSsignal-in-space range errors of GPS,
GLONASS, Galileo, and BeiDou-3 broadcast ephemerides in
September 2020 [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com and www.ion.org]|

2 | BROADCAST EPHEMERIS
CHARACTERIZATION

The quality of broadcast ephemeris errors is commonly
characterized by the signal-in-space range error (SISRE;
Montenbruck et al., 2018b). It provides a measure for
the combined effect of clock offset errors and the pro-
jection of orbit errors on the line-of-sight vector. The
SISRE thus characterizes the error component induced
by imperfect GNSS ephemerides in the user’s modeled
range and, for a given satellite geometry, on the position
estimates.

Over the past decade, GPS has experienced a factor-
of-two improvement from SISRE values of about 1 m
(Gruber, 2010) down to roughly 0.5 m (Haddad et al.,
2020) as a result of the ongoing modernization and
deployment of highly-stable onboard clocks. Current
SISRE statistics for the four global navigation satel-
lite systems GPS, GLONASS, Galileo, and BeiDou-3 are
depicted in Figure 1, which shows representative root-
mean-square (rms) values of projected orbit errors, clock
errors and global-average SISRE errors. These have been
computed with respect to a precise reference prod-
uct of the IGS using the methodology described in
(Montenbruck et al. 2018b) and take into account the
impact of broadcast group delay errors for dual-frequency
users.

For GPS, use of the legacy navigation message (LNAV)
and tracking of the P(Y)-code on L1/L2 have been assumed
for the SISRE analysis, since modernized civil navi-
gation signals and messages are presently only avail-
able for a subset of the full constellation. However,
only marginal differences are obtained for the new civil
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navigation message (CNAV) SISRE and use of L1 C/A
plus L2C or L5 observations, since LNAV and CNAV are
derived from the same orbit and clock determination pro-
cess and have similar upload intervals (Haddad et al.,
2020).

GLONASS results apply for use of the FDMA naviga-
tion message and tracking of the public C/A-code signal
on L1 and L2, while use of the FNAV message and E1/E5a
open signal tracking is considered for Galileo. Finally,
use of the modernized civil navigation message (CNAV-
1) and tracking of the interoperable B1C and B2a signals
is assumed in the BeiDou-3 SISRE analysis. Furthermore,
only satellites in medium Earth orbit (MEO) have been
considered for this constellation in view of their global
coverage.

Notable differences among the four constellations are
obvious and a performance benefit over the legacy con-
stellations may be recognized for the two new GNSSs,
Galileo and BeiDou-3. Clock errors are typically larger
than the projected orbit errors and thus the dominant con-
tributor to the SISRE. This is especially pronounced for
GLONASS, which exhibits the largest rms SISRE of 2.5 m,
but also for GPS and BeiDou-3 with SISREs of 0.54 m
and 0.42 m, respectively. An exceptionally low SISRE of
0.14 m is achieved by Galileo, which benefits from the use
of highly stable passive hydrogen masers on most satellites
of the constellation and a short, 10 to 100 min, update cycle
of its broadcast ephemerides.

While SISRE provides a well-established figure of merit
for pseudorange-based single-point positioning (SPP) it
may not be fully representative for carrier-phase-based
PPP techniques. Typically, the comparison of broadcast
and precise ephemerides is contaminated by satellite-
specific clock offsets that can be attributed to inconsis-
tent group delays in the determination of the respective
clock products. While clearly relevant for pseudorange-
based positioning, such inconsistencies are largely lumped
into the estimated carrier phase ambiguity in precise point
positioning or orbit determination. We therefore comple-
ment Figure 1 by a specific “PPP-SISRE” in which satellite-
specific, but constant biases have been removed in the
clock comparison on a daily basis. In the period covered by
Figure 1, such biases had RMS values of 0.26 m, 2.30 m, 0.11
m, and 0.35 m for satellites of the GPS, GLONASS, Galileo,
and BeiDou-3 constellation, respectively. When exclud-
ing these contributions in the SISRE evaluation a smaller
SISRE for all constellations, and now reveals a clear perfor-
mance merit for both BeiDou-3 (0.25 m) and Galileo (0.10
m) in carrier-phase based positioning. Both constellations
thus offer the best prospects for unaugmented, carrier-
phase-based real-time navigation of LEO satellites and rep-
resent the focus of our study.
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FIGURE 2 Artist’s impression of the three original Swarm
satellites. The booms point in the anti-flight direction. The two GPS
antennas are mounted on the top side and nominally point towards
zenith (image: ESA-P.Carril) [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com and
www.ion.org|

3 | EXAMPLE LEO SATELLITE MISSION
AND TEST DATA

For this study, real-time onboard POD is assessed using
true and simulated GNSS observations of the Swarm-C
satellite (Figure 2), which is considered representative in
terms of orbit and attitude for many Earth-observation
missions. It was launched on November 22, 2013, and is
part of an initial constellation of three identical satellites
that serves to characterize Earth’s magnetic and electric
fields. Swarm-C orbits the Earth in roughly 93 minutes on
a polar orbit with 87.4° inclination at an altitude of about
440 km (in 2020).

Each Swarm satellite is equipped with a cold-redundant
pair of RUAG GPSR dual-frequency GPS receivers (Zangerl
et al., 2014) and zenith-pointing Patch Excited Cup (PEC)
antennas (Wettergren et al., 2009). The GPSR receiver
tracks the GPS L1 C/A and L1/L2 P(Y) signals for up to
eight satellites, and provides measurements of pseudor-
ange, carrier-phase, Doppler and C/N,. These are used to
obtain precise science orbits (PSOs) of the Swarm satellite
in a reduced dynamics orbit determination (van den IJssel
et al., 2015). Previous studies have shown that these orbits
have an accuracy on the order of a few centimeters (Mon-
tenbruck et al., 2018a).

A 24-hour set of flight data for September 15, 2020, has
been selected as the basis for this study. It comprises dual-
frequency GPS measurements of the GPSR instrument as
well as precise science orbits, attitude quaternions and
auxiliary information about the satellite’s mass, center-of-
mass and antenna position made available at (ESA, 2020).

Ant. Offset Tx Gain &
& Pattern Power
GPS Obs

Observation

Simulator GAL Obs

BDS-3 Obs

Ant. Offset

& Pattern ﬁ
Receiver
Configuration
FIGURE 3 Simulation of multi-GNSS observations for

spaceborne receivers. Individual colors indicate time varying motion
and clock data (blue), static configuration parameters (green) and
output data (orange) [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com and www.ion.org]

In addition to the real flight data, simulated measurements
for GPS, Galileo, and BeiDou have been generated with
a GNSS measurement simulation software, which will be
described in the following section.

4 | MULTI-GNSS MEASUREMENT
SIMULATION FOR SPACEBORNE
RECEIVERS

For best compatibility of real and simulated Swarm GNSS
observations, a software-based, measurement-level sim-
ulation approach (Petovello & Curran, 2017) has been
adopted in our study. It is limited to offline simulations, but
enables full control of all simulation models and does not
suffer from corresponding restrictions of common GNSS
radio-frequency signal simulators. A conceptual view of
the Observation SImulation of Receivers In Space (OSIRIS)
software is shown in Figure 3. Based on the reference
orbit and attitude for the Swarm satellite as well as a pre-
cise orbit and clock product for the GPS, Galileo and Bei-
Dou constellations, dual-frequency pseudorange, carrier-
phase, Doppler and C/N, measurements were simulated
for the day of interest and output in the Receiver Indepen-
dent Exchange (RINEX; IGS/RTCM, 2019) format for fur-
ther processing.

Specific models and configuration parameters employed
in the simulation are summarized in Table 1. The center-
of-mass trajectory of the LEO satellite as well as the
instantaneous attitude, which is used to model the antenna
position, are described through precise orbit and attitude
products from the Swarm science data archive. Likewise,
GNSS orbits and clock offsets are described through a pre-
cise multi-GNSS ephemeris product provided by one of the
IGS analysis centers. The received signal strength and the
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TABLE 1
(IGS/RTCM, 2019) observation codes
Item Description
GNSS constellation
Orbits and clock offsets
Attitude
Antenna offsets & phase variations igsl4.atx (week 2118)
Code biases
LEO satellite
Spacecraft center of mass
Attitude
Center of mass
Antenna reference point
Link model
GNSS gain patterns
Transmit power
Receiver antenna gain pattern
Losses

Receiver model

WILEY €BION--=

Models and parameters for Swarm multi-GNSS observation simulation. Individual signals are identified by RINEX

GFZOMGXRAP rapid multi-GNSS product with 5 m orbit and 30 s clock sampling (CDDIS, 2020)
Models of rate-limited yaw-steering (Dilssner, 2010; Dilssner et al., 2018; GSC, 2019; Kouba, 2009)

CASOMGRAP differential code bias product (CDDIS, 2020)

Swarm-C precise science orbit (ESA, 2020)

Star sensor based attitude quaternions (ESA, 2020)
(-1.9540 m, +0.0010 m, -0.3340 m) ESA (2020)
(-1.6502 m, +0.0010 m, -0.8055 m) ESA (2020)

Marquis and Reigh (2015), Monjas et al. (2010), Valle et al. (2006), Zhan et al. (2013)
Steigenberger et al. (2018), Steigenberger et al. (2019)

RUAG PEC antenna (Wettergren et al., 2009)

4.5 dB for LNA noise figure and A/D conversion losses (Moreau et al., 2002)

Clock Linear drift, controlled within +0.5 ms
Channels 2x8 per constellation (GPS, Galileo, BeiDou-3)
Signals

GPS: semi-codeless P(Y) (1W, 2W), or L1 C/A + L2C (1C, 2L), or L1 C/A + L5 pilot (1C, 5Q)

GAL: E1 O/S & E5a pilot (1C, 5Q)

BDS-3: BIC & B2a pilot (1P, 5P)
GPS 1C: 0.14 chips; GPS 1W, 2W: 0.5 chips; GPS 2L: 0.28 chips; GAL 1C, BDS-3 1P: 0.07 chips; GPS

Early-late correlator spacing

5Q, GAL 5Q, BDS-3 5P: 0.7 chips

GPS 1W, 2W: 0.10 Hz; GPS 2L: 0.25 Hz; GPS 5Q, GAL 5Q, BDS-3 5P: 1 Hz; others 0.5 Hz

DLL bandwidth
PLL bandwidth GPS 1W, 2W: 1 Hz; others: 15 Hz
Elevation mask 0°

Acquisition/tracking threshold
Observation model

Light-time Modeled (iterative solution)
Relativity
Phase wind-up Modeled (Wu et al., 1993)

Tonospheric path delay

15 dBHz / 10 dBHz for GPS P(Y), all others 35 dBHz / 30 dBHz

Modeled (periodic clock variation, Shapiro effect)

Constant vertical TEC (10 TECU) and thick-layer mapping function (Lear, 1989)

Receiver antenna phase center offset Zero (GPS L1/L2 offset included in antenna reference point; same value assumed for other signals)

Receiver antenna phase variations

Receiver antenna multipath

GPS L1/L2 phase variations from in-flight calibration; applied for all signals
Phase multipath included in phase pattern; in-flight calibration of GPS L1 and L2 pseudorange

multipath applied for signals in L1/E1/B1 and L2/E5a/B2a frequency bands, respectively

resulting C/N, are modeled based on GNSS transmit power
values, as well as transmit and receiver antenna gains, tak-
ing into account free-space losses and additional receiver-
specific implementation losses (Moreau et al., 2002). In
case of incomplete parameters for some constellations or
signals, the respective values were obtained by adjusting
the resulting C/N, to representative ground receiver
measurements.

Error-free pseudorange, carrier phase, and Doppler val-
ues are first computed based on the known transmit-
ter/receiver antenna geometry and clock offsets using
established PPP models (Hauschild, 2017). Subsequently,
measurements noise is added based on the modeled
C/N, for configurable receiver characteristics and the spe-
cific properties of each individual signal (Betz, 2016). Key
receiver parameters for the noise model comprise the
bandwidths of the delay lock loop (DLL) and phase lock
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loop (PLL) as well as the early-minus-late correlator spac-
ing. For semi-codeless tracking of the encrypted GPS P(Y)-
code, characteristics of the Z-tracking technique (Woo,
2000) are assumed in the corresponding C/N, and noise
model. Individual receiver settings are selected to mimic
the performance of the Swarm GPSR receiver and RUAG’s
next-generation GPS/Galileo receiver (PODRIX) that will
be flown on the next batch of Sentinel-1/2/3 satellites and
the Sentinel-6/Jason-CS mission. In view of similar signal
properties, matching tracking parameters were assumed
for corresponding BDS-3 and Galileo signals on the E1/B1
and E5a/B2a frequencies.

Next to receiver noise, receiver antenna phase pattern
distortions and multipath errors are considered in the sim-
ulation. For LEO satellites without moving appendices,
multipath for a given signal depends only on the line-of-
sight direction and can thus be described by a static cor-
rection function in terms of azimuth and elevation angle
of the tracked satellite in the antenna diagram. The com-
bined effect of antenna patterns and multipath can thus be
described through code and multipath maps. Examples for
the Swarm satellites as derived from in-flight calibrations
are given in van den (IJssel et al. 2015) and (Mao et al. 2018).
Representative amplitudes range from 0.1 to 0.2 m and
2 to 3 mm for single-frequency pseudorange and carrier-
phase observations, respectively, and roughly 3-times
higher values apply for the ionosphere-free dual-frequency
combination.

For the present study, P(Y)-code signals on L1 (1575.420
MHz) and L2 (1227.600 MHz) were simulated for a total of
30 healthy GPS satellites. For an assessment of modern-
ized open service signals, independent simulations were
performed assuming a receiver configured for L1 C/A and
L2C tracking of the sub-constellation of 21 Block IIR-M,
Block IIF, and GPS III satellites, and a receiver configured
for L1 C/A and L5 tracking of the 14 healthy Block IIF and
GPS Il satellites available at the time of interest. While the
latter configuration would hardly be useful for standalone
navigation, the signals are fully interoperable with other
GNSSs and would be of interest for mixed GPS/Galileo or
GPS/BeiDou operation. Also, L2C and L5 offer access to
the new civil navigation message (CNAV), which includes
both group delay and Earth orientation information for
real-time navigation users.

In the case of Galileo, E1B (1575.420 MHz) and E5a
(1176.450 MHz) pilot signals were simulated for the entire
set of 24 satellites transmitting these signals on the day of
interest, including the two satellites injected into eccen-
tric orbits. In the case of BeiDou-3, the B1C (1575.420 MHz)
and B2a (1176.450 MHz) pilot signals were modeled for the
full set of 24 MEO satellites in the constellation. The over-
all number of visible satellites in the field of view is typ-
ically larger than the assumed number of dual-frequency

~-C1W/C2W, GPS +C1C,GPS
10 ~-C5Q,GPS ~-C2L,GPS
~-C1C,GAL --C5Q,GAL
~C1P,BDS ~-C5P,BDS
08
E
8 06
o
z
0.4
0.2
0.0
0 0 2 3 40 5 60 70 80 90
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FIGURE 4 Pseudorange noise and multipath (standard
deviation) over elevation angle for the simulated GPS, Galileo, and
BeiDou-3 measurements. A small increase at very high elevation
angles is related to antenna group delay distortions observed near
the bore sight direction [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com and
www.ion.org]

channels. As a result, the tracking channels are fully used
for most of all epochs and an average of 7 to 8 each of the
GPS, Galileo, BeiDou-3 satellites were tracked in the sim-
ulation.

The magnitude of the combined noise and multipath
errors of the simulated pseudorange observations over ele-
vation angle is illustrated in Figure 4. The largest errors
are obtained for the legacy GPS L1 C/A-code as well as the
L2C-code which use a traditional binary phase shift keying
(BPSK) modulation and a roughly 300 m chip length. The
GPS L1/L2 P(Y) pseudorange observations benefit from a
ten-times smaller chip length, but exhibit increased noise
at low elevation angles due to the inherent semi-codeless
tracking losses. Compared to the legacy GPS signals, a
clearly improved performance is obtained for the E1/B1 sig-
nals of the new constellations. Among others, tracking of
these signals benefits from the binary-offset-carrier (BOC)
modulation, which allow for a 3-times lower noise vari-
ance than traditional binary phase shift keying (BPSK) sig-
nals at the same loop bandwidth. With values of less than
20 cm even down to the horizon, the lowest pseudorange
noise is obtained for the GPS L5, Galileo E5a and BeiDou-3
B2a signals that benefit from both a high signal power and
a 10-times lower chip length than other open service sig-
nals. In addition to the low SISRE of Galileo and BeiDou-3,
these constellations also provide a favorable measurement
quality, which is again considered beneficial for position-
ing performance. The small increase of the noise at very
high elevation angles is related to antenna group delay dis-
tortions near bore-sight direction.

The average magnitude of pseudorange and carrier-
phase errors for the true GPS measurements of Swarm
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TABLE 2 RMS noise and multipath of real and simulated
GNSS measurements. All values apply for the ionosphere-free
dual-frequency combination

Noise Noise+MP
GNSS Signals [m] [mm] [m] [mm]
GPS (true) LI/L2P(Y) - - 080 6.6
GPS (sim) LI/L2P(Y) 077 51 079 71
L1CA/L2C 1.52 3.4 1.54 6.5
L1CA /L5 1.13 2.5 114 5.8
GAL (sim) E1/E5a 0.45 2.5 0.48 6.1
BDS-3(sim) BIC/B2a 047 2.7 0.50 6.2

and the simulated observations as derived from POD
residuals with and without antenna pattern corrections is
summarized in Table 2. For GPS, the simulated P(Y) mea-
surements closely match those of the real Swarm obser-
vations in terms of pseudorange noise and outperform
L1 C/A and L2C. Simulated observations for Galileo and
BeiDou-3 have 30 to 50% smaller pseudorange errors than
for GPS P(Y) tracking, which reflects the improved prop-
erties of open dual-frequency signals for these constella-
tions. For phase errors, only small differences apply for the
individual observation types and constellations due to the
dominating contribution of multipath errors in the simu-
lation. The average pseudorange errors, on the other hand,
are dominated by receiver noise.

5 | ONBOARD REAL-TIME PRECISE
ORBIT DETERMINATION

The on-board LEO POD performance using multi-GNSS
observations and broadcast ephemerides is assessed with
a Kalman-filter-based real-time navigation algorithm,
which has been developed for use in spaceborne GNSS
receivers and on board navigation systems (Montenbruck
& Ramos-Bosch, 2008). Aside from its use for concept stud-
ies of real-time navigation, the algorithm has flight her-
itage through the Phoenix eXtended Navigation System
(XNS) onboard the PROBA-2 microsatellite (Montenbruck
et al., 2008).

The filter is capable of processing single- or dual-
frequency measurements and can be used with pseudo-
ranges only or with both pseudorange and carrier-phase
measurements. In the configuration used for this study,
the algorithm processes dual-frequency pseudorange and
carrier-phase GNSS observations of one or multiple con-
stellations. Although the data are processed offline in the
present context, the algorithm emulates a true real-time
process. It employs a sequential estimator operated in for-
ward mode and uses only past and current observations in
the data cleaning and quality control.
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In addition to the LEO satellite’s position (r) and velocity

(v), the filter’s state vector

¥ = (r;0; Cp; Cr; @emp; €611 ... 5 €8y Ags s Ap) - (1)
comprises 5 dynamical model parameters including scal-
ing coefficients for atmospheric drag (Cp) and solar radia-
tion pressure (Cg), as well as a vector @ep,, = (ag, ax,ac)
of empirical accelerations in radial-, along- and cross-track
directions. For each of the m constellations handled by
the navigation filter, a distinct receiver time offset c5t; (i =
1,...,m) is considered in the state vector. Finally, a carrier-
phase ambiguity A; (j = 1, ..., n) is estimated for each of a
total n tracked satellites.

The prediction model for the satellite trajectory takes
into account accelerations due to Earth’s gravity field, luni-
solar-perturbations, drag, solar-radiation pressure, and
empirical accelerations. An Earth-fixed formulation of the
equation of motion is used, which avoids the need for
explicit reference system transformations in the observa-
tion model and requires only low-precision transforma-
tions for obtaining Earth-fixed coordinates of the Sun
and Moon. Nevertheless, proper knowledge of Earth-
orientation parameters (EOPs) is still required for the
instantaneous Earth rotation vector in the modeling of
Coriolis and centrifugal accelerations (Montenbruck &
Ramos-Bosch, 2008). Predicted EOPs are presently made
available in the modernized navigation messages of GPS
and BeiDou-3 with a representative accuracy of 0.001"” for
pole coordinates and 0.001 s for the UT1-UTC time dif-
ference. For the present study, EOPs from the GPS CNAV
message were used. Given the low altitude of Swarm,
an Earth gravity model of order and degree 70 is typi-
cally required for precise orbit determination at the (sub-)
decimeter level and was also adopted here for the real-time
navigation process.

If necessary, biases in the pseudorange observations
have been corrected for by Timing Group Delays (TGD)
and Inter-Signal Corrections (ISCs) for GPS and Beidou-
3 as well the Broadcast Group Delays (BGDs) for Galileo
from the broadcast ephemerides of the respective navi-
gation systems. In the simulation of the measurements,
estimated code biases from a precise reference product of
the Chinese Academy of Sciences (CAS) have been used.
Science the broadcast values are provided by the GNSS
ground segment and the CAS biases have been estimated
from a geodetic reference receiver network, the differences
introduce realistic residual pseudorange modeling errors
in the processing.

Within the extended Kalman filter, the scaling param-
eters for drag and solar radiation are treated as random
walk parameters. They are propagated as constant values
but white process noise is added to the covariance to allow
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TABLE 3 Data, models and algorithms for real-time navigation

Item Description
Observation model

Measurement types
Galileo, BeiDou-3

Sampling 30s
GNSS orbits and clocks

clock correction
Antenna model

Group delays

group delays
Phase wind-up neglected
Motion model

Reference frame

Ionosphere-free combination of dual-frequency pseudorange and carrier-phase observations for GPS,

Broadcast ephemerides (GPS: LNAV or CNAV, Galileo: FNAV, BeiDou-3: CNAV-1); periodic relativistic

Swarm antenna offset and attitude, no phase variations; zero antenna offset for GNSS satellites
Satellite TGDs and ISCs (GPS, BeiDou-3) and BGDs (Galileo) from broadcast ephemerides; no receiver

Earth-fixed equation of motion including Coriolis and centrifugal accelerations; IAU 1976 precession, IAU

1980 nutation and sidereal time; GPS CNAV Earth orientation parameters

Earth gravity
Third-body perturbations

Solar radiation pressure

GGMO1S model (70 x 70) (Tapley et al., 2004), k, tides (Rizos & Stolz, 1985), no relativity
Point-mass model for Sun and Moon; analytical series truncated to 1’ and 5’ (Montenbruck & Gill, 2000)

Cannon-ball model; conical Earth shadow

Drag Cannon-ball model; static density model for medium-solar flux (Harris & Priester, 1962)

Empirical accelerations

Numerical integration
1987)

Estimation
Type Extended Kalman-filter

State parameters

Accelerations in radial, along-track and cross-track direction; piece-wise constant across time update steps

4th-order Runge-Kutta method with Richardson-extrapolation and 4th-order interpolant (Hairer et al.,

Position, velocity, drag and radiation pressure scale factors, empirical accelerations, GNSS-specific receiver

clock offsets, carrier-phase ambiguities

Stochastic parameters
accelerations

for possible variations in time. Empirical accelerations
are used to compensate deficiencies in the deterministic
force model. They are treated as exponentially correlated
random variables with zero mean value and configurable
correlation time 7t and steady-state standard deviation
o'aR,A,C'

To facilitate use of the real-time navigation algorithm
with a wide range of receiver clock types including both
steered and free-running oscillators, the constellation-
specific receiver clock offsets are reinitialized to coarse
values obtained from a kinematic navigation fix at each
time-update step. Along with a large a priori covariance
this enables an essentially free clock offset adjustment
in the filter and can even handle millisecond-level clock
adjustments as used in many geodetic GNSS receivers.

The Kalman filter and reduced dynamic orbit model
are well suited to cope with noisy measurements in the
real-time navigation process. However, they only partly
“smooth” the contribution of GNSS orbit and clock errors
in the range modeling, which results from use of broadcast
ephemerides instead of precise GNSS ephemerides. The
signal-in-space range error that includes the projection of

Random walk model for clock and ambiguities, exponentially correlated random variables for empirical

orbit errors on the line of sight and the GNSS clock off-
set error is typically characterized by gradual drifts, small
stochastic variations, and jumps of varying magnitude at
the instant of broadcast ephemeris updates. Due to rapid
changes of the line-of-sight vector, variations of the SISRE
in time are more rapid for a LEO satellite than for terres-
trial users. Typical SISRE rates and discontinuities encoun-
tered in practice amount to 0.5 m/h and 0.5 m, respectively
for GPS (see, e.g., Gong et al. (2020)), while 2 to 4 times
smaller values apply for BeiDou-3 and Galileo.

To cope with broadcast ephemeris errors, a dedicated
SISRE state may be introduced for each tracked satel-
lite and estimated along with the other parameters as
suggested in (Gunning et al. 2019). While this approach
offers a rigorous SISRE handling in both the pseudo-
range and carrier-phase observation model, it notably
increases the state dimension (from 11+ m +n to 11 +
m +2n) and thus the computational burden of each
update step. We therefore adopt a simpler but almost
equally effective approach, in which the projected orbit
errors and clock errors are lumped with the carrier-phase
ambiguities (Montenbruck et al., 2008). The resulting
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TABLE 4 Kalman-filter parameters and settings for real-time onboard navigation

Parameter GPS GPS GPS GPS Galileo BeiDou-3
Signals L1 & L2 P(Y) L1 & L2 P(Y) C/A & L2C C/A & L5 E1/E5a B1C & B2a
Ephemeris precise LNAV CNAV CNAV F/NAV CNAV-1
Weighting
Pseudorange OpRr 1.0 m 1.5m 2.5m 2.0m 1.0 m 1.0 m
Carrier phase ocp 0.0l m 0.01m 0.01m 0.01m 0.01m 0.01m
Process noise
Emp. accelerations T 5nm/s? 5nm/s? 5nm/s? 5nm/s? 5nm/s? 5nm/s?
O, 10 nm/s? 20 nm/s? 20 nm/s? 20 nm/s? 20 nm/s? 20 nm/s?
e 10 nm/s? 40 nm/s? 40 nm/s? 40 nm/s? 40 nm/s? 40 nm/s?
T 600 s 600 s 600 s 600 s 600 s 600 s
Clock Q.s: (500m)? (500m)? (500m)? (500m)? (500m)? (500m)?
Pseudo-ambiguity Q,4 (at305s) (0 mm)? (20 mm)? (20 mm)r (20 mm)r (5 mm)r (5 mm)r
Data editing thresholds
Elevation angle 0° 0° 0° 0° 0° 0°
C/N, 5dBHz 5dBHz 5dBHz 5dBHz 5dBHz 5dBHz

“pseudo-ambiguity” (Wang et al., 2015) can then be esti-
mated as a random-walk parameter by considering white
process noise in the time update of this parameter.

Even though the application of appropriate process
noise also allows adjusting to SISRE jumps at broadcast
ephemeris updates (Gong et al., 2020) in the estimated
ambiguities, we prefer to actively account for such dis-
continuities. When switching to a new set of broadcast
ephemerides, as indicated by a change in the issue-of-
data counter or the ephemeris epoch, the associated SISRE
change is evaluated by comparing the predicted range and
clock offset for the old and new ephemeris set at the new
measurement epoch and applied as an update to the corre-
sponding pseudo-ambiguity.

For completeness, we note that the concept of pseudo-
ambiguities introduces an inconsistency in the filter, since
SISRE is only considered in the carrier-phase model but
neglected in the pseudorange observation model. How-
ever, this inconsistency can well be tolerated in practice
and compensated by a modest down-weighting of the pseu-
dorange measurements.

Table 4 summarizes selected configurations and filter
parameters for the multi-GNSS real-time Kalman-filter
processing. The observation weights adopted in the indi-
vidual cases are selected based on the magnitude of noise
and multipath errors, as well as SISRE for the respective
GNSSs. Process noise for the pseudo-ambiguities is based
on the previously discussed SISRE properties, taking into
account the temporal variation of line-of-sight orbit errors
and the stochastic GNSS satellite clock variations. Finally,
the process noise parameters for the empirical accelera-
tions are derived from a parametric search for filter tuning.
A flat performance minimum with less than 20% variation

of the navigation errors can typically be observed when
adjusting process noise or weights by up to a factor of two.

For comparison, the first case in Table 4 furthermore
specifies filter settings for processing with a precise GPS
orbit and clock product. Here, no process noise is applied
and tighter constraints for the empirical accelerations
are used for best performance. The corresponding filter
results are indicative of the LEO navigation performance
that might be obtained with real-time correction services
(Hauschild et al., 2016) under optimum conditions and will
be used as a benchmark for the subsequent analysis of real-
time navigation using broadcast ephemerides.

6 | RESULTS AND DISCUSSION

The real-time navigation accuracy of LEO satellites that
can be achieved with multi-GNSS observations and broad-
cast ephemerides has been evaluated using real GPS obser-
vations collected onboard the Swarm-C satellite as well as
simulated GPS, Galileo, and BeiDou-3 measurements. All
tests cover a 24 h period on September 15, 2020, where
a total of 30 GPS satellites, 22 Galileo satellites, and 24
BeiDou-3 MEO satellites were declared healthy. Within the
GPS constellation, healthy L2C and L5 signals were trans-
mitted by a subset of 21 and 14 satellites, respectively. In
the case of Galileo, the two satellites (E14, E18) in eccen-
tric orbits are still marked as unhealthy. Even though
their ranging signals are of high quality, their broadcast
ephemerides show a slightly degraded performance and
the satellites are not included in the Galileo almanac. As
such, the tests are limited to a partial Galileo constellation
that has not yet achieved full operational capability.
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FIGURE 5 Simulated real-time LEO POD errors using real

GPS flight data and simulated observations with different sets of
orbit and clock information [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com and
www.ion.org]

Figure 5 shows the results for simulated real-time POD
results using real-live and simulated GPS measurements.
In all cases, the Swarm-C precise science orbit served as
the truth reference for the performance evaluation and a
15 min interval at the beginning of the data arc was dis-
carded to focus on the steady-state performance of the nav-
igation filter.

When working with the legacy navigation message and
the real GPS P(Y) observations collected on board Swarm,
a 28 cm 3D RMS accuracy is obtained using the filter set-
tings of Table 4. Other than in kinematic position solu-
tions, which suffer from a poor vertical dilution of pre-
cision, the vertical component exhibits the least errors.
This is of particular interest for altimetry missions and
reflects the dynamical constraints provided by a high-
fidelity orbit model.

Compared to earlier studies based on similar filter mod-
els (Montenbruck et al., 2008, 2013) a 30 to 40% reduction
of the position error may be observed, which can essen-
tially be attributed to the improved SISRE and clock sta-
bility of the modernized GPS constellation. With these
improvements, it may be recognized that a GPS-only nav-
igation filter can now achieve an onboard orbit determi-
nation accuracy closely matching that of the DORIS-based
DIODE navigation system as reported in Jayles et al. (2010).

To illustrate the impact of broadcast ephemeris uncer-
tainty on the filter performance, the same set of flight data
has furthermore been processed using precise GPS orbit
and clock data as provided by the IGS. Here, a 5 cm accu-
racy is achieved. While not necessarily representative for
current onboard applications, the test provides a valida-
tion of the overall filter design in our study and indicates
the performance that could be achievable in onboard navi-
gation systems with high-quality real-time GPS/GNSS cor-
rection services.
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FIGURE 6
cross-track direction for processing of real Swarm GPS observations

Position errors in radial, along-track, and

(blue) and simulated data (gray) [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com and
www.ion.org]

The third test case shown in Figure 5 is again based on
broadcast ephemerides, but now makes use of the simu-
lated GPS P(Y) observations described in Sect. 4. A closely
matching overall navigation performance is obtained com-
pared to processing of the real-flight data. This is further
illustrated by Figure 6, which shows the evolution of nav-
igation errors in all three axes over time. Even though the
simulation cannot exactly replicate the channel allocation
of the Swarm-C GPS receiver and exhibits occasional dif-
ferences in the set of tracked satellites, a high correlation
is obvious for the two cases. As such, the test confirms that
the observations created by the simulation reflect the qual-
ity of the GPS onboard receiver measurements in a realis-
tic manner.

Use of simulated observations allows us to study the
potential benefit of using the new civil L2C signal along
with the legacy C/A-code on the L1 frequency. Civil users
have long been encouraged to transition to these signals
for dual-frequency positioning and a growing number of
space receivers are supporting these signals as an alterna-
tive to semi-codeless P(Y) tracking. The open signals are
considered to offer more robust tracking even though their
pseudorange noise is typically higher due to the large chip
length of the ranging code. Despite the fact that L2C is only
transmitted by two-thirds of the current GPS constellation
so far, a sufficient number of satellites is typically in the
fields of view to exploit the capabilities of an 8-channel (per
signal) receiver such as the one used on Swarm.

Overall, the test results in Figure 5 confirm that tracking
of the civil L1/L2 signals from the subset of L2C-capable
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GPS satellites and use of the corresponding CNAV message
can already offer an almost identical navigation perfor-
mance as the established use of P(Y) tracking and LNAV.
On average, the modernized satellites transmitting L2C
even offer a better clock stability and thus slightly bet-
ter average SISRE than the full constellation, which even
allows for a small performance gain of L2C-based navi-
gation in the present study. It is also instructive to note
that the increased pseudorange noise of L1 C/A and L2C
measurements as compared to P(Y) observations does not
affect the overall performance in an adverse manner. This
supports the understanding that pseudorange observations
have only limited contribution in a reduced-dynamic nav-
igation filter and SISRE is the driving factor for the achiev-
able navigation accuracy.

Results for simulated observations of GPS, Galileo,
and BeiDou-3 are summarized in Figure 7. Compared
to GPS, standalone Galileo and BeiDou-3 solutions offer
a 60% reduction of the navigation errors and achieve a
remarkable 3D rms position accuracy close to one decime-
ter. The notable performance improvement can essen-
tially be attributed to the improved quality of the broad-
cast ephemerides and largely reflects the PPP-SISRE of
the individual constellations (Figure 1). Even though the
advanced signal modulations used in the new constella-
tions offer a notably smaller pseudorange noise than those
of currently available GPS signals, pseudorange observa-
tions have only limited contribution to the filter perfor-
mance as discussed above. Similar to GPS-based naviga-
tion, the radial component of the position vector exhibits
the smallest error of all axes (Figure 8) and can be deter-
mined with an rms accuracy of 5 cm with either Galileo
or BeiDou-3.

WILEY €BION-1=

L GPS Galieo BeiDou-3

Radial [m]

Cross-track [m]

2020/09/15
3h 6h 9h 12h 15h 18h 21h

Along-track [m]
00066000000666000000605050000

FIGURE 8
cross-track directions for processing of simulated GPS P(Y) (gray),
Galileo E1/E5a (blue), and BeiDou-3 B1C/B2a (red) observation
[Color figure can be viewed in the online issue, which is available at

Position errors in radial, along-track, and

wileyonlinelibrary.com and www.ion.org|

With a 3D rms error of only 8.5 cm, optimum dual-
constellation results can be obtained by joint Galileo
E1l/E5a and BeiDou-3 B1C/B2a tracking. Aside from a
favorable performance, that comes even close to the ideal
case of using precise GNSS ephemerides, the combina-
tion is attractive in view of the common frequency bands
used by these open service signals. This allows for a lean
GNSS receiver design with limited complexity of the radio-
frequency front end. Furthermore, the modernized CNAV-
1/-2 navigation messages of BeiDou-3 offer EOPs similar to
GPS CNAV, thus coping with a limitation of the current
Galileo navigation message for spaceborne users.

Given the obvious performance difference between GPS
and Galileo/BeiDou-3, a combination of all three systems
does not show relevant benefits in terms of accuracy.
Unless required for highest robustness and redundancy,
the hardware and processing effort for using three constel-
lations does not appear to be justified. In order to illustrate
the increase in computational effort, the processing times
for one, two and three constellations have been compared.
It turns out that the processing time increases by a factor
of 5 for dual-constellation and by a factor of 20 for triple-
constellation processing. It must be noted, though, that the
algorithm has not been optimized for efficient processing.

7 | SUMMARY AND CONCLUSIONS

The study assesses the on-board precise real-time naviga-
tion performance that is currently possible with broadcast
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ephemerides from GPS as well as Galileo and BeiDou-3.
For this purpose, multi-frequency and multi-constellation
measurements are simulated for the Swarm-C LEO satel-
lite. The simulated data are processes in a Kalman-filter-
based real-time precise orbit determination and the results
are compared to a precise reference trajectory for the LEO
satellite. The performance of the simulated GPS-only POD
is compared to complementary results obtained with real
flight-data of Swarm-C to confirm that the simulated data
properly reflect the tracking performance of a spaceborne
GNSS receiver.

For GPS-based navigation, a very similar performance
is found for use of legacy P(Y) and new L2C signals. Even
though L2C and the CNAV navigation message are only
transmitted by part of the full constellation so far, the
number of L2C-capable satellites has grown sufficiently to
enable competitive navigation accuracy with purely civil
dual-frequency signals. Given the long lead time in space
mission and spaceborne GNSS receiver design, it appears
safe at this stage to drop support of semi-codeless P(Y)
tracking in these applications.

Comparing the performance of individual GNSSs, the
study results show that the new Galileo and BeiDou-
3 systems offer best prospects for precise onboard orbit
determination based on broadcast ephemerides. Using
either of these constellations, a 3D position accuracy close
to one decimeter can be obtained in a navigation filter
processing dual-frequency pseudorange and carrier-phase
observations with a high-fidelity reduced dynamic orbit
model. Even though the signal modulations of Galileo and
BeiDou-3 open service signals outperform GPS in terms
of measurement noise and multipath, the low signal-in-
space range error of these constellations can be identi-
fied as the key factor for the superior navigation accu-
racy. Compared to GPS-standalone navigation, a 2 to 3-
fold improvement may be noted. In view of common fre-
quency bands and interoperable signals, GPS and BeiDou-
3 can also favorably be tracked together and combined in
a dual-constellation navigation filter. Aside from increased
robustness and redundancy, a further reduction of the 3D
rms position error to less than 10 cm is achieved. For the
triple constellation no further benefit has been obtained,
though, that would justify the increased resource require-
ments in terms of GNSS hardware and computational
resources.

The findings show that use of (near) real-time correc-
tions for rapid precise orbit determinations of LEO satel-
lites has largely become dispensable thanks to the high
quality of broadcast ephemerides in the new constella-
tions. Precise orbit information can now be made avail-
able on board in real-time without a need for comple-
mentary ground-to-space links. This represents a paradigm
change and allows for an increased shift of science data

processing from ground facilities to onboard systems.
Beneficiaries of this evolution may include not only altime-
try missions and upcoming nano-satellite constellations
for remote sensing of the atmosphere, but also GNSS over-
lay systems transmitting navigation signals from a fleet of
LEO satellites.
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