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Abstract
In this simulation study we analyze the benefit of ground-space optical two-way links (OTWL) for Galileo precise orbit 
determination (POD). OTWL is a concept based on continuous wave laser ranging and time transfer with modulated signals 
from and to ground stations. The measurements are in addition to Global Navigation Satellite System (GNSS) observa-
tions. We simulate the measurements with regard to 16 Galileo Sensor Stations. In the simulation study we assume that the 
whole Galileo satellite constellation is equipped with terminals for OTWL. Using OTWL together with Galileo L-band, 
in comparison with an orbit solution calculated with L-band-only, demonstrates the advantage of combining two ranging 
techniques with different influences of systematic errors. The two-way link allows a station and satellite clock synchroniza-
tion. Furthermore, we compare the ground-space concept with the satellite-to-satellite counterpart known as optical two-way 
inter-satellite links (OISL). The advantage of OTWL is the connection between the satellite system and the solid Earth as 
well as the possibility to synchronize the satellite clocks and the ground station clocks. The full network, using all three 
observation types in combination is simulated as well. The possibility to estimate additional solar radiation pressure (SRP) 
parameters within these combinations is a clear benefit of these additional links. We paid great attention to simulate system-
atic effects of all observation techniques as realistically as possible. For L-band these are measurement noise, tropospheric 
delays, phase center variation of receiver and transmitter antennas, constant and variable biases as well as multipath. For 
optical links we simulated colored and distance-dependent noise, offsets due to the link repeatability and offsets related to 
the equipment calibration quality. In addition, we added a troposphere error for the OTWL measurements. We discuss the 
influence on the formal orbit uncertainties and the effects of the systematic errors. Restrictions due to weather conditions are 
addressed as well. OTWL is synergetic with the other measurement techniques like OISL and can be used for data transfer 
and communication, respectively.
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1 Introduction

Since the invention of the laser, optical communication links 
have been considered for space applications. In the last dec-
ades, laser technology in space experienced growing impor-
tance for future satellite missions. Optical links are perfect 
for point-to-point connection and can be used for commu-
nication, data transfer, clock synchronization and ranging, 
or synergetically for all applications. Due to a shorter wave-
length compared to microwaves, a higher modulation rate is 

possible, which leads to a higher data rate for communica-
tion or higher precision in ranging applications. However, 
the operation of optical links from ground to a satellite with 
the same precision as microwave links or better was a dif-
ficult task in the past years. Due to the turbulence in the 
troposphere the development of adaptive optics was neces-
sary (Weyrauch and Vorontsov 2004). An overview of the 
development and operation of optical communication links 
in space is given in Hemmati (2020). Giorgi et al. (2019) 
reviews possible optical communication and timing tech-
nologies for space-based clock synchronization.

The GRACE-FO (Gravity Recovery And Climate Experi-
ment—Follow On) mission (Abich et al. 2019) and LISA 
Pathfinder (McNamara et al. 2008) are examples of inter-sat-
ellite optical frequency ranging applications. The European 
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Data Relay Satellites (EDRS) operate optical data transfer 
from the Sentinel satellites in low Earth orbits to geosta-
tionary satellites with a data rate of up to 1.8 Gbit/s (Zech 
et al 2015; Calzolaio et al. 2020). Many authors put a lot of 
effort into the inter-satellite link (ISL) concept for Global 
Navigation Satellite System (GNSS) (Gill 1999; Fernández 
et al. 2010; Fernández et al. 2010; Shargorodsky et al. 2013; 
Michalak et al. 2021; Zhang et al. 2021). In this context, 
Giorgi et al. (2019) and Schlicht et al. (2020) discuss optical 
inter-satellite links (OISL) in particular. The satellite orbit 
precision and handling of systematic errors will benefit from 
such OISL and a highly accurate satellite clock synchro-
nization is possible as well. Inter-satellite links determine 
the relative positions of the satellites, but the constellation 
can be freely rotated around the geocenter (Schlicht et al. 
2020). A high-precision optical link with the connection to 
the Earth surface would reduce this rotational freedom.

For this reason, authors discuss optical ranging and time 
transfer from the ground (Prochazka et al. 2011; Meng et al. 
2013; Zhang et al. 2019). In the T2L2 (Time Transfer by 
Laser Link; Samain et al. 2014) project an optical ground-
to-space time transfer link was tested. Exertier et al. (2019) 
describe the performance of state-of-the-art time and laser 
ranging as well as analyze the sources of limitation. In the 
upcoming ESA (European Space Agency) mission ACES 
(Atomic Clock Ensemble in Space; Cacciapuoti and Salo-
mon 2009; Cacciapuoti et al. 2020) advanced ground-to-
space time transfer links will be operated. The first link is 
a two-way microwave link (MWL) in the Ku-band (Delva 
et al. 2012). This acts like an asynchronous transponder and 
uses a phase-modulated signal with a rate of up to 100 MHz 
(Hess et al. 2011). An additional S-band downlink supports 
the characterization of ionospheric influences. The second 
link is the optical European Laser Timing (ELT; Schreiber 
et al. 2010) experiment. The laser link uses short pulses with 
a repetition rate of up to 2 kHz.

Furthermore, many authors discuss the combination of 
Satellite Laser Ranging (SLR) and GNSS measurements 
(Urschl et al. 2007; Thaller et al. 2011; Sośnica et al. 2015; 
Bury et al. 2021). The difficulty of this observation tech-
niques combination is the treatment of the systematic errors 
of both systems. As SLR is not a standardized system, it has 
a complex error budget due to systematic biases of the dif-
ferent tracking stations (Schreiber and Kodet 2018; Luceri 
et al. 2019; Zajdel et al. 2019). For this reason, the poten-
tial of GNSS Precise Orbit Determination (POD) using a 
combination of GNSS and optical two-way ground-space 
measurements is still limited using SLR.

In this study, we analyze the optical two-way links 
(OTWL) (Schlicht et al. 2019) concept which is based on 
the use of modulated optical links between Galileo satellites 
and ground stations. OTWL encompasses two-way continu-
ous wave laser ranging and time transfer. The signals use 

phase modulation. The module onboard of the satellites can 
be seen as an active retroreflector which acts similarly as a 
synchronous or asynchronous transponder. As an optical link 
has a shorter wavelength compared to microwaves, the use 
of higher modulation rates up to 10 GHz is possible. Optical 
terminals that offer Gbit/s rates over distances of 45000 km 
are already operative, as for example the TESAT-Spacecom 
terminal used for EDRS (European Data Relay Satellites) 
(Zech et al 2015; Calzolaio et al. 2020). An overview of 
active, tested and planned optical transmitters is given in 
Pribil and Hemmati (2020). These terminals operate with 
wavelengths of 1064 nm or 1550 nm.

OTWL (Optical Two-Way Links) is a theoretical concept 
that assumes the existence of these optical ground links to 
Galileo Sensor Stations. These L-band Galileo Sensor Sta-
tions are established to collect ranging measurements of 
Galileo navigation signals, to perform orbit determination 
and time synchronization as well as to monitor the signal in 
space (Falcone et al. 2017). The final Galileo Sensor Sta-
tion network is planned to encompass about 40 sites. Fif-
teen Galileo Sensor Stations were active as of 2018. In June 
2020, Wallis and Futuna (GWAL) successfully completed 
the infrastructure implementation for an additional Galileo 
Sensor Station. For our study, we use a Galileo Sensor Sta-
tion network which is built-up of these 16 stations. In this 
work, the network is assumed—this is not planned up to 
now—to be fully equipped with laser ranging terminals to 
perform OTWL measurements. The hardware—the clock 
and the laser terminal for transmitting and receiving sig-
nals—is assumed to be the same at each site. This provides 
a standardized station network. At each OTWL observation 
epoch, a ground station can connect to one satellite and 
switches to another satellite at the next epoch. OTWL thus 
observes one satellite at a time while GNSS navigation sig-
nals connect multiple satellites to one stations. To classify 
the OTWL concept, a comparison in terms of the technical 
realization and the accuracies of different ranging techniques 
introduced above is given in Sect. 2.

The aim of this simulation study is to quantify the benefit 
of additional OTWL measurements for Galileo POD. We 
added a variety of systematic errors for all observation tech-
niques and we investigated a possible expansion of the num-
ber of estimated empirical solar radiation pressure (SRP) 
parameters for the POD solution.

This study consists of three key parts: simulation, estima-
tion and evaluation, which are addressed as follows:

– We simulate Galileo L-band, OTWL (Optical Two-Way 
Link) and OISL (Optical Inter-Satellite Link) observa-
tions for a ground network of 16 Galileo Sensor Stations 
and the Galileo constellation with 24 satellites.

– Five different scenarios are considered, accounting for 
different combinations of observations: L-band-only, 
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L-band+OTWL, L-band+OISL, L-band+OTWL+OISL 
and OTWL+OISL.

– Each scenario is analyzed by estimating typical geodetic 
parameters in order to assess the impact of OTWL and 
OISL observations.

In this paper, we characterize the error budget with three 
different consecutive scenarios:

– The use of true ground station coordinates in the meas-
urements simulation and then for the estimation of the 
coordinates in the least-squares adjustment—only the 
coordinates of one station are fixed. This allows the coor-
dinates to absorb link errors. Additionally, this shows the 
weakness of OISL in a solution with a one-station-fixed 
geodetic datum.

– The use of true ground station coordinates for the meas-
urements simulation and then for the fixing of all station 
coordinates in the least-squares adjustment. This forces 
the adjustment to distribute the errors into the orbit and 
the clocks, or in the best case into the residuals.

– The fixing of all ground stations in the least-squares 
adjustment to biased coordinates. This shows the impact 
of errors in the station coordinates on the orbit solution.

These analysis steps allow a conclusion on how different 
aspects affect the orbit solution and how OTWL and other 
measurement types drive the estimation process.

The study is structured as follows: In Sect. 2 we compare 
different ranging techniques to classify OTWL and OISL. 
In Sect. 3 we first describe the satellite constellation used 
and the simulation of the measurement types. Second, we 
explain the estimation procedure and the scenarios using 
different link combinations. As we took great attention to 
the modeling of SRP parameters in the estimation process, 

we give a detailed explanation on this in Sect. 4. This also 
includes the definition of different orbit types, needed in a 
simulation procedure, as their generation is highly dependent 
on different SRP models. The SRP analysis defines further 
scenarios in terms of the estimation of different empirical 
SRP parameters in the least-squares adjustment. Section 5 
discusses the results of this study following the analysis 
steps described above. A conclusion and an outlook is given 
in Sect. 6.

2  Classification of the OTWL and OISL 
ranging concepts

In the following, we compare the ranging techniques GNSS, 
MWL (microwave link; Delva et al. 2012), SLR/ELT (Euro-
pean Laser Timing; Schreiber et al. 2010), OTWL (Opti-
cal Two-Way Link) and OISL (Optical Inter-Satellite Link) 
in terms of their technical realization and their accuracies. 
Table 1 gives an overview.

GNSS is  a space-ground oriented one-way ranging tech-
nique based on signals in the L-band. GNSS uses a phase-
modulated signal with a rate of about 10 MHz. Code and 
phase can be analyzed. The achieved ranging precision is at 
about 1.5 mm for the phase.

In comparison with GNSS, the MWL is a two-way link 
which operates in the Ku-band (Delva et al. 2012) and uses a 
phase-modulated signal with a rate of up to 100 MHz (Hess 
et al. 2011). Time transfer is possible as it is a two-way 
link (Delva et al. 2012). The achieved chipping rate is about 
ten times higher than for GNSS. The microwave link has a 
time transfer precision of 300 fs and a ranging precision of 
100 µm at 300 s integration time (Cacciapuoti and Salomon 
2009), limited by the maser stability. Compared to the up-
to-date used optical links, the phase can be evaluated using 

Table 1  Comparison of different ranging techniques

GNSS MWL SLR/ELT OISL OTWL

Frequency MW
L-band 1.5 GHz
Modulation
10 MHz

MW
Ku-band 14 GHz
Modulation
100 MHz

Optical
Repetition
2 kHz

Optical
Modulation
0.1–10 GHz

Optical
Modulation
0.1–10 GHz

Ranging technique Phase modulated, 
one-way

Phase modulated, 
two-way

Pulsed, round trip /
one-way

Phase modulated, 
two-way

Phase modulated, 
two-way

Analysis Code + Phase Code + Phase Single photon Code Code
Precision 1.5 mm phase 0.2 mm phase, at 30 s 

integration time 
(Cacciapuoti and 
Salomon 2009)

1 mm for normal point 
(Schreiber et al. 
2010; Luceri et al. 
2019)

Potentially higher than 
MWL

Potentially higher than 
MWL

Capability of rou-
tine calibration

No No Yes, on ground, not in 
space

Yes, in any-to-any 
scenario

Yes, on ground and 
in combination with 
any-to-any OISL also 
in space
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a MWL. This is not yet possible with an optical link in con-
ditions of large relative movements. This leads to a much 
higher ranging and time transfer precision than a SLR/ELT 
link can achieve.

SLR/ELT operates with short laser pulses with a repeti-
tion rate of up to 2 kHz. This is a much lower repetition rate 
than used for the MWL. Using single-photon detectors for 
ELT onboard of the satellite and on ground allows an accu-
rate signal detection, but 90% of the measurements are lost 
due to the detection mode. European Laser Timing has an 
expected time transfer precision of 3 ps at 300 s and a rang-
ing precision of 1 mm (Schreiber et al. 2010). An advantage 
of an optical link compared to a link using microwaves is 
the capability of performing a routine calibration. ELT can 
be calibrated with an accuracy of less than 25 ps for time 
transfer and about 7.5 mm for ranging, while the MWL can 
be calibrated to around 3 cm. The advantages of both links 
can be combined as well, e.g., the optical link can be used to 
calibrate the microwave link (Leute et al. 2018).

Compared to SLR/ELT, the OISL and OTWL concepts 
use phase modulation and continuous waves instead of 
short laser pulses. Therefore, the laser terminals used for 
OTWL have to provide this tracking technique. The OISL 
and OTWL ranging technique is generally comparable to 
MWL. But due to the shorter wavelength of an optical link 
compared to a microwave link, the use of modulation rates 
of up to 10 GHz is possible. Such or even higher modulation 
rates can already be technically realized. Therefore, OISL 
and OTWL have the potential to achieve an even higher pre-
cision than a microwave link.

As mentioned in Sect. 1, the SLR station network is not 
a standardized system. The Galileo Sensor Station network 
used for OTWL is assumed to be equipped with the same 
hardware at each site to reduce systematic errors. In space, 
SLR/ELT use retroreflectors and single photon detectors, 
while OISL and OTWL need active transponders onboard 
of the satellites, similar to those used for the European Data 
Relay Satellites (EDRS) for example. Furthermore, OTWL 
and OISL can easily be used for data transfer, which is not 
yet common with SLR/ELT. On the other hand, SLR/ELT 
has the advantage that also the ITRF stations can contribute 
to the tracking and no scheduling onboard of the satellites 
is required for this type of measurement.

A ground-space oriented optical link is restricted by 
weather conditions—an optical signal cannot penetrate 
clouds. Hence, OISL has an advantage over OTWL and 
SLR/ELT since the troposphere is not involved. A ground-
space oriented microwave link does not have these observa-
tion restrictions due to clouds as well. However, microwaves 
are sensitive to the delay caused by the wet part of the tropo-
sphere, which cannot always be properly modeled.

The synergetic aspects of both link types addressing dif-
ferent systematic effects, as well as the calibration aspects, 

are arguments for a combination of microwave-based and 
laser-based observation techniques, for instance GNSS and 
OTWL. OTWL is also of great interest when combined 
with OISL. Furthermore, in an any-to-any—each satellite 
tracks all other satellites in the constellation within one 
scheduling period—inter-satellite link scenario a continu-
ous calibration of the space segment is achievable. The 
inter-satellite link terminals on a satellite have the capa-
bility to point to each other for calibration (Koepf et al. 
2002).

Having the comparison of the different ranging tech-
niques as a base, we now can classify the precision and accu-
racy of the OTWL and OISL observations used in this study. 
For our simulations we require an OTWL link to provide a 
ranging precision of at least 1 mm at an integration time of 
30 seconds. This is a very moderate assumption. We require 
OTWL to provide a ranging accuracy like SLR/ELT, as we 
estimate biases with no constraints. Very important for the 
estimation is a long time stability of the bias, at least 1 mm 
within one day. The same applies for the OISL measure-
ments in this study. Additionally, it is of utmost importance 
that the eccentricity of both instruments be known precisely, 
in space and on ground—on ground with less than about  
1 mm in total Three-Dimensional (3D)—Root Mean Square 
(RMS). We use this fact as we only estimate one-station 
coordinate, to which all observation types refer to. The local 
ties and the stability of the connection of a common clock 
are a prerequisite in combining different links. In this way, 
the Galileo system equipped with OTWL would represent 
a good testing ground for a Global Geodetic Observing  
System (GGOS; Plag and Pearlman 2009) station in space.

3  Simulation setup

For this paper, we evaluate the impact of additional OTWL 
(Optical Two-Way Link) observations in a typical Galileo 
orbit solution. Furthermore, we compare the results to the 
impact of OISL (Optical Inter-Satellite Link) observations. 
For both, simulation and analysis, we used a modified ver-
sion of the Bernese GNSS Software (Dach et al. 2015). We 
processed four time periods, each with ten successive days 
as 24 hours of observations—the days 043–052, 102–111, 
132–143 and 163–172 of the year 2019—to cover a rela-
tively large range of beta angles. The beta angle is defined 
as the sun elevation angle above the orbital plane. The solar 
radiation, acting on a satellite, changes with varying beta 
angle. SRP is the largest non-gravitational force disturbing 
GNSS satellite orbits (Fliegel et al. 1992; Springer et al. 
1999; Montenbruck and Gill 2005). In Sect. 4 we present 
further analysis results regarding the modeling of SRP 
parameters.
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3.1  Constellation and measurement schedule

The Galileo constellation that we used consisted of 24 satel-
lites, with 21 Full Operational Capability (FOC) satellites—
including the satellites E14 and E18 in eccentric orbits—and 
three IOV (Initial Orbit Validation) satellites (E11, E12, 
E19). We obtained the orbits from MGEX CODE products 
of the International GNSS Services (IGS). A Galileo Sensor 
Station network of 16 ground stations (see Fig. 1) was used 
in this simulation study for both, the two frequency code- 
and phase-observations and the OTWL observations. We 
created a measurement schedule for the OTWL observations 
for each of the four 10-day time periods. This measurement 
schedule is yet not optimized for a mission deployment, 
but serves as a good baseline to determine the potential of 
OTWL observations. The minimum elevation for observa-
tions above horizon is set to 30°. The time between two 
observation epochs is 60 seconds, with a measurement sam-
pling rate of 30 seconds and 30 seconds for the telescope to 
move to the next satellite. The schedule builds up as follows:

– Each satellite is allowed to be connected to just one sta-
tion per epoch.

– The first satellite assigned to each ground station is the 
next free satellite which is descending and closest to the 
minimum elevation.

– Then that satellite is assigned to each station which is 
the closest in azimuth and elevation direction to avoid 
excessive slewing.

– In case this satellite is already connected to another sta-
tion, the next nearest satellite is chosen.

– For the order of selection, a ground station priority list is 
generated according to the number of Galileo satellites 
visible for a station above the minimum elevation. The 
list is adapted every epoch.

– An observation period is finished when a station once 
was connected to all visible satellites in the period time 
span.

– In case a station does not have a free satellite left in an 
observation period, double observations or a suspending 
of the station for one epoch is allowed, but is avoided as 
much as possible.

– When a station finished an observation period, the next 
observation period starts for this station.

3.2  Simulation

The OTWL observations are two-way continuous wave laser 
ranges as well as clock differences. The measurement errors 
used to simulate laser observations are given in Table 2. A 
more detailed description and equations of the errors can 
be found in Schlicht et al. (2020). To be congruent with 
the OTWL observations, the sampling rate of the GNSS 
and OISL observations is 60 seconds as well. The GNSS 
observations were simulated as dual frequency code and 
phase measurement for E1 and E5. Effects due to the iono-
sphere were eliminated to a great extent by forming the iono-
sphere free linear combination. A summary of the simulated 
microwave link measurement errors is shown in Table 3. The 
OISL laser technology is based on EDRS (European Data 
Relay Satellites) data transfer links. We generated the obser-
vation schedule for an any-to-any scenario with bidirectional 
links between the satellites. Schlicht et al. (2020) show that 
this scenario offers the best results. The OISL observation 
schedule was derived from the connectivity scheme by 
Fernández (2011). We simulated two-way range measure-
ments and clock differences. For the OISL measurements we 
simulated the errors analogously to the OTWL observations 
but without troposphere delay errors. This is an advantage 
for OISL observations as no signal path is disturbed by the 
troposphere. The measurement errors for OISL are collected 
in Table 2 as well.

The simulated satellite clocks are hydrogen masers. This 
leads to a mean satellite clock error of about 24 ns after 
ten days. Ground station clocks are assumed to be simple 
quartz oscillators and are simulated based on polynomials 
of order four with respect to time. The station clock error is 
smaller than 0.1 µs. Each satellite and each ground station 
is equipped with one clock, assuming that all observation 
techniques are connected to the same clock in each satellite 
and each station. We simulated inter-system biases: a once 
per revolution variable bias per satellite in case of L-band, 
emulating a temperature dependency, biases affecting the 
clock offsets and ranges in case of OISL and biases affect-
ing the clock offsets and ranges in case of OTWL. Hence, 
each observation technique has its own biases, resulting 
from different cable lengths and delays on the signal path 
between the corresponding receiving terminal and the clock. Fig. 1  The Galileo Sensor Station network used in this study
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Table 2  Simulated measurement errors for the laser based observation techniques OTWL and OISL

A detailed description of the different errors can be found in Schlicht et al. (2020)

Optical link measurement errors Description/Remark

Measurement noise Flicker-phase noise (Riley 2008) Occurs in all electronic devices
Induced by various effects (e.g., trapping of charge carriers in 

semiconductors)
Selected noise level up to 0.5 mm

Jitter of the Phase Locked Loop (PLL) 
(Holmes 1990)

Error is ranging distance dependent:
Selected maximum distance for OTWL 31 000 km, for OISL 60 

000 km
Noise at maximum ranging distance: OTWL 1.4 mm, OISL 

1.5 mm
Troposphere offset (for OTWL only) Simulated error: Half the difference between the models of 

Marini and Murray (1973) and Mendes and Pavlis (2004): 
(Marini-Murray—Mendes-Pavlis)/2

Air pressure and temperature information from GPT (Boehm 
et al. 2007)

Relative humidity was set individually per ground station: min. 
75%, max. 90%. Varies randomly per station and epoch reach-
ing up to around ± 6%

Max. error at 30° elevation 5 mm, min. error at 90° elevation 
0.4 mm

Offset due to the repeatability of the link Uniformly distributed for each transmitter–receiver-pair 
between ± 0.5 mm

Offset related to the equipment calibration quality Offset per satellite, randomly distributed between -0.5 and 
0.5 mm inter-system bias which affects the clock (bias differ-
ence between receiver and transmitter) and the range (bias sum 
of receiver and transmitter) includes a variability due to the 
Phase Locked Loop (Schlicht et al., 2020)

Table 3  Measurement errors which were simulated for L-band in this study

L-band measurement errors Description/remark

Measurement noise White noise of 15 cm for code and 1.5 mm for phase measurements for each 
frequency

Troposphere modeling errors Simulation Gridded VMF1 (Boehm et al. 2006a) model as an accurate model
This model is based on real weather model data

Solution GMF model (Boehm et al. 2006b) as a less accurate model
The difference VMF1-GMF gives an error of about 2.2 cm at 15° elevation and 

about 4 mm at 80° elevation
Phase center variations (PCV) For receiver and transmitter: different pattern for each of the 16 ground stations 

and satellites
For receiver and transmitter code measurements: multiplication by factor 50 

represents a worst case scenario
The signatures are comparable to multipath

Constant bias Different bias per satellite, randomly distributed up to 5 mm
Variation with once per revolution Different variation per satellite, randomly distributed up to 5 mm emulates 

temperature-dependent inter-technique bias per satellite

The error free force model in the simulations includes the 
Earth gravity field up to degree and order 12, ocean and 
solid Earth tides, influences from third bodies (Sun, Moon, 
Venus, Mars and Jupiter). For SRP we applied a modeling 
error (see Sect. 4).

3.3  Estimation

In the solution, we parameterized the satellite orbits with 
six osculating elements and nine or more empirical SRP 
parameters (see Sect. 4). Furthermore, we estimated station 
specific piecewise linear tropospheric zenith delays every 
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two hours (L-band), ground station coordinates per 24 hours 
(L-band and OTWL), epoch-wise satellite and ground sta-
tion clocks (L-band, OTWL and OISL) as well as L-band 
phase ambiguities per pass (float). In addition, we estimated 
daily range and clock biases for each satellite (OISL and 
OTWL) as well as each ground station in case of OTWL. We 
simulated inter-technique biases affecting the clock and the 
range. However, we estimated only one bias per clock and 
one per range, representing the bias between L-band and the 
optical techniques. The estimation of biases per observation 
technique would be the next step, but is only relevant for 
the scenarios L-band + OTWL + OISL and OTWL + OISL. 
Regarding the ground station coordinates, we assumed 
small coordinate eccentricities errors of about 0.5 mm (3D) 
between L-band and OTWL. However, we estimate only one 
reference coordinate per station, to which all observation 
techniques refer to. An overview of the estimated param-
eters regarding each observation technique can be found in 
Table 4. Following the OTWL observation schedule, for 
16 ground stations and 24 satellites around 42560 OTWL 
observations were simulated per day. In comparison, around 
403890 GNSS observations in code and phase as well as 
around 32300 OISL observations were simulated per day.

In the analysis procedure we defined the geodetic datum 
by fixing the coordinates and the clock of one ground station 
(GASC) for L-band and OTWL. For comparison, we per-
formed a second procedure fixing another station (GKOU). 
The analysis shows that fixing another station does not affect 
the behavior of the results.

Having only 16 ground stations in the estimation, an all-
stations-fixed scenario would be chosen in the real world to 
stabilize the solution since the coordinates are assumed as 

well known. For this reason, we did another analysis with 
fixing all 16 ground station coordinates in the estimation 
(shown at the end of Sect. 5)—still only one ground station 
clock is fixed. In a first scenario we did not assume station 
coordinate errors. A second scenario takes station coordinate 
errors into account. A comparison of both scenarios shows 
the impact of the coordinate errors on the orbit solution. 
Defining an all-stations-fixed geodetic datum, the additional 
constraints added may on the one hand stabilize the solution 
due to the strong tie to the reference frame, and on the other 
hand they may distort the solution as systematic errors can 
no longer be absorbed in the station coordinates. The results 
in this paper show that a L-band + OISL scenario benefits 
a lot from an all-stations-fixed geodetic datum, while for a 
L-band + OTWL scenario the orbits can be adjusted with 
high accuracy in a system with a one-station-fixed or an all-
stations-fixed geodetic datum.

4  Solar radiation pressure modeling

Doing simulations, one faces two typical problems: First, 
one can only take already known modeling or systematic 
measurement errors into account. Second, the analysis is 
future oriented and, hence, it is difficult to specify the utmost 
precision and accuracy of the measurements. In this study, 
the main modeling issue in orbit determination of Galileo 
satellites is SRP. We just focus on this modeling error. Fur-
thermore, we assume a moderate accuracy and precision 
for the optical ranging techniques. Other non-gravitational 
forces, like thermal radiation, radiators, thruster leakage and 
attitude biases, can be taken into account in future work.

Table 4  Estimated parameters regarding each observation technique

Estimated parameters L-band OTWL OISL

Station specific tropospheric zenith delays ✓
Every two hours

- -

Ground station coordinates ✓/– ✓/– –
Both observation techniques refer to the same reference coordinates at each site with a 

known eccentricity
Epoch-wise satellite and ground station 

clocks
✓ ✓ ✓

One clock for each satellite and each ground 
station

Phase ambiguities ✓ – –
Range biases – ✓ ✓

One bias for each satellite and ground sta-
tion, respectively (also in scenarios with 
L-band + OTWL + OISL and OTWL + OISL)

Clock biases – ✓ ✓
One bias for each satellite and ground sta-

tion, respectively (also in scenarios with 
L-band + OTWL + OISL and OTWL + OISL)
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Two strategies are possible when modeling SRP:

– The physical approach is to describe the absorption and 
reflection properties of the main surfaces of the satel-
lite. For instance, a box-wing model is a physical model 
that approximates the general shape of the satellite (Bury 
et al. 2019; Duan et al. 2019).

– The empirical approach is to estimate periodic accelera-
tions of the satellite in an appropriate coordinate sys-
tem, described by models like the Empirical CODE Orbit 
Model 2 (ECOM2) (Arnold et al. 2015).

ECOM2 (see Eq. (1)) is one of the commonly used empir-
ical SRP models in the IGS community for the processing 
of GNSS solutions. Generally, the SRP parameters are esti-
mated in the Sun-Satellite-Earth frame (SSE): D points from 
the satellite to the Sun, Y is in the direction along the solar 
panels and B completes the right-handed orthogonal system. 
The accelerations in each of the DYB directions encom-
pass a constant term as well as sine and cosine terms with 
selected frequencies that are integer multiples of once per 
revolution. ECOM2 covers constant terms in all DYB direc-
tions, as well as two and four times per revolution terms in D 
direction and a once per revolution term in B direction (see 
Eq. (1) with the argument of latitude with respect to the sun 
Δu). The per revolution parameters are divided into a sine 
and cosine parameter. In the further context, we name the 
parameters related to the direction with the corresponding 
letter D, Y or B and append the per revolution term by its 
number. For example, the D2 parameters are related to direc-
tion D with a frequency of twice per revolution. A subscript 
c names the cosine, s the sine parameter and 0 the constant 
parameters.

(1)
D = D

0
+ D2

c
cos (2Δu) + D2

s
sin (2Δu) + D4

c
cos (4Δu) + D4

s
sin (4Δu)

Y = Y
0

B = B
0
+ B1

c
cos (Δu) + B1

s
sin (Δu)

Two SRP model types following different modeling strat-
egies is an appropriate starting point for orbit determination 
simulations:

– We can define the simulation truth (true orbit) with a 
physical model.

– We introduce a slightly wrong physical model represent-
ing the a priori modeling error (mismodeled orbit), used 
as input for the orbit adjustment.

– Fitting empirical accelerations to realistic measurements 
with observation errors using a least-squares adjustment 
results in an adjusted orbit. As the empirical parameters 
cannot compensate the modeling errors perfectly in total, 
the adjusted orbit includes a corresponding a posteriori 
modeling error.

– Calculating a best possible orbit, we can quantify this a 
posteriori modeling error (see below).

Hence, this procedure defines four different orbit types 
that are generally relevant in a simulation study: true, mis-
modeled, adjusted and best possible orbits. Figure 2 gives 
a scheme how these orbit types are generated in our study. 
The following subsections describe the generation of the 
orbits by guiding through the scheme (Fig. 2), followed by 
an analysis of the introduced modeling error.

4.1  True orbit

To get as realistic Galileo orbits as possible, we retrieved 
MGEX CODE orbits of the IGS (Prange et al. 2020) and 

Fig. 2  Scheme of the orbit generation procedure of this simulation study
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adjusted them with models. To get the simulation truth 
for our study, we used the box-wing model by Duan et al. 
(2019) as a physical model. The box-wing model consid-
ers the surfaces of a satellite in ±x, ±y and ±z body-fixed 
directions (box) and the solar panel area (wings). The 
physical optical parameters of absorbed α, reflected ρ and 
diffusely reflected δ photons are modeled for each satellite 
surface. Integrating the Galileo orbits with a box-wing 
parameter set assumed as true leads us to the simulation 
truth, represented by the true orbit that is used to simulate 
the observations. The FOC and IOV satellites are inte-
grated with slightly different box-wing parameters.

4.2  Mismodeled orbit

To get the mismodeled orbit, the input orbit for the least-
squares adjustment, the true orbit was integrated with a 
modified box-wing parameter set to introduce an orbit with 
an a priori modeling error. We generated two mismodeled 
orbits with different SRP modeling errors to analyze the 
influence of different modeling errors to the solution. The 
following models are identically used for FOC and IOV sat-
ellites, which leads to a slightly higher modeling error for 
the IOV satellites as the true box-wing parameters have a 
slightly larger difference.

First, we modified the three optical parameters of 
absorbed α, reflected ρ and diffusely reflected δ photons 
in the directions ±x, ±y and ±z by 10–20% (see the equa-
tions shown in Table 5). Box surfaces and solar panel sizes 
remained unchanged. Thus, generated mismodeled orbits 
are wrong by around 15 cm on average (true—mismodeled 
orbit). We further call this the mismodeled orbit according 
to modeling error 1. This mismodeled orbit was mainly used 
in this simulation study.

Second, we modified the box surface in ±x direction by 
+4% (Table 6). The solar panel sizes as well as the three 
optical parameters remained unchanged for all directions 
for this simulation. We further call this the mismodeled orbit 
according to modeling error 2.

The satellite producer and ESA do not publish errors for 
the physical optical parameters, but discussed uncertainties 
are at a level of about 10%. A study analyzed the error of 
a box-wing model compared to a CAD (Computer-Aided 
Design) model and concluded that the satellite surfaces are 

wrong by 7% for GPS and 2% for Galileo on average for 
all beta angles (Li and Ziebart 2020). As we analyzed indi-
vidual errors for the physical optical parameters and the sat-
ellite box, our assumed modeling errors fit well to the total 
acceleration errors due to SRP.

4.3  Adjusted orbit

The resulting orbit from the least-squares adjustment of the 
measurements is the adjusted orbit. Using the mismodeled 
orbit as the a priori orbit, the adjusted orbit is based on mod-
eling error 1 or 2, respectively, with additionally adjusted 
empirical parameters.

4.4  Best possible orbit

The best possible orbit delivers the maximum achievable 
accuracy from the introduced modeling errors. This orbit is 
retrieved by adjusting the true orbit positions using an orbit 
model based on the mismodeled box-wing parameter set and 
additionally adjusting empirical parameters. The difference 
of the best possible orbit and the adjusted orbit thus is the 
fact that the former is adjusted to the true orbit positions 
while the latter is adjusted to the observations simulated 
using the true orbit. In comparison with the mismodeled 
orbit, empirical parameters are estimated for both of them.

4.5  Modeling error analysis

Empirical orbit models like ECOM2 (Eq. (1)) use different 
per revolution-dependent terms. In a pre-simulation analysis, 
we investigated the influence of such once per revolution-
dependent terms and their multiples, caused by the a priori 

Table 5  Modification of 
box-wing parameters used to 
generate the mismodeled orbit 
(modeling error 1)

±x ±y ±z

�mismodeled = 1.2�true 0.9�true 1.1�true

�mismodeled = 1−
(

1.2�true + �true
)

1−
(

0.9�true + �true
)

1−
(

1.1�true + �true
)

�mismodeled = �true �true �true

boxsurfacemismodeled = boxsurfacetrue boxsurfacetrue boxsurfacetrue

wingsizemismodeled = wingsizetrue wingsizetrue wingsizetrue

Table 6  Modification of box-wing parameters used to generate the 
mismodeled orbit (modeling error 2)

±x ±y ±z

�mismodeled = �true �true �true

�mismodeled = �true �true �true

�mismodeled = �true �true �true

boxsurfacemismodeled = 1.04 boxsurfacetrue boxsurfacetrue boxsurfacetrue

wingsizemismodeled = wingsizetrue wingsizetrue wingsizetrue
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box-wing model errors. We extracted the computed SRP 
accelerations from the true and the mismodeled orbit in the 
SSE frame and computed the differences (true—mismodel). 
We processed SRP accelerations for the same four 10-day 
time periods used in the simulation study. The analysis was 
done for one satellite of each of the four Galileo planes A-D 
as the beta angle is the same for all satellites in the same 
orbital plane. The planes A-C refer to the regular Galileo 
orbital planes. Plane D was defined for the satellites E14 and 
E18 in eccentric orbits.

Figure 3 shows the Power Spectral Density (PSD) of 
the acceleration difference true—mismodeled according to 
modeling error 1 (Table 5) for the days 043–052 from 2019 
(19043-052). The following discussion is transferable to the 
other three simulation time periods as well. In Y direction 
there is overall no influence. The even per revolution terms 
are dominant in D direction, while the odd terms are domi-
nant in B direction, as expected. This is less obvious for the 
satellites E14 and E18 in eccentric orbits for which addi-
tional harmonic terms are required because Δu is no longer 
linear with time. For some beta angles, the three times per 
revolution term is more dominant than the once per revolu-
tion term. Figure 4 shows the PSD of the acceleration dif-
ference true—mismodeled according to modeling error 2 
(Table 6) for the period 19043-052. The results are again 

transferable to the other three time periods. In this case, the 
main terms are up to twice per revolution for all planes. The 
influence of higher per revolution terms is negligibly small.

From this analysis we can conclude that the influence of 
certain per revolution terms is dependent on different mod-
eling errors and the resulting impact on SRP accelerations. 
The ECOM2 model was developed by reviewing direct SRP 
models for GNSS satellites (Arnold et al. 2015). We ana-
lyzed the SRP influence by modifying box-wing parameters. 
In case of a SRP influence with respect to the modeling error 
1 (Table 5), we identify in addition to B1, D2 and D4 also a 
strong influence of B3 parameters, which are not taken into 
account by the ECOM2 model. In this regard, we would 
expect an effect on the orbit adjustment with the estimation 
of additional B3 parameters as well. We mainly use the mis-
modeled orbit according to modeling error 1 (Table 5) in this 
simulation study. However, for the discussion of the results 
in Sect. 5, we compared the adjusted orbits resulting from 
both mismodeled box-wing models—according to modeling 
error 1 (Table 5) and modeling error 2 (Table 6)—to show 
if it is possible to estimate higher per revolution terms to 
improve the adjusted orbit, independently from the accelera-
tions acting on the satellite.

Furthermore, we analyzed the beta angle dependence of 
the estimated B as well as the D acceleration parameters for 

Fig. 3  PSD of the acceleration difference extracted from the true and 
mismodeled box-wing model for the time period 19,043–052 with 
respect to modeling error 1 (Table 5). The results are computed for 
one satellite of each of the four Galileo planes. Satellite E24 relates 

to plane A, E12 to B, E04 to C. For the more eccentric satellites like 
E14 we define the plane D as the fourth plane. The x-axis shows the 
per revolution terms, the y-axis the amplitude of the acceleration
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all four analysis periods and all 24 satellites of the constel-
lation. The parameters—sine and cosine of B1, B3 and B5 
as well as D2, D4 and D6—which are estimated when gen-
erating the best possible orbit, show which of the individual 
SRP parameters absorb the introduced modeling error 1 

(Table 5). Figure 5 shows the absolute value of the obtained 
empirical accelerations as a function of the beta angle. Gen-
erally, in the sine terms no significant beta angle dependence 
can be found. This is expected as the accelerations from the 
box-wing model are symmetric with respect to the satellite 

Fig. 4  PSD of the acceleration difference extracted from the true 
and mismodeled orbit for the time period 19,043–052 with respect 
to modeling error 2 (Table  6). The x-axis shows the per revolution 

terms, the y-axis the amplitude of the acceleration. Satellite E24 
relates to plane A, E12 to B, E04 to C. For the satellites in eccentric 
orbits, like E14, we define the plane D as the fourth plane

Fig. 5  Dependence of the B1, B3, B5 parameters (top and bottom 
left graphics) and D2, D4, D6 (top and bottom right graphics) with 
respect to the beta angle. The analysis was done for the four time 

periods 19,043–052, 19,012–111, 19,132–141 and 19,163–172 and 
24 Galileo satellites. The top graphics show the absolute value of the 
cosine parameters, the bottom graphics the sine parameters
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position along the orbit relative to the Sun. However, in the 
cosine parameters a clear beta angle dependency is recog-
nizable. The impact on B1 and B3 is relatively large, while 
for B5 the accelerations are negligibly small for beta angles 
larger than 40°. Beta angle dependence can be found for D2 
and D4 parameters as well. The acceleration related to D6 
are, however, relatively small for all beta angles compared 
to D2, D4 and the B parameters. These results show the 
varying projection of the accelerations induced by the box-
wing modeling error into the SSE coordinate directions as a 
function of the beta angle.

Furthermore, we had a look at the error of the best pos-
sible orbits resulting from the different SRP parameter esti-
mates. When estimating per revolution terms in B and D 
directions up to order five in the orbit adjustment, a decrease 
of the mean 3D-RMS orbit error could be determined. 

When estimating the terms D6, no improvement was rec-
ognizable. In a scenario with ECOM2 and estimating terms 
B3+B5+D6, the best possible mean 3D-RMS error even 
increased again. For this reason, we investigated in the fol-
lowing only the influence of up to five times per revolu-
tion terms. We defined four SRP scenarios for this simula-
tion study: the first scenario relates to the commonly used 
ECOM2 model given in Eq. (1), in the second we replaced 
the B1 parameters with B3, see Eq. (2), in the third we 
extended ECOM2 by B3, Eq. (3), and in the fourth we 
extended ECOM2 by B3 and B5, Eq. (4).

Figure 6 shows the error of the best possible orbit as a 
function of the beta angle for the four SRP estimation sce-
narios. The mean orbit error results in 3.4 mm for scenario 
(1), 7.0 mm for (2), 1.0 mm for (3) and 0.9 mm for (4). The 
large mean error for scenario (2) is due to a continuously 

(2)
D = D

0
+ D2

c
cos (2Δu) + D2

s
sin (2Δu) + D4

c
cos (4Δu) + D4

s
sin (4Δu)

Y = Y
0

B = B
0
+ B3

c
cos (3Δu) + B3

s
sin (3Δu)

(3)B = B
0
+ B1

c
cos (Δu) + B1

s
sin (Δu) + B3

c
cos (3Δu) + B3

s
sin (3Δu)

(4)B = B
0
+ B1

c
cos (Δu) + B1

s
sin (Δu) + B3

c
cos (3Δu) + B3

s
sin (3Δu) + B5

c
cos (5Δu) + B5

s
sin (5Δu)

Fig. 6  Orbit errors of the best 
possible orbit with respect to 
the beta angle. The top left fig-
ure relates to the SRP modeling 
according to Eq. (1), the top 
right to Eq. (2), the bottom left 
to Eq. (3) and the bottom right 
to Eq. (4). The black line is a 
polynomial fit of the data with 
order five to guide the eyes. 
The planes A to C are the three 
regular Galileo satellite planes. 
Plane D consists of the more 
eccentric E14 and E18 satellites. 
The IOV satellites have slightly 
larger orbit errors regarding the 
mean value, due to the slightly 
larger modeling error
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increasing error for increasing beta angles above 30°. This 
result is consistent to the result presented in Fig. 5. The 
course of the polynomial fit of scenario (2) shown in Fig. 6 
is similar to the accelerations represented by the cosine B1 
in Fig. 5, which is not estimated in scenario (2). The same is 
recognizable for scenario (1) in Fig. 6 and the accelerations 
of B3 in Fig. 5. In scenario (3) shown in Fig. 6 both B1 and 
B3 were estimated, resulting in orbit errors in the range of 
around 1 mm for all beta angles, showing the importance 
of estimating these terms. It should be noted that the three 
IOV satellites (two in plane B and one in C) show slightly 
larger discrepancies from the mean value, due to the slightly 
larger simulated SRP modeling error (see Sects. 3.1 and 3.2). 
However, we have to consider that the overall orbit error is 
already quite small with maximum values up to around 2.5 
mm. The two satellites in eccentric orbits (plane D), how-
ever, fit very well with the mean value, although the argu-
ment of latitude is not optimal as argument of the harmonic 
expansion of the SRP accelerations for these satellites. When 
we compare scenario (4) with (3), a decrease of the orbit 
errors for small beta angle is recognizable. This behavior 
coincides with that of the B5 accelerations of Fig. 5. Com-
paring Fig. 5 and 6, the residuals of the best possible orbit fit 
show the signature of the not estimated parameter.

5  Results

We now discuss the results of this simulation study. We 
evaluate the influence of a combined Galileo L-band and 
OTWL (Optical Two-Way Links) scenario for Galileo POD 
using 16 Galileo Sensor Stations. The results are compared 
to an L-band-only scenario. Furthermore, we compare the 
influence of OTWL in contrast to OISL (Optical Inter-Sat-
ellite Link) measurements in addition to Galileo L-band. We 
evaluate the full network with L-band, OTWL and OISL 
observations as well as a solution without L-band, mak-
ing only use of both optical observation techniques. For all 
observation technique combinations, we additionally show 
the influence of a B3 SRP parameter estimated in addition 

to the regular ECOM2 parameter set. Therefore, we compare 
four scenarios with SRP modeling according to Eqs. (1), 
(2), (3) and (4). We further also call these the scenarios (1), 
(2), (3) and (4). The following results were computed using 
the mismodeled orbit based on modeling error 1 (Table 5). 
Comparisons to the results generated using mismodeled 
orbits according to modeling error 2 (Table 6) are added to 
the discussion.

With two or more different observation techniques in 
combination, the weighting of the different measurements 
can significantly affect the results. To find the weights 
which best represent the real-world observation precision 
is a critical task. Table 7 collects the weighting (variance 
factor) for the different analysis scenarios. In this simu-
lation study, we weighted L-band, OTWL and OISL in 
each combination such that the resulting difference of the 
true and adjusted orbit is minimized. The result shows 
that in case of L-band + OTWL and L-band + OISL the 
L-band phase measurements have to be down-weighted 
with respect to the more precise OTWL and OISL meas-
urements. In the L-band + OTWL + OISL scenario a dif-
ferent weight leads to negligible differences in the results. 
Therefore, we weighted L-band, OTWL and OISL equally. 
For the OTWL + OISL scenario we weighted OISL meas-
urements with respect to the OTWL measurements. In this 
case, the measurements have to be weighted equally. This 
is expected since both links have similar systematic errors.

Our analysis encompasses the following four parts:

– In a first analysis we compare the formal orbit uncertain-
ties. These represent the stochastic measurement errors 
as well as the observation geometry. We took the infor-
mation from the covariance matrix of the adjusted orbit 
parameters propagated in radial, along- and cross-track 
directions and averaged along the orbit.

– Second, we analyze the orbit differences between the true 
and adjusted obits in contrast to the formal orbit uncer-
tainties. The orbit differences include the effects of the 
systematic modeling errors on the orbits. The analysis of 
both formal orbit uncertainties and orbit errors was done 

Table 7  Weighting (variance 
factor) of OTWL and OISL 
measurements with respect to 
Galileo L-band measurements 
( �2

L−band

�2

OTWL∕OISL

 ) for the different 
observation technique 
combinations

In case of the OTWL + OISL combination the OISL measurements are weighted with respect to the OTWL 
measurements

Weighting within observation technique combination

SRP modeling 
according to

L-band + OTWL L-band + OISL L-band + OTWL + OISL OTWL + OISL

OTWL OISL OTWL OISL OISL

Equation (1) 25 5 1 1 1
Equation (2) 100 5 1 1 1
Equation (3) 100 100 1 1 1
Equation (4) 100 100 1 1 1
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for solutions based on 16 Galileo Sensor Stations, with 
coordinates of just one ground station fixed.

– In a third analysis step, we gradually reduce the number 
of ground stations for OTWL observations to simulate 
possible cloudy weather conditions or a Galileo Sensor 
Station network which is not fully equipped with optical 
terminals. In this regard, ground stations tracking Galileo 
L-band signals are not reduced.

– The fourth analysis step compares the results of solu-
tions with coordinates of just one ground station fixed—
for both L-band and OTWL—and with all 16 stations 
fixed. In doing so, we analyze a first scenario in which no 
ground station coordinate errors are assumed. In a second 
scenario, we use wrong coordinates for the simulation of 
L-band and OTWL observation, with small eccentric-
ity errors between L-band and OTWL. We evaluate the 
impact of the station coordinate errors on the orbit solu-
tions.

5.1  Formal orbit uncertainty

The formal orbit uncertainty focuses the analysis on the 
stochastic errors and the geometrical configuration of the 
measurements. Figure 7 gives the formal orbit uncertainty 
of all four SRP modeling scenarios for L-band with respect 
to the beta angle. Shown are the daily mean formal orbit 
uncertainties per satellite, adjusted by a polynomial of fifth 
order. No beta angle dependence can be found for the SRP 
scenarios (1) and (2). However, the scenarios (3) and (4) 
show a strong increase of the formal orbit uncertainty for 
beta angles below 15°. Interestingly, for L-band the low-
est formal orbit uncertainty of around 27 mm is achiev-
able with SRP scenario (2). This means that this SRP 
model performs better for our orbit modeling error than 
the commonly used ECOM2 model with a mean formal 
orbit uncertainty of around 31 mm. We noticed this behav-
ior already in Schlicht et al. (2020). Estimation of more 
than nine empirical parameters leads to larger formal orbit 
errors in an L-band-only solution, compared to the nine 

Fig. 7  Formal orbit uncertain-
ties of the L-band solution 
with respect to the beta angle. 
The lines represent polynomial 
adjustments of order five to the 
daily mean per satellite. The 
four SRP modeling scenarios 
according to Eqs. (1), (2), (3) 
and (4) are compared to each 
other

Table 8  Formal orbit 
uncertainty with respect to the 
SRP modeling scenarios for 
each simulated observation 
technique combination in 
millimeters

The formal orbit uncertainty is a 3D mean for all 40  days of the simulation time periods. There is no 
noticeable beta angle dependence for the formal orbit uncertainties of these observation technique combi-
nations

SRP mod-
eling accord-
ing to

L-band-
only 
(mm)

L-band + OTWL 
(mm)

L-band + OISL 
(mm)

L-band + OTWL + OISL 
(mm)

OTWL + OISL 
(mm)

Equation (1) 31.0 1.2 2.4 1.1 0.3
Equation (2) 26.9 0.8 2.7 1.2 0.3
Equation (3) 36.4 0.8 2.6 1.2 0.4
Equation (4) 38.3 0.9 2.5 1.2 0.4
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parameter models. The mean formal orbit uncertainty is 
at around 36 mm for scenario (3) and 38 mm for scenario 
(4). Table 8 collects the simulated scenarios for combined 
observation technique solutions.

The given formal orbit uncertainty is a 3D mean over 
the four simulation time periods since no significant beta 
angle dependence was noticeable for these cases. With 
L-band + OISL formal uncertainties down to 2.4 mm and 
with L-band + OTWL down to 0.8 mm are achievable. 
While for L-band + OISL the best result can be achieved 
with SRP model (1), model (2) is at the lower end. For 
L-band + OTWL it is opposite. With a formal orbit uncer-
tainty of around 1.1 mm, the L-band + OTWL + OISL 
scenario achieves slightly worse results compared to 
L-band + OTWL. The combination of the optical tech-
niques OTWL + OISL reaches 0.3 mm and represents 
the best scenario. Overall, the formal orbit uncertainty 
improvement with respect to the best L-band-only 
solution is at around 91% for L-band + OISL, around 
96 % for L-band + OTWL + OISL, around 97 % for 
L-band + OTWL and around 99 % for OTWL + OISL. 

Using the mismodeled orbit according to modeling error 
2 (Table 6) gives the same results.

5.2  Orbit error

The analysis of the orbit errors, the difference between the 
true and adjusted orbits, focuses on the systematic effects 
in the measurements. In this regard, modeling errors gain 
importance as well. Figure 8 collects the results for the four 
SRP models for the L-band-only solution as a function of the 
beta angle. The results are polynomial adjustments of order 
five of the daily mean 3D-RMS orbit errors per satellite. The 
results for the different SRP model solutions resemble the 
formal orbit uncertainties. Again, with a mean 3D-RMS of 
around 217 mm, the SRP model (2) gives the best results. 
In comparison, with ECOM2 a mean orbit error of around 
235 mm can be achieved. The main impact of the system-
atic errors on the POD with L-band is from phase center 
variations (PCV) errors, which are also intended to cover 
multipath in our simulations. The error contribution of the 
PCV is larger than the troposphere delay error, which can be 

Fig. 8  Orbit errors (3D-RMS) 
of the L-band solution with 
respect to the beta angle. The 
results are polynomial adjust-
ments of order five of the daily 
mean per satellite. The four SRP 
modeling scenarios according 
to Eqs. (1), (2), (3) and (4) are 
compared to each other

Table 9:  3D-RMS orbit 
error of the orbit difference 
true—adjusted for each SRP 
modeling scenarios and each 
simulated observation technique 
combination in millimeters

The orbit error is a mean of the 3D-RMS for all 40 days of the simulation time periods

SRP mod-
eling accord-
ing to

L-band-
only 
(mm)

L-band + OTWL 
(mm)

L-band + OISL 
(mm)

L-band + OTWL + OISL 
(mm)

OTWL + OISL 
(mm)

Equation (1) 234.8 13.3 25.4 6.2 11.2
Equation (2) 216.8 17.1 35.1 14.3 18.3
Equation (3) 275.1 3.6 21.6 3.4 10.6
Equation (4) 294.9 3.6 21.9 3.4 10.8
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compensated well by estimating station specific piecewise 
linear tropospheric zenith delays (see Table 4).

Table 9 collects the 3D-RMS orbit errors as a mean of the 
40 days of the analysis periods. Figures 9, 10 and 11 give 
an overview of the 3D-RMS orbit errors as a function of the 
beta angle for the observation technique combinations. The 
results regarding SRP modeling according to Eq. (4) are not 
shown since they are not significantly different from (3).

Figure  9 relates to SRP scenario (1). For the 
L-band + OTWL scenario a beta angle dependency is recog-
nizable, while the other observation technique combinations 
do not show a significant beta angle dependence. In analogy 
to the analysis regarding the best possible orbits (see Fig. 6), 
the shape of the polynomial adjustment is comparable to 
the B3 acceleration in Fig. 5 suggesting that it is caused 
by the not estimated B3 parameters in case (1). The orbit 
errors for the L-band + OTWL scenario are generally lower 
than for L-band + OISL, while L-band + OTWL + OISL 
achieves the best results (see Table 9). The noise in the 
L-band + OTWL + OISL scenario is extremely small com-
pared to the other combinations. However, still small sys-
tematic discrepancies are visible for some satellites at certain 
times in this case. In the other three scenarios such system-
atic effects disappear in the noise. The OTWL + OISL sce-
nario overall achieves better results than the L-band + OISL 

scenario. This means that OTWL can fix the satellite con-
stellation to the solid Earth more effectively than L-band, 
despite the smaller number of observations per epoch.

For the L-band + OTWL solution with the SRP modeling 
according to Eq. (2), shown in Fig. 10, an identical behav-
ior is noticeable: the shape of the polynomial adjustment is 
similar to the B1 accelerations in Fig. 5. In case of scenario 
(2), the other observation technique combinations show beta 
angle dependences as well. The L-band + OISL scenario has 
the weakest beta angle dependency. The influence of not 
estimated B1 parameters on the results is in total much larger 
than for not estimated B3 parameters. The achievable orbit 
quality with L-band + OTWL is again generally superior to 
L-band + OISL (see Table 9). L-band + OTWL + OISL is 
still the best scenario, but much closer to the results from 
L-band + OTWL.

From the analysis to this point it can be concluded that 
the orbit accuracy related to the OTWL is highly beta angle 
dependent due to the not estimated SRP parameters B1 or 
B3. However, when both B1 and B3 parameters are esti-
mated (see Fig. 11), the beta angle dependence disappears. 
In this case, the other scenarios again do not show this either. 
This SRP scenario is overall the best for all observation tech-
nique combinations. Looking at Table 9, with a mean orbit 
error of around 3.6 mm, the L-band + OTWL scenario is 

Fig. 9  Orbit errors (3D-RMS) of the solutions related to the different 
observation technique combinations with respect to the beta angle. 
The comparison is for SRP modeling according to Eq. (1). The black 

lines are polynomial adjustments of order five of the daily mean per 
satellite to guide the eyes
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Fig. 10  Orbit errors (3D-RMS) of the solutions related to the dif-
ferent observation technique combinations with respect to the beta 
angle. The comparison is for SRP modeling according to Eq. (2). The 

black lines are polynomial adjustments of order five of the daily mean 
per satellite to guide the eyes

Fig. 11  Orbit errors (3D-RMS) of the solutions related to the dif-
ferent observation technique combinations with respect to the beta 
angle. The comparison is for SRP modeling according to Eq. (3). The 

black lines are polynomial adjustments of order five of the daily mean 
per satellite to guide the eyes
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similar to the L-band + OTWL + OISL scenario (3.4 mm). 
In this regard, the influence of additional OISL observa-
tions would be negligibly small. The orbit error improve-
ment with L-band + OTWL is around 83 % with regard to 
L-band + OISL and around 98 % with regard to the best 
L-band-only solution (SRP scenario (2)). The advantage of 
the ground-space link, in contrast to a satellite-to-satellite 
link, comes from the possibility to synchronize the ground 

station clock as well. With OISL, only the satellite clocks 
are synchronized. Furthermore, the high-precision ground-
space oriented OTWL helps with the orbit adjustment in a 
system with a one-station-fixed geodetic datum (coordinates 
and clock of just one ground station fixed). As already men-
tioned, the purely optical scenario OTWL + OISL generally 
achieves better results than L-band + OISL. However, the 
good results from the formal orbit uncertainty do not transfer 
to the orbit error solution. This means that the systematic 
effects and clock errors cannot be mitigated completely in 
the OTWL + OISL scenario. The L-band measurements 
are supportive in this case (see L-band + OTWL + OISL 
scenario). When we compare these results with the results 
using the mismodeled orbits according to modeling error 2 
(Table 6), the general behavior is the same. These results 
are summarized in Table 10. The scenario estimating B1 
and B3 (SRP scenario (3)) does not negatively affect the 
results, compared to an estimation with ECOM2 (SRP sce-
nario (1)). Rather, the combinations L-band + OTWL and 
L-band + OISL show a slight improvement of the 3D-RMS 
orbit error. This means that all parameters of the SRP sce-
nario (3) with both parameters B1 and B3 could be esti-
mated in an analysis based on these observation technique 

Table 10:  3D-RMS orbit error 
of the orbit difference true—
adjusted with respect to the SRP 
modeling scenarios for each 
simulated observation technique 
combination in millimeters

The table shows the results computed with the mismodeled orbit according to modeling error 2 (Table 6). 
The orbit error is a mean of the 3D-RMS for all 40 days of the simulation time periods

SRP mod-
eling accord-
ing to

L-band-
only 
(mm)

L-band + OTWL 
(mm)

L-band + OISL 
(mm)

L-band + OTWL + OISL 
(mm)

OTWL + OISL 
(mm)

Equation (1) 235.4 3.7 23.0 3.2 10.3
Equation (2) 218.1 4.9 23.5 4.7 10.5
Equation (3) 275.1 3.3 22.0 3.2 10.6
Equation (4) 294.9 3.5 22.0 3.2 10.8

Table 11  Selected OTWL ground stations for reduced station scenar-
ios (compare to Fig. 1)

In case 2 for two stations, we compared a North–South (GASC, 
GKIR) and an East–West (GASC, GNOU) configuration. The E-W 
configuration is slightly superior and was, hence, used in the analysis

Selected OTWL ground stations

7 GASC, GKIR, GKER, GNOU, 
GPAP, GSTP, GTRO

5 GASC, GKIR, GNOU, GPAP, GTRO
4 GASC, GKIR, GNOU, GTRO
3 GASC, GKIR, GNOU
2 GASC, GNOU | GASC, GKIR
1 GASC

Fig. 12  Relative orbit error 
improvement with respect to 
the L-band-only scenario in 
percent. The x-axis displays the 
number of used OTWL ground 
stations for each scenario (com-
pare with Table 11). Stations 
for L-band measurements are 
unchanged and use the full 16 
Galileo Sensor Station network. 
The results are related to the 
SRP modeling according to 
Eq. (1)
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combinations—independent of the SRP accelerations acting 
on the satellites.

5.3  Reduced station scenarios for OTWL 
observations

The reduction in the number of ground stations with OTWL 
observations simulates possible cloudy weather conditions 
or a Galileo Sensor Station network which is not fully 
equipped with optical terminals. However, this analysis 
also identifies the number of ground stations required to 
achieve a certain level of orbit improvement with respect 
to the L-band-only scenario. The number of OTWL ground 
stations is gradually reduced. Table 11 shows the selected 
stations for the different scenarios. Figure 12 collects the 
relative improvement of the orbit error with respect to the 
L-band-only solution. The shown orbit error improvements 
are related to the SRP modeling according to Eq. (1), but the 
behavior is similar for the other SRP modeling scenarios as 
well. The number of ground stations used for L-band meas-
urements is not reduced in all cases. This means that the 
result for the L-band + OISL scenario stays unchanged and 
is just shown for comparison. The L-band + OISL scenario 
gives a maximum orbit error improvement of around 89% 
with respect to the L-band-only scenario.

Reducing the number of stations in an L-band + OTWL 
scenario, the orbit error improvement decreases continu-
ously. However, the L-band + OTWL orbit error improve-
ment is superior to the L-band + OISL scenario using more 
than five OTWL stations. Using three OTWL stations, an 
orbit error improvement of around 74% is possible and still 
around 31% with one station, with respect to L-band-only.

It is highly remarkable that the results for the 
L-band + OTWL + OISL scenario do not significantly 
change when reducing OTWL observation stations. The 
orbit error improvement remains constant at around 97.5 
% with respect to L-band-only. This means that additional 
OTWL observations from only a single ground station 
already give a further orbit error improvement of around 
8.5 % with respect to the L-band + OISL scenario. It is very 
important to note that this one ground station has fixed 

coordinates and clocks. Signal biases and modeling errors 
are simulated for the OTWL observations with regard to 
this fixed station.

In a scenario without L-band, just using OTWL + OISL 
observations, the orbit error improvement varies slightly 
with a reduction of the number of ground stations. This is 
a reminder that the simulation is built on different types of 
random errors.

5.4  Fixing the ground station coordinates

In a further analysis we compare the results with fixing the 
coordinates of just one station (GASC) in the estimation, as 
for the results presented above, and the scenario with fixing 
the coordinates of all 16 Galileo Sensor Stations for L-band 
and OTWL. The clocks of the stations, except for one station 
(GASC), were estimated in any case. Such a scenario also 
represents a real-world application since the coordinates of 
grounds stations are generally assumed as well known.

Table 12 shows the results for the scenario with fixed 
station coordinates for the whole Galileo Sensor Station net-
work of 16 stations. We used no ground station coordinate 
errors in this scenario. Comparing Table 12 with Table 9, 
the orbit errors from the L-band-only (1), (3) and (4) sce-
narios are worse compared to the results of the one-station-
fixed scenarios due to station-related modeling errors. As 
we do not estimate a bias for L-band, all systematic errors 
are shifted to the station coordinates, clocks or the orbits. 
When all stations are fixed, we remove some of the freedoms 
for the least-squares adjustment. Again scenario (2) is the 
best and, interestingly, is the only scenario which improves 
compared to the one-station-fixed scenario (see Table 9). A 
large improvement can be achieved for L-band + OISL for all 
SRP modeling scenarios. Especially the scenarios with more 
than 9 SRP parameters estimated ((3) and (4)) profit from the 
fixing. This improvement for OISL is due to the strong tie 
of the constellation to the solid Earth in an all-stations-fixed 
reference frame. With just one fixed station, the satellite con-
stellation has more degrees of freedom in the adjustment to 
the OISL observations. The fixing of all coordinates, how-
ever, ties the orbits to the solid Earth at multiple sites. The 

Table 12:  3D-RMS orbit error 
of the orbit difference true—
adjusted with respect to the SRP 
modeling scenarios for each 
simulated observation technique 
combination in millimeters

The table shows the 3D-RMS orbit error without estimating ground station coordinates. The true station 
coordinates were used for the observation simulation and for parameter estimation. The orbit error is a 
mean of the 3D-RMS for all 40 days of the simulation time periods

SRP mod-
eling accord-
ing to

L-band-
only 
(mm)

L-band + OTWL 
(mm)

L-band + OISL 
(mm)

L-band + OTWL + OISL 
(mm)

OTWL + OISL 
(mm)

Equation (1) 260.4 12.8 10.8 5.8 10.4
Equation (2) 203.3 16.8 21.1 13.2 16.2
Equation (3) 311.9 4.3 5.8 3.0 9.6
Equation (4) 329.5 4.5 5.9 2.9 9.8
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L-band + OTWL scenario shows slightly worse results with 
a fixed station network, comparing the best SRP scenario (3) 
in Tables 9 and 12. Nevertheless, the 3D-RMS orbit error is 
still smaller than for the L-band + OISL scenario. Both the 
L-band + OTWL + OISL and the OTWL + OISL scenarios 
profit from the all-stations-fixed geodetic datum. In case 
of the scenarios (3) and (4), L-band + OISL is superior to 
OTWL + OISL in this all-stations-fixed scenario.

To get the results shown in Table 13 we again fixed all 
station coordinates in the estimation process, but in this sce-
nario we included station coordinate errors for the measure-
ments simulation, based the coordinate accuracies provided 
by the ITRF. The 3D station coordinate errors for L-band are 
1.1 mm on average. For OTWL observations we assumed 
small eccentricity errors to L-band up to about 0.5 mm per 
station in 3D. The resulting 3D station coordinate errors 
for OTWL are 1.2 mm on average. The analysis shows the 
impact of errors in the station coordinates on the orbit solu-
tions. In the L-band-only scenario, the wrong station coor-
dinates affect the orbit solution by up to 0.5 mm. Analyz-
ing L-band + OTWL, the scenarios with a SRP modeling 
error according to Eqs. (1) and (2) are only affected by  
0.3 mm, while scenarios with an estimation of more than  
9 SRP parameters (scenario (3) and (4)) are affected by up to 
0.9 mm. This is almost the full 3D station coordinate error. 
In contrast, scenarios including OISL measurements are not 
influenced by using wrong station coordinates instead of the 
true coordinates in the simulation. The satellites themselves 
are tied to each other by the OISL observations as well as 
tied to the solid Earth at multiple sites by fixing the sta-
tion coordinates. For these reasons, small station coordinate 
errors average out for scenarios with OISL, similar to the 
comparatively large systematic errors of L-band.

6  Conclusions and outlook

In this simulation study we have analyzed the impact of 
ground-space optical two-way links for Galileo precise orbit 
determination. The optical two-way link (OTWL) observa-
tions are in addition to L-band measurements. The L-band 

and OTWL observations were simulated with regard to 16 
Galileo Sensor Stations. We compared the L-band + OTWL 
solution to a solution with optical inter-satellite links (OISL) 
(L-band + OISL). We further analyzed the observation tech-
nique combinations L-band + OTWL + OISL and the opti-
cal-only OTWL + OISL scenario. We performed an analy-
sis regarding the estimation of additional solar radiation 
parameters in these scenarios. Many systematic effects were 
taken into account: link biases and their variability, distance-
dependent effects, colored noise and a troposphere error for 
OTWL measurements. We simulated inter-technique clock 
biases while estimating only one bias for each clock.

We can conclude that the Galileo processing can highly 
benefit from the use of additional OTWL measurements. The 
improvements in the orbit solution using L-band + OTWL 
observations can be attributed to the two main advantages of 
OTWL compared to L-band measurements. First the higher 
ranging accuracy and precision. This helps for a better com-
pensation of systematic errors. Second, the two-way link 
gives the possibility to synchronize the station and satellite 
clock. We did not study the influence of the clock synchro-
nization on the orbit determination in this paper, but ana-
lyzed it in Schlicht et al. (2019). The impact of the clock 
synchronization is small compared to the impact of the range 
measurements.

From the results of this work, the following conclusions 
can be drawn for OTWL:

– The high-precision ground-space oriented links help with 
the orbit adjustment of a system with a one-station-fixed 
geodetic datum. This is due to the tie of the satellite con-
stellation to the terrestrial reference frame through the 
high-precision ground-space links and the additional 
synchronization of the ground clocks.

– OTWL is dependent on the number of available ground 
stations. In case that less than seven ground stations are 
available for OTWL observations, while the other sta-
tions are restricted, for instance due to cloudy weather 
conditions, the L-band + OISL solution achieves smaller 
three-dimensional (3D)—root mean square (RMS) orbit 
error results than L-band + OTWL.

Table 13:  3D-RMS orbit error 
of the orbit difference true—
adjusted with respect to the SRP 
modeling scenarios for each 
simulated observation technique 
combination in millimeters

The table shows the 3D-RMS orbit error without estimating ground station coordinates. Slightly different 
station coordinates were used for the observation simulation and parameter estimation. The orbit error is a 
mean of the 3D-RMS for all 40 days of the simulation time periods

SRP mod-
eling accord-
ing to

L-band-
only 
(mm)

L-band + OTWL 
(mm)

L-band + OISL 
(mm)

L-band + OTWL + OISL 
(mm)

OTWL + OISL 
(mm)

Equation (1) 260.9 13.1 10.7 5.7 10.4
Equation (2) 203.8 17.0 21.0 13.2 16.2
Equation (3) 312.3 5.1 5.7 2.8 9.7
Equation (4) 329.7 5.4 5.8 2.8 9.9
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– A L-band + OTWL scenario cannot profit from the 
ground station coordinate fixing (all-stations-fixed geo-
detic datum) anymore as the L-band systematic errors are 
already compensated to a great extent by OTWL.

– Applying in addition station coordinate errors, only sce-
narios using L-band + OTWL and with estimation of 
more than nine solar radiation pressure (SRP) parameters 
have a significant relative increase of the orbit error. The 
impact on the 3D-RMS orbit error is about 0.9 mm, start-
ing from an a priori 3D station coordinate error of about 
1.2 mm on average.

For OISL, the following conclusions can be drawn:

– In a system with a one-station-fixed geodetic datum, the 
resulting orbit error from L-band + OISL is six times 
worse compared to the solution from L-band + OTWL. 
The reason is that OISL measurements can only constrain 
the internal geometry of the satellite constellation, while 
L-band does not provide a strong tying to the solid Earth 
due to the large systematic errors and the one-way nature 
of the technique.

– In a system with an all-stations-fixed geodetic datum, a 
huge improvement for L-band + OISL can be achieved. 
This is due to the tying of the satellite constellation to the 
solid Earth. The orbit error resulting from L-band + OISL 
is almost at the same level as for L-band + OTWL.

– Applying in addition station coordinate errors, scenarios 
including OISL measurements achieved the same results 
as for the scenario without coordinate errors.

The addition of OISL observations to L-band + OTWL 
improves the measurement geometry and fixes the internal 
geometry of the satellite constellation. Generally, this is the 
best solution, especially in case of less than 16 stations avail-
able for OTWL measurements. An optical-only scenario—
OTWL + OISL—achieved worse 3D-RMS orbit errors com-
pared to the results from scenarios including L-band and 
OTWL. This means, L-band is supportive for the OTWL 
bias estimation.

For the SRP analysis we can conclude that a combination 
of two or more observation techniques allows the estimation 
of more than nine orbit modeling parameters. Schlicht et al. 
(2020) already showed this for an inter-satellite link sce-
nario, we can confirm this for an L-band + OTWL as well as 
the L-band + OTWL + OISL scenario. For the latter it would 
have been even possible to estimate 13 empirical param-
eters—Empirical CODE Orbit Model 2 (ECOM2; Arnold 
et al. 2015)  + B3 + B5. However, there is no further benefit 
with estimating B5 parameters. Nevertheless, the possibility 
to estimate more SRP parameters allows a more precise orbit 
modeling. The overall best results could be achieved for an 
ECOM2 + B3 parameter model.

With the possibility to get better modeled orbits, the 
geodetic parameters will not contain signals with a draco-
nitic period. This would be a huge step forward to reach the 
goals of GGOS (Global Geodetic Observing System; Plag 
and Pearlman 2009) of a precise terrestrial reference frame 
with 1 mm accuracy and a stability of 0.1 mm/year as well as 
improving the precision of the societal and scientific applica-
tions of GNSS (Global Navigation Satellite System) (Plag 
and Pearlman 2009; Johnston et al. 2017).

Furthermore, the combination of different observation 
techniques is one of the next important steps in improving 
satellite orbits as well as space geodesy. Especially the com-
bination of OTWL and OISL is of great interest for future 
application. As previously mentioned, a general advantage 
of the OTWL concept, in contrast to OISL, is the tight tie to 
the terrestrial reference frame. Not only the satellite orbits 
but also both the satellite and ground station clock can be 
synchronized. From a future aspect, compared to OISL we 
would expect an improved estimation of Earth Rotation 
Parameters (ERPs) as well as the possibility to optimize the 
ITRF (International Terrestrial Reference Frame) with the 
OTWL measurements due to the tight connection of precise 
GNSS orbits to the terrestrial frame. Hence, the influence of 
L-band + OTWL on the ERPs as well as the ITRF is a very 
interesting question.

We paid considerable attention to the simulation of sys-
tematic effects, but of course there are still systematic errors 
in the orbit determination which were not taken into account 
in this paper. These errors will be studied in future work, but 
on the other hand, there is still more potential using a high-
precision optical two-way link we did not take into account 
in our simulations. This is, for example, the calibration of the 
L-band, which was already shown for T2L2 (Time Transfer 
by Laser Link; Samain et al. 2014) and GNSS (Leute et al. 
2018). The calibration provides great support for the ambi-
guity resolution with integer ambiguities. Thus, a calibrated 
L-band can provide support when the optical link cannot 
operate due to cloudy weather conditions. Furthermore, with 
the possibility to estimate more parameters in general, a 
potential for the estimation of other non-gravitational forces, 
like thruster leakage or radiator properties, can be expected.

The weighting of the different measurement types con-
cerning the L-band measurements in observation technique 
combinations is a challenging task and may need some more 
experience: which weights optimally represent the real-
world precisions? We weighted the measurement accord-
ing to the best achievable orbit accuracies as a start. This 
gives an indication for the potential of the measurement 
combinations.

In the end it is worth to mention that the synergy to use 
the same link as a data transfer link is an option that should 
not be ignored. Such a link can work as a backup or even 
an alternative to microwave data downlinks. This provides 
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increased security, too, as an optical connection cannot be 
eavesdropped.
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