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Abstract: Inter-satellite links (ISLs) can improve the performance of the Global Navigation Satellite
System (GNSS) in terms of precise orbit determination, communication, and data-exchange capabili-
ties. This research aimed to evaluate a simulation-based processing strategy involving the exploitation
of ISLs in orbit determination of Galileo satellites, which are not equipped with operational ISLs.
The performance of the estimation process is first tested based on relative weighting coefficients
obtained with methods of variance component estimation (VCE) varying in the complexity of the
calculations. Inclusion of biases in the ISL measurements allows evaluation of the processing strategy
and assessment of the impact of three different sets of ground stations: 44 and 16 stations distributed
globally and 16 located in Europe. The results indicate that using different VCE approaches might
lower orbit errors by up to 20% with a negligible impact on clock estimation. Depending on the
applied ISL connectivity scheme, ISL range bias can be estimated with RMS between 10% to 30% of
initial bias values. The accuracy of bias estimation may be associated with weighting approach and
the number of ground stations. The results of this study show how introducing VCE with various
simulation parameters into the processing chain might increase the accuracy of the orbit estimation.

Keywords: inter-satellite links; Galileo; precise orbit determination; ISL range biases; simulation study

1. Introduction

Inter-Satellite Links (ISLs) allow for data exchange and provide precise pseudorange
measurements between satellites in a specific constellation. ISLs intend to improve the po-
sitioning accuracy and orbit determination in Global Navigation Satellite Systems (GNSS),
also time transfer and autonomous orbit determination performed on board the navigation
satellites [1-9]. Connections between satellites can be used to transfer information, which
might shorten the ephemeris update interval and enhance navigation [10]. The ISL sys-
tem usually establishes links outside of the atmosphere, eliminating atmospheric effects,
and it is also less impacted by multipath and interference than GNSS measurements [11].
Introducing ISLs to orbit determination could reduce the number of the ground stations
required for orbit determination. The stations should be positioned around the world
as optimally as possible; however, this is not always possible because of geographic or
political reasons. Several studies into the impact of station distribution while ISLs are
working have been conducted [12-19]. The main findings of these works are that ISLs
can considerably improve orbit determination, can help to reduce the number of ground
stations exploited in the processing, and help in better clock error estimation. ISLs might be
an essential part of other constellations, e.g., consisting of Low Earth Orbits (LEO) satellites.

At present, the BeiDou Navigation Satellite System is the most advanced navigation sys-
tem to integrate ISLs [10,20-24]. The ISL payload enables observation of other satellites and
ground stations with Ka-band single frequency pseudorange measurements [5,22,25-28].
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Each satellite operates within a 1.5 s timeslot with another satellite, creating a link pair [5,27].
The BeiDou constellation orbits and clock offsets are estimated simultaneously [29]. This
generation of satellites can realize autonomous navigation (Auto-Nav). However, even with
additional ISL measurements, the constellation is still affected by external environmental and
technological effects [5,25]. The ISL payload allows observation of other satellites and ground
stations with Ka-band single-frequency pseudocode ranging measurements [5,25-27]. In the
BeiDou constellation, autonomous orbit determination with the on-board ISLs payload is
conducted with additional anchor stations to suppress any relative motion of the constella-
tion. Measurements between satellites and anchor stations, described as ground-satellite
links (GSLs), use the same communication and measurement system as ISLs [25].

ISLs have been only thoroughly tested in orbit in the BeiDou constellation, but they are
considered to be a fundamental component of the future Galileo constellation. According
to a statement published on the European Commission webpage, a new generation of
Galileo satellites is under development [30]. Among the many new capabilities relying on
original technologies (e.g., new atomic clock technologies and use of full electric propulsion
systems), the integration of ISLs is also planned. A demonstration flight and verification of
the ISLs on board a Galileo 2nd Generation spacecraft is planned for 2024 [30]. Simulation
studies have been performed to assess the impacts of including ISLs in Galileo, focusing on
the use of the ISL in orbit determination and clock estimation, as well as for time transfer
purposes and possible extension with LEO satellites [3,12,31-35]. The main findings of
these works are that ISL enhance the orbit and clock prediction accuracy and reduce
the dependency from ground stations. In the simulation studies also the advantages of
optical two-way inter-satellite links for orbit determination is discussed, showing potential
improvements in accuracy compared to microwave links. Such connections will also
help in time transfer and clock synchronization. Moreover, potential future system with
optical ISL and optical frequency references called Kepler, was proposed by the German
Aerospace Center. Such system topology might effectively reduce modelling errors in the
Earth parameters. It is expected that Kepler improve global geodetic reference frames
with the focus on the Earth rotation parameters. However, the evaluation of the relative
weighting of different measurement techniques taking part in orbit determination should
be conducted, including also testing various settings and properties of observations.

In this simulation study, we focus on introducing ISLs in the orbit determination of a
Galileo-like constellation together with GNSS measurements and relative weighting of both
types of measurements. We are interested in the analysis of different processing solutions
depending on the choice of ground station set, weighting approaches, or connectivity
scheme. We used three sets of GNSS ground stations and four ISL connectivity schemes for
which we exploited methods of relative weighting based on variance component estimation
(VCE) together with two values of ISL range bias. We present the impact of weighting
properties on accuracy of orbit determination with reference to the number of ground
stations and ISL range bias estimation depending on the connectivity scheme. This study
aimed to address the following questions: (1) how the choice of VCE approach impacts the
orbit and clock estimations, (2) how the weighting approach affects bias estimation, and (3)
how the weighting approach and bias might change the estimation results with various
sets of ground stations comparing to GNSS-only solution (i.e., without support of ISLs).
The outcomes of this research might be useful in establishing future processing schemes for
combined orbit determination supported with ISLs.

The remainder of this paper is organized as follows: in Section 2 the methodology
of the simulation is described, including observation models, ISL connectivity schemes,
simulation properties, and a detailed description of the VCE methods. In Section 3 we
assess the VCE approaches, results of ISL range bias estimation, and impact of the number
of stations on both, i.e., weighting and the bias estimation with reference to the GNSS-only
solution. In Section 4 we discuss the results in terms of possible processing strategies of
relative weighting and ISL range bias estimation, and we conclude the paper.
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2. Methodology
2.1. Observation Models

In our research, the ISL and GNSS measurements are both simulated as geometric dis-
tances between satellite positions or between a satellite and a ground station. The ranging
errors are assumed to be zero-mean Gaussian white noise with selected standard deviations
(marked as o), which are added to geometric distances. This allows the simulation of
various behaviors of the ISLs and GNSS ranges for each simulation scenario. Both ISL and
GNSS measurements are also deteriorated by satellite-only or satellite and station clock
errors, respectively. Clock errors were also simulated as white noise with defined standard
deviation. In addition, ISL measurements are burdened with bias that is simulated as a
constant value for each satellite per day. A more detailed description of the simulation
parameters is presented in Section 2.2.

In our simulation, we considered two types of possible connection between satellites
(Figure 1) [12,34]:

1.  One-way-satellite i establishes a link with satellite j (i.e., one range measurement at a
time), and

2. Dual one-way—satellite i establishes a link with satellite j and satellite j establishes a
link with satellite i (i.e., two range measurements at a time).

Figure 1. Connection type: (a) one-way and (b) dual one-way [12,34].

The ISL pseudorange can be written as follows [12,34]:

— — . .
0ij(t) = |Rj(t) = Ri(t = At)| + ¢ X 8tj(t) — ¢ X St;(t = M) +c X T + e x T/ ¢, (1)

— —
where R; and R; represent the three-dimensional position of satellites i and j, respectively,
in Cartesian coordinates; dt; and ¢ t]- are the clock errors of the satellites; c is the speed of
light; At is the signal travel time; leias and P8 are the ISL range biases; and, ¢ is the noise
of the measurements. The emission time is given by the clock of the satellite that transmits
in the current epoch and the reception time is given by the clock of the receiving satellite.

Equation (1) represents the one-way measurement type and requires a satellite clock
error estimation. In dual one-way ISLs, the two satellites send signals to each other in
turn [5,36]. The dual one-way observations need to be transformed to a common epoch
for the satellite orbit determination, ensuring that the distance between two satellites is
reduced to the same observation time, to. The mean value computed from p;;(to) and
p;ji(to), given in Equation (2), contains only orbital parameters and biases, and the satellite
clock error is eliminated:

pij(fo) +pji(to) ‘Rj(to)
2

- I?i(to)

+ejjteji+ox T 4ox T}’i"s. (2)

+ 'ﬁ(tw ~ Ri(to)
2

Exploitation of simultaneous dual one-way measurements is free of clock offsets and
might be used to determine the orbit [37,38].
For simulation of ground station—satellite measurements we used the following model:

o o ZWD
p;(tl) = Rr(tl) — Rs(tl — Atl) +c X 51’1«(1’1) —Cc X (5ts(t1) +c X Ttropo + &g, 3)

— —
where R; and R; are three-dimensional position of the stations and satellites in Cartesian

coordinates, ét; and Jts are the clock errors of the satellites, Tt%(‘gg is the zenith wet delay
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(ZWD), and ¢y is the noise of the measurements. We do not consider zenith hydrostatic
delays. The GNSS measurements are simulated as unambiguous carrier phases with a
priori determined accuracy.

2.2. Connectivity Schemes

There are many ways to establish satellite pairs and then assign ISLs between satellites
in measurement epochs, i.e., satellite pairs choice may change in each epoch. In our
research, this ranging schedule is called a “connectivity scheme”. In our previous studies,
we stated that the choice of connectivity scheme does not have a major impact on orbit
determination and clock estimation unless observation conditions are not optimal (e.g.,
measurement accuracy and interval, or the number of ground stations) [12,34]. However,
the choice of connectivity scheme is still important to maximize efficiency of the connections
and meet data-exchange requirements [39,40]. It is also important in the case of mixed
constellation configurations of geostationary orbit (GEO), inclined geostationary orbit
(IGSO), and medium earth orbit (MEO) satellites (e.g., the BeiDou configuration [41]).

The ISL observation strategy is based on the satellite pairs; satellites establish connec-
tions during predefined time slots according to the chosen connectivity scheme. Satellite
pairs can change from epoch to epoch (dynamic schemes), or the connection can be kept
for several measurement epochs (static schemes). Connectivity schemes might also be
defined based on geometric information about satellites, the distances between them, or
the pointing angles of the ISL system [42], and the selection of algorithms that maximize
network connectivity and improve network performance [39,43-48].

Mutual visibility is very important for establishing connections between satellites
in each of the measurement epochs, as ISLs cannot be maintained permanently during
the whole system period because of temporary losses of visibility [42]. Technological
limitations of the measurements (e.g., distance, azimuth, and elevation) could affect the
ISLs [49] but the main obstructions to establishing connections between satellites are the
Earth and atmosphere, for which the height that affects the satellite links is defined as
1000 km [50,51]. In our simulations, links crossing the atmosphere are not considered as a
pair to connect the satellites.

We applied two types of connectivity schemes: intra-plane and sequential, which were
used in our previous research [12,34]. The intra-plane scheme is created on the basis of the
slot of the satellites in the orbital plane. In intra-plane closed configuration all satellites
in the same orbital plane are connected, whereas in intra-plane open configuration, one
connection between adjacent satellites is missing. The intra-plane schemes use one-way
connection type. The sequential scheme consists of observation scenarios based on a
sequence of measurements defined a priori [3,11,12,34].

2.3. Simulation Properties

This research is based on simulations made with the General Simulation Tool for
Earth-Orbiting Objects (GSTE) software, written by Maciej Kalarus during his work at
Centrum Badani Kosmicznych Polskiej Akademii Nauk (CBK PAN) and developed for
the ISL by Tomasz Kur. The key software modules include an orbit propagator with
specific support for navigation satellites, a simulator of the GNSS and the ISL observations,
and a parameter estimator based on weighted least squares (WLS) method with use of
4 iterations. The GNSS measurements and ISL observations were simulated based on
a Galileo-like constellation (Table 1). Reference orbits were propagated using a set of
gravitational and non-gravitational force models (Table 1). To obtain reliable results,
each simulation scenario was repeated 10 times with randomly generated errors (i.e.,
measurement precision) imitating the principles of the Monte Carlo method, to provide
more reliable error assessment under various simulation conditions. In the plots presenting
orbit and clock estimation errors, we display mean RMS error values from the repetitions
together with their standard deviations. It should be noted that estimated corrections using
real data depend on many models and parameters such as tidal motion [52], antenna phase
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center offsets, and satellite attitude, which are not discussed in this study (the simulations
are simplified and do not consider these errors in the included models). Three sets of
GNSS ground stations were used (Figure 2): 16 stations located globally, 44 stations located
globally, and 16 placed only in Europe. The 16-station global set partially represents
Galileo Sensor Station used in previous research [32,33]. Regional stations located in
China only with ISLs support were also tested for the BeiDou navigation system with
promising results [17-19]. ISLs in BeiDou compensate for the lack of satellite visibility
from a ground station and help to measure the relative inter-satellite clock in nearly real
time. ISL observations help in accurate orbit determination of a small regional network
comparable with the global network. Additionally, ISL is integrated with observations
from regional stations for broadcast clock estimation. The clock errors between satellites
are obtained through centralized estimation based on ISLs.

Table 1. Simulation and estimation settings.

Orbit Simulation

Galileo-like constellation Galileo FOC box-wing model
Walker definition 56°:24/3/1
Orbit radius 29,600 km
Numerical integrator Runge-Kutta 4th order
Force models
Earth gravity field EGM2008 16 x 16 [53]
Gravitational perturbation Sun, Moon, and planets [54]

Schwarzschild Term, Lense-Thirring Precession,

Relativistic perturbations Geodesic Precession [54]

Solar flux Constant
Earth’s albedo Analytical
Satellite surface properties Box-wing model (EUSPA metadata [55])
Data simulation
Data time span 1 day
GNSS observations

Sampling interval 30s
Observation noise 1cm
Zenith wet delays Harmonic function with horizontal variations

2
Observation weight Pgngs = C;f&, where z is

. . GNS,
Observation weight satellite zenith angle and ogngs is GNSS

observation noise
Station clock errors-observation noise 1ns
Satellite clock errors-observation noise 0.1ns
ISL observations
Four connectivity schemes

Sampling interval 30s
Observation noise 0.5 cm
Observation weight Prsp = 0%, o1sr, is ISL observation noise
ISL
Satellite clock errors-observation noise 0.1ns

Estimation with weighted least squares adjustment

Satellite positions and velocities
ECOM2-9 parameters [56]
Epoch-wise satellite clocks
Epoch-wise station clocks (one station clock is fixed)
Zenith wet delays—piecewise linear model
Variance component estimation
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Figure 2. Location of the GNSS ground stations used in the simulations, shown on the two maps for
better readability: (a) 44 and 16 stations placed globally, and (b) 16 stations in Europe.

2.4. Variance Component Estimation

Observation methods characterized by different technologies and background devices
(e.g., electronic systems) vary in measurement accuracy and noise or presence of system-
atic errors. In some cases, the use of a priori adopted values for weighting might not be
beneficial. When combining several observation types for the further estimation of param-
eters, it is worth considering the relationship between the observation errors, which are
probably distinct between each observation technique [57]. As a result, variance estimation
methods have emerged to optimally estimate variance and covariance components. VCE
is an algorithm that recognizes the relative contribution of measurements of each type or
selected partial results in the final solution [58].
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The VCE is used in the calculation of the gravity field models for weighting individual
satellite passes or monthly solutions of gravimetric missions [59]. The VCE is also exploited
in the kinematic orbit determination, where posteriori variances are obtained for different
types of GNSS observations to eliminate erroneous measurements [60]. In estimating
precise orbits, the VCE method allows the detection of outliers, and the weighting factors
can be obtained for individual satellites in each epoch [59]. The VCE method is also used in
static and kinematic single point positioning [61-63]. The VCE method can also be applied
in a combined solutions used for the realization of a terrestrial reference system [64,65]. The
obtained weighting coefficients are used in scaling the covariance matrices of individual
solutions before their combination. In addition, VCE can be used in data fusion during
parameter estimation and satellite orbit determination using ISL measurements [15].

In our research, the WLS method is performed iteratively to determine orbit. The VCE
method is usually applied in the last iteration of WLS and is also performed iteratively until
the convergence criterion of the VCE algorithm is met [61,62,66]. A convergence criterion
can be set for given parameters or for the weighting factor values obtained by the VCE.
There are several approaches to the implementation of the VCE method, but in this study,
we focus on the Helmert approach [61,62,64,67] and Forstner approach [57,59,61]. The VCE
algorithm was applied as follows:

Step 1. In iteration k = 0, normal equations matrices for GNSS measurements (Ngnss)
and ISL (Njsy) are computed with the assignment of weighting coefficients S gcl)\ls gand S g?L
equal to a priori measurement noise ognss and oygy, respectively:

Ninss = AEnssPanssAcnss, 4)
Nis, = Al PisiArsy, 5)

. . _ k) (k) _
iterationk =0 — Scig5 = OGNSS, Sisp = OIsL- 6)

Step 2. The sum of weighted normal matrices is computed:

1 1
N = 0 NoNss T — gy Nist, @)
GNSS Sist

Step 3. In iteration k = k 4 1 new weighting coefficients S g‘ﬁ;g and S Eg{l) are deter-

mined according to the selected approach, where #n; means number of observations for each
respective measurement technique:

1.  Helmert approach

2(k+1
(”éNssP GNsschss) _ (sn 512) SG(NES) ©
vlg Prsporst $21 522 S?ékLm ,
s;i = n; — 2 X trace (N‘lNi) + trace <N_1NiN_1Ni), ©)

Sij = Si]' = tTﬂCE(NilNl‘Nile)'

(i #j, 1—GNSS, 2—1ISL). (19
2. Forstner approach
k _
rg;z)vss = ngss — trace (NGNSSN 1), (11)
k _
TES)L = njsp — trace (NISLN 1), (12)

T

g2 (k1) _ VonssPGNSSUGNSs 13

GNSS = ® ’ (13)
TGNss



Remote Sens. 2022, 14, 6387 8 of 25

T
2 (k+1) _ Vs PisLvrse
Sisr - (14)
TIst

Step 4. Check the assumed convergence criterion e = 107°:

(k+1) (k)
F
Sisp - —SpsL S &

(15)

Step 5. If the criterion is not met, then new sum of normal matrices for both types of
observations is computed with use of new weighting coefficients SZG ](\;{;rsl) and S?S(FFU then
Step 3 and Step 4 are repeated until the criterion is met.

The VCE is used in the last iteration of WLS adjustment, while in previous iterations,

observation weights are used based on the noise of measurements (see details in Table 1).

When weighting coefficients S g( I)\]S gand S EI;)L are both equal to 1 (therefore only weighting
with a priori noise is used) then this approach is called Nominal weighting in this research.
It is used for comparison purposes and is not recognized as the VCE method in the research.
Each VCE approach uses a priori measurement noises and number of observations for each
technique. Additionally, we consider the correlations between GNSS and ISL techniques as
negligible for research purposes. In the simulations presented in the research, it should be
noted that the number of GNSS observations might outnumber the ISLs and that GNSS
observations substantially contribute to the orbit solution, as a significant number of GNSS
observations is used during determination of weighting coefficients. A comparison of the
number of observations is presented in Table 2.

Table 2. Number of GNSS and ISL measurements for 1 day.

GNSS ISL (24 Satellites)
44 stations (global) 1,181,375 Sequential dual one-way (SDOW) 62,066
16 stations (global) 434,327 Sequential one-way (SOW) 31,033
16 stations (Europe) 431,180 Intra-plane closed (IPC) 69,120
Intra-plane open (IPO) 60,480

3. Results
3.1. Comparison of the VCE Approaches

Numerous versions of the VCE are available, depending on the problem requiring rel-
ative weighting. This section aims to compare the VCE approaches described in Section 2.4:
Helmert which might be considered as a strict solution, and Forstner, a simplified version
of Helmert approach. The idea of relative weighting of ISL and GNSS in a Galileo-like
needs to be examined in the case of complexity of joining two various techniques for orbit
determination. A strict solution would be more precise in assigning weighting coefficients
but might be more computationally expensive. We simulated six scenarios to conduct a
comparison of the following approaches: Forstner, Helmert, and Nominal with 44 and
16 ground stations with global distribution (Table 3). The scenario names given in Table 3,
also used in the figures, were created based on the following scheme: {number of stations
and their placement}-{ISL range bias value in cm}-{VCE approach}, where G is global, E is
Europe, F is Forstner, H is Helmert, and N is Nominal.
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Table 3. Summary of the simulation scenarios used for comparison of the VCE approaches.

Schll;?zi Scenario Name IS%]:}Z:‘?[’:IE]I as W;lilﬁt;gg Station Set
(1.1) 44G-0.5-F 0.5 Forstner 44 (global)
1.2) 44G-0.5-H 0.5 Helmert 44 (global)
(1.3) 44G-0.5-N 0.5 Nominal 44 (global)
(1.4) 16G-0.5-F 0.5 Forstner 16 (global)
(1.5) 16G-0.5-H 0.5 Helmert 16 (global)
(1.6) 16G-0.5-N 0.5 Nominal 16 (global)

The weighting coefficients SLZ obtained for selected simulation scenarios are presented
in Table 4. The differences between Helmert and Forstner approaches are mostly negligible
for the same number of ground stations. A comparison of the connectivity schemes for
the weighting coefficients indicates that sequential schemes are less sensitive to a limited
number of stations as the changes in the coefficient are relatively smaller than those in intra-
plane schemes. However, the intra-plane schemes have higher values of the coefficients
with 44 stations and the weighting coefficient values decrease for 16 stations. In our
simulations, GNSS observations have a considerable effect on the solution. Intra-plane
schemes due to lack of links between the orbital planes are more dependent on the number
of GNSS measurements what relates to the number of ground stations. Comparison of
two connection types reveals that dual one-way is considered as a better solution due to
higher values of weighting coefficient. Sequential one-way has lower values of coefficients
than sequential dual one-way probably because of taking part in satellite clock estimation.
Sequential schemes seem to be more dependent on the connection type than on the VCE
approach. Intra-plane schemes are characterized by constant pairs and one-way connection
type, and they have higher or similar values of weighting coefficients than sequential
one-way. Considering just weighting coefficients, it might suggest that intra-plane schemes
are more reliable than sequential one-way; i.e., static schemes using the same connection
type as sequential schemes might better contribute to orbit and clock estimation.

Table 4. Value of VCE weighting coefficients é obtained for normal equations for GNSS and ISL.

44G-0.5-F 44G-0.5-H 16G-0.5-F 16G-0.5-H
GNSS ISL GNSS ISL GNSS ISL GNSS ISL

Sequential dual
one-way 2.89 0.86 2.90 0.85 3.29 0.90 3.29 091
(SDOW)
Sequential
one-way 2.87 0.37 2.87 0.38 2.85 0.23 2.87 0.25
(SOW)
Intra-plane closed
(IPC)
Intra-plane open
(IPO)

2.85 0.55 2.85 0.55 2.65 0.24 2.63 0.33

2.86 0.55 2.86 0.56 2.69 0.26 2.69 0.26

The results of the orbit determination are presented in Figure 3. The values of weight-
ing coefficients might not have a substantial impact on errors of estimated parameters.
The radial component in Figure 3a is the least sensitive on choice of different simulation
settings as the results are very similar for all simulation scenarios (range of RMS is from
0.3 cm to 0.6 cm). The impact of various simulation settings is more visible in errors for the
along-track and cross-track components. While considering the impact of VCE approach,
usually the Helmert method is best, followed by Forstner and Nominal, but the differences
between them are very small, i.e., less than 0.2 cm for sequential schemes and up to 0.4 cm
for intra-plane schemes. The choice of connectivity scheme can determine the method
performance, i.e., results for sequential schemes are more homogenous with the Helmert
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approach across different scenarios than for intra-plane schemes. For sequential schemes,
the choice of VCE approach is not important when 44 ground stations are used (Figure 3d).
For the combination of 16 stations and intra-plane schemes, there are modest differences
between weighting methods, in favor of the Helmert. For sequential dual one-way scheme,
the Forstner approach would be the best choice of VCE method as the orbit errors with
16 stations located globally are slightly lower than for the Helmert approach. For most
scenarios, using the Helmert approach gives no more than about 20% improvement in
orbit accuracy compared with the Forstner approach, especially when the ISL connectivity
scheme is not dynamic (e.g., in intra-plane schemes). Improvement is more noticeable for
Forstner or Helmert in relation to Nominal weighting. The difference between extreme
values of RMS orbit errors obtained from repeated simulations can reach 20-30% of mean
values. It is also worth mentioning that in tested cases the Helmert and Forstner approaches
are sensitive to the number of GNSS observations. When 16 stations were used, the stan-
dard deviations of solutions are larger than with use of 44 ground stations, but still smaller
than for Nominal weighting in respective settings.

5 (a) Radial . (b) Along-track
2.0 20t
E €
L.15¢ 1£15¢
S S
5} 5}
510; 1510f
o O ;
05t ; 05t ;
$: ¢ £ 3 3
0.0 : - : : 00— : - - : :
5% _06% _o5N 05F _go¥ 5N 5% _06% 5N 5% _o5? o8N
AA,G’O AAG'Q‘ AAG'O‘ \66’0 ,\6(5'0‘ /\66'0' AA,G’Q AAG'O‘ AAG'O‘ \60'0 '\6(3'0' '\6(3'0'

Simulation scenario

(c) Cross-track (d) 3D
5 : - 25 -
207 1 20¢ E E
. fe
S15 i 1 + S 15
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S ; } i s g ¥ &
o5/ ¥ X 05
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Figure 3. Comparison of the Helmert and Forstner approaches with Nominal and their impact on
orbit estimation mean RMS errors for (a) radial, (b) along-track, (c) cross-track components, and
(d) the total 3D RMS value. The simulation scenario names are given in Table 3.
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There is a very slight improvement in clock estimation errors for Helmert and Forstner
approaches for satellite clocks when using 44 ground stations (Figure 4) compared to
Nominal (it is less than 0.01 ns for all connectivity schemes). There is also no notable
difference between Nominal and Forstner and between Nominal and Helmert for use
with measurements for 16 stations. The results presented in Figure 4 suggest no direct
impact of the weighting method on clock estimation results in our simulation methodology.
Considering orbit and clock estimation outcomes, the impact of choice of VCE approach
between Helmert and Forstner also seems to be negligible. For further analysis, we decided
to use the Forstner approach, as it is the simpler solution with comparative results to
Helmert approach.

(a) SDOW

44G-0.5-F 44G-0.5-H 44G-0.5-N 16G-0.5-F 16G-0.5-H 16G-0.5-N
(b) SOW
T

44G-0.5-F 44G-0.5-H 44G-0.5-N 16G-0.5-F 16G-0.5-H 16G-0.5-N
(c) IPC

44G-0.5-F 44G-0.5-H 44G-0.5-N 16G-0.5-F 16G-0.5-H 16G-0.5-N
(d) IPO

T T

44G-0.5-F 44G-0.5-H 44G-0.5-N 16G-0.5-F 16G-0.5-H 16G-0.5-N
Simulation scenario

- Satellite clocks - Station clocks ‘

Figure 4. Mean RMS estimation errors for satellite and station clocks considering the station set and
VCE approach with respect to connectivity scheme: (a) SDOW, (b) SOW, (c) IPC, and (d) IPO. The
simulation scenario names are given in Table 3.
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3.2. ISL Range Bias Estimation against Weighting Approach and Ground Station Sets
3.2.1. Orbit Estimation Errors

It is expected that the ISL technique will be charged with systematic errors derived
from hardware devices, i.e., antennas, electronics, and the measurement system, which
we will describe as “ISL range biases”. Here, we do not investigate the origins of these
biases in detail. We instead show the impact of ISL range bias values and their estimation
for different ground station sets from the perspective of the choice of weighting approach.
The simulations were conducted for an ISL range bias equal to 0 cm (no bias is simulated
and estimated) and when ISL range bias is equal to 0.5 cm and 1.0 cm to check the general
impact of the ISL range biases on satellite positions. A detailed description of the simulation
scenarios used for orbit estimation errors analysis is given in Table 5. Simulations assuming
ISL range bias equal to 0.5 cm are used to evaluate the impact of ground station set in a
next subsection. These scenario names are created as follows: {number of stations and their
placement}-{ISL range bias value in cm}-{VCE approach}, where G is global, E is Europe, F
is Forstner, and N is Nominal.

Table 5. Summary of simulation scenarios used for the ISL range bias estimation check.

ifj::labr:r) Scenario Name ISI‘}:};::g[:I:]I as Wl\ilftl}llzgg Station Set
2.1) 44G-0.0-F 0.0 Forstner 44 (global)
(2.2) 44G-0.0-N 0.0 Nominal 44 (global)
(2.3) 44G-1.0-F 1.0 Forstner 44 (global)
(2.4) 44G-1.0-N 1.0 Nominal 44 (global)
(2.5) 16G-0.0-F 0.0 Forstner 16 (global)
(2.6) 16G-0.0-N 0.0 Nominal 16 (global)
(2.7) 16G-1.0-F 1.0 Forstner 16 (global)
(2.8) 16G-1.0-N 1.0 Nominal 16 (global)
(2.9) 16E-0.0-F 0.0 Forstner 16 (Europe)
(2.10) 16E-0.0-N 0.0 Nominal 16 (Europe)
(2.11) 16E-1.0-F 1.0 Forstner 16 (Europe)
(2.12) 16E-1.0-N 1.0 Nominal 16 (Europe)

In Figure 5 we demonstrate orbit errors in each component for the different ground
station sets according to scenarios described in Table 5. As shown in Section 3.1, for globally
distributed stations and confirmed here, the relation between the Forstner and Nominal
weighting is preserved regardless of the bias presence, i.e., Forstner outperforms Nominal.
In each component, the same relation is shown between ISL range bias value and weighting
method, i.e., using Forstner approach in most cases helps to reduce the error, especially
in the along-track component (Figure 5b). The visible impact of bias is apparent in errors
for the cross-track component (Figure 5c) for globally distributed stations and for intra-
plane schemes. The error bars are slightly larger by about 10% of the mean orbit errors
in along-track component (Figure 5b) and cross-track (Figure 5c) when ISL range bias is
estimated. However, estimation errors in cross-track component affect the 3D errors the
most. The lowest 3D errors at the level of 0.8-0.9 cm are obtained for sequential schemes
with 44 ground stations.

The situation changes for the 16 stations positioned in Europe. In Figure 5d, with
total 3D values of orbit errors for ground stations in Europe, the weighting method affects
the estimation results differently for each of the connectivity schemes. For intra-plane
closed scheme Forstner approach helps to reduce errors, while for intra-plane open scheme
Nominal weighting has lower 3D errors than Forstner approach. However, Forstner
approach helps to lower total errors in sequential dual one-way. On the contrary, for
sequential one-way the choice of VCE approach is not impactful. Looking at total orbit
error (Figure 5d), 16 stations (positioned either globally or regionally) cannot ensure
repeatability of solutions obtained from a series of simulations for each connectivity scheme
as computed errors are £25% of the mean orbit error obtained for each simulation scenario.
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Thus, relatively small changes in e.g., measurement accuracy might impact the orbit
estimation error.
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Figure 5. Comparison of weighting method with reference to ground station set and bias value
used in simulations to analyze the impact on mean RMS errors in the orbit estimation for (a) radial,
(b) along-track, (c) cross-track components, and (d) the total 3D RMS value. The simulation scenario
names are given in Table 5. Because of the higher errors, results for the simulation scenarios with
16 stations in Europe are shown on a separate plot with a different range on the vertical axis.

3.2.2. ISL Range Bias Estimation

Figure 6 shows the effect of the weighting method and connectivity scheme when
the value of the simulated ISL range biases is 1.0 cm. Estimation errors of ISL range bias
estimation equal to 0.5 cm are shown in Figure Al in Appendix A. For simulated ISL range
bias values and for each ground station set we can distinguish the impact of the satellite
placement on the orbital plane, especially for intra-plane schemes when 16 stations are
used. However, increasing the number of ground stations to 44 for orbit determination
does not considerably improve the bias estimation, i.e., the choice of connectivity schemes
has a higher impact on the results than station set. Connectivity schemes with invariable
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geometry such as intra-plane schemes might not be beneficial or additionally burdened
with systemic errors. It is seen in Figure 6b,c where ISL range bias estimation for intra-plane
open is affected by systematic error which degrades the mean solution by about 0.4 cm
compared to simulated 1 cm bias. Due to geometrical properties of intra-plane open (i.e.,
missing link), erroneous ISL range bias estimation for one satellite might more affect other
satellites on the same orbital plane than it is in case of sequential schemes. Initial values of
calibration constants or fixing the ISL range bias value for chosen satellites might improve
the ISL range bias estimation in this case, but it needs further testing. We would like to
address these questions for next research involving more deeply wide range of possible
methods to handle range biases in parameter estimation, including calibration. In terms
of the influence of the weighting method and considering all simulation scenarios, the
results with the smallest difference among the scenarios are obtained for the sequential
dual one-way scheme. The most variable bias results occur for the intra-plane open (+£20%
of base value) and sequential one-way schemes.
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Figure 6. Mean estimated ISL range biases of each satellite (simulated value of 1.0 cm) for different
ground station sets: (a) 44 stations (global), (b) 16 stations (global), and (c) 16 stations (Europe) under
different weighting methods. Please note the scale on the vertical axis.

Statistical measures presented in Table 6 are computed with distinction to the weight-
ing method and connectivity schemes, but regardless of the ground station set. It means
that these values show general possibilities of ISL range bias estimation in applied pro-
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cessing, including presence of systemic errors visible in Figure 6b,c. The RMS is similar
for sequential dual one-way and sequential one-way schemes for both types of weighting.
For intra-plane schemes the RMS values are higher Nominal than in Forstner weighting.
The range of ISL range bias differences is also wider for Nominal weighting. The choice
of sequential scheme and ground station set is more crucial for accurate ISL range biases
estimation. The distribution of differences between simulated and estimated biases with
reference to the ground station sets and weighting approach is shown in Figure 7. The
differences are computed for ISL range biases equal to 0.5 cm and 1.0 cm. Forstner method
performs better in ranges from —0.2 cm to 0.2 cm for the global station distribution than
Nominal weighting (the number of differences in this range is higher in Forstner than
Nominal) and the extreme differences are also smaller with the Forstner than in Nominal
weighting. Direct comparison of Figure 7b,d,f reveals that a lower number of stations and
thus a smaller number of GNSS measurements still allows for accurate bias estimation. The
lowest RMS of estimated bias is noticed for sequential dual-one-way scheme regardless of
weighting approach or ISL range bias values.
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Figure 7. Histograms of ISL range bias differences for (a) 44 stations (global) with Nominal weighting,
(b) 44 stations (global) with Forstner weighting, (c) 16 stations (global) with Nominal weighting,
(d) 16 stations (global) with Forstner weighting, (e) 16 stations (Europe) with Nominal weighting, and
(f) 16 stations (Europe) with Forstner weighting. Differences were computed for simulation scenarios
for ISL range biases equal to 0.5 cm and 1.0 cm.
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Table 6. Statistics of differences between simulated and estimated values of biases with reference
to weighting and connectivity schemes. Presented values are computed for all simulation scenarios
with estimated ISL range bias (regardless the ground station set).

Forstner Nominal
RMS MIN MAX [em] RMS MIN MAX [cm]
[em] [em] [cm] [cm]
ISL range bias = 0.5 cm
SDOW 0.11 —0.27 0.26 0.11 —0.26 0.24
SOW 0.15 -0.59 0.37 0.12 —-0.43 0.29
IPC 0.18 —0.62 0.56 0.26 —0.92 0.85
PO 0.18 —0.68 0.63 0.27 —0.94 091
ISL range bias = 1.0 cm
SDOW 0.10 —0.23 0.31 0.11 —0.25 0.26
SOW 0.15 —0.47 0.36 0.13 —0.40 0.33
IPC 0.19 —0.58 0.57 0.27 —0.90 0.89
PO 0.31 —0.65 0.70 0.35 —0.90 0.96

3.2.3. Comparison of Ground Station Sets with GNSS Only

To complete our analysis in terms of ground station sets, we analyze the possible
improvements of applying weighting methods compared with the GNSS-only solution
based on the choice of station set. This represents a continuation of the research in Kur
and Kalarus [12] on the possible impact of restricting the number of stations on orbit
determination. Here, we focus on the comparison between global and regional station
sets with GNSS-only solutions. Results presented in the previous sections show that bias
estimation accuracy is not remarkably associated with the number of ground stations as
the difference in the worst case is usually less than 20% of initial bias. Thus, in this section
we used 9 simulation scenarios presented in Table 7 with a bias value of 0.5 cm (only when
ISLs are used in orbit determination). These scenarios have the same simulation properties
except station sets for possibility of direct comparison of how weighting approach affects
the results of clock estimation and signal-in-space range error (SISRE).

Table 7. Summary of simulation scenarios used analysis of number of ground station on clock
estimation and signal-in-space range error (SISRE).

;C:;;E::; Scenario Name Isb:}i:g[:nf]l as Wl\ililﬁt;gg Station Set
(3.1) 44G-0.5-F 0.5 Forstner 44 (global)
(3.2) 44G-0.5-N 0.5 Nominal 44 (global)
(3.3) 44G-GNSS - GNSS-only 44 (global)
(3.4) 16G-0.5-F 0.5 Forstner 16 (global)
(3.5) 16G-0.5-N 0.5 Nominal 16 (global)
(3.6) 16G-GNSS - GNSS-only 16 (global)
3.7) 16E-0.5-F 0.5 Forstner 16 (Europe)
(3.8) 16E-0.5-N 0.5 Nominal 16 (Europe)
(3.9) 16E-GNSS - GNSS-only 16 (Europe)

The orbit accuracy of navigation satellites can be represented by SISRE to obtain a
coarse assessment of expected positioning accuracy [68]. SISRE is the statistical measure for
the impact of orbit and clock errors on the pseudorange [69,70]. The orbit-only contribution
to the SISRE is represented as a weighted average of orbit radial, along-track, and cross-track
RMS errors [29,36,69]. The weights are satellite-to-user line-of-sight dependent. The largest
weight is associated with the radial component of the satellite position [69]. In SISRE
the position components (R—radial, S—along-track, and W—cross-track) are used:

SISRE o) = /w} x R+ 103y x (82 + W2), (16)
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where wgr, ws, and wg are weights for radial, along-track, and cross-track components,
respectively. In SISRE, the differences between the radial orbit error and error of clock
estimation (denoted as Acdt) are applied to the modelled pseudorange instead of radial
values together with along-track and cross-track components:

SISRE = \/[rms(wg x Arg — Acdt)]? +wly x (S + W2). (17)

The radial orbit error and error of clock estimation values might be correlated because
of the orbit and clock estimation process. The value of SISRE allows an assessment of the
average ranging error. Constellation- and orbit-specific weight factors were delivered in
Montenbruck et al. [69]. For the Galileo constellation, wg and w% w are equal to 0.98 and
1/61, respectively. ,

We use the scenario names formed according to the rules in previous subsections, i.e.,
[number of stations and their placement}-{ISL range bias value in cm}-{VCE approach},
where G is global, E is Europe, F is Forstner, and N is Nominal.

Here we would like to shortly sum up the results of orbit estimation presented in
previous sections in terms of the number of ground stations. Auxiliary orbit estimation
results for scenarios described in Table 7 are shown in Figure A2. Radial component is
the least sensitive on the ground station sets when ISLs are included. Even for GNSS-only
scenario the difference between 44 and 16 stations located uniformly around the Earth is not
remarkable (Figure A2a). The main reason for this is dynamic orbit determination where
force models are used in estimation. Along-track and cross-track components are more
fragile for the chosen ground stations, i.e., errors are rising when the number of stations
is lower, but still visibly associated with the applied connectivity scheme. The total RMS
error pictured in Figure A2d shows how much ISL might lower the estimation errors for
16 stations (both global and regional station sets) compared with the GNSS-only solutions.
Focusing just on GNSS + ISL solutions, the error increases about 50% between 44 and
16 with global placement, and about 3 times between 16 global and 16 regional stations in
Europe. Comparison of the weighting methods indicates that for 44 and 16 globally located
stations Nominal weighting is slightly worse than the Forstner approach. This dependance
is less clear for the regional station set, and the accuracy is more connected to the choice of
connectivity scheme in this case.

Figure 8 shows the clock errors for each simulation scenario distinguished by connec-
tivity scheme. Considering global station placement, the results are comparable between
Forstner and Nominal weighting, as well as between number of stations. Station and
clock estimation errors are at the level of 0.02 ns with ISL included, which is about 50%
better than in GNSS-only solution. However, the impact of weighting is clearly apparent
for the scenario of 16 regional stations located in Europe except for when the sequential
dual one-way scheme is used. The error for satellite clocks is lower when the Nominal
weighting is used instead of Forstner. It might suggest that correlation between GNSS and
ISL techniques in regional station set cannot be neglected when using VCE. The impact of
weighting approach on station clocks is negligible in all simulation scenarios. In general, in
our simulation and estimation methodology, clocks are not highly sensitive to the various
weighting methods or connectivity schemes, but they are strongly associated with ground
station placement, even with ISL support.
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Figure 8. Mean RMS estimation errors for satellite and station clocks considering the station set
and VCE approach with respect to connectivity schemes: (a) sequential dial one-way (SDOW),
(b) sequential one-way (SOW), (c) intra-plane closed (IPC), and (d) intra-plane open (IPO). The
simulation scenario names are given in Table 7.

Figure 9 depicts values of SISRE ;) and SISRE for adopted ground station sets and
confirms that using ISL together with GNSS observations, even with a limited number of
uniformly distributed ground stations, helps to improve position accuracy compared with
the GNSS-only solution. In GNSS + ISL case, for the same ISL range bias value and with
globally located stations mean SISRE 4, is equal to 0.5 cm while mean SISRE to about
1.0 cm, regardless the connectivity schemes. When using a regional set of station results,
SISRE values are characterized with very small repeatability in subsequent simulations,
even with the support of ISLs. For simulation scenarios using 16 stations located in Europe,
the connectivity scheme and geometrical properties can strongly impact the orbit accuracy.
Thus, regional ground station sets are not recommended for precise orbit determination
when it is possible to use globally located ground stations, even when ISLs are available.
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Figure 9. (a) SISRE ,,) and (b) SISRE values computed under different simulation scenarios. Please
note that values for 16E-GNSS are presented with different vertical axis in cm.

4. Discussion and Conclusions

This research aimed to consider the use of relative weighting in combined orbit deter-
mination when two or more observation techniques are used. We performed simulations
with various input parameters to deeply investigate the impact of used VCE approaches
when different ISL range biases are present and distinct ground station sets are used.

Using the Helmert or Forstner approach of the VCE method may be beneficial in
future processing schemes exploiting ISLs and GNSS measurements in the Galileo system.
In Zhang et al. [15], the VCE algorithm was already applied to the parameter estimation
of the satellite orbit determination in BeiDou with ISLs. The results in Zhang et al. [15]
confirm that orbit accuracy was improved after the adjustment of the VCE algorithm in
the fusion data processing including 10 ground stations located in China in addition to
ISLs. For different processing settings (e.g., constellation, station placement, and errors),
the general conclusions about the VCE exploitation also reveal that the orbit determination
accuracy is improved.

An initial check of possibility for ISL range bias estimation has been conducted in
Kur et al. [34] and it was suggested that accurate ISL range bias estimation is possible
because of the GNSS observations. In this research, we analyze 44 and 16 stations uniformly
distributed around the world, and 16 stations located only in Europe to verify the impact
of the number of ground stations and their placement on the VCE approaches and the
ISL range bias estimation possibilities. In addition, estimation of ISL range biases was
investigated in Michalak et al. [31] and it was shown that ISL range biases up to 5 mm
have no significant impact on ISL residuals and clock estimation errors, but ISL range
biases introduce a considerable error in the radial component. Michalak et al. [31] suggest
implementing precise ground calibration of the instruments rather than estimation of
range biases as estimated ISL range biases may deviate from the simulated values due
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to modelling errors. In contrast, in He et al. [17] it was suggested that calibration is
not necessary as the estimation provides results with sufficient accuracy. However, it is
worth paying attention to the simulation settings and estimation properties, which are
distinct in these works. Still, the best-suited ISL range bias calibration remains uncertain as
different analyses based on various simulation approaches or estimation settings provide
incompatible results. This will be a challenge that is difficult to solve in simulations as the
onboard hardware in orbit may face conditions that are considerably different from the
current assumptions. Ground calibration of ISL range biases remains an open question that
we would like to address in future analysis.

For the Galileo constellation, we can only test the hypothesis concerning ISL process-
ing with the use of simulated measurements. Simulations are a great tool to check possible
solutions, as we know exactly which effects were introduced. In this research on employ-
ing ISLs in Galileo, we tested three interlacing cases using relative weighting methods:
(1) comparison under a strict (Helmert) and simplified approach (Forstner) to the VCE,
(2) results of bias estimation in view of the weighting method, and (3) possible impact of
the number of ground stations and their location on Earth.

Firstly, we found that the VCE helps to minimize errors for satellite positions without
impacting clock estimation. However, the total gain is no more than 20% compared with
the Nominal weighting method when the least optimal simulation scenario was used.
Forstner and Helmert approaches to the VCE perform similarly. The Helmert approach is
considered here as a strict solution with higher computational burden than the Forstner
approach because of the necessity for least-squares adjustment of weighting coefficients
rather than a straightforward formula.

Secondly, we demonstrate ISL range bias estimation considering weighting method,
number, and location of ground stations, but also the value of the ISL range bias. The
results indicate that in applied settings, the number of stations is not critical in achieving a
good accuracy of bias estimation (differences are usually <+25% of applied value). The
differences between simulated and estimated bias are lower when VCE is used. This is
especially clear for intra-plane schemes for which the observation geometry is insufficiently
variable. Static connectivity schemes (i.e., intra-plane schemes) used in estimation without
VCE has about 2-3 times greater differences from the simulated constant value.

Finally, we focused on the impact of ground station sets on ISL range bias estima-
tion and overall orbit determination accuracy to complete the research. These results
agree with our previous analysis in terms of exploited number of stations with using ISL
measurements in orbit determination but without using VCE as the primary weighting
method [12,34]. In the case of number and distribution of the stations, the number of
GNSS measurements plays a vital role while exploiting the VCE. The RMS orbit errors
show the possible improvement with the Forstner approach when the station distribution
is poor compared to the Nominal weighting. The ISLs might have a larger impact on
accuracy when the uniform station location cannot be used. In this case the use of VCE is
the most justified to obtain better accuracy. For clock estimation, the choice of weighting
methods is not as crucial as station distribution (as a consequence of the number of GNSS
measurements) and contribution of ISLs.

In general, the choice of the connectivity schemes is essential in the presented ISL
simulations. Schemes created according to constellation geometry properties or routing
schemes created in advance might be succeeded by schemes created by more sophisti-
cated algorithms to optimize data transfer but require broadcast orbits. Thus, further
investigation of this topic will be important in future ISL development.

In conclusion, the relative weighting might be an additional value to include in
processing schemes in orbit determination based on ISL and GNSS measurements. Here, we
focused on relative weighting of measurements from two technologies to assess their impact
on the combined solution. The results indicate the usefulness of VCE for orbit determination
when ISL range bias estimation is assumed as a constant value per day per satellite. These
findings may be helpful for future practical application in orbit determination with ISLs use.
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However, further research on ISL range biases and their calibration and further estimation

possibilities should be conducted.
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Figure A1. Mean estimated ISL range biases of each satellite (simulated value of 0.5 cm) for different
ground station sets: (a) 44 stations (global), (b) 16 stations (global), and (c) 16 stations (Europe) under

different weighting methods.
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Figure A2. Impact of ground station set on orbit estimation mean RMS errors for (a) radial,
(b) along-track, (c) cross-track components, and (d) the total 3D RMS value. Description of simulation
scenario names are given in Table 7. Please note the different y-axis scale for the regional station set
and the GNSS-only solution. The results in cm for GNSS-only are on the vertical axis on the right
marked in red.
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