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Abstract

The real-time Global Navigation Satellite System (GNSS) precise orbital and clock products are essential prerequisites for the
Positioning, Navigation, and Timing (PNT) services and have been assessed in various studies. Compared to the precision of the
orbital and clock products, their combined effect expressed in Signal-In-Space Ranging Error (SISRE) is of higher concern for
positioning users. As a special user of the GNSS, the Low Earth Orbit (LEO) satellites need high-precision real-time GNSS products
for their Precise Orbit Determination (POD) and clock determination in real time, which enables the future LEO-augmented GNSS
PNT service. This study performs a comprehensive analysis of the real-time GNSS products from five different analysis centers,
including analysis of their continuity, accuracy of their orbits, precision of their clocks, and their SISREs for LEO satellites at
different altitudes. Using the tested products, the LEO POD was also performed to verify the correlation between the quality of the
GNSS products and the accuracy of the LEO POD. Furthermore, to assess the integrity of real-time GNSS products, the overbounding
standard deviations and mean values of the combined clock and orbital errors were computed and compared for different institutions.
It was found that the GPS and Galileo SISRE range from a few centimeters to around 8 cm, while the SISRE of the Beidou Satellite
Navigation System (BDS) Medium Earth Orbit (MEO) is a bit worse, i.e., around 1-2 dm. It has been demonstrated that there exists
a positive correlation between the SISRE and user altitude, which implies a higher bias introduced to LEO satellites than ground
users. The overbounding standard deviations and mean values of the GPS and Galileo products are all within 1 dm, whereas for BDS
they are about 1-2 dm. Among the tested products, the smallest SISRE and overbounding values were delivered by the National
Centre for Space Studies (CNES) in France for GPS and Galileo, while the GNSS Research Center of Wuhan University (WHU)
provided the best accuracy and integrity for the BDS MEO products.
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1. INTRODUCTION

In recent years, Low Earth Orbit (LEO) satellites are frequently discussed to serve as an augmentation to Global Navigation Satellite
Systems (GNSSs) to enable better performances of the Positioning, Navigation, and Timing (PNT) services (Reid et al., 2018).
Benefiting from the much lower orbital heights of LEO satellites (at a few hundred kilometers to about 1500 km) than the GNSS
satellites flying at Medium Earth Orbits (MEOs)(Montenbruck & Gill, 2000), users on the ground can enjoy numerous advantages
during positioning and timing. These include but are not limited to: 1) a higher number of visible satellites and a better satellite
geometry in areas like urban canyons or forests (Lawrence et al., 2017); 2) a much stronger signal strength than the GNSS satellites
with a better anti-jamming capability (GPS World Staff, 2017); 3) a fast geometry change and as a result, a significantly shortened
convergence time in the Precise Point Positioning (PPP) and PPP — Real-Time Kinematic (PPP-RTK) positioning (Ge et al., 2018;
Li et al., 2018a; Wang et al., 2022); 4) a lower cost in general compared to the GNSS satellites.

To demonstrate the above-mentioned benefits of LEO-augmented GNSS positioning services, lots of studies have been
performed based on simulated LEO satellite constellations and signals. As LEO satellites transmitting GNSS-like navigation signals
as carrier-phase and pseudo-range measurements are about to become true in the near future (Yang, 2019; Michalak et al., 2021;
Reid et al., 2022; Wang et al., 2022), real-time high-accuracy LEO satellite orbital and clock products are important preconditions
to realize the LEO-augmented PPP on the ground. In the past decades, various studies were performed to achieve cm-level accuracy
for LEO satellite POD. Making use of high-quality GNSS measurements collected onboard LEO satellites and appropriate dynamic
models, mature techniques were developed to obtain high-quality orbital and clock products in near-real-time or real-time in the
reduced-dynamic mode (Montenbruck et al., 2013; Hauschild et al., 2016, 2022; Allahvirdi-Zadeh et al., 2021a). In addition to the
different computational power onboard LEO satellite or on the ground, and the differences between the GNSS data quality and
dynamic models used for the POD in diverse studies, a major factor for the accuracy of the LEO satellite products is the accuracy of
the used real-time GNSS satellite products. The LEO satellite orbital accuracy, as an example, could vary from a few centimeters
using high-quality real-time GNSS products from IGS analysis centers to the dm-level when using broadcast ephemeris.

For processing on ground, diverse choices of real-time GNSS products exist. Studies have been performed to analyze and
compare the accuracy of real-time GNSS satellite products from various analysis centers (Li et al., 2022; Yu et al., 2022). The
analysis is performed mostly separately for satellite orbits and clocks, and aims to serve ground users. However, the Signal-In-Space
Range Errors (SISRES), which describe the averaged projection of the combined satellite orbital and clock errors to the Earth, are of
higher concern for users. As an extension to the anaylsis of the clock and orbital accuracy separately, in this study, the SISRE of the
up-to-date real-time multi-GNSS satellite products from five different analysis centers are analyzed and compared for LEO satellites
at 500, 1000, and 1500 km heights. Due to the much higher altitudes of LEO satellites than users on the ground, the projection
coefficients of the GNSS satellite SISRE to LEO satellites vary from those of the ground users. The role of the radial orbital errors
decreases at the expense of increasing the role of the along-track and cross-track components. As a comparison to the SISRE of the
GNSS satellites to LEO satellites, the SISRE of the real-time GNSS streams is also given for ground users.

In addition to the SISRE, the integrity of real-time GNSS satellite products is essential for integrity monitoring of the LEO
satellite POD and clock determination (Wang et al., 2021; 2022). As such, this contribution also provides an analysis of the integrity
of the investigated real-time GNSS products. The continuities of the received streams are investigated. The overbounding standard
deviations and mean values (bias) of the combined GNSS satellite orbital and clock errors are computed for different constellations
using the Stanford two-step method (Blanch et al., 2019). This leads to the calculation of the overbounding values for their SISREs
to LEO satellites and ground users.

The paper starts with introducing the real-time GNSS products used. It is followed by the processing strategies employed for
analysis of the GNSS satellite clocks, orbits, and SISRESs to the LEO satellites and ground users. A short summary to calculating the
overbounding standard deviations and mean values using the two-step method is given afterward. It is followed by an analysis and
comparison of the GPS, Galileo, and BDS satellite products from five analysis centers, including their continuities, orbital accuracies,
clock precision, and the SISREs for LEO satellites (as the users) at different altitudes, and ground users. A brief discussion on LEO
POD using these investigated real-time products is then given. The overbounding values of the combined satellite orbital and clock
errors are computed and demonstrated next. The conclusion is given at the end of the paper.
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2. PROCESSING STRATEGIES

The processing is split into three parts. The first part analyzes the multi-GNSS real-time satellite orbital accuracy and clock precision
using the products provided by five analysis centers, i.e., the National Centre for Space Studies (CNES) in France (Kazmierski et al.,
2018), the GeoForschungsZentrum (GFZ) (Mé&nnel et al., 2020), the GMV Aerospace and Defense (GMV, 2023), the GNSS Research
Center of Wuhan University (WHU) (Guo et al., 2018), and the Innovation Academy for Precision Measurement Science and
Technology, Chinese Academy of Sciences (CAS) (Ding et al., 2018). The real-time GNSS products are compared with the Multi-
GNSS Experiment (MGEX) final products from the Center for Orbit Determination in Europe (CODE) (Villiger et al., 2019; Schaer
et al., 2021) (COM) for accuracy and precision analysis.

In the second part, the SISRESs of the above-mentioned real-time products are calculated for LEO satellites at different altitudes
and for ground users for their comparison at these two application levels. The third part attempts to calculate the overbounding
standard deviations and the nominal biases, i.e. mean values, of the combined GNSS satellite orbital and clock errors.

2.1. Real-time GNSS satellite orbits and clocks

The different real-time orbital products are compared with the COM final orbits in the radial (R), along-track (T) and cross-track (A)
directions in a straightforward manner:

ArgrrTa = REcEF2RTA (réSCEF,RT - TESCEF,COM) 1)

where 1§ rr and 1Ecer com represents the real-time and COM final orbital vector of GNSS satellite s, respectively, computed in
the Earth-Centered Earth-Fixed (ECEF) system, more specifically, under 1IGS20. Rgcgr2rta IS the rotation matrix transforming the
ECEF orbital differences into the RTA orbital system. Argy rr, is the real-time orbital error vector of GNSS satellite s in the RTA
directions.

To compare the real-time and the COM final clock products, re-referencing needs to be performed first considering the different
time references between the real-time and COM final products. In this study, the epoch-wise mean differences between the two
products of a selected subset of clocks in each GNSS constellation are used to re-reference the real-time clock products for the
corresponding constellation. The re-referenced clock digy can be expressed as:

2?=l(dté{T_dt(i:OM)

deT = thT - n

)

where dtkr and dtt oy denotes the original real-time clock bias and COM final clock bias of GNSS satellite i, respectively. n is the
number of selected clocks used for re-referencing in the corresponding constellation. The clock error Atgy, in this case, can be
obtained by differencing the re-referenced real-time clock bias and the COM final clock bias:

Aty = digr — dtiom 3)

The orbital and clock errors are calculated for each epoch and for each satellite. The average Root Mean Square (RMS) of the orbital
errors (6;;) and average Standard Deviation (STD) of the clock errors (G;,) are computed as follows:

5y = Mol “)
2
75, = [Pl )

where d denotes the direction of the orbits, which could be radial, along-track or cross-track directions. m denotes the number of
days used for the analysis. o, represents the daily RMS of the real-time orbital errors for GNSS satellite s in direction d on day k,

809



whereas oy, represents the daily STD of the real-time clock errors for GNSS satellite s on day k. Note that by calculating each
daily RMS or STD, a threshold of mean value plus/minus 4.42 times of the standard deviation was used for outlier detection and

exclusion.

2.2. GNSS satellite SISRE to LEO satellites

The SISRE of GNSS satellites can be computed as follows (Montenbruck et al., 2018):

OSISRE = \/(UliAt)z + 0, ((6D)? + (6)?) (6)
with
ofae = RMS(wg X Ar§pp — ¢ X Afgr) (7

where Argy r denotes the radial real-time orbital error of GNSS satellite s. o and o3 denotes the RMS of the real-time along-track
and cross-track orbital errors, respectively. ¢ is the speed of light, and recall that At is the real-time clock error of GNSS satellite
s after removing its daily mean value. The projection coefficients wg and wy, are calculated according to Chen et al. (2013), which
is dependent on the height of the GNSS satellites and the altitude of the user. In general, the nearer the GNSS satellites to the
projection sphere, the larger are the contributions of the along-track and the cross-track components.

Assuming an Earth mean radius of 6371 km, and considering the average satellite orbital heights for GPS, Galileo and BDS
MEO satellites in the test week of August 8-14, 2023, of about 20190, 23122 and 21535 km, respectively, the projection coefficients
of the multi-constellation GNSS satellites to ground users (assumed at zero altitude) and LEO satellites at 500, 1000 and 1500 km
are listed in Table 1.

Table 1
Projection coefficients of multi-constellation GNSS satellites to Earth and LEO satellites of different altitudes
Altitude (km) GPS Galileo BDS (MEO)
WRr wWta wWr WtA Wg WTA
0 0.9792 0.1428 0.9832 0.1282 0.9812 0.1357
500 0.9758 0.1544 0.9805 0.1386 0.9782 0.1467
1000 0.9718 0.1660 0.9774 0.1490 0.9748 0.1578
1500 0.9678 0.1778 0.9742 0.1595 0.9709 0.1689

2.3. Overbounding values of the combined real-time orbital and clock errors

To have an insight into the impact of real-time GNSS orbital and clock errors on solution integrity, the overbounding standard
deviations and mean values for the real-time along-track and cross-track orbital errors, and combined radial and clock errors are
searched. Various methods exist for computing the overbounding values of an empirical distribution. Compared to the traditional
paired overbounding method (Rife et al., 2006), the two-step method (Blanch et al., 2019) leads to a smaller overbounding mean
value (i.e., nominal bias) and is thus used in this study.

With the overbounding standard deviations for the above-mentioned orbital and clock errors calculated, the overbounding
standard deviations of the combined GNSS clock and orbital errors projected onto the LEO satellites (or Earth), denoted as &§sr.
can be expressed as (Heng et al., 2011; Wang et al., 2021):

Fisre =V (FRa)? + 034 (G2 + (53)?) (8)

where dR,, denotes the overbounding standard deviation of the term a3, (see Eq. (7)). &¢ and &3 denote the overbounding standard
deviations of the along-track and cross-track orbital errors, respectively.
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Similarly, the overbounding mean value of the combined clock and orbital errors, denoted as mg;sgg, can be calculated as
follows:

M3IsRE = Mrar + O1a X (M7 + M) 9)

where 7§, denotes the overbounding mean value of the term (wg X Arip g — ¢ X Afgy) (see Eq. (7). 7§ and i3 denote the
overbounding mean values of the along-track and cross-track orbital errors, respectively.

3. TEST RESULTS

As mentioned at the beginning of Section 2, the real-time GNSS satellite products from five different analysis centers, shortened as
CNE, GFZ, GMV, WHU, CAS, are analyzed. Real-time streams are saved using the BNC software (Weber et al., 2007) for one week
from August 8, 2023, at 7:43 to August 14, 2023, at 5:33 in the GPS Time (GPST). The sampling interval of clocks is 30 s, and the
sampling interval of orbits is 5 min.

As a representative example, Figure 1 shows the continuity of the received GPS clock products during the test period. Small
data gaps exist in all products, which could be attributed to diverse reasons including the instability of the internet connection. Table
2 gives an overview of the continuity of all constellations and products. It can be seen that the continuity of the GPS and Galileo
products are very similar, while the received BDS products suffer from more data gaps.

Figure 1

Continuity of the received real-time GPS satellite clocks from five analysis centers

—Data Gap
Received Data

WHU -

Analysis Centers
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1 |
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DoY in 2023

Table 2
The ratio between the number of available epochs and the number of epochs that were expected to be received for clock products
from different analysis centers

Constellation
Acs GAL GPS BDS
CAS 93.78% 93.81% 77.84%
CNE 91.60% 91.60% -
GFZ 87.46% 87.46% 87.46%
GMV 92.29% 92.29% -
WHU 94.04% 94.04% 78.39%
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3.1. Accuracy of the real-time GNSS satellite orbits

To assess the accuracy and integrity of the combined GNSS satellite orbital and clock errors, the orbital and clock errors were first
studied independently of the application thought. To this end, the accuracy of the real-time orbits is assessed as explained in Section
2.1. As shown in Figures 2-4, a 7-day average of the RMS is calculated for orbital errors in each direction and for each GPS, Galileo
and BDS MEO satellite (see Eq. (4)) that could be used to determine LEO POD. In general, it can be observed that a rather good
orbital accuracy can be achieved for GPS satellites in real-time, i.e., mostly within 5 cm in each direction. The Galileo orbital accuracy
is slightly worse than that of the GPS satellites. It still remains below 5 cm in the radial and cross-track directions most of the time,
but exhibits a bit worse behaviors in the along-track direction (see the green bars in Figure 3). The accuracy of the BDS MEO orbits
is also assessed, which is generally worse than those of the GPS and Galileo satellites. PRNs not receiving real-time products or
missing large periods of data are not illustrated with bars.

Figure 2

Accuracy of the real-time GPS orbital errors from different analysis centers. The abbreviations of the institution names were
explained at the beginning of Section 2

T I I I I I [ [ [ [ [ [ I | I
- IR BT EEA| ACs:CNE -

I I Th
L ACs: GFZ _

T s | _ |

ACs: GMV

- ACs: WHU
12345067 8 91011121314151617181920212223242526272829303132
Satellite PRN

RMS Of GPS Orbit (m)
e e
— b Lo = b L) = B L = ko W

Figure 3

Accuracy of the real-time Galileo orbital errors from different analysis centers.

0.3 I B I I
0> WERENTEEA ACs: m
0.1
£0.3 M&MM ﬂ' N N JH' b
0.2 - ACs CNE
=0.1- .
503 M@Wﬂ%@%ﬂ#ﬁ—%
0.2 - ACs: GFZ .
<0.1 - .
203
0.2 ACs: GMV
N
20.1
~0.3
0.2 - ACs: WHU |
0.1 - |
ot ol ol e il T o e e | W 1 i | W | i | Ji SN i |

12345678 9101112131415161718192021222324252627282930313233343536
Satellite PRN

812



Figure 4

Accuracy of the real-time BDS (MEO) orbital errors from different analysis centers
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Taking the average for all satellites in each constellation, the real-time orbital accuracy is shown in Table 3 using the COM
final products as the reference. It can be seen that during the test week, the GMV products exhibited the best accuracy for GPS and
Galileo orbits, i.e., with a 3D RMSE below 5 cm. The WHU products showed the best behavior for BDS MEO satellite orbits, i.e.,
with a 3D RMSE of about 12 cm.

Table 3

RMS of the real-time orbital errors in the radial (og), along-track (o), cross-track (g,) and 3D (o3p) directions for GPS (G),
Galileo (E) and BDS MEO (C) satellites

Acs og (M) oy (M) aa (M) g3p (M)
G E C G E C G E C G E C
CAS / 0.0415 | 0.1465 / 0.1022 | 0.1030 / 0.0491 | 0.0746 / 0.1207 | 0.1940

CNE | 0.0169 | 0.0256 / 0.0416 | 0.0715 / 0.0266 | 0.0427 / 0.0522 | 0.0871 /
GFZ | 0.0360 | 0.0420 | 0.0397 | 0.0798 | 0.1176 | 0.1007 | 0.0545 | 0.1200 | 0.0706 | 0.1031 | 0.1665 | 0.1293
GMV | 0.0190 | 0.0274 / 0.0312 | 0.0419 / 0.0245 | 0.0324 / 0.0440 | 0.0595 /
WHU | 0.0234 | 0.0230 | 0.0407 | 0.0494 | 0.0495 | 0.0896 | 0.0315 | 0.0401 | 0.0744 | 0.0630 | 0.0678 | 0.1233

3.2. Accuracy of the real-time GNSS satellite clocks

The precision of GNSS satellite clocks plays a major role in the SISRE. Figures 5-7 illustrate the STD of the real-time satellite clocks
for GPS, Galileo and BDS MEO satellites. It can be observed that the GPS and Galileo satellite clocks can nowadays mostly achieve
a rather good precision of 0.1 to 0.2 ns, while the BDS MEOQ satellite clocks behave a little worse, i.e., mostly 0.2 to 0.3 ns. The
BDS-3 MEO satellite clocks from WHU exhibit a good precision of 0.1 to 0.2 ns (see Figure 7), while its BDS-2 MEO satellite
clocks behave worse.

Figure 5

Precision of the real-time GPS satellite clock errors from different analysis centers
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Figure 6

Precision of the real-time Galileo satellite clock errors from different analysis centers
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Figure 7

Precision of the real-time BDS MEO satellite clock errors from different analysis centers
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Table 4 lists the averaged STD of the satellite clock errors for all satellites in each constellation. The CNE and GMV GPS
satellite clock errors have an STD below 0.1 ns. The GPS and Galileo satellite clock errors for all tested real-time products are below
0.16 ns. The BDS MEO satellite clock errors are generally twofold, around 0.3 ns.

Table 4

Averaged STD of the real-time satellite clock errors for GPS, Galileo and BDS MEO satellites

ACs GPS (ns) GAL (ns) BDS MEO (ns)
CAS 0.1489 0.1187 0.3351
CNE 0.0937 0.1316 /

GFZ 0.1553 0.1531 0.3056
GMV 0.0905 0.1192 /

WHU 0.1134 0.1133 0.2905

3.3. SISRE of GNSS satellites to LEO satellites

As mentioned in Section 2.2, for ground users, the SISRE describes the combined GNSS satellite clock and orbital errors projected
to the Earth. For LEO satellites, the projection coefficients vary slightly due to their higher altitudes than users on the Earth’s surface.

Table 5 shows the averaged SISRE of various real-time GNSS products for both ground users and LEO satellites at different
altitudes. The average SISRE of the GPS and Galileo real-time satellite products is generally at a few centimeters to sub-dm level,
with CNE performing the best at 2.6 cm and 3.9 cm for GPS and Galileo, respectively. The SISREs of the GPS and Galileo satellites
are generally at a similar level. Among all the BDS MEO products, WHU performed the best, with an average SISRE of about
1.05 dm. From Table 5, it can also be observed that the GNSS SISRE increases slightly with the user altitudes in most cases. This is
caused by the slightly varying projection coefficients (see Table 1). As explained before, a shorterned distance between the GNSS
satellites and the user would lead to larger contributions of the along-track and cross-track components, i.e., wra. Here, the slightly
increasing wr, leads to a larger role of the along-track and cross-track orbital errors when calculating the SISRE. As shown in Table
3, the along-track orbital errors of the GNSS satellites are mostly larger than those in the other two directions. As such, the SISRE
in Table 5 increases correspondingly with the LEO satellite altitudes. In summary, the CNES real-time products performe the best
for GPS and Galileo among all tested products, while for BDS MEO, WHU delivered the best performance.

Table 5
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Average values of the SISRE of the real-time GPS, Galileo and BDS MEO satellite products to ground users (0 km) and LEO satellites
at different altitudes

Acs CAS CNE GFZ GMV WHU

0 km 0.0261 0.0775 0.0391 0.0516

GPS (m) 500km / 0.0262 0.0776 0.0391 0.0517
1000km 0.0264 0.0777 0.0391 0.0517

1500km 0.0266 0.0778 0.0391 0.0518

0 km 0.0623 0.0393 0.0766 0.0607 0.0504

Galileo (m) 500km 0.0625 0.0395 0.0770 0.0607 0.0504
1000km 0.0627 0.0397 0.0774 0.0607 0.0505

1500km 0.0629 0.0400 0.0778 0.0607 0.0506

0 km 0.2063 0.1129 0.1057

BDS MEO (m) 500km 0.2060 / 0.1131 / 0.1059
1000km 0.2056 0.1132 0.1060

1500km 0.2053 0.1133 0.1062

3.4. LEO satellite POD using real-time GNSS products

As a validation of the SISRE, real-time GNSS products of two different days from June 2023 are used to perform the LEO satellite
POD for the satellite Sentinel-6A in the reduced-dynamic mode, which uses onboard collected GNSS observations to
improve/estimate varous orbital dynamic parameters (Allahvirdi-Zadeh et al., 2021b). Dual-frequency phase and code observations
tracked onboard the LEO satellite are used for the POD. The LEO satellite orbits are compared with the reference orbits provided by
the Copernicus POD service (CSPDH, 2023). For comparison, the POD results using the COM final products are also given. The
LEO satellite Orbital User Range Error (OURE), denoted as oy, oyrg. IS computed here as the projection of the LEO satellite orbital
errors to the Earth in an average sense:

OLOURE = \[‘UE,RUE,R + ol ra(ofs + ULZ,A) (10)

where oy g, ot and oy, 5 represents the RMS of the radial, along-track and cross-track LEO satellite orbital errors. The projection
coefficients wy g and wy T4 are about 0.64 and 0.54, respectively, for Sentinel-6A flying at around 1300 km.

Table 6 shows, for example, the batch least-squares reduced-dynamic LEO POD results using different GPS real-time products.
It can be observed that all tested real-time products can deliver high-accuracy LEO POD results in near-real-time. Compared with
the COM final products that gave a gy, oyrg below 2 cm, the real-time products exhibit only slightly worse POD performance, i.e.,
with a oy, oyrg below or around 3 cm. This corresponds to their good SISRE performances for GPS satellites in Section 3.3.

Table 6
RMS of the LEO satellite orbital errors for Sentinel-6A using different real-time GNSS products

ACs June 11, 2023 (m) June 2, 2023 (m)
System

OLR oLT OLA 01, 0URE OLR oLT OLA 01, 0URE
COM GE 0.0111 0.0184 0.0249 0.0183 | 0.0128 0.0214 0.0143 | 0.0162
CNE G 0.0244 0.0366 0.0215 0.0278 /
WHU G 0.0233 0.0387 0.0290 0.0302 | 0.0223 | 0.0354 | 0.0294 | 0.0288
GMV G 0.0194 0.0341 0.0506 0.0354 /
CAS G / 0.0192 0.0312 0.0369 | 0.0290
GFZ G 0.0261 0.0410 0.0300 | 0.0323
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3.5. Overbounding values of the combined satellite orbital and clock errors

In addition to the SISRE, the integrity of the real-time GNSS satellite products is essential for integrity monitoring of the LEO
satellite POD and clock determination. As such, this Section also provides an analysis of the integrity of the investigated real-time
GNSS products. The overbounding standard deviations and mean values (i.e. considered as biases) of the combined GNSS satellite
orbital and clock errors are computed for different constellations using the Stanford two-step method as mentioned in Section 2.3.

Table 7 lists the overbounding standard deviations (&) and mean values () of the combined multi-GNSS satellite orbital and
clock errors for ground users and LEO satellites at different altitudes. The overbounding values for GPS and Galileo satellites are
below 1 dm, and for BDS MEO satellites they are slightly larger, i.e., ranging from sub-dm to about 2 dm. The products from CNES
provided the smallest overbounding values for GPS and Galileo, and the WHU products delivered the smallest overbounding values
for the BDS MEO satellite.

Table 7

Overbounding values of the combined satellite orbital and clock errors

Ac GPS (m) GAL (m) BDS MEO (m)
s 5-GPS ﬁ/lGPS 6GAL T\ﬁGAL 6BDS ﬁiBDS
0 km 0.0649 0.0356 0.2398 0.1494
CAS 500km ) 0.0643 0.0365 0.2351 0.1509
1000km 0.0632 0.0372 0.2295 0.1534
1500km 0.0634 | 0.0377 0.2285 0.1550
0 km 0.0357 0.0182 0.0406 0.0297
CNE 500km 0.0301 0.0186 0.0419 0.0305 )
1000km 0.0308 0.0190 0.0422 0.0313
1500km 0.0310 0.0196 0.0423 0.0318
0 km 0.0824 0.0709 0.0787 0.0889 0.1598 0.0829
GEZ 500km 0.0817 0.0726 0.0793 0.0910 0.1597 0.0842
1000km 0.0827 0.0736 0.0794 | 0.0930 0.1584 | 0.0863
1500km 0.0819 0.0752 0.0803 0.0957 0.1610 0.0870
0 km 0.0608 0.0302 0.0485 0.0345
MV 500km 0.0604 0.0305 0.0487 0.0351 )
1000km 0.0601 0.0309 0.0502 0.0357
1500km 0.0618 0.0315 0.0507 0.0364
0 km 0.0564 0.0379 0.0641 0.0347 0.1170 0.0697
WHU 500km 0.0559 0.0387 0.0665 0.0350 0.1154 | 0.0714
1000km 0.0561 0.0392 0.0631 0.0357 0.1155 0.0727
1500km 0.0559 0.0400 0.0610 0.0366 0.1188 0.0739

4. CONCLUSIONS

LEO satellites are frequently discussed to enhance GNSS PNT services in recent years. A prerequisite for LEO augmentation is the
good quality of the real-time LEO orbital and clock products, and indirectly, the high precision of real-time GNSS products used for
its POD and clock determination. In this study, the multi-GNSS satellite orbital accuracy and clock precision of real-time products
from different analysis centers are analyzed based on one week of data. The SISREs of different GNSS constellations are calculated
for ground users and LEO satellites at different altitudes. Using the real-time GNSS products, LEO satellite POD results are given
for the purpose of validation. The overbounding standard deviations and mean values of combined satellite orbital and clock errors
were computed using the two-step method. The major conclusions are given as follows:
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> In general, the GPS and Galileo real-time products deliver similar accuracy and availability, while those of the BDS MEO
satellites are generally a bit worse. In the case of GPS and Galileo, GMV provided the best orbital accuracy and clock precision,
with orbital accuracy of about 5 cm and clock precision of about 0.1 ns. WHU provided the best BDS MEO products with
orbital accuracy at around 1.2 dm and clock precision at 0.29 ns, respectively.

»  For ground users and LEO satellites at different altitudes, the SISRE of the GPS and GAL real-time products ranges from
centimeters to sub-dm level, with CNES products exhibiting the best performance of about 2.6 cm for GPS and 3.9 ¢cm for
Galileo. In the case of BDS MEO, WHU demonstrated the best performance with SISRE of about 10 to 11 cm. In most cases,
the SISRE tends to rise when increasing the user altitude.

»  Concerning the overbounding values of the combined GNSS satellite orbital and clock errors to be used for estimating integrity
of the POD solution, the CNES products gave the best performance for GPS and Galileo with an overbonding standard deviation
of about 3-4 cm and an overbounding mean value of about 2-3 cm, respectively. For BDS MEO satellites, WHU delivered the
smallest overbounding standard deviation of about 11-12 cm and the overbounding mean value of around 7 cm.

»  The best performance of the real-time GPS/Galileo orbital and clock products was found to be provided by GMV, while the
smallest SISRE was provided by the CNES products. This suggests that the accuracy of the combined projection errors of the
orbits and clocks, which is of main interest, might differ from those of the indvidual orbital and clock products.
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