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Abstract 

 
In recent years, the advances of the new Global Navigation Satellite System (GNSS) constellations 

including, Galileo and BeiDou (BDS), have undergone dramatic changes. Some analysis centers (ACs) 

produce precise orbit and clock products of Galileo and BeiDou constellations. Currently, three types of 

Galileo and BeiDou satellite orbit and clock products are available – namely, precise, rapid and ultra-

rapid products –. Ultra-rapid and rapid products are generally used for time-constrained applications. 

Precise orbit determination (POD) of Galileo and BeiDou is much challenging compared with GPS and 

GLONASS constellations due to the officially undetermined receiver phase center offset (PCO), 

variations (PCV) of Galileo and BeiDou constellations and, also some other not well-defined factors 

such as yaw-attitude models and solar radiation pressure. In this study, GALILEO orbit accuracy is 

investigated using rapid products produced by Center for Orbit Determination in Europe (CODE) 

GeoForschungsZentrum (GFZ) and Wuhan University (WUHAN), while GFZ and WUHAN rapid 

products are used for BeiDou constellation only. One month (January) of data in 2020 is used to compute 

errors of radial, along-track, and cross-track components of Galileo and BeiDou orbit derived by rapid 

products compared with the CODE final Multi-GNSS Experiment (MGEX) product which is assumed 

as the reference product. The results show that no significant differences between the products are found 

for Galileo orbit. For BeiDou orbit, WUHAN rapid product produced the smaller root mean square errors 

(RMSEs) of orbit components compared with the GFZ rapid product. 
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1. Introduction 

 

Precise Global Navigation Satellite System (GNSS) applications require precise orbit and clock 

products generated by analysis centers (ACs) [1]. Five types of GNSS products are available – 

namely, broadcast, ultra-rapid (predicted), ultra-rapid (observed), rapid and, final products – [2]. 

The broadcast ephemeris is mainly used for navigation applications that require meter or sub-meter 

level accuracies. Ultra-rapid predicted part is mainly used for real-time applications. Ultra-rapid 

observed part is generated for near-real time applications. The most accurate orbit and clock 

product (except for final product) for time-constrained applications is rapid product. The last 

product which is assumed the most accurate product is the final product [3]. Because of the users 

demand, ultra-rapid and rapid products have been generating with less delay compared with the 

final product for the time-constrained applications [4]. The latency and accuracy differences 

between the products depend on the processing strategy and number of used GNSS stations by ACs 

[5]. Generally, fewer stations are used for generating of ultra-rapid and rapid products compared 
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with the final product. As a result, the integrity and accuracy of ultra-rapid and rapid products are 

much less compared with the final product. The Multi-GNSS Experiment (MGEX) [6] project was 

initiated by the International GNSS Services (IGS) in 2011 to integrate the new emergence GNSS 

constellations, Galileo and BeiDou. Full operational capability (FOC) of Galileo has not been 

reached unlike that GPS and GLONASS. BeiDou constellation consisting of two parts – namely 

BeiDou-2 and BeiDou 3 –. BeiDou-2 satellites are mainly operating in Asia-Pacific region 

whereas, BeiDou 3 satellites are mainly operating globally. But due to the receiver and hardware 

issues, most of the GNSS stations cannot track all available BeiDou-3 signals. Because BeiDou-3 

products are not available for most of the ACs, only BDS-2 constellation was taken into 

consideration in this study. Hereafter in this manuscript, BDS-2 will be referred to as BeiDou. 

Some ACs produce the precise orbit and clock products of Galileo and BeiDou-2 constellations. 

Center for Orbit Determination in Europe (CODE) GeoForschungsZentrum (GFZ) and Wuhan 

University (WUHAN), are among these ACs. For time-constrained applications, ultra-rapid and 

rapid products from these ACs are also available. In this study, Galileo and BeiDou orbit accuracy 

was investigated using the rapid products from CODE, GFZ and WUHAN. Due to the high 

accuracy, rapid product is much more eligible for time-constrained applications that require high 

accuracy. High interest among the surveying community has been mainly focusing on the Galileo 

and BeiDou integration to GNSS. Some studies [7;8;9] related to rapid orbit accuracy using 

different products were investigated using Precise Point Positioning (PPP) and relative positioning 

techniques. But these studies were mainly conducted to evaluate GPS and GLONASS rapid orbit 

accuracy. Galileo and BeiDou orbit accuracy derived from the rapid products are still hot research 

topic. First, the processing strategy is presented in the following section. Then, the results are given 

and the work is concluded.     

            

2. Materials and Method 

 

Day of the year 1 through 31 in 2020 were chosen to investigate the Galileo and BeiDou orbit 

accuracy of rapid products derived by CODE, GFZ and WUHAN ACs. MGEX final product [10] 

was taken as a reference product for computing root mean square errors (RMSEs) of radial, along-

track and cross-track components of the Galileo and BeiDou rapid products over the test period. 

CODE MGEX product provides the orbits for GPS, GLONASS, Galileo and BeiDou but excludes 

BeiDou geostationary (GEO) satellites due to the poor accuracy of GEO orbits [11]. Therefore, 

BeiDou Medium Earth Orbit (MEO) and Inclined Geo-Synchronous orbit (IGSO) satellites were 

evaluated. 15 min time interval was chosen for the orbit comparison for 24 h rapid and final 

products.  

For the convenient interpretation of the relative location of the satellites between different orbits, 

local radial (𝑒𝑅), along-track (𝑒𝐴) and cross-track (𝑒𝐶) reference frame can be expressed as follows 

[2];    

 

𝑒𝑅 =
𝑟

|𝑟|
                                                                                                                                             (1) 

 

𝑒𝐶 =
𝑟𝑥�̇�

|𝑟𝑥�̇�|
                                                                                                                                         (2) 

 

𝑒𝐴 = 𝑒𝐶  𝑥 𝑒𝑅                                                                                                                                     (3) 
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where 𝑟 and �̇� are the satellite position and inertial velocity vector. RMSEs of radial, along-track 

and cross-track components of Galileo orbit were computed using CODE, GFZ and WUHAN rapid 

products while, RMSEs of BeiDou orbit components were computed using GFZ and WUHAN 

rapid products. BeiDou orbit does not included in the CODE rapid product for the test period.       

 

3. Results 

 

Figure 1 and 2 display the RMSEs of Galileo and BeiDou orbit using the rapid products from 

CODE, GFZ and WUHAN.  

 

 

 

 
 

Figure 1. RMSEs of Galileo orbit 
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Figure 2. RMSEs of BeiDou orbit 

 

As seen in the results, accuracy differences of Galileo orbit between the rapid products are not 

significant. Regarding the accuracy of BeiDou orbit, WUHAN rapid product produced the smaller 

RMSEs compared with the GFZ rapid product. The differences are much more evident in the along-

track and cross-track components. The results also indicate that accuracy of along-track and cross-

track components are much lower compared with the radial component. Table 1 and 2 show the 

maximum absolute errors of Galileo and BeiDou orbit components, respectively, using the rapid 

products. 

 

 

Table 1. Maximum absolute errors of Galileo 

 

Galileo 
Maximum Absolute Error (m) 

CODE GFZ WUHAN 

Radial 0.28 0.25 0.24 

Along-Track 0.22 0.23 0.22 

Cross-Track 0.25 0.23 0.23 
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Table 2. Maximum absolute errors of BeiDou 

 

BeiDou 

Maximum Absolute Error (m) 

GFZ WUHAN 

MEO IGSO MEO IGSO 

Radial 0.05 0.09 0.04 0.10 

Along-Track 0.10 0.20 0.11 0.18 

Cross-Track 0.14 0.14 0.10 0.15 

 

As can be seen from the results of the maximum absolute errors, no significant maximum errors 

difference between the rapid products was observed. Maximum errors of radial component is 

significantly lower than the other components for BeiDou rapid orbit, whereas for Galileo rapid 

orbit, maximum errors of radial component is slightly higher than the other components.     

  

4. Conclusion 

 

For time-constrained applications, users need to choose the satellite orbit and clock products with 

minimum delay and maximum integrity. Rapid products are produced to mainly serve this issue. 

In this study, accuracy of Galileo and BeiDou orbits using the rapid products derived from CODE, 

GFZ and WUHAN ACs were investigated. Because GPS and GLONASS have reached the FOC, 

the orbit quality between the products are highly consistent. POD is much more important for the 

new emerging navigation systems such as Galileo and BeiDou, because FOC has not been declared 

yet except for BeiDou-2 regional system. Therefore, POD consistency among the ACs is not high 

as much as GPS and GLONASS and this can lead to the orbit accuracy differences. One month of 

data in 2020 was chosen to compute Galileo and BeiDou orbit accuracy using the rapid products. 

The results showed that marginal differences between the Galileo rapid products were found. 

Radial, along-track and cross-track accuracies were found approximately as 7 cm, 8.5 cm and 10 

cm for the products. Accuracy differences between the BeiDou rapid products are rather high 

compared with the Galileo orbit. The smallest RMSEs were found using the WUHAN rapid 

products. As expected, the accuracy of the IGSO orbit is much lower compared with the MEO orbit 

for BeiDou constellation.       
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