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1. Introduction

A satellite navigation system enables users to determine 

their own position, navigation, and timing (PNT) information 

through broadcast navigation signals, and it is utilized as a 

core infrastructure in various fields such as transportation, 

communications, and earth science. Basically, users of a 

satellite navigation system perform PNT by using range 

measurements derived from the time difference between 

signal transmission at the satellite and reception by the 

Performance Analysis of QZSS Orbit and Clock Estimation Using 
an Extended Kalman Filter Based on Smoothed Code Pseudorange 
Measurements
Yeong-Guk Kim1,2 , Hyung-Jin Rim1 , Kwan-Dong Park1,2† , Jaewook Rhim3 , Jiyeon Woo3

1PPSOL Inc., Seoul 08504, Korea
2Department of Geoinformatic Engineering, Inha University, Incheon 22212, Korea
3Agency for Defense Development (ADD), Daejeon 34186, Korea

ABSTRACT

Regional Navigation Satellite Systems (RNSSs) employing Inclined Geosynchronous Orbit (IGSO) and Geostationary Orbit 

(GEO) satellites exhibit orbit and clock estimation behavior distinct from that of conventional Medium Earth Orbit (MEO)-

based systems, owing to their limited ground geometry and unique orbital features. Accordingly, various orbit and clock 

determination strategies have been extensively investigated in such environments. In this study, an orbit and clock estimation 

strategy based on an Extended Kalman Filter (EKF) using smoothed code pseudorange measurements is proposed. A self-

developed algorithm is employed to evaluate the orbit and clock estimation performance of the proposed strategy. The 

estimation filter, along with the associated dynamic and observation models, is described, with particular emphasis on a solar 

radiation pressure model suitable for IGSO and GEO satellites. The orbits and clocks of Quazi-Zenith Satellite System (QZSS) 

IGSO and GEO satellites are estimated, and the performance is evaluated under QZSS-only scenarios with different numbers 

of satellites.. The experimental results show that, when four QZSS satellites are used, the average 1D orbit RMS and clock RMS 

values are 4.85 m and 1.74 m, respectively. As the number of satellites decreases, the performance degrades to 5.62 m / 2.02 m 

(3 satellites), 7.08 m / 2.00 m (2 satellites), and 21.12 m / 12.23 m (1 satellite). The primary cause of this degradation is reduced 

observability due to the limited number of observations. In particular, in the single-satellite case, observability is significantly 

degraded, resulting in substantially poorer orbit and clock estimation performance compared to the other cases.
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user. To this end, users require accurate orbit and timing 

information from the navigation satellites. For this purpose, 

operators of satellite navigation systems determine the orbits 

and clock information of the satellites from observation data 

collected at global ground monitoring stations and provide 

this information to users (Montenbruck & Steigenberger 

2020).

Today, satellite navigation systems can be classified into 

Global Navigation Satellite Systems (GNSS), which cover 

the entire globe, and Regional Navigation Satellite Systems 
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(RNSS), which cover specific regions. Currently, the U.S. 

Global Positioning System (GPS), Russia’s Global Navigation 

Satellite System (GLONASS), and Europe’s Galileo operate 

as GNSS, while Japan’s Quasi‑Zenith Satellite System (QZSS) 

and India’s Navigation with Indian Constellation (NavIC) 

operate as RNSS centered on their respective countries. 

Meanwhile, China’s BeiDou provides global services while 

simultaneously offering regional services using some of its 

satellites.

QZSS, NavIC, and BeiDou, which began operations 

relatively recently, use Inclined Geosynchronous Orbit (IGSO) 

and Geostationary Orbit (GEO) satellites rather than the 

Medium Earth Orbit (MEO) satellites used by conventional 

GNSS. These IGSO and GEO satellites can remain over 

specific regions for an extended period, enabling PNT services 

to be provided to areas centered on their respective countries. 

IGSO and GEO are geosynchronous orbits; satellites in these 

orbits are located at an altitude of approximately 36,000 km, 

which is higher than that of MEO satellites at about 20,000 km. 

Due to their orbital characteristics, IGSO and GEO satellites 

require more frequent orbit maintenance maneuvers than 

MEO satellites (Qin et al. 2019).

In addition, when the solar elevation angle relative to the 

orbital plane is high, IGSO satellites in QZSS and BeiDou 

operate in Yaw-Steering (YS) mode, which is similar to the 

mode used by conventional MEO satellites. They switch 

to Orbit‑Normal (ON) mode when the solar elevation 

angle is low, whereas GEO satellites operate in ON mode 

at all times (Montenbruck et al. 2015a). In particular, GEO 

satellites have limitations in observation geometry due to 

their fixed positions as seen from ground observations, 

which fundamentally restricts their precise orbit and 

clock determination capabilities compared with those of 

MEO and IGSO satellites (Akiyama & Montenbruck 2025). 

Therefore, due to orbit characteristics different from those 

of conventional MEO satellites and limited observation 

conditions, the orbit determination performance of IGSO 

and GEO satellites is reported to remain at the level of tens 

of centimeters to several meters. In comparison, MEO 

satellites can achieve orbit determination accuracy at the 

centimeter level (Montenbruck et al. 2017a).

Various studies related to orbit and clock determination 

strategies for IGSO and GEO satellites have been conducted. 

Steigenberger et al. (2013) compared and analyzed the 

performance of various estimation strategies to identify 

optimal techniques for the first QZSS satellite, Michibiki-1, 

launched in 2010. Takasu et al. (2015), Montenbruck et al. 

(2017b), and Yuan et al. (2020) proposed solar radiation 

pressure models suitable for QZSS and evaluated orbit 

determination performance by comparing the results 

with those from existing solar radiation pressure models 

for navigation satellites. Additionally, Duan et al. (2019) 

evaluated and compared the orbit  determination 

performance of batch processing and sequential processing 

techniques for navigation satellites, including the BeiDou 

IGSO satellite, and Roh et al. (2025) compared and analyzed 

the orbit and clock determination performance of QZSS 

satellites under QZSS alone and in combination with GPS. 

In summary, these studies focused on finding optimal 

strategies to improve the orbit and clock determination 

performance of IGSO and GEO satellites.

In this study, we aim to analyze the performance of 

orbit and clock estimation strategies that have not been 

thoroughly investigated in previous studies, rather than 

focusing on improving the estimation performance of 

existing IGSO/GEO satellite orbit and clock solutions or 

achieving centimeter level orbit accuracy. This approach 

is motivated by the fact that orbit and clock estimation 

performance can vary depending on the estimation strategy 

and observation geometry, and the specific strategy 

adopted in this study has not been previously investigated. 

Orbit and clock estimation for the QZSS GEO and IGSO 

satellites was performed using smoothed code pseudorange 

measurements within an Extended Kalman Filter (EKF) 

framework. Without combining QZSS with other GNSS 

constellations, four scenarios with different numbers and 

combinations of QZSS satellites were designed, and the 

estimation performance was analyzed under identical 

estimation strategies. The four scenarios are classified as 

follows:

• Four QZSS satellites: three IGSO + one GEO

• Three QZSS satellites: two IGSO + one GEO

• Two QZSS satellites: one IGSO + one GEO

• One QZSS satellite: one IGSO

In this paper, a proprietary algorithm was developed and 

used to estimate the orbits and clocks of QZSS satellites. 

Chapter 2 provides an explanation of the estimation filters, 

dynamic models, and observation models constituting the 

developed algorithm, along with the rationale for selecting 

these strategies. Chapter 3 presents the analysis results for 

the QZSS orbit and clock estimation performance under each 

of the four scenarios mentioned earlier. Observation data 

from the International GNSS Service (IGS) reference stations 

(IGS 2026) were used, and the estimation performance was 

evaluated against the precise QZSS orbit and clock products 

provided by the Japan Aerospace Exploration Agency (JAXA).
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2. ORBIT AND CLOCK ESTIMATION 
ALGORITHM

2.1 Estimation Filter

The orbit and clock estimation algorithm used in 

this study was developed with the objective of real time 

orbit and clock estimation. In general, orbit and clock 

determination techniques can be classified into batch 

and sequential processing techniques. A representative 

example of a batch processing technique is the ultra rapid 

products produced by IGS analysis centers. According to 

IGS, the GPS orbit accuracy provided by ultra rapid orbits is 

highly precise, on the order of about 5 cm. However, orbit 

predictions based on batch processing have limitations 

in responding to abrupt or unpredictable orbit deviations 

caused by unmodeled forces, orbital maneuvers, and 

eclipse conditions.

Lou et al. (2022) report that the ultra rapid orbit is subject 

to performance degradation or even unavailability during 

eclipse periods or orbital maneuver intervals due to its 

inherent prediction based nature. In particular, frequent 

orbit maintenance maneuvers of BeiDou GEO satellites are 

considered to adversely affect the accuracy and reliability 

of predicted orbits. Duan et al. (2019) evaluated the Square 

Root Information Filter (SRIF), one of the sequential 

processing techniques, and found that it provides more 

accurate orbits than the six hour predicted orbits from batch 

processing techniques. Moreover, when the performance 

of the two approaches for BeiDou IGSO satellites during 

eclipse periods was compared, they reported that the 

difference in accuracy was on the order of five to six times.

The two preceding studies suggest that sequential 

processing techniques are more favorable than batch 

processing techniques for real‑time applications. However, 

Lou et al. (2022) noted that sequential processing techniques 

require robust observations and optimized stochastic 

models for accurate orbit and clock determination. In 

light of these findings, EKF was adopted as the sequential 

processing scheme, with careful consideration given to 

observation handling and filter model selection.

The EKF algorithm used in this study is based on the 

sequential processing algorithm proposed by Tapley et al. 

(2004). In general, the EKF comprises a time-update step 

and a measurement-update step, and the time-update is 

carried out using Eq. (1).

2.1 Estimation Filter 
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In Eq. (2), F is a nonlinear model for the time variation of 

the state vector, including the satellite dynamics. The 

measurement-update is performed using Eq. (3).

 
In Eq. (2), 𝐹𝐹 is a nonlinear model for the time variation of the state vector, including the 
satellite dynamics. The measurement-update is performed using Eq. (3). 
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𝐾𝐾𝑖𝑖 = 𝑃̅𝑃𝑖𝑖𝐻𝐻𝑖𝑖
𝑇𝑇(𝐻𝐻𝑖𝑖𝑃̅𝑃𝑖𝑖𝐻𝐻𝑖𝑖

𝑇𝑇 + 𝑅𝑅𝑖𝑖)
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𝑥̂𝑥𝑖𝑖 = 𝐾𝐾𝑖𝑖𝑦𝑦𝑖𝑖 
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where 𝑦𝑦𝑖𝑖 is the residual vector, 𝑌𝑌𝑖𝑖 is the observation vector, and 𝐺𝐺 represents the observation 
model, while 𝐻𝐻 , 𝐾𝐾 , and 𝑅𝑅  denote the observation matrix, Kalman gain matrix, and 
observation noise covariance matrix, respectively. Finally, the state correction vector 𝑥̂𝑥  is 
estimated using the Kalman gain matrix and the residual vector, and the optimal solution 𝑋̂𝑋𝑖𝑖 
at 𝑡𝑡𝑖𝑖 is determined accordingly. Similarly, the covariance matrix 𝑃̂𝑃𝑖𝑖 is determined using the 
Kalman gain and the observation matrix, employing the formula proposed by Bucy & Joseph 
(1968) to ensure numerical stability of the filter. 
 
2.2 Dynamic Models 

 
The acceleration   of the navigation satellite considered in this study is given by Eq. (4). 
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acceleration due to solar radiation pressure is determined based on the physical interaction 
between each surface and the solar radiation. The model proposed by Milani et al. (1987) is 
given by Eq. (5). 
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The acceleration   of the navigation satellite considered in this study is given by Eq. (4). 
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particular, it significantly affects the orbit accuracy of high‑altitude satellites and is therefore 
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Solar radiation pressure models can generally be classified into analytical models and 
empirical models. A representative analytical model is the box-wing model. In the box-wing 
model, the satellite body is separated into the main body and solar panels, and the 
acceleration due to solar radiation pressure is determined based on the physical interaction 
between each surface and the solar radiation. The model proposed by Milani et al. (1987) is 
given by Eq. (5). 
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where 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 is the solar radiation pressure at 1 AU, and 𝑚𝑚 is the satellite mass. In addition, 𝑛𝑛 
and 𝛼𝛼  denote the number of surfaces in the box-wing model and each surface area, 

respectively. The notation 𝜃𝜃 is the angle between the surface normal vector and the satellite–
Sun vector. The vectors 𝑛̂𝑛 and 𝑠̂𝑠 denote the unit normal vector of the surface and the satellite–
Sun unit vector, respectively, while 𝛿𝛿 and 𝜌𝜌 represent the specular reflectivity and diffusive 
reflectivity of the surface, respectively. 

One of the most representative empirical models is the Empirical CODE Orbit Model 
(ECOM), developed by the Center for Orbit Determination in Europe (CODE). Unlike 
analytical models, ECOM (Beutler et al. 1994) describes solar radiation pressure through 
empirical model parameters without prior information on satellite mass, area, and other 
properties, and it has been mainly used for Precise Orbit Determination (POD) of GPS and 
GLONASS satellites (Montenbruck et al. 2015b). Although ECOM showed limitations as 
satellite body geometries became more complex, these issues were addressed by ECOM2 
(Arnold et al. 2015). In general, the solar radiation pressure accelerations in ECOM models 
are defined in the orthogonal coordinate system as shown in Eq. (6). 
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|𝑟𝑟𝑠𝑠−𝑟𝑟|, 𝑒𝑒𝑌𝑌 = − 𝑒𝑒𝑟𝑟×𝑒𝑒𝐷𝐷

|𝑒𝑒𝑟𝑟×𝑒𝑒𝐷𝐷|, 𝑒𝑒𝐵𝐵 = 𝑒𝑒𝐷𝐷 × 𝑒𝑒𝑌𝑌 (6) 

 
where  𝑠𝑠 and   denote the position vectors of the Sun and the satellite, respectively, and 𝑒𝑒𝑟𝑟 is 
the unit vector of  . The vector 𝑒𝑒𝐷𝐷 denotes the unit vector in the satellite–Sun direction, 𝑒𝑒𝑌𝑌 
denotes the unit vector along the solar panel axis, and 𝑒𝑒𝐵𝐵 denotes the unit vector determined 
by the two axes. With these axes defined, the ECOM2 model can be expressed as Eq. (7). 
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where  0 is an optional a priori acceleration model, while 𝐷𝐷0, 𝐷𝐷2𝑖𝑖,𝑐𝑐, 𝐷𝐷2𝑖𝑖,𝑠𝑠, 𝑌𝑌0, 𝐵𝐵0, 𝐵𝐵2𝑖𝑖−1,𝑐𝑐, and 
𝐵𝐵2𝑖𝑖−1,𝑠𝑠 denote the estimated model parameters. The values of 𝑛𝑛𝐷𝐷 and 𝑛𝑛𝐵𝐵 can be defined by 
the user according to the orbital characteristics, and they are generally defined using a total of 
nine model parameters with 𝑛𝑛𝐷𝐷 = 2  and 𝑛𝑛𝐵𝐵 = 1. The parameter ∆𝑢𝑢  is determined by the 
geometric relationship between the satellite and the Sun, as illustrated in Fig. 1. 

Recent studies on SRP models for IGSO and GEO satellites mainly evaluate models that 
combine a box‑wing model with ECOM or ECOM2. The results show that using a box‑wing 
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nine model parameters with 𝑛𝑛𝐷𝐷 = 2  and 𝑛𝑛𝐵𝐵 = 1. The parameter ∆𝑢𝑢  is determined by the 
geometric relationship between the satellite and the Sun, as illustrated in Fig. 1. 

Recent studies on SRP models for IGSO and GEO satellites mainly evaluate models that 
combine a box‑wing model with ECOM or ECOM2. The results show that using a box‑wing 
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where a0 is an optional a priori acceleration model, while D0, 

D2i,c, D2i,s, Y0, B0, B2i-1,c, and B2i-1,s denote the estimated model 

parameters. The values of nD and nB can be defined by the 

user according to the orbital characteristics, and they are 

generally defined using a total of nine model parameters 

with nD = 2 and nB = 1. The parameter ∆u is determined by 

the geometric relationship between the satellite and the 

Sun, as illustrated in Fig. 1.

Recent studies on SRP models for IGSO and GEO 

satellites mainly evaluate models that combine a box‑wing 

model with ECOM or ECOM2. The results show that using 

a box‑wing model combined with ECOM or ECOM2 leads 

to more accurate orbit and clock determination than using 

ECOM or ECOM2 alone (Tan et al. 2016, Montenbruck et al. 

2017b, Duan et al. 2022, Yang et al. 2025). Yuan et al. (2020) 

found that the combined model of a five‑parameter ECOM2 

and the box‑wing performs similarly to or better than the 

nine‑parameter ECOM2 alone. In particular, the combined 

model achieves comparable or higher performance with 

fewer model parameters than ECOM2 alone, enabling 

efficient orbit and clock estimation. Therefore, in this 

study, a model that combines the box‑wing and ECOM2 

models is employed. The satellite information required 

for the box‑wing model is obtained from the QZSS satellite 

information provided by QZSS (QZSS 2026), whereas nD = 0 

and nB = 1 were used for ECOM2.

2.3 Observation Models

GNSS satell i te  orbit  and clock determination is 

typically based on dual-frequency code pseudoranges 

and carrier-phase observations. Through the ionosphere-

free combination of dual-frequency measurements, most 

Fig. 1.  Satellite–geocenter–Sun geometry, where us denotes the Sun’s 
argument of latitude with respect to the orbital plane.
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ionospheric delays can be removed, and carrier-phase 

observations have particularly low noise, on the order of 

1–2 cm. In comparison, code pseudorange observations 

have noise on the order of about 1 m, and thus carrier-

phase observations are employed for POD (Montenbruck & 

Steigenberger 2020). However, carrier-phase observations 

contain integer ambiguities that require a complex 

preprocessing procedure to resolve, which tends to extend 

the convergence time of orbit and clock determination. 

To ensure efficiency and stability in resource-constrained 

environments such as real-time onboard processing, Zhang 

et al. (2025) demonstrated the effectiveness of pseudorange-

based orbit determination for IGSO satellites. Therefore, 

carrier-phase observations were not directly used in this 

study in consideration of efficiency and stability.

W e  u s e d  d u a l - f r e q u e n c y  i o n o s p h e r e - f r e e  c o d e 

pseudoranges for real-time orbit and clock estimation. In 

addition, a carrier-phase smoothing technique based on the 

Hatch filter was adopted to reduce the observation noise 

of the raw code pseudoranges without resolving integer 

ambiguities (Zhang et al. 2023).

In this study, the smoothed ionosphere free code 

pseudoranges are computed as follows. First, the code 

pseudorange and carrier phase measurements at each 

frequency are given by Eq. (8).

model combined with ECOM or ECOM2 leads to more accurate orbit and clock 
determination than using ECOM or ECOM2 alone (Tan et al. 2016, Montenbruck et al. 
2017b, Duan et al. 2022, Yang et al. 2025). Yuan et al. (2020) found that the combined model 
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nine‑parameter ECOM2 alone. In particular, the combined model achieves comparable or 
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and clock estimation. Therefore, in this study, a model that combines the box‑wing and 
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obtained from the QZSS satellite information provided by QZSS (QZSS 2026), whereas 
𝑛𝑛𝐷𝐷 =   and 𝑛𝑛𝐵𝐵 = 1were used for ECOM2. 
 
2.3 Observation Models 

 
GNSS satellite orbit and clock determination is typically based on dual-frequency code 

pseudoranges and carrier-phase observations. Through the ionosphere-free combination of 
dual-frequency measurements, most ionospheric delays can be removed, and carrier-phase 
observations have particularly low noise, on the order of 1–2 cm. In comparison, code 
pseudorange observations have noise on the order of about 1 m, and thus carrier-phase 
observations are employed for precise orbit determination (Montenbruck & Steigenberger 
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environments such as real-time onboard processing, Zhang et al. (2025) demonstrated the 
effectiveness of pseudorange-based orbit determination for IGSO satellites. Therefore, 
carrier-phase observations were not directly used in this study in consideration of efficiency 
and stability. 

We used dual-frequency ionosphere-free code pseudoranges for real-time orbit and 
clock estimation. In addition, a carrier-phase smoothing technique based on the Hatch filter 
was adopted to reduce the observation noise of the raw code pseudoranges without resolving 
integer ambiguities (Zhang et al. 2023). 

In this study, the smoothed ionosphere-free code pseudoranges are computed as follows. 
First, the code pseudorange and carrier-phase measurements at each frequency are given by 
Eq. (8). 
 

 𝑃𝑃1 = 𝜌𝜌 + (𝛿𝛿𝛿𝛿𝑟𝑟 − 𝛿𝛿𝛿𝛿𝑠𝑠) ∙ 𝑐𝑐 + Δ𝐼𝐼1 + ∆𝑇𝑇 + 𝜀𝜀𝑃𝑃1 
𝑃𝑃2 = 𝜌𝜌 + (𝛿𝛿𝛿𝛿𝑟𝑟 − 𝛿𝛿𝛿𝛿𝑠𝑠) ∙ 𝑐𝑐 + Δ𝐼𝐼2 + ∆𝑇𝑇 + 𝜀𝜀𝑃𝑃2 
𝐿𝐿1 = 𝜌𝜌 + (𝛿𝛿𝛿𝛿𝑟𝑟 − 𝛿𝛿𝛿𝛿𝑠𝑠) ∙ 𝑐𝑐 − Δ𝐼𝐼1 + ∆𝑇𝑇 + 𝜆𝜆1𝑁𝑁1 + 𝜀𝜀𝐿𝐿1 
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where 𝑃𝑃 and 𝐿𝐿 denote the pseudorange and carrier-phase measurements expressed in meters, 
respectively, and the subscripts 1 and 2 indicate the corresponding frequencies. 𝜌𝜌  is the 
geometric distance, defined as 𝜌𝜌 =  −  𝑟𝑟  , with  𝑟𝑟  representing the reference station 
position vector. 𝛿𝛿𝑡𝑡𝑟𝑟 and 𝛿𝛿𝑡𝑡𝑠𝑠 denote the receiver and satellite clock errors, respectively, and 𝑐𝑐 

(8)

where P and L denote the pseudorange and carrier-phase 

measurements expressed in meters, respectively, and the 

subscripts 1 and 2 indicate the corresponding frequencies. ρ 
is the geometric distance, defined as ρ = |r - rr|, with rr 

representing the reference station position vector. δtr and δts 

denote the receiver and satellite clock errors, respectively, 

and c is the speed of light. In addition, ΔI is the ionospheric 

delay, ΔT is the tropospheric delay, λ and N represent the 

wavelength and integer ambiguity, respectively, and ε is the 

observation noise. Frequency-specific smoothing is 

performed as given in Eq. (9).

is the speed of light. In addition, Δ𝐼𝐼 is the ionospheric delay, Δ𝑇𝑇 is the tropospheric delay, 𝜆𝜆 
and 𝑁𝑁 represent the wavelength and integer ambiguity, respectively, and 𝜀𝜀 is the observation 
noise. Frequency-specific smoothing is performed as given in Eq. (9). 
 

𝑃𝑃1,𝑠𝑠𝑠𝑠(𝑡𝑡𝑖𝑖) = 1
𝐾𝐾𝑃𝑃1(𝑡𝑡𝑖𝑖) + 𝐾𝐾 − 1
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where 𝑃𝑃𝑠𝑠𝑠𝑠(𝑡𝑡𝑖𝑖) denotes the smoothed pseudorange at time 𝑡𝑡𝑖𝑖, and 𝐾𝐾 is the length of the Hatch 
filter. To apply the Hatch filter, cycle-slip detection and filter initialization are required 
(Hofmann-Wellenhof et al. 2008). In this study, cycle slips were detected using the Turbo-
edit method proposed by Blewitt (1990), and the Hatch filter was reinitialized whenever a 
cycle slip was detected. The ionosphere-free combination is given by Eq. (10). 
 

𝑃𝑃𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠 = 𝛼𝛼 ∙ 𝑃𝑃1,𝑠𝑠𝑠𝑠 + 𝛽𝛽 ∙ 𝑃𝑃2,𝑠𝑠𝑠𝑠, 𝛼𝛼 = 𝑓𝑓12
𝑓𝑓12−𝑓𝑓22

,𝛽𝛽 = − 𝑓𝑓22
𝑓𝑓12−𝑓𝑓22

 (10) 

 
where 𝑃𝑃𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠 denotes the smoothed ionosphere-free code pseudorange, and 𝑓𝑓 is the frequency. 
Finally, the observation equation of the smoothed ionosphere-free code pseudorange used for 
orbit and clock estimation is given by Eq. (11). 
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In Eq. (11), 𝜀𝜀𝑃𝑃𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠  follows the observation noise model proposed by Jang et al. (2017), which 
is given by Eq. (12), where 𝑇𝑇 is the update interval of the Hatch filter. 
 
 

𝜀𝜀𝑃𝑃𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠 = (𝛼𝛼2 + 𝛽𝛽2) ∙ 𝜀𝜀𝑃𝑃12 ∙ ( 𝑇𝑇2𝐾𝐾) (12) 

 
3. QZSS ORBIT AND CLOCK ESTIMATION EXPERIMENT  
 
3.1 Experiment Setup 

 
In this experiment, we estimated the orbits and clocks of four QZSS satellites for three 

days, from 00:00:00 on 13 June 2025 to 00:00:00 on 16 June 2025 in GPS Time, using the 
estimation algorithm described earlier and evaluated the performance of the orbit and clock 
estimates. The ground network of reference stations consists of 16 IGS stations capable of 
receiving QZSS signals. Smoothed ionosphere‑free code pseudoranges, computed from the 
QZSS L1/L2 code pseudorange and carrier‑phase observations at those stations as described 
in Section 2.3, were used. The QZSS observation data were obtained from the Crustal 
Dynamics Data Information System (CDDIS), one of the IGS global data centers. The orbital 
type, Satellite Vehicle Number (SVN), and Pseudo Random Noise (PRN) of the QZSS 
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where Psm(ti) denotes the smoothed pseudorange at time ti, 

and K is the length of the Hatch filter. To apply the Hatch 

filter, cycle-slip detection and filter initialization are 

required (Hofmann-Wellenhof et al. 2008). In this study, 

cycle slips were detected using the Turbo-edit method 

proposed by Blewitt (1990), and the Hatch filter was 

reinitialized whenever a cycle slip was detected. The 

ionosphere-free combination is given by Eq. (10).
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where 𝑃𝑃𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠 denotes the smoothed ionosphere-free code pseudorange, and 𝑓𝑓 is the frequency. 
Finally, the observation equation of the smoothed ionosphere-free code pseudorange used for 
orbit and clock estimation is given by Eq. (11). 
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where PIF,sm denotes the smoothed ionosphere-free code 

pseudorange, and f is the frequency. Finally, the observation 

e q u a t i o n  o f  t h e  s m o o t h e d  i o n o s p h e r e - f r e e  c o d e 

pseudorange used for orbit and clock estimation is given by 

Eq. (11).
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In Eq. (11), εPIF,sm
 follows the observation noise model 

proposed by Jang et al. (2017), which is given by Eq. (12), 

where TH is the update interval of the Hatch filter.
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edit method proposed by Blewitt (1990), and the Hatch filter was reinitialized whenever a 
cycle slip was detected. The ionosphere-free combination is given by Eq. (10). 
 

𝑃𝑃𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠 = 𝛼𝛼 ∙ 𝑃𝑃1,𝑠𝑠𝑠𝑠 + 𝛽𝛽 ∙ 𝑃𝑃2,𝑠𝑠𝑠𝑠, 𝛼𝛼 = 𝑓𝑓12
𝑓𝑓12−𝑓𝑓22

,𝛽𝛽 = − 𝑓𝑓22
𝑓𝑓12−𝑓𝑓22

 (10) 

 
where 𝑃𝑃𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠 denotes the smoothed ionosphere-free code pseudorange, and 𝑓𝑓 is the frequency. 
Finally, the observation equation of the smoothed ionosphere-free code pseudorange used for 
orbit and clock estimation is given by Eq. (11). 
 

𝑃𝑃𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠 = 𝜌𝜌 + (𝛿𝛿𝛿𝛿𝑟𝑟 − 𝛿𝛿𝛿𝛿𝑠𝑠) ∙ 𝑐𝑐 + ∆𝑇𝑇 + 𝜀𝜀𝑃𝑃𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠 (11) 
 
In Eq. (11), 𝜀𝜀𝑃𝑃𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠  follows the observation noise model proposed by Jang et al. (2017), which 
is given by Eq. (12), where 𝑇𝑇 is the update interval of the Hatch filter. 
 
 

𝜀𝜀𝑃𝑃𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠 = (𝛼𝛼2 + 𝛽𝛽2) ∙ 𝜀𝜀𝑃𝑃12 ∙ ( 𝑇𝑇2𝐾𝐾) (12) 

 
3. QZSS ORBIT AND CLOCK ESTIMATION EXPERIMENT  
 
3.1 Experiment Setup 

 
In this experiment, we estimated the orbits and clocks of four QZSS satellites for three 

days, from 00:00:00 on 13 June 2025 to 00:00:00 on 16 June 2025 in GPS Time, using the 
estimation algorithm described earlier and evaluated the performance of the orbit and clock 
estimates. The ground network of reference stations consists of 16 IGS stations capable of 
receiving QZSS signals. Smoothed ionosphere‑free code pseudoranges, computed from the 
QZSS L1/L2 code pseudorange and carrier‑phase observations at those stations as described 
in Section 2.3, were used. The QZSS observation data were obtained from the Crustal 
Dynamics Data Information System (CDDIS), one of the IGS global data centers. The orbital 
type, Satellite Vehicle Number (SVN), and Pseudo Random Noise (PRN) of the QZSS 
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3. QZSS ORBIT AND CLOCK ESTIMATION 
EXPERIMENT 

3.1 Experiment Setup

In this experiment, we estimated the orbits and clocks 

of four QZSS satellites for three days, from 00:00:00 on 13 

June 2025 to 00:00:00 on 16 June 2025 in GPS Time, using 

the estimation algorithm described earlier and evaluated 

the performance of the orbit and clock estimates. The 

ground network of reference stations consists of 16 IGS 

stations capable of receiving QZSS signals. Smoothed 

ionosphere‑free code pseudoranges, computed from 

the QZSS L1/L2 code pseudorange and carrier‑phase 

observations at those stations as described in Section 2.3, 

were used. The QZSS observation data were obtained from 

the Crustal Dynamics Data Information System (CDDIS), 

one of the IGS global data centers. The orbital type, Satellite 

Vehicle Number (SVN), and Pseudo Random Noise (PRN) 

of the QZSS satellites are listed in Table 1, and satellite 

ground tracks and station locations are shown in Fig. 2.

In the QZSS orbit and clock estimation experiment, 

the following quantities are estimated as parameters: 

satellite position and velocity, satellite clock error, solar 

radiation pressure model parameters, station clock errors, 

Table 1.  QZSS Satellite orbit types, SVN, and PRN numbers.

Orbit type SVN PRN

IGSO
J002
J004
J005

J02
J03
J04

GEO J003 J07
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and Zenith Wet Delay (ZWD). Here, the satellite position 

and velocity, which are satellite‑related parameters, are 

estimated without considering process noise. The satellite 

clock error is modeled as a first‑order polynomial consisting 

of a bias and a drift, where both the bias and the drift are 

estimated as random walk processes. For each satellite, five 

solar radiation pressure parameters of the ECOM2 model 

described in Section 2.2 are estimated as random walk 

processes. The station clock errors, which are site‑related 

parameters, are estimated as biases using a random walk 

process, and the ZWD is estimated using a first‑order 

Gauss‑Markov model. All clock errors are estimated with 

respect to the station CCJ2 located in Japan.

The attitudes of the QZSS IGSO satellites are in YS mode 

by default, but switch to ON mode during orbit‑maintenance 

maneuvers, while the GEO satellites are always in ON mode 

(QZSS 2026). Since no maneuvers occurred for the IGSO 

satellites during the experiment period, the QZSS IGSO 

satellite attitudes were assumed to be in YS mode in this 

experiment. The observation types used are L1C(P) and 

L2C(L), and for stations where these observation types 

are not available, alternative observations at the same 

frequencies were used. The satellite Differential Code Bias 

(DCB) was corrected using products from the Deutsches 

Zentrum für Luft‑ und Raumfahrt (DLR), while the receiver 

DCB was left uncorrected. The PCO/PCV of both the satellite 

and ground antennas were corrected using the IGS ANTEX 

model (IGS 2024). The station positions were fixed to the IGS 

daily solutions for 13 June 2025. The tropospheric Zenith 

Hydrostatic Delay (ZHD) was derived from the Saastamoinen 

model (Saastamoinen 1972) using pressures computed by 

the Global Pressure Temperature (GPT) model (Boehm et al. 

2007), and the ZHD values were mapped to slant hydrostatic 

delays using the Global Mapping Function (GMF) (Boehm 

et al. 2006). The initial values of the satellite position and 

velocity were set such that their errors relative to the precise 

ephemeris are within 15 km and 3 m/s, respectively, and the 

initial values of the SRP, satellite and receiver clock errors, 

and ZWD were all set to zero. The detailed conditions used 

for orbit and clock estimation are summarized in Table 2, and 

the stochastic models for each parameter in the EKF can be 

found in Table 3.

In orbit and clock estimation problems, a favorable 

spatial configuration of the observation geometry is 

essential to separate and estimate strongly coupled 

parameters.  The observability of these parameters 

depends on the satellite–ground geometry and the spatial 

distribution of observations, and when this configuration 

is inadequate, individual parameters become difficult 

to estimate independently (Montenbruck & Gill 2000). 

Consequently, a limited observation geometry results in 

increased parameter correlations, which in turn degrades 

the accuracy of the orbit and clock estimates. Moreover, 

even under the same observation geometry, a significant 

reduction in the number of observations can considerably 

decrease the density of the observation data, thereby 

weakening the filter’s ability to separate the parameters. 

In consideration of these aspects, the number of satellites 

constituting the observation geometry was set according 

to the scenarios listed in Table 4, and the orbit and clock 

estimation performance for each case was evaluated.

The number of satellites assigned to each scenario is 

reduced by one satellite at a time from Scenario A to D, 

in descending order of SVN, regardless of the satellite 

orbit type, with Scenario A including all QZSS satellites 

operational during the experiment period. For satellites not 

included in a specific scenario, the satellite position and 

velocity, satellite clock error, and solar radiation pressure 

model parameters are not included in the state vector. The 

ground network configurations are identical in all scenarios, 

so the station‑based parameters, i.e., the station clock errors 

and ZWD, are always included in the state vector regardless 

of the scenario. The dynamic and observation models, as 

well as the stochastic models used for estimation, are kept 

the same across all scenarios.

The orbit and clock estimation performance was evaluated 

by comparing the results with the precise, final orbit 

and clock products from JAXA. The accuracy of the orbit 

estimates was assessed using the 1D, radial, along‑track, 

and cross‑track Root Mean Square (RMS) with respect to the 

precise orbit products, where the 1D is given by Eq. (13).

The number of satellites assigned to each scenario is reduced by one satellite at a time 
from Scenario A to D, in descending order of SVN, regardless of the satellite orbit type, with 
Scenario A including all QZSS satellites operational during the experiment period. For 
satellites not included in a specific scenario, the satellite position and velocity, satellite clock 
error, and solar radiation pressure model parameters are not included in the state vector. The 
ground network configurations are identical in all scenarios, so the station‑based parameters, 
i.e., the station clock errors and ZWD, are always included in the state vector regardless of 
the scenario. The dynamic and observation models, as well as the stochastic models used for 
estimation, are kept the same across all scenarios. 

The orbit and clock estimation performance was evaluated by comparing the results with 
the precise, final orbit and clock products from JAXA. The accuracy of the orbit estimates 
was assessed using the 1D, radial, along‑track, and cross‑track Root Mean Square (RMS) 
with respect to the precise orbit products, where the 1D is given by Eq. (13). 
 

1𝐷𝐷 = 3𝐷𝐷
√3

= √𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2
√3

 (13) 

 
The estimation performance of the satellite clock errors was evaluated by first 

computing the difference between the bias of the estimated satellite clock error and the 
precise clock products, and then taking the RMS of this difference. This difference will be 
denoted as ‘T’ hereafter. Since the satellite clock estimates are expressed as relative values 
with respect to the clock error of CCJ2, they must be aligned to the same reference as the 
precise clock products for a valid comparison. Therefore, the estimated satellite clock error 
was aligned to the precise clock products according to Eq. (14). 

 
 ̃𝑡𝑡𝑖𝑖𝑠𝑠 =  ̂𝑡𝑡𝑖𝑖𝑠𝑠 +  𝑡𝑡𝑖𝑖

𝐶𝐶𝐶𝐶𝐶𝐶2 − 𝑏𝑏𝑠𝑠 (14) 
 
where the superscript 𝑠𝑠 denotes the satellite.  ̃ is the bias of the aligned satellite clock error, 
and  ̂  is the bias of the satellite clock error estimated by the filter. In addition,  𝐶𝐶𝐶𝐶𝐶𝐶2 
represents the bias of the CCJ2 clock error provided by the precise clock products, and 𝑏𝑏 is 
the satellite‑specific constant bias between the estimated satellite clock error and the precise 
clock products. 
 
3.2 Experiment Results 

 
The RMS values, which served as the performance metric, were computed over the time 

intervals during which the EKF had sufficiently converged. To define the evaluation period, 
the 1D and T values were plotted over time for each scenario, as shown in Fig. 3. The 
scenario‑wise plots are arranged in rows, with Scenarios A to D shown sequentially from top 
to bottom. The plot on the left of each row shows the time series of the 1D, and the plot on 
the right shows the time series of T. The colors in each plot indicate the SVN, and the 
horizontal axis represents time. For Scenarios A–C, the initial 1D and T values are on the 
order of tens of meters, but they gradually converge as time elapses. By contrast, in Scenario 

(13)

The estimation performance of the satellite clock errors 

Fig. 2.  QZSS satellite ground tracks and the distribution of reference 
stations.
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was evaluated by first computing the difference between 

the bias of the estimated satellite clock error and the precise 

clock products, and then taking the RMS of this difference. 

This difference will be denoted as ‘T’ hereafter. Since the 

satellite clock estimates are expressed as relative values with 

respect to the clock error of CCJ2, they must be aligned to 

the same reference as the precise clock products for a valid 

comparison. Therefore, the estimated satellite clock error was 

aligned to the precise clock products according to Eq. (14).

The number of satellites assigned to each scenario is reduced by one satellite at a time 
from Scenario A to D, in descending order of SVN, regardless of the satellite orbit type, with 
Scenario A including all QZSS satellites operational during the experiment period. For 
satellites not included in a specific scenario, the satellite position and velocity, satellite clock 
error, and solar radiation pressure model parameters are not included in the state vector. The 
ground network configurations are identical in all scenarios, so the station‑based parameters, 
i.e., the station clock errors and ZWD, are always included in the state vector regardless of 
the scenario. The dynamic and observation models, as well as the stochastic models used for 
estimation, are kept the same across all scenarios. 

The orbit and clock estimation performance was evaluated by comparing the results with 
the precise, final orbit and clock products from JAXA. The accuracy of the orbit estimates 
was assessed using the 1D, radial, along‑track, and cross‑track Root Mean Square (RMS) 
with respect to the precise orbit products, where the 1D is given by Eq. (13). 
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with respect to the clock error of CCJ2, they must be aligned to the same reference as the 
precise clock products for a valid comparison. Therefore, the estimated satellite clock error 
was aligned to the precise clock products according to Eq. (14). 
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where the superscript 𝑠𝑠 denotes the satellite.  ̃ is the bias of the aligned satellite clock error, 
and  ̂  is the bias of the satellite clock error estimated by the filter. In addition,  𝐶𝐶𝐶𝐶𝐶𝐶2 
represents the bias of the CCJ2 clock error provided by the precise clock products, and 𝑏𝑏 is 
the satellite‑specific constant bias between the estimated satellite clock error and the precise 
clock products. 
 
3.2 Experiment Results 

 
The RMS values, which served as the performance metric, were computed over the time 

intervals during which the EKF had sufficiently converged. To define the evaluation period, 
the 1D and T values were plotted over time for each scenario, as shown in Fig. 3. The 
scenario‑wise plots are arranged in rows, with Scenarios A to D shown sequentially from top 
to bottom. The plot on the left of each row shows the time series of the 1D, and the plot on 
the right shows the time series of T. The colors in each plot indicate the SVN, and the 
horizontal axis represents time. For Scenarios A–C, the initial 1D and T values are on the 
order of tens of meters, but they gradually converge as time elapses. By contrast, in Scenario 

(14)

where the superscript s denotes the satellite. a~ is the bias of 

the aligned satellite clock error, and a^ is the bias of the 

satellite clock error estimated by the filter. In addition, aCCJ2 

represents the bias of the CCJ2 clock error provided by the 

precise clock products, and b is the satellite‑specific 

constant bias between the estimated satellite clock error 

and the precise clock products.

3.2 Experiment Results

The RMS values, which served as the performance 

metric, were computed over the time intervals during 

which the EKF had sufficiently converged. To define the 

evaluation period, the 1D and T values were plotted over 

time for each scenario, as shown in Fig. 3. The scenario‑wise 

plots are arranged in rows, with Scenarios A to D shown 

sequentially from top to bottom. The plot on the left of 

each row shows the time series of the 1D, and the plot on 

the right shows the time series of T. The colors in each 

plot indicate the SVN, and the horizontal axis represents 

time. For Scenarios A–C, the initial 1D and T values are on 

the order of tens of meters, but they gradually converge as 

time elapses. By contrast, in Scenario D, the 1D and T do 

not exhibit a clear convergence trend, and T in particular 

shows periodic variations nearly at the orbital period. The 

reason for this periodicity is explained at the end of this 

section. To evaluate the performance over the same time 

interval, the convergence interval was defined based on 

Scenario A. Since both the 1D and T of Scenario A show 

stable convergence after 48 hours, the 1D and T RMS values 

for all scenarios were computed for the time period after 48 

hours and used as the performance metrics. The 1D, radial, 

along‑track, cross‑track, and T RMS values for each satellite 

in each scenario can be found in Fig. 4 and Table 5.

In Scenario A, the 1D RMS of the IGSO satellites J002, 

J004, and J005 is 3.80, 4.06, and 4.12 m, respectively, while 

the 1D RMS of the GEO satellite J003 is 7.43 m. In particular, 

the along‑track error of the GEO satellite is 12.7 m, more 

than twice as large as the along‑track errors of the IGSO 

satellites. This is attributed to the limited observation 

geometry of geostationary satellites, which appear fixed 

Table 2.  Orbit and clock estimation processing settings.

Items Settings
Observation model
Update interval
Geopotential
Tidal effect
Third bodies
Relativistic effect
SRP
Satellite attitude
Satellite position, velocity
Satellite clock error
Receiver clock error
Satellite DCB
PCO/PCV
Station position
Tropospheric delay
Measurement noise

Smoothed ionosphere-free pseudorange
300 sec
EGM2008 8 x 8
Solid earth, ocean, pole: IERS Conventions 2010 (Petit & Luzum 2010), FES2004
Sun & Moon, All planets. Ephemeris: JPL DE440
IERS Conventions 2010
a priori box-wing model + ECOM2 5-parameter model (nD = 0, nB = 1); parameters estimated
IGSO: nominal-yaw steering, GEO: orbit normal (Montenbruck et al. 2015a)
Estimated as non-stochastic but time-varying parameter
Estimated as bias + drift 
Estimated bias only 
DLR solution
IGS ANTEX
Fixed to IGS Daily solutions
ZHD: GPT + Saastamoinen, ZWD: Estimated, Mapping function: GMF
Elevation-dependent model and Jang et al. (2017) (εP1 = 1 m, K = 100 sec,TH = 1 sec)

Table 3.  Stochastic models for the estimated parameters.

Parameter Type Process noise Correlation time
Satellite position, velocity Non-stochastic - -
SRP Random walk 0.005 nm/s2 -
Satellite clock error Random walk Bias: 5.19×10-2 m, Drift: 1.34×10-8 m/s -
Receiver clock error Random walk Bias: Set per receiver -
ZWD 1st order Gauss-Markov 0.05 m 7200 sec

Table 4.  List of satellites in each scenario.

Scenario # of satellites Used SVN
A
B
C
D

4
3
2
1

J002, J003, J004, J005
J002, J003, J004
J002, J003
J002
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when viewed from the ground, and this limitation primarily 

degrades the along-track accuracy of GEO satellites. A 

similar behavior is observed in Scenarios B and C, which 

include GEO satellites. The T RMS, in contrast to the orbit 

estimation performance, shows little dependence on the 

orbit type, and in Scenario A the T RMS values of J002–

J005 are 1.06, 1.48, 2.36, and 2.06 m, respectively. Across all 

scenarios, the T RMS values for each satellite are similar to 

the radial RMS, which is consistent with the fact that the 

satellite clock error is strongly coupled with the radial orbit 

error.

In order to simultaneously examine the changes in orbit 

and clock estimation performance due to the reduction in 

the number of satellites, the scenario‑wise mean 1D RMS 

and mean T RMS were computed, and the relative changes 

of the 1D and T RMS from Scenarios B to D, with respect to 

Fig. 3.  Satellite-wise time series of 1D values (left four plots) and T values (right four plots) for Scenarios A–D.

Fig. 4.  Bar charts showing the 1D, radial, along-track, cross-track, and T RMS values for each satellite under different scenarios.
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Scenario A, were evaluated.  Fig. 5 shows the scenario wise 

relative changes in orbit and clock estimation performance 

with Scenario A as the reference, and the corresponding 

values can be found in Table 6.

The computed mean 1D RMS values for Scenarios A to D 

are 4.85, 5.62, 7.08, and 21.12 m, respectively, and the mean 

T RMS values are 1.74, 2.02, 2.00, and 12.23 m, respectively. 

Overall, the orbit and clock estimation performance tends 

to degrade as the number of satellites decreases, and in 

particular, the increases in the mean 1D and T RMS in 

Scenario D are significantly larger than those in the other 

scenarios. This is because the reduction in the number of 

observations leads to a sharp decrease in the observability 

of the parameters. To explain this behavior, correlation 

coefficients between parameters were computed at each 

epoch, and the RMS of these correlation coefficients was 

analyzed over the performance evaluation interval. Fig. 6 

shows the RMS of the correlation coefficients between the 

receiver clock error, which is one of the key parameters 

among all estimated parameters, and the orbit and clock 

error of the J002 satellite.

In Fig. 6, each station label denotes the receiver clock 

error parameter, and J002‑X, Y, Z, and T represent the 

three‑dimensional position and clock error parameters 

of the J002 satellite, respectively. Each cell in the matrix 

indicates the RMS of the correlation coefficient between 

the corresponding two parameters, with colors ranging 

from yellow for values close to 0 to blue for values close 

to 1. Therefore, a cell color closer to blue implies that the 

parameters are more strongly correlated and thus harder 

to separate. The correlations increase as the number 

of satellites decreases, and this trend is particularly 

pronounced in Scenario D. As observed in Fig. 3, the T 

values in Scenario D show periodic variations approximately 

at the orbital period. This observation implies that, in 

Scenario D, the correlation between the orbital components 

and the clock error increases significantly, resulting 

in degraded separability between the orbit and clock 

estimates. Consequently, part of the orbit error is absorbed 

into the clock error, leading to periodic behavior similar 

to the orbital period. These results demonstrate that orbit 

and clock estimation performance can vary significantly 

depending on the number of QZSS satellites used.

4. CONCLUSION

In this study, we estimated the orbits and clocks of the 

QZSS GEO and IGSO satellites using an EKF based on 

smoothed code pseudoranges. The QZSS orbit and clock 

estimation was performed using an algorithm developed 

in-house, and the estimation filter, dynamic model, 

and observation model constituting this algorithm were 

Fig. 6.  RMS values of the correlation coefficients for each scenario.

Table 5.  RMS values of 1D, radial, along-track, cross-track, and T for each 
satellite under different scenarios (unit: m).

Scenario SVN 1D Radial Along-track Cross-track T

A

J002
J003
J004
J005

3.80
7.43
4.06
4.12

1.29
1.65
2.54
1.98

5.43
12.7
5.38
6.09

3.49
1.34
3.73
3.16

1.06
1.48
2.36
2.06

B
J002
J003
J004

4.35
7.88
4.64

1.67
1.88
2.9

5.75
13.4
6.43

4.56
1.8

3.84

1.57
1.73
2.77

C
J002
J003

5.48
8.68

1.75
2.31

7.93
14.81

4.93
1.14

1.73
2.26

D J002 21.12 11.91 29.67 17.77 12.23

Table 6.  Mean 1D and T RMS values and relative changes.

Scenario Mean 1D RMS [m] Mean T RMS [m] 1D change [%] T change [%]
A
B
C
D

4.85
5.62
7.08

21.12

1.74
2.02
2.00

12.23

+0
+15.89
+45.90

+335.24

+0
+16.28
+14.66

+602.87

Fig. 5.  Relative performance changes with respect to scenario A.
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described. 

Using 16 IGS reference stations and the QZSS single-

constellation system, the orbit and clock estimation 

performance of the QZSS satellites was analyzed, and the 

performance variation with the number of QZSS satellites 

included was also examined. When compared with the 

precise orbit and clock products from JAXA, the mean 1D 

RMS and mean T RMS with four QZSS satellites were 4.85 

m and 1.74 m, respectively, and as the number of satellites 

decreased, the performance degraded to 5.62 m / 2.02 m 

(three satellites), 7.08 m / 2.00 m (two satellites), and 21.12 

m / 12.23 m (one satellite). This degradation is interpreted 

as a result of increased parameter correlations with fewer 

satellites, and in the single‑satellite case, the observability 

of the parameters decreases sharply, leading to significantly 

lower orbit and clock estimation performance compared 

with the other cases.

This study quantitatively evaluated the performance 

of the proposed strategy for orbit and clock estimation 

of  QZSS IGSO and GEO satellites within the QZSS 

single‑constellation environment, and also quantified the 

impact of the number of observable satellites on the orbit 

and clock estimation accuracy. These results are expected 

to provide useful guidelines for the design and operation of 

independent RNSSs aimed at achieving real-time, meter-

level orbit and clock estimation.
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