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Abstract. Precise Point Positioning technology is a high-accuracy positioning method of global navigation satellite 
systems that can achieve centimeter-level positioning accuracy using one receiver and precise orbit and time informa-
tion. Unlike differential positioning methods, which rely on ground reference stations, Precise Point Positioning pro-
vides greater global coverage and significantly higher operational efficiency. The advancement of four global naviga-
tion satellite systems – GPS (Global Positioning System), GLONASS (Global Navigation Satellite System), GALILEO 
(global navigation satellite system), BDS (BeiDou navigation satellite system) – resulted in significant improvements 
in all signal transmission structures and satellite constellation positioning notifications that expanded the capabilities 
achieved by the modernization of these systems. The purpose of the study is to investigate the Precise Point Posi-
tioning technology performance performance for the four specified global navigation satellite systems by comparing 
the time they took to converge within a user-defined accuracy, analysis of positioning accuracy, and evaluation of the 
satellites used to derive the positioning solution. The results of the study will expand knowledge about multi-system 
applications of global navigation satellite systems and serve as a basis for innovative development of high-precision 
navigation and positioning technologies for global navigation satellite systems in the fields of surveying, mapping, 
and autonomous driving.
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Резюме. Технология точного точечного позиционирования (метод PPP, от англ.: Precise Point Positioning) 
представляет собой высокоточный метод позиционирования глобальных навигационных спутниковых си-
стем, дает возможность определить местоположение сантиметровой точности с использованием только од-
ного приемника и точной информации об орбите и времени. В отличие от методов дифференциального 
позиционирования метод PPP не зависит от наземных опорных станций, что обеспечивает большее глобаль-
ное покрытие и значительно повышает эксплуатационную эффективность. Благодаря усовершенствованию 
четырех глобальных навигационных спутниковых систем – GPS, ГЛОНАСС, GALILEO и BeiDou (BDS) – были 
значительно улучшены все структуры передачи сигналов, система оповещения о местоположении групп 
спутников и, следовательно, расширены возможности, достигнутые модернизацией этих систем. Целью про-
веденного исследования являлось изучение эффективности метода PPP для четырех указанных глобальных 
навигационных спутниковых систем на примере сравнения времени, необходимого для достижения задан-
ной точности, оценки точности позиционирования и оценки спутников, используемых для получения реше-
ния о позиционировании. Результаты исследования расширят знания о мультисистемных приложениях гло-
бальных навигационных спутниковых систем и послужат основой для инновационного развития технологий 
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высокоточной навигации и позиционирования данных систем в таких областях, как геодезия, картография и 
автономное вождение.

Ключевые слова: глобальные навигационные спутниковые системы, навигационная спутниковая система BeiDou, 
ГЛОНАСС, точное позиционирование, спутниковая навигация
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Introduction
Precise Point Positioning (PPP), as a 

high-precision method of Global Navigation Sat-
ellite System (GNSS) positioning, can achieve 
centimeter-level accuracy using a single receiver 
with precise orbit and time products, essential-
ly eliminating the reference station dependency 
required by standard differential methods [1–4]. 
Compared to Real-Time Kinematic and other 
relative positioning methods, PPP offers global 
availability without the need for a relatively high 
density ground infrastructure, which is advanta-
geous for wide-area and remote applications.

PPP holds a number of advantages as it can 
provide global coverage with high operational ef-
ficiency and low requirements on the part of the 
user. For this reason, interest in using PPP ap-
proaches in both scientific and commercial appli-
cations is increasing.

As GNSS continue to develop and diversi-
fy, the landscape has evolved into four major 
global systems, including American Global Po-
sitioning System (GPS), Russian Global Navi-
gation Satellite System (GLONASS), European 
Galileo Satellite Navigation System (GALILEO) 
and China’s BeiDou Navigation Satellite Sys-
tem (BDS) [5–8]. Each of these systems con-
tinues to develop autonomously and is a part 
of a larger GNSS. In the early stages of 2023, 
GPS completed full deployment of its third gen-
eration of satellites, with the L5 band adding to 
signal quality, multipath mitigation, and capa-
bility in adverse environments. The GLONASS 
system was brought to full-constellation Code 
Division Multiple Access (CDMA) signal in 2022 
to ameliorate the inter-frequency bias associat-
ed with its original Frequency Division Multiple 
Access (FDMA) system and for compatibility 
reasons. GALILEO is expected to achieve Full 
Operational Capability (FOC) in 2024, is provid-
ing multiple open and commercial services, with 
the most focus on the high-accuracy service on 
the E6 band and its potential to improve PPP. 
BDS-3 was the first GNSS to complete global 
networking in 2020 and, features an innovative 

geostationary orbit (GSO), also referred to as a 
geosynchronous equatorial orbit (GEO), inclined 
geostationary orbit (IGSO) and medium earth 
orbit (MEO) constellation, enabling improved 
regional service capabilities and ensuring time 
and frequency synchronization performance.

Currently, multi-system integrated positioning 
has become a mainstream trend in GNSS tech-
nology development [9–12]. Multi-GNSS con-
stellation support improves satellite availability, 
enhances the geometry of the position solution, 
and increases the reliability of GNSS, especially 
in urban-canyon or other signal obstructed en-
vironments. However, major differences among 
systems in terms of constellation configuration, 
signal structure, and the spatio-temporal refer-
ence frameworks have created new technical 
issues related to inter-system compatibility and 
interoperability, error modeling and performance 
optimization. Multisystem PPP processing will 
require more sophisticated approaches for mod-
eling inter-system biases, weighting signals, and 
using inconsistent observation models.

In this study, we systematically assess the 
PPP estimation performance of the four major 
GNSS, either separately or combined, under the 
same processing frameworks. This study aims 
to provide theoretical underpinnings and practi-
cal technical references for integrated multi-sys-
tem applications, and ultimately contribute to 
promoting the innovative development of high 
accuracy navigation and positioning technolo-
gies in fields such as surveying and mapping, 
precision agriculture, remote sensing, and au-
tonomous driving.

Materials and methods
The satellite constellation structures of Glob-

al Navigation Satellite Systems. GNSS employ 
carefully configured satellite constellations, char-
acterized by distinct orbital altitudes, plane distri-
butions, and inclination angles to optimize signal 
availability and system resilience. The following 
section elaborates on the key orbital parameters 
of these systems, including their constellation 
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configurations, orbital planes, and backup strat-
egies, highlighting the engineering considerations 
behind their design [13–15].

The GPS satellite navigation system of the 
American orbits at an altitude of about 20200 km. 
The whole system consists of 32 satellites distrib-
uted in six orbital planes. The inclination of the 
orbital plane of the satellite relative to the equa-
torial plane of the earth is 55 degrees, the right 
ascension of the ascending node of each orbital 
plane is 60 degrees, and the orbital period is 11 
hours and 58 minutes (Fig. 1).

Russian GLONASS satellites orbit at an alti-
tude of approximately 19100 km. The whole sys-
tem consists of 26 satellites, which are distributed 
in three orbital planes. The orbital plane of the 
satellite has an orbital inclination of 64.8 degrees 
with respect to the equatorial plane of the Earth. 
The three orbital planes are 120 degrees apart, 
and the satellites in the same plane are 45 de-
grees apart, with an orbital period of 11 hours and 
15 minutes (see Fig. 1). 

The satellites of the European GALILEO 
satellite navigation system orbit at an altitude of 
23616 km. The whole system consists of 32 sat-
ellites. The satellites are distributed in three orbit-
al planes with an inclination of 56 degrees. The 
ascending nodes of the three orbits are 120 de-
grees apart on the equator, and the satellite has 
an operational period of 14 hours and 4 minutes. 
When a working satellite fails, the backup satel-
lite will quickly enter the working position to re-
place its work, and the failed satellite will be trans-
ferred to an orbit 300 km higher than normal orbit  
(see Fig. 1). 

China’s BDS, which provides global services, 
adopts a mixed constellation composed of three 
kinds of orbit satellites. Compared with other sat-
ellite navigation systems, it has more high-orbit 
satellites and strong anti-occlusion capability, es-
pecially in low latitude areas. The whole system 
consists of 54 satellites, including 9 GEO satel-
lites, 12 IGSO satellites and 33 MEO satellites. 
GEO satellites orbit at an altitude of 35786 km 

Fig. 1. Satellite constellation structures:
1 – Earth; 2 – equator; 3 – prime meridian; 4 – GPS satellite; 5 – GLONASS satellite; 

6 – GALILEO satellite; 7 – BeiDou geostationary equatorial orbit; 
8 – BeiDou inclined geostationary orbital plane; 9 – BeiDou medium Earth orbit

Рис. 1. Структуры групп спутников:
1 – Земля; 2 – экватор; 3 – нулевой меридиан; 4 – спутник GPS; 5 – спутник ГЛОНАСС; 

6 – спутник ГАЛИЛЕО; 7 – геостационарная экваториальная орбита BeiDou; 
8 – наклонная геостационарная орбитальная плоскость BeiDou; 9 – средняя околоземная орбита BeiDou

1 4 72 5 83 6 9
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and are positioned at 58.75, 84, 110.5, 140 and 
160 degrees East. The IGSO satellite has an or-
bital altitude of about 36000 km, three inclined 
synchronous orbital planes evenly distributed, an 
orbital inclination of 55 degrees, and three IGSO 
satellite sub-satellite point tracks coinciding with 
each other, with a crossing longitude of 118 de-
grees east longitude and a phase difference of 
120 degrees. MEO satellites orbit at an altitude 
of 21500 km, with 27 satellites evenly distribut-
ed in three orbital planes with the inclination of  
55 degrees (see Fig. 1).

Comparison of Signal Characteristics among 
Global Navigation Satellite Systems. Signal char-
acteristics are important for assessing the perfor-
mance and interoperability of a GNSS. Each ma-
jor GNSS (GPS, GLONASS, Galileo, and BDS) 
has developed different frequency patterns and 
modulation schemes designed around their ob-
jective and application requirements [16–18].

The GPS is a typical example, transmit-
ting signals from three single frequencies, L1  
(1575.42 MHz), L2 (1227.60 MHz) and L5 
(1176.45 MHz). Each frequency is the best rep-
resentation of the system’s capabilities. The L5 
band has a relatively wide bandwidth of 24 MHz 
and uses Binary Phase Shift Keying (BPSK) [10] 
modulation to provide much improved code track-
ing accuracy and anti-interference capability. The 
L5 signal is approved for use within aeronautical 
radio navigation services Aeronautical Radio Nav-
igation Services providing an assurance for any 
safety-critical applications such as aviation. The 
ability to add L2C and L1C signals also improved 
dual-frequency support and availability of signals.

In the same fashion, the BDS is also a tri-fre-
quency system with B1I, B2a and B3I. Remem-
ber that B2a is aligned with GPS L5 and Galileo 
E5a to support seamless interoperability for mul-
tiple-system receivers. The BDS-3 system is also 
down to the modern B1C signal on 1575.42 MHz 
where it incorporates compatibility with GPS L1C 
and Galileo E1, which will allow for ease of com-
bined tracking and signal resilience when operat-
ing under difficult conditions. Similar to the GNSS, 
there are also the BPSK and Binary Offset Carrier 
modulation types in BDS and which benefit mul-
tipath resilience and tracking accuracy.

The Galileo system offers four main signals: 
E1, E5a, E5b, and E6, but the guide is that the 
E5 signal utilizes Alternate Binary Offset Carrier 
modulation with an ultra-wide 51.15 MHz band-
width, which will offer better code tracking perfor-
mance and interference rejection. It also planned 

to have open access, civilian priority, and redun-
dancy in signals; therefore, it is well placed to 
support high-accuracy or commercial services.

The GLONASS system used FDMA, for the 
original L1 and L2 signals, in which the satel-
lites, even within the same family of GNSS, are 
transmitting at slightly different frequencies. This 
FDMA design minimizes intra-system interfer-
ence, while concurrently creating inter-frequency 
biases that could create difficulties in integration 
with other systems, (for example CDMA sys-
tems). In addition, the GLONASS satellites have 
moved towards the deployment of some modern 
CDMA signals, such as L3OC and, therefore, 
provide an improvement to interoperability and 
signal performance.

The differences in the frequency design of 
GNSS signals (i. e., frequency separation), mod-
ulation bandwidths, and access techniques, and 
how they affect positioning accuracy, signal ro-
bustness, and system compatibility. In particular, 
systems with wideband signals (e. g., GPS L5, 
Galileo E5) or multiple carrier frequencies tend 
to transmit a more robust signals, that better re-
sist interference of multipath, and allow for bet-
ter mitigation of the effect of ionospheric delay. 
The global community adopts multi-GNSS po-
sitioning, and continuing the unification of sig-
nal designs, and overlaps in frequency and time 
between GPS, Galileo and BDS particularly, is 
crucial to support precise and reliable navigation 
services globally.

Precise Point Positioning Method. PPP is an 
advanced standalone GNSS positioning tech-
nique that provides users with centimeter-level 
positioning accuracy from a single receiver. The 
positioning accuracy is possible because PPP 
employs precise satellite orbit and clock products, 
which must be supplied publicly through interna-
tional data centers. The PPP modeling relies on 
mission products that correct satellite trajectory 
and ancillary errors. Operationally, PPP improves 
positioning accuracy because it only partially re-
lies on either single-frequency or dual-frequency 
GNSS receiver data, unlike traditional differential 
GNSS methods that rely on differential data from 
common-range reference station or base station 
networks to reduce shared error characteristics 
between the instruments. Deploying PPP is key 
in support of applications where deploying a ref-
erence station is difficult or unfeasible in remote 
applications or global applications. Many fields 
benefit from the consistent and reliable posi-
tioning performance over a large-scale that PPP 
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represents because they have unlimited access 
to satellites and the expansive positioning perfor-
mance of the GNSS. Fields that embrace a great-
er use of this technology include geodesy; sur-
veying; precision agriculture; and autonomous 
vehicles. The advancements in precise satellite 
data and real time corrections mean there is an 
increasing interest in a strong alternative for po-
sitioning that PPP represents in the worldwide 
position community. 

The pseudo-range and carrier phase obser-
vation equations for dual-frequency GNSS sig-
nals are formulated as:

,

,
where  is frequency;  is geometric range;  

 and  are receiver and satellite clock errors;
 is tropospheric delay;  is ionospheric delay; 
 is carrier phase ambiguity ambiguity; and 
are pseudo-range hardware biases of receiver 

and satellite;  and  are phase hardware bi-
ases of receiver and satellite;  and  are mea-
surement noise and multipath error.

During PPP processing, satellite positions 
and clock corrections are substituted with precise 
products provided by entities such as Internation-
al GNSS Service (IGS). This improves position-
ing accuracy [19–20]. Ionospheric delays are 
reduced using dual-frequency ionosphere free 

linear combinations or externally corrected using 
ionospheric models. Tropospheric delays are of-
ten treated as zenith wet delay parameters and 
projected using correct mapping functions. The 
estimated state vector will typically contain the 
receiver’s three-dimensional coordinates, receiv-
er clock bias, tropospheric delay parameters and 
carrier phase ambiguities. When using multi-fre-
quency observations, the estimated state vec-
tor could also include parameters remediate in-
ter-frequency biases.

Results and discussion
The research systematically assesses PPP 

performance of the four main systems (GPS, 
GLONASS, GALILEO, and BDS) based on raw 
GNSS data collected by the UM982 chip pro-
duced by Unicore.

There are roughly 43 satellites in the 
multi-system solution. For the individual systems 
approximately 9 satellites are used for the GPS 
solution, 7 for GLONASS, 10 for GALILEO and 
16 for BDS. This shows how many more satel-
lites are available using a multi-system solution 
instead of any one individual system (Fig. 2).

Multi-system integration shows distinct ad-
vantages in positioning accuracy (Fig. 3). It can 
achieve decimeter-level accuracy in east (E), 
north (N) and up (U) directions in 3 minutes, 
centimeter accurate is achieved in 20 minutes. 
By contrast, GPS only takes 6 and 23 minutes, 
respectively for decimeter and centimeter-level  

Fig. 2. Number of satellites observed:
1 – general; 2 – GPS; 3 – GLONASS; 4 – GALILEO; 5 – BeiDou

Рис. 2. Количество наблюдаемых спутников: 
1 – общее; 2 – GPS; 3 – ГЛОНАСС; 4 – ГАЛИЛЕО; 5 – BeiDou
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accuracy; GLONASS, which takes 11 minutes 
each for decimeter and centimeter accuracies; 
GALILEO, which takes 11 minutes for decime-
ter and 30 minutes for centimeter, and BDS with 
decimeter and centimeter accuracies in 10 and 
28 minutes, respectively. Both GPS and BDS had 
the best local conditions for a rapid acquisition 
and high accuracy. GPS has the advantage of a 
mature constellation structure and high quality 
signals, which allows rapid convergence and high 
accuracy. BDS, because it is GEO+IGSO+MEO 
hybrid provides the best visibility of satellites 
worldwide. GLONASS requires a hybrid FDMA 
and CDMA access scheme, therefore, at a given 
time, fewer satellites can be accounted in your 
PPP solution, because of a sparse constellation, 
which requires a longer convergence time with 
slight differences in accuracy in comparison with 
GPS and BDS. GALILEO is currently limited in 
satellites, however the complex signal structure 
and wide-band Alternate Binary Offset Carrier 
modulation allows enhanced multipath suppres-
sion and anti-interference performance.

Therefore, the experiments performed sug-
gest multi-system integration does not only in-
crease the number of available satellites but also 
increases PPP convergence speed and final po-
sition accuracy. 

Conclusion
This research systematically compares and 

analyzes the PPP positioning performance of the 
four major GNSS: GPS, GLONASS, GALILEO, 
and BDS. The experiments show that the inte-
grated PPP (multi system PPP combination) ap-
proach can greatly increase the number of avail-
able satellites, reduce the time to reach a given 
positioning accuracy and lead to better position-
ing performance.

Both GPS and BDS show the best PPP po-
sitioning performance, achieving decimeter (or 
sub-decimeter, even centimeter) levels positioning 
at speeds of less than a minute and in an applica-
ble quantity of areas. Due to the constellation lay-
out and legal limitations on the use of GLONASS 
signals (i. e. result in less satellites being used), 

Fig. 3. Positioning error:
a – east; b – north; c – up

1 – general; 2 – GPS; 3 – GLONASS; 4 – GALILEO; 5 – BeiDou
Рис. 3. Ошибка позиционирования:

a – восток; b – север; c – вверх
1 – общая; 2 – GPS; 3 – ГЛОНАСС; 4 – ГАЛИЛЕО; 5 – BeiDou
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GLONASS had a slightly slower convergence time 
and lower precision. GALILEO at the time of these 
experiments had a limited number of satellites but 
also had powerful anti-interference and multipath 
performance due to the advanced signal structure 
and wideband modulation.

Through the use of multi-system integrat-
ed PPP, an improvement in reliability, and an 
improvement of accuracy was versus a (not 

multi-system system PPP only) system under-
way, and also an improvement in robustness in 
complex and changing environment. After the 
constellation, the signal, and the unit references 
of each system are optimized, we can notice that 
multi-system integrated PPP technology is in-
creasingly enhancing navigation and positioning 
in all high-precision fields including surveying, au-
tonomous driving, and intelligent transportation.
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