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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 information. Unlike
differential positioning methods, which rely on ground reference stations, Precise Point Positioning provides greater global
coverage and significantly higher operational efficiency. The advancement of four global navigation satellite systems — GPS
(Global Positioning System), GLONASS (Global Navigation Satellite System), GALILEO (global navigation satellite sys-
tem), 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 Positioning technology performance performance for
the four specified global navigation satellite systems by comparing the time they took to converge within a user-defined ac-
curacy, 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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FOPHOMPOMBIWIEHHAA N HESTETA30MNPOMbBICITOBAA MEONOIMA,
FEO®U3NKA, MAPKLIEMOEPCKOE OENO Y TEOMETPUA HEQP

Hay4yHas ctatba
YK 528.023

CpaBHUTEeNbHbLIX aHanu3 3a¢pgpeKTUBHOCTN MeToAa
TOYHOro NO3NLUOHUPOBAHUA C UCNOJNIb30BaHUEM HECKONbKUX
rmob6anbHbIX HABUFALMOHHbIX CMYTHUKOBbLIX CUCTEM

X. BaHb®**, B.J1. Pynocog®, B.M. XXynukoB®

aXaHaHbCKUU nonumexHu4Yeckul yHusepcumem, L{3sou3o, Kumat
bepkymekuli HayuoHanbHbIlU uccriedosameribCKUll mexHudYeckul yHueepcumem, Mpkymck, Poccusi

Pe3rome. TexHONorns TO4HOro TO4E4HOro noauumoHmpoBanus (metog PPP, om aren.: Precise Point Positioning) npeacrae-
nsieT cobon BbICOKOTOYHbIN METOA, MO3MLIMOHMPOBAHUS rMOBanbHbIX HABUrALMOHHBIX CMYTHUKOBBLIX CUCTEM, AaeT BO3MOX-
HOCTb OnpefennTb MeCTOMNONOXEHNE CaHTUMETPOBOW TOYHOCTU C UCMOMNb30BaAHMEM TOMNBKO OQHOIO MPUEMHUKA U TOYHOW
nHcopmaumm o6 opbute n BpemeHu. B otnnumne ot metonos AnddepeHumansHOro no3numMoHposaHmnsa metoq PPP He
3aBUCUT OT Ha3eMHbIX OMOPHbIX CTaHUuiA, 4TO obecneunBaeT bonbluee rmobanbHOe NOKPbITUE U 3HAYUTENBHO NOBbILLAET
aKcnnyaTaumoHHyto addekTnBHOCTL. Brnarogaps ycoBepLUeHCTBOBaHUIO YeTbIpeX rnobanbHblX HaBUraLMOHHBIX CYTHU-
koBbIx cuctem — GPS, TTIOHACC, GALILEO u BeiDou (BDS) — Obinu 3Ha4MTENbLHO YNy4lleHbl BCE CTPYKTYpbl Nepeaayu
CUrHanoB, CMCTeMa OMOBELLEHNSI O MECTOMONOXEHUN FPYNn CYTHUKOB W, CieQoBaTenbHO, pacluMpeHbl BO3MOXHOCTMH,
OOCTUrHYTble MogepHu3aumnen atux cmcteM. Lienbio npoBeaeHHOro ncecnegoBaHns ABAsnochk n3yveHne apdekTMBHOCTH
metoda PPP ans yeTbipex ykasaHHbIX rmobanbHbIX HaBUraLMOHHbBIX CMYTHUKOBBLIX CUCTEM Ha NMpUMepe CpaBHEHWS Bpe-
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MeHW, HeoOXoANMOro Anst AOCTUXKEHUS 3ad4aHHON TOYHOCTU, OLLEHKM TOYHOCTU NO3NLNOHNPOBAHNA N OLLEeHKU CNYTHUKOB,
ncnonb3dyembixX Ona nony4vyeHua peleHna o no3nunoHMpoBaHUN. Pe3yanaTb| ncecnenoBaHna paclnpAaT 3HaHUA O MynbTU-
CUCTEMHbIX NMPUNOXEeHUAX rnobanbHbIX HABUrALMOHHbIX CNMYTHUKOBbIX CUCTEM U NocnyxXxaT OCHOBOM AN MHHOBALMOHHOIO
pa3BnTUA TEXHOMOTMIN BbICOKOTOYHOW HaBurauum u NO3NUMOHNUPOBAHUA AAHHbBIX CUCTEM B TaKuUX obnacTsx, kak reogesus,

KapTorpadums 1 aBTOHOMHOE BOXOEHME.

Knrouyeenie croea: rmobarnbHble HaBUraluMoHHbIe CyTHUKOBbLIE CUCTEMbI, HaBUraLMOHHas cryTHUKoBas cuctema BeiDou,
MOHACC, To4HO€E NO3MLMOHNPOBaAHME, CNYTHUKOBAsS HaBUraums

Ans yumupoeaHusi: baxb X., Pynocos B.J1., Kynukos B.M. CpaBHuTENbHbIM aHanu3 adeKTMBHOCTM MeToaa TOHYHOro
NO3NLIMOHMPOBAHUSA C NCMOSIb30BaHNEM HECKOMbKMX MobanbHbIX HAaBUraLMOHHBIX CMYTHUKOBLIX cucTeM // Haykn o 3emne
n Hegponornb3oBaHue. 2025. T. 48. Ne 3. C. ?-?. https://doi.org/10.21285/2686-9993-2025-48-3-?-?. EDN: VIEUPY.

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 diversify,
the landscape has evolved into four major global
systems, including American Global Positioning
System (GPS), Russian Global Navigation Satel-
lite System (GLONASS), European Galileo Sat-
ellite Navigation System (GALILEO) and China’s
BeiDou Navigation Satellite System (BDS) [5-8].
Each of these systems continues to develop au-
tonomously and is a part of a larger GNSS. In the
early stages of 2023, GPS completed full deploy-
ment of its third generation of satellites, with the
L5 band adding to signal quality, multipath mitiga-
tion, and capability in adverse environments. The
GLONASS system was brought to full-constella-
tion Code Division Multiple Access (CDMA) sig-
nal in 2022 to ameliorate the inter-frequency bias
associated with its original Frequency Division
Multiple Access (FDMA) system and for compat-
ibility reasons. GALILEO is expected to achieve
Full Operational Capability (FOC) in 2024, is pro-
viding 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 re-
gional 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 practical
technical references for integrated multi-system
applications, and ultimately contribute to promot-
ing the innovative development of high accuracy
navigation and positioning technologies in fields
such as surveying and mapping, precision agri-
culture, remote sensing, and autonomous 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).

2025;48(3):2-?

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
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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
Puc. 1. CmpykmypbI 2pynn criymHUKos:
1 — 3emns; 2 — akgamop, 3 — Hynesoul mepuduaH; 4 — ciymHuk GPS; 5 — cnym+uk [TTOHACC;
6 — cnymHuk TAJTUJIEQ; 7 — 2eocmayuoHapHasi 3keamopuarbHasi opbuma BeiDou;
8 — HaknoHHas 2eocmayuoHapHas opbumarsHas nnockocms BeiDou; 9 — cpedHsisi okornosemHas opbuma BeiDou

WWW.Nznj.ru

|
3
|


www.nznj.ru

Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online) £+

2025;48(3):7-? !

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 B1l, B2a and B3l. 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
ES 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

Haykun o 3emne u Heapononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)

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 L30OC 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

Www.nznj.ru

|



@Ban H., Ruposov V.L., Zhulikov V.M. Comparative analysis of precise point positioning method... |
Banb X., Pynocos B.J1., )Kkynuko B.M. CpaBHUTenbHbIN aHanu3 adppeKTMBHOCTU MeToAa 'quHoro...|

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:

B (f) = pr +c(6t, - 6t°) + 7 + [ (f) +

+d7 () —di () — &,

Or(f) = pr +c(6t, - 6t°) + 7 - () +
+ N2+ d7 (f) — dS(f) — €a,

where f is frequency; PS is geometric range;
ét, and OtS are receiver and satellite clock errors:
TS is tropospheric delay; I} is ionospheric delay;
N7 is carrier phase ambiguity ambiguity; d~ and
dfare pseudo-range hardware biases of receiver
and satellite; d® and d2 are phase hardware bi-
ases of receiver and satellite; €, and ¢4, 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]. lonospheric delays are
reduced using dual-frequency ionosphere free

50—
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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
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Fig. 2. Number of satellites observed:
1 —general; 2 - GPS; 3— GLONASS; 4 — GALILEO; 5 — BeiDou
Puc. 2. Konuyecmeo Habno0aeMbiX ClTYMHUKOS:
1 - obwee; 2 - GPS; 3—TIOHACC; 4 — TAJINJIEO; 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.

Haykun o 3emne u Heapononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)

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),
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Fig. 3. Positioning error:
a— east; b—north; c — up
1 —general; 2 — GPS; 3— GLONASS; 4 — GALILEO; 5 — BeiDou
Puc. 3. Owu6ka no3uyuoHuUposaHusi:
a — 8ocmok; b — cesep; ¢ — 8sepx
1—obwasi; 2— GPS; 3—ITIOHACC; 4 — TAJINJIEO; 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-

2025;48(3):2-?

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.

ed PPP, an improvement in reliability, and an
improvement of accuracy was versus a (not
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