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Abstract

With emergence of the BeiDou Navigation Satellite System (BDS) , the Galileo Satellite Naviga-
tion System (Galileo) , the Quasi-Zenith Satellite System ( QZSS) and the restoration of the Global
Navigation Satellite System ( GLONASS), the single Global Positioning System ( GPS) has been
gradually expanded into multiple global and regional navigation satellite systems ( multi-GNSS/
RNSS). In view of differences in these 5 systems, a consolidated multi-GNSS/RNSS precise point
positioning ( PPP) observation model is deduced in this contribution. In addition, the performance
evaluation of PPP for multi-GNSS/RNSS is conducted using a large number of the multi-GNSS exper-
iment (MGEX) station datasets. Experimental results show that multi-GNSS/RNSS can guarantee
plenty of visible satellites effectively. Compared with single-system GPS, PDOP, HDOP, and VDOP
values of the multi-GNSS/RNSS are improved by 46. 8% , 46.5% and 46.3% , respectively. As for
convergence time, the static and kinematic PPP of multi-GNSS/RNSS are superior to that of the sin-
gle-system GPS, whose reliability, availability, and stability drop sharply with the increasing eleva-
tion cutoff. At satellite elevation cutoff of 40 °, the single-system GPS fails to carry out continuous
positioning because of the insufficient visible satellites, while the multi-GNSS/RNSS PPP can still
get positioning solutions with relatively high accuracy, especially in the horizontal direction.

Key words: precise point positioning ( PPP) , positioning accuracy, convergence rate, multi-
ple global and regional navigation satellite systems ( multi-GNSS/RNSS) , reliability and availability

0 Introduction

Precise point positioning ( PPP) on the basis of
global positioning system ( GPS) has such advantages
as absence of ground reference station, independence
of baseline length, and high precision of coordi-

[1]

nates' ', which endow it with wide applications like

21" monitoring of

satellite geometric orbit determination
bridge® , earthquake monitoring and warning '*' , etc.
At present, positioning accuracy at centimeter and dec-
imeter level can be achieved for static and kinematic
PPP of single-system GPS. However, its intolerable
convergence time that impedes the achievement of high
positioning accuracy exists as a major drawback. On
such basis, the multiple global navigation satellite sys-
tem ( GNSS) integration is considered a valid measure
to improve convergence speed and reduce consequently
the time needed for convergence.

Following the modernization of American GPS,

the restoration of Russian Global Navigation Satellite
System ( GLONASS), and also developments of Chi-
nese BeiDou Navigation Satellite System (BDS), Eu-
ropean Galileo Satellite Navigation System ( Galileo) ,
and Japanese Quasi-Zenith Satellite System ( QZSS),
the positioning stability, reliability, and availability of
PPP solution are all much enhanced by multiple global
and regional navigation satellite systems ( multi-GNSS/
RNSS) especially in challenging environments like ur-
ban areas and ravines>”"!. Therefore, the multi-GNSS/
RNSS PPP will become the developing trend of GNSS
precise positioning in the future. The combination PPP
research is originally established on the combined dual-
system of GPS/GLONASS. Functional and stochastic
models of the integrated GPS/GLONASS PPP have
been deduced based on the ionosphere-free observation
model. The test results suggested that in spited of an
enhanced convergence speed, the combined PPP still
showed equal positioning accuracy as that of the single-
system GPS PPP'™®. On the other hand, improvements
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in both positioning accuracy and convergence time of
PPP under challenging conditions (limited GPS satel-
lites) could be realized by integration of GLONASS
and GPS'. Meanwhile, the integrated dual-system
GPS/GLONASS PPP could enhance the accuracy of in-
itial ambiguity solution and then shorten the ambiguity
fixed timing for PPPI'"! " Since December 27, 2012,
the Chinese BDS has been servicing the Asia-Pacific
region for positioning, navigation, and timing. Slight
deterioration has been observed in the combined GPS/
BDS PPP compared with single GPS system, resulting
probably from the multipath of BDS GEO satellites' .
PPP of the combined three-system GPS/GLONASS/
BDS possesses better convergence time than single-sys-
tem GPS or single-system GLONASS does, but no ap-
parent enhancement for positioning accuracy has been

observed using the processed daily data'™!

. But grati-
fyingly, PPP solution of the combined four-system
GPS/GLONASS/BDS/ Galileo can realize enhanced re-
liability and availability in challenging environments
relative to the single-system GPS PPP!'*'®]

QZSS has attracted more research attentions thanks to

. Recently,

its increasing development and application. Its signal
design and orbit characteristics and signal design has
been introduced'”’ | while its noise, signal to noise ra-
tio as well as the multipath error are evaluated accord-
ing to the measurement data in international GNSS
service (IGS). QZSS performance in China region has
been analyzed from 3 aspects, i. e. signal accuracy,
availability, and kinematic PPP'"®.
many studies are mainly focused on single-system
QZSS, dual-system GPS/GLONASS, dual-system
GPS/BDS, and three-system GPS/GLONASS/BDS.
Further evaluation on the performance of the latest five-
system GPS/GLONASS/BDS/ Galileo/QZSS PPP is still

in need.

For the moment,

In this contribution, the observation model and
data processing strategy of PPP in the five-system GPS/
GLONASS/BDS/Galileo/QZSS are expounded subse-
quently in Section 1. Afterwards, the kinematic and
static multi-GNSS/RNSS PPP solution is mainly evalu-
ated via data from 6 MGEX reference stations in Sec-
tion 2, with respect to the accuracy of positioning and
timespan needed for convergence. Finally, important
conclusions accompanied by experimental results are
summarized briefly in Section 3.

1 Multi-GNSS/RNSS PPP model

1.1 Multi-GNSS/RNSS PPP observation model
In PPP, the first-order ionospheric delay is usual-
ly eliminated by the ionosphere-free (IF) pseudo-range

and phase observation. The equation is as follows.

{Pj =pl+c- (8, -6") +T + Zsp

Li=pl+c-(8t,-8') +T + L,N; + D &,

(1)

where, s, i, and r denote different satellites, carrier
frequencies, and receivers, respectively; p; represents
the geometric distance while ¢ is the fixed symbol for
light speed; &t, and &¢° refer to clock errors of the re-
ceiver and satellite, respectively; NV, is recorded for the
parameter of ambiguity while A, represents the wave-
length at various frequencies; z gp and 2 g, are the
total of measurement noises and multipath errors, re-
spectively.

Considering the inter-system bias (ISB) of differ-
ent systems, the observation model of multi-GNSS PPP
can be obtained.

P =pi+c (8, -8) +T°+ Y e,
Ly =p +c- (8, -8') +T°° + A,N; + ZEL
P o= pb wce (8t, -6 + ISBY™) + TF + ng

L™ = p +c- (8, -8 +ISB™) + V% + A,N;

+ Y e
P =pl+c- (8, -8 +ISB]) + T + Y ¢,

i

L =pt+c- (8, =6 +ISBS) + T"° + A,N;

i

Pt =pl4ce (8, -8 +ISBY) +T" + Y &,

L* =pl+c- (8, -8 +ISBY) + "% + A,N;

+ Y e
Pl =pl+c- (8, -8 +ISB)) + T + Y ¢,

LY =pt+ce (81, -8 +ISB)) + T + A,N;

+ Y ey
(2)

where, G, R, E, C, and J denote GPS, GLONASS,
Galileo, BDS, and QZSS satellites, respectively;
ISB” |ISBC and ISB’ stand for inter-system bias of Gali-
leo, BDS and QZSS relative to GPS, which are irrele-
vant to the satellites. k refers to the frequency number
of the GLONASS satellite. The ISB of GLONASS satel-
lite relative to GPS, ISB>" | is related to the satellite.
In comparison with GPS, GLONASS utilizes frequency
division multiple access ( FDMA ) signals, which

brings about frequency differences among GLONASS
satellites. Therefore, GLONASS satellites possess dif-

ferent biases with varied frequencies' 2"

1.2 Data processing strategy
In this contribution, the IF model, together with
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an extended Kalman filter, is applied to estimate pa-
rameters including receiver position, wet tropospheric
delay, receiver clock error, ambiguities, and ISB. The
phase center offset (PCO) and phase center variation
(PCV) of GPS and GLONASS can refer to the ANTEX
file released by IGS'?'. The satellite end PCO of

BDS, Galileo, and QZSS is provided by the ANTEX
file, while PCV at the satellite ends as well as PCO
and PCV at the receiver ends can be found nowhere

[23]

and thus not considered herein The observation,

error correction, and estimation parameters are collect-

ed in Table 1.

Table 1  Processing strategy of static and kinematic PPP for the multi-GNSS/RNSS
Parameter Model
Observation Five-system pseudo-range and carrier phase observation
Signal GPS.L1,12;GLONASS:L1,12;BDS;B1,B2;Galileo: E1 ,E5a;QZSS;L1,12

Observation Sampling rate
Elevation cutoff

Observation weight

30s
7 o
Elevation-dependent weight

Phase-windup effect
Receiver antenna
phase center
Satellite antenna
phase center
Error correction Relativistic effect
Satellite orbit
Satellite clock
Tonospheric delay

Dry tropospheric

Corrected

PCO/PCV correctionis not considered

GPS/GLONASS:; igs08. atx; Galileo/BDS/QZSS: PCO is corrected
from MGEX while PCV correction is not considered

Corrected
MGEX precise orbit (15 min)
MGEX precise clock (30 s)

Ionosphere-free combination

Corrected
delays
Receiver . : . .
. Estimated ( static and kinematic)
coordinates

Receiver clock Estimated

Parameter . .
.. Phase ambiguities Estimated

estimation )
ISB Estimated

Wet tropospheric .
Posp Estimated

delays

2 Multi-GNSS/RNSS PPP performance
analysis

The GNSS observations are recorded in 30 s inter-
vals from 6 MGEX reference stations using date of Oc-
tober 20, 2016. The information of 6 MGEX stations
are presented in Table 2. Performance evaluation and
comparison of the single-GNSS and multi-GNSS/RNSS
static and kinematic PPP solutions are established on
data processing performed in the following 9 different
GNSS combinations; single-system GPS PPP, single-
system GLONASS PPP, single-system BDS PPP, sin-
gle-system Galileo PPP, dual-system GPS/GLONASS
PPP, dual-system GPS/BDS PPP, dual-system GPS/
Galileo PPP, dual-system GPS/QZSS PPP, and five-
system GPS/GLONASS/BDS/Galileo/QZSS PPP.

2.1 Availability of GNSS satellites

Observation data from the GMSD station on Octo-
ber 20, 2016 are selected for availability analysis of
the single-system GPS and multi-GNSS/RNSS. Fig. 1
describes the visible satellite number, position dilution
of precision (PDOP) values, horizontal dilution of pre-
cision (HDOP) values, and vertical dilution of preci-
sion ( VDOP) values at elevation cutoff 10 °. The
PDOP, HDOP, and VDOP values reflect the geometric
distribution of satellites. Fig. 1 points out the following
characteristics of GNSS satellites at the present stage.

1) For elevation cutoff of 10 °, the amount of visi-
ble satellites in GPS/GLONASS/BDS/Galileo/QZSS
system is up to 30. Multiple constellations can provide
abundant observation data, which improves the positio-
ning accuracy consequently.

2) Statistics suggest that at least 7 GPS satellites,
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6 GLONASS satellites, 8 BDS satellites, and 4 Galileo
satellites are present in each epoch at the GMSD sta-
tion.

3) The averages of PDOP, HDOP, and VDOP
values are 1. 90, 0.99, and 1. 62, respectively, for
the single-system GPS, while decrease to 1.01, 0.53,

and 0. 87, respectively, for the combined GPS/GLO-
NASS/BDS/Galileo/QZSS system, i. e. improvements
of 46.8% , 46.5% , and 46.3% , respectively. Thus,

the geometric strength of the positioning model is sig-

nificantly enhanced by multi-GNSS/RNSS.

Table 2  Station information

Station Location Longitude(°) Latitude(°) Receiver Antenna Systems
GMSD Japan 131.02 30.56 Trimble NetR9 TRM59800. 00 SCIS GRCE]J
FTNA French 181.87 ~14.30 Trimble NetR9 ~ TRM59800.00 NONE ~ GRCE]
Polynesia
NKLG Gabon 9.67 0.35 Trimble NetR9 TRMS59800. 00 SCIS GRCE
TLSE France 1.48 43.56 Trimble NetR9 ~ TRM59800.00 NONE GRCE
JFENG China 114.48 30.50 Trimble NetR9 ~ TRM59800.00 NONE GRCE]J
RGDG Argentina -67.75 -53.79 Trimble NetR9 TRMS59800. 00 SCIS GRCE
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Fig.1 At GMSD station on October 20, 2016 (labels ‘G’, ‘R’, ‘C’, ‘E’, ‘GR’, ‘GC’, ‘GE’, ‘GJ’, and ‘GRCEJ’ de-
note the single-system GPS, single-system GLONASS, single-system BDS, single-system Galileo, dual-system GPS/GLO-
NASS, dual-system GPS/BDS, dual-system GPS/Galileo, dual-system GPS/QZSS, and five-system GPS/GLONASS/BDS/

Galileo/QZSS, respectively)

2.2 Static PPP

In this subsection, static PPP is processed with
daily data of the 6 MGEX stations, followed by the
analysis of positioning error and convergence time. Po-
sitioning error refers to the difference between positio-
ning solution and IGS weekly solution. Subsequently,
filtering convergence is defined when the positioning
errors between the North and East components are less
than 10 cm. Filtering is considered as converging at an
epoch if the errors of positioning during the last 20 ep-
ochs remain within the limit. Fig.2 demonstrates the

static PPP solutions of single-system models and a com-
bined GPS/GLONASS/BDS/Galileo/QZSS model at
GMSD station. To compare the convergence time of
PPP in single systems and the combined system, only
results during the first 2 h are presented. Fig.3 gives
the positioning errors of the static PPP in the single-
system and five-system models at different observation
lengths (10 min, 15 min, 30 min, 1 h, 2 h,4h, 6 h,
and 12 h).

According to Fig. 2, the timespan needed for con-
vergence in the single-system GPS and GLONASS is
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Fig.3 Positioning errors of static PPP solutions with varied observation spans in single-system and five-system models

6.5 min and 9. 5 min, respectively, which is shorter
than the single-system BDS and Galileo at GMSD sta-
tion. The convergence speed of the combined five-sys-
tem GPS/GLONASS/BDS/ Galileo/QZSS is the fastest,
only 5.5 min, and the stability of the positioning solu-
tions is improved. As shown in Fig.3, higher positio-
ning accuracy can be obtained by combined PPP with
shorter time. For example, the positioning errors of
static PPP reach 0.022 m, 0.026 m, 0.062 m with
observation length of 10 min in the combined five-sys-
tem GPS/GLONASS/BDS/Galileo/QZSS mode. Fur-
thermore , the positioning error can converge to 1 cm in
horizontal component and 5 cm in Up component within
approximate 30 min, which is better than the results in

single-systems. Since there is only one QZSS satellite,
the positioning result is not given here.

To further evaluate the positioning error and con-
vergence speed of the multi-GNSS/RNSS, daily solu-
tions of 6 stations are statistically analyzed. Table 3
gathers the static PPP convergence time for the single
and combined systems in each station, and Table 4
lists the corresponding positioning accuracy after daily
data processing.

Table 3 indicates that PPP of single-system GPS
and GLONASS shares equal average convergence time
of about 18 min. At present, the clock and orbit prod-
ucts of BDS satellite hold relatively low precision,
along with uncorrectable errors in PCO and PCV, which
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Table 3  Static PPP convergence time of each station

Convergence time (min)

Model

GMSD FTNA JFNG NKLG TLSE RGDG

G 6.5 36 19.5 16 14.5 15

R 9.5 25 18.5 27 14.5 16
C 31.5 70 60.5 72 65.5 36.5

E 34 73 68.5 82 74.5 43
GRCEJ/GRCE 5.5 13.5 15.5 15 3.5 10.5

Table 4  Static PPP positioning accuracy of each station (cm)

. G R C E GRCEJ/GRCE
Station North East Up North East Up North East Up North East Up North East Up
GMSD 0.6 0.9 2.4 0.7 0.8 3.4 1.1 1.0 2.9 1.8 2.6 3.8 0.4 0.8 2.2
FTNA 0.4 1.1 3.0 0.6 1.1 2.7 2.8 2.3 3.6 1.§ 1.7 3.2 0.5 0.8 2.3
JFNG 0.3 1.4 3.9 0.9 0.7 3.8 3.6 2.6 4.2 1.6 3.0 5.0 0.4 0.7 2.8
NKLG 0.2 0.9 3.5 0.4 1.1 2.9 3.9 1.7 3.7 1.4 1.3 3.1 0.2 0.5 2.7
TLSE 0.7 0.9 2.2 0.6 0.2 3.9 2.4 2.0 4.2 1.8 1.5 7.8 0.5 0.6 2.5
RGDG 0.5 1.0 2.7 0.6 0.6 2.5 3.4 2.3 3.8 1.9 2.9 5.8 0.4 0.4 2.5

results in longer convergence time of BDS PPP, about ted in Fig. 4.

56 min. Single-system Galileo PPP gives convergence
time of 62. 5 min due to its poor geometric distribution.
In comparison, the combined five-system GPS/GLO-
NASS/BDS/Galileo/QZSS PPP wins out with the shor-
test average convergence time at about 10. 5 min. The
multi-GNSS/RNSS can provide users with plenty of
available satellites and has a specific contribution to
the improvement of single-GNSS positioning.

According to Table 4, the single-system GPS and
GLONASS PPP solutions exhibit positioning errors bet-
ter than 1.5 c¢m for horizontal components and better
than 4 cm in the Up components. However, PPP solu-
tion in BDS gives inferior accuracy of positioning owing
to less MEO satellites and lower precision of orbit and
clock products. The positioning errors of the single-sys-
tem BDS PPP solution are better than 4 cm for horizon-
tal components and 5 cm in the Up component. Single-
system Galileo PPP solution possesses the same positio-
ning errors for horizontal components as BDS but errors
better than 8 cm in the Up component due to its limited
amount of available satellites at this stage. The average
positioning errors of 0.4 ¢cm, 0.6 cm, and 2.5 cm in
North, East, and Up components are obtained by the
combined five-system GPS/GLONASS/BDS/Galileo/
QZSS PPP, respectively.

2.3 Kinematic PPP

The data processing strategy described in Section
2.2 is adopted to investigate kinematic PPP at every
station , the calculated root mean square (RMS) values
of kinematic PPP solutions in various models are plot-

According to Fig.4, RMS of kinematic PPP solu-
tions in the combined system are superior to those in
the single-system GPS. As for combined dual-system,
GPS/GLONASS shows better RMS values than GPS/
BDS does mainly attributed to the inferior accuracy in
BDS precise products to that in GLONASS precise
products plus the uncorrectable PCO and PCV. How-
ever, GPS/BDS exhibits superior RMS values com-
pared with GPS/Galileo and GPS/QZSS because there
are fewer satellites in Galileo and QZSS systems. PPP
results of the combined system can improve the positio-
ning accuracy, especially for the five-system combina-
tion. Since single-system GNSS has already achieved
high positioning accuracy ( elevation cutoff of 10 °),
the improvement of horizontal direction is limited, but
accuracy at vertical direction can be enhanced signifi-
cantly by combined systems.

Furthermore, the single-system GPS and multi-
GNSS/RNSS PPP at different elevation cutoffs are pro-
cessed for the purpose of simulating the challenging en-
vironments like urban areas. Kinematic PPP solutions
obtained from single-system model and five-system
model at GMSD station are compared at 2 different ele-
vation cutoffs, as shown in Fig. 5.

Fig. 5 suggests that the influence of elevation cut-
off on single-system GPS positioning is larger than on
multi-GNSS, for the combined five-system GPS/GLO-
NASS/BDS/ Galileo/QZSS can still obtain high-accura-
cy positioning at elevation cutoff of 40 °. Moreover, the
combined system owns higher stability than the single
system does. Fig.6 and Fig. 1(a) point out a dramatic
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Fig.6 The number of satellites under the 40 °elevation cutoff

decrease in the number of visible satellites for single
system with increased elevation cutoff but more than 10
satellites in combined five-system GPS/GLONASS/
BDS/ Galileo/QZSS remained in every epoch under ele-

vation cutoff from 10 °to 40 °. This is the reason why

the reliability, availability, and accuracy of the multi-
GNSS/RNSS positioning are better than those of the

single system.

3 Conclusions

Multi-GNSS/RNSS not only enriches the hum-
drum observation, but also enhances the geometrical
strength of satellites, which is conducive to improving
the positioning performance. The single system and
combined GNSS static PPP experiments are carried out
referring to the data obtained from MGEX reference
stations, with primary focuses on the accuracy of posi-
tioning and the timespan needed for convergence. It is
known that reliability , availability, and stability of GPS
positioning drop sharply in complicated or bleak situa-
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tions such as urban areas and valleys, as fewer satel-
lites remain visible in these areas. Thus, the five-sys-
tem PPP solutions under different elevation cutoffs are
analyzed to demonstrate comprehensively the perform-
ance of multi-GNSS/RNSS positioning. Acquired exper-
imental results are summarized below.

In comparison to the single-system GPS, PDOP,
HDOP, and VDOP values obtained for the multi-
GNSS/RNSS are improved by 46.8% , 46.5% , and
46.3% , respectively. In view of the obtained results,
and convergence time and positioning accuracy of static
PPP as well as kinematic PPP will be greatly improved
when the single system holds a poor geometric configu-
ration. At the GMSD station, it takes single-system
GPS about 6. 5 min to achieve the horizontal positioning
accuracy of 10 cm, while the multi-GNSS/RNSS only
spends 5.5 min. The positioning performance is associ-
ated closely with the elevation cutoff of the satellite,
the single-system GPS of which deteriorates rapidly
with increasing elevation cutoff. Differently, multi-
GNSS/RNSS kinematic PPP is able to keep a centime-
ter-level positioning even at elevation cutoff of 40 °
with more stable solutions. This is of great practical
significance for applications in mountainous areas or
extremely sheltered areas.
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