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O Currently, significant development of existing GNSS systems (GPS, GLONASS)
and construction of new ones (Galileo, BDS) can be seen.

[ Also in recent years one can notice a significant development of the PPP
method and its increasing applications.

1 Most of the studies of the PPP and multi-GNSS already developed were carried
out only for the selected period in addition using various models and software.

[ In our research we want to check how the performance of the PPP changes

with the development of GPS, GLONASS and Galileo systems in the last 3 years

(2017-2019), using the same model and software.
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Items Models/Methods
PPP model -statlc mode, basic PPP'mo'deI using dual-frequency code and phase
ionosphere-free combination
Signals GPS: L1, L2; GLONASS: G1, G2; Galileo: E1, E5a
Solutions G, R, E, GR, GE, RE and GRE where: G-GPS, R-GLONASS, E-Galileo

Cut-off elevation angle
Interval estimation
Software

Periods

Reference frame
Orbit
Clock

PCO and PCV for receiver antenna

0°, 5°, 10°, 15°, 20°, 25°, 30°, 35° and 40°

30-s

GAMP*

Three periods — three weeks:

from DoY 239 to DoY 245 of 2017 (September)

from DoY 231 to DoY 237 of 2018 (August)
from DoY 142 to DoY 156 of 2019 (May)

IGS14
CODE MGEX with 5-min intervals
CODE MGEX with 30-s intervals

igsl4.atx for GPS and for GLONASS, for Galileo used model from GPS

*Zhou, F., Dong, D., Li, W. et al. GAMP: An open-source software of multi-GNSS precise point positioning using undifferenced and
uncombined observations. GPS Solut 22, 33 (2018). https://doi.org/10.1007/s10291-018-0699-9
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Number of available GNSS satellites in products and space

period | period Il period Il
(September 1, 2017)| (August 21, 2018) (June 1, 2019)

Space Space Space

Product Product Product
segment segment segment
32 32 32 32 31(+1) 32
22(+2) 23 23(+2) 22 24(+2) 23
GLONASS
14(+2+2) 17 18(+2+2) 20 22(+2+42) 24
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Results divided on two ways:

1. 5° cut-off elevation angle; individual station.

2. All cut-off elevation angle; mean from all stations.
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1. Number of used GNSS satellites with PDOP (stations: FTNAOOWLF, PIE100USA, LPGSO0ARG,
DLF100NLD, KRGGOOATF, LHAZOOCHN).

FTNAOOWLF PIEI0QUSA LPGSO0OARG  DLF100NLD KRGGOOATF LHAZOOCHN FTNAOOWLF PIELOOUSA LPGSOOARG  DLF100NLD  KRGGOOATF LHAZOOCHN
30 ppoP=19 JpDOP=1.7 PDOP=2.4 JFDOP=1.6 “JPDOP=1.6 JpooP=20 30 ppoP=3.3 | TPpOP=76 PDOP=3.4 PDOP=2.1 TPooP=21
25 _G:B.d _G=9.3 G=7.7 _G=10.2 _G:E.B _G:BJ 25 _R=5.B R=6.5 R=5.9 _R:7.3 _R:?.l
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30 “PDOP=1.9 PDOP=1.7 PDOP=2.4 PDOP=1.6 PDOP=1.6 PDOP=2.0 30 PDOP=2.2 PDOP=2.2 PDOP=2.6
25 |6=9.3 |e=9.6 J6=7.7 |e=10.1 |e=9.8 |6=8.9 25 |rR=7.2 |R=73 |rR=6.4
20 A B 1 B R 1 20 A . B B
15 A B 1 B R 1 15 A . B B
10 4 I 10 4 1 4 B
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0 — T —T T —T T — T T — T 0 —T—T—1 —T T — T
30 ppoP=7.0 “JPDOP=1.8 PDOP=2.4 PDOP=1.6 PDOP=1.6 “JrooP=20 30 1 PDOP=1.9 [PDOP=2.0 |

G=9.2 G=9.1 G=7.6 G=10.1 G=9.8 G=8.8 = R=7.9
25 A B 1 B B 1 25 A .
20 A B 1 B R b 20 A
15 A R 1 B B 1 15 A
10 A E E | B B B 10 A
r
o T S e daald Toomco Tosama i S Peerd] PRGN TP foioiishond
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0 61218240 6 1218240 6 1218240 6 1218240 6 1218240 6 121824 0 61218240 6 1218240 6 1218240 6 1218240 6 1218240 6 121824

Top, middle and bottom means first (September 1, 2017), second (August 21, 2018)
and third (June 1, 2019) period respectively
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1. Number of used GNSS satellites with PDOP (stations: FTNAOOWLF, PIE100USA, LPGSO0ARG,
DLF100NLD, KRGGOOATF, LHAZOOCHN).

FTNAOOWLF PIELOOUSA LPGSOOARG  DLF100NLD  KRGGOOATF LHAZOOCHN FTNAOOWLF PIELOOUSA LPGSOOARG  DLF100NLD  KRGGOOATF LHAZOOCHN
JPDOP=nan | [PDOP=4.5 | [PDOP=3.5 JPooP=a7 | T[PDOP=a5 30 ppopP=14 JPDOP=1.3 PDOP=1.1 PDOP=1.1 JPoOP=1.2
=nan E=5.1 E=5.3 E=4.0 E=4.0 G=9.4 G=9.3 G=10.2 G=3.8 G=8.7
= - B 25 Hr=5.7 -R=6.4 HrR=7.3 -R=6.2
1 y T T 20 1 1 T 1 — PDOP
= PDOP
B B . B —_ 15 A B . B G
B B . B 10 A B . B —
| — 1 ] e ] 5 1P ity e E ____ j __ A
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30 ppop=a7 PooP=3.9 PDOP=4.7 PDOP=3.1 PDOP=nan PDOP=nan 30 Tppor=1a TPooP=1.3 PDOP=1.2 PDOP=1.2 PDOP=1.4
E=5.1 E=5.1 E=4.8 E=5.8 E=nan E=nan G=9.3 G=9.6 G=10.1 G=9.8 G=8.9
25 - E E E E E 25 -R=6.2 Hr=6.2 —HR=7.2 Hr=7.3 —-R=6.2
20 A B E . B B 20 A B B B
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10 4 B E 1 4 B 10 4 B 4 B
5 | T N T . I — 5 YRPR] P Al P A
0+—T—TT1 +———— —— —r— — 0 e | == e
30 poop=s5 ] TeoOP=AT | PDOP=2.6 TPoOP=nan | 30 ppoP=1.4 | TFDOP=14 PDOP=1.6 PDOP=1.1 JPoOP=1.2
E=5.8 E=5.0 E=6.6 E=nan G=9.1 G=9.1 G=7.6 G=10.1 G=8.8
25 A B . b 25 4R=6.0 -Rr=5.5 —R=5.6 —R=7.9 -R=6.4
20 A B 20 A E B B
15 A B 15 A B B . B B
10 A B 10 A B B . B B
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Sy . e
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Top, middle and bottom means the first (September 1, 2017), the second (August 21,
2018) and the third (June 1, 2019) period respectively
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1. Number of used GNSS satellites with PDOP (stations: FTNAOOWLF, PIE100USA, LPGSO0ARG,
DLF100NLD, KRGGOOATF, LHAZOOCHN).

FTNAOOWLF PIELOOUSA LPGSOOARG  DLF100NLD  KRGGOOATF LHAZOOCHN FTNAOOWLF PIELOOUSA LPGSOOARG  DLF100NLD  KRGGOOATF LHAZOOCHN
30 tppoP=1.5 | TPDOP=T6 | PDOP=1.2 PooP=13 TPoOP=1.6 | 30 ppop=z.z | TPpoP=24 PDOP=nan PDOP=1.5 JPooP=1% JeooP=21T |
G=9.4 G=9.3 G=10.2 G=9.8 G=8.7 R=5.7 R=6.4 R=nan R=7.3 R=7.4 R=6.2
25 He=a.6 —E=1.1 -e=4.9 -He=38 —E=3.6 25 He=a6 E=1.1 E=nan -e=4.9 -He=38 -E=3.6
20 1 — PDOP 20 1 1 — PDOP
15 A B B G 15 B B - R
10 . - — 10 Toutriiena] 1 —
3 _% EBm——— - _W Ty e S EIRAPRELH - had - ——— ey
0 = _w T T T T T T T T T 0 = T T T T T T 1 T T T T T T T 1
30 Tppor=13 TPooP=1.3 PDOP=1.2 PDOP=1.3 PDOP=1.7 30 PDOP=nan PDOP=1.5 PDOP=1.6 PDOP=2.1
G=9.3 G=9.6 G=10.1 G=9.8 G=8.9 = R=nan R=7.2 R=7.3 R=6.2
25 -e=a.5 -E=a4.7 —-E=5.7 -E=3.8 —E=3.6 25 -e=a.5 E=nan —-E=5.7 -E=3.8 —E=3.6
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30 -poop=15 JPDOP=1.2 PDOP=1.2 PDOP=1.4 JPDOP=1.6 30 7 PDOP=nan PDOP=1.9 |
G=9.1 G=9.1 G=10.1 G=9.8 G=8.8 = R=nan R=6.4
25 He=5.7 -E=4.8 E=6.6 E=3.5 —E=4.4 25 1 —E=nan E=4.4
20 A B E . B B 20 A E
15 A B 4 s E - 15 - 4
10 A B B . B - 10 A B
5 AN Ll - e L ey ] TP pls 5 S
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Top, middle and bottom means the first (September 1, 2017), the second (August 21,
2018) and the third (June 1, 2019) period respectively
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1. Number of used GNSS satellites with PDOP (stations: FTNAOOWLF, PIE100OUSA, LPGSOOARG,
DLF100NLD, KRGGOOATF, LHAZOOCHN).

FTNAOOWLF PIELOOUSA LPGSOOARG  DLF100NLD  KRGGOOATF LHAZOOCHN
PDOP=1.2 [PDOP=1.0
GRE=19.7 GRE=21.0
G=9.4 R=5.7 G=9.8 R=7.4
E=a.6 E=3.8

PDOP=1.0

GRE=20.9
G=9.8 R=7.3

“[E=3.8

PDOP=1.2

[PDOP=1.0

GRE=20,9
G=9.8 R=7.5

E=35

0 61218240 6 1218240 6 1218240 6 1218240 6 1218240 6121824

Top, middle and bottom means the first (September 1, 2017), the second (August 21,
2018) and the third (June 1, 2019) period respectively
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1. 2D error for all stations

and for all solutions. Left,
center and right bar means

O
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1. 3D error for all stations

and for all solutions. Left,
center and right bar means

O
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third period respectively.
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2. Average number of satellites usable for determination of positions for all analyzed solutions,

all periods and all cut-off elevation angles. In order to better visibility for G, R and GR
solutions we plotted only third period (I and 11 period are similar).
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2. Mean percentage of
available position solutions
[%] for all solutions, all
elevation angles and all
periods. I, Il and Il means
the first, the second and the
third period.

Percentage of available position solutions [%] - mean

from all stations

GRE
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2. Mean 3D accuracy for all
solutions, all elevation angles
and all periods. I, Il and 1|
means the first, the second
and the third analyzed
periods. Values in mm.

EGUSea 2020 Results
Assembly
3D

0° | 52 | 10° | 15° [20° | 25° | 30° | 35° | 40

[ | 134 114 117 140 163 205 282 472 792

G |I| 141 119 127 158 195 245 346 556 851
M| 129 106 117 143 185 239 341 499 819

[ | 161 151 155 205 294 476 892 1643 2361

R || 235 212 228 297 437 655 1134 1678 227.0
M| 176 169 180 232 326 47.5 808 1304 2153

I | 372 332 364 445 567 80.6 1466 2266 209.8

E || 301 264 276 331 438 611 1021 1812 1858
| 254 238 253 286 359 487 809 1423 1533

| 110 93 91 105 127 165 220 326 558

GR [II| 115 100 98 118 148 189 244 365 562
M| 114 95 94 114 153 200 245 363 6l1

[ | 122 102 104 117 137 200 335 526 705

GE || 113 96 97 113 149 210 355 547 629
M| 110 93 95 111 150 209 350 549 652

I | 148 136 134 152 193 293 480 81.0 1082

RE [II | 148 139 148 169 209 331 555 864 1127
M| 146 140 149 170 218 307 494 736 905

[ | 111 93 91 101 124 183 282 437 576

GRE [II | 107 93 90 104 131 181 280 445 540
M| 107 92 89 103 138 191 274 408 560
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2. Mean convergence time 5 120

for the threshold value of 10 248 4_'_--h'='*'=_'—_"_ !
cm, all solutions and all cut- © 2 : i, [

off elevation angles. Value in

min. Left bar: the first A
period, middle bar: the

second period, right bar: the
third period.
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U Progressive improvement of accuracy and a shortening of convergence time in recent years;

[ The best accuracy with shortest convergence time was achieved in 2019 for GRE; average 22
satellites were observed with accuracy of 1 cm and convergence time of 13 min;

O In 2019, the Galileo system already allows for positioning with high accuracy anywhere on
Earth with average 6 satellites were observed; the positioning accuracy of about 2 cm and
the convergence time less than 1h which is better by about 50% than in 2017;

0 G and R positioning still provide high accuracy achieved the best accuracy for GPS-based
solutions;

L Multi-GNSS PPP caused greater stability by removing individual discrepancies which
appeared in single GNSS positioning;

L Multi-GNSS PPP enabled positioning with high accuracy in difficult conditions (needed high

cut-off elevation angles);
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1 For RE achieved worse accuracy than for G but with smaller standard deviation (constant
error that may arise from the problem of iner-frequency bias (IFB) and inter-system bias
(1SB) modeling and the use for Galileo observations of PCO/PCV receiver models from GPS);

[ For the cut-off elevation angle of 40°, the use of GRE enabled to achieve about 90%
availability of solutions with position estimation accuracy of cm;

Q E solution had improved more with years but it was still worse than G and R solutions;

O In the following years the E positioning will be improved and in the near future may be on
the same accuracy as G and R; Galileo will also be Full Opeartioanl Capability (FOC) in the
near future containing the full constellation of operational satellites in space; Galileo still
does not have corrections for the receiver antenna models, and the accuracy of the

orbits/clocks of the satellites and other models are constantly being improved.
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THANK YOU FOR YOUR ATTENTION!

More information will be available soon in the article or please contact: damian.kiliszek@wat.edu.pl
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