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reached the number of 24 active satellites

in multi -GNSSsolutions WROCEAW UNIVERSITY OF ENVIRONMENTAL AND LIFE SCIENCES



In this study, we address the following questions :
A What is the added value for ERPsand geocenter from considering Galileo ?

A Does Galileo show the same errors asobserved in GLONASSresults due to
3 orbital planes? Are they caused by orbital resonances?

A How sensitive are ERPsand geocenter coordinates to the GNSS orbit model?
Are the empirical models or the box-wing models better?

A What is the origin of spurious signals seenin GPS GLONASS and Galileo -based
time series?

A Canwe remove system-specific errors by combining GPS+ GLONASS+ Galileo ?
That is three systemswith three different revolution periods and different resonance
periods with Earth rotation .
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Processing strategy
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Galileo ECOM2 (7 par)
Galileo box-wing & Do, Yo, B, g

GAB

Basedon Galileo metadata GALILED

Software: BerneseGNSS Software

Adopted processing strategy
GPS, GLONASS, Galileo
GNSS considered

(up to 80 satellites)

Three years: 2017.62020.0

Processing scheme
ambiguity fixing for GPS, GLONASS, and Galileo

GPS (L1+L2), GLONASS (G1+G2), Galileo (E1+E5a)

A priori reference
IGS14
frame

GPS, GLONASS: IGS14

Galileo: adopted from GPS L1 and L2
PCO and PCV for GPS and GLONASS;

~100 stations (all track GPS, GLONASS, Galileo)

Double-difference network processing (observable: phase

double differences, ionospheric-free linear combination),

Rec. antenna model

Sat. antenna model

PCO for Galileo; based on CODE MGEX ANTEX
A priori ERPs: IER®04-14

. . The sub-daily variations in ERP and effects of the tidal
Earth orientation

deformations on earth rotation are modeled consistently with
the IERS2010 Conventions

Pseudo stochastic Every noon and midnight epochs in the along-track

pulses (sigma) (10->m/s), crosstrack (108 m/s), radial (10¢m/s)



Earth rotation parameters



Polar motion from GPS, GLONASS, Galileo w.r.t. IERS-C04-14

X [ Oals]y [ Oa

Mean | RMS |Mean | RMS

GRE o4 °4| -33 41
GPS 49 56/ -30 41
GLO 107 91 -95 63
GAL 31 66, -12 o/
23 66/ -15 52

Galileo providesthe

s |

1-day pole coordinates of almost the same
guality as the GPSdoes and much better
guality than that from GLONASS
Galileo is the only system not considered in
IERSCO04 series thus, fully independent.
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The spectral analysisreveals2 error sources
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Polar motion from GPS, GLONASS, Galileo w.r.t. IERS-C04-14
- GRE = GPS = GLO = GAL GAB

Harmonics of the draconitic year (351 days
for GLQ 352 daysfor GPS 355days for GALD):
1/3, 1/5, 1/7, 1/9, 1/11, 1/15, etc.

Resonances between Earthrotation and
satellite revolution period (constelation
repeatability). When fz and fg are the frequency -
of Earth rotation and satellite revolution, S 251
respectively, then we have: >
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Period [Days]

For Galileo-based solutions: 2.5 days (n=2, m=-3), 3.4

days (n=1, m=-2), 10 days (n=3, m=-5 TGS | Glonass| Galieo.

For GLONASS based solutions: 2.6 days (n=3, m=-6), i B 11h58m  11h16m  14h05m
3.9 days (n=2, m=-4),7.9 days (n=1, m=-2) "Q[1/h] 0.0836  0.0888  0.0708
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I Polar motion from GPS, GLONASS, Galileo w.r.t. IERS-C04-14
- GRE = GPS = GLO = GAL GAB

The spectral analysisreveals2 error sources Draconltlci S,gna|s 1215

A Harmonics of the draconitic year (351 days
for GLQ 352 daysfor GPS 355days for GALD):
1/3, 1/5, 1/7, 1/9, 1/11, 1/15, etc.

A Resonances between Earth rotation and
satellite revolution period (constelation
repeatability). When fz and fg are the frequency
of Earth rotation and satellite revolution,
respectively, then we have:
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For Galileo-based solutions: 2.5 days (n=2, m=-3), 3.4

days (n=1, m=-2), 10 days (n=3, m=-5 TGS | Glonass| Galieo.

For GLONASS based solutions: 2.6 days (n=3, m=-6), i B 11h58m  11h16m  14h05m
3.9 days (n=2, m=-4),7.9 days (n=1, m=-2) "Q[1/h] 0.0836  0.0888  0.0708
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LoD w.r.t. IERS-14-C04

Three types of errors can be distinguished in LoD:

A Draconitic errors

A Orbital resonances

A Aliasing periods with sub-daily ERPtidal
models: 14.8 days (M), 14.2days (O,)
-> visible in all solutions independently of the

constellation (solutions based on sub-daily models
from the IERSConventions 2010)

LoD [O & ]

mean | RMS
GRE -13 10
GPS -22 12
GLO -3 16
GAL -2 22
1 21

= GRE = GPS = GLO = GAL GAB

Accumulated LoD
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= GRE = GPS = GLO = GAL GAB
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LoD w.r.t. IERS-14-C04

Three types of errors can be distinguished in LoD:

A Draconitic errors

= GRE = GPS = GLO = GAL GAB

Accumulated LoD

A Orbital resonances N PR NP A P A
A Aliasing periods with sub-daily ERPtidal '29'\1 ‘?9\1 '29'\1 N ‘29'\% oW ‘253’\% ‘LQ)\Q SV o Qq’g
models: 14.8 days (M), 14.2days (O,)

-> visible in all solutions independently of the = GRE = GPS = GLO = GAL GAB

constellation (solutions based on sub-daily models
from the IERSConventions 2010)

LoD [O & ]

mean | RMS
GRE -13 10
GPS -22 12
GLO -3 16
GAL -2 22
1 21

GPShas a large secular drift
of the accumulated LoD in
1-day solutions due to

orbital resonances
GLONASSand Galileo have
much smaller drifts , however,
the combined solution is dominated
by GPS

Period [Days]
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I Formal errors of ERPs )
O
The errors of estimated ERPs
A Strongly depend on the orientation of the g
orbital planes w.r.t. the Sun (measured by
A-angle & the elevation of the Sun above the
orbital plane 8 gray lines) -
A Variations of errors are greater for GLONASS  ©
and Galileo becausethey comprise 3 orbital
planes asopposed to GPSwith 6 planes _|
A Errorsare maximum for eclipsing seasons E(n
(|Al<12-14A and when orientation of 2 planes
Is the same w.r.t. the Sun.Major signal: 4 0
times a year for Galileo; 2 times a year for g
GLONASS 6 times a year for GPS

= GRE = GPS = GLO = GAL GAB B[]

Errorsdecreasein 2019 in Galileo solutions c_., 9 5 O
. ) : QPR NP RN
(late 2018: 24 active Galileo satellites) U U U v\ i\
: . .. PP PP P P 7
The combined solution GREmitigates the

time-variable errors LoD formal errors
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Geocenter coordinates



Z geocenter component from Galileo -only 1-day arcsin green
3-day arcsin gray

20 A

GAL

GAL GAL
BX+EO0 BX+E1 ECOM2
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Galileo-only geocenter motion with different orbit modelining :
ECOM2 7 empirical orbit parameters (no a priori box-wing)

BX+E1:a priori box-wing model + 5 empirical ECOM1parameters)
BX+EOQO:a priori box-wing model + 3 constant D,, Y,, B ECOMparameters
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Z geocenter component from Galileo -only In ECOM2, 1/5 1-day arcsin green
and 1/7 signals 3-day arcsin gray

20 A

GAL

GAL GAL
BX+EO0 BX+E1 ECOM2

OV 0, R N O, R N ,0‘3 RN N
T A A AN AN AN h
Annual signal larger
than expected

Galileo-only geocenter motion with different orbit modelining : (3-5 mm from SLR)
ECOM2 7 empirical orbit parameters (no a priori box-wing)

BX+E1:a priori box-wing model + 5 empirical ECOM1parameters)
BX+EOQO:a priori box-wing model + 3 constant D,, Y,, B ECOMparameters
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o

Z geocenter component

ECOM2is insufficient for GLONASS
and Galileo (unrealistic signal)

The Z component from Galileo is
much better than that from GLONASS
despite having also 3 orbital planes

In all ECOMZ2solutions, the 1/7th and
1/5th harmonics are visible

The 1/7th and 1/5th  harmonics
disappear in box-wing solutions (BX)

GLONASS:Is strongly improved when
no periodic terms are estimated
(BX+EOJ box-wing + constant patr.)

3-day arcsincrease theamplitude of the
annual signal in most cases which
suggeststhe amplified impact of orbit
modeling errors in longer orbital arcs

GAL GAL GLO GLO GLO GPS GPS GPS

BX+EQ0 BX+E1 ECOM2 BX+EQ0 BX+E1 ECOM2 BX+E0 BX+E1 ECOM2

GAL

Low-passcut-off 40 day filter used; box-wing (BX) for GPS and GLONASBased on assumed proporties
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Geocenter from GNSS Amp. [mm] 1cpy Phase [deg]

10
] 100 -
Gee-x o mmmml. nllmNes

A Good agreement in the phase for -100 -
the X and YW.r.t. SLR, 1 1 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1

A Good agreement in the amplitude 10 100
for the X, especiallyin GPSand GCC-Y 0
GLONASSsolutions, 100 | aghohsboiinshsishaial gl | || B

A Phaseshifted for X in Galileo - < <
by 45 deg (1.5month)

A 3-day arc increases the 50 100 N L
amplitude for GLOand GAL, 01 = _'_*'-II'II N
however, decreasesthe amplitude 0 ~100 =
for GPS, qaYaYalaYalalalalaalafalalafalafa)a 4aYalalaYalalalalaYalafalala]alaYaa)

. 2 O~ O MO MO~ O MM 1O~ MO O MO~ O MM

A All GLOresults with estimated NN~ ~OCOoONANT—~OO0ONNT— OO NN~ —0CoONNT~~0O0ONNT—— OO

737 SSUULONSSWUWLOS S Wwww SsSuUisSsSWwUUWS SWwwww
periodic terms (ECOM2+E1l)are QOLFFEOOLLITEOOKEL LK SIS VIVIVIVIC[e VTG 1o VIR
S8xxxx XX xx TG xxxx S8xxxx QY xxxx Y XXX x

unrealistic for the Z component T e VT 1T e T e I @omal ypMnmny ;o0
b ’ P RPP009999%20225= PP PP00S999% 202252

A For GAL the best results w.r.t. SLR Le G000 Z0000850000 LAGEEOH A D000 EGOODD
are for 1D BX+E1 and 1D ECOM2,
however, the latter haslarge 1/5th Amplitudes and phasesof the annual signal
draconitic signal (seethe previous from 1-day and 3-day arcs. Individual GNSSsolutions

y y

slide).
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Low-pass cutoff 40 day filter

: : WS
Combinations 8 S I N BP N
A GLONASShas 1/3 draconitic Eé GPS+Gal|Ieo+GL()NASi —
term when periodic terms are Ege
. . 5 N
estimated (no matter with or Do —
without the a priori box-wing) 68 B ) PY
A GLONASS Galileo solution o% (?ESITF_;?”'PQ N
quite good if box-wing (BX) w i
with no periodic terms o —
E nd
estimated (EO) 63 N AP
o W
A GPS Galileois better than the 6% GPS+G|—ONASS_N LA N
combined GREsolution, when qn
estimating periodic terms v —0
(reduction of the 1/3 harmonic). %3
From the analysisof the orbit m; SR ———
quality we know, however, that &% Galileo+GLONASE
periodic terms ECOML1 (E1) w e ——
should be estimated. Thus, EQis & e rrib o
not the best solution for other AP O NP O NP O N \ g
PR N PR R NP RO 9
GNSSbased parameters. O @0’\1 q,()’\’t NN NN N N o A \©
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Combinations

A GLONASShas 1/3 draconitic
term when periodic terms are
estimated (no matter with or
without the a priori box-wing)

A GLONASS Galileo solution
quite good if box-wing (BX)
with no periodic terms
estimated (EO)

A GPS Galileois better than the
combined GREsolution, when
estimating periodic terms
(reduction of the 1/3 harmonic).
From the analysisof the orbit
guality we know, however, that
periodic terms ECOM1 (E1)
should be estimated. Thus, EOis
not the best solution for other
GNSSbased parameters.

Low-pass cutoff 40 day filter

GPS+Galileo+GLONASS

GPS+Galileo

GPS+GLONASS

Galileo+GLONASS



