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Towards 1-cm Galileo 
orbits

Prezentator
Notatki do prezentacji
Coping with SRP:EmpiryczneAnalityczne (Box-wing)Hybrydy (estymacja analitycznych parametrów)Ray-tracing…Wartość dodana:Modele box-wing są obecne w literaturze. Przedstawiono je dla GPS oraz GLONASS, jednak na brak oficjalnych parametrów dot. satelitów obu konstelacji metadane są jedynie przybliżone, lub estymowane wcześniej w sposób empiryczny. Co za tym idzie, nie są dokładne. Stąd dla GPS stosowane dostosowywalny (adjustable) model box-wing. W przypadku Galileo metadane są oficjalnie udostępnione. Dwa papiery są na ten temat, (1) Duan sprawdza wartości parametrów estymując poprawki do oficjalnych parametrów (2) Li, tworzy box-winga  z ECOMem 2Nowością są testy zestawienia modelu box-wing z różnymi zestawami parametrów ECOM. Empiryczne parametry są skorelowane z innymi estymatami globalnego processing, np. współrzędnymi geocentrum. Zmniejszenie ilości estymowanych parametrów zmniejsza dekorelacje a co za tym idzie błędy formalne wyzaczonej współrzędnej Z maleją. Dodatkowo, po raz pierwszy oszacowano wpływ wyższych wyrazów SRP dzięki box-wing oraz magnitudy sił perturbujących wynikacjąch z SRP, albedo i IR. 



Galileo constellation status
Accuracy of the final orbits:

GPS: 2.5 cm
GLONASS: 3.0 cm

Galileo: ??? 
MGEX Pilot Project: 3-4 cm



Direct Solar Radiation Pressure 
(SRP)

Albedo

Infrared Radiation (IR) Navigation Antenna Thrust

Non-gravitational forces acting on GNSS
• Solar wind

• Thermal effects

~ 160 nm/s2

~ 1 nm/s2

~ 1 nm/s2 100 W ~ 1 cm



Coping with direct Solar Radiation Pressure

SRP 
modeling

Empirical 
models

Analytical 
models

Hybrid 
models

Ray-tracing

• Empirically estimated accelerations 

based on the GNSS observations 

• Based on physical interaction between 

solar radiation and satellite element 

surfaces

• Mixture of empirical and analytical 

models

• Experimental approach for GNSS 



Limitations:

• Not adjusted for albedo absorption 

• Antenna thrust is neglected (constant radial acceleration)

• Considers the „yaw-steering”

• Orbit modelling problems when the satellite enters the Earth shadow (ECOM parameters = 0)

Empirical CODE Orbit Model (ECOM2)

Absorbs direct SRP acting on 
the solar panels and mean SRP 
acting on the satellite bus, and 
the solar wind

Absorbs Y-bias and B-bias
Which appear due to 
misalignment of solar panels

Absorbs variable SRP 
acting on the satellite 
bus

Absorbs thermal 
effects

Arnold, D., Meindl, M., Beutler, G. et al. 
J Geod (2015) 89: 775. 
https://doi.org/10.1007/s00190-015-0814-4

https://doi.org/10.1007/s00190-015-0814-4


GNSS satellites characteristics –„Box-wing” model

System Type Solar panels area 
[m2]

Bus area [X/Y/Z] 
[m2]

Altitude above the Earth 
surface

[km]

Mass
[kg] 

GPS Block IIF 13.60 5.72/7.01/5.40 20 200 1555

Galileo
IOV 10.82 1.32/3.00/3.00 23 200 695

FOC / FOC ecc. 10.82 1.32/2.78/3.04 23 200 /  17 000-26 000 708/645

α – absorbed photons
ρ – reflected photons
δ – diffused photons

α + ρ + δ = 1
GPS X:Z area ratio =  5.7 : 5.4 
Galileo   X:Z area ratio = 1.3 : 3.0

Bernese GNSS Software 5.2



Accelerations resulting from SRP, 
albedo and IR based on the 
analytical box-wing model



SRP –„Box wing” model – accelerations in D and B directions



SRP – spectral analysis – Galileo E08 – nominal orbit

„Twice-per-rev”
absorbed by ECOM2

Periodic error 
when neglected, 

A=15 cm

Periodic error 
when neglected:

A=36 cm
Periodic 
error for 
lower β
angles

A=1.3 cm

• ECOM absorbs most of the direct SRP

• „Thrice-per-rev” are not estimated, thus cause errors for lower β  

angles



SRP – spectral analysis – Galileo E14 – elliptic orbit

„Twice-per-rev”
NOT absorbed

by ECOM2
A=2.6 cm

ECOM does not absorb perturbations resulting from SRP for

the Galileo satellites launched into elliptic orbits. How about

the albedo and IR?

„Once-per-rev”
NOT absorbed

by ECOM2
Periodic error 

when neglected,
A=18 cm

„Thrice-per-rev”
NOT absorbed

by ECOM2

A=2.7 cm



Albedo Infrared radiation



Albedo and IR – spectral 
analysis – Galileo E08 –
nominal orbit

NOT absorbed by
ECOM2, A=6 cm

NOT absorbed by
ECOM2, A=0.2 cm

Absorbed by
ECOM2, 
A=1.5 cm

A=2.6 cm

• ECOM2 does not absorb the whole

albedo influence

• Not only the periodic perturbations,

but also the constant accelerations

resulting from IR has an impact on

the GNSS satellites



Estimation of the Galileo orbit 
parameters



Internal quality control – orbit misclosures

Solution Box-wing Empirical
parameters

Albedo + IR 
+ antenna 
thrust

B0 YES ------------ YES

B0 YES D0,Y0,B0 YES

B1 YES D0,Y0,B0,
B1S,B1C

YES

B2 YES D0,Y0,B0,
B1S,B1C,D2C, D2S

YES

E1 NO D0,Y0,B0,
B1S,B1C

YES

E2 NO D0,Y0,B0,
B1S,B1C,D2C, D2S

YES

N2 NO D0,Y0,B0,
B1S,B1C,D2C, D2S

NO

Standard CODE solution
based on the ECOM2 Box-wing

Analytical Hybrid Empirical



External quality control – SLR validation

B0 B1 E2
Mean [mm] 5.5 6.4 0.4
STD [mm] 24.7 24.7 29.5

STD [mm] |β| < 12.3° 24.0 24.7 37.2

Box-wingStandard model

Earth shadow

Significant decrease of STD of the SLR residuals for 
|β| < 12.3°, i.e., when the satellites enters the Earth 
shadow

HybridEmpirical



What is not absorbed by ECOM2?

• Box-wing model absorbs the higher order SRP terms,

• The maximum effect for the radial component exceeds 50 mm, and for the orbit semi-major axis 200 mm.

SLR residual differences (B2-E2)

Satellite position
differences

(B2-E2)

Semi-major axis
differences

(B2-E2)



SLR residual dependence on the 
elongation angle

BB B0 E2

Slope [mm/°] 0.077 0.003 -0.328
STD [mm] 27.3 24.7 29.5

Hybrid

Analytical Empirical



Precise orbit determination for Galileo is more challenging than for GPS due to the 
lower mass of the Galileo satellites and the higher  X:Z area ration than for the GPS 
satellites. 

In order to absorb the influence of albedo and IR (especially for the Galileo on the 
elliptic orbits), it is necessary to estimate the higher order terms of the empirical 
models or usage of the box-wing model.

The usage of the box-wing model significantly improves the Galileo orbit solution 
when the satellites enter the Earth shadow, i.e., the SLR residuals decrease from 
37 to 25 mm for the HYBRID solution. 
Moreover, the reduction of the empirical parameters stabilizes the solution.

Summary



Thank you for your attention!

Grzegorz Bury
Institute of Geodesy and Geodynamics

grzegorz.bury@upwr.edu.pl



Backup slides…



The impact of the box-wing model on the global geodetic parameters 
(Geocenter)

• Reduction of the dependence of the error of the Z component of geocenter estimates on the orbit plane 

orientation w.r.t the Sun with the reduction of the estimated empirical orbit parameters

‘Z ‘ geocenter coordinate Spectral analysis ‘Z ‘ coordinate of geocenter



Impact of non-gravitational perturbing forces 
on Galileo satellites

• The higher values of the satellite position differences for the Galileo on elliptic orbits come from their 

orbit characteristics (relativistic effects)

[mm] IOV FOC FOC ecc.

Antenna thrust 13.5 30.5 18.8
Albedo 6.9 5.1 8.8
Infrared radiation 16.1 14.2 18.5



Empirical orbit parameters (CODE)

• Galileo-IOV satellites are characterized with the B accelerations

dependence on the β angle (max 3.6 nm/s2)

• Galileo-FOC satellites are characterized with the constant acceleration in

the Y direction at the level of (0.7 nm/s2)



Empirical parameters estimates

• Box-wing absorbs up to 97% of the direct 

SRP and other „μ”-accelerations acting on 

the Galileo satellites.

• The constant accelerations result from the 

misalignment of the solar panels w.r.t the 

Sun.

• Box-wing model diminishes the dependence 

of the empirical parameters estimates on the 

β angles.



Empirical parameters estimates differences

Source Magnitude [nm/s2]

Direct SRP 122.0
Albedo 1.0
Infrared radiation 1.0
Antenna thrust 1.2
D0 variability 0.4
Y – bias (FOC) 0.7
B – biasmax (IOV) 3.6
Thermal effect (D2S variability) 0.8



Impact of albedo, IR, and antenna thrust



Quality of the Galileo orbit predictions
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