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Abstract

In November 2017, the European Global Navigation Satellite System Agency (GSA) released geometrical and optical infor-

mation for the Galileo satellites which allowed for the composition of a box-wing model whose main goal is absorption of 

the direct solar radiation pressure, earth’s albedo, and infrared radiation. In order to evaluate the efficiency of the box-wing 

model, we test solutions based solely on the empirical models, the pure analytical box-wing model, and a series of hybrid 

models including the box-wing with different sets of additionally estimated empirical parameters. The hybrid solution, 

which is based on the box-wing model and on a reduced number of estimated empirical parameters, substantially reduces 

variabilities of the satellite laser ranging (SLR) residuals, especially for the low elevation angles of the sun above the orbital 

plane (β), i.e., for eclipsing Galileo satellites. The standard deviation of SLR residuals for |β| < 12.3° decreases from 37 to 

25 mm between the solution based on the ECOM2 and the hybrid solution, respectively. We found significant mitigation of 

the spurious geocenter signal in the Z component and its formal errors, when reducing the number of estimated empirical 

parameters, and a substantial reduction of the dependency between geocenter coordinates, the geometry of Galileo orbital 

planes, and the position of the sun. The hybrid box-wing solution with a reduced set of empirical parameters provides thus 

the best solution for precise orbit determination, orbit predictions, and estimation of geodetic parameters.

Keywords Galileo · Precise orbit determination · GNSS · Solar radiation pressure · Box-wing · Albedo

Introduction

The European navigation satellite system Galileo has been 

under development since the beginning of the twenty-first 

century (Montenbruck et  al. 2006; Steigenberger et  al. 

2011). Today, the Galileo constellation consists of 26 

spacecraft, i.e., four in-orbit validation (IOV) satellites, 

out of which satellite GAL-104 transmits signal at one 

frequency, and 22 fully operational capability (FOC) satel-

lites, out of which two fly at highly elliptical orbits and one 

has been removed from the operational services due to the 

clock issues (Steigenberger and Montenbruck 2017). The 

full operational capability is about to be reached when the 

constellation consists of 24 operational satellites with six 

spare spacecraft. The diversity of satellite types and different 

orbital geometries require dealing with different types of 

perturbing forces acting on Galileo satellites. All of this is 

crucial in terms of unification of orbit determination strategy 

for the International GNSS Service (IGS, Dow et al. 2009). 

Multi-GNSS Pilot Project, which evolved from the Multi-

GNSS Experiment (MGEX, Montenbruck et al. 2017a, b), 

set up the goal to integrate all the possible navigation sys-

tems. Galileo satellites orbit at a nominal altitude of about 

29,600 km, therefore, the greatest non-gravitational perturb-

ing force acting on Galileo satellites is the direct solar radia-

tion pressure (SRP). However, indirect radiation, i.e., albedo, 

together with infrared earth radiation also cause significant 

orbit perturbations.

Direct solar radiation pressure modeling

Direct SRP is the main non-gravitational source of accelera-

tions acting on GNSS satellites. The accelerations reach the 

magnitude of 160 nm/s2 thus, when not absorbed, introduce 

perturbations at the level of 100 m over the time scales of 

one orbital revolution (Beutler and Mervart 2010). Coping 
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with the direct SRP can be solved threefold by employing 

(1) analytical models, (2) semi-analytical or hybrid models 

with estimating parameters adopting to SRP perturbations, 

and (3) empirical models (Ziebart 2004).

Analytical models are based on dimensions and optical 

properties of the satellites, thus they are capable of describ-

ing the physical interaction between the SRP and the space-

craft. For the satellite bus which is covered by multilayer 

insulation for thermal protection, the re-radiation in the same 

direction may be considered as instantaneous. Hence, accel-

erations ab acting on a satellite bus due to SRP with immedi-

ate thermal re-radiation according to Lambert’s law can be 

described by the formula (Milani et al. 1987):

For the solar panels, the instantaneous re-radiation effect 

in the normal direction cannot be assumed, therefore for the 

accelerations asp due to absorbed as well as diffusely and 

specularly reflected photons are described by the formula:

In (1) and (2), c is the speed of light, A denotes an area 

of a single flat surface element, and m is the mass of the 

satellite element. An angle between the unit vector of the 

surface normal en and the unit vector of the direction of 

the illuminating source e
⊙

 is described by θ. SRP results 

from the impulse transfer of the absorbed and emitted pho-

tons on the satellite’s surface illuminated by the sun. Frac-

tions α, δ, and ρ describe absorbed, diffusely reflected, and 
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secularly reflected photons, respectively (with α + δ + ρ = 1, 

Milani et al. 1987). In this study, we assume that the solar 

constant S equals 1367 W/m2 (Montenbruck et al. 2015c). 

However, the solar constant value has been revised based 

on re-analysis and re-calibration of satellite data by Dudok 

de Wit et al. (2017) who assessed its value at the level of 

1361 W/m2. Nonetheless, the small difference between the 

two solar constant values will not affect the results due to the 

fact that they will be absorbed by the empirical parameters 

when estimated. Equations (1) and (2) comprise the basis 

for the analytical models which has been developed already 

at the beginning of the ‘90s when Fliegel et al. (1992) cre-

ated the so-called ROCK models for the GPS satellites of 

Blocks II and IIA. The accelerations resulting from SRP 

were expressed as a Fourier expansion in the body-fixed 

frame coordinates X and Z, and an argument being the angle 

between the sun and the spacecraft’s Z-axis. The Y-bias has 

been reported in the ‘90s, which enforced the estimation of 

the scaling factor for the model acceleration. Both this, and 

further axis nomenclature used in this study, is consistent 

with the IGS conventions, and the description from Table 1, 

i.e., the + Z-axis pointing toward the earth center, thus the 

satellite illuminates the earth with its navigation signal, 

+ X-axis points to hemisphere containing the sun, and the 

+ Y-axis completes the right-handed orthogonal frame and 

is parallel to the rotation axis of the solar panels. For details, 

see Montenbruck et al. (2015a).

Equations (1) and (2) can also be used for the formu-

lation of the so-called box-wing model which considers 

the satellite’s bus (the “box”) and the solar panels (the 

“wings”). Such models have been developed by Rodri-

guez-Solano et  al. (2012) who created an adjustable 

Table 1  Specification of the Galileo orbit processing strategy

Processing strategy

Satellite considered All available Galileo satellites

Time span 200 days of 2017

Number of stations 106 multi-GNSS stations (see Fig. 1)

Processing scheme Double-difference network processing (observable: phase double differences, ionosphere-free linear combination)

Signals Galileo (E1 + E5a)

Observation sampling 180 s

A priori reference frame IGS14

Ionosphere Modeled up to the third order

Sat. antenna model PCO and PCV from IGS/IGS MGEX

Rec. antenna model Adopted from GPS L1 and L2

Albedo + IR Dependent on the strategy (see Table 3), when applied: CERES monthly maps (Wielicki et al. 1996)

Antenna Thrust Dependent on the strategy (see Table 3), when applied: IOV: 155 W, FOC: 200 W (Prange et al. 2017)

Orbit model 1-Day arc

SRP model Dependent on the strategy (see Table 3); box-wing based on the Galileo metadata + set of empirical parameters.

Pseudo stochastic pulses Every 12 h in along-track, cross-track and radial

Orbit integration interval 5 min
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box-wing model for GPS satellites. Apart from the afore-

mentioned models, there is also a finite element represen-

tation and ray-tracing techniques which provide an even 

more accurate description of the satellite’s structure tak-

ing into account the mutual shadings and multiple reflec-

tions. Such analytical models have been developed for 

GPS Block IIR satellites (Li et al. 2018), for the old type 

of GLONASS satellites (Ziebart and Dare 2001), and for 

QZS-1 (Darugna et al. 2018).

Empirical models are based on parameter estimation, 

often to compensate deficiencies in a priori models. An 

empirical approach has been proposed by Beutler et al. 

(1994) who formulated the empirical CODE orbit model 

(ECOM). ECOM decomposes accelerations in three direc-

tions in the sun–satellite–earth frame (SSE), i.e., D—

pointing from the satellite toward the sun, Y—along the 

solar panel rotation axis, and B—perpendicular to D and 

Y axes, completing the right-handed orthogonal frame. 

Due to the emerging of GNSS constellations, an extended 

ECOM2 was proposed by Arnold et al. (2015). The new 

ECOM2 considers the constant acceleration in each of 

the DYB directions, even periodic terms in direction D 

(currently, twice-per-revolution terms) and odd periodic 

parameters in direction B (currently, once-per-revolution 

terms). ECOM2 model is expressed as follows:

where Δu denotes an argument of latitude of the satellite 

with respect to the argument of latitude of the sun. The 

constant term in D absorbs the impact of the direct SRP 

on the solar panels and the mean SRP acting on the bus, 

including the solar wind. The constant terms Y and B absorb 

the Y-bias and B-bias, respectively. The biases occur due to 

the misalignment of the solar panels with reference to the 

sun position. Periodic cosine terms absorb variations of the 

direct SRP acting on satellite’s bus, whereas sine periodic 

terms may absorb thermal effects related to the delays in 

the heat re-radiation (Arnold et al. 2015). The addition of 

the even terms in direction D to the ECOM2 model signifi-

cantly diminished the sun elongation-dependent systematic 

errors indicated by satellite laser ranging (SLR) residuals 

to microwave-based GLONASS precise orbits provided 

by the Center of Orbit Determination in Europe (CODE) 

(Sośnica et al. 2015). Prange et al. (2017) reported that the 

new ECOM2 is suitable not only for the GLONASS satel-

lites but also for Galileo and QZSS. SLR residuals analysis 

performed by them indicates a significant reduction of the 
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systematic dependency of SLR residuals on the sun eleva-

tion angle above the orbital plane. The median SLR offset 

for the Galileo satellites was reduced as well, from − 58 

to − 47 mm. However, they considered neither albedo nor 

antenna thrust modeling. After considering both effects, the 

SLR residuals to the CODE orbits indicate an orbit accuracy 

with standard deviation at the level of 20 mm for Galileo-

FOC when using observations only from selected high-

performing SLR stations (Zajdel et al. 2017). As a result, if 

Galileo satellites were to be determined with sub-centimeter 

accuracy, one has to take into account a more sophisticated 

SRP approach. This is especially crucial when taking into 

consideration the current requirements imposed by the 

global geodetic observing system (GGOS, Plag and Pearl-

man 2009). In terms of the other navigation satellite systems, 

one can find several approaches which use a different set of 

the ECOM parameters, which is expected due to the different 

characteristic of different satellites. Such approaches can be 

found, e.g., for the BeiDou satellites in Liu et al. (2016) and 

for the Indian Regional Navigation Satellite System (IRNSS, 

Rajaiah et al. 2017).

The mixtures of the analytical and empirical approaches 

are the hybrid or semi-empirical SRP models. The extended 

ECOM model proposed by Springer et al. (1999) is based on 

a priori coefficients estimated in the processing. Bar-Sever 

and Kuang (2004) used the least squares method to compute 

a long time series of daily orbits provided by the Jet Propul-

sion Laboratory to derive empirical orbit parameters which 

could serve as a priori parameters. In terms of the Galileo-

IOV satellites, Montenbruck et al. (2015c) provided an a 

priori cuboid box-wing model based on the long-term set of 

Galileo-IOV observations. The cuboid model allowed for the 

decrease in the RMS of SLR residuals from 109 to 55 mm. 

Such a hybrid model has also been developed for the BeiDou 

Geostationary Earth Orbit satellites (Wang et al. 2018) and 

the very first satellite of the Japanese Quasi-Zenith Satel-

lite System (QZSS), the QZS-1 (Montenbruck et al. 2017a). 

Duan et al. (2018) performed the evaluation of the optical 

properties for Galileo satellites and indicated only little cor-

rections for the official parameters. Therefore, we present 

the a priori box-wing model for the Galileo satellites, based 

on the official parameters released by the European Global 

Navigation Satellite Systems Agency (GSA). In the case 

of the Galileo metadata usage, Duan et al. (2018), in the 

best case, obtained the RMS of SLR residuals at the level 

of 42 mm for the solution based on the box-wing model 

with the estimation of the classical ECOM. Li et al. (2019) 

performed the Galileo-FOC orbit determination using the 

box-wing model together with ECOM and obtained the STD 

of the SLR residuals at the level of 34 mm for the Galileo-

FOC satellites. There is, however, little information in the 

literature, whether and how many ECOM parameters should 

still be estimated when using the a priori box-wing model.
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Goal of this study

Our goal is to evaluate the Galileo precise orbit determina-

tion strategy which copes with SRP, albedo, the infrared 

earth radiation (IR), and the navigation antenna thrust. We 

perform the Galileo orbit solution for 200 days of 2017 in 

analytical, empirical, and hybrid approaches. We assess 

how the reduction of empirical parameters acts on the Gali-

leo orbit solution when using the a priori box-wing model. 

Moreover, for the first time, we show the Z component of 

geocenter estimates together with their errors provided 

solely by the Galileo observations. We check whether the 

reduction of the estimated empirical parameters diminishes 

the error of the geocenter estimates which are correlated 

with the ECOM parameters and strongly depend on the sat-

ellite constellation geometry with respect to the sun.

Methodology

Owing to the fact that GSA released the metadata for the 

Galileo constellation, we have composed and implemented 

to the modified version of the Bernese GNSS Software 5.2 

(Dach et al. 2015) the a priori box-wing whose assump-

tions for the SRP impact are consistent with those from 

Rodriguez-Solano et al. (2012). The box-wing model is 

implemented with the consideration of both the earth’s 

and the moon’s shadow including penumbra periods. This 

is crucial because ECOM parameters are set to 0 when the 

satellite enters the earth’s shadow. As a result, the box-

wing model absorbs the acceleration which comes from, 

e.g., the infrared radiation.

We prepared 1-day Galileo orbit products based on 

the double-difference global GNSS solution. The orbit 

processing is consistent with the CODE-MGEX strategy 

(Prange et al. 2017). Processing details are provided in 

Table 1. We used the globally distributed network of 106 

multi-GNSS stations (see Fig. 1).

In order to evaluate the impact of the box-wing model, 

we performed calculations in three variants which are dif-

ferent in terms of (1) the box-wing application, (2) esti-

mation of the different set of the empirical orbit param-

eters and (3) usage of albedo, IR, and antenna thrust (see 

Table 2). Three main strategies are calculated, strategy 

“B” denotes the hybrid solution with the application of 

the box-wing model, albedo, IR and the antenna thrust 

modeling. The number in the strategy name denotes the 

number of additionally estimated empirical parameters. 

“0” denotes only the constant terms of the accelerations in 

DYB, “1” stands for the parameters used in ECOM model, 

and “2” represents the set of the latest ECOM2 parameters.

Strategies “E” are consistent with strategies “B”; how-

ever, the a priori box-wing model was not applied. The 

strategy “N2” considers the ECOM2 parameters with-

out either the box-wing model or the application of the 

antenna thrust or albedo and IR modeling. Additionally, 

we tested the solution using solely the box-wing model, 

which is called “BB”.

The internal quality of the orbit is evaluated based on 

the boundary discontinuities for each consecutive 1-day 

orbital arc. Moreover, the orbit was checked indepen-

dently using the SLR validation. Finally, we calculate the 

5-day orbit predictions and check their quality and stabil-

ity based on the comparison with the final post-processed 

orbit from the corresponding day. Eventually, we assess 

the impact of the particular solutions on the Z component 

of the geocenter coordinates.
Fig. 1  Map of multi-GNSS stations considered in the processing 

strategy

Table 2  Characteristics of the 

particular solutions
Solution Box-wing Empirical orbit parameters Albedo + antenna 

thrust

B0 Yes D0, Y0, B0 Yes

B1 Yes D0, Y0, B0, B1S, B1C Yes

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

BB Yes None 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
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Results

Now we present the result of the Galileo orbit strategies 

with particular attention to the box-wing model application 

and the reduction of the empirical parameters in the hybrid 

solutions. We check both the internal and external consist-

ency of all the orbit determination strategies by the analy-

sis of the orbit misclosures and the SLR residual analysis, 

respectively. Finally, we investigate the impact of the box-

wing model application on the Z component of the geocenter 

estimates.

Orbit discontinuity analysis

The internal consistency of all solutions has been assessed 

based on the 1-day orbit discontinuities. Figure 2 shows 

that the solution based solely on the box-wing model is 

significantly worse than for the strategies which consider 

estimation of any set of the empirical parameters. Despite 

different approaches and considering different force mod-

els all the remaining solutions are consistent at a similar 

level apart from solutions BB and E1. The figure depicts 

the orbit discontinuities decomposed in the radial, along-

track and cross-track directions. Apart from solutions BB 

and E1, the maximum absolute values of the discontinuities 

do not exceed 200 mm. The inter-quartile range (IQR) for 

the solution based on ECOM1 is significantly higher than 

for solutions based on ECOM2 (E2) and all the box-wing 

model-based solutions. The internal quality of theoretically 

the worst modeled solution, N2, is at a comparable level to 

both B1 and E2 solutions.

SLR residual analysis

The inferior quality of the solution N2 is visible when using 

the SLR technique as an independent validation tool (Fig. 3). 

SLR residual analysis is especially effective for the radial 

direction because it is based on the direct range measure-

ments with low incidence angles at GNSS altitudes. As a 

result, it is well suited for the investigation of the system-

atic errors related to the orbit perturbing forces. It is clearly 

stated that the application of the antenna thrust, albedo, 

and IR diminishes the systematic offset by approximately 

23–33 mm (see mean values for N2 and E2 in Table 3). 

However, when applying the box-wing model, systematic 

offset at the level of 15–16 mm appears for the Galileo-FOC 

satellites. Figure 3 illustrates SLR residuals for the particular 

Galileo types.

The standard deviation (STD) in all the cases is at a simi-

lar level of 30 mm apart from the solution E1 for which 

the STD exceeds about 50 mm. The SLR residuals for the 

solution based solely on the box-wing model are less precise 

than for the box-wing based solutions in which the empiri-

cal parameters are estimated, especially for the Galileo-IOV 

satellites., i.e., the STD of SLR residuals reaches 42.8 mm 

for solution BB.

For all solutions, the Galileo-IOV satellites indicate a 

negative offset, even for the E2 solution. In contrast to the 

Fig. 2  Orbit discontinuities for particular solutions decomposed in 

the radial, along-track, and cross-track components presented in the 

form of the box-plots. The bottom and the top line of the box indi-

cate the first (Q1) and the third (Q3) quartile, respectively. The 

height of the box denotes the inter-quartile range (IQR). Top and bot-

tom whisker indicate the value of Q3 + 1.5∙IQR and Q1 − 1.5∙IQR, 

respectively. Individual outliers are not shown

Fig. 3  SLR residuals for the Galileo satellites decomposed into satel-

lites types, Galileo-IOV, Galileo-FOC, and Galileo-FOC on eccentric 

orbits. The nomenclature of the box-plot is consistent with Fig. 2
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IOV generation, Galileo-FOC satellites indicate a positive 

offset. When analyzing SLR residuals illustrated in Fig. 3 

one would deduce that the solution E2 provides one of the 

most reliable orbit results. However, when taking into con-

sideration the STD for SLR residuals solely for the Galileo-

FOC, the residuals for the hybrid solution are less scattered 

than for the solution E2, i.e., the STD of the SLR residuals 

for the solution E2 is at the level of 27.3 mm as compared to 

25.0 mm for the solution B1.

Moreover, when analyzing the SLR residuals as a func-

tion of the position of the satellite in the SSE frame for the 

solution E2, one can notice a significant increase in the 

SLR residuals when the |β| angle assumes values lower than 

12.3°. Figure 4 presents the SLR residuals for three solu-

tions, (1) consistent with CODE, i.e., the solution E2 (Fig. 4, 

top), (2) the hybrid solution B1 using box-wing model with 

the estimation of the limited set of empirical parameters, 

neglecting the periodic terms in the sun–satellite direction 

(Fig. 4, middle), (3) and the solution BB based solely on the 

box-wing model (Fig. 4, bottom). Despite an offset in the 

solution B1, the distribution of SLR residuals is significantly 

less dependent on the satellite positions in the SSE frame. 

The STD of the SLR residuals for the low β angle is dimin-

ished from 36.5 mm in the solution E2 to 24.7 mm in the 

solution B1, and 23.3 mm in the solution B0 for which the 

distribution of the SLR residuals is similar to that obtained 

for the solution B1. Although the solution BB is character-

ized with an offset of SLR residuals smaller by the factor 

of 2 than for the solution B1 for the Galileo-FOC satellites, 

the spread of the SLR residuals is significantly higher than 

for the box-wing solutions with an additional estimation of 

empirical parameters (B1). The box-wing solution BB, on 

the other hand, is less vulnerable relative to |β| angles below 

12.3° than the solution E2, i.e., the STD of the SLR residuals 

reaches 31.5 mm for the solution BB.

To conclude, when employing the SLR validation, the 

box-wing provides the most precise orbit solutions, however, 

a small set of empirical orbit parameters has to be addi-

tionally estimated in order to diminish the STD of the SLR 

residuals, especially during the eclipsing periods with low 

|β| angles. Regarding ECOM2, the terms D2C and D2S can 

be neglected when using the box-wing model.

Quality of the orbit prediction

A reliable orbit solution ensures the stability of the orbit 

predictions. GNSS satellites transmit within the navigation 

signal information about the constellation almanac and the 

satellites’ positions as part of the broadcast ephemerides. 

According to IGS, the accuracy of the broadcast orbits 

equals approximately 1 m. The broadcast ephemerides are 

calculated on a daily routine by the ground segment of each 

GNSS provider. In our analysis, we provide the calculation 

of the 5-day Galileo orbit predictions and tested all solution 

strategies.

Figure 5 presents the box-plot illustrating the quality of 

the 5-day orbit predictions for the radial and cross-track 

components. As to internal consistency of solutions and the 

SLR residuals analysis, the solution E1 does not provide sta-

ble orbit predictions. The solutions E2 and N2 show similar 

results despite the usage of the different force models. It is 

not the matter of the same set of the empirical parameters 

being used in the solutions E2 and N2, because the solution 

B2 is also based on the ECOM2 and yet is characterized with 

the median value of the STD in the radial direction of 33 cm 

as compared to 45 and 44 cm for E2 and N2, respectively.

The fewer empirical parameters are estimated in the 

hybrid solution, the more stable the prediction becomes. 

The median value of the STD for the orbit predictions in the 

radial direction for the solution B1 equals 32 cm, with the 

variability of STD, i.e., IQR at the level of 39 cm as com-

pared to 42 cm for the solution B2. On the other hand, the 

solution based on the box-wing model with the estimation 

of the constant acceleration terms (B0) is characterized with 

the median value of STD at the level of 47 cm in the radial 

direction despite a significantly lower IQR of the STD at the 

level of 30 cm. The cross-track component is predicted the 

most reliably. Here, the most reliable orbit predictions are 

provided by the solution B0, for which the median values of 

the STD equals 14 cm with the IQR at the level of 12 cm. 

Table 3  SLR validation results 

for the particular processing 

strategies

All values are expressed in mm

(mm) BB B0 B1 B2 E1 E2 N2

IOV

 Mean − 18.7 − 16.6 − 15.4 − 16.4 − 17.2 − 6.9 − 29.3

 STD 42.8 26.9 25.5 27.0 55.7 25.8 29.1

 STD |β| < 12.3° 44.1 29.6 24.7 27.9 72.2 36.5 42.2

FOC

 Mean 7.7 15.3 16.1 13.9 − 8.7 3.1 − 29.1

 STD 28.9 25.3 25.0 27.0 53.7 27.3 30.8

 STD |β| < 12.3° 31.5 23.3 24.7 27.9 66.0 36.5 40.5
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The remaining box-wing solutions do not diverge from the 

B0 solution. However, in the solution BB, we neglect all the 

empirical parameters which absorb the accelerations result-

ing from, e.g., the solar wind (D0) or misalignment of the 

solar panel with reference to the sun (Y0).

As a result, the solution based solely on the box-wing 

model (BB) is insufficient in terms of the orbit predictions, 

i.e., the mean STD in the cross-track direction exceeds 

22 cm for BB when compared to 14 cm for the solution B1. 

When analyzing the RMS values for the radial and cross-

track components, all the values are only slightly higher 

than for the STD, thus their distance for the expected 

value, i.e., 0, is relatively small. The worst predicted is 

the along-track component (shown only for B1 in Fig. 6) 

for which for all the solutions the median value of the STD 

exceeds 2 m with the IQR at the level of 10–12 m.

The quality of all the components is illustrated in Fig. 6, 

where both the median STD and the RMS are depicted as 

a function of time expressed in the 12-h intervals. The 

median STD describes the internal accuracy of the orbit 

prediction, whereas the RMS describes the standard devi-

ation from the expected value (i.e., the estimated orbits 

based on true observations). The internal accuracy of the 

orbit prediction is of moderate quality and does not exceed 

0.4 m STD until 48 h in the along-track direction. The 

good prediction in the along-track direction is important 

in terms of the SLR tracking for the proper orientation of 

the SLR telescope. The RMS does not exceed 20 m even 

after 6 days. Moreover, the quality of the Galileo broadcast 

ephemerides which was checked by Montenbruck et al. 

(2015b) was at the level of 0.6 m 2.7 and 2.3 m in the 

radial, along-track, and cross-track direction, respectively. 

The orbit predictions calculated using the orbit solution 

B1 exceed the 2.7 m level of accuracy only after 48 h. 

As a result, such predictions based on the hybrid box-

wing-empirical model may comprise an alternative for 

]
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˚

β
]
[
|

|
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β
]
[
|
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˚
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Fig. 4  SLR residuals for the Galileo-FOC satellites for solutions E2 

(top), B1 (middle), and BB (bottom) as a function of the absolute 

height of the sun above the orbital plane (β) and the argument of lati-

tude of the satellite with respect to the argument of latitude of the sun 

(Δu). All values are expressed in mm

Fig. 5  Five-day orbit prediction quality for the particular processing 

strategy for the radial (top) and cross-track components (bottom). The 

box-plots illustrate the STD (left) and RMS (right) of the predicted 

orbit positions. The nomenclature of the box-plot is consistent with 

Fig. 2
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the broadcast ephemerides and could be uploaded to the 

operational constellation.

Impact of the box‑wing model on the Z component 
of the geocenter coordinates

In the global geodetic solutions the suggested technique 

for the determination of the origin of the terrestrial refer-

ence frame is SLR owing to the sub-centimeter precision 

in the two-way range measurements between SLR stations 

and geodetic satellites (Otsubo et al. 2018) and the low 

vulnerability of geodetic satellites to the non-gravitational 

perturbing forces (Sośnica et al. 2014). As a result, the geo-

center coordinates (GCCs) used in the current realization of 

the origin of the International Terrestrial Reference Frame 

(ITRF2014, Altamimi et al. 2016) are determined using 

SLR-derived time series.

The issues of GCC estimation from GNSS are well known 

(Wu et al. 2012; Meindl et al. 2013; Rebischung et al. 2014). 

The signal of the GNSS-derived geocenter is the result of the 

orbit modeling, as well as the ground station distribution and 

the sensitivity of the GNSS technique to the motion of the 

geocenter. As a result, the actually observed signal is usually 

called the “apparent geocenter coordinates” (Rebischung and 

Garayt 2013). The GCC time series derived using GNSS 

suffers from both the correlations with the empirical orbit 

parameters and the clocks which are simultaneously esti-

mated during the processing as well as the mutual geometry 

of satellites in the SSE frame. Meindl et al. (2013) noticed 

the correlation between the Z component of GCC and D0 

empirical parameter. On the other hand, Rebischung et al. 

(2014) indicated rather a minor impact of the single D0 term. 

The significant increase in the collinearity with GCC has 

been noticed only when simultaneously estimating D0 with 

the B1C, and B1S terms [see (3)]. The Z component of the 

estimated geocenter coordinates is especially sensitive to 

GNSS orbit modeling issues. Figure 7 illustrates the Z com-

ponent of GCC, together with their errors, estimated for the 

solutions: E2, B2, B1, and B0. We also show the spectral 

analysis for both the estimated Z component of GCC and 

its formal errors (Fig. 8). We focus on GCC-Z component 

only, as it clearly shows the improvement when the box-wing 

model is applied in the orbit determination. The changes 

for GCC X and Y components are insignificant, thus not 

described here.

Fig. 6  Median STD (top) and RMS (bottom) of the Galileo orbit 

prediction calculated for the solution B1 decomposed into the 

radial, along-track, and cross-track components as a function of 

time expressed in the 12-h interval. The vertical axis for the RMS is 

expressed in the logarithmic scale

Fig. 7  Z component of the geocenter coordinates for solutions E2, 

B2, B1, and B0 (top) and the formal error of the Z component of 

the geocenter coordinates for the particular solutions (bottom). The 

β angles for the particular Galileo planes are shown in gray

Fig. 8  Spectral analysis of the Z geocenter component estimates (top) 

and the spectral analysis of the Z geocenter formal errors (bottom) for 

solutions B2, E2, B1, and B0
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Figure 7 (bottom) shows how do the formal errors of 

GCC-Z component change in time. The pattern signifi-

cantly differs for the particular solutions which are different 

in terms of the set of the empirical orbit parameters being 

estimated. The time series of the formal errors of the Z 

component clearly depends on the mutual orientation of the 

orbital planes with respect to the position of the sun (denoted 

as a β angle). For the solution E2 and B2, the formal errors 

increase when two planes have a similar orientation to the 

sun confirming the results reported by Scaramuzza et al. 

(2018) for the GLONASS constellation.

When neglecting the periodic D2C and D2S terms, i.e., in 

the solution B1, the error dependence on the satellite posi-

tions significantly diminishes and nearly disappears in the 

solution B0, which neglects also terms B1C and B2S, which 

is consistent with results of Rebischung et al. (2014). The 

GCC error for solution E2 and B2 is almost by the factor of 2 

higher than for the other solutions. Nonetheless, the system-

atic offset of the error signal in the solution B0 is mitigated 

by a factor of 2, to the value of 1.3 mm, as compared to the 

solution B1. In summary, the consideration of the box-wing 

based orbit solution with the limited number of the empirical 

parameters significantly diminishes the formal error of the Z 

component of GCC and reduces its dependence on the SSE 

configuration and mutual orbital plane orientations.

Figure 8 (top) shows the spectral analysis of the time 

series presented in Fig. 7. When applying the box-wing 

model, we get rid of the peak of the 1/7 harmonic of the dra-

conitic year in the E2 solution of the amplitude of 8 mm. The 

draconitic year equals 355.6 days for the Galileo satellites 

(Sośnica et al. 2018). However, when using the box-wing 

solutions we introduce another peak which corresponds to 

the 1/3 of the draconitic year of the Galileo satellites (Fig. 8, 

top). The characteristic peak exceeds the level of 10 mm 

for both B2 and B1 solutions, whereas for the solution B0 

the peak does not exceed the value of 6 mm. Moreover, the 

usage of the solution B2 causes the occurrence of the 1/5 

peak whose amplitude is below 5 mm. The formal geocenter 

errors depend on the constellation geometry with respect to 

the sun (Fig. 7, bottom). As a result, the characteristic peri-

ods occur when the orientation of two Galileo planes with 

respect to the sun direction is the same, i.e., up to six times 

for every Galileo draconitic year. These periods are irregular 

because every orbital plane has a different orientation with 

respect to the ecliptic, despite the same inclination angle 

with respect to the equator. Moreover, the orientation with 

respect to the ecliptic slowly changes due to the revolution 

of the Galileo nodal point with the period of 37 years. The 

characteristic peaks in the error of the Z component of the 

geocenter do not exceed 0.8 mm and are mostly visible for 

the solutions B2 and E2 due to the same set of empirical 

parameters applied. The peaks are significantly diminished 

for the solution B1 and almost vanish for B0. To conclude, 

the solution B0 significantly diminishes the dependence 

on the mutual orbital plane orientations and GCC errors as 

well as the magnitude of the spurious draconitic signal in 

the Z component, due to the fact that we avoid the correla-

tion with the simultaneously estimated periodic parameters 

in the D and B directions. Moreover, the B0 solution sup-

presses the characteristic peak equal to 1/7 of the draconitic 

year, whereas the introduced peak, which corresponds to 

1/3 of the draconitic year, is by about 1 mm lower than the 

suspended one. However, the test study should be extended 

to a longer time series to fully evaluate its geophysical 

interpretation.

Discussion and summary

Based on the metadata for the Galileo satellite we composed 

the box-wing model for the absorption of SRP, albedo, and 

IR. In order to validate the effectiveness of the box-wing 

model and to formulate the optimal orbit determination 

strategy, we performed a series of processing strategies. We 

checked both the internal and external consistency of all 

solutions using the 1-day orbital arc discontinuities and the 

SLR residual analyses, respectively.

The internal quality of all solutions is at a similar level, 

apart from the solution based solely of the box-wing 

model (BB), which is significantly worse. The external 

quality analysis indicated that there is a systematic off-

set in SLR residuals depending on the satellite type, i.e., 

the IOV satellites are characterized by the negative offset 

whereas the FOC satellites are characterized by the posi-

tive offset. However, the solutions based on the box-wing 

model with the simultaneous estimation of the empirical 

parameters (solutions B0, B1, and B2) are characterized 

with slightly lower STD of the SLR residuals to the FOC 

satellites than the solution based on the ECOM2 model 

(E2). The real supremacy of the box-wing “B” solutions is 

visible when taking into consideration the SLR residuals 

as a function of Δu and β angles. A significant decrease in 

the SLR residuals is visible for solutions “B” especially for 

|β| angles < 12.3°. For such a geometry, the STD of SLR 

residuals is mitigated from 36.5 mm for the solution E2, 

to 24.7 mm for the solution B1, and to 23.3 mm for the 

solution B0. The hybrid solutions B0 and B1 provide the 

Galileo-FOC orbit accuracy, as measured by SLR, at the 

level of 25.3 and 25.0 mm, respectively, which is by 9 mm 

better than obtained by Li et al. (2019) and by 17 mm bet-

ter than given by Duan et al. (2018). We also checked the 

stability of the orbit predictions calculated based on par-

ticular solutions. The most stable predictions are derived 

from the hybrid solutions B0 and B1 which suggests that 

the fewer empirical parameters are estimated in the hybrid 
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solution the better. Based on the hybrid solution B1, one 

can provide orbit prediction with the accuracy better than 

3 m for at least 48 h.

Finally, we took a closer look at the geocenter Z com-

ponent estimates provided for the first time using only 

Galileo observations. The formal error of the Z compo-

nent of GCC, which is dependent on the set of the esti-

mated ECOM parameters and the geometry of the Galileo 

planes with respect to the sun, significantly diminishes 

when reducing the ECOM2 by the terms D2C and D2S, 

and almost disappears when estimating only the constant 

DYB terms.

The empirical orbit models do not fully absorb the 

direct SRP, especially during the eclipsing periods, which 

is due to the fact that the empirical models are truncated 

and neglect the higher-order perturbation terms. Moreo-

ver, the correlations between the periodic terms of the 

empirical models with global geodetic parameters, includ-

ing GCC, deteriorate the estimates of global parameters. 

The analytical models, on the other hand, reflect most of 

the physical interactions between solar radiation pressure 

and particular components of the satellites. However, 

the analytical models are insufficient for compensating 

all changes of external conditions, such as solar wind, 

or changes of satellite surface properties over time, or 

Y-biases and thermal effects, which are difficult to account 

for in simplified box-wing models. Therefore, the hybrid 

model considering the a priori box-wing model with the 

estimation of the minimized set of the empirical param-

eters provides the optimal strategy for precise orbit deter-

mination based on the box-wing models constructed using 

the Galileo metadata. However, the set of the estimated 

empirical parameters should be reduced in order to obtain 

the precise orbit solution and stable-in-time orbit predic-

tions. The reduction of the number of empirical parameters 

diminishes the systematic error of the Z component of the 

GCC through reducing the number of estimated param-

eters, thus stabilizes the processing. As a result, the most 

reliable Galileo orbit results from this study are provided 

by strategy B0, which considers the box-wing model and 

only the estimated constant accelerations in DYB direc-

tions, and the strategy B1, in which the box-wing model is 

used with estimating periodic accelerations in the B direc-

tion together with constant DYB accelerations.
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