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Abstract

Due to the continued development of the GLONASS satellites, precise orbit determination (POD) still poses a series of chal-
lenges. This study examines the impact of introducing the analytical tube-wing model for GLONASS-M and the box-wing
model for GLONASS-K in a series of hybrid POD strategies that consider both the analytical model and a series of empiri-
cal parameters. We assess the perturbing accelerations acting on GLONASS spacecraft based on the analytical model. All
GLONASS satellites are equipped with laser retroreflectors for satellite laser ranging (SLR). We apply the SLR observations
for the GLONASS POD in a series of GNSS 4+ SLR combined solutions. The application of the box-wing model significantly
improves GLONASS orbits, especially for GLONASS-K, reducing the STD of SLR residuals from 92.6 to 27.6 mm. Although
the metadata for all GLONASS-M satellites reveal similar construction characteristics, we found differences in empirical
accelerations and SLR offsets not only between GLONASS-M and GLONASS-M+ but also within the GLONASS-M+
series. Moreover, we identify satellites with inferior orbit solutions and check if we can improve them using the analytical
model and SLR observations. For GLONASS-M SVN730, the STD of the SLR residuals for orbits determined using the
empirical solution is 48.7 mm. The STD diminishes to 41.2 and 37.8 mm when introducing the tube-wing model and SLR
observations, respectively. As a result, both the application of the SLR observations and the analytical model significantly
improve the orbit solution as well as reduce systematic errors affecting orbits of GLONASS satellites.
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Introduction

GLONASS observations, together with GPS, are the only
GNSS data so far used to generate the official products of
the International GNSS Service (IGS, Johnston et al. 2017).
Among the IGS products, we can distinguish, e.g., precise
orbits of GNSS satellites and the earth rotation parameters
(ERP); therefore, GLONASS observations contribute to the
precise positioning and the description of the earth system.
As aresult, it is crucial to properly handle the precise GLO-
NASS orbit modeling, especially direct solar radiation pres-
sure (SRP), which is the greatest non-conservative perturb-
ing force acting on the GNSS satellites (Milani et al. 1987).
A considerable advantage of the GLONASS satellites is the

P< Grzegorz Bury
grzegorz.bury @upwr.edu.pl

Institute of Geodesy and Geoinformatics, Wroctaw
University of Environmental and Life Sciences,
Grunwaldzka 53, 50-357 Wroclaw, Poland

fact that all spacecraft are equipped with laser retroreflector
arrays (LRA) for satellite laser ranging (SLR), the precise
space geodetic technique that significantly contributes to the
GNSS POD (Bury et al. 2021).

Currently, the GLONASS system consists of satellites
of type M, K, and M+ spacecraft. The M+ satellites are
the updated version of the GLONASS-M spacecraft that
broadcast signals at three frequencies, including L3, and are
capable of laser-based time transfer. The M+ satellites carry
devices for the Inter Satellite Laser Navigation and Com-
munication System, allowing for communication between
spacecraft using a laser. The latter introduces challenges
for POD as the inter-satellite link devices change surface
properties and the shape of the satellite bus. The most pro-
nounced differences in terms of POD occur between GLO-
NASS-M and GLONASS-K satellites. First of all, the two
types of satellites are of different shapes, i.e., GLONASS-M
satellites are elongated and cylindrical, whereas type K sat-
ellites are cuboids (see Fig. 1). Moreover, the surface of the
solar panels of the M-type satellites is vast when compared
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Fig.1 Graphical visualization of GLONASS-M and GLONASS-K
satellites (not to scale)

to the K-type satellites, i.e., 30.85 m? as compared to 16.96
m?. GLONASS-K are significantly lighter than GLONASS-
M, i.e., 996 kg vs. 1415 kg. LRA on each type of satellite is
different as well. GLONASS-M satellites are equipped with
arectangular LRA consisting of 112 corner cubes, whereas
K-type satellites carry ring arrays mounted around the
microwave antenna that consist of 123 corner cubes (So$nica
et al. 2015; Bury et al. 2019a, b). Apart from geometrical
diversities, GLONASS-K satellites can broadcast signals on
third, L3 frequency, perform the time transfer, and are char-
acterized by extended lifetime (Zaminpardaz et al. 2017).
The modernization of GLONASS introduces a need for
continuous development of the POD strategy. Due to the
elongated cylindrical shape of the GLONASS-M satel-
lites, the classical empirical CODE orbit model (ECOM,
Springer et al. 1999) was insufficient for modeling GLO-
NASS orbits. Therefore, an extended ECOM2 (Arnold
et al. 2015) model was introduced to cope with SRP acting
on GLONASS spacecraft. However, Prange et al. (2017)
indicated a list of satellites for which the new ECOM?2
was insufficient, i.e., satellite vehicle number (SVN):721,
723, 725, 730, 736, 737. Dach et al. (2019) re-estimated
the GLONASS satellite antenna offsets, reducing the SLR
residuals to orbits of affected satellites. Despite advances
in GLONASS POD, their orbits cannot reach the accuracy
of GPS or the Galileo system. As a result, the limited accu-
racy of the GLONASS orbits prevents applications related
to a reliable description of the earth system, i.e., deter-
mination of high-quality ERPs or geocenter coordinates
(Zajdel et al. 2020, 2021). One of the greatest limitations
for the GLONASS POD is the lack of the accurate optical
and geometrical properties of GLONASS satellites. Based
on the metadata, it is possible to develop an analytical box-
wing model for cuboidal satellites or a tube-wing model
for cylindrical satellites to absorb SRP and earth radiation
pressure (Rodriguez-Solano et al. 2012a). Such a box-wing
model significantly improves the orbits of Galileo satellites
for which the metadata are officially published (Bury et al.
2020; Duan et al. 2019; Li et al. 2019). For GLONASS
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Fig.2 SLR residuals to GLONASS SVN730 based on IGS repro3
orbit product

satellites, approximated values provided by Rodriguez-
Solano (2014) are available with the adjusted optical and
geometrical parameters derived by Duan et al. (2020). In
2021, IGS published results of the 3rd reprocessing cam-
paign (repro3, Rebischung 2021) of the reanalysis of the
GNSS historical observations collected by the IGS net-
work since 1994 for the International Terrestrial Refer-
ence Frame (ITRF2020) realization. The recommendation
for the SRP modeling was to use the empirical ECOM
or JPL GSPM models, or an analytical model based on
the properties released by IGS (http://acc.igs.org/repro3/
repro3.html). Figure 2 shows that the orbital artifacts are
still present for some GLONASS, especially after 2018
when the SLR residuals to the experimental IGS repro3
GLONASS orbits significantly increase. Figure 2 reveals
that the GLONASS POD needs further improvements to
reach the same quality as currently achieved for the IGS
GPS and Galileo combined orbits (So$nica et al. 2020).

Stations of the International Laser Ranging Service
(ILRS, Pearlman et al. 2019) conduct laser ranging to any
spacecraft equipped with LRA. To track the satellites, sta-
tions need all the necessary data, including orbit predic-
tions. SLR-to-GNSS observations comprise around 10%
of all observations collected by the ILRS (Strugarek et al.
2021). SLR data allows for validating the GNSS-based orbit
products and may contribute to the GNSS POD (Zajdel et al.
2017; Bury et al. 2021).

The goal of this study is to revise the state-of-the-art strat-
egies for GLONASS POD. We check if the analytical model
developed for the GLONASS satellites using unofficial opti-
cal properties of the satellite surface elements is beneficial
for POD. We also assess the impact of the addition of the
SLR-to-GNSS observations on the GLONASS orbit quality.
Finally, we try to identify GLONASS satellites for which the
orbit solution is inferior, i.e., with the accuracy significantly
lower than the IGS declared accuracy of 3 cm. In this study,
they are called ‘malfunctioning satellites’ although the rea-
son for poor orbit quality is usually unknown. The satellites
may have the ‘healthy’ status and can be used for the naviga-
tion purposes, but in the precise geodetic applications, the
inferior orbit quality prevents sub-centimeter solutions. We
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check whether the addition of the analytical model or SLR
observations improves the quality of their orbits.

Methodology

We conducted a series of GLONASS POD strategies over
the period 2017-2018. We focus on two aspects (1) handling
of SRP using a hybrid approach which considers an analyti-
cal model with a set of empirical parameters, and (2) the
impact of the addition of the SLR observations on the GLO-
NASS POD solutions. All the calculations are conducted in
the Bernese GNSS Software 5.2 (Dach et al. 2015).

We focus on a hybrid SRP modeling, as many studies
indicated its superiority against the empirical solutions for
Galileo, QZSS, and BeiDou-3 (Bury et al. 2019a, b; Li et al.
2019, 2020), especially in the light of a series of GLONASS
satellites for which the empirical models are insufficient. We
test two approaches H1 and H2, which consider the analyti-
cal a priori model and set of ECOM and ECOM2 param-
eters, respectively. The assumptions of the tube-wing or
the box-wing model are consistent with Bury et al. (2019a,
b), considering shadows resulting from the earth and moon
as a fraction of the eclipsed part of the sun disk compris-
ing antumbra and penumbra periods. The tube-wing model
considers the cylindrical shape of the GLONASS-M buses,
whereas the box-wing model for GLONASS-K considers the
flat surfaces of the cuboidal buses and the optical properties
of satellite elements. Both box-wing and tube-wing models
treat separately the solar panels, which are described with
the equation:

S, A

0
asp = _? . % .Cose. [(a+5)eo+2<§ +p'0039>en]
ey

and the bus of satellites. Apart from the flat surfaces, which
are described by the formula:

S. A 2
Qg = = m -cosf - [(a+6)- (eo+ §€n> +2p-c0s0~en],
@)

the GLONASS-M bus also contains the cylindrical surfaces
for which the accelerations are described by the equation:

S
oy = —?C . % -cosf - [(oc+6)- <eo+%en> +ﬂp-cose-en].

3
3)
In (1-3) A denotes the surface area, m is the mass of the
satellite, S, dzenotes the solar constant (1367 W/m?) rescaled
by the (Ar—U> , where AU is the astronomical unit and rg is

the instantaneous distance of the satellites from the sun, c is
the speed of light. An angle between the unit vector of the
surface normal e, and the unit vector of the direction of the

illuminating source ey is described by 6. All the thermal
effects result from an impulse transfer of the absorbed and
emitted photons acting on the satellite's surface illuminated
either by the sun or the earth's radiation pressure with no lag
considered. All the energy is transferred with the assumption
of the photon balance, i.e., a+d+p=1, where «, d, p
describe absorbed, diffusely reflected, and specularly
reflected photons, respectively. All satellite surface proper-
ties are consistent with the recommendation for repro3 pro-
cessing and were calculated by Rodriguez-Solano (2014).
Additionally, to the hybrid test cases, we compute the solu-
tion E2 in which we use ECOM?2 without applying the a
priori model. For the attitude model, we assume the yaw-
steering mode with the ECOM parameters set to 0 when a
satellite enters the earth’s shadow.

The methodology of the combination of GNSS and SLR-
to-GNSS observations is consistent with Bury et al. (2021)
with the modifications of the weighting strategies for GLO-
NASS satellites. The sigma of GNSS phase observations
is assumed to be at the level of 1.5 mm. Following Prange
et al. (2017), we pre-selected GLONASS satellites whose
orbits are of poor quality (GLONASS-BAD, GB), i.e.,
SVN: 719 (R20), 730 (RO1), 733 (R06), 734 (RO5—until
August 2018), 736 (R16). For GB satellites, the standard
deviation (STD) of SLR residuals calculated using observa-
tions delivered by the best-performing stations (Zajdel et al.
2019) was greater than 40 mm. For the remaining GLO-
NASS (GLONASS-GOOD, GG), the STD of SLR residuals
was at the level of 20-26 mm. We used the STD of the SLR
residuals as weighting factors in strategy C1A for the two
sets of GLONASS spacecraft (see Table 1). We also com-
puted the solution C1C, which treats the SLR-to-GLONASS
observations with sigma better than in C1A by a factor of
ten, and the solution C1B, which comprises an intermediate
case between C1A and C1C. The sigma values for GG and
GB satellites in particular solutions are collected in Table 1.

In all the scenarios, the geodetic datum is defined
using minimum constraints: no-net-translation (NNT) and

Table 1 Summary of orbit determination strategies

SLR-to-GNSS 26858

SOL Box-wing or
oSLR

Empirical par

tube-wing
E2 No ECOM2 (7 par.) No
H1 Yes ECOM (5 par.) No
H2 Yes ECOM2 (7 par.) No
ClA Yes ECOM (5 par.) Yes GG: % GB:%
CI1B Yes ECOM (5 par.) Yes GG: % GB:%
CiC Yes ECOM (5 par.) Yes GG: % GB:%

The 5-parameter ECOM considers Dy, Y, By, B¢, B, whereas
the 7-parameter ECOM2 considers D, and D, terms in addition to
ECOM
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no-net-rotation (NNR) imposed on a series of stable sta-
tions that are referred to IGb14 (Rebischung et al. 2016).
The GNSS processing scheme is based on double differ-
ence network processing with the ionospheric-free linear
combination. The SLR a priori coordinates come from the
SLRF2014 reference frame, which is the ILRS realization
of the ITRF2014 (Luceri et al. 2019). The GNSS network
is realized consistently with Zajdel et al. (2019), where the
set of stable GNSS sites is defined using an iterative Helm-
ert transformation. For the combined GNSS and SLR solu-
tion, we treat the GNSS network as in the microwave-only
solutions, whereas for the SLR network, we apply NNT and
NNR constraints to the set of core SLR stations.

For the POD, we use GNSS observations sampled by
180 s, and for the combined GNSS and SLR solutions, we
use SLR normal points with 300 s sampling. Phase center
offsets and variations for the GLONASS satellites are con-
sistent with IGS aligned to the ITRF2014 scale. In all solu-
tions, we apply albedo and earth infrared modeling (Rodri-
guez-Solano et al. 2012b) as recommended for repro3. We
assume 100 W for all GLONASS satellites for the navigation
antenna thrust to avoid scale inconsistencies with respect to
ITRF2014, instead of using the satellite-specific values from
ground-based measurements (Steigenberger et al. 2018). We
estimated the one-day orbital arcs, with the 5-min orbit inte-
gration. Additionally, we estimated stochastic orbit param-
eters in radial, along-track, and cross-track directions every
12 h. Apart from the orbital parameters, in every test case,
we estimated ERPs, geocenter coordinates, GNSS and SLR
station coordinates, and implicitly the troposphere.

Accelerations acting on GLONASS satellites

The analytical model allows for the assessment of the per-
turbing accelerations acting on GNSS satellites. This section
analyzes accelerations resulting from SRP and earth radia-
tion pressure.

Due to the greatest impact of the SRP-induced accelera-
tions, the perturbing forces are decomposed into directions:
D—pointing from the sun to the satellite, Y—parallel to
the solar panel rotation axis, and B—completing the right-
handed orthogonal frame (Arnold et al. 2015). Perturbing
accelerations also depend on the elevation of the sun above
the orbital plane—the f angle, and the position of the sat-
ellite w.r.t earth, i.e., the argument of latitude of the satel-
lite w.r.t. the argument of latitude of the sun—Au. When
describing the satellite reference frame, we use the nomen-
clature consistent with IGS which is described by Monten-
bruck et al. (2015).

Figure 3 depicts the cumulative impact of the accelera-
tions induced by SRP and earth radiation pressure acting on
the GLONASS-M calculated based on the a priori analytical
model. The highest accelerations are noted for direction D.
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Fig.3 Accelerations acting on GLONASS-M satellite due to cumula-
tive impact of the SRP and earth radiation pressure as a function of 8
and Au. Note scale differences on each subplot

The acceleration differences for positive and negative 3
result from the earth—sun distance during one full cycle of
the p angle which is at the level of 3.2% between aphelion
and perihelion. Figure 4 illustrates the accelerations for dif-
ferent values of f angle as a function of Au. The highest
accelerations are visible in direction D and reach -150 nm/s>
for the highest absolute values of the §§ angle. The course
of the accelerations is almost flat as compared to the lower
values of f angles. This results from the yaw-steering mode
in which the satellite maneuvers the solar panels to track the
sun, simultaneously pointing the navigation antenna toward
the earth. When the sun is at the highest elevation, it illumi-
nates the largest area of the GLONASS satellites, i.e., solar
panels and the elongated part of the bus.

The flat course of the accelerations for the highest
angles is also noted for direction B. However, these accelera-
tions result mainly from earth radiation pressure. For lower
B angles, accelerations in D and B become dependent on
the Au due to the yaw-steering attitude in which satellites
maneuver their buses and the area of illuminated surface
changes. Note that the accelerations in the direction B are
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Fig.4 A priori accelerations acting on GLONASS-M RO03 satellites
decomposed into direction D, Y, B as a function of Au for different
values of the p angle based on the tube-wing model. Note the scale
differences on each subplot

smaller by two orders of magnitude when compared to the
accelerations in D. For D direction, the lowest accelera-
tions occur for low P angles when Au is close to 0°, and
the satellite is in the line between the sun and earth when
the illuminated area of the bus is the smallest. In the earth
shadow for Ipl < 14.2° and Au close to 180°, the SRP accel-
erations decrease toward the O value (Dilssner et al. 2011).
The residual perturbing forces result from earth radiation
pressure, which is not higher than 1 nm/s. The yaw-steering
attitude assumes that the solar panels track the sun direction.
If neither lags nor bias are present in the attitude of the solar
panels, the Y-accelerations should be close to the 0 value.
For GLONASS satellites, the accelerations in Y are by two
orders of magnitude lower than those in direction B.
Figure 5 depicts the amplitude spectra of the accelera-
tions illustrated in Fig. 4. Based on the Fast Fourier Trans-
form, it is possible to assess the amplitudes of perturbing
accelerations and, on their basis, calculate an error of the
satellite position when neglecting the particular accelera-
tion (Table 2). We evaluated the position error for typical
harmonics of the GLONASS satellite revolution period
and checked to what extent the empirical ECOM2 model
absorbs them. The satellite position error is calculated using
Eq. (3) from Bury et al. (2020). Apart from the constant
accelerations in each D, Y, B direction, the ECOM?2 model
considers even terms in direction D and odd terms in B.
The highest amplitudes of accelerations occur twice-per-
revolution and cause an error in the satellite position at the

GLONASS 103
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Fig.5 Amplitude spectra of the accelerations acting on GLONASS-
M RO3 satellites decomposed into direction D, Y, B for different val-
ues of the p angle as a function of the satellite revolution period

Table 2 Accelerations and amplitudes of the satellite position errors
affecting GLONASS-M R03

Direction Term (n) Accelera- Amplitude of satel-  Estimated
tion (nm/ lite position error in ECOM2
s?) (mm)
D 1 1.35 56.2 No
2 5.27 54.9 Yes
3 0.88 4.1 No
4 1.35 3.5 No/Yes
B 1 2.44 101.6 Yes
2 0.05 0.5 No
3 0.99 4.6 No/Yes
4 0.22 0.6 No
Y 1 0.0095 0.40 No
2 0.0015 0.02 No
3 0.0042 0.02 No
4 0.0026 0.01 No

level of 55 mm. However, twice-per-revolution terms are
considered in ECOM2; thus, accelerations of this type do
not affect the orbit solution when using ECOM?2. Once-per-
revolution accelerations in D directions emerge from dif-
ferences between +Z and —Z satellite panels, i.e., the front
panel with navigation antennas and the back panel pointing
toward outer space. The once-per-revolution accelerations
in D are neglected in ECOM2 despite that ECOM2 was
developed for GLONASS (Arnold et al. 2015); however,
they were estimated in the classical ECOM by some IGS
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analysis centers in the so-called 9-parameter ECOM model.
For the neglected in ECOM?2 once-per-revolution D term,
the amplitude of acceleration is at the level of 1.35 nm/s? for
low and moderate {3 angles, which translates into the satellite
position error at the level of 56 mm. The resulting accelera-
tions suggest that for GLONASS, the once-per-revolution
and the twice-per-revolution accelerations in the D direc-
tion must be estimated in pure empirical models without
any a priori models. Such an approach is neither applied
in the classical ECOM nor ECOM2. For the IGS repro3,
some IGS analysis centers employ the empirical ECOM2,
which omits the once-per-revolution accelerations in D and
results in substantial orbit errors. In terms of direction B,
the once-per-revolution accelerations of 2.44 nm/s? could
cause the periodical position error of 102 mm. The errors
emerging from the omission of periodical terms in direction
Y do not exceed 0.4 mm, which confirms no need to estimate
periodical terms in Y. The analytical model absorbs all the
calculated position errors. The residual accelerations can be
absorbed by the empirical parameters estimated in the hybrid
POD strategy described in the section ‘Results.’

Results

In this section, we analyze the results of the GLONASS
POD. We evaluate the precision and accuracy of the orbit
solution and check the impact of the introduction of the a
priori analytical model and SLR-to-GNSS observations for
POD.

Orbit misclosures

The orbit misclosures describe the differences between sat-
ellite positions from the consecutive orbital arcs. The day
boundaries are the least stable part of the arc; thus, they
indicate weaknesses of the solution. Figure 6 depicts box
plots of the GLONASS orbit misclosures for the hybrid
and combined solutions. Orbit misclosures for solution H1
with 5 empirical parameters are lower than for solution H2
in which 7 empirical orbit parameters are estimated. Both
the median and interquartile range (IQR) are higher for H2
(103.0 mm and 92.0 mm, respectively) when compared to
H1 (93.0 mm and 78.0 mm, respectively). As a result, when
the analytical a priori model is applied, seven ECOM param-
eters destabilize the solution. All the combined solutions
are based on solution H1. When the SLR observations are
treated with the lowest weights (C1A), orbit misclosures are
slightly improved w.r.t the microwave H1 solution, as the
median and IQR are at the level of 92.0 mm and 78.0 mm,
respectively. The median and IQR for C1B are the same as
for H1. When the weights of the SLR observations increase
to the values from strategy C1C, the solution is deteriorated,
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Fig.6 3D orbit misclosures for hybrid and combined GNSS+ SLR
solutions. The box extends from Q1 to Q3 quartile (the interquartile
range, IQR), orange lines denote the median, and whiskers extend
to the last data point in range covering no more than 1.5 X IQR

as the median and IQR values are at the level of 108.0 mm
and 87.0 mm, respectively. Solutions C1A and C1B are of
similar quality. During the two years of the analysis, only
eight out of 24 satellites were tracked intensively by SLR
sites, i.e., more than 10,000 observations were collected
to these satellites. Therefore, taking into consideration the
number of SLR observations, for further analyses, we will
focus on solution C1B, which increases the impact of SLR
data as compared to C1A.

Based on the orbit misclosures for the solution H1, we
identify GLONASS satellites whose orbits are deteriorated
and confront our list of the GB satellites. Figure 7 illustrates
the time series for the GLONASS orbit misclosures in 2017.
The preliminarily chosen list of GLONASS satellites based
on the SLR residuals to CODE orbits contains satellites of
PRNs (SVNs): RO1(730), R05(734), R06(733), R16(736),
and R20(719). According to the figure, all the satellites
from the GB list are characterized by higher orbit misclo-
sures. Moreover, based on Fig. 7, we can identify additional
deteriorated orbits for satellites R14(715), R24(735), and
R26(801). On average, the median value of the 3D mis-
closures for the malfunctioning satellites is at the level of
138 mm, as compared to 82 mm for the remaining satellites.
In the following analyses, we investigate if the addition of
the SLR-to-GNSS observations improves the quality of the
orbits, especially those of poor quality.

Empirical orbit parameters

Empirical orbit parameters account for unmodeled per-
turbing forces acting on GNSS satellites. When no optical
and geometrical data describing satellites are available, the
empirical models are the most effective tool for the absorp-
tion of the direct SRP. When using the analytical-only
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Fig.7 Time series of the 3D
orbit misclosures for GLO-
NASS satellites for 2017 sorted
by PRN from approach H1,
expressed in millimeters. The
white areas indicate a lack of
the orbit solution
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Fig.8 Empirical parameters estimated in strategies E2 (pure empiri-
cal, left) and H2 (with the a priori tube-wing model, right) for GLO-
NASS-M RO7 expressed in nm/s”. The black line denotes the § angle

approach for the SRP handling, the orbit solution is dete-
riorated due to a lack of D, parameter, which absorbs a
changeable acceleration induced by direct SRP (Bury et al.
2019a, 2020). Therefore, the empirical parameters used
together with the analytical model absorb the residual
accelerations. Based on the residual accelerations, it is
possible to assess the effectiveness of the tube-wing and
box-wing models. Figure 8 depicts the empirical param-
eters estimated for GLONASS-M RO7 in solutions E2 and
H2, indicating only the impact of applying the tube-wing
model.
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Fig.9 D, parameter estimated using strategy H1 expressed in nm/s’

for each GLONASS orbital plane. The black line denotes the § angle

The substantial impact of the tube-wing model is noted
for the D, parameter that absorbs accelerations acting on
the solar panels and the cross section of the satellite bus.
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On average, the application of the tube-wing model reduces
the D, parameter from -147.88 nm/s* to 0.26 nm/s* for the
GLONASS-M satellites. For the GLONASS-K satellites, in
the analyzed period, the constellation consists of two space-
craft, R0O9 (802) and R26 (801), which are treated in the
same manner in terms of the box-wing model, although the
IGS-MGEX metadata divide GLONASS-K into GLO-K1A
(SVN801) which carries an additional antenna for L3 sig-
nal and GLO-K1B, i.e., SVN802 and SVN805 launched in
late 2020, not included in this study (https://www.igs.org/
mgex/metadata/#metadata-sinex-format). The D, parameter
indicates differences between two GLONASS-K spacecraft;
in solution E2, the D, parameter is at the level of -110.0
and -104.2 nm/s* for R26 and R09, respectively. When the
analytical box-wing is applied, the D, parameter indicates
positive values at the level of 2.2 and 8.5 nm/s? for R26
and RO9, respectively (Fig. 9). The positive values of the
estimated D, in solution H2 indicate that either optical or
geometrical parameters are overestimated or the mass of the
satellites is poorly approximated.

The cosine terms of the ECOM2 model, i.e., D, and B,
parameters, are mitigated as they absorb the variable SRP
acting on the rotating bus in the yaw-steering attitude mode.
An offset (and STD) is diminished by 1.7 (0.5) and 1.6 (1.2)
nm/s* for D, and B, respectively. The parameters Y, and
By, do not significantly change after the addition of the tube-
wing model. Y, is connected with a possible solar panel rota-
tion lag or thermal energy emission. B, is not as sensitive to
a priori model for GLONASS as for the Galileo satellites
due to the specific shape and higher masses of GLONASS-
M. Finally, the sine terms D,q and B g are barely different
in the two solutions. The sine terms do not have interpreta-
tion connected with SRP and absorb thermal re-radiation and
spacecraft misorientation effects (Bury et al. 2020).

Figure 9 shows the residual D, parameter estimated using
strategy H1 for each GLONASS orbital plane. The more reli-
able parameters describing the box-wing model, the closer
the estimated D, parameter to zero. The negative D, values
mean that the analytical surface parameters are underesti-
mated, and positive values indicate that the parameters are
overestimated (or the satellite mass is underestimated). First
of all, we notice the differences between the two GLONASS-
K spacecraft which are treated in the same manner. The dif-
ferences between the D, parameters describing orbits thereof
indicate significant differences between two GLONASS-K
satellites. The launches of the two satellites were separated
by three years; therefore, the two spacecraft might be differ-
ent in terms of materials covering particular surfaces or the
payload which transfers into different masses. For the GLO-
NASS-K, a change of mass at the level of 70 kg refers to a
change of the Dy at the level of 10 nm/s%. Thus, an increase
in the nominal mass by 60 kg for the GLONASS-K R09 in
the a priori model would reduce the D, to near-zero values.

@ Springer

In this study, we treat all the GLONASS-M consistently.
The residual accelerations absorbed by D, for GLONASS-
M satellites from planes R-I and R-II oscillate around zero
with the increased scatter during the eclipsing period (see
Fig. 9). In the plane R-I, we identified the GLONASS-M+,
which started broadcasting a signal at RO5 in August 2018.
The most pronounced differences are noted for plane R-III
for which the D, parameter is different for each satellite.
However, the largest anomaly occurs for the satellite R23
(SVN732), for which the D, parameter is out-of-phase com-
pared to the remaining satellites. Moreover, for the empirical
solution E2 (not shown here), the D, parameter behaves sim-
ilarly to other M-type satellites. As a result, there must have
been an attitude change of the R23 satellite as the box-wing
model for this spacecraft is not suitable as for the remaining
M-type satellites. This anomaly has no impact on the POD
result, as it is compensated for the D, parameter.

The differences between the estimated D, parameters
result from the equal treatment of all GLONASS-M sat-
ellites. The oldest GLONASS-M spacecraft are already
12 years old during the analysis period, whereas the
designed GLONASS-M lifetime was 7 years. As a result,
the applied optical parameters might become obsolete, and
during such a long period, it is inevitable that the construc-
tion technology of GLONASS satellites must have been
updated; therefore, the mass of the satellites may be differ-
ent from the assumed value. The differences in the estimated
D, parameter highlight the necessity for the mission pro-
viders to release accurate metadata which consider changes
in the optical properties of the satellites and their masses.
Nevertheless, Zajdel et al. (2020) indicated that even the a
priori model composed using the approximated values of
the GLONASS satellite properties helps to reduce spurious
signals in the Z-component of the geocenter coordinates and
other geodetic parameters.

SLR residuals analysis

SLR residuals are a valuable tool for the quality assessment
of microwave-based POD products. However, for the com-
bined SLR and GNSS solution, SLR observations are no
longer independent as the same set of the SLR data contrib-
utes to the POD and the validation. Nevertheless, Bury et al.
(2021) indicated that the laser-ranging data, i.e., the SLR
residuals analysis, can still serve as a POD quality assess-
ment indicator when using a reasonable weighting of SLR
observations.

Figure 10 illustrates SLR residuals for solutions E2, H1,
and C1B, as a function of  and Au angles. For all GLO-
NASS, the highest SLR residuals are obtained for solu-
tion E2. For GLONASS—-M and -M+, systematic effects
are present during orbit midnight; however, for -M+ sat-
ellites, the offset of SLR residuals is positive and exceeds
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Fig. 10 SLR residuals for E2 H1 C1B
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Table3 SLR residual statistics, GLONASS-M GLONASS-M+ GLONASS-K
expressed in millimeters
All Eclipses All Eclipses All Eclipses
Mean STD Mean STD Mean STD Mean STD Mean STD Mean STD
E2 -41 341 -76 365 265 282 226 306 —342 926 -—11.1 894
H1 -28 31.1 -26 31.1 213 283 222 309 -46 276 —3.6 27.0
H2 —-64 335 -—-6.1 343 17.1 309 173 328 —-63 277 =50 26.5
ClIA -27 298 —-26 302 19.1 271 198 289 —-43 258 =35 25.8
ClIB -25 284 -26 288 138 268 143 276 —-40 256 —-34 25.6
CiIC -30 282 —38 286 45 286 4.0 283 —45 28.0 —42 28.3

40 mm, whereas for M-type satellites, the effect is negative.
For the K-type satellites, the solution E2 is insufficient as
the STD of SLR residuals is at the level of 93 mm. The
advantage of solution H1 over solution H2 is visible in the
SLR residual statistics. Despite reducing the STD of the
SLR residuals, solution H2 introduces an offset to the SLR
residuals compared to H1 (see Table 3). The introduction
of the box(tube)-wing models between solutions E2 and H1
diminished the STD of SLR residuals by 65.0 and 3.0 mm
for K-type, and M-type satellites, respectively. The reduction
in STD of the SLR residuals for K-type satellites revealed
systematic effects for the orbit noon and midnight periods.

The introduction of the tube-wing model for GLONASS-
M+ diminished the offset of SLR residuals by 5.2 mm, but
the STD remains at the same level as for solution E2. A
similar pattern for the M+ satellites was found by So$nica
et al. (2020), who analyzed the quality of the experimental
combined orbits of the multi-GNSS Pilot Project MGEX,
Montenbruck et al. 2017). For all GLONASS, the introduc-
tion of the tube- and box-wing model shifts the mean values
of the SLR residuals toward the zero value (see Table 3 and
Fig. 11). The largest impact of the a priori model is noted for
the GLONASS-K, but the improvement of the SLR residuals
is visible also for M-type and M+ satellites. For example,
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Fig. 11 shows that the box-wing model diminished the IQR
of the SLR residuals from 45.3 to 33.0 mm and from 36.6 to
33.7 mm for M-type and M+ satellites, respectively.

The addition of the SLR observations has no significant
impact on the orbit quality compared to the introduction
of the box(tube)-wing model. Nevertheless, C1A and C1B
cases contribute to mitigating the SLR residuals for all
the satellite types, whereas solution C1C indicates a sig-
nificant advantage over the other combined solution for

IR,
*

50 A
)
_50_

100 A

= =+

E2 H1 C1B

-100 -

Fig. 11 SLR residuals for GLONASS satellites during eclipse peri-
ods, expressed in millimeters. Note scale difference for GLONASS-K

Fig. 12 SLR residuals for the GLONASS-M SVN730 for orbit solu-
tions E2, H1, and C1B expressed in millimeters

GLONASS-M+. Noteworthy, the STD of the SLR residu-
als decreased below the level of 30 mm for all combined
SLR + GNSS strategies for GLONASS-M satellites.

Let us now check the impact of the a priori model and
the combined GNSS-SLR solutions on the SLR residuals for
each GLONASS satellite. First of all, we focus on the GLO-
NASS SVN730, whose SLR residuals are discussed in Fig. 2.
When calculating the POD solution using strategy E2, we
obtain a similar pattern of the SLR residuals as for the repro3
orbit solution, i.e., the scatter of SLR residuals is increased
after 2018. However, when introducing the tube-wing model,
the spurious effect diminishes, i.e., the STD of the SLR resid-
uals decreases from 48.7 to 41.2 mm (see Fig. 12). A further
improvement is caused by introducing SLR observations—the
STD of SLR residuals is mitigated to 37.8 mm. As a result,
the reduction in the number of empirical orbit parameters and
the a priori tube-wing model absorbed a possible anomalous
attitude change of the satellite, which could not be compen-
sated for by the ECOM2 model, whereas introducing SLR
observations additionally stabilized the orbit solution.

In Fig. 13, we collect the SLR residuals for all GLONASS
satellites considered in this study. We recognize the satellites
by their SVNs due to changes of the GLONASS PRNs. Satel-
lites from SVN715-854, excluding spacecraft 801 and 802, are
the —M satellites. The SVN801-802 belong to K-type satellites
and SVN855-856 are the modified M+ spacecraft. Although
all the GLONASS-M and M+-are treated consistently, based
on the SLR residual analysis, we distinguish several groups of
spacecraft, as the period between the launch of SVN715 and
SVNS856 reaches 12 years. As a result, the changes in technol-
ogy used for the construction of the GLONASS-M are highly
possible. The optical properties for the oldest satellites became
obsolete due to the material aging resulting from a continu-
ous impact of the SRP acting on the satellites. For satellites
SVN715-731, we see negative values of the SLR residuals in
solution E2. For SVN732-736 in E2, the shift of the residuals
is positive, suggesting differences in technology for the two
groups of satellites. SVN715-731 and SVN732-736 satellites
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Fig. 13 SLR residuals for the GLONASS satellites ordered by SVN.
The nomenclature of the boxes is consistent with Fig. 6. SVN nam-
ing is consistent with that used in the Bernese GNSS Software (dif-
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were launched between 2006 and 2010. Among the satellites
SVN715-736, we identify those of poor orbit quality, i.e.,
719 (R20), 730 (RO1), 733 (R0O6), 734 (RO5—until August
2018), 736 (R16). After adding the a priori orbit model and
the SLR observations, both the IQR and median value of the
SLR residuals are shifted toward the zero value, and the dif-
ferences between the two groups are diminished for satellites
with unreliable orbits. Spacecraft launched between 2011 and
2013, and 2014 and 2016, i.e., SVN742-747 and SVN851-854,
respectively, are characterized by the orbits of better quality in
the solution E2. However, the introduction of the tube-wing
model and SLR observations improve the orbits for all the
satellites, shifting the offset of SLR residuals toward the zero
value and diminishing their STD. As for the GLONASS-M+,
1.e., SVN855-856, and K, i.e., SVN&801-802, the addition of the
tube-wing and the box-wing model and SLR data mitigates the
SLR residuals for both types of satellites.

Quality of the orbit predictions

The stability of the orbit predictions corresponds to the qual-
ity of the orbit solution. In this study, we extrapolate a 2-day
orbital arc and compare the second day of the orbit predic-
tion with the corresponding day of the calculated orbit. Fig-
ure 14 illustrates the STD of differences between calculated
and predicted orbit position decomposed into the radial,
along-track, and cross-track directions.

We check if the addition of the SLR observations helps to
stabilize the orbit prediction, especially for the satellites with
poor orbit quality. The impact of the addition of the SLR
observations is similar for GG and GB spacecraft. We can
clearly distinguish the malfunctioning satellites (RO1, RO5,
R14, R16, R20, and R24), as the quality of the orbit predic-
tion deteriorates comparing to GG satellites. The impact of
the SLR observations is marginal as the median STD of the
orbit prediction calculated using solution C1B is improved
only by 0.5, 14.7, and 1.1 mm in the radial, along-track, and
cross-track directions, respectively, when compared to the
microwave H1 solution.

Conclusions

GLONASS orbit determination remains challenging in sev-
eral aspects, as demonstrated for the experimental repro3
orbits. In this study, we checked the impact of applying the
analytical tube-wing and box-wing models as well as the
SLR-to-GNSS observations on the GLONASS POD. We
tested a series of hybrid POD strategies and found that the
best hybrid solution contributing to GLONASS POD is
based on the analytical box(tube)-wing model with the esti-
mation of the ECOM 5-parameters (H1).

The quality of the developed analytical models was assessed
using the estimated empirical parameters, especially the D,
parameter, which absorbs most of the direct SRP impact. The
residual accelerations absorbed by the D, parameter indicate the
imperfection of the developed model, i.e., its optical properties
or mass of the satellite. The analysis of D, parameters indicated
that we should not treat all the GLONASS-M spacecraft in the
same manner because, over 12 years, the optical properties of
surface materials or the technology of their payload must have
changed. Therefore, the precise information on the optical and
geometrical properties and the precise mass of the satellites is
crucial for GNSS POD. Nevertheless, using unofficial param-
eters for the composition of the tube-wing or the box-wing
model and the application of the hybrid strategy improves the
GLONASS orbit quality, especially for the satellites character-
ized by deteriorated orbits identified in this study. Orbits of the
satellites SVN: 719, 720, 730, 733, 734, 736 have been signifi-
cantly improved when using the H1 POD strategy.

The further improvement of the GLONASS orbit quality
occurred when we introduced SLR-to-GNSS observations,
which mitigated the systematic effects in the SLR residuals.
For the SVN730, the STD of the SLR residuals has been
diminished from 48.7 to 41.2 mm. The introduction of the
SLR observations to POD reduced the STD of SLR residuals
to the level of 37.8 mm. In general, the introduction of the
box-wing model (and SLR observations) for POD dimin-
ished the SLR residuals from 93 to 28 (26) mm, and 34 to 31
(28) mm, for —-K, and —M spacecraft, respectively.
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Only eight out of 24 satellites are tracked intensively by
SLR sites, i.e., more than 10,000 observations were collected
to these satellites during the two years of analysis. As a result,
the impact of the combined solutions (C1A-C) on the orbit
prediction is marginal when compared to solution H1. As a
result, now, the impact of the SLR observations has to be
increased by imposing higher weights on the SLR observa-
tions. However, an extensive increase in the SLR weights
destabilizes the orbit solution, as in the case of C1C. This is
why the increase in the number of SLR observations is crucial
for the full exploitation of their potential for precise GNSS
orbit determination.
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