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Abstract

Precise Orbit Determination (POD) requires accurate model for the orbital perturbation. The good knowledge of the gravitational
perturbation makes the solar radiation pressure the main perturbative force of global navigation satellite system (GNSS) satellites.
The SRP depends on the interaction between the photons of the Sun and the surfaces of the satellite. Hence, a good modeling
depends on the geometry and optical properties of the satellite. Previous works showed that the use of a priori box-wing model
for the SRP in POD significantly improves the estimated orbit products without a priori model. However, the box-wing model
does not consider an accurate geometry. Developing a Computer Aided Design (CAD) model of the QZS-1 satellite of the Quasi
Zenith Satellite System (QZSS) a ray-tracing simulation is computed using the commercial software Zemax~>. Considering the
yaw-steering (YS) attitude of the spacecraft, the results are used to build a ray-tracing model of the SRP for QZS-1. The model is
validated considering also complementary empirical parameters based on the empirical CODE Orbit Model (ECOM) formulation
in order to include possible deficiencies of the model. Eventually, the ray-tracing model is demonstrated to improve three times the
standard deviation of the residuals between estimated QZS-1 orbits and satellite laser ranging residuals with respect to without a

priori model. Moreover, the model developed in this work shows an overall better performance than the box-wing model.
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1. Introduction

Solar radiation pressure (SRP) is the dominant non-
gravitational perturbation for global (and regional) navigation
satellite systems (GNSSs), that require cm-level orbit knowl-
edge for high-accuracy geodetic applications (Bock and Mel-
gar, 2016). Therefore, Precise Orbit Determination (POD) for
GNSSs requires an accurate model for the solar radiation pres-
sure (SRP). Since Earth gravity field and luni-solar gravita-
tional perturbations are well described nowadays, the SRP rep-
resents the key objective for accurate prediction and determina-
tion for the satellites mentioned above. So far, different kind
of SRP models have been developed: models based on ray-
tracing and thermal analysis (Ziebart, 2004; Gini, 2014), ana-
lytical and semi-analytical models based on generic box-wing
models (Rodriguez-Solano et al., 2012) and purely empirical
models such as the Empirical CODE Orbit Model (ECOM)
(ECOM,; Beutler et al., 1994; Springer et al., 1999) and the ex-
tended ECOM (ECOM-2; Arnold et al., 2015). Models based
on ray-tracing techniques require an accurate description of the
geometrical and optical properties of the spacecraft, while a
model based on box-wing model considers a simplified geom-
etry of the spacecraft. The ECOM, instead, does not require a
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priori information, but its performance depends on parameteri-
zation. It is important, in fact, to define the correct number of
ECOM parameters in order to take into account the properties
of the spacecraft so that they are observable.

The deployment of the Quasi-Zenith Satellite System
(QZSS; Kogure et al., 2017; Inaba et al., 2009), the Japanese
regional navigation satellite system, started in 2010 with its
first satellite QZS-1 (“Michibiki”’). QZSS broadcasts GPS-
compatible signals in order to be an augmentation system for
GPS and to provide highly precise and stable positioning ser-
vices, focusing on the Japanese region. The orbit of QZS-1
is an inclined elliptical geosynchronous orbit used in order to
spend a longer time over the Japanese region than over the other
regions. In June 2017 QZS-2 was launched and two other satel-
lites, QZS-3 and QZS-4, were launched in August 2017 and
October 2017, respectively (Cabinet Office, 2017a). The QZSS
service will start in 2018, when three satellites will be visible
at all times from locations in the Asia-Oceania regions (Cabi-
net Office, 2017a). The constellation will be completed in 2023
into a seven-spacecraft constellation using both inclined ellipti-
cal geosynchronous and geostationary orbits (Kogure, 2016).
Michibiki employs two different attitude modes: the Yaw-
Steering (YS) mode and the Orbit-Normal (ON) mode (Ishijima
et al., 2009), depending on the elevation of the Sun above the
orbital plane ($-angle). In nominal YS mode, |3| > 20°, the
solar panel axis is perpendicular to the Sun and Earth directions
and the navigation antenna points towards the Earth (Bar-Sever,
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1996). During the ON attitude, | 3| < 20°, the solar panel axis
is maintained perpendicular to the orbital plane (Montenbruck
et al., 2015a).

QZS-1, as well as Galileo, has an elongated body shape that
has to be taken into account, but with respect to Galileo it
uses two different attitude modes, as already mentioned. The
two attitudes have been investigated through the development
of a semi-analytical model based on a box-wing model (Mon-
tenbruck et al., 2017a). This model combines an analytic a pri-
ori model with a set of five empirical ECOM parameters and it
allows to achieve significant improvement with respect to the
use of purely empirical models. QZS-1 orbits obtained in this
way show, in fact, a better than 10 cm RMS consistency with
SLR measurements; the day boundary discontinuities are re-
duced by two thirds w.r.t. the orbits obtained without any a
priori model; the orbit-clock variations are reduced up to 85%
during ON mode. Nevertheless, the use of a box-wing model
cannot completely remove orbit errors and empirical SRP pa-
rameters. It is especially true in the YS mode, which is the
attitude mode most used by the satellite. The performance of a
box-wing model as a priori model in POD for QZS-1 has been
also investigated in (Zhao et al., 2017). The results of this work
show as the augmentation of the ECOM model with an a pri-
ori box-wing model can improve the quality of the estimated
orbits. In the YS mode, in particular, the RMS of the orbit ac-
curacy by SLR validation results lower than 8 cm improving the
performance without any a priori model of a factor two. More-
over, also the RMS in the ON mode was improved for both the
years considered in the analysis (of a factor 3 in the 2014 and of
a factor 2 in 2015). Both the previous mentioned works about
enhanced SRP models for QZS-1, made assumptions about ge-
ometry and optical properties. This is due to the non detailed
information available and, therefore, these properties have to be
assumed or estimated.

Ray-tracing techniques consider an accurate model of the
subject of its analysis. In particular, the spacecraft is repre-
sented by a Computer Aided Design (CAD) model which al-
lows to consider all the details of each component of the satel-
lite. For instance, the use of a ray-tracing model in a process
of orbit determination considering the satellites GLONASS
(Ziebart, 2004) and GOCE (Gini, 2014), improved the qual-
ity of the orbits of the spacecrafts. Commercial ray-tracing
software is nowadays available, like, for example, OpticStudio-
Zemax®!, Tt is an optics analysis software which can imple-
ment and solve ray-tracing problems considering CAD geome-
tries and it has already been used to simulate the interaction
between the photons of the Sun and the surfaces of the GOCE
spacecraft (Gini, 2014).

This paper extends the work described in Montenbruck et al.
(2017a). We provide a ray-tracing model of solar radiation pres-
sure for the QZS-1 satellite described by a CAD geometry in
YS attitude. Moreover, we furnish a critical comparison with
the results obtained with the semi-analytical model presented
in Montenbruck et al. (2017a). The reference frames involved
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in this work, i.e. the YS reference frame and the body-fixed
frame, are introduced in Sect. 2. The geometrical and optical
properties are described in Sect. 3 taking into account the pre-
vious considerations about QZS-1. The ray-tracing approach
is analyzed in Sect. 4 together with the implementation of the
problem into an optic software. The results of the ray-tracing
are used to create the SRP a priori model. In Section 5 the
possible improvements of a ray-tracing model are checked in
a preliminary analysis. The ray-tracing accelerations are com-
bined with time series of ECOM parameters obtained in QZS-1
orbit determination solutions without a priori model in Sect. 6,
showing the results of the POD process.

2. Reference frames

Michibiki employs two different attitude modes: the YS
mode and the ON mode. In this work we focus on the YS mode
since it is enough to see the improvements that a ray-tracing
modeling can offer. Furthermore, the YS mode is less affected
by the imbalance of thermal reradiation that cannot be modelled
analytically and contributes notable non-gravitational accelera-
tions in ON mode. The unit vectors of the YS reference frame
are defined in the following way (Montenbruck et al., 2015a):

€x,YS = €y vs Xezys

e N en Xr
Y8 = le X r| (1)
r
€z, YSs = _m7

where e, is the unit vector pointing the Sun from the satel-
lite and r is the satellite position relative to the center of the
Earth. For the geometrical analysis the reference frame as-
sumed is the manufacturing frame provided by JAXA, that is
different from the body-fixed frame established by the Interna-
tional GNSS Service (IGS) (Montenbruck et al., 2015a).

€x,BF = —€z,IGS
€y BF = —€y 1GS ()
€, BF = +€; 1GS-

3. The QZS-1 geometrical and optical properties

The QZS-1 satellite started the QZS constellation in Septem-
ber 2010%. As already mentioned its orbit is inclined and
geosynchronous with a period of 23"56™ (Montenbruck et al.,
2017a). The inclination is about 43° and the slight eccentric-
ity to maximize the visibility duration over Japan, is given by:
e = 0.075. It is a big navigation satellite with an envelope
of about 3m x 3m X 6m and a span of 25m (Inaba et al.,
2009; JAXA, 2010). Nevertheless there is no published infor-
mation concerning the size of the different components of the
spacecraft. In October 2017 the satellite property information

’http://global. jaxa.jp/countdown/f18/index_e.html
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Figure 1: 3D CAD representation of QZS-1

(SPI) and operational history information were published, but
without optical properties (they are currently under investiga-
tion)(Cabinet Office, 2017b). Since July 2017 the SPI of QZS-
2 is available too, but, also in this case, no optical properties
have been published. A significant source of information about
the dimensions of the satellite was given by a paper-model fur-
nished by the website of JAXA (the website is no more avail-
able). With the paper model we can generate a CAD model
based on those scaled drawings as shown in Fig. 1. The CAD
model is also useful to visualize the geometry of the satellite
in the body-fixed frame given by Eq. 2 as can be observed in
Fig. 2. The QZS-1 spacecraft is composed of a box-shaped
main body with on the side facing the Earth a structure com-
prising the large L-band GNSS antenna and the other compo-
nents such as the C-band telemetry, command antennas, retro-
reflector array and star trackers. As can be observed, comparing
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Figure 2: QZS-1 spacecraft geometry and dimensions. All dimensions in [m]
and rounded to 5 cm. Reproduced from Montenbruck et al. (2017a).

Fig. 2 and Tab. 1, the geometry computed from the paper model
are in a very good agreement with the information provided by
the Japanese Cabinet Office. Since there are no published val-

Table 1: Spacecraft dimensions of the spacecraft QZS-1 published in the SPI
file (Cabinet Office, 2017b). All values in [m].

Spacecraft element Dimension

Solar panel 11.45
Body

X,y 2.35
direction

Body

z direction 5.70

no-thrusters

ues of the optical properties, they are assumed based on the dif-
ferent materials used for the spacecraft. As already discussed
in Montenbruck et al. (2017a) four different kinds of material
are considered:

- black MLI with a outer carbon-filled layer to prevent elec-
trostatic charging, that will be identified by the name
black;

- RADOME made from different type of radiofrequency
transparent MLI, that will be identified with the name sil-
ver;

- Mirror-like optical solar reflectors (OSRs), identified with
the name radiator.

The values of the optical properties assumed for these different
surfaces are the same presented in Montenbruck et al. (2017a)
and summarized in Tab. 2. The so called black material is a very
absorbing material, the radiator material is an almost specular
reflective material, while the silver material has a low value of
specular reflection.

Table 2: Optical properties of the different material of the body of the spacecraft
QZS-1 as assumed in Montenbruck et al. (2017a)

Material a ) )

Black 094 0.06 0.00
Stlver 044 046 0.10
Radiator 0.06 0.00 0.94

4. Ray-tracing

The ray-tracing approach aims to simulate the interaction be-
tween the photons coming from the Sun and the surfaces of
the spacecraft. Therefore, it is fundamental to define the geo-
metrical and optical properties of the satellite. The commercial
software used to simulate this interaction Sun-satellite through
the ray-tracing technique is OpticStudio-Zemax ¥, which is
further described in 4.2.

4.1. Solar Radiation Pressure

The SRP acceleration is calculated considering two different
expressions, i.e. one for the solar panels and another one for



the body of the spacecraft. The reason of this choice stems
from consideration of thermal re-emission (Montenbruck et al.,
2015b). The expression used for the solar panels is the common
one used for the SRP acceleration given by Milani et al. (1987):

P
me

2
a= Acosf - (a+5)€@+§(56n+2p(30896n )

(3)
where A is the surface involved in the interaction, e,, is the unit
vector perpendicular to the surface A, 6 is the angle between the
normal of the surface impinged by the ray and the ray itself, o, §
and p are respectively the coefficients of the absorbed, diffusely
and specularly reflected fraction of the incident radiation. For
the body of the spacecraft, instead, is considered also an almost
instantaneous re-radiation of the absorbed radiation. In terms
of acceleration it means (?):

a:—g-Acosﬁ- [Qaen} . 4)
me 3

Therefore, considering the above mentioned contribution, the
equations for the SRP acceleration for the body yields:

P
mc

a =

2
Acosf - [(a +9)(eq + gen) + 2pcos Hen} )
)

The use of these equations underlines the need of an accurate
knowledge of geometrical and optical properties of all the com-
ponents of the satellite as well as the identification of all the
surfaces involved in every different configuration Sun-satellite.
Specific requirements include:

- an accurate description of the geometry;

- an accurate description of the optical properties of all the
components of the satellite;

- to identify all the rays that impinge the spacecraft, hence
the direction of the rays in all the different configurations
Sun-satellite;

- to define the normal to the surfaces impinged by the radi-
ation in different relative configurations Sun-satellite.

In the following paragraphs all the aforementioned points are
carried out.

4.2. Zemax

Zemax is an optic software with several possible applications
in the field of physics and, in particular, in the branch of optics.
It allows to import CAD files describing the geometry of the
object, to define a proper source of rays of light and to simu-
late the interaction between the two. Hence, once defined the
CAD file of the spacecraft it is imported into the Zemax envi-
ronment as the object of the ray-tracing. The solar illumination
is considered as a parallel beam of light with rectangular cross-
section, whose sides are longer than the longest dimension of
the satellite. A defined number of rays start from the source
and impinge the surfaces of the spacecraft as shown in Fig. 3.
The rectangular source is modelled as a grid of pixels with a res-
olution that can be set. In this particular case the chosen source
of rays is a quadratic grid with the following characteristics:

- dimensions: 26 m X 26 m;

Figure 3: Simulation of the problem in Zemax.

- aresolution of 0.1 m x 0.1 m.
Hence, the grid, representing the light source, is divided into
67600 pixels of dimensions 0.1 m x 0.1 m. From the center of
each pixel a ray starts towards the spacecraft. In order to sim-
ulate the interaction Sun-satellite Zemax needs a description of
the relative Sun-satellite configuration. It consists in a macro
function of Zemax which contains the description of the rela-
tive configuration. Since only the YS mode is considered, the
Sun lies in the x-z plane of the spacecraft (Montenbruck et al.,
2015b) and it rotates with an angle, called azimuth angle Az,
around the satellite. The azimuth angle stays in the interval Az
€ [0,360]° and it is defined with a stepsize of 1°. Moreover,
Zemax allocates an identification number (ID number) to each
surface of each component of the spacecraft. The simulation in
Zemax considers also multiple reflections. A multiple reflec-
tion is considered when the specularly reflected fraction of a
ray which has impinged a surface, then it impacts another sur-
face of a component of the satellite. The number of multiple
reflections is empirically set to three considering the effective
contribution of an amount which is pretty low also looking at
the values of the optical coefficients of the materials involved
(Tab. 2). The output of Zemax is given by:

- the e ; for each i" ray that impinges the spacecraft;

- the e,, ; of each surface impinged by the it ray;

- the ID number of each surface of each component of the

spacecraft impinged by the it" ray.

In other words, the ray-tracer identifies all the surfaces im-
pinged by the rays and it associates them to a particular rela-
tive configuration Sun-satellite, computing the unit vector of the
spacecraft-Sun direction and that one of the normal to the sur-
face impinged for all the surfaces involved in that configuration.
Therefore, now, there are all the elements to compute the SRP
acceleration. This step is developed using another software: the
Aerodynamics and Radiation Pressure Analysis (ARPA) devel-



oped at the University of Padua (Gini, 2014).

4.3. ARPA

ARPA is a software which computes forces and torques on
a satellite due to non-gravitational perturbations, such as solar
radiation pressure, Earth radiation pressure, the satellite ther-
mal re-radiation and the aerodynamics (Gini, 2014). For the
purpose of this work it is used to compute the SRP acceleration
since the thermal properties and behaviour are not accurately
defined by the published information. The software reads the
output of the ray-tracer of Zemax, that is a binary file, and it
calculates the force due to the solar radiation pressure. Every
surface of the spacecraft, identified by the ID number which Ze-
max set, is associated to the corresponding set of optical proper-
ties considering the material which covers it (Tab. 2). The SRP
force is computed as the sum of the contribution of every pixel.
To each pixel corresponds, in fact, a contribution of the force
that is zero if the ray starting from the center of that particular
pixel does not impinge the satellite. The sum of the contribu-
tion of each pixel gives the total force for a particular relative
configuration Sun-spacecraft. The expression of the force asso-
ciated to a ray which impacts a surface of the satellite is given
by:

F = _Fpixel . FOp) (6)

where:

@)

DPAcos DA,
Fpiwel = . = z )

c

with Ap;ze; corresponding to the surface of the pixel, i.e.
1dm?. The vector F,,, instead, depends on the surface in-
volved: solar panels or body of the spacecraft as can be deduced
from Eqgs. 3, 5. In fact if the surface impinged belongs to the
solar panels:

2
Fop = (a+d)es + §5en + 2pcos fe,. ®)
While if the surface belongs to the body it results:

2
F,,=(a+)(ex + gen) + 2pcosfe,,. )
As already mentioned, in this work we consider also multiple
reflections and ARPA can manage them. The result is that the
force per pixel associated to each specularly reflected ray after
the n-th reflection is given by (Gini, 2014):

N
DA izel
Fpixel—n‘hreﬂection = + H Pj- (10)

j=i

Hence, for each relative configuration Sun-satellite defined,
considering the YS mode, by the azimuth angle Az, ARPA
computes the force due to the solar radiation pressure pertur-
bation by summing the effect associated to every pixel of the
ray-source grid. The output of ARPA is a table with the three
components of the force in the x, y, z directions for each an-
gle Az. However, to implement such a model in an orbit de-
termination process, the value of the force is needed for any

values of Az and not only for the tabulated values. This prob-
lem is easily solved considering a linear interpolation process.
Eventually, the acceleration is computed considering the mass
of the spacecraft, evaluated as dry mass plus a residual fuel for
orbit-keeping and end-of-life operations: m = 2000 kg (Mon-
tenbruck et al., 2017a).

5. Preliminary analysis

The SRP acceleration computed from the output of ARPA
represents the ray-tracing model. This has to be validated in
a precise orbit determination process in order to analyze the
effective benefits that it can provide. First, however, there are
some considerations to take into account: the contribution of
the solar panels and the difference with respect to a box-wing
model.

5.1. The impact of the solar panels

The solar panels and the body of the QZS-1 satellite have dif-
ferent relative position with respect to the Sun. The solar pan-
els, in fact, are always kept perpendicular to the Sun-direction
during the YS mode, while the body does not rotate. There-
fore, it is interesting to consider the two as different bodies in
different simulations. Accordingly, two problems have been in-
vestigated with the ray-tracing technique. The sum of the SRP
acceleration obtained considering the two objects taken individ-
ually is compared with that one which results by considering the
complete spacecraft. In this way the importance of the multiple
reflections between the solar panels and the body of the space-
craft are studied. The simulations show that the RMS differ-
ence of the two cases amounts to 1 nm/s?. This value is not so
big considering the total amount of the acceleration of roughly
156 nm/s?. However, 1 nm/s? is the order of magnitude of the
ECOM parameters obtained with the a priori box-wing model
developed in the previous work and it is something that has to
be taken into account.

5.2. Comparison with box-wing model

A preliminary analysis considering the best box-wing which
fits the ray-tracing results can suggest if the employment of a
ray-tracing model could really improve what obtained with a
box-wing model. For this purpose is considered the satellite
without solar panels. It founds reason in the fact that the solar
panels add uncertainty in the results. The assumptions made
for the optical properties of the panels are, in fact, even more
strong than those made on the body of the spacecraft. The box-
wing model considered is defined by only two parameters: a§5
and a29. These two characteristic accelerations are expressed
in order to take into account the symmetric contributions of the
£z and £x. The RMS of the fit of this analytical model to the
ray-tracing model, obtained with a least squares approach, is
roughly 1nm/s? (RMS=1.01nm/s?). It is a low value consid-
ering the total amount of the SRP, i.e. roughly the 4% (without
solar panels). Nevertheless, considering the difference of the
two models as the SRP model in a orbit determination process,
the little gap causes not negligible results. Furthermore, as can



be noticed, the RMS is comparable with the results obtained in
the previous subsection. Eventually, it is interesting that there
is a proper box-wing model which can fit the ray-tracing re-
sults and that this model is very similar to the adjusted box-
wing model proposed in Montenbruck et al. (2017a). As can be

Table 3: Characteristic accelerations of the box-wing model in two different
cases: the adjusted model of Montenbruck et al. (2017a) and the model fitted to
the ray-tacing results. All values in nm/s2.

Acceleration adjusted model fitted model

a2d 13.00 13.13
a2d 27.00 28.31

observed from Tab. 3, the values of the parameters of the two
models are comparable and they differ, at most, a little more
than 1nm/s?. This analysis does not deal with real observa-
tion, it has the purpose to understand if the difference between
a simplified model and a more accurate model implies signifi-
cant results concerning the radial residuals and the values of the
empirical parameters.
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Figure 4: Radial residual considering the difference between the ray-tracing
model and the box-wing model which best fits the ray-tracing results as SRP
model in an orbit determination process. The period of time considered is from
October 2015 to October 2016. The shaded areas represent the Orbit Normal
mode.

Figure 4 shows the effect in radial residuals, obtained as the
difference in the radial direction between an orbit propagated
without a priori SRP model and that one considering the afore-
mentioned difference as SRP model. The radial residuals vary
in the interval [0;3]cm in absolute value. It is a magnitude not
negligible for a POD which aims to achieve high performance.
It suggests that to consider a more accurate model, such as a
ray-tracing model, could potentially improve the quality of the
estimated orbits. Moreover, considering the ECOM parame-
ters, the results of this analysis are comparable with those ones
obtained with the adjusted box-wing model described in (Mon-
tenbruck et al., 2017a). It means that the ray-tracing model
could, completely or in part, explain the presence of empirical

acceleration using an a priori model, as the simplified box-wing
model.

6. Model Validation

GPS and QZSS observations of network of 130 stations
have been processed with the NAPEOS v3.3.1 software pack-
age (Agueda and Zandbergen, 2004) for the time interval 3
January 2015 until 17 December 2016. Most stations are
multi-GNSS stations provided by the Multi-GNSS Experiment
(MGEX, Montenbruck et al., 2017b) of the IGS (Dow et al.,
2009; IGS, 2017). Depending on the time, 30— 55 stations of-
fer QZS-1 tracking capability. In addition, legacy IGS stations
have been considered in order to densify the tracking network
in areas with sparse coverage. The ionosphere-free linear com-
bination of L1 and L2 is used for both, GPS and QZSS. The
estimation parameters for each 3-day orbital arc include sta-
tion coordinates, troposphere zenith delays, Earth rotation pa-
rameters, receiver and transmitter clock offsets, inter-system bi-
ases, as well as orbital parameters. Ambiguities are only fixed
for GPS with the Melbourne Wuebbena approach (Melbourne,
1985; Wiibbena, 1985). More details on the GNSS data pro-
cessing are given in Table 2 of Montenbruck et al. (2017a) but
the IGS14 reference frame (Rebischung et al., 2016a) and the
igs14.atx antenna model (Rebischung et al., 2016b) have been
used in the current work. Three solutions with different orbit
modeling for QZS-1 have been computed:

- 5-parameter ECOM (without a priori model)

- a priori box-wing model + 5-parameter ECOM (macro

model)

- a priori ray-tracing model + 5-parameter ECOM

Figure 5 shows the estimated ECOM parameters for the solu-
tions without a priori model and with a priori ray-tracing model.
In the ray-tracing model the contribution of the solar panels has
been considered with a value of —115nm/s?. The value for
the solar panels was estimated empirically starting from the ge-
ometrical and optical assumption of Table 1 of Montenbruck
et al. (2017a). A mean value of Dy= —157.5 nm/s2 has been
subtracted for the solution without a priori model.

As can be observed from Fig 5 the |3| dependency of the
ECOM parameters is significantly reduced applying the a priori
ray-tracing model in the YS mode. The amplitude of the ECOM
Dg parameters is reduced from 4 nm/s? to less than 1nm/s2.
While the box-wing model does not affect the modeled acceler-
ation, the ray-tracing model has an impact also in this direction.
Both the dependency on the S-angle and the amplitude of the
ECOM Y are, in fact, decreased close to zero. The amplitude
of roughly 1nm/s? of Y; in the proximity of the border of the
ON mode is lower than the half with the ray tracing model ap-
plied.

The curved shape of the contribution of the ECOM Bj pa-
rameters cannot be removed even considering a ray-tracing
model. Nevertheless, the overall amplitude of this parameter
is reduced from an interval between 1nm/s? and 2nm/s? to
values lower than 1nm/s?. Moreover, the asymmetry between
negative and positive values decreases when the ray-tracing
model is taken into account. The systematic effects for B}, and
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Figure 5: Estimated ECOM parameters: no a priori model (top), a priori ray-tracing model (bottom).

Table 4: Day boundary discontinuities and RMS 3-day orbit predictions w.r.t.
orbit arcs based on observations. Only time intervals with YS-mode are con-
sidered.

Solution DBD [cm] Pred. [cm]
5-par. ECOM 70 177
Macro Model 35 56
Ray-Tracing 19 51

B are considerably reduced and also the hysteresis decreased.
Therefore, as in the case of the box-wing model (Montenbruck
et al., 2017a), the application of an a priori model has a signif-
icant positive effect on the reduction of the estimated ECOM
parameters. Furthermore, the ray-tracing model achieves a bet-
ter performance than the box-wing model in terms of magnitude
of the reduction.

Day-boundary discontinuities (DBDs) are a measure for the
internal consistency of satellite orbits. They are computed as
3D difference of the orbit positions of two consecutive arcs at
midnight. Mean values for the DBDs are listed in the left part
of Table 4. The macro model reduces the DBDs by a factor of
two compared to the 5-parameter ECOM. Introducing the ray-
tracing model results in DBDs less than two decimeter, another
improvement of a factor of almost two compared to the macro
model.

Another internal quality indicator is the orbit prediction per-
formance: an orbit prediction covering three days is compared
with a 3-day arc completely obtained from observations. Re-
sulting mean RMS values for the analyis interval limited to time
periods with YS-mode are listed in the right part of Table 4.
The performance of macro and ray-tracing model does not dif-
fer significantly for the orbit prediction RMS. However, both
values are with about half a meter smaller by a factor of three
compared to the solution without a priori model.

The accuracy of the estimated satellite orbits can be eval-
uated by the independent (optic) satellite laser ranging (SLR)

Table 5: Offset and standard deviation (STD) of QZS-1 SLR residuals. Only
time intervals with YS-mode are considered.

Solution Offset [cm] STD [cm]
5-par. ECOM —4.2 14.8
Macro Model —-1.6 7.2
Ray-Tracing -89 4.5

technique. Five SLR stations of the International Laser Rang-
ing Service (Pearlman et al., 2002, ILRS) track QZS-1 on a
regular basis: Beijing, Changchun, and Shanghai in China as
well as Mount Stromlo and Yarragadee in Australia. For the
total analysis interval, 2686 normal points are available. If only
the YS-mode is considered, the normal point number is 1997.
Station coordinates are fixed to SLRF2014> and observations
below 10° or exceeding an outlier limit of 1 m are excluded.
Offset and standard deviation (STD) of the SLR residuals are
listed in Table 5 for the three solutions. Time series of the two
solutions with different a priori models are plotted in Fig. 6.
The macro model improves the STD of the SLR residuals by a
factor of two, the absolute value of the SLR bias is reduced by
2.6 c;m. Switching to the ray-tracing model results in a further
reduction of the SLR residuals to 4.5 cm, i.e., an improvement
by about one third. However, the SLR offset increases to about
9 cm. The origin of this offset is unknown. Steigenberger et al.
(2015) showed that not modeling an additional plate carrying
the laser retroreflector of GIOVE-B introduces an SLR offset
of almost 10 cm. Small-scale strucures of the satellite not cov-
ered by the current ray-tracing model might explain the —9 cm
bias.

3available at
resource

ftp://cddis.nasa.gov/slr/products/
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Figure 6: SLR residuals during YS-mode: a priori model box-wing model (top),
a priori ray-tracing model (bottom).

7. Summary and Conclusion

Using the commercial software Zemax® a ray-tracing sim-
ulation of the interaction between the solar photons and the sur-
faces of the components of the QZS-1 satellite during the YS
mode was computed. The ARPA software of the University of
Padua calculated the SRP acceleration from the Zemax output
of the ray-tracing simulation. In this way, tables of the SRP ac-
celeration were filled as function of the azimuth angle A.. The
spacecraft during the ray-tracing simulation was represented by
a CAD model based on a paper model whose geometric proper-
ties are in very good agreement with the published dimensions.
The ray-tracing model has been carried out without considering
the solar panels, because of the big uncertainty about the opti-
cal properties. A preliminary analysis showed the possibility of
an improvement in the quality of estimated orbits considering
a ray-tracing model for the body of the satellite w.r.t. a box-
wing model. The benefits of the application of a ray-tracing
model in the quality of the estimation of the orbit has been pre-
sented in terms of the SLR residuals, day boundary disconti-
nuities and RMS 3-day orbit predictions. With respect to the
box-wing model, the ray-tracing model provides an improve-
ment of 16 cm in day boundary discontinuities, of 5cm in the
RMS of the 3-day orbit predictions and roughly an improve-
ment of 3cm in the STD of the SLR residuals. However, the
application of the ray-tracing model increased the offset of the
SLR residuals to about 9 cm. The source of this bias is still un-
known, but could be explained by small-scale structures of the
satellite not covered by the current ray-tracing model.

With the exception of the SLR bias, the ray-tracing model
improve the quality of the estimated orbits with the box-wing
model. Nevertheless, even using this accurate geometric model
both orbit errors and the empirical ECOM parameters can be
completely removed. Further improvements and, maybe, also
the explanation of the 9cm of SLR offset could be achieved
with a complete ray-tracing model with the real optical prop-
erties of the surfaces of the satellite. Moreover, with informa-

tion about the thermal properties a thermal re-radiation pressure
analysis could be provided by the ARPA software. However,
the publication of optical and thermal properties by the Cabinet
Office is still pending.
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