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Abstract: As the largest non-gravitational force, solar radiation pressure (SRP) causes significant
errors in precise orbit determination (POD) of the BeiDou global navigation satellite system (BDS-3)
medium Earth orbit (MEO) satellite. This is mainly due to the imperfect modeling of the satellite’s
cuboid body. Since the BDS-3’s inter-satellite link (ISL) can enhance the orbit estimation of BDS-3
satellites, the aim of this study is to establish an a priori SRP model for the satellite body using
281-day ISL observations to reduce the systematic errors in the final orbits. The adjustable box
wind (ABW) model is employed to refine the optical parameters for the satellite buses. The self-
shadow effect caused by the search and rescue (SAR) antenna is considered. Satellite laser ranging
(SLR), day-boundary discontinuity (DBD), and overlapping Allan deviation (OADEV) are utilized
as indicators to assess the performance of the a priori model. With the a priori model developed
by both ISL and ground observation, the slopes of SLR residual for the China Academy of Space
Technology (CAST) and Shanghai Engineering Center for Microsatellites (SECM) satellites decrease
from —0.097 cm/deg and 0.067 cm/deg to —0.004 cm/deg and —0.009 cm/deg, respectively. The
standard deviation decreased by 21.8% and 26.6%, respectively. There are slight enhancements in the
average values of DBD and OADEYV, and a reduced B-dependent variation is observed in the OADEV
of the corresponding clock offset. We also found that considering the SAR antenna only slightly
improves the orbit accuracy. These results demonstrate that an a priori model established for the BDS-
3 MEO satellite body can reduce the systematic errors in orbits, and the parameters estimated using
both ISL and ground observation are superior to those estimated using only ground observation.

Keywords: BDS-3; solar radiation pressure (SRP); adjustable box wing model (ABW); precise orbit
determination (POD)

1. Introduction

From 2017 to 2020, 24 medium Earth orbit (MEO) satellites, 3 inclined geosynchronous
orbit (IGSO) satellites, and 3 geostationary Earth orbit (GEO) satellites were launched
into space [1,2]. These satellites constructed the BeiDou global navigation satellite system
(BDS-3). Subsequently, GEO-4 (C62) was launched on 17 May 2023, followed by MEO-
26 (C48) and MEO-28 (C50) on 26 December 2023, to improve system reliability. BDS-3
satellites are grouped into two types, which are produced by the China Academy of Space
Technology (CAST) and Shanghai Engineering Center for Microsatellites (SECM) of the
Chinese Academy of Science [3], respectively. The expansion of the services provided by

Remote Sens. 2024, 16, 3900. https:/ /doi.org/10.3390/1s16203900

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs16203900
https://doi.org/10.3390/rs16203900
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://doi.org/10.3390/rs16203900
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs16203900?type=check_update&version=2

Remote Sens. 2024, 16, 3900

20f 18

the BDS-3 from regional to global relies on the Ka-band inter-satellite link (ISL) payloads
carried. Different from the BeiDou regional navigation satellite system (BDS-2), BDS-3
has the ability to inter-satellite range and real-time update the navigation message via its
ISLs [4,5], so that it can provide global standard point positioning (SPP) service with an
accuracy of 10 m [1].

For high-precision positioning users, however, ISL observations are not available, and
thus it is not practically used for the enhancement of post precise orbit and clock offset
estimation. Currently, a total of five analysis centers (ACs) routinely provide the precise
orbit and clock products for the BDS-3 satellite [6,7], but none of them are estimated with
ISL observations in the product generation. The orbit accuracy of the MEO satellites as
evaluated by SLR residuals is on the level of 4-9 cm [6]. The analysis of SLR residuals
and the stability of clock offsets demonstrated that the main error that comes from precise
orbit determination (POD) with respect to the  angle is derived from the imperfect SRP
modeling. The deficiencies in the SPR model led to a degraded orbit and thus reduced
the clock quality. Therefore, refinement of the SRP model is a prerequisite for further
improvement of the orbiting accuracy and clock difference accuracy.

SRP is a kind of non-conservative force that occurs when satellites are exposed to
sunlight as they fly in space. The SRP acceleration of the BDS-3 MEO satellite is in the
range of about 60-150 nm/s? [8], which affects the daily orbit determination by several
hundred meters. However, the geometric structure and optical parameters of the satellite
surface cannot be accurately obtained, and the operating attitude is generally difficult to
accurately describe. Satellites may enter the shadowed areas of Earth. As a result, it is
difficult to model such effects on satellites.

SRP modeling of GNSS satellites usually employs either an analytical model or a
semi-analytical model. The analytical model can calculate the SRP acceleration according
to the surface dimensions and optical properties, such as specular and diffuse reflection
coefficients, providing a clear physical interpretation. Typical models are the ROCK series
models and box wing models [9-13]. However, these models” accuracy is limited by
incomplete disclosure of satellite properties and the omission of material aging effects. In
other words, the analytical model is unable to utilize real observation to adjust the optical
properties. In contrast, the advantage of the semi-analytical model lies in its ability to utilize
the measurement to adjust a priori optical parameters of the satellites. This allows it to
overcome the limitation of inaccurate known optical parameters. The adjustable box-wing
(ABW) model is one of the widely used semi-analytical models [14]. However, this model
contains 9 parameters to be estimated and the correlation between them is high. Therefore,
the ABW model is usually used to establish an a priori analytical model to compensate
for the empirical model, such as the extended CODE orbit model (ECOM), which was
developed by the European Center for Orbit Determination (CODE) based on historical
orbits accumulated over time [15]. This family of models was proposed to compensate
for the lack of accuracy of the analytical model, and it was later found that good accuracy
could be achieved by using the model alone. The ECOM model uses three constants and
nine period terms in a Sun-oriented reference frame to describe the SRP acceleration. A
simplified ECOM1 model with five parameters is usually estimated [16]. The ECOM1 is
simple in a form and has good utility for GPS satellites with a cubic structure, but shows
shortcomings for the rectangular satellites of GLONASS, Galileo, BDS, and QZSS. Therefore,
Arnold et al. (2015) developed a modified ECOM1 model that includes additional terms,
known as the ECOM2 model, which was employed by the CODE AC since the beginning
of 2015 [17].

For the BDS-3 satellite, the key factor affecting SRP modeling is its body structure.
However, the officially released satellite data are very limited. According to the official
data, the bodies of CAST and SECM satellites are rectangular in structure [18]. On this
basis, it is deduced from the satellite structure diagram that the BDS-3 CAST satellites are
not a simple box-wing structure, but a T-box-wing structure [19,20]. Moreover, some of
the CAST and SECM satellites carry search and rescue (SAR) antennas [21], making them
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subject to self-shadowing. These special structures lead to systematic errors in the orbital
solutions of the conventional SRP model that vary with the B angle. Studies focused on the
SRP modeling of BDS-3 MEO satellites. On the one hand, an a priori box wing model of
the BDS-3 MEO satellite was calculated on the basis of BDS-3 MEO satellites to compensate
for the ECOM model [22]. Further, the optical parameters of the satellites are adjusted,
and a rectangular priori model is proposed to effectively eliminate the systematic bias
in the orbit [8]. Moreover, the optical parameters are calibrated taking into account yaw
bias, self-shadowing, radiator emission, and thermal radiation of solar panels under the
assumption of a T-shaped structure [19]. On the other hand, ECOM2 was proven to achieve
better performance than ECOMI1 in the normal yaw mode without the a priori model [23].
Removing parameter D, in the ECOM2 model or adding parameter Ds/D. in ECOM1
could improve the orbit accuracy [24]. More detailed work was carried out in [25], where
different subsets of the ECOM model were fitted using the SRP acceleration computed by
the box wing model. They identified eight parameters for the BDS-3 MEO satellites and
nine parameters for the IGSO.

However, the above studies are limited to relying solely on L-band ground observa-
tions to adjust the SRP parameters without considering the contribution of ISL observations
to the SRP parameter estimation. It was shown that the introduction of ISL observations can
improve the estimation of the ECOM1 and ECOM2 models [26]. As a result, ISL reduces the
B angle-dependent systematic errors in the radial direction of the orbit due to the imperfect
SRP model and thus improves the quality of the precise clock offsets [27,28]. However,
the systematic errors in the orbit cannot be eliminated by introducing ISL observation.
Furthermore, ISL observation is not publicly available, and ordinary users cannot directly
collect it to improve orbit determination accuracy. Therefore, it is the best choice to intro-
duce the ISL observation to establish an a priori SRP model so that it can improve the orbit
determination accuracy at any time.

In this paper, we consider combining the L-band ground observation and ISL obser-
vation to refine the SRP model of the BDS-3 MEO satellite. The effects of the SAR panel
are considered. On this basis, the optical parameters of BDS-3 MEO satellites are adjusted,
and an a priori model of the satellite’s cuboid body is established. We compared it with
the a priori model derived from ground station data. The correlations between the SRP
parameters of the ABW model are discussed. The systematic errors in the orbits and clock
offsets obtained in the modeling are compared and evaluated. Finally, the a priori model is
used to compensate for the ECOM model, and its performance is evaluated in terms of the
obtained orbits and clock offsets.

2. Methodology

The ABW model is chosen to adjust the optical parameters of the BDS-3 MEO satellites.
Based on the adjusted parameters, an a priori SRP model of the satellite cuboid body is
established. Finally, the ECOM1 model is used to absorb the remaining SRP acceleration
introduced by the solar panels and other unmodeled accelerations. Both ISL observation
and L-band measurements are used in the SRP modeling. The corresponding SRP model,
observation model, and modeling strategy are described in this subsection.

2.1. SRP Model
2.1.1. ABW Model

The ABW model decomposes the SRP acceleration of the satellite into two compo-
nents: aying arising from the solar panels and ay,ox resulting from the satellite body. The
SRP acceleration related to the satellite body and solar panel at 1 astronomical unit (AU,
1AU = 149,597,871 km) can be written as [14]:

g = Bc0s[(1+p -+ 30) - eo]
Apoy “A20 0050 [(a +0) - (eq + 2en) +20c0s0 - en]

mc

)
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where A and m are the surface area and the mass of the satellite, respectively. Sy is
solar irradiance at 1 AU (~1361 W/ mz). c is the speed of light. «, p, and J represent
the optical reflective properties of a satellite surface, named the fraction of the absorbed,
diffusely scattered, and reflected photons. They are satisfied with an implicit condition of
a +p + 0 = 1. ey is the normal of the satellite surface. eg is a unit vector pointing from
the satellite to the Sun. 6 is the angle between ey and eq. For the purpose of parameter
estimation, the optical parameters of the solar sail panel are further denoted by parameter
SP, and the optical parameters of the satellite body are denoted by parameters AD and R.

sp:1+p+§5
AD=a+6 (2)
R=p

Thus, the partial derivative of the SRP acceleration resulting from the solar panel is

aawing —ASO
55p c cos fegy. 3)

The partial derivatives of the satellite body acceleration to parameters AD and R are
obtained as follows:

aab _ —ASO 2
4D = “mcicos(eq + Fen) @
—agljg“ = _rﬁCSOZcoszGeN.

Although there are six surfaces for a satellite body, only the surfaces of +Z and +X are
exposed to the Sun during yaw-steering attitude mode. Thus six SRP parameters (+XAD,
+XR, £ZAD, and +ZR) need to be estimated. In addition to the SRP acceleration relative
to the satellite’s surface, the residual acceleration in the Y-axis direction and the impact of
solar panel rotation lag also need to be considered [14]. Generally, a constant parameter Y
is employed to correct for the Y-axis bias. The solar panel rotation lag (SB) can be estimated
using the following partial derivative:

aawing —ASy o\ . .
SSB = oo 2<p+3>s1gn(s)eg ()

where ¢ means time derivative of the Sun—satellite—Earth angle, ¢p is a unit vector in a
Sun-oriented DYB frame.

Therefore, the ABW model contains a total of nine SRP parameters, of which six
parameters are related to the reflective properties of the satellite buses, two parameters
are related to the solar panel, and one constant parameter is caused by the Y-axis bias.
Since the AWB model fully considers the geometric structure and reflective properties of
the satellite and the observations, it can be directly applied to the POD of the navigation
satellite without an empirical model. In this paper, the ABW model is used to calibrate the
surface optical parameters of the cuboid body of the BDS-3 MEO satellite.

2.1.2. ECOM1 Model

ECOM1 can be cooperated with analytical SRP models. The acceleration of SRP at 1
astronomical unit (AU, 1AU = 149,597,871 km) described by the simplified five-parameter
ECOM model is decomposed into three directions in a Sun-oriented DYB frame.

aRpr = 4p -ep +ay -ey +ap - ep (6)
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where ep is a unit vector pointing from the satellite to the Sun, i.e., e; ey is a unit vector
pointing along the satellite’s solar panels axes; and eg completes a right-handed system.
The DYB frame can be expressed as

€p = €p

e - EOXV

YT Teoxr @
eg =¢€p Xey

where r is the satellite position in the Earth-centered-inertial (ECI) frame. The five-
parameter ECOM is described as [16]

ap = Do
ay =Y (8)
ag = By + Bccosu + Bgsinu

where Dy, Yy, and By are the constant acceleration along ep, ey, and ep directions. B, and
B; are the coefficient of the periodic term. u is the argument of latitude of the satellite.

2.2. Satellite Structures and Self-Shadow Impact

The BDS-3 satellite can be simplified as a box-shaped body structure with integrated
solar panels. It was pointed out that the body of the CAST satellite is T-shaped [19].
Nonetheless, we inferred that this T-shaped structure is not evident based on the released
surface area as well as the length, width, and height of the satellite body. Consequently, we
simplified it as a rectangular structure and overlooked the resulting self-shadowing. The
optical parameters of BDS-3 MEO satellites are listed in Table 1 [18].

Table 1. Geometric and optical information of BDS-3 MEO satellites.

Sat. Type Sat. Panel Area (m?) oa+d P
X 1.25 0.350 0.650
CAST-A gz (éég g’; 8& 81?2) +Z 2.59 0.920 0.080
7 2.59 0.350 0.650
X 1.25 0.350 0.650
CAST-B C32, C33, C45, C46 +z 259 0920 0.080
7 2.59 0.350 0.650
X 1.25 0.200 0.800
SECM.A €% (éég Sﬁi (éég €29, +Z 2.59 0.200 0.800
7 2.59 0.200 0.800
X 1.24 0.200 0.800
SECM-B C43, C44 +Z 2.57 0.200 0.800
7 2.57 0.200 0.800

In addjition to the self-shadowing of the T-shaped structure, six BDS-3 MEO satellites
are equipped with the SAR antenna to provide international SAR service [21]. These
satellites are listed in the table as satellites labeled as type B. The SAR panel increases the
illuminated area of the satellite £Z panels and changes the SRP acceleration. Moreover,
the satellite body would shadow the surface of the SAR antenna when the B angle is large
(refer to Figure 1). To clarify whether SAR has an impact on the SRP modeling, this paper
considers the self-shadowing of the SAR antenna.
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Figure 1. Dimensions of the satellite body and its shadow on the panel (unit: m).

Following the normal yaw mode, only the +Z and +X panels of the satellite are
irradiated. It can be inferred from Figure 1 that the +Z side of the SAR antenna would not
be shaded by the satellite body, while the —Z side may be shaded by the satellite body.
When the sunlight incidence angle satisfies the conditions (x > 21.45°), the —Z side of
the SAR antenna is completely shaded. The increased irradiated area at any moment is
computed as

Asar 4z = 1.105
{ )

Asar,—z = 1.105 — 2.16-tana

where « is the angle between the +Z direction and the Sun-satellite direction. For the
SECM-B satellites, the size and location of the SAR antenna are not publicly available.
Therefore, the satellite body was just regarded as a rectangular structure, and the effects of
the SAR antenna would be reduced by adjusting the optical parameters.

2.3. Observation Model

K-band and L-band observations were used for SRP modeling. The BDS-3 K-band
ISLs follow a concurrent spatial time division duplexing (CSTDD) working system [29].
There are multiple links between constellation members at the same timeslot. Each satellite
completes two one-way measurements with a preassigned satellite within a 3 s timeslot [30].
Therefore, in order to achieve the joint processing of ISLs and L-band observations, the dual
one-way ISL observations are converted to the ¢y epoch aligned to L-band observations [16].
The derived observations are denoted as P(;‘}E and PC’?kB, with the clock offsets and orbit
parameters removed, respectively. As for L-band observations, the combination of dual
frequency can eliminate the influence of the first-order ionospheric effect. The observations
of the B1I and B3I frequencies are used to form the ionospheric-free (IF) code observation

P,]( ;¢ and phase observation CD]k ;p- The combined observation model for SRP modeling is
expressed as
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PoArE( ) (tO) + 3 2 (Tl?cv + Téznd + TRBcv + Tgend) + €orb

o?
Pcl?lf;( ) (th(tO) dtB<t0)) + % ’ (TIIQL‘CU - Téind - Tlgcv + Tgend) + €k 10)
) ; 10
P, I (o) = pl(to) — ¢ (db(to) — dty(to)) +Tr+e]k,p

@ p(ho) = Pj(to) — c - (i (o) — dtx(t)) + Tr — ApN} Lt e

where p8 represents the distance between satellites A and B; p{c represents the distance
between satellite j and receiver k; dt is the corresponding clock offset of satellite or receiver;
and T is the hardware delay of the ISL when receiving and transmitting signals [31]. Tr
is the tropospheric delay, considered only in L-band observations; c is the speed of light
in a vacuum; A;pNjr is ambiguous by an unknown integer number Njr of wavelengths
Arp;and represents the rangmg noise and the unmodeled errors. The weights assigned to

o pl

k. IF” orb, and P45 i are 0.002m, 0.2m, 0.1 m, and 0.1 m, respectively.

k,IF’

2.4. Strategy of SRP Modeling

The SRP modeling employed L-band observations collected at 80 stations and ISL
observations from 240 links. The time span is from day-of-year (DOY) 086 to 366 of 2020.
The different SRP modeling strategies are grouped in Table 2. In terms of G1/G2 POD, only
the L-band code and carrier measurements collected by ground stations were used. For the
J1/J2 POD, the ISL data were used combined with the L-band observations. In addition, a
control experiment marked as G2/]2 was designed to model the effect of the SAR antenna.
A modified version of the Positioning And Navigation Data Analyst (PANDA) software
package capable of handling ISL data was used [27]. The detailed SRP modeling strategy is
listed in Table 3.

Table 2. SRP modeling strategy for BDS-3 MEO satellite.

Strategy Observation SAR Antenna
Gl1 L-band Unconsidered
J1 L-band, Ka-band Unconsidered
G2 L-band Considered
J2 L-band, Ka-band Considered

Table 3. Dynamical model for SRP modeling.

Items Models
Tide displacement Solid Earth tide, pole tide, and ocean tide loading [32]
Relativity effect Schwarzschild and Lense-Thirring
Geopotential EGM2008 up to 12 x 12 degrees and orders [33]
N-body gravitation Jet Propulsion Laboratory (JPL) DE405 ephemeris
Earth radiation pressure Applied [34]
Antenna thrust 310 W for CAST satellite and 280 W for SECM satellite [35]

BDS-3 MEO satellites follow a yaw-steering attitude mode [36,37]. Theoretically, the
solar panels are always perpendicular to the sunlight and only the +X and £Z panels of the
satellite body are exposed to the Sun. We use the AWB model to construct an a priori model
of the satellite body. The optical parameters of +X and +Z panels are adjusted by POD,
respectively. The ECOM1 model was then utilized to describe the constant acceleration
of the solar panel as well as other unmodeled SRP accelerations. The refinement process
of the a priori SRP model for the BDS-3 MEO body using L-band observation and ISL
observations can be seen in Figure 2.
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Figure 2. Flowchart for the refinement of SRP models of BDS-3 MEO satellite.

To reduce parameter correlation, an a priori constraint of 0.1 was applied to the
parameters of the AWB model. The station-related coordinates, tropospheric delays, and
clock offsets were estimated by precise point positioning and fixed throughout the POD
processing. The WUM precise orbits were set as the initial orbit to minimize the influence
of inaccurate initial orbits on parameter estimation. The constraint of & +p + J = 1 is not
applied, as the optical parameters can absorb a portion of the unmodeled effects.

3. Results

This section evaluates the a priori model for the BDS-3 MEO satellite body from a
different modeling strategy. The accuracy of the satellite orbits and clock offsets during
modeling served as an indirect measure of the quality of the estimated optical parameters.
Subsequently, these parameters were employed as a priori models for the satellite body;,
with the ECOM model compensating for the solar panels and residual SRP. Finally, the
accuracy of the orbits and clock offsets estimated with the a priori model was assessed by
SLR residual, day boundary difference (DBD), and overlapping Allan deviation (OADEV).

3.1. Optical Parameters

The ABW model can adjust the satellite optical properties by introducing observations.
However, there are high correlations among the parameters since the model contains
nine parameters. Therefore, special attention should be paid to the correlation between
the model parameters when applying this model for SRP modeling. Figure 3 shows the
correlation between the parameters of the C20 satellite (8 ~ 51.03°) and the C29 satellite
(B =~ 4.09°) of the solution of DOY 100 in 2020. As seen in Figure 3, the most obvious change
after adding the ISL observations is the decrease in the correlation between satellite state
parameters of positions and velocities. Moreover, there are some changes in the correlation
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between the SRP parameters. The correlations related to Y are decreased to some extent. It
is also noted that the correlations between some of the parameters slightly increased, e.g.,
+ZAD vs. —ZAD and +XAD vs. +X. Additionally, the additional introduced hard delay
parameters (SD and DD) of ISL equipment have no significant correlation with respect to
other parameters. The above analysis shows that the correlation between the estimated
parameters is satisfactory. The introduction of ISL observations can reduce the correlation
between them, which is helpful for the refinement of the SRP modeling.

X X 1
% \'%
z z
VX VX 0.9
2% VY
vz vz
SP | SP =
SB SB 0.8
YO YO
+XAD +XAD
+ZAD +ZAD 0.7
—ZAD -ZAD
+XR || +XR =
+ZR +ZR
-ZR -ZR 06
<> NEENBEBS Q22 RE <>NEEZHGEES2228C K
X NN F o+ % NN+ o+
0.5
(a) C20 G1 POD (b) C29 G1 POD
X X
Y %
z z 0.4
VX VX
VY 2%
vZ vz
sP sp 103
SB SB
YO0 YO
+XAD +XAD 402
+ZAD +ZAD '
—ZAD -ZAD
+XR +XR
+ZR +ZR _
-ZR R 0.1
SD )
DD DD
x> NZ ’;‘«;2‘3922055588 x>NZEZNGFBL2R2RAELELERS] o
TN AR ﬁ ﬁ el
+ o+ |
(c) C20 J1 POD (d) C29 J1 POD

Figure 3. Correlation between the parameters for CAST (C20) satellite and SECM (C29) satellite
obtained by the G1 and J1.

To update optical parameters, we performed a statistical analysis based on satellite
type. The weighted averages were calculated using only valid estimated orbit arcs, as
certain satellite orbit arcs were inaccurately estimated in the modeling period. The optical
parameters resulting from the different modeling strategies are presented in Figure 4. It
reveals that parameter estimates in the +X direction exhibit better performance, with the
sum of parameters (¢ + p + J) approaching 1. Conversely, parameters in the £Z direction
demonstrate higher correlations, leading to large differences among estimates from different
strategies. The parameters estimated using ISL data are closer to the & 4+ p + ¢ = 1 condition.
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Figure 4. Optical parameter estimated by strategy G1 (blue), G2 (purple), J1 (red), and ]2 (green).
3.2. Orbit and Clock Accuracy of SRP Modeling

Orbit and clock offset accuracy can be used as an indirect measure of the accuracy of
the estimated parameters. Figure 5 illustrates the SLR residuals for G1 and J1 based on
the ABW model. Compared with the results of the G1, the ISL observation reduces the
dispersion of the residuals. At ¢ < 45°, the upper bound of the SLR residuals for SECM is
up to about 20 cm, while the residuals are less than 10 cm for J1, which indicates that the
ISL observation can improve the orbit at a low € angle. Table 4 compares the statistics of the
SLR residuals. The inclusion of ISL observations reduces the deviation of SLR residuals by
about 3.3 cm for SECM satellites and improves the standard deviation by about 1.3 cm. The
root mean squares (RMS) for CAST satellites and SECM satellites are reduced by 10.7% and
58.1%, respectively. The trend of J1 residuals is basically eliminated. The evaluation period
revealed a significantly greater improvement in the SECM satellites compared to the CAST
satellites. This may be attributed to the larger difference in the X-panel and Z-panel areas
of the SECM satellites, leading to a more pronounced systematic trend in the residuals and
consequently a more noticeable enhancement.

Clock errors are concentrated in the satellite station direction and have a large correla-
tion with the radial errors of the satellite orbit. The stability of the estimated clock offset
arcs can be used indirectly to assess the quality of the radial direction of the orbit. We
measured the stability of the clock offsets at 9000 s per 1-day orbit arc using OADEV due to
the absence of SLR data for other satellites during the evaluation period. The variation in
OADEV for 9000 s integration with the solar elevation angle (8 angle) was evaluated to
assess different modeling strategies. Figures 6 and 7 depict the ADEV values relative to the
B angle. The satellites C20, C30, C33, and C43 were plotted as examples to represent four
types of MEO satellites. J1/]J2 have lower OADEYV values and a lesser scatter compared
to G1/G2. CAST-A, CAST-B, and SECM-A demonstrate an almost linear 8 dependence
in ADEV values. However, for satellites equipped with a SAR antenna, the enhancement
is not significant when considering the SAR antenna. As for the SECM-B satellite, only
C43 and C44 satellites are in orbit. C43 shows a clear f-dependency in the J1 strategy (see
Figure 7). The orbits of C43 and C44 spanned only 82 days due to the absence of precise
WUM orbits as initial orbits. Therefore, no further analyses are performed in this paper.
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Table 4. SLR residuals of G1 and ]1 strategies of SRP modeling (unit: cm).
G1 1
# of Normal Point
Bias STD RMS Bias STD RMS
C20 2646 1.9 2.8 34 2.1 2.1 29
C21 2746 3.0 2.8 4.1 3.0 2.3 3.8
C29 2032 49 42 6.4 0.5 24 2.5
C30 1848 49 3.4 6.0 0.7 2.6 2.7

3.3. Verification of the a Priori Model

Based on the four sets of optical parameters obtained in Figure 4, an a priori SRP
model of the rectangular body of the BDS-3 MEO satellite was established. The ECOM
model was used to absorb the SRP acceleration introduced by the solar panel and the
residual accelerations. To validate the performance of the model, only L-band observations
were used in the POD. The test periods and datasets are consistent with the modeling.
The accuracy of the a priori model was verified in terms of SLR residual distribution and
clock accuracy.

Figure 8 presents a comparison of the SLR residuals derived from the a priori mod-
els constructed based on G1 and ]1 strategies. A systematic linear trend is depicted us-
ing the ECOM model without the a priori satellite body model. The slopes are about
—0.097 cm/deg and 0.067 cm/deg for C21 (CAST) and C30 (SECM) satellites, respectively.
The a priori model employing the adjusted optical parameters can significantly weaken the
systematic trend induced by the ECOM model. Comparison of the a priori models reveals
that the a priori model established by both the ISL and L-band observations can almost
eliminate the systematic trends in the SLR residuals. The slopes of CAST and SECM are
reduced to —0.004 cm/deg and —0.009 cm/deg, which are better than those obtained by
using L-band observations. The distribution of SLR residuals is depicted in Figure 9. After
adopting the a priori model, the discrete degree was significantly reduced and the a priori
model based on J1 was slightly better than the one based on G1. For CAST and SECM
satellites, the STD values of the ECOM+]1 strategy decreased from 4.2 cm and 4.6 cm to
3.3 cm and 3.5 cm, respectively. We can also see that the mean value using the a priori
model constructed based on J1 is smaller than that of G1. The incorporation of ISLs led
to greater improvement in the a priori model for the SECM satellite. This distribution
indicates that the a priori model established by J1 is more accurate.

For satellites not observable by SLR stations, Table 5 compares the averaged DBD of
their orbits and OADEVs of their clock offsets. The DBD of the CAST satellites did not
decrease by employing the ECOM model with the a priori satellite body model, which
suggests that the model needs to improve the internal consistency. Furthermore, a slight
improvement in DBD was observed for the a priori model established on SAR. Concerning
the systematic clock offset trend, Figure 10 demonstrates a sequential decrease in the
OADEYV trend of C20 and C30 satellites for the ECOM, ECOM+G1, and ¢J1 models. For
the C33 satellites that consider its SAR panels, the § dependence of OADEV estimated by
ECOM+]1/]2 shows less variation compared to ECOM+G/G2 in Figure 11, notably within
the range of [-40°, 40°]. Regarding the SECM-B satellite, no specific trends are observed.
The average OADEV with the a priori model introducing the ISL is slightly better than that
established by the ground station, and the results considering the SAR antenna outperform
those without its consideration.
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Table 5. DBD and OADEV at OADEYV at 9000 s for different POD strategies.

Sat. Type Strategy =~ Along (cm) Cross (cm) Radial (tm) 3D (cm) OADEV (s)

ECOM 20.5 7.3 5.4 225 247 x 10714

CAST-A  ECOM+G1 21.8 9.1 6.7 245 267 x10714
ECOM+]1 21.8 8.2 6.0 24.0 236 x 10714

ECOM 27.2 8.8 8.5 299  275x 10714

ECOM+G1 28.5 10.3 9.6 31.8 343 x 10714

CAST-B ECOM+G2 283 10.2 9.5 316 3.40 x 10714
ECOM+]1 27.5 8.9 8.6 302 281 x107M4

ECOM+]2 27.4 8.8 8.5 30.1 275 x 10714

ECOM 30.2 6.3 5.3 313 236 x 10714

SECM-A  ECOM+G1 29.6 7.1 5.2 30.9 212 x 10714
ECOM+]1 29.0 6.4 5.2 30.2 1.95 x 10714

ECOM 345 10.3 9.4 37.2 3.53 x 10714

SECM-B  ECOM+Gl1 33.8 10.8 9.1 36.6 341 x 10714
ECOM+]1 332 10.1 9.1 358 318 x 107 M

« ECOM «  ECOM+G1 «  ECOM+J1
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Figure 10. OADEV at 9000 s of CAST-A (C20), SECM-A (C30), and SECM-B (C43) satellites with
respect to the B angle.
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4. Discussion

With a noticeable enhancement in orbit accuracy observed upon integrating ISL obser-
vations into data processing, we conducted a comparative analysis of various modeling
strategies for the BDS-3’s cuboid satellite body. Previous research indicates that the introduc-
tion of ISL data significantly reduces the correlation between ECOM model parameters [26].
However, within the context of the ABW model, while the ISL decreases the correlation
among orbit parameters, it also tends to slightly increase the correlation between the optical
parameters of the +X/=+Z panels to some extent. This may be attributed to the parameter
settings of the model. The optical parameters of the satellite buses in the ABW model are
correlated, whereas the parameters of ECOM are inherently orthogonal, allowing the ISL
to reduce the ECOM parameter correlation by enhancing the geometry observation.

The biases of SLR residuals for the CAST-A satellite based on G1 and ]1 are comparable
during modeling. The contribution of ISLs is to reduce the dispersion of the SLR residuals.
This is well matched with the improved SLR residuals of ECOM+G1/]J1 shown in Figure 9.
Notably, although ECOM outperforms ECOM+G1/]1 in DBD, the OADEV of the clock
offsets demonstrates the superiority of ECOM+]1 over other strategies. For the SECM-A
satellites, the a priori model established using J1 can reduce the systematic SLR biases
introduced by the G1 model by 1.7 cm. Based on the improvements in DBD and the
averaged OADEYV values, we found that the use of ISL enhances SECM satellite modeling
more effectively than CAST satellites. This is consistent with the understanding that the
area differences between SECM satellite X/Z panels results in a more rectangular body
shape. However, systematic biases in the SLR residuals persist for both CAST and SECM
satellites when using the a priori model compared to the orbits derived from SRP modeling.
It is plausible that additional unidentified errors remain uncorrected in the a priori model.

For the CAST satellites carrying SAR antennas, we considered the impact of their
self-shadowing. The increased illuminated +Z area resulting from the SAR antenna was
factored in 8 angles. We found that considering the SAR antenna only slightly improved
the DBD accuracy and the OADEV. However, the OADEV series shows a systematic trend
with respect to the § angle. This systematic trend was significantly reduced with the a
priori model constructed with the introduction of ISL data. With regard to the SECM-B
satellites C43 and C44, this study modeled them as separate types of SECM satellites due
to the unavailable satellite body structure information. Despite the limited number of orbit
arcs within the modeling timeframe, the use of ISLs enhances DBD and OADEV by about
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2.2% and 6.7% on the base of the a priori model established by G1. This study suggests
that the magnitude of the effects of SAR panels is small, and it can be absorbed with ABW
parameters without requiring separate consideration. Additionally, the accuracy of the a
priori model may be enhanced if more accurate SAR antenna parameters of CAST-B and
SECM-B satellites are released by the official agency.

5. Conclusions

This paper focuses on establishing an a priori SRP model for the BDS-3’s cuboid
satellite body to reduce systematic errors in the radial direction. Given the enhancement
in orbit accuracy through incorporating ISL observations, we tried to utilize 281-day ISL
observation to refine the SRP model for BDS-3. The results are as follows:

1. The correlation between the optical parameters of the +X/=£Z panels cannot be sig-
nificantly decreased even with the ISL observation, due to the parameter settings of
the ABW model. Nonetheless, the ISL can still decrease the correlation between orbit
parameters, thereby improving the orbit accuracy.

2. Ana priori model established for the satellite body can reduce the systematic errors in
ECOM orbits, and the model established using ISL observation demonstrates superior
performance compared to solely using L-band observations. With the enhanced a
priori model, the slopes in the SLR residual of CAST and SECM satellites are reduced
from —0.097 cm/deg and 0.067 cm/deg to —0.004 cm/deg and —0.009 cm/deg,
respectively. The STD values are reduced with an improvement of 21.8% and 26.6%,
respectively. Furthermore, a reduced B-dependent variation is observed in the OADEV
of the corresponding clock offset. Nevertheless, systematic biases are still present in
the SRL residual when using the a priori model. It is suspected that there are other
effects that are yet to be properly accounted for.

3. The impact of self-shadowing from SAR-carrying satellites was considered. The
systematic trends within the || < 40° decreased with the a priori model established
by ISL observation. The orbit accuracy as indicated in the DBD and OADEV of
clock offset exhibited a litter improvement. Because of the absence of SAR antenna
geometric details from BDS authorities, we propose disregarding the SAR antennas’
impact on the satellites in the current modeling phase.
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