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Abstract

Inter-satellite link (ISL) plays an essential role in current and future Global Navigation Satellite System (GNSS). In this
study, we investigate the impact of ISL observations on precise orbit determination for BeiDou-3 Navigation Satel-
lite System (BDS-3) Medium Earth Orbit (MEO) satellites based on different Extended CODE Orbit Models (ECOM).
Thanks to the better observation geometry of the Ka-band ISL data compared to the L-band data for BDS-3 MEO
satellites, the ISL solution substantially reduces Orbit Boundary Discontinuity (OBD) errors, except for C30, which
suffers from unstable Ka-band hardware delay. From the external quality analysis, ISL significantly enhances the reli-
ability of the orbit of MEO satellites manufactured by the China Academy of Space Technology (CAST). The standard
deviation (STD) of the satellite laser ranging (SLR) residuals is approximately 2.5 cm, and the root mean square (RMS)
is reduced by 10-23% compared to L-band solutions. Besides, the Sun-elongation angle dependent systematic
error in SLR residuals nearly vanishes based on the reduced 5-parameter ECOM (ECOMT) or extended 7-parameter
ECOM (ECOM2) with ISL data. This is because the ISL reduces the correlation between state parameters and solar
radiation pressure (SRP) parameters as well as those among SRP parameters, leading to a more accurate estimation
of both orbit and SRP perturbations, particularly those along B direction. This confirms that the deficiency of the SRP

parameters.

models for BDS-3 CAST satellites can be compensated by using better observation geometry from ISL data. On

the other hand, for the satellite manufactured by Shanghai Engineering Center for Microsatellites (SECM), the ISL
allows for a more accurate estimation of the B¢, parameter in the ECOM1 model. This only reduces linear systematic
error, possibly because the impact generated by the satellite bus cannot be entirely absorbed by the B-direction
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Introduction

The BeiDou navigation satellite system (BDS) has been
fully operational, with the global constellation (BDS-3)
providing Positioning, Navigation, and Timing (PNT),
short message, international search and rescue, as well as
other services since July 31, 2020. Currently, the BDS-3
constellation consists of 30 satellites, i.e., 3 GEO satellites,
3 1GSO satellites, and 24 MEO satellites. Additionally, the
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BDS-3 satellites are equipped with Inter-satellite Link
(ISL) devices for communication and ranging in Ka-band.
ISL is an innovative key technology, which is playing a
revolutionary role in current and future GNSS (Glaser
et al.,, 2020). Many studies explored the contribution of
ISL to orbital accuracy. With ISL observations of 8 satel-
lites, the 3D overlapping orbit differences can be reduced
from approximately 1.0 m to 0.5 m based on 10 regional
stations (Yang et al., 2020). Xie et al. (2019) showed a 42%
or 83% improvement in orbital accuracy was achieved by
combining ISL observations with 16 global or 6 regional
stations, respectively. Moreover, Michalak et al. (2021)
performed the full-scale simulations for the future GNSS
constellation “Kepler’, and the results showed that ISL
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can significantly improve the performance of the deter-
mined orbit, clock, and geodetic parameters.

On the other hand, precise modeling of the various
perturbations acting on GNSS spacecrafts is essential,
particularly the solar radiation pressure (SRP), as it is
the most significant non-conservative force acting on
GNSS satellites. For the SRP modeling of BDS satellites,
extensive research has been conducted, with three pri-
mary approaches: empirical, analytical, and semi-analyt-
ical models. The Empirical CODE orbit model (ECOM),
first introduced by Beutler et al. (1994), has been widely
used for BDS satellites SRP modeling, with its simpli-
fied 5-parameter model (ECOM1). However, it has been
observed that ECOM1 is not applicable for the satellites
in orbit-normal (ON) attitude mode. Guo et al. (2013)
identified the clear deficiencies of ECOM1 during ON
mode for BDS-2 IGSO and MEO satellites. Moreover, for
BDS GEO satellites, there is a strong correlation between
the orbital and ECOM1 parameters due to the use of ON
attitude mode and poor observation geometry. To over-
come these shortcomings, Guo et al. (2016) added an
empirical force parameter in the along-track direction.
For BDS-3 MEO satellites, the Sun-elongation angle (e-
angle, the angle between the Earth and Sun direction as
observed from the satellite) dependent linear error can
be clearly identified within the orbits determined with
ECOMI1 model (Zhao et al., 2022). Yan et al. (2019) used
the extended ECOM (ECOM2) model to reduce this
error. Furthermore, Duan et al. (2022) divided the 18
BDS-3 MEO satellites into four groups and established a
hybrid SRP model to reduce the systematic error.

The above-mentioned research for SRP models are
based on L-band data. Orbit determination relies not
only on dynamic models, but also on observation geom-
etry. Compared with L-band data, ISL has a better obser-
vation geometry. Zhao et al. (2022) demonstrated that
ISL measurements can effectively reduce Sun-elongation
angle dependent systematic error in the BDS-3 MEO
orbits determined with ECOM1 without a prior model.
This discovery served as a motivation for an in-depth
investigation of the impacts of ISL on BDS-3 MEO SRP
models and the reasons. We begin with an introduction
of ECOM series models and the general structure of the
BDS-3 MEO satellites, followed by an analysis and dis-
cussion of the influence of ISL on the BDS-3 MEO orbit
determined with ECOM1 and ECOM2. Finally, the con-
clusion is drawn.

Methodology

ECOM models

The ECOM model is widely employed in the GNSS com-
munity. To account for SRP perturbations, Beutler et al.
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(1994) and Springer et al. (1999) proposed a Sun-oriented
reference frame, which comprises three unit vectors: ? Dy
which points towards the Sun, ?y, which is aligned with
the solar panels (SPs), and ?B, which is perpendicular to

both ?D and ?y axes to form the right-hand reference
system. To reduce the draconitic signals of the geodetic
parameters derived from GNSS, Arnold et al. (2015)
summarized and extended the ECOM model. In this
model, the accelerations are expressed as:

np
ap =Dy + Z {DZi,CCOSZiAu + DZi,ssinZiAu}

i=1

ay =Y
— "B
ap=By+ Z {Bai—1,c08(2i — 1)Au + By;_y,sin(2i — 1) Au}

i=1
(1)

The ECOM1 model can be derived by taking np=0 and
ng=1. With np=1 and ng=1, we get ECOM2 model. The

constant perturbation along the ep direction is repre-
sented by Dy, while Yy and By denote the biases in the ey
and e g direction, respectively. Dy;. and Da; denote the

even-order perturbations along the ?D direction. By;_1,
and By;_1, represent the odd-order perturbations along
the 23 direction. The angular parameter Au ~ u — u,
where u and u are the latitude of satellite and Sun in
the satellite’s orbital plane, respectively. The Au can be
replaced by the orbital angle i (Arnold et al., 2015; Mon-
tenbruck et al., 2015), which is adopted in this study.

BDS-3 MEO satellites and ISL

The BDS-3 satellites, manufactured by China Academy
of Space Technology (CAST) and Shanghai Engineer-
ing Center for Microsatellites (SECM), are distributed
on three different orbital planes. Satellites C27-C30,
C34, C35, C43 and C44 are in slot-A; satellites C19-C22,
C32, C33, C41 and C42 are in slot-B; and satellites C23-
C26, C36, C37, C45 and C46 are in slot-C. The metadata
for the BDS-3 satellite was released by China Satellite
Navigation Office (CSNO) at the end of 2019. Figure 1
depicts an artist’s impression of the BDS-3 MEO satel-
lites from CSNO and SECM. From Fig. 1, we can observe
that CAST MEO satellites are based on the dedicated
T-shaped platform with a panel for providing search and
rescue (SAR). SECM MEO satellites are manufactured
based on the same bus (SECM-A) with the exception of
C43 and C44 (SECM-B), which exhibit slightly different
shapes. Moreover, we can see from Fig. 1 that the satel-
lite bus is non-cubic for both CAST and SECM missions.
These two types of satellites are stretched in different
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Fig. 1 Artist’simpression of the BDS-3 CAST (left) and SECM (right) MEO satellites. (Credit: Test and Assessment Research Center (TARC) of CSNO

and SECM)

directions. And CAST MEO satellites with a mass of
approximately 941-1061 kg are lighter than SECM MEO
satellites with a mass of approximately 1010-1079 kg.

Additionally, BDS-3 adopts the Concurrent Spatial Time
Division (CSTD) scheme to achieve inter-satellite commu-
nication and ranging. Under this design, a dual one-way
measurement is completed by a pair of satellites within 3 s
based on predefined timeslot schedule. Due to the Earth
obstruction and the maximum nadir angle limitation
(60°), each satellite is unable to establish a connection with
its adjacent satellite and the farthest satellite in the same
orbital plane. Instead, it can form continuous links with the
second and third nearest satellites within the same orbital
plane, resulting in a total of four continuous links in each
plane. In terms of out-of-plane links, there are twelve dis-
continuous links and four continuous links. Furthermore,
each IGSO and GEO satellite has the capability to establish
connections with the MEO satellites. And the IGSO sat-
ellites can establish connections with one another. Zhao
et al. (2022) provide a detailed description of the connec-
tion scheme. Figure 2 shows the observation geometry
on day of year (DOY) 336, 2020, taking C20 as example.
It can be clearly observed that the observation geometry
of ISL is significantly better than that of L-band, for which
the range of the nadir angle is approximately 0°~14°. The
nadir angle for in-plane links is approximately 23° and 45°,
whereas the nadir angle of out-plane links varies from 16°
to 60°.

Strategy

Since 2020, there have been over 100 monitoring sta-
tions with BDS-3 MEO satellites tracking capability. In
this study, the data of approximately 1 year (DOY 007,
2020 ~DOY 337, 2020) are selected for processing. In
our analysis, we select approximately 15 International
GNSS Monitoring and Assessment System (iGMAS) sta-
tions and 100 IGS stations for precise orbit determina-
tion (POD) based on the Position and Navigation Data

»C20C21
» C20C22
C20C23
C20C24
«C20C25

Nadir angle (°)

Time (Hour)

Fig. 2 The observation geometry of the BDS-3 ISL and L-band

for C20 (MEQ, Slot B-8) on DOY 336, 2020. C20 with C21, C22, C28,
(25,33, C41, C44, and C45 are continuously visible, whereas the rest
are intermittently visible

Analyst (PANDA) software (Liu & Ge, 2003). Figure 3
shows the distribution of these stations.

A two-step approach is applied for POD. We first esti-
mate station coordinates, receiver clock offsets, and
tropospheric zenith delays by utilizing the Precision
Point Positioning (PPP) method based on GPS L1 and L2
observations and IGS precise orbits as well as 30 s clocks.
Then, these parameters are fixed, and BDS-3 B1I as well
as B3I observations with a sampling rate of 300 s are used
to estimate orbits, satellite clocks, SRP parameters, and
ambiguity parameters in a 24-h batch mode. The POD
strategy is nearly identical to the one used by Guo et al.
(2023), with the exception of SRP models. In the ISL data
processing, the original dual one-way observation is first
transformed into a single observable for orbit determina-
tion. The transformation algorithm is presented by Tang
et al. (2018). The reference time ty used for the reduction
of dual one-way ISL data in this study is the middle epoch
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Fig. 3 Distribution of IGS (red cycle) and iGMAS stations (blue cycle)
for DOY 320, 2020

of receiving and sending epoch. The clock-free observ-
able P(ty) is used for orbit determination as follows:

Ppy(tp) + Pag(to)

.2 @
= |Ra(to) — Rp(tp)| +c- (84 +dp) +¢

P(ty) =

where Pga(ty) and Pag(tg) are the transformed forward
and backward observations, respectively. I_éA (tp) and
I_éB(to) are the position vectors of satellites A and B at
to, respectively. ¢ is the speed of light in vacuum. §4 and
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dp are the hardware delays of satellites A and B, respec-
tively. In our processing, the hardware delay is estimated
as a constant parameter for each arc. ¢ is the noise of the
ISL measurement. The detailed strategy can be found in
Table 1. Since all ISLs between satellites are used, there
is no need to set a cutoff angle. Additionally, the tropo-
sphere delay is not considered, as the ISLs between satel-
lites do not pass through the troposphere. In the GNSS
community, it is widely acknowledged that the preci-
sions of phase and code are in the millimeter level (about
3 mm) and decimeter level (about 30 cm for precise
code). Considering the accuracy of the ISL is approxi-
mately 3 c¢m, the weight ratio was set as 10,000:100:1
for the phase, ISL, and code measurements in this study
(Yang et al., 2020).

To assess the impact of ISL on the orbital characteristics
of BDS-3 MEOs, we conducted experiments that differ
in terms of (1) the usage of data and (2) the SRP models
(as outlined in Table 2). Three primary strategies were
employed in this study. Strategy "E1" refers to the ECOM1
model. Strategy "E2" represents the ECOM2 model with 7
parameters. And strategy "EA" incorporates an additional
along-track constant perturbation based on the ECOM1
model. Moreover, the last letter "I" in the solution denotes
the integration of ISL data and L-band data for joint POD.

Table 1 Strategy for L-band and ISL data analysis as well as POD of BDS-3 MEO satellites

Item L-band ISL
Observable Undifferenced ionosphere-free combination of code and carrier One-way clock-free combination, and no ISLs
observations of B1l and B3I between satellites and anchor sites are
utilized
Arc length 24h 24h
Elevation angle cutoff 10° NA
Observation sampling rate 300s 3s

Weight ratio
Troposphere delay

L-band code: L-band phase: Ka-band ISL=1:10,000:100
Saastamoinen model (Saastamoinen 1972), and Zenith Tropospheric ~~ NA

Delays (ZTD) are estimated as piece-wise constant in each 2 h

Corrected (Wu et al,, 1992)
IGS14.atx

IGS14.atx

Yaw steering model

Phase wind up

Satellite antenna PCO/PCV
Receiver antenna PCO/PCV
Satellite attitude model
Relativity effect
Geopotential EGM2008

Tidal variations in geopotential

NA
Manufacturer values
NA

|ERS Conventions 2010 (Petit and Luzum, 2010)

Solid Earth tide: IERS Conventions 2010 (Petit and Luzum, 2010)

Solid Earth pole tide: [ERS Conventions 2010 (Petit and Luzum, 2010)

Third-body gravitation
JPL DE405 is used

SRP model See the Table 2
Antenna trust Considered
Earth albedo Considered

Sun, Moon, Mercury, Venus, Mars, Jupiter, Saturn, Uranus, Neptune, Pluto
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Table 2 Information on the solutions as well as the
corresponding SRP and data used
Solution SRP Data Parameters
E1 ECOM1 L-band Do, Yo, Bo, Bcy, Bs
EA ECOM1 +along-  L-band Do, Yo, By, Bcy, Bsy, Aq
track empirical
acceleration
E2 ECOM2 L-band Do, Yo, Bo, Bcy, Bsy, Dcy, Dsy
ETI ECOM1 L-band+ISL Dy, Yo, Bo, B¢y, Bsy
EAI ECOM1 +along-  L-band+ISL Dy, Yo, By, Bcy, Bsy, Ag

track empirical
acceleration

E2I ECOM2 L-band +ISL Do, Yo, B, Bcy, Bsy, D¢y, Ds>

Results and analysis

This section analyzes the results of the BDS-3 POD based
on L-band and ISL data. We evaluate the accuracy of the
orbit solution and explore the impact of the introduction
of ISL observations for POD.

Orbit boundary discontinuity (OBD)

The OBD describes the difference between the satel-
lite orbits from two adjacent orbit arcs at the same daily
boundary epoch, and it indicates the internal quality of
orbit solutions. Figure 4 illustrates the OBD of BDS-3
MEO satellites for the six solutions. Here, we selected
C42, C44, and C46 to represent the orbit performance
for the satellites with PRN beyond 40. Significantly dif-
ferent performances can be seen among the different
satellites. For those solutions with L-band data only (E1,
E2 and EA solutions), the same phenomenon can be
observed. Specifically, satellites C19-C25 and C32-C37
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demonstrate the highest level of consistency, followed
by C26-C30. However, orbits of C42-C46 show the
worst performance, primarily due to the limited tracking
data available in the selected study period. Once the ISL
observations are used, the median decreases by approxi-
mately 5-30 cm. Among the solutions, E2I shows the
best performance, and the median of the OBD is 6.6 cm
with the inter-quartile range (IQR) at the level of 4.7 cm.
Meanwhile, the Q3+ 1.5IQR (top whisker) decreases to
below 25 cm, except for C30 and C44. The improvement
can be due to the better observation geometry.

To seek the reason for the degradation of orbit quality
by using ISL for C30, Fig. 5 further illustrates the OBD
errors in the along-track, cross-track and radial direc-
tion. For L-band solutions, i.e., EA, E1 and E2, they show
almost similar results in cross-track and radial direction,
while E2 has a better performance in the along-track
direction. Furthermore, there is no significant Sun-ele-
vation angle (B-angle, the angle between the Sun direc-
tion and the satellite orbital plane) dependent systematic
error and the degradation of orbital accuracy during the
eclipse periods. Once the ISL data are used, the OBDs
are significantly reduced during DOY 147-340, 2020.
However, before DOY 147, 2020, degenerated perfor-
mance can be observed. To illustrate the reason, we re-
determined the orbit by modeling the hardware delay as
random parameters instead of the constants, and the esti-
mated values are plotted in Fig. 6. The top two subplots in
Fig. 6 present the estimated constant hardware delay for
C20 and C30 during the study period, while the bottom
two display the epoch-wise estimates for C20 and C30
during DOY 146 to 147, 2020. In general, the hardware
delay of C20 is quite stable with an STD of about 0.13 m.
However, unstable changes before DOY 147, 2020 and a
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Fig. 5 Time series of OBD in the along-track (red), cross-track (green) and radial (blue) direction for C30 of the six solutions, i.e, E1, E1l, EA, EAl, E2,

and E2I. The shaded area represents the eclipse period

jump up to 299.1 m can be observed for C30. Compared
with Fig. 5, the stable hardware delay shows a strong
correlation with the better OBD. This confirms that the
stability of the Ka-band hardware delay has a significant
impact on the performance of the ISL solutions. How-
ever, the cause of changes in hardware delay before DOY
147, 2020, requires further investigation.

SLR validation

SLR analysis is an effective and independent valida-
tion method for radial orbit. Every BDS-3 spacecraft is
equipped with a laser-reflected array, and the Interna-
tional Laser Ranging Service (ILRS) has tracked all BDS-3
MEO satellites since 2023. However, during the study
period, only C20 and C21 manufactured by CAST as
well as C29 and C30 produced by SECM were tracked by
ILRS. The LRA offsets with respect to the Center of Mass
(CoM) in the body-fixed frame disclosed by CSNO (2019)
are used in this study for validation. Table 4 presents the
statistical results of SLR residuals for the six solutions.
The residuals larger than 0.3 m were identified as outliers
and removed. For C30, the results from the periods with
unstable hardware delays (before DOY 147) are excluded
here. As a result, for C20, C21, C29, and C30, there are a

total of 3457, 3604, 2651, and 1087 normal points out of
3458, 3611, 2657, and 1089, respectively.

In general, the four satellites exhibit different perfor-
mances. However, the satellites from the same manu-
facture show similar performance. Specifically, CAST
satellites have positive mean value up to around 6.5—
7.4 cm, whereas it is about — 1.2~ — 3.3 cm for SECM
satellites. For L-band solutions, E1 and EA demonstrate
similar performance, while E2 has the best performance.
Once the ISL data are used, the mean of SLR residuals is
reduced from around 7.0 cm to 5.9 cm for C20 and C21,
and slightly improved from — 2.3 cm to — 2.5 cm for C29
and C30. Meanwhile, the STD is reduced from around
3.6 cm to 2.5 cm for C20 and C21, and 4.1 ¢cm to 3.5 cm
for C29 and C30. It clearly confirms that ISL improves
the orbit quality.

More importantly, SLR can be used for detecting sys-
tematic errors in mismodeling orbit perturbations. Fig-
ure 7 illustrates the SLR residuals with respect to the
Sun elongation angle for the solutions E1 and E1I. As
expected, SLR residuals clearly show a linear systematic
error with respect to the e-angles, and the fitting slopes
are similar (around 0.074 cm/degree) with negative val-
ues for CAST and positive values for SECM satellites.
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The SLR residuals of the four MEO satellites are signifi-
cantly larger in the range of |5|<20°. Once the ISL data are
added, the systematic e-angle dependence of C20 and C21
almost disappeared, i.e., the slopes of the SLR residuals of
C20 and C21 are decreased from — 0.073 cm/degree and
— 0.078 cm/degree for the solution E1 to 0.006 cm/degree
and — 0.010 cm/degree for the solution E1l, respectively.
While a slight reduction is obtained for C29 and C30, a
noticeable error can still be observed in the SLR residuals
for SECM satellites. The reasons will be explained below.

Additionally, the ECOM2 was reported to effectively
reduce the Sun-elongation angle dependent system-
atic error (Li et al., 2020; Yan et al,, 2019). Hence, Fig. 8
depicts the SLR residuals with respect to e-angles for the
four BDS-3 MEO satellites determined with ECOM?2
model. It is clearly observed that the linear error is
reduced compared to the solution E1 with slopes of
— 0.013 cm/degree, — 0.017 cm/degree, 0.034 cm/degree
and 0.014 cm/degree for C20, C21, C29 and C30, respec-
tively. By using ISL data, the slopes for C20, C29 and C30
are further reduced to — 0.005 cm/degree, — 0.015 cm/
degree and — 0.009 cm/degree, respectively, while almost
no change is observed for C21.

ECOM parameters

Figure 9 illustrates the estimated ECOM1 param-
eters with respect to f-angles for C20 (CAST) and
C29 (SECM) of the solutions E1 and E1I. As to the D,
parameter of C20, its absolute value exhibits a posi-
tive correlation with the || beyond 25°, while it varies
slightly for |B|<25°. For C29, the absolute value of D,
shows a negative correlation with || during the non-
eclipse season, while it has a positive correlation dur-
ing the eclipse season. After including the ISL data, the
estimates of D, become smoother for both satellites,
particularly in high || regimes. Regarding the Bc;, the
two satellites show distinctly different variations. The
direction of Bc, variations for C20 is reversed when
|B]>60°, while it remains unchanged for C29, mainly
due to the maximum |S| of 34°. Moreover, a notice-
able bias can be observed for both. For C20, it is up
to approximately 6.7 nm/s?, whereas this deviation for
C29 is relatively smaller, ranging from only about 0 to
4.6 nm/s* For the B and Bs;, the inclusion of ISL data
makes the estimates more stable.
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Table 4 Statistical results of SLR residuals for six solutions (unit: cm)
Solution E1 EA E1l EAI E2I
20
Mean 6.95 6.97 6.51 572 5.56 598
STD 3.83 3.82 332 262 2.56 254
RMS 7.94 7.94 731 6.29 6.12 6.50
21
Mean 7.39 737 6.74 6.09 5.99 6.20
STD 376 3.75 324 245 244 247
RMS 8.29 827 748 6.57 6.47 0.67
29
Mean —-2.09 —2.08 -1.15 —-2.20 —2.24 - 074
STD 4.29 4.28 4.00 3.90 3.90 2.99
RMS 477 476 4.16 448 4.50 3.08
C30
Mean -3.30 -321 -2.14 —384 —3.88 -2.36
STD 4.16 4.08 3.99 3.83 3.82 277
RMS 531 520 453 542 545 3.64
The results from the periods with unstable hardware delays (before DOY 147) are excluded for C30
c20 c21 c29 C30 g0
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Fig. 7 SLR residuals with respect to e-angles for the BDS-3 CAST C20 and C21 as well as SECM C29 and C30 satellites of E1 (a—d) solution and E1I
(e—h) solution. The results from the periods with unstable hardware delays (before DOY 147) are excluded for C30

Figure 10 presents the estimated ECOM2 parameters
of the solutions E2 and E2I for C20 and C29. The vari-
ations of D, are similar to those in Fig.9, however, the
estimates of D, become different as two parameters are
added, i.e., Dc, and Ds,. With ISL data, the estimates
become more precise and concentrated, particularly
for C29 in the eclipse season. For the parameters in
the B direction, the variations of the three parameters,
i.e., By, Bc,, and Bs,, for C20 are entirely different from
those of C29. The patterns as well as signs of those
parameters show clear opposite variations for both sat-
ellites, and this is possibly caused by the different orien-
tation of the stretched surfaces of satellite buses. Once

the ISL data are used, the estimates of these parameters
become more precise, as shown in Fig. 10. However,
different from the ECOMI solution, no noticeable bias
can be observed in Bc; and Bs; estimates.

Correlations

To explain the effect of ISL on parameter estimation, we
investigated the correlation between the state and esti-
mated ECOM1 parameters of the solution E1 and E1I
for C20 at different B-angles. As shown in Fig. 11, ISL
data markedly reduces the correlation between ECOM1
parameters and state parameters. This enables a more pre-
cise calculation of the satellite orbit and the perturbations.
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Considering that SLR validation mainly indicates the radial
accuracy, we focus on the radial acceleration in this study.
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In addition, it can be clearly observed from Fig. 13
that the effect of ISL on SRP is mainly concentrated in
B direction. The differences in the D direction are only
up to 1.5 nm/s? in high B regimes, while those in the B
direction can reach 6 nm/s? at midnight or noon points.
This is consistent with the estimates of ECOM1 shown in
Fig. 9. An important finding is that the acceleration dif-
ferences in the B direction present an almost negative
pattern compared to the radial acceleration differences.
This is because the angle between B and radial direction
is always greater than 90°. Meanwhile, the same variation
trend confirms that the radial orbit differences mainly
come from the perturbations in B direction.
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direction

On the other hand, the ECOM2 model can effectively
reduce the systematic Sun-elongation angle dependent
linear trend in the SLR residuals. Hence, we investigated
the differences of SRP perturbations of the solutions E1
and E2 within the DYB frame, as shown in Fig. 14. As
expected, the large differences along the D direction are
observed, as two additional periodic parameters are esti-
mated in D. Moreover, noticeable differences in the B
direction can also be observed, and the variation in the
B direction is very similar to that shown in Fig. 13(f).
From the above correlation analysis, it can be observed
that there is a significant correlation between Bc; and
Dc,, as well as between Bs; and Ds,. The inclusion of Dc,
and Ds, plays a key role in absorbing the effects of Bc,

and Bs;, leading to more accurate estimation. This, in
turn, contributes to the differences in acceleration of the
B direction. For CAST satellites, ISL compensates for the
deficiencies of the ECOMI1 model by directly enhancing
the accuracy of the SRP estimation in the B direction.
Considering the radial orbit are highly correlated with
the clock, the linear clock-fit (LCF) residuals can be used
to demonstrate the radial orbit errors. In Fig. 15, the dif-
ferences of the LCF residuals between the solutions E1
and E1I w.rt. S-angles and p-angles are shown for the
selected representative satellites, i.e., C20, C21, C29 and
C30. As reported by the TARC of CSNO, the Rubidium
Atomic Frequency Standard (RAFS) clocks are used as
the primary onboard clock for C20 and C21, whereas
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C29 and C30 use Passive Hydrogen Maser (PHM)
clocks. It is observed that the differences of LCF residu-
als are relatively large in the range |¢|<90° and around
pu= 1180, especially for the CAST satellites. This aligns
with the acceleration differences in the B direction shown
in Fig. 13, further confirming that ISL data can improve
B-direction estimates to mitigate systematic errors.

According to the theory of the analytical SRP model
(Milani et al., 1987; Montenbruck et al., 2015; Rodriguez-
Solano et al.,, 2012), SRP results from SPs and satellite sur-
faces illuminated by the Sun. Only the+X, £+ Z surfaces
and SPs are illuminated in the nominal yaw steering mode
for BDS-3 MEO satellites. The perturbation generated by
the SPs primarily contributes to the D direction, while the
SRP in the B direction mainly originates from the satellite
bus. As shown in Fig. 16, the projection of SRP generated
by the CAST satellite bus in the D direction is approxi-
mately 10 to 25% of the SPs, whereas that of SECM ranges
from 13 to 45%. The variation in the projection of SRP gen-
erated by the CAST satellite bus in the B direction is larger
than that of the SECM, as also illustrated in Fig. 9. These
explain why improving the B direction estimation of the
ECOM1 model with ISL causes the linear e-angle depend-
ence to almost disappear for the CAST satellite, whereas it
is only reduced for the SECM satellite.

Discussion

There are a few issues to be further addressed. For pre-
vious analysis, the weight ratio was set as 10,000:100:1
for the phase, ISL, and code measurements. However,
we also observed that the different weighting ratio set-
tings for the phase, code, and ISL data can affect the
results. For instance, when the weight ratio of the ISL
is set to 10 or 1000 instead of 100, the sun-elongation
angle dependent systematic errors are not eliminated
for all the four satellites of these two solutions, as
shown in Fig. 17. For the two SECM satellites, i.e., C29
and C30, the slope of linear variation is increased from
around 0.058 cm/degree to 0.094 cm/degree. While
the noticeable decrease of linear slope can be observed
compared to the solution E1 for both CAST satellites,
i.e,, C20 and C21. The sign of the slope even changes.
This demonstrates the ISL has more pronounced
impacts on the orbit determined based on ECOM1 for
CAST satellites than that of SECM satellites. The reason
for this discrepancy may be because the SECM satellite
body structure contributes strongly to the acceleration
in the D direction and is less susceptible to receiving
changes in the B direction. This also clearly indicates
the significant impact of the stochastic model on the
orbit solution. Therefore, it is essential to use the appro-
priate stochastic model. According to the analysis by
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Yang et al. (2020) based on the 1-h post-fit residuals of
orbit-free observables, a setting of 100 for the ISL can
correctly reflect the precision of the ISL measurements.

Furthermore, as to the potential effects from space
weather conditions, the ionospheric delay and tropo-
spheric delay do not have influences on the ISL measure-
ments between the satellites used in this study for data
processing. Regarding the effects of other space weather,
such as solar wind, geomagnetic storm, etc., on the orbit

are absorbed and reflected by the SRP model. However,
the deficiencies in the ECOM1 for BDS-3 are not mainly
from the mismodelling of the space weather’ effect, as
shown by the results, and ISL data or ECOM2 can be
used to reduce the deficiencies of ECOM1I. For the time-
dependent variations in the SLR residuals of the orbit
determined with improved SRP models, these are pos-
sibly related to the space weather. From the perspective
of orbit accuracy, it appears that ECOM2 demonstrates
good performance in POD for BDS-3 MEO satellites
without the a priori model. Hence, the ECOM2 model
is recommended for BDS-3 MEO POD if no a prior SRP
model is used.

Conclusion
The introduction of ISL data for GNSS satellites offers a
new perspective for studying the characteristics of satel-
lites orbits. In this study, we investigated the impact of
the ECOM1 and ECOM2 models on the BDS-3 MEO
POD. We explored the significant effect of ISL data on the
orbital characteristics of the BDS-3 MEO satellites and
provided a physical explanation for this phenomenon.
The internal quality of solutions based on L-band
data (E1, EA and E2) is at a similar level. By using the
ISL observations, the median of 3D OBD is decreased
by approximately 5-30 c¢cm compared to the L-band
solutions. However, the solutions E1I and EAI are
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Fig. 17 SLRresiduals with respect to e-angles for the ISL measurements weight ratio of 10 (a—d) or 1000 (e-h)

characterized with significantly lower internal stability
to the C30 than the solutions E1 and EA. We have con-
firmed that this issue is attributed to the unstable Ka-
band hardware delay of the C30. This finding emphasizes
the substantial impact of Ka-band hardware delay stabil-
ity on the performance of joint ISL solutions. Addition-
ally, it is worth noting that the unstable hardware delay
for C30 occurs before DOY 147, 2020, when the BDS-3
constellation was under the in-orbit validation phase.
Once the system was commissioned on July 31, 2020, it
remains stable as shown by the results.

The external quality analysis shows that SLR residuals
of the CAST satellites are characterized by a positive bias
whereas the SECM satellites are characterized by a nega-
tive bias. This is consistent with the results presented
by the GFZ analysis center with the ECOMI1 model
(Steigenberger et al., 2023). ISL clearly makes the CAST
satellites orbit results more reliable, i.e., the STD of the
SLR residuals is about 2.5 ¢cm and the RMS is reduced
by 10-23% compared to L-band solutions. This result
is approximately 29% better than the POD solutions of
Duan et al. (2022). The benefits of the ISL data are vis-
ible when considering the SLR residuals in relation to
the e-angles. For the solution E1I, the systematic s-angle
dependence of C20 and C21 almost disappeared and is
decreased for C29 and C30. From our analysis of the SRP
accelerations in both the L-band and ISL solutions, we
observe that the acceleration differences in the B direc-
tion exhibit a negative pattern compared to those in the
radial direction. Additionally, the variation introduced in
the B direction by ECOM2 is similar to that introduced
by the ISL. This is due to the strong correlation between
Bc, and Dc,, as well as between Bs, and Ds,. The ECOM2
model increases the accuracy of the estimates in the B

direction by adding two periodic parameters in the D
direction. Furthermore, the ISL reduces the correlation
between state parameters and SRP parameters as well as
among SRP parameters, leading to a more accurate esti-
mation of both orbit and SRP perturbations. Nonethe-
less, for the SECM satellite, characterized by small SPs
and larger main illuminated surfaces, the ISL can only
reduce the linear systematic error. This is because the sat-
ellite body structure contributes significantly to the accel-
eration in the D direction, and this contribution cannot
be fully absorbed by the parameters in the B direction.
Generally, the deficiency of the SRP model can be com-
pensated by using better observation geometry from ISL
data.

This study provides a new perspective to view the SRP
perturbation. Considering that future GNSS constella-
tions will consist of LEO satellites and optical ISLs will
be used, more accurate dynamic models and contribution
from better geometry can be expected.
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