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ARTICLE INFO ABSTRACT

Keywords: Kinematic orbit determination offers an efficient and highly accurate alternative to traditional methods by
BDS-3 eliminating the need for time-consuming orbit integration and complex satellite dynamics modeling (e.g., solar
Kinematic orbits radiation pressure, earth radiation pressure, etc.). Leveraging the Ka-band inter-satellite link (ISL) payloads
Imer,'satelh_t e link . deployed on the BeiDou global navigation satellite system (BDS-3), this study presents, for the first time, kine-
Precise orbit determination . A i A . . A
matic orbit determination results for BDS-3 satellites using real ISL measurements. The analysis reveals that the
position dilution of precision (PDOP) for Medium Earth Orbit (MEO) satellites ranges from 0.8 to 2.0, while for
Inclined Geosynchronous Orbit (IGSO) and Geostationary (GEO) satellites, PDOP values remain within 1.2-2.5
and 1.2-2.0, respectively. The mean 3D RMS values of kinematic orbits are approximately 13.6 cm, 23.5 cm, and
33.7 cm for MEO, IGSO and GEO satellites, respectively, when the orbits of all satellites except one are con-
strained to the precise dynamic solutions. The mean cross-track accuracy of BDS-3 satellites is 7.3 cm, which is
more than 1.5 cm larger than that of the along-track and radial directions. Furthermore, this work systematically
investigates the impact of the number of fixed satellites on kinematic solutions, demonstrating that fixing two
satellites improves orbit accuracy by 29 % over fixing just one, and that constraining all IGSO and GEO satellites
yields optimal results for MEO satellites, with mean 3D RMS values of 15.8 cm (along-track), 14.5 cm (cross-
track), and 14.0 cm (radial). Notably, the kinematic orbit accuracy remains robust, as no significant decrease is
detected during eclipse seasons.

1. Introduction (DLR) introduced the concept of a next-generation GNSS constellation, i.
e., “Kepler”, which plans to exploit optical ISL instead of microwave ISL
and adds Low Earth Orbit (LEO) links to enable a perfect time syn-

chronization [6,7]. Michalak et al. [8] conducted comprehensive sim-

In the 1980s, the concept of utilizing inter-satellite links (ISL) for
autonomous navigation was first proposed [1]. Subsequently, the United

States launched the GPS Block IIR spacecraft with Ultra-High Frequency
(UHF) wide-beam antennas in 1997 [2]. The experiments revealed that,
with 75 days of independent orbit determination using ISL data, the
satellites maintained a user range error (URE) under 3 m [3]. Due to the
Ka-band's higher ranging accuracy and stronger anti-jamming capa-
bility, it replaces the UHF-band for GPS Block III satellites to build ISL
[4]. Although the ISL of the Galileo system has not yet been imple-
mented, ISL-related evaluations and technical demonstrations were also
carried out. The European Space Agency (ESA) conducts two projects
(ADVISE and GNSS+) to evaluate ISL, inter-satellite communications,
and onboard orbital clock offset determination capabilities [5]. In
addition, based on the Galileo system, the German Aerospace Center
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ulations, demonstrating a significant enhancement in orbit accuracy.
Compared with the other systems, the ISL is much more essential for
the BeiDou satellite navigation system (BDS). Research efforts focused
on ISL routing, networking technologies, and autonomous orbit deter-
mination for navigation satellites were initiated around ten years ago
[9-11]. Since 2015, five BDS experimental satellites carrying Ka-band
array antennas have been launched to verify ISL technology. Zhou
et al. [12] have shown that ISL accuracy can reach 10 cm. Ren et al. [13]
demonstrated that orbits with meter-level accuracy can be obtained by
using solely ISL observations and imposing precise a priori orbit con-
straints. The integration of Ka-band and ground L-band data can further
enhance BDS satellite orbits quality, particularly when only a few
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regional stations are available [14,15].

Afterward, ISL technology was fully applied to BDS-3, including
Medium Earth Orbit (MEO), Inclined Geosynchronous Orbit (IGSO) and
Geostationary (GEO) satellites, which officially provided global services
on July 31, 2020. The regional monitoring stations cannot fully track
BDS-3 MEO and IGSO satellites, and the observation geometry for GEO is
almost static, making the orbit quality low. The ISL can overcome these
shortcomings and improve the orbit accuracy, particularly broadcast
ephemeris. Lv et al. [16] assessed the orbit errors of BDS-3 satellites and
found them to be at the 0.1 m level. With ISL observations from eight
satellites, the 3D overlapping errors of orbits were reduced to 0.5 m,
using ten regional stations [17]. When additional links and stations are
incorporated, Satellite Laser Ranging (SLR) residuals show that the orbit
accuracy of BDS-3 MEO satellites can reach 2-5 cm [18-21]. Meanwhile,
the overlapping errors for IGSO and GEO satellites are about 12 cm and
18 cm, respectively [22,23]. Furthermore, the ISL-based autonomous
orbit determination method for GEO satellites proposed by Jiao et al.
[24] can achieve sub-meter level accuracy.

All the above-listed studies on precise orbit determination (POD) for
BDS-3 are based on the dynamic approach. The dynamic solutions are
vulnerable to the effect of orbit perturbations. In particular, the per-
formance of the non-gravitational forces modelling (solar radiation,
earth radiation, etc.) is crucial for the dynamic orbit [25]. Kinematic
orbit determination for LEO satellites is predominantly achieved
through satellite-to-satellite tracking utilizing onboard GNSS receivers.
Since these orbits are computed directly from GNSS measurements, no
dynamic force models are employed in the determination process [26].
Usually, this approach is not used for GNSS satellites, as the geometry
condition is worse, making the dilution of precision (DOP) up to several
times higher. However, in contrast from the ground or LEO onboard
L-band data, the ISL measures the range with a few centimeters accuracy
between MEO, IGSO, and GEO satellites, and provides better observa-
tion conditions. Hence, it has the potential to determine kinematic orbit
solutions with high accuracy and more efficiency, as the
time-consuming numerical orbit integration can be omitted.

In this research, the possibility of kinematic orbit determination
based on ISL data for BDS-3 is explored. First, the description of BDS-3
satellites, as well as the ISL measurement and its connectivity scheme
are presented, following the POD strategy used, as well as the DOP
analysis. Subsequently, the kinematic orbits are determined and
analyzed by investigating on the impacts of fixed orbits and the per-
formance in the eclipse seasons. Finally, the conclusion and discussion
are presented.

2. Characteristics of ISL

The BDS-3 constellation comprises 30 satellites developed by the
China Academy of Space Technology (CAST) and the Shanghai Engi-
neering Center for Microsatellites (SECM) under the Chinese Academy of
Sciences. Table 1 shows that the 24 MEOs are positioned on three
distinct planes—Plane-A, Plane-B, and Plane-C. The 3 IGSOs and 3 GEOs
are distributed on their respective orbital planes. Fig. 1 shows the tra-
jectory of the subsatellite point for the selected satellites on each orbital
plane, i.e., C27, C19, C23, C38, C39, C40 and C59. All BDS-3 spacecraft
have inter-satellite ranging capabilities with Ka-band antennas. ISLs are

Table 1
Overview of BDS-3 satellites.
Manufacturer Orbit Satellite
CAST Plane-B C19, C20, C21, C22, C32, C33, C41, C42
SECM Plane-A C27, €28, C29, C30, C34, C35, C43, C44
CAST Plane-C C23, C24, C36, C37, C45, C46
SECM Plane-C C25, C26
CAST IGSO C38, C39, C40
GEO C59, C60, C61
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established using Concurrent Spatial Time Division (CSTD) technology
[15]. The entire constellation can establish many links at the same time,
but there is only one for each satellite in one timeslot, i.e., 3 s. This is the
concurrency mechanism. Through the time division mechanism, each
satellite connects with other satellites at separate timeslots. The satel-
lites track each other in the range of limited nadir angles (—60°, 60°) by
varying the beam direction, which realizes spatial division. The rapid
tracking capability of the phased array antenna enables it to perform
dual one-way ranging efficiently within a short period, following the
preassigned timeslot schedule. That is, the forward and backward links
are finished in the first and second 1.5 s, respectively. Theoretically, 20
links are formed across the whole constellation. Thus, there are
adequate links within the whole constellation for orbit determination.

To show the connection scheme of BDS ISL, Fig. 2 depicts the status
of ISL connections for C20, a MEO in the B-plane. It connects continu-
ously with C21, C22, C25, C28, C33, C41, C44, and C45, but other
satellites are intermittently visible with C20. Given the limitations of the
nadir angle and the obstruction caused by the Earth, in-plane links
cannot be formed between adjacent satellites as well as the satellites
with the farthest distance. Hence, one satellite can be continuously
linked with four satellites in its own orbital plane. Additionally, four
continuously visible out-of-plane links can also be formed, and the
remaining links are intermittently visible.

3. Methodology
3.1. ISL mathematical model

Suppose that satellite A and satellite B complete the dual one-way
observation in one timeslot, i.e., 3 s. Satellite A and satellite B receive

signals at t; and ty, respectively, and the raw observation equations for
the dual one-way ISL are given by:

Ppa(ty) = ’i’,,(tl) — Rp(t; — Aty)| +c- (Sta(ty) — Sts(t; — ALy))

(€]
+c- (15 +15) + Adpa + €a

—

PAB(tg) = ’E)B(tz) — A(tz — Atz) +c- (5t3(tz) — 5tA(t2 — Atg))

+c- (Tg +T‘f‘) + Adap + €an

(2)

Where Pg4(t;) is the ISL measurement from satellite B to satellite A at
epoch t;. Pap(tz) is the ISL measurement from satellite A to satellite B at
ty. ¢ denotes the speed of light in a vacuum. At; and At; refer to the
propagation time. HA(tl) and HA(tz —Aty) are the position vectors of
satellite A at epochs t; and ty — Aty; similarly, ﬁg(tz) and E)B(tl —Aty)
are the position vectors of satellite B at epochs t; and t; — At;. 5ta(t; ) and
Sta(ty —Aty) are the clock offsets of satellite A at the epochs t; and t; —
Aty, while 8tz (t2) and 8ts(t; —Aty) represent the clock offsets of satellite
B at the epoch &, and t; — Af. 7§ and 75 denote the receiving and
transmitting hardware delays for satellite A, while 78 and 75, denote the
receiving and transmitting hardware delays for satellite B. These delay
parameters are assumed to be constant. ASgs and Adsp are the correc-
tions, including Ka-band antenna phase offsets, gravitational time delay
and relativistic effect caused by orbital eccentricity. egs and e4p repre-
sent the noise in the one-way ISL measurement, which is on the order of
1~3 cm [17].

Usually, the dual nonsynchronous one-way observations, Pga(t;) and
Pap(t2), are converted to the observables Pga (tp) and Pag(tp) at the same
epoch ty with corrections APg4 and AP4p as follows:

Pps(to) =Ppa(ty) + APpy 3
Pag(to) = Pap(tz) + APap ()]

where APps and AP, can be obtained as follows:
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Fig. 1. Trajectories of sub-satellite points for the selected MEO, IGSO, and GEO satellites on each orbital plane. C27 (A-4), C19 (B-7) and C23 (C-7) are located on the
plane A, B, and C of the MEO, respectively. The green, blue, manganese purple and red represent C38, C39, C40 and C59, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. ISL connections for C20 during DOY 150-151, 2020. The red and yellow represent the forward and backward observations, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

APps=Ppa(to) —Ppa(t1) = ’ﬁA(tO) - ﬁB(tO)‘ - ‘KA(tl)_?B(tl —Aty)|+c-
(étA(to) —ﬁtB (to)) — C'(étA (tl) —51')3 (tl — Atl))

5)
APap=Pap(to) —Pas(tz) = ﬁs(to) _ﬁA(tO)’ - ‘ﬁa(tz) - HA(tz —At)|+c
(5t3(t0) 75tA (to)) — C-(&tB (tz) 75&4 (tz — Atz))

(6)

where ?A(to) and E}B(to) are the position vectors of satellites A and B at
epoch ty, and 8ta (to) and 5t (ty) are the clock offsets of satellites A and B
at epoch ty. These can be calculated from the broadcast ephemeris and
the clock. The error induced by the reduction does not exceed 1 cm, as
the accuracy of the satellite velocity is at the level of 0.1 mm/s and the
accuracy of the satellite clock drift is better than 1 x 10713 s/s [27].
Hence, the error introduced by the above transformation can be ignored
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[15]. When taking (5) and (6) into (1) and (2), the observation equation
for Ppa(to) and Pag(to) can be derived as follows:

Ppa(ty) = ’HA(&)) - ﬁs(to)‘ +c- (8ta(to) — bta(to)) +c- (T§ +r§) + Adpa
+ €pa
@
Pas(to) = ‘E’B(to) —EA(to)‘ + - (8tp(to) — Sta(te)) +c- (t§ +13) + Adas

+ €aB

®

By adding (7) and (8), the clock-free observation P(ty) can be obtained
and used for kinematic orbit determination as follows:
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_ Pga(to) +Pag(to)

= 5 9

P(to) Ra(to) — R(to)

"

‘+c~(§,q+5g)+£

where 84 = (%) 08 = (%) and ¢ = @4} This means that the

receiving and transmitting hardware delays of each satellite are com-
bined into one satellite-specific constant parameter for estimation. For
simplicity, the systematic error terms have been omitted in the above
equation.

3.2. Dilution of precision

Dilution of Precision (DOP) factors are commonly used to charac-
terize how receiver-transmitter geometry influences the accuracy of
kinematic orbit determination. DOP factors are straightforward func-
tions of the diagonal elements of the covariance matrix for the adjusted
parameters, which are obtained from the linearized model. Generally,

6 =0oDOP (10)
where o6y denotes the standard derivation (STD) of the observed ISL
measurements, and o is a scalar indicator of the positioning STD. When
the DOP is computed, the ISL measurements are assumed to be uncor-
related and have identical accuracy. The cofactor matrix of the adjusted
position Q, can be written as:

P Adx qxy Qxz
Q=(A"A) =|qx a4 Gy an
Qox Gz 4z

where A is the design matrix obtained by linearizing the (9). The DOP
factors depend on the diagonal elements of (11). Hence, the position
dilution of precision (PDOP) can be obtained as follows:

PDOP=./qx+ qy +q, 12)

For satellites, results are frequently interpreted in the local orbital
coordinate system, comprising the along-track, cross-track, and radial
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axes. As PDOP serves only as a measure of positioning accuracy, the
cofactor matrix is therefore not transformed to the orbital reference
frame.

3.3. Strategy

First, the L-band data collected from 100 stations from the Interna-
tional GNSS Service (IGS) and the International GNSS Monitoring And
Assessment System (iGMAS) are combined with the ISL data to deter-
mine the orbits for BDS-3 MEO, IGSO, and GEO satellites based on the
dynamic approach with a similar strategy as that of WUM products [28,
29]. The determined dynamic orbits are used as the reference for per-
formance validation of kinematic orbit solutions. The SLR residuals of
MEO satellites are approximately 2-4 cm [20], and the 48-h overlapping
errors of IGSO satellites are around 10 cm [23].

For kinematic orbit determination, the ISL-only data from day of year
(DOY) 125-177, 2020, with 60 s intervals are processed based on the
modified Position and Navigation Data Analyst (PANDA) software [30].
Sufficient measurement data is necessary for successful kinematic orbit
determination. To meet the requirement, the dual one-way ISL obser-
vations are processed into the inter-satellite ranges at the epoch of the
integer minute. As the timeslot is 3 s, there are 20 observables available
within a 60 s interval for orbit determination, in theory. Nevertheless,
because of discontinuous connections and data gaps, the actual number
falls below 20. Fig. 3 illustrates the variation of ISL observations for C24
on DOY 165, 2020. In most cases, more than 12 observations are present
at each epoch. Other satellites show similar patterns.

As only the ISL data between satellites are used, the atmospheric
delay is completely omitted. Regarding the phase center offsets (PCO) of
Ka-band antennas, the manufacture values are employed. The attitude
models developed by Wang et al. [31] and Yang et al. [32] are utilized to
CAST IGSO and MEO satellites, and SECM MEO satellites, respectively,
whereas the orbit-normal mode is assumed for GEO satellites. The
relativistic effects and gravitational corrections follow the IERS Con-
ventions 2010. The 24-h data are used to estimate the epoch-wise orbits
without constrains between epochs, while the satellite-specific
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Fig. 3. The variation in the ISL observation count on DOY 165, 2020, for C24.
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hardware delays are estimated as arc-dependent constants. The least
square algorithm is used in post-processing. Table 2 presents the char-
acteristics of the kinematic method.

4. Results
4.1. PDOP analysis

To predict the kinematic orbit accuracy, the PDOP is calculated for
one selected day, i.e., DOY 171, 2020, based on (12). Fig. 4 presents the
PDOP timeseries of BDS-3 satellites in each orbital plane. It is clearly
observed that the superior observation geometry of the MEO satellites,
relative to the IGSO and GEO satellites, as the PDOP varies mainly in the
range of 0.8-2.0. The satellites on the Plane A, B and C have almost the
same observation geometry. For IGSO satellites, the PDOP varies be-
tween 1.2 and 2.5. The PDOP of C59 shows relatively stable variations
within the range of 1.2-2.0. The jumps of the PDOP are caused by the
sudden reduction of the count of observations, possibly due to the
interruption in the downward transmission of the ISL data.

The ISL measurement noise, as shown in Fig. 5, is obtained by line-
arly fitting the 1-h orbit-free ISL observables. It is evident that satellites
in Plane-A have greater measurement noise than those in Plane-B. In the
Plane-C, except for satellites C23, C25, and C26, the noise of other sat-
ellites is comparable to that of satellites in the Plane-B. IGSO and GEO
satellites exhibit a measurement noise of roughly 2 cm. The noise level of
CAST satellites, at 3 cm, is higher than that of SECM satellites, which is
at 2 cm. According to equation (10), taking 3 cm as the STD of the
observed ISLs and a PDOP of no more than 2.5, an accuracy of
approximately 7.5 cm can be expected for the kinematic orbits of the
BDS-3 MEO and IGSO/GEO satellites.

4.2. Single-satellite solution

To evaluate the applicability of the kinematic method for the BDS-3
constellation, we first investigated the kinematic orbits for each satellite
except for C60 and C61 are determined in the ‘single-satellite’ mode,
which refers to only determining the orbit of one satellite by fixing the
orbits of the remaining satellites to the precise product. Fig. 6 illustrates
the RMS of orbit differences between the determined kinematic and the
reference dynamic solutions for all satellites during DOY 171-177,
2020. The orbital planes are distinguished by different colors. Generally,
the mean 3D RMS of MEO satellites is 13.6 cm, compared to 23.5 cm and
33.7 cm for IGSO and GEO satellites, respectively. The relatively poorer
observation geometry of IGSO and GEO satellites results in an accuracy
reduction of approximately 10 cm. The mean along-track, cross-track
and radial accuracy equals 9.7 cm, 7.3 cm, and 8.8 cm, respectively, for
all BDS-3 satellites.

It can also be observed that the accuracy performance of MEO sat-
ellites across the three orbital planes is different. Satellites in Plane-B
exhibit the highest accuracy, as the orbit accuracies of C43 and C44 in
Plane-A and C25 and C26 in Plane-C lower the overall statistics for those

Table 2
Characteristics of kinematic method.

Component Kinematic method
Solar radiation pressure (SRP) Not needed
Antenna thrust Not needed
Earth albedo Not needed
Geopotential Not needed
Third-body Not needed
Tropospheric delay Not needed
Ionospheric delay Not needed

Ka-band PCO
Attitude model

manufacture values

SECM: proposed by Yang et al. [32]
CAST: proposed by Wang et al. [31]
IERS Conventions 2010

Hardware delays, satellite position

Relativistic effects
Estimated parameters
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planes. To investigate this reason, we analyze the POD residuals, as seen
in Fig. 7. It is clear that the residuals of C25, C26, C43 and C44 are more
than 8.8 cm, surpassing those of most MEO satellites. For IGSO and GEO
satellites, although the measurement noise is not significant, the POD
residuals are relatively large. This may be due to their poor observation
geometry.

Fig. 8 presents the timeseries of orbit differences between the
computed kinematic and the dynamic orbits for MEO satellites. We
select C27, C19 and C23 from the Plane-A, Plane-B and Plane-C,
respectively. The measurements count per epoch is also illustrated.
For C19 and C23, it is obvious that when the count of ISL observations is
less than 5, the accuracy of orbits degenerates to above 40 cm. When the
count of ISL observations is in the range of 10-15, the accuracy of orbit
solutions varies with the count of observations. In most cases, reliable
MEO orbits can be obtained with the 15 ISL observations. Notably, the
accuracy of C27 does not drop dramatically with less than 10 observa-
tions. The accuracy of C23 kinematic orbits is lower than that of C19 and
C27 due to the relatively large observation noise, as shown in Fig. 5. The
radial orbit differences demonstrate noticeable bias. This indicates that
there are some systematic errors, possibly due to the uncertainty of
phase center offsets.

The timeseries of orbit differences and the count of observations for
the three IGSO satellites are illustrated in Fig. 9. The 3D differences of
C38 and C40 vary from 0 cm to 50 cm, while that of C39 only varies from
0 cm to 25 cm. And the 3D differences of C38 and C40 present a 12-h
pattern. This could be associated with the orbital period. Although the
PDOP of the three IGSO satellites is nearly identical, the 120° difference
in the right ascension of the ascending node results in varying obser-
vation conditions in the northern and southern hemispheres. Conse-
quently, each satellite shows a distinct pattern. Our research findings
partially validate the analysis conducted by Gill [33]. Compared with
the other two directions, the difference in the radial direction for IGSO
satellites does not seem to be very sensitive to the change in the number
of observations. When the count of observations for C40 is approxi-
mately 5, the cross-track accuracy deteriorates significantly. Even when
increasing the number of observations from 15 to 20, the resulting orbit
remains comparable in accuracy.

Noticeable systematic bias can also be observed in the radial direc-
tion for C39 and C40. In addition, there are considerable three-cycle-per-
revolution (CPR) periodic variations in the radial orbits for C38 and C40,
whereas C39 does not exhibit this phenomenon. Because the orbit and
clock are strongly correlated, deficiencies in the orbit model can be re-
flected in the clock fitting residuals. As illustrated in Fig. 10, an analysis
of the reference clock suggests that these errors may stem from the orbit
dynamic model.

Fig. 11 depicts the timeseries of orbit differences and counts of ob-
servations for C59. Noticeable 1-CPR errors can be identified in the
along-track and cross-track directions, whereas the radial orbits show
pronounced 3-CPR variations. In addition, the amplitude of the orbit
differences is larger in the first half day than in the second half day.
However, it remains stable in the radial direction. Because there are
more than 10 ISL observations available most of the time, the orbit er-
rors reveal low dependency on the number of measurements.

4.3. Multi-satellite solution

In the above, the kinematic orbits are determined for each satellite by
fixing that of the rest. However, it has lower practical usage, as the orbits
for all satellites usually cannot be precisely obtained. In this subsection,
the performance of kinematic orbits determined for multiple satellites
simultaneously is investigated. This is termed as the ‘multi-satellite so-
lution’ in this study. When all satellites' orbits are determined at the
same time, the absolute orbits cannot be precisely obtained, as the
datum for orientation is missing. Hence, anchor stations are introduced
to solve this problem [34,35]. However, anchor station data for BDS-3 is
not available. Hence, in this study, we attempt to fix the precise orbits of
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Fig. 4. PDOP timeseries of BDS-3 satellites in various orbital planes (red, Plane-A; green, Plane-B; blue, Plane-C), three IGSO (cyan, C38; purple, C39; yellow, C40),
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Fig. 5. ISL measurement noise for BDS-3 satellites across various orbital Planes.
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Fig. 7. RMS of ISL residuals for BDS-3 satellites during DOY 171-177, 2020.

a few satellites to overcome this issue. For the precise orbits determined
with ground L-band data, as the monitoring stations of BDS are in China,
the regional tracking condition for MEO and GEO is much poorer than
that of IGSO satellites. Hence, we perform a series of solutions using
different IGSO satellites as the datum to find the optimum option of
kinematic orbits.

Table 3 summarizes the RMS statistics of orbit differences between

614

the kinematic and dynamic orbit solutions for BDS-3 satellites during
DOY 171-177, 2020. The solutions SA1-C38, SA2-C39, and SA3-C40 are
obtained by fixing the orbits of C38, C39, and C40, respectively.
Generally, the mean 3D RMS values are increased by factors of 3-4, 2-3,
and 1-2 for MEO, IGSO, and GEO satellites, respectively, than those of
single-satellite solutions. The performance of the three solutions is
similar. The best solution is SA1-C38 with the mean RMS of all satellites
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Fig. 8. Timeseries of orbit differences (top) and the count of observations (bottom) for selected MEO satellites (C27, C19 and C23), representing the A, B, and C
orbital planes, on DOY 171, 2020. Please be aware that C23 has a different vertical axis scale.
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at the levels of 35.9, 34.9 and 17.1 cm for the along-track, cross-track
and radial components, respectively. The along-track and cross-track
RMS values for the three solutions are higher than the radial RMS
value because the geometric constraint in the radial direction is stron-
ger. Furthermore, except for SA3-C40, the results of the satellites in the
Plane-B are marginally superior to those in the Plane-A and Plane-C.
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Fig. 10. Timeseries of reference clock fitting residuals of C38 (left), C39 (middle), and C40 (right) on DOY 171, 2020.
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Because the accuracy of kinematic orbit solutions with one IGSO
satellite as the datum is not as good as expected, the solutions obtained
by fixing two IGSO satellites are determined. Hence, three new solutions
are obtained, with corresponding results are presented in Table 4. The
mean 3D RMS errors of the three solutions are 40.4, 45.6, and 39.2 cm,
respectively, and its accuracy was improved by at least 7.9 cm with
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Fig. 11. Timeseries of the difference (top) and counts of observations (bottom) for C59 on DOY 171, 2020.

Table 3
The accuracy of the kinematic orbit solutions. (unit: cm).
SA1-C38 SA2-C39 SA3-C40

Plane Alo. Cro. Rad. 3D Alo. Cro. Rad. 3D Alo. Cro. Rad. 3D
Plane-A 30.9 37.0 16.5 51.0 40.6 324 18.2 55.1 321 38.8 17.5 53.4
Plane-B 29.8 36.6 17.0 50.3 28.4 36.6 18.6 50.0 41.6 31.8 17.3 55.2
Plane-C 42.6 30.1 18.7 55.6 33.9 34.4 21.4 53.0 33.5 36.2 20.8 53.7
IGSO 47.1 42.1 14.4 64.8 48.8 35.7 20.9 64.5 50.9 35.1 19.4 64.9
GEO 50.5 27.3 16.0 59.6 52.1 37.2 26.2 69.2 45.8 40.7 23.6 65.7
ALL 35.9 34.9 17.1 53.5 36.0 34.7 19.8 54.2 37.2 35.8 18.8 55.3

Table 4

The accuracy of the kinematic orbit solutions by fixing two IGSO satellite orbits. SB1-C38C39, SB2-C39C40 and SB3-C38C40 are solutions for fixing the orbits of C38

and C39, C39 and C40, as well as C38 and C40, respectively. (unit: cm).

SB1-C38C39 SB2-C39C40 SB3-C38C40
Plane Alo. Cro. Rad. 3D Alo. Cro. Rad. 3D Alo. Cro. Rad. 3D
Plane-A 24.9 24.9 19.0 40.1 25.4 31.3 20.2 45.2 29.6 18.8 20.1 40.5
Plane-B 21.8 27.5 17.0 39.1 27.5 28.5 20.4 44.6 19.2 26.4 18.0 37.4
Plane-C 28.2 21.4 21.6 41.6 31.8 23.9 24.5 46.9 22.5 25.1 20.8 39.7
1GSO 38.6 15.9 16.8 45.0 39.8 15.7 21.1 47.7 17.4 24.8 17.7 35.0
GEO 19.1 28.4 19.7 39.5 23.4 27.3 25.0 43.8 21.2 29.5 22.7 42.9
ALL 25.2 24.4 19.2 40.4 28.5 27.4 21.8 45.6 23.4 23.7 19.7 39.2
respect to that of the solutions in Table 3. When one more reference
satellite is added, the along-track and cross-track RMS values decrease Table 5

dramatically. This shows that adding one more constraint effectively
suppresses the error along the these directions. The satellites in the B
plane exhibit the smallest RMS values among all MEO planes. The ac-
curacy of the IGSO and GEO satellites increases by at least 15 cm
compared with the three SA solutions.

Furthermore, Table 5 lists the kinematic solutions obtained by fixing
all IGSO orbits, with the mean 3D RMS for all satellites being 39.2 cm. It
is surprising that the solution shows similar performance to the above
solutions by fixing the two-satellite orbits. The mean RMS of MEO
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The accuracy of the kinematic orbit solutions by fixing all IGSO satellite orbits.
(unit: cm).

Plane Alo. Cro. Rad. 3D

Plane-A 25.7 21.9 20.4 39.5
Plane-B 19.4 27.6 17.7 38.1
Plane-C 25.1 19.6 24.3 40.2
GEO 19.0 25.5 19.5 37.3
ALL 23.2 23.2 20.7 39.2
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Table 6
The accuracy of the kinematic orbit solutions fixing all IGSO and GEO satellites.
(unit: cm).

Plane Alo. Cro. Rad. 3D

Plane-A 17.8 13.2 13.7 26.1
Plane-B 12.8 16.8 11.8 24.4
Plane-C 16.8 13.3 16.6 27.2
ALL 15.8 14.5 14.0 25.9

satellites in the along-track, cross-track and radial directions are at the
level of approximately 20 cm. The orbit accuracy of satellites on various
orbital planes is comparable. Similar accuracy is also observed for GEO.

In addition, the solution taking all the IGSO and GEO satellites as the
datum is also investigated. As shown in Table 6, this solution with the
best accuracy in all the multi-satellites strategies can be noticed. The
mean RMS of all satellites equals 15.8, 14.5, and 14.0 cm in the along-
track, cross-track, and radial direction, respectively. The orbit quality
of the spacecraft on the B plane is slightly superior to that of satellites on
the other planes. This is attributable to the lower ISL measurement noise
observed for satellites in Plane-B.

5. The performance of kinematic orbits in the eclipse seasons

For the dynamic orbits, the accuracy degenerates in the eclipse
seasons due to the yaw attitude maneuvers as well as the deficiency of
the non-conservative force models. However, for kinematic orbits,
which are free of dynamic perturbation, it is expected that the orbit
accuracy remains stable in and out of the eclipse seasons. To evaluate
this, the kinematic orbit solution from DOY 125 to 165 in 2020 is
determined. During this period, the satellites of Plane-C are in eclipse
seasons, with the Sun elevation angle varying from —18.2° to 17.8°.

Fig. 12 illustrates the daily RMS of the single-satellite solution for the
spacecraft. The daily along-track and cross-track RMS are less than 20
cm, with an exception of C25, C26, and C45. This may be related to the
measurement noise (as shown in Figs. 5 and 7) and the observation
geometry. According to Chen et al. [36], the along-track orbit

—*—(C23 —+—C24

-20 0 20
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overlapping errors of CAST satellites can increase by up to 80 cm in the
eclipse period. While the orbit quality of satellites in Plane-C does not
show obvious degradation during the Earth shadow period.

6. Conclusion and discussion

One significant benefit of BDS-3 is equipping each satellite with a Ka-
band array antenna for inter-satellite ranging and communication, thus
providing a new way for orbit determination. We implement kinematic
orbit determination by only using BDS-3 ISL observations in this study.
The single-satellite and multi-satellite solutions are investigated to
obtain better solutions.

The PDOP is obtained to assess the orbit accuracy in theory. Values of
PDOP are smaller than 2 for MEO satellites most of the time, whereas the
PDOP of IGSO and GEO satellites range from 1.2 to 2.5. Considering that
the noise levels of BDS-3 satellites are between 1.8 and 4 cm, the
theoretical accuracy of MEO, and IGSO as well as GEO satellites, are at
the level of 7.5 cm. The single-satellite mode provides the best solution.
For MEO satellites, the 3D accuracy is 13.6 cm, while it is 23.5 cm for
IGSO satellites and 33.7 cm for GEO satellites.

In addition to the number of observations, the choice of satellites
used as the datum also affects the kinematic orbit solution. For practi-
cality, taking all IGSO satellites as references, the along-track, cross-
track, and radial RMS values of multi-satellites solution equal 23.2, 23.2
and 20.7 cm, respectively. This is superior to the accuracy of the
broadcast ephemeris evaluated by Lv et al. [16] in the along-track (44
cm) and the cross-track (40 cm) directions but inferior to the broadcast
ephemeris in the radial (7 cm) direction.

Although it is difficult for GEO satellites to obtain high-quality orbits
due to poor observation geometry, we can expect better results with the
construction of BDS-4, i.e., the addition of LEO satellites. Hence, we
explore kinematic orbits when using IGSO and GEO satellites as the
datum. The accuracy in three directions can reach 15 cm. Additionally,
the advantage of kinematic orbits is reflected in the consistent orbital
accuracy maintained in and out of the eclipse seasons.

The discrepancy in accuracy between theoretical predictions and
actual determinations may be attributed to the ISL measurement
models, such as the range bias models and ISL antenna PCOs. Refining

C25 —#—(C26 —*— C36 —*— C37 —*%—C45 —*—C46

30 -

-20 0 20

-20 0 20

Fig. 12. Timeseries of the daily RMS for satellites in orbital Plane-C during DOY 125-165, 2020. The eclipse period is represented by the shaded area.
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these models is likely to lead to further improvements. Future GNSS
constellations with LEO satellites will be equipped with optical ISLs,
providing high-precision data and improved observation geometry,
which would also benefit the accuracy of kinematic orbits for GNSS
satellites.
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