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Abstract. Single-receiver ambiguity fixing can enhance the observation geomet-
ric constraint, and improve the orbit accuracy of low Earth Orbit (LEO) satellites.
We propose a single-receiver ambiguity fixing method by taking the carrier phase
residual as the index to choose reference in the single-difference ambiguities. The
ambiguity fixing performance and Precise Orbit Determination (POD) is veri-
fied by using the spaceborne BDS3 observation from Tianhui 02-02 satellites.
The ambiguity fixing success rates for BDS3 wide- and narrow-lanes are 98%
and 89%. Taking the GPS-based orbit with single-receiver ambiguity fixing as
a reference, the orbit comparison shows that the accuracy of radial, tangential
and normal directions of BDS3-based POD are improved by 26%, 42% and 52%
with the single-receiver ambiguity fixing, and the three-dimensional RMS of orbit
difference is improved from 2.5 cm to 1.4 cm. The baseline from the orbit differ-
ence is evaluate by comparing to the baseline derived from the double-difference
GPS-based precise relative orbit determination. The radial, tangential and nor-
mal accuracy of baseline solution are improved by 27%, 45% and 46% when
fixing ambiguity. The 3D RMS of baseline difference is reduced from 7.6 mm
to 4.3 mm. The single-receiver ambiguity fixing can be performed by using our
ambiguity fixing method, and the accuracy of BDS3-based POD and baseline can
be improved.

Keywords: BDS3 - Single-receiver ambiguity fixing - LEO - Precise orbit
determination

1 Introduction

Low earth orbit satellites (LEOs) have been widely used in mapping, ocean altimetry,
gravity field measurement and other tasks. The prerequisite to achieve the above tasks
is the precise orbit determination (POD) of LEOs. At present, spaceborne GPS is the
main method to perform the POD of LEOs, such as GRACE, Swarm, Sentinel satellite
missions, and the orbit accuracy has reached the centimeter level [1]. As an independent
satellite navigation system developed by China, BDS provides a new data source for
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POD of LEOs. The research on POD of Fengyun-3C, Zhangheng-1 and Tianhui 02-01
satellites shows that the orbit accuracy of LEOs using BDS2 regional constellation can
reach 10-15 cm [2—4]. Compared to BDS2 regional navigation system, BDS3 global
navigation system has more navigation satellites, higher orbit and clock accuracy, and
can provide better positioning services for users. Zhao et al. have realized the POD of
Tianping-1B satellite based on the observation tracked from part of BDS3 constellation.
The difference between the BDS3 and GPS-based orbits is within 5 cm [5]. Li et al.
realized the POD of Haiyang-2D satellites based on the observations tracked from the
Median Earth Orbit (MEO) and Inclined GeoSynchronous Orbit (IGSO) constellations
in BDS3. The residual of satellite laser ranging (SLR) reached 2.3 cm [6]. With the
increasing number of LEOs with onboard BDS3 receivers, it is necessary to further
improve the precision of BDS3-based POD for the development of LEO missions.

Due to the hardware delay of navigation satellite and receiver, the undifferenced
carrier phase ambiguity obtained by POD of LEOs loses its integer property. If the hard-
ware delay can be eliminated and the integer property of ambiguity can be recovered,
the orbit of LEOs could have higher accuracy. Using various ambiguity fixing methods,
such as uncalibrated phase delay [7], integer recover clock [8] and decoupled satellite
clock model [9], many analysis centers have been routinely generating GPS satellite
bias products. These products are able to satisfied the requirement of POD for LEOs
with the single-receiver GPS ambiguity fixing. Montenbruck et al. used the GPS bias
product provided by Centre National d’Etudes Spatiales/Collecte Localisation Satel-
lites (CNES/CLS) to determine the single-receiver ambiguity-fixed orbit of Sentinel-3A
satellite. SLR residual shows that the accuracy of ambiguity-fixed orbit is 30% higher
than the float ambiguity orbit [10]. Zhang et al. used the GPS ephemeris, clock and bias
products provided by the Center for Orbit Determination in Europe (CODE), CNES/CLS
and Wuhan University (WHU) to perform the GPS-based POD of GRACE-FollowOn
and Sentinel-3 satellites. The SLR residual of orbit with ambiguity fixing decreased by
1-4 mm compared to that with float ambiguity [11]. Besides GPS, with the accuracy
improvement of BDS satellite precise orbit and clock products, many analysis centers
have generated BDS satellite bias products. These products provide a great opportunity
for the research on BDS3-based POD with single-receiver ambiguity fixing.

This paper first introduces the method of single-receiver ambiguity fixing, then
presents the reduced-dynamic orbit determination strategy for LEOs, and finally analyzes
the ambiguity fixing performance, POD and inter-satellite baseline results.
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2 Single-Receiver Ambiguity Fixing

The observation equation is constructed by using spaceborne dual-frequency pseudor-
ange and carrier phase observation:
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where 1 and 2 respectively correspond to BDS B 11 and B3I frequency bands, r represents
the receiver carried by the LEO satellite, s represents BDS3 satellite, f1 and > represent
the carrier phase frequencies of frequency bands 1 and 2, respectively, A; and X, is
the wavelength of the first and second carrier phase frequencies respectively, p is the
geometric distance between BDS3 satellite and LEO satellite. z represents the sum of
the influence of BDS3 satellite and LEO satellite antenna phase center offset (PCO) and
phase center variation(PCV), dt, and dr® are clock offsets of receiver and BDS3 satellites,
I is the first-order ionospheric delay during signal transmission at the first frequency
band, y; and y® are the pseudorange hardware delays for receiver and BDS3 satellites,
8y and 8° are the carrier phase hardware delays for receiver and BDS3 satellites, N is
carrier phase ambiguity, ¢ is random error. Besides, the pseudorange and carrier phase
measurements are also affected by the relativistic effect and antenna phase windup, which
are all corrected by models. To eliminate the ionospheric delay, the ionospheric-free (IF)
combination of pseudorange and carrier phase is usually used as the basic observation
in data processing:

P = p + 2hp + c(dte — ) + (p — W) + epy

2
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where A, is the IF combination of A{N; and AoN,: A, = f2 ](2)»1N1 — fzf 72 A2N,.
Since the hardware delays are introduced into A, which obtained by POD and the

coefficients f1f 7 >A1 and f2 f2

can be expressed by the combination of the wide- and narrow-lane ambiguities:

Az are not integers, A is also not integer. However, it

Awl

Ap = M| Ny + —Ny 3)
A2

where Ay = ¢/ (fi — f2) is wide-line wavelength. Ay = ¢/ (fi +/») is narrow-line

wavelength. Ny = N1 — N; is wide-line ambiguity. NV, is called narrow-line ambiguity.

By fixing the wide- and narrow-lane ambiguity successively, the IF ambiguity can be

fixed.
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First, the wide-line ambiguity is fixed by the difference of the Melbourne-
Wiiebbena(MW) combinations from common-view BDS3 satellites. MW combination
of pseudorange and carrier phase eliminates the geometric distance, clock offset and
ionospheric delay, and only remain ambiguity, antenna phase center corrections and
hardware delays:

- (P55 (258

—f2 h+r “)
= )‘Wlel +d+ MW(Sr;l’ 8r;2’ yr;l7 Vr;Z) - MW( ?’ 83’ J/ls’ 7/28)
where d = )glfi% <z§;1 - zrs; 2) is the MW combination of antenna phase center cor-

rections. The MW combination of satellite hardware delays MW((S?, 83, ¥1 y;) Can
be directly eliminated by correcting observation using satellite bias products provided
by different analysis centers. The MW combination of observation MW(L,, L,, P, P,)
from common-view BDS3 satellites is differentiated to eliminate the hardware delays

of the receiver MW((Sr;l, 800 Ye1s yr;2>. By rounding single-difference wide-line

ambiguity AN, to its nearest integer, the wide-line ambiguity can be fixed [ANwl].

It is worth noting that CNES uses uncombined GNSS data to generate OSB product,
which is affected by the PCO of GNSS satellites. Therefore, it is necessary to correct
the BDS3 PCO in the raw data when using CNES multi-GNSS bias product to fix the
single-difference wide-lane ambiguity [12].

Then, the fixed single-difference wide-lane ambiguity and single-difference IF ambi-
guity are used to solve the single-difference narrow-lane ambiguity. The fixed single-
difference wide-lane ambiguity [ANWI] and the single difference IF combined ambiguity
AA, obtained from the orbit determination are added into Formula (3):

~ - Awl
AAp = hat| AN, + TZ[ANwl] )

where AAIF = Ar P A:j - Si and s; are BDS3 satellites tracked by the receiver at
the same time, Ar = Ar I + (8r:1F — 81) — (Ver — y4pt) is the IF ambiguity obtained
by POD, é;.1F, SIF, YrIF» yIF are IF combinations of the pseudorange and carrier phase
hardware delays at receiver- and satellite-end, Nl is narrow-lane ambiguity including
satellite and receiver hardware delays. Since the IF ambiguity determined by POD using
satellite precision orbit, clock and bias products does not include satellite hardware
delay theoretically, that is (SISI’: ~ 0, ylslé ~ (0, the narrow-lane ambiguity is basically not
affected by satellite hardware delay [13]. The receiver hardware delay can be eliminated
by difference, and the single-difference narrow-lane ambiguity AN, can be fixed to its
nearest integer [ AN, | by rounding.

Finally, the fixed single-difference wide- and narrow-lane ambiguities, [ANy] and
[ANI], is substituted into Formula (5), and the fixed single-difference IF combined
ambiguity is obtained. This IF ambiguity is added to the orbit determination equation as
a constraint, and the LEO orbit under the integer ambiguity resolution can be obtained.

For BDS3 satellites, there exist differences in the number of tracking stations corre-
sponding to different satellites, resulting in differences in the precision orbit and clock
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error accuracy of different BDS3 satellites [14, 15]. Considering that the precision of
BDS3 precise orbit and clock products will affect the determination of undifferenced
IF ambiguity, the weak accuracy of orbit and clock product for some BDS3 satellites
will cause single-difference narrow-lane ambiguity to be incorrectly fixed and reduce
the orbit accuracy of LEOs. Figure 1 shows the double-difference clock for some BDS3
satellites in GFZ, WHU and CODE multi-GNSS clock products, with C19 satellite as
the benchmark. There is no obvious jump in the BDS3 double-difference clock offset for
CODE and WHU products. However, the double-difference clock offset of C37 satellite
for GFZ has a jump of about 0.5 ns near 1:00, and the C37 satellite clock offset provided
by GFZ is missing from 1:00 to 1:05.
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Fig. 1. Double difference of GFZ, WHU and CODE multi-GNSS clock product (DOY 249, 2021)

To weak the influence of the anomaly navigation satellite product on the ambiguity
fixing, we take the carrier phase residual RMS of all tracking arcs as threshold, and take
the tracking arcs whose residual RMS is less than the threshold as the reference arcs. The
undifferenced ambiguity belong to the reference arcs is taken as the reference ambiguity.
The single-difference ambiguity is constructed by differentiating the reference ambiguity
and the undifferenced ambiguity in the remaining arcs with common-view satellites.
This method will avoid the influence of the anomaly of BDS3 satellite ephemeris and
clock products on the ambiguity fixing performance and ensure the reliability of the
ambiguity-fixed results.
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3 Orbit Determination Strategy

Using the BDS3 B11&B3I observation tracked by Tianhui 02-02A (TH02-02A) and
Tianhui 02-02B (TH02-02B) satellites from September 2 to 30, 2021 (Day of year 245-
273), we carried out the reduced-dynamic POD of BDS3 with float ambiguity and single-
receiver ambiguity-fixing. The satellite formation of Tianhui 02-02 is a supplement to
Tianhui 02-01, which is the first interferometric synthetic aperture radar satellite system
in China. These twin satellites have basically the same structure, and operate together in
the sun synchronous orbit with an orbital height of 527 km. The distance between the two
satellites is about 500—800 m. The formation adopts the helix-like flight configuration.
The multi-GNSS receiver on this satellite system can track up to 12 GPS and BDS3
satellites simultaneously, including GPS G01-G32 and BDS3 C19-C46 satellites. To
ensure the success rate of ambiguity fixing, the thresholds of single-difference wide- and
narrow-lane ambiguity rounding residual are set to 0.25 and 0.15 cycles, respectively,
and the shortest common view duration of the tracking arcs is set to 7 min. Table 1 shows
the observation data, dynamic model and parameter settings used for TH02-02 satellite
orbit determination.

4 Result Evaluation

4.1 Ambiguity Fixing Performance

Considering that the random errors in the observation, ephemeris and clock will affect the
single-receiver ambiguity fixing effect, it is necessary to analyze the residuals obtained by
rounding the single-difference ambiguities, and examine whether the single-difference
wide- and narrow-ambiguities based on the BDS3 data have integer property. Figure 2
shows the residuals of single-difference wide- and narrow-ambiguities determined by
the MW and IF ambiguities. The mean values of the residuals of the single-difference
wide- and narrow-lane ambiguities are around 0, and the standard deviations are close
to 0.1 and 0.2 cycles. Compared to the wide-line ambiguity, the distribution of residual
for narrow-line ambiguity is more dispersed. Since the single-difference narrow-lane
ambiguity is composed of the single-difference fixed wide-lane and IF ambiguities, the
fixed effect is affected by the accuracy of BDS3 satellite product and the prior LEO orbit
simultaneously, thus the single-difference narrow-lane ambiguity residual has a larger
standard deviation [22].

Taking the ratio of number of the ambiguity, whose rounding residuals are less
than the threshold, to the whole number of ambiguity to be the success rate of ambiguity
fixing, we evaluate the performance of single-receiver ambiguity fixing method. Figure 3
shows the success rate of single-receiver BDS3 wide- and narrow-lane ambiguity fixing
from DOY 245-273, 2021. The success rate of the wide- and narrow-line ambiguities
for all arcs is more than 95% and 75%, and the average success rate of the wide- and
narrow-line ambiguity fixing is 98% and 89%.

4.2 Orbit Evaluation

With the TH02-02 GPS-based POD result with single-receiver ambiguity fixing as a
reference, we evaluate the precision of BDS3-based POD by orbit comparison, and
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Table 1. Strategy of precise orbit determination

Measurement Item

Tracking data IF pseudorange and carrier phase combination; 10s
interval; 30 h tracking arc (from 21:00 on previous
day to 03:00 on next day)

Weight Pseudorange: carrier phase = 1:100, with a

function of 2 sinf when elevation 6 is above 30°

BDS3 ephemeris and clock

GFZ multi-GNSS precise ephemeris and clock
product (ftp://ftp.gtz-potsdam.de/pub/GNSS/pro
ducts/mgnss/)

BDS3 satellite bias product

CNES post-processed product (http://www.ppp-
wizard.net/products/POST_PROCESSEDY/)

Attitude

Star tracker

BDS3 satellite phase center offset
(PCO)/phase center variation (PCV)

igs14_2186.atx [16]

Receiver antenna PCO

Nominal value in x and y direction on antenna
system, In-flight estimated in z direction

Receiver antenna PCV

In-flight estimated

Antenna windup

Model correction [17]

Relativistic corrections

Schwarzschild

Dynamic model

Earth gravity field

GGMO5S (120 x 120) [18]

Solid earth and pole tides

IERS 2003 [19]

Ocean tides

FES 2004 [20]

Third body gravity

Luni-solar gravity

Atmospheric drag

Jacchia 71 [21], a factor per 3 h

Solar radiation pressure

Cannon-ball, a factor per 30 h

Empirical acceleration

Constant acceleration in radial direction for 30 h (1
x 1077 m/s2 constraint); Piecewise linear
accelerations in along-track and normal directions
(1 x 1070 m/s2 constraint) with 15 min interval
length

Maneuver acceleration

Constant acceleration on maneuver duration

Estimation

Estimator

Batch least square estimation

Receiver clock

Epoch-wise

(continued)

analyze the improvement of BDS3 single-receiver ambiguity fixing to orbit. For the
reference orbit, the three-dimensional RMS (3D RMS) of 6 h overlapping comparison is


ftp://ftp.gfz-potsdam.de/pub/GNSS/products/mgnss/
http://www.ppp-wizard.net/products/POST_PROCESSED/

BDS3-Based Precise Orbit Determination for LEO Satellites 125

Table 1. (continued)

Measurement Item

Ambiguity One for a continuous tracking arc

Reduced-dynamic POD Initial position and velocity, scale factor for
atmospheric drag, solar radiation pressure,
empirical acceleration and maneuver acceleration
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Fig. 2. Distribution of BDS3 wide- and narrow-line ambiguity residuals on DOY 245-273, 2021.
Numbers in the top left corners represent the mean and standard deviation of residuals
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Fig. 3. Success rates of BDS3 wide- and narrow-line ambiguity fixing

better than 0.2 cm, and the success rate of GPS wide- and narrow-lane ambiguity fixing
is close to 95% [23]. In the orbit comparison, 24 h in the middle of the 30 h arc is chosen
as the comparison period. Figure 4 shows the RMS of orbit difference between the
BDS3-based POD results of TH02-02A and TH02-02B satellites and the reference orbit
on DOY 245-273, 2021. The orbit accuracy of the ambiguity-fixed solutions in along-
track and normal directions at different arcs are higher than the corresponding float
ambiguity solutions. With ambiguity fixing, the orbit accuracy of the two satellites has
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been improved by 26%, 42% and 52% in the radial, along-track and normal directions,
and the average RMS of the three-dimensional orbit difference is improved from 2.5 cm
to 1.4 cm.
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.
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Fig. 4. RMS of orbit difference of ambiguity-fixed and float ambiguity solutions relative to
reference orbit for TH02-02 satellites

Besides orbit comparison, overlap comparison is also a common mean to evaluate the
precision of orbit determination results. We use 6 h overlapping orbits by two adjacent
arcs to evaluate the impact of ambiguity fixing on POD. Figure 5 shows the overlap
comparisons of ambiguity-fixed and float ambiguity solutions for TH02-02A satellite
on a typical day. Due to the lack of observation data at the orbit boundary, the precision of
the float solution near the beginning and end of the overlap period is poor. However, the
ambiguity fixing enhances the geometric constraint of observation. There is no significant
fluctuation in the overlapping orbits at different times. The 3D RMS of the overlapping
comparison decrease from 1.0 cm for the float ambiguity processing to 0.8 cm for the
ambiguity-fixed orbit for TH02-02A and TH02-02B satellites from DOY 245-273,2021.
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Both orbit and overlap comparisons show that ambiguity fixing can enhance the precision

of BDS3-based POD for LEOs.
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Fig. 5. 6 h overlap comparison between ambiguity-fixed and float ambiguity solutions for THO2-
02A on DOY 260, 2021. Numbers in the top right corners represent the mean and standard

deviation

4.3 Baseline Evaluation

As a surveying and mapping satellite system based on interferometric synthetic aperture
radar technology, the high-precision inter-satellite baseline determination for TH02-02
satellite formation is a prerequisite for generating Earth surveying products. Therefore,
it is necessary to analyze the impact of single-receiver BDS3 ambiguity fixing on inter-
satellite baseline. We build a double-difference observation equation by spaceborne GPS
data to eliminate common errors such as clock error and hardware error, and perform
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the GNSS-based double-difference precise relative orbit determination to obtain base-
line. The double-difference carrier phase IF ambiguity is fixed by the strategy of fixing
the wide- and narrow-ambiguities step by step. Based on the above method, the accu-
racy of TH02-02 satellite baseline product is at millimeter level [24, 25]. Taking the
inter-satellite baseline products determined by precise relative orbit determination as a
reference, we evaluated the baseline products obtained by the differential orbits from
THO02-02A and TH02-02B satellites. Figure 6 shows the evaluation results of float ambi-
guity and ambiguity-fixed baseline solutions obtained by orbit difference. Compared to
the result of float ambiguity solution, the accuracy of baseline derived from the ambi-
guity fixed solution are improved by 27%, 45% and 46% in the radial, tangential and
normal directions, respectively, and the 3D RMS of baseline difference is improved from
7.6 mm to 4.3 mm. The above results show that single-receiver ambiguity fixing can
also improve the accuracy of inter-satellite baseline products.
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Fig. 6. RMS of baseline difference between differential orbit and precise relative orbit deter-
mination solution. Numbers in the top left corners are the mean value of RMS for all
arcs



BDS3-Based Precise Orbit Determination for LEO Satellites 129
5 Conclusion

Considering the difference of orbit and clock product between different BDS3 satellites,
we propose a single-receiver ambiguity fixing method. The ambiguity fixing perfor-
mance and POD results are assessed by using TH02-02 spaceborne BDS3 data. This
method chooses the tracking arcs, whose RMS of carrier phase residual are less than
the mean value, to be references, and makes single-difference ambiguities between the
reference and remaining tracking arcs with common-view satellites. This method avoids
the impact of anomalies satellite product on the ambiguity fixing. The result of ambiguity
fixing shows that the average success rate of the BDS3 wide- and narrow-line ambiguity
fixing of is 95% and 89%. Taking the GPS-based single-receiver ambiguity-fixed solution
as a reference, the orbit comparison results show that the accuracy of the BDS3-based
POD solution with fixed ambiguity is improved by 26%, 42% and 52% compared to
that with float ambiguity in the radial, along-track and normal directions. The accuracy
of BDS3-based POD can be improved from 2.5 cm to 1.4 cm with ambiguity fixing.
Choosing the baseline determined by the GPS-based double-difference precise relative
orbit determination as a reference, the accuracy of baseline generated by the differential
orbit for the ambiguity-fixed solution is improved by 27%, 45% and 46% compared to
that for the float ambiguity solution in the radial, along-track and normal directions. The
single-receiver ambiguity fixing for LEOs can significantly improve the precision of
BDS3-based POD and inter-satellite baseline. In the future, the performance of single-
receiver ambiguity fixing with GPS+BDS3 observation will be further analyzed, and the
impact of ambiguity fixing on multi-GNSS data fusion will be discussed.
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