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Abstract

The Haiyang-2D altimetry mission of China is one of the first Low Earth Orbit (LEO) satellites that can receive new
B1C/B2a signals from the BeiDou-3 Navigation Satellite System (BDS-3) for Precise Orbit Determination (POD). In this
work, the achievable accuracy of the single-receiver ambiguity resolution for onboard LEO satellites is studied based
on the real measurements of new BDS-3 frequencies. Under normal conditions, six BDS-3 satellites on average are
visible. However, the multipath of the B1C/B2a code observations presents some patchy patterns that cause near-field
variations with an amplitude of approximately 40 cm and deteriorate the ambiguity-fixed rate. By modeling those
errors, for the B2a code, a remarkable reduction of 53% in the Root Mean Square (RMS) is achieved at high elevations,
along with an increase of 8% in the ambiguity-fixed rates. Additionally, an analysis of the onboard antenna’s phase
center offsets reveals that when compared to the solutions with float ambiguities, the estimated values in the anten-
na's Z direction in the solutions with fixed ambiguities are notably smaller. The independent validation of the result-
ing POD using satellite laser ranging at 16 selected high-performance stations shows that the residuals are reduced
by a minimum of 15.4% for ambiguity-fixed solutions with an RMS consistency of approximately 2.2 cm. Furthermore,
when compared to the DORIS-derived orbits, a 4.3 cm 3D RMS consistency is achieved for the BDS-3-derived orbits,
and the along-track bias is reduced from 2.9 to 0.4 cm using ambiguity fixing.

Keywords Ambiguity resolution, B1C/B2a, Onboard BDS-3, Precise orbit determination, Haiyang-2D

Introduction

Haiyang-2D is a scientific satellite mission for investi-
gating dynamic marine environments and sea surface
altimetry, following the previous missions (Gao et al.,
2014; Peng et al., 2021; Wang et al., 2022a). The primary
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payload consists of a dual-frequency radar altimeter and
an advanced microwave radiometer. With the accurate
satellite’s orbital position, the altimeter data is processed
to determine the mean sea level height (Montenbruck
et al, 2022). The official design plan expects a Three-
Dimensional (3D) orbit precision of better than 5 cm.
Consequently, to determine precise orbits, two kinds of
sensors, namely, a pair of Global Navigation Satellite Sys-
tem (GNSS) receivers as well as a Doppler Orbitography
and Radiopositioning Integrated by Satellite (DORIS)
receiver (Auriol & Tourain, 2010), are installed in Hai-
yang-2D. Additionally, for the external orbit validation
with Satellite Laser Ranging (SLR), the satellite carries a
Laser Retro-Reflector Array (LRA).

Over the past 2 decades, Precise Orbit Determina-
tion (POD) using onboard GNSS has been successfully
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verified on many Low Earth Orbit (LEO) satellites
(Arnold et al., 2018). By using Global Positioning Sys-
tem (GPS) Ionospheric Free (IF) observations the early
orbit products of the CHAllenging Minisatellite Pay-
load (CHAMP) mission achieved an accuracy at cen-
timeter level (Van Den Ijssel et al., 2003), and a 1 cm
radial orbit accuracy for Gravity Recovery and Climate
Experiment (GRACE), Gravity field and steady-state
Ocean Circulation Explorer (GOCE), and Swarm was
also achievable with SLR and K-band ranging (Kang
et al, 2006, Bock et al.,, 2014, Van Den Ijssel et al.,
2015). By dual-constellation GNSS tracking, Fengyun-
3C orbits had an overlapping orbit accuracy of 2 cm
using the BeiDou-2 Navigation Satellite System (BDS-
2) and GPS (Li et al, 2017), and the Sentinel-6A orbits
calculated using GPS/Galileo also exhibited a Root
Mean Square (RMS) consistency of better than 1 cm
for SLR normal points at the selected high-perfor-
mance stations (Montenbruck et al., 2021). The nanos-
atellite Tianping-1B used the measurements from GPS/
BDS-3, and the results of the POD indicated that the
GPS-based 3D orbital precision is less than 3.5 cm,
with a difference of less than 1 cm compared to the
combined BDS-3/GPS solutions (Zhao et al., 2020).
Overall, the accuracy of GNSS-derived trajectories of
LEOs has steadily improved to 1-3 c¢m, due to continu-
ous improvements in GNSS orbit and clock precision
of the International GNSS Service (IGS) and the model
refinements of the geometric observations (Hackel
etal., 2017).

Integer Ambiguity Resolution (IAR) is essential for
fully exploiting high-precision GNSS carrier phase
observations and plays a crucial role in improving posi-
tioning performance (Blewitt, 1989; Guo et al.,, 2020).
Over the past decade, single-receiver IAR for LEOs
exhibited great potential in achieving the best orbit pre-
cision (Ge et al., 2008). Currently, several single-receiver
IAR methods have been proposed and formulated, as
shown in the references e.g., (Bertiger et al., 2010; Col-
lins et al., 2010; Ge et al., 2008; Geng et al., 2012, 2019;
Lannes & Prieur, 2013; Laurichesse et al., 2009; Mervart
et al., 2008; Teunissen et al., 2010; Wiibbena et al., 2005).
These methods differ in their employed models, correc-
tion techniques, and/or estimation methods. Teunissen
and Khodabandeh (2015) presented the principles and
the differences among the methods. Single-receiver IAR,
as explained by Teunissen and Khodabandeh (2015), is
a relative technique based on double-differenced ambi-
guities. Khodabandeh and Teunissen (2019) also dem-
onstrated that the single-receiver ambiguity resolution
can be regarded as a special instance of network ambi-
guity resolution. Bertiger et al. (2010) utilized the wide-
lane and phase bias estimates from the Jet Propulsion
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Laboratory (JPL) to achieve the single-receiver IAR for
GRACE and JASON-2, resulting in a reduction in the
GRACE baseline error from 6 to 2 mm compared to
those of ambiguity-float solutions. Using the wide-lane
bias products from the Centre National d’Ftudes Spa-
tiales (CNES), Montenbruck et al. (2018) applied the
single-receiver IAR approach in Sentinel-3A, utilizing a
dedicated GPS orbit and an integer clock products. They
demonstrated a notable improvement in orbit accuracy
through SLR validation. Guo et al. (2020) illustrated how
the single-receiver IAR enhanced the absolute and rela-
tive orbit accuracy of the GRACE formation, emphasiz-
ing the merits and drawbacks of both the single-receiver
and dual-receiver IAR for formation-flying satellites. For
Sentinel-6A equipped with dual-constellation GPS and
Galileo, Montenbruck et al. (2021) demonstrated a 1 cm
consistency among GPS-only and Galileo navigation sat-
ellite system (Galileo) only solutions and GPS+ Galileo
solutions. Additionally, in the comparison between the
kinematic and reduced dynamic orbits, they attained a
3D RMS value of 1.3 cm.

Considerable efforts have been made to determine
the single-receiver IAR LEO orbit using GPS. However,
with the completion of the full BDS-3 constellation, it is
expected that an increasing number of LEO satellites will
be equipped with BDS signal-receiving equipment in the
future. The performance of the single-receiver IAR orbit
determination solely relying on BeiDou Navigation Satel-
lite System (BDS) measurements remains unknown, e.g.,
whether or not BDS-only POD with ambiguity resolution
can reach a comparable level of precision as GPS in LEO
satellites, particularly when considering the new-fre-
quency signals introduced by BDS-3. The BDS-3 satellites
have added three new public signals: B1C (1575.42 MHz),
B2a (1176.45 MHz), and B2b (1207.14 MHz), alongside
the existing legacy signals, B1I (1561.098 MHz) and B3I
(1268.520 MHz) (CSNO 2017a, 2017b). These new sig-
nals exhibit a much better pseudo-range quality than
those transmitted by the BDS-2 satellites. Importantly,
BDS-3 does not exhibit the satellite-induced code bias, as
described in many studies (He et al., 2020; Liu et al., 2020;
Yang et al,, 2018; Zhang et al., 2017), which will be more
favorable for wide-lane ambiguity resolution. Haiyang-
2D is the first LEO satellite mission capable of receiving
new B1C and B2a signals from BDS-3, offering a valuable
opportunity for better understanding of the LEO applica-
tions of BDS-3, even though GPS is presently the primary
orbit determination technique.

In this study, we conduct a single-receiver IAR experi-
ment using the new frequencies of BDS-3 and ana-
lyze the achievable accuracy of ambiguity-fixed POD
for Haiyang-2D. This paper is organized as follows: the
platform of Haiyang-2D and the data set are described.
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Then, its visibility, availability, and abnormal behavior are
discussed. Next, a brief description of the integer ambi-
guity resolution for POD processing is provided. After-
ward, the impact of the multipath on the single-receiver
IAR is analyzed, and the dynamic models and strategy of
the POD and the results of the processing are discussed.
Additionally, internal and external validations are con-
ducted. Lastly, a comprehensive discussion and conclu-
sion are provided.

Haiyang-2D platform and available data set

To further develop the ocean satellite network of China
Haiyang-2D was launched on May 19, 2021, following the
Haiyang-2 A/B/C missions. As a non-sun-synchronous
satellite, Haiyang-2D flies in a LEO with a 66° inclina-
tion at a nominal altitude of 957 km (Li et al., 2022; Wang
et al.,, 2022b). The satellite has a traditional rectangular-
shaped body and two solar panel wings, with approxi-
mate dimensions of 5.4 m (X), 11.0 m (Y), and 2.9 m (Z).
To meet the demand for energy supply, the satellite needs
to maintain large-scale yaw attitude adjustments to make
the solar panels continuously face the sun. As presented
in Fig. 1, in this study, the origin of the Satellite-fixed
Reference Frame (SRF) is defined at the mass center of
the satellite. The+X axis points toward the front panel,
the+Y axis points toward the direction of the solar pan-
els, and+Z completes the right-hand orthogonal refer-
ence system. In a nominal attitude, the+Z axis points
toward the center of the Earth.

GNSS instrument

To ensure the ocean altimetry mission, the 3D precision
of the orbit is required to be better than 5 cm. There-
fore, Haiyang-2D carries a pair of dual-frequency GNSS
receivers from Space Star Technology Co., Ltd. Addition-
ally, two corresponding GNSS choke ring antennas are
mounted on the top panel. The receivers have 12 GPS and
BDS channels, respectively. However, only the backup

Nadir radiometer
antenna
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Laser retro-
reflector
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Fig. 1 Haiyang-2D and its definition of the satellite-fixed reference
frame
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receiver can receive the new-frequency signals from
BDS-3 satellites. Since Haiyang-2D adopts the single-
system mode, it cannot track GPS and BDS-3 signals in
parallel. Regarding BDS-3, the receiver collects the code
and carrier phase measurements of the B1C and B2a, as
well as the Carrier-to-Noise-density ratio (C/N,) of B1C.
The carrier phase nominal precision is better than 3 mm,
while that of the code is better than 0.5 m (Zhang et al.,
2017, 2021). The data sample interval is set to 1 s. Table 1
lists the different types of BDS-3 and GPS observations
in the Receiver INdependent EXchange (RINEX) format,
along with the a-priori antenna phase center values rela-
tive to the satellite’s center of mass.

Data set and availability analysis

To verify the orbit determination capability with BDS-3,
the receiver on Haiyang-2D was switched to BDS-only
mode during the in-orbit test, and the BDS-3 data from
July 6, 2021 to July 18, 2021, were collected in this study.
The complete data set is obtained from the National
Satellite Ocean Application Service (NSOAS) of China.
Although the primary focus of this study is on the BDS-3
system, we also collected the GPS data from May 26 to
December 16, before and after BDS mode switching. This
is done to facilitate a comparison and analysis between
the two systems.

At every epoch, we define the complete observations
as those consisting of both the code and carrier phase
dual-frequency measurements. With this definition,
Fig. 2 illustrates the daily total number of GPS and BDS-3
observations with a 30 s sampling rate and DOY repre-
sents Day of Year. Prior to mode switching, the average
number of available GPS satellites per epoch is stable at
approximately six. However, a noticeable reduction in
the quantity of available BDS-3 observations occurred,
followed by a gradual recovery in the last few days. This
drop in the number of visible satellites may be related to
the potential impact of the attitude mode of Haiyang-2D
on the receiver tracking capability for BDS-3.

Haiyang-2D utilizes the yaw-steering mode for its atti-
tude controls when the elevation of the sun (8-angle)
falls within the range of +75°. However, once the  angle

Table 1 BDS-3 and GPS observation types and a-priori antenna
phase center values relative to the satellite’s center of mass

Freq.Band (MHz) Code RINEX Coordinates (X,Y,Z) of

the phase center (m)

B1C/1575.42 Data+Pilot  1X —0.9000, 0.1824, —1.384 2
B2a/1176.45 Pilot 5P —0.8989,0.1826, - 1411 4
L1/1575.42 C/A 1C —-0.9802,-0.1772,—-1.3832
L2/1227.60 Z-tracking 2W —0.9800,-0.1763,—-1.4018
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Fig. 2 Number of daily complete observations and the epoch
corresponding to the average number of satellites for GPS and BDS-3

exceeds this range, the satellite switches to a yaw-fixed
mode (£90°). In the yaw-steering mode, the satellite will
flip over the+Z axis once the f angle reaches a specific
threshold, which is set at—1.5° by the satellite manufac-
turer. In this study, during the period of the BDS-3 data
collection, the § angle was reduced from 25° to —14°, and
the yaw mode flipped near 18:21 on July 14, 2021 (DOY
195). As shown in Fig. 2, it is on this day that the number
of BDS-3 observations begins to increase.

Among the BDS Medium Earth Orbit (MEO) satel-
lites, there are three orbital planes designated A, B, and
C. Figure 3 shows the sky view of the BDS-3 satellites
(C19-C22, C32, C33, C41, and C42) in orbital plane B

270°

270°

Fig. 3 Sky view of the BDS-3 satellites in orbital plane B (left)

and in other planes (right) before (top) and after (bottom)

the yaw flipping of Haiyang-2D. The azimuth angle of 0 represents
the orientation of the +X axis in the SRF
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and the other two orbital planes in the field of view of
the receiver. The sky-view map of the B-plane satellites
exhibits a distinctive butterfly shape. The tracking tra-
jectories of the B-plane satellites typically rise from the
left region of the antenna, traverse through the central
region, and then set in the right side where the elevations
are lower. The tracking algorithm of the receiver has a
tendency to prioritize the B-plane satellites, because they
have higher elevations and longer tracking time when
passing through the central region. However, impor-
tantly, this correlation of orbital plane B no longer exists
after the yaw flipping event.

For comparison, we analyzed the theoretical availability
of BDS-3 satellites by using the orbits of the Haiyang-2D
and BDS-3 constellation and calculated the percentage
of the actual and theoretical observations in a bin of 6 h
for each BDS-3 satellite, as shown in Fig. 4. The percent-
ages of different BDS-3 satellites serve as an indication
of the priority of the receiver in selecting the satellites,
and the fluctuation of the percentage curves also reflects
the stability of the BDS-3 satellite preferentially selected
by the receiver. As shown in the figure, in the initial two
days of operation of the receiver in the BDS mode start-
ing with the default configuration, the percentages of the
three orbital planes and their fluctuation amplitudes are
relatively similar, and the maximum value is above 95%.
No distinct advantage is observed for any specific satel-
lites in the three orbital planes during this period. From
DOY 189, the fluctuation amplitude of the curves on
orbital plane B decreases significantly, and the curves
become more clustered. Simultaneously, the percentages
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Fig. 4 Percentage between the numbers of the actual
and theoretical observations for the BDS-3 satellites of the different
orbital planes
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in the other two orbital planes generally decrease. Thus,
the priority of the receiver in selecting B-plane satellites
tends to be more stable, lowering the priority of the other
two planes. Following the yaw flipping event, the B-plane
curves gradually lost this stability, and the percentages
in the other orbital planes increase, but the fluctuation
amplitude is large and does not return to the initial level.

Overall, the curves can be roughly divided into three
stages, and there are delays in the stage change process.
The receiver adopts the default configuration when it
begins operating. Therefore, the number of BDS-3 sat-
ellites is kept consistent with that of GPS during the
first two days. Subsequently, tracking the BDS-3 satel-
lites within a certain period changes the strategy of the
receiver, causing the receiver to be more inclined to track
satellites on orbital plane B. This is mainly attributed to
the fact that the satellites on orbital plane B have higher
elevation angles and stronger signal strength. After the
occurrence of yaw flipping, the receiver does not imme-
diately adjust its strategy. However, the strategy of the
receiver is once again influenced during a period of signal
processing, which breaks the tracking tendency of orbital
plane B. However, in contrast to BDS-3, the number of
GPS satellites is not affected in the yaw flipping event, as
observed in the collected GPS data.

IAR-based POD with OSB products

To calculate the ambiguity-fixed Haiyang-2D orbits, the
single-receiver IAR approach employing Observable-
Specific Bias (OSB) is adopted. With the detailed IAR
methodology presented in Geng et al. (2022), only a
brief description is given here. Given the Frequency f,
Receiver i, and GNSS Satellite k, the code and carrier
phase observation equations are usually described by the
following

k

Pkl—pl1+C ti—t +Vik+di,1+d]1<

+g2 )/ik +dip+ dé

2_p12+c(tl t

)
)
t— tk> +evf+dig+ds
)
)

—p,q—i-c

1)
l_pll-i-c(t, ¢k —yik+21(Ni’f1+bi,1+b’f>
2—P12+C(tz * —gzz}’ik‘f‘;LZ(]\[il,(z"‘biz"‘bé)

Lt = pf, + c(ti —t ) —gvk+ (N/fq +big+ b’;)

where P is the code observation in meter, and L is the
carrier phase observation in meter; p is the geometric
range from the satellite to the receiver. Subscripts 1, 2,
and g denote the frequencies, where 1 and 2 are the base-
line frequencies for the BDS-3 orbit and clock products
and ¢ represents the frequency of B1C or B2a. c is the
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speed of light in a vacuum, and ¢; and t* are the receiver

and satellite clock offsets, respectively. y denotes the ion-

ospheric path delay on Frequency 1. go = f tand g; = %

A and N are the signal wavelength and the integer ambi-
guity, respectively. d; and d are the receiver and satellite
hardware biases of the code observations, respectively,
termed code OSB, while b; and b¥ are those of the carrier
phase observations, namely, Phase OSB. For brevity, the
other unmodeled errors and noises are ignored in the
equations. Since the Haiyang-2D’s onboard measure-
ments are based on frequencies B1C and B2a, it is neces-
sary to use the products of code OSB for correction to
ensure consistency with the baseline frequencies of the
BDS-3 orbit and clock.

Based on the global ground network data, the nomi-
nal satellite phase OSBs can be estimated and provided
to users as end products. Regarding the case of POD,
when users deduct the code and phase OSBs and when
the receiver uncalibrated phase delay is eliminated by
the difference between the satellites, the ambiguities
will retrieve their integer properties. In this study, we
used the undifferenced ionospheric-free combination of
B1C and B2a as the basic observation equation for POD
processing, and the differenced integer ambiguities are
assigned as pseudo- observations with tight constraints
in the normal equation. Using the code and phase OSB
corrections, the Ionospheric-Free (IF) equations are thus
formulated simply as follows:

——k
e = o + ¢t — ) + e )

N iIF = Ni]le + biir

where Pz]’fIF and L{iIF represent the corrected ionospheric-
free code and carrier phase observations in meter,
respectively, E, Ir represents the ionospheric-free nomi-
nal recelver phase OSBs, Arr is the wavelength of Ll e
and NX ;1F is the combined integer ambiguity of B1C and
B2a. In this study, we set Air = Apic. Then, the ambigu-
ity term, N p, can be expressed as a fusion of the Wide-
Lane (WL) and Narrow-Lane (NL) ambiguities, in which
the narrow-lane ambiguity is equal to the B1C ambiguity:

—k _ fe1cfB2a Nk feic
E= 5y NjwrL + ————
l faic —fia PYLT foic + fooa

k

NLWL_NBIC Nipoa

Nfy =

1A

. _
NinL + bie

k
tBlC

3)
where Nl/fWL and Nl-]fWL are the wide-lane and narrow-
lane ambiguities, respectively.
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Regarding a single receiver, using single-differenced
operations between the GNSS satellites, receiver-depend-
ent code and phase OSBs can be removed, and the inte-
ger wide-lane ambiguity can be resolved with an average
value of the Hatch—Melbourne—Wuebbena (HMW)
observations for each pass (Hatch, 1982; Melbourne,
1985; Wiibbena, 1985). Notably, a further antenna phase
center correction is required because the antenna phase
centers of the frequencies are different in 1GS14.atx.
Given the integer wide-lane ambiguities, the narrow-lane
ambiguities can be fixed using the integer rounding with
the probability formula (Dong & Bock, 1989), and the
ionospheric-free integer ambiguities are also recovered
for E{}k?assgshln the POD processing, the relationship
AN;jp = N;jp — N, is taken as the pseudo-observa-
tion to tightly constrain the ionospheric-free ambiguity
parameters in the normal equation. Finally, the ambigu-
ity-fixed orbits of Haiyang-2D are obtained.

In this study, a batch least-squares estimator is
employed in the POD of Haiyang-2D. In addition to the
receiver clock offsets, the parameters to be estimated
include the initial state vector, scale factors for the atmos-
pheric drag and solar force models, empirical accelera-
tions, and carrier phase ambiguities. Specifically, for a
24 h arc with a 30 s sampling rate, a total of 2880 clock
parameters are to be estimated. Considering approxi-
mately 400 ambiguities and 60 empirical accelerations
and scale factors, the normal equations contains approxi-
mately 3 400 parameters.

Code multipath analysis

Because of the GNSS antenna design and the reflection
of the satellite surface, onboard code measurements usu-
ally contain Multi-Path (MP) errors. We calculated the
BDS-3 code MP errors using multipath combinations
(Kee & Parkinson, 1994) with the observations of B1C
and B2a.

Both the MP error series of B1C and B2a exhibit clear
deterioration with low elevation angles, but the errors of
B2a reveal much smaller variations compared to B1C.
The RMS values below the elevation of 30°, which show
a fourfold difference, are 0.98 m for B1C and 0.24 m
for B2a, and the corresponding values above this eleva-
tion angle are 0.34 m and 0.15 m. This is largely due to
the different chip rates of the primary codes, which are
1.023 Mcps for B1C, and 10.23 Mcps for B2a according
to the BDS signal in the space interface control document
(CSNO 2017a, 2017b). The MP errors also exhibit some
trend deviations with the decimeter magnitude against
the elevation angles. However, code biases can impact
the fixing rate because they affect the HMW combination
used in resolving wide-lane integer ambiguities when
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dealing with GNSS carrier phase measurements (Leick
etal.,, 2015).

With the assumption that the MP errors are correlated
with the signal incidence direction (Montenbruck et al.,
2008), we modeled code errors using a 5°x5° grid map in
the antenna reference frame. Figure 5 shows the resulting
maps of B1C and B2a in different attitude modes, as well
as the patchy patterns with the amplitudes mainly con-
centrated within +40 cm for both frequencies. The maps
indicate that B1C also has systematic deviations of the
same magnitude, although these biases are overshadowed
by larger noises. In addition, because of the attitude mode,
B1C shows a symmetric pattern before and after yaw flip-
ping, whereas B2a has a peak deviation in the boresight
direction and lacks obvious symmetry. However, at low
elevation angles, the MPs of both frequencies predomi-
nantly fall below 0 m. By using the map corrections, the
RMS values of B1C and B2a above the elevation of 30° are
reduced to 0.28 m and 0.07 m, respectively. As shown in
Fig. 6, the corrected MP errors of B2a are essentially unbi-
ased, resulting in a 53% decrease in the RMS value.

The code multipath maps of B1C show different pat-
terns in different yaw attitude modes as shown in Fig. 5,
but this is not the case for B2a. For comparison, the code
errors of GPS are also modeled using the same method
for different yaw attitudes. The Haiyang-2D satellite
also has two more yaw flips on August 30 and Octo-
ber 23 with GPS tracking. Based on the three yaw flips,
the GPS data are divided into four distinct periods, and
Fig. 7 shows the code multipath maps of the GPS in the
four periods May 27—June 15 (Period 1), July 20—August
29 (Period 2), August 31-October 22 (Period 3), and

a B1C multipath before yaw flipping b B2a multipath before yaw flipping
0° 0°

270°

180° 180°
¢ B1C multipath after yaw flipping  d B2a multipath after yaw flipping
0° 0°
80

Fig. 5 Code multipath maps of the B1C (left) and B2a (right)
frequencies in centimeter before (top) and after (bottom) yaw
flipping. The azimuth angle of 0 degrees represents the X-axis
orientation of the SRF
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* Results before correction
* Results after correction

B1C multipath (m

B2a multipath (m)

0 15 30 45 60 75 90
Elevation (°)

Fig. 6 Code multipath errors plotted against elevation angles
before (blue) and after (red) using map corrections

October 24—December 16 (Period 4). The data in Peri-
ods 1 and 3 have the same yaw attitude mode, and the

Modeling results from
May 27 to Jun.15

Modeling results
from Jul.20 to Aug.29

270° 270°

GPS L1 multipath

270° -

GPS L2 multipath
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same applies to Periods 2 and 4. The maps in Fig. 7 show
some kind of signal interference fringes. Regarding the
L1 frequency maps, although the shape of the interfer-
ence fringes remains consistent across the four periods,
there is a notable prevalence of red color in the azimuth
range of 0°~180°, while the blue color dominates in the
180°-360° range for Periods 1 and 3. In contrast, this pat-
tern is reversed for Periods 2 and 4. Similar to BDS-3,
the maps of the L1 frequency appear to be related to the
yaw attitude, whereas those of the L2 frequency show no
such correlation. The correlation can be attributed to the
fact that both GPS L1 and BDS-3 B1C employ the same
frequency and adopt the same chip rates for the coarse
code. Consequently, the near-field satellite environment
can affect both B1C and L1, and this correlation may be
related to the receiver’s tracking loop of the coarse code
on that frequency.

Results and validation

Using the IAR methods described above, the Haiyang-
2D precise reduced-dynamic orbits were calculated.
Additionally, in the POD processing, the positions of the
antenna phase center relative to the a-priori values were
re-estimated.

Precise orbit determination strategies
In this study, we used a reduced-dynamic approach
for Haiyang-2D orbit determination and estimated the

Modeling results
from Aug.31 to Oct.22

Modeling results
from Oct.24 to Dec.16

-20 -10 0 10

20 cm

Fig. 7 Code multipath maps of the GPS L1 (upper) and L2 (bottom) frequencies in four periods divided by three yaw flips
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piecewise periodic terms of the empirical along-track
and cross-track accelerations to mitigate the uncertain-
ties associated with modeling non-gravitational forces.
The Position and Navigation Data Analyst (PANDA) soft-
ware (Guo et al., 2018; Liu & Ge, 2003) is modified and
used in data processing. Table 2 provides an overview of
the models employed in POD. The macro model of Hai-
yang-2D, as listed in Table 3, is applied to model the non-
gravitational forces mainly resulting from atmospheric
drag, solar, and earth radiation pressure. And in Table 3,
OSR represents the Optical Solar Reflector, and SA rep-
resents the Solar Array. Regarding the single-receiver
IAR, the Wuhan University Multi-GNSS experiment
(WUM) BDS-3 rapid orbit and clock products as well
as the observable-specific biases are used (Geng et al.,
2022). The arc of the orbit determination is set from 0:00
to 24:00 o'clock every day to align with the daily products
and avoid dealing with boundary issues between adjacent
days.

To provide the energy for Haiyang-2D, the solar panels
are rotated around the Y-axis in the SRF for their facing
the sun during satellite flight. Thus, the orientation of the
solar panels needs to be considered in the macro model,
as listed in Table 3. Due to the lack of telemetry data for

Table 2 POD processing models for Haiyang-2D
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the solar panels, in the POD processing, a normal orien-
tation epanel is defined as
rSun — FLEO
€LEO Sun — T
|7Sun — r'LEOI (4)

€Panel = €y X (eLEo_Sun X ey)

where rgy, denotes the sun position vector, and rigo
denotes the satellite position vector; erro sundenotes
the unit vector from the LEO satellite to the sun, and ey
denotes the unit vector of the Y-axis of the satellite-fixed
system. It should be noted that all vectors are represented
in the inertial frame.

Antenna calibration

The geometric range between the antenna phase center
of a GNSS satellite and and the center of LEO receiver
is calculated for GNSS observation modeling (Jaggi et al.,
2009; Jin et al., 2021), and a pre-flight mean Phase Center
Offset (PCO) vector for individual frequencies is pro-
vided by the manufacturers. However, because of some
near-field effects after integration into the LEOs, the pro-
nounced phase pattern distortions of the GNSS antennas
may be observed (Montenbruck et al., 2021). To reduce
the phase errors, the PCO value in the Z-direction as a

Dynamic models Description

Static earth gravity field model
Solid Earth tide and pole
Ocean tides

Ocean pole tides Desai (Desai, 2002)
Conventional inertial reference frame
Relativity and gravitational bending
N-body perturbation

Atmospheric drag

EIGEN-06C, up to degree and order 120
International Earth Rotation Service (IERS) conventions 2010 (Petit & Luzum, 2010)
Finite Element Solutions (FES2004) 30 x 30 (Lyard et al., 2006)

Geocentric celestial reference frame at J2000.0

|ERS conventions 2010 (Petit & Luzum, 2010)

JPL DE405; point-mass model

Macro model; DTM2013 density model (Bruinsma, 2015); piece-wise drag coefficients are

estimated every 120 min

Empirical accelerations
Solar radiation pressure

Piece-wise periodical terms in the along- and cross-track directions are estimated every 120 min
Macro model, the scale parameter is estimated

Observation models Description

Data sampling and orbit arc length 30sand 24 h
Observations

BDS-3 precise orbit and clock, and code and phase
bias products

BDS-3 phase center
Phase windup
Elevation cutoff 0°
Receiver clock

Carrier phase ambiguities

Wide- and narrow-lane fixing decision

Undifferenced ionospheric-free code and carrier phase
WUM rapid products (ftp://igs.gnsswhu.cn/pub/whu/phasebias)

igs14.atx delivered by IGS
Correcting using published models

Epoch-wise, and Gauss—Markov process noise model (Montenbruck et al., 2005)
One per satellite tracking pass
0.24 cycles (Liu et al, 2023)
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Table 3 Macro model of the Haiyang-2D surfaces
Macro-model X+ X- Y+ Y- Z+ z- SA+ SA-
OSR White paint Carbon fiber
Radiators and SA
Area (m?) 0.33 0.38 261 233 1.89 233 0.67 1.72 18.12 18.12
Visible
Specular 0.87 0.87 0.87 0.87 0.87 0.00 0.00 0.87 0.10 0.00
Absorbed 013 0.13 0.13 013 013 0.86 0.85 0.13 0.90 0.90
Infra-red
Specular 022 022 0.22 0.22 0.22 0.00 0.00 0.22 0.08 0.00
Absorbed 0.78 0.78 0.78 0.78 0.78 0.88 0.85 0.78 092 0.90
X+ X- Y+ Y- Z+ Z- / /
Multilayer
Area (m?) 3.62 392 517 5.46 3.06 6.22 / /
Visible
Specular 0.65 0.65 0.65 0.65 0.65 0.65 / /
Absorbed 0.35 0.35 0.35 035 035 035 / /
Infra-red
Specular 0.00 0.00 0.00 0.00 0.00 0.00 / /
Absorbed 0.69 0.69 0.69 0.69 0.69 0.69 / /

static parameter is estimated together with other state
parameters in orbit determination (Jaggi et al., 2009;
Montenbruck et al.,, 2009). The resulting phase residu-
als are then used to model the Phase Center Variations
(PCVs) for the ionospheric-free B1C/B2a combination
by the approach as described in Jaggi et al. (2009). The
model corrections are generated with three iterations and
applied to the POD processing.

As described in Montenbruck et al. (2021), the result-
ing estimations are inherently linked to the force mod-
els used, and thus, slightly varying results may have
been obtained with different processing strategies for
Haiyang-2D. The estimated Z-components are not
particularly stable, exhibiting fluctuations of approxi-
mately 1 cm that may be attributed to the limited avail-
able data of BDS-3. Moreover, because of the coupling
between the satellite radial acceleration errors and
changes in the PCO’s Z-direction, the estimated val-
ues include the acceleration errors and are not able
to accurately represent the actual changes from the
antenna phase center to the satellite’s center of mass.
Regarding ambiguity-fixed solutions, fully exploiting
the high-precision GNSS carrier phase observations
can effectively reduce this coupling. For comparison,
Fig. 8 shows the Z-component estimates of the ambigu-
ity-fixed and ambiguity-float solutions for both BDS-3
and GPS. These estimates are expressed as deltas rela-
tive to the a-priori values in Table 1. In both the BDS
and GPS cases, the Z-component estimates of the

Est|mated phase center offset

+ Results of ambiguity- roat (1 69+0 71)
©- Results of ambiguity-fixed (0.95+0.58)
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w
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o © 0o
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® Results of ambiguity-float (2.60+0.22)
(@) Results of amblgwty—flxed (2. 37+0 15)

GPS Z direction (cm)

1
140 170 200 230 260 290 320 350
DOY in 2021
Fig. 8 Antenna phase center offset estimations in the Z direction

based on ambiguity-float and ambiguity-fixed solutions for BDS-3
and GPS. The average and STD values are given in the legend

ambiguity-fixed solutions are smaller than those with
ambiguity-float solutions, and the STandard Devia-
tions (STDs) of BDS and GPS are also reduced by 18.3%
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and 31.8%, respectively. However, the GPS sequences
exhibit greater stability than the BDS sequences.

Figure 9 presents the PCV patterns obtained from
the ambiguity-fixed solutions. Like the multipath
maps, the PCV patterns also show a patchy struc-
ture, and the antenna distortions are the most obvi-
ous in the region of low-elevation angles. The dark red
patchy are mainly in the areas below elevations of 30°
with an amplitude of approximately 25 mm, while the
other areas vary within+ 10 mm. However, when using
the PCV corrections, the residual effects of the errors
in the carrier phase are reduced to less than 1 mm, as
shown in the right panels of the figure. Notably, if we
only focus on the light-colored areas, the PCVs in the
two attitude modes exhibit a relatively consistent pat-
tern with the difference arising mainly in the dark red
patches, especially in the low-elevation regions. This
is also true with the PCVs of GPS, as shown in Fig. 10.
When the elevation is above 30°, the GPS PCV patterns
of the four periods remain consistent across different
attitude modes. However, below this angle, the dark red
patches of periods 1 and 3 with the same attitude are
mainly concentrated in the azimuth range from 0° to
180°, while periods 2 and 4 exhibit these patches in the
azimuth range from 180° to 360°. This behavior may be
due to the antenna design, where the antenna gains at
low elevations are much lower, rendering low-elevation
observations more susceptible to errors.

lonospheric-free PCV patterns of BDS-3 Residual effects
0° o

Before yaw flipping

After yaw flipping

180°

[ aaaae— ]
-25 -15 -5 5 15 25mm -1 0 1 2mm

Fig. 9 PCV patterns of the Haiyang-2D GNSS antenna (left)

for ionospheric-free B1C/B2a of BDS and the residual effects

in the carrier phase (right) with the application of PCV corrections
before (top) and after (bottom) the yaw flipping in millimeter
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Modeling result from May 27 to Jun.15
0°

Modeling result from Jul.20 to Aug.29
0°

180° 180°
Modeling result from Aug.31 to Oct.22  Modeling result from Oct.24 to Dec.16
0° 0°

-30 -15 0 15

30mm

Fig. 10 PCV patterns of the Haiyang-2D GNSS antenna
for ionospheric-free L1/L2 of GPS in the four periods

Internal consistency validation

Following the independent constraints, the ambigu-
ity-fixed rate is defined as the ratio of the number of
independent fixed ambiguities to the total number of

a Narrow-lane fixing rates

= M'ultipath'correct'ed

100 O] Multipath uncorrected

90 ]
801 1
701 1

Rates(%)

b Wide-lane fixing rates

100 - ]
90 ]
80 ]

Rates(%

70| 1

¢ Ratios of narrow lane to wide lane

100 1
90 r 1
801 1
701 1

Ratios (%

188 190 192 194 196 198
DOY in 2021

Fig. 11 Fixing rates of the narrow (top) and wide (middle) lane
ambiguities, and the ratios of the narrow-lane to wide-lane fixing
rates (bottom) with (purple) and without (green) the multipath
corrections of the BDS-3
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independent ambiguities. Figure 11 gives the daily rates
of fixing narrow- and wide-lane ambiguities for BDS-
3. As shown in the figure, the fixing rates show a clear
correlation with the amount of data available and are
affected by multipath errors. A significant improve-
ment can be achieved when applying multipath correc-
tions. Taking the result on DOY 186, which is relatively
well observed, as an example, the fixing rates of the
narrow-lane and wide-lane ambiguities increase from
78.0% and 90.6% to 86.4% and 95.5%, respectively. In
addition, the ratio of the narrow lane rate to the wide
lane rate can also reflect the fixing performance of the
ambiguities, excluding external factors such as missing
data. Except for DOYs 193, 194, and 195, the ratios of
the narrow lane fixing rate to the wide lane fixing rate
exceed 90% on other days. Figure 12 also shows the
fixing rates of the onboard GPS observations in differ-
ent periods before and after the BDS-3 mode using the
same strategies for comparison. The black dotted lines
mark the three yaw flips, two of which occur in the GPS
mode. Unlike BDS, the number of GPS observations
does not significantly fluctuate during the yaw flips. The
GPS fixing rate of the narrow lane is 84.9% on average,
the rate of the wide lane is slightly higher at 87.3%, and
the ratio of the narrow-lane fixing rate to the wide-lane
rate reaches 97.2%. However, when looking at the rate
of the wide lane, it is obvious that the wide lane may
limit the improvement of the fixing rates of the narrow
lane of the GPS.
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Fig. 12 Fixing rates of the narrow and wide lane ambiguities,

the ratios of narrow- to wide-lane rates of GPS, and average numbers
of epoch GPS observations. The black dotted lines mark the three yaw
flips
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The orbit overlap comparison is a conventional method
for evaluating the internal precision in orbit determina-
tion. In this study, the arc length of the orbit within a sin-
gle day was extended by 3 h at both ends, resulting in a
6 h orbital overlap between consecutive days. Figure 13
shows the 3D position RMS values obtained from the
orbit overlap comparison for the GPS and BDS solutions.
The figure clearly demonstrates that the POD scheme
with ambiguity-fixed estimation improves the overlap
consistency. The average 3D RMS of the BDS decreases
from 21.1 to 16.7 mm, while that of the GPS decreases
from 17.4 to 13.0 mm. In comparing the consistency of
overlapping orbits, the results of the Haiyang-2D satellite
based on BDS-3 are superior to the 27.5 mm of the Tian-
ping-1B satellite (Zhao et al., 2020), which could be due
to the BDS-3 new signals B1C/B2a used for Haiyang-2D
POD while the legacy B11/B3I observations for Tianping-
1B. Such results are expectable as the new B1C/B2a sig-
nals are of superior quality and similar results are already
validated by ground precise positioning (Zhang et al,
2017).

SLR and DORIS consistency validation

Satellite laser ranging serves as an independent assess-
ment technique for the GNSS-derived results of LEO
satellites (Arnold et al., 2018). We selected 16 high-per-
formance stations within the International Laser Ranging
Service (ILRS), and use the SLR measurements to verify

Three-dimensional RMS of overlapping orbits

401 e~ RMS of ambiguity-float (17.4) 1
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Fig. 13 Orbit overlap comparison over consecutive days
for the GPS-based and BDS-based POD in ambiguity-float
and ambiguity-fixed solutions
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BDS-derived and GPS-derived orbits. Figure 14 shows
the global distribution of stations (Fig. 14).

Figure 15 shows the SLR residuals obtained from both
solutions with float and fixed ambiguities, while Fig. 16
illustrates the residual improvement varying with the
elevation angles and individual SLR stations. Both the
GPS-derived and BDS-derived results are given in the
figures. Compared to reduced-dynamic orbits, the SLR
measurements exhibit the differences with the average

e N |
180° 120°W 60°W 0° 60°E 120°E 180°

Fig. 14 Global distribution of SLR stations
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values at millimeter-level. By fixing ambiguities, the
residual STD of the BDS-derived orbits decreases from
2.6 to 2.2 cm, with an improvement of 15.4%, while the
GPS STD decreases from 1.8 to 1.5 cm, with an improve-
ment of 16.7%. It is noticeable that the improvements
are mostly at low and middle elevation angles. Figure 15
also reveals that the SLR residuals of GPS-derived orbits
remain relatively stable before and after the BDS time
interval. Therefore, we can infer that SLR measure-
ments are also relatively stable over the entire duration.
Although the GPS and BDS tracking modes cannot work
in parallel for the Haiyang-2D satellite and the GPS and
BDS results are given in different time intervals, it still
indicates that the GPS orbit precision is better than BDS.
From the results of the individual SLR stations in Fig. 16,
one can see that the residual STDs of GPS-derived orbits
for all the stations except station 7249 are smaller than
those of BDS-derived orbits. This is mainly because the
receiver is mounted on the LEO platform for the first
time for tracking new BDS-3 frequency signals, leaving
room for technical improvement compared with mature
GPS technology.

As another independent assessment, the 13 day BDS-
derived orbits are compared with the DORIS-derived
orbits provided by CNES. Figure 17 shows the sequence
of the orbit differences for both the solutions with float

T T T T T
16 = SLR residuals of ambiguity-float for BDS-3 (~0.5+2.6) 7
€ = SLR residuals of ambiguity-fixed for BDS-3 (-0.4+2.2)
3 8 ~— . —
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Fig. 15 SLR residuals of BDS-derived and GPS-derived orbits based on ambiguity-float and ambiguity-fixed solutions. The 13-day averages

and STDs are provided in the legend
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STDs of the laser ranging residuals

4+ 1 4t E
QR M STD of ambiguity-float for BDS-3 M STD of ambiguity-float for GPS
S M STD of ambiguity-fixed for BDS-3 I STD of ambiguity-fixed for GPS
s 3f 1 3f ]
>
o
[%2]
o
o 21 1 21 1
£
(o))
c
Y
5 1f 1 17 i
[2]
©
-

0 0

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Elevation (°) Elevation (°)

a1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
€ W STD of ambiguity-float for BDS-3 STD of ambiguity-float for GPS
) [ STD of ambiguity-fixed for BDS-3 M STD of ambiguity-fixed for GPS
o 3L -
®
=}
o
[7]
o
o> 2 n
£
()]
c
(0]
ul _
[0
[2]
©
-

0 o) O ) Q o D Q N Q N ) Q N 3

S N N X I\ N N » 03
S I O O (S LA AP NP P PP S S S

SLR station code
Fig. 16 STDs of the laser ranging residuals of the BDS-derived and GPS-derived orbits based on ambiguity-float and ambiguity-fixed solutions

and fixed ambiguities. It is worth noting that the large
fluctuations observed in the along-track sequence on
DOY 191 and DOY 199 are mainly due to observation
gaps, and those on DOY 195 are due to the yaw flip. From
Fig. 17, fixing the ambiguities improves the 3D RMS from
6.1 to 4.8 cm, and if the large fluctuations are removed
from the statistics, the 3D RMSs are further reduced
to 4.8 and 4.3 cm, respectively. This also indicates that
observation gaps and yaw flips have a greater impact on
the ambiguity-float solutions. Additionally, the ambigu-
ity-float solutions deviate from the DORIS-derived orbits
by 2.9 c¢cm in the along-track direction. However, by fix-
ing the ambiguities, this deviation is reduced to 4 mm,
resulting in an improvement of 86.2%. In contrast, the
BDS-derived orbits and the DORIS-derived orbits show
better consistency in the other two directions with a
deviation of only approximately 1-2 mm.

For comparison, Fig. 18 shows the corresponding daily
RMS and bias values in the different directions. The daily
RMS values in the cross-track and radial directions range
from 1 to 2 cm and exhibit greater stability compared to
the along-track direction. In the along-track direction,

the errors are significantly worse during the middle days
when the available observations decrease. The along-
track errors are the main component, and they are nearly
twice as large as the errors in the other two directions.
Regarding the deviations, the effects of fixing ambigui-
ties on the along-track direction remain significant in the
daily statistics, except for DOY 198. However, the sign
switching of the deviations in the along-track and cross-
track directions is probably due to the differences in the
strategies for handling the yaw attitude between the two
types of orbits. Importantly, the sign of the deviations in
the radial direction remains unchanged.

Figure 19 gives the comparison results between the
DORIS-derived orbits and the GPS-derived orbits. Like
BDS, the ambiguity-fixed solutions exhibit better con-
sistency, with a particularly noticeable improvement in
the along-track direction, reducing the RMS value from
2.3 to 1.5 cm. Additionally, the ambiguity-float solutions
show an average deviation of 5 mm in the along-track
direction, with some days varying by 10-15 mm. How-
ever, when the ambiguities are fixed, the average devia-
tion is reduced to 1 mm. The radial direction experiences
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Fig. 17 Orbit consistency for the BDS-derived orbits and DORIS-derived orbits provided by CNES. The average and RMS values are provided

in the legend

strong dynamic constraints, resulting in minimal fluc-
tuations in both the daily RMS values and the deviation
values.

In this study, we considered the multipath and PCV
corrections and adopted the BDS-3 new frequency point
OSB products released by Wuhan University to achieve
ambiguity-fixed orbit determination. The success rate of
fixed ambiguities is increased by 8% with these correc-
tions. Multiple techniques are used to verify the POD
results. Notably, the residuals of SLR verification are
increased by 15.4%, and the BDS-3 ambiguity-fixed solu-
tions can effectively reduce the deviation compared with
the DORIS-derived products from 2.9 to 0.4 cm in the
along-track direction.

However, since the BDS-3 and GPS observations from
the Haiyang-2D satellite are not collected simultane-
ously, the impact of combining BDS-3 and GPS on the
IAR-based POD performance needs analysis. The results
of the Sentinel-6 altimetry mission, as presented in Mon-
tenbruck et al. (2021), using a combined GPS and Galileo,
indicate that POD greatly improves with the increased

availability of satellites in the combined solution. In that
study, a remarkable consistency of better than 1 cm RMS
in SLR measurements is obtained, which is much better
than that of the single system of Haiyang-2D. Therefore,
it is expected that multi-GNSS combinations, because
of an increased number of observations, will further
enhance the geometric constraints within the observa-
tion domain, which is beneficial for performing IAR.

Discussion and conclusions

Haiyang-2D is one of the first Chinese scientific missions
for LEO carrying the BDS-3 B1C and B2a new-frequency
receiver for precise orbit determination. Based on the
collected onboard BDS-3 data, the achievable orbit preci-
sion and accuracy using fixed ambiguities are assessed in
this study.

As a non-sun-synchronous satellite, Haiyang-2D
undergoes large-scale yaw attitude changes to ensure
proper solar panel alignment for energy supply, and yaw
flipping occurs in this process. Interestingly, an observed
correlation between the attitude mode of Haiyang-2D
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Fig. 18 Daily RMS and bias values of the orbit consistency for the DORIS-derived orbits and the BDS-derived orbits of the ambiguity-float
and ambiguity-fixed solutions in the along-track, cross-track, radial, and 3D directions

and the flight patterns of the BDS-3 MEO satellites in
orbital plane B reveals a noteworthy phenomenon. This
correlation leads to the BDS-3 MEO satellites consist-
ently traversing the central region within the antenna’s
field of view, presenting a distinct advantage. Conse-
quently, this advantage of the satellites in orbital plane
B directly impacts the tracking selection algorithm of
the receiver, resulting in a continuous reduction in the
tracking ability of satellites in the other two orbital planes
and subsequently affecting the availability of the BDS-3
observations.

Moreover, the B1C and B2a observations exhibit code
biases, resulting in near-field variations with an ampli-
tude of approximately 40 cm in the multipath combina-
tions. These biases have a direct impact on the HMW
combination and consequently affect the fixing of the
integer ambiguities in the POD for Haiyang-2D. However,
by applying multipath corrections, the fixing rates of both
narrow-lane and wide-lane ambiguities are improved,
with increases of 8% and 5%, respectively. Regarding the
Haiyang-2D satellite in orbit, the pronounced distor-
tions in the phase patterns of the GNSS antennas have

been identified, like those of many other LEO missions
after satellite integration. Hence, it is crucial to perform
proper inflight antenna phase center calibration. Interest-
ingly, compared to the solutions with float ambiguities,
the estimates obtained from the ambiguity-fixed solu-
tions are smaller, and the STD is reduced by 18.3%. This
may be attributed to the fact that fixed ambiguities can
exploit high-precision GNSS carrier phase observations.
The ambiguity-fixed processing of the new frequen-
cies of BDS-3 is supported by the WUM BDS-3 rapid
products. In this study, the independent external accu-
racy verification of the POD results is made through
a comparison with the SLR measurements and the
DORIS-derived orbits. The SLR residuals obtained
from the measured normal points in relation to the
BDS-based orbits exhibit average differences at the
millimeter level, with an STD of 2.2 cm. The effects of
fixing the ambiguities on the SLR residuals are mainly
reflected in the measured values at the low and mid-
dle elevation angles, with an improvement of 15.4%. In
comparison with the DORIS-derived orbits, an orbit
consistency of 4.3 cm 3D RMS is achieved. Among the
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Fig. 19 Daily RMS and bias values of the orbit consistency for the DORIS-derived orbits and the GPS-derived orbits of the ambiguity-float
and ambiguity-fixed solutions in the along-track, cross-track, and radial directions. The average values are given in the legend

errors in three directions, the along-track errors are the
most significant, with a magnitude nearly twice that in
the other two directions. Notably, there is a significant
decrease in the along-track bias from 2.9 to 0.4 cm over
the 13 day period when the ambiguities are fixed.

With the introduction of several new navigation sig-
nals in BDS-3 and the increasing utilization of multiple
frequencies from other navigation systems, the avail-
ability of multi-frequency signals presents both new
opportunities and challenges for ambiguity resolution
in POD. The adoption of multi-frequency GNSS offers
advantages such as improved availability and reliability,
enhanced ambiguity resolution, and faster convergence
in real-time POD. However, to effectively incorporate
multiple frequencies, it becomes necessary to extend
the observation model and stochastic model to accom-
modate these additional signals.
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