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Abstract BDS-3 provides three kinds of Radio Navigation Satellite Services
(RNSS), including primary Positioning Navigation and Timing (PNT), Satellite
Based Augmentation System (SBAS) and Precise Point Positioning (PPP). Satellite
phase center offsets are important error sources for service performance. Misalign-
ments of frequency-dependent phase centers decrease the service performance
further. Therefore, approaches accounting for satellite phase center offsets and the
misalignments are prerequisite for satisfactory service performance. Phase center
offsets induced errors on ranging and positioning accuracy are analyzed. Different
feasible approaches accounting for phase center offsets are presented with reached
accuracy. Finally, optimal approaches accounting for the phase center offsets are
concluded for all the kinds of RNSS services with real measurements.

Keywords BDS - Satellite phase center offsets - Satellite based augmentation
system - Precise point positioning - Total group delay

1 Introduction

On December 27, 2018, the third phase of the BeiDou navigation satellite system
(BDS) started providing basic global navigation services, marking the comple-
tion of its preliminary system, which consisted of 18 medium Earth orbit (MEO)
satellites. BDS-3 is expected to complete the final system—which will consist of
three geostationary Earth orbit (GEO) satellites, three inclined geosynchronous orbit
(IGSO) satellites, and 24 MEO satellites—and officially provide comprehensive
global services by the end of 2020 [1].
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Table 1 Planned open RNSSs to be provided by BDS-3

C. Liu et al.

Service type | Broadcast signals | Broadcasting | Service area Precision of service
satellites (95%)
PNT B1I, B3I GEO, IGSO, |Global Horizontal: 5 m;
MEO elevation: 5 m
BIC, B2a, B2b GSO, MEO
SBAS B1C, B2a GEO China and Meter-level; better
surrounding areas | than that for basic
navigation
PPP B2b GEO China and Decimeter and
surrounding areas | centimeter-level for
dynamic and static
navigation,
respectively

The plan is for BDS-3 to provide three types of radio navigation satellite services
(RNSSs), namely, basic positioning, navigation, and timing (PNT); satellite-based
augmentation system (SBAS) services; and precise point positioning (PPP), as shown
in Table 1 [2]. The PNT and SBAS services involve mainly single- or dual-frequency
pseudorange measurements [3, 4], whereas the PPP services involve mainly dual-
frequency carrier-phase measurements [5-7].

Generally, the satellite antenna phase center (SAPC) and center of mass (CoM)
of a navigation satellite do not coincide. Offsets of the SAPC relative to the CoM
is referred to as the SAPC offsets [8]. It has been noted that the SAPC offsets of
navigation satellites, which can be as large as 2 m, are a major source of navigation
and positioning errors and thus must be corrected [8, 9]. To this end, various satellite
navigation systems or service organizations have adopted the corresponding coun-
termeasures. Specifically, the Global Positioning System (GPS) of the US and the
Quasi-Zenith Satellite System (QZSS) of Japan perform an integrated computation
of the satellite orbit and clock error through an ionosphere-free linear combination
of the pseudorange and carrier-phase observations at the L1 and L2 frequencies. In
other words, the L1/L2 dual-frequency ionosphere-free combination is adopted to
compute the virtual SAPC. For the GPS and QZSS, the SAPC serves as the temporal
and spatial reference point to define satellite clock errors and generate the satellite
broadcast ephemerides, respectively. Furthermore, for the centimeter-level augmen-
tation services of the QZSS, the SAPC serves as the temporal and spatial reference
point to define the satellite clock errors and enable precise orbit determination correc-
tion, respectively. Thus, the GPS and QZSS require no additional SAPC correction
on the user side, making the services easy to use [10]. Similar to the GPS, the
Galileo uses a virtual phase center offset (PCO) based on the E1/E5a dual-frequency
ionosphere-free combination to generate the freely accessible navigation message
(F/NAV). To facilitate interoperability among the global navigation satellite systems
(GNSSs), the International GNSS Service (IGS) provides precise ephemerides based
on the satellite CoM and the SAPC correction files. To obtain the precision products
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of the IGS, the user must convert the ephemerides based on the satellite CoM to those
based on the SAPC by considering the correction specified in the files [11, 12].

Compared with the GPS, QZSS, and Galileo, the BDS involves a more complex
SAPC correction problem that must be resolved [10]. Specifically, the BDS broad-
casts the downlink navigation signals at three different frequencies, namely, B1, B2,
and B3; however, the SAPC varies with the frequency, leading to different SAPC vari-
ations at the three frequencies. In addition, the RNSSs (PNT, SBAS, PPP) provided
by the BDS require different levels of precision, and thus, a suitable SAPC correction
must be applied for each service by using different methods.

In this work, the influence of the SAPC offsets on the user ranging error and posi-
tioning precision of the BDS was theoretically analyzed. Considering the findings,
different methods to correct the SAPC variations of the BDS were summarized and
described by performing a comparative analysis of the applicability and performance
of each approach. Finally, the methods were validated and evaluated using in-orbit
observations, and recommendations were made to improve the SAPC correction for
the different RNSSs of the BDS.

2 Effect of SAPC Offsets on User Ranging

SAPC variations are fixed with reference to the satellite body, and thus, they can be
described using the satellite-fixed coordinate system. The origin (O) of the satellite-
fixed coordinate system is the satellite CoM; the Z-axis points to the center of the
Earth; the plane XQY is perpendicular to the Z-axis and tangential to the satellite
motion trajectory. For the MEO and IGSO satellites of the BDS, the Y-axis is the
cross product of the Z-axis and the direction pointing from the satellite to the sun;
the X-, Y-, and Z-axes constitute a right-handed coordinate system. For the GEO
satellites of the BDS, the Y-axis is the cross product of the Z-axis and the direction
of the satellite velocity; in addition, the X-, Y-, and Z-axes constitute a right-handed
coordinate system. Generally, the SAPC variation, which is a major source of the
user ranging error, is related to the angle between the direction pointing from the
satellite to the user and the Z-axis of the satellite-fixed coordinate system, 6, as shown
in Fig. 1.

If the SAPC is projected onto the satellite-fixed coordinate system, and the compo-
nents of the projection on the Z-axis and plane XOY are designated as dz and dxoy,
respectively, the component of the projection in the user ranging direction, dr, can
be expressed as follows:

dr =cosf -dz 4+ sinf - dxoy (D)

For the BDS MEO satellites, given the distance between the satellite and the center
of the Earth, L ~ 27,900 km, and the Earth radius R ~ 6400 km, the maximum and
minimum values of 6 can be computed as O,x = arctan( %) =1291°and@,,;,, =0°,
respectively. Given the range of values of 6, the following equation can be derived:
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Fig. 1 Schematic of the angle between the direction pointing from the satellite to the center of the
Earth and the satellite radial direction [1]

dr = (1 ~0.975) -dz + (0 ~ 0.223) - dxoy 2)

For the GEO and IGSO satellites of the BDS, given the distance between the
satellite and the center of the Earth, L ~ 42,000 km, the maximum and minimum
values of 8 can be obtained as 6,,,, = 12.91° and 6,,;, = 8.7°, respectively. Given
the range of values of 6, the following equation can be derived:

dr = (1 ~0.989) -dz+ (0~ 0.151) - dxoy 3)

Equations (2) and (3) show that the component of the projection of the SAPC on
the Z-axis, dz, is the major source of the user equivalent range error (UERE). Thus,
when the direction of the vector of the SAPC offsets approximate that of the Z-axis
of the satellite-fixed coordinate system, the SAPC offset considerably influences
the UERE, with the maximum influence equal to the absolute value of the SAPC
offset (up to 2 m, as mentioned previously). In addition, if the multiple-frequency
signals of the BDS are combined to realize navigation and positioning, the presence
of frequency-specific SAPC variations is expected to further increase the UERE.

In summary, the impact of the SAPC variations cannot be neglected even for the
PNT services with meter-level precision, because the presence of SAPC variations
can lead to a maximum UERE of several meters. For the SBAS, PPP, and other
augmentation services, it is critical to reasonably and effectively correct the SAPC
variations.
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3 Methods to Correct the BDS SAPC Variations
and Comparative Analysis

3.1 SAPC Orbit Broadcast-Based Correction Methods

Full correction model. The SAPC variations can be corrected based on the SAPC
orbital parameters. In this method, the ground operation control system (GOCS)
computes the SAPC-referenced orbital parameters and uploads them onto the satellite
to broadcast the ephemeris.

Specifically, first, the GOCS performs dynamic and static orbit determination
based on observations, thereby obtaining the CoM-referenced numerical orbit of the
navigation satellite [13]. Subsequently, the SAPC offsets vector in the satellite-fixed
coordinate system, [dXphs dYphs dzphS]T, is transformed into a vector in the Earth-
centered Earth-fixed coordinate system (ECEF) by using the following equation
[13]:

dXECEF dXphs
dyecer | = Reiseis - [€x €y e]- dyphs €]
dzECcEF dZphs

where [dxpcer dyecer dzecer]” is the SAPC offsets vector in the ECEF; Rjscis
is the rotation matrix for the transformation between the satellite-fixed inertial coor-
dinate system and the ECEF; and [e, e, e_] is the vector of the satellite-fixed
coordinate system, which is related to the satellite attitude.

The satellite orbits in reference to the SAPC at different frequencies
can be obtained by superimposing the SAPC offsets vector in the ECEF,
[dxecer  dYecer dzrcer]T, onto the satellite CoM numerical orbit. The GOCS
generates the ephemerides to be broadcast by using the SAPC-referenced orbits [14]
and uploads the ephemerides onto the satellite to be broadcasted.

The GPS and QZSS have already adopted this method, and this approach is
applicable to the BDS, albeit with certain minor modifications. First, the numer-
ical orbits in reference to the SAPC at different frequencies (B1, B2, and B3) need
to be converted into separate broadcast ephemerides, which are later uploaded onto
the satellite, to be broadcasted.

In addition, for the BDS, the vector of the satellite-fixed coordinate system,
[ex e, e_], needs to be computed using different methods for satellites having
different types of orbits. In particular, for the MEO and IGSO satellites, the reference
coordinate system under the yaw-steering mode can be expressed as follows:
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r
€, = ——
|r|
|rsun _r|

e, =e, xe,

where r and r,, denote the position vectors of the satellite and the sun in the inertial
coordinate system, respectively. For the GEO satellites, the reference coordinate
system under the orbit-normal mode can be expressed as follows:

r
e, = ——
|7
v
e, =€, X — (6)

where v is the satellite velocity vector in the satellite-fixed inertial coordinate system.

In this method, the SAPC serves as both the spatial and temporal reference points
for the navigation satellite broadcast ephemeris and satellite clock error, respec-
tively. The advantages of this method are that the SAPC variations in the broad-
cast ephemerides exhibit nearly no precision loss, and no additional corrections are
required on the user side. However, broadcasting the ephemerides in reference to
the SAPC at different frequencies requires a simultaneous upload of several sets of
navigation messages from the GOCS to the satellite, thereby significantly increasing
the message transmission load on the GOCS, which is the most notable limitation in
the application of this approach to the BDS.

Group delay-based correction model. To reduce the computation and message
transmission load on the GOCS in the full correction model, the BDS can broadcast
the satellite navigation messages for the reference frequency and use the group delay
to correct the SAPC offsets at the other frequencies relative to that at the reference
frequency.

Equations (1) to (3) show that the component of the projection of the SAPC offsets
on the Z-axis, dz, is the major source of the ranging error, whereas the component
of the projection on the plane XOY, dxoy, exerts only a relatively small impact
on the ranging error. Thus, to reduce the computation and processing load on the
system and user receivers, a straightforward implementation of the aforementioned
full correction model involves broadcasting the component of the SAPC projection
on only the Z-axis.

Specifically, only the broadcast ephemeris in reference to the SAPC at a single
frequency (the reference frequency) is uploaded onto the satellite for broadcasting.
The component of the projection of the SAPC offsets at the other frequencies relative
to that at the reference frequency on the Z-axis (the direction pointing from the
satellite to the center of the Earth) is approximated and corrected using the group
delay, as shown in Fig. 2 (where c is the speed of light).
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Group delay
correction: dz/c

Interfrequency

SAPC at the reference frequency SAPC variation

SAPC at other frequencies

Z-axis (direction pointing from the satellite to the center of the Earth)

Fig. 2 Schematic of group delay-based SAPC correction model [2]

Consequently, the broadcast ephemerides for the signals at the different frequen-
cies have the same satellite orbit and clock error, and the only difference is in terms
of the parametric values for the signal group delay, thereby considerably reducing
the uplink data transmission load on the GOCS.

3.2 Satellite CoM Orbit Broadcast-Based Correction Methods

Correction model based on the conversion of the satellite CoM to the SAPC. The
SAPC can be corrected by converting the satellite CoM to the SAPC. In particular,
the GOCS uploads the CoM-based broadcast ephemerides. The three-axial varia-
tions of the SAPC relative to the satellite CoM are provided to the user through
a separate means of communication (for example, the internet). Subsequently, the
corresponding vector corrections to the CoM are implemented using the method
described in Sect. 3.1, thereby correcting the SAPC. This method reduces the compu-
tation and communication load on the GOCS; however, it increases the computation
and communication load on the user side.

Satellite clock error and group delay-based correction model. The correction
model based on the conversion of the satellite CoM to the SAPC can offset the
impact of the SAPC offsets with almost no precision loss. However, the parametric
settings to convert the satellite CoM to the SAPC for each satellite must be provided
to the user through a separate means of communication (for example, the internet),
thereby reducing the ease of use of the approach. To simplify the system broadcast
and process flow, on the premise of broadcasting the satellite CoM-based orbital
parameters, the SAPC can be corrected using the satellite clock error and group
delay.

Specifically, first, the SAPC offsets at the reference frequency is approximated
and expressed in terms of the satellite clock error ay. Next, the SAPC offsets at
the other frequencies relative to that at the reference frequency is approximated and
expressed using the group delay.
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Subsequently, the SAPC correction for the reference frequency in the direction
from the satellite to a given ground observation station P (with known coordinates)
in the service area, dp,s, can be computed using the following equation, based on
observations at a predefined sampling interval:

T
AX Fsta — T

dppns = | AY | - [ (7
AZ sta

where rg, and r are the position vectors of the ground observation station P and the
satellite in the ECEF, respectively. Considering the multiple samples collected at a
predefined sampling interval for a given period and the dpp, value computed for
each sample, the statistical mean of the dp, values, Aay, can be used as the SAPC
correction:

n
dephs
Ay ==L
c*n

()

where c is the speed of light (c = 3 x 10% m/s); and  is the number of observation
samples collected in the observation period for the SAPC correction. The SAPC
correction for the service area can be realized by correcting the satellite clock error
(ap) by using the resulting A,o value.

This method uses the satellite clock error to approximate the SAPC offsets at the
reference frequency; however, the projection of this offsets in the direction of the
Earth may change. Therefore, the precision of this method depends on the anisotropy
of the projection of the SAPC offsets at the reference frequency. In addition, because
the SAPC offsets at the other frequencies relative to that at the reference frequency
is approximated using the group delay, the precision of this method depends on the
anisotropy of the projection of the frequency-specific SAPC variation.

3.3 Comparative Analysis of the Methods

Precision of correction. The difference in the precision values of the aforementioned
SAPC correction methods can be attributed to the fact that the approaches neglect the
anisotropy of the SAPC to different extents. Specifically, although the full correction
model realizes a full correction of the SAPC, the satellite CoM-SAPC conversion-
based correction model provides the user with the relationship to convert the satellite
CoM orbit to the SAPC orbits at different frequencies. However, both the methods
consider the anisotropy of the SAPC and can thus correct the SAPC offsets with
almost no precision loss.
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In contrast, the group delay-based correction model considers the anisotropy of
the SAPC offsets at the reference frequency (B3) but neglects the anisotropy of
the frequency-specific SAPC variations. The maximum projection of the frequency-
specific SAPC variations in the pseudorange direction can be expressed as follows:

max _diff dr = |cos Omax — COS Onin| - dz + |8iN Opax — SN Opin| - dxoy  (9)
For the MEO satellites, Eq. (9) can be rewritten as follows:
max _diffdr = 0.025 - dz + 0.223 - dxoy (10)
For the GEO and IGSO satellites, Eq. (9) can be rewritten as follows:
max _diffdr = 0.011 - dz 4+ 0.151 - dxoy (11)

For the BDS, if the Z-axis component of the frequency-specific SAPC offset is
0.3 m, and the component in the plane XOY is 0.02 m, the anisotropy of the projection
of the frequency-specific SAPC offsets is 0.006 m for the GEO and IGSO satellites
and 0.012 m for the MEO satellites.

The satellite clock error and group delay-based correction model is based on
the group delay-based correction model; however, the satellite clock error is used
instead of the broadcast ephemeris to approximate and express the SAPC offsets
at the reference frequency. Therefore, the precision of this method depends on the
anisotropy of the projection of the SAPC offsets at the reference frequency as well as
that of the frequency-specific SAPC variation. Consequently, this approach involves
the largest precision loss. Equation (1) shows that the direction of projection of a
satellite varies with the location of the ground users; thus, the user ranging error
caused by the SAPC offsets also varies.

Generally, the components of the projection of the SAPC offsets on the Z-axis,
dz, and that in the plane XOY, dxoy, have a maximum value of approximately 1 m
and several decimeters, respectively. If dz = 1.0 m, and dxoy = 0.6 m, the offsets in
the ranging error caused by the SAPC offsets at the reference frequency for different
ground users can reach 0.15 m for the MEO satellites of the BDS and 0.11 m for the
GEO and IGSO satellites.

Table 2 lists the estimated precision losses of the different correction models.

Uplink load and user friendliness. Among the four methods of correction, the full
correction model exerts the largest uplink load on the GOCS. In particular, for the
BDS, this method requires the generation and upload of the navigation messages
for the SAPC variations at all the three frequencies (B1, B2, and B3). The group
delay-based correction model and the satellite clock error and group delay-based
correction model exert the smallest uplink loads, because the navigation messages
for the different frequencies are different only in terms of the satellite clock error and
group delay. The correction model based on the conversion of the satellite CoM to
the SAPC requires the uploading of only one set of navigation messages; however,
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Table 2 Estimated precision losses of different correction models (unit: m)

Source of precision | Correction based on SAPC orbit Correction based on satellite CoM
loss broadcast orbit broadcast
Full correction | Group Correction Satellite clock
model delay-based model based on | error and group
correction model | the conversion | delay-based
of the satellite | correction model
CoM to the
SAPC
Anisotropy of the |0 0 0 0.11-0.15
projection of the
SAPC offsets at the
reference
frequency
Anisotropy of the |0 0.006-0.012 0 0.006-0.012
frequency-specific
SAPC variation

the relationship to convert the satellite CoM to the SAPC must be provided to the
user through a separate means of communication, thereby increasing the load on the
GOCS.

In terms of user experience, the full correction model, group delay-based correc-
tion model, and satellite clock error and group delay-based correction model provide
SAPC corrections that are not provided to the user, requiring no additional correc-
tions on the user side. In comparison, the correction model based on the conversion
of the satellite CoM to the SAPC requires the user to receive parameters or files to
convert the satellite CoM to the SAPC and is thus more complex to use.

Lateral comparison. Table 3 summarizes the comparative analysis results of the
correction models in terms of their precision, uplink load on the ground system, and
user friendliness.

4 Test and Validation

4.1 Anisotropy of the Ranging Error Induced by the SAPC
Offsets at the Reference Frequency

The anisotropy of the ranging error induced by the SAPC offsets at the reference
frequency impacts the precision of the satellite clock error and group delay-based
correction model.

This anisotropy for a BDS MEO satellite was computed using the ranging errors
for five observation stations located in North, Northeast, Northwest, Southwest, and
South China, with the results shown in Fig. 3. The maximum offsets in the anisotropy
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Table 3 Comparison of the performance of the correction models
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Performance Correction based on SAPC orbit Correction based on satellite CoM
parameter broadcast orbit broadcast
Full correction Group Correction model | Satellite clock
model delay-based based on the error and group
correction model | conversion of the | delay-based
satellite CoM to | correction model
the SAPC
Precision of High Average High Low
correction
Uplink load on | High Low Average Low
the ground
system
User High High Low High
friendliness
Fig. 3 Anisotropy of the 5
projection of the SAPC
offsets at the reference 0 |
frequency of a BDS MEO
satellite [3]
-5 Bl
§-10 1
15 - South China
* Northwest China
-20 North China
+ Southeast China
* Northwest China
-25 .
0 5 10 15 20
hour

of the ranging error was 25 cm, which is consistent with the theoretical estimation

presented in previous sections.

4.2 Anisotropy of the Projection of the Frequency-Specific

SAPC Variation

The anisotropy of the projection of the frequency-specific SAPC offsets impacts the
precision of the group delay-based correction model and the satellite clock error and

group-delay-based correction model.

Figures 4, 5, and 6 show the anisotropies of the projection of the B1/B3
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Fig. 4 Anisotropy of the projection of the B1/B3 frequency-specific SAPC offsets differences of

a BDS MEO satellite [4]
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Fig. 5 Anisotropy of the projection of the B1/B3 frequency-specific SAPC offsets differences of
a BDS GEO satellite [5]

frequency-specific SAPC offsets of the MEO, GEO, and IGSO satellites of the BDS,
respectively.

The maximum offsets in the anisotropy of the projection of the frequency-specific
SAPC offsets was 1 cm for the MEO and IGSO satellites, which is of the same order
of magnitude as the theoretical estimation presented in Sect. 3.3. An error of this
order of magnitude cannot be neglected for the PPP and PPP/RTK services.
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Fig. 6 Anisotropy of the projection of the B1/B3 frequency-specific SAPC offsets differences of
a BDS IGSO satellite [6]

4.3 Impact of the Different SAPC Correction Methods
on the Positioning Precision of the BDS

Impact on the PNT services. The observations obtained from five ground obser-
vation stations located in China during the period of November 1-10, 2019 were
used to evaluate the BI/B3I dual-frequency PNT in the context of different SAPC
correction methods. The results are summarized in Table 4.

Table 4 Errors in the BDS PNT generated when using different SAPC correction models (95%;

unit: m)
Observation | No SAPC Correction based on SAPC Correction based on satellite
station correction orbit broadcast CoM orbit broadcast
Full Group Correction Satellite clock
correction delay-based | model based on | error and group
model correction the conversion | delay-based
model of the satellite | correction
CoM to the model
SAPC
bjfl 3.89 3.10 3.12 3.10 3.39
chul 4.12 3.46 3.47 3.46 3.71
gual 3.11 2.00 1.99 2.00 2.13
kunl 2.96 1.67 1.68 1.67 2.17
xial 3.67 2.79 2.76 2.79 2.84
Mean 3.55 2.60 2.60 2.60 2.85
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The error in the BDS PNT caused by the SAPC offsets was approximately 1 m
for the five ground observation stations. Thus, correcting the SAPC is necessary
for the meter-level-precision PNT services. Although the four correction methods
have different levels of precision performance, the values are acceptable for the PNT
services. The full correction model and the correction model based on the conversion
of the satellite CoM to the SAPC exhibited the highest precision, followed by those
of the group delay-based model and the satellite clock error and group delay-based
model.

Impact on the SBAS services. The observations obtained from five ground observa-
tion stations located in China during the period of November 1-10, 2019 were used
to evaluate BI/B3I dual-frequency augmented positioning when using the different
SAPC correction methods. The results are summarized in Table 5.

The errors in the BDS SBAS positioning generated owing to the SAPC variations
are more than 1 m for the five ground observation stations. Thus, correcting the
SAPC is necessary for the meter-level-precision SBAS positioning services. As in
the case of the PNT services, although the four correction methods exhibit different
levels of precision performance, the values are acceptable for the SBAS positioning
services. Specifically, the full correction model and the correction model based on the
conversion of the satellite CoM to the SAPC exhibit the highest precision, followed
by those of the group delay-based model and the satellite clock error and group
delay-based model.

Impact on the PPP services. The observations obtained from five ground monitoring
stations located in China during the period of November 1-10, 2019 were used to
evaluate the BI/B3I dual-frequency PPP services when using the different SAPC
correction methods, and the results are summarized in Table 6. In the computation,

Table 5 Errors in BDS SBAS positioning when using different SAPC correction methods (95%;
unit: m)

Observation No SAPC Correction based on SAPC Correction based on satellite
station correction | orbit broadcast CoM orbit broadcast
Full Group Correction Satellite clock
correction delay-based | model based on | error and group
model correction the conversion | delay-based
model of the satellite | correction
CoM to the model
SAPC
bjfl 3.24 2.10 2.13 2.10 2.22
chul 342 2.74 2.77 2.74 2.81
gual 2.76 1.84 1.88 1.84 1.96
kunl 2.12 1.55 1.60 1.55 1.70
xial 3.01 2.41 2.43 2.41 2.55
Mean 2.91 2.13 2.16 2.13 2.25
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Table 6 Errors in BDS PPP positioning when using different SAPC correction models (95%; unit:

m)
Observation | No SAPC Correction based on SAPC Correction based on satellite
station correction orbit broadcast CoM orbit broadcast
Full Group Correction Satellite clock
correction delay-based | model based on | error and group
model correction the conversion | delay-based
model of the satellite | correction
CoM to the model
SAPC
bjfl 10.3 1.0 2.0 1.0 4.0
chul 9.5 1.4 1.9 1.4 5.1
gual 11.4 1.6 2.4 1.6 3.9
kunl 8.5 0.9 3.0 0.9 4.5
xial 6.9 1.2 2.3 1.2 5.2
Mean 9.3 1.2 2.3 1.2 4.5

the satellite precision ephemeris and clock error were based on the satellite station
and intersatellite combined orbit determination, respectively.

The maximum errors in the BDS PPP positioning generated owing to the SAPC
variations for the five ground observation stations are approximately 10 cm. Thus,
SAPC correction is necessary. The full correction model and the correction model
based on the conversion of the satellite CoM to the SAPC exhibit the highest preci-
sion. The group delay-based correction model involved an additional precision loss of
approximately 1-2 cm, and the satellite clock error and group-delay-based correction
model had a further precision loss of approximately 2—3 cm. Thus, for the PPP and
PPP-RTK services with centimeter-level precision, the SAPC should be corrected
with discretion.

5 Conclusion

The plan for the BDS-3 is to provide three types of open RNSSs (PNT, SBAS,
and PPP). However, the offsets in the SAPC is a major source of error of the BDS
RNSSs and thus must be corrected. The SAPC of the BDS navigation satellites varies
with the frequency. Thus, both the SAPC offsets at the reference frequency and the
frequency-specific SAPC offsets must be corrected when applying the BDS RNSSs,
which is a unique challenge that does not occur in the case of the GPS and QZSS.
In this study, the impact of the SAPC offsets on the user ranging and positioning
precision of the BDS was theoretically analyzed. Considering the findings, methods
to correct the SAPC offsets of the BDS, including the method currently used by the
BDS system, that is, the group delay-based method, were summarized and described.
Subsequently, the methods were comprehensively compared in terms of the precision
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of correction, uplink load on the ground system, and user friendliness. Finally, the
performance of the methods was evaluated by using BDS observations, thereby vali-
dating the effectiveness of the methods and confirming the results of the theoretical
analysis.

Overall, the SAPC correction currently used by the BDS, that is, the group delay-
based correction, is acceptable for the PNT and SBAS services, as it does not involve
a significant precision loss. However, for the BDS PPP services, which require a
centimeter-level precision, the currently used SAPC correction must be improved and
upgraded. The satellite CoM expression-based SAPC correction results in a precision
loss for the BDS PNT and SBAS services, and thus, the navigation message genera-
tion strategy currently used by the BDS GOCS must be modified. Thus, we propose
the SAPC correction to be upgraded based on the SAPC expression. Specifically, we
recommend that the uplink processing capacity of the GOCS is increased to realize
the upload of multiple-frequency navigation messages, thereby allowing the adop-
tion of the full correction model. If the currently used group delay-based correction
must be retained, we recommend the additional correction of the frequency-specific
SAPC offsets for the PPP services and the provision of the corrections to the users
through navigation message broadcasting or the internet.
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