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Abstract

Intra-system biases (ISBs) between BDS-2 and BDS-3 are of critical importance when combining observations from the BDS-2 and
BDS-3 systems, which is meaningful to fully take advantage of the BDS positioning capability. Meanwhile, ISBs should also be consid-
ered in the estimation of BDS uncalibrated phase delays (UPDs). In this research, we present a BDS-2/BDS-3 joint-processing scheme, as
well as a method for estimating BDS UPDs. The characteristics of ISBs and the quality of BDS UPDs are analyzed based on 30-day data
from 130 multi-GNSS experimental (MGEX) stations. Our results indicate that the ISBs are related to the type and version of the recei-
ver. The ISBs can be regarded as constant across the course of a given day, and the mean standard deviation (STD) values of ISBs over
one month for different types of receivers are generally within 0.2 m. Moreover, to assess the quality of UPD products, the residuals of
the estimated UPDs and the utilization rates of the observation data are computed. The results show that the quality of BDS UPDs can
be improved by correcting the satellite-induced pseudo-range variations, and by estimating the wide-lane (WL) UPD difference between
BDS-2 and BDS-3. The average RMS values of the estimated residuals of WL UPD and narrow-lane (NL) UPD are 0.07 and 0.09 cycles,
respectively; moreover, the utilization rate of the observation data of WL UPD and NL UPD can reach above 90 %. The performance of
BDS precise point positioning (PPP) and PPP ambiguity resolution (PPP-AR) is analyzed in terms of positioning accuracy and conver-
gence performance in both the static and kinematic modes. Compared with PPP ambiguity-float solutions, the positioning accuracy of
PPP-AR is significantly improved, especially in the east direction. The impact of ISBs on PPP and PPP-AR is also analyzed, and the
results indicate that ISBs can improve the convergence speed of float PPP, but can be disregarded in PPP-AR.
© 2022 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The second phase of China’s navigation satellite system
(BDS-2) has provided regional service in the Asia-Pacific
area since 27 December 2012; the third generation of the
system, BDS-3, began to provide global service at the end
of 2018 (Yang et al., 2020). At present, BDS-2 consists of
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fifteen satellites, including three medium earth orbit
(MEO) satellites, seven inclined geosynchronous orbit
(IGSO) satellites, and five geostationary earth orbit
(GEO) satellites. Meanwhile, BDS-3 has 30 satellites,
including 3 GEO satellites, 3 IGSO satellites, and 24
MEO satellites. These BDS-2 satellites transmit signals
on three frequencies: BII (1561.098 MHz), B2I
(1207.14 MHz), and B3I (1268.52 MHz) (Yang et al.,
2011). For BDS-3, the satellites transmit the original BII
and B3I signals, and the new B1C (1575.42 MHz), B2a
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(1176.45 MHz), B2b (1207.14 MHz), and B2ab
(1191.795 MHz) signals. BDS-2 and BDS-3 have overlap-
ping signal frequencies, and BDS-2/BDS-3 joint processing
is normally utilized on B1I and B3I, which increases the
number of visible satellites (Meng et al., 2020) and
improves the BDS performance.

Precise point positioning (PPP) is a technique used to
obtain high-precision coordinates by using pseudo-range
and phase observations from a single receiver (Kouba
and Heroux, 2001, Zumberge et al., 1997). Up to the pre-
sent, it has been widely used in fields such as deformation
monitoring, atmospheric monitoring, and unmanned driv-
ing. In recent years, many studies have begun to focus on
BDS-2 and BDS-3 joint positioning. Zhang et al. (2019)
found that the convergence time of the BDS kinematic
PPP could be reduced when combining BDS-2 and BDS-
3. Chen et al. (2022) found that the performance of BDS-
2 and BDS-3 in combination is superior to that of BDS-
2-only constellations. In these studies, the intra-system bias
(ISB) between BDS-2 and BDS-3 are not considered when
evaluating the joint processing, and the BDS-2 and BDS-3
systems are treated as though they were the same system.
In fact, BDS-2 and BDS-3 were built independently and
the processing strategy of the two systems are not the same;
the receiver code hardware delay of BDS-2 is also different
from that of BDS-3 (Jiao et al., 2020; Qin et al., 2020).
Zhao et al. (2020) found that the introduction of ISB
between BDS-2 and BDS-3 can improve the performance
of BDS joint PPP. Chen et al. (2021) evaluated both the
static and kinematic BDS joint-PPP performance, and the
results show that the ISB should be considered in the
PPP. Shi et al. (2022) investigated the temporal and long-
term characteristics ISB and conclude that the ISB between
BDS-2 and BDS-3 should be considered in BDS-2/BDS-3
joint models. Hence, the influence of ISB on joint BDS-2
and BDS-3 PPP ambiguity resolution (PPP-AR) also needs
to be further studied.

PPP users usually adopt integer clock (Collins et al.,
2008; Laurichesse et al., 2009) or uncalibrated phase delay
(UPD) products (Ge et al., 2008; Geng et al., 2012) to
recover the characteristics of integer ambiguity. Over the
last ten years, PPP-AR has developed from GPS to
multi-GNSS, various institutions and analysis centers of
the International GNSS Service (IGS) provide satellite
products to users to achieve PPP-AR (Glaner and Weber,
2021). The integer clock or UPD products currently avail-
able to implement BDS PPPAR include Centre national
d’études spatiales (CNES), Center for Orbit Determination
in Europe (CODE), GBM, School of Geodesy and Geo-
matics (SGG) and the PRIDE Lab at Wuhan University
(WHU). Some scholars have analyzed the performance of
BDS PPP-AR. Liu et al. (2019) found that the introduction
of the BDS-2 system in PPP-AR can significantly shorten
the time to first fix of multi-GNSS PPP-AR. Qu et al.
(2019) and Li et al. (2020) investigated the combination
of BDS-2 and BDS-3 PPP-AR. The results show that the
coordinates precision for ambiguity-fixed solutions are sig-
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nificantly improved. However, in these studies, the receiver
bias between BDS-2 and BDS-3 satellites was not consid-
ered. Hu et al. (2022) evaluated the impact of ISB param-
eters on the BDS UPD estimation results and showed that
estimating ISB can improve the BDS UPD quality. In addi-
tion, it was found that BDS-2 satellites have satellite-
induced code pseudo-range variations (Lou et al., 2017,
Wanninger et al., 2015), and the influence of this deviation
on BDS PPP-AR also requires further analysis.

Based on the matters addressed above, we focus on three
issues in this research. Firstly, the ISB characteristics
between BDS-2 and BDS-3 are analyzed based on 30-day
data. Secondly, we evaluate the influence on BDS UPD
estimation of both BDS satellite-induced code pseudo-
range variations, and the receiver hardware delay between
BDS-2 and BDS-3. Finally, the performance of BDS PPP
and PPP-AR are analyzed in terms of positioning accuracy
and convergence performance.

2. Methodology
2.1. PPP float solution

The Ionosphere-free (IF) combination model and
uncombined model can be used to eliminate the first-
order ionospheric delays in the code and carrier-phase
measurements (Lou et al., 2016; Boisits et al., 2020). The
conventional IF code P, and carrier-phase L ;. can be
written as.
Plp=p,+tc-d,—c-dt' + M*-zwd, + b, p, — b}

P

+e (1)

Lyp=p.+cdi,—c-dl + M -zwd, + b, — b

Lip

+ Air - N;JF + Si,IF (2)

where p? is the geometrical propagation distance between
the satellite and receiver; ¢ is the speed of light; df, and
dr* are the receiver and satellite clock errors, respectively;
zwd, and M® are the wet zenith tropospheric delay and its
mapping function, respectively; b, p,. and b}, are the code
hardware delays of the IF observation for the receiver and
satellite, respectively; b,,,. and b; are the IF carrier phase
hardware delays for the receiver and satellite, respectively;
/Jir is the wavelength of IF phase observations; and Ny . is
the phase ambiguity. e} ,. and &, are the noise of IF
pseudo-range and carrier-phase observations, respectively.
In general, the IF model is used to estimate the satellite
clock error in IGS precise products. However, the hard-
ware delay, clock error, and phase ambiguity are correlated
and cannot be separated. Hence, the code and phase hard-
ware delay is absorbed by clock errors and ambiguities,
respectively. Equations (1) and (2) can be expressed as:

Plp=p,+c- dt, —c-dt* + M* - zwd, + e (3)
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Lyp=ptc-dl —c-dt* + M zwd, + iy - N,
+ & p (4)

Furtherdt,dt*, and ]V;JF are as follows:

c-dt,=c-dt,+b.p, (5)
c-dt' =c-dt + b}, (6)

—s

ar 'NrJF = Jir Ni.,IF + (br«,LIF - bi[[:) - (br«,PlF - bjﬁp) (7)

In the process of BDS joint PPP, the BDS-2 and BDS-3
precise clock use different reference. Meanwhile, the recei-
ver hardware delay also differs between BDS-2 and BDS-
3. To study the characteristic of ISBs between BDS-2 and
BDS-3, the IF combinations of BDS-2 and BDS-3 can be
described as follows:

+ @iﬁF (8)

5,2 5,2 -3 25,2 s 2 52
Lip=p +c-dt —c-dt> +M -zwd, + Jyp N,

_3 _
P =p P tc-dt, —c-dr? + M* - zwd, + ISB

+ISB + &7, (9)

5,3 83 -3 PRISK] s 3 5,3
Prp=p0"4+c-dt, —c-dt’™™ + M° -zwd. + &) (10)

s3 53 -3 5.3 s 3
Lo = p; +C'd{ —c-dt’™” + M -zwd] + A

— 5,3

N+ ‘OjiF (11)

=3 - . .
where dt, and dtr*>* are the receiver and satellite clock of

BDS-3, and d#*°? s the satellite clock error of BDS-2.
The ISB parameter mainly contains the clock bias and
the receiver code hardware delay between BDS-2 and
BDS-3. Since the BDS-3 satellites are globally visible, the
receiver clock error of BDS-3 is chosen as the clock refer-
ence in Eq. (8) to (11). Moreover, the difference between
BDS-2 and BDS-3 precise clock bias is a stable value within
a day (Shi et al., 2022; Chen et al., 2020). Therefore, we
mainly focus on analyzing the relationship between the
receiver hardware delay and ISBs.

In addition, BDS-2 satellites were found to have
satellite-induced code pseudo-range variations that can be
corrected according to Eq. (12), which can be expressed as.

MP = a, - Ele + a - Ele* + a5 - Ele’ (12)

where MP is the variation and Ele is the elevation angle;
the polynomial coefficientsa;, a, and a3 are listed in
Table 1.

2.2. PPP ambiguity-fixed solution

From section2.1, the effect of the ISB parameter needs
to be considered when performing UPD product estima-
tion. The BDS WL UPD can be separated from the ambi-
guity parameters. The float WL ambiguity can be resolved
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Table 1
BDS pseudo-range deviation correction coeflicient (Lou et al., 2017) (Unit:
m).

Coefficient IGSO MEO

B1 B2 B3 B1 B2 B3
a —0.59 —0.26 —0.10 —0.95 —0.60 —0.20
a 1.62 1.00 0.75 2.16 1.64 0.65
as —0.64 —0.38 —0.31 —0.64 —0.57 —0.18

with the Melbourne—-Wiibbena (MW) linear combination
observation (Melbourne, 1985; Wiibbena, 1985).

—5,2

N,y = Ny + UPD},, — UPDj; (13)
—5,3
N,y =Ny + UPD?,, — UPDy; (14)

where N;WL and N}, are the float and integer WL ambigu-
ity, respectively; UPD? ,, and UPDj;,; are the receiver and
satellite UPDs, respectively. Geng et al. (2019a) and
Geng et al. (2019b) enable tightly coupled inter-GNSS
PPP-AR by calibrating station-specific inter-system phase
bias (ISPB) between different GNSS systems, the results
show that the inter-GNSS PPPAR is superiority to intra-
GNSS PPP-AR. Similarly, to ensure the consistency of
WL UPDs for receivers, it is necessary to estimate a WL
UPD difference between BDS-2 and BDS-3, and this can
be expressed as:

R? = UPD},, — UPDj; + UPDZ,} (15)
R = UPD?,, — UPD}, (16)
where R>" is the fractional part of the float WL ambiguity,
and UPD;; is the WL UPD difference between BDS-2 and
BDS-3. For a network with n stations tracking m satellites,

the observation equation for the ambiguities can be written
as:

- [ UPD; ,;
R} 1 e 1 e 1 7 '
. . . . . . . UPD2,3
R 1 B | I | R
UPD;,
_Rln— L " 1 DR ... e 1_ .
L ueDy,

(17)

The WL UPD can be estimated through the least-square
adjustment, while the normal equation is rank deficiency
because of the linear dependency between the satellite
and receiver UPDs. This issue can be solved by constrain-
ing the sum of satellite UPDs and sum of WL UPD differ-
ence between BDS-2 and BDS-3 as zero.
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Fig. 1. Distribution of 130 selected MGEX stations for BDS ISB and
UPD estimation.

After correcting the WL ambiguities with the WL
UPDs, they can be fixed to integers. The float NL ambigu-
ity can be described as follows:

G _fithy
Nr,N/ = lfiler,IF _fzszr,WL (18)

where ]?/,,JF is the float ambiguity of the ionosphere-free

combination;N; ,; is the integer WL ambiguity; and ]?/;,NL
is the float NL ambiguity. The NL UPDs can be formu-
lated as.

-8
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The same approach can be used to estimate the NL
UPDs from the derived float NL ambiguities. In this paper,
the bootstrap method is applied to fix the WL ambiguities,
while the partial searched strategy based on the LAMBDA
method is used to fix the NL ambiguities (Li et al., 2013;
Teunissen, 2002; Xiao et al., 2019).

For the server side of PPP-AR, the WL UPD difference
between BDS-2 and BDS-3 should be provide to user for
WL ambiguities fixing. Since the receiver-side UPD of
BDS-3 was chosen as the reference, the satellite of BDS-3
with the highest elevation also is selected as the reference
satellite when performing PPP-AR. For the user side
PPP-AR, the WL UPD difference between BDS-2 and
BDS-3 is provided to the user if the user’s receiver type is
the same as server stations. For the user site whose BDS-
2 and BDS-3 WL UPD difference is not known, it is better
to regard BDS-2 and BDS-3 as two systems when perform-
ing PPP-AR, and the user need to select the reference satel-
lite for BDS-2 and BDS-3 separately.

3. Analysis of ISB characteristics
In the joint data processing of the BDS-2 and BDS-3

overlapping frequencies, the results are affected by the ISBs
between BDS-2 and BDS-3, so the characteristics of ISBs

—_— s — S . . . . .
N,y =Ny + UPDrye — UPDy, (19) need to be distinguished. In this section, the temporal
Table 2
Receiver information for the selected MGEX stations.
Receiver Model Number Note
JAVAD JAVAD TRE 3 25 Tracks C19 ~ C30, C32 ~ C46
JAVAD TRE 3 DELTA
TRIMBLE ALLOY 40 Tracks C19 ~ C30, C32 ~ C46
NETR9
SEPTENTRIO POLARXS5 POLARX5TR 55 Tracks C19 ~ C30, C32 ~ C46
LEICA GR50 10 Cannot track the B3I signal
GR30
JFNG URUM
-1.57
g
-3
mn -2
7]
) W

-2.5

Hour

0 3 6 9 12 15 18 21 240 3 6

9 12 15 18 21 24
Hour

Fig. 2. Time series of BDS ISB using WN and RW estimation strategies, respectively.
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Fig. 3. Top to bottom: ISB series of TRIMBLE ALLOY, TRIMBLE
NETRY, and SEPT POLARXS5TR, respectively, during DOY 213-242,
2021.

and long-term characteristics of ISBs between BDS-2 and
BDS-3 are analyzed.

3.1. Experimental data

At present, about 160 MGEX stations have the ability
to track BDS-2 and BDS-3 signals. To ensure the reliability
of BDS-2 and BDS-3 joint processing, we delete some sta-
tions with insufficient number of BDS-3 satellites, and 130
globally distributed MGEX stations are selected for the
estimation of ISBs and UPDs. The distribution of these
stations is shown in Fig. 1, and data from the DOY 213
to 242 in 2021 are collected in a 30 s sampling interval.
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Both the precise clock with a sampling interval of the
30 s and the orbit products are from WHU.

Details of the receivers equipped at the above stations
are given in Table 2. There are eight different receiver types:
JAVAD TRE_ 3, JAVAD TRE_3 DELTA, TRIMBLE
ALLOY, TRIMBLE NETRY, SEPTENTRIO POLARXS,
SEPTENTRIO POLARXSTR, LEICA GR50, and
LEICA GR30.

3.2. ISB short-term characteristic analysis

Since the characteristics of ISBs are uncertain, the ISBs
can be estimated as white noise (WN) or rand walk (RW)
parameters (Chen et al., 2015; Zhou et al., 2019; Song
et al.,2020). In this paper, the data of JFNG (TRIMBLE
ALLOY) on DOY 213, 2021, and URUM (JAVAD
TRE_3) on DOY 222, 2021, are selected to estimate the
ISB parameter. Fig. 2 displays the ISB series of JFNG
and URUM. The blue line represents the WN result, while
the red one represents the RW result.

Fig. 2 shows that the ISB value of each station is not
zero, showing the presence of ISBs between BDS-2 and
BDS-3. In addition, the ISBs estimated by the WN strate-
gies are close to those estimated by the RW strategies, and
the ISB series remain stable after convergence. That is to
say, the ISBs can be considered a constant value across
the course of a day.

3.3. ISB long-term characteristic analysis

To investigate the long-term ISB characteristics, obser-
vations from 70 MGEX stations with different receiver
types, such as TRIMBLE, SEPT, and JAVAD, are selected
to estimate the ISBs from DOY 213 to 242, 2021.

Fig. 3 gives the 30-day ISB series of TRIMBLE ALLOY
(10 stations), TRIMBLE NETRY (9 stations), and SEPT
POLARXSTR (14 stations), respectively. Each color in the
figure represents the mean ISB value of one day. The ISB val-
ues of most stations vary within 0.5 m over 30 days. The ISB
is stable in terms of long-term varying characteristics. In
addition, it can be seen from Fig. 3 that the ISB values for dif-
ferent receiver types are different. As shown in Fig. 3, the ISB
values of TRIMBLE NETR9 and SEPT POLARXSTR vary
from —2 to 0 m, and 0 to 2 m, respectively. The ISB values of
TRIMBLE ALLOY are within 3.8 m, which is a range larger
than that of other receiver types.

The ISB series of SEPT POLARXS (19 stations) and
JAVAD TRE_3 DELTA (18 stations) are shown in
Fig. 4, from DOY 213 to 242, 2021. It can be seen from
Fig. 4 that the ISB is stable in terms of long-term charac-
teristics, and it is related to the receiver types. Most of
the ISB values for the same type of receiver in Fig. 4 are
less discrete than the receivers in Fig. 3, but two stations
have a unique result compared to the other stations. It is
confirmed that one station is MAOO with the receiver type
SEPT POLARXS (version:5.4.0), and the other station is
BOGT with the receiver type JAVAD TRE 3 DELTA
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Fig. 4. ISB series of SEPT POLARXS and JAVAD TRE_3 DELTA, respectively, during DOY 213-242, 2021.

(version:4.1.01). Although the receiver type of these two
stations is the same as that of the other stations, the version
number is different. This indicates that the ISB is not only
related to the receiver types but also related to the receiver
version. According to Fig. 4, except for the stations MAOO
and BOGT, the ISB values of SEPT POLARXS5 and
JAVAD TRE_ 3 DELTA range from 0 to 1.7 m, and —3
to —0.4 m, respectively.

Fig. 5 gives the 30-day ISB STD values of different sta-
tions, which represent the long-term ISB stability. It shows
that the 30-day ISB STD of most stations is within 0.2 m,
and the maximum value is also within 0.3 m.

4. Quality assessment of BDS UPD products on the network
side

The quality and accuracy of satellite UPDs have a sig-
nificant impact on PPP-AR performance. In this section,

the quality of the BDS UPDs is assessed from the perspec-
tives of the residuals of the UPD solutions, and the data
utilization rate of each BDS satellite.

Asshown in Table 3, three methods of data processing are
performed and compared. For Solution A, the satellite-
induced code pseudo-range variations are not corrected,
and the UPD?; and ISBs are not estimated. Solution B cor-
rects for the satellite-induced code pseudo-range variations,
but the UPD;; and ISBs are not estimated. For Solution C,
the satellite-induced code pseudo-range variations are cor-
rected, and the UPD?; and ISB are estimated.

4.1. Results of WL UPD

Firstly, the WL UPDs estimated by the three strategies
are evaluated to analyze the impact of two factors on the
BDS WL UPD results: namely, the satellite-induced code
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Table 3
List of data-processing methods.
Methods Details
Solution A Satellite-induced code pseudo-range variations without correction; UPDf;,;L and ISB without estimation
Solution B Satellite-induced code pseudo-range variations with correction; UPD? 3 and ISB without estimation
Solution C Satellite-induced code pseudo-range variations with correction; UPDf},}L and ISB with estimation
_ » WL UPD Residual _
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Fig. 6. Histogram of the WL UPD residuals for Solution A (left), Solution B (middle), and Solution C (right).

pseudo-range variations, and the WL UPD difference
between BDS-2 and BDS-3. The histograms of the WL
UPD residuals for Solution A, Solution B, and Solution
C are shown in Fig. 6. The WL UPD residuals estimated

by all three strategies obey a normal distribution, and solu-
tion C gives a smaller deviation than the other strategies.
The percentages of WL UPD residuals for Solution A,
Solution B, and Solution C that are less than 0.25 cycles
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Fig. 8. Average data utilization rate of WL ambiguity for each BDS satellite, during DOY 213-242, 2021.

are 89.71 %, 95.11 %, and 99.99 %, respectively. This indi-
cates that the BDS WL UPD estimation strategy used by
solution C is the best.

In addition, the RMS values of WL UPD residuals over
the 30 days for each BDS satellite are computed and are
shown in Fig. 7. The results show that the average RMS
of WL UPD residuals for Solution A, Solution B, and
Solution C are 0.14, 0.12, and 0.07 cycles, respectively.
Comparing results from Solution A with those from Solu-
tion B, it can be concluded that correcting for the satellite-
induced code pseudo-range variations can significantly

decrease the WL UPD residuals of BDS-2 satellites. In
addition, when the WL UPD difference between BDS-2
and BDS-3 is not considered, the BDS-2 average WL
UPD residuals in solution B are greater than the BDS-3
average value. This is caused by two factors: (1) the major-
ity of BDS-3 satellites are MEO satellites, hence there are
more stations tracking BDS-3 satellites than tracking
BDS-2 satellites; and (2) there are 27 satellites in BDS-3
compared to 10 satellites in BDS-2. As a result, when per-
forming the UPD adjusted leveling estimation, BDS-3 has
more observations than BDS-2, hence the receiver WL



Y. Hou et al.

UPD is closer to the BDS-3 value. According to Solution
C, when considering the WL UPD difference between
BDS-2 and BDS-3, the WL UPD residuals are essentially
at the same level for all BDS satellites.

Fig. 8 gives the 30-day average utilization rate of WL
ambiguity for each BDS satellite. The results of Solution
A show that the ambiguity utilization rate of BDS-2 satel-
lites is basically below 85 %, without correction of the
satellite-induced code pseudo-range variations. As can be
seen from the results of Solution C, when the WL UPD dif-
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ference between BDS-2 and BDS-3 is estimated, the aver-
age data utilization is increased to over 90 % for all BDS
satellites.

4.2. Results of NL UPD

The RMS values of NL UPD residuals over the 30 days
for all the BDS satellites are shown in Fig. 9. The average
RMS of NL UPD residuals for Solution A, Solution B, and
Solution C are 0.12, 0.10, and 0.09 cycles, respectively. The
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Fig. 11. Distribution of the 10 MGEX stations.

results from Solution C are optimal, and prove that cor-
recting the satellite-induced code pseudo-range variations
and estimating ISBs are beneficial for BDS NL UPD
estimation.

Fig. 10 shows the 30-day average utilization rate of NL
ambiguity for each BDS satellite. The ambiguity utilization
rate of BDS-2 satellites is basically below 95 %, without
correction of the satellite-induced code pseudo-range vari-
ations. After correcting for these variations, the NL ambi-
guity utilization of the BDS-2 satellites in Solution B
improves to over 90 %. Moreover, the results of Solution
C indicate that the NL ambiguity utilization rate of all
BDS satellites can be maximized when the ISBs between
BDS-2 and BDS-3 are estimated.
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5. BDS PPP/PPP-AR results and analysis

In this section, to assess the quality of the estimated
BDS UPDs and ISBs, 10 MGEX stations are used to
analyze BDS PPP and BDS PPP-AR, these stations dis-
tributed around the Asia-Pacific region thus to observe
more BDS-2 and BDS-3 satellites. The timespan for data
calculation is DOY 213-242, 2021. Fig. 11 shows the distri-
bution of the 10 MGEX stations.

The performance of PPP and PPP-AR are assessed in
terms of convergence time and positioning accuracy. In
addition, static and kinematic PPP/PPP-AR are processed.
In this study, the positioning result is considered to have
converged when the absolute values of the positioning
errors are lower than the threshold for the consecutive
ten epochs. The thresholds of the horizontal and vertical
directions are set to 5, 10 cm for static PPP, and 10,
20 cm for kinematic PPP, respectively. The reference coor-
dinates of the stations are derived from the SNX products
provided by IGS. For ambiguity resolution, the bootstrap
method is applied to fix the WL ambiguities, while a partial
search strategy based on the LAMBDA method is used to
fix the NL ambiguities (Li et al., 2013; Teunissen, 2002;
Xiao et al., 2019).

5.1. RMS for static and kinematic PPP solutions

To evaluate the influence of ISB on the joint BDS PPP
and PPP-AR, the positioning result (*)-NO indicates that
the ISB is not estimated, and (*)-EST indicates that the
ISB is estimated. Fig. 12 presents the epoch series of
GUAM on DOY 213, 2021 in the North (N), East (E),
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Fig. 12. Static PPP and PPP-AR solutions of station GUAM on DOY 213, 2021.
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Fig. 13. Kinematic PPP and PPP-AR solutions of station PARK on DOY 215, 2021.

and Up (U) directions for BDS static PPP and BDS static
PPP-AR. Fig. 12 shows that the ISB parameter could affect
the convergence speed of static PPP, but the final position-
ing accuracy is consistent for the NISB and YISB modes in
the N, E, and U directions. Additionally, PPP-AR can
greatly reduce convergence time, which demonstrates the
reliability of the BDS UPD estimated in Section 4.

In addition, the kinematic PPP and PPP-AR solutions
of PARK on DOY 215, 2021 are shown in Fig. 13. The
introduction of ISB parameter also accelerates the con-
vergence speed of kinematic PPP, and the positioning

| I prp-NO 1 PPPAR-NO [ PPP-EST [ PPPAR-EST

Table 4
Average RMS for static/kinematic PPP and PPP-AR (unit: cm).
Mode ISB-NO ISB-EST
N E U N E U

PPP static 0.55 0.62 1.56 0.57 0.61 1.56
PPP-AR static 0.51 0.44 1.44 0.52 0.45 1.41
PPP kinematic 1.51 1.97 4.66 1.57 1.95 4.67
PPP-AR kinematic 1.43 1.61 4.59 1.46 1.59 4.56
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accuracy after convergence also tends to be consistent,
which is like the static PPP. Comparing the PPP float
solution and fixed solution, the improvement of conver-
gence speed is more obvious in the E and U directions.

Table 4 shows the statistical results of the average RMS
of the final positioning error of the BDS static and kine-
matic PPP and PPP-AR for the 10 stations. The effect of
the ISB parameter on the final positioning error of static
PPP and PPP-AR is less than 1 mm. In the N, E, and U
directions, the RMS values of static BDS PPP-AR are
0.5, 0.4, and 1.4 cm, respectively; in the N, E, and U direc-
tions, the RMS values of static PPP are 0.6, 0.6 and 1.6 cm,
respectively. Like the static PPP, the ISB parameter has
essentially no effect on positioning accuracy after conver-
gence of the kinematic PPP. Compared with BDS kine-
matic PPP, the positioning accuracy of BDS PPP-AR is
improved, and the RMS values of BDS kinematic PPP-
AR in the N, E, and U directions are 1.5, 1.6, and
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4.6 cm, respectively. Compared with BDS PPP, the posi-
tioning accuracy of BDS PPP-AR is significantly
improved, especially in the E direction.

5.2. Convergence time

Fig. 14 shows the mean convergence time of the static
PPP and PPP-AR for the ten MGEX stations from DOY
213-242, 2021. It can be seen that the introduction of the
ISB parameter does not make any significant improvement
to the convergence speed of the BDS PPP and BDS PPP-
AR. The mean convergence time of BDS static PPP is
31.6 min for 10 stations, and the mean convergence time
of BDS static PPP-AR is 22.33 min. Compared with the
PPP result, the convergence time of PPP-AR is shortened
by 29.3 %.

Fig. 15 shows the mean convergence time of the kine-
matic PPP and PPP-AR for the ten MGEX stations. As
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Fig. 15. Mean convergence time of kinematic PPP and PPP-AR solutions for 10 stations.

Table 5
Ambiguity fix rate for static and kinematic PPPAR for 10 stations (unit: %).
Site Static Kinematic

ISB-NO ISB-EST Improvement (%) ISB-NO ISB-EST Improvement(%)
GUAM 94.56 94.51 —0.05 90.30 90.38 0.08
CUsv 93.57 95.82 2.40 92.63 93.00 0.39
WUH2 95.99 95.55 —0.45 93.73 93.78 0.05
STR2 95.96 94.17 —1.86 92.27 91.73 —0.58
DGAR 95.77 96.32 0.57 92.31 92.34 0.03
PARK 94.73 94.47 —0.27 93.69 93.57 —0.12
YAR2 95.90 95.43 -0.4 92.18 92.23 0.05
STR1 93.95 94.49 0.57 93.85 94.01 0.17
YARR 95.37 95.36 —0.01 92.42 92.23 —0.20
NNOR 93.20 94.24 1.11 92.42 92.43 0.01
Mean 94.90 95.03 0.13 92.58 92.57 —0.01
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can be seen in Fig. 14, the ISB parameter could shorten the
convergence time of kinematic PPP, but its impact on PPP-
AR convergence time is not significant. In addition, the
convergence time of BDS PPP-AR is also shortened com-
pared with float PPP solutions. The mean convergence
times of BDS kinematic PPP and PPP-AR are 37.57 min
and 26.74 min, respectively, and the convergence time of
PPP-AR is shortened by 28.7 %.

5.3. PPP-AR Ambiguity-fixed success rate

The ambiguity-fixed rate can be calculated using the num-
ber of ambiguity-fixed solutions among the total number of
ambiguity parameters. In this research, a successful
ambiguity-fixed solution is defined when the ambiguity is
fixed in PPP-AR, the position error in each direction is lower
than that of the float PPP, and the positioning error is less
than 10 cm. The ambiguity-fixed rates are shown in Table 5.

According to the results shown in Table 5, when the ISB
is not estimated, the average ambiguity fix rates for static
and kinematic PPP-AR are 94.90 % and 92.58 %, respec-
tively. When the ISB is estimated, the ambiguity fix rates
for static and kinematic PPP-AR are 95.03 % and
92.57 %, respectively. This indicates that adding the ISB
parameter does not reduce the ambiguity-fixed rate.

of the BDS PPP-AR.

6. Conclusions and discussions

BDS PPP-AR has not yet been widely investigated and
applied. In this research, we considered the ISBs between
the BDS-2 and BDS-3 systems in UPD estimation. To esti-
mate the ISBs between BDS-2 and BDS-3 and the BDS
UPD products, we collected observation data from 130
globally distributed MGEX stations over a period of one
month. The characteristics of ISBs and the quality of
BDS UPDs were analyzed and evaluated. In addition, 10
MGEX stations distributed around the Asia-Pacific region
were used to analyze BDS PPP and BDS PPP-AR from the
perspectives of positioning accuracy, convergence time,
and the ambiguity-fixed rate. Here, some conclusions are
presented as evidence for the application of BDS-2 and
BDS-3 joint processing:

Firstly, the ISB value is related to the type and version
of the receiver, and the ISBs of stations with receivers of
the same type are similar. The ISB parameter can be
regarded as a constant value within a given day, and the
mean STD values of ISBs for different types of receivers
over the course of a month are generally within 0.2 m.

Secondly, correcting for the satellite-induced code
pseudo-range variations can significantly decrease the
WL UPD residuals of BDS-2 satellites. Additionally, when
considering the ISBs and WL UPD differences between
BDS-2 and BDS-3, the WL and NL UPD residuals are
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essentially at the same level for all BDS satellites. More-
over, the average data utilization rates of WL and NL
ambiguity increase to over 90 %.

Furthermore, our validation results show that, in terms
of convergence speed and positioning accuracy, perfor-
mance is significantly improved with the BDS PPP-AR
solution. In addition, the results indicate that ISB can
improve the convergence speed of static and kinematic
PPP, but it can be disregarded in PPP-AR.

Overall, the ISB and code pseudo-range variations
improve the estimation of the UPDs in the network solu-
tion. Therefore, we suggest the ISB need to be estimated
when estimating UPD products on the network side. How-
ever, the effect for the user in float PPP and PPPAR is not
significant. It should be also pointed out that we only use
BDS satellites here; as such, the multi-GNSS PPP-AR
should be further analyzed. In addition, multi-frequency
BDS UPD estimation and PPP-AR represent further areas
to be investigated.
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