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Abstract 

There is increasing concern about the uncombined (UC) observation model in the field of global navigation satellite 
system (GNSS). Based on the global positioning system (GPS) and the third-generation BeiDou navigation satellite 
system (BDS-3), this study processed the UC precision orbit determination (POD) for single and dual systems. First, a 
UC observation model suitable for multi-GNSS POD was derived, and the ionospheric-free (IF) combination observa-
tion model was presented. Although the ambiguity parameters of UC and IF strategies were different after reparam-
eterization, the difference could be removed when processing ambiguity resolution, and the equivalence was proved 
theoretically. To demonstrate the accuracy of BDS-3 orbits fully, the observation data of approximately 1 month were 
selected for determining the precise orbit for global positioning system (GPS) only, BDS-3 only, and GPS/BDS-3 sys-
tems based on the UC and IF models. The orbit precision of BDS-3 satellites was validated by using metrics, including 
comparison with precision products released by Wuhan University, orbit boundary discontinuity, and satellite laser 
ranging (SLR) residuals. The results show that the orbit accuracies of the IF and UC models are almost the same, the 
difference in orbits is approximately several millimeters, and the clock difference is within 0.01 ns. The GPS/BDS-3 
combined solution shows better accuracy compared to other solutions. The average accuracies in the R and 3D direc-
tions are approximately 4 and 15 cm, and the clock standard deviation is approximately 0.2 ns compared to external 
orbit product. The root mean square of SLR residuals is approximately 4 cm.
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Introduction
In recent years, with the development of global satel-
lite navigation system (GNSS), an increasing number 
of GNSSs, such as BeiDou navigation satellite system 
(BDS) and Galileo, can broadcast signals of at least three 
frequencies. Multi-frequency GNSS data processing 
has received widespread attention. Because the uncom-
bined (UC) observation model is simple and unified, it 
has become a current focus of research. The UC model 
has been applied widely, such as in precision positioning 
(Zhang et  al. 2012; Li et  al. 2013), ionosphere modeling 
(Xiang et  al. 2019), and timing (Tu et  al. 2019). Many 
key issues, such as ambiguity resolution (AR) (Gu et  al. 

2015; Li et al. 2018), the third-frequency biases process-
ing (Guo and Geng 2018; Pan et al. 2019), and ionosphere 
model estimation (Zhao et  al. 2019), are being solved. 
In the field of precise orbit determination (POD), Guo 
(2014) and Chen (2015) successively showed the results 
of UC POD in their doctoral dissertations. However, the 
processing is time-consuming because of the huge esti-
mated slant ionospheric parameters. Zeng et al. (2019b) 
compared the time costs of station-satellite elimination 
and epoch elimination for ionospheric parameters, and 
they showed that the former method can significantly 
decrease computing time. Strasser et  al. (2019) intro-
duced a procedure using the UC model to generate POD 
products. POD was performed over a 15-year period, and 
the results were compared with those of the products of 
other analysis centers. The results showed that the prod-
uct accuracy is excellent.
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BDS-3 was announced to serve global users on Decem-
ber 27, 2018 (Yang et al. 2019). Many scholars have evalu-
ated the performance of BDS-3, including signal quality 
(Xu et  al. 2019; Zhang et  al. 2019; He et  al. 2020), real-
time kinematics (Zhang et  al. 2019), precise point posi-
tioning (Zhang et al. 2019), POD (Yan et al. 2019; Zeng 
et al. 2019a), and clock performance (Jia et al. 2019). Li 
et  al. (2019) showed that there is no evident systematic 
bias between BDS-2 and BDS-3. Guo et al. (2019) intro-
duced the BDS-3 experimental system and service per-
formance. Xu et  al. (2019) analyzed the orbit accuracy 
of BDS-3 satellites. The accuracies of the 2-day overlap-
ping orbit in the tangential (T), normal (N), and radial 
(R) directions were 5.0, 2.2, and 1.5 cm, respectively. The 
root mean square (RMS) of satellite laser ranging (SLR) 
residuals for four BDS-3 satellites was 4–6 cm. Yang et al. 
(2020) analyzed the basic performance and introduced 
the future development of BDS-3.

However, few studies have used the UC observation 
model to process the POD, in particular for BDS-3 satel-
lites, and hence, the orbit accuracy of BDS-3 needs fur-
ther evaluation. In this study, the UC POD model of the 
GPS/BDS-3 dual system is developed, and the theoreti-
cal equivalence of ionospheric-free (IF) and UC models 
is deduced. Then, the BDS-3 UC POD result is presented 
for the first time. This work was conducted based on the 
software of the satellite positioning and orbit determina-
tion system (SPODS) (Ruan et al. 2014).

Methodology
GNSS observation equations for the IF and UC strategies 
are introduced, and the unknowns are re-parameterized. 
Then, the ambiguity fixing method of the UC strategy 
is presented, and the equivalence to the IF strategy is 
deduced.

GNSS observation equations and reparameterization
The raw GNSS observation equation for the carrier phase 
and code is

where P is the pseudorange measurement, and L and ϕ 
denote carrier phase measurements in meters and cycles. 
In addition, s and r denote satellite and station, i denotes 
frequency, and � denotes the wavelength; δtr , δts , and 
T  denote the receiver and satellite clock offsets and the 
tropospheric delay, c is the speed of light, and m is the 
mapping function of the troposphere. The first-order 
term of ionospheric delay at the first frequency is I sr,1 , and 
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(
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Moreover, Br,i and Bs
i are pseudorange time-invariant 

hardware delays for receiver and satellite, br,i and bsi are 
carrier time-invariant hardware delays for receiver and 
satellite. Here, N  is the integer ambiguity, and ε and ξ are 
the pseudorange and carrier noise, respectively.

GNSS precise clock products released by the Interna-
tional GNSS Service (IGS) are based on the IF combina-
tion. The following equation can be obtained:
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Here, Br,IF12 and Bs

IF12
 denote the IF combined hard-

ware delay of the receiver and satellite, respectively, and 
DCBs

12 = Bs
1 − Bs

2 and DCBr,12 = Br,1 − Br,2 denote the 
differential code bias of the satellite and receiver, respec-
tively. The IF observation model with the Taylor series 
expansion can be written as

Among them,

where u
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]T is the line-of-sight vec-

tor,Φ(t0, t)
s is the state transition matrix from the initial 

state to the current state, xs0 is the satellite initial state 
parameters as well as dynamic model parameters, and xr 
is the station positions. ζ sysr  denotes the inter-system bias. 
It is assumed that ζ sysr  is relative to GPS, and sys denotes 
other GNSS systems instead of GPS. The other terms in 
the ambiguity parameter are

The hardware delay of the IF model is absorbed by the 
re-parameterized receiver clock offset δtr , satellite clock 
offset δts , and ambiguity parameter n̄sr,IF.

For the UC model, Eq. (1) can be re-parameterized as
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Among them,

The hardware delay is absorbed by the receiver clock 
offset δtr , the satellite clock offset δts , the ionospheric 
delay Ī sr,1 , and the ambiguity parameter n̄sr,i . Compared 
with the IF model, the UC model additionally estimates 
slant delay ionospheric parameters, and the ambiguity 
parameter absorbs the bias from the ionospheric com-
pensation γiβ12

(

DCBr,12 − DCBs
12

)

 . The estimated iono-
spheric delay is biased by the DCB parameters of the 
receiver and satellite. Hence, if the ionospheric product 
needs to be derived, the further separation between iono-
spheric delay and DCB needs to be processed. The strat-
egy maybe like the derivation of ionospheric product for 
UC precise point positioning (Xiang et al. 2019).

Ambiguity resolution and equivalence verification
The integer AR can significantly improve the preci-
sion of satellite POD. The AR method of the IF strategy 
is omitted here. The strategy used for the UC model is 
essentially the same as that used for the IF model. First, 
Hatch–Melbourne–Wübbena combination observations 
are used

where Nw = N̄ s
r,1 − N̄ s

r,2 is the wide lane (WL) ambigu-
ity, and �w = c/

(

f1 − f2
)

 is the WL wavelength, which is 
approximately 0.86 m for GPS (L1 and L2) and 1.02 m for 
BDS (B1I and B3I). The double-difference (DD) operation 
is performed to obtain the WL DD ambiguity N (s,l)

(r,q),w and 
the standard deviation (STD) σw,i , where s and l denote 
two satellites, and r and q denote two stations. Accord-
ing to the probability determination function, the inte-
ger value N̂ (s,l)

(r,q),w is obtained. The ambiguity vector and 
covariance matrix of the float solution in unit of meters 
are n =

[

n1 n2

]T and Ωn , where n1 and n2 denote ambi-
guities at the first and second frequencies, respectively. 
Then, the narrow lane (NL) DD ambiguity and its STD 
can be obtained
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where d is the mapping vector from UD to DD 
at one frequency. The ionospheric compensation 
γiβ12

(
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 of the ambiguity vector n is 
removed by using the coefficients of α12and β12 . This 
means that there is no difference for the float IF DD 
ambiguity between the IF and UC strategies. In addition, 
the DD operation is formed by two stations and two sat-
ellites with a baseline length, so it is inevitable that the 
error exists in the propagation path, especially for the 
ionospheric residual. Hence, when using the IF coef-
ficients for the NL DD ambiguity resolution, the iono-
spheric residual of the first-order item can be removed. 
Then, the derived integer NL DD ambiguity is identical 
for the IF and UC strategies. Hence, the AR solutions of 
the IF and UC strategies are theoretically equivalent.

Results and analysis
Currently, few MGEX stations can receive the new sig-
nals B1C, B2a, and B2b of BDS-3. Most stations can only 
receive the old signals B1I and B3I. Therefore, obser-
vations of B1I/B3I are used for POD of BDS-3. The 
deployment of the BDS-3 full constellation has not been 
completed, and available satellites of the BDS-3 system 
include 18 medium Earth orbit (MEO) satellites. Hence, 
the POD experiments of the BDS-3 single system and 
BDS-3/GPS dual system have been processed. The POD 
period was 25 days from day of year (DOY) 195 to 219 of 
2019. Observations were from 56 multi-GNSS experiment 
(MGEX) stations, as shown in Fig. 1. The processing strat-
egy for POD is listed in Table 1. Six POD solutions were 
obtained to validate the accuracy of POD adequately.  

S1: BDS-3 IF POD with 1d arc
S2: BDS-3 UC POD with 1d arc
S3: GPS IF POD with 1d arc
S4: GPS UC POD with 1d arc
S5: GPS/BDS-3 IF POD with 1d arc
S6: GPS/BDS-3 UC POD with 1d arc

 The orbit-parameters are estimated with the tropo-
spheric delay, Earth orientation parameter, and station 
coordinates simultaneously for each POD solution.

POD results
Three methods are used to assess the orbit accuracy, 
divided into external and internal checks. The external 
orbit checks are compared with external POD products 
(WUM products for BDS satellites and IGS final product 

(9)







N
(s,l)
(r,q),n =

f1+f2
c

�

α12d β12d
�

n−
f1

f1−f2
N̂

(s,l)
(r,q),w

σD
n =

f1+f2
c sqrt

�

�

α12d β12d
�

Ωn

�

α12d β12d
�T

�



Page 4 of 11Zeng et al. Satell Navig            (2020) 1:19 

for GPS satellites) and SLR residuals validation. The 
internal orbit check uses the orbit boundary discontinu-
ity (OBD) method.

1.	 Comparison with external POD products

Figure 2 shows the orbit comparison results of each POD 
arc for BDS-3 satellites. The orbit accuracies of the IF and 
UC strategies are essentially the same, although the dif-
ference in S1/S2 can reach the centimeter level on some 
days. The single-system (S1/S2) and dual-system (S5/S6) 
results show that the orbit accuracy of BDS-3 satellites is 
improved when GPS satellites are added. Figure 3 shows 
the orbit results of GPS satellites. Compared with BDS-3, 
the difference between the IF and UC strategies is mar-
ginal. Weiss et  al. (2017) showed that approximately 60 
ground stations are sufficient to obtain high-precision 
orbits. The accuracies of the GPS single system (S3/S4) 
and dual system (S5/S6) are almost the same, indicating 
that the GPS orbit has been processed very well.

Figure  4 shows the average orbit accuracy of each 
BDS-3 satellite compared with WUM products for differ-
ent POD solutions, where satellite identification uses the 
means of the pseudo-random noise (PRN). Except for the 
C35–C37 satellites, the accuracies of other BDS-3 satel-
lites are comparable. The reason is that C35–C37 have 
fewer visible stations (fewer than 15), which seriously 
affects the product precision. The number of visible sta-
tions for the C19–C22 and C28 satellites is approximately 
50; for the C23–C27, C29, C30, C32, and C34 satellites, 
the number is about 30. Figure  5 shows the orbit accu-
racy of each GPS satellite. The results of IF and UC are 
essentially the same for each satellite. The dual-system 
results are better in general, but there are also a few satel-
lites for which the results are worse than the single-sys-
tem results.

Figure  6 shows plots of the RMS and STD of GPS 
clocks of each POD arc, showing that the clock accu-
racies of IF and UC solutions are essentially the same, 
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Fig. 1  Distribution of 56 stations used for POD (all stations can 
receive BDS-3 signals)

Table 1  Processing strategy for POD

Item Description

Observation 
data

Undifferenced GPS L1/L2 and BDS-3 B1I/B3I data with 
sampling rate of 30 s

Phase center 
corrections 
(PCCs)

Navigation satellites and stations: igs14.atx, where 
the PCO of BDS-3 satellites is recommended by IGS. 
The PCO of stations for BDS-3 B1I/B3I signals use the 
values of GPS L1/L2 frequency

Elevation cut-
off angle

10°

Tropospheric 
delay

Prior model correction + parameter estimation, one set 
of wet delay parameters in the zenith direction is esti-
mated every 2 h, one set of horizontal gradients per 
day; the prior model uses the Saastamoinen model, 
and the mapping function is the GMF

Ambiguity 
parameter

DD ambiguity constraint

Satellite clock 
offset

White noise (selecting a ground station as reference 
clock)

POD sampling 
rate

300 s

Station coordi-
nate

Prior constraints of each component are added for the 
core stations of IGS14 with an uncertainty of 0.02 m 
and for other stations with an uncertainty of 1000 m 
(Ruan and Wei 2019)

Earth gravity EGM 2008

N-body gravi-
tation

JPL DE405

Solid tide IERS conventions 2003

Relativity effect IERS conventions 2003

Earth orienta-
tion param-
eter

Pole coordinates and the drifts, UT1, and length-of-
day. The prior values are from the IERS-released file 
finals2000A.data

Solar radiation 
pressure

ECOM 5 parameters

Antenna thrust Considered for GPS

Earth radiation 
pressure

Considered for GPS
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regardless of the single or dual systems. Figure  7 shows 
the clock results of each GPS satellite. The clock accura-
cies among different satellites differ significantly. This 
may be because of the long GPS in-orbit time, the age of 
satellite components, and the differences of GPS atomic 
clock types.

Figure 8 shows the clock STD of each BDS satellite for 
the S1–S4 solutions. The difference between the IF and 
UC solutions is small, and the clock accuracy of the dual 
system is better than that of the single system. Similarly, 
the C35–C37 clock accuracy is poor because of the small 
number of visible stations. The C25–C30, C34, and C35 
satellites carry passive hydrogen atomic clocks, whereas 
the remaining satellites carry rubidium atomic clocks (Jia 
et  al. 2019). The clock STD difference between the two 
clock types is not evident.

Table  2 summarizes the average RMS of the orbits 
in the R, T, N, and three-dimensional (3D) directions, 
clock RMS and STD, and data usage for the six solu-
tions during the whole period. In addition, the difference 

percentage of the UC compared with IF strategy is given. 
For GPS satellites, the POD accuracy is excellent. Com-
pared with the IGS final product, the orbit accuracies of 
single and dual systems in the R, T, N, and 3D directions 
are approximately 1.5, 1.9, 2.1, and 3.3  cm, respectively. 
The clock STD is approximately 0.06  ns. The difference 
between IF and UC is less than 1%. The data usage rate is 
essentially the same, which verifies that IF and UC results 
are consistent. The following are possible reasons for the 
difference.

1.	 The noise levels for the IF and UC strategies are dif-
ferent, where the IF strategy is amplified about three 
times compared with the UC strategy. This may be 
the most important factor inducing the difference in 
the results, because the following two reasons can be 
overcome by a data quality check.

2.	 The difference in data usage is another possible rea-
son. Because POD requires multiple iterations, each 
iteration requires the editing of residuals and removal 
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of observations exceeding the threshold. Evidently, 
because of the inconsistent noise levels of the two 
strategies, difference in available observations inevi-
tably occurs.

3.	 The difference in ambiguity fixing rate is a third pos-
sible reason. Residual editing further affects the base-
line networking and the selection of independent 
baselines for AR. As a consequence, there may be 
differences in the number of fixed baselines and the 
selected independent baseline. This influences the 
AR results.

For the BDS results, the accuracy of the dual system 
is better than that of the single system, where the orbit 
RMS in the R, T, N, and 3D directions is approximately 
4.4, 8.9, 11.3, and 15.2  cm, respectively, and the clock 
STD is approximately 0.19 ns. The BDS-3 clock RMS for 
the dual-system solution is not given because a GPS sat-
ellite was selected as the reference clock. The orbit accu-
racy of the dual system improved by 1–2  cm compared 
with the single system in three directions, and the clock 
STD improved by 0.05 ns. The results of the IF and UC 
strategies are essentially the same for BDS-3 satellites, 
but the difference is slightly larger than that for GPS. The 
reason may be that the removed observations are not 
consistent during the residual editing, resulting in dif-
ferences in parameter adjustment and ambiguity resolu-
tion. The difference in data usage between the IF and UC 
strategies is small—less than 0.1% for both GPS and BDS. 
The accuracy of the orbit and clock of BDS-3 has a cer-
tain gap compared with GPS. The reason may be related 
to the incomplete constellation, the imperfection of force, 
the measurement models, and spare tracking stations for 
BDS-3 satellites.
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Table 2  Orbit and clock accuracy and data usage rate compared with WUM (BDS-3) and IGS (GPS) products

Solution Orbits (m) Clocks (ns) Usage rate (%)

R T N 3D RMS STD

S3 0.0157 0.0195 0.0212 0.0335 0.1997 0.0614 98.92

S4 0.0157 0.0195 0.0212 0.0335 0.1998 0.0613 98.91

S3/S4 0.03% 0.23% − 0.19% 0.00% − 0.03% 0.06% 0.01%

S5-G 0.0153 0.0193 0.0212 0.0333 0.1986 0.0625 98.89

S6-G 0.0152 0.0192 0.0210 0.0330 0.1990 0.0623 98.88

S5/S6 0.94% 0.56% 1.08% 0.94% − 0.21% 0.24% 0.00%

S5-C 0.0441 0.0891 0.1129 0.1522 0.1951 98.92

S6-C 0.0448 0.0905 0.1129 0.1534 0.1926 98.96

S5/S6 − 1.58% − 1.63% 0.01% − 0.79% 1.26% − 0.04%

S1 0.0565 0.1114 0.1374 0.1879 1.0028 0.2584 99.05

S2 0.0570 0.1104 0.1378 0.1876 1.0012 0.2612 99.12

S1/S2 − 0.75% 0.90% − 0.27% 0.20% 0.16% − 1.08% − 0.06%
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2.	 Orbit boundary discontinuities

OBD is used to evaluate the orbit accuracy further. Fig-
ure 9 shows the BDS-3 orbit accuracy of each POD arc of 
the six solutions. The OBD of 1d solutions is on the order 
of 1 dm in the R direction, and 1–2 dm in the T and N 
directions. The orbit accuracies of the IF and UC strate-
gies are essentially the same. Figure 10 shows the results 
of each BDS-3 satellite, and it shows that the accuracy of 
OBD for the dual-system results is better. The IF and UC 
results are slightly different.

Figure 11 shows the GPS OBD. The IF and UC results 
in the cases of single- and dual-system solutions are 
essentially the same, with the OBD being approximately 
5  cm in three directions. Figure  12 shows the average 
accuracy of the OBD of each GPS satellite, and the differ-
ence between the IF and UC strategies is small.

Table 3 summarizes the overall orbit accuracy of OBD. 
GPS has superior consistency. The difference in OBD 
accuracy between IF and UC is on the order of millim-
eters, and the average 3D accuracy is approximately 6 cm. 
However, the accuracy of BDS-3 is worse than that of 
GPS, with the 3D RMS being approximately 2 dm. There 
is a difference of 1–2 cm in the 3D direction of the IF and 
UC strategies for BDS-3. The BDS-3 accuracy of the dual 
system is better than that of the single system, improving 
by 1–3 cm in each direction.

3.	 SLR validation

Considering that the WUM product precision of BDS-3 
satellites is unknown, another external means, i.e., SLR 
residuals, is used to check the orbit accuracy of BDS sat-
ellites further. The laser retroreflector array offset refer-
ence to the center of the satellite mass can be found in 
the work of Xu et al. (2019) for four BDS-3 MEO satel-
lites tracked by the International Laser Ranging Service. 
Figure  13 shows the SLR residuals of each POD arc for 
the six solutions. The residuals of the dual system are 
smaller than those of the single system. Moreover, the 
SLR residuals follow a zero-mean distribution. Table  4 
summarizes the average offset, STD, RMS, and number 
of normal points (NPs). Some NPs with residual values 
greater than 2  m or more than five times the median 
error are excluded. The mean offset of the SLR residu-
als is within 3 cm, and, for the C29 and C30 satellites, it 
is slightly larger. In general, the dual-system results are 
better than the results of the single system, improving 
by approximately 1–2 cm. The reason may be that, with 
the addition of GPS, the accuracy of common parameters 
can be improved. In the case of single-system 1d POD, 
the available observations with only 18 satellites and 56 
stations may be insufficient. There are some differences 
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between the IF and UC strategies, with the magnitude 
being at a millimeter level. The RMS of SLR residuals is 
approximately 4 cm, which is in the same magnitude as 
that in Xu et al. (2019).

4.	 POD calculation time

To validate further the computation efficiency for the IF 
and UC strategies, Table 5 shows the cost time of the six 
POD solutions for the first iteration and total POD pro-
cessing. The statistics may not be highly strict, because a 
few POD tests are executed in parallel. The computation 
time of the UC strategy (S2, S4, and S6) is greater than 
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Table 3  OBD of BDS-3 and GPS

Solution Orbits (m)

R T N 3D

S3 0.0326 0.0345 0.0345 0.0679

S4 0.0322 0.0352 0.034 0.0677

S5-G 0.0313 0.0348 0.0335 0.0665

S6-G 0.0316 0.0345 0.0336 0.0663

S5-C 0.0791 0.1103 0.1208 0.2083

S6-C 0.0848 0.1314 0.1333 0.2356

S1 0.0986 0.1374 0.1377 0.2529

S2 0.0958 0.1442 0.1421 0.2607

-0.1

-0.05

0

0.05

0.1

C
20

S1 S2 S5 S6

15

20

25

30

35

40

-0.1

-0.05

0

0.05

0.1

C
21

 Day of year 2019

-0.1

-0.05

0

0.05

S
L

R
 r

es
id

u
al

s 
[m

]

C
29

-0.1

-0.05

0

0.05

0.1

C
30

15

20

25

30

35

40

-35.5

-35

-34.5

-34

-33.5

-33

200 210 220 200 210 220

200 210 220 200 210 220
-35.5

-35

-34.5

-34

-33.5

-33  B
et

a 
[d

eg
]

Fig. 13  SLR residual results for four BDS-3 satellites



Page 9 of 11Zeng et al. Satell Navig            (2020) 1:19 	

that of the IF strategy (S1, S3, and S5). The first iteration 
time is greater by 1.0, 8.8, and 21.0 min for the BDS-only, 
GPS-only, and GPS/BDS POD; correspondingly, the total 
POD time is greater by 3.1, 49.7, and 137.2 min, respec-
tively. The reason is that the UC strategy needs addi-
tionally to estimate the slant ionospheric delay and the 
double ambiguity parameters. An improved parameter 
elimination method is used for the ionospheric delay; 
otherwise, the computing time of the UC strategy could 
be approximately five times greater (Zeng et  al. 2019b). 
Furthermore, the ambiguity parameters of the whole 
POD arc are added to the least square adjustment, and 
no parameter elimination method is used, because the 
upper triangular square root covariance update algo-
rithm is used for ambiguity resolution (Ruan 2015). For 
multi-GNSS UC POD with a considerable number of 
satellites and stations, the problem of computation effi-
ciency must be resolved further, especially the inversion 
of high dimensional ambiguity parameters. We will study 
the problem in future.

Ambiguity fixing rate
Figure  14 shows the ambiguity fixing rates of the GPS 
results. The average fixing rates of the WL and NL of the 
IF strategy for the dual system are approximately 96.1% 

and 90.8%, respectively. They are slightly better than 
those for the single system, which are approximately 
95.9% and 90.6%, respectively. The fixing rates of IF and 
UC strategies are essentially the same, and the UC result 
is slightly higher by 0.1%. Figure 15 is the ambiguity fix-
ing rate of the BDS results. The fixing rate of BDS-3 is 
worse than that of GPS. The dual-system solution (S5/
S6) achieves the optimal fixing rate, with the WL and NL 
being 92.2% and 83.3%, respectively. The 1d solution (S1/
S2) is worse, with the WL and NL being 86.4% and 69.9% 
for the IF strategy, respectively. The fixing rates for the IF 
and UC strategies are consistent, but the differences are 
larger than for GPS. The most important reason is that 
the BDS-3 constellation is incomplete. The baseline is 
set up from ground stations and satellites of one GNSS 
system when processing AR. The number of BDS-3 sat-
ellites is evidently limited. The distribution and quality 
of baselines affect the fixing rate. However, the results of 
the dual system are significantly better than those of the 
single system, because the addition of GPS enhances the 
accuracy of the common parameter solution. In addition, 
the ambiguity of BDS is updated after the independent 
DD ambiguity set of GPS is processed. At this time, the 
correlation among the ambiguity parameters has been 
further reduced.

Conclusion
In this study, IF and UC POD observation models were 
analyzed. The difference between the two models after 
reparameterization was verified, as reflected in the ambi-
guity and ionosphere parameters. The difference can be 
eliminated when using the WL–NL AR method. There-
fore, the AR solutions of the IF and UC observation 
models are equivalent. This study fully demonstrated 
the product accuracy of BDS-3 satellites using the UC 
method, and the single/dual-system 1d POD solutions 
were analyzed. Three methods were used to check the 
precision of the derived BDS-3 products, including com-
parison with WUM products, OBD, and SLR residual 
validation. POD results were demonstrated for many 
aspects, such as orbits, clocks, ambiguity fixing rate, data 
usage rate, and computing time. The conclusions are as 
follows.

1.	 BDS-3 products achieve good accuracy. Compared 
with WUM, the orbit accuracies in the R, T, and 

Table 4  SLR check results/m

Solution #NP Offset STD RMS

C20 S1 162 − 0.018 0.054 0.057

S2 162 − 0.021 0.044 0.049

S5 162 − 0.009 0.038 0.039

S6 162 − 0.008 0.042 0.042

C21 S1 113 0.011 0.068 0.069

S2 113 0.013 0.070 0.071

S5 113 0.022 0.045 0.050

S6 113 0.024 0.050 0.056

C29 S1 74 − 0.033 0.033 0.046

S2 74 − 0.032 0.033 0.046

S5 74 − 0.031 0.034 0.046

S6 74 − 0.030 0.026 0.039

C30 S1 64 − 0.028 0.041 0.050

S2 64 − 0.023 0.040 0.046

S5 64 − 0.034 0.026 0.042

S6 64 − 0.029 0.024 0.038

Table 5  Computing time of the first iteration and POD/min

S1 S2 (diff.) S3 S4 (diff.) S5 S6 (diff.)

1st iteration 1.2 2.2 (+ 1.0) 4.6 13.5 (+ 8.8) 5.4 26.4 (+ 21.0)

POD 5.1 8.2 (+ 3.1) 30.3 80.0 (+ 49.7) 37.1 174.3 (+ 137.2)
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N directions are 4.4, 9.0, and 11.3  cm for the dual-
system 1d solution. The clock STD is approximately 
0.2 ns, and the RMS of SLR residuals is about 4 cm. 
The orbit 3D RMS of GPS is approximately 3.3  cm 
compared with IGS final products.

2.	 In general, the product accuracies of the IF and UC 
strategies are the same. The difference for orbits and 
clocks is within 3%, whereas, for the data usage rate, 
it is less than 0.1%. The reason is mainly the noise 
level of the observation model. The GPS difference is 
smaller than the result of BDS. The computing time 
of the UC strategy is greater than that of IF strategy.
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