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Abstract: Differential code bias (DCB) significantly 
affects the ionosphere modeling, precise positioning, 
and navigation applications when using code 
observations. With the fully completed BeiDou 
navigation satellite system (BDS-3), there exist various 
DCBs of new frequencies and types which should be 
handled. However, limited types of DCB products for 
BDS-3 are provided by the analysis institutions (e.g., 
Chinese Academy of Science (CAS) and German 
Aerospace Center (DLR)). Hence, for some DCB 
corrections of new frequencies, they are generally 
generated by complex linear combinations, which are 
not friendly to users and may degrade the accuracy. In 
this study, the estimation method of DCB for BDS-3 is 
introduced first. Then, the BDS-3 observations from 40 
globally distributed stations are selected to estimate the 
DCBs, including 19 types of DCBs of new frequencies 
for BDS-3. Moreover, the estimated DCBs are 
carefully analyzed in terms of inner consistency, 
external consistency, and stability. For the results of 
inner consistency, most closure error series are within 
0.2 ns, and the closure error series of each satellite 
fluctuate near zero and have no obvious systematic 
deviations. For the results of external consistency, the 
mean deviations of estimated DCBs of each satellite are 
mainly within 0.3 ns and 0.2 ns for the common types 
of DCB products of CAS and DLR, respectively. For 
the results of stability, the mean values of monthly 
STDs for the estimated DCBs are all smaller than 0.12 
ns, which exhibits good stability. The STDs of the 
directly estimated DCBs are generally smaller than that 
of the DCB combinations of DLR and CAS. In this 
sense, the directly estimated DCBs for BDS-3 exhibits 
good performance in terms of accuracy and stability in 
this study, which can further provide the DCB 
corrections for precise positioning and navigation 
applications. 
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1. Introduction 

Differential code bias (DCB) physically is defined 
as the difference in time delays between two different 
types of code observations. It includes intra-frequency 
DCB (e.g., C1W-C1C DCB) and inter-frequency DCB 
(e.g., C1W-C2W DCB) at the satellite or receiver side 
[1–3]. The DCB not only significantly affects the 
ionosphere modeling [4,5], but also is the error source 
in precise positioning, navigation, and timing 
applications of Global Navigation Satellite System 
(GNSS) when using code observations [6–8]. Hence, it 
is of great importance to estimate the DCBs and 
analyze their property, which can further provide the 
DCB corrections for GNSS applications. 

There exist two major DCB estimation methods 
depending on the way of ionosphere modeling. The 
first one is to estimate the DCBs with a global or local 
ionosphere model simultaneously [9,10]. Another one 
is to estimate the DCBs after eliminating the 
ionosphere delays with a prior ionosphere model (e.g., 
German Aerospace Center (DLR)) [11,12]. The prior 
ionosphere models generally include the global 
ionospheric map (GIM) and some broadcast 
ionospheric models  [13]. In addition, the DCBs can 
also be estimated by modeling the vertical total electron 
content (VTEC) above each station in the GNSS 
networks (e.g., Chinese Academy of Science (CAS)) 
[3,5]. Apart from the estimated DCBs by GNSS 
observations from ground stations, the estimation of 
DCBs can rely on the onboard observations from low-
earth orbit (LEO) satellites [14–16]. The LEO solutions 
can achieve comparable and even better stability 
compared to the ground-based solutions from the 
global ground GNSS networks [17,18]. The 
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aforementioned methods and observation sources for 
DCB estimation are used to obtain the DCB products of 
Global Positioning System (GPS) and BeiDou Satellite 
Navigation System (BDS) in recent years [19–21]. 

Currently, the construction of BDS-3 was fully 
completed with providing global services to GNSS 
users. However, there exist various DCBs of new 
frequencies and types which should be handled for 
BDS-3 [22,23]. At this time, it leads to a new situation 
with the following problems and limitations. First, 
some analysis institutions (e.g., DLR and CAS) only 
provide specific and limited types of DCB for BDS-3, 
which is not friendly to GNSS users in the situation of 
many new frequencies and code types. Second, the 
DCB corrections are usually added to the code 
observations by linear combinations of different types 
of DCB products currently. This will degrade the 
accuracy of DCB corrections, because the value 
derived from the linear combination cannot fully 
represent the true value due to various reasons, which 
may affect the GNSS applications.  

To cope with these problems and limitations, there 
exists an urgent need to estimate the DCBs of new 
frequencies and code types for BDS-3. Therefore, in 
this study, the estimation method of DCB for BDS-3 is 
introduced first. Then, the BDS-3 observations from 40 
globally distributed multi-GNSS experiment (MGEX) 
stations are selected to estimate the DCBs, including 19 
types of DCBs of new frequencies for BDS-3. 
Moreover, the estimated DCBs are carefully analyzed 
in terms of inner consistency, external consistency, and 
stability compared to the DCB products provided by 
CAS and DLR.   

2. Estimation method of BDS-3 DCBs 

The dual-frequency code observations of arbitrary 
frequencies can be expressed as follows: 

�
𝑃𝑟,𝑖
𝑠 = 𝜌𝑟𝑠 + 𝑐 ∙ (𝑑𝑡𝑟 − 𝑑𝑡𝑠) + 𝑇𝑟𝑠 + 𝐼𝑟,𝑖

𝑠 + 𝑏𝑟,𝑖 + 𝑏𝑖𝑠 + 𝜀𝑟,𝑖
𝑠

𝑃𝑟,𝑗
𝑠 = 𝜌𝑟𝑠 + 𝑐 ∙ (𝑑𝑡𝑟 − 𝑑𝑡𝑠) + 𝑇𝑟𝑠 + 𝐼𝑟,𝑗

𝑠 + 𝑏𝑟,𝑗 + 𝑏𝑗𝑠 + 𝜀𝑟,𝑗
𝑠  

 (1) 
where 𝑃𝑟,𝑖

𝑠  and 𝑃𝑟,𝑗
𝑠  denote the code observations on 

frequency 𝑖  and 𝑗 , respectively, the superscript 𝑠  and 
subscript 𝑟  denote the satellite and receiver, 
respectively, 𝜌𝑟𝑠  denotes the geometric distance 
between the satellite and receiver, 𝑐 is the light speed in 
vacuum, 𝑑𝑡𝑟  and 𝑑𝑡𝑠  denote the clock errors of the 
receiver and satellite, respectively, 𝑇𝑟𝑠  denotes the 
tropospheric delays,  𝐼𝑟,𝑖

𝑠  and 𝐼𝑟,𝑗
𝑠  denote the ionospheric 

delays on frequency 𝑖 and 𝑗, respectively, 𝑏𝑟,𝑖  and 𝑏𝑟,𝑗 
denote the receiver time delays on frequency 𝑖 and 𝑗, 
respectively, 𝑏𝑖𝑠 and 𝑏𝑗𝑠 denote the satellite time delays 
on frequency 𝑖  and 𝑗 , respectively, and 𝜀𝑟,𝑖

𝑠  and 𝜀𝑟,𝑗
𝑠  

denote the code noises on frequency 𝑖  and 𝑗 , 
respectively. Based on (1), the code geometry-free (GF) 
combination on frequency 𝑖 and 𝑗 is deduced as follows: 
𝑃𝑟,𝑖𝑗
𝑠 = 𝑃𝑟,𝑖

𝑠 − 𝑃𝑟,𝑗
𝑠  

= �𝐼𝑟,𝑖
𝑠 − 𝐼𝑟,𝑗

𝑠 � + �𝑏𝑟,𝑖 − 𝑏𝑟,𝑗� + �𝑏𝑖𝑠 − 𝑏𝑗𝑠� + ∆𝜀𝑟,𝑖𝑗
𝑠   (2) 

where 𝑃𝑟,𝑖𝑗
𝑠  denotes the code GF combination. As the 

ionospheric delays are frequency dependent, the 
combined delay can be eliminated when the selected 
frequencies of GF combination are same. Otherwise, 
the ionospheric delays can be corrected by the high-
precision GIM products and the corresponding 
mapping function.  

The effect of observation noises can be degraded by 
averaging the results of GF combinations. At this time, 
the DCB combination of satellite and receiver can be 
expressed as follows: 

 𝐷𝐶𝐵𝑟,𝑖𝑗 + 𝐷𝐶𝐵𝑖𝑗𝑠 = 1
𝑁
∑  𝑁
𝑡=1 �𝑃𝑟,𝑖

𝑠 (𝑡) − 𝑃𝑟,𝑗
𝑠 (𝑡) − 40.28 ⋅

( 1
𝑓𝑖
2 −

1
𝑓𝑗
2) ⋅ 𝑆𝑇𝐸𝐶𝑟𝑠�  (3) 

where 𝐷𝐶𝐵𝑟,𝑖𝑗 = 𝑏𝑟,𝑖 − 𝑏𝑟,𝑗  is the receiver’s DCB on 
frequency 𝑖  and 𝑗 , 𝐷𝐶𝐵𝑖𝑗𝑠 = 𝑏𝑖𝑠 − 𝑏𝑗𝑠  is the satellite’s 
DCB on frequency 𝑖 and 𝑗, 𝑁 is the number of epochs 
over a continuous period, 𝑡 is the current observation 
time, 𝑓  is the frequency of code observations, and 
𝑆𝑇𝐸𝐶𝑟𝑠  is the slant total electron content (STEC) in 
TECU. Therefore, the DCB estimation model can be 
deduced as follows:    
𝑳sum = 𝑭 ⋅ 𝑿�DCB                                                        (4) 
wherein 𝑳sum  is the vector of DCB combination of 
satellite and receiver,  𝑭 is the design matrix, and 𝑿�DCB 
is the estimated DCB vector. Specifically, 𝑭 and 𝑿�DCB 
are given as follows: 

�
𝑿�DCB

(𝑢1+𝑢2)×1
= �𝑿�𝑠,DCB

𝑢11
,𝑿�𝑟,DCB

𝑢21
�
T

𝑭
𝑛×(𝑢1+𝑢2)

= � 𝑨
𝑛×𝑢1

, 𝑩
𝑛×𝑢2

�              
                             (5) 

where 𝑿�𝑠,DCB  and 𝑿�𝑟,DCB  are the DCB vector of 
satellite and receiver, respectively, 𝑨  and 𝑩  are the 
design matrix for satellite and receiver, respectively, 
and 𝑢1  and 𝑢2  are the numbers of satellites and 
receivers, respectively. The zero-mean constraint for 
the DCB of all satellites is introduced to separate the 
DCBs of satellites and receivers, which is as follows: 

 �
𝑺 ⋅ 𝑿�DCB = 𝟎

𝑺
1×(𝑢1+𝑢2)

 = � 𝒆
1×𝑢1

, 𝟎
1×𝑢2

� , 𝒆 = [1,⋯ ,1]
1×𝑢1

                    (6) 

where 𝑺  is the design matrix of the zero-mean 
constraint. Then, the DCBs of the satellites and 
receivers can be estimated simultaneously by the least-
square adjustment, which is as follows: 
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 �
𝑿�DCB = (𝑵 + 𝑺𝑻𝑺)−𝟏𝑾
𝑫𝑋�𝑋�   = 𝜎02 ⋅ (𝑵 + 𝑺T𝑺)−1

𝑵 = 𝑭T𝑷𝑭,𝑾 = 𝑭T𝑷𝑳sum
                                      (7) 

where 𝑫𝑋�𝑋�  is the variance matrix of the estimated 
DCBs, 𝜎02 is the variance of unit weight, and 𝑷 is the 
weight matrix. 

3. Experiments and analysis 

In this section, the data description and processing 
strategy are given first. Then, the internal consistency, 
the external consistency, and the stability of the 
estimated BDS-3 DCBs are carefully analyzed 
compared to the products of DLR and CAS. 
3.1 Data description and processing strategy 

The BDS-3 observations from 40 globally distributed 
MGEX ground stations are selected to estimate the 
DCBs in this study. The processing period is 
continuous 30 days from day of the year (DOY) 60 to 
89 in 2021. The distribution of the 40 GNSS stations is 
displayed in Figure 1. In addition, the types of DCBs of 
new frequencies for BDS-3 are shown in Table 1, as 
well as the used stations for estimating each type of 
DCB. It can be found that there exist 19 types of DCBs 
that need to be estimated, and the numbers of the used 
stations for each type of DCB are all larger than 14. 
There exists a realignment problem before comparing 
the estimated DCBs in this study, and the specific 
procedure of solving it can refer to [24]. For the 
processing strategy, the ionospheric delays of the code 
GF combinations are corrected by the GIM products 
provided by CODE with an interval of one hour. The 
cut-off satellite elevation is set to 20°. The minimum 
continuous observation arc is set as one hour. The least-

square estimator is selected, and the weight matrix is 
determined by the STD of the GF combination series. 
The flowchart of the DCB estimation is also shown in 
Figure 2. 

Table 1 Type of the DCB of new frequencies for BDS-
3 and the corresponding used stations 
Type Number of the used stations 

C1P-C2I 22 
C1P-C5P 22 
C1P-C6I 22 

C1X-C5X 17 
C1X-C6I 17 
C1X-C7Z 14 
C1X-C8X 14 
C2I-C1X 17 
C2I-C5X 18 
C2I-C7Z 15 
C2I-C8X 15 
C5P-C2I 22 
C5P-C6I 22 
C5X-C6I 15 
C5X-C7Z 15 
C5X-C8X 15 
C6I-C7Z 15 
C6I-C8X 15 
C7Z-C8X 15 

 

 
Figure 1 Distribution of the 40 globally distributed MGEX ground stations 
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Figure 2 Flowchart of the DCB estimation for BDS-3, where the benchmarks denote 

the zero-mean constraint condition 

3.2 Inner consistency of the estimated BDS-3 DCBs 

Theoretically, the closure error for each satellite of 
these types of DCBs is equal to zero (e.g., 
DCB𝐶2𝐼−𝐶5𝑃 − DCB𝐶1𝑃−𝐶2𝐼 − DCB𝐶1𝑃−𝐶5𝑃 = 0 ). 
However, the closure error usually exhibits non-zero in 
practical estimation due to the effects of observation 
noises and unmodeled errors. Hence, the property of 
the closure error can be used to evaluate the inner 
consistency of these estimated BDS-3 DCBs. For 
example, the daily closure error series of the estimated 
DCBs for each satellite are shown in Figures 3 to 6, 
including the types of C1P-C2I-C5P, C1P-C5P-C6I, 
C1X-C2I-C5X, and C1X-C5X-C6I. It can be found that 
most of these closure error series for each satellite are 
within 0.2 ns, and the closure error series of each 
satellite fluctuate near zero and have no obvious 
systematic deviations. In addition, the closure error 

series of C1P-C2I-C5P and C1P-C5P-C6I are within 
0.1 ns, and smaller than that of other types. However, 
the closure error for some satellites exhibits large on 
some days (e.g., the closure error of C45 reaches 0.45 
ns on DOY 67 and 88 for the type of C1X-C2I-C5X). 
The reason for this can be attributed to the insufficient 
number of processing epochs for the satellite on that 
day. 

The mean values and STDs of closure error for the 
types of C1X-C2I-C5X and C1X-C5X-C6I are further 
shown in Figures 7 to 8, respectively. As shown in the 
figures, the mean values of closure error for each 
satellite are within 0.2 ns, and most of them are within 
0.1 ns. In addition, the STDs of closure error for each 
satellite are within 0.3 ns. Hence, the inner consistency 
of estimated BDS-3 DCBs in this study exhibits good 
performance. 



 

 
Figure 3 Daily closure error series for the type of C1P-C2I-C5P 

 
Figure 4 Daily closure error series for the type of C1P-C5P-C6I 

 
Figure 5 Daily closure error series for the type of C1X-C2I-C5X 

 
Figure 6 Daily closure error series for the type of C1X-C5X-C6I 
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Figure 7 Mean values and STDs of closure error for the type of C1X-C2I-C5X 

 
Figure 8 Mean values and STDs of closure error for the type of C1X-C5X-C6I 

3.3 External consistency of the estimated BDS-3 
DCBs 

To further evaluate the external consistency of the 
estimated BDS-3 DCBs in this study (Hohai University, 
HHU), the DCB products of both DLR and CAS are 
used as references. Specifically, the DCB products of 
DLR and CAS are available at 
ftp.aiub.unibe.ch/CODE/  and 
ftp.gipp.org.cn/product/dcb/mgex/, respectively. For 
the common types of DCB products in HHU and the 
other two institutions, the deviation results can be 
obtained directly, which are defined as the directly 
estimated DCBs in this study. However, due to the 
limited DCB products provided by DLR and CAS, 
some estimated DCBs cannot be compared with the 
DCB products of DLR and CAS directly. Hence, the 
deviation results can be obtained by using the linear 
combinations of DCB products, which are defined as 
the DCB combinations in this study. Also, there may 
exist a datum transformation between the compared 
satellite sets [3]. The daily deviation series of the 
estimated DCBs for the types of C1P-C6I and C2I-C1X 

compared to CAS and DLR are depicted in Figures 9 to 
10, respectively. It can be found that the accuracy of 
the estimated DCBs exhibits comparable performance 
compared to CAS and DLR, and the daily deviations 
for most satellites are within 0.2 ns. In addition, the 
monthly mean deviations of each satellite between 
HHU and the other two institutions are shown in 
Figures 11 to 14. It can be found that the mean 
deviations for each satellite between HHU and CAS are 
mainly within 0.3 ns, and the mean deviations for each 
satellite between HHU and DLR are mainly within 0.2 
ns for the directly estimated DCB products. This 
verifies a good external consistency for the estimated 
BDS-3 DCBs in this study. Moreover, most mean 
deviations for each satellite between HHU and DCB 
combinations products of CAS and DLR are both 
within 0.6 ns. The accuracy of the directly estimated 
DCBs behave better than that of DCB combinations 
products, which further verifies the necessity to 
estimate the multi-frequency DCBs directly for BDS-3 
satellites. 

 



 

 
Figure 9 Daily deviation series of the estimated DCBs for the type of C1P-C6I 

 
Figure 10 Daily deviation series of the estimated DCBs for the type of C2I-C1X 

 
Figure 11 Mean deviations of each satellite for the directly estimated DCBs between HHU and CAS 
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Figure 12 Mean deviations of each satellite for the DCB combinations between HHU and CAS 

 
Figure 13 Mean deviations of each satellite for the directly estimated DCBs between HHU and DLR 

 
Figure 14 Mean deviations of each satellite for the DCB combinations between HHU and DLR 

The monthly mean deviations of each satellite 
between HHU and the other two institutions are further 
listed in Tables 2 and 3 in detail. The HHU-CAS-1 
denotes the mean deviations between the directly 
estimated DCBs of HHU and the DCB combinations 
products of CAS. The HHU-CAS-2 denotes the mean 
deviations between directly estimated DCBs of HHU 
and CAS. Similar definitions are used for HHU-DLR-1 
and HHU-DLR-2, respectively. The bolded values are 

the mean deviations which are relatively large in the 
Tables. It can be found that the numbers of bolded 
values of HHU-CAS-1 and HHU-DLR-1 are 
significantly more than HHU-CAS-2 and HHU-DLR-2, 
respectively. Similar conclusions can be found in 
Figures 11 to 14, and this verifies the necessity to 
estimate the multi-frequency DCBs directly for BDS-3 
satellites again. 



 

Table 2 Monthly mean deviations of DCBs between HHU and CAS for each satellite (unit: ns) 

PRN 
HHU-CAS-1  HHU-CAS-2 

C5XC6I C5XC7Z C5XC8X C6IC7Z C6IC8X C7ZC8X  C1PC5P C1PC6I C1XC5X C1XC6I C1XC7Z C1XC8X 
C19 -0.02 -0.09 -0.12 0.05 0.03 -0.02  -0.03 -0.03 -0.07 -0.15 -0.04 -0.08 
C20 -0.04 0.07 -0.09 0.32 0.18 -0.16  -0.02 -0.03 0.04 -0.05 0.18 0.02 
C21 -0.02 0.07 0.04 -0.05 -0.08 -0.03  0.01 -0.01 0.06 0.07 0.13 0.11 
C22 -0.01 -0.05 -0.06 0.12 0.14 0.01  0.01 -0.03 0.15 0.19 0.27 0.27 
C23 -0.02 -0.03 0.02 0.12 0.18 0.05  -0.04 -0.03 -0.20 -0.20 -0.25 -0.11 
C24 -0.04 -0.16 -0.20 0.01 0.01 -0.03  0.03 0.01 0.19 0.09 0.20 0.20 
C25 -0.04 0.09 0.12 0.13 0.15 0.02  0.01 0.01 0.07 0.06 0.02 0.06 
C26 -0.09 -0.05 0.04 0.14 0.21 0.10  0.02 0.03 0.15 0.06 0.06 0.15 
C27 -0.11 -0.10 -0.12 0.28 0.23 -0.02  0.00 -0.02 -0.17 -0.19 -0.20 -0.16 
C28 -0.14 -0.19 -0.25 0.21 0.13 -0.07  0.02 -0.03 -0.16 -0.20 -0.20 -0.22 
C29 0.02 -0.21 -0.02 -0.11 0.07 0.20  -0.07 -0.04 -0.06 -0.03 -0.25 -0.05 
C30 0.00 0.12 0.14 0.09 0.11 0.02  0.02 -0.02 -0.12 -0.08 -0.09 -0.07 
C32 0.09 0.25 0.29 0.09 0.15 0.04  -0.05 -0.01 -0.04 0.04 0.07 0.13 
C33 0.05 0.05 0.01 0.01 -0.02 -0.04  -0.03 -0.02 0.05 0.08 0.13 0.09 
C34 0.05 0.16 0.19 0.01 0.01 0.02  -0.03 -0.03 -0.06 0.05 -0.02 -0.00 
C35 0.03 0.24 0.22 0.07 0.04 -0.02  0.01 0.00 -0.07 0.06 0.01 0.01 
C36 0.09 0.40 0.49 0.07 0.09 -0.01  0.01 0.00 -0.08 0.07 0.02 0.01 
C37 0.11 0.23 0.25 -0.29 -0.25 0.03  0.00 -0.02 0.20 0.30 0.20 0.34 
C38 0.11 0.06 -0.06 -0.05 -0.18 -0.13  0.09 0.10 -0.02 0.09 0.17 0.01 
C39 0.16 -0.05 -0.10 -0.35 -0.40 -0.06  0.09 0.16 -0.13 0.04 -0.20 -0.27 
C40 -0.14 -0.26 -0.27 0.04 0.01 -0.02  0.02 0.01 0.11 -0.03 -0.10 -0.12 
C41 0.06 0.02 -0.02 -0.17 -0.19 -0.04  0.01 -0.05 0.01 0.04 0.03 -0.00 
C42 0.06 0.06 -0.01 -0.13 -0.19 -0.07  0.02 -0.02 0.04 0.08 0.13 0.07 
C43 -0.06 -0.10 -0.09 -0.23 -0.23 0.01  -0.02 0.03 -0.20 -0.22 -0.31 -0.27 
C44 0.06 -0.06 -0.04 -0.55 -0.47 0.02  -0.02 0.05 -0.20 -0.07 -0.25 -0.23 
C45 -0.05 -0.25 -0.19 0.14 0.19 0.06  -0.02 -0.02 0.20 0.09 0.17 0.23 
C46 -0.12 -0.22 -0.06 -0.07 0.10 0.16  0.00 -0.01 0.19 0.03 0.13 0.19 

 

3.4 Stability of the estimated BDS-3 DCBs 

To further analyze the stability of the estimated 
DCBs for BDS-3 in this study, the daily series of the 
estimated DCBs for the types of C1P-C5P and C2I-
C1X are depicted in Figures 15 to 16. It can be found 
that the daily DCB solutions for the type of C1P-C5P 
are between -40 ns~30 ns, and the daily DCB solutions 
for the type of C1P-C5P are between -6 ns~4 ns for all 
satellites. The daily DCB solutions for both two types 
exhibit good stability for each satellite. In addition, the 
monthly mean values of STDs for the estimated DCBs 
are listed in Table 4. The bolded values are the STDs of 
DCB combination products for DLR and CAS. It can 
be found that the monthly mean values of STDs for the 
estimated DCBs in this study are all smaller than 0.12 
ns, which exhibits good stability. The differences of 
STDs between HHU and the other two institutions are 

within 0.02 ns, which further illustrates the consistency 
of stability between them. Besides, the STDs of the 
directly estimated DCBs for HHU are generally smaller 
than that of the DCB combination products for DLR 
and CAS. This also verifies the necessity to estimate 
the multi-frequency DCBs directly for BDS-3 satellites. 
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Table 3 Monthly mean deviations of DCBs between HHU and DLR for each satellite (unit: ns) 

PRN  
HHU-DLR-1  HHU-DLR-2 

C1XC5X C1XC7Z C1XC8X C5XC7Z C5XC8X C7ZC8X  C2IC1X C2IC5X C2IC7Z C2IC8X 

C19 0.01 0.51 0.49 0.37 0.37 0.00  -0.01 -0.03 0.01 0.00 
C20 0.02 0.41 0.39 0.31 0.29 -0.02  -0.01 -0.01 0.06 0.04 
C21 0.02 0.11 0.10 0.09 0.07 -0.02  -0.02 0.00 0.03 0.01 
C22 0.06 0.23 0.24 0.00 0.00 0.02  -0.03 0.01 0.02 0.03 
C23 0.02 0.31 0.31 0.31 0.31 0.01  -0.01 0.00 0.03 0.04 
C24 0.12 0.16 0.13 -0.16 -0.19 -0.03  -0.02 0.07 -0.02 -0.04 
C25 0.07 0.08 0.07 0.15 0.12 -0.03  -0.01 0.07 0.01 0.00 
C26 0.12 -0.24 -0.26 -0.33 -0.33 0.00  -0.01 0.10 -0.06 -0.06 
C27 0.04 -0.12 -0.16 -0.20 -0.24 -0.04  0.01 0.04 0.01 -0.02 
C28 0.02 -0.17 -0.21 -0.27 -0.31 -0.04  0.03 0.04 0.01 -0.02 
C29 0.00 -0.26 -0.23 -0.28 -0.26 0.02  0.02 0.01 -0.08 -0.04 
C30 -0.03 -0.07 -0.08 0.05 0.04 -0.01  0.00 -0.03 0.00 0.00 
C32 -0.09 -0.24 -0.22 -0.01 -0.01 0.00  0.09 0.00 -0.03 -0.03 
C33 -0.03 0.03 0.02 0.03 0.01 -0.01  0.05 0.00 -0.01 -0.01 
C34 -0.03 0.05 0.01 0.21 0.17 -0.04  0.00 -0.02 -0.02 -0.06 
C35 -0.02 -0.13 -0.16 0.05 0.01 -0.03  0.01 0.01 0.00 -0.03 
C36 -0.03 -0.17 -0.17 0.16 0.15 0.00  0.03 0.03 0.01 0.02 
C37 0.01 0.03 0.04 0.14 0.15 0.01  0.03 0.05 -0.05 -0.03 
C38 0.24 0.32 0.39 -0.06 0.07 0.10  0.03 0.30 0.11 0.12 
C39 0.13 0.10 0.19 0.00 0.10 0.09  0.06 0.24 -0.02 0.02 
C40 0.11 0.15 0.21 0.00 0.07 0.06  0.09 0.20 0.01 0.05 
C41 -0.07 -0.02 -0.03 0.05 0.03 -0.02  0.05 -0.01 0.05 0.05 
C42 -0.03 -0.13 -0.14 -0.14 -0.15 -0.02  0.06 0.01 -0.02 -0.03 
C43 -0.02 0.00 -0.03 0.10 0.06 -0.06  0.01 -0.03 0.00 -0.03 
C44 -0.03 0.17 0.14 0.28 0.25 -0.03  0.01 -0.03 0.00 -0.01 
C45 -0.72 -0.54 -0.50 -0.02 0.02 0.04  -0.50 -1.22 -0.03 0.01 
C46 0.10 -0.57 -0.53 -0.83 -0. 80 0.03  0.04 0.18 0.00 0.04 

 
Figure 15 Daily solution series of the estimated DCB for the type of C1P-C5P 
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Figure 16 Daily solution series of the estimated DCB for the type of C2I-C1X 

Table 4 Monthly mean values of STDs for the 19 types 
of the estimated DCBs (unit: ns) 

Type HHU CAS DLR 
C1P-C2I 0.05 0.06 \ 
C1P-C5P 0.09 0.08 \ 
C1P-C6I 0.06 0.06 \ 
C1X-C5X 0.09 0.09 \ 
C1X-C6I 0.10 0.10 \ 
C1X-C7Z 0.11 0.09 \ 
C1X-C8X 0.11 0.10 \ 
C2I-C1X 0.06 0.09 0.07 
C2I-C5X 0.11 0.11 0.12 
C2I-C7Z 0.12 0.10 0.10 
C2I-C8X 0.12 0.12 0.10 
C5P-C2I 0.09 0.08 \ 
C5P-C6I 0.04 0.05 \ 
C5X-C6I 0.09 0.10 0.11 
C5X-C7Z 0.05 0.08 0.11 
C5X-C8X 0.03 0.07 0.10 
C6I-C7Z 0.12 0.14 0.11 
C6I-C8X 0.11 0.11 0.11 
C7Z-C8X 0.03 0.06 0.06 

4. Conclusions 

In this paper, we focus on the estimation and analysis 
of BDS-3 multi-frequency differential code bias, 
especially for the new frequencies. The estimation 
method of BDS-3 multi-frequency DCBs is introduced 
first, and then the estimated DCBs in this study are 
carefully analyzed compared to the DCB products of 
both DLR and CAS in terms of inner consistency, 
external consistency, and stability.   

For the results of inner consistency, most of these 
closure error series are within 0.2 ns, and the closure 
error series of each satellite fluctuate near zero and 
have no obvious systematic deviation. The monthly 
mean values of the closure errors for each satellite are 
within 0.2 ns, and most of them are within 0.1 ns. 
Hence, the inner consistency of the estimated BDS-3 
DCBs in this study exhibits good performance. For the 
results of external consistency, the mean deviations for 
each satellite between HHU and CAS are mainly within 
0.3 ns, and the mean deviations for each satellite 
between HHU and DLR are mainly within 0.2 ns for 
the directly estimated DCB products. This verifies a 
good external consistency for the estimated BDS-3 
DCBs in this study. For the results of stability, the 
monthly mean values of STDs for the estimated BDS-3 
DCBs are all smaller than 0.12 ns, which exhibits good 
stability. The differences of STDs between HHU and 
the other two institutions are within 0.02 ns, which 
illustrates their consistency of stability. The STDs of 
the directly estimated BDS-3 DCBs in this study are 
generally smaller than that of the DCB combination 
products of DLR and CAS. Therefore, the accuracy and 
stability of the directly estimated BDS-3 DCBs exhibit 
better performance than that of DCB combination 
products, which further verifies the necessity to 
estimate the multi-frequency DCBs directly for BDS-3 
satellites. 
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