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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., CIW-C1C DCB) and inter-frequency DCB
(e.g., CIW-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
DCB:s 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:

{Pii =pi+c-(dt, —dt) + 7+ 17 + by + bi + &

Pli=pitc-(dt,—dt)+ T+ 1 +b,;+ b +¢&;

oy
where P?; and P7; denote the code observations on
frequency i and j, respectively, the superscript s and
subscript r denote the satellite and receiver,
respectively, p; denotes the geometric distance
between the satellite and receiver, c is the light speed in
vacuum, dt, and dt° denote the clock errors of the
receiver and satellite, respectively, T denotes the
tropospheric delays, I;; and I; ; denote the ionospheric
delays on frequency i and j, respectively, b,.; and b, ;
denote the receiver time delays on frequency i and j,
respectively, b and b7 denote the satellite time delays
on frequency i and j, respectively, and &7; and &;;
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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:

S _ pS _ ps
rij = Pri— Prj

= (13, = 13;) + (bry = byj) + (b = bf) + Bery; (2)
where P7;; 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:

1
DCB,;; +DCBS = 138, (p;l.(t) — PS;(t) — 4028 -
1

G

where DCB,.;; = b,; — b, is the receiver’s DCB on
frequency i and j, DCB;; = bj — b} 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
STEC; is the slant total electron content (STEC) in
TECU. Therefore, the DCB estimation model can be
deduced as follows:

Lyym =F- XDCB (4)
wherein Lg,, is the vector of DCB combination of
satellite and receiver, F is the design matrix, and Xpcp

is the estimated DCB vector. Specifically, F and Xpcg
are given as follows:

%) - STECrS) 3)

T

=

Xpeg = Xs,DCB.Xr,DCB]
(u1+u2)x1 ulx1  u2x1 (5)

F =|4a,B|
nx(ul+u2) nxul nxu2

where X¢pcg and X, pcg are the DCB vector of
satellite and receiver, respectively, A and B are the
design matrix for satellite and receiver, respectively,
and ul 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'XDCB =0
0 |.e=1[1,-1] ©)

= [ e )
1x(ul+u2) 1Xul 1xu2 1xul
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:



Xpcg = (N + STS)'w

Dgy =of - (N+STS)™

N = FTPF,W = FTPL,,,
where Dy is the variance matrix of the estimated

DCBs, o 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-Cél 22
C1X-C5X 17
C1X-Cel 17
C1X-C7z 14
C1X-C8X 14
C21-C1X 17
C21-C5X 18
C21-C7Z 15
C2]-C8X 15
C5P-C2I 22
C5P-Cé6l 22
C5X-C6l 15
C5X-C7Z 15
C5X-C8X 15
C61-C7z 15
C61-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.,
DCBcz1-¢csp — DCBeip-c21 = DCBeip—csp = 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-C6l,
C1X-C2I-C5X, and C1X-C5X-C6l. 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
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series of C1P-C2I-C5P and C1P-C5P-C6l 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-C6l 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.
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Figure 8 Mean values and STDs of closure error for the type of C1X-C5X-C6l

3.3 External consistency of the estimated BDS-3
DCBs

To further evaluate the external consistency of the
estimated BDS-3 DCB:s 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-C6l and C21-C1X
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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.
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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
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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)

HHU-CAS-1 HHU-CAS-2
PRN C5XC6l C5XC7Z C5XC8X C6IC7Z C6IC8X C7ZC8X C1PC5P C1PC6l C1XC5X C1XC6l 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
ca7 -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
Ca4 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.



Table 3 Monthly mean deviations of DCBs between HHU and DLR for each satellite (unit: ns)

PRN HHU-DLR-1 HHU-DLR-2
CIXC5X C1XC7Z C1XC8X C5XC7Z (C5XC8X C7ZC8X C2IC1X C2IC5X C2IC7Z C21C8X
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
ca27 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 0.06 024  -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
Ca4 -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
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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 C21-C1X

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

Type HHU CAS DLR
C1pP-C2I 0.05 0.06 \
CIP-C5P  0.09 0.08 \
C1P-C6l  0.06 0.06 \
C1X-C5X  0.09 0.09 \
C1X-C6l  0.10 0.10 \
CI1X-C7z 0.1 0.09 \
CIX-C8X 0.1 0.10 \
C2I-C1X  0.06 0.09 0.07
C21-c5X 0.1 0.11 0.12
C21-C7z 012 0.10 0.10
C2I-C8X  0.12 0.12 0.10
C5P-C2I 0.09 0.08 \
C5P-C6l 0.04 0.05 \
C5X-C6l  0.09 0.10 0.11
C5X-C7Z  0.05 0.08 0.11
C5X-C8X  0.03 0.07 0.10
C6l-C7Z  0.12 0.14 0.11
cél-c8x 0.1 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.
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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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