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Abstract

Timing group delay (TGD) is an important parameter that affects the positioning performance of global navigation satellite systems
(GNSS). The BeiDou navigation satellite system (BDS) broadcasts TGD corrections from B3I frequency to B1I and B2I frequencies,
namely TGD1 and TGD2. On July 21, 2017, BDS updated TGD values with a maximum change of more than 4 ns. In this contribution,
we explain the motivation for the BDS TGD update, which is due to the systematic bias between narrowly correlated and widely cor-
related pseudo-ranges in BDS monitoring receivers. To investigate the impact of the updated TGD, BDS signal-in-space range error
(SISRE) and user positioning performance regarding single point positioning (SPP) and precise point positioning (PPP) are analyzed.
Results show that after the update of TGD, the difference between the new TGD and multi-GNSS experiment (MGEX) differential code
bias (DCB) decreases from 1.38 ns to 0.29 ns on TGD1 and from 0.40 ns to 0.25 ns on TGD2. With the contribution of more accurate
TGD, the systematic bias of BDS radial SISRE no longer exists, and the overall BDS SISRE also reduces from 1.33 m to 0.87 m on B1I/
B2I frequency, from 1.05 m to 0.89 m on B1I frequency, from 0.92 m to 0.91 m on B2I frequency, respectively, which proves the similar
precision of BDS TGD and MGEX DCB. One week of statistical results from 28 globally distributed MGEX stations shows that the SPP
performance improves on non-B3I frequencies after the TGD update, with a maximum improvement of more than 22% for the B1I/B2I
or B1I/B3I combination. The new TGD mainly reduces SPP positioning bias in the East component. The updated TGD also slightly
improves the PPP convergence performance for the B1I/B3I combination, but mostly contributes to a more accurate estimation of
the receiver clock and ambiguities.
� 2020 Published by Elsevier Ltd on behalf of COSPAR.
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1. Introduction

The BeiDou navigation satellite system (BDS), together
with GPS, GLONASS, and Galileo, has become one of the
global navigation satellite systems (GNSS). Since the offi-
cial service started in late 2012, the basic positioning per-
formance of the second phase of BDS (BDS-2) is
promised to be better than 10 m in Asia-Pacific regional
areas, covering latitudes 55�S to 55�N and longitudes 70�
E to 150�E (CSNO, 2016; Yang et al., 2014). With the
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development of the third phase of BDS (BDS-3), BDS will
provide a global and superior positioning, navigation and
timing (PNT) service by the end of 2020, thanks to the bet-
ter position dilution of precision (PDOP) and more precise
satellite orbit and clock due to the inter-satellite link (ISL)
and more stable Rubidium and passive hydrogen maser
clock (Tang et al., 2018; Zhang et al., 2018; Wu et al.,
2018; Yang et al., 2018; Yang et al., 2019).

GNSS signals are affected by satellite- and receiver-
introduced instrumental delay, which is usually called tim-
ing group delay (TGD) or differential code bias (DCB)
(Guo et al., 2015; Håkansson et al., 2017). The clock
broadcast in the navigation ephemeris and the real-time
e of BDS-2 TGD and its impact on positioning, Advances in Space
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or post-processed precise clock provided by the Interna-
tional GNSS Service (IGS) (Johnston et al., 2017) are
based on a specific frequency or frequency combination.
When using a different frequency or different frequency
combination, corrections of DCB/TGD should be applied
(Montenbruck and Hauschild, 2013; Montenbruck et al.,
2015; Ge et al., 2017).

Using the data of the multi-GNSS experiment (MGEX)
network, the institutes of the German Aerospace Center
(DLR) and the Chinese Academy of Science (CAS) started
to provide intra-frequency DCB products including GPS,
GLONASS, BDS, Galileo and QZSS from 2014
(Montenbruck et al., 2015; Wang et al., 2016;
Montenbruck et al., 2017). As the IGS precise clock solu-
tion is based on a conventional ionosphere-free (IF) combi-
nation, i.e., L1/L2 P(Y)-code for GPS, L1/L2 P-code for
GLONASS, B1I/B2I for BDS, E1/E5a for Galileo, and
L1 C/A and L2C for QZSS (Montenbruck et al., 2015),
the clock error for other frequencies or frequency combina-
tions should be corrected by DCB. By comparing the DCB
products provided by DLR and CAS, the precision of
MGEX DCB is at the level of 0.2–0.6 ns, while monthly
stability is within 0.2 ns (Wang et al., 2016).

For real-time navigation application, TGD is usually
adopted, which is transmitted in the broadcast navigation
message. According to the GNSS interface control docu-
ment (ICD), the TGD of GPS, Galileo and QZSS refer
to the IF combination, while the broadcast clock is based
on L1 C/A code for GLONASS. Although GLONASS
TGD is not included in a standard receiver independent
exchange format (RINEX) navigation file, it is included
in the navigation message (Montenbruck et al., 2018). As
for BDS, the broadcast clock refers to the B3I frequency.
Therefore, BDS-2 provides the TGD corrections TGD1

and TGD2, which correct the satellite clock from B3I to
B1I and B2I frequency, respectively (CSNO, 2016). These
TGD corrections are estimated based on the data from
BDS monitoring receivers. Generally, there are two meth-
ods to estimate satellite DCB (Li et al., 2014), one is to esti-
mate the DCB simultaneously with global or local
ionospheric total electronic content (TEC) modeling, which
is adopted at CAS (Li et al., 2012; Wang et al., 2016);
another is to estimate from pseudo-range difference after
accounting for the ionosphere delay, which is adopted at
DLR (Montenbruck et al., 2014). For the TGD estimation
at the BDS control segment, the similar strategy of DLR is
adopted (Xing et al., 2012).

Although the long-term stability of the estimated BDS
TGD is well below 1 ns (Xing et al., 2012), there exists a
constant bias between the broadcasted TGD and MGEX
DCB provided by IGS for the same frequency or frequency
combination (Zhang et al., 2016). This bias makes the
assessments of signal-in-space range error (SISRE) using
TGD and DCB differ a lot. During a 12-month comparison
in 2013–2014, the BDS SISRE shows a better consistency
of 1.1 m in RMS after MGEX DCB correction, compared
to 1.5 m using broadcast TGD correction (Montenbruck
Please cite this article as: Y. Zhang, J. Chen, X. Gong et al., The updat
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et al., 2015). The performance of single-point positioning
also improves when applying MGEX DCB rather than
broadcast TGD (Guo et al., 2015). Guo et al. (2015) attri-
bute this to the higher accuracy of MGEX DCB products,
while Zhang et al. (2016) further suggest that it comes from
the bias in the channel difference between the BDS moni-
toring station receiver and other commercial receivers.
Nevertheless, improving the accuracy of TGD is a contin-
uous challenge in the upgrading of the BDS system.

An apparent update of BDS TGD is observed on July
21, 2017 (Wang et al., 2019), which can be as large as
approximately 4.0 ns for TGD1. However, the origin of this
update is unclear, and the impact of this update on user
positioning is not assessed. In this contribution, we explain
the reason that causes the TGD bias and how the BDS
TGD values are updated on July 21, 2017. Section 2 ana-
lyzes the pseudo-range data quality of BDS monitoring
receivers and explains the motivation for the BDS TGD
update. Section 3 gives the detailed updated result of
BDS TGD and its difference with MGEX DCB. Then,
the impact of the updated TGD on BDS SISRE is com-
pared in Section 4. In Section 5, we analyze the impact of
the updated TGD on user positioning regarding single
point positioning (SPP) and precise point positioning
(PPP) (Zumberge et al., 1997). Finally, conclusions are pre-
sented in Section 6.

2. BDS pseudo-range bias

The satellite navigation receiver uses a non-coherent
delay locked loop (DLL) to recover the received satellite
signals. When the bandwidth of signals is infinite, the accu-
racy of the pseudo-range measurement can be expressed as
(Dierendonck et al., 1992):

r2
DLL ¼

BLd
C=N 0

1þ 1

ðC=N 0ÞT ð1� dÞ
� �

ð1Þ

where rDLL multiplied by the width of the chip is the stan-
dard deviation of pseudo-range measurements expressed in
time (s), BL is the loop bandwidth in Hz, C/N0 is the carrier
noise ratio, T is the accumulated time of correlation pro-
cessing, and d is the correlation distance after normaliza-
tion with the width of the code.

From the above equation, we can see that the pseudo-
range measurement error can be reduced by reducing the
loop bandwidth, extending the signal accumulation time
and narrowing the correlation concurrent processing.
However, it is easy to lose the lock of the loop by reducing
the loop bandwidth, which will reduce the signal acquisi-
tion and tracking ability; furthermore, the extending of
the signal accumulation time will increase the dynamic
stress error. Therefore, narrowing the correlation distance
would be a good choice (Tan, 2018). When d = 1/16, com-
pared with d = 1 of regular wide correlation, rDLL will
reduce to 1/4 under the same condition of C/N0.

To provide a better navigation message, high-accuracy
pseudo-range measurements from monitoring receivers
e of BDS-2 TGD and its impact on positioning, Advances in Space
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Fig. 1. Difference between the narrowly correlated and widely correlated
pseudo-range measurements at BDS-2 monitoring receivers. The error bar
stands for standard deviation.
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should be used at the BDS measurement control center
(MCC). As the BDS MCC adopts a large antenna with
an aperture greater than 13 m, its multipath influence is
extremely small. The signal transmitted by the user will
not be distorted in the satellite transponder (Tan, 2018).
Therefore, it is feasible to adopt multiple parallel narrow
correlators to obtain a high-accuracy pseudo-range mea-
surement. However, on the other hand, the cost of multiple
parallel narrow correlators is quite large. General user
receivers usually adopt wide correlators rather than narrow
ones, and the accuracy can be guaranteed if there is no dis-
tortion in the signal.

The BDS-2 monitoring receivers are able to generate
pseudo-range measurements with narrow correlation and
wide correlation at B1, B2, and B3 frequencies. As a
default setting, the higher accuracy measurements from
narrow correlation are adopted for information processing,
including orbit determination, TGD and ionosphere
parameter estimation.

According to Zhang et al. (2016), a systematic bias was
found when comparing BDS-2 broadcast ephemeris with
MGEX precise products. It was proved that the bias is
quite stable, but different for each satellite. What is more,
the bias after ionosphere combination shows a near linear
correlation with the values of DCB-minus-TGD. Consider-
ing the correlation strategy difference for BDS-2 monitor-
ing receivers and general user receivers, we compare the
narrowly correlated and widely correlated pseudo-range
measurements at monitoring stations.

For satellite j, the difference at station i is computed by:

NW j
i ¼ average PRj

N ;i � PRj
W ;i

� � ð2Þ
where PRN and PRW denote the narrowly correlated and
widely correlated pseudo-range measurements.

The difference can be derived at each station. To remove
the systematic bias from the receiver hardware delay, we
align it to the mean difference of all satellites:

dNW j
i ¼ NW j

i �

Pn
j¼1

NW j
i

n
ð3Þ

Therefore, the difference between the narrowly corre-
lated and widely correlated pseudo-range measurements
can be derived on each satellite. Fig. 1 shows the mean
value and the STD value of the difference using 9-day data
in 2017 obtained from seven monitoring stations. As we
can see, there does exist a systematic bias on each satellite
with an STD value of less than 0.4 ns, and the bias is dif-
ferent at each frequency. It is clear to see that the bias on
B1I is much larger than the other two frequencies, while
for the B3I frequency, the bias exhibits the smallest differ-
ence. This may due to the larger chip width on B1I signal,
which would lead to larger standard deviation of pseudo-
range measurement according to Eq. (1). Therefore, larger
bias may also occur on B1I signal.

According to the BDS ICD (CSNO, 2016), BDS-2 trans-
mit signals in the frequencies of B1I, B2I, and B3I, and the
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broadcasted clock correction refers to the frequency at B3I.
For the consistency among frequencies, BDS provides
TGD1 and TGD2 information in navigation messages to
correct the satellite clock from B3I to B1I and B2I. Simi-
larly, IGS analysis centers provide a more accurate code
bias, i.e., DCB. The relationship between TGD and DCB
for BDS can be expressed as (Ge et al., 2017):
TGD1 ¼ DCBC2I ;C6I

TGD2 ¼ DCBC7I ;C6I ¼ DCBC2I ;C6I � DCBC2I;C7I
ð4Þ

where DCBX,Y stands for DCB correction between the
observation codes of X and Y. For BDS, the observation
codes of C2I, C7I and C6I mean the code observations
on B1I, B2I, and B3I. Note that in Eq. (4), the datum bias
between TGD and DCB is removed before comparing.

It is proved that there exists a systematic bias between
BDS TGD and MGEX DCB (Zhang et al., 2016). To fur-
ther investigate the relationship between the narrowly cor-
related and widely correlated pseudo-range bias and the
TGD-minus-DCB difference, we use the DCB products
provided by CAS (ftp://ftp.gipp.org.cn/product/dcb/mge
x/) (Wang et al., 2016) and compare them with BDS
TGD. Similar to pseudo-range bias, the TGD-minus-
DCB results are aligned to C01. Fig. 2 illustrates the rela-
tionship between TGD-minus-DCB and pseudo-range
bias. It is interesting to find that the results exhibit a nearly
linear relationship with a correlation coefficient of 0.91 for
B1I-B3I. For B2I-B3I, the linear relationship is not so sig-
nificant as the values are all with 1 ns. What is more, the
pseudo-range bias seems to have a similar value with
TGD-minus-DCB for each satellite. Therefore, we can con-
clude that the TGD and DCB bias is attributed to the bias
of widely correlated and narrowly correlated pseudo-range
measurements, as narrowly correlated pseudo-range mea-
surements are adopted at BDS monitoring receivers while
the general user receivers at MGEX stations usually adopt
the wide correlation technique.
e of BDS-2 TGD and its impact on positioning, Advances in Space
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Fig. 2. Relationship between pseudo-range bias and timing group delay (TGD)-minus-differential code bias (DCB) bias. The red dashed line represents the
linear fitting function, and R2 indicates the correlation coefficient. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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3. BDS TGD update

Knowing the fact that a bias does exist between widely
correlated and narrowly correlated pseudo-range observa-
tions at BDS monitoring receivers and this bias is linear
related with the TGD-minus-DCB bias, we decided to
adopt the widely correlated pseudo-range measurements
rather than narrowly correlated pseudo-range measure-
ments in the BDS control center, including the TGD esti-
mation. On July 21, 2017, a new set of TGDs was
uploaded to the BDS broadcast ephemeris and transmitted
to users. On July 31, 2017, a set of more precise TGDs was
updated using multi-day results.

To illustrate the update of BDS TGDs in 2017, we
obtain TGDs from navigation messages and figure out
the one-year variation. Fig. 3 shows the TGD values for
the existing satellites of BDS in 2017.

It can be observed from Fig. 3 that there were five
updates of TGD during the whole year, which is flagged
by the dashed line in Fig. 3. For a more detailed view of
the update magnitude, the mean differences before and
after each update are listed in Table 1. Among the five
updates, the updates on January 16, March 13, and May
9 are regular updates of BDS TGD and the difference is
within 0.3 ns. Starting from July 21, the widely correlated
pseudo-range is used for TGD estimation. Therefore, we
can clearly see a significant TGD change on July 21,
2017 from Fig. 3 and Table 1. For instance, the TGD1 of
C02 changes from 5.2 ns to 1.1 ns, and it is from 11.2 ns
to 6.4 ns for C14. The mean TGD difference after the
update is 2.79 ns for TGD1 and 0.46 ns for TGD2, which
is equivalent to a 1.88-m difference after IF combination
on B1I/B2I, which cannot be neglected. This obvious
Please cite this article as: Y. Zhang, J. Chen, X. Gong et al., The updat
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update on TGD1 is also observed by Wang et al. (2019).
The overall change of TGD2 after July 21 does not seem
obvious compared with TGD1.

For clarification, the TGD update mentioned below
only means the update on July 21, 2017. Meanwhile, the
TGD values before and after the update are referred to
as old TGD and new TGD to avoid misunderstanding.

For a better understanding of the TGD update, TGD
can be compared with the DCB provided by IGS, which
shows better accuracy and stability (Wang et al., 2016).
By applying Eq. (4) and removing the average TGD-
minus-DCB value, TGD is comparable to DCB. Using
the weekly MGEX DCB provided by CAS, the difference
between TGD and DCB is depicted in Fig. 4.

As can be seen, the difference between TGD1 and DCB
before the update on July 21, 2017, can be as large as 3 ns.
After the update, the new TGD1 difference is well within
1 ns. This kind of improvement is also reported by Wang
et al. (2019). As for TGD2, the difference between old
TGD2 and new TGD2 is not that significant. For other
update epochs of TGD1 and TGD2, the change is within
the variation amplitude of weekly DCB change.

To further verify the difference between old TGD and
new TGD, we calculate the RMS of the mean difference
with DCB for each satellite, which is plotted in Fig. 5.
Through the comparison, we can figure out that after the
TGD update, the TGD difference with DCB for all satellites
decreases except C02 on TGD2, which needs further inves-
tigation. The overall difference between BDS TGD and
DCB changes from 1.38 ns to 0.29 ns on TGD1 and from
0.40 ns to 0.25 ns on TGD2. This indicates that the precision
of new TGD is comparable to the accuracy of MGEX DCB
products from CAS (Montenbruck et al., 2018).
e of BDS-2 TGD and its impact on positioning, Advances in Space
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Table 1
BDS-2 TGD updates and the mean difference in 2017.

Update time Mean TGD1difference (ns) MeanTGD2 difference (ns)

January 16, 2017 0.22 0.12
March 13, 2017 0.19 0.18
May 9, 2017 0.16 0.10
July 21, 2017 2.79 0.46
July 31, 2017 0.42 0.17

Fig. 4. BDS TGD1 (a) and TGD2 (b) difference with multi-global navigation satellite system experiment (MGEX) DCB. The differences between TGD
and DCB are normalized to zero-mean values. The dashed line stands for the TGD update on July 21, 2017.

Fig. 3. BDS TGD1 (a) and TGD2 (b) variation in 2017. Note that the TGD values of BDS is referred to the B3 signal of C01. The horizontal axis stands
for the day of year (DOY), the updated epoch of BDS TGD is marked in a dashed line.
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Fig. 5. RMS of BDS TGD1 (a) and TGD2 (b) difference with MGEX DCB.
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4. TGD update on SISRE

As analyzed by Montenbruck et al. (2015), using
MGEX DCB shows a better performance compared with
TGD in BDS broadcast SISRE assessment. Considering
that SISRE is an important composition of stochastic
model in positioning (Kazmierski et al., 2018), it is
necessary to assess the SISRE using the updated BDS
TGD. By applying the conventional method, the
multi-GNSS precise orbit and clock provided by the
GeoForschungsZentrum (GFZ), namely ‘‘gbm” (Deng
et al., 2016), is used for BDS broadcast SISRE assessment.

When comparing broadcast ephemerises with IGS final
products, differences in aspects such as time and coordinate
system should be considered (Montenbruck et al., 2015).
When assessing the SISRE of BDS using gbm products,
we should also consider the following corrections:

(1) Satellite antenna offset correction. Starting from Jan-
uary 7, 2017, BDS changed the orbit reference point from
the center of mass (CoM) to the antenna phase center
(APC) (Wang et al., 2018), which is the same as other
GNSS systems. For gbm products, it refers to CoM. Such
difference should be corrected when comparing orbit differ-
ences. The antenna phase center offset (PCO) used in the
broadcast ephemeris is officially released in December
2019 (CSNO, 2019). Meanwhile, for gbm products, PCO
values estimated by the European Space Agency (ESA)
are adopted (Dilssner et al., 2014). Therefore, the inconsis-
Please cite this article as: Y. Zhang, J. Chen, X. Gong et al., The updat
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tency of PCO values, which affect clock comparison,
should be corrected.

(2) Clock and TGD/DCB correction. It is known that
there exists a systematic bias among different products.
Commonly, an ensemble clock offset is computed at each
epoch from the average broadcast-minus-precise clock val-
ues of satellites (Montenbruck et al., 2015). To reduce the
effect of gross error from some satellites, we use a medium
value of broadcast-minus-precise clock as the offset (Zhang
et al., 2016). Meanwhile, the satellite clock in the BDS
broadcast ephemeris refers to B3I signal (CSNO, 2016),
while for gbm products, it refers to the IF combination
of B1I/B2I signal (Deng et al., 2016). This kind of differ-
ence between B3I and B1I/B2I should be corrected by
TGD.

The TGD correction of the broadcast clock on non-B3I
frequencies or other frequency combinations can be
expressed as (Ge et al., 2017):
Corr1 ¼ TGD1

Corr2 ¼ TGD2

CorrIF12 ¼ f 2
1

f 2
1
�f 2

2

TGD1 � f 2
2

f 2
1
�f 2

2

TGD2

CorrIF13 ¼ f 2
1

f 2
1
�f 2

3

TGD1

CorrIF23 ¼ f 2
2

f 22�f 23
TGD2

ð5Þ
e of BDS-2 TGD and its impact on positioning, Advances in Space

https://doi.org/10.1016/j.asr.2020.03.011


Y. Zhang et al. / Advances in Space Research xxx (2020) xxx–xxx 7
where TGD1 and TGD2 are the TGD corrections on B1I
and B2I from B3I, while f1, f2, and f3 stand for the frequen-
cies of BDS, and IFij (i,j = 1,2,3) means the ionosphere-
free combination on frequencies i and j.

When the broadcast clock is corrected to the frequency
of the non-B1I/B2I IF combination, the precise clock of
gbm products should be corrected to the corresponding fre-
quency using MGEX DCB. The comparison results show
that BDS DCB provided by MGEX exhibits a precision
of 0.36 ns, while the monthly stability is within 0.17 ns,
which satisfies the SISRE evaluation (Montenbruck et al.,
2018).

A common method to calculate SISRE can be expressed
as (Montenbruck et al., 2015):

SISRE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:99 � R� Clkð Þ2 þ 1

126
ðAþ CÞ2

q
; for GEO; IGSOffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:98 � R� Clkð Þ2 þ 1
54
ðAþ CÞ2

q
; for MEO

8><
>:

ð6Þ
where R, A, and C denote the orbit errors in the radial,
along-track and cross-track directions, and Clk means
the clock error.

To assess the impact of the BDS TGD update on
SISRE, one-year data from 2017 are used. The data sam-
Fig. 6. RMS of monthly BDS a � R� Clk (B1I/B2I) from January to De
Geosynchronous Orbit (IGSO) (b) and Medium Earth Orbit (MEO) (c) satelli
update, and the dashed line stands for the TGD update on July 21, 2017.
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pling is set at 15 min, and the threshold of gross outlier
rejection is set at 10 m. A monthly SISRE for each satellite
is computed except for July, which is divided into two
parts, namely before and after the TGD update on July
21, 2017.

In Eq. (6), the contribution of the along-track and cross-
track errors on SISRE is relatively small compared with the
radial and clock errors. Therefore, we compute the
monthly average and STD values of a � R� Clk, which con-
tribute to the main part of SISRE. The statistical result of
monthly a � R� Clk on the frequency of the B1I/B2I IF
combination is shown in Fig. 6, and the corresponding
monthly SISRE variation is plotted in Fig. 7. Note that
there is no result for C02 in February as gbm products
did not provide orbit and clock information for C02 during
the whole month of February in 2017.

It can be observed from Fig. 6 that before TGD update
on July 21, 2017, there exists a systematic bias for each
satellite on a � R� Clk, especially for C01, C02, C04, C06,
C12, and C14. This is from the bias of the narrowly corre-
lated pseudo-range at BDS monitoring receivers, which can
be validated in Fig. 1. When the widely correlated pseudo-
range is used and the TGD is updated, the bias reduces to
within 1 m. Consequently, a noticeable improvement in
cember in 2017 for Geosynchronous Earth Orbit (GEO) (a), Inclined
tes. Note that July is divided into two parts for before and after the TGD

e of BDS-2 TGD and its impact on positioning, Advances in Space
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Fig. 7. RMS of monthly BDS signal-in-space range error (SISRE) (B1I/B2I) from January to December in 2017 for GEO (a), IGSO (b) and MEO (c)
satellites. Note that July is divided into two parts for before and after the TGD update, and the dashed line stands for the TGD update on July 21, 2017.
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SISRE on these satellites is observed from Fig. 7 after the
TGD update. This is mainly attributed to the improved
accuracy of TGD, as can be seen from Fig. 4. With the
new TGD, the SISRE of most satellites could achieve a
precision of better than 1 m on the B1I/B2I IF
combination.

To fully evaluate the impact of TGD on a � R� Clk and
SISRE, monthly average a � R� Clk and SISRE of all
satellites on B1I/B2I, B1I, B2I, and B3I are assessed, as
shown in Fig. 8. The contribution of the updated TGD
to SISRE improvement is much more apparent for the
B1I/B2I IF combination compared with other single fre-
quencies. According to Eq. (2), the impact of TGD will
be amplified in the IF combination. Thus, the improvement
in SISRE on both the B1I/B2I IF and B1I/B3I IF combi-
nations will be more significant. Among different single fre-
quencies, the SISRE improvement on B2I and B3I is not as
obvious as on B1I. This is consistent with Fig. 5, where the
accuracy improvement of TGD1 is more significant than
TGD2. Meanwhile, for the SISRE assessment of B3I, it is
not affected by the update of TGD in Eq. (2).

To fully compare the impact of the TGD update on
SISRE, the old and new TGDs are applied to the same
data from DOY 001 to DOY 200 in 2017. The 200-day
SISRE statistics of different types of BDS satellites using
different TGDs are summarized in Table 2. The overall
SISRE improves from 1.33 m to 0.87 m on the B1I/B2I
Please cite this article as: Y. Zhang, J. Chen, X. Gong et al., The updat
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IF combination, while it changes from 1.05 m, 0.92 m,
and 0.90 m to around 0.90 m on the B1I, B2I, and B3I fre-
quencies, respectively. Among different satellites on differ-
ent frequencies, the SISRE of the GEO satellites on the
B1I/B2I frequency improves the most. However, the
GEO satellites still show the worst SISRE performance
compared with IGSO and MEO satellites, which is due
to the stationary characteristic of GEO satellites, which
suffer from a near-static viewing geometry (Montenbruck
et al., 2018). Meanwhile, the SISRE statistics of IGSO
satellites are better than those of MEO satellites. This is
due to the fact that the BDS monitoring stations are
located in China, and MEO satellites cannot be tracked
all the time, which will decrease the precision of the broad-
casted ephemeris of MEO satellites during a period of few
observations or even no observations. Nevertheless, after
the TGD update, SISRE statistics on different frequencies
are almost the same, which indicates that the new TGD
has a similar precision to MGEX DCB values and no
longer shows a difference in SISRE assessment.
5. TGD update on user positioning

With the update of TGD values, it is expectable that this
would affect the positioning performance on non-B3I fre-
quencies using the broadcasted clock or on non-B1I/B2I
e of BDS-2 TGD and its impact on positioning, Advances in Space
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Fig. 8. RMS of monthly BDS a � R� Clk (purple) and SISRE (yellow) from January to December at frequencies of B1I/B2I (a), B1I (b), B2I (c), and B3I
(d). Note that July is divided into two parts for before and after the TGD update, and the dashed line stands for the TGD update on July 21, 2017. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
BDS SISRE statistics using different TGDs (in meters).

TGD Frequency GEO IGSO MEO ALL

Old B1I/B2I 1.77 0.83 1.58 1.33
B1I 1.34 0.75 1.16 1.05
B2I 1.10 0.75 0.96 0.92
B3I 1.05 0.76 0.92 0.90

New B1I/B2I 0.93 0.77 0.97 0.87
B1I 1.00 0.75 0.95 0.89
B2I 1.08 0.75 0.94 0.91
B3I 1.05 0.76 0.92 0.90
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frequencies using the precise clock. This section investi-
gates the impact of the TGD update on SPP and PPP.
5.1. Data collection and processing strategy

For the assessment of the impact of the TGD update on
positioning performance, 28 MGEX stations were selected
around Asia-Pacific regions, as shown in Fig. 9. Among
these stations, all of them are able to track B1I and B2I
data, while 13 of them are able to track triple-frequency
data of B1I/B2I/B3I. For a statistical result, one-week data
at a sampling rate of 30 s during July 19–25 in 2017 were
collected from these stations.

For the processing of SPP and PPP, a homemade soft-

ware named Net_Diff was used (https://github.com/YizeZ-

hang/Net_Diff), which follows the conventional algorithms
of SPP and PPP (Kouba, 2009). The settings of Net_Diff
Please cite this article as: Y. Zhang, J. Chen, X. Gong et al., The updat
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for SPP and PPP are listed in Table 3. For BDS, the esti-
mated parameters are station coordinates and receiver
clock in SPP. Meanwhile, for PPP, the residual part of
the troposphere delay and carrier phase ambiguities should
also be estimated. For coordinate comparison, the refer-
ence station coordinates are derived from IGS final
solutions.

To assess the impact of the TGD update on SPP and
PPP, two sets of TGDs are applied during data processing,
i.e., the old TGD and new TGD. Moreover, DCB products
provided by CAS are also applied for more comprehensive
comparison. Detailed information on correcting TGD/
DCB in SPP and PPP can be found in (Guo et al., 2015).

As for the stochastic model of the observations in SPP/
PPP, it is composed by:
r2 ¼ r2
SISRE þ r2

Trop þ r2
Iono þ r2

Meas; ð7Þ
e of BDS-2 TGD and its impact on positioning, Advances in Space
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Fig. 9. Twenty-eight selected MGEX stations. The stations able to track
B1I/B2I data are marked with a red circle, while stations able to track B1I/
B2I/B3I data are marked with a blue circle. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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where r is the variance of the code observation, while
rSISRE, rTrop, rIono, and rMeas stand for the SISRE of satel-
lites, troposphere error after model correction, ionosphere
error after model correction and the measurement noise of
Table 3
Settings of single point positioning (SPP)/precise point positioning (PPP) in N

Option SPP

Data sampling 30 s
Cutoff elevation 10�
PDOP threshold 10
Relativistic effects Corrected (Kouba, 2009)
Observations Code
Troposphere Zenith: GPT2w (Böhm et al., 2015); M

function: VMF1 (Böhm et al., 2015)

Ionosphere Dual-frequency: Ionosphere-free com
Satellite phase center offset and

variation
Not necessary

Satellite orbit and clock Broadcast ephemeris
Frequency code bias TGD or DCB
Receiver phase center offset and

variation
Corrected by IGS antenna model (Ko

Station displacement Corrected according to IERS 2010 co
Phase windup effect Not necessary
Parameter adjustment Kalman filter
Station coordinates Estimated, white noise for kinematic
Receiver clock Estimated as white noise. Initial varia
Ambiguity Not necessary

Please cite this article as: Y. Zhang, J. Chen, X. Gong et al., The updat
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the code or carrier phase, respectively. The settings of each
variance are explained in Table 4.
5.2. Single point positioning

Using the Net_Diff software, one-week SPP results of
the selected 28 stations are derived. Considering the differ-
ence among the old TGD, new TGD and DCB, their
impacts on each station are compared in Fig. 10 for B1I/
B2I, B1I/B3I, B1I, and B2I. The overall RMS comparison
for each component is exhibited in Table 5.

As can be seen from Fig. 10, after the TGD update, the
SPP performance on B1I/B2I and B1I/B3I significantly
improves at each station, especially in the East component,
where the improvement is more than 40%. The overall
three-dimensional (3D) improvement for B1I/B2I and
B1I/B3I is about 22% after the TGD update, which is
higher than that for B1I. This is due to the fact that the
ionosphere-free combination amplifies the impact of
TGD errors by 2.9 and 3.5 times on B1I/B2I and B1I/
B3I. Meanwhile, for B2I SPP, we do not find much differ-
ence before and after the TGD update. As we can see from
Table 1, the mean difference of TGD2 change is 0.46 ns,
which is small enough considering the variance of code
observation. The SPP improvement is comparable to the
SISRE improvement analyzed in the previous section.
Moreover, we can find that the impact of the new TGD
and DCB shows not much difference in SPP performance,
which again proves the similar precision of the new TGD
and the DCB.

Furthermore, to allow a specific observation of the
impact of the TGD update on SPP, we take one of the sta-
et_Diff for BDS.

PPP

Code + Carrier phase
apping Zenith: GPT2w; Mapping function: VMF1Residual part

estimated as a random walk parameter. Initial covariance:
0.05 m

binationSingle-frequency: Broadcast ionosphere model
Corrected using European space agency (ESA) model
(Dilssner et al., 2014)
Precise product of GBM

uba, 2009)

nventions (Petit and Luzum, 2010)
Corrected (Kouba, 2009)

mode, constant parameter for static mode. Initial variance: 100 m
nce: 1 ms

Estimated, constant parameter for each arc. Initial
variance: 100 m

e of BDS-2 TGD and its impact on positioning, Advances in Space
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Table 4
Variance settings of the stochastic model in Net_Diff.

Variance Settings

rSISRE For BDS broadcast ephemeris: 1 mFor precise products: 0.01 m

rTrop Zero if the residual part of the troposphere is estimated;
Otherwise: rTrop ¼ rTrop Z � mf Trop,rTrop Z is the zenith accuracy of the troposphere model, which is set as 5 cm for GPT2w model (Böhm et al.,
2015), and mf Trop is the troposphere mapping function.

rIono Zero if it is an ionosphere-free combination;
Otherwise: rIono ¼ rIono V � mf Iono, rIono V is the vertical precision of the ionosphere model correction, which is about 60% of the ionosphere
correction for the regional broadcast ionosphere model (Yuan et al., 2019), and mf Iono is the mapping function at the ionosphere pierce point.

rMeas Elevation dependent: rMeas ¼ 0:5 þ 0:5
sinðEleÞ

� �
r0,

Ele is the satellite elevation, and r0 is set as 0.3 m for raw code measurement and 0.003 m for raw carrier phase measurement.

Fig. 10. RMS of BDS SPP 3D positioning performance using different TGDs or DCB on the frequencies of B1I/B2I (a), B1I/B3I (b), B1I (c) and B2I (d),
based on one-week data.
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tions, JFNG (30.52�N, 114.49�E), as an example. As the
DCB and the updated TGD is of the similar precision, it
is not compared here. Fig. 11 and Fig. 12 depict the posi-
tioning errors in the horizontal and vertical directions for
B1I/B2I, B1I/B3I, B1I, and B2I SPP on July 9, 2017. Sim-
ilarly, it is obvious to see that the positioning errors of B1I/
B2I, B1I/B3I and B1I using new TGD are smaller than
those using old TGD. Meanwhile, for B2I, not much differ-
ence is shown when using new TGD and old TGD. What is
more, an obvious non-zero mean bias of positioning error
on the horizontal direction for B1I/B2I, B1I/B3I and B1I
using old TGD is observed, especially in the East compo-
nent. When new TGD is applied, this bias almost vanishes.

For further validation, Fig. 13 gives the statistical results
of average positioning errors in the North, East, and Up
Please cite this article as: Y. Zhang, J. Chen, X. Gong et al., The updat
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components for all stations on B1I/B2I. It is clear to see
the apparent bias in the East component when using old
TGD. This explains the significant improvement in SPP
RMS in the East component and indicates that the main
contribution of the updated TGD is to reduce the system-
atic bias in the horizontal positioning error. As for the
North and Up components, the average positioning error
is also more centered at the zero-mean value.

According to Guo et al. (2015) and Chen et al. (2015),
the unmodeled errors would be absorbed by the other
parameters and positioning residuals. The difference
between old TGD and new TGD would also affect the
clock parameter and post-fit observation residuals in
SPP. Fig. 14 depicts the positioning residuals of SPP on
B1I/B2I frequency at station JFNG on July 9, 2017, in
e of BDS-2 TGD and its impact on positioning, Advances in Space
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Table 5
RMS and improvement in BDS SPP performance using different TGDs or DCB.

Frequency TGD/DCB RMS (m) Improvement1(%)

North East Up North East Up 3D

B1I/B2I Old TGD 1.59 2.09 3.57
New TGD 1.31 1.15 2.93 17.61 44.98 17.93 23.04
DCB 1.33 1.15 2.91 16.35 44.98 18.49 23.28

B1I/B3I Old TGD 1.95 2.77 4.2
New TGD 1.61 1.65 3.48 17.44 40.43 17.14 22.64
DCB 1.66 1.61 3.48 14.87 41.88 17.14 22.57

B1I Old TGD 1.28 1.19 2.63
New TGD 1.13 0.8 2.36 11.72 32.77 10.27 13.35
DCB 1.17 0.78 2.34 8.59 34.45 11.03 13.55

B2I Old TGD 1.49 0.89 3.24
New TGD 1.5 0.88 3.18 �0.67 1.12 1.85 1.39
DCB 1.49 0.85 3.21 0.00 4.49 0.93 0.98

1 Improvement ¼ RMSOld TGD � RMSNew TGD=DCB
� �

=RMSOld TGD.

Fig. 11. Horizontal positioning errors of B1I/B2I (a) and B1I/B3I (b) SPP at station JFNG, vertical positioning errors of B1I/B2I (c) and B1I/B3I (d) SPP
at station JFNG.
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which the code observation is smoothed by the carrier
phase to reduce the impact of code observation noise.
From the figure, we can also see that bias exists in the posi-
tioning residuals for each satellite when using old TGD;
this may be attributed to the biased error of old TGD.
When new TGD is applied, the level of this bias is reduced.
The overall RMS of the residuals also decreases from
1.03 m to 0.73 m. Although it is not shown in this paper,
Please cite this article as: Y. Zhang, J. Chen, X. Gong et al., The updat
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it is expected that the updated TGD will also improve
the accuracy of the estimated receiver clock.
5.3. Precise point positioning

As shown in Table 3, the precise orbit and clock pro-
vided by gbm are used in PPP, which refers to the B1I/
B2I ionosphere-free combination for BDS. Therefore, we
e of BDS-2 TGD and its impact on positioning, Advances in Space
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Fig. 12. Horizontal positioning errors of B1I (a) and B2I (b) SPP at station JFNG, vertical positioning errors of B1I (c) and B2I (d) SPP at station JFNG.

Fig. 13. Statistics of average positioning errors for all stations on B1I/B2I in North (a), East (b) and Up (c) components, using one-week data.
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evaluate B1I/B3I-based PPP performance using the old
TGD, new TGD and DCB. Note that the inter-frequency
clock bias (IFCB) between B1I/B2I and B1I/B3I is not con-
sidered in this paper (Li et al., 2017; Pan et al., 2017).
Please cite this article as: Y. Zhang, J. Chen, X. Gong et al., The updat
Research, https://doi.org/10.1016/j.asr.2020.03.011
Fig. 15 illustrates the first one-hour B1I/B3I-based BDS
PPP performance at station PERT (31.80�S, 115.89�E) on
July 12, 2017. As we can see, the update of TGD improves
B1I/B3I PPP performance during the convergence period,
e of BDS-2 TGD and its impact on positioning, Advances in Space
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Fig. 14. Smoothed SPP residuals for B1I/B2I SPP using old TGD (a) and new TGD (b) at station JFNG. Different colors stand for different satellites.

Fig. 15. B1I/B3I-based BDS PPP performance using different TGDs or DCB at station PERT on July 12, 2017.

14 Y. Zhang et al. / Advances in Space Research xxx (2020) xxx–xxx
especially in the East component. With the accumulation
of the data, the difference becomes smaller and can be
ignored, as TGD only affects code observation, and the
positioning precision is less affected by the code observa-
tion error with the accumulation of time. For DCB, it
seems slightly better than the updated TGD on PPP.
Please cite this article as: Y. Zhang, J. Chen, X. Gong et al., The updat
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To fully assess the impact of the updated TGD on the
convergence performance of B1I/B3I PPP, the data from
13 stations during July 9 and 15, 2017 are processed using
the first hour’s data on each day. The 3D average position-
ing errors are plotted every 5 min, as shown in Fig. 16. Sim-
ilarly, it can be observed that the new TGD improves PPP
e of BDS-2 TGD and its impact on positioning, Advances in Space
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Fig. 16. Statistical B1I/B3I-based BDS PPP convergence performance in the first hour.

Fig. 17. The difference in the estimated troposphere (a), receiver clock (b) and ambiguity (c) parameters using different TGDs at station PERT on July 12,
2017.
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performance during the convergence period, but there
seems to be almost no difference after one hour. The
improvement in PPP convergence is due to the contribution
of the more precise TGD to code measurements, which
results in smaller pre-fit code residuals. For DCB, the over-
all performance is almost the same as the updated TGD.

However, compared with the TGD improvement on
SPP, the TGD improvement on PPP is not so significant.
To investigate the reason for this in detail, the differences
in other estimated parameters including the troposphere,
Please cite this article as: Y. Zhang, J. Chen, X. Gong et al., The updat
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receiver clock, and ambiguities are compared. Fig. 17
depicts the difference at station PERT on July 12, 2017.
It is observed that the TGD difference is mostly absorbed
by the receiver clock and ambiguities, i.e., the weighted
average part of the TGD difference will cause bias in the
estimated receiver clock, while the remaining part of the
TGD difference at each satellite will cause bias in the esti-
mated ambiguities. As for the troposphere parameter, it is
less sensitive to TGD difference, which is also proved by
Guo et al. (2015).
e of BDS-2 TGD and its impact on positioning, Advances in Space
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6. Conclusions

In this contribution, we investigate the pseudo-range
measurements of BDS-2 monitoring receivers and present
the bias between widely correlated and narrowly correlated
data. The bias shows a linear relationship with BDS TGD-
minus-DCB difference, where the DCB from CAS is intro-
duced as reference. Therefore, the BDS-2 control center
changed the narrowly correlated pseudo-range into a
widely correlated pseudo-range and a new set of TGDs
was estimated and updated on July 21, 2017.

A noticeable TGD change with a mean difference of
2.79 ns on TGD1 and 0.46 ns on TGD2 is observed after
the TGD update. The TGD difference with that provided
by MGEX also decrease to 0.29 ns and 0.25 ns, which
shows a similar precision with MGEX DCB products from
CAS. With the contribution of the updated TGD, the
SISRE of BDS in 2017 improves to 0.81 m, showing no dif-
ference on each frequency.

The positioning comparison proves that the new TGD
will improve SPP performance by about 22% on B1I/B2I
and B1I/B3I, mainly from the correction of the biased
error in the East component. With a better TGD accuracy,
the positioning residuals in SPP also reduce, with a smaller
systematic bias. Meanwhile, the updated TGD can also
reduce the convergence time of PPP and most of the
improved TGD will correct the biased parameters of recei-
ver clock and ambiguity compared with old TGD. Conse-
quently, the update of TGD on July 21, 2017, greatly
improved the system performance of BDS and is at the sim-
ilar precision as DCB.

This paper mainly concentrates on the TGD improve-
ment of BDS-2. With the implementation of BDS-3, it is
worth assessing the TGD performance of new BDS-3 satel-
lites and new signals such as B1c and B2a.
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