Yuan et al. Satell Navig (2020) 1:31
https://doi.org/10.1186/543020-020-0003 1-x

Satellite Navigation

https://satellite-navigation.springeropen.com/

ORIGINAL ARTICLE Open Access
®

Check for
updates

Initial assessment of single-
and dual-frequency BDS-3 RTK positioning

Yunbin Yuan'", Xiaolong Mi'? and Baocheng Zhang'

Abstract

The BeiDou navigation satellite system with global coverage (BDS-3) has been fully operational since July 2020 and
provides comprehensive services to global users. BDS-3 transmits several new navigational signals based on the
signals inherited from the BeiDou navigation satellite (regional) system (BDS-2). Previous studies focused on the posi-
tioning performance of BDS-2 plus BDS-3 and that of combining BDS-3 and other Global Navigation Satellite Systems
(GNSSs), but there was no in-depth discussion on the positioning performance of the BDS-3-only. In this contribution,
the BDS-3-only Real-Time Kinematic (RTK) positioning is analysed using the data collected in zero and short baselines
in Wuhan, China. The RTK model based on Single-Differenced is first presented, and the BDS-3-only RTK positioning in
cases of single and dual-frequencies is evaluated with the model in terms of the empirical integer ambiguity resolu-
tion success rates and positioning accuracy. Our numerical tests suggest two major findings. First, the positioning per-
formance for the B1l and B3I retained from BDS-2 and the new frequency B1C is comparable, while that for the new
frequency B2a is poorer. Second, the positioning performance of the new frequency combination of the B1C+B2a is
not as good as that of the B1C only, owing to the unrealistic stochastic model used.
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Introduction

The BeiDou Navigation Satellite System (BDS) is an
integrated navigation and communication system devel-
oped and operated by China. It provides the navigation
services equivalent to Global Positioning System (GPS)
while complementing the shortcomings of the tradi-
tional means of communication through the original
short message communication service (Yang et al. 2018;
Wang et al. 2019). BDS was developed in three phases.
As a demonstration system, BeiDou navigation demon-
stration system (BDS-1) already completed its mission
and ceased its services (Lv et al. 2020). As a regional sys-
tem serving the Asia—Pacific region, BDS-2 is currently
operating and provides stable Positioning, Navigation,
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And Timing (PNT) services with a constellation of
five satellites in GEostationary Orbit (GEO), seven in
an Inclined GeoSynchronous Orbit (IGSO), and three
in Medium-altitude Earth Orbit (MEQO) (CSNO 2017;
Shi et al. 2020). Furthermore, the entire constellation
of BDS-2 broadcasts triple-frequency signals, namely,
BI1I at 1561.098 MHz, B2I at 1207.140 MHz, and B3I at
1268.520 MHz (CSNO 2018; Odolinski et al. 2014). In
the third phase BDS-3 consists of 30 satellites, includ-
ing three GEO, 24 MEO and three IGSO satellites, pro-
viding reliable PNT services for global users (Yang et al.
2020; CSNO 2019b). BDS-3 retains B1I and B3I of BDS-2
to realise the transition from BDS-2 to BDS-3. On this
basis, BDS-3 also transmits three new frequency sig-
nals to achieve compatibility and interoperability with
other GNSSs, namely, B1C at 1575.42 MHz, B2a at
1176.45 MHz, and B2b at 1207.14 MHz (CSNO 2019a;
Gu et al. 2020).

BDS-3 has provided basic services to global users
since the end of 2018. Consequently, the study of signal
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quality, precise orbit determination, precise position-
ing, and timing based on new satellites and new signals
has been of great interest among researchers. It has been
proven that the code noise of BDS-3 satellites is lower
than that of BDS-2 owing to a higher C/N,, value, while
the phase noise level is comparable to that of BDS-2
(Zhang et al. 2019a). The Precise Orbit Determination
(POD) for BDS-3 satellites using both L-band satellite—
ground and Ka-band Inter-Satellite Link (ISL) observa-
tions was presented, and it was confirmed that the noise
of ISL observations is less than 10 cm (Xie et al. 2019).
The Precise Point Positioning (PPP) using combined
BDS-2 and BDS-3 measurements is compared with the
PPP using BDS-2 observations only. The results show
that the positioning accuracy and convergence time with
the combined BDS-2 and BDS-3 are improved to some
extent (Jiao et al. 2019; Jin and Su 2020). It is prelimi-
narily proved that interoperability of BDS-3 and other
GNSSs can be achieved by analysing the Inter-System
Biases (ISBs) between their overlapping frequencies (Mi
et al. 2019¢). A stochastic model of BDS-3 was studied,
and it was preliminarily concluded that the signal quality
of B1C and B2a was better than that of B1I and B3I (Hou
et al. 2019). Analysis of RTK positioning performance
based on BDS-3 has preliminarily proven that the posi-
tioning accuracy of BDS-3 is higher than that of BDS-2
(Zhang et al. 2019b). However, the number of BDS-3 sat-
ellites at that time was relatively small, thus the availabil-
ity of positioning was not high, and further research on
positioning with BDS-3 only has yet to be conducted.

It is worth noting that He et al. (2014) evaluated the
performance of BDS single-epoch RTK positioning,
which was based on BDS-2 with two frequencies (B1I
and B2I). The primary goal of this study is to evaluate
the RTK positioning performance of single- and dual-
frequency BDS-3-only positioning. In this study, the RTK
model of both single- and dual-frequency positioning
based on SD is developed. Then, we divide the frequen-
cies of BDS-3 into two types: the old frequencies retained
in BDS-2, including B1I and B3I, and the new frequen-
cies compatible with other GNSSs, including B1C and
B2a. The RTK positioning performance of the single- and
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dual-frequency BDS-3-only positioning for both old and
new frequencies will be analysed in terms of positioning
accuracy and integer ambiguity resolution success rates.

SD RTK model

For short baselines of a few kilometers, relative tropo-
spheric and ionospheric delays can be ignored (Mi et al.
2019b; Odolinski et al. 2015b). In this case, the SD RTK
model can be expressed as

T
Pioy ) = 8 () - 312D + dina (D) + diy () + €3y
T
$15,) = & (D) - 212(0) + dira (D) + 83 ;() + 425y, + €y

where (-)12 = ()3 — ()1 is the notation for between-
receiver; psl*zyj(i) and ¢>i*2,j(i) denote the vectors of the SD
code and phase observations of satellite s, on frequency j
respectively; the symbols x12 (i) and gé* (i) denote the col-
umn vector of geometric unknowns and the row vector of
the receiver-to-satellite unit vector, respectively; dt12 (i),
dfz,j (i), and 51‘2’1» (i) represent the receiver clock error, code
bias, and phase bias, respectively; /; is the wavelength of
frequency j; Zi*2,j are SD integer ambiguities; and Ei*Z,j and
ei*z,. are the SD random observation noise and unmod-
eled effects, such as multipath, respectively.

However, Eq. (1) does not have full rank because of
the rank deficiency between the columns of the receiver
clock and code and phase delays and between the col-
umns of the phase delays and ambiguities (Odolinski
et al. 2015a; Mi et al. 2019a). To eliminate the rank defi-
ciency, we must select corresponding benchmarks. After
its elimination, the full-rank RTK model can be described
as
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Table 1 Estimable unknown parameters and their interpretations in the short-baseline RTK model

Notation and interpretation

Estimable parameter

ey, (i) = dt}, () + diy, ()
dt,, () = diy () — iy, ()
815D = 875, () — dfy () + /112113,1
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Receiver clock with code delayson j = 1

Receiver differential code biases (DCBs), where j > 2

Receiver differential phase and code bias of the first frequency
Receiver differential phase biases (DPBs), where j > 2

Double-differenced (DD) integer ambiguities
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The meanings of the parameters in Eq. (2) are given in
Table 1. This model is the basis for evaluating the RTK
positioning performance of BDS-3.

Experimental setup

We deployed four multi-GNSS receivers (two Trimble
Alloy receivers and two Septentrio PolaRx5 receivers) in
and near the Institute of Geodesy and Geophysics (IGG)
in Wuhan, China (114.4° E, 33.6° N in WGS84). The two
Trimble Alloy receivers, IGG01 and IGGO03, were con-
nected to a single antenna (South GR3-G3) and placed
in the roof-top plant room of building 707 of the IGG.
The other two Septentrio PolaRx5s receivers, IGG04 and
IGGO5, were installed on the roof of a cooperative unit.
The data were collected over three consecutive days
(June 18-20, 2020) for BDS-3 signals and with a sampling
interval of 30 s.

In our BDS-3 RTK analysis, we refer to two inde-
pendent receiver pairs that form a short baseline and a
zero baseline. The relevant characteristics of the experi-
mental datasets are summarised in Table 2. An eleva-
tion-dependent weighting function was used, and the
standard deviations of the undifferenced phase and code
were 3 mm and 0.3 m, respectively. We used the Detec-
tion, Identification and Adaptation (DIA) procedure to
eliminate outliers (Teunissen 2018) and the Least-squares
AMBiguity Decorrelation (LAMBDA) method to resolve
integer ambiguities (Teunissen 1995) in the data analysis.
In addition, acceptance tests were employed as part of the
ambiguity resolution process. A popular acceptance test,
called the ratio test, was used, and the traditional thresh-
old of 2 was used in the test (Teunissen and Verhagen
2009). The number of visible BDS-3 satellites at IGGO01
and IGG04 with an elevation cutoft angle of 15° over 24 h
is shown in Fig. 1. We can see that there are more visible
BDS-3 satellites at IGGO1 than that at IGG04 because
the Septentrio PolaRx5s receivers IGG04 and IGG05 can
only observe BDS-3 satellites with PRN less than 36. For
the sake of brevity, we only show the RTK results in some
of the experimental days, which are representative of all
the experimental results.

Table 2 General overview of the characteristics of two
experimental receiver pairs

Receiver pair Base Observation period
length
(m)

IGGO1-IGGO3 (Trimble-Trimble) 0 2020, days 170-172

IGG04-IGGO5 (Septentrio-Septentrio) 10
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Fig. 1 BDS-3 satellite visibility for IGG01 and IGG04 with an elevation
cutoff angle of 15° on June 20, 2020

RTK positioning performance

In this section, we analyse the RTK positioning per-
formance for four frequencies of BDS-3 and evaluate
the performance for dual-frequency combinations. We
used a zero baseline and a short one to achieve our goal
because the zero baseline can reflect the quality of the
satellite signal for the common errors can be eliminated
completely, and the short one can reflect the integer
ambiguity resolution capability in practice.

Zero-baseline IGG01-1GG03

The results of ambiguity resolution in terms of the empir-
ical success rates with an elevation cutoft angle of 15° for
BDS-3 single-frequency bands B1C, B2a, B1I, and B3I on
day 172 of 2020 are given in Table 3, where the results for
dual-frequency combinations, written as the BIC+B2a
and the B11+4 B3], are also included. The empirical inte-
ger ambiguity resolution success rate is defined as the
number of epochs with integer ambiguities correctly
resolved divided by the total number of epochs. It was
computed by comparing the single-epoch estimated
integer ambiguities to the reference ambiguities. The ref-
erence ambiguities were estimated by a batch solution
using BDS-3 with multiple frequencies and by assum-
ing the constant ambiguities over the whole timespan.
As we can see from Table 3, except-frequency B2a, the
integer ambiguity resolution success rates for the other

Table 3 Empirical integer ambiguity resolution success
rates for zero-baseline IGG01-1GG02 based on the BDS-3
data only on day 172 of 2020

Frequency bands Integer ambiguity

resolution success

rate
B1C 2880/2880=100%
B2a 2866/2880=99.51%
B1l 2880/2880=100%
B3l 2880/2880=100%
B1C+B2a 2880/2880=100%
B1I+ B3I 2880/2880=100%
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dual-frequency the B1C+B2a, and the B11+ B3I for zero-baseline
IGG01-IGGO3 with an elevation cutoff angles of 15° on day 172 of
Table 4 Statistics of the positioning results for zero- 2020

baseline IGG01-1GG02

Frequency bands RMS of the positioning errors

in different directions (mm)

E N )
B1C 06 0.6 1.5
B2a 23 26 6.1
B1I 0.6 0.6 14
B3I 0.7 0.7 1.7
B1C+B2a 1.2 13 3.1
B11+4B3I 0.5 06 1.3

three frequencies are all 100%. Because IGG01-1GGO03 is
a zero baseline, the errors related to satellites are elimi-
nated. In addition, the errors related to signal propaga-
tion, such as tropospheric delay and ionospheric delay,
are also eliminated, which makes the resolution of inte-
ger ambiguities easy. Therefore, we suspect the reason for
the lower success rate for B2a is due to the relatively poor
quality of the signal.

Figure 2 shows the horizontal position scatters and
the vertical position time series of baseline IGG01-
IGGO03 based on the BDS-3 on day 172 of 2020 for the
four signal cases, i.e., B1C, B2a, Bll, and B3Il. Corre-
sponding to the results of integer ambiguity resolution,
BIC, B1I, and B3I exhibit a relatively high level of posi-
tioning accuracy, while B2a is much worse. Table 4 pro-
vides the information on the positioning accuracy of the
fixed single-frequency and single-epoch solutions for
the BDS-3 frequencies, as depicted in Fig. 2. The differ-
ence in the accuracy of the fixed solution is also obvious,
especially in the horizontal components. The root mean
square (RMS) of the horizontal components for B2a is
at the level of 6 mm, whereas for other frequencies, it is
at the level of 1-2 mm. This also supports our suspect

Table 5 Empirical integer ambiguity resolution success
rates for short-baseline IGG04-1GGO5 based on the BDS-3
data only on day 172 of 2020 (using 2682 epochs with four
or more satellites)

Frequency bands Integer ambiguity

resolution success

rate
B1C 2536/2682=94.6%
B2a 2646/2682=91.3%
B1I 2875/2682 =99.8%
B3l 2878/2682=99.9%
B1C+B2a 2801/2682=97.1%
B11+B3I 2682/2682 =100%

mentioned above that the signal quality of B2a is poorer
than the others.

Figure 3 shows the horizontal position scatters and
vertical position time series for the dual-frequency com-
binations of the BIC+B2a and the B1I+ B3I. The posi-
tioning accuracy for the BIC+ B2a and the B1I+4 B3I is
given in Table 4. The RMS values of the north, east, and
up components for the B1C+B2a are 1.3 mm, 1.2 mm,
and 3.1 mm, while those for the B1I+ B3I are 0.6 mm,
0.5 mm, and 1.3 mm, respectively. Compared with Fig. 2,
the positioning accuracy of the frequency combination
of the B1C+ B2a is greatly improved in comparison with
that of the single-frequency B2a, but worse than that of
the single-frequency B1C. We believe that this is because
the same weight is applied to the observations of different
frequencies, which leads to the fact that the observations
with higher accuracy do not play more important role in
the adjustment process. This indicates the importance of
establishing a good stochastic model.
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Short-baseline IGG04-1GGO05

Similar to the zero-baseline IGG01-1GGO03, the position-
ing performance of the short-baseline 1GG04-IGG05
was also analysed from the aspects of integer ambigu-
ity resolution and positioning accuracy. Table 5 lists the
integer ambiguity resolution success rates of different
frequencies and combinations for short-baseline IGG04—
IGGO5 on day 172 of 2020. The results show that the
capability of the integer ambiguity resolution for the B1I
and B3I is better than that for the B1IC and B2a. As we
can see, the integer ambiguity resolution success rates for
the B1C and B2a are 94.6% and 91.3%, respectively, while
those for B1I and B3I are 99.8% and 99.9%, respectively.
The success rate of the dual-frequency combination is
improved compared with that of the single-frequency.
The success rate for the B1IC + B2a is 97.1%, which is 2.6%
and 6.4% higher than that for B1C and B2a, respectively.

Figure 4 shows the positioning results of baseline
IGG04-1GGO5 for BIC, B2a, Bl1l, and B3I on day 172 of
2020, including the horizontal position scatters and the
vertical position time series. The statistics of the posi-
tioning results for short-baseline IGG04-1GGO5 is given
in Table 6. We confirm and extend our findings in Fig. 3.
The positioning accuracy for B1I and B3I is about the
same in the three directions, and is slightly higher than
that for B1C, while that for B2a is the worst. The RMS
of the horizontal components for B1C, B1I, and B3I are
at the level of 10 mm, whereas for B2a, it increased to
a level of 20 mm. In addition, the time series of the up
component tells that the results for B1I and B3I are more
stable than for B1C.

Figure 5 shows the positioning results for the
B1C+B2a and the B1I+ B3I on day 172 of 2020. Com-
pared with the single-frequency results, the positioning
accuracy of the dual-frequency combination is improved
to some extent. The RMS values of the three components

= 1

9,

z 1
1 1 00:00 12:00 00:00 101 00:00 12:00 00:00
E [cm] UTC time [hh:mm] E [cm] UTC time [hh:mm]

B1l B3I

= 1

A

z 1

A1 00:00 12:00 00:00 A1 00:00 12:00 00:00

E [cm] UTC time [hh:mm] E [cm] UTC time [hh:mm]
Fig. 4 Horizontal (£ is east direction and N is north direction)
position scatters and vertical position (U is up direction) time series
for single-frequency of BDS-3 B1C, B2a, B1l, and B3l for short-baseline
IGG04-IGGO5 with an elevation cutoff angles of 15° on day 172 of
2020
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Table 6 Statistics of the positioning results for short-
baseline IGG04-1GG05

Frequency bands RMS of the positioning errors

in different directions (mm)

E N U
B1C 35 3.0 10.1
B2a 74 76 18.9
B1I 3.1 2.8 9.3
B3l 35 32 9.5
B1C+B2a 29 3.2 8.2
B1I+ B3I 2.1 2.1 6.6

for the B1C+B2a are 3.2 mm, 2.9 mm, and 8.2 mm,
respectively, while those for B2a are 7.6 mm, 7.4 mm,
and 18.9 mm, with the improvement of 57.9%, 60.8%, and
56.6%, respectively. The advantages of the dual-frequency
combinations are clearly demonstrated in this example.
They become more obvious for a longer baseline because
of dual-frequency suppression of ionospheric and tropo-
spheric effects, facilitating the resolution of the integer
ambiguities.

Conclusion

BDS-3 has been fully operational since July 2020 and
provides comprehensive services to global users. In this
study, we first developed an RTK positioning model
based on the SD, which is suitable for single, double, and
multiple frequencies, and used the S-basis theory to con-
struct its full-rank functional model. On this basis, we
applied the model to the RTK positioning of BDS-3 with
single and dual frequencies. The main contribution of
this work is that for the first time we analysed the RTK

N [cm]

00:00 12:00 00:00
UTC time [hh:mm)]

B11+B3I

N [cm]
U [cm]

-1 1 00:00 12:00 00:00

E [cm] UTC time [hh:mm]
Fig. 5 Horizontal (E is east direction and N is north direction) position
scatters and vertical position (U is up direction) time series for
dual-frequency the B1C+ B2a, and the B11+4 B3I for short-baseline
IGG04-1GGO5 with an elevation cutoff angles of 15° on day 172 of
2020




Yuan et al. Satell Navig (2020) 1:31

performance of BDS-3-only positioning for single- and
dual-frequency.

To conduct tests we deployed four receivers in
Wuhan, China, capable of receiving BDS-3 signals: two
Trimble Alloy receivers and two Septentrio PolaRx5
receivers. We then analysed the RTK positioning per-
formance for single-frequency bands B1C, B2a, B1I,
and B3I as well as dual-frequency bands the B1C + B2a
and the B1I+ B3I using the collected BDS-3 data in
terms of integer ambiguity resolution and position-
ing accuracy. According to the experimental results,
we found that the positioning accuracies of single-fre-
quency bands B1C, BII, and B3I were about the same,
while that for band B2a was lower. The zero-baseline
configuration enables the single-differencing between
the receivers to fully eliminate the errors related to sat-
ellites and the atmosphere. Therefore, we attributed the
poor positioning performance for the single-frequency
band B2a to its poor signal quality. In addition, the
positioning results for dual-frequency combinations
are not always better than those for single-frequency
because of the absence of a good stochastic model. For
example, the positioning accuracy for the B1C 4 B2a is
not as good as that for the B1C, which we believe is due
to the equal weight adopted in the data processing for
the B1C and the B2a, such that B1C with higher accu-
racy has no additional contribution.

As mentioned above, the experimental results of
dual-frequency positioning are not always better than
the results of single-frequency positioning due to the
absence of a good stochastic model. Therefore, estab-
lishing a proper stochastic model for BDS-3 will be the
focus of our next work.
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