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Abstract: For the current problem of cycle slips in the observation data of the BDS-2 and BDS-3
(Bei Dou Navigation Satellite System), in this paper, BDS B1I and B3I signals are used as research
objects to study the detection of cycle slips, and their repair algorithm. The Geometry-free (GF) and
Melbourne-Wiibeena (MW) combination algorithm are used for the detection of cycle slips. A new
method of arc partition is proposed in this work to detect cycle slips as the boundary to delimit two
different observation arcs. In this way, the different values of cycle slips can be divided and marked.
Moreover, the gross errors can be removed. Finally, the detection of cycle slips and the analysis of all
epochs can be completed and repaired. This work also analyzes the dual-frequency data effect of
cycle slips on code multipath observation. The results showed that this method greatly improved the
speed of detection of cycle slips.

Keywords: BDS; cycle slips; geometry-free combination; Melbourne-Wiibeena combination; turbo
edit method; code multipath; arc partition

1. Introduction

With the development of the Global Navigation Satellite System (GNSS), and with the
BDS-3 constellation having successfully been fully networked, users have higher and higher
requirements for high-precision and real-time positioning [1-3]. In precision positioning,
the accuracy of carrier phase positioning (centimeter-level) is higher than pseudo-range
positioning (meter level) [4,5]. In practice, the building occlusion, ionospheric changes,
and receiver hardware delay [6] cause the cycle counter of the receiver to jump, which
causes cycle slips and seriously affects positioning accuracy. Currently, the conventional
methods of cycle slip processing include the high-order differentials, Doppler integration,
the Melbourne-Wiibeena (MW) combination, Geometry-free (GF) combination and the
TurboEdit method [6,7]. The high-order difference is a relatively simple method for de-
tecting cycle slips. If the difference is more than three times between adjacent epochs, it
is the high-order difference. Although the high-order difference can be used to weaken
the receiver clock bias, satellite clock bias, ionospheric delay and troposphere delay, as
the order of difference increases, cycle slips and the accumulation of residual errors will
occur [8]. This method can detect large value cycle slips, but it is difficult to detect cycle
slips with less than five cycles. However, the accuracy of the Doppler integration method
to detect cycle slips depends on the Doppler observations. Meanwhile, due to the dif-
ferent accuracy of Doppler observations obtained by different receivers, it was difficult
to use this method on low-precision receivers. Moreover, the MW combination method
has real-time functionality, but it cannot detect equivalent cycle slip combinations [9,10].
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Furthermore, the GF method uses ionospheric residuals to detect cycle slips, but there is the
multi-value problem, and it is also difficult to detect specific cycle slips. In addition, Tur-
boEdit combines MW and GF through dual-frequency carrier phase [4] and pseudo-range
observations with higher reliability. The rest of the paper is structured as follows. Section 2
presents the cycle slip detection method that contains the MW combination method, the GF
combination method, the TurboEdit method and the code multipath observation method.
Sections 3 and 4 introduce the experimental design and results. In this contribution, we use
this method to detect and repair cycle slips of BDS B1I and B3I signals. Furthermore, we
propose a new arc partition method to improve the efficiency of the detection of cycle slips.
Section 5 presents an experimental analysis of the new arc partition method. Section 6
introduces the conclusions of this paper and the prospects of future work.

2. Cycle Slips Detection Methods
2.1. MW Combination Method

The MW combination method uses the wide lane value of the carrier phase to subtract
the narrow lane value of the pseudorange, then combine them together. This method
can weaken the influence of the ionosphere and troposphere and obtain the combined
observation value of MW [11,12]. The MW combination observations equation [13] can be

expressed as:
me_f 1f (fil1 — faLs) — Aih +f

where L, represents the MW combination observations; f; denotes the carrier frequency

(AiP1+ f3P5) 1

of the B1I signal; f3 denotes the carrier frequency of the B3I signal; P; refers to the pseudo-
range observations of the B1I signal; P refers to the pseudo-range observations of the B3I
signal; L; indicates the carrier observations of the B1I signal; and L3 indicates the carrier
phase of the B3I signal.

Through the above equation, the ambiguity of the combined observation value can be
described as:

me
Noyw = 2
and
A = _° 3)
mw fl +f3

where Ny, indicates the combined ambiguity of the MW; A, represents the combined

wavelength of MW combination, c is the speed of light.

The MW combination method can eliminate the receiver clock bias, satellite clock bias [14]
and ionospheric delay by finding the mean value of Ny, denoted by Ny, Then, the differ-
ence is compared with the variance of this epoch if the value of | Ny (i) — Ny (i — 1)] is four
times greater than the variance. Simultaneously, when the value of | Ny (1) — Ny (i + 1)| is
less than 1, it is determined that the generation cycle slips. The corresponding formula can be
expressed as:

|wa( wa ’> 40 1—1) (4)

and
|Nmw (1) — Nmw (i +1)|< 1 )

where Ny, () is the i-th epoch ambiguity; Ny, (i) represents the i-th epoch average ambi-
guity; o (i) indicates the variance in the i-th epoch MW combination observations.
Where in, the N, (i) and o (i) can be described as:
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\Noo(8) = Nooi = 1) 4 [Nooi) — N — 1)] 6)

and
\2(0) = 02~ 1) + 5[ (Noal) ~ Nooli = 1)) = 02— 1)] @)

2.2. GF Combination Method

The GF combination method performs cycle slip [15] detection by combining carrier
phase observations and pseudo-range observations; L can be described as:

Lgrp=Li—L3+P—P3 8)

where Lr is the carrier phase observations.

Since the accuracy of the ionospheric delay difference P; — P is lower than the carrier
phase [16], Lgr is generally subjected to a further polynomial fit obtained by fitting Qgr,
the fitting order is m = min(n/100 + 1.6), and # is the total epoch number [17].

Then, the cycle slips are detected as:

I[Lcr(i) — Qcr(i)] — [Lor(i —1) — Qgr(i — 1)]| > 6(A3 — A1) )

and
\[Lcr(i) = Qar(i)] = [Ler(i+1) = Qgr(i+1)]| < (A3 — A1) (10)

where A1 denotes the wave length of the B1l signal; A3 denotes the wave length of the
B3I signal.

When the conditions of |[Lgr (i) — Qgr(i)] — [Lgr(i — 1) — Qgr(i — 1)]| being six times
greater than A3 — Ay and |[Lgr(i) — Qgr(i)] — [Lge(i + 1) — Qgr(i + 1)]| being less than
A3 — Aq are satisfied at the same time, the epoch of a cycle slip is thought to occur.

When the L; and L3 difference is less than seven cycles, GF combination method can
detect cycle slips [18]. However, when the cycle slips are too large, they are difficult to
detect accurately.

2.3. TurboEdit Method

The TurboEdit method combines the MW and GF methods for cycle slip detection [19];
it can be then written as:
Lyw = Amw(Nl - NS) (11)

and
\Lgr = ANy — A3N3 — Qgr (12)

where Nj indicates the ambiguity of the Bl signal and N3 indicates the ambiguity of the
B3I signal;

The values of N; and N3 can be obtained by solving the system of equations. When
N; — N3 = 0, the MW combination method fails. When N; = (f1/ f3) N3, the GF combi-
nation method fails. By using the TurboEdit method for combination, we can effectively
avoid the shortcomings of the MW combination and the GF combination method. The
advantages are obvious, namely that the TurboEdit method can improve the accuracy of
the detection of cycle slips. However, the TurboEdit method is affected by the ionospheric
delay and the sampling rate [20]. Therefore, the higher the sampling rate is, the smaller
ionospheric delay is, but when the sampling rate is increased, the amount of data becomes
larger, and the data is processed with higher efficiency. It is necessary to further explore
how to quickly find the cycle slip values in the entire observation arc.
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2.4. Code Multipath Observation

By combining and comparing the B1/B3 dual-frequency code multipath [21] before
and after repairing, it is established that the formulas are as follows [22,23]:

Iy—L
M; =P —L; + 2A12ﬁ (13)
and L L
\Mj = P3 — L3 + 24321 —2 (14)

M2 — 252

where M is the code multipath value of the B1I signal; M3 is the code multipath value
of the B3I signal.

3. Experimental Design

In this study, the Perth station provided by iGMAS was selected for this experiment.
The data covered day of year (DOY) 108, 2018. The observation time was chosen to be the
DOY 108, 2018. The TurboEdit method was mainly used for cycle slip detection, and a new
arc partition method based on RMS (Root Mean Square) was adopted to divide the entire
observation arc to the improve the efficiency of cycle slip detection.

RMS = /(X1 = (X1 4+ + Xa) /) o4 (K= (X 4+ X)) (15)

where X; to X, refer to the 1st to nth samples.

Firstly, according to the epoch cycle, the combined values of MW and GF of each
satellite, where MW and GF combined values were mainly used for cycle slip detection,
were calculated. Secondly, if the RMS of all MW combined observation values in an arc
was greater than 0.5, it was considered that the cycle slips occurred in this observation arc.
For Figure 1, the process for the detection of cycle slips was as follows:

1.  The observation arc was divided into two sub-arcs of equal length. The sub-arc with
larger RMS containing the cycle slips was called sub-arc 1, and the other arc, which
did not contain cycle slips or contained a smaller cycle slip, was called sub-arc 2;

2. Starting from the end close to sub-arc 2, all epochs in sub-arc 1 were traversed. If the
difference between the value of a certain epoch and the mean value of sub-arc 2 was
greater than the MW combined cycle slip determination threshold of 3.5, the cycle
slip was considered to have occurred at this epoch.

3. The epoch of the cycle slip was taken to be the dividing point, and the observation arc
was divided into two new sub-arcs. If the RMS of the new sub-arc was greater than
the threshold of 0.5, then the gross error was marked with a median error greater than
three times the standard value. It was possible that the RMS of the arc was exceeded
due to a cycle slip that had not yet been detected.

4. If both values of the arcs exceeded the limit by more than 3.5, the cycle slip of the first
segment was calculated first, and the entire observation arc was repaired. Otherwise,
the cycle slip was calculated according to the current arc, was corrected for the entire
observation arc, and two new sub-arcs were connected. The set gross error mark was
removed, the RMS of the entire continuous observation arc was recalculated, and the
next cycle slip was detected until all cycle slips were detected and repaired.

5. Finally, as the criterion to eliminate gross errors for the entire observation arc, the
median error was taken to be greater than 3 or 4 times.
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Figure 1. Flow chart of new arc partition method.

4. Experimental Results

In the experiment, three different orbit types of satellites were selected, namely the
Geostationary Earth Orbit (GEO) satellite PRN 4, the Geosynchronous Orbit (IGSO) satellite
PRN 6 and the Medium Earth Orbit (MEO) satellite PRN 22. Among them, PRN 4 and
PRN 6 were Beidou-2 satellites, and PRN 22 was a Beidou-3 satellite.

Figure 2a—c represent the GF combination value of satellites PRN 4, PRN 6 and PRN 22,
respectively, before the cycle slips were repaired. Figure 3a—c show the MW combination
values before the cycle slips were repaired.

Before the cycle slips were repaired, the GF and MW combination values of three
satellites with different orbits were observed. The satellite PRN 4 produced a cycle slip
at the 868th epoch, in which the GF combination value jumped for about 2.5 cycles and
the MW combination value jumped for about 5.5 cycles. The PRN 6 satellite produced
a value jump at the 868th epoch, in which the GF combination value jumped for about
3.8 cycles and the MW combination value jumped for about 13.8 cycles. The PRN 22 satellite
produced a value jump at the 822th epoch, in which the GF combination value jumped for
about 5.9 cycles and the MW combination value jumped for about 35.3 cycles. Thus, it was
presumed that the satellites PRN 4, PRN 6 and PRN 22 produced circumferential jumps at
the above epochs.
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Figure 3. MW combination values before cycle slips were repaired.

Figure 4a—c represent the GF combination values of PRN 4, PRN 6 and PRN 22,
respectively, after the cycle slips were repaired. Figure 5a—c show the MW combination
values after the cycle slips were repaired. By comparing the experimental results obtained
during the observation of PRN 4, we can conclude that, using TurboEdit method, a cycle
slip was detected at the 868th epoch, and the corresponding solution denoted by AN; was
—12 cycles, and that denoted by AN3 was —17 cycles. Simultaneously, in combination
with the results obtained for PRN 6, conclusions can be drawn from the detection of a
cycle slip in the 868th epoch, using the TurboEdit method, for which the corresponding
solution denoted by AN; was 14 cycles and that of AN3 was 27 cycles. By comparing
the experimental results of observation satellite PRN 22, we derived, using the TurboEdit
method to detect the 822th epoch cycle slip, a corresponding AN; solution of 48 cycles and
an ANj solution of 13 cycles.
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Figure 4. GF combination values after cycle slips were repaired.
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In addition, Figure 6 shows the combined multipath values of the B1 and B3 frequen-
cies before the cycle slips were repaired and Figure 7 shows the combined multipath values
of the B1 and B3 frequencies after the slips were repaired. From the results shown in
Table 1, we drew conclusions regarding the observation results of the combined multipath
values of the B1 and B3 frequencies. When cycle slips were detected at the 868th epoch
of PRN 4, a dual-frequency code multipath occurred with a 4.4029 m value jump at the
B1I frequency and a 6.3651 m value jump at the B3I frequency. After the cycle slips were
repaired, the Standard Deviation (STD) value of the dual-frequency code multipath was
reduced from 0.5899 to 0.2210 at the B1I frequency and from 1.3903 to 0.2214 at the B3I
frequency. When cycle slips were detected at the 868th epoch of PRN 6, a dual-frequency
code multipath occurred with a 11.6586 m value jump at the B1I frequency and a 16.466 m
value jump at the B3I frequency. After the cycle slips were repaired, the dual-frequency
code multipath’s STD value was reduced from 5.6354 to 0.1855 at the B1I frequency and
from 7.4093 to 0.1366 at the B3I frequency. When cycle slips were detected at the 822th
epoch of PRN 22, a dual-frequency code multipath occurred with a 32.7067 m value jump
at the B1I frequency and a 38.5714 m value jump at the B3I frequency. After the cycle slips
were repaired, the dual-frequency code multipath’s STD value was reduced from 15.4003
to 0.2428 at the B1I frequency and from 18.2627 to 0.1721 at the B3I frequency.

It can be seen that after the cycle slips were repaired, the multipath value jumps
were eliminated, and the detection of cycle slips could also be assisted by mutation of the
multipath value. The code multipath value corresponding to the epoch that generated
cycle slips also underwent a jump. After the cycle slips were repaired, the code multipath
values of PRN 4, PRN 6 and PRN 22 was restored to values close to 0 m. It could be seen
that the code multipath value of the dual frequency could also be used for the detection of
cycle slips. Furthermore, we could also use the TurboEdit method in combination with the
above approach to reduce the occurrence of the detection of cycle slips being missed.
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Table 1. Observation results of combined multipath values of the B1 and B3 frequencies.
Value Jump (Meters) Code Multipath STD Value (Meters) Code Multipath STD Value (Meter)
PRN Epoch P before Cycle Slips Were Repaired after Cycle Slips Were Repaired
B1I B3I B1I B3I B1I B3I
4 868th 4.4029 6.3651 2.0085 2.7807 0.2029 0.1607
868th 11.6586 16.466 5.6354 7.4093 0.1855 0.1366
22 822th 32.7067 38.5714 15.4003 18.2627 0.2428 0.1721

5. Experimental Analysis

By comparing and analyzing the above results, we can conclude that cycle slips can
be detected and repaired by a new method of arc partition. Method 2 represents the new
arc partition method. Method 1 represents the traditional sequential detection method of
cycle slip analysis.

To further analyze the improvement of calculation efficiency, the improvement per-
centages of six group experiments are shown in Figure 8. As shown in Figure 8, compared
with Method 1, the improvement range for Method 2 of PRN4 was 88.22 to 87.34%. Mean-
while, the improvement range of PRN6 was 67.88 to 69.71% and that of PRN22 was 25.76
to 30.19%. Furthermore, Table 2 expresses the STD values of the processing times for the
selected satellites using two methods. The STD values of PRN4, PRN6 and PRN22 were
less than 0.1. Therefore, it can be proven that the repeated test data have high stability and
reliability. At the same time, the stability of Method 2 was found to be higher than that

of Method 1, which implies more advantages in cycle slip detection with a large amount
of data.
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Figure 8. The running time of two methods for PRN 4, PRN 6 and PRN 22.
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Table 2. STD values of the processing times of selected satellites using the two methods.

PRN 4 6 22

STD value of Method 0.0074 0.0102 0.0107
1(s)

STD valuze(:)f Method 0.0028 0.0021 0.0045

6. Conclusions

In this present work, we studied the detection of B1/B3 cycle slips and the algorithms
used for their repair. Then, we analyzed the GF combination method, the MW combination
method and the TurboEdit method, respectively. Finally, the TurboEdit method was
adopted for the detection of cycle slips while using a new method of arc partition based on
RMS size. In the experiment, we selected three satellites PRN 4, PRN 5 and PRN 22, with
different orbits. PRN 4 and PRN 6 were Beidou-2 satellites and PRN 22 was a Beidou-3
satellite. The detection of cycle slips was performed by using a new method of arc partition
combined with the TurboEdit method. The combined values of the GF and MW methods
before and after the cycle slips were repaired, within the epochs of the three satellites,
were analyzed, and the cycle slips were accurately detected. The TurboEdit method was
adopted to perform the repair. After the repair was completed, the combined values of the
GF and MW methods were compared with those before the repair to verify that cycle slips
had been completed. Upon further observation of B1/B3 dual-frequency code multipath
values, it was found that the code multipath also exhibited a value jump at the epoch
where the cycle slips occurred. After the cycle slips were repaired, the code multipath
value jump could be repaired to a value close to 0 m, and the TurboEdit method could
be united for combined detection to reduce the occurrence of cycle slips and to further
improve the accuracy of dual-frequency positioning. In the end, when comparing the
running time of the new method of arc partition and the traditional cycle slip detection
method of sequential detection, it was shown that the speed of detection of cycle slips
was significantly increased in the experiments conducted in this study. At the same time,
the cycle slips could be observed by using the code multipath value. In future work, the
ionospheric residual method and the code multipath observation method will be combined
with the TurboEdit method to improve the efficiency of the algorithm. In this way, the
speed of detection of cycle slips will be further improved.
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