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Abstract: High-level applications of geo-processing services generally lack accurate temporal and
spatial information. BDS-3 provides high precision temporal and spatial reference for geoprocessing
services, but their signal is prone to cycle slips in a severe multipath environment. Aiming at the
problem of the reliable detection and repair of cycle slips in BDS-3 (B1c + B2a) dual-frequency
positioning in a severe multipath environment, an AR (autoregressive) model-assisted MW + GF BDS
dual-frequency combined detection method (AMG method) is proposed in this research. A sliding-
window autoregressive prediction strategy is introduced to correct the pseudorange observations
interfered by a multipath, then an AR + MW + GF cycle slips detection model is constructed, and a
cycle slips statistical completeness test index is established to verify the effectiveness of the algorithm.
Six groups of cycle slips are artificially added into the different constellations and dual-frequency
point phase observations of BDS-3 (B1c and B2a) in a multipath environment to demonstrate the
cycle slips’ detection performance. The experimental results show that the traditional MW + GF
method fails, but the proposed AMG method still maintains accurate cycle slip detection and repair
capabilities. The detection success rate and repair success rate obtained by using the new method are
significantly improved by 63.4%, and the cycle slips’ false detection rate and missed detection rate
are reduced by 64.5% and 42.0%, respectively, even in harsh environments.

Keywords: geoprocessing services; BDS-3; cycle slips; AR model; GF combination; MW combination

1. Introduction

In recent years, the rapid development of the Internet and big data has promoted
the rapid development of the field of geographic information science, and geographical
users’ demands for geoprocessing services have become more personalized and diversified.
However, the geoprocessing service which lack temporal and spatial information cannot
meet the higher application requirements of users gradually [1–4]. The BDS system and
other global navigation satellite systems can provide universal and unified high-precision
positioning, navigation and timing (PNT) services for geoprocessing services globally [5]. In
order to achieve compatibility and interoperability with GPS and Galileo satellite navigation
systems, the BDS-3 system broadcasts new frequency points B1c (1575.420MHz) and B2a
(1176.450MHz) system signals on the launched MEO and IGSO satellites to provide global
services [6,7]. The new frequency points can increase the number of observable satellites
and the continuity of the data in the observation period, thus improving the reliability
of high-precision positioning [8]. However, in the harsh environment, influenced by the
urban canyon et al, the signal multipath is easy to occur, which leads to frequent cycle slips,
and the carrier phase measurement is difficult to reach the centimeter-level accuracy, even
causing a signal interruption and being unable to secure the positioning [9]. Therefore,
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when the BDS high-precision positioning is performed, the cycle slips in the original
observation value must be detected and repaired.

For the dual-frequency cycle slips detection method, the high-order difference method
between epochs [10], the Doppler integration method [11], and the TurboEdit method, they
utilize Melbourne–Wübbena (MW) [12] and geometry-free (GF) combinations [11–15]. The
TurboEdit algorithm improves the reliability of the detection of cycle slips by combining
the MW and GF method, becoming the most commonly used method for dual-frequency
cycle slips processing [16]. However, dual-frequency signals have longer wavelengths, but
are also subject to more multipath effects [17]. Especially for the MW combination, false
detection occurs frequently in a severe multipath environment and it is difficult to detect
1–2 cycle slips, and sometimes the MW combination even fails.

In order to reduce the influence of pseudorange errors and improve the cycle slips
detection capability in a severe multipath environment, many scholars have put forward
different ideas. The first category is to improve the TurboEdit algorithm, for instance,
Miao (2011) improved the TurboEdit method [18] by introducing a satellite altitude angle
weighting factor into the MW combination, but this method does not change the issue
that the MW combination noise is too large to detect the small cycle slips of the GNSS
measurements. Xu (2020) proposed an improved TurboEdit cycle slip detection and repair
method, which uses the ultra-wide lane combination with a difference between epochs to
estimate the changes in the smartphone position and clock skew and identifies the cycle slip
by checking the maximum normalized residual [19], but it is not satisfactory in complex
environments. Dong (2021) used the method of dividing the cycle slips’ arc segment based
on the multipath RMS size to repair the multipath value hopping to 0m, and then used
the TurboEdit method for a joint detection, which improved the cycle slips’ detection
efficiency and further improved the dual-frequency positioning accuracy [20]. The second
category is to weaken the pseudorange errors, e.g., Cai (2013) combined the forward and
backward moving window (FBMWA) algorithm with the second-order time-difference
phase ionospheric residual (STPIR) algorithm to reduce the influence of large pseudorange
errors to improve the cycle slips’ detection accuracy [21], but its moving window cannot
contain the cycle slips data, which is difficult to satisfy in real life. Li (2021) proposed a
BDS dual-frequency signal cycle slips detection and repair method (BDCSR) to construct
a discriminant function to repair cycle slips, which overcomes the interference of large
pseudorange errors, and not only eliminates the influence of pseudorange errors, but also
has a good recognition misjudgment capability [12]. Shi (2021) adopts the phase-Doppler
combination and the geometry-free combination to detect cycle slips and uses the simple
rounding method with the dual-frequency least-square ambiguity decorrelation adjustment
(LAMBDA) method to repair the cycle slips. This method reduces the influence of the
multipath effect, but it requires a high sampling rate and a stable ionospheric environment
to be effective [22]. Li (2019) proposed a novel method relying on the satellite orbit and
smoothed pseudorange. This method solves the error of the cycle slips’ detection results
caused by the gross error on the pseudorange, but is only suitable for a single GNSS system
due to the limitation of computation [23]. Gao (2018) used BDS tri-frequency data and
considered the multipath effect when setting the threshold in a fixed single epoch ambiguity.
Although the random noise can be reduced by filtering and smoothing, the non-random
multipath errors cannot be effectively suppressed in a short time [24]. In addition to
these above methods, many scholars also use other sensor observations to improve the
performance of the detection of cycle slips, e.g., Ning (2016) used inertial information to
assist the Beidou tri-frequency to improve the success rate of detecting cycle slips and
repair the rate in the case of serious multipath errors. This method overcomes the shortage
of the accuracy of pseudorange observations, but its INS prediction error increases with
time [25]. Kim (2020) constructed a time difference carrier phase (TDCP)/INS system by
using multiple constellations, which ignored system time differences, and judged whether
the TDCP system performed abnormally for the cycle slips’ detection and repair through
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the INS prediction error range [26]. Such INS-aided method surely shows quite a good
detection ability, however, they require additional sensors.

The above research either improved the MW + GF combination method or adopted
different auxiliary methods to weaken the influence of pseudorange multipath effects
dramatically, but in a severe multipath environment, even if a high sampling frequency is
employed, the multipath effect cannot be completely eliminated in the case of an epoch
difference, especially if the pseudorange multipath residual seriously affects the cycle slips’
detection capability of the MW combination. At present, the reliable detection and repair
of BDS3 (B1c + B2a) double-frequency cycle slips in complex environments is still worthy
of further study. Therefore, for the carrier phase cycle slips detection and repair on BDS-3
B1c (hereinafter referred to as P1 and L1) and B2a (hereinafter referred to as P5 and L5)
frequencies under a severe multipath, we propose an AR model-assisted MW + GF BDS
dual-frequency combined detection method (AMG method). In this method, the satellite-
to-ground distance observation data unaffected by the multipath were used as the training
volume, an AR model was built based on the sliding-window method to predict the reliable
satellite-to-ground distance observation data in the multipath environment, and then the
cycle slips detection model of the AR combined with MW + GF method was derived. The
completeness monitoring index was introduced to analyze the detection performance, and
finally the cycle slips were repaired by the MW combination.

The rest of this paper is structured as follows. Section 2 introduces the mathematical
model of the cycle slips’ detection and repair. Sections 3 and 4 introduces the experimental
design and results.

2. Methods

In this section, a novel cycle slips detection method is introduced to solve the anomaly
problem of double frequency BDS-3 observations in a severe multipath environment.
Firstly, the conventional cycle slips detection model of a geometry-free phase combination
and Melbourne–Wübbena combination is described in detail. Secondly, an AR model was
constructed with a sliding-window method by selecting the pure pseudorange observations
as the training quantity. By this means, the MW combination observation equation is
reconstructed by using the predicted dual-frequency pseudorange observation values,
and the AMG combined cycle slips detection model and estimation is rigorously derived.
Finally, the completeness monitoring index is introduced to analyze the performance of the
proposed method.

2.1. Cycle Slips Detection Model with Geometry-Free Phase Combination

In a GF combination, the ionosphere residuals of the dual-frequency carrier phase
observations are utilized to detect cycle slips, and therefore the effects of the geometric
distance are eliminated. For the purpose of this study, the GF observation is expressed
as [27]:

LGF = L1 − L5 = λ1N1 − λ5N5 +
f 2
1 − f 2

5
f 2
5

ion (1)

where the symbol c denotes the speed of light, L1, L5 are the raw carrier phase observations
of B1c and B2a, respectively, and the carrier phase frequencies are f1(1575.420 MHz),
f5(1176.450 MHz), λ1 = (c/ f1), and λ5 = (c/ f5). The geometric distance between the
stations and satellites have been eliminated by Equation (1), and also the satellite clock error
and the receiver clock error. If we take the adjacent epoch difference of Equation (1), then
the decision quantity of the GF combination can be constructed for the cycle slips’ detection:

∆NGF = LGF(t + 1)− LGF(t) (2)

In this formula, ∆NGF represents a cycle-slip detection measurement without a geom-
etry model.
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According to the law of error propagation, we obtain the standard deviation of the GF
combined cycle slips’ detection:

σ∆NGF =
√

2 ·

√
(σϕ)

2 + (
f1

f5
σϕ)

2
(3)

where the standard deviation of the cycle slips’ detection for the GF model is σ∆NGF = 0.023
cycles. The carrier phase precision is σϕ = 0.01 cycles [28]. In this paper, 3 times the standard
deviation is taken as the threshold to test the occurrence of cycle slips; when the cycle slip
detection value of the B1c and B2a carrier phase observation is greater than 0.07 cycles, it
can be judged that the phase observation has cycle slips.

2.2. Cycle Slips Detection Model of Melbourne–Wübbena Combination

The MW combination is a linear model obtained by subtracting the narrow-lane
combination of pseudorange from the wide-lane combination of the carrier phase, which
can eliminate the influence of the geometric distance, atmosphere, and clock difference on
the detection of cycle slips. The MW combination can be expressed as [29]:

LMW =
1

f1 − f5
( f1L1 − f5L5)−

1
f1 + f5

( f1P1 + f5P5) (4)

where LMW are the MW combination observations and P1, P5 are the pseudorange observa-
tions of B1c and B2a, respectively. The rest of the symbols are the same as formula (1). The
wide-lane wavelength is λMW = c/( f1 − f5). LMW can eliminate the influence of factors
such as the inter-station distance, atmospheric delay error, satellite clock error, etc., and
simply retain the influence caused by the multipath effects and observation noise, which
can be weakened or eliminated by making differences between epochs. Its expression is:

∆NMW =
LMW(t + 1)

λMW
− LMW(t)

λMW
(5)

where ∆NMW is the detection value of the cycle slips of the MW combination after the
difference between epochs, that is, the cycle slips’ estimation.

Equation (4) can be simplified as LMW = LWL − PNL, where LWL is the wide-lane
phase combination (WL) and PNL is the narrow-lane pseudorange combination (NL),

Therefore, LWL, the carrier phase wide-lane phase combination of BDS B1c and B2a,
can be expressed as:

LWL = αWLL1 + βWLL5 (6)

Its combination coefficient can be described as: αWL = f1/( f1 − f5) and
βWL = − f5/( f1 − f5) [30].

Similarly, the narrow-lane combination PNL code combination is given as:

PNL = αNLP1 + βNLP5 (7)

The combination coefficient in Equation (7) is: αNL = f1/( f1 + f5) and βNL = f5/( f1 + f5).
It is assumed that the carrier phase observations and the pseudorange observations

are independent of each other and have the same accuracy. Then, the standard deviation of
the MW combination cycle slips’ estimation can be approximately expressed as:

σ∆NMW =

√
(αWLσϕ)

2 + (βWLσϕ)
2 + (

αNLσP
λmw

)
2
+ (

βNLσP
λmw

)
2

(8)

where σϕ is the precision of the carrier phase observations, which is 0.01 cycles in this paper,
and σP is the precision of the pseudorange observations, which is 0.3 m [31] in this paper.
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Under normal circumstances, the influence of the multipath on the pseudorange obser-
vations is much greater than that of the carrier phase observations. If the GF combination
does not adopt the pseudorange observations, it will not alarm when the multipath con-
ditions occur. When the multipath effect is quite serious, the multipath residual between
epochs should be regarded as white noise, then the standard deviation equation of the MW
combination cycle slips’ estimation should be rewritten as:

σ∆NMW ,M =

√
(αWLσϕ)

2 + (βWLσϕ)
2 + (

αNLσP
λmw

)
2
+ (

βNLσP
λmw

)
2
+ (

M1
2 + M22

λmw2 ) (9)

2.3. AMG Combined Cycle Slip Detection Model

Most cycle slips processing methods are based on the linear combinations of pseudor-
ange and the phase observation. The severe multipath in complex environments seriously
affects the pseudorange accuracy, resulting in significant deviations in the MW combination
cycle slips’ estimation. In order to effectively utilize the pseudorange phase to detect and
repair cycle slips, an AMG combined cycle slips detection method is proposed in this paper.
First, an autoregressive (AR) model prediction method was used to predict pseudorange
observations in a multipath environment. Then, an MW + GF combined cycle slips detec-
tion model was used to correct the cycle slips’ estimation with the predicted pseudorange
observations. Compared with the traditional MW method, the AMG method can effectively
solve the cycle slips’ detection problem in severe multipath conditions, and false detection
rarely occurs.

An AR model is a kind of widely used time series model. The prediction result at time
t can be represented by a linear combination of the observations at time y before or after it,
and its expression is as follows [32]:

zt =
p

∑
i=1

θizt−i + εt (10)

where zt represents the predicted value, θi represents the autoregressive coefficient, y repre-
sents the model order, and εt represents the system noise.

The y-order AR model of the pseudorange P is established based on the sequential
characteristic. In order to improve the performance of cycle slips’ detection in a multipath
environment, more accurate pseudorange observations are required; that is, the difference
between the actual pseudorange observations and the predicted values is required to be as
small as possible. Therefore, a sliding window is constructed based on the pseudorange
observations without multipath contamination to predict the pseudorange observations in
the multipath environment:

p[1] = a1 p[0] + ε[n]
p[2] = a1 p[1] + a2 p[0] + ε[n]
...
p[n] = a1 p[n− 1] + a2 p[n− 2] + . . . + ay p[n− y] + ε[n]

(11)

Assuming that the different pseudoranges are of an equal accuracy, the accuracy σz
predicted by the AR model can be inferred based on the error propagation law [33]:

σz =
√

a1
2 + a22 · · · an2 · σP

2 (12)

The order of the AR model has a great influence on the accuracy of its prediction.
So the least squares and the final prediction error (FPE) criterion (FPE(n) = N+n

N−n σ2
a ), the

information (AIC) criterion (FPE(n) = N+n
N−n σ2

a ), and the BIC criterion (FPE(n) = N+n
N−n σ2

a )
are used to jointly test the applicability in this paper. In order to save space, the results of
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the joint test are directly given, that is, the optimal model is taken when the model order is
y = 3 by the joint test.

Based on Equation (12), the MW combined observation equation assisted by the
predicted value of the AR model can be obtained:

L′MW =
1

f1 − f5
( f1L1 − f5L5)−

1
f1 + f5

( f1zt(P1)
+ f5zt(P5)

) (13)

By differencing the combined equations of two adjacent epochs, we can obtain:

∆N′MW =
LMW

′(t + 1)
λMW

− LMW
′(t)

λMW
(14)

Therefore, the standard deviation of the AR-assisted MW combination cycle slips’
estimation is:

σ∆NMW =

√
(αWLσϕ)

2 + (βWLσϕ)
2 + (

αNLσzP

λmw
)

2
+ (

βNLσZP

λmw
)

2
(15)

where σz is the prediction accuracy of the AR model. Compared with the traditional
MW combination observations, the MW observation values assisted by the AR model
are not affected by the pseudorange multipath and pseudorange noise, but only by the
prediction accuracy. In a severe multipath environment, the AMG method has a more
accurate detection advantage than the traditional combination.

2.4. Cycle Slips Completeness Test

The mathematical rationale for the detection and repair of cycle slips is based on
statistical hypothesis testing. Cycle slip detection and repair consists of two distinct tasks.
The first is to identify whether a cycle slip occurs in the observed value, and the second is
to calculate the cycle slips’ value and repair the cycle slips [34].

A system modeling method based on hypothesis testing is used to construct cycle
slips test statistics. If there are no cycle slips, the probability density function follows a
Gaussian distribution with a mean of 0. However, if there are cycle slips in the observed
value, the probability density function follows a Gaussian distribution with a mean of b,
and the standard deviation is both σ, which is expressed by:

H1 : DV ∼ N(b, σ) (16)

H1 : DV ∼ N(b, σ) (17)

where b is the size of the cycle slips.
Then, the false alarm rate and the missed alarm rate of the cycle slips’ detection can be

established as [35]:

PF = P(|DV| ≥ TD|H0) = er f c
(

TD√
2σ

)
(18)

where TD is the set cycle slips’ detection threshold.
Corresponding to the false alarm rate, the missed alarm rate represents the probability

that the cycle slips does exist, but the threshold is not exceeded. The missed alarm rate can
be expressed as [35]:

PM = P(|DV| < TD|H1) = er f c
(

b− TD√
2σ

)
− er f c

(
b + TD√

2σ

)
(19)
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where er f c(x) = 2√
π

∫ ∞
x

e−t2
dt, the detection threshold is TD = mσ∆NMW . The maximum

missed detection rate is obtained when b = 1 [35]. When m = 3 (99.73% confidence level),
an optimal combination is obtained [35].

Due to the multipath effect, the accuracy of the pseudorange is seriously affected by
the traditional method, which leads to the failure of the rounding repair. When the model
detects cycle slips, the approximate number of cycle slips ∆NMW is repaired by (similarly
to ∆NGF):

N1 = round(∆NMW) (20)

where round means to find the integer value closest to ∆NMW .
The success rate of the cycle slips’ repair can be expressed as [36,37]

P0 = 1−
∞

∑
i=1

[er f c(
i− |∆N1 − round(∆N1)|√

2σ
)− er f c(

i + |∆N1 − round(∆N1)|√
2σ

)] (21)

Given a confidence level α, if P0 is greater than α, the cycle slips’ repair can be consid-
ered successful. The flowchart of the proposed algorithm is shown in Figure 1.
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3. Experiment and Analysis

In this section, the AMG cycle slips detection method is evaluated though a field test
by collecting BDS observations in the severe multipath environment and weak multipath
environment. First, the experimental design is described in detail. Second, the influence of
the multipath environment on the cycle slips’ detection and cycle slips’ completeness is
tested and analyzed. In the end, several different groups of cycle slips are added artificially
to validate our points.

3.1. Field Test Design

In order to evaluate the accuracy and reliability of the proposed AMG combined cycle
slips detection and repair method, two experiments are designed. In Experiment 1, the
BDS observation data under a severe multipath environment were collected from Yingxue
Lake on the Shandong Jianzhu University (SDJZU) campus to evaluate the influence of
the multipath on the cycle slips’ detection. In Experiment 2, the BDS observation data in a
weak multipath environment was collected from a roof of SDJZU to verify the feasibility
of the proposed algorithm. The experimental scene is shown in Figure 2, and in both
experiments, the GNSS base station was located on the top of another building. The data
acquisition time was DOY96 and DOY100 of 2022, and the sampling interval was 1 s. The
GNSS equipment was the chcnav i70II receiver, which could receive BDS3 dual-frequency
signals. The sampling time of the two experiments was 2000 and 2500 epochs, respectively.
In order to test the performance of the cycle slips’ detection and repair in a multipath
environment, pseudorange and carrier phase observations of the B1c and B2a frequency
of the C38 satellite (MEO satellite) and C40 satellite (IGSO satellite) in Experiment 2 were
selected, and the multipath effect was simulated in 500–2500 epoch of the observed data,
and the cycle slips of 1–8 cycles were artificially added. The experimental data before and
after adding simulated cycle slips were processed and analyzed with the method proposed
in this paper.
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3.2. Analysis of Influence of Multipath Environment on Cycle Slips Detection

The dual-frequency data of 2000 epoch static observations of PRN38 and PRN40
satellites for BDS-3 MEO and IGSO constellations collected in Experiment 1 are analyzed.
The method in reference [38] was used to calculate the multipath effect and its variation
between epochs, as shown in Figures 3 and 4.

Appl. Sci. 2023, 12, x FOR PEER REVIEW 10 of 19 
 

  
(a) (b) 

Figure 3. The multipath effect of PRN38 satellite: (a) multipath effect situation; (b) residuals between 
multipath epochs. 

  
(a) (b) 

Figure 4. The multipath effect of PRN40 satellite: (a) multipath effect situation; (b) residuals between 
multipath epochs. 

According to Figures 3 and 4, in the severe multipath environment, the pseudor-
ange multipath effect of the two frequency points is at the meter level. The change am-
plitude of the multipath effect is similar for the B1c and B2a frequency, and the maxi-
mum values of the multipath effects between the B1c and B2a frequency epoch were C38 
(1.202 m and 1.314 m) and C40 (1.234 m and 1.242 m), respectively. According to the 
above multipath variation, a similar multipath effect is simulated in 500 to 2500 epoch of 
the Experiment 2 data. The cycle slips estimation of the MW combination after simulat-
ing the multipath effect is shown in Figure 5. 

Figure 3. The multipath effect of PRN38 satellite: (a) multipath effect situation; (b) residuals between
multipath epochs.

Appl. Sci. 2023, 12, x FOR PEER REVIEW 10 of 19 
 

  
(a) (b) 

Figure 3. The multipath effect of PRN38 satellite: (a) multipath effect situation; (b) residuals between 
multipath epochs. 

  
(a) (b) 

Figure 4. The multipath effect of PRN40 satellite: (a) multipath effect situation; (b) residuals between 
multipath epochs. 

According to Figures 3 and 4, in the severe multipath environment, the pseudor-
ange multipath effect of the two frequency points is at the meter level. The change am-
plitude of the multipath effect is similar for the B1c and B2a frequency, and the maxi-
mum values of the multipath effects between the B1c and B2a frequency epoch were C38 
(1.202 m and 1.314 m) and C40 (1.234 m and 1.242 m), respectively. According to the 
above multipath variation, a similar multipath effect is simulated in 500 to 2500 epoch of 
the Experiment 2 data. The cycle slips estimation of the MW combination after simulat-
ing the multipath effect is shown in Figure 5. 

Figure 4. The multipath effect of PRN40 satellite: (a) multipath effect situation; (b) residuals between
multipath epochs.

According to Figures 3 and 4, in the severe multipath environment, the pseudorange
multipath effect of the two frequency points is at the meter level. The change amplitude
of the multipath effect is similar for the B1c and B2a frequency, and the maximum values
of the multipath effects between the B1c and B2a frequency epoch were C38 (1.202 m and
1.314 m) and C40 (1.234 m and 1.242 m), respectively. According to the above multipath
variation, a similar multipath effect is simulated in 500 to 2500 epoch of the Experiment
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2 data. The cycle slips estimation of the MW combination after simulating the multipath
effect is shown in Figure 5.
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Based on the above amount of variation, the cycle slips’ estimation of the two frequency
points can be set to M1 = 1 m and M2 = 1 m, respectively. As shown in Table 1, when
the system is seriously affected by the pseudorange multipath, the false detection rate
reaches 64% and the missed detection rate reaches 42%. This is because the multipath effect
leads to abnormal fluctuations in the pseudorange in the MW combination, the overall
narrow-lane combination becomes smaller, and the cycle slips’ estimation becomes larger,
so the pseudorange multipath effect is misdetected as cycle slips. Especially for the short
wavelength of the dual-frequency signal combination, the false detection and missing
detection are even more serious.

Table 1. False detection rate and missed detection rate statistics.

Different
Environments

Detection
Combinations PRN PF PM σ∆Nij,AR /Cycles

No multipath
environment

MW
C38 0.27% 0.01% 0.2895
C40 0.27% 0.01% 0.2895

Severe multipath
environment

MW
C38 64.83% 42.04% 1.9042
C40 64.83% 42.04% 1.9042

AR + MW
C38 0.29% 0.01% 0.2919
C40 0.29% 0.01% 0.2920

Figures 6 and 7 give the cycle slips estimations of the PRN38 and PRN40 satellite
observations under the multipath effect using the dual-frequency MW and GF detection
models. The MW combination (at 500~2500 epochs) shows a trend term that is clearly
affected by the multipath, with the cycle slips’ estimations of multiple epochs exceeding
0.4 cycles. The false detection rate is 64%, which is very serious; while on the contrary, the
GF combination is not affected by the pseudorange multipath influence and still maintains
a good detection capability. The results indicate that the traditional MW detection model
fails in a severe multipath environment.
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3.3. Analysis of the Results of the AMG Combined Cycle Slip Completeness Detection

The cycle slips’ detection and repair of the MW combination method assisted by
an AR model are carried out on the same data of Experiment 2 in Section 3.1, and the
effectiveness and reliability of this method are verified by comparison. In order to achieve
a false detection rate of 5%, that is, σ∆NMW ,M should be less than 0.443 cycles, and the
pseudorange multipath errors of the two frequency points should be less than 0.2 m.

Firstly, a 500 epochs sliding-window with time series characteristics is constructed by
using pseudorange data not contaminated by the multipath, and the AR model is used
to predict pseudorange observations in a severe multipath environment according to the
time-domain characteristics of the sliding-window. The predicted residuals are shown in
Figure 8. The experimental results show that the predicted mean value of the pseudorange
observations is 0.028 m, and the proportion of the predicted residuals less than 0.1 m is
more than 96%.
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The AR model-assisted MW combined cycle slips’ detection estimations are shown in
Figure 9. Comparing Figure 4, the pseudorange multipath effect of the method used in this
paper is significantly suppressed, and the cycle slips’ estimations are all less than 0.2 cycles.
As shown in Table 1, the detection estimation assisted by the AR model is 0.2919 cycles,
which is close to 0.2895 cycles in the case of no cycle slips and significantly lower than
1.9042 cycles in the multipath environment, indicating that the cycle slip estimation is more
accurate. At the same time, the false detection rate and miss detection rate of this method
are less than 1%, so the AR+MW combination still maintains a powerful detection ability in
a severe multipath environment.
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3.4. Analysis of AMG Combined Cycle Slip Detection Results

In order to test the detection capability of the AMG combination for cycle slips in a
severe multipath environment, both frequencies of the MEO C38 and IGSO C40 satellites of
different constellations were added with 1–8 cycles of scattered small cycle slips in a severe
multipath environment. The added cycle slips combinations are shown in Table 2.



Appl. Sci. 2023, 13, 27 13 of 18

Table 2. Size and position of simulated cycle slips.

Epoch 700 900 1300 1700 2000 2300

cycle slips 1 2 8 1 −1 5
1 4 6 −2 1 3

Figure 10 shows the cycle slips’ detection result of the traditional MW + GF com-
bination. Figure 11 shows the cycle slips detection result of the AMG model, and the
comparison of the completeness detection is shown in Figure 12. The repair results are
shown in Table 3.
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Table 3. Cycle slips repair results.

PRN Position Cycle Slips
(Traditional Methods)
Calculated Value of
Cycle Slips/Cycle

Cycle Slips Repair
Value/Cycle

(AR Assisted Model)
Calculated Value of
Cycle Slips/Cycle

Cycle Slips Repair
Value/Cycle

C38 200 (1, 1) (0.789, 2.238) (1, 2) (0.947, 1.061) (1, 1)
C38 400 (2, 4) (3.114, 3.076) (3, 3) (2.010, 4.018) (2, 4)
C38 800 (8, 6) (9.482, 4.879) (9, 5) (7.905, 6.018) (8, 6)
C38 1200 (1, −2) (−0.788, −1.825) (−1, −2) (1.053, −2.026) (1, −2)
C38 1500 (−1, 1) (0.747, 2.945) (1, −3) (−1.095, 0.939) (−1, 1)
C38 1800 (5, 3) (3.959, 3.489) (4, 3) (4.958, 3.057) (5, 3)

C40 200 (1, 1) (3.245, 0.868) (3, 1) (1.037, 1.065) (1, 1)
C40 400 (2, 4) (2.736, 3.568) (3, 4) (1.895, 3.961) (2, 4)
C40 800 (8, 6) (6.255, 7.120) (6, 7) (8.042, 5.982) (8, 6)
C40 1200 (1, −2) (1.047, 1.822) (1, 2) (0.8897, −2.018) (1, −2)
C40 1500 (−1, 1) (0.257, 3.119) (0, 3) (−1.005, 0.921) (−1, 1)
C40 1800 (5, 3) (5.473, 2.333) (5, 2) (4.947, 3.000) (5, 3)

As shown in Figure 11, the results indicate that, on the one hand, for the carrier phase
observations at B1c and B2a with the same period of small cycle slips (e.g., at 700 epochs),
the MW combination does not detect the cycle slips successfully, but the GF method clearly
detects them, because the MW combination cannot detect the same cycle slips at the same
epoch for both frequencies. On the other hand, for the cycle slips (8,6) of the frequencies
B1c and B2a at 1300 epoch, the GF combination cannot detect accurately, because the cycle
slips’ ratio in the carrier phase observation values of the B1C and B2A frequencies is very
close to the ratio of the two frequencies. In a weak multipath environment, the GF + MW
model can detect most types of cycle slips, but in a severe multipath environment, if there
are special cycle scale situations (such as: 1300 epoch), the GF combination is unable to
detect cycle slips due to the existence of some kind of detection blind spots. Furthermore,
the MW combination can detect if cycle slips occurred, but the result is not accurate. This
is because the multipath effect seriously affects the pseudorange accuracy and leads to
the failure of the MW + GF model. At this time, the MW + GF combination fails in the
severe multipath environment. In contrast, the AMG combination is not affected by the
pseudorange multipath, and cycle slips can still be accurately detected and successfully
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repaired in severe multipath environments. As shown in Figure 12, the cycle slips’ repair
success rate of the MW + GF detection model in the multipath environment is 63.4%,
because when the pseudo range multipath effect is serious, the false detection rate rises
linearly, and it is easy to mistakenly detect the pseudo range multipath effect as the cycle
slips. Especially for the combined wavelengths of the dual-frequency signals, the false
detection is more serious. For the simulated large and small cycle slips, the AMG combined
detection model can detect them effectively.

Compared with the traditional TurboEdit methods, the AMG method can effectively
detect cycle slips under severe multipath conditions, whose cycle slips’ estimation is not
affected by the multipath residual, and the success rate of the cycle slips’ recovery is even
higher. As shown in Table 3, due to the serious influence of the multipath effect on the
accuracy of the pseudorange, the cycle slips’ repair with the traditional method failed
(such as: 700, 900, 1300 epoch, etc.). The results show that the accuracy of the pseudorange
seriously affects the success rate of the cycle slips’ repair. When the AMG method was used
to repair the cycle slips, we used AR to predict and restore the pseudorange in the severe
multipath environment, which improved the success rate of the cycle slips’ repair (such as:
700, 900, 1300, epoch, etc.), and the success rate of the rounded repair reached 99.9%.

4. Conclusions

Geographic information services and geoprocessing services require BDS high-precision
positioning technology to provide accurate spatial and temporal services. However, in
severe urban environments, frequent shading will lead to multipathing, which will cause
cycle slips of BDS observations, and the positioning accuracy is affected by these frequent
cycle slips. To enhance the capability of the geoprocessing services and solve the problem
of the cycle slips’ detection and repair of the BDS-3 dual-frequency observation in severe
multipath environments, an AMG method for the detection of cycle slips is proposed in
this paper. Firstly, pseudorange observations unaffected by the multipath are used as the
training quantity; an AR model based on the sliding-window method is constructed to
predict the reliable pseudorange observations in a severe multipath environment. Then,
the cycle slips’ detection was carried out combining AR with the MW + GF method,
and a derivation model and completeness monitoring indicators are derived to verify
the effectiveness of the algorithm in theory. The field test results show that when the
MW + GF combination fails in the severe multipath environments, the AMG combination
still maintains a powerful detection and repair ability. Compared with the MW + GF
method, the cycle slips’ repair success rate of the AMG method is increased by 36%, and
the cycle slips false detection rate and the missed detection rate are reduced by 64.5% and
42.0%, respectively. The specific contribution of this paper is:

(1) Compared with the traditional MW + GF method, the advantages of our method are:
(1) the influence of the multipath effect on the MW observation equation has been
significantly weakened, the probability of the false detection and missing detection
of the cycle slips has been dramatically reduced, the more accurate estimation of
the cycle slips has been obtained, and the success rate of the cycle slips’ detection is
more accurate. (2) The AMG method effectively solves the failure of the cycle slips’
collection and repair in severe multipath conditions and restores the pseudorange in
the multipath environment through an AR prediction. The cycle slips’ estimation is
not affected by the residual of the pseudorange multipath, and the success rate of the
cycle slips’ collection and repair is higher.

(2) For the simulated cycle slips in the B1c and B2a dual-frequency observations of two
types of BDS-3 satellites, the results show that the conventional MW + GF combination
fails. After adopting the method in this paper, the detection and repair ability of the
cycle slips has been significantly improved and reached the practical level. The false
detection rate is 0.29%, the missed detection rate is 0.01%, the detection success rate is
99.9%, and the repair success rate is 99.9%.



Appl. Sci. 2023, 13, 27 17 of 18

(3) The AMG method proposed in this paper has been verified experimentally in the
severe multipath environment. However, the AMG method proposed in this paper
needs to be trained with clean pseudorange data in advance, which has limitations
in the practical real-time application of the cycle slips’ detection and repair. In the
future, we will consider this shortcoming and constantly improve the practicability
of the AMG method. What calls for special attention is that the values presented in
the conclusion were obtained for the field data conditions analyzed in this paper. The
multipath can vary greatly according to the environment and these values of the PF
and PA will not remain constant depending on their test environment.
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