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Cycle slip determination plays an important role in high-precision data processing and application of global navigation satellite
systems (GNSS). The TurboEdit method consists of the Melbourne-Wubbena (MW) and the geometry-free phase (GF)
combination. It can correctly detect and repair cycle slip in most cases. Cycle slip detection (CSD) with GF is disturbed by
severe ionospheric delay variations; moreover, CSD or cycle slip repair (CSR) with the MW faces the risk of the disturbance
from large pseudorange errors. Hence, cycle slip determination would be difficult under some extreme conditions, e.g., cycle
slips occur in low altitude satellite, low sampling rate of dual-frequency observations. To overcome the limitations, a new
dual-frequency CSD and CSR method is proposed. The main contents are as follows: (1) compared with the MW method,
the Doppler-assisted phase subtraction pseudorange (DAPSP) method that we proposed has no detection blind spot and
can effectively reduce the influence of pseudorange noise at high sampling rates; thus, we replace MW by the DAPSP
method to improve the detection accuracy. (2) An adaptive threshold model with root mean square (RMS) is established
to effectively reduce the missing and false range detection of cycle slip. (3) The sliding polynomial fitting-assisted GF
(SPFAGF) is carried out according to the satellite altitude angle. The trend of ionospheric delay and residual multipath
effect error between adjacent epochs is extracted and suppressed by SPFAGF. The method combined with DAPSP and
SPFAGF (DAPSP-SPFAGF) overcomes the situation that the TurboEdit method cannot effectively detect under extreme
conditions. The experimental results of Beidou dual-frequency observation data show that the TurboEdit method and the
DAPSP-SPFAGF method can perform CSD and CSR in most cases. At the sampling rate of 1s, the detection speed of
DAPSP-SPFAGF method is significantly faster than TurboEdit method. The number of false positives about CSD is
reduced from 68 to 0. At the sampling rate of 30s and under the condition of the observed satellite altitude angle below
30°, the false alarm rate of the DAPSP-SPFAGF method is 0, but the TurboEdit method’s false alarm rate is 71.2%. So
DAPSP-SPFAGF method is prior to the TurboEdit method at the high sampling rates or under extreme conditions,
especially it can accurately detect and repair cycle slip and reduce the false positives and false alarm rate.

1. Introduction

Compared with other global navigation satellite systems
(GNSS), Beidou global navigation satellite system (BDS-3)
provides more high-quality services besides positioning,
navigation, and timing (PNT) services [1], such as regional
information communication, global short message commu-

nication, global search and rescue service (SAR), regional
precise point positioning (PPP) service, embedded satellite-
based enhanced service (BDSBAS), and space environment
monitoring function [2-4]. For the precise services such as
positioning, navigation, orbit determination, SAR, and
PPP, all need to be provided by phase observation. Thus,
continuous phase observation data without cycle slip must
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be required to ensure the consistency and convergence of the
above precise services [5]. Therefore, CSD and CSR are still
an indispensable part of GNSS data processing. However,
CSD is particularly difficult in low altitude angle observation
data because of high measurement noise, multipath effects,
and large ionospheric delay.

The methods of CSD and CSR include the high order
time difference method [6], wavelet analysis [7-9], polyno-
mial fitting method [10-12], phase subtraction pseudorange
method, Doppler integration method, TurboEdit method,
and second-order, time-difference phase ionospheric resid-
ual (STPIR) method. However, different methods have dif-
ferent limitations. The polynomial fitting method is not
suitable for small cycle slip detection [13]. The phase sub-
traction pseudorange method [14, 15] is affected by pseudor-
ange noise and satellite altitude angle. Hence, it is difficult to
detect small cycle slips under the strong noise environment.
The Doppler integration method is affected by the low sam-
pling rate, and the detection effect is not valid when the sam-
pling rate is low [16, 17]. The TurboEdit method [18-21]
uses Melbourne-Wubbena (MW) combination and the
geometry-free (GF) phase to jointly detect cycle slips. It
has high detection and repair accuracy. However, the
method also has some limitations caused by their own com-
bination of MW and GF. MW combination has insensitive
cycle slip. Pseudorange noise may lead to missing and false
range detection of cycle slip about low satellite altitude angle
data. GF can detect small cycle slips. However, it is vulnera-
ble to the influence of ionospheric errors. It also has multiva-
lue characteristic and insensitivity. Therefore, TurboEdit
method is not suitable for cycle slip detection with respect
to the low altitude angle observation data [22]. Although
the STPIR method [23-27] is simple and reduces the impact
of ionospheric errors, however, its effectiveness depends on
the changes of the ionosphere.

In view of the limitations of the above methods, com-
pared with the MW method, the Doppler-assisted phase
subtraction pseudorange (DAPSP) method, which can effec-
tively reduce the influence of pseudorange noise at high
sampling rates, is proposed. The selection of threshold is
vital to the accuracy of cycle slip detection. The existing
methods usually select empirical threshold, which has poor
adaptability and is easy to cause cycle slip false detection
for data under low satellite altitude angle or low sampling
rate. Using sliding window filtering to make the error distri-
bution of the test statistics more reasonable, then the size of
the RMS is determined. The adaptive threshold model is
built according to the RMS to reduce the missing and false
range detection of the cycle slip; in order to solve the prob-
lem that DAPSP is not effective for small cycle slip detection
at low sampling rate and low satellite altitude angle, a sliding
polynomial fitting-assisted GF (SPFAGF) method is pro-
posed. Although the influence of the ionospheric delay and
the restriction of the satellite altitude angle about GF can
be restrained by SPFAGF, the multivalue problems still exist.
The DAPSP cycle slip detection model can overcome the
problems of multivalue. So, we use DAPSP and SPFAGF to
jointly detect and repair cycle slips (hereinafter referred to
as DAPSP-SPFAGF combination method), which can detect
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any cycle slip effectively and is not affected by sampling rate
and satellite altitude angle. Finally, the Beidou multifre-
quency observation data are used to verify the performance
of the combination method.

2. TurboEdit Cycle Slip Detection Method

The TurboEdit method is one of the most commonly used
methods for dual-frequency cycle slip processing at present.
Using MW and GF combination to jointly construct the
model to detect cycle slips is the principle of TurboEdit
method. The TurboEdit method has high-accuracy proper-
ties of detection and repair. However, when the sampling
rate is low, or the observed satellite altitude angle is low, or
the ionosphere is active, the TurboEdit method will lead to
false or missing detection. Thus, we will propose an
improved combination method based on TurboEdit method,
called DAPMP-SPFAGEF, to overcome TurboEdit method’s
defects. Here, the key principle of TurboEdit method is
introduced first.

2.1. MW Combination Method Principle. According to liter-
ature [19], the test statistics of MW combination is

Ly, _fiPitf- P (1)

N = " A (fi+fy)

AWL

where Lyy; is the carrier phases expressed as ranges, ¢; and
@, are carrier phase measurements, P, and P, indicate pseu-
dorange measurements, f; and f, indicate the frequency of
the band, Ay, is the wide-lane wavelength, and Ny, is the
ambiguity of wide-lane combination.

Recursive formula is used to calculate the average ambi-
guity and RMS of wide-lane combination of each epoch:

Ny (i) =Ny (i-1) + % [Ny (i) = Ny (i - 1)],
o?(iy=0c*(i-1)+ % [(NWL(i) ~ Ny (i-1))* - o*(i- 1)],

(2)

where Ny (i) is the average value of the ambiguity of wide-
lane combination in the previous i epochs and o2 (i) represents
the variance of the previous i epochs. If the two conditions in
Equation (3) are met, cycle slip can be detected.

Ny (i) = Ny (i = 1)| > 4o (i -
[Ny (i) (i=1)] = 4o( 1)}. )

INwr (i) = Ny (i+1)]<1

According to Equation (3), the ratio between the change of
ambiguity of MW and the RMS can be expressed as [26]

[Ny () = Ny (i= )|

b o(i-1)

(4)

When D > k, generally k value is +4, means that there are
cycle slips.
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2.2. GF Combination Method Principle. The GF mainly uses
the ionospheric residual of the dual-frequency carrier phase
observation data to make a difference between adjacent
epochs. Then, we can detect whether there are cycle slips.
The ionospheric residual can be expressed as

A
¢GF=¢1_}1"P2=N1_A—1N3+A1) (5)
3 3

where ¢ is the construction quantity of GF, f; and f; can
be considered as the frequencies of Bl and B3, and 4, is the
ionospheric residual.

The GF is calculated by the difference between adjacent
epochs of Equation (5):

Do = @ep(t +1) = pp(t) = AN, - ?ANS +Ag  (6)
3

where Dy is the test statistics of GF, ¢ represents the current
epoch, t + 1 represents the next epoch, and A, , represents
the interepoch ionospheric residual.

3. DAPSP-SPFAGF Combined Method for
Detecting and Repairing Cycle Slip

The specific steps of DAPSP-SPFAGF combined method are
as follows: (1) DAPSP is used for preliminary cycle slip
detection about the observed data. When DAPSP test statis-
tics exceeds the adaptive threshold, it is regarded as cycle slip
and rounded up. Moreover, the observed data is preliminar-
ily repaired by DAPSP. (2) SPFAGF is used to detect and
repair the cycle slips of the observed data after DAPSP
preliminary repair. When SPFAGF test statistics exceeds
the threshold, it is regarded as cycle slip. And the cycle slip
cannot be detected or false repaired by DAPSP, which is
repaired by SPFAGF.

3.1. Model of DAPSP Method. According to literature [28],
the integer ambiguity of phase subtracting pseudorange
method can be expressed as

(Ap—P) = (Is = 1p) = (g5~ &)
¢AP ¢ “p) (7)

Npgp =

For the observation data with the same frequency, their
ionospheric errors, measurement noise, and multipath effect
errors are very similar between adjacent epochs. The cycle
slips of subsequent epochs all contain the total cycle slips
about the previous epoch. Therefore, the adjacent epoch dif-
ference calculation about Equation (7) can greatly reduce the
above errors. The calculation can also eliminate the total
cycle slip from the beginning epoch to the previous epoch,
preserving only the tiny residuals and the cyclic slip differ-
ence between the previous epoch and the current epoch
[29]. At this time, the adjacent epoch difference can be
expressed as:

(Piy = Py) + Ae

ANPSP:NHl_Ni:(piH_(pi_%’ (8)

where ANpgp is the test statistic of phase subtracting pseu-
dorange method. Due to the existence of As, ANpgp is not
0. Its value should fluctuate within a small range. If cycle slip
occurs in actual conditions, its value will exceed the specified
range. Therefore, cyclic slip can be detected by determining
whether ANy is larger than the threshold value.

The phase subtracting pseudorange method is not easily
affected by sampling rate, but the influence of pseudorange
noise and satellite altitude angle cannot be ignored. To solve
this problem, DAPSP, which is based on the combination of
the Doppler integral method and phase subtraction pseudor-
ange method to improve the detection accuracy of cycle slip,
is proposed.

The integral value of Doppler is recorded as Adopp,,;,
and its value is obtained from Equation (8):

i+1
d(t)dt = %AAt(Fi +F,), (9)

Adopp;,, =AAg =2 J
1
where F is the change rate of instantaneous carrier phase
measurements, Ag is the difference of carrier phase mea-
surements between two adjacent epoch, d(t) is the Doppler
observation value, and t; is the epoch of observation.
When there is no cycle slip between the i and i+1
epochs, the difference between AA¢@ and Adopp,,, only
includes the observation noise, and it should fluctuate within
a certain range. Then, the test statistic of the Doppler inte-
gration method is

Adopp;
ANyopp = A9 — Tﬂ (10)

where ANy, is the test statistic of the Doppler integral
method.

As can be seen from Equation (7), the phase subtraction
pseudorange method is affected by pseudorange noise, iono-
spheric delay, multipath error, and other factors. When the
sampling rate is high and the ionospheric change is not sig-
nificant, the effects of ionospheric delay and multipath error
are negligible. On this occasion, the phase subtraction pseu-
dorange method is mainly affected by the pseudorange
noise. The Doppler observation is the first derivative of the
carrier phase measurements. And the Doppler integration
method is proposed because of its stability and not affected
by cycle slip. However, the Doppler integral method is easy
to be affected by the sampling rate, because it is easy to
appear false detection under low sampling rate. Thus, we
combine the Doppler integration method and the phase sub-
traction pseudorange method to detect cycle slips.

min [|ANpsp|,
ANpsp

1s<R<5s,

AN dopp H

ANpapgp = {
R > 5s,
(11)

where AN ,psp is the test statistic of DAPSP, R is the sam-
pling rate of data, min is the abbreviation of minimum,
and min [] is the minimum value of a function.



When the sampling interval is longer than 5, the Dopp-
ler integration method will produce sharp fluctuations. At
this time, using the Doppler integration method to assist will
affect the cycle slip detection and repair; thus, the phase sub-
traction pseudorange method is directly used.

DAPSP is different from the traditional cycle slip detec-
tion method. Hence, we cannot use experience threshold of
traditional method, and new threshold should be con-
structed. The DAPSP has high noise under low satellite alti-
tude angle and low sampling rate; thus, we use the moving
average filtering model to reduce the interference of high
noise data about the cycle slip detection. Only the data in
the window is used to calculate the average value and RMS
value. And the window slides backward with the epoch.

AN(i) = %i AN(i +j),
j=—m

(12)

% Y (ANG+))- AN(i))’,

Jj=—m+l

o’ (i) =

where AN (i) and 0?(i) are the mean and mean square values
about the test statistics for previous 7 epoch in the noncycle
slip observation window, respectively, and m is the sliding
window width involved in the average calculation. Through
a lot of experiments, it has a good effect when the window
width is 25 epochs. When i< m, only AN(i) and o?(i) of
the previous i epochs are calculated.

The ratio between the rate of change about test statistics
and the RMS is

AN(i) - AN(i - 1)
o(i-1)

M= . (13)

The key of DAPSP to detect cycle slip is |M| > k; hence,
the threshold expression m,y about DAPSP is

myy =AN(i—1)  ko(i—1). (14)

When the residual error caused by noise or low satellite
altitude angle is large, cycle slip false detected will be caused.
Thus, the noise level of the observation data needs to be con-
sidered when we set the threshold. We test the noncycle slip
observation data under different satellites and different sam-
pling rates and calculate the |[M| and RMS about each group
of data. Figure 1 shows the statistical results under different
sampling rates.

As can be seen from Figure 1 that when k is fixed, if k is
set small, it is easy to cause cycle slip false detection. And if k
is set larger, it is not sensitive to detection small cycle slips.
Both will cause negative effects on the positioning. When
the sampling rate is different, the fluctuation range of |M|
is different; hence, it is necessary to build different threshold
models under different sampling rates. To minimize cycle
slip false detection and miss detection, we build an adaptive
threshold model which changes with the RMS and the
sampling rate.
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Determine k as shown by the black line in Figure 1. The
k is as follows:

When R =I5,
150 - 1100000 <0 < 0.01,
70 - 30000 0.01 <0 <0.02,
k={ 18 -40000.02 <o < 0.03, (15)
9-1000 0.03 < 0 < 0.06,

30>0.06.
When R = 30s,
50<0<04,
k={ 6.6-400.4<0<0.9, (16)
30>0.9,

where R is the size of the sampling rate.

3.2. Model of SPFAGF Method. The test statistic of GF is
approximately a smooth curve if there is no cycle slip, and
the sliding polynomial fitting method can effectively sup-
press the effects of ionospheric delay and satellite altitude
angle. The ionospheric residual between adjacent epochs is
large under low satellite altitude angle. Hence, when the sat-
ellite altitude angle is less than 40°, slip polynomial fitting is
performed for the test statistic of GF, and the fitted value
Qg is found. According to our analysis of many experimen-
tal results, it has a good suppression effect under different
sampling rates when the window width is set to 30 epochs,
and the polynomial coefficient is 2. The difference between
the true value and the fitted value is taken as the test statistic
of the SPFAGF, which is Dgp — Qg

Since the ionospheric residual by SPFAGF is small, the
fixed threshold can be used as the threshold of SPFAGF.
According to the error propagation law, the mean square

error of GF is mgp = \/Zmé + Z(ﬁ/f%)m; ~0.0224 cycles.

Taking the mean square error of 4 times test statistic as the
threshold, the threshold is 0.09 cycles.

4. Example and Analysis

This paper is verified by the BDS dual-frequency experimen-
tal data. The data acquisition time is 2021-12-27, and the
acquisition location is on the roof of the national key
experimental building of Henan Polytechnic University.
The acquisition equipment is the CHC NAVIGATION 190
GNSS. The data acquisition interval is 1s, and there are
6100 epochs in total. The BDS C21 satellite observation data
is selected for experimental analysis because it is a MEO
satellite, and MEO satellite can better reflect the impact of
satellite altitude angle to cycle slip detection. Two experi-
mental schemes are designed to verify the correctness,
effectiveness, and applicability about the DAPSP-SPFAGF
combined method.
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|M| value at 1s sampling rate

RMS

« Data of 1s sampling rate
— k

(a) 1s

|M| value at 30s sampling rate

RMS

o  Data of 30s sampling rate
— k

(b) 30s

F1GURE 1: |M| value change of DAPSP using different sampling rates.

(1) Scheme 1: DAPSP-SPFAGF combination method

is directly used to detect and repair cycle slips
about observation data. The basic performance of
DAPSP-SPFAGF combination method about cycle
slip detection and repair is verified by comparing it
with the TurboEdit method. When the TurboEdit
method averages the full epoch of MW, the system-
atic deviation on BDS satellite will have a large
impact to the average value and RMS, resulting false
or missing detection of cycle slips [30]. Therefore,
the threshold setting about TurboEdit method in
scheme 1 adopts the improvement method by
literature [27] to reduce the impact of cycle slip false
detection. The noncycle slip phase data is obtained
through the TurboEdit method and DAPSP-
SPFAGF combination method. At the same time,
the sampling rate of noncycle slip experiment data
is reduced to 30s, and the experimental data under
the low sampling rate is obtained

(2) Scheme 2: after obtaining noncycle slip experimental

data of 1s and 30s sampling rates, we first verify
whether the DAPSP-SPFAGF combination method
and the TurboEdit method will have cycle slip false
detection under different sampling rates. As there
are a few and single kind cycle slips in the observa-
tion data, by adding various random cycle slips to
noncycle slip experimental data, the effectiveness
and applicability of the DAPSP-SPFAGF combina-
tion method to detection and repair cycle slip are
further verified. In order to test the actual detection
effect of the DAPSP-SPFAGF combination method
and TurboEdit method under low satellite altitude
angle, cycle slips are artificially added to the low
satellite altitude angle observation data under 1s

and 30s sampling rates, respectively, as shown in
Table 1. The cycle slips added in Table 1 are insensi-
tive cycle slip combinations and small cycle slips of
the GF combination, and if the TurboEdit method
and DAPSP-SPFAGF combination method can
detect the cycle slips added in Table 1, then the large
cycle slips can also be effectively detected and
repaired

4.1. Scheme 1 Results and Analysis. The detection results of
TurboEdit method under raw data are shown in Figure 2.
As shown in Figure 2(a), using the threshold of MW will
pose a threat to the correctness of cycle slip detection under
low satellite altitude angle. And it will result in a lot of false
alarms even without real cycle slips. Besides, the MW is
vulnerable to cases when the cycle slips are the same. By using
the adaptive threshold of literature [27], cycle slip false detec-
tion has been reduced. However, there is still a possibility
about false detection under low satellite altitude angle. In
Figure 2(b), cycle slip combination is detected at the 1614th
epoch by GF. The GF combination works collaboratively with
the MW combination to separate cycle slips.

The detection result of DAPSP method alone using raw
data is shown in Figure 3(a). As shown in Figure 3(a),
DAPSP detects cycle slip combination of (2, 2) at the
1614th epoch, and DAPSP can independently repair cycle
slips.

Detection result of SPFAGF method alone using raw
data is shown in Figure 3(b). According to Figure 3(b), cycle
slip combination is detected at the 1614th epoch by
SPFAGE. However, SPFAGF, like GF, can neither distin-
guish the frequency on which the cycle slip occurs nor deter-
mine the size of the cycle slip. Thus, SPFAGF combination
cannot independently repair cycle slips.
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TaBLE 1: Manually add cycle slip.

1 s sampling rate 30's sampling rate
Epoch Add cycle slip Epoch Add cycle slip
6010 (5, 4) 175 (5, 4)
6020 (9, 7) 180 9, 7)
6030 (0, 1) 185 0, 1)
6040 (1,0) 190 (1,0)
6050 (1,1) 195 (1,1)
6060 (-1, -1) 200 (-1, -1)

As shown in Figure 4(a), DAPSP is unaffected by satellite
altitude angle at 1s sampling rate; DAPSP can detect the
same cycle slips that MW cannot detect. Moreover, the
DAPSP is promising to detect cycle slips at a single fre-
quency. As shown in Figure 4(b), SPFAGF method detects
that there is no cycle slip in the phase data repaired by the
DAPSP method, and we can obtain the noncycle slip phase
data. Compared to the TurboEdit method (shown in
Figure 2), the DAPSP-SPFAGF combination method pro-
vides to reduce false alarms at low satellite altitude angle.

4.2. Scheme 2 Results and Analysis. The performance of
DAPSP-SPFAGF combination method and TurboEdit
method at different sampling rates is determined by using
the noncycle slip phase data. First, the TurboEdit method
is used for cycle slip detection about the noncycle slip phase
data at different sampling rates, and the results are shown in
Figure 5. As shown in Figure 5(a), the accuracy of cycle slip
detection under low satellite altitude angle will be threatened
by using MW, and MW will cause various cycle slip false
detections. As shown in Figure 5(d), we can see a great num-
ber of detected cycle slips by GF. We think the detected cycle
slips are false alarms due to the rapid variation of the iono-
sphere because we use the noncycle slip experiment data,
and no jump for MW is seen. In a nutshell, the TurboEdit
method will increase number of false alarms in cycle slip
detection under disturbed ionospheric conditions. The false
alarms will then impact the reinitializing the ambiguity.
Although the method of reinitializing the ambiguity is sim-
ple and convenient, the convergence time required to
achieve high accuracy depends on the method of processing
the observed data. In poor cases, it can reach tens of minutes
to reach the converged accuracy. Thus, the TurboEdit
method will lead to poor availability of high-precision posi-
tioning result under disturbed ionospheric conditions.

The detection results of DAPSP-SPFAGF combination
method about the noncycle slip phase data using different
sampling rates are shown in Figure 6. As can be seen from
Figures 6(a) and 6(c), if a fixed threshold is used, a large
fixed threshold should be set in order to avoid misjudgment;
then, it will not be possible to effectively detect small cycle
slips of data with high sampling rate. However, using
adaptive threshold can effectively detect cycle slips of data
at different sampling rates and altitude angles according to
RMS, and it can effectively reduce cycle slip missed detection
and false detection.
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Compared with MW combination (shown in Figures 5(a)
and 5(c)), the cycle slip false detection under low satellite alti-
tude angle will be reduced by DAPSP (shown in Figures 6(a)
and 6(c)). Comparing Figure 5(d) with Figure 6(d), we can
see that using the GF to detect cycle slips is significantly
affected by the disturbed ionospheric conditions, but SPFAGF
suppresses this effect well. Although the fixed threshold is 0.09
cycles, SPFAGF has a good detection effect under disturbed
ionospheric conditions. Thus, the DAPSP-SPFAGF combina-
tion method significantly reduces the false detection of cycle
slips compared with the TurboEdit method. At the sampling
rate of 1s, the detection time of TurboEdit method is
90922 ps, the DAPSP-SPFAGF combination takes 56375 s,
and the time delay of TurboEdit method and PRP-STMGF
method processing each epoch is 14.91 ys and 9.24 ps, respec-
tively. Thus, the DAPSP-SPFAGF method has a shorter time
delay than the TurboEdit method when detecting and repair-
ing periodic slip on per epoch. At the sampling rate of 1s, the
number of false alarms is reduced from 68 to 0. At the sam-
pling rate of 30 s and under the condition of the observed sat-
ellite altitude angle below 30°, the false alarm rate of the
DAPSP-SPFAGF method is 0, but the TurboEdit method’s
false alarm rate is 71.2%.

Both the DAPSP-SPFAGF combination method and
TurboEdit method can effectively detect the manually added
cycle slips under high satellite altitude angle. Due to the lim-
ited space, more description is not needed. Next, we verify
the detection effect of the two detection methods on manu-
ally added cycle slips under low satellite altitude angle.

Detection results of TurboEdit method after adding cycle
slip combination using different sampling rate are shown in
Figure 7. Figures 7(a) and 7(d) show that the TurboEdit
method results a lot of cycle slip false detections at low sat-
ellite altitude angles, regardless of the 1s or 30s sampling
rate. Thus, cycle slips of low satellite altitude angle are not
effectively detected and repaired by the TurboEdit method,
and the data quality is affected.

Figure 8 exhibits the detection results of DAPSP-
SPFAGF combination method after adding cycle slip
combination using different sampling rates. As shown in
Figure 8(a), DAPSP still keeps good detection effect at low
satellite altitude angle. And the DAPSP can effectively detect
and repair cycle slips of any cycle, detecting large cycle slips
at epochs 6010 and 6020, small cycle slips at epochs 6030
and 6040, and cycle slips of the same size at epochs 6050
and 6060. Compared with the MW (shown in Figure 7(a)),
cycle slip false detections are reduced by DAPSP (shown in
Figure 8(a)), and the DAPSP has no detection blind spot.
Besides, DAPSP could detect and repair cycle slips of any
cycle independently and accurately at 1s sampling rate,
and it is not affected by satellite altitude angle. As shown
in Figure 8(b), the test statistics of SPFAGF after repairing
phase data with DAPSP is totally within the limit.

At 30s sampling rate, DAPSP cannot effectively detect
small cycle slips because of sampling interval, but the cycle
slips over 4 cycles can still be effectively detected using it
(shown in Figure 8(c)). As shown in Figure 8(d), SPFAGF
still has a good detection effect to small cycle slips at 30s
sampling rate. However, SPFAGF has multivalued problems,
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which lead to it can only exactly determine the cycle slips The results of DAPSP-SPFAGF combined method to
within four cycles. Thus, the SPFAGF works collaboratively ~ detect and repair cycle slips at 30 s sampling rate are shown
with the DAPSP to complement each other to accurately detect ~ in Table 2, and the test statistic about undetected cycle slip is
and repair all artificially simulated cycle slip combinations. taken as 0. Table 2 shows the false detections and missing
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detections about DAPSP which will be detected and repaired
by SPFAGF, and the DAPSP-SPFAGF combined method
can effectively detect various cycle slips even under low sat-
ellite altitude angle and low sampling rate.

At 1 second sampling rate, the DAPSP is not influenced
by the factor of the satellite altitude angle and can detect any
kinds of cycle slips. With the decrease of sampling rate and

the increase of pseudorange noise, the detection accuracy
of DAPSP decreases. And the small cycle slips cannot be
detected by it, but the cycle slips over 4 cycles can still be
effectively detected using it. GF can detect small cycle slips
at a low sampling rate, but the false or miss detection phe-
nomena will occur under the conditions of strong iono-
sphere or low satellite altitude angle. SPFAGF combination
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can effectively suppress the influence of ionospheric delay, = above, DAPSP can still detect cycle slips more than 4 cycles
especially the influence of the observation satellite altitude  even under extreme conditions; hence, combining with
angle about GF. However, GF and SPFAGF both have multiva- ~ DAPSP, the multivalue problem of SPFAGF can be solved.
lued problems, which lead to the combinations can only exactly =~ The combination of the DAPSP and SPFAGF improves the
determine the cycle slips within four cycles [31]. As mentioned  performance and accuracy of cycle slip detection and repair.
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TaBLE 2: Cycle slip repair statistics of DAPSP-SPFAGF combined method at 30 s sampling rate.

Epoch Add cycle slip Test statistic of DAPSP  Cycle slip value of DAPSP  Test statistic of SPFAGF  Cycle slip value of SPFAGF

175 (5, 4) (3.64, 3.49) (4, 3)
180 9,7) (7.80, 6.71) 8,7
185 0, 1) (0, 0) (0, 0)
190 (1, 0) (0, 0) (0, 0)
195 (1, 1) (0, 0) (0, 0)
200 (-1, -1) (0, 0) (0, 0)

-0.19 (1,1)
1.03 (1,0)
-1.25 (0, 1)
1.02 (1, 0)
-0.20 (1, 1)
0.23 (-1, -1)

5. Conclusions and Outlook

Cycle slips inevitably occur because of the temporary failure
of lock in the GNSS receiver carrier tracking loop, low
signal-to-noise ratio, and active ionosphere. Whatever the
reason for the cycle slips, cycle slips should be detected
and repaired before the carrier phase observation is used in
the GNSS high-precision positioning application. If we
directly apply the TurboEdit method widely used to detect
and repair cycle slip, there will emerge many failures caused
by severe ionospheric delay and low satellite altitude angle.
To solve above problem, a new cycle slip detection and
repair method (DAPSP-SPFAGF combined method) is pro-
posed to overcome the disturbances by severe ionospheric
delay and low satellite altitude angle. The method consists
about DAPSP and SPFAGF.

(1) DAPSP model is proposed, and an adaptive thresh-
old model that changes with RMS is constructed.
DAPSP is not affected by satellite altitude angle
and has high accuracy under 1s sampling rate.
DAPSP can independently detect and repair cycle
slips of any cycle at 1s sample rate, which improves
the cycle slip detection accuracy. According to con-
structing an adaptive threshold model that changes
with RMS, the cycle slip false detection and miss
detection can be effectively reduced under low satel-
lite altitude angle or low sample rate

(2) SPFAGF model is proposed to suppress the influence
about severe ionospheric delay and low satellite alti-
tude angle on GF. The low satellite altitude angle
observation data has some shortcomings, such as
large measurement noise and multipath effect and
severe ionospheric delay; there will be many false
detection and missing detection of cycle slips by
GF. To solve above problem, we first select the
appropriate window width and polynomial coeffi-
cients; then, we perform sliding polynomial fitting
to the test statistic of GF. We finally take the differ-
ence between the true value and the fitted value as
the test statistic of SPFAGF. Through practical veri-
fication, the SPFAGF can effectively suppress the
influence of severe ionospheric delay and low satel-
lite altitude angle on GF

Many compared experiments are carried out with the
dual-frequency data, and the DAPSP-SPFAGF combined

method’s ability to resist the disturbances of severe iono-
spheric variation and low satellite altitude angle is verified.
Compared with TurboEdit method, DAPSP-SPFAGF com-
bined method can detect and repair cycle slips in low satel-
lite altitude angle and low sampling rate and reduce the
false and missed alarms of cycle slip.
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