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Abstract

Unrepaired cycle slips in carrier phase measurements will result in re-initializing integer ambiguities, during which position-
ing accuracy will be compromised. However, the issue of cycle slip fixing has yet to be completely solved, which impedes the
realization of continuous high-precision positioning, especially in real-time precise point positioning applications. Traditional
cycle slip (detection and) repair methods only use adjacent epochs to estimate cycle slips in real-time processing. Research
indicates that using multiple epochs in the time-differencing model of cycle slip estimation could significantly improve cycle
slip repair in real-time processing. A multi-epoch geometry-based cycle slip repair method is introduced, and it can also be
implemented in real-time processing. A comparative study, including the theoretical model strength and real repairing rates
for static and kinematic datasets, is performed under identical settings. The result demonstrates that a considerable number
of the cycle slips unrepaired by the existing methods can be fixed by using the enhanced new method. In a low sampling
rate static experiment, the average repair rates of the cycle slips unrepaired by the single-epoch geometry-based method and
multi-epoch geometry-free method can be improved from 98.2% and 37.6% respectively to 99.3% by the new method using
4 epochs. In kinematic experiments, significant improvement is observed in shipborne, land-based, and airborne experiments
using the new method compared with the existing methods.

Keywords GNSS - Cycle slip repair - Precise point positioning - Real-time processing

Introduction

In global navigation satellite system (GNSS) applications,
high-precision positioning and navigation are mainly due to
high-precision carrier phase observations. It is necessary to
ensure that the integer ambiguities remain constant during
continuous signal tracking and that they are determined cor-
rectly or converge to a certain accuracy. However, unknown
integer bias called cycle slips may occur when phase obser-
vations are affected by receiver hardware issues or obser-
vation obstructions. This phenomenon is not rare; thus,
processing cycle slips is essential in high precision GNSS
positioning and navigation. Common methods for dealing
with cycle slips include reintroducing a new ambiguity
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parameter and allowing it to re-converge or repairing the
cycle slip. Although the method of re-initializing the ambi-
guity is simple and convenient, the convergence time to
achieve high accuracy depends on the processing method
of the observations. It can reach tens of minutes to reach the
converged accuracy in worse cases. This method will result
in the deteriorated availability of high precision positioning
results where cycle slip occurs. Especially when multiple
satellites need to re-converge their carrier phase ambigui-
ties at the same time or the satellite observation redundancy
is not high enough, the positioning accuracy may also be
significantly lower. This situation seriously affects the real-
time application of high-precision GNSS data. Therefore, in
GNSS data processing, cycle slip repair is an important part
of ensuring continuous high-precision positioning.

The cycle slips processing could be divided into two
steps: cycle slip detection and reln the past few decades,
the GNSS research community has been working on cycle
slip detection and repair algorithms. Cycle slip detection can
be roughly categorized into two types. The first type is to
detect abnormal changes in ambiguity through constructing
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cycle slips sensitive linear combinations. Among them,
the TurboEdit algorithm proposed by Blewitt (1990) is the
most popular dual-frequency linear combination algorithm
for detecting cycle slips in the time-differenced Hatch—Mel-
bourne—Wiibbena (HMW) linear combination (Hatch 1983;
Melbourne 1985; Wiibbena 1985) and the time-differenced
geometry-free linear combination. This method is effective
in detection except for some small cycle slips (Liu 2011).
Second, within the framework of quality control, the cycle
slips are treated as outliers appearing in observation. They
are usually detected based on relevant statistics through
statistical testing. The detection, identification, and adap-
tion (DIA) method is a well-known method (Teunissen and
De Bakker, 2013). In addition, there are outlier detection
methods that analyze the posterior residuals in the optimal
estimation process, similar to the robust Kalman filtering
method (Yang et al. 2001). Compared with the linear com-
bination method, the quality control method can detect cycle
slips that cannot be detected by the linear combination due
to the strengthened model considering the satellite geometry.

In terms of cycle slip repair, the TurboEdit algorithm pro-
posed by Blewitt (1990) also includes a method for dual-
frequency cycle slip repair by using the linear combination.
However, due to the small redundancy of the method, this
method and its derivative methods still have shortcomings
that severely rely on accurate ionospheric delay prediction;
thus, these methods will be inevitably unavailable when the
ionosphere is strongly active or in real-time processing (Cai
et al. 2013; Liu 2011). Subsequently, the method to esti-
mate the cycle slips by using the difference between adjacent
epochs has been studied (Banville and Langley 2009, 2013;
Zhang and Li 2012). This method considers the geometric
relations between satellites, which can greatly improve the
success rate of cycle slip repair compared with geometry-
free cycle slip repair methods. In addition, triple-frequency
and single-frequency situations are also similarly investi-
gated (Fujita et al. 2013; Li et al. 2016, 2019a; Zangeneh-
Nejad et al. 2017; Zhao et al. 2015). As the triple-frequency
increases the redundant measurements and improves the
redundancy, the success rate of cycle slip repair is signifi-
cantly improved (Zhang and Li 2016).

The problem of repairing the cycle slip of the three fre-
quencies has been basically solved, but the cycle slip repair
for dual-frequency measurements is still challenging, espe-
cially in situations with strong ionospheric activities and few
observed satellites. In many cases, the cycle slips cannot be
repaired by only using two adjacent epochs in the estimation
model. Based on this situation, real-time multi-epoch repair
methods have been proposed. Among them, the method pro-
posed by Li and Melachroinos (2019) is essentially a multi-
epoch geometry-free cycle slip repair method, which extended
the TurboEdit method to using more than one epoch. Although
the success rate is significantly improved compared to the
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single-epoch geometry-free cycle slip repair method, the per-
formance is still not ideal due to the limitation of the small
redundancy of the geometry-free method. It will still rely on
the accurate ionospheric delay prediction and wrong cycle slip
repair caused by inaccurate ionospheric delay prediction is
also observed by Li and Melachroinos (2019). Different from
the geometry-free method, another real-time cycle slip repair
method based on the undifferenced and uncombined model
and Kalman filter proposed by Li et al. (2019¢) utilized the
geometry relations between satellites, and this method will
be called as the undifferenced and uncombined model-based
cycle slips repair method. Nevertheless, this method also has
its limitations as well. Due to its reparameterization method,
the terms of ambiguities and newly involved cycle slips are
linearly dependent and estimated in the filter. Meanwhile, in
the ionospheric-free (IF) model, using the same approach to
group parameters will result in a loss of integer property of
cycle slips. As a result, this method can only be applied to the
undifferenced and uncombined PPP model but is not appli-
cable in IF-PPP, and it can only repair the cycle slips in the
observations whose ambiguities have converged. Therefore,
it is still necessary to improve multi-epoch-based cycle slips
repair methods which can overcome these limitations.

We propose a real-time multi-epoch time-differencing
geometry-based cycle slip repair method. Compared with
the multi-epoch geometry-free cycle slips repair method, this
proposed method will significantly increase redundancy to
ensure a better cycle-slip repair performance. Compared with
the undifferenced and uncombined model-based cycle slips
repair method, this method can be applied to the undifferenced
and uncombined PPP model and other models such as IF PPP
or Carrier to Code Levelling (CCL) model. In addition, the
cycle slips in the observations whose ambiguities have not
converged are also repairable in this method.

Mathematical models for cycle slip repair

In this section, functional models of the multi-epoch cycle
slip repair methods will be presented. For easy understanding,
a brief review of GNSS measurements and the positioning
model will be illustrated.

Undifferenced and uncombined models
and time-differencing models

The linearized form of undifferenced and uncombined equa-
tions can be written as

() sy s vt e men, O
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respective satellite and receiver pair; ¢ and dt are the speed

of light and time offsets respectively; A is the wavelength and
@) Nisthe integer ambiguity; b and B represent the hardware
where E(*) is the notation of mathematical expectation, Gis  and phase delay, respectively; T and I denote tropospheric
the (1x3) design matrix and u is the (3 1) difference matrix ~ delay and ionospheric delay respectively. Satellite clock
of unknown coordinates and linearized point; s and r identify ~ errors could be corrected by precise clock products and other
the satellite and receiver respectively; the subscript j denotes ~ unmentioned biases are corrected by models.
the frequency; P and L represent the measurements of pseu- The between-epoch single-differenced observation for
dorange and carrier observations; p is the distance between  epoch r and 7 + n could be written as.

s ) — A8 S S s s _ T8
E(L;) = iy, + G, + cdt, + 4 (N2 + B, ) + T3 = I

E<At t+nP ) = At,t+np() + At t+nG M + At t+nCdt + At t+nbr + At t+nTr + At H’"IrJ (3)

E<At,t+nLiJ) = At,t+npgr + At,t+nGiur + At t+nCdt + At,t+n/leij + nt,t+nBiJ‘ 4)
A TS = Dyl

ti+nty

where A, (%) = A, () — A,(*) is the time-differencing

notation.
G + G —_ G _ G . +
At,f+nGu = Gt+nut+n - Gtut = ( rn t;(u”'” Mt) + ( t+n [;(MH_ I/tt)

It is noted that some of the errors are constant in a short
period, including Bs 17, bs (Li et al. 2019b); therefore, the
between-epoch smgle dlfferenced observation could be writ-
ten as:

(Att+nP ) Att+npo + Att+nG U+ A, ,cd, + Att+n r

5
.01 1N = Al (6)
-0.02 . . .
0.02 Equations (5—6) demonstrate that the time-differenced
’ observations could be expressed by a combination of
unknowns including term NjJ.; thus, they could be further
0.01 reparametrized for cycle slip estimation.
w‘—'
'5 0 Geometry-based cycle slip repair method
&
0.01 The geometry-based cycle slip repair method was first intro-
- duced by Banville and Langley (2009). From time-differencin,
(5-6), A, ,,,Gu is usually ap rox1(r;nated as %
-0.02 However, in order to ignoring Gt )(u’+”+u’) (s )(u”"ﬂ’)

2
should be small enough; otherwise, the hnearlzatlon error
should be taken into consideration. This is usually small

enough for a single-epoch differenced method or high sam-
Fig.1 (G,,, — G,) magnitude of 30s (top) and 120s (bottom) interval,

computed using the GPS+GLONASS data for ALGO on the DOY pling rate data’and itis usually ignored (Banvﬂle and Langley
1,2019. The difference (G,,, — G,) contains three vectors, and they 2009, 2013; Li et al. 2019b). However, it should be carefully
are merged into the figure investigated in the enhanced multi-epoch differenced method,

B 12 16
GPSTime (h)
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especially for low sampling rate data. Generally, the interval of
low sampling-rate data is 30's, so(G,,,, — G,)in 30s (1 epoch)
and 120 s (4 epochs) is assessed. Taking ALGO station as an
example, GPS and GLONASS magnitudes of (G,,,, — G,) are
shown in Fig. 1. Considering (u,,,, + u,) could reach meter
level if the prior values of coordinates are estimated by single
point positioning (SPP) method or centimeter level to decime-
ter level estimated by the PPP method; thus, for 120 s inter-
val, Gien=G) Cran it could reach the centimeter level. For the
time-differencing equations, the noise level of carrier phases
is usually centimeter or millimeter level, which may be smaller
than Gmn=0 ) o result, the M is not
neglectable for large intervals and extremely hlgh speed kin-
ematic datasets including low orbit satellites. Considering the
effect of linearization error, in” G )t could be treated
as noise to mitigate its impact where (G,,,, — G, )is calculable
and the error of (u, ot u,) can be approximated according
to the Gpousm+0un1ng covariance. Therefore, the uncertainty of
(Crn=G)cts) could be estimated by the law of error propaga-
tion. Thus, the approximation is implemented as:

Gtut ~ (Gr+n+Gr)(”t+n_”r) (7)

At,1‘+nc;u = Gt+nut+n - )

If cycle slips are detected, the equation (5-6) could be writ-
ten as:

<Att+nP > = At,t+nGiur + At,t+nCdtr + MjAt,t+nIi1 (8)

E<Att+nzr/> Ay G, + Ay cdt, — H; tt+nl + /1 Z

(9)
w h_f re A, t+nPr/ A, t+nP At,t+np8,’
At,t+nLrJ = At,l+an«J - At,2‘+np()r’ M= ’1]2/’12 and

z =4, +anJ are the differences of ambiguities which are
considered as cycle slips.

T
Let Att+nPr [Att+nPr]"' Att+nPrf] s
At t+nLr - At t+nL tt+n r,f] Az,):+n
T
G =€ @A, G p = [ul, N T
T
— —1T
Ay = Az by s By t+nP ] ’
—17 —mT T
At H—I‘l r Al t+nL ’ At H—I‘IL ?
T
At t+nG [At t+nGl At t+nGm1] T
T T
Att+nIr_ [Att+n1,}1’""At,t+nlr,1] ’ Zr: [Zi ""’Z;n ’
A= dlag(/l1 Y e /lf) where m is the number of observed satel-

lites and f denotes the number of frequencies. All the time-
differencing observations for all frequencies could be written
as:

@ Springer

E<At,t+n1_3r> = At,t+nG”r + eI,fAt,HnCdtr + At,z+nIr Qu
(10)

mf t 1+n Cdt

= Apyial, ® i+ (diag(e,) ® A)z; (1)

E<At,t+nzr> At t+nGu + e

where ® is the notation of Kronecker product.

For high sampling rate data, the time-differenced iono-
spheric delay is usually neglectable, but for low sampling rate
data, it is usually processed by adding a pseudo-observation
for predicted ionospheric changes (Li et al. 2014). The pseudo
observations of ionospheric delay changes could be expressed
as:

E (ls ) =A

r

Z‘I+nljl’D(ls) = GIZ’E(IV)
Aol Q1) = diag(e,, ® o7) (12)

where D(*) is the notation of variance,Q(x) is the notation
of covariance matrix, and 1 is the predicted 10n0spher1c
changes;:, = [’r’ s lrrn] T’At,r+n]r = [At,r+n]rl’ 4, t+nlm]
Defining e, is the (1 X k) matrix[1, ..., 1], and 0, is the
(axb) zero matrix; for the single-epoch geometry-based
time-differencing method, it could be written as:

E(y) = Ax + Bz#(13) 13)

[ A, G e;f diag(em) ®u
A=|2.,G e, diag(e,) ® —u |,
| Om><3 Omxl diag( )

Omemf At t+nPr
B = diag(em) ® 4 Y= Att+nq> ’

0m><mf L

ur
x=| A yucdt, f2=12,

At,t+nIr (14)

The corresponding columns of B and rows of z could be
removed if a satellite has not been detected as a cycle slip.

For the multi-epoch time-differencing method, if it
is assumed that no unrepaired cycle slips in previous n
epochs, similar method proposed by Li and Melachroinos
(2019) can be used to enhance this method to use multi-
epoch data, which can be expressed as:

E(") = A" + B'z (15)
= diag(A,, ... ,A,),B" = [BT, .. ,B"]",
= bl = ] (16)
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If there are existing unrepaired cycle slips in previous
epoch, the respective rows and columns could be omitted
in the matrices.

Method and strategy for implementation

In addition to the mathematical model mentioned above,
the data processing procedure is also indispensable. The
overall flowchart of cycle slip (detection and) repair in
this research is shown in Fig. 2, and the new procedure of
cycle slip repair is presented in the cycle slips repair block
Details will be described in the following sections.

GNSS PPP
| Observations Processing
:j::‘_.'lee Slips l F
i Detection

| Block TurboEdit DIA
f Method Procedures

Geometry-
»  based Time- [
differencing

Estimate Float

Cycle Slips

| Use one
more LAMBDA Method
previous & Validation
epoch l

Success or
Reach
Epoch Limit

End

MNo

Fig.2 Overall flowchart of cycle slips (detection and) repair pro-
cedure of PPP in our research. The flowchart is separated into two
blocks: detection Block (top) and repair block (bottom). A recursive
repair and validation procedure is used to implement cycle slip repair
using multiple epochs.

Cycle slip detection strategy

In the geometry-based cycle slips repairing method, the
correct detection of all cycle slips is essential; otherwise,
the biased estimation may result in failed cycle slips repair.
Therefore, even though the cycle slip detection method used
in this study is not innovative, a clear illustration of the cycle
slip detection strategy is required. For dual-frequency sig-
nals, the TurboEdit method proposed by Blewitt (1990) will
be used to detect cycle slips at the first step. In this sec-
tion, most of the cycle slips could be detected. As afore-
mentioned, the HMW combination uses both pseudorange
and carrier observations, and it is difficult to distinguish the
effect of pseudorange measurement noise and small cycle
slips. Meanwhile, the geometry-free combination detects
cycle slips through analyzing the ionospheric changes, and
this may also lead to small cycle slips indistinguishable from
the true ionospheric delay changes. Therefore, the TurboEdit
method may still ignore some small cycle slips, and it is
necessary for further quality control processes to identify the
small cycle slips. DIA procedures and residual assessment
are used in this step to detect the rest cycle slips (Baarda
1968; Banville and Langley 2013; Teunissen 1990). A Chi-
square test will detect outliers, and the outlier will be identi-
fied by the maximum standard residual assessment. When
cycle slips are detected in one satellite, they are usually iden-
tified as cycle slips that exist in all frequencies.

The strategy we used for cycle slip detection is demon-
strated below. The TurboEdit method is the first section for
cycle slips detection to detect most cycle slips. Subsequently,
the quality control section is implemented after the standard
PPP processing section. When cycle slips are detected, the
ambiguity will be initialized at first, and the recurrent qual-
ity control process will be used until it can pass the quality
control section.

Real-time processing strategy

For the multi-epoch time-differencing cycle slip repair
method, there are two choices for using multi-epoch data:
using the previous epochs or later epochs. Some real-time
multi-epoch cycle slip repair methods are using later epochs
for cycle slip repair, and this strategy has a significant ben-
efit in improving the repair rate because it can mitigate the
effect when large noise or multipath effects appear in the
epoch detected cycle slips. Nevertheless, it has inevitable
shortcomings in real-world applications. If the integer ambi-
guities are not converged or fixed, it will generate difficulties
in updating the ambiguity parameters and their covariance
matrix of the optimal estimator. In addition, even if the cycle
slips are fixed with the later multiple epochs, the position-
ing results before a successful repair will still be degraded.
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Therefore, using previous epochs for the time-differencing
method can avoid these potential problems.

In addition, it could be noticed that the whole matrix for
the multi-epoch geometry-based method is large and com-
puting it may be time-consuming. Since the single-epoch
geometry-based time-differencing method can repair most
of the cycle slips, there is no need to use multiple epochs
for every cycle slip repair. Inspired by the implementation
method in the multi-epoch geometry-free time-differencing
method (Li and Melachroinos 2019), the Kalman-filter-based
method could be used for real-time processing to repair the
cycle slips required using multiple epochs.

When cycle slips occur in epoch ¢, single-epoch time-
differencing method for epoch ¢ and ¢ — 1 could be used for
cycle slips repairing. The unknown parameters are esti-
mated, and if cycles slips cannot pass the validation test,
it yields:

W14
X = Aedty | 2, =2, (17)
At—l,z‘Ir

Epoch time-differencing method for ¢ and # — 2 could be
written in the form as (Welch and Bishop 1995):

T T
T T _ T T
[xr—Z,t’Zt—Z,t] = F[xt—l,t’ Zl—l,t] + Wlt—2,t—1 +w

0

F= [ O4><4 '04><(m+mﬂ ],W = diagm(xg ) sQ(’t 2.t 1) =
Onsmprxs diag (€nny) Omelf" o

the ambiguity and lead to unexpected accuracy loss. There-
fore, bootstrapping success rate and R ratio test (Verhagen
et al. 2013) may be used to reduce wrong fixing. Boot-
strapping success rate is an indicator for the strength of the
model, and the R ratio test may be used to analyze the ratio
of two closest integer vectors based on the data quality. Here,
the W-ratio is another option for use in ambiguity validation
(Li and Wang 2014; Wang et al. 1998).

In addition, different from the geometry-free method, it
is common to estimate multiple cycle slips from different
satellites. When the noise or the ionospheric delay prediction
error is too large, this may cause issues for the LAMBDA
method to fix them simultaneously. In order to improve the
fixing rate and reduce the effect of observation with low
quality, the partial ambiguity resolution (PAR) method could
be used to select a subset of cycle slips to be fixed to inte-
gers, and there are many existing types of research of the
PAR method see for example Li et al. (2015); Li and Zhang
(2015) Wang and Feng (2013). The PAR method proposed
by Li and Zhang (2015) will be used in this research.

Experiments

We have discussed the following cycle slip repair methods:

diag(e,, ® o?) (18)

where 1,_,, ; denotes the predicted ionospheric changes from
epocht —2tot— 1and w is the processing noise. If there is
no unfixed cycle slips between epoch  — 1 and ¢ — 2, the
covariance matrix of noise ® could be written
as:Q = [diag(q X ©0) Og(msmi)
Omtmpxs Omims
large value, and if cycle slips exist between epoch  — 1 and
t — 2, noise o, could be added to Q in the corresponding
columns and rows, respectively.

], where oo represents a

Integer estimation and validation

After cycle slips are estimated with the optimal estimation
method, integer candidates need to be selected based on the
float results. The most popular method LAMBDA will be
used to search the integer candidates (Teunissen et al. 1995).

Before accepting the integers searched by the LAMBDA
method, the validation test is essential to verify if the inte-
gers are correct. Incorrect cycle slip fixing may contaminate
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e Method A: the existing single-epoch cycle slip repair
method (Banville and Langley 2009, 2013).

e Method B: the multi-epoch geometry-free cycle-slip
repair method proposed by Li and Melachroinos (2019).

e Method C: our new cycle slip repair method using the
multi-epoch geometry-based model.

e Method D: undifferenced and uncombined model-based
cycle slip repair method proposed by Li et al. (2019c).

They will be further analyzed in the experiments.

As aforementioned, in contrast to the undifferenced and
uncombined model, the IF model can reveal the unfixed
cycle slips more significantly, thus more efficient for reflect-
ing the benefits of the cycle slip repairs. Therefore, the above
cycle-slip repair methods will be tested under the framework
of IF-based-PPP. As the cycle slip repair method proposed
by Li et al. (2019c), Method D, does not work for such IF-
based PPP processing, and the repair rates cannot perfectly
represent the performance in this method. Therefore, we will
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compare the performance among Methods A, B, and C, and
Method D will be discussed in the later section.

For illustrating the performance of these cycle slip repair
methods, the repair rate is used as the most important indica-
tor. However, if other indicators are used, the repair rate can
be different, even for identical datasets and the same method.
Therefore, a clear statement of the impact factors used in this
research is essential.

Considering the potential impact of incorrectly fixed
ambiguities on positioning, a strict threshold was used in
experiments. For validation test in integer ambiguity reso-
lution, a threshold of success rate and R ratio test was set
to 0.99 and 6, respectively, the same as used by Li et al.
(2019c¢). Another important factor affecting the repair rate
is the method of ionospheric delay variation prediction. Dif-
ferent ionospheric delay variation prediction methods were
applied to high sampling rate datasets and low sampling rate
datasets in this research. The predicted ionospheric delay
was fixed to zero for the high sampling rate data and a small
variation based on the elevation angle. The variation of the
ionospheric delay was predicted with a constantly changing
rate model for the low sampling rate data. The ionospheric
delay was predicted based on the geometry-free combination
of the observations in previous epochs using linear extrapo-
lation. The variation of the prediction was calculated based
on the extrapolation error. The standard deviations (STD)
of the pseudorange and carrier phase were set to 0.3 m and
0.003 m in the zenith direction. Meanwhile, the dual-fre-
quency cycle slip can be repaired by wide-lane and narrow-
lane separately. In this study, this strategy is not used in
order to simplify the constant settings.

Experiments with static datasets

Datasets from International GNSS Service (IGS) stations,
specifically, the datasets from the DOY 1 to the DOY 10
in 2019 were used in this experiment. The stations used
are selected for different latitude and longitude, and their

Fig. 3 Distribution of stations used in the static experiment

Table 1 Receiver types and antenna types of test stations of IGS sta-
tion information used in the static experiment

Station Receiver Antenna

ALGO Javad TRE_G3TH DELTA AOAD/M_T

ASCG Trimble NETR9 TRM59800.00
INFG Trimble NETR9 TRM59800.00
CUTO Trimble NETR9 TRM59800.00
KOUR SEPT POLARXS5 SEPCHOKE_B3E6
METG Trimble NETR9 TRM59800.00
RGDG Trimble ALLOY TRM59800.00
SEYG Trimble NETR9 TRM59800.00
ZECK Javad TRE_G3TH DELTA JAVRINGANT_DM

distribution is demonstrated in Fig. 3. In addition, the
receiver types and antenna types are shown in Table 1.

GPS and GLONASS systems were used in experiments.
The final orbit and clock products provided by the Euro-
pean Space Agency (ESA) were used to correct the error
of satellites. For these low sampling rate data sets, cycle
slips for all satellites were simulated every 120 epochs (1 h).
Both simulated and original cycle slips are to be repaired in
experiments, but only simulated cycle slips will be recorded.

The repair number of cycle slips and repair rates of
using different methods are demonstrated in Tables 2 and 3,
respectively. Considering the repair rates of Method B is too
low, the results of Method B of only using the R ratio test are
also listed. This strict threshold will reduce the repair rates;
however, the wrong cycle slip repair in Li et al. (2019¢)
caused by the small number of model redundancies may
also be reduced.

Considering that the bootstrapping success rate is a
model-driven indicator, the success rate of the geometry-
free method can be computed according to the stochastic
model. Based on the assumption that the noise of measure-
ments and ionospheric variations is an elevation-dependent
parameter, the success rate of the geometry-free method
is also elevation-dependent. It can be noticed that even if
ignoring the data-driven ratio test (R ratio test in the experi-
ment), still a large part of the cycle slips cannot pass the suc-
cess rate validation test using Method B, as shown in Fig. 4.
This represents a significant improvement of the proposed
geometry-based method that most of them can pass the suc-
cess rate threshold (shown in Tables 2 and 3), compared with
the geometry-free method.

Our proposed Method C (The multi-epoch geometry-
based method) is more effective in improving the fixing
rate compared to Method A for approximately 0.8% with
2 epochs and 1.3% with 4 epochs. Even though the num-
ber seems small, it represents that more than 30% of the
unrepaired cycle slips in the single-epoch geometry-based
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Table 2 Number of simulated

. > : Station names CS Method A Method B Method C

and repaired cycle slips with

using different cycle slip Epoch number N/A 1 2 4 2 4

repair methods for different

test stations. Repair rates in ALGO 3122 3118 733 (2714) 1380 (2795) 3122 3122

the brackets are the results ASCG 3192 3147 439 (2796) 1018 (2898) 3172 3175

Szllzjzzgf R ratio test in the INFG 3062 2958 581 (2643) 1272 (2762) 3025 3031
CUTO 3145 3061 516 (2434) 1200 (2586) 3104 3109
KOUR 3290 3164 394 (2939) 984 (3017) 3209 3233
METG 3558 3517 677 (3229) 1382 (3295) 3523 3527
RGDG 3377 3308 683 (3087) 1343 (3140) 3351 3369
SEYG 3418 3363 427 (2992) 1037 (3094) 3386 3391
ZECK 3082 3071 706 (2722) 1367 (2800) 3081 3081
Total 29246 28707 5156 (25556) 10983 (26387) 28973 29038

Table 3 Repair rates using different cycle slip repair methods for dif-
ferent test stations. Repair rates in the brackets are the results only
using R ratio test in the validation.

Station Method A Method B Method C

names

Epoch 1 (%) 2 4 2(%) 4(%)

number

ALGO 99.9 23.5% 44.2% 100.0 100.0
(86.9%) (89.5%)

ASCG 98.6 13.8% 31.9% 994 995
(87.6%) (90.8%)

INFG 96.6 19.0% 41.5% 98.8 99.0
(86.3%) (90.2%)

CUTO 97.3 16.4% 38.2% 98.7 989
(77.4%) (82.2%)

KOUR 96.2 12.0% 29.9% 975 9383
(89.3%) 91.7%)

METG 98.8 19.0% 38.8% 99.0 99.1
(90.8%) (92.6%)

RGDG 98.0 20.2% 39.8% 99.2 99.8
91.4%) (93.0%)

SEYG 98.4 12.5% 30.3% 99.1 99.2
87.5%) (90.5%)

ZECK 99.6 22.9% 44.4% 100.0 100.0
(88.3%) (90.9%)

Average 98.2 17.6% 37.6% 99.1 99.3
(87.4%) (90.2%)

method can be repaired by using four epochs geometry-
based method. In addition, a more significant improvement
compared to Method B. An example has been shown in
Fig. 5 to illustrate the benefits of the proposed multi-epoch
cycle slip repair method using the positioning result of sta-
tion RGDG on the DOY6 in 2019. The unfixable cycle slip
with the single-epoch method could be repaired by the pro-
posed multi-epoch method at 03:00:00 of GPS time and it
could mitigate the impact of re-convergence. It should be
noted that unrepairable cycle slips in this experiment exist in
the newly rising satellites, and there are not enough previous

@ Springer
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Fig.4 Success rate variation with different elevation angle in Method
B with the same stochastic model used in the experiments

epochs observed for using the multi-epoch method. How-
ever, even though these satellites will reduce the repair rate
in the experiment, in real-world applications, the initiali-
zation of these newly rising satellites will not significantly
impact positioning results.

We have analyzed the reason for the lowest fixing rate
in our method for KOUR. Figure 6 clearly shows a con-
stant HMW value of satellite G18 and GO1 during the whole
period, in which no cycle slips exist in the satellite in the
high probability. However, a rapid variation of the value
of geometry-free combination to the same satellites shown
in Fig. 7 can be noticed, even though the elevation is high.
Neglecting the impact of undetectable cycle slips by con-
sidering the constant HMW value, ionospheric variation
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middle) of satellites GO1 (red) and G18 (blue) for station KOUR on
DOY 6, 2019
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Fig.7 Geometry-free combination variation (top) and ionospheric
delay variation of adjacent epochs derived from the geometry-free
combination (bottom) of satellites GO1 (red) and G18 (blue) for sta-
tion KOUR on the DOY 6, 2019

derived from geometry-free combination has a high accu-
racy which substantiates the irregular ionospheric varia-
tion during this period. This is mainly caused by the active
ionosphere happened near the equator, which impedes the
precise ionospheric delay prediction. This finally results in
the degrading of cycle slip repair. The reliable and real-time
applicable ionospheric variation prediction method for the
low sampling rate data is still one of GNSS research issues,
considering its irregular characteristics.

In addition, 1hz high sampling rate datasets for ALGO,
CUTO and KOUR were also tested, which is selected based
on the various cycle slip repair performance in the low sam-
pling rate experiments which includes both high repair rate
and low repair rates. The datasets on DOY 1 in 2019 are
used with simulated cycle slips to all satellites in every 30 s.
100% of the cycle slips can be repaired in 1 epoch. This is
also another evidence that inaccurate ionospheric variation
predictions may cause unrepairable cycle slips.

Meanwhile, the Ambiguity Dilution of Precision (ADOP)
proposed by Teunissen and Odijk (1997) can be used to
indicate the model strength of ambiguity resolution. In this
research, the ADOP is inherited for the cycle slip due to the
high similarity between the cycle slip repair and the ambigu-
ity resolution. The variation of the ADOP using a different
number of epochs is used to analyze the precision of float
cycle slip estimation. Since the geometry-based method is
affected by the geometry of satellites, the ADOP will vary
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Fig.8 ADOP variation with epoch number used, computed with the
first simulated cycle slips for ALGO on DOY 1, 2019

Table 4 Information of three datasets used in the kinematic experi-
ment

Data sets Time Length Max speed Location
Shipborne 2018/06/22 3h >10km/h China
Car 2005/09/27 1h20min >60km/h Australia
Airborne 2008/08/01 2h52min >300km/h Brazil

Table 5 Repair rates with using different cycle slip repair methods
for different kinematic data sets. Repair rates in the brackets are the
results only using R ratio test in the validation.

Dataset Method A Method B Method C

names

Epoch 1 (%) 2 4 2(%) 4 (%)

number

Shipborne 96.7 23.7% 43.5% 99.3 99.7
(80.6%) (85.2%)

Car 94.2 35.9% 50.7% 972 977
(95.0%) (96.1%)

Airborne 99.4 13.8% 38.5% 99.7 99.7
(97.6%) (98.1%)

Average 97.5 21.2% 42.3% 99.2 994
(90.0%) (92.3%)

with different geometry. Thus, an example of high sampling
rate ALGO station is taken to illustrate the ADOP variation.
Figure 8 clearly demonstrates a significant improvement of
ADOP with the increasing epoch number used in cycle slip
repair. It can also be observed that the improvement from 1
to 2 epochs is most significant.
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Fig.9 Comparative results of the STDs using airborne dataset of
Method D (top), Method A (middle) and Method C (bottom) with
simulated cycle slips in every 30 epochs

Experiments with kinematic datasets

In order to analyze the performance of the enhanced cycle
slip repair method in real-world applications, 1 Hz high sam-
pling rate kinematic datasets were also processed. Three kin-
ematic datasets with different types of vehicles are tested,
details of the dataset information are shown in Table 4.

For the kinematic experiments, cycle slips for all satel-
lites will be simulated in every 30 epochs after 10 min and
end until the last 10 min. The comparative results of Method
A, Method B and Method C are shown in Table 5. It can
be noticed that significant improvements of Method C are
observed compared with using Method A and Method B.

In addition, the airborne dataset is also processed with
Method D (undifferenced and uncombined model-based
cycle slip repair method). Due to the better performance of
geometry-based method, Method A and Method C are fur-
ther compared with Method D. Figure 9 shows a comparison
of using Method A, Method C, and Method D.

Figure 9 clearly shows that Methods A and D achieve
lower precision than Method C. In Method D, since the
ambiguities were not fully converged within 10 min, a large
part of cycle slips cannot be repaired by one epoch and
this results in a worse precision for the unrepaired epochs.



GPS Solutions (2021) 25:60

Page110f12 60

v X
E CY
0 0.5 =
|_
) L
f:-l” - —= |
0 1 2 3

GPSTime (h)

Fig. 10 Comparative results of the STDs of using airborne dataset
of Method D (top), Method A (middle) and Method C (bottom) with
unrepairable cycle slips in single-epoch geometry-based method

Subsequently, as time goes by, the changes of satellites and
unrepaired cycle slips make the cycle slips unrepairable, and
obvious convergence processes can be observed. This indi-
cates that Method D is struggling with repairing cycle slips
in the un-converged ambiguities. Cycle slips that cannot be
repaired by Method A result in 1 more re-convergence pro-
cess compared to Method C during the positioning. Com-
pared with the single-epoch time-differencing method, more
cycle slips can be repaired by using the multi-epoch cycle
slip repair method. A significant improvement is demon-
strated in this kinematic dataset.

Another experiment was conducted to analyze the per-
formance of unrepairable cycle slips in the single-epoch
geometry-based method. Only the unrepairable cycle slips
with the single-epoch geometry-based method in the first
experiment were simulated. Figure 10 illustrates that even
though Method D can repair the cycle slips and avoid the
re-convergence, the precision will still get worse until it is
repaired.

Conclusion

We have proposed an enhanced multi-epoch geometry-based
cycle slip repair method for precise GNSS positioning. Our
proposed method utilizes previous epochs for time differ-
ences, which can be implemented in real-time processing.
The results of our proposed method are compared with some
existing methods, including the multi-epoch geometry-free
cycle slip repair method, the single-epoch geometry-based
cycle slip repair method and the undifferenced and uncom-
bined model-based method. The repair rates for both static
and kinematic datasets with simulated cycle slips are pre-
sented. Using the proposed multi-epoch method repairs
a part of the cycle slips which could not be repaired by
the existing methods. Thus, possible re-convergences are
reduced. However, in large interval datasets, the ionospheric
irregularity will still pose an important challenge to cycle
slip repair. In the future, a reliable real-time ionospheric
delay prediction method needs to be further investigated.
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