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Abstract

Global navigation satellite system (GNSS) precise point positioning (PPP) requires continuous carrier-phase observations to
achieve a solution of high precision. Precisely correcting cycle slips caused by signal interruptions is crucial for recovering
the data continuity. Most of the existing approaches usually employ only data of one epoch after the interruption for real-
time cycle slip processing. In this study, we propose to introduce and estimate cycle slip parameters together with standard
PPP parameters, such as position, ionospheric delay, and ambiguities in the case that possible cycle slips are detected, using
a Kalman-filter-based procedure with the undifferenced and uncombined PPP model. The integer search strategy is used
to fix cycle slips. To reduce the probability of wrong integer fixing, a strict integer validation threshold is suggested. As
a result, it is not easy to fix all cycle slips with only one epoch of data. Our approach can be easily extended to use multi-
epoch observations to enhance the cycle slip estimation. Once the cycle slips are correctly determined, continuous PPP can
be achieved instantaneously. This new approach is tested and validated with three groups of experiments using GPS and
GLONASS stations operated by the International GNSS Service from DOY 1-10, 2017, and a real vehicle kinematic data.
Numerous experimental results showed that the proposed method can correctly fix the cycle slips for more than 99.5% of
epochs suffering from re-convergence. On average, this method takes observation information from about 1.5-2.5 epochs to
fix cycle slips and realize rapid re-convergence. Consequently, positioning performance is significantly improved.

Keywords Cycle slip correction - Undifferenced and uncombined observation model - Precise point positioning - Cycle slip
detection - Real time

Introduction

Carrier phase is the primary observable for precise data
processing, such as precise point positioning (PPP) (Malys
and Jensen 1990; Zumberge et al. 1997; Kouba and Héroux
2001), real-time kinematic positioning (Takasu and Yasuda
2010), precise orbit determination (Guo et al. 2016a), and
total electron content map generation (Hernandez-Pajares
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et al. 2009). Although carrier-phase measurements are much
more precise than pseudorange measurements by a factor
of about 100, they are ambiguous by an integer number of
cycles. Only when the ambiguity parameter converges to a
certain accuracy or the ambiguity is correctly fixed to the
integer, can the carrier phase act as a very precise carrier
range and greatly improve the position estimation. However,
the ambiguity estimation can be interrupted by the cycle slip
which is defined as a discontinuity or a jump in the GNSS
carrier-phase measurements by an integer number of cycles.
A carrier-phase cycle slip is an unpredictable but frequently
encountered phenomenon.

We focus on the cycle slip processing in real-time dual-
frequency GNSS PPP. PPP employs only observations from
a single receiver and must take care of tropospheric delays
and ionospheric delays. Usually, a convergence time of typi-
cally tens of minutes is required to achieve a solution with an
expectant accuracy because the ambiguities converge to their
true values slowly (Li and Zhang 2014). In case of severe
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signal loss, the cycle slips will lead to a re-convergence time
of up to tens of minutes (Geng et al. 2010). Even if cycle
slips only occur in the observations of a few satellites or
epochs, the solution can be significantly degraded with the
introduction of new ambiguities introduced. Therefore, the
discontinuities in GNSS carrier-phase signals are undesir-
able and expected to be repaired to maintain the continuity
of high-precision solutions.

Basically, there are two approaches to deal with cycle
slips. One is to introduce additional ambiguity parameters
to the functional model. This is equal to the re-initialization
of these ambiguities. The second approach is to repair the
cycle slips at the epoch in question directly. This is certainly
the more desirable option compared to the first one, espe-
cially when the observation redundancy is not high enough
and the solution is vulnerable to the cycle slip. Many cycle
slip detection and repair methods for a single receiver have
been proposed since the early 1980s. TurboEdit algorithm,
using the Hatch—Melbourne—Wiibbena (HMW) linear com-
bination (Hatch 1982; Melbourne 1985; Wiibbena 1985)
together with the carrier-phase geometry-free combination,
was the first popular method applied to detect and repair
cycle slips (Blewitt 1990). It is generally useful in post-
processing with calm ionospheric conditions (Miao et al.
2011; Liu 2011). Geng et al. (2010) developed a method
where the ionospheric delays are predicted to the succeed-
ing epochs to accelerate the ambiguity resolution in case
of re-convergences. Subsequently, narrow-lane ambiguities
can be rapidly resolved under the tight constraints derived
from the ionosphere-corrected unambiguous wide-lane
measurements. This method added a parallel processing of
ionosphere generation and wide-lane ambiguity resolution
in addition to the ionospheric-free ambiguity-fixed PPP.
The dual-frequency cycle slip correction method based on
a time-differenced model has been studied by Banville et al.
(2010), Zhang and Li (2012), and Banville and Langley
(2013). In their methods, the time-differenced observations
using two adjacent epochs were processed in an integrated
adjustment to estimate the integer cycle slip, ionospheric
variations, and other parameters. Furthermore, the cycle
slip correction with the time-differenced model for a sin-
gle station with the aid of inertial navigation system (INS)
measurements has been studied by Du and Gao (2012). The
reader interested in the application of the time-differenced
cycle slip correction method in triple-frequency PPP can
refer to Zhang and Li (2016) and Xiao et al. (2018); in case
of single-frequency PPP, please refer to Carcanague (2012).

As stated above, the TurboEdit algorithm estimates the
cycle slips by satellite. The method of using the predicted
ionosphere is appropriate for ambiguity-fixed PPP. The
time-differenced processing executes the cycle slip estima-
tion in a separate processing step, which is parallel to the
PPP calculation. It only employs one epoch of data after
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the interruption and treats the position and the tropospheric
delay of the latest epoch without cycle slip as a deterministic
variable. However, the time-differenced model may not be
strong enough for fixing all cycle slips with only two adja-
cent epochs (Zhang and Li 2012, 2016). In this case, the
main PPP will initialize the corresponding ambiguity imme-
diately. Therefore, it is difficult to integrate the multi-epoch
observation information to enhance the cycle slip estimation
using the time-differenced method.

This study proposes a new Kalman-filter-based undif-
ferenced cycle slip estimation and resolution method in
real-time PPP based on the undifferenced and uncombined
observation model (Gu et al. 2015; Guo et al. 2016b; Li
et al. 2013). Compared with the time-differenced process-
ing, it does not need an extra parameter estimation system
running parallel to the main PPP but integrates the cycle slip
estimation into the PPP model. The cycle slip parameters are
introduced and estimated together with other PPP param-
eters, such as position, receiver clock, ionospheric delay,
and ambiguities when possible cycle slips are detected.
Therefore, the new method enables multi-epoch cycle slip
processing in real-time mode. We aim to achieve rapid re-
convergence and improve the performance of real-time PPP
with the proposed method.

We first introduce the basic observation model includ-
ing the cycle slip in the parameter vector, followed by a
description of the details of the undifferenced cycle slip
detection and estimation method based on the undiffer-
enced and uncombined PPP model. Results of repairing
simulated and real cycle slips using the proposed approach
are then presented. Finally, the main points of this study are
summarized.

Mathematical model

The functional models describing the code and carrier-phase
observables are first given as:

P =p,+c(d, —dr’) +m) - zwd, +y;[} + B, ;= B; + ¢ ;
M

L, = p +c(dt, — dr') + m! - zwd, -yl + ACS],

s 5Y 4 g8 @
+ 4N+ b, = D) + €

where s and r identify the GNSS satellite and receiver,
respectively; the subscript j refers to a given frequency; L is
the carrier-phase measurement (m); P is the code measure-
ment (m); p is the geometric distance between the phase
centers of the satellite and receiver antennas, including dis-
placements due to earth tides and ocean loading and relativ-
istic effects (m); c is the speed of light; dt, and dt* are the
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clock errors of receiver and satellite, respectively; zwd is the
tropospheric zenith wet delay (ZWD); m is its mapping func-
tion; y; s a constant = f? /f?, where f; is the frequency of the
L; carrier; I is the slant ionospheric delay at the L1 fre-
quency; N is the integer ambiguity; CS is the integer cycle
slip; b, ; and b]s. are the receiver-dependent and satellite-
dependent uncalibrated phase delays at the j frequency,
respectively; lj is the wavelength of the frequency j; B, ; is
the signal delay from receiver antenna to the signal correla-
tor in the receiver; B;f is signal delay from satellite signal
generation to signal transmission from satellite antenna; e is
the pseudorange measurement noise; and € is measurement
noise of carrier phase. Other important errors, such as
hydrostatic tropospheric delay, relativistic effect, and tide
loading, are assumed to be precisely corrected by their cor-
responding models.

We parameterize the cycle slip in the undifferenced PPP
model using original observables. The cycle slip is fixed
to zero and not involved in filter calculation when no cycle
slip is detected. Otherwise, the ambiguity information is
retained, and the cycle slip is estimated together with other
unknowns, such as the coordinate, ZWD, slant ionospheric
delay, and ambiguities. After applying the precise satellite
clocks, the linearized observation equations can be written
as (Chen et al. 2015; Guo et al. 2016b; Li et al. 2018):

s __ =S < TS s s
PrJ—pr+c-t,+yj-Ir,]+mr-zwd,+ew. 3)

Li‘j=ﬁf+c-i,—yj~7f71 +mi~zwd,+/1j-NjJ+Aj~CS;+ejJ

“
where p’ is the geometric distance with satellite orbit and
clock offset fixed using the IGS precise product; 7, and 7;’1
are the actually estimable receiver clock error and L1 iono-
spheric delay which absorb the ionospheric-free pseudor-
ange signal delays at the receiver and satellite side, respec-
tively; and Nj"j is the actually estimable ambiguity absorbing
the uncalibrated phase delays (Li et al. 2018). Equations (3)
and (4) provide a generalized parameterization for GPS, Bei-
Dou, and Galileo which broadcast their signals with code
division multiple-access techniques. Different from these
systems, GLONASS adopts frequency division multiple-
access techniques to distinguish the signals from individual
satellites. Hence, the pseudorange and carrier-phase hard-
ware delays are also frequency dependent and the inter-fre-
quency biases (IFBs) arise (Jokinen et al. 2013; Reussner
and Wanninger 2011; Sleewaegen et al. 2012). In fact, the
satellite-related parameters 7;1, Nj,l and N:,z can fully absorb
the IFB component while the common receiver clock param-
eter 7, would be impacted by the ionospheric-free pseudor-
ange IFB. Studies have demonstrated that the pseudorange
IFB can reach several meters and significantly reduce the
positioning accuracy and increase the convergence time

(Chen et al. 2017; Zhou et al. 2018). We add a pseudorange
IFB parameter for each GLONASS satellite, as suggested by
Chen et al. (2017) and Zhou et al. (2018). Impacted by the
IFBs, it is difficult to fix the GLONASS ambiguity for PPP,
even for relative positioning. The GLONASS cycle slip
parameter retains the integer property so that they can be
estimated and fixed in our method.

In this study, the dual-frequency cycle slips in signals
L1 and L2 are processed. It should be noted that the undif-
ferenced and uncombined PPP model can also be used to
deal with the triple-frequency cycle slips. For the cycle
slip estimation with the time-differenced model, the iono-
spheric delay variation rather than the absolute ionospheric
parameter is estimated. The variation between two epochs
is usually about a few centimeters or more and cannot be
neglected (Banville and Langley 2013; Zhang and Li 2012).
The ionospheric variations can be derived by monitoring
the change in the carrier-phase geometry-free combination.
Then, a vector of constraint equations would be added to the
filter as pseudo-observations of the ionospheric variations.
In our PPP model, the ionospheric parameter at epoch ¢ can
be expressed as:

Fy=170—-1)+ AF®0) 6))
where A#*(¢) is the ionospheric variation between epochs
t—1 and r. With the between-epoch variations of the geom-
etry-free carrier-phase combination from the last ten epochs,
a linear function is used to model the ionospheric varia-
tion over time. Considering the ionospheric prediction error
often increases when the elevation angle is low, an elevation-
dependent factor would be used to amplify the process noise
(Geng et al. 2010).

All the estimated parameters in our PPP models include:

X=I[x y 2 T, owd,, I}, CS:.CS:,, N° |, N2, IFB*(GLO)]"

(6)
In our method, a Kalman filter is used to estimate the
unknown parameters. The Kalman filter provides float esti-
mates of the cycle slip parameters, along with their vari-
ance—covariance matrix. This information can be used to
fix the cycle slips to the integer using the methods devel-
oped for ambiguity resolution in relative positioning. In this
study, the popular LAMBDA method (Teunissen 1995) is
employed to search for the best integer cycle slip candidates.

Cycle slip detection

A cycle slip must be correctly detected before it can be fixed.
With dual-frequency signals, one type of detector is based
on the carrier-phase geometry-free combination. It removes
the geometry and all non-dispersive effects and provides a
very precise test signal with the multi-path and noise being
less than 1 cm. The other type is the HMW combination of
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code and carrier-phase measurements (Blewitt 1990), which
cancels not only the non-dispersive effects but also the iono-
spheric refraction. The resulting test signal is affected by the
code multi-path and pseudorange noise, which can reach up
to several meters. It is difficult to detect the small cycle slips
of one to two cycles using the HMW combination (Cai et al.
2013). Both combinations are insensitive to some specific
cycle slip combinations.

Figure 1 illustrates the cycle slip detection strategy in our
procedure. The geometry-free and HMW combinations are
used in the preprocessing step to detect large cycle slips.
Some specific cycle slip combinations may not be identi-
fied in this first step. Hence, after the standard PPP is per-
formed, the detection, identification, and adaptation (DIA)
procedure is further applied to find out the remaining cycle
slips during the residual check process (Teunissen 1990).
The detected cycle slips are added into the filter as unknown
parameters. Noted that the large observation noise may lead
to the false alarm of the continuous carrier phases. The
false alarm means that the detection threshold is exceeded
though no cycle slip occurred. Then, the cycle slip detec-
tion based on statistical hypothesis tests provides an effec-
tive way to identify the false alarm. It does not rely on the
assumption that the ionospheric delay varies smoothly over
time. Statistical hypothesis tests using the residuals (Fujita
et al. 2013) or the estimated cycle slip quantities (Banville
and Langley 2013) in the Kalman filter can be adapted to
detect cycle slips. With the estimated cycle slip parameters
and their variance—covariance matrix, the cycle slip param-
eters of each satellite are verified by a Chi-square test in our
procedure. For one satellite, if the cycle slip occurs on at
least one frequency, the following testing quantities of the
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Fig. 1 Flowchart of cycle slip detection in our PPP procedure
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dual-frequency cycle slips should be significantly different
from zero:

T, = X¢sOcsXes ~ 1° (7N
where X is the cycle slip parameter vector with its vari-
ance—covariance matrix Qy . Otherwise, the hypothesis that
the cycle slip does not occur can be accepted.

Integer estimation and validation for cycle slip

Users should carefully validate the integer cycle slip solu-
tion because acceptance of an incorrect integer will lead
to an unacceptable positioning error. On the one hand, our
procedure simultaneously employs the bootstrapping success
rate and ratio test for integer cycle slip validation (Ji et al.
2010; Teunissen 1998). On the other hand, a strict integer
validation threshold is suggested for reducing the probability
of incorrectly fixing. In this study, the critical criterion of
the ratio value and success rate is selected as 6.0 and 0.99,
respectively. Using these cycle slip validation strategies, it
is usually not easy to fix all cycle slips with only one epoch.
If the cycle slips cannot be fixed with one epoch, the cycle
slip correction based on the time-differenced model will end
and the ambiguity arcs will be immediately initialized. Nev-
ertheless, in our PPP model, the cycle slip estimation in the
Kalman filter could be further enhanced using multi-epoch
observations.

Another effective strategy to improve the cycle slip cor-
rection is to correct cycle slips using the concept of partial
fixing (Wang and Feng 2013). The iterative partial subset
selection strategy proposed by Li and Zhang (2015) is used
to find the largest cycle slip subset which can pass the integer
validation step. Subsequently, either the integer cycle slips
for a subset of satellites or a set of the cycle slip integer
linear combinations can be derived from the fixed solution.
They can be used as a tight constraint to further improve the
PPP parameter estimation. The integer cycle slips and the
float ambiguity can be further combined to a new ambigu-
ity using a transformation matrix to reduce the number of
estimated parameters:

100
[Xfl’XAMBl]T = [0 1 1] : [XfO’XCSO’XAMBO]T (8)

where the subscripts “0” and “1”” mean the parameter vector
before and after transformation, respectively. Xy, denotes
the ambiguity parameters, while X, denotes the other param-
eters except for the cycle slips and ambiguities.

In fact, for some extreme cases, impacted by the large
multi-path and low observation quality, some cycle slips
cannot be resolved with sufficient confidence even with
dozens of epochs. In this case, the cycle slip decorrelation
and the searching process would greatly increase the com-
putation cost. Therefore, if the cycle slip cannot be resolved
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with observations from more than 10 min or 20 epochs, we
will also eliminate the cycle slip parameter by combining
the float cycle slip with the corresponding ambiguity using
the transformation matrix above. This process is equivalent
to initializing the corresponding ambiguity as done in tradi-
tional PPP without cycle slip fixing.

Experiment and analysis

The concepts presented in this study have been implemented
in the cycle slip processing module of the Kalman-filter-
based PPP procedure. An evaluation of the proposed cycle
slip correction method using GPS and GLONASS measure-
ments collected under various circumstances with both simu-
lated and actual cycle slips was conducted. Specifically, three
groups of experiments were designed: (I) PPP using the Inter-
national GNSS Service (IGS) (Dow et al. 2009) sites with
simulated cycle slips for all satellites every 1 h in addition to
the actual cycle slip; (II) PPP using IGS stations experienced
simultaneous cycle slips for all satellites at some epochs;
(IIT) PPP using real and simulated kinematic data from a car.

The final GPS and GLONASS satellite orbit and clock
products provided by the European Space Agency (ESA)
were used. All the observations were weighted according
to their elevation, and the elevation cutoff angle is set to
5°. The standard deviation of GPS and GLONASS car-
rier-phase measurements at zenith was set as 3 mm. The
relative weighting of code and carrier-phase observations

was chosen as 1/100°. For the Kalman filter, the spectral
density value for the ZWD parameter was empirically set
to 107% m%/s. The kinematic position coordinates and the
receiver clock bias were modeled as white noise.

Description of experiment data

Static GNSS measurements recorded in 30-s intervals dur-
ing DOY 01-10, 2017, from 18 IGS stations were used for
experiment 1. Table 1 shows the site information of these
18 stations. Both simulated and real-existing cycle slips
were processed. For the simulation, the (1, 1) cycle slip was
simultaneously added on the L1 and L2 carrier phases for all
observed GNSS satellites at every 1-h epoch.

We also processed all the IGS stations during DOY 1-10
in 2017 in kinematic PPP mode with forward processing.
The GPS and GLONASS stations which suffered from re-
convergence caused by simultaneous cycle slips for all satel-
lites at some epochs were picked out. Among them, there are
ten stations experiencing re-convergence for at least 5 days.
Static GNSS measurements from these ten stations were
used for experiment II. The distribution of these stations
is shown in Fig. 2 marked by green triangles, and the site
information of these stations is given in Table 2.

A kinematic test with a car was conducted along the road
in Henan province, China, which started at the GPS time
00h06 m of April 28, 2011, and lasted for about 70 min
with a sampling rate of 1 s. The receiver type is “TRIM-
BLE R7” and the antenna type is “NOV702GG NONE.”

Table 1 Site information of 18

. . Site Rec type Ant type Average number of visible
user stations for experiment I satellites (GPS/GLO-
NASS)
ALGO JAVAD TRE_G3TH DELTA  AOAD/M_T NONE 9.3/7.1
ANTC TRIMBLE NETR9 ASH700936D_M SNOW 9.0/6.6
CASI1 TRIMBLE NETR9 LEIAR25.R3 LEIT 10.6/8.2
DIIG TRIMBLE NETR9 TRM59800.00 NONE 10.4/6.7
DUNT LEICA GRX1200GGPRO LEIAT504 LEIS 9.1/7.1
HOFN LEICA GR25 LEIAR25.R4 LEIT 10.6/7.8
JENG TRIMBLE NETR9 TRM59800.00 NONE 9.0/6.4
JOG2 JAVAD TRE_G3TH DELTA  JAV_RINGANT_G3T NONE 10.0/6.1
KOUR SEPT POLARX4 SEPCHOKE_MC NONE 10.5/6.5
LPAL LEICA GRX1200GGPRO LEIAT504GG NONE 9.3/6.5
MKEA  JAVAD TRE_G3TH DELTA  JAVRINGANT_DM NONE 8.0/5.7
OHI3 LEICA GR25 LEIAR25.R4 LEIT 10.3/8.0
PERT TRIMBLE NETR9 TRM59800.00 NONE 8.8/6.6
STK2 TRIMBLE NETR9 TRM59800.00 SCIS 9.1/6.8
THTG LEICA GR10 LEIAR25.R3 LEIT 9.9/6.6
WHIT TPS NET-G3A AOAD/M_T NONE 10.5/7.9
WIND JAVAD TRE_G3TH DELTA  JAV_RINGANT_G3T NONE  9.5/6.6
ZECK JAVAD TRE_G3TH DELTA  JAVRINGANT_DM JVDM 9.4/6.9

The information includes the name, receiver type, antenna type, and average number of visible satellites

per epoch
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Table 2 .Site ;nformatibon on ten Site Rec type Ant type Average number of visible
user stations for experiment II satellites (GPS/GLO-
NASS)
BINM SEPT POLARX3ETR NOV702GG NONE 8.7/6.2
DAV1 LEICA GRX1200GGPRO LEIAR25.R3 LEIT 10.7/8.1
DS13 TRIMBLE NETR9 TRMS59800.00 NONE 9.3/6.6
FAAL SEPT POLARX4 LEIAR25.R4 NONE 10.1/6.7
IQAL TPS NET-G3A TPSCR.G3 NONE 10.6/7.9
KITG TRIMBLE NETR9 TRMS59800.00 SCIS 8.9/6.6
MAL2 SEPT POLARX4 LEIAR25.R4 NONE 10.7/6.7
MAW1 LEICA GRX1200GGPRO AOAD/M_T AUST 10.5/7.8
PEN2 LEICA GRX1200+GNSS LEIAR25.R4 LEIT 9.4/7.2
RIGA LEICA GR25 LEIAR25.R4 LEIT 9.8/7.5

The information includes the name, receiver type, antenna type, and average number of visible satellites

per epoch

The horizontal trajectory and the velocity of the car test are
shown in Figs. 3 and 4, respectively. The car moved within
an area of 3.5 km X 6 km, with a velocity less than 35 m/s.
A receiver of the same type was set up within 3.1 km
distance as a base station. The base station had an observa-
tion period of about 5.5 h. We calculated the base station
position using our PPP procedure, online AUSPOS, and
open-source desktop software GLAB (v5.3.0) (Sanz et al.
2012), respectively. The averaged result was considered as
the reference coordinate of the base station. The coordinates
of the moving vehicle from the double-differenced solution
were assumed to be true for the evaluation of the PPP results.

Experiment |

First, for illustrating the effectiveness of the undiffer-
enced and uncombined PPP method for integer cycle slip
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estimation, Fig. 5 shows the estimated cycle slips time
series for each GPS satellite observed at station ZECK,
on DOY 10, 2017. The cycle slips were estimated as float
values and not fixed. For a clear display, the cycle slips are
shifted by an integer constant. Satellite G21 went below
the elevation cutoff so that it did not cover the whole ses-
sion. It is shown that all estimated cycle slip parameters
naturally converge to integer values. Generally, the esti-
mated cycle slips have a fractional part of less than 0.1
cycles except for the cycle slips of G11. G11 is a rising
satellite whose cycle slips have a fractional part of about
0.3 cycles. In addition, it is found that for most satellites,
the L1 and L2 cycle slips fractional parts almost over-
lap completely. This indicates that the wide-lane cycle
slip is easy to be fixed because the wide-lane combina-
tion has a relatively long wavelength of 86 cm and is less
impacted by unmodeled errors. Because of this advantage,
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Fig.3 Horizontal trajectory of
the car test
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the wide-lane cycle slip combination is usually the first to
be fixed.

The typical PPP errors with and without cycle slip cor-
rection, taking the results from station ALGO on DOY 2,
2017, are shown in Fig. 6 as an example. The hourly re-
initialization is observed in the coordinate time series. For
these data, about 30 min are often needed for the position
to converge to better than 10 cm precision following each

00:10 00:20 00:30 00:40 00:50 01:00 O01:10

re-initialization. However, the cycle slip correction solution
is very stable after the first convergence. This is because the
cycle slip can be immediately fixed with only one epoch of
data after the interruption.

Figure 7 shows the other typical PPP errors with and
without cycle slip correction, taking the results from sta-
tion CAS1 on DOY 8, 2017, as an example. For this case,
it is not easy to fix all cycle slips with only one epoch of
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Fig.5 Estimated GPS cycle 5.0
slips on L1 and L2 for the
station ZECK on DOY 10,
2017. The value is shifted by
an integer constant for a clear
display. The dot and line refer
to the cycle slips on L1 and L2,
respectively
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Fig.6 Coordinate errors in the east, north, and up directions for kine-
matic PPP for the observations from ALGO on DOY 2, 2017, without
(top) and with (bottom) cycle slip correction

data. There are four epochs (at 5, 7, 17, and 19 o’clock)
when the 3D error is over 10 cm. This is because it takes
more than one epoch (usually two to three epochs) to fix all
cycle slips. However, once the cycle slips have been fixed, a
position result with comparable accuracy to that before re-
convergence can be obtained. This comparison reveals that
our method can successfully fix the simulated cycle slips
and maintain a continuous and high-quality PPP solution.
As a comparison, the epoch-differenced cycle slip correc-
tion method is also adopted to these data. As shown in the
middle panel, at those four epochs, the epoch-differenced
method failed to fix all cycle slips with only one epoch so
that the positioning errors in the next few minutes are larger
than those in the bottom panel.

The statistics results for the simulated hourly re-conver-
gence for all test stations are given in Table 3. Among the
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Fig. 7 Coordinate errors of kinematic PPP without (top), with epoch-
differenced (middle), and the proposed (bottom) cycle slip correction
for the observations from CAS1 on DOY 8, 2017, in east, north, and
up directions, respectively

stations, the cycle slip correction performance of CAS1 and
MKEA is worse than that of the other eight stations: The
averaged fixing rate is slightly lower and the average number
of epochs needed is obviously more. CAS1 is located in a
high-latitude region where the ionospheric variation is rela-
tively hard to be accurately predicted due to the active iono-
spheric environment. The irregular ionospheric variation
impacts the accuracy of the stochastic model and degrades
the estimation of the cycle slip and other parameters (Ban-
ville and Langley 2013; Zhang and Li 2013). For station
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Table3 Cycle slip correction statistical results for experiment I,
including the fixing rate, the average (Ave_Ep), and maximum
(Max_Ep) required epoch number for a successful cycle slip fixing

Site Fixing rate (%) Ave_Ep Max_Ep
ALGO 100.0 1.1 5
ANTC 99.6 1.2 15
CASI1 97.8 2.5 20
DIIG 100.0 1.2 6
DUNT 100.0 1.1 4
HOFN 99.6 1.5 20
JENG 99.6 14 16
JOG2 99.6 1.5 18
KOUR 99.1 1.6 16
LPAL 99.1 1.3 20
MKEA 98.7 2.7 17
OHI3 99.6 1.2 17
PERT 100.0 1.7 10
STK?2 100.0 1.2

THTG 100.0 1.2

WHIT 99.6 1.3 13
WIND 99.1 14 20
ZECK 100.0 1.1 6
AVE 99.5 1.5 13.9

MKEA, the worse performance of cycle slip correction can
probably be attributed to the fact that it has the smallest
average number of visible satellites among the 18 test sta-
tions. Generally, for most stations, our cycle slip correction
method can successfully fix the cycle slips for over 99.0% of
the test epochs within 20 epoch observations.

Information on required number of epochs in the worst
cases is also given in the last column of Table 3. Seven sta-
tions take at most ten epochs (5 min) to achieve a success-
ful re-convergence. In addition to the less observations and
larger ionospheric prediction errors, another factor, i.e., the
strict integer validation threshold, probably leads to a longer
time for a reliable cycle slip correction. Overall, there are
4.8 percentages of re-convergence epochs which need more
than 8 min for re-convergence. For all stations, according to
the average epoch number indicator, our cycle slip correction
method can fix the cycle slip for 99.5% of the epochs with
1.5 epochs of observation data.

The longer the data sample rate is, the harder it is to pre-
dict the ionospheric variation accurately. For real applica-
tions, the GNSS data can often be recorded in a higher sam-
ple rate. Hence, to further analyze the efficiency of our cycle
slip correction method for 1-s sample rate GNSS data, we
also calculated the cycle slip-corrected kinematic PPP with
the 1-s data from CAS1, KOUR, and MKEA. The best cycle
slip correction performance, that is, a correct fixing rate of
100% and a Max_Ep of 1, was achieved by all three stations.

The comparison between two sets of results, with the 30-s
and 1-s sampling rate, respectively, again indicates that the
ionospheric prediction accuracy is an important factor for a
successful cycle slip correction. How to precisely model the
spatial and temporal variation of the ionosphere is still an
important issue for GNSS cycle slip processing and should
be further studied in the future.

Experimentll

We further conducted the PPP with cycle slip correction
for the IGS stations with real re-initialization. We first take
the results from station FAA1 as a representative example
to analyze the impact of the cycle slip correction on the
positioning accuracy. The epoch-wise coordinate errors in
three directions are plotted in Fig. 8. Four groups of posi-
tioning results from open-source GLAB and self-developed
PPP procedure without and with cycle slip correction are
compared. At the epochs 01:08:00, 13:59:30, and 22:33:30,
obvious cycle slips occur in the carrier phase of all observed
satellites. These severe cycle slips have also been confirmed
by results produced by GLAB in panel (A). GLAB and our
developed procedure take about 10-30 min to achieve the
first convergence, and the re-convergence caused by the
severe cycle slips. Generally, a faster re-convergence can
be achieved in panel (B) than that in (A). This is because
in the ionospheric-free PPP model is employed by GLAB,
only a weak constraint on the troposphere can be used at
the epoch with re-convergence. The re-initialization of the
ionospheric-free ambiguity means ignoring the ionospheric
temporal correlation. However, in our procedure, the tempo-
ral constraint from not only the tropospheric delay but also
the ionospheric delay can be used. When a cycle slip occurs,
the ionospheric delay can be predicted with a precision of
several centimeters to accelerate the parameter estimation.
The panel (C) presents the positioning errors with the epoch-
differenced cycle slip correction algorithm applied. For the
second and third re-convergence, the epoch-differenced
method cannot fix the cycle slips for most satellites with
only one epoch of data. The panel (D) presents the position-
ing errors with the proposed cycle slip correction algorithm
applied. The required number of epochs is 1, 2, and 2 for
the first, second, and third re-convergence, respectively, to
repair all cycle slips. Therefore, rapid re-convergence can be
realized instantaneously or within two epochs.

The cycle slip correction statistical results for all test
stations are given in Table 4. The averaged fixing rate
of DAVI1 and MAWI in Antarctica was significantly
lower than that of the other seven stations. They often
succeed in re-convergence for 90-95% of the epochs
and take about four to five epochs for a successful fix-
ing. For BINM, FAA1, and DS13, all cycle slips can be
successfully fixed with only one to two epochs. Overall,
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Fig.8 Coordinate errors of
kinematic GPS + GLONASS
PPP for FAA1 on DOY 8, 2017.
Results are produced by GLAB,
our procedure without cycle slip
correction, with epoch-differ-

[A: GLAB]

enced, and our proposed cycle
slip correction, respectively

—0.4 - T T T T T T T
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

Tab.le.4 Cycle slip Correct.ion Site Fixing rate (%) Ave_Ep Max_Ep 3D RMS (cm) without 3D RMS (cm) with
i;atmtlcal results for experiment cycle slip correction cycle slip correction

BINM 100.0 2.1 6 14.2 4.1

DAV1 93.5 5.1 20 18.6 14.3

DS13 100.0 1.3 2 24.4 10.7

FAA1 100.0 1.1 13.7 7.6

IQAL 100.0 1.7 7 21.1 15.0

KITG 99.5 2.1 20 19.0 12.5

MAL2 100.0 1.1 3 9.9 4.3

MAW1 92.3 4.3 23.2 8.7

PEN2 94.9 33 20 14.5 3.8

RIGA 90.0 2.8 16 13.2 4.5

AVE 97.0 25 10.6 17.2 8.6
our cycle slip correction method can successfully fix the ~ Experiment Il

cycle slips for 97.0% epochs using 2.5 epochs of data on
average. Furthermore, we have calculated the 3D error
RMS for each station. The RMS is calculated with all 3D
errors from 01:00:00 to 23:59:30 (GPST) of all 10 days.
The RMS without cycle slip correction is generally about
10-20 cm for most stations, while that with cycle slip
correction usually ranges from 4 to 15 cm for all stations.
This comparison clearly illustrates the significant impact
of cycle slips on the PPP solutions as well as the great
benefit brought by our cycle slip correction method. With
areliable cycle slip correction method, the number of the
estimated ambiguity parameters in PPP can be greatly
reduced.
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Plotted in Fig. 9 are the PPP position errors for a car with
respect to the reference coordinates in east, north, and up
directions, respectively. There are 4206 epochs and 221
of them contain cycle slips. In addition, we also simu-
lated simultaneous cycle slips on all observed satellites
at 00h30 m and 01h00 m. For the first 25 min, the number
of usable satellites does not exceed eight for most epochs.
The observation system redundancy is not strong enough.
As a result, the solution is significantly impacted by the
cycle slips. It is difficult to converge to a 3D accuracy
better than 20 cm for the PPP without cycle slip cor-
rection. However, the convergence time of the cycle slip
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Fig.9 Positioning error in

east, north, and up directions,

achieved by kinematic PPP

without (top) and with cycle

slip correction (bottom) E
o
.0
m
S
il
.0
(2]

-1.0 00:15

correction solution is 15.6 min. After convergence, it is
observed that the PPP errors with cycle slip correction
are closer to zero, especially in the east and up direc-
tions. In addition, it should be noted that a systematic
bias exists in the up coordinate component for the PPP
processing without cycle slip correction. This is because
the tropospheric parameters did not converge adequately
during such a short observation span with fragmentary
ambiguity arcs. After connecting the short ambiguity arcs
with cycle slip correction, one can see that almost no sys-
tematic biases exist in the three coordinate components.
For this kinematic data, the cycle slip fixing rate of 100%
is achieved and it takes only one to two epochs to fix the
cycle slips.

Also, the forward—backward-combined Kalman filter
solution is calculated with and without cycle slip correc-
tion. The statistical values using all epochs of data are
used to assess the kinematic positioning accuracy. The
PPP solutions with cycle slip correction have the RMS
values of 4.6, 3.1, and 7.8 cm in the east, north, and up
directions, respectively. The corresponding improvement
is about 24.3, 8.9, and 51.2% in three coordinate com-
ponents compared with the solution without cycle slip
correction. These results clearly show that not only the
convergence time but also the positioning accuracy can
be significantly improved by cycle slip correction in PPP
with real kinematic data.

00:25 00:35 00:45 00:55 01:05 01:15

Conclusions and remarks

In this study, a new Kalman-filter-based undifferenced
cycle slip estimation method using the undifferenced and
uncombined PPP model is proposed. In our method, the
detected cycle slip is introduced as the unknown parameter
into the estimation together with other unknowns, such as
position, receiver clock, ionospheric delay, and ambiguity.
Then, the LAMBDA method and the concept of partial
ambiguity resolution are employed to search the best inte-
ger candidates of the cycle slips. A strict integer validation
threshold is suggested to reduce the probability of incor-
rect fixing. When it is not easy to fix all cycle slips with
only one epoch data, one advantage of our method lies in
that the multi-epoch observation information can be com-
prehensively made use of for reliable cycle slip estimation
and fixing. Once the cycle slips are correctly determined,
continuous PPP can be achieved instantaneously.

Those concepts have been tested and validated with
three groups of experiments using GNSS data from a
subset of stations operated by the IGS and a real vehicle
kinematic dataset. Numerous experimental results showed
that the proposed cycle slip correction method can cor-
rectly fix the cycle slips for more than 99.5% of the epochs
suffering from re-initialization. On average, this method
takes about 1.5-2.5 epochs of observations to fix the cycle
slips and rapidly realize re-convergence. The applicabil-
ity of our undifferenced cycle slip estimation method is
expected to be further assessed with single-frequency and
multi-frequency observations.
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Generally, with less satellites and severer multi-path
errors, it takes more epochs to successfully fix the cycle
slip. If one satellite suffers from new cycle slip before the
last cycle slip has been fixed, the last cycle slip correction
fails and the corresponding ambiguity has to be initialized.
Hence, it is still a great challenge for our cycle slip correc-
tion method, when there are a few observations and lots of
cycle slips. To further improve cycle slip correction perfor-
mance, and ensure continuous and stable PPP solution, it is
suggested to fuse GPS with other constellation as well as
other sensors, such as INS.
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