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Abstract This paper develops a new automated cycle slip
detection and repair method that is based on only one single
dual-frequency GPS receiver. This method jointly uses the
ionospheric total electron contents (TEC) rate (TECR) and
Melbourne–Wübbena wide lane (MWWL) linear combina-
tion to uniquely determine the cycle slip on both L1 and L2
frequencies. The cycle slips are inferred from the information
of ionospheric physical TECR and MWWL ambiguity at the
current epoch and that at the previous epoch. The principle
of this method is that when there are cycle slips, the MWWL
ambiguity will change and the ionospheric TECR will usu-
ally be significantly amplified, the part of artificial TECR
(caused by cycle slips) being significantly larger than the
normal physical TECR. The TECR is calculated based on the
dual-frequency carrier phase measurements, and it is highly
accurate. We calculate the ionospheric change information
(including TECR and TEC acceleration) using the previous
epochs (30 epochs in this study) and use the previous data
to predict the TECR for the epoch needing cycle slip detec-
tion. If the discrepancy is larger than our defined threshold
0.15 TECU/s, cycle slips are regarded to exist at that epoch.
The key rational of method is that during a short period (1.0 s
in this study) the TECR of physical ionospheric phenomenon
will not exceed the threshold. This new algorithm is tested
with eight different datasets (including one spaceborne GPS
dataset), and the results show that the method can detect and
correctly repair almost any cycle slips even under very high
level of ionospheric activities (with an average Kp index 7.6
on 31 March 2001). The only exception of a few detected but
incorrectly repaired cycle slip is due to a sudden increased
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pseudorange error on a single satellite (PRN7) under very
active ionosphere on 31 March 2001. This method requires
dual-frequency carrier phase and pseudorange data from only
one single GPS receiver. The other requirement is that the
GPS data rate ideally is 1 Hz or higher in order to detect
small cycle slips. It is suitable for many applications where
one single receiver is used, e.g. real-time kinematic rover sta-
tion and precise point positioning. An important feature of
this method is that it performs cycle slip detection and repair
on a satellite-by-satellite basis; thus, the cycle slip detection
and repair for each satellite are completely independent and
not affected by the data of other satellites.

Keywords GPS · Cycle slip detection ·
Ionospheric TEC rate · Melbourne–Wübbena wide lane ·
Precise point positioning

1 Introduction

The use of GPS carrier phase measurements can deliver
highly accurate positioning and navigation solutions if the
GPS ambiguities are correctly resolved and carrier phase arc
is continuously maintained. Using GPS carrier phase mea-
surements for instance, accuracies of 0.1 mm/year have been
obtained in crustal velocity measurement (Hill and Blewitt
2006). To achieve this level of accuracy, the ambiguity of
carrier phase measurements must be correctly resolved and
maintained, and cycle slip must be correctly repaired. The
occurrence of cycle slips breaks the continuity of the carrier
phase tracking arc, and each cycle of slip can easily bring in
a range error of ∼20 cm to the L1 measurements. Correct
cycle slip detection is critical for correct ambiguity parame-
terization (Xu 2007). There are basically two options avail-
able to treat the cycle slips. One is to detect and repair them,
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and the other option is to treat them as unknown ambiguities
and estimate them together with other parameters in the GPS
data processing. The latter option is apparently less desirable
since it makes the data processing more complex. In the case
of frequent occurrences of cycle slip, the latter option may
fail to estimate the cycle slip. Therefore, the first option is
more desirable.

Over the past decade, there are two apparent trends in
the GPS or GNSS community. First, the real-time kinematic
(RTK) GPS has become more and more popular (Fotopou-
los and Cannon 2001; Vollath et al. 2002; Hu et al. 2003;
Rizos 2007; Grejner-Brzezinska et al. 2007). It has virtually
become a routine GPS surveying technique in many applica-
tions. Second, the precise point positioning (PPP) technique
for both static and kinematic applications has gained a good
momentum of research efforts (Zumberge et al. 1997; Gao
and Shen 2002; Ge et al. 2008; Bisnath and Gao 2008; Guyen-
non et al. 2009). In both RTK and PPP applications, the carrier
phase measurements are used as the major observable, and
the GPS data are normally recorded at a very high rate (1 Hz
or even higher). Under kinematic condition, the GPS data are
prone to cycle slips (Roberts et al. 2002; Aoki et al. 2009).
In addition to RTK and PPP applications, the use of real-
time high rate GPS data has also become a trend in scientific
research. The International GNSS Service (IGS) has been
working toward generating real-time products since almost
one decade ago (Fang et al. 2001; Springer and Hugentobler
2001; Dow et al. 2009). Considering the development and
requirements in the GPS/GNSS community, a method that
can effectively detect and repair cycle slips for real-time high
rate GPS data recorded by a single GPS receiver is desired.

In the past, there are many researches on the cycle slip
detection and repair such as Bastos and Landau (1988), Gao
and Li (1999), Colombo et al. (1999), Bisnath and Langley
(2000), Kim and Langley (2001), and Lee et al. (2003). But
these methods are based on double-differenced techniques,
and they are not suitable for our purpose of processing sin-
gle GPS receiver data. Moreover, some methods are based
on the integration of the GPS and INS data, e.g. Colombo
et al. (1999) and Lee et al. (2003), which significantly con-
strain their feasibility in many applications due to the cost
of INS system as well as the complexity of adding an INS
system to GPS. A list of the general cycle slip detection
methods such as phase–code comparison, phase–phase iono-
spheric residual, Doppler integration, and differential phases
of time have been summarized in Xu (2007). However these
methods have their own limitation. The phase–code compar-
ison method is not effective in repairing small cycle slips
(e.g. 1–2 cycles) due to the low accuracy of code measure-
ment. We have tested the Doppler integration method, and
like the phase–code comparison, it cannot succeed in small
cycle slips. The phase–phase ionospheric residual method,
which is essentially the geometry-free linear combination,

has a shortcoming of being insensitive to special cycle slip
pairs and unable to check on which frequency the cycle slip
happen (Xu 2007). Using the method of differential phases
of time requires polynomial fittings interpolate or extrapolate
the data at the check epoch (Xu 2007). Our trial test indicates
that the polynomial cannot guarantee a success all the time,
particularly when the size of cycle slip is small.

Compared to the research based on double-differencing
GPS data, the research of cycle slip detection using single
GPS receiver data is limited. The work in Blewitt (1990)
might be first effort of cycle slip detection and repair for sin-
gle GPS data. In that paper, an automatic editing algorithm
was proposed to simultaneously use the wide-lane combi-
nation and ionospheric combination to detect the cycle slip.
The wide-lane combination used in Blewitt (1990) is essen-
tially the same as the Melbourne–Wübbena linear combina-
tion (Melbourne 1985; Wübbena 1985). This combination
is a very effective for cycle slip detection because of its low
level of noise and insensitive to ionospheric changes. The ion-
ospheric combination used in Blewitt (1990), which is also
called geometry-free combination, however contains the ion-
ospheric residual, and this residual affects the performance
of the algorithm. Incorrect cycle slip determination may be
caused when there are rapid ionospheric variations (Blewitt
1990). Therefore, a new cycle slip detection method that is
more robust under ionospheric variation condition has to be
developed. de Lacy et al. (2008) used Bayesian approach
to detect cycle slip for single GNSS receivers. This method
is based on multiple linear combination and polynomial fit-
ting. The basic assumption of this method is that the original
signal is smooth, and discontinuities (i.e. the cycle slip in
carrier phase measurements) can be reasonably modeled by
a multiple polynomial regression (de Lacy et al. 2008). This
assumption may be valid in most cases, but it is very likely
violated by the ionospheric disturbance when the GNSS data
are observed under high level of ionospheric activities. The
test results were based on the GNSS data collected during 23–
27 May 2005 (de Lacy et al. 2008). Those days had very low
ionospheric activities, and the daily average Kp index varied
between 0.0 and 1.2. de Lacy et al. (2008) did not discuss the
performance of that method during active ionospheric condi-
tions. More recently, a method using triple GPS frequencies
to detect cycle slip has been proposed (Dai et al. 2008, 2009).
This method in theory can be applied to dual-frequency GPS
signals although it is designed for three frequency GPS sig-
nals. This method relies on the proper selection of the scale
(ωi ) for each combined observation (the total number of
observations is n) to meet the requirement

∑n
i=1 ωi = 0

and to produce the minimum standard deviation of the com-
bined observation. In this method, the ionospheric residual is
ignored (Dai et al. 2008, 2009). This might be an issue when
the ionosphere undergoes rapid variations. It was stated that
in some situations for instance magnetic storm, the detection
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approach may provide unexpected results (Dai et al. 2009).
As a matter of fact, at present there is only one modernized
GPS satellite in space broadcasting signals at L1, L2, and L5
three frequencies. The use of dual-frequency GPS receivers
and satellites is still prevailing in the applications.

In this paper, a new cycle slip detection and repair method
that employs the ionospheric total electron content (TEC) rate
(TECR) is proposed. Unlike other methods where the iono-
spheric variation is regarded as a nuisance or simply ignored,
in this method, the ionospheric variation, characterized by
the TEC rate, is precisely estimated and used to detect and
repair cycle slip. Without cycle slips, the ionospheric phys-
ical TECR is normally bounded by a certain value. In this
study, we choose the threshold value as 0.15 TECU/s. When
there are cycle slips, the ionospheric TECR will become
significantly larger, with most contribution from the artifi-
cial ionospheric TECR that is resulted from cycle slips. The
Melbourne–Wübbena wide lane (MWWL) ambiguity will
also change when there are cycle slips. With the data of both
ionospheric TECR change and MWWL ambiguity change,
the cycle slips can be precisely and uniquely determined.

This paper is organized as below. The methodology of
detecting and repairing cycle slip is developed in detail in
Sect. 2. The accuracies of the estimated cycle slip terms are
analyzed too. The analyses of the method performance are
performed in Sect. 3. In Sect. 4, the application of this method
is discussed. The conclusion is given in Sect. 5.

2 Methodology

In this cycle slip detection and repair method, two sets of
measurements are jointly employed to precisely determine
the size of the cycle slips. One is the Melbourne–Wübbena
linear combination that has been widely used for cycle slip
detection and ambiguity resolution because of its 86-cm long
wavelength (Melbourne 1985; Wübbena 1985; Blewitt 1990;
Kass et al. 2009; Bock et al. 2009). This combination removes
the effects from the atmosphere (including both ionosphere
and troposphere), the geometry, and the satellite and receiver
clocks. Therefore, this combination is useful to check GPS
observations for cycle slips (Dach et al. 2006). The other set
of measurements is the ionospheric TECR that is inferred
from L1 and L2 carrier phase measurements.

2.1 Carrier phase and pseudorange observations

We assume that the dual-frequency GPS receiver observes
the satellite p. The observation equations for dual-frequency
GPS carrier phase and pseudorange measurements can be
written as:

λ1�
p
1 = ρp + c(dt − dT p) − I + T + λ1 N p

1 , (1)

λ2�
p
2 = ρp + c(dt − dT p) − γ I + T + λ2 N p

2 , (2)

Pp
1 = ρp + c(dt − dT p) + I + T, (3)

Pp
2 = ρp + c(dt − dT p) + γ I + T, (4)

where λ1 and λ2 are the wavelengths of the GPS L1 and
L2 signals, respectively; �

p
1 and �

p
2 are carrier phase mea-

surements on L1 and L2 frequencies, respectively; Pp
1 and

Pp
2 are the pseudorange measurements; ρp is the geometrical

distance between the receiver and the satellite p; dt and dT p

are the GPS receiver and satellite clock errors, respectively;
c is the speed of light in vacuum; I is the ionospheric range
delay on GPS L1 signal; T is the tropospheric range delay;
N p

1 and N p
2 are the integer number of cycles for GPS L1 and

L2 signals, respectively, which are often called ambiguities;
γ = f 2

1 / f 2
2 is the ratio of the squared frequencies of GPS

L1 and L2 signals. The carrier phase measurements �
p
1 and

�
p
2 and the ambiguities N p

1 and N p
2 are in the unit of cycle.

The dt and dT p are in the unit of second. The rest variables
are all in the unit of meter.

2.2 Cycle slip determined from the Melbourne–Wübbena
wide-lane combination

The well-known MWWL linear combination at a given epoch
can be formed as below (Melbourne 1985; Wübbena 1985).
The tag for epoch is omitted for brevity.

LMWWL = f1 · λ1�
p
1 − f2 · λ2�

p
2

f1 − f2
− f1 · Pp

1 + f2 · Pp
2

( f1 + f2)

= λWL N p
WL, (5)

where λWL = c/ ( f1 − f2) ≈ 86 cm and N p
WL = N p

1 − N p
2 .

TheλWL and N p
WL are called wide-lane wavelength and wide-

lane ambiguity, respectively. Thus, the wide-lane ambiguity
at a given epoch can be estimated as:

N p
WL = LMWWL

λWL
=

[

�
p
1 − �

p
2 − f1 · Pp

1 + f2 · Pp
2

λWL ( f1 + f2)

]

. (6)

We assume that at epoch (k−1) there are no cycle slips, or the
cycle slips have been repaired if any. But at epoch (k) there are
cycle slips on both L1 and L2 carrier phase measurements
�

p
1(k) and �

p
2(k). The cycle slips are denoted as �N p

1 (k)

and �N p
2 (k), respectively. After cycle slips are detected and

repaired, the correct carrier phase measurements at epoch (k)
should be calculated as:

�̂
p
1(k) = �

p
1(k) + �N p

1 (k), (7)

�̂
p
2(k) = �

p
2(k) + �N p

2 (k), (8)

where �̂
p
1 and �̂

p
2 denote the correct L1 and L2 phase mea-

surements, respectively, after cycle slips are repaired.
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Integrating Eqs. (5)–(8), the cycle slip term
[
�N p

1 (k) −
�N p

2 (k)
]

can be estimated as:

[
�N p

1 (k) − �N p
2 (k)

] = N p
WL(k − 1) − N p

WL(k). (9)

2.3 Accuracy analysis of the cycle slip term[
�N p

1 (k) − �N p
2 (k)

]

It is known that the GPS carrier phase measurements �
p
1 and

�
p
2 are very precise, and the carrier phase can be measured

with an accuracy of 1.0 mm or even higher. Even if the mul-
tipath and atmospheric effects are considered, the accuracy
of the carrier phase measurements is still as good as a few
millimeters. Thus, the accuracy of the determined cycle slips[
�N p

1 (k) − �N p
2 (k)

]
is largely dependent on the error of the

pseudorange measurements. Assuming that the code mea-
surements have the equal noise level of σP (in unit of meter),

the standard deviation of term
f1·Pp

1 (k−1)+ f2·Pp
2 (k−1)

λWL( f1+ f2)
is equiv-

alent to

√
f 2
1 + f 2

2

λWL( f1+ f2)
σP cycles, i.e. 0.8267σP cycle. Please note

the coefficient

√
f 2
1 + f 2

2

λWL( f1+ f2)
has the unit of cycle/meter. Thus,

the standard deviation of
[
�N p

1 (k) − �N p
2 (k)

]
, in unit of

cycles, is 1.1691σP. With today’s GPS receiver technology,
the pseudorange code observations have a typical accuracy
of 0.5 m at 15◦ elevation angle (Sükeová et al. 2007). This
indicates that the standard deviation of

[
�N p

1 (k) − �N p
2 (k)

]

estimated by Eq. (9) is approximately 0.5846 cycle. That is to
say, the wide-lane ambiguity error, primarily resulting from
the pseudorange noise, will normally be less than 0.6 cycle.
It was shown that with higher elevation angle, the noise of
the pseudorange measurements will decrease (Sükeová et al.
2007). Consequently, the uncertainty contribution from the
pseudorange measurements to the cycle slip detection will
become smaller. It should be noted that the MWWL is very
effective in detecting slips as small as one cycle, but it has its
own limitation too. First, the MWWL combination will not
signify the occurrence of cycle slips when the cycle slips on
L1 and L2 have the same size and same sign since they can-
cel each other as Eq. (6) shows. Second, when cycle slips are
detected, it is impossible to tell if L1 or L2 or both frequencies
have the cycle slips. That is why we proposed the ionospheric
TECR-based cycle slip detection approach to supplementing
the MWWL detection method. It will be shown that the joint
use of both methods can effectively detect and distinguish
cycle slips under any situations.

2.4 Cycle slip determined from the TECR

From Eqs. (1) and (2), we can derive the ionospheric total
electron contents from dual-frequency carrier phase mea-

surements as below (Liu and Gao 2004). It is assumed that
we use the GPS data from epoch (k − 1).

TEC�(k − 1)

= f 2
1

{[
λ1�

p
1(k − 1)−λ2�

p
2(k−1)

]−[λ1 N1−λ2 N2]−bi −bp
}

40.3×1016 (γ −1)
,

(10)

where bi and bp, in unit of meters, are the inter-frequency
biases of the receiver and the satellite, respectively. Other
terms in Eq. (10) are the same as those defined in previous
equations. The values of satellite and receiver inter-frequency
biases are quite stable during a period of a few days (Schaer
1999). Therefore, they can be treated as constants during the
cycle slip detection where the time interval between two con-
secutive epochs is normally as short as 1 s or at most a few
minutes.

Similar to the MWWL combination, two consecutive
epochs are needed to perform cycle slip detection and repair.
We only consider the cycle slip occurrence at epoch (k). The
GPS L1 and L2 carrier phase measurements at epoch (k −1)

are regarded as free of cycle slips or the cycle slips have
already been repaired if they indeed occur at that epoch. If
the total electron contents TEC�(k) estimated from epoch (k)
is differentiated with that of epoch (k − 1), the total electron
contents rate (TECR) can be derived.

TECR�(k) = TEC�(k) − TEC�(k − 1)

�t
, (11)

where TECR�(k) is the TEC rate at epoch (k); �t is the time
interval between epochs (k) and (k − 1), which is typically
1 s for high rate GPS observations. Rearranging Eqs. (11)
and (12), the cycle slips at epoch (k) can be estimated as:

[
λ1�N p

1 (k) − λ2�N p
2 (k)

]

= 40.3 × 1016 (γ − 1)�t · TECR�(k)

f 2
1

− λ1
[
�

p
1(k) − �

p
1(k − 1)

]

+ λ2
[
�

p
2(k) − �

p
2(k − 1)

]
. (12)

It is clear that all the terms in the above Eq. (13) are known
except the TEC rate TECR�(k). If the TECR�(k) is also
known, we can then estimate the cycle slip

[
λ1�N p

1 (k) −
λ2�N p

2 (k)
]
. How the TECR�(k) is obtained will be dis-

cussed in the following section. It should be noted that
in Eq. (12) only carrier phase measurements are used;
thus, it is expected that the accuracy of the estimated[
λ1�N p

1 (k) − λ2�N p
2 (k)

]
will be very high. This will also

be analyzed in the following section.
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2.5 The estimation of TECR�(k)

As illustrated in Eq. (11), the TECR�(k) is estimated from
the measurements at epoch (k) and its previous epoch (k−1).
But we cannot use the Eq. (11) because we are intending to
detect cycle slips at epoch (k) and we are not sure if epoch
(k) has cycle slips. The TECR�(k) however can be estimated
based on the measurements of the previous epochs. Since we
are detecting and repairing cycle slips on an epoch-by-epoch
basis, all the epochs prior to the current epoch (k) are free
of cycle slips because their cycle slips, if any, have been
repaired. Therefore at epoch (k), we can use the previous
epochs to estimate the TEC rate for epoch (k). For instance,
at epoch (k − 1), we can use the measurements of epochs
(k − 1) and (k − 2) to derive TECR�(k − 1). At epoch
(k − 1), if the rate of the TEC rate (i.e. TEC acceleration)
is also known, the TECR�(k) at epoch (k) can be readily
estimated as:

TECR�(k) = TECR�(k − 1) + TEĊR�(k − 1) · �t, (13)

where TEĊR�(k−1) is the TEC acceleration at epoch (k−1).
The determination of the TEĊR�(k − 1) can be performed
as below:

TEĊR�(k−1)= TECR�(k−1)−TECR�(k−2)

�t
. (14)

In the practical implementation, both TECR�(k − 1) and
TECR�(k − 2) are estimated using measurements of previ-
ous epochs. They are averaged to smooth the noise in the
measurements (Blewitt 1990). Thus, more accurate TECR�

(k − 1) and TECR�(k − 2) can be obtained. In our study, 30
previous epochs are used.

2.6 Accuracy analysis of the cycle slip term[
λ1�N p

1 (k) − λ2�N p
2 (k)

]

We assume that all the carrier phase measurements have the
equal accuracy, and their standard deviations are denoted
as σ�. The uncertainty of TECR�(k) is represented by
σTECR�(k). Thus, the uncertainty of the cycle slip term
[
λ1�N p

1 (k) − λ2�N p
2 (k)

]
can be estimated as below while

assuming that all the carrier phase measurements are not cor-
related with each other.

σ 2[
λ1�N p

1 (k)−λ2�N p
2 (k)

] =
(

40.3×1016(γ −1)�t

f 2
1

)2

σ 2
TECR�(k)

+2
(
λ2

1 + λ2
2

)
σ 2
�. (15)

Considering Eqs. (13) and (14), the variance σ 2
TECR�(k) can

be approximately estimated as 5σ 2
TECR�(k−1) when the mea-

surements of epochs (k − 1) and (k − 2) are regarded as
uncorrelated and having same accuracies. The σ 2

TECR�(k−1)

can be further estimated as below based on the Eqs. (10) and
(11).

σ 2
TECR�(k−1)

= 2

�t2

(
f 2
1

40.3 × 1016 (γ − 1)

)2 (
λ2

1 + λ2
2

)
σ 2

�. (16)

Combining Eqs. (15) and (16), the variance of [λ1�N p
1 (k)

− λ2�N p
2 (k)] thus can be estimated as:

σ 2[
λ1�N p

1 (k)−λ2�N p
2 (k)

] = 12
(
λ2

1 + λ2
2

)
σ 2

�. (17)

In Eq. (17), the wavelengths λ1 and λ2 are in unit of
meter/cycle, and the standard deviation σ� is in the unit
of cycle. The variance σ 2[

λ1�N p
1 (k)−λ2�N p

2 (k)
] has a unit

of m2. In practical application, the standard deviation
σ� is usually expressed with length unit, e.g. mm after
being implicitly multiplied by its wavelength. The car-
rier phase measurement error inside the receiver is nor-
mally small, at about 1 mm level. Considering the noises
resulting from multipath and atmospheric effects, the over-
all carrier phase measurements may have a few millime-
ters. If we take σ� = 5 mm, the standard deviation of
the cycle slip term

[
λ1�N p

1 (k) − λ2�N p
2 (k)

]
is estimated

to be 5.4 mm. It clearly shows that the cycle slip term[
λ1�N p

1 (k) − λ2�N p
2 (k)

]
estimated from the TEC rate data

has a very high accuracy. This is due to the sole use of high
accuracy carrier phase measurements and no pseudorange
measurements being used.

2.7 Cycle slip detection using the MWWL ambiguity

The MWWL cycle slip term, Eq. (9), is estimated inde-
pendently at each epoch (k). The analysis shows that
the uncertainty resulting from the pseudorange measure-
ments is approximately 0.6 cycle. If the cycle slip term[
�N p

1 (k) − �N p
2 (k)

]
is larger than 1.0 cycle, the epoch

(k) is considered having cycle slip with respect to its
previous epoch (k − 1). This detection is simple and
merely depends on two epochs. To be more statistically
meaningful, it is suggested that the cycle slip detections
should make use of the statistic information of the previous
epochs.

The mean and variance of the wide-lane ambiguity can
be estimated based on all the data prior to epoch (k). If the
cycle slip term

[
�N p

1 (k) − �N p
2 (k)

]
calculated in Eq. (9) is

within 4.0 times of the standard deviation, this epoch (k) is
most likely to be free of cycle slip (Blewitt 1990). How-
ever, it has to be further confirmed by checking the ion-
ospheric TECR to exclude the case

[
�N p

1 (k) = �N p
2 (k)

]
,

as to be discussed in the below section. If it is larger
than the 4.0 times of standard deviation, it is regarded
that there are cycle slips. In this case, the cycle slips have
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to be determined in conjunction with the TECR informa-
tion.

The mean and the variance of the MWWL ambiguity at
epoch (k) can be recursively calculated as below:

E
[
N p

WL(k)
] = N p

WL(k) = N p
WL(k − 1)

+1

k

[
N p

WL(k) − N p
WL(k − 1)

]
, (18)

where N p
WL(k) is the wide-lane ambiguity determined by

Eq. (6), and N p
WL(k) is the mean value of N p

WL(k). The var-
iance of N p

WL(k) can be calculated as below:

σ 2
N p

WL(k)
= E

[(
N p

WL(k)
)2

]
−

(
N p

WL(k)
)2

. (19)

The E
[(

N p
WL(k)

)2
]

in Eq. (19) is the mean squared value of

N p
WL(k), and it is can be recursively calculated as:

E
[(

N p
WL(k)

)2
]

= E
[(

N p
WL(k − 1)

)2
]

+1

k

{(
N p

WL(k)
)2 − E

[(
N p

WL(k − 1)
)2

]}
. (20)

The calculation of the mean value in Eq. (18) is the same as
the method in Blewitt (1990). However the calculation of var-
iance is slightly different. In the paper by Blewitt (1990), an
initial value of 0.5 cycle was given to the standard deviation
at the first epoch and the standard deviation recursive for-
mula is an approximation although it is very close to the true
value. Equations (19) and (20) are closed-form expressions.
Moreover, calculating Eqs. (19) and (20) does not require an
initial value to be given at the first epoch.

2.8 Cycle slip detection using the TECR

To detect the cycle slip at epoch (k), the mean and variance of
the TECR data prior to epoch (k) are recursively calculated
using the similar approach shown in Eqs. (18)–(20). In this
study, we consider the TECR data basically constant over a
short period (normally no more than half minute). To be math-
ematically more rigorous, the filtering approach given in Kee
et al. (1997) can be used to estimate the TECR considering
the variance differences between epochs. But our extensive
test results showed that it is normally adequate to regard the
TECR data as a constant in a short period. The TEC accel-
eration is also calculated to account for the different iono-
spheric rates between epochs. The TECR calculated at epoch
(k), shown in Eq. (11), is compared with the one estimated as[
TECR�(k − 1) + TEĊR�(k − 1) · �t

]
. If their difference,

called TECR residual, is within four times of the standard
deviation, no cycle slips are assumed at epoch (k). Otherwise,
cycle slips are detected, and Eq. (12) is used to determine

the size of the cycle slip term
[
λ1�N p

1 (k) − λ2�N p
2 (k)

]
.

The TECR residual is composed of the natural ionospheric
TECR and the artificial ionospheric TECR. The natural iono-
spheric TECR results from the natural ionospheric variation
at epoch (k), causing the difference between the predicted
TECR and actual TECR at epoch (k). The artificial iono-
spheric TECR is due to the cycle slips of the carrier phase
measurements at epoch (k). When there is no cycle slip, the
artificial TECR is 0. Otherwise, the artificial TECR is nor-
mally nonzero except that the L1 and L2 carrier phases have
the special cycle slip pair (77N , 60N ) , N = 0,±1,±2, . . ..
Table 1 lists the artificial TECR caused by some typical
cycle slip examples. The first part of Table 1 shows the
cycle slips that cause the smallest artificial TECR, and the
second part shows the cycle slips that cause the smallest
MWWL ambiguity changes. It shows that when the cycle
slip pairs are (77N , 60N ), N = 0,±1,±2, . . ., the artifi-
cial TECR is the smallest (i.e. 0.0 TECU/s). In this special
case, we see the cycle slip difference is as large as 17 cycles.
Thus, we can still rely on the MWWL ambiguity informa-
tion to determine the cycle slips. The last six rows of Table 1
show that although the size of cycle slip is small, the resul-
tant artificial TECR is however very large. The leads to the
easy cycle slip detection by using the large artificial TECR
change.

As said in the above section, even if there is no detec-
tible cycle slip using MWWL linear combination, it can-
not exclude the likelihood of �N p

1 (k) = �N p
2 (k) although

it is extremely unlikely (Blewitt 1990). When �N p
1 (k) =

�N p
2 (k) occurs, their impact on the wide-lane ambiguity is

null, but they have an effect on the ionospheric TEC rate. The
following Table 2 shows a few examples of the effect of the
cycle slips on the TEC and TEC rate. It can be seen in Table 2
that even if the cycle slip is only one cycle, its contribution
to the TEC is significant, as large as −0.5133 TECU. The
TEC change caused by cycle slips is linearly proportional to
the size of the cycle slip. The TECR changes caused by cycle
slips depend on not only the size of cycle slip but also the
data interval. As Table 2 shows when size of slip is one cycle
and the data interval is 1.0 s, the cycle slip caused TECR is
as large as −0.514TECU/s. This is approximately 50 times
of the nominal TECR value in quiet ionosphere period and
17 times of that in active ionospheric period. It has been
shown that in the equatorial region like Hong Kong, the ion-
ospheric slant TEC rate is about 0.01 TECU/s during quiet
ionosphere periods, and it rises to 0.03 TECU/s during dis-
turbed ionosphere period (Liu and Chen 2009). Therefore,
such a large deviation from the nominal TECR value makes
it very easy to detect the cycle slip even if its size is only one
cycle.

Table 2 shows that the same size of cycle slip has more
prominent impact on the TECR when the data interval is
smaller. For instance, when one cycle of slip occurs on data
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Table 1 Examples of the
smallest artificial TECR and the
smallest cycle slips

Cycle slip on Cycle slip Cycle slip Artificial TECR (TECU/s)
L1 (cycle) on L2 (cycle) difference (cycle) (�t = 1.0 s)

−77 −60 −17 0.000

77 60 17 0.000

−9 −7 −2 −0.030

9 7 2 0.030

−68 −53 −15 0.030

68 53 15 −0.030

−18 −14 −4 −0.060

18 14 4 0.060

−59 −46 −13 0.060

59 46 13 −0.060

– – – –

−1 −1 0 0.514

1 1 0 −0.514

−1 0 −1 −1.812

1 0 1 1.812

0 −1 1 2.326

0 1 −1 −2.326

Table 2 The effect of cycle slip
on TEC and TEC rate �N p

1 (k) = �N p
2 (k) (cycle) Effect on TEC (TECU) Effect on TEC rate (TECU/s)

Data interval
(�t = 1.0 s)

Data interval
(�t = 30.0 s)

1 −0.514 −0.514 −0.017

2 −1.026 −1.026 −0.034

3 −1.540 −1.540 −0.051

4 −2.053 −2.053 −0.068

5 −2.566 −2.566 −0.086

with an interval of 30.0 s, the caused TECR change is only
−0.017 TECU/s. This magnitude is very close to the nominal
TECR value in quiet ionosphere period and is even smaller
than the value under active ionosphere conditions. Thus, it
will be a challenge to detect small cycle slip with a low data
rate.

It can be seen from Table 2 that the larger size the cycle
slip, the larger change to the ionospheric TECR. This in turn
makes the cycle slip detection easier. In order to test the
effectiveness of this method, we need only to test the case
with the smallest cycle slip, i.e. �N p

1 (k) = N p
2 (k) = −1

cycle using the GPS data. In addition to the cycle slip pair
(−1,−1) on L1 and L2 frequencies, we will also test two
other cycle slip pairs: (−9,−7) and (−77,−60). The reason
for choosing these cycle slip pairs is elaborated in the fol-
lowing section.

3 Data test and analysis

3.1 Data description

The effectiveness of this method was extensively tested using
eight sets of 24-h GPS observations (except the seventh set
containing only approximately 4.5 h data) that were collected
with different receiver dynamics, at different locations, in dif-
ferent days and under different levels of ionospheric activ-
ities. All the datasets were recorded at an interval of 1.0 s.
The daily ionospheric activity levels are represented by the
average value of the Kp indices (Michel 1964) of that day.
Table 3 summarizes the information about the eight data-
sets.

The characteristics of the eight datasets have very good
diversities and representations. First, the levels of ionospheric
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Table 3 Description of the eight datasets

Dataset Collection date GPS receiver model Daily average GPS station location
Kp index

Station Latitude (degree) Longitude (degree)

1 2009-07-22 Ashtech UZ-12 3.1 SHPD Shanghai, China 31.221 121.549

2 2001-04-28 Ashtech UZ-12 4.4 BFTN Bloemfontein, South
Africa

−29.104 26.298

3 2009-07-19 Trimble NetRS 0 SHYS Shanghai, China 30.640 122.049

4 2009-07-19 Trimble NetRS 0 SHJS Shanghai, China 30.742 121.344

5 2010-04-10 Trimble NetRS 0.5 BYSP Bayamon Science
Park, Puerto Rico

18.408 −66.161

6 2001-03-31 AOA Benchmark 7.6 ALGO Ontario, Canada 45.959 −78.071

7 2004-12-09 Leica SR530 1.875 A buoy in the sea, Hong
Kong, China

N/A N/A

8 2010-01-01 IGOR 0.125 COSMIC Spaceborne C001
L21 (POD2)

N/A N/A

Fig. 1 The geomagnetic Kp index on 31 March 2001

activity varied from very quiet (Kp = 0–0.5) to moderately
active (Kp = 3.1–4.4), and to highly active (Kp = 7.6).
The eight datasets were collected on different dates and in
different years, indicating a good temporal representation.
For instance, the dataset 1 was collected by a GPS receiver at
Shanghai on 22 July 2009 when a total solar eclipse occurred.
The second dataset with high level of ionospheric activities
was recorded during the “HIRAC/SolarMax” campaign 23–
29 April 2001 (Feltons 2003). The dataset 6 was recorded
on 31 March 2001 when a significant geomagnetic storm
occurred. The ionospheric TEC were observed to increase
to 100 TECU during the 31 March 2001 event (Foster et al.
2002). The average Kp index for that day was 7.6, as shown
in Fig. 1. This was the highest daily average Kp index in the
past 10 years and the fourth highest in the past 30 years. At
the same time, the locations of the GPS receivers had a good
geographical distribution over the world. Five different GPS
receiver models were tested to see any impact of receiver
model on the algorithm’s performance. The impact of the
GPS receiver dynamics on the performance of the algorithm
was also assessed by different datasets: stationary (the first

six datasets), low dynamics (buoyborne receiver in the sev-
enth dataset), and high dynamics (spaceborne receiver in the
eighth dataset).

3.2 Test configuration

In this test, three pairs of cycle slip are simulated to eval-
uate the effectiveness of the method. The simulated cycle
slips are added to the GPS data that are then processed by
our computer program implementing this algorithm. The first
tested simulation cycle slip pair is (−1,−1), which repre-
sents −1 cycle on L1 and −1 cycle on L2 carrier phase mea-
surements. The simultaneous occurrence of −1 cycle of slip
on both L1 and L2 poses a challenge for many cycle slip
detection methods because the using the MWWL ambiguity
information cannot detect that. For instance, the detection of
�N p

1 (k) = �N p
2 (k) < 6 cycles was regarded to be difficult

(Blewitt 1990). We simulate the (−1,−1) pair because we
want to test the algorithm with the smallest and also the most
challenging cycle slip pair (−1,−1). The second and third
pairs of simulated cycle slip are (−77,−60) and (−9,−7),
respectively. They are chosen because they represent the most
and the second most challenging ones to be detected when we
use the ionospheric TECR information alone to detect cycle
slip. This can be seen in Table 1. When the cycle slip pair is
(−77,−60) the artificial TECR caused by the cycle slip is
0.0 TECU/s, and the TECR is −0.030 TECU/s if the cycle
slip pair is (−9,−7) with a data rate of 1.0 Hz. The three
selected cycle slip pairs represent the most challenging cycle
slips to be detected when using either the MWWL ambigu-
ity information alone or the ionospheric TECR information
alone. As will be shown in the results, the strength of this
algorithm is that with the joint use of MWWL ambiguity and
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Fig. 2 The cycle slip
simulation start time for each
satellite of dataset 1 at SHPD
station

Fig. 3 The distribution of the
simulated cycle slips on L1 and
L2 signals of PRN 9 of dataset 1

TECR information, virtually any cycle slips can be uniquely
detected and repaired.

During a 24-h observation period, one GPS station can
usually track approximately 30 satellites. For each satellite
in each tested dataset, 25 pairs of cycle slips were simulated.
The start time of cycle slip simulation for each satellite was
selected randomly. For instance, Fig. 2 showed that the start
time of cycle slip simulation for all the satellites tracked at
SHPD station in dataset 1. For each satellite, the 25 pairs of
cycle slips were consecutively added to its L1 and L2 car-
rier phase measurements at a two-epoch interval, as shown in
Fig. 3. During the 50-epoch period, 25 simulated cycle slips
were manually added to the GPS data for cycle slip detection
and repair test. The start time of cycle slip simulations for
other seven datasets was not shown here, but their start time
was essentially random as did the dataset 1.

In Fig. 2, the start time of cycle slip simulation was differ-
ent for each satellite. However, it is worth pointing out that
the start time for each satellite is not required to be different.

This is because this algorithm detects and repairs cycle slips
on a satellite-by-satellite basis, and the cycle slip detection
for one satellite is not affected by the cycle slips of other
satellites. This is confirmed by the test results shown in the
following Sect. 3.4.

3.3 Results of using eight GPS datasets

After the simulated cycle slips had been manually added to
the L1 and L2 carrier phase measurements, the developed
program was executed to detect and repair cycle slips. For
all the tested datasets, the number of simulated cycle slips
and number of correctly detected and repaired cycle slips
were summarized in Table 4. It clearly illustrated that this
new algorithm is very effective, and all the cycle slips were
successfully detected and repaired except four incorrectly
repaired cycle slips in dataset 6. We examined the output
data from the program and found that the four incorrectly
detected cycle slips in three cycle slip pairs were associated
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Table 4 Result of cycle slip detection and repair

Dataset No. of tracked Cycle slip pair (−1,−1) Cycle slip pair (−9,−7) Cycle slip pair (−77,−60)

satellites
No. of simulated
cycle slips

No. of correctly
detected and
repaired cycle
slips

No. of simulated
cycle slips

No. of correctly
detected and
repaired cycle
slips

No. of simulated
cycle slips

No. of correctly
detected and
repaired cycle
slips

1 29 775 775 775 775 775 775

2 28 700 700 700 700 700 700

3 29 725 725 725 725 725 725

4 29 725 725 725 725 725 725

5 29 725 725 725 725 725 725

6 29 725 721 725 721 725 721

7 13 325 325 325 325 325 325

8 32 800 800 800 800 800 800

with PRN 7. Further inspection revealed that the pseudorange
measurements at GPS Time 20:42:23 had big errors, and they
resulted in a sudden increase of the MWWL ambiguity at that
epoch. Compared to the MWWL ambiguity calculated one
epoch prior to and one epoch after that epoch, the size of the
sudden increase is about ten cycles, equivalent to 8.6 m in
distance. Thus, the detected cycle slips at that epoch (GPS
time 20:42:23) was incorrect. We did not split the data into
different arcs when there was a cycle slip; thus, the cycle slip
at the epoch 20:42:23 affected the cycle slip detection in the
subsequent three epochs. Despite a few incorrect cycle slip
detections, the results in Table 4 clearly showed that even
if the ionospheric activity was very strong (e.g. dataset 6),
the new algorithm could still detect and repair the cycle slips
with a very high level of success.

3.4 Comparison with algorithms in online PPP service

The proposed algorithm requires GPS data from one station
only, so it is very suitable for the data processing in PPP
method. In order to assess the performance of the new algo-
rithm in PPP method, we tested the cycle slip pair (−77,−60)

with dataset 5 using the online PPP services provided by two
agencies. One is the Global GPS Processing Service (CSRS-
PPP) provided by Natural Resources Canada (Héroux et al.
2006), and the other is the Automatic Precise Positioning Ser-
vice (APPS) provided by Jet Propulsion Laboratory (Bertiger
et al. 1998). The online PPP services provide output files
containing epoch-by-epoch PPP solutions, which allow us to
examine the PPP solutions at all the epochs.

In the dataset 5 from epoch 65500 (GPS Time 18:11:40)
to epoch 65548 (GPS Time 18:12:28), a total number of ten
GPS satellites were observed at BYSP station, Bayamon Sci-
ence Park, Puerto Rico. As discussed before, we simulated 25
pairs of cycle slip (−77,−60) on the L1 and L2 signals of the

ten satellites at an interval of every two epochs. The distribu-
tion of the simulated cycle slips was illustrated in the Fig. 4.

The fifth dataset with simulated cycle slips were submit-
ted to the online PPP services of NRCan and JPL and pro-
cessed in static mode. It was unfortunate to find that from
time 18:11:40 to 18:12:29, the NRCan outputs had no PPP
solution, and the epoch-by-epoch solution series had a 50-
epoch (50-s) gap. When the same dataset with simulated
cycle slips were uploaded to JPL APPS service, similar prob-
lem occurred. From time 18:11:40 to 18:12:28, the APPS
outputs had no PPP solution, and the epoch-by-epoch solu-
tion series had a 49-epoch (49-s) gap. Compared to NRCan
CSRS-PPP service, the JPL APPS had the PPP solution at
GPS time 18:12:29. Please note that the last (the 25th) cycle
slip simulation was performed at epoch 66548 (GPS Time
18:12:28), as shown in Fig. 4. This can be explained by two
possibilities: one is that the online PPP software does not
implement cycle slip detection/repair algorithm for the static
datasets; the other is that they cannot effectively repair the
cycle slips (−77,−60) of all the ten satellites during the 50-s
period, so the PPP solution has a gap.

If the GPS data with simulated cycle slips were pre-pro-
cessed by our algorithm before they were uploaded to NRCan
CSRS-PPP service and JPL APPS service, the PPP outputs
from both service agencies had no gap during the 50-s (GPS
time 18:11:40 to 18:12:29) period. It clearly showed that our
new algorithm could effectively detect and repair all the cycle
slip pairs (−77,−60) for all the ten satellites during the 50-s
period.

To further verify the performance of this algorithm, we
reduced the number of satellites with simulated cycle slips
from 10 to 9. This time there was no gap in the PPP solu-
tions during the period from GPS time 18:11:40 to 18:12:29.
In the NRCan PPP solution, the output file showed that
during 18:11:40 to 18:12:29, each epoch’s PPP solution used
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Fig. 4 The distribution of the
simulated cycle slips on L1 and
L2 signals of all ten satellites

only one satellite. Obviously, the usable satellite is the single
satellite that did not have cycle slip simulation. We repeated
this for nine times, and each time reduced the number of sat-
ellites with cycle slip simulation by one. It was found that
each time the number of usable satellites increased by one
accordingly. For the JPL PPP solution, there was no informa-
tion on the number of usable satellites. Therefore, we could
not see the change of the number of usable satellites versus
the number of satellites with cycle slip simulations.

As said before, the cycle slip pair (−77,−60) is a special
cycle slip pair because [λ1(−77) − λ2(−60)] = 0. Consid-
ering this, we tested another pair of cycle slip (−20,−3) for
the same period of GPS time 18:11:40 to 18:12:29 with both
NRCan CSRS-PPP and JPL APPS services. Similar results
were obtained. When the 25 pairs of cycle slip (−20,−3)

were added to all the ten satellites, there was no PPP solution
during the 50-epoch period (from 18:11:40 to 18:12:29) in the
NRCan CSRS-PPP output file and no solution during the 49-
epoch period (from 18:11:40 to 18:12:28) in the JPL APPS
output file. We tested another case in the NRCan CSRS-PPP
service with only one satellite having (−20,−3) cycle slip
simulation, the number of usable satellites increased from 0
from 9. This indicated that the satellite with simulated cycle
slip was rejected in CSRS-PPP solution. We were unable to
tell how many satellites were rejected since the JPL APPS
service did not output the number of usable satellites.

4 Discussion

This new algorithm has been tested extensively using eight
datasets with a variety of characteristics. The cycle slips were
simulated every second-epoch under low, medium, and high

levels of ionospheric activities, which was extremely rare to
occur in real-world data collection. It was shown that the
algorithm could work effectively to detect very small cycle
slips (−1,−1) even under very challenging test situations
(with high level of ionospheric activities). The special cycle
slip (e.g. −77,−60) can also be detected and repaired effec-
tively (the only unrepaired four epochs were caused by abnor-
mality of pseudorange errors).

It should be pointed out this new method succeeds with
conditions. First, all the eight datasets used for tests were
recorded at a high rate 1.0 Hz. As Table 2 indicates, the same
size of cycle slip will result in different TEC rates when the
data rate is different. When the data rate is low (e.g. 30 s
per GPS observation), the effectiveness of this algorithm is
compromised compared to the high data rate cases. For dual-
frequency GPS data with low data rate and small size of cycle
slips, it will be difficult to detect small cycle slips although
the detection of large cycle slips is still possible.

This new algorithm is particularly useful for the precise
point positioning technology. The test results showed that
this new method may be considered as an option for cycle
slip detection and repair in some online PPP services such as
NRCan CSRS-PPP and JPL APPS.

5 Conclusion

This paper describes a new method of detecting and repair-
ing cycle slip that is based on the joint use of the ionospheric
TECR and MWWL linear combination. In this method, the
ionospheric TECR at the epoch of cycle slip detection is com-
pensated by the TECR estimated from previous epochs. The
fundamental principle of this new method largely lies in the
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fact that the physical (natural) ionospheric TECR is normally
considerably smaller than the artificial TECR that is caused
by cycle slips. If the calculated TECR exceeds our predefined
threshold, it is assumed that cycle slips exist, and the cycle
slips on L1 and L2 are determined from the changes of both
ionospheric TECR and MWWL ambiguity.

The new algorithm was extensively tested by eight data-
sets of different characteristics. A high level of success rate
was achieved although a few incorrect cycle slip repairs (but
correctly detected) occurred. Our test results showed that
in most time the calculated MWWL ambiguities are very
accurate. Under very high level of ionospheric activity (the
highest in the past 10 years and the fourth highest in the past
30 years), some individual satellites might have a sudden
increase of pseudorange errors and degrade the reliability
of the MWWL ambiguity, resulting in incorrect cycle slip
repair. To further evaluate the performance of our algorithm,
we did test with some online PPP services. Our test showed
that some online PPP services such as NRCan CSRS-PPP and
JPL APPS either have not implemented cycle slip detection
and repair algorithms or failed to detect large cycle slips.

This method detects and repairs cycle slip on a satellite-
wise basis. The cycle slip detection and repair for each
satellite is completely independent and does not rely on the
information of other satellites. This explains why even if all
the observed satellites at one epoch have cycle slips at the
same time, this method can still succeed. Another important
feature of this algorithm is that it employs dual-frequency
data of only one GPS receiver. This is very suitable for imple-
mentation in PPP technique where only one receiver is avail-
able. In the differential positioning method, this algorithm
can also be used at both reference and rover stations as an
extra cycle slip detection and repair method in addition to
other methods that use double-differencing data. Naturally,
this method can be transformed to process data from other
GNSS systems and three-frequency GPS data when three-
frequency signals are widely available. To achieve the best
performance, the dual- or multi-frequency GPS or GNSS
data are recommended to be recorded at 1 Hz or even higher
rate.
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