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ABSTRACT Galileo four-frequency cycle slip detection and repair (CDR) is susceptible to the noise of
pseudo-range observations. In this study, the Galileo four-frequency carrier phase smoothed pseudo-range
(CPSP) assisted CDR method was proposed. Such method was conducted in three steps in sequence. First,
the four linear independent combinations of the Galileo four-frequency observation were taken for CDR.
Second, the non-divergent Hatch filter was employed to carry out the pseudo-range observation smoothly.
Third, the true cycle slipwas determined by rounding the float value using the least squaremethod. To take the
optimal combination of the CDR and verify the feasibility of the proposed method, the Galileo observations
with satellites in different types were performed. According to the experimental results, (1) the four linear
independent combinations of the geometry-free carrier phase combination (0, 1, 0, −1), (1, 1, −1, −1),
(1, 2, −2, −1) and geometry-free and ionosphere-free combination (0, 0, 1, −1) were adopted for the cycle
slip detection; (2) The success rate of cycle slip repair reached over 99.99% after four-frequency CPSP
processing. With the CPSP assisted CDR method, the differences of the root mean square (RMS) between
float and true values were down-regulated by 79.61%, 70.03%, 66.25% and 72.75%, respectively. (3) The
differences of the root mean square (RMS) between float and true values were down-regulated by 13.62%,
10.67%, 10.67% and 10.67% after smoothing, respectively. In summary, the Galileo four-frequency CDR
was effectively performed by the proposed method in active ionospheric area.

INDEX TERMS Carrier-phase smoothed pseudo-range, cycle slip detection and repair, Galileo, four-
frequency, observation noise.

I. INTRODUCTION
Carrier phase observations are applied to high-precision
Global Navigation Satellite System (GNSS) positioning,
which covers real-time kinematic (RTK) and precise point
positioning (PPP). Nevertheless, carrier phase observations
are likely to be adversely affected by cycle slips that are
attributed to obstructions of the satellite signal, multipath and
high receiver dynamics, etc. Thus, the cycle slip detection
and repair (CDR) is critical to high-precision GNSS posi-
tioning [1]–[4].

The associate editor coordinating the review of this manuscript and

approving it for publication was Zheng H. Zhu .

Over the past decades, numerous CDR methods have been
developed by researchers worldwide. Yuan et al. [5] have pre-
sented the high-order difference method, and Gao and Li [6]
have put forward the polynomial fitting method. Neverthe-
less, these methods are not capable of detecting small cycle
slips for the presence of noise. Yi et al. [7] detected the
cycle slips using Wavelet Transform. The grey theory can be
adopted based on single-frequency observations [8]. A con-
siderable number of CDR methods comply with the dual-
frequency observations. De Lacy et al. [9] presented that the
Bayesian approach could detect and correct cycle-slips by
un-differenced GNSS observations even if the slip occurs by
one cycle. Li et al. [10] proposed a method by exploiting
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double-constraint of ephemeris and smoothed pseudo-range,
which applied to low sampling rate data. Blewitt [11]
presented the TurboEdit method, adopting the Melbourne-
Wubbena (MW) combination as well as ionospheric residual
combination. The TurboEdit method has been applied exten-
sively in considerable software (e.g., PANDA and Bernese)
[12], [13], whereas it displays two disadvantages. To be
specific, it exhibits low efficiency in the case of active
ionospheric, while it only applies to dual-frequency obser-
vations and cannot repair cycle slip. Some scholars have
optimized the TurboEdit approach. Liu et al. [14] detected
and repaired cycle slips using optimized TurboEdit method
and Chebyshev Polynomial method. To ascertain the cycle
slip on both L1 and L2 frequencies, Liu [15] developed
the ionospheric total electron contents rate (TECR) and
MW combination. For the detection of cycle slip in case
of ionospheric scintillation, Ji et al. [16] put forward non-
geometry-free and ionosphere-free methods. Cai et al. [17]
developed the forward and backwardmovingwindow averag-
ing (FBMWA)method; they also integrated the second-order,
time-difference phase ionospheric residual (STPIR) method
to detect and repair cycle slips as subject to high ionospheric
activity. Duan et al. [18] established the backward moving
window averaging (BMWA) algorithm based on MW com-
bination; they also integrated the TECR algorithm for the
detection of the cycle slip.

The mentioned approaches are primarily for GNSS
dual-frequency observations. However, as fueled by the
modernization and advancement of GNSS systems, multi-
frequency signals are currently available, covering the
L1 (1575.420 MHz), L2 (1227.600 MHz) and L5
(1176.450 MHz) signals of the modernizing global position-
ing system (GPS), B1 (1561.098 MHz), B2 (1207.140 MHz)
and B3 (1268.520 MHz) signals of BeiDou navigation
satellite system (BDS) and E1 (1575.420 MHz), E5a
(1176.450MHz), E5b (1207.140MHz), E5 (1191.795MHz),
as well as E6 (1278.750 MHz) of the Galileo. For the
availability of multi-frequency observations, new upsurge for
CDR will be aroused. In terms of the linear combinations
of triple frequency carrier phase, Richert and El-Sheimy
[19] introduced the concept of optimal linear combinations
of carrier phase measurements; it was established that the
choice of an optimal combination was determined by the
baseline length, the physical error environment, as well as
the requirements of the given mission. For the five-frequency
Galileo PPP, Li et al. [20] suggested that the convergence
time of quad- and five-frequency PPP Ambiguity solution
(AR) was improved compared with that of triple-frequency
PPP AR. The multi-frequency signals are capable of enhanc-
ing the accuracy and reliability of CDR [21]–[24]. For the
detection of the cycle slip, two groups of geometry-free
carrier phase combinations and the least-squares ambigu-
ity decorrelation adjustment (Lambda) algorithm were pro-
posed by Dai et al. [25] whereas some insensitive cycle
slip could not be detected. To ensure that all the cycle slips
can be detected, Huang et al. [26] employed two groups

of geometry-free carrier phase combination and a pseudo-
range and carrier phase combination. Yao et al. [27] and
Zeng et al. [28] have presented methods of repairing cycle
slips based on space searching. These methods, however,
exhibit low efficiency when processing data. Numerous
scholars have employed three linear independent combi-
nations of triple-frequency pseudo-range and carrier phase
combination [29]–[31]. Nevertheless, the performance of the
mentioned methods might be down-regulated as subject to
high ionospheric activity. Li et al. [32] further proposed
to make up for the ionospheric biases by exploiting the
predicted ionospheric biases. To eliminate the impact of
ionospheric delay, Huang et al. [33] applied three groups
of geometry-free and ionosphere-free and ionosphere-free
(GIF) combination. Though GIF combinations are indepen-
dent of ionospheric delay, the success rate of cycle slip
detection of GIF combinations is down-regulated when there
is significant pseudo-range noise. To perform the quad-
frequency cycle-slip detection, Van de Vyvere and Warnant
[34] developed the first quad-frequency cycle-slip detection
algorithm, benefiting from better-quality positioning, espe-
cially high ionospheric activity.

All of the mentioned methods are capable of notice-
ably detecting the cycle slip in carrier phase observations,
whereas the effects of pseudo-range noise and multipath are
not considered. There have been rare studies focusing on
four-frequency CDRmethods. Accordingly, the Galileo four-
frequency CPSP assisted CDR method was proposed in this
study. First, the characteristics of the difference methods of
the Galileo CDR were investigated. Second, a non-divergent
Hatch filter was adopted to perform the pseudo-range obser-
vation smoothly. Third, the true cycle slip is resolved by
rounding the float value using least square method. To verify
the feasibility of the method, the Galileo observations with a
range of types of satellites were tested, and the success rate of
CDR between original observation and CPSP was compared.

In this contribution, the Galileo four-frequency CDRmeth-
ods are expounded at first in Section 2. Afterwards, a method-
ology of carrier phase smoothed pseudo-range (CPSP) aided
real-time CDR for Galileo four-frequency observation has
been proposed in Section 3.The validity of the algorithm is
verified by the measured data in Section 4. Finally, important
conclusions accompanied by experimental results are sum-
marized briefly in Section 5.

II. GALILEO FOUR-FREQUENCY CDR METHOD
A. PSEUDO-RANGE AND CARRIET PHASE COMBINATION
In accordance with the Galileo four-frequency combination
observations theory, with the a, b, c and d assumed as the
pseudo-range combination coefficients and the i, j k and
m as the carrier phase combination coefficients, the integer
ambiguity of the pseudo-range and carrier phase combination
is defined as:

Ni,j,k,m = ϕi,j,k,m −
Pa,b,c,d
λi,j,k,m

+
ηi,j,k,m + ηa,b,c,d

λi,j,k,m
I1 + ε (1)
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With

ϕi,j,k,m = iϕ1 + jϕ2 + kϕ3 + mϕ4 (2)

Pa,b,c,d = aP1 + bP2 + cP3 + dP4 (3)

λi,j,k,m =
C

if1 + jf2 + kf3 + mf4
(4)

ηi,j,k,m =
f 21 (i/f1 + j/f2 + k/f3 + m/f4)

if1 + jf2 + kf3 + mf4
(5)

ηa,b,c,d = a+ b
f 21
f 22
+ c

f 21
f 23
+ d

f 21
f 24

(6)

ε = iεϕ1 + jεϕ2 + kεϕ3 + mεϕ4
+ (aεP1 + bεP2 + cεP3 + dεP4 )/λi,j,k,m (7)

where ϕ1, ϕ2, ϕ3, ϕ4 and P1,P2,P3,P4 denote carrier phase
and pseudo-range observations on E1, E5a, E5b and E5,
respectively; f1, f2, f3, f4 and λ1, λ2, λ3, λ4 refer to the fre-
quency and wavelength of corresponding carrier observation,
respectively; C indicates light speed; εϕ1 , εϕ2 , εϕ3 , εϕ4 and
εP1 , εP2 , εP3 , εP4 represent the noise of carrier phase and
pseudo-range observations, respectively;Ni,j,k,m indicates the
integer ambiguity of the combination observation; ϕi,j,k,m
and Pa,b,c,d represent the combination observation of carrier
phase and pseudo-range observation, respectively; λi,j,k,m
refers to wavelength of the carrier phase combination obser-
vation; ηi,j,k,m, ηa,b,c,d are the ionospheric amplification fac-
tor of the ϕi,j,k,m,Pa,b,c,d , respectively; I1 is ionospheric
delay on the Galileo E1 signal; ε refers to the combination
observation noise.
The cycle slip value is ascertained by differencing (1)

between adjacent epochs

1Ni,j,k,m = 1ϕi,j,k,m −
1Pa,b,c,d
λi,j,k,m

+ Ki,j,k,m1I1 +1ε (8)

where Ki,j,k,m = (ηi,j,k,m + ηa,b,c,d )
/
λi,j,k,m; 1 repre-

sents differencing between adjacent epochs. The 1I1 can
be ignored at the smaller ionospheric amplification factor.
σ 2
ϕ , σ

2
P are assumed to be the carrier phase and pseudo-range

noises, respectively. The noise σ1Ni,j,k of (8) is expressed as:

σ1Ni,j,k,m

=
√
2

√√√√[(i2+j2+k2 + m2)σ 2
ϕ+

(a2+b2+c2+d2)σ 2
P

λ2i,j,k,m

]
(9)

To minimize the pseudo-range noise, a = b = c = d =
1/4 was set. Some optimal pseudo-range and carrier phase
combinations were taken for Galileo four-frequency cycle
slip detection in Table 1 (The σϕ is 0.01 cycle and the σP is
0.3 m).

Table 1 suggests that the noises of all the combinations
are below 0.3 cycle. 4σ1Ni,j,k can be taken as the thresh-
old coefficient, and the smallest cycle slip of size 1 can
be detected. The Galileo four-frequency pseudo-range and
carrier phase combinations were employed to repair the cycle
slip, as solved by four linear independent combinations.

TABLE 1. Galileo four-frequency pseudo-range and carrier phase
combination.

B. GEOMETRY-FREE AND IONOSPHERE-FREE
COMBINATION
The integer ambiguity of the geometry-free and ionosphere-
free combination is calculated by:

Ni,j,k,m = iN1 + jN2 + kN3 + mN4

= iϕ1+jϕ2+kϕ3+mϕ4 −
aP1 + bP2 + cP3 + dP4

λi,j,k,m

(10)

With
a+ b+ c+ d = 1

a+ b
f 21
f 22
+ c

f 21
f 23
+ d

f 21
f 24

= −
λi,j,k,m

λ1
(i+ j

f1
f2
+ k

f1
f3
+ m

f1
f4
)

(11)

Differencing (11), the observation equation between two
consequent epochs is written as:

1Ni,j,k,m = i1ϕ1 + j1ϕ2 + kϕ3 + mϕ4

−
a1P1 + b1P2 + c1P3 + d1P4

λi,j,k,m
(12)

σ 2
ϕ , σ

2
P are assumed to be the carrier phase and pseudo-range

noises, respectively. The noise σ1Ni,j,k of (13) is defined as:

σ1Ni,j,k,m

=

√
2(i2 + j2 + k2 + m2)σ 2

ϕ + (a2 + b2 + c2 + d2)σ 2
P

λi,j,k,m

(13)

Three optimal Galileo four-frequency geometry-free and
ionosphere-free combinations are selected in Table 2 (The σϕ
is 0.01 cycle and the σP is 0.3 m).
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TABLE 2. Galileo four-frequency geometry-free and ionosphere-free
combination.

Table 2 suggests that the geometry-free and ionosphere-
free combinations (0, 0, 1, −1), (0, −1, 1, 0), (0, −2, 1, 1),
(0, −3, 2, 1) are capable of detecting the cycle slip of size
1 cycle when 4σ1Ni,j,k is taken as the threshold coefficient.
The special cycle slips (1N1 = 1N2 = 1N3 = 1N4) cannot
be detected through the geometry-free and ionosphere-free
combination.

C. GEOMETRY-FREE CARRIER PHASE COMBINATION
With the coefficients α β γ and δ assumed to satisfy the
condition α + β + γ + δ = 0, the Galileo four-frequency
geometry-free carrier phase combination is expressed as:

αλ1ϕ1 + βλ2ϕ2 + γ λ3ϕ3 + δλ4ϕ4

= −ηα,β,γ,δI1 + αλ1N1

+βλ2N2 + γ λ3N3 + δλ4N4 + εα,β,γ,δ (14)

with

ηα,β,γ,δ = αλ1 + βλ2
f1
f2
+ γ λ3

f1
f3
+ δλ4

f1
f4

(15)

εα,β,γ,δ = αλ1εϕ1 + βλ2εϕ2 + γ λ3εϕ3 + δλ4εϕ4 (16)

where ηα,β,γ,δ represents the ionospheric amplification fac-
tor. εα,β,γ,δ denotes the noise of the combination observation.
Differencing (15) between adjacent epochs, it yields:

αλ11ϕ1 + βλ21ϕ2 + γ λ31ϕ3 + δλ41ϕ4

= −ηα,β,γ,δ1I1 + αλ11N1

+βλ21N2 + γ λ31N3 +1εα,β,γ,δ (17)

Assuming that the carrier phase signals have the identical
standard deviation σϕ , the standard deviation σα,β,γ,δ of (18)
is expressed as:

σα,β,γ,δ =
√
2
√
(αλ1)2 + (βλ2)2 + (γ λ3)2+(δλ4)2σϕ (18)

With the σϕ = 0.01 cycle assumed, the optimal Galileo
four-frequency geometry-free carrier phase combination is
listed in Table 3.

Table 3 shows that the noises of all the combinations are
less than 0.02 cycle, which is much smaller than 1 cycle.

TABLE 3. Galileo four-frequency geometry-free carrier phase
combination.

TABLE 4. Joint combinations for cycle slip detection and number of
insensitive cycle slip.

Therefore, the smallest cycle slip of size 1 can be detected
by a respective combination given in the table 3. Table 3 and
Table 1 suggest that the standard deviation of Galileo four-
frequency geometry-free carrier phase combination is smaller
as compared with pseudo-range and carrier phase combina-
tion. Nevertheless, all the combinations inevitably have some
insensitive cycle slips. Thus, three combinations were applied
to detect cycle slip to reduce the insensitive cycle slip. Any
three combinations in Table 3 were selected to yield the joint
combinations, as listed in Table 4.

As revealed in Table 4, all the smaller cycle slips
within 80 cycle could be ascertained by the joint combina-
tions. Since the Galileo four-frequency geometry-free carrier
phase combination is capable of forming up to three lin-
ear independent combinations, the pseudo-range and carrier
phase combination should be selected to build four linear
independent combinations. Combinations (0, 1, 0, −1), (1,
1, −1, −1), (1, 2, −2, −1) and one geometry-free and
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ionosphere-free combination (0, 0, 1, −1) were selected, and
subsequently the floating value of the cycle slip is calculated
by:
l1
l2
l3
l4


︸ ︷︷ ︸

L

=


α1λ1 β1λ2 γ1λ3 δ1λ4
α2λ1 β2λ2 γ2λ3 δ2λ4
α3λ1 β3λ2 γ3λ3 δ3λ4
i1 j1 k1 m1


︸ ︷︷ ︸

A


1N1
1N2
1N3
1N4


︸ ︷︷ ︸

N

(19)

where, (20), (21) as shown at bottom of this page.
σϕ = 0.01 cycle and σP = 0.03 m are assumed as the

carrier phase and pseudo-range noises, respectively, and the
observations are independent of each other. The covariance
matrix Q0 is expressed as:

Q0 = diag(σ 2
ϕ1
, σ 2
ϕ2
, σ 2
ϕ3
, σ 2
ϕ4
, σ 2

P1 , σ
2
P2 , σ

2
P3 , σ

2
P4 ) (22)

N = (ATPA)−1APL,P = Q−1 (23)

1Nα1,β1,γ1,δ1 , 1Nα2,β2,γ2,δ2 , 1Nα3,β3,γ3,δ3 , 1Ni1,j1,k1,m1

denote the differencing value of the geometry-free carrier
phase combinations (0, 1, 0, −1), (1, 1, −1, −1), (1, 2, −2,
−1) and one geometry-free and ionosphere-free combination
(0, 0, 1, −1), respectively.

III. CPSP AIDED REAL-TIME CDR
By directly rounding the cycle slip floating values, the men-
tioned three approaches for Galileo four-frequency cycle slip
repair were developed. Such methods have rounding error,
and the success rate of the cycle slip repair requires analysis.
1N denotes the floating value of the cycle slip and complies
with the normal distribution.1N̂ refers to the rounding solu-
tion for the floating value of the cycle slip. 1N̆ indicates the
true value, and the probability of obtaining the true value is
expressed as:

P(1N̂ = 1N̆ ) = P(
∣∣∣1N −1N̂ ∣∣∣ ≤ 1

2
) = 28(

1
2σ1N

)− 1

(24)

with, 8(x) =
x∫
−∞

1
√
2π

(− 1
2 z

2)dz.

The noise of the Galileo pseudo-range observation is
assumed as 0.3 m, the noise after the phase smoothing
as 0.06 m [35], and the noise of the carrier phase obser-
vation as 0.01 cycle. In accordance with the theory of

TABLE 5. The success rate of cycle slip repair with the original and
smoothed pseudo-range for the Galileo pseudo-range and carrier phase
combination (%).

TABLE 6. The success rate of cycle slip repair with the original and
smoothed pseudo-range for the Galileo geometry-free and
ionosphere-free combination (%).

Eq. (21), the success rate of cycle slip repair with the orig-
inal and smoothed pseudo-range for the Galileo pseudo-
range and carrier phase combination are calculated as listed
in Table 5. Also, the corresponding results for the Galileo
geometry-free and ionosphere-free combination is showed
in Table 6.

It can be seen from table 5 and table 6 that the success
rates of Galileo pseudo-range and carrier phase combinations
(1, 2, 1, −4), (1, −1, −1, 1), (1, 0, 0, −1), and (1, −1, 0,
0) reached 100% after smoothing, and the success rates of
Galileo geometry-free and ionosphere-free combination (1,
2, −4, 1), (1, 0, −1, 0), (1, 0, 0, −1) and (1, −1, 0, 0)
reached 100% after smoothing, revealing that the CPSP is
capable of noticeably elevating the success rate of cycle slip
repair.

The non-divergent Hatch filter was employed. This method
could smooth the pseudo-range of the n epoch, using the
first one to n epoch observation. With multi-frequency Hatch
filtering, as long as no cycle slip occurs in the carrier obser-
vations or the cycle slip will be correctly repaired [36],
which can be employed throughout the study. The smoothing

L =


α1λ β1λ2 γ1λ3 δ1λ4 0 0 0 0
α2λ1 β2λ2 γ2λ3 δ2λ4 0 0 0 0
α3λ1 β3λ2 γ3λ3 δ3λ4 0 0 0 0

i1 j1 k1 m1
−1

aλi1,j1,k1,m1

−1
bλi1,j1,k1,m1

−1
cλi1,j1,k1,m1

−1
dλi1,j1,k1,m1


︸ ︷︷ ︸

B



lϕ1
lϕ2
lϕ3
lϕ4
lP1
lP2
lP3
lP4


(20)

Q = BQ0B
T (21)
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FIGURE 1. Galileo four-frequency CDR processing flow chart.

equation is presented as follows:

ρ̂n1 =
n− 1
n

[ρ̂n−11 +18n
1 +

2
1− r12

1(d8n
12)]+

1
n
ρn1

ρ̂n2 =
n− 1
n

[ρ̂n−12 +18n
2 +

2r12
1− r12

1(d8n
12)]+

1
n
ρn2

ρ̂n3 =
n− 1
n

[ρ̂n−13 +18n
3 +

2
1− r13

1(d8n
13)]+

1
n
ρn3

ρ̂n4 =
n− 1
n

[ρ̂n−14 +18n
4 +

2r13
1− r13

1(d8n
13)]+

1
n
ρn4

(25)

with, r12 = (
f1
f2
)2; r13 = (

f1
f3
)2

18n
m = λm(ϕ

n
m − ϕ

n−1
m )

(26)


d8n

12 = 8
n
2 −8

n
1;1(d8n

12) = d8n
12 − d8

n−1
12

d8n
13 = 8

n
3 −8

n
1;1(d8n

13) = d8n
13 − d8

n−1
13

d8n
14 = 8

n
4 −8

n
1;1(d8n

14) = d8n
14 − d8

n−1
14

(27)

where n denotes the epoch number. ρnm refers to the pseudo-
range of the frequency m = 1, 2, 3, 4. ρ̂nm represents
the pseudo-range after smoothing. In brief, the Galileo

four-frequency CDR data processing flow can be obtained,
as illustrated in Figure 1.

IV. DATA TEST AND ANALYSIS
A. EXPERIMENT ONE
In terms of the experimental data, Galileo four-frequency
observation from station CUT0 in Curtin University, Aus-
tralia was employed. The data were acquired in December 16,
2018 (DOY 350, 2018). The sampling interval was 30 s. The
observations of E1, E5a, E5b, and E5 of the E12 satellite was
delved into, respectively. To select the best detection quantity,
two schemes were adopted:

Scheme 1: Four pseudo-range and carrier phase combina-
tions: (−3, 1,−1, 4), (0,−1, 1, 0), (0,−1, 2,−1) and (1,−1,
0, 0).

Scheme 2: Three geometry-free carrier phase combina-
tions (0, 1, 0, −1), (1, 1, −1, −1), (1, 2, −2, −1) and a
geometry-free and ionosphere-free combination (0, 0, 1,−1).

Given that there was no cycle slip in the raw observa-
tion, the cycle slips were manually added to the raw carrier
phase observation. The size and position of the cycle slip
are listed in Table 7 and Table 8, respectively. Figure 2 to
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FIGURE 2. The differencing value of cycle slip detection combination for scheme 1 at E12 satellite.

Figure 3 present the time series of the cycle slip detection of
E12 satellites under the two schemes, respectively.

The amplitudes of the pseudo-range and carrier phase com-
binations (−3, 1,−1, 4), (0, −1, 1, 0), (0, −1, 2, −1) and (1,
−1, 0, 0) are nearly [−0.2, 0.2] cycle, [−0.04, 0.04] cycle,
[−0.06, 0.06] and [−0.3, 0.3] cycle, respectively, as presented
in Figure 2 (a). The amplitude of the geometry-free carrier
phase combinations (0, 1, 0, −1), (1, 1, −1, −1) (1, 2, −2,
−1) and the geometry-free and ionosphere-free combination
(0, 0, 1, −1) are nearly [−0.01, 0.01] cycle, [−0.01, 0.01]
cycle, [−0.01, 0.01] cycle and [−0.02, 0.02] cycle, respec-
tively, as given in Figure 3 (a). Figure 2 (b-e) and Table 7 sug-
gest that the deviations between the differencing and the
theoretical values of four detection combinations are 0.0537
cycle, 0.0032 cycle, 0.0078 cycle and 0.0388 cycle, respec-
tively. As showed in Figure 3 (b-e), and Table 8, the devia-
tions between the differencing and the theoretical values of
four detection combinations are 0.0010 cycle, 0.0028 cycle,
0.0025 cycle and 0.0022 cycle, respectively. In summary,
the cycle slip detection capability of Galileo four-frequency

geometry-free carrier phase combination is better than the
pseudo-range and carrier phase combination.

To further verify the feasibility of the cycle slip detection
after the Galileo pseudo-range observations were smoothed,
the small cycle slips from (0, 0, 0, 1) to (3, 3, 3, 4) and the
big cycle slips from (76, 76, 76, 77) to (79, 79, 79, 80) with
an interval of 3 epochs were added in turn to the carrier phase
observation. The E12 satellite in the detection results of small
cycle slip and big cycle slip is presented in Figure 4 and
Figure 5, respectively.

Figure 4 and Figure 5 reveal that all cycle slips were
correctly detected by the geometry-free carrier phase com-
binations (0, 1, 0, −1), (1, 1, −1, −1), (1, 2, −2, −1) and a
geometry-free and ionosphere-free combination (0, 0, 1,−1),
and other satellites achieved similar results. Table 9 summa-
rizes the success rate of cycle slip repair between original
observation and CPSP, respectively. Table 9 indicates that the
minimum success rate of the cycle slip repair calculated using
the roundingmethodwas 75.00% before smoothing. After the
CPSP processing, the minimum success rate of the cycle slip
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FIGURE 3. The differencing value of cycle slip detection combination for scheme 2 at E12 satellite.

TABLE 7. The location of added cycle slip combinations and cycle slip detection values in scheme 1.

repair reached 99.99%. The difference between the floating
value and the true cycle slip value is greatly reduced after
smoothing. The smaller the influence of the pseudo-range
noise, the higher the success rate of the cycle slip repair.

Figure 6 to Figure 7 illustrate the difference between
the floating and true values of the cycle slip before and
after the pseudo range smoothing of E04, E18, E21, and
E30 satellites, respectively. The root mean square (RMS)
value between floating and true values of each frequency
before and after CPSP is listed in Table 10. Figure 6 to
Figure 7 suggest that before smoothing, some deviations

were greater than 0.5 cycle, revealing that it is not a feasible
method to directly obtain the cycle slip by rounding. After
the CPSP processing was performed, the deviation between
the floating value and the true value was significantly less
than 0.5 cycle, suggesting that the cycle slip can be correctly
obtained by rounding. It can be seen from Table 10 that the
differences of the RMS between float and true values were
down-regulated by 79.61%, 70.03%, 66.25% and 72.75%
after smoothing, respectively. In summary, the Galileo four-
frequency CDR was effectively performed by the proposed
method.
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FIGURE 4. Time series of the small cycle slip detections with E12 satellite.

FIGURE 5. Time series of the big cycle slip detections with E12 satellite.

TABLE 8. The location of add cycle slip combinations and cycle slip detection values in scheme 2.

TABLE 9. The success rate of cycle slips repair between original observation and CPSP (%).

B. EXPERIMENT TWO
To verify the applicability of the proposed algorithm in
active ionospheric area, the time series of the Dst (Dis-
turbance Storm Time) index for 30 consecutive days in
August 2018 are presented in Figure 8. This figure shows that
the intense geomagnetic storm occurred on August 26 (the

Dst index is less than −100nt). The peak value of Dst index
was −174 nt. Figure 9 gives the global TEC (Total Electron
Content) change chart at 6:00 on August 26. Fig. 9 sug-
gests that the TEC varied significantly at 15◦ N and 125◦

E. Accordingly, a PTAG station was adopted to verify the
feasibility of the proposed algorithm.
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TABLE 10. The RMS value between floating value and the true value of each frequency before and after CPSP (cycle).

FIGURE 6. The difference between the floating value and true value of each frequency of
E04 satellite (a: Original, b: Smoothed).

Since there was no cycle slip in the raw observation,
the cycle slips were manually added to the raw carrier phase
observation. The size and position of the cycle slip are listed

in Table 11. Figure 10 presents the time series of the cycle
slip detection of E02 satellite. The amplitude of the geometry-
free carrier phase combinations (0, 1, 0, −1), (1, 1, −1, −1)
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FIGURE 7. The difference between the floating value and true value of each frequency of
E18 satellite (a: Original, b: Smoothed).

FIGURE 8. The time series of the Dst index for 30 consecutive days in August 2018.

(1, 2, −2, −1) and the geometry-free and ionosphere-free
combination (0, 0, 1, −1) were nearly [−0.01, 0.01] cycle,
[−0.03, 0.03] cycle, [−0.03, 0.03] cycle and [−0.02, 0.02]
cycle, respectively, as presented in Figure 10 (a). According
to Figure 10 (b-e), and Table 11, the deviations between
the differencing and the theoretical values of four detection
combinations were 0.0006 cycle, 0.0114 cycle, 0.0101 cycle
and 0.0003 cycle, respectively.

To further verify the feasibility of the cycle slip detection
after the Galileo pseudo-range observations were smoothed,
the cycle slips from (76, 76, 76, 77) to (79, 79, 79, 80)
with an interval of 3 epochs were added in sequence for
carrier phase observation. Table 9 lists the success rate of
cycle slip repair between original observation and CPSP,
respectively, indicating that the minimum success rate of
the cycle slip repair calculated with the rounding method
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FIGURE 9. The global TEC change chart at 6:00 on August 26.

FIGURE 10. The differencing value of cycle slip detection combination for E02 satellite.

was 83.20% before smoothing. After the CPSP processing,
the minimum success rate of the cycle slip repair reached
99.05%. The difference between the floating value and the

true cycle slip value was considerably reduced after smooth-
ing. Table 10 lists the RMS value between floating and true
values of each frequency before and after CPSP, suggesting
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TABLE 11. The location of add cycle slip combinations and cycle slip detection values.

TABLE 12. The success rate of cycle slips repair between original observation and CPSP (%).

TABLE 13. The RMS value between floating value and the true value of each frequency before and after CPSP (cycle).

TABLE 14. The location of add cycle slip combinations and cycle slip detection values.

that the differences of the RMS between float and true val-
ues were down-regulated by 13.62%, 10.67%, 10.67% and
10.67% after smoothing, respectively. In brief, the Galileo
four-frequency CDR was effectively performed using the
proposed method in an active ionospheric area.

C. EXPERIMENT THREE
To verify the applicability of the proposed algorithm to
triple-frequency cycle slip detection and repair, the test data

originated from CUT0 station, and the data time was Decem-
ber 16, 2018. The observations were adopted through E1,
E5a, and E5b observations of Galileo E01 satellite.

Since there was no cycle slip in the raw observation,
the cycle slips were manually introduced to the raw carrier
phase observation. The size and position of the cycle slip are
listed in Table 14. Fig. 11 presents the time series of the cycle
slip detection of E01 satellite. The amplitude of the geometry-
free carrier phase combinations (1, 1, −2), (1, −2, 1) and
the pseudo-range and carrier phase combination (1, 3, −4)
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FIGURE 11. The differencing value of cycle slip detection combination for E01 satellite.

TABLE 15. The success rate of cycle slips repair between original observation and CPSP (%).

TABLE 16. The RMS value between floating value and the true value of each frequency before and after CPSP (cycle).

were about [−0.02, 0.02] cycle, [−0.03, 0.03] cycle, and
[−0.02, 0.02] cycle, respectively, as illustrated in Figure 11
(a). According to Figure 11 (b-d) and Table 11, the deviations
between the differencing and the theoretical values of four
detection combinations were 0.0016 cycle, 0.0020 cycle, and
0.0357 cycle, respectively.

To further verify the feasibility of the cycle slip detection
after the Galileo pseudo-range observations were smoothed,
the cycle slips from (76, 76, 76, 77) to (79, 79, 79, 80) with an

interval of 3 epochs were added in sequence for carrier phase
observation. Table 15 lists the success rate of cycle slip repair
between original observation and CPSP, respectively, reveal-
ing that the minimum success rate of the cycle slip repair
calculated with the rounding method was 70.83% before
smoothing. After the CPSP processing, the minimum success
rate of the cycle slip repair reached 99.54%. The difference
between the floating value and the true cycle slip value was
considerably reduced after smoothing. Table 16 lists the RMS
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value between floating and true values of each frequency
before and after CPSP, suggesting that the differences of the
RMS between float and true values were down-regulated by
81.37%, 74.93% and 75.53% after smoothing, respectively.
In brief, the Galileo triple-frequency CDR was effectively
performed using the proposed method.

V. CONCLUSION
In this contribution, the features of Galileo four-frequency
pseudo-range and carrier phase combination, geometry-free
carrier phase combination and geometry-free and ionosphere-
free combination were delved into. Given that the Galileo
four-frequency CDR had been reported to be easily affected
by the noise in pseudo-range observations, and a CPSP
assisted CDR method was proposed. Such method exploits
the non-divergent Hatch filter to perform the pseudo-range
observation smoothly. To take the optimal combination of
the CDR and verify the feasibility of the proposed method,
the Galileo observations with different categories of satellites
were performed and analyzed.

According to the experimental results, (1) The amplitude
of the geometry-free carrier phase combinations (0, 1, 0,−1),
(1, 1, −1, −1) (1, 2, −2, −1) is nearly [−0.01, 0.01] cycle,
which are smaller than that of the pseudo-range and carrier
phase combinations (−3, 1,−1, 4), (0, −1, 1, 0), (0, −1, 2,
−1) and (1, −1, 0, 0). In summary, the cycle slip detection
capability of Galileo four-frequency geometry-free carrier
phase combination is better than the pseudo-range and carrier
phase combination.

(2) Since the Galileo four-frequency geometry-free car-
rier phase combination is capable of forming up to three
linear independent combinations, the geometry-free and
ionosphere-free combination should be selected to build
four linear independent combinations. In this contribution,
the four linear independent combinations of the geometry-
free carrier phase combination (0, 1, 0, −1), (1, 1, −1, −1),
(1, 2, −2, −1) and geometry-free and ionosphere-free com-
bination (0, 0, 1, −1) were employed for the detection of the
cycle slip;

(3) The minimum success rate of the cycle slip repair with
the original pseudo-range observation was 75.00%. After the
CPSP processing, the minimum success rate of the cycle slip
repair reached 99.99%. The difference between the floating
value and the true cycle slip value is greatly reduced after
smoothing. The smaller the influence of the pseudo-range
noise, the higher the success rate of the cycle slip repair.

(4) The differences of the RMS between float and true
values were down-regulated by 13.62%, 10.67%, 10.67%
and 10.67% after smoothing, respectively. In summary,
the Galileo four-frequency CDR was effectively performed
by the proposedmethod in active ionospheric area. The differ-
ences of the RMS between float and true values were down-
regulated by 81.37%, 74.93% and 75.53% after smoothing,
respectively. In summary, the Galileo triple-frequency CDR
was effectively performed by the proposed method.
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