206 YAODING WANG, HUAMING CHEN, WENXIANG LIU, ET AL., REAL-TIME TRIPLE-FREQUENCY CYCLE SLIP DETECTION ...

Real-time Triple-Frequency Cycle Slip Detection and
Repair Algorithm Based on the Optimal Fixing
Probability

Yaoding WANG, Huaming CHEN, Wenxiang LIU, Zengjun LIU, Feixue WANG

College of Electronic Science, National Univ. of Defense Technology, Deya Road 109, Changsha, Hunan, 410073, China

wangyaodingsdu@126.com, huamchen@163.com

Submitted September 14, 2019 / Accepted November 8, 2019

Abstract. Global Navigation Satellite System (GNSS) is
now being speedily expanded to our daily life, but the posi-
tioning precision still can hardly meet the demands of
many applications, such as approaching landing system on
airports. Due to the development of GNSS, triple-frequency
signals are now available which can contribute to position-
ing precision. Positioning precision cannot be improved by
triple-frequency carrier phases until cycle slips are de-
tected and repaired. Traditional cycle slip detection and
repair algorithms choose detection combinations with long
wavelength, weak ionospheric delay and small combina-
tion noise separately. However, these three conditions
cannot be satisfied simultaneously. In this paper, these
three conditions are not considered separately. On the
contrary, the eventual fixing probability of cycle slip is set
as the optimal goal to determine the three detection combi-
nations. The combined ionospheric delay and noise in
cycles can be regarded as bias and variance respectively.
The proposed algorithm has been tested on observations
with simulated and real cycle slips. The results show that
the proposed algorithm can detect and repair even single
cycle slips in real time effectively.

Keywords
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1. Introduction

The Global Navigation Satellite System (GNSS) is
being widely used in many fields for precise positioning.
Because of pseudorange noise, carrier phases are the main
observation for highly accurate positioning. However,
because of a low signal-to-noise ratio or jamming, receiv-
ers may lose track of navigation signals so that cycle slips
occur. Without careful consideration of such cycle slips,
the precision of positioning is seriously affected [1-6].

Over the past decades, many cycle slip detection and
repair methods have been developed. One method to detect
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and repair cycle slips using double differenced observa-
tions can be found in Chen et al. (2016) [1]. This method
needs two receivers at least. The Hatch-Melbourne-Wueb-
bena (HMW) (Hatch, 1982) linear combination has been
widely applied to the cycle slip detection in the dual-fre-
quency receiver [2]. In addition, the ionospheric residual
combination, which uses the difference of carrier phase
observations on two frequencies, can also be used. How-
ever, it has several insensitive combinations (Cai et al.
2013) [3]. Together with the ionospheric combination, the
HMW linear combination was used in the TurboEdit algo-
rithm to detect and repair cycle slips (Blewitt, 1990) [4].
Liu (2011) used the ionospheric total electron contents rate
(TECR) and the HMW linear combination to uniquely
determine the cycle slip on both L1 and L2 frequencies [5].
Banville et al. (2013) proposed a geometry-based approach
with the rigorous handling of the ionosphere [6]. Cai et al.
(2013) used a forward and backward moving window
averaging algorithm and a second-order, time-difference
phase ionospheric residual algorithm to detect and repair
cycle slips [3].

In the case of triple-frequencies, the additional fre-
quency results in more linear combinations with longer
wavelengths, weaker ionospheric delays, and smaller noise
[7]. Hatch et al. (2000) introduced the benefits of the third
frequency signal on cycle slip correction [8]. Dai et al.
(2009) used three linear combinations and the LAMBDA
algorithm to detect cycle slip on triple-frequency data [9].
De Lacy et al. (2012) defined five geometry-free linear
combinations used in three steps for real-time cycle slip
detection and repair on triple-frequency GNSS data [10].
Huang et al. (2015) used two geometry-free phase combi-
nations and one geometry-free pseudorange minus phase
linear combination to detect and correct cycle slip in real
time [11]. Zhao et al. (2015) used three combinations,
namely extra-wide lane, wide lane, and narrow lane, to
determined cycle slips sequentially in three cascaded steps
and results showed that this method performed well under
high ionospheric activity [12]. Zeng et al. (2018) used
triple-frequency combinations to detect and repair cycle
slip under ionospheric disturbance with BDS data [13].

SIGNALS
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To enlarge the fixing probability of cycle slip detec-
tion, researches above choose detection combinations with
long wavelength, weak ionospheric delay and smaller com-
bination noise separately. However, these three conditions
cannot be satisfied simultaneously. There is a compromise
between these three conditions, but there are almost no
researches about which three linear combinations are the
optimal yet. In this research, a real-time triple-frequency
cycle slip detection and repair algorithm based on optimal
fixing probability is proposed. We do not consider these
three conditions separately when we determine the three
detection combinations. On the contrary, we take the fixing
probability as the optimal goal to determine the three detec-
tion combinations. The combined ionospheric delay and
noise in cycles can be regarded as bias and variance
respectively when we calculate the fixing probability.
When those three detection combinations are determined,
cycle slips on the original carrier phase observations can be
uniquely identified.

The following section describes the choices of those
three combinations in detail and introduces the method of
recovering cycle slip on each frequency based on the
chosen three combinations. Then, the BDS and GPS triple-
frequency data with simulated and real cycle slips are used
to test the performance of the proposed algorithm. Finally,
conclusions are drawn.

2. Proposed Method

2.1 Basic Observations

The pseudorange and carrier observation equations
can be expressed as:

p,=r+c(dt,—dt)+T+yl +&,, (1
¢, =Ap, =r+c(dt, —de)+T -yl + AN, +&, ()

where i = 1,2,3 indicates the three frequencies of BDS or
GPS. For BDS, the signal frequencies on fi, > and f; are
1561.098 MHz, 1207.14 MHz and 1268.52 MHz, cor-
responding to B1I, B2l and B3I, respectively. For GPS,
the respective signal frequencies are 1575.42 MHz,
1227.60 MHz and 1176.45 MHz, corresponding to L1, L2
and LS. p; and & are pseudorange and carrier phase obser-
vations on frequency f; in meters. /; is the corresponding
wavelength. ¢; is carrier phase observation in cycles. » is
the geometric distance from the satellite to the receiver. dt,
and df’ are receiver clock error and satellite clock error in
second. ¢ is light speed. T is the tropospheric delay. /; is
the first-order ionospheric group delay on the frequency f
and y; is ionospheric delay coefficient of f; which is
= fi2lf*. N;is integer ambiguity of f;; the difference of N;
between two epochs which is expressed as AN; and is the
cycle slip on frequency f.. ¢, and &4, are pseudorange obser-
vation noise and carrier phase observation noise in meters

on frequency f;. Zhang et al. (2017) pointed out that the
carrier phase observation noise on three frequencies was
basically the same but the pseudorange observation noise
on B3I and L5 were obviously lower than that on B11, B2I
and L1, L2 [14]. As a result, we set the pseudorange and
carrier phase observation noise on the three frequencies as
follows:

O-Pl = 0-/72 = Ko_/’}’ (3)

where o, and oy, are pseudorange and carrier phase noise
standard deviation on frequency f; in meters, and coeffi-
cient x is the amplification factor. On the basis of the origi-
nal triple-frequency observations, the linear combination of
carrier phase observations in meters can be defined as [12]:

$ . = ih$ + Jf29, + K39, (5)
T i,

where ¢, is the combined carrier phase, (i,j,k) are coeffi-
cients of carrier phase observations. The linearly combined
frequency, wavelength, and integer ambiguity are given by
[12]:

Jix =0+ 0 K, (6)

Ay =, (7)
T+ K

N, =iN,+ jN, +kN,. ®)

Just as (8) shows, combined ambiguity »;;, can maintain
integer when the coefficients of carrier phase (ij,k) are
integers. When there are cycle slips on three carrier phase
observations which are expressed by AN;, AN, and AN;,
the combined cycle slip AN;;, can be calculated by (8).

2.2 First Detection Combination

The geometry-free and ionospheric-free pseudorange/
carrier phase combination is set as the first detection
combination as follows:

I = if\ 4+ Jf,9, + kf _ Lp +Lp, +Lp; 9)
! c A

i)k

where (i,j,k) is the coefficient of carrier phase observations
and (/,, I, I5) is the coefficient of pseudorange observations.
The geometry-free and ionospheric-free conditions should
satisfy the two constraints below:

(10)

L+L+L =1,

pen i s gyl By an
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In accordance with the law of variance-covariance
propagation, the variance of L, in cycles can be expressed
as follows:
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L,
The difference L; between continuous epochs, which
is expressed as AL, can be calculated as follows:

AL (k)=L,(k)-L (k-1). (13)

AL, satisfies Gaussian distribution, mean is AN;;; and
variance is 2¢%;,. It can be expressed as follows:

AL ~N(AN, .20} ) (14)
where N(u, ) expresses Gaussian distribution. The cycle
slips are fixed to an integer by rounding the float estima-
tion. Thus, the threshold is set as 0.5 cycles and the proba-
bility of successfully determining cycle slip, which is
defined as fixing probability (F.P.) in this research, is ex-
pressed as follows:

0.5 -1 (15)

]

CD(x):P(XSx):%{1+erf[
and erf (x) = —J.e’tz dr. (17)

P(|AL AN, ;| < 0.5) =20

where

-

The coefficient of pseudorange observations (/y, 5, 3)
can be determined when the coefficient of carrier phase
observations (i, k) is given:

2 A,
min{a; |l +1,+1=1,, +12%+13%:_7ka (i+jj:‘+k?)}
2 3 1 2 3

(18)
where min{-} expresses the minimum value. We can use

the Lagrange Multiplier Method and construct the function
as follows:

22 2 22 2 2 2
(PRAFLE+RS) | P+l
3 o, + o

[ 2 P3
c ﬂ’[ )k

Lag =

2 2 l
+a(l +1, +l31)+ﬂ[1l +lzf}2+l3jf‘+””‘(i+j]p]+k‘/[‘)j.

fZ f'32 /ll fZ f;
19)
Then the optimal solution is as follows:
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(i.j.k) I, I8 1, J2oi | FP.

0-11) -0.064 0.277 0.787 0.061 1.000

(11-2) 0.709 -0.093 0.383 0.344 0.854

BDS (10-1) 0.547 -0.015 0.468 0.349 0.848
(12-3) 0.989 -0.226 0.237 0.349 0.847
(1-10) 0.441 0.036 0.523 0.364 0.829
0-11) 0.063 0.168 0.769 0.066 0.999

(1-54) 1.399 0.147 —0.546 0.592 0.601

GPS (1-43) 1.047 0.152 -0.200 0.592 0.601
(1-32) 0.842 0.156 0.002 0.599 0.596

(1-21) 0.708 0.158 0.134 0.614 0.584

Tab. 1. Five best pseudorange/carrier phase combinations for
BDS and GPS.

To guarantee that the noise is not too large, we vary
the range of (i,j,k) from —5 to +5. Table 1 lists the five best
pseudorange/carrier phase combinations according to the
fixing probability (F.P.) when &, azm and %o, are set as 2,
0.3 m and 0.003 m, respectively.

Figure 1 shows the results of fixing probability as
a function of pseudorange standard deviation on f; and
ratio x, when the carrier phase standard deviation is set as
0.003 m. As the figure shows, when the value of g, is
growing, the fixing probabilities of all combinations, ex-
pect for (0, —1, 1), decrease no matter the value of the ratio
x for both BDS and GPS. As to (0, —1, 1), the fixing proba-
bility is almost 100% even when the value of g,; is 0.5 m.
So, we choose (0, —1, 1) as the first carrier phase combina-
tion for both BDS and GPS. It should be mentioned that we
do not need to repair cycle slips on each frequency when
using the first carrier phase combination to provide a geo-
metrical reference for the second carrier phase combination
which will be introduced in the following part. We just
need to repair the combined cycle slips on the first carrier
phase combination. When we repair the combined cycle
slips, cycle slips on each frequency will not cause disconti-
nuity on the geometry of the first carrier phase combination.
For example, when cycle slips exist in the form of (0, N, N)
(N can be any integers), this type of cycle slip pair will not
cause discontinuity on the geometry of the first carrier
phase combination so that we do not need to repair it when
we use the first carrier phase combination to provide geom-
etry to the second carrier phase combination.

‘ &
0.50.1 0.2 0.3 0.4 0.5
5.3 (in meters)

Fig. 1. Fixing probability of the first detection combination.
Top row refers to BDS and bottom row to GPS.
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2.3 Second Detection Combination

The second detection combination in cycles consist-
ing of the first fixed carrier phase combination and the
second carrier phase combination can be expressed as
follows

L (b ifh ) (g +nfd 1)

- ¢ c
L=

2y

where (i,j,k) is the coefficient of the first carrier phase
combination and (m,n,f) is the coefficient of the second
carrier phase combination. The second detection combina-
tion eliminates the geometry but the ionospheric delay still
exists and the value of ionospheric delay in cycles is as
follows

{/1,./,{£i+jfl+kf'j—/1mm(m+nf1+tf1}11
P S S Y

L, ﬂ,

m,n,t

(22)

In accordance with the law of variance-covariance
propagation, the variance of L, in cycles can be expressed
as follows

2 _
o, =

il =R N (i =Pt (s = At
[ sttt

2

mon,t

(23)

The difference L, between continuous epochs, which
is expressed as AL,, can be calculated as follows

AL, (k) =L, (k)- L, (k-1). @24

AL, satisfies Gaussian distribution with average
AN,, ..+ Al, and variance is 20°;,. It can be expressed as
follows

AL, ~N(AN,,, +Al, 20} ). (25)

The fixing probability can be expressed as follows

P(|AL, - AN,

<0'5):q> it S Y Y -0

m.,n,t

(26)

To enlarge the fixing probability of cycle slip detec-
tion, |A/;,| and oﬁz should be as small as possible. But both
|Al;| and O'ZLZ are determined by (m,n,f) so the two cannot
achieve minimum value simultaneously when (m,n,f) is an
integer combination. So, we do not consider |A/; | and 02L2
separately and we take the eventual fixing probability as
our optimizing goal. Just as the first detection combination,

the range of (m,n,t) varies from —5 to +5 in this research.
As to TECR, Liu et al. (2009) showed that in the equatorial

region of Hong Kong the ionospheric slant total electron
content rate (TECR) was about 0.01 TECU/s during quiet
ionosphere periods and to 0.03 TECU/s during disturbed
periods [15]. We set the TECR as 0.03 TECU/s to assess
the validity of different carrier phase combinations under
high ionospheric activity. Table 2 lists the ten best carrier
phase combinations according to the fixing probability for
BDS and GPS; the carrier phase standard deviation is set as
0.003 m.

Figure 2 shows the fixing probability varying as
a function of TECR. As the figure shows, and in agreement
with Tab. 2, the fixing probabilities of the ten carrier phase
combinations are larger than 99.95% for BDS and 99.1%
for GPS even when TECR is 0.03 TECU/s. So, these com-
binations can determine cycle slips efficiently under high
ionospheric activity. Because they have the same fixing
probability, we cannot determine the best combination
during the second stage. We set all of them as alternative
combinations and provide a geometrical reference for the
third carrier phase combination. Just as with the first carrier
phase combination, the second carrier phase combination
also does not need to repair cycle slips on each frequency

(m,n,t) | ‘Nq‘ | N | FP. | (mn?) | ‘AILE‘ | N | F.pP.
BDS GPS
(1-54)] 0.052 | 0.134 | 0.999 | 1 —54) | 0.074 | 0.178 | 0.991
(1-43)] 0.052 | 0.134 | 0.999 | (1-43) | 0.074 | 0.178 | 0.991
(1-32)] 0.052 | 0.134 | 0.999 | 1-32) | 0.074 | 0.178 | 0.991
(1-21)] 0.052 | 0.134 | 0.999 | 1 —21) | 0.074 | 0.178 | 0.991
(1-10)] 0.052 | 0.134 | 0.999 | (1 -10) | 0.074 | 0.178 | 0.991
(10-1)] 0.052 | 0.134 | 0.999 | 1 0-1) | 0.074 | 0.178 | 0.991
(11-2)] 0.052 | 0.134 | 0.999 | 11-2) | 0.074 | 0.178 | 0.991
(12-3)] 0.052 | 0.134 | 0.999 | 12-3) | 0.074 | 0.178 | 0.991
(13-4)] 0.052 ] 0.134 | 0.999 | 13—-4) | 0.074 | 0.178 | 0.991
(14-5)] 0.052 | 0.134 | 0.999 | (14-5) | 0.074 | 0.178 | 0.991

Tab. 2. Ten best carrier phase combinations.
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Fig. 2. Fixing probability of the second detection combination
for BDS (top) and GPS (bottom).
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when it is used to provide a geometrical reference for the
third carrier phase combination. We just need to guarantee
that the combined cycle slips have been repaired.

2.4 Third Detection Combination

The third detection combination in cycles consisting
of the second fixed carrier phase combination and the third
carrier phase combination can be expressed as follows:

1 (mf1¢1 +nfy0, +tf3¢3)_/1 (”f1¢1 +v/20, +Wf3¢3)
L _ m,n,t ¢ UV, ¢
’ y)

UV,W

@7

where (m, n, £) is the coefficient of the second alternative
carrier phase combination listed in Tab. 2 and (u, v, w) is
the coefficient of the third carrier phase combination. Just
as for the second detection combination, geometry has
been eliminated in the third detection combination, but the
ionospheric delay still exists. In accordance with the law of
variance-covariance propagation, the variance of L; in
cycles can be expressed as follows:

o, =

/lm n rm_ﬂ‘uku ’ ﬂ'ﬂlntn_/lu vV ’ //i’mntl_/lu vV ’
[l ] in i

/12

ULy, W

(28)

The third detection combination is sensitive to the
ionospheric delay and we use the second-order time-differ-
ence method to reduce the effect of ionospheric delay as
has been introduced by (Cai et al. 2013) [3]. In order to
recover cycle slips on each frequency, the matrix com-
posed by (i, j, k), (m, n, f) and (u, v, w) should be reversible,
which means that (i, j, k), (m, n,f) and (u, v, w) should be
linearly independent. Under this condition, we take, again,
the eventual fixing probability as our optimizing goal as we
did with the second detection combination. (m, n, f) is cho-
sen from Tab. 2 and (u, v, w) varies from —5 to +5. Assum-
ing that cycle slip occurs at epoch &, and there are no cycle
slips or the cycle slips have been repaired at epoch k— 1
and k — 2, the second-order time difference of L; between
three continuous epochs, which expressed as AAL;, can be
calculated as:

AAL, (k) = [L3 (k)_L3(k_ 1):|_|:L3 (k_l)_Lz (k—2)].
(29)

AAL; satisfies Gaussian distribution with mean value
AN,,,, and variance 402L3. It can be expressed as follows:

AAL,~N(AN,, .40} ). (30

The fixing probability can be expressed as follows:

0.5 _1 (31)
40'L23

P(|AAL, - AN,

u,v,w

< 0.5) =20

(m,n,t) (u,v,w) R ’40'2 F.P.
BDS (1-54) (-304) 0.1431 0.99958

(1-54) (4-50) 0.1431 0.99958
GPS (14-5) (-322) 0.1226 0.99996

Tab. 3. Best carrier phase combinations.

"
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T 0.996
<]
o
20994
X
i ——GPS 1,4,-5,-32,2] | |
0.9921 BDS 1,-54,-3,0,4 "~~~ Y
—4—-BDS 1,-5,4,4,-50| | i
0-99, 2 3 4

Carrier phase standard deviation [x0.001m]
Fig. 3. Fixing probability of the third combination.

Table 3 lists the best carrier phase combinations
according to the fixing probability when the carrier phase
standard deviation is set as 0.003 m. As the table shows,
the fixing probability can be up to 99.958% for BDS when
the second carrier phase combination is chosen as (1 =5 4)
and the third carrier phase combination is chosen as
(-3 04) or (4-50), and 99.996% for GPS when the sec-
ond carrier phase combination is chosen as (1 4 —5) and the
third carrier phase combination is chosen as (-3 2 2). The
combined noise is enlarged by two times compared to the
first-order time-difference combination, so it is necessary
to assess fixing the probability as it varies with the carrier
phase standard deviation. Figure 3 shows the fixing proba-
bility of the best carrier phase combinations varying with
carrier phase standard deviation. The fixing probability
decreases when the carrier phase standard deviation in-
creases. But the fixing probability is larger than 99.1% for
BDS and 99.7% for GPS even when the carrier phase
standard deviation is 0.004 m. The results show that the
second-order time-difference method is efficient when
applied to fix cycle slip using the carrier phase combina-
tions listed in Tab. 3.

2.5 Recover Cycle Slip on Each Frequency

For BDS, there are two optimal combinations listed in
Tab. 3. The first and the second carrier phase combinations
are selected as (0—11) and (1 =5 4) and the third carrier
phase combination can be selected as (-3 0 4) or (4 -5 0)
which has the same fixing probability. We select (-3 0 4)
as the third carrier phase combination in this research.
Actually, as Tables 1, 2 and 3 show, when we determinate
each optimal combination, all factors affecting the fixing
probability, including ionospheric delay and combined
noise, are in units of cycles. Although the wavelength and
the combined noise of (-3 0 4) and (4 —5 0) are different in
meters, their combined noise in cycles is the same so that
their fixing probabilities are the same as those shown in
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Fig. 3. As a result, we can select (4 —5 0) also as the third
carrier phase combination in this research. To be brief, we
choose (=3 0 4) as the third combination. For GPS, there is
one optimal combination listed in Tab. 3 and the first, the
second, and the third carrier phase combination are se-
lected as (0 —1 1), (1 4 -5) and (-3 2 2), respectively. Then

the detection equation for BDS can be expressed as follows:

0 -1 1)(AN, int(AL,)
1 =5 4| AN, |=| int(AL,) (32)
-3 0 4){AN,) |int(AAL)

and the detection equation for GPS can be expressed as
follows:

0 -1 1) AN, int(AL,)
1 4 -5/ AN, |=| int(aL,) |- G
3 2 2 )\AN, ) int(AAL,)

int(x) means that x is rounded to the nearest integer.

3. Data Analysis

The active state of the ionosphere can be judged

by Kp index [16]. We have analyzed the Kp
index  during recent  years retrieved  from
http://omniweb.gstc.nasa.gov/form/dx1.html. We found

that the Kp indexes were high on March 17, 2013 and
September 8, 2017 compared to other days. Figure 4 shows
the geomagnetic Kp index on those two days.

In order to assess the validity of the proposed method,
triple-frequency BDS and GPS data from stations DYNG,
FINA, JFNG, CUTO0 and HARB on September 8, 2017 are
analyzed. Table 4 lists the antenna types and receiver types

10 March 17,2013
x 8
S 6/
=
o 4r
X ol
0
10 : ‘
September 8,2017
> 8
S 6
=
o 4t
< 2
0 18 21
UTC(hours

Fig. 4. Geomagnetic Kp index on March 17, 2013 (top) and
September 8, 2017 (bottom).

Stations Antenna Types Receiver Types
CUTO TRM59800.00 SCIS TRIMBLE NETR9 5.20
JENG TRM59800.00 NONE TRIMBLE NETR9 5.22
HARB TRM59800.00 NONE TRIMBLE NETR9 5.22
FINA TRM59800.00 NONE TRIMBLE NETR9 5.22
DYNG TRM59800.00 NONE TRIMBLE NETR9 5.22

Tab. 4. Information on chosen IGS stations.

latitude

-100 0 100
longitude

Fig. 5. Distribution of five stations.

of these five stations and Figure 5 shows their distribution.
These five stations are all in low latitude regions which
may undergo more severe ionospheric disturbance. In addi-
tion, observations from station JENG on March 17, 2013,
which are the same as in Liu et al. (2018) [16], are also
analyzed here to compare the performance of our algorithm
with (Liu et al.)’s algorithm. The elevation mask angle is
set as 10 degrees. The observation interval is 30s. The
BDS satellites are distributed in three types of orbits: Geo-
stationary Orbit (GEO), Inclined Geosynchronous Orbit
(IGSO) and Medium Earth Orbit (MEO). The GPS satel-
lites are distributed in MEO. The elevation of GEO satel-
lites varies over a small range while those of IGSO and
MEO satellites change significantly. Several satellites are
analyzed on every station to assess the performance of the
proposed method.

3.1 Ionospheric Delay Variations

Figure 6 shows the first-order and the second-order
time-differenced TEC variations of C04 at FINA, C09 at
JFNG, C11 at DYNG, GO1 at HARB, and G03 at CUTO on
September 8, 2017, and GO1 observed at JENG on March
17, 2013. The first-order ionospheric delay variations for
all involved satellites were fairly significant. However, the
trend component is not obvious in the second-order time-
difference TEC variations for all satellites involved. The
second-order time-difference TEC variations are clustered
around zero over the entire observation time. This indicates
that the impact of ionospheric delay can be significantly
reduced using the second-order time-difference method.

—ATEC —AATEC
1 0.02¢

o
o
[N}

FINA C04 20170908 JFNG C09 20170908

o

o)

°
o

5 -0.02:
500 1000 1500 2000 2500 500 1000 1500
T4 0.02f ’

o
o
[N}

DYNG C11 20170908 HARB G01 20170908

-0.02 .
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0.02 1 0.02 ;
WMW JFNG GO1 20130317
I 0 WMW‘MW

o
o
N

TEC Variations during 1s [xXTECU]
o

{ CUTO G03 20170908
-0.02 2 -0.02¢

50 100 150 200 250 50 100 150 200 250
Epoch Epoch
Fig. 6. Ionospheric delay variations. First-order time-differ-

ence TEC variations ATEC (blue) and second-order
time-difference TEC variations AATEC (red).
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3.2 Noise Level of Combinations

Figure 7 shows the AL, AL, and AAL; of the satellites
on each station calculated by observations from September
8, 2017. Satellites (C04, C09, C11, GO1, G03) observed
from (FINA, JENG, DYNG, HARB, CUTO0), respectively,
are analyzed here. The figure shows the noise of those
three combinations varies with elevation, but the detected
results are lower than 0.5 cycles even when elevation is
10 degrees. This means that our algorithm performs well
during the entire observation time. Figure 8 shows the
comparison of our algorithm and that of Liu et al. (2018).
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Fig. 7. Detection results of the three combinations. Data were
observed on September 8, 2017. The panel title
indicates station and satellite.
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Fig. 8. Comparisons of our algorithm (left) and Liu et al.
(2018)’s (right).

GO1 observed from JFNG on March 17, 2013 are analyzed.
They used three optimal linearly independent geometry-
free pseudorange minus phase combinations to detect and
repair cycle slips. Their algorithm performs well when the
elevation is high. But as the right column shows, when the
elevation is low, there are some results detected exceeding
0.5 cycles due to the large pseudorange noise. As to our
algorithm, detected results are between in 0.5 cycles for the
whole observation time even when elevation is low. The
results show that our algorithm is more reliable when
elevation is low.

3.3 Simulated Cycle Slip Test

In order to assess the performance of the proposed
method, we simulated several cycle slip pairs on the origi-
nal carrier phase observations. Large cycle slips can be
detected and repaired easily so that we do not discuss them
in this research. The small cycle slips range from 1 to 2 and
they can occur on any frequencies. Several random cycle
slip pairs are simulated on the original carrier phase obser-
vations to test the algorithm.
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Fig. 9. Cycle slip detection results of the three combinations
with simulated cycle slips. The panel title identifies the
satellite, station and day of observation.
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Station | PRN | Epoch | s.C.S | AL, | aL, | aaL; | ECS
September 8, 2017
50 011) 0.23 | -0.98] 4.04 011)
160 (010) ]-0.99]-4.98]-0.06] (010)
230 001) 0.99 | 3.99 | 3.99 001)
DYNG | €11 310 (111) ]-0.02] 0.06 | 0.98 (111
450 (110) ]-097]-4.08[-2.96] (110)
510 (210) |-1.02]-2.97]-6.06] (210)
100 (200) 0.06 | 2.03 |-593] (200)
FINA | C04 | 495 | (1-1-1) ] 0.03 | 1.99 |-6.85] (1-1-1)
1050 | (2-10) [ 0.99 | 6.98 |-6.03] (2-10)
101 (200) 0.07 [ 191 [-6.03] (200)
JENG | C09 | 440 | (1-1-1) | 0.02 ] 1.93 [-7.02| (1-1-1)
1050 | (2-1-1) |-0.03]-0.91] 2.02 | (-2-1-1)
45 011) 0.02 |-0.75] 4.04 011)
HARB | GO01 195 (111) 0.03 | 0.01 | 1.01 (111)
295 (221) |-1.01] 499 | 0.03 221)
45 (011) ]-0.04]-1.12] 3.99 011
CUTO | GO3 | 95 (111) 0.01 | 0.03 | 1.03 (111)
145 (221) ]-0.95] 5.15 ] 0.05 221
March 17, 2013
45 011) 0.01 |-0.81] 3.89 011)
JENG | 6ol 195 (111 0.06 [-0.05] 1.10 (111

Tab. 5. Cycle slip detection and repair results with simulated
cycle slips. S.C.S and E.C.S are the shortness of simu-
lated cycle slips and estimated cycle slips, respectively.

Figure 9 shows the random cycle slip detection results

on the three combinations for each satellite. Cycle slip
pairs (0, 1, 1) and (1, 1, 1) are simulated to observations. In
addition, several other random cycle slip pairs are also
simulated. As Figure 9 shows, the cycle slips, despite the
small cycle size of 1, cause significant jump on the three
combinations. The third detection combination, which is
insensitive to ionospheric delay, can detect cycle slips
efficiently during the entire observation time when the
ionospheric activity is high. The accurate determination of
the cycle slips on the three combinations easily resolves the
original observations. Table 5 summarizes all the detection
results in the test. As listed, the proposed method correctly
detected and repaired all the random cycle slips.

3.4 Real Cycle Slip Test

To test the performance of the proposed algorithm,
we use it to detect and repair real cycle slips using observa-
tions of BDS C10 at JFNG on March 17, 2013. The
method by Cai et al. (2013) to detect dual-frequency cycle
slips performs well when the ionosphere is active [3]. We
use this method to detect BI, B2 and B1, B3 dual-fre-
quency cycle slip, respectively. The results show that there
occurs a (-2, =2, —2) cycle slip pair at epoch 2075. Then
we use our algorithm to process the same observation.
Figure 10 shows the results. The detection result of the
third combination is —1.76 and it can be rounded to -2 at
epoch 2075. The detection results of the first and the sec-
ond combination do not exceed 0.5 cycles so that they can
be rounded to 0 at epoch 2075. Then the cycle slip pair can
be calculated according to (34) and the detected result is
(-2, -2, —2) which is exactly the same as the result detected
by the method of Cai et al. (2013). Consequently, the
reliability of our algorithm is further tested.

JFNG C10 Mar.17, 2013
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Fig. 10. Detection results with real cycle slips.

4. Conclusions

A real-time triple-frequency cycle slip detection and
repair algorithm under high ionospheric activity based on
optimal fixing probability has been proposed. The effect of
ionospheric delay and combined noise are not considered
separately and we take the eventual fixing probability of
cycle slips as optimizing goal. We analyze the fixing prob-
ability of cycle slips quantitatively in detail and choose
three detection combinations in accordance with fixing
probability. In addition, the proposed algorithm forms the
three detection combinations in three cascaded steps so that
we can guarantee that each combination is optimal in ac-
cordance with the fixing probability. The proposed algo-
rithm has been tested on real 30-second triple-frequency
static observations of BDS and GPS on September 8, 2017
and March 17, 2013 when the ionospheric activity was
high. Simulated cycle slips and real cycle slips are tested.
The results show that the proposed algorithm can detect
and repair cycle even single slips in real time effectively.
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