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Abstract For the detection and repair of cycle-slip for un-differenced GNSS
triple-frequency observations, current algorithms have difficulties in efficiency,
stability and even some special cycle-slip combinations cannot be detected. This
paper investigates the strategies in real-time detection and repair of cycle-slip.
Geometry free ionospheric free code-phase combinations together with phase
combinations are used, where the selection criteria of combination coefficients is
based on the principle of the minimal condition number. Advantage of the method
is that each cycle-slip value can be calculated without searching, thus the efficiency
is improved and success rate is still high. Experiment results show that even under
the severe ionospheric conditions, cycle-slips of triple-frequency un-differenced
observations can be detected and repaired.

Keywords Un-differenced triple-frequency observations - Cycle-slip detection and
repair - Code-phase combination

1 Introduction

Triple frequency data can form more combinations with longer wavelength, smaller
noise and less affected by ionosphere, which is useful for cycle-slip detection [1]
and integer ambiguity solution [2]. There have been many algorithms to detect and
repair cycle-slips [3]. The high order-difference method is intuitive but it is difficult
to realize in source coding [4]; Extrapolation method based on gray theory [5]
cannot work well in carrier with irregular motion and when cycle-slip happened in
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the first few epochs; Triple-frequency TurboEdit cycle-slip processing method
using searching way to calculate the value of each frequency [6] cycle-slips is of
low efficiency, unstable and complicated; The influence of ionosphere is not fully
considered in the method based on code-phase combinations for triple-frequency
un-differenced observations [1]; The method of Geometry Free Ionospheric
Free (GFIF) combinations united the real-time estimation of ionospheric variation
delay [7] can overcome the effect of ionospheric delay but this method is too
complicated with huge processing burden.

In this paper, the triple-frequency GFIF code combinations are based on the
criteria of less pseudo-range noise. Phase combinations used in this paper is
selected with the criteria of less ionosphere delay effects and noise. The principle of
the minimal conditions of coefficient matrix are implemented for the definition of
the equation to be used in the calculation of cycle-slip. Finally, the method of this
paper is verified using the BDS and GPS triple-frequency observations of IGS.

2 The Cycle-Slip Detection Observations
2.1 Triple-Frequency GFIF Code-Phase Combination

Referred to the idea of dual-frequency MW combination, triple-frequency GFIF
combinations can eliminate the geometric distance-related terms and the first order
effects of ionospheric delay. The pseudo-range and phase observation equation can
be shown as Egs. (1) and (2) respectively.

P, = flzl 1
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where, P and ¢ is the raw pseudo-range and phase observation; p is the geometric
distance between satellite and receiver antennas including the satellite clock error
and tropospheric delay; I and I’ are the ionospheric group delay on the first fre-
quency in meters and ionospheric phase delay on the first frequency in cycles
respectively; ¢, and ¢, are the receiver code noise in meters and the receiver phase
noise in cycles respectively; i refers to frequency number. According to Egs. (1)
and (2), the integer ambiguity can be calculated as Eq. (3).
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In Eq. (3), to keep the integer features of ambiguity, a, b and ¢ must be integer,
while I, m and n can be real number.

According to the [6], the GFIF code-phase combination coefficients follows the
Egs. (4) and (5).
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The estimation cycle-slip value of combination observations can be calculated
by Eq. (6) which is the time-differenced equation between two consequent epochs.

AN = aAN; + bAN; + cAN; = aA@| + bA@p, + cAp;
A

For a, b and c and 1, m and n can be calculated with two Eqgs. (4) and (5). The
combinations which is less affected by noise are selected. Suppose the noise of code
is 0.3 m and phase is 0.01 cycle, some typical combinations are listed in the
Table 1 [6].

According to Table 1, the GFIF combination (0, —1, 1) is the best one for BDS
and (0, 1, —1) for GPS. Even the code noise is as large as 1 m, the value of
combination cycle-slip can still be fixed at the success rate of 95.5% [1]. If there are
no cycle-slips the value calculated by Eq. (6) is close to zero. However, only one
GFIF is far not enough, because cycle-slip combinations cannot be detected by
GFIF combinations, i.e. AN; = AN, = ANj3, on the other hand, GFIF combinations
are not able to calculate cycle-slips of individual frequency.

Table 1 Triple-frequency GFIF code-phase combination of GPS and BDS

(a, b, ©) 1 m n A (m) Standard error (cycle)
GPS |(0,1,—-1) [0.012109 |0.444991 0.54290 5.8610 |0.0533
(1, -3,2) |0.842594 |0.15314 0.001092 1.2211 |0.3033
(1, -4, 3) |1.061142 |0.080347 —0.141489 | 1.5424 |0.3033
(1, =2, 1) ]0.699407 |0.206086 0.094507 1.0105 |0.3100
BDS |(a, b, c) 1 m n A (m) Standard error (cycle)
0, -1, 1) [0.019945 |0.552577 0.427478 4.8842 |0.0633
(1,1, =2) [0.750616 |0.041406 0.207978 1.2967 |0.2567
1,3, —4) |1.577791 |—0.537279 |-0.040512 |2.7646 |0.2667
(1,0, —1) |0.597328 |0.148645 0.254027 1.0247 |0.2767
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2.2 Phase Combinations

To enable the cycle-slips detection for each frequency, another two phase combina-
tions are needed in addition to the GFIF combination (0, —1, 1) of BDS and (0, 1, —1)
of GPS. Referred to [8], the geometric distance term in the phase combination
observations could be eliminated by the GFIF combination with cycle-slips being
repaired. The cycle-slip value of combination can be estimated using the
epoch-differences [8].

For different combination observations, there exists relation as the Egs. (7)
shown:

Zatb1ct ANaipict + Za1b1c1 A@apiet T Barpret Al & Za2poc2 ANa2woca
+ 42022 AP 2122 + Bazporc2 Al
(7)
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where f,,,. is the coefficient of phase combination (a, b, ¢); Al; in unite of meters is
the ionospheric phase delay on the first frequency in cycles. A is the
epoch-difference operator. The cycle-slip value of combinations can be estimated
by Eq. (9).

2a2b22ANwb2e2 = 2atb1e1 AP aip1cr + 2a2022 AP aopoc2 + (Bazwrcr = Batpicr /Al
Aalbict

ANgip1e1 =
)

And the Eq. (10) is used in the detection of cycle-slip.

AN A2 AP 2 = Aatb1ct APaipicr + (Bazpaca — Parpic1) AL 10
alblel ~ F) ( )
alblcl

At least 3 linear independence equations are needed for the detection and repair
of cycle-slip. Equations can be formed as Eq. (10), with the appropriate coefficients.
Supposing the pseudo-range noise is 0.3 m and the phase noise is 0.01 cycle. The
criteria in coefficients selection is shown as following:

(1) If AI; = 0.5 m, the noise of cycle-slip parameter AN,11.1 in Eq. (10) should be
no more than 0.25 cycle. At this time, in the most of cases, the value of
cycle-slip can be fixed at least at the success rate of 95.5% [8];

(2) The wavelength should be no less than 1 m in order to reduce the effect of
ionospheric delay [9];
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Table 2 The best combination coefficients of GPS and BDS

Combination | The coefficients of phase The coefficients of code Threshold
combination (a, b, ¢) combination (I, m, n) value
GPS | GFIF ©, 1, -1) (0.012109, 0.444991, 0.1800
0.5429)
Phase (1, =2, 1) 0.6300
combination 1
Phase (3,3, 1) 0.3043
combination 2
BDS | GFIF ©, -1, 1) (0.019945, 0.552577, 0.6636
0.427478)
Phase (1,0, 1) 0.1553
combination 1
Phase (-3,2,2) 1.0080
combination 2

(3) The absolute value of the sum of combination coefficients should be no more
than 1 and all combinations should be integer. In this case the ionospheric delay
is reduced [1];

(4) The condition number of coefficients matrix composed by the coefficients of
GFIF and phase combinations should be as small as possible.

Considering the signal feature of BDS and GPS, the coefficients can be searched
in the range of [—10, 10]. The best coefficients is shown in the Table 2. If absolute
value of cycle-slip parameter is larger than the threshold value, the cycle-slip is
detected. All coefficients of three combinations is linear independence, when there
is a cycle-slip in one frequency, the estimation of at least one combination
cycle-slip value will be bigger than 1 cycle.

3 The Repair of Cycle-Slip

According to the relationship of combination ambiguity and ambiguity at each
frequency, Eqgs. (11) and (12) can be established. All coefficients are integer and
det(H) = %1, so each cycle-slip value can be calculated by x = H~ 'y which is more
efficient compared with conventional searching method. Equation (11) is used for
GPS and Eq. (12) is be used for BDS. The condition number of H in Eq. (11) is
44.9059, while the condition number of H in Eq. (12) is only 4.1982. From this
point of view, the signal of BDS is better than GPS. When BDS-3 have been
established, its signal will be different from BDS-2, the best combination need to be
re-defined.
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4 Data Processing and Analysis

The observation data of 1 s sampling rate of station WTZR (Germany) on the day
of March 17, 2013 was used for validating of the model. Large magnetic storm
happened on this day and TEC changed significantly over the equator, middle
latitudes and auroral regions [6]. The data of GPS G24 phase data L1, L2, L5 and
code data C1, C2, C5 were used from 15:00:00 to 20:00:00. Based on the file of
ionosphere grid file of IGS on this day, with the calculation of GIM model, we
found that TEC is large between 07:00:00 and 19:00:00. Therefore, this data could
be used to check the capability of detection and repair of cycle-slips under the
severe ionosphere environment. The second experiment is carried out using the 1 s
sampling rate observations of station UNB3 (Canada) on March 13, 2016. BDS
C12 is used include phase data L2, L6, L7 and code data C2, C6, C7 from 06:00:00
to 10:59:59. The third experiment used the data of AIRA (Japan) on August 17,
2017. The data of GPS GOS8 phase data L1, L2, L5 and code data CI, C2, C5 were
used from 00:00:00 to 04:59:59. For the data analysis, we used the software of
Bernese 5.2 to detect the cycle-slips of the phase data of GPS G24, GPS GO8 and
no cycle-slip was found in the frequency of L1 and L2. Then we added cycle-slips
in the phase data of GPS G24, GPS GOS8 and BDS C12 from the 5th epoch to
16875th epoch every 5 epochs, as followed: [0, 0, 1], [0, O, 2],...,[14, 14, 15]. The
number of manual-added cycle-slip was 3375.

4.1 Data Process

The calculation process is shown in Fig. 1. The first step is to read raw data and
form combination observations. Secondly, cycle-slips are detected for current
epoch. In the third step, the cycle-slips are determined and repaired in case that they
exist. The process will be continued until the last epoch.
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Fig. 1 Data processing flow chart

4.2 The Results of Cycle-Slip Detection and Repair

Based on the software of MATLAB 2016b and processor of CORE i3, taking the
BDS data as an example, the processing time of cycle-slip detection and repair of
17,998 epochs data was 2.242 s, and the mean processing time for 1 epoch was
around 125 microseconds. The cycle-slip parameters of GPS for the station WTZR
are shown in Fig. 2 and BDS results for station UNB3, GPS results for AIRA are
shown in Figs. 3 and 4. Shown in the figures all manual-added 3375 cycle-slips
were precisely detected and repaired. Some of the results are shown in Tables 3, 4,
and 5.

The difference the real and the fixed cycle-slip parameters of each frequency of
station WTZR, UNB3 and AIRA are shown in Figs. 5, 6, and 7. As shown in the
figures, the difference is between —0.5 cycle and 0.5 cycle for stations WTZR and
UNB3. Due to poorer quality of the pseudo-range data of AIRA station, the dif-
ference is between —1.5 cycle and 1.5 cycle.
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Fig. 2 Time series of all GPS cycle-slip detection parameters for station WTZR. a GFIF, b (1, -2, 1),
c(-3,3,1
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Table 3 WTZR GPS G25 the results of cycle-slip detection and repair (parts)

711

Epoch Point cycle-slip parameters (L1 L2 LS5) Fix cycle-slip
parameters (L1 L2 LS5)

30 —0.1159 —0.0790 5.9244 0 0 6
35 —0.4539 —0.3446 6.6437 0 0 7
8035 6.9659 1.9737 1.9785 7 2 2
8040 7.1717 2.1321 3.1415 7 2 3
16,845 13.9789 13.9866 8.9826 14 14 9
16,850 14.0986 14.0757 10.0732 14 14 10

Table 4 UNB3 BDS C12 the results of cycle-slip detection and repair(parts)

Epoch Point cycle-slip parameters (B1 B2 B3) Fix cycle-slip
parameters (B1 B2 B3)
5 0.3963 0.3160 1.3399 0 0 1
10 —0.0485 —0.0272 1.9820 0 0 2
8010 6.7968 0.8418 11.8368 7 1 12
8015 7.1597 1.1206 13.1329 7 1 13
16,870 14.0817 14.0624 14.0607 14 14 14
16,875 14.3583 14.2758 15.2823 14 14 15
Table 5 AIRA GPS GOS8 the results of cycle-slip detection and repair(parts)
Epoch Point cycle-slip parameters (L1 L2 LS5) Fix cycle-slip
parameters (L1 L2 L5)
20 —0.4265 -0.3127 3.6632 0 0 4
25 —0.3407 —0.2505 4.7544 0 0 5
8010 5.8949 0.1333 11.2570 7 1 12
8015 5.9712 0.2017 12.3046 7 1 13
16,840 15.0535 14.8138 8.7155 14 14 8
16,845 14.1006 14.0529 9.0651 14 14 9
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Fig. 5 The difference between the real and the fixed cycle-slip parameter of each frequency of
WTZR station GPS G25. a L1, b L2, ¢ LS5
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Fig. 6 The difference between the real and the fixed cycle-slip parameter of each frequency of
UNB3 station BDS C12. a L2, b L6, ¢ L7
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Fig. 7 The difference between the real and the fixed cycle-slip parameter of each frequency of
AIRA station GPS G08. a L1, b L2, ¢ L5
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5 Conclusion

A more efficient method which is suitable for BDS and GPS for cycle-slip detection
and repair is discussed in this paper. The cycle-slip parameters can be calculated
without searching thus the efficiency is improved and stable. If some first epochs
without cycle-slips or cycle-slips being repaired, using the method of phase
smoothed pseudo-ranges can be applied to reduce the noise of pseudo-range and
multipath. In addition, the results in the case of severe ionospheric delay with low
sampling rate should be tested and the threshold value still can be optimized deeper.
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