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Abstract

In order to resolve the real-time cycle slip detection and repair problem with the data under ionospheric disturbance and low
sample rate, a new method is proposed by using triple-frequency combinations. First, the geometry-free and ionospheric-free
(GFIF) carrier phase combination and then the GFIF pseudorange minus phase linear combination are derived for cycle slip
detection. The special slip groups which cannot be discovered by the two GFIF combinations are divided into two types, and
each of them is designed to be detected by using three additional geometry-free (GF) linear combinations. In the estimation
step, the two GFIF combinations and the pseudorange minus phase linear combination with B3 carrier phase observations
are used together to determinate the cycle slip on the original three carriers. The strategy is first to search B3 for cycle slips
and then find the B1 and B2 cycles using the two GFIF combinations by integer bootstrapping method. The ionospheric
delay variations between two consecutive epochs are estimated using the carrier phase data of the previous epochs and used
for compensating time-differenced linear combinations that contain residual ionospheric variations. Then, in the validation
step, both the criterions of threshold judgment and minimum one norm are used to validate the cycle slip candidates and
finally get the correct one. The real-data tests with simulated and real cycle slips reveal that the new method can repair all
cycle slips with high reliability even under ionospheric disturbance. Several failed repairs may occur with the most insensi-
tive slip combinations + (1, 1, 1) under bad observation conditions, but these cycle slips can be detected.
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Introduction

Cycle slip is one of the most important issues for highly pre-
cise global navigation satellite system (GNSS) applications
when using carrier phase measurements. Cycle slips are
caused by loss-of-lock in signal tracking under various con-
ditions and can be small or even contain millions of cycles.
Cycle slips cannot be ignored since one cycle slip on BDS
B1 frequency may cause a 19-cm range error.

New cycle slip detection and repair methods have been
researched in the past few years, and several classical meth-
ods have been proposed for cycle slip processing of dual-
frequency GNSS observations. The TurboEdit method
(Blewitt, 1990), which uses the Hatch—Melbourne—Wiib-
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(GF) combination, is one of the most popular algorithms.
Considering the ionospheric influence, some scholars have
modified the TurboEdit method. Liu (2011) proposed the
ionospheric total electron contents rate (TECR) method with
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great performance for processing 1-s sampling rate data.
Cai et al. (2013) developed the algorithm that combines the
HMW function and the second-order, time-difference phase
ionospheric residual (STPIR) method, where STPIR means
the GF phase combination is differenced twice with car-
rier phase data among consecutive three epochs. Banville
and Langley (2013) used least-squares adjustment to repair
the cycle slip, and their method can process the cycle slips
with 30 s observations well in the case of ionospheric dis-
turbance. Ji et al. (2013) proposed a method using geometry
dependent carrier phase linear combination with differenc-
ing between satellites to deal with the cycle slip under iono-
spheric disturbance for dual-frequency data.

Compared with dual frequency, the advantage of triple-
frequency observations is that it can form more high-per-
formance observation combinations. Dai et al. (2009) used
three linear combinations and the LAMBDA algorithm to
derive cycle slips on triple-frequency data. Li et al. (2011)
analyzed the selection of optimized combination coefficients
by using three pseudorange minus phase combinations.
Huang et al. (2012) studied the method using two pseudor-
ange minus phase combinations and one GF carrier phase
combination to repair cycles with simulated cycles on real
BDS data. Although there are residual ionospheric delays in
linear combinations, the triple-frequency cycle slip process-
ing methods described above do not take the ionospheric
delay into account. So, these methods cannot be applied to
the conditions under ionospheric scintillation, and they can-
not be applied to low sample rate data, such as 30 s data,
because the big sampling interval may result in the big iono-
spheric delay variation.

Therefore, a further study is needed to resolve the cycle
slip detection and repair problem for the low-frequency
undifferenced data under ionospheric scintillation. de Lacy
et al. (2012) used five GF linear combinations to repair cycle
slip in three cascading steps, but the performance of the
method was only tested with simulated 1 s GPS data. Zhao
et al. (2015) developed a triple-frequency repair method
combing extra-wide lane, wide lane, and narrow lane com-
binations, which is a transformation of three-carrier ambi-
guity resolution (TCAR) method (Li et al. 2010). But the
ionospheric compensation is only applied to the rounding
of narrow lane combination, which means the wide lane
combination still suffers from the residual ionospheric
delay. Zhang and Li (2016) used least-squares adjustment
method to obtain the real values of cycle slips and fix them
by the LAMBDA algorithm. The ionospheric delay is con-
sidered and estimated, and the method is more general and
optimal theoretically, but the method is not tested with real
data in ionospheric disturbance periods. Xiao et al. (2018)
researched an enhanced algorithm for identifying the spe-
cific carrier frequency on which cycle slips occur, which can
also contribute to the cycle slip processing of undifferenced
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observations, though the ionospheric disturbance is not
considered.

Ionospheric disturbance is a main factor causing cycle
slips occurring. When using specific observation combina-
tions to detect and repair cycle slips, the difficulty is how to
handle the ionospheric delay and observation noise appro-
priately, and how to process the insensitive cycle slips. This
study proposes a new method to process the cycle slip of
low sample rate data under ionospheric scintillation. First,
using two geometry-free and ionospheric-free (GFIF) linear
combinations with low noise factor for cycle slip detection,
which can eliminate the influence of the ionospheric delay,
and then the searching method and integer bootstrapping
method are combined to determinate the cycle slips on the
original carrier phase observations. In the validation step, a
rigorous verification rule is used for ensuring the reliability
of the fixed cycle slips.

In the following, the cycle slip detection processing
method is described. Then, cycle slip estimation strategy
and validation step are presented, and the repair of particular
slip combinations is given. A subsequent section describes
the experimental design and results based on BDS real data.
Finally, conclusions and summary are illustrated.

Cycle slip detection

If a cycle slip occurs, the functional model of time-differ-
enced carrier phase and pseudorange observation can be
formulated as (de Lacy et al. 2012; Zhang and Li 2012)

oP; = op + u;0l + oe; (1)

6L; = A;6@; = 6p — u;61 + A;6N; + A;6¢; 2)
where the subscript i(i = 1,2, 3) refers to a specific fre-
quency, and 6 denotes the time difference between two
consecutive epochs; P and L are pseudorange and carrier
phase measurements in meters, respectively; ¢ is carrier
phase measurement in cycles; p = p+c(dt, —dt’) + T is
the non-dispersive delay component that contains the dis-
tance p between the phase centers of satellite and receiver
antennas, the receiver clock error cdt,(where c is the speed
of light), the satellite clock error cd#*, and the tropospheric
delay T. The ratio u; = f7/f? is the ionospheric delay coef-
ficient of f;; I is the first-order ionospheric group delay on
the B1 frequency; N, is the integer ambiguity of f;, and 6N,
is the cycle slip at the frequency f;. Finally, ¢, is the pseudor-
ange observation noise measured in the meter, and ¢; is the
carrier phase observation noise measured in the cycle. The
empirical values of e; and ¢; used the 0.6 m and 0.01 cycle,
respectively (Wanninger and Beer 2015; Wang et al. 2016).

Equations (1) and (2) are the original time-differenced
equations of processing cycle slips. For the triple-frequency
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signals, there are six observation equations and five unknown
parameters (6p, 61, 6N, 6N,, 6N3). Based on multi-frequency
combination theory (Cao and Wang 2014; Yao et al. 2014),
following combinations are derived

0Y(qpyijh = 101 +jo®, + kdps — (adP + f6P, + yoP3)/ A
3)
OYmm=Il6L) + mSL, + noL, 4)

where a, f and y are the pseudorange combination coef-
ficients, i, j and k are the carrier phase combination coef-
ficients of 6Y, 5,50 4 =1/(/A; +j/4y +k/23) is the
combination wavelength of 6Y, 5 4. [, m and n are the
combination coefficients of 6Y,, ,,. We assume that i, j, k
are integers and other coefficients are real numbers.

First detection combination

Considering that the pseudorange noise is greater than the
carrier phase noise, the GFIF carrier phase combination is
chosen as the first detection combination 6Y;.
If we take the threefold standard deviation (STD) of Y, as
detection threshold, then the condition of cycle slip occur-
ring is
I6L, + moL, + nolL,

> 36(p (6)

V2IUIAD? + (mAy)? + (nAs)*]

where o, is the STD of the carrier phase observation noise
in units of cycles. In order to cancel the geometry term and
the first-order ionospheric delay, and to minimize the com-
bination noise, the coefficients are derived by imposing the
following conditions

l+m+n=0
m=1l+mfl/f; +nfi/f; =0 7
min : o5, = \/2[(1,11)2 +(mAy)? + (n4;)02

where 7, is the combination coefficient of the first-order
time-differenced ionospheric delay, and oy is the STD of
6Y, which only contains the carrier phase noise. Obviously,
with the first two conditions in (7), the coefficients (I, m, n)
in (6) can be eliminated, which means the selection of com-
bination coefficients is irrelevant to cycle slip detection. As
a consequence, we take the value of coefficient /, on Bl
frequency equal to 1/(54,) (for ensuring that the absolute
values of (/,m, n) are in the range of 1 to 5), and then the
values of m; and n; can be derived by (7). Therefore, the
combination coefficients (1.0415, 3.3927, —4.4342) are cho-
sen as the first combination, and the threefold STD is taken
as detection threshold.

Second detection combination

In order to eliminate the influence of the first-order iono-
spheric delay, the GFIF pseudorange minus phase combina-
tion is used as the second detection combination,

6Y, =i, + jop, + kb6, — (a6P, + PSP, + y6P3) /A

(3)
In order to cancel the geometry term and the first-order iono-
spheric delay, and to minimize the combination noise, the
imposing conditions are

a+p+y=1
. , \ I 1
n2=—%(z+%+%> - <a+/3f—;2+y§)/l=0
i+j+k=0
min : oy, = \/2[(1'2 + 72+ k)62 + (@2 + 2 + y2)oR ) 2]
)

where 7, and oy, is the combination coefficient of the first-
order time-differenced ionospheric delay and STD of the
combination 6Y,, respectively. The first and third formulas
aim to cancel the geometry term, and the second formula
aims to cancel the first-order ionospheric delay. The fourth
formula, namely the STD of the combination, is used to
obtain the optimized combination coefficients.

With the constraint condition of (9), the optimal combi-
nation coefficients (i,, j, ky, @, B,, 7, ) of 6, can be derived
as (0, —1, 1, 0.0199, 0.5525, 0.4274) (Huang et al. 2015),
as shown in Table 1. The value of the STD oy, is within
0.13 cycles, which is well suited for rounding the combina-
tion 6Y, directly, and the value of the cycle in §Y, is also an
integer. 6Y, is chosen as the second combination with the
detection threshold being the threefold STD of 6Y.

Third detection combination

When the two GFIF combinations described above are
jointly used for cycle slip detection, there are still many
undetected cycle slip combinations that need to be pro-
cessed. The combination coefficients of 6Y; and 6Y, have
been derived, and both the values of §Y; and §Y, are equal to
0 when an undetected cycle slip occurs, so these undetected
slips (0N}, 6N,, 6N;) can be expressed as follows:

{ 8Y, = 1.04156N, + 3.39276N, — 4.43426N; = 0

5Y, = 6N, + 6N; = 0 (10)

Obviously, the undetected cycle slip combinations are in
a straight line. Figure 1 shows these undetected cycle slip
combinations when searching in the range of (0, 500) on
three carriers. The axis in the three directions, 6N, 6N,
and 6N, stand for the cycle slips on the frequency B1, B2,
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Table 1 All combination coefficients and relevant parameters of combinations 6Y

Item SY (i, j.k) (a,B,7) Or (Lm,n) A n Oy o
pseudorange 5Y, (0,-1,1) 0.0199 0.5525 0.4274 4.884 0 0.1230 -
minus phase 5Y! (4,-2,-3) 1/3 1/3 1/3 12210  11.749  0.0860 No needed

(cycle)

. 5Y, (0,0,1) 1/3 1/3 1/3 A -12.313  2.0729  6.496
Combination
. 5Y, -- 1.0415 3.3927 -4.4342 -- 0 0.0192 --
Carrier ,
Oy Yy - 1 -1 0 - No needed 0.0062 No needed
phase(m) ;
o oyYs - 1 0 -1 - No needed 0.0060 No needed
Combination
oY, -- 0.99 -0.62 -0.37 - 0.607  0.0036 No needed
_5 c02 50 co7 50 c12
£
S,
%0 04 \r—- 0 —4 L)
<5 -50 5o
E 2
£ 0 ”
T
T
& 2 5
12 18 24 12 18 24 0 6 12 18 24
GPS Time [h] GPS Time [h] GPS Time [h]

Fig. 1 Undetected slip combinations of the two GFIF combinations in
the range (0, 500) on each frequency, respectively, including the first
(blue) and second (red) class of undetected slip combinations

and B3, respectively. The segmental straight line denotes
the undetected slip combinations in the range of (0, 500)
on three carriers. It can be calculated that the maximum
combination in the first segment (color in red) is (14, 14,
14) and the minimum combination in the second segment
(color in blue) is (24, 23, 23). This means the difference
value between the first and second segment is big. Also, if
the value of cycle slip is of a certain size, i.e., more than 10,
it is relatively easy to detect and repair the cycle slip. Hence,
the undetected slip combinations are divided into two types:

The first class (I) of undetected slip combinations,
whose absolute values on the three carriers are equal to
or greater than (24, 23, 23), are called the big undetected
slip combinations.

The second class (II) of undetected slip combinations,
whose absolute values on the three carriers are less than
(15, 15, 15) with the same size on each frequency, are
called the small undetected slip combinations.

@ Springer

Fig.2 Ionospheric delay of the first- (fop panels) and second- (bot-
tom panels) order time differences collected by station JFNG on
October 4, 2015

Estimation of ionospheric delay variation

Since the class (I) undetected cycle slips are big numbers,
the pseudorange minus phase combination is chosen for
detection. The combination will contain residual ionospheric
delay inevitably, so the estimated ionospheric delay variation
is used to compensate the linear combination.

Figure 2 shows the time series of the first- and second-
order time-differenced ionospheric delays at the Multi-
GNSS Experiment (MGEX) station JFNG on October 4,
2015. Obviously, the second-order, time-differenced phase
ionospheric residual (STPIR) in the bottom panels of the fig-
ure, calculated by differencing GF linear combinations twice
with carrier phase data of consecutive epochs, is very small,
and the ionospheric influence is almost submerged by the
carrier phase noise. So, with a slight variation for the STPIR,
the linear combination containing the first-order ionospheric
delay can be compensated by deriving the first-order iono-
spheric delay variation using the previous epoch data.

If cycle slips do not occur at the previous two epochs, the
GF carrier phase combination coefficients can be optimized
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by imposing the following conditions to derive the first-order
ionospheric delay variation,

Slyes = (IBLy + mSL, + ndL3) [/ny

min @ o5 = 0'5YI/111 (11)
n; > 0.1

where the formulas of oy, and 5, are the same as 65y, and ;.
The optimal coefficients +(—0.99, 0.62, 0.37) can be derived
from (11) by searching the coefficient values in the range of
(=5, 5) with a 0.05 stepsize, and then the estimated iono-
spheric delay variation can be derived from the previous
epoch data.

Detection of the first class (I) of undetected slip
combinations

The values on each frequency for the class (I) undetected
slip combinations are not equal completely, so the pseu-
dorange minus phase combination with i +j+ k # 0 is
chosen to detect the class (I) cycles,

8YY = i8@, + jo@, + képs — (adP| + PSP, + ySP3)/ A — nySly
(12)

where the formula of A is similar to (8), and the formulas of
n; and 05yl are the same as for 7, and o5y, .

6Y§ with the carrier phase coefficients (4, -2, —3)
and pseudorange coefficients (1/3, 1/3, 1/3) is selected
to detect the class (I) undetected slip combinations.
The threefold STD is taken as detection threshold. The

relevant parameters are listed in Table 1. The combination
coefficient of the first-order time-differenced ionospheric
delay is greater than 11 cycles, so the combination 6Y;
has been compensated by the estimated ionospheric delay
variation.

Detection of the second class (Il) of undetected slip
combinations

Cycle slips on the original three-carrier phase observations
are equal for class (II), which contain the least sensitive
cycles+ (1, 1, 1). Based on the analysis in the section on
estimation of ionospheric delay variation, it can be found
that the STPIR changes are stable even when the ionosphere
is acute, while the STPIR still contains cycle slips (Cai et al.
2013). So, the STPIR method is used to process the second
class of undetected slip combinations.

The second-order, time-differenced ionospheric delay can
be calculated based on GF carrier phase combination,

5IIY§I = l6yLy + méyL, + noyLsy (13)

where 6;; denotes the second-order, time difference between
epochs. The formula for the STD o, yu of &Y' is
3

Oyl = 2\/[(1/11)2 + (mA,)? + (nﬂ3)2]aé (14)

In order to enhance the stability for the detection of the
particular small slips, two GF carrier phase combinations
&Y3), and 8, Y3, with respective coefficients (1,— 1, 0) and
(1,0, — 1), are chosen to detect the slip combinations of class

(I). The two combinations are collectively called the third

Start (Epoch>2)
I
Detection Estimation Validation
1 <30, N Ye = N
OY, <30, >5Y,,5N, — ON,
8Y, <30, 3Y,,6N,,6N, — SN,
Yes
A% <305 b No | |Search in (6N,6N,6N) |
/“/ SN eZ,-15<5N <15
Yes No |
Y
Yes
Not detected » Next epoch [« Success |«

Fig.3 Flowchart of cycle slip detection and repair
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detection combination &;;Y}'. Still, we take the threefold STD
as detection threshold.

Figure 3 shows the flowchart of cycle slip detection algo-
rithm. It should be noted here that when the cycle slips are not
detected by the first and second detection combinations, 6Y§
is first used to judge whether there are undetected cycle slips.
If Y] still does not detect any cycle slips, then &;; Y2 is used to
test whether there is the second class of undetected cycle slips.

Methodology for cycle slip repair

In this section, we present the cycle slip estimation and valida-
tion method. First, the steps of cycle slip estimation are given.
Then the validation method is described. Finally, the process-
ing of particular slip combinations is discussed.

Cycle slip estimation

We process cycle slips satellite by satellite by constructing
three linear independent combinations. Previous methods
estimated cycle slips by rounding three linear combinations
and adopting matrix inversion algorithm (Dai et al. 2009).
However, incorrect rounding of some linear combination is
likely to occur when choosing three linearly independent com-
binations that all emit the first-order ionospheric delay. Also,
the coefficient matrix derived from the three combinations
could be ill-conditioned in the processing of matrix inversion.
Considering these disadvantages, a more reliable algorithm
is proposed. Similarly, three linear combinations are chosen
to estimate cycle slips, but the searching method and integer
bootstrapping method are combined to determinate the cycle
slips on the original three-carrier phase observations.

The two GFIF combinations analyzed above are selected
as the first and second repairing combinations, and then a
pseudorange minus phase combination with B3 carrier phase
observations is brought in as the third repairing combination
6Yy,

6Y, =6@3 — (6P| + 6P, + 6P3)/(343) — 461 (15)
where the formula of #, is the same as #,. The combination
coefficient #, of the first-order time-differenced ionospheric
delay is greater than 12 cycles, so the combination 67, is
compensated by the estimated ionospheric delay variation.
The function of 6Y, is to search the B3 cycles. In order to
expand the search range, the variance of residual ionospheric
variations is taken into account the STD of 67,

Oay, =1/ '7§Y4 + (ny05)? (16)

where the formulas of 65y is the same as o5y . 6,y, denotes
the STD of the third repair combination 6Y,, and og; is the
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STD of the time-differenced ionospheric delay. The value
of oy, is selected as 0.5 m considering the influence of iono-
spheric disturbance (Liu and Chen 2009). In (15), the car-
rier phase coefficients of 6Y, are (0, 0, 1), and pseudorange
coefficients are (1/3, 1/3, 1/3). The threefold STD is chosen
as the searching threshold.

In the proposed method, the B3 cycle is first derived in
a searching zone, and then B2 and B1 cycles are obtained
by sequential rounding the two GFIF combinations with
both the STDs less than 0.13 cycles. The estimation algo-
rithm steps are listed as follows:

1. 6Y, only contains the cycle slip on B3 frequency. So,
with the rounding value of 6Y, as the center, the B3
cycle slip 6N; can be obtained by searching the integer
in the range

(_30-AY4 +5Y4, 36AY4 +6Y4) (17)

The STD o,y, of 6Y, contains both of residual iono-
spheric variation and observation noise. With the thresh-
old of threefold STD, the B3 cycle slip 65 contains in
the range of (17). Hence, the probability of successfully
deriving the B3 cycle slip is P, = 100%.

2. Because the carrier phase coefficients (0, — 1, 1) in 6Y,
are all integers, the combined cycle slip contained in
0Y, is also an integer. The residual ionospheric varia-
tion in 6Y, has been removed, and the STD of 67, is
small enough to round the 6Y, directly. So, the combined
cycle slip [6 Y2] = round(6Y,), where “[]” denotes round-
ing operation. Then the B2 cycle slip 6V, can be derived

8N, = 6N; — [8Y,] (18)

We reasonably assume that the cycle slip in combi-
nation 6Y, is normally distributed with zero mean and
standard deviation at 0.123 cycles (Li et al. 2011). Thus,

the probability of successfully estimating the cycle slip
in combination 6Y, is

P, = P(|6Y, — [6Y,]| < 0.5) =99.995% (19)

3. Having derived the values of 6N, and 6N; on B2 and
B3 frequency, respectively, the cycle slip 6N, on the B1
frequency can be obtained by using the first combination
0Y,. The coefficients of cycle slip on each frequency are
(I} Ay, m Ay, n A3), respectively, and 6N, can be derived
as

0N, = round[(6Y| — m Ay6N, — nA36N3) /(1 A)] (20)
It can be seen in (20) that the STD of rounding 6NV, is
equal to 65y /(/;4;), and the STD is a constant and less

than 0.0961. So, the probability of successfully estimat-
ing 6N, is

P; = P(|6N, — [6N,]] <0.5) = 99.99998% 21
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4. Since the cycle slip candidate (5N1, ON,, 5N3) has been
obtained, the cycle slip validation method will be used
to test whether the candidate is correct. If the validation
is not passed, then one needs to go back to the first step
until deriving the correct candidate. The specific valida-
tion method will be introduced in the below.

From the (19) and (21), it can be seen that the formal suc-
cess probability of resolving the cycle slips on the original
three carriers is

It should be noted here that this is only the probability of
successfully deriving the cycle slips in the estimation step.

Cycle slip validation

The proposed method uses a more rigorous validation rule
to ensure the reliability of the fixed cycle slips. Two kinds
of validation strategies are combined to test the cycle slip
candidate.

First, the repaired combinations updated by the candidate
must pass the threshold test. The linear combination obser-
vations §Y,, 6Y,, 53 and 6,7 are repaired by the cycle slip
candidate. These repaired combination observations must
meet the condition that the values do not exceed the detec-
tion thresholds, accordingly,

8Y) < 304y,,8Y, < 305y, (23)
SuY3 <305, (24)
87} < 305y (25)

where §Y denotes the value of repaired combination, which
means the cycle slip in combination has been corrected.

It is worth mentioning that considering the ionospheric
factor #, of the third repairing combination &Y, is greater
than one cycle (listed in Table 1), the 6Y, is not used to
confirm the repairing values (6N}, 6N,, 5N;).

Second, the minimum of the one norm, namely the sum
of the three repaired combinations §¥,, §Y, and 55’;, is used
to validate the correct cycle slip candidate,

min : M = |67,| + |67,] + |7} (26)

Equation (26) indicates that the value M consists of the
three repaired combination values. Again (26) does not con-
tain 6Y,, which has a big noise factor and is easy to result in
misjudgment. However, the noise factors of 6 Y s 5172 and 17%
are far less than 1 cycle.

Particular slip combinations repair

There are two classes of undetected slip combinations,
namely the particular slip combinations, which cannot be
discovered by the first and second detection combination.
For the first class of undetected slip combinations, the
method described above is still used to derive the correct
slip combination.

As for the second class of undetected slip combina-
tions, there is a specific trait in that the original cycle slips
are equal, namely N, = 6N, = 6N;. In this case, the slip
combinations can be derived by searching in the range of
(—15, 15) directly with the same range on each frequency.
The repaired combination values also need to meet the
conditions of (23) to (25), and the one norm M is the mini-
mum value.

The flowchart of the proposed cycle slip detection and
repair algorithm is summarized in Fig. 3. The function of
seven combinations is given in Fig. 4.

Experimental results and analysis

In order to test the performance of the proposed algorithm,
two experiments with simulated and real cycle slips are
implemented. Before the tests, the noise level of five detec-
tion combinations is analyzed by using 18 MGEX sta-
tions with BDS triple-frequency observations. Then the
experiments with simulated cycle slips of different mag-
nitude are conducted. Finally, we select an MGEX station
with many 1-cycle slips on observations to further test the

Two GFIF combinations (0Y; 9Y,)

Cycle slip Cycle slip
detection estimation

The pseudorange minus phase
Three tailored geometry-free combination with carrier phase
linear combinations observations only in B3 frequency

(8Y3)  (8,Y3 6,Y) (8Y,)

Cycle slip
validation

The GF carrier phase combination
for ionospheric compensation

(Y)

Fig.4 Function of seven combinations in the proposed method
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performance of the new method. In addition, the method
proposed by Zhao et al. (2015) is used for comparative
analysis in the experiment.

Noise level of combinations

Before testing the performance of the algorithm,
the noise level of the five detection combinations
(8Y,,8Y,,8Y}, 6,5, 6yY3,) is first assessed. The detec-
tion thresholds of these five linear combinations, namely
the threefold STDs, are 5.8 cm, 0.37 cycle, 0.26 cycle,
2.51 cm and 2.44 cm, respectively. We select 18 MGEX
stations with BDS triple-frequency observations on March
18, 2015 to test the performance of combinations. The
root-mean-square (RMS) values of the linear combina-
tions for the three types of satellite, the GEO (C01-CO05),
IGSO (C06-C10), and MEO (C11-C14), are calculated
for every station.

Table 2 gives the statistics of the five linear combina-
tions. It can be seen that none of the combinations exceeds
the corresponding threefold STD. The two GFIF combina-
tion values are less than the corresponding STD 16, while
the other three linear combination values are more than
their 1o at some stations, especially for the MEO satel-
lites. The ionospheric delay variation estimated by the GF
combination can be more than 0.3 m at some stations, like
KZN2 and MAYG, but it has a slight influence on §Y, and

6Y,. Specifically, it can be found that the performance of
the two GFIF combinations is excellent for the three types
of BDS satellite. 67, is slightly better than the §Y;. The
reason may be the empirical pseudorange noise of 0.6 m in
6Y, is slightly large. In general, the five combinations are
suitable to detect cycle slip, and the constant prior noise
information chosen in our method is reasonable and can
be applied to most situations.

Simulated cycle slip tests

In this part, the new method is validated by adding simulated
cycle slips to the observations. First, 13 groups of random
cycle slips are chosen to test the method, and then the par-
ticular slip combinations added to the observations every six
epochs are used to analyze the reliability and efficiency of
the proposed method.

The ionospheric active state can be judged by Kp indices
which indicate the disturbance degree of geomagnetism (Cai
et al. 2013). According to the released Kp value at the Web
site http://www.swpc.noaa.gov/products/planetary-k-index,
we can find that the ionospheric variation was active on
October 4, 2015. The observations at three MGEX stations,
CO07 satellite of JENG, C14 satellite of KZN2, and CO1 satel-
lite of XMIS, are selected as experimental data for that day.
The three stations are located in quite different latitudes, and
cycle slips do not occur on the original data.

Table 2 RMS statistics of five linear combinations on three types of BDS satellite at 18 stations

Station ~ §Yy/cm 8Y,/cycle 8YYcycle 5 Y3/em SpYi/em
GEO IGSO MEO GEO IGSO MEO GEO IGSO MEO GEO IGSO MEO GEO IGSO MEO

CUTO 0.69 1.02 1.26 0.06 0.08 0.08 0.06 0.09 0.10 0.29 0.53 0.57 0.30 0.45 0.53
DLF1 0.48 1.58 1.20 0.04 0.09 0.06 0.04 0.17 0.12 0.20 1.10 0.66 0.18 0.93 0.59
DUND  0.69 0.73 1.04 0.06 0.06 0.07 0.07 0.09 0.12 0.42 0.56 0.77 0.40 0.50 0.69
DYNG 0.77 0.71 1.13 0.04 0.05 0.05 0.05 0.07 0.09 0.23 0.36 0.56 0.29 0.33 0.49
FTNA 0.50 0.89 1.22 0.04 0.06 0.06 0.06 0.08 0.08 0.32 0.42 0.47 0.31 0.38 0.45
HARB 0.77 0.87 1.49 0.04 0.06 0.06 0.06 0.08 0.10 0.29 0.44 0.62 0.32 0.38 0.60
JENG 0.72 0.67 1.28 0.04 0.05 0.06 0.05 0.06 0.08 0.29 0.32 0.44 0.31 0.30 0.44
KZN2 1.00 0.83 1.71 0.06 0.05 0.08 0.06 0.08 0.12 0.40 0.45 0.75 0.46 0.40 0.70
MAR7 0.52 0.85 1.10 0.08 0.07 0.07 0.12 0.14 0.16 0.69 0.93 1.00 0.53 0.86 0.90
MAYG 0.94 1.64 1.59 0.05 0.08 0.07 0.09 0.12 0.14 0.52 0.77 0.91 0.48 0.65 0.81
METG 0.81 0.68 1.24 0.05 0.05 0.06 0.08 0.10 0.14 0.47 0.62 0.86 0.45 0.55 0.75
MRO1 0.67 0.69 1.19 0.06 0.06 0.08 0.05 0.07 0.09 0.27 0.36 0.51 0.29 0.33 0.48
NKLG 049 1.17 0.98 0.04 0.06 0.05 0.03 0.10 0.06 0.17 0.64 0.35 0.18 0.46 0.36
NRMG 0.60 1.00 1.16 0.04 0.06 0.06 0.06 0.09 0.08 0.31 0.49 0.46 0.30 0.41 0.45
ONSI1 1.95 0.83 1.09 0.08 0.05 0.05 0.12 0.20 0.13 0.34 1.43 0.75 0.95 1.21 0.65
REUN 0.79 0.91 1.28 0.04 0.06 0.06 0.04 0.07 0.10 0.24 0.40 0.66 0.29 0.35 0.60
TLSE 0.52 1.03 0.94 0.04 0.05 0.05 0.03 0.12 0.06 0.17 0.86 0.34 0.17 0.68 0.36
XMIS 0.58 0.63 1.17 0.06 0.06 0.07 0.05 0.06 0.08 0.29 0.36 0.48 0.28 0.33 0.47
Mean 0.75 0.93 1.23 0.05 0.06 0.06 0.06 0.10 0.10 0.33 0.61 0.62 0.36 0.53 0.57
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Table 3 Simulated cycle slips

. Epoch  Cycle slips Repaired results Minimum and second minimum values of the one
epoch, repairing results, and norm: (M, M)
values of the one norm
JENG C07 KZN2 C14 XMIS C01

30 (1,0,0) (1,0,0) (0.048,0.981)  (0.049,0.973)  (0.037, 0.969)
432 (1,1, 1) (1,1, 1) (0.092, -) No data (0.010, -)
465 (24, 23,23) (24, 23,23) (0.292,-) No data (0.016, -)
852 (2760, 16, 23) (2760, 16, 23) No data (0.558,-) (0.119,-)
1056 0,1, 1) 0,1, 1) (0.032,0.974)  (0.030,0.242)  (0.097,0.910)
1219 (15, 15, 15) (15, 15, 15) 0.041, -) (0.035,-) (0.058, -)
1262 (38, 4750, 1) (38, 4750, 1) (0.165,0.846)  (0.012,-) (0.103,-)
1435 (2,2,563) (2,2,563) (0.056,0.956)  (0.066,-) (0.207, 0.807)
1600 0,1,0) 0, 1,0) (0.023,-) No data (0.047, 0.963)
2000 (1,1,0) (1,1,0) (0.023,0.983)  No data (0.023, 0.982)
2400 0,0,1) 0,0,1) (0.010,0.995)  No data (0.111,-)
2600 (1,0, 1) (1,0, 1) (0.033,-) No data 0.172,-)
2800 (3561, 498,1036)  (3561,498,1036)  (0.042,0.968)  No data (0.081, 0.929)

Repairing with 13 groups of random slip combinations

Table 3 gives the simulated cycle slips with the total of 13
groups, and the repair results by showing the minimum M
and the second minimum M,,,; of the one norm. JENG CO07
observations suffered the most dramatic ionospheric distur-
bance at the epoch 431 (see Fig. 2). So, the least sensitive
slip combination (1, 1, 1) is added at that epoch. It can be
seen that all simulated cycle slips are repaired successfully.
The second minimum M,,; of the one norm exists in some
solutions, but it does not exist in others solutions because
only a cycle slip candidate meets the criterion of cycle slip

validation. The difference between M and M,,, is close to
an order of magnitude, and there is substantial number of
solutions where the M,,,; does not exist, which can avoid
erroneous repair with great probability. Figure 5 shows the
time series of combinations at station JFNG.

Repairing particular slip combinations

Simulated particular slip combinations are added to the three
stations every six epochs, which are (15, 15, 15) in JENG
C07, (1, 1, 1) in KZN2 C14, and (24, 23, 23) in XMIS CO01
on triple-frequency data, respectively.
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Fig.5 Time series of six combinations of JFNG C07 observations.
The 5Y,, &, YL and &, YD are carrier phase combinations in meters.
The 6Y,, 5Y§ and 6Y, are pseudorange minus phase combinations in
cycles. The horizontal blue dashed lines of the six panels indicate

GPS Time [h]

that the threefold STD of the corresponding combination only con-
tains noise. The horizontal green dashed lines in the bottom left panel
indicate that the threefold STD of 6Y, contains noise and residual ion-
ospheric variations
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Table 4 Number of epochs of added cycle slips and repairing results

Data/cycle slips #total #success # failure Success rate/%
JENG CO07/(15, 15, 15) 393 393 0 100
KZN2 C14/(1, 1, 1) 155 153 2 98.7
XMIS C01/(24, 23,23) 480 480 0 100
£ ¢ JFNG-C07
50.6/
2 O * KZN2-C14
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Fig.6 Scatter series of the minimum M of the one norm, where OJ
denotes failure case

Table 4 gives the statistics of repairing success rate. All
cycle slips are repaired successfully in stations JENG and
XMIS. Two failed repairs occur in station KZN2 when the
satellite starts to emerge, with repairing rate 98.7 percent.
However, the cycle slips are all detected. Figure 6 shows the
scatter series of the minimum one norm M. It can be found
that the values M of the only two failed repairs are greater
than normal conditions. In addition, JENG C07 and XMIS
CO01 are also tested with the least sensitive slip combination
(1, 1, 1) added to the observations every six epochs. There

are one and two failed repairs, respectively, and the repairing
rates are 99.7 and 99.5% correspondingly.

The method proposed by Zhao et al. (2015) is analyzed.
All cycle slips (15, 15, 15) in JENG CO07 and (24, 23, 23)
in XMIS CO01 on triple-frequency data are fixed success-
fully. There are five groups of cycle slips in JENG C07 being
repaired erroneously, whereas two failed repairs are the same
as our method.

Real cycle slip tests

Ju et al. (2017) show that there are 32 groups real cycle slips
in the dual-frequency C03 observations of station REUN
over a period of 24 h for September 1, 2015. Most of these
cycle slips are (=1, 0), (0,+1) or+(1, 1), which is con-
venient to verify the reliability of our method. With triple-
frequency signals in this station, CO3 observations of REUN
are selected to analyze the performance of the new method.
Figure 7 shows the experimental results. It can be seen that
in the case of triple-frequency observations, 44 groups of
small slip combinations are all detected successfully by 6Y,
and 6Y,. Seven groups of insensitive slip combinations =+ (1,
1, 1) are detected by the GF linear combination using the
STPIR method, like linear combination &;;Y3} in the bot-
tom panel of the figure. All these real slip combinations are
repaired successfully. In the case of dual-frequency observa-
tions, it can be found that there are 32 groups of slip com-
binations on B1 and B2 observations, which are consistent
with the results reported in Ju et al. (2017). From the figure,
it can be seen that the values of 6Y, and §Y, are extremely
abnormal when cycle slips occur, which indicates that the
repairing results are reliable.
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Fig.7 Real cycle slip repairing results of the REUN CO03 observa-
tions. 6Y, (red) and 6Y, (green) are the two GFIF combinations, and

6HY;II(blue) is the GF carrier phase combination with coefficients
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Fig.8 Real cycle slip repairing results of the REUN CO03 observa-
tions using the method by Zhao et al. (2015). The mark indicates
that the cycle slips are repaired erroneously, where the value of
AN(2,-1,0) is equal to —1.35 and 1.66 at epochs 2550 and 2551,
respectively

The method proposed by Zhao et al. (2015) has been ana-
lyzed, and the partial repairing results are shown in Fig. 8.
There are 2 groups of cycle slips (—1,—1,—1)and (1, 1, 1)
in the REUN CO03 observations being repaired erroneously at
epochs 2550 and 2551, respectively, while the cycle slips do
not exist at those epochs. However, the two groups of cycle
slips do not pass the verification in our method because of
the rigorous validation rule. Consequently, the reliability of
our method is further tested.

Conclusions

We propose a new method to repair cycle slips of BDS tri-
ple-frequency undifferenced real-time observations under
ionospheric disturbance. In the detection step, since the
undetected slip combinations of the two GFIF combina-
tions are divided into two types, the detection problem can
be resolved appropriately. Using the estimated ionospheric
delay variation with data from the previous epoch to com-
pensate the linear combinations, the performance of cycle
slip detection and repair is enhanced. In the estimation step,
by directly rounding the two GFIF combinations with both
STDs of less than 0.13 cycles, the disadvantages of matrix
inversion can be avoided. In the real-data experiments with
simulated and real cycle slips, the results show that the
method can repair all kinds of cycle slips in real-time with
high reliability because of the rigorous validation rule. Sev-
eral failed repairs may occur with slip combinations + (1, 1,
1), but these cycle slips can be detected, and the minimum
of the one norm is greater than normal conditions. It should
be noted here that the noise STD values for pseudorange and

carrier phase are assumed constant in the proposed method,
which means that the application areas of the method may
be restricted in some cases.

Observation data processing is a system work. We just
develop a new method to repair the cycle slip. Many other
problems are not considered, such as receiver clock jump,
gross error, pseudorange-phase jump, and missing observa-
tions on some frequencies. The further work is to add other
algorithm modules and finally obtain reliable and clean data.
Meanwhile, other data such as high-dynamic airborne data
and simulated LEO observations can also be tested.

Acknowledgement IGS MGEX is gratefully acknowledged for provid-
ing BDS data. We express our sincere gratitude to anonymous review-
ers for helpful suggestions. The research was substantially funded by
National Natural Science Foundation of China (Grant Nos. 41674016,
41274016, 41604024).

References

Banville S, Langley R (2013) Mitigating the impact of ionospheric
cycle slips in GNSS observations. J Geod 87(2):179-193. https://
doi.org/10.1007/s00190-012-0604-1

Blewitt Geoffrey (1990) An automatic editing algorithm for GPS data.
Geophys Res Lett 17(3):199-202. https://doi.org/10.1029/GL017
1003p00199

Cai C, Liu Z, Xia P, Dai W (2013) Cycle slip detection and repair for
undifferenced GPS observations under high ionospheric activ-
ity. GPS Solut 17(2):247-260. https://doi.org/10.1007/s1029
1-012-0275-7

Cao X, Wang J (2014) Cycle-slip detection and repair using GPS triple-
frequency un-differenced observations. Geomat Inf Sci Wuhan
Univ 39(4):450-456

Dai Z, Knedlik S, Loffeld O (2009) Instantaneous triple-frequency
GPS cycle-slip detection and repair. Int J Navig Obs. https://doi.
org/10.1155/2009/407231

de Lacy MCD, Reguzzoni M, Sanso F (2012) Real-time cycle slip
detection in triple-frequency GNSS. GPS Solut 16(3):353-362

Hatch R (1982) The synergism of GPS code and carrier measure-
ments. In: Proceedings of 3rd international symposium on satel-
lite doppler positioning, New Mexico, vol 1, 812 Feb 1982, pp
1213-1231

Huang L, Song L, Wang Y, Zhi S (2012) BeiDou triple-frequency
geometry-free phase combination for cycle-slip detection and cor-
rection. Acta Geodaetica Cartogr Sin 41(5):763-768

Huang L, Zhai G, Ouyang Y, Xu G, Li K, Huang X, Fan L (2015)
Ionospheric cycle slip processing in triple-frequency GNSS. Acta
Geodaetica Cartogr Sin 44(7):717-725

Ji S, Chen W, Weng D, Wang Z, Ding X (2013) A study on cycle slip
detection and correction in case of ionospheric scintillation. Adv
Space Res 51(5):742-753

Ju B, Gu D, Chang X, Herring TA, Duan X (2017) Enhanced cycle slip
detection method for dual-frequency BeiDou GEO carrier phase
observations. GPS Solut 21(3):1227-1238

Li B, Feng Y, Shen Y (2010) Three carrier ambiguity resolution:
distance-independent performance demonstrated using semi-
generated triple frequency GPS signals. GPS Solut 14(2):177-184

LiJ, Yang Y, Xu J, He H, Guo H (2011) Real-time cycle-slip detec-
tion and repair based on code-phase combinations for GNSS

@ Springer


https://doi.org/10.1007/s00190-012-0604-1
https://doi.org/10.1007/s00190-012-0604-1
https://doi.org/10.1029/GL017i003p00199
https://doi.org/10.1029/GL017i003p00199
https://doi.org/10.1007/s10291-012-0275-7
https://doi.org/10.1007/s10291-012-0275-7
https://doi.org/10.1155/2009/407231
https://doi.org/10.1155/2009/407231

62 Page120f13

GPS Solutions (2018) 22:62

triple-frequency un-differenced observations. Acta Geodaetica
Cartogr Sin 40(6):717-729

LiuZ (2011) A new automated cycle slip detection and repair method
for a single dual-frequency GPS receiver. J Geod 85(3):171-183.
https://doi.org/10.1007/s00190-010-0426-y

Liu Z, Chen W (2009) Study of the ionospheric TEC rate in Hong Kong
region and its GPS/GNSS application. In: Proceedings of the inter-
national technical meeting on GNSS global navigation satellite
system—innovation and application, Beijing, China, pp 129-137

Wang Y, Feng Y, Zheng F (2016) Geometry-free stochastic analysis of
BDS triple frequency signals. In: Proceedings of ION ITM 2016,
Institute of Navigation, Monterey, California, USA, January 25-28,
pp 956-969

Wanninger L, Beer S (2015) BeiDou satellite-induced code pseudorange
variations: diagnosis and therapy. GPS Solut 19(4):639-648. https
://doi.org/10.1007/s10291-014-0423-3

Xiao G, Mayer M, Heck B, Sui L, Zeng T, Zhao D (2018) Improved
time-differenced cycle slip detect and repair for GNSS undiffer-
enced observations. GPS Solut. https://doi.org/10.1007/s1029
1-017-0677-7

Yao Y, Gao J, Wang J, Hu H, Li Z (2014) Real-time cycle-slip detection
and repair for compass triple-frequency carrier phase observations.
J China Univ Min Technol 43(6):1140-1148

Zhang X, Li X (2012) Instantaneous re-initialization in real-time kin-
ematic PPP with cycle slip fixing. GPS Solut 16(3):315-327. https
://doi.org/10.1007/s10291-011-0233-9

Zhang X, Li P (2016) Benefits of the third frequency signal on cycle
slip correction. GPS Solut 20(3):451-460. https://doi.org/10.1007/
$10291-015-0456-2

Zhao Q, Sun B, Dai Z, Hu Z, Shi C, Liu J (2015) Real-time detection and
repair of cycle slips in triple-frequency GNSS measurements. GPS
Solut 19(3):381-391. https://doi.org/10.1007/s10291-014-0396-2

Tian Zeng is currently a doctoral
student at the Zhengzhou Insti-
tute of Surveying and Mapping.
He received his B.Sc. degree
from the Zhengzhou Institute of
Surveying and Mapping in 2014.
His main research focuses on
GNSS precise orbit determina-
tion and precise positioning.

Lifen Sui is a professor at the
Zhengzhou Institute of Survey-
ing and Mapping. She received
her Ph.D. degree in Zhengzhou
Institute of Surveying and Map-
ping in 2001. Her current
research interests are GNSS pre-
cise attitude determination and
nonlinear filter algorithm
theory.

@ Springer

Yangyin Xu is currently a doctoral
student at the Zhengzhou Insti-
tute of Surveying and Mapping.
The focus of his current research
is on GNSS precise relative
positioning.

Xiaolin Jia is aresearcher at Xi’an
Research Institute of Surveying
and Mapping. He received his
Ph.D. degree in Zhengzhou Insti-
tute of Surveying and Mapping
in 2001. His research interests
include GNSS precise orbit
determination, GNSS monitor-
ing, and evaluation algorithms.

Guorui Xiao is currently a Ph.D.
candidate at Geodetic Institute,
Karlsruhe Institute of Technol-
ogy (KIT). He received his B.Sc.
degree from the School of Geod-
esy and Geomatics in Wuhan
University in 2011. His current
research focuses on multi-fre-
quency and multi-constellation
GNSS precise positioning and
applications.

Yuan Tian is currently a master
student at the Zhengzhou Insti-
tute of Surveying and Mapping.
His current main research
focuses on the algorithm of
GNSS/INS completely inte-
grated system.


https://doi.org/10.1007/s00190-010-0426-y
https://doi.org/10.1007/s10291-014-0423-3
https://doi.org/10.1007/s10291-014-0423-3
https://doi.org/10.1007/s10291-017-0677-7
https://doi.org/10.1007/s10291-017-0677-7
https://doi.org/10.1007/s10291-011-0233-9
https://doi.org/10.1007/s10291-011-0233-9
https://doi.org/10.1007/s10291-015-0456-2
https://doi.org/10.1007/s10291-015-0456-2
https://doi.org/10.1007/s10291-014-0396-2

GPS Solutions (2018) 22:62

Page 130f 13 62

Qinghua Zhang is currently a
lecturer at the PLA Army Engi-
neering University. His current
research interests are GNSS
monitoring and evaluation.

@ Springer



	Real-time triple-frequency cycle slip detection and repair method under ionospheric disturbance validated with BDS data
	Abstract
	Introduction
	Cycle slip detection
	First detection combination
	Second detection combination
	Third detection combination
	Estimation of ionospheric delay variation
	Detection of the first class (I) of undetected slip combinations
	Detection of the second class (II) of undetected slip combinations


	Methodology for cycle slip repair
	Cycle slip estimation
	Cycle slip validation
	Particular slip combinations repair

	Experimental results and analysis
	Noise level of combinations
	Simulated cycle slip tests
	Repairing with 13 groups of random slip combinations
	Repairing particular slip combinations

	Real cycle slip tests

	Conclusions
	Acknowledgement 
	References




