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ABSTRACT Theoretically, five-frequency observations can form combined observations with longer
wavelength, smaller ionospheric delay and smaller noise, which may improve the performance of cycle slip
detection and repair. Four geometry-free phase combinations and one geometry-free phase and pseudorange
combination are formed to detect and repair the cycle slips in real time. Firstly, the high-quality geometry-
free phase combinations of three, four and five frequencies are discussed, then the optimal five-frequency
geometry-free phase combinations are selected to detect the cycle slips. Secondly, one geometry-free phase
and pseudorange combination which is linearly independent with the above four phase combinations is added
to ensure that all the cycle slips can be detected. Thirdly, a real-time cycle slip repair algorithm based on the
LAMBDA search method is deduced. The five-frequency real-time cycle slip detection and repair method
has been tested by using BDS-3 undifferenced data, even under the condition of active ionospheric and low
sampling interval. The results showed that the proposed method is capable of detecting and repairing all the
simulated cycle slips on the five carriers in real time.

INDEX TERMS Cycle slip detection and repair, BDS-3, five-frequency, geometry-free phase combination,

geometry-free phase and pseudorange combination.

I. INTRODUCTION

The phenomenon of cycle slip inevitably occurs because
of the temporary failure of lock in the GNSS receiver car-
rier tracking loop, low signal-to-noise ratio, active iono-
sphere or high receiver dynamics. Whatever the reason for
the cycle slips, such undesirable discontinuities should be
detected and repaired before the carrier phase observations
are used in GNSS high-precision positioning applications,
such as precise point positioning and real-time kinematic
positioning [1], [2].

Cycle slip detection and repair is an indispensable part of
GNSS data processing. Accordingly, there are many methods
to detect and repair the cycle slips in the past few decades. The
Turbo Edit method is widely used to detect the cycle slips and
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it essentially combines the geometry-free (GF) combination
and HMW combination [3]. The Turbo Edit method has
been applied in many famous softwares, such as PANDA
and Bernese [4], [5]. But it cannot repair the cycle slips and
could be insensitive in case of active ionospheric or large
pseudorange noise. Therefore, some studies have improved
the Turbo Edit method. Liu [6] replaced the GF combina-
tion with the ionospheric total electron content rate (TECR)
to detect the cycle slips, but the method should be used
under the condition of 1 Hz or even higher sampling rate.
Cai et al. [7] presented a forward and backward moving win-
dow averaging (FBMWA) method integrated with the second-
order time-differenced phase ionospheric residual (STPIR)
method based on the Turbo Edit method. However, it cannot
be used to detect the cycle slips in real time. In addition,
De Lacy et al. [8] proposed a cycle slip detection method
based on the Bayesian theory, while it is constrained by high
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sampling rate. The integration method of GNSS and INS
data is also used for cycle slip detection [9], while the cost
of the INS system greatly constrains its feasibility in many
applications. Banville and Langley [10] presented a cycle slip
detection algorithm based on the geometry-based (GB) model
and tested its performance under the condition of different
ionospheric. Li et al. [11] proposed a undifferenced cycle slip
repair method based on the GB model for real-time precise
point positioning (PPP). Li er al. [12] further presented a
geometry-based ionospheric-weighted (GBIW) approach to
repair the cycle slips for multi-GNSS and multi-frequency
observations under the condition of active ionospheric and
data gaps.

Along with the availability of multi-frequency signals
of GNSS systems, a new upsurge is aroused for triple-
frequency cycle slip detection and repair method. In the-
ory, triple-frequency signals can be capable of improv-
ing the ability to detect the cycle slips [13]. Zhang and
Li [14] also verified the performance of triple-frequency
cycle slip detection can be significantly improved than dual-
frequency. Dai et al. [15] presented an integration method
of two geometry-free phase combinations and the classical
LAMBDA method to detect and repair the cycle slips, while
it cannot detect some insensitive cycle slips. Huang et al.
[16] applied two geometry-free phase combinations and one
geometry-free phase and pseudorange combination to detect
and repair the cycle slips. However, the mentioned methods
are not necessarily effective under the condition of active
ionospheric and large sampling interval. Chang et al. [17]
applied adaptive kalman filter based on variance component
estimation to predict the ionospheric delays and aid the cycle
slip repair for GNSS triple-frequency signals. Zhao et al.
[18] and Li et al. [19] took the ionospheric delays between
epochs into consideration in narrow-lane cycle slip identi-
fication. However, five frequencies are currently available,
covering the B1C (1575.420 MHz), B1I (1561.098 MHz),
B3I (1268.520 MHz), B2b (1207.140 MHz) and B2a
(1176.450 MHz) signals of BeiDou navigation satellite
system (BDS-3) and El1 (1575.420 MHz), ESa (1176.450
MHz), E5b (1207.140 MHz), ES (1191.795 MHz) and E6
(1278.750 MHz) of the Galileo. It has been verified that
the increasement of frequencies can exert greater advan-
tages. Zhang et al. [20] verified that the four frequencies
can improve the success rate of ambiguity resolution. Both
Li et al [21] and Jin and Su [22] find that the four fre-
quencies can benefit the high-precision positioning, such as
RTK and PPP. But the multi-frequency cycle slip detection
is an important prerequisite for their work. In addition,
the five-frequency combination observations can form com-
bined observations with longer wavelength, smaller iono-
spheric delay and smaller noise, which may improve the
performance of cycle slip detection. It is valuable to dis-
cuss the performance of cycle slip detection with five fre-
quencies, while few scholars have studied the method and
advantage of the BDS-3 five-frequency cycle slip detection
and repair.
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In this contribution, we will propose a real-time cycle slip
detection and repair method for BDS-3 five-frequency data.
The rest of the paper is organized as follows, in Section II,
the geometry-free phase combination theory is presented.
Meanwhile, we discuss the high-quality geometry-free phase
combinations of three, four and five frequencies, select four
joint geometry-free phase combinations which have lower
noise and lower ionospheric effect in Section III. Then, one
geometry-free phase and pseudorange combination is added
and the detection sensitivity with different pseudorange noise
is discussed in Section IV. In addition, a real-time cycle slip
repair method based on the LAMBDA search algorithm is
presented in Section V. Further, the performance of the real-
time cycle slip detection and repair method is investigated
under different situations in Section VI. Finally, the conclu-
sions are drawn in Section VIIL.

II. CYCLE SLIP DETECTION USING FIVE-FREQUENCY
GEOMETRY-FREE PHASE COMBINATIONS

The carrier phase and code observation at epoch #y can be
expressed as

P;(to) = p (to) + 1 (o) — 1° (to) + &, (to) + T (o)
+6:1, (o) + ep; (t0) (1)

Ligi (to) = p (t0) + t (t0) — t° (t0) + g7, (to) + T (to)

+AiN; (to) — Aty (to) + £¢; (t0) )
with
It
0 ="L 3)
sz
h
Ui =" (4)
fi
where the superscript s denotes the satellite, and the sub-
scripts r and i (i = 1, 2, 3, 4, 5) denote the receiver and

frequency, respectively; P, A and ¢ denote code observa-
tion, carrier phase wavelength and carrier phase observa-
tion, respectively; p denotes the range between the receiver
and satellite; 7, and #° denote the receiver and satellite
clock errors, respectively; é’rs’i and gf)i denote the code
and phase hardware delays, respectively; Ii and I; denote
the ionospheric delays scaled to meters and cycles on the
B1C signal. 6;,%;, ep, and &y, denote the respective iono-
spheric delays amplification factors, code and phase obser-
vation noises, respectively; T, N and f denote the tro-
posphere delays, integer ambiguity and signal frequency,
respectively.

Based on the multi-frequency combination observations
theory, assuming that the coefficients «, B,y, § and ¢ satisfy
the condition @ + 8 4+ y + 6 + ¢ = 0, the five-frequency
geometry-free phase combination observation at epoch fy can

VOLUME 9, 2021



H. Yuan et al.: Real-Time Cycle Slip Detection and Repair Method for BDS-3 Five-Frequency Data

IEEE Access

be expressed as

arigy (o) + Braga (fo) + vy 233 (fo) + SAap4 (1)
+¢As05 (10)
= —nly (to) + ar 1Ny (to) + BAraN2 (to) + ¥ A3N3 (to)

+3844N4 (f0) + ¢ AsNs (10) + < (10) + € (fo) 5
with
0= s + ﬁ)}jﬂ n Vj::fl n 5?;}”1 N U}szl ©)
s (to) = ag, | (to) + s, 5 (to) + v s} 5 (t0)
+386; 4 (1) + ¢ 67 5 (10) (7
& (o) = ahie; (fo) + Braez (fo) + v Ases (f)
+0A4e4 (to) + L Ases (fo) 3

where 1 represents the ionospheric delays amplification fac-
tor of the geometry-free phase combination; ¢ and & denote
the hardware delays and the noises of the combination obser-
vation.

Hence, the combination observation is only affected by the
ionospheric delays, equipment delays and noises. Assuming
that a cycle slip group (AN1, AN>, AN3, AN4, ANs), where
AN; denotes the cycle slip value on the ¢; signal, occurs. Dif-
ferencing Eq. (5) between adjacent epochs, the combination
observation equation can be deduced as follows

ariA@r + B2 Ay + Y A3A@3 + A4 A4 + EAsAgs
= —nAl1 + ar ANy + BA2 ANy + Y A3AN3 + A4 ANy
+¢AsANs+Ac+Ae )

Because the equipment delays usually vary slowly with
time, the equipment delay Ag¢ is small enough to be ignored
compared with the combination observation noise. Therefore,
Eq. (9) is only affected by the ionospheric delays —n Al and
noises Ag. Since the ionospheric delays and noises depend on
the coefficients «, 8, y, 6 and ¢. One optimal detection com-
bination should reduce the ionospheric delays and noises as
much as possible. Hence, the coefficients should be selected
such that ai |+ BAsf1 /fo+y Axf1/f3+8Aaf1 [fa+ CAsfi/fs —
0 and (@A1)*+(BA2)*+(yA3)*+(814)*+(s 15)* — 0. Under
the condition of quite ionosphere or high sampling rate,
the value of Al is small. When the 7 is also small enough,
the n Al can be ignored.

Assuming that the carrier phase observations have the iden-
tical standard deviation oy, the standard deviation of Eq. (9)
is expressed as

Oapyst

= ﬁ\/(ax1>2+<m2>2+<yx3>2+(6A4)2+(;A5)20¢ (10)

Because oypys; is generally supposed to be a normal dis-
tribution, we can take Eq. (11) to judge whether a cycle slip
occurs

leA 1 Apy + BA2A@r + Yy A3 A@3 + SAaApy + L A5 Ags]
= UOuByse (11)
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To further improve the reliability, we can take u = 4
(99.9 % confidence level) as the threshold coefficient to judge
whether a cycle slip occurs. When the condition Eq. (11)
is satisfied at the current epoch, it can be concluded that a
certain cycle slip has occurred.

Ill. SELECTION OF OPTIMAL FIVE-FREQUENCY
GEOMETRY-FREE PHASE COMBINATIONS

According to the preceding discussion, a typical geometry-
free phase combination observation may highly be affected
by ionospheric delays and noises. Therefore, an ideal
geometry-free phase detection combination should satisfy the
following conditions in order to have a higher sensitivity for
cycle slip detection.

at+p+y+8+¢=0

Brofi  yAafi Shafi | CAshi

P * f * Ja f5 )
min((@r1)>4+(B42)>4+(y 23)*+(81a)*+(C 15)P)  (12)

min(aA; +

It should be emphasized that the larger the coefficients
a, B,y,8 and ¢ are, the larger the value pogygys; and the
combination noises. When the value o4g,s; is too large for
some combinations, certainly the small cycle slips cannot be
detected. Hence, the values of the coefficients «, 8, y, § and
¢ are searched within the range of —5 to 5 in order to reduce
the combination noises.

Obviously, there are infinite selections for geometry-free
phase combination depending on the different values of com-
bination coefficients. Hence, the optimal combinations can be
selected according to certain conditions such that the lower
ionospheric delays and lower combination noises can be
obtained. In order to analyze the theoretical optimal combina-
tion, we can further compare the properties of different com-
bination observations. BDS-3 three frequencies usually refer
to B1C, B3I and B2a signals; four frequencies usually refer
to B1C, B1I, B3I and B2a signals [23], [24]. The cycle slip
detection is mainly affected by ionospheric delays, we further
define the high-quality combinations which satisfy the condi-
tions of ionospheric delays amplification factor |n| < 0.1 and
the combination observation noises o < 0.05. At this time, the
ionospheric delays and combination observation noises are
reduced to a great extent. Some similar definitions can also
be found in [25], [26]. According to the statistics, the total
number of high-quality combinations with three, four and
five frequencies which satisfy the above conditions are 14,
154 and 1438, respectively. It can be clearly found that the
more frequencies, the more numbers of high-quality combi-
nations. Therefore, there are more high-quality combinations
to select for the cycle slip detection with the increasement of
frequencies.

Table 1 lists the optimal high-quality geometry-free phase
combination of three, four and five frequencies, which has
the smallest ionospheric delays amplification factor or noises.
It is clearly that the optimal high-quality geometry-free phase
combination has a small ionospheric delays amplification
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TABLE 1. The best high-quality geometry-free phase combinations of BDS-3 three, four and five frequencies.

BIC BII B3I B2b B2a n o
Three- 1 / 3 / 2 -0.0077 0.0126
frequency 0 / 1 / -1 -0.0477 0.0049
Four- 1 2 3 / 2 0.0007 0.0138
frequency | -1 0 / 0 -0.0035 0.0038
Five- 4 5 1 5 -5 0.00002 0.0307
frequency | -1 0 0 0 -0.0035 0.0038
TABLE 2. BDS-3 five-frequency geometry-free phase combinations.
[(X, .8: Y, 5: {] n O-aﬁyS( < 40aﬁy6{
[4,-5,1,5,-5] -0.00002 0.0307 191
[1,-1,1,-3,2] 0.0001 0.0137 206
[4,4,1,-2,1] 0.0006 0.0175 330
[-3,2,4,-2,-1] 0.0013 0.0183 186
[2,-1,-4,2,1] 0.0022 0.0167 178
[3,-2,-3,-1,3] 0.0024 0.0180 199
[3,-3,-1,2,-1] 0.0030 0.0143 194
[1,-2,1,1,-1] 0.0791 0.0086 201

factor and noises, which is beneficial to improve the cycle
slip detection performance. In addition, the five-frequency
high-quality combination has the smallest ionospheric delays
amplification factor and noises. Therefore, the cycle slip
detection performance should be better with the increase-
ment of frequencies. The five-frequency geometry-free phase
combinations should be better than the commonly used dual,
three and four-frequency combinations in terms of cycle
slip detection capability and the impact of ionospheric delay
reduction.

However, the cycle slip detection methods based on combi-
nation observation all have the insensitive cycle slip groups.
When the size of cycle slips on the five signals are approxi-
mately proportional to the combination coefficients, the com-
bination observation differencing value is close to 0, which
is difficult to detect. Assuming that a cycle slip group
(ANj7, AN>, AN3, AN4, AN5) occurs in a certain epoch,
the differencing value of geometry-free combination observa-
tionis @A AN+ BA AN2+yY A3 AN3+S5A4 ANg+E A5 ANs|.
We can take Eq. (13) to judge the insensitive cycle slip
group.

led ANy + BA2AN2 + yA3AN3 + A4 ANy + $AsANs|
< doggyse  (13)

Some five-frequency combination observations may have
smaller noise, but they can detect the cycle slips only occur
on two, three or four signals. Since they cannot detect the
cycle slips that only occur on the other signals, the number
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of the insensitive cycle slip groups is larger than that of
other combinations. For example, the number of the insen-
sitive cycle slip groups of combination [1, —1, 0, 0, 0] is
1295 within the range of (0, 0, 0, 0, 1) to (5, 5, 5, 5, 5),
but the combination [4, —5, 1, 5, —5] is only 191. In this
case, the inequality ¢y 8¢ # 0 should be enforced to get
a five-frequency cycle slip detection combination in order
to reduce the insensitive cycle slip groups. With the o, =
0.01 cycles and . = 4 assumed, the BDS-3 geometry-free
phase combinations are given in Table 2. The number of the
insensitive cycle slip groups of every combination is counted
within the range of (0, 0,0, 0, 1) to (5, 5, 5, 5, 5) and shown
as the fourth column in Table 2.

Table 2 shows that the noises of all the combinations are
less than 0.04 cycles, which is much smaller than 1 cycle.
Therefore, the small cycle slips can be detected by every
combination given in the Table 2. It is clearly that every com-
bination inevitably has some insensitive cycle slip groups,
but different combination has different insensitive cycle slip
groups. Hence, four combinations are applied to detect the
cycle slips in order to reduce the insensitive cycle slip groups.
Any four combinations in Table 2 are selected to yield the
joint combinations, which have no cycle slip groups within
the range of (0, 0, 0, 0, 1) to (50, 50, 50, 50, 50) and lower
ionospheric delays as shown in Table 3.

All the cycle slips within the range of (0, 0, 0, 0, 1) to (50,
50, 50, 50, 50) cycles can be detected by all the joint combina-
tions in Table 3. We finally select joint combinations [4, —3,
1,5, -5]11,-2,1,1,—-1][1,—-1,1,-3,2] [-4,4,1, -2, 1] to
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TABLE 3. Joint combinations for the cycle slip detection and the number of insensitive cycle slip groups.

Joint combinations <50
4,-5,1,5,-5] [1,-2,1,1,-1] [1,-1,1,-3, 2] [-4,4,1,-2,1] 0
[4,-5,1,5,-5][1,-2, 1,1, -1][1, -1, 1,-3, 2] [-3, 2, 4, -2, -1] 0
[4,-5,1,5,-5][1,-2,1,1,-1][-4,4,1,-2, 1] [-3, 2,4, -2, -1] 0
[4,-5,1,5,-5][1,-2,1,1,-1][1, -1, 1,-3,2] [2,-1, -4, 2, 1] 0
[4,-5,1,5,-5]111,-2, 1,1, -1][1, -1, 1,-3, 2] [3, -2, -3, -1, 3] 0
[4,-5,1,5,-5][1,-2,1,1,-1][-4,4,1,-2, 1] [2,-1,-4,2, 1] 0
[4,-5,1,5,-5]11,-2,1,1,-1][1, -1, 1,-3,2] [3, -3, -1, 2, -1] 0
[4,-5,1,5,-5][1,-2,1,1,-1]1[-4,4,1,-2,1][3,-3,-1,2, -1] 0
[4,-5,1,5,-5]1[1,-2,1,1,-1]1[-3,2,4,-2,-1][2,-1,-4,2, 1] 0
[4,-5,1,5,-5][1,-2,1,1,-1][-3,2,4,-2,-1] [3, -2, -3, -1, 3] 0
[4,-5,1,5,-5][1,-2,1,1,-1][-3,2,4,-2,-1] [3, -3, -1, 2, -1] 0
[4,-5,1,5,-5][1,-2,1,1,-1][2, -1, -4, 2, 1] [3, -2, -3, -1, 3] 0
[4,-5,1,5,-5][1,-2,1,1,-1][2,-1,-4,2, 1][3,-3, -1, 2, -1] 0

detect the cycle slips for five-frequency data, which have the
smallest ionospheric delays among all the joint combinations.
In addition, the ionospheric delays amplification factor n of
the combination [4, —5, 1, —5, 5] is —0.00002, which is
almost equal to ionospheric-free (IF) combination. Therefore,
the combination can be capable of detecting the cycle slips in
ionospheric active cases. Since the five-frequency geometry-
free phase combination is capable of forming up to four
linear independent combinations, a five-frequency geometry-
free phase and pseudorange combination should be added
to detect the cycle slips and form five linear independent
combinations.

IV. CYCLE SLIP DETECTION USING FIVE-FREQUENCY
GEOMETRY-FREE PHASE AND PSEUDORANGE
COMBINATION

According to the theory of multi-frequency combination
observations, the five-frequency geometry-free phase and
pseudorange combination observations can be expressed as
follows

Papede = aP1+bPy + cP3 + dP4 + ePs
o+ nabcdell/ +T+4—1%+ Eabede + Eabede
(14)

Aijkmn@ijkmn = Aijlann (91 + jo2 + k@3 + mo4 + nes)
=p+ )\ijkmnNijkmn - nijkmn)”ijkmnll + T+tr_ts

~+Sijkmn + Eijkmn (15)
with
éabcde = 6155,1 + bé}iz + CE;«YQ + dff,4 + es;j (16)
Eabede = agp, + bep, + cepy + dep, + eepy (17)
Gijkmn = igrs)l +j§5,2 + kS‘rS,3 + mgrs,4 + ngf,ﬁ (18)
Eijkmn = 8¢ + jEg, T kEgy + meg, + neys (19)

where a,b,c,d and e denote code combination coeffi-
cients (a,b,c,d,eeR,a + b + ¢ + d + ¢ = 1),
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i,j,k,m and n denote carrier phase combination coeffi-
cients (i, j, k, m, neZ). Then, differencing the carrier phase
and pseudorange combination observation, which can be
expressed as follows

Paped
DB _ ey + ¢

Nijkmn = Qijkmn — (20

ijkmn
where Njjiun refers to the combination observation integer
ambiguity, x and ¢ denote the ionospheric delays amplifica-
tion factor and combination observation noises, respectively.
Then, differencing Eq. (20) between adjacent epochs, which
is deduced as follows

ANijkmn = Nijtamn (£1) — Nijkmn (f0)
AP ,
= A@jimn — —2€ _kAl+Ae (21)
ijkmn

Since the equipment delay usually varies slowly within
a short time, the equipment delay is small enough to be
ignored compared with the combination observation noises.
The cycle slip detection is mainly affected by x Al; and the
value of Al is small under the condition of quite ionosphere
or high sampling rate. The n Al can further be ignored with
a smaller ionospheric delay amplification factor 1. Assum-
ing that o, and op are the carrier phase and pseudorange
noises, respectively. The noise oany,, of Eq. (21) can be
expressed as (22), shown at the bottom of the next page.

Similarly, we can define 4oany,, to justify the occur-
rence of the cycle slips. The smaller the noise oany,,
the higher the detection sensitivity can be obtained. To min-
imize oaNy,,. the value of @+ b* + 2 + d* + ¢ should
be decreased, while the value of Ajjyu, should be increased.
Therefore, we set a = b = ¢ = d = e = 1/5
to minimize the pseudorange noise with the relation a®> +
P+t +d*+ eZEWE S(abcde)%. In addition,
the geometry-free phase and pseudorange combination must
be linear independent with the above four geometry-free
phase combinations. Accordingly, all the cycle slips can be
detected by using the five combinations. In order to further
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TABLE 4. BDS-3 five-frequency geometry-free phase and pseudorange combinations.

li,j, k ] 1 UANijkmn
i,j,kkmn i K
J Ylamn op =03m op =1.0m op =3.0m
[-2,2,2,-5, 3] 146.5261 -0.0209 0.0959 0.0960 0.0968
[1,-1,-1,3,-2] 20.9323 -0.0068 0.0573 0.0641 0.1068
[1,-1,1,-3, 2] 20.9323 0.0452 0.0573 0.0641 0.1068
[-1,1,1,-2, 1] 18.3158 -0.0277 0.0413 0.0528 0.1110
[1,-1,-1,4,-3] 6.6603 -0.0412 0.0801 0.1209 0.2945
[1,-1,0,1,-1] 6.6603 -0.0152 0.0401 0.0991 0.2863
[1,-1,1,-2, 1] 6.6603 0.0108 0.0491 0.1030 0.2877
[-1,1,2,-4, 2] 6.3707 -0.0361 0.0780 0.1227 0.3064
compare the detection sensitivity with the different pseu- coefficients of the geometry-free carrier phase combina-
dorange noise, the conditions of o, = 0.01 cycles and tions, (i,], k, m,n) and ( k;{fnn, /\;kfm, )‘i;kfnn’ A;{in, )\i;k)enn
op = 03m,1.0m and 3.0 m are discussed. Some opti- the phase combination and pseudorange combination coef-

mal geometry-free phase and pseudorange combinations are
selected and listed in Table 4.

Table 4 suggests that all the five-frequency geometry-free
phase and pseudorange combinations have an extra-wide lane
and their noises are smaller than 0.1 cycles when op =
0.3 m. But the detection sensitivity of every combination is
different with the different pseudorange noise. The combi-
nation [—2, 2, 2, —5, 3] has the longest wavelength and the
best ability to resist pseudorange noise, which is reflected in
the smallest variation of oany,,, under the different noises.
In addition, the « of all the combinations is smaller than
0.05, which can considerably reduce the influence of the
ionospheric delays. For example, when the ionospheric delay
variation between epochs is less than 0.65 m, and then its
effect to the combination [1, -1, 0, 1, -1] is smaller than 0.01
cycles (0.65 x 0.0152 < 0.01).

V. METHODOLOGY OF REAL-TIME CYCLE SLIP REPAIR
When a cycle slip is detected at a certain epoch, the cycle slip
value should be calculated. The floating value of the cycle
slip can be computed as follows

AX =L (23)
with

air1 Birz viAz S1d4 G1As
arr1 P2 A3z Sd4 DoAs
A= |a3r1 B3r2  v3A3 83h4 §3As 24
a4kl Paro yads  S4ha Lahs
i j k m n

X=[AN, AN, AN; ANy ANs] (25

where, [y, and [p; refer to the raw phase and pseudor-
ange observations, respectively. («;, Bi, ¥i,0i, ¢i) denote the

ficients of the geometry-free phase and pseudorange com-
bination, respectively. The covariance matrix Q of L can be
expressed as

0 = BQyB” (27)
with

Qo = diag (qg,» 4¢y9g3+ Ggs> des» GPy» APy» GPs+ GPy» GPs)
(28)

where g, and gp; denote the variance of phase and pseudo-
range observation, respectively. Assuming that o, = 0.01
cycles and op = 0.3 m, the least squares estimate for X can
be expressed as

X = (ATPA)A ATpL,P = Q! (29)

Since the matrix A is non-singular, this estimation can also
be written as

X=A"1L (30)

After the cycle slip floating value is calculated by Eq. (30),
we can get the cycle slip value by rounding directly, but the
cycle slip value may not be correct because of the influence
of the observation noise and the condition number of the
coefficient matrix A, which could be ill-conditioned in the
processing of matrix inversion. Considering these disadvan-
tages, we have to take the following steps.

Firstly, we should select the proper geometry-free phase
and pseudorange combination from the table 4 in order to
make the condition number of the matrix A as small as pos-
sible. Therefore, we finally select the detection combination
[1, —1, 0, 1, —1], which has the smallest condition num-
ber value 407.58. Meanwhile, it has the smaller ionospheric
delays amplification factor and combination noise.
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TABLE 5. The size and the location of the insensitive cycle slip groups of every combination.

The location of cycle

The insensitive cycle slip

No. Detection combination .
slip/epoch groups
1 [4,-5,1,5,-5] 2000 0,0,0,1,1)
2 [1,-2,1,1,-1] 4000 0,0,1,1,2)
3 [1,-1,1,-3,2] 6000 0,1,3,2,2)
4 [4,4,1,-2,1] 8000 (1,1,1,2,3)
5 [1,-1,0,1,-1] 10000 2,2,2,2,2)

Secondly, we can further use a more reliable algorithm, and
such search method like LAMBDA is used to get the correct
cycle slip groups on the original five carrier phase observa-
tions [27]. The optimization of LAMBDA search satisfies the
following condition

min((z—2)" 0! (¢ - 2) 31)

with

2=2"X, :=2"X, 0:=2"0;Z (32)

where Z is the so-called Z-transformation matrix and Q; is
covariance matrix after transformation.

Thirdly, the equation (31) maybe does not guarantee the
correct cycle slip have been found. But the correct cycle slip
correction X must satisfy the condition as follows

min(VT PV) (33)

where V. = AX — L. If the cycle slip correction X is not
correct, then V will be much larger and vTpv # min. Hence,
the correct cycle slip can be obtained from the condition (33).
In addition, after the raw carrier phase data are corrected by
the correct cycle slip values, the differencing values of all
the five detection combinations will not exceed the corre-
sponding detection threshold, which can further guarantee the
correct cycle slips have been found.

VI. DATA TEST AND ANALYSIS

A. EXPERIMENT ONE

The four geometry-free phase joint combinations [4, -5, 1,
5, =5111, =2,1,1, —1][1, =1, 1, =3, 2] [-4, 4, 1, =2, 1]
and one geometry-free phase and pseudorange combination
[1, —1, 0, 1, —1] are selected to detect and repair the cycle

slips, which are marked as Nos. 1, 2, 3, 4 and 5, respectively.
The experiment selects BDS-3 five-frequency observation
data of a station on the roof of a building, November 14,
2020, as an example and the data sampling interval is 1 s.
Since the BDS-3 GEO satellites do not have five-frequency
signals, we select the satellites C20 (MEO) and C39 (IGSO).
Simulated typical insensitive cycle slip groups are added to
the raw five-frequency data of the two satellites in order to
verify the effectiveness of the cycle slip detection method.
The value and location of every combination insensitive cycle
slip group is listed in Table 5.

Figure 1 and Figure 2 depict the differencing value of
the satellites C20 and C39 cycle slip detection combinations
when no cycle slip occurs. The upper and lower red lines
indicate the detection threshold of the corresponding combi-
nations. It can be found that the differencing value is a curve
that varies within a certain range and has not exceeded the
cycle slip detection threshold, which indicates no cycle slip
occurs. In addition, the fluctuation range of the geometry-
free phase combinations after differencing is £0.03 cycles,
which is smaller than that of the geometry-free phase and
pseudorange combination (£0.04 cycles).

Figure 3 and Figure 4 illustrate the differencing value of
the satellites C20 and C39 cycle slip detection combinations
when insensitive cycle slip occurs, respectively. It can be
found that the differencing value will obviously varies and
exceeds the cycle slip detection threshold when an insensitive
cycle slip group is added to a certain epoch, which indicates
the cycle slip occurs in this epoch. In addition, the insensitive
cycle slip group (0, 0, 0, 1, 1) cannot be detected by com-
bination 1, 2, 5, but the other combinations can detect the
cycle slip. The cycle slip group (0, 0, 1, 1, 2) is insensitive
to detect by using combination 2, but the other combinations

l‘/’l
L,
aidi Pirda yidz Sika GiAs 0 0 0 0 0 Ly,
arh1 Pora y2A3 S2h4 Lods 0 0 0 0 0 Lo,
L | @M B oy &ha Gks 0 0 0 0 0 Lps (26)
oaari Para yaks Saka Gaks 0 0 0 0 0 Ip,
. —a —b —c —d —e lp
i Jj k m n 2
)\ijkmn )Vijkmn )\ijkmn )\ijkmn )\ijkmn lP3
B lpy
| lps |
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FIGURE 1. Differencing value of the cycle slip detection combinations for
the satellite C20 when no cycle slip occurs. The panels from top to bottom
denote the combinations Nos. 1, 2, 3, 4 and 5, respectively.
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FIGURE 2. Differencing value of the cycle slip detection combinations for
the satellite C39 when no cycle slip occurs. The panels from top to bottom
denote the combinations Nos. 1, 2, 3, 4 and 5, respectively.
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FIGURE 3. Differencing value of the cycle slip detection combinations for
the satellite C20 when insensitive cycle slip occurs. The panels from top
to bottom denote the combinations Nos. 1, 2, 3, 4 and 5, respectively.

can detect the cycle slip. The insensitive cycle slip groups
O, 1, 3, 2, 2) and (1, 1, 1, 2, 3) cannot be detected by
combination 3 and 4, respectively, but the other combinations
can detect the cycle slip. The equal cycle slip group (2, 2,
2, 2, 2) cannot be detected by combinations 1, 3, 4 and 3,
but combination 2 can detect the cycle slip. Hence, it can be
concluded that there are some insensitive cycle slip groups
undetectable only by one, two, three or four detection com-
binations, but the insensitive cycle slip groups can be fully
detected by using four geometry-free phase combinations and
one geometry-free phase and pseudorange combination.

B. EXPERIMENT TWO

The experiment test data is selected as same as experiment
one. In order to further verify the applicability of the proposed
real-time cycle slip detection and repair method, the cycle
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FIGURE 4. Differencing value of the cycle slip detection combinations for
the satellite C39 when insensitive cycle slip occurs. The panels from top
to bottom denote the combinations Nos. 1, 2, 3, 4 and 5, respectively.
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FIGURE 5. Differencing value of the cycle slip detection combinations for
the satellite C20. The panels from top to bottom denote the combinations
Nos. 1, 2, 3, 4 and 5, respectively.
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FIGURE 6. Differencing value of the cycle slip detection combinations for
the satellite C39. The panels from top to bottom denote the combinations
Nos. 1, 2, 3, 4 and 5, respectively.

slip groups within the range of (0, 0, 0, 0, 1) to (4, 4, 4, 4,
4) with an interval of 5 epochs are added to the raw carrier
phase data of the satellites C20 and C39, a total of 3124 cycle
slip groups.

Figure 5 and Figure 6 depict the differencing value of the
cycle slip detection combinations for the satellites C20 and
C39, respectively. The differencing value of the cycle slip
detection combinations will exceed the detection threshold
(shown as the red lines) when the cycle slip occurs. According
to statistics, the results show that the proposed method can
detect all the cycle slips.

Then the LAMBDA search method is used to repair the
cycle slips in real time. The cycle slip detection and repair
success rate results of the satellites C20 and C39 are shown
in Table 6 by rounding directly and using the LAMBDA
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TABLE 6. The real-time cycle slip detection and repair success rate of the
satellites C20 and C39.

Cycle slip detection ~ Cycle slip repair success rate

2 success rate

! Round LAMBDA
€20 100 % 94.65 % 100 %
C39 100 % 97.18 % 100 %
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FIGURE 8. Differencing value of the cycle slip detection combinations for
the satellite C21 with no simulated cycle slips. The panels from top to
bottom denote the combinations Nos. 1, 2, 3, 4 and 5, respectively.
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FIGURE 9. Differencing value of the cycle slip detection combinations for
the satellite C21 with simulated cycle slips. The panels from top to
bottom denote the combinations Nos. 1, 2, 3, 4 and 5, respectively.

search method. Due to the limited space, we only list some
cycle slip repair results of the satellites C20 and C39 under
six different typical situations (i.e., the cycle slip only occurs
on one, two, three, four or five carriers and the equal cycle
slip) in Table 7. Since the influence of the observation noise,
it can be clearly found that the cycle slip repair success rate
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FIGURE 10. The time series of the Dst index and the Kp index for
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FIGURE 11. Differencing value of the cycle slip detection combinations
for the satellite C27 when no cycle slip occurs. The panels from top to
bottom denote the combinations Nos. 1, 2, 3, 4 and 5, respectively.
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FIGURE 12. Differencing value of the cycle slip detection combinations
for the satellite C39 when no cycle slip occurs. The panels from top to
bottom denote the combinations Nos. 1, 2, 3, 4 and 5, respectively.

by rounding directly is 94.65% and 97.18%, respectively. But
both the ones by using the LAMBDA search method can
reach 100%. In brief, the five-frequency cycle slip repair is
effectively performed by using the LAMBDA search method.
Hence, it can be concluded that the proposed method can
detect and repair the cycle slips in real time by combining
four geometry-free phase combinations [4, —5, 1, 5, —5]
[1, =2, 1, 1, =11 [1, =1, 1, =3, 2] [-4, 4, 1, =2, 1]
and one geometry-free phase and pseudorange combination
[1,-1,0,1, —1].

In order to further test the effectiveness of the proposed
cycle slip detection and repair method in kinematic situation,
we have collected the real five-frequency kinematic data in
campus and the trajectory of kinematic experiment is shown
in Figure 7. The data sampling interval is 1 s. Then we select
the satellite C21 (MEQO) which has the best visibility as an
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TABLE 7. The cycle slip repair results with the LAMBDA method under different typical situations.

Epoch PRN Cycle slips X Repair results
500 C20 (0,0,4,0,0) [-0.249, -0.251, 3.794, -0.197, -0.186] (0,0,4,0,0)
C39 (0,0,4,0,0) [-0.268, -0.267, 3.783, -0.203, -0.200] (0,0,4,0,0)

2625 C20 (0,4,1,0,0) [0.142, 4.140, 1.120, 0.114, 0.109] (0,4,1,0,0)
C39 0,4,1,0,0) [-0.370, 3.630, 0.704, -0.280, -0.277] (0,4,1,0,0)

4500 C20 (1,2,1,0,0) [0.336, 1.345, 0.468, -0.504, -0.494] (1,2,1,0,0)
C39 (1,2,1,0,0) [0.890, 1.887, 0.916, -0.086, -0.087] (1,2,1,0,0)

5800 C20 (1,4,1,2,0) [1.054, 4.063, 1.051, 2.049, 0.043] (1,4,1,2,0)
C39 (1,4,1,2,0) [1.044, 4.042, 1.031, 2.031, 0.033] (1,4,1,2,0)

7230 C20 2,1,2,4,1) [1.898, 0.898, 1.914, 3.922, 0.920] 2,1,2,4,1)
C39 2,1,2,4,1) [2.005, 1.004, 2.002, 4.004, 1.001] 2,1,2,4,1)

11715 C20 (3,3,3,3,3) [2.803,2.799, 2.837, 2.849, 2.846] (3,3,3,3,3)
C39 (3,3,3,3,3) [3.292, 3.283, 3.231, 3.218, 3.213] (3,3,3,3,3)

TABLE 8. The size and location of the simulated cycle slips.

The location of cycle slip/epoch ~ The smaller cycle slips groups ~ The bigger cycle slips groups

100 o, 1,

200 3
300 (7
400 (1
500
600
700
800

~ ~

/
(25, 36, 40, 15, 27)
(37, 33, 18, 22, 26)
(22, 16, 30, 25, 13)
(19,22, 18, 34, 27)

TABLE 9. The cycle slip repair results of the satellites C21.

Epoch Cycle slips XT Repair results
100 0,1,1,5,1) [0.875, 1.879, 1.721, 5.673, 1.645] 0,1,1,5,1)
200 3,0,5,2,3) [2.502, -0.484, 4.599, 1.606, 2.624] (3,0,5,2,3)
300 (7,2,3,5,1) [7.305,2.299, 3.245, 5.233, 1.222] (7,2,3,5,1)
400 (1,2,3,5,6) [0.695, 1.707,2.767,4.767, 5.785] (1,2,3,5,6)
500 (25, 36, 40, 15, 27) [25.357,36.358, 40.284, 15.268, 27.266] (25, 36, 40, 15, 27)
600 (37,33, 18, 22, 26) [37.127,33.138, 18.110, 22.085, 26.087] (37,33, 18, 22, 26)
700 (22, 16, 30, 25, 13) [21.320, 15.318, 29.446, 24.484, 12.493] (22, 16, 30, 25, 13)
800 (19,22, 18, 34,27) [19.468, 22.466, 18.389, 34.355, 27.356] (19,22, 18,34,27)
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FIGURE 13. Differencing value of the cycle slip detection combinations
for the satellite C27. The panels from top to bottom denote the
combinations Nos. 1, 2, 3, 4 and 5, respectively.

example. Since there are no cycle slips in raw carrier phase
observations which is shown as Figure 8, some simulated
cycle slips consist of four smaller and four bigger cycle slips
are added to raw carrier phase observations with an interval
of 100 epochs, which are listed in Table 8.

51198

Figure 9 illustrate the differencing value of the satellite
C21 when the cycle slips occur. It can be clearly found that
the differencing value will obviously varies and exceeds the
corresponding detection threshold when the cycle slip occurs.
And we can find that all the smaller and bigger cycle slips
can be detected in the kinematic experiment. Table 9 lists the
real-time cycle slip repair results. It can be concluded that
all the simulated cycle slips can be repaired correctly in real
time by using the proposed cycle slip repair algorithm. Hence,
the five-frequency cycle slip detection and repair method
can be used to detect and repair the cycle slips in kinematic
situation.

C. EXPERIMENT THREE

To further verify the practicality of the proposed method
under the condition of active ionospheric and low sampling
rate, we select MGEX (Multi-GNSS Experiment) station
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TABLE 10. The size and location of the simulated cycle slips.

The location of cycle slip/epoch

The smaller cycle slips groups

The bigger cycle slips groups

100 (1,3,1,5,1) /
200 (6,0,7,2,5) /
300 5,4,3,1,1) /
400 (1,2,7,5,1) /
500 3,5,6,2,7) /
600 2,7,9,5,3) /
700 / (1,26, 30, 35, 23)
800 / (17,32, 28, 24, 47)
900 / (37,29, 31, 19, 25)
1000 / (26, 15, 33, 37, 20)
1100 / (44, 37,24, 35, 48)

TABLE 11. The cycle slip repair results of the satellites C27 and C39 with the LAMBDA method.

Epoch  PRN Cycle slips X7 Repair results
0o <27 (1,3,1,5,1) [1.936,3.913, 1.765, 5.730, 1.715] (1,3,1,5,1)
C39 (1,3,1,5, 1) [0.027,2.017,0.167,4.222, 0.226] (1,3,1,5, 1)
200 C27 (6,0,7,2,5) [4.624, -1.378, 5.864, 0.943,3.972] (6,0,7,2,5)
C39 6,0,7,2,5) [4.393, -1.598, 5.700, 0.753, 3.772] 6,0,7,2,5)
300 C27 5,4,3,1,1) [3.432,2.455,1.730, -0.202, -0.164] 5,4,3,1, 1)
C39 5,4,3,1,1) [4.411, 3.435,2.495, 0.516, 0.513] 5,4,3,1,1)
wo €27 (1,2,7,5,1) [1.272,2.275,7.210, 5.233, 1.231] (1,2,7,5,1)
C39 1,2,7,5,1) [1.861,2.857, 7.696, 5.664, 1.643] 1,2,7,5,1)
w0 O 3,5,6,2,7) [2.998, 4.970, 6.002, 2.029, 7.039] 3,5,6,2,7)
C39 3,5,6,2,7) [3.595, 5.606, 6.475, 2.455, 7.453] 3,5,6,2,7)
600 C27 2,7,9,5,3) [1.056, 6.059, 8.268, 4.310, 2.338] 2,7,9,5,3)
C39 2,7,9,5,3) [1.599, 6.599, 8.683, 4.699, 2.715] (2,7,9,5,3)
700 C27 (21, 26, 30, 35, 23) [21.997, 26.993, 30.829, 35.810, 23.776] (21, 26, 30, 35, 23)
C39 (21, 26, 30, 35, 23) [22.481, 25.487, 29.576, 34.597, 22.607] (21, 26, 30, 35, 23)
800 C27 (17, 32, 28, 24, 47) [16.370, 31.360, 27.523, 23.511, 46.575] (17, 32, 28, 24, 47)
C39 (17, 32, 28, 24, 47) [16.956, 31.966, 27.931, 23.930, 46.927] (17,32, 28, 24, 47)
900 C27 (37,29, 31, 19, 25) [36.903, 28.891, 30.949, 18.954, 24.960] (37,29, 31, 19, 25)
C39 (37,29, 31, 19, 25) [37.313,29.318,31.233, 19.217, 25.214] (37,29, 31, 19, 25)
1000 C27 (26, 15, 33, 37, 20) [26.149, 15.160, 33.150, 37.154, 20.151] (26, 15, 33, 37, 20)
C39 (26, 15, 33, 37, 20) [26.327, 15.307, 33.240, 37.222, 20.226] (26, 15, 33, 37, 20)
1100 C27 (44, 37, 24, 35, 48) [42.884, 35.903, 23.082, 34.143, 47.134] (44, 37, 24, 35, 48)
C39 (44, 37, 24, 35, 48) [43.932,36.921, 23.902, 34.912, 47.900] (44, 37, 24, 35, 48)

SGOC (6.89°N and 79.87°E) for this experiment, which
locates in a low latitude area quite affected by the iono-
spheric delays. The data sampling interval is 30 s, which will
magnify the differencing ionospheric delays between epochs.
Figure 10 depicts the time series of the Dst (Disturbance
Storm Tine) index and the Kp index for 30 consecutive days
in September, 2020. It can be found that the intense geomag-
netic storm occurred on September 28, which the Dst index
was around -50 nt and the sum of Kp was 35 on that day.
Hence, we select C27 (MEO) and C39 (IGSO) five-frequency
observation data of September 28, 2020 as an example to test
the proposed algorithm. Because there are no cycle slips in
the raw carrier phase data, the six smaller cycle slips and

VOLUME 9, 2021

five bigger cycle slips are artificially added to the raw carrier
phase observations with an interval of 100 epochs. The size
and location of the cycle slips are listed in Table 10.

Figure 11 and Figure 12 illustrate the differencing value of
the satellites C27 and C39 cycle slip detection combinations
when no cycle slip occurs. It can be found that the fluctuation
range of the geometry-free phase combinations is £0.09
cycles and the geometry-free phase and pseudorange com-
binations is 0.11 cycles, which is larger than that of the
experiment one because of the effect of ionospheric delays.

Figure 13 and Figure 14 depict the cycle slips detection
results of the satellites C27 and C39, respectively. In addition,
the real-time cycle slip repair results are listed in Table 11.

51199



IEEE Access

H. Yuan et al.: Real-Time Cycle Slip Detection and Repair Method for BDS-3 Five-Frequency Data

o [ [ | |
0 P A
_D‘JDL - 1
05
| I [ | [ 1
£ \ I
R
3% [ J |
Bool 1 | 1 |
g 05 -
s L M |
£ g e ———
R N | T
A . —— [ ]
M T 1 |
0 200 400 600 800 1000 1200
Epoch [18]

FIGURE 14. Differencing value of the cycle slip detection combinations
for the satellite C39. The panels from top to bottom denote the
combinations Nos. 1, 2, 3, 4 and 5, respectively.

It can be clearly found that all the manually added cycle
slips can be detected and repaired correctly in real time by
using the proposed algorithm. Therefore, we can conclude
that the five-frequency cycle slip detection and repair method
is capable of detecting and repairing the cycle slips under the
condition of active ionosphere and low sampling rate in real
time.

VII. CONCLUSION

In high-precision positioning applications, the occurrences
of cycle slips contaminate carrier phase observations. In this
paper, a real-time cycle slip detection and repair method is
proposed for BDS-3 five-frequency data. Based on the results
and analysis, some conclusions are drawn as follows:

1. Since the geometry-free phase combination is only
affected by the phase noise and the ionospheric delay,
it can be used to detect the small cycle slips. However,
there still remain some undetectable insensitive cycle
slip groups for every geometry-free phase combination.
Therefore, four joint geometry-free phase combinations
[4,-5,1,5,-5]1[1,-2,1,1,—1][1, -1, 1, =3,2] [—4,
4,1, —2, 1] are selected to detect the cycle slips, which
have no insensitive cycle slips within the range of (0, 0,
0,0, 1) to (50, 50, 50, 50, 50).

2. There are more high-quality combinations to select for
cycle slips detection and repair with the increasement of
frequencies. In addition, the five-frequency high-quality
combination has the smallest ionospheric delay effect
and noise. The five-frequency geometry-free combina-
tion should be better than dual, three and four-frequency
combination in terms of cycle slip detection capability
and the impact of ionospheric delay reduction.

3. As the five-frequency geometry-free phase combina-
tions are capable of forming only up to four linear inde-
pendent combinations, one geometry-free phase and
pseudorange combination [1, —1, 0, 1, —1] is added to
detect and repair the cycle slips. In order to repair the
cycle slips with high reliability, the LAMBDA search
algorithm is used to repair the cycle slips correctly in
real time.

4. The proposed real-time cycle slip detection and repair
method can detect and repair all the simulated cycle slips
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in real time, even under the condition of active iono-
spheric and low sampling interval. In summary, the five-
frequency real-time cycle slip detection and repair is
effectively performed by the proposed method.

Even if encouraging results are obtained, the kinematic
field data with real cycle slips requires further investigation
in the future.
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