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Abstract

Cycle slip detection is essential for achieving centimeter-level positioning using Global Navigation Satellite Systems (GNSS).
However, when dealing with single-frequency data, it is impossible to utilize observations from multiple frequencies to
construct effective linear combinations for detecting cycle slips. Moreover, the data quality of low-cost receivers is relatively
poor, making the process more challenging. In this study, a novel technique is presented for detecting single-frequency
cycle slips in a single receiver. The approach includes additional constraints for position and clock error increments. By
leveraging the random walk characteristics, the clock error increment is predicted, and the cycle slip detection term is then
formulated using the position increment constraint of the odometer. Both static and dynamic experiments demonstrate that
the detection term’s three times standard deviation is less than 0.2 cycles. Furthermore, the method can achieve clock error
increment accuracy of 6.9 mm and 3.2 mm in situations where traditional TDCP technology fails under 2 and 3 visible satel-
lites condition, respectively. This represents a 22.47% and 64.04% improvement over the accuracy of direct prediction from
the previous epoch. It avoids long-term prediction of clock error increment until divergence in complex environments and
maintains the continuity of cycle slip detection. In addition, we explore the clock error increment characteristics of 10 types
of receivers in 6 datasets, providing a new consideration index for the popularization of low-cost GNSS receivers from the
perspective of receiver type selection.
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Introduction

With the development of industries such as autonomous
driving and the Internet of Things, there is increasing
demand from the general public for high-precision GNSS
location services (Jingnan et al. 2020; Yang et al. 2020).
However, affected by electromagnetic signal interference,
multipath effects, low signal-to-noise ratio, etc. Especially
for dynamic low-cost single-frequency mass users, frequent
cycle slips are prone to occur. If not handled properly, these
slips will have an unpredictable impact on user positioning
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performance (Leick et al. 2015; Li et al. 2019; Li et al. 2022;
Zhang et al. 2023).

The research on cycle slip detection and repair algorithms
can be traced back to the 1980s (Bastos and Landau 1988)
and remains a hot topic in the field of GNSS today. It can
be broadly divided into three categories: single-frequency,
dual-frequency, and triple-frequency cycle slip detection algo-
rithms. In terms of cycle slip detection and repair of low-cost
single station single frequency receivers, traditional meth-
ods include the between-epoch high-order phase difference
method, polynomial fitting method, Doppler-aided method,
pseudorange and phase combination method, posterior gross
error detection method, and odomter aided time-differenced
and satellite-differenced method. The between-epoch high-
order phase difference method uses the difference between
adjacent epochs in carrier phase data to detect cycle slips,
but it also amplifies random noise. This method has weak
detection capabilities for small and continuous cycle slips and
has a time delay, which is not conducive to real-time applica-
tion (Hofmann-Wellenhof et al. 2007). The polynomial fitting
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method evaluates discrepancies between the polynomial and
carrier phase time series, making it less susceptible to noise
compared to the between-epoch high-order phase difference
method. However, this method requires normal historical
observations within a fitting window, and determining the
appropriate window length and polynomial order can be
challenging. Additionally, it cannot reliably detect small cycle
slips (de Lacy et al. 2008; Xu 2007). The Doppler method
utilizes the relationship between Doppler observations and
phase observations to construct cycle slip detection terms, but
the ability to detect small cycle slips is also weak (Carcanague
2012; Lee et al. 2003; Zhao et al. 2020). The pseudorange
phase combination method utilizes pseudorange and phase
observations to construct a cycle slip term, eliminating the
influence of a large number of errors. However, it is not sensi-
tive to small cycle slips due to the influence of pseudorange
noise (Collin and Warnant 1995; Habrich 2000). The posterior
gross error detection method considers phase observations
with cycle slips as gross errors, but when there are multi-
dimensional gross errors, it is easy for gross error transfer
to occur, leading to detection failure (Kirkko-Jaakkola et al.
2009; Li et al. 2022; Odijk and Verhagen 2007; Soon et al.
2008; Teunissen 1998; Yang et al. 2014). The between-epoch
and between-satellite differenced method leverages INS for
position constraints, utilizes satellite-differenced to eliminate
clock error term, and constructs a cycle slip detection term
based on time-differenced carrier phase (TDCP) equation
(Feng 2022; Kim et al. 2015). However, selecting an appro-
priate reference satellite presents a challenge, especially in
environments prone to frequent partial occlusion. Designing
reliable algorithms for detecting and repairing small and con-
tinuous cycle slips in single-station single-frequency GNSS
data with strong detection capabilities and unaffected by
multi-dimensional gross errors is still challenging.

Compared to extensive research on cycle slip detection,
there has been limited research on the clock speed character-
istics of GNSS receivers, and some scholars model the clock
speed as a first-order Gauss-Markov process (Wu 2010; Yu
et al. 2014) or a random walk process (Brown and Hwang
1997). For different receivers, their clock speed characteristics
are inconsistent. Therefore, it is necessary to assess their clock
speed characteristics before applying them to ensure their suit-
ability for use.

At the same time, autonomous vehicles have entered the
stage of mass production. They are equipped with GNSS
receivers for global positioning and other sensors for local
positioning, including wheel Odometry sensors, low-cost
cameras, inertial navigation equipment, and so on (Qin et al.
2021). Recently, local positioning methods have been devel-
oped (Campos et al. 2021; Mourikis and Roumeliotis 2007,
Qin et al. 2018) and various low-cost odometry have achieved
impressive dead reckoning accuracy of about 1%, i.e., a diver-
gence error of about 1 m for a 100-m journey (Geiger et al.
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2012). With the maturity and widespread application of the
odometry software and hardware, the cost of obtaining high-
precision vehicle position increments between epochs has
become lower.

In this study, we propose a cycle slip detection and repair
method that uses additional position increment (Delta_POS)
and clock error increment (Delta_CLK) constraints. The
method relies on eliminating or modeling time-related terms
in the GNSS observation equation. After solving the traditional
Time Difference Carrier Phase (TDCP) equation, Delta_POS
and Delta_CLK are considered respectively. Delta_POS is pro-
vided by odometry, while Delta_CLK is predicted using a ran-
dom walk process. The proposed method adds Delta_POS and
Delta_CLK constraints to the TDCP equation to better detect
cycle slips in complex environment and maintain the continuity
of cycle slip detection. By doing so, the performance of cycle
slip detection will only depend on the relationship between cycle
slip level and other unmodeled noise levels.

In “Methodology”, section we introduce the cycle slip
detection method and technical flow. In “Experiments and
results”, section we conduct experiments using three sets
of public datasets and three sets of self-collected datasets to
comprehensively evaluate the cycle slip detection algorithm
proposed in this study. Finally, the research contributions are
summarized in “Conclusion” section.

Methodology

The technical flow chart is presented in Fig. 1. Initially, we
employ the traditional TDCP algorithm to calculate the
Delta_POS and Delta_CLK. The accumulated Delta_POS
are aligned with the odometer’s trajectory to complete initiali-
zation. Next, a cycle slip detection term (DT) is constructed
by combining the predicted Delta_CLK and the Delta_POS
provided by the odometer, and the theoretical accuracy of the
DT is also derived. Finally, a TDCP method with additional
Delta_POS and Delta_CLK constraints was proposed.

Initialization
A carrier phase observation in the cycles can be expressed as:
¢=%[p—I+T]+%(dt,—dtf)+N+e¢ €h)

where ¢ is the phase observation, g is its corresponding
random noises. p, [ and T are the satellite-receiver geometric
range, the ionospheric delay, and the tropospheric delay. dt,
and dr’ are the clock errors of the receiver and satellite. N is
the ambiguity with wavelength A.

By subtracting the phase observations between two adjacent
epochs 7, ; and f;, the TDCP measurement (in cycles) can be
formulated as follows (Soon et al. 2008; Sun et al. 2020):
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Fig. 1 Technical flow chart of cycle slip detection
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where the symbol A denotes the between-epoch difference
operator, A¢ denotes the change in phase observation,
Adt,, isthe changeindt,, Ap, isthe changeinp, and e,y
represents the residual error due to changes in errors in the
satellite clock, satellite position, ionospheric, tropospheric,
multipath, and receiver noise between epochs and are con-
sidered to be negligible within a short time. Furthermore,
Aptk+1 can be expressed as follows:
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where the superscript e denotes Earth-Centered Earth-Fixed
(ECEF) coordinate system. p?k 1 and p?k are the satellite posi-

tion vectors in ECEF at time 7, ; and #,. pfk 1 and pjk are the
e+

receiver position vectors in ECEF at time 7, and 7. e, and

e, are the unit line of sight vectors at time 7, , and 7, respec-

tively. Ap?k 1 and Ap;’k are the receiver and satellite position
+ +1

increment vectors in ECEF between time ¢, ; and f,.

In (3), the magnitude of (e, , —e,) is typically quite
small, usually below 107, Even if the user’s absolute
position error reaches several hundred meters, it still has
a minimal impact on value Ap, , which is usually below
millimeters. Therefore, the accuracy of Ap,  is primarily
determined by the increments in the user’s position and the
satellite’s position.

Substituting (3) into (2) yields:

1 1
A¢ = zAptkH + EAdtr’tkH + EAQB
1
=2 [(ek“ - (pfk - pik) e (_Apim + Apikafl >] “)
1
+ jAdt’Jkﬂ +ep4

we can reformulate (4) as follows:

Apiﬂl e
lexsr — 1] =1 AP,
Adt,

Faliey 1
+(eryr —€) - (pfk — pfk) — AP+ Aepg
®)
when there are more than three satellite observations avail-
able, it becomes possible to solve the following equation:
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L e ¢ e, 1 ’ +e,,, - AP ) +eng.Adr,,  is modeled as a random walk
(RW) with process noise O pn Adi that is either pre-calibrated
e, -1 or modeled within a short period of time. The prediction
model can be expressed as follows:
e, -Ap° +(e,, —e) (@ —p°)— A reas
’;“ P| U ’;rl ’; Py =P, 2 (Adt,, ])f” = Adt,, + O adi, )
€, " ApS, +(e,, —e) (pS —p))— AP
51 It T , and  substituting (9) into (8) yields:
er - Ape + (e" - e”) . (pe - pe ) - /IA(l)n forcast ( P, )Odometer
| k+1 Ser1 k+1 k Sk T | ¢lk+1 (Ad;:t]k 1)forcmt +C
Aer] . A Odometer
ox = , We can utilize the least squares method to (Ap; ) (10)
Adtr,tk+I =F, - Adt, [ +C
solve for 6x as:
Upm_Adt,.
— (pTp\-1pT
6x =B B)" B'l (7N =F,-6x;+C
By (7), the user Delta_POS Apfk 1 and Delta_CLK Adtmw (Ape )Odometer
at the time 7, ; can be obtained. The iterative nearest point h Fool L1 6. = rAAHd ‘, h
algorithm (Besl and McKay 1992) is then used to align the o' ¢ ©1= Tl 1), ox = "l , the
accumulated user position increment from several epochs O prn_ndi,

with the trajectory of the odometer. So far, we have com-
pleted the alignment of GNSS and odometer, as well as the
initialization of Delta_CLK. This serves as the basis for pre-
dicting Adr,,  in subsequent epochs and constructing the
cycle slip detection term.

Construction of cycle slip detection term

If we can determine the characteristics of the Delta_ CLK
of the receiver, and with the aid of the user Delta_POS of
the odometer, we can predict the phase observation of the
next epoch:

d)fa

s}

t oreas
reasi Odometer + (Adtr o )forcust + £A¢)

tkl

—g,+(La

e )Odometer

)forcast
Wkt

|+

e Odometer orcast
—e,p1 - (AP ) +(Adt,, ) ) +, +

theoretical accuracy of (j)’;::f”‘” can be obtained using the law
of covariance propagation:

oy = VF1 Qs Fl an
where Q, . is:

1 e e A e

1 <(ek+1 =€) Py, =P, )t e AP ) T Enp (8)
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the odometer’s relative position, and ai 4. represents the
rk

represents the incremental accuracy of

posterior Delta_CLK accuracy of the TDCP equation. Ignor-
ing the impact of phase measurement noise at the millimeter
level, we construct the DT with the aid of Delta_POS and
Delta_CLK and its theoretical accuracy is as follows:

DT = (btk“ _ ¢forcaxt — ¢tk+1 _Fl . 5xl — C, af)T = 0-2

t, forcast
k+1 ¢‘k+l

13)

By setting an appropriate threshold for DT, we

can detect and repair cycle slip on phase observation
satellite-by-satellite.

TDCP Equation with Delta_POS and Delta_CLK
Constraints

After using (13) for cycle slip detection, we utilized prior
observations of Delta_POS and Delta_CLK to construct a
TDCP equation with corresponding constraints:
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Fig.2 Relationship between DT error with Delta_POS and Delta_
CLK noise

of the Delta_POS provided by the odometer. In “The char-
acteristics of receiver Delta_ CLK”, section we have dem-
onstrated the stability of most receiver Delta_CLK between
epochs, providing a strong foundation for prediction. Sec-
tion “Validation of static and dynamic data” has verified
the accuracy of the cycle slip detection method under two
static and two dynamic datasets, while section “TDCP with
Delta_POS and Delta_CLK constraints under 1-3 visible
satellite” explores the maintenance of Delta_CLK accuracy
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Even if there are less than four visible satellites, it is still
possible to accurately calculate the Delta_POS and Delta_
CLK by applying additional constraints. This enables con-
tinuous calculation and prediction of Delta_CLK, resulting
in a continuous construction of DT. As a result, this method
is suitable for positioning tasks in complex situations.

Experiments and results

In “The influence of Delta_POS and Delta_ CLK with differ-
ent prior accuracies on the DT”, section we have verified the
theoretical relationship between the DT with the Delta_POS
and Delta_CLK using public dataset. In “Positioning perfor-
mance of various odometry” section evaluated the accuracy

by only 1-3 satellites in complex environments. We vali-
dated the new method by positioning experiment in “Posi-
tioning performance with the proposed technique” section.

The influence of Delta_POS and Delta_CLK
with different prior accuracies on the DT

Equation (13) provides a theoretical approach for calculat-
ing the prediction accuracy of the DT. This section explores
how different prior accuracy values, specifically Delta_ CLK
and Delta_POS, influence cycle slip detection using real-
world measured data. Employing the low dynamic Sports
Field sequence (Cao et al. 2022) as a case study, we adopt
Delta_POS and Delta_CLK obtained from the single-fre-
quency GPS, Galileo, and BDS TDCP solution as ground
truth. Subsequently, we introduce varying levels of white
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noise to these ground truth and analyze the resulting error
fluctuations in the DT.

Figure 2 indicates that the Delta_POS and Delta_CLK
noise have a consistent numerical impact on the DT. Spe-
cifically, a noise of 2 cm in Delta_POS or Delta_CLK
will result in a DT error of approximately 0.1 cycles at the
L1 frequency, as expected theoretically. This result sug-
gests that TDCP eliminates almost all other errors, leaving
only the noise inherent to the phase itself. This means that
the accuracy of determining epoch-to-epoch Delta_ CLK

Table 1 The highest performance of different odometry methods on
the KITTI odometry datasets

Item Representation  Rota- Divergence (%)
tion error
(deg/m)
Stereo visual odom- SOFT2 0.0009 0.53
etry
Visual-lidar odom-  V-LOAM 0.0013 0.54
etry
Lidar odometry LOAM 0.0013 0.55
Inertial-lidar odom- MC2SLAM 0.0016 0.69
etry
Visual-inertial VINS-FUSION 0.0033 1.09
odometry
1.5
S
8 1t
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Fig.3 Divergence of different odometry methods
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is ideal and reflects the actual clock characteristic of the
receiver. Together with the analysis in “The characteristics
of receiver Delta_CLK,” section we can establish corre-
sponding standards, choose receivers with favorable clock
characteristics, and use the method presented in this sduty
for cycle slip detection.

Positioning performance of various odometry

This section compares different odometry methods regard-
ing positioning performance and selects the most effective
ones based on their ranking on the KITTI odometry datasets
(Geiger et al. 2012). Table 1 shows that the accuracy of ste-
reo visual odometry and the three types of LIDAR odometry
are all within 0.69%. The visual-inertial odometry (VIO) we
used has the lowest dead reckoning (DR) accuracy, approxi-
mately 1%.

From the upper right of Fig. 3, it can be seen that the
divergence of the VIO remains stable at around 1% at
a speed of up to 70 km/h. The GNSS sampling rate for
dynamic vehicle users is generally above 10 Hz, meaning
the DR error between epochs remains within 2 cm. This high
precision of DR can help assist GNSS data preprocessing.

Subsequently, we will explore the impact of Delta_POS
noise on cycle slip detection. For static stations, the rela-
tive position accuracy is very high, and the process noise

Divergence [%]
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in the position propagation can be considered as zero.  playground with partial obstructed by tree canopy, which
At this point, only the discussion of dynamic situations  affected GNSS signals. We compared VIO’s Delta_POS
remains. For our research, we chose the low-cost Visual =~ with that of RTK in each epoch, as shown in Fig. 4. The
Inertial Odometer (VIO) from the Sports Field sequence,  accuracy of the VIO’s Delta_POS is comparable to that of
the testing environment was set in a low-speed (0-2 m/s)  RTK. The noise in all three dimensions is less than lcm,

Fig.4 Consistency of TDCP,
VIO, and RTK Delta_POS. The
first line depicts the consistency
between the TDCP Delta_ POS
and the RTK Delta_POS, while
the second line illustrates the
consistency between the VIO
Delta_POS and the RTK Delta_
POS. RTK’s Delta_POS serves
as the reference for comparison

Count
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Postion Change Difference [m]

Table 2 Statistical analysis of Delta_CLK between epochs

Dataset Sequence/station Dynamic Reciever sampling characteristic STD (cm/epoch)
rate (Hz)
IGS (Johnston et al. 2017) JENG Static Trimble-Alloy 1 RW 1.35
LEDI Static Javad-Delta 1 RW 0.98
QUAD Static Sept-Polarx5 1 WN 7
Demo5 (Everett 2023) Base Static Sinognss-K708 1 WN 62
Roverl Kinematic Ublox-M8t 1 RW 4.35
Rover2 Kinematic Ublox-M8t 5 RW 0.73
GVINS (Cao et al. 2022) Sports field Kinematic Ublox-F9p 10 RW 1.03
Complex environment Kinematic Ublox-F9p 10 RW 2.5
Urban driving Kinematic Ublox-F9p 10 RW 1.51
HUANGPI Base Static Net-R9 1 RW 2.07
Rover2 Kinematic Ublox-F9p 10 RW 0.89
‘Wuhan Ring Line Roverl Kinematic Net-R9 1 WN 0.27
Rover2 Kinematic Sept-MosaicX5 1 RW 6.08
Rover3 Kinematic Ublox-F9p 10 RW 1.54
APM Basel Static Ublox-F9p 20 RW 0.37
Base2 Static Xiaomi-8 1 RW 4.08
Base3 Static Huawei-P40 1 RW 7.06
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resulting in less than 0.05 cycles of cycle slip detection.
So far, we only need to conduct further investigation to
confirm the prediction accuracy of Delta_CLK.

The characteristics of receiver Delta_ CLK

In order to enhance our comprehension of the Delta_ CLK
characteristics of various receivers, this section conducted a
detailed statistical analysis of the between-epoch Delta_ CLK
for three high-frequency (> 1 Hz) GNSS public datasets and
three self-collected datasets. The specific data is shown in

Fig.5 Random walk character-
istics of Delta_CLK between
epochs. To enhance clarity

in showcasing the variations

« APM_F9p_20Hz -
Urban_F9p_10Hz -
Sports_F9p_10Hz -

Table 2. The item “Station” in the table represents the static
base station name, and “Sequence” represents the dynamic
data sequence name. The statistical results indicate that the
Delta_CLK of the receiver mainly presents two types of
characteristics: white noise (WN) and random walk (RW).
The item Standard Deviation (STD) represents the noise
level of the second-order difference or first-order difference
in clock error. In this study, we consider it as the noise level
of RW or WN. We selected some data and further plotted
Figs. 5 and 6 to better illustrate these characteristics.

APM_P40_1Hz

Demo5_M8t_5Hz
APM_Mi8_1Hz

Wuhan_MosaicX5_1Hz
IGS_Javad_1Hz

among different receiver 1.5
types, sequences in the top- d"rw
left and bottom-right graphs 10 H 1.0 -
have undergone a shifting
process. The naming conven- = 05 -
tion of the legend is: Dataset = A :
Name (or Station/Sequence g 5 &()
name) + Receiver + Sampling Dy 0.0
rate, for example: IGS_
Javad_1Hz or Sports_F9p_1Hz —
0 - . 04 [60.1,0.3679]
T T -1.0 = T T
0 500 1000 1500 0 500 1000 1500
Time [s] Time Lags [s]
200 1.5
150
2
3 100
)
(@)
50 -
. . — 10 . .
-0.1 0.0 0.1 0 500 1000 1500
Adt, Change [m] Time Lags [s]
Fig.6 White noise character- 1
istics of Delta_CLK between 4 - Demo5_K708_1Hz
epochs Wuhan_R9_1Hz
—_ IGS_Polarx5_1Hz
£
< 2 04
<
=2 I I = I I I
0 500 1000 1500 0 500 1000 1500
Time [s] Time Lags [s]
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The first line of Fig. 5 displays the time series of Delta_
CLK at different sampling rates for six types of receivers,
along with the corresponding autocorrelation coefficient
(AC) sequences. It is evident from the figure that there
is a strong correlation between Delta_CLK at different
epochs. Subsequently, we perform differencing on Delta_
CLK sequence to obtain the second-order clock error
sequence. The probability density function and the cor-
responding autocorrelation function of the new sequence
are depicted in the second line. The results indicate that
the second-order clock error sequence presents significant
white noise characteristics. Hence, we consider modeling
Delta_CLK as a random walk process, where the process
noise is determined by the white noise of the second-order
differenced sequence. This model provides a satisfying
explanation and prediction for the Delta_CLK.

Figure 6 displays the time series of Delta_CLK for
three types of receivers, along with the corresponding AC
sequences. The graph illustrates that there is almost no
correlation between Delta_CLK at different epochs, indi-
cating a white noise characteristic. Based on this obser-
vation, we contemplate utilizing Delta_ CLK with lower
white noise for cycle slip detection, as they demonstrate
better predictability. Conversely, Delta_ CLK with higher
white noise are deemed less effective for prediction and
fall outside the scope of this study.

In theory, modeling Delta_CLK as a first-order Gauss-
Markov process would provide a better integration of
random walk and white noise characteristics. However,
considering that the correlation time in a first-order Gauss-
Markov process needs to be calibrated in advance and
may vary for the same receiver in different situations (as
evident in the Sports Field and Urban Driving sequences
in Fig. 5), even with calibration, it can only determine
an approximate magnitude. As seen in Fig. 5, for the
1Hz Xiaomi-8 cellphone dataset with the shortest corre-
lation time T of 60.1 s. This study specifically focuses
on forecasting Delta_CLK over short periods (typically
not exceeding 1 s, At < 1s). At such intervals, —At/T
approaches 0, resembling a random walk process (Shin
2005). When Delta_CLK presents white noise character-
istics with a small magnitude, it indicates slight variations
between consecutive epochs. This can also be represented
in the form of a random walk.Taking above considerations
into account, we model the Delta_CLK as a random walk
to forecast the next epoch.

After conducting a qualitative assessment, we proceed to
a quantitative analysis of Table 2 and found that.

1. The stability of clock speed is not closely related to
the cost of the receiver. For example, the clock speed
(equals to Delta_CLK/sampling_interval) stability of the
low-cost single-frequency receiver Ublox M8t (Demo5

Roverl 1 Hz) is better than that of the geodetic receiver
Sept Polarx5 (IGS QUAD 1 Hz).

2. The accuracy of Delta_CLK prediction is primarily
related to the sampling rate, with higher sampling rates
correlating to higher prediction accuracy. For instance,
the Delta_CLK prediction accuracy of low-cost receiver
Ublox F9p (APM Basel 20 Hz) is 0.37 cm/epoch, while
for three types of geodetic receivers from the Interna-
tional GNSS Service (IGS)—Trimble-Alloy (IGS JENG
1 Hz), Javad-Delta (IGS LEIJ 1 Hz), and Sept-Polarx5
(IGS QUAD 1 Hz)—the Delta_CLK prediction accura-
cies are 1.37 cm/epoch, 0.98 cm/epoch, and 7 cm/epoch
respectively.

3. Utilizing three times the STD as the criterion, at a sam-
pling rate of 1 Hz, the geodetic receivers Trimble-Alloy
(JENG), Javad-Delta (LEIJ) and Net-R9 (HUANGPI)
present Delta_CLK process noise within half a wave-
length, whereas other types of receivers extend beyond
half a wavelength. It is noteworthy that, at 5 Hz and
10 Hz sampling rates, the process noise also remains
within half a wavelength.

Based on these analyses, the proposed method is particu-
larly suitable for cycle slip detection in low-cost receivers
with sampling rates above 5 Hz and geodetic receivers above
1 Hz sampling rate.

This section contributes to a more comprehensive under-
standing of the characteristics of receiver Delta_CLK, pro-
viding empirical data support for our cycle slip detection
method. This has great significance for optimizing the per-
formance of GNSS receivers and making informed choices
for receivers in various application situations.

Validation of static and dynamic data

In this section, we aim to evaluate the impact of predicting
Delta_CLK on cycle slip detection. To do so, we selected
the 20 Hz data from APM and 1Hz data from LEIJ for static
station verification. Figure 7 illustrates the DT performance
of APM under different forecast interval Delta_ CLK aids.
The black dashed line in the figure represents the range in
which 99.74% (3 o) of the data falls. The results indicate that
even when using low-cost F9p receivers and 80-s interval
prediction Delta_CLK, the cycle slip detection performance
of APM stations remains significant.

In Fig. 8, we can see the relationship between the forecast
interval and the DT at the APM and LEIJ static stations. As
the forecast interval increases for APM stations, the range
of cycle slip detection also increases, but it remains below
0.2 cycles overall. The range of cycle slip detection term for
LELJ station hardly changes with the increase of the forecast
interval, and it stays at a level below 0.25 cycles. When we
combine this information with Fig. 5, we can see that the
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Fig.7 The 20 Hz sampling

data from APM station Ublox-
F9p. The data shows DT with
different time delays, aided by
Delta_CLK prediction. The
scatter points indicate the DT of
different satellites, and the black
dashed line represents 99.74%
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Delta_ CLK of APM station and LEIJ station are consider-
able stable. Therefore, even under the forecast of 80 s, the
overall performance remains satisfying.

Subsequently, we selected the low-speed Sports Field
sequence and high-speed Urban Driving sequence to verify
the cycle slip detection performance of additional Delta_
POS and Delta_CLK aid under dynamic conditions. Consid-
ering that small cycle slips of more than 0.5 cycles can easily
affect the ambiguity to get fixed, we set cycle slips detection
threshold of 0.5 cycles to judge DT, as the red dashed line
shown in Fig. 9. In a low-speed dynamic environment, the
prediction of Delta_ CLK within 3 s hardly causes misjudg-
ment of phase observations without cycle slips. When com-
bined with Fig. 10, we can see that a standard deviation of 3

0.5
-@®- APM F9p 20Hz
0.4 —%- LEIJ JAVAD 1Hz
% 0.3 -
3
= == = == = — == — = = — =&
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Fig.8 Relationship between DT and forecast interval under static
conditions
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times is within 0.3 cycles. Therefore, in low-speed dynamic
environments, we can use this information as a reference to
set strict threshold values for cycle slip detection and the
upper time limits for Delta_CLK prediction.

Figure 10 indicates that Delta_ CLK forecasts within five
seconds can successfully detect small cycle slips over 0.5
cycles, although there may be some misjudgments. The
above analysis indicates the lower limit of this method.
However, in practical applications, the predicted value of
Delta_CLK can usually be obtained directly from the previ-
ous epoch. By referring to Figs. 8 and 10, we can observe
that regardless of whether the circumstance is dynamic or
static, the three times standard deviation of the cycle slip
detection is within the range of 0.2 cycles.

The method proposed in this study is particularly suitable
for receivers with stable clock performance and situations
that require high-frequency sampling, enabling them to suc-
cessfully conduct cycle slip detection.

TDCP with Delta_POS and Delta_CLK constraints
under 1-3 visible satellites

In a dynamic environment, GNSS users may encounter
with a situation where they receive a large number of satel-
lite observations in one epoch, but in the next epoch, due
to frequent shading and partial occlusion, there are less
than four available observable satellites. In this situation,
the Dleta_CLK can only be predicted based on the previ-
ous epoch. As time goes on, the accuracy of Dleta_ CLK
will diverge to an unpredictable level, which can lead to
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Fig.9 Low dynamic Sports
Field sequence 10 Hz, Delta_
CLK prediction with different
time delays to aid in cycle slip
detection. The scatter points
on the graph represent the DT
of various satellites. The red
dashed line corresponds to the
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boundary line of 0.5 cycles,
while the black dashed line
represents 99.74% of the data
within this range
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Fig. 10 Relationship between DT and forecast interval under dynamic
conditions

the failure of cycle slip detection. This, in turn, can cause
gross error transfer when tightly coulping GNSS observa-
tions with other observations. This is extremely detrimen-
tal to the robust estimation of parameters.To address this
issue, we explore the accuracy maintenance of Dleta_ CLK
by introducing Dleta_POS and Dleta_CLK constraints when
the number of satellites is less than 4. We use the Sports
Field sequence to illustrate this problem, and the satellite
distribution is shown in Fig. 11.

First, three satellites with the same side distribution, GO6,
E13, and E26, were selected and added to the equation to
solve the Dleta_ CLK. The results indicate that the observa-
tions of multiple satellites on the same side had little gain
in calculating the Dleta_CLK, and all of them would cause

0°

\(334 \g%z
270° 12

180°

Fig. 11 Satellite sky plot of Sports Field sequence

the estimated Dleta_CLK to deviate from the ground truth,
as shown in the first line of Fig. 12.

Then we selected three uniformly distributed satellites,
GO02, G15, and G29, and added constraints of 1-3 satel-
lites in gradually. The second line of Fig. 12 and Table 3
show that after adding constraints of 2—3 uniformly distrib-
uted satellites, the accuracy was significantly higher than
the accuracy of direct prediction from the previous epoch,
increasing by 28.09% and 65.17%, respectively. Conversely,
the imposition of constraints from a single satellite yielded
a less desirable result, leading to a decrease in accuracy.
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Fig. 12 Maintenance of
Dleta_CLK Accuracy with 1-3
satellites using Dleta_POS and
Dleta_CLK constraint. Top:
Satellites on the same side of
the station. Bottom: Uniform
satellite distribution around
the station. The blue legend
represents the accuracy of the
Delta_CLK directly predicted
from the previous epoch, while
orange, green, and red respec-
tively represent the constraints
of adding 1, 2, and 3 satellites

Table 3 Accuracy of Dleta_
CLK with less than 4 satellites
under various constraint
conditions. (unit: m)

Fig. 13 Maintenance of Dleta_
CLK Accuracy with less than 4
satellites using only Dleta_POS
constraint. Top: Satellites on the
same side of the station. Bot-
tom: Uniform satellite distribu-
tion around the station
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Essentially, when a satellite constraint is added, it is equiva-
lent to the constraint of the same side satellite, so the accu-
racy of Dleta_CLK under the constraint of one satellite is
lower than the accuracy of prediction.

We further investigate another extreme but frequently
encountered GNSS observational condition: the situation
where a GNSS user terminal transitions from an GNSS-
denied environment, lacking a priori observations for Dleta_
CLK and relying solely on Dleta_POS constraints provided
by the odometer. Further analysis focuses on the case where
only Dleta_POS serve as constraints for Dleta_ CLK solu-
tions, detailed in Table 3 and Fig. 13. The results demon-
strate that, with constraints from two or more uniformly
distributed satellites combined with Dleta_POS from the
odometer, a high-precision solution for Dleta_CLK can be
maintained. Building upon the preceding discussion, and
with the selection of an appropriate receiver, accurate fore-
casting of Dleta_CLK for the next epoch becomes feasible.
This capability facilitates cycle slip detection tasks, enabling
GNSS user terminals obtain phase observations without
cycle slips to the utmost possible in dynamic environments.

Positioning performance with the proposed
technique

For the static station validation, We selected the stations
CUTO and CUTB GNSS data from Curtin University, sam-
pled during January 1st, 2023, from 00:00 to 01:00. We used
GPS L1 single-frequency data for ultra-short baseline simu-
lated kinematic positioning. We calculated the Delta_ CLK
random walk process noise for CUTO and CUTB, which
turned out to be 1.9 cm/s and 1.7 cm/s, respectively. These
values are within 0.1 cycles and provide a good basis for our
cycle slip detection method.

In Fig. 14 and Table 4, we adopt different strategies for
handling cycle slips in GPS data. The first strategy, repre-
sented by (a), assumes that single-frequency GPS cannot
detect and repair cycle slips. Therefore, the ambiguity is not
propagated between epochs. This corresponds to the "instan-
taneous" mode (INST). On the other hand, strategies (b) to
(e) assume that no cycle slips occur and directly propagate
them. These strategies correspond to the "continuous" mode
(CONT). Lastly, strategy (f) assumes that cycle slips may
occur anytime. It employs our method for cycle slip esti-
mation satellite-by-satellite, with the ambiguity estimation
strategy set to CONT mode.

Fig. 14 Effect of cycle slip
detection strategies on RTK
positioning accuracy for static
station validation. a A single
epoch solution for ambiguity.

b—e None of them adopt cycle
slip detection methods, and it is (b)

Cycle slip: 10 cycles

considered that there is no cycle
slip occurrence. The CONT
mode is adopted. f Assumes that

Cycle slip: 2 cycles

o
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e v
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slip estimation satellite-by- 0
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Table 4 Ambiguity success

fixed rate and positioning Scheme Arr}bigl}ity Cycle slip detection Cycle slip Success fixed E/N/U RMS (m)
S ; . estimation added (cycles) rate (%)
error statistics for static station
validation (a) INST None 0.2-10 82.30 0.30/0.39/0.71
(b) CONT None 10 33.30 0.91/0.84/1.76
(c) CONT None 2 33.30 0.16/0.17/0.32
()] CONT None 0.5 33.30 0.05/0.07/0.11
(e) CONT None 0.2 99.99 0.01/0.02/0.01
() CONT Our method 0.2-10 100 0.003/0.008/0.009

Fig. 15 Effect of cycle slip
detection strategies on RTK
positioning accuracy for filed
test validation. a A single epoch
solution for ambiguity. b It is
considered that there is no cycle
slip occurrence. The CONT
mode is adopted. ¢ It assumes

that cycle slips may occur any-
time. It employs our method for
cycle slip estimation satellite-
by-satellite. The CONT mode is

adopted

Position Error [m]

Considering the data quality of the static base station
was good and only a small number of cycle slips were
present. After 1200 s, we manually introduced cycle slips
ranging from 0.2 to 10 cycles to explore their impact on
positioning accuracy and to validate the effectiveness
of our method in detecting cycle slips of varying mag-
nitudes. For (a), the positioning results remain the same
with additions of 0.2 to 10 cycles, with an ambiguity suc-
cess fixed-rate (epochs where the positioning accuracy in
the E/N/U directions within 5 cm are considered correctly
fixed epochs; success fixed rate = number of correctly fixed
epochs / total epochs) of 82.3%. The positioning accura-
cies in the E/N/U directions are 0.30 m/0.39 m/0.71 m,
respectively. When introducing cycle slips of 10, 2, 0.5,
and 0.2 cycles to (b)—(e), respectively, it can be observed
that small cycle slips of 0.2 cycles have little impact on
the short baseline RTK positioning accuracy and ambigu-
ity success fixed rate. However, cycle slips of 0.5 cycles
and above introduce significant errors in positioning. For

@ Springer
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Table 5 Ambiguity success fixed rate and positioning error statistics
for field test

Scheme Ambiguity Cycle slip Success E/N/U RMS (m)
estimation detection fixed rate
(%)
(a) INST None 87.62 0.75/0.75/2.4
(b) CONT None 11.37 1.33/0.18/1.97
(©) CONT Our Method  99.99 0.006/0.006/0.014

(f), the positioning results remain the same with addi-
tions of 0.2 to 10 cycles, with a success fixed rate of 100%
and positioning accuracies in the E/N/U directions of
0.003 m/0.008 m/0.009 m, respectively. This result dem-
onstrates the obvious role of our method in GNSS data
preprocessing.

For the field test validation, we further selected GNSS/
VIO data from the Sports Field sequence. We chose HKKS
from the Hong Kong Satellite Positioning Reference Station
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Network as the reference station and conducted short base-
line RTK positioning experiments using GPS and BDS dual-
system L1 single-frequency data. The ground truth was pro-
vided by RTK fixed solution using dual-frequency data from
GPS and BDS.

In Fig. 15 and Table 5, (a) represents the single-epoch
ambiguity resolution. This strategy assumes that single-
frequency GPS and BDS cannot detect and repair cycle
slips, so the ambiguity is not propagated between epochs.
This strategy uses INST mode, with an ambiguity fix-
ing rate of 87.62%. Assuming no cycle slips occur, (b)
propagates cycle slips directly using the CONT mode.
However, this strategy has a low ambiguity fixing rate of
only 11.37%. Therefore, if cycle slips are not handled cor-
rectly and are directly propagated, positioning accuracy
can be significantly degraded. (c) assumes that cycle slips
are likely to happen at any time during GNSS positioning
and adopts the method proposed in this study to detect
and repair cycle slips satellite by satellite. The ambiguity
estimation strategy is set to the CONT mode. The results
indicate that our method can help propagate ambiguities
accurately, leading to the expected accuracy of GNSS
positioning.

Conclusion

This study leverages the traditional TDCP model to sepa-
rately consider the estimable parameters, namely Dleta_
POS and Dleta_CLK. The Dleta_POS are obtained through
odometer predictions, while Dleta_ CLK are modeled as
random walk process, forecasted from previous epoch.
Subsequently, a cycle slip detection term is established.
Both dynamic and static experiments conclusively dem-
onstrate the efficacy of the developed Cycle Slip Detection
Term in successfully identifying small cycle slips. The
positioning experiment validated the new technology.

Furthermore, an analysis of Dleta_CLK characteristics
for various receivers of different costs reveals that most
receivers present favorable between-epoch stability in both
white noise and random walk characteristics. This stabil-
ity provides a robust foundation for isolating Dleta_ CLK
errors in our model. It is important to note that this method
is applicable only to receivers with a sampling rate of 1 Hz
or higher. While sampling rates below 1 Hz may limit cer-
tain applications, the consideration of receiver Dleta_ CLK
white noise or random walk characteristics serves as a
valuable criterion for the selection of GNSS receiver for
popularized application.

Additionally, with the constraint of odometer, our method
maintains Dleta_CLK solution accuracy even in complex

environments with only 2-3 uniformly distributed satellites,
which provides reliable prior information for successive
epoch-by-epoch and satellite-by-satellite cycle slip detec-
tion, contributing to the proper utilization of high-precision
GNSS phase observations. Our cycle slip detection algo-
rithm holds promise for robust GNSS applications in com-
plex, tightly coupled multi-sensor navigation situations.
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