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Abstract—Cycle slip of carrier-phase measurements is a
common error source in global navigation satellite systems
(GNSS) real-time kinematic (RTK) positioning. It limits the
performance of the GNSS-RTK in urban canyons due to the
excessive signal reflections from buildings. To fill this gap, this
paper proposes a LiDAR-aided cycle slip detection method for
GNSS-RTK, which benefits from the consecutive relative pose
estimated by LiDAR odometry. Specifically, the difference
between the triple-differenced carrier-phase measurements and
that of prediction based on the LIDAR odometry is used to detect
the potential cycle slips. The associated integer ambiguity is re-
estimated if the cycle slip is observed to obtain an improved
GNSS-RTK positioning. Experiments were conducted in a
typical urban scenario of Hong Kong to verify the performance
and effectiveness of the proposed method. The results
demonstrated that the performance of the cycle slip can be
effectively improved using the proposed method compared to the
conventional loss of lock indicator (LLI) based method. Both the
GNSS-RTK fixing rate and positioning accuracy can be
improved by 17.33% and 13.86%, respectively with the help of
the proposed LiDAR-aided method.

Keywords—Navigation; GNSS-RTK; LiDAR; Cycle Slip;
Urban Canyons

1. INTRODUCTION

Global navigation satellite system (GNSS) [1] is a well-
known approach for providing globally referenced positioning
services for an autonomous system, such as the autonomous
driving vehicle (ADV) [2] and autonomous aerial robots [3].
Existing GNSS positioning methods use the extended Kalman
filter (EKF) [4] or factor graph optimization (FGO) [5] to
estimate the position of the GNSS receiver which can only
achieve the meter-level [6-8] accuracy by using the
pseudorange and Doppler measurements. To improve the
accuracy of GNSS positioning, GNSS-RTK is introduced to
achieve centimeter-level positioning to meet the navigation
requirements of the autonomous system [9]. Specifically, the
GNSS-RTK technique eliminates systematic errors by
adopting the double-differenced (DD) operation [4] between
the observations received from a reference station and the one
from the user. Ideally, centimeter-level accuracy can be
achieved with the help of the high-resolution DD carrier-phase
and pseudorange measurements in open areas once the integer
ambiguities associated with the DD carrier-phase are correctly
resolved, leading to the fixed solution. However, the
positioning accuracy of the GNSS-RTK is significantly
degraded in urban areas such as Hong Kong due to the
excessive cycle slip [10] caused by the signal reflections from

Feng Huang, Weisong Wen, Hoi-Fung Ng and Li-Ta Hsu are with the
Hong Kong Polytechnic University, Hong Kong (correspondence e-mail:

buildings. Specifically, the estimation of the fixed solution for
GNSS-RTK relies heavily on the integer ambiguity resolution.
The resolved integer ambiguity is expected to be a constant
and is used continuously [4]. Unfortunately, this assumption is
violated once the cycle slip occurs. As a result, a significant
error can be caused in GNSS-RTK if the cycle slip is not
properly detected before the integer ambiguity resolution.
Even if the cycle slip is one cycle, the range error is 19
centimeters [11] for global positioning system (GPS) L1
measurements. There are three major sources [12] of cycle
slips. First of all, the cycle slips are caused by signal reflection
due to the buildings, bridges, trees, etc., which are common
elements in urban environments. Secondly, the cycle slip can
suffer from signal-to-noise ratio (SNR) losses due to the
multipath, satellite with low elevation angle, or high dynamics
of the receiver. Third, false signal processing [13] might
occurs because of the receiver software failure. In short, cycle
slip detection is essential to achieving precise GNSS-RTK
positioning in urban canyons.

To mitigate the impacts of the error raised by the cycle slip,
numerous works [11, 13-15] were presented to distinguish the
cycle slip. Essentially, the principles are similar. They try to
use additional information or sensors to detect the
inconsistency in the carrier-phase measurement. For example,
Bisnath [13] and Gao [15] invested the DD observation in
detecting the cycle slip based on the L1 and L2 observable
combination using a typical dual-frequency GNSS receiver. In
addition, Blewitt [16] proposed the TurboEdit method which
uses undifferenced, dual-frequency carrier-phase data to
identify the cycle slip. However, these methods are developed
for dual frequencies that are not available for a single-
frequency receiver. The code-phase difference, Doppler
integration, and time-difference of carrier-phase can be used
[17] to distinguish cycle slip in a single-frequency receiver.
However, these methods have their limitation. The code-phase
difference is difficult to detect small cycle slips because of the
significant noise embedded in the code measurement. The
Doppler observations are immune to cycle slips such that it is
an option to detect the cycle slip [13] together with carrier
measurements, but it cannot succeed in small cycle slips [11]
and is affected by the multipath in urban scenarios. The time
difference of carrier-phase also has unsatisfactory detection
accuracy in high-dynamic conditions such as autonomous
applications. In short, the accuracy of cycle slip detection for
the small cycle slips and high receiver dynamic is limited.

To address the limitations, some researchers [18-21]
integrate an inertial navigation system (INS) with a GNSS
receiver to detect cycle slips. The INS can provide a high-
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frequency relative position by integrating its acceleration and
rotation measurements based on the previous position from the
GNSS system. The geodetic range between the satellite and
the INS-predicted state is compared with the carrier-phase
measurement to determine the probability of cycle slips.
However, an automobile-level INS might not be sufficient as
the performance of the INS relies on the correction of the
internal bias[22] of the accelerometers and gyroscopes. In
short, those methods rely heavily on the cost of the INS.

Recently, the LiDAR sensor has been widely used for
autonomous systems and can provide accurate and high-
frequency LiDAR odometry (LO) [23]. The LO method
estimates the state by accumulating the relative transformation
between consecutive frames. Our previous work [24] has
proven that the LiDAR sensor can provide accurate relative
state estimation in urban areas. Inspired by this, this work
proposes to detect the cycle slip using the time-differenced
carrier-phase with the help of LIDAR odometry. The precise
LiDAR pose estimation is used to estimate the relative motion
of the GNSS receiver. Then the cycle slip detection is
conducted using the consecutive epochs of LiDAR-predicted
ranges and the one from the received carrier-phase
measurements. After the cycle slip is detected, the integer
ambiguity will be re-estimated to get a fixed solution of
GNSS-RTK. The remainder of the paper is laid out as follows:
Section II presents the overview of the proposed LiDAR-aided
cycle slip detection. The pose estimation based on the LIDAR
odometry is given in Section III before elucidating the LiDAR-
aided cycle slip detection in Section I'V. Then, the performance
evaluation is conducted in Section V. Finally, the conclusions
are remarked, and future work is summarized.

II. OVERVIEW OF THE PROPOSED METHOD

The overview of the proposed framework is illustrated in
Fig. 1. The pipeline mainly contains two parts: (1) the
predicted state based on LiDAR odometry and orientation by
attitude and heading reference system (AHRS) [25] and (2)
the cycle slip detection based on the time difference of the DD
carrier-phase and DD LiDAR-derived ranges. The difference
between two DDs over different epochs is so-called a triple
difference. In general, the purpose of using the tripe-
difference method is to eliminate all systematic errors. Note
that the relative pose estimation concerning the LiDAR local
frame should be transformed into the GNSS global frame
before its utilization in cycle slip detection. To this end, this
paper directly adopts the orientation from the AHRS.
Specifically, the inputs of the system include the point cloud
from the LiDAR sensor, the orientation from the AHRS, and
the raw measurements from the GNSS receiver and the
reference station. The pose estimated by LiDAR odometry is
aligned into the earth-centered, earth-fixed (ECEF) frame,
corresponding to the light-blue boxes in Fig. 1 which will be
discussed in Section III. Then the cycle slip is detected based
on the difference between the triple-differenced carrier-phase
measurements and that of prediction by the LIDAR odometry,
corresponding to the light-yellow boxes in Fig. 1, which will
be presented in Section IV. At last, the ambiguity is re-
estimated to achieve a fixed solution.

The contributions of the work are summarized as follows:

(1) This paper proposes a LiDAR-aided approach to
detect cycle slips in the triple-differenced carrier-
phase measurements. We resolve the integer
ambiguity resolution after detecting the potential
cycle slips.

(2) Performance evaluation of the proposed pipeline
using the challenging dataset collected in typical
urban canyons of Hong Kong is presented. We verify
the effectiveness of the proposed method step by
step by comparing it with the conventional methods.

L enu
_b Pt_| LiDAR Scan- | ¢ ENU | ECEF
| LiDAR matching Transformation Transformation
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Reference station AVp | Ave 1 #’ AV’ T
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Fig. 1 Framework of the LiDAR-aided cycle slip detection. WLS denotes the
weighted least squares method. The notations are explained in Table 1.

TABLE L. Notations and Definitions
Symbol Description
t The GNSS epoch at timestamp ¢
s Index of satellite
r The GNSS receiver
b The reference station
p Pseudorange measurement
[} Carrier-phase measurement
¢’ The predicted range measurement
AVp,AV¢, Double-differenced pseudorange, carrier-phase, and
AV’ predicted range, respectively
Pie, Dies Pseudorange and carrier-phase received from satellite s to
Pits Pt the receive and reference station at epoch ¢, respectively
G ECEF frame
L LiDAR body reference frame, which is fixed at the optical
center of the sensor, normally is a superscript
1 AHRS body reference frame, normally is a superscript
enu East, North, Up (ENU) frame
P?, P; The position of the satellite s and receiver at timestamp ¢
in the ECEF frame, respectively
P, The point cloud received by the LiDAR sensor at
timestamp ¢
Rf™ The rotation matrix from AHRS body frame to ENU frame
T? The transformation from frame 1 to frame 2,

T? = [R? 2], which R? and t? denotes the rotation and
translation, respectively.

XE') The state estimation at epoch t in the specified (.) frame,
e.g., X! denotes the state in the LiDAR frame. XE') =
[RE') tg')], which RE') and tE') denotes the rotation and
translation, respectively.

To clarify the proposed pipeline, commonly used
notations are defined in Table I and followed by the remainder
of the paper. The state of the LIDAR odometry is denoted in
the LiDAR local frame, which is fixed at the starting point.
The positions of the GNSS receiver and satellites are in the
ECEF frame.

III. STATE ESTIMATION BASED ON LIDAR ODOMETRY

This section presents the methodology of LiDAR
odometry and the transformation between the LIDAR c and the

1573

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on July 28,2023 at 09:07:18 UTC from IEEE Xplore. Restrictions apply.



ECEF frame. The work in [26] has proved that low drift state
estimation can be obtained by LiDAR odometry in urban
environments.

A. LiDAR Odometry

LiDAR measures the range distance between the LIDAR
sensor and the surrounding objects. As there is rich geometry
information in urban areas, LIDAR odometry can extract a set
of useful features from the raw point cloud. The m indicates
the channel number of point cloud Py.. X, ;) represents the i-

th point in Py. Szﬁli) be a set of neighboring points of X ;)
in scan channel m. The feature points are extracted according
to the smoothness of Xy ;y and its consecutive points [26],

1

%= NoTraal ||Zjes(mk,i),j¢i(x(k,i) - X(k,j))” (H

where the Xy ;) indicates the successive point of X ;) within
(ki)- Ns denotes the amount of points in Sfy ;, including
X (ki) and successive points. The operator ||*|| denotes the L2
norm. A point is classified as the edge feature with a large
curvature value or is classified as a planar feature by a slight
curvature value. The extracted features are registered with
previously constructed feature mapping, so-called scan-to-

matching. A more detailed description of the LIDAR odometry
can be found in [24, 26].

B. ECEF Transformation

Given the pre-calibrated extrinsic parameters among the
LiDAR, AHRS, and GNSS receiver, the LIDAR pose in the
LiDAR frame can be converted to the receiver pose in the
ENU frame as follows,

Renu 0
enu _— 1 rolyL
S N A @)
where the T} is extrinsic to transform the pose from LiDAR
frame to AHRS frame. T/ is the extrinsic parameter between
the AHRS and the antenna of the GNSS receiver. R§™ is
obtained by AHRS orientation estimation.

The origin of the ECEF domain is the center of mass of
the earth in WGS 84 [27] ellipsoid. To transform from ENU
to ECEF coordinate, a reference point of the ENU is required.
The first fixed solution PfGixwhich is resolved by RTK-GNSS
is selected as the reference location of the ENU coordinate.
The state in the ENU frame can be converted to the ECEF
frame following [1],

—sind —singcosA cospcosA
cosA  —singsind cospsind|tran(Xrt") + P (3)
0 cosg sing

where the ¢p and A denote geodetic latitude and longitude of
the reference point, respectively. Note that the first point is
selected as the reference point in this paper. The operator
tran(*) is defined to get the translation of the state.

G —
Pr,t -

IV. LIDAR-AIDED CYCLE SLIP DETECTION

A. Cycle Slip Detection Aided by LiDAR sensor

A carrier-phase measurement in units of length from the
GNSS receiver can be expressed as [28],

Pre =1t C((Sr,t - 515,15) — R+ TP+ °Ni+ &8, (4)

where the A° represents the carrier wavelength of the
corresponding GNSS signal. 7, denotes the range distance
between satellite and GNSS receiver. c denotes the speed of
the light. &, and &;; represent the receiver clock bias and the
satellite clock bias, respectively. I7, and T;, represent the
delay due to ionospheric and tropospheric layers, respectively.
N7, denotes the integer ambiguity value of carrier-phase. &7,
denotes the unmodeled error such as receiver thermal noise
and multipath.

The overview of DD carrier-phase measurement is shown
in Fig. 2. The single difference between the receiver and base
station with the common master satellite eliminates the
satellite bias, ionospheric and tropospheric effects. Typically,
the satellite with the highest elevation angle is chosen as the
master satellite which is followed in this paper. Then, the
receiver clock bias can be further eliminated by between-
satellites single difference. The DD carrier-phase
measurement for GNSS-RTK is denoted as follows [4],

AVer, = (¢7§t - ¢1§,t) - (¢7‘:Vt - ‘{bxft)
where the satellite w represents the master satellite selected
with the highest elevation angle. AVN;, denotes the DD
ambiguity which is to be resolved before obtaining the fixed

solution. AVe;, indicates the noise associated with the DD
carrier-phase measurements.

Given the LiDAR-predicted receiver pose in the ECEF
frame which is derived in Section I1I-B, the range distance for
satellite s to the receiver is computed as,

s _ s _ G
re =P — PE

:\/(Pt?x - Pr(,;t,x)z + (Ptfy - Pr(,;t,y)z + (Ptsz - Pr‘,;t,z)z (6)

where the ¢'7, is the LiDAR-determined range distance
between satellite and receiver. ||*|| denotes the L2 vector norm
[29]. P§ = (P&y, PEy, PE,) and PPy = (PP s, Pipy, Py ,) are
the position of the satellite and the receiver in the ECEF frame,
respectively. Therefore, the predicted DD range measurement
aided by LiDAR sensors can be expressed as,

AVPFe = (95— d'5e) — (Ve — @b (7
Fig. 2 presents the difference of DD carrier-phase

measurement, so-called the triple difference measurements,
between two successive epochs, which can be expressed as,

8AV}:, = AV, - AVPr, o

=AVry, — AVr g + A(AVNy, — AVN7, 1) + 8AVer, (8)
8AVe;, indicates the changing of the unmodeled DD error
between consecutive epochs.

Similarly, the time-differenced LiDAR-predicted range
can be presented as,

8AV¢’$¢ = AV(I)'ﬁ,t - AV¢’$,t—1 ©

In view of the fact that the LIDAR odometry can provide
a highly accurate relative motion between two epochs with a
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short time difference, the AVr;?, should equal to AV¢'; .. The
difference between 8AV¢; , and §AV¢'; ; can be denoted as,

dg(b,t = 8AVg;, — 8AVY'T, = A(AVN;, — AVN7, ;) (10)

where the d3, . refers to the difference between the triple-
differenced carrier-phase measurements and LiDAR-
predicted range measurements, so-called DCL. If the carrier-
phase measurement is free of cycle slips, the double-
differenced ambiguity AVN;, remains constant for the
consecutive epochs. As a result, the DCL residual should be
small if there is no cycle slip. Therefore, (10) can be used to
detect cycle slips if df,, exceeding an experimentally
determined threshold Tp;,

|d3gc> Toce (11)

G5 -
P
G, .
Pt—s1 Satellite s n
Satellite s By ---->
s ﬁ?’
v Foi-1
s
Pre-1 Ppe
\

Fig. 2 Illustration of triple-differenced carrier-phase measurements.

B. GNSS-RTK Positioning Aided by Cycle Slip Detection

The float state estimation and carrier-phase integer
ambiguity resolution are two main steps in GNSS-RTK
positioning. In the first step, the float solution is estimated by
the weighted least squares (WLS) [4]. Secondly, the integer
ambiguity resolution (AR) is performed using the least-
squares ambiguity decorrelation adjustment (LAMBDA) [30]
algorithm in the second stage. If a cycle slip occurs, the AR
needs to be resolved again to get a fixed solution. The
implementation of the GNSS-RTK positioning is based on
RTKLIB [4].

Cycle slip detection using LLI: The receiver provides an
LLI indicator representing the status of the cycle slips.
According to the Receiver Independent Exchange Format
(RINEX) 3.03 [31], 3 bits are assigned to the cycle slips
detection. If bits are set to 0 or blank, it means no cycle slip
or not known. The possibility of a cycle slip is detected when
bit 0 is set, while bit 1 is set when the existence of a half-cycle
ambiguity or slip. In addition, the occurrence of a BOC-
tracking of an MBOC-modulated signal if the LLI is set to bit
2 [31]. The measurements are marked with a cycle slip by LLI
easily due to the signal reflections from buildings in urban
environments.

V. EXPERIMENT RESULTS AND DISCUSSIONS

A. Experiment Setup

To validate the performance of the proposed LiDAR-aided
cycle slip detection method, the experiment is conducted in
typical urban environments in Hong Kong using our open-
sourced UrbanNav [32] datasets. The datasets contain
measurements from multi-GNSS receivers, INS, cameras, and
multi-LiDARs. Besides, the ground truth (GT) positioning is
obtained by NovAtel SPAN-CPT, which integrates fiber
optics gyroscope (FOG) into the GNSS-RTK, as shown in Fig.
3. Furthermore, we post-process the GT from SPAN-CPT
using the state-of-the-art NovAtel Inertial Explorer [33]
software to maximizes the accuracy of the trajectory.

In this experiment, a commercial u-box F9P GNSS
receiver was employed to collect the raw measurement of
GPS/Beidou at 1 Hz. The LiDAR frame rate is 10 Hz. In
addition, the GNSS time and LiDAR timestamp is hardware
synchronized [32] during the data collection. Meanwhile, the
extrinsic parameters of the GNSS receiver, LIDAR sensor, and
NovAtel SPAN-CPT were calibrated in advance.

The datasets are processed with a desktop and the
specification is provided as below:

e An AMD Ryzen 5950X CPU with 16 cores, 32 threads

e 2x32GB DDR4 3600 MHz RAM Memory

3D LiDAR:

Velodyne
H

> ~
Antenna o |
U-blox FOP |

= @ s

Fig. 3 Left: Setup for the sensor platform. A u-blox FOP, Velodyne HDL-32E
3D LiDAR, and ground truth positioning provided by SPAN-CPT are
adopted during the evaluation. Right: The typical urban environment of Hong
Kong to be evaluated.

B. Evaluation Metrics and Methods

1) Cycle Slip Ground Truth Labeling

To verify the effectiveness of the proposed cycle slip
detection, we use the ground truth positioning provided by
NovAtel SPAN-CPT to label the cycle slip. In other words,
relative pose from the ground truth estimation is adopted to
replace the role of the LIDAR odometry in (8).

Specifically, the range measurement between the satellite
and the receiver at epoch 7 can be derived following (6) after
applying the transformation from the SPAN-CPT to the
antenna of the receiver. Furthermore, the triple-difference
GT-based range measurement can be computed based on the
DD range measurement using consecutive epochs.

Recall (8), the difference dg, ., between the triple-
differenced carrier-phase 8AV¢;, and GT-based range
measurement SAVr;S, can be expressed as follows,

dig.ger = OAVP, — SAVEE,
= A(AVNy, — AVN7,_4) (12)

d3 g ge,c can be used to label the cycle slips when the threshold
is exceeded.
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2) Performance Evaluation of the GNSS-RTK Cycle Slip
Detection

In this paper, the performance evaluation of the LiDAR-
aided GNSS-RTK cycle slip detection is based on the results
of cycle slip ground truth labeling in the previous section. We
only evaluate the data epochs in which DD measurements
exist in the consecutive epochs because the ground truth
labeling of the cycle slips is based on the triple-differenced
measurements. The accuracy of the cycle slip detection can
be defined as,

_ NCSnNgt

Par (13)

Ngt

where the P, denotes the percentage of detection rate. The

N, denotes the amount of cycle slip satellites detected using

the proposed method. The Ny, denotes the number of cycle

slip satellites detected using the ground truth labeling in

Section V-B. The higher value of the P;. means the larger

overlapping level of the cycle slip detection and GT labeling.
To validate the contributions of the proposed method in

cycle detection, the following methods are evaluated,

(1) LLI: The cycle slips are marked by the LLI flags.

(2) LAD: The proposed LiDAR-aided (LA) cycle slip
detection scheme.

3) Performance Evaluation of the GNSS-RTK Positioning

The fixed solution is resolved using the raw measurements
of the GNSS receiver from the user (rover) and the GNSS
receiver from the base station via RTKLIB [4]. The setting for
RTKLIB evaluation is shown in Table II:

TABLE II. Process Setting in RTKLIB
Parameter Value Parameter Value
Positioning Kinematic Satellite GPS/Beidou
Mode System
Imll\zf)[:il:re Broadcast Frequency L1
Troposphere Saastamoinen Elevation 15 degrees
Model Model Mask
Integer Hong Kong
Ambiguity Fix and Hold Ephemeris Land
Resolution Department
Min Ratio to
Fix 3.0 Filter Type Forward
Ambiguity

Meanwhile, the availability and fixing rate of GNSS-RTK
are defined for better classification. The availability P, is
defined as the percentage of epochs N, where can be
resolved by RTKLIB, divided by the total number of epochs
Ngpp in the GNSS measurement,

— Nsol
Neph

(14)

a

The fixing rate Py, is defined as the percentage of epochs
where the integer fixed successfully Ny;,, divided by the total
number of epochs Ng,;,

Nfix
Pfix =N
sol

(15)

To validate the contributions of the proposed method in
this paper, we evaluate the following four methods,
(1) RTKLIB: The conventional GNSS-RTK positioning [4]

uses the LLI to detect the cycle slips. The ambiguity will
be re-estimated if a cycle slip occurs.

(2) RTK-LA: The GNSS-RTK positioning with LiDAR-
aided cycle slip detection only. The ambiguity will be re-
estimated if a cycle slip occurs.

(3) RTK-LAE: The GNSS-RTK positioning method
combines the detection of LiDAR-aided cycle slip and
the LLI flags. LiDAR-aided Cycle slip detected satellite
is excluded from the position estimation.

(4) RTK-LAR: The proposed GNSS-RTK positioning
method combines the detection of LiDAR-aided cycle
slip and the LLI flags. The estimated ambiguity is reset
and refixed if a cycle slip is detected.

C. Experimental Validation in Urban Environments

The experiment is conducted in an urban area of Hong
Kong near Kowloon Town with a total path of 675 m, and an
example scenario is shown on the right side of Fig. 3.
Numerous trees and buildings are involved such that it is a
typical urban environment with many cycle slips occurred.

1) GNSS-RTK Cycle Slip Detection in Urban Areas

The results of the cycle slip detection using LLI and
LiDAR-aided method are shown in Table III. The total
number of cycle slips labeled by the ground truth is 104 out
of 1235 measurements. The labeled cycle slips are 8.4% in
this environment. 33 common-view measurements are
marked from the 402 LLI slip detections according to the
cycle slip ground truth labeling. The reason that other 369 LLI
flags are not counted as cycle slip comparison is that cycle
slip ground truth labeling computes successive carrier-phase
measurements only. In other words, we do not consider the
LLI flags from the unlabeled measurements. With the help of
LiDAR odometry, RTK-LA observed 94.2% of cycle slips
successfully while only 10.6% were identified by LLI flags.
In addition, we observed that the number of cycle slips
marked by LLI is quite large compared to the number of
ground truth labels or LiDAR-aided method. The reason for
this is that the cycle slips are produced and marked by LLI
easily at the beginning of the signal tracking or the low SNR
in urban areas.

TABLE III. Performance evaluation of cycle slip detection in the urban
environment. Ngg N Ny, indicates the number of cycle slip satellites detected

both by the proposed method and the ground truth labeling in Section V-B.
(num: number)

Results G”’L“a'L‘LTe (ri“th LLI LAD
Num of Detection 104 402 105
Num of Correctly

Detected, Nos N N g, / 33 98
Detection Rate P, / 10.6% 94.2%

Fig. 4 and Fig. 5 demonstrate the cycle slip detection results
of GOl and Cl11, respectively. Most cycle slips can be
distinguished based on the experimental threshold marked in
red dash-dot with 0.57 m (3 cycles for L1 measurement).
Interestingly, most of the LLI flags in GO1 and C11 which are
marked in the red box of Figs. 4 and 5 are detected at the
beginning of the tracking or the discontinuous measurement
in the urban environment. Meanwhile, RTK-LA methods can
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detect the cycle slips in continuous measurement effectively.
In short, the cycle slip detection of the LLI flags and the
LiDAR-aided could be complementary for the GNSS-RTK
pos41tioning.
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.l — LAD
=3 S — w3
3 ~ o &
225 12w
2 @ =
o1t o) © 11
b S 1 | O 1 S I 11| S
(0]
0 55 0
3.5855 3.586 3.5865 3.587 3.5875 3.588
GPS Second (s) %105

Fig. 4 The cycle slip detection result on satellite GO1. The x-axis, left y-axis

and right y-axis denote the GPS seconds, absolution value of DCL residual,

and LLI flag, respectively. The red dash-dot line indicated the threshold (0.57

m) for cycle slips of DCL residuals.
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Fig. 5 The cycle slip detection result on satellite C11. The x-axis, left y-axis
and right y-axis denote the GPS seconds, absolution value of DCL residual,
and LLI flag, respectively. The red dash-dot line indicated the threshold (0.57
m) for cycle slips of DCL residuals.

2) GNSS-RTK Fixing rate and Positioning results in Urban
Areas

To effectively evaluate the cycle slip detection of the LLI
and LiDAR-aided methods, several positioning methods are
evaluated to explore the combination of the LLI and the
LiDAR-aided approaches. The results of the fixing rate using
the four methods are shown in Table IV. The proposed RTK-
LAR obtained a 25.25% fixing rate, the highest among the
evaluated GNSS-RTK methods. Meanwhile, RTK-LA
performs worse in terms of the fixing rate. The reason is that
some carrier-phase measurements are discontinuous, thus
affecting the usability of the proposed triple-differenced
formulation. RTK-LAE retained a better performance by
excluding the measurement from satellites with cycle slips.
However, lower availability using RTK-LAE as it excludes
all the measurements with the cycle slip excessively.

TABLE IV. Performance evaluation of GNSS-RTK in terms of fixing
rate and 2D Position error.

RTK- RTK-
Results RTKLIB | RTK-LA LAE LAR
Availability P, | 99.02% | 99.02% | 97.55% | 99.02%
Fixing Rate Pr, | 7.92% 3.96% 14.57% | 25.25%
Improvement of / 3.96% 6.65% 17.33%
Fixing Rate
MEAN (m) 1298 2715 1.173 1.118
STD (m) 2.459 3.590 2451 2.446
Improvement of / / 9.64% | 13.86%
Positioning

200 —e— conventional
RTK-LA
—e— RTK-LAE

150 | RTCHAR

100 |

north (meters)

-50 0 50 100

east (meters)
Fig. 6 2D positioning trajectories of the four methods. The x-axis and y-axis
denote the east and north directions, respectively. The black curve represents
the ground truth positioning. The areas marked in grey, purple, and orange
represent three typical urban areas, respectively.

—e— conventional
12 H RTK-LA
10 » —o— RTK-LAE
0 —e— RTK-LAR
L gl ]
T 8
S
T 61 1
o
S 4 1
2 H 4
0= e ‘ - . -y
3.5855 3.586 3.5865 3.587 3.5875

GPS Second (s)

x10°

Fig. 7 2D positioning errors of the four methods. The x-axis and y-axis denote
the epoch and 2D error, respectively. The areas marked in grey, purple, and
orange represents the corresponding area in Fig. 6, respectively.

In terms of positioning accuracy, the RTK-LAR
outperforms other methods with a mean error of 1.1178 m.
The maximum error of the RTK-LA is worse than the other
methods. 13.86% improvement of the mean positioning error
is achieved by RTK-RTK compared to the conventional
GNSS-RTK method as shown in Table IV.

Fig. 6 and Fig. 7 show the trajectories and the positioning
error using four methods, respectively. The more accurate
trajectory is estimated using RTK-LAR with the help of
LiDAR-aided cycle slip detection, especially in the areas
marked in Fig. 6. After applying the LiDAR-aided cycle slip
detection, the positioning performance of GNSS-RTK is
improved significantly in this urban area, especially in the
purple and orange area in Fig.6 and Fig. 7. However,
unsatisfactory positioning accuracy is observed in the grey
area in Figs 6 and 7 due to excessive sign reflections.
Therefore, it is important to integrate additional onboard
sensors such as IMU to improve the performance of state
estimation.

VI. CONCLUSION AND FUTURE WORK

Cycle slip is one of the key challenges in GNSS-RTK.
Undetected cycle slips affect the fixing rate and the
positioning accuracy in urban areas. Therefore, the detection
of cycle slip is significant for improving the performance of
GNSS-RTK. The paper proposes the cycle slip detection
aided by the predicted triple-differenced range measurements
using the LiDAR sensor and obtains a satisfactory solution in
terms of fixing rate and state estimation in an urban area.
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In the future, we will study the integration of LiDAR and
GNSS-RTK to reduce the global drift of LIDAR for long-term
autonomous driving systems. The GNSS-LiDAR-Inertial
multi-sensor fusion [34, 35] is another interesting topic to
reduce positioning error in urban areas.
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