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Abstract: High-precision navigation systems are crucial for unmanned autonomous vessels. However,
commonly used Global Navigation Satellite System (GNSS) signals are often severely affected by
environmental obstruction, leading to reduced positioning accuracy or even the inability to locate. To
address the issues caused by signal obstruction in high-precision navigation systems, the research
presented in this paper proposes a vector-tracking loop (VTL) structure based on the forward Kalman
Filter (KF) and the backward Rauch Tung Striebel (RTS) smoothing algorithm. The introduction of
loop filters in the signal-tracking loop improves the tracking accuracy of the carrier and code, thereby
enhancing the stability and robustness of the navigation system. The traditional scalar-tracking
loop (STL), traditional VTL, and Kalman Filter (KF)-based VTL were compared through shipborne
motion experiments, and the proposed method demonstrated superior signal-tracking capability and
navigation accuracy. In the experiment, there were three blocking areas along the experimental path.
The experimental results show that, when there are signal blockages of 12's, 18 s, and 40 s, compared
to the traditional VTL method, the proposed method can reduce the horizontal position error by
93.9%, 95.8%, and 94.5%, respectively, as well as the horizontal velocity error by 71.1%, 95.8%, and
97.6%, respectively.

Keywords: vector tracking; GNSS; RTS; signal occlusion

1. Introduction

The emergence of unmanned ships represents a significant transformation in the
maritime transportation industry, heralding an important development path for future
maritime traffic. The core of this technology lies in achieving comprehensive unmanned
management of maritime operations through advanced remote-control systems and intelli-
gent autonomous decision-making capabilities of the ships themselves. With continuous
technological advancements, unmanned ships are expected to play a significant role in
ocean transportation, maritime search and rescue, and environmental monitoring. To
achieve precise control of unmanned vessels and real-time decision-making assistance
for vessel movement, a high-precision ship navigation system is essential. The Global
Navigation Satellite System (GNSS) provides real-time navigation information to global
users through radio waves and is currently the most widely utilized system in the field
of maritime navigation. Although the application of GNSS as a navigation system in the
maritime field is very common, some issues still need to be addressed for maritime use.
Currently, unmanned vessels mainly operate in relatively complex environments, such as
nearshore or inland waterways, which is different from ocean-going ships that operate
in open seas. In these scenarios, GNSS signals are often affected by external interference,
such as buildings, bridges, trees, and complex electromagnetic environments, leading to a
significant decrease in the positioning accuracy of the navigation systems.
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Scholars have also conducted technical research to address the impact of signal obstruc-
tion on navigation systems. Some scholars have focused on improving the anti-interference
capability of receivers by optimizing signal-processing algorithms and enhancing the
receiver hardware performance to reduce noise problems in weak-signal environments,
thereby improving the stability and positioning accuracy of navigation systems. Other
scholars have focused on using auxiliary data sources, such as ground station networks
or satellite augmentation systems, to enhance the robustness and reliability of navigation
systems in complex environments. In addition, some scholars are researching the use of
other navigation sensor data sources to achieve multisource integrated navigation systems.
In conclusion, various technical studies in different directions are actively underway to
address the impact of signal obstructions on navigation systems.

The research presented in this paper proposes a vector-tracking loop (VTL) algorithm
structure based on forward Kalman Filter (KF) and the backward Rauch Tung Striebel
(RTS) smoothing algorithm to enhance the tracking capability of shipborne navigation
receivers in weak-signal environments and improve the robustness and navigation accuracy
of shipborne navigation systems. The innovations of this paper are summarized as follows:

A tracking loop filter was designed based on a combination of Kalman Filter (KF)
forward filtering and backward RTS smoothing algorithms, aiming to improve the tracking
accuracy of the carrier and code in VTL. Stable signal tracking in obstructed environments
was achieved by improving the tracking accuracy of the loop, thus enhancing navigation
accuracy. To evaluate the performance of the proposed VTL, motion experiments on
board ships were designed, and the navigation performances of traditional scalar-tracking
loops (STLs), traditional VTL, and KF-based VTL were evaluated. The results of the
experiment indicate that the proposed method demonstrates a superior performance
compared with the other three methods in terms of signal tracking, accuracy of navigation
position, and velocity.

2. Related Works

Traditional GNSS receivers use scalar-tracking loops to process satellite signals. A
scalar-tracking loop is a simple feedback control system that is used to separately track the
pseudocode phase error and carrier frequency error of each satellite signal. In this tracking
mode, the processing of each satellite signal is independent, and there is no information
exchange or fusion [1]. STL focuses only on the strength changes in individual satellite
signals and maintains synchronization with the satellite signal by adjusting the frequency
and phase of the local oscillator. This single-channel tracking method makes handling
multiple satellite signals relatively easy. However, the drawback of STL is that it cannot
analyze the signal quality deeply. It cannot distinguish between directly received satellite
signals and multipath signals caused by reflections from the surrounding environment;
therefore, its tracking accuracy is affected in cases of severe multipath effects or signal
obstruction. Additionally, STL cannot utilize information from different channels for
cross-validation or assistance, thus limiting its performance in complex environments.
Researchers have proposed a new vector-tracking loop (VTL) structure to solve the signal-
tracking problem in complex environments. This structure utilizes advanced technology
and algorithms to accurately track signals in complex and changing environments, and
it exhibits strong anti-interference capabilities [2,3]. VTL controls the joints of all tracked
satellite signal channels through navigation fusion filters, thus fully utilizing the common
information between each channel [4]. This feature enables the VTL to better track weak
signals and highly dynamic signals without adding external hardware assistance, and it
also exhibits a higher tracking performance under multipath and non-line-of-sight signal
conditions [5]. Therefore, VTL is a solution to unstable signal tracking in weak-signal
scenarios and has important research significance. Some scholars have made improvements
to the signal-tracking loop of VTL and introduced new filtering schemes and optimized
algorithms to improve the tracking accuracy of the loop for carriers and code. To reduce
the impact of weak signals on the vector-tracking loop and improve navigation accuracy,
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Kim et al. proposed a new tracking-loop structure. They used local filtering linear filters
and covariance scaling methods to mitigate the influence of weak signals on the entire
system, resulting in a good signal-tracking performance [6]. To improve the stability of
the vector-tracking loop, Lin et al. proposed a loop tracking structure based on a diagonal
weighting matrix. The simulation shows that even though the accuracy of the navigation
results is slightly lost, the system can obtain strong robustness [7]. Reducing the frequency
error of signal tracking is also a way to improve system stability. Park et al. designed
the loop structure of the LQG-VTL and calculated the total frequency tracking error to
determine the control gain matrix in the algorithm structure. Finally, by comparing the EKF-
VTL method with the simulation, the LQG-VTL method was found to have better system
robustness [8]. Liu et al. proposed a vector-tracking framework based on FLS-VTL to solve
the problem of the signal loop losing lock under signal occlusion by using the intermediate
pseudo-range error and pseudo-range rate error in the calculation process of the software
receiver as the input parameters of the navigation processor to solve the navigation results.
This method improved the signal-tracking capability of the system. It also improved the
navigation precision to a certain extent [9]. Xia et al. proposed a vector-tracking algorithm
based on VDFLL, which has a good effect on preventing signal fluctuations caused by
ionospheric scintillation, making the signal-tracking loop perform well even in the case of
strong ionospheric scintillation [10]. These methods not only enhance the noise-suppression
capability of the signal processing system but also strengthen the anti-interference ability of
the system. In addition, they have adopted advanced digital signal-processing techniques
to effectively reduce multipath interference in the signal and have demonstrated good
stability and reliability in complex electromagnetic environments. These technological
innovations provide reliable, stable, and efficient solutions for the practical application of
VTL. However, current research on the performance of VTL methods mainly focuses on
improving the anti-interference ability, stability, and robustness of the system and does not
comprehensively evaluate the accuracy of the entire navigation system from signal capture
and tracking and navigation results. At the same time, few studies have conducted actual
motion experiments to evaluate the performance of the proposed method.

The navigation processor is generally used to process the data signal after loop fil-
tering and to calculate the user’s position, velocity, and time [9]. Its main tasks include
decoding and parsing the pseudo range, Doppler frequency shift, and orbit information in
satellite signals, as well as performing various algorithms to estimate the three-dimensional
position of the receiver [11]. In addition, to improve positioning accuracy and robustness,
the navigation processor must also filter the signal data, correct errors, and perform fault
detection and fault-tolerant processing. Many scholars have improved the working prin-
ciple of navigation processors by optimizing their internal filtering algorithms to achieve
high-precision navigation. Dai et al. proposed an adaptive navigation processor to suppress
signal interference in harsh environments [12]. Jakubov et al. introduced a federal filtering
method in their study in which the main filter was used as a navigation processor to feed
back the navigation parameters of the receiver. The experimental results show that the
performance of the federal filter loop is better than that of the KF loop, which reduced
computational complexity and improved the robustness of the system [13].

The integration navigation technology based on multiple sensors is currently an
effective way to achieve high-precision navigation [14]. In addition to incorporating
the Inertial Navigation System (INS) and Celestial Navigation System (CNS), it can also
integrate various types of sensor information, such as map data and radar, to enhance the
stability and reliability of the navigation system. Gan et al. deduced a mathematical model
of GNSS/INS-integrated navigation in their research and summarized the navigation state
and measurement model in the algorithm [15]. Liu et al. proposed an ultra-tightly coupled
integration system architecture based on INS and GNSS that can effectively suppress error
divergence and signal lock-out [16]. Qin et al. proposed a low-cost VIL/IMU-integrated
navigation structure based on the principle of integrated navigation, which has a good
dynamic performance [17]. Furthermore, utilizing advanced algorithms and models to
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fuse different sensor data can effectively mitigate the errors and drift issues present in
individual sensors, thereby meeting the high-precision navigation requirements across
various application scenarios. Zhu et al. explored the tight integration scheme of GNSS/INS
in their research, designed a set of low-cost GNSS/INS-integrated navigation systems using
multiple receivers, reduced the calculation amount of the system through a differential
calculation method, and conducted experiments and performance evaluations [18]. This
multisource fusion combination navigation technology holds promising prospects for wide
applications in fields such as unmanned driving [19], aerospace, and ocean exploration.
However, the integrated navigation system still has shortcomings and research bottlenecks.
The use of multiple systems increases the computational pressure on navigation processors.
The accuracy of the IMU also significantly limits the navigation accuracy of the combined
system. At the same time, a deeply integrated navigation system is still in the research
stage and cannot be applied. Therefore, the proposed robust vector-tracking method
can effectively improve navigation accuracy and system stability without increasing the
computational burden of the processor, which is worthy of extensive research and attention.

3. GNSS Signal-Tracking Loop

To achieve high-precision navigation and positioning of GNSS in occluding envi-
ronments and overcome weak satellite signals, multipath effects, and non-line-of-sight
environment interference, a new VTL structure is proposed. The structure combines for-
ward KF filtering and reverse RTS fixed-interval smoothing algorithms. The structural
principle of the proposed algorithm is illustrated in Figure 1. The main research content of
this paper is indicated in the figure with a red box.
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Figure 1. Proposed KF and RTS VTL architecture.

3.1. Signal-Tracking Loop Based on Forward KF

Studies have shown that the Kalman Filter is used to accurately estimate the sys-
tem state of the receiver in the vector-tracking loop and to predict possible errors, thus
significantly enhancing the tracking performance of the tracking loop [20]. This method
significantly improves the accuracy of navigation and positioning, particularly in environ-
ments where the satellite signal strength is weak. In the Kalman Filter algorithm of the
vector-tracking loop, the observation equation, X, for the following loop state variables
is constructed, where AT (chips) represents the code phase error, A¢ (rad) represents the

carrier phase error, Af (Hz) represents the carrier frequency error, and A f (Hz/s) represents
the carrier frequency rate error. The discrete system state model is as follows [2,21]:

X =@ XL |+ W (1)

Xi = (a7, Ag!, Af, AF @
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where the state transition matrix is defined as ®y /x_1, and the coefficient B = f.o40/ fearrier iS
used to convert the units of cycles to units of chips [22]. W,i denotes the process noise vector
of the system. T represents the update period of the navigation filter. Furthermore, the vari-
ablei(i =1,2,- - -, n) in the equation denotes a distinct satellite-tracking channel identifier.

The loop filter measurements are output by the loop discriminator, which is repre-
sented by the following:

Zi = Hy X, + Vi (4)
; . _i. T
Z'= AT A (%)
1 0 =BT BT
Hy = [ 2 0, (6)
01 —nT =L

where the average code phase error and average carrier phase error are defined as AT' and A¢',
respectively. V,f denotes the observation noise vector.

The early-minus-late phase discriminator was used to determine the code phase error,
whereas the two-quadrant arctangent phase discriminator was utilized to determine the
carrier error.

_ 1 E-L
T= E(ﬁ) @)
E=\/I}+Q% L=/}+0Q? (8)
AP = tan" 1 (Q,/1,) )

where the coherent integral outputs of the early, later, and prompt forward and quadrature
directions of the correlator are represented by I, Qg, I, Qr, Ip, and Qp.

By adaptively adjusting the measurement noise vector, V/, in low-CNR situations, it is
possible to enhance the accuracy of tracking the carrier/code phase. The equation of the
measurement noise is as follows [23]:

; RL 0
5=y &) 1o
i 2 _ dot 2
{ Ry = %Tit - 4tC(I)\IRf (1+ (Zfldg)tCNR") (11)
| _ t
Ry = oppit = senw (1 + enw)

where the measurement noise covariance matrix is represented by Ri, and A and B indicate
the variance of the discriminator outputs. The coherent integration time is denoted as t,
and dj represents the code spacing between the early and late code replicas [23]. R. repre-
sents the code phase measurement noise, and R}, refers to the carrier phase measurement
noise. The CNR for individual channels was calculated by applying the variance sum
method to a 20 ms coherent integration output.

Then, the basic equation of the Kalman discrete form for forward filtering is as follows:

X},k/k—l = CI’k/k—l)?},k—l ‘

Pry ko1 = Prse1Pry 1 Pf g +Q

Iﬁ[’k = P}!k_lHkT (Hkpf‘,k. /k_lH,iT + R) (12)
X = Xy + Ky (Z) = Hi Xy 1)

Py = (lixa = Kb HOPE
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where f indicates the forward filtering process, and the matrix ch represents the covariance
of the system noise.

3.2. RTS Smoothing Algorithm

In the research presented in this paper, the RTS fixed-interval smoothing method was
used for filtering the loop structure of vector tracking to improve the model estimation
accuracy and reduce the system computational load, thereby achieving a high-precision
navigation solution in challenging signal environments. The RTS smoothing algorithm
is a commonly used method for processing time-series data that smooths the data by
recursively predicting the current state. We adopted a method for reversing the RTS
smoothing algorithm from the current time, k, to the k — 1 moment to design an RTS
filtering model for discrete states. This algorithm effectively eliminated noise and errors in
the data, thereby making it more stable and reliable. The data processed using this method
can better reflect the real trends and patterns. The design of the RTS algorithm is as follows:

If;,k—l - li}fk—lq)lz/kflpf_,lgékfl N
Kop1 = Kppoa K (X = Xopn) (13)

_ ' : T
P 1= Priq K1 (Pop — Py 1)Ky

where the subscript s represents the result smoothed by the RTS algorithm, Ké 1 represents
the filter gain matrix at time k — 1, X, | represents the estimated value of the system state,

and P;,k—l represents the mean square error matrix of the state estimation.

The loop filter first conducts forward filtering to obtain the intermediate variables
for the corresponding Equation (12) in chronological order and then performs the RTS
fixed-interval smoothing algorithm in reverse measurement order to complete the entire
filtering process of the vector-tracking loop.

4. Navigation Processor for Vector Tracking
4.1. Vector-Tracking Principle

After receiving the GNSS intermediate frequency (IF) signal, each successfully cap-
tured satellite was assigned to an independent tracking channel in the vector-tracking loop.
The received IF signal was mixed with a locally generated carrier replica. The mixed signal
was then correlated with a locally generated code sequence, and the correlator calculated
the similarity between the input signal and the local code replica [24]. The correlation
results were then integrated and cleared to generate input signals for the carrier loop and
code loop discriminators. In the carrier-tracking loop, the phase error of the discriminator
is filtered and fed back to a digitally controlled oscillator to adjust the frequency of the local
carrier and synchronize it with the transmitted carrier frequency of the satellite. The navi-
gation processor receives this phase error information and converts it into a pseudo-range
error and pseudo-range rate error, which are used to estimate the navigation information
of the receiver, including position, velocity, and time.

In the research presented in this paper, filtering algorithms and RTS fixed-interval
smoothing algorithms were added behind the carrier loop discriminator and code loop
discriminator to improve the tracking capability of the vector-tracking loop in weak-signal
scenarios and to achieve high-precision navigation in challenging environments.

4.2. Extended Kalman Navigation Filter

The Extended Kalman Filter (EKF) is a state estimation method based on Bayesian the-
ory that effectively handles the state estimation problem of nonlinear systems by combining
the system model with observation data. In vector-tracking loops, the EKF algorithm is
often used to handle changes in navigation results. Therefore, the system state includes
the receiver position errors, APy, AP, and AP;; receiver velocity errors, AVy, AV, and AV;
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receiver clock drift, Ab; and receiver clock drift rate, Ad. The system state equation is
defined as follows [25]:

Xexrk = Pk k/k—1XEKF (-1 + Wk (14)

XgkE = [APx APy AP, AV, AVy AV, Ab Ad] (15)
Iz TI3x3z 0O3x2 1 =

DPekri/k-1 = |03x3  Bxz  0O3x2|, K= [0 1] (16)

Oox3 0O2x3 K

where, at time k — 1 and k, Xggrx_1 and Xpxrx are used to estimate the system state. Ma-
trix ®pxr k/k—1 represents a one-step transition. The data update interval of the navigation
processor is denoted as 7. wy is the system noise matrix.

The measurement equation of the discrete EKF navigation filter can be expressed

as ZEKF:
Zexrx = Hexr k XEKF K + Uk (17)
1 2 . T
Zekp = [Apl, A%, - DA™, AP, A, - Apm} (18)
[—al —oc% —al 0 0 0 1 0]
—a2 —uy —a?2 0 0 0 10

Hexrx = 0 0 0 (19)

0 0 0 —af —af —af! 0 1]
where Ap' and Ap' denote the inaccuracies in the pseudo-range and range rate mea-
surements for satellite tracking channel i(i = 1,2,...,m). The variable m denotes the
current number of satellites tracked by the GNSS receiver. vy is the measurement noise
vector. zxi, uc;, océ(i =1,2,...,m) represent the line-of-sight distance vectors between the
satellites- and the GNSS receiver. .
The calculation methods for pseudo-range error, Ap?, and pseudo-range rate error, Ap’,
are as follows: ‘ ‘ ‘
Apl = AT - Aeoge = AT ¢/ feode (20)

API = Afi : Acarrier = Afi : C/fcurrier (21)

where A4, and Agy,per are the wavelengths of the C/ A code and the carrier, respectively;
and c represents the speed of light.

5. Experiment and Analysis

The performance of the vector-tracking loop proposed in the research presented in this
paper was validated through motion experiments conducted on shipborne equipment. The
equipment used in the experiment is shown in Figure 2. An electric rubber boat was used
as the motion carrier of the experiment, and a laptop was installed on it to store all data
collected in the experiment. An IF signal collector was used to collect the IF signals from
the navigation satellites. A Trimble BD992 high-precision navigation receiver was used to
obtain the navigation parameters of the carrier for reference and comparison. Two antennas
were used to obtain the signals of the IF collector and navigation receiver. The performances
of the GNSS navigation receiver and IF signal collector are shown in Tables 1 and 2.
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-~ IF Signal GNSS Laptop e
Collector Receivers :
——
‘ Laptop
GNSS IF Signal
Receiver Collector

Antennas .

Rubber Boat
. J
Figure 2. Experimental equipment.
Table 1. The performance of the Trimble BD992 receiver.
Equipment Model Horizontal Position Accuracy Horizontal Velocity Accuracy
Trimble BD992 0.5m 0.007 m/s

Table 2. The performance of the IF signal collector.

Equipment Model GNSS Frequency GPS IF Sampling Frequency

HG—SOFTGPS02 GPSL1C/A 3.996 MHz 16.369 MHz

In this experiment, we chose a river with an occluded environment as the experimental
path, with a length of approximately 600 m. The blue line in Figure 3 represents the
experimental trajectory. The river has a complex environment, providing excellent natural
conditions for simulating application scenarios when satellite signals are occluded. To
simulate the actual environment more realistically, we used two single bridges and a double
bridge across the middle of the river as signal blockers to test signal tracking under different
occlusion conditions.

End Point

Figure 3. Experimental path.

The bridge width of signal-blocking area 1 is approximately 14 m, as shown in
Figure 4a. The bridge width of signal-blocking area 2 is approximately 21 m, as shown in
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Figure 4b. Signal-blocking area 3 consists of two bridges separated by a distance of 6 m,
with each bridge having a width of roughly 25 m, resulting in a total signal blockage area
across an expanse of approximately 56 m, as shown in Figure 4c.

(c) Signal-blocking area 3.

Figure 4. Signal-blocking environment.

During the experiment, the initial position remained stationary for at least 30 s to
ensure the accurate acquisition and tracking of the loop. Subsequently, following a brief
acceleration period of approximately 5 s, the experimental setup was maintained at a
constant speed until it reached the final position. The duration of the experiment was
approximately 400 s.

5.1. The Analysis of Signal-Tracking Loops

The tracking performance of the receiver on GNSS signals directly affects the accuracy
of positioning results. Therefore, to analyze the signal-tracking performance of the vector-
tracking loop based on the RTS smoothing algorithm proposed in this paper, the signal-
tracking situation of the proposed method is compared with the traditional STL, traditional
VTL, and Kalman Filter-based VTL.

In this experiment, seven visible satellites were successfully captured and tracked, as
shown in Figure 5. During the experiment, we set the elevation mask angle to 15° and
recorded the positions of the satellites in the sky, as shown in Figure 6.
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Acquisition results
. T :

: : r —
-Not acquired signals
35 -Acquired signals L

Acquisition SNR (dB)

20 25 30

15
PRN number

Figure 5. Satellites acquisition result.

270

180
Figure 6. Sky map of the satellite tracked during the experiment. (The number indicates the
corresponding satellite PRN number).

The carrier-to-noise ratio of the satellite signal during the entire experiment is shown in
Figure 7a. It can be observed that, during the periods from 106 s to 118 s, 232 s to 250 s, and
322 s to 362 s, the value of the carrier-to-noise ratio of the satellite signal rapidly decreased
from 35 dB-Hz to below 30 dB—Hz, indicating that the rubber boat was located beneath
corresponding obstructions, such as bridges. This indicates that the received satellite signal
was severely obstructed during these time periods, and it can be inferred from the figure
that the duration of the signal obstruction is proportional to the length of the bridge. The
carrier-to-noise ratio image of the signal-blocking area is shown in Figure 7b-d.

This paper compares the tracking loops of visible satellites, PRN3 and PRN14, in
the experimental process and conducts a comparative analysis of their tracking carrier
frequency and code phase, as shown in Figures 8 and 9.
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Figure 8. Information on the tracking loop of PRN 3.
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Figure 9. Information on the tracking loop of PRN 14.

As shown in Figure 8a,c, the tracking of the carrier by the loop is relatively stable
in an open-sky environment, with fluctuations within a range of 0.2 radians. When the
rubber boat reached the first signal obstruction at 106 s, the carrier phase error of the
traditional method quickly increased to 0.5 radians and then returned to normal when
the rubber boat left the obstructed area at 118 s. However, during the experiment at 250 s,
when the rubber boat left the second obstructed area, it can be seen that traditional STL
(indicated in blue) locked onto an incorrect carrier frequency after signal interruption and
maintained a high level of error. The traditional VTL (indicated in orange), benefiting from
coupling between signal channels, was able to quickly recover the tracking of signals after
leaving obstructions. After passing through the third obstructed environment, where the
obstruction time was longer, the traditional STL could no longer continue tracking signals,
as its loop was interrupted and needed to reacquire satellite signals. Figure 8b,d show the
code phase and code phase error of PRN 3. Adding loop filtering can effectively reduce
the code phase error of the loop and improve navigation accuracy in signal-obstructed
environments. Compared to the other three methods, the proposed method makes loop
tracking more stable and achieves better accuracy in carrier and code tracking.

The carrier- and code-tracking processes of the PRN14 satellite exhibit lower carrier
and code phase errors than PRN3 in unobstructed environments. As shown in Figure 9a,c,
from the 232 s, when the bridge begins to obstruct the signal path, the traditional STL phase
error gradually increases, eventually leading to a loop loss of lock. Meanwhile, traditional
VTL locks onto the wrong carrier frequency after 250 s, resulting in large carrier phase
errors that directly affect the navigation accuracy. Compared with the other three schemes,
the proposed loop structure can maintain the accuracy of both carrier phase and code phase
measurements, providing higher precision measurement values for navigation filters, not
only improving navigation accuracy but also enhancing loop performance.
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5.2. The Analysis of Navigation Results

The results of the navigation experiment are shown on the map in Figure 10a. The
specific location results of the occluded areas are shown in Figure 10b—d. The experiment
used the positioning results of the Trimble BD992 receiver as the reference motion trajectory
for the rubber boat and compared the traditional STL, traditional VTL, KF-filtered VTL,
and RTS smoothing algorithm-based VTL proposed in this paper. As can be seen from
the disconnected green line in Figure 10d, the Trimble BD992 receiver may fail to output
navigation results when encountering long-term satellite-signal blockages. Therefore, to
compare the real experimental route, the rubber boat was kept at a constant speed and
straight-line motion during the experiment. The position of the blocked area is calculated
by interpolating between reliable position points on both sides of the obstruction and
ultimately fitting a credible reference path. The fitted reference path is shown by black lines,
A-B, in Figure 11. The velocity results for the entire experiment are shown in Figure 12. The
following section analyzes the navigation performance of the four loop tracking schemes
in different occlusion environments.

i
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(a) The whole position results of the experiment.

30°52'44.5"N

30°52'44"N

Latitude
Latitude

30°52'43.5"N 30°52'47.5"N
30°52'47"N
30°52'43" N
30°52'46.5"N /i
70 \
121°54'15"E 121°54'16"E 121°54'18"E 121°5420"E

Longitude Longitude

(d) Signal-blocking area 3.

. A
121°54'10"E 121°54'14"E

(c) Signal-blocking area 2.

Figure 10. Comparison of navigation results of different methods.
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Figure 12. The velocity results of the experiment.

Figure 10b shows when the rubber boat reaches the first bridge. Figure 13 shows
the horizontal position and horizontal velocity errors during this process. It can be ob-
served from Table 3 that, in a signal-obstructed environment, the traditional STL exhibits a
larger horizontal position error and horizontal velocity error than the other three methods.
Compared with the STL, the traditional VTL demonstrated a superior signal-tracking
performance in weak-signal environments, reducing the horizontal position error by 68.1%
and the horizontal velocity error by 23.9%. This observation aligns with the theoretical
description of the vector-tracking performance. The introduction of a KF can improve the
signal-tracking accuracy of the VIL loop. The comparison between traditional VTL and
KF-VTL methods reveals a significant improvement in the RMSE of horizontal position,
from 15.54 m to 7.61 m, representing an increase in accuracy of 51.1%. Additionally, there is
a notable enhancement in the RMSE of horizontal velocity, which decreases from 0.83 m/s
to 0.24 m/s, resulting in an increase in accuracy of 70.4%. Furthermore, the proposed
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method adds a backward RTS smoothing process to the forward KF, thereby demonstrating
better navigation accuracy, which achieved an RMSE of 0.95 m for horizontal position and
an RMSE of 0.24 m/s for horizontal velocity at blocking area 1, improving accuracy by
93.9% and 71.1% compared to traditional VTL. The specific error parameters are listed
in Table 3.
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Figure 13. Error of navigation results in signal-blocking area 1.

Table 3. Horizontal position error and horizontal velocity error in signal-blocking area 1.

Horizontal Position (m) Horizontal Velocity (m/s)
Method RMSE Max RMSE Max
Traditional STL 48.73 173.79 1.09 5.17
Traditional VTL 15.54 45.66 0.83 4.10
KF—VTL 7.61 16.53 0.25 0.76
The proposed VTL 0.95 1.34 0.24 0.56

Figure 14 shows the horizontal position error and horizontal velocity error of the
four methods during the period 222 s—260 s. From 232 s to 250 s, the rubber boat moved
under the second bridge. The position RMSE and velocity RMSE of the four methods in the
occlusion environment from 232 s to 250 s are summarized in Table 4. The interruption of
satellite signals resulted in the traditional STL losing its lock, leading to a significant increase
in the horizontal position and velocity errors. The maximum horizontal position error
reached 6006.24 m, and the maximum horizontal velocity error reached 29.46 m/s, which
is far beyond the acceptable range. The traditional VTL also showed significant deviations
in the measurement of position and velocity during signal occlusion, reaching 41.6 m and
9.86 m/s, respectively. Compared with the traditional VTL method, the VTL method based
on KeF filtering significantly improves accuracy. The horizontal position error decreased
from 41.6 m to 8.55 m, an increase in accuracy of 79.4%, and the horizontal velocity error
decreased from 9.86 m/s to 0.45 m/s, an increase in accuracy of 95.4%. Compared with
the traditional VTL method, the proposed method can reduce the horizontal position error
from 41.6 m to 1.75 m, with an accuracy improvement of 95.8%. The horizontal velocity
error is reduced from 9.86 m/s to 0.41 m/s, with an accuracy improvement of 95.8%. By
comparison, it is found that the STL method loses lock after a signal obstruction of 18 s,
leading to the rapid divergence of navigation errors and system unavailability, while the
three VIL methods do not lose lock during this process, demonstrating excellent dynamic
performance under weak signals. The method proposed in this paper achieved the highest
accuracy and stability among the four methods.
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Figure 14. Error of navigation results in signal-blocking area 2.

Table 4. Horizontal position error and horizontal velocity error in signal-blocking area 2.

Horizontal Position (m) Horizontal Velocity (m/s)

Method RMSE Max RMSE Max
Traditional STL 1164.28 6006.24 10.21 29.46
Traditional VTL 41.60 109.63 9.86 21.35

KF—VTL 8.55 25.50 0.45 1.24

The proposed VTL 1.75 2.68 0.41 0.93

Although introducing the KF into the VTL can effectively improve the satellite signal-
tracking capability and navigation performance of the navigation system in weak-signal
environments, comparative experimental results show that there is still a significant navi-
gation position error in obstructed environments. As shown in Figure 14 and Table 4, the
maximum horizontal position error of KF-VTL is 25.50 m, with an RMSE of 8.55 m; and the
proposed method reduces the maximum horizontal position error to 2.68 m, with an RMSE
of 1.75, so the accuracy is significantly improved.

The position and velocity errors of the rubber boat passing through the third signal-
blocking area during the experiment are shown in Figure 15. The signal obstructions are
two bridges with a total length of 56 m, as shown in Figure 11. Because of the obstruction
above the experimental rubber boat, the signal was blocked for approximately 40 s. The
traditional VTL has large position and velocity errors during the signal obstruction process;
however, it can quickly capture the corresponding signals at the midpoint between the two
bridges to reduce errors. The traditional VTL position RMSE is 62.63 m, and the velocity
RMSE is 23.82 m/s during passing through these two bridges. Although VTL based on the
KF can maintain stable tracking of signals in obstructed environments, its output errors
continue to fluctuate, and its accuracy is not high, with a position RMSE of 9.65 m and a
velocity RMSE of 0.59 m/s. The VTL based on KF-RTS smoothing is capable of maintaining
stable signal tracking even during prolonged signal obstructions, while also achieving high
accuracy in position and velocity estimation, with a position RMSE of 3.47 m and a velocity
RMSE of 0.57 m/s, thus demonstrating an excellent navigation performance. Compared
with the traditional VTL method, the proposed method reduced the horizontal position
error by 94.5% and horizontal velocity error by 97.6%. The comprehensive results of the
position RMSE and velocity RMSE in the third signal-blocking area for the three methods
are summarized in Table 5.
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Figure 15. Error of navigation results in signal-blocking area 3.

Table 5. Horizontal position error and horizontal velocity error in signal-blocking area 3.

Method Horizontal Position (m) Horizontal Velocity (m/s)
etho RMSE Max RMSE Max
Traditional VTL 62.63 169.74 23.82 50.84
KF—VTL 9.65 32.94 0.59 1.56
The proposed VTL 3.47 7.26 0.57 1.21

6. Conclusions

This paper presents a VIL framework utilizing the forward KF and backward RTS
smoothing algorithm, aiming to enhance the signal-tracking capability of navigation re-
ceivers in occluded environments, improve the stability of navigation systems, and increase
robustness in weak-signal scenarios. This article provides a detailed introduction to the
composition and structure of the VIL, the algorithmic structure of loop filters, and the basic
principles of navigation filters based on the EKF. As an important component of VIL, loop
filters are mainly used to filter the output of tracking loops to reduce noise and improve
tracking accuracy. The research work focuses on designing a bidirectional loop filter based
on forward KF and backward RTS and verifies its performance through experiments. Com-
pared with traditional STL, traditional VIL, and KF-based VTL methods, the new method
shows a superior performance, with significant effects on enhancing the signal-tracking
capability of receivers in weak-signal environments, while ensuring positioning accuracy
and robustness of navigation systems.
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