UNIVERSITY OF HELSINKI

https://helda.helsinki.fi

Vector-tracking-based GNSS/INS Deep Coupling and
Experiment Platform for Urban Scenarios

Yan, Zhe

IEEE
2021

Yan, Z, Ruotsalainen, L, Gao, N & Chen , X 2021 , Vector-tracking-based GNSS/INS

Deep Coupling and Experiment Platform for Urban Scenarios . in 2021 International

Conference on Sensing, Measurement &amp; Data Analytics in the era of Artificial

Intelligence (ICSMD) . IEEE , International Conference on Sensing, Measurement & Data

Analytics in the era of Artificial Intelligence , Nanjing , China , 21/10/2021 . https://doi.org/10.1109/ICSMD53520.202:

http://hdl.handle.net/10138/341252
https://doi.org/10.1109/ICSMD53520.2021.9670857

acceptedVersion

Downloaded from Helda, University of Helsinki institutional repository.
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



2021 International Conference on Sensing, Measurement & Data Analytics in the era of Artificial Intelligence (ICSMD) | 978-1-6654-2747-0/21/$31.00 ©2021 IEEE | DOI: 10.1109/ICSMD53520.2021.9670857

Vector-tracking-based GNSS/INS Deep Coupling
and Experiment Platform for Urban Scenarios

Zhe Yan
Southeast University
Nanjing, China.
Department of Computer Science
University of Helsinki
Helsinki, Finland
seuyanzhe@163.com

Laura Ruotsalainen
Department of Computer Science
University of Helsinki
Helsinki, Finland
laura.ruotsalainen@helsinki.fi

Ning Gao
School of Instrument Science and
Engineering
Southeast University
Nanjing, China
ninggaoseu@163.com

Xiyuan Chen*

School of Instrument Science and
Engineering
Southeast University
Nanjing, China
chxiyuan@seu.edu.cn

Abstract—Vector-tracking-based GNSS/INS deep coupling
is a promising method for high-precision and robust navigation
in urban challenging environments, especially for weak and
dense multipath scenarios. However, the research on this topic
is far from enough due to the complexity of multipath
interference and system structure. Herein, a typical vector
delay/frequency-locked loop is introduced. Then, based on this
vector tracking loop, two different deep coupled schemes are
proposed according to different approaches to estimating the
corrections for the inertial navigation system. At last, the
experiment based on a vehicular field collection and a software-
defined platform was designed in which all the commonly used
stand-alone-receiver-based and GNSS/INS-based methods are
tested and compared. The results preliminarily illustrate the
effectiveness and superiority of the deep coupling methods
designed, on positioning and measurement improvement,
especially in a weak signal and multipath scenario.

Keywords—GNSS/INS, deep coupling, multipath, urban
scenarios

I. INTRODUCTION

In urban canyon scenarios, high-precision vehicular
positioning and navigation system using the Global
Navigation Satellite System (GNSS) is challenged by many
complex elements affecting the measurement quality, which
seriously affects the positioning accuracy. These challenges
are caused by e.g. signal occlusion, multipath, non-line-of-
sight (NLOS) error, environment noise, and platform
vibration. Among them, the undesirable multipath error
remains a dominant source of errors and is still a popular topic
among the academic and engineering community [1].

The integration of GNSS and inertial navigation system
(INS) is a common method and widely used in vehicular
positioning. However, the measurement from GNSS receiver
is still sensitive to multipath propagation and not getting
improved in a loosely or a tightly integrated GNSS/INS
system [2], which sometimes leads to the failure of the
integration filter. Vector tracking [3][4] and vector-tracking-
based GNSS/INS deep coupling [2][5] have the innate
advantages in overcoming multipath impacts because the
tracking channels are dependent of one another. Compared
with the loosely and tightly integrated GNSS/INS systems
which provide INS with corrections only, deep coupling
constructs a joint tracking loop aided by INS and navigation
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filter. This innovation can improve the performance of
tracking and system robustness in challenging environments,
for example, a dense multipath environment in an urban area.
Using the high-precision estimations from INS or navigation
filter, tracking loop is limited to a small margin of multipath
error so that the GNSS measurement and loop robustness can
be improved. However, when a low-cost MEMS-INS (Micro-
Electro-Mechanical System, MEMYS) is used, the performance
tends to degrade dramatically.

This advanced benefit has been widely verified by many
researchers. Ren and Petovello used the vector tracking and
INS-assisted tracking to improve the maximum-likelihood bit
decoding so that a high-sensitive GNSS receiver for weak
signals can be achieved [6]. The vector tracking for dynamic
weak signals in urban environments was designed as well by
[7]. An adaptive GPS vector tracking loop with the detection
and isolation of the contaminated channels was designed in [8]
for poor signal quality but not specifically for multipath
environments. The performance enhancement of the vector
tracking in signal blocking situations was observed in [9]. The
NLOS signal was detected by probabilistic approach and
estimated by an augmented-state Kalman filter on the basis of
vector tracking according to Jiang’s work [10]. However,
aiming at urban scenarios, the multipath propagation is not
well addressed in the literatures. Hsu evaluated the
performance of the vector delay-locked loop (VDLL) with
multipath and NLOS reception, and the results of positioning
and code discriminator were presented [11]. A
GPS/GLONASS vector tracking receiver was designed and
tested in an unknown multipath environment in [12]. But there
are few literatures reported on the deep coupling system for
multipath signals.

As aresult, the performance and mechanism of the vector
tracking and vector-tracking-based GNSS/INS deep coupling
method in dense multipath scenarios needs further exploration.
To achieve this, the vector tracking and deep coupling
schemes will be firstly provided. Then, for the convenience of
future study and contrastive analysis, an experiment platform
will be implemented on the basis of a software-defined
receiver, including scalar tracking, EKF based scalar tracking,
vector delay/frequency-locked loop (VDFLL), loose
integration, tight integration, and deep coupling. In
experiment part, this platform will be tested using both
multipath-free and multipath data. Eventually, we will draw
the conclusions.
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II. VECTOR TRACKING LOOPS

A. Description of Vector Tracking

The main purpose of the tracking loops is to estimate the
Doppler frequency f, , initial carrier-phase ¢ and code-

delay 7 of the received signal accurately and dynamically,
then replicate a local satellite signal. Accordingly, vector
frequency-locked loop (VFLL), vector phase-locked loop
(VPLL), and vector delay-locked loop (VDLL) are proposed
respectively. The concept of vector tracking is put forward
firstly on the basis of VDLL. And to determine the position
and velocity of a vehicle, the VDLL and VFLL are widely
used, while the VPLL is suitable for the high-precision
positioning technologies where carrier phase measurements
are essential. So the VPLL is not considered in the following
implementation.

Due to the inter-channel aiding information, the tracking
of a contaminated channel can be assisted by other clean
channels. For example, when a channel is polluted by
multipath receptions, the multipath error contained in the
position solution is smaller than that in the pseudo-range
measurement of this polluted channel, no matter whether this
channel is used in positioning or not. So the feedback can be
constructed using line-of-sight vector to assist the channel in
tracking the direct reception. If the change in position obtained
from INS can be used, the multipath error in position solution
is expected to be further narrowed, and so is the line-of-sight
feedback. This is the innate benefit of vector tracking and the
vector-based deep coupling. The spatial coupling of different
channels is based on the fact that they share the same position
solution.

B. Design of VDFLL

A typical VDFLL is the combination of VDLL and VFLL
and can be seen in Fig. 1 where the blue blocks are the inherent
part in a conventional receiver while the green ones the new
part of VDFLL.
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Fig. 1. Strucure of a typical VDFLL

After obtaining the errors of code delay and Doppler
frequency, the raw measurements can be calculated, namely

pseudo-range p and pseudo-range rate p . &, denotes all

the error corrections that can be modeled of the pseudo-range,
including the clock error provided by ephemeris, tropospheric
error, and ionospheric error, etc. And & 5 denotes the modeled

error correction of pseudo-range rate, for example, the clock
drift’s error. Then, the position, velocity, and time (PVT) will

be computed using the least-squares method. In addition, the
PVT computation can use a Kalman filter option as well.

According to the user’s position and velocity from PVT
block, we can simply obtain an estimated pseudo-range p

and pseudo-range rate /3 if the satellite’s position and

velocity have been computed using ephemeris. It needs to be
noted that the estimated pseudo-range and pseudo-range rate
along the line-of-sight vector are so ideal that are quite
different from the received signal. However, the main task of
the tracking is trying to keep the locally replicated signal
exactly the same with the received one. Otherwise, though the
estimated pseudo-range is the ideal true value, there will still
be a large error in the discriminator output so will the
measurement of the next epoch. So it is important to add all
the errors back on the estimated pseudo-range o and pseudo-

range rate p before calculating the estimated code delay 7

and Doppler f’d . Because not all the errors on raw

measurements can be or will be modeled precisely, for
example, the thermal noise, multipath error, NLOS error, and
s0 on, it is necessary to estimate the errors ép and ép that

need to be added on the estimated measurement. In our
implementation, only the clock error provided by ephemeris
and tropospheric error are modeled and used for correction
before PVT.

To estimate £, and £, , a Kalman filter is designed with

the state vector expressed as below
X, =[0x,8y,8z,8x%,69,0%,6t,,6t,1", €))

where the state variables are the position and velocity errors
in ECEF coordinate system, clock bias error in meter, and
clock drift error in meter per second. Suppose the time update
period is T and the discretized state equation can be given by

X =0, X, +I'W,, 2

where the transfer matrix @, can be detailed as

I3><3 T I3><3 O3><2 1 T
(I)k = 03x3 I3><3 03x2 5 szz = |:0 1:| (3)
02><3 2x3 C2><2

Because the error in PVT can be projected onto the line-
of-sight vector, we can relate the PVT error with the error of
pseudo-range as

§p/=A‘/~5P+5tb—8p, 4

where 8P =[5x,5y,0z]" , and A ; is the unit line-of-sight

vector from user receiver to the jth satellite and can be
expressed as

. y —y zZ —Z
_ u Ny u i u_ “y

A =|- s s 5 (5)

B T hj
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where (x,,,,z,) and (x,,y,,z;) are the positions of user
receiver and the jth satellite respectively. r; is the Euclidean

distance between (x,,,,z,) and (x;,y,,z;) -

In a similar way, we can relate the PVT error with the error
of pseudo-range rate as

B, =A, 8V +5,~¢,. (6)

Suppose n channels or n visible satellites will be used,
the measurement equation can be given by

Z =HX +V,, (7
where the measurement is
Z, =[Py = Pirs Ph = Pl B = P P = P Do (8)

and the measurement matrix H, can be given by

a, a, a, 0 0 0 10
Hk = ’ o ’ 1 1 1 (9)
0 0 0 a, a, a, 01

0 a", a", a', 0 1

L x.k yok zk d2nx8

In equation (9), A} =[af’k,a;,k,

a; k] is the line-of-sight
vector defined by equation (5).

The carrier and code numerically-controlled oscillators
(NCOs) in this vector tracking loop will be adjusted by the
control values computed using the results from the Kalman
filter. The control value for the code NCO of the jth channel
can be described as

T, =pl =Pl +5,ﬁ +l - (10)

In a similar way, the control value for carrier NCO can be
given by

fdj;kﬂ:p/{_/slf"'é;"'td,k- (11)

After this update, the state of the Kalman filter needs to be
reset to zero. Then, the whole vector tracking loop is
completed.

III. DEEP COUPLING STRUCTURES

A. Description of Deep coupling

The structures of the vector-tracking-based GNSS/INS
deeply coupled systems are diverse. This variety and different
implementations have been studied and summarized in our
previous work, see [5]. Herein, based on the VDFLL we
introduced above, the deep coupling is preliminarily
constructed by simply using the position/velocity information
from INS to estimate measurements instead of using the
results from LS-PVT, as shown in Fig. 2.

However, as is well known, the INS needs to be corrected
continuously, otherwise the error will keep growing with time.
According to the different methods used to estimate the error
of INS, two different deep coupling structures will be
introduced as follows.
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Fig. 2. Strucure of a typical deep coupling system

B. Deep coupling structure 1

For the purpose of autonomous integrity monitoring, the
conventional PVT resolution is usually reserved even though
in a deep coupling system. This presents a good opportunity
to estimate the INS correction in a loose integration way. The
error state is composed of 15 variables given by position errors

in latitude, longitude, and height [SL,54,5h]" , velocity errors
in east, north, and up [5VE,5VN,5VU]T , attitude errors
[gox,wy,@]T, accelerometer bias errors [Vx,Vy,VZ]T , and

gyroscope bias errors [&,,,,,,6,, ] . The measurement

equation can be given by

Z = H + Vk,loose > (] 2’)

k,loose k,loaseXk,laoxe
where the measurements are the position/velocity differences
between INS and GNSS, namely

kalomg :[Pk]NS -PkGNSS ,VkINS _VkGNSS ] . (] 3)

The measurement matrix H is

k,loose

I X 0 X 0 X
Hk,louse’ = |:03 ’ 13 ’ 03 9:| . (]4)
3x3 3x3 3x9

In this deep coupling method, the Kalman filter shares the
same structure with the GNSS/INS loose integration system
but is more robust because of the vector tracking.

C. Deep coupling structure 2

To estimate the INS correction, tight integration can be
used as well which is generally expected to be more robust
than the loose one. For the tight integration, apart from the 15
state variables in the loosely integrated system, two extra
parameters are included, the errors of clock bias and clock
drift represented by Jt, and ot, respectively. The
measurements are the differences between the pseudo-

range/rate estimated by INS and the ones measured by GNSS
as below
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(15)

N Y T
Zk,tight _[pk,INS Pr.Gnss » Pk, ins pk,GNSS]anl‘

The measurement matrix H is similar with equation

k tight
(9) but the corresponding elements for attitude errors,
accelerometer bias error, and gyroscope bias errors are all
zeros. In addition, the pseudo-range/rate are computed in
ECEF coordinate system, so the position error and velocity
error need to be transformed from ECEF to Geographic and
Navigation  coordinate  systems  respectively.  The
corresponding transform matrices can be respectively given
by

—(R+h)sinLcosA —(R+h)cosLsinA cosLcosAd
C!=| -(R+h)sinLsindA (R+h)cosLcosA cosLsind | (16)
[R(1—e*)+h]cos L 0 sin L
—sinA —sinLcosA cosLcosA

cosA —sinlsinA cosLsinA

0 cos L

C = (17)

sin L

This integration filter and the Kalman filter in Fig. 2 can
be merged into one filter. But the loop and tight integration
may have different update frequencies, so we decided to keep
them both in our implementation.

IV. EXPERIMENT AND DISCUSSION

A. Experiment Platform Description

To verify the effectiveness and superiority of the VDFLL
and the two deep coupling structures introduced above,
experiments using a soft-ware defined platform were designed.
In this experiment, 7 different methods are implemented,
including scalar tracking, EKF scalar tracking, VDFLL, loose
integration, tight integration, and two deep coupling schemes,
as shown in Fig. 3. Among them, the description of scalar
tracking and EKF tracking can be found in our previous work

[4].

™ Measurement 1 r
Measurement | IF data :

Trajectory from RTK
BD992

Raw IMU data from
STIM300

F e ] Frovtion
LM Lreference |

Scalar tracking

EKF scalar tracking VDFLL Loose integration

Tight integration Deep coupling 1 Deep coupling 2

Software-defined Experiment Platform

Fig. 3. Experiment platform and flow chart

1) The data was collected through a vehicular experiment
conducted in Sipailou Campus, Southeast University, Nanjing,
China. Two Trimble BD992 receivers were used as RTK’s
base station and mobile station respectively with a better
precision than 0.01 m in horizontal and 0.02 m in vertical
direction for fixed RTK solution. With a 2 m baseline between
the position and vector antennas for the mobile receiver, a
heading better than 0.1 © can be acquired.

2) A SPAN-IGM™ gystem from NovAtel, including a
OEMG615 GPS L1/L2 receiver and a STIM 300 IMU, was used
to collect the raw IMU data with the time stamps from GPS.
STIM 300 is a MEMS IMU with a bias instability of 0.3 °/h

and an angular random walk of 0.15 °/ Jh for the gyroscopes,

and a bias instability of 0.04 mg and a velocity random walk
of 0.07 m/ s/ Jh for the accelerometers, according to the

Allan variance. The raw IMU output was set to 100 Hz and 2-
subsample SINS algorithm was used in our experiments.

Fig. 5. RTK base station (left) and vehicular experiment (right).

3) As shown in Fig. 4 and Fig. 5, the RTK base station was
set on the roof of Central Building. The trajectory begins on
GPST 2130 week, 148396 s (UTC 17:12:58, November 2nd,
2020) and is 320 s long.

4) The trajectory collected by RTK was sent to a GNSS
constellation simulator and two different intermediate-
frequency (IF) datasets were simulated. One is multipath free
and the other is simulated in a weak signal scenario with
multipath interference. Besides, the measurement reference
can be obtained from the simulator as well. All the experiment
results are compared on 10 Hz, both navigation outputs and
the reference truth.

B. Multipath Free Trajectory

Using the multipath free dataset, the effectiveness of the
methods introduced in this work were tested. The positioning
errors in latitude and height are described in Fig. 6 and Fig. 7
respectively where the better accuracy of VDFLL and deep
coupling is illustrated well.

As shown in Fig. 7, there are biases in the height of vector
tracking, tight integration, and deep coupling. One of the
reasons is that the raw relative pseudo-range measurement
used contains all the errors uncorrected even the discriminator
error, while only the clock error from ephemeris and coarse
tropospheric error are added on the estimated pseudo-range
from INS. As we have discussed in Section II.
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Fig. 6. Positioning errors in latitude of the multipath free dataset.
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Fig. 7. Positioning errors in height of the multipath free dataset.

TABLE L. STANDARD DEVIATIONS OF THE POSITION ERRORS FOR
MULTIPATH FREE TRAJECTORY
Standard deviations (m), 10Hz
Methods
Latitude Longitude Height
Scalar tracking 3.39 3.83 7.65
EKEF tracking 0.84 0.97 1.98
VDLL+VFLL 0.77 0.82 1.85
Loose integration 1.69 1.45 2.98
Tight integration 3.04 2.62 2.26
Deep coupling 1 0.98 0.67 1.85
Deep coupling 2 0.96 0.97 3.21

The other reason is that the INS is initialized by the
positioning result at the moment of filtering start. But the
height information from the GNSS receiver fluctuates
significantly, which may introduce an initial bias to the INS.
Fortunately, this bias can be easily corrected by the LS-PVT
block and the standard deviations of the position errors are
more important for evaluation. The standard deviations are
summarized in Table I .

C. Multipath Trajectory

To verify the effectiveness of the methods in multipath
scenarios, an IF signal with multipath interference was
simulated and some preliminary results were obtained. In this
part, only 0-70 s trajectory was used for testing and the settings
of the constellation simulator are listed in Table IT.

TABLE II. MULTIPATH SETTINGS FOR THE GNSS SIMULATOR
Multipath Settings
PRN Code delay/chips Power z;;tle;nuation Carrier phase/rad
6 0.4 -3 0
11 0.6 -3 0
16 0.8 -3 0

Besides, the original power of the signal was set as -130
dB during 0-30 s and -132 dB during 30-70 s. The positioning
errors in latitude and height are described in Fig. 8 and Fig. 9.
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Fig. 8. Positioning errors in latitude of the multipath dataset.
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Fig. 9. Positioning errors in height of the multipath dataset.

The similar biases can be observed in this multipath
trajectory and the explanation can be also applied here. The
standard deviations of the position errors during 0-30 s and
30-70 s are summarized in Table III and Table IV.

TABLE IIL STANDARD DEVIATIONS OF THE POSITION ERRORS FOR
MULTIPATH TRAJECTORY 1
0-30s Standard deviations (m), 10Hz
Methods
Latitude Longitude Height
Scalar tracking 3.27 3.51 7.15
EKF tracking 0.74 0.88 1.96
VDLL+VFLL 0.70 0.79 1.52
Loose integration 1.22 1.59 3.65
Tight integration 3.10 2.53 0.83
Deep coupling 1 1.23 0.67 1.30
Deep coupling 2 0.71 0.71 0.68
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TABLE IV. STANDARD DEVIATIONS OF THE POSITION ERRORS FOR
MULTIPATH TRAJECTORY 2
30-70s Standard deviations (m), 10Hz
Methods
Latitude Longitude Height

Scalar tracking 3.22 3.39 7.70
EKF tracking 0.87 1.07 2.29
VDLL+VFLL 0.93 1.08 221
Loose integration 1.92 1.25 2.28
Tight integration 3.03 2.57 0.96
Deep coupling 1 0.41 0.52 1.06
Deep coupling 2 0.91 0.93 0.95

Since the main influence of multipath is the discriminator
bias and larger oscillation which is covered by the larger raw
pseudo-range noise, there is no evident influence on the
positioning results by the multipath settings herein. But the
lower signal power has an obviously adverse impact which
makes a bigger positioning error. In general, vector tracking
and deep coupling have a better performance in positioning
but they are all sensitive to the PVT solution.

However, positioning performance is not the main
advantage of vector tracking and deep coupling but the loop
robustness. So the pseudo-range measurement errors of PRN
11 for both multipath free and multipath trajectories are drawn
in Fig. 10.

sci

Scalar tracking
EKF tracking
15 Ve o 15F Vector tracking
——— Deep coupling! Deep coupling!
Deep coupling2 Deep coupling?

Pseudo-range Error/m
Pseudo-range Error/m

0 50 100 150 200 250 300 [ 10 20 30 40 50 60 70
Timels Timels

Fig. 10. Pseudo-range measurement error of PRN 11 for multipath free
trajectory (left) and multipath trajectory (right).

TABLE V. STANDARD DEVIATIONS OF THE PSEUDO-RANGE ERRORS
OFPRN 11
Multipath free Multipath
Methods
0-70s (m) 0-30s (m) 30-70s (m)
Scalar tracking 5.43 5.39 5.52
EKF tracking 1.45 1.20 1.65
VDLL+VFLL 1.02 0.92 1.30
Deep coupling 1 1.05 0.95 1.34
Deep coupling 2 1.04 0.94 1.32

The standard deviations of the pseudo-range errors of PRN
11 for both multipath free and multipath trajectories are
summarized in Table V where the better performance on
improving measurement and tracking robustness can be
observed.

V. CONCLUSION

On the basis of VDFLL tracking loop, two deep coupling
structures were introduced herein. To verify the effectiveness
of the methods and for the convenience of contrastive analysis,
an experiment platform based on a software-defined GNSS
receiver was implemented. By vehicular experiment and
constellation simulator, the validity of the methods has been
proved and the performance improvement in weak signal and
multipath environments has been preliminarily demonstrated.
Limited by the space, more detailed experiments and analysis
will be conducted in the future.
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