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Abstract—An ultra-tightly coupled (UTC) GNSS/INS integra-
tion navigation system is established and researched for the
autonomous ground vehicle navigation based on the consumer-
level inertial measurement unit (IMU). The used IMU is chosen
from a smartphone in this work. The proposed integration ar-
chitecture is tested with a GNSS software-defined receiver (SDR)
using the vector tracking (VT) technique. The UTC integration
system which is measured through both GNSS measurements
and the IMU data is an upgraded version of the vector tracking
technique. Meanwhile, the performances of both the integration
solutions and the GNSS solutions can be improved by such
advanced technology. An extremely challenging environment is
chosen to verify the navigation performance. The loosely coupled
(LC) GNSS/INS integration navigation system using the vector
GNSS SDR and a commercial U-Blox GNSS receiver are also
tested in the same scenario as comparisons. The field test results
demonstrate that the proposed ultra-tight coupling algorithm can
enhance the availability of the navigation solutions.

Index Terms—global navigation satellite system (GNSS), ultra-
tightly coupled GNSS/INS integration, vector tracking, consumer-
level IMU, ground vehicle navigation

I. INTRODUCTION

With the construction of the global positioning system
(GPS) from the United States in 1970s, the application of the
GPS/inertial navigation system (INS) integration technology
began to rise. In 1996, Spilker firstly presented the concepts of
vector delay lock loop (VDLL) which should be the prototype
of the vector tracking structure for the GNSS receiver design
[1]. In the same year, the deep integration was firstly presented
by Draper Laboratory [2]. In 2006, the researchers at the
University of Calgary provided the analysis on the differences
among the ultra-tight coupling systems using different Kalman
filters to estimate signal tracking errors of the GPS receiver in
a GPS/INS integration system [3]. Lashley from Auburn Uni-
versity exploits a vector delay/frequency lock loop (VDFLL)
to track signals in the Matlab software GPS receiver in his

doctoral thesis [4]. For the stand-alone GNSS receiver design,
some advanced techniques have been proposed to deal with
the GNSS signal in severe situations. The fractional Fourier
transform has been proved that it is promising to process the
weak and accelerated high-dynamic GNSS signals [5]-[7].
The vector tracking is also one of the most efficient ways to
overcome the issues that the challenging GNSS signals will be
faced with [8]-[10]. In recent times, the ultra-tightly coupled
(UTC) GNSS/INS architecture is still attracting the attentions
of the researchers and being enhanced with different methods.
A new UTC GNSS/INS architecture based on a phased array
antenna is introduced and discussed by the researchers [11].
The consumer-level sensors are currently playing an important
role in many practical applications, e.g., unmanned aerial
vehicle (UAV) for indoor navigation [12], autonomous ground
vehicle navigation [13], and the seamless indoor/outdoor navi-
gation [14], etc. A consumer-level IMU, which is integrated in
the smartphone, is used here to be combined with the GNSS
receiver. An UTC GNSS/INS integration system based on this
IMU is established, and its performance will be assessed in
an extremely GNSS-challenging environment.

This work aims to compare the navigation performance us-
ing the VT-based standalone GNSS receiver with the one aided
by the UTC GNSS/consumer-level IMU technique. Most of
the previous research works have focused on the comparisons
in terms of different integration architectures, e.g., loosely
coupled (LC) and tighly coupled (TC) integration methods,
or in terms of different vector tracking algorithms. Two main
contributions have been made relying on this research. At
first, it has proved that even if the very low-cost consumer-
level IMU has the potential to rug ultra-tight coupling GNSS
receiver in comparison with the vector tracking merely applied
to the standalone receiver. Secondly, both the vector tracking
and the ultra-tight coupling can significantly improve the
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receiver’s robustness in an extremely challenging environment.
Hence, it is possible to provide a general guide for the
wide and rapidly increased GNSS commercial market. More
specifically, the GNSS receiver availability has the potential
to be significantly improved at the cost of just very few extra
hardware expenses.

II. EKF MODEL FOR GNSS/INS INTEGRATION

In this section, the extended Kalman filter (EKF) model for
the proposed ultra-tight coupling algorithm will be discussed.

A. States and Dynamic Matrix

The state vector is modeled in the earth-centered earth-fixed
(ECEF) coordinate frame (e-frame), which is given by
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where k denotes the epoch number, §1)¢ denotes the state
vector of the attitude error; v represents the state vector of
velocity error; 0r® is the position error vector; db, and db,
stand for the state vectors of gyro bias error and accelerometer
bias error, respectively. Then, the dynamic matrix in ECEF
frame is given by [15]
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where () X denotes the operator of the skew-symmetric ma-
trix; €27, is the skew-symmetric matrix of the earth-rotation
vector; Cf represents body-to-earth-frame coordinate trans-

formation matrix in current epoch; £ is the measurement
vector of the accelerometer; 4f; represent the gravitational

acceleration vector in the ECEF-frame axes. 7, (ﬁ;,) stands
for the geocentric radius at the surface which is a function of
latitude, L [15]. Finally, the dynamic system matrix should
be transferred to the transition matrix, ®°, to be implemented

in a practical system. It is approximated as
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where I,,, denotes the identity matrix and the subscript m is the
dimension; 7 is the update interval of the navigation system.
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B. Observation Matrix

The observation vector is
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where the subscript I denotes the measurements in terms of the
INS, while G represents the counterparts in terms of the GNSS
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receiver. It is known that r® = [z,y,2]" and v® = [#, 7, Z]
are the positions and velocities in the e-frame. The associated
observation matrix is given by
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where ® stands for the Kronecker product operator.

C. Noise Covariance Matrices

The IMU data used in this work are from the smartphone of
Huawei Mate 9, i.e., LSM6DSM produced by STMicroelec-
tronics. When the small propagation interval, i.e., At < 0.2
seconds, is contained in the algorithm, the process covariance
matrix can be approximated as [15]

Q ~ {diag (05,02, 0,054,00q] @ Tz} x At (7)

where diag [-] denotes the operator of the diagonal matrix, Ogbs
Oabs 0gq and o,q represent the standard deviation (STD) of
gyro bias error, accelerometer bias error, gyro drift error, ac-
celerometer drift error, respectively; At is the update interval.
The noise distribution of the observation covariance matrix is
primarily dependent on the quality of the GNSS solutions, i.e.,
positioning and velocity results. Such matrix is formed with
empirical values in this work and it is given by

R = diag [5°,0.1°] @ I (8)
D. GNSS/INS Integration Solutions

The state variables can be estimated and updated using the
KF recursive formula [16]. Then, the integration results will be
fed back to the carrier numerically controlled oscillator (NCO)
such that the bandwidth of the tracking loop can be optimized.
Thus, the Doppler frequency of jth channel satisfies
.- ((ou_vg) L&l +1; _tg;) f
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where vJ and t?c are the velocity vector and clock drift of
the jth satellite, respectively; V,, represents the user velocity
vector which can be computed through the stand-lone vector
GNSS SDR or the ultra-tight coupling receiver in this work;
t ¢ stands for the local clock drift; c is the speed of light; €7 is
the unit vector in the line-of-sight (LOS) direction; f, denotes
the GNSS radio frequency. More detailed introductions can
be referred to [8]. In addition, the integration process of
the proposed UTC architecture is implemented in the ECEF
frame, while the position, velocity, and attitude (PVA) results
are commonly computed in the local level frame (LLF) for
analysis. As described in [15], the respective three-dimensional
coordinates in ECEF frame have the access to be transferred
as the latitude ﬁb, lon%itude 5\17, and height Bb, in the LLF,

ie., r'" = f/b, 5\1;7 be . The attitude matrix with respect to
the rotation from the e-frame to the LLF can be attained as
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Hence, the estimated velocity vector in the e-frame can be
transferred to the one in the LLF, or east-north-up (ENU)
frame in this work, which can be computed as

v = [11671)",1)“]T = Clv* (11)
III. WORK PROCESS OF THE PROPOSED UTC GNSS/INS
INTEGRATION SYSTEM

The work process of the proposed ultra-tight coupling algo-
rithm is summarized in Figure 1. Firstly, the GNSS measure-
ments are produced through the acquisition, tracking and mea-
surement extraction implementations. Then, the pseudo-range
and the Doppler measurements are used to compute the po-
sitioning and velocity solutions, respectively. The commonly
used least square (LS) method is chosen here to compute the
positioning, velocity, and timing (PVT) solutions in the GNSS
software-defined receiver (SDR) developed in this research.
After that, a blunder-check module #1 is used to examine the
outliers in the navigation solutions. When the blunder check
#1 is passed, the results will be allowed to combine with the
INS mechanization solutions and an integration result will be
output through the data fusion implementation. Otherwise, the
scalar tracking (ST) will replaced of the vector tracking. Once
the integrated solutions are obtained, they will pass another
checking module, i.e., Blunder Check #2. If these computation
solutions manage to pass its decision-making, the integration
velocities instead of the velocities produced by the stand-alone
GNSS SDR would subsequently be used to update the Doppler
information to aid the carrier NCO. If they fail to pass the
Blunder Check #2, the ultra-tight coupling GNSS SDR will
turn to the vector-tracking GNSS SDR.
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Fig. 1. Work process of the proposed ultra-tightly coupled GNSS/consumer-
level IMU integration navigation system.

IV. FIELD TEST RESULTS AND TESTING TRAJECTORY

The field tests are implemented to verify the performance of
the proposed UTC GNSS/INS integration navigation system.
The GPS L1 C/A signals are processed by the GNSS SDR in
this work.

A. Setup for Field Tests

The setup for the field test of the proposed UTC GNSS/INS
integration navigation system are illustrated in Figure 2. The
GNSS receiver front-end and the commercial U-Blox receiver
were receiving the incoming GNSS signals using the same
NovAtel antenna through a splitter. The GPS L1 C/A signals
are tested and compared in the experiments. Then, the IMU
data including the angular rates and the accelerations along
the three directions are produced by the respective gyro and
accelerometer sensors integrated in the one type of the Android
smartphone, i.e., HUAWEI Mate 9, and they are collected
through an installed application in the operated system (OS),
i.e., AndroSensor. The initial aligned attitudes can also be
known through AndroSensor such that the initial alignment
process is omitted in this experiment. It is not the main
research direction for this paper. The coherent integration
length is 5Sms, the feedback rate of the vector tracking and
ultra-tight coupling is 5Hz, and the phase lock loop (PLL)
bandwidth is SHz and 18Hz for vector tracking and scalar
tracking, respectively. The re-acquistion algorithm is not used
in the experiment. More parameter settings can refer to [8].
Finally, the Trimble R10 Receiver provides the reference
trajectory in this research.

Fig. 2. Setup for the field test.

There are eighteen bridges in the field test. The testing
scenario is an extremely challenging environment for GNSS
navigation where the GNSS signals will be frequently inter-
fered by different blockages. More detailed descriptions for
the testing trajectory can refer to [8].

B. Experiment Results and Discussions

Figure 3 exhibits the C'//Ny estimations of all the visible
satellites in terms of both vector tracking and ultra-tight
coupling algorithms in the field tests, where all the incoming
GNSS signals suffer from the frequent short-time blockages
caused by the bridges in the testing trajectory as given in [8].
SV24 and SV32 embrace the worst performances in signal
strength since their elevation angles are lowest among all the
available satellites. However, the tracking channels of these
two satellites are sufficiently robust against such extremely
challenging environments in the full field tests based on these
two algorithms. The sky plot is provided in Figure 4 as well.

The in-phase sample estimations corresponded to the VT-
and UTC-based GNSS SDRs are illustrated in Figure 5
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Fig. 4. Sky plot of the field test.

which shows the tracking-level performances. According to
the results, in most of the cases, the ultra-tight receiver
recovers from the signal fading within a shorter time than the
counterpart in terms of the vector receiver. More specifically,
the former instead of the vector tracking has a higher potential
to re-demodulate the data bit after the interference in a more
prompt way. Besides that, both the means and STDs of the
carrier phase discriminator outputs are plot in Figure 6. In
comparison with the results related to the VT GNSS SDR,
most of the channel means estimated based on the ultra-tight
algorithm have been largely improved except for the SV8 and
SV21. The signal strengths of these two incoming signals
are over 40 dB-Hz in most of the time during the test as
provided in Figure 3. It implies that UTC GNSS/consumer-
level low-cost IMU is very promising to further improve the
tracking accuracy of weak channels but may inversely reduce
the performances of the ones whose C/N, outputs are in
good conditions. On the other hand, all the STDs estimated
based on the UTC algorithms have been slightly increased
compared with the VT methods. In other words, the increased
spectrum power of the discriminator random noise should

be closer to the real ones of the incoming signals except
for SV8 and SV21. The overall positioning and navigation
performance will be subsequently verified based on the RTK
positioning algorithms. The open-source RTKLIB will be used
to implement the high-precision positioning algorithms [17].
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As to the attitude estimations, it should be mentioned
that the positive directions for pitch, roll, and azimuth are
upwards, rolling to right, and from north direction clockwise,
respectively. Both UTC and LC results are provided in Figure
7 where the GNSS SDR of the LC integration system is based
on the vector tracking algorithm. As we can see, the pitch and
roll estimations are both close to zeros. Then, referring to the
test trajectory given in [8] and the estimated azimuth results,
it can be inferred that the integration process and the related
outputs are correct. In addition, it is also worth knowing that
the attitude estimations between the UTC and VT-based LC
architectures are very close to each other in this work.
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The performances of the carrier phase measurement pro-
cessed by different methods are evaluated and compared with
each other in Figure 8. Similarly, the RTK positioning results
in terms of the VT- and UTC-aided GNSS SDR are computed
using the RTKLIB software. On the one hand, both the two
architectures manage to tolerate the extremely challenging
environment for the full field-test time. In other words, it is
shown that the continuous positioning solutions are provided
with such two types of GNSS SDR over the experiment. On
the other hand, there are still some discrepancies between
these two. For example, the UTC-aided GNSS SDR can be
recovered from some signal attenuated cases in a shorter time
than the VT-aided GNSS SDR. Some tested results are given
in Figure 8 to verify that the UTC architecture outperforms the
VT system when the autonomous ground vehicle is confronted
with the signal masking. When the car is just passing through
a bridge, more available RTK solutions can be provided using
the SDR with the proposed algorithm while the VT SDR needs
more time to smooth the carrier phase measurement and, then,
output the reliable observations.

Finally, the RTK positioning errors in the three directions
are plot in Figure 9. The reference positioning solutions
are produced by the Trimble R10 receiver. The positioning
accuracies with respect to the different GNSS architectures
are summarized in Table I. The availability percentage of the
GNSS receiver has been significantly enhanced by the VT and
UTC methods when such performances are compared with the
one obtained from the ST SDR without using the re-acquisition
algorithm. Meanwhile, the percentage related to the UTC is
also higher than the one of VT, i.e., 99.3% versus 97.9%. In
addition, the UTC-aided GNSS SDR performs slightly better
than the commercial U-Blox receiver which embraces the
availability percentage of 98.0%. The performance of the VT-
aided GNSS SDR is very similar to the one of the U-Blox
receiver in availability comparison, but they are both proved
to be worse than the UTC-aided GNSS SDR. Since the filters
used in the U-Blox’s tracking loop are expected to be more
optimized than the ones adopted in our GNSS SDR, it will
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Fig. 8. RTK positioning estimations and the zoomed-in results in terms of
vector-tracking and ultra-tight coupling GNSS SDRs.

take less time for the tracking channel of the U-Blox to be
converged from the external interference. In this case, fewer
outliers are supposed to be produced by the RTK positioning
process in the U-Blox receiver solutions. All these analyses
make it reasonable that the RTK positioning accuracy of the
U-Blox receiver outperforms the proposed UTC- or VT-aided
GNSS receiver.
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TABLE I
SUMMARIES OF THE RTK POSITIONING RESULTS IN TERMS OF DIFFERENT RECEIVER ARCHITECTURES.

Receiver Availability RMSE (RTKLIB RTK)
Type Epoch Number | Unavailable Points | Availability Percentage East North Up
ST SDR 970s 711s 26.7% N/A N/A N/A
VT SDR 20s 97.9% 0.680m | 1.085m | 1.808m
UTC SDR 7s 99.3% 0.623m | 1.337m | 1.815m
U-Blox 19s 98.0% 0.394m | 0.785m | 1.754m

V. CONCLUSIONS

An ultra-tightly coupled GNSS/INS integration navigation
system using the consumer-level IMU data is proposed in this
paper, and the performance of it is evaluated and compared
with the loosely coupled VT-based GNSS/INS integration
system and one type of the commercial receivers, i.e., U-Blox
MBST. An extremely challenging environment for the GNSS
receiver design is chosen as the field test scenario in this work.
It is well-known that the U-Blox shows a strong power to
offer customers with more self-contained, higher-performance,
and lower-cost GNSS receiver, in the massive commercial
market. In other words, the overall tracking performance
in terms of the U-Blox receiver should be more optimized
than the GNSS SDR used in this work. Many optimizing
algorithms are neglected in the SDR since they are not the
main contribution in the research. Thus, the fact that the RTK
positioning accuracy of the U-Blox receier is higher than the
proposed UTC- and VT-aided GNSS SDR is reasonable and
acceptable. Meanwhile, the RTK positioning accuracies of the
UTC- and VT-aided GNSS SDR are very close to each other.
On the other hand, the experiment results in terms of the UTC-
aided GNSS SDR are verified to outperform both the VT-based
GNSS SDR and the U-Blox receiver in terms of the availability
performance. The respective availability percentage of the
UTC, VT LC, and the U-Blox are 99.3%, 97.9%, and 98.0%.
The setup in terms of the smartphone and the GNSS antenna
is not so accurate in the experiment. Besides that, the time
synchronization problem is ignored in the implementation, and
just the GPS time is used to synchronize the GNSS and IMU
data in the fusion process. In this case, the performance of the
proposed ultra-tightly coupled GNSS/INS integration system
can be further improved once the mentioned issues can be
solved. Furthermore, the analysis of the comparisons related
to the various grade IMUs will be covered in the future works.
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