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Global Navigation Satellite System Real-Time Kinematic (GNSS-RTK) technology is widely used in vehicle navigation, but in
complex environments such as urban high-rise street, wooded street, overpass, and tunnel, satellite signals are prone to
attenuation or even unavailability. It brings great challenges to the continuous high-precision navigation. For this reason, a
tightly coupled (TC) integration algorithm for GPS (Global Positioning System)/BDS (BeiDou Navigation Satellite
System)/MEMS-INS (Micro-Electro-Mechanical System-Inertial Navigation System)/Odometer (GCIO) is proposed for vehicle
navigation in complex urban environments. The accuracy improvement and ambiguity resolution (AR) performance are
analysed in this research. First of all, the INS positioning error is constrained by fusion GPS/BDS (GC) and odometer;
then, the predicted position information is used to aid GPS/BDS ambiguity resolution. In GNSS-denied environments, the
odometer/INS integration is still carried out for continuous navigation. Real-time experiments are carried out in urban
degraded and denied environments to validate the performance of the integrated system. In high-rise streets, the ambiguity
fixing success rate of GCIO mode is 13.57% higher than that of GC mode. In the wooded street environment, the success
rate has increased particularly significantly, by about 55 percent. The positioning accuracy analysis for open environment,
high-rise street, wooded street, overpass, and tunnel is conducted. The experimental results show that in the above
environment, the order of 0.1m positioning accuracy can be achieved in the case of satellite outage for 1 minute, which
can meet the positioning needs in most scenarios.

1. Introduction

High-precision navigation and position information are the
key components of autopilot technology [1, 2]. In the out-
door open environment, GPS/BDS/GLONASS [3, 4] (global
navigation satellite system) and other constellation systems
can provide far superior satellite geometry and signal avail-
ability and more consistent and accurate positioning capabil-
ity, which can basically meet the needs of high-precision
position information of vehicles [5–7]. However, the number
of visible/available satellites in high-rise buildings, three-

dimensional traffic, long-distance tunnels, underground
parking, and other complex urban environments is decreas-
ing, even the satellite signal is not available for positioning,
which brings great challenges to vehicle navigation [8–10].
GNSS/INS integrated system can provide better performance
than simple GNSS in complex environments [9, 11, 12]; how-
ever, the performance of GNSS/INS integration depends
heavily on the quality of Inertial Measurement Unit (IMU)
adopted. The positioning accuracy will degrade rapidly while
there is GNSS interruption and blockage if only low-cost INS
is applied [13, 14].

Hindawi
Journal of Sensors
Volume 2020, Article ID 8670262, 15 pages
https://doi.org/10.1155/2020/8670262

https://orcid.org/0000-0001-6249-8674
https://orcid.org/0000-0001-6229-3038
https://orcid.org/0000-0001-8565-7287
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8670262


In order to obtain better positioning performance of
the vehicles, it needs some assistant technologies to
improve the integrity and accuracy of GNSS/INS naviga-
tion system, such as an odometer [15, 16]. There are a
few reports in the literature on combining GNSS/INS/Od-
ometer. Li et al. [16] propose a fuzzy neural network
(FNN) for land vehicle navigation applications based on
GNSS/INS/Odometer, which can improve the position,
velocity, and attitude accuracy of the integrated system,
especially the position parameters, over long GPS outages.
However, the positioning accuracy and accuracy stability
of urban interchange, tunnel, and other complex condi-
tions have not been analysed and explained. Park et al.
[17] put forward an integrated navigation system based
on GNSS/INS/odometer/barometer for vehicle navigation;
when GNSS signals are not available for 20 seconds, the
plane positioning accuracy is 23.85m, and the elevation
positioning accuracy is 1.28m. It can be seen that the
positioning accuracy is relatively low. Aftatah et al. [18]
propose a loosely coupled solution that fuses the GPS/IN-
S/Odometer data. In the three zones which have duration
of 70 seconds of GPS outages in total, the positioning
accuracy of the order of 0.3m is realized. However, this
situation can only show the behaviour accuracy of GPS
signal when it is disturbed for a short time. In addition,
other scholars [19–21] have carried out the researches of
GNSS/INS/Odometer integrated navigation technology;
the results show that in the case of GNSS unlocked, it
can still maintain certain accuracy in a short time. How-
ever, the relevant papers still have some shortcomings
and insufficient in analysing and explaining the position-
ing accuracy in the common scenes of wooded streets,
tunnels, and other urban complicated environments.

This paper focuses on the problem of high-precision
vehicle positioning in complex urban environment and
carries out the research of tight combination algorithm
based on GCIO. The positioning-related indexes of the
fusion of GC and the positioning accuracy of GCIO in
the urban environment such as open environment, high-
rise street, wooded street, overpass, and tunnel are ana-
lysed. Finally, the main contributions of this paper are
summarized, including a tightly coupled fusion algorithm
for GCIO and the analysis of positioning accuracy of a
tightly coupled fusion algorithm in complex urban envi-
ronment. The technology roadmap is shown in Figure 1.

The remainder of this paper is organized as follows. Sec-
tion 2 briefly reviews the tightly coupled GCIO integration
model, including the dynamic model and measurement
model. The experiment of multisensor fusion positioning is
carried out in Section 3, and the positioning accuracy based
on multisensor fusion in the complex urban environment is
discussed and analysed. In Section 4, some conclusions
related to the work are summarized.

2. Methodology

An overview of the TC integration of GCIO algorithm is
shown in Figure 2 [22]. After initialization of the tightly
coupled algorithm, the compensated raw INS data is used
to provide the continuous navigation result (position, veloc-
ity, and attitude) through INS mechanization. The velocity
information of odometer is fused with INS to correct the
integral error of INS and reduce the error accumulation.
When GNSS is available, the double-difference (DD) pseu-
dorange and carrier phase observations from rover receiver
and base receiver are used for KF (Kalman filter)
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measurement update. Then, GCIO data are fused in the
tightly coupled model to obtain high-accuracy position,
velocity, and attitude information. When GNSS outage
occurs, INS/Odometer integration is used to obtain continu-
ous navigation results.

2.1. GPS/BDS RTK Model. The DD technique can remove
the error sources that are highly correlated over space
and time, such as ephemeris errors [23]. Range informa-
tion with remained multipath and receiver noise can
achieve cm-level accuracy only after the integer ambigui-
ties in the carrier phase measurements have been resolved
correctly [24]. In a general form, the DD code and carrier
phase observation model can be described as [22, 25, 26]

Δ∇ρ = Δ∇ρ0 + Δ∇T + Δ∇I + Δ∇M+ Δ∇ερ,
λΔ∇ϕ = Δ∇ϕ0 + Δ∇T − Δ∇I + λΔ∇N + Δ∇m + Δ∇εϕ,

(
ð1Þ

where theΔ∇ notation refers to a double-differentiation. ρ
and ϕ denote the pseudorange and carrier phase observa-
tions, the geometric distance between the receiver and sat-
ellite is ρ0, T is tropospheric delay, I is ionospheric delay,
λ represents the carrier phase wavelength, andM is the
pseudorange multipath error and m denotes the carrier
phase multipath error; ερand εϕ are the pseudorange noise
and carrier phase noise.

For GNSS-RTK with GPS and BDS data, the equation
to estimate the unknown parameters can then be written
as follows:

HG ΛG

HC ΛC

" # δpr

∇ΔNG

∇ΔNC

2664
3775 =

∇ΔLG

∇ΔLC

" #
, ð2Þ

where the superscripts “G” and “C” represent GPS and BDS,
respectively; H is the geometry matrix containing satellite-
geometry information; ∂pr denotes the vector of baseline
increment; Λ is the coefficient matrix of ambiguities;∇ΔL is
the DD observed minus computed vector.

With the increase of the distance between the vehicle
and the base station, the baseline length increases gradu-
ally, and the atmospheric residual error in formulas (1)
and (2) cannot be eliminated by DGNSS. As a result, the
dynamic relative positioning accuracy and reliability are
not as good as the short baseline scenario. For the
dynamic positioning accuracy of the medium/long base-
line, the method of [27] is adopted.

In order to characterize the probability of correct fix-
ing, the ambiguity success rate has been introduced to
evaluate the strength of the underlying model, where the
bootstrapped success rate is often used as lower bounding
for integer least-square success rate [28]:

Ps ≥
Yn
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e− 1/2ð Þt2dt, ð3Þ

where z is the true ambiguity vector, and σẑ denotes the
standard deviation of the conditional ambiguities.

2.2. Odometer Navigation. An odometer is a device that can
independently measure the distance and speed of the vehi-
cle, which can measure the speed of the vehicle in the for-
ward direction [16, 29]. Assuming that the vehicle velocity
of the odometer output is vO, which points directly in front
of the vehicle, that is, parallel to the Y axis of the vehicle
coordinate system, the three-dimensional velocity in the
vehicle coordinate system is expressed in vector form, so
the expression of the vehicle velocity in the navigation
coordinate system is

vnO = Cn
b 0 vO 0½ �T : ð4Þ
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Among them, Cn
b is the direction cosine matrix from

the vehicle coordinate system to the navigation coordinate
system that can be calculated by the inertial navigation
system.

The integral of the velocity can get the position
information in the navigation coordinate system, and
the difference equation of the position can be written
as follows:

_LO = vnON
RM + hO

, ð5Þ

_λO = vnOE
RN + hOð Þ cos LO

, ð6Þ

_hO = −vnOD: ð7Þ

Among them, LO, λO, and hO are the longitude, lati-
tude, and height, respectively. RM and RN are the curva-
ture radius of the meridian circle and prime vertical of
the earth, where the location of vehicle, respectively, and
vnON , vnOE, and vnOD are the velocity components in the
north, east, and earth directions in the navigation coordi-
nate system, respectively.

The velocity information acquisition of odometer
belongs to discrete sampling, and the position calculation
method of odometer can be deduced based on the differ-
ence equation.

LO kð Þ = LO k − 1ð Þ + vnON∙Δt
RM + h

, ð8Þ

λO kð Þ = λO k − 1ð Þ + vnOE∙Δt
RN + hð Þ cos LO k − 1ð Þ , ð9Þ

hO kð Þ = hO k − 1ð Þ − vnOD∙Δt: ð10Þ

Among them, ðk − 1Þ indicates the odometer informa-
tion at ðk − 1Þ time, ðkÞ represents the odometer informa-
tion at k time, and Δt is the odometer sampling time
interval.

Since the odometer has no zero deviation, the speed
model of the odometer output can be expressed as

~VO = 1 + δk½ � + VO +wO: ð11Þ

In the formula, δk is the error of calibration coefficient,
and wO is the observation.

2.3. AR Strategy Based on INS. High-precision carrier
phase positioning technology depends on high reliability
and accurate integer ambiguity resolution. However, in
the urban degraded and denied environment, especially
in the moving state, the GNSS often appears the outage
state, which leads to the ambiguity resolution error. In

GPS/BDS/INS combination positioning, because INS can
provide continuous positioning ability, the accuracy of
ambiguity floating point solution is improved, and then,
the ambiguity search space is constrained and the ambiguity
solution efficiency is improved. The ambiguity solution equa-
tion of combined system is obtained [22, 30].

λΔ∇ϕ − Δ∇ρ0
Δ∇ρ − Δ∇ρ0
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where Xb is the correction number of position error, Xa is the
parameter vector of n-dimensional ambiguity, Hb is the
design matrix, and eins is the observation noise of INS system,
which can be obtained from a priori equation matrix of com-
bined filtering.

2.4. Tightly Coupled Integration of GPS/BDS/MEMS-
INS/Odometer

2.4.1. INS Dynamic Model. In this research, a tightly
coupled integration algorithm of GPS/BDS/INS/Odometer
is adopted with the EKF (extended Kalman filter); the
inertial dynamic model is as follows [31]:

δ _v = − 2ωie + ωenð Þ × δv − δψ × f+∇, ð13Þ

δ_r = −ωen × δr + δv, ð14Þ
δ _ψ = − ωie + ωenð Þ × δψ + ε, ð15Þ

where δr, δv, and δψ are the error vectors of position,
velocity, and attitude, respectively, ∇ and ε are the error
vectors of accelerometer and gyro, respectively, f is the
specific force vector, ωie is the earth rotation vector, and
ωen is the craft rate.

An INS error model with twenty-seven states is
implemented here, which contains nine navigation error
states that are expressed in the north-east-down (NED)
navigation frame (three for position, three for velocity,
and three for orientation), six accelerometer and six

Table 1: Main performance specifications of the INS sensors.

Parameter MEMS INS FOG INS

Accelerometer bias stability (mg) 2 0.2

Velocity random walk (μg/sqrt(Hz)) 120 20

Gyro bias stability (deg/h) 5 0.05

Angular random walk (deg/sqrt(h)) 0.4 0.005
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gyro sensor errors (including three biases and three
scale factors for each axis), three gravity uncertainty
errors, and three lever arm errors [22, 32]. The detailed
error states are given as follows:

XNAV = δrN , δrE, δrD, δvN , δvE , δvD, δψN , δψE , δψD½ �T ,
XAcc = ∇bx, ∇by , ∇bz , ∇f x, ∇f y, ∇f z

� �T ,
XGyro = εbx , εby , εbz , εf x, εf y, εf z

� �T ,
XAnt = δLbx, δLby, δLbz

� �T
:

8>>>>>>><>>>>>>>:
ð16Þ

The inertial sensor errors are modelled as the first-
order Gauss-Markov (GM) processes, while the float
ambiguities are treated as constant over time. Additional
atmospheric error states are added for long-baseline
configuration.

2.4.2. Multisensor Fusion Model. A TC EKF system model
considering psi-angle error, INS sensor error, and odometer
scale factor is designed as follows:

_XINS = FXINS +Gω, ð17Þ

where F is the dynamic matrix, and G is the noise distribu-
tion matrix. The state vector X can be written as

X = XNav, XAcc, XGyro, XAnt, δk
� �T , ð18Þ

where δk is the error of calibration coefficient.
When the GPS/BDS, INS, and odometer observable

data arrive at the same epoch, the tightly coupled
GPS/BDS/INS/Odometer measurement model will be used

to update the EKF. The measurement model for EKF in
the discrete time domain is expressed as

Zk =HkXk + ηk, ð19Þ

where Hk is the design matrix, and Zk is the measurement
vector whose value is the differences between INS-
predicted measurement, GNSS raw observables, and
odometer data:

Zk =
∇Δbρ INS−∇ΔPGPS∣BDS

∇Δbρ INS − λ∇ΔφGPS∣BDS
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where the subscripts “INS” and “GPS|BDS” represent the
predicted GPS|BDS measurements using INS-derived
information and observables from the GPS|BDS receivers,
respectively. Vn

INS and Vn
o represent the velocity values cal-

culated in the navigation coordinate system by INS and
odometer, respectively. NED represents the NE geodetic
coordinate system. The linearized form of INS-predicted
DD observation can be written as

∇Δbρ + ek
* − ej

*
� �

∙δre, ð22Þ

where ek
*

and ej
*

are the unit line-of-sight (LOS) vectors
from the INS center to the kth and jth satellite, respec-
tively; δre is the position error vector expressed in the
e-frame.

Figure 3: Schematic diagram of installation of experimental vehicles and equipment.

Table 2: Main performance specifications of the FOG GNSS/INS
combination system.

Parameter GNSS/INS

Positioning accuracy in RTK model 2 cm + 1 ppm
Attitude measurement accuracy (deg) 0.01

Heading measurement accuracy (deg) 0.02
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3. Experiment and Discussion

In order to verify the technical method of this paper, the
vehicle experiment was carried out in Shanghai. The
experimental equipment is a tightly combined GNSS/INS
module developed by ourselves and is connected to the
odometer of the vehicle through the cable. The perfor-
mance metrics of INS devices are shown in Table 1.
The equipment is installed in the trunk of the vehicle,
the GPS/BDS antenna is installed on top of the vehicle,
and the experimental data are transmitted to the note-
book computer via cable. RTK is supported by domestic
GNSS core stations. The system integration is shown in
Figure 3.

In order to verify the positioning accuracy, a high-
precision fiber-optic gyroscope (FOG) GNSS/INS combi-
nation system produced by No. 707 Research Institute of
China Shipbuilding Industry Corporation is used as a pre-
cise comparison reference. The parameters of the MEMS
INS, FOG INS, and GNSS/FOG INS are shown in
Tables 1 and 2.

The experiment is aimed at 5 scenarios: urban open
environment, wooded streets, urban tunnel, overpass, and
high-rise street. The specific test route is shown in
Figure 4. The speed of the vehicle during the test is shown
in Figure 5.

In the course of the experiment, the vehicle speed is con-
trolled at 10-80 km/h, which basically covers the driving
speed in the urban environment. The details are shown in
Figure 5.

As can be seen from Figures 4 and 5, this test has experi-
enced the most urban driving environments and basically
simulated the vehicle speed in the normal driving process.

3.1. Analysis of Satellite Visibility and Dilution of Precision
(DOP) Value. Overpasses, high-rise and tree-sheltered
streets, and other urban environments would have an
impact on the vehicle satellite receiver in terms of satellite
cut-off angle and signal reception, which leads to a decrease
in the number of visible satellites and DOP values. To illus-
trate the availability of GPS/BDS in urban environments,
the number and DOP values of GPS/BDS satellites in 6

Overpass
Open environment

High-rise street

Urban tunnel

Wooded streets

Wooded streets

Reference to tree shading

Figure 4: Actual test route and vehicle trajectory and schematic diagram of 5 scenarios.
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cut-off angles from 10° to 35° as well as the above three real
scenes are simulated and analysed. In addition, for the
long-distance tunnel and other environments, because the
satellite is in the state of outage, the related performance
is no longer analysed.

As can be seen from Figure 6, in an open urban environ-
ment, such as an open ring road, the number of the satellites
can basically be maintained at 20 at 10° and 15° cut-off angle,
which can meet the navigation needs of the number of
satellites and geometric structure. With the increase of
the cut-off angle, the satellite data gradually decreased to
14 at 35° cut-off angle. Within the range, the number
and geometry of available satellites will be affected, and
as can be seen from Table 3, the PDOP (Position Dilution
of Precision) value at this time is about 63.89% lower than
that at 15° cut-off angle. In addition, the accuracy of
VDOP is almost more than 2-3 times worse than that of
HDOP (Horizontal Dilution of Precision). It can be seen
that the height cut-off angle has a greater influence on
the VDOP (Vertical Dilution of Precision) of the satellite.
With the increase of the height cut-off angle, the DOP
value decreases gradually, which also shows from the side
that a large number of high-rise streets, tree-sheltered
streets, and overpasses will have an impact on the number
and geometry of satellites.

Figure 7 shows the number and DOPs of GPS/BDS satel-
lites in high-rise streets, wooded streets, and overpass. Com-
pared with the open environment in Figure 6, the number of
satellites decreases and fluctuates and varies greatly from
scene to scene. Compared with the three scenarios, in the
high-rise street, the number of satellites fluctuates between
10 and 20; in the wooded street, the number of satellites fluc-
tuates between 5 and 15, and the total number is lower than
that in the high-rise street environment. In the urban over-
pass environment, the number of satellites will decline rap-
idly until it falls to 0.

Table 4 shows the satellite DOP values in the above envi-
ronments. Because the number of satellites under the over-

pass is zero, DOP cannot be calculated. Based on the
analysis of Figure 7 and Table 4, it can be seen that all the
above environments have an impact on the positioning per-
formance of satellites. As can be seen from Tables 3 and 4,
DOP is relatively good in the high-rise street environment
but still worse than in the open environment. However, the
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Figure 5: The speed of the vehicle during the test.
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Figure 6: The number of GPS/BDS satellites in urban open
environment.

Table 3: Mean DOPs of GPS+BDS for 10° to 35° cut-off elevation
angles.

Cut-off angle (°) 10 15 20 25 30 35

PDOP 1.3000 1.3000 1.8000 2.0356 2.5222 3.6000

HDOP 0.6000 0.6000 0.8000 0.8000 0.9000 1.1000

VDOP 1.1000 1.1000 1.6072 1.8761 2.3750 3.4000
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DOP value under wooded street is relatively poor, even
lower than the DOP value when the cut-off angle is 30°,
indicating that this environment has a great influence on
the navigation accuracy in the city. Analogy can be seen
that the positioning accuracy of the road under the urban
viaduct will also be relatively poor. Under the complex
overpass, there will even be the unlocked state of satellite
positioning.

Generally speaking, in the urban environment, only
relying on satellite positioning system can meet the navi-
gation needs of more environments. However, even if the
environment such as underground garages is not consid-
ered, the positioning accuracy and reliability will be
greatly affected in the above-mentioned urban satellite
navigation signal-degraded and signal-denied environ-
ment. For this reason, it is necessary to introduce other
sensors to support the positioning requirements when
the satellite is outage.

3.2. Analysis of AR Performance. The correct resolution of
integer ambiguity is an important link to achieve high-
precision positioning, but in degraded and denied environ-

ment, the satellite signal is easy to lose, resulting in inaccurate
ambiguity resolution. In this paper, the AR performance in
terms of solution state from the AR process and the
empirical success rate would be compared and analysed
in urban open environment and complex environment.
The solution state from the AR process includes “0” and
“1,” in which “0” indicates failure to fix ambiguity and
“1” indicates success in fixing ambiguity. Details are
shown in Figure 8 and Table 5.

The solution state can be used to indicate the probabil-
ity of correctly fixing the integer ambiguities. Figure 8
shows the solution state of GPS/BDS and GPS/BDS/IN-
S/Odometer combinations in high-rise street and wooded
street. In most cases of GPS/BDS, the ambiguity is fixed,
while in the case of GPS/BDS/INS/Odometer combination,
the ambiguity is all fixed. In the wooded street, the GPS/BDS
ambiguity is much worse than that in the high-rise street, but
in the case of GPS/BDS/INS/Odometer combination, only a
few of the ambiguities are not fixed. It can be seen that the
GPS/BDS/INS/Odometer combination is of great help to
the fixation of ambiguity, especially in wooded streets.

The empirical success rate of AR for different scenes of
open environment, high-rise streets, wooded streets, and
overpass is also investigated. The resolved ambiguities will
be compared with the reference ambiguities to ensure the
correctness of the fixed ambiguities. The empirical success
rate can be defined as [7]

P = n1
n2 , ð23Þ
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Figure 7: The number of GPS/BDS satellites in high-rise streets, wooded streets, and overpass.

Table 4: Mean DOPs of GPS/BDS in high-rise street, wooded street,
and overpass at 15° cut-off angle.

Scene High-rise street Wooded street Overpass

PDOP 1.6343 5.6259 —

HDOP 0.7300 1.8928 —

VDOP 1.4379 5.2026 —
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where n1 is the number of the correctly fixed epochs and n2
is the total number of epochs.

Table 5 shows the success rate for different scenes of open
environment, high-rise streets, wooded streets, and overpass.
GC represents GPS/BDS and GCIO for GPS/BDS/INS/Od-
ometer. Because the satellite is in outage state under the
overpass, the success rate is not evaluated here. In an
open environment, the ambiguity fixing success rate for
both models is 100%. In the high-rise streets, the ambigu-
ity fixing success rate of GCIO mode is 13.57% higher
than that of GC mode. In the wooded street environment,
the success rate has increased particularly significantly, by
about 55 percent. Once again, it quantitatively shows that
GCIO mode has great advantages in urban environment
navigation.

3.3. Analysis of Positioning Performance. In this paper,
the positioning and attitude accuracy of GC/GCIO com-
bination in urban open environment, high-rise streets,
wooded street, and urban tunnel are analysed. The details
are as follows.

3.3.1. Urban Open Environment. In the open environment,
the number of GPS/BDS satellites is large, the geometric
structure is good, and the positioning accuracy is high. After
the fusion of INS and odometer, the positioning accuracy is
further improved, and the high-frequency attitude data is
obtained, as shown in Figure 9.

The left column of Figure 9 shows the position deviation
under the two combinations of GC/GCIO. From top to bot-
tom, there are three axial positioning errors: the east, the
north, and the earth. The attitude measurement deviation
of the MEMS INS is shown in the right column. From top
to bottom, there are three directions: heading, pitch, and roll.
Table 6 shows the RMS (Root Mean Square) of the two com-
binations, the first three columns are the positioning RMS of
the GC combination, and the last six columns are the pose
measurement RMS of the GCIO combination. The latter sce-
narios are represented in the same way.

Figure 9 and Table 6 illustrate the vehicle pose mea-
surement accuracy in the open environment. It can be
seen that the RMS reaches the centimeter level in GC
mode. Although the positioning accuracy is improved to
a certain extent in GC and GCIO mode, the improvement
effect is not obvious. In addition, the attitude accuracy is
also very high, which proves the high accuracy of the algo-
rithm again. This also shows that, if the vehicle is driving
in the open environment, the positioning mode based on
GPS/BDS/RTK mode can obtain higher absolute position-
ing accuracy.

3.3.2. High-Rise Street. Figure 10 and Table 7 show the
positioning results of the two modes in high-rise street.
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Figure 8: Solution state of AR for high-rise street and wooded street.

Table 5: AR empirical success rate of GPS/BDS/INS/Odometer in
open environment, high-rise streets, wooded streets, and overpass
in RTK mode.

Scene
Open

environment
High-rise
streets

Wooded
streets

Overpass

GC 100% 86.43% 37.14% —

GCIO 100% 100% 92.08% —
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Compared with the open environment, it can be seen that,
affected by the buildings on both sides of the street, the
positioning accuracy of GPS/BDS decreases obviously and
the RMS in plane positioning is basically 0.3m, but the
error in elevation is more than 1m, which is much larger
than that in open environment. Based on the GCIO com-
bination method, the positioning accuracy is significantly
improved, the error amplitude becomes smaller, the RMS
of plane positioning is increased by more than one order
of magnitude, about 0.02m, and the elevation error is
increased by 96.85%. Compared with the open environ-
ment, although the accuracy is reduced by about twice, it
can also basically meet the positioning requirements.

In addition, through the right column of Figure 10, it
can be seen that the error in the horizontal attitude is
about 0.35-0.5° and the error in the heading angle atti-

tude is about 0.074°. Moreover, the pitch and roll have
always maintained a relatively stable state, and the head-
ing deviation varies greatly. Compared with the open
environment, it can be seen that the attitude accuracy
of the vehicle is also greatly affected in the high-rise
street environment, especially the heading angle, which
is almost doubled.

3.3.3. Wooded Street. Due to the existence of a large number
of green belts in the city, the streets are seriously blocked by
the canopy, resulting in the blocking of satellite signals under
the trees. Figure 11 and Table 8 show the pose measurement
deviation under the combination of GC and GCIO of urban
wooded street.

As can be seen from Figure 11, the positioning devi-
ation is more serious based on GC combination under
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Figure 9: Pose difference of GC/GCIO combination in urban open environment.

Table 6: RMS of the pose accuracy of GC/GCIO combination in urban open environment.

GC GCIO
E (m) N (m) U (m) E (m) N (m) U (m) Heading (°) Pitch (°) Roll (°)

RMS 0.013 0.012 0.024 0.008 0.006 0.014 0.038 0.026 0.036
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the wooded street. Combined with Table 8, it can be seen
that the plane RMS is about 2 meters and the elevation
RMS is 6.658 meters, indicating that dense trees have a
serious impact on satellite positioning accuracy. On the
other hand, the positioning accuracy of GCIO combined
calculation is obviously improved to the order of 0.1m,
which is increased by nearly 95%, especially in the height
direction by 98%. But heading RMS is more than an
order of magnitude lower than open environment and
high-rise street.

3.3.4. Urban Overpass. Figure 12 and Table 9 show the pose
measurement deviation under the urban overpass. The
time period during which the GPS/BDS data is inter-
rupted in Figure 12 is the time the vehicle is traveling
under the overpass.

As can be seen from the figure, under the overpass,
GPS/BDS is in the outage state and cannot produce effec-
tive positioning data. However, the positioning method
based on GCIO combination can still achieve a positioning
accuracy of 0.2m, which has a very good effect. This
shows that under the environment of overpass, the combi-
nation method based on GCIO can solve the requirement
of positioning. In addition, the attitude RMS is not only
small but also stable, which further confirms the availabil-
ity of GCIO. However, due to the short driving time under
the overpass, the advantages of GCIO can only be
explained to a certain extent. In view of the pose measure-
ment deviation when the GNSS is in the outage state for a
long time, we can refer to the urban tunnel environment.

3.3.5. Urban Tunnel. The tunnel test environment is
Shanghai Dalian Road Tunnel, which is a north-south
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Figure 10: Pose difference of GC/GCIO combination in high-rise street.

Table 7: RMS of the positioning accuracy of GC/GCIO combination in high-rise street.

GC GCIO
E (m) N (m) U (m) E (m) N (m) U (m) Heading (°) Pitch (°) Roll (°)

RMS 0.256 0.361 1.047 0.023 0.018 0.033 0.074 0.050 0.035
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tunnel located in Shanghai, China. It is the third underwa-
ter highway tunnel on the Huangpu River. Dalian Road
Tunnel is 2526.88m long and the design driving speed is
40 km/h. In the urban tunnel environment, GPS/BDS is
in the state of outage, so it is impossible to compare the
positioning accuracy of GC. Then, the pose measurement
results of the self-developed module are compared with
the FOG GNSS/INS combination equipment, and the pose
measurement RMS is analysed when the GPS/BDS is in
the state of outage for 10-120 seconds. The details are
shown in Figure 13 and Table 10.

In the tunnel environment, we rely on INS and odom-
eter for fusion positioning. It can be seen from Table 10
that the technical method of this paper can achieve sub-
meter positioning accuracy in the range of 1 minute and
better than 2 meters in 2 minutes. However, the deviation
of RMS in the north direction is obviously higher than
that in the east direction, which may be related to the
accumulation of the error in the north direction when

the vehicle is traveling from south to north. In addition,
more than 1 minute later, the elevation accuracy has
become poor and has exceeded 10 meters; there is still a
lot of room for improvement. From the angle RMS, espe-
cially the heading angle, the error is reduced three times
from 10 seconds to 2 minutes, but the RMS can still be
maintained at 0.144°.

4. Conclusions

In order to solve the problem of high-precision navigation of
vehicles in degraded and denied urban environment, a tightly
coupled combination solution based on GPS/BDS/INS/Od-
ometer is proposed in this paper. First of all, the combination
of GPS/BDS is used to improve the number of satellites
and the accuracy of DOP value in the occlusion environ-
ment of urban high-rise buildings. Secondly, the odometer
is used to fuse with INS, the error of INS sensor in
GPS/BDS outage environment is constrained, and the
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Figure 11: Positioning difference of GC/GCIO combination in wooded streets.

Table 8: RMS of the positioning accuracy of GC/GCIO combination in urban wooded street.

GC GCIO
E (m) N (m) U (m) E (m) N (m) U (m) Heading (°) Pitch (°) Roll (°)

RMS 2.689 1.700 6.658 0.109 0.092 0.132 0.612 0.090 0.087
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fusion data is used to assist GPS/BDS AR, to ensure the
fixed rate of ambiguity. Finally, the compact combination
algorithm is used to realize multisensor fusion, making full
use of the advantages of each sensor.

In addition, according to the experiment, we can sum up
the conclusion as follows.

First of all, in the urban open environment, whether
based on GPS/BDS or GPS/BDS/INS/Odometer position-
ing method, centimeter real-time positioning accuracy
can be achieved, which can well meet the needs of vehicle
navigation. Secondly, in the urban high-rise street, wooded
street, overpass, and tunnel environment, the positioning
accuracy of GPS/BDS will be affected; the most serious is
the tunnel and wooded street; in the overpass because of
the short driving time, the impact is low; the impact of
high-rise street is the lowest, the positioning accuracy is

close to that in the open environment. Finally, in the nav-
igation mode based on GPS/BDS/INS/Odometer, no mat-
ter what kind of scene, the positioning accuracy has been
greatly improved. In addition to the long tunnel environ-
ment within 2 minutes, which can maintain a positioning
accuracy better than 2 meters, other scenes can basically
achieve a positioning accuracy of 0.1 meters. However,
because the experimental data in this paper are intercepted
for a single scene, the number of samples is relatively
small, so there is still a need for further experimental ver-
ification of a large number of data. Moreover, in the case
of long-time GPS/BDS outage, there are still technical
challenges in high-precision navigation for a vehicle. For
this reason, it is necessary to introduce high-precision
map, vision, laser auxiliary data, and sensors for further
fusion, as well as vehicle motion models, such as
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Figure 12: Positioning accuracy of GC/GCIO combination in urban overpass.

Table 9: RMS of the positioning accuracy of GC/GCIO combination in urban overpass.

GC GCIO
E (m) N (m) U (m) E (m) N (m) U (m) Heading (°) Pitch (°) Roll (°)

RMS — — — 0.210 0.044 0.420 0.042 0.050 0.030
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acceleration and deceleration and zero speed constraints,
to further improve the positioning accuracy and retention
in the case of GPS/BDS outage.
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