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Abstract
In recent years, unmanned autonomous driving technology has attracted increasing attention
from people, and become a research hotspot. Currently, the integration of strapdown inertial
navigation system (SINS) and global navigation satellite systems (GNSSs) is the most common
and effective navigation and positioning scheme for unmanned ground vehicles (UGVs) and
unmanned aerial vehicles. However, this integrated system is unable to maintain a reliable
positioning solution in challenging environments due to the inherent weakness of GNSS signals
and the accumulation of SINS positioning errors over time. To address this issue, this paper
proposes an integrated scheme based on an asynchronous Kalman filter for SINS, GNSS and
two-dimensional (2D) laser Doppler velocimeter (LDV). In the proposed scheme, the SINS and
2D-LDV are tightly coupled to improve the robustness of the integrated system, and the error
parameters between the 2D-LDV and the SINS are calibrated in real time during the validity of
the GNSS signal. In addition, the designed asynchronous Kalman filter method evaluates the
validity of the GNSS and 2D-LDV measurements in real time based on Mahalanobis distance of
innovation vector and statistical property principle. Two groups of long-distance, high-mobility
vehicle experiments conducted in challenging environments verify the validity of the proposed
scheme. The experimental results show that the proposed SINS/GNSS/2D-LDV integrated
navigation scheme has good environmental adaptability and reliability, and can maintain high
horizontal and vertical positioning accuracy despite frequent GNSS signal failures, which can
meet the needs of UGVs.

Keywords: strapdown inertial navigation system (SINS), laser Doppler velocimeter (LDV),
SINS/GNSS/2D-LDV integrated navigation scheme

(Some figures may appear in colour only in the online journal)

1. Introduction

Unmanned autonomous driving technology has attracted con-
siderable attention from both academia and industry in recent

∗
Author to whom any correspondence should be addressed.

years. Consequently, the need for reliable, continuous and
high-precision navigation technology has becomemore urgent
than ever. Strapdown inertial navigation system (SINS) is
an autonomous navigation system that has the advantages
of strong anti-jamming capability, high sampling rate, and
good concealment [1]. However, as a dead reckoning system,
SINS’s positioning errors accumulate over time [2, 3]. Global
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navigation satellite system (GNSS) can provide highly accur-
ate position and velocity information for unmanned ground
vehicles (UGVs) on a global scale, which is crucial for their
operation. Nevertheless, GNSS has poor dynamic perform-
ance, poor anti-interference capability, and signals that are
easily blocked by tall trees and buildings [4]. These defects of
GNSS can often lead to fatal consequences for UGV in prac-
tical applications. Since SINS and GNSS have complementary
strengths, their integration is an effective way to achieve high-
quality and high-stability navigation for land vehicles [5].

Although SINS/GNSS is the most common navigation
mode for land vehicle navigation systems, it has some limita-
tions in complex and harsh urban environments. In these envir-
onments, GNSS signals can be blocked by buildings, bridges
and trees, or affected by multipath effects in canyons and
tunnels [6–10]. As a result, GNSS may not be able to output
valid navigation information, and the positioning accuracy of
the SINS/GNSS integrated navigation system may not meet
the specific requirements of UGV. Furthermore, when GNSS
is denied for a long time, the SINS/GNSS integrated navig-
ation system will degenerate into a pure inertial navigation
system and navigation errors will diverge rapidly over time.
Unlike GNSS, odometer (OD), laser Doppler velocimeter
(LDV), camera, and LIDAR are fully autonomous sensors
whose measurements are less affected by external interference
and whose measurement errors do not accumulate over time.
Therefore, in GNSS-denied environments, the introduction of
OD, LDV, camera and LIDAR sensors can help suppress the
divergence of UGV navigation errors [11–14].

Since OD does not rely on external signals, the SINS/OD
integration is one of the most common land autonomous nav-
igation modes in GNSS-denied scenarios [15–21]. OD is typ-
ically mounted on the tire of the vehicle and measures the
angle of wheel rotation. By combining this with the circum-
ference of the wheel and the travel time of the vehicle, the
velocity and distance travelled of the vehicle can be obtained.
However, the accuracy of OD is closely related to the travel
state of the vehicle and the condition of the wheel. Factors
such as wheel temperature, air pressure, wear and tear, and
jumping and slipping during vehicle movement will reduce the
accuracy of OD measurement. Camera and lidar can provide
continuous position, attitude, and environment information to
vehicles and are widely used in autonomous driving, but they
still face some practical challenges, such as high computa-
tional costs, and unreliability in harsh environments and high-
speed movements.

LDV is a laser scattering-based instrument that uses the
Doppler shift of scattered light from moving particles to
determine the velocity of the particles. It is a fully autonom-
ous velocity sensor with the advantages of high measurement
accuracy, non-contact measurement, good spatial resolution,
fast dynamic response, wide range of velocity measurement,
and high directional sensitivity [22]. Compared to the OD, the
advantage of non-contact measurement makes the output of
the LDV independent of the state of the vehicle tire, so LDV
has excellent scale factor stability and higher measurement
accuracy, which helps to improve the horizontal positioning

accuracy of the combined navigation system. In recent years,
LDVs have been used on a small scale in the domain of ter-
restrial navigation autonomously [23–30].

In conclusion, the integration of SINS, GNSS and LDV
is undoubtedly extremely suitable for UGV. The addition of
LDV can enable UGV to maintain high navigation accuracy
even when GNSS fails for a short or long time. Furthermore,
the SINS/GNSS/LDV integration is likely to be more reli-
able than the traditional SINS/GNSS/OD integration in most
cases because of the excellent performance of LDV. In a recent
study, Du et al proposed an SINS/GNSS/LDV tightly coupled
seamless navigation technique, and demonstrated its effective-
ness and reliability [14]. However, what is used in this method
is one-dimensional LDV (1D-LDV), which, like OD, can only
provide the forward velocity of the vehicle, but not the upward
velocity of the vehicle, and its three-dimensional (3D) velocity
information is obtained by combining the well-known non-
holonomic constraints (NHC) assumptions, which will not be
able to constrain the upward error of the vehicle when the
vehicle has large upward maneuvering during the period of
GNSS failure effectively. In addition, the method only uses
a conventional centralized Kalman filter to fuse the informa-
tion from the three sensors, and the conventional centralized
Kalman filter has the following twomain shortcomings: firstly,
the conventional centralized Kalman filter cannot identify and
isolate the abnormal information of the sensor in the naviga-
tion process, which will make the abnormal value of the sensor
contaminate the integrated navigation result; and secondly,
the conventional centralized Kalman filter cannot process the
information of sensors with different frequencies well, which
will inevitably lead to the waste of effective information of
sensors. The above shortcomings in the literature [14] also
exist in the existing SINS/GNSS/OD integrated navigation
methods.

To address the above shortcomings, this paper proposes
a high-precision integrated navigation method that uses two-
dimensional LDV (2D-LDV) to assist SINS and GNSS, and
aims to realize high-precision positioning of UGV in the
GNSS-denied environment. Unlike 1D-LDV and OD, 2D-
LDV can provide both the forward and the upward velocity
of the vehicle, and the precise upward velocity of the vehicle
can effectively inhibit the divergence of SINS height errors
when GNSS fails. In addition, in the proposed method, the
SINS/2D-LDV tightly coupled model is used to enhance the
robustness of the system, and the error parameters of the SINS/
2D-LDV tightly coupled model are calibrated in real time dur-
ing the validity of the GNSS signals to improve the perform-
ance of the system. For the processing of sensor information
from multiple sensors of different frequencies, an asynchron-
ous Kalman filter is designed in this paper, and sensor outliers
are detected and isolated in time. Vehicle- mounted experi-
ments are conducted to validate the effectiveness of the pro-
posed method. Comparing with previous works, the contribu-
tions of this paper include:

(1) Unlike previous methods that used OD, 1D-LDV and
vehicle dynamics model (VDM) to assist SINS and GNSS,
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this is the first time that 2D-LDV is used to assist SINS
and GNSS. The forward velocity and upward velocity
provided by 2D-LDV can ensure that when GNSS can-
not provide high-quality and effective navigation informa-
tion, the UGV can still achieve satisfactory horizontal and
height positioning accuracy.

(2) According to the characteristics of the optical path struc-
ture of the 2D-LDV laser, a more robust SINS/2D-LDV
tightly coupled model based on the velocity information
under the LDV beam frame obtained from each beam of
2D-LDV is established to improve the reliability of the
SINS/2D-LDV integrated navigation system when GNSS
fails.

(3) The included angle between the two beams of the 2D-LDV
and the misalignment angles between the body frame and
the LDV frame are calibrated in real time using GNSS
when GNSS signals are good to reduce the influence of the
changes in the structural rigidity of the vehicle and in the
characteristics of the laser inside the LDV on the accuracy
of the system during the travel of the vehicle.

(4) An asynchronous Kalman filter is designed based on the
idea of sequential Kalman filter to fuse three different
frequency sensors—SINS, GNSS and 2D-LDV—to make
full use of all available observations, and the outliers of
GNSS and 2D-LDV are detected based on Mahalanobis
distance and statistical property principle.

(5) Considering that the current work related to
SINS/GNSS/OD and SINS/GNSS/VDM is carried out
in urban areas and most of them are short-range exper-
iments, two groups of long-distance high-mobility land
vehicle tests are carried out, which involve different driv-
ing environments (open-sky, urban canyons, tunnels, via-
ducts, boulevards, etc). The high-precision IMU is used
for reference and the medium-precision IMU is used for
system testing. The effectiveness of the technique pro-
posed in this paper is evaluated by comparing it with
SINS/GNSS/1D-LDV and SINS/GNSS.

The rest of this paper is organized as follows. In section
2, the SINS/GNSS/1D-LDV integrated navigation method is
introduced. In section 3, an SINS/GNSS/2D-LDV integrated
navigation scheme based on an asynchronous Kalman filter
is proposed. In section 4, the proposed integrated naviga-
tion scheme is compared with the SINS/GNSS/1D-LDV and
SINS/GNSS by using the vehicle-mounted field test data col-
lected from the SINS/GNSS/2D-LDV integrated navigation
system. Concluding remarks are given in section 5.

2. Review of SINS/GNSS/1D-LDV system

The installation relationship between the LDV, IMU and
GNSS is shown in figure 1. The LDV body frame, denoted by
m frame, is defined as right-forward-upward. The IMU body
frame, denoted by b frame, is also defined as right-forward-
upward. The navigation frame is defined as east-north-up and
is denoted by the n frame.

Figure 1. Installation relationship between the LDV, IMU and
GNSS.

2.1. SINS model

The SINS calculates the navigation parameters of the vehicle
based on the outputs of gyroscopes and accelerometers. In the
n frame, the SINS error equations and the estimated paramet-
ers of SINS can be expressed as [31]:

φ̇ =φ×ωn
in+ δωn

in−Cnbε
b
ib

δυ̇n
SINS =−φ× fn+ δυn

SINS × (2ωn
ie+ωn

en)

+υnSINS × (2δωn
ie+ δωn

en)+Cnb∇
b
ib

δL̇= δυN/(RM+ h)− υNδh
/
(RM+ h)2

δλ̇= secLδυE/(RN+ h)+ υE tanLsecLδL/(RN+ h)

−υE sec LδhυE
/
(RN+ h)2

δḣ= δυU

ε̇bib = 03×1

∇̇b
ib = 03×1

(1)

XSINS =

[
φT δ(υn

SINS)
T

δpTSINS
(
εbib

)T (
∇b

ib

)T
]T
(2)

where φ denote the attitude error of SINS, Cnb is the trans-
formation matrix from b frame to n frame; (·)× means to
solve the antisymmetric matrix, 03×1 denotes the 3× 1 zero

vector; υn
SINS =

[
υE υN υU

]T
is the velocity of SINS,

and δυ̇n
SINS =

[
δυE δυN δυU

]T
is the velocity error of

the SINS; RM and RN are the principal radius of curvature
of the prime meridian and the equator, respectively; δpSINS =[
δL δλ δh

]T
denotes position error vectors of SINS; L,

λ, and h are the local latitude, local longitude, and local alti-
tude, respectively; ωn

in, ω
n
en, and ωn

ie are the rotation angular
rate vectors of the n frame relative to the inertial frame, the n
frame relative to the earth frame, and the earth frame relative
to the inertial frame, respectively, and all vectors are projected
in the n frame; fn denotes the specific force output from accel-
erometers in the n frame; εbib and ∇b

ib are the gyro constant
bias and the accelerometer constant bias, respectively.
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2.2. SINS/1D-LDV model

In the SINS/1D-LDV integrated navigation system, 1D-LDV
only provides the 1D velocity along the vehicle trajectory and
uses the NHC of land vehicles to achieve 3D velocity meas-
urements. Therefore, the vehicle velocity measured by the 1D-
LDV in the m frame can be expressed as

υm
LDV =

[
0 υLDV 0

]T
(3)

where υLDV denotes the output of the 1D-LDV and is
given by

υLDV = λfD/(2cosβ) = KfD (4)

where λ is the wavelength of the laser, fD is the Doppler fre-
quency, β is the inclination angle of the laser beam incident
on the ground, and K is the scale factor of LDV.

As (4) shows, the scale factor of the 1D-LDV is related
to the wavelength of the laser and the inclination angle of
1D-LDV design. However, due to the deviation between the
actual and designed inclination of the 1D-LDV and between
the actual and designed wavelength of the laser, there is a scale
factor error between the output velocity of the 1D-LDV and the
true velocity. Therefore, (3) can be rewritten as

υm
LDV = (1+ δK)υm (5)

where υm is the true velocity of the vehicle in the m frame
when the NHC condition is satisfied.

In general, the misalignment angles between the b frame
and the m frame are inevitable due to installation condi-
tions, but can be easily controlled to a sufficiently small
level. Moreover, it is usually calibrated beforehand in order
to improve the accuracy of the SINS/1D-LDV integrated nav-
igation. Thus, the velocity of 1D-LDV in the b frame can be
expressed as

υb
LDV = (I3 −ϕm×)Cbm (1+ δK)υm (6)

where I3 is the 3× 3 identity matrix, Cbm is the transformation
matrix from the m frame to the b frame, and ϕm denotes the
error of the misalignment angles between the m frame and the
b frame after calibration defined as

ϕm =
[
ϕmx ϕmy ϕmz

]T
(7)

where ϕmx, ϕmy, and ϕmz denote the errors of pitch, roll and
heading misalignment angles between the m frame and the b
frame, respectively.

Note that the effect of the lever arm is not considered here
because the LDV and IMU are mounted vertically and close
to each other in this paper.

Based on (6), the velocity of 1D-LDV in the n frame is as
follows

υn
LDV = (I3 −φ×)Cnb (I3 −ϕm×)Cbm (1+ δK)υm (8)

whereCnb is the attitude matrix from the b frame to the n frame.

To summarize, for the SINS/1D-LDV integrated navigation
model, the velocity observation can be written as:

υn
LDV −υn

SINS = (I3 −φ×)Cnb (I3 −ϕm×)(1+ δK)υm

−υn− δυn
SINS

≈ (υn×)φ +Cnb (υ
m×)ϕm+υnδK− δυn

SINS
(9)

where υn denotes the vehicle true velocity in the n frame.
As can be seen from (9), the measurement of LDV can

increase the observability of attitude, and velocity which indir-
ectly affects the position accuracy. According to (9), the estim-
ated parameters of SINS can be expressed as:

X1D−LDV =
[
ϕmx ϕmz δK

]T
(10)

where the ϕmy is disregarded, as it is unobservable for
SINS/1D-LDV integrated navigation system.

2.3. SINS/GNSS/1D-LDV integrated system

Due to the inherent weakness of GNSS signals and the time-
accumulated errors of a stand-alone SINS, the SINS/GNSS
integrated navigation system cannot maintain a reliable pos-
itioning solution in challenging environments. To improve
the reliability and accuracy of the system, 1D-LDV is intro-
duced in addition to SINS/GNSS integration to form a
SINS/GNSS/1D-LDV integrated navigation system. Since
1D-LDV can provide accurate velocity information, it can pre-
vent the divergence of the SINS/GNSS integrated navigation
error when GNSS fails.

The state equation and state vector of the integrated navig-
ation system can be expressed as:

Ẋ= FX+Gw (11)

X=
[
XSINS X1D−LDV

]T
(12)

where X is the state vector, F is the 18× 18 system state trans-
ition matrix,G is the noise transfer matrix, and w is the system
noise vector.

Themeasurement equation of the integrated navigation sys-
tem can be expressed as:

Z= HX+ v (13)

where H is the measurement transition matrix, v is the meas-
urement noise (zero-mean Gaussian white noise), and Z is
the measurement value. The measurement value comprises the
velocity and position errors of SINS and the velocity error of
1D-LDV, which can be expressed as:

Z=

 υn
SINS −υGNSS

pSINS − pGNSS
υn
LDV −υSINS

 (14)

where υGNSS and pGNSS are the velocity and position outputs
of the GNSS.
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The measurement transition matrix is given as:

H=

 03×3 I3 03×3 03×6 03×2 03×1

03×3 03×3 I3 03×6 03×2 03×1

υn× −I3 03×3 03×6 CnbCυ υn

 (15)

where

Cυ =

 0 υb
(y)

υb
(z) −υb

(x)

−υb
(y) 0

 . (16)

3. The proposed SINS/GNSS/2D-LDV integrated
navigation method

According to (1) and [1], the attitude, velocity, and position
information of the navigation system are related to the height
information of the system. Therefore, the divergence of the
height channel of the navigation system will inevitably affect
the positioning accuracy of the vehicle. Hence, it is crucial to
ensure the accuracy of the height information when the GNSS
signal fails. In addition, position information is a 3D informa-
tion, and its measurement accuracy naturally needs to include
height accuracy. Although in most occasions, researchers are
more concerned about the horizontal positioning accuracy of
the navigation system, but for UGVs in cities with large alti-
tude differences, such as Chongqing, China, there is an urgent
need for high-accuracy height information. Moreover, accur-
ate height information is also a must for UGVs used for sur-
veying and mapping.

The SINS/GNSS/1D-LDV integrated navigation model
is analogous to the SINS/GNSS/OD integrated navigation
model, which is a widely used integrated navigation model
today. Although the 1D-LDV has many advantages over the
OD, it has a limitation as a 1D velocity sensor: it does not
provide effective long-term altitude error suppression in integ-
rated navigation systems when GNSS is unavailable for long
periods of time. In this section, an SINS/GNSS/2D-LDV
integrated navigation method is proposed to further improve
the reliability of the UGV.

3.1. SINS/2D-LDV tightly coupled model

Theoretically, LDV requires only two intersecting measure-
ment beams to obtain 2D velocity information. The literature
[32] describes a vehicle-based 2D-LDV that consists of two
1D LDVs with a reference optical structure. However, this
structure is bulky and expensive, limiting its further applic-
ation in the field of integrated navigation. Literature [33]
designed a pitch-independent LDV based on a dual meas-
urement beam to eliminate the influence of vehicle pitch on
vehicle-based LDV. This optical structure is modified from
a 1D LDV with a reference optical structure, adding only a
beam splitter and a full mirror to the optics. Therefore, it is
very compact. In recent years, pitch-independent LDVs have
been used in the field of land integrated navigation to provide
high-precision pitch-independent 1D velocities for SINS. In

Figure 2. Installation relationship of the 2D-LDV and IMU in the
tightly coupled model.

this section, the pitch-independent LDV is used as a 2D-LDV
and a tightly coupledmodel of the SINS/2D-LDV is presented.

Figure 2 illustrates the specific installation relationship
between the IMU and the LDV, especially the relationship
between the coordinate systems of IMU and LDV. Xb, Yb, and
Zb are the three axes of the IMU frame (b frame).Xm1, Ym1 and
Zm1 are three orthogonal axes that define the initial frame of the
LDV (m1 frame). Them1 frame is established by the following
procedure: the Zm1 axis coincides with the angle bisector of the
two incident beams and points upward; the Ym1 axis lies in the
plane of the two incident beams and is orthogonal to the Zm1
axis, pointing forward; and the Xm1 axis is determined by the
right-hand rule. Xm, Ym, and Zm are the three axes of the LDV
frame (m frame). Beam1 and Beam2 are the two measurement
beams of the LDV, and υbeam1 and υbeam2 are the correspond-
ing sub-velocities along the beam direction measured by each
beam. θ1and θ2 are the designed inclination angles of Beam1
and Beam2, respectively, andθ1,θ2 ∈

[
0◦ 180◦

]
. θ is the

included angle between the angle bisector of the two incident
beams and two incident beams.

Since the 2D-LDV canmeasure velocity information in two
dimensions, the velocity of the 2D-LDV in the m1 frame can
be expressed as

υm1
LDV =

[
0 υ ′

LDV−y υ ′
LDV−z

]T
(17)

where υ ′
LDV−y and υ ′

LDV−z are the forward and vertical velo-
cities of the 2D-LDV in the m1 frame, respectively.

According to the definition of the m1 frame, the relation-
ship between the velocity in the m1 frame and the velocit-
ies measured by the two outgoing beams of the 2D-LDV is
as follows

υ ′
LDV−y sinθ− υ ′

LDV−z cosθ = υbeam1 (18)

−υ ′
LDV−y sinθ− υ ′

LDV−z cosθ = υbeam2. (19)

5
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In the SINS/2D-LDV tightly coupled method, the sub-
velocities measured by each of the two 2D-LDV beams are
used directly, instead of the 2D velocities derived from them.
Since both 1D-LDV and 2D-LDV require the use of non-
holonomic constraints for three-dimensional velocity meas-
urements, a virtual beam along the Xm axis with a zero-output
value is introduced as a lateral constraint in the SINS/2D-
LDV tightly coupled method. υbeam3 is the velocity along
the direction of the virtual beam, and υbeam3 = 0. The beam
frame is defined by Beam1, Beam2 and virtual beam. Using
equations (18) and (19), together with the constructed virtual
beam and velocity, the transformation relationship between
the velocity in the beam frame and the 2D velocity of 2D-LDV
in the m frame is as follows: υbeam1

υbeam2
υbeam3

= υbeam
LDV = Cbeamm1 υm1

LDV (20)

where

Cbeamm1 =

 0 sinθ −cosθ
0 −sinθ −cosθ
1 0 0

+

 0 cosθ sinθ
0 −cosθ sinθ
0 0 0

∆θ

= CB+CdB∆θ (21)

where ∆θ is the deviation between the design value of θ and
the real value of θ.

When the two measurement beams of the 2D-LDV are
asymmetrical about the Zm axis in the outgoing direction, the
m1 frame has a rotational relationship with the m frame, with
the Xm axis as the axis of rotation. Therefore, the velocity vec-
tor of the 2D-LDV in the m frame can be written as

υm
LDV = Cαxυ

m1
LDV =

 0
υ ′

LDV−y cosα− υ ′
LDV−z sinα

υ ′
LDV−y sinα+ υ ′

LDV−z cosα


(22)

where Cαx is the elementary rotation matrix along the Xm axis,
and Cαx can be expressed as

Cαx =

 1 0 0
0 cosα −sinα
0 sinα cosα

 (23)

whereα is the rotation angle from them1 frame to them frame,
and α= π−(θ1+θ2)

2 .
According to (20) and (22), the relationship between the

beam frame and them frame can be obtained. Therefore, based
on the above discussion, the projection of the velocity of the
SINS in the beam frame is:

υbeam
SINS = Cbeamm1 CT

αxC
m
b (I3 +ϕm×)Cbn (I3 +φ×)υn

SINS. (24)

Due to the excellent performance of the LDV, the deviation
of υbeam1 and υbeam2 from the true velocities is not considered
in this paper.

Figure 3. Kalman filter scheme for SINS/GNSS/2D-LDV
integration.

For the SINS/2D-LDV integrated navigation model, the
velocity observation can be written as

υbeam
LDV −υbeam

SINS = υbeam
LDV −Cbeamm1 CT

αxC
m
b (I3 +ϕm×)

×Cbn (I3 +φ×)υn
SINS

≈ CBC
T
αxC

m
b C

b
n (υ

n×)φ +CBC
T
αxC

m
b

(
υb×

)
ϕm

−CdBC
T
αxC

m
b C

b
nυ

n∆θ−CBC
T
αxC

m
b C

b
nδυ

n
SINS.
(25)

According to (25), the ∆θ and ϕm are set as the parameter
to be estimated for the 2D-LDV:

X2D - LDV =
[
ϕmx ϕmy ϕmz ∆θ

]T
. (26)

3.2. SINS/GNSS/2D-LDV integrated scheme

For the SINS/GNSS/LDV integrated navigation system, the
data output frequencies of the three sensors are often incon-
sistent. Taking the sensor used in this paper as an example: the
data output frequency of SINS, LDV, and GNSS is 200 HZ,
100 HZ, and 10 HZ, respectively. The output of the three
sensors is not synchronized, especially, GNSS has a much
lower frequency than SINS and LDV. Therefore, it is diffi-
cult to achieve SINS/GNSS/LDV integration with a traditional
Kalman filter, and most of the LDV data will not be used.
This will affect the accuracy of the SINS/GNSS/LDV integ-
rated navigation system, especially when SINS uses a low-cost
IMU. To solve this problem, we construct an asynchronous
Kalman filter with two sub-filters based on the idea of sequen-
tial Kalman filtering. Figure 3 illustrates the filter flowchart of
the SINS/GNSS/LDV integrated navigation system.

As shown in figure 3, the asynchronous Kalman filter based
on SINS/GNSS/LDV integration consists of four steps. First,
when both LDV and GNSS data are unavailable, only the time
update is performed. Second, when LDV data is available and

6
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GNSS data is unavailable, the time update and the measure-
ment update of sub-filter 1 are performed sequentially. Third,
when LDV data is unavailable and GNSS data is available, the
time update and themeasurement update of sub-filter 2 are per-
formed sequentially. Finally, when both LDV data and GNSS
data are available, the time update, the measurement update
of sub-filter 1 and the measurement update of sub-filter 2 are
performed sequentially. This asynchronous Kalman filter can
integrate sensor information from three different frequencies
of SINS, GNSS and LDV effectively.

According to (2) and (26), the system state vector of
the proposed SINS/GNSS/2D-LDV integrated navigation
method is

X=
[
XSINS X2D - LDV

]T
. (27)

Given the excellent performance of the internal lasers of
2D-LDV and the fixed installation relationship between the
2D-LDV and the SINS, the error of included angle of beam
of 2D-LDV and the error of the misalignment angles between
the m frame and the b frame are modeled as random constants
in the current SINS/GNSS/2D-LDV integrated navigation sys-
tem. Therefore, the following error equations are obtained:

Ẋ2D−LDV =


ϕ̇mx

ϕ̇my

ϕ̇mz

∆θ̇

=


0
0
0
0

 . (28)

According to (1) and (28), the state equation of the pro-
posed SINS/GNSS/2D-LDV integrated navigation method is
established as follows:

Ẋ=

[
FSINS 015×4

04×15 04×4

]
X+

 −Cnb 03×3

03×3 Cnb
013×3 013×3




εwx
εwy
εwz
∇wx

∇wy

∇wz


(29)

where εwi and∇wi(i = x,y,z) denote the noise of the gyro and
accelerometer, respectively. FSINS is the 15× 15 state trans-
ition matrix based on (1).

The measurement equation of the proposed
SINS/GNSS/2D-LDV integrated navigation method is estab-
lished as follows: {

Z1=H1X+ v1
Z2=H2X+ v2

(30)

where H1 and H2 are the measurement transition matrices
of sub-filter 1 and sub-filter 2, respectively. v1 and v2 rep-
resent the measurement noise (zero-mean Gaussian white
noise) for sub-filter 1 and sub-filter 2, respectively. Z1 and Z2

denote the measurement values for sub-filter 1 and sub-filter
2, respectively.

3.3. Measurement update for sub-filter 1

In this section, the measurement update process for sub-filter
1 using velocity observation is given. Based on (25), the meas-
urement value and measurement transition matrix of sub-filter
1 is

Z1= υbeam
LDV −υbeam

SINS (31)

H1 =
[
CBC

T
αxC

m
b C

b
n (υ

n×) −CBCT
αxC

m
b C

b
n 03×9

CBC
T
αxC

m
b

(
υb×

)
−CdBCT

αxC
m
b C

b
nυ

n
] . (32)

The Kalman filter is optimal only when the LDV meas-
urement noise follows a zero-mean Gaussian distribution.
However, if the measurement value of LDV contains outliers,
the optimal assumptions of the Kalman filter are violated. This
can affect the normal working state of the filter. To reduce
the impact of outliers from the LDV on the Kalman filter, the
Mahalanobis distance of the innovation vector is introduced to
detect the outliers of LDV and isolate the outliers when they
occur. TheMahalanobis distance denotes the distance between
two vectors and can be expressed as

M(a,b) =
√
(a− b)TΣ−1 (a− b) (33)

where Σ is the covariance matrix.
If the innovation vector has a Gaussian distribution, its

Mahalanobis distance should follow a chi-square distribution
with the same degrees of freedom as the dimension of the
innovation vector

f1,k = e1,kT
[
H1,kPk|k−1H1,k

T +R1,k
]−1

e1,k ∼ χ 2 (n) (34)

where the subscript k is the time index, Pk|k−1 denotes the one-
step prediction covariance matrix at time k, H1,kis the meas-
urement transition matrix of sub-filter 1 at time k, R1,k is the
measurement noise covariance matrix of sub-filter 1 at time
k, and e1,k is the innovation vector of sub-filter 1 at time k,
defined as

e1,k = Z1,k−H1,kXk|k−1 (35)

where Z1,k is the measurement value of sub-filter 1 at time k,
and Xk|k−1 is the one-step prediction state vector at time k.

Based on (35), the judgment criterion is defined as:{
f1,k ⩽ TD
f1,k > TD

Normal
Abnormal

(36)

where TD is the predefined threshold and can be determined
by the degrees of freedom and the desired significance level of
the chi-square distribution.
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3.4. Measurement update for sub-filter 2

In this section, the measurement update process for sub-filter
2 using both velocity and position observations is given. The
measurement value Z2 is given as follows:

Z2 =

 υn
SINS −υGNSS

pSINS − pGNSS
υbeam
LDV −υbeam

GNSS

 (37)

where υbeam
LDV −υbeam

GNSS is used to calibrate the error term in
X2D−LDV and can be written as:

υbeam
LDV −υbeam

GNSS = υbeam
LDV −Cbeamm1 CT

αxC
m
b (I3 +ϕm×)

×Cbn (I3 +φ×)υGNSS

≈ CBC
T
αxC

m
b C

b
n (υGNSS×)φ

+CBC
T
αxC

m
b

(
υb
GNSS×

)
ϕm

−CdBC
T
αxC

m
b C

b
nυGNSS∆θ (38)

where υb
GNSS is the projection of the GNSS output velocity in

the b frame.
The measurement transition matrix of sub-filter 2 is

given as

H2 =


06×3 CBC

T
αxC

m
b C

b
n (υGNSS×)

I6 03×6

06×6 03×6

06×3 CBC
T
αxC

m
b

(
υb
GNSS×

)
06×1 −CdBCT

αxC
m
b C

b
nυGNSS


T

. (39)

To ensure the validity of GNSS signals, a two-step method
is applied in scenarios where GNSS and SINS are loosely
coupled, i.e., where the position and velocity information out-
put fromGNSS is used directly. First, the GNSS status inform-
ation, which is output by almost all GNSS receivers, is used
as a simple criterion to determine whether the GNSS signal
is valid or not. Second, the same method as for sub-filter 1
is used to further identify the GNSS outliers. If the GNSS
measurement value is considered an outlier, sub-filter 2 is
not run.

4. Vehicle-mounted field test

To evaluate the practical value and effectiveness of the pro-
posed SINS/GNSS/2D-LDV integration method, two groups
of long-distance, high-mobility land vehicle tests are car-
ried out, including different driving environments such as
open-sky, urban canyons, tunnels, viaducts and boulevards. As
shown in figure 4, the test equipment in this paper includes:
a self-developed high-precision IMU, a medium-precision
IMU, a self-made pitch-independent LDV, and a dual-antenna
GNSS receiver. The high-precision IMU (100 Hz) consists of
three high-precision ring laser gyros with a bias instability of
0.005◦ h−1 and a random walk of 0.0008◦ √h−1, and three
high-precision quartz accelerometers with a bias instability
of 20 µg and a random walk of 10 µg √h−1. The medium-
precision IMU (200 Hz) consists of three ring laser gyros with

Figure 4. Installation diagram of the experimental system.

a bias instability of 0.03◦ h−1 and three quartz acceleromet-
ers with a bias instability of 50 µg. The LDV (100 Hz) has a
velocity measurement error of 0.1%(1σ). The GNSS (10 Hz)
has a horizontal positioning accuracy and an altitude accuracy
of 0.1 m.

Two groups of field tests were conducted in Hunan
Province, China. At the start point, the vehicle remained sta-
tionary for about 13 min before moving. During this time,
static attitude alignment was performed to obtain an accurate
initial attitude. The high-precision IMUwas used for reference
and the medium-precision IMU was used for system testing.
The reference position of the vehicle is provided by the high-
precision SINS/GNSS integrated navigation system, which
integrates a high-precision IMU and a differential GNSS, and
uses the Rauch-Tung-Striebel smoothing algorithm to process
the data.

The movement trajectory and the LDV output of the first
vehicle test are shown in figure 5, and the test lasted approx-
imately 2.08 h with a total distance of 151.9 km. Figure 6
shows the number of satellites and the GNSS working status
during the first vehicle test. The operating states of the dif-
ferential GNSS are as follows: State 4 indicates that GNSS
outputs a fixed solution with the highest accuracy, generally
within 0.1 m; State 5 indicates that GNSS outputs a floating-
point solution with higher accuracy, generally within 3 m;
State 2 and State 1 indicate that GNSS outputs a differential
solution and a single point solution respectively, with lower
accuracy, generally greater than 5 m; State 0 indicates that
GNSS fails, with no satellite data received. As is shown in
figure 5, in the first vehicle test, the vehicle travelled a long
distance and maintained a velocity greater than 20 m s−1 for
most of the time, indicating that this was a long-distance,
high-mobility experiment. Figure 6 shows that the GNSS sig-
nal experienced frequent failures and interference during this
experiment. These challenges were not intentionally selected
by the experimenters, but rather occurred naturally and fre-
quently in practice. They represent a common problem that
future UGVs will have to deal with.
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Figure 5. (a) Trajectory of the vehicle in the first field test.
(b) Velocity curve of LDV output in the first field test.

Figure 6. The number of satellites and the GNSS working status
during the first vehicle test.

Figure 7 shows the parameter of the 2D-LDV estimated by
proposedmethod in the first vehicle test. As seen from figure 7,
both the included angle between the two beams of the 2D-LDV
and the pitch and heading misalignment angles between the
m frame and the b frame can be estimated and converge rap-
idly, while the roll misalignment angle between the m frame

Figure 7. The parameter estimation results for the 2D-LDV in the
first vehicle test.

and the b frame converges slowly. This is because the vehicle
maneuvers on the y-axis are much larger than those on the
x-axis and z-axis during the terrestrial vehicle test. Therefore,
for the terrestrial SINS/2D-LDV integrated navigation sys-
tem, the roll misalignment angle between the m frame and
the b frame has weak observability in practical application.
Moreover, since the roll misalignment angle between the m
frame and the b frame is usually small and causes little velo-
city error, it can be ignored in practical application.

The SINS/GNSS integrated navigation system relies on
GNSS information, which is unavailable in highly shielded
environments such as tunnels. In such cases, the system degen-
erates into a pure inertial system, and the navigation errors
accumulate rapidly over time. LDVs can help solve this prob-
lem by providing velocity measurements. Figures 8 and 9
show the performance of the SINS/LDV system in a GNSS-
denied environment. Here, SINS denotes pure inertial navig-
ation, SINS/1D-LDV uses the method introduced in section 2
of this paper, SINS/2D-LDV (tightly coupled) uses the tightly
coupled model proposed in this paper, and SINS/2D-LDV
(loosely coupled) uses the method proposed in the [32]. The
results in figures 8 and 9 show that the SINS/LDV integrated
navigation can effectively suppress the divergence of error of
SINS. Moreover, the SINS/2D-LDV integrated navigation has
higher positioning accuracy than SINS/1D-LDV integrated
navigation under the same conditions, especially in height,
which can better help UGV complete its navigation tasks in
the absence of satellite information. It is worth mentioning
that there is no significant difference in positioning accuracy
between the SINS/2D-LDV loosely coupled method and the
SINS/2D-LDV tightly coupled method when the LDV output
is normal. To test the robustness of the proposed SINS/2D-
LDV tightly coupled method, we manipulated the LDV out-
put data of test 1 by human intervention, in which the LDV
beam1 signal was ‘interrupted’ for 1 and 2 s at 1327s and
5167s, and the LDV beam2 signal was ‘interrupted’ for 2 s
at 2667s respectively, to simulate the short-term loss of one
LDV beam signal during the vehicle’s motion. The positioning
results of SINS/2D-LDV loosely coupled method and SINS/
2D-LDV tightly coupled method with multiple interruptions
of one LDV beam signal are shown in figure 10.
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Figure 8. Horizontal position error of SINS/LDV and SINS in the
first vehicle test.

Figure 9. Height error of SINS/LDV in the first vehicle test.

Figure 10. The positioning result of the SINS/2D-LDV loosely
coupled method and the SINS/2D-LDV tightly coupled method
under multiple interruptions of one LDV beam signal in the first
vehicle test.

As shown in figure 10, the traditional SINS/2D-LDV
loosely coupled method does not cope well with this situ-
ation when the individual LDV beams are lost for a short
period of time, and its height error is rapidly diverged, and
the horizontal positioning accuracy is also affected to a certain
extent, whereas the SINS/2D-LDV tightly coupled method

Figure 11. Comparison of North, East and Up positioning errors
during the first vehicle test.

Figure 12. Comparison of North, East and Up velocity errors
during the first vehicle test.

proposed in this paper is almost unaffected. The reason for
this difference is that the LDV velocity information used in
the SINS/2D-LDV loosely coupled method is calculated from
the measurement value of the two beams of the LDV, and its
accuracy depends on the accuracy of the two beams together,
while the SINS/2D-LDV tightly coupled method directly uses
themeasurement value of the two beams of the LDV, andwhen
a single beam measurement is unavailable, the measurement
value of the other beam can still suppress errors in the integ-
rated navigation.

Figures 11–13 show the position error, velocity error,
and attitude error of SINS/GNSS, SINS/GNSS/1D-LDV, and
SINS/GNSS/2D-LDV in the first vehicle test to evaluate the
performance of the proposed SINS/GNSS/2D-LDV method.
Table 1 summarizes the root mean square error (RMSE) of
the position error, velocity error, and attitude error shown in
figures 11–13.

Figures 11–13 and table 1 show that by adding LDV to the
SINS/GNSS integrated navigation system, the whole naviga-
tion system has stronger environmental adaptability and reli-
ability, and SINS/GNSS/1D-LDV and SINS/GNSS/2D-LDV
improve the positioning accuracies of the east, north, and ver-
tical components by (17.52%, 12.48%, 58.59%) and (18.56%,
12.62%, 61.63%), respectively, compared with SINS/GNSS.
The SINS/GNSS/LDV integrated navigation system can
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Figure 13. Comparison of attitude errors during the first vehicle
test.

Table 1. Statistical result of navigation error in the first test.

RMSE SINS/GNSS
SINS/GNSS/
1D-LDV

SINS/GNSS/
2D-LDV

Position
Error (m)

E 0.2403 0.1982 0.1957
N 0.2885 0.2525 0.2521
U 0.1053 0.0436 0.0404

Velocity
Error(m s−1)

E 0.0252 0.0229 0.0209
N 0.0276 0.0246 0.0220
U 0.0265 0.0257 0.0238

Attitude
Error (◦)

P 0.0530 0.0302 0.0252
R 0.0284 0.0459 0.0674
H 0.1296 0.0843 0.0715

Note: Bold indicates the optimal value.

maintain higher positioning accuracy in the GNSS-denied
environment than the commonly used SINS/GNSS integrated
navigation system. Furthermore, the SINS/GNSS/LDV integ-
rated navigation system also has lower velocity and attitude
errors than the commonly used SINS/GNSS integrated navig-
ation system, especially for heading angle estimation, which
is one of the reasons for the improved positioning accuracy.
The advantages of the SINS/GNSS/2D-LDV integrated navig-
ation system over the SINS/GNSS/1D-LDV integrated naviga-
tion system are mainly in the estimation of height and upward
velocity when GNSS fails. Another advantage is the higher
robustness of the tightly coupled scheme of 2D-LDV and SINS
used in this paper, which effectively suppresses the influence
of individual beammeasurement errors in both LDV beams on
the integrated navigation system.

To further verify the effectiveness and to evaluate the
accuracy of the proposed SINS/GNSS/2D-LDV integrated
navigation method, the second vehicle test was carried
out. The movement trajectory and the LDV output of the
second vehicle test are shown in figure 14. The test las-
ted approximately 1.64 h with a total distance of 121.3 km.
The position error, velocity error, and attitude error of
SINS/GNSS, SINS/GNSS/1D-LDV, and SINS/GNSS/2D-
LDV in the second vehicle test are shown in figures 15–17,
and the RMSE of these errors are summarized in table 2.

Figure 14. (a) Trajectory of the vehicle in the second field test.
(b) Velocity curve of LDV output in the second field test.

Figure 15. Comparison of North, East and Up positioning errors
during the second vehicle test.

Figures 15–17 and table 2 show that the three meth-
ods have similar performance in the second experiment
as in the first experiment. This further demonstrates the
superiority of the SINS/GNSS/2D-LDV integrated navigation.
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Figure 16. Comparison of North, East and Up velocity errors
during the second vehicle test.

Figure 17. Comparison of attitude errors during the second vehicle
test.

Table 2. Statistical result of navigation error in the second test.

RMSE SINS/GNSS
SINS/GNSS/
1D-LDV

SINS/GNSS/
2D-LDV

Position
Error (m)

E 0.1158 0.0496 0.0492
N 0.1449 0.1144 0.1084
U 0.0436 0.0158 0.0107

Velocity
Error (m s−1)

E 0.0244 0.0124 0.0116
N 0.0317 0.0219 0.0212
U 0.0164 0.0106 0.0097

Attitude
Error (◦)

P 0.0390 0.0148 0.0179
R 0.0152 0.0144 0.0109
H 0.0905 0.0293 0.0396

Note: Bold indicates the optimal value.

Compared with the traditional SINS/GNSS integrated nav-
igation method, SINS/GNSS/1D-LDV and SINS/GNSS/2D-
LDV achieve improvements of (57.17%, 21.00%, 63.76%)
and (57.51%, 25.18%, 75.46%) in the positioning accuracy
of the east, north, and vertical components, respectively. The
experimental results of the two groups of tests show that
adding LDV to the SINS/GNSS integrated navigation system
can greatly improve the navigation performance of the sys-
tem, especially in the height positioning accuracy, which is

improved bymore than 50% in both groups of tests. Moreover,
adding 2D-LDV to SINS/GNSS can achieve higher navigation
performance than adding 1D-LDV, particularly in the height
channel. Therefore, the proposed SINS/GNSS/2D-LDV integ-
rated navigation scheme is more suitable for UGVs than
SINS/GNSS and SINS/GNSS/1D-LDV (SINS/GNSS/OD).

5. Conclusion

This paper proposes a SINS/GNSS/2D-LDV integrated nav-
igation scheme to meet the need for reliable, continuous and
high-precision navigation in UGVs. The effectiveness of the
proposed scheme is verified through two groups of long-
distance, high-mobility vehicle experiments conducted inmul-
tiple challenging environments. The results show that the pro-
posed SINS/GNSS/2D-LDV integrated navigation scheme is
reliable and can maintain high horizontal and vertical posi-
tioning accuracy even when GNSS is not working properly.
Therefore, the proposed scheme can provide reliable naviga-
tion information for UGVs in most scenarios, and can provide
a technical reference for future large-scale applications of
UGVs. Considering that the IMU used in this paper is a
medium-precision IMU, we will further verify the effective-
ness of this scheme on a low-cost MEMS IMU in the future.
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