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ABSTRACT According to the problem that the positioning error increased with the increase of navigation
time in the environment of complete lack of satellite signals such as viaduct and tunnel, the precise
point positioning (PPP) / inertial navigation system (INS) tight coupled continuous positioning with non-
holonomic constraint (NHC) and zero velocity update (ZUPT) in BeiDou navigation satellite system (BDS)
was proposed. Firstly, the ionospheric composite model was analyzed from the aspects of observation
equation, parameter estimation, fuzziness, degree of freedom and noise. The BDS PPP dynamic positioning
model of ionospheric composite was established, and the errors that affect the positioning accuracy and
convergence rate were analyzed. According to the motion characteristics of land vehicles, a scheme of
velocity NHC was proposed to limit the accumulation of system positioning error with time, and ZUPT was
used to increase the navigation accuracy of the integrated systemwhen the vehicle was in the static state at the
traffic light. The experimental results showed that the horizontal positioning accuracy of converged BDS PPP
was better than 5 cm, the vertical positioning accuracy was better than 10 cm, and the dynamic positioning
results are different from the high-precision real-time kinematic (RTK) / INS integrated navigation results
by centimeters. The positioning accuracy of the system could be effectively improved by the BDS PPP/INS
tight couplingmethod ofNHC+ZUPT. Comparedwith the PPP/INS tight coupled positioning results without
any constraints, the accuracy of the method in the three directions of East, North, and Up was increased by
0.08 m, 0.02 m and 0.01 m respectively.

INDEX TERMS BeiDou precise point positioning, velocity non-holonomic constraint, zero velocity update,
tight coupled navigation.

I. INTRODUCTION
Precise point positioning (PPP) is the technique that enables
centimeter- or decimeter-level positioning accuracy with only
one receiver on a global scale [1], and was implemented
on GIPSY software developed by themself, with positioning
accuracy of 1-2cm. In 2001, Kouba and Héroux [2] of the
Canadian Department of Natural Resources studied the PPP
technology and realized the positioning accuracy of static
data at cm level. In the next two decades, PPP technology
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was improved and developed continuously by the domestic
and international scientific research institutions such as Uni-
versity of Calgary in Canada [3], German Geoscience Center
GFZ [4], [5], Institute of Geodesy of Chinese Academy of
Sciences [6], Wuhan University [7], and International GNSS
Service (IGS) Analysis Center.

In the study of dual-frequency PPP, according to the
different function models, it is mainly divided into three
types: deionization combined model, University of Calgary
(UofC) model and undifferenced and uncombined model.
The first-order ionospheric delay was eliminated by the
combined ionospheric model through the combination of
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dual-frequency pseudorange and phase, which is one of the
most widely used models at present. The UofC model was
also known as semi-sum model, in which the first-order
ionospheric delay was eliminated and the influence of obser-
vation noise was reduced. A new observation equation of
ionospheric elimination was formed by this model through
the semi-sum calculation of two-frequency pseudo distance
and carrier wave. Both the deionization model and the UofC
model eliminate the effect of the ionosphere through the
combination of pseudorange and carrier phase observations,
but the ionospheric constraints were lost, the intensity of
the observation model and the fixed rate of ambiguity were
reduced. In recent years, the undifferenced and uncombined
model have been proposed by scholars at home and abroad,
which makes full use of the observed data and the fixed
rate and convergence rate of PPP fuzziness can be proved.
Li et al. [8] analyzed the relationship between the three
models, and the equivalence of the undifferenced and uncom-
bined model and the UofC model from a fixed angle of
ambiguity was proved, and they were all superior to the
combined ionospheric model. In terms of ambiguity fixation,
Shi and Gao [9], Ge et al. [10], Chen et al. [11] and Aggrey
and Bisnath [12] carried out comprehensive analysis from the
aspects of principle derivation, data verification, influencing
factors and convergence time.

Chinese scholars have also made great contributions to the
research of PPP technology. In 2002, Dr. Ye of Wuhan Uni-
versity made a more in-depth study on the undifferenced PPP
technology, the undifferenced GPS data model and parameter
estimation method were analyzed, the method of estimating
the relative clock difference of satellite by using IGS track-
ing stations was proposed, and a PPP service model based
on Internet was designed. The research results showed that
for single-day static post-processing PPP, the convergence
time was about 15 minutes. The positioning result had an
accuracy of better than 2 cm in the E direction, better than
1 cm in the N direction, and better than 3 cm in the U
direction [13]. Academician Liu and his team at the Satellite
Navigation and Positioning Technology Research Center of
Wuhan University have developed a comprehensive satellite
data processing software with PPP function (Position And
Navigation Data Analyst, PANDA) [14]. Geng et al. [15]
used ultra-rapid ephemeris provided by IGS station and about
40 global reference stations to achieve real-time PPP with
10-20 cm accuracy using PANDA software. In China, only
6-7 reference stations are needed to realize real-time PPP ser-
vice with 10-20cm accuracy nationwide. With the help of the
ground reference station and the PANDA software of Wuhan
University, Ma and Shi [16] realized the high-precision orbit
determination of BeiDou satellite, whose radial accuracy was
better than 10cm. Using the BDS precision ephemeris and
30 s sampling interval precision clock difference products
issued by Wuhan University, a week of static and dynamic
experiments was carried out on Beijing Station and Wuhan
Station. The results showed that: Based on the static single-
day calculation of BeiDou, the horizontal direction accuracy

reached 1cm, and the up direction accuracy was 1-2 cm.
After the dynamic converged, the horizontal accuracy reached
4 cm, and the up direction accuracy was 4-6 cm. After a long-
term research on the theory and method of PPP technology,
Professor Zhang ofWuhan University proposed the fractional
bias separating (FBI) model of integer calculation of undiffer-
enced ambiguity, and independently developed the high-PPP
commercial software Trip, whose positioning results were
equivalent to the international commercial software precision
[17]. In addition, RTKLIB, GPSTK, PPPH and other open-
source software also make PPP technology further developed
and promoted [18]. At present, the main factors restricting
the application of PPP technology are that the positioning
accuracy in dynamic positioning is greatly affected by the
environment, the convergence time is long, and the satellite
needs to re-converge after interruption.

With the continuous maturity of PPP technology, PPP/INS
integrated navigation has become a research hotspot in recent
years. The tight coupling through airborne experiments were
analyzed and the positioning accuracy was in the range of
cm ∼ dm, and the velocity measurement accuracy was in the
range of cm/s. In addition, the effect of GPS interruption time
on the positioning accuracy of the loose and tight coupling
was analyzed. The experiment showed that when theGPSwas
interrupted for 10 s, the positioning accuracy of the loose cou-
pling drops tom level, while the tight coupling couldmaintain
more than 30 s. Kjørsvik et al. [19] have proved that the
tight coupling has obvious advantages over the loose coupling
through vehicle experiments and airborne experiments. The
tight coupling could significantly improve the positioning
performance of PPP, and the accuracy was in the dm level.
Du, University of Calgary, studied the tight coupling of micro
electromechanical sensors (MEMS) for low-cost inertial nav-
igation and GPS PPP, and proposed to use INS to assist the
detection and repair of GPS cycle slips. After the cycle slips
are repaired, the positioning accuracy in the horizontal and
up directions Increased by 21.4% and 31% respectively [20].
Liu et al. [21] implemented a tight coupling model of GNSS
single-frequency PPP and low-cost INS, and analyzed the
positioning performance when the number of satellites seen
in the vehicle experiment was insufficient. The experimental
results showed that the three-dimensional positioning error
was within 10 m after the observation of three satellites
for the next minute. Wu has realized GPS PPP/INS loose
coupling in China, but the vehicle experiment results showed
that the PPP accuracy did not be improved significantly by
the loose coupling, and the positioning accuracy was 1.5 m
[22]. Zhu deeply analyzed the PPP function model and INS
error model, realized the loose coupling and tight coupling of
GPS PPP/INS, and the good positioning effect was achieved
in vehicle experiment [23]. Liu realized GPS PPP ambiguity
fixed solution and PPP/INS tight coupling model of ambi-
guity fixed solution by using integer phase clock products
and inter satellite single differencemodel. The results showed
that the positioning accuracy could reach centimeter level
after ambiguity fixed, the velocity and attitude accuracy were
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equivalent to DGNSS/INS combination accuracy, and INS
could speed up the re-fixed time of PPP under the condition
of poor signal [24]. Han improved the PPP/INS tight coupling
algorithm by using the prior information constraint of tropo-
spheric delay, and the positioning accuracy was improved to a
certain extent [25]. Li analyzed the positioning, velocity mea-
surement and attitude performance of the tight coupling. The
results of vehicle experiments showed that the positioning
accuracy was dm level, the velocity accuracy was better than
dm/s level, and the attitude angle error was within 1◦ [26].
Gao conducted a full analysis of the loose and tight coupling.
The vehicle experimental results showed that the positioning
accuracy of the loose coupling was dm level, the velocity
accuracy was cm/s level, and the attitude angle error was
better than 0.15◦. The result of tight coupling navigation was
significantly improved compared with that of loose coupling.
The positioning accuracy was cm level, the velocity accuracy
was cm/s level, and the attitude angle error was better than
0.1◦ [27]. In addition, the comparative study on the loose
coupling and tight coupling of BDS+GPS PPP/INS was also
carried out. The experimental results showed that the tight
coupled positioning accuracy was better than the loose cou-
pling and the convergence rate of PPP under the constraints
of INS could be accelerated [28].

Aiming at the problem of large error (position discontinu-
ity) in PPP/INS positioning results in complex environment,
and the increasing positioning error with the increase of nav-
igation time in the environment of complete lack of satellite
signals, such as viaduct and tunnel, the tight coupling of BDS
PPP positioning and BDS PPP/INS with velocity NHC were
proposed. According to the characteristics of land vehicles,
velocity NHC were used to limit the accumulation of errors,
and the ZUPT principle is used to increase the navigation
accuracy of the integrated system when the vehicle is at the
traffic lights, and the effectiveness of the proposed method
was verified through experiments.

The structure of the paper is as follows. In Section II,
the ionospheric dissipation combined model is established
as the function model of BDS PPP, and the quality of the
original data is analyzed from the data integrity rate, MP1,
MP2, cycle slip ratio and code minus carrier. In Section III,
velocity NHC and ZUPT principle are proposed, and then
on this basis, the NHC+ZUPT BDS PPP/INS tight coupling
continuous positioning solution and the specific algorithm
implementation process is proposed. Experiment results with
the proposed method are shown and discussed in Section IV.
Finally, the conclusion is drawn in Section V.

II. BDS PPP MODELING AND ACCURACY ANALYSIS
PPP technology uses the pseudorange and phase observations
of a single receiver in combination with the precise prod-
ucts provided by the international GNSS service organization
(IGS) to obtain the positioning results at centimeter level.
PPP technology has been widely used in marine surveying
and mapping, seismic monitoring, aerial photogrammetry
and other fields because of its advantages of high positioning

accuracy, no need of reference station and low operation cost.
The main content of this section is to establish the combined
model of ionospheric dissipation and to explain and analyze
the data quality indicators that affect the accuracy of PPP.

A. COMBINED MODELING OF IONOSPHERIC
DISSIPATION OF BDS
The essence of satellite positioning is to calculate the position
of the receiver by the rear intersection, which is based on
the position of the satellite and the propagation distance
from the receiver to the satellite. The PPP technology is to
calculate the precise position of the receiver according to the
precise position of the satellite (xxxx.sp3), the precise clock
difference of the satellite (xxxx.clk) and various appropriate
error processing strategies.

For pseudorange and phase observations of a satellite at
any frequency, the following observation equations can be
obtained:{
Pi = ρ+cdtr−cdts+dtrop+dioni+brPi+b

s
Pi+εPi

Li = ρ+cdtr−cdts+dtrop− dioni+brLi+b
s
Li − λiNi+εLi

(1)

where the subscript r and superscript s represent receiver and
satellite respectively. Subscript i represents carrier frequency,
taking 1 and 2 Pi represents pseudorange original observation
value in meters. Li represents carrier phase original observa-
tion value in meters. ρ represents geometric distance between
receiver and satellite in meters. c represents light velocity
(m/s) in vacuum. dtr and dts represents receiver clock dif-
ference and satellite clock difference in seconds respectively.
dtrop represents tropospheric delay in meters. dioni repre-
sents the ionospheric delay in meters at i frequency. λi repre-
sents the corresponding wavelength in meters. Ni represents
integer ambiguity in cycles. λi and brLi represents receiver
pseudorange and phase deviation respectively in meters. bspi
and bsLi respectively represent the pseudorange and phase
deviation of satellite end in meters. ε represents the corre-
sponding observed noise in meters including the multipath
error.

According to the characteristic that ionospheric delay is
inversely proportional to the square of signal frequency f ,
two frequencies are used to form a combined ionospheric
model. The pseudorange and phase observation equations of
dual frequency GNSS receiver can be expressed as follows:

P1 = ρ + cdtr − cdts + dtrop+ dion1 + brP1 + b
s
P1
+ εP1

P2 = ρ + cdtr − cdts + dtrop+ dion2 + brP2 + b
s
P2
+ εP2

L1 = ρ + cdtr − cdts + dtrop− dion1 + brL1 + b
s
L1

− λ1N1 + εL1
L2 = ρ + cdtr − cdts + dtrop− dion2 + brL2 + b

s
L2

− λ2N2 + εL2
(2)

For the combination of pseudorange P1, P2, phase L1,
L2 with the ionospheric desorption, the following can be
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obtained:
PIF = αP1 + βP2 = ρ +

(
cdtr + brPIF

)
−

(
cdts − bsPIF

)
+ dtrop+ εPIF

LIF = αL1 + βL2 = ρ +
(
cdtr + brLIF

)
−

(
cdts − bsLIF

)
+ dtrop− λIFNIF + εLIF

(3)

cdtrPIF = cdtr + brPIF (4)

cdtsPIF = cdts − bsPIF (5)

cdtrLIF = cdtr + brLIF (6)

cdtsLIF = cdts − bsLIF (7)

where α = f 21
/(
f 21 − f

2
2

)
, β = −f 22

/(
f 21 − f

2
2

)
repre-

sents the ionospheric combination coefficient. For the Bei-
Dou ii satellite, the frequency of B1 is f1 = 152.6 · f0,
and the frequency of B2 is f1 = 118 · f0, where f0 =
10.23MHz, and α ≈ 2.487, β ≈ 1.487. PIF and LIF represent
the combined values of pseudorange and phase deioniza-
tion layer respectively. λIF and NIF represent the combined
wavelength and ambiguity of deionization layer respectively.
Equations (4)∼ (7) are the four types of clock errors defined.
The idea is to estimate or correct the corresponding deviation
term together with the actual clock error dtr of the receiver
and the actual clock error dts of the satellite. By using the
satellite clock differential products dtsPIF provided by IGS,
equations (4) and (5) are substituted into equation (3) to
obtain:

PIF = ρ + cdtrPIF − cdt
s
PIF + dtrop+ εPIF

LIF = ρ + cdtrPIF − cdt
s
PIF + dtrop− λIFNIF

+

(
brLIF + b

s
LIF

)
−

(
brPIF + b

s
PIF

)
+ εLIF

(8)

As it shown that, for the users, when the clock difference
dtsPIF which provided by IGS is used for PPP, assuming that n
satellite in one epoch are observed, 2n observation equation
of the epoch are obtained, and the parameters to be estimated
are: 3 position coordinates of the carrier, 1 clock error of
the receiver dtrPIF including the pseudorange error of the
receiver client, 1 delay of the troposphere, n − λIFNIF +(
brLIF + b

s
LIF

)
−

(
brPIF + b

s
PIF

)
(estimated as a whole). There

are 3+ 1+ 1+ n = 5+ n parameters in total, and the degree
of freedom is 2n − (5+ n) = n− 5. It indicates that at least
5 satellites need to be observed to perform precise single-
point positioning calculation [29]. Because the ambiguity is
affected by

(
brLIF + b

s
LIF

)
−

(
brPIF + b

s
PIF

)
, if the user fix

the ambiguity by using the combined ionospheric model, it is
necessary to correct or eliminate the four types of clock dif-
ferences, and decompose the ambiguity into wide and narrow
lanes to solve step by step.

Pseudorange observation noise is much larger than carrier
phase observation noise, assuming that εP1 ≈ εP2 , there are:

εPIF =

√(
αεP1

)2
+
(
αεP2

)2
≈ 3εP1 (9)

The ionospheric noise is about three times of the original
observed noise.

B. BDS DATA QUALITY ANALYSIS
The quality of the positioning results is influenced by the
GNSS data quality. The performance of a receiver and
the surrounding environment are reflected by the quality
of the original observation data of the receiver. At present,
the main test indicators of data quality include data
integrity rate, first-frequencymultipath effect (MP1), second-
frequency multipath effect (MP2), cycle slip ratio and code
minus carrier. The specific calculation formula and definition
are as follows:

1) DATA INTEGRITY RATE
During data collection, the percentage of the actual obser-
vation epoch and the theoretical observation epoch of the
receiver is the data integrity rate, and the calculation formula
is as follows:

α =
Ni
N0
× 100% (10)

where α represent data integrity rate, Ni represent the actual
observation epoch, and N0 represent the theoretical observa-
tion epoch. The completeness of the observed data is reflected
by the data integrity rate. The ideal data integrity rate is equal
to 100%.

2) MP1
MP1 is the influence index of multipath effect on pseudor-
ange and phase at the first frequency of the observed signal.
The larger the value of MP1, the greater the influence of the
multipath effect produced by the observation environment.
The calculation formula of MP1 is as follows:

MP1 = P1 −
(
1+

2
α − 1

)
ϕ1 +

2
α − 1

ϕ2 (11)

where P1 represents pseudorange observations on the first
frequency, ϕ1 and ϕ2 represent phase observations on the first
and second frequencies respectively, α = (f1/f2)2, f1 is the
first frequency, f2 is the second frequency.

3) MP2
MP2 is the influence index of multipath effect on pseudo-
range and phase at the second frequency of the observed
signal. The larger the value of MP2, the greater the influence
of the multipath effect produced by the observation environ-
ment. The calculation formula of MP2 is as follows:

MP2 = P2 −
2α
α − 1

ϕ1 +

(
2α
α − 1

− 1
)
ϕ2 (12)

where P2 represents pseudorange observations on the second
frequency.

4) CYCLE SLIP RATIO
Cycle slip is a jump in the value of the receiver’s full-cycle
counter due to the loss lock of the satellite signals. The
indicator reflecting the cycle slip is defined as:

o/slps =
num_of _obs
num_of _slips

(13)

VOLUME 8, 2020 128869



W. Sun, Y. Yang: BDS PPP/INS Tight Coupling Method Based on NHC and ZUPT

where o/slps represents the ratio between the number of
epoch elements of the observed value and the number of
epoch elements of the cycle jump. The smaller the ratio is,
the more serious the cycle jump is and the worse the quality
of data collection is.

It is generally considered that the original data of the
receivers with data integrity rate greater than 90%, MP1 and
MP2 less than 0.5m, and cycle slip ratio greater than 4000 are
qualified.

5) CODE MINUS CARRIER
Code minus carrier (CMC) is the difference between the
observed value of pseudorange and the observed value of
carrier phase. The size reflects the noise level of the pseudo-
range observations is reflected by the size. The formula can
be expressed as:

CMC = P− L (14)

III. NHC + ZUPT BDS PPP / INS TIGHT COUPLING
BDS PPP/INS tight coupled navigation can provide users
with high-precision position, velocity and attitude informa-
tion services. However, in the complex environment where
the satellite is completely blocked and the structure of the
visible satellite is not well distributed, there are discontinu-
ities in the positioning results. How to deal with these errors
is particularly important. Using external instruments or ref-
erence information can effectively reduce the positioning
error of the integrated system, mainly including odometer,
map matching, lidar, geomagnetism, slam and other auxil-
iary satellite/inertial integrated navigation. Without adding
external instruments, the enhanced satellite/inertial integrated
navigation system can be built according to the specific envi-
ronment, mainly including velocity NHC, robust adaptive
model and ZUPT. This section focuses on the methods of
suppressing error accumulation in the absence of satellite
signals.

A. NHC BDS PPP / INS TIGHT COUPLING
The navigation system only relies on the solution of inertial
navigation when the vehicle is running in the environment
where the satellite such as tunnel and underground garage
is completely unlocked. Without other external constraints,
the navigation error will increase rapidly. According to the
particularity of land vehicle driving: assuming that the vehicle
does not jump or slip during driving, the NHC calculation
is used to suppress the rapid accumulation of errors. NHC
principle was shown in Figure 1:

The constraint velocity perpendicular to the vehicle’s for-
ward direction is zero:

V b
=

 v
b
x

vby
vbz

 =
 vbx0

0

 (15)

where vbx , v
b
y and vbz respectively represent the velocity in

the front, right and up directions in the carrier coordinate

FIGURE 1. NHC principle.

system (as shown in Figure 1). The relationship between the
calculated velocity in the carrier coordinate system and the
velocity in the navigation coordinate system is as follows:

V b
=

(
Cb
n

)T
V n (16)

The error perturbation equation of the above formula is:

V b
+ δV b

=

(
(I − δϕ×)Cb

n

)T (
V n
+ δV n) (17)

By expanding the above formula and keeping it to the first-
order term, then:

V b
− Cb

nV
n
+ δV b

= Cb
n δV

n
− Cb

n
(
V n
×
)
δϕ (18)

where δϕ represents the attitude angle error. For the conve-
nience of formula writing, define:

Cb
n =

C11 C12 C13
C21 C22 C23
C31 C32 C33

 (19)

Equation (15), equation (18) and equation (19) are com-
bined, and the observation equation of NHC can be obtained
as follows:

ZNHC =
[
0− (C21VE + C22VN + C23VU )
0− (C31VE + C32VN + C33VU )

]
(20)

where VE , VN and VU represents the velocity in the E, N, and
U directions.

The differential form of equation (16) is expressed as:

δV b
= Cb

n δV
n
− Cb

n
(
V n
×
)
δϕ (21)

where V n
× represents the antisymmetric matrix composed of

the velocity vector:

(
V n
×
)
=

 0 −VU VN
VU 0 −VE
VN VE 0

 (22)

According to the above formulas, the measurement matrix
corresponding to the NHC observation equation (only the
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terms related to position, velocity and attitude are given) is
as follows:

HNHC =
[
01∗3 C2,1∼3 C2,1∼3 (V n

×)

01∗3 C3,1∼3 C3,1∼3 (V n
×)

]
(23)

where Ci,1∼3 represents the corresponding elements of
columns 1 to 3 of the ith row (i = 2, 3) in Cb

n .
NHC BDS PPP/INS tightly coupled schematic diagram

was shown in Figure 2. It should be noted that the premise
of using velocity NHC is that the condition of no sideslip and
no jump occurs during the driving process of land vehicles,
while the actual carrier operation process does not necessarily
meet this condition. So only when the satellite observation
information is completely missing can this method be used to
restrain the accumulation of positioning errors. PPP/INS tight
coupling model is used when BDS observation information is
available.

FIGURE 2. NHC BDS PPP/INS tightly coupled schematic diagram.

B. ZUPT BDS PPP/INS TIGHT COUPLING
When the carrier is static for a period of time (such as waiting
for the traffic light), ZUPT is used to improve the accuracy of
integrated navigation. When the carrier is static, then:

V b
=
[
0 0 0

]T (24)

Combined with the formula of BDS PPP/INS tight cou-
pling, the observation vector of ZUPT BDS PPP/INS tight
coupling is:

ZZUPT =

 0− (C11VE + C12VN + C13VU )
0− (C21VE + C22VN + C23VU )
0− (C31VE + C32VN + C33VU )

 (25)

The corresponding measurement matrix is:

HZUPT =
[
03∗3 Cb

n Cb
n (V

n
×)
]

(26)

The essence of the zero-velocity update is the same as the
fine alignment principle of INS, but the difference is that the
zero-velocity update requires judging whether the carrier is in
a static state according to the BDS PPP/INS integrated navi-
gation results. Assuming that the vehicle does not flameout in
a static state, considering the influence of engine jitter and the
velocity measurement error of BDS PPP/INS tight coupling
based on extended Doppler, the threshold value selected in
this paper is w0 = 0.5 m/s, that is, when the horizontal
velocity is continuously less than 0.5 m/s, it is considered to
be a static state, and the zero-velocity update is adopted to
perform measurement update.

Based on the above analysis of NHC and ZUPT,
the NHC+ZUPT BDS PPP/INS tight coupling method was
used to improve the positioning accuracy. The algorithm
flowchart was shown in Figure 3:

FIGURE 3. NHC+ZUPT BDS PPP/INS tightly coupled flowchart.

IV. EXPERIMENTAL RESULTS AND ANALYSIS
In this section, the experiment and result analysis of the
above methods were carried out. In the BDS PPP positioning
experiment, static data experiments and dynamic positioning
experiments showed that the BDS PPP positioning accu-
racy after convergence was good. The NHC+ZUPT BDS
PPP/INS tight coupled continuous positioning method was
proposed, which the velocity NHC was used to limit the
accumulation of errors, and the ZUPT correction principle
was used to increase the navigation accuracy of the integrated
system when the vehicle was stationary at the traffic lights.
The results showed that the method could effectively restrain
the accumulation of positioning errors of the navigation sys-
tem in complex environment.

A. EXPERIMENT OF BDS DATA QUALITY ANALYSIS
The data quality is analyzed according to the main test
indexes. The data integrity rate, MP1, MP2 and cycle to
trip ratio analysis results of the total 24-hour original obser-
vation data from March 27 to 28, 2019 of measurement
receiver produced by Zhong Haida was shown in Table 1.
The values of MP1 andMP2 were calculated according to the
Equation (11) and Equation (12) respectively. It could be seen
from Table 1 that the data quality of the four satellite systems
obtained by the receiver has reached the reference value, and
the data quality of BDS was slightly better than that of GPS.

TABLE 1. Analysis of data quality of Hi-target measurement receiver.

The pseudorange observation noise of BeiDou satellite and
GPS satellite is compared with the original observation data
of Trimble ALLOY receiver UTC time on March 1, 2019.
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As shown in Figure 1, the pseudorange observation noise of
BeiDou satellite’s B1I frequency point andGPSL1 frequency
point.

As shown in Figure 4, the accuracy of frequency pseudo-
range observation of B1I of the three BeiDou satellites was
below 4 m, which was better than that of the two BeiDou
satellites on the whole. The accuracy of the pseudorange
observations of BeiDou satellite B1I and GPS L1 was the
same, both of them were within 6 m, only GPS 09 satellite
was slightly less accurate, and the noise of the pseudorange
observations was about 6.2 m.

FIGURE 4. CMC of BDS and GPS satellite.

B. POSITIONING EXPERIMENT AND ACCURACY ANALYSIS
OF BDS PPP
The accuracy and convergence time of BDS PPP were ana-
lyzed by static data experiment and vehicle dynamic exper-
iment. Since the BDS-3 system officially started to provide
services on December 27, 2018, the IGS analysis center of
Wuhan University began to release BDS-3 precise ephemeris
and clock difference products for a period of time. All the data
in this paper before December 27, 2018 were solved by using
BDS B1I frequency points and B2I frequency points, and the
data after this time were solved by using BDS B1I frequency
points and B3I frequency points.

1) STATIC EXPERIMENT
The static experimental data was the 24-hour simultaneous
observation data of 4 Trimble ALLOY receivers provided
by the National Basic Geographic Information Center. The
data collection time was March 01, 2019, and the sampling
interval of the receiver was 30s. The distribution of each
measurement site was shown in Figure 5:

As shown in Figure 5, the farthest distance between the
four stations was 116 km, and the shortest distance was
41 km [30]. The precision track and clock difference products
provided by the IGS Analysis Center of Wuhan University
were used for calculation, and the results of post-processing
combined network adjustment calculation were used as ref-
erence values. The BDS PPP positioning error sequence of
HRB2, HRYQ, HRSC and SHSZ stations were shown in
Figure 6. The convergence time of BDS PPP was determined
according to the standard that the three-dimensional error
of ten consecutive epoch was less than 10cm, and the root
mean square (RMS) was all the epoch after convergence. The

FIGURE 5. Distribution of four stations.

results of the root mean square errors and convergence time
of four stations were shown in Table 2.

TABLE 2. HRB2, HRYQ, HRSC and SHSZ stations positioning RMS and
convergence time.

According to the results in Table 2, the horizontal posi-
tioning accuracy of BDS PPP after convergence was about
1 cm, and the accuracy in up direction was also within 1.5 cm,
indicating that BDS PPP could fully meet the needs of high-
precision positioning users. The average convergence time of
the four stations was 40.5min, the longest convergence time
was 58min for HRB2, and 28min for the shortest HRYQ. The
three-dimensional accuracy was better than 10cm.

2) VEHICLE DYNAMIC EXPERIMENT
The vehicle experimental data was collected on April 27,
2019. and the data duration was 1h25min. The specific
parameters were shown in Table 3. The starting point was
Fuxin Railway Station, and the end point was School of
Geomatics, Liaoning Technical University. The whole data
acquisition time was about 940s, and the sampling interval
was 1s. Pos-520 integrated navigation equipment was used
as the experimental equipment. At the same time, it was
assumed that there was a reference station on the roof of
School of Geomatics. The positioning result calculated by
RTK/INS was used as the positioning reference of vehicle
experiment.

The comparison of BDS PPP and RTK/INS integrated
navigation trajectory was shown in Figure 7, in which the
red marker points were the positions of the integrated nav-
igation calculation and the green marker points were the
positioning results of BDS PPP. As shown in Figure 7 that the
two positioning points basically coincided on the open road
with good observation environment (red box in the figure).
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TABLE 3. Vehicle experimental description.

FIGURE 6. BDS PPP error of HRB2, HRYQ, HRSC and SHSZ. (a) HRB2;
(b) HRYQ; (c) HRSC; (d) SHSZ.

The Yellow ellipse mark in the figure was the road near the
building of School of Geomatics. Because the receiver signal
was blocked by the building, the BDS PPP positioning results

FIGURE 7. Trajectory comparison between BDS PPP and RTK/INS
integrated navigation.

were quite different from the integrated positioning results,
and even the positioning results could not be output.

The position error sequence of BDS PPP was shown in
Figure 8. Due to the short acquisition time of vehicle dynamic
experiment, the position of BDS PPP was not converged, and
the receiver signal is blocked by the building when driving
to the road near the building, so the position error was large.
According to the statistics, the position accuracy of all three
directions of the epochs was 0.80m, 0.59m and 2.08m respec-
tively. The convergence time of PPP was still an important
factor restricting its application in the field of high-precision
navigation.

C. TIGHT COUPLED VEHICLE DYNAMIC POSITIONING
EXPERIMENT OF BDS PPP / INS
Due to the large positioning error of BDS PPP in dynamic
experiment, the NHC+ZUPT BDS PPP/INS tight coupling

FIGURE 8. BDS PPP positioning error of vehicle experiment.
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algorithm was proposed to improve the positioning accuracy
in vehicle dynamic experiment. MP-POS520 integrated navi-
gation equipment was used in the experiment, and the results
of the post-processing calculation through the GINS software
were taken as the reference values. The accuracy and IMU
parameters were shown in Table 2.

The vehicle experiment track was shown in Figure 9.
As shown in Figure 9, the whole vehicle experiment was
carried out in Fuxin urban area, passing through the complex
environment such as the road area under the viaduct and near
the high-rise building (urban canyon). The vehicle was static
for 15 minutes before it started, and initial alignment was
performed at this stage to provide an initial attitude matrix
for integrated navigation. BDS satellite number and position
dilution of precision (PDOP) values for the entire vehicle
experiment were shown in Figure 10. As it shown that the
BDS satellite signal was unlocked frequently, and was miss-
ing during the experiment. The various driving environments
in practical applications were fully reflected by the set of
experimental data.

FIGURE 9. Vehicle experiment’s trajectory.

FIGURE 10. BDS satellite number and PDOP.

FIGURE 11. Vehicle experiment BDS PPP/INS tightly coupled positioning
error.

FIGURE 12. Vehicle experiment’s velocity.

FIGURE 13. BDS satellite number.

The position error sequences of BDS PPP/INS tight cou-
pling was shown in Figure 11. Due to frequent satellite
interruption and satellite lock out in the experiment, the posi-
tioning accuracy was decimeter level, and the RMS in E, N
and U directions were 0.62m, 0.72m and 0.66m, respectively.
Compared in Figure 10 that the period with large position
error mainly occured when the number of observation satel-
lites was small and the PDOP values were large, mainly
because the satellite ambiguity parameter needed to be recal-
culated after the satellite losed lock, and there was a certain
convergence time. During the period when the observation
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TABLE 4. MP-POS 520 precision and IMU parameters.

FIGURE 14. NHC+ZUPT BDS PPP/INS tightly coupled positioning error.

environment was good, the accuracy of BDS PPP/INS tight
coupling could reach centimeter level.

NHC+ZUPT BDS PPP/INS tight coupling was used for
calculation. The reference velocity of the vehicle experiment
was shown in Figure 12, and the first 15min of the vehicle
experiment was also in a static state, the process was the
initial alignment, and the essence was also ZUPT. The red
shaded part in the figure was the static state of the vehicle,
and the ZUPTwas used to constrain the tight coupling of BDS
PPP/INS. For the convenience of description, the observation
data of BeiDou satellite was shown in Figure 13. When the
satellite was completely unlocked, the velocity NHC was
enabled.

It could be seen from the red shaded part in Figure 14 that
the accuracy of BDS PPP/INS integrated positioning under
ZUPT constraint was high when the vehicle was static. As a
whole, compared with PPP/INS tight coupled positioning
results (as shown in Figure 11) without any constraints (RMS
of E, N and U directions were 0.62m, 0.72m and 0.66m
respectively), the accuracy of this method in E, N and U
directions were improved by 8cm, 2cm and 1cm respectively.

V. CONCLUSION
Firstly, the observation equation, parameter estimation, fuzzi-
ness, degree of freedom, noise and other aspects of the
ionospheric composite model were analyzed in depth. The
BDS PPP dynamic positioning model based on the soft-
ware to realize the ionospheric composite was established,
and the errors that affect the positioning accuracy and

convergence rate were analyzed and processed. The results
of static data showed that the horizontal positioning accu-
racy of converged BDS PPP was better than 5cm, the ver-
tical positioning accuracy was better than 10cm, and the
difference between the dynamic positioning results and the
high-precision RTK/INS integrated navigation results was
less than 1cm. The BDS PPP/INS tight coupled continuous
positioning of NHC+ZUPT was put forward. According to
the problem of increasing positioning error with the increase
of navigation time when satellite signals such as viaducts and
tunnels were completely lack, combining with the character-
istics of land vehicles, the accumulation of velocity NHCwas
used to limit the error, and the ZUPT was used to increase
the navigation accuracy of the integrated system when the
vehicle was driving in the static state at the traffic light.
The experimental results showed that the accumulation of
positioning errors could be effectively suppressed by this
method in complex environment.
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