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Abstract: Since 23 June 2020, BDS-3 has been entirely operated and obtained the ability of global
PNT (Positioning, Navigation, and Timing) services. Afterward, real-time Precise Point Positioning
(PPP) service is available in China’s surrounding areas via BDS-3 PPP-B2b signal. However, such
a real-time PPP service cannot maintain the high accuracy and continuity of positioning solutions in
challenging environments, such as urban environments. For that, we carried out a model by integrating
between-satellite single-differenced (BSSD) PPP, a low-cost Inertial Navigation System (INS), and
an odometer via an extended Kalman filter. The performance of this integration model was assessed
with vehicle-borne data. Results demonstrated that (1) the position RMS (Root Mean Square) of BSSD
PPP are 64.33 cm, 53.47 cm, and 154.11 cm. Compared with BSSD PPP, about 31.2%, 23.3%, and 27.3%
position improvements can be achieved by using INS. Further enhancements of position RMS benefiting
from the odometer are 1.34%, 1.41%, and 1.73% in the three directions. (2) Anyway, the accuracy of
BSSD PPP/INS/Odometer tightly coupled integration is slightly higher than that of undifferenced
PPP/INS/Odometer integration, with average improvement percentages of 7.71%, 3.09%, and 0.27%.
Meanwhile, the performance of BSSD PPP/INS/Odometer integration during the periods with satellite
outages is better than the undifferenced PPP-based solutions. (3) The improvements in attitudes from
an odometer are more significant on heading angle than the other two attitudes, with percentages of
25.00%. (4) During frequent GNSS outage periods, the reduction in average maximum position drifts
provided by INS are 18.01%, 8.95%, and 20.74%. After integrating with an odometer, the drifts can be
furtherly decreased by 25.11%, 15.96%, and 20.69%. For attitude, about 41.67% reduction in average
maximum drifts of heading angles is obtained.

Keywords: real-time Precise Point Positioning (RT-PPP); Inertial Navigation Pystem (INS); odometer;
PPP-B2b service; tightly coupled integration

1. Introduction

China began to build BeiDou Navigation Satellite System (BDS) at the end of the 20th
century according to the three-step development strategies [1]. As planned, the first-generation
BDS (BDS-1), the second-generation BDS (BDS-2), and the third-generation BDS (BDS-3) were
completed successively in 2003, 2012, and 2020, with the corresponding satellite constellations
of 3 Geostationary Orbit (GEO) satellites, 5 GEO satellites+5 IGSO (Inclined Geosynchronous
Orbit) satellites+4 MEO (Medium Earth Orbit) satellites, and 3 GEO+3 IGSO+24 MEO satellites,
respectively. Currently, the global Positioning, Navigation, and Timing (PNT) services of BDS are
supported by signals on frequencies B1I (1561.098 MHz), B2I (1207.14 MHz), B3I (1268.52 MHz),
B1C (1575.42 MHz), B2a (1176.45 MHz), and B2b (1207.14 MHz) [2–7]. Among these services,
the Precise Point Positioning (PPP)-B2b enhancement service is of great significance, and also it
is considered to be the core support for smart city development in China.

PPP, which was proposed by Zumberger et al. [8] in 1997, is the favored technology for
high-accuracy positioning applications. The corresponding model was furtherly developed
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in the works [8–10]. PPP can provide an accurate positioning solution using only a single
GNSS receiver by utilizing precise satellite products with about two weeks delay [11–13].
Consequently, PPP is mainly for applications in post-processing currently [14,15]. To satisfy the
demands of real-time PPP, BDS-3 transmits the orbit/clock corrections of broadcast ephemeris
by B2b signal [16–19]. Multi-GNSS Experiment (MGEX)/iGMAS stations were adopted
in [17] to verify the real-time PPP positioning performance using PPP-B2b service in static and
simulated-kinematic modes by comparing with the solutions based on Geodetic Benchmark
(GBM) final products. It is shown that the positioning performance of real-time PPP is slightly
worse than the post-processing PPP in general, according to the statistical results. However,
the convergence time of real-time PPP is slightly shorter for the BDS-only in a static model.
Tao et al. [16] compared PPP-B2b service with Real-Time Service (RTS) provided by Centre
National d’Etudes Spatiales (CNES). Based on the analysis from six stations distributed in
China, the positioning accuracy of BDS-3-only PPP with PPP-B2b service in kinematic mode
can achieve decimeter-level positioning results, which is consistent with the accuracy of GPS
PPP using products of CNES.

However, such a PPP-B2b service-based PPP cannot maintain positioning accuracy
and continuity in urban environments [20,21], such as under bridges or trees, etc. In
order to overcome the shortcomings of PPP in those circumstances, an Inertial Navigation
System (INS) is integrated. INS is capable of providing position, velocity, and attitude
results by using measurements from Inertial Measurement Units (IMU) without external
observations. However, the position errors of INS will accumulate rapidly over time [22,23].
Meanwhile, integrating PPP and INS can estimate and compensate IMU errors to restrain
the divergence [20,22,24]. According to previous works, more reliable position results can
be obtained by PPP/INS [20,21,25–29].

Le et al. [25] investigated the Loosely Coupled Integration (LCI) of Single Frequency
(SF) PPP/INS, which was validated by a flight experiment. Results showed that the SF-PPP-
only positioning performance is visibly improved in the horizontal and vertical components.
LCI mode cannot work when there are not enough GNSS observations. Martell in [26]
further applied the Tightly Coupled Integration (TCI) of PPP and INS using different grade
IMUs and different cut-off satellite angles. The results showed that reliable results could
be obtained even if the number of satellites is less than 4. In [27], TCI was compared
with LCI by using a tactical-grade IMU to illustrate the benefits of TCI. The position
differences of TCI are within 1.0 m, and such errors of LCI are within 5.0 m. The studies
above are mainly based on undifferenced GNSS observations. The Dual Frequency (DF)
PPP/INS integration using Single-Difference Between-Satellites (BSSD) GPS observations
was applied in [28]. During the simulated outages of 10 s~30 s, the position accuracy
of BSSD PPP/INS TCI can be decimeter-level. Such accuracy is higher than those using
undifferenced observations. Owing to the evolution of multi-constellation GNSS (multi-
GNSS), more available observations can be adopted to enhance the integration performance.
Gao et al. [21] developed the multi-constellation (GLONASS, BDS, and GPS) TCI of SF
PPP/INS, and it was verified by a set of land-borne experiment data. Results showed
that significant positum improvements in terms of accuracy, continuity, and reliability
could be obtained by INS aiding. Anyway, the performance of conventional GPS SF-PPP
can be improved by utilizing the multi-GNSS observation. The enhancement of multi-
GNSS on PPP/INS is also illustrated in [29]. According to the results, the positioning
and convergence performance of PPP is enhanced significantly by multi-GNSS and INS.
However, such impacts in terms of velocity and attitude are invisible.

Based on the works in [20–29], continuous solutions with high accuracy can be pro-
vided by the PPP/INS integration during GNSS outages. However, the positioning errors
of PPP/INS still accumulate rapidly, especially for a low-cost IMU when the GNSS signal
seriously deteriorates, even interrupts completely around high buildings or under tun-
nels [30,31]. Such a circumstance can be facilitated by using the velocity information from
an odometer. In [31], GPS + GLONASS DF-PPP was integrated with INS and odometer,
and simulated GNSS outages were utilized to evaluate the performance in challenging
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circumstances. According to the results, the position accuracy was furtherly ameliorated
by the odometer.

In this paper, we implied PPP/INS/odometer tightly coupled integration model. In
comparison with previous works, the contribution of this paper is that such a tightly
coupled integration is based on the BSSD model and the BDS-3 PPP-B2b orbit/clock cor-
rections. In order to assess the performance of this algorithm, vehicle-borne data acquired
in urban environments are processed and analyzed. The enhancements of a low-cost INS,
BSSD BDS-3 PPP model, and an odometer on positioning and attitude determination are
discussed in detail.

2. Methodology

In this section, the method to recover precise orbit and clock offsets by using the PPP-
B2b service is discussed first. Then, the models of PPP/INS TCI and PPP/INS/odometer
TCI based on the recovered PPP-B2b orbit/clock offsets and BSSD observation are presented
in detail.

2.1. Recovery of Precise Satellite Orbit/Clock with PPP-B2b

The information provided by the PPP-B2b service includes the orbit and satellite clock
offset corrections of broadcast products in the satellite-fixed frame (radial, along, and cross
directions), which cannot be used directly in positioning. Thus, to apply the corrections
in PPP, the precise orbit and clock offsets need to be recovered. The satellite positions
computed by broadcast ephemeris are given in the Earth-Centered Earth-Fixed reference
(ECEF) frame (e-frame). Therefore, the orbit corrections must be transformed into the ECEF
frame by [32] δOx

δOy
δOz

 =
[
eradial ealong ecross

]δOradial
δOalong
δOcross

 (1)

With 
eradial = r/|r|

ecross = (r× .
r)/
∣∣r× .

r
∣∣

ealong = eradial × ecross

(2)

where
[
δOradial δOcross δOalong

]T is the orbit correction vector in the satellite-fixed frame;[
δOx δOy δOz

]T represents the orbit correction vector in the e-frame; r is the satellite
position vector and

.
r represents the satellite velocity vector, which can be computed by

broadcast ephemeris.
By applying the corrections in Equation (1) to broadcast ephemeris, precise satellite

positions can be calculated byX
Y
Z


prec,B2b

=

X
Y
Z


brdc

−

δOx
δOy
δOz

 (3)

where
[
X Y Z

]T
prec,B2b

denotes the vector of precise satellite positions after using the

corrections provided by PPP-B2b service;
[
X Y Z

]T
brdc is the vector of satellite positions

calculated by broadcast ephemeris.
PPP-B2b service also provides the correction of satellite clock offset. The precise clock

offsets can be obtained by

dts
prec,B2b = dts

brdc −
C0

c
(4)

where dts
prec,B2b is the precise clock offset calculated by using the clock offset derived from

broadcast ephemeris (dts
brdc) and the PPP-B2b clock correction parameter (C0); c denotes

the velocity of light.
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2.2. Single-Difference between-Satellites Observational Model

The linearized undifferenced Ionosphere-Free (IF) model of the satellite (k) can be
written as

Pk
IF
− ρk − ∆ρk

P,IF = e1δxr + e2δyr + e3δzr + ctr + mwetδdwet + εP,IF (5)

Lk
IF
− ρk − ∆ρk

L,IF = e1δxr + e2δyr + e3δzr + ctr + mwetδdwet − λIF Nk
IF
+ εL,IF (6)

where Pk
IF = αP1 − βP2 and Lk

IF = αL1 − βL2 are IF pseudorange and carrier-phase,
wherein α = f 2

1 /( f 2
1 − f 2

2 ) and β = f 2
2 /( f 2

1 − f 2
2 ) are IF combination coefficients based on

frequencies f1 and f2; r and k represent receiver and satellite; ρk is the geometric distance
between receiver and satellite; tr represents the receiver clock offset; mwet is the tropospheric
wet delay mapping function; δdwet is the corrections of zenith wet delay; E =

[
e1 e2 e3

]T

is the orientation cosine vector; δpe
GNSS =

[
δxr δyr δzr

]
represents receiver position

correction in e-frame; λIF is the IF wavelength; Nk
IF is the IF float ambiguity [13]; ∆ρk

L,IF
and ∆ρk

P,IF are the errors sum of carrier-phase and pseudorange; εL,IF and εP,IF are the
measurement noise of carrier-phase and pseudorange [33].

In addition to the pseudorange and carrier-phase measurements, the Doppler measure-
ments are essential for calculating receiver velocity. The linearized observation equation of
Doppler can be expressed as

Dk
IF −

.
ρ

k − ∆
.
ρ

k
D,IF = e1δvx,r + e2δvy,r + e3δvz,r + c

.
tr + εD,IF (7)

where Dk
IF = αDk

1 − βDk
2 is the Doppler measurement in meters; j represents frequency; the

dot above the symbol indicates the variation. In general, except for the variation of receiver
clocks (

.
tr), satellite clocks, and geometric distance (

.
ρ

k), other errors’ variations are close
to zero and are ignored. δve

GNSS =
[
δvx,r δvy,r δvz,r

]
are the vector of receiver velocity

corrections; ∆
.
ρ

k
D,IF denotes the sum of Doppler errors; εD is Doppler noise.

Compared to the undifferenced model, the BSSD model has the advantage that
receiver-related errors such as the receiver clock, receiver hardware delay, and unmodelled
errors can be eliminated [28,34]. The BSSD IF model can be obtained by

∆Pkm
IF − ∆ρkm − ∆ρkm

P,IF = ekm
1 δxr + ekm

2 δyr + ekm
3 δzr + mkm

wetδdwet + εkm
P,IF

(8)

∆Lkm
IF − ∆ρkm − ∆ρkm

L,IF = ekm
1 δxr + ekm

2 δyr + ekm
3 δzr + mkm

wetδdwet − λIFδNkm
IF + εkm

L,IF
(9)

∆Dkm
IF − ∆

.
ρ

km − ∆
.
ρ

km
D,IF = ekm

1 δvx,r + ekm
2 δvy,r + ekm

3 δvz,r + εkm
D,IF

(10)

where ∆Lkm
IF = Lm

IF − Lk
IF; ∆Pkm

IF = Pm
IF − Pk

IF; ∆Dkm
IF = Dm

IF − Dk
IF; ∆ρkm = ρm − ρk;

∆
.
ρ

km
=

.
ρ

m − .
ρ

k; δNkm
IF = δNm

IF − δNk
IF; superscripts k and m represent satellite and the

reference satellite. In this paper, GPS and BDS separately choose the reference satellite.

2.3. BSSD PPP/INS Tightly Coupled Integration

The innovation vector of TCI is based on the difference between GNSS observations
(pseudorange, carrier-phase, and doppler) and the corresponding values predicted by
INS [20,21,28]. The state equation and observation equation can be expressed as

XTCI,k = φTCI,k,k−1XTCI,k−1 + µTCI,k−1, µTCI,k−1 ∼ (0, QTCI,k) (11)

ZTCI,k = HTCI,kXTCI,k + ηTCI,k, ηTCI,k ∼ N(0, RTCI) (12)

ZTCI,k =

 PGNSS,IF − PINS,IF
LGNSS,IF − LINS,IF
DGNSS,IF − DINS,IF

 =

ZPIF
ZLIF
ZDIF

 (13)
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where φTCI,k,k−1 is the system transform matrix from epoch k − 1 to epoch k; µTCI,k−1
represent the state noise with the covariance of QTCI,k; ZPIF , ZLIF , and ZDIF represent
the innovation vector of pseudorange, carrier-phase, and doppler, respectively; PINS,IF,
LINS,IF, and DINS,IF are the INS-predicted values; PGNSS,IF, LGNSS,IF, DGNSS,IF are the
GNSS measurement; ηTCI,k represents observation noise with the prior covariance of RTCI .

In order to obtain the INS-predicted values corresponding to GNSS measurements, the
position and velocity of the receiver updated by INS mechanization are required. However,
the reference centers of the INS and GNSS antenna are different from each other, which
results in a lever-arm system offset. Therefore, the linearization functions ZTCI,k after
considering the lever arm can be written as [22,29]

δZTCI,k =

δZPIF
δZLIF
δZDIF

 =


C1

(
δpn

INS +
(

Cn
b lb×

)
δψ
)
+ cδtr −mwetdwet

C1

(
δpn

INS +
(

Cn
b lb×

)
δψ
)
+ cδtr −mwetdwet + δNIFλIF

C2D−1δpn
INS + Ce

n Hψδψ + Ce
nδvn

INS + Ce
nCn

b

(
lb×

)
δωb

ib + cδ
.
tr

 (14)

D−1 =

1/(RM + h) 0 0
0 1/(RN + h) cos(B) 0
0 0 −1

 (15)

where δZPIF , δZLIF , and δZDIF represent the differential form of innovation vector; n, b, and

i are the navigation frame (n), the body frame (b), and the inertial frame (i); Cj
k (k = n and b,

j = e and n) represent the rotation matrix from the k-frame to the j-frame; lb is the lever-arm;
δpn

INS, δvn
INS, and δψ are the corrections of position, velocity, and attitude at IMU center

in n-frame; δtr and δ
.
tr represent the corrections of receiver clock offset and drift; C1 is the

rotation matrix of position corrections from e-frame to n-frame; C2 is the differential form
of Ce

n; δωb
ib means gyroscope errors [22,29].

Based on Equation (12), the satellite single-difference matrix (SSDM) can be expressed
as [28]

SSDM =

[
SSDMG 0

0 SSDMB

]
3h×2m

(16)

SSDMB =



1 0 · · · −1 0 0 · · · 0

0
. . . 0 −1

...
... 0

...
... 0 1 −1

...
...

...
...

...
...

...
...

...
...

...
...

...
... 0 −1 1 0 · · ·

...
...

...
... −1

...
. . . 0

...
... 0

... −1 0 · · · 1 0
0 · · · 0 −1 0 0 · · · 1


h2×m

(17)

where SSDMG is obtained referring to SSDMB; h1 and h2 (h = h1 + h2) are the total number
of GPS and BDS available satellites; m represents the number of estimated parameters for
the BSSD model. BSSD coefficient matrix HBSSD,TCI,k and innovation vector ZBSSD,TCI,k
can be calculated by

HBSSD,TCI,k = SSDM× HTCI,k × SSDMT (18)

ZBSSD,TCI,k = SSDM× ZTCI,k × SSDMT (19)

RBSSD,TCI = SSDM× RTCI × SSDMT (20)
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In addition, there is Inter-System Bias (ISB) between GPS and BDS [35,36]. To solve this
problem, we consider the receiver clock offset of different GNSS as independent parameters
and estimate them separately. This method is presented in detail in the works of [37,38].
Anyway, there are two other methods to process ISB [6,36,39]. It is worth mentioning that
the receiver clock offset, and drift can be removed in the BSSD PPP/INS TCI model, with
the state vector of

XBSSD,TCI,k =
[
δpn

INS δvn
INS δψ δBa δBg δSa δSg δdwet δNkm

IF

]
(21)

where δpn
INS, δvn

INS, and δψ represent the corrections of position, velocity, and attitude;
δSg and δBg represent the scale factor and bias of gyroscope; δSa and δBa represent the
scale factor and bias of accelerometers [40]; δdwet is a wet component of tropospheric zenith
delay, and δNIF represents ambiguity.

2.4. Odometer-Aided BSSD PPP/INS Tightly-Coupled Integration

In motion scenarios, the vehicle does not slip sideways and upward, which means
that the velocity on lateral and vertical will be close to zero and only the forward speed
exists [31,32]. Meanwhile, the forward velocity obtained from an odometer can be used as
a pseudo-measurement. However, the odometer-measured velocity will be influenced by
the scale factor error

vo ≈
[
vv

o /(1 + So) 0 0
]T (22)

where vv
o is the forward vehicle velocity measured by the odometer in the vehicle frame (v);

So represent the scale factor which can be modeled as a random walk process.
The innovation vector of the odometer can be calculated by the difference between

the velocity measured by the odometer and predicted by INS predicted one. However, the
v-frame and the b-frame are not usually aligned theoretically. Therefore, the innovation
vector (Zo) can be described by

Zo = vv
o − Cv

b vb
INS ≈

vv
o /(1 + So)

0
0

−
vF

INS
vR

INS
vD

INS

+ η, η ∼ N(0, σ2
o ) (23)

where Cv
b denotes the rotation matrix from b-frame to v-frame; η is the vector of odometer

innovation noise with the prior variance of σ2
o .

According to Equation (11), ZBSSD,TCI,k can be furtherly expressed as

ZBSSD,TCI,k =

[
SSDM× ZTCI,k × SSDMT

vv
o − Cv

b vb
INS

]
(24)

with the linearized form of

δZo = vv
o δSo − Cv

b

(
Cb

nδvn
INS − Cb

n(v
n
INS×)δψ−

(
lb
o×
)

ωb
ibδSg

)
(25)

where δSo is the correction of the odometer scale factor; lb
o denotes the lever-arm between

the reference center of the odometer and IMU in the b-frame. The corresponding BSSD
state vector can be expressed as

XBSSD,TCI,k =
[
δpn

INS δvn
INS δψ δBa δBg δSa δSg δSo δdwet δNkm

IF

]
(26)

the state vector can be estimated by the EKF [41,42]

XBSSD,TCI,k = XBSSD,TCI,k,k−1 + Kk(ZBSSD,TCI,k − HBSSD,TCI,kXBSSD,TCI,k,k−1) (27)

PBSSD,TCI,k = (I − Kk HBSSD,TCI,k)PBSSD,TCI,k,k−1(I − Kk HBSSD,TCI,k)
T + KkRBSSD,TCIKT

k (28)
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The algorithm structure of PPP/INS/ODO TCI is shown in Figure 1.
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3. Tests, Results, and Discussion

In order to evaluate the performance of the proposed model, a set of land-borne data
was processed and analyzed. This first subsection demonstrates the experiment details,
including the experimental equipment, satellite availability, and data processing schemes.
The second subsection assesses the accuracy of the PPP-B2b corrections and the positioning
performance of BSSD PPP. The third subsection validates the impacts of INS, the odometer
on PPP positioning, and the effect of the BSSD model on the positioning performance of
BSSD PPP/INS/ODO TCI. The last subsection analyzes the influences of the odometer and
BSSD model on attitude determination.

3.1. Data Collection

The test vehicle was equipped with a NovAtel GNSS receiver, a low-cost INS616 IMU, and
an odometer in Beijing on 23 December 2021. The sampling rates of GNSS, IMU, and odometer
measurements were set to 1 Hz, 125 Hz, and 100 Hz, respectively. The designed test route,
available satellite number, and PDOP, along with the trajectory, are shown in Figures 2 and 3.
The trajectory is mainly on urban environments with many buildings on both sides of the
road. The average number of satellites of GPS, BDS-3, and BDS-3/GPS are 6.1, 8.5, and 14.5.
The corresponding PDOP are 2.3, 2.1, and 1.4, respectively. As is shown, the continuity of
this test is poor, especially for GPS-only and BDS-only. The combination of GPS and BDS-3
can improve it, but there are still many periods with GNSS outages. For example, the 1500 s
to 2500 s and the 6500 s to 7500 s are the most typical scenes. Based on the precise satellite
orbit/clock recovered by the corrections obtained by BDS PPP-B2b service, six data processing
strategies, namely undifferenced PPP, BSSD PPP, BSSD PPP/INS TCI, BSSD PPP/INS TCI, BSSD
PPP/INS/ODO TCI, and undifferenced PPP/INS/ODO TCI will be implied. The results will
be compared to the solutions of RTK/INS TCI calculated by the Inertial Explorer (IE) software.



Remote Sens. 2023, 15, 199 8 of 20
Remote Sens. 2023, 15, x FOR PEER REVIEW 9 of 22 
 

 

 
Figure 2. The available satellites number of different GNSS along with the test trajectory. 

 
Figure 3. PDOP of different GNSS along with the test trajectory. 

3.2. Accuracy of PPP-B2b Corrections and BSSD PPP  
Precise orbit and clock offset products recovered by the corrections from the PPP-B2b 

service are utilized to process the satellite’s orbit/clock errors. In order to assess the accu-
racy of real-time orbit/clock products obtained by the PPP-B2b service, the final products 
provided by WHU are adopted as references. Figures 4 and 5 depict the RMS of GPS and 
BDS-3 clock offset and orbit errors. The average orbit RMS of GPS and BDS-3 are listed in 
Table 1. As shown, the average RMS of GPS orbits are 13.95 cm, 20.51 cm, and 19.57 cm in 
the radial, along, and cross directions, and that of BDS-3 (MEO+IGSO) orbits are 10.33 cm, 
20.31 cm, and 27.00 cm. The accuracy on the radial component for both GPS and BDS-3 is 
higher than the other two components For satellite clock offsets, the RMS of the GPS clock 
offset is 3.27 ns, and that of BDS-3 (MEO+IGSO) are 1.95 ns. Usually, orbit accuracy in 
radial components and clock accuracy are the major factors affecting positioning accuracy. 
Thus, the position solution with high accuracy can be obtained by using the orbit/clock 
corrections from the PPP-B2b service, which can also be illustrated in the works [17–19].  

Figure 2. The available satellites number of different GNSS along with the test trajectory.

Remote Sens. 2023, 15, x FOR PEER REVIEW 9 of 22 
 

 

 
Figure 2. The available satellites number of different GNSS along with the test trajectory. 

 
Figure 3. PDOP of different GNSS along with the test trajectory. 

3.2. Accuracy of PPP-B2b Corrections and BSSD PPP  
Precise orbit and clock offset products recovered by the corrections from the PPP-B2b 

service are utilized to process the satellite’s orbit/clock errors. In order to assess the accu-
racy of real-time orbit/clock products obtained by the PPP-B2b service, the final products 
provided by WHU are adopted as references. Figures 4 and 5 depict the RMS of GPS and 
BDS-3 clock offset and orbit errors. The average orbit RMS of GPS and BDS-3 are listed in 
Table 1. As shown, the average RMS of GPS orbits are 13.95 cm, 20.51 cm, and 19.57 cm in 
the radial, along, and cross directions, and that of BDS-3 (MEO+IGSO) orbits are 10.33 cm, 
20.31 cm, and 27.00 cm. The accuracy on the radial component for both GPS and BDS-3 is 
higher than the other two components For satellite clock offsets, the RMS of the GPS clock 
offset is 3.27 ns, and that of BDS-3 (MEO+IGSO) are 1.95 ns. Usually, orbit accuracy in 
radial components and clock accuracy are the major factors affecting positioning accuracy. 
Thus, the position solution with high accuracy can be obtained by using the orbit/clock 
corrections from the PPP-B2b service, which can also be illustrated in the works [17–19].  

Figure 3. PDOP of different GNSS along with the test trajectory.

3.2. Accuracy of PPP-B2b Corrections and BSSD PPP

Precise orbit and clock offset products recovered by the corrections from the PPP-
B2b service are utilized to process the satellite’s orbit/clock errors. In order to assess
the accuracy of real-time orbit/clock products obtained by the PPP-B2b service, the final
products provided by WHU are adopted as references. Figures 4 and 5 depict the RMS of
GPS and BDS-3 clock offset and orbit errors. The average orbit RMS of GPS and BDS-3
are listed in Table 1. As shown, the average RMS of GPS orbits are 13.95 cm, 20.51 cm,
and 19.57 cm in the radial, along, and cross directions, and that of BDS-3 (MEO+IGSO)
orbits are 10.33 cm, 20.31 cm, and 27.00 cm. The accuracy on the radial component for
both GPS and BDS-3 is higher than the other two components For satellite clock offsets, the
RMS of the GPS clock offset is 3.27 ns, and that of BDS-3 (MEO+IGSO) are 1.95 ns. Usually,
orbit accuracy in radial components and clock accuracy are the major factors affecting
positioning accuracy. Thus, the position solution with high accuracy can be obtained by
using the orbit/clock corrections from the PPP-B2b service, which can also be illustrated in
the works [17–19].

Table 1. Mean RMS of orbit errors and clock offset of real-time products recovered by PPP-B2b service.

Orbit (cm) Clock (ns)

RMS-R RMS-A RMS-C RMS

GPS 13.95 20.51 19.57 3.27
BDS-3 (MEO+IGSO) 10.33 20.31 27.00 1.95
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Based on the PPP-B2b service, the position differences of BSSD PPP solutions in the
north, east, and vertical with different GNSS systems are shown in Figure 6, and the corre-
sponding RMS are listed in Table 2. After integrating BDS-3 and GPS, the improvements
of position RMS of BSSD BDS-3 PPP are 3.24%, 22.25%, and 49.50% in the north, east, and
down directions. Such improvements are 12.97%, 50.50%, and 62.45% in three components
for BSSD GPS PPP. The improvements are due to the improved satellite spatial distribution,
which is also verified in works [43–46]. Moreover, compared with undifferenced PPP, the
average position RMS improved by 13.17%, 2.64%, and 11.21% in three components, which
due to the receiver-related errors, can be eliminated by the BSSD model.
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Table 2. Positioning errors of undifferenced PPP and BSSD PPP with different GNSS.

BSSD PPP Undifferenced PPP

North (cm) East (cm) Down (cm) North (cm) East (cm) Down (cm)

GPS 69.68 75.25 218.18 95.65 76.73 218.77
BDS-3 62.67 47.91 162.23 63.89 49.97 186.07

BDS-3/GPS 60.64 37.25 81.93 62.73 38.05 103.12

3.3. Performance of BSSD PPP/INS TCI

In comparison with BSSD PPP, position errors can be reduced visibly by the addition
of INS in all three components (shown in Figure 7). The average improvements provided
by BSSD PPP/INS TCI are 31.24%, 23.35%, and 27.38% in the three directions (Table 3).
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Table 3. Position RMS of BSSD PPP and BSSD PPP/INS TCI with different GNSS.

BSSD PPP/INS TCI

North (cm) East (cm) Down (cm)

GPS 55.06 60.50 203.54
BDS-3 42.69 34.48 119.96

BDS-3/GPS 35.87 28.90 41.49

Figure 8 shows the position differences between BSSD PPP and BSSD PPP/INS TCI.
Significantly, the accuracy of PPP is similar to that of PPP/INS TCI when there are sufficient
satellites. That is because the absolute position accuracy mainly depends on PPP. However,
such differences are significant during the periods with frequent GNSS outages, primarily
from the 1500 s to 2500 s and 6500 s to 7500 s. That is because PPP/INS TCI can still provide
high-accuracy position results when the number of satellites is less than 4, even if there is
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no available satellite in short-term time. The frequent GNSS outages between the 1500 s
and 2500 s are displayed in Figure 9, from which we can see about ten partial and complete
outages with the time last 1 s to 32 s happened. The details about the outage time and
the average number of available satellites during these periods are listed in Table 4. As
is shown, the maximum outage time for BDS-3, GPS, and BDS-3+GPS are 28 s, 32 s, and
26 s, respectively. During these periods, although a few satellites are still available, the
number does not meet the minimum requirement of positioning both for single and dual
systems PPP calculation. However, these available satellites can be used in BSSD PPP/INS
TCI mode. The corresponding position differences of PPP and PPP/INS TCI during the
1500 s to 2500 s are shown in Figure 10. Visibly, BSSD PPP cannot provide position results,
but BSSD PPP/INS TCI can work in partial outage periods. The divergence of position
error can also be restrained in short-term outages. The average maximum drifts of position
decreased from 107.96 cm, 59.90 cm, and 78.22 cm to 88.52 cm, 54.54 cm, and 62.00 cm after
integrating with INS. Therefore, PPP/INS TCI can provide the position result with better
continuity and accuracy. Nevertheless, in cases where the duration of complete outages
is too long, such as outages 7 and 8, a divergence of the position results still can be found
because INS would drift rapidly along with time.
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Table 4. The number of available satellites and the GNSS outages time.

Outages Scenes 1 2 3 4 5 6 7 8 9 10

Outages time(s)

GPS 16 4 2 9 14 3 32 26 8 1

BDS-3 19 1 2 7 11 2 28 22 3 1

GPS/BDS-3 17 1 2 6 11 2 26 22 2 1

Satellite number

GPS 0.6 2.3 0.5 1.4 0.9 1 0.4 0.3 1.3 3

BDS-3 0.3 2 1.5 1.3 0.9 0.5 0.2 2.4 1.7 1

GPS/BDS-3 0.5 4 2 2.5 1.2 0.5 0.5 2.5 1.5 4
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3.4. BSSD PPP/INS/ODO TCI Positioning

In the case of a complete outage for a long time, position errors of PPP/INS TCI could
accumulate rapidly. Therefore, constraint information is helpful. An odometer can measure
the forward velocity of the vehicle. Based on such velocity and motion constraints, the
problem above can be restrained by Equation (23). Figure 11 depicts the position errors
of BSSD PPP/INS/ODO TCI with different GNSS, and the corresponding RMS for the
common periods with BSSD PPP/INS TCI are calculated in Table 5. Accordingly, the position
improvements caused by the addition of an odometer on average are 1.34%, 1.41%, and 1.73%.
Such invisible enhancements are because the impact of the odometer on PPP/INS integration
mainly affects these periods with poor or without GNSS observability. While there are enough
satellites, the weight of the odometer observation function is much smaller than that of GNSS
observations which can be obtained by making a comparison between Equations (14) and (23).
The corresponding position differences between BSSD PPP/INS TCI and PPP/INS/ODO
TCI are plotted in Figure 12. Significantly, the periods with sufficient satellites have small
differences, and significant differences emerge along with long-term outages. Figure 13 depicts
the position difference of BSSD PPP/INS/ODO TCI from 1500 s to 2500 s. Accordingly, the
average position RMSs from 1500 s to 2500 s is reduced from 50.00 cm, 27.08 cm, and 37.42 cm
to 44.40 cm, 26.85 cm, and 34.96 cm. The average of maximum positioning drifts with different
GNSS during a satellite outage are plotted in Figure 14. The averages of maximum positioning
drifts are reduced from 88.52 cm, 54.54 cm, and 62.00 cm to 66.29 cm, 45.84 cm, and 49.17 cm,
with a maximum diminution of 74.94%, 33.0%, and 51.56%. Hence, the position performance
of BSSD PPP/INS TCI can be further enhanced, especially in challenging environments, by
using an odometer.
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Table 5. Position RMS of BSSD PPP/INS/ODO TCI with different GNSS.

BSSD PPP/INS/ODO TCI Undifferenced PPP/INS/ODO

North (cm) East (cm) Down (cm) North (cm) East (cm) Down (cm)

GPS 55.23 60.29 202.20 55.69 61.92 207.96
BDS-3 41.78 33.47 113.43 44.50 34.38 108.16

GPS/BDS-3 35.02 28.63 40.86 42.90 29.98 41.33
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In addition, to analyze the impact of the BSSD model on PPP/INS integration, the
time series of position errors of undifferenced PPP/INS/ODO TCI is shown in Figure 15. In
contrast, the BSSD model provided about 7.71%, 3.09%, and 0.27% in the three directions on
average, according to RMSs listed in Table 5. It can be seen that the position accuracy of the
BSSD model-based integration mode is close to the undifferenced model-based integration
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in the time series in general but is slightly higher in position statistics. It is due to the
reason that the BSSD model can remove the receiver-depended errors (i.e., receiver clock
offset, receiver time delays on pseudorange and carrier-phase, unmodelled receiver errors,
etc.) that impact initial convergence or re-convergence of PPP after satellite signal outages.
Such a character is illustrated in Figure 16, which depicts the differences between the BSSD-
based solutions and the undifferenced PPP-based solutions. The visible differences emerge
during the periods of re-convergence caused by satellite outages, while the differences
are invisible in periods with sufficient available satellites. Figure 17 shows the average
maximum positioning drifts calculated by the odometer-aided PPP/INS TCI based on the
BSSD model and the undifferenced PPP model in the satellite outage periods from 1500 s to
2500 s. The position drifts of the solutions based on the BSSD model are 66.29 cm, 45.84 cm,
and 49.17 cm, which are smaller than those solutions based on the undifferenced model
(82.38 cm, 50.66 cm, and 52.30 cm). It means that the BSSD model can provide visible
enhancements in demanding user environments.
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3.5. BSSD PPP/INS/ODO TCI Attitude Determination

The attitude errors of BSSD PPP/INS TCI with and without odometer aid are shown in
Figure 18. The results of the roll, pitch, and heading angles in the first 500 s are significantly
different from the results in other periods. That is because the vehicle kept static in the
first 500 s, which provided no observabilities for gyroscopes. Then, the accuracy of attitude
determination during these times mainly depended on the accuracy of initial attitudes.
While the vehicle moved ahead, the motions increased the observabilities of gyroscopes
and upgraded the accuracy of attitudes. According to the statistics in Table 6, the average
RMSs of BSSD PPP/INS TCI are 0.025◦, 0.049◦, and 0.184◦ in roll, pitch, and heading angles,
respectively. Visibly, the accuracies of roll and pitch angles are more precise than heading
angles because of the poor observability of heading angles measured by the gyroscope in
the vertical direction [43]. Furthermore, attitude RMSs calculated using different GNSS are
close to each other. That is because the attitudes are majorly determined by the gyroscope
and are slightly affected by GNSS positioning accuracy while GNSS observations are
available [28]. Therefore, the attitude solutions obtained by using different GNSS systems
are somewhat different in accuracy.
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Table 6. Attitude RMS of BSSD PPP/INS TCI with and without odometer aid.

BSSD PPP/INS TCI BSSD PPP/INS/ODO TCI

Roll (◦) Pitch (◦) Heading (◦) Roll (◦) Pitch (◦) Heading (◦)

GPS 0.025 0.050 0.178 0.025 0.049 0.137
BDS-3 0.027 0.049 0.194 0.028 0.048 0.140

GPS/BDS-3 0.024 0.048 0.181 0.025 0.048 0.138

According to the RMSs of BSSD PPP/INS/ODO TCI listed in Table 6, the average RMSs
of roll, pitch, and heading angles are 0.026◦, 0.048◦, and 0.138◦. In contrast, the odometer
provides about 25.00% in heading angle and invisible enhancements in roll and pitch angles. It
is due to the observability improvement on the vertical gyroscope by adding an odometer. To
assess the impact of the odometer on attitude determination at each epoch, we also provided
the differences between the solutions with and without the odometer in Figure 19. From it,
there are visible differences in the three directions at every epoch. It means that the odometer
affects the estimation of roll, pitch, and heading angles. Such effects on pitch and roll would
become invisible after using the statistic index (i.e., RMS). Anyway, to furtherly illustrate
the influence of the odometer on attitude determination under GNSS outages. The attitude
differences of BSSD PPP/INS and BSSD PPP/INS/ODO during the 1500 s and 2500 s are
plotted in Figure 20. It can be seen that the humps of heading angles appearing at the profile
of attitudes errors of PPP/INS TCI can be restrained effectively by the addition of an odometer.
According to the average attitude RMSs in Figure 21, the reduction in attitude drifts can be
significantly constrained by using an odometer.
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Similarly, the differences between the attitudes calculated by the undifferenced PPP-
based integration (Figure 22) and the BSSD PPP-based integration are plotted in Figure 23.
The attitudes RMSs based on undifferenced PPP are 0.031◦, 0.048◦, and 0.135◦ in three
components, which are close to the solutions based on BSSD PPP. As the result shows,
the two solutions are close to each other actually in terms of statistics index (RMS) but
different in time series, which is due to the accuracies of attitudes being mainly determined
by IMU ([28,46]). However, the GNSS data processing strategy would affect the estimation
of attitudes at each epoch by Equation (14). A similar conclusion can also be obtained from
the average maximum attitude drifts of the two methods from 1500 s to 2500 s with GNSS
outages in Figure 24.
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Figure 24. Mean maximum attitude drifts of different GNSS for BSSD PPP/INS/ODO TCI and
undifferenced PPP/INS/ODO TCI.

4. Discussion

Based on the BDS-3 PPP-B2b service, real-time PPP can be used via B2b signals.
However, it is still challenging in an urban environment. According to the assessments
above and the results summarized in Table 7, the positioning performance of BSSD PPP
can be enhanced visibly by the addition of INS and odometer, especially in periods with
frequent GNSS outages. The mean position RMS of BSSD PPP is 64.33 cm, 53.47 cm, and
154.11 cm in three components based on PPP-B2b service. By integrating INS, the mean
position RMS can be improved by 31.2%, 23.3%, and 27.3%. Such percentages can be
furtherly increased by 1.34%, 1.41%, and 1.73% after using an odometer. The test data
from 1500 s to 2500 s are adopted to validate the performance in the periods with frequent
GNSS outages. The mean position maximum drifts during these periods decreased from
107.96 cm, 59.90 cm, and 78.22 cm of BSSD PPP to 88.52 cm, 54.54 cm, and 62.00 cm of BSSD
PPP/INS TCI. After adding an odometer, such values are 66.29 cm, 45.84 cm, and 49.17 cm.
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Table 7. Statistic of position and attitude errors.

Mean RMS (cm) Mean Maximum Drifts (cm)

Positioning North East Down North East Down

BSSD PPP 64.33 53.47 154.11 107.96 59.90 78.22
BSSD PPP/INS TCI 44.54 41.29 121.66 88.52 54.54 62.00

BSSD PPP/INS/ODO TCI 44.01 40.79 118.83 66.29 45.84 49.17
Undifferenced PPP/INS/ODO TCI 47.69 42.09 119.15 82.38 50.66 52.30

Mean RMS (◦) Mean Maximum Drifts (◦)

Attitude Roll Pitch Heading Roll Pitch Heading

BSSD PPP/INS TCI 0.025 0.049 0.184 0.047 0.077 0.313
BSSD PPP/INS/ODO TCI 0.026 0.048 0.138 0.049 0.076 0.174

Undifferenced PPP/INS/ODO TCI 0.031 0.048 0.135 0.058 0.082 0.163

Anyway, the position accuracy of PPP/INS/ODO TCI based on the BSSD model is slightly
higher than the solutions based on the undifferenced model. Compared with undifferenced
PPP/INS/ODO TCI, the mean position RMS of BSSD PPP/INS/ODO TCI is improved by
7.71%, 3.09%, and 0.27%. The mean maximum drifts can be reduced from 82.38 cm, 50.66 cm,
and 52.30 cm to 66.29 cm, 45.84 cm, and 49.17 cm by utilizing the BSSD model.

For attitude determination, the mean attitude RMS of PPP/INS TCI is 0.025◦, 0.049◦,
and 0.184◦ in three components. The addition of an odometer brings a 25% improvement
to the RMS of heading angles and reduces the mean maximum drifts from 0.313◦ to 0.174◦.
The results of the other two components are comparable. Moreover, the accuracy of
PPP/INS/ODO TCI with and without the BSSD model is similar to each other.

5. Conclusions

In this contribution, we implied the tightly coupled integration of BDS-3/GPS, low-cost
IMU, and odometer based on the inter-satellite differenced PPP model and the orbit/clock
corrections of PPP-B2b. A vehicle experiment in urban circumstances was implemented to
validate the performance of positioning and attitude determination of the developed model.
The following conclusions can be obtained. (1) With the addition of INS, the improvements
of BSSD PPP position accuracy on average are more than 31.2%, 23.3%, and 27.3% in the
north, east, and down directions. Further enhancements in position accuracy are achievable
with the aid of an odometer, especially while suffering GNSS outages. (2) By using the
odometer, the accuracies of pitch and heading angles are improved by about 2.04% and
25%. (3) In comparison with the PPP/INS/ODO TCI based on the undifferenced PPP
model, the developed BSSD model can provide results with higher accuracy, especially in
the re-convergence periods. For attitude determination, comparable results can be obtained
by both the BSSD model and the undifferenced model.
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