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Abstract: The BeiDou Global Navigation Satellite System (BDS-3) can provide PPP-B2b satellite-
based Precise Point Positioning (PPP) real-time service to the Asia—Pacific region via PPP-B2b signal
transmitted from the three Geostationary Earth Orbit (GEO) satellites. This paper provides a com-
prehensive evaluation of the accuracies of the satellite’s precise real-time orbit and clock products,
including BDS-3 PPP-B2b precise products and the precise real-time products provided by four IGS
centers (CAS, DLR, GFZ, and WHU). In addition, the influences of these real-time precise satellite
products on the PPP positioning accuracy with single-frequency and dual-frequencies are also studied.
Furthermore, the accuracies of broadcast ephemeris and IGS ultra-rapid products are studied, as well
as their impact on PPP accuracies. Results illustrate that the orbits accuracies of PPP-B2b orbits are
9.42 cm, 21.26 cm, and 28.65 cm in the radial, along-track, and cross-track components, which are
slightly lower than those of real-time orbits provided by the four IGS centers. However, the accuracy
of PPP-B2b clock biases is 0.18 ns, which is higher than those provided by IGS Real-Time Service
(RTS). In the static positioning test, the 3D positioning accuracy of B11+B3I dual-frequencies PPP
and B1C single-frequency PPP are centimeter-level while using PPP-B2b service, which is slightly
lower in horizontal components compared to those obtained based on IGS RTS products. The results
of the dynamic vehicle test indicate that the positioning accuracies of B11+B2b dual-frequency PPP
are about 50 cm and 120 cm in horizontal and vertical components, which are close to those of B2b
single-frequency PPP using PPP-B2b service. Generally, the PPP-B2b orbit and clock accuracies on
real-time PPP present similar performance to that based on IGS RTS.

Keywords: PPP-B2b service; BDS-3 new signals; RT-PPP; single-/dual-frequency RT-PPP

1. Introduction

The 3rd generation of the BeiDou Global Navigation Satellite System (BDS-3) officially
provides services of Positioning, Navigation, and Timing (PNT) to global users as of
31 July 2020. The BDS-3 constellation consists of 30 satellites, including 24 Medium
Earth Orbit (MEO) satellites, 3 Geostationary Earth Orbit (GEO) satellites, and 3 Inclined
Geosynchronous Satellite Orbit (IGSO) satellites [1-3]. In addition to the standard PNT
services provided by GPS, Galileo, and GLONASS, BDS-3 is the first system that provides
short message communication services and Precise Point Positioning (PPP) real-time service.
Real-Time Kinematic (RTK) and PPP are the most widely applied high-accuracy positioning
techniques. The RTK positioning accuracy, however, declines along with the increasing
baseline, and the conventional Real-time PPP (RT-PPP) based on the real-time orbit/clock
products of the International GNSS Service (IGS) is limited by the internet connection. The
RT-PPP service provided by BDS-3 uses the B2b (1207.14 MHz) signal to broadcast the orbit
and clock corrections directly.

The PPP positioning accuracy is highly related to the satellite orbits and clocks ac-
curacies, which are mainly obtained from the IGS [4-7]. However, IGS final products are
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generated with a two-week delay, and the IGS fast orbit and clock products are seven-
teen hours delayed. To fulfill the RT-PPP applications, IGS started providing ultra-rapid
products on 3 November 2000, with centimeter to decimeter-level accuracy [8-12]. The
IGS ultra-rapid files involve 24 h of properly arranged orbit and clock ephemerides. The
first 24 h of each IGS ultra-rapid orbit and clock information is estimated from the latest
observations from the IGS hourly tracking network. The second 24 h of data are the pre-
dicted orbits and clocks, which are extrapolated from the formerly observed orbits. To
satisfy the growing demand for real-time high-precision applications (such as precision
agriculture, earthquake warning, and tsunami warning) [13], IGS established a real-time
working group to provide GPS/GLONASS orbit and clock corrections based on RTCM for
the RT-PPP service [14,15]. Currently, IGS analysis centers (ACs), such as GFZ (Deutsches
GeoForschungs Zentrum), WHU (Wuhan University), and CAS (Chinese Academic of
Science), provide real-time orbits and clock products. The types of precise products and
related constellations provided by different IGS centers are presented in Table 1.

Table 1. The IGS SSR message information and the corresponding interval.

IGS Center Orbit Clock Code Bias  Phase Bias VTEC GNSS
BKG 60 s 5s 60 s 60s - G/R/E
CAS 5s 5s 10s - 60s G/R/E/C
CNES 5s 5s 5s 5s 60s G/R/E/C
DLR 30s 5s 30s 30s - G/R/E/C/]1
GFZ 5s 5s 5s - - G/R/E/C
WHU 5s 5s - - - G/R/E/C

1'G, R, E, C, and ] denote GNSS, GOLANSS, Galileo, BDS, and Quasi-Zenith Satellite System (QZSS), respectively.

Scholars have evaluated the accuracies of different IGS ACs’ real-time products and
their impact on the RT-PPP. Elsobeiey and Al-Harbi [16] analyzed the RT-PPP accuracies
based on the global IGS stations using the IGS ultra-rapid products and real-time service
(RTS). The results show that using the RT-PPP based on the IGS RTS can provide 50%
position improvements compared to ultra-rapid products in terms of the Root Mean Square
Error (RMSE). Li et al. [17] implemented a network RT-PPP model based on RTKLIB
software and further evaluated the mode using both static and kinematic GPS experiments
observations. According to the static positioning results, the horizontal and the vertical
components achieved centimeter-level accuracy, while the kinematic RT-PPP achieved
decimeter-level in those components. The quality of GPS/GLONASS/BDS-2/Galileo
quad-system SSR products from eight different IGS analysis centers was evaluated by
Wang et al. [18]. The study indicated that the RMSE between GPS real-time orbit and final
precise orbit was centimeter level for all ACs, in which the Standard Deviation (STD) of the
GPS clock was within 0.3 ns. The GLONASS orbit RMSE was also centimeter level, and
the clock STD was twice large as that of GPS. The BDS and Galileo orbit accuracies from
CNES were about 14.54 cm and 4.42 cm, respectively, and the clock accuracies of those
two constellations were 0.32 ns and 0.18 ns, respectively. The study further studied the
real-time product accuracy influences on the kinematic PPP with both simulation and field
tests. The positioning results from the studied IGS ACs were centimeter level in horizontal
and vertical components, respectively. The kinematic RT-PPP field test indicates that the
positioning accuracies estimated by CNES’ real-time products were better than those based
on CAS precise products. Ouyang et al. [19] studied the performance of BDS-2 real-time
products from four IGS centers, WHU, CNES, DLR, and GFZ. The availabilities of all these
real-time products were more than 85%, and the real-time orbit accuracies of the GEO
and IGSO/MEQO satellites were meter level and decimeter level, respectively. Among all
of these products, CNES provided the highest accuracy on 3D orbit and clock products.
In static PPP mode, the convergence time on average was less than 1.5 h with 11.0 cm
positioning accuracy, while in the kinematic mode, the convergence time was 2.11 h~9.84 h
with 30.7 cm~68.0 cm positioning accuracy. Ge et al. [20] evaluated the accuracy availability
of the BDS-3 real-time products from CENS using continuous data of 41 days. The results
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showed that satellite orbit accuracies were about 6 cm in radial and cross-track components
but more than 10 cm in the along-track component, and the accuracy of the clock was 0.46 ns.
The BDS-3 real-time product availability from CENS is over 80%. The PPP positioning
errors in static were within 3 cm at East (E), North (N), and Up (U) components, which was
comparable to that of GPS RT-PPP.

Different from the internet-based RT-PPP service provided by the IGS, BDS-3 broad-
casts the correction of satellite orbit and clock for both BDS-3 and GPS via the PPP-B2b
signal. Simultaneously, the BDS-3 Differential Code Bias (DCB) is broadcast to facilitate
dual-frequency PPP positioning applications [3]. Table 2 lists the broadcast PPP-B2b correc-
tion messages [21-23].

Table 2. The PPP-B2b message information.

Information Message Type Sample Rate (s) Nominal Validity (s)
Satellite mask 1 48 -
Orbit correction and ’ 48 9%
User range accuracy
Differential code bias 3 48 86,400
Clock correction 4 6 12

The performance evaluations of PPP-B2b products have gained interest from re-
searchers recently. Yang et al. [3] presented the positioning accuracy evaluation of dual-
frequency B1C/B2a PPP with Ionosphere-Free (IF) combination based on the PPP-B2b data
from 1 August to 30 November 2020. The results indicated that about 30 cm and 50 cm
positioning accuracies in the horizontal and vertical components could be achieved with
a 30 min convergence time. Lu et al. [21] analyzed the accuracy, integrity, and stability
of the orbit clock and DCB corrections of both BDS and GPS provided by the BDS-3 PPP-
B2b signal, which proved that the PPP-B2b signal could provide stable and accurate PPP
services in China and surrounding areas. Nie et al. [22] compared the orbits and clocks
accuracies between PPP-B2b corrections and GFZ final products with three days of observa-
tion. The BDS-3 satellite orbit accuracies in radial, along-track, and cross-track components
are about ten centimeters, and the BDS-3 clock accuracy was centimeter-level. The static
PPP with PPP-B2b correction messages achieved centimeter-level accuracy in the E, N, and
U components, and the kinematic PPP of those also achieved centimeter-level accuracy.
Tao et al. [23] illustrated that the real-time BDS-3 PPP-B2b correction messages presented
better availability and integrity than CNES on BDS satellites. The positioning accuracy of
PPP-B2b products-based BDS-3 kinematic PPP can achieve centimeter-level. Xu et al. [24]
provided an extensive evaluation of the RT-PPP performance of the PPP-B2b products in
terms of matching characteristics, product accuracies, and availability. The results showed
that the RMSE of the MEO satellite orbit in radial, along-track, and cross-track components
were 6.8 cm, 33.4 cm, and 36.6 cm, respectively, and the accuracy of the clock was 0.2 ns.
The availability of BDS-3 PPP-B2b products is over 80%. The PPP test results presented that
the accuracies of BDS-3 dual-frequency kinematic RT-PPP after convergence were 11 cm
and 17 cm in horizontal and vertical components. In addition, the positioning accuracy of
the B1C/B2a IF combination PPP was better than that of the B11/B3I IF PPP. Ren et al. [25]
evaluated the accuracy of PPP-B2b products and the corresponding RT-PPP, and the results
showed that the real-time orbit accuracy is about 7.25, 24.79, and 25.87 cm in radial, along-
track, and cross-track components for BDS-3 satellites, and 7.29, 30.98, and 21.93 cm for
those of GPS satellites. The STD of the clock offset errors for BDS-3 and GPS are within
0.2 ns and 0.15 ns, respectively. The positioning accuracy of real-time BDS+GPS integrated
static PPP was about 1.07 cm, 2.69 cm, and 2.25 cm in the N, E, and U directions, and the
kinematic PPP of those were about 3.6 cm, 5.9 cm, and 9.4 cm in the N, E, and U directions.

Earlier studies evaluated the PPP-B2b performance using the dual-frequency PPP
with static and simulated kinematic mode. However, the PPP-B2b RT-PPP based on the
practical kinematic data has hardly been studied, especially using the BDS-3 new signals
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(B1C and B2b). Therefore, this contribution will present a comprehensive performance
evaluation on the real-time orbit and clock products provided by broadcast ephemeris,
BDS-3 PPP-B2b, CAS, DLR, GFZ, and WHU, as well as the ultra-rapid products from WHU.
The performance of the kinematic dual-and single-frequency RT-PPP is analyzed with
B1C+B2b observation data collected in Beijing, China. The paper is arranged as follows.
The recovery method of real-time orbit and clock offset and the mathematical models of
dual-/single-frequency PPP are described in the next section. Then, the accuracy of the
orbit and clock offset provided by broadcast ephemeris, PPP-B2b, CAS, DLR, GFZ, and
WHU are evaluated separately. The positioning accuracy with dual-/single-frequency
real-time dynamic PPP is afterward assessed, and the conclusions about the accuracy of
real-time satellite orbit and clock products and their impacts on dual-/single-frequency
PPP are drawn.

2. Methodologies

The recovery methods of PPP-B2b real-time orbit and clock, the evaluation princi-
ple, and the models of real-time dual-frequency and single-frequency PPP are presented
in this section.

2.1. PPP-B2b Orbit Recovery

BDS-3 PPP-B2b orbit and clock products are corrections with respect to the broadcast
ephemeris. The orbit correction coordinate is related to the satellite-fixed coordinate system
in radial, along-track, and cross-track directions. The satellite positions used for PPP,
however, are located in the ECEF frame. Thus, the orbit corrections should be transformed
into the ECEF system to correct the satellite positions from the broadcast ephemeris [26].
The corrected real-time precise satellite position can be expressed as,

X Xbrdc Ay
Y| = thdc —R- |A, (1)
Z t Zbrdc t AC t
With ) ) ) )
r rxr r rxr
R=[{xfmg 1 Tl @

where A, A; and A, represent the position corrections in the radial, along-track, and
cross-track directions, respectively; [X Y Z] T and (Xprae  Yorde  Zbrdc) T represent the
corrected satellite coordinates in the EFEC system and the satellite coordinates calculated
from the broadcast ephemeris, respectively; R is the transformation matrix from the satellite-
fixed coordinate system to the ECEF system [26,27]; r and r represent the satellite position
and velocity calculated from the broadcast ephemeris, respectively.

It should be indicated that the orbit products provided by IGS ACs in this article are
with respect to the Center of Mass (CoM) of satellites. In contrast, the orbits of PPP-B2b
products are with respect to the satellite Antenna Phase Center (APC); the BDS is based on
the APC of B3I frequency, while GPS is based on the APC of IF combination [26]. Therefore,
the antenna phase center correction should be considered. The relationship between APC
and CoM can be described by,

Xapc Xcom . Npco
Yapc | = | Ycom | +A" - | Epco 3)
Zapc ZcoMm Upco

where [Xapc Yapc Zapc] T and [(Xcom Ycom  Zcom| T represent the APC and CoM

satellite position in the EFEC system; [N rco  Epco Upco] T represent the PCO correction
of the satellite from the latest “igs14.atx” file released by IGS; A is the satellite attitude matrix.
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2.2. PPP-B2b Clock Recovery

The clock corrections broadcast by PPP-B2b can be recovered to form the precise clock
by [26],
= tZrdc - CO/C (4)

where £, tzr 4o Co, and ¢ represent satellite precise clock, satellite clock calculated from the
broadcast ephemeris, PPP-B2b clock corrections, and the speed of light in a vacuum, re-
spectively.

It should be indicated that the BDS-3 precision clock provided by PPP-B2b is based on
the B3I frequency, and all RTS clocks are based on the IF combination [26]. Therefore, all of
these clocks for a GNSS system should be projected to one frequency. According to [26],
the following method can be adopted to realize such projection,

S __ 4§ S

tj =t — b]- (5)
where t; is the satellite precise clock of signal j; b]s- represents the DCB between signal j
and B3I.

2.3. Orbit and Clock Evaluation Methods

Several methods can be utilized to evaluate the accuracy of precise orbit and clock.
For example, the overlapping orbit comparison, satellite laser ranging inspection, and
comparison with a reference product. The first two usually are used to evaluate the final
products of IGS precise products. Thus, the third method is adopted in this paper by
using the final products provided by WHU as references. The orbit differences can be
expressed as,

AX XRT XwHu
AY| = | Yrr| — | Ywau (6)
AZ|, |Zrrl, L|Zwnul,

where t is the epoch number; [AX AY AZ] r [XrT YrT ZRT]T, and [Xwru Ywrau ZWHU}T
are the orbit differences, real-time orbit, and final orbit vector.

The clock products from different ACs contain a benchmark inconsistency error. In
this paper, to eliminate the system inconsistency, the GPS and BDS-3 constellations use G01
and C19 as reference satellites for the single difference from other satellites [28]. The STD
of the clock difference between real-time and the reference clock after a single difference
is estimated. The degree of clock consistency greatly influenced the solution accuracy of
PPP [29]. The PPP-B2b products are estimated using the real-time observations collected
by the regional tracking stations in China. Thus, the satellites rise or fall more frequently
compared with using global observations. Furthermore, it is challenging to select a stable
reference BDS satellite to generate the inter-satellite differences. To assess the accuracy of
PPP-B2b clock products, we re-edited the inter-satellite difference clock using the method
proposed by [23]. The expression of this method can be written as,

1M .
VAE = (trr — twpy) — MZ (trr — twru) (7)
i1

where VAt is the double-difference clock value; t% is PPP-B2b real-time clock; t,,; is
the final precise clock of WHU; M is the number of available satellites.

Due to the observation discontinuity of the BDS satellites, the clock values estimated in
Equation (7) are segmented, which affects the clock STD value. Therefore, the discontinuity
is compensated by,

VAt = VAt; — ADyy 4 8)
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With
1 M .

M,Z AVAtlt’t_l, > 0.1ns
ADppq = =0

1 M i
MY AVAL

©)

0, <0.1ns

1 M i
ML AVAL,

where AD;;_1 is the compensation term to compensate the discontinuity in the double-
difference clock; AVAt;/tfl is the inter-epoch difference clock based on double differ-
ence clock.

2.4. Mathematical Model of Real-Time Single-/Dual-Frequency PPP

The measurements used for RT-PPP are pseudo-range (P) and carrier-phase (L), which
can be expressed as [29,30],

Pi=p;+c(tr =)+ I+ T7 +c(byj — bj) +ep (10)

Li=pr+c(tr— ) = L;+ T = Aj(N; + B, ; — B} ) + 21, (11)

where pj indicates the geometric distance from the satellite s to the receiver r; ¢, and t° are the
receiver clock and the satellite clock offset, respectively; I f’j and T; are the ionospheric delay
and tropospheric delay, respectively; b, ; and bjs» are the DCB of the pseudo-range on receiver
and satellite, respectively; A; and N; are wavelength and ambiguity of carrier-phase; B, ; and
B;f denote the Un-calibrated Phase Delay (UPD) on the satellite and receiver, respectively;
ep,j and ¢ ; are observing noise of pseudo-range and carrier-phase, respectively.

2.4.1. Dual-Frequency PPP

The dual-frequency ionosphere-free combination pseudo-range and carrier-phase are
used to form the observations of dual-frequency PPP [31],

2
7 Ji
Pip= -7 _p— Pi=p;+c(ty —t°) +T; +epir (12)
[ A ' ’
f2 f2
Lir = L Li=p}+c(ty—t5) = AipNip + TS + ep ir (13)

ﬁfﬁh_ﬁfﬁ

where f; is the frequency number; the other symbols have the same means as above.

In addition, if the observed frequencies in Equations (12) and (13) are different from
that of precise real-time products, a DCB correction should be applied [32]. In this study,
both B1I+B3I and B1I+B2b IF combinations are employed for static and kinematic PPP
solutions, and the following equations should be employed,

tSBu B3l — = féuz bSBlI
’ fz fBllifBSI 2 (14)
Poirpop = £ — o by — 72 b%Zb)
4 fBll_fBZb fBll_fBZb

where 3 53 and f3;; p,, represent satellite precise clocks using the B11+B3I and B11+B2b
IF combinations; fp17, fpop and fpa; represent the frequencies corresponding to the B1I, B2b,
and B3I observations, respectively.

In this case, the corresponding parameters that should be estimated are position
vector, receiver clock offset, residual of troposphere delay, and IF ambiguity, which can be
written as,

T
x=[0xr Oy, Oz c-6tr dwer Nif] (15)

where dx,, 6y, and Iz, indicate the corrected value of the receiver coordinates in three
directions; dt, and dy,.; indicate the receiver clock offset and the zenith wet tropospheric
delay; Nr denotes the IF ambiguity vector.
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2.4.2. Single-Frequency Model

For single-frequency PPP, Equations (10) and (11) form the observation equations.
Here, the B1C and B2b measurements will be used in this paper. Thus, the satellite DCB
corrections should be considered,

tS — tS _ bS

B1C B1C (16)
{ thop = 1° — Upay

Compared with the IF model, the ionospheric delay of each satellite and the receiver

DCB cannot be eliminated. Therefore, they are estimated as parameters [33-35]. The
corresponding state vector can be expressed as,

T
x:[(sxr ‘5]/;* 0zy ctr  dyet N] by I, ] (17)

where b, and I, are the receiver DCB and the ionospheric delay vector.
Due to the correlations between the ionosphere and receiver DCB, we introduce the fol-
lowing pseudo-observations to improve the estimation accuracy of single-frequency PPP [33].

I} = 40.28STEC/ fi* + wrs ,wp ~ (0, %) (18)

"

where STEC denotes the vertical electronic content obtained from the GIM model; 0'125 is
rj

the variance of the priori ionospheric model errors (wys ).
r,j

2.4.3. Parameter Modeling and Estimation

According to the observation functions and state parameters mentioned above, the
sequential least square algorithm is adopted. The corresponding expressions can be de-
scribed by,

Vi = Ak Xy — Ly (19)

where Vi, Ay, X, and L; denote the observation residual vector, the design coefficient
matrix, the state vector, and the observation vector at time k, respectively.
Target function is,
ViPVi + Vi Px_1Vxx = min (20)

where Vy ; denotes the difference between the current state vector Xj and its predicted

vector Xj; Py ,_1 denotes the weight matrix of the predicted state vector. The equation can
be calculated by,

~1 _
Xi = (A{PrA; + Pxj 1) (A{PLi + Py 1Xy) (21)
_ -1
Py} = (AfPeAg + Px 1) (22)
The corresponding posterior covariance matrix of the state vector
Dy 1= Py (ViPVi+ Vi Pxx 1 V) / (n —m) (23)
where 1 and m represent the number of satellites obtained at k and k — 1 epochs, respectively.

3. Experiments and Discussions

In this section, we collected four-day data to compare the accuracies of PPP-B2b orbit
and clock to those of IGS RTS products. The positioning accuracies of PPP-B2b on dual-
frequencies and single-frequency PPP are further studied with static and dynamic tests.
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3.1. Static Data Collection

The real-time orbit and clock SSR products of PPP-B2b, CAS, DLR, GFZ, and WHU,
the ultra-rapid products from WHU, and the broadcast ephemeris during the Days of Year
(DOY) 354-357 in 2021 were collected. The distribution of the stations is illustrated in
Figure 1. The IGS real-time SSR corrections were collected from the internet via the open-
source software BNC Ver2.12.17 [36]. The static data from four MGEX stations (URUM,
ULAB, WHU?2, and JENG) during DOYs of 354-357 of 2021 were collected.

== e L
X " 5\\/
= i
45N _ URUM
™ —
30N /0\\ W 5 i
15N « o
1 1 'i /’R\'I_ u’ &:: 1
75E 9E 105E 120E 135E

Figure 1. The location of 4 selected MGEX stations.

In the data analysis phase, (1) all of these orbit and clock products were projected
to the same coordinate system and time system; (2) static test data were processed daily
with dual-frequency IF PPP (B1I+B3I and L1+L2) and single-frequency PPP (B1C and L1);
(3) the corresponding GPS data were also processed as a comparison; (4) the reference
coordinates obtained from the MGEX weekly SINEX file. The details of the static data
processing strategies are listed in Table 3. It is worth noting that the B1C observation is
BDS-3 new signal, which is not used for orbit determination and clock calculation. Thus,
the corresponding DCB correction should be applied to the observations.

Table 3. PPP processing strategies of static test.

Item Processing Strategies
GNSS BDS-3 and GPS
. . BDS-3: B1I+B3I
Signal selection of IF PPP GPS: L1412
. . BDS-3: B1C
Signal selection of SF PPP GPS: L1
Interval 30s
Cutoff angle 10°
Weight method Elevation angle dependent
Troposphere Estimate the wet component
Tonospheric IF PPP: IF combination
SF PPP: Estimated
PCO/PCV IGS14.atx
Ambiguity Estimated
Adjustment Sequential least square
Satellite DCB Corrected by DCB products
. IF PPP: IF combination
Receiver DCB

SF PPP: Estimated

The available satellites and PDOP are the two critical indexes for positioning accuracy
analysis; therefore, the number of visible satellites and the PDOP values for both BDS-3
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and GPS are presented in Figure 2. The number of available BDS-3 satellites on average are
8.4,8.1,7.8, and 8.1, with the corresponding PDOP of 2.1, 2.2, 2.9, and 2.3 for JENG, ULAB,
URUM, and WUH?2 stations. For GPS, the average number of available satellites are 6.8, 7.1,
6.8, and 6.6, with the corresponding PDOP of 2.5, 2.6, 2.9, and 2.7 for JENG, ULAB, URUM,
and WUH?2 stations.

— JFNG

ULAB: URUM WUH2

PDOP

Satellites Number

1 2 I A 3
Time (day) Time (day)

4 5

Figure 2. Number of visible satellites and PDOP values of the four MEGX stations.

3.2. Assessments of BDS-3 Real-Time Orbits and Clock Products

To evaluate the accuracies of PPP-B2b BDS-3 real-time orbits and clocks from CAS,
DLR, GFZ, and WHU, as well as the broadcast ephemeris objectively, this study uses the
final precision product from WHU as the reference. The B2b corrected GPS orbit and
clock are also studied as a comparison. The time series of the orbit errors in radial, along-
track, and cross-track directions, as well as the clock errors, are depicted in Figure 3. The
corresponding statistics in terms of RMSE and STD are shown in Figures 4 and 5. In Figure 3,
the orbit errors of different real-time products of BDS are within 20 cm, 60 cm, and 60 cm in
radial, along-track, and cross-track directions. The BDS B2b corrected and broadcast orbit
error in radial and along-track directions are similar to those of other real-time products;
in the cross-track direction, however, the fluctuations of B2b-corrected and BDS broadcast
orbit errors are more significant than those of other real-time products. The B2b corrected
GPS orbit error is similar to that of the B2b corrected BDS orbit. As plotted in Figure 4,
the statistic orbit accuracies of the IGSO satellites, C38~C40, are much lower than those of
MEO satellites, especially while using the SSR corrections from GFZ. Generally, the orbit
RMSE values of the real-time products from CAS, DLR, GFZ, WHU, and WHU_U (ultra-
precise products) are within 10 cm in the radial, along-track, and cross-track components
for MEO satellites. The RMSE of BRDC, PPP-B2b for BDS-3, are about 20 cm in the radial
component and 50 cm in the along-track and cross-track components; the B2b corrected
orbit for GPS has a similar performance as those for BDS in three directions. According
to earlier studies, the higher accuracy in the radial direction is related to the high-quality
satellite hydrogen and rubidium clocks [37]. In Figure 3, it is noted that systematic biases
existed among different real-time clock products, especially the B2b corrected BDS and
GPS clocks. This systematic clock bias is caused by pseudorange observation and can be
absorbed by ambiguities [24,38]. In Figure 5, The clock STD of the real-time products from
CAS, DLR, GFZ, WHU, and WHU_U are within 0.4 ns for BDS MEO satellites. In contrast,
the STD of PPP-B2b is within 0.2 ns, and the STD of BRDC is within 1.0 ns. The STD of the
B2b corrected GPS clock is 0.3 ns.

The average accuracies of real-time orbit and clock products are shown in Table 4. DLR
did not provide SSR corrections for the three IGSO satellites, C38, C39, and C40, during this
test; thus, the average accuracies of these three satellites are not considered. According to
Table 4, the BDS-3 orbit accuracy in the radial component is higher than those in the along-
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track and cross-track components. The RMSE of the BDS-3 PPP-B2b orbits in the radial,
along-track, and cross-track components are 9.42 cm, 21.26 cm, and 28.65 cm, respectively.
The accuracy of BDS-3 PPP-B2b orbits in terms of RMSE is lower than that of IGS centers
products due to the distribution and number of the monitoring stations. Compared to the
broadcast orbit, the IGS real-time products provide about 30.62~54.95% improvements
in the radial component, and the improvement provided by BDS PPP-B2b is 2.89%. The
STD of PPP-B2b clocks is 0.18 ns, which has the highest accuracy among these real-time
products of BDS-3. The improvements of the BDS-3 real-time clock provided by PPP-B2b is
79.87% compared to broadcast ephemeris. For the GPS correction, the B2b corrected orbit
RMSE in radial, along-track, and cross-track directions are 13.73 cm, 23.83 cm, and 17.96 cm,
respectively, and the clock STD is 0.25 ns. For the user side, the positioning accuracy is
mainly affected by the orbit in radial and the clock. Therefore, the PPP-B2b SSR products
theoretically can provide precise positioning solutions.

BDSC32: = CAS « DIR s« GFZ v WHU « WHU_U » BRDC
GPS G20: -« B2b GPS

Radial ! ! !

Orbit Errors Series (¢cm)

Clock Errors Series (ns)

Time (day)

Figure 3. Time series of the orbit radial and clock errors of C32 and G20.
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Table 4. The average accuracies of real-time orbit and clock products.
Orbit (cm)
Products - Clock (ns)
Radial Along-Track Cross-Track

CAS 6.73 8.82 5.79 0.31
DLR 4.37 11.95 7.08 0.27
GFZ 541 12.40 7.63 0.31
WHU 5.38 8.57 6.41 0.22
WHU_U 5.39 7.25 5.54 0.35
BRDC 9.70 22.21 25.74 0.87
B2b BDS 9.42 21.26 28.65 0.18
B2b GPS 13.73 23.83 17.96 0.25

3.3. Accuracy and Convergence of RT-PPP in MGEX Stations
3.3.1. Dual-Frequency PPP

The time series of the position differences between the B11+B3I PPP solutions of
the four MEGX stations and the SINEX solutions on the E, N, and U components are
presented in Figure 6. The average RMSE of the static PPP at JENG, ULAB, URAM, and
WUH?2 stations is shown in Figure 7. Accordingly, the positioning accuracy of BDS-3
dual-frequency PPP based on the PPP-B2b real-time products is within 4.6 cm in the three
directions for the four stations. In contrast, the GPS dual-frequency PPP with B2b correction
is about 5.3 cm in three directions. The lower accuracy of GPS PPP with B2b corrections
is caused by the product accuracy of GPS orbits and clocks, which has been studied in
the above section. Additionally, the positioning accuracy of PPP-B2b-based positioning
in the N component is higher than in the E component, which is related to the satellite’s
observation geometry strength of the carrier phase ambiguity. Most BDS-3 satellites have a
north-south ground track and, thus, provide strong observation geometry strength in N
directions and better positioning accuracy. In addition, the fixing ambiguity may improve
the positioning accuracy in the E components [39], and similar results can be obtained
in [22,40]. In general, the positioning accuracy of static RT-PPP with PPP-B2b is slightly
lower than that of IGS real-time products, but higher than that of WHU ultra-rapid products
and broadcast ephemeris.

The statistics accuracy in terms of RMSE of static B1I+B3I PPP using different real-
time products is listed in Table 5. The positioning accuracies of BDS-3 PPP with PPP-B2b
service are 4.8 cm and 5.4 cm in horizontal and 3D components, respectively. While
using GPS, the positioning accuracy is slightly lower than that of BDS-3, with 5.4 cm
and 5.9 cm in horizontal and 3D components, respectively. This demonstrates that the
PPP-B2b service has the capability of providing centimeter-level positioning accuracy
for users in China and neighboring countries while using the dual-frequency static PPP
mode. However, the accuracy of PPP using PPP-B2B services is still lower than those
solutions based on IGS real-time products. Among these solutions, the solution based
on the products of WHU has the highest accuracy in horizontal components with 1.1 cm.
In comparison, the solution based on the CAS products has the highest accuracy in 3D
with 1.9 cm. The solutions based on DLR real-time products present the worst accuracy
with 3.5 cm and 3.9 cm in horizontal and 3D components, respectively. Additionally, the
horizontal and 3D positioning accuracies using WHU ultra-rapid products are 10.5 cm and
12.1 cm, respectively, while those based on broadcast ephemeris are 23.9 cm and 27.7 cm.
Generally, the B11+B3I BDS-3 PPP based on PPP-B2b SSR corrections can provide users
with centimeter-level static positioning solutions, which is close to these based on IGS RTS
SSR corrections, especially in horizontal components.
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Figure 6. Error series of the four-day IF static PPP solution.
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Figure 7. The average accuracy of the four-day IF static PPP solution.

Table 5. Average dual-frequency PPP positioning accuracy of the four MGEX stations (unit: cm).

Direction CAS DLR GFZ WHU WHU_U BRDC B2b BDS B2b GPS
E 1.1 3.3 2.1 0.9 9.4 20.4 4.6 53
N 0.7 0.8 0.6 0.5 47 12.3 1.2 1.0
U 1.4 1.8 1.4 1.8 6.0 13.2 24 22
2D 1.3 3.5 22 1.1 10.5 239 4.8 54
3D 1.9 3.9 2.7 2.1 12.1 27.7 5.4 59

Convergence time is another crucial index for PPP evaluation. In this paper, we define
the convergence criteria of static PPP to be that the position accuracies in horizontal and
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vertical are continuously better than 10 cm and 20 cm for at least 10 min. The convergence
times of static PPP for each MGEX station are presented in Figure 8. Since it is difficult to
converge while using WHU ultra-rapid product and broadcast ephemeris, we only provide
the convergence times of PPP using IGS real-time products and PPP-B2b products. As
shown in Figure 8, the convergence times of BDS-3 PPP based on PPP-B2b products are
within 15 min. The PPP-B2b-based GPS PPP presents the slowest convergence time, with
an average convergence time of 52 min and the longest time of 109 min. The reason for
the longer convergence time of JENG may be caused by the inconsistency of the satellites’
orbit errors, as shown in Figure 4, in which the fluctuations of B2b corrected orbit is more
significant than that of B2b corrected BDS.

mm CAS DLRmmm GFZmmm WHU B2b BDSmmm B2b GPS

T T T T
100 | -

80 .
60 | -
40 | .

20 @ o

Convergence Time(min)

0

JENG ULAB URUM WUH2

Figure 8. Convergence time of static dual-frequency PPP using different real-time orbit and clock products.

3.3.2. Single-Frequency PPP

In this section, a single-frequency PPP model with ionospheric and receiver DCB con-
straints is used. The time series of position differences between the static single-frequency
PPP and the reference results in the E, N, and U for each station are shown in Figure 9,
and the corresponding statistics are presented in Figure 10. The positioning accuracy in
terms of RMSE of BDS B1C PPP with PPP-B2b SSR products is better than 5.5 cm in the
E, N, and U for each station. While using GPS L1, the PPP accuracy is better than 5.6 cm
in three components. The positioning accuracy of single-frequency PPP with PPP-B2b is
comparable to that of IGS real-time RTS products, which have similar performance to the
dual-frequency PPP. The positioning accuracy of static single-frequency PPP using WHU
ultra-rapid product and broadcast ephemeris is much lower than that with PPP-B2b. The
maximum positioning error for broadcast ephemeris-based solution exceeds 39.5 cm in the
three components.

According to the statistics of average positioning error in Table 6, single-frequency
RT-PPP based on PPP-B2b SSR products and IGS RTS SSR products (except DLR) can satisfy
the demand for centimeter-level high-precision real-time positioning accuracy. While using
PPP-B2b SSR products, the position accuracies in horizontal and 3D of B1C PPP are 5.4 cm
and 7.7 cm, respectively. While using the IGS RTS products, the B1C PPP based on WHU
products provides the highest accuracy within 3.5 cm in horizontal, and the PPP based on
GFZ products provides the highest accuracy in 3D with 7.0 cm among evaluated the IGS
RTS products. In contrast, the DLR real-time products provide the worst static BIC PPP
positioning accuracy with 5.5 cm and 14.3 cm in the horizontal and 3D. The horizontal /3D
positioning accuracies using WHU ultra-rapid products and broadcast ephemeris were
about 7.6/13.1 cm and 18.3/43.5 cm, respectively, much lower than those of PPP-B2b PPP.
As a comparison, the positioning accuracies of GPS L1 PPP based on PPP B2b SSR products
are 5.4 cm and 7.8 cm, similar to those of BDS-3 B1C PPP.

To present the convergence speed of single-frequency B1C PPP, we redefine the con-
vergence criteria of static PPP to be that the position accuracies in horizontal and vertical
are continuously better than 20 cm and 40 cm for at least 10 min. The convergence times
of static single-frequency PPP based on different SSR products for each MGEX station are
shown in Figure 11, in which the average convergence times of BDS-3 B1C PPP and GPS
L1 PPP using PPP-B2b SSR products are 80 min and 73 min, respectively. For solutions
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based on the four IGS real-time products, the converge times with CAS’s products are the
shortest among other products, with an average time of 65 min. The DLR products-based
solutions converge the slowest with an average time of 95 min.
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Figure 9. Time series of position errors of the four-day single-frequency static PPP.
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Figure 10. Average accuracy of the four-day single-frequency static PPP.
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Table 6. The average positioning accuracy at the four stations (unit: cm).
Direction CAS DLR GFZ WHU WHU_U BRDC B2b BDS B2b GPS
E 3.0 5.2 3.7 2.9 5.8 15.5 4.6 4.6
N 2.0 1.8 1.6 2.0 4.9 9.7 2.8 2.9
8) 9.1 13.2 57 7.0 10.7 39.5 5.5 5.6
2D 3.6 5.5 4.0 3.5 7.6 18.3 5.4 5.4
3D 9.8 14.3 7.0 7.8 13.1 43.5 7.7 7.8

mm CASpsw DLRmmm GFZmmm WHU B2b BDSmmm B2b GPS
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Figure 11. Convergence time of single-frequency PPP using different SSR products.

3.4. Accuracy of Real-Time Vehicle-Borne PPP

The dynamic test is carried out on DOY 357 in 2021 from 06:00 to 08:30 on the fifth ring
road with Inertial Navigation System (INS) (NovAtel SPAN EPSON G370) and NovAtel
GNSS receiver, which receives the B1I and B2b signal from BDS-3, and L1 and L2 signal
from GPS. To study the PPP-B2b performance in complex environments, especially the
performance of new signal B2b, we equipped a GNSS jammer to interfere with the received
GNSS signals. The jammer reduces the number of visible satellites rather than affecting the
observed distances. In the dynamic test, the vehicle drove about 40 km in the north-south
direction and 30 km in the east-west direction. The tight integration of GPS+BDS RTK and
INS provided by Inertial Explorer software were used as reference values for the dynamic
test, and the corresponding trajectory is presented in Figure 12.

Figure 12. The trajectory of vehicle dynamic test.

The positioning strategies are listed in Table 7. It should be noted that the satellite
DCB products from both real-time SSR and IGS final products do not contain the satellite
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DCB value of C7D (B2b). Therefore, the DCB value of C7Z from CAS’ was used to weaken
the influence of satellite DCB on B2b frequency with ignoring the intra-frequency error.
The number of visible satellites and corresponding PDOP values are presented in Figure 13.
The average number of visible BDS-3 and GPS satellites during the 4-h dynamic test in
Beijing are 8.9 and 2.0, respectively, and the average corresponding PDOP value of BDS-3
and GPS are 6.3 and 2.4, respectively. The sharp changes in the number of visible satellites
are affected by the equipped GNSS jammer and further affect the PDOP values.

Table 7. PPP processing strategies of dynamic test.

Item Processing Strategies
GNSS BDS-3 and GPS
. . B1I+B2b
Signal selection of IF PPP CPS: L1412
. . BDS-3: B2b
Signal selection of SF PPP GPS: L1
Interval 1s
Cutoff angle 10°
Weight method Elevation angle dependent
Troposphere Estimate the wet component
Tonosoheri IF PPP: IF combination
onospheric SF PPP: Estimated
PCO/PCV 1GS14.atx
Ambiguity Estimated
Adjustment Sequential least square
Satellite DCB Corrected by DCB products
. IF PPP: IF combination
Receiver DCB SF PPP: Estimated
g 12} © ——BDS—— GPS] 12
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z Sr 1B |\|||||J|u“ M 1 5 il
z op o H a8 S
= 4 A~ g
£ 2f ] 2
@ ol J il ol
7
Time (hour) Time (hour)

Figure 13. Number of visible satellites and PDOP values during the dynamic test.

Figure 14 presents the time series of position errors of vehicle-borne dual-frequencies
(B1i+B2b and L1+L2) PPP, single frequency PPP (L1 and B2b) by comparing with the
RTK/INS tight integration solutions in E, N, and U components. It is noted that the large
fluctuations in the three components occur in dual-frequencies and single frequencies PPP,
especially in the U components. Comparing to the visible satellite number presented in
Figure 13, the presence of significant error components coincided with epochs of poor obser-
vations, which results in positioning discontinuity and further leads to PPP re-convergence.
We chose dual-frequency PPP during epochs 3587 to 3588, red box in Figure 14, to further
analyze the effect of GNSS signal blockage. At the period of epochs 3587 and 3588, the visi-
ble satellite is 0, and the BDS cannot provide continuous positioning results. At epoch 3589,
the number of visible satellites is 8, and the positioning error at E, N, and U components
are 4 m, —2 m, and —4 m, respectively. The average visible satellite number during epochs
3589 and 3900 is 8.9, and the B11+B2b combination PPP with PPP-B2b converged to 0.5 and
1.0 m positioning accuracy in both horizontal and vertical components. The convergence
time is 85 s in this period, and the average PDOP value is 2.2. The error components of
single frequency PPP, L1 and B2b, present similar statuses.
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Figure 14. Time series of position errors of the dual-(a)/single (b)-frequency vehicle-borne RT-PPP
using different SSR products.
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The accuracies in terms of RMSE of vehicle-borne dual-frequency PPP and single-
frequency PPP based on different SSR products are shown in Tables 8 and 9. For the
dual-frequency PPP, the positioning accuracy of the BDS-3 B11+B2b PPP using PPP-B2b
SSR products is 35.8 cm, 55.0 cm, and 121.3 cm in the E, N, and U components, respectively.
In contrast, the B11+B2b PPP positioning accuracy using CAS products is the highest in
horizontal with 58.9 cm, and WHU products are the highest in 3D with 129.7 cm. The
solutions based on broadcast ephemeris (67.5 cm and 182.4 ¢cm in horizontal and 3D
components) have the worst positioning accuracy among the seven products. The GPS
L1+L2 PPPis 57.0 cm, 47.9 cm, and 101.4 cm in the E, N, and U components. The GPS L1+L2
PPP solution has the highest 3D accuracy (126.0 cm) and the worst horizontal accuracy
(74.5 cm) compared to the BDS-3 B11+B2b PPP using the SSR product of both PPP-B2b and
IGS RTS.

Table 8. Position RMSE of vehicle-borne real-time dual-frequency PPP using different SSR products
(unit: cm).

Direction CAS DLR GFZ WHU WHU_U BRDC B2b BDS B2b GPS
E 27.8 33.0 354 34.9 35.5 49.2 35.8 57.0
N 61.9 51.8 53.9 62.1 49.7 46.1 55.0 47.9
U 115.7 1394 138.2 108.4 125.5 169.4 121.3 101.4
2D 58.9 614 64.5 71.2 61.1 67.5 65.7 74.5
3D 129.9 152.3 152.5 129.7 139.5 182.4 137.9 126.0
Table 9. Position RMSE of vehicle-borne real-time single-frequency PPP using different SSR products
(unit: cm).
Direction CAS DLR GFZ WHU WHU_U BRDC B2b BDS B2b GPS
E 80.0 88.6 54.3 79.4 73.9 111.8 87.1 42.3
N 53.9 72.0 53.1 156.7 57.3 72.7 32.9 47.8
U 88.6 87.8 60.0 178.6 57.3 126.3 103.5 129.2
2D 96.5 114.2 75.9 175.7 93.5 133.4 93.1 63.9
3D 131.0 144.0 96.8 250.5 109.6 183.7 139.2 144.1

For the single-frequency PPP, the positioning accuracy of B2b frequency PPP based
on PPP-B2b products in E, N, and U components are 87.1 cm, 32.9 cm, and 103.5 cm,
respectively; those positioning accuracies of GPS L1 PPP are 42.3 cm, 47.8 cm, and 63.9 cm,
respectively. While using GPS, the positioning accuracy is slightly higher in horizontal
components (42.3 cm and 47.8 cm) but much worse in the U direction (129.2 cm). For
the solutions based on IGS RTS real-time products, the positioning accuracy using GFZ
real-time products is the best, with 75.9 cm and 96.8 cm in horizontal and 3D components,
respectively. The positioning accuracy with WHU real-time products is 175.7 cm and
250.5 cm in horizontal and 3D components, respectively, which are the worst among
other real-time products. In Figure 14, a noticeable systematic error exists in the N and
U components, which are caused by the unabsorbed satellite clock errors. Compared to
BDS-3 B11+B2b PPP, the BDS-3 B2b PPP provides smoother position solutions, especially
after satellites signal re-tracking, which is caused by the greater noise of the dual-frequency
IF and high-accuracy of prior ionosphere data used in single-frequency PPP.

Figure 15 shows the radial, along-track, and cross-track RMS values of the orbit’s
errors and clock STD values for each type of real-time product, as well as the positioning
accuracy of static and dynamic with single/dual-frequency PPP. In static PPP, the IGS real-
time product positioning accuracy is better than that of PPP-B2b, and BRDC positioning
accuracy is the worst among the seven products. This is consistent with the orbit and clock
accuracies of each real-time product. In dynamic PPP, affected by the complex positioning
environment, the positioning accuracy of various products is similar.
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It also can be found from Figure 15 that the accuracies of the real-time WHU orbits
and clock products are similar to other ACs, but the positioning of single frequency PPP
with WHU products is lower than that of other ACs. This is because the WHU BDS real-
time clock products contain systematic errors. The RMSE of different BDS real-time clock
products with respect to the WHU final clock product is presented in Figure 16. It can be
clearly found that the RMSE value of WHU BDS real-time products is more significant than

NN SEHBBEL
CO=NWAUNIONROO=NWANONOVO=NWAOD

Figure 16. The RMSE of real-time orbit clock errors.
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4. Conclusions

Real-time orbits and clocks are crucial factors for RT-PPP applications. To evaluate the
impacts of existing real-time orbit and clock products (BDS-3 PPP-Bb and IGS RTS), this
study provides comprehensive assessments of the accuracy of these real-time products and
their influences on the positioning accuracy and convergence time of RT-PPP in both static
and dynamic tests. After the descriptions of the evaluation methods for real-time orbits
and clocks as well as the real-time single-/dual-frequency PPP models, BDS-3 new signals
observations of B1C and B2b from the four MEGX stations and a set of the vehicle-borne
test were used to find the conclusions of the assessment. The main conclusions can be
summarized as follows.

For these real-time SSR products, the orbit accuracy of PPP-B2b SSR products is lower
than these of IGS real-time products (CAS, DLR, GFZ, and WHU). However, the clock
accuracy of PPP-B2b is better than these of IGS real-time products. Additionally, the
accuracy of the real-time orbit and clock of BDS-3 provided by PPP-B2b is higher than that
of GPS.

For real-time dual-frequency PPP, the position RMSEs of the four MEGX stations
based on PPP-B2b SSR products are slightly lower than those based on the IGS RTS SSR
products. Meanwhile, the BDS-3 B11+B3I PPP positioning accuracy using the PPP-B2b
service is centimeter-level which is better than that of GPS L1+L2 PPP. The dual-frequency
B1I+B2b PPP positioning accuracy in the vehicle-borne test achieved submeter-level and
meter-level in horizontal and vertical components in our test environment.

For the single-frequency RT-PPP based on PPP-B2b SSR products, the BDS-3 B1C PPP
is lower than that of B1I+B3I PPP, providing about 10-20 cm-level positioning accuracy
with MEGX data. While using the vehicle-borne B2b frequency data, the accuracy of BDS-3
PPP is very close to that of B11+B2b PPP with submeter-level and meter-level in horizontal
and vertical components.

In general, our work shows that both the BDS-3 PPP-B2b service and the IGS RTS can
satisfy the demand for high-accuracy positioning in real time. However, these real-time
products provided by IGS RTS are calculated from the global-distributed stations, which
are more accurate than BDS-3 PPP-B2b, especially for GPS. However, IGS RTS are limited
by the connection of the internet. Additionally, BDS-3 PPP-B2b introduces inter-satellite
link technology and broadcasts SSR information by navigation signal, which gives it more
significant potential in real-time precise positioning applications in the future.
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