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Abstract

As of 2021, a total of four different GNSS constellations — namely, GPS, GLONASS, Galileo, and BDS-3 — can be used with Full
Operational Capability (FOC). In this work, the contribution of BDS-3 FOC to GPS + GLONASS + Galileo (GRE) PPP-AR is inves-
tigated, considering the three different cut-off angles (7°, 30°, and 45°) and different lengths of static observation sessions (24-, 12-, 6-, 3-,
1-, 0.5-, 0.25-hour). The data of 31 IGS-MGEX stations is processed with GRE PPP-AR and GREC3 (GPS + GLONASS (using float
mode) + Galileo + BDS-3) PPP-AR modes. The results showed that BDS-3 degraded the horizontal (except for 24-h sessions) and ver-
tical accuracy of static GRE PPP-AR solutions regardless of the elevation cutoff angle and observation time. The kinematic results
showed that BDS-3 significantly contributed to the accuracy of GRE kinematic PPP-AR for 30° and 45° cutoff angles. The convergence
time analysis showed that BDS-3 only contributes to GRE kinematic PPP-AR for the vertical component.

© 2022 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Over the past decades, the Global Navigation Satellite
System (GNSS) has been used effectively for high accuracy
positioning applications for many geoscientific and engi-
neering applications. Recently-two new GNSSs -i.e., Euro-
pean’s Galileo and China’s BDS-3- have become
operationally ready for all users, besides the widely used
legacy GPS and GLONASS. The Galileo system construc-
tion was started in 2006 (Simsky et al., 2008) and reached
Full Operational Capability (FOC) at the end of 2018
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(Xia et al., 2019). Currently, the Galileo FOC satellites
transmit signals on El, ES5a, E5b, and E5 frequencies
(Robustelli and Pugliano, 2019). According to the three-
stage installation of the BDS system; the first phase
(BDS-1) is the demonstration of the system, the second
phase (BDS-2) is the installation of a regional navigation
system mainly covering the Asia-Pacific region, and the
final phase (BDS-3) is the designing a global navigation
and positioning service (Yang et al., 2011). The system
reached FOC globally after the completion of the BDS-3
phase in June 2020 (Liu et al., 2021). Currently, five differ-
ent frequencies (B11, B1C, B2a, B2b, and B3I) are trans-
mitted for navigation signals from BDS-3 satellites.
(Yang et al., 2019).
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The precise point positioning method (PPP) (Zumberge
et al., 1997; Kouba and Héroux 2001) has become a funda-
mental tool for detecting displacements (Alcay et al., 2019;
Su et al., 2019) and crustal deformations (Ohta et al.,
2008), monitoring structural health (Shen et al., 2019), esti-
mating zenith tropospheric delays (Guo 2015) and water
vapor (Yuan et al., 2014; Tunali 2021). In the traditional
PPP model, the carrier phase ambiguities remain as real-
valued due to the uncalibrated hardware delays (UHDs)
originating from both satellites and receivers (Choy et al.,
2017). The UHDs inhibit the PPP ambiguity resolution
despite being eliminated with double-differencing in rela-
tive positioning (Hakansson et al., 2017). The satellite-
related part of UHDs must be computed from a global net-
work to recover the integer nature of PPP ambiguities (Li
and Zhang 2012).

In the past few years, the carrier phase/clock bias prod-
ucts (herein called as PPP-AR products) of some Interna-
tional GNSS Service (IGS) analysis centers (ACs)
(Banville et al., 2020) enabled the undifferenced ambiguity
resolution (AR) for PPP (Glaner and Weber 2021). In
terms of accuracy and convergence time, PPP with ambigu-
ity resolution (PPP-AR) shows significantly better results
than the ambiguity-float PPP (Ogutcu, 2020a; Atiz et al.,
2021; Banville et al., 2021). Moreover, some institutions
have started to release GPS, Galileo, BDS-2, and BDS-3
phase/clock biases thus, multi-GNSS PPP-AR positioning
became possible. GLONASS PPP-AR is still challenging
due to its frequency division multiple access (FDMA) sig-
nal nature, therefore public presentation of phase/clock
biases is restricted (Liu et al., 2017; Zhang et al., 2021).
Even though GLONASS ambiguities are float values, they
contribute to the accuracy and convergence time of the
GPS PPP-AR (Jokinen et al., 2013).

Several studies have been performed involving the con-
tribution of Galileo to GPS/GLONASS PPP and PPP-
AR. Ogutcu (2020b) examines the contribution of Galileo
to GPS + GLONASS (GR) PPP using 20 MGEX stations
in 2019. The results showed that Galileo improved GR PPP
under the high cutoff angle (30°) and short observation ses-
sions. Katsigianni et al., (2019) investigate the performance
of GPS-only and GPS + Galileo kinematic PPP and PPP-
AR over a week period in 2019. They demonstrated that
including Galileo to GPS PPP-AR improved the repeata-
bility by about 30 %. In addition, some studies were con-
ducted on the performance of PPP and PPP-AR with
BDS-3 satellites. Chen et al. (2021a) examine the multi-
GNSS (GPS/Galileo/BDS) PPP-AR performance with
the products of CNES (Centre National d’Etudes Spa-
tiales), SGG (School of Geodesy and Geomatics at Wuhan
University), CODE (Center for Orbit Determination in
Europe), and WHU (PRIDE Lab) ACs using the data of
22 IGS-MGEX (IGS Multi-GNSS Experiment) stations
over 9 days period in 2020. The results show that
GPS + BDS-2 + BDS-3 + Galileo PPP-AR accuracy using
the WHU products is 3.0/3.0/10.3 mm (static) and
6.1/5.3/21.9 mm (kinematic) for north, east, and up com-
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ponents, respectively. They also concluded that the
improvement of AR is highly related to the consistency
between the network products and the user parameters.
Yang et al. (2021) investigate the effect of satellite attitude
products for GPS/BDS-2/BDS-3 PPP-AR positioning per-
formance over one month of data in the eclipsing season of
2020. When attitude quaternions are used in both network
and user solutions, the kinematic PPP-AR accuracy can
reach 8.4/7.8/23.2 mm for north, east, and up components,
respectively. According to the results, satellite attitude
quaternion products improve the integer ambiguity fixing
performance. Guo et al. (2021) investigate the Galileo/
BDS-3 multi-frequency PPP-AR performance using their
phase/bias products, over a one month period using 22
regional stations (IGS and European Permanent Network)
in 2020. The results showed that AR shortens the conver-
gence time and Galileo/BDS-3 PPP-AR positioning con-
verge to 10 cm level accuracy within 3 min if more than
ten satellites are observed. Ogutcu et al. (2021) investigate
the contribution of BDS-3 FOC to multi-GNSS static/
kinematic ambiguity float PPP using 22 MGEX stations
in 2021. The results demonstrated that the BDS-3 contribu-
tion for static GREC2 PPP accuracy is generally below
10 %, while the contribution is much higher for kinematic
mode. The BDS-2/BDS-3 PPP over selected ten MGEX
stations showed that accuracy between 6.0 and 38.0 mm
and 19.0/34.0 mm with respect to chosen stations for the
horizontal and vertical components. Li et al. (2020) evalu-
ate the real-time G + BDS-2 + BDS-3 PPP-AR positioning
performance by producing in-house phase/clock correc-
tions from 31 EPN stations and using 3-daily data of a sin-
gle EPN station for PPP-AR analyses. The results showed
that the accuracy of GPS + BDS PPP-AR can achieve
5.6/3.5/23.3 mm for the north, east, and up components,
respectively. Hu et. al., (2022) investigate BDS-2 and
BDS-3 static and kinematic PPP. They found that BDS-3
outperforms BDS-2 in static/kinematic positioning accu-
racy, convergence time and time to first fix using float
and fix modes.

There are some limitations on the above studies, regard-
ing the contribution of BDS-3 to multi-GNSS PPP-AR. In
general, they have been conducted with float ambiguities.
Some studies have investigated the contribution of PPP
ambiguity fixing for multi-GNSS (GPS, Galileo, BDS),
whereas BDS-3 AR contribution to GPS + GLONASS +
Galileo PPP-AR is not investigated extensively. Even
though some studies explore the impact of BDS-3 PPP
ambiguity-fixing, they were generally conducted before
the FOC realization. Moreover, most of the IGS-MGEX
stations used in the above studies were not reached the
capacity for receiving all active BDS-3 satellites and this
restriction seriously influenced the BDS-3 performance of
some above studies (Chen et al., 2021b). To remove this
gap, this study assesses the contribution of BDS-3 FOC
to GPS + GLONASS + Galileo PPP-AR over a period
of one month data of 31 MGEX stations that can track
all operational BDS-3 satellites using the WHU precise
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satellite orbit/clock and phase/clock bias products. First,
the functional model of PPP-AR adopted in this work is
given in Section 2. The methodology is given in Section 3.
The results and analyses are provided in Section 4, and the
study summarized in Section 5.

2. PPP-AR functional model

There are a few ways for computing network PPP-AR
products, namely Uncalibrated Phase Delay or Fractional
Cycle Bias (UPD or FCB) model (Ge et al., 2008; Geng
and Bock 2013), Integer Recovery Clock (IRC) model
(Laurichesse et al., 2009), and Decoupled Clock (DC)
model (Collins et al., 2010). Although the computation
processes are different, they need the same phase/clock bias
parameters to be estimated but the usage of these parame-
ters may vary (Teunissen and Khodabandeh 2015). The
UPD products are computed through the float ambiguity
solutions at the network side, hence its precision is lower
than IRC and DC products (Pan et al., 2020). However,
the IRC and DC methods assimilate the satellite biases into
code/phase clocks, therefore the clock products are incon-
sistent with the IGS legacy clocks. The further information
and comparison of these three PPP-AR methods can be
found in Shi and Gao 2014. Considering the deficiencies
of the above methods, the modified phase/clock model
has been published (Geng et al., 2019). Currently, this
method has been utilized by PRIDE Lab (WHU) for pro-
ducing GPS/Galileo/BDS-3 PPP-AR products which are
also used in this study (Geng et al., 2021). In the server
solution of the modified phase/clock model, the satellite
phase biases are estimated by averaging fractional parts
of both WL and NL ambiguities from between-satellite dif-
ferences for all stations at the network. The estimation
method is based on the combined UPD and IRC models.
For more detailed information about the network solution
the reader is referred to Geng et al., (2019). Since the net-
work solution is not within the scope of this study, the
user-side model is briefly explained below.

The ionosphere-free (IF) combination of carrier phase
and code observables for a particular receiver-satellite pair
can be written to eliminate the first-order effect of the iono-
sphere (Zhou et al., 2020):

PrGJF = prG + C(dt" - dtG) + T? + br,PJF - ngF + 6rG,PJF (1)
QSIF = PrG + C(dtr - dtG) + TrG + ilF(NSm + aniJF
- b%JF) + GSQJF (2)

where superscript G indicates GPS, subscript r indicates
the receiver, P, and @f,p are the IF code and carrier
phase observables, p¢ is the geometric range between the
receiver and satellite, ¢ is the speed of light in vacuum,
dt, and dt° are the receiver and satellite clock errors, respec-
tively, b, pr is the receiver hardware code bias, and bg_,,F is
the satellite hardware code bias, T¢ is the slant tropo-
spheric delay, b, g is the receiver hardware phase bias,
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and b%JF is the satellite hardware phase bias, Az is the
wavelength of IF combination, N VGJF is IF ambiguity term,
¢’ and €l . are the code and carrier phase noises,

respectively. Similar to Eq. 1-2, the IF observables for
Galileo, BDS-3, and GLONASS can be written as:

Pfy = pf+c(dt, —di®) + TE

r,

+brpir — b1E341F + 6£P,1F
& = pE +c(dt, — di") + TF
+ /IIF(Nf T brgr — bE@JF)
+ &g

PC

rF

= pC +c(dt, —di°) + T
+bypir — sz)JF + ESPJF

+ i1F(NSIF + by gir — b%,lp)

C
+ & gr

PRy = o+ e(ds, — di) + TF
+bypir — bng + eﬁPJF

B = pf +c(dt, — di*) + TF

+ /IIF(Nf, w T bh@JF - b%.[F)
+ (8)

where superscript E, C, and R indicate the constellations
Galileo, BDS-3, and GLONASS, respectively. The inter-
system bias (ISB) must be considered when different GNSS
systems are combined (Hong et al., 2019). However, the
ISB can be eliminated if the receiver clock errors for each
GNSSs are separately estimated (Wang et al., 2011). In this
study, the receiver clock errors of each GNSS are estimated
as separate parameters, thus the ISB are eliminated. The
GLONASS ambiguity parameter (N¥,) is estimated as
real-value for continuous arc since there is no publicly
available PPP-AR product due to the FDMA signal struc-
ture. Hence, the AR was not applied for GLONASS satel-
lites in this study. For simplicity, hereafter, PPP-AR is used
for GPS + Galileo + BDS-3 PPP-AR augmented with
GLONASS PPP using float mode. The slant troposphere
delays is generally parameterized as the zenith wet delay
and the horizontal gradients as:

T, = MF;,,(e)ZHD + MF?, ,, (e)ZWD + MF ;(¢)
X (cos(Az)Gy + sin(Az)Gg)

G IF

©)

where ZHD and ZWD are the zenith hydrostatic and wet
troposphere delay, respectively; Gy and Gg represent the
horizontal tropospheric gradient in the north and east
directions, respectively, as a function of elevation (¢) and
azimuth (4z); MF;y;, MF]y, and MF; ; are the mapping
functions for hydrostatic, wet and gradients, respectively;
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In the above equations (Eq. 1-10), the satellite clock
errors include the satellite hardware code biases. The recei-
ver code bias is lumped into the receiver clock error since
the receiver clocks are estimated with the IF function. Also,
the ambiguity term of each GNSS contains receiver and
satellite hardware biases. Therefore, the integer nature of
N, N, Nip, and NY,. terms are lost (Xiao et al.,
2019). The receiver hardware biases can be removed by
between-satellite differences (BSD) (Pan et al., 2020). Fur-
ther, the satellite phase biases are temporally stable, there-
fore can be estimated from a reference network with
reliable accuracy (Ge et al., 2008).

The IF ambiguities with corrected satellite hardware
biases are still not integer numbers because they are the
float linear combination of the dual-frequency ambiguities.
Therefore the integer IF ambiguity is decomposed to wide-
lane (WL) and narrow-lane (NL) ambiguities for sequential
fixing processing (Glaner and Weber, 2021):

N S Sa s . 1% s
NS =14 N>+ 4 NSy | /4
(‘f%—f% m A N | [

where f, and f, are the two carrier-phase frequencies,

(10)

N} - and N} .z are the wide-lane and narrow-lane integer
amblgultles A1 1s the wavelength of the first frequency,
and /- is the ionosphere-free wavelength.

The WL ambiguity is derived using Hatch-Melbourne-
Wiibbena (HMW) combination which can be expressed
as (Hatch 1982; Melbourne 1985; Wiibbena 1985):

K];WL = Q;WL P (11)
> S1 f1 s
Nr,WL (f fz grl fl _ fz er)
S1 g S1 ;
B (f1+f2P f1+f2P (12)
NSy = 4, NSy = By + by (13)

The narrow-lane ambiguity is computed after fixing the
wide-lane ambiguity as follows (Glaner and Weber, 2021);

Geng et al., 2021):

~ ~s f14+/12 f2

NiNL :NiIF fl _NfWLfl f2+bNL (14)
where ), is the WL phase observation, and P}, is the

NL code observation. D1, 55, Py, and Py, are the mea-
sured carier phase and pseudorange on two frequencies To
fix non-integer ambiguities in Eq.11-12, the WL (57,) and
NL (b)) satellite phase biases should be corrected in
advance (Geng et al., 2011). However, the WHU AC pub-
lishes the uncombined code/phase biases for individual
satellite and frequencies in accordance with the bias-
SINEX format described by Schaer et al., 2021. The con-
version from uncombined biases to the combined WL
and NL phase biases can be done as (Pan et al., 2020):
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b S —/> —/1 /> b
WL NH=fr 1= fitfa fiths ? 1

S S
bNL _ 297 ﬁ IF 0 0 bQZ
DCBpi p> 0 0 1 -1 d,
Dclack 0 0 or B[F d;Z

(15)

where by, and by, are the raw phase biases for the two
phase observations, and &), and d,, are the code bias coun-

terparts, oy = f%ffﬁf% and S = % are the coeflicients of IF
combination, and b}, and b}, are the undifferenced form of
WL and NL bias corrections, the DCBp p; denotes the Dif-
ferential Code Bias (DCB) between Pl and P2 observa-
tions, D, 18 the satellite clock datum constraint.

The b}, and b}, allow AR at the user side. After cor-

rected the phase bias, the integer WL ambiguity (N im) is
fixed by rounding (because of its relatively long wave-
length) while the integer NL ambiguity (N iNL) would be

fixed by LAMBDA if the observation session is shorter
than 3 h, otherwise by bootstrapping strategy. Conse-
quently, the linearized user model using IF PPP-AR model
can be written as (Katsigianni et al. 2019):

Pf]F = prG + cdt, + TrG + GEP,IF (16)
)u 2 —S
Dior = 0] + cdt, + T] + Ny + NLA N
2
+ €0 (17)

where Ay; is the narrow-lane wavelength (0.107 m for GPS
L1, L2), Ay is the wide-lane wavelength (0.862 m for GPS
L1, L2), and 4, is the nominal wavelength on the 2nd
frequency.

The adjusted parameters of PPP can be expressed as:

X = [, diC dif i dif, ZWD, G, G, NOy, NEp NG N2
(18)

where X is the receiver position update vector included in
the geometric range, dt%, dif, di€, and di® are the receiver
clock errors for the GPS Gahleo BDS-3, and GLONASS,

respectively; N”F,N”F,N”F,N, r denote the IF integer

ambiguities (except for GLONASS) for the four systems,
respectively,

3. Experimental setup

PPP processes were performed for one month (DOY:
213-243) in 2021 using 31 IGS-MGEX stations that can
fully record all operational GPS (G), GLONASS (R), Gali-
leo (E) and BDS-3 (C3) satellites (Fig. 1).

PPP processes were conducted by utilizing static and
kinematic modes for each station. For static PPP, 12-, 6-,
3-, 1-, 0.5-, and 0.25-h non-overlapping sessions along with
24-h sessions were used, and coordinates were adjusted as
time invariant. Epoch and frequency data loss was checked
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Fig. 1. Distribution of the MGEX stations used in this study.

with in-house software. Thresholds of epoch and frequency
availability were determined to 100 % and 98 % for each
RINEX file. The RINEX data below these thresholds were
removed from the processing to avoid the impact of data
loss, especially for the short sessions. In total, 15 % of
RINEX data were removed from the processing. For kine-
matic PPP, coordinates were adjusted epoch-wise with the
white noise model using 24-h sessions. A-priori parameters
were computed from single point positioning for kinematic
processing. 7°, 30°, and 45° cutoff angles were used for each
process to simulate unconstrained and constrained satellite
visibility. The reference coordinates were taken from the
IGS-SINEX file. The PPP processing strategy is summa-
rized in Table 1.

4. Results

To investigate the PPP performance of each GNSS con-
stellation, GPS-only, GLONASS-only, Galileo-only, and
BDS-3-only static PPP using 24-h sessions for 7° cutoff
angle were conducted. Float and AR modes for standalone
PPP (except for GLONASS) were also used to investigate
the contribution of AR for GPS, Galileo, BDS-3 satellites.
Table 2 shows the RMSEs of standalone static PPP pro-
cesses. Since the WUHAN rapid orbit and clock products
do not include BDS-3 GEO satellites, BDS-3 GEO satel-
lites were excluded from the PPP processes.

As seen in Table 2, the best daily static PPP performance
was obtained for GPS. Galileo static PPP performance was
better than GLONASS and BDS-3. BDS-3 static PPP pro-
duced the worst performance, especially for the vertical
component. When the AR improvement was considered,
it is seen that the contribution is accumulated mainly in
the east component due to the north-south movement of
the satellites relative to the stations (Ge et al, 2008). Verti-
cal accuracy degradation was observed for static BDS-3
PPP-AR compared with its float counterpart. When IF
phase residuals were checked for each GNSS, it is seen that
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RMSE of the residuals from BDS-3 PPP (12.4 mm) is much
higher compared with the GPS, GLONASS, and Galileo
(~10.4 mm). The poor performance of BDS-3 PPP can
be attributed to a variety of factors, such as low orbit
and clock accuracy compared with the other GNSS system,
lack of satellite antenna PCV, lack of earth radiation model
for precise orbit determination (POD), and imperfect solar
radiation model. The number of GNSS stations used for
BDS-3 POD is not adequate for some satellites whose
PRN number is higher than 30. For example at the end
of 2021, approximately 170 stations for C19-30, 150 sta-
tions for C32-C37, 80 stations for C38-C39, and 130 sta-
tions for C41-C46 were used for BDS-3 POD (private
communication with Jing Zeng from GNSS Research Cen-
ter, Wuhan University). This is inevitable because a few
types of receivers can record the BDS-3 satellites whose
satellite numbers are higher than C37 (Cao et al, 2021).
As a result, the unity of orbit/clock accuracy and the same
precision of phase biases cannot be maintained for each
BDS-3 satellite (Zhao et al, 2022; Geng et al, 2022; Hu
et al. 2022).

To investigate the temporal stability of the uncalibrated
phase biases, derived from GPS, Galileo, and BDS-3, for
PPP-AR, WUHAN rapid bias products in Bias-SINEX
format for 31 days (DOY: 213-243) were used. Theoreti-
cally, phase biases should be quite stable over time, but
due to the system-dependent biases, deviation of the phase
biases over time is inevitable. Standard deviation of the raw
dual frequency phase biases for GPS (L1/L2), Galileo (E1/
E5a), and BDS-3 (B1I/B31) were computed for each satel-
lite. Table 3 shows the mean standard deviation (STD) of
the phase biases computed from all satellites for each
GNSS system.

As shown in Table 3, temporal stability of the phase
biases computed from GPS and Galileo are close to each
other. The lowest precision of the phase biases was com-
puted for BDS-3 satellites. The poor precision of BDS-3
phase biases can be attributed to the insufficient number
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Table 1

PPP processing parameters.

Item Strategy

Software PRIDE PPP-AR II

PPP modes Standalone, G+ R + E,and G+ R + E + C3
Frequencies G: L1/L2; R: L1/L2; E: E1/E5a; C3: B1/B3

Orbit and clock
AR products
Satellite antenna correction

WUHAN rapid product
WUHAN code/phase biases

phase center variation (PCV).
Receiver antenna correction
same with GPS
Adjustment model
Epoch interval
Elevation cutoff angle
Weighting strategy
Weighting of each GNSS system
Satellite/receiver phase center
Tonospheric effect
Phase Ambiguities
Minimum AR cutoff angle 15°
Minimum arc length for AR 15 min
AR searching
AR validation

30 s
7°/30°/45°

Up-to-date IGS14.atx
Removed by IF linear combination

Up-to-date IGS14.atx for GPS, GLONASS, Galileo and BDS-3 (except for PCV) phase center offset (PCO) and
Up-to-date IGS14.atx for GPS and GLONASS PCV/PCO. Corrections for Galileo and BDS-3 are assumed the

Least squares adjustment with forward filtering and backward smoother.

W =1 for e > 30° W = 4 xsine® for e < 30° where W is the weight scaling and e is the satellite elevation
Uniform weighting (0.3 m and 0.01 cycle for code and phase observations, respectively.

Fix for G, E, and C3. Estimated as real value (float) for R.

LAMBDA if observation session <=3h. Bootstrapping if observation session >3 h
LAMBDA AR: Ratio test with 3.0 threshold.Bootstrapping AR: No validation applied. Bias rounding criterion:

0.15 and 0.20 cycle (maximum deviation of the fractional part of the ambiguity from the integer) for narrow-lane
and wide-lane ambiguities with the maximum standard deviation of 0.15 (cycle)

threshold in cycle
Partial AR

Resolve a subset of ambiguities if all ambiguities cannot be fixed (Maximum number of ambiguities excluded: 2

Minimum number of ambiguities involved: 4

Troposphere

Zenith wet delay estimation

Horizontal delay gradients
estimation

Phase windup

Cycle slip detection

Receiver clock jump

Solid earth, ocean tide loading and
polar tides

Piece-wise constant
Piece-wise constant

Corrected

Corrected
IERS conventions.

GMF model with piece-wise constant with Saastamoinen model

The Hatch-Melbourne-Wiibbena + geometry-free combination

Table 2
RMSE:s of static G, R, E, and C3 PPP (unit: mm).

GNSS Float n/e/u Fixed n/e/u Improvement (%)
G 29/47/69 28/31/65 1.8/349/59

R 3.5/57/9.7 - -

E 44/45/88 43/29/83 1.8/359/58
C3 49/65/138 48 /4.5/14.8 22/312/-72
Table 3

Mean STD of the phase biases (unit: ns).

GNSS STD of phase biases
G (L1/L2) 0.18 /0.24

E (E1/E5a) 0.19 /0.28

C3 (BL1I/B3I) 0.26 / 0.34

and poor geometry of BDS-3 stations. Galileo E14 and E18
satellites were excluded from the mean STD deviation
because their temporal stability (0.68 / 1.2 and 0.83 /
1.50 ns) was significantly lower than the other Galileo satel-
lites. The incorrect highly eccentric orbits of these satellites
may cause this lower temporal stability but further investi-
gation is needed for this phenomenon that is outside the
scope of this study. For simplifying the visualization, one
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representative satellite (G30, E21, and C33) whose STD
is close to the mean value was chosen to plot (Fig. 2) the
phase biases series of GPS, Galileo, and BDS-3 over
31 days.

As shown in Fig. 2, the characteristic of the temporal
stability of each frequency pair shows a similar pattern
within each GNSS. Among the frequencies used in this
study, it is observed that the second frequencies (L2, E5a,
and B3I) have lower temporal stability than the first fre-
quencies (L1, E1, and BI1I).

To facilitate the interpretation of the BDS-3 contribu-
tion to GRE static and kinematic PPP-AR, the results of
GRE static and kinematic PPP-AR are given in the follow-
ing sections. Then, the BDS-3 contribution to static and
kinematic GRE PPP-AR is given right after the GRE
PPP results.

4.1. Static PPP results

Table 4 shows the static GRE PPP-AR RMSEs derived
from 24-, 12-, 6-, 3-, 1-, 0.5-, and 0.25-h of sessions using
7°, 30°, and 45° cutoff angles. To avoid the impact of the
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Fig. 2. Temporal stability of uncalibrated phase delays.
Table 4
RMSE:s of static GRE PPP-AR (unit: mm).
Observation Sessions Cut-off: 7° Cut-off: 30° Cut-off: 45°
n e u n e u n e u
24-h 34 34 7.8 4.0 3.9 21.8 7.5 7.0 42.5
12-h 43 3.6 8.9 5.1 4.3 22.4 8.8 7.7 45.0
6-h 4.9 4.2 10.3 5.9 5.2 253 10.5 10.5 49.0
3-h 5.6 5.5 12.4 6.9 6.1 28.1 13.1 11.9 50.9
1-h 6.9 6.8 16.4 9.6 8.9 354 16.1 15.5 53.5
0.5-h 8.3 8.4 20.1 11.8 11.6 41.6 15.8 16.7 55.0
0.25-h 8.9 10.1 24.5 14.4 13.6 46.7 16.5 20.2 55.6

gross error of any component greater than 0.1 m was
excluded from the RMSEs computations.

As expected, the accuracy from GRE PPP-AR decreases
as the length of the observation sessions decreases. It is also
seen that the error in the vertical component increases
much more than the error in the horizontal components
as the satellite visibility decreases. Before conducting the
PPP processes for GRE and GREC3, the same sessions
without gross errors belong to GRE and GREC3 PPP were
used for RMSE estimation. In this way, the number of dif-
ferent gross errors of GRE and GREC3 did not affect the
comparisons.

To investigate the satellite visibility for each GNSS, two
representative stations, MBAR and KIRS (blue dots in the
Fig. 1) were chosen. Fig. 3 shows the time series of satellite
visibility of these stations using 7°, 30°, and 45° cutoff
angles for DOY 220 in 2021. Mean PDOP values of
MBAR and KIRS stations were also shown in Fig. 3.
Because the stand-alone GNSS satellite number is too
low to compute PDOP values for the 45° cutoff angle,
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PDOP values were not computed for the 45° cutoff angle.
Table 5 shows the average number of visible satellites for
MBAR and KIRS stations.

As seen in Fig. 3, satellite visibility significantly
decreases for 30° and 45° cutoff angles compared with 7°.
For the MBAR station, the average satellite visibility is
two for each GNSS under 45° cutoff angle. For the KIRS8
station, it was computed as three for GPS and GLONASS,
and two for Galileo and BDS-3. This indicates that stan-
dalone PPP is not possible for most epochs under 45° cutoff
angle. Mean PDOP values under 7° cutoff angle computed
from all chosen stations was also computed using 30-s
epoch-wise solutions for GPS, GLONASS, Galileo, and
BDS-3 constellations. 1.87, 3.05, 2.29, and 2.05 mean
PDOP values were computed for GPS, GLONASS, Gali-
leo, and BDS-3, respectively.

Fig. 4 shows the contribution of BDS-3 to GRE static
PPP-AR for different observation sessions and cutoff
angles.
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Fig. 3. Satellite visibility for MBAR and KIRS stations under different cutoff angles.
Table 5 As seen in Table 6, no significant difference was found
Average number of visible satellites for MBAR and KIRS. between GRE and GREC3 static PPP-AR modes for
GNSS MBAR KIRS wide-lane and narrow-lane fixing rates nevertheless, wide-
70 30° 45° 70 300 45° lane and narrow-lane fixing rates of GREC3 are slightly
G 1 5 5 10 5 3 lower than GRE. As expected, AR fixing rate decreases
R 7 3 2 8 5 3 as the observation sessions shortens due to the poorly
E 8 4 2 8 4 2 defined ambiguities and weak AR validation (Banville
C3 10 5 2 10 5 2

In Fig. 4, negative values as percentage refer to the accu-
racy degradation. On inspecting Fig. 3, it can be seen that
when adding BDS-3 to GRE PPP-AR, accuracy degrada-
tion was observed for most of the solutions. It is more
obvious for short sessions and 7° cutoff angle. The slight
improvement was only observed for 24-h sessions in the
north component for each cutoff angle. It is interesting to
see that no BDS-3 improvement was observed even for
the short sessions using 30° and 45° cutoff angles. This
can be attributed that no significant increase in redundancy
when adding BDS-3 to GRE under high cutoff angles.
Table 6 shows the mean AR fixing rate of GRE and
GREC3 wide-lane and narrow-lane for each observation
session and cutoff angle. AR fixing rate is defined as
follows:

Fixing rate The number of fixed ambiguities
(full + partial) / The number of all ambiguities to be
resolved.
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et al. 2021). Since the continuous arc length of the satellites
under 30° and 45° cutoff angles are significantly smaller
than the 7° cutoff angle, wide-lane and narrow-lane fixing
rates are significantly low compared with the 7° cutoff
angle, especially for short sessions.

4.2. Kinematic PPP results

Similar to the static PPP, standalone kinematic PPP for
the 7° cutoff angle using float and AR modes (except for
GLONASS) were conducted before the comparison
between GRE and GREC3 kinematic PPP. All kinematic
epoch-wise solutions were included for RMSEs computa-
tion regardless of the gross errors. Table 7 shows the
RMSE:s of standalone kinematic PPP processes.

Similar to the results of static PPP, GPS provided the
best daily kinematic PPP performance. Galileo kinematic
PPP performance was better than GLONASS and BDS-
3. GLONASS kinematic PPP produced the worst perfor-
mance. Because the kinematic epoch-wise solutions are



S. Ogutcu et al.

Advances in Space Research 71 (2023) 1543-1557

BDS-3 contribution to static GRE PPP-AR (7°)

20 T T T T T T 1
10 +
® 0
& -10
S
§ I, 7| ) R ——
o
o .30 |-
40 |
-50 L | 1 | 1 1 |
24h 12h 6h 3h 1h 0.5h 0.25h
BDS-3 contribution to static GRE PPP-AR (30°)
20 T T T T T T T
n m—
10 + © NN |
[V s—
QO 0 T B -
g ljg T S R B
S 10 | -
3
g ) e B T S e e R S ST e )
& 30 o
D) et e e B e e 0 R oS S A s S B s e e =
_50 1 1 1 L 1 1 1
24h 12h 6h 3h 1h 0.5h 0.25h
BDS-3 contribution to static GRE PPP-AR (45°)
20 T T T T T T T
n m—
10 L e mmmm |
ur—
o 0 e ﬁﬂ _[:|_ ........... T .:]:. -
&\’ D
g’ -10 i m l]:] ‘I |
8
§ ) et e T T e B e oA e -
]
a -30 | ]
RO [t e T o e B 4T S S T s e o B TR s e A LT T |
_50 1 1 1 L 1 1 1
24h 12h 6h 3h 1h 0.5h 0.25h
Fig. 4. BDS-3 contribution to static GRE PPP-AR.
Table 6
AR fixing rate of GRE and GREC3 PPP.
Observation Sessions Cut-off: 7° Cut-off: 30° Cut-off: 45°
GRE / GREC3 GRE / GREC3 GRE / GREC3
wl nl wl nl wl nl
24-h 99.6 / 98.9 98.7 /96.4 99.3/98.8 98.9/96.9 97.0 /96.4 95.7/94.1
12-h 99.6 / 98.9 98.5/96.3 99.2/98.6 98.6 / 96.6 97.1/96.3 95.1/92.9
6-h 99.5/98.8 98.5/96.2 99.1/98.5 98.2/96.1 96.9 / 96.0 93.2/91.2
3-h 99.4 /98.7 98.0 /95.9 98.8 /98.1 96.8 / 94.7 96.3/95.2 89.2/87.3
1-h 99.0 / 98.3 92.6 /90.9 98.1/97.3 87.4 / 86.9 95.4/93.8 73.5/73.4
0.5-h 98.7/98.1 84.7 / 83.6 97.7 ] 96.8 77.0 / 77.7 94.7/92.9 60.6 / 62.7
0.25-h 98.3/97.8 74.1/73.3 97.5/96.4 63.8 /63.6 94.5/93.1 50.5/49.9

more sensitive to PDOP value, the worst GLONASS kine-
matic performance may be explained by the highest mean
PDOP value of GLONASS among the other constella-
tions. When the AR improvement was considered, it is seen
that AR contribution in kinematic PPP is less than in the
static PPP. Similar to the static PPP, no accuracy improve-
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ment in the vertical component was observed for kinematic
BDS-3 PPP-AR compared with its float counterpart.
Table 8 shows the kinematic epoch-wise GRE PPP-AR
RMSE:s using 7°, 30°, and 45° cutoff angles.
As seen in the kinematic GRE PPP-AR results, the accu-
racy is significantly degraded for the 45° cutoff angle, and
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Table 7
RMSE:s of kinematic G, R, E, and C3 PPP (unit: cm).

GNSS Float n/e/u Fixed n/e/u Improvement (%)
G 1.2/1.7/3.0 1.1/14/29 83/17.6/33

R 3.8/51/9.6 - -

E 1.5/19/4.1 1.4/1.6/39 6.7/158/49
C3 33/43/8.1 32/4.1/82 30/47/-12
Table 8

RMSEs of kinematic GRE PPP-AR (unit: cm).

Cut-off: 7° Cut-off: 30° Cut-off: 45°

n e u n e u n e u

1.2 1.4 23 22 14 63 1002 831 3414

meter level accuracy can be obtained for most of the solu-
tions derived from the 45° cutoff angle. Because the inde-
pendent epoch-wise solutions (white noise) were
conducted for kinematic PPP, the accuracy degradation
in kinematic PPP for high cutoff angles is more obvious
than in the static PPP.

Fig. 5 shows the contribution of BDS-3 to GRE kine-
matic PPP-AR for each cutoff angle.

As seen in Fig. 5, BDS-3 contribution to kinematic GRE
PPP-AR is significantly higher compared to its contribu-
tion to static GRE PPP-AR for 30° and 45° cutoff angles.
Accuracy degradation in each component was observed
for 7° cutoff angle when adding BDS-3 to kinematic
GRE PPP-AR. Two representative stations, LPGS and
POL2 (red dots in the Fig. 1), were chosen to investigate
the daily kinematic epoch-wise solutions (DOY:231)
derived from GRE and GREC3 PPP-AR. Due to the lim-
ited space in the manuscript, the plots of only these two
stations were given for each cutoff angle in Fig. 6.

The plot of daily kinematic epoch-wise solutions for
LPGS and POL2 stations shows that marginal differences
between kinematic GRE and GREC3 PPP-AR were
observed for 7° and 30° cutoff angles, however, the contri-
bution of BDS-3 is evident for some sessions. For 45° cut-
off angle, BDS-3 contribution to GRE PPP-AR is much
more observed for each component, and the errors were
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significantly reduced for some sessions when adding
BDS-3 to kinematic GRE PPP-AR.

The ratio of the non-available kinematic epoch-wise
solutions was also computed for kinematic GRE and
GREC3 PPP-AR for each cutoff angle, and the results were
given in Table 9. Non-available kinematic epoch-wise solu-
tions were mainly attributed to the lack of redundancy. For
a high degree of cutoff angles, the minimum number of the
required observations for solving the unknown parameters
was not maintained for some epochs.

Table 9 shows that the number of non-available kine-
matic epoch-wise solutions was significantly reduced when
adding BDS-3 to kinematic GRE PPP-AR for the 45° cut-
off angle, however, for the 7° and 30° cutoff angles, no
BDS-3 improvement was found. Non-available epoch-
wise solutions may not be crucial for static PPP since the
receiver position can be estimated as constant, but in kine-
matic solutions, it can cause a serious problem, especially if
the receiver needs to capture all motion on a dynamic
platform.

The convergence time and time to first fix (TTFF) anal-
ysis were also conducted for each station. The convergence
criteria were defined as if the positioning error is less than
10 cm at the current epoch and the following 20 epochs
(Lou et al. 2015). Convergence time and TTFF are gener-
ally critical for real-time applications rather than post-
processing applications. The TTFF criteria were defined
as the period from the current first ambiguity-fixed (partial
or full) solution to the following 20 epochs with ambiguity-
fixed solutions. When the TTFF criteria were satisfied it
means ambiguity validation passed and the positioning
error of the fixed solution was smaller than the float solu-
tion at the same epoch (Hu et al. 2022).

For computing the convergence time and TTFF, back-
ward smoothing was turned off, and only the forward filter-
ing solutions were used. The other processing strategy is
similar to Table 1. Convergence time and TTFF were esti-
mated every 3 h within one day. Therefore, there are eight
independent sessions per day. Net Diff GNSS software
(Zhang et al. 2020) was used for the processes. Because
most of the 3-h sessions from the 45° cutoff angle cannot
convergence within 3-h sessions (especially for the vertical

BDS-3 contribution to kinematic GRE PPP-AR

Percentage (%)

-15 |

e

Fig. 5. BDS-3 contribution to kinematic GRE PPP-AR.
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Table 9 Table 11
The ratio of non-available kinematic epoch-wise solutions (unit: %). Mean TTFF (unit: min).
GNSS Cut-off: 7° Cut-off: 30° Cut-off: 45° GNSS TTFF
GRE - 0.005 8.5 Static / Kinematic
GREC3 - 0.005 0.7 GRE 7° 96115
GRE 30° 18.8 20.8

Table 10
Mean convergence time (unit: min). Tables 10 and 11 show the mean convergence time and
GNSS n e u TTFF results of GRE PPP-AR static and kinematic PPP.

Static / Kinematic ~ Static / Kinematic ~ Static / Kinematic As.expecte.d, due to the weaker strength of'the kinematic
GRE7 7281 2397 57 113 eq.uat.lon (malnly due to the ¥arger process noise) co.mpared
GRE 30° 115205 16.531.5 206 427 with its static counterpart, kinematic convergence time and

component) the results from the 45° cutoff angle were
excluded.

Similar to the above results, GRE PPP-AR results were
given first, and then the BDS-3 contributions were given.

TTFF were found to be longer than the static results. The
results also showed that restricted satellite visibility affected
the vertical convergence time worse than the horizontal
convergence time. The TTFF is different from the conver-
gence time due to the fact that the positioning errors may
still be larger than 0.1 m after the first-fixed solution
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Fig. 7. BDS-3 contribution to static/kinematic GRE PPP-AR convergence time.
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Fig. 8. BDS-3 contribution to static/kinematic GRE PPP-AR TTFF.

(Pan et al. 2014). The results showed that the TTFF and
the convergence time (especially for the vertical conver-
gence time) are close to each other except for the kinematic
PPP using a 30° cutoff angle. The vertical convergence time
of the kinematic PPP using a 30° cutoff angle is signifi-
cantly longer than the TTFF of the vertical component.
This situation may be explained by the wrong fix and unre-
liable ambiguity resolution for the kinematic PPP using a
30° cutoff angle. In this study, the convergence time criteria
are more reliable than the TTFF because the reference
coordinates of the stations were used for computing the
convergence time.

Figs. 7 and 8 show the contribution of BDS-3 to GRE
static/kinematic PPP-AR for the convergence time and
TTFF, respectively.

As seen in Fig. 7, BDS-3 contribution to kinematic GRE
PPP-AR convergence time is more evident for the vertical
component using a 30° cutoff angle. It is found that
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BDS-3 contribution to GRE PPP-AR TTFF is not reflect
the BDS-3 contribution to GRE PPP-AR convergence
time. Therefore, the TTFF derived from GNSS software
should be used with caution.

5. Conclusions

After BDS-3 reached the FOC, PPP with quad-
constellations (GPS, GLONASS, Galileo, and BDS-3)
became possible. Moreover, thanks to the publicly avail-
able uncalibrated phase biases for GPS, Galileo, and
BDS-3, PPP-AR with three GNSS systems can be con-
ducted. In this study, the contribution of BDS-3 to static
and kinematic GPS + GLONASS + Galileo PPP-AR
was thoroughly investigated using 31 IGS-MGEX stations
under three different cutoff angles (7°, 30°, and 45°).

Before investigating the BDS-3 contribution to multi-
GNSS PPP, stand-alone static and kinematic PPP was con-
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ducted for each GNSS. The results of the stand-alone static
PPP showed that the worst performance was obtained from
BDS-3 static PPP. The stand-alone kinematic results
showed that the kinematic accuracy obtained from BDS-
3 is worse than GPS and Galileo. Some issues on to
POD can be attributed to the low performance of BDS-3
such as poorer orbit and clock accuracy compared to other
GNSS systems, lack of satellite antenna PCV and earth
radiation model, imperfect solar radiation and attitude
models, and missing Inter-Satellite Link (ISL) for POD
determination. Moreover, due to the hardware and soft-
ware limitations, some BDS-3 satellites cannot be tracked
for the sufficient amount of GNSS stations.

For static PPP, the accuracy degradation was observed
for each component and session (except for slight improve-
ment for the north component in 24-h sessions) under each
cutoff angle when adding BDS-3 to static GRE PPP-AR.
For kinematic PPP, adding BDS-3 to GRE PPP-AR caused
a slight accuracy degradation for each component under the
7° cutoff angle, however, unlike the static PPP, adding BDS-
3 to kinematic GRE PPP-AR was significantly improved the
accuracy for the 30° and 45° cutoff angles. It is also observed
that the number of non-available kinematic epoch-wise solu-
tions was significantly reduced when adding BDS-3 to kine-
matic GRE PPP-AR for 45° cutoff angle.

The results of the convergence time showed that BDS-3
does not contribute to the static GRE PPP-AR using 7°
and 30° cutoff angles (except for a 9 % improvement in
the north component). In kinematic PPP, BDS-3 mainly
contributed to GRE PPP-AR using 7° (10 %) and 30°
(23 %) cutoff angles for the vertical component.

The results showed that the contribution of BDS-3 to
multi-GNSS PPP-AR is limited with its current BDS-3
FOC performance. The results also proved that the current
G + R + E GNSS combinations are significantly potent
even under severely constrained satellite visibility. How-
ever, the contribution of BDS-3 to multi-GNSS PPP-AR
is expected to be further improved to some extent when
the above limitations of POD are removed. Moreover,
more proper observation weight of BDS-3 satellites with
respect to other GINSS constellations may improve the con-
tribution of BDS-3 to multi-GNSS PPP to a certain extent.
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