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Abstract

The Low Earth Orbit (LEO) satellites can be used to effectively speed up Precise Point Positioning (PPP) convergence.
In this study, 180 LEO satellites with a global distribution are simulated to evaluate their contribution to the PPP con-
vergence. LEO satellites can give more redundant observations and improve satellite geometric distributions, particu-
larly for a single Global Navigation Satellite System (GNSS). The convergence speed of the PPP float solution using the
Global Positioning System (GPS, G) or BeiDou Navigation Satellite System (BDS, C) single system as well as the G/C/
Galileo navigation satellite system (Galileo, E)/GLObal NAvigation Satellite System (GLONASS, R) combined system
with LEO satellites added is improved by 90.0%, 91.0%, and 90.7%, respectively, with respect to the system without
LEO satellites added. We introduced LEO observations to assist GNSS in PPP-AR (Ambiguity Resolution) and PPP-RTK
(Real Time Kinematic). The success fix rate of a single system is significantly improved, and the Time-To-First-Fix (TTFF)
of G and G/C/E is reduced by 86.4% and 82.8%, respectively, for the PPP-AR solution. We analyzed the positioning
performance of LEO satellite assisted G/C/E PPP-RTK in the reference networks of different scales, namely different
atmospheric delay interpolation accuracies. The success fix rate of the G/C/E combined system is improved from 86.8
t0 94.9%, and the TTFF is reduced by 36.8%, with the addition of LEO satellites in the 57 km reference network. In the
110 km reference network, the success fix rate of the G/C/E combined system is improved from 64.0 to 88.6%, and the
TTFF is reduced by 32.1%. GNSS PPP-RTK with adding the LEO satellites in the reference networks of different scales
shows obvious improvement because the atmospheric correlation decreases with increasing distance from the refer-

ence networks.
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Introduction

Precise Point Positioning (PPP) technology has the
advantages of limitless operating distance, flexible
operation, high precision, and low cost, and is widely
used in precise timing, water vapor monitoring, seismic
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monitoring, precise orbit determination, and other fields
(Li et al,, 2012, 2015a; Tu et al.,, 2018; Wright et al., 2012;
Zhang & Andersen, 2006; Zumberge et al.,, 1997). How-
ever, the high correlation between ambiguity and hard-
ware delay of satellites and receivers, atmospheric delays,
and other factors leads to long convergence time for the
float PPP solution, which greatly limits its applications,
especially in the fields of rapid and precise positioning
and precise orbit determination. The fix of integer ambi-
guity is of great significance for improving the position-
ing performance of PPP, and several PPP Ambiguity
Resolution (AR) approaches were developed in recent
years (Collins et al., 2010; Ge et al,, 2008; Laurichesse
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et al., 2009; Xiao et al., 2018; Zhang & Li (2010). The
ambiguity fixing can significantly improve the position-
ing accuracy and shorten the convergence time of PPP
(Ge et al.,, 2008; Geng et al., 2009). In order to speed up
the PPP initialization, some scholars have proposed the
methods to improve the performance of PPP using a
regional reference network to provide products such as
atmospheric delay corrections (Ge et al., 2012; Li et al.,
2011; Wiibbena et al., 2005; Zhang et al.,, 2010, 2022a,
2022b, 2014, 2022). The PPP-RTK (Real Time Kinematic)
technique using state-space representation, which com-
bines the advantages of PPP and RTK to achieve rapid
and high-precision positioning of a single station, has
been widely used.

Moreover, many studies showed that multiple Global
Navigation Satellite Systems (multi-GNSS) can improve
the initialization, accuracy, and continuity of PPP to a
certain extent, and shorten the Time To First Fix (TTFF)
of AR (Jokinen et al,, 2013; Li et al.,, 2015b, 2015¢; Liu
et al.,, 2016; Lou et al., 2016; Tu et al., 2013). With the
option of different PPP modes in different application
scenarios, the emergence of Low Earth Orbit (LEO) con-
stellation is expected to further improve the performance
of multiple PPP modes.

In recent years, LEO constellations have developed
rapidly, such as overseas systems of Iridium, oneWeb,
SpaceX, and others, and domestic systems of ‘Hongyan,
‘Hongyun, and ‘CentiSpace’ (Joerger et al., 2010; Landry
et al., 2019; Meng et al., 2018). LEO satellites have the
advantages of fast movement speed and strong signal
power, which can effectively supplement and improve
global Positioning, Navigation, and Timing (PNT) ser-
vices of GNSS, and have received extensive attention.
Iridium and the Iridium NEXT can transmit Satellite
Time and Location (STL) signals outside communica-
tion services, which can provide PNT services in can-
yon areas, indoors, and outdoors (Landry et al., 2019;
Lawrence et al., 2017). Many scholars tested LEO’s con-
tribution to improve GNSS positioning performance
in different scenarios (Gao et al.,, 2021; Ge et al., 2018;
Ke et al, 2015; Li et al., 2019a, 2019b, 2022a, 2022b;
Tian et al,, 2014; Zhao et al,, 2020). Ke et al. tested the
enhancement performance of LEO for GNSS PPP. Com-
pared with Global Positioning System (GPS), the conver-
gence time of the GPS/LEO combined PPP-AR is reduced
by 51.31%, and the positioning accuracy is improved by
14.9%; and the convergence time of GPS/GLObal NAvi-
gation Satellite System (GLONASS) combined PPP-AR is
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reduced by 3.93%, indicating that LEO satellites contrib-
utes more to the convergence speed of PPP than Medium
Earth Orbit (MEO) satellites (Ke et al., 2015). Ge et al.
used 66 simulated LEO satellites in their tests, and the
results showed that LEO enhanced GNSS can reduce
the PPP convergence time to 5 min (Ge et al,, 2018). The
results by Li et al. showed the TTFF of multi-GNSS PPP-
AR can be shortened from 7.1 min to 4.8 min, 1.1 min,
and 0.7 min with the augmentation of 60-, 192-, and
288-LEO constellations, respectively (Li et al., 2019a).
Gao et al., using a constellation of 150 LEO satellites in
their experiments, showed that the BeiDou Navigation
Satellite System (BDS) and LEO fused PPP convergence
time is reduced by about 20 times and decimeter level
precision can be achieved in 1 min (Gao et al.,, 2021).
Zhao et al. also investigated the performance of LEO
augmented GNSS PPP in harsh environments by setting
elevation angle and azimuth. Their results showed that
compared with BDS-only, the average TTFF of BDS/GPS,
BDS/LEO, BDS/GPS/LEO combination can be shortened
from 20.0 min to 10.3 min, 4.8 min, and 4.0 min, respec-
tively, in PPP-AR (Zhao et al.,, 2020). Li et al. used the
simulation data to analyze four LEO constellations with
different satellite numbers and scales and the GPS RTK
positioning performance for medium and long base-
lines. The results confirmed that LEO satellites help RTK
achieve faster convergence. When the number of LEO
satellites was sufficient, the average TTFF for long base-
lines was reduced by approximately 90% (Li et al., 2019b).

Based on the above analysis, the addition of LEO sat-
ellites contributed to a shorter PPP initialization time.
However, there are few studies on the effect of LEO on
GNSS PPP-RTK positioning performance. Therefore this
paper proposes a GNSS ambiguity fix strategy by add-
ing LEO observations and comprehensively evaluates the
contribution of LEO to GNSS PPP, PPP-AR, and PPP-
RTK positioning performance.

PPP model

GNSS observations and simulated LEO observations
are used in this study. Errors in simulated observations
mainly include modelable errors such as satellite clock
error, tides error, earth rotation, relativistic effect, tropo-
spheric delay (Saastamoinen model), and phase wind-
up. The estimated parameters are the three-dimensional
position of a receiver. Therefore, the observation equa-
tions for GNSS PPP combined with LEO are as follows:
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Here, the subscripts i and r represent the frequency
and receiver, respectively, and superscripts s, Q and L
represent the specific satellite, GNSS, and LEO, respec-
tively. P and @ refer to the code and carrier observations,
respectively. p denotes the geometric distance between
the phase centers of the satellite and the receiver antenna
(at signal transmission and reception times). Further-
more, dt, and dt® refer to the receiver clock error and
satellite clock error; ¢ refers to the speed of light; MS,S
refers to the projection function from the zenith direc-
tion of a station to the line-of-sight direction from the

station to a satellite; d,, , refers to the troposphere Zenith
Wet Delay (ZWD); ISI’S refers to the slant ionosphere
s,

delay on the frequency band of f; yiQ's refers to the fre-

SRT S Qs ; Q52
quency-dependent multiplier factor y;~" = (f{~"/f;™") ;

dy,; and diQ’s refer to the uncalibrated code delays at the
satellite and receiver ends, respectively, and d,.; is consist-
ent for band i for all the satellites within the Q system;

b, ; and bLQ’S refer to the uncalibrated phase delays at the
satellite and receiver ends, respectively; 4 refers to the
wavelength of the carrier phase; N refers to the integer

ambiguity; and 81(3;,81« and egf ; denote the measurement

errors, multipath effect, and unmodeled errors of code

and carrier phase for GNSS satellites, respectively; 8113i ;

L, . .
and 4", ; mainly include the measurement errors of code

and carrier phase for LEO satellites, respectively; @E’f
refers to the frequency-related code hardware delay for
GLONASS satellites using Frequency Division Multiple
Access (FDMA) signals. The measurement errors of code
and carrier phase for simulated LEO observations are
0.500 m and 0.003 m, respectively.

lonosphere-free observations

Ionosphere-Free (IF) code and carrier phase observa-
tions are used to eliminate the first-order effect of the
ionosphere. This model is used in the tests for PPP float
solution and PPP ambiguity fixed solution. If m GNSS
satellites and n LEO satellites are observed, using precise
orbit and clock error products, the equations of GNSS
combined with LEO satellites after performing error cor-
rection and reparameterization can be written as:
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Fig. 1 Global distribution of LEO satellites. Subpanels a and b
represent the global distributions of LEO satellites in inclined
orbit and polar orbit, respectively
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In Eq. (2),

cdt, = cdt, + dr,IF
{ AN = AN + bt — bR — dyie + dY

3)
where p and ¢ represent the observed-minus-computed
values of the code and carrier observations, respectively.
I refers to the unit vector from the receiver to the sat-
ellite, and « is the vector of the receiver position incre-
ments relative to its prior position. A represents the
coefficient matrix of the receiver clock error cdt,, the
corresponding position is 1 for the GNSS satellite and 0
for the LEO satellite; B represents the coefficient matrix
of d,, the corresponding position of the GNSS satellite
is the projection function, and the corresponding posi-
tion of LEO is 0; R*ﬁ;s refers to the coefficient matrix of
ambiguity )%SN,%’FS of GNSS satellites,, and the corre-
sponding position is 0 in the code observation equation
of GNSS satellite and 1 in the carrier observation equa-
tion of GNSS satellite; RILlés refers to the coefficient matrix

Table 1 Adopted models and strategies
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of ambiguity ),{“ﬁsNr]jiSF of LEO satellites, and the corre-
sponding position is 0 in the code observation equation
of the LEO satellite and 1 in the carrier observation equa-
tion of the LEO satellite.

PPP model with atmospheric delay constrain

Atmospheric delays can be extracted by fixing ambiguity
through methods at the server end that fix both wide and
narrow lane ambiguities based on the ionosphere-free
model. The ionospheric delay extracted in a reference
network in PPP-RTK is difficult to be separated from the
receiver hardware delay and Uncalibrated Phase Delay
(UPD) product benchmark (when only satellite UPD
products are used), after applying satellite code hard-
ware delay products. Inter-Satellite Difference (SD) iono-
spheric and the ZWD of tropospheric delay corrections
of GNSS satellites are introduced into the Un-Differ-
enced and Un-Combined (UDUC) PPP as virtual obser-
vations. This study does not deal with data processing
of GLONASS ambiguity fix. Assuming the fth satellite

Items Model and strategies

PPP float solution

PPP-AR solution

PPP-RTK solution

Frequency selection

Sampling interval
Estimator
Cut-off elevation angle

GPS/LEO: L1/L2;
BDS-2/BDS-3: B11/B3;
Galileo: E1/E5a; GLONASS: G1/G2

30s
Kalman filtering
70

GPS/LEO: L1/L2;
BDS-3'": B11/B3l;
Galileo: E1/E5a;

5s
Kalman filtering

Float: 7°
Fix: 10°

GPS/LEO: L1/1L2;
BDS-3: B11/B3;
Galileo: E1/E5a

5s
Kalman filtering

Float: 7°
Fix: 10°

Phase ambiguities Constant estimation

Station coordinates

Observations IF observations of carrier phase and

code observation

lonospheric delay Eliminated by IF observations

Tropospheric wet delay
ping function

Satellite orbit and clock Precise products

Satellite and receiver antenna phase ~ Model correction
center, Tropospheric dry delay, and

other modelable errors

Estimated as constants in static mode

Estimated by random walk NMF map-

Constant estimation and
ambiguities fixed with
WLZ/NL?

Server: Constant estimation and ambigui-
ties fixed with WL/NL

User: Constant estimation and ambiguities
fixed with WL +N1/N2*

Server: Constraints, estimated as constants
in static mode User: Estimated in dynamic
mode

Estimated as constants in
static mode

IF observations of carrier ~ Server: IF observations of carrier phase and
phase and code observa-  code observation User: UCUD phase and
tion code observation

Eliminated by IF observa-
tions

Server: Eliminated by IF observations User:
Constraint, Estimated by random walk

Estimated by random
walk NMF mapping
function

(1) Server: Estimated by random walk with
NMF? mapping function(2) User: Constraint,
Estimated by random walk with NMF map-
ping function

' BDS-3, the third-generation BDS; 2WL, Wide-Lane; 3NL, Narrow-Lane; *N1/N2, ambiguity at frequency 1/2; °NMF, Neill Mapping Function
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Table 2 Numbers of G/C/L/(G/C/R/E) satellites at each station

Station/system Satellite numbers of different GNSS

G C L G/C/R/E
THU2 9.52 9.12 11.06 3333
ARUC 8.76 11.75 7.58 29.55
SEYG 10.16 18.84 4.75 42.96

is selected as the reference satellite with Code Division
Multiple Access (CDMA) for GNSS and precise orbit and
clock error products are used, the observation equations
for GNSS combined with LEO after performing error
correction and reparameterization are as follows:
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equation of GNSS satellite and —yiQ's in the carrier obser-
vation equation of the GNSS satellite, the corresponding

position is 0 for the LEO satellite. R2® and Ry refer to

the coefficient matrix of ambiguity i?’sﬁ ,le and )»S'SNS;
of GNSS satellites, respectively, and the corresponding
position is 0 in the code observation equation of the
GNSS satellite and 1 in the carrier observation equation

of the GNSS satellite; R]f’s and R]2“’S refer to the coefficient

matrix of ambiguity /\*N ff and /5°N, f; of LEO satel-

lites, respectively, and the corresponding position is 0 in
the code observation equation of the LEO satellite and 1
in the carrier observation equation of the LEO satellite; D

_ . .
@1
Qm [ X ]
p62m cdt,
(prLZI dw,r
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In Eq. (4),

dEEZB = dr,l - dr,2
{ AN = AN 4 by — b2 — dyp + dY
(5)
where K represents the coefficient matrix of the slant

Qs

ionospheric delay IrQl’s, with y,*” in code observation

Table 3 PDOP values of different systems at each station

represents the coefficient matrix of the receiver differen-
tial code hardware delay dflczB, the corresponding posi-

tion is —<2Q'S)2/[(1Q’S)2—(ZQ’S)Z] in the code

observation  equation on frequency 1 and

2 2 2
_(fl 'S) /[(fl 's) — (sz’s) ] in the code observation
equation on frequency 2 of the GNSS satellite. K

Station/system PDOP values of different GNSS

G G/L C/L G/C/R/E G/C/R/E/L
THU2 2.16 1.28 232 1.33 0.98 0.80
ARUC 1.84 1.23 1.80 1.12 0.96 0.80
SEYG 1.73 1.37 1.22 1.05 0.78 0.73
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represents the coefficient matrix of the SD slant iono-
sphere delay for GNSS with —1 for the reference satellites
and 1 for the other satellites. T’ represents the coefficient
matrix of d,,; with 1, and O represents the zero matrix.
The GPS, GLONASS, Galileo navigation satellite system
(Galileo), BDS, and LEO are usually represented by ‘G, ‘R;
‘E; ‘C; and ‘L, respectively.

Experimental results and analysis

The LEO constellation design is the key to the estab-
lishment of satellite systems. Many scholars simulated
different LEO constellations for verifying their augmen-
tation performances (Han et al., 2020; Liu et al., 2022; Ma
et al,, 2020). The enhancement effect of LEO on GNSS
depends on the number and the geometric distribution
of satellites. We simulated two commonly used low-orbit
constellations, namely, inclined orbit constellations and
polar orbit constellations, which have a global coverage.
There are 80 satellites in six polar orbits with an orbital
inclination of 90° and 100 satellites in 10 inclined orbits
with an orbital inclination of 60°. The orbital altitude of
LEO satellites is 1000 km. The globe was divided into
1°x 1° grids. The global distributions of LEO satellites
in inclined orbit and polar orbit are shown in Fig. 1(a)
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and (b) respectively, which use the median of the vis-
ible satellites in every 30 s of a day with a cut-off angle of
7°. The coverage for the inclined orbit constellation can
reach approximately latitude 80°, and the largest number
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of satellites is in the region of latitudes 30°-60°, which
shows relatively uniform satellite coverage. While the
polar orbit constellations give the largest number of sat-
ellites in the region of north and south latitudes higher
than 60°, achieving coverage and service in high latitude
and polar regions.

The distribution of the simulated LEO constellation
and its effect on GNSS positioning are analyzed below.
LEO satellite observations are used to assist the GNSS
PPP-AR and PPP-RTK solutions. The adopted models
and strategies are shown in Table 1.

P22

° : 3 *P15 5
50°N pf]S.PLC)'Pzg* . Yep1a
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o0 o *p3 ep21
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Fig. 4 Station distribution for the test (The blue origins and the red
asterisks represent reference stations and user stations, respectively)
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PPP float solution
The number and distribution of satellites vary in differ-
ent latitudes, which affect the positioning results. Hence,
three typical stations in high, middle, and low latitudes
are selected to analyze the enhancement effect of LEO on
the GNSS float solution. The three stations and their geo-
graphical locations are THU2 (76.5° N, 68.8° W), ARUC
(40.3° N, 44.1° E), and SEYG (4.7° S, 74.5° E). Tables 2
and 3 show the number of satellites and PDOP values of
each system at the three stations on January 1, 2022. The
average numbers of LEO satellites visible at the three sta-
tions are about 11, 8, and 5 respectively. The polar orbit
constellation makes the largest number of LEO satellites
visible at the high-latitude station THU2. The geomet-
ric distribution of satellites in a single system is greatly
improved with LEO added, particularly for the stations
with a poor geometric distribution of satellites. The
addition of LEO satellites improved PDOP of G/C/R/E
though the four systems have more satellites with good
distribution, which facilitates the rapid solution of PPP.
To further analyze the convergence speed with the
addition of LEO satellites, PPP is conducted for every
6 h session of the single-day data at the three stations.
The positioning bias at a certain period of time and the
convergence speed of (G/C/R/E)/C/G without and with
LEO satellites are shown in Figs. 2 and 3, respectively.
The convergence condition is defined as the positioning
biases of horizontal and vertical components maintained
within 10 cm. With adding LEO satellites, the conver-
gence speed of (G/C/R/E)/C/G at the three stations is
much faster. With LEO added, GPS/BDS/GNSS solutions
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Fig.5 Distribution of WL and NL UPD posteriori residuals. The upper part represents WL posteriori residuals of GPS/BDS/Galileo from left to right,
and the lower part represents the NL posteriori residual of GPS/BDS/Galileo from left to right
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Table 4 The success fix rate and mean TTFF of different systems
in PPP-AR solution

System Success fix rate (%) TTFF (min)
G 934 20.5
G/L 100 28
G/C/E 100 5.8
G/C/E/L 100 1.0

reached the convergence conditions in 1.9 min, 1.8 min,
and 1.3 min, respectively, and the convergence speed is
increased by 90.0%, 91.0%, and 90.7%, respectively.

PPP-AR solution

Correct ambiguity fixing is of great significance for
improving positioning accuracy, and the speed of fixed
ambiguity is closely related to the floating solution. As
shown in the previous section, the speed of floating solu-
tion is significantly improved with the LEO satellite. This
section focuses on the analysis of the effect of the LEO
satellites on the improvement of the TTFF and success
fix rate for GNSS PPP-AR. The PPP is performed every
half an hour for 1 h with each solution time and therefore
each station has 47 PPP solutions a day. The G and G/C/E
combined systems are selected to analyze the effect of
adding LEO satellites on the AR for a single system as
well as multi-GNSS. The test in this section adopted the
data from European stations on June 21, 2022. The dis-
tribution of stations is shown in Fig. 4. 19 reference sta-
tions are used to calculate the UPD (fraction part), which
is represented by the blue dots in Fig. 4, and three user
stations are represented by the red asterisk. The influence
of addition LEO satellites on the G/(G/C/E) ambiguity-
fixed solution is analyzed based on the success fix rate
and TTFF. Here, the success fixed solution is defined as
the periods of TTFF less than 1 h, and the success fix rate
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is defined as the ratio of the number with success fixed
solutions to the total number of solutions. The TTFF is
defined as the start time when a fixed solution of less
than 10 cm in the horizontal and vertical components is
achieved and lasts for 10 consecutive epochs.

The method of ambiguity resolution of UPD param-
eters is used in the test, so the UPD product is an
important premise of PPP ambiguity resolution. The
Wide-Lane (WL) UPDs are very stable owing to their
long wavelength feature and insensitivity to the errors
of measurement, while the Narrow-Lane (NL) UPDs are
not as stable as the WL UPD (Zhang & Li, 2013). The
WL UPDs are estimated for one day, while the NL UPDs
are estimated every 15 min (Ge et al., 2008; Zhang & Li,
2013). The posteriori residuals will reflect the quality of
the UPD products. The RMS distributions of the poste-
riori residuals of the GPS/BDS/Galileo WL and NL UPDs
are shown in Fig. 5. The WL and NL UPD residuals of
more than 94% for the three systems are less than 0.25
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15 With the addition of LEO satellites, the TTFFs of a sin-
50°N gle system and multiple systems are further reduced, and
. the TTFF at each station is almost the same, as shown in
49°30N P13 Fig. 8. As is shown in Table 4, with LEO satellites added
R * P3 {po to the G and (G/C/E), the TTFFs are reduced by 86.4%
P10 P12 and 82.8%, respectively. The positioning biases with add-
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E/L) in the east (E)/north (N)/up (U) component for a
48°30'N certain period. The addition of the LEO satellites can sig-
P6 nificantly improve the convergence speed and position-
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Fig. 10 Station distribution in PPP-RTK tests (The dots and the
asterisk represent reference stations and user station, respectively. The
blue dots and green dots represent the reference stations located

57 km and 110 km, respectively, away from user station)

cycles. The means of the posteriori residuals are close to
zero and the RMS values are 0.098 cycles, 0.113 cycles,
and 0.089 cycles in NL and 0.086 cycles, 0.059 cycles, and
0.077 cycles in WL UPDs, respectively.

Due to the smaller number and poor geometric dis-
tribution of the satellites for a single system, the conver-
gence speed of the floating solution for a single system
may be slow, which leads to that the ambiguity cannot be
fixed successfully in a short time. As shown in Fig. 6 and
Table 4, the success fix rates for GPS at the three stations
are about 90%. While with the addition of LEO satellites,
the success fix rate reaches 100%.

The systems G/C/E and G/C/E/L can fix integer ambi-
guity within 1 h. However, the TTFF of G/C/E/L is within
5 min, much faster than that of G/C/E, as shown in Fig. 7.

PPP-RTK solution

PPP-RTK enables rapid ambiguity resolution by exploit-
ing the precise atmospheric delay provided by a regional
network. This section focuses on the analysis of TTFF
and success fix rate in reference networks of different
scales. The above regional network data are selected to
analyze the effect of LEO on the performance of G/C/E
PPP-RTK using two kinds of reference networks includ-
ing the medium-long scale with an average distance of
57 km and the larger scale with an average distance of
110 km between user stations and reference stations. The
station distributions are shown in Fig. 10. The data acqui-
sition was done in 1:00-23:40 UTC (Coordinated Uni-
versal Time), June 21, 2022. The PPP-RTK is performed
every 5 min during the experiment with a total of 272
data sets with 5 min each. The atmospheric delays at the
serve end were modeled using the observations from a
single epoch with a sampling interval of 5 s. TTFF in the
horizontal components is defined as the time required
for the ratio value to be greater than 2, and the position-
ing bias of horizontal components to be less than 5 cm
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Table 5 The success fix rate and mean TTFF in the 57 km
reference network

System Evaluation method Success fix rate TTFF (s)
(%)

G/C/E Horizontal 89.0 13.25

G/C/E/L Horizontal 95.6 933

G/C/E Three-dimensional 86.8 16.08

G/C/E/L Three-dimensional 949 10.16

for 10 consecutive epochs. TTFF in the three-dimen-
sional components is defined as the time required for the
ratio value to be greater than 2, the positioning bias of
horizontal components to be less than 5 cm, and the ver-
tical component to be less than 10 cm for 10 consecutive
epochs. Here, the successfully fixed solution is defined as
the periods of TTFF less than 5 min, and the success fix
rate is defined as the ratio of the number with success-
fully fixed solutions to the total number of solutions.

The 57 km reference network

This network means the reference stations are 50 km
away from the user station. Stations P5/P12/P13/P21
are the reference stations and station P3 the user station.
Figure 11 shows the G/C/E SD ionospheric residuals and
tropospheric zenith wet delay residuals with Root Mean
Square (RMS) Srps values of 2.6 and 0.6 cm, respectively.

GICIE ?%\SG/C/E/L
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s \ \ \ § y \ N\ Q
sogNINE P gy P
= e

<10s <30s <1min <3min <10s <30s <1min <3min

TTFF in the horizontal component TTFF in the horizontal component
Fig. 12 The cumulative distribution of (G/C/E)/(G/C/E/L) TTFF
in horizontal and three-dimensional components in the 57 km
reference network

The PPP-RTK technology intends to enhance the ambi-
guity resolution by introducing external information on
atmospheric delay. The mean TTFF and success fix rate
in the horizontal components as well as in the three-
dimensional components are shown in Table 5. The suc-
cess fix rates are 89.0% and 86.8% in the horizontal and
three-dimensional components in the G/C/E combined
system, respectively, and improved to 95.6% and 94.9%
with the assistance of LEO satellites. The mean TTFFs
in the horizontal and three-dimensional components
for the G/C/E combined system are 13.25 s and 16.08 s,
respectively, which are reduced to 9.33 s and 10.16 s, with
an improvement by 29.6% and 36.8%. Further statistics of
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Table 6 The success fix rate and mean TTFF in the 110 km
reference network

System Evaluation method Success fix rate TTFF (s)
(%)

G/C/E Horizontal 69.1 356

G/C/E/L Horizontal 89.3 26.0

G/C/E Three-dimensional 64.0 418

G/C/E/L Three-dimensional 88.6 284

TTFF cumulative distributions in each system are shown
in Fig. 12. With the addition of LEO satellites, the TTFFs
within 10 s/30 s/1 min/3 min are all better, and successful
ambiguity fixing in the three-dimensional components
is achieved in 10 s for 86.8% of the periods, in 30 s for
89.9%, and in 1 min for 94.2%.

The addition of LEO satellites can further speed up
the ambiguity resolution of multiple systems, and the
positioning accuracy in a short time is evaluated below.
The RMS cumulative distributions of positioning bias in
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Fig. 14 SD ionospheric interpolation residuals and zenith wet delay
interpolation residuals of G/C/E in the 110 km reference network

Page 11 of 13

?lC/E SN G/C/EIL

100 100 T
8O { 8oL i :
{ 60}, |

F

i
T

i

40

20

i
T
i

Cumulative distribution (%)

&

&

F

F

N
o o
o ——

IA
w
o
»

A
=
3
=1

IA

IA
w
o
»
"
El
=)

IA
w
El
=1

TTFF in the horizontal position TTFF in the three-dimensional position

Fig. 15 The cumulative distribution of (G/C/E)/(G/C/E/L) system

TTFF in horizontal and three-dimensional components in the 110 km
reference network

—=— G/C/E/L —e— G/C/E

100 !

Lo e Tt

90F
< 8
£ R —
fa
s s S — ——
g <2cm <3cm <5cm <10 cm
o Skus in the horizontal component
>
= 100F T T T i—,d
% 90F
g 80t
3 &
© 50F

4QF-----4--- ooz

30F

20F

103 oo em e eeeee-

0

<5cm <10 cm

<3cm
Skus in the vertical component

<2cm

Fig. 16 The cumulative distribution of RMSs in horizontal and
vertical components in the 110 km reference network

horizontal and vertical components after ambiguity fix-
ing are shown in Fig. 13. With LEO satellites added, the
Srms values are less than 2 cm and 3 ¢cm for 79.8% and
96.5% of the periods with successful ambiguity fixing,
respectively, and larger than 5 cm in the horizontal com-
ponents for some periods. The Sgyms values are less than
3 cm and 5 cm for 68.2% and 89.1% of the convergence
periods, respectively, and less than 10 cm in all periods
in the vertical component for a 5 min solution duration.

The 110 km reference network

This network means the reference stations are 110 km
away from the user station. Stations P6/P10/P15/P17
are the reference stations and station P3 the user station.
Figure 14 shows the G/C/E SD ionospheric residuals and
tropospheric zenith wet delay residuals with RMS values
of 4.5 and 1.8 cm, respectively.

The mean TTFF and success fix rate in the horizontal
components as well as in the three-dimensional com-
ponents are shown in Table 6. The success fix rates are
69.1% and 64.0% in the horizontal and three-dimensional
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components in the G/C/E combined system, and
improved to 89.3% and 88.6%, respectively with the addi-
tion of LEO satellites. The mean TTFFs in the horizontal
and three-dimensional components for the G/C/E com-
bined system are 35.6 and 41.8 s, respectively, which are
reduced to 26.0 s and 28.4 s with an improvement by 27%
and 32.1%, respectively, with the addition of LEO satel-
lites. Further statistics of TTFF cumulative distributions
in each system are shown in Fig. 15. With the addition of
LEO satellites, the TTFFs within 10 s/30 s/1 min/3 min
are all better, and the ambiguity fixing is achieved in 10 s
for 62.2% in three dimensions, 30 s for 78.4% of epochs,
and 1 min for 87.6% of epochs. The horizontal and ver-
tical RMS cumulative distributions of positioning bias
after ambiguity fixing are shown in Fig. 16. With LEO
satellite added, the Srms values of positioning bias are
less than 2 cm and 5 cm for 69.3% and 99.6% of the con-
vergence periods, respectively, and larger than 5 cm in
the horizontal components for some periods. The Srms
values are less than 3 cm and 5 cm for 53.5% and 87.6% of
the periods with successful ambiguity fixing, respectively,
and less than 10 c¢m in all periods in the vertical compo-
nent for a 5 min solution duration.

Conclusion

Because LEO satellites have low orbits and high moving
speeds, their addition to GNSS can increase the geo-
metric diversity of visible satellites and achieve rapid
PPP solutions. Herein, we tested the positioning perfor-
mances of LEO aided GNSS PPP float solution, PPP-AR,
and PPP-RTK using simulated LEO data.

The effects of LEO on GNSS are related to the num-
ber and geometric distribution of satellites. First, three
stations in high, middle, and low latitudes were selected
for the PPP float solution test. The results show that the
addition of LEO satellites improved the geometric distri-
bution of satellites, particularly for a single system. With
the addition of LEQ, the G/C/(G/C/E/R) PPP float solu-
tions reached convergence conditions in 1.9 min, 1.8 min,
and 1.3 min, with convergence speed increased by 90.0%,
91.0%, and 90.7%, respectively. Correct ambiguity fix-
ing is of great significance for speeding up the conver-
gence and improving positioning accuracy. A European
regional reference network was selected to test the effects
of LEO on the G and G/C/E in PPP-AR. Using LEO
observations to assist GNSS PPP-AR solutions, the suc-
cess fix rate of G is increased from 93.4 to 100%. Also the
TTFFs of G and G/C/E are improved by 86.4% and 82.8%,
respectively. Finally, the European reference network
was selected to analyze the positioning performance of
the LEO-assisted G/C/E PPP-RTK in the reference net-
works of different scales. With the addition of LEO satel-
lites, the success fix rates of the G/C/E which evaluated
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by the positioning biases in horizontal and three-dimen-
sional components are increased from 89.0% and 86.8%
to 95.6% and 94.9%, respectively, and the TTFF reduced
from 13.25 s and 16.08 s to 9.33 s and 10.16 s with an
improvement by 29.6% and 36.8% in the reference net-
work with an average distance of 57 km between a user
station and reference stations, respectively. Within the
reference network with an average distance of 110 km
between a user station and reference stations, the suc-
cess fix rates of the G/C/E evaluated by the positioning
biases in horizontal and three-dimensional components
are increased from 69.1% and 64.0% to 89.3% and 88.6%,
respectively, and the TTFF reduced from 35.6 s and
41.8 s to 26.0 s and 28.4 s with an improvement by 27%
and 32.1%, respectively.
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