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Abstract: Low Earth orbit (LEO) satellites benefit future ground-based positioning with their high
number, strong signal strength and high speed. The rapid geometry change with the LEO augmen-
tation offers acceleration of the convergence of the precision point positioning (PPP) solution. This
contribution discusses the influences of the LEO augmentation on the precise point positioning—real-
time kinematic (PPP-RTK) positioning and its integrity monitoring. Using 1 Hz simulated data around
Beijing for global positioning system (GPS)/Galileo/Beidou navigation satellite system (BDS)-3 and
the tested LEO constellation with 150 satellites on L1/L5, it was found that the convergence of the
formal horizontal precision can be significantly shortened in the ambiguity-float case, especially for
the single-constellation scenarios with low precision of the interpolated ionospheric delays. The LEO
augmentation also improves the efficiency of the user ambiguity resolution and the formal horizontal
precision with the ambiguities fixed. Using the integrity monitoring (IM) procedure introduced in the
first part of this series of papers, the ambiguity-float horizontal protection levels (HPLs) are sharply
reduced in various tested scenarios, with an improvement of more than 60% from 5 to 30 min after
the processing start. The ambiguity-fixed HPLs can generally be improved by 10% to 60% with the
LEO augmentation, depending on the global navigation satellite system (GNSS) constellations used
and the precision of the ionospheric interpolation.

Keywords: integrity monitoring; PPP-RTK; LEO; GNSS; L5

1. Introduction

Low Earth orbit (LEO) satellites have been frequently discussed for the positioning,
navigation and timing (PNT) service in recent years. Compared with the medium Earth
orbit (MEO) and geostationary (GEO) satellites of different global navigation satellite sys-
tems (GNSSs), LEO satellites exhibit their advantages in their large number, low altitude,
fast speed and strong signal strength [1]. The increased number of satellites improves their
geometry and the redundancy of observations, which benefits positioning and timing pre-
cision in general [2]. The low altitude and the corresponding high speed of LEO satellites
enable a much faster geometry change and hereby significantly shorten the convergence
time for precise point positioning (PPP) [3–5]. The fast speed of the LEO satellites, in
addition, whitens the multipath effects that have been a bottleneck for GNSS positioning
in complicated measurement environments [6]. Compared to the GNSS satellites, LEO
satellites’ much stronger signal strength allows their signals to penetrate obstacles, which
enlarges the limited satellite visibility in areas surrounded by high buildings, or even in-
doors [7]. Nevertheless, the LEO satellites also experience quick and short passes compared
to the GNSS satellites [8], and suffer from lower elevation angles and smaller footprints [9].
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The benefits of LEO augmentation have been frequently discussed to improve posi-
tioning performance. Its benefits in the integrity monitoring (IM) of the positional results,
which finds more and more applications nowadays in the intelligent transport systems
(ITSs), have been rarely discussed. In [10], LEO augmentation is shown to be able to
improve the IM performance of the Beidou navigation satellite system (BDS). In [11], the
IM of LEO precise orbit determination (POD) results were discussed. In this study, the
focus is on the IM service for ground-based users, who will need the integration of LEO
signals in their positioning activities in the near future.

Compared to the PPP method that has been a hot spot in many studies of the LEO-
augmented PNT service, precise point positioning—real-time kinematic (PPP-RTK) posi-
tioning combines the advantage of the independency in the PPP and that of the integer
ambiguity resolution (IAR) of the RTK [12,13]. It is thus considered as IAR-enabled PPP. In
the first part of this series of papers [14], an IM procedure was proposed for GNSS-based
PPP-RTK positioning. A pessimistic horizontal positional error bound, namely the horizon-
tal protection level (HPL), was estimated under a given horizontal probability of misleading
information, denoted as PMIH. The HPL was shown to be closely related to the ionosphere
and multipath conditions. A low HPL tends to provide high IM availability, as the system
becomes unavailable when HPL exceeds a pre-defined horizontal alert limit (HAL).

In this contribution, the influences of the LEO augmentation will be discussed based
on the proposed IM procedure. Using the planned navigation-oriented LEO constellation
of the CentiSpace in China [15], the changes brought by the LEO augmentation in the
measurement geometry, the PPP-RTK positioning and the HPLs are discussed for both the
ambiguity-fixed and -float cases. The analysis is performed when LEO satellites augment
single-, dual- and triple-GNSS-constellations, i.e., the global positioning system (GPS), the
Galileo and the BDS under the L1/L5 dual-frequency scenario. Different characteristics of
LEO satellites are utilized to exhibit their influences on positioning and IM performances
using the PPP-RTK method.

This paper starts with an introduction to the changes of the measurement geometry
under the tested LEO augmentation. The processing strategy that was explained in the
first part of this series of papers is shortly reviewed. Afterward, different issues for LEO-
augmented PPP-RTK positioning are discussed in detail, with the focus put on the changes
in the formal horizontal precision and the HPL. The conclusion is given at the end of
the paper.

2. Measurement Geometry under LEO Augmentation

The GNSSs have experienced rapid development in the past decades. As of 1 February
2022, the GPS has 30 operational satellites, among which 16 are operational satellites
transmitting signals on the L1 (1575.42 MHz), L2 (1227.6 MHz) and L5 (1176.45 MHz) for
positioning and navigation purposes [16]. At the same time, the Galileo system of the
European Union (EU) is also increasing its size and on its way to a full constellation, having
3 In-Orbit-Validation (IOV) satellites left operational in the system, and 19 Full Operational
Capability (FOC) satellites usable by 1 February 2022. All the currently operational Galileo
satellites are transmitting five-frequency signals on E1, E5a, E5, E5b and E6, which have
overlapped frequencies on E1 and E5a with the GPS on L1 and L5. In 2020, the Chinese
BDS completed its full constellation. Until 1 February 2022, it has 42 operational satellites,
including 12 satellites of BDS-2 and the remaining 30 of BDS-3. In addition to 24 MEO
satellites, different from the GPS and the Galileo, the BDS also has 8 Geostationary (GEO)
satellites and 10 Inclined Geosynchronous orbit (IGSO) satellites. The BDS also occupies
a relatively complicated frequency structure, having the BDS-2 satellites transmitting
signals on B1I (1561.098 MHz), B2I (1207.14 MHz) and B3I (1268.52 MHz) and the BDS-3
satellites sending open signals in addition to B1I, B3I and also on B1C (1575.42 MHz),
B2a (1176.45 MHz) and B2b (1207.14 MHz) [17]. The frequency structure of the three
constellations is illustrated in Figure 1. It can be observed that the L1 of 1575.42 MHz
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and the L5 of 1176.45 MHz are the only two frequencies that are currently shared by all
three systems.
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Figure 1. Frequency structure of the GPS, Galileo and BDS. The satellite numbers of different
constellations/generations were retrieved on 1 February 2022.

For a dual-frequency user, Figure 1 also shows that the tracking combination of L1
and L5 would lead to a maximal number of usable satellites from these three systems, i.e.,
68 in total. In addition to the satellite numbers, the signals on L5 were also shown to have
smaller code noise [18] and to be more robust against interferences [19]. Due to all these
advantages, these two frequencies are planned to be used for the US/EU dual-frequency
multi-constellation (DFMC) positioning service in aviation, both for the case using the
GNSS broadcast ephemeris with the advanced Receiver Autonomous Integrity Monitoring
algorithm (ARAIM) [20,21], and the case using DFMC Satellite-Based Augmentation System
(SBAS) corrections [22,23].

2.1. The LEO Configuration

Based on the various advantages provided by LEO satellites as mentioned in the
introduction, some LEO satellite constellations have been designed for navigation purposes
and considered as augmentation systems to GNSS, for purposes of both navigation and
IM. Recently, the German Aerospace Center has proposed a new GNSS named Kepler,
consisting of 24 MEO satellites and 6 LEO satellites [24]. CentiSpace in China has also
designed a future LEO satellite constellation to augment the GNSS-based PNT service [15],
which plans to transmit GNSS-interoperable signals on L1 and L5 [25]. The first test
satellite, named Xiangrikui 1, was launched in September 2018 and had dual-frequency
GNSS receiver as well as instrument for laser inter-satellite links equipped onboard. It
was shown to be able to achieve a cm-level POD accuracy based on internal validation
methods [26]. CentiSpace has currently released two planned layers of LEO satellites based
on the Walker constellation [27], located at altitudes (H) of 975 and 1100 km, respectively
(see Table 1) [15,28]. N and P in Table 1 denote the total number of satellites in the
corresponding layer, and the number of orbital planes, respectively. The satellites are
uniformly distributed on each plane with the number S = N/P. The parameter F for the
Walker constellation, which is used to describe the phase shift between adjacent orbital
planes, should be an integer between 0 and P− 1. It is set to 0 in this study as an example.
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Table 1. Details of the tested LEO satellite constellation. H is the orbital height. N and P denotes the
number of satellites and orbital planes in the corresponding layer, respectively. F describes the phase
shift between adjacent planes, and I denotes the inclination.

Layer H [km] N P F I [◦]

A 975 120 12 0 55

B 1100 30 3 0 87.4

The symbols I in Table 1 denotes the orbital inclination, and all LEO satellites within
the constellation are expected to have circular orbits with an eccentricity of zero. The right
ascension of ascending node Ω of the orbital plane i, denoted as Ωi, can be calculated as
follows for Layers A and B (near-polar orbits), respectively:

Layer A : Ωi =
2π(i− 1)

P
, Layer B : Ωi =

π(i− 1)
P

(1)

For the jth satellite on orbital plane i, the mean anomaly Mij at a defined starting time
t0 can be expressed as [29]:

Mij =
2π

S
× F

P
× (i− 1) +

2π(j− 1)
S

= 2π ×
(

F× (i− 1)
N

+
j− 1

S

)
. (2)

The two-layer LEO constellation is also shown in Figure 2, where the red and the
yellow lines illustrate the two layers of 975 and 1100 km, respectively.
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represent layers A and B, respectively.

2.2. Satellite Numbers

With more constellations contributing to the positioning service of the same user, the
measurement geometry and the positioning precision can with no doubt be improved.
Figure 3 are colormaps of the mean visible GNSS + LEO satellite numbers, transmitting
signals on L1 and L5 frequencies, in 5◦ × 5◦ grids on a daily basis, calculated with a sam-
pling interval of 10 min. The international GNSS service (IGS) [30] multi-GNSS experiment
(MGEX) [31] orbits from the center for orbit determination in Europe (CODE) [32] on 26
June 2021, were used for the plots, which did not include the BDS GEO satellites. The
elevation mask is set to 5 degrees. The LEO satellite configuration introduced in Section 2.1
is used for generation of the plots.
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From Figure 3, it can be observed that adding the proposed LEO constellation (right-
bottom subplot) has increased the visible satellite numbers to around or more than 30 in
most places in the world. The distribution of the satellite numbers is generally latitude-
dependent. Figure 4 illustrates in a colormap the number of simultaneously visible LEO
satellites on a daily average basis with an elevation mask of 5 degrees. The latitude-related
colors show that the proposed LEO constellation is especially beneficial to the mid-latitude
areas. Several large cities are marked in the figure as examples. It can be observed that
Moscow, Beijing, New York, Los Angeles and Berlin are all within the red areas, i.e., having
more than nine satellites simultaneously visible on average.
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The LEO satellites under the given configuration, however, are mostly visible at low
elevation angles. Taking Beijing as an example, as shown in Figure 5, a much more rapid
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decrease can be observed in the LEO satellite numbers compared to other constellations
when increasing the elevation mask. For an elevation cut-off angle of 10 degrees, the visible
LEO satellite number is decreased to about 7. Still, it can be observed that for elevation
masks smaller than 20 degrees, the number of visible LEO satellites is higher than that of
the current L1/L5 GPS satellites.
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Figure 5. The daily average number of visible L1/L5 satellites of different constellations in Beijing
under different elevation masks. The average number of satellites at an elevation mask angle of
5 degrees amounts to about 5.1, 7.2, 9.9, and 9.4 for GPS, Galileo, BDS and LEO satellites sending
signals on L1/L5, respectively.

The different nature of the LEO and GNSS signals do show advantages for LEO-
augmented positioning in complicated measurement environments such as urban canyons.
In such environments, GNSS signals under low elevation angles are partially blocked by
high infrastructures around the receiver, leading to a limited visible area only for satellites
of high elevation angles. The other tracked signals from low elevation angles are often
disturbed by high multipath effects, which bias the results and are often screened out
or strongly down-weighted in the positioning. All these are more or less equivalent to
manually setting a high elevation mask in the processing. Benefiting from the much lower
orbital altitude, the LEO signals occupy a much stronger signal strength than the GNSS
signals, which helps the LEO signals penetrate obstacles and possibly enable even indoor
positioning [7]. In addition, the fast speed of LEO satellites whitens the multipath effects
around the user [6]. This indicates that the mis-modelled multipath effects in kinematic
and complicated environments are likely to be categorized as measurement noise, which
is usually done in actual GNSS-based positioning for simplicity, but actually incorrect. In
such cases, low-elevation LEO signals might have large noise that needs to be properly
down-weighted, but not mis-modeled biases that need to be strongly down-weighted or
screened out in extreme cases. All these imply that in urban canyons or other environments
with a limited sky view, a lower elevation mask can be set for LEO satellites.

2.3. HDOP

The position dilution of precision (PDOP) is a unitless indicator to assess the measure-
ment geometry [33], where lower PDOP values correspond to better positioning precision.
For road transport users, the horizontal dilution of precision (HDOP) is of higher interest
and will be discussed in this section. In this contribution, the HDOP is calculated con-

sidering an elevation-dependent weighting function P =
(

1 + 10× exp
(
− θs

r
10◦
))−2

[34],
where θs

r denotes the elevation angle from receiver r to satellite s in degrees. This elevation-
dependent weight function is often used for the GNSS processing [35,36]. Figure 6 shows
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the daily mean HDOPs without (solid lines) and with the augmentation of LEO satellites
(dashed lines) at Beijing. The indicator “G”, “E”, “C” and “L” represents the GPS, Galileo,
BDS and the tested LEO constellation, respectively. High HDOPs larger than 20 are not
considered by calculating the daily mean values. As the signals of LEO satellites have
whitened multipath effects and could penetrate infrastructures (see the last paragraph of
Section 2.2), HDOPs of one more option are illustrated with the dashed-dotted lines in
Figure 6, i.e., the case assuming that the elevation cut-off angle for LEO satellites does
not increase with the x-axis after 5 degrees, while the elevation mask angles for other
constellations still increase after 5 degrees. The GPS-only HDOPs (see the solid blue line in
Figure 6a) do not increase with the elevation mask after 10 degrees due to the increasing
number of excluded epochs with low satellite numbers and high HDOPs.
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Figure 6. Daily mean HDOPs using L1/L5 satellites from (a) single GNSS constellation; (b) dual and
triple GNSS constellations, without and with the augmentation of LEO satellites. The dashed and
dashed-dotted line represents the case that the elevation mask for LEO satellites increases and does
not increase after 5 degrees, respectively.

From Figure 6, it can be observed that the improvements of the LEO augmentation
to the GNSS-based HDOPs are significant. The improvement factors fHDOP are given for
different elevation masks in Table 2, which are formulated as:

fHDOP =
HDOP0 −HDOPL

HDOP0
, (3)

where HDOP0 and HDOPL represent the HDOP without and with the LEO augmentation,
respectively. From both Figure 6 and Table 2 it can be seen that the LEO augmentation
improves the horizontal positional geometry for all the listed GNSS-based single-, dual-
and triple-constellations by more than 10%, where the increase has reached around or more
than 20% for the three single-constellation scenarios. In the cases where the GNSS satellites
can only be effectively used with a high elevation cut-off angle (20 degrees for example)
while the mask for LEO satellites remains a low value (5 degrees for example), the HDOP
improvements can be further increased by more than 3% (see the values in Table 2 after
the slash signs). Comparing the values for “GL”, “EL” and “CL” with the blue, green
and red dashed-dotted lines in Figure 6a and those for dual-frequency HDOPs with solid
lines in Figure 6b, it can be observed that the LEO-augmented single-constellation HDOPs
can reach a similar level to the dual-constellation GNSS HDOPs, i.e., about 1 to 1.5. The
same applies to the LEO-augmented dual-constellation HDOPs (see the blue, green and red
dashed-dotted lines in Figure 6b), which are at a similar level to the triple-frequency GNSS
HDOPs (see the solid magenta line in Figure 6b). This indicates that if one or two GNSS
constellations are not available for the L1/L5 positioning, the suggested LEO constellation
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can take their role and make up for deficiencies caused by the weakened measurement
geometry. In addition, as illustrated by the magenta dashed-dotted line in Figure 6a, it is
possible to achieve an HDOP below 2.5 using only the LEO satellites when the elevation
mask angle remains 5 degrees (or lower). This is at a similar level to the Galileo-only
HDOPs (see the solid green line in Figure 6a).

Table 2. Improvement factors in HDOPs using L1/L5 satellites from different GNSS constellations
and under different elevation mask angles. The slash sign separates the cases that the elevation mask
for LEO satellites increases and does not further increase after 5 degrees.

Constellation
Improvement Factor fHDOP

5◦ 10◦ 15◦ 20◦

G 62.6% 60.4%/62.4% 54.5%/60.8% 43.8%/56.3%

E 33.2% 33.0%/34.2% 38.7%/42.0% 47.9%/53.3%

C 20.1% 19.9%/21.0% 19.6%/22.8% 21.4%/27.0%

GE 23.7% 23.4%/24.4% 23.0%/25.9% 24.3%/29.6%

GC 20.1% 19.9%/20.7% 19.3%/21.6% 19.5%/23.9%

EC 17.8% 17.4%/18.1% 16.9%/18.9% 16.7%/20.5%

GEC 14.7% 14.5%/15.0% 13.9%/15.6% 13.6%/17.0%

It is worth mentioning that the improvements of the LEO augmentation in the mea-
surement geometry are even more significant in the vertical direction than in the horizontal
direction, which would be of interest to, for example, drone and hydrographic applications.
When keeping the elevation cut-off angle at 5 degrees for the LEO satellites, the vertical
dilution of precision (VDOP) reaches 20% to 40% for the dual- and triple-constellation cases
at an elevation mask of 20 degrees (corresponding to the last column of Table 2). The corre-
sponding improvements are around or above 40% for the three single-constellation cases.

3. PPP-RTK Processing Strategy

The strategy of PPP-RTK processing is introduced in the first part of this series of
papers [14]. It uses undifferenced and uncombined observations [37], and forms new
estimable parameters based on the S-system theory [38] to avoid rank deficiencies. The
tested LEO satellites are designed for navigation purposes and are expected to broadcast
GNSS-like phase and code signals on L1 and L5. As with the GNSS signals, they experience
errors such as noise, tropospheric delays, clock biases, hardware biases and ambiguities.
The LEO satellites are located at the altitudes of about 300 to 1500 km [39], which are within
or above the ionosphere layer that is present from about 50 to 1000 km above the Earth’s
surface. In our contribution, the altitudes of the tested LEO satellites are 975 and 1100 km
(see Table 1). The LEO signals are thus assumed to go through the ionosphere and suffer
from similar ionospheric delays as the GNSS satellite signals.

The observation equations for the network processing can be formulated as follows:

E
(

∆ϕs
r,j(ti)

)
= (gs

r(ti))
T∆τr(ti) + dt̃r(ti)− dt̃s(ti)− µj ι̃

s
r(ti) + δ̃r,j(ti)− δ̃s

,j(ti) + λjÑs
r,j(ti) (4)

E
(

∆ps
r,j(ti)

)
= (gs

r(ti))
T∆τr(ti) + dt̃r(ti)− dt̃s(ti) + µj ι̃

s
r(ti) + d̃r,j(ti)− d̃s

,j(ti), (5)

where ∆ϕs
r,j and ∆ps

r,j indicate the phase and code observed-minus-computed (O-C) term,
respectively. The superscript T denotes the matrix transposition. The gs

r maps the zenith
tropospheric delay (ZTD) ∆τr from the vertical to the slant direction. λj is the wavelength
on frequency fi, and µj = f 2

1 / f 2
j is the coefficient for the ionospheric delay on frequency fi.

The forms of the estimable receiver (dt̃r) and satellite clocks (dt̃s), the estimable ionospheric
delays on L1 (̃ιsr) and ambiguity (Ñs

r,j), the phase (δ̃r,j) and code receiver hardware biases
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(d̃r,j), as well as their counterparts for the satellite (δ̃s
,j, d̃s

,j) are given in the first part of this

series of papers (see Table 1 in [14]). E(·) is the expectation operator. Note that the dt̃r,
δ̃r,j and d̃r,j are different for each constellation. The ZTDs, the hardware biases and the
ambiguities are assumed linked in time by a random-walk noise.

With the partial ambiguity resolution (PAR) [40] enabled, the ambiguities are resolved
using the least-squares ambiguity decorrelation adjustment (LAMBDA) method [41] for
each constellation. A formal ambiguity success rate of 99.99% is set to be the threshold for
successful ambiguity fixing, and a ratio test with a threshold of 3 is set for the ambiguity
validation [42].

After the convergence of the network solutions, satellite clocks, satellite phase biases
and ionospheric delays (of the network stations) are provided to users. To achieve fast
integer ambiguity resolution (IAR) of the user, it is essential to interpolate the user iono-
spheric delays, e.g., based on the least-squares collocation [43] and the best linear unbiased
prediction (BLUP) method [44]. In general, the interpolated user ionospheric delay vector
ˆ̃ιu(ti) can be expressed as:

ˆ̃ιu(ti) = Fιu(ti)

( ˆ̃ι(ti)

d̂u′r,GF

(
t1|i−1

) ), (6)

where ˆ̃ι denotes the estimated ionospheric vector of all network stations and satellites,
d̂u′r,GF

(
t1|i−1

)
is the geometry-free (GF) code bias at t1 between a reference network station

u′ and the network station r, which is estimated during the ionosphere interpolation of the
previous epoch. Fιu contains the interpolation coefficients for building the user ionospheric
delays.

The estimated satellite clocks (dˆ̃t
s
), satellite phase biases (ˆ̃δ

s
,j) and the interpolated user

ionospheric delays (ˆ̃ι
s
u) are corrected in the user observations with:

E
(

∆ϕs
u,j(ti) + dˆ̃t

s
(ti) +

ˆ̃δ
s
,j(ti) + µjˆ̃ι

s
u(ti)

)
= (Gs(ti))

T∆xu(ti) + (gs(ti))
T∆τu(ti) + d̃t̃u(ti) +

˜̃δu,j(ti) + λjÑs
u,j(ti), (7)

E
(

∆ps
u,j(ti) + dˆ̃t

s
(ti)− µjˆ̃ι

s
u(ti)

)
= (Gs(ti))

T∆xu(ti) + (gs(ti))
T∆τu(ti) + d̃t̃u(ti) + µj

˜̃du,GF(ti), (8)

where the estimable user receiver clock (d̃t̃u), user receiver phase bias (˜̃δu,j) and GF code

bias (˜̃du,GF) vary for different constellations. Their forms can be found in [14]. Gs denotes
the satellite-to-receiver unit vectors, and ∆xu denotes the positional increments to the a
priori values. In addition to the corrections themselves, the variance-covariance (V-C)

matrices of the combined network corrections, i.e., dˆ̃t
s
(ti) +

ˆ̃δ
s
,j(ti) + µjˆ̃ι

s
u(ti) for phase and

dˆ̃t
s
(ti)− µjˆ̃ι

s
u(ti) for code, need to be considered in the user processing to enable fast and

correct IAR. For converged network solutions, the variance due to the user ionosphere
interpolation plays a major role in the V-C matrix of the combined network corrections.

With the combined network corrections and its V-C matrix computed, the user pro-
cessing is performed with the PAR enabled using the same threshold for the ASR and the
ratio test. More details of the PPP-RTK processing can be found in the first part of this
series of papers [14].

4. LEO Augmentation

The first part of this series of papers [14] introduced the IM procedure of multi-GNSS
PPP-RTK positioning. In this section, the differences in the positioning precision and the
HPLs after the LEO augmentation will be discussed in detail. The GPS/Galileo/BDS-3
satellites transmitting signals on 1575.42 and 1176.45 MHz, i.e., L1/L5 for GPS, E1/E5a for
Galileo and B1C/B2a for BDS-3 on 26 June 2021 are used for test simulations together with
the considered LEO constellation. The elevation mask angle is set to 10 degrees for GNSS
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satellites and a lower value of 5 degrees for LEO satellites, assuming the user is not located
in a high-density urban area. As shown in Figure 7, the same three networks with different
sizes are used for simulations as in the first part of this series of papers (see Figure 2 in [14]),
and the user at one of the worst locations for ionospheric interpolation is utilized for user
processing in each network (see the stars in Figure 7, also see Figure 5 in [14]). Recall that
the inter-station distance varies from 42 to 140 km in Network 1, from 101 to 337 km in
Network 2 and from 168 to 563 km in Network 3.
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Figure 7. Networks of different sizes that are used for the network positioning. The stars represent
the worst-location users in the three networks, which are used for the test results in user positioning
and IM in Sections 4.3 and 4.4.

Similar to the simulated GNSS observations in [14], the LEO observations are simulated
taking into consideration the observation noise, the random-walk ZTDs, hardware biases,
and spatially correlated ionospheric delays. The sampling interval of the data is set to 1 s.
The standard deviations of different parameters for accuracy and continuity purposes are
given in Table 4 of [14], and those for integrity purposes are given in Table 6 of [14].

4.1. Orbital Errors

Due to the high altitudes of the GNSS satellites, the influences of orbital errors on
baselines of a few hundreds of kilometers can be neglected when using high-precision
real-time orbits with an accuracy of centimeters. For LEO satellites which have much lower
altitudes, i.e., from a few hundreds of kilometers to more than 1000 km, the influences of
the orbital errors need to be analyzed when the distance between the network stations and
the user reaches a few hundreds of kilometers.

The orbital errors in the radial (δR), along-track (δS) and cross-track directions (δW) are
projected into the signal direction to a network (r) and a user station (v), denoted as ∆δv
and ∆δr, respectively. Their differences ∆δrv can be expressed as:

∆δrv = ∆δv − ∆δr
= 〈eR, eLv〉δR + 〈eS, eLv〉δS + 〈eW, eLv〉δW − 〈eR, eLr〉δR − 〈eS, eLr〉δS − 〈eW, eLr〉δW
= (〈 eR, eLv〉 − 〈eR, eLr 〉)δR + (〈 eS, eLv〉 − 〈eS, eLr 〉)δS + (〈 eW, eLv〉 − 〈eW, eLr 〉)δW,

(9)

where eR, eW and eS are the unit vectors in the radial, along-track and cross-track directions
of the LEO satellite, respectively. eLv and eLr denote the unit vectors from the LEO satellite
to the two stations. 〈·, ·〉 forms scalar product of two vectors. When not considering the
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correlation among the orbital errors in the three directions, the standard deviation of ∆δrv,
denoted as σrv, is formulated using the variance law as:

σrv =
√
(〈 eR, eLv〉 − 〈eR, eLr 〉)2σ2

R + (〈 eS, eLv〉 − 〈eS, eLr 〉)2σ2
S + (〈 eW, eLv〉 − 〈eW, eLr 〉)2σ2

W (10)

for which σR, σS and σW represent the standard deviation of the LEO satellite orbital errors
in the radial, along-track and cross-track directions, respectively.

Considering the sizes of the three simulated networks as introduced in [14], as shown
in Figure 7, with the inter-station distance ranging from about 40 to 560 km, the influences
of the LEO orbital errors are investigated for baselines with one station located at the red
star in Beijing (see Figure 8a), and the other station illustrated with blue dots having an
latitude or longitude differences ranging from 0.5 to 5 degrees, i.e., with an inter-station
distance ranging from about 43 to 555 km. The tested LEO constellation introduced in
Section 2.1 is used for the analysis. The standard deviations of the orbital errors, i.e.,
σR, σS and σW, are assumed to be 1 cm in each of the radial, along-track and cross-track
directions for the reduced-dynamic precise orbit determination (POD), which normally
exhibit an accuracy of centimeters using the post-processed GNSS products [45]. Note that
using real-time GNSS products, the orbital accuracy of LEO satellites could be degraded
depending on the products used [46].
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Figure 8. (a) Location of assumed baselines; (b) Daily averaged standard deviations of the orbital
influences on the baselines, i.e., σrv (Equation (10)). The standard deviations of the orbital errors are
assumed to be 1 cm in the radial, along-track and cross-track directions each.

Based on Equation (10), the daily averaged standard deviations of the orbital influences
on different baselines are shown in Figure 8b. The blue and red dots represent the LEO
orbits with an altitude of 975 and 1100 km, respectively (see Section 2.1). The daily averaged
standard deviations are calculated as the square root of the averaged σ2

rv for all satellites in
the corresponding LEO layer and all epochs on the test day 26 June 2021, with a sampling
interval of 1 min. From Figure 8b it can be observed that the σrv is generally below 1 mm
for the tested LEO constellation, even for baselines over 500 km. The influences of orbital
errors are thus not further considered in this study. However, as shown by the lower values
of the red dots than the blue dots, it is visible that the altitude of the LEO satellites plays an
important role in the σrv. For LEO satellites with lower altitudes, or for orbital products
with significantly lower precision, the influences of the orbital errors need to be assessed
for the corresponding situation, and if necessary, considered in the IM.
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4.2. Network Processing

Before the user processing, the network corrections, i.e., the satellite clocks, satellite
phase biases and ionospheric delays should be available from a network processing using
L1/L5 observations from a four-constellation scenario (GPS/Galileo/BDS/LEO). The
settings of the user processing are introduced at the beginning of Section 4.

In this contribution, the network corrections are assumed to be generated with all four
constellations and with the PAR enabled. Compared with the three-constellation scenario
of GPS/Galileo/BDS, the precision improvements are not significant in the combined
network corrections when adding the LEO constellation, as new satellites mainly benefit
the parameters that are commonly estimated for all constellations, i.e., the ZTDs in our
case, but not the satellite-specific network corrections.

Recall that the considered LEO constellation broadcast code and carrier-phase ob-
servations that are interoperable with GNSS observations. With the PAR enabled for the
four-constellation processing and with the ambiguities resolved constellation by constel-
lation, as shown in Figure 9 for Network 1, the fix rate of the LEO satellite carrier-phase
ambiguities that pass the success rate of 99.99% and get validated with the ratio test are
shown to be lower than those of the other three GNSSs. This is related to the higher portion
of the low elevation LEO satellites (see Figure 5). After the sharp increase within the first
several minutes, the ambiguity fix rate of the LEO satellites remains at about 80% to 100%.
This also applies to the Networks 2 and 3, which have larger sizes. Note that with the
LAMBDA method, the ambiguities are first decorrelated with a transformation matrix
before being resolved. The decorrelated ambiguities are thus linear combinations of the
original ambiguities. With the decorrelated ambiguities successfully fixed to integers, they
are transformed back to their original forms. As such, one unsolved decorrelated ambiguity
could influence several ambiguities in their original forms. The fix rate shown in Figure 9
refers to the number of the fixed decorrelated ambiguities divided by the total number of
the decorrelated ambiguities.
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4.3. User Positioning

In this section, the focus is being put on the influences of the LEO augmentation on the
user positioning results. The L1/L5 LEO signals are added to single-, dual- and triple-GNSS
scenarios assuming that the user might not track all the three GNSS constellations. The
user processing begins 60 s after the network processing to allow for the convergence of
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the network solutions. The settings of the user processing are introduced at the beginning
of Section 4.

4.3.1. Ambiguity Resolution

The PAR is enabled at the user side with ambiguities from all constellations resolved
together. Figure 10 illustrates the number of fixed decorrelated ambiguities in PAR for
different constellation combinations at the user side. The dotted lines represent the cases
with LEO augmentation. Note that the full ambiguity resolution (FAR) is achieved at the
60th epoch for all the lines in Figure 10a. The number of fixed ambiguities is shown in
order to illustrate the fact that under LEO-augmentation, an increasing number of total
ambiguities (see the ambiguity numbers reaching FAR at the 60th epoch in Figure 10a)
does not hamper the speed of ambiguity resolution. Figure 10a corresponds to the case
of using corrections from Network 1 with the smallest size among the three networks
and under a relatively quiet ionospheric condition, i.e., with the standard deviation of
the between-station ionospheric signals (σιij,1km) set to 1.5 mm at 1 km. In such a case, the
variance of the between-station combined network corrections tends to be small due to
the precise ionospheric interpolation (see Figure 5 in [14]). The fix rate rises quickly to 1
in almost all cases except for the GPS-only scenario (see the solid red line in Figure 10a)
due to the limited number of GPS satellites transmitting on L1/L5 at the moment and
those observed by the user. From Figure 10a it can be observed that the total number of
ambiguities has been significantly increased under the LEO augmentation (dotted lines),
which does not slow down the ambiguity resolution. For single-constellation scenarios (see
the red, magenta and dark purple lines) with limited satellite numbers, LEO augmentation
has accelerated the ambiguity resolution due to the increased model strength.
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using: (a) Network 1 with a σιij,1km of 1 mm; (b) Network 3 with a σιij,1km of 5 mm. “#” means
the number.

In Figure 10b, network corrections are processed in Network 3 which has a larger
size and under a more active ionospheric condition with σιij,1km set to 5 mm. For the same
constellation combinations, compared with Figure 10a, it is clear that a lower precision of
the combined network corrections (at the between-satellite level) slows down the ambiguity
resolution. However, under such a case, the benefits of the LEO augmentation become
more evident for the single-constellation scenarios. Taking the GPS- and Galileo-only cases
(see the red and magenta lines in Figure 10b) as examples, without LEO augmentation,
the FAR is not reached until the 60th epoch, while adding the LEO constellation enables
the FAR at about the 30th to the 40th epochs. From Figure 10 it can also be observed
that the LEO-only scenario (see the gray lines) does not behave worse than the GPS- and



Remote Sens. 2022, 14, 1599 14 of 22

Galileo-only scenarios for L1/L5 satellites. For user processing without the need to estimate
satellite-specific parameters such as satellite clocks and phase biases, the rapid geometry
change strengthens the model and accelerates the ambiguity resolution under the LEO
augmentation. Recall that the elevation cut-off angle of LEO satellites was set to 5 degrees
due to their stronger signal strength, while for GNSS satellites it is set to 10 degrees.

It is also noted that ambiguity resolution here is performed based on simulated data,
which delivers formal results without consideration of the mis-modeled effects. The results
aim to show the improvement in the efficiency of the ambiguity resolution when having
the LEO augmentation. With mis-modeled effects, the number of resolved ambiguities
could be reduced at the same processing time. As such, the positioning solutions and the
HPLs are assessed in both the ambiguity-float and -fixed cases, for which the former case
represents an extreme situation that no ambiguities are fixed.

4.3.2. Positioning Results

The addition of LEO satellites also impacts the user positioning precision. As an
example, Figure 11 shows the user positioning results based on the simulated data from
Network 1 under quiet ionospheric conditions (with σιij,1km set to 1.5 mm). The positioning
errors in the Galileo-only scenario (see the gray lines) and the Galileo-LEO-scenario (see
the light green lines) are generally bounded by their corresponding 3σ-lines, in agreement
with the 99.7% theoritical bounding (see the black and dark green lines). Reductions in the
formal positional precision can be seen for both cases without and with the PAR enabled.
This is especially obvious at the beginning phase of the ambiguity-float processing (see
Figure 11a), where sharp convergence happens in the formal precision of the positioning.
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Figure 11. User positioning results (based on simulations) and three times the formal standard
deviations (3σ) of the positional components using Galileo (and LEO) satellites from Network 1 with
σιij,1km set to 1.5 mm in (a) the ambiguity-float case and (b) with the PAR enabled.

When being augmented with the LEO constellation, the improvement in the formal
horizontal precision, denoted as fH, is formulated as:

fH =

√
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√
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where σN0 and σE0 denotes the formal standard deviation of the north and the east positional
component without the LEO augmentation, respectively. Their counterparts with the LEO
augmentation are denoted by σN and σE.

Figure 12 shows the improvement ( fH) in the formal horizontal precision by adding
the LEO augmentation for Network 1 with a σιij,1km of 1 mm (panel a) and for Network
3 with a σιij,1km of 5 mm (panel b). The solid and dotted lines denote the cases with and
without the PAR enabled, respectively. In general, the improvement is more significant in
the ambiguity-float case, especially within the first 1000 epochs. For both the ambiguity-
fixed and -float cases, the improvements for single-constellation scenarios, e.g., using
low-cost receivers, are greater than those for dual- and triple-constellation scenarios. In
general, the improvement in the formal horizontal precision amounts to about 10% to 40%
after resolving the ambiguities, while it reaches about 40% to 70% for the ambiguity-float
solutions within the first 1000 epochs.
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Figure 12. Improvement ( fH) of the formal horizontal precision by adding the LEO augmentation
with (solid lines) and without the PAR enabled (dotted lines). The simulated data from (a) Network 1
with a σιij,1km of 1 mm and (b) Network 3 with a σιij,1km of 5 mm are used.

For ambiguity-float solutions, the convergence time to a good precision is of great
interest to users. Figure 13a shows the convergence time needed to let the formal horizontal
precision reach 0.02 m in the ambiguity-float case, given here for demonstration purposes
only for formal results, where typically 10 cm is sufficient for ambiguity-float real data
when mis-modelled effects are considered. The two scenarios distinguish between high
and low precision of the combined network corrections, i.e., from Network 1 with a σιij,1km

of 1.5 mm (Scenario 1) and from Network 3 with a σιij,1km of 5 mm (Scenario 2). It can be
observed that with the LEO augmentation, the convergence time is significantly shortened
for all constellation combinations, especially for the single-constellation cases and for
Scenario 2 (see the dark and light green bars). The convergence time is shortened to within
3 min for all cases, even under Scenario 2 (see the light green bars in Figure 13a). As
shown in Table 3, the improvement has reached over 85% for the single-constellation
scenarios under Scenario 2. Note that the results discussed here are the formal precision
based purely on the model, aiming to show the impact of the strengthened model with
LEO augmentation. Mis-modeled effects such as multipath or unmodelled ionospheric
interpolation errors would bias the results and could further hamper the convergence.
The shortened convergence time is related to the rapid change in geometry of the LEO
satellites. For this aspect, it is similar to shortening the PPP convergence time with the
LEO augmentation.



Remote Sens. 2022, 14, 1599 16 of 22

Remote Sens. 2022, 14, x FOR PEER REVIEW 16 of 22 
 

 

satellites. For this aspect, it is similar to shortening the PPP convergence time with the 

LEO augmentation. 

  
(a) (b) 

Figure 13. (a) Convergence time of the ambiguity-float formal horizontal precision (1𝜎) to 0.02 m; 

(b) Ambiguity-fixed formal horizontal precision at 1 h. Scenario 1 and 2 denotes the network cor-

rections from Network 1 with a 𝜎𝜄𝑖𝑗,1km of 1.5 mm and from Network 3 with a 𝜎𝜄𝑖𝑗,1km of 5 mm, 

respectively. 

Table 3. Improvement of the convergence time to 0.02 m for the ambiguity-float formal horizontal 

precision, when adding the LEO constellation. 

Scenario GEC(L) GE(L) GC(L) EC(L) G(L) E(L) C(L) 

1 54.2% 69.9% 65.8% 64.9% 86.2% 83.8% 79.4% 

2 68.8% 78.9% 77.3% 75.9% 93.2% 92.1% 89.1% 

For the ambiguity-fixed solutions, the formal precision that could be reached after 

FAR shows the potential of the PPP-RTK positional performance. Figure 13b shows the 

formal horizontal precision after 1 h of the processing with the PAR enabled. With the 

LEO augmentation, the ambiguity-fixed horizontal precision is also improved due to the 

increased model strength. The formal horizontal precision at 1 h is reduced to within 1 cm 

for all constellation combinations and under both scenarios with LEO augmentation. 

4.4. Horizontal Protection Level 

The HPL is supposed to overbound the horizontal positioning errors (HPEs) under a 

pre-defined PMIH. The method to calculate the HPL was described in detail in the first 

part of this series of papers [14]. As mentioned in [14], the HPLs, while they depend on 

the observation quality and geometry, the nominal error model and the threat model, they 

are also affected by multipath environments, ionospheric activities, network size and 

PMIH. In this section, the same settings of the overbounding standard deviations and bi-

ases as in Table 6 of [14] will be used to evaluate the influences of the LEO augmentation 

on the HPLs. Recall that the multipath environments were distinguished into four catego-

ries (A, B, C and D) with the overbounding standard deviation for phase noise/multipath 

𝜎̌𝑢0,𝜑 varying from 0.005 to 0.02 m, and with the corresponding overbounding bias 𝑏̌𝑢0,𝜑 

varying from 0.01 to 0.04 cycles. Their counterparts for code noise/multipath vary from 

0.5 to 2 m for the overbounding standard deviation 𝜎̌𝑢0,𝑝 and from 0.2 to 0.8 m for the 

overboudning bias 𝑏̌𝑢0,𝑝. Simiarly, the ionospheric environments were distinguished into 

categories A, B, C and D, with the 𝜎̌𝜄𝑖𝑗,1km varying from 5 to 20 mm. Details are described 

in Table 7 of [14]. In this contribution, the PMIH is set to 2 × 10−6 , the smallest value 
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(b) Ambiguity-fixed formal horizontal precision at 1 h. Scenario 1 and 2 denotes the network
corrections from Network 1 with a σιij,1km of 1.5 mm and from Network 3 with a σιij,1km of 5 mm,
respectively.

Table 3. Improvement of the convergence time to 0.02 m for the ambiguity-float formal horizontal
precision, when adding the LEO constellation.

Scenario GEC(L) GE(L) GC(L) EC(L) G(L) E(L) C(L)

1 54.2% 69.9% 65.8% 64.9% 86.2% 83.8% 79.4%

2 68.8% 78.9% 77.3% 75.9% 93.2% 92.1% 89.1%

For the ambiguity-fixed solutions, the formal precision that could be reached after
FAR shows the potential of the PPP-RTK positional performance. Figure 13b shows the
formal horizontal precision after 1 h of the processing with the PAR enabled. With the
LEO augmentation, the ambiguity-fixed horizontal precision is also improved due to the
increased model strength. The formal horizontal precision at 1 h is reduced to within 1 cm
for all constellation combinations and under both scenarios with LEO augmentation.

4.4. Horizontal Protection Level

The HPL is supposed to overbound the horizontal positioning errors (HPEs) under
a pre-defined PMIH. The method to calculate the HPL was described in detail in the first
part of this series of papers [14]. As mentioned in [14], the HPLs, while they depend on the
observation quality and geometry, the nominal error model and the threat model, they are
also affected by multipath environments, ionospheric activities, network size and PMIH.
In this section, the same settings of the overbounding standard deviations and biases as
in Table 6 of [14] will be used to evaluate the influences of the LEO augmentation on the
HPLs. Recall that the multipath environments were distinguished into four categories
(A, B, C and D) with the overbounding standard deviation for phase noise/multipath
σ̌u0,ϕ varying from 0.005 to 0.02 m, and with the corresponding overbounding bias b̌u0,ϕ
varying from 0.01 to 0.04 cycles. Their counterparts for code noise/multipath vary from
0.5 to 2 m for the overbounding standard deviation σ̌u0,p and from 0.2 to 0.8 m for the
overboudning bias b̌u0,p. Simiarly, the ionospheric environments were distinguished into
categories A, B, C and D, with the σ̌ιij,1km varying from 5 to 20 mm. Details are described
in Table 7 of [14]. In this contribution, the PMIH is set to 2× 10−6, the smallest value
among the test values in the first part of this series of papers. Four different constellation
combinations are tested for the HPLs without, and with, the LEO augmentation under the
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L1/L5 scenario, i.e., GPS-only (G), GPS/Galileo-combined (GE), GPS/BDS-combined (GC)
and GPS/Galileo/BDS-combined (GEC).

4.4.1. Ambiguity-Float HPLs

The amibiguity-float HPLs converge with the processing time. As discussed in [14], the
speed of convergence is correlated with both the multipath and the ionospheric conditions.
In this sub-section, the influences of the LEO augmentation on the ambiguity-float HPLs
are discussed for different scenarios and constellation combinations.

Figure 14 shows the ambiguity-float HPLs for network 1 under quiet multipath and
ionospheric conditions (Category A), and for network 3 under active multipath and iono-
spheric conditions (Category D). It is noted that the convergence of the ambiguity-float
HPLs is not only related to the satellite number, but also to their configurations, especially at
the beginning phase. The increased overbounding variances of the interpolated ionospheric
delays, which do not consider the elevation-dependence in this study, could degrade the
positional components in the two horizontal directions with different propotions. In ad-
dition, the accumulated bias projects onto the two horizontal directions with an absolute
projection matrix (see Equation (37) in [14]). This could also lead to different behaviors in
the HPLs compared to the horizontal precision. As such, for Figure 14, the focus is intended
to be put on the differences between the cases without and with the LEO augmentation,
i.e., the solid and dashed lines in Figure 14.

Remote Sens. 2022, 14, x FOR PEER REVIEW 17 of 22 
 

 

among the test values in the first part of this series of papers. Four different constellation 

combinations are tested for the HPLs without, and with, the LEO augmentation under the 

L1/L5 scenario, i.e., GPS-only (G), GPS/Galileo-combined (GE), GPS/BDS-combined (GC) 

and GPS/Galileo/BDS-combined (GEC). 

4.4.1. Ambiguity-Float HPLs 

The amibiguity-float HPLs converge with the processing time. As discussed in [14], 

the speed of convergence is correlated with both the multipath and the ionospheric con-

ditions. In this sub-section, the influences of the LEO augmentation on the ambiguity-float 

HPLs are discussed for different scenarios and constellation combinations. 

Figure 14 shows the ambiguity-float HPLs for network 1 under quiet multipath and 

ionospheric conditions (Category A), and for network 3 under active multipath and iono-

spheric conditions (Category D). It is noted that the convergence of the ambiguity-float 

HPLs is not only related to the satellite number, but also to their configurations, especially 

at the beginning phase. The increased overbounding variances of the interpolated iono-

spheric delays, which do not consider the elevation-dependence in this study, could de-

grade the positional components in the two horizontal directions with different propo-

tions. In addition, the accumulated bias projects onto the two horizontal directions with 

an absolute projection matrix (see Equation (37) in [14]). This could also lead to different 

behaviors in the HPLs compared to the horizontal precision. As such, for Figure 14, the 

focus is intended to be put on the differences between the cases without and with the LEO 

augmentation, i.e., the solid and dashed lines in Figure 14. 

  

(a) (b) 

Figure 14. Ambiguity-float HPLs without and with LEO augmentation for: (a) Network 1 under 

quiet multipath and ionospheric conditions (Category A); (b) Network 3 under active multipath and 

ionospheric conditions (Category D). The solid lines refer to the case without LEO, and the dotted 

lines represent the HPLs with LEO augmentation. Note that the y-scales are different in the two sub-

figures. 

From Figure 14 it can be observed that adding LEO satellites leads to a dramatic re-

duction in the HPLs. With the LEO augmentation, the improvements in the HPLs have 

reached more than 60% after convergence for the period of about 5 to 30 min, with the 

HPLs brought down to about 0.2 and 1 m at around 5 min after the processing start for 

the two tested scenarios. The HPLs for the two test scenarios are shown in Table 4 at dif-

ferent convergence times. The rapid convergence with LEO augmentation is not only 

caused by the increased satellite number, but is also a result of the rapid geometry change 
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Figure 14. Ambiguity-float HPLs without and with LEO augmentation for: (a) Network 1 under
quiet multipath and ionospheric conditions (Category A); (b) Network 3 under active multipath
and ionospheric conditions (Category D). The solid lines refer to the case without LEO, and the
dotted lines represent the HPLs with LEO augmentation. Note that the y-scales are different in the
two sub-figures.

From Figure 14 it can be observed that adding LEO satellites leads to a dramatic
reduction in the HPLs. With the LEO augmentation, the improvements in the HPLs have
reached more than 60% after convergence for the period of about 5 to 30 min, with the
HPLs brought down to about 0.2 and 1 m at around 5 min after the processing start for the
two tested scenarios. The HPLs for the two test scenarios are shown in Table 4 at different
convergence times. The rapid convergence with LEO augmentation is not only caused by
the increased satellite number, but is also a result of the rapid geometry change generated
by the LEO satellites.
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Table 4. Ambiguity-float HPLs at different convergence times. The HPLs without and with LEO
augmentation are separated by the slash signs.

Constellation
HPL (m)

30 s 60 s 180 s 300 s 1200 s

Network 1, quiet multipath and ionospheric condition (Category A)

G 1.10/0.75 0.89/0.55 0.67/0.25 0.60/0.21 0.52/0.14

GE 0.88/0.72 0.74/0.56 0.58/0.26 0.55/0.22 0.46/0.14

GC 0.86/0.74 0.74/0.59 0.61/0.26 0.60/0.23 0.51/0.15

GEC 0.79/0.71 0.70/0.58 0.58/0.27 0.56/0.23 0.49/0.15

Network 3, active multipath and ionospheric condition (Category D)

G 5.42/3.47 4.27/2.57 3.06/1.18 2.69/1.01 2.19/0.67

GE 4.32/3.41 3.56/2.64 2.81/1.21 2.61/0.99 2.03/0.69

GC 3.95/3.36 3.35/2.67 2.81/1.26 2.71/1.07 2.19/0.71

GEC 3.63/3.22 3.14/2.60 2.68/1.26 2.59/1.02 2.12/0.71

4.4.2. Ambiguity-Fixed HPLs

With the PAR enabled, the HPLs without and with the LEO augmentation are illus-
trated in Figure 15 for the two test scenarios as discussed in Section 4.4.1, i.e., for network 1
with quiet multipath and ionospheric conditions, and network 3 with active multipath
and ionospheric conditions. The discontiniuties in Figure 15b are caused by the different
number of resolved ambiguities.
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Figure 15. PAR-enabled HPLs without and with the LEO augmentation for (a) Network 1 under
quiet multipath and ionospheric conditions (Category A); (b) Network 3 under active multipath and
ionospheric conditions (Category D). The solid lines refer to the case without LEO augmentation,
and the dotted lines represent the HPLs with LEO augmentation. Note that the y-scales are different
in the two sub-figures.

From Figure 15, it can be observed that the ambiguity-fixed HPLs are generally reduced
after adding the LEO augmentation. Figure 16 shows the improvements in the PAR-enabled
HPLs after adding the LEO constellation. After reaching the FAR, the improvements
generally vary from about 10% to 60%, depending on the constellations used and the
measurement/ionospheric environments. It can be observed that the improvements are
especially large for poor measurement geometry with the GPS-only scenario.
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5. Conclusions

In recent years, the continuously increasing number of LEO satellites has motivated
investigations of LEO-augmented GNSS positioning. While the PPP method has become a
hot spot in this regard, PPP-RTK positioning and its IM procedure have been less discussed.
Based on the IM procedure proposed for the PPP-RTK positioning in the first part of this
series of papers, this contribution discusses the influences of LEO augmentation on the PPP-
RTK horizontal positioning and its HPLs. A dual-frequency L1/L5 scenario is simulated for
networks of different sizes around Beijing with the planned CentiSpace LEO constellation
augmenting the GPS, Galileo and BDS constellations. The study distinguishes between
different scenarios with quiet and active multipath ionospheric environments, evaluates the
formal standard deviations of the positional solutions in both the ambiguity-float and -fixed
cases, and compares their HPLs without and with the augmentation of the LEO satellites.

The influences of the LEO augmentation are not only reflected in the increased satellite
numbers (especially at low elevation angles) and reduced HDOPs, but also in the improve-
ment in the PPP-RTK positioning precision and HPLs. For the ambiguity-float solutions,
LEO augmentation was found to be able to significantly shorten the convergence time
of the formal horizontal precision. Under single-constellation scenarios and with a low
precision of the ionospheric interpolation caused by, e.g., large network size or/and active
ionospheric activities, the convergence time of the formal horizontal precision to 0.02 m has
been reduced from more than 15 min to within 3 min. Similarly, the ambiguity-float HPLs
are also significantly improved by adding the LEO constellation. The improvements in the
HPLs have reached more than 60% after 5 to 30 min from commencement of processing. At
5 min, the HPLs are brought down from sub-meter to about 0.2 m for the tested scenario
with simple multipath condition and high precision of the ionospheric interpolation, and
from about 2.5 m to 1 m for the tested scenario with complicated multipath condition and
low precision of the ionospheric interpolation.

With the PAR enabled, the LEO augmentation is found able to accelerate the ambi-
guity resolution, especially for single-constellation scenarios and for low precision of the
ionospheric interpolation. After reaching the FAR, the ambiguity-fixed formal horizontal
precision is generally reduced to within 1 cm with LEO augmentation for all constellation
combinations tested in the study. The improvements in the ambiguity-fixed HPLs are
mostly within 10% to 60%.
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It needs to be mentioned that the results discussed in this contribution mainly rely on
the changed measurement geometry after adding the tested LEO constellation, i.e., with
the increased satellite numbers and their rapid geometry change. The influences of the
LEO augmentation are illustrated with formal results based on the proposed IM model
and the tested overbounding parameters. Different ionosphere interpolation strategies, IM
procedures and overbounding parameters could lead to differences in the model and the
formal results, and mis-modeled effects could lead to differences in the empirical results.
In summary, this contribution intends to deliver the following qualitative findings under
the given LEO constellation for L1/L5 GNSS-based PPP-RTK positioning:

• The convergence time of the ambiguity-float formal horizontal precision could be
significantly reduced when augmenting GNSS by LEO measurements.

• The ambiguity-float HPLs can be significantly reduced in the first half hour with the
LEO augmentation.

• The LEO augmentation accelerates the ambiguity resolution at the user side.
• The LEO augmentation improves the ambiguity-fixed formal horizontal precision and

reduces the ambiguity-fixed HPLs.

The above findings are expected to attract more attention in the field of the LEO-
augmented PPP-RTK positioning, possibly with the overbounding parameters refined, with
more efficient bias propagation strategies investigated and with real navigation signals
from LEO satellites tested in the future.
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