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Abstract

The PPP-RTK method, which combines the concepts of Precise of Point Positioning (PPP) and Real-Time Kinematic
(RTK), is proposed to provide a centimeter-accuracy positioning service for an unlimited number of users. Recently,
the PPP-RTK technique is becoming a promising tool for emerging applications such as autonomous vehicles and
unmanned logistics as it has several advantages including high precision, full flexibility, and good privacy. This paper
gives a detailed review of PPP-RTK focusing on its implementation methods, recent achievements as well as chal-
lenges and opportunities. Firstly, the fundamental approach to implement PPP-RTK is described and an overview
of the research on key techniques, such as Uncalibrated Phase Delay (UPD) estimation, precise atmospheric correc-
tion retrieval and modeling, and fast PPP ambiguity resolution, is given. Then, the recent efforts and progress are
addressed, such as improving the performance of PPP-RTK by combining multi-GNSS and multi-frequency obser-
vations, single-frequency PPP-RTK for low-cost devices, and PPP-RTK for vehicle navigation. Also, the system con-
struction and applications based on the PPP-RTK method are summarized. Moreover, the main issues that impact
PPP-RTK performance are highlighted, including signal occlusion in complex urban areas and atmosphere modeling
in extreme weather events. The new opportunities brought by the rapid development of low-cost markets, multiple
sensors, and new-generation Low Earth Orbit (LEO) navigation constellation are also discussed. Finally, the paper
concludes with some comments and the prospects for future research.

Keywords: PPP-RTK, Ambiguity resolution, Multi-GNSS, Smart device, Multi-sensor fusion

Introduction

At present, there is a significant increase in the demand
for real-time precise positioning to support emerging
applications including self-driving cars, unmanned aerial
vehicles and smart device navigation. Two well-known
techniques of Global Navigation Satellite System (GNSS),
named Real-Time Kinematic (RTK) (Hofmann-Wellen-
hof et al., 2001; Rizos, 2002) and Precise Point Position-
ing (PPP) (Zumberge et al, 1997), have been widely
applied in many areas for precise positioning. A real-time
centimeter-accuracy positioning can be achieved by RTK
through the double-difference Ambiguity Resolution
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(AR). However, the performance of RTK highly relies
on communication links and short range to a reference
station, which naturally leads to a huge communication
burden and a lack of flexibility. By contrast, PPP is capa-
ble to obtain high-precision positions by using a single
GNSS receiver but requires a long convergence time of
15-30 min (Collins 2008; Laurichesse et al., 2009).

To take full advantages of PPP and RTK and overcome
the limitations of both techniques, a new method called
PPP-RTK is proposed to perform rapid single-receiver
ambiguity resolution by applying the precise corrections
derived from a ground reference network (Wiibbena
et al,, 2005). PPP-RTK can be regarded as an extension
of the PPP model, which enables users to achieve abso-
lute positioning using a single receiver with higher accu-
racy and faster convergence speed by applying ambiguity
resolution. Unlike the Observable Space Representation
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(OSR) correction adopted by RTK, which is the range
corrections formulated by the lump sum of all GNSS-
related errors, the corrections of PPP-RTK are given in
the form of State Space Representation (SSR), providing
various individual corrections such as for precise satel-
lite orbit and clock, ionospheric and tropospheric delays,
and Uncalibrated Phase Delay (UPD). The SSR correc-
tions significantly reduce the communication burden and
thereby are capable to support massive users (Li et al,
2011, 2014). In addition, the GNSS-related errors of dif-
ferent temporal and spatial characteristics can be repre-
sented separately, leading to possible improvements in
positioning performance. In this sense, PPP-RTK can
achieve the same accuracy and performance as RTK but
with a wider operation range, lower communication bur-
den, and higher robustness against errors, which is well
considered as a prospective technology for emerging
mass market and vehicular applications (Fig. 1).

Over the last decade, various PPP-RTK models were
developed and their positioning performances were
investigated (Geng et al., 2011; Li et al., 2011; Teunissen
et al, 2010). Teunissen et al. (2010) developed a PPP—
RTK model where the reparametrized network parame-
ters, such as satellite and receiver clocks, phase and code
delays, ambiguities, and atmospheric delays, are derived
and taken as the corrections of observations for the users
to enable ambiguity resolution. Considering that the net-
work processing is time-consuming and hard to achieve
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in large-scale networks, a new PPP-RTK model was
developed using a multilayer processing scheme to derive
undifferenced augmentation corrections (Li et al.,, 2011,
2014). The precise orbit, satellite clock, phase bias, and
atmospheric corrections are generated consecutively at
the undifferenced level. The precise products at one layer
will facilitate the corrections derivation at the next layer.
Numerous studies demonstrated that PPP-RTK can
achieve instantaneous ambiguity resolution and obtain
centimeter-accuracy positioning results by using the aug-
mentation corrections from regional reference networks.
For better positioning performance, the research on bias
estimation, atmospheric correction modeling, and rapid
ambiguity resolution were conducted (Li et al,, 2020a;
Nadarajah et al., 2018; Wang et al., 2020b). With the
advancement of multi-GNSS, the research of PPP-RTK
experienced the developments from an ionosphere-free
model to an undifferenced and uncombined model (Li
et al,, 2014; Odijk et al,, 2016; Zhang et al.,, 2018a), sin-
gle system to multi-system (Khodabandeh & Teunissen,
2016; Li et al., 2021a; Ma et al., 2020), and dual-frequency
to multi-frequency (Li et al., 2022d; Psychas et al., 2021).
Following the advancement of the theoretical study, the
PPP-RTK service systems have been developed by sev-
eral research institutions and commercial companies to
provide real-time precise positioning services around
the world. Nevertheless, there are still many challenges
regarding the environmental effects and the algorithm
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development which restrict the wider application areas of
PPP-RTK.

In this paper, we describe in detail the past research
work on PPP-RTK and the future focus of the work with
emphasis on the following aspects:

+ to describe the fundamental approach to implement
PPP-RTK and give an overview of the research on
key techniques in a PPP-RTK system such as UPD
estimation, precise atmospheric correction retrieval
and modeling, and fast PPP ambiguity resolution.

+ to summarize the system construction and commer-
cial applications based on the PPP—RTK method.

+ to overview the recent efforts and progress of PPP—
RTK technique, including multi-frequency and
multi-GNSS PPP-RTK, low-cost PPP-RTK using
single-frequency observations, and PPP-RTK in real-
time vehicle navigation.

+ to discuss the major challenges and the future oppor-
tunities of PPP-RTK.

The remainder of this paper is organized as follows.
Section 2 introduces the methods of PPP-RTK on both
server and user ends. Section 3 describes the current
PPP-RTK service systems built by the governments and
commercial companies. After that, we summarize the
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literature on the major achievements of PPP-RTK, and
finally discuss the challenges and opportunities in PPP—
RTK focusing on future research outlook.

Methods of PPP-RTK

Since the concept of PPP-RTK was first proposed by
Wiibbena et al. (2005), many researchers implemented
the PPP-RTK method and carried out several experi-
mental verifications (Li et al., 2011, 2014; Oliveira et al.
2017; Psychas et al., 2021; Teunissen et al., 2010; Zhang
et al,, 2022). The flow of PPP-RTK generally goes through
two major phases: the server phase which is to derive the
precise orbit, clock, UPD, and atmospheric corrections
based on the observations at network stations, and the
user phase, where the corrections derived from network
enable the fast AR of absolute positioning. The general
flow of a PPP-RTK system is shown in Fig. 2. In this sec-
tion, we will introduce the implementation method of
PPP-RTK in detail from the server phase and the user
phase. It will start with an overview of real-time precise
orbit and clock products, then the general method of
UPD estimation, precise atmospheric correction retrieval
and modeling will be introduced. Finally, the rapid ambi-
guity resolution method with the precise atmospheric
constraint will be described.
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Fig. 2 General flow of a PPP-RTK system (ORB and CLK refer to precise satellite orbit and clock corrections, respectively)
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Real-time precise orbit and clock products

Real-time precise orbit and clock products are the pre-
requisites for real-time and high-precision position-
ing, which are currently available on Real-Time Service
(RTS), a Real-Time Pilot Project (RTPP) under the Inter-
national GNSS Service (IGS) Real-Time Working Group
(RTWQ@) since 2007 (https://igs.org/rts/products/). The
RTWG was launched in 2001 with the aim at providing
open data, open products, and open standards to real-
time GNSS users (http://www.igs.org/rts). By the end
of 2021, RTWG maintains over 200 multi-GNSS real-
time reference stations, providing multi-GNSS real-time
products such as orbit, clock, bias, etc. The technical
content of the RTS products of each individual analy-
sis center is presented in Table 1. GLONASS in Table 1
is Russian GLObal NAvigation Satellite System, Gali-
leo is Europe’s Galileo navigation satellite system, BDS
is Chinese BeiDou Navigation Satellite System, QZSS is
Japanese Quasi-Zenith Satellite System. The recent evalu-
ation result of Li et al. (2022a) indicates that the real-time
GNSS products provided by these analysis centers have
good quality with the orbit errors of less than 5 cm and
clock accuracy better than 0.15 ns.

Table 1 Real-time GNSS products of each analysis center
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Estimation of UPD products

The UPD products are generated in the server first for
the subsequent ambiguity resolution. Affected by the
ionospheric delays and residual model errors, the accu-
racy of undifferenced float ambiguity is not enough for
the direct estimation of UPDs. Therefore, the UPD is
generally estimated in the forms of Wide-Lane (WL) and
Narrow-Lane (NL) combinations with the float ambigui-
ties derived from reference networks (Ge et al., 2008; Li
& Zhang, 2012). Assuming that there is a network of #
stations and each station can observe m satellites, the
relationship between UPDs and undifferenced float
ambiguities is described as follows:

. N;
1}]1 I--- OOR & N,
N, S .0 Ry Sy
= . A B 1)
B o :. 1 : : Ny,
N, OO0 - IR,S, gg

where N; represents the float ambiguities at each sta-
tion; R; and S; are the coefficient matrices for receiver and

Analysis center Name used GNSS Products Occurrence (s)
IGS GPS + GLONASS + Galileo 4+ BDS Orbit 60
Clock 5
ESA/ESOA (European Space Agency) GPS Orbit 5
Clock 5
BKG (BundesamtfuerKartographie und Geodaesie) GPS + GLONASS Orbit 60
Clock 5
Code bias (GPS) 60
GMV (GMV Aerospace and Defense) GPS + GLONASS + Galileo 4+ BDS Orbit 5
Clock 5
Code bias 5
CAS (Chinese Academy of Sciences) GPS 4+ GLONASS + Galileo + BDS + QZSS Orbit 5
Clock 5
Code bias 10
GFZ (GeoForschungsZentrum Potsdam) GPS 4 GLONASS + Galileo +BDS Orbit 5
Clock 5
Code bias 5
CNES (Centre National d’Etudes Spatiales) GPS + GLONASS + Galileo +BDS Orbit 5
Clock 5
Code bias 5
Phase bias 5
WHU (Wuhan University) GPS + GLONASS + Galileo +BDS Orbit 5
Clock 5
DLR (Deutsches Zentrum fuer Luft-und Raumfahrt e.V) GPS 4 GLONASS + Galileo +BDS 4+ QZSS Orbit 30
Clock 5
Code bias 30
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satellite UPDs, respectively; N; denotes the integer ambi-
guity vector at station i; U, and U® refer to the receiver-
and satellite-specific UPDs, respectively. Provided that all
integer ambiguities are exactly known, the UPDs can be
estimated by the least-square method with one receiver
or satellite UPD set as zero to eliminate the rank defi-
ciency. Once the WL and NL UPDs are obtained, the raw
UPDs on L1 and L2 frequency can be calculated accord-
ing to Eq. (2), respectively:

U1=UNL—ﬁff2f2XU\X/L
()
U2=UNL—f1ff1f2XUWL
Another common way to estimate UPD is to develop
a full-rank model based on S-system theory, where the
re-parameterized UPDs can be obtained after achiev-
ing Double Difference (DD) ambiguity resolution in the
network (Odijk et al., 2016; Teunissen & Khodabandeh,
2015; Zhang et al,, 2011). In the network solution, the
UPDs of receiver U, ; and satellite LIIS on frequency j are
reformed as:

. Madri—drp i
Ur,/ = br,] /szl na—1 3
us = ps — 129 )
Ha— 1

where b, ; and b} denote the original frequency-depend-
ent phase biases, while d,; and bj are those of their
code counterparts; u; represents the coefficient of iono-
spheric delay on frequency j; drpcp and dspcp denote the
receiver and satellite Differential Code Biases (DCBs),
respectively. Khodabandeh and Teunissen (2018) inferred
the impact of ambiguity resolution on the estimation of
various parameters on the PPP-RTK server side. And it
is proved from the mathematical model that receiver and
satellite phase UPDs can benefit from the double-differ-
enced AR in the network solution.

With the rapid development of satellite navigation
systems, the UPD estimation model has been extended
from a single-system to multi-system, and from the dual-
frequency to the multi-frequency (Geng & Bock, 2013;
Gu et al,, 2015; Geng and Bock, 2016; Liu et al., 2017a,
2017b, 2017¢; Li et al., 2018, 2019a). However, a variety of
GNSS signals leads to a large amount of bias combination
forms, which makes it difficult to apply the UPD correc-
tions. In response to this circumstance, the approach of
Observable-specific Signal Bias (OSB) parametrization
was recently proposed, which enables each measure-
ment to respond to individual bias correction (Deng et al.
2021; Li et al,, 2022b; Villiger et al., 2019; Wang et al.,
2020a).

In addition to the method of using UPDs to achieve
Precise Point Positioning with Ambiguity Resolution
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(PPP-AR), Laurichesse and Mercier (2007) and Collins
(2008) proposed two different PPP-AR methods, namely
the Integer Recovery Clock (IRC) method and the decou-
pled satellite clock method. Even though the above meth-
ods are implemented in rather different ways, they are
theoretically equivalent (Geng et al, 2010). Currently,
some institutions such as CNES, Center for Orbit Deter-
mination in Europe (CODE) and Wuhan University have
released their UPD or IRC products to global users (Ban-
ville et al., 2020; Hu et al., 2020). In addition, GREAT-
UPD, the first open-source UPD estimation software, was
also released in 2021 (Li et al., 2021b).

Precise atmospheric correction retrieval

The provision of accurate atmospheric delay corrections
is crucial for improving the performance of precise posi-
tioning. For decades, several methods were proposed to
retrieve high-accuracy atmospheric information. In this
part, we will introduce the progress in tropospheric cor-
rection retrieval and ionospheric correction retrieval.

Tropospheric correction retrieval
There are two main methods for extracting tropospheric
correction using ground-based GNSS technology: the
double-difference network solution method and the PPP
method (Bevis et al., 1992; Duan et al., 1996). The double-
difference network solution method has high complex-
ity and requires a long-distance to a reference station to
determine the absolute tropospheric delay, which is not
suitable for the PPP-RTK server to extract tropospheric
corrections. Therefore, this section will focus on the
tropospheric correction retrieval method based on the
PPP model.

The GNSS raw code (Pﬁ,j) and phase (Li,j) observation
equations can be written as following:

P;"]. =pl+t,—t'+ 1;',]- +ml), x T, + m,,

J i i (4)
x Ty, + (dr,j - dj) + e,
Ll =pl+ty—t' — I +mly x T},
+ mfv,, x Ty + 4 X N,"J» + 4 (5)

X (b,«,l‘ — b/l) + 8:',,}«

where the superscript i refers to satellite, and sub-
scripts j, r refer to frequency and receiver, respectively;
p! denotes the geometric distance from the satellite to
receiver; ¢, and ¢’ represent the clock offset at receiver
and satellite sides, respectively; I‘ is the ionospheric
delay on frequency j; T:i refers to the hydrostatlc com-
ponent of zenith tropospherlc delay while T}, , is the wet
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delay component; 7’ o and m’, . are mapping function of
the zenith hydrostatlc delay and wet delay, respectively;
/; is the wavelength of frequency j; N, ; i refers to the inte-
ger ambiguity; d,,; and d’ are the pseudorange code biases
of receiver and satellltes, respectively, while b,,j and b are
the counterparts in phase observations; e. . and !, ; denote
the sum of measurement noise and unmodelled error for
the code and carrier phase observations, respectively.

In the process of PPP solution, the hydrostatic delay
part is usually corrected by a empirical model such as
the Hopfield model (Hopfield, 1972) and Saastamoinen
model (Saastamoinen 1972). While the wet delay part is
treated as an unknown parameter to be estimated. Then
the zenith tropospheric delay can be used directly or cal-
culated as the slant tropospheric delay on the signal path
by using the mapping function according to the needs.
Several studies have demonstrated that higher accuracy
can be obtained for tropospheric delay once carrier phase
ambiguity is fixed to the integer (Li et al., 2014;). There-
fore, in the PPP-RTK server, PPP-AR is generally applied
at reference stations for atmospheric retrieval with pre-
cise satellite orbits, clocks, and UPDs.

In addition to the above method of directly estimating
the zenith troposphere wet delay, there is another way to
extract the slant wet delay using the Ionosphere-Free (IF)
combined PPP. The code and phase IF observations can
be defined as:

i fE

_ 1
I =5
A

f22
=1

i i
x Py = X Py

= )0,{ +t = ti + mii,r X T:;’,r + mffv,r X T!i/,r + (dV,IF - dfF) + ei,IF

i fl i f2
L x L, —
rIF = f f2 r,1 f

i
X Lr,2

_J2
2 _ 2
T —h
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lonospheric correction retrieval
The Carrier-to-Code Leveling (CCL) and PPP meth-
ods are the two commonly used ways to retrieve pre-
cise ionospheric delay (Ciraolo et al.,, 2007; Zhang & Li,
2012). However, the accuracy of the ionospheric delays
derived with these two methods is affected by noise and
multipath. Recently, the ambiguity resolution method is
employed in PPP model for improving the accuracy of
ionospheric delays, which is detailed in this section.
After the ambiguities are fixed correctly, all the esti-
mable parameters in the IF combined PPP model are
accurately known and taken as corrections in Eq. (8) to
determine the ionospheric corrections of each satellite:

Ij,j =pl+t, -t + mﬁ” x Til,r
+n,, x Ty, (8)
2y < Nl + 2% (b = b)) — L,

where integer ambiguities Nr‘;j can be obtained based on
WL and NL ambiguities. Likewise, the UPDs of each fre-
quency are derived by WL and NL UPDs as Eq. (2).

For the uncombined PPP model, the ionospheric delay
is processed as estimable parameters, which naturally
adapts to the PPP-RTK processing since the estimated
ionospheric delays can be taken as atmospheric correc-
tions directly to augment the positioning performance

=pl+t,—t + mii,r X T;,r + mfw X Tj,,r + AIF X N,{IF + AIF X (br,IF - be) + si,IF

Here, the IF ambiguities can be recovered by resolving
WL and NL ambiguities. Then, the slant tropospheric wet
delay of each satellite at each station Ty, can be derived
from the IF phase observations as (Li et al., 2021a):

Téwe =Ly — (P; ity — 1y, x Ty,
‘ 4 7)
+1F X Ny g + A1 X (br,IF - bh:))

We can see that extracting the slant tropospheric wet
delay in this way can eliminate the error caused by the
mapping function.

(Li et al,, 2013, 2021a; Ren et al., 2020)). In addition, the
good expandability of the uncombined PPP model in a
multi-GNSS condition also makes it more and more pop-
ular in GNSS data processing.

However, the ionospheric delay parameter is signifi-
cantly correlated with satellite and receiver clock off-
sets, ambiguities as well as hardware delays. Generally,
the ionospheric parameters in the PPP processing will
absorb the code bias in the process of re-parameteriza-
tion (Zhang et al., 2019). The re-parameterization can be
written as:

2
L =1, /

G- x (drpcBi2 + dipcp 1o )
r f12 _f22 ( )
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wherein the satellite DCBs can be corrected by the pre-
cise products, while the receiver DCBs can be estimated
through a network solution (Zha et al., 2021). Note that
the ionospheric delay derived from the PPP fixed solution
is also biased by the phase delays. Fortunately, the biased
ionospheric corrections can also work well for PPP-RTK
users once a reasonable parameter estimation strategy is
employed (Psychas & Verhagen, 2020).

Precise atmospheric delays modeling

Since the precise atmospheric corrections are calculated
independently for each reference station, an interpolation
method is employed to obtain the accurate corrections
at a user station. The research on geospatially related
parameter interpolation methods began as early as the
emergence of RTK technology. Wanninger (1995) firstly
introduced a Linear Interpolation Method (LIM). Then,
the Linear Combination Method (LCM), Least Squares
Collocation Method (LSCM), and Distance-based Lin-
ear Interpolation Method (DIM) were adopted for RTK
corrections interpolation (Han 1997, Raquet, 1997; Gao
et al, 1997). In addition to linear interpolation meth-
ods, Fotopoulos (2000) proposed a Lower-order Surface
Model (LSM) for fitting spatially correlated parameters.
The comprehensive assessments of these interpolation
methods were conducted in several studies and their
similar performance has been demonstrated (Al-Shaery
et al., 2011; Dai et al., 2003; Wang et al., 2020b). These
methods are generally applied to double-differenced
modes in NRTK. For PPP-RTK processing, modifica-
tions should be made to adapt to the undifferenced
atmospheric corrections. Therefore, Li et al. (2011) pro-
posed a Modified Linear Combination Method (MLCM),
which is expressed as:

o1
1 1 1 a 1
XI_XMXZ_XM"‘Xn_Xu ' . =10
n-vyv, Y-y, ---Y,-Y, : 0
(o771

(10)
n n n
Zaizl;Zaiz:Min;f/u:Zaixf/i (11)
i=1 i=1 i=1

where X and Y are the station coordinates, subscript u
denotes the user station; # is the total number of refer-
ence stations; ¢; is the interpolation coefficient; v; refers
to the atmospheric corrections at the reference stations
while v, is those of the user station.

The above-mentioned interpolation method requires
the server end to broadcast atmospheric corrections sta-
tion by station, which makes it difficult to control the
amount of data. To improve communication efficiency
and ensure the privacy of the locations of reference

Page 7 of 22

stations, the grid-based atmosphere model of a poly-
nomial function is becoming a promising tool for the
regional atmospheric model (Cabinet Office, 2020). The
generation of a grid-based atmosphere model consists
of three steps. Firstly, the spacing between a reference
point and grid node must be set in advance. Then, the
atmosphere model can be generated through the polyno-
mial fitting function using the atmospheric corrections
extracted from all reference stations in the area. Taking a
second-order polynomial fitting function as an example,
it can be described as follows:

Ag =Coo + Co1 % (¢s — ¢0)
+ Cio x (4 — 40) + C11
X (¢s — ¢o) X (As — o)

where A is the atmospheric correction at a reference sta-
tion; ¢s and A, represent the longitude and latitude of the
reference station, respectively; while ¢g and 4o are those
of the center point of the area;Cyp, Co1, C10 and Cyj are the
coefficients for the second-order polynomial. The poly-
nomial coefficients of atmosphere can be estimated based
on the least-square method. However, the polynomial
model may not always fit well due to the uncertainties of
atmosphere changes, especially when the operation area
is expanded. Therefore, once the polynomial coefficients
are obtained, a residual grid that represents the differ-
ences between the modeled and extracted values are fur-
ther computed. In this way, the sum of polynomial fitting
values and interpolated residuals from the surrounding
grid nodes are the corrections users required.

Besides, there are also some atmospheric models
which fully consider the spatio-temporal information of
atmospheric delays. For tropospheric corrections, a sec-
ond-order polynomial model which considers ellipsoid
height was proposed and proven to improve the mod-
eling accuracy in the case of large terrain fluctuations
(Shi et al., 2014; Oliveira et al., 2017). In order to further
expand the application area and balance between the
accuracy and bandwidth. The Galileo High Accuracy Ser-
vice (HAS) proposed a dual-layer Vertical Total Electron
Content (VTEC) model to provide ionospheric correc-
tions (Rovira-Garcia et al., 2021). Different from tradi-
tional models using a thin shell at a unique height, this
model applies a 3D representation of the electron content
distribution.

(12)

PPP rapid ambiguity resolution

Following the acquisition of the precise atmospheric
corrections, the spatial atmosphere model will be used
to provide accurate atmospheric delays to the users.
Then, the corresponding ionospheric and tropospheric
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corrections will then be imported into the PPP model in
the form of virtual observations as:
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integer estimators. There are three well-known integer
estimators including integer rounding (Dong & Bock,

PLi=pi+ty—t I 4 mly, X T+, x Thy + (d,,,» - dj) +el
Li.=p£+tr— ’—Ii.+m2r X T] —|—mf4,’r X Tﬂ,,r+/1]‘ XN&—I—AX (er—b;) —{—sﬁ,j (13)

lh =T} — T, = or,0r ~ N(0,02 )
lf_I’ j _a)I,a)INN(OU)

where l’ and l’ are tropospherlc and ionospheric con-
straints, respectlvely, T’ and 1’ represent the precise
tropospheric and 1onospher1c corrections, respectively;
wt and wi are the differences between the corrections
and the actual delays, which conform to the zero-mean
white noise distribution. The variances of the corrections
are mostly given as empirical values, such as 5 mm and
1 cm of ionospheric corrections for two small-scale net-
works with the average space of 20 km and 60 km in the
research of Teunissen et al. (2010), whereas 10 cm and
14 cm were adopted in a 50 km spaced area (Zhang et al.,
2011). For a proper stochastic model for a wide-area
PPP-RTK, Zha et al. (2021) developed an ionosphere
stochastic model which determines the variance accord-
ing to the empirical distance exponent and the size of
the reference network. Further, Li et al. (2022c) proposed
a cross-validation method to assess the accuracy of the
interpolated slant ionospheric corrections through the
high temporal and spatial variation of ionospheric delays.

The above PPP model with external atmospheric
constraints can effectively reduce the influence of
atmospheric errors and accelerate the convergence of
ambiguity resolution. For ambiguity resolution, a cas-
cade ambiguity fixing strategy is commonly employed for
uncombined PPP model, where the WL and L1 ambigui-
ties are fixed step by step (Geng et al.,, 2020). For exam-
ple, with broadcasted UPD products the WL ambiguities
are fixed and then can be introduced to the PPP model
as virtual observations for better estimation of L1 ambi-
guities. With these constraints, the accuracy of float L1
ambiguities will be improved and can be easily fixed by

1989), integer bootstrapping (Teunissen, 1998), and
Least-squares Ambiguity Decorrelation Adjustment
(LAMBDA, Teunissen, 1995). The last one is shown to be
the optimal method by virtue of its maximum probability
of correct integer estimation. To validate the ambiguity
resolution, two indices known as bootstrapping success
rate and ratio value are employed (Han, 1997). Moreo-
ver, with the increasing number of available satellites, a
partial ambiguity resolution strategy is generally used for
the multi-constellation ambiguity resolution (Teunissen
1999; Li et al., 2017a).

Parameter estimation and processing strategy at server
and user

A PPP-RTK system contains two important parts,
which are the server and the user (Teunissen & Khoda-
bandeh, 2015). Due to their different functions, there
are many differences in parameter estimation and data
processing. On the server side, we focus on solving vari-
ous errors and translating them into the products for
broadcasting. These errors include tropospheric delays,
ionospheric delays, satellite clocks as well as satellite
phase and code biases. In order to facilitate the calcula-
tion, the coordinates of the reference station are usually
fixed. While on the user side, we pay more attention to
the positioning results. To obtain accurate positioning
results quickly in the process of data processing, most of
the errors mentioned on the server side are usually cor-
rected or constrained by the products. Table 2 compares
these parameters and their processing strategies between
server and user sides.

Table 2 Comparison of important PPP-RTK parameters and processing strategies between server and user sides

Parameter Notation and interpretation Processing strategy
Server User
Coordinates g (k) - Axi(k), k=1,2,3 Fix Estimate
ZTDs TV"W Estimate Constrain
lonospheric delays 5 2 i Estimate Constrain
y hy = 7 % (drocer + dipce )
) . & )
Satellite phase biases b — u;z ] + // ~dspca 2 Estimate Correct
Correct Correct

Satellite code biases d/’
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Table 3 Positioning performance of CLAS service

Positioning type Positioning error

Horizontal Vertical
Static <6.cm (95%) <12 cm (95%)
(3.47 cm (RMS)) (6.13 cm (RMS))
Kinematic <12 cm (95%) <24 cm (95%)
(6.94 cm (RMS)) (12.25 cm (RMS))

Systems and applications of PPP-RTK

Currently, the PPP-RTK method has been widely used in
various applications. At the government level, Japan took
the lead in establishing the Centimeter Level Augmenta-
tion Service (CLAS) based on the Quasi-Zenith Satellite
System (QZSS). This system is committed to providing
real-time PPP-RTK positioning services to the users
across the country. The highly efficient atmospheric cor-
rection message, as well as the satellite orbit, clock, code
bias, phase bias corrections of GPS, Galileo and QZSS
satellites are broadcasted on the L6 frequency band to
augment the positioning service. The performance indi-
cators of CLAS are shown in Table 3 (https://qzss.go.jp/
en/technical/ps-is-qzss/ps-is-qzss.html).

The new-generation BeiDou system also has the capa-
bility of providing PPP augmentation services (Yang
et al, 2019). According to the related document pub-
lished in 2020 (http://www.beidou.gov.cn/xt/gfxz/
index_1.html), the BDS augmentation service which
is called Precise Point Positioning Service will provide
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various augmentation corrections through PPP-B2b sig-
nal. The augmentation system shown in Fig. 3 is built in
two steps. In the first step, the system will provide precise
satellite corrections to wide-area users via GEO satellites
to enable real-time PPP. In the second step, the regional
augmentation corrections generated by the ground-based
network will be provided to shorten the convergence
time. At present, the system has completed the first step
of construction, and can provide users with real-time
decimeter-accuracy positioning services.

The Galileo PPP augmentation service is named High
Accuracy Service (HAS) which aims at providing dec-
imeter-accuracy PPP-AR service for global users and
PPP-RTK service for European users(https://www.gsc-
europa.eu/galileo/services/galileo-high-accuracy-servi
ce-has). The positioning augmentation corrections of
HAS will be broadcasted through both satellite (Galileo
E6-B signal) and the internet, aiming to achieve two ser-
vice levels as shown in Table 4. The construction of the
HAS system will be carried out in three steps including
Phase 0 (HA testing and experimentation), Phase 1 (HA
Initial Service) and Phase 2 (HA Full Service). At present,
the HAS has completed the goal of Phase 0. According
to the plan, the initial and full service will be provided in
2022 and 2024, respectively.

Moreover, several companies are also devoted to con-
structing commercial PPP-RTK systems, such as Trim-
ble’s CenterPoint-RTX Fast (https://positioningservices.
trimble.com/services/rtx/centerpoint-rtx/), NovAtel’s
TerraStar-X (https://terrastar.net/services/terrastar-servi
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Table 4 Target performances of HAS service
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HAS Service level |

Service level Il

Coverage Global
Corrections

Orbit, clock, biases

European Coverage Area

Orbit, clock, biases, ionospheric
and tropospheric corrections

System GPS + Galileo GPS + Galileo

Frequencies E1/E5a/E5b/E6; E5a+ b; L1/L5; L2C E1/E5a/E5b/E6; ESa+b; L1/L5; L2C
Horizontal accuracy (95%) <20cm <20cm

Vertical accuracy (95%) <40 cm <40 cm

Convergence time (s) <300 <100

Availability (%) 99 99

ce-options), Ublox PointPerfect (https://www.u-blox.
com/en/product/pointperfect), Qianxun XStar (https://
www.qxwz.com/products/xingji), =~ UniStrong  Atlas
(http://www.chinacm.org.cn/About.asp), Hi-Target Hi-
RTP and so on. Trimble’s CenterPoint-RTX Fast can
reduce the PPP convergence time to less than 1 min in
North America and Europe. TerraStar-X service provides
GNSS corrections combined with OEM receivers from
Hexagon and NovAtel. With these corrections, users can
achieve fast convergence with centimeter-level accuracy.
This service covers most of the USA and parts of southern
Canada. PointPerfect is an advanced GNSS augmentation
data service designed to achieve ultra-accurate, ultra-
reliable, and immediately available positioning. The posi-
tioning results with 3—-6 cm horizontal accuracy can be
obtained within 30 s in the contiguous USA and Europe
areas. Qianxun’s XStar service mainly focuses on the
Asia—Pacific region, providing users with precise loca-
tion services with an availability rate higher than 99.99%
and integrity better than 10~/h. The Atlas and Hi-RTP
mainly provide high-precision augmentation services of
centimeter accuracy in China and the surrounding areas.
The comparison of these PPP-RTK services is listed in
Table 5. These commercial PPP-RTK service systems can
achieve centimeter-accuracy positioning within one min-
ute. Thus, their application scope is no longer limited to
the traditional markets like surveying and mapping but

expanded to the emerging fields of navigation and posi-
tioning, such as robots, unmanned aircraft, and autono-
mous driving. Any kind of auto-guided machines will
benefit from PPP-RTK service.

Achievements of PPP-RTK
PPP-RTK with multi-constellations
Currently, the world of satellite navigation is undergo-
ing a dramatic change. With the full development of four
major Global Navigation Satellite Systems (GPS, GLO-
NASS, Galileo and BDS), there are over 120 available
satellites for navigation and positioning. Furthermore,
a variety of GNSS observations are available through
the Multi-GNSS Experiment (MGEX) global network
(Montenbruck et al., 2014, 2017; Rizos et al., 2013). The
studies have demonstrated that satellite visibility, spatial
geometry, convergence, accuracy, and reliability can be
significantly improved with a combination of multi- con-
stellations observations (Li et al., 2015, 2018).
Considering the significant benefits brought by multi-
GNSS to the precise positioning, the multi-GNSS PPP-
RTK is actively investigated in the recent years. Gu et al.
(2015) assessed the performance of GPS+BDS PPP-
RTK and demonstrated the benefits of multi-system
fusion in shortening convergence time. A similar per-
formance was also found in Wang and Li’s research (Li
et al, 2020a; Wang et al., 2020b). Nadarajah developed

Table 5 Commercial PPP-RTK service and performance (G, R, E, C represent GPS, GLONASS, Galileo, BDS respectively)

PPP-RTK service Positioning error (RMS) Convergence time  System Coverage
Horizontal (cm) Vertical (cm)
CenterPoint-RTX 2 5 <60 GR North America and Europe
TerraStar-X 2 5 <60 GRECJ North America
PointPerfect 3-6 - <30 GRE Europe and contiguous United States
XStar 2 - <50 GRECJ Asia—Pacific
Atlas 4 - - - Selected areas in China
Hi-RTP 3 5 <60 GREC Selected areas in China
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a GPS+ Galileo+BDS triple-system PPP—RTK model
and evaluated its performance in multi-scale reference
networks (Nadarajah et al, 2018). Zhang et al. (2021)
implemented GLONASS PPP-RTK based on the Inte-
ger-Estimable Frequency Division Multiple Access (IE-
FDMA, Teunissen, 2019) model, which fully considers
the inter-frequency bias in heterogeneous network and
enables rigorous integer ambiguity resolution of GLO-
NASS. Thereafter, Ma et al. (2020) and Li et al. (2021a)
expanded the model to the multi-GNSS one to achieve
instantaneous centimeter-accuracy positioning. These
results demonstrated the benefit of fusing multi-con-
stellation observations in speeding convergence time,
ambiguity fixing percentage, and positioning accuracy
especially when the observation conditions are limited.
The fixing percentages of AR for different combinations
are compared under different cut-off elevation angles and
presented in Fig. 4. The results show that compared with
single-system PPP-RTK, multi-system PPP-RTK can
significantly improve the success rate of AR and make the
positioning result more stable even when the elevation
angle is over 30°.

With the multi-constellation observations, some schol-
ars further studied the PPP-RTK positioning perfor-
mance in the case of larger-scale reference networks.
Li et al. (2020d) evaluated the GPS+BDS PPP-RTK in
Europe. The average distance between a user and refer-
ence stations is about 371 km. The results showed that
ambiguity resolution can be achieved in almost 1 epoch,
and the positioning accuracy was better than 1 cm and
3 cm for horizontal and vertical components, respec-
tively. Another set of Australian experimental results also

I 10° [ 15° [T 20° N 30°
100

3 - ‘ |
20 G GR GE GC GREC

Fig. 4 Fixing percentage of PPP-RTK in different combination modes
with different cut-off elevation angles from 10° to 30° at station at
HKSC in Hong Kong, China (Li et al,, 2021a)

Fixing percentage (%)
B [6)] (o] ~ (o] [{e]
o o o o o o

o
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showed that PPP-RTK can achieve instantaneous ambi-
guity resolution in a reference network with a scale of
200-300 km (Li et al., 2021a). The above results indicate
that PPP-RTK can achieve high-precision positioning
over a broader operational range than the RTK approach,
which also makes it have wider application prospects.

PPP-RTK with multi-frequency observations

The most recently launched GNSS satellites (such as
GPS Block-1IF, BDS, and Galileo) operate with three or
more frequencies. Under the multi-frequency environ-
ment, multiple observation combinations can be con-
structed to speed up the integer ambiguity resolution.
Geng and Bock (2013) firstly proposed a GPS Triple-
Frequency (TF) PPP-AR method by formulating an
Ambiguity-Fixed Ionosphere-Free (AFIF) combination.
The simulated results indicate that the success rate of
NL ambiguity resolution can be up to 99% within 65 s,
while that of dual-frequency PPP-AR is only 64% within
150 s. Then Gu et al. (2015) implemented the BDS phase
bias estimation and investigated its application in triple-
frequency PPP-AR. Since fixing L1 ambiguities still faces
some difficulties, only Extra-Wide-Lane (EWL) and WL
ambiguities are fixed in their study. Li et al. (2019a) inves-
tigated a combined triple-frequency PPP-AR model with
Galileo and BDS observations. The results show that
BDS + Galileo triple-frequency PPP fixed solution sig-
nificantly improves the positioning accuracy by 36.7%
and 7.4% compared to the dual-frequency solutions in
the horizontal and vertical components, respectively.
Furthermore, the five-frequency PPP AR methods were
proposed to fully use BDS-3 and Galileo multi-frequency
signals, respectively (Li et al., 2020b, 2020c). Geng et al.
(2020) proposed an approach to accelerate PPP ambigu-
ity resolution using multi-constellation triple-frequency
observations, where the raw ambiguities were mapped
to EWL, WL, and NL ambiguities for integer ambiguity
resolution. Consequently, the Time To First Fix (TTFF)
of 48% NL ambiguities resolution can be shortened
to 2.7 min with 20-21 visible satellites, in contrast to
5.2 min for dual-frequency PPP.

On this basis, potential improvements are expected
for PPP-RTK with the utilization of multi-frequency
observations. Hou et al. (2022) proposed a phase-only
multi-frequency PPP-RTK model using BeiDou data,
which extends the dual-frequency model to a multi-fre-
quency one and prevents the negative effect of BDS-2
satellite-induced code bias. Li et al. (2022d) proposed
a multi-frequency PPP-RTK method and investigated
its performance in kinematic scenarios. Figure 5 shows
the positioning series of PPP, as well as dual-frequency
and multi-frequency PPP-RTK in urban environ-
ments. Obviously, the PPP-RTK remarkably improves
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Fig. 5 Positioning series of PPP and dual-/tiple-frequency PPP-RTK
in the urban environment. DF and TF indicate dual-frequency and
triple-frequency, respectively

the performance of PPP in both convergence time and
positioning accuracy. Compared to the dual-frequency
solution, PPP-RTK with GPS, Galileo, and BDS multi-
frequency observations presents a more precise and sta-
ble positioning series, particularly when the number of
available satellites sharply decreases.

Low-cost PPP-RTK with single-frequency observations

With the increasing demand for precision location ser-
vices, many scholars developed single-frequency PPP—
RTK methods for low-cost applications. Odijk et al.,
(2012, 2014) firstly presented a CORS-based single-fre-
quency PPP-RTK method based on the undifferenced
model. The results showed that single-frequency PPP—
RTK ambiguity resolution can be achieved within 2.5 min
using a high-grade geodetic receiver and 5 min with a
low-cost one. With the popularity of the multi-constella-
tion GNSS, the single-frequency PPP-RTK models were
extended to multi-GNSS combination. Then, Li et al
(2017¢) proposed a new array-aided single-frequency

Table 6 Empirical RMSE in North, East and Up components and
average TTFF

Number of antennas in RMSE (cm) Average

the array TTFF (s)
N E U

1 0.9 0.8 34 12

2 09 0.8 33 11

3 0.8 0.8 3.1 9

4 0.8 0.7 30 5
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PPP-RTK algorithm and validated it with L5/E5a obser-
vations of GPS, Galileo, IRNSS, and QZSS. Table 6 gives
the RMSE in three directions and the average conver-
gence time for single-frequency PPP-RTK solution. The
results demonstrated that ambiguity resolution with cen-
timeter-level accuracy can be achieved with combined
multi-system single-frequency observations. Nadarajah
et al. (2018) validated the performance of low-cost single-
frequency PPP-RTK in small scales (with inter-station
distances less than 30 km). In their experiments, single-
frequency observations of three GNSS systems (GPS,
Galileo and BDS) were used and the results showed that
ambiguity can be fixed within 2 min.

PPP-RTK for vehicle navigation

Due to the lack of real-time precise products, early PPP—
RTK studies were usually conducted in a post-processing
manner, and static data were used for the verification of
positioning performance. With the improvement of vari-
ous real-time precision products, PPP-RTK research has
gradually shifted to real-time scenarios. Li et al. (2014)
first validated the performance of the PPP-RTK method
in a real-time scenario using the observations at the Ger-
man SAPOS real-time stations and the real-time precise
satellite products from the IGS real-time data analysis
center at GFZ. The results indicate that the ambiguity
can be fixed in one epoch for about 87% of the solution,
and the RMS of the position errors is about 12, 10, and
25 mm in east, north, and up components, respectively.
Afterward, the validation of multi-GNSS real-time PPP—
RTK in different regions can be found in various studies
(Li et al., 2020b, 2021¢; Nadarajah et al., 2018).

GNSS receiver

Fig. 6 Experimental equipment and typical scenes of vehicle test
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Fig. 7 Positioning error series of the PPP-RTK in different scenes
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Recently, several vehicle experiments in typical urban
scenes including suburbs, overpasses, and tunnels were
conducted to validate the performance of the PPP-RTK
method. Figure 6 shows the experimental equipment in
vehicle tests including the hardware platform and the
data acquisition device. At the same time, some typi-
cal experimental scenes are also shown in this figure.
The tightly coupled RTK/INS solution solved by Inertial
Explorer (IE) software typically provides the vehicle’s ref-
erence trajectory.

The positioning series of the PPP-RTK in four differ-
ent scenes are shown in Fig. 7. In an open-sky environ-
ment, PPP-RTK can obtain centimeter-level accuracy
instantaneously and keep centimeter-accuracy solutions
for a long period of time. When the vehicle runs on a
highway, several re-convergence processes can be found
because of the signal interruptions caused by obstruc-
tions such as overpasses or billboards. Fortunately, with
the augmentation of atmospheric corrections, it takes
just a few seconds for PPP—RTK solutions to re-converge
to centimeter-level accuracy. Because of signal deteriora-
tion and blockage, PPP-RTK cannot work well in GNSS-
challenged or denied environments such as tunnels or
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Fig. 8 Positioning series of PPP-RTK and tightly coupled PPP-RTK/INS
in urban environments, respectively. The number of visible satellites
(NSAT) and position dilution of precision (PDOP) series as well as the

multipath series are also presented in the figure

urban canyons where the positioning accuracy decreases
to the meter level or more.
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In order to further improve the reliability and stabil-
ity of PPP-RTK in complex urban environments, some
scholars integrated PPP-RTK with other navigation
and positioning techniques. Gu et al. (2021) and Li et al.
(2021d) proposed PPP-RTK/Inertial Navigation System
(INS) tightly coupled methods to enhance the position-
ing performance in urban areas. Two types of INS unit
(a tactical inertial system and a MicroElectroMechanical
System Inertial Measurement Units (MEMS-IMU)) were
employed to verify the positioning performance. Figure 8
gives the positioning series of PPP-RTK and PPP-RTK/
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INS in an urban environment. It can be seen that the
positioning performance of PPP-RTK can be signifi-
cantly improved with the assistance of INS.

Li et al. (2022e) and Gu et al. (2022) further introduced
visual sensor information to the PPP-RTK/INS system
aiming to achieve continuous and accurate vehicle navi-
gation in urban environments. Figure 9 shows the posi-
tioning series of PPP-RTK/MEMS, PPP-RTK/Tactical
INS (PPP-RTK/TINS) and PPP-RTK /MEMS/vision,
respectively. All the integrations are implemented in a
tightly coupled model. One can see that the inclusion of
vision information significantly improves the accuracy
and reliability of PPP-RTK /MEMS and can achieve the
comparable performance with the integration of PPP—

Challenges and opportunities of PPP-RTK

Several studies have been carried out on PPP-RTK focus-
ing on the implementation method, performance analy-
sis, and system applications. The results demonstrate the
capability of PPP-RTK in providing rapid centimeter-
accuracy positioning service. However, the performance
of PPP-RTK faces challenges in some circumstances
such as active ionosphere scenarios, complex terrain and
weather conditions, and urban GNSS-challenge environ-
ments, which will be discussed in this section.

lonospheric modeling in active ionosphere scenarios

The high-precision ionospheric modeling is significant
to the performance of PPP-RTK. Previous research has
shown that the slant ionospheric delay correction with
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Fig. 10 Time series of PPP-RTK, ROTI, and interpolated ionosphere errors at HKSC station in Hong Kong, China
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an accuracy of a few centimeters can be obtained by
a regional network over a range of tens of kilometers.
However, such an accuracy is unattainable in an active
ionosphere scenario, such as a low-latitude region dur-
ing the periods of high solar activity. Several investiga-
tions indicate that the ionospheric scintillation caused by
ionospheric electron-density irregularities, has a nega-
tive impact on the precise positioning (Luo et al., 2018;
Vila-Valls et al. 2020). Figure 10 presents the time series
of PPP-RTK, Rate Of Total Electron Content Index
(ROTI), and ionospheric errors at a Hong Kong sta-
tion HKSC. Here, the ionospheric error is calculated as
the difference between the interpolated and extracted
ionospheric delays at the user. ROTI is an important
index referring to the occurrence of ionospheric scintil-
lation. As can be seen, the performance of PPP-RTK is
also greatly affected by the ionospheric scintillation dur-
ing the period around 12:00 ~ 14:00 pm when the ROTI
values are greatly increased, and the ionospheric errors
exhibit obvious deviations. In this case, the PPP-RTK
solution influenced by the ionospheric scintillation is
unacceptable for some high-safety applications such as
autonomous driving. Besides, Zhang et al. (2022) indicate
that the high occurrence rate of Traveling Ionospheric
Disturbance (TID, Herndndez-Pajares et al., 2006, 2012)
and its complicated characteristics also impact the opera-
tion of PPP-RTK service, especially at the beginning
of each reinitialized period. Currently, the influence of
ionosphere irregularities on PPP-RTK has been found,
and more attention should be paid to the identification
of ionosphere activities and the alleviation of its effect on
the PPP-RTK.
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Troposphere modeling under complex terrain and weather
conditions

The signal propagation delay caused by the atmospheric
water vapor is another important error affecting GNSS
positioning performance, especially in terms of conver-
gence time (Shi et al.,, 2014). There are two major chal-
lenges in modeling the tropospheric error in PPP-RTK.
On the one hand, it is well known that the tropospheric
error is highly related to the station position. Therefore,
in the areas with complex terrain, a Two-Dimensional
(2D) model that only considers the latitude and longi-
tude is no longer applicable. A Three-Dimensional (3D)
tropospheric model with high spatial resolution is highly
required, especially in the areas with high altitude fluc-
tuations. On the other hand, some extreme weather con-
ditions cause the drastic changes in the troposphere. It
will affect the tropospheric model’s accuracy and, con-
sequently, the positioning performance (Ma et al., 2021).
Therefore, another challenge in troposphere modeling is
how to identify the abnormal changes in the troposphere
error and reflect the small-scale changes in the model.
In the recent years, the accuracy and temporal-spatial
resolution of meteorological data have been significantly
improved (Lu et al., 2017), which makes a more accurate
atmosphere model obtainable to enhance the perfor-
mance of PPP-RTK by integrating the regional GNSS
tropospheric delays with the meteorological products.

Signal occlusion and multipath

In urban environments, satellite signals are usually dete-
riorated or blocked due to the obstructions such as build-
ings, tall trees, overpasses, etc., which will degrade the
performance of PPP-RTK. As shown in Fig. 11, we can
see that the surrounding buildings block the view of satel-
lites and their signals. The signals of these satellites finally
arrive at the receiver but go through different reflections
(None-Line-Of-Sight, NLOS) or multipath, thus causing
large errors in the observations.

The multipath can be mitigated by hardware improve-
ment and software processing. Since great efforts have
been made in hardware level, which can efficiently elimi-
nate partial multipath errors, most researchers recently
focus on the data processing algorithm to further alle-
viate the multipath error, such as employing a filter to
reduce the noise of time series and extract multipath
(Han & Rizos, 1997), or proposing wavelet-based tech-
niques to suppress the multipath-dominated frequency
band (Su et al., 2018; Zhong et al., 2008). Zheng et al.
(2019) compared the performance of the Sidereal Filter-
ing (SF) model, Multipath Hemispherical Map (MHM)
model, and a Modified Multipath Hemispherical Map
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(M-MHM) model for mitigating the influence of mul-
tipath. The results show that the above models have
a certain effect on reducing the multi-path error and
improving the positioning accuracy. However, these
methods utilize the spatiotemporal repeatability of the
multipath in a static environment, which is not suitable
for dynamic positioning. Recently, a wide field-of-view
fish-eye camera mounted on the top of the vehicle was
utilized to identify the NLOS satellites for the poten-
tial improvement in precise positioning (Sanchez et al.
2016; Wen et al. 2019). Besides, the well-known machine
learning method has also been tried to solve the NLOS
problems (Hsu, 2017; Suzuki and Amano, 2021). Conse-
quently, some attempts for solving the problem of GNSS
signal occlusion and multipath have been made, but fur-
ther verifications are still needed for their applications in
PPP-RTK.

Integrity monitoring

Integrity is a measure of the trustworthiness of the obser-
vations and products provided by the service system,
which reflects the ability to correctly identify and elimi-
nate the fault timely and to issue an alarm timely when
the system is unavailable. The Integrity Monitoring (IM)
methods of a navigation and positioning system can be
divided into the IMs used in server-side and user-side.
The server generates and broadcasts integrity infor-
mation to all users. The most representative Satellite
Autonomous Integrity Monitoring (SAIM) was originally
proposed by Stanford University (Viearsson et al., 2001),
whose essence is to install several onboard receivers on
the satellite to integrate RAIM into the space segment.
Extended to the inter-satellite link later, it can realize the
IM of the global signal in space (Mc Graw and Murphy,
2001; Wang et al.,, 2015). For a Wide Area Precise Posi-
tioning System (WAPPS), real-time IM is realized by
using correction data and monitoring station data, which
can effectively monitor step and drift faults (Wang and
Shen 2020c). Nowadays, the carrier phase is also utilized
for IM, such as the IM system built by Trimble for the
CenterPoint RTX Fast positioning service (Ulrich et al.,
2018).

The integrity monitoring in the user-side is also a very
important part in a navigation and positioning system.
The concept of Receiver Autonomous Integrity Moni-
toring (RAIM) was proposed as early as 1987. The prin-
ciple is to use the receiver’s redundant observations for
consistency check to detect and eliminate satellite faults.
Initially, the IM algorithm used the pseudorange resid-
ual as the test quantity, mainly including the pseudor-
ange comparison method (Lee, 1986), the least squares
residual method (Parkinson & Axelrad, 1988), the par-
ity vector method (Sturza, 1988) and the Kalman filter
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algorithm (Brown and Hwang, 1986) et al. After years of
research, most of these methods have been improved to
some extent (Susmita, 2016) and began to use the carrier
phase for IM (Feng et al., 2009, 2012). At the same time,
some new methods have emerged, such as the Solution
Separation method (Pervan et al., 1998; Kazuma et al,,
2019; Juan et al.,, 2020), the advanced RAIM (ARAIM,
Juan et al., 2012; Phelts et al., 2020) et al. Compared with
server-side IM, RAIM is easier to implement and has
lower cost, which is currently a widely used IM method.

Recently, some achievements in IM have been made in
the fields of high-precision GNSS applications such as
vehicle navigation, autonomous driving, and aviation, etc.
(Gianluca et al,, 2010; Laura et al., 2019). However, for a
PPP-RTK system, including real-time orbit and clock,
UPD, and atmospheric corrections in the server as well
as positioning solution at the user, the relevant research
is still limited, and an efficient and reliable IM method is
required (Garrett & Sunil, 2013; Altti et al., 2013; Merino
and Lainez 2012; Navarro Madrid et al., 2015).

Opportunities

In recent years, the quality of multi-GNSS observations
on smart devices has been gradually improved, render-
ing the high-precision positioning based on PPP-RTK
accessible to mass users. In addition, the construction of
Low Earth Orbit (LEO) constellations and the develop-
ment of autonomous robotic navigation have given great
opportunities for the development and application of
PPP-RTK. The hotpots of new opportunities include the
smart device-based applications, LEO augmentation, and
multi-sensor fusion.

PPP-RTK on smart device

Currently, the Google Android allows access to acquire
GNSS raw observations, making it possible to achieve
high-precision positioning on low-cost devices by pro-
cessing raw GNSS data with advanced and improved
algorithms (Gao et al,, 2021; Li & Geng, 2019; Odolinski
& Teunissen, 2017; Zhang et al, 2018a). Nevertheless,
because of the high noise level of raw observations from
smart devices, only decimeter and sub-meter accuracy
can be obtained (Psychas et al., 2019; Wu et al., 2019;
Zhang et al., 2018b). PPP-RTK will make centimeter-
accuracy and no-initialization positioning possible in
low-cost smart devices, facilitating their pluralistic appli-
cations in the GNSS service market (Verhagen et al,
2010), such as a person or vehicle Location Based Ser-
vice (LBS) and crowdsourced mapping. Since the posi-
tioning performance highly relies on the data quality, Li
et al. (2022f) suggested to use an external antenna to fur-
ther augment the positioning solutions. Figure 12 gives
the equipment sets of GNSS smart device with low-cost
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different LEO constellations for an 800 km spaced network

helical antenna and presents the PPP-RTK positioning
time series. The results show that the smartphone-based
PPP-RTK can obtain centimeter-level positioning accu-
racy. This contribution gives a scheme that uses a smart-
phone and a low-cost antenna to achieve high-precision
positioning, which has the potential to be widely used.

LEO augmented PPP-RTK

LEO satellites with an orbit altitude ranging from 300 to
1500 km, have several advantages such as strong signal
strength and fast geometry change, which brings new
opportunities for rapid precise positioning on a large

scale. The results of the simulated experiments have
shown that the convergence time of the float PPP can be
shortened to several minutes with LEO augmentation (Ge
et al.,, 2018, 2022; Li et al., 2019b, 2019¢). Since the PPP—
RTK relies on regional network augmentation to achieve
rapid integer ambiguity resolution, it will face restric-
tions to the distribution and the inter-station distance of
regional networks. It is expected that by introducing the
LEO observations, PPP-RTK will be greatly enhanced,
and a wide-area and high-precision positioning will be
achieved. Figure 13 shows our simulated results of the
positioning series of PPP-RTK with the augmentation
of different LEO constellations for a large-scale network
with an average spacing of 800 km. Three LEO constella-
tions consisting of 72, 144, and 360 satellites are designed
and used for the demonstration. As expected, the per-
formance of PPP-RTK is improved significantly with the
observations from the LEO constellation. A much faster
initialization of a few seconds is obtained with the aug-
mentation of LEO constellations. For a large-scale region
with a spacing of 800 km, the average TTFF is reduced
from 161 to 12 s with the augmentation of the 360-LEO
constellation.

Since most LEO constellations are still under con-
struction, the research on the demonstration of the LEO
navigation system is generally based on simulated data.
Once the actual LEO observations are employed, more
issues for LEO-augmented PPP-RTK should be noted.
For example, the LEO satellites are usually equipped
with low-cost clocks, which makes it difficult to pro-
vide accurate clock products as GNSS satellites. In addi-
tion, because of the low altitude and the fast motion of
the LEO satellites, the visible arc of a LEO satellite is
about 10-15 min. Such a frequent alternation will result
in more cycle clips, which has a negative impact on
LEO data processing. In conclusion, LEO-augmented
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PPP-RTK can effectively expand the scope of real-time
precise positioning service and improve its positioning
performance, but it also puts forward higher demands on
the precise products and the advanced data processing
approach of LEO satellites.

Multi-sensor augmented PPP-RTK

Nowadays, accurate and reliable positioning in full sce-
narios is of crucial importance for supporting emerg-
ing applications such as automatic cars and unmanned
aerial vehicles. In an urban environment where GNSS
signals are frequently blocked, a significant reduction in
the availability and continuity of PPP-RTK positioning
services can be found. INS can provide continuous navi-
gation in a short period with no external information,
making it as an effective supplement to GNSS in harsh
satellite signal environments. In the past decades, PPP-
and RTK-based GNSS/INS integrated algorithms were
proposed, including Loose Coupling (LC) and Tight Cou-
pling (TC), and demonstrated to significantly improve
positioning accuracy and ambiguity fixing rate (Gao
et al., 2017; Li et al., 2017b; Liu et al., 2016; Martell, 2009;
Zhang et al.,, 2019). Recently, some researchers paid their
attention to the integration of PPP-RTK and INS (Gu
etal,, 2021; Li et al., 2021d).

In addition, with the development of Simultaneous
Localization and Mapping (SLAM), the fusion of cam-
eras, LiIDAR, and IMU are widely employed for navi-
gation of autonomous devices in GNSS-challenged
scenarios (Li & Mourikis, 2012; Weiss et al., 2012). There-
fore, some studies introduced camera, LiDAR, and wheel
odometer into GNSS/INS integrated systems to further
enhance the positioning capability in GNSS harsh envi-
ronments (Angelino et al,, 2012; Cao et al, 2021; Gao
et al., 2018; Li et al., 2019d, 2021d; Lynen et al., 2013;
Mascaro et al., 2018; Reuper et al., 2018). Recently, as an
optimal choice for navigation in automatic applications,
the PPP-RTK integrated with multiple sensors has tre-
mendous potential for massive market and is becoming a
research hotspot.

To further augment the positioning performance of
PPP-RTK, more efforts can be put in the utilization of
more sensors. Several issues on combining multiple sen-
sors for precise positioning should be addressed. First,
the accurate calibration of spatial relationships and uni-
fication of temporal systems are the prerequisites for
consistent fusion. Multiple sensors bring more complex
spatial relationships, therefore, a comprehensive calibra-
tion model for accurate spatial relationships among mul-
tiple sensors needs to be solved. Moreover, there are still
many significant differences in the operation character-
istics for different sensors, such as measurement noise,
sampling rate, temporal and spatial complexity of data
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processing, etc. It is challenging to check the reliability
and accuracy of various types of measurement and to
construct a stable and continuous positioning framework
for integrated heterogeneous sensors.

Concluding remarks

Since the concept of PPP-RTK was proposed in 2005,
many efforts have been made in the principal investiga-
tion and performance analysis of PPP-RTK. In recent
years, with the rapid development of multi-GNSS and
widely available real-time service, significant contribu-
tions are paid to multi-constellation and multi-frequency
PPP-RTK, low-cost PPP-RTK, and its real-time vehicle
navigation applications. Currently, the PPP-RTK tech-
nique with the capability to provide a centimeter-accu-
racy positioning service is regarded as a reliable tool for
real-time positioning and navigation service and imple-
mented in governmental and commercial systems. Nev-
ertheless, there are still some potential challenges in
PPP-RTK for a better performance, such as:

+ How to obtain accurate ionospheric corrections in
active ionosphere scenarios?

» How to develop a high-accuracy tropospheric model
with high temporal and spatial resolution that adapts
to complex terrain conditions and extreme weather
events?

+ How to mitigate the impact of signal occlusion and
multipath on PPP-RTK processing in urban environ-
ments?

Meanwhile, the reduction of the cost of navigation
components and the construction of massive LEO con-
stellations give new possibilities for the development of
PPP-RTK system and applications. Smart device, LEO
augmentation, and multi-sensor fusion for PPP-RTK will
be the research topics.
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