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Abstract 

The rapid convergence of precise point positioning real-time kinematics (PPP-RTK) with centimeter-level accuracy is 
of utmost importance for many applications. One way of accelerating this convergence is to explore the use of iono-
spheric models and multiple global navigation satellite system (GNSS) observations, e.g., Global Positioning System 
(GPS) and Galileo Satellite Navigation System (Galileo) observations. Because the temporal and spatial variations of the 
ionosphere are significant, convergence analysis of PPP-RTK should be investigated in networks with different scales, 
especially networks with large differences in their scales. This study describes the convergence performance of PPP-
RTK using GPS/Galileo observations derived from networks with different scales under medium ionospheric condi-
tions. Slant ionospheric corrections were first estimated from the reference network and then imported as virtual 
observations to enhance the convergence performance of PPP-RTK at the user interface. The results show that for the 
165-km reference site spacing, the portions of single-differenced (SD) ionospheric residuals within 0.3 total electron 
content units (TECU) were 85.2% and 81.7% for the GPS and Galileo observations, respectively. Considering the 90th 
percentile of horizontal position errors, the PPP-RTK convergence time within the network with 165-km spacing was 
shortened from 2.5 min for GPS-only observations to 2.0 min for integrated GPS + Galileo observations. For the net-
work of about 50 km, the proportions of the SD ionospheric residuals of the GPS and Galileo constellation within 0.3 
TECU were 95.9% and 82.8%, respectively. The PPP-RTK convergence time of the 90th percentile horizontal position-
ing errors based on GPS-only observations was 2.0 min but 1.5 min based on integrated GPS + Galileo observations. 
Using GPS and Galileo observations, the convergence time could be reduced by 25% for the network with 50-km 
spacing. Our results suggest that the convergence time of PPP-RTK depends on the scale of the reference network 
and becomes shorter as the scale of the network decreases. Compared with the GPS-only PPP-RTK, the GPS/Galileo 
PPP-RTK could shorten the convergence time further.
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Introduction
In the past few years, precise point positioning (PPP) has 
become a widely applied method for providing precise 
positioning due to its convenience and efficiency (Zum-
berge et  al. 1997; Kouba and Heroux 2011). Unfortu-
nately, the convergence time of conventional PPP is still 
half an hour or longer. To reduce the convergence time 
and improve positioning accuracy, several PPP ambiguity 
resolution (AR) approaches have been proposed in the 
past few years to restore the integer feature of ambigui-
ties (Ge et al. 2008; Collins 2008; Laurichesse et al. 2009; 
Mervart et al. 2008; Bertiger et al. 2010; Teunissen et al. 
2010; Geng et al. 2012; Loyer et al. 2012). The relation-
ship between these methods has also been demonstrated 
(Geng et  al. 2010a; Shi and Gao 2014; Teunissen and 
Khodabandeh 2015). However, fast and reliable ambi-
guity resolution is still not available due to the obstacle 
of atmospheric errors, especially ionospheric delays. 
In such cases, a novel technology called PPP real-time 
kinematic (PPP-RTK) has been proposed (Wubbena 
et  al. 2005; Teunissen et  al. 2010; Mervart et  al. 2008; 
Geng et  al. 2011). PPP-RTK utilizes the precise atmos-
pheric corrections generated from the reference net-
work to accelerate the ambiguity resolution. Moreover, 
the PPP-RTK technique also has the advantage of low 
bandwidth requirements and one-way communication, 

thus providing a promising opportunity for the emerging 
mass market and automotive applications.

Benefiting from the unique advantages of PPP-RTK, 
great efforts in recent years have been focused on PPP-
RTK with promising results, both in research as well as in 
applications (Li et al. 2011, 2020; Zhang et al. 2011; Odijk 
and Zhang 2012; Psychas and Verhagen 2020; Nadarajah 
et al. 2018; Ma et al. 2020). Li et al. (2011) implemented a 
regional augmentation PPP experiment in a network with 
an average distance of about 60  km. The results showed 
that an almost instantaneous ambiguity resolution of global 
positioning system (GPS) PPP was available if the interpo-
lated atmospheric corrections derived from the reference 
stations could be obtained. Zhang et al. (2011) tested two 
GPS CORS networks with an average distance ranging 
from 60 to 100 km. The results demonstrated the perfor-
mance of ambiguity fixing and positioning accuracy have 
achieved ideal effects. Odijk and Zhang (2012) performed 
the single-frequency PPP-RTK using a geodetic receiver 
as well as a low-cost receiver. The results showed that the 
cm-level positioning accuracy can be obtained by utiliz-
ing the atmospheric corrections of the reference networks 
and observations of less than 10  min. Psychas and Ver-
hagen (2020) demonstrated that sub-decimeter horizontal 
positioning accuracy could be achieved almost instantane-
ously for a network with 68-km spacing. However, when 
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the inter-station distance is increased to 237 km, it required 
about 7.0 min to achieve a sub-decimeter horizontal posi-
tioning accuracy when only GPS observations were used. 
Currently, the rapid development of multi-constellation 
global navigation satellite systems (GNSS) has created new 
opportunities for PPP-RTK. Li et al. (2020) investigated the 
performance of GPS/BeiDou Navigation Satellite System 
(GPS/BDS) PPP-RTK. The results revealed that PPP-RTK 
fixed solutions could be achieved in an average of 1.5, 1.6, 
and 1.2 epochs, and the corresponding positioning root-
mean-square (RMS) in the east, north, and vertical compo-
nents was 0.80, 0.47, and 1.97 cm for GPS alone; 0.98, 0.73, 
and 2.97  cm for BDS alone; and 0.56, 0.35, and 2.33  cm 
for integrated GPS + BDS observations. Nadarajah et  al. 
(2018) used the GPS, BDS, and Galileo Satellite Navigation 
System (Galileo) observations to investigate the position-
ing and convergence performance of PPP-RTK scenarios. 
The results indicated that with a regional network of about 
30 km, sub-decimeter positioning accuracy in the horizon-
tal and vertical components could be achieved within 4.5 
and 5.0  min for GPS alone and 1.0 and 0.5  min for inte-
grated multi-GNSS (GPS, BDS, and Galileo) observations. 
Ma et  al. (2020) investigated multi-GNSS PPP-RTK in 
the local area. Their results showed that the multi-GNSS 
observations could accelerate the ambiguity resolution of 
PPP for GPS alone. Unfortunately, they investigated the 
positioning and convergence performance without utilizing 
ionospheric corrections.

Despite much work having been devoted to investigat-
ing the impact of ionospheric corrections for PPP-RTK 
performance (e.g., multi-GNSS PPP-RTK and multi-scale 
PPP-RTK), there are still some potential problems that 
need to be further researched and clarified. For instance, 
Psychas and Verhagen (2020) investigated regional aug-
mented PPP AR by utilizing ionospheric corrections 
derived from networks with different scales. However, 
only GPS observations were used to generate the iono-
spheric delays and to investigate the positioning and 
convergence performance of PPP-RTK. Thus, they did 
not explore the impact of multi-GNSS observations on 
PPP-RTK performance and the accuracy of ionospheric 
delays in networks with different scales. Although multi-
scale PPP-RTK using multi-GNSS observations was also 
investigated, Nadarajah et  al. (2018) only demonstrated 
regional augmented PPP AR in small-scale reference 

networks and did not explore the regional augmented 
PPP AR for networks with large differences in scale.

As indicated by previous studies, the ionospheric delays 
derived from the regional GNSS network play an impor-
tant role in PPP-RTK for accelerating ambiguity resolu-
tion. However, the spatial resolution and accuracy of the 
generated ionospheric corrections are associated with 
the scale of the reference network and the stations’ dis-
tribution in a network. This may affect its performance in 
PPP-RTK when adopted as an accurate prior constraint. 
Furthermore, current research concerning multi-GNSS 
PPP-RTK has mostly used small-scale networks, with 
the aim of investigating the convergence and positioning 
performance. The performance of multi-GNSS PPP-RTK 
with ionospheric corrections derived from networks with 
large differences in their scales still needs further investi-
gation. For this reason, this study aimed to systematically 
analyze the convergence performance of PPP-RTK using 
the ionospheric corrections of GPS and the Galileo con-
stellation derived from networks with large differences in 
their scales.

The remainder of this study is organized as follows. 
“Methods” section introduces the uncombined PPP 
(UCPPP) AR algorithm and then describes the estima-
tion, representation, and constraint methods of iono-
spheric correction. The design of the PPP-RTK platform 
software system is also presented in this part as well. 
“Results” section outlined the strategies used for data 
processing and focuses on the assessment of the conver-
gence performance of PPP-RTK utilizing GPS/Galileo 
observations from two networks with different scales. In 
“Discussion” section, some conclusions and perspectives 
are provided.

Methods
In this section, the mathematical models for undiffer-
enced and uncombined PPP-RTK are summarized first, 
followed by an investigation of the methods that can gen-
erate and interpolate slant ionospheric delays; next, the 
augmented PPP model is discussed. The comprehensive 
data processing strategies are also presented as well.

UCPPP observation equations
The original observation equations for the dual-frequency 
pseudo-range and carrier phase observations are given as:

(1)





P1 = ρ + cdtr − cdts + T + I1 + Dr
P1

− Ds
P1

+ εP1

P2 = ρ + cdtr − cdts + T + γ2I1 + Dr
P2

− Ds
P2

+ εP2

L1 = ρ + cdtr − cdts + T − I1 + �1(N1 + Br
L1

− Bs
L1
)+ εL1

L2 = ρ + cdtr − cdts + T − γ2I1 + �2(N2 + Br
L2

− Bs
L2
)+ εL2

,
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where P1 and P2 denote the pseudo-range measurements 
and L1 and L2 are carrier phase measurements on the two 
frequencies which are actually L1, L2 for GPS, and E1, E5a 
for Galileo; ρ is the distance between the antenna phase 
center of both the satellite and receiver corrected for 
many errors, including phase wind-up, Shapiro signal 
propagation delay, solid and ocean tides, pole tides, rela-
tivistic effect, antenna phase center offsets (PCOs), and 
phase center variations (PCVs) for the satellite and 
receiver; dtr and dts are the clock offsets of the satellite 
and receiver, respectively; c is the speed of light in a vac-
uum; T  is the total troposphere delay (m); I1 represents 
the slant ionospheric delay at frequency L1 (m); N1 and 
N2 are the ambiguity parameters at frequency (k = 1, 2); 
�k denotes the wavelength at frequency k (k = 1, 2); εPk 
and εLk are the measurement noise and multipath effect 
for the pseudo-range and carrier phase measurements at 
frequency k (k = 1, 2), respectively; Dr

Pk
 and Ds

Pk
 are the 

pseudo-range hardware delay of the receiver and satellite 
at frequency k (k = 1, 2), respectively; Br

Lk
 and Bs

Lk
 are the 

carrier phase hardware delay of the receiver and satellite 
at frequency k (k = 1, 2), respectively; and γ2 = f 21

f 22
 , where 

fk denotes the frequency k (k = 1, 2).
If we consider the ionospheric free (IF) satellite clocks, 

the UCPPP model can be reparametrized as (Laurichesse 
and Privat 2015; Xiang et al. 2020):

where Dr
PIF

 and Ds
PIF

 represent the pseudo-range hardware 
delay based on the ionospheric free combination for the 
receiver and satellite, respectively; DCBr

P1−P2
 and DCBs

P1−P2
 

represent the P1/P2 signals differential code biases (DCBs) of 
the receiver and satellite, respectively; Ñ1 = N1 + B

r
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(
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2
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is the floating narrow-lane (NL) ambiguity (cycles) 
containing the biases of both the carrier phase and the 
pseudo-range; Ñ2 = N2 + B
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is the floating ambiguity at a frequency of 2 (cycles) 
containing the biases of both the carrier phase and the 
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+ �1Ñ1 + εL1

L2 = ρ + c
�
dt

r + Dr

PIF

�
− c

�
dt

s + Ds

PIF

�
+ T − γ2

�
I1 −

f 2
2

f 2
1
− f 2

2

�
DCB

r

P1−P2
− DCB

s

P1−P2

�
�
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,

pseudo-range; and ÑW = Ñ2 − Ñ1 is the floating wide-
lane (WL) ambiguity (cycles) containing the biases of 
both the carrier phase and the pseudo-range.

If known satellite clock corrections and DCBs are 
used to correct the observation equations of the UCPPP 
model, the corresponding simplified formulae read:

where d̃t
r = dtr + Dr

PIF
; Ĩ1 = I1 − f 22

f 21 −f 22
DCBr

P1−P2
.

If the UCPPP model can be corrected by utilizing the 
satellite DCBs, and if external ionospheric products are 
not available, the ionospheric delays contaminated by the 
receiver’s DCBs will be considered as an unknown 
parameter to be estimated. This way, the state vector of 
unknowns is �X =

[
x y z d̃t

r
T Ĩ1 Ñ1 ÑW

]T
 , which 

will be estimated by the UCPPP model using a Kalman 
filter approach. The slant ionospheric corrections can be 
generated only when the WL and NL ambiguity can be 
fixed successfully.

The observation equations of the UCPPP model above 
can be applied to the entire PPP-RTK network and the 
user components. Additionally, for the network compo-
nent, the station coordinates should be fixed to the true 
values to accelerate the convergence for the estimated 
parameters in the PPP filter. However, the user’s receiver 
positions have to be estimated to evaluate the conver-
gence performance in the user components.

UCPPP AR
Since satellites’ pseudo-range and carrier phase bias 
products have been made available by GNSS analysis 
centers, satellites’ pseudo-range biases can be corrected 
by DCBs or observable specific signal biases (OSBs), and 

(3)





P1 = ρ + c �dt
r + T + Ĩ1 + εP1

P2 = ρ + c �dt
r + T + γ2 Ĩ1 + εP2

L1 = ρ + c �dt
r + T − Ĩ1 + �1Ñ1 + εL1

L2 = ρ + c �dt
r + T − γ2 Ĩ1 + �2(Ñ1 + ÑW)+ εL2

,
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carrier phase biases can be corrected by uncalibrated 
phase delays (UPDs) or OSBs (Banville et  al. 2020; Liu 
et al. 2021). According to Eq.  (3), the pseudo-range and 
carrier phase biases from receivers are mainly absorbed 
by ambiguities, slant ionospheric delays, and receiver 
clock offsets. Thus, the satellite-dependent biases could 
be removed in advance; instead, single-difference (SD) 
ambiguities between satellites had to be formed to 
remove the biases of the receiver components. Spe-
cifically, we have chosen the satellite with the highest 
elevation as the reference satellite and found the single 
difference between the reference satellite and other satel-
lites in the same satellite system (Li et al. 2016).

The PPP AR algorithm is divided into two key steps. 
Firstly, the SD WL ambiguities can be resolved by round-
ing. The equation for calculating the probability P0 of fix-
ing SD WL ambiguity is given as (Dong and Bock 1989):

where P0 represents the probability of fixing SD WL 
ambiguity; B and δ represents the floating SD WL ambi-
guity and its accuracy, respectively; and n denotes the 
nearest integer of B.

The fixed SD WL ambiguities are then considered as 
virtual observations to update the remaining unknowns 
and variance–covariance matrix to enhance the fixing of 
SD NL ambiguities. The optimal integer solution for SD 
NL ambiguities can be found by applying the least-square 
ambiguity decorrelation adjustment (LAMBDA) method 
(Teunissen 1995). Since the residual model errors can 
affect the fractional part of SD NL ambiguities, ambiguity 
validation is particularly important to fix SD NL ambigu-
ities reliably (Ge et al. 2008; Cui et al. 2021). Specifically, 
for ambiguity validation, the ratio and bootstrapping suc-
cess rate are frequently utilized for AR (Ji et al. 2010; Ver-
hagen 2005, 2003; Li and Zhang 2015). The bootstrapping 
success rate can be applied here. It has been regarded 
as a lower bound for the integer least-squares (ILS) suc-
cess rate (Teunissen 1998; Blewitt 1989). However, the 
computed success rate always cannot objectively reflect 
the real success rate of actual observations although the 
computed success rate could still be high (Li and Zhang 
2015). Meanwhile, the threshold of ratio is only deter-
mined by the simulated measurements at present, so the 
empirical value cannot be efficiently applied to validate 
the ambiguity resolution (Blewitt 1989). Furthermore, 
when the data are initialized or the satellite elevation is 
too low, it is difficult to accurately fix ambiguities due to 
the low accuracy. Therefore, it is essential to apply strict 

(4)





P0 = 1−
∞�
i=1

�
erfc

�
i−(B−n)√

2δ

�
− erfc

�
i+(B−n)√

2δ

��

erfc(x) = 2√
π

∞�
x

e−t2
dt

,

quality control strategies for the determination of the 
ambiguity subset, which is a special case of integer-aper-
ture estimation (Teunissen 2005).

The detailed quality control parameters of UCPPP AR 
used in this study are listed in Table 1.

Figure  1 shows the flowchart of the UCPPP AR algo-
rithm. First, the subset of SD WL ambiguities was deter-
mined carefully. Next, the SD WL ambiguities were first 
fixed by the rounding method in a one-step approach and 
applied as a constraint to update the normal equations 
of the UCPPP model. Afterwards, the LAMBDA algo-
rithm was applied to fix the subset of SD NL ambiguities 
in a two-step approach. In particular, we require at least 
four resolved ambiguities for partial ambiguity fixing. If 
the number of ambiguities was less than four or if partial 
ambiguity fixing could pass the threshold of either the 
one-step or two-step approach, we kept the floating solu-
tions instead and moved on to the next epoch.

Estimation, representation, and constraint of ionospheric 
corrections
To provide precise ionospheric corrections for users, 
proper derivation and representation of ionospheric 
corrections play a critical role in the positioning perfor-
mance of PPP-RTK. In our study, the precise slant iono-
spheric delays were derived from the UCPPP model with 
a fixed ambiguity method. In fact, because of the impact 
of UPDs, the un-difference (UD) ambiguity and SD ambi-
guity are no longer integers (Blewitt 1989). The removal 
of UPDs from both satellite and receiver is essential for 
PPP-AR to recover the ambiguity’s integer property. 
Proceeding this way, when satellite-dependent UPDs 
can be corrected by applying OSBs/UPDs products, and 
receiver-dependent UPDs can be eliminated by SD ambi-
guities between satellites, the integer property of the SD 
ambiguities between satellites will be retrieved.

Table 1 Quality control strategies for UCPPP AR

Terms Threshold

Elevation 15°

Fractional part of SD WL ambiguity 0.25 cycles

Standard deviation of SD WL ambiguity 0.25 cycles

Successful rate of SD WL ambiguity rounding 0.99

Fractional part of SD NL ambiguity 0.25 cycles

Standard deviation of SD NL ambiguity 0.25 cycles

Successful rate of SD NL ambiguity bootstrapping 0.99

Critical value of the ratio test for SD NL AR 3.0

Critical value of the fixed failure-rate ratio test (FFRT) for SD 
NL AR

0.001

Minimum number of fixed ambiguities 4
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At the reference sites, the SD WL ambiguities are fixed 
first. After the SD WL ambiguities have been fixed suc-
cessfully, the fixed SD WL ambiguities are considered as 
constraints to update the floating solutions. Afterwards, 
the UD NL ambiguities are extracted from the floating 
solutions updated with the fixed SD WL ambiguities. 
The UD NL ambiguities can be transformed to SD NL 
ambiguities. After the SD NL ambiguities have been fixed 
successfully, the state vector of the floating solutions is 
updated with the fixed SD NL ambiguities again.

The state vector of the floating solutions can be 
updated with the following formula (Li et al. 2014a).

where 
∧

NSD represents the SD floating ambiguity that can 
be accurately fixed; 

∨
NSD is the optimal integer solution 

for SD floating ambiguity; Q ∧
N

∧
N

 denotes the UD floating 

ambiguity covariance matrix that determines the struc-
ture of 

∧
NSD; Q∧

X
∧
N

 represents the covariance matrix 
involving the relationship between the UD floating ambi-
guity and the remaining estimated parameters of the 
floating solutions; S represents the transformation matrix 

(5)
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X −Q∧
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N
ST
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∧
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�−1
� ∧
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NSD

�
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X

∨
X
= Q∧
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∧
X
− Q∧

X
∧
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ST
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N
∧
N
ST

�−1
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∧
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,

that maps from the UD floating ambiguity to the SD 
floating ambiguity; 

∧
X and 

∨
X denote the vector of both the 

floating and the fixed solution containing the remaining 
unknowns, respectively; Q∧

X
∧
X

 and Q∨
X

∨
X

 are the covariance 
matrix of both the floating and the fixed solution con-
taining the remaining unknowns, respectively.

After the ionospheric corrections have been generated 
from the reference network, the interpolation method 
is recommended for many algorithms (Han 1997; Wan-
ninger 1995; Gao et  al. 1997). Because the variance of 
interpolated errors mainly depends on the distance 
between stations, we interpolated the slant ionospheric 
delay by applying the distance-based linear interpola-
tion method (DIM) for the same satellite to enhance the 
convergence performance of PPP-RTK. Throughout the 
DIM algorithm, slant ionospheric correction of a satel-
lite s visible by the user component is interpolated from 
n reference stations and weighted by the inverse distance 
between the reference network and the user components. 
The interpolated slant ionospheric correction can be cal-
culated as follows:

where di denotes the distance between the reference sta-
tion and user station, I su represents the interpolated slant 
ionospheric correction of satellite s visible to the user, I si  
is the pure slant ionospheric delay of satellite s visible to 
the user and reference station i, Ĩ si  is the slant ionospheric 
delay containing the I si  and receiver DCBs from reference 

(6)I su =
n∑

i=1

1

di
Ĩ si

/
n∑

i=1

1

di
=

(
n∑

i=1

1

di
I si −

f 22
f 21 − f 22

n∑

i=1

1

di
DCBr

P1−P2,i

)/
n∑

i=1

1

di
,

Fig. 1 Flowchart of two-step partial UCPPP AR
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station i; DCBr
P1−P2,i

 represents the receiver DCBs at ref-
erence station i, and n indicates the number of reference 
stations.

In the case of the stochastic parts, the variance of the 
user’s interpolated ionospheric delays is related to two 
factors. On the one hand, the noise and multiple paths 
errors of the reference network may cause the errors to 
affect the precision of the estimated ionospheric delays. 
On the other hand, the interpolated error also has an 
influence on the precision of interpolated ionospheric 
corrections. Normally, the variance mainly depends on 
the distance between the reference network and the user 
station. Thus, the variance Ps

u following I su can be repre-
sented as follows:

where Ps
u is the variance of I su, δs2i  is the precision of the 

slant ionospheric delay of satellite s visible to reference 
station i, elsi indicates the elevation angle of satellite s, and 
µ = 1.04 mm/km is adopted as the empirical scale factor 
(Li et al. 2014b; Odijk 2000; Liu and Lachapelle 2002).

Figure 2 shows the geometric relationship between the 
reference network and the user’s position when using 
the DIM algorithm to interpolate the slant ionospheric 
delays. The slant ionospheric correction of a given 

(7)

Ps
u = 1

/
n∑

i=1

1

Ps
i

, with Ps
i = δs2i + d2i µ

2/ sin2 elsi ,

satellite (s) visible to the user components can be inter-
polated by utilizing the slant ionospheric delays of the 
same satellite visible to the reference stations. Moreo-
ver, for the user, the processes of generating slant iono-
spheric correction and variance are carried out epoch by 
epoch. When the slant ionospheric correction/variance 
of a given satellite is available for a certain epoch, the user 
can apply it to improve the convergence performance of 
PPP-RTK.

At the user’s position, the UCPPP model can be 
enhanced by applying ionospheric correction so that the 
convergence performance can be improved. The interpo-
lated slant ionospheric corrections derived from the ref-
erence network are imported as virtual observations to 
accelerate the ambiguity resolution of PPP. Specifically, 
the UCPPP model with additional slant ionospheric con-
straint information can be expressed as:

where Ĩu,1,net and σ 2
wI

 represent the slant ionospheric cor-
rection interpolated from the network component and 
its corresponding variance, obtained from Eqs.  (6) and 
(7), respectively; wI denotes the difference between the 

(8)





Pu,1 = ρu + c �dt
r

u + Tu + Ĩu,1 + εP1

Pu,2 = ρu + c �dt
r

u + Tu + γ2 Ĩu,1 + εP2

Lu,1 = ρu + c �dt
r

u + Tu − Ĩu,1 + �1Ñu,1 + εL1

Lu,2 = ρu + c �dt
r

u + Tu − γ2 Ĩu,1 + �2(Ñu,1 + Ñu,w)+ εL2
Ĩu,1 − Ĩu,1,net = wI ,wI ∼ N (0, σ 2

wI
)

,

Fig. 2 DIM interpolation geometry
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estimated slant ionospheric delay from the user compo-
nent and interpolated slant ionospheric correction from 
the reference network.

Considering the above ionospheric virtual observa-
tions, we can extend the UCPPP function model of 
Eq. (3) to compensate for the variations in the estimated 
ionospheric delays in the PPP-RTK platform of the user 
components. Similarly, the stochastic model of UCPPP 
can be extended as well, as presented in Eq. (9):

where QPuPu and QLuLu represent the variance–covari-
ance matrix of both the original pseudo-range and the 
carrier phase observations, respectively; QwIwI represents 
the variance–covariance matrix of slant ionospheric cor-
rection for the user components; and E is the identity 
matrix. The notation blkdiag denotes a block diagonal 
matrix.

PPP‑RTK platform design
In this study, we used a modified version of the precise 
point positioning with integer and zero-difference ambi-
guity resolution demonstrator (PPP-WIZARD) software 
as the PPP-RTK platform to carry out the experiments. 

(9)
QUC = blkdiag

(
QPuPu ,QLuLu ,QwIwI

)
, with QwIwI = σ 2

wI
E,

The PPP-WIZARD software was developed by the Centre 
National d’Etudes Spatiales (CNES) to realize real-time 
PPP AR (Laurichesse and Privat 2015). The PPP-RTK 
platform was developed in C/C++. This platform mainly 
contains a network component for slant ionospheric 
delay estimation and a user component for augmented 
PPP AR with interpolated slant ionospheric correction. 
Figure 3 shows the PPP-RTK platform’s structure includ-
ing the network and user component. Because the struc-
ture of the network and user components was consistent, 
except for the estimation strategies of the coordinates 
and ionosphere parameters, we describe the common 
functionalities.

First, the configuration file for PPP-RTK network data 
processing needs to be read. Afterwards, the GNSS 
observations, precise GNSS orbits, clocks, OSB prod-
ucts, the IGS antenna correction file, and the station 
coordinate file are required as input to the software of 
the network component. During data processing, epoch 
by epoch, we fixed the coordinates of the reference sta-
tions to improve the accuracy of the slant ionospheric 
delays and reduce the number of unknown parameters. 
Second, the measurement cleaning step mainly identi-
fies and removes data errors, including large gross errors 
and cycle slips. The remaining steps are then carried 

Fig. 3 Flowchart of the PPP-RTK platform of the network components (left) and the PPP-RTK platform of the user components (right)
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out. Single point positioning (SPP) is used to compute 
the initial point coordinates. The propagation step is 
responsible for resolving the dynamic model (e.g., initial 
variance, and spectral density) of the state parameters. 
The observed-minus-computed (OMC) values can be 
obtained from the measurement model residuals. We 
applied the residuals of the OMC values to enable the 
Kalman filter to estimate the floating state vector. Third, 
UD WL ambiguities are extracted from the floating state 
parameters, and the SD WL ambiguities are formed by 
transforming the UD WL ambiguities. When the SD WL 
ambiguities have been fixed successfully, we can consider 
the SD WL integer ambiguities to be virtual observations 
for updating the floating solutions. Similarly, the UD NL 
ambiguities can be derived from the floating solutions 
updated with the fixed SD WL ambiguities. When the SD 
NL ambiguities have been fixed by the LAMBDA algo-
rithm, the state parameters of the floating solutions will 
be updated with the fixed SD NL ambiguities. Finally, the 
slant ionospheric delays can be derived from the floating 
solutions updated with the fixed SD WL and the fixed SD 
NL ambiguities in succession. At the user end, the station 
coordinates need to be estimated to investigate the per-
formance of PPP-RTK. Slant ionospheric delays interpo-
lated by the DIM method are imported into the PPP-RTK 
user platform epoch by epoch. When the slant iono-
spheric corrections/variances have been obtained, we 
can take the slant ionospheric corrections as the virtual 
observations to enhance the model strength of the float-
ing solutions and improve the convergence performance 
of PPP-RTK.

Results
A medium‑scale network
In this part, the data selection and processing strategies 
for the reference network and the user components are 
introduced. We then assessed the accuracy of the slant 
ionospheric corrections by comparing the ionospheric 
corrections interpolated from the reference network 
with the user’s results retrieved in the same manner as 
the network component. Finally, we investigated the con-
vergence performance of PPP-RTK in pseudo-kinematic 
mode.

Data selection and processing strategies
To validate the convergence performance of PPP-RTK, 
five stations were used for the experiments. These sta-
tions belong to the European reference frame (EUREF) 
Permanent GNSS Network (EPN). Four stations (HETT, 
SAVU, TORN, and KUU2) were considered to be 
regional augmentation stations, and the station SOD3 
was regarded as a user station. The five stations were 
equipped with the Javad-type receivers and capable of 

tracking GNSS satellites. The distribution of the sta-
tions is shown in Fig. 4. The average distance between the 
reference network sites and the user station was about 
165  km. This indicates that this network is a medium-
scale network.

The geomagnetic Kp index was determined by the Geo-
ForschungsZentrum (GFZ) data services (Matzka et  al. 
2021a, b). The disturbance storm (Dst) was obtained 
from the international service of geomagnetic indices 
(ISGI) (Kauristie et al. 2017). The distribution of the Kp 
index and Dst from days 082 to 083 is demonstrated in 
Fig. 5. We can see that the Dst roughly varied from − 30 
to 10 nT and the Kp index varied from approximately 0 to 
4, which indicates medium ionospheric disturbance dur-
ing the experimental period (Matzka et al. 2021a).

For PPP-RTK data processing for both the network 
and the user components, the GPS L1/L2 and Galileo 
E1/E5a observations with a 30-s sample interval were 
used. Furthermore, we applied the final 5  min of the 
GFZ satellite orbits, 30-s satellite clocks, earth rotation 
parameters (ERPs), and the corresponding OSBs prod-
ucts provided by CNES (Laurichesse and Blot 2016). The 
absolute antenna phase center was corrected (Schmid 
et al. 2016). The cutoff elevation angle was set to 10°. An 
elevation-dependent weighting strategy was utilized to 
reduce the impact of both the atmospheric errors and 
multipath errors. The standard deviation was 0.3 m and 
3  mm for the pseudo-range and carrier phase observa-
tions in the zenith direction, respectively. The param-
eter settings of the standard deviation can be considered 
as an appropriate choice in most cases (Li et  al. 2008). 
An equal weighting strategy was applied to the GPS 

Fig. 4 Distribution of the GPS/Galileo stations from days 082 to 083 
in 2021. The blue circles indicate reference stations, and the red circle 
denotes the user station
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and Galileo observations. Meanwhile, we corrected the 
effects of both phase wind-up and station displacement 
(Wu et al. 1993; Petit et al. 2010). The dry component of 
zenith troposphere delays was corrected by applying an 
a priori Saastamoinen model (Saastamoinen 1972), and 
the global mapping function (GMF) (Boehm et al. 2006) 
was employed as a mapping function. Meanwhile, the 
wet component of the zenith troposphere delays was 
modeled as a random walk process, in which the spectral 
density was empirically assumed to be 5× 10−5m/

√
s (Li 

et al. 2020).
Figure  6 presents the number of satellites and the 

position dilution of precision (PDOP) of the user 

components. The average number of satellites was 
10.96 and 19.26 for both the GPS-only and GPS + Gali-
leo observations, respectively. The average values of 
PDOP were 2.38 and 1.56 for the GPS-only and com-
bined GPS + Galileo observations, respectively. The 
PDOP values of GPS alone were less than 4 most times, 
while those of the integrated GPS and Galileo observa-
tions were mostly less than 2.

Performance of ionospheric corrections
In this section, the user station SOD3 was regarded as an 
additional reference station for estimating the UD slant 
ionospheric delays. The UD slant ionospheric delays of 

Fig. 5 Distribution of the Kp index and Dst from DOY 082 to 083 in 2021

Fig. 6 Number of satellites (top) and PDOP (bottom) on DOY 082, 2021
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the user station were used for assessing the slant iono-
spheric corrections. The slant ionospheric corrections 
were interpolated from the other four reference stations. 
Unfortunately, UD slant ionospheric delays are usually 
contaminated by the receiver DCBs. To eliminate the 
impact of receiver DCBs, it is reasonable to transform the 
UD slant ionospheric delays into the satellite-difference 
slant ionospheric delays. This transformation is imple-
mented in two steps for the UD slant ionospheric delays 
of both the server and the user components simultane-
ously. Specifically, the first step is to select the reference 
satellite with the highest elevation angle to find a single 
difference from other satellites in the same satellite sys-
tem. The second step is to find the difference between the 
user’s SD slant ionospheric delays and the network-inter-
polated SD slant ionospheric corrections. Both of them 
are derived from Step 1 and follow the principle of select-
ing the same satellite pair and the same time. In addition, 
the accuracy of the slant ionospheric corrections in other 
satellite systems should be investigated as well.

Based on the above considerations, slant ionospheric 
corrections derived from the GPS and Galileo constel-
lation can be compared and analyzed. Figure  7 shows 
the error distribution of the interpolated SD slant iono-
spheric corrections in detail. For the SD GPS ionospheric 
residuals, the proportions within 0.15 total electron con-
tent units (TECU) and 0.30 TECU were 73.1% and 85.2%, 
respectively. This means that, converted to L1, 85.2% of 
the ionospheric residuals were less than 5 cm. The accu-
racy of the slant ionospheric corrections can signifi-
cantly accelerate the initialization of the PPP (Geng et al. 

2010b). Similarly, proportions of 65.3% and 81.7% for SD 
Galileo ionospheric residuals were obtained under the 
conditions of 0.15 and 0.30 TECU, respectively.

Performance of PPP‑RTK
In this section, the convergence performance of the 
user components was investigated as follows. To obtain 
enough samples to assess the convergence performance, 
the observations were processed every 1 h to assess the 
convergence performance of PPP-RTK. If the SD WL and 
SD NL ambiguities were fixed successfully, and the posi-
tioning errors of both the horizontal and vertical com-
ponents were less than 4 cm and 10 cm, respectively, the 
fixed solutions could be achieved successfully (Li et  al. 
2020). It is worth mentioning that the observations in 
the first 1 h in all conditions were excluded to ensure that 
ambiguities at reference sites had been resolved reliably. 
Specifically, the 50th and 90th percentile curves based on 
all 46 datasets were used to demonstrate the convergence 
performance of PPP-RTK. The convergence time of PPP-
RTK is defined as the time to achieve a certain level of 
positioning accuracy. Specifically, in this work, it means 
that the horizontal and vertical positioning errors are less 
than the threshold of 10 cm, respectively. The positioning 
error is the difference between the estimated positions 
and true coordinates. What’s more, only when the posi-
tioning error of horizontal and vertical components of 20 
consecutive epochs after this epoch is less than 10  cm, 
the PPP-RTK can be considered to convergence at this 
epoch (Li and Zhang 2014).

Fig. 7 Error distribution of the SD slant ionospheric delays in different satellite systems (left panel: GPS; right panel: Galileo)
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Figure  8 and Table  2 depict the 50th and 90th per-
centile convergence performance of the PPP-RTK user 
components. Furthermore, we investigated the conver-
gence performance of both GPS alone and integrated 
GPS + Galileo. For the 50th percentile situations, the 
convergence time, in the horizontal and vertical com-
ponents, respectively, reduced by 1.0 and 1.5 min for the 
GPS-only observations, and by 0.5 and 1.0  min for the 
combined GPS + Galileo observations. Compared with 
GPS-only PPP-RTK, PPP-RTK based on GPS + Gali-
leo observations reduced the convergence time by an 
average of 40%. From the results of the 90th percentile, 
we also found that the convergence time of PPP-RTK 
using GPS observations was 2.5 and 3.0 min in the hori-
zontal and vertical components, respectively. When 
utilizing GPS + Galileo observations, the PPP-RTK con-
vergence times of the horizontal and vertical components 
improved by 20% and 16.7%, respectively.

The convergence performance of GPS-only PPP-
RTK was revealed in Psychas and Verhagen (2020). For 
the 50th percentile positioning errors of the horizontal 
component, Psychas and Verhagen (2020) took 1.0 and 
1.5 min to achieve the 10 cm threshold, in terms of the 
networks with a spacing of 68 and 115  km. Our results 
are the same as those of the networks with 68  km and 
115-km spacing at a 50% confidence level. For the 90th 
percentile positioning errors, the convergence times of 
networks with 68 and 115-km spacing in the study by 
Psychas and Verhagen (2020) were approximately 5.0 and 
10.0 min, in terms of the horizontal component. By com-
paring these results, we can see that the 90th percentile 

horizontal positioning errors of GPS-only PPP-RTK 
can still achieve better than 10-cm convergence within 
2.5 min when slant ionospheric corrections derived from 
the network with 165-km spacing were utilized. Banville 
et al. (2014) also investigated fast PPP convergence per-
formance using regional slant ionospheric corrections. 
Their results demonstrated that when using GPS-only 
ionospheric corrections derived from the network with 
150-km spacing, the convergence better than the 10-cm 
threshold could be obtained within 5 min.

It can be seen from the comparison of the results 
that our results are reliable and valid. However, we also 
should note that the convergence performance of PPP-
RTK using regional ionospheric corrections was affected 
by many factors, such as satellite geometry, the quality of 
the observations, and ionospheric conditions. As Banville 
said, the ambiguity resolution of a PPP algorithm should 
exclude wrongly fixed ambiguities to ensure that ambigu-
ity resolution is accurate, and the precision of ionospheric 
corrections should actually reflect their deficiencies in 

Fig. 8 Convergence performance of PPP-RTK user components for the medium-scale network at the 50% and 90% confidence levels. Top panel: 
horizontal error; bottom panel: vertical error. Left panel: GPS; right panel: GPS + Galileo

Table 2 Convergence time of PPP-RTK user components for the 
medium-scale network at the 50% and 90% confidence levels

Method GPS GPS + Galileo

Horizontal 
(min)

Vertical 
(min)

Horizontal 
(min)

Vertical (min)

PPP-RTK 
(50%)

1.0 1.5 0.5 1.0

PPP-RTK 
(90%)

2.5 3.0 2.0 2.5
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UCPPP model to enhance the UCPPP model strength to 
accelerate the ambiguity fixing.

A small‑scale network
In this section, first, we processed a National Oceanic 
and Atmospheric Administration (NOAA) Continuously 
Operating Reference Stations (CORS) Network (NCN), 
whose processing strategies are the same as those of the 
network with 165-km spacing. We then evaluated the 
accuracy of the slant ionospheric corrections interpo-
lated from the reference network. Finally, the conver-
gence performance of PPP-RTK was implemented for 
validation in pseudo-kinematic mode.

Data selection and processing strategies
To investigate the convergence performance of PPP-RTK, 
five stations were utilized to process the GNSS data. 
Four reference stations (MNGR, MNSB, MNMR, and 
MNCL) were considered as reference stations for gen-
erating slant ionospheric corrections, and the MNAN 
station was regarded as the user station. The five sta-
tions were equipped with Trimble-type receivers and 
capable of tracking GNSS satellites. The distribution of 
the GNSS network is shown in Fig. 9. We applied 2 days 
(days 082 and 083 of 2021) of GPS L1/L2 and Galileo E1/
E5a observations with a 30-s sample to carry out PPP-
RTK in pseudo-kinematic mode. The average distance 
between the reference network sites and the user station 
was about 50  km. The network of this scale indicates a 
small-scale network.

Performance of ionospheric corrections
In this section, the user station MNAN was considered 
as an additional reference station for obtaining the UD 
slant ionospheric delays. The slant ionospheric delays of 
the user station were used to evaluate the UD slant iono-
spheric corrections. The slant ionospheric corrections 
were interpolated from the reference network. Due to 
the receiver DCBs remaining in the ionospheric delays, 
we used the SD operators on the ionospheric delays to 
remove the impacts of the receiver DCBs. The specific 
assessment method is described in the previous section.

The error distribution of the interpolated SD iono-
spheric corrections is depicted in Fig. 10. In terms of the 
SD slant ionospheric residuals of the GPS constellation, 
the proportion within 0.15 TECU is 92.2%, while that 

Fig. 9 Distribution of the GPS/Galileo stations from days 082 to 083 
in 2021. The blue circles indicate the reference stations and the red 
circle denotes the user station

Fig. 10 Error distribution of the SD slant ionospheric delays in different satellite systems (left panel: GPS; right panel: Galileo)



Page 14 of 19Yan and Zhang  Earth, Planets and Space           (2022) 74:47 

within 0.30 TECU is 95.9%. In the case of the Galileo 
scenario, proportions of 75.4% and 82.8% were obtained 
under the conditions of 0.15 and 0.30 TECU, respectively. 
Comparing Figs.  7 and 10, we can see that the propor-
tions of SD ionospheric residuals in small-scale networks 
are higher than those of medium-scale networks under 
the conditions of 0.15 and 0.30 TECU, whether the GPS 
and Galileo constellation is used. This may be because 
the accuracy of the ionospheric delays has a strong cor-
relation with the distance between stations (Liu and 
Lachapelle 2002). The longer distance between stations, 
the weaker the correlation of the ionospheric delays (Gao 
et  al. 2021). Larger modeling errors of the ionospheric 
delays may be generated in a larger-scale network. This 
may be the reason why the proportions of SD ionospheric 
residuals generated from the medium-scale network 
were lower than those from the small-scale network. Of 
course, networks with different scales may require similar 
ionospheric conditions.

From Fig. 10, we can also find another situation, which 
the proportion of GPS SD slant ionospheric residuals in 
a certain range is higher than that of Galileo. A similar 
situation exists in Fig. 7, but their difference in Fig. 7 is 
slightly smaller than that in Fig. 10. To further study the 
reasons behind this phenomenon, we analyze the number 
of both ionospheric delays and fixed SD NL ambiguities, 
whether for reference network and user components. 
Due to the limited length of the article, we only present 
and analyze the limited results of both reference network 

and user components. Other situations are generally the 
same as those shown in this paper.

From Figs.  11 and 12, we can find that the number 
of Galileo ionosphere is less than that of GPS, whether 
for reference network station MNMR or user station 
MNAN. Furthermore, the number of Galileo NL resolved 
ambiguities is also less than that of the ionosphere. As 
we know, the more the number of resolved ambiguities 
and the better spatial geometry, the more significant the 
effect of improving the accuracy of positioning and other 
parameters to be estimated in the UCPPP model. On the 
contrary, if the number of resolved ambiguities is small, 
the accuracy of estimated parameters in the fixed solu-
tions may not be well guaranteed. Hence, comparing 
Figs. 10, 11, and 12, it is suggested that the main reason 
for the large ionospheric residuals of Galileo is mainly 
due to the insufficient resolved number of NL ambi-
guities resulting in low ionospheric accuracy. Of course, 
many other potential factors that affect ambiguity fixing, 
e.g., data quality of Galileo, the accuracy of Galileo orbit/
clock products, the corrections of receiver’s PCOs and 
PCVs, and the defined weight strategies between GPS 
observations and Galileo observations. Finally, we believe 
that these are temporary problems. With the completion 
of Galileo’s global network deployment and the further 
improvement of corresponding models and algorithms, 
the performance of Galileo’s ionospheric residuals will be 
close to GPS.

Fig. 11 Number of satellite, number of fixed SD NL ambiguities, and number of estimated ionospheric delays from MNAN station on DOY 082, 
2021
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Performance of PPP‑RTK
We took the 50th and 90th percentile positioning errors 
of both the horizontal and vertical components as indi-
cators to investigate the convergence performance of 
PPP-RTK for GPS alone and integrated GPS + Galileo 
observations. Figure  13 and Table  3 show the conver-
gence performance of PPP-RTK for the 50th and 90th 
percentiles of the horizontal and vertical positioning 
errors in detail. For the 50th percentile scenario, the 

Fig. 12 Number of fixed SD NL ambiguities and the number of estimated ionospheric delays from MNMR station on DOY 082, 2021

Fig. 13 Convergence performance of PPP-RTK user components for the small-scale network at the 50% and 90% confidence levels. Top panel: 
horizontal error; bottom panel: vertical error. Left panel: GPS; right panel: GPS + Galileo

Table 3 Convergence time of PPP-RTK user components for the 
small-scale network at the 50% and 90% confidence levels

Method GPS GPS + Galileo

Horizontal 
(min)

Vertical 
(min)

Horizontal 
(min)

Vertical (min)

PPP-RTK 
(50%)

1.0 1.0 1.0 1.0

PPP-RTK 
(90%)

2.0 2.0 1.5 1.5
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integrated GPS + Galileo observations had no obvious 
advantage over the GPS-only observations in terms of 
the convergence performance of the horizontal and ver-
tical components. This indicates that the constraints of 
ionospheric corrections can significantly reduce the cor-
relation between the positioning parameters and other 
estimated parameters in GPS-only PPP-RTK of the user 
components. Hence, the Galileo observations did not 
reduce the convergence time at the 50% confidence level. 
On the contrary, the horizontal and vertical convergence 
time reduced from 2.0  min for GPS-only PPP-RTK to 
1.5 min for integrated GPS + Galileo PPP-RTK at the 90% 
confidence level. The convergence time could be short-
ened by 25% by using GPS and Galileo observations.

To investigate the convergence performance of PPP-
RTK in networks with different scales, we compared the 
PPP-RTK convergence time between the medium-scale 
network and the small-scale network. As far as the 90% 
confidence level was concerned, the average conver-
gence time of the small-scale network was less than that 
of the medium-scale network. Therefore, it can be sug-
gested that the convergence time of PPP-RTK is related 
to the scale of the reference network. The larger scale of 
the reference network, the longer the convergence time 
of the user components (Psychas and Verhagen 2020). 
The relationship between the convergence time of the 
user and the scale of the network has also been verified 
in analyses of the accuracy of the ionospheric corrections 
derived from networks with different scales (Gao et  al. 
2021). In terms of the larger-scale network, the conver-
gence time was affected by the accuracy of the interpo-
lated slant ionospheric corrections. Overall, although the 
scale of the reference network affected the convergence 
performance of PPP-RTK, our results suggest that the 
GPS-only PPP-RTK could achieve convergence in the 
horizontal direction within 2.0 and 2.5 min and the inte-
grated GPS + Galileo PPP-RTK could achieve conver-
gence in the horizontal direction within 1.5 and 2.0 min 
for the small-scale network and the medium-scale net-
work, respectively.

Discussion
In this study, we investigated the convergence perfor-
mance of GPS + Galileo PPP-RTK using two networks 
with different scales. As far as the accuracy assessment 
of the interpolated ionospheric corrections is concerned, 
for the network with 165-km spacing, the proportion of 
the GPS SD ionospheric residuals within 0.30 TECU was 
85.2%, while that of the Galileo SD ionospheric residu-
als was 81.7%. For the network with 50-km spacing, the 
proportion of GPS SD ionospheric residuals within 0.30 
TECU was 95.9%, while that of the Galileo SD ionospheric 
residuals was 82.8%. The difference in the proportions of 

SD ionospheric residuals between the 165-km network 
and the 50-km network was associated with the iono-
spheric modeling errors. The errors mainly depend on 
the distance between stations (Xiang et al. 2020). Mean-
while, it is also noted that the ionospheric parameters not 
only have uncertain random variations but also contain 
the receiver’s DCBs. When different receiver types are 
used for the stations in the reference network, the inter-
polated slant ionospheric delays derived from can be 
affected due to the large differences of receiver’s DCBs. 
Therefore, these ionospheric delays containing the receiv-
er’s DCBs may not be suitable for direct interpolation of 
ionospheric delays, because the relationship between the 
spatiotemporal variation characteristics of DCBs and 
the ionospheric delays needs further research. From the 
perspective of ionospheric modeling, the impact of the 
receiver’s DCBs can be eliminated by using the SD iono-
spheric delays between satellites. However, as we know, 
the reference satellite can only be viewed by the reference 
network and user station within a certain range. When it 
exceeds a certain range, this method may be invalid for 
the ionospheric modeling of wide-area PPP-RTK. Hence, 
to maintain a high degree of self-consistency between the 
reference network and user component of PPP-RTK, the 
best strategy to resolve the receiver’s DCBs is to apply 
the global ionospheric maps (GIMs), which are consid-
ered initial values to constrain the ionospheric param-
eters in UCPPP model. Therefore, the receiver’s DCBs 
can be effectively separated from the slant ionospheric 
delays. Correspondingly, when the user utilizes the inter-
polated slant ionospheric delays, the receiver’s DCBs can 
also be estimated in the UCPPP model, which does not 
affect the model strength of PPP-RTK. In addition to the 
effect of the receiver’s DCBs, the condition of the obser-
vation, reference network scales may affect the degree of 
agreement between interpolated slant ionospheric delays 
derived from the reference network and self-estimated 
slant ionospheric delays estimated from user compo-
nents. On the other hand, in this study, the DIM uses 
the empirical scale factor to compensate for the effect 
of inter-station distance on the accuracy of the inter-
polated ionospheric delays. Li et al. (2014b) gave a vari-
able range of empirical scale factors from 0.3 to 3  mm/
km. Odijk (2000) took 0.57 mm/km as the scale factor to 
research the Californian network. However, the empiri-
cal accuracy of interpolated ionospheric corrections may 
not effectively mitigate the impact of ionospheric delays 
in the UCPPP model. Hence, it is necessary to propose an 
ionospheric modeling method that is suitable for various 
networks of different scales and eliminates the impact of 
the receiver’s DCBs. More importantly, this model should 
adequately reflect the random variation characteristics of 
the ionospheric delays.
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In terms of the convergence performance of PPP-RTK, 
for the 165-km network, it took 2.5 and 2.0 min for the 
GPS-only and integrated GPS + Galileo observations to 
achieve the 10-cm threshold for the 90th percentile hori-
zontal positioning errors. Using the slant ionospheric 
corrections derived from the network with 50-km spac-
ing, the GPS-only, and integrated GPS + Galileo PPP-
RTK achieved convergence in the horizontal direction 
within 2.0 and 1.5 min at the 90% confidence level. The 
PPP-RTK convergence time was further reduced by 
utilizing the GPS and Galileo observations together. 
Meanwhile, it has been noted that when the scale of the 
network becomes larger, the convergence time of PPP-
RTK will become longer to some extent. This has already 
been verified in Psychas and Verhagen (2020). The GPS-
only PPP-RTK using regional ionospheric corrections 
derived from the network with 165-km spacing achieved 
convergence in the horizontal direction within 2.5 min at 
the 90% confidence level. Similar results have also been 
found in Banville et al. (2014), which indicates our results 
are reliable. This suggests that our results may provide a 
reference for studying the convergence performance of 
multi-GNSS PPP-RTK based on networks with different 
scales.

Even though the expected results could be found, our 
study only concentrated on validation of the results by 
utilizing limited GPS/Galileo observations from two net-
works with different scales under medium ionospheric 
disturbance. Ionospheric delays have many complicated 
characteristics in time and space, which are not still 
fully known at present. Hence, new ideas require to be 
proposed for ionospheric modeling, especially for the 
wide-area slant total electron content (STEC) modeling 
algorithm. Furthermore, it is expected that the conver-
gence performance of PPP-RTK can be further improved 
by using multi-GNSS and multi-frequency observations. 
Considering the above analysis, the modeling algorithm 
of STEC and the potential of multi-GNSS and multi-fre-
quency for PPP-RTK should be comprehensively investi-
gated in the future.

Conclusions
This contribution mainly investigates the convergence 
performance of PPP-RTK by using GPS and Galileo 
observations. To this end, the convergence performance 
of PPP-RTK was assessed by utilizing the GPS/Galileo 
observations from two networks with a large difference 
in their scale.

For the network with an average distance of about 
165 km, 85.2% of the SD GPS ionospheric residuals were 
within 0.30 TECU, while 81.7% of the SD Galileo iono-
spheric residuals were within 0.30 TECU. In terms of the 
50th percentile, the PPP-RTK convergence times in the 

horizontal and vertical directions were reduced from 1.0 
and 1.5  min for the GPS alone observations to 0.5 and 
1.0  min for the integrated GPS + Galileo observations. 
An average improvement of 40% could be obtained. 
Similarly, for the 90th percentile positioning errors of 
the horizontal and vertical components, the convergence 
times to be reduced from 2.5 and 3.0 min for the GPS-
only observations to 2.0 and 2.5  min for the integrated 
GPS + Galileo observations, with an average improve-
ment of 18.1%.

For the network with an average distance of about 
50 km, 95.9% of the SD GPS ionospheric residuals were 
within 0.30 TECU, while 82.8% of the SD Galileo iono-
spheric residuals were within 0.30 TECU, respectively. 
The 90th percentile positioning errors of the horizontal 
and vertical components reduced the convergence times 
from 2.0 and 2.0  min for the GPS-only observations to 
1.5 and 1.5 min for the integrated GPS + Galileo observa-
tions. An average improvement of 25% could be achieved.

Whether it is the accuracy of slant ionospheric delays 
or the convergence performance of PPP-RTK, the 50-km 
network showed obvious advantages. This is mainly 
because of the strong correlation between the ionosphere 
and the scale of the reference network. Meanwhile, it is 
noted that the integrated GPS and Galileo observations 
could further reduce the convergence time of PPP-RTK 
for the networks with 50 and 165-km spacing.
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