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Abstract: The Precise Point Positioning (PPP) with fast integer ambiguity resolution (PPP-RTK)
is feasible only if the solution is augmented with precise ionospheric parameters. The vertical
ionospheric delays together with the receiver hardware biases, are estimated simultaneously based
on the uncombined PPP model. The performance of the ionospheric delays was evaluated and
applied in the PPP-RTK demonstration during the low solar activity period. The processing was
supported by precise products provided by Deutsches GeoForschungsZentrum Potsdam (GFZ) and
also by real-time products provided by the National Centre for Space Studies (CNES). Since GFZ
provides only precise orbits and clocks, other products needed for ambiguity resolution, such as
phase biases, were estimated at the Geodetic Observatory Pecny (GOP). When ambiguity parameters
were resolved as integer values in the GPS-only solution, the initial convergence period was reduced
from 30 and 20 min to 24 and 13 min when using CNES and GFZ/GOP products, respectively.
The accuracy of ionospheric delays derived from the ambiguity fixed PPP, and the CODE global
ionosphere map were then assessed. Comparison of ambiguity fixed ionospheric delay obtained at
two collocated stations indicated the accuracy of 0.15 TECU for different scenarios with more than
60% improvement compared to the ambiguity float PPP. However, a daily periodic variation can be
observed from the multi-day short-baseline ionospheric residuals. The accuracy of the interpolated
ionospheric delay from global maps revealed a dependency on the location of the stations, ranging
from 1 to 3 TECU. Precise ionospheric delays derived from the EUREF permanent network with an
inter-station distance larger than 73 km were selected for ionospheric modeling at the user location.
Results indicated that the PPP ambiguity resolution could be achieved within three minutes. After
enlarging the inter-station distance to 209 km, ambiguity resolution could also be achieved within
several minutes.

Keywords: PPP-RTK; GNSS; fast-ambiguity resolution; ionospheric delay; G-Nut software

1. Introduction

Based on real-time orbits and clock corrections estimated from global GNSS reference
networks, Precise Point Positioning (PPP) [1] can achieve a decimeter- to centimeter-level
accuracy in a kinematic mode. However, a long convergence time of about 30 min [2]
limits its widespread usage, such as in modern agriculture, mobile mapping, and drone
navigation. Precise Point Positioning ambiguity resolution (PPP-AR) utilizing satellite
phase biases corrections [3] can shorten the convergence time and improve the accuracy
significantly. However, a convergence time of about 15 min is still needed. Fast and reliable
ambiguity resolution can be achieved when augmenting the PPP with precise ionospheric
and tropospheric corrections estimated on the basis of processing GNSS data from a local
permanent network (PPP-RTK) [4].
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De Oliveira et al. [5] presented how tropospheric modeling within dense and sparse
networks can improve the GPS-only and GPS + GLONASS ambiguity float PPP solution
in terms of reducing a convergence time. Results indicated that the convergence time
of receiver coordinates could be shortened by 2% to 20%. Psychas et al. [6] assessed the
precision of ionospheric corrections in terms of reliability of fast ambiguity resolution when
applying PPP-RTK. Results indicated that a faster PPP-RTK solution is expected as long as
the precision of ionospheric corrections at a user side is better than 5 cm (~0.31 TECU).

The atmospheric corrections are interpolated to the user location and predicted to
obtain the best accuracy. Teunissen et al. [7] demonstrated the performance of PPP-RTK
based on a small-scale network with inter-station distances of around 27 and 60 km and
indicated that centimeter-level positioning accuracy could be achieved. Such accuracy is
comparable to the traditional network RTK solution. Li et al. [8] used linear interpolation for
atmospheric corrections’ prediction and showed that instantaneous ambiguity resolution
is feasible in a regional network of 60 km spatial resolution. Zhang et al. [9] further
demonstrated PPP-RTK using precise corrections based on reference stations with mutual
distances ranging from 60 to 100 km. Li et al. [10] demonstrated the performance of PPP-
RTK exploiting BDS/GPS observations from European stations during a calm ionospheric
disturbance period. Results indicated that centimeter-level positioning accuracy of the
GPS-only, as well as BDS-only solution, could be obtained. Psychas et al. [11] analyzed the
real-time PPP-RTK when using ionospheric corrections from multi-scale regional networks
during a day with medium ionospheric disturbance. Results showed that the sub-decimeter
horizontal accuracy could be achieved within 1 min and 2 min based on corrections from a
network with 68 km and 115 km spacing.

PPP-RTK technology preserves the benefits of PPP for global positioning and RTK
for fast convergence. In addition, only one-way communication is needed, which offers a
high potential for its application using low-cost smart terminals. BDS and Galileo have
announced their future global services for providing additional corrections enabling PPP-
AR in real-time [12,13]. Therefore, investigating the accuracy of ionospheric delay from
multi-scale reference networks and analyzing the augmentation to fast PPP ambiguity
resolution is necessary.

In this study, an uncombined PPP model is used to derive the unbiased ionospheric
delay which is not affected by receiver and satellite hardware biases. The accuracy of
the ionospheric delays derived from ambiguity-fixed PPP as well as the CODE global
ionospheric products [14] are analyzed. Then, the performance of GPS-only and Galileo-
only PPP-RTK are assessed in terms of the convergence time, and different solutions using
different ionospheric corrections based on the data from the EUREF network [15] are
compared. Finally, conclusions are drawn.

2. Methods

The equations for dual-frequency code and carrier phase uncombined observations
for satellite s and receiver r on frequency f can be written as:

Ps
r, f = ρs

r + dtr − dts + dTs
r + µ f dIs

r,1 + br, f − bs
f + εPf

Ls
r, f = ρs

r + dtr − dts + dTs
r − µ f dIs

r,1 + λ f (Ns
r, f + Br, f − Bs

f ) + εL f

(1)

where the subscript f = (1, 2) refers to a specific carrier frequency, the subscript r to a receiver,
and the superscript s to a specific satellite; ρs

r indicates the geometric distance between the
satellite and receiver; dtr and dts are the clock errors of receiver and satellite; dTs

r is the slant
tropospheric delay; dIs

r,1 is the slant ionospheric delay on the first frequency which can
be mapped to the vertical ionospheric delay with the mapping function, and µ f = λ2

f /λ2
1

is the frequency-dependent factor; br, f and br
f are the receiver and satellite specific code

hardware delays; λ f and Ns
r, f are the wavelength in meters and integer ambiguity in cycles;

Br, f and Bs
f are the receiver-dependent and satellite-dependent uncalibrated phase delays;

εPf and εL f are the pseudo-range and carrier phase measurement noise, respectively. Note
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that the higher-order ionospheric effects are neglected, as they have limited influence on
the performance of ambiguity resolution.

The GNSS observations are affected by the satellite and receiver code hardware delays,
which can be canceled or absorbed by other parameters in the uncombined PPP model. The
satellite clock parameter dts is eliminated by applying a precise clock corrections product,
which also contains the satellite-related code hardware delays according to the standards
defined by the International GNSS Service (IGS). The re-parameterized equations can be
written as [16]:

Ps
r, f = ρs

r + dt̂r + dTs
r + µ f dÎs

r,1 + εPf

Ls
r, f = ρs

r + dt̂r + dTs
r − µ f dÎs

r,1 + λ f N̂s
r, f + εL f

(2)

The estimable parameters include:

dt̂r = dtr + αbr,1 − βbr,2
dÎs

r,1 = Is
r,1 −

c
µ2−µ1

(DCBr,12 + DCBs
12)

(3)

where α = µ2/(µ2 − µ1) and β = µ1/(µ2 − µ1) are the coefficients for the hardware delay
combination, DCBr,12 = br,1 − br,2 and DCBs

12 = bs
1 − bs

2 are the receiver and satellite
differential code biases (DCB) between the first and second frequencies which are absorbed
by the ionospheric delay.

The receiver DCB is generally treated as a time-constant parameter. Therefore, the
interpolated ionospheric delay from regional networks is biased by the averaged receiver
hardware delay from the network side. The mean biases can be absorbed by the receiver
clock parameter, thus not affecting the user position. However, time-variant characteristics
can be observed due to the receiver hardware temperature variations [17,18], and it affects
the accuracy of interpolated ionospheric delay. One alternative option is to introduce the
receiver DCB as an estimable parameter in the PPP observation model. The equation can
be written as:

Ps
r,1 = ρs

r + dt̃r + dTs
r + µ1dIs

r,1 −
1

µ2−1 DCBs
12 + εPf

Ps
r,2 = ρs

r + dt̃r + dTs
r + µ2dIs

r,1 −
µ2

µ2−1 DCBs
12 + DCBr,12 + εPf

Ls
r,1 = ρs

r + dt̃r + dTs
r − µ1dIs

r,1 + λ1N̂s
r,1 + εL1

Ls
r,2 = ρs

r + dt̃r + dTs
r − µ2dIs

r,1 + λ2N̂s
r,2 + εL2

(4)

where dt̃r is the re-parameterized receiver clock which absorbs the combination of receiver
hardware delays defined in Equation (3). The receiver code hardware delays are also
absorbed by the carrier phase initial ambiguities, which can be eliminated by forming the
between satellites’ single differenced observations. The satellite DCB can be corrected by
the multi-GNSS DCB products, whereas the receiver DCB between the first and second
frequency, is estimated. Consequently, the estimated ionospheric delay parameter is not
biased by the DCBs. During the implementation, the satellite code biases and phase biases
are converted to the un-differenced model and applied using the uncombined observation
model. Then, Equation (4) can be used for deriving the precise ionospheric delays from the
network side and used for the PPP-RTK at a user side.

If the external tropospheric and ionospheric corrections are available, they are intro-
duced in the PPP-RTK solution as virtual observations to augment the PPP:

δ Ĩs
r = δIs

r + σI
δT̃s

r = δTs
r + σT

(5)

where δ Ĩs
r represents the predicted slant or vertical ionospheric delay for satellite s at

the first frequency and δT̃s
r represents the predicted slant or vertical tropospheric delay.

σI and σT are the random errors for the predicted ionospheric and tropospheric delays,
respectively. The variance of the atmosphere corrections is empirically determined by
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comparing the predicted ionospheric delay and the ambiguity fixed ionospheric delay at a
user location.

The dual-frequency observations from the GPS and Galileo constellations are pro-
cessed separately in the raw PPP model for ambiguity resolution demonstration in the
afterward analysis. However, the model can be extended for the multi-constellation and
multi-frequency GNSS observations. Inter-system biases should be estimated for the multi-
GNSS PPP. For the multi-frequency combinations, inter-frequency clock biases should be
applied for the satellite clock corrections, and additional parameters should be estimated
to absorb the receiver hardware delays [19].

3. Data and Models

Apart from the precise satellite orbits and clocks, satellite phase biases are necessary
for the Precise Point Positioning ambiguity resolution. While the IGS provides only precise
orbits and clocks via its real-time service (RTS), the National Centre for Space Studies
(CNES) also provides satellites’ phase biases for multi-GNSS [20] along with the orbits and
clocks. Therefore, we used the CNES products for the first demonstration of the real-time
PPP ambiguity resolution performance. In addition, the final orbits and clocks products
from Deutsches GeoForschungsZentrum Potsdam (GFZ) [21], complete with the phase
biases estimated at the Geodetic Observatory Pecny (GOP) [22], were used in the second
study for demonstrating the performance of the PPP-AR. Note that the two solutions differ
mainly in the accuracy of the satellite products and not in the user solution.

For estimating phase biases at GOP, data from the MGEX permanent stations were
processed using the G-Nut software [23] on a daily basis with a sampling interval of 30 s.
The forward Kalman filter was applied with an initial period for phase biases to converge.
Strategies used for the processing at both service and user sides are listed in Table 1. The
vertical or the slant ionospheric delay parameter can be resolved in the PPP model, which is
interchangeable when applying the mapping function. “Iono-No” indicates that no external
ionospheric corrections were used in PPP; that is, the vertical ionospheric delay parameter
for each satellite and receiver were estimated at each epoch. “Iono-Interp” indicates PPP
using the external interpolated ionospheric corrections.

Table 1. Processing strategies at the service and user side for PPP/-AR/-RTK.

Modeling Strategies

Observation combination Raw double-frequency

Orbits/Clocks/Phase bias GFZ final orbit/clock products, estimated biases
CNES real-time orbit/clock/biases products

Ionosphere corrections Iono-No: estimated as unknown parameter
Iono-Interp: Interpolated from network side

Zenith troposphere delay Estimated as random walk parameter
Satellite DCB Corrected using products provided by DLR [24]
Receiver DCB Estimated as random unknown parameter

Elevation cutoff 7◦

Sampling 30 s

Attitude corrections Steering attitude model for GFZ products
Nominal attitude model for CNES PPP

Ambiguity resolution Partial ambiguity resolution

Coordinates Service side: Static
User side: Kinematic

4. Results

We analyzed the quality of the achieved products from a network solution in terms of
the stability of the estimated phase biases, performance of ambiguity fixing when estimating
ionospheric delays and using different precise products, and the internal accuracy of
ionospheric delay from the ambiguity-fixed PPP. Then, the estimated ionospheric delays
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were interpolated to the user location with multi-scale sparse networks and introduced in
the PPP algorithm.

4.1. Convergence Analysis of Ambiguity-Float and Ambiguity-Fixed PPP

The observations from day 001 of the year 2019 (DOY) during a solar-minimum period
were selected to illustrate the quality of the network-based phase biases. The phase biases
were estimated following the method proposed by [3]. However, they were converted to the
uncombined value during the implementation for the raw PPP ambiguity resolution [25].
Figure 1 shows the un-differenced narrow-lane satellite phase biases for all GPS and Galileo
satellites estimated at GOP. It can be observed that the estimated phase biases for most
satellites showed good stability over time. The data gap at the first 50 min was caused due
to the convergence of the phase biases. The average standard deviation was 0.04 cycles
and 0.05 cycles for GPS and Galileo, respectively.
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Figure 1. Un-differenced satellite narrow-lane phase biases for all GPS (left) and Galileo (right) satellites. Each color
represents a different satellite.

Figure 2 shows 56 EUREF permanent stations selected for the PPP analysis with the
ambiguity fixing rate shown in Figure 3. The fixing rate for most of the stations was
larger than 99%, and comparable performance can be achieved for two different products,
GFZ/GOP and CNES. However, the fixing rate for the station MEDI was relatively low,
which was affected by the observation quality and should be excluded from the iono-
spheric modeling at the network side. Overall, the results indicated that one can achieve a
reliable real-time PPP ambiguity resolution when using the CNES real-time corrections.
Therefore, the CNES products were used for further ionospheric delay modeling and
PPP-RTK experiments.
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Figure 3. Comparison of the ambiguity fixing rate of the static PPP using GFZ/GOP and CNES
products at different stations.

To analyze the convergence of PPP when using different products, all stations were
processed in the ambiguity-float and ambiguity-fixed solution without external ionospheric
corrections or constraints. The coordinates from the EUREF weekly solution were selected
as the reference, and the positioning errors for all stations at each epoch were computed
and sorted. The positioning errors at the 50% percentile were selected to indicate the
convergence of the PPP. The convergence time differed significantly when data from
different stations were used along with different precise products (Figures 4 and 5). Overall,
the solutions from the GFZ/GOP products showed better performance than the solution
utilizing CNES real-time products. This can be attributed to more precise final orbits and
clocks products together with phase biases estimated using the same software package.
The average PPP convergence time for the CNES and GFZ/GOP ambiguity-float solutions
for achieving the accuracy of a decimeter was 30 min and 20 min, respectively. The integer
ambiguity resolution improved the convergence by 20% and 35%, i.e., reaching 24 min and
13 min, respectively. The ambiguity fixing improved not only the accuracy but also the
reliability and stability of the positioning.
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4.2. Ionospheric Delays Retrival from the Ambiguity-Fixed PPP

The range of the ionospheric error is related to the observation latitude, local time,
season, geomagnetic activity, solar cycle, and other anomalies and irregularities [26]. The
Kp-index is a scale used to characterize the magnitude of geomagnetic disturbances and
can be used to monitor the global activity of ionospheric. The Kp index during the period of
2019 is shown in Figure 6, which was generally smaller than three for a quiet geomagnetic
condition [27]. Two sessions with different ionospheric activities (DOY 001 to 031 and DOY
121 to 150) in 2019, which covered the weak and strong ionospheric period, were selected
for the analysis.
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For assessing the estimated ionospheric delays from the PPP-AR solution, three short
baselines were formed. The receiver and antenna types are shown in Table 2. In theory, the
between the station single difference in the receiver-satellite slant ionospheric delay from a
short baseline should be close to zero if the hardware delays are eliminated. Therefore, a
fluctuation of the single differenced ionospheric delay around zero can be used to measure
systematic errors and random noise of the estimated ionospheric delays.

Figure 7 shows the differenced slant ionospheric delays derived from the ambiguity-
float PPP for three station pairs during DO 001 to 030 in 2019. It is clearly visible that
ionospheric error time series from the ambiguity float PPP showed a remarkable variation
for different stations. A maximum mean bias and standard deviation (STD) were reached
for station pair GOP6-GOPE, which is mainly caused by two different receiver types used
at the two stations. In comparison, a minimum bias and STD were observed for the station
pairs YAR3-YARR and PRD2-PRD3, which use the same receiver types. After applying
the ambiguity fixing procedure, the corresponding ionospheric residuals are shown in
Figure 8. The STD were reduced by more than 60% for the three station pairs. Note
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that the ionospheric delays were estimated on the daily basis, and the between station
single-differenced values from all the satellites are shown in the figure. The outliers shown
in Figure 8 were caused by the convergence period and the satellites with unreliable
ambiguity fixing. The Kp index on the corresponding periods is also shown in Figure 8.
The ionospheric residuals from the short-baseline showed no obvious correlation with that
of the ionospheric activity indicator. Furthermore, a daily periodic term was visible from
the ionospheric error series, which are caused by the residual ionospheric errors and are
correlated with the local time.

Table 2. Description of sites used for the short-baselines.

Station Receiver Type Antenna Type Lon Lat Dist. (m)

YARR SEPT POLARX5 LEIAT504 NONE
115.3472 29.0465 20.2YAR3 SEPT POLARX5 LEIAR25 NONE

GOP6 SEPT POLARX5 LEIAR25.R4 LEIT
14.7856 49.9137 4.1GOPE TRIMBLE SPS855 TPSCR.G3 TPSH

PRD2 TPS NET-G5 NOV750.R4 NONE −114.2929 50.8713 77.6PRD3 TPS NET-G5 TPSCR.G3 NONE
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Moreover, the summer sessions during DOY 121 to 150 were also processed, and the
corresponding results for the station YAR3-YARR were selected and shown in Figure 9.
Results indicated that the quality of observation (DOY 123 and 128) and the precise or-
bit/clock products (DOY 130 and 141) were the main factor affecting the accuracy of
ambiguity-fixed ionospheric corrections, which can be observed from the anomaly in the
figure. In comparison, the active ionospheric condition on DOY 134 showed minor effects.
To conclude, the STD of the ionospheric delay derived from PPP-AR at two collocated
stations was below 0.15 TECU, which indicates that the high precision ionospheric delays
can be obtained by the ambiguity-fixed PPP.



ISPRS Int. J. Geo-Inf. 2021, 10, 516 10 of 18

ISPRS Int. J. Geo-Inf. 2021, 10, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 8. Single-difference ionospheric residuals from ambiguity fixed PPP at two collocated sta-
tions and the corresponding Kp index (bottom). 

Moreover, the summer sessions during DOY 121 to 150 were also processed, and the 
corresponding results for the station YAR3-YARR were selected and shown in Figure 9. 
Results indicated that the quality of observation (DOY 123 and 128) and the precise or-
bit/clock products (DOY 130 and 141) were the main factor affecting the accuracy of am-
biguity-fixed ionospheric corrections, which can be observed from the anomaly in the fig-
ure. In comparison, the active ionospheric condition on DOY 134 showed minor effects. 
To conclude, the STD of the ionospheric delay derived from PPP-AR at two collocated 
stations was below 0.15 TECU, which indicates that the high precision ionospheric delays 
can be obtained by the ambiguity-fixed PPP. 

 

 

 
Figure 9. Single-difference ionospheric residuals from ambiguity float (top), ambiguity fixed (mid-
dle) PPP at two collocated stations and the corresponding Kp index (bottom). 
Figure 9. Single-difference ionospheric residuals from ambiguity float (top), ambiguity fixed (middle)
PPP at two collocated stations and the corresponding Kp index (bottom).

4.3. Using of CODE Global Ionosphere Products for PPP Ambiguity Resolution

The ionospheric delays estimated from the simulated real-time ambiguity-fixed PPP
were selected as a reference, while the accuracies of the interpolated ionospheric delay
from the CODE global IONEX products [28] were evaluated on a station–satellite basis
for all the ambiguity-fixed epochs of the daily observations. The difference compared to
the real-time processing is that the PPP is not affected by the delay of the corrections in
the simulated mode. The calculated ionospheric RMS is shown in Figure 10. The overall
accuracy ranged from 1 to 3 TECU. However, it can be observed that the satellites G04
and G18 showed relatively poor accuracy. Moreover, stations NYA2, WARN, and LEIJ also
showed a worse ionospheric accuracy which was caused mainly by the fixing rate of the
ambiguity resolution.

The PPP convergence is expected to be shortened when using external ionospheric
products. Hence, the final global vertical ionospheric product from CODE was introduced
with a priori constraints for estimating PPP re-convergence on an hourly basis, i.e., with
a regular resetting of all the estimated parameters. The convergence of the positioning
errors at the 50% percentile is analyzed in Figure 11. Different initial variances were
used for constraining ionospheric parameters. The S00 option represents the PPP without
using external ionospheric products. The S01, S03, and S05 options represent the initial
ionospheric variances of 0.1, 0.3, and 0.5 m, respectively. The convergence time can be
reduced using external ionospheric delays. However, it was observed that a higher weight
for external ionospheric corrections (S01) might also degrade the positioning. A similar
convergence time was observed for the S03 and S05 solutions, while the S05 solution
showed slightly better initialization of the position within each session.
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A significant difference can be observed for the convergence time comparing different
hourly solutions. The PPP results between 09:00 and 15:00 (GPS time) showed a longer
convergence time. Figure 12 presents the ionosphere variations from the station GOP6,
which characterizes an ionospheric activity within the processing session. The negative
values were caused by the inaccurate ionospheric estimates at the low elevations and con-
vergence period of PPP. Sessions with a longer convergence time (Figure 11) corresponded
to higher ionospheric activities (Figure 12). The 50% solutions from all the processed
stations achieved a horizontal accuracy better than a decimeter within 5 min and 15 min
within a low and high ionospheric activity, respectively.
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4.4. PPP-RTK Using Ionospheric Delay from Multi-Scale Networks

Due to a limited accuracy of the global ionosphere products, a convergence time of
more than 5 min was still needed to achieve an accuracy better than a decimeter. There-
fore, applying precise ionospheric corrections from a sparse reference network is more
advantageous for achieving fast PPP ambiguity resolution. The vertical ionospheric delays
were estimated from ambiguity-fixed PPP at the reference networks and then interpolated
to the user for each satellite using the inverse distance weight method. Figure 13 shows
stations selected for demonstrating PPP with a fast ambiguity resolution. Ionospheric
delays observed at four reference stations with inter-station distances larger than 73 km
were interpolated to a user location (GOP6 station). Although the distance between GOP6
and LINZ is 182 km, the ionosphere modeling can still profit from a better spatial geometry
of available ionospheric pierce points.
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Figure 14 shows inter-station ionospheric differences derived by comparing the
ambiguity-fixed ionospheric delays between the reference and the user stations. The STD
of ionospheric differences varied between 0.18 and 0.45 TECU for inter-station distances
of 73–182 km. The mean bias of the ionospheric errors is not related to the inter-station
distance but can be attributed to hardware-related biases. The interpolated ionospheric
errors for the station GOP6 were compared to the estimated ambiguity-fixed ionospheric
delays (Figure 15). The mean bias and STD resulted in −0.01 TECU and 0.12 TECU, re-
spectively. Compared to the accuracy of ionospheric delays between reference stations,
the interpolation can still improve the accuracy of the ionospheric delay, which will be
beneficial for the PPP-RTK.

The analysis covered the Kp index ranging from 0.3 (DOY 001) to 5.0 (DOY 005), and
the residual errors of the interpolated ionospheric show no significant difference. Therefore,
observations from DOY 005, 2019, were used to evaluate the performance of the PPP-RTK
at the station GOP6 with the estimated parameters reset every 1 h. An empirical variance
of 0.15 m was used for a priori constraining of external ionospheric corrections. Figure 16
shows a comparison of the PPP-AR without applying ionospheric corrections (Iono-No)
and with applying ionospheric corrections from the nearby station GOPE (Iono-GOPE).
In most hourly sessions, the ambiguity resolution in the PPP-RTK was achieved within
two epochs when a sampling of 30 s was applied. Besides the positioning accuracy, the
correct ambiguity fixing was largely improved. Figure 17 compares the solution using
the ionospheric corrections estimated from the station GOPE (Iono-GOPE) and using the
interpolated corrections (Iono-Interp). A similar performance can be observed when using
the two different corrections but slightly better initial positions when using corrections
estimated nearby (from GOPE). The results illustrate a high precision of the ionospheric
delays interpolated from selected reference stations and a feasible approach for such
empirical stochastic ionosphere modeling.
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Figure 17. Positioning errors for ambiguity-fixed PPP using ionospheric corrections from nearby
station GOPE and corrections interpolated from selected reference stations.

In a further test, a reference network with longer inter-station distances (209–413 km)
was selected to demonstrate the impact of larger networks on the PPP-RTK. The station
GOP6 was again selected as the reference station on DOY 005, 2019. The distribution of
the stations and the accuracy of the interpolated ionospheric errors are shown in Figure 18.
Results indicated that the STD of the ionospheric delay was 0.19 TECU. It was worse
than the previous results (Figure 15), which has to be attributed to the longer inter-station
distances. Figure 19 shows results comparing the ambiguity-fixed solution without external
ionospheric corrections (Iono-No) and with interpolated ionospheric corrections (Iono-
Interp). The performance is comparable to the results from the previous smaller network.
The results indicate the potential of using sparse reference networks for PPP-RTK, which
can improve the performance of a GPS and Galileo global PPP service.
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Considering the lower number of available Galileo satellites on DOY 005, 2019, ob-
servations from DOY 344, 2020 were selected to demonstrate the performance of Galileo
fast PPP ambiguity resolution. It is observed from Figure 20 that the average number
of satellites for Galileo was 7, which was less than that of GPS for most sessions, espe-
cially between 13:00 and 15:00. Figure 21 shows the Galileo-only PPP with an ambiguity
resolution for the station GOP6 using ionospheric corrections derived from the network
with an inter-station distance larger than 73 km. Though the performance of the Galileo
ambiguity resolution with mode “Iono-Interp” using external corrections can be improved
significantly, there were still several sessions where the Galileo PPP-RTK solution suffered
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from large fluctuations. The reason is mainly due to the limited number of Galileo satellites
and poor geometry that degrades the fixing rate of PPP.
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Note that the experimental analysis during 2019 was in relatively quiet ionospheric
conditions. The performance of the proposed method was affected by the ionospheric
disturbance, which will degrade the fixing rate of the PPP ambiguities. The Satellite-specific
Epoch-differenced Ionospheric Delay (SEID) model proposed by Deng et al. [29] can also be
used to derive the precise ionospheric corrections from networks, which has been validated
comparing the total zenith delays and positioning [30]. Though it was derived from phase
observations with float ambiguities, precise ionospheric corrections can be obtained from
two successive epochs without cycle slips. The SEID method was not affected by the
ambiguity resolution and validation procedure which might show better performance
under ionospheric disturbance conditions. However, the accuracy and compatibility of the
ionospheric delays derived from the two methods under different ionospheric conditions
still deserve further investigation.

5. Conclusions

A long convergence time is still the obstacle limiting the application of PPP. Achieving
the PPP ambiguity resolution and introducing the external atmosphere correction are the
generally used technique to shorten the convergence time and improve the accuracy of
PPP. We proposed a method to estimate the ionospheric delays together with the receiver
hardware delays from ambiguity-fixed PPP. The performance of PPP using the ambiguity
fixing method, the global ionospheric delay corrections, and the multi-scale ambiguity-
fixed ionospheric correction from a regional permeant network was assessed using the
data during a low solar activity period.

First, the contribution of the ambiguity fixing method to PPP convergence was as-
sessed. For traditional ambiguity-float PPP, an averaged convergence time of 30 min and
20 min is needed to reach a decimeter level horizontal and vertical positioning accuracy.
After applying the ambiguity-fixing procedure, the convergence time could be reduced to
24 min and 13 min, respectively.

Then, the performance of the ionospheric delays derived from the proposed method
was assessed using three short-baseline validations covering different ionospheric condi-
tions during the winter and summer sessions. The mean bias and standard deviation of
the ionospheric differences derived from the ambiguity-fixed PPP were within 0.15 TECU.
More than 60% improvements could be observed compared to the ambiguity float solution.
With the ionospheric delay from the ambiguity-fixed PPP as a reference, the accuracy of
the CODE global ionospheric map was 1-3 TECU. After applying proper constraints, the
convergence time using CODE products could be shortened to 5 min and 15 min related to
the daily ionospheric activity.

Finally, precise ionospheric corrections were interpolated using the reference networks
with the inter-station distance range from 73 km to 209 km. The GPS-only and Galileo-
only PPP-RTK with precise ionospheric augmentation were validated. For the GPS-only
PPP-RTK, ambiguity fixing could be achieved within several epochs using 30-second
samplings. The performance of Galileo-only PPP-RTK was worse than that of GPS due to
fewer available satellites, but the accuracy and the ambiguity fixing rate could be largely
improved with external precise ionospheric corrections.
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