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Abstract: The tropospheric delays estimated from the Global Navigation Satellite System (GNSS)
have been proven to be an efficient product for monitoring variations of water vapor, which plays
an important role in meteorology applications. The operational GNSS water vapor monitoring
system is currently based on the Global Positioning System (GPS) and GLObal NAvigation Satellite
System(GLONASS) dual-frequency observations. The Galileo satellite navigation system has been
evolving continuously, and on 11 February 2019, the constellation reached 22 active satellites,
achieving a capability of standalone Precise Point Positioning (PPP) and tropospheric estimation that
is global in scope. This enhancement shows a 37% improvement if the precision of the Galileo-only
zenith tropospheric delay, while we may anticipate further benefits in terms of tropospheric gradients
and slant delays in the future if an optimal multi-constellation and multi-frequency processing
strategy is used. First, we analyze the performance of the multi-frequency troposphere estimates
based on the PPP raw observation model by comparing it with the standard ionosphere-free model.
The performance of the Galileo-only tropospheric solution is then validated with respect to GPS-only
solution using 48 globally distributed Multi-GNSS Experiment (MGEX) stations. The averaged
bias and standard deviations are —0.3 and 5.8 mm when only using GPS satellites, respectively,
and 0.0 and 6.2 mm for Galileo, respectively, when compared to the International GNSS Service (IGS)
final Zenith Troposphere Delay(ZTD) products. Using receiver antenna phase center corrections
from the corresponding GPS dual-frequency observations does not affect the Galileo PPP ambiguity
float troposphere solutions. These results demonstrate a comparable precision achieved for both
Galileo-only and GPS-only ZTD solutions, however, horizontal tropospheric gradients, estimated from
standalone GPS and Galileo solutions, still show larger discrepancies, mainly due to their being less
Galileo satellites than GPS satellites. Including Galileo E1, E5a, E5b, and E5 signals, along with their
proper observation weighting, show the benefit of multi-frequency observations, further improving
the ZTD precision by 4% when compared to the dual-frequency raw observation model. Overall,
the presented results demonstrate good prospects for the application of multi-frequency Galileo
observations for the tropospheric parameter estimates.

Keywords: Galileo; multi-frequency; tropospheric path delay; horizontal gradient; Precise Point
Positioning (PPP)

1. Introduction

Tropospheric delay refers to the refraction of the microwave signal when it passes through
the neutral atmosphere. The space-borne microwave techniques, including Global Navigation
Satellite Systems (GNSS), Very Long Baseline Interferometry (VLBI), Doppler Orbitography,
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and Radiopositioning Integrated by Satellite (DORIS), or Synthetic Aperture Radar Interferometry
(InSAR), are all subjected to tropospheric delays [1]. GNSS has been proven to be an efficient tool
for the retrieval of total tropospheric delays between the observing station and the satellites in view.
The observed slant path delays are usually mapped into the zenith direction (zenith total delay, ZTD)
at a GNSS station, and it comprises contributions from a hydrostatic and a wet (or more precisely
non-hydrostatic) component. The ZTD typically ranges between 2.0 to 2.6 m, and 90% of the ZTD error
is caused by the zenith hydrostatic delay (ZHD), which can be corrected with an a priori value from a
standard atmosphere model. The zenith-wet delay (ZWD) is then usually estimated from observations
as an unknown parameter with an appropriate stochastic model.

The application of high-resolution tropospheric models in Precise Point Positioning (PPP)
enhances the coordinates’ accuracy and makes the convergence time of the position solution shorter
(Hadas et al. [2]). Shi et al. [3] modelled the local troposphere with a set of fitting coefficients
and then used it to enhance the PPP. The results indicated that the convergence time of the
positioning solutions could be greatly reduced, in particular in the height component. Furthermore,
de Oliveira et al. [4] confirmed the benefits of the troposphere augmentation for PPP convergence and
precision improvement. Zhou et al. [5] demonstrated a better positioning accuracy of multi-GNSS
PPP when estimating high-resolution tropospheric gradients. Han et al. [6] presented the accuracy
improvement in the height component when using the external tropospheric delay to enhance the
ambiguity-fixed PPP. Besides, investigations have been focused on the combination of a numerical
weather model (NWM) and GNSS tropospheric products to enhance PPP. Lu et al. [7] developed
an NWM-constrained PPP processing system to improve multi-GNSS precise positioning and
demonstrated the contribution of the NWM model. Lu et al. [8] also derived horizontal delay
gradients from the NWM model to augment the BeiDou System (BDS) PPP, and more than 30% of the
precision improvement in the height component was observed. Zheng et al. [9] developed a real-time
tropospheric model in China and used it to shorten the convergence of BDS PPP. Dousa et al. [10]
developed a two-stage correction tropospheric model combining data from NWM, precise GNSS ZTDs,
and horizontal gradients to support an optimal regional augmentation.

High-precision troposphere observables are prerequisites for any local tropospheric model.
Multi-GNSS observations have been intensively used to improve the precision of the tropospheric
parameters retrieved from the PPP technique. Lu et al. [11] evaluated the performance of the real-time
ZTD estimated from single and multi-GNSS observations, and the results indicated that the precision
and reliability of the troposphere estimates could be improved by using multi-GNSS data. Lu et al. [12]
further demonstrated that the initialization time and the precision of multi-GNSS tropospheric delays
could be improved by using the PPP ambiguity-fixing technique, which can meet the requirements of
the troposphere estimates for time-critical meteorological applications. Pan and Guo [13] compared the
real-time troposphere solution based on different GNSS combinations and different processing models.

However, operational troposphere solutions are still mainly based on Global Positioning System
(GPS) and GLObal NAvigation Satellite System (GLONASS) ionosphere-free linear combinations
of dual-frequency observations. The main reason is that the performance of the new GNSS
constellations, including BDS and Galileo, for troposphere estimation deserve assessment and
improvement. Xu et al. [14] assessed the ZTD performance estimated from the BDS-2 regional
constellation. Li et al. [15] assessed the precision of precipitable water vapor calculated from BDS-only
observations and demonstrated the potential of BDS observations for high precision meteorological
applications in Asia—Pacific regions. Due to the limited number of Galileo satellites, the performance of
Galileo-only troposphere solution has not yet been evaluated. Until 14/12/2019, the Galileo constellation
has reached 24 satellites, which enables the Galileo-only global positioning. Hadas et al. [16] have
compared the positioning accuracy using dual-frequency Galileo observations and different processing
techniques. An important innovation of the Galileo system is the availability of signals using five
frequencies centered at E1 (1575.42 MHz), E5a (1176.45 MHz), E5b (1207.14 MHz), E5 (1191.795 MHz),
and E6 (1278.75 MHz) for commercial and civilian use [17], and they are already available from all active
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satellites. Moreover, the introduction of an Alternate Binary Offset Carrier (AltBOC) signal is expected
to deliver smaller pseudorange noise thanks to its large bandwidth. The availability of multi-frequency
signals has been proven to bring a great opportunity for PPP ambiguity resolution. Liu et al. [18]
demonstrated that the Galileo triple-frequency PPP, with ambiguity resolution, was helpful in reducing
the convergence time and to improve the positioning accuracy. Li et al. [19] also showed that the average
Time To the First Fix (TTFF) of triple-frequency PPP can be reduced by more than 10%, compared to
the dual-frequency solutions. Moreover, the results indicate that the fractional parts of extra-wide-lane
ambiguities for all Galileo satellites are all zero, which may be associated with the characteristic of the
AIBOC signal. Li et al. [20] analyzed the multi-frequency PPP ambiguity resolution method based
on the Galileo five-frequency observations. While the use of more frequencies contributes in a minor
way to the TTFF, decimeter-level positioning accuracy can be achieved within 0.5 min by utilizing
triple-/quad-/five-frequency PPP wide-lane ambiguity resolution. In comparison, the benefits of the
multi-frequency observations for troposphere estimations still deserve further investigation.

In this contribution, we investigate the performance of the standalone Galileo troposphere
estimates and the impact of multi-frequency observations. The paper is organized as follows: After
this introduction, the PPP-based ionosphere-free and raw-observation troposphere estimation methods
are introduced. Next, the precision of the Galileo-only ZTD and gradient solutions are compared to the
GPS solution. Then, we characterize the noise of Galileo code observations residuals from multiple
frequencies, and analyze the impact of multi-frequency observations on the accuracy of estimated ZTD.
Finally, the conclusions are derived.

2. GNSS Troposphere Estimation Methods

First, generally used raw-observation (RAW) and ionosphere-free (IF) PPP models for the
troposphere estimation are introduced. Second, we provide details of the processing strategy and
the software.

2.1. Functional Model

Raw code and carrier phase observations can be expressed as follows:

S=prtdt,—df + T 4l + &) O
LS = p} +dt, —df + T3 — wls | + NS+ 5
where the subscript r and s represent the receiver and satellite, respectively; i denotes the observation
frequency; P} and L} ; denote the raw code and carrier phase observation in meters, respectively;
p; denotes the geometrlc distance between the receiver and the satellite; dt, denotes the receiver clock
error; dt° denotes the satellite clock error; Ij/l denotes the slant ionospheric delay on the first frequency;
b= f2 / f2 denotes the frequency-related constant value; T; denotes the slant tropospheric delay;
N} ;and A; denotes the phase ambiguities and corresponding wavelength; and ¢? , and &7, denote the
sum of multipath error and measurement noise for code and phase observables, respectlvely Note that
the code and phase observations are both affected by the hardware delays. The code hardware delays
should be corrected using IGS differential code biases (DCB) products, whereas the phase hardware
delays are absorbed by the ambiguity parameter.

The raw observation model in Equation (1) can be used flexibly for multi-frequency observations
without considering the correlation between the observations. The model can retain the full advantages
of multi-frequency observations, including the analyses of individual signal characteristics and
observation weighting, as well as significantly lower observation noise of the original measurements,
compared to any linear combination. However, the satellite-specific ionospheric delays have to be
estimated as unknown parameters. In comparison, the ionosphere-free (IF) linear combination enables



Remote Sens. 2020, 12, 373 4 0f 15

the elimination of the first-order ionospheric effect. The generalized dual-frequency IF model can be
expressed as:
Pi. = p;+dt,—dt’ + T; + &},

2
L, = pj+dt,—dt + T} + AN, + € @

where A; and N, represent the IF wavelength and the corresponding ambiguity, respectively. However,
the modeling of triple-frequency PPP using two dependent IF linear combinations needs to account for
the correlations between observations [21,22]. Moreover, the observation noise is increased for both
code and phase observations.

The satellite orbit and clock offsets in Equations (1) and (2) are usually introduced from external
real-time or final precise products. The other terms should be properly estimated as unknown
parameters after applying all the necessary corrections, including the tidal effects, antenna satellite
antenna phase center offsets (PCOs) and variations (PCVs), phase wind up, and others. The slant
tropospheric delay T; can be written as a sum of hydrostatic, wet, and gradient delays, which is
expressed in Equation (3):

T; = my - ZHD + my - ZWD + mg[Gn - cos(A) + Gg - sin(A)] 3)

where A is an azimuth angle of a satellite; Zenith Hydrostatic Delay (ZHD) and Zenith Wet Delay
(ZWD) are hydrostatic and wet contributions of the ZTD; my and myy are corresponding hydrostatic
and wet mapping functions; Gy, G are tropospheric gradients in the North and East directions; and mg
is their mapping function. While ZHD is introduced using an empirical model, e.g., Saastamoinen [23],
ZWD and horizontal gradients are estimated as unknowns, along with other parameters in the
PPP processing.

2.2. Processing Strategies

We used the G-Nut/Tefnut software developed at the Geodetic Observatory Pecny (GOP) [24] for
the multi-GNSS data processing. The software has met the requirements for real-time multi-GNSS
troposphere estimation for meteorological applications [25]. The tropospheric parameters in a high
temporal resolution, including ZTDs, horizontal tropospheric gradients, and slant path delays, can be
estimated in both real-time and near real-time processing modes [26]. Two estimators are supported:
A forward Kalman filter for the real-time processing and a backward smoother to improve the precision
of the troposphere [27] in the case of post-processing or near real-time. The software was recently
enhanced with the capability of multi-frequency processing, based on the raw observation model.
The selection of frequencies, observation types, and channels are enabled with the XML configuration
file. Table 1 lists the details of various processing strategies implemented in the software. The satellite
and receiver antenna phase center (PCO) and antenna phase variations (PCV) are applied for GPS
L1/L2, GLONASS L1/L2, and Galileo E1/E5a frequencies. If the receiver PCO and PCV are not available
for a specific station, the corresponding GPS corrections are used. We only processed signals from
healthy satellites for real-time troposphere estimation, whereas all satellites provided by the final
products are used in the post-processed solutions.

Table 1.  Processing strategies for the multi-GNSS (Global Navigation Satellite System)
troposphere estimation.

Item Strategies
Estimator Forward Kalman/Backward smoothing
Satellite orbits Fixed
Satellite clock offsets Fixed
Observations Carrier phase and pseudorange observations

Observation weighting Elevation-dependent weight
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Table 1. Cont.

Item Strategies
Elevation mask angle 5 degree
Station displacement Solid Earth tides, ocean tide loading,
IERS Convention 2010
Earth rotation parameters Fixed
Antenna phase centers Corrected with “igs14_ wwww.atx” file
ZHD: Saastamoinen model
Zenith Tropospheric Delay ZWD: estimated with random-walk
Mapping function: GMF
Tropospheric gradients Estimated, epoch-wise random-walk
Phase-windup effect Corrected
Receiver clock offset Estimated as white noise
Inter-system Bias(ISB) and Inter-frequency Bias(IFB) Estimated as constant with GPS as a reference
Station coordinates Static: estimated and modeled as constants
Initial phase ambiguities Estimated as constants in a float solution

3. Status of Standalone Galileo Troposphere Solution

The Galileo system Initial Services was announced on 15 December 2016, and it is expected to
be completed for full operational capability (FOC) in 2020. However, the Galileo system achieved an
important milestone when the constellation reached, altogether, 26 satellites after the successful launch
of Ariane-5 on 25 July 2018. Four new Galileo satellites (E13, E15, E33, and E36) became healthy on
11 February 2019, when the Galileo constellation reached 22 active satellites, two satellites on highly
eccentric orbits in testing mode (E14 and E18), one satellite that was unavailable (E20), and one satellite
that was excluded from the constellation (E22). The constellation change in the first quarter of 2019 is
clearly depicted in Figure 1. The color represents a daily percentage of navigation messages, indicating
a healthy status of the Signal-In-Space for each satellite when considering: 1) The Signal Health Status
flag (SHS), 2) the Data Validity Status flag (DVS), 3) Signal-In-Space Accuracy (SISA) value, and 4) the
navigation data validity period [28]. Note that the satellite health status can be used as an indicator
for the quality of the satellite broadcast ephemeris, which is important for real-time users. However,
MGEX final products are using the satellite signals even when they are unhealthy, since robust quality
control strategies can be used to identify the actual status of the satellites by post-processing.

GAL - satellite health status

I Sateliite’signal health status [%]
Il

3
) GOPRIGTC, 2015122

0
Jan Feb Mar Apr (2019)

Figure 1. Change of the Galileo constellation: Colors indicates the percentage of navigation records in
a day providing a healthy Signal-In-Space status, i.e., all healthy = 100% and all unhealthy = 0%.

The Position Dilution Of Precision (PDOP) is calculated on a regular grid of 10 x 10 degrees,
considering healthy Galileo satellites and the 5-degree elevation mask cut-off. Figure 2 shows the
change in the monthly mean availability of PDOP < 6 for the Galileo system on a global scale between
January and March. Four new satellites dramatically improved the availability of PDOP less than 6,
reaching almost 100% globally in March, 2019.
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GAL_FNAV/GOP - Availability of PDOP < 6 [2019:01]
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Figure 2. Availability of the Galileo Position Dilution Of Precision (PDOP)< 6 in January (left) and
March (right), 2019.

The impact of such a constellation improvement on the tropospheric parameters is demonstrated
via the comparison of the multi-GNSS solution with the standalone PPP solutions using only satellites
from individual systems, namely GPS, GLONASS, and Galileo. We processed observations from
215 days (from October 27, 2018 to May 30, 2019) to demonstrate the evolution of the Galileo standalone
troposphere solution. The final orbit and clock products provided by the Center for Orbit Determination
in Europe (CODE) within Multi-GNSS Experiment (MGEX) project were used for PPP troposphere
estimates when using the IF linear combinations with float ambiguities. The troposphere product
exploiting combined GPS/GLONASS/Galileo observations was used as a reference. The selection of
multi-GNSS combined troposphere solutions, rather than the external tropospheric products, as the
reference was to demonstrate the consistency of GPS/Galileo/GLONASS standalone tropospheric
with respect to the combined solutions. The standard deviation (STD) of the differences between the
reference solution and Galileo-only troposphere solution presented in Figure 3 illustrates the visible
change of STD for station ZIM2 and GOP6. A clear improvement can be observed after the four
new Galileo satellites became available. The average STDs before February 11 was 4.3 and 5.0 mm
for stations ZIM2 and GOP6, respectively. Significant decreases were observed after 11 February
2019, reaching 2.7 and 2.7 mm, respectively. Figure 4 presents the evaluation of GPS, GLONASS,
and Galileo standalone ZTD solutions, as compared to the multi-GNSS solution. The dark and light
colors represent the results before and after 2019-02-11, respectively. Overall, GPS-only ZTD had
the best precision compared to the GLONASS-only and Galileo-only solution in the two stations
before 2019-02-11. After that, the Galileo-only ZTD solution achieved comparable precision, like the
GPS-only solution for the two stations. However, the GLONASS ZTD solution was always worse than
that of GPS and Galileo. Precision improvement can be observed for three different ZTD solutions
after 2019-02-11, which can attribute to the improvement of the reference multi-GNSS ZTD solutions
after the availability of new Galileo satellites.
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Figure 3. Variations of Galileo troposphere ZTDs for stations ZIM2 (top) and GOP6 (bottom) from
October 27, 2018 (Day Of Year (DOY) 300), to May 30, 2019 (DOY 150).
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Figure 4. Standard deviation of the GPS, GLONASS (GLO) and Galileo (GAL) standalone Zenith Total
Delay (ZTD) solutions with respect to the multi-GNSS solution. Dark color box is from data before
2019-02-11 and light color after that day.

4. Evaluation of Troposphere Estimated from Multi-Frequency Galileo Observations

The dual-frequency IF combinations are commonly used for the PPP troposphere estimates.
With the availability of observations from multiple frequencies, some groups have focused on
combining two L1/L2 and L1/L5 IF combinations in the case of GPS satellites. However, the correlation
between the observations has to be considered. Besides, the triple-frequency IF combination [29]
cannot be flexibly extended for the processing of more frequencies. The raw-observation PPP model
has two main benefits: 2) Lower observation noise and 2) full flexibility in terms of the multi-frequency
processing. To assess the benefits of using the raw PPP model and multi-frequency observations for
tropospheric parameter estimation, two questions are first clarified: (1) Can the troposphere delays
estimated from both RAW and IF PPP models achieve comparable precision? (2) Can the Galileo-only
tropospheric delays achieve comparable precision compared to the GPS only solutions on a global scale?
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After demonstrating the achievable performance of the raw PPP model and Galileo-only tropospheric
solutions, the multi-frequency Galileo ZTD solutions derived from the RAW PPP model are analyzed.

4.1. Comparison of ZTD from the IF and the RAW Model

To evaluate the accuracy of the tropospheric delay from the IF and the RAW PPP models, the results
from routinely running real-time demonstration are used. The campaign was set to evaluate the
performance of raw PPP for real-time troposphere estimation and meteorology applications. Figure 5
illustrates the distribution of the EPN (European Permanent Network) stations. Real-time orbit and
clock products from CNES [30] and the real-time EPN observations streams are processed with the
Kalman filter.

70°N 2
°
.o
o (4
50°N ‘ 0.’
& oo?
0 o0 ®
° Se_of
...’ o
30°N .
°
40°W 20°W 0° 20°E 40°E

Figure 5. Geographical distribution of the selected EPN (European Permanent Network) stations.

Figure 6 presents ZTD differences between the models for several selected stations. It can be
observed that the tropospheric parameters are well distributed around a mean value. However,
the real-time solutions are affected by a low availability of observations and corrections streams,
which can be clearly observed with the gap near May 1, 2019. Figure 7 shows the overall statistics for
standard deviations and biases calculated from the ZTD differences. Generally, the biases are below
2 mm, and the standard deviations are below 6 mm. The results indicate a good agreement between
the ZTD estimates using RAW and IF models in routine real-time processing.

ZTD differences - IF x RAW strategy [GOP real-time]
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Figure 6. Time series of the difference between ZTDs, as obtained with ionosphere-free (IF) and raw
(RAW) models.
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Comparison of IF x RAW strategy [GOP real-time product]
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Figure 7. Statistics of the difference between the ZTD estimated with IF and RAW models.

4.2. Comparison of Tropospheric Delay from the GPS-Only and Galileo-Only Solutions

To demonstrate a global performance of Galileo-only troposphere estimation, data from 48 MGEX
stations were selected and processed over a two-month period (April 10-June 09, 2019). Figure 8
displays a geographical distribution of the selected global stations. Dual-frequency observations from
GPS (L1, L2) and Galileo (E1, E5a) are used to create IF linear combinations within PPP troposphere
estimation. Final, precise orbit and clock products from the CODE MGEX analysis center are used [31].
The station coordinates are estimated as static parameters on a daily basis. Besides, a backward filter
was used to enhance the troposphere solution.

30°s ._ A ; e %o :. f /

I;O"W 63°W 0° GO"E 120"”’;
Figure 8. Geographical distribution of the selected Multi-GNSS Experiment (MGEX) stations.

Figure 9 displays the statistics for GPS and Galileo IF ZTDs compared to the IGS tropospheric
product, respectively. Mean biases for all the stations are shown at top plot, standard deviations (STD)
are at the bottom plot. Strategy “GPS-IF” indicates GPS dual-frequency IF solutions. For Galileo
troposphere estimation, different receiver PCO and PCV correction strategies are compared. Strategy
“GAL-IF0” indicates the receiver E1 and E5a PCO, and PCV are corrected using the same values as that
of GPS L1 and L2 frequencies. The strategy “GAL-IF1” corrects the receiver PCO and PCV from the
IGS Reprocessing 2020 ANTEX file. Note that the Galileo receiver PCO and PCV for three stations
listed in Table 2 are also not calibrated using the processing strategy “GAL-IF1”. Overall, the variations
of biases and STDs from the GPS-only and Galileo-only troposphere solutions show similar patterns.
It has to be emphasized here that the IGS product is based on GPS data only. The averaged mean
bias over all stations is -0.3, 0.0, and 0.0 mm for “GPS-IF”, “GAL-IF0”, and “GAL-IF1”, respectively.
The biases are distributed around a zero mean, varying slightly more for Galileo than GPS. For the
latter, the biases were within +4 mm, except for three stations (CAS1, SFER, and FTNA). A single
value exceeding 10 mm was observed at the CAS] station. The average STD is 5.8, 6.2, and 6.2 mm
for “GPS-IF”, “GAL-IF0”, and “GAL-IF1”, respectively. A slightly worse precision in the Galileo ZTD
solution can be mainly attributed to two aspects. First, the Galileo constellation counts only 22 active
satellites, compared to 31 active satellites for GPS. Second, the orbit and clock products and correction
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models are still more accurate for GPS, compared to Galileo [32,33]. However, the Galileo-only ZTD
can achieve a comparable accuracy compared to that of GPS processing.

o 77 5 e s A A A S S S S S S S S S S S S S S S

[o—e GPS-IF  e—e GALIFO »— GAL-IF1|

ZTD Bias [mm]

T I 1T r1rrrrrrrrrrrrrrrrrr 1 T T T T T T T T T T T T T T T T T T T 17

16 b |o—e GPS-IF  e—e GAL-IFO »— GAL-IF1||

N~
NB

10

ZTD StdDev [mm]

Figure 9. ZTD evaluation with respect to the IGS final product-bias (top) and standard deviation
(bottom).

Table 2. List of the stations that the receiver satellite antenna phase center offsets (PCOs) and variations
(PCVs) are not calibrated with the strategy “GAL-IF1”.

Station Name Antenna Type
MADR AOAD/M_T NONE
SFER LEIAR25 NONE
REUN TRM55971.00 NONE

Interestingly, the effects of the receivers PCO and PCV calibration are not obvious in the comparison
of the results from processing strategies “GAL-IF0” and “GAL-IF1”, which slightly differ with the
results of Reference [34], are based on the double-difference processing that a 1.8 mm difference in
the mean biases of ZWD is observed for different receiver antenna phase center correction models.
This is mainly due to the ambiguities being resolved as the float in the PPP filter and thus the
elevation-dependent receiver PCO variations are absorbed by the ambiguities. Note that, although the
ambiguities are modeled as constant in PPP during the satellite path in a view without a cycle slip,
the float ambiguities can still absorb part of the remaining unmodeled errors during the least-square
adjustment or the Kalman filter procedure.

The tropospheric gradients reflect a local horizontal anisotropy, mainly due to an asymmetric
distribution of water vapor. As Galileo can achieve a similar precision comparable to the GPS in
terms of ZTD, we further compared horizontal gradient components independently of those estimated
from GPS and Galileo observations. Figure 10 presents the time series of the ZWD (top), the North
component (middle), and the East component (bottom) of the tropospheric gradients obtained from
the GPS and Galileo-IF1 solutions for the AREG station. While a good consistency is observed for the
ZWD, larger discrepancies can be observed for the gradient components. Regular jumps are observed
for gradient components at the day boundaries, which are due to only estimating (and modelling) all
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the parameters on a daily basis. Such day-to-day inconsistency indicates a possible uncertainty of the
estimated parameter. The gradient calculated with the Galileo observations show a larger variation,
although it could still show similar trends compared to the GPS solution. First, it is attributed to the
number of visible Galileo satellites and their geometry, which is critical for the gradient estimation.
Second, Kacmarik et al. [35] analyzed the factors affecting the GNSS tropospheric gradient estimates,
and indicated that the antenna-phase center offsets and variations, mapping functions, and orbit/clock
quality all matter. It can thus be expected that the precision of the Galileo gradient solutions can
be improved with the refinement of Galileo correction models, along with the completing of the
Galileo constellation.
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Figure 10. Time series of ZWD (top), North component (middle), and East component (bottom) of the
troposphere horizontal gradient obtained with GPS and Galileo IF solutions at the AREG station.

4.3. Multi-Frequency Troposphere Solutions

To demonstrate the benefits of the ZTD estimated with the RAW PPP model, three different
processing strategies are defined in Table 3. The multi-frequency solution (RAW-multi) can use up to
four frequency observations.

Table 3. Frequencies used for GPS and Galileo IF and RAW PPP models.

Modes GPS GAL
IF-dual L1, L2 El, E5a
RAW-dual L1,L2 E1, Eba

RAW-multi L1,L2,L5 E1, E5a, E5b, E5

The observation post-fit residuals from the PPP processing can be used as a comprehensive
indicator for the quality of GNSS precise satellite orbit/clocks, observation noise, and remaining model
errors. The Galileo E5 signal indicates a significantly lower observation noise due to the AItBOC signal
modulation properties. Table 4 summarizes root mean square (RMS) of estimated code signal noises
from all GPS and Galileo satellites. Additionally, the noise of the IF linear combination is listed too,
and as theoretically expected, is about three times larger compared to the raw observations. Anyway,
the Galileo E5 observation truly indicates the best quality.
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Table 4. RMS of code observation noises from the analysis of PPP post-fit residuals.

GAL GPS
Observations Noise [m] Observations  Noise [m]
IF 0.85 IF 1.19
El 0.31 L1, 0.38
E5a 0.45 L2 0.36
E5b 0.46 L5 0.43
E5 0.15

The observation weighting was then applied in assessing the impact of the multi-frequency
raw-observation processing strategy on ZTD estimates. For this purpose, we used data from 5
European stations and a two-month period (April 10-June 09, 2019). The real-time orbits and clocks
from CNES were used to correct the navigation satellite orbit and clock errors, and the combined
troposphere solutions were used as the reference [36]. Figure 11 illustrates the standard deviations of
the multi-GNSS ZTD using different strategies at selected stations. Overall, the achieved uncertainty
(1-sigma) is below 9 mm for all the stations. The results using the raw dual-frequency observations
slightly improved the precision of the ZTD by 6%, compared to the IF model, which can be mainly
attribute to the lower noise of the raw observations. Then, by adding even more frequencies into the
RAW PPP model, it is able to further improve the precision by 4%, which clearly demonstrates the
benefits of multi-frequency observations such as those provided by Galileo for all the satellites. It should
be emphasized that even GPS-only RAW PPP solutions should benefit from the L5 observations,
even though they are still available from about a half of the satellites in 2019.

12
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Figure 11. Standard deviation of ZTD estimated with Galileo-only observations and different
processing strategies.

5. Conclusions

The recent evolution of the Galileo constellation has made Galileo capable of the standalone
positioning and troposphere estimation. We analyzed the performance of Galileo observations for
ZTDs and tropospheric horizontal gradient estimation. In addition, the benefits of multi-frequency
observations are evaluated on the basis of the raw PPP model.

When four FOC satellites (E13, E15, E33, and E36) became healthy after 11 February 2019, the PDOP
significantly improved, and therefore, the Galileo-only observations could be used for positioning
on a global scale. The precision of the Galileo-only ZTD solution is first evaluated in comparison to
the multi-GNSS solution based on two European stations. The average standard deviation of the
Galileo-only ZTD solution decreased by 37% after its globally operational convergence.

As the raw model is more flexible for tropospheric parameter estimation, based on multi-frequency
observations, the accuracy of raw and IF dual-frequency processing is first compared with solutions
from real-time EPN RT demonstration. The results indicate that the raw dual-frequency model can
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achieve a comparable accuracy with the traditional IF model, with the mean biases and standard
deviation of the ZTD difference below 2 and 6 mm, respectively. Additionally, the performance of the
GPS-only and Galileo-only ZTD solutions are evaluated in comparison to the IGS final troposphere
products, based on the globally distributed MGEX stations. The average mean biases over all stations
are —0.3 and 0.0 mm for GPS and Galileo, respectively. The average STD is 5.8 and 6.2 mm for GPS
and Galileo, respectively. The results demonstrate that the Galileo-only ZTD solution can achieve
similar precision, compared to that of the GPS. However, the comparison of the GPS and Galileo
gradient solutions indicate that Galileo still provides less accurate gradient components compared to
GPS, which are expected to be improved with the refinement of the Galileo correction model. Besides,
although the receiver PCO calibration is not completed for Galileo observations, using corresponding
GPS PCO corrections does not degrade the PPP troposphere solutions.

After demonstrating the potential of the raw model and Galileo-only observations for ZTD
estimations, the benefits of the Galileo multi-frequency observations on tropospheric parameters
estimated with the raw PPP model are evaluated. The precision of the multi-frequency Galileo
troposphere ZTDs is evaluated. The dual-frequency raw observations improve the precision of ZTD
compared to the IF model by 6%. Besides, the addition of more frequency signals can further improve
the ZTD accuracy by 4%. The results demonstrate a bright prospect for the improvement of GNSS
ZTD with the additional use of Galileo multi-frequency observations.
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