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ANALYSIS OF THE TROPOSPHERIC DELAY ESTIMATES
IN SOFTWARE PACKAGE - GIPSYX BASED ON MULTI-GNSS OBSERVATIONS

The emergence and establishment of the Global Navigation Satellite System (GNSS), namely the USA Global
Positioning System (GPS), the Russian Global Navigation Satellite System (GLONASS), the European Galileo and the
Chinese BeiDou systems, have led to wide possibilities of their application not only for positioning tasks, but also for
atmospheric research. The purpose of this work is to study the accuracy of tropospheric delay estimates based on multi-
GNSS observations data with using a GipsyX software package. Methodology. In this work it was analyze the multi-
GNSS data, obtained from observations on the GNSS station GANP during July of 2018. Data processing was performed
in the GipsyX software package, based on the Precise Point Positioning (PPP) method. The processing strategy of multi-
GNSS observations envisaged five solutions: four separate — “GPS only”, “GLONASS only”, “Galileo only” and “BDS
only”, and one combined, which included “GPS + GLONASS+ Galileo + BDS” observations data. The gotten values of
Zenith Tropospheric Delay ( ZTD) were compared with the corresponding values from the atmosphere radio sounding
data from located near aerological station — 11952 Poprad-Ganovce. Results. The values obtained from the data of multi-
GNSS observations indicate that they are highly consistent with atmospheric radio sounding data within 30 days. The
results of this experiment confirm that the use of all possible full-fledged satellite navigation systems provides better
accuracy than “only GPS”, “only GLONASS”, “only Galileo” or “only BDS”, with the accuracy of the definition
increased by 25 %. Scientific novelty and practical significance. It was established that the accuracy of tropospheric
delay estimates based on multi-GNSS observations exceeds the accuracy of tropospheric products obtained during GNSS
observations processing from one satellite navigation system. This result are a novelty product for the GNSS community.
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Introduction

Over the last one-two years began a new era of
significant change and innovation in the field of geodesy and
navigation with multi-channel Global Navigation Satellite
System (GNSS). A few years ago the USA Global
Positioning System (GPS) was actually the only fully
functional system that dominated in positioning and
navigation around the world, but now the situation has
changed and three other satellites constellation attracted the
attention of the international community. Since 2011 began
full operation of GLONASS, and in recent years China and
Europe have built their own independent global navigation
systems BeiDou and Galileo. To improve the accuracy,
reliability and availability of data from GNSS it was also
developed satellite additions SBAS (Satellite Based
Augmentation System) at continental and regional levels.

Currently GNSS is the standard generic term for
satellite navigation systems that provide autonomous
geospatial positioning with global coverage. As this term
also includes a constellation of global navigation systems
satellites (GPS, GLONASS, Galileo, BeiDou) and SBAS
GEO-satellites from regional navigation systems, then it is
interpreted as multi-GNSS.

To date, in the operation are the following satellite
navigation systems:

— American GPS;

— Russian GLONASS (GLObal NAvigation Satellite
System);

— European Galileo;

— Chinese BDS (BeiDou System);

— Indian IRNSS (Indian Regional Navigation
Satellite System), with the operating name NAVIC;

— Japanese QZSS (Quasi-Zenith Satellite System).

The total number of working satellites that are available
for multi-GNSS observations, reaching to 120 units.

At the initiative of the International GNSS service
(IGS) in the 2012 appeared the project Multi-GNSS-
Experiment (MGEX) [http://mgex.igs.org], the main
objective of which is tracking, comparison and analysis of
all available GNSS signals. Within this project, to users
became available: multi-GNSS final ephemeris and clock
corrections of satellites; combined multi-GNSS broadcast
ephemeris; Earth orientation parameters, multi-GNSS
biases. Now they cover up to six global or regional
navigation satellite systems (ie GPS, GLONASS, Galileo,
BDS, QZSS, NAVIC).
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Most of the stations in the MGEX network track
signals of GPS, GLONASS, and at least another of
Galileo, BDS etc. [Montenbruck et al., 2017].

The success of multi-GNSS significantly improved
operational flexibility of positioning; however, this system
also increased the number of applications that use GNSS,
for example, atmospheric research.

In recent years, Precise Point Positioning (PPP) are
increasingly being used for high-precision processing of
GNSS observations data, as it allows to assess accurately
the coordinates of GNSS-station and does not require
nearest base station. The PPP method based on using the
precise ephemeris and clock corrections of satellites
[Zumberge et al., 1997]. This method is implemented in
software products that meet the different strategies and
use precise ephemeris from different sources, but, so far,
PPP mainly associated with the software package GIPSY-
OASIS, or rather, its improved version— GipsyX
[https://gipsy-oasis.jpl.nasa.gov/], that was developed by
Jet Propulsion Laboratory (JPL) of California Technical
Institute. JPL began developing of this software package
in 1985, and since that time it has developed and
improved. The current version running on operating
system UNIX and can be used to study not only the data
of GNSS, but also Satellite Laser Ranging (SLR), Doppler
Satellite  Positioning  (Détermination  d'Orbite et
Radiopositionnement Intégré par Satellite, DORIS) and
others [ Gregorius, 1996]. In case of zenith troposphere
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delay (ZTD) estimates, PPP method has significant
advantages in efficiency and flexibility of processing.

Aim

The aim of this work is to study the accuracy of
tropospheric delay estimates by multi-GNSS observations
in software package GipsyX.

Methodology

In this study data of multi-GNSS observations from the
station of MGEX project processed in PPP mode with using
a software package GipsyX. Observed signals processed
using linear combinations of GNSS-observations that are free
from the influence of the ionosphere (lonosphere-Free, IF')
[Seeber, 2008]. Obtained in this way Z7'D values compared
with the corresponding results of atmosphere radio sounding
data, to assess the accuracy of gotten values of the
tropospheric delay.

Generalized model of GNSS- data processing has been
extended for multi-GNSS observations with regard to the
identified displacements between different constellations of
satellites. So, [F' -combination of each satellite navigation
systems separately for code (pseudo-distance P ) and phase
(pseudo-distance L ) observations between GNSS-station 7
and corresponding satellite S ( conventionally marked as
G —GPS, R- GLONASS, E - Galileoand C — BDS),
can be structured in the form of formulas (1) and (2).
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N3 ».iF — Phase ambiguity; T’ — tropospheric delay, which

is in the main interest in this study; ei, 17— disregarded

effects (noise of receiver, multiply beam, etc.).
Important is that delays in equipment for code

(b0 b3 b3E b3S ) and
observations (B3, B3N, ByF  BES)  of  different
satellite navigation systems vary across of different
frequencies. These delays in GPS system equal to zero, for

BDS and Galileo systems input Inter-System Biases
(ISBs), and Inter-Frequency Bias (IFB) determined for

observations phase
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each frequency of GLONASS in data processing mode of
multi-GNSS observations [Cuixian et al., 2018].

Uncalibrated phase delay (UPD), that distort integer
character of ambiguity, must be clearly defined for
reliable fixation for ambiguity. In the case of processing
data from various navigational systems the values of UPD
should be evaluated primarily [Li et al., 2013].

The above processing algorithm of multi-GNSS
observations laid in the foundation of software package
GipsyX that in recent years has been expanded and
improved in order to study data from different satellite
navigation systems on capabilities level of existing GPS-
observations processing. Figure 1 shows the simplified
flowchart of this software package.

The result of gd2e.py run is not only the final
coordinates of the observation point, which is
concentrated in a file called smoothFinal.tdp, but also
three other important files.

Measurement data Orbital Information

v
| Data Editor |
v A
| Measurement Model |<—|
v
| Parameter Estimation
v

| Post-Filter Processing

i —

| Solution Evaluation |

Orbit Generation

Fig. 1. GipsyX flowchart

To restart subroutines it creates an executable script
called runAgain, allowing the user to save previous settings
or make changes. In addition, errors are going to save in
rtgx_ppp_O.tree.err0 0, and rtgx ppp O.tree.logl 0 file
gathers information on processing.

An important aspect in GipsyX data processing is
configuration of the program tree functions. It is necessary to
prescribe the types of observational data in accordance with
the possibilities of selected GNSS-station. Tree functions
fragment for processing multi-GNSS observations in the
software package GipsyX shown in Fig. 2.

Since this work aims is to explore the possibilities of
tropospheric delay estimates by the PPP method based on
multi-GNSS observations it is necessary to choose GNSS-
station, which would be close in location to the
aerological station and was able to receive data from
several satellite navigation systems. Based on these
requirements, it was selected GNSS-station from MGEX
project — GANP (Ganovce, Slovakia), as this station is
located in 1 km from the aerological station 11952
Poprad-Ganovce and can track satellites of four
constellations — GPS, GLONASS, Galileo and BDS.
Location of those stations is shown on Fig. 3, and their

geographic coordinates ¢ and A, absolute heights H and
the distance between them D given in the Table 1.
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Fig. 2. Tree functions fragment of GipsyX

lMonpapa
Poprad

cane . jpozelec

65 |
Q= Grows C
Svabov
(]
65
Fig. 3. Location of GNSS-station GANP
and aerological station 11952Poprad-Ganovce
Table 1

Station coordinates

Aerological station .
11952 Poprad-Ganovce GNSS-station GANP D

(p)o 7\00 H}m (P)o 7\00 H}m km
49.0 20.3 706 49.0 20.3 745 <1

s

Since these stations are of different heights,
respectively, meteorological parameters and height of the
aerological station were reduced to the GNSS-station by
interpolation method. During the processing of radio
sounding data, a special program was used —
atmsound.exe — developed by LPI Analysis Center
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(Department of Higher Geodesy and Astronomy, Lviv
Polytechnic National University, Ukraine). In this
program radio sounding data downloaded from the Web-
site of the Atmospheric Research Service of the
University of Wyoming (Canada) [http://weather.uwyo.

edu/upperair/sounding.html]. After this downloading,
ZTD values is calculated ZTD by integrating vertical
profiles of sounding data with the addition of the standard
model of the atmosphere. The main window of

calculations in atmsound.exe is shown on Fig. 4.

i ™y
Open  Calc! Close
<HTML= -
< TITLE>University of Wyoming - Radiosonde Data</TITLE=> E
<LIMK REL="StyleSheet" HREF="/resources/selact.css” TYPE="text/css">
: <BODY BGCOLOR="white"> T
Inp File:  Poprad-Ganovce_2018070100.txt | <H2>11952 Poprad-Ganovce Observations at 00Z 01 Jul 2018</H2=> i
<PRE=
PRES HGHT TEMP DWPT RELH MIXR DRCT SKNT THTA THTE TH
hPa m C C % af/kg deg knot K
| Qut File:  Poprad-Ganovce_2018070100.rdz 1000.0 119
933.0 706 9.0 47 74 577 45 4 287.8 304.4 288.8
Q30,0 732 11.0 3.0 58 513 15 4 200,1 305.1 291.0
025.0 775 10,6 3.6 B2 5.38 325 4 290.1 205.8 291.1
011.0 901 9.6 2.9 63 521 330 10 290.3 305.5 291.2
865.0 1327 6.0 0.7 69 466 350 19 291.0 304.7 291.8
850.0 1471 4.8 -0.1 71 4.49 350 19 291.2 304.4 291.9
ZTDrdz= 2.1932 [m] 803.0 1926 1.0 -2.1 80 4.11 340 12 291.9 304.1 292.6
788.0 2077 -0.2 -2.7 83 399 355 16 202.1 304.0 292.8
757.0 2398 -29 4.1 91 373 350 23 202.6 303.8 293.3
728.0 2711 -5.5 -5.5 100 3.50 359 20 293.1 303.6 293.7
709.0 2917 -7.1 -7.1 100 3.18 3 17 293.5 303.1 2941
702.0 2995 7.7 7.7 100 3.07 346 13 293.7 303.0 294.2
701.0 3006 -7.7 B.6 93 2.86 343 12 293.8 302.5 204.3
700.0 3017 -6.9 -11.5 70 2.28 340 12 294.8 301.9 295.2
694.0 3085 -2.7 -22.6 20 0.90 315 12 300.2 303.2 300.4
692.0 3108 -1.3 -26.3 13 0.65 315 11 302.0 304.2 302.1
687.0 3165 -1.7 -26.7 13 0.63 314 11 302.2 304.4 302.3 -
1 | 1 |

Fig. 4. Main window of calculations in atmsound.exe

GNSS-station GANP is tracking four satellite
constellations from the middle of 2018. Therefore, we have
processed multi-GNSS observations on July of 2018 (182-212
GPS-days). Observations data from the GANP station was
selected in format RINEX (Receiver INdependent EXchange)
Version 3.03  [fip:/igs.org/pub/data/format/rinex303.pdf],
because for processing multi-GNSS, files must contain
tracking data of several satellite navigation systems, each with
different types of observations. Despite the fact, that JPL not
produces ephemeris and clock corrections for four
constellations, GipsyX has the ability to process multi-GNSS
observations using other data sources. As precise ephemeris
and clock corrections of satellites there were used files of
Analysis Center CODE (Center for Orbit DEtermination) —
CodeMGEX3. Required data was downloaded from MGEX
FTP servers [http://mgex.igs.org].

Results

Data obtained from GNSS-station GANP and
Analysis Center CODE, were processed in PPP mode
using a software package GipsyX. To determine
ZTD values there were used combined empirical model
of Global Pressure and Temperature GPT2 [Lagleretal.,
2013] and Global Mapping Function GMF [Boehmetal.,
2006]. The value cut of angle was set to 7.

To obtain reliable ZTD values by processing data of
multi-GNSS observations it is the necessary condition the
phase ambiguity solution. The criterion for such
discrepancies is the numerical characteristics of the
differences between phases ambiguity. On Fig. 5 is shown
difference between the phase ambiguity on GNSS-station
GANP on 00.00 hour of each day during July 2018,
resulting in processing of multi-GNSS observations:
vertical — the difference between the phase ambiguity
(residuals) in mm; horizontally — GPS-day.

From Fig. 5 it is clear that for all available satellite
navigation systems, the differences between phases
ambiguity are in one order and within + 0.04 mm. Such
result allows to assert, that in the processing of multi-
GNSS observations, other unknown parameters can be
evaluated, in particular ZTD .

ZTD values obtained in the processing with using
GipsyX compared with their corresponding values
obtained from radio sounding data calculation in program
atmsound.exe. The resulting differences in the
corresponding values at 00.00 during July 2018 at the
GNSS station GANP and aerological station 11952
Poprad-Ganovce are summarized in Table 2.

As can be seen from Table 2, full exhaustion of
satellite navigation systems (multi-GNSS) provides the
best accuracy of the results processing.
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Fig. 5. Differences between the phase residuals of the GNSS station GANP during July 2018 at 00.00

Table 2
ZTD value differences
GPS-day 182 183 184 185 186 187 188 189 190 191
Multi-GNSS 0.000 0155 0.008 0.014 0.012 0.015 0.018 0.015 0.022 0.022
GPS -0.009 .0049 -0.004 0.009 0.006 0.010 0.006 0.010 0.016 0.025
GLO 0.008 0158 0.007 0.019 0.010 0.011 0.012 0.013 0.017 0.018
GAL -0.006 .0190 0.007 0.015 0.005 0.013 0.021 0.014 0.027 0.026
BDS -0.016 -0.1328 -0.012 0.010 0.006 -0.003 0.009 -0.009 -0.021 0.015
GPS-day 192 193 194 195 196 197 198 199 200 201
Multi-GNSS 0.004 0.025 0.013 0.017 0.002 0.009 -0.008 0.011 0.011 0.012
GPS 0.006 0.039 0.006 0.014 | -0.009 -0.004 -0.013 -0.018 0.004 0.002
GLO 0.003 0.028 0.010 -0.320 0.007 0.007 -0.008 0.009 0.011 0.011
GAL 0.007 0.057 0.012 0.018 0.002 0.023 0.002 0.003 0.007 0.007
BDS 0.026 0.072 0.033 -0.011 0.003 -0.012 -0.023 -0.010 0.011 0.002
GPS-day 202 203 204 206 207 208 209 210 211 212
Multi-GNSS 0.015 0.029 0.022 0.029 0.012 0.020 0.014 0.001 0.006 -0.008
GPS 0.007 0.012 0.019 0.016 0.000 -0.001 0.000 -0.013 -0.011 -0.012
GLO 0.016 0.028 0.021 0.027 0.024 0.017 0.016 0.004 0.013 -0.004
GAL 0.013 0.020 0.030 0.034 0.013 0.011 0.010 0.006 0.012 -0.005
BDS 0.004 -0.006 0.010 0.032 0.021 0.014 0.001 0.001 0.007 0.012

Scientific novelty and practical significance

The results of this experiment suggest that the accuracy of
the tropospheric delay estimates based on multi-GNSS
observations exceeds the accuracy of tropospheric products
obtained as a result of the processing of GNSS observations
from a single satellite navigation system. Thus, the results of
the study show that on 0.00 hour during July of 2018
compared to systems “only GPS” and “only GLONASS”, the
average number of effective signals for multi-GNSS increases

3 times, “only Galileo” — in 7 , and “only BDS” — almost 10
times. Accordingly in our experiment, the accuracy of
tropospheric delay estimates based on GNSS observations
from four satellite navigation systems at the same time points
as compared with the results of processing from a separate
satellite system increases by about 25 %.

The results are a novelty product for the GNSS
community, which improves the accuracy and reliability
of observations data.
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Conclusions

This paper presents studies of the tropospheric delay
estimates accuracy based on data from multi-

GNSS observations using the software package —
GipsyX. For research was used GNSS-station of project
MGEX-GANP (Ganovce, Slovakia) and newly products
CODE, and the obtained results were compared with radio
sounding data.

Overall, the tropospheric delays obtained by data of
multi-GNSS observations show a high consistency with
the radio sounding data.

The results show that compared with the system “GPS
only”, “only GLONASS”, “only BDS”, “Galileo only”
average number of effective signals for multi-GNSS increases
in 5.7 times on 0.00 hour during the July of 2018, the accuracy
of tropospheric delay estimates increases by 25 %.

Considering that the number of GNSS-signals using
four satellite navigation systems increases significantly, it
is obvious that the combined multi-GNSS system can
greatly improve the spatial and temporal resolution
imaging tropospheric tomography, which has potential for
applications in the future.
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AHAJII3 BUBHAYEHHSA TPOIIOCOEPHUX 3ATPUMOK V ITAKETI [TPOI'PAMHOI'O
3ABE3IIEYEHHA GIPSYX HA OCHOBI MVYJIBTH-GNSS CITOCTEPEXXEHD

[osiBa 1 craHoBieHHS OaraToKaHANBHUX TIJIOOANLHUX HaBirauiiHux cymyTHukoBux cuctem (Global Navigation
Satellite System, GNSS), a came I'mobansHoi cucremn nosuuionyBanns CIHA (Global Positioning System, GPS),
pociiicekoi ['mobanpHoi HaBiraniitnoi cymytHukoBoi cucremu (IJIOHACC), eBponeticekoi Galileo i kuraiicbkoi BeiDou
CHCTEM 3YMOBWJIM MOXKJIMBICTH IMUPOKOTO iX 3aCTOCYBaHHSI HE TUIBKW JUIS 3aBJaHb MO3WIIIOHYBaHHS, a TAKOXK 1 JUIS
MPOBENICHHS aTMOC(EPHUX IOCTiIKeHb. MeTom i€l poOOTH € JOCTIIKCHHS TOYHOCTI BH3HAUYCHHS TPOIOChepHHUX
3aTpuMoK 13 MynbTH-GNSS cnocTepexeHb i3 BUKOPUCTAaHHSAM IMakeTa rporpamHoro 3abesnedenHs GipsyX. Meroanka.
Y poboti npoananizoBano gani MyabTH-GNSS, orprmani 3i cioctepexxedb Ha GNSS-ctaniii GANP BrpomoBx mumHs
2018 p. OnpautoBaHHs JaHUX BUKOHAHO Yy IMakeTi mporpamHoro 3abesnedeHHs GipsyX, B OCHOBY SIKOTO IOKJIAJICHO
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a0COITIOTHUIA MeTOJ TOYHOTro mo3uiionyBanHs (Precise Point Positioning, PPP). Ctparerist onpaitroBantst MyabTH-GNSS
CIIOCTEPSIKEHb Tiepeadadaia I'ATh PO3B’s3KiB: 4oTupu Okpemux — “Tutbku GPS”, “tinekm ['JIOHACC”, “Timbku
Galileo” ta “rineku BDS” i onuH xomOiHOBaHuUi, 110 MicTHB AaHi crioctepexenb “GPS+IJIOHACC+Galileo+BDS”.
OTpumani 3HaueHHs 3eHiTHOT TponocdepHoi 3atpumku (Zenith Tropospheric Delay, ZTD) nopiBasHo 3 BianosigHuMu
3HA4YCHHSAMH 3a JJAHUMH paJlio30HIYyBaHHS aTMoc(epu po3ramoBaHol HermoAaik aeposoriynoi cranuii 11952 Poprad-
Ganovce. Pesynbratu. Otpumani 3a nanumu MyiisTH-GNSS criocrepexenb 3HauenHs Z711) JeMOHCTPYHOTh BHCOKY
Y3rO/DKEHICTh 13 JTaHMMH pajio30HAYBaHHS atMmocdepu ymponosxk 30 aHiB. Pe3ynbTaTH 1bOro EKCIEPUMEHTY
MiITBEP/KYIOTh, 1110 BHKOPHCTaHHS yCIX MOJMJIMBHX TOBHOIIIHHUX CYNYTHHKOBHMX HaBiralliiHHX cucTeM 3abe3nedye
BUIIly TOYHICTh OIpaIfoBaHHs mopiBHsHO 3 “Tibku GPS”, “timbku [JIOHACC”, “tinbku Galileo” um “rineku BDS”, a
TOuHiCTh Bu3HaYeHHsA Z1D 36inbiyerses Ha 25 %. HaykoBa HOBM3HA Ta IPAKTHYHA 3HAYYLICTh. BcTaHOBIEHO, 1110
TOYHICTh BU3HAYCHHS TpomocepHUX 3aTpUMOK Ha OCHOBI MyabTH-GNSS crnocrepexeHb IMepeBUIye TOYHICTH
TportocepHUX NPOIYKTIB, OTPUMAHMX Yy pe3yinbTari onpamtoBaHHs JaHux GNSS-cnocrepexeHb BiJ OfHi€l
CYNYTHHUKOBOI HaBiramiiiHoi cucremMu. OTpuMaHi pe3yJabTaTH € HOBUHHUM TPOAYKTOM Juisi criiibHOTH GNSS.

Kiouosi crosa: TnobanpHi HaBiraiiiHi cynmytaHukosi cuctemu (Global Navigation Satellite Systems, GNSS); 3cHiTHa
tponocepHa 3atpumka (Zenith Tropospheric Delay, ZTD); a6comorHuil MeTon TouHOro nosuiionysanns (Precise
Point Positioning, PPP); Mmynbsti-GNSS, armocdepHi A0CIiIKEeHHS.
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