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THE DETERMINATION AND PROCEDURE TRANSFORMATION
OF THE IONOSPHERE PARAMETERS WITH GNSS-OBSERVATIONS

Purpose. Solutions to the problems of coordinate-time provision based on continuous GNSS-observations is
based on the processing of large data sets of code and phase measurements. One of the possible additional options for
conducting this study is computation of the numerical characteristics of the ionospheric impact on the signals
distribution from the satellites — the values of the total electron density (TEC). These characteristics reflect the
dynamics of the atmosphere ionization that is important in terms of monitoring the circumterrestrial space. Arrays of
the STEC and VTEC values are so significant that there is actual problem of preparing ionosphere parameters for their
further analysis and use. To solve this problem, we proposed a technique based on a set of programs that convert
VTEC data measurements to a format suitable for the analysis. Methods. TEC indicators can be computed due to the
automated processing of files with GNSS-observation results from each satellite for an individual station. Processing
algorithm is based on the use of the computed code and phase pseudo-distances in the receiver and calibration
coefficients. This algorithm allows you to get the TEC values in two ways: a) according to the phase measurements
only and having used the results of phase ambiguities in the network as a whole beforehand and b) according to the
code measurements only that were smoothed beforehand. In one-station algorithm, TEC value is determined for an
individual station according to the measurements of all satellites during the period of 24 hours. For converting STEC
(along the satellite-receiver beam) in vertical VTEC, a vertical single-layer model of the ionosphere is used. This
model presupposes that all the electrons are concentrated in a thin layer that is located at a certain height above the
Earth's surface. Results. For determination of the spatial TEC distribution, an algorithm of processing GPS
measurements for multiple-stations was implemented using a network of active reference stations in the Western
Ukraine. The network consists of 17 stations that work under control of specialized software in real time to provide
the RTK services to the wide range of users interested in geodetic areas. Scientific novelty. The program for
calculation of the STEC and VTEC values was written. This program uses already known subprograms, that are used
for reading RINEX files, detection, estimation, and elimination of cyclical phase jumps, which arise in the process of
measurements, subprograms that we developed for smoothing code measurements, receiving differential corrections
at the time, calculation of the horizontal coordinates of the satellite on the observational station, direct calculation of
TEC and subsequent storage of the received data in the new file on the server of Lviv Polytechnic National
University. The entire program was compiled for the Linux operating system and automated for use with
observational data of permanent IGS station SULP. The research resulted in improvement of an algorithm for
determining the parameters of the ionosphere, development and implementation of software for regular computing of
the ionospheric parameters — slant (STEC) and vertical (VTEC) values of total electron content, and proving of its
practical use on SULP station. Practical significance. Calculation of the parametres of ionosphere at fixed moments
of observation for each GNSS- satellite.
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Introduction Solutions to the problems of coordinate-time

Global operational monitoring of the ijono- provision based on continuous GNSS-observations

sphere and especially the distribution of its
electronic density are important and necessary tasks
for a variety of applications [Klobuchar, 1996;
Komjathy and Langley, 1996; Tsugawa et al., 2004;
Stanislawska et al., 2006, 2012].

is based on the processing of large data sets of code
and phase measurements. One of the possible
additional options for conducting this study is
computation of the numerical characteristics of the
ionospheric impact on the signals distribution from
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the satellites — the values of the total electron
density (TEC). These characteristics reflect the
dynamics of the atmosphere ionization that is
important in terms of monitoring the circum-
terrestrial space.

However, the TEC values have one major
disadvantage. They are determined with accuracy to
arbitrary constant — calibration coefficients (DCB
data) that are related with hardware delays of
signals in electronic channels of satellite antennas
and ground receiver. This fact makes it impossible
to interpret measurement results unambiguously.
Development of a method for determining the abso-
lute TEC value using regular GNSS-observations
will simplify the data processing by extracting the
results of phase ambiguities and improve the
reliability of the received result by applying
appropriate mathematical smoothing procedures
[Matviychuk, 2000].

The accurate calculation of the calibration
coefficients is a tedious task but these factors are
crucial when determining the TEC value that has
physical importance (incorrect calibration usually
results either in the negative TEC value or in value
that exceeds the physically possible maximum).
Calculation of calibration coefficients requires the
analysis of the long time series of data (continuous
observations for a few days) and appropriate
computational procedure. For a network of the IGS
stations and airborne transmitters of navigation
satellites, calibration coefficients are regularly pub-
lished on the Internet. Calibration is necessary when
using a receiver that is not a part of the IGS network.
Improving the accuracy of the calibration algorithm
will allow facilitating the data interpretation and
reducing the systematic error of the method.

Materials and methods

TEC indicators can be computed due to the
automated processing of files with GNSS-
observation results from each satellite for an
individual station. Processing algorithm is based on
the use of the computed code and phase pseudo-
distances in the receiver and calibration coefficients
(DCB data). This algorithm allows you to get the
TEC values in two ways: a) according to the phase
measurements only and having used the results of
phase ambiguities in the network as a whole
beforehand and b) according to the code
measurements only that were smoothed beforehand.

We chose the method a) as the main. Taking
into consideration the procedure for determining
the phase ambiguities using the network software,
the actual obtaining of TEC values is possible with
some delay. In our case, the delay was 15 seconds.
This is the minimum time required for absolute
determination of integer component of the phase
measurements. With this interval, we obtain series
of TEC values for each satellite that is observed at a
given time on a separate station.

Method b) was chosen as control one. This
method is not associated with the assessment of
ambiguity and uses phase measurements only to
detect phase changes over time. Code pseudoranges
are smoothed by the functions that are selected based
on the approximated phase changes over time. Code
pseudoranges smoothed in such a way are used in
the formation of the TEC wvalues. One of the
problematic issues that can significantly affect the
accuracy of the ionospheric parameters is GNSS
signal delays in the hardware of the receiver (DCB).

For determination of the TEC wvalues, two
algorithms are used: one-station algorithm (a se-
parate permanent station) based on the presented
variant b); and multiple-station algorithm (network
of active reference stations) based on variant a).

In one-station algorithm, TEC value is
determined for an individual station according to
the measurements of all satellites during the period
of 24 hours. For converting STEC (along the
satellite-receiver beam) in vertical VTEC, a vertical
single-layer model of the ionosphere is used. This
model presupposes that all the electrons are
concentrated in a thin layer that is located at a
certain height above the Earth's surface. The height
of the layer is considered to be fixed and equal to
450 km. Geometric factor is used for recalculation.

Results and discussion

The basic algorithm of the TEC computation
using GNSS-observations consists of the following
main steps:

1. Obtaining files with observation results for
a separate station. As a result, we receive code and
phase pseudoranges at two frequencies L1 and L2.

2. Introduction of additional parameters of the
station: its coordinates, satellites cutoff angle, value
for signal differential delay of the receiver station.
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3. Obtaining differential code delays for all
available satellites at the time of the calculation
from the FTP-server CODE.

4. Analysis of the observational data (code and
phase measurements, detection and elimination of
cyclic phase slips, smoothing code measurements
with the phase ones).

5. Calculation of the slant value of total
electron content (STEC) at fixed moments of
observation for each GNSS- satellite.

6. Determination of the vertical values of total
electron content (VTEC) on the fixed points of
observation in view of STEC data from all available
GNSS- satellites.

7. Creation of files with the computation
results.

The program for calculation of the STEC and
VTEC values was written in the C++ programming
language. This program uses:

e already known subprograms (classes) that are
used for reading RINEX files, detection, estimation,
and elimination of cyclical phase jumps (“cycle
slip”), which arise in the process of measurements,

e subprograms that we developed for smoot-
hing code measurements, receiving differential
corrections at the time of calculation from the FTP-
server CODE, calculation of the horizontal
coordinates of the satellite on the observational
station, direct calculation of TEC and subsequent
storage of the received data in the new file on the
server of Lviv Polytechnic National University.

The entire program was compiled for the Linux
operating system and automated for use with
observational data of permanent IGS station SULP

(fig. 1). The station software generates hourly
observation files with the recording interval of 1
second. Then, these files are automatically directed
and executed by the program that we developed.
Every hour we receive text files (with record
intervals of 1 second) that contain the results of
STEC and VTEC values [Yankiv-Vitkovska, 2012].

An example of the file with slant TEC values
for the SULP station is shown in figure 2 and with
vertical TEC values — in figure 3.

For determination of the spatial TEC distri-
bution, an algorithm of processing GPS measu-
rements for multiple-stations was implemented
using a network of active reference stations in the
Western Ukraine.

The network consists of 17 stations that work
under control of specialized software in real time to
provide the RTK services to the wide range of users
interested in geodetic areas. Figure 4 shows the
location scheme of stations in this network
(http://zakpos.zakgeo.com.ua/).

A developed program reads data from the text
files and “automatically generates” two programs
of the Matlab computing system. On the one hand,
this is a simple data format change in a text file. In
terms of computing, this is a record of data in the
form of explicitly declared large numerical arrays.
In the first program, discrete functional
dependencies of the VTEC change over time (fig. 5)
are described using the assignment operator. They
are two-dimensional arrays of data, time series,
clearly declared in the program text. Then, using
these time series, the spline interpolation for all
their nodes is constructed (fig. 6).

Fig. 1. GNSS equipment of the SULP station
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Fig. 2. File fragment with slant TEC values

Fig. 3. File fragment with vertical TEC values
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Fig. 4. Location scheme of active reference stations

TECU

Time of the day
Fig. 5. Functional dependencies of VTEC over time

TECU

Time of the day
Fig. 6. Spline interpolation of the VTEC time series
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TECU

Time of the day

Fig. 7. Smoothing VTEC time series by approximating spline

The second program implements the
approximation of the above-described splines with
a wider level in determining the functional
dependencies. Weak smoothing is used for this
approximation as well. This fact made up for
specific errors in the measured data that were
caused by the peculiarities of the receiver-antenna
electronic channel and close environment to the
station. Simultaneously, another approximation
spline was calculated with significant smoothing of
the data (fig. 7). It is necessary to highlight the
daily change of the VTEC rate.

Because of the consistent usage of these two
programs, two spline approximation objects are
created. One of these programs accurately
approximates the measurement data. Another
program includes approximation of the smoothed
values for the measurement data. Due to this
approach, for further VTEC calculations, it is
sufficient to read the named objects of
approximations from their files and identify VTEC
at any moment of time using spline-computing
functions according to their argument as the defined
splines reflect VTEC changes as analytically set
functions [Yankiv-Vitkovska 2013].

Conclusions

In this research, we used spline approximation
to determine the smoothed VTEC wvalues. This
approximation is  constructed using  the
approximation function fit of the software tool for
curvilinear  approximation  “Curve  Fitting
Toolbox” of the computing system Matlab. We
chose this method of smoothing based on compu-

tational experiments that were aimed at comparing
different smoothing methods. In particular, during
these experiments, spline approximation methods
were used using the function spaps from “Spline
Toolbox” and a smoothing function from “Curve
Fitting Toolbox”.

We would like to mention an important aspect
concerning smoothing function smooth. Sometimes,
in a short time interval, the STEC value from
individual satellites undergoes significant changes.
It may seem like a temporary increase in errors on
the graph or “amplification” of original
“measurement obstacles”. Therefore, there is no
reason to assume that the measurement error is less
(or greater), if the data is defined using a larger
number of satellites. Thus, we cannot know a priori,
in which nodes of the V'TEC time interval the error
rate is higher and in which it is less, because
smoothing with the smooth function leads to severe
impact of short-term deviations on the smoothing
results than on any other data. This disadvantage
can be avoided with applying smoothing
approximation using spline function fiz. We chose
the value of the parameter that describes the
intensity of smoothing in experimental way using
qualitative analysis of the VTEC time-series and
their smoothed values.
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2 TepHOMTBChKHIT HALlIOHATLHUI eKOHOMITHHH YHIBEPCUTET

BU3HAUYEHHA [TAPAMETPIB IOHOC®EPU I METOJUKA
[X MEPETBOPEHHA 3 GNSS-CTIOCTEPEXEHbD

Meta. Pozp’s3yBaHHA 3aj7ad KOOpAWHATHO-9acoBOTo 3abe3ledeHHs Ha OCHOBI OesmepepBHuX GNSS-
CrocTepeKeHb 0A3y€eThCA HA ONPAIOBAHHI BEJHMKAX MACHBIB JMAHMX KOJOBHX Ta ¢a3oBux BuMiproBans. OnHUM i3
MOXKITHBHX JIOJIATKOBHX BapiaHTIB TAKOTO OIIPAIIFOBAHHSA € OOUUCIICHHS YHUCIIOBUX XaPaKTEPUCTHK BIUTUBY i0HOCHEpH
Ha TIOIMPeHHs CUTHAIIB Bi/l CYIYTHHKIB — 3HaUeHb 3aTabHOI KoHNeHTparli eektporiB TEC. Lli XxapakTepHUCTHKA
Bim0OpakaroTh MUHAMIKY 10HI3aAIIT aTMocdepy, 10 BaX/TUBO 3 MIOTJISILy MOHITOPHHIY HABKOJIO3EMHOIO I[IPOCTOPY.
Macwru 3nauens TEC (STEC i VTEC) Taki 3Ha4Hi, III0 BUHWKAE aKTyaThHaA 3a]1a4a TTiATOTOBISHHS TaHUX MapaMeTpiB
ioHOChepr ST IXHBOTO MOAATBINOTO aHaTi3y Ta BHKOpHUCTAaHHS. s po3s’s3aHHsS Iiei 3ajadi MH IIPOIIOHYEMO
METONIHKY, W0 IPYHTYEThCSA Ha KOMIUTEKCI IIpoTpaM, sIKi IIepeTBOpPIOOTH naHi BuMIpioBanHs VTEC mo dopmu,
3pyaHoi ams anamizy. Metoauka. O6uncnenns TEC BinOyBaeThcs BHACTIIOK aBTOMATH30BAHOTO OMPAITIOBAHHS
thaiinie GNSS-criocTepexeHs Tl OKpeMOT CTaHIIIi IT0 KOXHOMY CYIYTHHKY. AJNTOPHUTM OIpaIlioBaHHsI 6a3yCcThesl Ha
BHUKOPHUCTAHHI BEMIpSHUX KOJTOBHX 1 (ha30BHX IICEBOBiAcTaHell y mpuiimMati Ta kamibpyBamsaux koedinienTis. Bin
Jlae 3Mory OTpuMyBard 3HadeHHs 7EC y /BOX BapiaHTax: a) juiie 3a (pa30BEMH BHMIPIOBAHHSMH, IOMEPETHBO
BUKOPHCTABIITH PO3B’SI3KU (ha30BUX HEOTHOIHAYHOCTEH Y MEPEKi 3arajoM Ta 0) JHIIE 32 KOJTOBUMY BUMIPIOBAHHAMH,
MOTIepeTHbO  3TMATUBINA  iX. [licIs HOTO KOJO0BI TICEBIOBINICTaHI 3TMA/DKYIOTBCS MiMIOpaHUMK Ha OCHOBI
anpoKcMMOBaHMX 3MiH (a3u y waci BinnmosiaHumu ¢yHKuisMua. B onHOocTaHmIHHOMY BapiaHTl BH3HAYAIOTHCS
sgadeHHss TEC Haj OKpeMOo CTaHINE 3a BHMIPIOBAHHAMHU BCIX CYIYTHWKIB Ha 24-ronuHHOMY iHTepBami. s
nepepaxyaky STEC y Beprukansauit VTEC BUKOpHCTOBY€ETHCS OHOIIapoBa MoJienb ioHoctepu. PezyabraTn. g
oTpumatts ripocroposoro posnoaity TEC 6ys peanizoBauuii anroputm Gararocrauiiiitol o6podku GPS sumipis 3
BUKOPUCTAHHAM MeEPExXi aKTUBHMX peQepeHIHnX CTaHIIM 3aximHOro periony Ykpainu. Mepeka CKIIamaerses i3
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17 craumii, siKi OpalrolTh [T YIPaBIiHHAM CHEIiali30BaHOro NporpaMHoro 3abesneueHHs y pexkumi peasbHoro
gacy s 3abe3medenus mocnyramu RTK mmpokoro xoma KOpHUCTYBadYiB TEONE3NYHOTO crnpsMmyRaHHs. Haykoma
HOBHU3HA: PozpoGrneno mporpamy mis obuncnenas noxwmmx STEC i BeptukamsHux VTEC snauens TEC, o
BUKOpHCTOBYtOThCH Ut untaHHs RINEX daiinis, BHsBIEHHS, OIIHKA Ta yCyHEHHS NHKITIYHUX (Pa30BHUX CTPUOKIB,
10 BHUHHKAIOTH IiJl 4ac BUMIPIOBaHb; MIJANPOrpaMy JUTS 3T UKEHHS KOJOBHX BHMIPIOBAaHb, OTPUMAaHHSA
TdepeHITIHHIX TONPaBOK Ha MOMEHT OOHYHCIICHHS, OOYHCICHHSI TOPHU30OHTATBHUX KOOPJAMHAT CYIyTHHKAa Ha
CTaHIIII0 CIIOCTepexeHs, Oeanocepente obuncnenss TEC 1 nopansioro 36epiranus orpuMannx nanux VIEC 1 TEC
B HOBHX (pafinax Ha cepsepi JIbBiBCHKOT mosTiTeXHIKK. Bes mporpama Oyira CKOMIIUTEOBAHA JUTS ONMEPAIiHOT CHCTEMH
Linux i moBenieHa 10 aBTOMATH30BaHOTO BUKOPHCTAHHS 3 TAHUMH CIIOCTepeskeHb NepManenTHoi IGS cranmii SULP.
MpakTuaaa 3Ha9ymicTs. OOGUNCIeHHs MTapaMeTpiB ioHocdepr Ha (ikcoBaHI MOMEHTH CIIOCTEpPeKEHHS Bl BCIX
qoctynaux GNSS-cynyTHHKIB.
Kmrouoei cnoea: GNSS-BaMipH; ioHoChepa, i0HOCHEPHI MapaMeTpH; 3TTaKyBaHHS, CTUTAHH.
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2 TepiononLCkuil MauONAILILI YKOIIOMHUIECKUH YIIMBEPCUTET, Y Kpaniia

OITPEJEJEHUE ITAPAMETPOB NOHOC®EPLHI U METOJIUKA
X MTPEOBPA3OBAHMS C GNSS-HABJIIOJEHUI

Hens. Pemenne 3amad KOOPAMHATHO-BPEMEHHOTO 0OeCIedeHNs Ha OCHOBE HempepblBHEIX GNSS-HabGmoneHui
Oazmpyercsa Ha oOpaboTke OONBINX MACCHBOB JTAHHBIX KOJIOBEIX M (Pa30BBIX M3MepeHHH. OIHUM W3 BO3MOMKHBIX
JIOTIOTHUTENBHBIX BapHaHTOB Takol oOpabOTKU sBIseTcs BBIUHCIEHHE YHCITOBBIX XapakTepHCTUK BIHAHUSL
noHOCGEPHI HA PACIIPOCTPAHEHNE CHUTHAJIOB OT CIIyTHHKOB — 3HAUeHUH 00me#t konuentpamu nekrpoHos TEC. Dtu
XapaKTEPUCTHKN OTPAKAIT IWHAMUKY WOHU3AIMK aTtMocdepsl, 4TO BaXKHO C TOYKH 3PEHHS MOHHTOPHUHTA
OKoJIo3eMHOTO TIpocTpaHcTBa. MacewBel 3HaueHuit TEC (STC w VTEC) Tax 3HAYUTENBHBI, YTO BO3HUKAET
aKTyaTbHas 3a/1avua IIOTOTOBKA JIAHHBIX IIapaMeTpoB HOHOCHEPH! /U UX JaNbHEHIIeTo aHaIu3a ¥ UCITONB30BAHIS.
Jnst pemreHns 3TOH 3a7auy HAMM IIPE/UTATAcTCs METOAMKA, 0a3HMPYIOMAsics HAa KOMIUIEKCE NIPOTpaMM, KOTOPBIE
npeobpasyior maHuele usMepenuss VTEC x dopme, ynobHo¥t ama anammsa. Mertomuka. Bermcnenwe TEC
TIPOMCXOMIUT BCIIE/ICTBHE aBTOMATH3MpOBaHHON 06paboTku dpatinos GNSS-nabmoneHnit 11st OTAETBHON CTaHIINH 110
KaKIOMY CIyTHHKY. Anroput™ 00pabOoTKH 0a3upyercs Ha MCMOJB30BAHMM HM3MEPEHHEIX KOMOBBIX H (Pa30BBIX
TICEB/IOPACCTOSIHUN B NIPUEMHHUKE M KaTHOpOBOUHBIX Ko3d¢uimenTos. OH 1mo3BomsteT nomydars 3HadeHne 7EC B
JIBYX BapHaHTaX: a) TONBKO 3a (a30BBIMH HM3MEPEHMSMHE, IIPEBApUTENFHO HCIIONB30BaB pelleHus (Pa30BBIX
HEOTHO3HATHOCTEH B CETH B II€JIOM U () TOJBKO IO KOJIOBEIM H3MEPEHHM, IIPEIBAPHUTENLHO CTanue ux. [locne nero
KOJIOBBIE IICEBIOPACCTOSHUS CTITAKUBAIOTCS TTO00PAaHHBIMY Ha OCHOBE alllPOKCHMHUPOBAHHBIX N3MEHEHUH (as3bl BO
BpeMEHHW COOTBETCTBYIOINMH (GYHKIMSIMH. B onHocTaHnmMifHOM BapuaHTe ompenermsitorcs 3Hadenuss 7EC Han
OTIENBHON CTAaHIMEM 1O M3MEPEHUSAM BCEX CIYTHUKOB Ha 24-uacoBom untepsane. s nepecuera STEC B
repTHKANRHEI  VTEC WCTONE3yeTCsl ONHOCTOHHAs MOAeTs wWoHochepsl. PesyabTaTel. s  TOTyJYeHHS
NpocTpaHCTBeHHOro pacnpenenenus TEC Obul peanu3oBaH ajlTOPUTM MHOTOCTAaHIMOHHBIE oOpabotku GPS-
U3MEpEeHHH ¢ UCIOTBb30BAHHEM CETH aKTUBHBIX pedpepeHIHBIX CTAHIUH 3allafHOro pernoHa YxkpauHsl. CeTb COCTOUT
m3 17 crannuii, xoTopele paGOTAIOT ION YIPABICHHUEM CIEIHMATH3MPOBAHHOTO IIPOTPAMMHOTO OOECIeUeHHUS B
peXrMe pealbHOTO BpeMeHH Ams obecriedeHus ycmyramu RTK mupoxoro kpyra monbzoBaTeneldl Feofe3HUECKOro
HanpaBieHus. Hayuynass HoBu3Ha: PazpaGoTaHa mporpaMma Ans BBIUHCITEHUS. HaKIMOHHBIX STEC M BepTHUKATBHBIX
VTEC 3nauennii TEC, ucnionbzyeMsix s uterns RINEX-daiinos, BEISBIEHHS, OIEHKH U YCTPAHEHHS ITUKITHUECKHX
(ha30BBIX CKAaYKOB, BOSHUKAIONINX B IIpOIlECcce U3MEPEHHUH; MOIIPOTPAMMEBI JUISL CIITaKUBAHUS KOTOBBIX M3MEpPEHHUH,
ronydeHust THQdepeHINaTbHBIX TONPaBOK Ha MOMEHT BBIMHCIICHHSI, BBIYMCIEHWS TOPHU3OHTATBHBIX KOOPIHUHAT
CITyTHHKA HA CTAHIHIOHAOIIOJACHUN, HEMOCPEACTBeHHOEe Bhrancienne 7EC W JaibHEHIET0 XpaHEHHs TOTyIeHHBIX
JIAHHBIX U B HOBBIX (aifmax Ha cepBepe JIpBOBcKOH monuTeXHHKH. Bes mporpamma Oblla CKOMITHITHpPOBAHA JUTS
OTlepalliOHHON cHCTeMBI Linux ¥ /oBefeHa /10 aBTOMAaTH3UPOBAHHOIO HCIONB30BAHHUS C JAHHBIMH HabGTIONeHUH
nepmarenTaoit IGS crannmmmn SULP. TIpakTHueckasi 3HAYMMOCTB. BBIMHCICHHE TapamMeTpoB HOHOCHEpHl Ha
¢hrKcHpoBaHHBIE MOMEHTHI HAOMIONEHHUS OT Beex nocTynHEIX GNSS cryTHHKOB

Knioueevie croea: GNSS-m3Mepenust; HoHocdepa, HoHOC(epHbIe TapaMeTpsl; CTIaKHBaHue, CIUTaiH.
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