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ABSTRACT. Network of passive correlation rang-
ing contains of five stations located in Ukraine and Latvia.
It has been created at the initiative of the RI “Mykolaiv
Astronomical Observatory” to have independent means to
track the future Ukrainian geostationary satellite “Lybid”.
Regular observations of the geostationary telecommunica-
tion satellite “Eutelsat-13B” has being carried out by the
network since February 2015. A catalog of daily orbital
elements of the tracked satellite has been created using the
network observations. The analytical model SGP4/SDP4
of satellite motion and a numerical model of integration of
equations of satellite motion are used to determine the
orbital elements. The numerical model takes into account
the gravitational attraction of the Sun and Moon, and non-
spherical Earth. Software of the orbital elements determi-
nations has been developed by the RI “Astronomical Ob-
servatory” of the Mechnikov Odesa National University.

Satellite positions calculated using orbital elements
from the catalog were compared with ones obtained using
the NORAD space-track.org site and optical observations
performed by the Ukrainian Network of Optical Stations.
The satellite position comparisons were carried out only
for time intervals of unperturbed motion of the satellite.
The free motion time intervals were determined using the
algorithm that had been tested using satellite owner data
about the moments of satellite maneuvers. Herewith val-
ues of right ascension and declination were compared.
Regular (mean) and random (standard deviation) values of
the residuals are given in the report.

Keywords: geostationary satellite, passive correlation
ranging, orbital elements.

ABCTPAKT. [lo ckiagy Mepexi NMacMBHOTO KOpEs-
LIIfHOTO JUCTAaHILIIOBaHHS BXOMATH ITSITh CTAHIIH po3Ta-
moBaHUX B YKpaii i B JlaTBii. Mepeska Oyia cTBopeHa 3a
inimiatuBoro HJII «MwukonaiBchbka acTpoHOMiuHa obcep-
BaTOPIisH» K HE3aJNeKHHUM 3aci0 CympoBoy MalOyTHHOTO
YKpaiHCBKOTO TeOCTAaIllOHApPHOTO CYIyTHHKA «JInOiIb».
PerymnsapHi cnocTepeXeHHS IeoCTallioHAPHOTO TEIEKOMY-
HikauiiHoro cynyrtHuka «Eutelsat-13B» mpoBoasThcs
Mepexero 3 mortoro 2015 poky. 3a pe3yiabTaTaMu CroCTe-
PEKEHb CTBOPEHO KaTaJlor' II0J000BHX 3HAYCHb €JIEMEH-
TiB OpOITH CYNPOBOIKYBAHOTO CYIyTHUKA. EnemeHTH
OpOITH BHM3HAYAIOTHCS 3 BUKOPHCTAHHIM aHAJITHYHOL
mogeni SGP4/SDP4 pyxy cymyTHHKa Ta YnuceIbHOI MoJie-
JIi iHTerpyBaHHS PIBHSAHb PyXy CyNMyTHHKA. UncenbpHa MO-
JIeNTb BpaxoBye TpaiTaniiine Tsokiaag CoHs 1 Micsry, a
Takox HecepuuHoi 3emuti. Ilporpamue 3a0e3neuyeHHs
IUIsl BU3HAUEHHS eNeMEeHTIB opbith Oyno po3pobiieHO B
HAI «Actpornomiuna obcepBatopis» Onechkoro HamioHa-
nIpHOTO YHiBepcuTeTy imMeHi [.I.Meunukosa.

ITonoxeHHs: CymyTHUKaA, OOYHCIEHI 3 BUKOPUCTAHHSIM
€JIEMEHTIB OpOITH 3 KaTajory, MOPIBHIOBAJIHUCS 3 IOJO-
XKEHHSIMH, OOYHMCICHNMH 3 BHKODHCTaHHSIM €JIEMEHTIB
opbitu 3 caiity NORAD space-track.org, a Takox 3 1o-
JIO)KEHHSMH, OTPUMaHHMHU B PE3yJIbTaTi ONTHYHUX CIIO-
CTEpEXKEHb, BUKOHAHNUX YKPaiHCHKOIO MEPEXEI0 ONTHY-
HUX CTaHIiH. [IOpiBHAHHS NOJOXXEHb CYIIyTHHKAa HPOBO-
JUIINCS. TUIBKM JUIS 1HTEpBAJIiB Yacy HE30ypeHOro pyxy
CyNyTHHKA. [HTepBanyu yacy He30ypeHOro pyxy BH3Hada-
JUCS 32 aNTrOPUTMOM, SKHH OyB IPOTECTOBAaHUIl 3 BHUKO-
PHCTaHHSIM JaHUX PO Yac BUKOHAHHS MaHEBPIB, OTpPU-
MaHHUX BiJl BJIaCHHKA CYIyTHHKA. [IpH 11bOMY MOpiBHIOBA-
JIKCSl 3HAYSHHS TPSMOTO CXO/KEHHS 1 cxuiieHHs. B crarTi
HABOJITHCS OTPUMAaHI PEryJsipHi (CepelHe) Ta BUMAIKOBI
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(cepenHpokBazpaTHUHa MOXMOKA) 3HAUCHHS PI3HMIN TO-
JIO’)KEHb CYMyTHHKA.

Kiro4uoBi cioBa: reocTanioHapHHN CYIYTHHK, ITACHBHE
CYIIPOBIJI, €JIEMEHTH OpOITH.

1. Introduction

The development of global satellite navigation and In-
ternet, capable of providing device synchronization and
data transfer, regardless of the distance between them, has
led to the development of a cheap, fully passive, spatially
distributed radio engineering system (network) to deter-
mine the position of geostationary satellites. The basic
principle of the operation of such a network is the use of
correlation analysis to calculate Time Difference Of Arri-
val (TDOA) of signals emitted by satellites and received
by spatially separated network stations. Such a passive
correlation ranging (PaCoRa) system has been developed
by the SES (Société¢ Européenne des Satellites) in 2010-
2013 and is considered by the European Space Agency
(ESA) as a highly accurate alternative to conventional
radar used two-way ranging method (ESA, 2018).

Network of passive correlation ranging (NetPCR) con-
sisted of two stations has been created and tested by the RI
“MAO” in August 2011. Since February 2015 the
NetPCR carries out regular observations of the geostation-
ary telecommunication satellite “Eutelsat-13B” first by
four and then by five stations located in Ukraine and Lat-
via (Bushuev et al., 2016; Kaliuzhnyi et al., 2016). Single-
measurement error (1 sigma) of the TDOA has been ob-
tained and equal about +8.7 ns for the all pairs of the sta-
tions. A catalog of daily satellite’s orbital elements has
been created using the analytical model SGP4/SDP4 of
satellite motion and a numerical model of integration of
equations of satellite motion. The internal error of coordi-
nate determination of the tracked satellite has been ob-
tained in a local orbital frame (Package, 2018) and it does
not exceed 225 m that approximately equal to the error of
the PaCoRa system (Bushuev et al., 2017). Means and
standard deviations of the residuals of Eutelsat-13B Carte-
sian coordinates obtained by the NetPCR and Eutelsat
(owner of the satellite) in the ITRF are also given in
(Bushuev et al., 2017). The numerical model as more ac-
curate has been used to calculate the coordinates. Here-
with the maximum absolute value of the means was less
than 900 m and the maximum standard deviation was
1280 m. These values were obtained for the time when
Eutelsat-13B orbit was undisturbed. The significant dif-
ferences in coordinates may be due to the difference of
satellite motion models used by Eutelsat and ourselves to
calculate coordinates.

2. Optical and radio observations comparison

Optical observations of Eutelsat-13B have been per-
formed in 2015 and 2016 by an automatic telescope KT-
50 which is a part of a complex of mobile telescopes
(MOBITEL) of the RI “MAQO” (Shulga, 2010). MOBITEL
is also a part of the Ukrainian Network of Optical Stations
(UMOS, 2018).

Right ascensions (a,) and declinations (J,) measured by
the telescope are compared with a, and J, computed using
daily orbital elements (the numerical model) from the
NetPCR catalogue (Geostationary satellites, 2018). Here-
with an inertial coordinate system was EME2000 (Earth’s
Mean Equator and Equinox) or J2000 and the space dy-
namic library OREKIT was used for astronomical compu-
tations (Orekit, 2018). Light-time correction was also tak-
en into account to compute o, and o, at the moment of
optical measurements.

Totally the 24 different sets of a, and J, were obtained
but only 7 of them were taken into consideration. The
reasons for the rejection of observations were as follows:

— Maneuver could take place during the day of the ob-
servation;

— Another satellite was observed in the same geosta-
tionary cell;

— Sample size of measured values of a, and J, (N) was
less than 4.

Satellite Cartesian coordinates in the ITRF were com-
puted on the day ends (at 23:59 and 00:00) using orbit
elements from the catalogue for three consecutive days: at
a day of optical observations and at days before and after
it. It is assumed that a maneuver may take place at the day
if jumps of the coordinates on the ends were greater than
200 m. The coordinate jump threshold (200 m) was de-
termined using information about Eutelsat-13B maneuvers
which was obtained from the satellite owner (Bushuev et
al., 2017).

Another satellite (Eutelsat-13C or 13E instead of 13B)
was observed if the residuals (A) between measured (a,
and J,) and calculated (a, and J,.) right ascensions and
destinations were greater for Eutelsat-13B than for Eutel-
sat-13C or Eutelsat-13E. The NORAD data or TLE (Two
Line Elements) orbital elements from the space-track.org
site are used to calculate a, and d..

Average values (Mean) and standard deviations (SD) of
the optic-radio residuals (A,, = a, — a, and A, = d, — J,)
are estimated for the 7 observations are shown in Table 1
in arc seconds.

Table 1: Means and standard deviations of the optic-radio
residuals, arc seconds.

Date N Mean SD of Mean SD of
of Aao Aao OfAzio A50

31.10.15 | 12 -10.0 2.3 -10.2 0.5
20.05.16 | 18 -12.5 5.7 4.1 0.9
09.06.16 | 15 -15.1 3.0 0.7 0.7
30.06.16 | 12 -16.4 1.5 -2.8 0.7
03.09.16 9 36.5 2.3 -7.2 0.3
06.09.16 8 36.7 1.8 -6.7 0.4
30.09.16 | 12 26.5 2.5 -11.1 0.2

Table 1 shows that the mean (absolute value) and SD
of A, are less than 37” and 6, respectively. The corre-
sponding values for A; are equal 12 and 1.
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Table 2: Mean and SD intervals of the optic-radio and radio-NORAD residuals, arc seconds

Residuals Mean of A, SD of A, Mean of A; SD of A;
Optic-radio -15.4+36.7 1.5+5.7 -11.1 +4.1 02+0.9
Radio-NORAD | -11.4-+-2.7 24+45 -0.8 +0.4 1.0+4.9

3. Comparison radio observations with NORAD data

The values of a, and J, are also compared with o, and
0. computed using NORAD data from the space-track.org
site for the 7 days from Table 1. The intervals of changing
means and SD of the radio-NORAD residuals A,. = a,. — a.
and Ag. = 0, — 0. are given in Table 2. The corresponding
intervals for A,, and A;, are also shown in the table for
comparison.

Table 2 shows that the means of the residuals are less
for the radio-NORAD residuals than the optic-radio ones.
Herewith the standard deviations of the residuals are
greater especially for J.

4. Conclusion

Eutelsat13-B positions obtained by the network of pas-
sive correlation ranging and gathered in the catalogue
were compared with optical measurements and with the
data from the space-track.org site (the NORAD data).

The comparisons were performed for 7 days in 2015
and 2016 when Eutelsat-13B positions were measured by
the optical telescope KT-50 MOBITEL (RI “MAO”) and
the probability of satellite maneuver was minimum.

The means and standard deviations of a and J residuals
(optic-radio) are in the next intervals (arc seconds):

— Means of Aa: -15.4” ++36.7”, SD of Aa: 1.5 + 5.7,

— Means of Ad: -11.17 ++4.1”, SD of Ad: 0.2 +0.9”;

The regular components of the residuals (means) be-
tween the NetPCR and NORAD a and 6 were less than the
similar values for the optic and NetPCR measurements.
Herewith the random components (SD) were greater espe-
cially for 4.

The following is proposed to improve the NetPCR ac-
curacy:

— Eliminate hardware errors (including inaccuracy of
antennae phase centers positions);

— Taking into account tropospheric delays and light-
time corrections during orbital elements computations
using the numerical model of satellite motion.
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