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ABSTRACT. 18 artificial satellites of the Earth, which
emit radio signal at a frequency of 430-440 MHz during their
flight in the Mykolaiv visibility zone, were found as a result
of the searching carried out in the RI "MAQO". 10 of 18 satel-
lites during not less than 7 days each were automatically
tracked by the Doppler station created in the RI “MAO”. The
frequency of received radio signal was automatically deter-
mined as a result of spectral processing of radio signal ampli-
tudes registered by the station during satellite tracking.
Herewith 5 of 10 satellites emitted non-harmonic broadband
signals. The radial velocity of satellites is calculated using the
frequency of received radio signals.

The obtained values of radial velocity changing in time
were used to clarify TLE (Two-Line Element) orbital el-
ements of satellites. Initial orbital elements were down-
loaded from the space-track.org site. It would be noted
that model values of Doppler shift of frequency, obtained
using the initial orbital elements, also use for searching
radio signals emitted by tracked satellites and received by
the station. The regular (mean) and random (standard de-
viation) components of the difference (O-C) of measured
and model values of radial velocity were calculated. A
comparison of the regular and random components of O-C
was made, which showed their slight decreasing after clar-
ifying orbital elements.

In order to improve the accuracy of the orbit determination,
it is proposed to upgrade the station's hardware and software in
order to reduce synchronizing and frequency determination
errors. It is also proposed to use more accurate models as Dop-
pler measurements, and the motion of satellites.

AHOTAIIA. B pesynsrati mnposexeHoro B HJII
«MAO» nouryky BusiBIICHO 18 mITy4HHUX CYNMyTHHKIB 3e-
M, SIKi IPH TPOJBOTI B 30HI BUAUMOCTI MUKOIa€Ba BH-
MIPOMIHIOIOTE pafiocurHan Ha dactoti 430-440 MI'n. [o-
MIUIEPIBCEKOIO CTaHMi€elo, cTBopeHoo B HII «MAOy, B
aBTOMaTHYHOMY PEXHMi MPOBENEHO CYMpOBOKEHHS 10
i3 18 cymyTHHKIB IPOTATOM HE MEHIIE, HiXK 7 M0 KOXKEH.
YacToTa NpUHHATOTO pagioCHrHANy BH3HAYanacs B aBTO-
MaTU4YHOMY PEXHMi B pe3yJbTaTi CIEKTPAIbHOI 00pOOKH
aMIUTTYy CUTHAJIB, 3apEECTPOBAHMX CTAHILIEIO TMiJ 4ac
CYNpOBOJKEHHsI CynyTHHKIB. [Ipu npomy i3 10 cynyTHu-
KiB 5 BUIIPOMIHIOBAIN HErapMOHIYHUI LIMPOKOCMYTOBHIA
CUTHAJI. 3a 4aCTOTOI MPHHHSATOrO PajiOCUrHAITY 00YHC-
JIFOBajIacs pajliaibHa MIBUAKICT CYIyTHHKA.

OTpuMaHi 3HaYCHHS pajialbHOI MIBHUIKOCTi, IO 3Mi-
HIOIOTBCSL Yy dYaci, BHKOPHCTOBYBAIHCS JUIS YTOYHCHHS

eneMeHTiB opbitu cymytauka B popmati TLE (Two-Line
Element). ITogaTkoBi 3Ha4eHHS €NEMEHTIB OpOITH 3aBaH-
TaXYIOTBCS 3 calTy space-track.org. 3ayBaxkumo, 1o mMo-
JeNbHI 3HAYeHHS JOMIUIEPiBCHKOTO 3CYBY YacTOTH, OTPH-
MaHi 3 BHKOPHCTaHHSM IIOYaTKOBUX EJIEMCHTIB OpOiTH,
BHUKOPHCTOBYBAJIUCS TAKOX JJIsl TMOIIYKH PaJiOCHTHAIIB,
BHUIIPOMIHIOBAHHX CYIMYTHHUKOM 1 MPHAHATHX CTaHIIIETO.
OOuncmoBaKCs peryisipHa (CepelHe) Ta BUMAAKOBA
(CKII) ckmanosi pizHuni (O-C) BUMIpSHHX 1 MOAEIBHUX
3HAYCHb PajiadbHOI MBUAKOCTI. [IpoBeneHO MOpPiIBHIHHS
peryispHoi i BUMankoBoi ckinagoBux O-C, sike Mmokaszaio
He3HaYHEe 3MCEHIICHHS PETyJISIPHOI 1 BUIAIKOBOI CKIIaI0-
Bux O-C micns yTOYHEeHHS eJIeMEHTIiB opOiTH.

JIy1st TiABUIIEHHST TOYHOCTI BU3HAYCHHS OPOITH TPOTIO-
HY€ETBCS IPOBECTH MOJIEPHI3AIII0 amapaTypy Ta Iporpam-
HOTO 3a0e3MeUeHHsI CTaHINI 3 METOK 3MCHIICHHS MOXUO-
KM CHHXPOHI3allii Ta TMOXMOKM BU3HAYEHHS YaCTOTH pa-
miocurHamiB. Takok TPOMOHYEThCS BUKOPUCTOBYBATH
OLUTBIII TOYHI MOJIENI SIK TOMILICPIBCHKUX BUMIPIOBaHb, TaK
1 pyXy CyIyTHHKIB.

Keywords: Doppler’s effect, radio beacon, low-orbit satel-
lite.

1. Introduction

Over the last few years, ambitious projects have
emerged to create global high-speed Internet satellite sys-
tems, such as (OneWeb Satellites, 2019; STARLINK.
2019; Telsat, 2019). According to our estimates, about
16000 of these satellites will be put into service by 2030.
Herewith 4500 of these satellites will have an orbit alti-
tude of 350 km and 11500 satellites will have an orbit
altitude of 850-1450 km. It is estimated that there will be
20 or more satellites in the plane of one orbit. For compar-
ison, the constellation of 27 GPS satellites is placed in 6
orbits of 4-5 satellites (slots) in each plane (Global Posi-
tioning System, 2019). Given the height of the orbits, the
density of placing satellites in orbits of the Internet sys-
tems will be at least 50 times higher than in the GPS.
However, in our opinion, slight deviations from the uni-
form distribution of the density of satellites in the orbit
plane could significantly affect the quality of the Internet
for end-users due to the corresponding significant dis-
placement (given the orbit height) of the Earth's surface
coverage. Therefore, a problem of constant independent
high-precision determination of the position of low-orbit
satellites will become even more urgent. A solution to the
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problem may be the creation networks of passive Doppler
radars (stations) that determine the orbital position of sat-
ellites using the Doppler shift of frequency of radio sig-
nals emitted by the satellites. These could be either special
monochromatic radio beacon signals (continuous wave) or
non-harmonic broadband payload signals.

The Doppler station was developed and tested in the Rl
“MAO” to investigate the possibility of using such stations
to clarity the orbit of low-orbit satellites (Bushuev, 2018).
The station uses a compact high-tech receiver of up to 1766
GHz frequency range that greatly simplifies and reduces the
cost of its hardware (GNSS-SDR, 2019). Initial orbits of
tracked satellites are taken from (SPACE-TRACK.ORG,
2018). Model values of Doppler shift of frequency, ob-
tained using the initial orbits, are used for searching radio
signals emitted by tracked satellites and received by the
station. It would be noted that 58 satellites were checked to
search radio beacon signals. Radio beacons were detected
for 18 satellites and 8 of them emit continuous waves.

2. Upgrading the post-processing of observation da-
ta obtained by the Doppler station

There are two stages to clarify orbit elements of the
given satellite: real time and post processing (Bushuev,
2018). In real time the radio signals are recorded in wav-
files using software defined radio and freeware program
HDSDR (High Definition Software Defined Radio). Post-
processing includes analyzing the wav-files to determine
the radial component of the satellite velocity (vons) and
clarifying of the satellite orbital elements using Vons. The
program SatDoppler is used to determine vous(t) as the
function of time t, and program WinMNK takes into ac-
count vops(t) to clarify of the satellite orbit elements.

The program SatDoppler has been significantly upgrad-
ed compare with (Bushuev, 2018). The upgraded program
uses model values of Doppler shift of frequency (faop) and
correlation analyses for searching radio signals emitted by
tracked satellites and received by the station. The model
values of fqop are calculated using the initial orbit elements
of tracked satellite downloaded from (SPACE-
TRACK.ORG, 2018). Let Aos(t,f) denote the amplitude of
the received signal as a function of time (t) and frequency
(). Let also Amod(t,f) denote the pattern equal O anywhere
except some points where Amog=1. The points where Amoa=1

Table 1: Results of satellite orbit clarifying.

correspond a function f(t) that equal model values of radio
beacon frequency at a moment t. Correlation function of
Aobs and Ameq is calculate at first to find the radio signal
emitted by the tracked satellite and received by the station.
Herewith intervals of t and f for which function Ags is de-
termined must be greater than for function Ameg. The posi-
tion At and Af of the maximum of the correlation function is
found next. The coordinates At and Af give an offset of Amog
relative to the beginning of Ags. The desired signal is
searched in the frequency range of +£70 Hz near the points
where Amog = 1 after the shift. So, the errors of synchroniz-
ing (At) and determination of frequency (Af) of the received
radio signal are also obtained as a result of the correlation
analysis. The value of Af is due to the difference in the
nominal frequency of the receiver reference generator from
the valid one (Bushuev, 2018).

3. Results of satellite orbit clarifying

The results of the clarifying of the orbit of 10 satellites are
shown in Table 1. Each satellite was tracked automatically by
the Doppler station for at least 7 days. The obtained records
of signals of satellite radio beacons were analyzed by
SatDoppler and the measured values of the radial component
of the satellite velocity vo,s Were determined. The WinMNK
program used measured values of vos to clarify orbit ele-
ments of the satellites. The model values of the radial veloci-
ty were calculated before (Vemod) and after (Vamod) Clarifying
of the satellite orbit. Herewith the orbit elements downloaded
from space-track.org were used to calculate vemes. Means
(Mean) and standard deviations (SD) of the difference
Ag=(Vows — VBmod) are shown in the columns “Before” of Table
1. The values of Mean and SD of the difference Aa=(Vons —
Vamod) are shown in the columns “After”. The differences of
absolute values of the mean and standard deviation of Aa and
Ag are shown in columns “Diff [Mean|” and “Diff SD” of
Table 1. The row "Total average" contains the average values
of the data above it.

It follows from the data in Table 1 that the clarifying of
the orbit elements of the satellites results in a slight de-
crease (by an average of 1.6 m/s) of both means and stand-
ard deviations of the difference of the measured and model
values of the radial velocity of the tracked satellites.

It would be noted that the radio beacons of five satellites
from Table 1 emitted non-harmonic broadband signals.

Name Before After After-Before
Mean, m/s SD, m/s Mean, m/s SD, m/s Diff |Mean|, m/s | Diff SD, m/s
OSCAR-19 -0.2 5.4 -0.3 4.8 0.1 -0.6
CUTE-1 0.2 2.2 0.0 1.8 -0.2 -0.4
CUTE-1.7 -1.2 10.4 -0.3 10.2 -0.9 -0.2
SEEDS -0.1 3.4 -0.2 3.0 0.1 -0.4
KESEKI 0.0 8.9 0.1 8.4 0.1 -0.5
ITUPSAT-1 18.8 120.5 5.0 114.4 -13.8 -6.0
XIWANG-1 -0.2 3.8 -0.4 3.6 0.2 -0.1
GOMX-1 -0.5 28.7 -1.6 22.9 1.1 -5.8
AIST-2D -0.6 8.4 -0.6 7.6 0.0 -0.8
TECHNOSAT -5.4 24.7 -2.7 23.3 -2.7 -1.3
Total average 1.1 21.6 -0.1 20.0 -1.6 -1.6
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4, Conclusion

The ground Doppler station of the RI “MAO” automat-
ically tracked 10 low-orbit satellites for at least 7 days
each. Herewith the radio beacons of five satellites emitted
non-harmonic broadband signals. The orbit elements of
these satellites have been clarified using measurements of
the Doppler shift of frequency of their radio beacons. The
regular (mean) and random (standard deviation) compo-
nents of the difference (O-C) of measured and model val-
ues of radial velocity were calculated. A comparison of
the regular and random components of O-C was made,
which showed their slight decreasing (in average at 1.6
m/s) after clarifying orbital elements.

The following is proposed to improve the accuracy of
orbit determination:

— upgrading station’s hardware and software to de-
crease synchronizing and frequency determination errors;

— using more accurate models as Doppler measure-
ments, and the motion of satellites to clarify their orbit.
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