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B nacmoswuii momenm cywecmeentoe Koauuecmeo pecuOHAIbHBIX A2POOPOMOS He UMEIom 00CmAamoy-
HO20 Mecma 015 HA3eMHO20 HABULAYUOHHO20 000pY008aHuUs. Mo MOdHcem NPUGECMuU K HedCeamenbHbiM
nocaeocmeusam npu nocaoke 6030yurHoco cyona (BC) npu ciabom euzyanvbHom KOHMAKmMe 3KUNANCA CO
8318mHo-nocaooynou nonocou (BIII). Cucmema nced0ocnymuuxos cnocoorna nogvicums 6€30NaACHOCHb
nonemoe Ha 3mane NOCAOKYU 8 CJIONHCHBIX MEMeOPON0SUYECKUX YCI0BUAX HA PESUOHATbHBIX A9POOpomMax be3
UCNIONBL306aHUSA UHOUKAmMopa Ha 1obosom cmekie (ILS) nocre oyenxu nozpewnocmerl HA8ULAYUOHHO-
nocadounvix napamempos. Cucmema nce60OCHYMHUKOE Modcem Oblmb UCHONb308AHA ONSl NOGLIUEHUS
bezonacnocmu noaémoe Ha smane NOCaoKu 8 CNOJNHCHBIX MEMeopOI02ULeCKUX YCI0BUAX HA PESUOHANbHBIX
aspoopomax. dma cucmema coOCmoum u3 KOHMpOIbHO-KOPPEKMUpyiowel Cmanyuu u nce@0oCnymHuKos,
KOmopbie pabomaiom 6 onpeodeseHHbIX YaACMOMHbIX OUANA30HAX.

IIpu ucnonv3osanuu 3moii cucmemuvl Ha 6030YUWHOM CYOHE YCMAHABIUBAEMCSL NIIAHOBLIN HABULAYUOHHDLL
npubop I[THII-72, komopblii 8610aém 0CHOBHYIO HABUSAYUOHHYIO UHGOPMAYUIO C 3A0AHHOL MOYHOCHbIO. DMOo
N03801A€m NUIOMAM UCNOb308aMb DONee MOUHYIO UHGOPMAYUIO U GbINOAHAMY OE30NACHbII 3AX00 HA NO-
caoky u nocaoxy BC na BIIII dasxce npu crabom eu3yaibHomM KOHMAKMe C Hell.

Taxum obpazom, ucnonvb3oeaHue cucmemvl NCE80OCHYMHUKOE MOJNCEN NOMOUb peltums npodremy He-
00CMamo4H020 KOAU4ecmeda Ha3eMHbIX HABULAYUOHHBIX CPEOCME HA PeSUOHANbHBIX adpoopomax. Imo no-
3601um obecneuums 6oaee mouHoe onpeoenenue mecmononoxcenus BC u ynyuwumo kauvecmeo Hasucayu-
OHHOU UHpOpMaYyUU, NPeOOCNABIAEMOU IKUNAILC).

Ipumenenue cucmemvl nceBOOCNYMHUKOS MOJICEM CMAMb ATbMEPHAMUBOU UCHOTL308AHUIO O0PO2O-
CMOAWUX U CIOJHCHBIX cucmem ILS, ocobenno na Hebonvuux aspoopomax, 20e YCmaHo8Ka makux cucmem
Modicem 6vbimb HeyenecooOpasHoll Ul IKOHOMUYECKU HeBbl2OOHOU.

OO0HaKo 014 ycneuHo20 HeOpeHUsl U IKCRIYAMayul CUcmemyvl ncee0oCnymHUK08 HeobXo0UMo nposec-
mu OONOTHUMENbHbIE UCCIE008AHUA U UCHBIMANUL, YMOObl Onpedenums ONmuMaibHble napamempul pa-
bomul cucmemvl, a makdice papabomams cOOMEEMCMEyoujue HoOpMamughvle OOKYMeHmMbl U npoyeodypsl
0ns obecneuenus 6e30NaACHOCMU NOLEMO8.

Knroueswie cnosa: ncesdocnymuuku, 6ezonachocms nonemos, GPS-cnymuuxu, yoanennvle aspoopomel,
cnymuukoswsle Hagueayuonuvle cucmemsl I JIOHACC.
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At the moment, a significant number of regional airfields do not have sufficient space for ground navigation
equipment, this can lead to undesirable consequences when landing an aircraft with a weak visual contact of the
crew with the runway. The pseudo-satellite system is able to improve flight safety at the landing stage in difficult
meteorological conditions at regional airfields without using ILS (indicator on the windshield), after evaluating
errors in navigation and landing parameters. The pseudo-satellite system can be used to improve flight safety at
the landing stage in difficult meteorological conditions at regional airfields. This system consists of a control
and correction station and pseudo satellites that operate in certain frequency ranges.

When using this system, the PNP-72 scheduled navigation device is installed on the aircrafi, which pro-
vides basic navigation information with a given accuracy. This allows pilots to use more accurate informa-
tion and perform a safe approach and landing of the aircraft on the runway, even with weak visual contact
with it.

Thus, the use of a pseudo-satellite system at regional airfields can significantly improve flight safety at
the landing stage, especially in difficult meteorological conditions when the use of ILS is impossible. The
use of a pseudo-satellite system can also help solve the problem of an insufficient number of ground navi-
gation aids at regional airfields. This will allow for a more accurate determination of the aircraft's location
and improve the quality of navigation information provided to the crew.

The use of pseudo-satellites could be an alternative to expensive and complex ILS systems, especially at
small airfields where the installation of such systems may be impractical or not economically viable.

However, for the successful implementation and operation of the pseudo-satellite system, additional re-
search and testing is necessary to determine the optimal parameters of the system, as well as to develop
appropriate regulatory documents and procedures to ensure flight safety.

Keywords: pseudo-satellites, flight safety, GPS satellites, remote airfields, GLONASS satellite naviga-
tion systems.

Introduction

Ground pseudo-satellites for aircraft navigation are usually called ground stations of differential
correction (GSDC) or GNSS (global navigation satellite system) base stations. They play an important
role in improving the accuracy and reliability of airspace navigation:

— operation of GSDC. GSDC are located on the earth's surface and are equipped with high-precision
GNSS signal receivers (e.g. GPS, GLONASS). These stations continuously receive signals from satel-
lites and then correct them to eliminate errors associated with atmospheric and other factors that may
affect navigation accuracy;

— correction transmission. Ground stations transmit corrections in real time via radio communica-
tions or data networks to navigation receivers installed on board of the aircraft. This allows aircraft to
refine their coordinates and improve navigation accuracy to several centimeters [1];

— accuracy improvement. The use of GSDC can significantly improve the accuracy and reliability
of airspace navigation. This is especially important for takeoffs, landings, approaches to airports and
other flight phases where accuracy plays a decisive role for the safety [2];

— ionospheric effect elimination. GSDC can help eliminate errors caused by the Earth's ionosphere,
which can significantly improve navigation accuracy.
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The solution of the optimization problem and the choice of solution methods depend on the forma-
tion of the objective function, as well as the optimization of the criterion used [3].

Optimization of pseudo-satellite placement

The choice of the objective function is based on the dependence of the magnitude of the errors in
measuring the aircraft coordinates on the values of the geometric factor (GF) [4]. Thus, the accuracy
of determining navigation and time parameters using satellite navigation systems (SNS) can be esti-
mated through geometric factors (GF). The horizontal geometric factor HDOP allows determining the
accuracy of determination of horizontal coordinates (Fig. 1), and to estimate the accuracy of determi-
nation of the vertical coordinate, i.e. the height, the vertical geometric factor VDOP is used (Fig. 2).
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Fig. 1. GPS accuracy field by the coefficient of accuracy reduction in the horizontal plane (HDOP)

It is important to emphasize that the use of pseudo-satellites (PS) has a significant influence on the re-
duction of vertical geometric factor in solving the navigational problem [5]. Since the precise altitude
measurement requirements are particularly important during the landing phase, the PSshould be positioned
so that the accuracy of the altitude determination is optimal throughout the entire landing trajectory [6].
Thus, as the target function when solving the problem of finding the optimal location of the PS in the air-
field area, we will use the average value of the vertical GF VDOP along the entire landing trajectory:

VDOPR., ( By LycHye ) > min ’ D
where B,,L,H,; — geodetic coordinates of the PS. For most airfields, landing on the runway can be car-
ried out from two opposite landing courses. Taking this factor into account, the PS should be posi-
tioned so that the average VDOP becomes minimal for both landing trajectories, starting from the
glide path approach points and ending with the runway touchdown points (Fig. 3). Taking this fact into
consideration, expression (1) will take the form:

1 .
;ZVDOPCP (BycLycHye ) — min o
1
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where # is the number of landing trajectory points in which the GF is calculated. Taking into consid-
eration small GF changes at nearby points, it is sufficient to use 25-30 uniformly distributed points to
calculate the average GF along the landing trajectory. Consequently, it is proposed to consider the op-
timal PS placement as the one that ensures the minimum average VDOPav value for the entire landing
trajectory, determined by expression (2). Since, due to the orbital motion of the PS, time variations in
the geometric factor are observed in the airfield area, then when solving the optimization problem, the
average VDOP value along the entire landing trajectory used as a criterion should also take this feature
into account. Expression (2) will be:

lz VDOP,,, (BycLucH e ) — min
o ; 3)
where i is the moment in time for which the average VDOP value along the landing trajectory is calcu-
lated.
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Fig. 2. GPS accuracy field by vertical plane accuracy reduction factor (VDOP)

The duration of a complete cycle of GLONASS orbital motion is approximately eight days (691200
s). Since the temporary changes in VDOP are quite slow, to solve this problem it is sufficient to select
a time interval for calculating VDOP of about 10 min (600 s). To take into consideration the entire
recurrence period of the GLONASS orbital structure, it is necessary to divide 691200 by 600, which is
equal to 1152 values [7].

Methods for creating a ground equipment system for the landing system and on-board equipment of
the aircraft, as well as methods for high-precision synchronization of several pseudo-satellites are be-
ing studied. This system is the local-area augmentation system (LAAS) [8]. The LAAS ground equip-
ment includes:

— a reference station for differential correction of navigation signals (CNS);

— PS transmitters, the signal of which is modulated by a ranging code;
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— a control receiver that ensures verification of the signal emitted by the PS according to several
criteria;
— signal power, shift of the time scale of the ranging code, structure and content of the transmitted
digital information.
The main features of the presented version of the construction of the ground segment of the LAAS:
— synchronization of the time scales (TS) of the PS directly from the output ranging radio signals of
the PS;
— combination of the functions of control and synchronization of the PS;
— combination of the receiving device that ensures the formation of differential corrections of the
CNS with the receiving device for synchronization of the TS of the PS;
— control of the delay of the ranging signal and the radiated power of each PS over the local net-
work;
— the use of a highly stable reference oscillator (RO) in the base station to maintain synchronization
with the CNS in case of temporary absence of reception of signals from the NSC;
— maximum reduction in the cost of the PS for a “painless” increase in their number in the LAAS.
The structural diagram of the LAAS is shown in Fig. 3.
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Fig. 3. The structural diagram of the LAAS

The analysis shows that in order to ensure separation of signals from several PS, electromagnetic
compatibility of PS signals with ground equipment of the LAAS system, GLONASS/GPS navigation
equipment and on-board equipment of the aircraft, as well as to achieve high accuracy of measuring
radio navigation parameters (delay of the Doppler frequency shift, phase and phase difference of the
carrier frequency signals), it is necessary to use signals for PS that are different from the existing CNS
signals [9]. In particular, it is recommended to transmit PS signals at a carrier frequency that is signifi-
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cantly different from the frequencies of the GLONASS/GPS NSC signals, which will ensure fre-
quency separation of these signals [10].

When choosing the frequency range of the PS signal, it is also important to take into consideration
the location of the antenna for receiving PS signals on board the aircraft. There are two options for
placing the antenna: in the upper and lower parts of the fuselage [11].

Improving navigation accuracy

The overall effect of using ground-based pseudo-satellites for aircraft navigation is a significant
improvement in the accuracy and safety of flights, which is especially important in civil and military
aviation. This technology allows pilots and automatic aircraft control systems to accurately determine
their position and follow a given route with a high degree of confidence [12].

Ground-based pseudo-satellites improve navigation accuracy by providing additional sources of
data and corrections to GPS (or other satellite navigation system) receivers, which helps to improve
positioning accuracy [13].

Ground-based pseudo-satellites are placed at known locations with known coordinates. They can
observe signals from satellites and calculate errors in these signals caused by atmospheric effects or
other factors [14]. They then transmit these corrections to GPS receivers, which use them to improve
positioning accuracy. Differential positioning systems (DGPS) use a station on the ground, known as a
base station, which measures errors in the GPS signals and sends corrections to the ground-based
pseudo-satellites (the actual GPS satellites) and receivers on the ground. This allows to improve the
accuracy of positioning in a specific territory.

Real-Time Kinematic (RTK): RTK is a method that also uses a base station, but in this case the
corrections are transmitted in real time and a receiver on the ground can achieve very high accuracy
(up to centimeters) in positioning.

Real-time correction systems. There are various real-time correction systems, such as the Wide
Area Augmentation System (WAAS) in the United States or the European Geostationary Navigation
Overlay Service (EGNOS) in Europe. They provide corrections to GPS signals via satellites or ground
stations.

GPS signal enhancement. To improve the signal in a specific area, GPS signal boosters or distrib-
uted antenna can be used.

Use of additional sensors. To improve the positioning accuracy, additional sensors can be used,
such as inertial measurement units (IMUs) or magnetometers, to compensate for GPS errors [15].

Local databases and maps. Creating local databases of the area, including information on obsta-
cles, buildings, etc., helps in positioning corrections.

Real-time correction distribution. Ground-based PSs transmit corrections in real time to GPS re-
ceivers via a network or radio channel. This allows correction information to be updated continuously
and to instantly take into account changes in atmospheric conditions or other factors that cause effect
on accuracy.

To improve navigation accuracy, ground-based satellites can integrate data from various sources,
such as geodetic measurements, altitude information, meteorological data, etc.

The combination of these factors allows ground-based satellites to increase navigation accuracy
and provide more reliable and accurate positioning for GPS receivers and other navigation systems.

The optimal number of satellites depends on several factors, including navigation purposes, accu-
racy, reliability and confidence in positioning. It is important to understand that the more satellites are
used in the positioning process, the higher the probability of achieving more accurate results. How-
ever, there is an optimal number of satellites that can be used to ensure sufficient accuracy and reli-
ability, namely:

— minimum number of satellites for 2D positioning: at least 3 visible satellites are required to de-
termine a two-dimensional (latitude and longitude) position. This ensures positioning on the Earth's
surface;
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— minimum number of satellites for 3D positioning: for 3D (latitude, longitude and altitude) posi-
tioning, a minimum of 4 visible satellites are required. These are three satellites to determine the hori-
zontal position and the fourth for the altitude.

To increase positioning accuracy and reliability, it is recommended to use more visible satellites.
Usually, the more satellites, the better [15].

Thus, the optimal number of PS depends on the specific requirements of the task. In most situa-
tions, more than 4 visible satellites provide good accuracy, but aviation may require additional satel-
lites to improve the reliability and accuracy of positioning.

Let us analyze the impact of the number of optimally placed network stations on the parameters of
the integrated navigation system in the studied airspace area around the Baikit airfield. In this case, the
task of determining the optimal positions of stations (the possibility of connecting up to five stations
was considered) was solved in stages, i.e. after determining the optimal position of the first station, the
optimal position of the second station was determined, then the third, and so on. The results obtained
show that an increase in the number of stations leads to a decrease in the average VDOP value and the
range of its changes.

The table shows the values of the average VDOP along the landing trajectory calculated for the
time moment 11:30 UTC 05/07/2021 both in the absence of PS (column 2) and with their different
numbers. The selected moment in time is characterized by one of the worst values of VDOP =2 in the
area of the Baikit airfield over the entire 8-day interval of GLONASS operation.

VDOP with different amount of PS (Baikit)

GLONASS GLON+1PS GLON+2PS GLON+3PS GLON+4PS GLON+5PS

Averadge
VDOP 2 1,311 0,973 0,870 0,791 0,742
Win without
PS, % - 35 52 57 61 63

According to the table, the use of placement optimization allows reducing VDOP as follows:
when using one PS - by 35%, two PS - by 52%, three PS - by 57%, four PS - by 63%. A further
increase in the number of PS in the network does not lead to a significant improvement in the
vertical geometric factor and the accuracy of determining the flight altitude of the aircraft. Thus,
although the use of more than four PS to improve the accuracy of determining the flight altitude of
the aircraft is impractical, this increases the reliability of the system.

Conclusion

The use of PS in navigation and landing systems allows to increase the accuracy of defining navi-
gation parameters and improve the reliability of navigation support. The use of such systems is espe-
cially actual for airfields with limited ground infrastructure capabilities and in difficult meteorological
conditions.

The use of pseudo-satellites in navigation and landing systems also helps to reduce dependence on
global navigation satellite systems, such as GPS and GLONASS, and to increase the autonomy of
navigation support.
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