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Abstract: The article developed a gating technique that allows us to validate ADS-B data without the necessity to verify using the
secondary surveillance radar or multilateration. Probabilistic models of the ADS-B data gating technique, as well as the algorithm
for applying these models were proposed. Benchmark cases that occur when aircraft (A/C) positioning by ADS-B systems,
determined by threshold values of navigation and pilot’s errors, were analyzed. The first benchmark case assumes not exceeding of
navigation and pilot’s errors the bounds of the tolerance limits, which allows us to draw up a conclusion concerning the ADS-B
data validation. The second one assumes exceeding of a pilot’s error the bounds of the tolerance limits under an allowable
navigational error. Herewith, the air traffic controller (ATC) obtains a message about the proper ADS-B operation and the necessity
to issue instructions to the pilot to correct a flight. The third benchmark case assumes exceeding of a navigation error the bounds of
the tolerance limits under an allowable or not allowable pilot’s error. In this case, the ATC obtains a message about not valid ADS-
B data and the incapability to use these systems. The simulation of the given benchmark cases was performed. In addition, the
Rayleigh and Rice distributions were applied to implement the ADS-B data gating technique. The simulation results allow us to
assess the required amount of accumulated ADS-B data for the evaluation. Thus, it was found that during the estimate based on the
Rayleigh distribution, it is sufficient to accumulate 15-20 measurements, which, when transmitting 2 messages per second and
under the condition of the normal ADS-B equipment operation, will take 810 s. During the estimate, using the Rice distribution,
an accumulation of 25-30 measurements is sufficient, which will take 1320 s. The developed method will allow the use of ADS-B
systems at regional aerodromes with the low intensity of air traffic as the primary or sole surveillance means.
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Meton crpodoupoBanus nanHbIX A3H-B 1 ero BeposiTHOCTHBIE MO/IeJTH
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AnHoTtammsi: B crarbe pazpaboran MeTon cTpoOMpOBaHMsI, KOTOPBIK TO3BOJISIET OLICHUTH JIOCTOBEpHOCTH NaHHBIX A3H-B 0e3
HeO6XO[ll/IMOCTl/l MPOBEPKMU € MOMOUIBIO BTOPUYHOI'O paavoOJIOKaTopa WJIW MHOTY OHOSHHHOHHOﬁ CHUCTEMBI HaGJ'l}O[leHI/lﬂ.
[MpensioxkeHbl BEpPOSTHOCTHBIE MOJENM MeTona crpoOupoBanust naHHbIX A3H-B, a Tawke anroputM NpUMEHEHUs JaHHBIX
Mojened. [IpoaHanM3upoBaHbl TUTIOBBIE CUTYAllMW, BOHUKAIOLIME MPHU ONPENCIIEHUH MECTOIOJIOKEHUST BO3ILYIIHOIO CyJIHA C
noMoupto cucreM A3H-B, ompezaensemble MOpOroBbIMUA 3HAYEHUSIMM TIOTPEIIHOCTEN HaBUTallid W MUIoTHpoBaHus. [lepBast
TUIOBAs CUTyalMsl NPEANONAracT HEBBIXO/ NOIPELIHOCTEN MUIOTUPOBAaHKS U HABUTALMU 33 MPeJesibl I0IyCKa, YTO MO3BOJISIET
crenath BBIBOA O TMOATBEPXKICHHM HOcTOBepHOCTH MaHHBIX A3H-B. Bropas TwmoBas curyamms mpezronaraeT BBIXOI
MOrPELTHOCTH MWJIOTUPOBAHMS 32 IPENIEIIbI JOMYCKa MPY AOMYyCTUMOM MOIPEITHOCTH HAaBUTaLlMK, IPU 3TOM AWCIETYEP NOITy4YaeT
coobmieHne o KoppekTHoi pabote A3H-B n 0 HEoOX0OMMOCTH BBIIa4M KOMAH/BI IHJIOTY Ha KOPPEKTHPOBKY IoJeTa. TpeThs
TUIOBAsl CUTYaLMsl IPEIIOJIAracT BbIXO/ MOIPEIIHOCTH HABUTallMK 32 IPelesbl JIOIyCKa MPU AOIyCTUMONW WM HEOITyCTUMOM
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MOTPELIHOCTH MHJIOTHPOBAHKS; B 3TOM ClIy4ae JHCIIETYep IMOTydaeT COOOIIEHHE O TOM, YTO JIOCTOBEpHOCTh AaHHbIX A3H-B
HE MOATBEP)KAACTCS U NMPUMEHSITh 3TH CUCTEMBI HENb3sl. BBIMOIHEHO MOJENMPOBAHNE 3THX TUIIOBBIX CHUTYallWH, IIPY 9TOM IS
peanm3anmy MeTosia crpodupoBanus AaHHbpX A3H-B npumensimics pacnipenenenust Panest n Paica. Pesynbrarsl MoaenipoBanus
TIO3BOJIIIOT OLIEHUTh TpeOyeMoe KOIMYECTBO HAaKOIUIeHHbIX AaHHbIX A3H-B st npoBenenust nocroBepHoii orieHku. Tak, Obu1o
YCTaHOBJICHO, YTO TP BHITIOJTHEHNH OLIEHKH C IPUMEHEHHEM pacnpenerneHns Pasest noctarouHo HakomteHus 15-20 m3mepenui,
YTO TIPH TIepeIade ABYX COOOIIEHHI B CEKyHIy U IPH YCIOBHH IITAaTHOM paboTsl o0opynosarms A3H-B norpedyer 810 c. [Ipu
BBITIOJTHEHNY OIICHKH C TIPUMEHEHHEM pactiperneseHns Paiica mocrarogno HakorwieHns 25-30 mMepenuii, uro norpedyer 13-20 c.
PazpabotanHblli METON TO3BOJMT NpUMEHTh cucteMbl A3H-B Ha permoHaibHBIX a’dpompoMax ¢ HHU3KOH WHTEHCHBHOCTHIO
TIOJIETOB KaK OCHOBHOE MJTY €ZIMHCTBEHHOE CPECTBO HAOMIOCHHS.

KaroueBnle ciioBa: 6e3omacHocth nonieroB, A3SH-B, c¢tpo0, pacnipenenenue Panes, pacnpenenerue Paiica, olieHKa mapamMeTpoB
pacnpeaeiicHs, NorperHOCTb HABUTalITMOHHBIX 1/13Mepeﬂm71, TOrp€HIHOCTH MUJIOTUPOBAHMA.

Jnsi nurupoBanusi: PyounoB E.A. Merox crpobupoBanust nanneix A3H-B u ero BepositHoctHble mozenu / E.A. PyOuos,
C.A. KynpsikoB, M. [lamunrep, A.C. Kammuues // Hayuneni Becrmmk MITY T'A. 2023. T. 26, Ne 4. C. 50-63.
DOLI: 10.26467/2079-0619-2023-26-4-50-63

Introduction The task of the ADS-B data validation with-
out applying additional surveillance facilities can
be accomplished by the techniques of the algo-
rithmic data validation. The paper [4] dealt with
the techniques of the algorithmic ADS-B data
validation to ensure ground maneuvers at an aer-
odrome. The techniques, presented in the arti-
cle [4], are based on the accumulation of aircraft
coordinates measurements with the subsequent

tions, compared to costs to deploy secondary statistical analysis of derived data. The given
surveillance radars (SSR) and multilaterations ~ PaPer proposes to modify the methods, described

(ML), is attributed to the ADS-B benefits. The 10 [4], and employ the gating technique, which
operation cost is also considerably below. If has already found practical use in radar surveil-

high-precision navigation sensors are installed lance [5, 6], when processing ADS-B data. .
on board aircraft (as a rule, receivers of the When processing ADS-B data, the gating
Global Navigation ~Satellite  Systems — technique will make it possible to evaluate the

GLONASS), ADS-B provides surveillance accu- data validity about the aircraft position and use
racy not wor’se than radar aids [1-3]. reasonably priced ADS-B ground stations as the

However, the Aeronautical Surveillance sole or primary surveillance means, which is per-
Manual® points to the relevance for the data tinent for regional airports with the low intensity

validation derived from ADS-B with the aid of  ©f air traffic.

SSR and ML. It is associated with the possibil- In conformity ,With the analysis of ADS_B
ity of an increase in the navigation error (when data [7], most of aircraft operate normally in the

using self-contained inertial systems and dlregtlon of a 'rectlihnear trajectory WlthOUt
range/azimuth positioning systems of naviga- tending toward violating boundaries of airways.

tion). Thus, the relevance for the data validation Notably, the proportion of such aircraft

: % i
levels out the economic ADS-B technology at-  amounts to 76% in general traffic. _
tractiveness A maneuver in horizontal or vertical planes is

inherent in 9% of aircraft. It is worth noting that
a maneuver can be carried out with the deviation
from the route (Flight Planed Route — FPR) due
Auvailable at: https://www4.icao.int/ganpportal (ac- FO flight CTOW CITorS (.:oncerned.wn.h the incorrect
cessed: 17.03.2023). interpretation of reliable navigation data. The

g -3
* Doc. 9924 AN/474: Aeronautical Surveillance Manual. probability of such an event can reach 10 ~ [8].
3rd ed. ICAO 2020, 432 p.

An automatic dependent broadcasting-type
surveillance (ADS-B) is referred by the Interna-
tional Civil Aviation Organization to the cutting-
edge surveillance technologies which is reflected
in the provisions of the Global air navigation
plan',

The reduced cost to implement ground sta-

' The Global Air Navigation Plan. [CAO GANP Portal.
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For approximately 6% of aircraft, the tenden-
cy toward violating boundaries of airways or
separation regulations is displayed, or the viola-
tion of airway boundaries is revealed. It can re-
sult from significant errors of navigation sys-
tems. The situation can be affected by pilot’s
errors which will cause a greater deviation from
a nominal aircraft path [7].

Subsequently, while determining the position
of an aircraft using ADS-B, the described possi-
ble situations during the aircraft flight operation
can be displayed in the form of the following
benchmark cases:

1. A flight operation according to the FPR,
in this event, pilot’s and navigation errors are
within the tolerance limits.

2. A flight deviates from the FPR (due to
significant pilot’s errors) under allowable navi-
gation errors.

3. Not tolerated significant pilot’s and nav-
igation errors.

The first scenario can be considered routine,
at the same time, navigation error values of the
board navigation complex are minor, and a flight
crew operates a flight in full compliance with the
FPR with insignificant pilot’s errors. The pat-
terns of conducting maneuvers as well as the air
traffic management (ATM) requirements in the
vicinity of the airport are regulated and con-
tained in the Aeronautical Information Publica-
tions (AIP).

Scenarios 2 and 3 can be considered non-
routine, while in scenario 2, ADS-B data meets
the requirements in terms of accuracy, and it is
valid. In scenario 3, allowable values are ex-
ceeded, and data is not valid. In practice, it is
necessary to identify all the listed variants and
provide an ATC with information concerning the
ADS-B data validity.

When solving the ADS-B data validation
problem, the paper [9] illustrates the features of
employing the gating technique to process
ADS-B data. In radar surveillance, this technique
is employed to reveal false coordinates, when
developing a motion trajectory [5]. Applicably to
the assigned problem, let us take a gate as an ar-
ea of space around the extrapolation point of the
aircraft path with the center at the point of ex-
trapolated aircraft coordinates within which the
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estimate of aircraft coordinates will be consid-
ered reliable.

For aircraft with the maximum take-off mass
exceeding 5700 kg, or with a maximum cruising
true airspeed capability greater than 250 knots,
the European Commission Implementing Regu-
lation (EU) No 1207/2011° and its first amend-
ment 1028/2014" lays down the mandatory car-
riage and operation of the ADS-B mode S (EHS)
and mode 1090 ES Enhanced Surveillance in-
stallations. Mode S (EHS) enhanced surveillance
represents a set of advanced features of mode S
and comprises reports about a chosen intention
in the vertical plane (BDS 4.0), a report about a
track and a turn (BDS 4.0), as well as a report
about a track and a turn (BDS 5.0). The listed
types of reports contain information about values
of velocity, track variations, heading, indicated
airspeed (IAS) and a chosen intention in the ver-
tical plane.

In the Russian Federation, mode S (EHS) and
ADS-B mode 1090 ES enhanced surveillance
applications are installed in different aircraft
(DA-42, L-410, An-148, etc.) and helicopter
(Mi-8, etc.) models.

The use of mode S transponder allows for
current and planned aircraft coordinates (inten-
tions) to be derived from the ADS-B ground sta-
tion. However, a nautical data error remains un-
known. In order to solve this problem, the use of
the gating technique [9] is proposed, for which,
it is necessary to accumulate the sufficient num-
ber of measured values of aircraft coordinates to
determine a center of gate by the extrapolation
method. Afterwards, in conformity with the ob-
tained sampling of accumulated measurements,
the interval parameter estimate for the distribu-
tion of aircraft positioning error is made, and the
probability of entering aircraft an area of gate is
computed. A key point is to ensure the conformi-
ty of the distribution parameter estimate for the
sampling of accumulated values with the entire

3 Regulation 1207/2011. Requirements for the perfor-

mance and the interoperability of surveillance for the
SES. Official Journal of the European Union, pp. 35-52
Regulation 1028/2014. Requirements for the perfor-
mance and the interoperability of surveillance for the
SES. Official Journal of the European Union,

pp. 7-8.
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assembly parameters. The interval estimate is
made with the assigned level of reliability. Sizes
of gate are assigned based upon the requirements
for allowable errors of surveillance systems. The
probability of aircraft entering an area of gate
can be found based on the Rayleigh and Rice
distributions.

Methods of research

According to the Aviation Regulations of the
Interstate Aviation Committee “Certification
Requirements for Aerodrome and Airway Facili-
ties” (AR-170, volume 2), allowable values of
the mean square error (MSE) of an airport sur-
veillance radar amount to 150 m at a maximum
range of 100 km.

The requirements for MSE accuracy of the
aerodrome radar facility, stated in the Certifica-
tion requirements (Basis), amount to 120 m for
the primary channel and 70 m for the secondary
one (under the probability of coordinate and
supplemental information integration not less
than 0.95).

The specifications of surveillance systems
“Eurocontrol” provide the recommended MSE
value to determine aircraft coordinates horizon-
tally equal to 300 m with the minimum separa-
tion of 3 nautical miles.

As far as we can see, the requirements of na-
tional and international standards for tracking an
aircraft in the aerodrome zone slightly differ and
vary from 70 to 300 m. In order to assign sizes
of a gate area and solve a problem of the ADS-B
data validation, it is feasible to choose some av-
eraged value. It is supposed to assume a radius
of a gate area equal to the allowable MSE value
of 150 m (which complies with the Interstate
Aviation Committee Requirements published in
AR-170, volume 2).

The condition of the ADS-B data validity is
met if the parameter estimate in conjunction with
the confidence intervals, with the assigned relia-
bility, does not exceed assigned gate sizes. Thus,
when confidence interval values of the random

> Euro control Specification for ATM Surveillance Sys-
tem Performance (Volume 1). (2021). 92 p.
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variable estimate do not exceed the value for a
radius of a gate area, assumed data is considered
valid. If the interval estimate exceeds a radius of
a gate area, the condition of data validity is not
met.

Since the time for the ADS-B data validation
is an important factor, it is feasible to identify
such a level of reliability which will ensure the
data validation within the acceptable time. In
conformity with [9], for the level of reliability
0.95, data about aircraft entering or not entering
an area of gate will be valid.

Errors of aircraft deviation from the assigned
trajectory (FPR) can be described in the normal
distribution law [3]. For the Cartesian coordi-
nates, the distribution density of the bivariate
normal law with parameters m,, m,, o\, c, 1s de-
fined as [10, 11]:

1 |7(x—mx)2 zp(x’%wm}r)‘wm}r)z
1 b ocy, &2
fry)=——"—€ ! Y (1)

ZTCGX(S}, 1- p2

where m,, m, — the mathematical expectation of a
random variable along the Ox - and Oy -axis
accordingly,

G, 6, — MSE of a random variable along the

Ox - and Oy -axis accordingly,

p — coefficient of correlation.

A solution to define the probability of aircraft
position in the gate can be formulated as a com-
putation problem of the probability of a random
variable entering a circle of radius R (defined
with the requirements for errors of surveillance
systems) with the center at the point of extrapo-
lation, which coordinates belong to a maneuver
pattern.

Depending on values of random variable pa-
rameters inherent in various benchmark cases,
errors of aircraft positioning can be characterized
by different distribution laws.

Let us consider a problem solution for
benchmark cases to determine the aircraft posi-
tion using ADS-B. In the simplest case, let us
assume that errors of determining the aircraft
position along the Ox - and Oy -axis of the Car-
tesian coordinates are equal.
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The first benchmark case is indicative of an
insignificant pilot’s error, for the problem for-
malization, let us assume it as zero. Thus, the
mathematical expectation (ME) of aircraft posi-
tioning error equals zero, MSE along the Ox -
and Oy -axis equal each other: m =0,
6y =6, = . In this case, an ADS-B error de-
pends merely on a board navigation complex
error. Such a situation is inherent in the aircraft
rectilinear motion case.

When meeting the condition o, = 6, = G, the
random variable distribution is referred to as the
circular normal distribution [10—12].

Thereafter, a random variable 7=V X 24+Y? ,

where X, Y — independent Gaussian distributed
random variables, under the condition of the cir-
cular normal distribution of a random variable
and the lack of a fixed error, follows the Ray-
leigh law. Thereupon, the probability of aircraft
exiting an area of gate for R radius can be found
as the miss probability [13—15]:

2

F(r)=P(R<r)={1-€2". r=0. o
0,

r<o0

2

_r
I e w?

f(r) B2

, r>0,

€)

where b — a scale parameter.

The second benchmark case is indicative of a
flight technical error and a navigation error. A
similar scenario can occur when an aircraft devi-
ates from the trajectory of motion. In this con-
text, the ADS-B system can operate properly un-
der the condition of non-exceedance of a naviga-
tion error the bounds of the tolerance limits. If
errors of the board navigation complex exceed
the bounds of the tolerance limits, we have the
third benchmark case under which it is impossi-
ble to apply ASD-B.

In this case, a problem of the fixed and navi-
gation errors evaluation arises. A fixed error,
that is ME is not equal to zero, is the distinctive
feature of the situation under consideration from
the previous one. For the simplest case under
consideration, MSE are equal to each other:
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m+0, oy =
r=VX*+Y*>, where X, Y — independent

Gaussian distributed random variables, has the
Rice distribution with the density of distribution
[13, 16]:

o,. Thereafter, a random variable

XS

2,2
f(x|5.0) = ?eXP(%]IO [G—J @

where Iy — the modified zero-order Bessel func-
tion of the first kind;

s — bias equal to s=+/g +45 , where 2,
u? —Ox and Oy ME;

o — the scale parameter.
The distribution function is presented as:

T x —(x* +5%) (xsj
Flo)=|— — | = |
(o) !GZ exp( 5o ) o\ f 6

The probability of entering aircraft an area of
gate (P;,) can be found as the probability of non-
exceedance of a random variable r of the as-
signed radius of gate and can be computed using
(5). In this case, the probability of deviation
from the trajectory can be found as

P

out

=1-F,, ©)
where P,,, — the probability of aircraft deviation
from the assigned trajectory,

P;, — the aircraft position probability in an ar-

ea of gate.

A two-phase algorithm of applying probabil-
istic models of the ADS-B data gating technique
is proposed for the practical implementation.
The estimate of the Rayleigh distribution param-
eters is calculated in the first phase of the analy-
sis. If the upper confidence interval of the b pa-
rameter estimate does not exceed an allowable
value, a conclusion about the ADS-B data vali-
dation is drawn up (the first benchmark case). In
case of exceedance of the b parameter estimate,
the estimate of the Rice distribution parameters
is calculated. If during the analysis, a significant
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pilot’s error is revealed with the allowable navi-
gation error, the ATC obtains a message about
the proper ASD-B operation and the necessity to
issue instructions to the aircraft flight crew (the
second benchmark case). If during the analysis,
significant pilot’s and navigation errors, exceed-
ing allowable values, are revealed, the ATC ob-
tains a message that ADS-B data validation is
not ensured, and other ATC methods are re-
quired (the third benchmark case). The Rayleigh
distribution b parameter as well as the Rice dis-
tribution s and o parameters are estimable pa-
rameters in these simplest cases.

It is essential to note that the A/C airspeed
and the frequency of position reporting impose
limitations for the surveillance number. Taking
into consideration the limited surveillance num-
ber, the parameter estimate is calculated based
on the sampling of the entire assembly. The in-
terval parameter estimate is calculated with the
assigned level of reliability.

The benchmark cases were considered while
assuming the equality of errors of determining
the position along the Ox- and Oy -axis of the
Cartesian coordinates. The stated simplification
allowed for the Rice and Rayleigh distributions
to be used as an example.

In practice, error values along the Ox - and
Oy -axis will be distinguished from each other.
Therefore, for the data validation, we should use
more complicated distributions: the Hoyt distri-
bution [17, 18] and the Beckmann distribution
[19-22].

Research results

For simulating benchmark cases, MATLAB
and Wolfram software packages were applied.
The simulation modelling of the aircraft posi-
tioning error was conducted. The error of aircraft
positioning was assigned as a random variable
distributed in accordance with the Rayleigh and
Rice laws. Based on the sampling from the entire
assembly, the Interval estimate of distribution
parameters with the level of accuracy 0.95 was
obtained. The parameter estimate was calculated
by means of the maximum likelihood method.
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As a result of the simulation, the dependen-
cies of distribution parameter estimate on the
number of measurements N, i.e., data derived
from the ADS-B ground station, were obtained.
Figure 1 illustrates the results of the b parameter
estimate of the Rayleigh distribution (corre-
sponds to the error of aircraft positioning). Fig-
ure 1 and the subsequent ones, using a dotted
line, illustrate simulated parameter values of dis-
tribution (input data). The red line illustrates the
input data parameter estimate, the light blue and
blue lines illustrate the upper and lower 95%
confidence intervals as applicable.

In Figure 1, b parameter values of the Ray-
leigh distribution amount to 50 and 100, which
conforms with MSE values 50 and 100 m.
In Figure 2, input b value parameters of the Ray-
leigh distribution amount to 50 and 100, which
conforms with MSE values 50 and 100 m. In the
Figures, the following designations are assumed:
PCI b Up and PCI b Low — the upper and lower
95% confidence interval of the b parameter es-
timate of the Rayleigh distribution; Param b —
the assigned source of the b parameter value; Est
param b — the b parameter estimate; Rline — the
gate area boundary (the condition of the ADS-B
data validity).

Figure 3 illustrates the results of the Rayleigh
distribution parameter estimate when the input
distribution parameters: s = 100, ¢ = 50, which
conforms with ME 100 m, MSE 50 m. Figure 4
illustrates the results of the Rice distribution pa-
rameter estimate based on the sampling from the
entire assembly for a random value distributed in
accordance with the Rice law when input distri-
bution parameters: s = 200, ¢ = 100, which con-
forms with ME 200 m, MSE 100 m. Figure 5
illustrates the results of the Rice distribution pa-
rameter estimate when input distribution pa-
rameters: s = 300, ¢ = 150, which conforms with
ME 300 m, MSE 150 m. The input data parame-
ter estimate by accumulated values commences
after 5 measurements. The Figures have the fol-
lowing designations: PCI Sigma Up and PCI
Sigma Low — upper and lower 95% confidence
interval of the parameter estimate ; PCI S Up
and PCI S Low — upper and lower 95% confi-
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Fig. 1. Graphs for the estimate of the Rayleigh distribution parameters for the input values: » = 50 and 5 = 100
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Fig. 2. Graphs for the estimate of the Rayleigh distribution parameters for the input values: » = 120 and 5 = 150

dence interval of the parameter estimate s; Est
param Sigma and Est param S — the parameter
estimate ¢ and s; SigmalLine and Sline — as-
signed values of parameters ¢ and s; Rline — the
gate area boundary (condition of ADS-B data
validity).

The results of simulation established that for
meeting validity conditions, the estimate of ran-
dom variable parameters distributed in conformi-
ty with the Rayleigh law can be obtained during
15-20 measurements, which, provided that two
messages per second are transmitted by ADS-B
installations, takes 8-10 s. In order to meet the
validity conditions, the estimate of random vari-

56

able parameters distributed in accordance with
the Rice distribution law — 25-30 measurements,
which, provided that two messages per second
are transmitted by ADS-B installations, takes
13-15s.

The obtained results allow us to draw up a
conclusion about the capability to utilize ADS-B
ground stations at regional airports with the low
intensity of air traffic as the primary surveillance
means. For example, at aerodromes Ust-Kuiga,
Chokurdakh, Cherskiy and other G and D-class
aerodromes, it is feasible to replace exhausted
life-span radars (generally DRL-7 SM) for ADS-
B stations, upgrading software (ADS-B data
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processor), to ensure ADS-B data validation.
Compared to implementing up-to-date surveil-
lance radars (for example, AORL-1 AS), it will
yield savings of approximately 120—150 million
rubles for each aerodrome.

Discussion of the obtained results

The position determination error is computed
relatively a point of extrapolation of aircraft co-
ordinates, i.e., relatively the center of the gate
area. For the given benchmark cases, under the
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assumption concerning the equality of errors
along the axes of the Cartesian coordinates, it is
feasible to apply the Rayleigh and Rice distribu-
tions. However, in practice, there are more plau-
sible situations going beyond the scope of the
considered. Errors along the Ox- and Oy -axis
can be distinguished, notably substantially. Thus,
in case of an insignificant pilot’s error, a sub-
stantial navigational error can occur, i.e., ME
equals zero, navigation MSE do not equal each
other: m =0, o, # c,. In that event, the error of
aircraft positioning has the Hoyt distribution
(Nakagami-Q) [17, 23, 24]:
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Another scenario is possible in-flight when
there is a significant deviation from the FPR
(ME does not equal zero) and the navigation
MSE inequality o, # o,. In this case, an error of
aircraft positioning has the Beckmann distribu-
tion [20].

The distribution laws of Rayleigh, Rice and
Hoyt are the specific cases of the Beckmann dis-
tribution. Thus, the probability of the aircraft
position in an area of gate can be computed us-
ing the Beckmann distribution as the given dis-
tribution comprises all the plausible benchmark
cases for the distribution of aircraft positioning
error. The development of models for the param-
eter estimate of the Hoyt and Beckmann distri-
butions for the ADS-B data validation by the
gating technique is the subject for further re-
search.

Conclusion

The paper considers the algorithmic tech-
nique of the ADS-B data validation based on
gating. Errors of determining coordinates were
found relatively the point of extrapolation which
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(7

is the center of gate. Three simplest benchmark
cases, which might occur when determining the
aircraft position by ADS-B, were considered.
The algorithm of the derived data validation was
proposed. The estimate based on the Rayleigh
distribution is obtained in the first phase. If the
parameter b does not exceed the bounds of the
tolerance limits, a conclusion concerning ADS-B
data validity (the first benchmark case) is drawn
up. If an error exceeds the bounds of the toler-
ance limits, the estimate is obtained via the use
of the Rice distribution. If not tolerated signifi-
cant pilot’s errors with allowable navigation er-
rors (the second benchmark case) are detected, a
conclusion concerning ADS-B data validity is
drawn up, the ATC obtains a message about the
aircraft deviation from the FPR. If not tolerated
significant pilot’s and navigation errors are de-
tected, the ATC obtains the ADS-B data-not-
valid message and the necessity to use other
ATC procedures. The results of simulation es-
tablished that during the estimate based on the
Rayleigh distribution, it is sufficient to accumu-
late 15-20 measurements, which, under the
transmission of 2 messages per second and pro-
vided that ADS-B equipment operates normally,
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will take 8-10 s. During the estimate based on
the Rice distribution, the accumulation of
25-30 measurements is sufficient, which will
take 13-20 s.

The practical research importance is that it is
possible to employ the gating technique for
ADS-B data validation without the necessity to
validate with the aid of SSR or ML. It will ena-
ble regional airports with the low intensity of air
traffic to replace exhausted life-span radars for
ADS-B ground stations (with upgraded soft-
ware), which will yield considerable savings.
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