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Determining Actual Aircraft Positions
Relative to The Runway Using the Airborne
Redar and Approach Navigation
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Abstract : Thearticledealswith the scientific and technical problem off light safety for light aircraft performing
domestic flights and general aviation aircraft (GAA) when approaching in low visibility conditions and in
absence of an optical visibility usingon-board software and hardware represented bythe airborne short-range
radar (ASRR), airborne computer and LCD display. ASRR basic technical features and functionality are
introduced. The algorithms of determining the aircraft position relative to runway boundaries are described. It
has been established that as a result of processing panoramic radar images (RI) obtained in the ASRR, the
distance tothe runway (RW) boundary and the aircraft heading anglerelative to the runway direction can be
measured, which allows to ensure safe aircraft landing in low visibility conditions and even in absence of an
optical vishility through displaying necessary flight and navigation datain thelL CD display. Thefirst experimental
results of ASRR tests performed on the IKARUS C42 light aircraft of CISC Tehaviakompleks have been
presented.

Keywords: Flight safety, airborne short-range radar, navigation, display, flight testing, measuring the distance
and heading angle, aircraft landing.

1. INTRODUCTION

The Russanamall aircraft market sector has been sgnificantly growinginthelast decadeaongwithrestoration
of regular scheduled domestic flight sandanincrease inthe volume of aviation operations, the potential demand for
whichisrather highdueto largedistances, poorroad networks, increasing consumer purchasing power and aspiration
of active consumersfor mobility.

Oneof theserious problems of smdl aircraft (SA) safety, including both light and ultralight planes, isdetecting
terrains, other aircraft andground vehicles, aswell as boundaries of runways (RW) and taxi ways (TW) when
approaching un prepared airfieldsin low visibility conditionsand evenin absence of anoptical vighility, including
night flights. The existing radar equipment cannot solvethis problemasit cannot beingtalled in light aircraftsdueto
itslarge 9zeand expendveness. The solution suggested to solve this problemisusing anew compact and low-cost
airborneshort-range radar (ASRR) on SA planes.

ThefeaturesdistinguishingthisASRR from other radarsareasfollows:

» Highratefor obtaining data(similar to optic sensors);
* High distanceresolution (about 1 m) andazimuthal resolution (1 degreeor less);
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» Smadl weight and Size, low power consumption;
» Canbeingaled onawiderange of SA andunmanned aerial vehicle (UAV) aircraft;
The pricefor the above advantagesisreasonable limitation of theASRR range. Such radarsare not presented
inthemarket [1]. Theissuesof creating theA SRR meeting theserequirements have been described inworks[2-9]
relating to anautomotive radar and afire helicopter [10].

2.BASICASRR TECHNICAL FEATURES

ASRR isapanoramic millimeter-wavelength radar consisting of two functional modules: external—radar type
andinternal —anadog-to-digital type with adigital information exchange busconnected with apower cable. Figure
1 showstaking off of IKARUS C42 of CJSC Tehaviakompleks (Russia) withtheinstalledA SRR, performedin
test flights

Fig. 1. IKARUS C42 with the installedASRRduring testing.
Basic technical featuresof the experimental ASRR modelareshown in Table 1.
Table 1. Basic ASRR technical features

I nstrumented range, m 20-1500
Rangeresolution, m 15+3

Azimuthdl resolution, degree <1

Operation frequency, GHz 39

Radiation power, mW 30-50

Antenna dotted waveguide
Antenna coverage sector inthe azimutha plane, degree *+ 60
Antennacoveragesector inthe elevation plane, degree fromO (up) to —12 (down)
Number of data pointsin aradar image (256 % 512) per shot

Power consumption <100 W (12-24V circuit)
Data updating speed, Hz 5+ 10
Daaoutput formet 1 Ghit/sEthernet

Radar weight (antenna+ transceiver), kg

Not morethan 10
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The aboveASRRtechnical featuresand functionality ensureperformance of thefollowing tasksin
low visibility conditions(dusk, fog, drizzle, snow, smokeetc.) :
 Control of airspacefor aerial objects (helicopters, airplanes, paragliders, etc.) andhigh surfacefecilities
(transmitting towers, plant chimneys, high-rise buildings, etc.), and establishing coordinatesof these objects
» Generation of thedetailed highly informative radar image of the surface (mapping) alowing to make
navigation aircraft postionfixation based on aradar map and searchforalanding area
* Detection of fixed obstacles and moving vehicleson the runway and TW when landing and taxiing.
TheASRRensuresgeneration of radar dataobtained to be displayed on apilot’s multimodedisplay inreal
time.
Inadditiontostructural issues, improvement of theautomotiveradar (airborneverson of short-
rangeradar wasdeveloped on itsbase) to provideair craft safety must be madein two directions:
1. Increasing theoperating range (dueto ahigher speed of light aircraft, compared to avehicle).
2. Cregtingdgorithmsfor reprocessing of generatedradar images(RI) inreal timeto ensure proper gpproach,
driving ontherunway and taxiwaysinlow visibility conditionsand in absence of anoptica vighility.
Thealgorithmsfor detecting arcraft postionsrelativetorunway boundaries and evauation of itsheading anglefor
pilot’s adequate perception of the Stuation, aswell asfor interactive (or automated in caseof UAV)aircraft control
when landing are described below.

3. METHODOLOGY FORDETERMININGAIRCRAFT POSITIONSRELATIVETOTHE
RUNWAY

Geometrical relationshipsclarifying visibility proceduresare shownin Figure 2.
3
Y

Y1

Fig. 2. Task geometry. Aircraft positionwhen landing.

Theantennabeamnarrow inthe azimuthal plane performscanning, consstently taking the position characterized
by theangle Q4 t = 0. Azimuth anglesare counted fromthe OY axis|eft to right to therightrunway boundary.

The ddlay time of asignal reflected from the runway boundary is measured for consistent beam positions
01, 62,...0,.
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Weintroducetheagorithm alowing based ondata obtained fromtheradar to determine the distance fromthe
arcraft to therunway boundary. Theradar makes measurementsinthe coordinate system (0XY') fixed with aircraft
construction lines. Thehighly detailed radar image generated by theradar [5] alowsto determine not only the
distanceto the runway boundary but aso the angle characterizing aircraft orientation when landinginrelation to the
runway.

We assume thatthe runway boundarymight be approximated with astraight line determined by the equation
() inthecoordinate system of theradar (the origin of thecoordinate systemisfixed with the aircraft).

Xcoso, + ysino—p = 0 (@)
where o, — angle betweenthe runway boundaryandthe OY axis, p—distancefromthe boundary to theorigin of the
coordinate system, xandy— coordinates of an arbitrary point onthe Rl plane.

Figure 2 showsaircraft postion when landingin the coordinate systemfixed with aircraft construction lines.
Therunway boundaryisindicated with lineAB.

Theradar scansthe spaceinfront of theaircraft and measurestherange R andthe angle 6 of obtained sgnas
reflected fromthe runway boundary.

The equation characterizing the OA lineinthe XOY plane canbewrittenintheformsmilar to (1):

xcosh —ysind = 0 2

“-” dgnineguation (2) is provided due to the fact that samples of angle and are calculated in different
directions.

The coordinatesof point A—point of crossing of two straight lines, are defined fromthe smultaneous solution
of (1) and (2):

y.sin(a) + x.cos(a) — p=0
{ y.sin(a) + x.cos(a) =0
Bl Cl Cl Al
X, B, 0]_ _p.sinel Ly, = 0 A f_ _p.cosel 3
A, By sn(0,—a) A, By sin(6,—a)
A, B, A, B,

and thusthe distance fromthe originto the point A(x,, y,) isthedetermined intheform:
R, = \/><f+yf=Wp_a) 4
Asequations (3),(4) include unknown variables p and a., the variables R, and 0, must be measured once
againand,
R, = X5+y5:Wp_a) )
Thus, to determine these unknown parameterspand,the simultaneous solution of equations (4) and (5) is
necessary.
If wetaketheratio AX/Ay, where:
AX = X,—X; =R,8n0,—R, SN0, (6)
AX =Yy,—-y, =R, c080,—R, sin0, (7)
the equation to calculatethe required parameter o, will be asfollows:
o = ardg (&JE R,sin®,—R,sing, 9
Ay ) R,c0s6,—R,cos6,
Thedistanceto therunway boundary pis calculated when substituting(6) and (7) in(4) and (5):
p=R;sn®,—a)=R,sn(6,-a) ©)]
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Measuring two distances R, and R, and corresponding angles 0, and 0, allowsto determine the parameter
o caculated through equation (8) and characterizesthe angle of arcraft axisdeviation fromtherunway directionin
the XOY plane, and the distanceto its boundaries can be calculated usng theformula (9).

4. ALGORITHM FORMEASURING THE DISTANCE TORUNWAY BOUNDARIESAND
DETERMININGTHEHEADINGANGLE

The above methodsfor measuring runway boundariesandheading angle are used in the multi-channel detector
of the runway, the algorithm of whichis described below.

Eachi-th channel of the detector isRI range section.

Thetask of measuring the distance torunway boundariesand determining the deviation angleisto determine
the distanceto the runway boundaryin all sounding directions 6 and to subsequently make statistical calculation of
required parametersp and a.. Thistask can bedividedinto thefollowing stages

L L
1. Therangeof thealowed valuesof pisset: p € [7“" nL, + 7“"} a €[-10°,10°]. Thisrangeissdected
based on priori data.

2. Theangle isexpressed through radar technical features 6 =6, [Nl —%] , Where,,, —scanning
X
sector, N, — number of soundingperiodswhile monitoring the sector, N — RI azimuth section number.

3. Range search borders depend on the channel number

DR(N) = ap (10)
[e [Nljj
Ni, 2

4. Theazimuth coverageisdivided into searchsectorsfor theleft and right runway boundary.

Ne|0,| arcsin “Pnin +ocmax+evﬂ No | arcsin| e +amm+evﬂ h,NTX (11)
Rmax 2 eview Rmax 2 eview

.| =P min Ouien | Nox
S, = | O] @CSIN| o= o O =% |7 | —left boundary serach sector

max view

S = uarcsin[ [;:—max ]+ O + (%GNJANGJ , Ny ] —right boundary serach sector
max CK

Asaresult,the area,wherethe distance torunway boundariessmeasured (Figure 3), is selected inthe radar
image.

R v v . :
R
Search borders Search borders
200} 1 200}
100f . 100
........................... "IN Tt — N
(] S0 100 - 150 200 250

Fig. 3. Search area forrunway boundaries (The proximal search area boundary is identified with
dotted lines, the distal boundary — with the solid line).
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1. Thevaluesof p , pg, o are calculated usingestimates of distances to the runway boundaryin
channels (R).

. N 1
N R) =R sin| 0,0, [ -2 4
pR( | I) | [V' {N3U Zj OLJ
. N, 1
N, R)=-R,sin| 0,,, | —/—-= |+
pL( i ) [ (NSU 2} QJ
RiSin eview NI _1 _Ri—ls-n evieN |7—l_1
Ni 2 Ny 2
Ri cos evie/v NI _1 _Ri—l COos evieN -1 _1
N 2 Ny 2

6. Cdculation of average vaues mand mean square deviations o for estimated valuesp and a..

a(N;, R;) = arctan

M6l = £ PN, R MIa] =~ 3 alN,, R,) (13)
olp] = \/%i(p(Nn, R,)— Mp])? ofa] :\/éi(a(Nn, R,) ~ M[o])? (14)

7. Anomaouspoint filtration.

Sincetherunway widthis congtant, we can makethe R' samplefromtheR array based onthe following
criterionp, —M[p] <o

R M[p] <o s R' (15)
8. Determining extrapolated values p and o to estimate these valuesin thenext Rl frame
pe[M[p] —n.o[p], M[p] + n. o[p]] (16)

a €[M[a] —n.o[a], M[a] + n.o[a]], todetermine pandin thenext frame.

Thus, asaresult of RI processing,the distanceto the runway boundary (radia outbound or radial distance),
runway widthand aircraftheading anglerelative to the runway direction canbe measured intheradar, which allows
to ensuresafelanding inlow visibility conditions and evenin absence of an optical visihility.

5. RADAREXPERIMENTAL DATA

Theairborne short-rangeradargenerates ahighly detailedradar image (RI). The Rl samples obtained through
theASRR inlive experimentsin summer, fall and winter 2015 are shownin Figures4 and 5.

Figure 4 shows synchronousvideo and radar runway imageswith the autogyrotaxiing for take off (shownasa
ydllow circle). Theimage was generated fromthe surface. Thereisalso astationary vehicle (shownasared circle)
and aperson (shown asabluecircle)intheRI. Detecting stationary and moving objectsusing theASRR, including
such small objectsasaperson, alowsto significantly reduce therisk of flight accidents.

Figure 5 showssynchronousvideo and radar runway images obtained inthe air whenflying over therunway.
TheRI clearly showsthe runway boundary, buildings, etc. The aircraft position and the heading angle can be
estimated using thisradar data, but arelevant algorithm should be used for this purpose.
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Fig. 4. Radar and video image of the runway with the autogyro obtained from the surface.

Fig. 5. RI and optical image of the runway obtained in flight.

6. FORMAT OF DISPLAYING NAVIGATION DATATOTHE CREWWHENAPPROACHING

For the purpose of navigation and pilot age when approaching,variousindication options can beused, which
canboth displayacomputerized runwayimage and display coordinatesof the runway orgli depath relativeto the
arcraft inthe LCD display using specia symbolsincluding directing sgnals. Both of the above providethe pilot
with the datarequired for safe aircraft control when approaching and landing inlow visibility conditionsand in
absence of anoptica vishility [11].

Figure 6 showsthe symbolsofthe display modein thewindow “Navigation to therunway threshold”, which
displays aheading angleto therunway threshold, radial distanceto the runway threshold, landing heading and
current linear deviation (LD)fromthe runway axisto the pilot.
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Wiand Weurrent

\ - Displayed linear lateral deviation from the glide
path (LD)

- Digitized aircraft heading range

<: - Landing heading

<€ - Heading to the runway threshold

RDRW=1.5km -Radial distance to the runway threshold

Fig. 6. Window “Navigation tothe runway threshold” implementedin a display mode
in the LCD display whenapproaching.

At that, the parametersof graphic display of the LD value fromthe runway axisarelimited depending onthe
actua LD according to the chart showninFigure7.

LD*
Y‘ —
|
//x R LD
Y* = R/2, R- headingrange radius X * =100 m orR/2 * mapscale

Fig. 7. Limited physical display of the LD value from the runway axis.

Thefollowing parameter sfor displaying “ control commands’in the LCD display can beprovided in
thecommand mode of landing on theair fieldselected:

* intendedtrack;
* |anding heading;
* current linear deviation (LD) fromtherunway axis,
» desredtrgectory deviationinavertical plane;
* desredtrgectory deviationinahorizontal plane.
Trangtionto alanding modeisperformed either manualy or automeatically under the following conditions:
« differencebetweenthe current track andlanding heading of the runway doesnot exceed+ 60° (to be adjusted
based onfurther tasting);
» LD fromtherunway axisist 1.5 km (to be adjusted based on further tasting);
* distanceto therunway thresholdiswithin 300 — 1500 m (to be adjusted based on further tasting);
* current relative height (H.,) depending onthe distanceto the runway iswithin thefollowing range:
D, 191° <H <D, tgo, where0 — glide path sope vauemultiplied by 1.1. H
Two approach modesareprovided in acomplex :
* usingsignasgeneratedinacomplexbased ondata of the air channdl and satellite navigation system (SNS)
with the computerized runway imageonthe LCD display;
 using Sgnasgenerated fromtheASRR.
Thisensured pre-landing maneuvering and generation of Smilar commands of deviationsfromthe predetermined

track andglide path angles, smilar to the airborne complex operating mode when usinglanding tools (ILS, MLS,
PRMG).
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Note: MLS ensuresthe preset azimuth andelevation)

Theairborne complex generated the following control sgnalsinthe landing mode:

» calculated deviationse, fromthe desired track;

* calculated deviations ¢, fromthe presetglide path sope angle;

* distanceto therunway threshold.

Theaircraft control inthe vertical planeis performed based on the deviation of a horizontal position bar
generated withthe signal and the control inahorizonta planeisperformed based onthe deviation of avertical bar
withthesgnd .

The calculated values of adeviation fromthe preset track andglide path slope angle values, and thedistance
to therunway threshold are calculated inan airborne complex using two methodsin ascending priority:

* based onthedataof integrated processing of coordinates, speed, height (if thereis SNSwhen working in
adifferentiad and non-differential mode), relative barometric dtitude fromtheair datasystem (ADS) and
radio dtitudefromthe RA (after passing front runway threshold),

* based onthe data obtained fromimaging sensorsand modified to geographic coordinates.

The caculationsare madetaking into account runway centerline coordinates, glide path dope angle, runway
length and PZ approach track (database information).

Uponreaching the height of 50 m (to be adjusted based on further tasting) in the automatic landing mode the
airborne complex displaysthe “ Decision Height” featurein the LCD display. Conditionsand transition to the
“Reapproach” modewill be additionally described.

When using the computer vision system (CV S) the airborne complex can generate an improved synthetic
image providing the crew with the runway image more complete formwith additional information on distancesto
special markerson the runway based on datafromtheradar [11].

To generate the runway 3D image, special scientific software (SS) of the converter has been developed,
which alowsto covert datafrom ARINC 424 format and from shape filesinto binary fileswith the airborne
specidized structure[12]. Integration of runway rangesinto 3D-ranges of terrain and application of aspecial
textureimitating the surface of ared runway to runway ranges, asshowninFigure 8, are performed inthe synthesized
vison modeSS.

g
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Fig. 8. Example of runway synthesized image.

Theergonomicevaluation of resultsobtained showed thet display of reletive rurway postion datawith generation
of 3D runway image helpsthe crew to navigate in space which positively affectsthe psychophysical state of the
crew and thusimprovesflight safety [13].

Figure 9 below shows display formatsimplemented in the approach and landing mode based on datafromthe
ASRR, database information and datafromthe SNS with application of the window “Navigation on the runway
threshold”.
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RDRW =15 km
Fig. 9. Window “Navigationonthe runway threshold”.

Thedisplay of thereference gpproach trajectory in thedirecting mode of approach ontheairfield selected is
showninFigure 10.

Fig. 10. Display of the reference trajectory, command bars and velocity vector on the 3D shot.

7.CONCLUSON

Thisarticle has demonstrated that inorder to ensure safety of thelow-level flight and landing of thelight SA
arcraft inlow visibility conditionsand in absence of an optical vighility the panoramic forward visionradar with
high space resolution mustbeused onboard the aircraft.

It hasbeen proved that it istechnically possibleto instal the airborne short-rangeradar (ASRR) onboard the
small aircraft (SA). Theexperimental ASRR model hasbeen created by the group of specialistsfromthe Moscow
Aviation Ingtitute (National Research Universty).

It has been shown that asaresult of processing radar images (RI) obtained intheASRR, the distanceto the
runway boundary and heading angle of the aircraft relative to runway landing heading can be measured, which
alowsto ensure safelanding inlow visibility conditionsand in absence of anoptical visibility.

During flight testing, the experimental ASRR model hasproved to be ableto detect moving objects, stationary
obstacles, runway boundariesand taxi ways(TW). Flight testing haspre determined implementation of theASRR
inautomated light SA arcraft control systems.

For the purpose of control automation,the multi-channel tracking unit measuring the distance to runway
boundaries and the heading angle has been developed using priori data on the nature of the runway boundary, asa
digributed target.

For the purpose of navigation and pilotage,theindication option hasbeen introduced which isdisplayed inthe
LCD display and providesapilot with datarequired for safeaircraft control when approaching.
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Theresultsprovided in thisarticle have been obtained when performing applied research sponsored by the
Ministry of Education and Science of the Russian Federation under Agreement N0.14.579.21.0051 of September
16, 2014.

Theapplied research unique identifieris RFMEFI57914X 0051.
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