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BBEAEHWE

CoBpeMeHHBle DeCITHIOTHBIe Bo3myluHble cyma (BBC)
BBIIIOJIHSIOT LIMPOKHUH CIIEKTP 3afad: HabrogeHHe
(pasBenka), HaHeCeHHe YAApoOB, TPAHCIIOPTHPOBKA
IPy30B, BblJaya Lie/leyKa3saHHUM CpefCcTBaM IIOpasKe-
HUS, peTPAaHC/IALMNY JAHHBIX U T. . BeaencrBue 3Toro
BO3HUKAeT HeoOXOLUMOCTh B OPraHHU3ALMH [IPOTHUBO-
IerictBusg BBC, MOTeHIIMaJIbHO CO3JAIOIIMM YIPO3bI
BOEHHBIM, IIPOMBIIIIEHHBIM M TeXHOTeHHBIM 00b-
exTaM. [yt obecriedeHHUsI 3TOr0 HeOOXOAMMO IIpeskie
BCEro IIOBBINIATh 3GPEeKTUBHOCTh OOHAPY>KEHHUS: TaK
KaK MaJble BeTUYHHBI 3QPeKTHBHBIX IIIOIANeH pac-
cessaud (II1P) BBC IUIIAIOT BO3MOKHOCTU IIPUMEHSTH
aKTUBHBIE PaJHOIOKAllMOHHBIe CpefCTBa B HHTe-
pecax UX OOHApysKeHHsI, TO aJIbTEePHATUBOH MOXKET
CTaTh IPUMeHeHHe ITaCCUBHBIX OIITUKO-3/IeKTPOHHBIX
crcrem (IT03C).
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The estimation method for the spatial radiation
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INTRODUCTION

The up-to-date unmanned aerial vehicles (UAVs) per-
form a wide range of tasks: surveillance (reconnais-
sance), strikes, transportation of goods, target desig-
nation for weapons, data broadcasting, etc. As a result,
there is a need to arrange the countering activities
against the UAVs that potentially create threats to
the military, industrial and man-made facilities. To
ensure this, it is necessary, first of all, to increase
the detection efficiency. Since the small values of the
UAV scattering cross-sections (SCS) make it impossible
to use the active radar equipment for its detection,
the use of passive optoelectronic systems (POES) can
become an alternative option.

It is proposed to assess the POES application effi-
ciency by the detection range value of UAVs for a given
detection probability. To assess the performance indi-
cators of POES functioning for UAV detection, infor-
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9¢beXTUBHOCTb HCIIONb30BaHU [103C mpena-
raeTcsi OLleHMBATh BEJIMYMHON JANbHOCTH OOHapy-
JKeHMs C HUX Oomombio BBC mpu 3agaHHOM 3Ha-
YeHUM BePOSITHOCTH OOHapyKeHHs. [T OLleHKHU
nokasartener 3$GeKTHUBHOCTH PYHKIIHMOHHPOBAHMSA
I103C B uHTepecax obHapykeHus BBC Heobxomrma
uHbopmanus o6 ocoberHHocTssX BBC Kak HCTOYHHU-
Kax (peTpaHCIATOpPax) OITHYeCKOro H3JIydeHUs
M XapaKTepe IMIPOCTPAaHCTBEHHOTO PpacCIpeeeHUs
M3/ly4eHHUs] Pa3TH4YHBIX aTMocepHEIX GoHOB (AD).
MeToAbl U pe3ylbTaThl OLEHKH IIPOCTPAHCTBEHHBIX
XapaKTepUCTUK H3AydeHHS AP [0CTATOYHO IIOA-
poOHO HIpHBeNeHBl B psiie HCTOYHUKOB, HAIlpUMep
[1-3], Torma Kak uHGOpPMALIUS 00 ocobernHocTsaX BBC
KaK HCTOYHHKaX (peTpaHCIsATOpax) OIITHYeCKOIo
M3JIy4eHHUs .

CYWECTBYIOWLWME METObl OLLEHKU
MPOCTPAHCTBEHHDbIX CTPYKTYP
MU3NTYHEHUSA NETATEJIbHbIX AIMNTMAPATOB
V3BeCTHBI HEeCKOJIbKO METOJI0B OIIpe/le/IeHUs IIPO-
CTPAHCTBEHHOM CTPYKTYpPhl H3Jy4eHHS JIeTaTelb-
HBIX anmapaTtos (JIA), B ToMm uucie u BBC:

* U3MepeHMe OSHepreTH4UecKoH SPKocTH JIA
B IIpollecce ero IojeTa IO 33aJaHHBIM Tpa-
eKTOpHUSIM. DTOT MeTOJ II03BOJISIeT II0Jy4aTh
MHQOPMAIIMIO O IIapaMeTpax H3aydeHHs JIA
IperMyIIeCTBEHHO B HIDKHIOIO Ionycdepy
U OrpaHUYEHHBIX CeKTopax. KpomMme 3Toro, ais
IIpoBefleHUs TaKHUX HCCIelOBAaHUN Heobxo-
OUMO CJIOKHOe M Jloporocrosiliiee obopymoBa-
HHUe.

* H3MepeHHe 3HepreTU4ecKol SPKOCTH pasMe-
IeHHOIo Ha CTeH/le HelloABHXKHOro JIA ¢ pabo-
TaloLleH JBUraTeIbHOM YCTAaHOBKOM [4]. B 3ToM
clly4yae H3MepeHHe >HepreTH4YecKou SPKOCTH
IIPOBOJUTCS TaKUM 06pa3oM, UTO M3MepHUTe/b-
Hasl allapaTypa IlepeMelnaeTcss BOKpYT JIA 1o
OKpY>KHOCTH. K HemocTaTKaM MeToJa clefyeT
OTHeCTH TO, YTO MHNPaKTHU4YeCKH IIOHOCTHIO
HCKJIIOYaeTCsl BIAMSHHE H3ydeHHUs, 00ycIoB-
JleHHOe a’poJHMHAaMHUUYeCKHM HarpeBoM (MU
OXJIKIeHHeM) 3/IeMeHTOB IIJIaHepa JIA. KpoMme
TOTO, B 3TOM CJlydae, BO3MOJKHO, IOJYYHUTb
UHJIHUKATPUCY H3/1ydeHHUsS JIA TOIBKO B TOPH-
30HTJIBHOM IJIOCKOCTH, B TO BpeMsl KakK s
Habmomatens JIA Tpebyercs wuHopMalus,
0 XapaKkTepe H3/Iy4YeHHs B HUKHIOIO ITonycdepy.

e oIlpefeleHHe IPOCTPAHCTBEHHOM CTIPYKTYpHI
u3nydyeHus JIA Ha OCHOBaHHHU pac4yeToB [5].
K HefgocTaTKaM 3TOTO MeTofa ClefyeT OTHe-
CTH NPUOIMKEHHOCTh M OTPAaHUYEHHBIN 00BbeM
MOJTy4YeHHBIX Pe3y/J1bTaTOB.

il 4

mation is required related to the UAV features as the
source (boosters) of optical radiation and nature of
the spatial radiation distribution from various atmo-
spheric backgrounds (AB). The estimation methods
and results for the spatial AB radiation specifica-
tions are provided in detail in a number of sources,
for example, [1-3], while information about the fea-
tures of UAVs as the sources (boosters) of optical
radiation.

AVAILABLE EVALUATION METHODS FOR
THE SPATIAL RADIATION STRUCTURES OF
AERIAL VEHICLES

There are several methods to determine the spatial
radiation structure of aerial vehicles (AVs), including
the UAVs:

+ radiance measurement of the aircraft during
its flight along the specified trajectories. This
method makes it possible to obtain information
about the AV radiation parameters mainly to the
lower hemisphere and limited sectors. More-
over, such studies require the comprehensive
and expensive equipment.

 radiance measurement of a stationary AV with
an active propulsion system placed on the
bench [4]. In this case, the radiance measure-
ment is performed in such a way that the mea-
suring equipment is moving around the aircraft
in a circular motion. The disadvantages of the
method include the fact that the radiation effect
due to the aerodynamic heating (or cooling) of
the aircraft airframe elements is almost com-
pletely eliminated. In addition, in this case, it is
possible to obtain the indicatrix of the AV radia-
tion only in the horizontal plane, while the AV
observer requires information relating to the
radiation type into the lower hemisphere.

+ determination of the spatial structure of the AV
radiation based on calculations [5]. The disadvan-
tages of this method include approximation and
the limited scope of the results obtained.

DEVELOPED EVALUATION METHOD FOR
THE SPATIAL RADIATION STRUCTURE OF
UNMANNED AERIAL VEHICLES

The main feature of the developed method for esti-
mating the spatial radiation structure is that the UAV
under study is fixed in a specially designed rotary
device with two degrees of freedom (Fig. 1) that pro-
vides a change in the UAV angular position in terms of
the yaw angle () and roll angle (y) in various operat-
ing modes of the propulsion system. Measurements of
the UAV radiation strength are made using a measur-
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PA3SPABOTAHHbIN METOJ, OLLEHKM
MPOCTPAHCTBEHHOW CTPYKTYPbI
M3NTYHEHUSA BECMUJTOTHbIX

BO3AYLWHbIX CYAOB

OCHOBHOII 0CODEHHOCTBIO pa3paboTaHHOrO MeTona
OLIeHKH IIPOCTPAaHCTBEHHOM CTPYKTYpPbl H3/1y4YeHHS
ABJIIeTCA TO, 4YTO Hccnenyemoe BBC ¢uKcupyeTcs
B CIIeLHaJIbHO Pa3paboTaHHOM ITOBOPOTHOM YCTPOK-
CTBe C JBYMS CTelleHsSMH cBobomsl (puc. 1), obe-
CIIeYMBAKOIIEM M3MEHEHHE YIJIOBOIO II0JIOKeHHEe
BBC B IPOCTPaHCTBe IO yIJly PBICKaHbs () U yriy
KpeHa (y) IIPH Pa3sIHMYHBIX PeKHMax paboTsl JBUTra-
TeJIbHOIK YCTAaHOBKH. M3MepeHHUSI CHUIBl H3Ty4eHHS
BBC 1mpou3BOAATCS MPH IIOMOIIH H3MEPHUTE/IbHO-
BBIUMCJIUTENIBHOIO KoMIleKca (MBK) B pasniuvHble
BpeMeHa CYTOK W Troja IIPH Pa3IMYHBIX METeOyCJIo-
BHUSX, KOTOpble QUKCHUPYIOTCS C IIOMOINBIO IT€PeHOC-
HOM MeTeOCTaHIIUH.

PagromeTp M3 cocTaBa MBK ycTaHaBiIuMBaeTCs Ha
IITAaTUB, II03BOJISIIOIIKI HAIIPaB/ISTh ONTHYECKYIO OCh
panuomeTpa Ha BBC (puc. 1), mpudeM paccTosiHUe D
MeXy paguoMeTpoM U BBC BbIOHpaeTcst TaKMM obpa-
30M, YTOOBI B I10JIe 3PeHHUSI PAIUOMETPa BIIUCHIBAIKCh
BCe BO3MOKHBIE ITPoeKIUU BBC, 4YTO KOHTPOIUPYeTCs
C IIOMOIIIBIO OIITUYECKOI0 BU3Mpa.

JlnaMeTp OKpYKHOCTH d (Ilole 3peHHUs pafHoMe-
TPa) 3aBHCUT OT PAcCTOSIHUSA D MeXAy paJloMeTpoM
v BBC u omrpeensieTcs mo popmyie:

d=2D~tg(82—e),

rae D - paccrosHusa D Mekay paguoMmeTpom U BBC,
d - TMaMeTp I0JIs 3peHHs PaIUOMeTpa,
86 - yroin mosns 3peHHUs pafiloOMeTpa.

@

Puc. 1. Cxema nposedeHus usmepeHul 3Hepzemu4eckol
sapkocmu bBC: paduomemp Ha wmamuee u N08OPOMHoe
ycmpolcmaeo ¢ 08yms cmeneHsimu c60600bi

Fig. 1. UAV radiance measurement diagram: a radiometer on
atripod and a rotary device with two degrees of freedom.
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ing and computing complex (MCC) at various times of
the day and year under various weather conditions to
be recorded using a portable meteorologic station.

The radiometer from the MCC is mounted on a tri-
pod that makes it possible to direct the radiometer
optical axis to the UAV (Fig. 1), and the distance D
between the radiometer and the UAV is selected so
that all possible UAV views correspond to the field of
view of the radiometer that is controlled using an opti-
cal viewer.

The diameter of circle d (field of view of the radiom-
eter) depends on the distance D between the radiom-
eter and the UAV and is determined by the following

formula:
60
i-20.1g(%),

where D are the distances D between the radiometer
and the UAV,
d is the diameter of the field of view of the
radiometer,
80 is the angle of the field of view of the
radiometer.

The multichannel radiometer has the following
parameters:

« working spectral ranges:

3-5 microns and 8-13 microns,

+ field of view width 8§6=24".

Since the radiometer receives a mixture of back-
ground and UAV radiation B,y (y, V), the useful infor-
mation, i.e., the radiance value By,(y, ) is obtained
in accordance with the algorithm by subtracting from
Beuav(Vs ¥) any radiance values of the background area
screened by the UAV glider: By(y, ¥)-k(y, P) (Fig. 2).

The current background parameters are determined
immediately after the UAV radiance measurements
using the same radiometer.

The UAS overlap factor of the radiometer field of
view is determined on the basis of the following
formula:

oy

1.5-2 microns,

S-S, (v,
kp(v,w)=ﬂ,

s, @)

where S, (y, P) is the UAV projection area on the
image plane that is perpendicular to the
direction of sighting, at different observation
angles.
Spis the area of the radiometer field of view
at a distance D, determined by the following
formula:

3

-n-D*-t
T g 7

3)
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MHorokaHalapHBIN pafiioMeTp objamaeT caenyio-
IIMMHU IIapaMeTpaMHu:

+ paboumne crieKTpaabHble IHAIA30HBL: 1,5-2 MKM,

3-5 MKM U 8-13 MKM,

* IIMPHHA 0/s 3peHus §0=24".

Tak Kak Ha palHOMeTp IIOCTyIIaeT CMeCh U3/1yueHUs
dona u BBC Byppc(y, P), BbEIEHUE T1071€3HOU HHOOP-
MallMK, T.e. BeJIHYHHBl 3HEPreTUYecKok SPKOCTH
Byspc(Y, P), OCYLIECTBIAETCS B COOTBETCTBUU C aJIro-
PUTMOM, IyTeM BBIUUTAHUS U3 Bypp(Y, P) BETUIHHDL
3HepreTU4eckol SPKOCTH ydacTKa poHa 3KpaHHpye-
Mmoro mtanepom BBC: By(y, $) -k (y, §) (puc. 2).

Tekyuiue mapameTpbl GoHa OIIpeleNsIoTCS Cpasy
Ke TIoCjle IIpoBelleHHs] M3MepeHHE 3HepreTH4ecKol
spKocTH BBC ¢ MOMOIIBIO TOT'O SKe pafHoMeTpa.

Kos¢pdpunuent mnepexpreiTusi BBC monst 3peHUs
paZroMeTpa oIlpelesiseTcsl U3 BBIpakKeHUS

Sn - Snp(Y’ W)
s )

o

ke (v, w)=

rme Snp(y, ) - rtomaap mpoekuuy BBC Ha KapTHH-
HYIO IIJIOCKOCTb, TIePIIeHAUKYJISIPHYIO HaIlpaByie-
HUIO BUSHPOBAHUS, IIPH PA3THYHBIX PaKypcax
HabIomeHus.
S, ~ IUIOIIA[b OISl 3PeHUSI paIMOMeTpa Ha Jalb-
HoCTH D, omipefesnsiemas 1o Gopmyiie:

nd® 30
S = 2
n=7 g 3)
DHepreTuyecKas sipKocTb GoHa (pu Hanuuuu BBC)
B TI07Ie 3peHHus pasuometpa By(y, ) paccunThiBaeTcs
1o popmyie:

By (Y, ¥)=By(y, ¥)-ky(y, ¥), (4)

rze By(y, P) - sHepreTrUecKas SPKOCTh TeKyIero poHa
(an OTCYTCTBUH BBQ).

ITpu K3BeCTHOM (GOHOBOL COCTABSIONIEH H3/Iyde-
HMsl 3HepreTudeckas sIpkocTh BBC II0 OTHOIIEHHIO

K doHy:

Bgpc(Y, §) =B¢EBC(Y’ }) _B'¢<Yr }). (5)

B cnyyae Habmromeuuu BBC Ha 60/1bII0M SAIBHOCTH
(B BUZle TOUEYHOIO MCTOYHHKA H3/IydeHHs), ero cie-
OyeT XapaKTepH30BaTh He 3HEPreTUYeCcKOH SIPKOCTHIO,
a CHJIOU M3/Ty4YeHHS.

IToTok M371y4deHHs] (JIy4UCTBIM IIOTOK), CO3/aBae-
MbIFL u3nydeHuem BBC F(y,{), cBg3aH C u3Mepse-
MOI B TOUKe HaOII0JeHUs I3HEePreTUYeCcKok SIPKOCThIO
Bggpc(Y, P) 3aBHCHMOCTBIO:

F(y, $)=Bgpc(Y, $)-Sy(y, $)-Q, (6)

il 4

BQ)EBCY Lp Q)(Y ll)) BQ)(Y ll)) k V ll)) EBC(V 11))

DO

By, ¥)=By(v, w) By(v, ) ky(y, ¥)

Puc. 2. Anzopumm ebi0eaeHust nonesHol UHpopmayuu
Fig. 2. Useful data separation algorithm

The background radiance (in the presence of an
UAV) in the radiometer field of view By, }) is calcu-
lated by the following formula:

BYY, 1) =Bely, ) kv, 1), ()

where B(y,{) is the radiance of the current back-
ground (in the absence of UAV).

With a well-known background component of the
radiation, the UAV radiance in relation to the back-
ground is as follows:

Byav(Ys ) =Bpyay(y, P) By, P). (5)

In the case of UAV observation at a long distance
(in the form of a point source of radiation), it should
be specified not by the radiance, but by the radiation
intensity.

The radiation flux (luminous flux) generated by
the UAV radiation F(y, ) is related to the radiance
Byav(y, P) measured at the point of observance with
the following dependence:

F(y, ) =Buyay(y, )-S,(y, $)-Q, (6)

where Q is the solid angle occupied by the radiometer
field of view, av.

In addition, the luminous flux can be shown in
terms of the radiation intensity:

S .0
F(Yy‘l’) _ JUAV(Y’W]))Z av Ta ’ @)
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rae Q) - TelleCHBIN yroyl, 3aHUMaeMBbIH I101eM 3peHUs
panromeTpa, Cp.

Kpome TOro, JYIHCTBIH IIOTOK MOKET OBITH BBIpa-
KeH 4epe3 CHU/Iy U3/1yueHHUs:

S .0
F(Y"I’) _ Jne ('Y"V])Dz o6 T, ) @)

rre Jgac(y, ) - cuia usnydenus BBC B 3aBUCHMOCTH

OT yI/Ia HabmomeHus,

T, ~ KO3QPUIIMEHT IPOIyCKAHUS aTMOCHePHI 1)1

MeTeOCHUTYaLIMH, COOTBETCTBYIOIIEH YC/IOBUM

HU3MepeHus,

So ~ IIOLIAAb BXOJHOM allepTyphl

pamxoMeTpa.

[IpupaBHSB BbIpaskeHHUsI (6) U (7), MOXKHO BBIPA3UTh

cuny usnydeHus BBC uepe3 pesynbTaTsl Habmromae-
MOH SHepreTH4YecKOU SIPKOCTH

BBBC(Y?W)'SH(’Y’W)'DZ _

JBBC(YvW)= ST,
_ (B@;Bc (v, W)~ By (Yr‘l’)'kn ('Y"V))' S, ('Y’\V)'DZ )
S06 Ta .

TakumMm obpasom, [ peasH3alUU IPOLIeLYPHI
BBIUMCIEHHUH 110 dopmynam (4-8) HeobXomMMO oIrpe-
JenuTh Ko3QQULIMEeHT IIepeKphITUs GOHA U IIOIALH
[IPOeKUMH Ha KapTHHHYI IIJI0CKOCTh BBC Kak QyHK-
LIMH ero IMPOCTPAHCTBEHHOIO IIOJIOKEeHHUS OT P U OT Y.
ITockoneky BBC pasjHYHBIX THUIIOB OTIMYAKOTCS IIO
KOHQUTYpPALMHU, 3Ty 3aa4y CIeAyeT pellaTh OJIs KaxK-
ZIOTO Cy4as OTHEeIbHO.

BennuuHa Ko3dpdulireHTa mepekprITUsa BBC mons
3peHUst paguometpa ki (y, ) ompesensieTcss HATYPHBIM
MoOJeIHUpOBaHUEM [JIsi HCCIeayeMoro kimacca BBC,
C IOMOUIPI0 IIOBOPOTHOIO YCTPOMCTBA M LHMPOBOMU
doTOKaMepHL:

* B IIOBOPOTHOM YCTPOMCTBe C [BYMS CTeIleHSIMH

cBobonbl 3aKperuisieTcst BBC (pruc. 3),

* 1nubposas poTokamepa pasmelnaeTcs Ha GUKCH-
POBaHHOM YAaJeHHHU OT IIOBOPOTHOIO YyCTPOK-
cTBa ¢ BBC,

e o¢oropurcauuss BBC MIpou3BOOUTCSI Ha ¢oOHe
sKpaHa besioro 1BeTa pasmepom L, xL mpu usMme-
HeHUHM 3HaudeHHUH P oT 0 go 360° depe3 Kaxk-
nple 10° Ipy GUKCHPOBAHHOM 3HAa4YeHHMH Y, 3Ha-
YeHHe KOTOPOTro II0C/Ie IOoNHOro obopora mo |
U3MeHseTcs oT - 180° o 180° uepes 10°,

* IIOJy4YeHHBIe B IIpolecce GOTOPUKCALIUN Kadphl
obpabatriBarorcs (ymansercs GoH B pemaKkTope
1300pasKeHUI B MHTepecax IIOBBIIIEHUSI KOH-
TPacTHOCTH H306paskeHus BBC),

¢ IIPOBOAMTCS OMHApHU3aLMs ITOTYYeHHBIX U300pa-
SKeHUH Ha OCHOBe IIOPOTOBOH 06paboTku (puc. 4).

360 ®OTOHUKA TOM 17 Ne5 2023

where Jy,y(y, V) is the UAV radiation intensity depend-
ing on the observation angle,
T, 1s the atmospheric transmissivity for the
meteorological situation relevant to the mea-
surement conditions,
S,y 1s the area of the input aperture of the
radiometer.

By equating the expressions (6) and (7), we can indi-
cate the UAV radiation intensity through the results of
the observed radiance:

BUAV(Yr\I’)'Sp (Yr‘l’)'DZ

Juav(v,w) = ST, =
_ (Broav(v:¥) = Bua(v:¥) K, (1,9))- S, (v, w)- D* ©
Sav Ta .

Thus, in order to implement the calculation proce-
dure using the formulas (4-8), it is necessary to deter-
mine the background overlap factor and the area of
projection onto the UAV image plane as the functions
of its spatial position from ¥ and from y. Since the
UAVs of various types have different configurations,
this issue should be solved for each case separately.

The value of the UAS overlap factor of the radiome-
ter field of view k; (y, ) is determined by the full-scale
modeling for the UAV class under study, using a rotary
device and a digital camera:

« the UAV is fixed in the rotary device with two

degrees of freedom (Fig. 3),

« adigital camera is placed at a fixed distance from

the rotary device with UAV,

« photographic fixation of the UAV is performed

against a white screen with the dimensions of
L, xLy when the values of { are changed from 0
to 360° every 10° at a fixed value of y, the value of

doToKaMepa
Camera

Puc. 3. Cxema onpedeneHus naowaou npoekuuu 5BC Ha kap-
MUHHY0 NAOCKOCMb

Fig. 3. Determination diagram for the UAV projection area on
theimage plane




OPTICAL ELECTRONIC SYSTEMS & COMPLEXES m

Puc. 4. lMpumep pe3yabmama buHapu3auuu u306pa)<eHus
BGBC Ha ocHose nopozosoli 0bpabomku

Fig. 4. An example of the UAV image binarization result
based on thresholding

[ToporoBast 06paboTKa I03BOJSET Pa3meIUTh MHO-
JKeCTBO ITMKCeJer H300pakeHUSI HA ABa IIOAMHOXKe-
CTBa: cofepsKalliee n3o0b6paskeHHe POHA U COmepsKallue
nsobpaxkeHre BBC. OunIeHHbIe 0T POHA KaAphl HU30-
OpakeHHHr BBC HCIIO/IB30BAIMCh AJIS1 OIpefesleHUs
Ko3pduIreHTa nmepekpriTisa BBC mong 3peHUs pagu-
omMetpa k,(y, P) IIpH pa3sTHUUHBIX paKypcax.

INomcueT KoNMUYeCTBA IHKCeIeH C eIUHHYHBIM
3HayeHHeM N(y, ) (IHKcenu $oOHA) U C HYJIEBHIM -
Ny(y,$) (muKcenm 1enu) IIO3BOJNIMJ PACCUUTATH
K03QOUILIMEHT IepeKphITUSl MPU 33aJaHHOM paKypce
Lenu. [ 3TOro B BBIPLKEHUU (2) BeMIMYMHA S,
3aMeHSeTCsl Ha KOTHYeCTBO IHKCeT0B B OMHapHOM
n3obpakeHUH N:

N=N(y, ) +Ny(y, ).

il 4
NRRREEEY

which is changed from -180° to 180° at an incre-
ment of 10° after a full rotation ¢,

« the frames obtained during the photographic
fixation process are processed (the background is
removed in the image editor in order to increase
the UAV image contrast),

 the obtained images are binarized based on the
thresholding (Fig. 4).

Thresholding allows to divide the set of image
pixels into two subsets: one containing the back-
ground image and one containing the UAV image.
The background-cleared frames of the UAV images
are used to determine the UAV overlap factor of
the radiometer field of view ky(y, ) at different
angles.

Counting of the number of pixels with a unit value
N,(y,p) (background pixels) and with a zero value
Ny(y, p) (target pixels) makes it possible to calculate
the overlap factor for a given target angle. For thi pur-
pose, in the expression (2) the value S, is replaced by
the number of pixels in the binary image N:

N=N1(Y, 1P)+N0(Y, ll))

Then:

N-N,(vy,
kP(Y’\V)= &(Y v

) 1 No(vv) _
-1- N =1-k.(v,v), (9

where k.(y, {) is the coefficient of participation in the
target radiation.

An example of the dependence of the overlap factor
on the UAV angle k(y, p) is shown in Fig. 5.

The UAV projection area S,(y, ) onto the image

Torma: plane, at different angles, was determined by the fol-
lowing formula:
N-N,(v, N, (v,
ka(v,w) = KI(Y vlg "(g v). 1-k,(v,w), (9
Spr(y’ P) = Skp' kUAV(Y’ P), (10)
rae ky(y,{) - KoadPUILMEHT ydacTHsl B HU3TyYeHHH
LIeJTH . Sip=La-Ln,
UHDPAKPACHDIE ®OTONMPUEMHUKMA U UICTOYHUKUA U3NTYHEHWUA = [ & loffe
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Mprbopk! rA30BOr0 aHaNM3a:
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Kanxorpadel (0atimkm CO2) Pabora B HenpepblBHOM pexume (CW)
TennonenedraymMs Cpok crny#Bel: = 100 000 Y,
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TecTMpoBaHWe TEMNNOBU3MOHHbIX CUCTEM

MpedycunuTenu ong GoTogMonos

NMPEMMYILLECTBA
Huakoe sHepronotpebnedue (ceetoamokl) = 01 Br
DOTOBONETAMYECKMI peximM paboTsl (doTogmonb)

TemnepaTypa 3KCryaTauummn; —60 °C + 4120 °C -
000 «ModdellEQ», CaHkT-MeTepbypr, e-mail: Mremennyy@mal[loffe ru

www.ioffeled.com

PHOTONICs vOL. 17 Ne5 2023 361



| m ONTUKO-3JIEKTPOHHbIE CUCTEMbI M KOMNJIEKCbHI
NRRRREEN d LECEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

2
Ky Spp, M

Puc. 5. [Mpumep 3asucumocmu 3HayeHul Ko3gppuuueHma Puc. 6. lNpumep 3a8ucumocmu 3Ha4eHul naow,aou npoek-
nepexkpbimusi om pakypca bBC uuu bBC om pakypca

Fig. 5. An example of dependence of the overlap factor on Fig. 6. An example of dependence of the UAV projection area
the UAV angle on the angle

ITpyMep 3aBHCHUMOCTH 3HAYeHUH Ko3QPHUIIKEHTa Kuav(y, $)=1-k,(y, D),

repeKpaITHs 0T pakypca BBC k(y, ) mokasaH Ha puc. 5.
[Inomanp npoekuuu BBC (v, ) Ha kapTuHHYy0 || where L, - the horizontal size of the screen in the

IUIOCKOCTbh IIPH PA3IMYHBIX PaKypcax OIpenessiach image plane when the UAV is projected onto it;
o opmyre: Ly, - the vertical size of the screen in the image
plane when the UAV is projected onto it.
Snp(y’ P) =S kBBC(Yr P), (10)
SKH = Lr : LB ’
0
10—

kepc(y, ) =1-ky(y, ), 330 o9 T 30

rae L. - TOpHU30HTA/JIBHBEIN Pa3Mep 3KpaHa B KapTHH-
HOM IIJIOCKOCTH IIpU IIPOeKLHH Ha Hee BBC,
L, - BepTUKA/IbHBIN pa3Mep 3KpaHa B KAPTUHHOM
IUIOCKOCTH IIpH IIPOeKUMHU Ha Hee BEBC.

ITprMep 3aBUCHMMOCTH 3Ha4eHHU IUIOMAIN IIpoeK-
uuy BBC Ha KapTHHHYIO IJIOCKOCTh IIPH Pa3/IMYHBIX
pakypcax IoKa3aH Ha puC. 6. [IpuMepsl IONTy4eHHBIX
C IoMoIlbIo (8) 3HAUEHHUH Jgp-(Y, P) B BUIE HOPMHUPO-
BaHHBIX MHIMKATPUC [IOKA3aHBI HA PUC. 7-9.

3AKJIIOYEHUE

ITpenyiosKeH METOZ, ITOTyyeH s [IPUOIIKeHHBIX MaTeMa-

THYeCKHX MOJIe/Ied IIPOCTPAaHCTBeHHOU CTPYKTYPBI U3/1y- 20 150 — 0

yeHust BBC, KoTopble MOTYT OBITh HCITOJIB30BAHBI B Kade- 180 — 25

CTBe HCXOOHBIX JAHHBIX I OLIeHKH 3PPeKTUBHOCTU

peleHwsI 3ana4 obHapyskeHust BBC ¢ momorpro I103C. Puc. 7. HopmuposaHHas uHoukampuca usay4erust bBC
AHanM3 GopM HOPMHPOBAHHBIX UHIUKATPUC U3JIyde- | 8 0UandsoHe 1,5-2 MKm, npu 3Ha4eHusx y=>5°;10°;15°; 20°

Hus EBC r1oKkasbIBaeT, 4To: Fig. 7. Normalized indicatrix of UAV radiation in the range of

* B CIEKTPa/IbHOM JAHaria3oHe 1,5-2 MKM IIpU QUK- 1.5-2 ym, at the values y = 5°;10°; 15°; 20°
CUPOBAaHHBIX yITIaX KpeHa Habmromaercs nyk-
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TyallUK YPOBHEI CHJIBL HU31ydeHHUs (puc. 7), 0by-
CJIOB/IEHHbBIE M3MeHEeHHeM SPKOCTH OTPaskeHHOIo
COJTHEYHOI'0 M3JIy4eHHs OT IutaHepa BBC u, B03-
MO>KHO, BO3HHKHOBEHHSI B OTHEIBHBIX CIy4dasdx
«OTPHULIATEJIBHOI0» KOHTpAcTa KaK pe3ylbTaT
3KPAaHUPOBAHHS OTPAKEHHOIO COJHEYHOIO M3JIy-
yeHHsl oT ob1akoB. Habnmiomaemasi aCMUMMeTpHU-
HOCTb QOPMBI HMHIHUKATPUC H3JTYYEHHUS IIPOSIB-
JI€eTCA B YBeJIHMYEHUH CH/IBl M3y4YeHHs C/leBa,
YTO OOBSICHSIETCS BIMSHHEM H3TydeHHst COMHIA
B XOZle U3MEePeHHH,

* B (CIIeKTPaJIbHBIX JHAIIA30HAaX 3-5 MKM U 8-13 MKM
(puc. 8, 9) QnyKTyauMsi YpOBHEH CHJIBI H3/y-
YeHMs He3HAUYMTeIbHBI, IIOCKOJIbKY B HHX IIpH-
CYTCTBYeT B OCHOBHOM COOCTBEHHOe H3/ydeHHe
BBC. Habnromaemass aCHMMETPHUYHOCTh QOPMBI
MHIUKATPUC H3ny4deHUs BBC obyciosneHa oco-
6eHHOCTSIMU KOHCTPYKTHBHOIO HCIIOJTHEHHS ero
JOBUTaTe/IbHOK YCTAaHOBKH.
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An example of dependence of the UAV projection
area on the image plane at different angles is shown
in Fig. 6. The examples of values of Jy,y(y, ) obtained
using the formula (8) in the form of normalized indi-
catrices are shown in Fig. 7-9.

CONCLUSION
A method is proposed for obtaining the approximate
mathematical models of the spatial UAV radiation
structure that can be used as the input data for effi-
ciency evaluation of solving the UAV detection issues
using the POES.

An analysis of the normalized indicatrix shapes of

the UAV radiation demonstrates the following:

+ in the spectral range of 1.5-2 pm at fixed roll
angles, the fluctuations in the levels of radiation
intensity are noted (Fig. 7), due to the changes
in the brightness of the reflected solar radiation
from the UAV glider and, possibly, occurrence in
some cases of a “negative” contrast as a result of
screening of the reflected solar radiation from
the clouds. The observed asymmetry of the radia-
tion indicatrix shapes is shown as an increase
in the radiation intensity from the left that is
explained by the solar radiation influence during
measurements,
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Puc. 8. HopmuposaHHas uHoukampuca usay4eHus bBC

8 duanasoHe 3-5 MKM, npu 3HayeHusax y=0° 25°

Fig. 8. Normalized indicatrix of UAV radiation in the range
of 3-5 um, at the values y = 0°; 25°
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Puc. 9. HopmupogaHHasi uHOukampuca usay4eHus bBC

8 duanasoHe 8-13 MKM, npu 3HaveHusx y=0° 25°

Fig. 9. Normalized indicatrix of UAV radiation in the range
of 8-13 ym, at the values y = 0°; 25°

Rezul'taty issledovanij prostranstvennoj struktury izlucheniya atmosfery v spektral’nom
diapazone 1,5-2 mkm. Svetotekhnika. 2018;1: 40-44.

MuweHko A. M., Muwienko A. M., Paukosckuii C. C., CMonuH B.A., ikumenko 1. B.
Pe3ynbTaTbl MCCTA0BAHIIA MPOCTPAHCTBEHHOM CTPYKTYPbI U3Ny4eHMs aTMocdepb

B CrIeKTpa/bHOM uanasoHe 1,5-2 MM, CaemomexHuka. 2018;1: 40-44.

3. Yakimenko .V., Mishchenko A. M. et al. Results of spatial structure of atmosphere radiation
ina spectral range (1.5-2) pum research. Light & Engineering. 2018;26(3)7-13.

4. Lukashevich S.A., Uryadov V.N., Podluzhnyj A. 1. 1zmerenie indikatrisy izlucheniya
bespilotnyh letatel'nyh apparatov v staticheskom rezhime. Sbornik mezhdunarodnogo
nauchno-tekhnicheskogo seminara «Telekommunikacii: seti i tekhnologii, algebraicheskoe
kodirovanie i bezopasnost” dannyhw. Part 1. Belorusskij gosudarstvennyj universitet informatiki
i radioelektroniki. 2017:14-18. 1SBN 978-985-543-312-6 (p. 1).

Jykawesuy C.A., YpsoB B. H., MopnydkHbiid A. W. V3MepeHie MHANKaTpuchl U3ny4eris
BecnIoTHbIX NeTaTeNlbHbIX ANMapaTos B CTaTM4ECKoM pexiame. COOpHIK MEXYHapPOAHOTO
Hay4HO—TeXHI4eCKOro cemMmHapa «TeekoMMYHMKALWK: CeTV 1 TEXHONOT W, anrebpanyeckoe
KOZVIPOBAHME 11 6E30MaCHOCTb aHHbIXY. YacTb 1. BeNopyCCKUI FOCyAAPCTBEHHbIIA
VHUBEPCUTET MH(OPMATVKIA M PAINOINEKTPOHNKA. 2017:14-18. ISBN 978-985-543-312-6 (4. 1).

5. PoltavskijA.V.,Zhumabaeva A.S., Yurkov N. K. Algoritm opredeleniya indikatrisy
izlucheniya podvizhnogo obekta na primere robototekhnicheskogo kompleksa bespilotnogo
letatel'nogo apparata. Nadezhnost' i kachestvo slozhnyh sistem. 2015; 3(11):23-30.

MontasckuitA. B., Xymabaesa A. C., FOpKoB H. K. AnropuTi onpeeneHins MHANKaTpucb!
W3ny4eHIs NOABIDKHONO 06beKTa Ha MpyMepe POBOTOTEXHNYECKOO KOMMIeKca becniMnoTHoro
JIETaTe/IbHOro annapara. Hafie)HOCTb 1 Ka4ecTBo CIoXHbIX cvctem. 2015; 3(11):23-30.

ABTOPDI
SikumeHko Wrops Bnagumuposuy, 4. T. H., gou., duanan
OrbOY BO «HaumoHanbHbIA MCCnesoBaTenbckini yHuBepeuTet «<M3U»
B . CMoneHcke, r. CMoneHck, Poccms.
ORCID 0000-0002-1003-8403
Actaxos Ceprei MeTpoBuY, K. T. H., 8oL, puanan ®r6OY BO «HaunoHanbHbIil
ncenefoBatenbekuin yHuBepcutet «M3M» B . CmoneHcke, . CmoneHck, Poccus.
AkumeHKo tOpuit Mropesuy, acn., puanan ®6OY BO «HaunoHanbHbIil
ncenefoBatenbckuin yHusepcutet «M3M» B . CmoneHcke, . CmoneHck, Poccus.
ORCID 0009-0001-2631-5997

364 ®OTOHUKA TOM 17 Ne5 2023

« in the spectral ranges of 3-5 pm and 8-13 pm
(Fig. 8, 9), the fluctuations in the radiation
intensity levels are insignificant, since they
mainly contain the UAV own radiation. The
observed asymmetry of the UAV radiation indica-
trix shapes is due to the design peculiarities of its
propulsion system.
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