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Pe3tome. 3anaua oOHapykeHHs W HaOMIOACHUS OOBEKTOB OBITA M OCTAeTCS AaKTyaJlbHOW IO
ceromHsAIIHNK aeHb. OpHa W3 BaXKHEHIIMX 334a4 PAa3BUTHUS PaTUOJOKAMKM — YJIYYIICHHE
pacro3HaBaHus IIeJiel, KOTOPOro MOXKHO IOOUTKCS IByMs criocobamu. Bo-miepBbix, yCTaHOBKOH OoJiee
MOIIHBIX PAAMOIOKALMOHHBIX CUCTEM, YTO BECbMa JOPOTOCTOSAIIE M TPYAHOBBIIIOIHUMO B YCIOBHSIX
OTPaHUYEHHOI'0 NPOCTPAHCTBA, HAIpUMEpP, Ha camoiieTax. M BO-BTOpBIX, Ka4eCTBO NMPUHUMAEMOTO
CUrHaja MOXHO YJIy4YlIUTb C HNOMOIIBIO MAaTEeMAaTHUYCCKUX MCETOJ0B, YTO IMO3BOJIACT 3HAYHUTCILHO
COKOHOMUTh Ha YCTAHOBKE JONOJHUTENBHOro obOopynoBaHus. OOHOH M3 OCHOBHBIX HpoOiieM
pacro3HaBaHusl ABISIETCS TOT (AKT, YTO IO MOIY4aeMOMY paJapHON CHUCTEMOW CHUrHaily ObIBaeT
3aTPyIHUTEIBHO OMPECITUTh KOJIMYECTBO U YIIIOBOE pacioioxkeHue neneil. Jlanayio npobiemMmy MOXKHO
PEIINTE C TIOMOIIBIO BEHBIET-TipeoOpa3oBaHui. DTOT METO TO3BOJISET PEOIONIETh KpUTEpHil Parmes,
TO €CTh [aeT BO3MOXKHOCTb MOJYYHUTh YIJIOBOE CBEpXpa3pelieHue (IMpeoosieTh KIACCHUYECKU
JUQPaKIMOHHBIH Ipeet MPOCTPAHCTBEHHOTO pa3petieH s, cHhOKYyCUPOBAHHOTO JTHH301 H300paskeHHs,
COCTaBJIAOLICTO BEJIMYMHY MCHCC ITOJIOBUHBI AJIMHBI BOJIHBI I/I3J'Iy‘-ICHI/I$I). B cTathe Ha MaTeMaTHUECKOM
MOJENM PaJNOJOKALMOHHON CTAaHIMU NPEACTAaBICHBI PE3yJbTaThl YMCIEHHBIX KCIIEPHUMEHTOB IIO
JOCTHIKCHHUIO CBCPXPA3pPCHICHUA aJ'IFC6paI/I‘IeCKI/IMI/I MCTOJaMH IPHU 3HAYUTCIBHOM YPOBHE IIYMOB.
PaCCManI/IBaeTCSI MMPUTOAHOCTE HCIIOJIB30BaHHA PA3JIMYHBIX THUIIOB BCfIBJ'ICTOB, a UMCHHO, BEUMBIIET
Xaapa, CHMMETpPUYHBIH BeliBneT Xaapa, u \Wave-BeiiBier.

Kntouesvle cnoea: BeliBneT-mpeoOpazoBaHNe, KOMITBIOTEPHOE MOJIEIIMPOBAaHUE, CBEpXpa3pelleHue,
ITOMCK IIeJIeH, MMHTAI[NOHHAS MO/ICIIb.
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characteristics with the aid of a mathematical radar model
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Abstract: The task of detecting and observing targets has always been relevant. One of the most
important objectives of radar development is to improve target recognition. There are two ways to
achieve this — firstly, the installation of more powerful radar systems, which is very expensive and hard
to implement under the conditions of limited space, for example, on airplanes; secondly, the quality of
the received signal can be enhanced with the aid of mathematical methods, which allows to considerably
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save on setting up additional equipment. One of the main problems of recognition is the fact that the
number and angular location of targets can be difficult to determine from the signal received by the radar
system. This problem can be addressed by employing a wavelet transform. This method enables to
overcome the Rayleigh criterion, that makes it possible to obtain an angular super-resolution (to
surmount the classical diffraction limit of the spatial resolution of an image focused by a lens that is less
than half the radiation wavelength). The article uses a mathematical model of a radar station to present
the results of numerical experiments to achieve super-resolution by means of algebraic methods at a
significant noise level. We examine the suitability of utilizing different types of wavelets, namely the
Haar wavelet, the symmetric Haar wavelet, and the Wave wavelet.

Keywords: wavelet transform, computer modeling, super-resolution, target search, simulation model.

For citation: Shchukin A.A. , Pavlov A.E. Conducting numerical experiments to evaluate detection
characteristics with the aid of a mathematical radar model. Modeling, Optimization and Information
Technology. 2022;10(1). Available from: https://moitvivt.ru/ru/journal/pdf?id=968 DOI:
10.26102/2310-6018/2022.36.1.016 (In Russ).

BBenenune

[Ipu paborte pamapoB Ha 3HAYUTEIBHBIX JATBHOCTSAX, T. €. MPH MaJBbIX OTHOIICHHSIX
curHai / ryM, MOTYT BO3HHKHYTh 3aTPyJHEHHUS B ONPEICICHUM KOJMYECTBA U YIIIOBOTO
pacmioniokeHust HaOmromaembix 1meseid. CymiecTBYIOT pas3IMYHbIE CIIOCOOBI MOJTYYCHHUS
YIJIOBOTO CBepxpasperinenust — meron Keiinona, meron temsiooro nryma, MUSIC (MUItiple
Slgnal Classification), ESPRIT (Estimation of Signal Parameters via Rotational Invariant
Techniques), u np. Ho takue meromsl, kak MUSIC u ESPRIT ucrnonb3yroT y3KOMOJIOCHBIE
CUTHaIBI, W  HE  O(O(PEeKTUBHBI  TPH  HWCIOJB30BAHWM  IIMPOKOMOJOCHBIX U
cBepxumpokononocHsix curaaioB (UWB - Ultra-Wide Band). Muorue u3 3THX METOJIOB HE
SIBIITFOTCS.  JIOCTATOYHO J(PQPEKTUBHBIMH W YHUBEPCAIBHBIMH, TaK KaK TIPU OTHOIICHUU
curHa/mym Menee 20 nb Bo3HuKalOT OmMOKM B penieHMU. Takke [Talleko HE BCe
MIEPEYUCIICHHBIC METO/bI MO3BOJISIFOT pellaTh JBYMEpPHBIC 3ajaud. B craThe mpencraBicHa
MaTeMaTHYeCKasi MOJIENIb TOJIy4aeMOro pajapoM HMMITYJbCHOTO CHUTHAla, OTPaXCHHOTO OT
JIIBOMHOW 1IeTH, W TpeuioxkeHa nudpoBas oOpaboTka CUTHANIA, MO3BOJISIONIAS JTOCTHYb
YIJIOBOTO CBEPXpa3pelieHus ITHX IeNiel B peKUMe peaTbHOr0o BpEMEHH.

ITocTanoBKka 3aga4u

HpI/IHI/IMaCMHﬁ CHUTHAJI TP CKAHUPOBAHUU TTPCACTABIIACT coboif HUHTETpaJl CBCPTKHU:

U(a):= [, F(a—x) xI(x)dx, (1)

riae F(x) — muarpamma Hanpasiaennocts (JJH) cuctembr Habmr01eHNS,
() — o65acTh pacroyioKeHUs] UCTOYHHKA,
I(X) — yrmoBoe pacmpenereHHe aMIUIMTYAbl MCTOYHUKA CHUTHANA, KOTOPOE MOMIJICKUT
OTIpeIeNIEHUIO.
Llenbto uccnenoBaHus sBIsETCS pa3paboTka aIroOpuTMOB IHPPOBOH 00pabOTKH
CUTHAJIOB ISl OJTYYEHHUSI YTIIOBOTO CBEPXpa3peIieHusl.
3amaya MCCIENIOBaHMS — BOCCTAHOBUTH YIJIOBBIE pACHpENENeHUs aMIUIUTYIbI
OTPaXEHHOTO CHTHaja 1O W3MepeHHOMY curHaiay U(a) ¥ M3BECTHBIM XapaKTEPUCTHKAM
YIJIOMEpHOW cucTeMbl. Jliast 3TOro HEOOXOIUMO TMONYyYUTh MPUOIMKEHHOE pelleHue
JMHENHOro HHTEerpajibHOTO ypaBHeHUs! dpearonbma nepBoro poja tuma cBepTku (1).
[TonydeHune yriioBOro cBepxpa3peuieHus ¢ MmoMoubio nugpoBoit odpadorku U(a)
MIPEACTABISIET COOO0M perieHrne 0OpaTHOM 3a7auH.
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[Ipu oOpaboTke HCMOIB30BaHO BelBieT-IpeoOpazoBanue [1-4]. Jlns BbIsIBIEHUS
BIIUSTHUS XapaKTepa UCIOIB3YEMOTr0 BeBIIETa HA KOHEUHBINM PEe3yabTaT HCIIOIB30BAHBI 3 THIIA
MaTEPUHCKHUX BEHBIICTOB:

- BeiiBner Xaapa, kak HaubOojee MNPOCTOW THUN BeMBieTa JUIsl JalbHEHIIETO

CpaBHEHUS,

- CummMmeTpuuHbld BeWiBleT Xaapa /i BBISBICHHS BIHMSHHUS Ha pe3yiabTaT
YBEJIMUEHUSI pa3Mepa HEHYJIEBOM BENMYHMHBI MPU HCIOIb30BAHUM HETTAJAKUX
BCUBJICTOB;

- Wave-BeliBneT [J1s1 BBISIBIICHUS IPEUMYILIECTB UCIIOIb30BaHUS IJ1aIKMX BEHBIIETOB.

JlJis OIeHKM KayecTBa pe3ysibrara OyIeT MPOBEPATHCS BO3MOXKHOCTh AITOPUTMA
peoaoseTh Kpurepuil Pases npu nomydeHUH cBepXpa3perieHus..

MeTOJILI, HCII0JBb3YyEMbIE€ B UCCIICAOBAHUU

Jlist 3aaHust MOJICIIA JIBOMHOM 11€)IH, TIpeICTaBIeHHOM Ha Pucynke 1, Oblna
UCIIOJIb30BaHa CUHYCOMIaIbHas GyHKIuUs (2), T1e a — yroi B paauaHax [5-6].

I(a):=if(la] < 0.2,100 - sin(19.5 - a)®°, 0) (2)
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Pucynok 1 — I'padrueckoe oToOpakeHne 3aJaHHBIX TeNel
Figure 1 — Graphical representation of the set targets

[IpuHUMaeMbIi CUTHAJ TTPEICTABIISIET COOOH TMHEHHOE HHTETPATbHOE TPeoOpa30BaHNe
O®penronsma (3):

ua):= [0 f(x,a) - I(x)dx 3)

B Ka4yecTBe sapa YpaBHEHHS BBICTYIIaeT byHKIHSA f(a) -
JarpamMMa HalpaBJICHHOCTH CHCTEMbI U3MepeHHs, CHOKYCHpPOBaHHAs B HAIIPABJICHHUH a.

3110



2022;10(1)
https://moitvivt.ru

(4)

Mone.}mpona}me, ONITUMHU3AIUSA U ﬂH(I)OpMaHﬂOHHLle TEXHOJIOTHH /
Modeling, optimization and information technology

fla—x):= Y2M exp[—i-2m-d-(n—M)- (sin(a) — sin(x))]
I'padrueckoe 0TOOpaKEHHE YITIOBOIO PACIIONOKEHHS LIENEH, MOIyd4eHHOEe PagapoMm,

npejcTaBieHo Ha Pucynke 2.
CTOUT OTMETUTh, 4YTO 3HAYEHUE JIOKAJIBHOIO MHUHMMyMa cocTaBiger 87 % oT
MaKCUMaJIbHOTO 3HAYEHHS IMOJYyYEHHOTO CHUTHAJla, M3 YEero MOXHO CJeNaTh BBIBOJ, YTO

IOJYYEHHBIM CUTHA HE pa3pemaercs mo kpurepuro Pases [2, 3].

|
|
1 | 1
-0.1 0 0.1
a, pan
Pucynok 2 — I'paduueckoe oToOpakeHHE YIII0BOIO PACTIONOXKEHHS LeJIeH, MOTy4eHHOEe paiapoM

Figure 2 — Graphical representation of the angular position of targets obtained by the radar

Hanee, mjig Noay4deHUs CBEPXpa3peIIeHUs MCXOJAHAas IeNb MPEACTaBIsAIach B BHUJIE
CYNEepHOo3UIMH 3a1aBaeMbIX GyHKUUN THNa (9). 3amaBanuch pa3aMyHble BHIbI MATEPUHCKUX

if(=0.1<W-a<0,1,0)

HAARO01(a) =
=if(0<W-a<0.1,-1,0);

HAAR02(a): =

BEUBJICTOB:
Beiisner Xaapa, npeacraBieHHbId QyHkuuei (5):

Cummerpuunblil BeiiBner Xaapa, npeacraBieHHbli pyHkuuei (6):
1

HAARSYMO1(a): = if (0 < |W - a| <,1,0)
HAARSYMO02(a): = if G < [W - a| < 1,-1,0)

Wave-BeiiBier, npencraBieHHbIN GyHKIEH (7):
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w?2.a?
2

WHAT(a):= (W - a) - exp(—). (7

Jlanee MaTepuHCKHE BEHBIETHl HOPMUPOBAIKUCH C TOMOUIBIO QYHKINH (8):

0.16

INTF: = f (WHAT(a))2da
—-0.16

ey, - WHAT@

(@O):=—57F

(8)

Ha ocHOBe MaTepHHCKOro BelBieTa CTPOMIIACh CUCTEMA JOYEPHUX BEHBIIETOB.

Janee pemanack oOpaTHasl 3ajaya IMOJYYEHMsI PELICHUS CO CBEPXPa3pEIICHUEM C
MIOMOIIIBIO TIOJYYEHHOM CHCTEMBI BeliBieToB [7-16].

B nuneitHoe uHTErpanbHOE ypaBHeHHEe Ppearonbma nepBoro poja Tumna cseptku (3)
BMECTO HEM3BECTHBIX HaM weneii |(X) moxcrasisercs Hekast cucteMa QyHKIHA BU/Ia

1a; - fi(x) 9)

e aj — Heu3BecTHbIC KodpuumenTsl, fi(X) — GyHkumu, 3agaBaemple mosabp3oBaTenaeM. Janee ¢
HIOMOUIBIO PEIICHHS CUCTEMBI JTMHEHHBIX anreOpandecKux ypaBHEHHH, TOJyYeHHON Ha OCHOBE
MHHUMH3AIUU CPeHEKBaIpaTHueckoro oTkioHeHus (10) oT npuHATOro curHaia, HaxOIsTCs
KO3 PUITUEHTHI a,.

0.18

u(@): =Xty a; [, f(x,0) - fi(x)dx (10)

Pe3syabTaTsl

JUis OILlEHKH pe3y/lbTaTOB NPUMEHEHHs pa3HBIX BEHBJIETOB OBLIO PaccMOTPEHO,
HACKOJIBKO XOPOLIO yJAeTCsl MPaBUIIbHO OOHAPYKUTh JIBOMHYIO 11€J1b IIPU NOBBIILIEHUH YPOBHS
LIyMa; UMEIOTCS JIU JIOXKHBIE LIEJIU B ITOJYYEHHOM PELICHUN.

Ha Pucynke 3 npuBezeHa OlleHKa BEpOSTHOCTU MOJIYYEHUS MPABUIBLHOTO PELIEHUs B
3aBHCUMOCTH OT ypOBHs Iryma. [l OIIEHKM BEpOSATHOCTH ObLI MPOBEAEH ps YMCIEHHBIX
HKCIIEPUMEHTOB, B X0JI€ KOTOPbIX ObLI0 poBeaeHo 1o 100 ncnpiTaHnii anropuTMa Ha Kax bl
IIPOLEHT ypoBHs myma. Ha pucyHke 4 nmokazaHa BEpOSITHOCTb IIPOITyCKa L€ U BEPOATHOCTD
MTOJIY4EHUS JIOKHOM 1IEJIA B 3aBUCHUMOCTH OT YPOBHS IIIyMa.

B pe3ynbrate cepuii YMCIEHHBIX KCIIEPUMEHTOB ObUIO YCTAHOBIJIEHO, UTO:

— CHMMETpHUYHBIHN BeliBieT Xaapa HanboJjee yCTONUNB K IIyMY U UMEET HAaUMEHbIIIYIO

BEPOSITHOCTH TOSIBJICHUS JIOKHBIX LIETIEH;
— rnaakuit  Wave-BeiiBieT Tmokazan 0Oojee TOYHOE pelIeHHe, HO MEHbIIYIO
YCTOMYMBOCTH K IIYMY U OOJIBIIYIO BEPOATHOCTH MOSBIECHUS JIOKHON 1IeITH.
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Pucynok 3 — BeposiTHOCTB MOTy4eHHUs IPaBUIIBHOTO pemeH s ¢ moMotnbto Wave-seiiBiera
(a), cummeTpHUHOTO BeliBiieTa Xaapa (0), u BeliBjieTa Xaapa (B), B 3aBUCHUMOCTH OT YPOBHS IIIyMa
Figure 3 — the Probability of getting the correct solution using a Wave wavelet (a), a
symmetric Haar wavelet (b), and a Haar wavelet (c), depending on the noise level
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Pucynox 4 — BepositHocTh Tiporrycka 1ei (1), u BeposiTHOCTh J0xkHO# TpeBor (1), ¢
ucnons3oBanueM \Wave-BeliBiera (a), CHAMMETpUYHOTO BeiiBneTa Xaapa (0) u BeiiBnera Xaapa (B), B
3aBHCUMOCTH OT YPOBHS IIyMa

Figure 4 — probability of missing a target (I), and probability of false alarm (Il), using Wave
wavelet (a), symmetric Haar wavelet (b) and Haar wavelet (c), depending on the noise level
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3akarouyenue

HPGHCTaBﬂeHHBIG pPE3YyJIbTaTbhl YHUCICHHBIX OSKCICPUMCHTOB U CTATUCTHUYCCKUX

UCCIICIOBAaHUN 1O JOCTH)KEHHUIO CBEPXpAa3pelIeHus ajareOpanyecKuMu METOAAMHU BbIIBUIN
HanOosnee ynoOHBIC JUIS MPEACTABICHUS PEIICHUI TUIBI BEUBIETOB UL PAa3IMYHBIX 3a]ad.
[TosrydyeHHBIE YHMCIIEHHBIE DPE3yJIbTaThl IOATBEPAMIN BBICOKYKD IIOMEXOYCTOWYHUBOCTH
IIOJIy4aeMOr'0 PELIECHUs CO CBEPXPA3PEILICHUEM.
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