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AHHOmMayus: Npeanaraetca MeTog, NoBbllweHUA 3GPEKTUBHOCTU PaspeLleHns PaLMON0KALMOHHbIX CUTHAA0B No
a3nMyTy B PASMOIOKALMOHHBIX CUCTEMAX KPYroBoro 063opa, MHBApPUaHTHLIA MO OTHOWEHUIO K Gopme CcUrHa-
/10B, OAOWMIA BO3MOXHOCTb «CBEPXPE/IEEBCKOrO» paspelleHns. BaKHbIM NPenMmyLLecTBOM MPesa/ioeHHOro
anropuMTma paspeLleHms, OCHOBAHHOIO Ha METOAE HaMMEHbLUMX KBaApaTOB, ABMAETCA OLEHKA NapameTpoB cur-
Hana rpynnoBOM Lenn B asMMyTasIbHOM M/IOCKOCTU, @ TaKKe BO3MOKHOCTb €ro PacnpoCcTpaHeHMA Ha Mogenb
CUrHaNa C NPOM3BOJIbHBIM KOIMYECTBOM PAAMO/OKALMOHHBIX Uenei. [as peweHus 3ajaun paspelieHus no
asumyTy npegsiaraeMbiMm METOLOM HEOBXOAMMO anpUOPHOE 3HAHWE KOIMYECTBA LiesIei, Mpu 3TOM npeanosara-
eTCA pasavume B pagmasbHbIX CKOPOCTAX OTAENbHbIX BO3AYLWHbIX Lenei, 4To 06yCI0BAEHO TEXHUYECKUMM Xa-
PaKTepUCTMKaMM ieTaTe/IbHbIX annapatoB U BAMAHWEM TypbyneHTHOCTM aTtmocdepbl, 0CO6EeHHO Ha MasblX U
CpeaHux BbICOTax. B cTaTbe mpuBegeHbl pe3ynbTaTbl MOAENMPOBAHWMA, KOTOPblE MOKa3biBAlOT 3aBUMCMMOCTb
CPeAHEKBAAPATUYHOrO OTK/IOHEHUA OLEHKU M3MEPEHWUA asumyTa ABYX Lenei (HOpMMPOBAHHOW K BennuuHe
WWPUHbI AMarpaMmbl HaNPaBAEHHOCTU aHTEHHbl B a3MMYyTasIbHOW MIOCKOCTM) OT OTHOWEHUA CUrHas-WYM Ha
BXO4E CUCTEMbI 06PabOTKU. Pe3yibTaTbl MOAEANPOBAHMA NOKa3bIBAKOT, YTO a/IFOPUTMbI Pa3peLleHns Ha OCHOBe
MEeTOZa HaMMeHbLUMX KBaAPaTOB MO3BOJIAOT 3HAYUTE/IbHO YAYULINTL paspelleHune, obecrneynBaemoe Cornaco-
BaHHOW ¢puNbTPauMel, Tak Ha3biBaeMoe «pesieeBckoe» paspelueHue. Mpu sTom obecneunsaeTcs oueHKa napa-
MeTpoB uenei. NoKkasaHo, YTO COBMECTHasA OLLeHKA asMmyTa rpynnoBoi Luenv 6yaeTt orpaHuYeHa cpefHeKBaj-
PaTUYECKUM OTKNOHEHMEM U3MEPEHUs OAMHOYHOrO CUrHaia, KoTopoe coctasaseT 1/10 auarpammel Hanpas-
NIEHHOCTU aHTEHHbI.

Kntouesblie cn08a: paspewleHne CUrHAAOB, CBEPXPEsIeeBCKOe paspelleHune, paspeLuarowas cnocobHocTb no
a3nMyTy, PaAMONOKALMOHHbIE LEev, METOA HaVMEHbLUMX KBagpaToB.

UzBecTHO, 4TO TIpM OOHApPYXKEHWUH, H3IMEPEHUH
napaMeTpoB M pa3pelieHHH CHTHAJIOB HamOolee
pacnpocTpaHeHHBIM METOIOM 00pa0OTKU SABJISAET-
csl cornacoBanHas ¢wibTpanms [1]. 3ToT crocod
SABJIACTCA ONTHMAJIbHBIM IIPU HAJIWYMU CHUT'HAJIA,
OTPaxXEHHOT'O OT OJMHOYHOTO BO3AYIIHOIO O0B-
eKTa, Ha (oHe rayccoBoi HEKOPpETUPOBAHHOM
noMexu. OHAKO B TOM ClIydae, KOr/la MCXOIHas
CMECh TIPE/CTABISCT COOOH CYMMY HECKOIBKHX
curHasoB Ha (oHe myMa (WM KOppeTupoBaHHOM
MOMEXH), COrJlacoBaHHasi (PMIIBTPAIUsl CTAHOBUT-
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Csl HEONITUMAJIbHOM, a 00ecIeunBaeMoe MpHu ATOM
Ka4ecTBO 00pabOTKH CYIIECTBEHHO HWKE MOTEH-
[UAJIEHO JOCTHXKUMOTO. DTO BBIpaKaercs B Clie-
JYIOIIEM:

— HCKa>XCHUC TJIaBHOI'O IITMKa CUI'HaJla Ha BBIXOAC
¢unbTpa OOKOBBIMH JIEIECTKAMHU JPYTHMX CHUTHA-
JoB  (BILUIOTH JO0 HEOOHApYXEHHUs  ClIaboro
CHTHaNa);

— OrpaHMYeHHE pa3pelieHus OJU3KO Pacroso-
JKEHHBIX CHIT'HAJIOB IIII/IpI/IHOfI TJIaBHOI'O IIHKa

(YHKIIMU HEOoNpeneNéHHOCTH (TaK Ha3bIBAEMBbIH
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penieeBCKUi Mpesent), YTO YacTo OKa3bIBaeTCs He-
JOCTAaTOYHBIM Ha TmpakTuke. [Ipm 3TOoM paspe-
mIaromiasi CiocOOHOCTh HE MOXKET OBITH YITydIlIeHa
MIOCPENCTBOM YBEIUYEHUS OTHOILIEHUS
curHa/murym [2].

[TosTOMy 00BIYHO 3a/la4a oOecreueHHs 3aJaH-
HOH pa3pemaromieli CrnocoOHOCTH B aKTHBHBIX
PaJAMONIOKAIIMOHHBIX CHCTEMaX peIIaeTcs 3a CYET
YMEHBIICHHUS IIUPUHBI TJIABHOTO NMUKa (QyHKIHMH
HeonpenenéuHocTu. Hanpumep, 3a cU€T yBenuye-
HUS 4acToThl JeBnanuu JIUM-curnana npu yse-
JUYEHUH YaCTOTHI JIUCKPETH3AIMU sl obecriede-
HUS pa3pelieHus Mo AaJTbHOCTH, U 32 CYET YBENH-
YEHUS JIMHEWHBIX PAa3MEpOB AaHTEHHOM pELIETKU
JUist o0ecTiedeHus pa3penieHus Mo yriaoBbIM KOOp-
JTHATaM.

JpyruM COBpEMEHHBIM M MEPCIIEKTUBHBIM Me-
TOJIOM YBEIIMYEHHs pa3peliaronieid CriocoOHOCTH
SIBJIAETCSl TIPUMEHEHUE TEXHOJOTMH CBEPXKOPOT-
KOMMITYJIbCHOM paauoiokanuu [3].

Hcnonp3oBanue 1udpoBBIX alanTHBHBIX MHO-
TORJIEMEHTHBIX AHTEHHBIX PEMIETOK M METOIOB
CHEKTPaAIbHOTO CBEpXpa3pelIeHus] TaKXKe I03BO-
JSIOT TIONYy4YUTh OoJiee BBICOKOE paspelieHHe
[4, 5].

W3BecTHBI pa3nu4HbIE aJanTHBHBIE METObI
CHEeKTpaIbHOIO olleHuBaHus [6, 7]. OnHako mpu-
BeZIEHHbIE METOJIbl, B OCHOBHOM, XOpOIIO pa3pa-
0OTaHbl IUIIb JUII CHUTHAJOB CHHYCOHMJATBHOW
¢dopmel. [Ipu 3TOM, HY)KHO OTMETHTB, YTO B MyO-
JUKALUUAX TOCIEIHUX HEeCKOIbKHUX JIET paccMmaT-
pHUBAIOTCS BOMPOCHI Hawnbosee CIOKHBIE H BaXK-
Hble C TPAKTHYECKOW TOYKU 3pEHHs, a WMEHHO
CBepXpa3pelieHne paJuoIOKAIlHOHHBIX CHTHAIOB
TP BO3JIEMCTBUM aKTUBHBIX IIIyMOBBIX TToMeX [8].

IIpuBenéuHbple BbIlIE METOAbl IOBBILIECHUS
paspemaromieil CriocoOOHOCTH TPUBOIAT K PSAY
JIOTIOJTHUTENBHBIX (& 9acTo, CYIIECTBEHHBIX) TeX-
HUYECKHUX MPOOJIeM:

— YBEJIMYUBAETCS 00BEM U CIOKHOCTh ammapa-
Typbl (POPMUPOBAHUS U TIPHEMA CHTHAJIOB;

— YBEIMYUBAETCS KOJMYECTBO KaHAJIOB;

— TIOBBIIAIOTCS TPEOOBAaHMUS K MPOIYCKHOM
CIIOCOOHOCTH KaHAaJIOB Tiepeadu JaHHbIX;

— YBEIHYHMBAIOTCS TPEeOOBaHHS K TPOHU3BOU-
TENbHOCTH BBIYMCIUTEIbHBIX MAIINH.
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VYBenuyeHne JIMHEHHBIX Pa3MEpPOB AHTEHHOMN
pemérku st obecriedeHus pa3petieHus mo yrio-
BBIM KOOpJIMHATaM MPHU OIPaHUYEHUAX 110 Macce U
rabapuTHBIM  pa3MepaM  PaJuOdIIEKTPOHHBIX
Cpe/CTB Tarke HemonmycTumo. [lepexom B Oonee
KOpPOTKOBOJIHOBBIM JMaNa30H TakKe MPUBEIET K
CYLIECTBEHHOMY VYCIIO)KHEHUIO U YBEIMYEHHIO
00bEMa arnmnapaTyphl.

B pa6ote [9] ObuUI IpeniokeH METO paspelie-
HUSl CHTHAJIOB, HE TPeOYIONIMH anpuOpPHON HH-
(dbopManuu 0 mapameTpax CHUTHAJIOB, a TAaKXKe WH-
BapHaHTHBIA 110 OTHOLIEHUIO K uX (opme. OH oc-
HOBaH Ha M3BECTHOM METOJle HAMMEHBIINX KBaJ-
patoB [10, 11]. Kpome Toro, mansslii MeTox mo-
3BOJISIET OLIEHHWBATh MapaMeTphl MPOU3BOIBHOTO
KOJINYECTBA CUTHAJIOB.

PaccmoTrpuM BO3MOXHOCTD U 3(PPEKTHBHOCTD
MIPUMEHEHHS METOla HAMMEHBIIINX KBAaJIPaToOB s
pelieHusl 3a1adyu paspelieHusl paaruoIoKaIuoH-
HBIX CUTHAJIOB 110 a3UMYTY B PaJHOJIOKAIlMOHHBIX
CHCTEeMax KpYroBoro o030pa ¢ MeXaHHYECKHM
CKaHWPOBaHUEM (BpallleHHEM) aHTEHHBI B a3UMy-
TaJIbHOM IJIOCKOCTH.

3ammiieM HaOnroaeMbie TaHHBIE B BEKTOPHOM
BHJIE

y=Sa+w,

(1)
T "
rae y=(y,,y2,...,y,\,) — BEKTOp OTCYETOB Ha-
T
OnofaeMbIX JNaHHBIX, W = (w,,wz,...,w,v) — BEK-

. T
Top oTcuéros myma, a=(a,a,,....a,) — BexTop

HCU3BCCTHBIX aMIIJIMTY/.
Martpuria S onpenensiercs Kak

S=(S1,Sz,...,SM), (2)

IJIe 3Ha4YCHHUs] BEKTOPOB CTOJOLOB S1,S,,...Sy co-
OTBCTCTBCHHO

f(ﬂk)exp(j2ﬂde]T)
. d
S, = f(ﬂk)exp(]ZﬂFk ZT) 3)
f(ﬂk)exp( jonEg NT) ;
k=1,2,.., M,
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rre f{iff) — pynkuus JIH aHTeHHBI B a3UMyTabHON

d
II0CKOCTH, ff — a3umyTt, [}’ —4dacrora Jlomepa k-

T
N — uiHa a3UMYTaJIBHOTO MaKeTa.

o HCTOYHHKa, nepuoa 30HIAMPOBAHUA,

OneHky aMIUMTYABl U a3uMyTa B BEKTOPHOU
(dhopMe UMEIOT BUT

A=(4,,8,.....4y) | ﬁZ(ﬂA/ﬁy---’f}M). 4)

Torna olieHka curnana y Oy/aer paBHa

>

a.

)

(a,,45,....4y) w 3Ha-

y

OrneHkd aMIUTHTYH a =

YEHUH a3uMyTa IIENH ﬁ:( B,.B,..... ﬂM) JOJIKHBI

obecreunTh MUHUMM3ALMIO OLIMOKM HaOIromae-
MBbIX JAaHHBIX

. A2
E =min {”y —y|| } (6)
Haiimem BeKkTOp aMIUTUTY] 4, MHUHHMH3H-
pyronuii omuoOKy E 1 TMIOTESTHYECKUI 3Haue-
HUI a3umyTa uenu B = (ﬁ,,ﬂz,...,ﬂM) H, cJIeIoBa-
TenpHO, S. DTO CcTaHAapTHAs JUHEHHAS 3a/Jada
HaVMEHBIIUX KBAJApPaTOB, PELICHUE KOTOPOH I
n A A A~ T
BeKTOpa a Z(al,az,...,aN) ONPCACIIACTCA BBI-
paxenuem [11]
N (apal!a
a=(S S) Sy. (7)
JL1s1 3TOr0 BEKTOpa MUHUMAJIBHOE 3HaYeHUE £
. H H A~
min(E) =y y-y"y. (8)
Teneps cnexyer MUHUMU3HPOBATh £ 110 BCEM
BO3MOXHBIM 3HAUEHUSIM M, CIIEJOBATENBHO, IIO
BCEM BO3MOXHBIM 3Ha4eHUsM S . MuHHMM3aUUA
E, >KBUBaJICHTHA MAaKCHUMW3AalMH BEIUYMHBI ), ,

paBHOM

©)
TaK Kak yHy HE 3aBHCHT OT B :(ﬂ,ﬂzﬂM)
ITockonbky (SH S) MIOJIOXKUTENIBHO OIPEAEIIEHA,

B= (ﬂ,,,BZ,...,,BM) MIPEATOIATratoTCsl HE PaBHBIMHU

MeXIy co0oit. CremnoBaTeibHO, MOXKHO, MPHME-

uuB npouenypy I'pamma-IlImuara k cron6uam S |
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MIPECTaBUTh €€ KakK MPOU3BEACHUE ABYX MAaTpPHIIL
suna C’C, rae C — HIKHSS TPEyronbHas MaTPH-
ma [12].

OpHako, Kak BUJHO W3 TPUBEAEHHOTO BHIpa-
xeHus (3), Ui pelieHus 3aJa4n pa3pelieHus 1mo
a3uMyTy HEOOXOAMMO aIllpUOpPHOE 3HAHHE KOJIH-

YeCcTBa CUTHAJIOB M MX 3HAYEHUM de. To ecTp, B

JAHHOM CiTydae pelieHHe 3aJjaud pa3pelieHus 1o
a3UMyTy TPEaroiaraeT pa3indyue B paauaibHbIX
CKOPOCTSIX OTJCIbHBIX BO3IAYLIHBIX 00BEKTOB.

OueBUIHO, YTO ISl OOJBIIMHCTBA PEabHBIX
1esel OyyT CylmiecTBOBAaTh PAa3IHyusl B Padalib-
HBIX CKOPOCTSIX MOJIETa. DTH OTIHYHs 00yCIOBIIEe-
Hbl KaK TEXHHUYECKUMH XapaKTePHCTHKAMHU BO3-
IYIIHBIX 00BEKTOB, TaK M BIMSHHUEM TYpOYJICHT-
HOCTH aTMoc(epbl, 0COOEHHO Ha MajbIX M Cpell-
HUX BbICcOTax [14].

TakuM 00pa3oM, aJrOPUTM pa3pEIICHUs 10
a3UMyTy U OIICHKH MMapaMeTPOB CHTHAJa IPYIIIO-
BOT'O BO3JIyITHOTO 00BEKTa OyJeT BBITISICTH Clie-
JYIOIIUM 00pa3oMm:

— OompezeTeHne KOJMMYECTBa Ieell Ha BBIXOJIEe
MOPOTrOBOI'0  YCTPOWCTBA MEXKIIEPUOIHON 00pa-
0OTKH U ompe/eNeHne 3HaueHnid 9acTotsl Jlormie-

pa F! .. FZ [14];

— (opmupoBaHue MaTpULbl Sp, B COOTBETCT-
BHH C BeIpakeHUEM (3);

— OllEHKa mapamerpa f...0y, monydaemas npu
MaKCHMH3aLUH BETUYNHbBl £, B BbhIpakeHnH (9).

Ha puc. 1 npuBeneHs! pe3yabTaThl MOJETUPO-
BAHMWS MPUBEIACHHOIO BBIIIE aJTOPUTMA pa3perie-
HUs 110 a3uMyTy. 110 ocu opMHAT OTIIOXKEHBI 3HA-
YeHus cpenHekBaapatnyHoro orkiaonenus (CKO)
OIICHKM M3MEpEHHUs a3uMyTa JBYX Lieliei (3Haue-
HHJ HOPMHUPOBAHBI K BCIWYHWHE MIHWPHUHBI JUa-
r'paMMbI HallpaBJICHHOCTU aHTCHHBI B a3UMYyTaJlb-
Hoit miockoctu, T.e. 1/JIHA). Tlo ocu abcumce
OTJIOKCHBI 3HAYCHUA OTHOIICHUSA CHUI'HAJI-IIYM Ha
BXOJIE€ CUCTeMbI 00paboTku (c¢/11, n1b). Monenupo-
BaHHME MPOBOAWIIOCH Ul CJydass OOHApYKECHHs
paaoONIOKAIMOHHOM cTaHmel (4 = 23 ¢cM) CyMMBI
JIBYX CHTHAJIOB C pa3iuudeM B 4actore Jlomiepa

d
AF® =3 wm/c, 4YTO COOTBETCTBYET LIMPHHE JOI-

JISPOBCKOTO (pHIIbTPa OJUHOYHOIO UMIYJIbca (KO-
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CKOMHA 0.14

paspelieHue, oOecrneunBacMoe Co-

TIIACOBAaHHOM  (uibTpanuei, Tak
0.1z
Ha3bIBAEMOE «PEIIEEBCKOE» paspe-
AB=1/5 THA
0.1 \\ HICHUE.
003 T~ 3) [IlpemnoXeHHBI aNTOPUTM

paspelieHusi pacupocTpaHsercs Ha

MOZ€C/Ib CHUTHala C MNPOM3BOJIBHBIM

004 KonmuuecTBoM nmeneir. Ilpm  sTom
. ~—

T~ obecrieuynBaeTcs OILICHKAa IapaMer-

0.02 o

Z 4 6 8 10 12 14 16 13 20 POB IICICH.

o/, gb
Puc. 1. Jlutepartypa

1.  Hlupman AJ]. Pazpemenue u
TEPEHTHOr 0 HAaKOITUTEIIS) o YPOBHIO cxarue curaanos. M. : Coerckoe pa-

3 nb; mmpuHa nuarpaMMbl HampaBIICHHOCTH aH-
TEHHBI B a3UMYTaIBHOH TIockocT AfS = 10°.

Ha puc. 1 moka3aHbl pe3yabTaThl W3MEpPEHUS
cymmapaoro CKO mpu pasHeceHuu Iieneit 1mo
asumyty Ha 1/3 mupunsl [JHA u Ha 1/5 mmpuHb
JHA. U3 puc. 1 BuaHO, 9YTO COBMECTHAS OIl€HKA
a3UMyTa TpPYNIOBOW Ienu OyJeT OorpaHuveHa
CKO wu3MmepeHusi 0IMHOYHOT'O CHUTHAJA, KOTOPOE
cocrasiser ~ 1/10 THA.

TakuM 00pa3oM, MOMyYEHHBIC PE3YJIbTaThI 10~
3BOJISIFOT CAENATh CIIEAYIOUINE BHIBOJIBI.

1) ObecrnieueHre pas3periamieii crocoOHOCTH
Mo a3uMyTy 3a CUET mepexona B Ooinee KOpOTKO-
BOJIHOBBI YaCTOTHBIM JMana3oH, YBEIUYEHUS
pa3sMepoOB AHTEHHOM PEIETKH WM NPUMEHEHUS
M(POBBIX ANaNTUBHBIX MHOI'OAJIEMEHTHBIX aH-
TEHHBIX PEMIETOK, MPUBOAUT K CYIIECTBEHHOMY
YCIOKHEHHUIO U YBEIMYCHHUIO 00bEMa armapaTypsl
pamuoyoKarinoHHon cucteMbl. [Ipu ycinoBum or-
paHUYEHHUST IO Macce M TabapUTHBIM pa3Mepam
JIOKaTopa dTO SBISAETCA HEAOIMYCTUMBIM. [lpu
ATOM peIIeHUE 3aJa49u Pa3peIieHus IPH TTOMOIIN
METOJIOB COIJIACOBAHHOM (DUIIBTPALIMK CUTHAJIOB,
OTPpaKEHHBIX OT OJMHOYHOM 1IE€IH, HE MPEeACcTaB-
JISIETCSI BOBMOYKHBIM.

2) Jlns obecriedeHusi pa3pelieHus] U OICHKH
rmapaMeTpoB  pPaaUlOJIOKAIIMOHHBIX  CHUTHAJIOB,
MIpeaIaraeTcs ajqropuTM pa3pelieHus asuMyTy Ha
OCHOBE METO/a HAMMEHBIINX KBaJpaToB. Pe3ynb-
TaThl MOJCIIUPOBAHUS MTOKA3BIBAIOT, YTO AJTOPUT-
MBI pa3pelieHuss Ha OCHOBE METO0Jla HAaUMEHBIITUX

KBaaApaToB II03BOJIAIOT 3HAYUTCILHO YIYYIIHNTH
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Abstract: When detecting, measuring parameters and resolving signals, the most common processing method
is matched filtering. This method is optimal involving the signal reflected from a single airborne object amid
the Gaussian uncorrelated noise. However, when the base mixture is the sum of several signals amid the noise
(or correlated noise), the matched filtering becomes non-optimal and the provided processing quality is sig-
nificantly lower than potentially achievable. This is often expressed in limiting the resolution of closely
spaced signals by the main peak width of the uncertainty function (so-called Rayleigh limit). That said, the
resolution capability cannot be improved by enhancing the signal-to-noise ratio. Therefore, usually the prob-
lem of providing the preset resolution capability in active radar systems is solved by reducing the main peak
width of the uncertainty function. For example, by increasing the LFM signal frequency deviation when in-
creasing the sampling frequency to ensure range resolution and by increasing the antenna array linear di-
mensions to ensure angular resolution. Another current and promising method to enhance the resolution
involves application of the ultrashort pulse radar technology. Using digital adaptive multi-element antenna
arrays and spectral superresolution methods also provides higher resolution. The article offers the radar sig-
nal resolution method via azimuth signals with no need for a prior information about the signal parameters,
as well as it is invariant with respect to their shape. The method is based on the known least-squares method.
Solving the problem of azimuth resolution requires the prior knowledge of the number of signals and their
values. In this case, solving the azimuth resolution problem involves a difference in the radial velocities of
individual airborne objects, which is due to the technical characteristics of airborne objects and the atmos-
pheric turbulence influence, especially at low and medium altitudes. The article presents the simulation re-
sults that show the dependence of the value normalized antenna pattern in the azimuthal plane of the esti-
mate root-mean-square deviation in the measurement (total) the two targets’ azimuth on the signal-to-noise
ratio in the processing system input. The simulation results demonstrate that the least-squares based resolu-
tion algorithms can significantly improve the resolution provided by the matched filtering, so-called “Ray-
leigh” resolution. The proposed resolution algorithm applies to the signal model with any number of targets.
That said, the target parameter estimation is ensured. The joint estimate of the multiple target azimuth will
be constrained by the root-mean-square deviation in the measurement of the single signal, which is 1/10 of
the antenna beam pattern.

Keywords: signal resolution, ultra-Rayleigh resolution, azimuth resolution, radar target, least-squares method.
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