M3BecTna By3oB Poccnu. PagroanekTpoHuka. Ne 6/2018

DOI: 10.32603/1993-8985-2018-21-6-75-82

YAK 621.396.96
E. H. Bopo6ees, B. N1. Bepemoes, /. B. X0n00HAK
CaHkm-lemepbypackuli 20cydapcmeaeHHebill 31ekmpomexHu4eckull
yHusepcumem "JI3TU" um. B. U. YneaHosa (/leHUHa)
yn. lpogeccopa lMonoesa, 0. 5, CaHkm-lemep6bype, 197376, Poccus

PACNO3HABAHME BUHTOMOTOPHbBIX JIETATE/IbHbIX AMMAPATOB
B MACCUBHOW BUCTATUYECKOW PAIC’

AHHOmayus. llaccusHsie bucmamuyeckue paduonokayuoHHele cmaHyuu (MbPJIC) 8 Hacmosiwee spems No3eo-
IAI0M ocyujecmensime 0bHapydeHUe, onpedeseHUe KOOPOUHAM U ConposoxcdeHue 08UMYWUXCS o6bekmos. Ans
obecneyeHus1 8o3mMoxcHocmu uHmezpayuu 6PJIC @ cucmemsi ynpaeneHus 8030yWHbIM 08UXEeHUeM Heobxoo0uMo pe-
wume 30004y PACNO3HABAHUS 8030yUIHbLIX 06BEKMO8, 8 YACMHOCMU 8UHMOMOMOPHLIX 1emamesibHbiX annapamos
(JA). 3mo nosgoaum ygeaudumes cmeneHs obecneyeHus 6e30nacHoCMuU nosemoe asuayuu. Aas peweHus 3a004u
pACNO3HABAHUSA NPOBedeH QHAU3 3XOCU2HA/08 0M BUHMOMOMOPHs.IX JIA - makux, KoK eepmosiem u s8uHmosoli ca-
mosnem. Copmynupo8aHsl UHYOPMAMUBHbIE NPU3HAKU, KOMOpble Mo2ym 6biMb LUCNO0/b3080HbLI NPU PACNO3HABAHUU
8UHMOMomopHsix JIA 8 1bPJIC. [pedsnoxeH Memod pacno3HaB8aHUS 8UHMOMOMOPHsbIX JIA, Komopelli OCHOBAH HA U3-
g/1e4eHUU MOOYAAYUOHHbLIX COCMABASHOWUX IXOCU2HAAAD, 06YC108/EHHbIX 8PALAUUMUCT YacmAMU dgu2amenbHoU
ycmaHosku JIA, U Ha OyeHKe napamempos UX epaujeHus. PapabomaH anzopumm 06pabomku 3X0CU2HAN08, N0380-
Asowull peanuzoeames npeodnoxceHHsIli Memod pacno3HasaHus Ha npakmuke e BPJIC. lpedcmaeneHsl 3Kcnepu-
MeHMasbHble Pe3ybmamsi paboms! a120pUMMA 06pPA6OMKU HA npuMepe PeasnbHsIX CU2HA08, OMPANEHHbLIX OM
eepmosnema Mu-8 u suHmoeozo camonema Cessna 172. kcnepumMeHmMansHsle OOHHbIE 30NUCAHbI 08YMSI PA3HLIMU
MEPJIC, ucnons3yrowumu cuzHaAbl Yu@poeozo 3¢upHo20 meaneaudeHus cmaHoapma DVB-T2 8 kayecmae paduo1oka-
YUOHHO020 hodceema 8030yuiH020 npocmpaHcmea. OyeHeHHble napamMemps! epawjeHus Aonacmeli BUHMO8 8UHMO-
MomopHeix JIA coomeemcmeayrom dakmuyeckum 3HaYeHUsM. Takoe coomeemcmeue no3eossem He MoO/bKOo pacno-
3HOBAMSb KACC, HO U 8 HEKOMOPbIX Cy4asx udeHmuduyupoeams mun JIA,
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RECOGNITION OF PROPELLER-DRIVEN AIRCRAFT IN A PASSIVE BISTATIC RADAR

Abstract. Nowadays passive bistatic radars (PBR) allow for detection, determination of coordinates and tracking of
moving objects. In order to enable PBR integration into air traffic control systems, it is necessary to solve the problem of rec-
ognizing airborne objects, in particular, propeller-driven aircraft (AC). This will increase the degree of aviation safety. To solve
the recognition problem, the analysis of propeller-driven aircraft echo signals, such as helicopter and propeller airplane, is
performed. The in-formative features that can be used for recognition of propeller-driven aircraft in PBRs are defined. The
method for propeller-driven aircraft recognition is proposed, that is based on extraction of modulation components origi-
nated from the rotational parts of the aircraft and estimation of their rotation parameters. The algorithm for echo signal
processing is developed, which makes it possible to apply the proposed recognition method for PBRs.

The experimental results of the processing algorithm are presented on the example of real signals reflected from the Mi-
8 helicopter and the Cessna 172 propeller aircraft. The experimental data are recorded by two different PBRs using DVB-T2
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digital terrestrial television signals standard for airspace illumination. The estimated rotation parameters of the aircraft
propeller blades correspond to the actual values. Such a correspondence allows not only to recognize the aircraft group, but

in some cases to identify its type.
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BBenenue. B nocnenHue necsATUIETHS MacCUB-
Hble OWCTaTUYECKHE PaJHOJIOKAIIMOHHBIE CTAHIIUU
(ITBPJIC) momyunnu akTUBHOE pPa3BUTHE W HAILIA
mupokue obmactu npumenenus [1]-[4]. K ocoben-
HocTsiM [IBPJIC oTHOcWTCS MCHONB30BaHUE CHUTHA-
JIOB CTOPOHHHUX I€pElIaTUNKOB B KaYeCTBE PagHOJIO-
karmonHoro noncseta. Cerogus I[IBPJIC nmpumens-
I0TCS TJIaBHBIM 00pa3oM JJisi OOHapy)KeHUsl, ompesie-
JIEHUsI KOOPIMHAT M CONPOBOXKIEHHS JBUIKYIIMXCS
00BEKTOB, a TaKKe MPEJCTABISIOT MEPCHEKTHUBHOE
CPEICTBO IS COBPEMEHHBIX CHUCTEM OO0€CIIeYeHUs
0e30macHOCTH, KOHTPOJS BO3AYIIHOTO IBW)KCHHS U
yIpaBJeHus ABWxKeHneM cynaoB. OqHako 3aada pac-
Mo3HaBaHUs BO3MYNIHBIX 00bekToB misi [IBPJIC mo-
IpekHeMy ocTaeTcst HepelleHHo. [lox pacno3nasa-
HUEM CIIelyeT IOHUMaTh OTHECEHHE OOHAPY>KEHHOTO
00beKTa K ONpENeTICHHOMY Kiaccy, T. €. TpyIIe Jie-
TarenbHBIX ammaparoB (JIA), cX0XuX MO KOHCTPYK-
TUBHBIM Npu3HaKaMm. OcoOblil HHTEpeC MpeACTaBIsIeT
pacno3HaBaHHUE BUHTOMOTOPHBIX JIA Takmx Kjaccos,
KaK BEpTOJET U BUHTOBOW CaMoOJIET, IOCKOJIbKY OHU
UMEIOT CXOKKe WH(popMaTuBHBIE Mpu3Haku (3ddek-
THUBHAs IUIOIIAJb PACCESHUS, CKOPOCTh U BBICOTA I10-
JIeTa), YTO 3aTPyAHSET peLIeHNe 3a1a4l PacllO3HAHUS
JIA 3TuX Kjaccos.

Pacrmo3HaBaHre BUHTOMOTOPHBIX OOBEKTOB B Tpa-
JUIMOHHBIX akTuBHBIX PJIC ocHOBaHO Ha aHaiuse
0COOEHHOCTEH CTPYKTYphl OTPaKEHHOTO cUTHama [S]—
[7]. Curnan, orpakeHHBIH OT OOBEKTOB 3THX KIIACCOB,
UMEET CIIOKHYIO CTPYKTYpY, KOTOpasi COCTOUT U3 MOII-
HOW COCTaBJIIIONICH CHUTHANA, OTPaKEHHOTO OT (hro3e-
JsDKa, U OoJiee CIIabbIX COCTABIISIONINX CHTHANA, 00y-
CJIOBJIEHHBIX BpAILAIOLMMUCA JONACTAMU U BTYJIKaMU
BHUHTOB JIBUTaTelbHONW ycTaHOBKH [8]. Jlnsa pacrnosHa-
BaHMsI BUHTOMOTOPHBIX JIA B mmmynscabIX PJIC Tpe-
OyeTcss MOCTaTOYHO [ONTO€ HAKOIUICHHE MaHHBIX H
MPUMEHEHNE AITOPUTMOB PACTIO3HABAHMS, TPEOYIOINX
OOJIBIIION BBIUMCIIUTEIBHOM MOIIIHOCTH [5].

B cBoro ouepenn, [IBPJIC He umeroT Takux Tpe-
OOBaHUil, MPENBABIAEMBIX K IMapamMeTpaM CHrHaja
nmiyascHBIX PJIC, Tak xak IIBPJIC ucnomns3yer He-
MPEPBIBHBIM CUTHAN JJIs MojAcBeTa 00BEeKTOB. Bos-
MOYKHOCTH OOHapy>KE€HHs U pPaclo3HaBaHHS BEPTOIE-
ToB ¢ momomipio TIBPJIC, ncmonp3yromux CUrHambI
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crangaproB GPS, DVB-T u FM B kauecTBe curHa-
JIOB TIOJICBETA, AKTUBHO WCCIEAYIOTCS B MOCJIETHHE
roast [9]-[11]. B IIBPJIC st pacrio3naBanust BEPTO-
JIETOB HUCIIOJIB3YIOTCSI TaKue ke MPHU3HAKH, KaK U B
axktuBHbIX PJIC. [l yCHEIHOro M JOCTOBEPHOIO
pacmo3HaBaHus HEoOXoIuMa MH(POpPMAIUSI O IapaMeT-
pax BpalleHHs HECYIIero U pyaeBoro BUHTOB. OIHAKO
MOYJISAIOHHBIE COCTABIISIOINE SXOCHTHANIA BEPTOJIe-
Ta, 00yCIIOBIICHHBIC PYJIEBHIM BUHTOM, CJIa00 WA BO-
BCE HE 3aMETHBI TPH JKCIIEPUMEHTAJbHBIX M3MEPEHH-
sx. Mcnonb3oBaHue mMapamMeTpoB TOJMBKO HECYIIETo
BUHTA 3aTPYIHICT IPOIECC pacO3HABAHMSL.

CHOXXHOCTH, BO3HHUKAIOIIUE MPH Paclo3HaBaHUH
BuHTOMOTOpHBIX JIA B IIBPJIC, cBsi3aHbl IIaBHBIM
00pa3oM ¢ mapaMeTpaMy CHUTHAJIOB TEIICKOMMYHHKA-
LUOHHBIX CTaHJAPTOB CTOPOHHHMX HCTOYHHUKOB, MPH-
MEHSIEMBIX B Ka9€CTBE PaJIHNOIOKAIIIOHHOTO TIO/ICBETA.
Hcnonp3oBanue mu(POBHIX CUTHAJIOB Ha3eMHOTO Be-
LIaHUS IPEANOYTUTENIFHO OTHOCUTENBHO aHAJIOTOBBIX,
TaK KaK MX TOJIOCA YacTOT MHpe (A 3HAYMT, JydIie
paspemieHre o JalbHOCTH) M UX CBOICTBAa HE 3aBU-
CAT OT TepeJaBaeMoro KOHTeHTa (4YTo oOecrednBaeT
crabmpHOCTh Xapaktepuctuk [IBPJIC). B Poccumn
HUMEETCsI XOPOIO pa3BUTass HHYPACTPYKTypa ¢ OOIIb-
I0H 30HOHM MOKPHITUS HU(PPOBOTO SPUPHOTO TEIEBU-
neanst (LIDTB) cranmapra DVB-T2. CurHansl 3Toro
CTaHZapTa UCIIONB3YIOTCA B KAauecTBE IOICBETA pas-
pabotannoii B CIIOI'DTY "JIDTU" IIBPJIC, kotopas
OCYIIECTBISIET OOHAPY)KCHNE W CONPOBOXKICHHE JBH-
JKYIIUXCS OOBEKTOB, B TOM UYHCJIE BEPTOJIECTOB U BHH-
TOBBIX caMoJieToB [4], [12].

Permrennie 3amaum pacrmo3HaBaHWUS BHHTOMOTOPHBIX
JIA pacumpur obnactu mpumenenust [IBPJIC. Bozmox-
HOCTb Pacrio3HaBaHUsl ¢Nabo Pa3IMUMMBIX BHHTOMOTOP-
HbIX JIA cnenaer [IBPJIC a¢dexkTnBHEIM HHCTPYMEHTOM
OOHApyXCHUS HECAaHKIIMOHUPOBAHHBIX ITOJIETOB M CHT-
HaJIM3allik 0 HUX. JTO TO3BOJIMT, B YaCTHOCTH, MHTE-
rpupoBats [IBPJIC B cuctemsl yripaBieHns: BO3MyITHBIM
JBIDKEHHEM TPOXKIAHCKUX M YaCTHBIX a’3poJpOMOB
C IIENTBI0 YBEIIMUCHHS CTETIeHN obecTieueHus 6e30macHo-
CTH TIOJICTOB ABHALIHH.

IlocranoBka 3amauu. [y pacrio3HaHHsl BHHTO-
MotopHbIx JIA B I[IBPJIC HeoOxoauMo TpoBecTH aHa-
JIM3 CTPYKTYPHI SXOCHTHAJIOB OT BEPTOJIETAa M BHHTO-



BOTO caMoIleTa, ChOPMYITHPOBATh UX HHOOPMATHBHBIC
MIPU3HAKH, pa3paboTaTh alropuT™M 00pPabOTKH 3XOCHUT-
HaJIOB, OTPaXEHHBIX OT BUHTOMOTOpHBbIX JIA. Bepu-
(uKanuo paboTOCIIOCOOHOCTH aIrOpUTMa 00PabOTKH
HEOOXOMMO TPOBECTH Ha 3KCHEPUMEHTAIBHBIX JaH-
HBIX, nonydeHHbIX ¢ nomoursio [IBPJIC, ncnonb3yro-
meit curHanel [[OTB DVB-T2 B kauectBe pamnomno-
KaI[HIOHHOTO TIO/ICBETA.

CTpykTypa oTpameHHOro curnaja. Cursan,
OTpaXEHHBI OT BUHTOMOTOPHBIX JIA, yHHKaleH ¢
TOYKM 3PEHUSI PAJAUOJIOKAIIMOHHOTO PACIIO3HABAHMS
M3-32 OCOOCHHOCTEH BTOPHUYHOTO H3Iy4YeHHs, 00y-
CIIOBIICHHBIX OTPaKCHHSMH OT (Pro3eiisiKa, JIomacTei,
BTYJIKM U BHHTa (BUHTOB — HECYILIETO W PYJIEBOTO —
Ut Beprosieta). Hambonee mone3eH i pacrio3Ha-
BaHUSl CUTHAJ, OTPaXEHHBIA OT BpalllalOIIMUXCA JIO-
MacTeil BUHTOB, TaK KaK OH MMEET B YaCTOTHOU 00-
JacTH KBa3MCUMMETPUYHBIE MOIYJIALIUOHHBIE CO-
CTaBILIOIINE BOKPYT JHHUU (pro3espka. Takas MHO-
TOKOMITOHEHTHasl CTPYKTypa CHUTrHaJjla, Ha3bIBaeMas
MUKpO-J{oTuiepoM MM MUKPOIOIIJIEPOBCKON CHUTHA-
TYypOH, — XapaKTepUCTUKa JIBWKEHMS, COAEprKallast
3aKOH MOJIYJSAINN JOIUIEPOBCKOW YaCTOTBI DXOCHT-
Hana [13]. MukpomomniepoBckasi CUTHaTypa TpeCTaB-
JsleTcsl B BUJIE paclpelelieHusl B YaCcTOTHOM U BpeMeH-
HOM obnmactsax. TunoBast CTpyKTypa aMILTUTYTHOTO CIIEK-

Tpa curnana A(f), OTPaKEHHOTo OT BUHTOMOTOPHBIX

00BEKTOB, TIpe/IcTaBlIeHa Ha puc. 1, a. Hanbonee mor-
Hasi COCTABJISIFOIIAS COOTBETCTBYET OTPKEHHUIO OT (Dro-
3eIshKa, B TO BpeMsl KaK KBa3MCUMMETPHUYHBIC COCTaB-
JSTIOIIME BOKPYT JIMHUK (pro3ersbka OOyCIIOBIICHBI Bpa-
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Drozemsnk

N

Pynesoii

Brynka
/ Hecymmii BUHT

BHHT

A A Hecyumii BUHT

PyneBoii BUHT

Puc. 1
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IIICHUEM JIOTIaCTel M BTYJIOK BUHTA. [IpHONMIKArOIIHICS
KOHEI[ JIONAaCcTH BUHTA COOTBETCTBYET COCTABIISIIOIICH C
HauOOJIbIICH JOMIIEPOBCKOM YacTOTOH, a KOMIIOHEHTA C
HauMeHbIIe vactotol Jlomiepa BbI3BaHAa OTHANISHO-
IICHCS JIONTACTHIO BHHTA.

DXOCUTHAJ BO BPEMEHHOW OO0JaCTH COCTOHT U3
MEPUOTUYHBIX MOAYJSIIMOHHBIX COCTABISIONINX (Xa-
PaKTEepHBIX TUKOB), BBI3BAHHBIX BPAIAIOIIUMUCS
JIOTIACTSIMA BUHTOB B MOMEHTHI BPEMEHH, KOTIA JIO-
MacTh MEPICHINKYIIIPHA HANpPAaBICHUIO OOIyYCHUS.
B xauectBe mpuMepa Ha puc. 1, 6 BO BpeMeHHOH 00-
JACTH TOKa3aHa cTpykrypa curHama A(t), orpa-
JKEHHOTO OT BepToJieTa. XapakTepHbIE MHKH ¢ 0OJIb-
IIUM TIEPUOIOM TIOBTOPEHUSI COOTBETCTBYIOT OTpa-
YKEHUSIM OT JIOMACTEH HECYIETO BUHTA, & C MEHBIITUM
MEPUOJOM — OTPAXEHUSIM OT JIOTAacTed pYyJIEeBOTro
BMHTa BepTojeTa. B cBOI0O ouepesnb, 3XOCUTHAN ca-
MoOJIeTa C OJTHUM BHHTOM BO BPEMEHHOU 00JacTH co-
JIEP)KHUT OJIMH HA0OP MEPHOAMUECKUX COCTABISIONTUX
C OJMHAKOBBEIM TEPUOJIOM. OTH TPHU3HAKH MOTYT
OBITh HCITONIL30BAHBI B KauecTBe HH()OPMATHBHBIX
U1l pacrnio3HaBaHusi BUHTOMOTOpHBIX JIA. Tlepuon
MOBTOPEHHUsS] MOAYJSALHMOHHBIX COCTaBISIOIIUX Ty,

UMEET CTPOTYIO 3aBUCHMOCTH OT (PaKTHUSCKUX IMa-
pameTrpoB BuHTa JIA, a ”MEHHO YacTOTHI BpallleHUS
/s (unm mepuona BpameHns 1, ) U KOJIMYECTBa JIO-

nmactet Ny: T, =1/(fBNH) =T,/N,. Takum obpa-

30M, 3TO COOTHOLIEHHE ONpEAEAET B3aUMOCBA3b
BBIOPAHHBIX UL PACIO3HABAHUS IIPU3HAKOB DXOCHI-
Hajda ¥ (aKTUYECKHX IapaMeTPOB BHHTOB [BHIa-
TETHFHOM yCTaHOBKH. B KauecTBe mpuMepa mpuBeneM
pacyeT 0XMIAEMOTO IEPHOAa NMOBTOPEHHUS MOMYIIS-
LIUOHHBIX COCTABJIAOIIUX JUId HECYILETO BUHTA BEP-
Tonera Mu-8, KoTopslii cocTout U3 N, = 5 nonacteit

U BpaIllaeTcsl ¢ 4aCTOTOM f, = 192 06/MI/IH =32Tm.

[lepron moBTOpEeHHUS] MOAYISLMOHHBIX COCTABISIO-
[IMX 3XOCHTHalla OT HECYIEr0 BHUHTA JIOJDKEH CO-

CTaBIATH Iy, = 1/(3.2' 5) = 62.5 mc.

Auaroput™ 006padorku. Ha puc. 2 npencrasnena
CTPYKTypHas cxeMma pa3paboTaHHOrO ajJropuTma 00-
paboOTKM SXOCUTHAJIOB BHUHTOMOTOpHBIX JIA B
IIBPJIC st pemieHus 3a0a4ul pacro3HaBaHusl. AJro-
PUTM TIO3BOJIIET OLEHUTH IapaMeTpbl BpPaLICHUS
BHHTOB JIBUTaTeNbHOW ycTaHoBkH JIA, ompenenuth
KJIaCC M B HEKOTOPBIX ciydasx Tum JIA, 1. e. ocyie-
CTBUTH pacrio3HaBaHue. BXOTHBIMH JAHHBIMU LT al-
TOpUTMA CIIy’KaT OTCYETbl JBYMEPHOM B3aMMHOMU

, KOTO-

¢bynkn HeomnpeaenenHoctH (BOH) |‘{’(l ,d)

past npu npaktudeckoil peanuzanyu B [IBPJIC Beruuc-
JISIETCS COMIACHO BhIpaykeHUsM [ 14]
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BxonaHbie 1aHHBIE

(BOH)
TTouck OG6HapyxeHue Ouetika
MuKpozoniuIeporckoii [ OBIID [P MOTYIIAIIHOHHBIX > HepHOIMUHOCTH —» Kimaccnduxarus
CHIHATYPBI COCTAaBJISOLIHNX
Bepronet/BUHTOBOM
camoJer
Cpasenne | 0
¢ 6a30ii JaHHBIX
Puc. 2
a a eeeoapy
M-1 — janﬂ 11 12 1)
|\P(Z,d)|= Z rm(l)e M. (1) ay| ax aj;
m=0 X = s
N-1 a a; a;;i
* 1 2
F (D=2 s(mN +n)sier (MmN +n-1),  (2) ao v
n=0

rae / — JUCKpeTU3UpOBaHHas 3aIepxKKa; d — TUCKpe-
TU3UPOBAaHHBIA YaCTOTHBIN (JIOMJIEPOBCKUII) CIBUT;
M — KOJIMYECTBO CETMEHTOB, Ha KOTOphIE pa3duBaeT-

csa curHan mpu obpaborke; m=0,M —1 — HOMEp
cerMeHTa; N — KOJMYECTBO OTCYETOB MPUHSATOTO

curHana B oopabareiBaemMoM cermente; n=0,N —1 —

HOMEp OTCYUE€Ta BHYTPU CEIMEHTa; S§ — IPUHATHIN

*
CHUTHAJI; Spef — KOMIIJIEKCHO CONPSIPKCHHBIM OIOPHBIN

curnan ("*" — CHMBOJ KOMITJIEKCHOTO COTIPSIKEHUS ).
IIpu Bbluncnennu BOH B kauecTBe OMOPHOIO

CUTHajla Spef HCIIONB3YCTCs BOCCTAHOBJICHHAs OTa-

JIOHHAsl KOTIHsI CUTHalla MepeAaTyrka, cBoOOMHAs OT
IIYMOB W HCKaKeHUM. Taxke NMPUHATBIA CHTHAI S
MIPEeIBapUTENILHO MPOXOAUT Yepe3 dTal aJarTHBHON
¢bunpTpanuy, npegHa3HaYeHHBIM Ui MOJAaBICHUS B
KaHajie HaONIOJCHUs TMPSMOTO CUTHajia M €ro MOII-
HBIX KONMM, BO3HMKAIOIMX H3-32 OTPAXKEHHUA OT
MECTHBIX MPEIMETOB M MHOTOIIYyTHOIO PacIpocTpa-
HeHus. [logpoOHoe onucaHne Bcex ATarnoB 06padoT-
ku curHanoB B [IBPJIC npencrasneno B [4].

Taxke Ha BXOJ aNrOpUTMa OT OOHAPYKHUTEIS
Lenel mocTymnaeT Marpuua X TOW *e pasMepHOCTH,
yTo U MaccuB BOH, kotopas conepKuT equHUIIbL B
TeX s4ekKax, rue oOHapyxkeHbl menu. s oOHapy-
skenus uened B [IBPJIC ucnonb3yercst 1BymMepHBIN
aJIalTUBHBIA alTOPUTM C YCpEIHEHUEM S4YeeK W3
CeMeHCTBa METOMOB C MOCTOSHHBIM YPOBHEM JIOXK-
Hoit tpeoru (Cell-Averaging CFAR, CA-CFAR)

(4], [15]:
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e i€1,2D+1 — HOMep cTpoku (D — MakcHMaib-
HBI YaCTOTHBIM CIBUT, YHCIO CTPOK COOTBETCBYET

YUCITy O3JE€MEHTOB YaCTOTHBIX cIBUTOB 2D +1);

j€l,L — HoMep cromnbIia (YMCIIO CTOJIOIOB COOTBET-

CTBYET YHCITY JJIIEMEHTOB 3aJICPIKKH L).

Ha nepBom 11are anropurma Ha BCeX JEMEHTax 110
3aiepkke B Marpuile X OOHapy>KeHHBIX IIeneil ocy-
IECTBILICTCS TIOUCK DIIEMEHTa 3aJIePKKH [y, B KOTO-

pPOM MPHUCYTCTBYeT MHKpOIOIUIEPOBCKAsi CHIHATypa
(uD — ot awen. micro-Doppler), o0ycnoBieHHas Bpa-

matonmmucs gactsimu JIA. B kauectBe kpurtepus npu-
HSTHS PeIIeHrsT 00 0OHAPYKCHIN MHIKPOIOILICPOBCKOMA
CUTHAaTyphl Ha MCCIEIYyeMOW 3aJIepiKKE MCTIONb3YeTCs
napameTp ¢ (KOJMYECTBO OOHAPYKEHUI HA OTHOM 3Jie-
MEHTE 33/ICP>KKH), KOTOPBIH 33/1a€TCSl B 3aBUCHMOCTH OT
TIOMEXOBOM 0OCTaHOBKW. Ecnmm uwmciio oOHapyKeHHi
(KOMMYEeCTBO eIMHULL B Marpulle X) Ha OIHOM M3 3Jie-
MEHTOB 3aJEpXKKU IPEBbIILIACT 3HAYEHUE IapaMerpa c,
TO JUISl JATbHEHIICH OOpaOOTKH BBIICISCTCS CEUCHHUE
B®H na 310l 3a1epxKe:

2D+1
luD =7 Z a; >c,
i=l1

rae "|" — cuMBOJT YCJIOBUSL.

Jnsa xaxxnoro ceuenuss BOH, T. e. mis xaxmoro
3Ha4YeHUs 3a7epkku [, BoIpaxenue (1) mpencramis-
eT coboit muckpeTHOE TpeobpazoBanne Dyphe BEk-
Topa [’”0 (l),rl(l),...,rM_l(l)J U BBIYHCIAETCA C

oMoIIkI0 ObicTporo nmpeodpasoBanus Oypne (BI1D)
[14]. Pesynbrarom BII® cBeptku curnanos (2) ciy-
JKUT WX B3auMHBIN criekTp [16]. Takum obpaszom, ce-



yenne BOH mpencrapnser coOoi BEKTOp 3HAYCHHMA
Wz‘P(lHD,d ) B3aUMHOTO CIIEKTpa IPHUHSATOTO H

OIIOPHOTO cUrHaioB. IIpuMeHss Ha cienyroneM ma-
re anroputMma obparHoe BIID (OBII®) k cedyeHuro
B®H, nomyynM BEKTOp B3aUMHOHN Koppensuuu b
MPUHATOTO U OTIOPHOTO CUTHAJIOB JANMHON 2D +1 Ha
BBIJICJICHHOM 3aJepiKKe luD :

b =Fp [W],

rie Fj' — OBIIO.

IlonydeHHblid BEKTOpP 3HAUCHHI B3aWMHOW KOp-
peNSIMN MOXKET CIYXHUTh OLIEHKOM 3XOCHTHaja OT
BUHTOMOTOpPHOTO JIA M MOXeT OBITh HCIOJIB30BaH
UL OOHAPYKCHUST MOIYJSIIMOHHBIX COCTABIIIOMINX
U OIIEHKHU MX TepuofndHocTu. OOHapykeHUe MOAY-
JSIIAOHHBIX COCTABIIIOMNX, OOYCIOBICHHBIX Bpa-
LIEHUEM JIONACTeH, OCYLIECTBISETCS C IIOMOILIBIO
OJTHOMEPHOTO aJITOPUTMa aIallTUBHOTO OOHAPYKEHHUS
¢ ycpennenuem stueek CA-CFAR, Beixogom koToporo
sBIISIETCSL BeKTOp b', comepikamiuii Homepa 3JjIeMeH-
TOB BeKTOpa b, B KOTOPBIX MPOU3ONUIO OOHAPYKE-

HUE MOIYJISILMOHHBIX COCTABIISIONINX.

Ha crenyromem mare mpoBOJUTCS OLICHKA TEPH-
OJI0B IIOBTOPEHMSI MOIYJIALLMOHHBIX COCTaBJISIOLIMX.
DopMHpYETCsl BEKTOP MOMEHTOB BpEMEHH!

i
K VICT ¥
rne i €1,2D +1 — HOMep 3IeMeHTa YaCTOTHOTO CABH-
ra; Af — mar mo yacrore npu perarcicann BOH.

W3 BekTopa t BBIOMPAIOTCS DIIEMEHTHI, COOTBET-
CTBYIOIIME 3HAYEHHSAIM BekTopa b', m (dopmupyercs
BEKTOp MOMEHTOB BPEMCHH TOSBIICHHS MOJYJSIIHMOH-
HBIX COCTaBISIONIMX P. Jlanee pemiaercs 3amada pas-

JICNICHUST OOHAPYKSHHBIX MOTYJISIIMOHHBIX COCTABIIS-
IOUMX Ha IPyNNbl NEPUOAMYHOCTEH II0 KPUTEPUIO
KpPaTHOCTH B TIpe/ieiax 3aJaHHON JIOBEPUTEIILHOU TI0-
TPELIHOCTH IO CIEAYIOIIEH CucTeMe MMIIoTe3:

Hy: mod[p (k), p(k')] > At;
Hy: mod[p(k), p(k')] < At,

rie runore3a H( — UCCIenyeMble MOAYJISIUOHHBIC
COCTABISIIONIME HE NEPUOAWYHBI, [1| — MOIYJIALHN-

OHHBIE COCTAaBJSIOIIME MEPUOAUYHBI C MEPUOIOM
Ty; k, k' — HOMepa HCCIIeTyeMBIX JIEMEHTOB BEKTO-

pa p; At — noBepuTenbHas NOTPEIIHOCTb.
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Ecnu nmepuonsl MOBTOpEHHS BCEX MOAYJSLIMOH-
HBIX COCTaBJSIOIIMX OJMHAKOBBI, TO MPUHUMAETCS
petieHue 06 0OHapy)kKeHUH 00BEKTa C OIHUM BUHTOM
(IponesuIepoM) WIIM IBYMSI BUHTAMH C OJHHAKOBBIM
mepuogoM BpamieHusl. Takoil 0OBEKT MOXKET OBITh
KiaccuuuupoBaH Kak "BHHTOBOH camolyieT" WIn
"omHOBHHTOBOM Beptoser". Ecnu HaGmonmaroTcs jaBe
TPYHIBl MOAYJISLMOHHBIX COCTABISIOIIMX C pa3iny-
HBIM TEPHOIOM ITOBTOPEHUS, TO IPUHUMAETCS pellie-
Hue 00 oOHapykeHnH o0beKTa Kiacca "Beproner”. B
9TOM cily4yae MOIYJIALIMOHHBIE COCTABIAIOLIME C
OOJIBIIIM TIEPUOIOM ITOBTOPEHUS OOYCIOBJIEHBI OT-
pKEHUSAMH OT JIONIACTE HeCyIlero BUHTA, C MEHb-
LIMM [EPUOIOM — OTPAKEHUSAMH OT JIONIACTEH PYJIEBO-
ro BUHTa BepToiieTa. IlonydyeHHble OLIEHKH IEpUO0B
MOBTOPEHUS] MOIYJIALIMOHHBIX COCTABJIAIOIIUX MOTYT
OBITh HCIIONB30BAHBI JUISI JalbHEHIel uaeHTuduka-
1uu tuna JIA ¢ ToMOIIbI0 CPaBHEHMSI 3TUX 3HAUCHUH
C TIOJITOTOBJICHHOHN 02301 JTaHHBIX.

JKcNepUMeHTAbHbIE HCCIeA0BAHUS. OJKCIie-
pUMEHTAJIbHBIE HCCIIEN0BaHUA MPOBOAMWINCH C IIO-
momesto TIBPJIC, paspaborannoii B Cankt-Ilerep-
OyprCKOM TOCYJAapCTBEHHOM BIIEKTPOTEXHHUECKOM
yuuBepcutere "JIDTU" [12]. Curnan, oTpa’keHHBINA
ot Beprojieta Mu-8, 3anucan [1BPJIC, pacmnonoxeH-
HOW B TOPOJCKMX YCIIOBHSIX Ha KpBIIe 3AaHUS
CIIGIDOTY "JIDTHU". Curnan nepBoro MyJabTHILICKCA
JleHMHTpaZCKOTO PaAJAUOTEICBU3MOHHOTO TEepearo-
mero nentpa (JIPTIIL]) va 35-m kanHane cranmapra
DVB-T2 (586 MI') ucronbs3yercst IIsl pagnoiioka-
LMOHHOTO TojacBeTa. PaccTosHre MEXTy NpueMHON
no3uumei u mnepenarunkomM DVB-T2 cocrasnser
600 M, BbICOTa pa3MeNIeHHs TEepenaTdnka — OKOJIO
300 m. BepToneT Haxoquiics B ceKTOpE HAOMIONEHUS
IIBPJIC na paccrosiHuu 2.5-3 KM OT NPUEMHOM IO-
3unuu. B3anMmHas (QyHKOUS HEONpPEAeNeHHOCTH B

Koop/MHaTax "3ajepxka (ty,) — dactora Jlomiepa
( fD) ", paccunTaHHas B mpolecce o0pabOTKHU 3aIu-

CAaHHBIX CUTHAJIOB, ITOKa3aHa Ha puUcC. 3.

\
Y il AL UJW
ML'HM“;“ b

™ Curnarypa sepronera

T, MKC
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|\F" (v )|
0.8 Dro3ensk
0.6—
Brynka
0.4 Pymnesoii BuHT /
i Hecymwuii BunT

Puc. 4

Curnarypa BepTojieTa XOpOUIO 3aMETHa U MOYKET
ObITh M3BNIeueHa w3 BOH. Ha mmkpomoruiepoBckoit
CUTHAType BEpPTOJIETa MOXKHO Pa3IUYUTh COCTABIISIO-
IIyI0 CUTHAJIA, OTPAXKEHHOTO OT (DI03eIsDKa, M PACIIH-
pEeHUe JOIIEPOBCKOTO CIIEKTpPa, BBI3BAHHOE BpPallleHU-
€M JIoTIacTe HECYILETo U PYJIEBOro BUHTOB (puc. 4).

Ha puc. 5 mpencrasien sxocurHai BepToieTa BO
BPEMEHHOH 00JacTH TOcie IMpeoOpa3oBaHUS MHUK-
POJOIUIEPOBCKON cUTHATypbl ¢ momoinibio OBIID.
MonyssImuOHHBIE COCTABIIIOMINE ¢ OOIBIINM IIEPHO-
JIoM TIOBTOpeHHS (62.44 Mc) 00yCIIOBIICHBI OTPaXKESHU-
MU OT JIOTIACTel HECYIEro BUHTA (TPEyroJibHbIE
MapKepsl), ¢ MEHbIINM niepuosoM (17.48 mc) — otpa-
KEHUSMHU OT JIONacTedl pyleBOro BHMHTAa BEpTOJETa
(xBazparHble Mapkepsl). [lomyueHHbIE OLIEHKH Iepu-
OJIOB TIOBTOPEHHSI MOTYT MPUMEHATHCS JUISL KIIacCH-
¢uKanuy BepToJeTa IMpPH CPAaBHEHWH C THIIOBBEIMU
mapamMeTpaMy BEPTONETOB W3 0a3el MaHHEBIX. M3BIte-
YEeHHbIE 3HAUE€HUSI HaXOJATCS B COOTBETCTBUU C TE€O-
PETHUYECKUMU TIEPUOJAMU TTOBTOPEHUS MOIYIISIIHOH-
HBIX COCTaBJISIIOIIMX JJisi Beprojera Mu-8, koTopsie
COCTaBILAIIOT 62.5 MC JUIsl OTPaXXEHUH OT Jionacrteil He-
CylIero BUHTa U 17.5 Mc — pyineBoro BUHTA.

Oxocurxain BuHTOBOro camosera Cessna 172 3anu-
can skcniepumenTansHOM TIBPJIC, pacnonokeHHOM Ha
paccrostany 49.2 kM 0T nepefarduka. CUrHai BToporo
mynbTaruiekca JIPTTIL wa 45-m kaname cranmapra
DVB-T2 (666 MI'm) ucrionb3yercst Ui paaroIOKaIH-
onHoro mnoxaceera. Camorter Cessna 172 Haxomuiics B
cekrope Habmonenus [IBPJIC Ha Beicote 300 M Ha
PacCTOSHUM OKOJIO 3.5 KM OT IPUEMHON MO3ULIUH.

b
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Paccunrannas BOH ¢ MuUKponomnnepoBckoi cur-
HaTypoil BUHTOBOIO caMoJieTa I0Ka3aHa Ha puc. 6.
3uauenuss BOH Bokpyr HyneBoil IOMIEPOBCKON da-
CTOTHI OBLIM HOPMHPOBAHBI JUIS JIydIlIel BH3yalu3a-
UM CUTHATYpPHI, OOYCIIOBICHHOHW BpaIleHHeM JIoma-
CTell BUHTa caMmoJieTa.

W3BnedeHHass MHKpPOJOIUIEPOBCKAs CHTHATypa
camoinera Cessna 172 moka3zana Ha puc. 7. OHa co-
CTOUT M3 MOIIHOTO OTpakeHHs OT (ro3eyspka u 60-
jiee cyabbIX COCTaBISIONINX BOKPYT JUHUU (Pro3ess-
’Ka, COOTBETCTBYIOILIMX OTPAKEHUIO CUTHAJIA MTOJICBE-
Ta OT BPALIAIOIINXCS JIONacTell BUHTA CaMOJIeTa.

Ha puc. 8 Bo BpeMeHHOI1 06nacT MpeCcTaBIeH 3X0-
curHain ot Cessna 172, oy4eHHBIH TOCIe TPHUMEHEHIS
OBII® x MUKPOAOILIEPOBCKOI curHarype. OOHapyx«eHa
TOJIbKO OJfHa IpyIIa MEPUOJUYHBIX COCTABILIOLIMX C
OJIMHAKOBBIM TIEPUOJIOM IOBTOpEeHUs (KBaJlpaTHbIe Map-
Kepbl). VI3BreueHHOE 3HAUEHHE IIEpHOfA IOBTOPEHUSI

0 50 100 t, MC
Puc. 8



MMUKOB COCTaBysieT 13.3 Mc, 9TO CTPOTO COOTBETCTBYET
pEATbHOMY 3HAYCHUIO TIEPUOZa BPAILCHHS TPEXJIONACT-
Horo BuHTa camosiera Cessna 172, Haxomsiierocs B
Kpeiicepckom pexknme norera ( f, =1500 06/muH).

3akutouenue. IIpeanioxeHHbINH aaropuT™M oopa-
OOTKM DXOCUTHAJIOB MOXET OBITh MCIOJIB30BaH MIJIst
MPAKTUYECKON peann3aliiil paclo3HaBaHUs BUHTO-
motopubIX JIA B TIBPJIC, ucnons3yromei cTopoH-
HUE TepelaTYuKy CUTHAIOB JJIS PaJUOIOKAI[IOHHO-
o0 IIOACBETA. Pe3yJ'ILTaTI)I OKCIICPUMCHTAJIbHBIX HC-

M3Bectusa By30B Poccuun. PagnosnekTpoHuka. Ne 6/2018

CIIEIOBaHUI  TPONEMOHCTPHPOBATH  pabOTOCIOCO0-
HOCTh anroputMa. OmHAKO UIsl ONEHKH 3((PEKTUBHO-
CTH ¥ BEPOATHOCTHBIX XapaKTEPUCTHUK, a TAKKE JJISI OT-
JIAJKHU TIPEIIOKEHHOIO aJlfOpUuT™Ma 00pabOTKH 3XOCHT-
HAaJIOB, OTpaXKeHHbIX OT JIA ¢ pa3Hoil koH(uUrypauuei
BUHTOB JIBUT'ATEIbHON YCTaHOBKM TPH pa3HbIX OWCTa-
THYECKUX yIIaX M pakypcax JIA, HeoOxomumo 06ob-
1I0€ YUCJIO JIOMOJHUTENbHBIX HATYPHBIX WM MOJEIb-
HBIX SKCTIEPUMEHTAIILHBIX UCCIIEIOBAaHUH.
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RECOGNITION OF PROPELLER-DRIVEN AIRCRAFT IN PASSIVE BISTATIC RADAR'

Abstract. Nowadays passive bistatic radars (PBR) allow for detection, determination of coordinates and tracking of
moving objects. In order to enable PBR integration into air traffic control systems, it is necessary to solve the problem of
recognizing airborne objects, in particular, propeller-driven aircraft (AC). This will increase the degree of aviation safety. To
solve the recognition problem, the analysis of propeller-driven aircraft echo signals, such as helicopter and propeller air-
plane, is performed. The informative features that can be used for recognition of propeller-driven aircraft in PBRs are de-
fined. The method for propeller-driven aircraft recognition is proposed, that is based on extraction of modulation compo-
nents originated from the rotational parts of the aircraft and estimation of their rotation parameters. The algorithm for echo
signal processing is developed, which makes it possible to apply the proposed recognition method for PBRs.

The experimental results of the processing algorithm are presented on the example of real signals reflected from the
Mi-8 helicopter and the Cessna 172 propeller aircraft. The experimental data are recorded by two different PBRs using
DVB-T2 digital terrestrial television signals standard for airspace illumination. The estimated rotation parameters of the
aircraft propeller blades correspond to the actual values. Such a correspondence allows not only to recognize the aircraft
group, but in some cases to identify its type.

Key words: radar recognition, passive bistatic radar, time-frequency analysis
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PACNO3HABAHWE BUHTOMOTOPHbIX NETATE/IbHbIX AMMAPATOB
B MACCUBHOW BUCTATUYECKOW PNIC

AHHOmayus. llaccusHsie bucmamuyeckue paduonokayuoHHele cmaHyuu (MbPJIC) 8 Hacmosiwee speMs No3eo-
IA10M ocyujecmensime 06HapydeHUe, onpedeseHUe KOOPOUHAM U ConpogoxcdeHue 08UMYWUXCS o6bekmos. Ans
obecneyeHus1 803MoxHOCMU uHmMezpayuu [BPJIC 8 cucmemsl ynpaeneHuUs 8030yWIHbIM O8udeHuUeM Heobxooumo
pewiums 300a4y pacnO3HABAHUS 8030YUWHbIX 06BEKMO8, 8 YACMHOCMU BUHMOMOMOPHLIX IeMame/ibHbIX annapamos
(JJA). 3mo no3gosum yeenuvumMs cmeneHs obecneveHuUs 6€30NaCHOCMU nosemoe asuayuu. Ans peweHusi 3moli 300a-
Yyu nposedeH AHA/AU3 3XOCU2HA/A08 OM BUHMOMOMOPHSIX JIA - makux, kak eepmosem u suHmosoli camonem. Coop-
MyAuposaHsl UHGOPMAMUBHbIE NPU3HAKU, KOmopsle Mo2ym 6biMb UCN0A6308aHbI NPU PACNO3HABAHUU 8UHMOMO-
mopHsix JIA e TTbPJIC. [MpednoxeH Memod pacno3Has8aHUs 8UHMOMOMOPHSLIX JIA, Komopelli OCHOBAH HA U38/AeYeHUU
MOOYAAYUOHHbIX COCMABASIOWUX IXOCUZHAAA, 00YC108/1EHHbIX 8PAWYAOUUMUCA YacmAamu d8u2amensHol ycmaHo8KU
JIA, U Ha oyeHKe napamempoe Ux 8pawjeHus. PaspabomaH anzopumm obpabomku 3X0CuzHaA08, no3eossawWul pea-
U3080Mb NPeOAoHEHHbIT Memod pacno3HaeaHus Ha npakmuke e [1bPJIC. [lpedcmaesneHsl 3KCnepuMeHmanbHele
pe3ynbmamsl pabomsi an120pUMMAa 06PABOMKU HA NPUMEPe PeasbHbIX CUZHA/08, OMpPaX(eHHbIX om gepmosema Mu-
8 u suHmMosozo camosema Cessna 172. IkcnepumeHmMasneHele OaHHbIE 3aNUCAHbI 08yMSs pasHeiMu TBPJIC, ucnone3y-
OWUMU CU2HAALI YUPPOBO20 3UPHO20 menesudeHUss cmaHdapma DVB-T2 e kayecmae paduo/noKayUOHHO20 Noo-
cgema 8030ywWHO20 npocmpaHcmea. OyeHeHHble napamempes 8pawjeHus aonacmeli BUHMO8 BUHMOMOMOPHebIX JIA
coomeemcmayrom Gakmu4eckumM 3Ha4eHUsAM. Takoe coomeemcmeue no380/sem He Mosbko pacno3Ha8amsb KAAcCc, HO
U 8 HeKomopeix cayqasx udeHmuuyuposames mun JIA.

! In preparing the publication, the authors used the results of the project "Development of Multi Station Complex of Semi Active Radiolocation and Radio
Monitoring of Radiating and Silent Objects" (Agreement of November 21, 2018. No. 075-11-2018-035) using government support measures in compli-
ance with RF Government Regulation of April 9, 2010. No. 218.
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Introduction. In recent decades, passive bistatic
radars (PBRs) have been actively developed and
have found wide range of applications [1]-[4]. The
PBR special feature is the use of third-party transmit-
ter signals as radar illumination. Nowadays PBRs are
used mainly for detecting, position determining and
tracking of moving objects. Moreover, they represent
the most advanced tool for modern security systems,
air traffic control and ship traffic control. However,
the problem of airborne object recognition by means
of PBR is still unsolved. Recognition should be un-
derstood to mean the solution of the problem of as-
signing detected object to a certain class, i.e., a group
of aircraft (AC) similar in their design features. Of
particular interest is the recognition of propeller-
driven aircraft of such classes as helicopter and pro-
peller aircraft, since they have similar informative
features (radar cross-section, speed and altitude).This
makes recognition of such AC more complicated.

Recognition of propeller-driven objects in conven-
tional active radars is based on the reflected signal struc-
tural feature analysis [5]-[7]. The signal reflected from
the objects of these classes has a complex structure,
which consists of a powerful signal component reflected
from the fuselage and weaker signal components caused
by rotating blades and hubs of the propellers [8]. In pulse
radars, recognition of propeller-driven aircraft requires
quite a long accumulation time and applying of recogni-
tion algorithms requiring high computation power [5].

In their turn, PBRs do not have such require-
ments that are typically applied to pulse radar signal
parameters as PBRs use continuous signal for object
illumination. Capabilities for helicopter detection and
recognition by means of PBRs using GPS, DVB-T
and FM signals as illumination ones have been ex-
tensively studied over the last years [9]-[11]. For
helicopter recognition, the same features are used
both in PBRs and in active radars. For successful and
actual recognition, the information on rotary parame-
ters for the main and tail rotors is required. However,
the modulation components of the helicopter echo
signal caused by tail rotor are weak or not at all no-
ticeable in experimental measurements. The use of
the main rotor parameters alone complicates the
recognition process.
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Problems arising from recognition of propeller-
driven AC in PBR are mainly related to the parame-
ters of third-party transmitter signals used as a radar
illumination. The use of digital signals of terrestrial
broadcasting appears more preferable than analog
ones, since their frequency band is wider (and there-
fore, the range resolution is better) and their charac-
teristics do not depend on the transmitted content
(which ensures the PBR characteristics stability).
Russia has a well-developed infrastructure with a
large coverage area of digital terrestrial television
(DTTV) of DVB-T2 standard. Signals of this stand-
ard are used as illumination for PBR developed in
Saint Petersburg Electrotechnical University "LETI"
and providing detection and tracking of moving ob-
jects, including helicopters and propeller-driven air-
crafts [4], [12].

Solution to a problem of propeller-driven AC
recognition will expand the PBR application area. The
ability to recognize weakly distinguishable propeller-
driven AC will make PBRs an effective tool for de-
tecting and signaling unauthorized flights. This will
allow, in particular, the integration of PBRs into the
air traffic control systems of civil airports and private
airfields for the purpose of flight operation safety.

Research objective. To solve a problem of pro-
peller-driven AC recognition in PBRs it is necessary to
carry out the helicopter and propeller-driven AC echo
signal structure analysis, to define their informative
features, develop an algorithm for processing echo
signals reflected from propeller-driven AC. The pro-
cessing algorithm efficiency is to be verified on ex-
perimental data obtained by means of PBR using
DVB-T2 DTTV signals as radar illumination.

Reflected signal structure. Signal reflected
from propeller-driven AC is unique from the point of
view of radar recognition due to specifics of the sec-
ondary radiation. It is caused by reflections from the
fuselage, rotor blades (main and tail for a helicopter)
and rotor head. The most useful for recognition is the
signal reflected from the rotating rotor blades, as in
the frequency domain there are quasi-symmetric
modulation components around the fuselage line.
Such a multi-component signal structure is called
micro-Doppler or micro-Doppler signature, i.e. mo-
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tion characteristic containing the law of modulation

of the Doppler frequency of an echo signal [13].
Micro-Doppler signature is represented as distribu-

tion in frequency and time domains. The typical struc-

ture of the amplitude spectrum for the signal A( /), re-

flected from propeller-driven objects is shown in Fig. 1,
a. The most powerful component corresponds to the
reflection from the fuselage, while the quasi-
symmetrical components around the fuselage line are
caused by the blades and rotor hubs rotation. The ap-
proaching tip of the rotor blade corresponds to the com-
ponent with the highest Doppler frequency, whereas the
component with the lowest Doppler frequency results
from the receding tip of the rotor blade.

The echo signal in the time domain consists of peri-
odic modulation components (characteristic peaks)
caused by rotating blades at a time when the blade is
perpendicular to the direction of illumination. As an
example, Fig.1, b demonstrates A(7) signal structure re-
flected from helicopter in the time domain. Characteristic
peaks with bigger repetition interval correspond to reflec-
tions from the main rotor blades, and with smaller repeti-
tion interval correspond to reflections from the tail rotor
blades of the helicopter. In turn, the echo signal of an
aircraft with one propeller in the time domain contains
one set of periodic components with the same period.

actual parameters, i.e. rotation frequency f, (or rotation
of blades Ny :
Ty =1/(f;Np)=T;/Ny. Thus, this ratio determines

the relationship of the echo signal features selected for
recognition and the actual parameters of the propellers.
As an example, we will provide calculation of the modu-
lation components desired repetition period for the Mi-8
helicopter main rotor, which consists of Ny, =5 blades

period 7,) and the number

and rotates with the frequency of f.=192 r.p.m. or
fr=3.2 Hz. The repetition period of modulation com-

ponents of the main rotor echo signal is to amount
T, =1/(3.2-5)=62.5 msec.

Processing algorithm. Fig. 2 provides block dia-
gram of the developed algorithm for propeller-driven
AC echo signal processing for the purpose of their
recognition. The algorithm allows estimating parame-
ters of the AC propeller rotation, determining the class
and in some cases the type of aircraft, i.e. performing
recognition. The input data for the algorithm are the
samples of the two-dimensional cross ambiguity func-

tion (CAF) |‘I’(l,d )|, which, when implemented in

PBRes, is calculated according to the expressions [14]

M-1 —i2nd—
J 4T
These features can be used as informative for recognition |‘P (1,d )| = Z 1, (De M. (1)
of propeller-driven AC. Repetition period of modulation m=0
components 7, strongly depends on the AC propeller
Input
(CAF)
Search for micro- ] Detection of modulation Periodicity . .
Doppler signature | iFFT [ components estimation | Classification
Helicopter/Propeller-
driven AC
Comparison L > T £AC
with database ypeo
Fig. 2
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N-1
1y (1) = ZS(mN+n)s:ef(mN+n—l), )
n=0

where [/ is sampled delay; d is sampled frequency
(Doppler) shift; M is the number of segments into
which the signal is decomposed when processed;

m=0,M —1 is the segment number; N is the number
of samples of the received signal in the processed

segment; n=0,N —1 is the sample number within

the segment; s is the received signal; s..¢ is com-

plex-conjugate reference signal ("*" is a symbol char-
acter for complex-conjugate).

When calculating the CAF, reconstructed refer-
ence copy of the transmitter signal, free of noise and
distortion, is used as a reference signal s.¢ . In addi-

tion, the received signal s first pass through adaptive
filtering stage designed to suppress the direct signal
and its powerful copies in the channel, arising due to
reflection from local objects and multipath propaga-
tion. Detailed description of all the signal processing
stages in PBRs is provided in [4].

Besides, the matrix X of the same dimension as
the CAF array, which contains units in those cells
where the targets are detected, arrives at the input of
the algorithm from the target detector. To detect tar-
gets in PBRs, two-dimensional cell-averaging con-
stant false alarm rate (Cell-Averaging CFAR, CA-
CFAR) adaptive algorithm is used [4], [15]:

a arn alj

ayy 4ayy ... dayj
X = I,

an apn aij

where i €1,2D +1 is a number of the line (D is a max-

imum frequency shift, the number of lines corresponds
to the number of frequency shift elements 2D +1);
J el,L is a number of column (the number of col-
umns corresponds to the number of delay elements L).
At the first algorithm step, on all the elements for
delay in the matrix X of detected targets, there per-
formed a search for the delay element /,p, in which

there is a micro-Doppler signature (LD comes from the

English micro-Doppler), caused by the AC rotating
parts. As a criterion for making a decision on micro-
Doppler signature detection in the delay under investi-
gation, the parameter ¢ (the number of detections in one
delay element) is used, which is set in relation to inter-
ference environment. If the number of detections
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(amount of units in X matrix) in one of the delay ele-
ments exceeds the parameter ¢ value, for further pro-
cessing the CAF cross sections is selected in this delay:

2D+1
luD =7 Z 4 >c,
i=1
where "|" is a symbol of condition.
For each CAF cross section, i.e. for each value of
the delay /, the expression (1) represents the discrete

H|Vl

Fourier transformation of the vector

[ro D, n(D,....ny (l)] and is calculated by means

of discrete fast Fourier transformation (DFFT) [14].
The result of DFFT of signal convolution (2) is their
cross spectrum [16]. Thus, the CAF cross section is a
vector of values W = ‘P(ZHD,d )of the received and

reference signal cross spectrum. Applying the inverse
fast Fourier transformation (IFFT) to the CAF cross
section at the next step of the algorithm, we obtain the
received and reference signal cross correlation vector

b with the length of 2D +11in the selected delay /,p :
b=Fp' [W],

where Fp! is IFFT.

The obtained vector of cross correlation values
can serve as an estimate of the propeller-driven AC
echo signal and can be used to detect modulation
components and estimate their periodicity. The de-
tection of modulation components caused by blade
rotation is performed using CA-CFAR one-
dimensional adaptive detection algorithm the output
of which is vector b’,containing b vector element
numbers in which the detection of modulation com-
ponents occurred.

At the next step, the modulation component repe-
tition periods are evaluated. Instant vector is formed

¢ = i
YAr@2D+1)’

where i €1,2D +1 is frequency shift element number;
Af is frequency step when calculating CAF.

Elements that correspond to the b' vector values are
selected from thet vector and a vector of instants of
modulation components p is formed. Next, we solve the
problem of separating the detected modulation compo-
nents into groups of periodicities with respect to repeti-
tion factor within the given confidence error according to
the following system of hypotheses:

Hy :mod[p(k),p(k")]> At;



Hy :mod[p(k),p(k")]< At

where H( hypothesis specifies that the investigated
modulation components are not periodic; H; speci-

fies that modulation components are periodic with
the period of T;; k, k' are the p vector investigated

element numbers; A¢ is the confidence error.

If the repetition periods of all the modulation com-
ponents are similar, then the decision is made to detect
one-propeller or two-propeller object with the same rota-
tion period. Such object can be classified as "propeller-
driven airplane" or single-propeller "helicopter”. If the
two groups of modulation components with different
repetition period are observed, then the decision is made
to detect the "helicopter" class object. In this case, the
modulation components with longer repetition period are
caused by reflections from the main rotor blades, and the
modulation components with shorter period are caused
by reflections from the helicopter rotor blades. The ob-
tained estimates of the modulation component repetition
periods can be used to further identify the AC type by
comparing these values with the developed database.

Experimental investigation. Experimental cam-
paign was performed by means of PBR developed in the
Saint Petersburg State Electrotechnical University
"LETI" [12]. The signal reflected from the Mi-8 helicop-
ter was recorded by PBR located in the city on the roof of
the building of the St. Petersburg Electrotechnical Uni-
versity "LETI". The signal of the first multiplex of the
Leningrad Radio and Television Transmitting Center
(LRTTC) on the 35th channel of the DVB-T2 standard
(586 MHz) is used for radar illumination. The distance
between the receiver and the DVB-T2 transmitter is
600 m, and the transmitter is allocated at the height of
about 300 m. The helicopter was in the PBR observation
sector at the distance of 2.5...3 km from the receiver

position. Cross-ambiguity function in the "delay (ty, )-
Doppler frequency (/)" coordinates calculated during

the recorded signal processing, is shown in Fig, 3.
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Fuselage

Fig. 4

The helicopter signature is clearly visible and can
be extracted from the CAF. In the micro-Doppler signa-
ture of the helicopter, it is possible to distinguish the
component of the signal reflected from the fuselage,
and the Doppler spectrum expansion caused by the
rotation of the main rotor and tail rotor blades (Fig. 4).

Fig. 5 shows the helicopter echo signal in time
domain after Micro-Doppler signature conversion
using IFFT. Modulation components with long repeti-
tion period of 62.44 msec are caused by reflections
from the main rotor blades (triangular markers). The
modulation components with shorter repetition period
of 17.48 msec are caused by reflections from the heli-
copter tail rotor blades (square markers). The obtained
estimates of repetition periods can be used for the
helicopter classification by comparing with the typical
parameters of the helicopters from the database. The
derived values correlate with the theoretical repetition
periods of the modulation components for the Mi-8
helicopter, which amount to 62.5 msec for reflections
from the main rotor blades and 17.5 msec for the tail
rotor blades.

The Cessna 172 airplane echo signal was recorded
by experimental PBR located at the distance of 49.2 km
from the transmitter. The signal of the second multiplex
of the LRTTC on the 45th channel of the DVB-T2
standard (666 MHz) is used for radar illumination.
The Cessna 172 airplane was located in the PBR ob-
serving sector at the height of 300 m at the distance of
about 3.5 km from the receiver.

b
0.8
0.6
0.4

0.2—

100 ¢, msec
Fig. 5
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The calculated CAF with micro Doppler signature
of propeller-driven aircraft is given in Fig.6. The CAF
values around the zero Doppler frequency were nor-
malized for better visualization of the signature caused
by the rotation of the airplane propeller blades.

The derived micro Doppler signature of the
Cessna 172 airplane is provided in Fig. 7. It consists
of the powerful reflection from the fuselage and the
weaker components around the fuselage line, corre-

0.4

0.2

0 50 100
Fig. 8

¢, msec

sponding to the illumination signal reflection from
the aircraft rotating propeller blades.

In the time domain in Fig.8 the Cessna 172 echo sig-
nal is shown, received after IFFT was applied to the
micro Doppler signature. Only one group of periodic
components with the same repetition period (square
markers) was found. The derived value of the peak repe-
tition period makes 13.3 msec, which strictly corresponds
to the real value of the Cessna 172 three-blade propeller
rotation period in its cruising flight ( /, =1500 r.p.m.).

Conclusion. The proposed echo processing algo-
rithm can be used for recognition of propeller-driven AC
in PBR using third-party transmitters for radar illumina-
tion. The experimental results have demonstrated the
algorithm performance efficiency. However, to evaluate
the efficiency and probabilistic characteristics, as well as
to adjust the proposed algorithm for processing echo
signals reflected from AC with different propeller con-
figurations, at various bistatic angles and aspect angles of
AC, a large number of additional field or simulation
experimental investigations are required.
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