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PAAVNOTEXHUYECKWE CPEACTBA NEPEAAUMN,
NPUEMA N OBPABOTKW CUTHANOB

RADIO ELECTRONIC FACILITIES FOR SIGNAL
TRANSMISSION, RECEPTION AND PROCESSING

https://doi.org/10.32603/1993-8985-2019-22-1-5-16
YAK 621.396.96

A. C. boposuykuii, A. E. Xkecmepee

AO "Pocculickuli uHcmumym paduoHagu2ayuu u epemMeHu"

np. O6yxoeckoli O60poHsI, 0.120, num. ELj, CaHkm-llemep6ype, 192012, Poccus
B. 1. Unamoe, P. M. Mamuyp™

CaHkm-llemepbypackuli 20cydapcmeeHHbIl 31ekmpomexHuYeckul
yHugepcumem "JiI3TN" um. B. V. YeaHoea (JleHUHQ)

yA. Mpogeccopa lonosa, 0. 5, CaHkm-lTemep6ype, 197376, Poccus

OLIEHKA NMAPAMETPOB 3XOCUTIHANA CNYTHUKOBOIO BbICOTOMEPA
METOAAMW CTATUCTUYECKOW NOATOHKW HA CTALVWN AOOBPABOTKW

AHHOmayus. CnymHuKosbiM paoduosbICOMoMepam NPUHAOAeX UM KAK4esas pofb 80 MHO2UX MUCCUSX Ou-
CMOHYUOHHO20 30HOUPOBAHUA 3eMAu U3 Kocmocd. JaHHele, nocmaeasemsie UMU, UCNOAb3YIOMCA Npu peweHuu
PA3HO06PA3HbLIX PYHOAMEHMANbHLIX U NPUKAAOHLIX 30004 2e0uU3UKU, 0KeaHO2paduu, Memeoposaozuu u dp. B co-
8peMeHHbIX U3MepumesbHbIX KOMNAEKCax 06pabomka OGHHbLIX CNYMHUKO8020 0/bMUMempa ocyujecmensemcs 8
Heckosneko 3manog. OOHUM U3 HUX AeAsemcs Ha3eMHaA 0006pabomka nepedaHHOU C KOCMUYeckoz20 annapama
UHpopmayuu. B Hacmosaweli cmamee uccaedyromcs an20pummel OYeHKU aAbmuMempu4yeckux napamempos 8 xooe
0006pabomku OaHHbIX CNYMHUKOB020 8bICOMOMEPA Ha3eMHbIM Komnaekcom. OcHosHol 3adayeli hemau asmoco-
Npo8oX#0eHUss NO 8peMeHU 8bICOMOMEPA HA 60pMy KOCMUYECKO20 HOCUMENsA 58/Aemcs HAOeXCHoe yoepxicaHue
NPUHUMAEMO20 3X0CU2HANA 8 CedAWEeM OKHe. YMOoYHeHHbie OUeHKU UHPOPMAYUOHHbIX NapamMempoe 8blpabamel-
800MCA 8 HA3eMHOM CceameHme, Kyda 0aHHble ¢ 60pma KOCMUYeCKo20 annapama copacsi8aromces no meaemempu-
yeckol AUHUU. [Joobpabomka OaHHbIX MOX(em OCyujecmeamecs Kak 6e3 onopel Ha $u3UYecKyro MoOeanb IX0CUHA-
/10, MAK U € y4emom MexaHu3mMa GopMuposaHUa OmMKAUKA hodcmunaroujeli nogepxHocmu Ha 30HOUpyrowuli cue-
Haa. B nocnedHem caydae cyujecmeeHHoO nossiuigemcss 00CMoeepHOCMe pesybmamoe UsMepeHus. B cmamee 30
0CHO8Y NPUHAMA GU3UYECKasi MOOesb OMPAXeHHO20 3X0CU2HAAA, 6U3KAs K kaaccudeckol modenu bpayHa, cuHme-
3UpPOBAHLI GA120PUMMbI CMamucmu4eckoli NOO20HKU ee napamempos nod HAbA0eHUSs, a Makxe npueedeHsl pe-
3y/16Mamel KOMNbOMEPHO20 MOOEAUPOBAHUA nNpoyedyp N0020HKU No MakcumMymy npasdonodobus (MI1) u memody
HaumeHbwux keadpamoe (MHK). ConocmaeneHue OaHHbIX MOJeaAUpPOoBaHUS C 2paHuyamu Kpamepa-Pao OemoH-
cmpupyem 3amemHsil npouzpsiw npoyedypsl MHK no omHoweHuto kK nomeHyuany, mozaoa Kak 3KkcnepumeHmarns-
Has moYyHocme MI1-nod20HKU npakmu4ecku cognadaem ¢ NOMeHYuaAbHOU.

KnioueBble coBa: CNyTHVIKOBEIN BbICOTOMEP, 3XOCUTHaN, prsmveckas MoZe b, 4006paboTka, MOAroHKa,
AVNCKPUMUHATOP, OLEHKa No MakcMMyMy MpaBAonoA06us, MeTo/ HaIMeHbLUNX KBaApaToB

Ansa unTmnposaHma: OLieHKa NapaMeTPOoB 3XOCUIHaNa CMYTHMKOBOIO BbICOTOMEPAa METOAaMM CTaTUCTNYECKON
NOArOHKN Ha cTaguu goobpabotkm / . C. boposuukuia, A. E. XecTepes, B. IN. MinaTtos, P. M. Mamuyp // 3B.
By30B Poccun. PagnoanektpoHuka. 2019. T. 22, Ne 1. C. 5-16. doi: 10.32603/1993-8985-2019-22-1-5-16

© boposuukuii [I. C., Xectepes A. E., natos B. 1., Mamuyp P. M., 2019 5



PagvoTexHMYeckne CpeAcTBa nepeaayun, nprvema n o6paboTku CUrHanoB
Radio Electronic Facilities for Signal Transmission, Reception and Processing

Dmitry S. Borovitsky, Alexander E. Zhesterev

JSC "Russian Institute of Radionavigation and Time"

120, Lt. EC5, Obukhovskoy Oborony pr., 192012, St. Petersburg, Russia
Valery P. Ipatov, Ruslan M. Mamchur

Saint Petersburg Electrotechnical University "LETI"

5, Professor Popov Str., 197376, St. Petersburg, Russia

ESTIMATION OF SATELLITE ALTIMETER ECHO-SIGNAL PARAMETERS
BY STATISTICAL FITTING METHODS IN THE COURSE OF RETRACKING

Abstract. Satellite radar altimeters play a key role in numerous space missions for the remote Earth sensing. The
data they provide are used in solving various fundamental and applied problems of geophysics, oceanography, mete-
orology, etc. In many modern measuring systems the altimeter data is processed in several stages. One of them is the
ground-based retracking of the information streamed from the spacecraft. The goal of this work is to study altimeter
parameter estimators in the course of the satellite altimeter data retracking by ground-based complex. The main task
of delay-lock loop onboard a satellite carrier is a reliable keeping of received echo-signal within the tracking window.
More accurate estimates of information parameters are worked out by the ground segment where data from the sat-
ellite is delivered via telemetry. Retracking can be performed either without using any physical echo model, or relying
on some mechanism under generation of response of an illuminated surface to the probing signal. In the latter case,
the measuring results become more trustworthy. The paper deliberations are based on the model close to the classical
Brown'’s one, they include algorithms of its parameters statistical fitting to the observation and computer simulation of
fitting according to the maximal likelihood (ML) and the least squares (LS) methods. The results obtained are com-
pared to the potential attainable and show that while LS fitting yields noticeably to the potential, experimental accu-
racy of ML-fitting practically coincides with the potential one.

Key words: satellite altimeter, echo-signal, physical model, retracking, fitting, discriminator, maximum likelihood
estimate, least squares estimate

For citation: Borovitsky D. S., Zhesterev A. E., Ipatov V. P., Mamchur R. M. Estimation of Satellite Altimeter Echo-
Signal Parameters by Statistical Fitting Methods in the Course of Retracking. Journal of the Russian Universities.

Radioelectronics. 2019, vol. 22, no. 1, pp. 5-16. doi: 10.32603/1993-8985-2019-22-1-5-16 (In Russian)

BBenenue. CHyTHUKOBBIM  pajnOBBICOTOMED
(ampTHIMETp) — BakKHAS YacTh COBPEMEHHBIX KOM-
TUIEKCOB JUCTAHIIOHHOTO 30HIMPOBAHMS M MOHHTO-
puHra 3emiau U3 kocMoca. B ocHOBe ero paboThl JISKUT
TPAJUIHAOHHBIA TPUHITAI UMITYJIbCHON PaJIHOSIOKAIIHH,
COCTOSIIMI B M3BJICYCHUN UH(OPMAIIMU O PACCTOSHUH
JI0 TIOACTWIIAIONIEH TMOBEPXHOCTU M3 3amla3/ibIBaHUsA
OTPaKCHHOTO HMITYIIECA OTHOCHTEIFHO H3IydaeMoro.
ITo xapakTepucTHKaM HPUHHMAEMOTO 3XOCHTHAIA
BBICOTOMEpD TaKXe MOXET OINpPENeIuTh CTEleHb
B3BOJIHOBAHHOCTH HCCIIEAYEMOM MOPCKOW TOBEPX-
HOCTH W P APYyTuX mapaMeTpoB. [lomydaemsie c
BBICOTOMEpA JaHHBIC MOTYT OBITh MCIIOJIBL30BAHbI JJIS
pCIICHNS MMPOKOTO TEPedHs 3a1av: Teo(pH3MICCKUX,
OKeaHorpapuIecKuX, SKOJIOruueckux u ap. [1], [2].

OO6paboTka BrIto4aeT B ce0s 3 arana [1], [2]:

— MepBUYHYIO 00paboTKy Ha OOPTY KOCMUYECKO-
ro ammapara (KA), B paMKax KOTOpOW MPOUCXOIUT
CIIe)KEHHE 32 3ala3/IbIBaHIEM U yPOBHEM NpUHUMAE-
MOTO 9XOCHTHAJIA;

— I1000paboTKy B HA3eMHOM KOMILICKCE C LIENBI0
MaKCUMaJIbHOTO YTOUHEHHS MPEABAPUTEIEHBIX OIICHOK

6

aTBTUMETPUIECKUX TTApaMETPOB C UCIOJIL30BaHUEM
pa3IMYHBIX MPOIenyp GUIBTPAITUH/CTIaKUBaAHUS;

— TOCTOOPabOTKY, B 3a[a4d KOTOPOM BXOIHUT y4eT
COBOKYITHOCTH (PM3HYECKHX (haKTOPOB, KOTOPHIC MOTYT
BJIMATH HAa JOCTOBCPHOCTDH PE3YJIbTATOB I/I3M€p€HHﬁ.

B mHacrosimell crarthe HMCCIICNOBaHBI  BOIPOCHI
OIICHKU MH(OPMAIIMOHHBIX TTAPAMETPOB AXOCUTHAJIA HA
aTane J000pabOTKH. DJIEMEHT, BBIpaOaThIBAIOIIHI TTO-
JIOOHBIC OIICHKH JJIs1 HECKOJILKUX MapaMeTpOB, HA30BEM
MHOTOMCPHBIM JUCKPHUMUHATOPOM. B aHDIOA3BIYHBIX
MyOJIMKAIUAX TIO CITYTHHUKOBOW aJBTUMETPUH 3a dJie-
MEHTOM TaKOro pojia ¥ COOTBETCTBYIOIIEH MpoLeypor
3aKpenInCh TEPMUHBI retracker U retracking, He mMe-
TOIIIHE TTOKA CTOJIh K€ KPATKOTO PYCCKOTO 3KBUBAJICHTA.

Ilpumem Bo BHUMaHue, uto KA mnepemaer B
HA3eMHBIA KOMIUIEKC B CHTHAJIC TEJIEMETPHUU YCPEI-
HEHHBIE 33 JICCATKHA HMJIM COTHU 30HIWPOBaHHUI pea-
JIU3AIMA  TIPUHSATBIX OXOCHTHAJOB (YCPEIHEHHBIC
sxocurHambl). [locnenoBarenbHOCTh TaKUX YCpe-
HEHHBIX AXOCHUTHAJIOB (TI0 TEPMHUHOJIOTHH [3] — mpo-
¢wiell) U CIY)XAT MCXOMHBIMH HaOJNIOACHUSAMH MPH
noobpaboTke. B pamkax 3amayMm CTATHCTHYECKOM
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MOATOHKH MapaMeTphl JETCPMUHUPOBAHHOW (PYHK-
[IUU BPEMEHH MOIOUPAIOTCS C LENBI0 TOCTHKEHUS €€
MaKCHMAIIFHOTO CXOZICTBA C IIOCIIEIOBATEIHHOCTEHIO
HaOJII0aeMbIX OTCYETOB. B mpuHIMIE moaronseMas
KpHBasi MOXKET BBIOMPATHCS JMIIb U3 COOOpaKeHHUIH
BU3YaJIBHOTO CXOJICTBA C HAOIIOZAEMBIM SXOCHTHA-
JIOM M HE OTpaXkKaTh PeabHON MPUPOIBI MOCIIETHETO.
B [4] aBrOpamu HacTOAILIEH CTaTbu MCCIEIOBAHBI
aJropuTMBI T00OpaboTKH Ha 0a3e Tak Ha3bIBAEMBIX
pO0aCTHRIX TUCKPUMHHATOPOB, HE OMUPAIOIINXCS Ha
Kakylo-Tu00 (QU3MUECKyI0 MOJIENb 3XOCHUTHANa BBI-
cotoMepa. OHAKO OYEBHUJIHO, YTO YBSI3Ka MOACIHHON
KPHBOI C M3BECTHBIM MEXaHH3MOM (DOPMHPOBAHHUS
OTKJIMKA HCCIEAYeMOW MOBEPXHOCTH Ha 30HAMPYIO-
LM CUTHAJNl CYIIECTBEHHO IMOBBILIIAET CTENEHb J0-
Bepus K pe3yJdsTaraM IMOATOHKH. B cBs3u ¢ 3TUM B
HACTOSIIIEH CTaThe UCCICAYETCS BOIPOC AUCKPUMHU-
HUpPOBaHMs Ha 0aze PuU3MUECKOH MOAENH OTpPaXeH-
HOTO CHTHAJIa CITyTHUKOBOTO BBICOTOMEPA.
Duznyeckasi MoIeIb IXOCUTHAJIA CITYTHHKOBOTO
BbIcOTOMEpa. Bce mpuMeHsieMble MOJENH YCpPEeIHEH-
HOTO dXOCHTHana (MpoQuiIs MOIIHOCTH) B TOM WM
WHOW Mepe ONHMpArOTCsS Ha JOMYIICHHE O TOM, YTO OH
MPENCTaBISIeT COOOM CYMEPIIO3UIMIO OTKIMKOB He3a-
BHUCHMBIX 3JIEMEHTAPHBIX 3EPKAIBHBIX OTpa)kaTened B
Mpeesax 3aCBeYMBAEMOr0 aHTEHHOM msaTHA [3]. OmHol
U3 MUCTOPUYECKH MEPBBIX M HauOoJiee 4acTo yIOMHHA-
eMBbIX siBisieTcst Mozienb bpayna [11-{3], [5], [6] u np.:

exp —isinzé F L , <0,
Y Oc
4 5. 4
P.(¢) = 4 {exp ——smzé——i:cos% X (1
Y Y

wlo| 2L sinoe |F[ L], >0,
y\Vh o,

rae A —MaciTaOHbIi K03(hQUIIMEHT, He BIMIOIIMI Ha

($opMy YCPEmTHEHHOTO 3XOCHTHAJA; Y = 6% / (2In2) —

TMOKAa3aTellb OCTPOTHI Tyda AUarpaMMbl HalpaBICHHO-
CTH aHTCHHBI B T'ayCCOBCKOM NpPUOIMXEHUH; & — yI-
JI0BO€ OTKJIOHEHHUE JIyda aHTCHHBI OT HAIPaBJICHUS B

HaJup; F() —  UHTErpal  BEpOSATHOCTY;

G, = (5[2) +(20, /0)2; ¢ — CKOPOCTb CBETa; /i — BbI-
cota opbutsl KA; I[y() — ™momubuuupoBaHHas
¢byskuus beccens HyneBoro mopsaka, npudeMm 0y —
MIMpUHA JIy9a aHTCHHbI MO YPOBHIO ITOJOBHHHOM
moupoct; o, ~0.425A) (A9 — amuTenBHOCTH

TayCCOBCKOI'0 3KBHUBAJICHTA CXXATOI'0 30HAUPYIOLIETO

HUMITYJIbCa 110 YPOBHIO MMOJIOBUHHOMN MOHIHOCTI/I);

c cpenHekBanparudeckoe otkioHeHne (CKO)

z
BO3BBIIICHNSI 32 CYET BOJIHEHHSI BOJHOM IMOBEPXHO-
cru. Bpewms ¢ otcunThiBaeTcs oT MOMeHTa 24/c.

ITpu momyyenun Boipaxenus (1) B [5] ucnonb3oBa-
JIOCh MPUOKEHHUE OTIePaIli CBEPTKH, KOPPEKTHOCTh
KOTOpOro HeoueBHHA. Kpome Toro, He BIoNHE yI00HO
CIIIMBAaHHE JIByX BPEMEHHBIX O0Tpe3koB KpuBoii (1). Tlo-
atomy B [3], [7] IIpeuioxKeH abTepHATUBHBIN BapyUaHT
MOJICNH, CTPaBEIJIMBBIA JJII aHTEHHBI BBICOTOMEpA C

Y3KUM JIy4OM (60 < 1°) Y MaJIbIX OTKJIOHEHHH JIy4a OT
BEPTUKAIIU (& <0p/ 6). [NosyueHHast pu 5TOM MOJENb
B OTCYTCTBHE BOJHEHMS (G, = 0) HMEET BUJL

Bo(t)=4F 2\/6 t—j—g exp| —om il ,(2)

8B
r11e HyneBoi unuekc y P () orpaxaer dakr orcyt-

CTBM BONHEHUSA; A, — MaclITaOHbIN KOX(QUIMEHT;
B=(2In 2)/ A(z) — TIOKa3aTellb CKOPOCTH YyOBIBaHUS
KOTOKOILHOTO HMITyThea; o = 4¢/(yh); m=1- 48> / y.

OTMeTHM, YTO MHOXHTEIb exp(—4<22 /y) B (2) or-
OpollleH, Tak KaK B aKTyaJlbHOW OONacTH MepeMeH-
HBIX OH INPAaKTUYECKH HE OTIMYACTCS OT CIUHHUIIBI
(mpw £<0.2°, 0y =06 1—exp(-482/y)<1078).

HexoTtopoe pacuipenue 30HbI 1eHCTBEHHOCTH (2) 10
OTKJIOHEHHUIO OT BePTUKAJH JOCTHIaeTCs MpHOIMKe-
HUEeM BToporo nopsaka mis ¢yskuum beccens [8] B
XOJIe BBIBOJA JTOTO PABEHCTBA, YTO MOAUPHIMPYET
MOJIENBHYIO KPHBYIO KaK

P (1) = 4y (2F {21~ omy /(4B) ]} %
X exXp {—oml [t - ocnl/(8[3):|} -
—F{2\/B[t —~ oc/(4[3)]} exp{—oc [t- oc/(8[3)]}), 3)

rme =1 —2&2 /y. [Ipu oTknOHEHMHM Jy4a OT Bep-
tukamu & =0.2° kakue-mubo OTIAMYUS B MOBEICHUU
npo¢wield, paccuntanHbix cornacHo (1) u (3), or-
cyrcrByror [3]. Haxe npu yBenmmuenuu & go 0.25°
pasHHIa MEXY 3TUMH KPHUBBIMA MHHUMAJIbHA.
ITepexon ot (2), (3) K COOTHOIICHUSIM, YYUTHI-
BAIOIIMM BOJHEHHE BOXHOH IOBEPXHOCTH, OCY-
LIECTBIISIETCS C MOMOMLIBIO CBepTKU P (¢) ¢ mioT-
HOCTBIO BepOSTHOCTH W, (z) BO3BBILIEHUS BOIHBI Z

OTHOCHTEINIBHO cpenHero ypoBHs [2], [ST-{7], [9], [10]:
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[NpocreiimmM U3 MPUHATHIX B JIATEpaType PHOIH-
JKeHWH TIOTHOCTH BepostHocTh W, (z) sBrsietcs rayc-

coBckoe. [Ipu 3ToM, Kak Moka3aHo B [3], /I KOJIOKOJb-
HOTO 30HMPYIOIIEr0 MMITYJbCa ornepanus (4) SKBUBa-
JICHTHA €T0 PacTSDKCHHIO 110 BPEMEHH, TaK YTO BBIYHC-
JICHHE CPEIHET0 NPOQUIIsI MOITHOCTHA CBOIHTCS K TTOJI-
cTaHoBKe B (2), (3) BMecTO 3 I3BMEHEHHOI BEJIMUHHBI:

p

- s
Ul 16p(o, ) ®

IIpy BoJIHEHMM BOJHONM IIOBEPXHOCTH MEXIY
mogensiMu bpayna (1) u (2), (3) (mpu nojcTaHOBKE B
nociennue (5)) oOHapyKUBaeTCs PacXoXKAEHHE, IMPo-
WUTIOCTPUPOBAHHOE KPUBBIMU Ha puc. 1, a, 6 (kpu-
Bble / COOTBETCTBYIOT Mozenu bpayna, kpuBbeie 2 —
moznenu (2), (3)), MOCTPOCHHBIMU ISl CIETYFOIINX
h =1000 xmM, 0y =0.6°,
Ag ~1/W (wmpuHa CHIEKTpa 30HIUPYIOLIET0 HMITYIIb-
ca W=320MrIn), £=0° o,=2wm (puc. l,a);5m

(puc. 1, 6). Kak cnemyerT u3 pHCYHKOB, yKa3aHHOE

HCXOOHBIX JaHHBIX!

pacxXoXkJeHHe BO3pacTaeT IO Mepe pocTa G,.

Habnromaemprii ciBur smropa Mojenu bpayna / Bie-

8

BO TIPHBOIUT K CMEIICHUIO OICHKH 3aIla3/IbIBaHIs,
MOAJISKAIIEeMy KOMIIEHCANU Tpu KannOposke. [1pu-
YUHA CIIBUTA, TI0 MHEHHUIO aBTOPOB HACTOALIEH CTa-
TBH, KPOETCS B JOBOJIBHO TpyOOM IpUOIMKCHUH,
WCIIOJIb30BAHHOM B [5] TpW BBIYHMCICHUM CBEPTKH
(4), mpennonararolieM IUPUHY [JIOTHOCTH BEPOSAT-
Hoctu W, (z) Manoif Mo cpaBHEHMIO C MHTEpBAIOM

CYIIIECTBEHHBIX BapHualiii BToporo omnepanja B (4). B
MIOATBEPXKICHUE YTOMY Ha pHC. 1, 8 U 2 TIPUBEACHBI
rpauKy A7 MPEXHUX 3HAYeHWH G, PacCUMTaH-

HBIe U1 MoAenu bpayHa ¢ ycpenHeHHEM COIIaCHO
(4) npu ucnonb3oBanuyu B Kauectse By (¢) 3aBucu-

moctu (1) mpu o, =0 (cc =cp). Kax BHIHO, Te-

nepb KpUBBIE TSI MOJieNn bpayHa MOTHOCTBIO COBIa-
JTATOT ¢ TakoBBIMH ist Mozenu (2), (3) ¢ yueToM Mo-
nudukanuu (5) mapamerpa f3.

Kak utor ansi moAroHKH U3MepseMBIX MapaMerT-
POB TI0JT HAOMIOACHMSI OBUIM OTOOpPaHBI MOJEIU 3XO-
curHana (2), (3).

CuHTEe3 MHOIOMEpPHOr0 JUCKPUMHHATOPA.
OOparuMcsi Tereph K TMPAKTHYSCKHM MEXaHH3MaM
CTaTUCTHUYECKON MOATOHKM MOJIEIBHOW KpPHUBOM MOJ
OTCYETHl YCPEAHEHHOTO MO N 30HIUPOBAHHUAM DXO-
CUTHaJIa B CIEASINEM OKHE. ACUMITOTHYECKHU (TIpH
OONBIIIOM TIPEBBIIIICHHN CUTHANA Haa IITyMOM) OIITH-
MAaJTLHOM CTpaTeruer MOArOHKH SIBISIETCS METOJ MaKCH-
MyMa nipaiorionoous (MMII). B [3], [11], [12] nokaza-
HO, YTO B PaMKax JOIMYIICHNS HE3aBUCUMOCTH CUTHAITb-
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HbIX OTCYCTOB JOCTAaTO4YHasd CTATUCTHKA JJIs1 OLICHHBA-
HUS AJIBTUMETPHUUICCKUX TAapaMETPOB UMECT BHUJ

N g A)yR (i3)

Z(A)——Z >

267 [ Dienot 11003 A)
ny/2
-N ) In[l+q¢(i8 A)], (6)
i=—ny/2+1

e 02 — MOIIHOCTb aJIMTUBHOIO IIIyMa; 71, — YHC-
n > C

JIO OTCYCTOB B MpEAcCiax CICAAIICTO OKHaA, Iojarae-

MO€ YETHBIM; ¢ OTHOIIEeHHE "cHUrHaN/mym" IO

momuoctH; ¢(#; A) — HOPMHPOBaHHas K MAaKCH-

MaJIbHOMY 3HA4YCHHIO MOJCJIbHAsA KpUBas, 3adaBac-
Masd  BEKTOPOM  HM3MEPACMBIX  IMapaMETpPOB A;

Vi (1) — ornbaromas HabIIOIAEMOI CMECH IXOCHT-

HaJia ¢ IIIyMOM Ha k-M 30HJIHPOBaHUHT (k =1, N ) o —

UHTEpBaJ JAMCKpETH3aluu. B BEeKTOp A BKIIOYEHBI
mro0bIe M3MepsieMBIe TTapaMeTphl, KpoMe IMapamerpa
q, yuarenHoro B (6) otrmenmbHO. Takmm o00pazom,
MMII-oneHka mpenanonaraeT MOJCTAaHOBKY B (6)
HaOMIONAaeMBIX OTCYETOB M MAaKCHMH3ALHUIO MONy-
yennoit pynkuun Z(A) mo A wu g. locneanuii na-
paMeTp 9acTo BKIIFOYAIOT B YHCIIO U3MEPSEMBIX, I10-
CKOJIKY OH 3aBHCHT OT YIENBHOM ILIOMIAIHN pacces-
HUSI HCCIIEyEMOT0 YJIacTKa, HeCyIleH BaKHYIO OKe-
aHorpadu4IecKyro U reopu3nuecKkyro HHGOpMAaIIHio.
3amerum, uto u; (A)=1+qe(i8; A) ectb He

YTO MHOE, KaK i-i OTCYET MPEABBIYUCICHHOW yCpe-
HEHHOM KPHWBOW MOIIHOCTH 3aITyMJIEHHOTO 3XOCHT-
HaJla B 3aBHCHMOCTH OT IapaMeTpa A TIOCie HOp-
MHUPOBKH K CpPEJHEMY 3HAYCHUIO MPOICTEKTHPOBAH-

Horo myma F, = 20121. BBeneM aHanoruuHyroo HoOp-
MHUPOBKY JAJsl HAaKOIUIEHHBIX 3a N 30HIMPOBAHUN

HaOJIIONECHUH:

u; = Z Vi (18 A), i +1 @)
]ijn k=1 2

Jlo0GaBUB M BBIYTA €AMHUIYY B YHCIHUTENE B TEp-
BOi1 cymme (6), mocie oTOpackIBaHHS CIaraeMoro, He
3aBUCSIIETO OT U3MEPSIEMBIX MMapaMeTpoB, MPHIEM K
JIOCTaTOYHOM CTaTHCTHKE:

A

ng/2
Z(A)=-N u()

i=—ng /241

—L—+Iny; (A) | (8)

Maxkcummzanus (8) mo A, g MOXeT OBITh BbI-

MOJIHCHA C UCIIOJIBb30BAHUEM CTAHAAPTHBIX MPOUCaAYpP

MIOUCKA BKCTpeMyMa (DYHKIMH MHOTUX NEPEMEHHBIX,
K TIpEMeEpy, alTOpUTMa HaucKopeiimero cmycka. [Ipu
3TOM W3-32 HEIMHEHHOCTH LeNeBOU (DYHKIIMH OTHO-
CHUTEIBHO KOMIIOHCHT A BO3HHKAeT IpoOdieMa JIoKa-
THM3aIUH €€ TI00aJbHOr0 MakcuMyMa Ha (oHe modod-
HBIX. Ilpy mocTaTtouyHO KOMIIAKTHOM OONIACTH Havallb-
HON HEOIpEeAENEeHHOCTH 3HaueHui A, ¢ BO3MOXKEH U

niepebopHbiii mouck MMIT-onenku. Tak, npu Havab-
HOW HeompeaeneHHocTH B 3 He, 2 M u 2 1b mo 3amepx-
K€, 3HAYMMO BBICOTE BOJIHBI M YPOBHIO CUTHAJIA OTHO-
CUTEJIbHO IIIyMa COOTBETCTBEHHO I CY)KEHUS 30HBI
HEOMPEAETICHHOCTH TI0 KKJIOMY M3 3THX MapaMeTpOB
Ha 2 Topsjka moTpedyeTcs mepedop Ha CeTKe, Comep-

HKaIeH 10° y370B. Peanu3anmsi COmyTCTBYOIIMX JTO-
MY BBIYHCIUTENBHBIX MPOLEAYD B PeXKUME Kamepalb-
HOM T000paOOTKH BIOJIHE OCYIIECTBUMA.

[Toneznoe mnpuOIMKEHUE ITOCTATOYHON CTaTH-
CTUKH MOJKHO TOIYYHTh, MPUOSTHYB K I'ayCCOBCKOM

aNIpPOKCHMAIIMH TIEPEMEHHBIX (7), ONPABIaHHOI pH
N>1. Cnaraemoe v; = ¢ (i8; A) B (7) noganms-

€TCs OKCIIOHEHIIUAIBHOMY paclpeIeICHUIO:
w(v;)=

Lexp(—Av;), v; 20,
0, Vi <0

= 2
C MaTeMaTHYecKuM OkupanueM v; = 1/A=2c;u; (A)

U aucnepcueit A2 = 4Gﬁul~2 (A) [13], Tak uto cpen-

Hee W jucriepcus nepemenHoii (7) pasubl u; (A) n
u,-z (A)/ N cootercTBeHHO. ITycTh @ — 71 -MEpHBIif

BekTop HaOmonenuit (7). Toraa QyHKIMS MpaBaOIO-

Jo0ust W(ﬁ|A) OTHOCHUTEIIbHO Mapamerpa A B

TayCCOBCKOM MPHOJIMKEHUH 3aIHIIETCS Kak

w(a[A)=

ng/2

o) LW N
i=—n, 241 21/ N (A)

2ul-2(A)

JlorapugmupoBaHue MOCIECAHETO paBeHCTBA H
0TOpachiBaHHE YJICHOB, HE 3aBUCAIIMX OT BapbUpye-
Moro mapamerpa A, MPHBOJMT K JIOCTATOYHOH CTa-

THUCTHUKCEC:
ng/2

Ca= Y % Zinu; (A}, 9)
i=n, /241 U]

MUHAMH3ALUST KOTOpOW TO A, ¢ ¥ JacT HCKOMYIO

MMII-o1ieHKY M3MepSeMbIX MapaMeTpoB. 3aBUCUMOCTb
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BTOPOTO CJIaraeéMoro B (PUTypHBIX CKOOKax oT A, ¢

OYEBHIHO cradee, YeM TIepBOro, MO3TOMY B TIEPBOM IIPH-
6J'II/DKGHI/II/I €ro MOKHO HE YYUTBIBATH B XOJI€ MUHUMM3a-
1H (9), 9To YIPOCTHT TIOCTIeIHEE BRIPKSHHUE JI0 BUJIA
A 2
r%z i —u; (A |7 _
i=—n. /241l Hi (A)
ny/2 0 2

22 (A) ~

i=—ng/2+1

Takum 00pa3oM, Mpoleaypa ONCHUBAHUS ATBTH-
METPUYECKUX IMapaMeTpPOB CBENach K MPUMEHEHHUIO
B3BemerHoro MHK [1], [8], [14]-[17]. Beca
w; = 1/ u; (A), (dbopMHupoBaHUN
MeTpukH (10), BEIpaBHUBAIOT HAOIIOIAEMBIE OTCUETHI
0 YPOBHIO (PIIIOKTYaIMil SXOCHUTHAJIA.

Xotst B pamkax pomymieHust N >>1 craructuka
(10) mocrarouna mis momyuenns MMII-onienku, BO
MHOTUX NyOJHKAlUMAX MPEArodYTeHHe OTAAETCA He-
B3BemienHomy MHK, npeanonararomemy MUHMMH-

y4acTBYIOLIHE B

3allHIo I10 A KBaJpaTra €BKINA0BA PACCTOSAHUA
ng/2 5
A~ Y [h-w (W]

i=—ng/2+1

3amaya MUHUMH3AIMKA HETMHEWHBIX MeTpuk (10)
u (11) MmoxeT pemarbcss Ha OCHOBE OOBIYHON HTEpa-
nnoHHOW Tponeaypsl Hepiorona. Orpanudmmcs na-
nee Hem3BemeHHRIM MHK, mpusHanHBIM mpemmo-
YTUTENBHBIM B psne padot [1], [8], [16]. CooTBet-
CTBYIOIIIEC DE3YNBTAaTHl MEPEHOCATCS] Ha B3BEIICH-

HBII BapuaHT 0e3 ocoboro Tpyna. Eciu A, — ouen-
Ka rmapameTpa A Ha m-i UTepalyu, pe3yibrar cie-

Jytomieit Beipa3zutcs paeHcTBoM [1], [8], [16]:

. . -1 .
T T (A
A1 =Apy — g(Gme) G (u —GpAp )’
rre 0<g<1l — xoapdumment ycunenus; G,
MAaTpHIla YacTHBIX MPOM3BOAHBIX (yHkimu wu; (A)
[0 U3MEPSAEMBIM MMapaMeTpaM Ha m-i UTEePaIH, T. €.

A " 1” n_n

. T
B TOuke A =A,,; U — CHUMBOJIBI oOpaiiie-

HUSA WU TPAaHCIIOHUPOBAHUSA MATPHUIl COOTBETCTBECHHO.
G,

MMCCT pa3sMep ng Xny , 1€ n) — YHUCJIO OLCHHBAC-

Marpuna 4acTo HMeHyeMmasl TpaJUeHTHOH,

MBIX 110 HaOJIIOCHUSAM BEJIMYHH.

[lycTs M3MepeHMIO mopajexar 3 mapameTpa: 3a-
JIepKKa T DXOCHTHAJIA, 3HAYMMasi BBICOTA BOJHBI
(SWH) H,, u orHomenue "curnan/mym" ¢q. Ilpu

3aMCHC 3OHIUPYIOMIETO CHUIrHajla JSKBUBAJICHTHBIM

10

KOJIOKOJIHBIM M T'ayCCOBCKOM HPHONIKEHUH IUIOT-
HOCTH BEPOSITHOCTH BO3BBIILIEHUS BOJHBI U3MEpEHHE
napaMeTrpa Hy, 4G, CBeAeTcd K U3MEPEHHIO Ia-

pameTtpa 3, ONpeeNsonero JUIUTEIbHOCTh "pacTs-
HyTOTO" MOPCKHM BOJIHEHHWEM 30HAHMPYIOIIETO HM-
mynsca [3], [7]. Bynem opueHTHpOBaTHCS Ha BEPCHIO
(2) Mmogenu ycpenHEHHOTO XOCUTHAa, OTHOCSIIYIO-
cs o TepmuHonoruu [8], [16] kK OpayHOBCKUM Mojie-
1M 1epBoro mnopsaka. OIHOBPEMEHHOE H3MEpEHUE
YPOBHS CUTHAaJIa ¥ OTKJIIOHEHUs & aHTEHHOH OCH OT Bep-
TUKAJIM B paMKax MOJOOHON MOJENU MPaKTHYECKU He-
peanusyemMo, B CBA3U C 4YEM paHee BTOpas W3 Ha3BaH-
HBIX BEIWYMH M HUCKIIIOYEHA U3 COCTaBa M3MEPSEMBIX.
‘YkazaHHYIO TPYJHOCTH B psje pador [1], [8], [14], [16]
mpemiaraeTcsi 0OXOAWTh 3a CYeT W3BJedeHus: UHpOop-
MaIlliy O 3HAYCHUH & U3 TaHHBIX MapajuIebHBIX CHCTEM
¢ TeM, 4ToOBI Jajiee TPaKToBaTh mapamerp & B (2) Kak
arnpyopy U3BECTHBIA. AJIBTEpHATUBHBIM IIyTb, HCCIIE-
noBaBimiics B [8], [16], cocTouT B mepexozie K MOAETH
AXOCHTHAJIa BTOPOTO Topsiyika (Tuma (3)), CHIKaromen
KOPPEJISILIUIO OIIEHOK aHTEHHOTO OTKJIOHEHHS U YPOBHSA
curHana. [lockonbKy, OmHAKO, JEHCTBEHHOCTH ATOTO
TonXoaa yOeIUTeNIbHO He MOATBEp)KIeHa, OymeM Ipu-
JIEp>KUBAThCS  BapUaHTa JOCTYIMHOCTH 'CTOPOHHUX'
JIAaHHBIX 0 3HaueHuH & MogenbHas QyHkiws (2) mocme
HOPMHUPOBKH ITPUMET BU:

o(t; A)=
= F{2JB[ 1 - om/(4) ]} exp{-om[ —an/(88) ]} /D,

rac

D= m;ix(F {A/E[t - om/(4B):|} X
xexp{—om[t —om/(8[3)]}).

T
C yuerom m3noxkennoro A =(t, B) , u onements!
Gi',y;' rpaJMeHTHON Marpulbl G,,, UMEIOILEN pa3MephI

n. x3, Bcaydae & =0 omnpenemnsrcs paBeHCTBaMH [3]:

ou; (A) I
Gl === —o(id; Ay );  (12)
9 A=A,
. 0p(id—T;A
Gl = 4, 22B=5A) - o w
A=A,
.~ 0p(id—T;A
Gl = g, 2B =TiA) = N s
A=A

A

A T A
e A, =(rm, Bm) 5 qm»> Ty U By, — OLEHKH Ha-

pameTpoB ¢, T ¥ B COOTBETCTBEHHO, BHIPAOOTaHHBIC
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0 WUTOraM m  HPEALIECTBYIOIIUX  HUTEpaIUii;
i=-n.[2+1, ng/2.
JanpHelmas  aHanWTHYeCKash — pacIIn(poBKa

(12)~(14) menenecoobpa3zHa B CHIIY UYpe3BBIYANHOMN
TPOMO3JKOCTH UTOTOBBIX Qopmyin. Tak kak Bce pac-
YeThbl BO3JIATalOTCAd Ha KOMIIBIOTEp, HEOOXOTUMbIE
MIPOM3BOIHBIC HAXOAATCS YMCICHHBIM ITyTEM.

MopneaupoBanue padoTbl MHOTOMEPHOIO JIHC-
KpuMuHaTopa. Kak yxe oTMe4anoch, MOATOHKA Ha
OCHOBE TIPSIMOTO Tiepedopa B PeKUME KaMepaTbHOU
JI000pabOTKN MOXKET 0Ka3aThCsl BIIOJHE OCYIECTBH-
MO B IUIaHE MOTPEOHOTO BBEIYMCIUTEIHHOTO pecyp-
ca. [loMrUMO 3TOTO €e HEOCIOPUMBIM JOCTOUHCTBOM
SIBIISIETCSI OTCYTCTBHUE PUCKOB TEPENyTHIBAHUS TIIO-
0aJIbHOTO dKCTpeMyMa IieJieBor (DYHKIMH C T000Y-
HBIMU M PAacXOJUMOCTU HTepanuil. B momynaspHbIX
myOoIMKausaX 1o J000paboTke albTHMETPHUYECKON
unpopmauuu [1], [8], [14]-[18] BHUMaHuE choOKy-
CHPOBAaHO Ha WTEPAIIMOHHOW IOATOHKE, TOINa Kak
nepeOOpHbIE AJITOPUTMBl TOYTH HE YIOMHHAIOTCS.
B npotuBoBec 3TOMy, 3A€Ch MOIEIUPOBAHUIO JHUC-
KPHIMUHATOPOB C TepeOOpHOI IMOATOHKOM OTHAaHBI
MPUOPUTETHBIE TIO3MIIMU C UENbI0 JIEMOHCTPAIUN
KaK BBICOKOW TOYHOCTH COOTBETCTBYIOIIUX IpOIIe-
Iyp, TaK ¥ MX YMEPECHHBIX PECYpPCHBIX 3aTpar.

C ToukM 3peHus MOoCIeAHero (akTopa mpearo-
YTUTEIHHBIM MPEACTABIACTCS HEB3BEIICHHBIA aJro-
putv MHK (11). Haunem c¢ ero mojenupoBaHHS
MPUMEHUTENHHO K YIPOUIEHHOMY CIIEHApHIO, KOTHa
OLIGHKE MOAJIeKAT JIMIIE 2 TapaMeTpa: BpeMs 3amas-
JIBIBaHUS SXOCUTHAJA T (3KBUBaJEHTHO — BbicoTa KA
HaJ 30HAUPYEMOH MOBEPXHOCTHIO) U 3HAYMMAs BBI-
coTa BonHEl Hy,. B 06ocHOBaHME NONOOHOM CyKeH-

HOM IOCTAaHOBKM MOYKHO HAIlOMHUTb, YTO OILIEHKa
WHTEHCUBHOCTH CUTHAJa YacTO BBHITIONHSAETCS C TO-
MOILBIO OTAEIBHOTO KOHTYpa aBTOPETYIUPOBKH yCH-
JIEHHs], 2 YPOBEHb IIyMa MOXHO OLIEHUTH IO y4acT-
KaM BpPEMEHHON OCH, 3aBelOMO CBOOOIHBIM OT 3XO-
cuTHaja. B KOMIBIOTEpHBIX HKCIEPUMEHTaX ObLIN
HCIOJIb30BaHbl CIEAYIOLIUE MMapaMeTphl: BbICOTa Op-
KA 72 =1000 kM,

W =300 MI'u, mmpuHa Jy4a aHTEHHBI 110 YPOBHIO

OWTHI [ojgoca  CHTHaja

HOJIOBUHHOH MomHOCTU 6 = 0.6°, 4Yucio 30HIMpO-

Banuil N =100. OxcnepyMeHTaNbHbIE PE3ybLTaThl B
BUJIE IMarpaMM PacCesHUs! OLIEHOK OTHOCHTENIBHO HC-
THHHBIX 3HAYCHUH M3MEPSEMBIX ITapaMeTpOB TIPHUBEIe-
HBI Ha pUC. 2 A7 psifa KOMOMHAIIMI MCTUHHBIX 3Haue-
HUN 3ana3[bIBaHus M 3HAYMMOM BBICOTHI BOJHBL [Ipu

TIOCTPOEHUH BCEX JMArPaMM HCIIONb30BAINCH ONHU M
TE JX€ 3HAYCHMs 4YMClIa ucnbTanuid Ny =500 u oTHO-

nienus "curaan/mym" g =10 nb.
Puc. 2 nmossonsieT BUIETH, 4TO NpU Hy 22 M

pacceiaHnue OILICHOK B I[OCTaTO‘IHOI\/JI MEpE CHUMMCET-
PHUYHO OTHOCHUTCJIIBHO MCTUHHBIX 3HAYEHUMN n3Meps-

eMbIX IapameTpoB Ty U H, (Toka3zaHbl pomOO-

BUJHBIMHU O€JIIMU MapKepaMu), yKa3blBas Ha OTCYT-
CTBHUE CYILECTBEHHBIX cMmelleHuil. Kpome Toro,
(IIOKTYallny BO3BBHIMICHUST MOPCKOH TOBEPXHOCTU
9KBUBAJICHTHBl W3MEHEHHUSM MTHOBEHHOH BBICOTHI
op6uthkl KA, 4T0 0kH1aeMO MIPHUBEICT K KOPPEISIAN
OILICHOK 3ara3JblBaHusl U 3HAYMMOM BBICOTHI BOJHBIL.
B npuBeneHHBIX nuarpaMMax 3Ta KOppenauus Mox-
TBEp)KJaeTcsa MOBOPOTOM 00JacTH paccesHUs Mo OT-
HOIIIEHUIO K KOOPJUHATHBIM OCSIM.

Jnsa comoctaBinenus tounoctn MHK-omeHok ¢
MOTEHINAIFHO JTOCTHXKUMON KOHKPETH3HpYEM MpHU-
MEHHUTEJIBHO K paccMaTpHUBaeMOMy IByXIlapaMeTpH-
yeckoMy ciayyato rpanuny Kpamepa—Pao. B omnuune
OT pelakuuu mocieAHe B [3] oTkaxkeMcs OT WHTe-
rpajbHBIX MPUOIMKEHUN 3JIEMEHTOB MH(OpPMAIMOH-
HOW Matpulel duiiepa, MPUHAB 32 OCHOBY UCXOJAHOE
IUCKPETHOE Tpe[CTaBIeHHe Jorapudma (OyHKIUH
npaspononoous (8). C TOUYKM 3peHUS] BBIYUCIUTEIh-
HBIX 3aTpar 00¢ ONIUU MPUMEPHO PaBHOLECHHEI, OJ-
HAaKO JUCKPETHOE MPEACTABICHNE B TOUHOCTH COIJIa-
CyeTCsl C OTepalusIMH PeaibHON JT000paboTKH.

Jns olieHMBaeMbIX 3ama3iblBaHUA T W 3HAYMMOM
BBICOTBI BOJIHBI Hy, YCpeJHEHHBIH Jorapudm QyHKIHH
TIPaBIOTIOTOONS OTPENEISIETCS CISAYIOIIIM 00pa3oM:

Z(v, Hy)=-N "2 [1440(i8: 9. Hyo)
T, = — -
" i=—n,/2+1 1+qo(id; 1, Hy,)
+1n|:l+q(p(i8; T, Hy, )]}

[MpomnddepeHnInpoBaB MOTydYeHHOE BBIpAXKE-

HHUE, U dJeMeHTOB 2 x 2 -marpuibl Dumepa O
MOJTYYUM TI0 aHAJIOTHUH C COOTBETCTBYIOIIMMH HHTE-
rpajdbHBIMU paBeHcTBaMu u3 [3], [12]:

0% Z(x, Hy)
T 5 B S =
T 0
HW:HWO
2
o9(i8; T, Hyg)
ne/2 ot

=Tp

i=—n, [2+1 1+q¢(i8; 19, Hyo)

:Nq2 5 (15)
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R -

1+g0(i8; 19, Hyo)

W

O6paruB Marpuity Oumepa

® = { q)rr (DTH j|
Cpr Py
IIPUJIEM K MaTpHULE
_ C C
® 1 -C :{ 1T tH :|’
Cu: Cuy
JIMarOHaJbHBIE 3JIEMEHTHI KOTOPOU
c Dy
T~ 2
q)r‘rcDHH - (D‘CH
(o)
CHH — TT

2
q)r'c(DHH - (D’CH

€CTh HIDKHHE TPAaHHIBI TUCTIEPCUI OLIEHOK 3arasbl-
BaHWS W BBICOTHI BOJHBI COOTBETCTBEHHO. TakuM
o0pa3oM, uckomble rpanuisl Kpamepa—Pao nist CKO
G;, O HM3MEpSAEMBIX IapaMETPOB UMEIOT BUJ!

()
o2 HH 5 (18)
cI)WCDHH _q)rH
]
oy > s . (19)

2
(Drrq)HH _CD‘CH

JleBbie yacTu onTtuManbHBIX oreHOK (18), (19)
ACUMIITOTHYECKH (TIPH ¢ >> 1 HIIM IPU CTpEMSIIeMCs

K OECKOHEUHOCTH 00beMe HaONIOIeHUN) CXOHATCA K
IpaBbIM, YCTAaHAaBJIMBAIOIIUM TEM CaMbIM NOTCHIIU-
aJIbHO JOCTHXHUMBIE TOUHOCTH U3MEpEHHH T 1 H .

OTMeTHM, YTO U1 TMPOTPaMMHPOBAHHS IPOIIe-
nypsl pacueta rpanul (18), (19) sBHbIe BbIpaXkeHUS
npou3BoaHBIX B (15)—(17) HeymoOHBI B cuily upes-
BBIYAHONW TPOMO3JIKOCTH, MO3TOMY 3TH MPOU3BOJI-
HBIC HAXOIWJINCh YACICHHBIM METOIOM.

B Tabnuiie nmpuBENEHBl TOYHOCTHBIE TTOKA3aTeNN
ornieHok o MHK u MMII B cpaBHeHuM ¢ rpaHuniaMmu
Kpamepa—Pao (18), (19), momydeHHbIe TIPH MPEKHUX
W =300 MI'n,

6y =0.6°, N=100, ¢=10 L[B) JUTSL psiia 3HAaYE€HUH

HCXOJHBIX JTAHHBIX (h =1000 kM,

3HAYMMON BBICOTBI BOIHBI 1 ().

Kak moxnO BHaers, npourpeiii MHK-onenox
3ama3nblBaHus MMOTCHIMATGHO JOCTH)KAMBIM OIICH-
KaM, BEIpQKCHHBIH Yepe3 OTHOILICHHE COOTBETCTBY-
romux CKO, ve npessimaer 33 %, Toraa kak aHaio-
rugHass mugpa AT BBICOTHI BOJHBI COCTABIISET
45..97 %. 3ametrHo nydme B 3ToM Tutane MMII-
OlleHKH, (opMupyemble cortacHo anroputMmy (8),
MOJTyYeHHbIE OJHOBPEMEHHO C MOAEIHPOBAHUEM
onnenok MHK. CKO MMII-oueHok u3MepeHus 3a-
nazaeiBanus omndatorcs or CKO moTeHImanbHO
JIOCTIDKUMBIX OICHOK Ha SIUHHUIIBI TIPOLICHTOB, T. €. B
Ipefenax CTaTHCTUYECKOH IOTPEIIHOCTH, 4YTO He-
VAUBUTENHHO B CBETE aCUMITTOTUYECKON 3(PheKTHBHO-
ctu MMIT-onenok [13], [19], [20]. Pacxoxxnenue stux
OLIEHOK C TOTEHIUAJBbHBIMHU JUII BHICOTHI BOJHBI He-
ckonbko Oombire (1o 20 %), ogHaKo U OHO HU B KOel
Mepe He SIBISICTCS] KPUTHISCKUM. YKa3aHHBIE COOTHO-
IIeHns TpauuecKd TPEACTaBICHBl Ha puc. 3, Tae B

CpaBHeHHE pe3yIbTaTOB MOACIUPOBAHMS C TIOTCHIUAIEHO JOCTHKHUMBIMU
Comparison of Simulation Results with the Potentially Achievable Ones

HWO’ M
ITapamerp Meron oueHku H - m
Parameter Estimation Method wo>
2 4 8 12 14 16 18 20
FI?;‘:;;F&’:(’;“BT‘:;;O 0305 0462 0556 0.635 0.640 0.675 0.705 0.714
Oy, HC MHK
o s Least Squares Method 0.396| 0.489] 0.608) 0.757| 0.820, 0.896] 0.919] 0.951
MMIT
Maximum Likelihood Method  0-318]  0420) 0524 0612 0.634]  0.665  0.674  0.692
T’parmua Kpawepa—Pao 155 | 240 | 257 | 285 | 27.6 | 290 | 303 | 30.0
Cramer—Rao Bound
Ops O™ MHK
o cm Least Squares Method 305 | 353 | 388 | 419 | 427 | 438 | 439 | 438
MMIT
Maximum Likelihood Method| 184 | 200 | 261 | 267 | 282 | 282 | 294 | 296
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Puc. 3. CKO onenok
Fig. 3. Standard Deviation of Estimates
(line — Cramer—Rao; markers: circular — least square method, rectangular — maximum likelihood method)

(YHKIIMM OT MCTUHHOTO 3HAYCHUS 3HAYMMOMN BBICOTHI
BOJIHBI CIUTONIHBIMU JIHUsIMH Tokazanel CKO moten-
IIUATHEHO JOCTHDKHMBIX OIICHOK, KPYIJIBIMU MapKepaMH —
CKO MHK-onenok, kBaapataeimu — CKO MMII-
OIICHOK (MapKephl MPEICTABISIIOT PE3yJIbTaThl MareMa-
THUYECKOTO MOfIeNMpoBaHusi). OTMETHM, YTO JIOMaHbIH
xapaktep rpaguxoB rpanun Kpamepa—Pao cBszan c
JIUCKPETHOCTBI0 HaOmoneHunid. [leno B ToM, 4TO WH-
(dopmarusi 0 BpEMEHHU NPUXO0Ja SXOCUTHANIA U BBICOTE
BOJIHBI COJICPYKUTCS TIIABHBIM 00Pa30oM B IOJIOKCHUH H
KPYyTH3HE HapacTaromero (poHTa yCpeTHEHHOTO IMpo-
¢uns MomHOCTH. [lpy JMCKpeTH3anuu ¢ 1marom, 00-
paTHBIM IHPHHE CIIEKTpa CUrHaiga (ONM3KUM K JUTd-
TENIFHOCTH ~ CXKaroro  30HIUPYIOIIETO  WMITYIIbCA),
YYaCTKU OOJIBIION KPYTH3HBI (D)pPOHTA TIO MEpe pOocTa
BBICOTBI BOJIHBI (pacTsDKEHHS (PpOHTA MPOGHIS 5X0-
CUTHAJIa) TIOTIEPEMEHHO TIOMAJIAl0T TO Ha OTCUETHBIC
TOYKH, TO MEXIy HHUMH, YTO U NMPHBOIUT K CKAYKOOO-
Pa3HOMY M3MEHCHHIO PACCMaTPUBAEMBIX KPHBBIX.

B orHONIEHN# MOTPEOISIEMOTO BHIYACIUTEIILHOTO
pecypca niepedopabie MMII-onenkn 1 MHK-oneHkn
MPAKTUYEeCKH PABHOIEHHBI, TaK YTO TMPEATIOYTHTENb-
HOCTb TIEPBBIX MOXKET ITOKA3aThCSI AIIPUOPH OYEBHTHOM.

B To e Bpemsi UyBCTBUTEIBHOCTh ITHX METOJIOB K
OTKJIOHEHUSIM PEAIbHOTO 3XOCHTHaJla OT MOCTYIIHPO-
BaHHOW MOJICIIH SIBJIETCS (haKTOPOM, 3aCITyKHBAFOIIM
OTAEIIBHOIO HCCICIOBAHUS U CIIOCOOHBIM ITOBIHATH
Ha BBIOOp TOTO WJIM MHOro Merona. KommbrorepHoe
MOJICITUPOBAHKE JAJI0O OOHAICIKUBAIOIIHE OPUCHTHPHI
B IUIaHE TPeOyeMOro BEIUMCIUTEIBHOTO pecypcea.
3akuouenne. B HacTosieil craTthbe MpoaHaIN3H-
POBaHbI MHOTOMEpHBIE JTUCKPUMUHATOPHI, OCYIIECTB-
JSIFOIME TIOATOHKY HapameTpoB MOAU(DUIIMPOBAHHOM
Mozienn bpayHa sxocurHana moj HaOmoneHus. CHH-
TE€3UPOBAHbI AJTOPUTMBI MOATOHKA Ha ocHoBe MMII
u MHK. Ilonydens! BbIpaxkeHus rpanul Kpamepa-—
Pao mnst m3MepsieMBbIX MapamMeTpoB, HCHOIB3yeMbIE
Jlajiee KakK 3TajoH NMPH KOMITBIOTEPHOM MOZETUpPOBa-
HUU WCCIEAyeMBIX Tporenyp. B pesynbrare monenm-
POBaHUS BBISIBJICH 3aMETHBIN IMPOUTPHIII 10 TOYHOCTH
MHK-o1ieHOK 3ama3gpiBaHis W 3HAYUMOU BBICOTEI
BOJIHBI OTHOCHTEIIFHO TOTEHIMATBHBIX TpaHuil. B 1o
J)K€ BpeMs, KaK MOKa3aHO, SKCIEPUMEHTAJIbHBIE TOY-
HOCTHBIE MOKa3arenu moaroHku no MMII mpakrtude-
CKU HE OTJIIMYAIOTCS OT TEOPETUYECKU BOZMOKHBIX.
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TENEBUAEHUE N OBPABOTKA N3OBPAXEHWUN
TELEVISION AND IMAGE PROCESSING
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A. C. AHOpees

CaHkm-lemep6ypackuli 2ocydapcmeeHHbIl 31eKmpomexHu4eckul
yHusepcumem "J/I3TN" um. B. U. YneaHoea (J/leHuHa)

yn. Mpogeccopa lonosa, 3. 5, CaHkm-llemep6ype, 197376, Poccus

NMPUMEHEHWUE METOA0B OBHAPY>XEH/A OBBEKTOB
K N30BPAXXEHMAM B3/IETHO-MOCALO4YHOW NOMOCHI,
NOSIYYEHHbLIM B YC/TOBUAX N/I0XOW BUANMOCTU

AHHOMayusa. Mpu obecnevyeHuu 6e3onacHOCMU 08UXeHUS CaM0/ema OCObeHHO BaXCHA 0C8e00MAEHHOCMb
3IKUNOXCA 0 30KOBUHHOM NPOCMpaHCcmee 8 yca08usx naoxol auouMocmu. BadcHeliwyo poae uzpaem uHGopmayus
0 COCMOAHUU 831€MHO-N0CAd0YHOU noaocs! (BIIM) u o Haauvuu Ha Hel npenamcmeul. Cyujecmayrom Ha3eMmHole
cucmemsl 0BHapydeHUs npenamcmeud, HO 8 HACMosWee speMsi MAKUMU CUCMeMaMu 060py008aHsI AUWE KPYN-
Hble aaponopmel. AlemepHaMuUgoU Mo2ym CIy#Uume CUCMeMbl yAy4YLeHHO20 8UOeHUSs, UCNOob3yeMble Ha 8030yLU-
HOM CyOHe 8 ycnosusix naoxol sudumocmu. Lleas npedcmaeneHHo20 8 Hacmosujell Cmamee Ucc1ed08aHUSA - pas-
pabomka cpedcme obHapyxceHUs npenamcmeuli Ha Bl e ycrosuax naoxoli euduMocmu, Komopsie 00X#CHbl pac-
wupume 803MOXCHOCMU CUCMeEM YAy4YUleHHO20 8UdeHUs. B paMKax ucc1edo8aHUsA paccMompeHsl Memoodsl 06Ha-
pPyHEeHUA 06BbeKmo8 Mobko HAO CMAamMu4HelX u3obpaxceHusix. [lposedeH aHasnu3 pasmemku, o6vbekmos Bl u 8o3-
MOX}CHbIX munog npensmcmeuli. OnpedeneHsl yeau 0451 06HapyxeHUs. Ha KOMN/AeKCHOM 08UAUUOHHOM mpeHaxcepe
8bIN0/IHEHO MOodenuposaHue cHUMKog BIIl1 e ycnosusx naoxol sudumocmu. B kayecmee modenupyemoli yeau 044
06Hapyx#eHus 8bl6paHO 8030ywiHoe cydHo Ha BIIll, nomepsswee cnocobHocms dsu2amecs. CHopMyAUPOBAHLI
mpeb0o8aHuUs K 0eckpunmopam NPU3HAKO8, MemodaM PACNO3HABAHUS U 06HAPYX#eHUs, 8bI6PaHbI Memodsl 045 UC-
c1edosaHus. [IposedeHa oyeHKa NpuMeHUMOCMU Memodoe K u3obpaxceHusM B, noayyeHHbIM 8 ycnosusx naoxoli
8UOUMOCMU B8bILE U HUXCE BLICOMbI NPUHAMUS PeUeHUs C y4emoM PasAuYHbIX XapaKkmepucmuk. ViccnedosaHHbie
mMemodsl pewarom 3adayy obHapyxceHUs obvekmos BIlIl1 8 ycrosusix naoxoli sudumocmu 045 CMamu4Ho20 U306-
paxceHus. CHopmynupo8aHsl 861800bI O BO3MONHOCMU NPUMEHeHUs UCCAe008aHHbLIX MeEMOJ08 8 CUCMeMAx y/yu-
weHHo20 sudeHus. B danvHeliwem mpebyemcsa paspabomka memodo8 onmumusayuu 04 obecnevyeHuss 06HaApy-
HeHUA Ha 8U0eonoc1e008aMeNbLHOCMU 8 pexcuMe peassHo20 8pemMeHU. Pesynemamsi npedcmasneHHoU pabomel
aKmMyaeHsl 8 30004Yax a8UANPUGOPOCMPOEHUS, KOMNBIOMEPHO20 8UOEHUS U 06pabOMKU U306padxceHUd.

KntoueBble cnoBa: crcTema yny4LleHHOro BUAeHNS, pacno3HaBaHVie 06 beKTOB, B3/1IeTHO-MOCaA04Has Nosoca,
0bHapy>xeHVe 06eKTOB Ha U306paxeHUsX, aHann3 N306paxeHni

Ansa untmposaHmna: AHgpees /1. C. lpriMeHeHVe MeTO0B 06HapPYXeHUS 06EKTOB K N306paxeHNsM
B3/1eTHO-NOCAZ0YHO MOAOCHI, MOYYEHHbIM B YCNOBUSAX NMIOXOM BUAUMOCTY // 13B. By30B Poccun.
PaanoanekTpoHuka. 2019. T. 22, Ne 1. C. 17-28. doi:10.32603/1993-8985-2019-22-1-17-28

Denis S. Andreev
Saint Petersburg Electrotechnical University "LETI"
5, Professor Popov Str., 197376, St. Petersburg, Russia

OBJECT DETECTION METHOD APPLICATION TO RUNWAY IMAGERY
IN LOW VISIBILITY CONDITIONS

When ensuring aviation safety, the outboard environment awareness of the crew in low visibility condi-
tions is especially important. The information about the runway condition and availability of any obstacles is crucial.
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TeneBnaeHve 1 06paboTka N306paxeHUi
Television and Image Processing

There are ground-based obstacle detection systems, but currently only large airports are equipped with them. There are
Enhanced Vision Systems designed for application on aircraft in low visibility conditions. The main goal of this research is
to develop the means of runway obstacle recognition in low visibility conditions, which are to improve the capabilities of
Enhanced Vision Systems. The research covers only the methods for static image object detection. The analysis of the
runway markings, objects and possible obstacles is performed. Targets for acquisition are defined. The simulation of
runway images is performed on full-flight simulator in low visibility conditions. The requirements for features descriptors,
recognition and detection methods are defined and methods for research are defined. The paper provides evaluation of
method applicability to runway pictures taken in poor visibility conditions above and below the decision height taking
into account various characteristics. The covered methods solve the problem of detecting objects of the runway in low
visibility conditions for static image. Conclusions about the possibility to use the studied methods in Enhanced Vision Sys-
tems are made. Further development of optimization methods is required to perform detection in video sequences in real

time. The results of this work are relevant to the tasks of avionics, computer vision and image processing.

Key words: enhanced vision system, object recognition, runway, object detection in images, image analysis

For citation: Andreev D. S. Object Detection Method Application to Runway Imagery in Low Visibility Conditions.
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 1, pp. 17-28. doi:10.32603/1993-8985-2019-22-

1-17-28 (In Russian)

BBenenue. Ob6ecneueHne 6e30MaCHOCTH IBHKE-
HUSl caMoJieTa TpU 3axXole Ha TOCaaKy M TMOocajke
SIBIISIETCS OTHOM W3 Ba)KHEHIINX 3a/1a4 OpraHu3alnd
BO3AYIIHOrO JBWXeHHA. OcoOyl0 BaKHOCTb Ipe-
CTaBJIACT AKCIUTyaTalysi BO3MYIIHOTO CyAHA B yCIO-
BUAX IUIOXOM BUAMMOCTU. COIIaCHO MCCIIEI0BAHUAM
Bcemupnoro donna 6e3onmacHoctu 6onee 75 % aBa-
puil mpu 3axoze Ha MOCAAKY U MOCAJKe MPOUCXOAST
B YCJIOBUSIX HEJOCTAaTOYHOW BHJIUMOCTH, KOTJA CH-
CTEMBI TOYHOM MOCAIKH Ha B3JIETHO-IIOCAIOYHOMN
nonoce (BIIII) oTcyTcTBYIOT WM TO KakoH-ITuOo
npu4rHe He (PyHKIHMOHUPYIOT [1].

OmHoTO CcBeTOoTeXHUYecKoro obopymnoBanus BIIII
HE BCETna JOCTaTOYHO JJIs oOectieueHus Oe30macHo-
ro 3axo/a Ha TMOCAJKy: B YCJIOBHAX OTPaHUYEHHOU
BUJMMOCTH 3a4acTyl0 HEBO3MOXHO JOCTOBEPHO
ONPENETUTh BBICOTY U MOJOMKEHUE BO3IAYIIHOTO CYI-
Ha II0 OTHOIICHUIO K mojoce. s Oe30macHOM Imo-
CaJKu HEOOXOJMMO HMETh JOTNOJHHUTENBHYIO HH-
(opMaIuIo ¥ BU3yaJbHBIE OPHEHTHPEI.

K wmoueBpIM (akTopam 0e30MacHOCTH ABIDKCHUS
caMoJIeTa Ha BceX dTarax Mocajiki U PYJICHUS OTHOCSTCS
kagecTBO NokpbITHst BIIII, a Takke Hamim4ame uimm oTcyT-
CTBHE Ha €€ IMOBEPXHOCTH mpernsrcTBuil. Jlroboe mpe-
nsarcrBue Ha BIII mpencraBmser coOol MOTEHIMATb-
HYIO yTpo3y Ut 0e30IIaCHOCTH BO3IYIITHOTO IBIKCHHUS.
E>xeromHsIit yriepO MUPOBBIX aBUAKOMITAHUH OT CTOJIK-
HOBEHMI BO3IYILIHBIX CyIOB ¢ nperarctBusamy Ha BITII
orreHnBaercst B 13 mnpa mon. [2]. IpensrcrBust moryt
NPEJCTaBIATh COOOM YTepsHHbIE KOHTEHHEpBI, YacTH
OOIIMBKY JIETATENILHBIX alllaparoB, CPE/ICTBA MEpe/BU-
MKEHUS U MHOTO€ JIPYTIoe.

1 mUoTOB NpensaTCTBUS IPU BU3yaJIbHBIX 3aX0-
Jlax Ha TMOCaJKy B YCJIOBUSIX IUIOXOW BHUIUMOCTH Ha
BBICOTE IPUHATHS PELLIEHUS], KaK IPaBUJIO, HE BUJIHBI.
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B nHacrosdmiee BpeMsi B a9ponopTax MUpa BBOJISAT-
Cs B DKCIUTyaTalldl0 HAa3eMHBIE CUCTEMbI OOHapyxe-
Hus npenarctBuid Ha BIIIIL. Takue cuctemsbl UCTIONb-
3YIOT ONTHUKO-3JIEKTPOHHBIE WM PATUOIOKAIIIOHHBIE
JaTauky U nposepsaroT noBepxuocty BIIII na nanm-
Yyye KaKUX-TM00 M3MEHEHH WM OCTOPOHHUX 00b-
ekToB. HazemHbIe cucTeMbl 0OHApYy)EeHUsT 00NaaaroT
BBICOKOH pa3pemraromeil cnocoOHOCTRI0 M 00HApY-
JKUBAIOT MPEMSTCTBUA, pa3Mep KOTOPBIX MPEBBIIIAET
10 cMm [3]. OmHako Ba)XKHO OTMETHTH, YTO B HACTOS-
mee BpeMs MNOJAOOHBIMM HA3eMHBIMH CHCTEMaMH,
COOTBETCTBYIOIIUMH COBPEMEHHBIM TPEOOBaHUAM K
obecriedeHNI0 0E30MACHOCTH, 00OPYIOBAaHO JIUIIb
HeOOJIbIIOE YUCIIO Haubosee KPYMHBIX a3poIropToB,
B CBS3M C Y€M CTAaHOBHUTCS aKTyaJbHOU pa3paboTka
MOOMJIBHOHI cucTeMBbl OOHApYKEHHs MNPEensITCTBUN
JUTSL yCTaHOBKH ee Ha OopTy camonera [4].

C npyroit cTOpOHBI, BO BCEM MHpPE BEAETCSA aK-
THUBHAs pa3paboTKa aBHAIIMOHHBIX CHCTEM YIy4YIleH-
HOTO ¥ KOMOWHHPOBAHHOTO BHUJICHHSA, OOECIIEUHBa-
IOLIUX MUAJIOTOB Jy4llleld 0CBEAOMIEHHOCTBIO O 3aKa-
ouHHOM TpocTpaHcTBe [5]. Takue CHCTEMBI, UCTIONb-
3ys YCTaHOBICHHBIC HA OOPTY BHICONATUMKH BHIIH-
MOTO ¥ MH(PAKPACHOTO TUANA30HOB H aJTOPHTMBI
BUJIe000pabOTKH, AT BO3MOXKHOCTH OTOOpPa3HTh
yayuiieHHoe u3oOpaxenue BIIIl u Bcromoraresb-
HyI0 HH(pOpMaNnIo Ha J000BOM cTekie. Bo3moxkHO-
CTH TOHOOHBIX CHCTEM OOpPTOBOH aBHOHHKH MOTYT
OBITH CYIIECTBEHHO PACIIMPEHBI NPH BHEAPCHHUU B
UX COCTaB CpPEACTB OOHAPYXKEHHUS M PaClO3HABAHUS
o6wekroB Ha BIII. Ykazannas mogudukamnus mo3Bo-
TuT KoHTponupoBath cocrosiaue BIIIT mis obecme-
YeHns1 0e30IacCHOCTH IBH)KEHHS caMoJjIeTa Ha dTarax
MIOCAJIKU, PYJICHHUS, a TAKXKE B3JIETA.
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IMocranoBka 3amaun. C yderoMm chopMyIupo-
BaHHBIX TpeOoBaHUil k obecredeHn0 0E30MacCHOCTH

IIpY 3aX0Jle Ha MOCAIKy U MOCAAKe B YCIOBHUSIX ILIO-
XOH BUJIMMOCTH, a TaKXe OCOOEHHOCTEH COBPEMEH-
HBIX TEXHUYECKHUX CPEICTB M pelIeHui Tpeldyercs
pa3paboTaTh COBOKYIIHOCTH METOIOB OOHApYKCHHS
o0wekToB Ha BIIIT B ycrnoBusix mioxol BHAMUMOCTH.
Ha mpaxtuke 00BekTHl TpeOyeTcs oOHapyXHUBaTh B
YCIOBUSX JHHAMHYECKH HW3MEHSIOMIEHCS 00CTaHOB-
K{, U KPOME PEIICHHUs 33a9i 0OHApYyKEeHUs HEeoOX0-
MO TaKKE ONTHMH3HPOBATh CKOPOCTH PadOTHI ajl-
TOPUTMOB T 3 (GEKTUBHON pabOTHI B peKUME pe-
aJIBHOTO BPEMEHH.

Hacrostiast crarhst mocBsiiieHa 0OHapYKEHHIO 00b-
€KTa Ha CTaTHYHOM I300pakeHHH. ONTHMH3ALIS aro-
PHUTMOB TSl OOHAPYIKEHHUSI B PEIKMME PEALHOTO BpeMe-
HH NIPEJICTABIISICT 3a/1a9y JATBHEHIIETO HCCIIeIOBAHHIS.

3agayu pacno3HaBaHUs U OOHApY:KeHHS 00b-
eKTOB. B HacToOsIIee BpeMsl CYIIECTBYET MHOXKECTBO
3a1ad, B KOTOPBIX TpeOyeTcsl MPUHSTH pPELICHHE B
3aBUCHMOCTH OT MPUCYTCTBUS Ha H300paKCHUHU 00B-
€KTa WIM OTHECTH OOHApyXEHHBIH OOBEKT K HEKOTO-
pomy kiaccy. Pacmo3naBanuwe oOwnektoB Ha BIIIT —
TWIIb ofHa U3 HUX. K XopoImo n3y4eHHBIM 00IacTsIM
MPUMEHEHUsSI PACIIO3HABAHUSI 00Pa30B MOXKHO OTHECTH
OMOMETpPHUYECKHE CHCTEMBI, paclio3HaBaHHUE IICIIEXO-
JIOB, aBTOMOOMIICH, CHCTEMBI BUICOHAOTIONCHIS.

B obmem cnyuae 3amauu pacrio3HaBaHUsSI 0Opa-
30B MOKHO TTOZIPA3CINTh Ha JABE TPYIIIIBL:

— pacrmo3HaBaHWE WM Kiaccu(puKanus u300pa-
JKCHU;

— TIOMCK W pacrio3HaBaHUE OOBEKTOB Ha M300pa-
JKCHUSX.

B mnepBoil rpynme 3azau pacrno3HaBaHHUE WU
KIacCH(HUKAIMs TPOBOJUTCS ISl BCETO HM300paxe-
Hus. B 3amagax BTOpO# rpymibl mpoliecc pacro3Ha-
BaHUS BKJIIOYEH B Ooliee OOIYI0 TEXHOJIOTHIO 00pa-
00TKH n300pakeHus. OOBEKTHI MPEICTABISAIOT COOON
OTHOCHUTEIHHO HEOOJNBIINE JIOKATbHBIE 00NIacTH, IMO-
SIBJICHUE KOTOPBIX MOXET MPOM30iiTH B Mo00it 0ba-
cTH m300pakeHMs. PesympraToM pacrmo3zHaBaHUS B
9TOM CIly4yae SIBISETCS HE TOJNBKO KIACC HAMICHHOTO
00BEKTa, HO TAKKE M €r0 XapaKTEPUCTUKH: MOJIONKE-
HHE U, BO3MOXHO, pa3Mep. YacTto TpebyeTcs He cra-
BUTH 33/1a9y KJIACCU(PUKAIIUU BCEX OKPYKAIOMIUX 00b-
€KTOB, a BBIICIUTh B IOCTYIAIOIIEM BHICOMOTOKE
00BEKTHI ONPEICIICHHOTO POJIa.

Metoasl BbIGOpAa NeCKPHUITOPOB NPH3HAKOB
00bekToB. [lpu pemicHUM 3ama4yu pacro3HaBAHHUS
WK KITacCU(PUKAIINU Ba)KHO YIUTHIBATE, YTO KaXKIBIN
00BeKT 00NagaeT YHUKaJIbHBIM HA0OPOM MPU3HAKOB,

MO3BOJIIOIIAM OTHECTH €ro K TOMY WIH HHOMY
Kiaccy. B wacTHBIX ciydasix 0oOBEKTBI XapakTepU3y-
IOTCSI TAKUMHU HUICHTH(UKANMOHHBIMU TPU3HAKAMH,
Kak (opma, IBET, MOJIOKEHUE, TIONBHKHOCTh, OTIIH-
YUTEJIbHBIE OCOOCHHOCTH, UX KOMOWHAIUM U T. II.
OOBEKTHl KIACCHOUIMPYIOTCS B 3aBUCHMOCTH OT
COBOKYITHOCTH 3THUX IPU3HAKOB.

K BakHelIIuM 1 BechbMa CIIOKHBIM 3TariaM Ha ITy-
TH CO3IaHMSI CHCTEMBI PACIIO3HABAHUS OTHOCHTCS IO-
CTpOEHHE CIIOBapsl MPU3HAKOB, IO KOTOPHIM Oy/IeT Mpo-
WCXOMUTh pacro3HaBanue. [Ipu pemieHnn ykazaHHOU
3a/1a9d TMPUXOIUTCS CTAJKHUBATHECS CO CICAYIOIHMHE
OTpaHIMYCHHUSMU:

— B CIIOBaph BKIIIOYAIOT TONBKO TE MPHU3HAKH, JUIS
KOTOPBIX MOXKET OBITH MOJydYeHa anpHopHas HHPOp-
Manus, HeoOXoaumasl AJisl ONMUCAHUS KJIacCOoB Ha
SI3BIKE ATHX MPU3HAKOB,;

— HEKOTOpBIC U3 MPH3HAKOB HEIENCCO00pa3HO
BKJIIOYATh B CIIOBapPh, IOCKOJIBKY OHH MaJIOMH(pOpPMa-
TUBHEI;

— HEKOTOphle W3 TPHU3HAKOB, KakK IPaBUIIO,
Hanbosee HH(POPMATUBHBIE, HE MOTYT OBITH OMpesie-
JICHBI BBUILYy OTCYTCTBHSI COOTBETCTBYIOIIUX H3MEPH-
Tenel (BBIYMCIHTENCH), a pecypcChl, BEIICICHHBIC Ha
CO3/IaHUE CUCTEMBI paCliO3HABaHUS, OTPAHUYCHBI;

— U3MepeHusl (BBIYUCIICHUS) HEKOTOPBIX TPHU3HA-
KOB MOTYT HE YKJIaIbIBaThCSl BO BPEMEHHEIC PaMKH,
OTBEJICHHBIC HA 3Ty OIMEPAIHIO.

OOImenpu3HaHHOTO METO/a, MTO3BOJIIONIETO OIIpe-
JIETUTH TOPSIOK BEIOOpA MPH3HAKOB, HE CYMIECTBYET,
MO3TOMY OCHOBHBIM PEUICHHEM MO-MPEKHEMY OCTa-
ercsi BhIOOp Hamboniee MH(POPMATHBHBIX MPU3HAKOB
U3 HEKOTOPOTO MCXOIHOTO MHOXKECTBA, 331aBaMOTO
SBPHUCTUYCCKH.

Jlnst pelnieHns OCTaBIICHHON 3a1add HEOOXOIMMO
HaiiTh, 0000IMUTh U CHOPMYTUPOBATH B MaTeMaTH-
YeCKUX TEPMUHAX AMIUPHUYECKUE HAOMIOACHUs, T. €.
(dbopmanu3oBaTh NPU3HAKA UCKOMOTO 0OBekTa. [aB-
Has TPYIHOCTh COCTOMT B TOM, YTO OIIMCaTh BCE
CBOMCTBAa TMPAKTHMYECKH HEBO3MOXXKHO, M  4YacTh
CBOICTB MOXKET COOTBETCTBOBATH HE BCEM OOBEKTaM.
[TosTomMy B mporecce maremarudeckoil (opmanuza-
MU JIOMYCKAIOTCs yrpouieHus. Kpome Toro, ¢ po-
CTOM 9YHCJIa TIPH3HAKOB YacTO MaJaeT TOYHOCTH
MpeACKA3aHMUS.

Knaccupukanuss MeTogoB pacrno3HaBaHUS.
CymiecTByeT MHOXKECTBO METOZOB pPaclO3HABaHMUS
00bEKTOB Ha W300pakeHHH. BBIOOp KOHKPETHBIX
METO/IOB OOYCJIOBJIEH OCOOCHHOCTAMHU OOBEKTa, KO-
TOpBIil TpeOyercst pacmo3Hath. Yacto OBIBaeT, 4TO
3aja4a paclo3HABaHUS CTaBUTCSI He(QopMambHO —
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CBOICTBa MCKOMOTO OOBEKTa 3a7aroTca 0e3 CTPOrux
MaTeMaTUYeCKUX NapaMeTpoB. g pemeHus Takon
3aaud HEOOXOMMMO CO3/[aTh YCTOHYMBBEIA METOX
00HapyKeHHUSI 00BEKTOB.

[anee nmpuBeneH CMHUCOK MOIXO0B, C TIOMOIIBIO
KOTOPBIX MOXKHO YCICHIHO pemarh 3amady IOHCKa
00BbeKTa Ha H300paKEHUH.

1. LiBetoBblie punbTphl. Eciin 00bEKT CyIIecTBEHHO
BBIIEIIACTCS Ha (DOHE I10 I[BETY, TO 3a]a49a MOXKET ObITh
peleHa 1oao0poM COOTBETCTBYIOILETO (DHIIBTPa.

2. Beinenenue U aHaiau3 KOHTYpoB. Ecian 0ObekT
HUMEET MPOCTYI0 TEOMETPUIECKYI0 (hOpMY, TO BO3MO-
JKEH TOUCK COOTBETCTBYIOIIEH reoMeTpudeckoil ¢pu-
TYpBbI Ha H300paKEeHUH.

3. Comocrasienue ¢ mabmonoM. [Ipu Hammauu
STAJIOHHOTO W300paXkeHUsI OO0bEeKTa MPOU3BOAMUTCS
€ro MOWCK Ha MCCIEAYEMOM H300paKeHNH.

4. Pabora ¢ ocoOsiMu Toukamu. [lowck mpoBo-
JIUTCSl TIOCPEJICTBOM COIOCTABIICHUS KJIIOYEBBIX TO-
YeK ¢ XapaKTePHBIMH 0COOCHHOCTSIMH.

5. Merozapl ManmmHHOTO 00y4eHMs. Knaccuduxka-
TOp oOydaeTcsl Mo CHelUaJbHOW BBIOOpKE H300pa-
KCHHUH MHTEPECYIOIETO 00bEKTa.

Ananu3 BIIII. OgauM U3 BOKHEHIINX yCIIOBUH
YCHELIHOTO PelIeHUs 3a7a4y Paclo3HaBaHUi 00bEK-
TOB SIBISICTCS HAJMYUE TOYHO C(OPMYIHPOBAHHBIX
TpeboBaHHI K paboTe CHUCTEMBI M XapaKTEPHCTHK
o0bekta uHTEepeca. C 3TON IEIbI0 MPOBEICH IBPH-
CTHYECKH aHan3 n3o0pakenuit BIIII, momy4yeHHbBIX
P TIOCAJIKE B YCIOBUSX ITOXOU BHIUMOCTH.

ITon BIIIT nmoHumaeTcs yacTh a’pojipoMa U JIET-
HOTO TIOJISl, UMCIOMIAasi OCHAIICHHE M CIICHTEXHUKY
UL a’dpOIOpPOMOB, TpeTHA3HAUCHHAS U1 YAOOCTBa
B3JIETa U TTOCAJIKU BO3IYIIHBIX CYIOB.

BIIIT ocBematorcst B cymMepedHOe U TEMHOE Bpe-
Ms CYTOK M B YCIIOBHUSIX IUIOXOW BHAMMOCTH. OCHOB-
HOE ocBelieHue nMmeeT Oenblid 1BeT. CHUrHajlbHEIE
OTHH JETATCS Ha OTHH INPHOJNIDKEHHUS, OTHH CBETO-
BBIX TOPH30HTOB, BXOJHBIC, OTHU 3HaKa IpU3EMIIe-
HUs, OOKOBBIE, TIIMCCAJHBIC, OTPAHUYUTENBHBIC, T10-
CaJIOYHbIC, OTHU KOHIICBOM O€301acHOCTH, OCEBEIC,
OTHU OBICTPOTO CXOAa, OOKOBBIE M OCEBBIE PYIEK-
HBIC, CTOI-OTHH, PEAYNPEAUTEIbHbIE, 3aTPaJUTENb-
HBIC, a’pOAPOMHBIC YKazarenbHble. [lms ymoOcTBa
OpUEHTHPOBAHUS OHU PA3IMYAIOTCS OTTEHKAMHU.

Ha BIIII naneceHa crnenuaibHas pa3MeTKa, He-
o0xonumas Ui TOYHOM M 0e30macHOM IMOCaIKU ca-
MOJIETa Ha MOJIOCY:

— koHIeBas monoca 6e3omnacuoctu (KIIB) (xen-
ThIC IIICBPOHBI);

— TiepeMelleHHBIN mopor (Oenble CTpenKn);

— nopor (6emble ooCH B BUje ""3e0pbl');
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— MapKUpPOBAaHHBIM HOMEp H, €CIM HEOOXOIMMO,
OykBa;

— 30Ha TIpH3eMJICHUS (IBOWHBIC MapaJICIbHEIC
IIPSIMOYTOJIbHUKY, HaunHaromuecs 3a 300 M 1o mo-
pora BIIII);

— OTMETKH (PHKCHUPOBAHHOTO paccTosHusA (00Jb-
II1e TIPSIMOYTOJIBHUKH, PAacHONIOKeHHbIE yepe3 150 m);

— KOHIIeBas Iojoca 0e30macHOCTH (CIEeIHANTbEHO
MOJTOTOBJIEHHBII MPSIMOYTOJIBHBIA Y4acTOK, PacIo-
JaraeMblii B KOHIIE IUCTAHIMK pa3bera W mIpeaHa-
3HAUEHHBIH IJI1 OCTAHOBKH BO3AYITHOTO CymHA B
ciy4ae pepBaHHOTO B3JIETA).

HeoOxomuMbiM aTpuOyTOM Pa3METKH SIBISFOTCS
TaK)Ke 0ceBas U MHOTA OOKOBbIE JIMHUU.

CymiecTByeT OONBIIOE YUCIO THIIOB a3pOIHOpPTO-
BOTO OOOPYHIOBaHUS M yYCTAaHOBOK, KOTOPHIE B CHILY
CBOHUX OCOOBIX paJUOHABUIALIMOHHBIX  (DYHKIMH
JIOJDKHBI OBITH PACTIONIOKEHBI TAKUM 00pa3oM, 4TOOBI
MpeACTaBIATh co00i mpensaTcTBus. Takoe 00opyno-
BaHME BKIIIOYAET B ceOsl:

— DIHCCamHBble aHTEHHBI KypCO-TIMCCATHON CH-
cremsl (KI'C);

— morpaHu4dHble MapkepHbie paanomasku KI'C;

— aHTeHHBI KypcoBoro paanomasika KI'C;

— BETpOyKa3arely;

— IOCaI0YHEIC 3HAKH;

— o0aKoMepHl;

— U3MEPUTENH JaTFHOCTH BUANMOCTH;

— Haa3eMHbIe nocagounbie oruu BIIII, BxogHbIe
u orpanuuuTenbHble orHU U orau KIIb;

— HaJ3€MHBIE PYJIEKHBIE OTHU;

— OTHH MTPUONIMKEHUS;

— OTHH CHCTEMBI BH3YalTbHON WHMKAIIUH TJIMCCAIBL;

— 3HaKH U MapKepBI;

— 3JIEMEHTHI MUKPOBOJIHOBOH CHCTEMBI TIOCATIKH;

— a3uMyTaJbHBIC U JabHOMEPHBIE PaIHOMAasIKH;

— paAMONIOKAlIMOHHAA CHCTEMa TOYHOTO 3axoja
Ha [TOCAJKY WU €€ 3IEMEHTHI;

— IeJIeHTaTop, padoraromuii B quarazone OBY [6].

Taxoke Ha Mmojloce MOTYT NMPHCYTCTBOBAaTh Ipe-
TSITCTBUS:

— JIeTATeNBHBIN ammapat, B TOM YHCIE TOTepsB-
M CIOCOOHOCTH JIBUTATHCS;

— TPAHCMIOPTHBIE CPEICTBA;

— a’3popOMHOE 000pyNOBaHHE OOCITY>KUBAHUS,
HalpuMep TATa4H;

— CHTHAJIBIIVK;

— )KHBOTHEIE;

— yTepsIHHbIE KOHTECHHEPHI;

— 4aCTH OOLIMBKY JIETAaTEJIbHBIX allaparoB;

— (parmenTs! mokpbrtus BIIII [7] u T 1.
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Puc. 1. MogenpoBanHoe n300paxxeHne 00bEKTa Ha B3JICTHO-TI0CAJOUHOM 110710Ce
Fig. 1. Simulated Image of the Object on the Runway

Jns

pacnio3HaBaHusA B paSHOﬁ CTCIICHU MPEACTaBIIAIOT

IlocranoBka 3agaum pacno3HaBaHus.

nnTepec npenstcTBus Ha BIIII u sanementsr pazmer-
KM, CBETOCHTHAJIbHOE OOOPYJOBaHHE W PaJUOIIOKa-
[IMOHHBIC KOHCTpYKIUH. [lpum 3TOM HEOOX0TUMO
Kiaccu(puuupoBaTh Kak MOABMIKHBIE (Tsrad, BO3-
IYITHOE CYAHO, TPOYHE TPAHCIOPTHBIC CPENCTBA,
JKABOTHBIC), TaK W HEIOABIDKHBIE OTHOCHUTEIHHO
cueHsl 00bekThl (pasmerka BIIII, orHum momocsl,
CTPOCHHUS, PaTUOIOKAIIMOHHBIE KOHCTPYKITUH, HEIO-
JBIDKHBIC TPaHCIOpPTHBIE cpencTsa). Takum oOpa-
30M, TIepevYeHb OOBEKTOB JIJIsl PACIIO3HABAHUS OKa3bl-
BaeTcs BeCbMa OOLIMPHBIM.

B mHactosmieit crarhbe MeETOABI pPACIO3HABAHUS
WCCIICZIOBaHbl B NMPUMEHEHUH K 3aj[ade pacro3HaBa-
HUS JIETATEILHOTO arapara, BBIMOJHSIOUIETO pyie-
HUE Ha TIOJIOCE WM JKe MOTEPSBIIErO CIIOCOOHOCTH
JIBUTAThCS, KaKk HamOoJiee YacTo BCTPEYAIOUIETOCs
THTIA MPETSITCTBAN, TPEOYIOIIEr0 OT COBEPIIAIOIIETO
MOCaJIKy BO3AYLIHOTO Cy[HA yXO/a Ha BTOPOX KPYT.

3amadya pacrio3HaBaHMs B YKa3aHHOM clydae
CBOJUTCS K BBIJCNICHUIO CYIIECTBEHHBIX MPHU3HAKOB
JIAaHHOTO Kjlacca OOBEKTOB U K OTHECCHHMIO BXOJHBIX
JAHHBIX K OJHOMY M3 HUX MOCPEICTBOM OOHapyKe-
HUSl KIIOYEBBIX MPU3HAKOB B HCXOMHOM HM300paxe-
Huu. [Ipu 3TOM pacmo3HaBaHne MOXXKHO pa3AeiiuTh Ha
HECKOJIBKO 3TarloB:

1. [ToryueHne BXOAHBIX JAHHBIX C TIOMOIIBIO CEH-
COpPOB, KaMep BUJICOHAOIONEHHS, TOJO0POK JaHHBIX.

2. IlepBuuHast 00paboTKa U300pakeHU: HOpMa-
JU3aNus JTaHHBIX, (QUIBTpAIMs [IYMOB, BBISIBICHHUE
MIPU3HAKOB.

3. @opMUpOBaHUE BEKTOPOB MPHU3HAKOB MMOCPE-
CTBOM BBIOOpa HambOosiee 3HAUMMBIX IPU3HAKOB, C
MIOMOIIBI0 KOTOPBIX MOKHO BBIICIHTH HEMEpeceKa-
IOIIMECS MHOXECTBA KIIACCOB OOBEKTOB.

4. Knaccudukanus wiv npeacka3aHue Ha OCHOBE
MOJTYYEHHBIX TaHHBIX O KJIAcCax 00OBEKTOB.

C uenbto (opmupoBaHHus TECTOBOro Habopa
CHIMKOB B YCJOBHSX IIOXOH BHAMMOCTH Ha KOM-
IUIEKCHOM aBHAallMOHHOM TpeHaxepe AO "Texnoio-
run ans aBuanuu" Airbus a320 ObulO TPOBENEHO
MOZETMPOBAHNE CIICHApHs 3aX0la Ha IMOCAIKy IpH
HAJIMYMU Ha TOJIOCEe JIETAaTeIBHOTO aImapara, MmoTe-
psBIIEro cnocoOHOCTh ABUrarbca. OOWH U3 MOINY-
YEHHBIX CHIMKOB MIPUBEIICH Ha puc. 1.

Bri0op MeTon0B pacno3HaBaHusi. [[s OoleHKH
METOJIOB pacrio3HaBanus 00bekToB BIIII B ycmoBusix
IUIOXOW BHJIUMOCTH TIpeIaraeTcs HCIOIb30BaHNUE
neckpunropa "TuctorpamMmma HampaBie€HHBIX T'paju-
earoB" (Histogram of Oriented Gradients — HOG),
OCOOCHHO TOMYJSPHOTO Cpean Hcciemopareneit [8].
[Mpu pemennn 3agayu pacrno3HaBaHUS OOBEKTOB Ha
BIIIT ucnonszoBaHue 0OATBHBIX MPU3HAKOB, TAKUX
KakK SIPKOCTHBIC, TUCTOTPAaMMHEIC FUTH K€ IIBETOBBIC
pacrpenescHus, TPEICTABIAETCS Manod(PPEKTHB-
HBIM BBHUJIy PAaBHOMEPHOCTH JaHHBIX PACIPEICICHHUM
M0 BCEW IUIOMIAIN HCCIeqyeMBIX M300paxeHuid. Je-
ckpuntop HOG paboraeT n0KanbHO, HOAAEPKUBAET
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WHBapUAHTHOCTh TEOMETPUUYECKUX U (poToMeTpHuue-
CKHX TIpeoOpa3oBaHMi, 332 HMCKIIOUYCHHEM OpHEHTA-
uuu o0bekTa [8].

[TapameTps! M3BICUEHHs PU3HAKOB BHIOPAHBI B
COOTBETCTBHH C OPUTMHAJIBHBIM HCCIIeOBaHUEM [8]:
pa3mep okHa 128x64 anemMeHTOB, pa3Mep Ooka §x§
SIIEMEHTOB, OJHAKO IMPHHATA TOPH3OHTANbHAs OpH-
SHTAIMs] OKHA B COOTBETCTBHU C TOPHU3OHTAIBHON
opueHTauuei oopasa camorera.

Drtan HOpMalu3aluy [[BETa U TaMMa-KOPPEKIUH,
COIVIACHO HCCIICAOBAHUSM aBTOPOB JIECKPHIITOPA
HOG, M0XHO OmycTUTh, MOCKOJIBKY MOCIEAYIOIIas
HOpMAJTU3aIUs THCTOTPaMM JIaeT TOT JKE€ PE3yNbTar.

Jnst oueHKH paboTHl B MPHUMEHEHWH K 3a1adam
pacniozHaBaHusl 00bekTOB Ha BIIII B ycIoBHAX MJI0XOM
BUJIIMOCTH OBUIM BBIOPAHBI TPH MOMYIAPHBIX METONA
KITacCHU(UKAIMU: METOZ OIIOPHBIX BEKTOpOB (Support
Vector Machine — SVM) [9], [10], meton K Omkaid-
mmx coceznelt (K Nearest Neighbors — KNN) [11], [12]
u MeToA Aepesa perenunii (Decision Tree — DT) [13].

Meton SVM, umest Ha BXoJle pa3MEUCHHYIO 00y-
YAOIIYI BBIOOPKY, MPEAOCTABIACT Ha BBIXOJIE OII-
TUMAaJBHYIO THIIEPIUIOCKOCTD, KIIACCH(MHUIUPYIONIYIO
HOBBIE 3K3eMIUIpbL. i1 maHHOTO Kiaccu(ukaropa
BEIOpano sapo "[lepeceuenne ructorpamm” [14].

Meton KNN 3anomuHaeT Bce oOydaromiue o00-
pasibl U MpEeNcKa3blBaeT OTKJIMK Ha HOBBIM 3K3eM-
ISP, aHATTM3UPYS HEKOTopoe Yrcio (K) Ommxalmx
coceiell SK3EMILLIpA, MCIOIB3Ys TOJIOCOBAaHHE, pac-
YeT B3BEIIEHHON CyMMBI | T. JI.

DT — OunHapHOE AEpeBO, B KOTOPOM KaKJIbIi
JUCT OTMEYEH MPUHAIICKHOCTEI0O K HEKOTOPOMY
KJIaCCy U MHOXKECTBO JIUCTbEB MOTYT UMETh OJMHA-
KOBYIO METKY.

OOHapyXeHHEe MECTOHAXOKACHUS OOBEKTOB BHI-
MOJTHEHO Ha M300PaKEHHUAX B HECKOJBKMX MaclITa-
0ax, s yero c(hopMUpOBaHA MUPAMUIA H300paxe-
Hu#t [15]. Ha xaxkaoM macnmiTabupoBaHHOM H300pa-
JKCHUU TIPOBOAUTCA MOUCK C NPUMEHCHHUECM MCTOOa
ckoJp3simiero okHa [16]. Kaxmoe ycmeniHoe oOHa-
py)XeHHE OTMedaeTcsl Ha H300paKCHUH, Ha3bIBACMOM
TeroBol kaproir [17], mocie wyero oOmacTh ¢
HauOONBIIIMM YHCJIOM OOHApyXEHHH BhIOHMpaeTcs
Kak 00J1acTh, ComeprKaIasi ACKOMEIH 0OBEKT.

s onleHKH MeTon0B OblIa MOATOTOBIICHA OO0Y-
yaromias BbIOOpKa, cocrosiiias u3 200 CHUMKOB ca-
MoJeTOB U 560 CHHMKOB IpPOU3BOINBHOTO (DOHA, HE
BKIIIOYAIOIIETO B ce0s M300pakeHHs camMmolieTa, a
TaKXe JIBC TECTOBBIX BBEIOOPKH, KaXIasi M3 KOTOPHIX
BKItouaeT B ce0s 50 caumkoB BIIII, 25 u3 koTOphIX
cojiepkar u3zo0pakeHHe camoneta u 25 — HeT. B
MEPBYI0 TECTOBYIO BBIOOPKY BXOISAT H300paKCHUS,
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MOJTyYEHHbIE B YCIOBHSX HOPMAJIBbHOW BUIWMOCTH,
BO BTOPYIO — B YCIIOBHSIX TUIOXOH BHIIMMOCTH.

Ilo pesymsraram pacmo3HaBaHUS H300paKCHHN
TECTOBOH BHIOOPKH OBUTH IOJY4EHB! 3HAUYCHHS TOY-
HOCTH (accuracy), CpeIHEKBaJAPaTUYCCKON OIMMOKU
(CKO, RMSE), npeuusuonnoctu (Precision), moi-
HoThI (Recall) u F-mepsl (Fl—score) [18] ansa kaxmo-

TO U3 METOZOB.

TouHocTh ompenensieTcss Kak OTHOILEHHWE CYMMBI
qriciia npaBHiIbHBIX 00Hapyxenuii (True Positive — TP)
W MpaBWILHBIX HeoOHapyxeHui (True Negative — TN)
K 00IIIeMy YHCITy MpeCKa3aHti, BKITIOYAIOIIeM HapsTy
¢ TP u TN uucno noxusix TpeBor (False Positive — FP)
u yucno npomyckos nenn (False Negative — FN):

~ TP + TN
TP+TN+FP+FN’

CKO ompenensercs cinenyonmm o0pa3om:

rie X;, y; —3HAueHHe KJacca U pe3ybTaT MpecKa-

3aHUE IS I-TO OK3EMILUIEIpa COOTBETCTBEHHO, N —unc-
J10 npenc1<a3aHHI71.

Mepa OpCIMU3HNOHHOCTH YKa3bIBACT OOJIO ITpa-
BHJIBHBIX ITOJIOKUTCIIBHBIX pemeHHﬁ KJ'IaCCI/I(bI/IKaTO-
pa OT BCEX MOJOKUTCIIbHBIX!

TP
TP+FP’

Mepa MONHOTHI MO3BOJISIET CYJUTh O CIIOCOOHO-
CTH MeTOoJa OOHapyXHBaTh BCE OOBEKTHI MHTEpeca.
OHa ormpezensercs JOJNEH MpaBUWIBHBIX OOHApYKe-
HUH OT CyMMBI MPaBWIBHBIX OOHApPY)XEHUH H TpO-
ITyCKOB IIEJICH:

R=—1F
TP+ FN

F-mepa nipencraBiisieT co0oid cpeHee TapMOHHU-
YECKOC NPCIMU3NOHHOCTH U IMOJHOTHI:

PR
P+R’

F=2

Pesynpratel pacmozHaBaHUs OOBEKTOB (camMole-
Ta) Ha U300PAKCHHSIX, COOTBETCTBYIOIINX YCIOBHSIM
JIOCTaTOYHOM BUJIMMOCTH, NIpUBEACHHI B Tabm. 1. U3
MPUBENCHHBIX PE3YJIbTaTOB CIEAYET, YTO HaHuOOJb-
IIyI0 TOYHOCTH obecrieunBaeT Meron SVM, mokasa-
Temu Precision Ui BceX METOOOB MOCTHUTAIOT 1, a



Tabn. 1. Pe3ynbTaTsl pactio3HaBaHUS

B YCJIOBHSIX XOPOIIEH BUIUMOCTH
Table 1. Recognition Result in Good Visibility Conditions
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[Tokazatenn
Meron ™ "o, RMSE P R A
SVM 97.1 0.343 1 0.957 | 0.978
KNN 67.7 1.138 1 0.522 | 0.686
DT 70.6 1.085 1 0.565 | 0.722

Tabn. 2. Pe3ynbTaThl pacrio3HaBaHUs

B YCJIOBUSIX IJIOXOil BUIUMOCTH
Table 2. Recognition Results in Poor Visibility Conditions

IToka3arenn
Meron [ %/ RMSE P R A
SVM 75 1.0 1.0 0474 0.643
KNN 65 1.183 | 1.0 0263 |0.417
DT 65 1183 | 0.692 |0.474 |0.563

nokasarens Recall miisg Mmetoga SVM 3aMeTHO BBIIIIE,
geMm st KNN u DT. IIpu aTom B 3amauax obecriede-
HUsI OC30MaCHOCTH BO3MYNIHOTO IBIDKCHHS IMOKa3a-
tenb Recall, oTpakaronuii BIUSHAE OMIMOOK BTOPO-
T0 polia, MTPaeT CYIIECTBEHHO 00Jee Ba)XKHYIO POJIb,
TaK Kak MpOIyCcK 00beKTa Mpu 0OHAPYKEHHUH MOXKET
MPUBECTH K aBHaKatacTpode.

Pesynwratel s uzobpaxennid BIII B ycnoBusax
IUIOXOW BUAMMOCTH (Tabi. 2) MOKa3bIBAIOT, YTO BCE
kiaccuukaTopsl odecrieynBaeT 6oee HU3KUN oKa-
3atenb Recall, 9To mMO3BOJISIET cAENaTh BBHIBOA O IIO-
HIDKEHHON CIIOCOOHOCTH K YCTICITHOMY PAcriO3HaBaHHIO
ob0bekrta. Jlma xmaccugpukaropa KNN mokazarens
cHU3WICS HambOonee cymectBeHHo: 1o 0.263. Knaccu-
¢uxarop DT, k ToMy ke, IPOAEMOHCTPUPOBAIL 1 CHH-
JKCHME 3Ha4YeHUs IoKazaresst Precision, 4To B KOMILICK-
ce ¢ HU3KMM ypoBHeM Recall ykaspiBaeT Ha HH3KYIO
CHOCOOHOCTb K YCTICITHOMY PACIO3HABaHUIO OOBEKTOB.

INoaroToBuTh NUpaMUIY N300pasKEHUH

BriOpaTh nepBoe n300pakeHue

W3 MupamMu bl

Y

Beinenuts II€PBOC OKHO IMOMCKa

*

|I/I3BJ’[C‘{L HpI/ISHaKI/Il

|Knaccnd)HquOBaTL n300paKCHUE B 01<He|

Knaccugunuposano
HOJI0XKUTEIBHO?

Jlo6aBuTh U300pakeHHE B OKHE
K TEIUIOBOH KapTe

Briaenuts cienyromee
OKHO I1OMCKa

IIpoananu3upoBanbl
BCE OKHA MOUCKa
Ha N300paKCHUM

OT1rIbTpOBaTH HTOTOBYIO
TEILIOBYIO KapTy

Puc. 2. Anroput™ o6HapykeHUsI 00bEKTOB Ha CHUMKE
Fig. 2. Algorithm for Detecting Objects in the Image

OTdunsTpOBaTh
TEIUIOBYIO KapTy

J106aBUTH TETIIOBYIO KapTy
MacIITabMPOBAHHOTO M300paKEHUS
K UTOTOBOM TEIJIOBOM KapTe

ITocnenuee
n3o0paxenue
B nupamuze?

Her [BriGpars cienyromee

H300paKeHUE
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TeneBnaeHve 1 06paboTka N306paxeHUi
Television and Image Processing

Jnst oneHkn paboThl BHIOpaHHBIX KiaccHuka-
TOPOB PEAU30BaH AITOPUTM OOHApYKEHHUS OOBCK-
TOB Ha CHMMKE C HCIIOJIb30BAHHEM METOIOB CKOJIb-
34I1er0 OKHA, MUPaMUA HN300paKCHUH W TETUIOBBIX
KapT (puc. 2). ANropuT™M HIpPOTECTHPOBaH Ha He-
CKOJIBKUX TOoNMHO(GopMaTHEIX cHEMKax BIIII, momy-
YEHHBIX B YCJIOBUSX IJIOXOW BUAUMOCTH.

Ha puc. 3 u 4 npencrasneHsl pe3yabTaTbl 0OHa-
pyxenus camosieta MetogoM KNN Ha n3o0pakeHuu
B MacmTabe 0.5, MOIydeHHOM MOCIE MOCTPOCHUS

mupaMuabl u300paxkeHuid. Puc. 3 mokaspiBaeT MHO-
JKECTBO MO3UIHHA 00BEKTOB, MOIYYCHHOE TIPH TIPHME-
HEHUU METOJa, a Ha pHC. 4 MPEACTABICH Pe3yNbTaT
(uIBTPAIIK METOJIOM TEIUIOBOH KapThl, B pe3yJbTa-
TE KOTOPOW Ha M300paKCHUH MPHCYTCTBYET TOJBKO
oIHa BeIICICHHAs obnmacts. [Ipn apyrux macmrabax
00BexT He Ob11 pacniozHan KNN-kinaccupukaTopom.
Pe3ynpTaThl aHANOTMYHOTO 3Tana OOHAPYKEHMS
metozoMm DT npezncrasiens! Ha puc. 5 u 6. B nanHOM
cilyqae HaONIOAaeTCsl MHOXKECTBO JIOXKHBIX cpabathl-

Puc. 3. Pesyabrar oOHapyxeHust camosiera merogoM KNN
Ha n3o0paxxennn macurraba 0.5
Fig. 3. KNN Method Based Result of Aircraft Detection

in the Image on a Scale of 0.5

-
sae

111

Puc. 5. Pesynprat oOHapyxeHHs1 camoiera metogom DT
Ha m300pakeHnn Macurada 0.5
Fig. 5. DT Method Based Result of Aircraft Detection
in the Image on a Scale of 0.5

o
e oot > e SR AL

- et

Puc. 7. Pesyaprat oOHapyxeHus camosera merogoM SVM
Ha n3obpaxxenun macurraba 0.5
Fig. 7. SVM Method Based Result of the Aircraft Detection
in the Image on a Scale of 0.5
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Puc. 4. Pesynbrat oOHapyxeHus camosera Mmerogom KNN
Ha n3obpaxenuu B macitabe 0.5
nocie GpUIbTPALUN TEMIOBOH KapThl
Fig. 4. KNN Method Based Result of Aircraft Detection
in the Image on a Scale of 0.5 after Heat Map Filtration

Puc. 6. PesynpTar oOHapyxeHus: camoiera metogom DT
Ha nm300paxeHnu B Macmrade 0.5
nocje GUIbTpaLy TEIUIOBOI KapThl
Fig. 6. DT Method Based Result of Aircraft Detection
in the Image on a Scale of 0.5 after Heat Map Filtration

Puc. 8. Pesynbrar oOHapyxeHus camoiera Mmerogom SVM
Ha n3obpaxenuu B macitabe 0.5
rocie GUIbTpaLKy TEIUIOBOI KapThl
Fig. 8. SVM Method Based Result of Aircraft Detection
in the Image on a Scale of 0.5 after Heat Map Filtration
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BaHMH, 4TO COIJIACYETCs! C MOTYyUYEHHBIM Ha TECTOBOU
BBIOOpKE 3HAYECHHEM IPEIM3UOHHOCTH. [l ocTaib-
HBIX MacmTa0OB B MHpaMUJIE W300PAKCHUN PE3yIlb-
TaThl aHAIOTWYHEL. TakuM 00pa3oM, pacro3HaTh 00b-
ekt metogoMm DT He ymanocsk.

Knaccudukatop SVM mokaszan cymiecTBEHHO
mayuiue pesyiabratsl (puc. 7 u 8), uem KNN- u DT-

KJTacCU(UKATOPBI MU TOM ke MaciiTadbe. HecmoTps
Ha HaIWYMC JIOXKHBIX CpalaTbIBaHUM IS pPa3HBIX
MacITaboB CHUMKA I10CIIe IPIMEHEHNS METO/IA TeTl-
JIOBBIX KapT M COBMEIIEHHUS Pe3yJIbTaTOB JUIS Pa3HBIX
MacmTaboB 00BEKT OBLT YCIECITHO O0HAPYKEH.
PesynpraTel oOHapy)keHHsT 00BbEKTa KIIacCu(pUKa-
TopoM SVM Ha H300paKeHHSX, MOJYYEHHBIX Ul

Puc. 9. PesynpTar 00HapyKeHHS camolieTa MeToIoM SVM B yCIOBHSX TUIOXOU BHIMMOCTH
nipu kareropun BumuMoct CAT I Ha BeicoTe 120 dyToB (= 36,5 M)
Fig. 9. SVM Based Result of Aircraft Detection in Low Visibility Conditions at CAT I Visibility Category at a Height of 120 Feet

Puc. 10. Pe3ynbraT oOHapyxeHus camoiera MeTogoM SVM B YCIIOBHSX IUIOXOH BUIUMOCTH
npu kateropun BuguMoct CAT I Ha BeicoTe 70 ¢yToB (= 21 M)
Fig. 10. SVM Based Result of Aircraft Detection in Low Visibility Conditions at CAT I Visibility Category at a Height of 70 Feet
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Puc. 11. Pezynpratr 0OHapyxeHUs camosera MeTogoM SVM B yCIOBHSX IIOX0H BUAUMOCTH
npu xareropuu BumguMoct CAT II Ha BBIcoTe 70 dyTOoB (= 21 M)
Fig. 11. SVM Based Result of Aircraft Detection in Low Visibility Conditions at CAT II Visibility Category at a Height of 70 Feet

Pa3HBIX BBICOT W TIPH IUIOXOH BHIMMOCTH Pa3HBIX
KJ1accoB npuBeaeHb! Ha puc. 9—11. [IpencraBnenHbie
pe3yabTaThl MOKA3bIBAIOT PabOTOCTIOCOOHOCTh JaH-
HOTO KJIaCCHU(HKATOpa MPH CYIIECTBCHHO H3MEHSIIO-
HIAXCS YCIOBUSX HAOTIOICHNS.

3akiaiouenue. VccrienoBaHHbIE METOABI MOTYT
MPUMCHATHCS B 3a/adaX OOHApYXCHUS OOBEKTOB,
OJTHAKO HE BCE U3 HHUX MPOAEMOHCTPUPOBAIIU JOCTa-
TOYHYI0 3((EKTUBHOCTh B NPHMEHEHUHU K 3a/adaM
oOHapyxeHHs] O0BEKTOB B YCIIOBUSIX TUIOXOH BHIM-
Moctd. Hawmmydmme pe3ynbTaThl IONYYSHBI MpU
MPUMEHEHHH METOJIa OMTOPHBIX BEKTOPOB, MPH3HAKOB
THCTOTPaMMBI HAIPABJICHHBIX TPAJHEHTOB U TOMCKA
Ha HM300pakeHUH C UCIOJNBb30BAaHHUEM METOJa CKOJb-
3SIETO OKHA, TUPaMUIbl U300PAKECHUN U TETIOBON
KapThl. B nanpHereM 3¢p¢GeKTUBHOCTh PabOTHI MO-
JKET OBITh IMOBBIIICHA C MPUMCHEHUEM JTOTIOTHUTEIb-

HOW MpenoOpaboTKH, HApUMEp aJalTUBHOIO MHO-
romacmrabnoro merona Retinex [19], npyrux mero-
0B KHaCCI/Iq)I/IKaLlI/II/I, B TOM YHUCJIC CBCPTOYHBIX
HelpoHHBIX cereit [20], Ipyrux OeCKpUNTOPOB MpPH-
3HAKOB, YTO TpeOyeT NalbHEUIIEro WCCICIOBaHHUS
WM CIIEKTPATLHOTO aHAIK3A.

HccnenoBaHHBIE METOIBI IPUTOIHEI TSI OOHAPY-
JKeHHs 00BCKTA JIMIIb Ha CTAaTUYHOM HU300PaKCHUH —
DIaBHBIM 00pa3oM H3-3a OOJBIINX BBIYUCIUTEIIBHBIX
3aTpar, TpeOyeMbIX ISl TOCIe0BaTeIbHOH 00paboT-
KA MHUPaMUIBl U300PKCHUI METOJOM CKOJB3SIIErO
okHa. B 3amadax oOHapy>keHHs] OOBEKTOB B IIpoLiecce
MOCAJKH HEOOXOJMMO TPOBOAUTH OOHApYKEHHE B
peXKHUME PEaTEHOTO BPEMEHH, IS YETO B AaTbHEHIIIEM
NpeaACTOUT HCCICNOBATb METOAblI ONTUMHU3AIINU CKO-
pocTH paboTHI ANTOPUTMOB OOHAPYIKECHHISL.
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KBAAPATYPHbI/ METO/, U3MEPEHNA KOMMNJIEKCHbIX MAPAMETPOB
CBY-4BYXMNOJ/IIOCHUKOB

AHHOmMayusA. Pa3pabomaH Hoeblli Memod U3MepPeHUsi KOMN/AeKCHo20 KodgouyueHma ompaxceHus (KKO) CBY-
08yXNO/IFOCHUKOB HO OCHOBE NPSIMO20 Npeobpa308aHUS Yacmomesl. Memod 0CHOBGH HA LUCN0/6308GHUU KBAOPAMYpPHO20
CUHXPOHHO20 OemeKmMUpPOBAHUS, OMEeme/1sieMo20 HeHaNPaesaeHHsIM 30HOOM CU2HANA C hocredyrowyeli keadpamypHoU
06pabomKoll COCMasAAUUX NPOCeMeKmMuUpPOB8AHHO20 CU2HAAA. Takoli NoOXod no3eo/sem peuwiiumes U3MePUMebHyH
30004y 00HOBPEMEHHbIM QHAAU3OM KAK aMNAUMYyOH020, Mak U $a308020 pacnpedeneHust NOAS 8 AUHUU nepedayu, Ymo
npugodum k u366imoYyHocmu. Kpome mozo, npumeHeHUe nPsIMo20 NPeobpPa308aHUS Yacmomesl obecheyugaem AuHel-
HOCMb 0emekmupo8aHUS 8 CyUecmaeHHO 60/1bueM OUHaMUYECKOM OUANA30HE U3MEHeHUS YPOBHS 0mMeeme/sieMozo U3
AIUHUU hepedayu cuzHana. 0ba ¢akmopa No38oSHM NOBLICUMbL MOYHOCMb U3MepeHUs. Memod peanu3yemcs nocpeod-
CMeom 8036yx40eHUA 8 NUHUU nepedaqu 30HOUPYrWe20 20pMOHUYECKO20 MUKPOBO/IHOB020 KOebaHUs U $opMuposa-
HUST ONOPHO20 MUKPOBOHOBO20 KOAEB6AHUS moli Je Yacmomel, Ymo U y 30HOUpyrouje2o cuzHana. OmeemesieHHeoll U3
AUHUU hepedaqu HeHanpaeneHHsIM NOOBUXCHLIM 30HOOM CU2HO/ U ONOPHLIU CU2HA/A nocmynarom HA exodel Keadpa-
MmypHO20 CUHXPOHHO20 demekmopa. Ha e2o 8bix0dax gopmupyromcs |- u Q-cocmaenstowjue nNPooemMekmMupPO8AHHO20
cuz2Hana. Yicnonbsya smu cocmassaowjue, onpedensomca aMnaumyoHoe U pazoeoe pacnpedeneHuUs NoAs 8 AUHUU ne-
pedayu. 3amem NO NOAYYEHHBIM GOPMYAAM BbIYUCIAOMCA OYeHKU ModyAsa u apaymeHma KKO. Pesyasmam u3mepeHus
onpedensiemcsi Kak cpedHee apudmemuveckoe 3mux oyeHOK. PaspabomaHa MmamemMamu4eckas Modesb npedsoxeHH020
memoda. [TosnyyeHsbl COOMHoOWeHUs 0151 onpedeneHuUs: MOOy/s U apaymeHma KKO Ha ocHoge aHAAU3a KaK aMnaumyoHo-
20, MoK U $a308020 pacnpedeneHUs 31eKMPOMAZHUMHO20 No/sA 8 AUHUU hepedaqu. ONUCaHa pa3pabomaHHas 3Kche-
PUMEHMANbHAS YCMAHOBKA 8 8Ude 8eKMOPHOU U3mMepumensHoU AUHUU, peaausyroujas KeaopamypHsili Memod usmepe-
Hus. [posedeH 3KcnepuMeHMabHeIl GHAAU3 aMnNAUMyOHo20 U $a308020 pacnpedesneHuli nNoasi 8 MUKPOBOJIHO8OM
mpakme 0451 06pa3Y08bIX HA2PY30K C PAMUYHLIMU napamempamu. 1o pesyaemamam 3mo20 aHAAU3A PACCYUMAHbI
OyeHKU U3MepsieMblX napamempos U oyeHeHsl hozpeuwHocmu usmepeHudl. [ToKa3aHo, Ymo Ha 0CHO8e 3mo2o Memoda
803MOMCHO CO30aHUE BbICOKOMOYHbIX U3MepUMmesbHbIX Npubopos.

KntoueBble cNoBa: KBaZpaTypHbIii METOA M3MEPEHIs], KBaApaTypPHOE CUHXPOHHOE AeTEKTUPOBaHMWE, KOMMAEKCHbIN
KO3GdULIMEHT OTpaxeHWsl, aMMINTYAHOE pacrpeseneHyie noss, ¢asoBoe pacnpeseneHvie nons

Ana untuposaHus: Nimnunesuny HO. b., 3ebek C. E. KBagpaTypHbIi METO/ M3MepeHUNst KOMIMIEeKCHbIX NapaMeTpoB
CBY-gByxnontocHWKoB // 13B. By30B Poccuin. PagmoanekTpoHuka. 2019. T. 22, Ne 1. C. 29-38. doi: 10.32603/1993-
8985-2019-22-1-29-38

Yuriy B. Gimpilevich, Stanislav E. Zebek™
Sevastopol State University
33, Universitetskaya Str., 299053, Sevastopol, Russia

QUADRATURE MEASUREMENT METHOD FOR COMPLEX PARAMETERS
OF MICROWAVE TWO-POLES

Abstract. A new method based on direct frequency conversion is developed for measuring complex reflection co-
efficient of microwave two-poles. The method is based on the use of quadrature synchronous detection of the signal
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branched by omnidirectional probe with subsequent quadrature processing of the detected signal components. Such
approach makes it possible to solve measuring task by simultaneously analyzing both amplitude and phase distribu-
tion of the field in transmission line which leads to redundancy. In addition, the use of direct frequency conversion
provides the detection linearity in considerably higher dynamic range of the levels of the signal forwarded from the
transmission line. So, both of these factors can improve the measurement accuracy. The method is performed by exci-
tation of probing harmonic microwave oscillation in transmission line and formation of reference microwave oscillo-
tion with the same frequency. The reference signal and the signal branched from the transmission line by omnidirec-
tional mobile probe are fed to the inputs the quadrature synchronous detector. At its outputs, | and Q components of
the detected signal are formed. By means of these components, the amplitude and phase field distribution in the
trans-mission line is obtained. It is followed by calculation of module and phase estimations using the expressions
presented in the paper. The measurement result is obtained as arithmetic average of these estimations. A mathemati-
cal model of the proposed method is developed. The relations for the module and phase of the complex reflection
coefficient are derived based on the analysis of both the amplitude and phase distribution of electromagnetic field in
the transmission line. The paper describes the experimental unit in the form of vector measuring line that implements
the quadrature method of measurement. The experimental analysis of the amplitude and phase distribution of the
field in microwave path is carried out for standard loads with different parameters. Based on the analysis results, the
estimations of measured parameters are calculated and measurement errors are defined. It is shown that high-
precision measuring instruments can be designed using the proposed method.

Key words: quadrature measurement method, quadrature synchronous detection, complex reflection coefficient,

amplitude distribution of the field, phase distribution of the field

For citation: Gimpilevich Yu. B., Zebek S. E. Quadrature Measurement Method for Complex Parameters of
Microwave Two-Poles. Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 1, pp. 29-38.
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BBenenune. B MUKPOBOJTHOBOI TEXHUKE HIUPOKO
WCTIONB3YIOT METOJ ONpEACNCHHUsT MOAYAS U apry-
MEHTa KOMIUICKCHOTO Ko3(duimenTa otpaxkeHus
(KKO) CBY-aByxmnomat0CHUKOB, OCHOBaHHEIN Ha aHa-
TU3¢ aMIUTUTYJHOTO paclpeiefieHHs Mol B JIMHUU
Tepeiayn ¢ TTOMOIIBIO HEHAMPABICHHBIX 30H10B [1].
Ha ocHoBe sToro metona coznansl namepurenu KKO
[2], xomruiekcHOro KO3 duumeHTa nepenauu [3], a
TaKke aBromarmueckue ananm3aropsl CBU-nmenei
[4], [5]- HemocTarkom yka3aHHOTO METOMA SIBISIETCS
Majbpli TUHAMUYECKUN JUaNa3o0H HM3MEHEHHUS OT-
BETBIIIEMOIO0 CHUTHAJa, OIpeleNieMbli HEKBaapa-
TUYHOCTBIO BOJIBT-aMIepHON xapakrepuctuku CBU-
JIMOJIOB, TIPHUMEHSEMBIX I pealu3allid Omepaliu
KBaIpaTHYHOTO JeTeKThupoBaHusi [6]-[8]. Jdnnamu-
YeCKUil AMana3oH KBaJPaTUYHOIO JAETEKTUPOBAHUSA Y
atux nuonoB coctasiseT 30...40 b, uro mpuBoaAUT K
CYIIIECTBEHHOW MOTPEITHOCTH W3MEPEHHs TpU OO0Ib-
IIMX 3HAaYeHUSIX Kod((UIMEHTa CTOsued BOJIHBI
(KCBH), a Taxxe HEBO3MOXXHOCTU TPOBEICHUS W3-
MepeHuil npu n3MeHennn mormrHoctH CBY-renepa-
TOpa B IIUPOKUX Mpenenax. DTU HeIOCTaTKU ycTpa-
HSIOTCS 3a CYET Mepexojia K aHanu3y (a3oBOro pac-
npeneneHus monst B auHMA nepemadn [9]. Ilpu stom
JTUHAMUYECKUI TUana3oH M3MEHEHHs BXOMHOTO CHI-
Hana pacmupsiercs 10 70...80 ab. OnHako 3TOT MeTon
TpedyeT npumenernss CBU-¢azomerpa u Bropoii u3me-
PUTENBHON JIMHUM, BCIIENCTBUE YETO YBEIUYUBAIOTCA
rabapuThl, Macca ¥ CTOUMOCTBD arlliapaTHON YacTH.

30

B mHacrosmieii crartee mpencraBieHa pa3paboTKa
HOBOrO KBazparypHoro Merona usMepenus KKO, nHa
OCHOBE KOTOPOTO MOTYT OBITH CO3MIaHBI TPHOOPHI TI0-
BBIIICHHOM TOYHOCTH, OOJNANAIOMINEe MAIBIMH Tabapu-
TaMH, MAaCCOI ¥ CTOMMOCTBIO aINapaTHON PeaTi3aIii.

Peanu3zanus kBagpaTypHOro Metroaa u3Mepe-
Hus1. Ha mepBom stamne nccnenoBaHuii Oblia BEIIBU-
HyTa THIIOTE3a O BO3MOXHOCTH OJHOBPEMEHHOTO
aHaJIM3a aMIUIMTYOHOTO W (ha30BOTO pacIpeesieHuH
B JIMHUM TE€peJayll Ha OCHOBE HCIIOJIb30BaHUS OIle-
panuy KBaApaTypHOTO CHHXPOHHOTO JETEKTHPOBa-
HUS CUTHAja, OTBETBISEMOIO U3 JIMHUM IE€pellauu ¢
MOMOILIBIO MOJABMXKHOIO 30HAA. {1 monTBep AeHUS
3TOM THMOTE3bl pa3paboTaHa SKCIECPHUMEHTATIbHAS
YCTaHOBKA, peaju3yrollas KBaApaTypHbli MeTOH W3-
MEpEeHHUs1 KOMIUIEKCHBIX TapameTpoB CBY-nByxmosmtoc-
HHUKOB, CTPYKTypHasi cXeMma KOTOpOil IpeacTaBieHa
Ha puc. 1. lapMoHHUecKkoe KojebaHue OT reHeparopa
CBY I'CBY uyepes otpe3ok nunuu nepenaun OJIIT
nocrynaer Ha Harpy3ky H, moayns u apryment KKO
KoTopoil HeoOxonumo onpenenautb. B OJIIT umeercs
MPOAOJIbHAS LIeNb UIMHON L, B KOTOPYIO BBE/ICH He-
HanpasieHHbIH 3001 H3, ycraHOBIEHHBII Ha KapeT-
ke K, kotopas moxet nepemeniarscs saons OJIIT. Ha
Bbixoze ['CBY ycTaHOBIIEH HalpaBieHHbBI OTBETBU-
tens HO, opueHTUpOBaHHBIM HA MaJalollyl0 BOJIHY.
B pesynbrate Ha BbIXOoge HO dopmupyercs curaain
TOH K€ YacTOThI, YTO M CHUTHAJ, OTBETBIsAeMbIH H3.
B mpouecce usmepenus H3 HaxomuTcst Ha HEKOTO-
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Puc. 1. CTpykTypHas cxema 3KCIIepUMEHTAIbHON YCTaHOBKU
Fig. 1. Block diagram of the experimental installation

poM paccrostHuH / oT Harpy3ku. Curnansl ¢ H3 (mep-
BUYHBIN kaHaT) 1 HO (BTOpWYHBIN KaHAI) TOAl0TCS
Ha Bxojel cMecutened CM1 u CM2, npudem curHan
¢ Beixoga HO nepen noxaveit Ha CM2 casuraercs mno
¢aze npu nomomu azospamarens OB. [pu stom B
criektpax TokoB cMecureneit CM1 u CM2 nosBisi-
IOTCS. KOMOWHAIIMOHHBIE COCTABJIAIONIUE HYJICBON
YacTOTHI, BBICISIEMBIC (UIBTPaMH HIDKHHUX YacTOT
®OHY1 u ®HY2. B pesysnsrare 3Toro o0ecrneynBaeT-
csl JBYyXKaHaJbHOE TPSMOE MPeoOpazoBaHUE YaCTO-
Thl, T. €. OCYILLIECTBIIAETCS KBaJpaTypHOE AETEKTUPO-
Banue CBY-curnaina, OTBETBIAEMOrO W3 JIMHUU IIe-
penaun. ®azopamarens PB, cmecurenu CMI1 u
CM2, ¢unerper ®HY1 um ®HY2 obpasyroor Tak
Ha3bIBaeMblil kBasaparypHblil gerekrop K, Ha BbIXO-
nax koroporo npu nepememenuu H3 srons OJIII
dopmupyercs mapa manpsxenmit (/) u Q([),

Ha3bIBAEMBIX KBaJPaTyPHLIMH COCTABIIAIOIIMMH.

DU cUrHambl fajee MOCTyNaloT B OI0K KBaapa-
TypHOU 00paboTku BKO, xoTopslii MOXXET OBITH pea-
JU30BaH HA OCHOBE MEPCOHATBLHOTO KOMIBIOTEpA
160 MHUKPOKOHTpOILIEPA, IJIe PACCUMTHIBAIOTCS aM-
IUIUTYJa ¥ HadaubHas (haza OTBETBIEHHOIO CUTHAJA.
Ha Beixogax BKO nonyuaem ammmurymaoe U (/) n
dazosoe (/) pacnpenenenus mons B OJIII. [lanee
3Ta uH(OpPMAIUS MONANAET B 6JOK BHIYUCIUTEBHBII

BB, B KOTOPOM pacCUUTHIBAIOTCS OLICHKU MO I
u aprymenta ¢ KKO H, a pe3ynbTarsl mosryuaror
YCPEAHEHUEM 3TUX OLIEHOK.

Maremaruueckasi mogesb. [Iposenem Teopernye-
CKMII aHaNIU3 KBAPaTypHOTO METOJA U3MEPEHHS. MOMYIS
u aprymenTa KKO MHKpOBOIIHOBOTO ABYXITOTIOCHHKA.

B pesynbrare mHTEpdEpeHIINN NMagaromei 1 oT-
paxennoi BoyH B OJIIT BO3HUKAET peKUM CMEIIaH-
HOI BoJIHBI. KOMIUIEKCHYIO aMIUIUTYQy CyMMapHOH
Bosabl £(/) B IIIOCKOCTH MOAKITIOYEHUS! TIOABUIKHO-
ro H3, Haxoxsmerocs Ha pacCTOSHUH / OT TIOCKOCTH
nonkiodeHus: H, mpu oTCyTCTBUM TOTEPHh B JIMHUU
repenayn U ujaeambHoM ee cortacoBanun ¢ ['CBY
MOJXKHO 3anucarb B Buje [10]

E(1) = E e PLD (14 e /280), (1)

rae £, — aMIuIMTyAa najarouieil BOJIHBI; j — MHUMAas
enuunng; fB= 271/ A — (daszoBas TOCTOSHHAs; A —
minHa Boausl B OJIII.

Ipencrasus B (1) KKO neyxmomochuka I' B
MOKa3aTeIbHOM BUJIC U MMPUMEHUB QopMyy Ditnepa,
MOJTY4UM:

E()= Ene_jB(L_l) X
x[l +|Flcos(2B1 — @) — jITsin (27 - (p)] (2)

OnpenenuMm  aMIUIMTYlly CyMMAapHOHl  BOJIHBI

|E(1)|, B3%B MOy BBIpa’KeHMS JUIS KOMILIEKCHOM
amrumatynst (2) [7], [11], [12]:

E()= EH\/I I 20cos (21— 0).  (3)

HauansHas ¢aza cymmapHOH BOJHBI OIpeAes-
ercs aprymentoM (/) Beipaskenus (2):

|[sin(2B7 - )
1+ cos (2Bl — @)

0(/)=-B(L~1)—arctg . (4)

3nas amrmmtyny (3) ¥ HavaubHyr ¢asy (4)
CYMMAapHOM BOJIHBI, 3allMIIeM BbIpa)KEHUE IJIs rap-
MOHHYECKOT0 KojieOaHus, oTBeTBIsIeMoro H3:

u(t, l)=K|E(l)|cos[m0t+9(Z)], (5)
rae K — xoaddurmenT nepenauyn HEHAIPABIECHHOTO

30HJa, Oy — Kpyrosas 4aCToTa MMKpPOBOJIHOBOI'O KO-

nebaHus; ¢ — BpeMs.
D10 KoNebaHue Aajgee MOmaeTcs Ha CHUTHAJIbLHBIE
Bxoael CM1 u CM2.

OmnopHoe konebanue uyy (1), popmupyemoe Ha
BBIXOJI€ BTOpuuHOro kanana HO, 3anumem B Busie

Uon1 (1) = Ko By cos(@gf + Woy ) (6)

e Ko — ko3dGUIMEHT Nepeiayu OOpHOTo KaHa-
na; Yo — HavanbHas (ha3a OMOPHOro KoJaeOaHus.

OmnopHoe kosiebanue (6) momaeTcs Ha OIOPHBIH
Bxog CM1 u omHoBpemenHo Ha Bxog @B, Ha BeIxoIE
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KoToporo (opmupyercst Konebanue uqy (1), cnpu-

HyTOo€E 1o (aze Ha —90° OTHOCUTENBHO Uy (1)
ugm (1) = Ko Ey sin (oo + o ). 7

Orto konebaHWe TMoJacTCs Ha OIOPHBIM BXOJ
CM2. CM1 u CM2 niepeMHOXKAr0T TTOCTYTAOIIUE Ha
WX BXOABI KoyieOaHMA. 3amuilieM BBIPAKEHUS s
3THUX Tpom3BeneHu ¢ yaetom (5)—(7):

u(t, Dugy (1) = KKOHEI% |E(1)| X
xcos[ gt +0(1) |cos (gt + Wop ); (8)

u(t, Doy (1) = KK oy EX|E (D)
xcos[@0t+9(l)]sin(ooot+\uon). 9)

[epetins B (8) u (9) oT Mpou3BeICHUS TPUTOHO-
METPUYECKUX PYHKIHMH K UX CyMMeE, TOTY4HM:

u(t, Dugy (1) =(1/2) KK oy E2 | E (D] x
x{cos[\yon —0(1) |+ cos (2wt + y oy + 6(1))}; (10)

u(t, Dugy (1) = (1/2) KK o E2|E (1] x
x{sin[\uon —0(1) ] +sin(20pt + y oy + 6(1))}. (11)

TakiM 00pa3oM, B CIEKTPaxX BBIXOJHBIX CHTHAJIOB
CM1 1 CM2 11osBIISIFOTCS TOCTOSIHHBIE COCTABIISIOLIIE
(mepBbie wiensl B (10) u (11)), a Taxoke cocTaBistonIMe,
YacTOTHI KOTOPBIX BIBOE IPEBBIIIAIOT YaCTOTY MHUKPO-
BOJTHOBOTO KoJieOanust (BTophie wieHsl B (10) u (11)).

Curnaiel ¢ BeixonoB CM1 n CM2 nocrynator Ha
Bxoapl ®HU1 u ®HY2, BeIgersomye HU3KOUaCTOTHRIS
COCTaBILIIONIAE W TONABILIIONINAE BBICOKOYACTOTHEIE.
Ipu sTom Ha Beixomax ®HY1 u ®HY2 K/ ¢ yuerom (3)
U (4) moTyYnM KBaJIpaTypHbIC COCTABILIIOIINE B BUIIC:

1(1) = K1E§\/1 11 + 21 cos (2B — @) x

IMlsin(2p7-9) |
1+|cos (2Bl — @) | (12)

xcosl:\yon +B(L-1)+

o(l) = K1E§\/1 +Ii + 2l flcos (2B — ) x

|[sin(2B7 - )
1+[lcos (287 -9) | (13)

xsin{\uon +B(L-D+

rie Ky =(1/2)KonKyp

npeoOpasoBanusi, npudeM Ky — KoddduuueHt

— CKBO3HOH KO3((UIHEHT

npeobpazosanus K/I.
B BKO paccuuTtsIBatoTcsl aMIUIMTYa U HadallbHas
(a3a OTBETBICHHOTO cUTHANA 110 Gopmynam [13]:

U)=y1* () +0*(); (14)

32

v (1) =arctg[1(1)/Q(D)].

oncrasus (12) u (13) B (14) u (15) nonyuum
COOTHONICHUS JJIi aMIUIUTYIHOTO W (ha30BOro pac-
MpEACIICHUI:

U(l)= K1E§\/1 |1 + 2l cos (281 - 0); (16)

[sin (2B - )

V(D =y +B(L-D)+ 1+|f|COS(2Bl_(P)

.(17)

[Tpoananusupyem  (da3oBoe  pachpeleleHue

y (7). U3 (17) chemyert, 4To aBE IEpBbIE COCTABIIA-
IOUIHE Yo H B(L—1) me mecyr undopmaruu o6

HU3MepseMBIX TTapaMeTpax [ u (®, TIOPTOMY MX MOXK-
HO WCKITIOUUTH TPH 00pa0oOTKe M3MEPUTENBHON WH-
¢dopmaruu Ha 3Tarne KanuOpoBkU mpudopa. Janee He
OyZeM YYHTBIBaTH 3TH COCTABIIIONINE, COCPEIOTO-
YHB BHUMaHUC Ha TPEThel COCTABIIONICH, KOTOpast
HeceT MH(OpMANUI 00 HM3MEPSEMbBIX Mapamerpax.
HazoBem ee "mH(MDOpMAIMOHHON COCTaBISIONICH" W
0603HaunM kak Ay (/):

|[sin (2B7 - )
1+ [cos(2B1—¢) | (18)

Ay (1) = arctgl:

i ymoOcTBa manmbHEWIEro aHajw3a BBEACM
MEPEMEHHYIO

x=2Bl-o. (19)
Torma Beipaxkerue (18) mpuodperer BUA
Ay (x) = arctg M . (20)
1+ |F| COS X

I[IpoaHanm3upyeM HH(POPMAIHOHHYIO COCTABIIS-
romyio daszosoro pacnpenenenus Ay (x). U3 (20)

CIIEAYET, UTO dTa (PYHKIHS IIEPUOJNYHA IT0 apTyMeH-
Ty x ¢ nepuonoM 27. CHavyaja ONpeAeuM dKCTpe-
MaJIbHBIC 3HaueHHs 3Toi ¢(ynkiuu. Ipomuddepen-
nupoBaB (20) Mo mepeMeHHOW X W TIPUPABHSIB pe-

3yJIbTaT HYJIO, TOJYYHM: |F|cosx+|F|=O, OTKyZa
3HA4YEHUSI X, COOTBETCTBYIOIIME DKCTpeMyMam (Hc-

KITFOYMB TPUBHUAIIBHBIN CITydai |F| =0):

Xy =arccos(—|f|)+2nn, n=0,1, ....

@n

W3 (20) cnenyert, 4To Ha OJXHOM TepHOAE (PYHK-
man Ay (x) cymiecTByeT OofMH MaKCHMYM M OIMH

muauMyM. [loacrasus (21) B (20) momyunm 3xcTpe-
MaJIbHbIE 3HAYCHUS:
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Iy

Iy j ( ]
Ayq =arctg| —— |; Ay, =-arctg| —— |. (22
4 g(l+|l‘| V2 g 1+|F| ( )

N3 (22) cnemyeT, 9TO SKCTpEeMalbHBIE 3HAYCHUS
OJMHAKOBBI TI0 MOAYJIO M OTIMYAIOTCS TOJBKO 3HA-
Kamu. BBenem TepMHH "MakCHMalbHOE OTKJIOHEHHUE
dazoBoro pacnpenenenus Ay (x) oTHOcHTENTBHO

Hyns", TIOHUMas TIOA 3TUM aOCONIIOTHOE 3HAYCHUE
IKCTPEMYMOB

I J
A =arctg| ——— |. 23
W max g(l-ﬁ-lrl (23)

W3 (23) caenyer, uTo AY . 3aBUCHT TOIBKO OT

monyast KKO, 4ro mo3BoisieT onpenenursb |F| Jns

aToro pemuM (23) OTHOCUTETHHO |F| :

tg(A\Vmax ) = |F|/(1 + |F

),

OTKyZa

2
|F|2 _ tg (A\Vmax)
—
1+tg” (AW max )
[IpuMeHHB M3BECTHOE TPUTOHOMETPHYECKOE CO-
oTHOIIEHKE tgo =sina/cosa, momyunM Gopmyiy

qutst onipenenenust moaynsa KKO:
I = sin (AW pax )-

Hanee ompeneniM MOJOKEHUE HyJed (Ha3oBOro
pacupenenenus Ha OJIII. Ilpupasase (20) k HymIO
MOJly4rM ypaBHEHHE sinx =0, penieHre KOTOPOro

24)

mpu x >0 umeeT BUA

xor =km, k=0,1, ... . (25)

U3 (25) cnenyet, 4To moJjoxeHUe HyNeH pa3oBo-
TO pacrpeneNieHns] He 3aBHCUT OT 3HAYCHUS] MOIYIIS
Iy
aprymenTom KKO, uro mo3Bomsier Haiitu ¢. [IpoBens

o0paTHyIO 3aMEHY MEPEeMEHHBIX B COOTBETCTBHHU C
(19), u3 (25) naiinem:

log = (kn+9)/(2B).

Bripaxkenne (26) Mo3BOJNISET ONMPEACIUTh apry-
MeHT KKO 1o monokeHuro Hyield (pa3oBoro pacrpe-
neneHus. s aTOro cHadana ciemyeT B KadecTBe
Harpy3Kd HOIKIIOYUTH OOpPa3IOBBIH KOPOTKO3aMBI-

, a OIpeacisiCTCA TOJIBKO KOOpI[HHaTOﬁ X, T. €.

(26)

karenb, aprymeHT KKO kotoporo ¢y, =-n, u 3a-

(uKCHpOBaTh TMOJIOKEHUE HyNIel (a3oBOro pacmpe-
JeneHus ly, , KOTOpPBIE B COOTBETCTBHU C (26) Oy-
K3

AYT PACIIOJIOXXECHBI B TOUKaX C KOOpAUHATAMHA

ok, = (kn—m)/(2B). (27)

3areM QUKcHpyeM TOJNOXKEHHE HyJel (a3oBoro
pacripenencHus] MpU TONKIIOYEHHOM H3MEpsSeMOM
nByxmoirocHuke. CMmemienne Hyneit (a3oBoro pac-
npeesieHus coracHo (26) u (27) cocTaBuT:

Aly = log —lor, =(n+9)/(2B),
OTKy/Ia

¢ =-n+2BAlL, =—TC+(47T/7¥)AZ\V' (28)

TakuMm o6pazoMm, ¢ momomnibio (24) u (28) MoxkHO
onpenenuts Moxyns u aprymeHT KKO no ¢azoBomy
pacIpenencHuio.

Tenepb npoaHaTU3UpyeM aMILTUTYIHOE pacrpe-
nenenue U (). C ydetom (19) BhIpaxkeHue i aMm-
TUTHTYIHOTO pactpeeneHus (16) mpuHIMaeT BHT

U(z)=1<115§\/1+lrl2 +2|[cos x. (29)

Takum 00pa3oM, HanpspKEHHWE Ha BBIXOZIE KBajpa-
TypHOTO Jerektopa (29) mpsiMoO TMPONMOPIHMOHAIBEHO
aAMILTUTYJE OTBETBIIIEMOTO KOJIeOaHus, T. €. TIPH Tepe-
MEIEHUH 30HJa OHO BOCIPOU3BOIUT aAMILIUTYIHOE
pacnpenenenue nonsa B OJIII. Kak usBectro [1], [11], B
CTaHJAPTHBIX M3MEPUTENIHBIX JIMHUSAX HAIpsLHKEHHE Ha
BBIXOZIE KBAIPAaTUIHOIO JETEKTOpa MPOIOPIIOHAIHHO
KBaJIpaTy aMIUIATYABl OTBETBISIEMOTO CHTHANA, T. €.
MpY TIEpeMEIICHNH 30H/1a BOCTIPOU3BOAUT KBAJpar am-
TUTMTYAHOTO pacrpenenienus. B cBa3u ¢ 3TUM BO3HHKA-
eT pa3nuuue aroputMoB ompenenenus monyns KKO.
OHO COCTOHUT B TOM, YTO IIPU HCIOJH30BAaHUHM CTaH-
JIAPTHOW W3MEPUTENHHON JIMHUM HEO0OXOIMMO H3BJIC-
KaThb KOPCHb KBAIPATHBIN M3 OTHOIICHUS MaKCHMAIIb-
HOro Uy, ¥ MuHHManeHOro Up,i, 3Ha4EHWH BbI-

XOIHOIO HAINpPsDKEHUs, a B paccMarpuBacMOM Cllydae
3Ta HEOOXOAMMOCTH OTmajaeT. Pacmonoxenue makcu-
MYMOB U MUHUMYMOB (DYHKIHHU (29) Takoe Xke, Kak U B
Cy4yae TPUMEHEHHsI CTAHTAPTHOW H3MEPUTEILHOU
nvHuM. [lo3TOMYy aNropuT™M ONpeneNeHust apryMeHTa
KKO B onmceiBaeMoM ciydae COBIagaeT ¢ allrOPUTMOM
UL CTaHAAPTHOM U3MEPUTENBHOM JIMHUN.

Hcxons U3 U3JI0KEHHOTO, 3alUIIEM BbIPaXKCHUS
Ui onpexaeneHust Mmoayiast u aprymenta KKO Ha oc-
HOBE aHaJM3a AaMIUIMTYJHOTO pacCHpeAeneHus Ui
paccMaTpUBaeMOro Clryvast:

1 :M; (30)
U +1

max / Umin

G1)
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¢=-n+2BAl, =-m+ (4m/0) AL,
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rae Al — cMmellleHHe MUHMMYMOB aMILIUTYAHOTO

pacnpeneieHds IpU TOAKIIOYEHWHM B KauecTBe
Harpy3ku OJIIT 06pa31oBOro KOPOTKO3aMbIKATEIS.

Taxum o6pazom, ¢ momomsio (30) u (31) MoxkHO
TaKke onpeaeantb Moayib u apryment KKO mno am-
IUIUTYIHOMY paclpeaeieHUIO.

OCHOBHBIMH HCTOYHMKAMHU TOIPELIHOCTH H3Me-
pEHUs MpU pean3aluy KBaJpaTypHOIro METOoAa SIBJIs-
I0TCSl HeUIeanbHOCTh 3eMeHToB KJI (mepeMHoxuTe-
m1, @B u mp.), a Takke BIMSHHUE 30HIA Ha (a3oBoe
pacnpenenenne mons B OJIII. TlorpemmmocTts u3-3a
HEWJICAJIbHOCTH KBaJIpaTypHOro AETEKTopa IpU €ro
peanu3aiyy Ha OCHOBE WHTETPANbHON CXEMbI OIleHEe-
Ha aBTopamu B [14], re mokasaHo, 4TO B HAUXY/IIEM
Cllyyae OTHOCHUTENIbHAsI TOIPELIHOCTh U3MEPEHUS aM-
wmMTynsl He npesbimaeTr 1.21 %, a aOcomroTHas 1o-
TPELTHOCTh M3MepeHus HadanbHOW ¢aser 0.32°. Teo-
pernueckasi OLIEHKa TMOTPEUIHOCTH W3-3a BIUSHUSA
30H1a Ha (azoBoe pacnpezaencaue noist B OJIIT sBis-
eTcsl 3a7a4ell OTAEIbHOIO UCCIIEN0BaHus.

Pe3yabrarsl 3kcnepuMeHTOB. J{J1s1 MpoBeneHNS
OKCIIEPUMEHTAIBHBIX HCCIIENOBaHUI pa3paboraHa u
M3TOTOBIICHA U3MEPUTENbHAS YCTaHOBKA (CM. puc. 1).
B xauectBe OJIII ¢ momBmxaeiM H3 ucnonb3oBaHa
nopaboTaHHAsT W3MEpUTENbHAas JuHUSA Tuma P1-17,
npeaHasHauYCHHas IJIsd I/ISMepeHI/Iﬁ B KOaKCHAJbHBIX
JMUHUAX Tepenadn cedeHuem 7/3 mm. [lopaboTka us-
MEpUTENbHON JMHHUM 3aKiouajach B yHaJeHUH U3
KOHCTPYKIIMHU AeTekTopHOoU cekiuu ¢ CBY-auonom u
nonkmodeHnrn H3  cBsi3u M3MEpUTENbHON JMHUU
HENOCPENCTBEHHO K  JomnonHuTedpbHOMy CBY-
pa3beMy, K KOTOpOMY 4Yepe3 OTPE30K KECTKOTO KOakK-
CHAJIBHOTO Ka0ells MOJKIIOUEH U3MEPUTEIbHBINA BXO
KJ. KJI peanm3oBan Ha WHTETPAILHON CcXeMe
ADLS5382 [15], B cocTaB KOTOpOM BXOIAT 2 CMECH-
Tens U OB. DaeMeHTHI COITacOBaHHS, BBICOKOYA-
ctoTHble TpaHchopmaropsl 1 ®HY peannzoBanbl B
HAaBECHOM HCIIOJIHEHUH C HCHOJb3oBaHuEM SMD-
KOMIIOHEHTOB. JIMHAaMUYECKUM Jrana3oH BXOJIHOIO
CHUTHAaJIa, B Mpeaesiax KOTOporo o0ecrieuuBaeTcsl JIu-
—60...+15 abm
(75 nb) [15]. B ycTaHOBKe UCIIONB30BaH CTaHIAPTHBIN
CBY-renepatop C BBIXOMHOHW MOIIMHOCTBIO 5 MBT
(7 nbm). [ns yMeHbIIeHHs BIUSHHS 30HIAa Ha pe-
3yJbTaT U3MEPEHHUs TITyOuHa ero norpyxenus B CBU-
TPakKT BBIOMpAsIach TaK, YTOOBI 0OCCIICUUTH NEPEXOTHOE

HeliHocTh Tpakra Takoro KJI,

ocmabnenue nopsimka —40 nb. Takum oOpazom, MorI-

HOCTh CHTHAJIa Ha BBIXOJIC 30H/1a COCTABJIsIA TIOPSI-
ka —33 n1bM, 4TO COOTBETCTBOBAJIO MPUOIU3UTEIHHO

CEPCANHE TUHAMHWYECCKOI'0 ArarnasoHa KI[

34

C momoipio pa3paboTaHHOW YCTaHOBKH HpPOBE-
JIEH MHO)XECTBEHHBIN 3KCIIEPUMEHTAIbHBINA aHaIN3
aAMIUTUTYIHOTO M (pa30BOTO pacCIpeneSieHHH TONs B
OJITI, Harpy>xeHHOW Ha pasJIUyYHble O0O0pa3LOBBIE
Harpy3ku. [lomydeHHbIe pe3ylbTaThl CPABHUBAIUCH C
TEOPETHUYECKUMHU 3aBUCUMOCTSMH. OKCIIEPHUMEHTHI
MPOBOJWINCE B JIUCKPETHBIX TOYKAX YaCTOTHOTO
mnanaszona 0.7..2.5 I'Thu. C ucmons30BaHUEM 0CO-
OEHHOCTEH STHX paclpenelieHHli PacCIYUTHIBAIIICH
3HaueHus: moxynedl u aprymentoB KKO Harpysok,
KOTOpBIE CPaBHHMBAIUCH C OOPa3IOBBIMU 3HAYCHHUS-
mu. Pacuer momynst m aprymenta KKO Ha ocHoBe
(ha30BOTrO pacmpenesieHus MPOBOAMWICA O hopMyIaM
(24) u (28), a Ha OCHOBE aMIUTUTYTHOTO pacIpeele-
HUs — no ¢popmynam (30) u (31) COOTBETCTBEHHO.
Hanee mpexacraBieHbl U30paHHBIE PE3YJBTAThl IKC-
NIEPUMEHTAJIBHOIO ONpPEAEICHUs aMIUIUTYIHOTO U
¢azoBoro pacnpenencuuii o B OJIIT u pe3ynbrarsl
n3Mepenuss monyinst U aprymenta KKO aByx obOpas-
moBbIX Mep Ha uwactore f =1.5TTm (A =20cm).

B xauecTBe 00pa3LOBBIX MEP HCHOIb30BAIUCH MEPHI
KCBH Bsroporo pazpsga 9K9-180, kotopsle 1omoi-
HUTEILHO OBbLIM aTTecToBaHbl Mo aprymeHTy KKO ¢
MOMOUIBIO  BBICOKOTOYHOIO — aHAIU3aTtopa Lemei
E5063A  mpomsBoxctBa  kommanun  Keysight
Technologies. Pe3ynbrarsl ananmuza oOpabaTbIBAINCH
Ha NIEPCOHAIBHOM KOMIIBIOTEPE.

Ha puc. 24 chojomHbIMH JMHUSMH TOKa3aHBI
rpa¢Ku  HOPMHUPOBAaHHBIX OTHOCHTENHEHO MAaKCH-
MaJIFHOTO 3HAUCHHs aMIUIMTYIHBIX pPacIpeneieHui
Uy (/M) u dasosbix pacupenenennit Ay, (I/1.)

HOJISL B TIpeJieliax OJIHOM JUTMHBI BOJIHBI, ITOTyYeHHBIE
9KCIEPHUMEHTAIIBHBIM ITyTeM. 3/1€Ch e IITPUXOBBIMH
JTUHUSMHA  W300pakeHbl TpapuKd HOPMHUPOBAHHBIX
ammmtynssix Uy o (I/A) 1 ¢asoseix Ay, (I/A)

pacripeseseHuil MoJsl B JIMHUH IIEpeiadd, paccuu-
TaHHBIC TEOPETHYCCKUM ITYTEM.

IIpu ompeneneHun aprymeHTa KoaggHuuueHTa
00pa3oBEIX HArpy30K B KauecTBE OIOPHOTO 3Jie-
MEHTa, [0 KOTOPOMY OCYIIECTBILUIACH KaTHOpOBKa,
UCIIONB30BaJICS 00pPAa3OBhIi KOPOTKO3aMBIKATEh C
momnyineM KKO, Omuskum k eaunuie. Ha puc. 2
MPEJCTaBIeHbl rpaUKy aMIUTUTYIHOTO B (Ha30BOTO
pacrpene’cHuil Mojsl MPU TOMKIIOYCHUN K JIMHUH
nepeaadd 00pa3loBOro KOPOTKo3aMbIKaTensd. Pacuer
no opmyne (24) naer 3Hauenue momyns KKO 006-
pasmoBOro KOpoTKo3aMbIkarelns, paBHoe 0.961 (mo
aMIUTUTYTHOMY paclpesiefieHni0), a 1o ¢opmyne
(30) — 0.998 (110 hazoBOMY pacnpeneeHuIO).

Ha puc. 3 npencraBnens rpaduku aMILTUTYIHO-
ro ¥ (ha30BOTO pacHpepeNeHIH MO IPH MOAKIIIoUe-
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Puc. 2. DxcriepuMeHTaNIbHbBIE U TEOPETHUECKHE pe3yabTaThl. OOpa3oBbIil KOPOTKO3aMbIKATENb.
Fig. 2. Experimental and theoretical results. Standard short circuit
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o

Ay, ...

-12

Puc. 3. DkcriepuMeHTaIbHBIC U TeOpeTHUECKHe pe3yabraThl. OOpasiosas Harpy3ka ¢ KCBH = 1.4
Fig. 3. Experimental and theoretical results. Standard load with VSWR = 1.4
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Puc. 4. DxcriepuMeHTaNIbHBIC U TeOpeTHUECKHE pe3yabTaThl. OOpasiosas Harpy3ka ¢ KCBH = 2.0
Fig. 4. Experimental and theoretical results. Standard load with VSWR = 2.0

HUU K JIMHHHA OOpa3llOBOM HArpy3Kd C |I"|=O.167
(KCBH= 1.4), a Ha puc. 4 — 1pu NOAKIIOUEHUH
o6pasuosoit Harpysku ¢ [I]=0.333 (KCBH = 2.0).

PesynbraTsl n3amMepeHns MOays |FH| U apryMeH-

Ta ¢, KKO 00pa3noBsIx Harpy3oK, a Takxe pe3yib-
TaThl pacyeTa OTHOCHUTEIBHOH MOTPEHIHOCTH H3Me-
peHust Sl u abeomrorroit MOTPEIIHOCTH AQ MpH-

BeZIeHbI B Ta0m. 1 u 2.

W3 cpaBHEHUS PE3yJIbTaTOB U3MEPEHHI CIEIYET,
YTO MOTPENIHOCTh U3MEPEHUil pa3paboTaHHOH ycTa-
HOBKH IIpU (pa30BOM aHAIIM3C MEHBIIE, YeM IIPH aM-
IUINTYOJHOM aHAJINW3€, YTO OCOOCHHO MPOSBISETCS

TIPU MAJIBIX 3HAYCHHSIX |F |

Ay, ...°

14—

7_

. R

0.2 0.4 0.6 0.8

— 7
- 14
721\/

Pesynbrarsl ycpenHeHMs W3MEpEHHBIX 10 aMILIU-
TygHOMY ® (a30BOMY pacCIpeieNieHHsM 3HaYCHUH

Fap

TPELIHOCTH H3MEpeHus O |F

H Qcp, @ TAKXKE PAcCueTa OTHOCUTENBHOM I10-

Cp| U abCOMOTHOH Mo-

CPEIIHOCTH A(pcp JUISL 9TUX U3MEPEHUN MPUBEIACHBI

B Tabi. 3. CieayeT oxunarh yBenndeHus 3pdexTns-
HOCTHU YCPEIHEHHS PE3yIBTaTOB MPHU UCIIOIb30BAHUU
MHOTOKPATHBIX HM3MEPEHHU, a TaKkkKe B YCIOBHUIX
BO3ECUCTBUS Ha U3MEPUTENILHBINA KaHAJ IIOMEX.
3akaioueHune. B crartee WcclenoBaH KBampaTyp-
HBI METOJ H3MEPEHHs KOMIUICKCHBIX IapaMeTpOB
MHKPOBOJIHOBBIX JIByXIIOJFOCHHKOB, OCHOBAaHHBIH Ha
UCIIONIb30BaHUM KBAJPATYPHOTO CHHXPOHHOTO Jie-
TEKTHPOBaHMs OoTBeTBIsIeMoro H3 curnana ¢ mocie-

35
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Tabn. 1. Pe3ynsTaThl N3MEpEHHH 110 aMIUTUTYTHOMY paclpeie/IeHHIO
Table 1. Amplitude Distribution Measurement Results

W3MepeHHBIC 3HAYCHUSI OrHocutenbHas AGcomoTHas
TTapameTpbl 00pa3oBOit HArpy3KU Measured values NOTpCIIHOCTD [IOTPELIHOCTh
Standard load parameters 5 Relative error Absolute error
|FH| [ T 6|f|, A Ag, ...°
It =0.167;
©=109° 0.160 105.2 4.4 3.8
IF|-0:33, 0.325 110.1 24 26
¢»=107.5°
Ta6n. 2. Pe3ynpTaTsl H3MEpEHHA IO (ha30BOMY PACIPEICICHHIO
Table 2. Phase Distribution Measurement Results
N3mepenHble 3HaYCHUS OtHocurenbHast AbcomoTHas
IMapameTpsl 00pa3LoBO HArpy3KH Measured values TIOTPEIIHOCT MOTPENIHOCTh
Standard load parameters |f | 0 o Relat?ve error Absolute error
n w o I, % Ag, ...°
Il -o.167 0.163 106.5 24 25
0=109°
10335 0.327 109.6 1.8 2.1
¢=107.5°

Tabxn. 3. YcpenHEeHHbIE pe3yNbTaThl H3MEPEHHH 110 aMIUTUTYJHOMY ¥ ()a30BOMY pacrpeeeHusIM
Table 3. Amplitude and Phase Distribution Average Measurement Results

YcpenHeHHEIE 3HAUCHHUS Oruocurenbhas Ab6comorHas
I[apameTpsl 06pa310BOil HATPY3KH Average values TOTPCIIHOCTE TIOrPELIHOCTh
Standard load parameters - Rela.tlve error Absolute error
Fep Peps +:° 8|y % AGgps ---°
=067, 0.1615 105.85 33 3.15
¢=109°
A -0:333 0.326 109.85 2.1 235
©=107.5°

JyFOIIEH KBaJIpaTypHOUW 00pabOTKON COCTaBIISIFOIINX
MPOJETEKTHPOBAHHOTO CHTHaja. Pa3paborana u m3-
TOTOBJICHA JKCIIEPUMCHTAJbHAS YCTAaHOBKA, peallu-
3yIoIasi KBaIpaTypHBIH METO U3MEPEHUS Ha OCHOBE
MIOABIDKHOTO 30HAA (BEKTOpHAs M3MEpUTEIbHAsS -
Hust). PazpaboTana maremaTnyeckass MOJEIb U TIONY-
YECHBI OCHOBHBIE TEOPETHIECKHE COOTHOIICHHUS, 1103~
BOJISIOIINE BOCIIPOM3BECTH KaK aMILUTUTYAHOE, TaK U
Gba3oBoe pacmpeneneHus MOl B JIMHUM TEepPeIavH.
[MoxydeHs! ¢GopMynbl I pacdeTa MOIYNIS WU apry-
merTra KKO ¢ ucnonb3oBaHneM 0COOEHHOCTEH am-
IUINTYIHOTO U (pa3oBoro pacnpeneneHuid. C momo-
IBI0  pa3paOOTaHHOW YCTaHOBKH OCYIIECTBICHBI
OKCIIEPUMEHTANIBHBIE HCCICAOBAHUS aMILUIATYIHOTO
u ($a3zoBOro pacmpeeNieHHid Mo IS Pa3TuYHbIX
00pa3oBEIX HATPY30K U OLIEHEHBI METPOJIOTHICCKHE
BO3MOXKHOCTH KBaJIpaTypHOTO METOIa H3MEPCHHSL.
DKCIepUMEHTAJIbHBIE JIaHHBIC TIONTBEPIMINA TEOPETH-
YeCKHe MCCIeoBaHMs. [lorpenHocTn u3MepeHus Mo-
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nyns u aprymenta KKO npu ycpenaenun pesynsraros,
TIOJTy9eHHBIX TPU aMIDIUTYTHOM W (a30BOM aHAIM3e,
i Harpy3ku ¢ KCBH = 1.4 cocraBumm 3.3 % mo
Momymto U 3.15° mo aprymeHtry, a Uil Harpy3kud ¢
KCBH = 2.0 2.1 % no monyimto u 2.35° o apryMeHTy.

Takum 00pazoM, Kak MOKa3aId TEOPETUICSCKUE U
SKCTIEpUMEHTANIbHbIE WCCIIEIOBaHMsI, Ha OCHOBE
KBaJpaTypHOI'O METO/a M3MEpPEHMs] BO3MOXHA pea-
JU3anus BRBICOKOTOYHBIX M HEAOPOTHX MPUOOPOB IS
n3mepernss KKO MHKpPOBOJIHOBBIX JIBYXITOJIOCHUKOB.

Samaueil HAJbHEHUIINX HCCIEIOBAHUN SIBISIETCS
CO3JJaHUE Ha OCHOBE KBaJpaTypHOIO METola aBToMa-
TUYECKUX M3MEpUTENIeH mapaMeTpOB MUKPOBOJTHOBBIX
TPAKTOB, YTO BO3MOXHO, HalIpUMeEp, IPH UCIIOIb30Ba-
HUU HECKOJBKUX HEMOJBM)KHBIX 30H0B [14], a Takke
paclMpeHrde IIHPOKOMOJIOCHOCTH aBTOMAaTHYECKUX
U3MEpUTENIei MOCPEACTBOM pa3pabOTKH TEOpHH Ka-
TMOPYyEeMBIX HU3MEPUTETbHBIX MHOIOIOJIIOCHUKOB [5]
Ha OCHOBE PACCMOTPEHHOTO METOA.
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ANITOPUTM OBPABOTKW CUTHANTOB B PAANOJ/IOKALLMOHHOW CUCTEME
C HEMPEPbIBHbIM YHACTOTHO-MOAYNTNPOBAHHbIM N3/TYHEHNEM

B MHTEPECAX OBHAPY)XEHUA MAJTOSAMETHbIX BO3A4YLLUHbIX OBbEKTOB,
OLEHKN X AANTBHOCTU N CKOPOCTU ABVDKEHUA

AHHOMayusA. Ha gpoHe noscemecmHo20 UCNOAL308AHUS 6ECNUNOMHbIX 1IMAMe/bLHbIX aNNApamoe U 1e2KoOMo-
mopHoU asuayuu pacmem uHmMepec K NoUucky nymel noesiweHus 3¢pekmusHocmMu AoKanusayuu u onpedesneHus
napamempoe dsuxieHus 8030yUWHbIX 06bekmoe8 ¢ Manoli 3ppekmusHOll naowWadso paccesHus. B ceasu ¢ amum
30KOHOMEepHO 8HUMQOHUE K paduoaoKayUoHHbIM cucmemam (PJIC) ¢ HenpepoigHbIM AUHETHO-4ACMOMHO-MOOYAUpO-
8aHHLIM (JIYM) uznydeHuem. Vcnosb308aHUe MAKUX 30HOUPYOUWUX CU2HO/I08 N0380/Siem 3HAYUMENbHO CHU3UMb
nukosyro MoujHocme PJIC U ymeHbWUMb ee Macco2abapumHsie U CMouMOCmHsie xapakmepucmuku. Cmames no-
cesaueHa Uccae0o8aHUO nepcnekmugel NpuMeHeHUs MaanoMowHol HazemHol PJIC ¢ HenpepeigHeiM JTYM-cu2Hanom
8 UHMepecax 06HapPYXeHUS, 0 MakKxe onpedeneHus KOOpOUHAM U NapaMempos8 O08UXCEHUS MA/03aMeMHbIX 803-
OyWHsIx 06vekmos. [1pedsnodxieH an20pumm 06pabomku paduoNOKAYUOHHbIX CU2HA08, N0380/AUUL ynpocmume
npoyedypy 06HapyxeHUs makux yenell, packpsima cmpykmypa U npueedeHO ONUCAHUE 3Manog an20pummd.
B ocHoge paccMampugaemMoz0 aA20pUMmMMa eXUM Memooduka popMupo8aHUsa 0a/1LHOCMHO-00N/1epo8cKko20 Nopm-
pema 30HbI 0630pa C UCNO/AL30BAHUEM YUPposol obpabomku cuzHaaa. [pusedeHsl pe3ynbmamesl nPUMeHeHUs
anzopumma e masomouwHol PJIC C-Ouana3oHa, noayvyeHHsle npu 0bpabomke 3X0cU2HAA08 K8AOPOKOnmMepa, 3ape-
2UCMPUPOBAHHBIX 8 X00e HOMYpPHO20 3KcnepumeHma. [ToKA3aHO ycnewHoe peuieHue npakmu4veckol 300a4u 06Ha-
PYHCEHUA U CONPOBOMOEHUA MANOPA3MEPHO20 8030YWHO20 06bekma ¢ appekmusHol naowjadsto paccesiHua 0o 0.5
M?, cnekmp 8mOopUYHO20 U3/Ny4eHUs] KOMOPOo20 XaPaKmepu3syemcs 8ulpaxceHHoU MHO20MO0aNbHOCMbH. Pe3ynb-
mamel 3KkcnepumMeHmMa noomeepouau NPAKMUYeCcKyro 3HAYUMOCMb NPeosNa2aemo20 aA20pUMMa U 803MOXCHOCMb
€20 peanu3ayuU Npu co30aHUU MOBUbHBIX NEPEHOCHbIX PadUOIOKAYUOHHLIX KOMN/AEKCo8 U NOCMo8 asmoMamu4ecko2o
O6HOPYXHCEHUS U CONPOBOXOEHUS MO/I03aMeMHbIX 0OUHOYHbIX U 2pynnoseix yesaell ¢ 8vidaqell UHGOpMayuU HA nyasm
onepamopa.
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ALGORITHM OF SIGNAL PROCESSING IN THE RADAR SYSTEM WITH CONTINUOUS
FREQUENCY MODULATED RADIATION FOR DETECTION OF SMALL-SIZED AERIAL
OBJECTS, ESTIMATION OF THEIR RANGE AND VELOCITY

Abstract. Nowadays the interest in search of ways of improving the efficiency of small radar cross-section aerial objects
detection and localization rises against the background of widespread use of light and unmanned aerial vehi-cles. As a re-
sult, researchers pay attention to radar systems (RS) with continuous linear frequency modulation (linear FM) signal. The use
of such signals gives the measurable opportunity to reduce radar system peak-speech power and to cut the cost and weight-
size parameters of the RS. The paper observes low-power ground based radar implementation prospects for purposes of
detection and estimation of motion rates of small-sized aerial objects. The proposed algorithm of radar signals processing
enables to simplify the detection of such tar-gets. The paper reveals the structure and defines the steps of the algorithm. The
fundamental for the algorithm under consideration is the method of the range-Doppler image composition of the scanned
area using digital signal processing. The paper presents the results of the algorithm operation in the low-power RS of C-band
radar, obtained by processing of quadrotor echo-signals during the real experiment. The results show successful solvation of
the applied problem of detection and tracking on the small-sized aerial object with the radar cross-section equal to less than
0.5 m? and the spectrum of secondary radiation characterized by the expressed multimodality. The results of the experi-
ment validate the application of the algorithm and demonstrate the possibility of the algorithm implementation in design of
portable RS and automated target acquisition centers for detecting and tracking of the small-sized aerial targets (both, single
as multi agent) with the information display on operator control panel.

Key words: radar system, signal processing, small-sized aerial objects, target return, range-Doppler image

For citation: Kupryashkin I. F., Sokolik N. V. Algorithm of Signal Processing in the Radar System with Continuous Frequency
Modulated Radiation for Detection of Small-Sized Aerial Objects, Estimation of their Range and Velocity. Journal of the Rus-
sian Universities. Radioelectronics. 2019, vol. 22, no. 1, pp. 39-47. doi: 10.32603/1993-8985-2019-22-1-39-47 (In Russian)

BBenenune. OOHapyXeHHE MalOpa3sMEPHBIX BO3-
IYIIHBIX O0BEKTOB (JISTKOMOTOPHBIX CaMOJIETOB, BEp-
TONETOB W OCCIMIOTHBIX JIETATECIHHBIX AaIlaparoB)
SBIISICTCSL OFHOM W3 BaKHEHUIIMX 3a/1a4 COBPEMEHHBIX
pamuodNIEKTPOHHBIX cucteM HaOmonenus [1]. Ee ax-
TyaJIbHOCTh OOYCJIOBJICHA 3HAUYUTEIBHBIM YBEITNYCHH-
eM 00bEeMOB MPOU3BOACTBA MaJlOPa3MEPHBIX JieTa-
TENMBHBIX aNllapaToB M BO3PACTAHUEM CTEICHHU YTpo3,
00yCJIOBICHHBIX UX IIHPOKUM HCIONIB30BaHUEM. B TO
e BpEMs, CEJCKUIMS W OIPENCeNICHHE IapaMeTpOB
JBIDKCHHS TaKuX IIeJied Ha (OHE MACCHBHBIX MOMEX
MIpEICTaBIsieT COO0H JJOBOJBHO CIOXKHYIO 3a1a4y [2].

B mnocnennee BpeMsi HaOmonaeTcsi 3HAYUTENBHBIHN
uHTepec K paauonokaionHeiM cuctemam (PJIC) ¢
HETPEePbIBHBIM  JIMHEHHO-YaCTOTHO-MOAYTNPOBaHHBIM
30HIUPYIONIUM cUTHaIOM [2]-[5], Tak kak ero uc-
MOJIB30BAaHKE IMO3BOJIIET CYINECTBEHHO yMeHbInTh  PPIBHBIM M3TydCHHEM, obecrieunBatowero dddexTis-
MUKOBYI0 MotnHoCTh m3mydenus PJIC u, xak cneactsue, HyI0 (PUIBTPALMIO SXOCHTHAIIOB MaJOPa3MEPHBIX 00b-
CHHU3HUTDH DHEPronoTpeOIeHHe M yIydIIMTh Maccoraba- — €KTOB Ha (DOHE MACCHBHBIX MIOMEX U (DOHOBBIX IIYMOB.
PUTHBIE M CTOUMOCTHBIE XapaKTEPUCTUKH CUCTEMBI. Onucanue aaropurma. CTpyKTypHas cxeMma

Maopa3mepHbie Bo3ayiiHbie 00bekThl 00biuHO  PJIC ¢ HenpephIBHBIM HM3MydeHueM (puc. 1) BKiIoua-
XapakTepusyrTcs d3(Q(GEKTUBHON TUIOIAABIO pacces- €T mepenatoimiee ycrpodcto [Iny, mnpuemuoe

Hus nopsiaka 0.001...0.1 M2 [6]-[8], uTo mpu oTHO-
CUTENbHO HU3KOM cpemneit momtHoct (0.01...1 Br)
PJIC ¢ HempepblBHBIM HW3Iy4YCHHEM MPUBOAUT K
HCO6XOI[I/IMOCTI/I YBCIIMYCHUA MPOAOJLKUTCIBHOCTH
MHTEpBaja KOTEPEHTHOTO HAKOIUICHWS SXOCHTHAJIOB
neneil s obecreueHus TpeOyeMOro KauecTBa HUX
oOHapyxeHus. OHAKO XapaKTEPHOW OCOOECHHOCTHIO
SXOCHTHAJIOB TaKUX 0OBEKTOB, KaK, HATIPIMEP, MYITb-
TUKONTEPHI, CIYXUT MHOTOMOJAIBHOCTh CHEKTpa
JIOTUIEPOBCKUX 4acToT [6], [7], 4TO cylIecTBEHHO
3aTPymHICT ONpeNeNIeHHe HX CKOPOCTU C HCIONbB30-
BaHHEM TPAIUIUOHHBIX MMOJXOAOB, NMPHUMEHICMBIX B
UMIYIIbCHO-AoIuIepoBckux PIIC.

B cBsi3u ¢ 3THM 1eNb HACTOSIIEH CTaThh — CO3/Ia-
HHUe ayroputMa oOpabotku curHaiioB B PJIC ¢ Hemnpe-
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¢ "HenpepbiBHbIM JIYM-curnanom
Fig. 1. Block diagram of a radar system
with continuous linear FM-signal

ycTpoiictBo IlpY, cmecutens Cwm, QuUABTp HIKHUX
gactor ®HY, anaioro-mudpoBoi mnpeodpaszoBareib
ALIl u cucremy uugpoBoil 0OpabOTKH CHUTHaNa
HOC. Ee ¢yHKUMOHHpPOBaHWE C HCIOIB30BAHUEM
MPEAIaraeMoro aIropuT™Ma OOpPaOOTKH TPHUHSTHIX
CUTHAJIOB BKJIIOYAET CIIEIYIOIINE OCHOBHBIE 3TaIlbl:

— (opMupoBaHre M H3ITydYeHUE 30HIUPYIOIIETO
CUT'HaJIa;

— IIpUEM U JeMOIYJISLHS SXOCUTHAA;

— mpeoOpa3oBaHHE IOIYYEHHOTO CHTHANIa B
uudposyio hopmy;

— JuckpeTHoe mpeobpasoBanue Dypoe (AI1D)
BBIOOPOK OTCYETOB CHT'HAJA, 3apETUCTPHPOBAHHEIX B
TEYCHHE 3aJ@HHOTO BPEMEHHOTO HHTEpBajia Kore-
peHTHOro HakoruieHus (hopmupoBaHue Habopa KOM-
TUIEKCHBIX JTaJIbHOCTHBIX IMOPTPETOB 30HBI 0030pa);

— (opMHpOBaHHE NATEHOCTHO-IOIUIEPOBCKOTO
MopTpeTa 30HbI 0030pa MOCPEICTBOM BBIIOIHEHUS
JII® Han BEIOOpKAMU OTCYETOB KOMIUIEKCHBIX J1ajTh-
HOCTHBIX HOPTPETOB, COOTBETCTBYIOUIMX OIMHAKO-
BBIM HAKJIOHHBIM JaJIbHOCTSIM (BBIOOPKaMH OTCUETOB
OTIEJIbHBIX KaHAJIOB JAJIbHOCTH);

— (uIBTpaIs MAaCCUBHBIX TIOMEX;

— BBIJIETICHHE OTMETOK 3XOCHTHAJIOB IIeield Ha IalTb-
HOCTHO-JOIJIEPOBCKOM TIOPTPETE C HCIOJIb30BaHUEM
aJIaNTUBHOTO JETEKTOPa JIOKAIBHBIX HEOAHOPOAHOCTEIH;

— MEXIEPHOAHOE YCPEIHEHHUE aMIUTUTY]] CUTHa-
JIOB B OTIEJIbHBIX KaHaJax JajJbHOCTH.

PaccmotprmM stanb! anroputMa 00pabOTKH CHTHATIOB
B PJIC ¢ HenpephIBHBIM H3ITy4eHHEM Oonee MOApoOHO
Ha IIPUMEPE U30TPOITHOIO TOUEYHOIO OTPAKATEIS.

Dopmuposanie u uyyeHue 30HOUPYIowec0 CUsHA-
na. Curnan, dopmupyemslii [1nY PJIC ¢ HenpepbIBHEIM
U3JIydEeHUEM U W3ITydaeMblii B TEUEHUE OTIEIBHOIO IIe-
pHoza 30HAMpOoBaHuA 7, OMUCHIBACTCS COOTHOLICHUEM

sty (8) =4 cos| 2fyt +(b/2) 2% + o |, t€[0; T,

e Ay — aMIUIUTYyIa 30HAUPYIOILEro CUrHaia; f(y — Ha-
dajibHast 4actora; b =2nAf, /T — cKopoCTh U3MEHEHNUS
YacTOThl, IpuueM Af, — LIIMPUHA CIEKTPAa CHIHAJIA;

(o — HadanbpHas Qa3a.

Ipuem u demooynayus sxocuenara. TIpuHATHII
9XOCUTHAJ MIEPEMHOXKAETCA C OTMIOPHBIM B CMECHUTEIIE
CMm (puc. 1), u nmamee B pesynasrare (GUIBTpAIUU
®HY popmupyeTcst CUTHAJ pa3HOCTHOM YaCTOTHI.

Yactora cpe3a ®HY onpenensiercs kak

fcp = Riax /Cr >
e R,y — OrpaHMYEHME 11O JAIbHEH IPAHULIE 30HEI
o63opa PJIIC; C, =cT / (2Afc) — ko3 urment nepe-
CY€eTa 3HAYEHHH JAILHOCTH JI0 IIENH B COOTBETCTBYIOIIHE

3HAUEHHS Pa3HOCTHOM YacTOTHI; € — CKOPOCTh CBETA.
Curnan Ha Berxonie OHY onvichIBaeTCst BbIpayKEHHEM

s(t) = Ay cos| 2nfye(t) + br(t)t -
—(5/2)T2(t)+\|lol telo; 7],

e t(¢) = 2R(¢)/c —Bpems 3amepku, mpraem R(z) —

3aKkoH u3MeHeHust pacctostaust Mmexxay PJIC u 1ienbto.

B OonbIIMHCTBE MPAaKTHYECKUX CIIy4aeB H3Me-
HEHUEM BPEMEHM 3alep’KKU HXOCUTHAja B TEUECHUE
mepuoaa MOIYIAINN MOXKHO TIpeHeOpeds. Torma me-
MOJYJUPOBAaHHBIN 3XOCHUTHAJ HA 7-M 30HIUPOBAHUU
OIMCHIBAETCS YIIPOLICHHBIM BbIPAXKEHUEM:

s, (1) = 4y cos(2nfpnt+\un), (1)
te[0; 7], n=1, N/,

e fon =bty, /(2m) — pasnoctHas yacToTa HEMONY-
JIMPOBAHHOIO 3XOCHUTHANA; VY, =27fyT, + Yy — Ha-
vanbHas Qasa, npuueM T, =2RnT/c — Bpems 3a-
Jep’KKH 3XOCHTHala B Hadayle A-TO 30HANPOBAHMS;
Npe=T,y /T (T, — ANMTENBHOCTb MHTEpBAlA KOTe-
PEHTHOTO HaKOIUICHHUS).

Ilpeobpasosanue nonyuennozo cucHaia 6 yug-
posyio gopmy. YacToTa TUCKpETH3AMN AEMOIYIH-

POBAHHOTO SXOCHTHAJIA TPH €ro aHaJoro-LUu(ppPOBOM
mpeoOpa30BaHUU BBHIOMPACTCS COMIACHO KJIacCHYe-

CKOMY ycnoButo [6] Fayp =2, fcp. [ocne auckpetu-

3anuu U 3anomuHanus B namstu [[OC (puc. 1) nme-
MOJYJIMPOBAaHHBIN CUTHAN MPEJCTABISET cOO0M IBY-
MEPHBII MACCHB OTCUETOB BHJIa

S ={Si,n}; Si,n = Sn (ti)’ )

i=0, Ny =1, n=0, N/ -1,

rae f; ZiAl:i/FAHH; Ncq :FA]_IHT'
Dopmuposanue HabOpa KOMNAEKCHbIX —Od/lb-
HOCMHbIX NOpmMpemos 30Hbl  0630pa. JByMepHBIH
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JALHOCTHEBIA TIOPTPET 30HBI 0030pa (OpMUpYETCS
cIenyIouel onepamuei:

Sy = Fi{8; K}, 3)
e F{-} — oneparop TP, BbmonuseMbIii ¢ ko3ddu-
Il

LIMEHTOM YaCTOTHOM MHTEprosmn K rl Hajg Bcemu N f

CTOJOLAMH JIByMEPHOTO MAacCHBa OTCUETOB JUCKPETH-
3UPOBAHHOTO AXocurHaina S (2), 3aperucTpupoOBaHHOIO
B TEUCHHE MHTEPBAJIa KOTEPEHTHOIO HAKOILIEHHs T};.

Cuexrp sxocurHana (1), mpuHATOTO B OTACIEHOM
MepUOJIE 30HUPOBAHUS, ONTUCHIBAETCSI BHIPAKEHUEM

:AOT|sin[nT(fpn—f)]|X
2‘ T (fon =) ‘
xexp{j[ T (fon =) [+ wa}. @)

CocTaBnsomye ero OTCUYEThl TUCKPETHBIX AAlb-
HOCTHBIX TIOPTPETOB OIPEAETISIOTCS KaK

; B AOT|Sin|:TCT(fpn _fk):H><
ke 2 ‘ TCT(fpn _fk) ‘
xexp{j[nT(fp,, _fk):|+\|]n}a

e f =kdf, =k/(K,T), npuaem &, =1/(K,T) -
Iar U3MEHEHUsl Pa3HOCTHOW YaCTOTHI Ha JAIBHOCT-
HOM HOpTpeTe.

Dopmuposarue OaTbHOCHHO-OONIEPOBCKO20 HOPMI-
pema 30mbl 0030pa. V3 (4) cienyert, 4To TOJOKEHHE
MaKCUMyMa OTHMOAroIIeH CHEKTpa COOTBETCTBYET pas-

$,(/)

HOCTHOH 4acTOTe JIEMOIY/IMPOBAHHOIO CHIHAma fp,,

npuyeM (asa rapMOHUKH \/,, Ha 9TOU YacToTe oIpe-

JACTACTCA BpeMeHHéﬁ 3aaep>1<1<0171 OXOCHIHaJjia Ha n-M
30HAUPOBAHUU. Toma CpeaHEeC 3HAYCHUE NOIIEPOBCKO-
ro HM3MCHCHUA YaCTOTbI Ha HHTEPBAJIC Ha6JIIOZ[CHI/IH

[(n -1T; nT ]
npupanieHus ¢as3bl K IEpHOAY MOAYISALMN CUTHATIA:

Jn = (\Vn “Vn-1 )/(ZET).

JlanmbHOCTHO-TIOTICPOBCKHI TTOPTPET 30HBI 0030-
pa GopMupyeTcs ¢ TOMOIIBIO ONepaIN

Sf:F:{S,,;Kf}, (5)

OonpeacIsACTCsA 4YEpe3 OTHOLICHUC

rne F_{-} — oneparop JITI®, BeIMONHAEMBII C KO-

(UIIMEHTOM 4YaCTOTHOW WHTEpHOJsuu K fl HaI

! Koapummentsr wacrorHoii unrepnomsmmu K, u K F om-
PENENSIOT KOJMYECTBO LU(POBBIX OTCUETOB HA OJHY CIIEKTPalb-
HYIO cOCTaByisitolyto. Mx 3Hauenust B quanasone 1...8 orpenerns-
I0TCs Mpou3BoauTebHOCTRI0 yerpoiictBa [IOC u TpeOyemoit
JeTaIM3aLkei JalbHOCTHO-I0IIIEPOBCKOrO MOPTpPETa.
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BCEMU Nr CTPOKaMu ABYMCPHOI'0O MaCCHBa OTCUCTOB

Ja’IbHOCTHOTO noprpera S, (3), 3aperucTpupOBaHHO-

ro B TSYCHUE MHTEPBaja KOTEPSHTHOTO HAKOTLICHHSI.
Ha ocHOBe OIICHKH MOJIOKEHUST MAKCUMYyMa OT'H-
Oaromieil JByMEPHOTO CIIEKTpa dXOCUTHAIIA [IENH, T. €.
oTpe/ieJICHUsT HOMepa ero CTPOKH k U cTondia m Ha
JIATIbHOCTHO-/IOTIIEPOBCKOM MOPTPETE MOXKHO Iepeii-
TH K OIICHKaM €€ TUCTAHIIMU U CKOPOCTHU JIBHYKCHHS

R= G, (fpk _fnm); vy :_fﬂmc/(zf())’ (6)

e fum = (m —Kfo/2)8fZl
CHBHT  YacCTOTHI
& =1(KsTy)
Y4acTOTHI Ha JaJbHOCTHO-IOILIEPOBCKOM ITOPTPETE.

Qunempayus naccusuvix nomex. C UEeNIbI0 UCKITIO-
YeHHs1 OOHAPY)KCHHS U OLICHKU TapaMeTPOB XOCHIHA-
JIOB HETIONBIDKHBIX OTpakarelield IMpoLeaype MOHCKa
YaCTOTHBIX ITHKOB (OMPEACIICHUS HWHICKCOB k W m)
JIOJDKEH TPEIICCTBOBATh ATAll PEKCKIMU CIEKTPAIb-
HBIX COCTABIIIONINX, PACIIONOKCHHBIX B OONACTH HY-
JIEBBIX 3HAYCHHH JOIUICPOBCKUX YaCTOTHBIX CIIBUTOB.

B [9], [10] ormeuaeTcs, uto ormbaromias Crek-
TPaJbHOHM IUIOTHOCTH MOITHOCTH TTACCHBHBIX TIOMEX
JIOBOJIbHO TOYHO AaIMPOKCUMHPYETCS IKCIOHCHITU-
AJIbHOA MOJIENBIO:

JIOTIIEPOBCKUM

9XOCHuI'Halia e, npruicMm

3HAQUECHHE [Iara JOIUIEPOBCKOU

U (2]
SH.H(f)_\/EGfep o s

e ¢ =20, /A, mpudeM G, — CpeAHEKBajApaTHde-

CKOE 3HAYCHHE CKOPOCTU IBIDKCHUS MACCHBHBIX OT-
paxkareneii (ot 0.12 M/c mpu IJlerkoM BeTpe [0
0.37 m/c mpu wropmoBoM); A =c¢/ fp.

C yueroM (6) maccCUBHbIE IOMEXH MOXKHO PEXKEK-
THUPOBATh, IIOOYEPEAHO TIOCTPOYHO IEPEMHOXKAS

3IIEMEHTHI MaccuBa S f (5) ¢ Bextopom otcueros U,

SJICMCHTBI KOTOPOI'O OMPEACTIAIOTCA KaK

V2 fan

Uy =1- |exp| ————|.
°f

Bowioenenue ommemox sxocucHanos yeneu Ha
0aNIbHOCMHO-00NIEPOGCKOM nopmpenie. AIaNTHBHOE
OoOHapyXeHHe YaCTOTHBIX MHKOB MOXKHO OCYILIECT-
BUTH Ipu nomouw aerekropa tuna CFAR (Constant
False Alarm Rate) [11]-[13], npuHImn GyHKIHOHH-
POBaHUS KOTOPOTO B caMOM OOIIEM BH/E COCTOHMT B
aHaJIM3e OTCYETOB, JIOKAJIM30BAaHHBIX B Ipenesax
MIPSIMOYTOJILHON CKOJIB3SIIIEeH o0nacTy (puc. 2).
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Puc. 2. Pabouast obnacts anroputma CFAR
Fig. 2. CFAR algorithm operating space

Omnpenenenne mopora OOHAPYKEHUS OCYILIECTB-
JSIeTCSl HA OCHOBE OIICHKHU TUIOTHOCTH PacTpeesICHHS
OTCYETOB B 30HE (DOHOBBIX OTpaxkeHW# (puc. 2, 3).
B cnyuae, ecnu 3HaueHHE HOCTAaTOYHOW CTaTHCTHUKH,
ompenesieMoe IO OTCYeTaM TECTHUPYEeMOM 30HBI
(puc. 2, I), npeBbIMIACT 3HAYCHUE 3TOTO IOpPOTa,
MIPUHAMACTCS pelieHre 00 0OHApYKSHHUH TISITH.

Pasmepsl TecTupyeMoil 30HBI 3aal0TCsl UCXOIS
U3 OXKUIAEMOTO JWAra3oHa CKOPOCTEH BO3MTYNIHBIX
00bekToB. Ee MUHHMAaNBHAS MPOTSHKEHHOCTH 10 KO-
OpJMHATE JAIBHOCTH OOBIYHO OTPENeNsieTCsl KakK

np =(1.3...1.5) ARpay /(G133 ).

a M0 KOOPAUHATEC JOIIJICPOBCKOIO CABUIa — KaK
ny = (1.3...1.5)(2 fAviax ) /(¢85 )

e ARmax = VmaxIu U3MEHEHHE DPACCTOSHHSA
Mexny PJIC u 0OBbeKTOM, JBMXKYHIMMCS C MAaKCH-

MaJIbHOM CKOPOCTBIO Vyax, 38 MHTEPBAJ KOI'€PEHT-
HOro HakomieHus 1y; Avy,y — MakCUMalbHOE H3-

MEHEHHE PafualbHOI CKOPOCTH ABIDKCHHS OOBEKTa,
JBHKYILETOCS ¢ MAKCHUMAJIBHON CKOPOCTBIO Vinay, 34

TOT K€ MHTCPBAJI KOTCPEHTHOT'O HAKOIIJICHU A T, H

Pasmepn! kputndeckoit 30HbI (puc. 2, 2) BbIOU-
paroTCsl TAKMMU, YTOOBI UCKITIOUUTDH BIMSHHUE OTCUE-
TOB OTMETKH L[EJIM Ha PE3yNIbTaT OLIEHKH [apaMeTpOB
IUIOTHOCTH PAacIpeeieH st OTCYETOB B 30He (DOHO-
BBIX oTpakeHuid [13].

Mescnepuoonoe ycpeonenue amnaumyo cueHa-
JI08 8 OMOENbHBIX KAHAAX 0AbHOCHU. XapaKTepHO
0COOCHHOCTBIO JJaJIbHOCTHO-IOTIEPOBCKUX TOPTpe-
TOB MaJiopa3MepHbBIX BO3IYIIHBIX OOBEKTOB, B IEp-
BYIO Ouepelb TaKUX, KaK MYIBTUKONTEPHI, SBISCTCS
MHOTOMOJIAJIBHOCTh CIIEKTPa JOIUICPOBCKUX YACTOT
[6], [7]- B pe3synbrare ToyHOE ONIpENEICHHE CKOPO-
CTH JIBHKCHUSI IIEIT CTAHOBHTCS 3aTPyIHUTEIHHBIM
BCJICAICTBUE 3HAYUTEIHHONH HEOMHO3HAYHOCTH JIO-
IUICPOBCKOTO CABUIa YACTOTHI €€ 3XOCUTHAJIA.

B Takoii cutyanmm 11e1eco00pa3Ho HCIIONb30BATh
CFAR-netexTop He 7151 TOUHOH JIOKAJTU3AIUH OTMETKA
eIy, a I TOAaBIeHUs 001acTeil TalbHOCTHO-I0TLIE-
POBCKOTO TIOPTPETa, YPOBSHb CHIHANa B KOTOPBIX HE
npeBbIIaeT moporoselil. [locnmemyromee HEKOrepeHT-
HOE CYMMHpPOBaHHE €ro CTOJIOIOB, T. €. OrMOAarOIINX
JIATBHOCTHBIX TIOPTPETOB B OTJACNIBHBIX JOMIIEPOBCKUX
KaHaJIax, MO3BOMSIET c(HOPMHUPOBATh YCPEIHEHHBINA Of-

HOMEPHBIN TATbHOCTHBIN IOPTPET 30HBI 0030pa:
N fK £ -1 y

Z ‘Sf k,m "

m=0

— 1
Sy =—n
NyKy

rme S Vs ={S fi } — MacCHB OTCUETOB JAJILHOCTHO-
,m

JIOTUIEPOBCKOTO MOPTPETa 30HBI 0030pa MOCIE BbI-
TIOJTHEHUS TPOLIEAYP TIOJABICHHUS TACCHBHBIX ITOMEX
¥ (OHOBBIX IITYMOB.

Pe3ysabrarhl 3KcnepuMeHTOB. ONUCAHHBINA all-
TOPUTM OOpaOOTKU CUTHAJIOB HCIIOJIL30BAJICA B OKC-
NepuMeHTe 1Mo OOHAPYXEHHIO KBajpokonTepa (puc. 3)
¢ nomotnkto PJIC, pa3zpaboTaHHON KOJUIEKTUBOM CO-
tpynankoB BYHI] BBC "BBA" cosmectHo ¢ AO
"HUNU CTT" (r. Cmonenck) (puc. 4). Ilapamerpsi
PJIC npuBenens! B Tabmuiie.

7 P9

Puc. 3. BHemnuii Bua KBaapokonrepa,
3a1efiCTBOBAHHOTO B SKCIIEPUMEHTE

Fig. 3. Appearance of the quadrotor used in the experiment

Puc. 4. Baemmuii Bug PJIC, ucnoib3oBaBIiieiics
B 3KCIIEPHMEHTE 110 00HaPyXEHHIO KBaPOKOIITEpa
Fig. 4. Appearance of the radar used in the quadrotor
detecting experiment
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OcHoBHble xapakTepuctuku PJIC
Radar basic specifications

[Tapametp XapakTepUuCTUKH
Parameter Specifications
5.47
JlnvHa BOJIHBI, CM (C-muanazon)
Wavelength, cm (C-band)
MoLHOCTh U3JIydyaeMoro cursana, Br 1
Radiated signal power, W
Iupuna cnexrpa curnana Af,, MI'n 475
Signal spectrum width, MHz
[lepuon Monynsauuu 7, Mxc 1200
Modulation period T, us
MakcumaibHast JaTbHOCTh ACHCTBHUS, KM 4
Maximum range, km
Macca KOMIUIEKTa, KT 4
Weight, kg
Monspusauis IT, BB, BT, TB
Polarization

Ha puc. 5 npuBeaen npumep AambHOCTHO-AOII-
JIEPOBCKOro moprpera 30Hbl 0030pa PJIC (pesynbrar
(hopMHpOBaHUS JALHOCTHO-JOIMJIEPOBCKOTO TOPT-
peta 30HBI 0030pa). SIpkas BepTHKalbHas TOJOca
o0ycioBjieHa TNacCUBHBIMU TNoMexamu. Ha puc. 6
MOKa3aH COOTBETCTBYIOIINH IIOPTPETY

50 100

3TOMY

—200 -150
200

-100 50

(e}

240

280

320

R,m

Puc. 5. JlabHOCTHO-AOIIIEPOBCKUIN TTOPTPET 30HBI 0030pa

0 PEKECKINHU ITACCUBHBIX MTOMEX

Fig. 5. Range-Doppler image of scanned area before clutter rejecting

—200 —150
200

-100 50 0 50 100

240

280

320

R,m

Puc. 7. JlanbHOCTHO-IOIUIEPOBCKHI TIOPTPET 30HBI 0030pa
TOCIIE PEIKEKIMHU MTACCUBHBIX TIOMEX
Fig. 7. Range-Doppler image of scanned area after clutter rejecting
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150

JABHOCTHBIN MPO(MWIb, YCPEIHEHHBIN 32 WHTEPBaI
HaOmonenus 7;; =0.24 c.

Ha puc. 7 nmokaszaH IajlbHOCTHO-IOIIEPOBCKUI
MOPTPET CeKTopa HaOMIONEHUs] TMOCHe PEXKEKINU
MACCHBHBIX TIMOMeX (pe3ylbTarT (WIBTPAluu TpU
c,=0.2 M/c), a Ha puC. 8 — COOTBETCTBYIOLIMIA

3TOMY MOPTPETY JAJIBHOCTHBIN MPO(Uib, Takxke yc-
peIHeHHBIN 3a MHTepBan HaOmomenus 71, =0.24 c.

Ha puc. 7 mITPUXOBBIMH JTUHUSIMH BBIZCICHBI MOJIBI
OTMETKH KBaJpokonTepa. B oTnuuue ot puc. 6, Ha
puc. 8 OTYETIIMBO HAOIIOJAETCs OTACIBHBIN MUK Ha
JIAaTbHOCTH OKOJIO 260 M, COOTBETCTBYIOIIUN 3XOCHUT-
HaJTy KBaIpOKOIITEPA.

Ha Bcex ManbHOCTHO-IOIUICPOBCKUX MOPTpPETax
30HBI 0030pa PJIC (puc. 5 u 7) npucyTcTByeT ropu-
30HTAJIbHAS TOJIOCA Pa3IUYHON MHTEHCHUBHOCTH Ha
(DUKCUPOBAHHOW JallbHOCTH, IOPOXKIACHHAS JOTUIe-
POBCKHMH COCTABIISAIOIIMMHU SXOCHTHAJIOB OT Bpallia-
IOLIMXCS BUHTOB KBaJpokonTepa. Hamnuue nomoOHoM
OTMETKH MOXXHO CYMTaTh WH()OPMATHBHBIM TpHU3HA-
KOM BO3JYIITHOTO OOBEKTa THIIA MYJIBTHKOITEPA.

150 f;, I'n

1.5 20 5,B
I

0 05

1.0

200

240

280

320

360

R, M
Puc. 6. YcpenHeHHBIH TaTbHOCTHBINA
MIOPTPET [0 PEKEKINH ITACCUBHBIX TOMEX
Fig. 6. Averaged range image
before clutter rejecting

S T 0 05 10 15 20 25 3.05,B

200

240—

280—

320—

360—

R, ™
Puc. 8. YcpenHeHHbIH TaTbHOCTHBIA IOPTPET
HOCIIE PEKEKINH ACCHBHBIX TOMEX
U BBIJICJICHHS OTMETKH KBaJPOKOIITEpa
Fig. 8. Averaged range image after clutter
rejecting and quadrotor discrimination
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JanbHeliniass 00paboTka yCpEIHEHHOTO Jallb-
HOCTHOTO IOPTpPETa MOXKET BKIIOYAaTh OOHApY)KECHHE
U OIICHKY AaJbHOCTU N0 Iienei. OmpeneneHue CKo-
poCTH TIpH 3TOM OOecHeynBaeTCs 3a CYET OLCHKH
CMEIICHUST OTMETKH IeJTU MO JaJTbHOCTH 3a IpOMe-
JKYTOK BpPEMEHU MEXKAY COCCAHMMHU HHTEpBalaMU
KOT€PEHTHOTO HAKOIUICHWS, T. €. C HCIIOIB30BaHHEM
TPaIUIMOHHBIX METOIOB BTOPUYHON 00pabOTKH pa-
JIMOJIOKaIMOHHBIX curHajioB [14], [15]. Hemocratok
TaKOTO IOIXO0/a MPEACTABISET HEBOZMOXKHOCTE pas-
pelIeHus TIeIel, HaXOSIIIXCS Ha OTHOM TaTbHOCTH,
IO UX JIOIICPOBCKUM ciBuram. OJJHAKO €CITH Y4eCTh,
49TO TMosioca 4acToT B coBpemeHHbx PJIC ¢ Hempe-
PBHIBHBIM H3IYYECHHEM COCTABISCT ACCATKUA U COTHH
Merarepl, T. €. 4YTO pa3pelieHHe M0 HAKIOHHON
NAIBHOCTH COCTAaBISICT OKOJIO MeTpa WIH IydIle,
TaKyl0 CUTYalHI0 MOKHO CUUATATh MaJIOBEPOSTHOH U,
B JIFOOOM cily4ae, BeChbMa HEMPOJOIKUTEILHOM.

3akaiouenue. TakuM o0pazoM, B IEJSIX CHIKE-
HUSI MOIITHOCTU HM3ITy4YCHUS U, KaK CIICICTBHE, ITOBHI-
mIeHUss MOOWJIBHOCTH, dHeprodpdekruBHOCTH U
ckpbITHOCTH paboTel HazemHol PJIC mpemnoxeno
UCIIONTB30BATh HEMPEPHIBHEBIC INHCHHO-YaCTOTHO-MOJTY-
JTUpOBaHHbIe cUTHaNBI. B HacTosmieit cratbe mocTa-
TOYHO TOAPOOHO PACCMOTPEH aJrOpUTM 00pabOTKH
TaKUX CUTHAJIOB, 0A3UPYFONIUIACS Ha CO3IaHNH HA0O-

pa KOMIUICKCHBIX JaTbHOCTHBIX ITOPTPETOB 30HEI 0030-
pa PJIC Ha wuHTepBaje KOI€PEHTHOTO HAKOILJICHHS
uHpOpPMANMU ¢ JanbHEHIIMM (OPMHUPOBAHHEM Ha
9TOH OCHOBE JaJIbHOCTHO-JOILIEPOBCKOIO MOPTpETa
HaOIogaeMoro cekropa npocrpadctsa. [locnenyromas
PEXKEKIUA CTa6I/IJ'H>HI>IX CIEKTPAJIbHBIX COCTABJIAIOIINX
MIACCUBHBIX OTpaXkaTeledl W BhIIEICHHE CIIEKTpa 5XO-
curHaia neiu anroputmoM tuna CFAR ciyxar ocHo-
BOW  (OPMHUPOBAHUS YCPETHEHHOTO JabHOCTHOTO
nioprpeta 30861 oTBeTcTBeHHOCTH PJIC ¢ 01HO3HAYHBIM
BBIJIEJICHUEM Ha HEM OTMETOK PeasIbHbIX LIEJIEH.

B xone HaTypHOTO SKCIEPUMEHTa C UCTIOJIb30Ba-
HueM PJIC C-guana3ona cpeaHeil MOITHOCTRIO U3ITy-
yeHusa | BT JOCTUTHYyTa TOYHOCTH OINpENeeHus
HAKJIOHHOM JaIbHOCTH HAOIIOIaeMOIi CI0MKHOM IIEH C
MYJIETUMOJAJIbHBIM BTOPUYHBIM M3JIydeHHEM (KBaapo-
Konrepa) mo 1 M, pamuanpHOW CKOpocTH 1O 1 m/c,
YCTaHOBJICHA BO3MOKHOCTH OIIPE/ICIICHHUS THIA LIEITH.

IIpoBeneHHBIN HATYpPHBIM SKCIEPUMEHT MOKA3ajl
BO3MOXKHOCTh MPAaKTUUECKON peanu3alun OnmucanHo-
ro anroputMa 0oOpabOTKH HETPEPHIBHBIX JMHEHHO-
YaCTOTHO-MOIYJIHPOBAaHHBIX CHTHAJIOB B IETAX -
(bexTUBHOTO 0OOHAPY>KEHHSI U OTIpEIeIeHHUs apaMeT-
POB JIBWXKEHMS MaJOpa3MEPHBIX HHU3KOBBICOTHBIX
BO3IYIIHBIX OOBEKTOB, XapaKTEPH3YIOIIUXCSI HEBHI-
COKOH painoJIOKalIMOHHOM 3aMETHOCTBIO.
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ALGORITHM OF SIGNAL PROCESSING IN THE RADAR SYSTEM WITH CONTINUOUS
FREQUENCY MODULATED RADIATION FOR DETECTION OF SMALL-SIZED AERIAL
OBJECTS, ESTIMATION OF THEIR RANGE AND VELOCITY

Abstract. Nowadays the interest in search of ways of improving the efficiency of small radar cross-section aerial objects
detection and localization rises against the background of widespread use of light and unmanned aerial vehicles. As a result,
researchers pay attention to radar systems (RS) with continuous linear frequency modulation (linear FM) signal. The use of
such signals gives the measurable opportunity to reduce radar system peak-speech power and to cut the cost and weight-
size parameters of the RS. The paper observes low-power ground based radar implementation prospects for purposes of
detection and estimation of motion rates of small-sized aerial objects. The proposed algorithm of radar signals processing
enables to simplify the detection of such tar-gets. The paper reveals the structure and defines the steps of the algorithm. The
fundamental for the algorithm under consideration is the method of the range-Doppler image composition of the scanned
area using digital signal processing. The paper presents the results of the algorithm operation in the low-power RS of C-band
radar, obtained by processing of quadrotor echo-signals during the real experiment. The results show successful solvation of
the applied problem of detection and tracking on the small-sized aerial object with the radar cross-section equal to less than
0.5 m? and the spectrum of secondary radiation characterized by the expressed multimodality. The results of the experiment
validate the application of the algorithm and demonstrate the possibility of the algorithm implementation in design of port-
able RS and automated target acquisition centers for detecting and tracking of the small-sized aerial targets (both, single as
multi agent) with the information display on operator control panel.

Key words: radar system, signal processing, small-sized aerial objects, target return, range-Doppler image
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ANrOPUTM OBPABOTKN CUTHANOB B PAANOIOKALMOHHON CUCTEME
C HENPEPbIBHbIM YHACTOTHO-MOAY/IMPOBAHHbLIM U3TYHYEHUEM

B MHTEPECAX OBHAPY)XXEHA MAZTOSAMETHbBLIX BO34AYLUHbIX OBBbEKTOB,
OLEHKN X AANTBHOCTU N CKOPOCTU ABVDKEHWUA

AHHOmMayusA. Ha PoHe noscemMecmHoO20 UCNO/ML30BAHUA 6ECNUAOMHbIX 1eMamesbHbIX annapamos U /e2KoMo-
mopHol asuayuu pacmem uHmMepec K NOUCKy nymel nosbileHus 3$pekmusHOCMU A0KAAU3AYUUU U onpedeneHus
napamempos 08uxeHUA 8030yWHbIX 06beKkmoes ¢ Maaol 3ppekmueHOU naowjadsro paccesHUs. B ces3u ¢ samum 30Ko-
HOMepHO 8HUMAHUE K paduonoKayuoHHeIM cucmemam (PJIC) ¢ HenpepblI8HbIM AUHEUHO-4aCMOMHO-MOOYAUPOBAHHbIM
(JIYM) u3nyqeHueM. MIcnosb308aHUE MAKUX 30HOUPYHOUUX CUZHGA08 N0380/5iem 3HQYUME/bHO CHU3UMb NUKOBYH
MoujHocms PJIC U yMeHbWUMb ee Macco2abapumHsle U CMOUMOCMHbIe xapakmepucmuku. Cmames nocesueHa uc-
1e008GHUK nepcnekmuesl npumMeHeHUs MaaoMowHol HasemHol PJIC ¢ HenpepoigHbIM JIYM-cuzHaiOM 8 UHMepecax
06HapyX*ceHUs, 0 MaKXce onpedeneHuss KOOPOUHAM U NapaMempo8 08UXCEHUS MA03aMeMHbIX 8030YUWHbIX 06bEeKMoe.
MpednoxeH anzopumm 06pabOMKU PACUOIOKAYUOHHbIX CUZHAA08, N0380/AAWUL ynpocmume npoyedypy 06Hapy-
JHCeHUsA MAaKUX yenel, packpblma cmpykmypa u npusedeHo onucaHue 3manos aa20pumma. B ocHoge paccmampusae-
MO020 Q/120pUMMA /IEXCUM MemoouKka $opMUPOBAHUS 0aAbHOCMHO-00N1ePOBCKO20 Nopmpema 30HsI 0630pa C UC-
nosae3oeaHuem yupposoli obpabomku cueHana. lpusedeHsl pe3yabmamel NPUMEHeHUs aA20pUMMa 8 ManoMOWHoU
PJIC C-Ouana3oHa, nosy4yeHHsle npu 0bpabomke 3X0CU2HAN08 K8AOpOoKonmepa, 3ape2ucmpuposaHHsLIX 8 Xo0e Hamyp-
HO20 3KchepumMeHma. [ToKa3aHo ychewHoe peweHue npakmu4veckol 300a4U 06HAPYHEHUS U CONPOBONOeHUS Maso-
pazMepHo20 8030yWHO20 06bekma ¢ IppekmusHol naoujadsio paccesHus 0o 0.5 M?, cnekmp mopuYHO20 U3/yYeHUs
KOmopoz20 Xxapakmepu3yemcs 8blpaxeHHolU MH020M00aA16HOCMbK. Pe3yssmamesl 3KchepuMeHma nhodmeepounu
NpaKmMu4eckyro 3Ha4UMOCMb NPedaazaemo20o aA20pUMMa U 803MOXHOCMb €20 peaau3ayuu npu co30aHUU MoBUbL-
HbIX NepeHOCHbIX PaduoAOKAYUOHHbIX KOMNAEKCO8 U NOCMO8 a8momMamu4yecko20 0bHOPY#EeHUA U CONPOBONOeHUS
Ma103aMemHbIX 0OUHOYHBbIX U 2pynnoseix yeaeli ¢ ebidavell UHPOpMaAYUU Ha nybm onepamopa.

KnioueBble C/10Ba: pajuosoKaLMoHHas cicTemMa, 06paboTka CUrHaIoB, MasiopasMepHast BO3AyLUHas Liesb,
3XOCUrHaN, JanbHOCTHO-AOMIEPOBCKMA NOpPTPeT

Ana yutmnposaHma: KynpawkmH U. @., Cokonunk H. B. Anroputm 06paboTkn CUrHanoB B pagnonoKaunoHHOM
cucTemMe C HernpepblBHbIM YaCTOTHO-MOAY/IMPOBaHHbBIM N3y4YeHVeM B MHTepecax 0bHapyXeHs
Masio3aMeTHbIX BO3AYLUHbIX 06 bEKTOB, OLeHKMN NX AaNbHOCTU N CKOPOCTU ABUXeHWs // 13B. By30B Poccuu.
PagnoanektpoHumka. 2019. T. 22, Ne 1. C. 48-55. doi: 10.32603/1993-8985-2019-22-1-39-47

Introduction. Detection of small-sized aerial ob-
jects (light-engine aircrafts, helicopters and drones) is
one of the most important tasks of modern radioelec-
tronic surveillance systems [1]. The significant growth
in manufacturing of small-sized aerial vehicles and the
increase in the degree of threats caused by their
widespread determine the relevance of the problem.
At the same time, selection and determination of such
targets motion rates against the background of clutter
is a challenging task [2].

Recently, researchers pay significant interest to the
radar systems (RS) with continuous linear-frequency-
modulated probing signal [2]-[5], since the use of this
signal gives the opportunity to reduce the peak power of
RS radiation, and, as a result, to decrease the energy
consumption and improve the mass-dimensional and
cost characteristics of the system.

Researchers usually characterize small-sized aeri-
al objects by radar cross-section of the order of
0.001...0.1 m? [6]-[8]. This characteristic in case of
the continuous relatively low radar power
(0.01...1 W) leads to the requirement to increase the

echo-signal coherent integration time in order to pro-
vide the quality of the target detection. However, the
echo-signals of such objects, as for instance multi
copters, are characterized by Doppler frequency
spectrum multimodality [6], [7]. This fact signifi-
cantly complicates the target velocity determination
using traditional approaches applied in pulse-
Doppler radars.

Consequently, the purpose of the paper is to cre-
ate signal processing algorithm for the continuous
radiation radar, providing an effective filtering of
echo-signals of small-sized aerial objects on the
background of clutter and ambient noise.

Description of the algorithm. Continuous wave
RS block diagram (Fig. 1) includes the transmitting
unit (TU), the receiving unit (RU), the mixing unit

s(2)
B— RU P MU 3 LPF —® ADS B DPS
sty ()
b i TU

Fig. 1. Block Diagram of a Radar System with Continuous
Linear FM-Signal
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(MU), the low-pass filter (LPF), analog-to-digit con-
verter (ADC) and digital signal processing system
(DPS). Continuous wave radar system using the pro-
posed algorithm of processing of the received signals
includes the following main steps:

— formation and radiation of the probing signal,;

— echo reception and demodulation of the prob-
ing signal;

— conversion of the received signal into digital form;

— discrete Fourier transformation (DFT) of the
signal samples recorded during the given coherent
accumulation time interval (formation of the set of
complex long-range portraits of the viewing area);

— clutter filtering;

— selection of target echo targets in the range-
Doppler image using the adaptive detector of local inho-
mogeneity;

— inter-period average signal amplitudes in individu-
al range channels.

Below the steps of the signal processing algo-
rithm on the example of the isotropic point reflector
are considered.

Formation and emission of the probing signal.
The signal generated by the RS transmitter with con-
tinuous radiation and emitted during a separate sens-
ing period T can be described by the following corre-
spondence

sty (1) = 4 cos[2nf0t +(b/2)t2 + \I’Ol tel0; T,
where 4, — is the probing signal amplitude; f; —is
the initial frequency; b=2nAf; /T — is the speed of
the frequency change; Af; — is the signal bandwidth;
y( —is the initial phase.

Receiving and demodulation of the echo-signal.
The received echo-signal is multiplied with the refer-
ence one in MU (Fig. 1), and then, as a result of LPF
filtering, the differential frequency signal is generated.

The equation below identifies the LPF cutoff fre-
quency

Jeut = Rimax /Cr )
where Ry, — is the restriction on the far edge of the
RS area; C, =cT/(24f;) — is the coefficient of con-

version values of the distance to the target in the corre-
sponding values of the difference frequency; ¢ — is the
speed of light.

The LPF output signal is defined as follows:

s(#) = 4y cos [2nfot(t) +bt(t)t -
—(b/2)r2(z)+\|;0}, tel0; T,
where t(#) =2R(t)/c —time delay; R(¢) — is the law

of change distance between the radar and the target.
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In the most practical cases, it is able to neglect
the change in echo delay time during the modulation
period. Then demodulated echo-signal is described
on the n-th probing by the simplified expression:

s, (8) = Ay cos (2nf gt + v, ), (1)
te[0; 7], n=1, N/,

where fy, =bt,/(2n) — is the demodulated return

difference  frequency of the  echo-signal;
v, =27fyT, + Wo— is the initial phase, t,, =2RnT/c —
the return time delay at the beginning of the n-th prob-
ing; Ny =Ty /T (Tp — coherent integration time).

The conversion of the obtained signal into digital
form. The sampling frequency of the demodulated re-
turn signal with its analog-to-digital conversion is cho-

sen  according to the classical relation
[6] Faps =2 fcut- After sampling and memorizing in
DSP memory (Fig. 1) the demodulated signal contrib-
utes a two-dimensional array of readouts of the form

S :{Si,n}§ Sion =Sn (ti)’ (2)

i=0, Ne—1,n=0, N, -1,

where #; =iAt =i/Fapg; N, =FapsT-

Formation of complex set of range images of the
scanned area. The following equation forms the 2D
range image by the following equation:

S, =F{S; K.}, (3)
where F {-} — is DFT operator implemented with the

frequency interpolation coefficient K, over all
Ny columns of the two-dimensional discretized echo-
signal readings S (2), registered during the coherent
integration time 7j.

The ratio below describes the spectrum of the echo-

signal (1) received in the separate probing period

. A0T|sin[nT(fdn—f)}|

S, = X
Dt G|
xexp{ j[ 7T (fan = )]+ Vn}- )

The equation determines the spectrum of the echo-
signal radar range images in the following form:

_ g7 [sin[nT (fan = S]]
k2| AT (fan— fk) |
Xexp{j[ﬂT(fdn - Jk )]+\|/n}»
where f; =kdfy =k/(K,T), and 8y =1/(K,T) —

spacing of the difference frequency changing on the
radar range image.

s
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Formation of the range-Doppler image of the
scanned area. It follows from (4) that the position of
the maximum of the spectrum corresponds to the
difference frequency of the demodulated signal, with
the harmonic phase at this frequency being deter-
mined by the time delay of the echo-signal at the n-th
sounding. Then, the average value of the Doppler
frequency change over the observation interval is
determined by the ratio of the phase increment to the
signal modulation period:

Jon = (Wn —Wn-1 )/(2ﬂT).

Range-Doppler scanned area image is derived by
performing

Sp=F{S$;: Ky}, (5)
where F_{-} — is the DFT operator performed with the
frequency interpolation coefficient K fl over all N, lines
of the two-dimensional array of distance image readouts

S'r (3) registered during the coherent integration time.

Based on the estimation of the echo-signal of two-
dimensional spectrum envelope peak position (i.e.
determining of the number of its row & and m column
of the range-Doppler image) it is possible to proceed
to the estimation of the target distance and velocity

}%:Cr(fdk_fDm); ‘}r:_fDmC/(sz)ﬂ (6)
where  fp,, :(m—Kfo/2)6fD — is the Doppler

shift of the
Ofp = 1/ (K fTO) — Doppler frequency step value on

frequency target return, and

the range-Doppler image.

Clutter filtering. Before the implementation of the
frequency peaks search procedure (finding £ and m in-
dexes) the spectral components located in the area of
Doppler frequency shifts zero values should be rejected
to avoid detection and estimation of parameters of the
echo-signal of stationary reflectors.

Works [9], [10] note that the spectral power den-
sity envelope of passive clutters accurately approxi-
mates by the exponential model:

1)~ exp(ﬁ'f 'J,

where o, =20, /A, and o, — is the mean square

value of the passive reflectors velocity (from
0.12 m/s in case of light wind to 0.37 m/s in case of
storm); A =c/ fy.

! Frequency interpolation coefficients K, and K  determine the

number of digital readouts per spectral component. The values
range from 1..8 are determined by the performance of the DSP
device and the required detailing of the range-Doppler image.
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Taking into account estimation (6) clutters can be
rejected by alternately multiplying the array S r el

ements (5) with readouts vector U. U elements can
be defined as

Selection of echo-signal marks on the range-
Doppler image. The frequency peaks adaptive detec-
tion can be carried out using a Constant False Alarm
Rate (CFAR) detector [11]-{13]. CFAR operates (in
general terms) to analyze the readouts localized within
a rectangular moving area (Fig. 2).

Fig. 2, 3 show the detection of threshold determi-
nation based on readouts of density distribution esti-
mation in background reflection zone. In case of suffi-
cient statistic value determined by the readouts of the
tested zone (Fig. 2, /) exceeds the threshold value, the
algorithm takes the decision to detect the target.

The expected range of air vehicles velocity de-
termines the test zone dimensions. The algorithm
determines the minimum length at the range as

n. =(1.3...1.5) ARy /(C,8fy),
and at the Doppler shift as
np =(1.3...1.5)(2/0Avinax ) /(c¥/D )

where AR, =VmaxIp — i the change of the dis-
tance between the radar and the object moving with
the maximum velocity vy, during the coherent
integration time Tj; Avp,, — is the maximum change
of the object radial velocity (the object is moving at
the maximum velocity vy, at the same coherent

integration time).

©)
)

Fig. 2. CFAR Algorithm Operating Space

The size of the critical zone is selected (Fig. 2, 2)
to exclude the influence of target marks on the result
of the parameters estimation of readouts density dis-
tribution in the zone of background reflections [13].
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Signal amplitudes period averaging in separate
range channels. The main feature of the range-
Doppler image of small-sized aerial objects (mainly
multicopters) is Doppler frequency spectrum multi-
modality [6], [7]. As a result, the precise target veloci-
ty determination is difficult due to significant ambigui-
ty of Doppler frequency shift of the target echo-signal.

In this situation, it is rational to use CFAR-detector
not for the precise target mark locating, but to suppress
range-Doppler image areas, in which the signal level
did not exceed the threshold one. Further incoherent
summation of the columns (which envelope range-
Doppler images in separate channels), allows forming the
averaged one-dimensional scanned zone range portrait:

i Jﬁ:‘ < . ' : # :
Fig. 3. Appearance of the Quadrotor Used In the Experiment

Fig 4. Apearance of the Radar Used in the Quadrotor
Detecting Experiment
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Fig. 5. Range-Doppler Image of Scanned Area before Clutter Rejecting
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o1 ‘
Npky oy en?

where S 1= {5‘ fi m} — is the range-Doppler image of

scanning zone of the readouts after implementation of
suppression procedures of clutter and background noise.

Results of the experiment. Researchers from
N. E. Zhukovsky and Y. A. Gagarin Air Force Acad-
emy together with the researchers from the Research
institute of telecommunication technologies (Smo-
lensk) carried out the described processing algorithm
in the experiment (Fig. 3) to detect the quadrotor
(Fig. 3). The Table shows the radar parameters.

Fig. 5 presents the example of the range-Doppler
image of radar scanning zone. The bright vertical
stripe is caused by the clutter. Fig. 6 shows the range
profile correspondent to this portrait averaged over
the observation interval 7y = 0.24 s.

Fig. 7 shows the range-Doppler image of the
observation sector after the rejection of clutters (the result

Radar basic specifications

Parameter Specifications
Wavelength, cm 347
i, (C-band)
Radiated signal power, W 1
Signal spectrum width, MHz 475
Modulation period 7, us 1200
Maximum range, km 4
Weight, kg 4
Polarization HH, VV, VH, HV
150 fp, Hz 0 05 1.0 15 205,V
200

240

280

320

360

Fig. 6. Averaged Range Image
before Clutter Rejecting
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Fig. 7. Range-Doppler Image of Scanned Area after Clutter Rejecting

of filtering at &, =0.2 m/ s), Fig. 8 shows the corre-

spondent to this image range profile averaging during the
Ty =0.24 s interval.

All range-Doppler images of the radar field of
view (Fig. 5 and 7) have a horizontal band of varying
intensity at a fixed range, generated by the Doppler
components of the echoes of the quadrocopter rotat-
ing screws. The presence of such a mark can be con-
sidered as an informative sign of as a multikopter.

Further processing of the averaged range image can
include target range detection and evaluation. Determi-
nation of velocity in this case bases on the estimation of
target range mark shift in time between nearby intervals
of coherent integration, i.e. with the traditional methods
of radar signals secondary processing [14], [15]. The
disadvantage of the approach is the inability to resolve
same range targets by their Doppler shifts. However, if
to consider that frequency band in modern radars with
the continuous radiation is equal to hundreds of mega-
hertz, i.e. that inclined range resolution is about a meter
or better, this situation can be considered improbable or
of a very short time.

Conclusion. Thus, in order to reduce the radia-
tion power and, as a result, to increase the mobility,
energy efficiency and secrecy of the ground-based
radar, it is proposed to use continuous linear-
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Fig. 8. Averaged Range Image after Clutter
Rejecting and Quadrotor Discrimination

frequency-modulated signals. The paper describes in
detail the algorithm for processing of such signals,
based on creating of the set of complex range images
of the radar field on the interval of coherent accumu-
lation of information with the further formation on
this basis of the range-Doppler image of the observed
sector of space. The subsequent rejection of the sta-
ble spectral components of the passive reflectors and
selection of the target echo spectrum using the CFAR
algorithm form the basis for the formation of the av-
eraged range portrait of the radar area with the
unique selection of the real targets on it.

During the field experiment using C-band radar
with the average radiation power equal to 1 W, it was
achieved the accuracy of determining the oblique range
of the observed complex target with multimodal sec-
ondary radiation (quadrotor) up to 1 m, the radial veloc-
ity up to 1 m/s, and the possibility to determine the type
of target was discerned.

The conducted field experiment showed the pos-
sibility of practical implementation of the described
algorithm for processing linear-
frequency-modulated signals in order to effectively
detect and determine the motion parameters of small-
sized low-altitude aerial objects characterized by low
radar visibility.

continuous
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MPNBOPbLI N CNCTEMbI NSMEPEHVA HA OCHOBE
AKYCTUYECKUX, ONTUYECKUX N PAANOBOJIH
MEASURING SYSTEMS AND INSTRUMENTS

BASED ON ACOUSTIC, OPTICAL AND RADIO WAVES
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A. Aypykan™, A. H. Mepeaydoe, M. M. Lieeenscko
CaHkm-lTemepbypackuli 20cydapcmeeHHsIl 31ekmpomexHuYeckuli
yHusepcumem "JI3TN" um. B. V. YeaHoea (JleHUHQ)

yn. Mpogeccopa Monoea, 0. 5, CaHkm-lemep6bype, 197376, Poccus

AHANW3 KO3 PULMEHTA MEPEAAUM AKYCTUYECKOIO TPAKTA
JATUMKA YI/TI0BOW CKOPOCTI'

AHHOMAYusA. Vi3MeHeHUe XapaKmMepuCmuUK ybmpassykosslX 80/H, PACNPOCMPAHSIOUUXCA 8 meepoblX 8paujaro-
WUXCA Cpedax, eXUMmM 8 0CHoge PYHKYUOHUPOBAHUS GKYCMUYeCKUx 0amyukoe y2/a1080l CKopocmu. YposeHs UHGOPMa-
MUBHO20 CU2HAAA 3G8UCUM 0M KO3)PUYUEHMA nepedayu aKyCmu4ecko2o0 mpakma 4yecmaumesnsHozo 3aemeHma (43)
0amyuka mako20 muna, 8 CesA3u C YeM aKmyaseHsl pabomsl N0 OCMUXCEHUK MAKCUMA/bHO20 Ko3pduyueHma. Aky-
cmuyeckuli mpakm Y43 Ha 06beMHbIX 80AIHAX COCMOUM U3 U3/Yy4Yarolye2o U npueMHo20 NAAGCMUHYaMebIX Nbe3onpeobpa-
308amesell, Cpedbl pacnPoOCMpPaHeHUs (38yKonpogooda), KOHMAKMHbIX C10e8 U 31ekmpudeckol Hazpy3ku. OH udeHmuyeH
mpaxkmy yanempa38yKo8eix AUHUL 300epXxKu. Teopemuyeckuli QHAAU3 XOPAKMepUCMUK mpakmos mako20 mund Wupoko
npedcmaesieH 8 AUMepPamMype, 0OHAKO QHAAU3 6a3UPYyeMCa Ha pelleHuUU CUCmMeM 80/IHOBbLIX YPasHEHUU 8 0OHOMEPHOM
npubaueHUU. B 3mom cy4ae pacdemsl 8bINOAHAOMCA 6€3 y4ema 02paHUYeHHOCMU NonepeYHsIX pasmMepos. Ha npak-
muke mpakm Y3 domxceH umems 02paHUYeHHble honepevHble PasMepsbl, KOMopble MO2ym NOBAUSIMb HA 3HAYEeHUE KO-
duyueHma nepedayu. ONUCAHUA IKCNEPUMEHMANbHLIX UcciedosaHUll 8 AUMepamype He npusodsamcs. Takum 06pasom,
nompeb608asoCck NPosecmMuU KOMN/AEKC mMeopemuyeckux U 3KChepuMeHmMasbHsIX UCCIe008aHUL NO aHAU3Y KO3PduUYuU-
eHma nepedayu aKycmu4ecko2o mpakma dam4uka yenosoll ckopocmu. [as meopemuyeckozo aHOAU3A paspabomaHa
MoOenupyrowas mpakm npozpamma 8 cucmeme Mathcad. Jna skcnepuMeHmMasbHbIX UCC1e008aHUL CO30aHA YCMAHOBKA
U us2omoesneH psi0 MaKkemoeg ¢ npeobpasosamensMu U3 Nbe3oKeapya U Nbe3okepamuku. B pesyssmame noka3aHo, Ymo
meopemuyeckue NOAOXEHUS, Pa3pabomaHHsie 051 0OHOMEPHO20 NPUBAUXEHUS, MO2ym NpUMeHsMecs 0715 onpedese-
HUs Ko3g@uyueHma nepedayu akycmu4yeckozo mpakma 02paHU4eHHsIX pasmepos. Kpome mozo, Ucnonb308aHUE CO2Aa-
COBAHHOU 31eKMpPUYeckoll Hazpy3Ku nNo3.o/siem ygeaudyums KoapduyueHm nepedadu. Hanpumep, 015 makema c npeob-
pa3zosamensamMuU U3 nbe3okaapya Y-cpe3a amo ysenudeHue cocmasuso 20 0b.
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ANALYSIS OF ACOUSTIC PATH TRANSMISSION FACTOR
FOR ANGULAR VELOCITY SENSOR

Abstract. The change in characteristics of ultrasonic waves’ transmittion in solid rotating media is the basis for the op-
eration of acoustic angular velocity sensor. The transmission coefficient of the sensing element (SE) of the acoustic path de-

! PaGora BeiIoNHEHA npu ¢uHaHCOBOM moanepxke rpanta [Ipesunenta Poccuiickoit ®enepaunn HIII-4165.2018.8.
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ter-mines the level of angular velocity sensor informative signal based on detecting changes in characteristics of bulk acous-
tic waves in solid media. In this regard, the efforts aimed at obtaining maximum transmission coefficient are relevant and
represent an important stage in the design of such devices. The sensitive element of the acoustic path consists of radiating
and receiving plate piezoelectric transducers, propagation medium (acoustic duct), contact layers and electrical load. The
coefficient is identical to the path of ultrasonic delay lines on bulk acoustic waves. Although, many sources present the theo-
retical analysis of the path of this type, they carry out the analysis in so-called one-dimensional approximation, i.e. they per-
form the analysis without taking into account the limited transverse dimensions, whereas the path of the sensing element
should have limited lateral dimensions, which can affect the value of transmission coefficient. The above-mentioned sources
do not present the results of experiments. Thus, it is necessary to conduct a complex of simulation and experiments to ana-
lyze the acoustic path transmission coefficient of the angular velocity sensor. Authors of the paper developed a path-
modeling program in Mathcad software to perform simulation. For implementation of the experiment, authors created the
installation, as well as a number of proto-types with transducers made of piezoelectric quartz and piezoelectric ceramics.
The results demonstrate that fundamental statements developed for one-dimensional approximation one can use to deter-
mine the transmission coefficient of the acoustic path with limited dimensions. Besides, the use of the matched electrical
load gives the opportunity to increase the transmission coefficient. For example, in case of Y-cut piezoelectric quartz convert-
er prototype the increase reached 20 dB.

Key words: ultrasound waves, acoustic path, transmission factor, angular velocity sensor

For citation: Durukan Ya., Peregudov A. N., Shevelko M. M. Analysis of Acoustic Path Transmission Factor for Angular
Velocity Sensor. Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 1, pp. 56-65. doi:
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Brenenme. lccnenoBanue BO3MOXKHOCTH HCIOJNb-
30BaHUSI OCOOCHHOCTEH PacIpOCTpaHEHUSI OOBEMHBIX
akyctudeckux BonH (OAB) Bo Bpaluaromieiics TBep-
JIOW cpesie ISl CO3MaHUs JaTYMKOB YIIIOBOW CKOPO-
cti (JIYC) npencraBiseT HHTEpEC KaK B TEOpETHYC-
ckoM [ 1]-[4], Tak u B mpakTuyeckoM 1ane [S]-[7].

B pamkax pa0ot, mpoBoAMMBIX Ha Kadeape dMek-
TPOAKYCTUKH 1 YIBTpa3BykoBoi TexHukH (DY T) CaHkr-
I[MeTepOyprekoro rocynapcTBEHHOTO MEKTPOTEXHIIECKO-

Ugpix = Upx KrKai€2,

rne Uy, — HanpsbkeHue, nogasaemoe Ha MIT; K. — ko-
admmenT mepenaun TUPOCKOMMYECKONH COCTABIISIO-
Iel, onpeeNsieMblii KOHIIENIMEN MOCTPOEHHUS JaTUkKa
[6]; K,x — o3bdHIMEHT mepefaud aKyCTUIECKOIO
TpakTa Jardvka; (2 — ymiosas CKOpocTb BpatieHus 0.
K, BO MHOTOM OINpPEJEINIAETCA CBOMCTBAMH KOH-

ro yausepcurera (CIIOI'OTY) "JIDTU" um. B. U. Vib-
sHOBa (JleHmHa), ObLT TIpeUIOKEH pAJ KOHLEIIHMA
noctpoenus [IYC na OAB [5]-[7]. UyBcTBUTEND-
Hb1i anement (YD) (puc. 1) marumka mpeacTaBiseT
co00# TBEPIOTEIBHBIN 3BYKONIPOBOA 3, HA MPOTHBO-
MOJIOXKHBIX TOpLAX KOTOPOTO PacIONIOKEHbI U3Ilyda-
fomas npe3oriactuHa UI1 u mpueMHas mbesoruia-
ctua I1I1 yiapTpa3ByKOBBIX KoJieOaHUN C TONIIMHA-
MH dy, U dj COOTBeTCTBEHHO. [l obecreueHus

nepefayn 3TUX kojebanuit mexay UII u 3; 3 u III1
pacrnosioxeHbl KOHTakTHBIE cion KC.

h
> - —>h“<-

u K 3 K|

1 [c cln
o— —o
UBX UBbIX
o—- L— o

Puc. 1. Cxema 4yBCTBUTEIILHOT'O AJIEMEHTA
Fig. 1. Sensing Element Diagram

HNupopmaruBHeid BbixoaHo#H curHan JYC BHe
3aBUCUMOCTH OT TpeJlaraéMbIX KOHLEMIUN OIpene-
JSETCsl CIENYIOLUM COOTHOUIEHUEM:!

CTPYKTHBHBIX 3JIeMEHTOB UD: MaTepualaMu U 3Ha-
YeHHEM PE30HAHCHBIX YacTOT MpeodpazoBaTeiei,
MarepuaiioM u rommuuHamu KC, a taxke nmapamerpa-
MU 3JeKTpHYecKod Harpy3ku. Taxum oOpaszom, wuc-
CJIEJOBAaHUS 110 ONTUMM3ALMU KOHCTPYKIHUM aKyCTH-
YECKOTO TpakTa, OOCCIICUMBAIONICH MaKCHMAaJIbHBIHA
KO3 GULIMCHT Iepenadn, NPEeACTAaBISIOT HEOThEM-
JIeMyI0 9acTh paboT IO CO3AHUIO paccMaTpHUBaCMO-
ro tuna JAYC. [ns u3nydeHus u npuema yibTpasBy-
KOBBIX BOJIH B MErarepleBOM YacTOTHOM JIHama3oHe
MpUMEHEHHE HalUIM Mbe30JIEKTPUUECKHUE TUIACTHH-
garele mpeobOpaszoBarenu. [IpeoOpazoBaTenn Takoro
THUIA OIIPOKO UCTIONB3YIOTCS B A€()EKTOCKOIHH, YITb-
TPa3BYKOBOM TOJILIMHOMETPHUM, CTPYKTYPOMETPHH,
MEIUIIMHCKON JTMarHOCTHKE, HCCIEeNOBaHUAX (u3H-
KO-XMMHUYECKUX CBOMCTB MaTepHalIOB, a TaKXke B
yCTpoiicTBax aKkycTtodekTpoHuku [8]. Cucrema aky-
crtuueckoro Tpakrta JYC aHanoruyHa TPakTy Vyib-
TPa3BYKOBBIX TUHUH 3anepxkn (YJI3).

Pabotsl o aHaMM3y (HaKTOpPOB, BIMSIOMINX HA KO-
3 QULKEHT Mepeaayn aKyCTHYECKOTro TpaKTa, Mpo-
Boquimck Ha kadeape OYT CIIOIOTY "JIOTU" Ha
MmpoTshKeHun jgonroro BpemeHu [9]-[16]. OcHoBHOM
[EeNBI0 HWCCIECNOBAaHWK ObUIa ONTUMH3ALUS KOH-
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CTPYKTHBHBIX JIEMEHTOB IPe0Opa3oBarelis ¢ y4eToM
BimsiHus KC 1 anekTpuueckux temnei Ha kodduimeHt
nepenayn. BrimonHeHHBIE pabOTHI OTHOCATCS Kak K
obmactu aedekrockornuu [9]-[11], Tak u K 3amaduam
onTuMH3anun kKoHcTpykuuu YJI3 [12]-[16]. B [9]
BIIEPBBIC OBUIN MOJIYYCHBI BEIPKCHUSI, OIFCHIBAIOIINE
KOA(pPUINEHT Tepenadn s MHOTOCIOWHOTO TIpe-
oOpa3oBaTensi, COCTOSILIETO U3 IbE30IIACTHHBI,
Jemrgepa U psjia COIAcyIoMUX cioeB. BaxHo OT-
METHTh, YTO TEOPETUYECKHNE COOTHOUICHHUS OBLIN
MOJTYYEHBI JUI TaK HAa3bIBAEMOTO OJHOMEPHOTO MpPHU-
OmkeHus, T. €. 0e3 yueTa OrpaHHUYCHHOCTH IOIe-
PEUHBIX pa3MEpoOB Cpelbl PaclpoCTpaHEHUs U Ipe-
obpazoBareneir. B [10] ommcaHa BO3MOXXHOCTH TIO-
CTPOEHUS COINIACOBAHHOTO MbE30KEPAMUYECKOTO Tpe-
o0pa3zoBaressl, YyBCTBUTEIFHOCTE KOTOPOTO HE 3aBU-
cut ot TomuuHbel KC. Kak mokaspIBaioT pe3ynbTarhl
YHUCIEHHBIX PAcueTOB M BBIMNOJHEHHBIX SKCIIEPUMEH-
TOB, uyBcTBUTENBHOCTH IIIT M3 mbe3okepamuku B 20
pa3 BEIIIE, YeM Y KBapIICBOTO IpeoOpa3oBaTeIIs.
ITonoca nponyckanus YJI3 uccnenoBana B [12],
IJe pelieHa 3ajada o0ecHeUeHUs pPaBHOMEPHOCTU
YaCTOTHOM XapaKTEpUCTHKU M MaJIOTO aKyCTHYECKO-
TO TIOTVIOMICHHUST B 3BYyKONpoBoae. B pabdoTte oTmeue-
Ho, yTo npu Hanmuuun KC MakcumyMm ko3¢ dunneHTa
nepefayy JIeXKUT BbIIIE aHTUPE30HAHCHOM 4acTOThI
MbE30KBapIIeBOro npeodpaszosarens X-cpeza. B atoi
)K€ paboTe HCCIEeNOBAHO BIUSHHUE BICKTPHUCCKOM
Harpy3Kd B BHIC DIICKTPHUCCKOTO KOIEOATEIHLHOTO
KOHTypa Ha 3HaueHHue MoJjochl nmpomyckaHus. Iloka-
3aHO, 4To npu orcyTcTBUM KC pe3oHaHCHbIE CBOM-
CTBa KO0JE0ATENFHOTO KOHTYpPa MPOSBISIIOTCS MAaKCH-
ManpHO. [Ipm Tommmue KC, cocraBmsromein 0.02

tosnuun UIT u T1T1, yactoruas 3asucumocts Ko (f)

UMEeT JIBa MaKCHMyMa, a I0JI0ca MPOMYCKaHUsS 3a-
METHO yBeNnuuuBaeTcs. Pe3oHaHCHbIE CBOIICTBa KOH-
Typa B 3TOM CIIy4ae MeHee BBIpakeHbI. JlanpHeiimee
yBenmuenne tommmHabl KC HenenecooOpasHo, mo-
CKOJIbKY pPE30HAHCHBIC CBOWCTBA KOHTYypa CKa3biBa-
10TCsl cimabee, Oojiee 3amMeTHO mposiisercs dhdext
MEXaHUYECKOTO pEe30HaHCa B CHUCTEME 'The3oIlia-
ctuHa—KC". AHajgoruuHbIe BOIPOCH! PACCMOTPEHBI B
[12], [14] ana UIT Y-cpesa. [lomyuennsie pe3ynbTra-
TBI COTJIACYIOTCSI C paHee MPOBEICHHBIM HCCIIEIOBa-
HueM. B [14] onmucana Bcst cuctemMa BOJIH B IMbE30-
mnactuHax, KC u 3 B pekuMax u3NydeHus U pueMa.
AHami3 KoneOaTebHBIX CHCTEM ITHE30CKTPUICCKIX
npeoOpazoBarenield  yIBTPa3ByKOBBIX Je(EKTOCKOIIOB, a
TaKKe OCHOBHBIC COOTHOIICHHS, HEOOXOIMMEBIE IS pac-
4eTa W IPOEKTUPOBAHUS KOJIeOATEIbHBIX CUCTEM TaKHX
npeoOpazoBareneid, npuBoasTces B [16].
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Bonbiioe konu4ecTBo paboT, MOCBAIIEHHBIX TOMTY-
YEHUIO ONTUMAJIbHBIX XapaKTePUCTUK aKyCTHYECKOTO
TpakTa, MOATBEPKIAIOT aKTyaJbHOCTb HPOBOAMMBIX
uccienoBaHuid. OHAKO cIIeAyeT OTMETHTB, UTO:

1. Wcnonb3yemble Ul aHajld3a aKyCTUYECKOIO
TpakTa COOTHOILUIEHHUS OBbUIM TONy4eHbl A Tak
Ha3bIBAEMOT0 OJHOMEPHOTO MpUOIIDKEHUs, T. . 0e3
y4era OrpaHUYCHHOCTH MOIEPEYHBIX Pa3MEpPOB cpe-
OBl PacIpOCTpaHCHHs W TpeoOpasoBareneii, B TO
BpeMs kak UD J[YC umeeT orpaHudYCHHbBIE pa3MephI.

2. B GonbImIMHCTBE MEPEYNCISHHBIX pa0doT mpe-
CTaBJIEHBl Pe3yJbTaTbl TEOPETUYECKUX MCCIEeI0Ba-
HUH, HE UMEIOIINE TOCTOBEPHOTO KCIIEPUMEHTANb-
HOTO TIOATBEPXKJCHHS. B CBsI3M ¢ 3TMM HauOONIbIINN
HHTEpEC MPEACTABIIIOT CO00H TaHHBIE, OTyYCHHbIE
B pE3yJbTaTe dKCIEPUMEHTAIBHBIX HCCIEIOBaHUM, U
YCIIOBUSI, TPH KOTOPBIX OHHU OBLIH MOJTyYESHBI.

3. Lenpro MpoBOAMMOTO aHAJIN3a Il OOJBITHH-
CTBa Cly4yaeB OBLJIO JOCTM)KEHUE IIHUPOKOH IMOJIOCHI
MPOMYCKaHUSI aKyCTHYECKOTO TPaKTa, 4To 00yCIIOB-
JUBAJIIOCH HEOOXOAUMOCTBIO HCIIOJIIB30BaHHUS KOPOT-
KUX HMIYJIbCOB, OOECIEYMBAIOIIUX BBICOKYIO paz-
pelaronyto crmocodHocTh (peodpazoBarenu aedek-
TOCKOIIOB), a Takke OOJbIIyI0 HH(OPMAIIMOHHYIO
emxocts YJI3. B IVC na OAB ucnons3yercs UM-
MYITbCHBIM PeXUM PaldOoThL. J[MUTENbHOCTh UMITYIIbCA
U3 YCIOBUS OTCYTCTBHSI 0Opa30BaHUS CTOSYHX BOJNH
IOJDKHA OBITH MCHBIIE YIBOCHHOTO BPEMEHH IIPO-
XOXKICHHs UMITyJbCca IO 3BYKOIPOBOAY. DTO JOIYC-
KaeT 3HAYUTEIHHO OONBIIYIO JTHUTEIBHOCTh UMITY/Ib-
ca U HE MPenbsBISAET BBICOKMX TPeOOBaHUU K IIH-
PHUHE MOJIOCHI MPOITYCKAHUS.

B cBs3u ¢ 3TUM BO3HUKJIA HEOOXOOUMOCTH MPO-
BEJICHUSI KOMILJIEKCA HKCIIEPUMEHTATIbHBIX HCCIIEN0-
BaHUIl MO OIpPEJENICHUIO BIUSHUS KOHCTPYKTUBHBIX
aMeMeHTOB akyctudeckoro tpakra YD J[YC Ha xo-
s¢dunuent nepenaun. Kpome Toro, uzyueHue Bius-
HUS OTPAHWYCHHOCTH IONEPEYHBIX Pa3MEpPOB aKy-
CTHYECKOIo TpakTa Ha K, IpOBEICHO IJIS OLICHKH

JOITyCTIMOCTH OJHOMEPHOTO NpHOMmKenns. HMccire-
JIOBaHUS TAKOro Poja paHee He BBINOJHSINUCH, IO-
CKOJIBKY B 00JIacTH Ae(EeKTOCKOMUM Cpefa pacmpo-
CTpAHEHUS CUUTAETCS MOTy0e3rpaHndHOMN, ee pa3Me-
pBl MHOTO OOJIBIIE JUIMHBI YJIBTPa3ByKOBOW BOJIHBL.
Hcxonst U3 3TOr0 B CEpUU MPOBEACHHBIX aBTOpaMu
HACTOSAIIEH CTAaThbU SKCHEPHMEHTOB MAaKeThl HMEIOT
OTpaHMUYCHHBIC pa3Mephl, MPHOIIDKAIOMNECT K pas-
Mepam YD mpoekrupyembix Y C.

Teopernueckuii anagmu3 koddgduunuenra me-
peAaun aKycTH4ecKoro Tpakra. Vccnexyemsli
tpakt JIYC ¢ UD mpencrasnser Ha puc. 2. Ha cxeme
Hapany ¢ UD ykaszaHbel: R. — BBIXOJHOE COIIPOTHBIIE-
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Puc. 2. TpakT naTymka yriioBOi CKOPOCTH
C 4yBCTBHUTEIbHBIM JIEMEHTOM
Fig. 2. The path of the angular velocity sensor
with a sensitive element

HHe Teneparopa; Cp, — eMKOCTh I1IT 1 BHEIHEH SMEK-

TPUYECKON Lenu; L — MHAYKTUBHOCTh BHEIIHEW LEMNH;
R — conpoTtuBIieHre Harpy3KH.

Koapdumuent mepemauu paccMarpuBacMoil CH-
creMbl K, =Upg /UBX €CTh MHOTOIIapamMeTpuye-
cKast (PYHKIIVSI, TIOCKOJIBKY 3aBUCHUT OT PsiJia XapaKTe-
puctuk cuctemsl: TonmuH KC, pe3oHaHCHBIX 4acToT
UIT u [I1, moOpOTHOCTH ICKTPUIESCKOTO KOHTYpa Ha
BBIXOJIC, AaKYCTUYECKHX WMIICIAHCOB BXOJSIINX B
cucreMy mMarepuaios [16].

Hnst ompenenenuss K, BBegeM 0003HauCHUS
aKyCTHYECKHX MMIIEaHCOB dineMeHToB YD  z,,
zxe, zz ¥ zg g Ul KC, 3 u IIIT cooTBeTcTBEH-
HO, a TaKXKe aKyCTH4eCKHE HMMIIEJAHChl BXOIHOTO
npeoOpa3oBaTensl dIEKTPUUECKOH BOIHBEI B aKyCTH-
4eCKYI0 Zgy = Z,jtgX, M BEIXOJHOIO Ipeobpa3oBa-
Telasd aKyCTHYECKOHl BOJHBI B
Zno = ZnJ 1€ Xy g
BOJNHBI IO OTAENbHBIM 37eMeHTaM YD omumem ¢
BBOJIOM IOHATHA aKyCTHYECKUX TOJIIMH 3THX 3Ie-

ANEKTPHUECKYIO
Pacripoctpanenne axkyctudeckon

MCHTOB Xy = kahﬂ, XKcC = kKChKC n xg= knhl'[

mis U, KC u II coorsercrsenno (k =2mf/cy,
I e {un, KC, n} — BOJIHOBBIE YHCIa; ¢] — CKOPOCTH aKy-
cTuueckoit BonHbI). Takke BBeeM HOHSTHS OTHOLIECHNUIH
MMIIENIAHCoB oy = 21 /21, 1, 1€ {0, n, KC, 3, i},
K, ompenensiercst Mpou3BeAecHUEM KodhPUIH-
€HTOB I1PeoOpa30BaHMUA AMIUTMTYAbl JIEKTPHUYECKOH
BOJIHBI B aMIUIUTYNy YABTPa3ByKOBOW B PEXHME H3-
aydeHust K, u oOpaTHOro npeoOpa3OBaHUs B PEXKHU-
Me npuema K TIpH YCIOBHM PaBEHCTBA aMILTHTYH

cMmeleHust (kone0arelbHOH CKOPOCTH) BOJH Ha Tpa-
aumax UIT u TI1:

’B CHITy y3KOIIOJIOCHOCTH PacCMaTPUBAEMOH 3a/1au¥l BIUSHUE JEMII-
(epoB U THUIOBBIX HArpy30K yKa3aHHBIX IpeoOpasoBatreneit [16] He
YUUTBIBACTCS.

2 2
_ 2CHPf am  2kp ykep nZn |€uPu
Y+ j27thHp Zy €nPn

Fy (xH)FH (xn),

e f — 4acToTa YIbTPa3BYKOBbIX KOJNEOaHuit; fu; —

yacrora aHTtupe3oHaHca HII; Y — mnpoBomumocTs
Harpy3KkH, NPeACTaBICHHOW KoyeOaTeNbHBIM KOHTY-

pom CppLs kepy, ke — KOIQOUIHEHTH HMeK-
TpoMexanuueckoit ces3u UII u III1 cooTBETCTBEHHO;

€y, €y — MUDIEKTPHYECKHE NPOHUIAEMOCTH MaTe-
puanos MII u IIIT coOTBETCTBEHHO; Py, Pp — IUIOT-

soctr MarepuanoB UII u III1 coorBerctBenno; fy,

E

q — YAaCTOTHO-3aBUCHMBIE YaCTH KO3((HUINEHTOB

nepenaun UIT u I1I1 cooTBeTCTBEHHO.

YacToTHO-3aBUCUMBIC YacTH KO3 (PUIIMESHTOB
nepeayn U3JIydeHHs OMPEEIIOTCS 10 CIeTYOIIAM
dbopmynam:

FI/I (xI/I) = [1 —Cos(xu)_ﬂlo\u Sin(xl/l ):I/AI/I;

Fy(xy)= [1 —cos(xy ) — J%ulo sin (x )]/An )
3HaMeHaTe ! ONPEIENIIOTCS KaK
Ay =Qcos(x; )+ jRy sin(x, )—
_j(kc:zB.M [ ){2Ro [1-cos(x,) ] - jQsin(x,)}:
Ap =Qcos(x; )+ jRy sin(x; )—
i (KnnB 5 ) {280 [1 - cos ()] - jQsin ()}
e
0= (1 + oco‘S)cos(ch) +j(oc0‘KC + 0l )sin(xKC );
Ry = (g + 0ty ) c0s (i ) +
+J (Ctficc + %oluicls )i (¥kc );
Ry = oty €08 (xcc ) + jouy e sin(xgc)

— ko3 dUIMeHTHI, ompeaenseMble CXEMOW TpPaKTa;
B= Y/(Y + 21/ Crp ).

s TeopeTndeckoro aHaimm3a paspadoraHa Ipo-
rpamMMma B cucteme MathCad. [Iporpamma no3Bossiet
aHaTM3MPOBATh PaboTy aKyCTHUECKOTO TPAaKTa B pas-
TUYHBIX pexxumax padoter III1. Pexxum xomoctoro
xoz1a obecrevrBascs PaBeHCTBOM HYJIIO MPOBOIUMO-
ctu BHemHed mermm Y. Pexum Harpy3ku Ha peso-
HAHCHBII KOHTYp CO3JaBaJiCsi MPEACTAaBICHUEM IMPO-
BOIMMOCTH Y B BHJE MapaJJIeNbHOIO COEIMHEHUS

Cup

B TEOPETHYECKOH MOJICNM HE YYHTBHIBAIKCH, IO-
ckosbky UIT paboTaer B OnHKHEH 30HE.

u L. [lorepu Ha mupaKIIHOHHOE PACXOXKICHUE
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JKcnepuMeHTa/IbHbIe ucciienoBanusa. CTpyk-
TypHasd CXe€Ma YCTaHOBKHU JIA SKCHECPHUMCHTAJIBHOIO
olpenesieHns HccuegyeMoro kosddummenta K,

npencraBneHa Ha puc. 3, tae ['PU — reneparop pa-
nuoumnynbeoB; 11, 12 — ocmummorpadudeckue
IIymsl (BXomHas eMKOCTh 16 nd, BXOIHOE COMPOTUB-
menue 10 MOw); K1, K2 — curHambHble BXOIHI,
CuHXp — BX0J] curHasia cuHxpoHusanuu. [Ipu npose-
JIEHUH DKCTIEPHUMEHTAIBHBIX HCCICIOBAaHUN HCIIONb-
soBasics I'PU AKUII 3402, ocummtorpad Tektronix
TDS 1002 B. B kauectBe KC nmpumensuics canou,
obecrnieunBaroUii BO3MOXKHOCTh MHOTOKPATHOH Iie-
PEKIICHKH TThe30IIpeoOpa3oBarTeieii.

I'ru
fivel 5
Ocuumnnorpad
K1 K2 Cunxp.
% ¥
|

Puc. 3. CTpykTypHas cxema yCTaHOBKH JUTS POBEICHUS
9KCIIEPUMEHTA
Fig. 3. Test Facility Block Diagram

Jnst mpoBesieHNsT SKCIIEPUMEHTAIbHBIX HCCIIeNo-
BaHUil OBUI M3TOTOBJIEH PsJl MACHTHYHBIX 3BYKOIPO-
BOJIOB M3 IUIABJIEHOTO KBapIia, Ha 0a3ze KOTOPBIX CO-
3[aBajJMCh aKyCTHUECKUE TPAKTHI, MapaMeTPhl KOTO-
PBIX IPE/ICTABIICHBI B TAOIHIIE.

[anee mpuBeneHs! pe3ylabTaTbl CPaBHUTEIHHOTO
aHaM3a pe3ylbTaTOB TEOPETHICCKUX M SKCIICPHMEH-
TaJILHBIX UCCIIEIOBAHNH YKa3aHHBIX MaKETOB.

Maxem 1. Ha puc. 4 npeacTaBlieHbl YaCTOTHBIE

3aBucuMocTd Ky ( f ) IIEPBOrO MAakKeTa B DPEXHUME
XOJIOCTOTO XOJa U1 HECKOJIBKMX 3HAY€HUMN TOJIIIH-
uel KC d . LltpuxoBas KpuBasi MOMydeHa B XOIE

poBesieHns dkcrepumenTos®. TeopeTnueckuii aHa-
TM3 MOKa3al, 9To u3MeHenue tonmunel KC B peans-
HO JOCTHXKMMBIX IIPEieNax NPUBOAUT K M3MEHEHHIO
3HaueHus K, B mpemenax 6 nb. Hawmyumas cxo-

JUMOCTh PE3yNIbTaTOB pacueTa W OIKCIEPUMEHTA
Habmonaetrcss npu tommuHe KC A ygc =4 mxm. Ha

9TOM OCHOBAHHH MOXKHO CACJIaTb BBIBOJ, YTO JKBH-
BasieHTHas TonmuHa KC uccrnenoBaHHOroO 3KcHepu-
MEHTAJILHOTO 00pa3ilia COCTABISET 4 MKM.

Ananu3 pabOTBI 5TOTO MakeTa B PeXXUMe Harpy3KH
Ha KOJIeOaTeNBHBIN KOHTYp € Pa3IMIHBIMA 3HAYCHHUSIMA
WHIYKTUBHOCTH TIpe/ICTaBlIeH Ha puc. 5. UepHbiMu
KPHMBBIMH TIOKa3aHBI PE3YJIETAaThl TEOPETHYECKOIO aHa-
JIM3a, CEPBIMU — PE3YJIBTAaThl SKCTIEPUMEHTOB.

ITapamerps! MakeToB
Model Parameters
Maker
Pa3Mepr 3BYKONPOBOJIA Model
Acoustic Duct Dimensions 1 | > 3

Jnuna, Mm 23
Length, mm
Huamerp, MM 20
Diameter, mm

ITapametp . .HH/I._[H I/.IH. H.H. HH. H.H.

Radiating piezoplates/ Radiating Receiving Radiating Receiving
Parameter .. . . . . .
receiving piezoplate piezoplates | piezoplate | piezoplates | piezoplate

Marepuan [Ise30xBapn Y-cpes [Tse3okepamuxa LUTC-19
Material Piezokvarts Y-cut Piezoceramics LZT-19
dopma IIpsmoyronpHas Kpyrnas
Form Rectangular Round
JnvHa v mupuHa, MM 10x16 B _ _ B
Length and width, mm
Jluamerp. a - 157 157 15 15
Diameter, mm
Tommmua. MM
Thickness, mm 0.6 0.95 1.0 0.32 0.32
Pe3onanchas yacrota fp, MI'g
Resonance Frequency f,, MHz 325 20 1.94 39 6.25
AnTHpe3onancHas gacrora f,, MI'my
Antiresonant Frequency f,, MHz 3.26 2.33 217 7.00 73
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£, MI'n

=25

=30

=35

K> 1B

Puc. 4. KoappunuenT nepenaun makera 1.
Pexxum xomocroro xozxa
Fig. 4. Model 1 Transfer Factor. Idle running

1.5 2.0 2.5

Maxem 2. B MakeTe UCIOJIb30BaHbl MJacTUHYA-
Thle TpeoOpasoBarenu u3 mnbe3okepamuku L[TC-19.
PesynpraThl uCCleNOBaHUNM YacTOTHOM XapaKTepH-
CTHUKM BTOPOTO MaKeTa B PEeXKHME XOJIOCTOrO Xona
MPEJCTaBIEHBl Ha PUC. 7 IJIsl HECKOJIbKUX 3HaYCHUN
tomuunbl KC dye. HlTpuxoBast kpuBas noiaydeHa B
X0JIe MPOBEJICHUS DKCIIEPUMEHTOB. M3 mpeacTaBieH-
HBIX 3aBHCHMOCTEH CIIEAyeT, 4TO IJIsi 3TOTO MakKeTa
HE HaOIIOHAeTCsI CTONH CYIIECTBCHHOTO H3MEHCHWS
ko3 dunmenTa nepegadn Mpu U3MEHEHUH TONIIUHBI
KC. ®opmbl 3KCIIEpUMEHTANBHON M TEOPETUYECKUX
KPHBBIX COBNAaAAlOT. MakcuManbHOE 3HaUeHne K,

f, MI'n

-5 [ I

L =300 Mxl'n

K> 1B

Puc. 5. KoadhouuueHt nepenaun Makera 1 B pe)xuMe Harpy3KH Ha KoJeOaTenbHbIH KOHTYP
Fig. 5. Model 1Transfer Factor. Electrical Oscillating Circuit Load Operation.

Kpussie qist L =300, 220 u 120 Mx['H umerot 18a
MakcuMmyMa. I1epBblil COOTBETCTBYET PE30HAHCHOM Ya-
CTOTE BIEKTPUYECKOTO KOHTYpa, BTOPOH — MexaHhye-
ckoit cuctemsl. [lpu L =82 Mx['H HaONromaeTcst OvH
PE30HAHC, OCKOIIBKY COOCTBEHHEIE YaCTOTHI KOHTYpa U
IIT maxomsTcss OnHM3K0. MakCHMaTbHOE 3HAYCHHE KO-
sdduimenta nepenadn cocrapnser —6 b, 4To Ha
20 nb BBIIIE, YeM MPU OTCYTCTBUU 3IEKTPUUECKON
Harpysku (puc. 4).

ITockonbky emkocTh mnbe3okBapresoi IIII He-
3HAYUTENIbHA, HEOOXOJMMO YUUTHIBaTh BXOIHYIO €M-

kocTh mymna ocuumnorpad Cp =16 n®d. Cxema usz-

MCPECHUA peBOHaHCHOﬁ YacTOThl KOJIEOATEILHOTO

KOHTYpa, 00pa3soBaHHOTO eMKOCTbIO Cppy € ydeToM

C}y, ¥ KaTynIkod MHIYKTUBHOCTH U3BECTHOTO HOMH-

HaJja MmpejacTaBlieHa Ha puc. 6.

JI1s1 OLIEHKH MapaMeTPOB M3MEPUTEIBHOTO CTCH-
Jla ompejieNieHre o0mIell eMKOCTH MPOBOIUIUCH MPH
R=15k0OmMm, L =82wmxI'n. Pe3onanchas uacToTa

KOHTypa COCTaBHJIa fp =33 MI'u, orkyna oOrmias

CMKOCTh UMCCT 3HAYCHUC!

1

C
(2ns,)’ L

06 — =29 nd.

=0
Ocumutorpad

Puc. 6. CTpykTypHas cxema yCTaHOBKHU
JUISL UI3MEPEHMS PE30HAHCON YaCTOThI KOHTYpPa
Fig. 6. Circuit Resonance Frequency
Measuring Set Block Diagram

K b
axs 71 dyc =4 MKM 5
‘ '\\‘\ L=4.6 Mmx['H
0— H PN \.
72 N\ \\
4 ¢ AN
Y s\
5= 4 0 4 AN
/ , \
¢ A
\
-10 | | | | LN

14 16 18 20 22 24 26 f,MIng

Puc. 7. Koapunuent nepenaun Makera 2.
Pexum xonocToro xona
Fig. 7. Model 2 Transfer Factor. Idle running
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Kal(’ Ab

-75 ¢ ‘-'Q\
~10.0 | | | | | | IR
12 14 16 18 20 22 24 26 fMIu

Puc. 8. KoapduiueHrt nepepaun makera 2
B peXKUME HAarpy3KH Ha KOJIeOaTeIbHbIH KOHTYD
Fig. 8. Model 2 Transfer Factor. Electrical Oscillating Circuit
Load Operation

MOJIyY€HHOE B XOJI€ MPOBEJICHUS SKCIIEPUMEHTA, CO-
crasmiio 0 1B, uto Ha 30 1b Oosbllle, YeM COOTBET-
CTBYyIOIIICE 3HAYCHHUE JIJIsI IEPBOTO MaKeTa ¢ mpeodpa-
30BaTeNSIMH U3 Mhe30KBapIa (cM. puc. 4).

Ha puc. 8 npencraBieHbl pe3yibTaThl UCCIEAO-
BaHUS BIUSHUS KOJeOaTeIbHOrO KOHTypa Ha K.

KpuBble, mpencTapisionie pe3yinbTaTsl MOACIUpPO-
BaHUs, nocTpoeHsl npu tonmuue KC 5 MM ams He-
CKOJIBKHX YKa3aHHBIX 3HAYCHHUH PE30HAHCHOW YacTO-
TBI KOHTYpa. LlITpuxoBas KpuBas MOCTPOCHA IO pe-
3yJabpTaTaM 3KcriepuMenTa. Kak BUIHO U3 TpadUKoB,
MaKCHUMalIbHOE 3Ha4YeHUE KOd(pPHUIMEHTa Tepeaayn,
MOJTyYEHHOE B XOZI€ MPOBEACHHUS HKCIIEPUMEHTA, CO-
crapisger 3 nb. Takum oOpa3oM, IS The30KEepaMH-
YEeCKOTo IMpeoOpa3oBarelsi BIUSHUE DICKTPHUYECCKOH
Harpy3ku Ha K, He CTomb cylecTBeHHOo. Kpome

TOTO, OTIAMYHUTENBEHON OCOOCHHOCTBIO TPaKTa C Ipe-
00pazoBaTeNsiIMi U3 NHE30KEPAMHUKH CITYy>KUT IIOSB-
JIeHWe NpoBaja Ha PE30HAHCHOM uacToTe Koneba-
TeIBHOTO KOHTYypa [16].

Maxem 3 conepKUT BBICOKOYACTOTHBIE TJIACTHH-
qaThle TpeoOpasoBaresnn U3 mbe3okepamuxu L[TC-
19. Ha puc. 9 npencraBieHsl MOTydYEeHHBIE B PE3YIb-
TaTe TEOPEeTUUYECKOrO HCCIEAOBAHUS YAaCTOTHBIE 3a-
BucuMocT K, s TommuH KC A B uHTEpBane

1...9 mxm. [ITprxoBas KpuBas MoJiy4eHa B X0Of€ Mpo-
BCIICHMS ODKCIICPUMCEHTA. 3aMETHOE OTINYHE (POPMBI
3aBHCHMOCTH B 3TOM CITydac OOBSCHSICTCS BO3HHKHO-
BEHHEM KoJeOaTebHOTO KOHTypa, 00pa30BaHHOTO
MApa3sUTHOW WHIYKTUBHOCTBIO AIICKTPUYCCKUX IIe-
neit u emkoctoio T1I1.

PesynmbTarsl ¥iccenoBaHMIA TOKA3BIBAIOT, YTO IS
MakeTa C mpeoOpa3oBaTessIMU M3 The30KBapHa Y-cpesa
(MakeT 1) MakcuMaibHOE 3Ha4eHUe Kod(QuIeHTa rme-
pemavn B pekiuMe XOJIoCToro xoma cocrapisier —30 ab.
Jns MakeTa ¢ mpeoOpa3oBaTeIsIMUA U3 MbE30KePAMHU-
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Puc. 9. Koaddunuent nepegaun makera 3.
PexUM X0JI0CTOrO X072
Fig. 9. Model 3 Transfer Factor. Idle running

ku LITC-19 (makeT 2) 3Ha4eHHUE, IOIYICHHOE B XOJI€
MIPOBEICHUSI aHAJIOTHYHOTO AKCIIEPUMEHTA, COCTaB-
et 0 nb. Yka3aHHBIC pe3yabTaThl HKCIIEPUMEHTOB
XOPOILIO COTNIACYIOTCSI C pe3ylbTaTaMu paHee IpOoBe-
JeHHoro MozaenupoBanus [9]-[15]. Hamuune kosneba-
TEJNIFHOTO KOHTYpa, 00pa3zoBaHHOTO eMKOocThIo [II1 1
WHAYKTUBHOCTBIO BHEIIHEH NENH, OKas3bIBaeT pas-
JUYHOE BIUSHUE HAa MaKCHMalbHOE 3HaueHHe K,

U TIpeoOpas3oBareneil U3 Mbe30KBapla W IbE30Ke-
pamuku. Tak, U3 CpaBHEHHS HKCIEPUMEHTaIbHBIX
3aBUCHMOCTEH Ha puc. 4 U 5 ClefyeT, 4To [yl Make-
Ta | mprMeHeHne KOHTypa C Pe30HAHCHOW 4aCTOTOM,
Onmu3kol K cOOCTBEHHOM pe3oHaHcHOM yacrtore II1,
MPUBOAUT K YBEJIMYCHHUIO MAaKCUMAJIbHOTO 3HAYEHUS
K, Ha 25 nb. Jlna mMakera 2 Hanuuue KoleOarelb-

HOTO KOHTYpa CO37[aeT 3aMETHOE yMCHBIIICHUE 3Ha-
geHUsl KO3 QUIMEHTa Tepeadyd Ha PE30HAHCHOM
4yacToTe KoHTypa [16].

s makera 1 Takke HEOOXOIMMO YYHTHIBATH
E€MKOCTb 3JICKTPUYCCKHUX IICMEH, TTOCKOIbKY €MKOCTh
Hbe?:OKBapHeBOfI IIJIACTUHBI COCTABJIACT JOCCITKHU
nukodapaa Mpu BXOTHOW €MKOCTH OCHUIUTOrpadmu-

ueckoro myna C =16 1®. B cBs3u ¢ sTMM TIpH

HACTPOMKE K0IeOaTeTFHOTO KOHTYpa HEOOXOIUMO YIH-
THIBaTh OOIIIYIO0 EMKOCTh AJEKTpruecKux 1eneit u I1I1.
s maketa 3 ¢ BBICOKOYACTOTHBIMHU TPEOOpaso-
BaressiMu 13 Tibe3okepamuku L[TC-19 B pexxnme xo-
JIOCTOTO XO/Ia MOKa3aHO 00pa3oBaHKE KOJIeOATEIbHO-
O KOHTypa C pe30HaHCHOW wacToTod 6.5 MIm.
O10T 3P deKT 00ycIoBIeH TeM, uTo eMKocTh 111 u3
MbE30KePAaMUKH MMEET 3HaYeHHE TOpPsIKa HECKOJb-
kux HaHodapan. [Tostomy miast oOpa3zoBaHus Konebda-
TEJIBHOTO KOHTYpa JOCTAaTOYHO Mapa3sUTHON HHIYK-
TUBHOCTH BHEIIHUX JJIEKTPUYECKHUX IICTICH HOopsaKa
JIECATHIX JIOJ€H MHUKPOTEHPHU. DTOT OTPHUIATEIbHBIN
3pQeKT HeoOXOOMMO YUHMTHIBaTh INpPH pa3paboTKe
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aKyCTUYECKHX TPAKTOB C BBICOKOYACTOTHBIMH IIpe-
00pazoBaTensIMU U3 MbE30KEPAMUKHU.

Kpome Toro, uccieoBaHO BIMSAHHE HESBHO 3ala-
BaeMoro mapamerpa — TonumHsl KC — Ha ko3¢ dumm-
eHT nepefadu. V3menenne K, IpU BapbUPOBAHUH

tommuHel KC nexur B mpexenax 6 ab s makera c
MTBE30KBAPIIEBBIME TIPEOOPA30BATENSIMA H MOXET OBITh
YUYTEHO ITOCPEICTBOM ITOCTPOCHHUS CEMEHCTBA 3aBHCH-
MOCTEN Ipyu pa3IMIHbIX 3HAYCHUAX TOJIIHUHBI CJIOs.
Jst MakeTa ¢ MbE30KePAMHUCCKUME MpeoOpa3oBare-
JsiMu BistHEEM TonuHbel KC Ha 4acTOTHYO 3aBHCH-
MOCTB Ko huIreHTa nepenadn MoKHO peHeOpeHb.
3akaioueHue. B pesynprare mpoBeneHHOTO aHa-
JHM3a TOKa3aHo, YTo pa3paboTaHHas Uil OMHOMEPHO-
ro TPUOIMKCHHUS TEOPHS MOXKET OBITh TPUMEHEHA
Ui pacueTa KOd(QQHIMEHTa Tepenadyd TpPaKToB,
UMCIOIINX OTrPaHUYCHHBIC TONIEPEYHBIC pa3MEPhI.

Pasnmudne SKcnepuMEHTANBHBIX M TEOPETHYCCKUX
JTAaHHBIX, 0OYCIIOBIEHHOE OTJIMYMEM PACUETHON MOJEH
OT peaJlbHBIX TMapaMeTpoOB MakeTa, HE3HAYMTEIbHO C
TOYKH 3peHust xapakrepucTuk maketoB J[YC.

BrImoTHeHHBIE HCCIIEIOBAHUS IO OTIPEICIICHUIO
KOHCTPYKIHH aKyCTHYECKOTO TpakTa, obecriednBa-

IOLIEN MakCUMajbHbIH K. MO3BOJIAIT pa3paboTaTh

aK»
ONTUMAJbHYI0 KOHCTpYKIMI0O UD nardmka yrioBoi
CKOPOCTU Ha OOBEMHBIX aKyCTHYeCKHX BonHax. He-
CMOTpsl Ha TO, YTO SKCIEPUMEHTHI BBIIONHSINCH Ha
obpasznax UD KOHKPETHBIX pa3MepoB, IMOIyYCHHBIE
pe3ynbTaThl MOTYT OBITH IHEPEHECEHBI HAa MAaKeTHI
CYIIECTBEHHO MEHBIIMX pazMmepoB. [Ipu sTom HEOO-
XOJIMO COXPAaHHUTh COOTHOIICHHUSI MEXIy rabapura-
mu UII, 3 u Il u pyinHON yabTpa3ByKOBOM BOJIHBL,
olnpeesieMoi BBIOOPOM Auana3oHa pabouux 4acToT.
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ANALYSIS OF ACOUSTIC PATH TRANSMISSION FACTOR
FOR ANGULAR VELOCITY SENSOR!

Abstract. The change in characteristics of ultrasonic waves’ transmittion in solid rotating media is the basis for the op-
eration of acoustic angular velocity sensor. The transmission coefficient of the sensing element (SE) of the acoustic path de-
ter-mines the level of angular velocity sensor informative signal based on detecting changes in characteristics of bulk acous-
tic waves in solid media. In this regard, the efforts aimed at obtaining maximum transmission coefficient are relevant and
represent an important stage in the design of such devices. The sensitive element of the acoustic path consists of radiating
and receiving plate piezoelectric transducers, propagation medium (acoustic duct), contact layers and electrical load. The
coefficient is identical to the path of ultrasonic delay lines on bulk acoustic waves. Although, many sources present the theo-
retical analysis of the path of this type, they carry out the analysis in so-called one-dimensional approximation, i.e. they per-
form the analysis without taking into account the limited transverse dimensions, whereas the path of the sensing element
should have limited lateral dimensions, which can affect the value of transmission coefficient. The above-mentioned sources
do not present the results of experiments. Thus, it is necessary to conduct a complex of simulation and experiments to ana-
lyze the acoustic path transmission coefficient of the angular velocity sensor. Authors of the paper developed a path-
modeling program in Mathcad software to perform simulation. For implementation of the experiment, authors created the
installation, as well as a number of proto-types with transducers made of piezoelectric quartz and piezoelectric ceramics.
The results demonstrate that fundamental statements developed for one-dimensional approximation one can use to deter-
mine the transmission coefficient of the acoustic path with limited dimensions. Besides, the use of the matched electrical
load gives the opportunity to increase the transmission coefficient. For example, in case of Y-cut piezoelectric quartz convert-
er prototype the increase reached 20 dB.

Key words: ultrasound waves, acoustic path, transmission coefficient, angular velocity sensor
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MUBHO20 CU2HAAA 308UCUM OM KO3YPUUYUEHMA nepeodayu aKyCmu4ecko2o0 mpakma 4yecmeumesnsHozo 3aemeHma (43)
0amyuKa Mako2o muna, 8 €eA3u € YeM aKmyobHbl Pabomsl N0 GOCMUNMEHUIO MAKCUMAIbHO20 Ko3gduyueHma nepeda-
yu. Akycmudeckuli mpakm Y3 Ha 06beMHbIX 80/IHAX COCMOUM U3 U3/y4Yarolye2o U npueMHo20 NAOCMUHYAMbIX Nbe3-
onpeobpazosamenel, cpedsl pacnNpPOCMPAHeHUs (38YKonpoeooa), KOHMAKMHbIX ¢10e8 U 3nekmpudeckol Ha2py3ku. OH
udeHmMu4eH mpakmy ynbmpa3eykossix AUHUU 300epxKu. Teopemuyeckuli GHOU3 XGPAKMEPUCMUK MpPaKmMo8 mako2o
muna wupoko hpedcmaesieH 8 AUMepamype, 00HAKO aHOAU3 6A3UPYemMcs Ha pellieHuU cUCmeM 80/HO8bIX ypasHeHUl 8
00HOMePHOM npubALUdeHUU. B 3momM ciy4ae pacdems! 8bINOAHAIOMCA 6e3 y4ema 02paHUYeHHOCMU NONEPeYHbIX pasme-
pos. Ha npakmuke mpakm Y3 dosmxeH umems o2paHUYeHHbIe NonepeyHsle pasmepsbl, KOmopsle Mo2ym noeausmes Ha
3HaYeHue KoappuyueHma nepedaqu. ONUCAHUS IKCNEPUMEHMANbHbIX UCCIe008aHUL 8 Aumepamype He npueoodsamcs.
TakuM 06pa30oM, NoMpebo8anoce NPo8ECMU KOMN/AEKC MeopemuYeckux U 3KCNepuMeHmasbHbIX Ucc1ed08aHuUll no aHa-
/U3y Ko3pPuyueHma nepedayu aKyCcmu4eckozo mpakma 0am4uka y2a080l ckopocmu. [is meopemuyeckozo aHaAu3a
paspabomaHa Modenupyrowas mpakm npozpamma 8 cucmeme Mathcad. Jaa akcnepumeHmMasbHbIX ucciedo8aHull co-
300HO ycmaHo8Ka U U320moeseH pso MaKemoe € Npeobpa3oeamensMu U3 Nbe30K8apya U Nee3okepamuku. B pesynema-
me NoKa3aHO, YMO meopemuy4eckue NOMOXEHUs, PaspabomaHHsle 011 0OHOMEPHO20 NPUB/UXNEHUS, Mo2ym npume-
HAMbCA 0415 onpedesieHuUs Ko3pduyueHma nepedadu aKyCmu4ecko20 mpakma 02paHUYeHHbIX pasmepos. Kpome mozo,
UCNosb308aHUE CO2/10COBAHHOU 31eKmpuyYeckoli Ha2PY3KU N0380/5iem yeeaudumes Ko3gduyueHm nepedadu. Hanpumep,
071 Makema ¢ npeobpasosamenamu U3 nee3okeapya Y-cpesa smo yseauyeHue cocmasuso 20 0b.

KniouyeBble C/10Ba: y/IbTPa3ByKOBbIE BOJHbI, akyCTUYECKUIA TPaKT, KO3GPMUMEHT nepesayn, AaTUMK Yr10BOM CKOPOCTY

Ansa yntmnposaHumsa: JypykaH 4., Neperygos A. H., LLiesenbko M. M. AHann3 koaddurLmeHTa nepesayn
aKyCcTL4eckoro TpakTa gatuumka yrnosoi ckopoctu // 3B. By30B Poccun. PagrnosnekTpoHuka. 2019. T. 22, Ne 1.
C. 66-74. doi: 10.32603/1993-8985-2019-22-1-56-65

Introduction. Studies of the possibility of using

Ugyt =Uin K. K, Q,
bulk acoustic waves (BAW) dissemination features out metrac

in rotating solid medium for further creation of angu-
lar velocity sensors (AVS) are relevant both, in fun-
damental [1]-[4] and in practical terms [5]-[7].
Researchers of the Department of Electrical
Acoustics and Ultrasonic Engineering of St. Peters-
burg Electrotechnical University "LETI" proposed a
number of concepts for construction of AVS on BAW
[5]-[7] within the frames of the studies carried out at
the department. The solid-state acoustic duct (AD)
presents the sensing element (SE) (Fig. 1) of the unit.
On the opposite ends of the duct, locate ultrasonic
vibrations radiating piezoelectric plate (Ra) and re-
ceiving piezoelectric plate (Re) with d., and d.
thicknesses respectively. The contact layers (CL)

ensure the transfer of these oscillations between Ra
and AD, and AD and Re.

d d
> - > -
Ra|C AD C| Re
L L
o— —o
Uin Uout
o——— L— o

Fig. 1. Sensing Element Diagram

Researcher can determine the informative AVS
output signal, regardless the proposed concepts, by
the following correlation:

where U;, — voltage applied to Ra; K, — transmission

coefficient of the gyroscopic component, determined
by the concept of building the sensor [6]; K,. —

transmission coefficient of the acoustic path of the
sensor; ) —angular velocity of rotation of the SE.
K, is largely determined by the properties of

structural elements of SE: materials and the value of the
resonant frequency transducers, the material and thick-
ness of the CL, as well as the parameters of the electri-
cal load. Thus, studies aimed to optimize the design of
the acoustic path, providing the maximum transmission
coefficient, are an integral part of the work on the crea-
tion of the considered AVS type. Researchers use piezo-
electric plate transducers for the emission and reception
of ultrasonic waves in the megahertz frequency range.
Transducers of this type are widely used in flaw detec-
tion, ultrasonic thickness testing, medical diagnostics,
studies of the physical and chemical properties of mate-
rials, as well as in acoustic electronics devices [8]. The
acoustic system of the AVS is similar to the path of the
ultrasonic delay line (UDL).

Researchers of the Department of Electrical
Acoustics and Ultrasonic Engineering of St. Peters-
burg Electrotechnical University "LETI" carried out
studies on the analysis of factors affecting the trans-
mission coefficient of the acoustic path for a long
time [9]-[16]. The main goal of the research was to
optimize the constructive elements of the converter,
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taking into account the effect of the CL and electrical
circuits on the transmission coefficient.

The performed works relate both, to the field of
flaw detection [9]-[11] and to the task of the UDL
design optimization [12]-[16]. The work [9] shows
the expressions describing the transmission coeffi-
cient for a multilayer transducer consisting of the
piezoelectric plate, the damper, and the number of
matching layers.

One should note that the results of the obtained
theoretical correlation are for the so-called one-
dimensional approximation, which means, that the
value does not take into account the limited trans-
verse dimensions of the propagation medium and
converters. The work [10] describes the possibility of
constructing a consistent piezoelectric ceramic trans-
ducer, the sensitivity of which does not depend on
the thickness of the CL. The results of simulation and
experiments performed show that sensitivity of Ra
made from piezoelectric ceramics is 20 times higher
than one that quartz transducer has.

The work [12] describes studies on UDL band-
width and solves the problem of ensuring uniform
frequency response and low acoustic absorption in
the acoustic duct. The work shows that in case of CL
presence, the maximum of the transmission coeffi-
cient is located above the anti-resonant frequency of
the X-cut of the piezoelectric quartz transducer. The
work also studies the electrical load in the form of
electric oscillatory circuit effect on the value of the
pass band. In case of the CL absence, the resonant
properties of the oscillating circuit reach a peak. With
the thickness of the CL equal to 0.02 of Ra and Re
thickness, the frequency dependence K, (f ) has

two peaks, and the pass band increases markedly.
The resonant properties of the circuit in this case are
less noticeable. The further increase of the CL thick-
ness is inexpedient, since the resonant properties of
the contour effect slightly, and the mechanical reso-
nance in the "piezoelectric plate on CL" system ef-
fects sufficiently. Works [12], [14] observe similar
issues for the Re of the Y-cut. The obtained results
are consistent with previous research. The work [14]
describes the entire system of waves in piezoelectric
plates, CL and AD in radiation and reception modes.
The work [16] gives the analysis of the oscillatory
systems of the piezoelectric transducers of ultrasonic
flaw detectors, as well as the basic correlations re-
quired for simulation and design of the oscillatory
systems of such transducers.

68

A large number of works devoted to obtaining
the optimal characteristics of the acoustic path con-
firm the relevance of the research. However, it is
obligatory to note the following:

1. The works use expressions for the analysis of
the acoustic path obtained for the so-called one-
dimensional approximation, what means, without
taking into account the limited transverse dimensions
of the propagation medium and transducers, while
the SE of the AVS has limited dimensions.

2. The majority of the listed works present the
results of fundamental research, which do not have
reliable experimental confirmation. In this regard, the
data obtained from the experimental studies, and the
conditions of the experiments are of greatest interest.

3. In most cases, the purpose of the analysis was
to achieve a wide bandwidth of the acoustic path,
therefore there was a requirement to use short pulses
which provide high resolution (transducers convert-
ers), as well as to provide a bigger information ca-
pacity of the UDL. AVS on BAW use the pulse mode
operation. Due to the condition of the standing waves
formation absence, the pulse duration should be less
twice times than the pulse passing time through the
acoustic duct. This condition enables the sufficiently
longer pulse duration and does not impose high de-
mands to the bandwidth.

In this regard, it became necessary to conduct a
set of experimental studies to determine the influence
of the structural elements of the AVS SE acoustic
path on the transmission coefficient. In addition, au-
thors carried out the study of the limited transverse
dimensions effect of the acoustic path on K,. to

assess the admissibility of the one-dimensional ap-
proximation. In the field of flaw detection, the prop-
agation medium is considered semi-infinite, its’ di-
mensions are bigger than the length of the ultrasonic
wave. Therefore, researchers did not carry out the
studies of this kind before. In the experiments carried
out by the authors of this article, the prototypes have
limited dimensions approaching to the dimensions of
the SE of the designed AVS.

Analysis of the transmission coefficient of the
acoustic path. Fig. 2. Represents the investigated
AVS with SE path. Along with the SE, the diagram
shows: Ry — the output resistance of the generator;

C,. — the capacity of Re and external electrical cir-

cuit; L — the inductance of the external circuit; R —
the load resistance.
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Fig. 2. The path of the angular velocity sensor
with a sensitive element

The considered transmission coefficient of the
Kae =Ugyt /Ui system is a multivariable parameter
function, since it depends on a number of system
characteristics: CL thickness, Ra and Re resonant
frequencies, quality of the electric circuit at the out-
put, acoustic impedances of the materials included in
the system [16].

In order to determine K. authors introduce the

ac»
notation of elements’ acoustic impedances of SE
Zras ZCL» ZAD H Zpe for Ra, CL, AD and Re, re-
spectively, as well as acoustic impedances of the
electric wave input transducer into acoustic wave

Z0ra = Zraj tg Xy, and output transducer of acoustic
wave into electrical wave z(g =z jtgxe>. The
propagation of the acoustic wave over individual
elements of the SE can be described with the intro-
duction of the concept of the acoustic thickness of

these elements and

Xra = kradraw XCL = kCLdCL
Xpe = kpehye for Ra,

(ky =2nf /c1, 1€ {Ra, CL, Re} —are the radian wave

CL and Re respectively,

numbers; ¢y — the speed of the acoustic wave). Au-
thors also introduce the concepts of impedance corre-
lations oy = 21 /27y, I, Il e {0, Ra, CL, AD, Re}.
K, is determined by the product of the amplitude
conversion factors of the electric wave to the ultrasonic
amplitude in the radiation mode K, and inverse con-
version in the reception mode K., provided by the

equality of waves displacement amplitudes (oscillatory
velocity) at the boundaries of the Ra and Re:

Kac (f) =K K =

2 42
_ 2Cefara 2k rakcreZre |€raPra
Y+ 2nfCe ZAD €raPra

Fra(xra )Fre(xre )»

2 Authors do not take into account the influence of dampers and rear
loads on the mentioned in [16] transducers due to the narrowband
nature of the considered problem.

where f — the frequency of ultrasonic vibrations;
Jara — the frequency of the Re anti-resonance; Y —
the conductivity of the load represented by the oscil-
lating circuit CpoL; k¢ 15, ke o — coefficients of elec-
trical and mechanical coupling of Ra and Re respec-
tively; €., & — dielectric permeability of Ra and

Re materials respectively; pry, Pre — density of Ra

and Re materials respectively; F,, Iy — frequency-

dependent parts of the Ra and Re transmission coef-
ficients respectively.

Authors determine the frequency-dependent por-
tions of radiation transmission coefficients by the
following formulas:

Fra (%) = [1 — 08 (X ) = jOl|rq SIN (¥ )]/Ara ;
Fre () = [1 — €08 (Xpe ) = jOpelg SN (Xre )]/Are )
The denominators are determined as:

Ara =Qc0s(xy ) + jRy sin (xy, ) -
(K 10 ) [2R0 [1= 005 ()] = Osin (33 )}
Are = Qcos(xpe )+ JRy sin(xpe ) —

(k2 1B xre ) {2Ro [1- cos (7 ) |~ jOsin (w7 )

where
Q=(1+ aO‘AD)cos(xCL)+j(aO‘CL+aCL‘AD)sin(xCL);

Ry = (aO\ra + 0paAD )COS(XCL) +
+ /(gL * Colra®crlap )Sin (xcL )
Ry =dyap cos(xcp )+ JOalcL sin(xcr )

— coefficients determined by the circuit path
B=Y/(Y + j2nfCy).

To carry out the analysis authors developed a
program in "MathCad" system. The program gives
the opportunity to carry out the analyses of the
acoustic path in different modes of Re. The zero con-
ductivity of the external circuit Y ensures the idling
mode. The presentation of the conductivity Y in the
form of a parallel connection C,, and L created a load
on the resonant circuit. The authors did not take into ac-
count the losses due to diffraction divergence in the theo-
retical model, since the Ra operates in the near zone.

The experiment. Fig. 3 presents the block dia-
gram of the installation for the experimental deter-
mination of the coefficient K,. under investigation,
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GRI
Prl SE Pr2
Oscillograph
K1 K2 Synec.
¥ ¥
]

Fig. 3. Test Facility Block Diagram

where GRI is a generator of radio pulses; Prl, Pr 2 —
oscillographic probes (input capacitance 16 pF, input
resistance 10 MQ); K1, K2 — signal inputs, Sync —
sync signal input. For conduction of experimental
study authors of the article used GRI AKIP 3402, a
Tektronix oscilloscope TDS 1002 V. Authors used
salol material for CL, which provides the possibility
of multiple gluing of piezoelectric transducers.

For the implementation of the experiments, au-
thors took a number of identical acoustic ducts made
of fused quartz and created acoustic paths on their
basis. The table below shows the parameters of the
mentioned acoustic paths.

Further authors present the results of a compara-
tive analysis of the results of fundamental and ap-
plied research of these prototypes.

The prototype 1. Fig. 4 shows the frequency de-

pendences K, (f) of the first prototype in idle

mode for several values of the CL thickness dcy .
Authors obtained the results presented with the
dashed curve during the experiments. The analysis
showed that a change in the CL thickness in the actu-
ally achievable limits leads to a change in the value

K,., dB
Fig. 4. Model 1 Transfer Factor. Idle running

K, within 6 dB. Authors observed the best conver-

gence of the simulation and experimental results at
thicknesses of the CL d¢p =4 um. On this basis

authors can conclude that the equivalent thickness of
the CL of the experimental sample is 4 um.

Fig. 5 shows the analysis of the prototype operation
in the oscillating circuit load mode with different values
of inductance. Black curves show the results of the draft
simulation results, gray — the results of experiments.

Curves for L =300, 220 and 120 pH have two

maxima. The first corresponds to the resonant frequen-
cy of the electric circuit, the second — to the mechanical
system. At L = 82 uH there occurs the same resonance,
since the frequencies of the contour and Re locate close
to each other. The maximum value of the transmission
coefficient is equal to —6 dB, which is 20 dB higher
than in case of the electrical load absence (Fig. 4).
Since, the capacity of the Re piezoelectric quartz
is not significant, it is necessary to take into account
the input capacity of the oscilloscope probe
Cpr =16 pF. Fig. 6 shows the diagram of measuring

the resonant frequency of vibration circuit formed by

Model Parameters
Model
Acoustic Duct Dimensions
1 2 3

Length, mm 23
Diameter, mm 20

Radiating piezoplates/ Radiating Receiving Radiating Receiving

Parameter .. . . . . .
receiving piezoplate piezoplates | piezoplate | piezoplates | piezoplate

Material Piezokvarts Y — cut Piezoceramics LZT-19
Form Rectangular Round
Length and width, mm 10x16 _ _ _ _
Diameter, mm - 15.7 15.7 15 15
Thickness, mm 0.6 0.95 1.0 0.32 0.32
Resonance Frequency f;,, MHz 3.25 2.0 1.94 5.9 6.25
Antiresonant Frequency f,, MHz 3.26 2.33 2.17 7.00 7.3
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ac?

Fig. 5. Model 1Transfer Factor. Electrical Oscillating Circuit Load Operation

GRI

Oscillograph

Fig. 6. Circuit Resonance Frequency
Measuring Set Block Diagram

the capacity Cp. with the regard to Cp,. and the in-

ductor of a known type.

In order to assess the parameters of the measur-
ing stand, authors carried out the determination of
the total capacity at R = 15 kQ, L = 82 uH. The reso-
nant frequency of the circuit is equal to
Jfr =3.3 MHz, so the total capacitance has the value

is equal to:

Cy = =29 pF.

(2nf, ) L

The prototype 2. Authors used plate transducers
LZT-19 made from piezoelectric ceramics. Fig. 7
shows the results of studies of the frequency re-
sponse in idle mode in for several values of CL
thickness dp . The dashed curve demonstrates the

K,., dB
dep =4 pm >
cL=Thm \/\\ L=46pH
()] //. P S \‘
//' .", ‘\\\
. \
/'(6 ,' ‘o\\
5 // s \\
/7
N "\
10 N B A

14 16 18 20 22 24 26 f,MHz
Fig. 7. Model 2Transfer Factor. Idle running

results obtained during the experiments. The present-
ed dependences show that for this prototype, there is
no such significant change in the transmission coeffi-
cient in case of different CL thickness. The forms of
the experimental and simulated curves coincide. The
maximum value of K,., obtained during the exper-

iment was equal to 0 dB, which is 30 dB higher than
the corresponding value for the first prototype with
piezoelectric quartz transducers (see Fig. 4).

Fig. 8 shows the results of the influence of the
oscillatory circuit on K,.. Authors constructed the

curves representing the simulation results at CL
thickness of 5 pm for several specified values of the
resonant frequency of the circuit. The dashed curve
presents the results of the experiment. The graphs
show that the maximum value of the obtained trans-
mission coefficient during the experiment is equal to
3 dB. Thus, the electrical load effect on K,. is not

so significant for a piezoelectric ceramic transducer.
In addition, a distinctive feature of the path with
transducers made from piezoelectric ceramics is the
appearance of a dip at the resonant frequency of the
oscillatory circuit [16].

The prototype 3. Authors used high-frequency
plate transducers LZT-19 made from piezoelectric

ceramics. Fig. 9 shows the K,. frequency depend-

K,., dB
50— f =1.8 MHz _\\\ 1.7
2.5— ",% /o-o;'\":‘\
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o = L~ I} AR\
ey i VR AN
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Fig. 8. Model 2 Transfer Factor. Electrical Oscillating Circuit
Load Operation
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47 53 59 65 71
Fig. 9. Model 3 Transfer Factor. Idle running

77 f MHz

ences obtained from simulation for the thickness of
the CL dcp in the range of 1..9 um. The dashed

curve demonstrates the results obtained during the
experiments. The appearance of the oscillatory cir-
cuit formed by the parasitic inductance of electric
circuits and the capacity of the Re explains a notice-
able difference in the form of dependence.

Research results show that for the prototype with
Y-cut piezoelectric quartz transducers (prototype 1),
the maximum value of the transmission coefficient in
idle mode is equal to minus 30 dB. For the prototype
with LZT-19 piezoelectric ceramic transducers (pro-
totype 2), the value obtained during the similar ex-
periment is equal to 0 dB. The indicated experi-
mental results correspond with the results of the pre-
vious modeling [9]-[15]. The presence of the oscil-
lating circuit formed by the Re capacitance and the
inductance of the external circuit, has a different im-
pact on the maximum value K,. for transducers

made from piezoelectric quartz and piezoelectric
ceramics. Therefore, from the comparison of experi-
mental dependences presented in Fig. 4 and 5, it fol-
lows that for prototype 1, the use of the oscillating
circuit with a resonant frequency close to its own
resonant frequency Re leads to the increase of the
maximum value of K,. equal to 25 dB. For the pro-

totype 2, the presence of oscillating circuit creates a
noticeable decrease of the transmission coefficient
value of at the circuit resonant frequency [16].

It is necessary to take into account the capacitance
of electrical circuits for prototype 1, since the capacity
of piezoelectric quartz plate consists of dozens of pico-
farads, while input capacity of the oscillograph probe
Cpr =16 pF. In this connection, when adjusting the

oscillatory circuit, it is necessary to take into account
the total capacitance of electrical circuits and Re.
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The experiment shows formation of the oscillato-
ry circuit with a resonant frequency equal to
6.5 MHz in idle mode in case of prototype 3 (the
prototype with high-frequency transducers made
from the LZT-19 piezoelectric ceramics. This effect
is stipulated by the fact that the capacitance of Re
made from piezoelectric ceramics has several nano-
farads capacity. Therefore, for formation of the oscil-
latory circuit, parasitic inductance of external electric
circuits for tenths of one microhenry is sufficient.
Researches should consider this negative effect when
developing acoustic paths with high-frequency trans-
ducers made of piezoelectric ceramics.

In addition, the work studied the effect of the im-
plicitly specified parameter — the thickness of the CL —
on the transfer coefficient. The variation of K,. with

varying of CL thickness locates within the frames of
6 dB for the prototype with piezoelectric quartz trans-
ducers. Researchers can consider this variation by
construction the system of dependencies for different
values of the layer thickness. For the prototype with
piezoelectric ceramic transducers, researchers can ne-
glect the effect of the CL thickness on the frequency
dependence of the transmission coefficient.

Conclusion. The results of simulation and exper-
iments performed show that researchers can apply
theory developed for the one-dimensional approxi-
mation to calculate the transmission coefficient of
paths with limited transverse dimensions.

The difference between experimental and simula-
tion results, determined by the difference between
the computational model and the real parameters of
the prototype is insignificant in terms of the charac-
teristics of the AVS prototypes.

The implemented studies to determine the design
of the acoustic path, providing the maximum K.,

allow developing the optimal design of SE of the
angular velocity sensor on bulk acoustic waves. De-
spite the fact that authors performed the experiments
on SE samples with specific sizes, researchers can
transfer the results to the models of significantly
smaller sizes. It is necessary to maintain the correla-
tion between the dimensions of the Re, AD, Ra and
the length of the ultrasound wave, determined by the
choice of the operating frequency range.
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PASPELLAOLWAA CMNOCOBHOCTb MOAN®NLLIMPOBAHHOIO METOAA
PEKOHCTPYKLUWM N30BPAXXEHUA MO NPOEKLMAM CMMHOBOW NNIOTHOCTU
B MATHUTOPE3OHAHCHOW TOMOIPA®UI

AHHOmMayus. B u3secmHoM Memode pekoHCMPYKYUU U306padeHUs N0 NPOeKYUSM 8 MA2HUMOPEe30HAHCHOU momo-
2paguu ucnoab3yemca cnuHogoe 3xo, 8o3bydaemoe 08yms sinc-umnysscamu. JansHedwas obpabomka npednosazaem
opmuposaHue 08yx K8AOPAMYPHbIX COCMABASFOLUX CUZHAAA CNUHOBO20 3Xa, NPeobpa3oeaHue ux 8 Yudpoesol popmam u
nowuredyrouyee npeobpaszosaHue Pypee. lpednazaemsili MOOUPUUUPOBAHHLIG Memod OCHOBAH HA 3aMeHe 8MOopPo20 Sinc-
paduoumnyneca Ha UMNyasC C AuHeliHoU YacmomHol modyasayued. [pu 3moM ynoMsiHymele npoekyuu ¢opmupyromcs
amnaumyOHsIM demekmuposaHuem o2ubaroujeli CnUHOB020 3XQ, YMO CyuwecmeeHHO ynpowaem npoyedypy obpabomku.
Llensto uccnedosaHull Aeasemcs aHaAU3 paspewiaroueli cCnocobHoCcmu Moou@uyUpPo8aHHO20 Memoda. B ocHosy Mamema-
muyeckoli MOOenu NoOoxeHs! ypasHeHUs baoxa, pewiaeMble HO OCHOBe GNNOPAMA NEPEXOOHLIX MAMPUL COCMOSHUS Chu-
Hoeol cucmemsl. [pu UX 8bIYUCIEHUU UCNO/b308A/IACE CMYNEHYamasl annPoKCUMAYUSsT KOMN/EKCHbIX 02UBGHOLUX UMNY/b-
€08 8036y#0eHus. Mo nNO380/U/0 ceeCMU cucmemy AUHeliHbIX dupPepeHyUanbHBIX YpasHeHUL C nepemeHHbIMU Ko3pPu-
yueHmamu (ypasHeHus bsoxa) kK cucmeme AuHeliHbIX OUPPepeHYUAbHBIX yPagHeHUL C KyCOYHO-NOCMOSIHHbIMU KO3pduyu-
eHmamu. B smom ciyyae ypasHeHUs UMerom aHAAUMUYeckoe peuieHue. Ha ocHoge nosydyeHHO20 pelleHus nposedeH aHa-
/U3 paspewarowyeli cCnocobHocmu Memoda, paHee He UCCIE008AHHOU, NOCPeOCMBOM MOOeAUPOBAHUS 8036HOeHUS CNUHO-
8020 3xa. OnpedenieHb! ycno08Us omcymcmeus: QUHOMUYECKUX UCKAXCeHUU, 8AUSIIOU{UX HO KG4eCcmeo nosy4Ydemslx U3obpa-
xHceHul. TokazaHo, Ymo paspewarowyas CnocobHoCMb onpedensemcs pasMepamMu 061acmu CKaHUPOBAHUS, 3HAYeHUeM
2padueHmMa NpPUONEHHO20 MA2HUMHO20 No/S, 0AUMENbHOCMbLIO UMNY/LCa C AuHeliHol YyacmomHol modyaayued, a
maroKe 2UpPOMa2HUMHbLIM OMHOWEHUEM UCNnob3yeMo20 muna A0pa. B paspabomaHHoMm mMemode omnadaem Heobxoou-
Mocmb Dypee-npeobpa3oeaHUs CUZHANA CNUHOB020 3Xa U doCmu20emcs conocmasuMasi C U38eCmHbsIM MemodoM paspe-
wiaroujas cnocobHocMe.

KnioueBsle cnoBa: MarHMTOpPe30HaHCHasA TOMOFpaq)VIﬂ, METO/ PEKOHCTPYKLNN |/|306pa>KeH|/|9| Mo NpoeKkunam,
pa3peLlaroLLian CMOCOBHOCTb, ANHaMN4YeCKne NCKaXKeHWA, NIMHenHasi YacToTHas MoAynaumna

Ansa ynTupoBaHus: bapysanH C. A. PaspeluatoLlas cnocobHoCTb MoANGULIMPOBAaHHOMO METOAa
PEKOHCTPYKLMM N306paxeHst MO NPOeKLMsM CMMHOBOW MI0THOCTY B MarHUTOPE30HAHCHOM ToMorpadun //
M3B. By30B Poccuun. PagnoanektpoHumka. 2019. T. 22, Ne 1. C. 75-83. doi: 10.32603/1993-8985-2019-22-1-75-83

Sergey A. Baruzdin
Saint Petersburg Electrotechnical University "LETI"
5, Professor Popov Str., 197376, St. Petersburg, Russia
RESOLVING POWER OF MODIFIED IMAGE RECONSTRUCTION METHOD
IN SPIN DENSITY PROJECTIONS IN MAGNETIC RESONANCE IMAGING
Abstract. The well-known method of image reconstruction by projections in magnetic resonance imaging uses

spin echo excited by two sinc pulses. The further processing involves forming of the spin echo signal two quadrature
components converting them into a digital format and the subsequent Fourier transform. The proposed modified
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method is based on the second sinc radio pulse substitution for the linear FM pulse. In this case, the mentioned pro-
jections are formed by amplitude detection of the spin echo envelope, which significantly simplifies the processing
procedure. The aim of the research is to analyze the modified method resolution. The mathematical model is based
on Bloch equations. Their solution is carried out on the basis of the device of the spin system state transition matrices.
For their calculation, the stepped approximation of the excitation pulse complex envelopes is used. It makes possible
to convert the system of linear differential equations with variable coefficients (Bloch equations) to the system of linear
differential equations with piecewise constant coefficients. In this case, the equations have analytical solution. Follow-
ing the obtained solution, the analysis of the method resolution not previously investigated, is performed by means of
modeling the spin echo excitation. The conditions are specified when no dynamic distortions influencing received
image quality exist. It is shown that resolution is determined by the size of the scan area, the magnitude of the gradi-
ent of the applied magnetic field, the pulse duration with linear frequency modulation, as well as gyromagnetic ratio
of the core type used. The developed method eliminates the need for Fourier transform over the spin echo signal and
pro-vides resolution comparable to the conventional one.

Key words: magnetic resonance imaging, method of image reconstruction by projection, resolving power, dynamic
distortion, linear frequency modulation

For citation: Baruzdin S. A. Resolving Power of Modified Image Reconstruction Method in Spin Density Projections in
Magnetic Resonance Imaging. Journal of the Russian Universieties. Radioelectronics. 2019, vol. 22, no. 1, pp. 75-83.
doi: 10.32603/1993-8985-2019-22-1-75-83 (In Russian)

BBenenue. Marnurope3oHaHcHas ToMorpadus
(MPT) sBnsercs OOHUM M3 COBPEMEHHBIX METONOB
MEAULUHCKON NTUAarHOCTHKH, OCHOBAaHHON Ha aHaJH-
3€ MOTYYEeHHBIX N300paXeHUI BHYTPCHHUX OPTaHOB.
IIpu sTOM, B OTIIMYME OT PEHTIEHOBCKUX METOOB,
BKIItoUass KoMmmbioTepHyto Tomorpaduio (KT), oHa
Oe3ormacHa i 310poBbs [1]-[4].

[Mpunmunuansaoe npeumymectso MPT cocrout
B OTJIMYHOM KOHTPACTHOM pa3pelleHUH I0Ty4aeMbIX
n300pakeHNt MATKUX TKaHel. [Ipuuem 3th m300pa-
JKEHUSI MOXXHO (POPMHUPOBATh B JIIOOBIX IIIOCKOCTSX.
MPT npourpeiBaect KT npu nomydeHnn msodpake-
HUH KOCTHBIX CTPYKTYP, & TaKXKe B I[EJIOM YCTyIaeT B
paspermaroniei criocoonoctu [S]-[7].

B ocHoBe MPT nexur siaepHbIii MarHUTHBIN pe-
30HaHC (SIMP) MarHUTHBIX MOMEHTOB sJiep, MOMe-
MIEHHBIX B MOJsipu3ytoiee MarautHoe mnoie [§]-[11].

[TockonbKy BO BHYyTPEHHHUX OpraHax COOEpKHUTCA
0OJIBIIOE KOJMYECTBO BOABI W €€ KOHIICHTpAIWs
CHJIFHO pa3yindaeTcs, TO NpH (OPMUPOBAHUU KOH-
TPAaCTHBIX HM300paKeHUI dYalle BCETO HCIOIB3YIOT
snpa Bojopoaa (mpotoHsl). [IpOoTOHBI Takke Xapak-
TEPHU3YIOTCS HAUOOJBIIUM M3 BO3MOKHOTO THPOMATr-
HUTHBIM OTHOIIICHHEM, YTO OOYCIIOBIMBAET IOCTa-
TOYHYI0 MHTEHCUBHOCTh curHainos SJMP u npuem-
JIeMO€ OTHOILIEHHE CUTHAJ/IITYM.

OOBIYHO [UTSl TUArHOCTHKU HCTIONB3YIOT H300parKe-
HUA TUIOCKOCTHBIX CPE30B BHYTPEHHUX OpraHoB, (op-
MHpYyEeMbI€ 3a CYET HEOTHOPOIHOIO paclpeneieHHs
MPOTOHOB B paccCMaTpHBaeMOM IJIOCKOCTH. DTO pacrpe-
JleTIeHNe Ha3bIBAIOT CIIMHOBOI IUIOTHOCTBIO g (X, V).

Huskue 3HaueHHS 3TOH (DYHKIMH COOTBETCTBYIOT TEM-
HBIM YPOBHSIM U300paKEHUs, a BEICOKHUE — CBETIIBIM.
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MeTonnl moJiydeHusi uzoopaxenus. /s ¢op-
MHUPOBaHUS H300pake€HHs IJIOCKOCTHOTO Cpe3a HC-
MOJIB3YIOT Pa3IMYHBIC UMITYIBCHBIE METONIBI BO30YXK-
nenust curnaioB SIMP. Tlpu stom mepsuuHas obOpa-
0OTKa COCTOMT B (POPMHPOBAHHM CHTHAJIa CBOOOJ-
Hoii mHaykuun (CCH) unu cnuHOBOro sxa. B mep-
BoM ciydyae CCU Bo3OyxaaeTcs OHUM HUMITYJIBCOM
PaZrOYacCTOTHOTO MAarHUTHOTO MOJIsi, a BO BTOPOM,
Kak MpaBmiIo, AByMs. BTopudHas o6paboTka cOCTOUT
B OJHOMEPHOM WJM JABYMEPHOM IpeoOpa3oBaHUU
®ypse ot CCH mnu ciuHOBOIO 3Xa ¥ MHOIZAA B J0-
MOJTHUTETBHBIX IPEOOPa30BAHUSK.

OfHUM U3 XPOHOJIOTUYECKH MEPBBIX BOSHUKILIUX
MeTonoB MPT sBisercs wmeTtonm (GopMHpPOBaHUS
n300paxkeHus o ero npoekuusm [1], [2], [4], [6].

[Tpu peanuzanmu 3TOr0 METOAA HA MCCIIETYEMBIi
OOBEKT, HAXOMSIIMICA B TPONOIEHOM MAarHUTHOM
none ¢ MHAyKUMEH Bpe,, BO3ICHCTBYIOT pajnoOya-

CTOTHBIM HUMIIYJIbCHBIM MAarHuTHBIM IOJIEM Rl (Z) B

MPUCYTCTBUN TPONOIBHOTO TPAIHeHTa MAarHHUTHOTO
nomst G, (puc. 1, a, 6). Ha uATepBane BKIIOUCHUS

rpagueHTa G, Ha OOBEKT JEHCTBYET MOJAPU3YIOLIEe
NPOAOIBHOE MarHuTHoe none B, = By + G,z. Hanu-
qye TpafueHTa 00yCIOBIMBACT IMHEHHOE N3MEHEHUE
gacTtoT SJIMP Bnoab ocu z:

o(z) =yBy +7G,z =0y +Q(z2),

rae Y -
Q=0(z)-w®) — paccrpoiika YacTOTHl ® OTHOCH-

TUPOMArunuTHOC OTHOILIICHHUC,

TCJIBHO Hecyu_[eﬁ 4aCTOTbI paIMOUMIIYJIBCA ().
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Puc. 1. BpeMeHHbIe UArPaMMBI HMITYIIHCOB BO30YICHHS
U CIIMHOBOT'O 9Xa B U3BECTHOM MeToze (a);
JarpaMmMa BKIIFOYCHHS U BBIKIIFOUCHHS [PaUCHTHBIX
HMITYJIBCOB (6);

BPEMEHHBIC THArPAMMBI HMITYIHCOB BO3GYHICHHS 1 9Xa
B MOAUGMUIIMPOBAHHOM MeTOIE (8)

Fig. 1. Time Diagrams of Excitation Pulse and Spin Echo
in Conventional Method (a);

Diagram of Gradient Pulse Switching on and off (6);

Time Diagrams of Excitation and Echo Pulses
in Modified Method (s)

R, (1)

Ecu paccMaTpuBaeMblil cpe3 HMeeT KOOPAMHATY
Zp, TO PaaMOYacTOTHBIA mmmynbc R;(z), mosopa-
YMBAIOIIMI MATHUTHBIE MOMEHTHI siiep cjos' Ha
yron 7/2, JOJKEH HMETh 4acToTy ®(Zz() M IMpHHY
2Am,
Oyxnaemoro cinost Az (Aw=yG,2Az). Hcnomns3o-

CIICKTpa COOTBCTCTBYIOLIYIO TOJIIWHE BO3-

BaHME Al 3TOM LeAM PAaJUOUMITYNbCOB C IPSAMO-
YTONBHOW OTHOAIOmieil NPHBOMUT K MCKaKCHHSIM
HU300pakeHMsI CII0s, TOCKOIBKY UMEIOIIHE TOCTATOY-
HO BBICOKYIO DHEPTHI0 OOKOBEBIC JICTIECTKH CIIEKTpa
TAKOTO0 CHTHajla CYIIECTBEHHO BO3OYKIAIOT COCE.-
HHUE cion cpesa. [losTomy B Hacrosmiee Bpems HcC-
MOJB3YIOT YCEUCHHBIE BO BPEMEHH SiNC-UMITYJIBCHI,
HUMEIOIHE CIEKTP IOYTH IPSIMOYTOJIBHOH (hOPMEI,
BO30YKJarOIIME TOJILKO paccMaTpuBaeMblii cpes. Bo
BpEMs I[CI\/‘ICTBI/U[ TpaguCHTHOTO HUMITYyJIbCa ITPOUCXO-
JUT HEKOTopast pac(ha3upoBKa MArHUTHBIX MOMEHTOB
B TONIIMHE ciod. s KoMIeHcanuu 3Toi pacgasu-
POBKU IO OKOHUYAHMU SINC-UMITYIbCA MEHSIOT II0-
JAPHOCTh UMITyJbca rpagueHTa G,. OJHOBPEMEHHO

C OTUM BKJIIOYAIOT I'paJuCHT G& B HaIlpaBJICHHUHU OCH

! Croii B omiHume oT cpesa MMeeT KOHEUHYIO TOIIHHEY Az.

&, nexanield B TWIocKocTH cpesa (puc. 1, 6). Drtor
rPaJHeHT CO3[aeTCsi C IOMOIIBI0 JIBYX Karyllek,
dopmupyrommx rpamueHtsl Gy w G, npuYeM

Gé = 1/G)% + Gi. MeHsisi COOTHOIIIEHUE TPAUEHTOB

G, u Gy, MOX>XHO MEHATH YIOJ O HAIPABJIEHUS OCH
€. B mpucyrctBun rpaguenta Gg Ha OOBEKT B MO-

MEHT BPEMEHH f) BO3IEHCTBYIOT BTOPBIM Paauoya-
CTOTHBIM MMITYIbCOM R, (#) Ha wactote ®() =7YB( C
WHPHHON crekTpa 2A® = 2YGgCpay, THE 2&max —

nuameTp 0071acTH CKaHUPOBaHHS KPYIJIOTO MOTEped-
HOTO CEYEHHS. DTOT MUMITYIILC JIOJDKEH MTOBOPAYNBAThH
MarHUTHBIE MOMEHTHI SIIEp Ha Yroil 7, MOCJIE Yero
mpoiiecc  pacazupoBKM MArHUTHBIX MOMEHTOB,
HMEIOIMUX pas3Hbele 4acToTel AAMP, cMensercsa mpo-
neccom (asupoBku. B MomeHT Bpemenu 2¢, dop-

MHUPYETCS MAKCUMYM CITHHOBOTIO 9Xa M.

Hanee curnanm sxa npeoOpasyercs B HHu(POBOH
¢dopMart, mociie Yero OCymecTBIsIeTCs mpeodpa3oBa-
Hue Oypbe. Momynb pesynbTara mpeoOpa3oBaHUs
COOTBETCTBYET NHPOCKIWH CIIHHOBOHW IUIOTHOCTH Ha
HampapJICHUE TpaaneHTa. MeHss HalpaBleHHE Tpa-
JIUCHTA, TIONyYaloT HabOp TPOCKIMA CHHUHOBOH
IIJIOTHOCTH, II0 KOTOPBIM PEKOHCTPYHUPYIOT IABYMED-
HOE M300pakeHue cpesa.

B [12] npennoxena moaudukanusi merona, He
TpeOytomas npeodpazoBanus Pypne. s 3TOro B
KaueCTBe BTOPOTO HMMITYNbca Bo3OykaeHus R, (1)

WCIIOJIB3YETCS] UMITYJIBC C JIMHEWHON YacTOTHOW MoO-
nynsiuedt (JIYM). Ha puc. 1, ¢ mpencraBineHa Bpe-
MEHHAS [arpamMMa UMITYIIbCOB BO30Y)KICHUS U IBYX-
HUMITYJICHOTO CITMHOBOTO 9Xa (BBICOKOYACTOTHOE
3aII0JHEHNE MMITYIIECOB BO30YKICHHUS M 9Xa HE TIOKa-
3aHO). Kak BUITHO W3 JMarpamMmel, B MPEACTaBICHHOM
METO/IC BTOPOH paMoONMITYIIbC BO3OYKICHHS 3aMEHEH
Ha JIUM-ummynsc’. TIonoKeHHE TpaJHEHTHBIX HM-
MYJILCOB coxpausiercs (puc. 1, 6).

MoaenupoBanue Bo30y:KIeHUSI CIIHHOBOIO 3Xa.
Jns aHanm3a GOpMBI CIIMHOBOTO 3Xa, BO30yKIaeMo-
ro sinc- u JIYM-uMITynnbcaMu, UCTIONB30BaHbI YpaB-
Hernns bioxa [8]-[10].

KommnekcHast orubatolias CUrHata CIIMHOBOTO 9Xa
dbopmupyeTcsi B pe3yibTare MHTETPUPOBAHUS BCEX
H30XpOMaT C BecaMu, ompeaessieMbIMH (yHKIHen
HU3KOYACTOTHOTO 3KBUBAJICHTa HEOJHOPOAHO YIIU-
peHHoit muany nornomenus g (Q) = g(o) - 0)0):

2 Z[I/IaFOHaJ'IBHaH JIMHUSA CUMBOJIMYCCKHU YKa3bIBACT Ha JIMHEH-
HO€ U3MEHCHUE YaCTOTHI BHYTPU UMITYJIbCA.
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Mo ()= My [ g(@al]) (@a? (@)

xexp[iQ(t—2t2 +rl/2)JdQ, (1

rac MO — PaBHOBCCHOC 3HAYCHNE BEKTOpAa HaMarHu-

(1)

UCHHOCTH; 3 (Q) u al(g)(Q) — DIIEMEHTHI TIepe-

XOITHBIX MaTpHIl COCTOSHHUS, KOTOPHIC HAXOMATCS U3
pemienust ypaHeHuii Bnoxa’; 1, — UIMTENBbHOCTB
MIEPBOT0 UMITYJIbCa BO30YKICHNUS.

Takum oOpa3om, i omnpeneiaeHus (GopMbl 3Xa
HEOOXOIMMO  ONPEENUTh DJIEMEHTHl  ePEXOIHBIX

MAaTpPHIL COCTOSTHHS a%) (Q) u ag) (Q) nns mepsoro

¥ BTOPOTO UMITYJIECOB BO30OY>KICHHSI COOTBETCTBCHHO.

Boluncnenre nepexoAHbIX MAaTpHll COCTOSHHS
st JTYM-uMIynbcoB ¥ UMITYIBCOB TIPOU3BOJIBHON
(OpMBI TIPOBEIEHO METOJaMH, ONUCAHHBIMHU B [13],
[14], Ha ocHOBE CTymeHYaTOM aNIpOKCHUMALUU KOM-
IUIEKCHBIX OTMOAIOUIUX UMITYIbCOB.

st Bo30y)KIEHHsT HY)XKHOTO CIIOSI Ha BpeMsl BO3-
JCHCTBHS MIEPBOTO UMITYIIbCA BO30YKICHHUS BKITIOYAIOT
rpagueHT G,. Ecam paccmarpuBaeMblil Cpe3 HMEET

KOOpIHMHATY z(), TO yactora SIMP B nieHTpe 31010 Cnos
Oyzmer paBHa YB( +vG,zo. IlonoxuM, 4rto MHIyKIUS
IIOCTOSIHHOIO ~ IOJIAPU3YIOIIEr0  MarHUTHOTO  IOJIA
By=1Tn (B coBpeMeHHBIX ToMorpadax oObr4HO 1

nma 1.5 Ti). Tommuaa cnost, oMpeaensomas moCIon-
HOE paspeleHue, 0OBIYHO
Az=2...10 Mm. YeM MEHBIIC TONINMHA CJOS, TEM

COCTaBJISACT

MeHBbIIIe ypoBeHb curHasia SIMP, Tak kak B ero ¢opmu-
POBaHMHM ydYacTByeT MeHbIee KoiandecTBo simep. Ilo-
STOMY Ha MPAKTHKe MUHUMAJIbHAsI TONIIMHA COCTaBIIS-

er 2 mm. Ilpu G, = 471072 Tn/m u Tomumue ciost

Az =2 MM pa3dpoc dYactoT B cioe Af COCTaBUT

4 k' (Am =87 103 pa;:x/ c). ITUM 3HAYEHUSIM JTOJDK-

HBI COOTBETCTBOBAaTh YACTOTA W IIMPHHA CIIEKTpPa Sinc-
HMITYJIbCa, KOMIIEKCHAs Orudaromiasi KOTOporo, BEIpa-
JKeHHas B €IMHUIIAX KPYTOBOM YacTOThI, UMEET BH/T

R (t)=yB(t) = Rsin(mt/T) /(me/T),  (2)

rae B — xomriekcHast nonepevHasi KOMIIOHCHTa
BCKTOpa MarHuTHOM MHAYKIIWH.

3 HKHUE MHIEKCHI yKA3BIBAIOT JJIEMEHT TIEPEXOHON MATPHIIBI
¢ pasmepaMu 3 x3, BepXHHE — IOPSIKOBEI HOMEp HMITyJIbca
BO30YKICHHs1, KOTOPOMY COOTBETCTBYET IEPEXO/HAs MATPHIIA.
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[IpsIMOYTONBHBIN CHIEKTP TAKOTO UMITYJIbCa UME-
et umpuny 2mn/T, orkyna napamerp T, ONpenens-
oMU HeoOxomuMyto mupuHy crekrpa 4 k[ (2),
noipkeH ObITh paBeH T = 0.25 mc. OO0mIyI0 AIUTENb-
HOCTh MMITYJIbCa 11eJIeCO00pa3HO OTPaHUYUTh CEMBIO
JerecTKaMu (OITHUM HEHTPAJIBHBIM U 0 3 OOKOBBIX
¢ KaxJI0i cTopoHsl)?, Torma 06mas JIUTENLHOCTD
sinc-uMITynbca cocTaBuT Ty = 1.75 Mc.

OnTumu3anys mapameTpoB 3TOTO UMITYIbCa CO-
CTOUT B O0ECIEUEHUH MaKkCUMyMa MOoAyis kod3ddu-

(1)

LHMCHTA a5y (Q) B pabouelt momoce wacrtot. [is
3TOTO aMIUIUTYJa HMMITyJIbca R| IpPHUHATA PAaBHOH

n/(2T) =2n- 10° pan/c. YacTOTHBIC 3aBUCHMOCTH

MOJIyIIst ‘a%)(Q)‘ v (aspr (pl(Q):arga%)(Q)

3TOT0 MAaTPUYHOTO Kod(duIrieHTa IpeCTaBICHbI Ha
puc. 2, a u 6 cooTBeTcTBeHHO. Kak BUIHO U3 puc. 2,
0, (haza He MOCTOSHHA B pabodeil MOJI0Ce YACTOT, UTO
MPUBOAUT K pac(asupoBKe MarHUTHBIX MOMEHTOB
aTOMOB B TOJIIIMHE CJIOS U K IIOAABIEHUIO PE3YJIbTU-
pytomero curHana SMP. [Ins kommeHcamuu 3TOH
pacdasupoBKu cpa3y TOcje MOJOKHUTEIBHOTO HM-
MYJIBCHOTO TPaJUEeHTa MarHUTHOro nonsg G, BKIIO-

YaroT OTPULATENBHBIA rpainedT G| C IJIOIMAABo B 2

pa3a MeHbIel, yem y niepsoro (cM. puc. 1, 6). Ilpu

)

3TOM KO3 PUIMESHT A3 (Q) nmomuokaercst Ha

exp(ier). B pesynerare dazoas xapakrepucTHKa

ko3 durmeHTa a%) (Q) ¢ yuerom MHOXMTENS
exp(iQt)) B pabodeil monoce YACTOT CTAHOBUTCS

BEJIMYMHOMN, ONM3KOH K MOCTOSHHOM, paBHOM /2

(puc. 2, ). Takum 00Opa3oM, K KOHILy 3TOIO OIITH-
MaJIbHOTO HMITYJIbCHOTO T'PaJHeHTa MArHUTHBIE MO-
MEHTBI aTOMOB CJIOSl CYMMHUPYIOTCSA CHH(}A3HO.
B pesynbrate K MOMEHTY OKOHYAHHUS I'PaJHEHTHOTO

umIyinsca G, BCE MarHUTHBIE MOMEHTHI CJIOSI IIOBO-
paurBaOTCS W3 MPOAOIBHOTO ToJoKeHusT Ha 90° u
OKa3BIBAIOTCSl  PACIIONIOKEHHBIMH B ITOTIEPEYHON
IUIOCKOCTH, (OPMUPYS MAaKCHMAJIBHO BO3MOXHOE
3Ha4YeHHE HAMArHUYCHHOCTH M.

Paccmorpum TpeboBanus k mapamerpam JITUM-
umnynbca. Ilycte oOmacTe CkaHHpOBaHHS B cpese
MpEJCTaBIseT  COOOM

OKPY)KHOCTb ~ IMaMETPOM

4 B orux menectkax cocpegorodeno 0.975 sHeprum Heyce-
YEHHOTO UMITYJIbCA.
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Puc. 2. YacToTHBIE 3aBHCIMOCTH MOIYJIS KO3 HIIEHTa

a%) (@) n ero dassl B oTCYTCTBUE TpagueHTa G (0)
1 TIPH €70 HAJIMIHH (8)
Fig. 2. The Frequency Dependence of a(213) Modulus (a) and
its Phase with (¢) and without (6) Gradient G,

D =0.5M, MHAYKUUS MOCTOSHHOIO MOJIAPU3YIOLIE-

ro MarHuTHOro nonst By =1 Tn. I'paauent B miocko-
CTH cpe3a BIOIb OCH & Gg =0.047 Ta/m. Tpu s1ux

napameTpax Hecymas dactora JIUM-umiynsca co-
crapuser  fy =42.6 MI'w,

f;l: [Y/(zﬂ)] G@D/2 =50 x['u. JTUM-ummyisc (6e3 yue-

Ta 33JEP>KKU HA BPEMSI /5 ) OIIUCHIBACTCSl BBIPOKEHIEM

a JcBualuAad 4YacCTOThbL

o) (t)ZRZ COS((Dot+Bt2/2), |l‘| < r2/2,

rae Ry, To — aMIIMTyja U JuIMTenbHOCTh JIYM-num-

IyIbCca COOTBETCTBEHHO; [} =2, /1:2. Ero xowm-

TUIEKCHAs Oru0aromas, onpeAesionas al(g) (Q) (1),

omucHIBaeTCs BhIpakenueM R, (1) =R, exp(Bt2 / 2).
Hnsa 7, =100 mc [3] mmurensHOCTh JIYM-MM-
mynbca Ty <7, BbeIOEpeM paBHOH Tp =20 Mc, a

BpeMsl 3alepkKKu 1t =35.438 mc. OnrumanbHas

aMILIMTYyla UMITylbca Ry =9.10° pan/c obecrneun-

BaeT MaKCUMYM MOy Ko durpenTta al(g) (Q)=1.

OtMeTHM, 9TO OOBIMHO MaKCUMYyM JBYXHMITYJIECHOTO
CIIMHOBOTO 3Xa (POpMHpPyeTCs B MOMEHT BPEMEHH, PaB-
HBIl yABOEHHOMY DAacCTOSHUIO MEXIY HMILYJIbCaMU
BO30YKIIEHHS, T. €. B MOMEHT 2¢,. OnHako B paccMmar-

PHMBAEMOM CITydyae MHTEpBaT Pac(a3sMpOBKH MarHMT-
HBIX MOMCHTOB DAaBEH HE fp, a th —At =1, —11/2

(cM. puc. 1, 6), TOCKONBKY TPaJUCHT G BKIIOYACT-

c1 He B MoMmeHT (=0, a cmycts uHTEepBanm At
B pesynbrare mentp sxa (opMHpyeTCS B MOMEHT
BpeMeHH 2t) — At. IIpu yka3aHHBIX paHee 3HAYEHU-

X TIapaMEeTPOB IIEHTP CIIMHOBOTO 3Xa OyleT pacro-
JIOXKEH B Touke ¢ =70 Mc.

Hannuue JIYM-uMiysibca THpu BO3OYKICHUH
CIIMHOBOTO 9Xa MOXKET MPUBOAWUTH K AWMHAMHYIECKUM
HCKakeHusM orubaromnieid sxa. [Ipu BbIOOpe mMmapa-
MeTpoB JITUM-uMITyinbca HEOOXOIMMO TPUHUMATH BO
BHHMAaHHE 3TO 00CTOATENsCTBO. MHOKHTEMs g (Q),

OIMCHIBAIOIIUI pacIpeAeICHUE CIMHOBOW IJIOTHO-
ctu B (1), MOXXEeT paccMaTpuBaThes Kak Kod(duim-
eHT mepenayn (WIbTpa, 4epe3 KOTOPBIM MPOXOIUT
JIUM-umnynsc. JIMHAMHUYECKUE WCKAKEHUS NPUBO-
AT K YMEHBLIEHUIO aMIUIMTYAbl OTKJIMKA, CMEIle-
HUIO €r0 MakCHUMyMa, a TaKXe K YBEIMYECHUIO €ro
JUIUTENBHOCTH. Bce 3To MOXeT NpuBOAUTH K IIO-
IPELIHOCTSIM OIpPENeNICHUs] KOOPAUHAT, YXYAIIEHUIO
paspemaromieii crrocoOHOCTH M UCKKSHUIO KOHTpa-
cTa u300paxkeHus: B ToMorpadax.

(1)

Kak 6b110 mokasano panee, KoSQQULHUEHT a,3 B

(1) npeacrasnsier co0oii KOHCTAHTY B paboueil moso-
ce 4YacToT, paBHyI0 T paj. Bropoil kosdpduuneHt

B(1) a2(Q)~S3(Q) [13], me $,(Q) - cnex-

TpaJibHasi TIUIOTHOCTh KOMIUIEKCHOW —OruOaromniei
JIUM-umniynbea Bo3OyxaeHus. [Ipu Oonbinoit 6aze
UMITYJIbCA €r0 aMIUTUTYIHBIA CHEKTp ONHU30K K Mpsi-
MOYTOJIbHOMY, a (Da30BbIid OMHUCHIBACTCS TIOKA3aTEIIEM

T2
3KCIIOHEHTHI € Z[Q / (ZB)J. IIpu BO3BEAEHUM CIIEK-
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TpasibHOM ioTHocTH JIYM-umnynsca B KBajapar
¢dopMa Momyss CMEKTpanbHON MIOTHOCTH OCTaeTcsl
6au3koi K MpsMOYrojibHOM, a (a3oBbIdl CeKTp cTa-

HOBHTCSI PaBHbIM e_i(Qz 'B) . OTO CBUZETENBCTBYET O
TOM, YTO PE3YJBTUPYIOLIAsl CMEKTpaibHas IJIOTHOCTb
COOTBETCTBYET KOMIUIEkcHOH orubarouiedi  JIUM-
MMITYJIbCa, y KOTOPOrO A€BHMALMsI YacTOTbl Takas e,
KaK y UMIIyJibca BO3OYXAEHUs], HO JUTUTEbHOCTh CTa-
HOBUTCA B 2 pasa 6onbiie: 2t5. Ortor JIYM-umnysnsc
dunsrpyeres B cooteTctBuM ¢ (1) hyHkuueit g (Q).
[Tycts monoca mnpomyckaHus 3Toro ¢uibsTpa
paBHa 2Af. Torma wHTepBan BpeMeHH, B TeYEHHE

xotoporo JIYM-umnynbc HaxoguTcs B MoJ0OCE Mpo-
TMyCKaHUsl 3TOro GUIbTpa:

At =15 20f ) f.

Jnsg  OTCYTCTBUS JMHAMUYECKUX MCKaKEeHUH

HeoOX0AMMO, YTOObI 3TO BpeMsi ObUIO OOJbILE K-
TEIbHOCTH MEPEXOJHBIX MpPOLECCOB B (QuibTpe

-1
(2Af)"". Otcrona MOXKHO MONYYUTb COOTHOLIEHHE

JUIs 4aCTOTHOH paspeluaroleil criocoOHOCTH B Tore-
peuHOH TIIOCKOCTH:

2Af>1,f)1/12-

[TockonbKy 4acToTa M KOOpAWHATA JIMHEHHO CBsi-
3aHbl MeXJy co0O#, TO MPOCTPaHCTBEHHAs pa3pe-
lIarpoLas cnocoOHOCTh B MOMNEPEYHOM MI0CKOCTH
orpaH1yeHa COOTHOILIEHHEM

2NE > 2A® _ 27‘\/f11 1 _ nD ‘ 3)
YGe YGe €

Takum o6pazoM, pazpemiaroiias CroCoOHOCTb B
MonepevyHol MIOCKOCTH 3aBUCUT OT JuameTpa obna-
CTH cKaHupoBaHus D, pnutenbHoctd JIUM-

FMPpOMarHUTHOIrO OTHOLUCHUA Y U

UMIyJbca Ty,
rpaguenta G.
PaccmoTpum Mozenb MIIOCKOCTHOTO cpe3a oObekTa
(puc. 3). Ona conepxut 11 ¢hparmMeHTOB pasHoro pas-
Mepa, pacrojioKeHHbIX BAOJb OcH X. Pacmpenenenue
CIIMHOBOW IMJIOTHOCTU KaXJOro (pparMeHTa OIUCHI-
BAETCsl IByMEPHBIM ayCCOBCKUM 3aKOHOM.

B paccmarpuBaemMoll MOCKOCTH BKJIHOHAETCS

rpaiM€HT MArHuTHOI'O IOJIA GE’ HaHpaBHCHHblFl

BIIOJIb OCH &, KOTOpasi pacrojiokeHa TOJ yIJIOM o K
ocu x. [TycTh 3TOT yron cHayana paBeH HyJltO, TOrna
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10 15 20 [x.c™

Puc. 3. Mozaenb NMIOCKOCTHOTO cpe3a 00bekTa
Fig. 3. Model of the Object Planar Section

OAHOMEPHOE pacnpeacaceHue CMUHOBOW TMJOTHOCTH

BIIOJ1b OCH & OyneT onuchIBaThCs PyHKUHEH

~(E-ak)’
1 B 262 /(6+k)

g:(8)= %E_Sﬁ;

II€ 6 — CPEAHEKBAAPATUUECKOE OTKJIOHEHHE CIHHO-
BOM TJIOTHOCTH AJIf kpailHero neBoro GparMeHTa;

A| — paccTosHHE MEXAY COCeAHUMM (pparMeHTaMH

(puc. 3). PaccmarpuBaemas yHKLMs sIBIsI€TCS MPO-
eKUMel ABYMEPHOM CIIMHOBOM IJIOTHOCTM Ha
HarpasJIeHUE rpajMeHTa.

ITpumem c=0.5¢cm, a A; =5 cm.

Kaxnoit Ttouke Ha ocu & cCOOTBETCTByeT pac-
crpoiika yactoTbl {2=7yGgE, MOITOMY MpH pacuere
CUTHaJla 3Xa MOXKHO MEPEeUTH OT UHTErPUPOBAHHUS MO
KOOpAuHaTe & K MHTErpUpOBaHUIO MO paccTpoiike
yacToThl {2 B coorBeTcTBUU ¢ (1). B atom cnyuae
3Ha4€HUsd 6 U A| U3 KOOPAMHATHBIX MapaMeTpoB
JOMKHBI ObITH MpeoOpa3oBaHbl B 4YacTOTHblE, a

dynkuns gg (€) 3amenena wa g(Q). Toraa napa-

METpPbI 3TOTO pacrpeneieHus, paa/c:

66 =21-125-10%; Ag(a) =2r-10%cos o
PesyabTaTtel. Ha puc. 4 npexncraBieHbl Mpoek-
UK crnuHoBoi miotHoctH g () Ha HanpasneHue

rpagueHTa Ais Tpex 3HaueHud o. [lpu u3MeHeHuU
yIa B CUJTy CUMMETPHH JIBYMEPHOTO pacrnpe/eseHus
¢dopMa QparMeHTOB He MEHsEeTCs, a paccTosiHue

MexJay (parMeHTaMH yMeHbLUAeTcst ¥ Mpu o = T/2

BCE (praFMeHTbl CJIMBAKOTCA B OJUH.
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g-10° a=0
4
3
2
1
U L

-4 -3 -2 -1 0 1 2 3 0107,
pan/c
g10°  o=n/4
4
3
2
1
| UUU UUULL |
4 -3 -2 -1 0 1 2 3 0107,
pan/c
g1l o=/
8
6
4
2
| | | | | |
4 -3 -2 ~-1 0 1 2 3 Q107
pan/c

Puc. 4. TIpoexuuu cniuHoBo# muotHocTH g (Q)
Ha HalpaBJICHHE MPAJIEHTA TS PA3JIMYHbIX 3HAYCHHH yIJia o
Fig. 4. Projections of Spin Density g(Q) to the Gradient
Direction for Different Values of Angle a

Ha puc. 5 npeacrasieHsl HOpMUPOBaHHbIE K 3Ha-
4eHuto M, orubarolye CIMHOBOIO 9Xa UL TeX XKe

3HaYeHU yria o. OHU HAIIOMUHAIOT TpaduKku, IpUBe-
JICHHBIC Ha pHC. 4, OMHAKO HA HUX BUAHBI H IWHAMHIC-
CKHE HCK)KEHHS, MPOSBISIOMIUECS B YMEHBLICHUH
WHTEHCUBHOCTH OTHOArOIIel dXa cjieBa HarpaBo. JTH
UCKAKCHUA OOBICHAIOTCS TEM, YTO pa3pelIaromast
CHOCOOHOCTh MPH YKa3aHHBIX paHee MapameTpax, BbI-
gucineHnas 1o (3), 2AE =7.8 MM, a mmpuHa pparMeH-

ToB (cM. puc. 3) MEHsSETCS ClieBa HampaBo OT

26 =10 MM 10 26/\/ﬁ =3 mMm. Kpome Toro, mmpuHa

(hparMeHTOB OrHOAIOIIEH 5Xa MPAKTUYECKU HEe MEHsIeT-
CsI, B TO BpeMsI KaK B OpPWUTHHAJIE CIIMHOBAsI IIOTHOCTH
(parMeHTOB YMEHBINIASTCS 110 IIUPHHE CIICBa HAIIPABO.
IIpocTpancTBeHHass KoopauHaTa &, paccTpoiika
4acToThl ) W BpeMs ¢ CBsI3aHBI MEXKAy coboil. Tak,
obnmacTu ckaHWpoBaHUS —25...25 CM COOTBETCTBYET

LA}

50 60 70 80

t, MC

o=m/4

50 60 70 80
a=m/2

f, MC

0.1—

0 | A1 |
50 60 70 80 t, MC
Puc. 5. HopmupoBaHHBIE OrHOaIOIINE CITUHOBOTO 3Xa
UL Pa3JIMYHBIX 3HAYCHHUI yriia o
Fig. 5. Normalized Spin Echo Envelopes
for Different Values of Angle o

paccTpoiika KpyroBod 4YacTOThl —T- 10°...7-10°
pan/c u Bpems 50...90 mc.

Ha ocHoBe npoekiuii CrIMHOBOM IIJIOTHOCTH, TOJTY-
YEHHBIX [UI1 pA3IMYHBIX HalpaBIE€HUH IPaJUEHTA,
yAAeTCs PEKOHCTPYHPOBaTh ABYMEPHOE H300paxeHue

cpesa. B cuy cBsizu & Q u ¢ 3aBucumoctn M (t a)

MOKHO Tiepecuntarth B 3aBucumoctd M, (€, o).

B obmiem ciyyae i peKOHCTPYKLUMH H300pasKeHUs
UCTIONB3yeTcst 00paTHoe mpeobpasoBanue Pamona [15]:

glxy)=
1 2moo )
_ . J‘ J‘ezw(xcosowysm(x)D(m’ a)ododa,
(2m)" 5o

rie D(w, o) = _[ M, (&, o)e 5q,

00
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UL L

4 -3 -2 —1 0 1 2 3 Q107
pan/c

|z,
My
0.02
0.01
0 U U UIU LJ U
50 60 70 80 t, MC
6

Puc. 6. I'padux npoekuuu COMHOBOH IIOTHOCTH (@) U orudaromasi CIMHOBOTO 3Xa (6) a1t yrma o =0
[P YBEIMYECHHOM I'PaJIMEHTE MATHUTHOTO TIOJIS
Fig. 6. Graphs of Spin Density () and Spin Echo Envelope (6) Projection for the angle o =0
with Increased Magnetic Field Gradient

KonudectBo HEOOXOAMMBIX NPOEKIUH MOXKET
ObITh Oomnbiie Tpex. CamMo TpeoOpa3oBaHUE BHIIOJ-
HSETCSI YUCIICHHBIMA METOHaMH.

O0cyxnenue. Ilyrn nopbllieHusi pa3peniaro-
meii cnocodHocTH. B paccmoTpeHHOM IpuMepe pas-
pelaroniasi CrtocoOHOCTh HE COOTBETCTBYET OOBEKTY,
IIPECTABICHHOMY Ha puc. 3. I NOBBILIEHUS pa3-
pelaronieil cCnocoOHOCTH M YMEHBLICHUS JWHAMHU-
YECKUX UCKKEHUI B COOTBETCTBUH ¢ (3) 11e51ec000-
pazHo yBenmnuuTh B 10 pa3 TpagueHT MarHUTHOTO
T10J15, yCTAHOBUB €0 PaBHBIM Gﬁ =0.47 Tn/m. Tlpu

5ToM B 10 pa3 yBENIUYUTCS AE€BHALUS YACTOTEL
Ju= ['Y/(th)] Gg D/2 =500 kI'n,

a TAKXKE napamMeTphbl
g(Q), pan/c:

pacnpeneneHust  (GyHKLUH

6o =2m-125-10%; Ag (a)=27-10%cos a.

OnTtumanbHass  amruiutyna  JIYM-ummysbca,
oOecrieunBaroIas MaKCHMyM MOAYJIS KO3 PUITHEeHTa

‘al(g)‘ =1, Tpu HOBOW JEBHWAIMM YACTOTHI COCTABUT

Ry =2.7-10% pan/c.

Ha puc. 6 mpejacraBieHbl TpapUKd CIHHOBOM
IUIOTHOCTH (a) W orudaroIas ClIMHOBOTO 3Xa (6) aist
yraa o =0. U3 puc. 6, @ BUIHO, 9TO MO CPAaBHEHUIO C
TPEIBITYIIIM CITy9aeM YacTOTHBIA MaciTad W3MeHUI-
cs1 B 10 pas. OmHako BpeMeHHO# macirad (puc. 6, 6)
oCTaJCs IPSKHIM.

VBenuueHue rpagueHTa MarHutHoro mnosst B 10
pa3 MO3BOIMJIO YBEIUYUTH PAa3pEIIaroNIyl0 CIOCO0-

HocTb B /10 pa3 10 3HadyeHuss 2AE=2.5MM B co-

orBercTBUH C (3). B pesynbrare nuHamuueckue Hc-
Ka)XCHUs YMEHBIIWJINCh, Ha pHC. 6, 6 HET craja hH-
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TEHCHBHOCTEH ()parMeHTOB, INMUPUHA (PArMEHTOB
CJIEBA HAIPaBO YMEHBIIIAETCSI.

MoxHO TaKke HOBBICUTH Pa3pelIaloNlyl0 CIIO-
COOHOCTB 3a CYET YMEHBIICHHUS 00JaCTH CKaHHPOBa-
Hus. Tak, ecim auamerp D ymensmuth ¢ 50 mo 12.5
CM, TO paspeliarolas CoCOOHOCTh CTAHET PaBHOMN
1.25 mm. Uto KacaeTcsi MOBBIIICHUS pa3pelaoniei
CHOCO6HOCTI/I 3a CUCT YBCJIMYCHUSA IIUTCIBbHOCTH
JIUM-umnyneca, TO 31€Chb OTPAHUYECHHUS CBSI3aHBI C
HEOOXOAMMOCTBIO BBIIIOJIHEHHUS YCJIOBUS Ty < 1.

B nportuBHOM citydae OyayT BO3HHKATh CHIIBHBIC
penaKcauoOHHbIE NCKaKeHNUSI.

3akioyeHue. AHaNM3 MPENIOKEHHOTO MOJM-
(UIIMPOBAHHOTO METOJ]a PEKOHCTPYKIMU H300pake-
HUSl [0 €ro IPOCKIMSM, BBINOJHCHHBI HA OCHOBE
pemeHus ypasHeHuid broxa, mokaszan, 4yTo B mUcciemye-
MOM cpe3¢ MOXKET OBITh JOCTHUTHYTa pa3pellaroras
CIOCOOHOCTH TOpsJIKa JIoNiel MruMeTpa. [ockobKy
B CTaHJApPTHBIX ToMorpadax 3Ha4eHHEe TPaJUeHTa Mar-
HUTHOTO TIOJIst Jiekut B mpenenax 0.01...10 Tou/m [9],

TO, YBENIMYHB €r0 OT 3HAYCHUS Gg =0.047 TJ'I/M 1o
Gg =0.47 Tn/ M, MOXKHO JIOCTHYb pPa3peliaroniell cro-

cobHoctr 0.4 MM, YTO COOTBETCTBYET THUITOBBIM 3HAYCHH-
siM pazpettatored ciocooHoct B MPT 0.3...1.2 mm [1].
YcTaHOBIEHO, YTO paspemniaronas CIoCoOHOCTh
3aBHCUT OT JUMaMeTpa 00JacTU CKaHUPOBAHMSA, JUIH-
tenpHOCTH JIUM-mMmynbca, 3HaueHUs TrpaavdeHTa
MarHuTHOTO TOJIS B cpe3e, a TakKe OT TMPOMAarHuT-
HOTO OTHOIIICHUS HCIIONB3yEeMOT0 BHIA SIEP.
MonubHuIHpoBaHHBI METOI TI03BOJISET MOTyYaTh
MPOEKIMH CIIMHOBOH IUIOTHOCTY Ha HAIPABICHUE Tpa-
JWeHTa 0e3 TpaJMIMOHHO HCIIONB3yeMOro Ipeodpaso-
Banust dypre Ha OCHOBE JMHEHHOTO aMILTUTYIHOTO
JIETEKTUPOBaHMsl CUTHAJIa CIIMHOBOTO 9Xa MPH JOCTHU-
KEHHUH COTTOCTAaBUMOM pa3peniaroiieii CioCOOHOCTH.
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MPABUNA ANA ABTOPOB CTATEN

0

B penaxirionsslii coet xypHana "M3Bectus By30B Poccun. Pannoanekrponuka" HEOOXOMMO MPEICTABUTD:

e pacrieyarky pykomnucu (1 3K3.) — TBepyro Konuio ¢aiina crarbu, HOANMCAHHYIO BCEMH aBTOpamMH (00beM OpUTH-
HAJBHOW CTaThu HE MeHee § CTpaHuIl, 0030pHON paboTH! He Oonee 20 cTpaHUI);

® 3JIEKTPOHHYIO KOITHIO CTaThH;

® OTIETBbHBIN (halil Il KaKAO0ro PUCYHKA M KaKAOH Tabnuipl B opMmare TeX pelakTopoB, B KOTOPBHIX OHU OBUIH
TTOJTOTOBJICHEI (TaKXKe BO3MOXKHA TIepenada Imo IEKTPOHHON TOYTe 10 IPEeIBapUTEIIFHOMY COTIIacOBaHMI0). Pas-
MEIllEHNEe PUCYHKA B 3JIEKTPOHHOM KOIIMU CTAThU HE OCBOOOXKAAET OT €r0 MPEACTABICHUS OTACIbHBIM (haitiiom;

® 3JIEMEHTHI 3arvIaBusl Ha aHTTUICKOM si3bIKe (1 9K3.);

® SKCIIEPTHOE 3aKITF0YCHHE O BO3MOXKHOCTH OITYyOJTMKOBAHHS B OTKPHITOH mevats (1 3K3.);

e cBeieHHs1 00 aBTOpax M UX NMEKTPOHHYIO KOMHUIO (Ha PYCCKOM M Ha aHIIMHCKOM si3bikax) (1 2K3.);

o pexoMeHaIuo Kadeaps! (0Taea) K OMyOIMKOBaHUIO (CICIyeT YKa3aTh MpernoyiaraeMyo pyopuky) (1 sk3.);

e conpoBoanTeabHOE THCHMO (1 9K3.).
[IpuHUMarOTCS K IMyOMUKAIMK CTaThH HA PyCCKOM M aHTIIMHCKOM SI3BIKaX.

IIpaBuia ogopMiieHus: TeKcTa

Tekcr cTaThy MOJArOTaBIUBACTCSI B TEKCTOBOM penakrope Microsoft Word. @opmar Gymaru A4. Tlapamerpst
CTpaHMLBL: MOJSI — BEPXHEE, JIEBOE U HUXKHEe 2.5 ¢M, NPaBoO€ 2 CM; KOJIOHTUTYJIBI — BEPXHUN 2 CM, HIDKHUHK 2 CM.
[TpuMeHeHNE TOTYKUPHOTO M KYPCUBHOTO MIPHU(TOB TOIYCTHMO MIPH KpaifHeH HEOOXOIMMOCTH.

JIOTIOTHUTEIBHBIN, TTOSCHSIOMNI TEKCT CIEAyeT BEIHOCHUTH B MOACTPOYHBIE CCHUIKH IPU ITOMOIIH 3HAKa CHOC-
KM, a IpH 00JIBIIOM 00beMe — 0(OPMIIATH B BUJIE IPUIIOKEHUS K cTaThe. CChUIKM Ha JOPMYJIbI U TaOIIHILIbI JAFOTCS
B KPYIJIBIX CKOOKaX, CCHUTKY Ha UCIIOJIb30BaHHBIC HCTOYHHUKH (JINTEPATYPY) — B KBAIPATHBIX MPSIMBIX.

Bce cBeneHus u TeKCT cTathi HabuparoTcs rapuuTypoii "Times New Roman"; pasmep mpudra 10.5 pt; Beipas-
HHUBaHUE 110 IIUpUHE; ad3auHblil otcTyn 0.6 cM; MeXCTpouHbIi nHTEepBai "MHoxutens 1.1"; aBTOMaTuueckas pac-
CTaHOBKa IIEPEHOCOB.

Dnemenmol 3a2na6us nyOIUKYEMO20 MAMEPUAd

1. YJIK (BBIpaBHUBaHHE I10 JEBOMY Kparo).

2. lepeuyens aBTopoB — @. . O. aBTOpa (-0B) momHOCTRIO. HUIMANEI cTaBATCS Tepen (HaMITUSIMHE, TIOCIe
Ka)XJI0r0 MHHUIIMANIA TOYKa U MPO0et; MHUIKAJIBI He OTphIBatoTcs OT (ammiuu. Eciu aBropoB Heckonbko — @. U. O.
pa3aensaoTCs 3aMnAThIMU.

3. Mecto paboThl aBTOPOB U ajpec opraHu3anuu. Eciii aBTOpsl OTHOCSTCS K pa3HbIM OpraHU3alusiM, TO T0CIe
yKa3zaHHUs BCEX aBTOPOB, OTHOCAIIMXCS K OJHOM OpraHU3alIliH, TAaeTcsi €€ HANMEHOBAHHE, a 3aTeM CIIMCOK aBTOPOB,
OTHOCSIIIUXCS KO BTOPOI OpraHu3aliy, HAMMEHOBaHHE BTOPOW OpPraHu3allyu U T. JI.

4. Ha3BaHue cratbu.

5. ArroTanus — 200-250 croB, XapaKTepU3YIOUINX COAEPKaHUE CTaThH.

6. KitoueBbie ciioBa — 5—7 CJIOB M/WIIK CIOBOCOYETAHUH, OTPAXKAIOIINX COJEPIKAHHE CTAThU, PA3/eJICHHBIX 3a-
MSTHIMU; B KOHIIE CITUCKA TOYKA HE CTaBUTCS.

Kaxxnip1ii a11eMeHT 3ariaBusi IPUBOAUTCS C HOBOM CTPOKH.

Ocnosnotii mexkcm

HIpudt "Times New Roman" 10.5 pt, BelpaBHMBaHME 110 MHpHHE, a03aHbIH oTCTYN 0.6 CM, MEXCTPOYHBIN HH-
tepBai "Muoxutens 1.1".

Hcnonp3yroTest moctpaHu4Hble moactpounble cebliky (mpudrt "Times New Roman" 8 pt, BeIpaBHHBaHUE 110
IIMPHHE; MEXCTPOUHBINA MHTEepBal "OauHApHBIN"), UMEIOIINEe CKBO3HYIO HyMEpAIMIO B TIpeJiesiaX CTaThy.

O0BeM OCHOBHOTO TEKCTa HE MEHee 8 CTpaHuII.

Cnucox numepamypbi

1. Crpoxka c TekcToM "Crmcok auTeparypsr”.

2. Cnucok auTteparypsl — OubOnauorpaduueckue OnucaHus HUCTOYHHMKOB, BbinmojHeHHbie 1o ['OCT 7.1-2008
"Bubnmnorpaduueckoe onrcanue gokymenra'. Kakias ccbliika ¢ HOMEpOM — B OTIENbHOM ab3aue. B ccbuikax Ha
Marepralbl KOH(pEpeHINH 00s13aTeIbHO YKa3aHWe JaThl M MECTa UX IMPOBEAEHHS; IIPH CChUIKAaX Ha CTaTbH B cOOp-
HHKax crareil 00s13aTeIbHO MPUBOISTCS HOMEpPa CTPAHHUIL, COJCP KAINX AaHHbBIM MaTepuai.

84



M3Bectusa By30B Poccuu. PaguoanektpoHuvka. 2019. T. 22, Ne 1
.................................................................................................. Journal of the Russian Universities; Radicelectronics. 2019, vol. 22, no. 1

[IprBeTCTBYIOTCS CCBUIKM Ha COBPEMEHHBIC aHIVIOSA3bIUHBIC IMyOnuKkanuu. PekoMeHnyemsblil 00beM CrMCKa M-
TepaTypbl — HE MeHee 15 MCTOYHHMKOB, MMEIOILINX CTaTyCc Hay4dHBIX MyOnukanuil. KomumdyecTBO cchbUlok Ha paboThI
aBTOPOB HE JOIDKHO NpeBbimath 20% oT KonuuecTBa OMOIMorpadMuecknx HCTOUHUKOB.

CchUIKM Ha HEOMyOIMKOBAHHBIE M HETHPAKMPOBAaHHBIE PabOTHI HE JI0MMycKaroTcs. He MpuBETCTBYIOTCS CCBIIKH
Ha yueOHHKH, y4eOHbIE II0COOUS, CIPABOYHHKH, CIIOBAPH, UCCEPTALIMH U JPYTHE MAJTOTHPAXKHbIC H3/IaHHUSI.

[Ipu ccpikax Ha MaTepHabl, pa3MeNICHHbIE Ha JIEKTPOHHBIX HOCHUTEISX, HEOOXOMMO YKa3bIBAaTh JJIEKTPOH-
HBII a/ipec 0 KOHKPETHOTO MaTepuana (T. €. BKIIF0Yasi CErMEHT, OKaHUMBAIOIINICS PaCIIMPEHNEM, COOTBETCTBYIO-
IIMM TEKCTOBOMY JIOKYMEHTY) U JaTy oOpallleHHs1 K HeMy JHO0O0 MOoJHbIi u3natenbckuid Homep CD mim DVD. Pe-
JIaKIKsl OCTaBILIET 3a COOO0M MpaBo MOTPeOOBATH OT aBTOPa 3aMEHbI CCHUIKH, €CJIM HA MOMEHT 0OpaOOTKH CTaThH 110
yYKa3aHHOMY aJipecy Marepuai OyAeT OTCyTCTBOBATb.

Bo Bcex ciyuasix, Korga y HUTHpYeMOro mMarepuana ectb 1uppoBoit uaentudukarop Digital Object Identifier
(DOI), ero HeoOX0AMMO yKa3bIBaTh B caMOM KOHIle oubiorpadudeckoit cepiiku. [Iposepsars Hannune DOI cratbu
cienyert Ha caiite: http://search.crossref.org wim https://www.citethisforme.com.

3a IOCTOBEPHOCTh W MPABUIBHOCTH O(OPMIICHHS MPEACTABIIEMbIX OHONMHOrpaduIecKrx TaHHBIX ABTOPHI
HECYT OTBETCTBEHHOCTb BIUIOTH JI0 OTKa3a B IIpaBe Ha MyOJIMKALUIO.

[Ipyn ccputkax Ha TEPEBOJHYIO JIMTEPATYpy HEOOXOJMMO OTIENbHO INPHBECTH CCHUIKY HA OpHUTHMHAN (Ui
References). IIpu ccpuikax Ha MCTOYHUKH HA PYCCKOM SI3BIKE HEOOXOAMMO IOTIOJIHUTEIHFHO HMPUBECTH INEPEBO
CCBUIKM Ha aHIIMHACKUH A3BIK ¢ yKa3aHueM mociie cchuik "(in Russian)". dopmar nepeBoja J0JIKEH COOTBETCTBO-
BaTh (hopmarty, npuHATOMY B *KypHanax IEEE.

Onemenmol 3a21a6Usl HA AH2ULLCKOM S3bIKe

DIeMEHTHI BKIIIOYAIOT:

1. Tepeuenp aBTopoB — ®@. U. O. aBTOpa (-0B) MOTHOCTHIO. VHUIMATBI CTaBATCA Tepen (paMuIusiMu, TOCie
Ka)XKI0r0 MHULMAJIA TOYKa U Ipo0eIt; MHULHUAIEI He OTphIBatoTcs oT damunuu. Ecian aBropos Heckonbko — @. U. O.
pasnensoTCs 3asThIMU.

2. Mecto pabotsl aBTOopoB. HeoOxoaumo yOenuTbesi B KOPPEKTHOM (COTIIACHO YCTaBy OpraHU3alWy) Hammca-
HUM € Ha3BaHUS Ha aHTJIMHCKOM s3bIke. IlepeBox Ha3BaHHMS BO3MOXKEH JIMIIb IPH OTCYTCTBHUH AHIJIOSI3BIYHOTO
Ha3BaHUA B yCTaBEC. Ecin ABTOPBI OTHOCATCA K pa3HbIM OpraHu3alusaM, TO IOCJIC YKa3aHusA BCEX aBTOPOB, OTHOCA-
IMXCsl K OJHOM OpraHM3alliM, JaeTcsl eée HaMMEHOBAaHHWE, 3aTE€M NMPUBOIMTCS CIIMCOK aBTOPOB, OTHOCAIINXCS KO
BTOPOI1 OpraHU3alK, HANMEHOBAaHNE BTOPOW OpPraHM3allH U T. .

3. Ha3Banme cTaThy (IepeBO Ha3BaHHS, YKA3aHHOTO MEepe]] TEKCTOM).

4. Pestome (abstract) cratbu 00seMoM 200—250 0B, KpaTKO HU3JIATArOIICe MIOCTAHOBKY 3a/1a4uM, IPUMEHCHHBIC METO-
JIbI €€ PEIICHUS], TIOJIyYeHHbIE PE3yJIbTaThL.

5. KiroueBbie ciioBa (IepeBo/I CIIHCKa KIFOUEBBIX CJIOB, YKa3aHHOTO IEpe]] TEKCTOM).

Kaxxnpiii aieMeHT 3ariaBus MPUBOJUTCS C HOBOM CTPOKH.

Bepcmxa popmyn

@DopMmyIIbl OArOTaBINBAIOTCA B peaakTope ¢popmyn MathType; HymepyroTcst TOIbKO Te (OpMyIIbl, Ha KOTOPBIE
€CTb CCBIJIKH B TEKCTE CTAaThH; UCIIOIB30BAHHUE TIPH HyMepanuu OyKB M JPYTHX CHMBOJIOB HE JIOITYCKaeTCsl.

®opMyIIbl, KaK MPaBUIIO, BHIKIIOYAIOTCS B OTAECNBHYIO CTPOKY; B TEKCTE JOIyCTUMO PAaCIOJIOKEHHE TOJIBKO OJTHO-
CTPOYHBIX (POPMYII, Ha KOTOPbIE HET CCHUIOK (Ha/ICTPOYHBIE U ITOJCTPOYHBIE CHMBOJIBI B TAKUX (DOPMyJIax JOIMYCTHMBI).

BEIKITIOYEHHBIE B OTAENBHYIO CTPOKY (hOPMYJIBI BEIPAaBHUBAIOTCS 110 CEPEIMHE CTPOKH, HOMep (IIpH HeoOXoau-
MOCTH) 3aKJIFOYAETCsl B KPYTJIble CKOOKH 1 BHIPABHMBAETCS I10 ITPABOMY KPalO TEKCTa.

Heo6xonumo MCMoIbp30BaTh CIACAYIOIIAE YCTAHOBKU penakTopa Gopmyi. Pasmepsr: "monueid” 10.5 pt, "moa-
crpounbiii” 9 pt, "moxa-noacrpounsiit" 7 pt, "cumBon" 14.5 pt, "moacumpon" 12.5 pt. Ctuau: tekct, GpyHKuus, dmc-
1o, kupmnina — mpudT "Times New Roman", Bekrop-marpumna — mpudt "Times New Roman", xupHbIit; rpede-
CKUI1 Manblid, Tpedeckuii Oombmol, cumBos — mpudt "Symbol", npsmoii; nepemenHas — mwpudt "Times New
Roman", xypcuB. MHAEKCHI, TpeACTaBIAONE cOO0Il CIIOBA, COKpAIIEHHUs CIIOB MIH ab0peBHaTypbl, HAOMparoTCA
TOJIBKO B NPSIMOM HAaYEPTaAHHU.

CkoOKM ¥ 3HaKM MaTeMaTHYECKUX OTepalyiii BBOASTCS C UCIOIB30BaHMEM I1a0IoHOB penakTopa (opmyn MathType.

Hauepranune o603HaueHuii B popMynax 1 B OCHOBHOM TEKCTE JOJDKHO OBITH NOJIHOCTBIO HASHTHYHO. Bee Bep-
BEIC BCTpevaromuecs B (opMyse 0003HaueHHs JODKHBI OBITh pacumdpoBaHsl cpasy mocie ¢opmyinsl. [Tocae Hee
CTaBUTCA 3arsiTas, a Ha cliefyronield cTpoke 6e3 ad3aIfHOTo OTCTyIa MOocIe CJIoBa "Tae" NpUBOIITCS BCce 0003Haye-
HUSI ¥ 4epe3 TUpe — UX pacuIu(pOBKH; CIMCOK JIOJDKEH OBITh COCTAaBIICH B MOPSIKE IOSBICHHS 0003HAYCHUH B
¢dopMyie; B MHOTOCTPOUHBIX (DOpMyiaX BHAUYalle MIOJHOCTHIO ONUCHIBAETCS YHCIUTEND, & 3aTEM — 3HAMEHATEINb; U3-
MEHEHHE MHJIEKCa TaKXKe CUUTASTCsl BBEJICHHEM HOBOIO 0003HaYeHUs, TpEOYIOLIEro HOBOM pacn(poBKH.
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Ecnmu mpu pacmmpoBke BcTpedaeTcss 0003HaUeHHE, B CBOIO odepenpb Tpedyromee GopMyIbHOH 3alicH U pac-
m(pPOBKH, TO C HUM IOCTYHAIOT KaK ¢ OTAETBHOH (PopMyIIoif, HO paciinppoBKY IOMEMIAOT B KPYTIIbIe CKOOKH.

Bepcmxa pucynkos

Pucynku, npencrasnsronue co0oif rpaduKy, cXeMbl U T. II., JOJDKHBI OBITH BBIIIOJIHEHB! B IpadUuecKux BeK-
TOPHBIX pepakTopax (BcrpoeHHbIH penaktop Microsoft Word, CorelDraw, Microsoft Visio) B yepHo-0eniom BHeE.
Hcnonp3oBanue ToueuHsIx opmaToB (.bmp, .jpeg, .tiff, .html) nomycTumo TombKO M1 PUCYHKOB, IpeACTaBICHHE
KOTOPBIX B BEKTOPHBIX (popMaTax HEBO3MOXKHO ((poTorpadum, Komnu 3KpaHa MOHUTOpA | T. 11.). KadecTBo pucys-
KOB U (oTorpaduii nomkHo 6b61Th He MeHee 300 dpi.

B mnonte pucyHka 10IDKHBI pa3MenaThesl TOIBKO CaM PUCYHOK M HeoOxoanMble o0o3HaueHust. [1o prucyHKOM pas-
MEIIAI0TCS HyMEPAIMOHHBIN 3aroJI0OBOK M 4epe3 TOUKY — TEMaTHUECKUH Ha PyCCKOM SI3bIKE, B CIIEAYIOIIEH CTPOKE Hy-
MEPALOHHBII 3ar0JI0BOK M 4€Pe3 TOUKY— TEMAaTHUECKUI Ha aHITIMHCKOM si3bIke. CTpoKa (CTPOKH), COepKalLast 3aro-
JIOBKH, LIEHTPUPYETCSI OTHOCUTENBEHO pUCYHKA. [IepeHOoCHI B ClIOBax B 3TOM 00JIaCTH HEAOIYCTHMBI.

Omnmcanne caMoro puCyHKa M BBEICHHBIX Ha HEeM 0003HAaUeHHH CIIeyeT NPUBOJAUTH B OCHOBHOM TEKCTE CTATHH.

Kaxnpiit pucyHOK BMECTE C 3aroJIOBKOM JOJKEH ITOMEINAThCsl B TEKCTOBOE MOJIE MM B mosie 00beKTa (B Tep-
MuHax Microsoft Word).

Crenyer cTpeMHUTBHCS K TOPU30HTAIEHOMY pa3Mepy pHCyHKa, paBHOMY 16.5 uim 7.9 cMm (B nepBoM citydae pu-
CYHOK OyZIeT 3aBepCTaH Bpa3pe3 TEKCTa, BO BTOPOM — B 00OPKY).

bykBeHHble 0003HaueHus (parmentoB pucyHka (mpudrt "Times New Roman", xypcus, 9 pt) craBstcs noj
(hparMeHTOM Iepes HyMepalMOHHBIM 3ar0JIOBKOM; B TEKCTE CChUIKA HA ()PArMEHT CTaBUTCS MOCJIE HyMEpallMOHHO-
TO 3aroJI0OBKa 4epe3 3ariTyo (Hampumep, puc. 1, a).

PucyHok pa3meraercst B OnkaifiiieM BO3MOKHOM MECTE TIOCIIE TIEPBOTO YIIOMHHAHMS €0 WIIH €r0 IepBoro (par-
MeHTa B TekcTe. [lepBas ccblika Ha pUCYHOK MPUBOJUTCS, HalIpUMep Kak (puc. 3), mocieaytonume — Kak (CM. puc. 3).

OCHOBHBIE JIMHUHM Ha PUCYHKax (TpaHHIBI OJIOKOB M COECJMHUTENbHBIC JIMHUM Ha CXEMaxX, JIMHUU I'paHrKOB)
HUMEIOT TONMmKHY | pt, BcmoMoraTenbHbIe (BBIHOCKH, OCH, pa3MepHbIe tuHun) — 0.6 pt.

[Tpu GpopMupoBaHUM PUCYHKA, PEACTABIIIOIETO CO00i cxemy, cienyeT npuaepxusarbes tpedoBanuii [OCT,
ECKJI, ECIIJI (B 4acTHOCTH, HEIIOITyCTHMO HCIIOJIb30BAaTh YCJIOBHBIE Tpaduueckue 0003HaUeHUs], COOTBETCTBYIO-
e ctangaptam CIIA u EBporsr, HO He coBmamarontue ¢ npexycmoTpeHHbsMu [OCT).

Ha pucynkax, nmpeactaBisronmx co0oi rpaguky 3aBUCUMOCTEH, He CllelyeT JeaTh pa3MEpHYIO CETKY, CIeiy-
€T JIaTh JINIIb 3aCEYKH Ha OCSX, IPHYEM BCE 3aCCUKH JOJDKHBI OBITH OLM(POBaHHI (T. €. BCEM 3acedKaM JO0JKHEI CO-
OTBETCTBOBATH ONPEEIICHHBIC YHCIOBBIC 3HAUCHHNS).

Eciu ocn Ha pucyHkax onudpoBaHbI, TO OHU 3aBEpIIAIOTCS Ha ITO3MIMU OYSPEIHON 3aceukH, TIe 3aceuka He
CTaBUTCS, @ BMECTO YMCIIOBBIX 3HAYEHHI JAlOTCs 0003HaYeHUE MEPEMEHHOM 1 (Yepe3 3alsTyr) eIUHUIa U3Mepe-
Hust. Ecim ocu He onudpoBBIBAIOTCS, TO OHU 3aBEPLIAIOTCS CTPEJIKaMH, PSIIOM C KOTOPBIMHU JIAl0TCsl 0003HAYCHUS
MEPEMEHHBIX 0€3 eUHUL] U3MEPEHUSI.

JITMHEBL 1 1Iar 3acedek cieqyeT yCTaHaBIMBaTh TaKMM 00pa3oM, 4TOOBI Ha PUCYHKE He ObLIO IyCThIX 00JacTel,
T. €. KaXk/1asl 3aceuka JI0JDKHA OLM(pPOBBIBATH XOTS ObI HEKOTOPBIE TOYKH OJJHOM M3 IPUBEICHHBIX KPUBBIX.

Bce TekcToBBIE (pparMeHTH M 0003HAYECHUS HA PUCYHKE AatoTcst rapHuTypoit "Times New Roman" pazmepom 9 pt
C OJMHAPHBIM MEXCTPOYHBIM MHTEPBAJIOM; ITU(PPOBBEIE 0003HAUECHNUS, OYKBEHHBIE 0003HAaYCHUSI ()ParMEHTOB U HY-
MEepalMOHHbII 3ar0JIOBOK BBIICNSIOTCS KyPCHBOM.

[Tpn HEOOXOAMMOCTH B OTAEIBHBIX TEKCTOBBIX IOJIIX HAa PHUCYHKE MOTYT HOMEINIAThCsl 0003HAYCHUS U TEKCTHI,
chopMupoBaHHbBIE B pefakTope (GopMyII; IPH 3TOM CIIEAYET UCIOIb30BaTh CIEAYIOIUE YCTAHOBKH PElaKTOpa: pas-
Mephbl — "nonHbIA" 9 pt, "moacTpounslit" 7 pt, "mox-noactpounsiit” 5.5 pt, "cumBon” 13 pt, "noacumson" 11 pt.

Ccputky Ha 0003HaYEeHHUS HA PUCYHKE B OCHOBHOM TEKCTE JJAIOTCS TEM K€ HadepTaHHeM (TIPSMBIM HIIH KyPCHB-
HBIM), KaK ¥ Ha pUCYHKe, HO ¢ pazmepoM mpudra 10.5 pt, COOTBETCTBYIONIMM pa3Mepy OCHOBHOTO TEKCTA.

Bepcmxa mabauy

TekcT B TabnMumax medaTaeTcsl yepe3 OAMHAPHBINA mHTepBai, mpudrom "Times New Roman"; ocHOBHO#M TeKCT
9 pt, mHAEKCHI 7 pt, MOABIHACKCHI 5.5 pt.

TaOmiia cocToUT M3 HyMEPALMOHHOTO 3aroJIOBKa; TOJIOBKU (3arojIOBOYHOM YacTH), BKJIIOYAOIIEH 3arojoBKH rpad
(OOBSCHSFOT 3HAYEHNE TAHHBIX B Tpadax); 00KoBHKa (TIepBOii cieBa rpadbl) ¥ porpadku (OCTATBHBIX Tpad) TaOAIIE).

Hyw™meparinoHHbIi 3arojioBoK cozepxut ciioBo "Tabnuia" u ee Homep apabckumu dpamu (0e3 3HaKa HoMepa
nepe]i HUMH; BBIPAaBHUBACTCS 110 IIEHTPY TAOJHIIBI U BBIICIIACTCS CBETIIBIM KypCcHUBOM). Uepes TOUKy JaeTcsi TeMa-
THUYECKHH 3aroJIoBOK (BBIPAaBHUBAETCS IO LIEHTPAIBHOMY IOJIO TAOJIMIBI, IPSMOM WIpHU(T; MOCIe HEro TOYKa He
craButcs). Ha crnenmyromel cTpoke aHAIOTHYHO O(GOPMIAIOTCS HyMEPAMOHHBIN U TeMaTHYECKUIN 3ar0JIOBOK Ha aHT-
nuiickoM s3bike. CChUIKAa B TEKCTE Ha TaOJMIly JaeTCs aHAJIOTMYHO CChUIKE Ha pUCYHOK. Hymepauwms tabmuim —
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CKBO3Has B Ipefenax crartbd. Ecnm Tabnuiia eqUHCTBEHHAs, HyMEpalMOHHBIN 3aroJ0OBOK HE HAeTcs, a CChUIKA B
TEKCTE IPUBOANTCS 10 TUIY "CM. TabmuIy".

Han nponomkenreM TabirIbl HA HOBOH cTpaHUIlEe cTaBUTCA 3aroioBok "[Ipogomkerne Tabdn. 5" (eciu Tabmmma
Ha JJaHHOW CTpaHUIle He okaHuuBaeTcs) win "OxoHuanue Tabiu. 5" (ecnm TabnvIla Ha TaHHOUW CTpaHHUIE OKAaHYMBA-
€TCs1) Ha PYCCKOM M aHTJIMMCKOM si3bIkax. Eciu Tabnuna npoaoipKkaeTcsl Ha OJHOM MM Ha HECKOJIBKUX TOCIENy -
X CTPAHUIIAX, TO €€ TOJIOBKA JIOJDKHA OBITH TIOBTOPEHA Ha KaXKJOH CTPaHMIIE.

Hwu onuH s5eMeHT TaOnuIpl He TOIDKEH 0CTaBaThCS MYCThIM.

3arojoBKu NMUIOYT B UMCHUTCIIbHOM MAaACKE CAUHCTBCHHOTO MJIM MHOKXCCTBCHHOT'O YHCJia 663 IMPOU3BOJILHOT'O
COKpaIICHUs CIIOB (JOIMYCTHMBI TOJBKO OOIICHPHUHATHIE COKPAILICHHUS BCEX BUIOB: Tpa)MueCcKHe COKpAILeHHUs, OyK-
BEHHbIE a00pEBHATYPHI 1 CIIOKHOCOKPAIIICHHBIE CJI0BA) HAa PYCCKOM M aHIVIMHCKOM S3bIKax. MHOMKECTBEHHOE YHCIIO CTa-
BHUTCS TOJBKO TOT/1A, KOT/1a CPEN TEKCTOBBIX MOKa3aTenel rpadpl €CTh MOKA3aTeNH, CTOSIIIME BO MHOKECTBEHHOM UHCIIE.

B onHOsIpycHOIt ros10BKe BCe 3arojIOBKH MUIIYTCS ¢ IPOIUCHOW OYyKBBI. B IByX- 1 MHOTOSIDYCHBIX TOJIOBKaX 3a-
TOJIOBKH BEPXHETO sipyca MHUIIYTCs C IIPOMMCHOM OyKBBI; 3aT0JIOBKH BTOPOTO, TPETHETO M T. A. APYCOB — C IPOIIHUC-
HON OyKBBI, €CJIM OHM I'PAaMMAaTHYECKH HE MOAYMHEHBI CTOSIIEMY HaJ HUMHU 3aroJIOBKy BEPXHETO sApyca, U CO
CTpO‘iHOﬁ, €CJI1 OHU I'paMMATHYCCKU TOJYUHECHBI EMY.

Ceedenusi 06 asmopax

Bxurouaror 115 KaXaoro aBTopa (aMuINIo, UMs, OTYECTBO (TIOTHOCTBIO), YUCHYIO MM aKaJeMHYECKYIO CTe-
NeHb, YYeHOEe 3BaHMe (C JaraMy NPUCBOCHHUS M MPHCYXKICHUS), TIOUETHbIC 3BaHMs (C JaraMH NPUCBOSHUS U IPH-
CY)XICHU), KpaTKyl0 Hay4HyIo OHorpaduio, KOJIMUECTBO NEeYaTHBIX padoT M cdepy HaydHBIX MHTEpecoB (He Oonee
5—6 CTpOK), Ha3BaHWE OPraHU3AINH, JOJDKHOCTh, CIY)KEOHBIM U AOMAITHUNA aapeca, CIy)KeOHBIM W JOMAITHUN Te-
nedoHsbl, aaApec AEKTPOHHOI MoUThl. Eciy y4eHbIX W/Wii akaJleMHUYeCKHX CTEIIeHeH U 3BaHUil HeT, TO CleyeT yKa-
3aTh MECTO IOJIYYCHHMs BBICIIETO 00pa3oBaHMs, O]l OKOHYAHMS By3a M CIIELHAJIBHOCTh. PekoMeHayeTcsl BKIIIOYaTh
naaeHTHGUKannoHHEI HOMep uccaenoBarenss ORCID (Open Researcher and Contributor ID), xoTopsriii oTobpaska-
eTcs Kak anupec Buja http://orcid.org/Xxxxx-XxxX-XxxX-Xxxx. [Ipx 3ToM BaxkHO, 4ToObI KabuHeT aBropa B ORCID
Obu1 3anoHeH nHpOpManuei 00 aBTope, UMesl HeoOXOIUMbIEe cBeieHHs: 00 ero 00pa3oBaHUH, Kapbepe, Ipyrue cra-
ThU. B cBEAEGHMSIX cieayeT yKa3aTh aBTOpa, OTBETCTBEHHOTO 33 IIPOXOXKJICHUE CTAThH B PENAKIHH.

IlepedyeHb OCHOBHBIX TEMATHYECKHUX HANPABJICHMIl )KypHaIa

Temaruka )KypHajia COOTBETCTBYET IPYIIIIaM CIIelHaIbHOCTeH HayuyHbIX padoTHUKOB 05.12.00 — "PangnorexHuka
u cBazp", 05.27.00 — "Onmexkrponuka" u 05.11.00 — "TlpubopocTpoerne, METpoiIOTHS U HH(GOPMAIMOHHO-U3Me-
putensHBIe TPHOOPHI 1 cucTeMbl" (B penakmmu mpukaza BAK ot 10.01.2012 Ne 5) u npeacraBisercs ClieAyOMUMA
OCHOBHBIMHU PYOpHKaMHU:
"PagnoTeXHUKa 1 CBA3b'":

e PajguorexHHuecKue CpescTBa Mepeiadn, IprueMa u 00pabOTKH CUTHAJIOB.

e [IpoexTHpOBaHUE U TEXHOIOTHUS PAJHOICKTPOHHBIX CPE/ICTB.

o TeneBuneHue u 06padboTKa N300paKEHUH.

L4 BﬂeKTpOﬂI/IHaMHKa, MUKPOBOJIHOBAsA TEXHHWKA, aHTCHHBI.

e (Cucremsl, CeTH U YCTPOICTBA TE€IEKOMMYHUKAIIH.

e Pannonokamys U paJuioHaBUT ALY
"OnekTpoHuKa":

e MuKpo- 1 HaHOIJIEKTPOHHUKA.

e KBaHTOBas1, TBEpJOTEIbHAS, INIA3MEHHASA ¥ BaKyyMHasl 3JIEKTPOHHKA.

e Pannodoronuka.

e Onexrponuka CBU.
"[IpubopocTpoeHue, METPOIOTHS U HH()OPMAITHOHHO-H3MEPHUTEIBHBIC TPUOOPHI H CUCTEMBI'":

e [IpuGopsl 1 cUCTEMBI H3MEPEHHSI HA OCHOBE aKyCTHUECKHX, ONTHYECKUX U PaJINOBOIIH.

e Mertponorust 1 HHGOPMAIMOHHO-U3MEPUTEIBHBIE IIPUOOPHI U CUCTEMBI.

e [IpuOGOpHI METUIMHCKOTO HA3HAYEHHS, KOHTPOJIS CPEJIbl, BEIECTB, MATEPHAIIOB 1 M3IEIIHH.

Pykomucu acnipanToB MyOIMKYIOTCS O€CIUIaTHO.
Anpec penakimonsoro cosera: 197376, Cankr-IlerepOypr, yiu. ITpog. Ionosa, 5, CIIGI'DTY "JIDTHU", Penakuus xyp-
Hana "M3BecTrs BrICIINX yaeOHBIX 3aBefeHunid Poccrn. Paguosnexrpornka”
TexHUYECKHE BOMPOCH MOXKHO BBISICHUTH 10 anpecy radioelectronic@yandex.ru
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