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IHoBbimenne 3¢ GeKTUBHOCTH MHBEPCHOM (PMJILTPAIIMHA CUTHAJIOB
HA OCHOBE MeT0/1a KoppeKuuu 6a3uca

P.T. Xa¢uzos™, W. JI. Erommuna, A. C. MeptBumes, O. A. Xamapuukas
TTOBOIIKCKHIT FOCYJapCTBEHHBIH TEXHONOIMUECK it yHuBepcuTet, Momkap-Omna, Poccns

™ hafizovrg@volgatech.net

AHHOTaLMA

Beeoenue. TloBplnieHne pa3peniaoneid CioCOOHOCTH PAHOIOKAIIMOHHBIX CTAHITHH, MPEBBIMAIONIEH PAJICEBCKUI Mpe-
JIeTT, OCOOEHHO BaXKHO JIJII COBPEMEHHBIX PaIHO3IEKTPOHHBIX CHCTEM, (GYHKIIMOHUPYIOMINX B YCIOBHSX HU3KOTO OTHO-
IIEHVs CHTHAJI/IIYM ¥ MHTEHCHUBHBIX BHEITHHUX roMeX. JlaHHas 3aqada mproOpeTaeT KIIFoueBoe 3HAYCHHUE [T obectede-
HUSI TOYHOTO OOHAPYKCHUS U UICHTU(DHUKAIIMKA O0hEKTOB Ha 3HAYUTEIBHBIX PACCTOSHUSAX, YTO OTKPHIBACT IIHPOKUE BO3-
MO)KHOCTH JUIsl IPUMEHEHHMS! 3TOH TexHonmoru. OnuH 13 3Q(GEeKTHBHBIX METOI0B 00pabOTKH — MHBEpCHAsT (DUIBTPALHs
(U®D), onHako ee 3(h(heKTUBHOCTD MPU TPAANLMOHHOM pean3alii 3HAYUTENIBHO CHIDKAETCS C YXYALIEHHEM OMEXOBOM
00CTaHOBKH, YTO OTPaHUYHMBAET 0OJIACTb MPUMEHEHUSI B PEaIbHBIX CHTYaLIUSIX.

ILlenv padomur. Pa3zpaboTka U MCCIIENOBAHKE MMOX0/A, HAMIPABICHHOTO Ha moBbIeHue dpdekruHOCTH UD mocpen-
CTBOM BHEIPCHHS M MCIIOIB30BAHUS METOJa KOPPEKIUH 0a3uca, UTO IMO3BOJSIET YIIYYIINTh Ka4ecTBO 00pabOTKU cHT-
HAJIOB Y MTOBBICUTH YCTOHYMBOCTH CUCTEMBI K TIOMEXaM.

Mamepuanst u memoost. ViccrenoBanre 0CHOBAHO Ha MaTeMaTHIEeCKOM MOZAETHPOBAHUH MPOIECCOB (DHUIBTPAIIUH U
aHaJIM3e BIMSHUS Pa3MYHBIX apaMeTpoB Ha 3¢dexrnBHOCTE D. MopennpoBaHue MPOIECCOB OCYIIESCTBISIOCH B
crennaibHO pa3pabOTaHHOM MPOTPaMMHOM obecriedeHHH. Vcmonp30BaHBl METOABI TEOPHH OOpaOOTKH CUTHAJIOB,
BKITIOYAsI TEOPHIO MATPHIL M TSCOPHUIO BEPOSTHOCTEHA.

Pezynvmamet. TIpenyioxkeH METOI KOPPEKIMH Oaswca, MOBbIIIaomuii 3ddexTuBHOCTS D 3a cYeT yBeIMUCHHMsI OTHOIICHUS
CHrHAJI/IITyM Ha Bbixoae GubTpa. [1omydeHs! 3aBUCUMOCTH OTHOIICHUS! CUTHAI/IIIYM OT IapaMeTpoB Koppekiuu. BeeneHo
TIOHSITHE CPE/IHEro KBaJpaTa HOPMbI UMITYJIbCHOM XapaKTepPUCTUKU (HIIBTPA, YTO 00ECTIeUMBACT JIOTIONHUTEIBHBIN aHaIU-
TUYECKHUI MHCTPYMEHT JUIS OLICHKH M ONTUMM3aLNK MeToza. [IpennoxeH npakTHuecKuii OaxXo K pean3aliy MeTosia IS
TMOBBIIICHHS Pa3pelIaroniell ClIoCOOHOCTH PaJIOIOKAIIMOHHBIX CHCTEM.

3aknwuenue. Meton koppekiu 6a3uca Mo3BoJsieT MoBLICUTH 3 dekTuBHOCTh D U pacmmpser BO3MOXKHOCTH €€
HCTIONIE30BaHMS B YCIOBUSAX HU3KOTO BXOIHOTO OTHOIICHHS CUTHAJ/IIyM. BKIaa uccienoBaHust 3aKIF09aeTCs B pas-
paboTKe HOBOW METOAMKH YITyUIICHHUS KaueCcTBa 00pa0OTKH CHUTHAJIOB B PAIHONIOKAIIMOHHBIX CHCTEMaX, YTO ITO3BO-
JISET PACIIMPUTH UX MPUMEHECHHUE TaXKe TIPU HEOMAroNPHUSTHRIX YCIOBHIX IPUEMa CUTHAIA.
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Abstract

Introduction. Enhancing the resolution of radar stations beyond the Rayleigh limit is particularly important for
modern radio electronic systems operating under conditions of low signal-to-noise ratios and intense external
interference. This task becomes crucial for ensuring accurate detection and identification of objects at significant
distances, which extend possibilities for applying this technology. Inverse filtering (IF) is an effective processing
method; however, in standard cases, its efficiency depends significantly on the noise environment, limiting its
application in real-world scenarios.

Aim. Development and investigation of an approach aimed at enhancing IF efficiency by introducing a basis correc-
tion method, which improves signal processing quality and increases system robustness to interference.

Materials and methods. The research was carried out using the methods of mathematical simulation of filtering
processes and analysis of the influence of various parameters on the IF efficiency. Simulation studies were conduct-
ed in a specially developed software environment. The methods of signal processing theory, including matrix theory
and probability theory, were used.

Results. A method of basis correction is proposed, which increases the efficiency of IF by increasing the signal-to-
noise ratio at the filter output. Dependencies of the signal-to-noise ratio on correction parameters are obtained. The
concept of the mean square of the filter's impulse response norm is introduced, providing an additional analytical
tool for evaluating and optimizing the method. A practical approach for implementing the method to enhance the
resolution of radar systems is proposed.

Conclusion. The basis correction method improves the efficiency of IF and extends its application capabilities in the
conditions of a low input signal-to-noise ratio. The research significance consists in the development of a novel
methodology for improving signal processing quality in radar systems, which extends their applicability under ad-
verse signal reception conditions.

Keywords: inverse filtering, increasing the signal-to-noise ratio, simple signal compression, non-stationary filter,
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BBenenne. B cOBpeMEHHBIX paJiHOIOKAIIMOH-
HBIX CHCTEeMaX OJHHWM W3 KJIIOUEBBIX TPeOOBAHMIA
SIBIIAETCS JTOCTHXKEHHE BBICOKOM pa3zpeliaronien
CITOCOOHOCTH, KOTOpas MPEBBIIMIACT "pPAICeBCKUi
npenen", 9To 0COOCHHO aKTyallbHO TpH paboTe B
ycIoBUAX Bo3AeicTBus mryma [1]. Bo3amoxxHOCTB
CKaThs TPOCTOTO CUTHAllAa BO BPEeMEHHOW oOma-
CTH — OCHOBHOE JTOCTOMHCTBO WHBEPCHOW (HIIBb-
Tpamuu (U®D), MeToapl peanu3anuy KOTOPOH IT0-
npobOHO paccMarpuBaroTcs B [2, 3]. B [4] mpuBe-
JIeH TOAXOm K 00paboTke HEMpPEepHIBHBIX PaaHo-

JIOKAITUOHHBIX CUTHAJIOB, OJIM3KUH IO CTPYKTYpE
Kk U®D. B [5-8] mpencraBieHsl IpUMEPHI TIPUME-
HeHusa V@ pjis NOBBINIEHUS pa3periarolieil crno-
cOOHOCTH B  PagUONIOKAIMOHHBIX CHCTEMax,
BKJIIOUAsl peajn3alri0 B peajbHBIX 3a/Jadax 00-
paboTKM MMITYIbCHBIX curHanoB. [Ipu aTom uH-
BepcHas (UIBTpaAIlNs HAXOIUT CBOE MPUMEHEHHE
HE TOJBKO B CHCTeMaX O0OpaOOTKW CHTHAJIOB IPHU
pelIeHnn 3a7ad pa3penieHus] CHTHAJIOB, HO M B
cucreMax oOpabOTKHW HM300paKEHWH TIPH pelire-
HUU 3a]1ad BOCCTAHOBICHHUS H300pakeHuit [9].
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B [10, 11] mpemioskeHa METOAMKA OLICHKH (-
(dextuBHOCTH WD 110 3HAYCHUIO OTHOIICHUS KO-
3¢ (HUIMEHTOB TIyMa JJIi MHBEPCHOTO M COIVIAco-
BaHHOTO (OUIsTpoB. B [11] mokasano, 4ro Kod¢-
(UIMeHT 1ryma, OInpeNenseMblii Kak OTHOIIEHHE
BBIXOAHOTO KO BXOAHOMY OTHOIIEHHWIO CHT-

uan/ym (OCIHI), gt Ud 8 D =||S||2 ||h||2 pas xy-
KE I0 CPaBHCHHIO C COIVIACOBAaHHBIM (DUIIETPOM
(CD), rre ||s| u [h| — HOpMBI curnana u ummyss-
cHoM xapaktepuctuku (UX) mHBepCcHOTO QHIBTpa
COOTBETCTBEHHO. MIHBEpCHBIC (QIIBTPHI MPUMEHS-
IOTCSL B CITy4asiX, KOTJa 3ara3]bIBarollnue KOTHU
CUTHAJIa MOTYT TIPEJICTABISTH TOpa3no OONBIIYIO
OTIACHOCTh, YeM (DIYKTyaIlMOHHBIE ITyMBI. 3HaYe-
HUe mapaMeTpa D 1mo3BoNseT OIEHUTHh paBHOMEP-
HOCTh CIIEKTPaJBHOTO COCTaBa curHana. [Ipu paB-
HOMEPHOM pacTpeeieHnH crekTpa curaama D = 1
1 3(pGEKTHBHOCTH WHBEPCHOTO W COTIIACOBAHHOTO
(GUIETPOB OMMHAKOBBIL. [10 Mepe pocTa OTKIIOHEHHUS
CHEKTPAJIBbHBIX KOMIIOHEHT CUTHAJIa JIPYT OT Jpyra
nmapametp D ysenmumuBaercs. Ecnu xots 661 onHa 13
CHEKTPaJbHBIX KOMIIOHEHT 00pamiaeTcs B HOJb,
napamerp D crpemutcs k Oeckoneunoctu. llenb
OIMUCHIBAEMON paboTHI — pa3paboTKa U MCCIe0Ba-
HUE MOAX0/1a K MOBbIIeHu0 3hdextrBHOCTH UD.,

MrHOBEHHOE 3HAYEHHE CUTHANA HA BBIXOIC JIH-
HeitHoro (punbrpa Y ={y(n)}, n=0,1...,N -1,
€CTh B3BCIICHHAS CyMMa OTCYETOB CHUTHAJIa
S={s(n)}, n=0,1,...,N—1. B kauectBe Beco-
BBIX KOA((HUIMEHTOB BBICTYMalOT oTcueThl MX
¢urstpa H ={h(n)}. UX coracosannoro ¢umb-

Tpa B MAaTPUIHOM BHJIE JUIS CIIydas ITUKITHICCKOM
(bunpTpan MOXKHO TIPEICTAaBUTE KaK

s(N-1) s(0) s(N-2)
Hep = .s”(N—Z) i(N—l) .S“(N—B) )
s(0) s(1) s(N-1)

Marpuna (1) sBrnsercs marpuneir Terumnna, xa-
PaKTEpU3YIOILEHCs] MACHTUYHBIMU JJIEMEHTaMU Ha
JMAroHaJsIX, KOTOpbIe MapajulelbHbl TNIABHOW AMa-
roHamu [12]. Ctpykrypa Mmarpuiel Hcg Takosa,

41O Kaxkaas ee crpoka orpaxaer X CO Ha oTaenb-
HBIX 3Tarnax ()OPMUPOBAHHS BBIXOMHOTO CHIHAJA.
[Mpu sToM ™o 3TarmoM (QuUIETpaMy TOHUMAETCS
BPEMEHHOM IMPOMEKYTOK 00pa30BaHMsi MTHOBEHHOTO

3HAYCHMSI BBIXOJHOTO CUTHaja. BakHO OTMETHUTBH
MKITMYIECKYIO B3anMOCBsI3b Mexay VX crarnmonap-
HOTO (WIIBTpa Ha pa3HBIX 3Tamax o0paboTku. Dop-
MHPOBaHHE HMITYIILCHON XapaKTEePHCTUKUA WHBEPC-
HOTO (PHIIBETpa OCHOBAHO HAa OTEpaIiiei OOpaIeHUs
Marpuibl Hg, YTO MaTeMaTH4YecKu 3aliChIBacTCs

Kak Hy ¢ = Ha(lp IMpu 3TOM KaX[Iplil cTONOEI] MO-

JY4EHHOM MaTpHIlbI HH@ npencrasiser codoit UX

CTaIMOHAPHOTO WHBEPCHOTO (DMIIETPa Ha COOTBET-
CTBYIOIIEM 3Tarie (PUITETPAIUHL.

Metoa koppekuuu 6azuca. Metonx OCHOBaH Ha
KOPPEKIMK TMOTy4eHHOH paHee Marpuiml Heogp MX
C®. Koppekius 3aKIr04aeTcs B IOOABICHUHM K Mar-
pute Hcg Koppektupyromieit Marpuimsl B, conep-
k=12,....k e

JKalled KOMIIOHEHTBI Py, - Keop

kKOp — YHCII0 KOPPEKTHPYEMbIX KoMIoHeHT [13-15]:

0 .. 0 0 p]
0 .. 0 B, O
B=/0 .. B3 0 O

0O .. 0 0 O

IIpu aTom kKOp < N. B wnrore marpuna (1) ans

UX CD npeobpazyercs ciaeayomuM o0pazom:
Hyop =Hcao +B. (2

Bun xoppexrupyroreid MaTpurbl B momydeH sm-
MUPUYECKUM ITyTEM IJIsl IPUMEPa, PacCMarpuBacMo-
TO B JaHHOH CTaThe, U TpeOyeT MabHEHIIIEro uccie-
JoBaHus. B pesynbrare KOppeKIMy HapyIIaeTcsl LUK-
JIMYECKast B3aMOCBSI3b MEKIY UMITYJIbCHBIMU XapaK-
TEPUCTUKAMU Ha Pa3IMYHBIX 3Tarax oOpabOTKH CHT-
Haja. D10 03HayaeT, 4to Marpuia (2) onuceBaeT X
(bIwIBTpa, KBA3UCOMIACOBAHHOTO ¢ CHTHAIOM S. Yto-
OBl OIpPENENTUTh UMITYJILCHYI0 XapaKTePUCTUKY WH-
BEPCHOTO (DHITBTPa € yIeTOM KOPPEKIINH, TIPUMEHSIET-

cs oreparms odparerus Marpuuel Hy, ¢ = HI:Olp.

Kaxnprii cronoery marpuisl Hy g, mpencrasisier

coboit IX unaBepcHOro (pryibrpa Ha OTIETBHBIX 3Ta-
nmax Quisrparmu. B pesynbrare Takoil omeparyu
HapylaeTcsl UKIIMYecKas CBsi3b Mexay X mHBepc-
HOTO (pHITBTpA, YTO JieNaeT (GUITBTP HECTAIIMOHAPHBIM.

Jia moebimenus 3¢ dexruHocT D Tpedyer-
Csl PEIIUTh 3ajady ONTUMH3AIMK BHIOOpa Mapamer-
poB koppekmmu By, k=12,...,k

-+ Kyop» MCXOIS W3

8 IoBbimenne 3¢ eKTHBHOCTH HHBEPCHOI (PMILTPALUM CHTHAJIOB HA OCHOBE METO/1a KOppeKuuH 0asuca
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YCIIOBHSL: "HH_qLK”f—)rBin, e “HI/I(i)KHf -

kBajipaT HOpMBI X (unbrpa Ha r-M 3Tane nUKIM-
YeCcKOr 00paboTKH, T. €. KBaJpar HOPMEI -TO CTOIO-
ta Marpuiel Hy ¢ . Ilapamerper koppekumn By
PacCUUTHIBAIMCH METOJIOM MOWCKA PEelIeHHs Ucuep-
MBIBAHUEM BCEBO3MOXKHBIX BapHAHTOB NPH OIPaHU-
YEHUH YUCIIa KOPPEKTUPYEMBIX KOMIIOHEHT kKOp.

Beezem obosuauenne Ay, mn=0,1,...,N -1,

Uil anreOpanvecKux JIOMOJNHEHUH DIEMEHTOB
hm,n B marpune (2). Corosnast marpuna mis (2)

Oy/leT UMETh BH]T

) Ao1 Ao N1
S - Ao A AN-1
H =
AN-1,0 An-11 AN-1,N-1

Ha ocHoBanum 3TOr0 (opMHpyeM B3aHMHYIO
MaTpuIy k Marpure (2):

) ALo AN-1,0
~ T | A1 A1 AN-11
HKOp =Sy =

ANa AN AN-,N-1

CornacHo TeopeMe O MPOW3BEIIEHUH KBaJ[paT-
HOW MaTpHUIII Ha €€ B3aUMHYIO MaTpPUILY:

HKopI:lKop = H~1<opH1<op :‘HKOp‘ E,

rae ‘onp‘ — ompenenutenb matpuilel (2), a E —

ennHUYHAs Marpuma. ClegoBaTeNbHO, HMITYIbC-
Hasl XapaKTEepHUCTHUKa WHBEPCHOTO (IIIbTpa ¢ KOp-
peKIIen onpeenseTcs Kak

-1 1
HI/I.(b.K = HKOp =

B marpuunO#l dopMe mpencTaBiIeHUe WHBEPC-
HOTO (HIBTPAa MOXHO 3alKCaTh CISTYIOIUM 00-
pazom:

S
[Hop)

B JaHHOM CJIy4ya€ CUTHall S MMpEACTABJICH KakK
MaTpula-CTpoKa. CJ'IG)IOBaTeJ'IBHO, B pe3yjibTaTte

H

Kop*

-1
YI/LQ) = SHH.Q).K = Schop =

HEPEeMHOKCHNST MaTPUIIBI-CTPOKH Ha KBaJpaTHYIO
marpury N x N momyynM MaTpuily-CTpOKy YI/L(I) .

Hoxaem, 910 Yy 4 =SHy g, =[0 0 .. 1].

I[J'ISI 9TOT'0 COCTAaBUM NIPOU3BCIACHUC

Yy =[yn.qo (0 yuge@ Yugp (N —1)} =
SHKOP 1
= = s(0) s(1) s(N-1) |x
o] [Fron]. ]
Ao Ao AN-1,0
y Ao A1 AN-11
A N1 AN-L AN-1,N-1

B cooTBercTBHU ¢ TpaBWIIOM YMHOXEHHS MaT-
UL IMEeM:

yﬂ.q)(k)=
=s(0)A g+ A 1 +..+s(N-DA N =

N-1

= 2 s(NDA

r=0

OcHOBBIBasiCb Ha CBOICTBaxX OMpedeIUTeNs
MaTpULbI, B YACTHOCTH, YTO CyMMa IPOHU3BENE-
HUH DIIEMEHTOB JII000H CTPOKH (CcTONOA) HA UX
anreOpanyecKue JOMOJHEHUS! paBHA OMpEIeIn-
TEII0 MaTpUIBl, a CyMMa IPOMU3BEACHHUH »dIie-
MEHTOB OAHOW CTpOKH (cTon0Oua) Ha anredpau-
YecKHe AOTOJIHEHUS COOTBETCTBEHHBIX BJIEMEH-
TOB JIpYrod cTpoku (cToibua) paBHBI HYJIO, U
yuuthiBas, yto B Marpuue (2) (N - 1)-s ctpoka
COBNAJAacT C MaTpHUleil-cTpokoH curHama S,

NPUXOUM K CJIEAYIOIIEMY BBIBOIY:
H mpu k=N -1,

yn.(i)(k)z ‘ KOp‘ p
0 npu k=N -1.

Ortcrona CJICOYCT:

YH.cp = SHI/I.(i).K = |Hjop| HKOp =
1
:—|HKop|[0 0 . |Hop|]=[0 0O - 1]

YTO MTOATBEPKTAET BEPHOCTH MPEIOIOKCHUS.
PaccmoTrpuM cuTyanuro, Korja Ha BXoae (uiib-

tpa curnan U ={u(n)}, n=0,1...,N -1, npex-

oBbimenne 3¢ peKTHBHOCTH HHBEPCHON (PUIbTPALMHM CUTHAJIOB HA OCHOBE MeTO/1a KOppeKuHuH 6a3uca 9
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CTaBIIAE€T COOON pe3yabTaT CIOKEHHUS JByX CHTHa-

moe S={s(n)} u s4={s%(n)}, n=0,1...,N-1,
d <N,

rne d 3HaUCHHWE CJIBUTA CHUTHAaJA,
s9(n) =s(n+d). doxaxem, w0 Yy, g =UH, ¢ 1 =
[0 0 .. 10

BTOPOIro OTKJIMKA OMPEACIIICTCA 3HAYCHUCM CABU-
ra d. CocraBum IMPOU3BCACHUC

1]. IIpn sTOoM monoxeHue

Yo = Yuo(© Yug@ - vup(N-D]=

UHpop SH
[Hiop| -

d ~
KOp +S |_|1<op
|H

KOp |

C yderom Toro, uto B Matpuue Hy g « (N=1)-s

CTpOKa paBHa MarpuIle-CTpoke curHama S, a d-s
CTpOKa paBHa MaTpPHUIIE-CTPOKE CMEIICHHOTO CHUT-

Haa Sd, TIOJTYYHM:

|H1<0p| npu k=N-1 uwmk=d,
k#N-1.

y(k) =

npu

CnemoBaTebHO:

Y,

nd —
1
=m[o 0 .. [Heop| O - |HK0pH:
=00 .10 . 1

YTO H Tp€6OBaJ'IOCI: noka3arb. OmgHaKo AJId TI0JIYy-
YCHHA TakKoro pe3yiabrara CJICAYET HaJI0XUTh

orpannuenne d < N — kKOp. JlaHHO€E OTrpaHUYEHUE

CBSI3aHO C M3MEHEHWSIMH aireOpanmdecKux AOMOJI-
HEHWH 3JIEMEHTOB Matpuubl Hy ¢,  py mposese-

HUU KOPPEKTUPOBKHU.

¢ PpeKTUBHOCTH MHBEPCHON (QUIBTPALMH C
Koppekuueii 6a3uca. [ uccaenosanus 3ddek-
tuBHOCTH Metona D ¢ koppeknueii Oaszuca pas-
paborano mporpammuoe obecmneuenue. Mccneno-
BaHUE IPOBOIWIOCH IJISl JUCKPETHOTO HMITYIIBC-
HOTO CHTHaJAa C TPEYroJbHOM CHUMMETPUYHOM
dhopmoit maurensHocThIO 30 orcueroB. Ha puc. 1
MPEACTABICHbl pe3yabTarhl LukiIudeckor WD
curHaja 6e3 koppekiuu (puc. 1, a) u ¢ KoppeKIiu-
eit 0asuca (puc. 1, 6), a Ha puc. 2 — Ui TPYIIIOBO-
T'O CHTHalla, MPEACTABIISIONIETo CO00i CyMMy JBYX
curHanoB. lIpu »TOM BpEMEHHON CIBUI MEXIY
curHanamu coctapisut 14 orcueroB (0.47 ot pane-
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Puc. 1. Pesynprar nuknmmaeckoit IO curnana tpeyroasHol GopMeL: a — 6€3 KoppeKnny; 6 — ¢ KOppeKIuei

Fig. 1. Result of cyclic IF of a triangular-shaped signal: a — without correction; 6 — with correction
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Fig. 2. Result of cyclic IF for a group signal is: @ — without correction; 6 — with correction

€BCKOTO Tipesiena). B jaHHOM citydae 3a/iaHbl cie-
AyIOmKe  MapaMeTpbl  KOppeKmuu: P =-8,

Bo=-2, PB3z=-2. OCII ma Bxozme COCTaBIAIO

46 nb. Pesynsratel U® ¢ koppekuueid mpeacras-
JIeHBI Ha puc. 1, 6 u puc. 2, 6.

AHanu3 53KCIEpUMEHTAIBHBIX HCCIEOBAaHUN
(puc. 1 u 2) mo3BoNseT crenaTh BBHIBOA, YTO IMPH-
MeHeHue koppekiuu npu Ud curnanos coxpaHsier
CIOCOOHOCTh HMHBEPCHOTO (MIIBTpa paspeuath
CUTHAJIBI TIPU MEPEKPHITHH, MEHBIIIEM PIJIEEBCKOTO
npenena. Kpome Ttoro, naxe BH3yalbHO MOXKHO
OTMETHUTHh YMEHbBIIIEHUE TUCTIEPCUH IITyMa.

[poBeneno uccnenoBanne 3(QGEKTUBHOCTH Me-
Tora MI® ¢ ucnons3oBanueM xoppekuun 6azuca. [Ipu
pacdere OCII Ha BbIXOIE HWHBEPCHOTO (QUIIBTpa
MPETIONaracTcsl, YT0 MOLITHOCTh CHTHAJIA paBHA €H-
nune: Pg =1. Torma momyyaem ciemyroniee BeIpaxke-

nue st OCIL, nb:

1
Oppix = 10 Ig (Ej 1

a MOILNHOCTH INyMa MpPsSMO IIPONOPLMOHAIbHA
KBagpary HopMmbl X ¢uinsrpa:

rac ng — AUCHICPCHUA BXOJHOI'O IIyMma. TOF,Z[EI oT-

HOIIICHHWE CUTHaJ/IIyM Ha Beixone D, nb:

1
Jerx =1019

ng HHI/I.Q)HZ |

IIpu ucnons3oBanuu Merona NP ¢ xkoppekiu-

eifi Oasmca kBaapar HopMmbel WX  dumsrpa

2
”HH@_K”r NPUHUMAET Pa3Hble 3HAYEHHs Ha KakK-

JIOM I-M 3Tarne [UKINYeCKOH o0paboTku. Momr-
HOCTh BBIXOJIHOTO IIIyMa OMPEICIIUM KaK CpeIHee
3HAYCHUE TI0 BCEM 3TaraM (PUILTPaIUH:

52 1 NS
OBrix _W Z LIX, r-

Takum oOpazom, ipu paboTe ¢ HECTAITMOHAP-
HBIM WHBEPCHBIM (DHIBTPOM BO3HHKAET HE0OXO-
JTUMOCTb BBEJICHUS HOBOTO TIOHSTHS — CPEIHErO
3HaueHUs KBaapaTta HopMbl X dumeTpa:

2 1NS
b o2 _2 Y |Hugx| N 2 HanmH €)
m = Oppix = Opx ” I/Id)” =
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Puc. 3. Bmisane KOpPEKTUPYIOIIUX NapaMeTpoB B, u B3

Ha OCIII B BBIXOJJHOM CHTHAJIE MHBEPCHOTO (ruibTpa rmpu Py = —8

Fig. 3. Effect of correction parameters B, and B,
on the SNR in the IF output signal at B, =8

Hanpuwmep, npu Bxogqaom OCII o MomHoCTH
Opx =15.5 n1b BeIXO#HOM mokazarens OCHI s

HMHBEPCHOTO (puisTpa 0€3 KOPPEKIMU COCTABISCT
Oprx = —334b, Torna xak ans CPD on pocruraer

33.5 ab. Takum oOpasom, pasauua B 3pdekTuBHO-
ctu D = 66.5 nb.

Ha puc. 3 nmoka3zano, kak W3MeHEHHE TIapaMeT-
poB Koppeknun B, U 3 npu P =—8 BIMAET HA

BbixogHoe OCII mpu 3amaHHBIX YCIOBHUSAX (DHIIb-
Tparuu. [ olleHKH TUCTIEpCHH IIIyMa Ha BBIXOJE
(¢uIETpa TPUMEHSETCS CPEeTHUM KBaJIpaT HOPMBI
WX unsepcuoro puasrpa (3).

Takum 00pa3oM, HCIIOTB30BAaHHE METOAA KOp-
pekmuu 6a3uca npuBoauT K noesimennto OCII ma
BBIXOZIe MHBepcHOTrO ¢mibTpa. B pesynsrare kop-
pexiuu ¢ mapamerpamu 1 =-8, Po,f3<-3 Hu
B2, B3 > 6 nocruraercs snauenne OCII B —24 nb,

YTO 3HAYUTENHFHO MPEBBIIIAET UCXOMHBIN MOKa3a-
tenb. [Ipu sTom motepu D Mexay MHBEPCHBIM H
COIIACOBaHHBIM  (PUIBTPaMH  COKpAILAIOTCS A0
57.5 nb, 4yto pacmmpsieT BO3MOXXHOCTH MpPUMEHE-
HUSI MHBEPCHOTO (puibTpa mpu paboTe ¢ BXOAHBI-
MM CHUTHanaMu, umeronumu aHuskoe OCII.

Bnok oOHapyxeHuUst

3agadya pa3peleHrs CUTHAJOB pelaeTcs, Kak
NpaBUIIO, TMocie OOHApYXEHUS! TPYMIIOBOTO CHUT-
Haja. Takum o0Opa3oMm, HMeeTcs BO3MOXKHOCTh
00eCreYnTh CUHXPOHU3ALUIO U U3MEHEHUE XapaK-
TEPUCTUK (PUIIBTPA B COOTBETCTBUU C IOJIOKEHUEM
okHa (QwmisTpa. Ha puc. 4 mpencraBiieH BapuaHT
peanu3aniu MHBEPCHOTO (HUIBTPAa C KOppEKLHUeH
JUTS PELICHUS 3a]a4l pa3pelieHHs CUTHAIOB.

[locne oOHapyXeHusi TpyNIIOBOTO CUTHAJIA B
Onoke oOHapyxeHus, cocroauieM n3 CD u mopo-
roBoro ycrtporcta IIY, 3amyckaercsi reHeparop
TakTOBBIX MMIYJIbcOB I'TU, cHHXpOHM3UPYHOLIUX
paboty mHBepcHOrO Quibrpa. Ha BXox mHBEpCHO-
ro QuIBTpa ¢ KOppEeKIuei MoIaeTcss CArHAI C BbI-
xona C®, 3anepxkanHeii Ha N orcuetoB. OKHO
00pabOTKH CUTHANA B MHBEPCHOM (PUIBTPE BBIOH-
paetcsa paBHbiM 2N u Gojee, 4ToOBl HUMETH BO3-
MOXHOCTb ~ 00palaThlBaTh  IEPEKPHIBAIOIINECS
curHaiel. Ha puc. 1 u 2 okHO 006paboTKH cuTHANA
COCTaBIsUIO0 64 mpu IIUTEIbHOCTH curHanma 30
OTCUETOB, YTO IIO3BOJIUIO 0OpabaThiBaTh TiEpe-
KPBIBAIOIINECS] CUTHAIBI.

Curnan ¢ BBIXOAAa MHBEPCHOrO (MIBTpa IO-
CTyIaeT Ha BX0J| 0JIOKa KOHTPOJISl YPOBHsI CUTHAIA,
OIIMH M3 BBIXOIOB KOTOPOIO CIYXHT JUISl yIpaBie-
HUS OGIIOKOM 3aJiepKu curaana. Hemocpencrsen-
HO CaM MHBEPCHBIN (UILTP MOXKET OBbITH peanu3o-
BaH M0 CXeMe HEePEKYpCUBHOTO HU(POBOTO (PHIIb-
Tpa Ha OCHOBE TUCKPETHON CBEPTKH WJIM TUCKDPET-
HOTO TIpeoOpasoBanus Dyphe.

3akarouenne. IIpencraBieH Moaxos K TOBHI-
mennto ddexrnBHOCTH D ¢ momombio Merona
Koppekuun 0aszuca. B ocHOBe MmeToma — BBeneHHE
KOPPEKTUPYIOIIEr0 KOMIIOHEHTa Ha Ka)KIOM 3Tale
npouecca ¢unsrpanmu. [lpu 3TOM Hapymaercs
UKJIAYecKas CBs3b Mexay WX ¢umsrpa Ha Kaxk-
JOM U3 JTaloB IMKIMYECKOH (QUIBTpalUH, YTO
NPUBOIUT K HECTALIMOHApHOCTH (punbrpa. BeeneHo
TIOHATHE — CPeAHNH KBaapaT HopMbl UX ¢umsrpa.

Co ny 3amyck ,| MuBepcHblii qoyvaTp brnok koHTpOIsA
! ' I'T1 C KOppeKuuen YPOBHSI CHI'Hajia
N 3anepxka Ha N
OTCYETOB
Puc. 4. Ctpykrypa peammzannu LD c koppekmueit
Fig. 4. Structure of IF implementation with correction
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[TokazaHo, 4TO MpUMEHEHHE METOAA KOPPEK-
uuu 6asuca nossomsier yBennuutb OCLI Ha BbI-
xofe WHBEpcHOro ¢uusrpa. Hampumep, npu
BxonHoM OCIII = 15.5 nb BeIXOAHON mOKa3aTelnb
OCI 6e3 xoppekinu cocrasiser —32 ab, Toraa
KaK IIpU HCIOJIb30BAHUU KOPPEKLUHU C OIpene-
JICHHBIMH MapaMeTpaMy OH JOCTHraeT MpaKTHde-
cku —24 nb. B pesynsrate nmotepu D mexnay uH-
BEPCHBIM U COITIACOBAaHHBIM (PHUIBTpaMH COKpa-

LIAl0TCsI, YTO 00ECHEeYUBAECT BO3MOXKHOCThH IPH-
MeHennss U® npu menpmnx 3HaueHusx OCHI Ha
Bxonie (unsrpa. BBenaeHo orpanuueHue Ha pas-
Mep CIIBHTa MEX]y CHUTHAJIaMH B COCTaBe TPyII-
IIOBOTO CHUT'HAajla IPU PEIIEeHUM 3aJaddl pasperie-
HUS CHTHAJOB C MCIOJIB30BAaHWEM HHBEPCHOTO
¢unsTpa ¢ koppekumen. llpeanmoxen moaxon
K peanu3anud WHBEPCHOrO (QUIBTpa ¢ KOPPEKIIH-
el U1 pelIeHns 3a1a4y pa3pelieHus] CUTHAJIOB.
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Xaduzos Punat 'adpusiTynnoBuy — nocraHoBKa 3a7a4u; pa3padoTKa NOAX0/a.
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AHHOTAIINA

Besedenue. Cvmenieane rpaHul] OONTaHHUS APEBECHBIX BHIIOB PACTECHHUN SIBISETCS OJHUM M3 HAOIIOJAeMBIX B KOHTH-
HEHTAJBHBIX MacITabax MOCIeACTBHEM KIMMaTHUECKUX M3MeHeHHA. KapTupoBanne 3THX CMEIIeHNH U UX KoJIude-
CTBEHHAs OIIEHKA BOCTPeOOBAHBI TSI OIICHUBAHUS yIiiepogHoro 6ananca. Ha mpumepe ropHoii skocucteMs! [Ipumo-
JISIPHOTO Ypaja paccMaTpuBaeTcs Criocod KapTHPOBAHMS MHOTOJIETHUX M3MEHEHHH JIECHOTO ITOKPOBA, KOTOPHIH 1103-
BOJISIET OIICHWBATh 3TO CMeEIIeHHe. PaccMaTpuBaroTCs Tanbl MpeaBapUTEIHHON CEeTEKINH U 00pabOTKH CITyTHHKO-
BBIX MYJIBTHCIIEKTPAIBHBIX IaHHBIX IUCTAHIIMOHHOTO 30HmMpoBanus Landsat Ha cropowe cepsepos Google Earth
Engine. TpuBoasTcst pe3yibTarhl KapTHPOBAHUS MHOTOJETHUX HU3MEHEHHH JIECHOTO MOKPOBA M KOJHWYECTBEHHAS
OIICHKA OOIIEeH MIONIA U MPOJABHKCHUS Jieca.

ILlenv pabomer. KapTrpoBaHre MHOTOJIETHUX W3MEHEHHUH JIECHOTO MOKPOBA U UX KOJMUECTBEHHAs OLIEHKA 10 CIyT-
HUKOBBIM MYJIBTUCIIEKTPAIbHBIM JaHHBIM AMCTAHLIIMOHHOTO 30HIMPOBAHUS M SKCIIEPTHBIM OILEHKAM TPaHMI] SKOJIO-
THYECKUX 30H B ropax [Ipumosnsipaoro Ypana (Ha npumepe xpeota Cadis).

Mamepuanst u memoodsl. VIcTioNb3yIOTCS OUUILIEHHBIE OT O0JIAKOB MYJIBTHUCIEKTPANbHBIE N300paXXeHUS CITyTHUKOB
Landsat 4-9 orpaxkenust BepxHeil 4acTi arMocdepbl, KOTOPbIE MPOILIH OTHOCHTEIBHYIO PaJHOMETPHICCKYIO KOP-
PEKITHIO, U OTPaXEHUS TIOBEPXHOCTH; SKCIIEPTHBIE OIIEHKH TPaHHMI] SKOJIOTHUECKHX 30H; PErPeCCHOHHBIN aHAIN3.
Peszynomamer. KonmudecTBeHHAsA OlleHKa 00IIeH miommaay npoasrmkeHus jeca ¢ 1960 mo 2024 1. Ha OCHOBE Bpe-
MEHHOIO psizia pemtaromei cratuctuku ¢ 1987 nmo 2024 rr. cocrasnsier 4.82 kv’ B nepuon ¢ 1970 mo 1995 rr. 3a-
(DUKCHPOBAHO YCKOPEHHE TIPOIBIKEHHUS JIeca.

3aknrouenue. PaccMarpruBaeMblil CIIOCOO MO3BOJIIET KAPTUPOBATh U KOJMUECTBEHHO OICHUBATH MHOTOJICTHUE H3ME-
HCHUS JICCHOTO MOKpoBa. [loydeHHasi KOMMYECTBEHHASI OIICHKA COMIACYETCs C SKCIIEPTHOM OLeHKOM. 3ahuKCHpOBaH-
HBIN MEPUOJT YCKOPEHHOTO MPOABMKCHHS JIECa COBIAIACT C MEPUOIOM II00ATBHBIX TEMIICPATyPHBIX H3MCHCHHIA.

KiioueBnle ciioBa: JAUCTAaHIMOHHOC 30HAUPOBAHUEC, MYJIbTUCIICKTPAJIbHBIC JAHHBIC, BEPXHAA I'paHUlla Jieca, TOPHbIC
OKOCHUCTEMBI

Jna nurupoBanus: KapTupoBaHWE MHOTOJETHHX HM3MEHEHHH JIECHOTO INOKpPOBA 0 MYJIBTUCHEKTPAJbHBIM JaHHBIM
CITyTHUKOBOTO JTUCTaHIIMOHHOTO 30HaMpoBanust / A. A. Bacmanos, M. U. Boraues, A. A. I'puropses, 0. B. [llanaymosa,
H. A. O6yxoga, I. U. Jloxkun, /. B. Tumun // 3. By30B Poccun. Pagnosnexrponuka. 2025. T. 28, Ne 5. C. 16-27.

doi: 10.32603/1993-8985-2025-28-5-16-27

KoHaukT nHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBUU KOH(DIMKTA HHTEPECOB.

Hctounuk ¢uHaHcupoBaHusi. PaGoTta BemonHeHa mnpu (UHAHCOBOU momaepkke [0CymapcTBEHHOTO 3alaHUs
Muno6pHayku PO, npoext FSEE-2025-0006.

Crarps noctynuia B pegakuuto 06.04.2025; npunsrta k myOnukanuy nocie peuensuposanus 12.07.2025; omy6miu-
KoBaHa oHJlaiiH 28.11.2025
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Abstract

Introduction. Shifts in the habitat ranges of tree species are among the continental-scale consequences of climate change.
Mapping these shifts and their quantitative estimation are essential for evaluating the carbon balance. In this work, a
method for mapping long-term changes in forest cover, thus permitting evaluation of treeline shifts, is demonstrated on the
example of the mountain ecosystem of the Subpolar Urals. The stages of preliminary selection and processing of Landsat
multispectral remote sensing data from the Google Earth Engine platform are described. The results of mapping long-term
changes in forest cover and quantitative estimation of the total area of treeline transition are presented.

Aim. Mapping of long-term changes in forest cover and their quantitative estimation using Landsat multispectral
remote sensing data and expert assessments of ecological zone boundaries in the mountains of the Subpolar Urals
(on the example of the Sablya Ridge).

Materials and methods. Cloud-free multispectral images from Landsat satellites 4-9 of top-of-atmosphere reflec-
tance, which underwent relative radiometric correction, as well as surface reflectance data, were used. Expert as-
sessments of ecological zone boundaries were obtained, and regression analysis was used.

Results. Based on the statistical time series analysis for the period from 1987 to 2024, the total area of treeline transition
from 1960 to 2024 was established to be 4.82 km?2. An acceleration of treeline transition from 1970 to 1995 was recorded.
Conclusion. The described method allows long-term spatial dynamics of treeline shifts to be mapped and quantita-
tively estimated. The obtained estimates agree well with those obtained by expert assessment. The recorded period
of accelerated treeline transition coincides with that of global temperature changes.
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BBenenue. OmHrM W3 TOCICACTBUN IIPOHC-
XOIAIINX KIMMaTHYECKUX H3MEHEHUH SBISETCS
MacIITaOHOE CMEIIEHHE TPAHMI[ SKOIOTHYECKUAX
30H [1, 2]. B ceBepHOM MMOITyIIIapuu CMEIaeTCsT Ha
CeBep TpaHHIla PaCIPOCTPAHEHUSI BEYHOI Mep3IIo-
TbI, apKTUYECKHE IyCTHIHU MTOCTETIEHHO 3aMella-
IOTCS TYHJPOM, I0XKHAas TpaHUlla JECOTYHIPOBOMH

30HBI TIOCTETICHHO 3apacTaeT JIECOM, CMeIas rpa-
HUIIBI pacnpocTpaHenus jgecoB. C mpyroit cTopo-
HBI, T0)KHASI TPaHUIlA JIECHBIX MAaCCHBOB OTCTYIIAET
TTOJT BO3JCHCTBHEM HEONIArONPHUATHBIX IS TIPOU3-
pacTaHus JIECOB NPHUPOTHBIX W aHTPOITOTCHHBIX
(hakTOpoB, BKJIIOYAs MPOMOIDKHUTEIBHBIE 3aCyXH,
MoXKapbl, AKTUBU3AIUIO CEJIhCKOXO35IUCTBEHHOM

KaanpOBaHne MHOI'0JIETHUX U3MEHEHHI JIECHOT 0 IOKpoBa 17
mo MYJbTUCHEKTPAJTbHBIM JAHHBIM CIIYTHUKOBOTO TUCTAHIIMOHHOT0 30HANPOBAHUSA
Mapping Long-Term Changes in Forest Cover Using Multispectral Satellite Remote Sensing Data



N3Bectns By3oB Poccun. Pagnodnextponnka. 2025. T. 28, Ne 5. C. 16-27
Journal of the Russian Universities. Radioelectronics. 2025, vol. 28, no. 5, pp. 16-27

NEeSTePHOCTH, M TIOCTENIEHHO YCTYIaeT MeCTo
necocrenu. OreHka Oamanca MEXIy 3THMH IIPO-
1eccaMu TPEACTaBIsIeT COOOM CIOXKHYIO M Mac-
mTa0HYI0 3a7a4dy, BOCTPeOOBAaHHYIO B TOM YHCIIC
JUTSL OTICHKH YIIIEPOAHOTO OaaHca.

B 10 Xe BpeMsa TropHBIE SKOCHCTEMBI Tpel-
CTaBIIAIOT cO0O0i1 JIOKAIbHBIE MOJIENH TII00AThHBIX
n3MeHeHui. JIJis TOPHBIX SKOCHCTEM, KaK IpaBH-
JI0, XapaKTepPHO pasficlicHUe NMOBEPXHOCTH Ha He-
MOKPBITHIE JISCOM W TPABIHUCTOH PaCTUTEILHO-
CTBhIO TUIOIIAIU (XOJIOMHBIC TONBIIOBHIC ITYCTHIHH,
KaMEHHUCTBIE POCCHINHU, 00JI0TA); TOPHYIO TYHIPY,
XapaKTEepPHU3YIOILYIOCS MOSBICHUEM HHU3KOPOCIIOH
pPacTUTEIBHOCTH (MXOB, JHUIIAHHUKOB, TPaBSHU-
CTBIX PACTCHHMIA, HEOOBIINX KyCTAPHUKOB, PEIAKUX
JICPEBHEB); MOKPBITHIC JICCOM ILIOMAAH (COMKHY-
ThIe JIecHble MaccuBhl) [3]. Tpu npuBeaeHHBIC OC-
HOBHBIE 30HbI TAKXKE WUCIBITHIBAIOT CMEIICHHUE TIOJT
BO3/ICHCTBUEM KIMMATHYCCKUX (hakTopoB. Tak,
HanpuMep, TOPHBIC TYHIPHI MMOCTEHICHHO IMOKPHI-
BAaIOTCS JIPEBECHON PACTHTENBbHOCTBIO, YTO SBIIS-
€TCsI MMPOLIECCOM, CXO)KUM CO CMEICHHEM FOKHOU
KOHTUHEHTAJILHOHM T'PaHUIbI JICCOTYHIPOBOH 30HBI
Ha ceBep [4]. Ha mpumepe TropHBIX SKOCHCTEM
MOXHO B JIOKaJbHBIX MacmTabax HcciIeqoBaTh
MPOLIECChI, CXOKKE C MPOILECCaMi KOHTHHEHTAIIb-
HBIX MacmTaboB, HO MPU 3TOM OTPAHUIHBASICH
HEOOJNBIIUMH 30HAMU aHANNW3a, TJe HECKOJIBKO
JKOJIOTHYECKUX 30H MOTYT CMEHSTHCS Ha IMPOTS-
KEHHH COTEH METPOB, B OTIUYHE OT COTEH W THI-
CSTY KMJIOMETPOB Ha PaBHUHOM MecTHOCTH [3]. D10
JTAeT BO3MOXKHOCTh OTPa0aThIBaTh Pa3IAYHBIE Me-
TOJIBI, CBSI3aHHBIE C aBTOMATH3MPOBAHHBIM aHAIH-
30M W HWHTEpIpeTanuell MHOTOJETHUX JaHHBIX
JTUCTAaHIIMOHHOTO 30HAMPOBaHUS 3eMJIM B Mac-
mTabax, MO3BOJSIONINX OCYIIECTBISTh UX PyYHYIO
OTIIAaJKy, KOHTPOJIb W COIIOCTABJICHUE PE3yJIbTaTOB
C OKCIIEPTHBIMH OI[EHKAMH U JaHHBIMU JIOKATHHBIX
Ha3eMHBIX HaONFOICHUN.

B coBpeMeHHBIX YCIIOBHSIX JJISI aHAJIM3a MHO-
TOJIETHUX M3MEHEHHH JIECHOTO TOKPOBA JTOCTYITHBI
JAHHBIC TUCTAHIIMOHHOTO 30HIWPOBAHUSA W3 pas-
JIUYHBIX UCTOYHUKOB, CPEIN KOTOPBIX HAUOONBIINI
WHTEpPEC  MPEACTaBISIOT
nannbie Landsat ¢ ygeToM mio6GanbHOCTH M HETIpe-

MYJIBTHUCIICKTPAJIbHBIC

PBIBHOCTH HX HPOCTPAHCTBEHHOTO M BPEMEHHOIO
nokpbIThs [5]. [Ipu 3TOM Onarogapsi COBpeMEHHBIM
O0Na4YHBIM BBIYMCIUTEIBHBIM HHCTPYMEHTAM U
iatpopMaM BO3MOXKHO 00pabarhiBaTh OOJIbININE

00beMBbI JaHHBIX JUCTAHIIMOHHOTO 30HAWPOBAHHS
0e3 Takux 3aTpyJIHEHH, KaKk HEOOXOAUMOCTh Xpa-
HEHHs WCXONHBIX JIAHHBIX W YIpaBieHUs 0a3oi
JTAaHHBIX, MMOTPEOHOCTh B BBIYUCIUTEIBHOM 000pY-
JIOBaHUHM M B OpraHW3anuu ero pabotel [6]. D10
TO3BOJISIET TIEPEUTH OT CPaBHEHHS TMap MYIBTHC-
MIEKTPAITBHBIX W300paXeHUH K aBTOMATH3HPOBaH-
HOMY aHaJIM3y BPEMEHHBIX PsIOB, KOTOPhIE HECYT
Oonpiie uHboOpMaIuK [7-9], B TOM YHCIC O JMHA-
MUKE IPaHHI] SKOJIOTHYECKUX 30H.

Omnpenenenue TpaHUIBL, KOTOpas pasaenseT
HETOKPBITHIE JIECOM M TPaBSIHUCTOM PacTUTENBHO-
CThIO TUIOIIAJW W TOPHYIO TYHJAPY, MOXET OBITh
peann30BaHO MOCPEICTBOM CPAaBHEHHUS C IOPOTOM
OJTHOTO WJIM HECKOJBKUX BEreTaTHUBHBIX MH/IEKCOB,
pacCYMTaHHBIX HAa OCHOBE 3HAYEHUH SIPKOCTH pas-
JUYHBIX CHEKTPaNbHBIX Tojoc. OmgHako pasaerne-
HUE TOPHOM TYHIpPHI U JIECONOKPBITHIX IUIOIIAEH
SIBIIIETCSI O0JIee CIIOKHONH M CyOBEKTHBHOM 3aja-
yeil, pemenne KOTopoi TpebyeT OoJiee KOMILIEKC-
HBIX TIOIXOZIOB ¥ ONIOPY Ha SKCIEPTHBIE OLIEHKH.

Marepuajbl U MeToabl. B KayecTBe HCXO.-
HBIX JTAaHHBIX HCIOJIb30BAIKCH JaHHbIe Landsat u
SKCIIEPTHBIE OLEHKH TPAHMI[ IKOJIOTUYECKUX 30H,
MOJTyYeHHBIE B OTAEIBHBIE TOMBI MMPOBEICHUS JKC-
NeIUIMA 1 HA OCHOBE aHajm3a a’3po(OoTOCHUMKOB
Y CITyTHUKOBBIX M300pakeHu. [ ananuza ObuIn
BEIOpaHBl  MYJBTUCHEKTPAIBHBIE H300paKCHHS
ciytHukoB Landsat 4-9 Bropoi komnekimu [10] 32
WIOJb U aBTYCT, KOTOpPBIE JOCTYITHBI JJIs OOJacTH
aHanu3a ¢ 1984 r. O6nacte aHanu3a NpeaCcTaBiseT
c000i1 KBaJipaTHYIO TUIOMIAL CO CTOPOHOH 30 KM
W IIEHTPOM B Touke obOmactu: 64.82° c. .,
59.05° B. a1. OHa oxBatkiBaeT xpebet Cabdins u ropy
CyHAyK, pacnioJoXeHHbIe B 3anagHon yactu [1pu-
MOJISIPHOTO Ypana. JTa 00IacTh OTIUYAETCS BHI-
PaXXCHHBIM aIBIMUHACKUM pelbeoM (HETUITHYHBIM
JUTs Ypalia) v SIBISCTCSI IEPBBIM MEPUIHOHATBHBIM
XpeOTOM Ha TyTH 3amafHbIX BO3MYIIHBIX MAacc.
PaiioH MoMHOCTBIO HAXOAWUTCS B 3alIOBETHON 30HE
Hanmapka "HOreig Ba", roe OTCyTCTBYeT Kakas-
n00 XO3SIMCTBEHHAs! [JEATEIBHOCTh 4EJIOBEKa.
Kimmar 3mech pe3ko KOHTHHEHTANIBHBIN: 3uMa
JUITCS 6—7 MECSIIEB W OuYeHb XOJIOJHAS, MHO-
TOCHE)KHasl, JIETO — KOPOTKOE (OKOJIO 2 MECSLEB) U
npoxianHoe. CpenHss Temrieparypa sHBaps IO-
paaka —20 °C, uroins — okoio +10...+12 °C. Ocan-
KM BBINTAJIAI0T 9acTO M OOMIBHO (0OCOOEHHO Ha 3a-
MaTHBIX HABETPEHHBIX CKJIOHAX), TP OOIIeM W3-

18 KapTupoBanue MHOTOJIETHAX H3MEHEHHIH JIECHOT0 TIOKPOBa
0 MYJbTHCHIEKTPAJbHBIM JaHHBIM CIYTHUKOBOI0 TUCTAHIIUOHHOI0 30HAUPOBAHUSA
Mapping Long-Term Changes in Forest Cover Using Multispectral Satellite Remote Sensing Data
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OBITOYHOM YBJIQKHCHHH TCPPUTOPUHU. 3a TOCTE-
HHE JICCSATHIICTHS KIMMAT 3[ech cran Ooiee Ter-
JBIM ¥ BIIQXKHBIM, YTO YBEITHUYHIIO MPOJOJDKUTEIIh-
HOCTH BETETALMOHHOTO NEPHONa U CII0COOCTBOBA-
JI0 TIPOJBIKEHUIO BEPXHEH TI'paHMIIBI Jieca BBEpPX
no ckjoHaM. Takke JUIsi psAjla oneparuil UCTIOb-
30BaJach PACIIMpPEHHAs A0 KBaJpaTa CO CTOPOHOU
90 kM 00nacTh aHANMK3a C IEHTPOM B TOMU K€ TOUKE
(manee — pacupeHHas 00JIaCTh).

Hcnonp3oBaiuch OYMIIEHHBIE OT OOJAaKOB
MYJIBTHCIICKTPAJIbHbIE H300paKeHUsT YpPOBHA 1
(Tier 1 — T1) orpaxkeHuss BepXHEH 4YaCTH aTMO-
cheprr (Top of Atmosphere — TOA), kotopsie
NOPOILIH  OTHOCHTENBHYIO — PaJHOMETPHUYECKYIO
KOPPEKIIUIO, ¥ OTpakeHHs1 moBepxHocTH (Surface
Reflectance — SR). [lanubie T1 umeroT paauaiib-
HYIO cpenHekBaaparuunyto oumOky (Radial Root
Mean Square Error — RMSE) B mpezmenax 12 m
MEKIY M300pKESHUSAMH U SIBJISIFOTCS TTOAXOISIIH-
MU JJIsl aHaJi3a BPEMEHHBIX psAAoB. Bece ucmomnb-
30BaHHBIC MYJIBTHCIIEKTPATIbHBIE HM300pasKeHUs
Bkiouanu cunoo (Blue — B), 3enenyio (Green —
G), xpacuyto (Red — R), 6mmxHo0 uHbpakpac-
Hyto (Near Infrared — NIR), KOpOTKOBOJIHOBBIE
uHdpaxpacusie (Short-Wave Infrared — SWIR1 u
SWIR2) u TerioBU3MOHHbIE CIIEKTPAIbHBIC MOJI0-
CBI, KOTOpBIE SIBJISIFOTCSI OOIIMMHM ISl BCEX JaT4H-
koB cryTHuKOB Landsat 4-9. MysbTrCIIEKTpasib-
Hble n300paxenuss TOA HCHONB30BAINCH HETO-
CPEIICTBEHHO /JIsI KapTHPOBAaHHS, a MYJIBTHCIICK-
TpanbHble n300paXkeHnss SR — kak Bcriomoraremb-
HBIE Ha ATalle OTHOCUTEJIBHON paguoMeTpUUeCKOn
KOppEeKIIMN W Ha 3Tarne (GopMuUpoBaHUS 00ydaro-
X METOK KiaccoB. Mcmomb3oBaHue M300paxke-
Huil SR TOmpkO B KadecTBE BCIOMOIaTENbHBIX
JAHHBIX MOTUBHPOBAHO TEM, YTO OHH UMEIOT pa3-
JIMYHS, BBI3BAHHBIC PA3INYMSIMH B JATYMKAX CITyT-
uukoB Landsat 4-9. BpemeHHbIe psiibl HA OCHOBE
n300pakeHnii SR OT HECKONBKHX CITyTHHUKOB
Landsat Hen30e:KHO COmepKaT TEHACHIIUU B SPKO-
CTH CIIEKTPAJIFHBIX TTOJIOC ¥ BO BCEX MPOU3BOIAHBIX
OT 3THUX IOJOC MHIEKCAX M3-3a MOCTENICHHON CMe-
HBl CTapblX [IaTYMKOB Ha 0oJiee COBPEMEHHBIE.
Ilpu »>TOM OTHOCHTENBHAS pagHOMETpPHYECKas
KOPPEKIUs, KOTOpasi CiocoOHa HUBEIUPOBATH (-
(beKT OT CMEHBI JAaTYUKOB, BBITONHAETCS dPPeK-
TUBHEe ¢ Ooyiee 0a30BOIO YPOBHS MPEABAPUTEIIb-

n3obpaxkennss SR k apyromy umzobpaxkenuro SR.
Oto o0bsCHSETCA TeM, 4To n3o0paxeHus: SR yxe
SBJSIFOTCS PE3YJIBTaTOM aOCOJIIOTHOW paiuoMeTpH-
YECKOM KOppeKUuu, KOoTopas MpH JalbHeHIen
OTHOCHTEJIbHONH KOPPEKLHUH BBICTYHAET JIMIIbL KakK
HMCTOYHHUK JOTOTHUTEIBHON omuoku [11].
O0paboTka MaHHBIX BBINOJHIACH C HCIOJb-
soBanureM Google Earth Engine (GEE) — o6naunoit
TIaTGOPMBI IS TEONPOCTPAHCTBEHHOTO aHAJIH3a
JAHHBIX, KOTOpas HWCIOJb3YeT BHIYMCIUTEIBHbIC
Bo3MokHOCTH GOOgle u ympomaer 00paboOTKy
00NBIIUX HAOOPOB JaHHBIX JMCTAHIMOHHOTO 30H-
muposanus [12]. Ha mnargopme GEE Bbimonns-
JIMCH BCE OIEpaIiK, KOTOPBIE CBSA3aHBI ¢ 00paboT-
KOW OTAENBbHBIX U300pakeHU U (HOpMHUpPOBAHHEM
MpeBapuTeIILHAS
¢uIbTpanys, OTHOCUTENbHAS paJUOMETPUYCCKas

U3 HUX BPEMCHHLIX PAOOB:

KOPpEKIIUs, KOMITO3UIUs. BpeMeHHbIe psabl dop-
MHPOBAJIUCh KakK Ha60pBI CE30HHBIX KOMIIO3HUTOB
n3oopakenuit TOA u SR. KoMmo3uriust mo3posinia
CHHU3UTh BPEMEHHYIO HEOJHOPOIHOCTh KOJIMYECTBA
CIYTHUKOBBIX HaOIIONeHUH u 00beM oOpabarbiBa-
€MbIX JIaHHBIX Ha Tocieayromux srtanax. [lomy-
YCHHBIC BPEMCHHLBIC PAAbI BBII'PYXKAJIUCH C ILJIAT-
dbopmbl U nanee 0OpabATHIBAIUCEH JIOKATBLHO II0-
cpeactBoM mporpamMuoro mnakera MATLAB.
KaptupoBanue MHOrOJE€THUX U3MEHEHHH JIECHOTO
MOKPOBa OCYIIECTBISIIOCH Kak JBYXKJIACCOBas
KJaccu(uKays MAKCENIOB Ha OTHOCSIIUECS M He
OTHOCAIIHECS K JIECOTIOKPHITOH TUTOMIAIN KIIACCHI C
MOCTIETYIONM BPEMEHHBIM aHAJIF30M PE3yJIETaTOB
KJIACCHU(PUKAITIH METOIOM JTMHEHHOMN perpeccum.

IpexBaputensHaa ¢uabTpanus. IlepebiM
mrarom u3 jgaHHbiXx TOA OBUTM HCKITFOYCHBI BCE
M300paKeHNs, KOTOphle Ooyiee 4eM Ha YEeTBEPTh
3aKPBITHl TYCTHIMH OOJIakaMHU WJIM TIOTYIpo3pad-
HOHM IBIMKOW B pacIIupeHHON obmacTu. st aToro
K M300paXeHUSM TPUMEHSUICA aJTOPUTM MIPOCTOM
ounenku obmakos (Simple Cloud Score), xoropsrit
noctynieH Ha tmiardpopme GEE. Drtor anroputm
BBIUMCIISIET BEPOSTHOCTH 00J1aKa B MPOICHTAX IS
KaXXIO0T0 MMHUKCEeTa MYJIBTHUCIIEKTPAIBHOTO H300pa-
xenust Landsat TOA ¢ HCIONb30BaHHEM CIICK-
TPaNBHON SPKOCTH, TEMIIEPATypbl M HOPMAIIHA30-
BaHHOTO paszHocTHOro mHaekca cHera (Normalized
Difference Snow Index — NDSI):

. G -SWIR1
HOW 00paboTku, Takoro kak TOA, yeM OTHOCH- NDSI = G TSWIRL
+
TeNbHAS PAJMOMETPHUYECKasi KOPPEKIHUS OIHOTO WIR1
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Hanee ymansnuch Te M300pakeHUs, TSI KOTO-
PBIX BEPXHHM KBAPTHIIb BEPOSTHOCTH OONaKa ObLT
Beime 1 %. Takoit orGop 0OycCiOBIEH TEM, YTO
JaNbHEHIIasi OTHOCHTENbHAS paAHNOMETpPUIECKas
KOPPEKIHSI MOXKET BBITIONHATHCS C CYIIECTBEHHBI-
MH OITHOKAMH IS M300pakeHUil ¢ OOJBIITNM KO-
JUIECTBOM OOJIAKOB, TAK)KE PaHHEE HCKITIOUYECHUE
YacTH JaHHBIX IO3BOJAET ObICTpEe BBHIMOTHUTH
HEoOXoOuMble pacueTbl M TmpeoOpazoBanus. Ha
OCTaBIINXCS M300PaKEHUSX MAaCKHPOBAJIHCH AH-
JaTUPOBaHHBIE 00JlaKa U WX TEHH C HMCIOJIb30Ba-
HueM ourtoBoit macku QA _PIXEL.

OTHocuTeIbHAA PAIMOMETPHUYECKAs] KOP-
pexuusi. (15 OTHOCUTENBHOH paaHOMeTpuUye-
CKOW KOPPEKIHH B KauyecTBE 3TajloHa OBLIO BBI-
OpaHo OJTHO n300paxeHue SR (ID:
LANDSAT/LEQ07/C02/T1_L2/LEQ07_168015_2001
0717), umeroliee MUHUMAJIBHOE COZIEpKaHHE 00-
JAKOB M MaKCHMallbHOE MepeceyeHne C pacilu-
peHHOH 00nacTeio. OTHOCHTEIBHO BBIOPaHHOTO
ATAJIOHHOTO M300pakeHuss SR ObLTU CKOPPEKTUPO-
BaHbl M300pakeHnss TOA C UCHONB30BAHUEM Me-
TOJa COTOCTAaBJICHHS TICEBIOMHBAPUAHTHBIX MpH-
3nakoB (Pseudo-Invariant Feature Matching — PIF)
[13]. JaHHBI MeTOnq OCHOBaH Ha YCTAHOBJICHUH
JIMHEMTHOM 3aBUCUMOCTH MEXAY CHEKTPaJbHOU
SIPKOCTBIO TICEBIOMHBAPUAHTHBIX MPU3HAKOB (TUTH
CIEKTPaIbHO-CTAOMIBHBIX OOBEKTOB) HAa STAJIOH-
HOM HM300paXeHWU W WX CIIEKTPAIbHOU SIPKOCTHIO
Ha KOppeKTUpyeMoM u3o0paxenuu. [lukcersl,
KOTOPHIE COOTBETCTBYIOT TICEBIOMHBAPHUAHTHBIM
npu3HakaMm (PIF-mmkcensr), ompenensiuchy ¢ mo-
MOIIIBIO MephI CXOACTBAa MEXAY CIIEKTpamMu SPec-
tral Angle Mapper (SAM) [14]:

3. piRpyOn
SAM = cos_1 N =1 N ,
2 2
2 (PER)" X (PTOA)
i=1 i=1

e PSR — MHUKCEJI 3TaJIOHHOTO M300paxeHus SR;

PTOA _ mukcen KOPPEKTUPYEMOTO M300pasKeHus

TOA; i — cnekrpaiibHas 110JI0Ca, BapbUpyeTcs oT 1
no kommyectBa monoc N. OTOupanuch MHKCETHI,
U1 KOTOpbIX SAM uMen 3Ha4e€HHE HUKE IIATOrO
TIPOIIEHTIJIS B pacIMpeHHoi obmactu. [lanee 1o
otoOpanHbM PlF-ukcenam MeTofoM JMHEHHON
perpeccuy BEIUUCIUTUCEH K03 dummenTsr peodpa-

30BaHUS CHEKTPAIBHBIX MOJIOC. B pesynbrare Kax-
Jlasi CIIEKTpabHAs TI0JI0Ca KaXIO0TO M300parkKeHUs
TOA 6bu1a peodpazoBaHa coracHo ko3hGuireH-
TaM MOJIYYEHHBIX JIMHEUHBIX PErPECCUIA.

Takum 00pa3oM, OTHOCUTEIbHASL PaAUOMETPH-
YyecKas KOPPEKLHs BBINOJHSIACH B TMPEIIIOJIONKE-
HAW O TOM, YTO B TIEPECEUYCHHUH JI000T0 M300pa-
xkenuss TOA ¢ a3rajoHHBIM m300paxeHueM SR
B PACIIUPEHHOW 00NacTH €cTh Kak MUHUMYM 5 %
CHEKTPAIBHO CXOKHMX THKCEIOB, Pa3IHUHsl KOTO-
PBIX OOYCIIOBIIEHBI PA3IAYMSIMH B AaTYMKAX CITYT-
HUKOB, YIJIE€ TIQJICHUS COJHEYHBIX Jyd9ed W Tpo-
3pa4HOCTH aTMOc(epbl, HO He (HeHOTOrHYECKUMHU
pasnuuusMu pactTutensHocTH [11].

Komno3unus. [locie ounctkn oT 00MaKoB u
OTHOCHUTEJIBHON paguOMETPUUECKONH KOPPEKLIUU
nzo0pakenuss TOA 0ObEIUHSINCH B CE30HHBIC
KOMIIO3UTBI C HCTOJIb30BaHUEM HOPMATH30BaHHO-
ro pa3HOCTHOTO WHAekca pactutenbHOCTH (NOr-
malized Difference Vegetation Index — NDVI):

NIR -R

NDVI = .
NIR+R

B xoMIo3ur nomazaain TOT MUKCE, Il KOTOPO-
ro NDVI cooTBeTcTBOBaN BepXxHEMY KBapTHIIIO 32
ce30H. Tako¥ Toxo] MO3BOISET BEIOMPATE MTHKCE-
JIbI, KOTOPBIE HAXOAATCS OJIMXKE K CE30HHOMY IHUKY
BETETAllMOHHOW aKTUBHOCTH, W HCKIIOYATh aHO-
MabHBIe TTHKCENhI, BRICOKH NDVI xotoperx 00y-
CJIOBIICH HE PaCTUTEIHLHOCTHIO, a dddekTamu art-
Mocdephl. DTO JeaeT KOMIIO3UTEI 00JIee Coraco-
BaHHBIMH MEX1y COOOH M JOIOJIHUTEIBHO MOAB-
JSIET OCTATKU O0JIaKOB, OCTAaBIIUECS IOCIIE MAaCKH-
POBKHM, U mpoure aHomanuu. Kommosurel uzobpa-
xeHui SR popmupoBanuce kak MeaMaHHBIE U300-
paxeHus 3a ce3oH B nepuoz ¢ 2019 no 2024 rr.

JKCcIEePTHbIE OLEHKH TPaHMIl 3KOJOrHYe-
CKHX 30H — 3TO JaHHbIE, KOTOPbIE OBLIN IOITYYEHbI
B XOZI€ 3KCIIEULIMOHHBIX PadOT U MPH IKCIEPTHOM
aHaJM3e PA3HOBPEMEHHBIX a3pO(OTOCHHUMKOB U
CIYTHHUKOBBIX M300pakeHuid. Ha puc. 1 npuBenex
npuMep TakuX AaHHBIX, BU3yaJIM3MPOBAHHBIA 3a-
MKHYTOW I'paHHILEH Ha KapTe 1 OMHApHON MacKOM.
OTH JaHHBIE OTPAXKAIOT OMPEAETICHHOE MHOKECTBO
HE OTHOCSIIIUXCS K JIECOMOKPHITOM ILIOIAAN IIHK-
CEJIOB Ha CIIyTHUKOBOM M300pakK€HUH, OIHAKO
MHO)KECTBO OTHOCAIIMXCSA K JICCOINOKPBITOM ILIO-
a1 [TUKCEJIOB OCTAeTCsl HeOIpeAeIeHHbIM. 13-
3a CyILIECTBEHHBIX TEHEH, OTOpachIBaeMbIX Jepe-

20 KapTupoBanue MHOTOJIETHAX H3MEHEHHIH JIECHOT0 TIOKPOBa
0 MYJbTHCHIEKTPAJbHBIM JaHHBIM CIYTHUKOBOI0 TUCTAHIIUOHHOI0 30HAUPOBAHUSA
Mapping Long-Term Changes in Forest Cover Using Multispectral Satellite Remote Sensing Data



W3Bectus By30oB Poccun. Pagnosnexrponnka. 2025. T. 28, Ne 5. C. 16-27
Journal of the Russian Universities. Radioelectronics. 2025, vol. 28, no. 5, pp. 16-27

7

Puc. 1. Ilpumep 3KCepTHOM OLEHKH T'PAHHIIBI
MEXJy TOPHOM TYHJIPOH M COMKHYTBIM JIECOM:
a — 3aMKHYTasl TpaHHIa; 6 — OUHApHas MacKa

Fig. 1. Example of expert assessment
of the boundary between mountain tundra and dense forest:
a — closed boundary; 6 — binary mask

BBSIMH, JIECHBIC YYacTKM, KaK HpaBHJIO, TEMHEE
OOJIPIIMHCTBA JPYTUX THOKPBITHIX PacTUTEIBHO-
cThi0 moBepxHocTell. Ecnu Ha n3o0paskeHnn npu-
CYTCTBYEeT 3HAYUTEIbHOE KOJIWYECTBO JICCHBIX
YYacTKOB, OHH OOpa3yloT MHK Ha THCTOrpamMMax
HEKOTOPBIX CIIEKTpaidbHBIX Tosoc [15]. Ilpu sTom
HEJICCHbIE TEMHBIC YYaCTKH MOTYT OBITh MJCHTH-
¢uIMpoBaHBl W 3aMAaCKUPOBAaHBI C IOMOIIBIO
NDVI. Ilosromy monydeHHBIE paHEe KOMITO3UTHI
n3zo0paxenuit SR ObUTH pa3OUTHI HA KBaJpaTHBIC
Omoku co croponoit 200 MHUKCENOB, MOCE Yero B
KaXJIOM OJIOKE pacCUMTBHIBAINCH THUCTOTPAMMBI
cnekrpasibHoi monockl G u NDVI. MuoxecTBo
MTUKCEIIOB, KOTOPBIE OTHOCITCS K JIECOTIOKPHITOM
TUIOINA/H, OBUIO BBIJICJIEHO IO TIOPOTaM, 3HAYCHUS
KOTOPBIX COOTBETCTBOBAJIM 3HAYCHUSIM IHKa 4Ya-
CTOTBI Ha PACCUUTAHHBIX THCTOrpaMmax. Beiompa-
JIMCh THKCEJIbl, KOTOPHIE OKa3bIBAJIKMCH BBIIIE YCTa-
HoBieHHOTO nopora NDVI u Himke ycTaHOBIEHHO-
ro mopora G. Ha puc. 2 mpuBeneH mpumep CKop-
PEKTUPOBAHHOW B PE3yJIbTaTe OMMCAHHON IOpPOro-
BOW 0OpabOTKM OWHAPHOW MAacKd TMOBEPX KapThl.
Broku, koTopble WMeNuM MequaHHOEe 3Ha4YeHHE
NDVI mmxe 0.8, uckmrogammcs. ITnomangu, xoro-
pble COOTBETCTBYIOT 3THM OJOKaM, MEHee 4eM Ha
TIOJIOBMHY TIOKPBITBI T'YCTOH PacTUTENBHOCTBIO, U
MHUKOBBIE 3HAYSHUS YaCTOTHI Ha TUCTOrpaMMax JUIst
HUX C OOJIBIIION BEPOSATHOCTHIO OYyT OOYCIOBIEHBI
HE JIECHBIM IIOJIOTOM. B TonydeHHON Macke Hyle-
BBIC 3HAYEHHs] OTMEYAIOT COMKHYTHIE JIECHBIE Mac-
CHBBI, €JIMHMYHBIC 3HAYCHUS OTMEYAIOT TOPHYIO
TYHJIPY U HENOKPHITHIE JIECOM W TPAaBSHHUCTOM pac-
TUTENEHOCTHIO TUIOIAJIH.

Puc. 2. Tlpumep CKOPPEKTUPOBAHHON OUHAPHON MacKu

Fig. 2. Example of corrected binary mask

KaprupoBanue MHOroJIeTHUX W3MEHEHUM
JIECHOTO MOKPOBA BKIJIIOYANO JABA dTama: Kiaccupu-
KaIHIO ITUKCEIOB KOMITO3UTOB CKOPPEKTHPOBAHHBIX
n3o0paxennit TOA Ha OTHOCSIIMECS U HE OTHOCS-
IMecsl K JIECOMOKPBITON IO KJIAcChl U pe-
TPECCUOHHBIN aHAIN3 PE3YNBTaTOB KIACCUPUKALIUH
(BpEeMEHHBIX PsIJIOB PEILIAIONIEH CTATUCTUKY).

Crnekrpanbhbie nojiockl B, G, R umeroT BbICO-
KYIO B3aMMHYIO KOPPEISILHIO, KaK M CIIEKTPaJIbHbIE
nonocel SWIR1, SWIR2. TMostomy kimaccuduka-
sl BBITIOJHSIACH TI0 CHEKTPalbHBIM TosiocaM R,
NIR u SWIRI. Cnekrpanbnas mosnoca R Obina
BbIOpaHa, Tak Kak cpeau mojoc B, G, R ona
MEHBIIE JAPYTUX IMOABEpkKEeHa aTMOC(epHBIM 3¢-
(dekram Omaromapsi OOJNBIIMM JUIMHAM BIIEKTPO-
MarHuTHeIX BOJIH. CriektpanbHas monoca SWIR2
MMEET BBICOKYIO KOPPEJALHUIO CO CHEKTPaJbHOU
nojoco R, mo3TOMY WHCHONB30BaNachk IoJoca
SWIR1. CkoppektrpoBaHHbIE OWHApHBIE MAaCKU
(Bcero 6 mMacok ¢ 2019 mo 2024 rr.) UCTIOIB30Ba-
JMCh KaK 00ydaronre METKU KJIacCcoB AJISl MOAEIH
JIOTUCTUYECKON perpeccud. llomydeHHBIN THHEH-
HBIN TByXKJIACCOBEIN KiTaccupukaTop ObLT IIprMe-
HEH K IHUKceJIaM KOMIIO3UTOB CKOPPEKTHPOBAHHBIX
nzoopaxkennii TOA. B pesynbrare ObLI HOJIyYEH
BPEMEHHOM pAJ peraroeii cratucTuku ¢ 1987 mo
2024 rr. KagecTBO KiaccupuKaiuy OICHUBAIOCH
MO CTENEHH TepeceueHus MEXKAY NpeCcKa3aHHBI-
MH METKaMH KJIacCOB M OOyYarOIIUMH METKaMH.
[IpenckasanHble METKH KJ1accoB (POPMHUPOBAIICH
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KaK pe3yJlbTaT OWHApW3alliU PEIIaIoNIeiH CTaTH-
ctuku 1o mopory 0.5. J[7s 3Toro ncIob30Banach
meTpuka Intersection over Union (loU):

PAGT _ TP
PUGT TP+FP+FN’

loU =

rme P — mpeackasaHHble METKH  KJIACCOB
(Predicted); GT - oOyuaroryie METKH KIJIAcCOB
(Ground Truth); TP — npaBuiibHOE OOHapyKEHUE
(True Positive); FP — noxxHoe obnapyxkenue (False
Positive); FN — noxHoe neoOHapyxkenue (False
Negative). loU cocraBun 0.894 mis oOywarommx
Merok, Mmiomanas 1oy ROC-kpuBod  cocraBuiia
0.975. Tenu, orOpachiBacMble TOPHBIMHU BEPILTMHAMH,
OTMEUAIINCh KJIACCU(PHKATOPOM KaK JIECOTOKPBITAS
TUTOIIA[Th; 9T TEHH OBLTH 3aMacKUPOBAaHBI Kak o0a-

ctu ¢ Hu3kuM NDVI, koTopbIii He 3aBUCHT OT ypOB-
HS OCBeIIeHus Onaromapst Hopmuposke [11].

PerpeccuonHbl aHau3 3akiroyalicd B MpU-
MEHEHUHU JIMHEWHON perpeccu K BPEMEHHBIM ps-
JlaM pemIaroIieil CTaTUCTUKH OTAENBHO IS Kak-
JIOTO TTUKCEa.

Pesyabrarbl. Ha puc. 3 mpuBeneHa Buzyaiu-
3alusl JTMHEWHOW pErpeccHy MOIy4YeHHOTO Bpe-
MEHHOTO psifa. 3eJIeHbI [BET Ha BHU3yaJU3aluu
MIPONOPLIMOHANIEH CPEIHEMY 3HAUEHHIO JIMHUU pe-
IpECCUU, KPACHBIH IBET — OTPULATEIBHON MPOM3-
BOJIHOM, CHHUI — MOJOXHUTEIHLHOW IMPOU3BOIHOM.
[lpuBeneHHast Bu3yanu3alusi SBJISIETCS KapTOH
MHOTOJIETHETO MPHUPOCTa (CHHUHN LBET) W MOTEPH
(xpacHblit uBeT) neca ¢ 1987 mo 2024 rr. DkcTpa-
MONHUPOBaHHBIM 10 1960 1. MO mMOMydYeHHOH pe-

Puc. 3. Buzyanuzanus JMHEHHON perpeccuy BpeMEHHOTO psA/ia pelaroieil CTaTUCTUKH

Fig. 3. Visualization of linear regression of a statistical time series
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Puc. 4. 3aBucUMOCTb MIIOIIAAN TPOBIKEHHUA Jieca OT BpeMEHH

Fig. 4. Dependence of treeline transition on time

rpeccuu u OmHapwu30BaHHBIA 10 mopory 0.5 Bpe-
MEHHOM psJi pelarmiel CTaTUCTUKU IO3BOJISET
HOJIY4UTh OLICHKY OOIIeH MJIOoaay MPOIBIKEHUS
neca B 4.82 KM® JUISL HCCIICIOBAHHON JKCIIEPTAMH
oKpecTHOCTH XpebTa Cabis.

Ha puc. 4 npuBenmeH rpaduk 3aBHCHMOCTH
IUIOINAAN IPOJBIKEHMS JIeca OT BPEMEHH, Kpac-
HBIMM TOYKaMH OTMEYEHBI Ha4ajo M OKOHYaHHE
WCTIOJIb30BAHHBIX ~ CIYTHUKOBBIX  HaOMIOneHUH
(1987 u 2024 rr.). C 1995 no 2024 rr. 3aBucu-
MOCTb MMe€EeT JIMHEHHBIH Xapaktep, ¢ 1970 mo
1995 rr. nponaBrkKEHHE Jieca 10 C YCKOPEHHUEM,
no 1970 r. xapaktep 3aBUCHUMOCTH JIMHEHHBIN.
ITpuxoBeIME JHHUSAMH Ha Tpaduke NpUBeICHA
anMpOKCUMAIHs] TUHEHHBIX YYaCTKOB.

3akaiouenne. B mpencraBieHHOM HcclieoBa-
HUM ObUIa BBINOJHEHA anpoOalus KapTHPOBAHHS
MHOTOJICTHUX HW3MEHEHHH JIECHOTO TIOKpOBa IIO
MYJIBTHCTICKTPAJIbHBIM  M300pPKEHUSIM ~ CITYTHHUKOB
Landsat 4-9 u SKCHepTHBIM OLICHKAaM TPaHHIL KOJIO-
TMYECKUX 30H Ha TIPUMEpPE TOPHOW HKOCHUCTEMBI
xpebta Cabmnst. B pesynsrare 1Mo moiydeHHbIM Bpe-
MEHHBIM psJaM pertaroniei ctatTucTuku ¢ 1987 mo
2024 rr. Oblna co3maHa KapTa NPUPOCTa M MOTEpU
neca. Ha co3nanHoii KapTe BUTHO, YTO IPUPOCT Jieca
COCPEIOTOYEH B OKPECTHOCTH TOp, UYTO SIBISIETCS
0XHAAEMBIM CIBHUIOM BEPXHEW I'paHMIIBI Jieca Ha
(oHe HAOIMIOMAEMBIX W3MEHEHWH KimMara. Takxke
MOXKHO HAOJIIOIATh 1 HEKOTOPbIE MOTEpH JIeca, OHA-
KO OHH paclipeieJIeHbl B 30He aHajIu3a HaMHOIo 0o-
Jee ciydailHo W paBHOMepHO. KonmuecTBeHHas
OLICHKa OOILIeH IUIOmaay MPOABIDKEHUS Jieca IO
SKCTPAIOJIMPOBAHHBIM BPEMEHHBIM PsifaM PELIaro-
el CTaTUCTUKK B OoKpecTHOCTH xpedra Cabms co-

crasisier 4.82 kM® ¢ 1960 mo 2024 rr. DxcreprHast
OIIeHKa O0MIel TIIONaaN NPOIBIKEHHUS Jieca 3a TOT
e MepUoJ M B TOH K€ OKPECTHOCTH COCTAaBJISCT
5.6 km”. TToydeHHbIC PE3YNBTATHI MOXHO CUMTATh
COITACYIOIIMMICS, TaK KaK BO3MOXKHOCTH pasiuye-
HUSl KaKOM-TMOO IUIOMIQAM TIO CITyTHHKOBBIM IaH-
HBIM OTpaHUyY€Ha MPOCTPAHCTBEHHOM pa3pelaroiei
CMOCOOHOCTRIO, KoTOpas f1st cryTHukoB Landsat 4-9
cocraBisier 30 M, 1 B TO ke Bpemsi okono 30 %
TUIOLIAIN TIPOJBIKEHHMS, 3a(DUKCUPOBAHHOM JKCIIEp-
Tamu, TIPeCTaBisieT COOOH CIBUIM Ha PacCTOSHHE,
KOTOpPOE€ MEHbIIEe YKa3aHHOM paspelaromieii cro-
COOHOCTH. 3aBHCHMOCTH IUIOIIAIM TPOIBIKESHHS
Jjeca OT BpEMEHHM HMMEET Ieperud Ha BPEMEHHOM
npomexxytke ¢ 1970 o 1995 rr. Takoe BpemeHHOE
TIOJIOKEHUE TIeperuda Cormacyercsi C JaHHBIMH KITH-
MAaTH4ECKOr0 METaaHalli3a, KOTOPBIi yKa3bIBaeT, YTO
B koHIle 1980-x IT. mpou3omen 3HAYUMBIA MEpPeioM
JIMHAMUKY TeMIleparypHoro Tpexzaa [16].

Hcnons3oBanue mnargopmbl GEE  mo3Bomimmo
MIEPEHECTH CaMble PECypPCOEMKHE OIepalvy Ha CTO-
pony cepepoB Google, riae Gombiire 005EMbI MHO-
TOJIETHUX JIQHHBIX JAWCTAHIHOHHOTO 30HIUPOBAHUS
OBICTPO U AP(EKTHUBHO COKPAIIAIOTCSA JJO KOMIIAKT-
HBIX BPEMEHHBIX PS/IOB, COCTOSILIMX W3 CE30HHBIX
KOMITO3UTOB, KOTOpbIE MOXXHO JIETKO BBITPY3UTH U
00paboTars oKanbpHO. Takasi opraHu3amus aHaTI3a
HE TOJBKO CHHUMAeT PA3NIMYHBIC 3aTPYJHCHUS, CBS-
3aHHBIE C JIOKATGHON 00paOOTKOMH OONBINX JaHHBIX,
HO W 3HAUUTEIHHO YIPOIIAECT M YCKOPSET IpoBere-
HHE SKCTIEPUMEHTOB B JIPYTHX 30HAX.

IonyueHHbIe pe3yabTaThl B JAIBHEUIIEM MOXKHO
UCITONTB30BaTh Kak OCHOBY JUIS OoJiee CIIOKHOTO Ma-
TEMaTHYECKOTO MOJIETIMPOBAHMS TIPOLIECCOB M3MEHe-
HUSL ¥ CMEIIIeHHs JIeCHOro nokposa. Hampumep, 6o-
niee 3P PEeKTUBHBIM TOIXOIOM C TOYKH 3PEHHS OLIEHKH
BPEMEHHOH TMHAMUKH TUTOIIAIN TIPOIBIDKEHHUS JIeca
MOXET OBITh KyCOYHO-JIMHEHHAs! aImpOKCHMALHs
BPEMEHHBIX PSAAOB PEIIAOLICH CTATHUCTHKU. SpKUM
nipruMepoM 3PPEKTUBHOCTH TAKOTO TTOIXONA SBISIETCS
aIropuT™M BpeMeHHO#M cermenTtaru LandTrendr [7].
Ipu nmpoBenerny aHanm3a B 00NacTsX ¢ Oornee Gmaro-
OPUSTHBIM JUIS PACTUTENIEHOCTH KJIMMAToM, 4YeM B
BBICOKOTOpBsiX [Ipumomnsproro Ypana, u B 00nactsx,
KOTOpbIE TIO/IBEPrajiiCh T0KapaM WM aHTPOIOTeH-
HOMY BJIMSIHHIO, KYCOYHO-JIMHEHHAs! aIpOKCHMALIHs
MIO3BOJSIET YUWTHIBATH PE3KUE U HENMHEWHBIE BpE-
MEHHBIE M3MEHEHHS JIECHOTO TMOKpoBa. Tarke mep-
CIICKTUBHBIM BBIITIAAUT HCIIOJIB30BAHHUEC METOIOB OII-
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THYECKOTO TIOTOKA TPH MOJICIMPOBAHHUH, KOTOPHIC
MOTYT TMO3BOJIUTh TIOCTPOUTH TPOTHOCTUYECKYIO MO-
JIeJTh JIBVDKCHUS BEpXHEH TPaHuUIIbI Jieca.

Takum 00pa3oM, TIpeACTaBICHHBIN CTIOCO0 Kap-
THUPOBAHUS MOXET OBITh aJIalTHPOBaH U K JPYTHUM
o0yacTsiM aHanm3a, Ui KOTOPBIX JOCTYIHBI JKC-
MepTHbIE OLEHKH IMPOCTPAHCTBEHHO-BPEMEHHOTO
TIOJIOXKCHUSI BEpXHEW TpaHMIbl Jieca. B Oymayiiem
TUIAHUPYETCS BKIIFOUCHHUE B aHAJM3 OOJIBILETO YKCIIa

9KCIEPTHBIX OLCHOK Pa3HOOOPA3HBIX 3KONOTHUYECKHX
30H B Pa3MYHBIX IMHPOTaX I CO3MAHUS II00ATb-
HBIX W 00OOIIIEHHBIX MOJIEIICH MHOTOJIETHEN PeaKIim
PacTHTEIHLHOTO MOKPOBA Ha M3MeHeHust kimmara. Oc-
HOBHBIM TIPEMMYILNECTBOM TaKMX Mojenel Oyier
oropa Ha dKCIIEpPTHBIC OIICHKU M Ha3eMHbIe HaOIroIe-
HUSI, TIO9TOMY B Oy/TyIIeM TUIAHUPYETCsl UCTIOIb30BATh
TONBKO BPYYHYIO CO3aHHBIE OOY4YarolIde METKH
KJIACCOB /ISl BCEX SKOIOTMYECKUX 30H.

ABTOpPCKHUIl BKJIA]

BacmaHnoB AslekcaHaAp AHApeeBUY — pa3paboTKa criocoda KapTHPOBAHMS, 00paboTKa MYJIbTHCTIEKTPATbHBIX

JAHHBIX; BU3yalin3alus NOJYYCHHBIX PE3YJIbTATOB.

Borauyes Muxana UropeBuu — pa3paboTka KOHLENIINHN UCCIIEJOBAHUN U MHTEPIPETALS PE3YJIbTaTOB.
I'puropses AHapeii AHApeeBMY — NPEIOCTABICHHE JAHHBIX O MPOCTPAHCTBEHHO-BPEMEHHOM MOJIOXKEHUU

BEpXHeH rpaHHIIbI Jeca.

Hlanaymosa FOmus BanepbeBHa — reonpusszka a3po(hOTOCHUMKOB M CITyTHHKOBBIX M300pa)KeHUH K 1H(po-

BOi1 Mosienu penbeda.

Oo0yxoBa Haranusi AnekcaHApoBHA — pa3pab0TKa KOHIICIIIIH UCCIICAOBaHHH.
Jloxkkun I'puropuii UBaHoBMY — HHTEPIIPETALIMSI PE3YJIBTATOB.
Tumun dennc BraguMupoBu4 — npeoctaBieHNe SKCIIEPTHHIX OIICHOK.
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AHHOTAIINA

Beseoenue. YrnoMepHbIii METOZ ONPENCICHHS TOJIOKEHHS MIEPEKPHIBAIOIUXCS IO CIIEKTPY HCTOYHUKOB PaJHOM3ITY-
yenust (MPW) nononHen npocrpanctBeHHor ¢puiprpanueit (I1D) ux MHOrOMy4eBBIX CUTHAJIOB M BEIYMCIICHUEM B3a-
UMHBIX KOppesisiHoHHBIX (yHKImH (BK®) Mexay olieHKaMH CHTHAJOB, MPUHATHIX B OJJHOM M B Pa3HBIX IMYHKTax
npuema (I1I1). [Ipu Takom noaxone He GOPMHUPYIOTCS JIOKHBIE TOYKH M 00JIACTH ONPEIETICHHUS MTOJIOKEHUSI.

Ienv padomer. Pa3paboTrka 1 HCCIeJOBAaHUE METOA CONIOCTABICHUS JIMHUN TIOJIOXKEHUsI, 0a3upyIOIErocs: Ha OIIeH-
kax curHanos P, nomyuyennsix 11® B pasubix III1.

Mamepuanst u memoowst. OLIeHKU HaNpaBJICHUN MPUX0/Ja MEePEKPHIBAIOLIUXCS 10 crieKTpy curHanos MIPU B pa3HbIx
MIT hopmupyrorcs Ha ocrHoBe MeTona MUSIC. KoadhdhurmeHTs MpocTpaHCTBEHHOTO (PIIIBTPA A BBIICIICHHS CHT-
HanoB IPU paccyuThIBalOTCS MO KPUTEPHIO HAMMEHBIINX KBAJAPATOB C MOMOIIBIO MMOTyYEHHBIX OLEHOK. Berancie-
e BK® onenok curnanos B ¢uxcuposaHaoM [1I1 mo3BossieT HCKITIOYNTD U3 aHAIH3a NIEPEOTPAKEHHBIE CUTHAIIBI.
ComnocraBieHre OLEHOK HalpaBlIeHUH MPUXOAa CUrHanoB B pasHble III1 BHIMOIHEHO Ha OCHOBE BBIYUCIIECHUS UX
BK®. Pexexnus HENOAABICHHBIX MEMIAIONINX CUTHAJIOB M3-32 HETOYHO 33IaHHOTO aMIUTUTYIHO-(a30BOTO pacmpe-
nenenust (ADP) anrenHolt pemeTku (AP) ymyumaer pesymnbrarer [1®. HccnenoBanne pa3paboTaHHOTO METOAA TIPO-
BEZICHO UMUTALIMOHHBIM MojenupoBanueM B MATLAB.

Pesynomamet. lpu Tounom 3aganuu AOP AP ompenenenue nonoxeHust oOHapyxkeHHbIX MPU, m3nydaromux cur-
Has mo00i MHTEHCUBHOCTH, POUCXOIHUT C BEPOSTHOCTHIO, nocturatomei 100 %. Hanxyamumu ycnoBusAMU sBIIS-
eTcsl JOMHHHpOBaHKe oaHoro cunbHOro curaanga MPU Bo Bcex III1 mpu Hetounom 3amanun ADOP AP. Ilpumenenue
JIOTIOJIHUTENBHOM PEXKEKIMH IIOBBIIIAET BEPOSITHOCTh NPAaBUIBHOIO omnpeneseHus nonoxenus VMPU, usnydaromumx
ciabeiii curuai, ¢ 40 mo 90 %.

3aknwuenue. B 3aBUCHMOCTH OT YCIIOBHH PacrnpoCTpaHEHUs], ypPOBHEH CHUTHAJIOB M TOYHOCTH KannOpoBku AP Be-
POSITHOCTB MPABUIIBHOTO OTIPECIICHUS MTOJI0KEHUST HICTOYHUKOB CJIa0BbIX CHUTHAJIOB TpeBbimact 90 %.

KiroueBble cjI0Ba: YIIIOMEPHBIH METOJA ONpPENeNeHUs ITOJIOKEHHS, MPOCTPAHCTBEHHAs (UIBTpALUS CHTHAJIOB,
OLICHKH HAlpaBJIeHUH NPUX0/Ia CUTHAJIOB, a3UMYT, YTOJl MECTa, HepeKphITHE crekTpoB curHanos, MUSIC, anrennas
peleTka, aMIUIMTYJHO-(Da30BoOE pachpeesICHUE, PEKEKIHS
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Abstract

Introduction. The angular method of locating overlapping spectrum radio sources (RS) is supplemented by spa-
tial filtering (SPF) of their multipath signals. The cross-correlation function (CCF) between the estimates of sig-
nals at the reception point (RP) allows extraction of RS signals with a minimum delay corresponding to the true
position of RS under a certain configuration of the multi-position receiving system. The CCF between the esti-
mates of signals in different points allows matching the position lines defined by the estimates of azimuth and
elevation angle corresponding to the same RS thus avoiding the formation of false points and areas of location.
Aim. Development and investigation of a method for matching position lines based on RS signal estimates obtained
by spatial filtering in different receiving points.

Materials and methods. The MUSIC method was used to estimate the direction of arrival of overlapping spectrum
signals in different RPs. Based on these estimates, the coefficients of the spatial filter for RS signal selection were
calculated using the least squares criterion. Calculating the CCF estimates of signals at a fixed RP eliminates the
reflected signals from further analysis. The quality of SPF is improved with an inaccurately specified amplitude—
phase distribution (APD) of the antenna array (AA) by rejecting non-suppressed interfering signals. The study was
carried out by statistical simulation in the MATLAB environment.

Results. Under an accurate APD definition of the AA the probability of locating RS with signals of any intensity
reaches 100 %. The worst results are achieved when one strong RS signal dominates in all reception points under
inaccurate definition of the APD of AA. In such a case, the application of additional rejection increases the probabil-
ity of correct location of weak RS from 40 to 90 %.

Conclusion. Depending on different propagation conditions and signal levels, the accuracy of AA calibration and
the probability of location of weak signal sources exceeds 90 %.

Keywords: angular location method, spatial filtering of signals, estimations of signal arrival directions, azimuth,
elevation, overlap of signal spectra, MUSIC, antenna array, amplitude—phase distribution, rejection
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Beenenue. IlpoctpancTBeHHas (uIbTpaIus
(I1d) mepekphIBAIOMIUXCS TIO0 CIIEKTPY CHUTHAJIOB
MIPUMEHSAETCS B CHCTEMaxX CBS3H /ISl BBIICICHHS
MOJIE3HOTO CHTHANla, B CHUCTEMax CIEIHATEHOTO
Ha3HA4YeHHS JUIS 3aIIUTHl OT MpeIHAMEPEHHBIX H
HenpeaHaMEepeHHBIX TOMeX, IpU PaTAuOMOHHUTO-

pUHTE W PATUOKOHTPOJIE C IENBI0 MOCIEAYOIeH
WACHTU(UKANNA WCTOYHUKOB PAAHOU3TYICHHS
(UPU) n nemoxynsiiinyi ©X CUTHAJIOB.

OmnrcaHHOEe najee HCCICIOBaHHME, MPOBEICH-
HOE aBTOpaMH HACTOSIIEH CTAaTbH, ITOKAa3bIBACT,
yto npuMeHeHue 1D B MHOroOmo3uIMOHHBIX CH-

IIpocTpancTBeHHasi puabLTpaLus NPH oNpeaeTeHUH MOJI0KeHUs HCTOYHMKOB PaANON3IyYeHus 29
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creMax ompexaenenus nonoxenuss MPU yrmomep-
HBIM METOJOM TIO3BOJISIET YCTPAaHUTH JIOKHBIE
TOYKH W OOJACTH TOJOKEHHA TPW HAJHMYWUU He-
CKOJIBKUX TIepeKpbIBaroIiuxcs no cnexkrpy MPU u
MHOTOJTy9€BOM PacCHpOCTPAHEHNH UX CUTHAJIOB.

Mertoapl [1® ¢ ucnons3oBanuem ¢a3zupoBaH-
Ho#t anTeHHOU pemeTku (PAP) m MHOTOIYyUEBOMH
(amanTuBHOW) TM(POBOH AHTEHHOH PEIIETKH
(IIAP) 6azupyroTcst Ha pa3feiCHHH TEePEKPhIBAIO-
muxca 1o cnektpy curHaioB MPU Ha ocHoBe
MPOCTPAHCTBEHHBIX TAPaMETPOB — HAIPaBICHUIMA
NPUXOAAa HMX CHUTHAJIOB, KOTOPBIE OIICHUBAIOTCS
KOCBEHHO WJIM HenocpencTseHHo 1o 110 [1, 2].

B ®AP [3, 4] dbopmupyercst y3kas auarpamma
HampaeieHHoctd (/IH), koTopas mociemoBaTenbHO
CKaHMPYeT TPOCTPAHCTBO B a3UMYTAIGHOM W yIIIO-
MECTHOM MIocKOCTAX. [IpUHATHIA C OMpeneneHHoro
HampapjieHusi curHain accouuupyercs ¢ HPU, a
HarnpaBJeHHe — C ero yrioBeiMu KoopauHatamu (YK).

B LAP [3, 4] omHOoBpeMeHHO (HOpMHUPYIOTCS
MHOTOJTyYeBbIC WM aJIalTUBHBIC BUPTyaibHbie [IH
i Becex MPU. B muoromyuessix [IAP YK UPU
OLICHUBAIOTCS TaK ke, Kak B DAP — oOHapyxeHneM
CUTHaJIa C 33/JAHHOTO HAIIPaBJIEHHA JIy4a, & OLEHKOM
CUI'HaJIa SIBJISIETCSl NPUHATHIA npouecc. B agantus-
HbIX LIAP BecoBble k03(QUIMEHTH qUarpaMMoo0-
pazyrolero ycrpoicrsa (hOPMUPYIOTCS Ha OCHOBE
Bcex oreHok YK MPU s BEIIEICHUS TTONE3HOTO U
3aHyJICHHUS BCEX MEIIAIOIINX CUTHAJIOB [3].

JIro60i1 meton 11D coBMeCTHM C yriIoMepHBIM
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METOJIOM onpeenenus nomnoxenus NPU, ncnomns-
3yroluM OolleHKH uX YK B pasHeceHHbIX MyHKTax
npuema (I1I1) ayg mocTpoeHus TUHUN TOT0KEHHIH
U TOKCKa 00JIacTel UX TepeceycHu .
YriioMepHbIii MeTO ONpeneSieHAs TOJI0Ke-
Hust UPUM ynuBepcaneH. Ero To4HOCTb onpeernser-
s mapameTpamu aHTeHHOW perieTku (AP) B 3aman-
HOM TIOJIOCE YacTOT W B3aUMHBIM PAaCIOJIOKEHHUEM
ITIT u UPU [4-8], a He MIMpUHOM CIIEKTpa CHrHAIA.
VYTrioMepHBIi METOA NOAXOANT IS ONpezene-
HUS TIOJIOKEHHS TEPEKPHIBAIOIINXCSA MO CHEKTPY
WNPH, a mpumenenne 11D mno3BonseT ycTpaHUTH
JIOKHBIE TOUYKH UX (PUKCAIMK, BOSHUKAIOIINE H3-32
IIEpECEUYCHNs JIMHUA MOJoXKeHus pasHbix HPU.
Mertox HeUyBCTBUTENEH K YaCTOTHBIM U BPEMEHHBIM
paccrpoiikam mexay I1I1, Ho TpeGyeT BhICOKO pas-
MEIICHHOM, KaYeCTBEHHO OTKATMOpOBaHHOH AP,
Knaccuyeckuit yrinomepHblii METO OCHOBAaH Ha
MOMCKE TOYEK WIJIM 00JacTed mnepecedeHHs JMHUN
MMOJOXKEHUs, 3ajgaBaeMbIX oneHkamun YK HWPU,
chopmupoBanabix B passbix [II1. [lpu wamiumm
curHaia ognoro MIPU ero nosjoxeHue onpeaensercs
onHo3HayHo. OpHako mpu moctymieHun Ha [II1
CUTrHajioB Heckoibkux MPU, koTOpble HEBO3MOXKHO
Pa3aeuTh YaCTOTHOW (HIIbTpallieH, B TOUKaxX mepe-
CEeYEHMs WM OJIM3KOTO MPOXO0Ja JIMHMI HOJIOKEHHS
pazmmuHbix VIPU QukcupyroTcst OXKHBIE TOUKH H
obmactu nostoxenust UPU (puc. 1, a).
Bo3MoHO mosiBiieHHE JIOKHBIX TOYEK U 00Ja-
creit pukcanmu nosoxkenuss MPU v npu Hanuauu
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Puc. 1. Onpenenenne nonoxxenus MPU yrimomepHsIM MeTooM: @ — 0€3 epeoTpakeH!s CUTHAJIOB; O — C IEPEOTPAKEHUEM CHTHAJIOB.
I tpuxosslie muHNK — nonoxeHus IPU 6e3 mepeoTpaxeHus: CUTHANIOB; MYHKTHPHBIE TUHUN — nojoxenust UPU
TP TIEPEOTPAKEHUN CUTHAIIOB

Fig. 1. Angular method of RS location: a — without signal reflection; 6 — with signal reflection.
Dashed lines — RS position line without signal re-reflection; dotted lines — RS position line with signal re-reflection.
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MepeoTpaXeHNH WX CUTHAIOB Ha IYTH PacIpo-
crpanerns ot MPU k IIII (pue. 1, 6), a Takxke
BCJIE/ICTBHE BO3HHKAIOMIETO MPHU 3TOM MHOTOIY-
4YEBOI'o pacnpocrpaHenus curnaios MPU.
O6macti TepeceueHUs] JUHUK TTOJOKCHHS
hopmupyrOTCST M3-3a HETOUYHBIX oreHoK YK MPU
B pa3ubix III1. YUem cuiibHEE OTINYAIOTCSl OLIEHKU
YK HMPU oT MCTHHHBIX 3HAYeHUH, TeM OOJbIIe
oI b 00Pa30BaHHOIO MEPECEUYCHUSIMU MHOTO-
yroapHUKa. JloCTOBEpHOCTH  CHOPMHUPOBAHHOM
00JTaCTH MECTOTIONIOKCHHS OIICHUBACTCS MAaKCH-
MajbHBIM PAacCTOAHMEM Ry OT LEHTpa THKECTH

MHOTOYTOJIBHUKA 10 €ro BepiuH (puc. 1, 6) [6].

Jlns MCKITFOYEeHUST JIOKHBIX TOYCK M oOJiacTei
TpeOyeTcsl WICHTHOUKAIMS JIMHUHA TTOJIOKEHHUS
pasapix UPU. B [9] mpemtoxeno pemieHue pac-
CMaTpUBAaEMOW 3aJa4d Ha OCHOBE IIOCTPOCHHSA
MHOTOMEpPHOW (DYHKIIMHA TPaBIOIIOI00MS U TIOWC-
Ka ee MaKCHUMYMOB TI0 BCEM 3TaJOHHBIM KOOP/IH-
HataMm. OfHaKo 3aJaHuie caMOi 3TOH (QYHKIINU B
YCIIOBUSIX HEONPEEICHHOCTH U TIPHU TEPEKPBITHU
criektpoB UIPU — cioxHas 3aaya.

B macrosime#t ctathe TpencTaBIIeH pa3pado-
TaHHBII aBTOpaMH METOJ OTIPEAEIICHNS TIOI0KEHHUS
HNPU, obecneunBaromuii WICHTHDUKAIIAIO JTHHAN
MOJIO>KEHUS, MOJIy4eHHBIX B pa3zHeceHHbIX IIII, Ha
OCHOBE o1leHOK curHanoB MPU, naiineHHbix 11D.

IMocranoBka 3anauu. Cucrema ompeaercHUs
nonoxxenuss IPU cocrout n3 K pasnecennsix I111,
o0opynoBaHHbIX M-3anemenTHBEIMU AP, kaxnmas w3
KOTOPBIX MOJKIIIOYCHA K M-KaHaIbHOMY MPHUEMHU-
KY C KOTEpPEHTHBIMU M CHHXPOHHBIMH KaHaJaMH.

B k-m IIIT HaOmromaeMbIMU TaHHBIMU SBIISIOT-
Csl BBIOOPKH MPUHSTHIX ITPOLICCCOB

Xkm :(kalv o XkmN )
oT M-anemenTtHoi AP:

di Lig
Xkm = 2. 2. Sitk@m (O Bitk ) +&km: (1)
i—11-1
m=1 M, k=1 K,
rac dk — KOJHNYCCTBO HeperBIBaIOH_[I/IXCH 10

criektpy curHanoB UPU B k-m IIT; Ly, — xommge-
CTBO Jy4eil pacnpocTpaHeHus curraia i-ro UPU,
3adukcupoBanublx B K-m IIIT; Sj) — BbIOOpKa U3

orcyeroB curnana l-ro ayua i-ro UPU B k-m IIIT;

an (O, Bik) — ammIMTYIHO-(a3OBBIi OTKINK

M-  aHTeHHbI Ha CHUTHaI C HaIrrpaBJICHUA

(eilk’ Bilk ); Ekm — LIyMoBas BHIOOpKA.
Tpebyercs Ha ocHOBe maHHBIX (1), TomydeH-

HBIX B K myHKTax mpuema, OmpenenuTh MOJIOoXKe-

HUE MepeKpbIBaromxcs no cuekrpy MPU.
Onenka YK u curnanos UPU B pasnecen-

HBIX MYHKTaX npuema. Ouenka YK BemomHsAETCS
cornacao mepe MUSIC [10]:

___a"(e, pla(e, p)
Pumusic (8, B)_aH(e, B)E-EFa(0, )

rae a(0, B)=[a.(6, B), ..., ay (6, B)]T - OXH-
faeMoe

aMILUTUTYIHO-(pa30Boe  pacrpe/elicHHe

(A®P) AP c nanpasnenus (0, B), oueneHHoe
KaauOpoBKoi AP; EE_, — BEKTOPBI LIIYMOBOI'O IOJ-

NPOCTPAHCTBA; = — CHMBOJ MPEOOPa3OBAHUs
[wisGepra; | — CHMBOI TPAHCIIOHMPOBAHHSL.
Bekropsl mymoBoro moampocTpaHctsa  Ee

BBIZICIISIFOTCST U3 COOCTBEHHBIX BEKTOPOB E pasio-
KEHUST KOPPEISIIIMOHHON MaTPHUIIBI

X, X = Ediag(A)E",

- XkM ]T, A=(7\,1, ey ké);

A >Ny >...>KQ >XQ+1>...>kM — coOCTBeH-

roe Xy :[Xkl, ..

Hele uyucna (CY) KoppemsuuoHHOH MaTpuibl B
nopsiike yObIBaHHA.
CoOcTBeHHBIE BEKTOPHI

E=E, .., EQ’ EQ+1’

E, E.

COACPIKAT BCKTOPBI CUTHAJIBHOTO MOAIPOCTpPaH-

 Em

ctBa Eg m mrymoBoro moampocTpaHcTBa E:. Ko-

mudectBo CU Q, NMpEeBHICUBIIMX YCTaHOBJICHHBINA
nopor C, , onpezensieMblil ypOBHEM BEPOSTHOCTH
JIO’)KHOM TPEBOTH O (XQ >Ca), yKa3bIBaeT KO-

JIMYECTBO MPUHSTHIX CUTHAJIOB.
IIpu npownsBonbHOM KoHDHUTYparu AP orieHKH

YK Qy UPU B k-m IIT
(éqk' qu):(éilk: Bilk)i Q=1,_@k;

d
ik, Bilk — a3UMYT H yroJl MecTa COOTBETCTBEHHO Q = Zk: L. <M
. k = ik
curHana i-ro UPU mno I|-my nyay B k-m IIII; i=1
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HaXOZSITCS YHUCIICHHBIM MOWCKOM KOOPJIWHAT JKC-
TPEMyMOB Ha BCeH 00JIacTH 3HAYCHUH HCKOMBIX
MapaMeTpoB:
(Ogk qu)q:u} = argmax Pyuysic (6, B).
! 0e0..360°,
B €-90...90°
KoaddummenTsr mpocTpaHcTBEHHOTO (PHIIBTpa
OTIPE/IETISIOTCS TI0 KPUTEPUI0 HAMMEHBITNX KBaJ-
paros [11, 12]:

W =[W1k, oo Wes WQksz

-1

= A% (0. Bi) A (0, B )x A0 Be) | @

-
rae qu =(qu1, ey quM) X qum - KOS(b-

¢burent m-ro siaementa K-ro ITIT ams BoIige-
JIeHUs (J-TO CUTHAJIA;

AlBy i) =[alOsc, B, - a(0 B )|

— oxunaeMoe ADP nng HampaBieHuil npuxona
ék, ﬁk, oreHeHHbIX 1o Mmepe MUSIC.

OIleHKH TPHUCYTCTBYIONIMX B HAOJFOMaeMBIX

JIAHHBIX CUTHAIIOB S (q =1 Qk) C Y4eTOM MHO-

rOJIy4CBOCTHU

(TR §Qk)Tzwkxk. 3)

HecootBerctBue (aktuaeckoro ADP AP
oxunaemomy A(8y, By )= A(6y, By ) Mano cka-

3BIBaeTCA Ha TOYHOCTH olleHMBaHua YK MPU, HO
CWIBHO BiusieT Ha kadecTtBo 1IdD curnanos, mo-
CKOJIbKY BeCOBbIe KOX((HIIMEHTHI IMPOCTpaH-
CcTBeHHOTO (brmbTpa (2) pacCUHMTHIBAIOTCS Ha OC-
HOBE oxkuniaeMoro A®@P.

[Ipu HerounoMm oxumaemoM ADP paccunran-
HbIE KO3(PPHUIIMEHTHI TPOCTPAHCTBEHHOTO (DHITH-
Tpa (2) He POPMUPYIOT HYJIEBOTO 3HAYCHUS HA €0
BBIXO/IE B HAIPaBIEHUHM MEIIAIOIINX CHUTHAIIOB.
ITosToMy cunbHble Memaromue curHaisl UPU u
WX MHOTOJy4YeBbIe KOMIIOHEHTHI MOTYT IPHUCYT-
CTBOBATh B OIICHKAX CUTHAJIOB.

B [13] mpumenuTenbHO K 3ahade IEMOMYJISIIMA
nokasaHo, uto 3aganue AP AP ¢ norpemHoctsio 5°
npu I1® paBHoypoBHeBbIX curHanos VP He3Hauu-
TENIFHO YXY/IIIAeT MOKa3aTeId TOMEX0YCTONUNBOCTH.
Omnaxo [1® curHanoB mpu JOMUHHUPOBAHUN OIHOTO

CWJIBHOTO MEIIAIOIIETO CUTHANA HE TIO3BOJIIET JEMO-
JTyJTPOBATh OLIEHKH CJIa00ro CHTHAJIA.

Herounocts 3amanus oxunaemoro ADP B pac-
CMaTpUBaeMOH 3a/1aue TIPUBOAUT K IIPOHUKHOBEHHIO
CWJIbHBIX MEILIAIOIIMX CHUTHAIOB B OLEHKY CIaboro
TIOJIE3HOTO CUTHaNa. B pe3ynbpraTe BO3MOXHO MOSIB-
JICHHE JIOXKHOTO IMKA B3aHMMHOW KOPPESLIMOHHOU
¢yskmmn (BK®) mexnay orneHKkamu CHTHANOB pas-
ueix UPU, a muk BK® mexay oreHkaMu curHana
onHoro PU cymniecTBeHHO yMEHBIIAETCSL.

ITockonbky TOYHO U3MEPHTH, a CIIEAOBATEIbHHO,
3amate oxugaeMoe ADOP AP HeBO3MOXHO, a ypoB-
HU (QUIBTPYyEeMBIX CHUTHAJOB HeusBecTHBI, [ID
HEOOXONMO JIOTIONHUTH PEXKEKIUEH MPOHUKAO-
IIMX MEMIAIOMIUX CHUTHaJioB. Pe)kekuus, BBINOI-
HeHHas 1o [13], mpoaeMOHCTpUpOBaa CBOKO 3-
(EeKTUBHOCTH MPU AEMOIYISALMHA B IIUPOKOM JTHa-
Ma30He OTHOIICHUH CUTHAJ/TIOMEXa M CHTHAJ/TITYM.

Pexxexipisi MEIIarox CUTHAIOB M3 OLIEHOK I10-
ne3sblx curHanos MPY, nomydennsix 11 B kaxnom
MyHKTE TIPUeMa, BBITIOJHACTCS CIISAYIOIIM 00pa3oM:

1. OueHku curHamos Sy, ..., §qk’

ey SQk
IEPEyNOPSI0IUBAIOTCA B TOPSAKE BO3PACTAHUS
MX HOpM ||§qk||<H§(q+1)kH, q=1 Q¢ Tak, uro

MEPBBIM OyAET CUTHAI ¢ MUHUMAJILHON HOPMOWA:
Jsl = min S} =1 Q)

2. JIJIst Ka)Xaoro CHTHajla, HauyWHas C CaMoro

cmaboro Sy, QopMmupyercs HCXORHBIH 0a3mc
9q =(S(q Ak e Sékk)' U3 KOTOPOr0 OPTOroHa-
nuzanuen I'pamma-IlIMuara nmomyuyaioT opTOHOP-

MHPOBaHHbIi 6a3uc: €y, = bq—v v=1Q-q,
[Pax |

v-1 g bH
_ qv-qv _
rae bgy = ggv = 2 o boj» Paz = 9au-
it [l
Ouenka curnana MPU nocne pexxekiuu
. Qa .
Sqk = Sqk — 21 Sak€qvEav- 4)
\/:

Omnpeneaenne mnoJsoxenuss UPU ¢ mepe-
KPBIBAKOIIMMHNCS N0 CHEKTPY cUrhanamu. lc-
XOJHBIMU JAHHBIMU JJIS ONIPEACIICHUS NOI0KEHUS
Takux UPU aBinsroTCa cOBMECTHBIE OLIEHKH X YK
Y CUTHAJIOB, MPUHATHIX B K MyHKTax mpuema:
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(O, B 50} a-3 G, k-1 K

Jns onpenenenus nonoxenus MPU Ha ocHOBE
ATUX JaHHBIX TPeOYeTCs COMOCTaBUTH OIeHKU YK,
COOTBeTCTBYIOIUX ogqHOMY IPH.

Cpenn Qk c(hOpMUPOBAaHHBIX OIICHOK CHTHA-
JIOB MOTYT IIPUCYTCTBOBAaTh OLEHKH MHOTOJy4Ye-
BbIX KOMIIOHEHT CUTHAQJIOB OJHOTO W TOTO e
HPU. JI51s1 0JHO3HAYHOCTH OMpPEETICHUS MOJI0MKE-
Hus IPU ux tpebyercs Beimenuts. Ecmm I1IT pac-
nojoxkeH Boilie MPU, To U3 Bcex MHOTOIy4YeBBIX
KOMIIOHEHT MMEHHO CHTHaJl C MUHHMAaJIbHOH 3a-
TEPIKKOW ¢ HaMOONBIICH BEPOSTHOCTHIO COOTBET-
ctByeTr YK peanbHoro UPU, naxe eciu He SBIIs-
€TCSl CUTHAJIOM TIPSIMON BUIUMOCTH [ 14].

B xaxxnom II1 cpeny chopMUpOBaHHBIX OIICHOK
CHTHAIOB TpeOyeTcs BBIACINTH MHOTONYYEBHIE
KOMIIOHEHTBI, COOTBETCTBYIOIINE OTHOMY U TOMY K€
HWPU. [Ins sroro HeoOXOAuMO BhUMCIHTH BK®
Bcex BblaeneHHbIX 11dD curnanos B kaxiaom IIIT u
OIIPEIENNTh KOPPETHPOBAHHBIE MEXKIY COOO0I OIeH-
KU CUTHAJIOB, COOTBETCTBYIOIME onqHoMy VP,

1. ANTOpUTM MOKCKA KOPPETUPOBAHHBIX OlIe-
HOK curHaioB B kaxjoMm 111 cnenyronmii:

1.1. Beraucnuts HopMupoBanabie BKO:

qup (n)

JE @k )

N
k P
I'qp(n): 2 SvakS(v+n) pk
1

V=

Rc']‘p(n)=

rac

N
k < <
g M= 2 S(yamgkSvpks 0NN -1

v=1
1.2. Haiftu naper (Q, p), g # P, AU1s KOTOPBIX
max Rgp = R(lq(p (Nogp ) TpeBBILACT 3anaHHEI 110-
por C'F({,
q:]‘! ka p:]-! Qk

1.3. ChopmupoBaTh HOBBIi HaOOp COBMECT-

npuyeM Nqu e[—(N -1), N —1],

HeIX oneHOK YK m curmanos MPU ((:)k, S k) u3

omenox  OF =((:)1, . (:)Qk)’ (:)qk :(éiqk, ﬁ%k),

Qk S(jk, §k =[§1k, SQ’kk}' U3 chopmuposan-

HOro Ha6opa HCKITFOYCHBI OLICHKH, COOTBCTCTBYIO-

IME 3ama3/IbIBAIOIIMM MHOTOJTY4EBbIM KOMIIOHEH-
Tam curnana oxroro UPY, wuist kotopeix Nog, > 0.

2. AJTOpUTM TIOWICKa KOPPEIUPOBAHHBIX OIle-
HOK cUTrHasoB Mexay pazubimu [1I1 cnegyrommii:

2.1. Beruncnute HopMupoBaHHBIE BKD mex-
ny k-m u «-m TIIT:

kic _ [pkx ki
RYS _(qul, o R )
rue
ki
ke gp (M)

RS = ;
P s 0)

N -
k ~ ~ ~
fop ()= leqv'(Sp(wrn)K’ q=1 Q,
V=

p=1 Q.

2.2. ChopmupoBath BK®D curuanos, Bbije-
neHHbIX B pasnmuaabix 11 (em. 1. 1.3). Curransl,
BK® koTopbix XxapakTepHU3yHOTCA SIBHO BBIPAXKEH-
HbIM MaKCHMYMOM, PAacCCMaTpPUBAIOTCS JAajiee Kak
NpUHAJJIeKaIMe oaHoMy U Tomy xe WPU.
K nanpHeiimerr 00paboTKe MPUHUMAIOTCS JIMHUH
nonoxxenuss UPU, makcumym BK® curnanos ko-

TOPBIX NIPEBOCXOIAUT IIOPOT C||§K =04:
k k
Pics Ak nquk :arg[maX(R pla)>CRK:|,

q:]-v Q~k’ p:]-! Qk'

2.3. ComocraBurh

HalJI€eHHBIM
(Pg, Ok ) oueHkn (épK, pr) u (éqk, ﬁqk),

k, k=1, K co Bcex IIII.

2.4. TlocTpOouTh JIMHUU TIOJIOKEHUS, COOTBET-
cTByromue kaxaomy MPU. Halitu Toukn nepece-
YeHWUH JTMHUH TOJOKECHHUS M 00pa30BaHHBIN WM
MHOTOYrobHUK. ONpeaenuTs MakKCUMalIbHOE pac-

napam

crostHne Ry (cM. puc. 1, 6) OT 1IeHTpa TSHKECTH MHO-
royroneHuKa 110 ero BepumH. Ecimu Ry < Ropop, T0

IIEHTP TSDKECTH MHOTOYTOJIPHHMKA SIBJISETCS OIICH-
kor Mecrtomnonoxkenns MPU. 3nauenue ROHOp 3aja-

eTcsl paBHBIM 5 % OT MakCHMAaJIbHOTO Tpesroara-
emoro paccrostaust ot IPU mo Touku npuema [6].
HccnenoBanne. Vccnenoanue npeacTaBiIeHHO-
ro ajroput™a onpezaeneHus nonoxenus UPU ¢ ne-
PEKPBIBAIOIIMMHUCS TI0 CIEKTPY CHTHAIAMH TIPOBEZIC-
HO CTaTHCTHYECKIM MMUTAIMOHHBIM MOJIETTMPOBAHH-

IIpocTpancTBeHHasi puabLTpaLus NPH oNpeaeTeHUH MOJI0KeHUs HCTOYHMKOB PaANON3IyYeHus 33
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em. B monenu umutupyercs npueM B Tpex II1 ¢ ce-
MURJIEMEHTHBIMU KPYTOBBIMU AP, pacronokeHHbBIMU
B BEpIIMHAX PAaBHOCTOPOHHETO TPEYTroJibHUKA C JH-
Ho# cToponbl 10 kM (cM. puc. 1, 6). Koopnunater I1T1
u IPU 3anaHbl B 1€KapTOBOW CUCTEME.

HNPU1 naxomutcst B paBHOYAAJICHHON TOYKE OT
Beex [1I1, P2 — Bre TpeyronsHuka Baamu ot 1111
U1l uMuTarEm cadoro curaana. UPMU3 pasmenien
BHE TpeyroibHHUKa BOMM3K OT nByX 111 myst mmmura-
UMY TEPECEUCHUs] JMHUM MECTOIOJIOKeHus. Bo
BropoM IIIT pazHuiia a3uMyTOB MPUXOJIa CUTHAJIOB
HNPU1 u UPU3 cocTaBisieT mpuMepHO 5°.

Yposens curdanos B I1I1 3agaBancs Moaenbio
Oxkamypsi—Xarta mis gactot A0 1500 MI'1t u BBI-
COTHI pa3MeNICHHs] TpHEMHHKAa He MeHee 30 M
[15]. B 6mmxatimem mst kakmoro MPU TIIT 3axa-
BaJics "HavanbHBIA" ypoBeHb curHama UPU, pac-
CUYHUTHIBAIACH PA3HOCTH XOJ1a TPSAMBIX B OTpa’KeH-
HbIx curHanoB MPU no Bcex IIII u nmo Mopenn
Okamypbl-XaTa pacCUUTHIBATUCH HOTEPU U YPOB-
uu curnanos MPU B I1I1 B cmecu (1).

B agnutuBHO# cmecu (1) B kaxxaom I1IT npu-
cyTcTBYIOT 3 mpsMbix curHana MPU u otpaxen-
Hble curHansl UPU.

B wuccmepmoBaHmm paccMOoTpeHa OmHA W3
HAauUXyAIIUX CUTyaIllil: paBHOYNAJeHHOE pacro-
noxxeane MPU1 ortaHocurensHo Beex IIIT (cm.
puc. 1, 6), npsiMble U OTPaXKCHHBIEC CUTHAIIBI KOTO-
poro 1oMuHUPYIOT BO Beex III1

BK® mexny olieHKaMu OTpa)KEHHOTO CUTHAja
onHoro u Ttoro xe WPU, chopmupoBaHHBIMH B
pazubix IIII, uMeeT BbIpaKE€HHBIA KOPPEIAIMOH-
HBI{ MUK, U TI0O3TOMY TEPEeCceYCHUE JTUHUM TMOJIOXKE-
HUS TIPUBEJIET K MOSIBJIEHUIO JIOXKHON Touku. BK®D

MEXy OLICHKAMH OTPaKCHHBIX CHUTHAJIIOB Pa3HBIX
HPU Takoro muka He UMEET, U TIOATOMY Iepeceye-
HHE JIMHUHA TOJIOKEHH HE TPUBENET K TMOSBICHHUIO
JIOXKHOM TOUKM ompeneneHus nonoxenuss VPU. 3a-
JIep’KKa OTPaKEHHBIX CUTHAJIOB 3a/[aBajach CITydai-
HO B Juarna3one ot 3 10 10 oTcueToB, aMITINTY THBIH
ko3¢ puImeHT 3aTyxanus — B Auanazose ot 0 1o 0.5.

B peanpHBIX yCIIOBUSX JIMHUU IMOJIOKEHUS OT
pazubix Il He mepecekaroTcsi B OJHOM TOUKe U
o0pasytoT MHOoroyrosnsHuk. [Ipu tpex III1 nepece-
YeHHs1 00pa3yroT TPEYroJbHUK, IEHTP THKECTH
KOTOPOTO HaXOAMTCS B TOUKE IEPECEUEHUS] MEIH-

aH. 3Ha4YCHHEe IIOPOTOBOTO  PACCTOAHMSA Rppop

OTIPEIENISUIOCH PEABAPUTENBHBIM MOJCTHPOBAHH-
€M, TIpM KOTOPOM H3MEpSUIOCh CpellHee 3HaueHHe
U CPEeIHEKBAIPATUIECKOE OTKIOHEHHE.
HUccnenoBanre mpoBeeHO MPU TOYHO 3aIaHHOM
A®P ¥ ipu IOTPEITHOCTH €T0 3aIaHMs B TIpeaenax 5°
¢ GopMHUpPOBaHHEM OICHOK CHUTHAIIOB O€3 PeKEKIINH
(3) u ¢ nonomuuTensHON pexekmmen (4). Ilpu Tou-
HoM 3azanni AQP paccrostue Rypop =100 M, pu

yKa3aHHOM norpemHocty 3af1anus ADP paccrosHue
Romop =1000 M BbIGpaHo ¢ 3aracom.
CrarucTideckoe MOJIEIMPOBAHUE IPOBOAUIOCH

mo 1000 wcobrtanmid. OLEHUBAUCH BEPOSTHOCTH

npaBuibHOrO oOHapyxenns UPU Pypy;, morpemnr-

HOCTB OTIPEIETICHUS €T0 TOJI0KEHHS B BUIE CPEIHe-

ro 8 wu CPETHEKBAIPATUICCKOTO  OTKJIOHCHUS
=2

(5-3)". Pasmep Beibopkr N =10 000 orcueros.

Pe3ynbTaThl HIMUTAIIMOHHOTO MOJICTHPOBAHUS
mpu TouHoM 3amanuu ADP AP 6e3 mepeorpake-
HUU ¢ pexxeKnuel u 6e3 Hee mpuBeACHBI B Ta0M. 1,

Tabxn. 1. XapakrepucTuku onpezenenus nonoxxenus MPU npu pacnpocrpanennn curxaia
0e3 mepeoTpakeHui U TouHOM 3aganun ADP AP

Tab. 1. Characteristics of RS location under signal propagation
without re-reflections and correct amplitude—phase distribution of antenna array

be3 pexexnun C pexxexnueit
Okcnepument | MPH | OCIL, nb Puen: % | 3. (5—3)2, | Puen % 5 M (8—8)2, .
1 40 100 0.09 0.05 100 0.09 0.05
1 2 40 100 6.18 1.21 100 6.22 1.29
3 40 100 1.90 0.74 100 2.01 0.79
1 15 100 2.28 1.27 100 2.30 1.27
2 2 15 100 21.75 10.22 100 21.62 10.59
3 15 100 27.72 20.54 100 27.76 0.59
1 40 100 0.09 0.05 100 0.09 0.05
3 2 15 100 22.39 10.19 100 22.51 10.67
3 15 100 28.59 20.74 100 27.05 19.57

HpOCTpaHCTBeHHaH (I)I/IJILTpaIII/[ﬂ IPpHA onpeaeJIeHuU MOJ0KCHU UCTOYHUKOB PAINON3TYyYCHU A
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Tab6n. 2. Xapaktepuctuku onpenenenus nonoxenus MPU npu pacnpocrpanenun curxana
C IepeoTpaKeHUSIMH NpH TouHOM 3agaHuu ADP AP

Tab. 2. Characteristics of RS location under signal propagation
with re-reflections and correct amplitude—phase distribution of antenna array

bes pexexnyu C pexekuuei
Okcnepument | MPU | OCIL, nb Pupis % | 3, (3_3)2’ . Pupis % | 3, w (5_8)2’ .
1 40 100 0.17 0.21 100 0.17 0.22
1 2 40 100 13.92 14.26 100 12.86 1351
3 40 100 2.23 1.58 100 2.12 145
1 15 100 3.47 2.61 100 3.88 341
2 2 15 99.7 56.12 41.39 99.7 56.63 43.78
3 15 100 62.16 64.09 99.7 57.49 62.37
1 40 100 0.14 0.17 100 0.16 0.19
3 2 15 100 49.07 39.01 99.6 53.84 45.34
3 15 100 52.09 54.69 99.6 51.86 54.52

Tabn. 3. XapakrepucTuku onpeaenenust nonoxenus NP npu pacnpocTpaHeHnn curHaia 6e3 nepeoTpaxeHuit
U norpemHocty 3aganus AOP AP 5°

Tab. 3. Characteristics of RS location under signal propagation without re-reflections
and 5° error in the assignment amplitude—phase distribution of antenna array

Bes pexexiyu C pexekuueit
Okcnepument | UIPU | OCLL, nb Pups % | 5, (5_8)2, y Pups % | 5, (5_8)2, y
1 40 100 14.35 7.08 100 14.05 7.44
1 2 40 100 29.29 15.44 100 29.0 14.76
3 40 100 29.92 18.72 100 29.47 17.94
1 15 100 14.38 7.13 100 14.08 7.09
2 2 15 100 34.36 17.95 100 34.94 17.30
3 15 100 39.39 28.27 100 40.55 28.87
1 40 100 14.03 7.21 99.9 0.16 0.21
3 2 15 61.7 33.85 18.01 99.6 51.88 39.06
3 15 63.0 41.88 26.99 99.5 55.51 59.22

Tabn. 4. XapakTepucTuky onpeneneHus nonoxenus NP npu pacnpocTpaHeHnH CUrHana ¢ HepeoTpakeHUAMU
U norpentHocty 3aganus ADOP AP 5°

Tab. 4. Characteristics of RS location under signal propagation with re-reflections
and 5° error in the assignment amplitude—phase distribution of antenna array

be3 pexxexuun C pexexuuen
Oxcnepument | UPU | OCLL, nb Pupits % S, . (5_5)2’ y Pupits % 5, u (5_3)2’ y

1 40 99.4 22.84 17.82 99 24.32 37.68

1 2 40 99.9 34.9 18.07 97.3 35.72 19.29

3 40 99 48.85 55.01 99.6 48.61 56.47

1 15 99.8 20.2 21.58 99 23.35 47.49

2 2 15 98.8 67.27 42.19 98.6 63.36 42.48

3 15 98.5 67.93 64.72 97.2 73.19 69.98

1 40 99.9 23.03 42.02 99.8 19.39 13.36

3 2 15 36.3 92.54 122.96 88.7 61.31 40.82

3 15 40.7 63.71 58.21 91.1 64.58 63.76
C MEPEOTPAKEHUAMH — B Ta0Il. 2; IPH HOTPELIHO- W3 Tabn. 1 u 2 cnemyer, 4T0 TOYHOE 3a/laHUE
ctu 3amanus ADP, pasHoli 5°, 6e3 mepeotpaxe- A®DP AP obGecneunBaer npaBUIbHOE ONpPEEIIEHHE
Huil — B TabII. 3, ¢ MEPEOTPaKECHUAMH — B TaOI. 4. nosioxkeHust Bcex UPU B mupokoM Juana3zoHe B3a-
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MMHBIX U3MEHEHUM ypOBHEH IMOJIE3HOTO M MEIaro-
X curHasoB (ot 15 mo 40 nb) kak mpu HaTHYIUH,
TaK ¥ Opu OTCYTCTBUM oTpakeHUi. [ID npuHATHIX
curHanoB B kaxzaoM [II1 BelmonmHseTCS TOYHO, U B
c(hOpMHPOBAaHHBIX OIIEHKaX OTCYTCTBYIOT MeIIaro-
mue curHaisl ot Apyrux MPU. CpaBuenue Tabmn. 1
M 2 TOKa3bIBACT, YTO HAJIMYUE OTPAXKCHUN TIPH
TouHOM A®DP HecyliecTBEHHO CHM)KaeT TOYHOCTh
onpenaeneHus nojgoxenus MPU.

Ha puc. 2 B kauecTBe npumMepa MpeiCTaBIEHbI
BK® mexnay onienkamu curtaioB UPU B nepBom
MII npu cuneHom curnane MPHUI1, nmpeBocxons-
meM 1o ypoBHio curHanst MUPU2 u UPU3 Ha
25 nb 1 pacnpocTpaHsIomEeMcs Mo JIydaM MpsaMoin
BUIIMIMOCTHU U C OJTHMM OTpPaKeHUEM (cM. puc. 1, 6)
npu ToyHoM 3amaHuu ADP ¢ npumeHenuem pe-
xekuu (0e3 pexexknun BK® Bermsaut anano-
rU4YHO). 37eCh U jaynee Homepa 1, 2, 3 CUTHAJIOB
HNPU cootserctBytor HOoMepy WPU, curnamom 4
SIBIISIETCS OTpaKeHHBIN curHain 1 cunbHoro MPU.

Puc. 2 u 3 unmoctpupytot, uro I1d npu Tou-
HOM oOxugaeMoM A®P BEHIMONHSAETCS HACAIBHO,
MpOCaYMBaHNE CHJIBHOTO MEIIAIOIIEero CUTHaja B
OIIEHKH CJ1aboro He HabromaeTcs, mosTomy (a)
OIIEHKa 3ala3/bIBalollero CHJIBHOTO CHUTHaja
HNPU1 B IIII ompenensiercss 0qJHO3HAYHO, HAOIFO-
JAeTCsl TOJBKO OAMH 3HauMMbli Uk BK® mexnay
OLCHKAMHM CHUTHAJOB BHYTPU IYHKTa [pUEMa
(puc. 2); (6) comocTaBicHHE OICHOK CHTHAJIOB
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NPU mexnay III1 Takke BBIMOIHSIETCS OJHO3HAY-
HO, i kKaxaoro P oGpazoBaHbl mapbl OIEHOK
B Pa3HBIX IYHKTaX W OJHO3HAYHO OIPEIEIICHBI
JuHUM nonoxeHus pasHbeix PU mo enuHCTBEH-
HOMy Makcumymy BK® (puc. 3).

IIpu 3agarmun ADP AP c morpentHocTsio 3¢-
textuBHOCTh [ID CHIKaeTcs W3-32 HETOYHOCTH
BhIUMCICHHBIX K03 ¢uruentoB [1d. Herounsie
ko3 Purmentsr [IO He MO3BOJISIOT TONHOCTHIO
BBIICIIUTE TOJBKO mHoje3Hblii curnan MPU Bcaen-
CTBHUE HEIOJHOIO MOJABIEHUS MEIIAIONUX CUTHA-
noB. [Ipu paBHOIIEHHBIX IO YPOBHIO CHTHAJIax
WPU nerounocts [1D cnabo BiuseT Ha pe3ylibTa-
ThI OTIpeNIEICHNS UX TMOJIOKEHUS, HO PU HAIUYUH
cuibHOro curHana MPU, nomunupyromero B npu-
HATOW CMECH BO BCEX ITyHKTaxX IpHeMa, BeposT-
HOCTb TIPAaBUJIBHOTO OIPENEICHUs TOJIOXKEHHUS
CyIIeCTBEHHO najgaet (Tabi. 3 u 4).

CunbpHBI CUTHAJI M €ro MepeoTpakeHus dya-
CTHYHO MPHUCYTCTBYIOT B CPOPMHPOBAHHBIX OICH-
kax curHajoB MPU m co3aroT HeOqHO3HAYHOCTH
NIpU yIaJeHUHd NepeoTpakeHu (puc. 5) u cormo-
CTaBJICHWU JIMHUN TIOJIOKEHHS, MPH BBHIYMCICHUH
BK® mexny olileHKaMu CUTHAJIOB BHYTPU M MEX-
Iy MyHKTaMu nipuema (puc. 6).

Bce BK® onenok curnanoB pasaeix MIPU Ha
pHC. 5 MMEIOT BBIpKCHHBIE NMHKH, KOTOpBIE CBUC-
TENBCTBYIOT O Moxod 1M BcnencTre NpOHMKHOBE-
HUS CWIBHBIX NPSAMOTO U NIEPEOTPAKEHHOTO CUTHAJIOB
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0

1

Ros
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0
e

Puc. 2. BK® mexay pasupiMu ouerkamu curnanos B [1I11 npu Tousom ADP curnana AP:
a — MeXIy OTpaXEHHBIM U psaMbIM curnanamu UPU1; 6 — mexny orpaxenssm curHanom MPU1 u npssmeiv curaanom MPU3;
6 — Mex 1y npsambiMu curdanamu MPU1 u UPU3; 2 — mexny npsmbeiv curHanom MPU2 u otpaskenssim curnanom MPU1;
0 — Mexny npsmeiMu curHanamu UPU2 u UPU1; e — mexxny npsimeimu curaanamu IPU2 n UIPU3

Fig. 2. Cross-correlation function (CCF) between different signal estimates at reception pointl (RP1) with an exact
amplitude—phase distribution (AFD) of the antenna array signal:
a — between the radio source number 1 (RS1) reflected and direct signals; 6 — between RS1 reflected signal
and RS3 direct signal; ¢ — between the direct signals from RS1 and RS3; 2 — between RS2 direct signal and RS1
reflected signal; o — between the direct signals from RS2 and RS1; e — between the direct signals from RS2 and RS3
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Puc. 3. BK® onenok curnanos, npuasTeix B [1I11, ¢ onenkamu curnanos, npuHATHIX B 1112, mpu Tounom ADP aHTeHHSI:
a — Mexny onenkamu curaana MPU1; 6 — mexxny onenkamu curnaxa MPU1 B I1I11 u UPN2 B [1112; 6 — Mex1y OIEHKaMH
curnana VIPU1 B III11 u UPU3 B I1I12; 2 — mexxay ouenkamu curnaiza MPU2 B ITI11 u NP1 B [II12; 0 — Mexay oleHKaMu
curnana IPU12; e — mexxny orienkamu curnana MPU2 B III11 u UPU3 B [1I12; orc — mexny orieHkamu curnana PU3 B TII11
u UPU1 B III12; 3 — mexny ouenkamu curnana PU3 B III11 u UPU2 B I1112; u — mexxay ouenkamu curHaita MPU3

Fig. 3. CCF between of the estimates of signals received at RP1 with those received at RP2,

with an exact AFD of the antenna array:

a — between the estimates of RS1 signal; 6 — between the estimates of RS1 signal in the RP1 and RS2 signal in RP2;
6 — between the estimates of the signals RS1 in RP1 and RS3 in RP2; 2 — between the estimates of the signals RS2 in RP1 and
RS1 in RP2; o — between the estimates of RS2 signals; e — between the estimates of the signals RS2 in RP1 and RS3
in RP2; orc — between the estimates of the signals RS3 in RP1 and RS1 in RP2; 3 — between the estimates of the signals
RS3 in RP1 and RS2 in RP2; u — between the estimates of RS3
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Puc. 4. BK® mexny onenkamu curnanos B [1I11 npu norpemoctr 3aganus ADP, paBHoi 5°, 6e3 peskexnun:
a — MeXJIy OTpaXeHHBIM U NpsMbIM curHanamu UPU1; 6 — mexxny orpaxennsM curaaniom UPU1 u npsmev curaanom UPU3;
6 — Mex 1y npsameiMu curdagamu MPU1 u UPU3; 2 — mexny npsambev curHanom MPU2 u otpaskennsim curnanom UPU1;
0 — Mexay npsmbiMu curHanamu UPU2 u UPU1; e — mexxay npsimeimu curaanamu PU2 u UPU3

Fig. 4. CCF between signal estimates at RP1 with an AFD assignment error of 5° without rejection:
a — between RS1 reflected and direct signals; 6 — between RS1 reflected signal and RS3 direct signal;
6 — between the direct signals RS1 and RS3; 2 — between RS2 direct signal and RS1 reflected signal;

0 — between RS2 and RS1 direct signals; e — between RS2 and RS3 direct signals
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Puc. 5. BK® ouenok curranos, npuHsThix B [1I11, ¢ oneHkamu curHanos, npuHATHIX B [1[12, mpu HeTouHoM 3amannu ADP:
a — Mexny ouenkamu curnana UPU1; 6 — mexxny ouenkamu curaana UPU1 B [1I11 u UPU2 B [1112; 6 — Mex 1y OLleHKaMU
curnana PU1 B II11 u UPU3 Bo I1I12; 2 — mexxny ouenkamu curnaita MPU2 B ITI11 u UPU1 B [1I12; 0 — Mex 1y oneHKaMu
curnana UPU2; e — mexny onenkamu curnana VP2 B TII11 u UPU3 B I1I12; orc — mexay onenkamu curnana UPM3 B TIIT1
u UPU1 B III12; 3 — mexnay ouenkamu curnana MPU3 B TII11 u UPU2 B II12; u — mexxay onenkamu curuana MPU3

Fig. 5. CCF of the estimates of signals received at PP1 with the estimates of signals received at PP2
with an inaccurate assignment of the AFD:
a — between the estimates of RS1 signal; 6 — between the estimates of RS1 signal in RP1 and RS2 signal in RP2;
6 — between the estimates of RS1 signal in RP1 and RS3 signal in RP2; 2 — between the estimates of RS2 signal in RP1
and RS1 in RP2; 0 — between the estimates of RS2 signal; e — between the estimates of RS2 signal in RP1 and RS3 signal in RP2;
arc — between the estimates of RS3 signal in RP1 and RS1 signal in RP2; 3 — between the estimates of RS3 signal
in RP1 and RS2 signal in RP2; u — between the estimates of RS3 signal

HNPU1 B ontenku curnaimos P2 u UPU3.

AHanornyHasi KapTHHAa BO3HUKAET IMPH COIO-
crapnenun curnanoB MPU wmexnay IIII. Ouenku
cur"anos Bcex MPU mexnay IIII xoppennpoBaHsl
MeXay CO0OH, OJHO3HAYHOTO COOTBETCTBHSA IIO
BK® ne nabmromaercs (puc. 6).

[lpumeHeHre pEXEKIMN TIO3BOJMSET YACTHYHO
TIOIaBUTh MEIIAOIIIE CHTHAIIBI, IPOHUKIIINE B OLIEH-
ku cmabpix IPU u3-3a Hetounoro oxugaemoro ADP.

Ha puc. 7 nzo6paxensr BK® getbipex oreHok
curaanos P, nokassIBaromniye, 4To OICHKH CHT-
HanoB 4 u 1 cTporo koppenupoBaHbl (kKodhdurm-
€HT KOppEeTSAINH paBeH 1), mpudyeM MaKCUMyM
CABUHYT OTHOCHTEIBHO IleHTpa Ha 4 oTcdeTa
(curHan 4 TpHIIeN MO3XKe W SBIIETCS CABUHYTOU
kormer curHama 1). Taxke HaOromaeTcs Koppe-
nsnus B mapax (4, 2) u (1, 3). B mape (1, 3) xoppe-
JIAIHOHHBIA MUK, paBHBIN (.5, pacronoxeH TOIHO
nocpeawnHe (OIEHKU CUTHAIOB | M 3 He CABUHYTHI

JIPYT OTHOCUTEIILHO JIPYTa), T. €. CHIbHBIA IPSIMOM
curHan 1 UPU1 HemocTaTOYHO MOIABJIEH B OLIEH-
ke ciaboro curHana 3. B mape (4, 2) curnan 4
CIBUHYT OTHOCUTEILHO CUTHAMA 2.

Pexekiusi B yCIoOBUAX alpUOPHOU Heompee-
JIEHHOCTH HE TI03BOJISIET MONHOCTHIO YNIAIHUTh W3
OLIEHKH 1oJie3HOro curHana HMPU  wewaromue
curHaibel npyrux MPU, mockonpKy Oa3WcCHBIE BEK-
TOpPBHI U3 OILEHOK CHUTHAJIOB COAEpXaT IIyM U ITH-
HEHHYI0 KOMOWHAIMIO MENIaroImuX curaaios. [lo-
sromy BK® curnamoB B HEKOTOPBIX Mapax pa3HbIX
NP1 wmMexnay HOyHKTaMM [pUeMa HMEET IUKH
(puc. 7). Opnako Omaromaps PpEKEKIHH pPacTeT
MakcumyMm BK®, cooTBeTcTByrONIMil HCTHHHON
nape, a camu nuku BK® Bo3HuKaloT HE BO Bcex
napax (cpaBH. ¢ puc. 6). [loaToMy I10XKHBIE TIHKH
BK® ne Memaror pa3pabOTaHHOMY alTOPHTMY CO-
MTOCTABIICHHS OIIEHOK CUTHAJIA B Pa3HBIX IMYHKTAaX.

Pe3ynbraThl CTATHCTHYECKOTO UMHUTAIIHOH-
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Puc. 6. BK® mexny onenkamu curaanos B 1111 npu norpemrHocty 3ananus ADP, coctapnsromeii 5°, ¢ pesxeKiueit
HETIOJJaBJICHHBIX MEMIAIONINX CUTHAIOB: d — MEXIy Iepe0TPaKeHHBIM U NpsMbIM curHainamu UPU1;

6 — Mex 1y nepeoTpaxxeHHbIM curHatoM MPU1 u npsiMeiv curnanom MPU3; 6 — mexny npsmbivu curnanamu UPM1 u UPU3;
2 — Mexnay npsiMbeiM curaanom MPU2 u nepeotpaxennsim curuanom UPU1; 0 — mexay npsmeivu curnanamu P11 u UPN2;
e — Mex 1y npssmbivMu curnanamu MPU2 u UPW3
Fig. 6. CCF between the estimates of signal at RP1 with an assignment of AFD error of 5°
and rejection of unsuppressed interfering signals:

a — between RS1 reflected and direct signals; 6 — between RS1 reflected signal and RS3 direct signal;

6 — between RS1 and RS3 direct signals; 2 — between RS2 direct signal and RS1 reflected signal;

0 — between RS1 and RS2 direct signals; e — between RS2 and RS3 direct signals
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Puc. 7. BK® ouenok curnano PU, npunsteix B 1111, ¢ orieHkamu CUrHaioB, npuHAThIX B [1112,
C IPIMEHEHNEM PEKEKIIIH HETIOIaBICHHBIX MEIIAOIINX CHT'HAJIOB!
a — mexy orieakamu curaana UPU1; 6 — mexay ouenkamu curdana UPU1 8 ITIT1 u UPU2 8 T1112;
6 — Mexy oreHkamu curaana IPU1 B TII11 u UPU3 B I1I12; 2 — mexay onenkamu curaana MPU2 B TIT1 u UPU1 8 1112
0 — Mexnay oneHkamu curHana UPU2; e — mexxay ouenkamu curnana MPU2 B [1111 u UPU3 B I112;
oic — Mexay orienkamu curdana UPU3 B TI11 u UPU1 B [1I12; 3 — mexxay orienkamu curHana UPU3 B T1I11 u UPU2 B T1112;
u — MeXIy onieHkamu curHana UPU3

Fig. 7. The CCF of RS signals estimates received in RP1 with the estimates of the signals received in RP2,
using rejection of unsuppressed interfering signals:
a — between the estimates of RS1 signals; 6 — between the estimates of RS1 signal in RP1 and RS2 signal in RP2;

6 — between the estimates of RS1 signal in RP1 and RS3 signal in RP2; 2 — between the estimates of RS2 signal in RP1
and RS1 signal in RP2; o0 — between the estimates of RS2 signals; e — between the estimates of RS2 signal in RP1
and RS3 signal in RP2; orc — between the estimates of RS3 signal in RP1 and RS1 signal in RP2;

3 — between the estimates of RS3 signal in RP1 and RS2 signal in RP2; u — between the estimates of RS3 signals
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HOTO MOJCIIMPOBAHUS, TPHUBEACHHBIC B Tabm. 4,
MMOKA3bIBAIOT, YTO MPUMEHEHHE PEXEKINH I0Cie
I[I® npu HerouHoMm 3amaHuu oxkuaaemoro ADP
AP B ycroBHSX OOMHHHPOBAaHUS B TPUHATHIX
JAHHBIX BO BCEX IyHKTaX IpHeMa IMPsIMOTO U Tie-
PEOTPaKEHHOTO CHUIIBHBIX CHTHAJIOB OAHOTO U TO-
ro >xe UPY noBsIlIaeT BEPOATHOCTh MPABUILHOTO
omnpeaeneHus moyioxkenus ¢ 40 1o 90 %.

O PeKTUBHOCTL pa3pabdOTAHHOrO METOZa OIpe-
nenenust onoxkennss IPU Obuta monTBepkieHa SKc-
MIEPUMEHTAIIEHO B PEealTbHBIX YCIOBUSIX Tipu aByX [1I1
¢ kpyrosoit AP u umutarmeit apyx pasusix UPH.

3akaouenue. I[IpocTpaHcTBeHHass QUIBTpa-
1Sl CUTHAJIOB B MHOTOMO3WIIMOHHBIX CHCTEMax

YIJIOMEPHOrO onpezeeHus noioxenus MPU nos-
BOJISIET YCTPaHUTh JIOKHBIE TOYKA W O0JIacTH
OIpeJIeNICHNs] IIPU MHOT'OJIy4EBOM paclpocTpaHe-
HUU CUTHAJIOB M NPU MEPEKPHITHH CHEKTPOB pas-
Heix UPU. [nis [1® Tpedyercs MakCUMaIbHO TOY-
Hoe 3agaane ADP AP. Jlaxe rmpu HeOONBIINX TTO-
rpemHoCTsAX 3agaHuss ADP u pasHOypOBHEBBIX
curHanax MPU I1® cnenyer NONOJHATH PEKEKIIM-
el Memaromux curHagos MPU. B ycnoBusx
aIlpHOPHOM HEONPEIENEHHOCTH 3TO TO3BOJISIET
MOBBICUTh BEPOSATHOCTh MPABHIBHOIO OMpEreIe-
HUSI TIOJIO’KEHHS HCTOYHUKOB CIa0BIX CUTHAJIOB A0
npuemMIIeMoro ypoBHs oOHapyxenus 0.9.

Cnucok JIuTepaTypbl

1. Robust Adaptive Beamforming / ed. by J. Li,
P. Stoica. Hoboken, New Jersey: John Wiley & Sons,
2006. 445 p.

2. Fernandez-Prades C., Arribas J., Closas P. Robust
GNSS receivers by array signal processing: Theory and
implementation // Proc. of the IEEE. 2016. Vol. 104,
iss. 6. P. 1207-1220.
doi: 10.1109/ JPROC.2016.2532963

3. Balanis C. A., loannides P. I. Introduction to smart
antennas // Synthesis Lectures on Antennas. Vol. 5. Berlin:
Springer, 2007. 175 p.
doi: 10.1007/ 978-3-031-01533-5

4. Stevanovi¢ 1., Skrivervik A., Mosig J. R. Smart
Antenna Systems for Mobile Communications. Final
Report.  URL:  https://www.academia.edu/24560455/
Smart_Antenna_Systems_for_Mobile_Communications_FlI
NAL_REPORT_ECOLE_POLYTECHNIQUE_FEDER
ALE_DE_LAUSANNE (mara obpamuienus 22.06.2025).

5. Handbook of Position Location: Theory, Practice,
and Advances / ed. by S. A. R. Zakavat, R. M. Buehrer.
New Jersey: John Wiley & Sons, 2012. 1281 p.
doi: 10.1002/ 9781118104750

6. JlumarankoB B. A., Ilapux O. B. Meromsr pa-
IHOKOHTpOIT: Teopwsi W mpaktuka. CII0.: Hampassurtue,
2018, 607 p.

7. Comparison of time-difference-of-arrival and
angle-of-arrival methods of signal geolocation. URL:
https:/Amww.itu.int/dms_pub/itu-r/opb/rep/R-REP-SM.2211-
2-2018-PDF-E.pdf (nata o6pamenus 22.06.2025).

8. Epemees U. 10., Ileuypun B. B., Canues P. P.
CpaBHEHHE TOYHOCTEH YIIOMEpHOH M  Pa3HOCTHO-
I[aHBHOMepHOfI CHUCTEM ONPCACIICHHUA MECTOIIOJIOKECHUA C
MHHUMAJBHBIM YHCJIOM IPHUEMHBIX CTaHIUH // DJek-
TPOMAarHWTHBIE BOJHBI M 3JIEKTPOHHBIE CHCTEMBI. 2022.
T. 27, Ne 4. C. 19-26.
doi: 10.18127/ j15604128-202204-03

9. Yerunos K. B. Anroputm oneHkM KOOpAMHAT KC-
TOYHHKOB pazmomnyqeﬁnﬁ, TOXACCTBCHHBIX 10 4aCTOTC

/I IV Bcepoc. xoud. "Paguornokanust U paadocssasp’ —
PO PAH, Mocksa, 29 Hos6.-3 nek. 2010. C. 30-32.
URL: http://jre.cplire.ru/alt/library/4conf/docs/pdffiles/r3.pdf
(nara obparuenus 22.06.2025).

10. Roy R., Kailath T. ESPRIT-Estimation of Signal
Parameters via Rotational Invariance Techniques // IEEE
Trans. Acoustics, Speech and Signal Processing. 1989.
\ol. 37, iss. 7. P. 984-995.
doi: 10.1109/29. 32276

11. Ocobennoctn npumenenust MmeronoB MUSIC u
ESPRIT B agantuBHbIX cMapT-anTenHax / M. E. [1leBuen-
ko, B. H. Manbnues, A. B. Toposoii, C. H. ConoBbes,
A. X. Kenbsir // AHTEHHBI M PacTipOCTpaHEHHE PAIHOBOIH:
Bceepoc. nayw.-texn. xoH(}., CIIO., 24-26 HOs6. 2021
CII6.: M3n-Bo CIIOI'OTY "JIDTU", 2021. C. 99-102.

12. eByenko M. E., T'opogoii A. B., Conosees C. H.
IpocTpancTBeHHasT QuIIBTpaLs TEPEKPHIBAIOLINXCS TI0
crieKTpy curHajoB // Bomp. pammosmexrpornku. 2019.
T. 48, Ne 12. C. 27-33.
doi: 10.21778/2218-5453-2019-12-27-33

13. TIpocTpaHcTBeHHast (UIBTpAlys CHUTHAJIOB IIPU
HETOYHOH KaymmOpoBke anTteHHO# perrerkn / M. E. Illes-
yeHko, B. H. Mamsnmes, A. B. T'opoBoii, A. C. UepenanoB
// U3B. By30oB Poccum. Pammosnexkrponuka. 2023. T. 26,
Ne 6. C. 27-40.
doi: 10.32603/1993-8985-2023-26-6-27-40

14. TaBpunenko B. I, SmmHoB B. A. Ilepenaua wn-
(dopmanmy 1o OECIIPOBOJHBIM CETSAM B YCJIOBHSX Hepe-
CEYCHHON MecTHOCTH: y4el.-meton, mocobue. H. Horro-
pon: Uzn-so HHI'Y, 2007. 112 c.

15. Mamuenko M. B., 3opun B. A., Pomanosa M. A.
OMmnupuyeckass MOAENTb pacdyera 3aTyXaHUsl CHI'Haja
ydaetoM Kod(ddummenta 3acTpOHKM MECTHOCTH st
OCCIMIIOTHBIX TpPaHCIOPTHBIX cpencts // M3B. Kabap-
nuHO-bankapckoro Hayu. mentpa PAH. 2022. T. 105,
B 1. C. 59-73.
doi: 10.35330/ 1991-6639-2022-1-105-59-73

HNnudopmanms o0 apropax

I'opoBoii Angpeii BaguMoBHY — HHXXEHEp HayuHO-IPOM3BOJCTBeHHOro npeanpustus "Hoseie Texnomoruu

Tenekommynukanuii" (OOO HIIIT "HTT"),

acrupaHT  Kageapsl

PAaAUOIJICKTPOHHBIX  CPEIACTB CaHKT-

40 IIpocTpancTBenHast GUILTPANMSA PH ONPedeTCHUHN M0JI0KEHN HCTOYHHKOB PaIHOH3/TyYeHH
Spatial Filtering when Determining the Position of Radio Sources



W3Bectus By30oB Poccun. Pagnosnexrponnka. 2025. T. 28, Ne 5. C. 28-42
Journal of the Russian Universities. Radioelectronics. 2025, vol. 28, no. 5, pp. 28-42

[eTepOyprekoro rocyIapCTBEHHOTO AIeKTpoTexHIYeckoro yHuepcurera "JIDTU" um. B. U. Vibsaosa (Jlenuna).
ABtop 14 nayunsix pabor. Cdepa HayuyHBIX MHTEPECOB — OOHapy)KeHHe, OLIeHHUBAaHHUE; MPOCTPAHCTBEHHAs (PHIIb-
TpaIys ¥ MeJeHroBaHue CUTHAJIOB; ITU(poBas 00pabd0oTKa CUTHAJIOB.
Anpec: Hayuno-nponsBoacrsenHoe npenmnpusitiue "Hosreie Texnomornu Temekommynukammid”, yia. Codpsu Kosa-
neBckoH, 1. 20, kopr. 1, mut. A, Cankr-Iletepbypr, 195256, Poccus
E-mail: andrew1295-09@mail.ru

MleBuenko Maiisi EBrenseBHa — xaquaaT Texandeckux Hayk (1997), mouent (2002) xadenps! paanodJex-
TpoHHBIX cpenctB CaHkT-IleTepOyprckoro rocymapcTBEHHOTO SJCKTPOTEXHHYEeCKoro yHuBepcurera "JIDTU"
uM. B. U. Ynbsinosa (Jlennna). ABrop 82 Hayunsix paboT. Cepa HaydHBIX HHTEPECOB — IPUEM U 00pabOTKa paJuoCcHr-
HaJIOB; OOHApY)KeHHUE, OLICHUBAHKE U NIEJIEHT'OBAaHNE CUTHAJIOB, PaJMOMOHUTOPHHT; IIM(poBasi 00paboTKa CUTHAJIOB.
Anpec: Cankr-IlerepOyprekuii rocyaapcTBeHHbIN anekTporexHundeckuid yausepcuter "JIOTU" um. B. U. VibsHosa
(JIenuna), yn. ITpodeccopa Ilomnoga, 1. 5 @, Caukr-IletepoOypr, 197022, Poccus
E-mail: M_E_Shevchenko@mail.ru, meshevchenko@etu.ru
https://orcid.org/0000-0001-6873-6354

MaabimeB Bukrop HukosaeBuu — mokrop texHmdeckux Hayk (2000), mpodeccop (2004), 3aBenyrommii Ka-
(enpoit pannosnekTpoHHEIX cpeacTB CaHkT-IleTepOyprckoro rocy1apcTBEHHOTO 3IEKTPOTEXHUUECKOTO YHHBEPCH-
teta "JIDTU" um. B. U. YuesHoBa (Jlennna). ABrop 6ornee 120 HayuHbix pabot. Cdepa HAyIHBIX HHTEPECOB —
yrcineHHbie Meto s, CBU-TexHMKa, aHTeHHBI, HHOPMAIIOHHBIE CeTH; MH()OpMaMOHHAast 0€301aCHOCTb.
Anpec: Cankr-IletepOyprekuii rocyJapcTBEHHBIN deKTpoTexHmdeckuii yauBepcureT "JIOTU" um. B. U. YibesHOBa

(Jlenuna), yi. [Ipodeccopa Ilomona, 1. 5 @, Cankr-IlerepOypr, 197022, Poccus

E-mail: vnmalyshev@etu.ru
https://orcid.org/0000-0001-5011-0337

References

1. Robust Adaptive Beamforming. Ed. by J. Li,
P. Stoica. Hoboken, New Jersey, John Wiley & Sons,
2006, 445 p.

2. Ferndndez-Prades C., Arribas J., Closas P. Robust
GNSS Receivers by Array Signal Processing: Theory
and Implementation. Proc. of the IEEE. 2016, vol. 104,
iss. 6, pp. 1207-1220.
doi: 10.1109/ JPROC.2016.2532963

3. Balanis C. A., loannides P. 1. Introduction to smart
Antennas. In Synthesis Lectures on Antennas. Vol. 5. Ber-
lin, Springer, 2007, 175 p.
doi: 10.1007/ 978-3-031-01533-5

4. Stevanovi¢ 1., Skrivervik A., Mosig J. R. Smart
Antenna Systems for Mobile Communications. Final
Report. Available at: https://mww.academia.edu/24560455/
Smart_Antenna_Systems_for_Mobile_Communications_FI
NAL_REPORT_ECOLE_POLYTECHNIQUE_FEDER
ALE_DE_LAUSANNE (accessed 22.06.2025).

5. Handbook of Position Location: Theory, Practice,
and Advances. Ed. by S. A. R. Zakavat, R. M. Buehrer.
New Jersey, John Wiley & Sons, 2012, 1281 p.
doi: 10.1002/ 9781118104750

6. Lipatnikov V. A., Tsarik O. V. Radio Control
Methods: Theory and Practice. St Petersburg,
Natsrazvitie, 2018, 607 c. (In Russ.)

7. Comparison of Time-Difference-of-Arrival and
Angle-of-Arrival Methods of Signal Geolocation.
Available at: https:/Mww.itu.int/dms_pub/itu-r/opb/rep/R-
REP-SM.2211-2-2018-PDF-E.pdf (accessed 22.06.2025).

8. Eremeyev I. Yu., Pechurin V. V., Saniev R. R.
Accuracy Comparison of Angle of Arrival and Time
Difference of Arrival Positioning Systems with the
Minimum Number of Receiving Stations. J. Electro-

doi: 10.18127/ j15604128-202204-03

9. Ustinov K. V. Algoritm ocenki koordinat isto-
chnikov radioizluchenij, tozhdestvennyh po chastote
[Algorithm for Estimating Coordinates of Radio Emis-
sion Sources ldentical in Frequency]. 1V All-Russ.
Conf. "Radar and Radio Communication" IRE RAS,
Moscow, 29 Nov.—3 Dec. 2010, pp. 30-32. (In Russ.)
Available at: http://jre.cplire.ru/alt/library/4conf/docs/
pdffiles/r3.pdf (accessed 22.06.2025).

10. Roy R., Kailath T. ESPRIT-Estimation of Signal
Parameters via Rotational Invariance Techniques. IEEE
Trans. Acoustics, Speech and Signal Processing. 1989,
vol. 37, iss. 7, pp. 984-995.
doi: 10.1109/29. 32276

11. Shevchenko M. E., Malyshev V. N., Gorovoi A. V.,
Solov'ev S. N., Kel'yan A. Kh. Features of the Applica-
tion of MUSIC and ESPRIT Methods in Adaptive
Smart Antennas. Antennas and Radio Wave Propaga-
tion: All-Russ. scientific and technical conf., St Peters-
burg, 24-26 Nov. 2021. St Petersburg, lzd-vo
SPbGETU "LETI", 2021, pp. 99-102. (In Russ.)

12. Shevchenko M. E., Gorovoy A.V., Solovyov S. N.
Spatial Filtering of Signals with Spectrum Overlapping.
Questions of Radio Electronics. 2019, vol. 48, no. 12,
pp. 27-33. (In Russ.)
doi: 10.21778/2218-5453-2019-12-27-33

13. Shevchenko M. E., Malyshev V. N., Gorovoy A. V,
Cherepanov A. S. Spatial Filtering of Signals under
Imprecise Calibration of Antenna Arrays. J. of the Rus-
sian Universities. Radioelectronics. 2023, vol. 26,
no. 6, pp. 27-40. (In Russ.)
doi: 10.32603/1993-8985-2023-26-6-27-40

14. Gavrilenko V. G., Yashnov V. A. Peredacha in-

magnetic Waves and Electronic Systems. 2022, vol. 27, formatsii po besprovodnym setyam v usloviyakh
no. 4, pp. 19-26. (In Russ.). peresechennoi mestnosti [Transmitting Information
IIpocTpancTBeHHasi puabLTpaLus NPH oNpeaeTeHUH MOJI0KeHUs HCTOYHMKOB PaANON3IyYeHus 41

Spatial Filtering when Determining the Position of Radio Sources


mailto:andrew1295-09@mail.ru
mailto:vnmalyshev@etu.ru

N3Bectns By3oB Poccun. Pagnodnektponnka. 2025. T. 28, Ne 5. C. 28-42
Journal of the Russian Universities. Radioelectronics. 2025, vol. 28, no. 5, pp. 28-42

Over Wireless Networks in Rugged Terrain]. Educa- Space Index for Unmanned Vehicles. News of the Ka-
tional and methodological manual. Nizhny Novgorod, bardino-Balkarian Scientific Center of RAS. 2022,
Izd-vo NNGU, 2007, 112 p. (In Russ.) vol. 105, no. 1, pp. 59-73. (In Russ.)

15. Mamchenko M. V,, Zorin V. A., Romanova M. A. doi: 10.35330/1991-6639-2022-1-105-59-73
Empirical Model for Propagation Loss Using Floor

Information about the authors

Andrei V. Gorovoy, Engineer of the Scientific and Production Enterprise "New Telecommunication Technolo-
gies", Postgraduate student of the Department of Radio Electronics Equipment of Saint Petersburg Electrotechnical
University. The author of 14 scientific publications. Area of expertise: signal detection; estimation; spatial filtering
and direction finding; digital signal processing.

Address: Limited Liability Company "New Technologies of Telecommunications", 20, Sofya Kovalevskaya St., build. 1,
lit. A, Saint Petersburg 195256, Russia
E-mail: andrew1295-09@mail.ru

Maya E. Shevchenko, Cand. Sci (Eng.) (1997), Associate Professor (2002) of the Department of Radio Elec-
tronic Equipment of Saint Petersburg Electrotechnical University. The author of 82 scientific publications. Area of
expertise: radio signals receiving and processing; signals detection; evaluation and direction finding; radio monitor-
ing; digital signal processing.

Address: Saint Petersburg Electrotechnical University, 5 F, Professor Popov St., St Petersburg 197022, Russia
E-mail: M_E_Shevchenko@mail.ru, meshevchenko@etu.ru
https://orcid.org/0000-0001-6873-6354

Victor N. Malyshev, Dr Sci. (Eng.) (2000), Professor (2004), Chief of the Department of Radio Electronic Equip-
ment of Saint Petersburg Electrotechnical University. The author of more than 120 scientific publications. Area of exper-
tise: numerical methods; microwave technology; antennas; information networks; information security.

Address: Saint Petersburg Electrotechnical University, 5 F, Professor Popov St., St Petersburg 197022, Russia
E-mail: vnmalyshev@etu.ru
https://orcid.org/0000-0001-5011-0337

42 IIpocTpancTBenHast GUILTPANMSA PH ONPedeTCHUHN M0JI0KEHN HCTOYHHKOB PaIHOH3/TyYeHH
Spatial Filtering when Determining the Position of Radio Sources


mailto:andrew1295-09@mail.ru
mailto:vnmalyshev@etu.ru

N3Bectns By3oB Poccun. Pagnodnekrponnka. 2025. T. 28, Ne 5. C. 43-53
Journal of the Russian Universities. Radioelectronics. 2025, vol. 28, no. 5, pp. 43-53

Pamronokanus ¥ paJiOHaBUTAIHS
YK 621.396.96 Hayunast ctatbs
https://doi.org/10.32603/1993-8985-2025-28-5-43-53

Cnoco0 koMIeHcanMyu CUTHAJIA HeCylero BUHTA BePToJieTa BO BpeMEeHHOi 00j1acTn
nepej NOCTpoeHHEM PAIMOJOKANMOHHOI0 H300paKeHHs PYyJIeBOr0 BUHTA

C. P. Teiicrep™, B. B. Kupuuenko
OAO "AJIEBKVYPII", Kopones Cran, Pecriybnuka benapycn
™ hsr_1960@yahoo.ru

AHHOTaLMA

Beedenue. HanbGonee pacnpocTpaHeHbl OJJHOBHHTOBEIC BEPTOJICTHI, HMEIONINE HECYIIHUIA U PYIeBOil BUHTHI. Pasuo-
JIOKAaIMOHHBIE U300paKCHNSI BUHTOB BEPTOJIETA B COUETAHWM C YAaCTOTaMH MX BPAILICHHS coAepikaT MH(OPMAIHIO,
MTO3BOJIAIONTYIO OTIPENENIUTh THIT BEPTOJIETa. 3aKOH aMIUTUTYIHON MOIYISAIINHA CHUTHAJIOB, OTPAKEHHBIX OT JIOTIACTEH
HECYIIero BHHTA, UMEET UMIYIBCHBIN XapakTep. VMITyIbCchl 3TOH MOIYISINH CYIIECTBEHHO IPEBBIMIAIOT IO aM-
IUTATYZIE CUTHAJI, OTPAKCHHBIH OT Kopmyca. [loaTroMy mocTpoeHne n300pakeHrsT HeCyIIero BUHTa HE UMEeT IpHH-
MUNHAAIBHBIX TPYAHOCTeH. OIHAKO aMIDTHTYAbI CUTHAJIOB, OTPAXKCHHBIX OT JIONIACTEH PYJCBOTO BHHTA, CYIIECTBEHHO
MeEHbIIIE CHTHAJIOB Hecymero BUHTA. [loaToMy 3amada M3MepeHHs YacTOTHI CICAOBaHUS JOMACTEH PyIeBOTO BUHTA
Ha (oHe cUrHajia HeCyllero BUHTa He pemaercs. B utore He pemraeTcs 3ajada HOCTPOCHUsI M300pakeHHs PYJIEBOro
BHUHTA. 3TO SIBIIACTCA np06neM0171, KOTOpast OCJIOKHACTCA TEM, YTO CIICKTPbLI CUTHAJIOB, OTPAKCHHBIX OT HECYLICTO U
PYJICBOrO BUHTOB, IEPEKPHLIBAIOTCA.

I[ens padomet. PazpaboTka crioco06a KOMIIEHCAI[MM CUI'HAIa HECYIIIero BUHTA BEpToJieTa BO BpEMEHHOI o0iacTy.
Mamepuanet u memoowst. KoMrieHcanus CUTHAIOB, OTPAKEHHBIX OT JIOMACTEH HECYIIEro BUHTA, MOXKET OBITh BbI-
MOJIHEHA pa3HBIMHU criocobamu. B paboTe paccMarpuBaeTcsl Croco0, KOTOPBI OCHOBBIBACTCS HA KCIOJIb30BAHUH
MOJyNIeH KOMIDICKCHBIX aMILTUTYZ OMOPHBIX CHUTHAJOB (3TaJOHOB) KaHAla MOCTPOCHHS H300pa)kKeHUS HECYILETo
BrHTa. Ha ocHOBe »THX Momynei BO BpeMEHHOW 00iacTé (opMHUpyeTcs (YHKIHS B3BEIIMBAHWS CHTHAIIOB, OTpa-
KCHHBIX OT JIOTIACTEH HEeCymero BUHTA. DTa (QyHKIHS B XOJ¢ B3BEIIMBAHUS MPUHITOTO CUTHAIA 00eCTIeYNBaCT KOM-
MIEHCANIIO OTPAXKCHUH OT JIOMTACTEH HECYIIEro BHHTA.

Peszynomamet. PazpabotaH crocod KOMIIGHCAIIMH CHTHAja HECYIIEro BHHTA BEPTOJNETa BO BPEeMEHHOW 00JacTH B
MPWIOKEHUH K MOCTPOCHHUIO PaJHNOJIOKAIIMOHHOTO M300paKeHUs PyJIeBOro BUHTA BepTosera. Crocod He TpeOyeT
OOJBIINX BBIYMCIUTENBHBIX pecypcoB. PaboTocriocoOHOCTh criocoba MILTIOCTPUPYETCs Ha IpUMEpe CUTHAIA, OTpa-
JKEHHOTO OT BepTosieta Mu-8.

3axntouenue. PazpaboTaHHblid crtocod oOecreunBacT KOMIICHCAIIMIO CUTHAJIOB, OTPaXKEHHBIX OT JIOMAcTel Hecy-
IIETO BUHTA BEPTOJICTA, M CO3MACT YCIOBHUS IS M3MEPEHHUS YACTOTHI BPALICHHS U MOCTPOCHUS H300pakeHUs Py-
JIEBOTO BMHTA BEPTOJIETA.

KiroueBble cjioBa: paanoioKarioHHOE M300paXXCHNE, HECYIIH BUHT BEpTOJIETa, PYJICBOW BUHT BEPTOJIETa, KOM-
MIEHCAINs CUT'HAJIA, U3MEPEHUE YaCTOTHI BPAIlCHHUS BUHTA

Jost murupoBanust: Teiictep C. P, Kupnuenxo B. B. Cnoco6 komneHcanny cUrHaiga HECYIIETo BHHTa BEpToJieTa
BO BPEMEHHOW 00JIacTH Iepe MOCTPOCHUEM PAJHOJIOKALIMOHHOTO H300paxkeHus pyaeBoro BuHTa // 13B. By3oB Poc-
cun. Pagunoanekrponnka. 2025. T. 28, Ne 5. C. 43-53.
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Method for Compensating Helicopter Main Rotor Signal in the Time Domain
Before Constructing a Tail Rotor Radar Image

Sergey R. Heister®, Valery V. Kirichenko
JSC "ALEVKURP", Korolev Stan, Republic of Belarus
™ hsr_1960@yahoo.ru

Abstract

Introduction. The most common helicopters are those based on a single rotor design, each with a main rotor and a
tail rotor. Radar images of helicopter rotors, combined with their rotational speeds, contain information that allows
the helicopter type to be determined. The amplitude modulation law for signals reflected from the main rotor blades
is of a pulse nature. These modulation pulses significantly exceed the amplitude of the signal reflected from the air-
frame. Therefore, constructing an image of the main rotor presents no fundamental difficulties. However, the ampli-
tudes of signals reflected from the tail rotor blades are significantly smaller than those of the main rotor. Therefore,
the problem of measuring the rotational speed of the tail rotor blades against the background signal of the tail rotor
is not solved. Consequently, the problem of constructing an image of the tail rotor is not solved. This problem is
additionally complicated by the overlapping spectra of the signals reflected from the main and tail rotors.

Aim. Development of a method for compensating the helicopter rotor signal in the time domain.

Materials and methods. Compensation for signals reflected from main rotor blades can be accomplished through
various approaches. This paper discusses a method based on the use of complex amplitude moduli of reference sig-
nals in the main rotor imaging channel. These moduli are used to generate a time-domain weighting function for
signals reflected from the main rotor blades. This function, by weighting the received signal, ensures compensation
for reflections from the main rotor blades.

Results. A method for compensating for the helicopter main rotor signal in the time domain has been developed for
constructing a radar image of the helicopter tail rotor. The method does not require extensive computational re-
sources. Its effectiveness is illustrated using a signal reflected from an Mi-8 helicopter as an example.

Conclusion. The developed method enables compensation for signals reflected from the blades of the helicopter main
rotor and creates conditions for measuring the rotation frequency and constructing an image of the helicopter tail rotor.

Keywords: radar image, helicopter main rotor, helicopter tail rotor, signal compensation, rotor speed measurement
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BBenenne. O6paboTka ciaboro curuaiga Ha
(hoHE CHIBHOTO CHWTHaja, e€ciauM o0a CcHuTrHajda
OJIN3KM TI0 CBOMM CIEKTPAJbHBIM IapaMeTpam,
KaK MPaBHUIIO, MPHUBOJUT K HEYIOBIETBOPUTEIH-
HOMY pe3yJsibTaTy. IIpu 3TOM CHIBHBIA CHUTHal
TIpEICTaBIISIET cO00# TMMOMeXy, KOTOpYI0 HE00Xo-
JUMO MaKCHMAaJlbHO YMEHBIINTHh MyTeM KOMIIEH-
calM C MUHUMAJNbHBIM BIWSHHEM Ha CBOWCTBa
MOJIE3HOTO caboro curHana.

[Ipumep KoMmMeHcallMM CUIBHOTO CHTHana, Me-
HIAIOIIETO MOCTPOCHHIO PAAMOIOKAMOHHOTO H300-
paxenus (PJIN) nBuxyieiics cucteMbl oTpaxare-

ne#t, u3noxkeH B [1, 2]. B atux paborax ommcan
MOJX0J] KOMIICEHCAIlMH CHJIBHOTO MEMIAIOIIEeTOo
CUTHaJIa, CIIEKTP KOTOPOTO MIEPEeceKaeTcsi CO CIeK-
TpOM CNaboro TIOJIE3HOTO CHTHaJa. ABTOPOM
MpEeIOKEeH crmocod KomreHcanuu [1], ocHOBaH-
HBII Ha WCIOJB30BAHWH CHTHANA, ITOJYIEHHOTO
00paTHBIM TIPeoOpa30BaHUEM OT PAAHOIOKAITHOH-
HOTO M300pakKeHHs Kopiryca aBToMoowms [3].
Bepronier, mocTpoeHHBIII MO OJHOBUHTOBOM
cXeMe, IMEeT B CBOEM COCTaBe HECYIIUH H pyiie-
BOI BUHTHL. YacToTa BpalleHHs pyJIEBOTO BUHTA
(PB) sBisieTcsi KIIIOYEBBIM MapaMeTpoOM AJisl Io-

44 Cnoco0 xoMIIeHCcallMy CUTHAJIA HeCyllero BHHTA BepToJieTa BO BpeMeHHOI 00J1acTu
nepes NOCTPOEHHEM PATMOJIOKANMOHHOI0 N300paKeHUsl PY/IeBOr0 BUHTA
Method for Compensating Helicopter Main Rotor Signal in the Time Domain

Before Constructing a Tail Rotor Radar Image
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CTPOCHHS M300paKCHHSI STOTO0 BHHTAa M BaKHOM
nH(pOpMaIuel JUIs pacro3HaBaHus TUIIA BEPTOJIe-
Ta. OIHAKO CHUTHAJIBI, OTPAKCHHBIC OT HECYIIETO
BunTa (HB), mo momHocTH Ha mOpsmok u Oojee
MPEBBIIAIOT CUTHANBI, OTpakeHHbIe OoT PB. OTo
MPAKTHYECKH WCKIIIOYAET TMPUMEHEHHE THUITOBBIX
MMOIXOJ0B U TIPAaBUIFHOTO M3MEPEHUS YaCTOTHI
Bpaienusi PB u moctpoeHust ero paanoiaoKaioH-
HOTO M300pakeHUs. s paspemieHust 3TOH mpo-
OeMbl HEOOXOAWMO BBITIONHUTh KOMIICHCAIIHIO
CUTHAJIOB, OTPaXEHHBIX OT Jonacteil HB.

IHocranoBka 3amaum. KomneHcauuym nomex
MOCBSIICHO OOJIBIIIOE KOJIMYECTBO padoT, U3 KOTO-
PBIX B MPUIOKEHUU K PAJUOJIOKAIMU MOXKHO BBI-
nenuth [4—12]. B ocHOBe KOMIIEHCAITUH TOMEXOBO-
ro CHUTHaJa JIeKaT ero KOPPEJALMOHHBIE CBOMCTBA
B oOylacTu mpezcraBieHus. B oOmem ciaydae Kom-
MEHCAIIUS MOXKET BBIMOJHATHECS BO BPEMEHHOM,
CHEKTPaJIbHON U IPOCTPAHCTBEHHON 00JIaCTsIX.

Curnan, otpaxkeHHbld oT nonactu HB, umeer
IIUPOKUH CHEKTP M3-3a aMIUIHTYIHOW U (ha30BOi
MOAYJSIIMHU, a TakkKe nepekpbiBaetca [13] co
CIIEKTPOM CHTHAJIA, OTPAXEHHOTO OT Jioracti PB.
C yd4eroM STOro KOMIIEHCAIIMIO CHTHAlla, OTpa-
KeHHoro ot Jomactedt HB, menecooOpa3Ho BbI-
MOJTHATH BO BpeMeHHOW obOnactu. llpu 3tom Bo3-
MO>KHBI CJISTYIONHE BAPUAHTHI:

— (hhopMHUPOBaHUE KOMIICHCAI[MOHHOTO CHTI'HAJIa
(mpoobpasa curHama, OTPaXCHHOI'O OT JIOMACTEH
HB) Ha ocHoBe oOpatHOro npeodpaszosanus PJIN
HB, monydeHHOTO Ha OCHOBE TEXHOJIOTHH O0Opa-
IIICHHOI'0 CHHTE3a alepTyphbl aHTCHHBI;

— (GopMHpOBaHHE BPEMEHHBIX OJAHKOB IS
curHaioB jonacteil HB, monoxenue KOTOpPBIX
BO BPEMEHU OMNPEAENSIETCS Ha OCHOBE U3MEPEH-
HOTO 3HAa4Y€HUsI YaCTOTHI CIEJOBAHUS JIOMACTEH
HB u nonoxenus stux nomnacteit B PJIN Ha mo-
MEHT Hadasia OJaHKHpOBaHWS. B MaHHOU cTaThe
paccMaTpHUBAcTCS WMEHHO JTOT BapUaHT, TakK
Kak oH 3((eKTUBEH, a ero peanu3anus 1Mo cpas-
HEHHUIO C TIEPBBIM BapHaHTOM He TpeOyeT 00b-
€MHBIX BBIYHUCIUTEIBHBIX MPOIEAYpP B CBSI3U C
OTCYTCTBMEM HEOOXOAMMOCTH BBIMOIHATH 00-
patHoe ipeoopaszoanue PJIM HB.

B wmmroctpatuBHOM TpEMepe s Ompene-
JIEHHOCTH II0JIaTaeéM, YTO PaJUOJIOKAI[MOHHAS
craamus  (PJIC) HempepbIBHO CONPOBOXKIACT
MPUOJIMKAIONIUICS BepToiaeT Mu-8, BBHINOJIHEH-

HBIH 110 0AHOBUHTOBOM cxeme. PJIC Haxonures B
IIEHTpEe JeKapTOBOW CHCTEMBI KOOPAWHAT, a Bep-
TOJIET JBUKETCS CO CKOPOCThIO 62.5 M/c Ha mpu-

Ommkenue mapamienbHo ocu OX w3 TOUKH
Yo =1470 M,

zg =20 m. CylecTBEHHBIMH JIJIs MCCIIETOBaHUM

¢ KoopauHaTtaMu Xg =29840 M,

SBIAIOTCS Takue mapamerpbl PJIC, xak gacrtora
MTOBTOPEHUS 30HIUPYIOIINX CUTHAJIOB

F, =50 xI'n u anuna Bomuel A = 0.03 m. Ilpu-

HATBI CHTHAl O00O3HAYUM Kak Unp (n), rme

Nn=0,N-1 — HomMep mnepuwoma 30HANPOBAHHA.
CurHan moiy4eH Ha BBIXOJE YCTPOWCTBA BHYTPH-
MEPUOTHON 00pabOTKH B JJIEMEHTE NaIbHOCTH,
cozeprkamieM BepToieT. Takum o0pa3oM, BpeMeH-
HPHHATOTO CHTHaia

HBIC OTCYCTHI

Upp (N), N=0,N —1 cenytor ¢ uHTEpBANIOM, paB-
HBIM II€pUOay IOBTOpeHus T, =1/F; 30HIUpY-

IOIero CUTHaNa. JMMTeTsHOCTh BEIOOPKH TIPHHS-
TOro curuana cocrasuser T, =T, N.

Oco0eHHocTH TIpeoOpa3oBaHMIl NPHHSATOrO
CUTHAJIA NIPH NOCTPOeHNN M300paskenuil. [lonara-
em, uto nocrpoenue PJIM BUHTOB (Kak HeCyllero,
TaK ¥ PYJEBOT0) OCYIIECTBISIETCS TI0 CUTHAJIAM, OT-
pakeHHBIM OT TpuoODKaronwxcst kpomok (1K) o-
macreit [14, 15]. C ydeToM 3TOTO IPHUHSTHIA CHTHAI

Upp (n), n=0,N —1 mepen aganTaryeii K ampruoOpPHO

HEU3BECTHBIM TapaMeTpaM M ToctpoeHuem PJIN
TIPOXOITIUT CIICAYIOITHE TpeodpazoBanus [15]:

— npeobpazoBanue Oypne;

— yIalleHue CUTrHalla, OTPAXEHHOTO OT KOPITy-
ca BepToJieTa, HA OCHOBE MH(OpPMAIMH O Paju-
aJIbHOM CKOPOCTH;

— yJaJeHue CHUTHAJIOB, OTPAaXEHHBIX OT yaa-
naronmxcst kpoMok Jionacreid HB u PB.

Puc. 1-4 xapakTepu3yIoT 3TH IpeoOpa3oBaHus:

— Ha puc. 1 mpencTaBieHa BpeMEHHas aHa-
rpamMMa peaJlbHOM YacTH TMPHHATOTO CHTHAa

Unp (n), n=0,N —1. CurnHan mpenacrtaBicH B OT-
HOCHTEIIBHBIX €IMHHIAX (B BBIXOTHBIX OTCYETAaX
a”anoro-uu¢poBoro mnpeodpaszoBareis, GopMHUpY-

€MBIX OTHOCUTEJIEHO OMOPHOT'O HATIPSIKCHHS );
— Ha pHUC. 2 TPEACTaBIEH MEXIyIIepHUOTHBIN

aMIUTATYTHO-9acTOTHEIN criekTp (AUC) ‘an(k)‘,

k=0,N-1 mnpunsaroro
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Fig. 1. Real component of the received signal
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Fig. 4. Real component of the signal with reflections from approaching blade edges

n=0,N—1 mnodydcHHbIi myTeM auckperHoro  BPIOPaH PaBHBIM 1BYM nepronam Bpamenus HB,

IpsMOro npeodbpasoBarus Dyphe ¢ YHCIOM TOYEK 1, ¢, T, =
N =31250. Hureppan T, =T N mia ynodcrtsa Fs 1B

, rne Fygg =3.2 'y — wacrora

Cnoco0 xoMIIeHCcallMy CUTHAJIA HeCyllero BHHTA BepToJieTa BO BpeMeHHOI 00J1acTu
nepea noCTpoeHueEM paanoJOKAIHOHHOTO n306pa)lcem»m PYJ€BOro BUHTA
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Bpamenuss HB Beptonera Mu-8. [1o 06e cTopoHbI
OT KOPITYCHOM COCTaBIISIOIIEH PaCIOIONKEHBI CO-
CTaBISIIOIIME, COOTBETCTBYIOIINE  MPHOIIKAIO-
IIFMCS ¥ yTAIISTIOIIMCST KPOMKaM JIOTIacTeid;

— Ha puc. 3 mpexacrtaBien AUC ‘GH'Hp(k)‘,
k=0,N-1, mnomyuennsiii uz AUYC ‘an(k)‘,

k=0,N—-1 wu comepxamuii TOIBKO COCTaBJISIO-

mue ot I1K;
— Ha puc. 4 mpeacTaBlieHa peajbHas 4YacThb

cursana Uy on(n), n=0,N -1, nonydentoro 06-

patHeiM mpeoOpazoBanneM Dypre OT cmekTpa
Gpup(k), k=0,N-1.

s sddexrusrnoro mocrpoenus PJIN T1K no-
nacreii PB [13] Heo6x0omuMo MOTydnTh:

— yactory Bpamenus PB F;pg, Kkoropas
OIIpeNeNIIeTC HAa OCHOBE W3MEPEHUS YaCTOTHI
cnenoBanus sonacteit F; , pg =F; pgN;; pg, T

N, pg — uucio nonacreii PB;

— BPEMEHHYIO peau3alliio CHUTHaja, COZep-
JKaiero Tosibko otpaxkenus ot 11K nomacteit PB.

Jnsa storo w3 curHana un‘np(n), n=0,N-1

He00X0IMMO YJAIUTh OTpakeHus ot HB.

Cnoco0 koMIeHcallu¥ CHUTHAJIOB OT JoIa-
cTell Hecylero BUHTa BO BpeMeHHO# 00J1acTH.
Hns xomnencanuu curHaios HB Bo BpemeHHOM
006JacTH HEOOXOJMMO OIPENCTUTh TEKyIee II0-
JIO’)KEHUE 3THUX CUTHAJOB B BHIOOPKE MPHHSITOTO
curtana ¢ ucnonb3oBanuem PJIM HB. Baxuo ot-
METUTh, 4YTO oOTpaxkenuss oT PB cymectBenHo
Menblie otpaxkeHuit or HB [13]. [loatomy wux
BJIMSIHUE Ha MPOLECCHl U3MEPEHMsI YaCTOTHI Bpa-
menus 1 noctpoenust PJIM HB HecyliecTBEHHBI.

Jia u3MepeHus] 4acTOThl CIEOBaHUS JOMa-
CTe¥ MO’KHO HMCITOJIb30BaTh CBEPTKY [ 14] Buma

N-1
Zo(k) = Z uH.Hp(n)u;.Hp(n)X
0

n=

xexp| i 2nk|A:—Fn  k=Kmins Kmax, @)

ol

rae AF — mar u3MeHEHHS YacTOTHI, OIPEaeIsio-

F .
o . _ _'min _ _
nacted Fyax: Kmin = YHCJI0, COOTBET

CTBYIOIICC MHWHHUMAJIBHOMY 3HAYCHHUIO JHalla3oHa
HU3MCPCHUA YaCTOTEI CJICAOBAHUA JIOIacTeH Fmin .

YacToTel MakcUMyMOB cBepTKH (1) KpaTHBI
LIEJIOMY 3HAUEHHUIO YacTOThI CJIEOBAHHUS JOMACTEH
BUHTa. Yacrora mnepBOro MakcHUMyMa COOTBET-
CTBYET HCKOMOMY 3HaU€HHIO YacTOTHI CIIEIOBaHUS
jJonacTe. YpOBHM MAaKCUMAJIbHBIX 3HAYEHUUN
CBEPTKH OIPENECISIOTCS MAKCUMAaJIbHBIMHM 3HAue-
HUSIMHA aMIUIUTYJ HEPUOJUYECKUX CHTHAJIOB BO
BPEMEHHOU pealn3aliui.

Ha puc. 5 npencraBieHbl pe3yabTaThl BbIUKC-

Zy(k), k =100, 2000 Urp (),

Nn=0,N-1 B mmamazone 10..200I'1y ¢ mrarom

JICHHUA JUIA

"rpy6oro” [14] uamepenns AF =0.1T1. B cBept-
ke Zg(K), kK =Kmin» Kmax:

— MAaKCUMaJIbHbI€ 3HA4YE€HHS COOTBETCTBYIOT
oTtpaxxeHusM ot HB;

— MakcuUMallbHble 3HaueHud uid PB B nanHOM
ClIy4ae Ha JiBa MOpsJIKa MEHbIIE MAaKCUMYMOB I
HB u npakTruecku He BUHBI.

Ha puc. 5, a nepBblili MakCUMyM B CBEPTKE CO-
OTBETCTBYET HOMEPY Kmax =160. Crmemopatens-

HO, "Tpy0o0" M3MepeHHOe 3HaYeHHE YacCTOTHI Cie-

nosanust Jomacreii HB IEH.B HB rp = KmaxAF =

=16 I'm. TouHoe W3MepeHVE YaCTOTHI CIICTOBAHUS
JoTIacTe!, BBHIMTOJIHEHHOE aHAJIOTUYHBIM 00pa3oM

FrsHB g =15.999 'y

Hns gucna nmomacteir N,y =5 TouHO wH3Me-

[14], nmamo pesynbTaT

3Ha4YCHUC

peHHOE yacToThl Bpamenuss HB

F
Fup = % =3.1998 ',
1 HB

B [15] paccMoTpeHBl anropuTMbl HOCTPOEHHS
PJIN BuHTOB JeTaTenbHBIX anmaparoB. M300pakenue
HB Bepronera npexacrapiseT codoil HaOOp MomyJIei

KOMIUIEKCHBIX aMIUTUTY/ |§HB(k9)|, kg =1, N,
oTHOcAIMXcsA K Ng YIJIOBBIM HAIpaBICHUSIM OT-

HOCHUTCJIBHO MNPpCAnojaracMoro HnCHTpa BHUHTA (I/I3—

. . Fmax mepenHble B PJIC 3HaueHHs KoopauHAaT 0ObEKTa)
U TOYHOCTH U3MEpeHHH; Koy = — guc- N
AF B FOPH30HTAJIBHOM  TUIOCKOCTH. OTH  YIJIOBBIE
JI0, COOTBETCTBYIOIIEE MAaKCHMATbHOMY 3HAUCHHIO 360°
HaIpaBIIeHHS CIIEAYIOT C HHTEPBAJIoOM 00 = .
IMana3oHa M3MEPEHUS! YacTOTHl CIEAOBAHHSA JIO- Ng
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nepej NOCTPOeHHEM PaJHO0JIOKAHOHHOI0 H300paskeHUs PyJIeBOr0 BUHTA
Method for Compensating Helicopter Main Rotor Signal in the Time Domain

Before Constructing a Tail Rotor Radar Image



N3Bectns By3oB Poccun. Pagnodnextponnka. 2025. T. 28, Ne 5. C. 43-53
Journal of the Russian Universities. Radioelectronics. 2025, vol. 28, no. 5, pp. 43-53

15 T T T T T T T

Z,(k)x10"
-
T
1

o
3,
T
1

0 200 400 600 800 1000 1200 1400 1600 1800 2000
k

a

1.5F .

Z,(k))x10"

0.5

0 200 400 600 800 1000 1200 1400 1600 1800 2000
k

o
Puc. 5. Ceeptra Z, (k), k =100, 2000 : a — B macmTabe 1 HB; 6 — B MacmTabe st PB

Fig. 5. Convolution Z, (k), k =100, 2000 : a — to scale for the main rotor; 6 — to scale for the tail rotor

Uzobpaxenue [1K nonacreit HB popmupyeTcs ~ MOM HIUTIOCTPaTHBHOM TPHMEPE COOTBETCTBYET
Ha BbIXO#ax Ng KaHanoB oOpabOTKH, B K&KIOM  p3MepeHHOMY  3HAYCHHIO F, yg =3.1998 I'ny,

kg -M 13 KOTOPBIX (POPMUPYETCsI CyMMa PE3yibTa-  a HampaBjCHHE BPAILCHHUS BUPTYalbHOW JIOHNACTH

TOB TepeMHOKEHHsI N OTCYETOB NPUHATOrO CHr-  COOTBETCTBYET HANPABICHUIO BPALEHHS PEaIbHOM

— uﬂ.np(n), N=0,N—1 ais IIK nonacreii na OTMACTH. B 0000mieHHOM Buie onopHas GpyHKIUsS

. Kg-ro xanmama nna IIK jomactu onmceiBaeTcs
COOTBETCTBYIOIIME BPEMEHHBIE OTCUETBI  Kg-if

BBIPAKEHUEM
onoproii pyrkumn Koy nn (Kg,n), 10 ectp
Ly -1
N-1 Kommp (Ko =Y exp(=i2kyr(kg,l,n)),
Eun (ko) = ZO Un.mp (n) Kon.np (kg,n), omIp =0
n=
— n=0,N-1,
kg =1, Ng.

Texymwiii N-if oTcueT OMOpHOH (ByHKIM kg-ro  TAC k) =2m/A — BOIHOBOE YMCIIO, COOTBETCTBY-
xanana Ko o (Kg,N) mpencrasmsier coboii orcuer  fomtee umame sonubl A B PJIC; r(ke.l,n) — pamu-

CUTHANA, COOTBETCTBYIOLIETO HOPMHPOBaHHOMy  AIPHOC PACCTOSIHHE OT (ha30BOTO LIEHTPa aHTEHHBI
0 AaMIUIUTYAe M KOMIUIEKCHO-compsikennomy — PJIC z10 I-ro orpaxarens ua IIK Kq-if BupTyais-
curnaiy, orpaxeHHoMmy ot IIK BUpTyalbHOM JI0-  HOM jomacTd B N-i MOMEHT BPEMEHH; Le B —
macty [15]. BupTyanbHas 10macTe UMEET OIpe/ie-
JIEHHBIE pa3Mephl U BPaIIaeTCs B TOPU3OHTAIHHON
TUIOCKOCTH OTHOCHTENIBHO TPEATIONaraeMoro IeH-
Tpa BHHTA, BUXKYIIETOCS ¢ U3MEPEHHBIMH Tapa-
MEeTpaMH{ JIeTaTeNbHOrO ammapara. Yacrtora Bpa-
IIeHUsT BUPTYAJIBHOW JIOMACTH B paccMaTpuBae-

KosnuecTBo otpaxareneid Ha I[IK BuprtyanbHOM
nonactu. Otpaxarenu Ha [IK BuptyansHoil j0ma-
CTH pacIojlararoTcs pPaBHOMEPHO (Hampumep, ¢

WHTEPBAJIOM k/4), HaYMHAs C ONpPEIEICHHOTO

ynanenus [15] oT neHTpa BUpPTyallbHOM JOMACTH.
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Fig. 6. Image of approaching rotor blade edges

350

Ha puc. 6 mnst Tekymero npumepa npeacras-
neno PJIN TIK nmomacteit HB Bepronera Mu-8 npu
Ng =360.

B PJI1M HB nepBas nonacte HaxoguTcs B dJe-
MeHTe ¢ HoMepoM Qug (1) . Jua Tekymero npume-
pa B COOTBETCTBHH C pHC. 6 3HaueHue qup (1) =34.

C yuerom u3BecTHOro uncina jgomnacreit Nj; gy
B PJIM HB u wu3mepeHHoro 3HaueHus Oypg(l)

MOYKHO omnpenenutsb Homepa snemeHToB PJIU ¢ TIK
Bcex Jonacteit HB:

Homepamu Oy (9), 0 =m, T. €.
Kon.np (qHB(g)un) v g =1 NH HB:

n=0,N —1. B kadecTBe npumepa Ha puc. 7 Ipea-

C HC-

ITOJIb30BAHUEM

CTaBJICHBI:
— BpEMEHHas peau3anusi MOAYIS MPUHITOTO

CHTHaJIa ‘uﬂ.np (n)‘, n=0,N —1 (opamKeBbIii IBET),

COJIEPIKAIIlETO TOJBKO CUTHANBI, OTPAXKEHHBIE OT
[IK nomnacreit HB (cocTtapnsromue ¢ HanOOIbIINM
ypoBHeM) u Jomactedi PB (cocraBnstoriue, am-
IUINTYy1a KOTOPBIX MTOYTH B 7 pa3 MEHBIIIE);

G (9) = G () + N360 (g-1), — BpEMEHHas peaau3alys MOIYNs OINOPHOM
1 HB (2 yHKIIH KOH'Hp (g @),n)|, n=0,N -1 (cummit
9=LNy B

B cooTtBeTcTBUM ¢ BBhIpakeHHEM (2) IS TEKY-
Iero JuB (1) =34, OuB (2) =106,
duB(3) =178, ayg(4) =250, qyg(5)=322.

KomnieHcarusi curHanoB, otpaxkeHHbIX OT [IK

noracret HB, BRITOMHSACTCS ¢ NCHOIE30BAaHNEM MO-
ITyJIel CUTHAJIOB OTIOPHBIX (DYHKITHUH JUII KaHAJIOB C

npumepa

user) ayust [1K mepBoii tonactu HB Bepronera Mu-8.

IIpemmaraeMerii cmocod KOMIEHCAUM CHT-
HAJIOB OT NPHUOJIMKAIOLIUXCS KPOMOK Jonacreii
HecyIlero BUHTa COCTOUT B CIIEAYIOIIEM:

— TaK KakK CIIEKTPbl CUTHAJIOB, OTPAKEHHBIX OT
nonacteit HB u PB, nepekpeiBarorcs, a MOIIHOCTH
cocrapisironx HB Ha mopsaxu BellIe, TO KOMIIEH-
cauuto curHanoB HB nanbonee s3ppekTuBHO MOXK-
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Puc. 7. BpemeHHbIe peai3aiii MOyl IPUHSATOTO CHIHAJA M OTNIOPHON (DYHKIHMHU A5 PUOIIDKAIOIIEHCsT KPOMKH IEPBOM JIOMAcTH

Fig. 7. Temporary implementation of the received signal module and the support function for the approaching edge of the first blade
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HO OCYILIECTBHUTH BO BPEMEHHOH 00JIACTH C HUCTIOINb-
30BaHUEM OTOPHBIX (PYHKIHI KaHAIOB MOCTPOCHHUS

PJIN TIK somacreii HB ‘Kon,np(qHB(g),n)‘,

g :1’NJ'IHB' n=0,N-1

— JJIs BBIINOJIHEHUSI KOMIIEHCAlluu Heo0X0au-
MO HCIIOJIb30BAaTh BECOBYIO (YHKIHIO B IIPO-
cTpaHcTBe "Bpems', JOpMUpPYEMYIO Ha OCHOBE OTOp-
HBIX (yHKLWMI Kon.r{p (aus(9),n)|, 9=L N, g,
n=0N -1,

— IS TIOBBILIEHMS KayecTBa KOMIIEHCALUU
1[e1eCO000pa3HO PacIIUPUTh 30HBI KOMIICHCALUU

BO BpeMCHHOﬁ obnactu IMyTEeM HCIIOJIb30BAaHUS B
BECOBOM ®YHKHHH AOIMOJIHUTCIIBHO  OIMMOPHBIX

bynxumin ‘Kon.np (qHB (9)-1, n)‘ ,9=LN; B,

n=0,N-1wu ‘Kon.np(QHB(g)"‘l’n)" 9=LNy s,

N=0,N -1 KoTopple SBIAIOTCS OJIKANATITIIMHI

CIIpaBa M CJIE€BA JJI1 OCHOBHBIX OHOPHBIX (DYHKIIMIA
Kon.np (auB(9), n)‘, g=LN;gg,n=0,N-1

AJITOPUTM KOMIIEHCALIMM CUTHAJIOB, OTpa-
JKeHHBIX OT NMPUOIMKAIOMINXCS KPOMOK Hecy-
mero BuHTa. Komnencanus curnaioB HB ocy-
MIECTBIISIETCS C TIOMOIIIBIO BECOBOU (YHKIMH. DTa
dysxnust Koy ga(n), n=0,N -1 mnpexcras-

erca mpousBeneHueM GyHkuui Ko\, (9,n),

0=LN,pgg.N=0,N-1 mma curnmamos IIK ot

Bcex N pgp 7nomacreii HB:

Ny HB -
KKOMH HB(n) = H KKOMn(gan): n=0,N _1-(3)
g=1

B (3) BecoBas ¢ynkuma mis g-if nomactu
MPECTaBISIETCS] MPOU3BEACHUEM M3 TPEX COMHO-
KuTened (LeHTpadbHBIA M JBa OOKOBBIX) U OIHU-
CBIBAETCSI BEIPAKEHUEM

Kon (@) = (1= Kor rp (Gr1 (9). M) %
X(1_|KOH.Hp(qHB(g)_1’ n)|)><
X(l_|K0n.np(qHB(g)+1xn)|)’ n=0; N-1.

Anroput™m KommeHcaiuu curdanos ot [1K jo-
nacreii HB ¢ ¢opmupoBanmem curnamaoB, oTpa-
sxeHawIx oT I1K nmomacteit PB, numeet Bug

Unp.xomn HB (n)= Un.mip (N Kgomr HB (M),
n=0; N-1

B curnane, KOTOpBII ONHCHIBACTCSI BBIpaXke-
HHeM (4), cogepikaTcs:

— curHauibl, oTpaxkeHHsle oT I1K nonacreii PB;

— OCTaTKH KOMIICHCAIIUH CUTHAJIOB, OTPaXKCH-
ueix oT [IK nonacreit HB;

— IIIyMOBasi COCTABIISIOIIAS.

Ha puc. 8 opanxkeBbIM IIBETOM [IOKa3aHa BECO-
Bag QyHkuua K ounpg(n), n=0,N -1, obecne-
YyuBaloUlas B COOTBETCTBHH C (4) KOMIIEHCALUIO
curHanos IIK nomacreit HB.

Ha puc. 9 u3zobpakeHa peanbHas 4acTh TPHU-

HATOI'O CHUIHaJ1a

Urp xomm HB (n)= Up.p (n)x
XK onm gB (M) mocine xomnencanuu curhana 11K
nonacteii HB. B 310l BpemeHHOH peanuzanuu
OTYCTIMBO HAOIIOJAKTCS CHTHAIBL Upg np (M),

otrpaxxeHHsle oT [IK nomnacrteii PB.

s T rrrruriri T
521N NN\ (WOR SN (REN NN s i e i

Puc. 8. Becoast (yHKIMs KOMIEHCALMH CUTHANA Hecymero BuHTa K\ pp (n)

U MOJyJIb BDEMEHHBIX OTCYETOB CUTHAJIOB nepeHux kpomok HB u PB

Uy p (1)

Fig. 8. Weighting function of signal compensation of the main rotor K. yg (n)

and the module of time counts of the signals of the leading edges of the main and tail rotors ‘ump (n)‘ blade
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Puc. 9. PeanbHast 4acTh CUTHAJIA, OTPAXKCHHOTO OT MPUOIIDKAIOIIIXCSI KPOMOK JIoTacTeld BepTosera Mu-8,

[I0CJIe KOMIIEHCALlUK CUTHaJIa IepeaHux kpomok HB

Puc. 9. Real component of the signal reflected from the approaching edges of the Mi-8 helicopter blades,
after compensation for the signal of the leading edges of the main rotor

[Ipy koMmeHcanM¥ BO3MOYKHO IIO/IaBIICHHUE
ornensHbix curHanoB IIK nomacreit PB m3-3a ux
coBmenienus ¢ curHanamu [1K nomacreit HB. [{ns
CHIDKEHUSI BIMSHUS STOrO SBJICHHS Ha KadyeCTBO
¢dbopmuposanust PJIN 11K nomacreit PB ncnomns3y-
€TCsl CUTHAJ JUTUTENFHOCTBIO B TPH U 00Jee Tepu-
0710B BpatieHus PB.

3akmouenue. HB u PB BepTonera co3mgaroT B
OTPa>XKCHHOM CUTHAJIE COCTAaBJISIOUINE C aMIUIUTY/I-
HO-(ha30BOI MOIymNAIMEH, HecyIed HH(OPMAIHIO
0 KOHCTPYKTHBHBIX OCOOEHHOCTSIX Beproiera. s
W3BJEUEHHUs 3TOW WHGpOpPManuu Tpedyercs pas-
JenbHas 00paboTKa CUTHAIIOB OT Pa3HBIX BUHTOB.

CriekTphl cUrHanoB, orpaxkeHHsx oT HB u PB,
MMEIOT CYIIECTBEHHbIE Pa3IM4Msi B MOIIHOCTH H
nepekpeiBatorcs. Yacrora Bpaienuss HB Beprose-
Ta COCTaBJISI€T BCEro JIMIIb €AUHULBI Tepll, a UM-
MyJbChl AMIUIMTYAHOW MOIYJISIIMM HMEIOT JUIH-
TEIHHOCTh, ONM3KYI0 K JECATON ITONIM MUJUIHCE-
KyHabl. CaenoBarenbHO, HA KOPOTKOM HHTEpBAJe
BPEMEHHU, CONOCTaBUMOM C JECSTBIMU JOJISIMU
CEKYHIIbI, OTMEYCHHbIE OCOOCHHOCTH WCKIFOYAIOT
addexktuBHOE pasnenenue curHanoB HB u PB c
HCIIOJIb30BAHUEM CIIEKTPa NPUHATOIO CUTHATIA.

AHanu3 mpouenyp, HUCIONb3yeMBbIX MpPU TIO-
crpoenuu PJIM nomactedt BHHTOB myTeM oOpa-
HIEHHOTO CHHTE3a amepTypbl aHTeHHBI, MMOKa3al
ciaenyroniee. Bo-nepBeix, orpaxkenus ot HB cy-
HIECTBEHHO MPEBATUPYIOT HAJl OTPAXKEHUSAMHU OT
PB. D710 mo3BoiseT ycmneumrHo BBIIIOJHUTH ajal-
TUBHOE OLIEHWBAaHHE AalpUOPHO HEU3BECTHOTO
3Ha4Y€HHsd 4acTOoThl BpameHus HB u moctpouts
PJIN nepennux xpomok ero snonacreid. Heobxo-
JUMO OTMETHUTh, YTO HMCIOJIb30BaHHE CUTHAJIOB,
OTPaXXEHHBIX TOJBKO OT MEPEIHUX WIH TOIBKO OT

3aJHIX KPOMOK JIOMAcTeil BWHTOB, HE HMEET
MPUHIINIHAIBHOTO 3HAYEHWS, a CBA3AHO JIUIIb
¢ He0OXOIMMOCTBIO YCTaHOBIIGHHS OIpeeseH-
HOCTH B TNPUHAIJICKHOCTH HAOMIOZAEMBIX HM-
MyJIbCOB aMIUTUTYHOW MOAYJSAIMU K TPHUOIH-
JKAIOLUMCSL WM yAAISAIOIUMCS KpOMKaM Jiomna-
creil. Bo-sropeix, PJIM HB, noctpoennoe no te-
KyIlIeMy BpEMEHHOMY (parMeHTy MPHHITOTO
CUTHaJIa, OJHO3HAYHO I10Ka3bIBAET IIOJIOKEHUE
Bcex sonacteid HB B aTom ¢parmente, KoTopsiid
3allOMHHAETCA. JTO IO3BOJSET HA OCHOBE IIO-
crpoernoro PJIM HB chopmMupoBaTh BO BpeMeH-
HOI1 001acTH BECOBYIO (DYHKITUIO, UCTIOJIb30BaHHE
KOTOPO# st 00pabOTKH 3aIIOMHEHHOT'O BPEMEH-
HOTO (parMeHTa MPHUHATOTO CUTHAJA TO3BOJIAET
ckomneHcupoBath curHaiel 11K nmomacteir HB B
007acTAX MaKCHMYMOB aMIUTUTYIHOH MOIYJIs-
nuu. B nmaHHOW cTaThe MpEACTaBICH CIIOCO0 KOM-
neHcanuu curHasioB HB Bo BpemeHHO# o0nacty,
OCHOBaHHBIH Ha UCIONB30BAaHUM MOAYJEH KOM-
TUIEKCHBIX aMIUIUTY]] OMOPHBIX CUTHAIOB, (HOpPMH-
pyembIx B mpotecce nocrpoenuss PJIM kpomok Jio-
nacteii HB. Brlpaxxenue (4) OMMCHIBaET aaropuTM
KOMITEHCAIUK CUTHAJIOB, oTpakeHHbIX oT [IK somna-
creit HB. ITocne sTana koMreHcauuy BO BpEMEHHOM
peanuzaly MPUHATOTO CUTHANA Ha (OHE IITyMa OT-
YEeTIIMBO HAOIIOAFOTCS TONBKO CHUTHAJIBI, OTPAXKCH-
Hele ot [IK nonacreii PB.

[IpenioxeHHbIN CITOCOO HECIIOXKEH B peain3a-
MU, TaK KaK HCIIONIb3YeT CUTHAJBI BUPTYaTbHBIX
noracteil, cQOpMHpPOBaHHBIE TIPU MOCTPOCHUHU
PJIN HB. Cnoco6 wumeeT BBICOKYIO 3(PQPEKTHB-
HOCTh KOMIIEHCAIlMU, YTO OTKPHIBAET HOBBIE BO3-
MOJKHOCTH IS aJaNTaliy K alpuOpHO HEU3BECT-
HBIM napaMerpam u nocrpoenuto PJIN PB.
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BaxHo oTMeTHTB, UTO pa3pabOTaHHBINA CIIOCOO
KOMIICHCAI[M CUTHAJIOB, OTPAKCHHBIX OT KPOMOK
JIornacTeii, MOKET OBITh MCIIOJIL30BaH U1 oOecIeye-

HHA pa3aCIbHOro aHajin3da CUTHAJIOB, OTPAKCHHBIX OT
HECKOJIBKMX BUHTOB JIFOOOTO JIeTaTeIbHOTO arrapara.
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AHHOTALINA

Beeoenue. Cwosast snexrponrka Ha ocHoBe 4H-SiC akTHBHO pa3sBHUBACTCA 32 CYET JOCTHTHYTOTO HHIYCTPHATBHBIME
CTpaHaMH BBICOKOTO YPOBHSI MPOMBIIIIICHHOW TEXHOJOTHH POCTa OOBEMHBIX KPHCTAILUIOB U SIHUTAKCHAIBHBIX CTPYKTYP
KapOuma KpeMHust 1 TpebyeT pa3paboTki HOBbIX KoHCTpyKImii MOIT-tpansuctopos (MOSFET) u anomnos IllorTkH, co-
BEPIICHCTBOBAHUS TEXHOJIOTMYECKHX MpolieccoB. [1ono0HbIe MccienoBanus aKTyalbHbl, BOCTPEOOBaHbI U SIBISIOTCS OC-
HOBOH /Il IHUPOKOTo BHenmpenus: SiC-mprOopoB B pasinyHble 0ONACTH CHIIOBOW SMEKTPOHUKH M MPeoOpa3oBaTeIbHON
TEXHUKH IS TOCTYOKEHHS LIETIEBBIX MOKa3areseil 3HeproaheKTHBHOCTH.

Ilens pabomel. ViccnenoBaHue U COMOCTABUTEBHBIN aHAIM3 XapaKTEPUCTHK SHEProd((eKTHBHOCTH JIaOOPaTOPHBIX
o6pasios cunoBbix 4H-SIC-MOSFET ¢ qu3aiinoM 6a30BbIX sY€EK JTMHEHHOTO U FeKCArOHAILHOTO THIIOB.
Mamepuanvt u memoost. Ha nadanpHOM sTane o0beKTaMU KCCIIe0BaHus ObLH TaboparopHbie obpasie 4H-SiC-
MOSFET waroii mmomann ¢ IByMs TUTIAMH sT9€eK, pacCYMTaHHBIe Ha HampspkeHue 1o 1200 B. 3atem Opumn m3ro-
TOBJICHBI M HCCIIeI0BaHbI 1aboparopubie 00pasiel 4H-SiIC-MOSFET ¢ onTUMHU3HpOBaHHBIME [TApaMETPaMH STYCHKH
JMHEHHOTO TUMa ¢ OOJbIleH aKTUBHOH IUIONIa(bt0. TPaH3UCTOPHI U3rOTABIUBAIKNCH B PAMKAX Ja0OPAaTOPHOIO TeX-
HOJIOTHYECKOTO MapiipyTa 0e3 MCIOJIb30BaHKs TEXHOIOTHH (POPMUPOBAHHS CAMOCOBMEIIICHHOTO KaHaa. XapakTe-
pu3anusi 00pa3ioB MPOBOIUIACH METOIAMH ONTHYECKOM U PACTPOBOM AIEKTPOHHON MHUKPOCKOITHH, IICKTPHYECCKHE
mapaMeTphl ¥ XapaKTepUCTHKN U3MEPSUIHCh Ha Xapaktepuorpade Keysight B1505A.

Pesynbmamet. ConocraButenbHblid aHann3 BAX nokasblBaet, YTo TPaH3UCTOPBI C TeKCArOHAIBHOW TOMOJIOIHEH sUeeK B
OTIIMYHE OT CTPYKTYpP C JIMHEHHOM TOTONOTHEN XapaKTepu3yloTcsl 6ojiee BBICOKMMH 3HAYEHHUSIMU KOMMYTHPYEMBIX TOKOB.
ITpu 5TOM MakcHMaJIbHAS! INIOTHOCTB TOKa Jpg = 125 A/cM™ He sABISeTCS KPUTHIECKOH Ut KapOua KpeMHMs. TpaH3uCTOpBI
C JIMHEHHOH TOIOJIOTHEH ¢ YMEHBIICHHBIMH pa3MepaMy KaHalla U YBEIMYEHHOW aKTHBHOM OONacThIO XapaKTepU3yHOTCS
oJ1ee BBICOKOI IIOTHOCTBEO TOKA M MEHBIIIMM COIIPOTHBICHHEM KaHajIa B OTKPBITOM cOoCTostHIH (Ryp,).

3axniouenue. O0pasLbl TPAH3UCTOPOB C FEKCATOHAIBHOM TOMONOrHEH sueek MMpU PaBHBIX 3HaueHUAX R, Xxapakre-
pu3yroTcst 0ojiee BBICOKMMHM 110 OTHOIICHHIO K TPAaH3MCTOPaM C JIMHEHHOW TOMOJIOTHEH 3HAYEHUSIMH KOMMYTHpYe-
MBIX TOKOB, HO XY/IIEH BOCIIPOU3BOANMOCTBIO MapameTpoB. JlaboparopHble 00pa3ibl ¢ ONTUMU3UPOBAHHON JIMHEH-
HOI1 ToIoNorueil siueek XapakTepusyroTcs B ~4 pa3a MEHBIINM Ry, B CpaBHEHHH ¢ 00pa3naMy ¢ MaJIOH IUIOIIAIbIO
aKkTUBHOH oOmacTtr. TeM He MEHee BBIXOX TOTHBIX TPAH3UCTOPOB cocTapisieT MeHee 10 % mo moporoBomy Hampsike-
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Abstract

Introduction. The current advancement of 4H-SiC-based power electronics is driven by rapid progress in bulk and
epitaxial growth technology of silicon carbide (SiC) crystals. This determines the demand for improved designs and
manufacturing technologies of MOS transistors (MOSFET) and Schottky diodes. Research in this field is highly
relevant for a widespread implementation of SiC devices in various areas of power electronics and conversion tech-
nology for achieving the required levels of energy efficiency.

Aim. Research and comparative analysis of electrical characteristics of 4H-SiC power MOSFET laboratory samples
with linear and hexagonal base cell designs.

Materials and methods. The initial objects of the study were laboratory samples of 4H-SiC-MOSFET with two
types of cells and a small-size active area, designed for voltages up to 1200 V. At a later stage, 4H-SiC-MOSFET
laboratory samples with optimized parameters of a linear-type cell and a larger active area were manufactured and
investigated. The transistors were manufactured via a laboratory technological route without applying a self-aligned
channel technology. The samples were characterized using optical and scanning electron microscopy (SEM). Elec-
trical parameters were measured by a Keysight B1505A curve tracer.

Results. The comparative analysis of the output characteristics of the samples showed that transistors with a hexag-
onal cell topology outperform those with a linear topology in terms of higher values of switching currents. However,
the maximum current density J,g = 125 Alem” is not critical for silicon carbide. Improved transistors with a linear
topology with reduced channel dimensions and an increased active area are characterized by a higher current density
and a lower channel resistance in the open state (R,,,).

Conclusion. Transistor samples with a hexagonal cell topology in comparison with those with a linear topology,
under equal R,,,, demonstrate higher values of switched currents but lower reproducibility of parameters. Laboratory
samples with an improved linear cell topology are characterized by ~ 4 times lower R, compared to those with a
small active area. Nevertheless, the achieved transistor yield in terms of threshold voltage Uy, was less than 10 %,
which indicates the necessity of implementation of self-aligned channel technologies and high-resolution lithogra-
phy in their manufacturing route when scaling up their production.
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BBenenne. Hambonee pacmpocTpaHEHHBIMH  HACTOSIIEE BpeMs MEHEEe pacHpOCTPAHEHHOTO
mprOOpaMu COBPEMEHHOM CHIIOBOW DIEKTpOHMKK  TpaHnmnernoro Tuma (Trench MOSFET) [1]. U3-3a
Ha ocHOBe SIC SBISIOTCS YHHUITOJSIPHBIC MPUOOPBI:  CIIOKHOCTH KOHCTPYKIIMM M TEXHOJOTUYECKHX
aroabl ¢ 6apsepoM Hlortku 1 MOII-TpaH3ucTOppl  MPOLECCOB CTOMMOCTH TPAH3UCTOPOB 3HAUUTEIb-
(MOSFET) mnanapaoro (DMOSFET) Tuna m B HO HpeBbIIAET LIEHY JHOJOB, YTO JEaeT UX 00b-
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€KTOM aKTHUBHOI'O M3yUYCHHS BEIYIIMX IPOU3BOAU-
TeNel MOMyNPOBOJHUKOBBIX NPUOOPOB U MEXKAY-
HAPOJHBIX HCCIIC0BATEILCKUX IIEHTPOB [2-4].
CuioBeie  Oumossipubie  SiC-pubopsl  pacpo-
CTpaHEHbl 3HAYUTEJILHO MEHbILIE H3-3a NMPO0JIeM ¢
Jerpaganuei P-N-nepexonoB IpU HPOTEKAHUU
00X IPSAMBIX TOKOB [5]. B aToii rpymme mpu-
OOpOB MOXXHO BBIJICIIUTH MOIIHBIE BBICOKOBOJIBT-
Heie 4H-SiC-kimour HAHOCEKYHIHOTO W CyOHAaHO-
CEKYHJ/IHOTO JMana3oHoB (JApedQoBbIe JUOABI C
pe3kuMm  BocctaHoenenneM — J1JIPB), koropwie
UMEIOT Psifl IPEUMYILECTB MO CPAaBHEHHUIO C KPEM-
HHEBBIMH aHAJIOTaMH W TO3BOJIIIOT CO3/1aBaTh Te-
HepaTopbl CBEPXKOPOTKHUX UMITYJILCOB HATPSKEHHS
JUTSL pa3JIMYHbIX TEXHUUECKUX npumeHeHui [6—10].

M3BectHo [11], 4TO CHJIOBBIC BEpTHKAIBHBIC
TPaH3UCTOPBl COCTOSIT M3 MaccuBa OA30BBIX SUECK
(puc. 1, a), yro no3BossieT 3GHEKTUBHO UCIIONB30-
BaTh IUIOMIAb MOJYMPOBOAHUKOBOIO KpPHUCTAIA U
($OpMHUPOBATH TPAH3UCTOP C HU3KHM COMPOTHBIIE-
HHEM BO BKIIIOYEHHOM cOCTOsHHMHU. [Ipu 3TOM B
HACTOsIIEe BpeMsl aKTyaJleH BOTIPOC ONTUMH3ALNN
KOHCTPYKUHUH STYCHKH, LENbI0 KOTOPOW SBISETCS
MUHUMH3AIHS ~ YACTBHOTO  CONPOTHBICHUS  BO
BKJIFOYEHHOM COCTOSTHHW YCTPOMCTBA IPU COXpaHe-
HHUU TpeOyeMoro OJIOKHpYoLIero Hanpsbkenus [12].
B KOHCTpYKLMH 3JIEMEHTapHOM SYEUKH TaKxke

JIOJDKEH TIpeyCMaTpHuBaThCs 3arac IO HAAEKHO-
CTH, B YaCTHOCTH, JOJDKHa OBITh OrpaHUYEHA
HaNpsHKEHHOCTh  DIEKTPUYECKOTO TOJA B TIOA3a-
TBOPHOM JMAIIEKTPUKE, MUHUMH3HUPOBAHO IIPOSB-
neare 3(dexra WHKEKIMA TOPSYUX IIEKTPOHOB,
HCKJIIOYEHO KOPOTKOE 3aMBIKaHHE B PpE3YNIbTaTe
cpabarblBaHMs MApPa3UTHOIO N—P—N-TpaH3HCTOpa
IIPY BBICOKUX CKOPOCTSIX IMEPEKITIOYEHUs! Mprudopa.
HekoppekTHass KOHCTPYKLIMSI 3JIEMEHTApPHOM sTYei-
ku MOSFET MoxeT He TOJBKO MOBIHATH Ha CO-
MIPOTHUBJIEHUE TPAH3UCTOPA BO BKIIOYEHHOM COCTO-
SIHUM, HO U OTPaHUYUTh €ro OJOKHpYIolee Harpsi-
JKeHHe, JWara3oH YIPaBIAIOUIMX HANpsDKEHUH |
HaJIeKHOCTh YCTpOiicTBa B LiesioM. B cHTOBBIX TpaH-
3UCTOpax HamboJiee 4acTO HCHOJBb3YIOT JIMHEWHBIC
(puc. 1, 6), npsiMoyroybHbIC (KBapaTHbIC) U TeKca-
roHaneHble (puc. 1, 6) sueiiku [11].

B ommuue OT JMHEHHOW MpPSIMOYrOJIbHAs M
reKcaroHanbHasi TOTIOJIOTUH SUYEHKH 00eCTIeYnBarOT
OoJyiee BBICOKYIO IUIOTHOCTH YNAKOBKH SYEEK HA
eIMHUITY TUIOMIAAN, YTO MO3BOJISIET AOCTHYL Oosee
HHU3KOTO COIPOTHUBJIEHUS TPAH3UCTOpa BO BKJIIO-
yeHHOM cocTosgHuu [13]. OpmHako B CHIIOBBIX
4H-SiC-MOSFET ¢ mnpsiMOyroipHO# W rekcaro-
HAJIBHOW TOIOJIOTHSAMHU S4Y€eK BO3MOYKHO IIPEBBI-
I[IIEHHEe MaKCUMAaJILHO JIOIYCTUMOMN HaNpPsKEHHOCTH
JNIEKTPUYECKOr0 TIOJII Ha TpaHUIle pasjena

L 1/2S _
CLen g Y2OWgeer
3arBop
JFET
p-well
-
Crok

a

Lenhex= 2/V3Len
Y2Wieer hex = 2/V3x1/2Wyegr

8

Puc. 1. SIC-MOSFET: a — paspe3s 1/2 siueiiku; 6 — TuHEHHAs TONOJIOTHS TYEHKH; 6 — TEKCarOHaJIbHAS TOIOJIOT S SIYCHKU

Fig. 1. SIC-MOSFET: a — half-cell cross-section; 6 — linear cell topology; ¢ — hexagonal cell topology
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a

Puc. 2. Tononoruu (HOHHO-JIETHPOBaHHbIE 00nacTH) U pororpaduu ynnos 4H-SiIC-MOSFET ¢ S

2 o
=0.96 MM c suciiKaMu:

aKT

a — ICKCaroHaJJbHbIMH, 6 — TUHEHHBIMA

Fig. 2. Topologies (ion-doped regions) and photos of 4H-SiC-MOSFET chips with S, =0.96 mm” with cells: a— hexagonal; 6 — linear

SiO,/SIC. D1oT ek CHIKAST HAICKHOCTD TIOA-
3aTBOPHOTO audMIeKTpuKa. OH 00yCIIOBICH HEPaBHO-
MepHOcThio TmpuHbl JFET-o0mactw, xoropas 3a-
KIIoUeHa Mexay cocemanvu  P-well-obmactamu
Tpamuctopa (puc. 1, 6). Kpome Toro, B mpsmo-
YTONBHBIX U T€KCAarOHAJBHBIX SUeiKax HaOmomaeTcs
MPOCTPAHCTBEHHAS AHW30TPONHS TPOBOAUMOCTH H
noporoBoro HanpsokeHus [1]. COBOKYIHOCTH BbIIIie-
yKa3aHHBIX 3((EKTOB HUBEIMPYET T'eOMETPHYECKOe
MPEVMYIIIECTBO TIPSIMOYTOIBHBIX ¥ TEKCATOHABHBIX
SIEEK OTHOCHUTENIBHO STUEEK € IMHEHHON TOMOJIOTUEH.
Hacrosimias cratest mocBsiiena aHaIm3y XapakTe-
PHCTHK JTabopaTopHBIX 00pasioB cwioBsix 4H-SiC-
MOSFET c 6a30BbIMHA SEHKaMU TeKCarOHATBHOTO 1
JMHEHHOTO TUMOB C MaKCHMAaJIBHBIM  pabounm
HarpsbkeHreM 1000 B mpu MIeHTHYHBIX KOHCTPYK-
THBHO-TEXHOJIOTYECKMX TapaMeTpax staeek. [Iposo-
JWTCSl XapaKTepu3auus pa3pabOTaHHBIX M HM3TOTOB-
JICHHBIX TIOJIEBBIX TPAH3UCTOPOB IO HANPSHKECHUIO
npo0ost ¥ pacipeeNieHHIO0 OCHOBHBIX TapaMeTPOB.
Marepuajibl M METOAbI HCCJIE0BAHUIA.
OObeKkTaMu UCCTIeOBAaHUH SIBISUTUCH J1abopaTop-
Hble 00pasusl 4H-SIC-MOSFET ¢ sueiikamu rek-
CaroHajJbHOTO W JIMHEHHOTO THUIIOB, CIPOEKTHUPO-
BaHHbIe Ha HanpspkeHus 10 1200 B. Ha puc. 1, a
npezcTaBieHa akTHBHAs 4acTh (1/2 stueiiku) cuio-
Boro SiC-MOSFET, cocrosiias u3 N -cios (apeit-
¢doBas obnacte, TommmHOW 11 MKM M ypoBHEM
JIETUPOBAHUS 7-10° CM_S) ¢ UMIIaHTUPOBAHHBIMHU
B Hero p-well- (perporpanublii npoduis Jerupo-
Bauus [2]), n'- u p'-o6nactamu. CUIBHOIETUPO-
BaHHAs P -001acTh BBIIONHAET PONb KOHTAKTA K
obmactu p-well u dopmupyetcst a1 BbIpaBHHBA-
Hus moteHimana mMexay p-well u uctoxkom s
HEeHTpanu3anuy napasuTHOro N—P—N-TpaH3ucropa.
Tpan3ucTopsl 000MX TUIIOB MMEJH JIJIMHY KaHaja

Leh = 1 MxM, mumpuny JFET-o6mactu WippT =
= 3.0 MKM M HAEHTHYHYIO KpaeBylo 3aiurty. Ilno-
mans aktuBHOM oOmactu 4H-SIC-MOSFET co-
craBisa Sy = 0.96 mm’. Ha puc. 2 npezcrasie-

HBI DCKHU3BI TOTIOJOTHI HOHHO-MMILIAHTHPOBAHBIX
oOmacrelt TpaH3UCTOPOB U ux Qotorpaduu. Tpau-
3HCTOPBI OBLTH M3TOTOBIICHBI TI0 TEXHOJIOTHYECKO-
My MapIpyTy, KOTOPBIi OBl onmcad B [14-16].

C uenplo yBeNMYECHHUs] TOKA, OTOMPAEMOro ¢
KXKJIOTO KpHCTAIlIa, ObIT TIPEIUTOKEH AM3alH SICH-
KA C YBEJIMYCHHOW IUIONIANBI0 aKTHBHOW 00JIacTH
Saxr =54 MM’ B JIMHEHHO} TOIOIOTHH C YMEHb-

IIEHHBIMU pasMepaMu KaHana Lo = 0.7 MkM n
mpunoit JFET-o6nactu Wiyt = 1.8 Mxm. [lan-

HBII TUT TPAH3UCTOPOB M3TOTABIIMBAJICS HA OCHOBE
4H-SiC-ammctpykryp muamerpom 100 MM ¢ anano-
TMYHBIMH OTIMCAaHHBIM paHee TapaMerpamu. Ornride-
ckoe m3o0pakenre unma (a) 1 POM-m300pakeHre
cedeHust staeiiku (6) MprBeaeHb! Ha puc. 3.
HccnenoBanue TOMOJIOTMM 00pa3loB TpaH3HU-
CTOPOB C IUIOIIAJbIO AKTUBHOW 00MaCTH Sy =

=0.96 MM° (TMHEWHBIN M TeKCaroHAIbHBIN TH3aiH
s[UeeK) W IUIomaaso 5.4 MM’ (TMHEWHBINH IHU3aiH
SIYEEK) MPOBOAMUIOCH HA ONTHYCCKOM MHUKPOCKOIIC
KH-7700 (Hirox), monepeyHbie cedeHHs: CTPYKTYP
TPAH3UCTOPOB — HA PACTPOBOM 3IEKTPOHHOM MHK-
pockonie FEI Quanta INSPECT. Dnexrpuueckue
mapaMeTpbl ¥ XapaKTEPUCTHKH BCEX 00pa3IoB U3-
MepsIrch Ha xapakrepuorpade Keysight B1505A.

PesyabTarhl ucciienoBanus. Ha puc. 4 npen-
CTaBIICHBI BBIXOJHBIC BOJBT-aMIICPHBIC XapaKTepH-
crukn (BAX) maboparopusix o6pasmos 4H-SiC-
MOSFET wmaoii uroiaay, H3MEpEeHHbIC Ha Xapak-
tepruorpade Keysight B1505A. 13 prcyHKa BHIHO,
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a

o
Puc. 3. ®ororpadus unna (a) u POM-uzobpaxenne ceuenus sueiiku (6) 4H-SiC-MOSFET ¢ S

2
axr = 94 MM

Fig. 3. Top view (a) and SEM cell cross-section (6) of the 4H-SiC-MOSFET with S, =5.4 mm?
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Fig. 4. Output characteristics of 4H-SiC-MOSFET (S, = 0.96 mmz) with linear and hexagonal cell topology

sideeK BBUY OoJiee BBICOKOH IUIOTHOCTH HX pa3Me-
LIEHUS, B OTJIMYHUE OT CTPYKTYp € JIMHEHHON TOIIO-
JIOTHEH, XapaKTepu3yroTcs: 00jee BBICOKUMHU 3Hade-
HISAMHM KOMMYTUPYEMBIX TOKOB. IIpu 3TOM Makcu-
MaJlbHas IUIOTHOCTh ToKa Jpg = 125 Alem” He sB-
JsieTcs KpUTUIECKOM st KapOouaga kpemHus [14].
3HaueHHsi yJAEIBHOIO CONPOTHBIEHUS 000UX
TPaH3UCTOPOB B OTKPBITOM cocTosiHuu (rmpu Ug =

= 20 B) Obutn mpakTHYECKH PAaBHBIMU U COCTABJIs-
m Rop gp = 32 MOm-cv”. Hachimenne BAX (mpu

Ug = 20 B) 4H-SiC-MOSFET c nuneiinoii Tomo-

morueil oOycnmosineHo Mmenbmeil mmpuHoi JFET-
00acTd B OTIMYME OT TPAH3UCTOPOB C TEKCaro-
HaJbHOM TOMOJNOTHEH, TIe B MECTE CTBIKA COCEJI-
Hux sgeek WypgT B 1.15 pasa Gonbiue (puc. 1, 8).

4H-SIC-MOSFET Obuti M3roTOBJICHBI B paM-
Kax J1abOpaTOPHOTO TEXHOJOTHYECKOTO MapiipyTa
0e3 HCIOJIb30BaHUS TEXHOJIOTHUH (hopMUpOBaHUS
caMocoBMeIeHHoro kanana [17, 18]. Jlma co3ma-

HUSL O0JIaCTH KaHaJla TPUMEHSUIACh OIeparus
npsiMoii (poTonmuTOorpaduu, 4To, BEPOSTHO, BHI3BA-
710 OONBIION pa3dpoC 3HAUCHUH MTapaMeTpOB TPaH-
3uctopoB oboux tunoB. Ilpu stom B 4H-SiC-
MOSFET ¢ rekcaroHajJbHBIMHM SUY€HKAMH, B OTJIH-
yyue OT CTPYKTYp C JMHEHHOHW TOIOJIOTHEH,
Habmomancs OonpmMidi pa3dpoc MO 3HAYCHUSIM

noporosoro Hanpsbkenus (U ) U conmpoTuBiIeHus
TPAaH3UCTOPa BO BKIIOYECHHOM cocTtostHHU (Rgp ).

[losToMy npanpHeWne HMcCIENOBaHUS — OBLIH
HampaBJIeHbl HA TPOCKTUPOBAHUE U M3TOTOBIICHHE
naboparopusix  obpasmos  4H-SiC-MOSFET
C ONTHMHU3UPOBAHHBIMU  TMapaMeTpaMH  SYEeHKH
JTUHEHHOTO THUTIA, Kak Ooyiee HaAC)KHON U TIPOCTOM
B TEXHUYECKOU peanu3aiuu.

Boixogaeie BAX TpaH3ucTOpOB C JIMHENHOH TO-
nonorueii staeek ( Sy = 54 MMZ) IPEACTABICHBI Ha
puc. 5. U3 pucyHka BUIHO, YTO IUIOTHOCTh KOMMYTH-
pyemoro Toka npu Ug = 20 B cocrasnser Jpg =

= 350 Alen’. JocTurayToe yaensHOe CONPOTHUBIICHUS

58 DJIeKTpHYeCcKasi XapaKTepu3alus CHIOBbIX kapounokpemanesbix MOSFET
¢ JIMHEeIHBIM U TeKCaroHAILHBIM JH3aiiHOM 0a30BbIX AYeeK
Electrical Characterization of Power Silicon Carbide MOSFETS

with Linear and Hexagonal Base Cell Designs



W3Bectus By30oB Poccun. Pagnosnexrponnka. 2025. T. 28, Ne 5. C. 54-65
Journal of the Russian Universities. Radioelectronics. 2025, vol. 28, no. 5, pp. 54-65

400
.
sor oo ST
4——10 » v
300F —+—-15 - v
+ -20 v
NE 250+ * h J A at
L2 ¢ v at
< 200 . AA‘
= 150+ v ™
.‘A
w0 3T
v
50_1“‘ -lll.'.'..._..
0 1 2 3 4 5 6

Ups, B

22
20F U B: S o
L 2%
18 [ —a——-10 o/ v’
16+ —v-15 S ¥
wp *7* ,/'/ -
r *
< 1of ! T
12+ * A
0 10F > A
L / v /‘/‘
8F Y A
6 L o/'/ /‘/‘
C AT
4 £ A
L /v/‘/‘
2 .- /‘ _.—-I'lfl—I——lﬁl-"‘.’.—'.-.—._.
0 1 2 3 4 5 6

Ups, B

Puc. 5. Berxonasie BAX 4H-SiC-MOSFET ¢ S, . = 5.4 MM

Fig. 5. Output characteristics of 4H-SiC-MOSFET with S, = 5.4 mm?

TSl TPAH3UCTOPOB JJAHHOTO THIA B OTKPBITOM COCTO-
2
sumn (npu Ug = 20 B) cocrasnsno 7...8 MOmeM’,

KOTOpOE Kak MHHUMYM B 4 pasa HHKe Ry op pac-

cmotpenHbix 4H-SIC-MOSFET. Cnenyer ortme-
TUTh, YTO B HACTOALIEE BpeMsl MOCIeTHEE TOKOJIe-
nue kommepueckux 4H-SiC-MOSFET xapaktepu-
3yercst BemmunHoOi Ry o < 4 MOMm-eM” [19], uro

oOecrieunBaeTCsl MPUMEHEHUEM TEXHOJOTHH ca-
MOCOBMEIIICHHOTO KaHalla U JINTOTPa(uu BBICOKO-
T'O pa3penicHusl.

TpaH3uUCTOPBI BCEX THIIOB XapaKTEPU30BAJIHCH
HanpsokerusiMu Ipooost 800...1000 B (puc. 6, a, 6).
Ha psime o0pasiioB HaOMIOMAIOCH XapaKTepHOE CBe-
YeHHEe TepUQEepHHBIX ydacTkoB (puc. 7, a) ¢ Tio-
CIIEAYIONMM WX BBITOpaHueM (puc. 7, 6). JlaHHBIHA
(hakT CBsI3aH ¢ MPOOOEM TpaH3UCTOpa IO KpacBOi
3aIUTe, KOTOPBIM HACTYIAET paHee 0OBEMHOTO MPo-
00s1 akTUBHBIX oOmacted. [lpm 3TOoM npetichoBbIit
n -SiC smurakcHa bHbIH coit (puc. 1, a) mo cBoum
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napaMerpam 00eCHEeUnBaeT BO3MOKHOCTH PaOOTHI
TpaH3ucTopa 10 HanpsbkeHus 1200 B.

Ha puc. 8 npuBeneHs! pacnpeeneHuss OCHOBHBIX
napameTpoB  JaboparopHeix — oOpastoB  4H-SiC-
MOSFET ¢ S, = 54 MM’ TI0 IUIACTHHE JMaMeTPOM
100 mMm. TpaH3UCTOpBI XapaKTEPU30BATUCH MAaKCH-
MajlbHbIMM HanpsbkeHHsIMH U q = 800...1000 B
(puc. 8, 6). OmHAKO 3HAYCHIIS TOPOTOBBIX HATIPSDKCHUIA
JUIsi OOJIBIIIMHCTBA TPAH3UCTOPOB ObUH Oosiee 6 B
(puc. 8, 6). [l He3HauMTENNBHOM YacTH 00pa3LoB Uy
coctaBsuio 4...5B u cooTBeTCTBOBANO pacyeTHBIM
napamerpam npu Ry, = 100...150 MOMm (puc. 8, 2).
Takum 00pas3oM, BBIXOI TOAHBIX TPAH3UCTOPOB IO
Umax coctasun 6onee 70 %, B TO BpeMsl Kak IO Ia-

pametpy Uy, —menee 10 %. ITomydeHHbIe pe3ysbTaTs

YKa3bIBAIOT HAa HEOOXOIMMOCTh JAJIBHEHIIICH OITUMU-
3aIMi  TEXHOJIOTWYECKOT0 MapIIpyTa H3TOTOBIICHUS
TPAH3UCTOPOB B YAaCTH YJyUILEHHS MPOIEHTA BRIXOA
TOZIHBIX TPAH3HCTOPOB, 0COOEHHO MO mapameTpy Uip .
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a

7

Puc. 7. TIpo6oii nepudepuiinbix obnacreit 4H-SiIC-MOSFET: a — tpansucTop 60:1b1110ii mwiomam (061acts mpo6oiHOro
CBEYEHHS BBIJICIICHA); 6 — TPAH3UCTOP MAJIOH IUIOMIA/IU ¢ TeKCArOHAIBHBIME siueiikamu (00JIaCTh BHITOPAHUS BhIJIEJICHA)

Fig. 7. Breakdown at edge regions of the 4H-SiC-MOSFET: a — a large—area transistor (the area of the breakdown glow is
highlighted); 6 — a small-area transistor with hexagonal cells (the burnout area is shown in the inset)
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Puc. 8. Tlnacruna quamerpom 100 mum ¢ uunnamu 4H-SiC-MOSFET (S, = 5.4 MMZ)I
a — dororpadus MIACTHHEI ¢ TPAH3KUCTOPaMu; O — KapTa pacnpenenenus Umay
6 — xapra pacnpenenenns Uy, (mpu Ug = Upg; Ipg= 5 MA); 2 — xapra pacnpenenenus R, (mpu Ug = 20 B)

Fig. 8. Processed 100 mm wafers with 4H-SiC-MOSFET chips (Sact = 5.4 mmz): a — photo of the wafer with transistors;
6 — Upay distribution map; 6 — Uy, distribution map (at Ug = Upg; Ing =5 MA); 2 - R, distribution map (at Ug = 20 V)

3aknaouenue. [IpoBeneH cormocTaBUTENHHBII
aHaJIM3 XapaKTEePHCTHUK JTabopaTOpPHBIX 00pa3IoB
cwioBbix 4H-SIC-MOSFET ¢ 6a3oBbiMH syeiika-
MU I'€KCarOHaJIbHOTO U JIMHEHHOI'O TUIIOB C MaK-

CUMaJbHBIM pabounM Hanpspbkenuem 1000 B mpu
UIEHTUYHBIX  KOHCTPYKTHBHO-TE€XHOJOTMUECKUX
napamerpax siueek. Ilokasano, uto oOpasupl TpaH-
3UCTOPOB C IEKCAarOHAJIBHON TOIOJIOTHEN s4YeeK
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OpY PaBHBIX 3HAa4eHHMAX Ry XapakTepusyroTcs
00Jj1ee BBICOKUMH MO OTHOIICHHUIO K TPAH3UCTOPAM
C JIMHEMHOM TOMOJIOTHEeN 3HaYEHUSIMU KOMMYTHPYe-
MBIX TOKOB, HO XYAIIeH BOCIIPOM3BOANMOCTBIO TIa-
pametpoB. [lo pe3ynbratam m3mepennii BAX moka-
3aHO, YTO HAMpsHKEHHUs Hadaja mpo0os TPaH3HUCTO-
poB coctassu 900...1000 B. IIpu sToM Ha psine
00pas3IoB MPOUCXOIUIO BBITOpaHHEe mepude-
PHH, YTO CBSA3aHO C KPAaeBbIM, a HE ¢ 00 BEMHBIM

npoboeM. JIlabopaTopHbie 0Opas3iibl ¢ ONTHMH3UPO-
BaHHOW JIMHEMHOMN TOMOJIOTHEN SUEEK XapaKTepHU30-
BAJIUCh B ~4 pa3za MeHbIIMM Ry, B cpaBHeHHH ¢ 00-
pasuamu Manoil romaau. TemM He MeHee BBIXOA
TOAHBIX TPaH3UCTOpOB cocTaBua MeHee 10 % mo
napameTpy Uy, , uTo TpeOyeT mpu mepexone K ce-
pUHHOMY TPOW3BOACTBY MPUMEHEHHS! B MapIIpyTe
MX HM3TOTOBJICHHS TEXHOJIOTMH CaMOCOBMELIEHHOTO
KaHaJa ¥ JJUTOrpa(uy BBICOKOTO Pa3pereHUsL.

ABTOpPCKHIi BKJIaJ

AdanacbeB AJuiekceii BajeHTHHOBHY — oIpeneieHre OO0NIacTed WCCIEeNOBaHUS M TIOCTAaHOBKA 3ajadW;
PYKOBOJICTBO HayYHBIMH HCCIIEIOBAHHUSIMH; TTOJTOTOBKA CTATHH.
AdanacseB Ilerp BajleHTHHOBHY — MOJEIMPOBAHUE TEXHOJOTMYECKUX IpoleccoB u3rotosnenus 4H-SiC-

DMOSFET.
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TpyuuisikoBa BasnenTuna BaaaumupoBHa — wuccrienoBanust mapametpoB 4H-SiC-DMOSFET wmertomamu
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ITopraTuBHasi MHOTOCHIEKTPAJbLHAA KaMepa JJIsl IKOJOrH4eCKOro MOHMTOPHUHTa
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AHHOTaLMA

Beeoenue. TIpoiins IMTENBHBIA ITyTh Pa3BUTHS, TACCHBHBIC CIIEKTPaJIbHBIE METOIUKN ANCTAHIIMOHHOTO 30HIMPOBAHUS
CTaJI OCHOBHBIM MCTOYHHKOM MH(OPMAIMU O COCTOSIHMM 36MHOM MOBEPXHOCTU M arMOc(epbl. MHOrocneKkTpaibHble 1
THIEPCIICKTPAIbHBIE KaMephl B HACTOSIIIEE BPEMSI TIPOM3BOIATCS CEPHIHO, OJJHAKO MX OoJiee MIMPOKOMY TPUMEHEHHIO
NO-NIPEeXKHEMY MelIaeT BbIcoKas lieHa. JlocTynHble B posaxke aemesble GporonpuemMHbie CMOS-marpuisl obecrneunsa-
10T TOAXOJISIITYI0 OCHOBY JUISl pa3paOOTKH HEJOPOTMX MHOTOCHEKTPAIBHBIX KaMep.

Ilens pabomer. Co3naHue epeHOCHONH MHOTOCTIEKTPAJIbHONW KaMepbl, TpeTHa3HAYeHHON IS SKOJIOTHIECKOTO MOHH-
TOPUHTA B MOJIEBBIX YCIOBHSX.

Mamepuanet u memoost. KoHCTpyKIusi KaMepbl OCHOBaHa Ha ofHOHN (orompuemuoit CMOS-matpurie. Yuactku
CIIEKTpa BEIOMPAIOTCS CMEHSIEMBIMH HHTEP(EPEHIIMOHHBIMI (QMIIBTPaMH, YCTAHOBICHHBIMH B JIBYX 3yOUaThIX KOJIe-
cax. OnTnueckas cucreMa Kamepsl (OPMHPYET HapajUIeNIbHBIA ITy9OK CBETa Mepel €ro MPOXOKICHHEM depe3
¢GbueTp, a 3aTeM (HOKYCHPYET €ro B IUNIOCKOCTH (poTonpueMHOi Matpuilsl. [lepekiroucHre GUIBTPOB 00eCIeunBacT-
s IIATOBBIM JJIEKTpoABHTaTeNeM. Ero BpameHneM, a Takke IMOMyYeHHEM U COXpaHeHHEM M300paXeHUH yIpaBiseT
OJIHOILIATHBIH KomIbioTep Raspberry Pi. O6paboTka MHOTOCTIEKTPAIbHBIX H300paXKSHHUH BBIMONHSIACH MIPU TOMO-
MK porpaMMm Ha si3eike Python.

Pe3ynomamet. TIpoBeIeHBI HCIIBITAHUS ONTHYSCKON CXEMBI pa3paboTaHHON Kamepsl I OLEHKH pa3Mepa U CIeK-
TpaJILHON OJJHOPOIHOCTH €€ OIS 3peHus. KpoMe Toro, ¢ HCTI0Nb30BaHHEM KaMephl ITOMYYeHBI H300pakeHUs pacTH-
TCJIbHOCTU U paCCYUTAHBI IPOCTPAHCTBEHHBIC pAaCPCACICHUA IBYX BETC€TaAllMOHHBIX WHACKCOB: HOPMAJIM30BAHHOI'O
pasnoctHOro Bererannonnoro unaekca (NDVI) u 3emeno-kpacuoro Bererannonnoro unaekca (GRVI). Ipu momo-
M 3TUX UHIIEKCOB YIAIOCH BBIICIHUTH Ha CHUMKAX OOJIAaCTH, 3aHATHIC PACTHTEIBHOCTHIO, @ TAKXKE OTACIUTh XBOU-
HbIC ICPEBbA OT JIMCTBEHHBIX.

3aknwuenue. Pe3ynbraTbl UCTIBITAHUN MOKA3aJM MPUMEHUMOCTb HMCIOJIB30BAHHON ONTHKO-MEXaHUUYECKOH CXEMBI
JUTS yIaJCHHOW OIIEHKH IKOJIOTHYECKOTO COCTOSHHS PACTUTEIIHHOCTH.

KiroueBbie cjioBa: MHOTOCIIEKTpalIbHASI ChEMKA, HEAOPOTHE HaydHBIe IPHOOpEI, poTonpuemusie maTpuiisl CMOS,
nHTepdepeHINOHHbIE (UIBTPHI, BEreTallHOHHbBIE HHICKCHI

Jas uurupoBanusi: [TopTarvBHAS MHOTOCIIEKTpAbHAs Kamepa s sKonorideckoro Mouutopurra / B. C. TopsmHoB,
K. b. Hrya Hnonr Agerne, A. b. Masos, C. A. Tapacos // 13B. By3oB Poccun. Paguoanekrporrka. 2025. T. 28, Ne 5. C. 66-82.
doi: 10.32603/1993-8985-2025-28-5-66-82
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Abstract

Introduction. Passive spectral remote sensing techniques have come a long way to become the main source of in-
formation on the Earth’s surface and atmosphere. Multispectral and hyperspectral cameras are now produced on a
mass scale; however, their wider use is still impeded by high cost. Commercially available affordable complemen-
tary metal-oxide semiconductor (CMOS) image sensors provide a suitable basis for the development of low-cost
multispectral cameras.

Aim. To design and test a portable multispectral camera intended for environmental monitoring in the field.
Materials and methods. The camera design is based on a single CMOS image sensor. Spectral bands are selected by
interchangeable interference filters installed in two gear wheels. The optical system of the camera forms a parallel
beam of light before its passing through a filter followed by focusing in the sensor plane. Filter switching is per-
formed by a stepping motor. Its rotation, as well as image acquisition and storage, is controlled by a Raspberry Pi
single-board computer. Multispectral images were processed using scripts in the Python language.

Results. The optical design of the newly created camera was tested to assess the size and spectral uniformity of its
field of view. In addition, the camera was used to obtain several images of vegetation cover. Further, spatial distribu-
tions of two vegetation indices — the normalized difference vegetation index (NDVI) and the green—red vegetation
index (GRVI) — were calculated. These distributions allowed areas occupied by vegetation to be successfully detect-
ed and coniferous trees to be separated from deciduous ones.

Conclusion. The results obtained have confirmed the feasibility of the proposed optical and mechanical design for
remote assessment of the ecological status of vegetation cover.

Keywords: multispectral imaging, low-cost instrumentation, CMOS image sensors, interference filters, vegetation indices
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Introduction. Passive imaging multispectral and
hyperspectral devices have come a long way of devel-
opment to become the main source of data in weather
prediction and climatology, oceanology, agriculture,
forestry, land use and land change monitoring, military
reconnaissance. Initial experiments in airborne spec-
tral remote sensing of natural objects were undertaken
between 1910s and 1930s [1], with a practical goal of
enhancing the quality of aerial photography by select-
ing proper spectral filters and film types.

At the beginning of the 1970s, when duration of
space missions had extended to tens of days, spec-
tral instruments began to increasingly find applica-
tion in remote sensing experiments. In response to
the growing demand for quantitative measurements,
the technique of space spectrophotometry of the
natural environment was developed based on the
theoretical framework of classical photometry, in-
cluding its calculation methods and empirical ap-
proaches to measuring radiative energy [2].
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Some of the earliest spaceborne spectral devic-
es, such as RSS portable spectrometers, were non-
imaging [3]. Other types of devices relied on either
obtaining images simultaneously by several co-
directed cameras, each using a different band-pass
optical filter [4], or using a single-element or mul-
ti-element photodetector possibly in combination
with a mechanical system for spectral scanning
[5]. Apart from manned space stations, scanning
photoelectric spectrometers were concurrently in-
stalled on automatic remote sensing satellites, such
as Landsat and Meteor-Priroda.

In the early 1980s, the term "hyperspectral im-
aging" was proposed by Alexander Goetz et al.
(NASA Jet Propulsion Laboratory), emphasizing
originally the ability to obtain a contiguous spec-
trum for each element in the image, rather than
handling hundreds of narrow spectral bands [6].
While multispectral devices generally worked in
atmospheric windows of low absorption, a contig-
uous spectrum was presumed to contain sufficient
information to exclude the atmospheric influence
from the measurement result [7].

The first airborne hyperspectral imager, referred
to as the Airborne Imaging Spectrometer (AlS), em-
ployed a two-dimensional array (32 x 32 elements)
of HgCdTe photodetectors bonded to a silicon
CCD array. Together with the specific optical de-
sign of the instrument, this allowed obtaining imag-
es in 128 bands between 1.2 and 2.4 um, with a
spectral resolution of 9.6 nm [8]. In the following
two decades, a number of hyperspectral instruments
(AVIRIS, DAIS, CASI, HYDICE, PHI, OMIS-I,
OMIS-II, etc.) were developed by various enterpris-
es and research organizations. However, it was not
until 2000 that the first hyperspectral imaging spec-
trometer Hyperion was sent into space aboard the
EO-1 satellite. Covering the contiguous wavelength
range from 0.4 to 2.5 um in 242 overlapping bands,
this instrument had worked until 2017 and provided
about 90 000 images by user requests and in re-
sponse to unusual or extreme events [9].

Between 2000 and 2020, 25 hyperspectral im-
agers were deployed in space [10]. In addition to
well-known diffraction gratings and sensor arrays
with push broom scanning, these instruments use
several other spectral separation techniques, such
as linear variable filters [11], acousto-optic tunable
filters [12], or tunable Fabry—Pérot filters [13]. At

least one hyperspectral imager is known to com-
bine interferometry and a Fourier transform algo-
rithm for the restoration of spectra [14]. The above
designs differ not only in the resultant spectral res-
olution but also in production costs.

Today, when more than two decades of the new
century have passed, some general trends concerning
multispectral and hyperspectral remote sensing can
be traced. Having turned from unique devices de-
signed for a specific mission into commercially
available instruments, hyperspectral cameras still
remain quite expensive. High prices impede a wider
application of multispectral and hyperspectral data,
especially in developing countries, where they could
be particularly useful [15-17]. At the same time, in-
stalling a compact sensor on an unmanned aerial ve-
hicle (UAV) instead of a conventional manned air-
craft can greatly reduce the survey cost [18].

The perception of multispectral imaging has
changed as well, both from technological and
marketing point of view. A number of consumer-
grade UAVs are marketed as intended for multi-
spectral surveys while either carrying a conven-
tional RGB camera and a near infrared (NIR) one,
or just a single NIR sensitive camera with an opti-
cal filter to switch between the visible and the NIR
range [16]. On the other hand, newly proposed
techniques for environmental monitoring conform
to these limitations; thus, a number of vegetation
indices rely on the observed brightness of an ob-
ject in wide spectral bands (red, green, blue, and
NIR) [19] rather than linking "one spectral band"
to "one biogeophysical variable" [7].

The commercial availability of affordable CCD
and complementary metal-oxide semiconductor
(CMOQOS) sensors has boosted the development of
low-cost multispectral cameras, including by educa-
tors and enthusiasts [17, 20-27]. Some of their de-
signs return to the idea of separating spectral bands
with optical filters, using either a separate sensor for
each band or a single sensor with a set of inter-
changeable filters. In the laboratory environment,
some researchers experiment with illuminating the
object of study with narrow-band light, mainly from
light-emitting diodes [25]. Such low-cost devices pro-
vide adequate results at moderate cost, and their data
are used to solve a variety of problems, from monitor-
ing vegetation [19, 22-23] to identifying fish species
[24] and assessing the quality of fruit [26, 27].
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Puc. 1. Ob11as ONTUKO-MEXaHUYECKasi CXeMa MHOTOCIIEKTPAIbHOM KaMepbl

Fig. 1. Optical and mechanical design of the multispectral camera

In this paper, we present a new portable multi-
spectral camera for environmental monitoring in
the field. Its optical, mechanical, and electronic
design is described, along with some results of
vegetation observations and vegetation indices
distributions calculated from the data obtained.

Materials and methods. A general scheme of
the developed multispectral camera is presented in
Fig. 1. The device comprises a single CMOS sensor
7, with a set of interchangeable interference filters
installed in two wheels 3 and 4 for spectral selection.
A Raspberry Pi 4 single-board computer 8 controls
both the mechanical part and the processes of image
acquisition and storage. A detailed description of the
design is presented in the following sections.

Sensor. Low-cost CMOS image sensors are fre-
quently used when designing cameras for experi-
mental and educational purposes. Several companies
have designed and marketed their own brands of sen-
sors, such as IMX219 [17] and IMX036 [20] by
Sony, VCXU-13M by Baumer [21], OV7670 [23]
and OV5647 [25] by OmniVision.

When developing the device, OV5647 by Om-
niVision was used as the basis. This is a 5-megapixel
CMOS sensor intended for use in a wide range of
low-cost applications, from toys to cellular phone
cameras. The sensor is capable of operating with a
frame rate of up to 15 fps in 2592 x 1944 pixels
maximum resolution. The image quality, data rate,
and other sensor parameters can be controlled
through a proprietary Serial Camera Control Bus
(SCCB), easily compatible with Raspberry Pi single-
board computers. The automatic image control func-
tions of the sensor include exposure control, white
balance and black level calibration, as well as band
filtering and 50/60 Hz luminance detection [28].

A conventional red—green-blue (RGB) image
is obtained by applying a mask of wideband band-
pass filters to the sensor surface. The filters are
arranged in a Bayer pattern, half of them being
green, one quarter being blue, and one quarter be-
ing red, to mimic the sensitivity distribution of the
human eye. Fig. 2 shows the resulting spectral dis-
tribution of the sensor quantum efficiency [25].
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Fig. 2. Spectral distribution of the quantum efficiency
of the OV5647 image sensor

Higher values correspond to a higher output from
the same number of incoming photons. It can be
noticed that the curves overlap; therefore, radiation
with a wavelength of about 500 nm would affect
both the blue and the green channel, while 600 nm
affects the green and the red channel. In addition,
the efficiency of the red channel increases slightly
at the ultraviolet edge of the working range.

Since the sensor array is silicon-based, all three
channels show some sensitivity in the near infrared
(NIR) spectral region, between 700 and 1000 nm,
where the color filters are transparent. In order to
exclude the infrared radiation and obtain images

exclusively in the visible part of the spectrum, a
filter coating may be applied by the manufacturer,
either to the sensor array itself or to the objective
lens. To cover the widest possible range of sensitivi-
ty, we used a sensor without an infrared filter coat-
ing, labeled as "NolIR" by the manufacturer.

Spectral selectivity. In order to isolate a nar-
row spectral region of interest, the camera was
equipped with switchable interference filters. Their
number is naturally limited by the optical and me-
chanical design of the camera; therefore, those
spectral bands that describe the nature and condi-
tion of an object with maximum accuracy should
be selected.

The intensity of light coming from an object to
the camera is defined by the product of the object’s
reflection coefficient and intensity of incident light
from the source that irradiates the object. Since the
Sun is known to be a thermal radiation source with
a continuous spectrum in the visible and near infra-
red regions, selection of spectral channels may fo-
cus on the spectral features of the object of study.

For plants, these features are formed by pig-
ments contained in the cells, which play an im-
portant role in the plant biochemistry. Tab. 1 lists a
number of spectral features linked to absorption by
chlorophylls, carotenes, and xanthophylls.

As far as monitoring of animals is concerned,
the number of available scientific publications is
limited. Some examples include assessment of

Tabn. 1. CHeKTpaJ'II)HLIe NpU3HAKN PACTUTEJIbHBIX TUT'MEHTOB

Tab. 1. Spectral features of plant pigments

A, Nm Feature description References
435 Chlorophyll a absorption maximum [29]
485 B carotene absorption minimum, and an intersection between its spectrum and the [29]

chlorophyll b spectrum
500 An inte_rsection.between chlorophyll a and b absorption minima, and an [29]
absorption maximum of 3 carotene
510 Carotenoids absorption maximum [30]
550 An intersection between chlorophyll a and b absorption minima [29]
620 An intersection between chlorophyll a and b absorption minima [29]
670 Chlorophyll a absorption maximum [29]
677 A spectral feature for differential observation of the xanthophyll cycle [30]
700 The "red edge" of absorption by chlorophyll and carotenoids [31]
735 Chlorophyll a and b absorption minima [29]
750 Reference wavelength for chlorophyll content assessment [32]
803 A spectral feature for differential observation of the xanthophyll cycle [30]
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Tabn. 2. Tapamerpsl HHTEP(EPEHIIMOHHBIX QUIBTPOB

Tab. 2. Parameters of interference filters

Central wavelength, nm Tmax FWHM, nm
430 0.49 12
500 0.19 17
530 0.18 19
580 0.23 12
620 0.26 13
761 0.16 13

populations of wild birds [33, 34], identification of
beef cattle [35, 36], wild elks, horses [36], and
mule deer [37]. Large-sized individual animals,
such as wildebeests, zebras [38], and polar bears
[39], are detectable in imagery of very high resolu-
tion obtained from commercial satellites. Marine
mammals, e. g., southern right whales [40] and
Weddell seals [41] have also been the object for
multispectral imaging. In their case, the task of
remotely detecting an underwater animal becomes
more difficult, necessitating consideration of opti-
cal properties of water to provide the required con-
trast between the animal and the background.
Given the above considerations and the range of
available models, six filters were selected, with their
parameters given in Tab. 2. Maximal transmission
Tmax and full width at half maximum (FWHM) were

measured using a compact fiber spectrometer.

Optical design. Unlike wideband optical filters,
interference filters operate by reflecting, rather than
absorbing, unnecessary light. In a thin dielectric
layer, light with wavelength A will be reflected in
case the optical path difference between its parts
reflected from the two surfaces of the layer equals
an integer multiple of the light wavelengths:

2n,d cos (6, ) =ma, ()

where n, is the refraction index of the layer with

respect to the medium from where the light is com-
ing, d is its thickness, 6, is the angle of incidence

on the rear surface of the layer, and m e Z. At the
same time, 6, depends on the angle of incidence on

the front surface of the layer. Therefore, the wave-
length of maximum transmission depends on the
filter orientation with respect to the light beam.

In a conventional converging lens, the field of
view is limited by the angle between the two chief
rays that pass through the center of the lens to the

opposite edges of the sensor. None of the chief
rays are ever parallel to the lens optical axis, either
before or after the lens, except for the only ray that
passes along the axis. Therefore, for any position
of an interference filter, the wider the field of view,
the greater the spectral shift between the center of
the image and its edges. Conversely, a perfectly
parallel light beam would reach the filter at a con-
stant angle, and the transmission function would
be the same for any point in the image.

A parallel beam was formed using two succes-
sive confocal lenses (1 and 2 in Fig. 1): the rear focal
plane of the first lens coincides with the front focal
plane of the second lens. After passing through a fil-
ter in one of wheels — 3 or 4, the light beam is con-
verged once again by lens 5. Image sensor 7 is in-
stalled on a moveable mount; since no corrections
were applied for chromatic aberrations, to adjust the
image sharpness, the sensor has to be shifted along
the camera axis by manually rotating a leadscrew.

A factory-made iris diaphragm 6 is installed
between the final lens and the sensor. By limiting
the maximal angle of incidence for light reaching
the sensor, it reduces aberrations and increase the
depth of field.

Fig. 3 details the optical design of the devel-
oped camera and shows the distances between the
elements with their respective diameters. L1 to L3
are the lenses, F denotes the interference filter, Ais
the aperture diaphragm, and S is the front surface
of the sensor. All the dimensions are given in mil-
limeters. Distances to focal points were measured
in natural daylight, taken from the corresponding
glass surfaces rather than from the principal planes
of the lenses (see the diagram).

All the mounts that support lenses and other
optical elements were printed using a fused depo-
sition modeling (FDM) technigue. The mounts are

~
18 g
1 =
F L3
5 2 L
50 18.8
I |

Puc. 3. Ontudeckasi cxeMa MHOT'OCIIEKTPAIbHON KaMephbl

Fig. 3. Optical design of the multispectral camera
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installed along an aluminum alloy beam, facilitat-
ing their positioning during the necessary adjust-
ments. To protect the sensor from stray light, the
optical system is enclosed in two cylindrical plas-
tic casings (before and after the filter block), pro-
duced also using 3D printing; the inner surfaces of
the casings are painted matte black.

Mechanical design. Due to the considerable
dimensions of available filters (46 mm in diameter
together with the frame), installing more than four
of them in a single wheel would make that wheel
inconveniently large. Therefore, two parallel wheels
(3 and 4, Fig. 1) were designed to carry three filters
each, with one circular opening left empty. To com-
pensate for the resulting displacement of the
wheel’s center of mass, gauged weights were glued
to its surface. Since two consequent filters would
obviously block out all the incoming light, at least
one of the empty openings always stays in the opti-
cal path when the wheels are stopped.

The filter wheels rotate in a manner that resem-
bles a mechanical counter. The rear wheel 4 is ro-
tated directly by a Nema 17 stepper motor 12,
which is controlled by the Raspberry Pi computer 8
through an A4988 driver 13. The front wheel 3 is
driven through an additional geared wheel 15.
However, since only a quarter of the rear wheel’s
rim has teeth (see insets A and B in Fig. 1), a full
revolution of the rear wheel corresponds to the
front wheel being rotated by 90°, thus switching to
the neighboring filter.

All three geared wheels rotate on steel axles that
have their ends set in ball bearings 10, 11, 14, and 16.
To ensure the necessary spacing between the filter
wheels while keeping them parallel, a thrust ball
bearing 9 is placed between them. The entire me-
chanical setup is held upright by two flat mounts.

Various techniques were used to create the me-
chanical parts of the camera. Geared wheels were
printed out of polylactide (PLA) and polyethylene
terephthalate (PET-G) using the FDM technique.
The ball bearings 10, 11, 14, and 16 were factory
made, and the thrust bearing 9 consists of two cups
printed out of PLA, with steel balls placed be-
tween them. The mounts were cut out of acrylic
glass using laser cutting.

Software, data acquisition and processing. Con-
trolling the camera, image acquisition and storage are
performed by a Raspberry Pi 4 Model B running

Raspberry Pi OS, which is a fork of Debian Linux,
intended for use with single-board computers.

A script in Python was written for image ac-
quisition, working in the following manner. First,
using the Picamera2 library, sensor settings are
updated, including setting the exposure time, the
analogue gain ratio, and disabling the automatic
white balance. Then, while showing a preview in a
separate window, a frame is captured and stored as
an array of raw values. Considering the output
resolution of the sensor, this array contains
3 x 2592 x 1944 integer numbers ranging from 0
to 255. It is then split into three separate arrays of
2592 x 1944 elements each, and four quartiles (at
0, 0.25, 0.75, and 1.0) are calculated and displayed for
each of these arrays. Provided that the brightness dis-
tribution in the channel of interest is suitable, the entire
raw array is written to a file with a name representing
the object of study, the filming date, and the spectral
band. Otherwise, the exposure time is adjusted, and a
new frame is captured, starting the loop over.

Processing and analysis of acquired images is
carried out by a separate PC, following a routine
similar to the one described above, splitting the
raw arrays, generating preview images, and per-
forming element-wise operations on arrays.
Among the software packages used are NumPy,
Pillow, and Matplotlib libraries.

Results. Fig. 4 presents the general appearance of
the developed multispectral camera. External connec-
tions, such as 5 volts USB power, the keyboard, the
mouse, and the monitor, are not shown in the photo.

After completing the assembly and the corre-
sponding adjustments, several tests were performed to
assess the resulting size of the field of view and its
spectral homogeneity, as well as to check the feasibil-
ity of obtaining distributions of vegetation indices.

Puc. 4. BHemrHuit BUT MHOTOCIIEKTPAILHOM KaMephl

Fig. 4. General appearance of the multispectral camera
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Fig. 5. Geometrical interrelations between the focal length and
the field of view size

Field of view assessment. The field of view
and focal length of the camera were measured re-
lying on the geometrical optics approximation. In
Fig. 5, AB is an object placed at a distance L from
the optical system of the camera (presented as a
single converging lens for simplicity), and A'B' is
its image in the focal plane. CC' is the optical axis
of the lens, and L>>2f"is large enough not to
affect the transverse magnification of the system.

Light rays passing through the lens center O
do not change their direction. Therefore, three
pairs of similar triangles are formed, in which
/BOC=4/B'O'C'=a, ZAOC=/A'0'C'=8,
/D0OC = ZD'0O'C'=w (which equals half the an-
gular size of the field of view of the camera). Then,

BC B'C’
tano=——=——;
L f
tanﬁzﬁzﬂ; (2)
L L}
tanB—tanazﬁzﬂ,
L f

where f'is the lens rear focal length. From (2),

we can calculate this distance by taking a picture
of an object with known dimensions, measuring
the distance to this object, and then using the pixel
size from the sensor datasheet P, to convert the

object image size X from pixels to meters:
'S
AB
Then, considering the triangle AC'OD’, we
calculate the angular size of the field of view:

fr=L 3)

where b = 2592 is the corresponding sensor size in
pixels.

Measurements and calculations using (3) and
(4) were performed for the designed optical sys-
tem, as well as for three other camera lenses: a
wide-angle lens and a normal one, both shipped
with CMOS cameras, and a telephoto lens from
the RSS portable spectrometer [3]. The resulting
values are presented in Tab. 3.

Spectral homogeneity assessment. This test
was aimed at assessing the angular uniformity of the
camera spectral transmission and sensitivity, i. e., at
assessing the difference in the sensor response to
spectrally identical radiation over the image plane.

Assuming the daylight from the overcast sky to
be sufficiently parallel and uniform over the field of
view of the camera, we took a number of pictures
directing the camera toward the same point in the
sky and using the same 580 nm interference filter
for each of the lenses. It can be seen from Fig. 2
that, at this wavelength, both the red and the green
channel show considerable sensitivity. In an ideal
case, with light passing through the filter in a com-
pletely parallel beam and the CMOS sensitivity be-
ing the same for each of its elements, the pictures
would be uniformly filled with a single color, corre-
sponding to a constant ratio of red and green chan-
nels values. Actual ratio distributions obtained in
the experiment are presented in Fig. 6.

For clarity, horizontal cross-sections are pre-
sented in Fig. 7, going through the centers of the
two-dimensional distributions shown in Fig. 6.

Vegetation index test. A wide multitude of
spectral indices has been proposed to discern be-
tween different plant species and remotely assess
their health and ecological condition [19]. In this
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Fig. 6. Two-dimensional distributions of the ratio of responses in the red and the green channels R/G : a — multispectral camera;
6 — RSS telephoto lens; ¢ — wide-angle lens; 2 — normal lens

the distributions, all the values in the correspond-

1.4 4
121 ing arrays were normalized, i. e., transformed from
10 the 0...255 range to the 0-1 range:
00'8 | Xnorm :—X —Zmin
061 , Xmax ~ Xmin
0.4 —— — multispectral
] ——=RSS where X may, Xmin are the maximal and mini-
0.2 4 —— — wide-angle max:  “min _
0.0 | — _normal mal values in the array X (either red, green, or
: . . . . : blue).
0 500 1000 1500 2000 2500 L .
. The red—green vegetation index, as its name
pixel number

suggests, relies on the difference in brightness be-
tween the green spectral region (reflection maxi-
mum of green plants) and the red spectral region
(corresponding reflection minimum) [42]. Its val-
ues lie between -1 and +1: high positive values
correspond to vegetation, soils and rocks are char-
acterized by values close to zero, and negative

Puc. 7. PactipenienieHnst OTHOIICHUIM 3HAYCHUI R/G BJOJIb
TOPU30HTAILHOM JIMHUY Yepe3 LICHTP Kajapa
Fig. 7. R/G ratio distributions along a horizontal line through
the center of the frame

experiment, we attempted to obtain spatial distri-
butions of two vegetation indices, GRVI and

NDVI, using narrow spectral bands corresponding
to the features in a typical vegetation spectrum.
Images of trees and shrubs were taken from a
distance of 40...60 m, in clear sunny weather,
mostly in the afternoon hours. Before calculating

values correspond to various non-plant objects.
Considering the wavelengths in Tab. 1, we
used the response values of the green channel from
a frame taken in the 530 nm spectral band (Gs3)
and those of the red channel obtained in the
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Fig. 8. Results of a multispectral survey of an alley part surrounded by trees: a — photo of the area taken with a smartphone
camera; 6 — an image taken by the multispectral camera with no filter used; ¢ — GRVI distribution; 2 — NDVI distribution

620 nm band (Rgyo): trees surrounding and branches overhanging. Fig. 9
depicts a coniferous tree (hybrid larch, Larix

GRVI = Gs30 _RGZO_ czekanowskii Szafer) and two deciduous trees in

Gs30 + Rs20 the background (a silver poplar, Populus alba L.,

and a common alder, Alnus glutinosa (L.) Gaertn.).
In both figures, a conventional RGB photo of the
site is given first, which may not accurately reflect
the multispectral images due to the differences
between the optical designs of the cameras used.
Discussion. In this study, we have designed
and successfully tested a portable multispectral
camera for ecological monitoring of vegetation
cover. From the standpoint of the camera focal
length and its field of view (Tab. 3), the selected
optical design is a telephoto lens similar to that of
the RSS spectrometer. At the same time, the two
designs provide comparable spectral homogeneity
of the frame, even though the field of view of the
camera is twice as large. Considering the curves in
As an example of the results obtained, Fig. 8 Fig. 7, the mean ratio of channel values for the
demonstrates a gravel alley in a park, with green  RSS lens is R/_Gz 1.16, and the standard devia-
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The normalized difference vegetation index
(NDVI) was proposed as early as 1970s for remote
assessment of crop health [19]. It is based on com-
parison between values in the red reflection mini-
mum and in the near infrared region, in which re-
flection of green leaves begins to rise steeply. Sim-
ilar to the previous index, its values lie within the
region between -1 and +1, with similar patterns.

This index was calculated using red channel
values from the 620 and 761 nm bands (Rg, and

R761 correspondingly):

R-z1 — R
NDV| = /61— 7620
R761 + Re20
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Fig. 9. Results of a multispectral survey of a park area with a coniferous tree and deciduous trees: a — photo of the area taken
with a smartphone camera; 6 — an image taken by the multispectral camera with no filter used; ¢ — GRVI distribution;
2—NDVI distribution

tion is o=0.011, while for our lens design,

R/G =1.16 and & =0.027.

No preliminary numeric simulation of the op-
tical design was performed. In future research, a
thorough selection of elements will refine the de-
sign and reduce chromatic aberrations, decreasing
the necessary sensor movement and improving the
quality of the images produced.

The results obtained leave the choice of
OV5647 as the image sensor open to question. The
Bayer filters allow for some additional capabili-
ties, such as the aforementioned experiment on
spectral homogeneity, while also possibly rejecting
wavelengths that correspond to m > 1 in (1) (high-
er orders of interference). In our case, however, the
interference filters are based on colored glass for
rejection of higher orders. Moreover, when taking
an image through an interference filter, only one of
the RGB channels would work, with the other two
producing no more than dark rectangles. This
means that only a third of the raw file would con-

tain meaningful data. Overall, a monochrome sen-
sor in the same design but without Bayer filters
would likely perform better.

In addition, we performed no demosaicing dur-
ing data processing to determine the exact corre-
spondence between values in the raw data and ex-
posure for each of the physical pixels. We will ad-
dress will this task in future research.

The camera design was created bearing the
idea of a low-cost approach. The interference fil-
ters form the costliest part of the device; market
prices of similar parts range from 15 to 200 US
dollars, depending on the maximum value and
width of the transmission band. Another major
spending was the Raspberry Pi single-board com-
puter (about 150 US dollars). The costs of 3D
printing are harder to assess; however, the printed
parts make the basis of the mechanical design. La-
ser cutting of acrylic glass, on the other hand, can
be replaced by manual treatment.

In scientific publications, the costs associated
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with the design of devices are frequently omitted,
even when declaring the aim of developing low-
cost constructions. In cases when the expenditures
are mentioned, the cost may range from about 100
euros (comprising two cameras and a multiplexer
chip) [17] to below 2000 euros for a more sophis-
ticated system [23]. The design that we propose
falls into the lower part of this range.

Concerning commercially available multispec-
tral cameras, their prices are generally incompara-
bly higher. For example, the DJI P4 Multispectral
UAV [16] is marketed at about 10 thousand US
dollars. When comparing this price to similar
UAVs by DJI but capable of RGB imaging only,
one can presume that the P4 Multispectral six-
channel camera accounts for nearly half of the
sum. Morales et al. state a price of about 5000 eu-
ros for a RedEdge-MX multispectral camera, "one
of the golden references"” on the market [23].

The conducted vegetation survey has con-
firmed the suitability of the developed camera for
obtaining distributions of GRVI and NDVI indi-
ces. Both indices performed well in the task of
separating vegetation from non-plant objects

(Fig. 8, 6, 2). However, GRVI turned out to be
more susceptible to errors emerging from differ-
ences in solar irradiation and the depth-of-field
effect. In Fig. 8, s, the farthest, shadowed part of
the alley shows high positive values falsely, while,
in Fig 9, s, low negative values appear along the
lower border of the frame where the plants were
nearest to the camera. On the other hand, NDVI
was negative for the coniferous tree (Fig. 9, 2),
which had a much lower reflectivity in the NIR
than the background foliage, and therefore ap-
peared darker in Fig. 9, 6.

The current camera design includes a set of fil-
ters that features wavelengths through the entire
visible range into near infrared. This can be redun-
dant for determination of a certain vegetation in-
dex. However, with this comprehensiveness and
the relative ease of replacing filters in their wheel
sockets, the portable multispectral camera can be
useful for determining the best-suited spectral
bands when addressing a new problem in remote
monitoring of vegetation. Based on the data ob-
tained through its use, simpler and easier to manu-
facture designs can be proposed for specific tasks.
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MoHO/JIUTHBIE HHTErPaJbHbIE CXeMbI IIHPOKOMOJIOCHBIX YCHJIUTENeid MOIIHOCTH
Ka-nuana3ona Ha ocioBe GaAs pHEMT

A. C. Epumos™, A. M. Emenbsinos, E. A. Kpusonorosa, C. /. 3unkun, A. B. Ipyma
AO «HIIIT "Uctok" nm. [lokunay, ®pszuno, Poccus

™ asefimov@istokmw.ru

AHHOTaL U

Beeoenue. MononmtHsIe nHTErpaibHble cxeMbl (MC) yemnmteneit momtHoctn Ka-anana3oHa — HeoTbemyieMas COCTaB-
JSTIOIAsi MHOYKECTBA CHUCTEM PaJIMOdJIEKTPOHHON armaparypbl. Cdepbl IpUMEHEeHHs! BKIIIOYAIOT paauoliokalio, 5G-
CBsI3b, M3MepUTENbHOe o0opynoBanue. Pazpadorka MUC ycunureneit Ka-mianazoHa 1 MOBBIIIEHHE WX SIEKTPHISCKUX
XapaKTEPUCTUK SIBJSIETCS aKTyaJIbHOM 3a/1aueid.

Ilens padomer. Paspabotka nByx tunos MIC mMpoKononocHbIX ycunureneid MomHoctn Ka-auana3soHa Ha 0CHOBe
TexHomorugeckoro nporecca GaAs pHEMT c¢ gnmHoi 3atBopa 0.13 MxM.

Mamepuanst u memoost. B kadectBe 0a30BOH SUCHKN MMOCTPOSHHS yCHIIUTEIEH BBIOpaH TpaH3UCTOP 8 X 50 MKM.
[lepBsIit THI ycuauTelns BKIoYaeT 3 Kackaza, oOmas neprdepus 3aTBopa BBIXOIHOIO Kackana cocrasisieT 0.8 M.
Bropoii Tun ycunurtens peann3oBaH B BUAE MapajUIeIbHOTO BKJIIOYEHMS YCHUJIMTENS MEPBOTO THIA, peaausysl CHH-
(a3HOE NleneHne ¥ CyMMHUPOBaHUE MOIITHOCTH 110 BXOJLy M BBIXOAY cOOTBeTCTBeHHO. JIBa Tima MUC crpoexruposa-
Hbl Ha Oase peanuzoBanHOro B AO «HIIIT "Hcrok™ um. lllokuHa» TexHomormyeckoro mponecca GaAs pHEMT
¢ mmHo# 3arBopa 0.13 mkwm. IIpoBeneHbl 30HAOBBIE M3MEPEHHsT S-TIAPAMETPOB W BBIXOAHOW MOIIHOCTH KaK Ha
ypoBHe tacTiHEI, Tak ©# MUC B cOopke. Pexxim muTaHns HETIPEepPHIBHBIMN.

Pezynvmamut. Brixonnast MouHocts Hackimienust MUC nepBoro tuna npessimaet 25.5 1bm npu KITJ] 6onee 19 %
B auamna3one 4actoT 26...38 I'Tu, a MUC Broporo tuma — 6osee 28.4 nbm. KoshduimeHT ycuieHus mpeBbIacT
17.5u 17 nb ana MUC ycunutens nepBoro ¥ BTOPOro THUIIOB COOTBETCTBEHHO.

3aknwuenue. VI310eHbl pe3yabTaTsl pa3pabOTKH ABYyX THIIOB MOHOJHUTHBIX MHTETPAJIBHBIX CXEM IIMPOKOIOIOC-
HBIX ycmnuTeneil momuoctu Ka-guamasona gactoT. Cxemsl peann30BaHBl Ha 0a3e TEXHOJOTMYECKOTO Ipolecca
GaAs pHEMT c mmuao#t 3atBopa 0.13 MrM. IlpencraBnernbie MUC 1mo COBOKYITHOCTH BEIXOAHBIX ITapaMeTpOB
o0ecrneurnBalOT MHPOBOH YPOBEHB NOCTIKeHHH B paspaborke MUC ycunurenei Ka-muamazona.

KiroueBsble ciioBa: MOHONHUTHASE HHTETpaibHas cxema, GaAs, pHEMT, MumimMeTpoBsIil quana3on ;umH BoiH, Ka-
JTHANa30H, YCUIUTEb MOIIHOCTH

Jnst nuTupoBanusi: MOHONMTHBIE MHTETPaJbHBIE CXEMbI IIMPOKONOIOCHBIX YCHIIMTENeH MOIHOCTH Ka-inanasoHa Ha
ocHoBe GaAs pHEMT / A. C. Epmmos, A. M. EmenbsroB, E. A. KpuBonorosa, C. /1. 3unkuH, A. B. I'pyma // U3B. By30B
Poccun. Pajuoanexrponnka. 2025. T. 28, Ne 5. C. 83-93.

doi: 10.32603/1993-8985-2025-28-5-83-93

KoHaukT nHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBUU KOH(DIMKTA HHTEPECOB.

Crarbst octynuina B penakiuio 25.03.2025; npunsTta K myoaukanuu mocie perensuposanus 25.07.2025; omy6iu-
kxoBaHa onaiin 28.11.2025
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Ka-band GaAs pHEMT Wideband Power Amplifier MMICs

Alexander S. Efimov™, Artem M. Emelianov,
Evgeniya A. Krivonogova, Sergey D. Zinkin, Alexander V. Grusha

JSC «RPC "Istok" n. a. Shokiny, Fryazino, Russia

™ asefimov@istokmw.ru

Abstract

Introduction. Ka-band power amplifier MMICs are essential components of many electronic systems. Their ap-
plication area covers radar, 5G communication, and test equipment. The design of a reliable power amplifier with
high-performance characteristics is a challenging task.

Aim. Design of two types millimeter-wave wideband power amplifier (PA) MMICs by using 0.13 pm GaAs pseu-
domorphic high-electron mobility transistor (pHEMT) technology process.

Materials and methods. A cell unit measuring 8 x 50 um was used in the design of both amplifiers. The first
PA MMIC included three stages, with the overall gate periphery of the third stage being 0.8 mm. The second
PA MMIC was realized as a parallel combining of the first PA structure, using Wilkinson combiners. The two types
of MMICs were fabricated through 0.13 um GaAs pHEMT technology, realized at the Istok NPP. RF testing was
carried out both on wafer and in assembly to measure S parameters and power characteristics under CW test condi-
tions and different ambient temperature.

Results. The first PA MMIC demonstrates a saturated output power of more than 25.5 dBm with an associated PAE
above 19 % in the 26...38 GHz frequency band. The saturated output power of the second PA MMIC exceeds
28.4 dBm with more than 19 % PAE over the 26...38 GHz band. The circuits show a gain of 17.5 and 17 dB for
the first and second PA MMICs, respectively.

Conclusion. Two types of millimeter-wave wideband PA MMICs were fabricated using 0.13 um GaAs pHEMT
technology. The designed PA MMICs represent devices with a wideband small-signal and power performance,
which makes them suitable for wideband wireless communication, radar, and test equipment applications.

Keywords: MMIC, GaAs, pHEMT, millimeter wave, Ka-band, power amplifier
For citation: Efimov A. S., Emelianov A. M., Krivonogova E. A., Zinkin S. D., Grusha A. V. Ka-band GaAs
pHEMT Wideband Power Amplifier MMICs. Journal of the Russian Universities. Radioelectronics. 2025,

vol. 28, no. 5, pp. 83-93.
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BBenenne. MOHOIUTHBIE UHTETPATIbHBIE CXEMBI
(MUC) ycumurenelr momHoctH Ka-muamazona —
HEOTHhEMIIEMAs! COCTABIISAIONIAsI MHOKECTBA CHCTEM
pamnodIeKTpoHHOH ammapatypsl. Chepsl mpume-
HEHHS BKJIIOYAIOT Pajroiiokanuto, 5SG-cBs3b, W3-
MepuTenabHoe oOopyrmoBanue. Takwe mapameTpbl
MUC ycunuTenel, Kak BBIXOIHAS MOIIHOCTD,
IaTa3oH paboumx 4acToT U KoddumueHT momues-
Horo neiicteus (KIIJI), oka3wIBarOT pemiaroriee
BIMSIHME Ha TENBIA PAJ XapaKTepHUCTHK Paano-
3NIEKTPOHHBIX MOIYJIEH.

Ha Texymuii MOMEHT JUisi OCBOCHHS U YIyd-
menus napamerpos MUC B MUJUTUMETPOBOM JTHa-
Ma30He JUIMH BOJH aKTUBHO Pa3BUBAIOTCS TEXHO-

JIOTMH IIUPOKO30HHBIX MONYIPOBOJHUKOB, BEICT-
cs1 pa3paboTka cxeM Ha ux ocHoBe. Hecmorps Ha
TO, YTO OCHOBHOM (JOKYC BHUMAaHUS HalpapicH Ha
pasButHe cxem Ha ocHoBe GaN-texnomoruii,
MUC-ycunutenn Ha GaAs u InP  sBustoTcs
HEOTHhEMJIEMOHN YacThl0 COBPEMEHHOM U NEPCIIEK-
TUBHOW 3JIEKTPOHHOW KOMIIOHEHTHOH 0a3pl MUII-
JMMETPOBOIO [Mana3oHa H3-3a JMHEHHOCTH BbI-
XOOHOTO CHUI'Haja U HCIOJIb3yEMBIX YPOBHEH IH-
Taromux HanpspkeHuit [1]. Umeetcs psa myOnuka-
LM, TOKAa3bIBAIOIIMX aKTYaJbHOCTb ITOBBIIICHHS
IEKTPUYECKUX XAPAKTEPUCTUK YCUJIMTENIEH U Jie-
MOHCTPHPYIOIMX COBPEMEHHBI YPOBEHb pa3paboT-
ku GaAs MUC ycunureneit Ka-muanasona [2-5].
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B nanHOl cTaTke onucaHbl pe3ysbTaThl MPOEK-
tupoBanuss MUC CBY nByx THUNOB ycWiaUTenei
Ka-nmmanazona. B kadecTBe aKTHBHBIX 3JIEMEHTOB
nprMeHeHbl GaAS ToJIeBbIe TPAH3UCTOPBI C 3aTBOPOM
[loTku Ha OCHOBE TICEBIOMOP(HBIX TETEPOCTPYKTYP
¢ xkarasioM InGaAs (GaAs pHEMT) u mruHoi#t 3aTBO-
pa 0.13 mMxM. Ycunurenb BBIONHEH HA TOMJIOKKE
GaAs tommmHo# 100 Mrm. TexHONMOrHMYECKHiA TPO-
niecc u3rotorneHus paspadoranaeix MUC CBY pea-
mmzoBaH B AO «HIIIT "Herok™ num. Hokuna». Ipen-
CTaBJIeHbl KOHCTPYKLIHS, TEXHOJIOTHSI M3TOTOBJICHHMS,
pe3yabTaTbl M3MEPEHHH M CpaBHEHHE CO CXEMaMH
BEYILHX 3aPyOS/KHBIX KOMITAHHUH.

Texnonorna MUC CBY u 6a3oBas siueiika
Tpan3ucropa. llpencraBnennsie pe3yasraTsl pas-
paborku MUC CBY mmpoKomonoCcHBIX yCHIIHTE-
neit MomHoct Ka-auanazoHa 4acTOT MOMYYEHEI
Ha Oase TexHonormyeckoro mnpouecca GaAs
PHEMT ¢ nmnunoi#t 3atBopa 0.13 MKM, peanu3o-
BanHoro B AQO «HIIIT "Hcrok" um. Iloxuua»,
00ecrneYnBaroIero cCo3nanue IByX ypOBHEH MeTan-
JIM3aLAY, BO3MYIIHBIX MOCTOB, JIByX TUIIOB KOH/ICHCa-
Topo (50 u 400 nd/Mm’), TOHKOTUTEHOUHBIX METaJl-
mudeckux pesuctopoB (40 OM/0), Me3ape3ucTo-
poB (100 OM/00) U CKBO3HBIX METAJLTU3UPOBAHHBIX
oTBepcTHH. ToNIIMHA JUAIEKTPUYECKON MOAIOXK-
ku GaAs — 100 Mkm. TUnUYHbIE HU3KOYACTOTHBIC
XapaKTePUCTHKH TPAH3UCTOPA, PEaT30BaHHOTO
Mo JIAHHOMY TpOIIeCCY, CIEIyIOIUe: TOK HAChI-
menuss — 0.6 A/mm, kpytmsHa — 520 MCwm/MM,
Hanpsbkenne orcedku — —1 B. IpobusnHoe Hampsbke-
HHe cTOK-McTOK Ooiee 10 B. BricokouactoTHbIe Xa-
PaKTEPHUCTUKH TPaH3UCTOpa ¢ pazMepamu 4 X 50 MK,
nonydennbie Metomom Load Pull mHa wacrorax
12w 36 I'Tu, npencrasnensl B Tabn. 1. Beixon-

a

Tab6n. 1. MOIIHOCTHBIE XapaKTEPUCTUKU TPAH3UCTOPA
4 x 50 mxm GaAs pHEMT

Tab. 1. Power performance of 4 x 50 um GaAs pHEMT

ITapamerp 121Tu | 36 T
BrixoaHas MomHOCTh, BT 0.12 0.1
VienpHas BBIXOAHAS MOIIHOCT, BT/MM 0.6 0.5
KIII, % 53 32
OnepannoHHoe ycuieHue, 1b 15.7 6.8
Hanpsokenue crok-uctok, B 45 4.5
Tox mokost, MA/MM 160 160

Has MormHocTh Ha 36 I'T'x cocrasusger 0.5 Br/mMm
Opyd  ONepalMoOHHOM Koddduiuente ycuiaeHus
no momuoctu 6.8 n1b, HampsokeHue mNUTaHUA
CTOK-HCTOK — 4.5 B.

B omuceiBaemoii pabore 6a30Boil sueiiKoi SAB-
JSETCSl TPAH3UCTOP C OOmIeH MMPUHON 3aTBOpa
400 MKM, COCTOSTIMIA U3 8 3aTBOPHBIX MAJBIEB IO
50 MKM JUTMHOW KaXKAwlii. BHyTpeHHHE "0CTpOB-
K1 MCTOKAa COCOUHEHBI C BHEIIHMMHU 3a3€MIISIO-
OIMMU  3JIEKTPOAAMH  ITOCPEICTBOM BO3LYLIHBIX
MoctoB. Dortorpadun TpaH3UCTOPOB 4 X 50 MKM U
8 x 50 MkM TipesicTaBiIeHBI Ha puC. 1.

IIpoextupoBanue MUC CBY. Llens ommickiBa-
eMoii pabotel — coznarh psg MUC mmpoxomonoc-
HBIX ycwmTeneid MommHocTH Ka-nnamazona. Paspa-
00TKa MPOBOIMIIACH C TIPUMEHEHNEM MacITabupye-
MOW MaJIOCHUTHAILHOM MO [6] 1 TECTOBOH HEJH-
HEIHON MOAEIM TPaH3UCTOpa C YYETOM PE3YIIbTATOB
n3MepeHuit 6a3oBoii siueiiku metomom Load Pull.

PazpabarsBaics 2 Tuna MUC CBY: niepBbrif —
¢ BBIXOAHOH MoiHocThi0 Oojsiee 300 MBT, a BTO-
poii — 6omee 500 MBT. B cBs3u ¢ 3agaHHBIMHE Tie-
JIEBBIMH YPOBHSIMH MOILHOCTH IIE€PBBIA THUI YCH-
nuTeNns BBHIOpaH 3a "OCHOBHOW", mMapajulenbHOE
CYMMHpPOBaHHE KOTOPHIX OOECHEeYUT BBIXOJHYIO
MotHocTh Bropoit MUC CBY. Ha ocHOBe JaHHBIX

7

Puc. 1. dororpadun TeCTOBBIX TPaH3UCTOPOB 4 X 50 MKM (a) 1 8 X 50 MKM (6) ¢ TOABOAAIIIMI MUKPOTIOJIOCKOBBIMU
JMHUSIMHA | 30H1amMu CBY
Fig. 1. Photographs of 4 x 50 um (a) and 8 x 50 um (6) test cells with microstrip lines and G-S-G pads
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Puc. 2. Crpyxrypnas cxema MUC CBY nepBoro Tumna
Fig. 2. Block-scheme of the first PA MMIC

BBIXOJHBIX XapaKTePUCTHK TPAH3HCTOPOB, TONTY-
YCHHBIX KaK MpU MOJACIUPOBAHUN TPEIABAPUTEIh-
HOM HENMHEWHON MOJENH, TaK U MPU U3MEPEHUIX
merogoM Load Pull, cocraBien 0amanc MoriHO-
ctu. CrpykrypHas cxema mepoii MUC CBY
(pmc. 2) BrirouaeT 3 yCHIHTEIBHBIX Kackaga. O0-
mas nepudepusi 3aTBopa BBIXOJHOTO Kackajga co-
craBisger 800 MkM (2 X 8 X 50 MKM), mpeaBapu-
tenpHOTO — 400 MKM (8 X 50 MKM), BXOTHOTO —
200 MM (4 % 50 MxMm).

COOTBETCTBYIOIIICE COOTHOIIICHHUE OOIICH Tie-
pudepnn KackaJoB BHIOpaHO Ha OCHOBe Tpelye-
MO¥ BBIXOJTHOW MOIIIHOCTH, MOTPEOIIEMON MOIII-
HOCTH, KOd(h(HUIIMEeHTa YCHIIEHHUS, C y4eTOM IIO-
Teph B MEXKACKAJHBIX COMIACYIOIIMX IeIsAX, a
TaKKe JUIsI MUHHMH3AIMW BapHalMyd THIIOpa3Me-
POB sSHYE€EK TPAaH3UCTOPOB C IIENBIO YIPOIIEHUS
KOHTPOJIS pa3paboTku HemuHeHol momenu GaAs
PHEMT 0.13 MM TpaH3ucTOpA.

BrixonHol kackaa BKITFOYAET IIETH MTOJa4YH -
TaHUsI, COCTOSIIIIUE U3 YSTBEPTHBOJIHOBBIX OTPE3KOB
JTUHANA ¢ OIOKMPOBOYHBIMHU KOHJIEHCATOpPaMH, IO-
BhITIIaroteit ['-00pas3Hoil commacyromei menu, cym-
Maropa, OObEAMHSIONIETO BBIXOAHYIO MOIIHOCTH C
JIByX TPaH3HCTOPOB, U Pa3BSI3bIBAIOIIETO KOHIEHCA-
Topa. [IpoexTrpoBaHKe TOIMOJIOTMU BBIXOTHOU CO-
IIacyrollel 1enu ObLIO HAIeJIeHO Ha JTOCTHKCHHE
WICHTUYHON Harpy3KH JIBYX TPaH3UCTOPOB.

IIpenBapuTenbHbli Kackaj YCUIEHHUS BKIIOYa-
€T LENH IMOJaul MUTAHUS 10 CTOKY U CMEIICHHS
o  3aTBODY, KOH/ICHCATOPBI,
TpaHchopMHpPYIOIIHE-coTNIacyIolue  Ienu. Bo
BTOPOM MEXKKACKAJHOM 1IENHU HNPUCYTCTBYET JEIHU-
TeJIbh MOIIHOCTH. TpaHchopMUpYIOIIHe-COorIacyo-
IIMe [ENH CITYXaT Ui COTNIacOBaHMS BXO/IOB U BbI-

Pa3BA3BIBAIONIHE

XOZIOB TPaH3UCTOPOB MEKIY COOOM, KOPPEKTHPOBKU
TpeOyeMOl aMIUIUTYIHO-YaCTOTHOW XapaKTepHUCTH-
K, obecrieueHust Oe3yCcIOBHON CTaOMIBHOCTH YCH-
mutenss. Oco0oe BHUMAaHUE TMPU NPOEKTUPOBAHUH
LIMPOKOIOJIOCHBIX YCWINTENEH CTOUT YHEIUTh IO-
JIABJICHUIO BBICOKOI'O YCHJIEHHS Ha HU3KHMX 4acTOTax
UL TIOBBIIIEHHS CTaOMIIBHOCTH cxeMbl. [lepen kax-
JbIM TPAH3UCTOPOM B 3aTBOPHOM LiENH NPUMEHEHa
RC-1ienb, KOTOpasi CyIIECTBEHHO CHIDKACT YCHIICHUE
KacKajla Ha HU3KUX 4acTOTaX, YTO MOBBIIAET YCTOM-
YUBOCTb YCHJIUTEIIS.

BxonHO# kackaa COCTOMT M3 LIeNH HOJaqd cMe-
LIeHHs1 TI0 3aTBOPY MEPBOrO Kackana, TpaHc(opMu-
pyrolei-comacyromei uenu, arreHtoatopa 2 ab u
Pa3BI3BIBAIOIIETO KOHICHCATOpa. ATTEHIOATOP HE00-
XOIIMM JUTs 0OecTieueHust TpeOyeMOoro YpOBHS cOIvIa-
coBaHus B nojioce yactot 24...38 I'T'.

B MOIIHBIX YCHINTENSAX NPUMEHSIOTCS KaCKa bl
13 YETHOTO YMCiIa MapajuieNIbHO BKIFOYEHHBIX TPaH-
3ucTopoB. Kakaplid TpaH3HUCTOpP MMEET OTIMYHS B
AMEKTPUUECKUX XaPAKTEPUCTHKAX B CBSI3U C TEXHO-
JIOTUYECKUM Pa30pOCOM H3TOTOBJICHHA. ACHMMET-
pHS DNEKTPHUYECKUX XapaKTEPUCTHUK CO3AET YCIO-
BUSl JUIS BO3HUKHOBEHHS BO30YXKICHHS HEYETHOU
MOZIBI W3-3a Pa3HOTO ypoBHS Hampspkennii CBY-
CHTHaJa Ha MIeKTPOIax TPpaH3UCTOpoB. [t cHIDKe-
HHSI pUCKa BO30Y)KAEHMSI HEUETHOM MOIBI B LIENH C
napajienbHO BKIIOYCHHBIMU TPaH3UCTOpAMU HEOO-
XOAUMBI pe3ucTopbl. Ha npakrtike naHHBIE pe3UcTO-
PBI CHIDKAIOT aCUMMETPHIO MEXIy MapauieJIbHbIMU
OYTSMH yCHJICHUHSI, TTOBBIIIAsi CTAOMIBHOCTh M BBI-
XOIHYI0 MoIHOCTh [7, 8]. B BeIxomHON Kackaj
HPE/ICTABIICHHOTO YCUITHTENS (MEXIy IBYMS TpaH-
3UCTOPaMHK) BKJTFOUCHBI pe3rcTophl 15 OM B 3aTBOp-
Hy!o 11e1b 1 20 OM B CTOKOBYIO.
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a

Puc. 3. ®otorpaduu MUC ycunureneii Ka-nuanasona: a — nepBoro; 6 — BTOporo THIIOB

Fig. 3. Photographs of Ka-band power amplifier MMICs: a — first MMIC; 6 — second MMIC

Bropoii Thn ycunurens peaau3oBaH B BUJIE Ma-
paJUIEIIBHOTO BKITFOUEHUS IBYX YCUJIMTENEH NEPBOro
THIIA, peannsysl cuH(pa3HOe JIEIeHHe U CyMMHpPOBa-
HHUE MOIIHOCTH TI0 BXOAY M BBIXOLy COOTBETCTBEHHO.

Bxon u Beixon MUC ycunurenei coriacoBanbl
Ha Harpy3ky 50 OM. KoHTakTHBIE MIOIIAAKHU IH-
TaHUsI PACIOJIIOKEHBI CHMMETPHYHO 110 00€ CTOpo-
Hbl Kpuctamia. @Dororpaduum  HM3roTOBIEHHBIX
MMUC ycunutenei npeacrasieHs! Ha puc. 3. ['aba-
putHeie pasmepel MHMC mepBoro Tuma —
2.8 x 1.4 mm, BTOpOro — 3.2 X 2.4 Mm.

PesyabTrarsl usmepenuii. M3mepenust mnapa-
MeTpoB u3rotoBieHHbIXx MUC ycunnrteneid mpo-
BOJWINCh Ha IUIACTHHE CIUIOIIHBIM KOHTPOJIEM.
Ilocne pe3kn miIacTUHBI OTHAENIBHO OTOOpaHHBIE
KPHUCTAJUIBl U3MEPEHBI B COOpKE C BCIIOMOTaTelb-
HBIMU KpHCTaJIaMH Nofa4du nutanus. KoHcTpyk-
U COOPKM aHAJIOTMYHA MO3aW4HON THOPUIHO-
MOHOJUTHON uHTerpanbHoi cxeme CBY [9], uto
oOecrieunBaeT Onuskoe pacmonoxenne Kk MUC
CBY 06;10KkMpOBOYHBIX KOHJICHCATOPOB HOMUHAIIOM
6osiee 100 nd (B JaHHOM cilydae KOHIACHCATOP IO
menu croka HomuHaioM 6omnee 400 nd, mo menu
3atBopa — Oosnee 1000 nd). K kaxmomy kackamy
NOIBEJIEHa OTAENbHAs IIENb JAEIUTEIN HalpsbKe-
HUS U TIOAa4U HalpshKeHUsl cMerneHus. Bee us-
MEpEeHUs NPOBEIEHbl C NPUMEHEHUEM MHOTOIH-
HOBBIX HHU3KOYacTOTHBIX 30HA0B u CBUY-30H10B
koHpurypamueir G-S-G. Pexxum nutaHus npu us-
MEpPEHHH DJJIEKTPUYECKUX NapaMeTpoB — Helpe-
pBIBHBIN. THIIOBOM paboYMii PEKUM YCHIUTEIICH
coctasiseT 4.5 B, 330 u 660 MA 11 MUC nep-
BOI'0 ¥ BTOPOI'0 TUIIOB COOTBETCTBEHHO.

Pesynbratel u3mepennit S-napamerpo MUC

25
20

S-niapamerpsl, 1b

Yacrora, [T

Puc. 4. Tpaduku 3aBUCUMOCTEH MaTOCUTHATIBHBIX
napameTpoB MUC nepBoro tuna ot 4acToTel. HempepriBHBIE
JIMHUYU — U3MEPEHUs; LITPUXITyHKTUPHBIC JINHUU — PAacueT

Fig. 4. Small-signal performance of the first PA MMIC.
Solid lines — measurements; dashed lines — simulation
MepBOrO THMA MpencTaBieHsl Ha puc. 4, MUC

BTOPOTO THIIA — HA PHUC. 5.

IIpu xomHaTHOU Temmeparype ko3hduuueHT
ycunenuss MMC mepBoro Tuma IpeBbIILIaET
17.5 nb B muamazone 4dactot 26...38 I'T, koad-
(unmMeHT CTOosiueH BOJNHBI 1O  HAIPSHKCHHIO
(KCBH) Bxonma u BeIxona menee 2. MUC Broporo
TUna obecrieynBaeT KOIPPHUIMEHT yCcHIeHUsT 00-
nee 17 nb B namamazone gactot 24...38 I'T nipu
KCBH Bxona u Beixona menee 2. YactoTHas 3aBu-
CUMOCTH KOA(QUIIMEHTa YCUIICHUS MMOKa3aHa IMpH
TpEeX 3HAYCHUSAX TEMIICPATYphl OKpYyKaromlel cpe-
el 22, 85 u —60 °C. OTkIOHEHHE 3HAYCHHH KO-
a¢duueHTa yCuaeHus OT 3HaYeHUH MPU KOMHAT-
Ho# Temneparype coctariseT 1.5 n1b npu —60 °C u
—1.5 nb npu 85°C ans MUC mnepBoro Ttumna
(puc. 6), a gt MUC Broporo tuma — 1.8 u
—1.6 nb coorBercTBenHO (puc. 7). Takum oOpazom,
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Puc. 5. I'paduiku 3aBUCUMOCTEH MalOCUTHATBHBIX
napamerpoB MUC BToporo tumna ot 4actotsl. HenpepsiBHbIE
JIMHUY — U3MEPEHHS]; IITPUXITYHKTUPHBIE JINHUN — pacyeT

Fig. 5. Small-signal performance of the second PA MMIC.
Solid lines — measurements; dashed lines — simulation
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Puc. 6. I'paduxn 3aBucuMocTeil koddduimenTa ycuneHus
MUC nepBoro TUma oT 4acTOTHI IIPU Pa3HBIX TEMIIEpaTypax
OKpYKaloIeH cpezpl

Fig. 6. Small-signal gain temperature dependence
of the first PA MMIC
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Puc. 7. T'paduku 3aBucumMocteit kodpduirenTta ycuneHus
MUC BTOpOro THIA OT YaCTOTHI IPH PA3HBIX TEMIIEpPATypax
OKpYKaloIeH cpezbl

Fig. 7. Small-signal gain temperature dependence of the
second PA MMIC
M3MeHeHUe KoA(pPUITNCHTa YCHICHUS B 3aBUCUMO-
CTHU OT TEMIIEPATYPHI COCTABIISIET OPUECHTUPOBOYHO
0.025 nb Ha 1 °C mas MUC nepBoro u BTOPOro
TuroB. CpaBHEHHE HM3MEPCHHBIX 3aBHUCHUMOCTEH
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232425262728293031323334353637383940
Yacrora, [T

Puc. 8. T'paduku 3aBUCUMOCTEN BBIXOTHONH MOIITHOCTH
u KIIJ] ot wactorst MUC nepBoro tuna

Fig. 8. Output power and PAE of the first PA MMIC
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Ky U TOKa CTOKa OoT BX0HOH MorHoct MUC nepBoro tuna

Fig. 9. Output power, PAE, gain and drain current versus
input power for the first PA MMIC

MaJOCUTHANIBHBIX NapameTpoB MUC mnepBoro u
BTOPOTO THUIIOB C PACYCTHHIMU JAHHBIMHU CBUJIEC-
TEIBCTBYET O CHUKCHUM BEpXHEH I'PpaHUIIBI AUana-
30HAa 9acTOT ycuyieHus Ha 2 [T

YacTOTHbBIE 3aBUCHMOCTU BBIXOAHOW MOIIHO-
cru u KIIJI B mmama3zone wactor 23...40 I'Tng
MMUC mnepBoro THIa TpencTaBICHH Ha pHC. 8,
MMUC Broporo tuna — Ha puc. 10. YpoBeHb Bxoa-
HOM MOIIHOCTU cocTaBisteT 12 u 15 nbm mua
MHUC nepBoro v BTOPOro THIIOB COOTBETCTBEHHO.
Nmnenanc narpysku 50 Om. Ha puc. 9 npencras-
JICHBI 3aBHCHUMOCTH BBIXOAHOM MmorHoctH, KIIJI,
k03 (UIIMEHTa YCHUIICHUS M TOKA MOTPEOICHHS OT
BXOJHOW MOIIHOCTH Ha wactoTax 32 [T (uepuas
munaust) u 38 I'Tn (kpacHas muaust) mst MUC nep-
BOrO THIIA, HA puc. 11 — ans MUC Broporo Tuma.

Brixonnast momHocTs Hackimenuss MUC mep-
Boro Tuma npesbiaet 25.5 nbm npu KI1JI cBeime
19 % B nuamazone yacrtor 26...38 I'Tn. B ToMm xe
nuamnazone MUC Broporo tuma o0ecreunBacT BbI-
XOJIHYHO MOIIHOCTb HachlllieHus 0ojiee 28.4 nbm, a
KITJ{ npesprmaer 19 %. B pmamazone wactoT
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Puc. 10. I'padyikut 3aBUCHMOCTEH BBIXOTHOU MOIIHOCTH
u KIIJI ot wactorst MUC BTOpOro tuna

Fig. 10. Output power and PAE of the second PA MMIC
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Puc. 11. T'paduku 3aBucumocTeil BerxoaHoi morHoctH, KI1/1,

Ky 1 TOKa cTOKa 0T BX0HOM MotmHocTn MUC BToporo thna

Fig. 11. Output power, PAE, gain and drain current versus
input power for the second PA MMIC
24...40 I'Ty BeIXOmHAs MOINMHOCTH HACKIIIEHHS

MMUC nepBoro tuna npessimaet 24 nbm, a MUC
BTOpOro tuma 27.5 nbm, momHOCTBIO mepeKphIBas
Ka-nnama3on yactor. XapakTepUCTUKU ABYX YCH-
JUTENe B KOMIPECCHU IUIaBHbIE, 0€3 MPU3HAKOB
HECTaOMIIBHOCTH U T€HEepaly HEYeTHON MOJIBI.
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IIpoBeneHsl M3MepeHUs] BBIXOJHBIX XapaKTe-
PUCTHK YCHJIMTENEH B 3aBUCHMOCTH OT UMIIe/IaHCca
Harpy3ku B paauyce KCBH Harpy3ku paBHOro 2
mis mmnenanca 50 OM Tmpu ypoBHE BXOMHOU
MomHOCcTH 12 nbMm mrt MUC mepBoro tuma u
15 nbm ms MUC Broporo tuma. KoHTypbl BbIXOH-
HOW MOIIHOCTH B 3aBHUCHMOCTH OT HWMIIEaHCa
Harpys3ku npezacrasiaeHs! Ha puc. 12 qngs MUC nep-
BOro THMa U Ha puc. 13 s MUC Broporo tuna.

MakcuMyMbI BeIXOMHONW MomHOCTH 1ist MUC
MIEPBOTO THIA Ha YacToTax ot 26 mo 40 I'T1r nexar
B pagnyce KCBH narpysku paBHOTO 2, a mipe/eis-
HbIl ypOBEHb BBIXOJHOW MOIIHOCTH IPEBBIIIAET
25.8 1bm B auamnasone vactot 24...40 I'T'u, nocruras
26.4 nbm Ha yacrtorax 26...29 I'Tu. OnruManbHbIiA
nmriegaic Harpy3ku MU C Broporo THma B [uarna3oHe
26...40 I'T'y nexxur B pagmyce KCBH Harpysku pas-
HOTO 2, a MakCHMaJIbHas BBIXOIHAS MOIIHOCTH IIpe-
Beimaer 28.3 a1bm B mumamaszone 24...40 I'T, moctu-
ras 29.3 nbm Ha yactorax 26...29 I'T1.

B Tabn. 2 mpuBeneHsl apaMeTpbl COBpEMEH-
vbix MUC ycunmureneit momuaoctn Ka-nuamasona
4acTOT C YPOBHEM BBIXOIHON MOIIIHOCTH, OIHM3KUM
K paspaboranneiM MUC. Paszpaborannsie MUC
LIMPOKOIIOJIOCHBIX ~ YCHJIMTENEH 00ecleunuBaroT
MHUPOBOM ypOBEHb JOCTHXKEHHUWA IO CO3JaHUIO
MMUC ycunmureneit Ka-auamnazona.

3akiaouenne. [IpeacraBieHbl  pe3yabTaThI
paspabotku a1Byx MUC mIMpoKonoIoCHBIX YCHIIU-
Tenei MomHocTH Ka-muamna3oHa, H3rOTOBICHHBIX
mo texHonoruyeckomy npoueccy 0.13 mxm GaAs
PHEMT, peanuzoBanHomy B AO «HIIII "Hecrok"
um. loknna». MUC nepBoro tuna obecrieunBaet
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Puc. 12. Koutypsl BeixonHoi MouHoctd MUC nepBoro Tumna B 3aBUCUMOCTH OT UMII€JIJaHCA HATPY3KH HA YacTOTax:
a—-261Tu; 6 -331Tw; 6—40 1T

Fig. 12. Load-pull power contours for the first PA MMIC at: a — 26 GHz; 6 — 33 GHz; ¢ — 40 GHz
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Puc. 13. KouTypsl BeixoaHo# MorHocTH MUC BTOpOro THITA B 3aBHCHMOCTH OT UMIIEJaHCA HATPY3KH Ha YaCTOTaX:

a—-261Tu; 6 —331Tw; 6—40 1T

Fig.13. Load-pull power contours for the second PA MMIC at: a — 26 GHz; 6 — 33 GHz; ¢ — 40 GHz

Ta6a. 2. OcHOBHBIE MapaMeTpbl pa3paboTaHHBIX, paHee OMmyOIMKOBaHHBIX U BbImyckaeMbix MUC ycunmuteneii Ka-auanasona

Tab. 2. Summary of Ka-band power amplifiers MMICs benchmarks

Auanasox Tox Hanpsprenue Texnonorus T'abapuminie
YacTor, PyonbM | Ky, 16 | KI, % A B PO pa3mepsl, Ccbuika
T CTOKa, CTOKa, p i .
26...38 >255 | >175 | >19 <04 45 013GaAspHEMT | 28x14 | Famad
CTaThbst
26...38 >284 >17 >19 <08 45 0.13 GaAs pHEMT 32x24 }g;l::;:
19...32 >24 >13 >26 <0.25 5 0.15 GaAs pHEMT 2x1 [2]
26...34 > 22 >13 >30 <0.13 6 0.15 GaAs pHEMT 21x14 [3]
26...31 > 27 >13 > 22 <0.35 12 0.15 GaAs pHEMT 16x13 [4]
24...38 >235 > 15 >21 <0.25 5 0.15 GaAs pHEMT 2x1 [5]
24...32 > 285 >15 >27 <05 5 0.15 GaAs pHEMT 24x11 [5]
26...38 >27 > 25 > 16 <0.8 5 0.15 GaAspHEMT | 2.74 x1.49 [10]
28...38 >26.5 >23 > 12 <0.17 20 0.15GaN on SiC 1.65 % 0.67 [11]
27...31 >27 > 25 >18 <05 55 GaAs pHEMT 218x1.0 [12]
20...42 > 28 >14 >8 <12 5 GaAs pHEMT 2.75%x18 [13]
26...30 >28 > 17 >13 <1 6 0.25 GaAs pHEMT 35%x25 [14, 15]

ko3 unmenT ycunenus 6onee 17.5 a1b B nauana-
30He yacTtoT 26...38 I'Tn, BeIXOgHAS MOIIHOCTH
npesbiaer 25.5 nbm npu KIIJ] ceeime 19 %.
MUC Broporo Tuma B [OMaNa3OHE YacTOT
26...38 I'T'u umeeT KodQPHUIMEHT yeuIeHHus Ooiee
17 nb, BeIXOMHAS MOTTHOCTH Oosee 28.4 mpu KI1J]

cBoimie 19 %. JlocTUurHyThle XapaKTepUCTUKH yCH-
JUTENeH TO3BOJSIFOT MPUMEHSTh pa3pabOTaHHBIC
MUC CBY B u3MepuTeIbHOM 000PYIOBaHUH, CO-
BPEMEHHBIX U MEPCIEKTUBHBIX MIUPOKOMOIOCHBIX
CHCTEMax CBSA3H W PaJHOJIOKAINHA MUILIIMETPOBO-
TO AWara3oHa JTHH BOJH.
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AHHOTALUA

Beeodenue. CoBpeMeHHOE TPOMBINIICHHOEC TIPOW3BOJICTBO CIOXKHO TPENCTaBUTH 0e3 HWH(POPMALHOHHO-
HU3MEPUTENBHBIX CHCTEM KOHTPOJII M IHAaTHOCTUKHA OOBEKTa Ha BCEX dTamax TEXHOJOTHMYECKOro mporecca. Poct
CIIO)KHOCTH OOBEKTOB BEJICT K YBEIHMUCHUIO 00beMa H3MEPHUTEIBHON HHPOPMALINH, UTO CHIKAaeT OBICTPO/ICHCTBHE, a
TaK)K€ JOCTOBEPHOCTh KOHTPOJISL U AUATHOCTUKHU. TpauLIMOHHOE PEILIEHUE 3aKIII0YAETCs B HApaUIMBAHUK BBIYUCIIH-
TEBHON MOIIHOCTH U OyIydd 3KCTCHCHBHBIM JIMIIb OTKJIAbIBACT MPpoOIeMy. B kauecTBe anbTepHATHUBBI B TaHHOMN
CTaThe MpeJIaracTcsi H3MEHUTH AITOPUTMHUECKOE 00eCIICUeHIE, BBEAS B HET0 MEXaHU3M aJalTHBHOCTH. AJJalTHB-
Has KOMMYTalisi B MHOTOKaHAJbHBIX CUCTEMax TEXHUYECKOH NHAarHOCTUKH C BPEMEHHBIM pPa3/ielICHHEM KaHAJIOB
MOBBIIIACT JOCTOBEPHOCTh KOHTPOJIS U TUATHOCTUKK OOBEKTA HCCIICIOBAHMS.

ILlenv padomer. Pa3zpaboTka anrOPUTMUICCKOTO 00ECIICUCHISI MHOTOKAHAIbHBIX CUCTEM TEXHUYECKOW THArHOCTUKU
U IOCTPOEHHUE HA €r0 OCHOBE BO3MOXKHOIO BApUAHTA CTPYKTYPHOM CXEMBI CUCTEMBI.

Mamepuanvt u memoowl. VccnenoBanue MeXaHu3Ma aJanTalyy s MHOTOKaHAJIBHBIX CHCTEM TEXHUYECKOIO Jua-
THOCTHPOBAHUS TPOBOAMIOCH METOJJAMH CTATUCTHYSCKOTO MOJACIHPOBAHUS M3 TEOPUH MAaCCOBOTO OOCTY)KHBaHUS,
cama CHCTeMa THarHOCTHKH MPEACTABIACT CO00I CHCTEMY MacCOBOTO OOCITY)KHBAHUS.

Pesynomamet. PazpaboTaHO adropuTMHUYEcKoe OOecIieueHHe W CTPYKTYpHAs CXeMa MHOTOKaHAIBHOW aJanTHBHON
CHUCTEMBbI TEXHUUYECKON NHarHoCTUKU. [IpoBeaeHbl MaTeMaTHUYEeCKUE PACYETHI IO OLIEHKE MOTPEIIHOCTH OT MHOTOKa-
HAJBHOCTH JAJIs1 JAaHHOTO THIIA CHCTeM. Pe3ynbTaTel MCCIeNOBaHUS MPUMEHUMBI TIpU pa3paboTke WHPOPMAIMOHHO-
U3MEPUTENIbHBIX CUCTEM PA3JIUYHOIO HAIlPaBJIEHUS.

3axnrouenue. [IpuMeHeHre aJanTUBHOTO MPUOPUTETHOTO OMPOCa B MHOTOKAHAIBHBIX CHCTEMaX TEXHUYECKOH Jua-
THOCTHKH TIO3BOJISIET TIOBBICUTH IOCTOBEPHOCTh M OBICTPOICHCTBUE MOWCKA MECTa HEUCITPABHOCTU B CIIOKHBIX TE€X-
HUYECKUX 00bekTax. McciieoBaHHbII MaTeMaTHYECKHA ammapar OIeHKH METOAMYECKOM MOTPENTHOCTH OT MHOTOKA -
HaJIbHOCTH T03BOJISIET TOYHO 3a/]]aTh TPAHHULIBI €€ I0MYCTUMBIX 3HAUCHUMH.

KiroueBble cjioBa: crcTeMa TEXHUYECKOW TUATHOCTUKH, alallTUBHBIA METO/, aITOPUTM, CTPYKTypHAas cXeMa, MHO-
TOKaHAJBHOCTB, IOTPEIIHOCTh AMMPOKCHMAIIUH, TEICH3MEPUTEIFHBIE CHCTEMBI, CHCTEMa MAacCOBOTO OOCITY)KHBa-
HUS, METOANYECKas OTPEIIHOCTh

Jasi uurupoBanusi: Autontok E. M., I'Bozaes JI. C. MHorokaHanabHbIe aJanTUBHBIE CHCTEMbl TEXHUYECKOH aua-
raHoctuky // 13B. By3oB Poccun. Paguosnekrponnka. 2025. T. 28, Ne 5. C. 94-104.
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Abstract

Introduction. In modern industrial production, the role of information and measurement systems for monitoring and
diagnostics at all stages of the technological process cannot be underestimated. The increasing complexity of objects
leads to a growing volume of measurement information, which reduces the promptness and reliability of monitoring
and diagnostics. The conventional approach consists in increasing the computational power, which only postpones
the problem. As an alternative, this article proposes changes in the existing algorithmic support by introducing an
adaptability mechanism. Adaptive commutation in multichannel technical diagnostic systems with time-division
channeling enhances the reliability of monitoring and diagnosing the object under study.

Aim. To develop an algorithmic support for multichannel technical diagnostic systems and, on this basis, to propose
a possible version of the structural diagram.

Materials and methods. The study of the adaptation mechanism for multichannel technical diagnostic systems
was conducted using the methods of statistical modeling borrowed from queuing theory, with the diagnostic
system itself represented as a queuing system.

Results. An algorithmic support and a structural diagram for a multichannel adaptive technical diagnostics
system are developed. Mathematical calculations were performed to estimate the multichannel-induced error
for this type of systems. The research results can be applied when developing various types of information and
measurement systems.

Conclusion. The application of adaptive priority polling in multichannel technical diagnostic systems enhances
the reliability and speed of locating faults in complex engineering objects. The studied mathematical framework
for assessing the methodological error associated with multichannel operation allows its permissible error mar-
gins to be accurately determined.

Keywords: technical diagnostics system, adaptive method, algorithm, structural diagram, multichannel, approxima-
tion error, telemetry systems, queuing system, methodological error
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Beenenne. bojbIIMHCTBO COBPEMEHHBIX MPEA-
HNpUSATUN U HAYYHBIX YYPEXKACHUM CETrOAHs CTall-
KHBAIOTCS C HEMPEPHIBHBIM YBEITMYEHUEM KOJIMYe-
cTBa mHpOpMaIHH, KoTopasi TpeOyeT TIIATEIbHOTO
KOHTpOJIsi, 00paboTku u ananu3a. C ydeToM crpe-
MUTENBHOTO PA3BUTUS TEXHOJOTHUH TOSABISAETCS
ocTpas HEOOXOMUMOCTh B mNpuMeHeHHH 3ddek-
THBHOTO WHCTPYMEHTAapusl Ui W3MEpEeHus |
ynpasieHuss WHOPMAIMOHHBIMU TOTOKamu. Og-
HUM M3 TaKUX WHCTPYMEHTOB BBICTYIAIOT WH(OP-
ManuoHHO-m3MepurenbHbie cucteMbl (MUC), ko-
TOpbIe TPUMEHSIOTCS KaK B IPOMBIIIJIEHHOCTH,
TaK ¥ B HAyYHBIX MCCIIEAOBAHMIX B CAMBIX Pa3HBIX

HBIE YCTPOMCTBA, MO3BOJIAIONINE OCYIIECTBISTH
cbop, 00paboTKy, Tiepenady M OIeHKY WH(pOpMa-
[IUH, 9TO ABJSAETCS 0a30i A MPUHATHS PEIICHUIA
Ha Pa3UYHBIX ATalax YIpaBJIeHHsS W IKCILTyaTa-
1y obopynoBanus [1].

NHC umeroT oOMMPHYIO KiIACCH(DUKAIMIO, B
YaCTHOCTH, WX MOXHO pPa3JeNuTh M0 (HYHKIHO-
HaJIBHBIM 3aJadaM. BpInensior u3MepuTesbHbIe
cuctembl (MC), cuctemMbl aBTOMAaTHYECKOTO KOH-
tpons (CAK), cucTeMbl TEXHUYECKOW THAarHOCTHKH
(CTH), cucremsl paciozHaBanus 0opazon (CPO).

Kaxnas u3 Takux cucreM 00ianaeT yHUKaJb-
HBIMU BO3MOXKHOCTSIMH, TO3BOJISIIOIMMHU PEIIATh
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HC cmyxar ans cOopa TaHHBIX O TapaMeTpax
pa3IMIHBIX OOBEKTOB M BBICTYIAIOT OCHOBOW IS
ToCTpOCHNUS Oojlee CIOKHBIX pereHrnit. OHM UMEIOT
BakHoe 3HadeHue st padbotel CAK, CT/I u CPO, tak
Kak 00eCTIeUHBAIOT X UCXOMHOM MH(OpMAITHCH.

CAK, mpoBepsItoIie COOTBETCTBUE OTACTHHBIX
mapaMeTpoB 0ObEKTa 3apaHee 3aJaHHBIM HOpMaw,
BBITOJTHSIOT 337a4d KOHTPOJISL M YIPABICHUS TEX-
HOJIOTMYECKHUMH TPOLIECCAMM, YacTO HCIONb3YS
pe3yabsTaTsl u3Mepenuil, noxydennsie ot MC.

CPO ocymiecTBasSOT UACHTUPUKAINIO U KJIAC-
CHU(HKALUIO Pa3TUYHBIX OOBEKTOB HA OCHOBE aHa-
JU3a UX XapaKTepUCTHK.

Opnum u3 BugoB MUC sensrorcs CT/I, mo3Bo-
JIIIOIIAE BBISBIIATH (DAaKT BO3HUKHOBEHHS HEHC-
MPaBHOCTU O0BEKTa MCCIIEIOBAHUS U HAXOAUTH Me-
CTO 3TOH HEUCTIPABHOCTH B CIIOKHOM OOBEKTE.
B CT]] Bcerna mpucyTCTBYIOT 3JIEMEHTHI aBTOMATH-
YEeCKOro KOHTpOJIs, T. €. POBEpKa COOTBETCTBUSA I1a-
pamMeTpoB 00BbEKTa 3apaHee 3aJaHHbIM HopMaM. 1o
pe3yabTraTaM KOHTPOJISI MOXKET IPUHUMATBCS pellie-
HUE T10 PeryJarpOBaHHIO U YIIPaBIECHUIO, HalIpUMep,
TEXHOJIOTHYeCKUM TporieccoM. B otmmune ot CAK,
MOTYYAOIMX WH()OPMAIMIO HETIOCPEACTBEHHO OT
oowbekta, Ha Bxombl CTJl momaroTcsi CUTHAIIBI Tak
Ha3bIBAEMOT'0 TUATHOCTHYECKOTO TECTA.

CT/] MOryT OCyIIECTBIATH TaKXkKe OIEPALHIO
MIPOTHO3UPOBaHUSL PabOTOCIIOCOOHOCTH O00BEKTa
M0 pe3yNnbTaraM MPOBEPKH OTIENBHBIX TapameT-
poB. Hampumep, nmpoBepka cONpOTHBIEHUS U30IIs-
MU B Pa3HBIX TOYKAX JUATHOCTUPYEMOTO 00BEKTa
MOJKET TOKa3aTh, YTO COMPOTHUBIICHHE W3OJISAIUU B
OTIPENICJICHHOM MeCT€ MEHbIIE HOMHUHAIILHOTO
3HAYEHUs, XOTSI OOBEKT IOKa e1le PYyHKINOHHUPYET.
DTO O3HaYaeT, 4TO HEOOXOIUMO KOHTPOIUPOBATH
3HAYEeHHWE NaHHOTO TapaMeTpa M HE JIOMYCTHUThH
HepabOTOCTIOCOOHOCTH OOBEKTA.

[lpy KOHTpOJE ¥ JMATHOCTHKE JBIDKYIIAXCS
OOBEKTOB WIIM HAXOMSIINXCS HAa 3HAYUTEIILHOM pac-
CTOSIHMM OT TIOTPEOUTEINs, B TOM YHCIIE M TIPH JHa-
THOCTHKE OOBEKTOB, HAIIPUMEp, aTOMHOM DHEPreTH-
KH, TIPUXOIUTCS MCIONB30BaTh CICUAIbHBIC KaHa-
JTIBI CBSI3H, TIO3BOJISIFOILIME YMEHBIIATh MOTPEIIHOCTH,
BO3HHUKAOIINE TIPH Tiepeiade MHGOpPMAIMU Ha 3Ha-
YHTENIHbHBIC pPACCTOSHUS. Takhe CHUCTEeMBbI HOCST
Ha3BaHue Tenensmepurenbablx cucreM (THUC), xots
3TO COBCEM HE 3HAYWT, YTO TEPENaeTcsl TOIBKO W3-
MeputenbHas uHopMarmmsa. C MOMONIBI0 COOTBET-
CTBYIOIINX KaHAJIOB CBSI3M Ha OOJBIIOE PacCTOSIHUE

MOXKET TIepeIaBaThcs Takke HH(POpPMAIHI 0 KOHTPO-
JIe ¥ TUarHoCTHKe 00BhEKTa HCCIIeIOBaHus [2].

B UNC c GonpmmM MHOKECTBOM HCTOYHHKOB
WHOPMAIH B TTOJABISIONIEM OOJBIITUHCTBE CITY-
YaeB OCYIIECTBISETCS BPEMEHHOE pa3lielieHue u3-
MEpPUTEITHHBIX KAHAIOB MOCPEICTBOM IUKIIIYECKO-
ro ompoca. Yactora HM3MEpeHUN, KOHTPOJIS, JHa-
THOCTHKH Y UJICHTH(UKAIIMK OTPENENISTCS ¢ yde-
TOM 0COOCHHOCTEH MaKCHUMAJIBHBIX JTUHAMUYCCKHUX
XapPaKTEPUCTUK OOBEKTOB. JTO 3a4aCTYIO MPUBOIUT
K 3HAUYUTEILHOMY H30BITOUHOMY OObEMY IaHHBIX,
4TO, B CBOIO Ouepe/b, TPEOYeT IOMOTHUTEIHHBIX
BBIUUCIIUTEIIBHBIX PECYpPCOB Jisi OO0pabOTKH WH-
(dopMaluy, pacUIMPeHUs MOJOCHI MPOIMYCKAHUS
KaHAJIOB CBSI3M U YBEJIUUCHUSI €MKOCTH HOCHUTEICH
JTAaHHBIX TSI 3aMKMCHIBAIOIINUX YCTPOMCTB [3-5].

OTMETUM, YTO CHUCTEMbI TEXHHYECKOM HAarHo-
CTHKH 3aCITyXKHBAIOT OT/JCJIBHOIO BHUMaHuUs. B ycio-
BUSIX COBPEMCHHOM IPOMBIIUICHHOCTH ¥ HAy4YHBIX
WCCIIC/IOBAHUI TEXHUYECKAs TUArHOCTHKA CTAHOBHT-
Cs HE3aMCHUMBIM HMHCTPYMEHTOM JUI OOCCIICUCHUS
OecriepeOoiiHON paboTh 000PYIOBaHUS M MUHAMH3a-
LM PUCKOB BO3HMKHOBEHUS aBApUIHBIX CHUTYal[UM.
3710 0COOCHHO aKTyallbHO ISl TAKHX OTpacieid, Kak
MallIMHOCTPOCHUE, SHEPreTHKA, aBUAIMOHHAs U KOC-
MHYECKasi IPOMBIIIICHHOCTh, [JIe OTKa3 00OopyaoBa-
HHSI MOYKET TIPHBECTH K CEPHE3HBIM TTOCIIE/ICTBHSM.

JlmarHocTruecknid TPOIECC TOApPa3yMeBaeT
CIIO)KHOE B3aMMOJICHICTBUE MEXIYy OOBEKTOM, JTha-
THOCTUYECKUMH CPEJICTBAMU M OIIEPATOPOM, KOTO-
pele B COBOKYITHOCTH OOpa3ylT IHarHOCTHYE-
ckyto cucremy (HC) [1]. D10 B3aumoneicTBHe
MO3BOJISIET HE TOJILKO OOHAPY)KUBATh TEXHHUYECKHUE
HEWCIIPaBHOCTH, HO U MTPOTHO3MPOBATH BO3MOKHEIE
po0IeMbI B OyAyIIEeM, YTO TOBBIMIAET HAICKHOCTh
SKCIUTyaTallii CJIOKHBIX TMPOMBIINUIEHHBIX OOBEK-
ToB. [Ipn 3TOM Y’KE Ha ATare MPOEKTUPOBAHUS JaH-
HBIX 00BEKTOB HEOOXOIUMO YUUTHIBATH TPEOOBAHHS
TEXHUYECKOH JMArHOCTUKH, KOTOPBIC MO3BOJSIOT
B JJaJIbHEUIIIEM MPOBOANUTH HEIIOCPEICTBEHHO caMy
JIMATHOCTHUKY OOBEKTOB B COOTBETCTBUU C YCTAHOB-
JICHHBIMU CTaHAaPTaMU U HOPMaMH.

JlnarHoctuka J000ro 0O0bEKTa HAYMHACTCS C
BIpaOOTKM Habopa TpeGoBanuid. K HUM oTHOCSTCS:
CIHCOK OLICHWBAGMBIX JHArHOCTUUECKHX ITOKa3are-
JIel; METO/bI WX OIICHKH, YCJIOBHS SKCILTyaTaluu
00beKTa; IMpU3HAKK JIS(PEKTOB M OTKJIOHECHHH, a Tak-
K€ aJTOPUTMBI U TpOorpamMma JAuarHocTuku [6]. Bee
3TH YCIJIOBUSI COCTABIISIOT OCHOBY U TIOCTPOSHHSA
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s¢dexruroit CTJ]. CTOUT OTMETHTH, YTO AJITOPHT-
MBI ¥ TIPOTpaMMa THarHOCTUKHU JTOJDKHBI OBITH pas-
paboTaHel TakuM 00pa3oM, YTOOBI OXBaTUTH BCE
BO3MOXHBIE CIIEHAPHW OKCIUTyaTallid OObeKTa M
TIO3BOJIMTH TOYHO W OTIEPATUBHO BBISIBIISITH TIOTEHIIN-
aJTbHBIE HEUCTIPABHOCTH.

OnvH W3 KITIOYEBBIX (DAKTOPOB YCIENIHOTO
BHezpenus u ¢pyHkuuonuposanus JJC — nmoctpoe-
HUE U UCTONb30BaHUE 3(PPEKTHBHBIX aITOPUTMOB
JTUArHOCTUPOBaHUS. TakKe alrOpUTMBbI MO3BOJIS-
IOT TONyYaTh OLIEHKY TEXHUYECKOTO COCTOSHUS
00BbEKTa C 3aJlaHHOW TOYHOCTHIO W TPUHUMATH
pElIeHUs O NalbHEUIINX ACHUCTBUSIX B OTHOUIEHUU
JMarHOCTHPYeMOro oObekTa. Pa3zpaboTtanHble aj-
TOPUTMBI SBIISIOTCS OCHOBOM TOCTPOEHUSI CTPYK-
TypHbIX cxeM ¢yHkuuonuposanus CT/I.

AnantuBHble ajaroputvmbl padorer CT/L
Cospemennbie CTJl cioxHBIX 00BEKTOB 00pada-
THIBAIOT 3HAYUTEIHLHOE YHCIIO MapaMeTPOB, MPsIMO
WM KOCBEHHO BIHUSIONIUX HA COCTOSHHE OIICHUBA-
eMoro o0bekTa. Bee 3To mpUBOAUT K HEOOXOTUMO-
CTH CO3JaHUS AJTOPUTMOB, MO3BOJISIIONINX TMOTY-
4arb, 00pabaThIBaTh U OLICHUBATH HH(OPMAIIHIO OT
0OJIBIIIOTO KOJIMYECTBA HMCTOYHUKOB, TEM CaMbIM
CO3/1aBasi MHOTOKAHAJIbHBIE CUCTEMBI.

TpaguiMOHHBIA MOAXOJ MpPU CO3[AAHUU AJTO-
PUTMOB C TIOCJIEAYIONIM MTOCTPOEHUEM CHCTEMBI —
IUKIIMYeCcKUi orpoc. OH 9acTo MPUMEHSIETCS B CH-
cTeMax C (PMKCHPOBAaHHBIM YHCIIOM IapaMeTPOB H
OTHOCHTENIbHO  CTa0WJIBHBIMH  JMHAMAYECKUMH
CBOMCTBaMU HX M3MEHEHUM. Peannzanus takoro me-
TOZAa TPOCTa W TIO3BOJISIET PABHOMEPHO pacripesie-
JIUTh PECYPCHI CHCTEMBI Ha BCE JUArHOCTHUPYEMbIE
mapameTpel. OHAKO IUKIMYECKOMY OMpOCY IIpH-
CYII PsiJ 3HAYMUTEIBHBIX HEIOCTATKOB, CHIDKAFOIINX
ero 3(peKTUBHOCTh B MHOT'OKaHAITBHBIX CHCTEMAaX.

Bo-niepBbIX, ogrHaKOBasg 4acToTa OMpoca BCex
WMCTOYHHKOB M3MEPHUTEIHHON MH(DOpPMAIUU MPUBO-
IUT K PAaBHOMEPHOMY pacHpeleCHUI0 BPEMEHU
MEXy BCEMH JUAarHOCTUPYEMBIMH ITapaMeTpamH,
BHE 3aBUCHUMOCTHU OT UX 3HAYUMOCTH, a TaKxke 0e3
ydeTa amnpUOpHBIX CBEIEHUH O JUHAMHYECKUX
CBOWCTBaX OOBEKTa IMATHOCTUKH. B peanbHBIX
YCIIOBUSIX 3HAUEHUS IapaMeTpoB OOBEKTa MOTYT
HU3MEHSTHCS ¢ PAa3HOM MHTEHCUBHOCTBIO, U HE BCE
U3 HUX TPeOyIT IMOCTOSHHOTO MOHUTOPHHTA C
3aJJaHHON YacTOTOW. DJTO 3HAYHUT, YTO CHUCTEMaA C
[AKJIAYECKUM OTPOCOM C OOJIBIITOI BEPOSTHOCTHIO
OyZeT TpaTUTh pPecypchl Ha TaK Ha3bIBAEMYIO H3-

OBITOYHYIO HH(POPMAIHIO, T. €. Ha IPOBEPKY Mapa-
METPOB, KOTOPBIE OCTAIOTCS HEM3MEHHBIMH Ha
MPOTSKEHUH JTUTEIHHBIX MEPHOJOB, B TO BpeMs
Kak OoJiee TPUOPHUTETHHIC M JUHAMHUYHEIC Tapa-
METPBI MOTYT HYXXJAThCsl B 00Jiee 4acToM Oompoce.
Takum 00pa3om, Mporecc JUarHOCTHPOBAHUS TPU
HaJIMYUN U30BITOYHON MH(POpPMAINK OTpaHUINBACT
3 PEKTUBHOCTh JUATHOCTHKH B CJIIOKHBIX OOBEK-
Tax ¢ OONBIINM YKCIIOM ITapaMeTPOB U HE TIO3BOJIS-
€T CBOCBPEMECHHO OOHAPY)KUBAaTh KPUTUYCCKUE U3-
MEHEHHSI TapaMeTPoOB 0ObEKTA.

Bo-BTOpBIX, IMKIMYECKUHA OMNPOC 3a4aCTyHO
MIPUBOJUT K CHMKCHUIO JOCTOBEPHOCTH CBEICHUM,
MOJIYYCHHBIX B XOJI€ ONepanuu auarHoctuku. Ilox
OIICHKOM JOCTOBEPHOCTH TIOHUMAETCS HE UTO UHOE,
kak BepostHocTh P[X € D], rne X — 3Hauenue au-

arHOCTUPYEMOIO Iapamerpa; [ — yIOBIETBOPSIO-
mui TpeboBaHUAM mperen. JaHHas BEpOSTHOCTH
OIKCBIBAET CUTYALMIO, IIPU KOTOPOH 3HAYECHUE IUa-
THOCTHPYEMOTO IapameTpa X He IPEBBICUT yCTa-
HOBJICHHOTO 3Ha4eHus D B MOMEHT BpeMeHH t <t

(t;— 3Ha4YeHWE BPEMEHM IPOLLIOrO ompoca). [l

TOro 4TtoOBI JOOUTHCS MAKCUMAIBLHO BO3MOXKHOIO
sHaueHns oueHku P[X € D], meoOxomumo moadu-

parh Nepuo Olpoca XapaKTEPUCTUK HA OCHOBAHUU
MX MaKCUMAaJIbHBIX JTUHAMHYECKHUX CBOMCTB. B yc-
JIOBUSIX OTPAHWYECHHBIX PECYPCOB CHUCTEMBI M30BI-
TOYHAsI 4acTOTa OMPOCOB MOXKET BBI3BIBATH IEpe-
TPY3Ky W CHIDKATh OOIIYI0 TPOM3BOAUTEIHHOCTD.
OCO0EHHO 3TO aKTyaJbHO ISl CIOKHBIX TeXHHYE-
CKHX OOBEKTOB, TJI€ YHCJIO IMapaMeTPOB MOXKET HC-
YUCIIATHECS NECATKAMU, COTHIMH M Ta)Ke THICIIaMHU.

Takum 00pa3oM, B MHOTOKaHAIFHBIX CHCTEMaX
UKINYECKUI OMPOC JEMOHCTPUPYET CBOIO HEd(-
(heKTUBHOCTH W3-32 HEOOXOIWMOCTH OIPAIINBaTh
BCE€ KaHAJIBI JAHHBIX C OJJMHAKOBOM YaCTOTOM, YTO
MPUBOIUT K HEPALMOHAIBHOMY HCIIONIb30BAHUIO
pPeCcypcoB, CHIXKEHUIO ONEPATUBHOCTU U MOTEHIIU-
aJIbHOM meperpy3Ke CUCTEMBI.

[IpuMeHeHue afanTUBHBIX aIrOPUTMOB — IEP-
CIICKTHBHBIA ITOIXO, CIIOCOOCTBYIONTUN ONTHMU-
3amuy TPOIECCOB KOHTPOJIA W THATrHOCTHPOBAHUS
CIIOKHBIX HH(POPMAIIMOHHBIX 00BEKTOB. B oTiu-
9Ue OT TPATUITMOHHOTO ITUKINYECKOTO KOHTPOJIS,
OCHOBAaHHOTO Ha JWCKPETHOM OIPOCE MCTOYHHUKOB
coobOmeHuil uepe3 (UKCHPOBAHHBIE HMHTEPBAIIBI
BPEMCHH, aJalTHUBHBIM aJITOPUTM MpEArojaraet
(hOKYCHPOBKY Ha TIEPBOOYCPEIHOM OMPOCE KOHEU-
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HOTO YHWCJIa HauOOJIee BAXKHBIX I (DYyHKIIMOHU-
pOBaHUS 00BEKTa U3MEPUTEIHHBIX KAHAJIOB U aHa-
JU3¢ TIOMYYCHHONH HWHQOpMAIUU, T. €. BBEACHUC
MEXaHW3Ma  TPUOPUTCTHOCTH  TMpPH  OMpOCeE.
B pesynbrare Takoro momxoma MOXET OOeCIeuu-
BaThCSl MPAKTUYECKH HETPEPHIBHOE JTHArHOCTUPO-
BaHHWE DTUX MapaMeTPOB W TMOBBIMIATHECS TOYHOCTH
Y HaJIeXHOCTh TOTY9IaeMbIX JaHHBIX [7].

OnHO M3 OCHOBHBIX MTPEUMYIIECTB aJallTHBHO-
T0 METOJa — €r0 CIOCOOHOCTh Ooiiee APHEKTHBHO
WCIONB30BaTh MH(popMaImonHsle pecypcel CT/I.
Yerpansisi M30BITOYHOCTD, MPUCYIIYIO IHKJIAYE-
CKOMY ONPOCY, CHUCTeMa KOHIICHTPUPYET YCHIIUS
Ha JIMAarHOCTUPOBAaHMM HamOoJiee BaXKHBIX U -
HaMUYHO HW3MEHSIONIMXCS TapaMeTpoB. OJTO He
TOJPKO CHIDKAeT HAarpy3Ky Ha CHCTEMY, HO U TO03-
BOJISICT 3HAYUTENHHO YBEIHYUTH KOJIHYECTBO JTHA-
THOCTHPYEMBIX TapaMeTpoB Oe3 ymepba aisi Ka-
YeCcTBa MOyYaeMBbIX JTAaHHBIX [§].

B OCHOBY ajanTHBHBIX aJTOPUTMOB CHCTEMBI
KOHTPOJISE M JIMATHOCTUPOBAHUS TIOJIOKEH TPUHITHUIT
OIIpE/ICIICHHsT HOMEpa U3MEPUTENILHOTO KaHala, Jha-
THOCTUPYEMBI TIapaMeTp KOTOPOro MaKCHMAaJIbHO
OTKJIOHHJICSI OT 3aJaHHOrO (HOMHHAJIBHOTO) 3Hade-
HUsl. IMEHHO 3TOT M3MEPHUTENBHBIA KaHaJ U JOJDKEH
OIpallIMBaThCcs B TEPBYIO o4epenb. BeiOop Takoro
KaHaJla MOXXET OCYILECTBISThCS Ha OCHOBE Iapall-
JIETIBHOTO, MOCIIEIOBATEIBHOTO MM TIOCIIEIOBATEb-
HO-TIapaJuIeTIFHOTO aHAJH3a.

[pu napauieIbHOM aHAJIM3e BO3MOXKHO HCIIONb-
30BaHHE AHAJIOTMU MEXJTy OIECPAIMsIMU aJireOphl JIo-
THKU ¥ MaKCUMaJTbHBIM 3HA4EHWEM CUTHAJIa, & UMEH-
HO XUY=max(X,y), Tme U — 3HaK OIepaluu
JWBBIOHKIMH. B 3TOM citydae orieparst HaXOXKICHUSI
M3MEPUTENILHOTO KaHasla ¢ HaUOOJIBIIMM OTKJIOHEHH-
€M JIMarHOCTHPYEMOTro MapameTpa OT HOMHHAJIBHOTO
3HAYEHMS OCYILECCTRISIETCS C MAKCHMMAaJIbHBIM OBICT-
ponerictBueM. Henoctarok napajieibHOTo aHajii3a —
3HAYUTENbHASL CIIKHOCTD, PE3KO YBEITMUMBAIOIIASCS
¢ pocToM uucia kaHanos [9, 10].

[Iporme B pa3paboTKe OKa3bIBAIOTCS CHUCTEMBI,
B OCHOBY KOTOPBIX TMOJOXEH IOCIEI0BATEIbHBIM
aHanu3. OmIMYUTEIbHAs 0COOCHHOCTh TaKHX CH-
CTeM — Hajuuue OJIoKa MOMCKa HAauOOJBIIETro 3Ha-
YeHMsI OTKJIOHEHUS, BbIpaOaTHIBAIOIIETO JIOTUYE-
CKUM CHUTHAJl MPH HPEBBIIICHUH MOCIEAYIOLIETO
CUTHaJa HaJ npeasirymuM. Hemocrarok mocneno-
BaTEIILHOTO aHAlM3a — €CTECTBEHHO MOHMXEHHOE
OBICTPONEHCTBHUE, OIpeaeIsIeMoe IapaMeTpamMu

OTEPAaTUBHON MaMSITH, UCIONB3yeMON AJIs 3aro-
MHUHAHHUSI OTCUETOB aHAJIM3UPYEMbIX CHTHAJIOB, U
YHCIJIOM U3MEPUTEIIBHBIX KaHAJIOB.

Ilpy mocnenoBareNbHO-NIAPAIIIEIBHOM aHAJIN3e
OTKJIOHEHHUH AMAarHOCTHPYEMBIX IIapaMeTPOB 00BbEKTa
OT HOMHHAJIbHBIX 3HaYeHUH HanOOJIbIIee OTKIIOHCHUE
omnpezesieTcs: NapaiebHBIM METOIOM 0e3 3arloMH-
HaHMS, 2 MECTO HAMOOJNBILETO OTKJIOHEHUS], T. €. HO-
Mep M3MEPUTETBHOIO KaHalla C 3TUM OTKJIOHEHUEM, —
TOCNIeIOBATENbHBIM onpocoM. OTCYTCTBHE 3allOMH-
HAIOIIIET0 YCTPOMCTBA B OJIOKE MOMCKA HAHOOMBIIETO
3HAUEHMs1 OTKJIOHEHUSI CYIIECTBEHHO YBEIMUHMBACT
CKOPOCTb ITOMCKA KaHala C MAaKCUMAaJIbHBIM 3HAYCHU-
€M OTKJIOHEHHsI. DTO B CBOIO OYEPENb YIPOLIACT CXe-
MOTEXHHUUYECKH JUArHOCTUPYEMYIO CHCTeMY C OOb-
IIMM YHCJIOM KaHAJIOB OTHOCUTENFHO CHCTEM C Ta-
paJIETBHBIM PUHLIMIIOM JIEACTBUSL.

Paccmorpum  Ook-cxeMy aymopuTMa (hyHKITHO-
HHUPOBaHUA aJalTUBHOM CHCTEMBI TEXHUYECKOTO Ha-
THOCTUPOBAHUS C IIOCIIEAOBATEIIbHO-TIAPAILICTIBHBIM
aHaJIM30M OTKJIOHEHUH (puc. 1).

Pabora amanusHo# CTJl HaunHaeTcs ¢ moryde-
HHS CBEICHUM O IMarHOCTUPYEMOM BEIMYMHE S, OT

JATYMKOB, T. €. ONepanuu 1o cOopy HHGOpPMALUH
F

en» TI€ 7 — IOPSAIKOBBIA HOMEp KaHaJa.
OcHoBHasl 3a/1a4a CHCTEM JIMArHOCTUKHU — IIOJTyde-
HHEe MHpOpMALKK 00 OTKJIOHEHHH MU3MEPSIEMON BeJH-

YMHBI OT JIOIMYCTHMOIO 3HAYCHUS €n. [last 3roro
HeoOXOIMMO OPEIENTUTh Pa3HOCTh CUTHAJIOB Fpn .

Juddepernmanpaple CUTHAIB (HOPMUPYIOTCS
Ha OCHOBE OTKJIOHEHUH AMarHOCTHPYEMBIX 3Ha4e-
HHUI OT HOMHHAJILHOTO 3Ha4eHHs 4 110 hopmyrte

Fpn(Fcnv A) = I:cn -A

Crnemyer OTMETUTD, YTO AMATHOCTHPYEMBIN I1a-
paMeTp MOXET IPUHWMATh 3HAYCHUS, KaK IPEBbI-
IA0IHe HOMHUHAIEHOE 3HAaUeHUE 4, TaK U MEHbIIe
ero. COOTBETCTBEHHO, OTKJIIOHEHHSI MOT'YT UMETh Kak
TIOJIOKUTEIIBHBIC, TAK W OTPULIATCIIBHBIC 3HAYCHHA,
IO2TOMY IIPaBUJIBHOE CpPaBHCHHUEC PACCUMTAaHHOI'O
OTKJIOHEHHSI BO3MOXKHO TOJIBKO ITOCJIE TOTO, KaK OHO
OyzeT Taroke MPEACTaBICHO B BUIEC MOIYIISL. ITO J0-
CTHraerTcsi onepaunuedl BblYMCIEHHMs Momynd B,
KOTOpasi 3aKJIFOYaeTCd B CPAaBHEHUH MONYYCHHBIX
3HAYECHUI OTKJIOHEHUS C HYJIEM U YMHOXEHHU UX Ha
—1, ecnu OTKJIOHEHUE MEHBIIIE HYJISL. JTO JIENAET ero
TIOJIOXKUTENTBHBIM M TIPUTOHBIM JJISl  CPaBHEHMUS
C JIOIyCTHMBIM OTKJIOHEHHEM &y,
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Fon(Fens A)=Fen —A
Ja ® Her
Fyn = (Fpn) -1); Fun = Fpn;
Mp = Fun Mp = Fun

Y

FB.M.C = FM]H FMZH-'~HFMH

Y

Ha Her
Ki1=TRUE Ki= FALSE
| |
n=1N
Ja Her
Ko =TRUE K> = FALSE

Y

Kg= Kq AND Ky

Her ﬁ Ja

Foo = 0; Foo =Mnp;
Fno =0 Fno=n
]

Komnerg

Uy

Puc. 1. bnok-cxema anroputMa GyHKINOHUPOBAHHS
a/IalITUBHOM CHCTEMBI TEXHHYECKOTO JUarHOCTUPOBAHUS
C MOCTIEeI0BATENbHO-TIAPAILICIBHBIM aHAJIN30M OTKJIOHSHHUI

Fig. 1. Block diagram of the algorithm for operation
of an adaptive technical diagnostics system
with serial-parallel analysis of deviations

Fvn (Fpn) = I:pn (1) mpu I:pn <0;

N3 momy4eHHBIX aOCOMOTHBIX 3HAYCHHUM BBI-
Oupaercs HanOOJIbIIEE:

g FMn) = FMl ” FMZ “ ” FMn’

1€ HUHACKC B.M.C — BBIABHUTCIIb MAaKCHMAaJIbHOI'O

F

B.M.C (FMI RN

CHUI'HaJia.

Pesynprar onepaiun F; \,

TpeICTaBIsIeT cOO0M
uH(pOpMAIIMIO 00 aOCOMIOTHOM 3HAYCHUH HAHOONb-
IIEro OTKJIOHCHUS, HO 0e3 MH(OpMAaIMu O HOMEPE
KaHasa, Ha KOTOPOM 3TO OTKJIOHEHHE ObLIO MOTYYEHO.

[TonyyeHHOE  MakCHMMallbHOE  OTKJIOHCHHUE

CpaBHHUBACTCA C AOIMYCTUMBIM OTKJIOHCHHUEM €an-

Ecnu oHO Gosiblile JOMyCTHMOIO HJIM PAaBHO €My,
(popmupyercs noruueckuii curnan Kj :

Ki(F sﬂn)zTRUE npu R, >€m;

.M.C? M.C —

K1(Fsmcr€an) = FALSE mpu Ry, o <&pp.

Janee OmpenesnseTcs HOMEP U3MEPUTENBHOIO
KaHaJla ¢ MaKCUMaJIbHbIM OTKJIOHCHUCM IapaMeET-
pa OT 3aJaHHOTO 3HAYEHMs, KOTOPOE IMOCIEN0Ba-
TEJBHO CIIMYAETCI C OPYTMMH HU3MEPEHHBIMU OT-
kioHeHusMu M. CoBnajaeHue 3HAYEHUH OTKIIO-
HEHHS OT KAaKOro-1u00 M3 KaHAIOB C MaKCHMallb-
HBIM 3HaYE€HUEM IPMBOAUT K OCTAHOBKE OIEPALUU
I0 NOMCKY U K TeHEPUPOBAaHMIO CHrHama K :

KZ(FB
KZ(FB

Mp )=TRUE mpuF;,, . =M, ;
M, )=FALSE mpuF,

.M.C?

.M.C? M.C # Mn :

Pesynpratel cpaBHeHus (MH(POPMAMOHHbIE

CHTHAJIBI BEICOKOTO MJIM HU3KOro yposHa Kq u Kj)

MONIAlOTCSI HA BXOABI JIOTUYECKOTO OJIOKa, OCYy-
MIECTBIISIONIETO OMEPAIUI0 KOHBIOHKIIAN:

K3(K1,K2)= K]_('\Kz,

rae M — 3HaK ONepaluyd KOHbIOHKIIUU.

Otu OyieBBl CHUTHAJBI, B TICEBIOKOAEC, TpE-
CTaBJICHHBIE KaK JIOTMYECKHE MEePEMEHHBIC THUIla
TRUE wnmu FALSE, uHTEpnpeTHpyroTcs B COOT-
BETCTBHHM C TaOJUICH HCTUHHOCTH JIOTHYECKOMH
oneparuu "MU". DTOT OIIOK MOXKET UMETh 2 COCTO-
aausi K3 (TRUE mm FALSE).

Ecmu YCJIOBHS BBIIIOJIHEHBI W OTKJIIOHCHHEC Ha
BBIXO/C OIICpali CpaBHCHUSA 0oJbIie AO0ITyCTUMOTI'O
" COBIIAACT C 3HAYCHHMCM OAHOIO M3 OIllpalnrBac-
MbIX HU3MCPUTCIIbHBIX KaHAJIoB, K3 nepeaacTcsa Ha

BXOJl OoIleparyd 0OHapyKeHUs OTKIIoHeHwA. Ompoc
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KaHaJIOB JUIS TIOMCKA COBIA/ICHUI TPHOCTaHABIBA-
eTcs, U HaumHaeTcs (popMupoBaHUEe MH(POPMAIHOH-
HOT'O [IAKETa, KOTOPhI OyeT BKIodYath o — ampec

HalJICHHOTO KaHana U Fy)— 3Ha4€HME OTKIOHCHHS,

KOTOPOE€ IMPEBBICUIIO JOITYCTUMOE 3HAYCHHUEC:

FOO(K3) =M n [pHu K3 =TRUE;
Fno (K3) =n mpu K3 = TRUE.

[Tocne dbopmupoBaHUsS W OTIPABKH HHPOpPMAa-
WA O AWArHOCTHPYEMOM TapaMeTpe ajirOpUTM
BO3BpaIaeTcss K Hadady (yHKIMOHUPOBAHUS U
mpoliecc MOUCKa KaHalla ¢ MaKCUMaJIbHBIM OTKJIO-
HEHHEM HaYWHAETCSl BHOBb.

CrpykrypHas cxema agantuBHoii CT/. On-
HUM U3 BapuaHTOB mocTpoenus cTpykrypsl CT]I ¢
MOCJIeI0BaTeNFHO-TIAPAJUIETIHHBIM TPUHITUIIOM Ha-
XOXKJCHHSI OTKIOHEHHH W3MEPSIEMbIX BEIHYUH OT
WX HOMHUHAIBHBIX 3HAUEHUN MOXET OBITh CIIedy-
romas Ook-cxema (puc. 2)

Kak yxe ormeuanoch, BBIOOP MaKCHMaJbLHOTO
3HA4YEHUS! OTKJIOHEHHsI IPOUCXOMUT MapasienbHo, a
OTIpeZIeNIeHNE €ro apeca — Yepe3 IMOIIaroBblii OIpoc
BCEX M3MEPUTENIBHBIX KaHatoB. [Ipu 3ToM He HyXKHa
nHpopMarwst 0 paHee 3apUKCHPOBAHHBIX 3HAYEHHSIX
OTKJIOHEHUS], UTO TIO3BOJISIET PEAIM30BATh OIMPOC C BbI-

COKOH CKOpOCTBIO, TEM CaMbIM HCHOIB3Ys DIABHOE
JIOCTOMHCTBO TMapaJuleNbHbIX cucteM. llpu atom cxe-
MOTEXHWYECKH TaKHE CHUCTEMbI NMPUOIMIKEHBI K azar-
THBHBIM C IIOCJIEIOBATEIIBHBIM OIPOCOM.

CoriacHo puc. 2 TOCHIE 3aBEepIICHUS LUK
aHajM3a MPONUIbIX OTKJIOHEHWH OJOK OOHapyKe-
HUg oTkiIoHeHUss BOO mockuiaeT UMIyibC, UMEr0-
mui Ha cxeme HaumeHoBanue "Tlyck". Tem cambiM
aKkTuBM3MpyeTcs cxema 3amycka C3, KoTtopad
B CBOIO OYepeNb TO3BOJISIET FE€HEPATOPY TAKTOBBIX
nMmiynscoB I'TH HauaTh reHepanuio cursaja, Io-
cTynaromiero Ha pacnpeaenutens P. Jatuuxn /I,
OTBEYAIOIHE 32 U3MEPEHUE AUATHOCTHPYEMBIX Ma-
paMeTpoB, MOJAI0T CTaHAAPTHBIE CUIHANIBI (HAIps-
JKeHrne) Ha Beruurtaronue Omoku BB, B koTOphIX
MPOUCXOJUT MX CIMYCHHE C HOMHMHAJIBHBIM 3Haue-
HHEeM OT Onoka HOMHMHaJIbHBIX 3HaueHHd BH3.
B ¢yskumm Berumraromiero 6imoka Bb Bxoaut Tak-
K€ HaxOoXJeHre abCOMOTHOTO (M0 MOIYJI0) 3Ha-
YEeHUs] BBIYMCIICHHOTO OTKJIOHEHHUsS OT HOMHHAJIb-
HOTO 3Ha4yeHus. Bce (QyHKIMH BBINONHSIOTCS OX-
HOBPEMEHHO IOJ YNpPaBIEHHUEM OJHOTO U TOTO JKe
TaKTOBOI'O CUTHaja, npuxosuiero ¢ I'TU.

[Tony4yeHHble 3HaYEHUS Pa3HOCTEH MOCTYHAKOT
Ha MHOTOKAHAJbHBIA OJIOK BBISBUTENS MAaKCH-
ManeHOro curHaga BMC u Bxonel kimoueit K; u

BH3 1391(0}
A | B [—> BC,
v BMC
I +—»{ BB -‘[ BC, | U
K1 KZ
K; —J K>
Azpec B xanai cBs3u
> BOO
P Fr----=-q -: >
Cron
I'Tm % C3
* Ilyck

Puc. 2. CprKTypHafI cXeMa aJIalTUBHOM CUCTEMBI TEXHIHYECKOM MArHOCTKH C aHATIM30M OTKJIOHEHHUI JAUarHoCTUpPyEMbIX apaMEeTpOB

Fig. 2. Structural diagram of an adaptive technical diagnostics system with the analysis of deviations of the parameters of interest
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K,, sBmaromuxcs wuHbGOpMAMOHHBIMUA. BaxkHO
OTMeTHUTh, uTo Kitoun K; m K,, BXoapl KOTOpBIX
IIPUCOEIUHEHBI K OTHOMY M TOMY k€ HH(pOpMAaIu-
OHHOMY KaHaly, B ClIydyae HOCTYIUIEHHS Ha HHX
YIOPaBISIOLIETO HMILYJIbCa OTKPBHIBAIOTCS OIHO-
BPEMEHHO. YIpaBlieHHE KJII0YaMHU HPOHCXOAMT C
MOMOILIBI0 pacnpenenutens P, mpencrasisromiero
co00if BMecTe C KIII0YaMH KOMMYTaTop, paboTaro-
U OT TAKTOBBIX UMITYIbCOB [ TH.

PesynpraTom omeparnuii B 6moke BMC sBis-
eTCsl HaIpsHKEHHE, COOTBETCTBYIOLIEE MAaKCH-
MaJbHOMY OTKJIOHEHHIO M3 TeX, KOTOpble MpH-
CYyTCTBYIOT Ha BbIxojax OnokxoB Bb. Ilpu »tom
JUISL BBIABJIEHUS HauOoubliero 3HayeHus 8 BMC
MOXKET HCIIOJIb30BaThCs, KaK YK€ OTMEYaloch,
orepanus JU3bIOHKIHH.

MaxkcumanbHoe oTkioHeHHe oT BMC mocty-
naetr Ha Onoku cpaBHeHus bC; u BC,, xoTopsie
€CTh HEe YTO MHOe, Kak auddepeHnmaabHbe yCu-
TUTENH C KOX(PGDUIMEHTOM YCHIICHHsS, CTpeMs-
IMMCsl K OECKOHEYHOCTH.

Ha nmpyroit Bxon bC; mogaercst curHan ¢ Groka
JonmycTuMbIX oTkIoHeHuH BJ10, mponopriroHambHbIH
3a/IAHHOMY 3HAYEHHMIO OTKIOHEHWs €. OmHOBpe-

MeHHO Ha BC, mocTynaroT curHaibl (C NOMOIBIO
UHpOPMAIMOHHBIX Kioueil Kj), sBisormuecss oT-
KJIOHEHUSIMH JIMarHOCTUPYEMBIX TapaMeTpoB OT 3a-
JIAHHOTO 3HAYEHHS € p).

bnoku cpasuenuss bC; u BC, BbIpaGaTbIBaroT
JoTUYecKne curHaimel 1" mpu paBeHCTBE CUTHA-
JIOB Ha UX BXOJaX.

biiok koubronkiuy "U" ocTaHaBIMBaET cxeMy
3amycka C3, KOTOpasi B CBOIO O4YEpe.lb MpeKpalia-
eT paboTy MO TeHepaluy TaKTOBOTO CHTHaja OT
I'TU. Pacnpenenurens P nenaer ocTaHOBKY Ha
TEKyIEM HW3MEPUTENFHOM KaHaiue, a 3HaueHUs
OTKJIOHEHHS Ha JaHHOM KaHalle COBMECTHO C HO-
MEpPOM DTOTO KaHajla MepeaaroTcs sl oopaboTku
B 010K 0OHapykeHus otkiaoHeHui BOO.

[lpy BO3HMKHOBEHHH HA BBIXOJIAX HECKOIBKHX
BeUHTAOIMX 0J0KOB BB MakcumannrHOro OTKIO-
HEHMsI TaHHBIE 00pabaThIBalOTCS COTTIACHO pa3pabo-
TaHHOMY TIPHOPHUTETY, 3aKITIOYAIOIEMYCSl B OUepe/I-
HOCTH OTIPOCa B 3aBHCHMOCTH OT TIOPSAKOBOTO HO-
Mepa KaHasla. BrIsiBlieHHe W OTHpaBKa CHTHAJIA TPO-
HCXOMIAT OT TOTO M3MEPUTEIHFHOro KaHaia, yed To-
PAIKOBBIA HOMEP B UEPAPXUU CUCTEMbBI MEHBILIUH.

B anmanTuBHBIX cHcTeMax C BpPEMEHHBIM pas-
JIETIEHNEM H3MEpPUTENBHBIX KaHaJOB, K KOTOPHIM
otHOocaTcst paccmarpuBaembie CTJl, BO3MOXKHO
MOSIBIIGHUE JOTONHUTENFHON MOTPEITHOCTH  OT
MHOTOKaHAJILHOCTH, OOYCIIOBICHHON OXXHIaHUEM
oOcyxuBaHus TOro win wHOro kanama [11]. Xa-
PaKTEpPUCTUKU STOW MOTPEIIHOCTH, KOTOPYIO Clie-
JIyeT CUUTaTh METOAMYECKOW, MOYKHO OIpPEIENNUTh
C TOMOIMIBIO TEOPUH MAaCCOBOTO OOCIY>KHBAHUS
[12]. IIpu >TOM MHOTOKaHalbHAs CHUCTEMa Mpe-
CTaBISIETCS KaK CHCTEMa MacCOBOTO OOCTYyXHBa-
HUS, B KOTOPOH BXOIHBIM ITOTOKOM 3asiBOK SIBJIS-
€TCsl TMOTOK MOMEHTOB JOCTIDKEHHUS OTKIOHEHHHA
JMUATHOCTHPYEMOTO IMapamMeTpa HOMHHAIBHOTO
3Ha4YeHHsl, T. €. MOTOK MOMEHTOB BBIIIOJHEHHUS
onepanuii cpaBHeHUsI. OUEBHUIHO, YTO WHTEHCHB-
HOCTb BXOJHOTO MTOTOKA 3asBOK 3aBHCUT TaKXKe OT
KO3 (QUITMCHTa CXKATHUS BXOJHBIX CUTHAJIOB [2].
Bpemst 06paboTKy 3asBKH — AITUTETFHOCTH OT MO-
MEHTa MPHUX0/a Ha OOCITy>)KWBaHUE 3asSBKH JIO MO-
MEHTa 3aBepIIeHHS ee 00padOTKH.

OOcnyxuBaHUE 3asBOK Ui TaKUX CHCTEM
OCYyIIECTBIsIeTCsI B 2 3Tamna. [lepBbIii aTam — mouck
KaHaja, KOTOPOMY HEOOXOAMMO OOCIy)KHBaHUE,
BTOpOH 3Tanm mepenaer oOpabOTaHHYIO 3asBKY B
kanan cBs3u (B TUC) wmm ke oCyIecTBIseT Te-
HEPAIXIO YIIPABIAIONIETO CUTHAJA, TIOCTYIIAOIIe-
T0 Ha IMAaTHOCTHPYeMbIi 00bekT [13].

Ecnu npoomkuTenbHOCTh UCTIONH30BAHUS 3a-
SIBKM OCTaeTCsl HEM3MEHHOM, TO BpeMs, 3aTpadynuBa-
€MO€ Ha TOMCK KaHala, TpeOyromero o0cIyKuBa-
HUSI, OTNPEJENSIeTCs KOIINYECTBOM KaHAJIOB W BHI-
OpaHHBIM anropuT™MOM morcka. OHO MOXET ObITh
KaK (DMKCHPOBAaHHOW, TaK M CIIy4allHOW BEIHYH-
HOW. B paccMmarpuBaemMom ciydae BpeMms MOWCKa
3aBHCHT OT TOTO, Ha KakOM KaHajle 3aKOHYHUTCS
MOMCK B MpEeABIAYIINA MOMEHT BPEMEHH U Ha Ka-
KOM KaHajle 3aKOHYHUTCA MOCIEAYIOIIUNA MOMNCK,
T. €. BpeMs IMOHCKA CIEAYET CUUTATh CIy4YailHbIM,
a MOTOMY U TIOJIHOE BpeMsl 0OCITYKUBAHUS OKa3bl-
BaeTCsl CiIydailHbIM. B 3TOM citydae HEBO3MOXKHO
OTpPEAETUTh BEPOATHOCTHBIM 3aKOH pacrpepene-
HUS BpeMeHH 00cTyXuBaHus. B cBs3u ¢ aTUM A5
OCYIIIECTBIIEHHSI aHAJIN3a MPUHUMAETCS], YTO 3aKOH
pacrpezneneHus] BpeMEHH OOCITY)KMBaHHS 3KCIIO-
HEHLWAJbHBIM, MO3BOJSIOIMUN INOJYYUTh OLEHKY
CBEpXY MOTPEIIHOCTA OT MHOTOKaHaJIbHOCTH [14].

[IpenenpHOE 3HAYEHHE MOTPENMTHOCTH OT MHO-
TOKaHaJbHOCTH
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rae Mq — MakCMMalabHOE 3HAYE€HHE MOMYJs IIep-
BOM MPOM3BOMHOMN Ha i-M HUHTEpBaje IUCKPETH3a-
LMY B OLPEJEICHHOM KaHane; Atj — nepuos odpa-
OOTKH 3asIBKH B i-M KaHaJe.

[Tockoneky €,, — ciydaiiHas (QyHKIMsA, HEOOXO-
MO ONpPEENIUTh €€ MaTeMaTH4ecKoe O)KUJIaHue
m[e,,] 1 mcnepcuro Dfe,,]:

m[ey]=m[M;Im[A];
Dley ] = D[M;1D[A ]+ m?[M,ID[A ]+
+m2[A ID[My],

rie m[M;] u D[M;] — maremaTnueckoe OxuIa-

HHE U JUCIIEPCHS MAaKCHMAaJIbHOTO 3HAYCHUS MO-
Jyns NepBOd Npou3BoAHOM —curHana; M[Atj] u
D[Atj] — marematuyeckoe OXHMIaHHE M JUCHEp-
cus mepuoaa o0paboTKH.

B nanpreiimem OyneM HUCHOIB30BATH OTHOCH-

TenbHble Beuuubbl Mley /e, u ofey]/e,, rme

Sﬂ — HOpeAcibHOC 3HAYCHUC IMOTIPCIIHOCTU OT

MHOTOKaHAJIbHOCTH.

Ucnone3yst BbIpaykeHUs UL TUIOTHOCTH pac-
IIpeJeNeHUs] IPU 3KCIIOHEHIMAIbHOM 3aKOHE pac-
nipenenenus [ 14] BepoSITHOCTHBIE XapaKTePUCTUKH

MOrpeIIHOCTH OT MHOI'OKaHaJIbHOCTH  MOXHO
MIPEACTaBUTH CICTYIOIINM 00pa3om [2]:
mlen] _ p* .
€ N(1-p)
oley] p \/ 2 2
= 2p(oyp +1) -p°,
e, N(@-p) P

rIe p — IapamMerp, ABJISIONIUNUCS OTHOIICHUEM

MHTCHCHUBHOCTEH IMMOCTYIJICHUSA 3a4BOK Ha BXOAC U
BBIXOJ€ CHUCTCMBI, N — uucio HU3MCPUTCIIBHBIX Ka-

HAJIOB CHCTEMBI; cﬁp = D[Ml]/ m? [M{]- npuse-

JEHHOE 3HAYEeHHE JWCIEPCHH MaKCUMAaJbHOTO
3HAYEHUsI IEPBOY MPOM3BOIHON CUTHANIA.
Tak, ecnmu mepBasi MPOM3BOJIHAS MMEET HOp-

2
MaJIbHOE PaCIpPE/CNICHHE, TO Opypy = 0.56, B ciryuae
2
PaBHOMEPHOro 3aKoHa Op, =0.33, nms skeno-

HEHIIMAILHOTO cﬁp =1 [15, 16].

Pacuersl 1mOKa3BIBAIOT,
OXKHJIaHWE TIOTPEIIHOCTH OT MHOTOKAHAJIBHOCTH HE
KOppeHpyeT HalpsIMyIO0 C XapaKTePUCTHKAMH 3aKO-
Ha pacrpeeneHns] MaKCHMAJIbHOTO 3HAYSHUS] MOLTY-
TS TIepBOM TPOM3BOAHOW. OIHOBPEMEHHO C 3THM
TIPUBEZICHHOE 3HAYCHHUE SIBIIAETCS YACTHIO (hOPMYIIBI
JUISL BBIYHCIICHUS] TIPHBEICHHOTO 3HAYEHHS CpEeIHe-
kBasparudeckoro otkionenus (CKO) norpemrHocTw.

AHanm3 TPOJCMOHCTPUPOBANL, YTO TIPH BapbH-

qTO MaTrcMaTHYCCKOC

pOBaHUH Gﬁp ot 0.1 go 1.0 HOpMHpOBaHHOE 3HAYE-

are CKO morpenrHocTd 0T MHOTOKAHAIBHOCTH Me-
HAeTCs He Oolree 4eM B 1.5 pasa.

MakcuManbHOe OTKJIOHEHHE MOXKHO OTpejie-
JUTH CIEIYIOIIIM 00pa3oM:

Emax = M[ey |+ kpo[ey ],
rie K, — mapameTp, ompeneisieMblii XapakTepH-

CTHKaMH pPacIpeleNeHns] OIMOKM armpoKCHMa-
UM W  BEPOSTHOCTHIO BO3HUKHOBEHHUS €€
HauOONbBIIET0 3HAa4YeHWs (HampuMep, s Hop-
MalIbHOTO 3aKOHa pacrpezencHus ky =3 npu Be-

positioctr P = 0.9973).

3akmaiouenue. TakuM 00pa3oM, HCIIOIH30BAHHE
aJIanTUBHBIX MeTo0B padotsl B JC co3maer mm-
POKHE BO3MOYKHOCTH ISl YIYYIIEHHUS] TOYHOCTH H
HaJIS)KHOCTH JTUATHOCTHUKH TEXHUYECKOTO COCTOSI-
HUS 00beKkTa. JJaHHBIN aNropuT™M MO3BOJISET THOKO
a/IanTUPOBAThCsl K U3MEHSIOMIMMCST YCIIOBUSIM pa-
0OTHl M ONEPAaTHBHO pearupoBaTb Ha M3MEHEHUS
B MIOBEJICHUM JTHATHOCTUPYEMBIX OOBEKTOB. ITO
0COOEHHO BKHO B CJIOKHBIX CHCTEMAax C OOJIBLINM
KOJIMYECTBOM 3JIEMEHTOB, I1e TpeOyercs ObicTpoe
Y TOYHOE BBISIBJIEHUE OTKJIOHEHHWU OT HOpMBI. 1Ipo-
BEJICHHbIC HCCJIEJIOBAaHUS TIPOJAEMOHCTPUPOBAIIH,
YTO MCIOIB30BAHUE JIAHHBIX aJITOPUTMOB MO3BOJIS-
€T 3HAYMTEIbHO COKPAaTHTh O0BEM HW30BITOYHOM
uHpopManuy, TepenaBaeMoil Ui JUArHOCTHUKH.
B gactHOCTH, 00bEM M30BITOYHBIX AAHHBIX MOXET
OBITH YMEHBILICH OoJiee YeM B 4 pasa, YTo MPUBOAUT
K ONTUMHU3ALMU MPOLIECCOB Mepeaadn u 00paboTKu
un@opmanuu [5]. [lomyueHHsle qaHHBIE 00 OLICHKE
CKO meronnyeckoi TOTPEIIHOCTH OT MHOTOKa-
HAJILHOCTH TIPH JINCKPETHOM OIPOCE, KOTOPBIH
UCTIONIB3YeTCS B QIAlTHBHBIX CHUCTEMaX, CBHJIE-
TEJNBCTBYIOT O TOM, YTO HMCIOJb30BaHUE aJIalTHB-
HBIX QITOPUTMOB TIO3BOJISIET CHHM3WUTH BIHUSHHE
BHOCHUMBIX HETOYHOCTEH M3-3a OXHIAHHA 3asBKU
Ha 00CITy)KHBaHHE B OYEPEIH.
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CrenoBareibHO, TPUMEHEHHE A alTUBHBIX
metonoB B CT/] — BaXHBIN mar Ha MyTH K CO3/a-
HHIO BBICOKOA((EKTUBHBIX M TOYHBIX CHCTEM MO-
HUTOPHHTA COCTOSHUS 000pyIOBaHUS, CITIOCOOHBIX
OTIEPAaTHBHO W aJIcKBATHO pearnpoBaTh Ha JIIOObIE
W3MEHEHUS B MPOIlecce IKCILTyaTallHH.

Taxum o6pazom, poras CTJl cBoguTcst K 00ec-
MEYCHUIO0 HAJCKHOCTH, Oe3omacHOCTH U 3ddek-
TUBHOCTH pPabOTBl Pa3IUYHBIX OOBEKTOB. AJIrO-

PUTMBI U TIPOTPaMMHOE OOECIIeueHHe, pa3pado-
TaHHBIE /IS TAaKUX CHCTEM, IO3BOJISIIOT TOYHO
OIICHWBaTh TEXHUYECKOE COCTOSHHE OOBEKTOB H
MPUHAMATh CBOEBPEMEHHBIE Mephl U TPEAOT-
BpalIeHUs] BOBMOXKHBIX HEHCIpaBHOCTEH. B ycio-
BUSAX CTPEMUTENFHOTO Pa3BUTHS TEXHOJOTHH H
yBennueHus o0beMoB oOpabaTeiBaeMoli HHGMOD-
MaIi¥ TaKUE CHCTEMbI CTAHOBSITCS BCe OoJiee BOC-
TpeOOBAaHHBIMU M aKTyaJIbHBIMHU.
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BausiHue peakTHBHOIO MOMEHTA HA pa3MbITHE U300PaKeHU s

HU. M. Beaan’?

®umman Kopriopanuu "Komera" — HaydHO-TTpOEKTHBIN IEHTP
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AHHOTaL U

Beeoenue. 1lpun moBopoTe ONTHYECKOM CUCTEMBI KOCMHUUYECKOTO arapara BOSHUKAET PEaKTUBHBIM MOMEHT, CBS-
3aHHBIN C IBMKCHHEM BHYTPEHHHUX 3JeMeHTOB. OH BBI3BIBAET HEMpEAHAMEPEHHOE YIIOBOE CMEIICHHE KOpITyca,
MPUBOAS K OTKIOHEHHIO OCH BU3UPOBAaHUSA U (HOPMHUPOBAHNIO H300paKEHUH C TEOMETPUIECCKIMHI UCKAKEHUSIMH —
MIPOCTPAHCTBEHHBIM pa3MBITHEM. DTO OTPAaHMYMBACT KAYECTBO JAHHBIX MUCTAHIIMOHHOTO 30HAWPOBAHUSI M aCT-
podororpadun. HecmoTpst Ha mupokoe u3yueHHe 3aqad CTaOMIM3ally, BIMSHAE BHYTPCHHUX PEaKTUBHBIX MO-
MEHTOB, BO3HHMKAIOIIUX IPU JBHKEHUM 3JIEMEHTOB ONTHUKH, HA IPOCTPAHCTBEHHYIO TOYHOCTh BU3UPOBAHUS OCTa-
€TCsl HEIOCTATOYHO HCCIICTOBAaHHBIM.

Ilenv padomer. OnieHUTH BIUSHUE PEAKTUBHOTO MOMEHTA ONTHKO-MEXaHMYECKOH CHCTEMBI HA NMPOCTPAHCTBEHHOE Pas-
MBITHUEC 1/1306pa>1<eH1/1;1 U OIMPEACIINTE COOTBETCTBUE YPOBHSA PA3MbITUA JOITYCTUMbBIM Tpe6OBaHI/I}IM K KaU€CTBY JaHHbIX.
Mamepuansl u memoost. Vcrions30Baauch JaHHbIE THPOCKOIIMYECKUX U3MEPEHUI peanbHOro amnmapara B Impolecce
paboTHI ONTHYECKOH CHCTEMBI. YTIIOBEIE CKOPOCTH aHATM3UPOBAINCH HA MHTEPBaJIaX, PABHBIX BPEMEHH SKCIO3HIINN
KaMepbl, 9TO TO3BOJIIIO OICHUTHh CMEIICHHE BU3MPHOW OCH W JIIMHEWHOE CMEIICHHE H300pakeHUs B (POKaJIHHOM
IUTOCKOCTH. [IOTIOTHAUTEIEHO MPHMEHSITACh MaTeMaTHIecKas MOJelTb Ha OCHOBE METOJIOB TEOPETUICCKON MEXaHUKH,
CBSI3BIBAOIIAS PEAKTHBHBI MOMEHT C YTJIOBBIM OTKIIMKOM KOpITyca.

Pezynomamel. AHanmu3 MMoKas3all HaJIWMINEC HU3KOYACTOTHBIX YITIOBHIX KoJeOaHWHA, (GOpMHUPYIOIINX MPOCTPAHCTBEH-
HBIA CMa3 BEIMYMHOW HECKOJIBKO MHKpPOMETpOB. Ilpu 3TOoM (pyHKIHS Tmepemadyd MOIYISIIUA COXpaHSeT 3HAYCHUE
BBIIIC 099, YTO YKa3bIBaCT HA MUHUMAJIbHOC BJIMAHWEC HA KQUCCTBO CHUMKOB. MO}]CJ’H) nmoATBEPANIIa 3aBUCUMOCTD
AMIUTUTYAbI YITIOBOI'O OTKJIOHEHHA OT 3HAUCHUA PCaAKTUBHOI'O MOMEHTA.

3akniouenue. YCTaHOBJIEHO, YTO PEAKTHBHBIE MOMEHTHI ONTHKO-MEXaHWYECKOH CHCTEMBI 3HAaYCHHEM MEHbINE
0.05 H-M BbI3BIBaIOT pa3MbITHE U300paKeHUsI, OHAKO ero BeinunHa HecyuiectBeHHa: MTF = 0.99 cootBercTByeT
COXPaHEHUIO TPeOyeMOi YeTKOCTH.

KiioueBble c10Ba: peakTUBHBIH MOMEHT, KOCMUYECKUH anmapar, ONTUYeCKas CUCTEMa, Pa3MBITOCTh U300paKeHNs,
YIJIOBOE OTKIIOHCHHE, MAaTEMAaTHICCKOE MOJICITUPOBaHHE
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Abstract

Introduction. When the optical system of a spacecraft rotates, the motion of its internal components initiates the
emergence of a reactive torque. This torque causes unintended angular displacement of the spacecraft body, lead-
ing to a deviation of the line of sight and the formation of images with geometric distortions, commonly referred
to as spatial blur. Such distortions limit the quality of remote sensing and astrophotography data. Despite the ex-
tensive study of stabilization problems, the influence of internal reactive torque arising from the motion of inter-
nal optical elements on the spatial accuracy of line-of-sight stabilization remains insufficiently investigated.

Aim. To evaluate the effect of the reactive torque of an optomechanical system on the spatial blur of the result-
ant image and to determine whether the blur level complies with the acceptable requirements for data quality.
Materials and methods. An analysis of angular oscillations of an actual spacecraft during the operation of its
optomechanical system was conducted based on the data of gyroscopic measurements. To estimate the amount
of image blur, time series of angular velocities were processed at intervals corresponding to the camera expo-
sure time. On this basis, the shift of the line-of-sight axis and the linear shift of the image in the focal plane
were calculated. Additionally, a mathematical model based on the methods of theoretical mechanics was used
to describe the relationship between the reactive torque of the rotating optical system and the dynamic re-
sponse of the spacecraft body. This model made it possible to compare the actual data obtained with the calcu-
lated effect of the reactive torque.

Results. The analysis established the presence of low-frequency angular oscillations, creating a spatial blur of
several micrometers. In this case, the modulation transfer function remains above 0.99, indicating minimal
impact on image quality. The developed model confirmed the dependence of the angular deflection amplitude
on the magnitude of the reactive torque.

Conclusion. The reactive torque of an optomechanical system with a value of less than 0.05 N-m cause im-
age blur; however, its magnitude is insignificant. Thus, the MTF of 0.99 corresponds to maintaining the re-
quired clarity.
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BBeZ[eHI/Ie. PeakTuBHEII MOMCHT OKa3bIBacT K CMCIIICHUIO OCU BU3HPOBAHUA OIITUYECKOM CHCTE-

3HAQUUTENPHOE BIIMSHUE HA YCTOMYMBOCTH M TOU-
HOCTb MO3ULIMOHUPOBAHHUS PA3TUYHBIX JIETATEIBHBIX
anmaparoB, BKIIIoYas KBaJipokonTepsl [ 1], BepToneTsl
[2] u xocMuueckue anmnapartsl [3, 4]. [Ipu BpameHnu
MOZIBM)KHBIX 3JIEMEHTOB ONTHKO-MEXaHWYECKOH cu-
crembl (OMC), pa3MenieHHOH Ha OOpTy KOocMHYe-
ckoro ammapara (KA), Bo3HHMKaeT peakTUBHBIA MO-
MEHT, BBI3bIBAIOIINI BpallleHHE KOpITyca amnmnapara B
MIPOTHUBOTOJIOKHOM HaNpaBIeHUH [S]. DTO mpUBOIUT

MBI OT 33JaHHOTO MOJIOXKEHUSI U MOXKET BBI3BIBATH
HPOCTPAHCTBEHHOE Pa3MbITHE H300pa)eHusi, 0co-
OCHHO B YCJIOBUSIX JJIMTEIBHOM SKCIIO3WIMH WM
BBICOKO YYBCTBUTEIBHOCTH ONTHKH.
[IpocTpaHCTBEeHHOE pa3MBITHE H300paKEHUS
npeAcTaBIseT co00i MOTEpPI0 YETKOCTU M JeTajH-
3allMi, BO3HUKAIOIIYIO B pe3yibTaTe OTHOCHUTENb-
HOTO JBM)KEHUS MEXIY ONTUYECKOH CHUCTEMOM M
HaOIoaeMol CLEHOM B HpolLecce IKCIO3UIHM.

106 Biusinue peaKTHBHOTO MOMEHTA HA PA3MBbITHE H300PAKeHAs
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B cnyTHHKOBBIX cuCTeMaX IMCTAHIIMOHHOTO 30H-
IUpOBaHUs 3€MIIM BBICOKOTO M CBEPXBBICOKOIO
paspelIeHus] Jaxe Majble YIVIOBBIE OTKJIOHEHMS
KaMepbl IPUBOAAT K Pa3MbITHIO H300paXEHUs B
Ipezenax OfHOTO WM HECKOJIBKUX ITUKCEJIeH, 4To
CYIIECTBEHHO CHMKaeT MH(OPMAaTUBHOCTb M I'€0-
METPUYECKYI0 TOYHOCTh CHUMKOB. IIpu sToMm pas-
MBITHE MPOSIBISIETCS KaK yXyALICHHE (QYHKIUN
nepenaun moxysinuu (Modulation Transfer Func-
tion — MTF), yMmeHblieHHe KOHTpacTa W POCT
omuOKy reonpusszkyu [6-9].

JIn1s1 KOMIIEHCAlluKM PEaKTUBHOTO MOMEHTa B Psi-
Jie CIIy4acB IPUMEHSIOTCS COOCHO YCTAHOBJICHHBIE
MAaxOBHKH, BPAIAIOLINECS] BO BCTPEYHOM HarpaBJie-
Hru. OnHako 3((eKTHBHOE HCTIONB30BAaHUE TAKOTO
nonmxona TpeOyeT TOYHOrO 3HAHUS XapaKTEPHCTHK
CaMoOro PeakTUBHOI'O MOMEHTA, BKJIIOYAsl €r0 3Hade-
HHE W AWHaMHKy BO BpemeHH. [Ipsimoii ananmutuye-
CKMH pacdeT 3THUX MapaMeTpPOB MOXKET OKa3aTbCs
HEJIOCTAaTOYHBIM H3-32 KOHCTPYKTHUBHBIX OCOOCHHO-
CTel W TPOM3BOACTBEHHBIX JIOMYCKOB IOABHKHBIX
anemMeHToB OMC, KOTOpble BHOCAT HEOIpEIEICH-
HOCTb B ()OPMHPOBaHHE MOMEHTA.

OmHUM M3 KPUTHYECKH BaKHBIX aCHEKTOB IPO-
eKTHPOBAaHMs CTAHOBHUTCSI HE TOJBKO KOMIIEHCAIHS
PEaKTUBHOTO MOMEHTAa, HO M NIOHMMaHHE €ro JIoIy-
CTUMOTO YPOBHSI — TaKOro, IPH KOTOPOM Kady€CTBO
N300paKEHNS COXPAHACTCS! B IPEeIiax JOIyCTUMBIX
3HaueHui. OTCYTCTBHE YETKUX KPUTEPHUEB B 3TOM
BOIIPOCE OIrPaHUYMBAET BO3MOXKHOCTH Pa3pabOTKH
BBICOKOTOYHBIX CHCTEM HAOJIONCHHS W yNpaBiIeHHs
OpHeHTauuen IJIsl MalblX KOCMHUYECKUX IAThopM.
B cBsi3u ¢ 3TMM BO3HMKAaeT HEOOXOOMMOCTbD B HUCCIIE-
JIOBAaHUH 3aBUCHUMOCTH IIPOCTPAHCTBEHHOTO Pa3Mbl-
TSI N300pKEHUS OT PEAKTUBHOI'O MOMEHTA U OIIpe-
JIeTICHUH TIpelleNIbHBIX 3HAUCHUM, MPU KOTOPBIX OT-
KJIOHEHHWE OCH BH3MPOBAaHMS OCTaeTcsi B Mpenerax
3a/IaHHBIX JIOIYCKOB.

Metonbl (MaTepuasbl U MeToAbl). [IepBoIM
3TAIlOM HMCCIIECAOBAHMS CTana pa3padoTKa JUHAMH-
YEeCKOM MOZENH TOABIKHON ONTHKO-MEXaHHWYec-
KO CHCTeMBI, YCTaHOBJIEHHOW Ha Oopry KA
(puc. 1). [l oleHMBaHUs BEIMYUHBI PEAKTUBHOTO
MOMEHTa, BO3HHKaromero npu moopore OMC,

Puc. 1. MaremaTtraecKast MOJEJ b OITHKO-MEXaHUUECKOM CUCTEMBI

Fig. 1. Mathematical model of an optomechanical system

KaplaHOBa IMOABECA. JTO MPHUBOAUT K BO3HUKHO-
BEHHIO JIOTIOJIHUTEIBHBIX CHJI MHEPLUMH U, Kak
CJICZICTBUE, PEAKTUBHBIX MOMEHTOB, BO3/IEHCTBY-
omux Ha kopayc KA.

B Monenu ncnonb3yroTcs 1B€ CHCTEMBI KOOD-
aunar: OgXgYpZo cBasaHa ¢ kopmycom KA u

(ukcupoBana B 1meHTpe Macc; OXYZ cBs3aHa
¢ y310M nojageca 3epkai. [Ipu noBopore 3epkaiib-
HOTO OJIOKa Ha YIVIBI O M 3 BOKPYT COOTBETCTBYIO-
IIUX OCEH BO3HUKAKOT MOMEHTBHI Mgy U Mgy cu-
nel Fy m Fy. COOCHO ¢ IBHraTensMu pacIoyoxKe-
HBl KOMIIEHCUPYIOIINE MaxOBHKH, BpallaroIuecs
B MPOTHBONOJIOKHYIO CTOPOHY. MaXxoBHKM co3a-
0T MOMEHTBI Mo 1 M p
PeakTuBHBIE MOMEHTHI, IIEPEAAIOLIUECS HA OC-
HOBAHUE alIapara, ONPEIeISIFOTCS KaK CyMMa MO-
MEHTOB OT CWJI MHEPLUUHU U HEMOIHOW KOMIICHCA-
LMY IPUBOJOB!
Mra =Fal + Mga =Mpa;
Myp = For + Mgp —Mmp,
I7ie ' — PacCTOsIHUE MEXIY MepeceyeHreM ocel Kap-
JIaHOBA IO/IBECA 1 LIEHTPOM TSDKECTH OJI0Ka 3epKaJl.
MoMeHTHI JBUTaTeNe ONpeAeIoTCs KakK

1)

UCIIONIB30BAIACh TPEXMEPHAst MOJIEIb MTOABHUKHOTO Mga =&daddas
3epKaJbHOr0 OJIOKa, YCTaHOBIEHHOTO B KapJIaHo- Mo = e
BoM mozeece. OcobeHHocThIO HanHo OMC sBis- db = &dbdb>
€TCS HECOBIIaQJICHHE ILIEHTpa MacC IOABMIKHOIO Mma = ‘e’ma‘]ma;
3epKallbHOTO 0JI0Ka C TOYKOW IepecedeHust oceit Mmb =€mbImb
Bmﬂ““epeamm“omMOMeHTaHapaSMHmemoﬁpameH“ﬂ .................................................................................................... -
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rae Jga, Jdp — MOMEHTBI MHEPLUMH HArpysKd IO

ocsim OY u OZ; Jna, Jmp — MOMEHTBI MHEPLMH
KOMIIEHCALIMIOHHBIX MaXOBHKOB, YCTaHOBJIEHHBIX I10
ocaim OY u OZ; g4,,€qp — YIVIOBBIE YCKOPEHUS TIO-
JBIKHBIX YacTel KaplaHa IO COOTBETCTBYIOIMM
yIiiam TIOBOPOTA; €mg,Emp — YIVIOBBIE YCKOPEHHMS
MaxOBMKOB II0 COOTBETCTBYIOLIMM YIJIaM IIOBOPOTA.
Crpoennpyem cunsl Fy u Ry, npunoxeHHbe
K LIEHTPY Kap/laHa, Ha OCH HEMOBHKHOH CHCTEMBI
koopaunat OgXqYgZg:
Fxo=FaSINA+FysinBcos A;
Fyo =y cosB; 2
F;,=Facos A—F,sin AsinB.
HertpyaHo nokasaTh, 4TO 3TH CHIIbI, IPUIIOMKEH-

Hele K KA B Touke O, co3maayT MOMEHTBI OTHOCH-
TenbHO 1eHTpa Mace Opy. C yuerom (1) ms npoek-

It MOMEHTa BO3MYIIICHUS Ha ocH KA momydmm:

MXO = onRy + Fyo R; +(Mgqa —Mpa)sin A,
My, =FxRz + F,Rx +(Mga =Mpa);  (3)

MZO = FyORx +(Mdb - Mmb)COSA.
[ToactaBum ypaBaenus (2) B (3). [Tomxydanm

My, = (Facos A—Fysin Asin B)Ry +

+ (FycosB)R; +(Mgp —Mpp)sin A,

My, =(Fasin A—F,sinBcos A)R; +

+ (F; cos A+ Ry sin AsinB)R; +
+ (Mdb - Mmb)sin A;

M, = FpRcosB Ry +(Mgp —Mpyp)cos A

(4)

B (4) mpoekimum MOMEHTOB Ha OCH COCTOSIT W3
CYMMBI JIByX 9acTeil MOMEHTOB, BOSHUKAIOIIUX OT
CMEIIEeHHUS [IEHTPa Kap/laHa OTHOCHUTELHO IIEHTpa
mace KA (cmaraembre, conepxamue Ry, Ry, R; ), n

MOMEHTOB, BO3HHKAIOIINX HM3-32 HEMOJIHOH KOM-
MICHCAlln MOMEHTOB JIBUTaTesIeii MOMEHTAaMH CO-
OTBETCTBYIOIIMX MAaXOBHKOB.

Jlns pacyera OCTATOYHBIX PEAKTHBHBIX MO-
MEHTOB 3aJaJJUMCsl 3HAYECHUSIMU [TapaMeTpoB, KO-
TOpEIC CBEJIeHbBI B Ta0. 1.

Ucnonb3yss dopmynsl (1)—(4) u ucxonmHbie
JaHHble Tabn. 1, paccynTaeM UTOTOBBIC PEAKTHB-
HbIE MOMEHTHI (TalI. 2).

AHaJIN3 YIIOBBIX KOJe0aHMI CIIyTHHKA.
[locne oueHKHM PEeakTUBHOTO MOMEHTA, BO3HHKA-

Tabn. 1. UcxoaHble JaHHBIE
Tab. 1. Initial data

TTapamerp 3HavyeHue
Jda» KM 2.84
Jdb » Kr-M2 1.9
Jima » KT*M2 0.0169
Jinp » KPM2 0.0113
r,m 0.3
Ry, M 1.212
Ry M 0.28
R,, M 0.015
o, pan 0.0873
B, pan 0.0873
€4, pan/c? 0.127
€y » pan/c? 0.127

Tabn. 2. Pe3ynbTaThl pacuera
Tab. 2. Calculation results

IMapamerp 3HaueHUe
My, Hom 0.3607
Mgy, H-m 0.2413
Fa H 0.0504
R, H 0.0378
F.H 0.0077
Fy.H 0.0377
F. H 0.0499
My, Hm 0.0145
My, Hm 0.0206
M, , Hom 0.0356
My, Hom 0.0013
My, . Hom 0.0151
Mg, Hom 0.0113
M, H-wm 0.0158
My, Howm 0.0357
M, H-wm 0.0469

FOIIIETO TPH TIOBOPOTE ONTUYECKONH CHCTEMBI, OBIIT
MPOBEJICH AaHAIN3 JAWHAMHUYECKOTO IOBEIEHUS
Kopmyca crnyTHHKa. OCHOBOM TSI OIIEHKH CITYXKH-
JU DKCIEPUMEHTAIBHBIE JaHHBIE, TTONyYEeHHBIE C
VTJIOBBIX JATYMKOB (THPOCKOTIOB), YCTaHOBIEHHBIX
Ha OopTy ammapara. /[aHHBIE BKITIOYaIl BpEeMeEH-
HBIE PSABl YIJIOBBIX CKOPOCTEH, 3allMCaHHBIE BO

108 Biusinue peaKTHBHOTO MOMEHTA HA PA3MBbITHE H300PAKeHAs
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Puc. 2. YrnoBast ckopocTh KoJieOaHHH CIYTHUKA IIPH IIOBOPOTE ONTHUECKOM CHCTEMBI: a — BOKpYT OY; 6 — Bokpyr OZ

Fig. 2. Angular velocity of oscillations of the satellite under the rotation of its optical system: a — around OY; 6 — around OZ

BpeMs IITATHOW PaOOTHI MMONBIKHON ONTHKH. YT-
JIOBBIC KoyeOaHus, 3aMKCUPOBAaHHEIE B TIpoliecce
CHEMKH, WHTEPIPETHPOBAINCH KaK BO3MYIICHHS
OpPHEHTAIINY BU3UPHOHW OCH, CIOCOOHBIE BHI3BIBATH
MIPOCTPAHCTBEHHOE Pa3MBITHE HU300paKeHUSA. DTH
KoJieOaHus ObUTH TIpOaHATM3UPOBAHEI Ha MHTEPBA-
JlaX, COOTBETCTBYIOIINX BPEMEHHW DKCTIO3MIINU Ka-
Mepsl 0.2 c. [To momydeHHBIM TaHHBIM PaCcCUNUTHI-
BaJIOCh CPETHEKBAIPATHIECKOE CMEIIEHHE IMPOEK-
MU BU3UPHOI 0CH Ha (POKATHHYIO TUIOCKOCTb.

Ha rpadukax ymioBBIX CKOpPOCTEH CIyTHHKA
OTYETIMBO HAONIONAOTCSI HU3KOYACTOTHBIC KOJie-
O6anns. [lockombKy BpeMs IKCIIO3HUIIMK OKa3ajoCh
MEHBIIIE TIepUoJia 3TUX KoieOaHUM, pa3MBITHE
1M300pakeHNsT BOZHUKAET JIMIIH HA YaCcTH MEPHOIA,
a He B TCUCHHUE TIOJTHOTO IMKJIA. B TakuX yCIOBUSX
pa3MBITHE HOCUT XapaKkTep CIydaifHOTO mporecca,
BEJIMYMHA KOTOPOTO OIPEIENSIeTCS MOMEHTOM
CBEMKH BHYTpPH neprona konebanus [10, 11].

Pesynbrarbl. [ aHanmm3a ObIIM paccMOTpe-
Hbl UHTEPBAJIBI, B KOTOPBIX OCh BU3HPOBAHUS TIO-
BOpaduBaiaCb Ha MaKCUMaJIbHO BO3MOXKHBIC YIJIbI.
HNMenHO Ha 3TOM yYacTKe PEeaKTHBHBIE MOMEHTHI
JOCTUTal0T MaKCHMaJlbHbIX 3HaueHuii. Ha puc. 2
MIPUBEJIEHBl 3aBHUCHMOCTH YIJIOBBIX CKOPOCTEH
CIIYTHHKa IIPpHU IIOBOPOTEC ONTHYECKON CHCTEMBI
Bokpyr oceit OY u OZ.

Tax xak och OX coBmagaer ¢ ONTHYECKOH
OCBIO BpAIlleHUsI, BpallleHue BOKPYTI Hee He IMpH-
BOJIUT K TAPAJUIEITPHOMY CMEIIEHUIO N300paKeHUS
U, COOTBETCTBEHHO, HE (OpPMHUpPYET JIHHEHHOE
pa3MbITHE. DTO OOBSACHSETCS TE€M, YTO MPU TAKOM
JIBUOKCHUHU BCE TOUKH M300PaKCHUS MePEMEIAIOT-
Cs1 BOKPYT LIEHTPA MPOSKIMU IO JIyraM OKpPY>KHO-
CTE, OocTaBasich B IMpeJeax OJHON M TOH ke OIm-
TH4ecKkoil ocn. OHAKO, HECMOTPS Ha OTCYTCTBHE

Biausinue PCAKTUBHOI'O MOMEHTA Ha pasMbITUE n306pameﬂml
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MOCTYMATEIBHOTO CMEIICHUS, BPAIICHUE BOKPYT
ocu OX co3maer ymioBoe pasMbITHE — MOBOPOT
BCEr0 M300paKEHUSI OTHOCHUTENILHO IICHTPA KaJpa.
B pesynwsrate 3TOro mOBOpPOTa B Pa3HBIX YaCTAX
noist  (opMuUpyeTcsi HEpaBHOMEPHOE CMEICHHE
MTUKCENICH, MPUBOASIICE K JIOKAIBHBIM UCKa)KCHH-
SIM TCOMETPUHU CHUMKA.,

3a BpeMsi DKCIIO3UIINH TOYKA Ha PACCTOSHUU I OT
IIEHTpa KaJpa CMEIAeTCs Ha BEMYKHY I, , T1e 0y —
Yol TIOBOPOTA 33 BpeMsl SKCIIO3UIMH. B 1ieHTpe no-
751 (r = 0) BKJIZ OT BpaIleHHUs OTCYTCTBYET, Ha KParo
mons, korma I = R, rae R = 30 MM — paguyc uzo0pa-
JKCHUsI OOBEKTHBA, BKJIA]l MAKCHMAJICH.

[To u3MepeHHBIM YTIOBBIM CKOPOCTSM OBLITH
MTOJTyYEHBI M MCIIOL30BaHbI YTIIbI, OTBEUAIOIIHE 32
nepeMelneHne n300pakeHus B IIIOCKOCTH (oKyca,
U 0y, OTBEYAIOIHIi 32 IOBOPOT U300PAKEHUS:

0, (t) = [o,dt;
By (t) = [ wydt.
Vriosoe NEpEeMCHICHUC CITYTHHUKA IMOKa3aHO Ha
puc. 3.

CwMmerenne n3obpaxkeHus B (poKaJbHON TIIOC-
KOCTH onpenensercs no popmyse

) = y(t) 0y (0)
z(t) 0,(t)

rne f =900 mm — dokycHoe paccrosiHue; O — yr-
JIOBOE OTKJIOHEHHE 3a BpeMs SKCIO3UIINH; TpaduK
npuBeneH puc. 4.

3a BpemMs OKCHO3UIMU  PE3YIbTHPYIOIIUA
CIBUT UMEET J[BC COCTABISIOIIUC: JHHEHHYIO W
yrioByto (puc. 4):
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Puc. 3. YrnoBoe nepemMeleHne CITyTHHUKA ITPU IIOBOPOTE ONTHUECKOH chcTeMBbl: a — BOkpyT OY; 6 — Bokpyr OZ

Fig. 3. Angular displacement of the satellite under the rotation of its optical system: a — around OY; 6 — around OZ
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Fig. 4. Image displacement in the focal plane: a — around OY; 6 — around OZ
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Puc. 5. TlonmHoe cMemenue B (POKAILHON IIIOCKOCTH IPY OBOPOTE OCH BU3UpOBaHuUs: @ — Bokpyr OY; 6 — Bokpyr OZ

Fig. 5. Total shift in the focal plane when rotating the line-of-sight axis: a — around OY; 6 — around OZ

L= (&7 + (49)°;

o = R0y.

JIst OlleHKM BIMSHUS Ha Ka4eCTBO M300pake-
HUS HCMOIB3yeTCs] CyMMapHas JUIMHA Pa3MbITHA
Kak BEKTOpHasl CcymMMa JIMHEHHOW M yIJIIOBOM CO-
CTaBJISFOIINX:

Lot =y L2 + (ROy)2 + 2LRO, cosy,

II€ Y — Yrol MeXAy BEKTOpaMH HarpaBlICHUI

Pa3MbITHS.

PesynpTupyromiee cMeleHne U300pakeHus 3a
BpEMsI DKCTIO3UITNH MPE/ICTABICHO HA PHC. 5.

CoracHO pacCUYMUTaHHBIM TPACKTOPHUSAM Mak-
CHMaJIbHOE PE3yJIBTUPYIOIIEe CMEIeHHEe H300pa-
YKEHUsI 32 BPEMsI SKCITIO3UIINH:

— L = 2.13 mxm nipu noBopoTte Bokpyr OY;

— L = 3.09 mxm mipu noBopoTte Bokpyr OZ.

BiiusiHMe peaKTHBHOI'O MOMEHTA HA Pa3MbITHE H300paKeHUS

Estimation of Reactive Torque Effect on Image Blur
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Tpaekropusi ciapura B mpeeniax 3KCHO3HITUH
KBa3HUIIPSMOJIMHEHWHA, 1ModTOMy aerpagarus MTF
BIOJIb XYJIIIETO HANPABJICHUS OIKCHIBACTCS Aall-
MIPOKCUMAITHel TuHeWHoro pasmertus [12, 13]:

MTF(v) = sin(rvL) ,
vl
IJe V — MPOCTPaHCTBEHHAs 4YacToTa OOBEKTHBA;
L — nmuHEelHOE cMelIeHrne n300pakeHus B (hOKah-
HOH IIOCKOCTH.

[IpocTpancTBeHHas YacTOTa OMPEAEINIAETCS HC-
XOJI M3 pa3Mepa MUKCeNs, 00beKTHBa, B paccMar-
pUBaeMOM ONTUYECKOM CHUCTEME pa3Mep MUKCEIs
cocrasiseT 30 MKM:

v=12p=16.7mm L.

Torna nroroBast MTF cocraBmuser:

— MTF = 0.9979 npu nosopore Bokpyr OY;

— MTF = 0.9956 npu nmosopote Bokpyr OZ.

3axmiouenue. Ilomydennsie 3HaweHns MTF B
xymmeM ciydae coctaBmoT 0.9956, 910 CcooTBeT-
CTByeT CHIDKeHHI0 KoHTpacta Ha 0.1 %. O10 yKazbI-
BaeT HAa KpailHe HE3HAUYNTENIHHOE BIIMSHHE PA3MBITHS
Ha Ka4yecTBO N300pasKeHHsI: CHCTEMa COXpaHseT pak-
THYECKH TMOJHBIH KOHTPACT JaXe Ha MpeelbHBIX
NPOCTPAHCTBEHHBIX YacTOTaX, YTO TOBOPUT O XOPO-
1€l KOMIIEHCAIIMM PEaKTUBHOIO MoMeHTa. CoriacHO
JMTEepaTypHbIM JaHHBIM [14, 15] kpuTHUECKUM CUH-
taetcs cakernne MTF mo yposas 0.2...0.3, mpu xo-
TOPOM HaYMHAIOT 3aMETHO YXYALIAThCS BHU3YaJbHOE
BOCIIPHUSITHE U METPHYECKAs TOYHOCTb.
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JlenuHrpan — poanHa 31eKTpoHHOM npombinuienHoctu CCCP

B 2025 r. Obu1o 00BsABIEHO, uTO B Poccum
HA4aloCh JECSATUIECTHE HAYKH U TEXHOJIOTHH.
B cBoeM oOpareHun Mo 3ToMy MOBOIY MPE3UICHT
P® ykazan Ha 0co0yi0 poib NEKTPOHUKH U OCO-
OEHHO MUKPO3JIEKTPOHUKH.

B cBs3u ¢ aTHM, MO HalleMy MHEHUIO, CIEayeT
OTMETHUTH BXHEHILYIO POJIb JICHUHIPAJICKON HAYKU
W TIPEINpPHUATHHA B CTAHOBJICHUH W Pa3sBUTHH 3TOU
oTpacnu B crpane. 1o "CBernana" — pa3pabOTUUK
W MIPOU3BOJUTEIND MOTYNPOBOTHUKOBEIX TPUOOPOB,
"[lo3uTtpoH" — rojaoBHOH pa3paboTUMK U MPOU3BO-
JUTeNh KOHAEHCATOpOB U pesuctopo, HUU "®dep-
putr-ZlomeH" — Beayiiee mpeanpuATHE B 00JacTH
MarHuTHoOi namatd, MHCTUTYT MOMynpOBOAHMKOB
AH CCCP, mommHublii TangeM — DOH3UKO-TEXHH-
YeCKUM UHCTUTYT U lIoIMTEXHUYECKUN UHCTUTYT,
rae padoTaiM BBLAAIOIIMECS YYEHBIE C MHPOBBIM
umeneM A. @. Uodde u XK. U. Andepo, BbI-
nyckauk JIOTU u 3aBepyronuii 6a3zoBoii kaden-
poii B 3Ttom mHcTuTyTe. B JIOTU yxe B 1951 r.
Obula OTKpBITA TepBasi B CTpaHe Kadenpa Mmoiy-
MIPOBOJHHUKOB U TURJIEKTPUKOB. PaboThl Mo Teo-
PUM U TEXHOJIOTHH IOJYHNPOBOJHUKOB AaKTHBHO
NPOBOAMINCH B JIGHMHIPAaJICKOM TOCYAapCTBEH-
HOM YHHBepcuTeTe, JIeHHMHIpaJICKOM TEXHOJIOTH-
yeckoM nHCTHTYTE U B JINTMO.

B noBoeHnHble rozpl B Ipyrux ropojax (3a ma-
JIBIM UCKJIIOYEHHEM — MOCKBBI) HUYEro Jaxke Io-
XO0XEro He ObUI0, KpOME OTHOCHUTEIbHO HEOOJIb-
LIIMX TNPEeANpPUATHH, KOTOpPhIE BBITyCKAaM 3JIEK-
TPOHHBIE KOMIIOHEHTBI, pa3pabOTaHHbIE B JICHUH-
IPaACKUX MHCTUTYTaxX. B mepBble MOCIEBOCHHBIE
roZIbl MHOT'O€ Hayajlo MEHSTHCS, HO MPEKAE BCETO
3a CUET IBAKyHPOBAHHBIX MHCTHUTYTOB U IPOM3-
BozacTB. Cnemyer OTMETHUTb, YTO OTCTABAaHHE OT
NepeloBBIX CTpaH M0 HauOojee MPOIBUHYTHIM
HanpaBIIeHUsIM Toraa Obuto He 6onee 1.5-2 mer. U,
9YTO 0COOEHHO YIMBUTEIBHO, HEKOTOPBIE U3AEIIHS,
pa3paboTaHHBIE CAMOCTOSITEIbHO, IPAKTUYECKU HE
yCcTynaiu 3apyOeHbIM, HO HUX HE KONHPOBAJH,
XOTS W ObUIM BBIJAIOIIUECS TPUMEPHI CO3JAHHUS
MOJIHOTO aHajora 3apy0eKHOW BOCHHON M Trpak-
JTAHCKOM T€XHUKH, TAKUE KaK:

O. A. MacjieHHKOB,

— crpareruueckuii OomOapmupoBmk TY-4
(obpaTHas pa3paboTka amepukanckoro B-29);

— OayumncTuieckas pakera P-1 (oOpatHas pas-
paboTka Hemelkoi paketsl Day-2);

— JierkoBoit aBTOMOOWIL "MockBuy-400" (00-
patHast pa3pabotka Hemerkoro "'Onenb Kamer K38";

— cTupaibHas MamuHa "'Pura-55" (oOpartHas pas-
paboTka mBeckoi mozenu Gpupmbl " XyckpapHa'™).

[IpumepHO Takke pa3BUBAICS OJUH U3 CIOXKE-
TOB B AJICKTPOHHOU NpOMBILUICHHOCTU. [lepBhiii
Tpansuctop nosiuwica B 1948 r. 8 CHIA. Onnako
Toraa 3ToT mpubop objagan oueHb HU3KUMH Ma-
pameTpaMd M 3HAYMTENBHO yCTymayn Maioraba-
PUTHBIM 3JIeKTpoHHBIM Jamnam. I[lorpebGoBanoch
HECKOJIBKO JIET, YTOOBI PEHIUTh 33/1a4H [TOTYIECHUS
CBEPXUYHUCTBIX T€PMaHUs U KPEMHHUsI, 3aT€M BBIpa-
MMBaHUsT ManoneeKTHbIX KpucTtauioB. [loTom
J0AT0 OOpOJMCH C HU3KUM BBIXOJIOM T'OJHBIX KpH-
CTaJUIOB, OONBIIMMHU yTEYKAMH U TMPOOIeMaMu
KOHTaKTOB. Bricoka Obuia u croumocts (B 1950 T.
$ 6-10, uro o3nagaer $ 80-130 3a Tpanzucrop B
ceromHsAmHuX 1eHax). Tompko B 1953 r. Havanock
WCTIOJB30BaHUE TPAH3UCTOPOB B  ammaparype.
Hamm cnenmanwctel crneamnu 3a paboTamu B
CIIA, 3akymamm obpas3mpl u obopymoBanue. U B
COOTBETCTBHHU C pEIICHWEM IPaBUTENbCTBA HA 3a-
Bome "Ceermana" (mupexktop H. M. Kucenes,
HavanbHUK 1iexa A. H. Kypunos) 6pu10 pa3zsepHyTO
CTpOUTENHCTBO 1Iexa. B 1955 r. mepBhIif B cTpaHe
1[eX CepUHHOTO MPOM3BOJICTBA HAaYaJl BBHITYCK OTe-
YecTBeHHBIX Tpan3ucTopoB I11 (pa3padorka HUM-35,
MockBa) Ha 3aBoje "Cmernana” B JleHmHrpaje.
IIpu 3aBome Oputo cozmano OKbB mo paspabotke
MTOJTYTIPOBOAHUKOBEIX TPUOOPOB. B mepBeIii ron
MIPOM3BOACTBA TpaH3uCcTOpoB 111 OBUTO BEHITYIIIEHO
yke 96 Teicsd mTyK. C 3TOro Havanack IOIIYIPO-
BOJHUKOBas ipombinuieHHOCTE B CCCP.

AKTHBHas CaMOCTOSTENBHOCTD B Pa3pabOTKax
JICHUHTPAJICKOM HAy4YHOW M MHKEHEPHOM IIKOJIbI C
TBEP/OWA OpHEHTAIlMEN Ha MHUPOBOH YpOBEHBH CO-
XpaHsIach BIUIOTH A0 KOHLA CEMHIECATBIX T'OJIOB
npouutoro Beka. DyHIaMEHT JICHUHTPaJCKOU
HAYKW ¥ BBICIICH IIKOJBI TIO3BOJISUT BBIXOJIUTH Ha

JleHUHTrpaa — poaMHa 3JIeKTPOHHOH npoMbinuieHHocTu CCCP 113
Leningrad — the Birthplace of the USSR's Electronics Industry
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MHUPOBOH YPOBEHb B IIPOM3BOJCTBE CaMbIX Pa3HO-
IaHOBBIX m3aenuid. OO ycrexax 3TOro HaIpasie-
HUSL pabOT OJHOTO U3 JICHUHIPAJACKUX HPEIIpHs-
TUI 3JIEKTPOHHOU MPOMBIILIEHHOCTH PacCKa3biBa-
eTca ganee. B ompeneneHHOM CMbICiIE 3TO ObLIO
HMIIOPTO3aMeEIlEHHE T10-COBETCKU. Y CJIOBHBIE F0OH-
JICH 3TUX pa3paboTok ciyumiuch B 2025 .

B 1962 r. B xonme Busuta B JleHuHrpan
H. C. XpymeBa okoHUaTeNbHO yaanock yOeauTs B
HEOOXOIMMOCTH CPOYHOTO PA3BUTHUS SJIEKTPOHHON
MPOMBIIIJICHHOCTH B cTpaHe. OIHUM M3 TJIaBHBIX
"yoexxnaromux" ObUT PYKOBOIUTEIb OJHOTO M3
npennpustuil B Jlome CoBeroB Ha MOCKOBCKOM
miomagu Oumunn [eoprueBuu Crapoc. 210
npennpustie — aboHeMeHTHbIA sAmuk 155 ("abo-
HEMEHTHBIH SIIUK TaKOKH-TO", B pa3rOBOPHOM HPO-
cro "suwk" — Tak B CCCP "nerenaupoBanu' 3a-
CEKpeUYCHHBIC MPENNPUATHS), KOTOPOE W TOCETHII
H. C. Xpymes no mnpurianieHuo Mmpeacenarens
l'ocymapcTBeHHOr0o KOMHUTETa MO 3JIEKTPOHHOM
texuuke A. U. Hlokuna. Ilocne sToro Obuin BbI-
JIeJIeHBl OTPOMHBIE Cpe/ICTBa, MocTpoeH "Hay4Hsbiii
uentp", Brirovaronuii mects HUW u nste 3aBo-
0B B 3eneHorpane nox MocCKBOH, a Takxke He-
CKOJIBKO KPYITHBIX AJIEKTPOHHBIX IPOU3BO/ICTB.

B Jlenunrpaze Gompliie HOBBIX 3aBOJOB HE CTpPO-
WM, OIHAKO OAHMM YaCTHBIM DPE3YJIbTATOM BH3UTA
CTaJI0 CTPOUTENILCTBO HOBOTO 3aHUs [UIA a. 5. 155 Ha
BBIE3/IE M3 TOpoa Ha MOCKOBCKOM Imiocce, 46.

Ecau MU 3agate Bompoc, KTO M KOrza cAenas
NEPBBIA B MUPE KaJbKYJIATOP Ha OOJBIINX HHTE-
rpanpHbIX cxemax (BUC), moxyumm otset: "Tlep-
BBl B MHpE KaJIbKYJSTOP, UCIOJIb30BABIINI HH-
terpanpable  MuKpocxeMbl (BUC), STIOHCKUH
Sharp QT-8D, Beimymiennsiid B 1969 r. B Hem wuc-
none3oBanuchk Bcero detblpe BUC, oTBeuatomnme
32 OCHOBHYIO JIOTHIKY BBIYHCIIEHHI'. A B KOHIE
1970 r. Ha cToyie y MMUHHCTpA 3JIEKTPOHHOM IMpPO-
mbimierHocTn A. W. Hlokwnaa (B 1965 1. T'ocy-
JIapCTBEHHBI KOMHUTET MO AJIEKTPOHHON TEXHUKE
ObpU1 TpeoOpa3oBaH B MHHHUCTEPCTBO 3JEKTPOH-
HOM MIPOMBIIIJICHHOCTH) JIe)Kala BHEIIHE [OX0XKast
KOIHUS ITOTO KalbKyisaTopa, Ho ¢ bBUC cobcTBeH-
HOW pa3paborku. IToT Kambkynstop u BUC
HeMy ObutH chenanbl B JIGHMHIpanckoM KOH-
crpykropckom 6ropo (JIKb, panee — a. 5. 155) mox
PYKOBOACTBOM BbIIIeynoMsiHyToro Crapoca. B
Havane 1971 r. lllokuH npoaeMOHCTPUPOBAIT 3TOT
Kanpkynarop mnepBomy cekperapo LK KIICC
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Jleonuny Unbuuy bpexxHeBy, U 3TO U3AENIHE CTAJIO
"kanbkymsitopoM kK XXIV cwe3ny KIICC" (1971),
MIOJTyYWB Ha3BaHUe "DieKTpoHnKa 24-71".

OT0 OBUT TepBBIN 3BE3HBIA Yac COBETCKOW
MHKPO3JIEKTPOHHUKH.

C 3ama3gplBaHMEM BCETO Ha TOA-TIONTOPa B
CTpaHe MOSIBUJIOCH H3AEIHE MUPOBOIO YPOBHS U
MOJTHOCTBIO COOCTBEHHOM pa3pabotku. M moctur-
HYTO 3TO OBUIO C IMOMOIIBIO CBOCH CIENUATBLHO
CO3/IaHHOM CHCTEMBI aBTOMAaTH3HPOBAHHOTO MPO-
extupoBanuss BUC (CAIIP BUC) na obopynoBa-
HUHU B OCHOBHOM COOCTBEHHOU pa3pabotku. U 3to
oputo caemano B Jlemmnrpage. BoT orenka
®. I'. Crapoca pe3yabTaToB pabOTHl Ha OHOM W3
cosemanuii. OH ckazan: "3Haere, BCe 9TH MHUKPO-
KaJbKyJIATOphl — HUYTO. CeroJHsi Mbl OTKphIBaeM
HOBYIO 3py UIsl YelIOBEYeCcTBa — 3Py NEepCOHAIb-
HBIX KOMITbIOTEpOB. Uepes maTh—IecsITh JIeT Takue
JIFO/IM, KaK BBI U 5, CMOTYT TIO3BOJIUTH ceOe UMETh
COOCTBEHHBIH KOMIIBIOTEP JOMa, H OH OyJeT Ta-
KHM jK€ MOIIHBEIM, Kak cerogas BOCM-6". Brin
1971 r.,
HBIM. TexHonorndeckut QpyHIaMEeHT 3TOH paspa-

U TIPOpPOUYCCTBO OKa3ajloCh ITOPA3UTCIIb-

0otk Ob1 co3man ycwmmsimu WM. B. Bepra,
JI. T. ®ponosoii, JI. M. Hopkuna, A. M. CkBop-
nora, B. B. Ilperkoa, H. B. Illetununoi,
M. H. KaiimanoBckoii, 3. A. OgunuoBoi. Cxemo-
TEXHHYECKHUE pacUeThl W TOIOJIOTHUIO CO3/IaHu
B. C. T'ampniepun, I'. U. bepmuakos, 0. B. be-
nenskuii, T. H. KoBanesckas, A. C. CbIlYeHHUKOB,
H. W. ApxwnoBa. 3a (oTomadmoHsl OTBEYAI
b. H. KoTnenos, a 3a cucreMbl KOHTPOJISI MUKPO-
CXeM U ynpaBieHHus (OTOHAOOPHOU YCTaHOBKOU
B. M. Banskos, /. U. Axotkun, B. Y. XneOuu-
koB, M. C. Kymyns, E. E. ®puaman, 9. M. Pac-
krHa. CrcTeMa aBTOMAaTH3alMU NPOECKTUPOBAHUS
paspabarsiBanack nof pykooactsom C. M. bapa-
HoBa, 0. W. lllenneposmua, 3. B. Ilomosa,
B. A. CenmtotnHa. ANTOpuT™MBl apupMETHKN Kajlb-
kynstopa paszpaboran b. C. PyBunckuii. IlepBeiM
nomomHukoM Ctapoca B 3Toil pabore Obu1 ['en-
pux Pomanosuy @upnmMan — 3aMeCTUTEINb TTIaBHO-
ro KOHCTPYKTOpa 1O CHUCTEMOTEXHHKE, YTO CTaJlo
KIIIOUEBBIM (haKTOPOM ycriexa padoThl.
DOJeKTpoHHasi MPOMBIIUICHHOCTh JIeHUHrpanga
OYeHb BBIAETSNIACH Ha (OHE OdTOM oTpaciu
B CTpaHe, HO BCE )K€ TJIABHOW MPOMBIIIICHHOCTHIO
ropoaa Bcerga Obuto KopabnectpoeHue. Kommue-
CTBO BCEBO3MOYKHOTO PaJIHOTEXHHUUYECKOTO, CBS3-
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HOTO W BBIYHCIUTENFHOTO O0OpYIOBaHUS Ha KO-
palbIsIX BO3pacTajio 0O4eHb OBICTPO, a DIEKTPOHUKA
MO3BOJISIJIa 3HAYUTENFHO YMEHBIIUTh Ta0apuThl U
YBEITMYHTH OBICTPOICHCTBUE ammapaTypbl. B psme
CIlydaeB MPENNPHUATHS JIIEKTPOHHOW IPOMBIII-
JIEHHOCTH pa3pabaTeiBaimy i Kopabiel Ierbie
CIIO)KHBIE CHUCTEMBI, a HE TOJBKO MHKPOCXEMBI.
Tax, B JIKb Obutla pa3paboTana u BhITycKajach
0oeBass MH(POPMANMOHHO-YIPABIISIONIAs CUCTEMA
(BUYC) "V3zen" mist AM3eTbHBIX MOABOIAHBIX JIO-
ok (ITJI). Cucrema, umest O0JbIIOE KOJIMYECTBO
BCEBO3MOXKHBIX JIATYUKOB, 0OpabaTrkiBasia WHGOP-
MaIUIO KaK 0 COOCTBEHHOM II0JIOKEHUH, TITyOuHe,
CKOPOCTH XOJIa, HAJIMYMH TUIIOB TOPIIE/, TaK U 00
OKpY’Karoliel 00cTaHOBKE, BO3MOXHBIX yrpo3ax, a
TaKKe JiaBajia pEeKOMEH/IAIUY 110 BO3MOXHBIM Ba-
pUaHTaM TOPaKEHUS MPOTUBHUKA WU 3aIUTHI OT
Hero. Takue cucTeMbl OBUIM BaXKHBI OCOOCHHO IS
[JI, Toe rabapuThl UTPAIOT OYCHH BaXKHYIO POJIb.
W 31ech Hamo OTMETUTH NPUOPHUTET JICHUHTPA/I-
CKHX WHXCHEPOB, pa0OTaBIIUX B AIICKTPOHHOM
MPOMBINUICHHOCTA ¥ B3SBIIUXCS PEIIUTH 3a7ady
coznanus BUYC ms nusensubix 11 — 3amauy, 3a
KOTOpylo He Opancs MuHCYQnpoM, AeiaBIINHA
BUYC ans aromueix T1J1. D1t uHxkeHepsl paboTa-
nu B JIKb, BO3riiaBiseMoM IriIaBHBIM KOHCTPYKTO-
pom atoi pazpabotku @. I'. Crapocom.

B 1964 r. B JIKb BoeHHBIEC 3aKa3YNKH BIICPBEIC
10 HOBOM TOJILKO YTO YTBEPXKJEHHON Mporpamme
WCIIBITAaHUN TPHUHSIIA Pa3paboTKy yIpaBistomeit
OBM YM-2. B Helt Obun JOBEIEHBI IO COBEP-
IIEHCTBA ApPXUTEKTYpPHBIE, CXEMOTEXHHYECKUE U
KOHCTPYKTHUBHBIE PEIICHUS HA OCHOBE CO3AaHHOI
CrapocoM METOAOJOTHH MHKPOAIEKTPOHUKHA —
METOJIONIOTUM  KOMIUIEKCHOM MHWHHATIOPHU3AIIH
dJIeMEHTHOU 0a3bl, y37I0B U OJIOKOB YIIPaBIIAIOIIEH
OBM. YM-2 onpobosanacs B Kb Koponesa u Ty-
nojesa v ang npumeHeHus B BM®. Ho Jlenun-
rpaj — MOPCKOH TOpoj, Topo KopaliecTpouTe-
JIed, U TIepBoe MpuMeHeHne Y M-2 Hamnuia 1 Ju-
3enpHBIX [1IJI. B 1970 r. BUYC "¥Y3en" 6b11 nipu-
HAT ['ocymapcTBEHHOW KOMMCCUEW, W TiepBas B
crpane nmuzensHas [1J1 ¢ BUYC Berana B CTpoid.

06 atoit pabote B 2009 1. MydIIe BCETO CKa3al
reHepaibHblii KOHCTpYKTOp HeaToMHBIX TIJT TIKB
MT "PyOuH", HOKTOp TEXHUYECKHUX HaAYyK, Ipodec-
cop 0. H. KopMununumH, o nmpoekTaM KOTOPOTO
noctpoero Oonee 180 ILJI: "Co3manme OGoeBoii
WHPOPMALMOHHO-YIIpaBISIONIed cucteMsl "Y3en"

ABJISIETCS. TUTAHTCKUM IIPOPBIBOM B JIBYX IIPHUHIM-
IHAJIbHBIX HAIIPABICHUAX:

— TEXHHYECKOM, TTOCKOJIBKY TadapHThl, 00bEM,
Macca W DHepromnoTpedicHue ObBLIN 3HAYUTEIHHO
YMEHBITIEHBI, a 3()PEKTUBHOE OBICTPOJCHCTBHE U
KOJINYECTBO PELIAEMBbIX 3a/1a4 YBEJINYEHbl BO MHO-
r'0 pa3 OTHOCUTENBHO TE€X CUCTEM, KOTOpBIE pa3pa-
OaThIBaJKCh B TO BpeMs B MUHHCTEPCTBE CyJI0-
CTPOUTENILHON POMBILITIEHHOCTH;

— MOJMTUYECKOM, TaK KaK BIIEPBBIC IMOJBOIHH-
KaM pa3pelIiid BBIATH 3a OTpacjieBble Oapbepbl U
paboTaTh ¢ QupMaMu APYroro MHHHCTEPCTBA, T. €.
3aIJIHYTb U MEePephIrHyTh Yepe3 BBICOKUI BeloM-
CTBEHHBIH "3a00p", YKpeIIeHHbIH CEKPETHOCTBIO.

...Jlen1o B ToMm, uto BHeapernue BUYC "VY3zen"
NPUBOJIWIO K OYEBUAHOMY YMEHBLICHHUIO BOJOU3-
MEILeHHs Kopabiiei U, Kak cIelICTBHE, K PEe3KOMY
COKpaIlleHHI0 NOTpeOsieHuss (UHAHCOBBIX M TPY-
JIOBBIX pecypcoB'.

U 31eck HaO BCIIOMHUTD T€X, KTO PEIINI 3Ty
3agady. OOlee MHXEHEPHOE PYKOBOJICTBO OCY-
mecteisiocs @. I'. Crapocom u U. B. beprom.
Bsaumoneiicteue ¢ BM®, dhopmupoBanue TeXHU-
yeckoro 3amanus (T3) Ha cuctemy, a TakKe BHYT-
PEHHUX YacTHBIX T3 Ha COCTABISIOIINE YaCTH CH-
CTeMBbl U 00IIas KOOpAWHAIMUS PaboT ObUTH BO3-
noxxenbl Ha M. II. Tl'anbnepuna. IIBK nmox pyko-
BoacTBoM A. WM. bopommHa paspabaTpiBamn
E. . XKyxos (c 1966 r. Bo3riaBuBmuii 3Ty pado-
Ty), U. ®@. I'paues, B. A. Kopotkos, 0. K. Cyns-
uH, JI. I'. Muaypuna, O. /1. Ilomosa, b. U. Cumo-
HOB. 3a CHCTEMYy IaMATH OTBEYAJIH CIICLHATUCTHI
ormena C. W. Kpeitnmra - B. 5. Kysnernos
(c 1966 r. — HayanpHuk otaena), E. C. Ky3pmuH,
9. B. Sxymes, T. M. Tyukosa, O. C. BapraHos,
B. U. Tkaues, C. U. luckun. C Havama U A0 KOH-
Ia pa3pabOTKH CHUCTEMBl BBOJA-BBIBOJA, TEPMO-
CTaTUPOBAHMSA M NHTAHMS BEJUCH B OTIENIE IO
PYKOBOJCTBOM M IIPU JIUYHOM y4acTUH HayaJlbHU-
ka otmena B. E. Ilankuna. DnexTpoHHas 4acTh
BBOJIa-BBIBOJA CO3/aBajiach, HACTPAUBAJIaCh U CO-
nposoxkaanace U. . Meweukuneiv, B. B. Buno-
rpagoBeM, ['. @. [IpokodreBoii, a anexTpomexa-
Huueckas — O. A. 3namenckum, B. B. I'oponen-
kM, B. B. PwsokkoBeiv, I'. B. PocaskoBoii,
A. b. Makeepim, 0. I'. UynuHoBCcKkuX. TpakTh
oToOpakeHus paszpabarbiBayii . A. Hukwuruh,
K. b. bomamkos, E. b. bapnun, A. Jl. I'aamus,
N. I1. Kpusnos, B. A. Iloasanbusiit, E. M. brox.
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Bonpock moacucreM nuranus pemanuchk A. B. Poc-
qsikoBbiM, H. M. IluraneBsiM, MOJICUCTEM TEPMO-
cratupoBanus — B. H. UeprkoBeim, B. . Kapnen-
KO. TSAroThl KOHCTPYUPOBAHUS B YCIOBUSX JOJITON
HEOTIPeIeTICHHOCTH B 00beMax M COCTaBe ammapa-
Typbl U HOBH3HBI BOEHHO-MOPCKHX TpeOOBaHWM
BeiHOCHH [1. A. ITetpos, A. C. Cobones, P. H. JlaB-
penteeB, C. B. 3omnotaiiko, A. B. MansaBkus,
A. II. u B. A. CuHULBIHBL. APXUTEKTYpa U JIMILIO
CUCTEMBI (POPMHUPOBAIUCH TIOJ] PYKOBOJCTBOM
M. I1. TaneniepuHa (HOMHHAIBHO — TOTJ]Aa HAYAITh-
HUKa OTJIeJIa pa3pabOTKN CHCTEMHOTO U IIEJICBOTO
I1O) M. A. AnekceeBckuM u B. O. UrHaTheBbIM.

Cucremnoe I10 non pyxoBoactBoM M. A. Anek-
ceeBckoro paspabateiBasiock ®. C. [omyGeBoii,
b. 1. BapanoseiM, I'. A. HecmxckuM. LleneBsie aj-
TOPUTMEI, pa3pabaThiBacMbIe U SHEPIHIHO MECHSIEMbIC
B TIpoliecce peanm3aniy (0COOEHHO B YacTH TOPIIE-
HOU CcTpenbObl), Borwtomiamy B xu3Hb A. C. KoHcTan-
tnHoBa, H. ®. dapeesa, M. M. Jlanauyruna,
C. U. Moukun, O. H. Menamen (ompeneneHue
AJICMCHTOB JBIKeHUs 1ienu), B. O. HrHathes,
. B. lemunosuy, B. A. Xapnamos (6oeBoe ¥ Tak-
Tuueckoe MaHeBpuposanue), JI. H. CepeOpsikopa
(runponorusi), A. T'. demorosa, 3. A. JlaGeuxui,
B. . Ilubkoeckuii, H. A. Tapankosa, M. 1. Ps6oBa
(TopniemHas ctpensba), I'. @. ['opokanko, FO. A. Mac-
nennkoB, B. B. I'yaskuna, A. JI. TpomkoB (HaBu-
ramusi). Kpocc-cpenctBa obecriedenus: pa3paboTku
nenreBoro u cuctemuoro [10 co3maBamuck B abo-
paropuu I'. P. ®upnmana (BocineacTBuu — B OT/AE-
ne) 1O.U. IllenmepoBuuem, D. B. IlomoBsim,
A. B. llle6apmmnev, E. Y. bopyxosudem, A. U. Per-
JKUKOBOM. PelieHne oOpraHm3allMOHHBIX BONPOCOB
paspabotku IO cuctemsr B 3TOT mepuoj OBLIO
BoznoxkeHo Ha O. JI. I'myxoBa.

B mepuos 3CKHM3HO-TEXHHYECKOTO IMPOEKTa CO-
3MaeTcd KOMIUIEKCHAs JTabopaTopus 10N PYKOBOII-
ctBoM b. I'. 'onoanosa. VIm Bmecte ¢ M. I1. I'anb-
MEpUHBIM OBLT C(HOPMUPOBAH KOJUIEKTUB, CTABIIUI
BITOCIIEICTBUM OTJIEJIOM U TIPUHSIBIIVIA HA ceOs 3Ha-
YUTETHHYIO YacTh BOIIPOCOB B3aMMOJICHCTBHS C 3a-
kazunkoM, LIKB-mpoekranToM, MpeAnmpusATHAMH —
pa3pabOTIMKaMHA ¥ M3TOTOBUTEISIMH CMEKHBIX CH-
CTeM, BOCHHO-MOPCKHMU CIYKOaMHU W CEPHUHBIMHU
3aBoJlaMi. B OCHOBE 3TOrO KOJUIEKTHBA OBLIH
E. B. bunmuuenko, I'. H. I'yrman, A. C. IllepOuna,
10. M. Pozanos, M. 1. Apnosckuii, B. b. CobakuH,
W. 3. Munoswuosa, B. I'. JIrobumoB.

HeoneHUMO TONOXUTENBHYIO POJIb B yCIIEXe
pa3paboTKu ChITpal KOHTP-aJIMUAPAIIBl B OTCTaBKE
O. C. XKyxosckuit u B. H. Epomenko. O. C. XKy-
KOBCKUU Mpuilen Ha npennpustue B 1967 r. u
oOecrievns J1eJI0BOM KOHTaKT C PYKOBOJCTBOM
BM®. B. H. Epomienko npuiien B 1968 r. u opra-
HU30BaJI ONEPATUBHOE B3aMMOJCHCTBHE C PYKO-
BOJICTBOM BOEHHO-MOpCKOW 6a3pl B Jluemae mo
BCEM TEKYIIMM 33ja4aM HOATOTOBKH W IPOBEC-
Hus ucteiTaanii BUYC "VY3en".

Jo0aBuTh K 3TOMY MOKHO TOJBKO TO, YTO 3TO
ObUTa mepBasi B CTpaHe MHUKPOIJIEKTPOHHAsI CHCTEMa
B Boopyxennsix cumnax Coserckoro Corosa.
B skcriopTHOM BapraHTe OHa uaBaia Ha Hammx [1J1
nox ¢aaramu Munnm, Kuras, Amkupa, [loasmm u
apyrux crpad. U ato caenano toxe B Jlenunrpaze.

W, nHakoHem, MBI MOAXOIUM KO BTOPOMY
3BE3IHOMY 4acy COBETCKOM MHUKPODJIEKTPOHUKH —
CO3JIaHHMIO TEpPBOM B cTpaHe MHKpoOBM "Jnek-
tponuka C5-01". B 1973 r. ®@. I'. Crapoca Ha mo-
CTY PYKOBOJUTEINSI NPEANPUATHs cMeHsAeT Bukrop
[TanTeneiimonoBuu lisetoB. [Ipeanpusarue momy-
YyaeT HOBOE Ha3BaHUE — JIEHMHIpaJicKoe KOHCTPYK-
Topcko-TexHonorndeckoe O0ropo (JIKTB). OmHoBpe-
MEHHO TEXHOJIOTMYECKUE BO3MOKHOCTU TIPEATIPHS-
THS HAYMHAIOT IO3BOJIATH NPOCKTUPOBATH TAKUE
cnoxkaeie BUC, KoTOpble CIOCOOHBI peaTi30BaTh
CTpyKTYypy 16-pazpsiaHoit  ympapisromieli OBM.
B 1974 1. pabora Hax sToit OBM HaumHaeTcs COB-
MecTHO ¢ KueBCKMM HHCTUTYTOM KHOEPHETHKH.
B nexabpe 1975 r. cocrosack ycmelnHas mprHeMKa
MuKpoOBM ['ocynapcTBeHHON KOMHCCHEH MO py-
KOBOJICTBOM akajJieMuka B. M. I'myiikoBa, 1oj10XuB
Havyajmo cepun MUKpoOBM "Omektponmka CS5".
C aTOr0 MOMEHTa HAa4YMHAETCS dIoxa MHUKpoOBM
B CoBerckom Cotro3e. MUHHCTPOM DJIEKTPOHHOMH
npoMbliliieHHOCTH A. . IIIoKWHBIM OTMEUYEHO, YTO
paspaboraHHas MUKpoOBM sBnsercs TepBOU
OTEUECTBEHHONH MHKPOOBM mmupokoro HaszHadve-
ausg Ha MJII GonpIIMX WHTETpalbHBIX CXeMax,
BBITIOJITHEHA Ha YPOBHE M3BECTHBIX COBPEMEHHBIX
00pa3IoB W OCHalleHa MaTeMaTHYecKuM obecrre-
YEHHEM BBICOKOTO YPOBHL.

MukpodBM "Onekrponuka C5-01" B cepumn
"Onexkrpornka C5-02" maxomunachk 1o OOJNBIIUH-
CTBY MapaMeTpOB Ha MHUPOBOM MHKPOIPOLIECCOP-
HOM ypoBHe. U 310 TOXKE ObLTO caenaHo B JIeHUH-
rpage. B gonosnHeHne Kk TeM COTpyIHHKaM, KOTO-
prie GOpMHUPOBAIH TEXHOJIOTMYECKUN (QyHIAMEHT
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paspabotku BUC, B 3Ty paboTy TakKe BECOMBIH
Biang BHecnmu C. M. Tampos, B. C. Xopwun,
4. B. Ipsiuenko, B. A. ®orens, B. M. bypmireiin,
B. B. I'ycakos, H. M. fIxoBneBa. CTpykTypa MHK-
poOBM u cucrema xoMaHn ObUTM pa3padOTaHBI
coTpyaHuKamMu KreBCKOro MHCTUTYTa KHOEPHETHKH
A. B. Ilamaruaem, A. @. KypraeseiM, B. A. Hga-
HOBBIM CcOBMeCTHO co crenuanucrtamu JIKTD
N.C. Ep3oBuuem um A. ®. Jpsmakom. U ecnu
BuroHe 1971 r. CIIA ropawivck co3maHueM
4-paspsmaort MukpoOBM, To CCCP B nmexabpe
1975 1. cMOT yXe TOPAWUTHCA HalIndueM 16-pas-
psaaHoit MukpoOBM. OHa Obula co3/laHa Ha OCHO-
Be KoMmIuiekTa P-kaHanbHbIX BUC cepum K536:

JleHuHrpan

ypoBenb uHTerpauuu 2000-8000 smeMeHTOB Ha
KPUCTAJUIE B 3aBHCHMOCTH OT CTETICHH PEryIsip-
HOCTH CXEMBI, TUIOIaAh Kpuctamuia 20 MMZ, cxe-
MOTEXHHKA — JMHAMUYECKas, YEThIPEXTaKTHad,
takToBas yactora 100 xI'.

Orta MuKpoOBM monoxuna Hadaao IpUMEHE-
HHUIO IHPOKO PACHPOCTPAHEHHOTO, HAYMHAS CO BO
BTOPO# TMONIOBUHEI 70-X TT., ceMmeiicTBa MUKpoOBM
"OnekTponnka C5", Kyaa BOIUIA U OJHOIUIATHBIC, U
OJTHOKPUCTATLHBIC BapUAHTHl HWCIIOJHCHHS, B TOM
gucie 1 it MunanctepctBa o6oporsr CCCP.
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Thl pa0OT JCHUHTPAACKUX MPENNpHUITU B 00Ja-
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Leningrad — the Birthplace of the USSR's Electronics Industry
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IIpaBuiia nj1s1 aBTOPOB cTaTEH

B penakmuro sxyprana "M3Bectus By3oB Poccun. PagnosnexTponuka" He0OX0IUMO MPEICTABUTD:

— 3IIEKTPOHHYIO CKaH-KomHio pykotmcH (1 9x3.) - daitn crarsu (pdf hopmar) ¢ moammcsiMu Bcex aBTOpoB (06bem
OpPUTMHAJILHOW CTaTby HE MEHee 8 CTpaHMI] TeKCTa ¢ aHHOTaluel, 0030pHOH cTarby He Oonee 20 cTpaHuIl
TEKCTa C aHHOTAIUEH);

— 3NIeKTPOHHYIO Komuio ctathu (1 3k3., docX dhopmar);

— OTAENBHBIN (aili s KaXJOro pUCYHKa M KaxJIoW TaOnuipl B GopMmare TeX pelakTOpoB, B KOTOPBIX OHH
ObUTH TOATOTOBNICHBI. Pa3MelieHMe pPUCYHKa B JJISKTPOHHON KONHMH CTaThbu HE OCBOOOXKIAET OT €ro
TIPE/ICTAaBIICHUS OTAEIBHBIM (ailiiom;

— OPUTHHAJ/CKaH-KOIHIO SKCTIEPTHOTO 3aKIIFOYEHHS O BOSMOKHOCTH OITyOITMKOBAHHS B OTKPBITOM mredatH (1 9K3.);

— cBejieHHs1 00 aBTOpax Ha PYCCKOM M aHIIMUACKOM si3bikax (1 3x3., dOCX dopmar);

— peKOMeHAIHIO Kadenps! (Moapa3aeNeH ) K OIyOMKOBaHMIO (CITeyeT yKasarTh MperoaraeMyio pyoprky) (1 3x3.);

— compoBoauTenbHoe MHchbMO (1 3k3.). B muceme nomxHa OBITH OTpaxeHa ciexyromas uHpopManus: GHUO
azpecara W JaTa IOJA4M pPYKOIMCH; LEdb OOpamieHnss W aJIMHHHCTpaTHBHas WHGopManms (3araBue
PYKOIIUCH, COCTaB AaBTOPCKOTO KOJUIEKTHBA, BHJI CTaTbH); KpPaTKOE€ W3JIOKCHHE OCHOBHBIX pE3yNbTaToB
WCCJIEZIOBaHUS M ONIMCaHKE MX BIMSHUS Ha HayyHoe 3HaHue (1-2 ab3ama); 3asBiieHHe 00 OTCYTCTBHHU HOAAYH
CTaThH B IpyrUe€ )KypHAIbI U 00 OTCYTCTBHU KaKOTO-TH00 KOH(INKTa HHTEPECOB.

le/lHl/lMalOTCﬂ K nyﬁnmcamm CTaTbU HA PYCCKOM H AHIVIHIICKOM SI3bIKAX.

Pykommce HE MOXeT OBITH OITyONMKOBaHA, €CIIM OHA HE COOTBETCTBYET IPEOBABISICMBIM TpeOOBaHUAM U
MarepuajaMm, IpeACTaBIIeMbIM C HEH.

CTpyKTypa HAy4YHOIi CTATHU
ABTOpaM HACTOSTEIHHO PEKOMEHIYETCS PUAEPIKUBATHCS CIEAYIOIIEH CTPYKTYPhI CTAThH:

e 3arojoBOYHAs 9aCTh:
— VJIK (BbIpaBHHBaHHE TI0 JIEBOMY KpParo);
— Ha3BaHHUC CTATHH;

— aBTOpHI (mepeueHp aBTopoB — @. M. O. aBropa (-0B) nosHOCTHIO. VIHUIMABI CTaBATCS Hepel paMUIIUsIMH,
MociIe KaXJI0ro WHHIMalla TOYKa M Npo0et; MHUIMAIbl He OTpbiBaloTcs oT (amuianu. Ecom aBropoB
Heckoibpko — @. M. O. paspmensrorcsi 3amsiTEIMHU), €CJIM aBTOPOB Ooublie 3, HEOOXOANMO B KOHIIE CTaTbU
yKa3aTh BKJIaJ KaXJI0TO B HAITMCAHUE CTATHH,

— MCCTO pa6OTI>I Ka)XXI0ro aBTopa H TTOYTOBBIHI aJjpeC oOpraHusanuu. Ecmm ABTOPbI OTHOCATCSL K Ppa3sHbIM
OopraHms3anusaM, TO IOCJIC YKa3aHUA BCEX aBTOPOB, OTHOCAIINXC K OJTHOM OopraHusanunu, 1ac€Tca €€ HAMMCHOBAHUE,
a 3aTeM CITMCOK aBTOPOB, OTHOCAIIUXCS KO B’I‘OpOI7[ opraHusalyi, HAaMMEHOBAHUE BTOpOI7[ opraHusaiuu, U T. .;

— annorarust — 200-250 ¢10B, XapaKTepU3yIOIUX COACPIKaHUE CTaThU;

— KIIIOYEBLIE CIIOBA — 5—7 CJI0B W/WiH CHOBOCO‘IeTaHHﬁ, OTpaKaroIux COACPIKAHUC CTATbH, PA3ACICHHBIX
3aIIThIMHA,; B KOHIIC CITMCKA TOYKAa HE CTaBUTCA,

— UCTOYHHUK (l)I/IHaHCI/IpOBaHI/IH — YKa3bIBarOTCs UCTOUYHUKHA q)HHaHCI/IpOBaHI/IH (FpaHTLI, COBMCCTHBIC IMMPOCKTHI
uT. H.). He CJICAYCT UCIIOJIb30BaTh COKPAICHHBIC HA3BaHUSA MHCTUTYTOB U CIIOHCHUPYIOIINUX 0p1"aHPI3aIIPII>i;

- 6naroz[apHocm. B JAHHOM Pa3acyIiC BBIPAXKACTCA MPU3HATCIIBHOCTh KOJUIETaM, KOTOPBIC OKa3bIBAJIM ITOMOIIb B
BBITTIOJITHEHUM HCCIICAOBAaHUA WM BBICKA3bIBAJIM KPUTHYCCKHUC 3aMCHYaHUA B aapeC CTaTbu. HpC)KZIC M
BBIPa3uTh 6naroz(apﬂocn,, HCOGXO)_II/IMO 3apyUMTHCS COITIACUEM TEX, KOI'O INIaHUPYETC HO6J'IaI‘OIlapI/ITL;

— KOHQIIMKT HWHTEPECOB — aBTOPHI JEKIAPUPYIOT OTCYTCTBHE SIBHBIX W IOTCHIIMAIBHBIX KOHQIIUKTOB
HUHTEPECOB, CBA3AHHBLIX C Hy6HI/IKaHI/Ieﬁ HaCTOHIIIeﬁ CTaThbH. HaHpHMep, «ABTOpLI 3asBISIIOT 00 OTCYTCTBHUU
KOH(JIMKTa HMHTEpecoB». Ecim KOH(IMKT HMHTEPECOB BO3MOXKEH, TO HEOOXOJMMO IOsICHEHHE (CM.
https://publicationethics.org).

118 IIpaBuiia 1,151 aBTOPOB cTaTeit
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e 3aroyOBOYHAs YaCTh HA AH[IMHCKOM SI3BIKE:
— naspanue (Title);
— aBrops! (Authors);

— Mecto paboTel kaxmoro asropa (Affiliation). Heobxoanmo yOenanThCsi B KOPPEKTHOM (COINIACHO YCTaBy
OpraHU3alli{) HAMMCAHUU €¢ Ha3BaHHs Ha aHIIMACKOM s3bIke. [lepeBon Ha3BaHUsS BO3MOXKEH JIHIIL HPH
OTCYTCTBUH @HIIOS3BIYHOTO HA3BaHUs B ycTaBe. ECIM aBTOPBI OTHOCSTCS K Pa3HbIM OPraHH3aldsM, TO
HOCJIe YKa3aHWs BCEX aBTOPOB, OTHOCSIIMXCS K OJHOM OpraHM3alid, JAeTCS €€ HAMMCHOBAaHHUE, 3aTeM
HPHUBOIUTCS CIIHCOK AaBTOPOB, OTHOCSIIMXCS KO BTOPOW OpraHM3alMd, HAaHMCHOBAHHE BTOPOIi
OpraHu3ally, U T. [1.;

— annotanus (Abstract);
— kiroueBbie cnosa (Keywords);
— ncTouHuK ¢puHancuposanus (Acknowledgements);
— xougumukt uarepecos (Conflict of interest).
e Tekcr crarbu.
o [lpunoxenus (py HAJTWYNN).
e  Apropckuii Bkian. Eciu aBropoB Gonbiie 3, He0OX0IMMO yKa3aTh BKJIa]] Ka)JI0r0 B HAITMCAHUE CTaThU.
e  Crucok nureparypsl (0nOmmorpadnIecKuii CIICOK);

e Uudopmamus 06 aBTOpax.

Ha3zBanue cTaThbH JODKHO OBITH MH(GOPMATUBHBIM, C WCIIOJIb30BAaHUEM OCHOBHBIX TEPMHHOB, XapaKTEPH3YIOIIHX
TEMY CTaTbd, M YETKO OTPaXkaTb €€ COJACpIKaHHE B HECKOJIBKHX CJIOBaX. XOpOoUIO chOpMYTHPOBAHHOE Ha3BaHUE —
TapaHTHA TOTO, YTO PaboTa MPHUBIECUYET YUTATENbCKUI HHTEpec. ClenayeT MOMHHUTh, YTO Ha3BaHHE pabOThI IMPOUTYT
ropaszio OoJibIne JFOAEH, YeM €€ OCHOBHYIO YacTh.

ABTOpCTBO U MECTO B ICPCUHE aBTOPOB OHNPEACTIACTCA AOTOBOPCHHOCTHIO MOCJICAHUX. HpI/I MPpUMEPHO PABHOM
ABTOPCKOM BKJIal€ PCKOMCHIAYCTCA aﬂ(paBI/ITHLIﬁ NOPAAOK.

AHHOTAIMS TIPEJICTABISET COOON KpaTkoe OMMCaHHE CONCPIKaHMsS M3JIOKEHHOro Tekcra. OHa JOIKHA OTpakaTh
aKTyaJIbHOCTh, IIOCTAHOBKY 3alaud, IYTH €€ pemeHus, (PaKTUYEeCKH TONydeHHBIE pe3YJbTaThl M BBIBOJBI.
CopneprxkaHue aHHOTalMM PEKOMEHAYETCs IIPEACTaBUTh B CTPYKTYPUPOBaHHOM (hopme:

Brenenmne. [IpuBonuTcs o0lee Onucanne UCCaeyeMon 00IacTH, siBJCHUA. AHHOTAIIMIO HE CIICIyeT HAYMHATh
cioBamMu «CTaThs MOCBAlIEHA...», «llenp HacTosIed cTaThU...», TaK Kak BHauaje HaJ0 I[OKa3aTh
HEOOXOIMMOCTh JIAHHOTO HCCJCOBAaHUS B CHJIYy MpoOeia B HAYYHOM 3HAHUH, MMOYEMY U 3a4eM IMPOBEICHO
uccenoBanue (OnucaTh KpaTko).

Hean pa6Gorbl. IlocraHoBka mnenm wuccienoBaHus (II€Tb MOXET OBITH 3aMEHEHA T'HIIOTE30H HIIH
HCCIIE0BATENILCKIMHU BOIIPOCAMH).

Marepuaabl u Metoabl. O003HAYCHUE HCIIOIB3YEMO METOJOJIOTUH, METOJIOB, MPOLEIYPhI, T/Ie, KaK, Korma
TIPOBEJICHO UCCIIEIOBAHKE U TIP.

Pesyasrarnl. OCHOBHBIE pe3yabTaThl (IPUBOAATCS KPATKO C YIIOPOM Ha CaMble 3HAYMMBIC M TIPHBJIEKATEIbHBIC
JUTSL YUTATEIIs/HAyIHOTO COOOIIECTRA).

Obcy:xnenne (3akiawuyenne). ConocrapieHue ¢ IpyrUMH UCCIIEIOBaHUSIMHU, ONTUCAHUE BKJIAJa UCCIIEOBAHUS
B HayKy.

B annoTamuu He CJICAYET YINOMHHATHL HCTOYHUKHU, HCIIOJIL30BAHHBLIC B pa60Te, MEPECKa3bIBaTh COACPIKAHUEC
OTACJIBHBIX pa3acIOB.

HpI/I HaIllMCaHWW aHHOTalluu HeO6XOI[I/IMO CO6J'I}O,Z[aTI> 0COOBIM CTUJIb M3JIOXKEHUA: u30erarh JUIMHHBIX U CJIOXKHBIX
HpeZ[JIO)I(eHPlﬁ, BbIPa’KaTb MbBICIIM MAaKCUMAJIbHO KPATKO W YCTKO. CocTaBIsITh NPEAJIOKCHNA TOJIBKO B HACTOALICM
BPEMCHH U TOJIBKO OT TPETHETO JIMIA.

Pexomennyemslit 00bem annoraumu — 200-250 cios.

IIpaBnia g5 aBTOPOB cTaTei
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KiroueBbie c10Ba — HA0Op CIIOB, OTPAXKAIOIINX COACPIKAHHE TEKCTA B TEPMHHAX OOBEKTa, HAyIHOH OTPACIH H
METOJIOB HCCIICIOBaHUs. PEKOMEHIyeMOe KOJIMYECTBO KIIOYCBBIX CJIOB/(pa3 — 5—7, KONMYECTBO CJIOB BHYTPH
KJIF04eBOM (passl — He Oonee 3.

TeKCT CTrarTbM U3J1araeTcs B ONPENEIEHHOM MOCIEN0BATENBHOCTH. PEKOMEHIYETC NPHAEPKUBATECS (popMara
IMRAD (Introduction, Methods, Results, Discussion; Beexenne, Metomsi, Pesynbrarsl, O6cyKaeHNE):

BBenenue. Bo BBesieHHH aBTOp 3HAKOMHT C MPEAMETOM, 33/[a4aMHU U COCTOSIHHEM HCCIIEIOBaHHI 110 TeMe
MyONMUKaIMK; TIPH 3TOM HEOOXOIMMO 00s3aTeNbHO CChUIAThCSA HAa MCTOYHHKH, W3 KOTOPHIX Oepercss mHpopMamus.
ABTOp TIpHBOIUT OmMHcaHKe "OeNbIX ISATeH" B MPOoOJeMe WM TOTO, YTO €IIe He CAETaHO, U (HOpMYITHUpPYyeT HeTH 1
3aJ[a4u MCCIIeIOBAHHS.

B TexcTe MoryT ObITH IPUMEHEHBI CHOCKH, KOTOpBIE HyMepyloTcst apadbckumu udpamu. B cHockax MoryT ObITh
pa3MelleHbl: CChIJIKM Ha aHOHMMHBIE HCTOYHMKY U3 MHTepHeTa, cehlIkM Ha ydeOHUKH, yueOublie nmocobus, OCTsI,
aBTOpedeparsl, AUcCcepTanny (€CnM HET BO3MOXXKHOCTH HPOLUTHPOBATH CTaThH, OIMYyOIMKOBAHHBIE IO PE3ylIbTaTaM
JCCEPTALMOHHOTO UCCIEN0BAHUS).

Mertonapbl. HeO6X0[[I/IMO Oonrcarb TEOPCTUYCCKUEC WJIM OKCICPUMCHTAJIbBHBIC MCTOAbI HCCICAOBAaHUA,
HCIIOJIB3YEMOC O60py)IOBaHI/Ie UT na., YTOOBI MOYKHO OBIIO OLICHUTH W/unm BOCHPOU3BECTU UCCIICAOBAHUEC. MeTton wnu
METOMOJIOTHIO TIPOBEACHNA UCCICA0BAHUA uenecoo6pa:5H0 OIKUCBIBATh B TOM CJIy4da€, €CJIM OHU OTIIMYAarOTCs HOBH3HO.

Hay4nas ctaTest gOMKHA OTOOpaXkaTh HE TOJIILKO BBIOPAHHBIM MHCTPYMEHTAPHH M TOIYYEHHBIE PE3yNIbTaThl, HO
U JIOTHKY CaMOTO HCCIEJOBaHMS WM IIOCIEIOBaTeJIbHOCTh PACCYKACHHH, B PE3ylbTaTeé KOTOPBIX ITOIYYEHBI
TeopeTHyeckre BeIBOJBIL. [10 pe3ynbraraM SKCIIepUMEHTAIbHBIX HCCIIENOBAHUN IeIecO00pa3Ho OmucaTh CTagud U
9Tansl YKCIEPUMEHTOB.

Pesynbrarel. B 3TOM pasnene npencTaBieHbl SKCIEPUMEHTAIbHbIE WM TEOPETUYECKHUE JaHHbIE,
MOJIYYCHHBIC B XOJIC MCCIEOBaHUs. Pe3ynbTaThl Hal0TCsi B 00pabOTaHHOM BapHWaHTe: B BUJC TaONHUI], TpaduKoOB,
nuarpaMM, ypaBHeHHi#, (ortorpaduii, pucyHkoB. B 3TOM pasnmene NpUBOASATCS TOJbKO (hakThl. B ommcanuu
MOJIYYEHHBIX PE3YJIbTATOB HE IOJKHO OBITh HUKAKUX TMOSICHEHUH — OHU JaroTcs B pasnene «O0cyxaeHue.

Obcyxnenue (3akiaouenne U BoiBoabl). B 3T0i dacTi cTaThi aBTOPHI MHTEPIPETUPYIOT MOIYYCHHBIC
pe3yabTartl B COOTBETCTBHM C IIOCTABJICHHBIMM 3aJa4aMd HCCJICAOBAHUS, NPHUBOIAT CPaBHEHHE IOJYYEHHBIX
COOCTBEHHBIX PE3YJIBTaTOB C Pe3y/bTaTaMu JIPYyrux aBTopoB. HeoOXomuMo mokasaTh, YTO CTaThsl pelaeT HayqyHYyIo
npoOsieMy WM CIYXKUT TPHPALICHUI0 HOBOTO 3HAaHUS. MOXXHO OOBSCHSTH IOJYYEHHbIE PE3YJbTaThl HA OCHOBE
CBOETO OIbITa U 0a30BBIX 3HAHUIA, MPUBOJISI HECKOJIBKO BO3MOXKHBIX OOBSICHEHHH. 3716Ch M3JIaratoTCs MPEAIoKeHUs
TI0 HaIIPaBJICHUIO OYIYIUX UCCIEAOBAHUI.

Cnucok gureparypsl (Oubmuorpaguueckuii CmMcoK) COASPKHUT CBEEHUS O IUTUPYEMOM, paccMaTpUBaeMOM WU
YIOMHUHAaEMOM B TEKCTE€ CTarbl JUTEPATYPHOM MCTOUYHUKE. B CIUCOK JIUTEpaTyphl BKIIOYAIOTCS TOJIBKO
PeIeH3UPYEeMbIe HCTOYHUKH (CTAThU U3 HAYYHBIX )KYPHAIOB M MOHOTpadun).

Crncok nuTepaTypsl JODKEH MMETh HEe MeHee |5 HCTOYHMKOB (M3 HHMX, IpHM Haimuuuu, He Oosee 20 % — Ha
CcOOCTBEHHBIC Pa0OTHI), UMEIOIIUX CTATyC HAYYHBIX ITyOIUKAITHA.

[IpuBeTCTBYIOTCS CCBUIKM Ha COBPEMCHHBIC aHIIIOS3BIYHBIC W3maHus (tpeboBanmss MHBI Scopus — 80 %
LUTHPYEMBIX aHIIOS3bIYHBIX HCTOYHHKOB).

CchUIKM Ha HEOITyONMKOBAaHHBIE M HETUPA)KHPOBAHHBIE pabOTHI HE JOMycKaroTcs. He momyckaioTcs CChUIKH Ha
YUeOHHKH, Y4eOHbIEe TTOCOOHS, CIIPAaBOYHHUKH, CIIOBAPH, AUCCEPTALNH U IPYTHE MATOTUPAXKHBIC H3JaHUsL.

Ecnu onwuceiBaemas nyoOnukarus wumeer udposoin upentupukarop Digital Object Identifier (DOI), ero
HEOOXOZIMMO yKa3bIBaTh B CaMOM KoHIle GuOmmorpaduueckoii cchiiku B ¢opmare "doi: ...". IIpoBepsaTs Hamuuue
DOI crareu crienyet Ha caiire: http://search.crossref.org wiu https://www.citethisforme.com .

HexxematensHBI CCUTKM Ha HCTOYHUKH Oonee 10—15-meTHel maBHOCTH, MPUBETCTBYIOTCS CCHIJIKM Ha COBPEMECHHBIC
HCTOYHHKH, NMerotne uaeHtudukarop doi.

3a IOCTOBEPHOCTh M MPABWIBHOCTh O(GOPMIICHHS IPEACTaBIIEMBIX OMOIHOTpaduYecKuX TAHHBIX aBTOPHI HECYT
OTBETCTBEHHOCTbH BIUIOTH JI0 OTKa3a B IpaBe Ha MyOIMKAIHIO.

AHHOTAUMS HA aHrIuiickoM s3bike (Abstract) B pycCKOS3BIYHOM HM3IaHHUM W MEXIYHAPOIHBIX 0a3ax JAaHHBIX
SIBIISIETCS JIJISl MHOCTPAHHBIX YWTATeNIed OCHOBHBIM M, KaK MPABIIO, €AMHCTBEHHBIM UCTOYHHKOM WH(GOPMAIUU O
CONIep>KaHUU CTaThU W M3JI0KEHHBIX B HEH pe3ysbTarax HCCleA0BaHUN. 3apyOeKHbIEe CIIEIUATUCTHI 0 aHHOTAI[UH
120 IIpaBuna ns aBTOpoB cTaTteit
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OLICHUBAKOT Hy6J'II/IKaIII/IIO, OIPEACIIAIOT CBOM HUHTEPEC K pa60Te pOCCHﬁCKOFO Y4Y€HOIro, MOI'yT MCHOJIb30BaTh €€ B
cBOEH Hy6J'H/IKaIII/II/I U CcAeJaTb HAa HEC CChUIKY, OTKPBITH JUCKYCCHIO C aBTOPOM.

TekcT aHHOTALMHU TOJDKEH ObITh CBS3HBIM M MH(OPMATUBHBIM. [IpH HAMMCAHWK AHHOTALMH PEKOMEHIYETCs HCIIOB30BATh
Present Simple Tense. Present Perfect Tense sieisiercst nomyctumbiM. Pexomenyemsiit 06bem — 200-250 cios.

Cuucox aureparypsl (References) s 3apyOexHpix 6a3 JaHHBIX MPUBOAUTCS MOJHOCTHIO OTICIBHBIM OJIIOKOM,
MIOBTOPSISI CIUCOK JINTEPATyphl K PyCCKOSA3BIYHOM yacTu. Eciiu B criMcke IMTEpaTyphl €CTh CChIJIKM HA MHOCTPAHHbIE
MyOJIMKAIMK, TO OHU TOJHOCTBIO MOBTOPSIOTCS B CIIMCKE, TOTOBsIIEMCs B pomanckom andasure. B References
COBEPIICHHO HENOMYyCTHMO ucmonbs3oBath poccuiickuit ['OCT 7.0.5-2008. Bubnuorpaduveckuii Crnmucok
MIPENICTABISIETCS C TIEPEBOAOM PYCCKOS3BIYHBIX UCTOUHUKOB Ha JaTUHUILY. [Ipy 3TOM MpUMeHsIeTCsl TpaHCIUTEepaus
o cucteme BSI (cm. http://ru.translit.net/?account=bsi).

TunoBble puMepbl onmrcanus B References mpusenens Ha caitre xyprana https:/re.eltech.ru .

Caenenus 00 aBTopax

Bxumroyaror i1t Kaxaoro aBropa (GaMuInio, UMs, OTYECTBO (IIOJIHOCTHIO), YUEHYIO WIIM aKaIeMHUYECKYIO CTEICHb,
y4eHOe 3BaHME (C JaraMHd NPHCBOCHHSA M IPUCYKICHHUS), IIOYETHBIC 3BaHUS (C JaTaMHM MPHCBOCHHSA U
MIPUCYXKICHUS), KPAaTKyI0 HaydHYI0 OHOTpaduio, KOJIMYECTBO IEUATHBIX paboT M cepy HayIHBIX HHTEPECOB (HE
6oiee 56 cTPOK), HA3BaHNE OPraHU3ANNH, TOJKHOCTD, CITYKEOHBIH M JOMAITHIH afpeca, CIyKeOHbIH U JoOMaITHHN
TenedoHsl, aapec MEKTPOHHOU MouThl. Ecin y4eHBIX W/WIM akaJIeMHYECKHX CTENEeHEeH M 3BaHWil HET, TO CIeAyeT
yKa3aTb MECTO TOJIyYeHHsS BBICIIETO OOpa30BaHHUs, TOA OKOHYAaHHMS By3a M CIELHUAIBHOCTh. Takke Tpeldyercs
BKJIIO4YaTh UHAeHTH(UKamonnslii Homep uccienoBarenss ORCID (Open Researcher and Contributor ID), kotopsiit
otobpaxaercst Kak aapec Buma http://orcid.org/XxXxXx-XXXX-XXXX-XxXX. IIpu 3ToM Ba)HO, 4TOObI KaOHHET aBTOpa B
ORCID 6bu1 3amonHen uH(popMarmeii 06 aBTope, UMeN HEOOXOMUMBIC CBEICHHsS O €ro 00pa3oBaHHHU, Kapbepe,
npyrue cratbd. BapuaHt «Her oOmenoctynHoit mHpopmarmu» mpu obpamennn k ORCID ne momyckaercs.
B cBeneHusIx cienyer yka3arh aBTopa, OTBETCTBEHHOTO 32 MIPOXOXKICHHUE CTaThH B PEAAKIIUH.

IIpaBunia ogopmiieHUs TEKCTa

TekcT craThy MOATOTABIMBACTCS B TEKCTOBOM pemaktope Microsoft Word. ®opmar G6ymaru A4. Ilapamerps
CTPaHHIIBL: TOJI — BEpPXHEE M HIDKHEE 2.5 CM, JIeBoe U mpaBoe 2.25 cM; KOJOHTHUTYNBI — BEpXHUH 1.5 cM, HIDKHUHA
2.5 cm. [IpMeHeHre oIyKMPHOTO ¥ KypCHBHOTO LIPU(TOB AOMyCTUMO MPH KpaiiHel He0OX0JUMOCTH.

JloTIOTHUTENBHBIH, TTOSICHSIOINN TEKCT CJIeAyeT BEIHOCHTH B IOACTPOUYHBIE CCHUIKM IPHU IOMOIIM 3HaKa CHOCKH, a
npu GosbiioM oObeMe — oopMIIATE B BHIE NPHIOKEHHS K crarbe. CChbUIKM Ha (OPMYNBI M TaOIMIBI JAlOTCS B
KPYIIIBIX CKOOKaX, CCBUIKH Ha UCIIOJIb30BaHHBIE HCTOUYHHUKH (JIUTEPATypy) — B KBaAPATHBIX MPSMBIX.

Bce cBenmenuss W TeKCT crarbu  HaOupatorcst rapHutypoit  "Times New Roman"; pasmep wpudra
ocHoBHOTO Tekcta 11 pt, ocrampHBIX cBemeHumit 10 pt; BRIpaBHMBaHWE MO MEpHUHE; ad3amHBd oTcTym 0.6 CM;
MEXCTpPOUHBIH nHTepBal "MHuoxuTenp 1.1"; aBToMaTuueckas pacCTaHOBKA IIEPEHOCOB.

IIpaBuna BepcTKM CHHCKAa JMTEPaTypbl, (opMys, PHUCYHKOB U TabmuI MOApOOHO ONMCaHBl Ha caiiTe
https://re.eltech.ru.

Hepeqenb OCHOBHBIX TEMATHYECCKHUX HanpaBneHnﬁ JKypHaJjaa
Temaruka KypHaja COOTBETCTBYET HOMCHKIIATYPC HAYUYHBIX CHCIHMAIbHOCTEH:

2.2 — DnexTpoHrKa, POTOHHKA, IPUOOPOCTPOCHHE U CBA3b:
2.2.1 — BakyyMmHas ¥ Iu1a3MEHHas JICKTPOHHKA.
2.2.2 — DNeKTpOHHAsl KOMIIOHEHTHast 0a3a MUKPO- U HAHOAJIEKTPOHHUKH, KBAHTOBBIX YCTPOUCTB.
2.2.3 — Texuonorus 1 060pyIOBaHKE 1T MPOU3BOACTBA MATEPHAJIOB M MPHOOPOB AJICKTPOHHOH TEXHHUKH.
2.2.4 — TIpuOOpBI 1 METO/IBI U3MEPEHUsI (TI0 BUAAM HU3MEPEHH).
2.2.5 — IIprbOpbI HAaBUTALIUH.

2.2.6 — OnTHyecKye 1 ONTHKO-3JIEKTPOHHBIE IIPHOOPHI X KOMIUIEKCHI.
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2.2.7 — ®oToHUKA.

2.2.8 — Metozbl 1 IprOOPBI KOHTPOJIS ¥ IMArHOCTHKY MaTepHaJIOB, U3/IEIIHI, BEILIECTB M IPUPOTHOM Cpebl.
2.2.9 — IlpoekTpoBaHUE U TEXHOJIOTHUS TPUOOPOCTPOCHHUS U PAIHOIIEKTPOHHOH alapaTyphl.
2.2.10 — MeTpotoTust U METPOJIOTHIECKOe 0OeCIIeueHHE.

2.2.11 — IaopMaiMOHHO-U3MEPHUTEIEHBIC M YIIPABIIAIONINE CHCTEMBL.

2.2.12 — [TpuGopsl, cUCTEMBI U M3JIETHUsI METUIIMHCKOTO Ha3HAYCHUSL.

2.2.13 — PaguoTeXHUKa, B TOM YHCIIC CHCTEMBI H YCTPOUCTBA TEIICBUICHUS.

2.2.14 — Antennsl, CBU-ycTpOHCTBa 1 MIX TEXHOJIOTHH.

2.2.15 — CucteMsl, CeTH U YCTPOICTBA TEIEKOMMYHHUKAIIHI.

2.2.16 — Paguonokanus v paduOHABUT AL,

‘Yka3aHHBIE CTIEIIHAEHOCTH MPEACTABIIOTCS B )KypHAJe CISIYIOINMI OCHOBHBIMU pyOpHKaMu:
"PagnoTexHuKa U CBA3b":

PannorexHnyeckue cpeicTBa Nepeaayu, mpuemMa 1 00paboTKU CUTHAJIOB.
IIpoexTHpoBaHUE U TEXHONOTHS PATHOAIEKTPOHHBIX CPE/ICTB.
TeneBunenue u 00padboTka M300paKeHHUH.

DJeKTpoAUHAMUKA, MUKPOBOJIHOBAS TEXHUKA, AaHTCHHBI.

CucTeMsl, CeTH U YCTPOIicTBa TeJIeKOMMYHHKAIIUH.

Pagnonoxanus u paguoHaBUranus.

"OnekTpoHuKa':

Muxkpo- 1 HAaHO3JIEKTPOHHUKA.

KBaHTOBas, TBEepAOTENbHAS, [Ta3MEHHASI U BAKYYMHAas 2JEKTPOHUKA.
Papnodoronuka.

Onekrponuka CBY.

"[IpubopocTpoeHne, METPOIOT s U HHPOPMALMOHHO-U3MEPUTEIBHBIE TPUOOPHI U CUCTEMBI ' :

e [Ipubops! 1 CHCTEMBI U3MEPEHHSI HA OCHOBE aKyCTHYECKUX, ONTHYECKUX U PATHOBOIH.
e  Merponorus 1 HHYOPMAITOHHO-U3MEPHUTEIbHBIE TIPUOOPHI H CHCTEMBI.
e  [IpubGopsl MEIUITMHCKOTO Ha3HAUEHHs, KOHTPOJIS CPE/Ibl, BEIIECTB, MATEPHAJIOB U U3AEITIHIA.
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