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Mepeaaya nHGopmaLmnn B peHTreHOBCKOM AuanasoHe
YacToT 3N1eKTPOMarHUTHOro U3ny4YeHus

I. A. Tumodees™, H. H. Motpaxos, A. 0. ps3HoB

CaHKT-lMeTepbyprcknii rocyapCTBEHHbIN 31eKTPOTEXHNYECKU yHuBepcuTeT "J1ITU"
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* gennady92@gmail.com
AHHOTaUuA
BBegeHuve. CucteMbl Nepesayun MHGOPMaLMM B PEHTIeHOBCKOM AManas3oHe YacToT 3/1eKTPOMAarHUTHOro nsnyye-
HWS - peHTreHoBCKMe cucTemMbl cBs3n (PCC) — obnagatoT psaoM NperMyLLecTB MO CPaBHEHMIO C pagno- 1 onTuYye-
CKMMW cucTeMamm cBa3n. Hanbonee CyLecTBEHHBIMU U3 HUX C TOUKW 3peHUs MPaKTUYeCcKoro NCnonbL30BaHNS SB-
nATCA: 60n1ee BbICOKas CKPbITHOCTL 1 YCTOMUYMBOCTE K BHELLHWM MOMexaMm, a Takxe K nepexsaTy 1 gellndpoBske.
AKTyanbHa pa3paboTka MeTOAMKM pacyeTa OCHOBHbIX MapaMeTPoB CUCTEMbl PEHTIEHOBCKOM CBA3W — JaNbHOCTU U
CKOPOCTY nepejayn MHPopMaLMK, a TakKe OnNncaHme KOHCTPYKLMK U pe3yNibTaToB 3KCMepUMeHTaslbHbIX UCC/e-
JAOBaHNIA JeliCTBYIOLLEro MakeTa CUCTeMbl PEHTFeHOBCKOW CBA3W.
Llenb pabotbl. Pa3paboTka Gpu3MKO-TEXHNYECKMX OCHOB CUCTEM nepejayn nH$opMaLn B peHTTeHOBCKOM Ana-
na3oHe YacToT 3/1eKTPOMAarHUTHOro U3Ny4YeHus.
MaTepuanel U MeTOApI. VICronb30BaHa OpUrnHanbHas MeToAMKa pacyeTa CnekTpoB PEHTIeHOBCKOr0 N3NyYeHUs
cyyeToM Ko3dpPuLMeHTa ocnabneHuns B cpese pacnpocTpaHeHns.
PesynbTathl. MpegnoxeHa TexHonorusa nepegayn MHGopMaLmm B peHTreHOBCKOM AMarna3oHe 4acToT 3/1eKTpo-
MarHWTHOTO U3/ly4YeHus, BK/ItoYas MeTOAVKY pacyeTa OCHOBHbIX NapaMeTpoB: JaNbHOCTY 1 CKOPOCTY nepeaun,
a TaKkXke — KOHCTPYKLMIO AeNCTBYHOLLLEro MakeTa CUCTeMbl PEHTIeHOBCKOM CBA3M. [ToKa3aHa 3aBMCUMOCTb MeXAY
3TUMM NapamMeTpamm 1 pexxnmamu paboTel PeHTFeHOBCKOM TPYOKU. PacueTHble 1 3KCnepyMeHTanbHble JaHHble
COBMajaloT C YAOBNETBOPUTENBHOM ANS NPaKTUYECKOro NCMOob30BaHUA TOYHOCTLIO. Ha X OCHOBAHUN MOXHO
OXMAATb, YTO NPU HaNPSXXEHUN Ha peHTreHoBCKon Tpybke 200 kB 1 Toke Tpybkn 1 A B MMMyNbce ANTENbHO-
CTblo 1 MKC AanbHOCTb Nepegayn nHopMaumm Ha BO3Ayxe cocTaBuT okono 250 M. MakcMmManbHO BO3MOXHas
CKOpPOCTb Mepefayvn MHPopMaLMn MNpU KUCNOAb30BaHUM pPa3paboTaHHON PEHTreHOBCKOM TPYOKWM COCTaBUT
5 Méwur/c.
3aknoyeHmne. PesynbTaTbl aHaANTUYECKON OLLeHKW 1 3KCMepUMeEHTabHbIX NCCef0BaHNA NOKa3anu, YTo Aafb-
HOCTb 1 CKOPOCTb Nepeaaun nHpopmaumm PCC onpesenstoTca NCKIIOUMNTENBHO SHePreTnyeckumMy BO3MOXHO-
CTAMU NepeaaTymKa: HarnpsXXeHneM 1 CpeaHNM TOKOM PeHTFeHOBCKOM TPYOKM BO BpeMs reHeprpoBaHNS nakeTta
(cepvin) MMMYNbLCOB PEHTrEHOBCKOMO U3yYeHUs, a Takxe ANNTeNbHOCTLIO OTAENBHOr0 UMMYNbCca PeHTreHoB-
CKoro n3nyyveHus. CAenaH BbIBOA O TOM, UTO AajbHelilee pa3suTie PCC 06ycn0BAeHO, B MepBY oyepesb, pas-
paboTKOW cneLmanm3npoBaHHbIX UCTOUHWNKOB PEHTIEHOBCKOMO U3YYeH s, reHeprpYOLLNX Cepun UMMYbCOB
C MUHVMaNbHO BO3MOXHOW A/IUTENBbHOCTLIO KaXA0ro UMnybea B cepun. C yyeTom cneynduryeckmx ocobeHHo-
ctet PCC MOryT COCTaBUTL peasibHYHo KOHKYPEHLMIO TPaAULIMOHHBIM Pajn0o- 1 ONTUYECKUM CUCTEMaM CBA3W AN1A
CBA3WN N HaBUraumm.

KntoueBble C/1I0Ba: PEHTreHOBCKOE M3Ny4eHMne, nepegaya MHGOPMaLMn, CUCTEMbI CBA3W, AaNbHOCTL Nepegayn,
CKOPOCTb Nnepejaun

Ans untuposanHus: Tumodees I'. A, NMoTpaxos H. H., FpasHos A. tO. MNepegada nHdopmaLmm B peHTreHOBCKOM
AManasoHe YacToT 3/IeKTPOMAarHUTHOro nusnyyveHus // V13e. Bysos Poccnu. PagmnosnektpoHuka. 2021. T. 24, Ne 2.
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Abstract

Introduction. Data transmission systems using the X-ray frequency range of electromagnetic radiation - X-ray
communication system (XCS) have a number of advantages in comparison with radio or optical communication
systems. The most significant advantages for practical use are their higher stealth and external interferences
resistance, as well as stability against interception and decryption. It is of importance to develop a method for
calculating the main parameters of an X-ray communication system: the range and speed of data transmission.
In addition, the construction design and results of experimental research of the current X-ray communication
system should be provided.

Aim. To develop physical and technical foundations of data transmission systems using the X-ray frequency range
of electromagnetic radiation.

Materials and methods. We used an original method of calculating the X-ray emission spectrum, taking into ac-
count the attenuation coefficient in the propagation medium.

Results. A technique for data transmission using the X-ray frequency range of electromagnetic radiation was
suggested, including a method for calculating basic parameters e.g. the transmission range and speed, as well as
the construction design of the current X-ray communication system model. Relations between these parameters
and the operating modes of the X-ray tube were shown. The calculated and experimental data were in good
agreement, sufficient for practical use. On their basis, it can be expected that at a voltage across the X-ray tube
of 200 kV and the tube current of 1A in a 1-ys pulse, data transmission range in free air will be about 250 m. The
maximum possible data transmission rate when using the developed X-ray tube will be 5 Mbit/s.

Conclusions. The results of analytical and experimental investigations showed that the range and rate of data
transmission of the XCS are exclusively determined by the transmitter energetic capabilities: by voltage and av-
erage the X-ray tube current during the generation of packages (series) of the X-ray pulses, as well as by the
duration of a single X-ray pulse. It is concluded that the prospects of XCS depend on the development of special-
ized X-ray sources generating a series of pulses with the minimum possible duration of every single pulse in a
series. Taking into account the specific features, XCS can become an alternative to conventional radio and optical
systems for communication and navigation.
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Beenenne. B HacTosiiee BpeMsi peHTI€HOBCKUE
CHCTEMBI IIepeady HHPOPMAIUU IPAKTHIECKH HE UC-
HONB3YKTCA Ul OCYILECTBICHHUS OeCcIpOBOAHON
CBSI3U MEXKAY Pa3IUYHBIMH O0BEKTaMU. B 0CHOBHOM
3TO MOXHO OOBSICHUTH PAAMAIlHOHHOW OIMACHOCTBHIO
OT PEHTITECHOBCKOIO M3IIy4eHHs U yCHELIHBIM IIpUMe-
HEHUEM PaJU0- U ONTUYECKHUX CUCTEM CBSI3H, YIOBIIE-
TBOPSAIOIIUX INPAKTUYECKH BCEM COBPEMEHHBIM I10-
TPEOHOCTSIM.

HepCHeKTHBBI pa3BUTUA PEHTICHOBCKUX CHUCTEM
cBs3u (PCC) 00ycnoBneHbl HEKOTOPBHIMU CIEIU(IYe-
CKMMH CBOWCTBAMH 3JICKTPOMATHUTHOTO H3ITy4YCHHS
B PEHTTCHOBCKOM (PKCareploBOM — YCIOBHO OT 1
10 100-10'® ') mnanazone 4acTor.

Teoperndeckn cymecTByeT psj (HakTopoB, KOTO-
poie B 1esoM no3oiisitoT PCC KOHKypUpoOBarh ¢ pa-
JIMO- U ONITHYECKUMH CHUCTEMaMHU CBSI3U B HEKOTOPBIX,
BeCbMa BaKHBIX, obOmacTsx. Tak, HCIOJIb30BaHUE
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PEHTTEHOBCKOIO M3JIy4€HHUs MOTEHLUAIbHO I103BO-
JIseT:

— TIOBBICUTH NMPOHHUKAIONIYIO CIIOCOOHOCTH CHTI-
Haja TMpH TPOXOKICHUU CKBO3b IUIOTHYIO CpEny,
HanpuMep MbUILHBIE T CHEKHbIE BUXPU;

— 00ecCTeunTh YCTOWYHBYIO CBSI3b B YCIIOBHSAX
CWIBHBIX pajlo- U ONTUYECKUX MOMEX WM AKTUB-
HOTO MPOTHBOACHCTBUS;

— TepeAaTh CUrHaJl HETOCPEACTBEHHO Yepe3 Me-
TAJUIMYECKUI KOPIYC, HAIpUMeEp, JIETaTeIbHOTO arl-
rapara Wiy 1ja3my, OKpy»Karolylo CIIyCKaeMblii Koc-
Mudeckuil armapat (KA) npu B3nere u mocaike.

[To mpenBaputTenbHON OlleHKE, HaHOOJIee Palro-
HaJbHBIM MpuMeHeHneM PCC MoxeT OBbITh:

— CBsI3b TPYIIIBI KOCMHUYECKUX KopaOneil, B ToM
YHCIie MAHEBPHUPYIOIINX;

— CBSI3b CO CITyCKaeMbIM KOCMHUYECKHM arrmapa-
TOM WJIH IPYTUMH BBICOKOCKOPOCTHBIMU OOBEKTaMH,
OKPY)KEHHBIMH OOJaKOM IDIa3Mbl, "HEempo3padHon”
JUIS PaIAOYaCTOTHOTO M3ITyUEHUS;

— CB#I3b B IalIbHEM KOCMOCE;

— creikoBKa KA miM WX mocajka Ha TUIAHETHI,
CIIyTHHUKH IJIAHET, aCTEPOUIbI U T. 1I.;

— HaBurauua KA 1mo MCKYCCTBEHHBIM WU €CTe-
CTBEHHBIM UCTOYHHKAM PEHTI€HOBCKOTO U3Ty4YEHUSI.

IIepBBIM yCTpPOMCTBOM TaKOTO poAa CIEAYET CUU-
TaTh pazpadoranHelii B 1968 . komiexktrBom [THNU
PTK ramma-nydeBoit Beicotomep "Kakryc", ympasis-
FOIIMI CHUCTEMOMN BKIIIOUEHMSI ABUTaTeIer MSTKOM mo-
CaJIKi KOCMUYECKHX KopaOneii [1]. B nanbreiimem ¢u-
3uKo-TexHndeckue ocHoBbl PCC, mpemHazHaueHHBIC
JUTS 11eJIed TaTbHOMETPHH, ObIIIH PaCCMOTPEHEI B [2].

[TocnenHne HECKONBKO JIE€T BEAYTCS AKTHBHBIE
MPAaKTUYECKUE U TEOPETUIECKHE UCCIEIOBaHUS B 00-
JIACTH CO3/IaHUSl TEXHOJOIMHA PEHTI€HOBCKOH CBsI3H,
JnansHoMeTpuu M HaBuraimu. Hanpumep, B CHIA pasz-
paboTaHa KCTIEpUMEHTATbHAS YCTAaHOBKA, HA KOTOPOM
BBIITOJIHEHBI YCIIEIIHbIE SKCIEPUMEHTHI 10 Mepeaayue
3BYKOBOU HMH(OpMaIK B KocMoce. PaboTer BemyTes
cnenuanucramu neHrpa GODDARD NASA u punan-
cupyrorcs NASA u DARPA. C 2018 r. NASA npoBo-
Ut Ha amepukaHckoM cermenTe MKC sxcniepuMeHTsI
[0 U3MEPEHMIO JaTbHOCTH PEHTTEHOBCKOU cBsi3u. I1o
MHEHUIO crienuanrctoB NASA, B MepCreKTUBE Cpe-
CTBa KOCMHUYECKON PEHTTCHOBCKOM CBSI3U CMOTYT Pado-
TaTh B JAJIbHEM KOCMOCE CO CKOPOCTBIO Tepeauy NH-
(dhopmaruu necsiTku Turadut B cekyHay [3]. K Hacros-
ieMy BpEMEHH JJOCTAaTOYHO OOJIBIIIOE YMCIIO CTaTeH O
cUcTeMax PEHTTeHOBCKOW cBszu [4, 5], HaBUrauu 1o
PEHTTEHOBCKUM ITylbcapam [6, 7], a Takke 0 BO3MOXK-

HOCTHU MPUMEHEHUS] PEHTTEHOBCKOW HABHTAIMOHHON
cucteMbl XNAV 17151 peHTTeHOBCKOM CBs3H [ 8] ormy0-
nukoBaHo B Kurae.

OueBugno, uro npumenenne PCC B kocMoHaB-
THKE UMeeT OOJbIIIe HepCcIeKTHBEL. OTHAKO, KaK I10-
Ka3piBaeT mpaktrka, PCC MOryT HaliTH pUMEHEHHE
U B IPYTHX 00JaCTIX TEXHUKH, HAPUMED TIPHU CO3/1a-
HUHM CHCTEM MSTKOH IOCAJKH JIETATEIBbHBIX alnapa-
TOB B YCJIOBHSX HEIOCTATOYHON BUIMMOCTH (B TOM
qrcie HeOMaronpuaTHRIE METEOPOTIOTHIECKHE YCIIO-
BHSI) U TIPH 001eeHeHnsx [9].

B Hactosiiiee BpeMs HccieloBaHHA B OOMAcTH
paszpabotku PCC npoBogstcs Ha Kadeape 3IeKTPoH-
HBIX TipruOopoB u ycrporicts CIT6GI'ITY. B kadectse
HCTOYHHUKA PEHTTEHOBCKOTO W3IYYCHHS HCIONB3Y-
€TCsl TepBasi OTEUECTBEHHAs PEHTTCHOBCKas TpyOKa
¢ GOTOKATONOM U IJIEKTPOHHBIM YMHO)KEHHEM TOKa
¢dorokarona (®PT), pa3paboraHHass COBMECTHO
c IHUN "Onextpon" m 3A0 "Csermana-Pentrexn"
[10, 11].

Teopernueckasi OlleHKa JAAbHOCTH Nepenadu
HH(OPMAIINT B PEHTT€HOBCKOM THANIA30He YACTOT
3J1eKTPOMATHUTHOTO U3J1y4eHus. B motoke u3iyde-
HUsSI, TCHEPUPYEMOTO PEHTIeHOBCKON TpyOkoit (PT),
MIPUCYTCTBYET LENbIH HAOOp OTHENBHBIX KBAHTOB,
KXl CO CBOEW SHEpPrued, COCTaBIAIONIUX Tak
HA3bIBaE€MBIl CHEKTP PEHTTEHOBCKOTO W3IYyUCHHUS

(PY) sToii TpyOku. DHeprus Kaxjaoro kanta Ej (s

KHWJIOAIIEKTPOH-BONIBTAx) B criektpe PU nexut B nna-

Ma3oHe 3HAYE€HU OT MUHUMaILHOH E 10 MaKCH-

min

ManbHOH Ep,. MunumanbHas sneprus E COOT-

min
BETCTBYET PHEPTUU, IIPU KOTOPOU €Ill€ BO3MOKEH BBI-
xof, KBaHTOB PU yepe3 BBIXOIHOE OKHO PEHTTECHOB-

cKoit TpyOKu. OHa 3aBHCUT OT MaTepHaa M TONIINHBI

BeixogHoro oxHa PT. O0wemunO E HaXOINUTCI B

min
nuanaszoHe sHepruit ot 5 10 10 koB. MakcumanbHas
SHEPrus ONPEAENSIeTCA HANPSLKEHUEM Ha PEHTTCHOB-

ckoii Tpybke U, kB:
Emax =€U,

rae e = 1.6 -107'° K — 3apsy snexTpona.
Ilpy 5TOM CyIIECTBYET CTPOras 3aBUCHMOCTD

MEXly 3HAYEHHUEM SHEpruu kBaHta Ej 1 Kommue-

CTBOM /1 KBaHTOB C 3TOM SHEpruen B CEKTpe U3iyye-
Hus PT [12]. B obmiem ciydae CIeKTp pPEeHTTCHOB-
CKOTO W3JIyYCHUS XapaKTEpU3yeTCs CHEKTpalbHOU
IUIOTHOCTBIO U CIEKTPAIbHOH HHTEHCHBHOCTEIO.
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CrexTpaiipHas IJIOTHOCTb ¢ ONPEAEAETCS KOIu4de-
CTBOM KBAaHTOB 7 C ONpPE/ENEHHON dHeprued E;, re-

HEpUPYEMBIX B €IMHUILY BPDEMEHU U B €IUHULLY TeJleC-
IT.

HOTO yTIJa, :
c-cp

q=nE. (1)

CriekTpaiibHasi UHTEHCHUBHOCTD j OIIPENENIeTCs
MIPOW3BEJICHHEM KOJMYECTBA KBAHTOB C OJMHAKOBOM
k3B

SHEpruel Ha 3HAUYCHUE ITOW IHEPTHUH,
c-cp

i(E)=n(E)E;.

COOTBETCTBEHHO, CyMMapHOE KOJIMYECTBO KBaH-
TOB N (B IUTYKaX) B CIIEKTPE PEHTT€HOBCKOTO U3ITyde-
HUS olpenensieTcss MHTerpupoBanueM (1) mo Bcemy
JIMana30Hy UX SHEPTUil B 3TOM CIIEKTpeE:

Emax
N= [ n(g)dE
0
CymmapHas (MHTerpajibHas) HHTEHCUBHOCTh

1 (B KMJIODIIEKTPOH-BOJIBTaX) TEHEPUPYEMOTO PEHTTe-
HOBCKOTI'0 U3JIy4EeHHUs ONPENEISIETCS 110 BBIPAXKEHUIO

Emax Emax
= [ n(E)EdE= [ j(E;)dE
Emin Emin

B kadectBe mpumepa Ha puc. 1 npeacrasieHa 3a-
BUCHMOCTb CIEKTPaJIbHONH WHTEHCHBHOCTH H3Iyde-
HUS OT SHEPTUH KBAaHTOB (/ — QUIBTpaLNs U3ITyICHHUS
OTCYTCTBYeT; 2 — ¢mibTpanus Al TonuuHoi 3 MMm).
JlaHHBIE TTOJTyYEHBI ¢ TOMOIIBIO IPOTPAMMBI AJISI MO-
JIeTTUPOBAHUSI CTIEKTPOB M3iyueHus "Crexkrpon". Pac-
YeTbl BBIIOJHEHbI NMPU HANPSKEHUM HA PEHTIE€HOB-
ckoii Tpyoke U = 75 kB, Toke i = 1 MA, pacCcTOSHUM
JI0 TOYKH H3MepeHus R = 1 M 1 NOpsAAKOBOM HOMEpE
Matepuana wuiienn (W) aHoma pEeHTTEHOBCKOU
TpyOKu — Z = 74.

IMogpo6HO mpakTHUECKHE BOIPOCH! pacdeTa Xa-
PAaKTEPUCTUK CIEKTPa PEHTTCHOBCKOIO W3ITy4eHHs
paccmoTtpensl B [13].

Kak u3BecTHO, 7151 TOUCYHOTO HCTOYHHUKA PEHTIe-
HoBckoro m3nyuenuss (UPN), 1. e. ucrounuka, paz-
MepbI KOTOPOTO MHOTO MEHBIIIE PACCTOSHUS R MEXIy
CaMMM UCTOYHUKOM M JETEKTOPOM U3ITYy4EHHUs], UHTE-
rpajbHas UHTEHCHUBHOCTh W3IYYEHHUS IMPH YCIOBUHU
OTCYTCTBUSL OCHaOJIeHHs Cpemoil pacrlpoCTpaHESHHUS

N, mr,
61010 |
1
4.100|_
2
2.1010 |
| |
0 20 40 60 E oB

Puc. 1. CriekTp peHTTeHOBCKOTO U3IIyIeHUS PEHTT€HOBCKOH
TpyOKHM ¢ MAaCCUBHOH MHILICHBIO

Fig. 1. X-ray spectrum of an X-ray tube with a massive target

YMEHBIIAETCS MPOMOPLUUOHATIBHO KBaJapary 3TOTO
paccrosiaus [14]:

0
-0, @)
4nR?

I(R)

rac IO — HUHTETpaJibHasE UHTCHCUBHOCTb PEHTICHOB-

CKOT'O U3IIy4eHHS B TOUKe pacronoxenus NPU.

IIpn nmpox0oXKI€HWM PEHTTEHOBCKOTO H3ITYYCHHS
yepes cpely paclpoCTpPaHEHUs] KOJIMYECTBO KBAHTOB
Y UX SHEPIUs yMEHBIIAIOTCS BCIEICTBUE B3aUMOIEH-
CTBUA C MOJICKYJIaMU, aTOMaMH U 2JICKTPOHAMU BCIIC-
CTBa 3TOM CpelBbl.

3aKOH YMEHbLIEHHUS] WHTEHCUBHOCTH W3IyYEHUS
OITMCBIBACTCS B BUIC

( R) = 1ge "R, 3)

rie p(E) — xoadduiment ocnabiaeHnst peHTreHOB-

CKOTO M3JTy4YEHUsI BELIECTBOM CPEIbl Ha SANHHMILY pac-
CTOSIHUSI, TPOXOTUMOTO H3IyUYCHUEM B CpPEJIC.
Kospounment ocnabieHust U3TydeHHUs | UMEET

CJIOHYIO 3aBHCUMOCTh OT PHEPTUM KBaHTa MEpBUY-
HOTO MOTOKA PEHTT€HOBCKOIo U3lyueHus. B kauectse
npuMepa B Ta0JI. 1 mpuBeAEHBI 3HAYEHUS ITOTO KO3 (]-
¢ummeHTa 1 BO3AyXa B IUANla30HE SHEPTHUH KBaH-
toB ot 10 10 300 k3B [15].

Ha mnpakTtuke wuHTETpagbHAs HHTEHCUBHOCTH
PEHTIEHOBCKOTO U3Iy4eHHs Ha paccTosiHAu R ot TPU
OTIepaTHBHO MOXKET OBITh paccunTaHa Mo Gopmyiie
| kiz 2
0 4nR2 "M
rae k — ko3 HUIMeHT NPOnopUHOHAIEHOCTH; i — TOK
PCHTI€HOBCKOM TpyOKM; Z — TOPSOKOBBII HOMEp
Marepuana MUILIEHU aHOJa PEHTI€HOBCKOU TpyOKH;
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Tabn. 1. 3aBUCUMOCTD 3HAUCHUN KO3 HIIMEHTa ocIabieHus L OT S3Hepruu E mis Bo3myxa

Table 1. Dependence of the attenuation coefficient p on the energy value E for free air

E, xoB 10 30 40 50

75 100 150 200 300

w104, Mt | 710° | 510* | 3.4.10% | 2.8.10°*

2.4-10* 2:10# 1.7.10#* | 1.510* | 1.3.10*

U — HanpsbkeHrEe Ha PEHTTCHOBCKOH TpyOKe; R — pac-
CTOSTHHE JIO TOYKH HU3MEPEHUSI.

C yuerom (2) u (3) oO1iee BeIpaXkeHHE [T 3aKOHA
YMEHBIIICHHSI MHTCHCUBHOCTH PEHTTEHOBCKOTO H3ITY-
YEeHHS TPH OIIEHKE JATLHOCTH €r0 PaclpoCTPaHESHUs
ot PU Oynet umeTh BUI

Lo HEWR _kizu? e, R

~ 47R? 47R? d’

e E| b =eU, b~ s deKTHBHAS DPHEPTUsl KBAHTOB,

cooTBeTCTBYIOMAs 3(PPEKTHBHOMY 3HAUCHHUIO HAIpsi-

KEHUS Ha PEHTTEeHOBCKOMN TpyOKe

(U3¢=2/3Umax); Sd =Ttr2 — IJIOAb BXOIHOTO

okHa netekropa PU ¢ paguycom 7 (B MeTpax).

B Tabn. 2 mpencraBineHs! pe3yIbTaThl PacdyeToB
KOJIMYECTBA KBAHTOB PEHTTCHOBCKOTO U3IlydeHus N B
3aBUCHUMOCTH OT PACCTOSHUS R 0 TOUKU U3MEPEHUs,
a Takxe oT HanpsbkeHust U Ha peHTTeHOBCKON TpyOke
WPU. PacueTsl BBIIOMHEHBI IPU TOKE TPYOKH 1 MA n

2

TIJIOMIAN BXOMHOTO OKHA JIETEKTOpa 10_4 M~ i

JBYX cpeq pactipoctpaHeHus PU: BakyyMm 1 BO3ayx.

Pe3syneraThl pacueToB B rpaguIeckoM BUIE Ipe-
CTaBJICHBI Ha pHC. 2. Oun IIOKa3bIBAaIOT, YTO BIIMSAHUEC
ocnallieHus BO3LyXOM Ha KOJIMYECTBO KBAHTOB 3HA-
YUTEIFHO CKA3bIBACTCS JIUIIh, HAYWHAS C PACCTOSTHHN
ceeire 100 M. Kpome TOTO, MOCKONBKY KOJIUYECTBO

KBaHTOB, T€HEPUPYEMBIX PEHTTCHOBCKOH TpyOKOU
WPU, npsMo NpONOPLUUOHAIBHO €€ TOKY, IaHHBIE
MO3BOJISIIOT OLEHUTH JaJIbHOCTh PAaCIpPOCTPaHEHUs
P mipu 3HadeHUsAX TOKa, CYIIECTBEHHO IMPEBBIIIAI0-
mmx 1 MA. Tak, Haubosee MOIIHbIE OT€YeCTBEHHbBIE
peHTreHoBckue Tpyokm cepun MMA uMeT TOK
B UMITYJIBCE /10 HECKOJIBKUX KHIJIOAMIIEP.

0 |
1 10 100 R, M
1E-02 -
1E-04 —

——— - 75 kB (Bakyym);

—=a—— — 150 kB (Bakyym);

—4—— — 75 kB (Bo31yx);
——s—— — 150 kB (Bo3nyx);

—e—— — 300 kB (Bakyym); ——e—— — 300 kB (Bo31yx)

Puc. 2. 3aBucUMOCTD KonrYecTBa KBaHTOB N OT paccTOSTHUS
R 1 HanpspKkeHUs Ha peHTreHoBcKoH TpyOke U

Fig. 2. Dependence of quanta number N on the range R
and the voltage U on the X-ray tube

Tabn. 2. 3aBucuMocTh KonmuecTBa kKBaHTOB N oT paccrosiHus R u HanpsikeHus U Ha peHTT@HOBCKOW TpyOKe

Table 2. Dependence of quanta number N on the range R and the voltage U on the X-ray tube

U, kB
N, . 75 | 100 | 150 | 200 | 300
Bakyym
1 2.65E+08 5.37E+08 1.23E+09 2.04E+09 4.54E+09
10 2.65E+06 5.37E+06 1.23E+07 2.04E+07 4.54E+07
R, m 100 2.65E+04 5.37E+04 1.23E+05 2.04E+05 4.54E+05
1000 2.65E+02 5.37E+02 1.23E+03 2.04E+03 4.54E+03
10 000 2.65E+00 5.37E+00 1.23E+01 2.04E+01 4.54E+01
Boznyx
1 2.30E+08 4.50E+08 5.50E+08 1.76E+09 2.20E+09
R u 10 1.30E+06 2.70E+06 4.20E+06 1.11E+07 1.70E+07
' 100 5.44E+02 1.56E+03 4.04E+03 1.06E+04 2.32E+04
1000 6.00E-10 1.44E-08 4.50E-07 4.95E-06 1.10E-04
10 l'[epez[a'{a l/lH(l)OpMal.ll/ll/l B PEHTI€HOBCKOM /IHANIa30HE YaCTOT 3JIEKTPOMATrHUTHOI'0 U3JIyYCHUS
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IKCIepUMEHTAIbHASI OLEHKA TAJbHOCTH Tie-
penayu uHpopManMM B PEHTTeHOBCKOM AUAana-
30H€ YACTOT YIEKTPOMATHUTHOTO W3JIyYeHHUs IPo-
BOJIMJIACH C TIOMOIIBIO CIICITUAIEHOTO CTEH/IA, CTPYK-
TypHasi cxeMa KOTOpOro NnpHuBeieHa Ha puc. 3.

gL

PA [ — M > i — CO

X-ray

Puc. 3. CTpykTypHas cxema CTeHJa Ui SKCIIEpUMEHTAIbHOM
OLICHKH JIAJIbHOCTH Mepeaad HHPOpManu
B PEHTTCHOBCKOM [[Malla30He

Fig. 3. A block scheme of a stand for experimental
evaluation of the range of data transmission in the X-ray
emission range

B xauectBe UPU mcnonp3oBancs npoOMBIIIJICH-
HBIA PEHTTeHOBCKHM ammapar PA Ha MakcuManbHOE
Hanpspkenue 200 kB, mpenHasHadeHHBIH 11d pa-
0OTHI B HETIPEPHIBHOM PEXUME C TOKOM PEHTTCHOB-
ckoil Tpyoku no 10 MA. Jlng Momynsiiiuu MOTOKa
PEHTreHOBCKOro u3inydeHuss PA ucmosbp3oBajoch
MEXaHUYECKOE YCTPOUCTBO M, KOTOpO€E OTKPHIBAIO
CBHHIIOBYIO 3ariylliIKy BbIXOAHOI'O OKHa pEHTICHOB-
ckoro ammapara Ha Bpems T = 300 MKC ¢ 4acTOTOU
50 T'u. B xaduecTBe AeTEKTOpa PEHTTEHOBCKOTO HU3-
nydenus Jl ucoap30Balicss KPeMHUEBBIN (HOTOAMO/

niomaaks oxoio 3000 MM2. Ha BrIXOZHOM OKHE
¢dotomuona pacronaraics COUAHTILIATOP B (Gopme
aucka nuaMeTpoM 60 MM, TOJNIMHON 2 MM
u3 CsI(TI), mpeobOpasyromuii peHTTEeHOBCKOE U3ITY-

yeHne B onrtudeckoe [16].

Cxema 00paboTkn CO MHTETpHpOBaJia BHIXOIHOM
TOK (pOTOAMONA B TEUCHNE MMITYITECa PEHTTEHOBCKOTO
M3JTyYCHUS U IPEOOPa30BhIBaIa CYMMAPHBIN dJIEKTPH-
yeckwuii 3apsan Q B 20-pa3psaHbiid nudpoBoit koa. Co-
OTBETCTBEHHO, CyMMapHasi YHEPTHs BCEX KBAaHTOB, 3a-
PETHCTPUPOBAHHBIX JCTEKTOPOM 33 BPEMs UMITYIIbCA
B YCJIOBHSX SKCIIEPUMEHTA, OLIEHUBAJIACh 110 (hopMyIie

- Q
Ken ke @,

e Koy =0.11 — xoddduuuenT KOHBEpCHOHHOM 3¢-

(PEeKTHBHOCTH CLUMHTHJLIATOpa (OTHOLIEHHE SHEPIUH
CT€HEPHPOBAHHOTO ONTHYECKOTO M3JIy4EHHUsI K HOIIo-
IIEHHOH B CHUHTWUIATOPE SHEPIMU PEHTICHOBCKOTO
mnydenns); k. =0.4 — xo3pduuueHT cBeToBHIXOA

CHUHTUILIIATOpA (KOJ'[I/I‘ICCTBO KBAaHTOB OIITHYCCKOI'O
N3JTy4YCHHA, UCITYCKACMbIX CIHUHTWUWUIATOPOM IIPU IIO-
nmaJaHur B HETO OJTHOI'O KBaHTa PECHITCHOBCKOI'O U3JIy-

uenust); @, =038 A/Br — QorouyBcTBUTENBHOCTD

(oroanona (OTHOIIEHHE BBIXOIHOTO TOKa (OTOIMONA
K BXOIHOHM SHEPTHHU ONTHYECKOTO U3ITyICHIIS).

C 1epio OIeHKH KOJIMYeCTBA KBaHTOB N, TeHEpH-
PYEMBIX 33 BpeMst IMIIYJIbCa T, IS KAKJ0TO 3HAYCHUS
HanpspkeHust TpyOku MPU BeiOupanocs HekoTopoe

YCJIOBHOC 3HAQYCHUEC DHCPIrur OAHOIO KBaHTa — Ea(b’

cocrasigmoniee 0.75 oT MakcUMajJbHOIO 3HAYEHUS
SHEPruu KBaHTOB B crekTpe PU.

Pe3ynbprarel 3KCIIEPUMEHTAIBHOW OIIEHKH Oalb-
HOCTH PaclpOCTPAHEHHUS MaKeTa KBAHTOB, COIEpIKa-
IIUXCAa B UMITYJIIBCE PEHTICHOBCKOT'O U3JIYyYCHUS IJIN-
TeabHOCTHIO 300 MKC, B 3aBUCUMOCTH OT HANIPSDKEHUS
¥ TOKa peHTreHoBckol TpyOoku P Ha Bo3myxe npen-
craBjieHbl B Ta0i. 3 [17, 18].

Ta6n. 3. 3aBUCUMOCTb KOJIMYECTBA KBAHTOB PEHTT€HOBCKOTO M3JTy4EHHUS OT PACCTOSHUS MEXKY HCTOUHUKOM
PEHTTEHOBCKOTO U3JIy4EHHsI U TOUKOH N3MepeHHs! (IKCIIEPHMEHT)

Table 3. Dependence of the quanta number of X-ray on the range between source-ray transmitter and target

measurement point (experiment)

R, M
U, kB Eacp‘ k2B i, MA 6.5
| -10% x»B N, mT. | -10% x»B N, mr.
75 56 5 45 803 26 577
100 75 1 46,2 616 27 360
150 112 1 210 1875 116 1035
200 150 1 498 3320 275 1833
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OKCTparonupys MOMydeHHBIE KCIICPUMEHTAIIb-
HBIE PE3YIBTAThI, MOJKHO OIICHUTH PACCTOSHUE, HA KO-
TOpOM OyZIeT 3aperUCTPUPOBAHO YCIOBHO MUHUMAITb-
HO€ KOJIMYECTBO KBAHTOB PEHTITEHOBCKOTO H3ITyde-
HUS1, HEOOXOIMMOE TS TTepeladu eTMHUIIBI HHpOpMa-
LU, HalIpUMED B JBOUYHOM KOJI€.

C 3710i1 11e1pI0 MOKHO TIPUHSTD, YTO, BO-TIEPBBIX,
JUTS TIepeiayd B IBOWYHOM Kozie OfHOTO OnTa HHMOp-
MaluM — JJjoruyeckoit "1" 1ocTaTouHO 3aperucTpupo-
BaTh AETEKTOPOM IPHEMHHUKA PEHTTEHOBCKOTO H3ITY-
yerns ([TPU1) 3a BpeMst BXOJHOTO MMITYJIbCA PEHTIE-
HOBCKOTO M3JIy4€HHUs HE MeHee TpeX KBaHToB. CooT-
BETCTBEHHO JIs1 JJoruaeckoro "0" — oTcyTcTBHE 3ape-
TUCTPUPOBAHHBIX KBAHTOB. BO-BTOPBIX, 715 TOBBIIIIE-
HUS TOMEXO03AIIUIIEHHOCTH, HallpuMep OT (POHOBOTO
KOCMHYECKOTO M3JIydeHus, B cocraBe [IPU OymyT mc-
MOJIb30BaHbl HE MEHee TPEeX HE3aBUCHUMBIX JETEKTO-
POB, MapajUIeTbHO PETUCTPUPYIOIINX KBAHTHI (JIaH-
HBIC BONPOCH! IUIAHHPYETCS MOAPOOHO H3YYHUTH B
pamKax OTAEIBHOTO HCCIeIOBaHN).

B »TOoM cnyuae mpenenbHOM AadbHOCTBIO Tepe-
Ja9¥ PEHTT€HOBCKOTO CHTHAJa CTAaHET PacCTOSHUE,
Ha KOTOPOM 4epe3 IUIoIags BXxoaHoro okHa [IPH 3a
BpEMSI HMITYJIbCA PEHTT€HOBCKOT'O U3TYYEeHHUs TIpoJie-
TaeT He MeHee 9 KBAaHTOB. DKCTPAIIOJIALHUS 3aBUCUMO-
CTeii, IpeICTaBJICHHBIX B Ta0J. 2 U 3, IO3BOJISIET Olle-
HUTDb NPEACIbHYIO OaJIbHOCTH JIsI KOHKPETHOI'O pe-
)uma padotel MPM mo HanpspkeHHIO, TOKY M JUTH-
TCJIBbHOCTU UMITYJIbCa PCHTICHOBCKOT'O U3JTY4YCHU.

AHHpOKCI/IMaHI/Iﬂ OKCIICPUMCHTAJIbHBIX JaHHBIX
(Tabu. 3) ¢ ygeToM mpsMo MPOIOPIUOHATBHON 3aBH-
CUMOCTH KOJIMYECTBAa KBAHTOB OT TOKa PCHTICHOB-
CKOW TPYOKH U OT JUIMTEIIBHOCTH MMITYJIbCA PEHTIE-
HOBCKOTO u3nydeHus misi Hanpspkernst 200 kB, Toka
1 A (xapakTepHOE 3HAaUE€HHE HUMITYyJIbCHOTO TOKA IS

a
Puc. 4. PentreHosckas Tpyoka ¢ (OTOKaTOIOM (@) U CTPYKTYpPHAs CXeMa CTeH/Ia JJIsl MCCIIEIOBAHMS €€ XapaKTepUCTHK (60)

HEKOTOPBIX COBPEMEHHBIX THIIOB MCTOYHUKOB 3JIEK-
TPOHOB), JITUTEILHOCTH UMITYJIbca 1 MKC | IIIONIAaIN

netektopa 30 cM? mokasana JAIIBHOCTD Tepeaayu
okoio 250 M. ANNPOKCUMAITUS TEOPETHUSCKHUX JTaH-
HBIX (Ta0JI. 2) JUTst 9THX K€ ycIoBHIA — 594 M.
BriosiHe gomycTuMoe uist Mog00HBIX OIICHOK pac-
XO0XKJICHHUE PE3yIbTaTOB OOBACHSIETCS TEM, 4TO B OlLle-
HOYHBIX pacyueTax, OCHOBAHHBIX HA IKCIIEPUMEHTAIIb-
HBIX JaHHBIX, OBLIO MPUHSTO AOMYIIEHHE O MOHOXPO-
MaTHYHOCTU PEHTTCHOBCKOTO M3IYYCHUS — OJTHHAKO-

BOH sHeprum E| ¢ AVUL BCEX KBAHTOB B MMITyJIbCE.

B TeopeTnueckux pacuerax mnporpamma Y4HUTHIBaeT
BECH CIIEKTP SHEPTHH KBAHTOB ATOTO UMITYIIbCA.

O4eBHIHO, YTO MpeeTbHas JATBHOCTh Nepeaadn
vH(pOpMAIK 3aBUCUT OT KOHCTPYKTHUBHBIX OTPaHHU-
YeHHI M0 Macce, rabapuTaM U dHEPronoTpeOIeHUI0
TexHuueckux cpenacts PCC, onpenensrommx HHTeH-
CHUBHOCTh PEHTI'€HOBCKOT'0 CHTHAJIA, & TAKXkKe OT CKO-
pocTH niepenadn nHGOPMAIIHH.

s SKCEepUMEHTABHOW OLIEHKH BO3MOXKHOM
CKOPOCTH Tepefayd HH(OpMAalui B PEHTTEHOBCKOM
ZIFaTIa30He YacToT HIEKTPOMATHUTHOTO H3TYICHUS UC-
MIOJTB30BANICS CTEHJ] HAa OCHOBE CIEIHATIBHO pa3pabdo-
TaHHOW TIEpPBOM  OTEYECTBEHHON pPEHTTEHOBCKOU
TPYOKH ¢ (POTOKATOAOM H SIIEKTPOHHBIM YMHOKEHHEM
ToKa (orokarona. Buemnuit Bun OPT u ctpykTypHas
CXeMa CTEHJa I WCCIICHOBAaHUS €€ XapaKTEPUCTUK
TIPEICTaBICHEI Ha pHC. 4, a U 6 cooTBeTCTBeHHO. O00-
3Ha4eHus Ha puc. 4: [ — ceroBon; 2 — dorokaron OK;
3 — doroanexTponbl;, 4 — MomyisiTop M (pokycupyromwii
ANEKTPON); 5 — BTOPUYHBIC SJIEKTPOHBL, 6 — JWHOIBI,
7 — CUMHTHLIATOP; 8§ — (DOTOHBL, 9 — pEHTTEHOBCKAs
TpyOKa; /0 — aHom; // — ACTOYHUK TIATAHHS CEKIMU (o-
TosnekTporHoro ymHoxkutens OPT; /2 — wcrounmk

11 12
4| UM 03y |——| BB UIT
R:1 R2 R3 R13R14 1
A

8
aﬁBepH,Z[HF eH.I/IMl'IIi Yeun. |—>| Ocunin. |
13 \14 \16 \17

Fig. 4. X-ray tube with a photocathode (a) and a block scheme of a stand for studying its characteristics (6)
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TIMTaHUSI BHICOKOBOJIBTHBIN; /3 — Ja3epHbIA THOA CO
CHEeHATM3UPOBAHHBIM JpaiiBepom; /4 — reHeparop uM-
MyNbCOB; 15 — (hOTOANEKTPOHHBIN yMHOXUTENE DY
16 — IMIIYNIBCHBIN yCHITUTEND; [ 7 — ocipsutorpad.

Kak yxe ormeuanock, MpUHIUMUAIBHBIM OTIU-
YheM 3TOM TPYOKH OT BCeX M3BECTHBIX KOHCTPYKLUI
PEHTTEHOBCKHX TPYOOK SIBJISIETCS WCIOJIh30BAHUE B
KaudecTBe KarogHoro y3na @Y ¢ 12-kackaaHoi au-
HOIHOH cuctemoit (ds...d12).

CreHn mnsi SKCIEPUMEHTAIBLHOTO HCCIIEOBAHHS
xapakrepuctuk OPT conepkKUT UCTOYHHUKH HaIpshHKe-
aus (UI1) nns @BV u anoga OPT, ontrueckuit momy-
nsatop (OM) ans 3acBeTkH (poToKaTona, a TaKxke Jae-
TEKTOP PEHTT€HOBCKOTO U3TY4YEHHSI.

B xauectBe OM ncnonp30Bacs JTa3epHBIA CBETO-
mion CWLD u crneumanu3upoBaHHBIA npaiiBep iC-
HKb. MakcuMyM MHTEHCUBHOCTH B CIIEKTPE OIITHYE-
CKOTO M3ITyYEHHUS CBETOAMO/IA PACTIONATAETCs Ha JITHHE
BOJTHBI 455 HM U COOTBETCTBYET MAaKCUMyMY UYBCTBH-
TenpHOCTH (oTokaroga OPT. Jlns peructpanmy peHT-
TEHOBCKOTO HW3JIy4eHHs MCIOJIb30BAJICS JETEKTOp Ha
OCHOBE CIMHTHJUIATOpPA C MUHUMAIBHBIM BPEMEHEM
BBICBEUMBAHHA (IUTUTEIHHOCTH CHUHTHLISIIMOHHOTO
curHana) 1 ®OY-85 ¢ npeqycuiuTesIeM.

B xo1e sxcniepuMeHTaTbHBIX HCCIISIOBAHUH ObLIa
ompezeNieHa MUHUMAIbHO BO3MOXKHAS JIITUTEIBHOCTh
HUMITYJIbCA PEHTICHOBCKOIO WU3JIy4€HUs, I€HEpupye-
moro ®PT. Kpurepuii onieHKM MHHUMAaIbHON TH-
TEJIBHOCTH — OTCYTCTBHE UCKaKeHUH QopMBbI niepea-
BAEMOTO HMMIYIIbCa PEHTTEHOBCKOTO W3Iy4YEHUS, B
TOM YUCJIC yMeHI)]J_[eHI/Ie cro aMHJ’II/ITy}II)I.

B xauecTBe mpuMepa Ha puc. 5 IpeAcTaBICHBI OC-
LIIIOTPAMMBI JJIEKTPUYECKUX CUTHAJIOB: @ — "BXOJ-
HOTO', TI0JJTaBAEMOTO JIPAaBEpPOM Ha JIa3ePHBIA JTUOT;
6 — "BeIxomHoro", caumaemoro ¢ ®BY gerekropa
PEHTTEHOBCKOTO M3Ty4eHUsI.

£ 1.44U

o

LUrr=" 3. 12U Lmin= © .86 F req=tuttat

[MEFEEE 26 . Eml) )

Puc. 5. OcupsuiorpaMmmbl 3JI€KTPUYECKUX CUTHAJIOB
MU TIepeade OAMHOYHOTO UMITYJIbCa

Fig. 5. Waveforms of electrical signals when transmitting
a single pulse

JmuTenpHOCTh (PPOHTA U CIHaJa UMITYJIbCa PEHT-
TEHOBCKOTO M3JIYYEHHsI Ha OCIHJUIOTPaMME COCTaB-
nset He 6onee 40 He (puc. 5, 6), UTO MO3BOJSET CUU-
TaTh MHUHHMAJIBHYIO JJTUTEIBHOCTH OJHOTO OHTa
B PEHTTCHOBCKOM CHTHAJI€ TIPU HMCIIOJIH30BAaHHUHU JIaH-
Hoit ®PT pasnoit 100 Hc.

[Ipu Tako¥ IIUTENLHOCTH OWTa MaKCHMaJbHas
CKOPOCTb Tnepemadn nHdopmanuu ¢ nomornsio PCC
Ha OocHOBe pazpaboranHoii ®PT TeopeTHuecku co-
craBysieT 5 Mout/c [19].

CoBpeMeHHbIe TEXHHYECKHE CPENCTBA IJIsI Te-
penadyn mH(pOPMANHM B PEHTTeHOBCKOM JHAMNA-
30He YaCTOT 3IeKTPOMATHUTHOIO W3JIyUeHHsI.
B cocraB mepenarunka PCC (puc. 6) mommmo ®PT
BXOJSIT DJIEMEHTHI, MPEOOPa3yIONIUe ayHOCUTHAI
B IU(POBOH ONTHYCCKUI CHTHAII: MUKPO(OH, aHaJIO-
TOBBI yCHJIMTENb, aHaJoro-nudpoBoil mpeodpaszo-

Muxkpodor

AIIT
(16 6ur)

[paiisep
JIa

Ycumurens

> >

OnTuyecKkuit
CHUTI'HaJI
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o

PentrenoBckoe
U3JIy4eHHe

JATOP

CuHTHII-

OOy Veunurens |y Komnaparop

H>

y

4AYH_HO_ JuHamMuk

CUTrHaJI

¢ Ycumrens IAIT ¢ TUIMC

>

0

Puc. 6. Buemnuii Buj makera (a) u crpykrypHas cxema PCC (6)

Fig. 6. The appearance of the model (a) and block scheme of the XCS (6)
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F B 9%.8m.)

Frea=181kHz

Puc. 7. OcuunnorpaMMbI SIEKTPHYECKHX CUTHAIIOB
IpH [iepe/iade nakera UMIyJIbCoB ((hparMeHT ayAn03aInCcH)

Fig. 7. Waveforms of electrical signals during
transmission of a pulses package (fragment
of an audio recording)

Batenb (ALIIT) u J1a3epHBIH CBETOMNON CO CIICIIHAIIH-
3UpPOBAaHHBIM JIpaiiBepoM. B cocTaB mpreMHuKa BXO-
IAT AETEKTOP PEHTI€HOBCKOIO M3JIy4Y€HUs] Ha OCHOBE
ciuHTHWLIATOPa U DDY, UMIYIbCHBIN YCUIMTEINb,
a Takke cxeMa 00pabOTKH MMITYJIBCOB: (POPMUPOBa-
TeJb MMITYJIbCOB (KOMIapaTop), MporpaMMupyemas
nmoruveckas wuHTerpanpHas cxema IIJIMC, uudpo-
aHaJIOroBbIH npeodpaszorarenb (L{AIT) n aHamoroBbIi
YCWJIUTEIh C TPOMKOTOBOPHUTEIIEM.

Ha puc. 7 noka3zaHsl OCHHIIIIOTPAMMBI JJIEKTPHU-
YECKUX CHUTHAJIOB, WJUTIOCTPUPYIOIIHE MPOIIECC Ie-
penadn (QparmMeHTa BBICOKOKAYECTBEHHOM MY3bI-
KaJILHOM 3amucH, npeoOpa3oBaHHOW B 16-pas3psi-
HbI 1U(POBONM KOA € YacTOTOW AMCKPETU3AIHNH
44 xI'i: a — na Beixoge AL (mepenaBaeMblii makeT
HAMITYJIbCOB) U 6 — Ha Bxojie LAl (IpUHATHIA MakeT
WMITyJIbCOB). PasHasg IIMTENbHOCTh HMITYJIHCOB

B [TAKeTaX Ha MPEACTABICHHBIX OCIUILIOTpaMMax
o0ycioByieHa 0COOCHHOCTSIMU ITOCTOOPAOOTKH TIpH-
HSATOrO CUTHAlA.

[lepenaya ayauocHWrHana TPOBOAWIACH IIPH
Hamnpsbkennn Ha OPT 40 kB, cpeqnem toke 0.5 MA,
MMITYJIbCHOM TOKE€ 15 MA B HMMITylibce IUTENHHO-
ctei0 250 He. COOTBETCTBEHHO, MIMTEILHOCTH O/I-
Horo Outa nadopmarmu cocrasisia 250 He. [Toxcuer
KBaHTOB He MPou3Bowics, onpenenenue 0" wim "'1"
MPOBOJIMIIOCH € TIOMOIIBIO KOMIIapaTopa Ha BBIXOZC
JIETEKTOpa, PadOTAaIONIETO B MHTETPAIbHOM pEXKHUME.
JlampHOCTh Tiepenadn, OrpaHHYCHHAS YPOBHEM IIy-
MOB TPHUEMHUKA PEHTTEHOBCKOTO M3JIyYCHHUS, COCTa-
Buia 0.5 m, ckopocTh nepenaun — 700 kOuT/c.

BriBoabl. Pe3ynpTaTel aHAMUTHYECKOM OLIEHKH U
SKCIIEPUMEHTAIILHBIX HCCIICIOBAHUHA ITOKA3aIH, YTO
JATBHOCTD ¥ CKOPOCTh nepenaun uHpopmaimu PCC
OMPENENACTCA HMCKIIOUUTEIBHO HSHEPreTHUCCKUMU
BO3MOXKHOCTSAIMH ~ TIepEeJaTYMKa: HANpPsHKCHHEM U
CPEeIHUM TOKOM PEHTTEHOBCKOH TPYOKH BO BpeMs T'e-
HEPHUPOBAHUS ITaKeTa (CEPHUN) UMITYIIHCOB PEHTTEHOB-
CKOTO M3JIYUCHUS, a TAKXKE JITUTEILHOCTHIO OTICIb-
HOTO UMITYJIbCa PEHTTEHOBCKOTO M3ITyYCHUS.

[Ipu 3Tom nanpHeimee passute PCC o0ycios-
JICHO B MEPBYIO OYepelb pa3paOd0TKON CIIeIUaTu3H-
POBaHHBIX HCTOYHHUKOB PEHTICHOBCKOTO U3TyYCHHUS,
TEHEPUPYIOIIUX CEPUH HMITYJIbCOB C MHUHHMAJIBHO
BO3MO>KHOI>1 JJIMTCIIBHOCTBIO KaXXI0I'0 HMHyﬂbca B
cepum.

C yueroMm cnermduueckux ocodbennocreit PCC
MOTYT COCTaBHUTh PEATBLHYI0 KOHKYPCHIHIO TPaju-
IMOHHBIM PaJH0O- M ONTHYCCKUM CHCTEMaM CBS3W
IS CBSI3WM M HaBUTAIlMM B KOCMOCE, B TOM 4HCJIC
JaJbHEM, a TAK)KE B CUCTEMAX MATKOM ITOCAIKH.
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Bepudukaumsa namepeHuin basospallareneit otTpaxaTebHON aHTEHHO peLleTKu
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OO0 "Pe3oHaHc", CaHkT-MeTepbypr, Poccs
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AHHOTaUuA

BeegieHue. B 6onbLuMX $pasnpoBaHHbIX aHTEHHbIX peLteTkax (PAP) LUMPOKO MCMOMb3YHOTCA ONTUYECKME CXeMbI BO3-
6yXaeHWsi, OCHOBHbIMW 3/1IeMEeHTaMU KOTOPbIX ABASIOTCA 06ayyYaTeslb U oTpaxaTesbHas anepTypa, COCTOALLAsA 13 He-
CKONIBbKMX [eCATKOB ThICAY M3NlydaTeneln n dasospallateneli. B oTpaxatenbHbix PAP OCHOBHbIE VCKaXeHWS Auna-
rPaMMbl HaNpPaBAEHHOCT MPOUCXOANAT 3a CHET pa30BbIX OLUMOOK, MPUBOAALLMX K CHVKEHWIO YCUEHUS U POCTY 60-
KOBbIX S1enecTkoB. B MUANIMMETPOBOM AManasoHe JH BOAH ¢eppuToBble ¢pa3ospallaten MoryT MMeTb Havab-
Hyto pasy ot 0 1o 360°, Mo3TOMY Mocne COOPKU B peLleTky He06X0AMMO NPOBOANTL NX Ga30Bble M3MepeHNS.

Lienb nccnegosanms. CosaaHne crnocoba oLeHKM NorpeLLlHocT/ M3MepeHnii napaMeTpos dpasospalliaTteneii B coctase
aQHTEHHOM peLLeTKM Ha OCHOBE COMOCTaB/IEeHNS TEOPETUUECKMNX MONOXKEHWI C SKCMepUMeHTaNbHbIMU JaHHBIMA.
MaTepuansl 1 METOABI. Y06HLIM CNOCOO0OM orpejeneHns napameTpos $asospallatenei aBaseTcs NCrnoibL30.a-
HVe MeToga neTatoLero npobHuka (flying probe), npy KOTOpoM NOABVXHbBIN NPOBHMK NOCeA0BaTE/IbHO COeAu-
HSAETCS C KaX/AbIM 31eMeHTOM peLueTku. Ecnn anemeHT ®AP npeAcTaBnseT cOb0i efnHYH KOHCTPYKLUMIO U3 peppu-
TOBOrO OTpes3Ka 1 AN31eKTPUYECKOro N3yyaTens, TO U3MepeHNs MPOBOAAT C MOMOLLIbIO OTPe3Ka Kpyrioro BOMHO-
BOJa, HaZBMratoLLerocs Ha nusayyatenb. [ns NpoBepKy NOrpeLlHoCTM 3TOM CXeMbl U3MepPeHUiA NCMo/b3yeTca Me-
XaHW4Yeckn ynpasnsemslii pasospallaTens.

Pe3ynbTaThl. PaccumTaHbl MOrpeLlHOCT N3MepPeHnii KOHCTPYKLMN C MOABMKHBIM MPOBHNKOM, NCXOASA U3 Npegno-
noxeHus o $Ga3oBo OLNOKe, BO3HNKAIOLLIEH 13-3@ BEKTOPHOMO C/I0XKEHWS yNpaB/aseMoro 1 HeyrnpaBasieMoro oT-
PaXXeHHbIX CUTHANOB Ha BXxoAe aneMeHTa PAP. Vi3MepeHbl S-mapamMeTpbl CTbIKOBOYHOM cekLmm. 10 akcTpeMymam
GYHKLMYM OLLINGBKM onpejeneHbl MakCUManbHble MOrPeLLHOCTU U3MepeHns Gasbl U aMnaNTYAbI.

3akntoueHue. MpoBefeHHbIV aHaM3 NoKasaa NPaBOMEPHOCTb BbIBPaHHOrO MeToAa OLLeHKM MOrpeLLHOCTA U3Me-
peHuii NapameTpoB ¢da3oBpalLaTeneli B COCTaBe peLleTky, YTo onpejenseTt nepcnekTnebl ero AanbHelLwero nc-
NoJib30BaHusA. MNorpeLwHoCcTb n3mepeHuii snemeHToB ®AP Mo NpeanoXeHHOM cxeme CoCcTaBmaa 0Kono 3°, 4To Co-
MN3MEepVIMO C MOrPEeLLHOCTBIO PErucTPUpYHoLLLEro Nprnbopa.

KntoueBble C/l0Ba: oTpaxaTesbHasi ¢pasnpoBaHHas aHTeHHas pelueTka, ¢pasoBpallaTeny, U3MepeHve amnam-
TYAHO-$a30BOro pacnpesesneHusi, ckaHep

Ana untnposaHusa: MapHec M. [. Bepudukaums namepeHnii ¢pasospallateneli oTpaxaTenbHON aHTEHHO
pewetkn // N3B. By30B Poccun. PagnosnektpoHuka. 2021. T. 24, Ne 2. C. 18-26. doi: 10.32603/1993-8985-
2021-24-2-18-26
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Verification of Phase Shifter Measurements of a Reflective Array Antenna

Michael D. Parnes X
Company "Resonance Ltd", St Petersburg, Russia

HMinfo@antennas.spb.ru
Abstract
Introduction. Large-size phased antenna arrays (PAA) frequently incorporate optical excitation schemes, whose
main elements include the feed and the reflective aperture. In turn, the reflective aperture consists of several
tens of thousands of radiators and phase shifters. Major distortions of the radiation pattern in reflective arrays
occur due to phase errors, leading to a decrease in the gain and an increase in the side lobes of the radiation
pattern. In the millimeter wavelength range, ferrite phase shifters can have an initial phase from 0 to 360 °, thus
requiring measurements of the array elements following their assembly.
Aim. To develop a method for evaluating errors in measurements of the parameters of phase shifters incorpo-
rated in an antenna array by comparing theoretical and experimental data.
Materials and methods. A convenient method for determining the parameters of phase shifters is probing, in
which a movable probe is connected in series with each array element. In cases where a PAA element represents
a single structure consisting of a ferrite segment and a dielectric radiator, measurements are carried out using a
probe in the form of a segment of a round waveguide moving towards the radiator. In order to evaluate the
measurement error of such a scheme, a mechanically controlled reference phase shifter was used.
Results. Measurement errors for the probe structure used were calculated based on the assumption of the phase
error arising from the vector addition of the controlled and uncontrolled reflected signals at the input of the PAA
element, in the section of the reference plane at the input of the probe. In addition, the S-parameters of the
superposition section were calculated. The extrema of the error function were used to determine the maximum
errors in measuring the phase and amplitude.
Conclusion. The performed analysis confirmed the validity of the proposed method for measuring the parame-
ters of phase shifters using a waveguide probe. The measurement error of the PAA elements according to the
proposed scheme was found to be about 3°, which is commensurate with that of recording devices.

Keywords: phased reflective array antenna, phase shifters, amplitude-phase distribution measurement, measur-
ing probe
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ITocme cOOpKM aHTEHHBIX JJIEMEHTOB B pEIIETKe
u3 pepputoBsix OB HE0OX0ANMO H3MEPUTH YIIPABIIS-
IOIIYI0 XapakTepucTuky kaxzaoro @B, T. e. 3aBucu-
MOCTh (pa3bl OTPa)XKCHHOH BOJIHBI OT BPEMEHH IIepe-

Benenne. B Oonpmmx (ha3upoBaHHBIX aHTCHHBIX
pewetkax (PAP) npu cOOTHOLIEHUAX pa3Mepa K JUIMHE
BoJHEI 60s1ee 100 MMPOKO UCTIONB3YIOTCS ONTHYECKHIE
cxeMbl Bo30yxaeHus [1—-3]. OCHOBHBIMH 3lIeMEHTaMU

ontuyeckoil cxempl AP B MWIIMMETpPOBOM JMara-
30HE BOJIH SIBIISTIOTCSL OONydarenb W OTpakaTelIbHas
aneprypa, COCTOAIasl U3 HECKOIbKHUX JECATKOB ThICIY
nsny4arese u ¢asoppamareneii (OB) (puc. 1).

Marau4uBanus Gepputa @, (t). BTopoii BaxHbIit
mapameTp — HadalbHbIe (a3bl KodpUIIeHTOB epe-
Jla4d 3JIEMEHTOB, KOTOPbIE MOTYT 3HAYUTENBHO OTJIH-
YaThCs OPYT OT Apyra u3-3a pasnuduil B aiauHe dep-

Bepuduxanus usmepennii ¢pazoBpamaresieil 0TpaKaTeJbHOH AHTEHHON pelIeTKU 19
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PHUTOBOTO BOJIHOBOJA, YTO OOBSICHSICTCS BRICOKOH -
ANEKTPUIECKON IPOHUIIAEMOCTRIO (heppuTa U KOHEU-
HOW TOYHOCTBIO €ro MexaHmdeckoi oOpabotku. Ce-
puitHble pepputoBbiec @B MOTyT UMETh HaYalIbHYIO
¢azy ot 0 10 360°. Kpome TOT0, YyCTaHOBKA B PEIICTKY
MPOU3BOAUTCSI ¢ TOYHOCTBIO, COCTABIISIONICH 3aMeT-
HYIO JIOJIO JJTMHEI BOJHEI, TMHEHHEBIC OMIMOKH HM3-3a
MEXaHU4eCKOro KperuieHUs MOTyT Jocturats 60° B
MUJITUMETPOBOM auanasoHe [4, 5]. [loatomy usmepe-
HUA (a3 KodIPPHUIMESHTOB Tiepeaayn JIEMEHTOB pe-
IIETKU HYXXHO MPOBOAUTH MOCIE UX Pa3MEHICHUs IO
MECTY B allepType MpH IOJITHOH COOPKE PEIIeTKH.
OCHOBHBIE HCKXKEHUS JUArpaMMbI HAITPABICHHO-
CTU B oTpaxkaresibHbIX PAP mpoucxost 3a cuet ¢azo-
BbIX omHOOK. B [4] moka3aHO CHIDKeHHE KOA(pQHIIH-
€HTa YCHJICHHS PEIIeTKH KPYDIoi (GOpPMBI THaMETPOM
136A c ¢okycHbIM paccrosHEeM 96\ Tpu (a3oBbIX
omuOKax pa3IMIHOW BeNMUYMHBL Kpome CHIDKeHUs
ycuiieHus! (a3oBble OLUIMOKY MPUBOAAT K POCTY OOKO-
BBIX JICTICCTKOB JIMarpaMMbI HAIIPABJICHHOCTH U K pac-
IMIPEHUI0 DJIaBHOTO JIemecTka. Ecnm  cimydaiinbie
omoOku a3kl BO BCEX AEMEHTaX OOJBIION PEIIeTKA
JlaXe TPU CPEIHEKBAAPATHIECKOM OTKJIOHCHHH, PaB-
HOM 45°, BIUSIOT HE3HAYUTENBHO, TO CUCTEMATHYSCKHIE
OIIMOKU — pa3nuuusl HayalbHBIX (a3 B dJeMEHTaxX —
BECbMa CYIIECTBEHHBL. [Is1 OONBIION pelIeTKH Aua-
merpoM D>100A paccynTaHHBIE 3aBHCHMOCTH
YPOBH:A 6OKOBOFO H3JTYy4YCHUSA U HIHUPHUHBI IJIABHOTO JIC-
necTka oT (pa3oBbIX OMIMOOK MpUBEIeHBI B [6—9].
Heap padorbl. Y1oOHBIM criocoOOM omperene-
Hus napaMeTpoB OB saBiseTcs UCMONb30BaHUE JIETa-

tomero npodoHuka (flying probe), mpu xotopom mo-
JBIDKHBIA TPOOHUK TTOCTIEIOBATEIFHO COSIIMHSACTCS C
KaxIbIM 271eMeHToM perietku. s @AP, umeromeit
HECKOJIBKO TBICSY 3JIEMEHTOB, OUY€Hb BaXXHO BpeMs
MIPOBEICHNUS MTOJTHOTO TecTa. [yis mocnenoBaTeIsHOTO
obOMepa BCeX AIIEMEHTOB PEIIETKH HCIIONB3YEeTCsI TPEX-
KOOPJIMHATHBIM CKaHep C KOMITBIOTEPHBIM YIIPaBJIeHHUEM
nepemerienreM. TOYHOCTh B3aMMHOTO ITO3UIIMOHAPOBA-
HUS POOHMKA W M3Ty4aTeNs 10 TpeM KOOpAWHATaM B
COBpPEMEHHOM cKaHepe cocTaBisieT He 6onee 0.01A [4].

O4eBuIHOW TPOOIIEMON SBIISETCS B3aMMOJCH-
CTBHE MEXKY IEMEHTOM PEIICTKU U MPOOHUKOM [6].
Ienpto HacTOSIIEH CTaTbU SIBJIAETCS CO3JAaHUE CIIO-
co0a OLEHKH TOTPEIIHOCTH M3MEPEHHH IMapamMeTpoB
@B B cocTaBe aHTCHHOM PELIETKY IIyTE€M COIIOCTABIIE-
HUS TEOPETHUYECKUX MONOKEHUH C AKCICPHMEHTAIb-
HBIMH JTaHHBIMH.

Konucmpyxyus anemenma pewemku. B xauectse
VIIPaBISIEMOTO JIEMEHTa B MIJUIMMETPOBOM [HaIia-
30HE BOIH HCIIOJB3YETCsl OTpa)kKaTelIbHEBIN (eppuro-
Bblif @B kpyrooii nonspuzamuu Ha 3¢dexre Dapa-
nest [5], COBMEIIEHHBIN ¢ AMIICKTPHUIESCKUM H3ITyda-
teneM (puc. 1, 2—4).

Koncmpyrkyus uzsmepumerns. J{nist ynpaBieHus! yriaoMm
MIOBOPOTA JTyda aHTEHHOH PemIeTKH HeoOXOMUMO 3HaTh
YIPaBIAIOMIYIO Xapaktepuctuky @B kaxpmoro sme-
MeHTa pemeTku [5, 10, 11], T. e. 3aBucuMocTh (asbl
ko3 durmenta orpaxxenus ot anementa AP mana-
IOILIETO HAa HETO U3IYYCHUS Py, OT BPEMEHU HaMar-

HUYuBaHus (eppura t. s 3Toro HeoOXOAUMO U3Me-

puTh KOOPMUIMEHT OTpaKEHHS Sllz\Sll\ei(pll(T)

Puc. 1. Orpaxarensnas @AP u ee anemenTsl: 1 — renepatop HamarHu4uBaHus Gepputa; 2 — 0OMOTKA yIPaBICHYS;
3 — peppuToBBIi BONHOBOM; 4 — MUANEKTPUYECKUI H3ITydaTeNb; 5 — OTpakaTenbHas anepTypa; 6 — ooTekarens; 7 — o0IydaTennb

Fig. 1. Phased reflect array and its elements: 1 — ferrite magnetization sourse; 2 — control winding;
3 — ferrite waveguide; 4 — dielectric radiator; 5 — reflective aperture; 6 — radome; 7 — antenna feed
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Pedepentras
TUIOCKOCTH |

BonHoBOIHBINH
30H]

3aMBIKaHUS

DeppuToBbIi
BOJIHOBOJ{

[11n0ckoCcTh KOPOTKOTO

Pedepentnas
IUIOCKOCTb 2

Puc. 2. CooTHOIIEHNE YIIPaBIIEMON 1 HEYIPaBIsieMOil BOJH B dnemeHTe AP

Fig. 2. Relationship between controlled and uncontrolled waves in a phased array element

B pedhepeHTHOM 1m1ockocTH 2 (puc. 2). OgHaKo aist aie-
MeHnTa DAP, obbenuustonIero minydarenb u OB B
€IMHOI KOHCTPYKLIUH, 3TO CAETIaTh HEBO3MOXHO M3-
3a KOHCTPYKTHUBHBIX orpanudeHuii. I[loatomy usmepe-
HUS Spq NPOBOAATCA B pedepeHTHOM IIocKkocTH 1.

Xapaktepuctuku anementa ®AP, npencrasnsio-
IeTo cO00H eMUHYI0 KOHCTPYKIIMIO M3 U3Iydarels 1
(hepputoBoro @B KpyroBoii MoIApU3aLMU, MOKHO U3-
MEpUTh B BOJIHOBOJHOM TpakTe. J[ng u3MepeHus mna-
pameTpoB @B, BXOOAIIETO B KOHCTPYKIUIO 3JIEMEHTA
pEIIeTKH, UCMOIb3YEeTCS KPYIIBI  BOITHOBOTHBIIM
30H]I, COCAMHSIOMUM AIEMEHT C U3MEPUTENIEM KOM-
IJICKCHBIX KOA((HUITMEHTOB OTPa)XCHUS W TepeIadn
(S-mapametpoB). [losTOMy HU3MEpeHHS MPOBOIATCS HA
BOJIHOBOIHOM Tutie BosiHbl TE11.

Merannuueckue CTEHKU BOJIHOBOJA, PACIIONOKEH-
HBIC BOJHM3M IUICKTPHYICCKOTO H3JIydarelns, H3Me-
HSIIOT CTPYKTYpY oJ1st. OJTHAKO U B 3TUX YCIIOBHUSX CO-
XpaHsIeTCs] BO3MOXKHOCTh aBTOMAaTH3UPOBAHHBIX BbI-
COKOITPOM3BOAUTEIBHBIX M3MEPEHUH ko3¢ duuneHTa

OTpaxkeHus Sq1.

Bouna, magaromias #Ha snemeHT ®AP, yactuuHO
OTpaXXaeTcst OT M3JIydaTeNsi B IUIOCKOCTH 2 (puc. 2).
@da3a 3TOI BOJHBI HEM3MEHHA, MTO3TOMY OHA Jajee

HA3bIBACTCS HEYIMPABISIEMON BOJIHOU AHy. Hpyras

YacTh NMaAAIOLIEN BOJHBI MPOXOAUT Yepe3 TIOCKOCTS 2,
pacnpocTpaHseTcs BHYTpU (eppUTOBOTO BOJHOBOJA
C YIpaBJisieMOH HaMarHMYE€HHOCTBIO, OTPaXkaeTcsl OT
KOPOTKO3aMbIKaTels U HallpaBJIsIeTCsl Ha3all Yepes U3-
Jy4aTelb B BOJTHOBOJIHBIN 30H/ K peepeHTHOH 10C-
kocti 1. daza 3TON BOJHBI, HA3BIBAEMOW yIpaBiisie-

MOH Aynp, menseTcs oT 0 1o 360° B 3aBUCHMOCTH OT
HaMarHWYeHHOCTH (EPPUTOBOTO BOIHOBO/IA.

B pedepentroii mnockoctu 1 ¢uxcupyercs pe-
3y/IBTAT BEKTOPHOTO CIOKCHHS BOTH Ayy u Ay
(puc. 3). Hamnume n3mensttorierocs pa3oBoro cIBura

MEKIy STUMHU CUTHAJIAMH TIPUBOJUT K MTOTPEIIHOCTSIM
n3MepeHns napamerpos OB

Janee OyneM nonarats, 4to (asa snementa AP
OTIPENIENIAETCS STHM H3MEpeHHeM @y, (1) =@y (7).

Monenb. B xoHCTpyKIIMU 10 puc. 2 B MpoIecce
M3MepeHni (PUKCHPYETCS 3HAYEHUE @y, (T), OmHAKO

LEIbI0 M3MEPEHUI SBIACTCS 3JICKTPUYEeCKas IJIHHA
(eppuTOBOrO BONHOBOAA AQyy,. PasHuma mexay

9TUMM BEJIMYMHAMU SIBJISETCS CUCTEMaTHUYECKON
OIIMOKOH, IpUCYIIel paccMaTpUBaEMOMY METOIY U3-
mepenwuit [12, 13].

[TorpemHocts (azoBas ommOKa) H3MEPEHHA
BO3HUKAET M3-32 BEKTOPHOTO CIOKEHHS YIPaBIIsieMOn
U HEyNpaBsieMON OTpa)KeHHBIX BOJIH Ha BXOJE 3JIe-
MenTa ®AP B pedepenTHoit uiockoctr 1. OHa mpu-
HUMaeT MaKCUMallbHO€ 3HaueHHEe IMPH TEePICHAUKY-

JISIPHOCTH BEKTOPOB AHy u Sq1 [4] (puc. 3, @) u paBHa
HYITIO TIPH KOJUTHHEAPHOCTH 3THX BEKTOPOB (pHC. 3, 6).

MakcumansHas (a3oBasi olmmoKa coctapisier [4]
[Auy|

. 1
Aynp M

APmax = tarcsin
ITpeneOperas norepsaMu B peppure, 3Ty GopMyiny
MOXKHO YTIPOCTHTb:

AHY‘ (2)

APmax = Tarcsin 1 Ay

C y4eToM COOTHOIIIEHUS, CBS3BIBAIOIIETO KO-
¢bunmeHT crostaei BoHbI Mo HanpspkeHuio (KCBH) n
K03 PHITHEHT OTparkeHUS:

1+|A
KCBH = M , 3)
1- |AHy

BBIpKCHHE JUTSI MAKCUMaJIbHOU (ha30BOH OIIMOKH (2)
YIIPOIIAETCSL:

AQmax = Tarcsin % 4)

U CTAaHOBHUTCHA y}lO6HBIM JJI IPAKTUYCCKUX IMPUME-
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Puc. 3. reOMCTpI/I‘{CCKaﬂ HUHTEpHOPETAUA BEKTOPHOI'O CIOKEHUS YIIPABIACMOI'O U HEYIIPABJIIAIEMOTO CUT'HAJIOB!
a — BEKTOPLI AHy " Sll B3aUMHO NEPHEHAUKYIISIPHBI — omunoKa MaKCHUMaJibHasd,

6 — BEKTOPBI AHy u S;; KOJNIMHEapHbI — OIIHOKA paBHA HYTIO

Fig. 3. Geometric interpretation of vector addition of controlled and uncontrolled signals:
a - vectors A, and Sy are mutually perpendicular —the error is maximum;

6 — vectors A, and S;; are collinear —the error is zero

Ha puc. 4 moka3ana 3aBUCUMOCTh MAaKCHMAJTbHON
(azoroii ommbdku or KCBH.
U3 puc. 3, 6 cnenyer, 4To €Clii BEKTOPHI Aynp u

Ayy COBIAJAIOT 110 HAIPABICHHIO, TO Pz = Py U
omubOKa m3MepeHust Ga3bl OyJeT HyJeBas, a MOIYIb

k03¢ hHULNEHTa OTPaKEHUS |811| — MAaKCHMAJIbHBIM

WA MUHUMAJIbHBIM.

[Tokazannpii B (1)—(4) moaxon OCHOBaH Ha pac-
CMOTpeHuH IByX cxeM BkiroueHus OB. IlepBas cxema
(puc. 2) conep >KUT KOPOTKOE 3aMbIKaHHE B KOHIIE (ep-
PHUTOBOTO BOJTHOBOJIA, & BTOPAsi CXeMa B 3TOH ikKe IIoC-
KOCTH HMeeT cornacoBanHylo Harpysky (CH). [pum
paccMotpenun cxembl ¢ CH momydarcs ciemyromue
S-mapameTpsr:

Schi1 =Auy; [Scr1|=|Aymp|-

[IpuBeneHHbIE COOTHOLLIEHHS IO3BOJISIIOT TOCTPO-
UTh T€OMETPUUYECKYIO HMHTEPIPETALMIO BEKTOPHOTO

Pmax

20—
15—

0 | | | |
1.0 1.2 1.4 1.6 1.8

KCBH

Puc. 4. 3aBucuMOCTh MaKCUMaJIbHOHN (ha30BOH OIIMOKH
nzmepenuit or KCBH

Fig. 4. Maximum phase measurement error versus VSWR

CIIOKEHUS YIPaBIsAEMOTO U HEyNpaBIsIeMOro CUrHa-
J0oB (puc. 3) W Ka4eCTBEHHO OITUCHIBAIOT MpPOIlECC,
TIPOMCXOMSIINN B CTHIKOBOUHOM ceknmu. [IpoBenen-
HBI aHanu3 cxembl B makete Ansoft Designer, a
TaKXe TPEXMEPHOE MOJIEINPOBAHUE B MmakeTe Ansoft
HFSS mnoarepxnaroT mpaBHIBHOCTH 3TOTO YIIPO-
HIEHHOTO MOJX0/a.

Mertoabl pa6oTsl. [ W3MepeHnus mapaMmeTpoB
anemernTa DAP m3MepeHus] MPOBOIAT C TTOMOIIBIO
MpoOHMKAa B BHUJAE OTPE3Ka KPYIIOrO BOJIHOBOJA,
HajBuTaronerocs: Ha n3nydarens QAP [4, 6]. Jlanee
3Ta KOMIIO3HIIUSL YCTPOUCTB HA3BIBAETCS CEKLIHUEH CO-
npsbkeHus (puc. S).

B peanuzyembIX Ha IPaKTUKE CEKLUAX COMPSKEHUS
KCBH > 1. Y4er 3101 HEOZTHOPOIHOCTH ISl YMEHb-
IIEHUS TIOTPEIIHOCTH M3MEPEHUH MOXKET OBITH BEI-
MOJTHEH Ha 0CHOBe Tporieaypsl "deembeding", nmero-
ieiics B COBpeMEHHbBIX aHalM3aTopax neneit [12, 14].

C y4eroM HEOOXOTUMOCTH IPe0Opa30BaHUs THIIA
BOJIHBI MEX]y U3MepHreneM u sneMenToM AP dop-
MHpPYETCsl CXeMa U3MEpEHUs, PEICTaBICHHAs Ha PUC. 6.
Ceknsl CONpsHKeHUsT 5 TIOAKIIIOYEeHA K TOpTy 3 Tpe-
obpasoBarenst moysipusanuii 4. V3amepenus: mpoBo-
JIATCSl BEKTOPHBIM aHAJIU3aTOPOM Liened /, MOIKIIo-
YEHHBIM K MOopTaM | U 2 CEeKLUUHU CONPHKEHUS depe3
nepexoaHble yCcTpoiicTBa 2 u 3.

i1 ygera HEOMHOPOIHOCTH HA MOPT 3 mpeodpa-
30BaTessl 4 MOCIENOBATEIbHO YCTAaHABIMBAIOTCS OT-
PE30K BOJHOBOJIA YETBEPTHBOIHOBOW JJIMHBI, KOPOT-
KO3aMbIKaTelb ¥ conlacoBaHHas Harpyska. [lomyden-
HbI€ aHaNU3aTopoM [ S-mapameTpsl 3alIOMHUHAIOTCS.
IIpu nmpoBeneHun uzMepenuit anementa AP cran-
JIApTHBIMU aJITOPUTMaMH, BCTPOEHHBIMU B aHaJM3a-
Top nereH [14], ¢ uConb30BaHUEM ITUX MTAPAMETPO

22 Bepuduxkanus usmepennii ¢pazoBpamaresieil 0TpakaTeJbHOH AHTEHHON pelIeTKU
Verification of Phase Shifter Measurements of a Reflective Array Antenna



U3Bectus By30B Poccun. Pagnodnektponnka. 2021. T. 24, Ne 2. C. 18-26
Journal of the Russian Universities. Radioelectronics. 2021, vol. 24, no. 2, pp. 18-26

HusnexTpruyeckuit

BonnoBoxa H3JIy4aTenb

2

N\

danen

/
Dnanen;

Cex1Hs CONpPSKSHUS

KopoTko3aMKHYTEIi BOTHOBOJ

Puc. 5. Ceyenne n3MepuTEIBHON KOHCTPYKIIMU

Fig. 5. Cross section of the measuring structure

BIIMSHUE IIEPEXOHBIX YCTPOICTB 2, 3 1 mpeobpa3oBa-
TeJIsl NOJIPU3aLMK 4 UCKII0YaeTCs.

Ilons BOTHOBOZA M AMAIEKTPHUUECKOTO H3Iyda-
TeNs, COCTAaBISIOIIMX CEKIHIO COMNpsDKEHMs, oOpa-
3yI0T HEHU3BECTHYIO CyNepnosuuuio. B pesynsrare
IpoLexypa U3MEepeHHH COCTOUT B U3MEPEHHH (a3bl
HCCIIEMYyeMOTO YCTPOiicTBa — OTpakaTeIbHOro (ha3o-
BpallaTes — Yepe3 CEKLHUI0 CONPSDKEHUS ¢ HEU3BECT-
HBIMU S-TlapaMeTpamMu. 3a/1aqa COCTOUT B OIICHKE TOU-
HOCTH 3THX U3MEPECHHM.

IIpennaraercs U3MEpUTH S-TIApaMETPBl CEKIMU
CONPSKCHUS B PEXUME Harpy3KH MEXaHUUECKUM 3K-
BuBasieHToM @B (puc. 6) 1 conmocTaBUTh peAIoIara-
eMble XapaKTepPUCTHKH, COOTBETCTBYIOIINE TEOPETH-
YeCKOM MOJIEINTH, ¥ SKCTIepUMEHTAIbHBIE TaHHbIe. [t

3TOr0 HYXHO H3MEpATh |811(|)|e'(p11(|) BMECTO

|Sll(1:)|ei‘P11 (T)

[Ipennaraercst crneayromas MociaeI0BaTeIbHOCTh
JIEUCTBUIL:

— 3agaeM pasnuanbie KCBH anst cexumu coBme-
MICHHS, PACCYUTHIBAEM 3aBUCHUMOCTh (Da3bl U aMILIH-
TYABI OT NEKTPUUYECKON JITIMHBIL;

— BBITIOHSIEM DKCIIEPUMEHT 110 U3MEPEHUIO ITHX
apaMeTpOB.

ITopt 1 Iopt 1
Mopr 2 [Topr 2

1
I1110CKOCTh BBIIOJIHEHUS

mpouenyps! "deembeding”

Puc. 6. briok-cxema m3mepenuii anemeHTa G AP:
1 — BEeKTOPHBI aHAIN3aTOP 1eneil; 2, 3 — mepexoaHbie
ycTpoiicTBa; 4 — peobpa3oBaTeb MOJIAPU3AIIHIA;
5 — cekuus conpspKeHus; 6 — MexaHW4ecKuii SkBrBajIeHT OB

Fig. 6. Flow diagram of measurements of a phase array
antenna element: 1 — network analyzer; 2, 3 — matching
network; 4 — ortoplexer; 5 — superposition section;

6 — mechanical equivalent of the phase shifter

B upeansnom ciyqae KCBH =1 u 3aBucuMocCTh

¢a3bl ko3 duIeHTa oTpaKeHus OT JJIWHBI [ — TIpsi-
Mast JINHUS:

Q011(|) =K.l
rae
K; =720%Aeyy ®)

— TeopeTHueckas KpyTu3Ha (Ha30BOH XapakTepu-
CTUKH; Ay — JUIMHA BOJIHBI B BOJTHOBOJE.

B peansHom msmeputene KCBH >1 u 3aBucu-
mocth @1 (1) HocuT BOMHOOGpPa3HBIA XapakTep
(puc. 7). Ipu atom pasnocts @1 (1) — K| npencras-
JSeT CHHYCOWAY, TMEPHOA KOTOPOW paBeH JINHE
BOJIHBI B BOJTHOBOJIE. AMIUIUTY/Ia CHHYCOU/IBI OTIpeie-
JIIeT TOYHOCTh M3MepeHuit napamerpa OB.

AHAJOTMYHO TIOBEJCHWE M MOy Kod(hhuiu-
eHta orpaxeHus. [lepnox ero n3MeHeHUs B 3aBUCH-
MOCTH OT JUTHHBI KOPOTKO3aMKHYTON YacTH TaKXkKe CO-
OTBCTCTBYCT JJIMHE BOJIHBI B BOJIHOBOAC, 4 TO3UIIUU
SKCTPEMYMOB COBMAJAOT C TMO3UIUAMH HYJIEBOU
omnOKy (ha30BOM XapaKTEPUCTHKH. DTO CIEAYET U3
MOJISNTN CIIOKEHUS JBYX BEKTOPOB (CM. pHc. 3): eciu

([)11, ...O
7~
300 -
KCBH=1 _
>
7~
200 ///
= KCBH =2
100 ///
7~
7~
-~ 1 | | | |
0 1 2 3 4 5 I, MM

Puc. 7. 3aBucumMocts (as3el @1 IS pa3IMYHbIX 3HAYCHUH

KCBH cekuuu coBMeleHnus

Fig. 7. Dependence of the phase ¢, for different values
of voltage standing wave ratio of the superposition section
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BEKTOPHI COBIAIAIOT 0 YIIIY, TO aMILTUTyAa KO3 Qu-
LUEHTa OTPaXXCHUA MaKCUMalibHas (MJIM MHHUMAJb-
Has), a omrOKa u3MepeHus Qaspl HyleBasl.
Pe3ynbrarel. [lorpemnocts m3MepeHuit mapa-
meTpoB @B npennaraercst OlEeHUTh COTOCTABICHUEM
TEOPETUIECKUX U IKCIICPUMEHTATBHBIX JaHHBIX. J{JIst
BepU(UKAINU CBEPAIOTCS TPU BETUUNHEL:

— KpyTH3Ha (ha30BOH XapaKTEePUCTUKH ( K; ), T€O-
peTHdecKoe 3HadeHHE KOTOPOH onpenensiercs o (5);
— ¢a3oBas omubKa (1, MAKCHUMaJbHOE 3Hade-

HUE KOTOpOoH ompenensercs 1o (4) w 1pu
KCBH=1.05 cocTaBnser AQpay =1.4°,

KCBH=1.1 AQmax =3

a Tpu

— Moziyib K03 QuLIeHTa oTpakenns [S|.

715 mpoBepKH MPEIoKEHHOI METOANKY OTIpee-
JAIach 3aBHCUMOCTh  KOA(MQUITMEHTa OTpaKCHHUS
[S11| oT mTHHEI / KOPOTKO3AMKHYTO# BONHOBOXHOM
JUHAY TIePEIadH, SBILIOMIEHCS MEXaHNIECKIM YKBHU-
BasieHTOM @PB. B KauecTBe SKBHUBaJICHTA UCIIOJIB30BA-
JIach BOJIHOBOIHAS CEKIMS KPYIIIOTO CEYCHUS, B KOTO-
poM Bo3Oyxknanack BoiaHa TE11. BomHoBoxm 3aMKHYT
IUTYHXXEPOM ¢ MUKPOMETPHYCCKHM BHHTOM J[JIs1 TOY-
HOTO oTcueTa JUIMHEI (puc. 5). Mcxons u3 ycloBus 3a-

i(pll(l)

Ja4u, BeIUYMHA |Sll ( )|e M3MepseTCs IIPH 13-

MEHEHHH [UTMHBI KOPOTKO3aMKHYTOTO OTPE3Ka B TIpe-
nenax lg=1>1lg+2igy /2 (lg — koHcTanTa).

TeopeTnyecKyto 3aBUCHIMOCTb |S11 (I )| el P11 ()] Me-

XaHUYEeCKoro ’kBuBajcHTa @B MOXHO omnmcarh, 3Hast
ANEKTPUUECKYIO JIJIMHY KOPOTKO3aMKHYTOTO OTpeE3Ka
BOJIHOBO/IA KpPYIJIOTO cedeHus. JlinHa BOJHBI THIIA
TE11 naxoaurcst u3 cootHomeHwus [15]

A
Aew = F—n——, (6)

1- (7‘3/ Mep )2

Iae A, — JUIMHA BOJHBI B BAKYYME; ?\,Kp =7D/SQRy; —
KpUTHYECKas JNTNHA BOJIHEI (D — THaMeTp BOIHOBO/A;
SQRy; — nepsslii kopeHb GyHKIMU beccens nepsoro
poZia MepBoro nopsaka).

DnekTprudeckas JIHHA KOPOTKO3aMKHYTOTO OT-
peska cocraBisier @p = 720°1/Aqy .

HpOBeZ[?I HU3MEPCHUA C TOMOIIBKO MEXaHUYCCKOIO

OKBUBAJICHTA OTPAXKaTCIbHOIO (DB, MOXXHO BBIIIOJTHUTDH

CPaBHUTEIBHBIN aHANU3 TEOPETUYECKUX U IKCICpPH-

MEHTAJIbHBIX JAHHBIX U JJaJIe€ BHIUMCIUTh MAKCUMAaIlb-

HYIO OIIMOKY n3MepeHui (asel anemenTa GAP.
Teopernyeckoe 3Ha4EHHE AJIMHBI BOJIHBI OTPAXKEH-

HOTO CHTHAJIa |311 ( )| e P11 ) paccuuThiBaeTcs 1o (6).

JKcnepuMeHT. DKCIIEpUMEHTAJIbHbBIE JaHHBIE JUIS
KpYIJIOrO BOJTHOBONA JUAMETPOM 7.2 MM C TIEpEMEH-

HOM JUTMHOM B IHAIIa30He JUIMH BOIH A =8 MM CHHMMa-

muck ¢ marom 0.02A. Tlo aToMy psimy TOYEK HAXOTH-
Jack amIpoOKCUMHUpYIOIIasi IpsMas Ha WHTEpBalie

lop =121y +Agy /2, TaHreHC yIvIa HaKJIOHA KOTOPOH
SIBIISICTCS M3MEPCHHBIM 3HadeHrneM KpyTH3HEI (K, ).

Pasnmna mexny K, u K, cocrasuma 0.3 %.

W3-3a Hanuuus HEOQHOPOAHOCTEMN B y3JI€ COBME-
IICHHS TIOSBIISETCS OIMMOKAa M3MepeHus (hasbl, KOTO-
past HAaXOAUTCS U3 COOTHOIIICHHUS

A(pI/ISM(I) =011 (- Kusul-

OKcHepUMEHTANIbHbIC TaHHbBIE MOJYYEHBI B CIIe-
[IHAJIFHO CKOHCTPYHUPOBAHHOM (PUKCATOPE C HCIIOJb-
30BaHUEM UYEThIPEX BTYJIOK, 00ECIIEUHNBAIOIINX B3aUM-
HOE TTO3UIHOHIPOBAHIE BOTHOBOAHBIX (DIIAHIIEB, TT0-
KazaHHBIX Ha puc. 5, ¢ TouHocThio 0.01A 1o Tpem xo-
opanHaram. Pesynsrar usmepenuil ¢assl koadduim-
€HTa OTpaXKeHMsI MexXaHudeckoro skBuBajeHTa OB
npuBeneH Ha puc. 8. 13 rpaduka BUIHO, YTO 3aBHCH-
MOCTbD SIBIIICTCS] TAPMOHMUECKON (DYHKIIUEH C TIeprO-
I0M  Agy/2. DOxctpeMymbl GyHKIMH  (a3oBoi
OINMOKY OTPEEIISIOT MAKCUMAITLHYIO OIIHOKY M3Me-

penust (a3bl, KOTOpas COCTaBHIA AQmay = 12.2°.

(’PI/I3MY e
oL — 9KCIIEPUMEHT
LN
0 | | \ | | |
1 2 3 4 dy, MM
- 5
-2 — Teopus
-3

Puc. 8. Ommnbka nzmepeHus Gpa3bl MEXaHHIECKOTO
skBuBajeHTa OB

Fig. 8. The error of the measurements of the phase
of the phase shifter mechanical equivalent
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Sl
0.98— — Teopust
— OKCHEPUMEHT
0.96 | | | | ~
0 1 2 3 4 dy, MM

Puc. 9. KoapdunueHT oTparkeHUsT MEXaHHYECKOTO
sKkBuBajeHTa OB

Fig. 9. Reflection coefficient of the phase shifter
mechanical equivalent

Ha puc. 9 npuBeneH pe3yibTaT U3MEpEHUs] MO-
Iyt ko3¢ GHULIHMEHTa OTPAKECHUS MEXaHHUECKOTO 3K-
BuBaJicHTa OB.

Comnocrasienue rpadukoB aMIUINTYAbI U (ha3bl
k03 unenta orpaxenus (puc. 8 u 9) MO3BIBAET, UTO
¢azoBas ommbka Ap =0° cOOTBETCTBYET MAKCUMYMY

Y MHHUMYMY aMIUTHTYABI B Toukax dy = 2.6 u 5 MM.

O6cy:xnenne. CormocraBieHe MOTyIYeHHBIX JIaH-
HBIX TIOKa3bIBaeT CIeIyIomIee:
1. OT4ue n3MepeHHOM KpyTH3HBI (ha30BOI Xapak-

Tepuctuku K. or pacaetnon K, cocrasnser 0.3 %.

2. 3aBHCUMOCTb OMIMOKH (a3bl OT JUTHHBI HOCUT Tap-

MOHHMYECKUH XapaKTep C MePUOIoM Ay, /2. U3 (4) cre-

JyeT, uto cekimst copmerienns mmeer KCBH =1.08, To-
IJla MaKCUMaJIbHas OIIHOKA COCTaBIAeT 2.2°.

3. HyneBas ¢a3oBas ommbka COOTBETCTBYET MaK-
CUMyMY ¥ MUHHMYMY aMILTUTYIbI OTPaKEHHOTO CHTI-
HAaJIa [IPY MTOJI0KEHUU KOPOTKO3aMBIKATEIIsl, KPATHOMY

4eTBepTU JUIMHBI BOMHBL | =Agy /4 1 | =gy /2.

DTO TOATBEP)KIACT MPaBUIBHOCTh BHIOPAHHON MO-
JIeNd BEKTOPHOTO CIIOKEHHSA YIPaBIsSEMOTO M He-
YIPaBJIIEMOTO CUTHAJIOB B peepeHTHON ILIOCKO-
cti 1 orpaxarenpHOTO d11eMerTa AP (cM. puc. 2).

BeiBoasl. IIpoBeieHHbIN aHaIU3 II0Ka3aJl IPaBoO-
MEpPHOCTh METOJa U3MEPEHUS IS BHIOPAHHOTO THIIA
jeraromero npoOHuka. [lorpemHocTs H3MepeHUuit
anemeHTOB PAP 10 paccMOTpeHHO# cxeMe com3Me-
pHMa C TOTPEIIHOCTHIO PETUCTPUPYIOIIETO IpHOopa
(ns BekTOpHOTO aHanm3aropa ueneit ZNB40 abco-
JIOTHASI TIOTPeNrHOCTh 3°). JlanpHeiimee MoBhIIeHHE
TOYHOCTU TpeOyeT UCIONB30BaHHs aHAIM3aTOpa Iie-
et OoJiee BRICOKOTO Kilacca TouHocTH [14].
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A Simple Algorithm for Compensation for Range Cell Migration in a Stripmap SAR
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Abstract

Introduction. Range Cell Migration (RCM) is a source of image blurring in synthetic aperture radars (SAR). There
are two groups of signal processing algorithms used to compensate for migration effects. The first group includes
algorithms that recalculate the SAR signal from the "along-track range - slant range" coordinate system into the
"along-track range - cross-track range" coordinates using the method of interpolation. The disadvantage of these
algorithms is their considerable computational cost. Algorithms of the second group do not rely on interpolation
thus being more attractive in terms of practical application.

Aim. To synthesize a simple algorithm for compensating for RCM without using interpolation.

Materials and methods. The synthesis was performed using a simplified version of the Chirp Scaling algorithm.
Results. A simple algorithm, which presents a modification of the Keystone Transform algorithm, was synthe-
sized. The synthesized algorithm based on Fast Fourier Transforms and the Hadamard matrix products does not
require interpolation.

Conclusion. A verification of the algorithm quality via mathematical simulation confirmed its high efficiency. Im-
plementation of the algorithm permits the number of computational operations to be reduced. The final radar
image produced using the proposed algorithm is built in the true Cartesian coordinates. The algorithm can be
applied for SAR imaging of moving targets. The conducted analysis showed that the algorithm yields the image
of a moving target provided that the coherent processing interval is sufficiently large. The image lies along a line,
which angle of inclination is proportional to the projection of the target relative velocity on the line-of-sight. Esti-
mation of the image parameters permits the target movement parameters to be determined.

Keywords: synthetic aperture radar (SAR), range cell migration, keystone transform, chirp scaling
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OpurrHanbHasa cTaTba

MpocToil anropUTM KOMMEeHcaLUmMmn MUrpaLmii CBETALLMXCA TOYeK Mo Aa/IbHOCTU
Ansa pexuma 6okosoro o63opa PCA

A. A. MoHakoB™

CaHkT-lMeTepbyprcknii rocyaapCTBEHHbIN YHUBEPCUTET
aspokocmumyeckoro npmubopoctpoeHus (MYAM), CankT-MeTepbypr, Poccuns

¥ a_monakov@mail.ru
AHHOTauusA
BeegeHvie. Myrpaumm CBeTALLMXCA ToUek MO AaNbHOCTY ABSHOTCA UCTOYHUKOM PacdOKyC1POBKM PaAMONOKaLIMIOH-
HbIX M306paXxeHW B paanonokaTopax ¢ CMHTe3poBaHHOM anepTypoli (PCA). CyLecTsyeT ABe rpynmbl aaroputMos
06paboTKM CUTHANOB ANA KOMMeHcaumm Murpami. NMepeas rpynna BKIOYaeT anropuTMbl, B KOTOPbIX Ha OCHOBaHUN
MeToZ0B GYHKLMOHANBHOV MHTEPMONSLMN OCYLLEECTBAAETCA NepecyeT NPUHATBIX CUTHAN0B N3 CUCTEMbI KOOPAMHAT
"NpogonbHasa AanbHOCTb - HAKIOHHAsA AaNbHOCTL" B cMCTeMy "NPoAonbHas AanbHOCTb - NornepeyHas AanbHoCcTb".
Hef0CTaTKOM anropyTMOB AaHHOW Fpynbl SBASAETCA VX BbICOKas BbIYNCIUTENBHASA CI0XHOCTb. AITOPUTMbI BTOPOIA
rPynMbl He NCMOMb3YHT MHTEPMONALMOHHBLIE METOAbI 1 ABASIOTCA MO3TOMY 60/1ee npuBnekaTensHbIMU ANS NPaKTy-
YeCcKoro 1Crno/b30BaHKs.
Lenkb. CHTe3vpoBaTh MPOCTON anropmuTM KOMMeHcaLmm MUrpaLmnin 6e3 nprumeHeHs GYHKLIMOHAIbHOW MHTEPROASLMN.
Matepuanel 1 MeToabl. CHTE3 anropuTMa OCyLLLeCTBAEH Ha OCHOBaHMW YNpPOLLIEHHOW Bepcun anropmutMa J1HM-
dunbTpaymm (Chirp Scaling Algorithm).
Pe3ynbTatbl. CHTE3MPOBaH NPOCTOM anropuTM, ABAAIOLLNIACS MOoANdMKaLmMeld anroputMa "3aMKoBOro kamHsa".
ANITOPUTM OCHOBaH Ha NCMOb30BaHWM BbICTPbIX NpeobpasoBaHni Dypbe 1 Mo31eMeHTHbBIX MaTPUYHBIX YMHO-
XeHWUN. B anroputme He MPUMEHSIOTCA MeTOAbl MHTEPNONALMN.
3akto4veHue. MNpoBepka KavecTBa aropyMTMa Ha OCHOBe MaTeMaTU4eckoro MOAeNNPOBaHNA MOATBEPAWIA ero BbICo-
Kyro 3GPeKTMBHOCTb. Icnonb3oBaHVe anroputMa no3sonseT yMeHbLUNTbL KOMMYECTBO BblYACIUTENBHBIX OrnepaLyi.
®rHaNbLHOe PaaMoNoKaLMOHHOE N306paxKeHKe, MoMyHaeMoe C MOMOLLIbIO anropuUTMa, CTPOUTCS B UCTUIHHOW AekapTo-
BOW CCTEME KOOPAMHAT. AMTOPUTM MOXET ObITb MpUMeHeH A1 nocTpoeHnst PCA n306paxeHNin ABVXKYLLMXCS Lenel.
JaHHbIV B CTaTbe aHanM3 nokasas, YTo anropuTM No3BosseT MOCTPOUTL XOPOLLIO CHOKYCMPOBaHHOE N306paXxeHe ABW-
XKYLLIECS Lenu, Koraa MHTepBan CUHTE3MPOBaHNSA JOCTAaTOUHO BeVK. I306paxeHne ABMKyLLIENCS Lienn BbICTPanBa-
€TCA BAO/b OTpe3Ka NPSIMONA, Yro/l Hak/IoHa KOTOPO NPOMOopLIMOHaNeH NpoekLmn OTHOCUTENBHOM CKOPOCTU Lienn Ha
JIMHWIIO BU3MPOBaHUA. OLeHKa NapaMeTpoB N306paKeHNs MO3BOASET OrnpeenNTb MapameTpbl JBVXKEHWS LieN.

KntoueBble cnoBa: pajap ¢ cMHTe3npoBaHHOM anepTypoli (PCA), MUrpaummn CBeTALLUMXCA TOYeK Mo AaNbHOCTH,
npeobpasoBaHue "3amkoBoro kamHs", TYM-dunbTpayns

Ans untmpoBaHus: MoHakoB A. A. TpocToin anropnTM KOMMeHCaLumMm MUrpaLmii CBETALLMXCA TOHEK Mo AaNbHOCTA
Ana pexrmMa bokoBoro o63opa PCA// MN3B. By3oB Poccuun. PagnoanektpoHuka. 2021. T. 24, Ne 2. C. 27-37. doi:
10.32603/1993-8985-2021-24-2-27-37

KoHbnmkT nHTepecos. ABTOp 3asiBASIeT 06 OTCYTCTBUN KOHGANKTA NHTEPECOB.

Cratba noctynuna B pegakuyunto 01.12.2020; npuHATa K nyb6avkaumm nocne peueHsvposaHus 25.01.2021;
onybnvkoBaHa oHNalrH 29.04.2021

Introduction. The Range Cell Migration (RMC)
takes place in synthetic aperture radar (SAR) of high
range resolution due to the range walk of the com-
pressed signal through range resolution cells. The
RCM causes significant image blurring [1, 2]. Now-
adays there are a number of signal processing algo-
rithms to compensate for its negative influence on
the SAR image quality. These algorithms can be

subdi-vided into two groups. Algorithms of the first
group use the function interpolation. The SAR 2D
signal matrix undergoes the transformation from the
"along-track range — slant range" coordinate system
to the "along-track range — cross-track range" sys-
tem. The Range — Doppler Algorithm [3-6], the
Wave Number Algorithm [7-10] and the Keystone
Transform (KT) [11, 12] belong to this group. When

28 A Simple Algorithm for Compensation for Range Cell Migration in a Stripmap SAR
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the received signal matrix is large, the nonlinear
transformation from the first coordinate system to
the second one is a burdensome computational prob-
lem that requires significant computing power. Be-
sides, the interpolation can cause the appearance of
spurious targets in SAR images. Algorithms of the
second group do not implement the interpolation
and, in this sense, they are more attractive for imple-
mentation. The Chirp Scaling Algorithm [13—17], the
Extended Chirp Scaling Algorithm [18] and the Fre-
quency Scaling Algorithm [19, 20] are in this group.
Quality of algorithms of the second group is not
worse, but they are faster due to the Fast Fourier
Transforms (FFT) used for their realization.

The KT, which was firstly introduced in [11], oc-
cupies a special position among algorithms of the first
group because it can be adopted for SAR imaging of
moving targets [12]. Extension of the KT for the mov-
ing target imaging is based on the assumption that the
range curvature is not large during the coherent pro-
cessing interval and the range walk can be considered
only velocity-based (linear). The success of the algo-
rithm gave rise to additional search of efficient signal
processing algorithms to compensate for the RMC. In
[21] the second order KT algorithm was suggested es-
pecially for the moving target imaging. This algorithm
permits to compensate the range walk in case of large
range curvature. In [22] the second order double-Key-
stone Transform is presented. This algorithm can cor-
rect for both velocity-based and acceleration-based
(quadrature) range walk.

Later the KT without interpolation, which is
named the ZLZ-algorithm in the paper using the first
letters of the authors’ names, was proposed in [23].
The Chirp Scaling (CS) developed in [24] is used in
this algorithm to avoid the interpolation. The algo-
rithm combines the KT simplicity with a high effi-
ciency of the CS. Although this algorithm was synthe-
sized to compensate for the linear component of the
range walk for the moving target, it can be used for
SAR imaging of stationary targets too.

In this paper the synthesis and the analysis of a
new algorithm to compensate for the RCM in a strip-
map SAR are presented. The algorithm is based on a
reduced version of the CS to get rid of the interpola-
tion. The algorithm is computationally simpler than
the ZLZ-algorithm and has the same image quality.

In case of stationary target imaging the final radar im-
age is built in the "along-track range — cross-track
range" coordinate system, thus avoiding geometrical
distortions that appear in the image constructed in the
"along-track range — slant range" coordinates by the
Z1.Z-algorithm. Analysis of moving target imaging of
the algorithms is performed in the paper using the ap-
proach firstly implemented in [25] and based on the
theory of distributions (generalized functions). It is
proved that the proposed algorithm and the ZLZ-algo-
rithm yield different radar images of a moving target.
Particularly the image produced by the proposed algo-
rithm has a noticeable inclination in the "along-track
range — cross-range range" coordinate plane and the
inclination angle depends to the projection of the target
relative velocity on the target line-of-sight.
Development of the algorithm. Let us suppose
the transmitted signal is a wideband pulse with the
spectrum S(w) uniform in the frequency band

[-nAF,mAF]. Neglecting a time delay in the

matched filter, the output signal spectrum is

A(o)= |S (m)|2 . All calculation in the paper are per-

formed in a 2D Cartesian coordinate system XOY,
which is stationary relating the SAR vehicle. The X

axis is directed along the vehicle velocity V, and the
Y axis looks along the antenna beam. Then the signal

received from a surface point (XO’ yo) is

2R(t) .
- jexp[—lkoR(t)],

where a(t) = (2n)_lj A(co)eimdo) is a complex en-

ss(t,r):a(r—

velop of the pulse at the output of the matched filter;
1€[0,T,] is the "fast" time; te [O,Ta] is the "slow"
time; T, is a pulse repetition interval; T, is a coher-

ent processing interval (CPI);

2
R(D =, (x) —vt)" +¥§
is the slant range of the point; v= |V/| is the vehicle

20
speed; C is the speed of light; kj =—0_ i—n is the
C
0

wave number (mo and 7“0 are the carrier frequency
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and the wavelength correspondingly). For further cal-
culations it is more convenient to represent the 2D sig-
nal ss(t,t) in coordinates "along-track range — cross-

track range":
ss(x,y) =a[y—R(x)exp| -ik,R(x)], (1)
where X=vt e[O,VTa] is the along-track range;

y=cte[0,cT,] is the cross-track

R(x):.[(xo—x)2+yg.

The direct Fourier transform of signal (1) over y is

range;

sS (x,k)=[ss(x, y)e Wy =
= A(k)exp[ (kg +k)R(X)], )

20 .
where k =— is the range wavenumber correspond-
c

ing to the spectral frequency ; A(k) = A(®)p=ck/2

is the spectrum of the signal complex envelop a(t)
written as a function of £.

Let us suppose that the cross-track range of the
point is much larger than the length of the CPL, i. e.
Yo > VTa. Then the following equation is true for the

slant range:
’ 1 4 2
R(X):R0+RO+§ROX y

where Ry = R(0), R = R'(0), R = R"(0) are the

values of R(X) and its first two derivatives in the
point X =0. Equation (2) can be rewritten as,

sS(x,k)= A(k)e_i(k"Jrk)RO x
xexp{—i(ko+k)(R6x+%R6x2H. (3)

Presence of & in the argument of the second expo-
nent in (3) is a result of the RCM. Transition to a new
along-track range

X =0 X, )]

permits to factorize phasors of sS(X,k) depending on

the range wavenumber & and the along-track range x.
In the KT-algorithm transition (4) is performed via the
function interpolation, and in this way the RCM com-
pensation is realized.

Translation (4) is a scale transform. To perform it
without interpolation let us use the following identity:

exp[—i ocsz ® exp[—i [3X2:| =

=Cexp{—ia—ﬁx2},
o+p

where o and J are arbitrary scalars, ® is the convo-

lution operator. The constant C =C(,B) depends on
o and B, but does not depend on the variable x.
1 " _ (X‘B _ 1 "
Let (x=§(ko +k)R0 and y_oc_JrB_EkO 5
then

poor _Fo(1 1 -
a-y 2|ky kytk

Thus, the convolution of sS(X,k) with the function

| PO L1
m(x’k)_ex{_ 2 (E_k(ﬁk] }

yields the desired scale transform. This convolution can
be done in the azimuth wavenumber domain, if one takes
into account that the direct Fourier transforms of

sS(x,k) and hy (x,k) over the along-track range x are:

SS (K, k) =[S (x k)e " *ax =

, 12
_ ClA(k)e—i(k0+k)R0e_iKXO exp [K + (ko + k) RO]

2(ko+k)R6 ’
Hy (K. k)= [hy (x,k)e F¥dx =
K2(1 1
‘Czexp{ZRs[E‘kwkﬂ’ ©

where C; and C, are constants independent on the

range and azimuth wavenumbers & and K.
It is easy to prove that the product

SSl(K,k)=SS(K,k)H1(K,k):
Ry?
=CA(k)exp| —i(k, +k)| Ry ———
( ) p (O+ ) 0 2R6 X
R/ 2
xexp{iK e}exp{iK—”},
Rg 2k0R0

where C is a slowly varying function of K and £, has
necessary form, since the inverse Fourier transform
over the azimuth wavenumber K amounts to
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S, (x.k) = (2m) ™ [s5; (K k)elk*dK =

R'Z
= CA(k)exp{—i(k0 + k)(R _Wﬂx

2
k R R’
0’0 0
ex —I— X+ — .
" { 2 [ROJ] ©

Introduction of C, which is considered constant in
further calculation, is very important because it "con-
sumes" all other constants and slowly varying terms
that will appear.

The last phasor in equation (6) corresponds to the
square phase error, which can be compensated easily

by the multiplication of sS; (x,k) to the complex con-

jugate phasor

H, (x)= exp{ kOZRO 2} (7

12
RLJ]
2R

Finally, it is necessary to calculate the Fourier

After this multiplication

$S, (x,k) =sS; (x,k)H, (x) =

= CA(k)exp[—ikORéx]exp{—i (ko + k){R0 -
transforms over x and k that yield

Réz
SSZ(K,y)=C6{K+kOR6, y—[ 0 J} ®)

2R}

where 8{-,-} is the 2D delta-function.
For a stripmap SAR

X
0= ©)

Substitution of (9) into (8) yields

SSZ(K,y)=C8{K ko 0,y yo}

A flowchart of the synthesized algorithm is shown
in Fig. 1, b a flowchart of the
Z1.Z-algorithm is depicted and its notation is adapted

1, a. In Fig.

to the present article. Comparing the algorithms, it is
easy to realize that they are almost similar. The differ-
ence is the additional multiplications of the 2D spectra

sS(x,k) and SS, (K,k) with the complex functions

Hy (x.k) = exp{ i(kg +k)R62X2},
H3(K,k):exp{—i kK2 ]

2 L4
2k2RY

in the ZLZ-algorithm. It is possible to show that these
multiplications change the final 2D signal matrix to

Ss(K, y) =(2n)‘1jssz(K,k)Hg(K,k)eikak -

:CS{K k ,y R}
Ry

Hence, the SAR image is constructed by this al-
gorithm in the coordinates "along-track range — slant
range". This is the difference between the algorithms,
since the proposed one constructs the radar image in
the "along-track range — cross-track range", which is
a true Cartesian coordinate system. The synthesized
algorithm has one more advantage: it requires two
Hadamard matrix products less. If the received signal
is a N x M -matriX, where M and N are the numbers
of the range and azimuth resolution cells correspond-
ingly, implementation of the proposed algorithm al-
lows to save 2MN complex multiplications.

SAR imaging of moving targets. Let us con-
sider the case when the point is uniformly moving.
Suppose that its velocity is U=XU +§/Uy where
X and y are the unit vectors along the X and Y
axes, Uy and Uy are the velocity projections.

Then in equation (1)

R(x)= \/(Xo +UyX — x)2 +(Yo +uyx)2 ~

1

~R +R X+ = R” 2
2

where uy =Uy /v and uy =Uy /v;
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Ry = XS N yg ; Then equation (3) can be rewritten as,
—i(ko*k)Ro
, 1 sS(x,k)=A(k)e kot x
RO:R—O (uy —1)x0+uyy0]: (x.k) ,
; Y2
= (ux —1)sin@; +uy cos6, =; (10) XeXp[_'(kO”Lk)(BXJ”ﬁX H 1n
Ry = %[(ux —1)yo —UyX, JZ = Let us apply the designed algorithm starting from
Ry the step, which corresponds to the calculation of the
1 ) 2 Y2 spectrum SS (K, k). In further computations it is sup-
= [ (ux ~1)cos0, —uysinBy |" =, .
Ry R, posed that the stationary phase method (see, e. g. [26])
can be applied the perform necessary integrations.
8 is the line of sight angle of the point. In equation The Fourier transformation over the variable x in
. . 11) yield
(10) new variables 8= (uy —1)sin6; +uy cos6,, and (11) yields 2
v =(uy —1)cosB; —uy sin@ are introduced. Physi- SS(K,k)=C eXp{—i (ko +k)Ry [1— Z_ZH X
Y
cal meaning of the introduced parameters is obvious: ’
B and y are the radial and transverse normalized XEXp {i B KI;O }exp i 2K Ry .
speeds of the target relatively to the radar. Y 2y (ko + k)

SS(x, ¥) l SS(x, y) l

FFT,, FFT,
SS (x, k) J SS (x, k)
H_(x k
FFT, o (%K)
SS(K.K) l T,
"l SS (K, k)
SS; (K, k) ' H, (K k)
SS, (K, k)
IFFT 1
K
IFFT
SS; (x, k) K
"z ) ek H, ()
2
SSZ (X, k) SSZ (X, k)
FFT, FFT,
SS, (K, k) il SS, (K, k)
H. (K. k
IFFT, 3(K.K)
Ss, (K. y) l IFFT,
Ss3(K.y)
a b

Fig. 1. Flowcharts of the algorithms: a — the ZLZ-algorithm; b — the proposed algorithm
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After multiplication of SS(K,k) to H, (K,k) of

(5) the spectrum SS; (K, k) can be written as,

SSl(K,k)=Cexp{—i(k0 +k)Ry [1—ﬁﬂx

272
2 2
{BKRO} K2Ry (ko +7%)
xexXp| i——s— |exp|i—— .
Y 2y ko(k0+k)

The inverse Fourier transformation of SS; (K,k)

over the azimuth wavenumber K produces

sS (x,k) :Cexp{—i(k0 +k)Ry {1—5—2}}
Y
szo(ko + k) [x+ BRO jZ
) :

2
2Ry (ky + 72K )Ly

xexp| —i

Multiplying sS; (x,k) with H,(x) of (7) and

performing some simplifications, the following equa-
tion can be received:

$S, (x,k) :Cexp{—i(kO +k)Ry [1—ﬁﬂx

272
2 2 2
Kn (K + K R Ky X
x exp| —i ! O( 0 2) (X+B20J i .
2Ry (ko + 72K\ v 2R,
Then

K
SS, (K,k)=Cexp| —i 5

. p2 1 (K BY
xexp{—l(ko+k)R0[1—?+—2(1_y2)[T(—0+;] H

Finally, performing the inverse Fourier transfor-
mation over the range wavenumber £ we have

0
wsly_Rol1- B2 . L (WK By
S{y ROP 2y? +2(1—y2)[ ko +v] H

where 8{s} is the Dirac delta-function. The function

SSZ(K,y) should be considered as a distribution

2
—ikyy KR,
Ss, (K,y)=Ce 9 exp| —i
2( Y) p[ >k x

(generalized function), i. e. a linear functional over the

space D(}RZ) of infinitely differentiable complex-
valued functions with compact support [27]. Suppose

an arbitrary function ¢(K,y)e D(R?) and let us

calculate the scalar product

<SSZ,(p>= _[ Ss, (K, y)o(K,y)dK dy. (12)
RZ

To perform the calculation, it necessary to do in-
tegration in (12) sequentially over y and K variables.
Integration over Y is very easy

<SSZ,(p>:
=cjd|<<p K, Ry 1—ﬁ+;(ﬁ+ﬁf x
R 2v% 2(1-42)\ ko ¥

KR,
x exp| —i X
2k,

P e o T B C o
exp{ 'koRo{l 272+2<1—y2)[k0 +y] ]}_

p{kR{lﬁ(kﬁgj]}

The second integration over K can be done by the
stationary phase method

(552:0)=Col - R 1- 37|

Since the function @{K,y} is chosen arbitrary it

can be argued that

. ; _ﬁj}
Ss, (K., y) 8{K+kOB,y Ro(l 5 , (13)

where oc designates the equivalence. It means that
the function Ss, (K, y) belongs to the same equiva-
lence class in L, functional space that contains the Di-

rac delta-function standing in the right hand side of
(13). Hence, the image of a moving target is concen-
trated in  the point with  coordinates

[—kOB, Ro(l—O.SBZ)] For a stationary target

equation (13) coincides with equation (8). Since the
azimuth wavenumber
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where x is the cross-track range, the image position is

[)20 =—BRy, ¥ =Ry (1—0.5[32 )} Therefore, in case

of a moving target its image is shifted from the true
position. The shift depends on the relative projection
of the target velocity on the line-of-sight.

Analysis in this section shows that the proposed
algorithm produces the well-focused image of a mov-
ing target if the CPI is infinitely large. In case of a fi-
nite CPI, as it is shown in the next section, the image
looks like a crossing of two ridges. One ridge is paral-
lel to the y axis, the other one is inclined to the X
axis. The focused image lays along the second ridge.

It is possible to show that this ridge approximately lies
along the line

2 2
sz Y (X+BRO)
=R,|1-— R —_— =
2 ~ \2
) LT (X=%)
=V, +B(X—X5 )+ —=~. 14
0tB(x-%) 2R0(1—y2) (14)

The line passes the point [)?0, )70] and the tangent
of its inclination angle is tanwy =f. Therefore, esti-
mating the three parameters X, ¥, tany directly

from the image it is possible to determine the three
a priory unknown movement parameters 6, Uy, Uy

of the target.
Similar analysis can be performed for the ZLZ-
algorithm. It is possible to show that in this case

Ss3(K,y)=

2
—ce kY5 y - Ro 14—t [ Kig
2 (2 - y) ko
Treating Ss, (K, y) as a distribution it is straight-

forward to show that
Ss3 (K, y) o 8{K +Bkg,y — Ry }-

Hence, if the CPI is infinitely large the image pro-
duced by the ZLZ-algorithm is well focused too and

its position is [)20 =—BRy. Yo = Ro] When the CPl is
finite the image lays along the line

(X+BRO)2
Z(Z_Y)Ro.

This is a parabola passing through the point

y=Ry+ (15)

[)”(0 90] and the tangent of its inclination angle is

tany =0. Estimation of the moving parameters in

this case is more difficult.

Results of the computer simulation. Computer
simulation of the synthesized algorithm was executed
with the following scenario parameters:

— wavelength A = 5.6 cm;

— real antenna aperture length L = 1 m;

— pulse bandwidth AF =200 MHz;

— vehicle speed v =40 m/s;

—distance to the border

nearest image

Y =10 km;

— length of the synthesized aperture D =410 m;
— number of range resolution cells M =512;

— number of azimuth resolution cells N =4096.
The simulation results are presented in Fig. 2.
Fig. 2, a shows the image contours of a point with coor-

dinates X;=529m and y, =10086 m(R,=10100m)

obtained by the standard SAR algorithm [1], which in-
cludes sequential execution of the matched filtering of
the received signal at each repetition period, quadratic
term compensation and harmonic signal analysis using
the Fast Fourier Transform over the "slow" time ¢. From
the figure it follows that signal compression is not ef-
fective. The radar image of the source is "smeared" in
the along-track and the cross-track ranges.

Fig. 2, b shows similar contours for the synthe-
sized algorithm and Fig. 2, ¢ for the ZLZ-algorithm.
Simultaneous compression of the image along the
along-track and cross-track ranges is observed and the
quality of the radar images are similar. At the same
time the point image for the proposed algorithm has

the true Cartesian coordinates (Xo,yo). The ZLZ-

algorithm focused the image in the point (XO’ Yo ), as

it was indicated above. Thus, the simulation proves
the efficiency of the synthesized algorithm in case of
stationary targets.

In Fig. 3 there are similar radar images for a mov-

ing target with the velocity U =4.4 m/s.
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Quality of the radar image of the standard SAR al-
gorithm (Fig. 3, @) deteriorates significantly in com-
parison with the image in Fig. 2, a: it is much more
blurred and shifted from the true target position. Quali-
ties of the images of the proposed algorithm (Fig. 3, b)
and the ZLZ-algorithm (Fig. 3, ¢) are much better.
They are slightly "smeared" and shifted, as it was pre-
dicted in the previous section. It is worth to note that
the shape of the target image of the ZLZ-algorithm
lays along the dashed magenta line that corresponds to
the parabola (15) and the envelope of the image is par-
allel to the axis x. At the same time the image of the
proposed algorithm changes its shape: the ridge that
was parallel to the axis X in Fig. 2, b has changed its
inclination and lays along the dashed magenta line,
y, km

which equation is (14). This inclination can be used to
estimate the target radial speed although such estima-
tion can be realized via implementation of complicate
algorithms using the Wigner-Ville Distribution [28,
29], the Fractional Fourier Transform [30, 31] or the
Radon Transform [32, 33]. These algorithm permit to
estimate the transverse target speed, as well. Estimat-

ing of the image position [)?0, )70] and parameters f3
and vy it is possible to determine the initial coordi-
nates and the velocity of the target.

Conclusion. The range cell migrations (RCM) is
one of the main factors that deteriorates the quality of

SAR images. The article synthesizes an RCM com-
pensation algorithm without interpolation. The synthe-
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Puc. 2. Results of the simulation: SAR images of a stationary target:
a — standard algorithm; b — synthesized algorithm; ¢ — ZLZ-algorithm
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sized algorithm is a new variant of the Keystone Trans-
form algorithm without interpolation. The basis of the
proposed algorithm are the reduced Chirp Scaling and
the Fast Fourier Transforms. The proposed algorithm
is simpler than the Keystone Transform. It does not
need any functional interpolation and yields the radar
image in the true Cartesian "along-track range — cross-
track range" coordinates. Computer simulation proves
high efficiency of the algorithm. The proposed algo-

rithm can be used for SAR imaging of moving targets.
In this case the algorithm would produce a focused im-
age of the moving target that is shifted from the target
true position and slightly rotated. The shift and the in-
clination angle of the image depend on the projection
of the target relative velocity on the line-of-sight, 1. e.
the radial speed of the target. Estimation of the image
parameters permits to determine the target movement
parameters — its true position and velocity.
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CoBMeCTHOe MCMOo/b30BaHVe CTaHLMM aKTUBHOMO NOACBETA U OMOPHBLIX UCTOUHMKOB
CMrHaNoB Npu MecToonpeaeneHny HaseMHbIX pasuonepeaatoLLmMX YCTPOACTB,
paboTaloLLmMX Yepes reoCTaLMoOHapHbIe PeTPaHUIATOPSI
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AHHOTaumA
BeegeHue. B HacTosLLee BpeMS YacTo HabNIOAAOTCA ClyYam MOCTaHOBKM NMOMeX MoJ/b30BaTeNsAM CryTHUKOBLIX
CUCTEM CBA3U, UCMOMb3YIOLLMX, B YAaCTHOCTU, KOCMMYECKME annapaThl-peTpaHciATOPbl, PacroNoXeHHbIe Ha reo-
CTaUMOHapHOU 0pbUTe, a TaKxXe HeNlerasbHOro UCNoNb30BaHVA pecypca Takmx KOCMUYecKMX annapaTos. Mogo6-
Hble AelicTBUA MOTYT BbITh Kak HernpeaHaMepeHHbIMU, Tak U Lie/IeHanpaBieHHbIMK, 1, B YaCTHOCTY, NPUBOASAT K
HECOBM0AEHNIO HOPM 3/1EKTPOMArHUTHOM COBMECTUMOCTY C APYrMMM NOJb30BaTENAMU CMYTHUKOBOW CUCTEMBI
CBA3W. N5 OMNepaTUBHOIO U KaueCTBEHHOro pearmpoBaHns CyX6 paavioKOHTPO/A 1 ONepaTopoB KOCMUYECKUX
annapaTtoB Ha HeferaNbHble AeliCTBUS aKTyalbHa pa3paboTka MeTOZ0B, MO3BONSIOLMX C HEOBXOANMOW TOUHO-
CTbIO OrnpeAensTh MEeCTOMONOXEHVE UCTOUHVIKA MOMEXOBOIO PaANOnN3NyUeHus.
LUenb paboTel. PazpaboTka MeToda MOBLILLEHWS TOUHOCTU OMpejeneHns KOOPAMHAT HAa3eMHBIX UCTOUYHUKOB
pPaavonsNyyYeHns, paboTaloLMX Yepe3 reocTalumoHapHble CryTHUKWU-PETPAHCAATOPLI, 338 CYET COBMECTHOro
NCNONb30BaHNSA CTaHLMM aKTUBHOTO MOACBETA U OMOPHbIX UCTOUHMKOB CUTHAJIOB.
MaTepuanbl 1 MeTOAbI. VICNonb3yloTca CTaTUCTYecKas TeOpUS PaANOTEXHNUYECKMX CUCTEM, TeopUs LdpPOoBOL
06paboTKM CUTHANOB U METO/ UMUTALIVIOHHOMO MOAENNPOBaHS.
PesynbTaThl. PazpaboTaH MeTos MOBbILEHUA TOUHOCT MECTOOMpPeeNeHNs Ha3eMHbIX CTOYHVKOB paaviowns-
NyYeHVs, paboTaloLLIVX Yepes reocTalMoHapHbIe PeTPaHCIATOPLI, 3@ CYeT COBMECTHOrO UCMONb30BaHNSA CTaH-
LMW aKTUBHOMO MOACBETA U OMOPHBLIX UCTOUHVKOB CUrHaNoB. ONMCaH MeTo/ PaspeLleHns HeoAHO3HAUYHOCTY
OTHOCUTE/IbHO UCTUHHOMO KOPPENALMOHHOIO MKa OMOPHOr0 UCTOYHMKA CUrHaNa C MOMOLLbI CUrHaNa CTaH-
LMK aKTUBHOIO NojceeTa. MolyueHo BbipaxeHue A1 BePOATHOCTY NPaBUAbLHOMO peLleHus Npy paspeLleHnm
HEOAHO3HAYHOCTU. B pesynbTaTe UMUTALMOHHOIO MOAENVPOBAHNS NOMyYeHa OLEHKA TOUHOCTY reonoKaLmm
NPV MCMNOMb30BaHUN Pa3paboTaHHOro MEeTOAa B CPAaBHEHWMU C U3BECTHLIM METOA0M, MpearnonaralolmM nc-
MONb30BaHMNe TPEX PernepHbIX CTaHLIUIA.
3akoueHme. MeTog, ONunckbIBaeMbIli B JAHHON CTaTbe, MO3BOAAET A0CTUYL OTHOCUTENBHO BbICOKOU TOUHOCTU
onpeaeneHns MecTornoNoXeHUs Ha3eMHbIX UCTOUHWKOB PaAVoN3NyYeHNs B MHTEPECYIOLLMX PEroHax 3emnu,
He Tpebys OpraHM3aLMOHHbIX 1 GUHAHCOBLIX 3aTPaT MO YCTaHOBKE 60/1bLIONO KONNYECTBA PerepHbIX CTaHLIWIA.

KnioueBble CnoBa: reosiokauus, OnpejeneHne MeCTOMOJIOKEHUSs, TeoCTaUMOHAPHBIA  CMYTHUK, METOZ
TDOA-TDOA, penepHas CTaHUus, CTaHLMSA akTVBHOIMO NOACBETA, ONOPHbIA UCTOYHMK CUTHana
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Shared Operation of a Barrage Jammer and Reference Signal Sources
for Determining Ground-Based Radio Transmitters Operating
via Geostationary Relay Satellites
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Abstract

Introduction. There are incidences of jamming the users of satellite communication systems, who apply e.g.
geostationary relay satellites, and the illegal use of such satellite resources. These actions can be both inten-
tional and unintentional, and, among other things, be caused by non-compliance with electromagnetic compat-
ibility standards on part of other users of satellite communication systems. For a prompt and high-quality re-
sponse of radio monitoring services and satellite operators to these illegal actions, it seems urgent to develop
methods for accurate determination of the geolocation of radio emission sources.

Aim. To develop a method for improving the accuracy of determining the coordinates of ground-based radio
emission sources operating via geostationary relay satellites based on shared operation of a barrage jammer
and reference signal sources.

Materials and methods. The research was conducted using the statistical theory of radio engineering systems,
the theory of digital signal processing and the method of simulation.

Results. A method was developed for improving the geolocation accuracy of ground-based radio emission
sources operating via geostationary relay satellites based on shared operation of a barrage jammer and refer-
ence signal sources. A method for resolving ambiguity regarding the true correlation peak of a reference source
signal using a signal from a barrage jammer was described. An expression was obtained for the probability of a
correct solution when resolving such ambiguity. As a result, the estimates of geolocation accuracy obtained
using the developed method were compared with those obtained by a conventional method relying on the us-
age of 3 different reference stations.

Conclusions. The method proposed in this paper makes it possible to achieve a relatively high accuracy when de-
termining the geolocation of ground-based radio emission sources in the Earth's regions of interest, at the same
time as involving no organizational and financial costs for the installation of a large number of reference stations.

Keywords: geolocation, positioning determining , geostationary relay satellite, TDOA-TDOA method, reference
station, barrage jammer, reference signal source
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Beenenne. B Hacrosiee BpeMsi Ha reocTalyo-
HapHoit opbute (I'CO) pacmosokeHO MHOMXECTBO
kocMmuyeckux anmapaTtoB (KA), perpanciupyrommx
CHUTHANbl 3€MHBIX CIIyTHHKOBBIX CHCTEM CBS3H.
Hapsny c ucnosnb3oBanueMm pecypcoB KA no mps-
MOMY Ha3HAuUCHHMIO OTMEUAeTCs KaK HelpegHame-
pEHHOE, TaK W ILeJCHANpPaBICHHOE HE3aKOHHOE HC-
MOJIb30BaHUE pecypca IEeOCTALMOHAPHBIX CIIYyT-
HukoB-peTpancisiTopoB (CP), a Takxke coznaHue

MOMEX JIETAIbHBIM IO0JIb30BaTeNsIM. B 3Toil cBs3M
aKTyaJbHOH SBIISETCA 3a/ada OINpEIesICHUS] MECTO-
nonoxenust (OMII) (reosokaiuu) UCTOYHUKOB pa-
nuonznyuenust (MPW), curHambsl KOTOPBIX peTpaHC-
nupyroTcs reoctauroHapHeiMu CP. Umest nanHbie o
MECTOTIOJIOKEHUU HAapYyLIUTeNsd, CIyXKObl pajauo-
KOHTPOJISI, & TaKKe OINepaTophbl T'€OCTAIlMOHAPHBIX
CP cMmoryT omepaTMBHO pearupoBaTh Ha HE3aKOH-
HOE HCIoJIb30BaHue pecypca KA.

CoBMeCTHOE HCII0JIb30BAHHE CTAHIMU AKTHBHOI0 MOJICBETA U OINOPHBIX HCTOYHUKOB 39
CUTHAJIOB ITPU MECTOOMPEACTCHUN HA3CEMHBIX PaauoNepeaaommx yCTpOﬁCTB,

paﬁOTalOl.lll/lX yepes3 reoCTalluoHapHbI€ PETPAHCIATOPDI
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B ocHOBY TeoyOKaIly TONOKEHBI CIEAYIOIINE
CBOWCTBAa CHCTEMBI Iepemadyd WHQPOpPMAIMHd C HC-
MoJIb30BaHKeM reocraronapusix CP [1-3]:

— HAJIMYHE TMapa3sUTHOIO U3JIYYEHHUS CHrHasa
WPU 3a cuer 60koBBIX JenecTkoB JIH ero aHTeHHbI;

— Hajguure Oonpmoro koiaudyectsa KA ma I'CO,
YTO T03BOJIsIET chopMHUpoBaTh 6azy OMII;

— HEWJIeaJbHOCTh CHUHXPOHHBIX OpPOHT, B CHUIY
9ero o0pazyercst JOIUIEPOBCKOE CMEIIEHUE YacTOTHI
NPN.

[lepr0 HACTOSIIEH CTATHU SIBJIICTCS pa3padoTKa
METOJIa TOBBIIICHUSI TOYHOCTH OMNpEAeTIeHUs KOOop-
muHat HazemHbIX MIPU, paGoTarommx yepe3 reocra-
mpoHapaeie CP, 32 cyeT COBMECTHOTO HCIOJB30Ba-
HUSl CTaHLIMM aKTUBHOTO IOJICBETa M OMOPHBIX HC-
TOYHHUKOB CHTHAJIOB.

B macrosmiee BpeMs H3BECTHO HECKOIBKO METO-
JIOB TIOCTpoeHUsl JuHUM nojoxxkenus MPU nHa mo-
BepxHOCTU 3emiu. JIMHUS MOXeT ObITh MOCTPOCHA
pasHocTHO-HagpHOMepHBIM MeTomoM (Time Differ-
ence of Arrival - TDOA) 1 Ha OCHOBaHHHU CMEIICHUSI
4acTOT CUTHAJOB, noctynatoumx ot UPU (Frequen-
cy Difference of Arrival — FDOA). [lis ompexeie-
Huss OMII UPU HeoOxoauMo HallTH TOUKY Iepece-
YeHHs JIBYX JIMHHMN TIOJIOKEHUS Ha TIOBEPXHOCTH
3emiH, Kaxaas U3 KOTOPBIX MOXKET OBITh IOCTPOCHA
kak 1o Mmeroay TDOA, tak u FDOA [4-9]. B cratse
PacCMOTPEHO MOCTPOEHUE 00EUX JTMHHUNA MOJOXKCHHS
o metony TDOA.

Meton TDOA (pa3HOCTHO-IaIbHOMEPHBIH) 3a-
KII0YaeTcss B IOCTPOSHHUU JIMHUHU TIOJIOXKEHHUS, COOT-
BETCTBYIOIIEH Pa3HOCTH BPEMEH PacCIpPOCTPaHCHHUS
CUTHaJa, MPHUHATOrO ¢ IBYX reocrauuoHapHbix CP.
Ha puc. 1 uzobpaxeHna cxema MOCTPOEHHs JIHHUAW
MOJIO’KEHUS 110 3TOMY METOITY.

HUPU  OCHOBHBIM  JIEMECTKOM  AUarpaMMbl
HarpasiieHHOCTH (JIH) u3nmy4aer curnan B Hampas-

nenun CPy, pacrnoio)KEeHHOTO Ha  PacCTOSHUM

dI/IPI/I—CP2 ot IPH. BOKOBBIM JIENIECTKOM OH M3JIy-

yaeT cUrHan B HampaieHun CPjp, Haxoxsmerocs

Ha paccrosnnd  dppy_cp,- Perpanciuposanmbie

CUTHAJIBI TIPUHUMAIOTCS KOMIUIEKCOM T'€OJIOKaIlnU
(KT'), maxomsammmes Ha pacctosumsix dep gr OT
CPy u dcp,_kr ot CPy.

Hns onpenenenust koopaunar P meromom
TDOA-TDOA Ttpebyercs nOCTpOCHHE ABYX JIMHUMN
nonokeHust (Kaxmoir mo wmeromy TDOA), mis

qero HCO6XO,HI/IMBI 3 CP: 2 BcmomoraTenbHbIX

dep,—xr
dypri-cp,
I'naBHbII
| —— nenectok JIH
nenecrok JIH
Kommiexe
Te0JIOKAIHN
Puc. 1. Cxema IOCTpOCHUS JIMHUH HOJOKEHUS 110 METOLy

TDOA
Fig. 1. TDOA method for calculating the position line

(CPy u CP3) u ocnosroit (CPy). Oxna imHus
TOJIOKEHHUS] CTPOUTCSA Ha OCHOBAHMH OIEHKU Pa3HO-
ctu BpeMeH npuxopa curiana UPU ¢ CPy u CPq,
Jpyrasi — Ha OCHOBAHHMM OIIEHKH Pa3HOCTH BPEMEH
npuxoza curnana MPU ¢ CPy u CP3. Beruncnenue

koopauHat MPU cBoguTcd K TOUCKY MHUHUMyMa
(YHKITUH HEBSI3KU:

frpoA-TDOA (X, ¥,2) =

= min {[dMPM_CPZ (X! yy Z) + dCPz—Kr -

X,¥,2eR
2
— dyppi—cpy (%.¥.2)+dep,—kr —CATy |+

+ dupn—cp, (% y.2) +dcp,xr -
2
— dypri—cpy (X ¥:2) + dep,—xr — CATy; | }

rae Atpq — pasHocTe BpeMeH npuxoza B KI' cur-
Hajos MPU, perpanciuposanneix CPo U CPy;
Atyg — pasHocTh BpeMmeH npuxona B KI' curxanos
WPU, perpancimposannbix CPp, 1 CP3. Ilpu pac-

yeTrax CleAyeT y4YMThIBaTh HEIMHEIHOEe orpaHuue-
HUE, COOTBETCTBYIOIIEE ycaoBUI0 HaxoxaeHus NPU
Ha [IOBEPXHOCTH 3eMJIu:

CECRESIES

Re Re Re

40 CoBMecTHOE HCNI0JIb30BaHHE CTAHIIMY AKTHBHOIO NOJACBETA H ONIOPHBIX HCTOYHHKOB
CHTHAJIOB IIPH MeCTOOIPeieJIeHHU HA3eMHbIX pajuonepeJalouX ycTPoicTB,

paﬁoTaloumx yepes reoCTallMoOHapHbIC PETPAHCIATOPDI
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rae X, Y, z — xkoopaunatet MPU B cucreme ECEF
(Earth centered, Earth fixed); R, — sxBaTOpuanbHsIii

paanyc 36MJ’II/I; €, — DOKCLCHTPUCUTET 3€MHOIO JJI-

JIUIICOUA.

OrneHka MOMEHTOB npuxoaa curHanos MPU At
OCYIIECTBIIACTCS (PUKCAITEeH SKCTpEeMyMa B3aMHOM
¢yukunu HeonpeneneHHoctn (BOH) mexny npuns-
TBIMY CUTHAJIaMH:

-
At f)= J.Sl(t)s; (t+1)exp(—j2nft)dt,
0

rae 1 (t, fp)=ut)exp(j2afyt)+m (1), sy (t, fp, At)=
=u(t—Av)exp| j2nf, (t—At) [+ny (1) — curnam,

NPHMHATEIE C OCHOBHOrO M BcromorarensHoro CP
COOTBETCTBEHHO; I — BpeMs HaOMIOJeHHUs, NPUYEM
u(t) — KOMIUIEKCHBINH CHTHAN B OCHOBHOH momoce
gactoT; f, f, — Hecylue 4acTOTHI IPHUHATHIX CHUI-

HAJIOB; nl(t), no (t) — agmuruBHBIE IIYMOBBIE CO-
CTaBJISAIOIIHE.

U3 [10] crnexyet, 4To OLIEHKaMHU MaKCHMAJILHOTO
npasaononobus mapamerpoB At u Af mis momenu
CHTHaja, MPEACTABISIONIETO CO00H CymMMy HEH3-
BECTHOTO NETEPMHUHHPOBAHHOTO CHTHAjla W aaIu-
THBHOTO Oernoro rayccoBckoro myma (ABI'II), seis-
I0TCs1 3HaUEHUs1, MaKCUMu3upymoue moayias BOH:

A%, Af =arg max |A(Ar, Af )|
At, Af

s

ITpu Bo3neiicTBun Ha curHansl ABI'II otHoIIe-
uaue curHan/mym (OCIL) Ha BRIXOZE KOppemsaropa,

peruncisromero BOH, nns xommuiekcHBIX curHAmoB
B OCHOBHO#H mojioce cocrasisiet [11]:

Vepx = BTYa(i) )

rae B — mymoBas mosoca CHTHAJIOB; Vop — addex-

tuBHOe 3HaueHue OCIL (3OCII) curnanos Ha BXO-
Jie KOpPEIsITOpa, ONpEeIsieMOe U3 BbIPAXKEHUS

1 1 [ 1 1 1 j
—_— =] —t+—+—
Yoo  2\V1 Y2 72
3neck y1, Y2 — OCI curnanos sp(t) u Sy (t) co-
OTBETCTBEHHO Ha BXOJle Koppenaropa. Bennuuna BT
Ha3bIBACTCS JHEPIeTUYECKUM BBIUTPHIIIEM BBIUHC-
nenust koppensiimu (OBK) (processing gain — PG).

Higa curHaiza ¢ OpSMOYTOJBHBIM — CIIEKTPOM
cpennekBaaparnieckoe otkionenue (CKO) orenku

AT , cootBercTBylomee rpanune Kpamepa—Pao,
orpeaensercs Boipaxkenuem [11]:

05 1

Opp R — ———,
' BS \’BTY:)@

rae By — mmpuna nomockl curxana. Jlamee B Kade-

(M

ctBe CKO omenkun TDOA Oynem HOpUHUMATH 3TO
3Ha4YEHHE, TaK KaK OIEHKH MAaKCHMAJIBFHOTO MPABIOIO-
JIOOWS SIBJISIOTCS aCUMITTOTHICCKH (P ()EeKTHBHBIMH.

Metonbl. MOXHO BBLICIUTH PSAJ OCHOBHBIX
(haKTOPOB, BIMSIOMNX HA TOYHOCTH T'€OJIOKAIIUH ME-
togom TDOA-TDOA:

— TOYHOCTH OIICHKU KOOPMHAT UCTIOb3yeMbIx CP;

— paccrosiHue Mexny ucnoindyembiMu CP (Oaza
reojiokanuu), B3aumHoe mnonoxenne CP u HPU
(reoMeTpuyeckuii GpakTop);

— omMyue (QakTHYeCKOH (OpMBI 3eMIIH OT pe-
(hepeHII-3IUTUTICOnIa;

— OIUPHHA TTOJIOCH curHama By

— SHEPreTUYECKUM BBIUTPBIII BBHIYUCICHUS KOp-
pensiuuu BT
— D0CII B npUHATOM CUTHAJIE Vagps

— HecTaOMIBHOCTH YacToTHl rereponuna CP, mH-
TepBall cranuoHapHocTH napamerpa TDOA At u
npoure (haKTOpHI.

CreneHp BIUSAHUS MEPEUUCICHHBIX (PaKTOPOB Ha
touHocTe OMII MPU pasnuyHa U MOXET SBIATHCS
TEMOM OTAEIBHOTO HCCIENOBaHusI. B HacTosel
CTaThe PACCMOTPEHO BIMSHHUE IEPBOTO (haKTopa
(TOYHOCTH OIEHKH KOOPAMHAT HCMOb3yeMbix CP)
npu (PUKCUPOBAHHBIX 3HAUEHUSIX OCTAIBHBIX Mapa-
MeTpoB. Jlanee npecTaBieH pa3pabOTaHHbBIH METOI,
MO3BOJISIONIMK  MOBBICUTh TOYHOCTh T'€OJIOKAIIUU
HazeMHbIX MIPU 3a cuer mpenBapuTENbHOU OLICHKU
KOOpAMUHAT HCTob3yeMbix CP.

Koopaunaatel OONBIIMHCTBA TEOCTALIMOHAPHBIX
CP naxonsTcsi B CBOOOJJHOM JtocTyrie B ceTh MHTEp-
HeT B hopmare TLE — nByxcTpoyHOM (opmaTe naH-
HBIX, TIPEICTABIIONIEM CO00H HabOp BIIEMEHTOB
opouthbl cnytHuka [12]. Ommoku OMIT UPU mpu
WCTIOJIb30BaHUM JaHHBIX TLE Moryt cocraBusith
ThICAYM KujoMeTpoB [13], 4ro HemomycTuMo s
penenus 3agadn onpenenenns nozuunn MPU.

N3Becten meron yrounenusi koopaunar CP, 3a-
KIJIIOYAIOIIUNCSA B HCIOJBb30BAHUU TPEX PENEPHbIX
craanuii (PC), koropsie mo komanae KI' cHHXpoHHO
W3TYYar0T W3BECTHBIC B3aUMHO OPTOTOHAIILHBIC CHUT-
HaJbl, MPEICTABISIONIME COOOH MOAYJIMPOBAaHHBIE
IICEB/IOCIIyYaliHble II0CIIE0BATEIbHOCTH, C MOLIHO-
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Puc. 2. Cxema CHCTEMBI T€OJIOKAIMH, pabOTaIOIIEH MO NPEI0OKEHHOMY METOTY

Fig. 2. A diagram of a geolocation system working according to the proposed method

CTBIO HI)KE YPOBHS IIIYMOB CITyTHUKOBEIX TPAaHCTIOH-  CHTHaNbI, IepeaaBacMble 10 OOKOBBIM JIETIECTKaM
nepos. B KI' Ha ocHoBaHuM OLEHKH BpeMeHH pac-  JIH OUC; u OUC,, kak u reonouupyemoro UPU,
MPOCTPAHEHUS] CHUTHAJIOB OT Kaxmou m3 tpex PC
CYMMapHO-JIaJIbHOMEPHBIM METO/I0M BBIYHCIISIOTCS
koopauHatel CP [14, 15]. HegocraTtku ommcaHHOTO
MeToa — HeoOXOIMMOCTh pa3BepThiBanHus Tpex PC Ha
pa3HeceHHbIX ApPYr OT JIpyra Ha COTHU KHJIOMETPOB
TUIOIIAAKAX, YTO MOXKET OBITh OPTaHWU3AIIOHHO, KO-
HOMUYECKH WM TEXHUYECKH 3aTPyIHHUTEIBHO WU
HEBO3MOXKHO. T10CKOJIBKY 00JacTH ¢ MaKCHMATbHOU
TOYHOCTBIO OyZIyT pacroiaratses BOm3u PC, ee no-
CTHXXEHUE B TOM WM MHOM PEruoHe 3eMIId BIIeHEeT
HEOOXOUMOCTh (hu3udeckoro mnepemerneHus PC B
HMHTEPECYIOIINA PETHOH, YTO 3a4aCTyH0 HEBO3MOXKHO.
Pesynbrarel. [lpemnoxkeHHBII B HAcCTOSIIEH
CTaThb€ METOJ COBMECTHOI'O HCIIOJB30BaHUS CTaH-

perpancnupyrorcs BenomorarensHeiMu CPp u CPj.

CAII npezacraBnsier co0oii paguonepeaTdynuKk ¢ aH-
TEHHO-(PUICPHON CHCTEMOM, oOecrieunBaroIIeH aua-
rpaMMy HanpaBJICHHOCTH IIUpHUHON mpumepHOo 30°
(HampuMmep, PYIOPHOTO THIA), YTO MO3BOJSIET O0ITy-
YaTh OJHOBPEMEHHO KaK OCHOBHOM, Tak M BCITIOMOTa-
teapHbie CP. OCHI curnana CAIl nmoimkHO OBITH
JIOCTATOYHO HU3KKUM (He Oosbiie —20 1b), 4ToOBI HE
CO3/1aBaTh TIOMEX JICTAIBHBIM CHCTEMaM CBS3H.
B coctaB KI" BXoasT 3 aHTEHHBI, IPUCOEIUHEHHBIE K
MHOTOKaHAJIbHOMY KOT€PEHTHOMY PaIUOTIPHEMHOMY
yerpoiictey (PITIY) B KI' CHHXpOHHO KOTEpEHTHO
samuceiBaroTcs curHansl UPM, OUC;, OUC, n

nuu aktuBHOro mojaceta (CAIl) m omopHBIX uC- CAIL
OTMCAHHBIE HEIOCTAaTKH HCIOJb30BaHusl Tpex PC. KoopAruHaTaMu:

Pa3zpaboTaHHBI METOX 3aKIIOYAETCSl B HCIIONB30-
Banuu omnou CAIl m neyx OUC ¢ wu3BeCTHBIMH .
KoopauHaTamMu. CxeMa CHCTEMBI I'€OJIOKAIluH, pa- Xlz[XOl/lcli Youc, » ZOI/ICJ — OUCy;
OoTarolied 1Mo MpeaioKEeHHOMY METOy, MOKa3aHa .

Ha puc. 2. ['eonouupyemsrii UIPU paboraer uepes X, =|:XOI/IC21 youc, ZOI/ICZJ — OUCy;
CP,, mostomy CP, — ocnoBno#, CP; u CP3 —

xkr =[Xkrs Yir» zxr] —KT;

T
X = , v Zoarr | — CAIL
Bcnomorarenbuele. OMC; u OUC, — neranbHble 3 [XCAH yean: 2 ]

WCTOYHUKH CHUTHaja, paboTampInue 4yepe3 TOT Ke XCP, :[XCPly Y, 2Cp; :IT _cpy;
cnythuk  CPo, 4ro wu reomoumpyemsii HMPU.
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T
Xcp, =[XCP2’ Ycp, » ZCPJ — CPy;

T
XCp, =[XCP31 YcPpy» ZCP3] - CP3

nw_n

— CHMBOJI TPAaHCIIOHUPOBAHHUS).

Koopmunarer KI, OMC,, OUC,, CAIl u CP,p
CUMTAIOTCS] U3BECTHBIMH (HAllpUMeEp, MOTYyYEHHBIMH
mo TLE). YTouHeHHe KOOpAMHAT BEACTCS Ha OCHOBE
CUHXPOHHO 3anucaHHbiX B KI' cUTHAJIOB, MPUHATHIX
¢ HanpasineHuii Ha CP;— CP3. [lanee Gynem pac-
CMAaTpPUBATh TOJNBKO Mapy OCHOBHOM/BCIIOMOTATEIBHBIN
cnyTHuK-perpanciustrop CP, u CPq, Tak Kak i
napsl CPy, u CP3 paccykeHus U BBIKIAIKU OymyT
AQHAJIOTUYHBI.

Benem Tarxke 0003HaYCHHS MCXOIHBIX KOOPIH-
HAT, TTOJISKAIUX YTOYHEHHUIO:

T
uex HUCX HNCX HUCX
Xcp, = [chl »Yep, ZCPJ

T
X HCX | MCX ch} - CP,.

I(d:%xz = [XCPZ »Yep, “cp,

Bynem ucxoauth M3 yTBEpXkKAEHHWSA, YTO Ha TOY-
HOCTh JUHUU nojokeHns TDOA cymiecTBeHHO BIH-
sieT He OIMOKa OIEHKH aOCOIOTHBIX KOOPAMHAT OC-
HOBHOT0 U BcomoratenbHoro CP, a omimOka oLeHKH
MOJIOXKeHUsT BcromorareabHoro CP OTHOCHTENBHO
OCHOBHOTO. TOT/Ia MO)KHO CUMTATh OLIGHKOW KOOPHHU-

HUCX

Har CPy ero MCXomHbIE KOOPIMHATHI: )A(CP2 =Xcp. -
2

BeipaxkeHue Ui HaXOXKICHHS OLECHKHA KOOPAWHAT
CP; Oyzmer momyueHo naiee.

CrpaBeIHBO CIIEAYIOIIEe PABEHCTBO:
(xcr, =)' (vcr, =)+
+ \/(XCP2 —XKr )T (XCP2 - XKr) -
B \/(chl X )T (XCPI X ) a
- \/(XCPl ~xkr )" (Xcp, —Xkr ) = AT,

i=123,

IJ€ ¢ — CKOpPOCTh CBeTa; Aty M ATy — pa3HOCTb MO-
MeHTOB BpeMeHHu npubbitust B KI' curnanos OUC; u
OHC, co CP, u CPq coorBeTcTBEHHO; ATg — pas-

HOCTb MOMCHTOB BPEMCHH l'IpI/I6]>ITI/I$I B KI" curnana
CAII co CP2 n CP]_.

O0603HaYNM

i =\/(XCP2 =X )T(XCP2 =X ) +

+ \/(chz —XKr )T (XCP2 - XKF)’
=123,

1 BO3BCICM IIOJIYUYCHHOC BBIPAXKCHUEC B KBaJAparT:
T
(chl —Xi ) (chl —Xi ) -
T
+ (XCP1 - XKr) (XCPl ~XKr ) +
T
+ 2|:(XCP1 =X ) (XCPl = Xj ) X
T 12
X (XCP1 _XKF) (XCPl _XKF)J =
=12 - 2ch AT + C2At?, i =1, 2, 3.
O603Ha49NM:
q = ri4 + 60242A‘ci2 +
+c* At — aerPAr —acdradd;

b =—2(2 - 2cr A +c2Ac? ), i=1,2,3.

Torna:
2(XCP1 =X )T (XCP1 =X )X
X(chl —XKkr )T (chl —XKr ) =
=g + (XCPl = Xj )T (XCPl — X )X
x(Xcp, =%i )" (Xcp, =i )+

+ (XCPl —XKr )T (XCP1 —XKr ) X
X (XCPl - XKF)T (XCPl —XKr ) +
+b (xcp, = Xi )" (Xcp, =i )+
+bj (xcp, —Xkr )" (Xcp, —Xxkr), 1=12,3.
PackpsiB ckoOKkH 11 0003HAYUB
di =X{Xj, g =XKrXKr,
ki =a; +(dj —g)2 +b; (dj +9),
HOTYYUM:
(8xxcp, Xker — 4xTXcp, X —
- 4xf<l—xcple<r - 2bixEP1 )xcpl +
+ (4dixiT +4gxgr + 2b X +

+ 2o X — 49X — 4dix{<r)xcpl —k; =0,
i=123.
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[TomyyeHHOE BBIpaKEHHE NPEACTABISAET COOOM
CHCTEMY TPEX YpaBHEHHUI BTOPOTO MOPSAKA C TpeMs
HEU3BECTHBIMU. PelieHne TaHHON CHUCTEMBbI ypaBHe-

HHUH JaeT OUeHKy koopaumHar CPq )?Cpl. [Tpu sTom
B KauecTBE 3HAYCHMI ATj HCIONB3YIOTCS OLEHKU
A% (i=1,2,3), MeTox Haxosk/IEHHs KOTOPBIX OMACAH
naiee, a B kadecte koopauHar CP,, kak ObUIO OTMe-

HUCX

YEHO paHe€, HCIOJIB3YCTCA 3HAYCHHC XCP2 :XCP y
2

KOTOpOE HE TOIBEPraeTcs YTOUHEHHIO.

PaccMOTpUM METOA HAXOXKICHHUSA OLICHOK AfTj
(i=12,3). OueHkH MaKCHMAJIBHOIO NPABIONOIO-
Oust ATy u AT, HaXOIATCS MaKCUMHU3aLHMedl MOmyIs
BOH curmanos OUC; u OHUC,, HPUHATEIX CO
CP, u CP;. ITapamerp

AT3 = TCATI-CP,~KI' ~ TCAII-CP,—KT'
MPEICTAaBISIET COOO0H pPa3HOCTP MOMEHTOB BpPEMCEHH
npubbiTusa B KI' curnana CAIl, peTpaHcanpoBaHHOTO

CPy tcam-cp,-kr¥ CP1 TcAm-cp,-Kr» Tpuiem
CP; . ,.CP; :
TCAI-CP;—KT = Garr +ATcA ~bigns 1=12,

CP; /.
e ty,' (=1 2) — abconrotHOe Bpems Hauana 3a-

mucu B KI' curnana, mpunsiroro co CPj; Argiin
(i =1, 2) — cMenienne Havana curnaiga CAIT ortHo-
CUTENIBHO Hadaja 3amucaHHoro curHana co CPj;
t

Tax xak 3amucu curHanos co CP, m CP; B KO

Cp, _,CP,
OCYILIECTBISIFOTCS CHHXPOHHO, T. €. o =t~ TO

_ A.CPy CP,
Aty = At — ATeaTT-

ya — A0CONMIOTHOE BpeMs Hayana uznydeHus CAIL

Takum oOpa3oM, A HAXOXKICHHUSA OLEHKH Alg

CIeJlyeT HaWTH OIEHKH MapaMeTpoB A%gizn u

A%g;ln, Toraa Atg :A%g;}[ —A%giln. B kauectse

OLICHOK YKa3aHHBIX MapaMeTpoB OyJeM HCIIOIb30-
BaTh OLIEHKH MAaKCHMAJIbHOIO MHpaBAONOA00Ms, IO-
JyyeHHble npu Maxkcumuzauuu BOH curnana, npu-

usroro co CP; (i=1,2) u u3BeCTHOTO M3Iy4EHHOTO

curnaia CAIIL. B nannom ciydae npu pacuere BOH
Sl(t)zu(t) — W3BECTHBIA JTAJIOHHBIA CUTHAJ, W3-

nmyqaembliii CAIL

Sy (t)=
=u (t —Argiin)exp[ j2mAf (t - ATgiin )} +n(t)

— CMEIICHHBI MO YacTOTe W 1O BPEMEHH CHTHAI
CAIl, nmaxomsmuiicss B 3allUCH CUTHAJA, TPUHATOTO
co CP;j (i =1, 2) noJ, nrymamu Tpascnoszepa. Ilpu
monoce curHana CAIT 30 MI' (4To COOTBETCTBYET
TUIIHYHOMY 3HAYCHUIO IITUPHHEI MOJOCH CITyTHHKO-
BOTO TpaHCIOHIEpa) U IJIMTENbHOCTH 3amucu 2 ¢
OBK cocraBur 77.8 nb, uto mpu tpebyemom OCILI
Ha BbIxozie Koppeisitopa B 20 ab mo3Boiut oOHapy-
sxuth curgain CAIl ¢ OCHI = -57.8 nb.

Pacemorpum TouHOCTE onenok Ay (i =12, 3).
CKO oneHok ATy u ATy BBIHUCTAIOTCS 10 hopmye

(1). Tak xak oueHka ATz paBHa Pa3HOCTH IBYX He-

. .CP, ~CP;
3aBUCHUMBIX CIIyYaWHBIX BEJIUYUH A‘L‘C AT H Arc AT

1o CKO ouenku Alz B ClIyuae OOMHAKOBBIX 3Haue-

Huii CKO oneHox A%(Cjizn u A%(Cjiln HAMEET BUJ

. 085 1
AT By ([BTyg,

rae Ypx — OCI curnana CAIl B CHHXpOHHBIX 3aIH-

ciax curuanos, nocrynuBumx or CP, u CPg

(B 00oux mpueMHBIX KaHanax OymeMm cumtats OCII
OJTMHAKOBBIM).
BaxubpiM sBisieTcs ToT (akt, uro omeparop KI'

HMCET BO3MOXHOCTH BJIMATH HAa 3HAUYCHUA GA%I u
GA%Z , TOJIBKO JIWIIb U3MCHSAA JJIIMUTCIBHOCTH 3allMCH

T, mpu atoM CKO OyayT MEHSATHCS TPOTIOPIIHOHAIE-

2

mo TY2. B Jy4IIeM CIy9ae MOXKET CYIIECTBOBATH
BO3MOXXHOCTh BbIOOpa curHana OUC ¢ makcumanb-
HOM mumpHHON mojnockl By n3 koHeuHoro Habopa

pa6OTaI'OHH/IX JICTAJIbHBIX UCTOYHUKOB pagnuON3JIy4dcC-
HUsA, KOOPAUHATBI KOTOPBIX HW3BCCTHBI. Ha 3nauenue

GA%:; YKa3aHHBIC OrpaHUYCHUS HC HaKJIaJAbIBArOTCH,

TaK Kak IIUpUHY nojockl By curnana CAII BeiOupa-

€T caM pa3pabOTYMK CHCTEMbI I'€OTOKAIMU WK OIle-
parop KI' ¢ menpio OCTIKEHHS TpeOyeMoro 3Hadve-

HUs OAf, M COXPAHEHHS TIPH 3TOM CKPBITHOCTH TP

pabote CAII. Takum oGpa3oM, MOXKHO BBHIOpaTh Ta-
Kylo mupuHy nojiocsl B curnana CAIl, npu koTtopoit

GA%3 OyleT 3HAYMTENIbHO MEHbILE, YeM GMl u
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GA%Z’ YTO MO3BOJUT CYHICCTBEHHO IOBBICUTH TOY-

HocTe OMII UPU B peruone pacnonoxenust CAIL
Kak 6p110 onmcaHO paHee, IIOMCK OLEHOK ATy U

Aty curnanos OHC ocymecTBiasercss B COOTBET-

CTBHM CO CTpaTeruell MakCUMaJIbHOTO IpaBAOIOAO-
6us Mmaxcumusaunueil Momgynst BOH npussaTex cur-
HanoB. OnHako B peasbHBIX ycioBusax curHan OUC
HE Bcerna MpHUCYTCTBYET B CHUTHalle, NPUHATOM CO
BcriomoratensHoro CP (nanpumep, ecnmu OUC He
oOiydgaetcst BcrioMmoratenbHbiM CP). Takum o0Opa-
30M, mpouenypa yrouneHus mosunmi CP  sBrsiercs
JIBYXJTAITHOM: HA TIEPBOM 3Tale BBIMOJHAETCS Pasiiu-
YeHHe JBYX T'MIOTE3: HyJIeBOW — HaJIW4ue B CHIHANE
BCIIOMOTaTeIbHOIO CP JILIb ABI'TII

[HO A n(t)] U CIMHUYHOH — HaIW4YHE B 3TOM

CHT'HAJIE CYMMBI CMELIEHHOTO M0 BPEMEHH U 110 4acTo-
Te curHaiia OMC u ABI'II

{Hy:8p(t) =u(t—Av)exp[ j2nfy (t—AD) |+ n(D)}.

Ha BTOpOM sTame mpu NPUHATHU PELICHUS O
CIIPAaBENINBOCTH THUIIOTE3BI Hi oneHmBaeTca mapa-

MeTp At.

[Ipu Takoii opraHM3aKX NPOIEAYPHI IEIeCO00-
Pa3HO WCIMOJIb30BaTh OOOOIIEHHBIM METOJ] OTHOIIIE-
HUA HpaB,Z[OHOILOGI/IH, B COOTBCTCTBUHU C KOTOpI:IM
HE00XOIMMO MaKCHMHU3HUPOBaTh Moynb BAOH, mocie
YEro CpaBHUTH MOJYYEHHOE 3HAYEHHE MaKCUMyMa C
noporosbiM 3HaueHueM A. Eciau nopor He mpeBbl-
IIEH, TO MPUHUMAETCS PEIICHUE O CIPABEAINBOCTH

THITIOTE3bI Ho, B MNPOTUBHOM CJIyda€ NPUHUMACTCA

runote3a Hp, a B kauectBe ornieHok AT u Af — ap-

ryMeHThl Makcumyma B®OH. B kauectBe mopora A
1esnecoo0pa3Ho BRIOpaTh MOpor mo kpurepuio Heil-
maHa—Ilupcona.

Ha mpakrike Hepenko HaONIOMAIOTCS CUTYAIHH,
korna monynb BOH uMeeT cpasy HeckonbKo (1) Jo-
KaJIbHBIX MAaKCHMYMOB, IPEBBIIIAIOIIUX MOPOr A u

COOTBCTCTBYIOIIUX Pa3JIAYHBIM  3aJACPrKKaM A’Ci

(i =1..., m). [Ipu 3TOM HCTHUHHBIM KOPPENSIIMOH-

HBIM OTKJIMKOM curHaiga OUC sBisteTcst T0OKaJIbHBIH
MAaKCUMyM, COOTBETCTBYIOIIMM HEKOTOPOMY 3Haye-
HHUIO AT U B OOIIEM clydae He SIBJISIOLIMICS TIO-

O0ampHBEIM MakcuMyMoM Monyns B®OH. VYkazannas
CUTyallUss MOXKET HMETh psj NPUYUH, HAIpUMEP:
aBTOKOppesiuuoHHas (yHKiws curHana OUC mo-
KET UMETh MHOXECTBO IOOOUHBIX JIOKAJIbHBIX MakK-
CUMYMOB, KOTOpbIE€ BCJEICTBUE BO3IEHCTBUS LIymMa

Ha BOH moryr mpeBbICUTP OCHOBHOW MaKCHMYM;
myMoBOoH BbIOpoc Ha BDH MoxeT mpeBbICHTH 110
MO0 KoppensunoHHbli otk OWC; B 3anmucan-
HBIX CHTHaJIaX C OCHOBHOIO W BCIIOMOTaTEIHHOTO
CP, nmomumo cobctBenno cur"ana OWMC m ABI'II
MOTYT MPHUCYTCTBOBAaTh IMOMEXOBBIE CHUTHAJBI CTO-
pouaux MPU (BciencTBue, HampuMep, HETOCTATOU-
HOW TOJSIPU3AIIMOHHON Pa3BsI3KHU, NPHUBOMSIIECH K
"MpocaunBaHUIO" CUTHAJIOB OPTOTOHAJBHBIX MOJIS-
pu3anuii, HapymeHUsS HOPMBI OOKOBBIX JIEIIECTKOB
JH croponnux MPU mmbo wcrons30BaHHuS pekuMa
"Hecymas B Hecyuei"), uz-3a uero BOH spnsercs
cynepniosuriueit BOH Bcex curnamos B 3ammcu. Ta-
KUM 00pa3oM, TMOSBISIETCS HEOAHO3HAYHOCTh OTHO-
CUTENFHO KOPPENSAIUOHHOTO TMHKa, BBI3BAHHOTO
uMeHHo curHanoM OWC. O4eBUIHO, YTO NP ONIHO-
K€ B BBIOOpE KOPPENAMOHHOTO OTKJIMKA MIPH OLIEHKE
napaMeTpa At TOJy4YeHHas OleHKa OyaeT CMeIleH-
HOM, a orneHka koopauHat CP OymeT mpousBeneHa ¢
CyIleCTBEeHHOH omuoOkoi. Pa3zpaboTaHHBIH MeTOX
coBMecTHOTO ucnonb3oBanus curaanos OUC u CAIL
MTO3BOJISIET Pa3peIIuTh HEOMHO3HAYHOCTD MIPH TIOMCKE
KoppessuoHHoro nuka curaana OUC. Paccmorpum
METOJI pa3pelIeHns] HEOTHO3HAYHOCTH TOIpOOHEe.
He ymaiss oOIIHOCTH, pacCMOTPHUM CITydaH, KO-
raa moxyins BOH curnanos Hexkotoporo OUC, npu-
HATBIX ¢ 0OCHOBHOrO CPo m BcomorarensHoro CPq,

HMEEeT 2 JIOKaJbHBIX MAaKCHUMYyMa, MPEBBIIIAIOLINX
nopor A M COOTBETCTBYIOLIMX 3aJepiKKaM Aty U
Aty, a momyns BOH curnanos storo xe OMC,
NPUHATBIX ¢ OCHOBHOTO CPo M BCIOMOraTeabHOro
CP3, umeer OOMH JIOKAIbHBIM MaKCUMYyM, IIPEBbI-

AU TOpPOr M COOTBETCTBYIOIIMI 3aJIEPIKKE
ATCPs. 3ajada COCTOUT B OMPENECICHUH UCTHHHOTO

nuka OUC u3 Aty u Aty. Ilycts nctuHHBIM (COOT-
BercTBytouuM curiany OUC) sBusercs MHK, COOT-
BETCTBYIOIMH At;. MeTtox paspelmieHust HEOQHO-
3HAYHOCTH 3aKJTI0YACTCS B CIEAYIOIIEM: C IOMOIIBIO
curaiga CAIl mpou3BOmUTCS OLEHKa KOOpAMHAT
CPq, CPy u CP3 (MeToz, B COOTBETCTBUHU C KOTO-
PBIM NPOU3BOAMTCS OlleHKa koopauHart CP mo cur-
Hainy CAIl, onucan nanee), nanee merogoMm TDOA—
TDOA semmonnsercs OMII OUC. [Ins nocrpoeHus
OIHOM JIMHUU TIOJIOXKEHUS MCIOIB3YETCs OICHKA 3a-

JCPAKKH ATCp,, @ JUIA TOCTPOCHUS JIpyroi JIMHUU

TIOJIOKEHUSI HCIIONIB3YIOTCS TOCIIEN0BATENIBHO OLICH-
KU 3a7iepKek Aty u Aty. B pesynsrare OymyT momy-

YyeHbl 2 BapuaHTa olleHkH koopauHat OVC.
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PaccmoTpuM nekapToBYI0 cHUCTEMY KOOpIWHAT
Xonc OYopc Ha miockocTu. Hagano atoi cucremsl
COOTBETCTBYET UCTUHHOMY Tonoxenuto OUC, cucre-
Ma KOOPIHMHAT PACIIOIOKEHA B IFIOCKOCTH TOPH30HTA,
OCh XQpjc HampaBlieHa Ha CEBEP, OChb Yopc — Ha

T
BocTok. Ilycts XOjic =|:)?g°ﬁc, yg‘ﬁc] — OLCHKA

koopauHar OUC B cucreme Xopc 0Yopc, MOmy-

YyeHHas o HCTHHHOH 3a/IePKKE Aty

T
Yol =[)”(6(f/1”8{, 96%”8{] — KOOPIMHATHI B ITOM Ke

CHCTEME, TIOIyYEHHBIE T10 JIOKHOU 3aJEPIKKE AT).

Onenka X(jjc ABISETCS CydyailHON BeNIUYMHOM,

xapakrepusyrouiei omubdky OMII OUC. B nurepa-
Type, Kak npaBuio, omnoka OMII paccmarpuBaeTcs
Kak JByMepHas HOPMAIBHO paclpelelicHHas IeH-
TPUPOBaHHAsl CIydaiHas BEJIMYMHA C IUIOTHOCTBIO
BeposiTHOCTH [16]

(x) = ;exp(—%xTZ_lxj,

pAuCT
Yone " onls?
rae
=
o2 G . Og. G
B Ronc PRoucYonc ®Rouc ® Jouc
2
SR S ¢y o
PLouc Youc ®fouc © Jouc Youc
— KOBAPMAUMOHHAS MATPUIA, NPHYEM Gy . H

Youc CKO cnyuaiinbix Benmuund X0pc ¥ YOUC

COOTBETCTBEHHO; k03 durmeHT

PR onc ¥ onc

KOPPETSIUK CIIy4alHBbIX BEIHMYUH )A(g‘ﬁc U f/gcﬁc;

[l — cumBon OTIPEICTTUTENS MaTpUIlbl. Eciii N3BECTHBI

sHauennst CKO oTKI0HEHHH TOYEK JIMHUAN ITOI0KEHUS

B accuyutanHoin no3sumimmun HMPU o Hu
p 1L TDOA,;

GTDOA2 , @ TaK¥Ke€ YTroJi, o[ KOTOPBIM IIEPECCKAOT-

Cs JIMHUU TTOJIOKCHUS, MOXXHO BBIYUCIHWTH IMapaMeT-

PRI PR ouc Y onc® S%ouc ¥ Youc

Tax kxak noxubeli nuk Ha BOH ¢ ogunaxoBoit
alpUOPHON BEPOSITHOCTBIO MOXKET COOTBETCTBOBATH
mr000H 3alepKKe ATy U3 JMala3oHa 3HAYCHUH,
ONPEeNeNaeMoro IMepecedyeHueM 30H PaguOBUANMO-

cTM OCHOBHOTO M BeromorarensHoro CP, XQjc

MOYKHO paccMaTpuBaTh Kak CIydyaliHylO BEJIHUYUHY,

HMEIOIIYI0 AByMEPHOE PAaBHOMEPHOE pacipelielieHue
C IUIOTHOCTBIO BEPOSTHOCTH

pAJ'[O)KH (X)ZJ/S,

Xonc

rae S — IUIoaab yJacTka MOBEPXHOCTH 3€MITH, SIB-
JSIOMIETOCs OOJIACThIO TIEpEeceueHus] 30H PaguOBU-
JUMOCTH ucTionb3yeMbix CP.

3amaya BHIOOpa UCTUHHOTO MUKA CBOAMUTCA K 3a-
Jlade pasIMueHus JByX Tunore3: Hpy — mepBbId MUK

WCTHHHBIA, BTOPOM IHUK JIOKHBIA M Hy — BTOpOM

IIMK MCTHHHBIH, EPBBIA — TOXKHBI. Tak Kak XOpc 1

XOHC — HE3aBHCHMBIE CITy4YaiiHble BEIMYMHBI, X

COBMECTHBIE YCJIOBHBIC (IIPU CIPABEIHMBOCTH THIIO-
Te3 Hgp mubo Hq) mioTHOCTH BeposATHOCTH (haKTo-
PpH3yEMbI U HMEIOT BH/]

pka KIOKH (X]_a XZ/HO) =
oncC’ “ouc

1 1 ro-1
=—exp(——x12 le;
2nS |Z|]/2 2
p'\HCT cnoxu (X1, X Hy)=
XOI/IC’XOI/IC( 1 X2/M)
1 o1
:—expi——sz Xz),
2nS |Zl|]/2 2

TIE X1 U Xp — KOOPJAWHATEI, TIOJIyYE€HHBIE II0 TIEPBO-

My U BTOPOMY IHKaM COOTBETCTBEHHO; 71— Mar-
puna, ooparHas X. Torma NMpaBHIO MPHHSTHS pelle-
HUs, ONITUMAJIBHOC MO KPUTCPUIO MAKCUMYMa OTHO-
IICHUS [IPABAOIOA00MH, CBOIUTCS K CICAYIOIIEMY:

ecmn X527 Ixy > xJ=7Ix;, pemenne npunmmacrcs
B 10163y ATy, B IPOTUBHOM CIIy4ae — B MOJL3Y ATo.

Ha mpaktuke He Bcerma MMeeTcs J10CTaTOYHOE
KOJIMYECTBO alIPUOPHBIX AAaHHBIX IJIs1I BBIYUCJICHUS

napamMerpoB Px oyc Y ouc® fouc ¥ CYouc: B T

KOM CJy4ae HE IMpEe/ICTaBIseTCS BO3MOXHBIM IPH
BBIOOpE HMCTUHHOTO IHKA HCIOJbh30BaTh KPUTEPUI
MakCUMyMa OTHOIIEHHWS Tmpapaomnonoduii. Torma
MO>KHO HCIIONIb30BaTh CIIEAYIOIIEEe MTPABUIIO: PEIICHNE
MIPUHKUMAETCS B TOJIb3Y TOTO M3 JIByX IHUKOB, AJISI KO-
TOPOTO PACCTOSIHUE MEXK/Ty PACCUUTAHHBIM IO METOY
TDOA-TDOA nonoxenrem OVC u ucTuHHBIM (U3-
BecTHBIM) noniokenneM OVC muanmansHo. Ecin

X{ X1 < X5X2, )

TO PELICHUE NPUHUMAETCA B MOJB3Y ATy, B IPOTHUB-

HOM CJIy4dae — B ITOJIb3y ATo.
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Haiinem BeposSTHOCTh MPHUHSATHSI MPABUIBHOTO pe-
WIEHUS Ppy, B HOJB3Y MCTHHHOM 3a/Iep’KKU ATy, KOTO-

past paBHa BEpOSITHOCTH BBIITOJIHEHUS HepaBeHCTBA (2).

Beenem o6osnadenue: djo,q =\X2Xo U Oyem

paccMarpuBath ero kak mapametp. [lepeiimem ot
KOpPEITUPOBaHHBIX (B OOIIEM ciydae) CIy4alHBIX

oHCT UCT >
BCIIMYMH Xouc ¥ Youc K CJIy4auHbIM BEJIIMYHWHaAM

onc ¥ Yopc © MOMOIIBIO THHEHHOTo mpeobpaso-

BAHHUS:

)inC = XS%IFC CcoSso + 98%}(: sin o

A sHUCT H ~ANUCT

Youc =—%ouc sina+ Yoic cosa,
e

o=~ arctg 2P Sonc Joue Sonc ®Jonc
2 62  —o2
Xonc Youc

TP 6 %0c  OYouc

n
=7 P %uc = %Youc

B pesynbrare ykazaHHOTO JIMHEHHOrO IpeoOpaso-
BaHMsI OCYLLECTBISIETCS EPEX0ll K HOPMAIIBHO pacrpe-
JIEJIEHHBIM [ICHTPUPOBAHHBIM HE3aBHCHMBIM  CITy4Jaii-
HeIM BermmunHaM Xopc ¥ Yopc. CKO nomydeHHBIX

CHy‘laﬁHHX BCJIMYUH pPaBHBI:

0)’26 :((5% COS2 o+
1C XOI/IC

*+ PRoucYouc SRouc O Jonc SIN26+ Yomc S ¢
oy =|o sin? o —
Youc Rouc
in20 + 2 v
PRoucYouc ©fouc ©Jouc S <% GVOMC cos ¢ '

ITockonbky
T S 2 ~ 2
x1%1 = (%ouc)” +(Jouc)”
BEPOSITHOCTB Py MOXKHO 3aIiCaTh KaK

o 2 A1 2
pnp:P{(XOI/IC) +(yOI/IC) <d§o>1<H}'

,HIIH BBIYUCJIICHUA BCPOATHOCTU BbIITOJTHCHUA
OpeaACTaBJICHHOIO HCPABCHCTBA Tpe6yeTC${ HalTH
IUIOTHOCTb BEPOATHOCTH CYMMbBI KBaJApaTOB [OIBYX

(Ronc )
2
(Gﬁbwc )

HUMECT pacpeACICHUEC Y -KBaapar € OIHOM CTEINEeHbIO

muuHoe CKO. CrywaiiHas BenMuYHHA

CBOOOIBI [~ XZ (1)], KOTOPOE, B CBOKO 0Yepe]lb, COB-

MajaeT ¢ raMmMa-pacrpe/ieicHueM: xz (1= F(l/ 2, 2).

" 2
X/
Tak Kak %~ I'(1/2, 2), no cBoiictBy ram-
O %omc

Ma-paclpeaeIeH s OTyYHM:
) 2 2
(%onc)” ~ F[l/L 2(0%0uc ) };
~ 2 2
(yOHC) ~F|:1/2, 2(69'0MC) :|

Takum oOpa3oMm, TpeOyeTcsl HaTH CyMMY IBYX
HE3aBUCHMBIX CIydailHBIX BEJIMYMH, UMEIOLINX TaM-
Ma-pacIpeeieHus ¢ napamerpoM ¢opmsl 1/2 u pas-
HBIMH TTapaMeTpaMu Macirada.

B o0mem cryuae ciydaiinas BenuuuHa U, mpen-
CTaBISIIOLIAst COOON CyMMY ¢ HE3aBHCHUMBIX CITydai-

HBIX BemmumH G, Taknx, uro G ~T(aj, Bj),

i=1 ..., Q, uMeeT WIOTHOCTh BepositHOCTH [17]:

=, 5 uPleU/By

- >0;
pu (u)= k=0 F(p+k)B1p 3
0,u<0,
rae
q o
C=TT(B/Bi)"; 80 =1
i=1
k+1_
Ok41 = k+1 Ei YiSk+1-i> K =12, .5
q
p=2
i=1
MpUYEM
q k
2o (1-B1/Bi)
v =2 k=1,2,...

k

OTCIOI[a MOJIYyYUM OKOHYATCJIIbHOC BBIPAXKCHHUEC
AJIs1 BEPOATHOCTU MPUHATUA TPABUJIBHOIO PCIICHUA:

HE3aBUCHUMBIX HOPMaJIbHO pPAaclpeNeICHHbIX LIEH- d2 .
TPUPOBAHHBIX CIIy4alHBIX BEIUYUH, UMEIOIUX pa3- Prp = _[ py (U)dU,
0
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7 \ .
KT ,
y
X CAIT\* CPowen
>
y CPI/IC: CPMCX

Puc. 3. Yrounenue xoopauHat CP ¢ momommpio CAIl
Fig. 3. Estimation of the relay satellite coordinates using
a barrage jammer

e s pacuera py (U) mo (3) npunMMaroTest (=2,

=0y =05 B = 2(G%wc )2 ; Bo= 2(6%”C )2.
Kak orMeueHo paHee, BaXHBIM 3TarloM MpeJio-
JKCHHOTO METOZa SBJSIeTCs oleHka koopauHar CP ¢
nomornisto curaana CAIl, mpemmectByromas OMII
OUC no xaxaoMy U3 MHKOB. PaccMOTpUM MPUHITATT
Tako omeHku. Ha puc. 3 xyz — cucrema KoopauHat
ECEF, X'y'z' — TononenTpryeckas cucTeMa KOOpIu-
HaT, TIOJIy4eHHas MapaJuleIbHBIM MEPEHOCOM CHUCTE-
MBI KOOPAMHAT X)Z TaKHUM 00pa3oM, YTO HA4yallo CH-
crembl X'y'z' coBmamaer ¢ mosummeit KI. Torma B
cucreme X'y'z' xoopmunatsl KI' Xy = [0, O, O]T,

npu stom B cucrteme ECEF koopaunater KIU
Xkt =[Xkr, Ykrs Ykr] - B cucteme XYz koop-

snarsi CATL Xearr =[Xearn Year Zcan] e
xonHble koopauHatel CP, moasexalye yTOUHEHHIO

rACX rUCX tMUCX

T
(pHC' 39 CPI/ICX) - Xg]gx :|:XCP ’yCP ’ZCP :| )

onenka xoopauHar CP  (puc. 3, CPOHeH)

T
Xcp =[Xcp, Y, Zep] - Ha prc. 3 CPyp — me-
TuHHOE nonoxkenue CP, o — yronm mexay Hampasiie-
vy Ha CAIl una CPy .

Tak kak s yrounennst koopauHar CP ucrnons-
3yetrcst oqHa CAIl, BO3MOXHA KOPPEKIUS JIHIIb T10
OTHOM W3 KOOpAMHAT. PaccMOTpUM KOppEKLHIO IO
HaKJIOHHOW nanbHOCTU. [IprMem, 4TO HampaBlieHUE

U3 Hayajga KoopauHar cucteMmbl XY'zZ' Ha CPp.y
coBnanaer ¢ HampapnenueM Ha CPg .., a HaKIoH-
Has JanbHOCTB 10 CP o\ TaKoBa, UTO JIODKHO BBI-

TIOJIHATBHCS paBEHCTBO

\/(XbP -xcan)' (Xcp —Xcam) +

(e =Xkt )" (Xep =Xkt ) = cAtea,

YTO PaBHO3HAYHO PABCHCTBY

J(Xep = Xear)" (Xep —Xcar) +
+ \’X'CPTX'CP = CA%CAH,

rie ATcap — OUEHKAa BPEMEHH PaclpOCTPaHEHMs

curnaia CAII na tpacce CAIl — CP .. — KI. Ouenky

ucr
ATCAq C€LyeT BBIUHMCILATH OIMCAHHBIM PaHEE CIO-
coboM (oueHkoi BpemeHu mpuxona curHana CAIl B
KT Ha ocHOBe morcka Mmakcumyma Moyist BOH).
Haiinem BbIpaxkeHue I BBIUHCICHHS OLEHKH
XCp, MCXOMsd U3 yKa3aHHBIX TPeOOBaHUN. YUMThIBas

TpeboBaHue coBnajeHus HanpasneHud Ha CP, . u

Ha CP gy, MOMydaeM paBeHCTBO

dxr—cp
Rop =~
(xe*) s
rie  dyxr_cp — paccrosiane Mexay KI' wu

OneH

CPyen» KOTOPOE, MCHOJIB3Ysl TEOPEMY KOCHHYCOB,

MOXHO BBIYUCIIUTH 1O opMysie
! Ty ~A\2
d __ Xcan Xcan —(cAt)
KI'-CP ey — !
2<COS G\'XbAHTXbAH - CA%)

KOCHHYC YTJIa 0l BEIYHCIISIETCS TI0 (hopMyIie

’ T( TUCX
o (Xcan) XCP)

(Xean)" Xear \(xE~) (<)

Onenka koopaunat CP B cucreme ECEF Oymer
paBHa Xcp =Xcp + XK

TounocTh J%14%!
TDOA-TDOA c¢ yrounennem koopaunatr CP paszpa-
OOTaHHBIM METOIIOM HCCJIEOBAaHA B CPAaBHEHUU C
TOYHOCTBIO TeO0JIOKALINHU HUPU METOAOM
TDOA-TDOA c yTOYHEHHEM KOOpAHMHAT C TOMO-
uipio Tpex PC. Onenka TOYHOCTH MPOU3BEAEHA UMU-
TaMOHHBIM MoJierpoBaHueM. [TapameTpsl Mozenu-
POBaHUS BBIOPAHBI U3 TUITUYHBIX THAMA30HOB 3HAYC-
HUH, XapaKTEpHBIX JIs1 CUCTEM CIIyTHHKOBOM CBSI3H,
CUTHAJBI KOTOpBIX perpancnupytorcs CP, pacmoso-
»keHHbIMH Ha I'CO (Tabnuua).

Tr€oJIOKanu MCTOAOM
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Tunuunele 1Uana3oHbl 3HaYCHUI IAPaMETPOB CUTHAJIOB,
perpanciupyemsix CP xa 'CO
Typical ranges of values for the parameters of signals relayed
by geostationary relay satellites

TunuyHbIN
ITapamerp .
JIMANa30H 3HAYCHHUI
I1Tupuna mosock! curaana, ' 5.10%...30-10°
OCIII B curnaine ¢ ocaoBaoro CP, nb 7...20
OCIII B curnane co ~60...—40
BcromorarensHoro CP, nb

NMuTanmmoHHOEe MOJETUpPOBaHUE TPOU3BEICHO
JUTS IUPUHBI Tostockl curHaioB PU u Bcex OUC
By =2 MI'u. OCHI curnanos MPU u Bcex OUC,

NPUHATBIX ¢ OCHOBHOrO CP,, MNPHMHATO paBHLIM
Ycp, =10 nb. OCII curaanos UPU u Bcex OUC,
HNPHHATEIX ¢ BeromorarenbHbix CP; m CPg3, momo-
JKEHO PaBHBIM Ycp, =Ycp, =90 Ab. Tlpu ostom
50CII Yad ~—47 nb, cnemoBaTeibHO, IS MOTyYe-
Hus OCII Ha BbIXOZE KOppensTopa HE MeHee
Yeex = 20 nb Tpebyercs 3HaueHue OBK, He MeHb-
uree 67 ab, uro Tpedyer kak MUHUMYM N = 0.5-10"
KOMIIJIEKCHBIX OTCUETOB. B sKcIIepiMeHTax ¢ 3amacoM

8
npubsTo N =10 KOMIUIEKCHBIX OTCYETOB, YTO COOT-
BETCTBYET JUIUTENLHOCTH 3aIUcH cUrsaia

T =108/ (2-106)=50 c. IIpu srom CKO onenku

£

Puc. 4. Nzomuaun omm6kn OMIT PU, nonmyuennsie metogom TDOA-TDOA c¢ yrounenuem koopaunat CP

TDOA mms HPHU u Bcex OUNC
cQUC — 1PH _ 6 4493.107° ¢. upunaa moI0CH!

AT At

curHanos CAIl npunsita pasHoit 30 M,
OCII curnana CAIIl — paBnuoit —50 nb. Jdnurensb-
HOCTh OoOHapyxeHus1 curHana CAIl mpunsTa paBHOH
0.5 c, uro mo3zBomsier momyunth JOBK = 71.7 nb
u OCIII na BbIxoze koppenaropa 24.7 nb. Cnenosa-

tenpHO, CKO oleHkn BpemMeHHM mnpuxofa CHUrHaia

CAIl cocraBur GZ;H ~1.0585-107° C, TpH 3TOM

Oz, =1.4969-1077 c.

COCTaBHIIO

Ucxonnrie koopaunare! CP, mpuHsaTeie B Moaeny,
COOTBETCTBYIOT HOMHHAJILHBIM KOOpAWHATAM CITYT-
HUKOB Ha TIeOCTalMOHApHON opbute, monrorta: 10°

(ocuosnoit CP;), 7° (Bcnomorarensusiii CPp) n

13° (BcrioMoraresnbHbII CP3). Ammntyna xoneba-

Huil CP COOTBETCTBYET TUIHMYHBIM 3HAYCHUSIM Ha
I'CO u pasna 0.02° no mwupore u gonrore 1 10 xm
o BBICOTE OpOWTHI. KoMIurtekc reomoxammu pacto-
noxeH B Cankr-IlerepOypre (60° c. mr., 30° B. m.).
Mogenupyembie IPU pacnionaratoTcs B y3/1ax CeTKU
¢ maroMm 10° mo mupoTe u Mo HOAroTe Ha IOKa3aH-
HOM Ha TIPEJCTABICHHBIX Jajieeé PUCYHKAaX YYacTKe
3eMHOI NOBEpXHOCTH. J{7s1 KaxabIx koopauHat MPU
mpoBegerno 1000 skcmepumentoB, ommbOka OMII

a

¢ nomoupto Tpex PC. 3HadyeHns ommOKy yKa3aHbl B KWIOMETPax

Fig. 4. Isolines of the error in determining the radio emission source geolocation, km. TDOA-TDOA method
with the relay satellite coordinates estimation using 3 reference stations
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NPU B yka3aHHBIX KOOpAMHATax MOJIy4YeHA yCpeAHe-  ciydae, korna koopauHatsl CP yTOUYHSIIUCH C [TOMO-
HHUEM I10 BCEM SKCIICPUMEHTaM. mpio Tpex PC, pasmemensbsix B Cankr-IlerepOypre,

Ha puc. 4 nokasana 3aBucumocth ommbku OMIT  Pocrose-na-Zlony u Kasanu. Ilpu 3ananusix napa-
UPU metonom TDOA-TDOA ot xoopaunar UPM B MeTpax MonenupoBanus cpeausis omubka OMII

3wk

Puc. 5. W3onunmn omu6ki OMIT WPU, nonyueHHbIE METOAOM TDOA-TDOA ¢ yTqueHHeM koopaunat CP
pa3paboTaHHBIM METOI0M. 3HAYCHHUSI OLIMOKH yKa3aHbl B KWIOMETPax

Fig. 5. Isolines of the error in determining the radio emission source geolocation, km. TDOA-TDOA
method with the relay satellite coordinates estimation using the developed method

3 .. - ’7- -t T “—— -
Puc. 6. Nzommann omm6bku OMIT MIPU. Metogq TDOA-TDOA c yrounennem koopaunat CP pa3paboTaHHBIM METOIOM.
®DoKycHpOBKa MAKCUMAIBHON TOYHOCTH B MHTEPECYIOIINX PErHOHaX. 3HAUCHUS OIIMOKHU yKa3aHbl B KWJIOMETpax

Fig. 6. Isolines of the error in determining the radio emission source geolocation, km. TDOA-TDOA method with the relay
satellite coordinates estimation using the developed method. Maximum precision focusing in the regions of interest
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HPU B mobanbHOM 30HE COCTaBMIIA OT COTEH MeET-
POB 110 eIWHHII KWJIOMETPOB, IIPU 3TOM MaKCHMAJIb-
Has TOYHOCTH IOCTHTACTCs BOJHM3H MECT PacIoio-
xerust PC, 9To HEe TI03BOJIAET MTPOU3BOIUTH (DOKYCH-
POBKY MakKCHMajbHOH TOYHOCTH B NPOU3BOJIBHBIX
HHTEpeCyoNx peruoHax. Kpome Toro, omHa wim
Heckonbko PC MoryT oka3eiBatbes He B iryue CP.

Ha puc. 5, 6 nokazana 3aBucumMocts ook OMIT
HNPU meronom TDOA-TDOA ot xoopnuratr UPU mpu
yrouneHnr koopauHat CP paspaboTaHHBIM METOIOM.
Ha puc. 5 CAIl pacnonoxena B Cankt-IlerepOypre,
OUC pacnonoxens! B Kazanu u Pocrose-Ha-/lony. 13
PE3yIIBTaTOB, MpencTaBieHHbIx Ha puc. 6 (OMC pacro-
noxensl B [lapwke u barmane), cnenyer, uro paszpabo-
TaHHBI METON TO3BOJISIET OIEPATUBHO YBEIMYMBATH
paccrostare Mexxty OWC u CAIl u okycrpoBars Mak-
CHMAITBHYIO TOYHOCTH B TPEOYEMBIX PErHOHaX, a TaKkKe
BeIOUpats Te OUC, xoTopble HaxoasaTes B ayue CP. O1o
TPUBOIMT K TOBBIIICHAIO TOYHOCTH IO CPaBHEHHIO
¢ MeToioM rcronb3oBanus Tpex PC.

Oocysxnenune. PazpaboTaHHBIE METOI COBMECT-
goro ucrons3oBanug CAIl u OMC mo3BossgeT ore-
HUBATh KOOPOMHATHI HCMONB3yeMBIX CP 1t moBEI-

IIeHUsS TOYHOCTU TeoJIoKaruu. MMuTammoHHoe Mo-
JeJIMpOBaHUe IOKa3ano, 4Tto ucnoib3zoBanne OUC
MO3BOJISICT OMEPATHBHO MEHATh KOH(MUTYPALIUIO H30-
JWHUN TOYHOCTH, (POKYCHPYSI 30HBI MaKCHMATbHOU
TOYHOCTH, COCTABIISIONIEH COTHH METPOB — SIUHUIIBI
KHJIOMETPOB, B MHTEPECYIOIINX PETHOHAX, JJIS Yero
HeoOxoauMo BblOupare OMC, pacnonoxeHHbIE B
COOTBETCTBYIOIIMX peruoHax. [Ipu 3ToM mpumMeHe-
Hue CAIl mo3BoisgeT NOBBICHTH TOYHOCTE OMII
HPU B pernone ee pa3MelieHus, a TAkKKe pa3pernTh
BO3MOXXHYIO HEOIHO3HAYHOCTH OTHOCHUTEIBHO HC-
TUHHBIX NmHKoB Ha B®H cumruanos OWC. Makcu-
ManbHasg Tounocth OMIT UPU nocturaercs B mo3u-
muax CAIL, OMC; u OUC,, a Takxke BHYTpU oOpa-

30BaHHOIO UMM TpeyroiabHuka. Kpome Toro, npume-
HEHME CHIHaja MOJACBETA JAAaeT BO3MOXKHOCTb MPOM3-
BOIWTH KOMITEHCAIIMIO YaCTOTHBIX HECTaOMIBHOCTEH
U YaCTOTHBIX OTCTPOEK CIYTHHKOBBIX I'€TE€POJUHOB,
YTO MPHUBOAUT K JONOJHUTEIBHOMY BBIUTPBIILY
B TouHoct OMII UPH, B sHepreTuke U B OBICTPO-
JeHCTBUM. DTO JOKHO ABIATHCS TEMOU OTIEIBHOTO
HCCIIEIOBAHUSL.
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CvHTe3 anroputMa TpaeKTopHO 06paboTkn 06 beKToB
MeToAaMM TeoOpUM KnacTepmsaumm AaHHbIX

Bao HryeH ®yHr': 2>, flaHr KyaHr Xvey'
! TexHU4Yecknin yHuBepcuteT uMm. fle Kyii loHa, XaHol, BbeTHam
2 IHCTUTYT pa3BUTUS TexXHoNOrniA, Meana 1 obLiecTBeHHas accoumaums, VUSTA, BbeTHam

™ nguyenphungbao@lgdtu.edu.vn, baonp@imc.org.vn
AHHOTaumA
BeegeHune. C KaxzblM roflOM CTAaHOBUTCH C/IOXHEe COBepLUeHCTBOBAaTb MpoLecc 06paboTkn MHPopmaumm o
TpaekTopuax ABMXEHUS 06BHEKTOB, MONyYaeMOol 13 CEHCOPHOW ceTU. DTOT MpoLecc MMeeT 0coboe 3HayveHune
ANS LeHTpoB 06paboTkn nHdopmaumm 1 gaHHbix (LLOWIJ), B KOTOPbIX OCYLLLECTBASETCS KOHTPOAb U yrnpasne-
HVe, TaK Kak BO3HMKaeT BOMPOC CONocTaBieHns nHoopMaunm n GopMmMpoBaHNS UCTUHHBIX TPaekToOpUin 06b-
eKTOB B 061aCTV nepeceyeHns 30H 0bHapyxXeHUs ceTu. MNpu NCNONb30BaHNN TPAANLIMOHHBIX MOAXOLO0B K pe-
LeHM0 JaHHOWM MpobaeMbl BO3HMKAKOT BOMPOCHI, CBA3aHHble C obecneveHrem 3dpPpeKTMBHOrO npesocrase-
HWS NONb30BaTeNeM BbIXOAHOW JOCTOBEPHOW TPaekTOPHOW MH$OPMaLMM B peasbHOM BpemeHW. B gaHHoOI
cTaTbe NpeAnoXeH HOBbI MOAXO0Z K peLleHMIo 3TOro BONPOCa Ha OCHOBE TEOPUU MHTENNeKTYanbHOro aHanumsa
JaHHbIX (data mining) c NOMoLLbI0 MeTOA0B KlacTepu3aum JaHHbIX.
Lenb pabotkl. PaspaboTka 0606LLeHHO CXxeMbl TpaekTopHo obpaboTkm (TO) B LIONA 1 cnHTes anropmutma TO
C MCNONIb30BaHNEM METOA0B KlacTepmnsaummn JaHHbIX.
MaTtepuanbl U MeToAbl. Teopusa knactepusaunmn JaHHbIX, TEOPUS CUCTEMOTEXHUKM, Teopus 0bpaboTkn pa-
AVONOKaUMOHHOW nHpopmaumm (PJIN), meToAbl MaTeEMaTUUYECKOrO MOAENMPOBAHNA 1N NPaKTUYeCcKoro 1c-
cnefoBaHuUS.
PesynbTathl. Ha ocHoBe aHanun3a cyLHoOCT npouecca obpabotkm PV B LLOW/A n ero cxofcTea ¢ npoLeccom
Knactepmsaumm AaHHbIX CMHTE3MPOBaH anropuTM TPaeKTOPHOW 06paboTkM 06bEeKTOB, MPOBEPEHHbLIN Moje-
NINpOBaHMEM N 3KCNePVMEHTaNbHO. NNoMUMO anropnTtmMa CMHTe3MpoBaHa CTPYKTypHasa cxema TO ana LIOUA,
MOyYeHHOI N3 CEHCOPHOM ceTu.
3aknoyeHune. NpeanoxeHbl 0606LLeHHas CTPYKTYpHasa cxema u anroput™ TO gna LUOWA. OHu moryT sddek-
TUBHO NMPUMEHATLCA 415 PA3INUYHbBIX CUCTEMHBIX Moenel TO, Takmx, Kak LieHTpann3oBaHHas, nepapxmnyeckas
N JeueHTpann3oBaHHas. CMHTE3MPOBaHHBIA anroputM MOXeT obecrneynBaTb MpPefoCTaBleHNe BbIXOAHbIX
JAHHBIX 06 NCTUHHbBIX OTOXZAECTB/IEHHbIX TPAEKTOPUSX MO MHOTVM MoKasaTensiM cucTembl 06paboTkn HOOp-
Mauwnmn (CON).

KntoueBble cnoBa: TpaekTopHas 06paboTka, nepmog angenTta (nepmos o6HOBAEHNS), OTOXAECTBIEHNE TPAEKTo-
pun 06beKTOB, oTMeTKa TpaekTopuu (OT), pagnonokaLmoHHas nHopmaLms, Knactepmsaums AaHHbIX, TOpPHas
Knactepusaums, cybTpakTMBHas KaacTepusaLms
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Abstract

Introduction. Requirements for the quality of information about the trajectory of moving objects provided by
sensor networks are increasingly becoming more stringent. For Information and Data Processing Centers (DPC)
at control and management command posts, the issue of information mapping and forming the true trajecto-
ries of moving objects in the area of intersection of network detection zones is of particular importance. The
use of conventional approaches to solving this problem involves issues related to ensuring the efficient provi-
sion of users with complete and reliable information about trajectories in real time. In this article, wee propose
a new approach to solving this problem using data mining theory, in particular, the methods of data clustering
theory. Based on an analysis of the process of processing radar data in a DPC and its similarity with that of data
clustering, we synthesized an algorithm for processing the trajectories of moving objects. The algorithm was
verified by modelling and experimental research.

Aim. To develop a generalized scheme for processing object trajectories (TP) in a DPC and to synthesized a TP
algorithm using the methods of data clustering theory.

Materials and methods. Data Clustering theory, Systems Engineering theory, Radar Data processing theory
(RD), methods of mathematical modelling and experimental research.

Results. Based on an analysis of the essence of radar data processing (RD) in a DPC and its similarity with the
process of data clustering, an algorithm for processing the trajectories of moving objects was synthesized and
verified by modelling and experimental research. A generalized scheme for processing the trajectories of mov-
ing objects in a DPC and a TP algorithm for a DPC were synthesized.

Conclusions. An algorithm for processing object trajectories was proposed based on a new approach of data
clustering theory. A generalized scheme and an algorithm for processing object trajectories (TP) in a DPC were
suggested. These developments can be effectively applied in various models, e.g. centralized, hierarchical and
decentralized. The synthesized algorithm can provide output information about the true identified trajectories
in terms of various indicators of data processing systems (DPS).

Keywords: trajectory processing, update period (UP), identification of objects trajectories, trajectory marker
(TM), radar data, data clustering, subtractive clustering
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Beenenne. O0padoTka HHpOpPMAIA O TpaeKTO: (Ol)’ BTOPHUHYIO (02) M TPETHUHYIO (03) o6pa-
PUSIX JBIKEHHUS OOBEKTOB BCEra ObLIa aKTyaJIbHOM

npobnemoii [1, 2]. K HacTosmemy BpeMeHu B 0Ona-
CTH TpaekTopHOH o0paborku (TO) cymecTByer
MHOXKECTBO JIUTEPAaTyphl W HCCIEAOBATENBbCKUX pa-
00T, B KOTOPBIX NPHHATO AenuTh mporecc TO Ha

OTallbl: ACTCKTHUPOBAHHWEC CUTHAJIOB o) , NCPBUYHYIO

6OTKy. OTansl 021/1 03 pasiinvaroTCda TEM, 4YTO 30HBI

OOHApY)KEHHS OTIC/BHBIX CEHCOPOB W 30HBI [ICH-
ctBuA LleHTpoB 00pabOTKM TaHHBIX HUKHETO YPOBHS
(IIO/1) OOBIYHO TEPEKPBHIBAIOTCA. OTO MPHBOIUT
K 00pa3oBaHUIO 00JACTH MPOCTPAHCTBEHHOIO Mepe-
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CeUYeHus1, B KOTOpOi mH(pOpManus 0 TPACKTOPHH OA-
HOTO U TOTO ke 00beKTa OOHOBIISIETCS C Pa3HBIX CEH-

copoB. B cBsi3u ¢ 3TUM OfHOM U3 3a7a4 O3 SIBIISIETCSI

HAXOXKJICHUE B PEabHOM BPEMEHH YHCiIa OObEKTOB
B 3TOH oOnactu (puc. 1).

—— — UCTHHHAs TPAeKTOPHS; -
------------- — OT wu3 cencopa Noz;

- — OT u3 cencopa Nogz;
— OT wu3 cencopa Nos

Puc. 1. Tpernunas obpaborka O3 B HOWU/J
Fig. 1. Tertiary O, processing in a DPC
OnHako KOHEYHBIM PE3YJIbTaTOM BTOPUYHON O2

u TpeTHyHOi O 006paboTKy sBIsETCS HH(OPMALs

O TPACKTOpHUAX ABUIKCHHUA O6’I>6KTOB, IMO3TOMY TaKO€
sAIBHOEC ICJICHUEC HE BCCIrla MPABUIIBHOC. B HEKOTOPBIX
KOHKPCTHBIX MOACIAX HCIIOJIB3YCTCA MHOXECTBO

CCHCOPHBIX ceTeld, n peamnsauus Oy TpeGyer Hc-

MOJIB30BAaHMS  JIOBOJBHO  OOJBIIOTO  KOJHYECTBA
anpHOpHOH MH(OPMAIIUH, YTO HE BCErJa MPaKTHYHO
B PEaJbHOM BpPEMEHH U, B CBOIO O4epenb, Tpedyer
TPOMO3/IKMX MareMaTH4ecKuX BbrumcieHui |1, 3—6].
B pesynbrare Bo3HHMKaeT mpobiiema B obiacTu mepe-
CCUCHHS CETEH, CBSI3aHHOU C accoIMaren (rpynmnm-
POBKOI) TPAaGKTOPHBIX OTMETOK K MCTHHHBIM TpacK-
topusM. Ilo 3Toli mpUuMHE B JaHHOM cTaThe Mpensa-
raercsi OObEIUHUTH DTaIlbl 021/1 O,, a Bech mporiece

TO OymeT coCTOATH TONBKO W3 ABYX JTaIoOB: 00pa-
OOTKH CHUTHAJIOB U TPAEKTOPHOM 00pabOTKH.

B nanHO#1 cTraThe mpesiaraeTcsi HOBBIM MOAXOM K
peutenuto 3agaun TO MeTogaMH TEOPUM KJIACTEpH-
3allMM JaHHBIX. BHauane npUBOIATCS HEKOTOphIE
HEOOXOOMMBIE TIOHATHS M 0000LICHHAS CTPYKTypHas
cxema miporecca TO B Llentpe 06paboTku nHbopMa-
unoHHbIX AaHHbIX (LIOW]), 3atem — pelieHue 3aaa-

yu TO MeromamMu TEOpWHU KIACTEpH3alliH, Jaliee
MPEACTAaBICHO OCHOBHOE COAEp)KaHHE IIpolecca
CHHTE3a aJlfTOpPUTMa U HAKOHELl — Pe3yNbTaThl MOJe-
JMPOBAaHHUA U TIPAKTUYECKUX HCIBITAaHUHA, a TakkKe
OIIeHKa A3QPEKTUBHOCTH MPEUIOKESHHBIX PEIICHHH.
Omnpenesienust 1 00001IeHHAs CTPYKTYpHasi
cxema TO B HOUJ. Kak u3BecTHO, TpaekTopHas
HHPOPMAIHS O JBIKYIIUXCS OOBEKTaX, MOCTYIAr0-
mas ot cencopoB U O/ x LION/, umeer auckpet-
HBII XapakTep IO BPEMEHH, II0ATOMY MOKHO BBECTH
clefyolee OonpeaesceHue "OTMETKH TpaeKTopuu"

(OT) Xi(k) °

1. OT X;(K) — oro BektOp, Ccomepxammii

KOHKpPETHbIE KOJNWYECTBCHHBbIE M KaueCTBEHHBIC
3HAYEHUS B MIPOCTPaHCTBE MIPU3HAKOB:

X (k):{xil(k)...xip (k)}. IMostomy BxOmHas uHOP-

marust [IOWUJ MoxkeT OBITh MpencTaBlieHA B BHJIEC
MHO)XECTBA BEKTOPOB UJIM MaTpPHUIIbI:

(k) (k) %p(K) ]
X(K) = Xp (k) xp(k) e Xpp(K) ’
_Xm(lé;l(k) Xm(k.)uz(k) Xm(k.)”p(k)_
e Xi:{xil,...,xip,...,xip} — BeKTOp i-i Tpa-

CKTOPHOM OTMETKH (i=1...m(k)) HEKOTOpOH He-
omnpeneneHHoi Tpaektopun; M(K) — 4ucio ormerok
TPAeKTOPHH, MOCTYMAIIMX W3 CEHCOPHOH CeTH K

HOW/I B k-m nepuone anjeira; Xj, — 3HAYEHUE P-TO

p

npusHaka - ormerku Tpaektopuu (p=1...P);
P:Pl+P2 (R, P2 — YHCIO0 KOJMYECTBEHHBIX H

KaueCTBCHHBIX MPU3HAKOB TPACKTOPHOW OTMETKU
COOTBETCTBEHHO).

Kpome Toro, mobasisieTcs HoHsATHE "TIEPHON arl-
nenra".

2. Ilox "mepuonmom amjeiita" cieayer NOHUMATh
HEOOXOIMMBIA HHTEpPBAJ BPEMCEHH, YKA3aHHBIA BEI-
YUCIIUTEIBHON CHCTEMOU JUISA BBIIIOJIHCHUS 3aJa4yu
TpaekTopHoi 00padotku B LIOU/I.

B cooTBeTcTBUE C OmpeneneHrneM Iepro] arei-
ta [ION/] He 3aBUCHT OT mepuoja HaOMoneHus, 00-
paboTtku oTaenbHbIX ceHcopor u IO, LIOU]] mo-
XKeT paboTaTh HE3aBUCUMO OT CEHCOPOB U HE TPeOy-
€T CHHXpOHHu3aluu ¢ HUMHU. [Ipobnema BeIOOpa Te-
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puona anneiita mis [IOW]] Bo3HmkaeT u3 TpedoBa-
HUH TIpelOCTaBIIEHUS I10JIb30BATElIEM OTOXKAECTB-
JICHHOW TPAaCKTOPHOH HHGPOPMAIIMA B  PEabHOM
BpPEMEHHU.

O06o00mas pe3ynbTaThl HCCIEI0BaHUS,
chopmymuposats 3amgaay TO B LIOUJ cnenyromum
00pazoM: ompeneneHNe KOIMYeCTBa UCTUHHBIX Tpa-
EeKTOpUH B 30HE JEWUCTBHS CETH, NMOCTPOCHHOM W3
MHOXECTBAa Pa3HBIX HCTOYHUKOB (CEHCOPOB), Kia-
crepuzaius u coprupoBka kiaccoB OT Kk UCTHHHBIM
TpaeKTOpusM, (QUIBTpAIMs U CONPOBOXKIEHHE HC-
TUHHBIX OTOXKIECTBIEHHBIX TPACKTOPHUI.

Juia pemieHust cOpMyIHPOBAHHON 3a/1aun Tpe-
JlaraeTcsi MCIOJb30BaTh METOMABI TEOPUHU KIIACTEPH-
3alMH, PEAIOoJIaraoiue CISAYOIMA aJropuT™:

1. Ompenenenue yucia KiIaccoB (Yuciaa WUCTHH-

MOXKHO

HBIX TPAeKTOpUil) u3 BXogHOTO MHOXKecTBa OT X(k)

B 30HE JIEHCTBYUS CETH.

2. Pa3Onenne BXOTHOTO MHOYECTBA X(k) o

YHUCITy KJIACCOB (YNCITY HCTHHHBIX TPACKTOPHH).
3. CopTupoBKa HaHIEHHBIX KiIaccoB (TIOIMHO-

KECTB U3 X(k)) K UCTUHHBIM TPACKTOPHSIM.

4. @uibTpausi MU COIPOBOXAECHUE HCTHUHHBIX
OTOX/IECTBJIEHHBIX TPACKTOPUI.

Ha puc. 2 uzoOpaxena obobuiennas cxema TO
B HOU/I.

Pemiennsi 3agau TO meromamMm Teopnu Kia-
cTepu3aluMm.

Pewenue 3a0auu onpedenenuss yucia ucmuHHbIX
mpaexmopuii 8 30He Oelcmeus cucmemvl Menooom
cyompaxmugnoti kracmepuzayuy. CyOTHOCTb METO-
Ja CyOTpakTHBHOW KIJIACTEPH3ALMU 3aKII0YacTcs B
TOM, YTO TPOLECC KIACTEPU3ALNH IIPOU3BOIUTCS IO
MPU3HAKY TUIOTHOCTH BXOIHBIX TAHHBIX (OTMETOK) B
mpocTpaHcTBe u3Mepenus [7-9]. B cBow ouepens,

Yager R u Filev D npenioxuiy Ha3HAYUTh Kax 0N
OTMETKE CBOH IMOTEHNIHAT MO MPU3HAKY IUIOTHOCTH
[7, 8]. CHayasa mpeamnoyiaraercs, 4T0 BCe OTMETKHU
MOTYT OBITh IIEHTpaMH Ki1acTepoB. Ha BTopoMm sTarme
IUIL KaXAO0M OTMETKH PpAaCCUMTHIBACTCS 3HAYCHHE
MOTCHIIMAA, MOKA3bIBAIOIIETO BO3MOXHOCTH (op-
MHUpPOBaHUS KJacTepa B €r0 OKPECTHOCTH. YeM Tyme
pacIoNoKEeHBl OTMETKH, TEM BBIIIE 3HAUCHHS II0-
TeHnuana. Ha TpeTbeM 3Tame UTEpallMOHHO BBHIOH-
paroTcs HEHTPH KIACTEPOB Cpeadl OTMETOK C Mak-
CHMaJbHBIMH TOTCHIIHAIAMH.

OOBIYHO MAKCHMAJIBHBIA MUK OKPYXEH HEKOTO-
PBIM  KOJIMYECTBOM JOCTAaTOYHO BBICOKHX ITHKOB.
[Mo3ToMy 11 HA3HAYCHUS IICHTPA CICAYIONIETO Kiia-
cTepa HeoOXOMUMO, B MIEPBYIO O4Yepellb, UCKIIOUUTh
BJIMSIHUE TOJBKO YTO HAWJCHHOTO KiacTepa. B Takom
cllydae CIIEAYeT IIepeCcUNTaTh 3HAUCHUS ITOTCHIHAIa
IUIL OCTABIIUXCS BO3MOXKHBIX IICHTPOB KIIACTEPOB.
3areM BBHUMTAIOT BKJIAX IGHTPa TOJBKO YTO
HaiiieHHOTO Kiactepa. VIMEHHO MOATOMY TaKyko
KJIaCTEPH3ALUIO HA3hIBAIOT CYOTPAKTHBHOM.

AHanM3Upys I1eleBble GYHKIIUU 3a/1add CyOTpaK-
TUBHOHM KJIaCTEpU3aIlMM B YaCTHOM CJIydae OIpelie-
JICHUS YUCIIAa UCTUHHBIX TPACKTOPHUH, MOXKHO CIIENIaTh
BBIBOJ O CXOJCTBE "TJIOTHOCTHOTO CBOMCTBa" pac-
npexaenenust OT B mpocTpaHCcTBe MpU3HAKOB (puC. 3).

B cBsA3H ¢ 3TUM TOSIBIISETCS BO3MOXKHOCTD npu-
MCHEHUS] CYOTpPAaKTHBHOW  KIACTEPU3ALUH IS
HaXOKJICHHUS YHClia UCTUHHBIX TPAeKTOPHHA B 30HE
JEUCTBUSA CETH.

Heuemxkas xnacmepusayus OT no oannvim uc-
munHblX mpaexmopui. JIns perieHus psga 3aaad
pa361/IeH1/1$1 JaHHBIX TI0 KJIacCaM, 4YHUCJIO0 KOTOPBIX
OTIPEICTICHO, MOMY/ISIPHBIM HHCTPYMEHTOM SIBIISIETCS
HEYCTKUH  QJTOPUTM  KiacTepu3anud  (c-mean-
kiacrepusanus). [Ipy TOYHOM OIpEACICHUU Iielie-
BOM (DYHKIIMH KpUTEPUEM IJIsI pa3OMCHUS SBISICTCS

Knacrepusanus Accouuanus
o fcelH cop No Onpenenenite OT no uuciy KJIacCOB
2 — uciia HCTHHHBIX HCTHHHBIX OT K UCTUHHBIM
TpaeKTopuit N
Z o P P TpaeKTopHit TPaeKTOPHIM
2 = |Cencop Non E
> Q
=
)
o] Q
E o a
) = [
o g 2 [ =
> = O No1 g nonnm g B
2 O ) 2 8
I - T &
E g S8 @unpTpanus g g
= R U COMPOBOK/ICHHE £ o
HOH Nowm o M
OTOKJIECTBICHHBIX % A
9 TpaeKTOpHit M

Puc. 2. O606mmennas cxema TO B [JOUJ]
Fig. 2. Generalized scheme TP in a DPC
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Puc. 3. CXoICcTBO "IIIOTHOCTHOTO CBOICTBA" pacrpeesieHns JaHHbBIX B IPOCTPAHCTBE MPU3HAKOB TAHHBIX CyOTPaKTHBHOU
KJ1acTepu3anii (a) U HaXOX/ICHUH YHCIa HCTHHHBIX TPAEKTOPHH B 30HE JeiCTBUs ceTH (0)

Fig. 3. The similarity of the "density property" of data distribution in the feature space of subtractive clustering data (a)
and finding the number of true trajectories within the coverage area of the sensor network (6)

CTENEHb MNPUHAIIEKHOCTH KAXJIOT0 3HAYECHUS
K paccMaTpuBaeMOMy KIIAacCy, MpeICTaBUTENEM KO-
TOPOTO sBISIETCS MEHTp camoro kimacca [9—-11]. On-
HaKO TIpU pean3allii c-mean-KiIacTepr3alii CTEIIeHb
MPUHAUIEKHOCTH HEKOTOPOTO BXOAHOTO 3HAYEHUSI MO-
JKET MPUHUMATh TOJBKO 2 COCTOSHHUSL: JinOo 1, ymbo 0
[12, 13]. DTO PUBOAUT K TOMY, UTO JTAaHHBIC, HAXOI-
mMecsl Ha TpaHUWie pa3OMeHus, OyayT yrmaleHbl W3
BXOTHOTO MIPOCTPAHCTBA.

OTOT HEMOCTaTOK MOXKHO YCTPAHHUTh HEYETKOM
c-mean-kiacrepusauueil. Ilpu 3ToM creneHs npu-
HA/IISKHOCTH TAHHBIX MOXKET HAXOOUTHCS B WHTEP-
Barie ot 0 mo 1. OrpaHuueHus: HEUETKOW cC-mean-
KJIacTepu3aIyy OyIyT BOSHUKATh B CUTYallUsAX, KOTaa
JNaHHBIC HAXOIATCS CIUIIKOM JajeKo OT IICHTpa
KJ1acca (TpaeKTOpHasi OTMETKa HaXOMUTCA JaJIeKO OT
OTOXJECTBICHHON Tpaektopuu). [Ipu 3ToM MHTYH-
THUBHO XOTEJIOCH OBl HA3HAYHUTH CTEIICHD ITPHHAIICHK-
HOCTH I JIIO0OH OTHAJICHHOW OTMETKH, HO 3TO
MPUBOIUT K HAPYIIEHUIO YCIIOBUSI PABEHCTBA CYMMBI
CTeNeHeH NPUHAAJIEKHOCTH BCEX JAHHBIX B OJHOM
KJlacce eIMHMIE ISl 3TOH METOAWKH. PesymsraToMm
MPUMEHEHUS] HEYECTKOH Cc-mean-KjacTepu3aluu Jis
3a1a4n pa3OueHnsT MHOXKeCTBA BXOAHBIX OT SBISIOT-
Csl IOIMHOXKECTBA — KJIACCHI, YUCIIO KOTOPBIX Hanze-
HO paHee, ¥ UX IMPEeICTaBUTENN — IICHTPHI KJIACCOB.

CoprupoBka kJjaccoB (moamuoxkectB) OT
K HCTHHHBIM TpaeKTopuaM (kjaaccam). Accouua-
uus (CpaBHEHHUE) MHJEKCA UCTUHHBIX TPACKTOpUH U
HHJEKca KJaccoB (MOAMHOXKECTB), HAaWJEHHBIX pa-
HEe, OCYHICCTBISIIOT IPOCTBIM  METOAOM k-
KJIaCTEpU3alX BXOJHOTO MHOXKECTBA, COAEPKALLETO

BCE LIEHTPHI KJIACCOB. Pe3ynmbraToM 3TOrO mMpolecca
Oymer accommamms OT KaKmOTO MOAMHOXECTBA CO
CBOEH WCTHHHOW OTOXJIECTBICHHON TpaeKTOpHEH.
Uro ke kacaeTcs 3aadul QHITPALIUH U COIPOBOXK-
ICHUS OTOXIICCTBJICHHBIX OTMETOK, BO3MOXKHO IIPH-
MEHEHHE aJropuT™Ma CyOONTHMAJIBHOTO 0aileCOBCKO-
ro noaxoaa anroput™ PDA [6, §]. I[Ipu 3ToM B BBI-
paKEHHH ISl OLEHKH TUHAMHYECKOTO COCTOSHII
00bEeKTa 3HAUEHUS BEPOSTHOCTH aCCOIMAIMN OTMET-
KA K TPAEKTOPUH MOXKHO 3aMEHUTh Ha COOTBETCTBY-
fomiee 3HaUYCHWE YPOBHS TNPHHAMICKHOCTH, HUCXOIS
W3 METOJUKH, OTNIICAHHOMN paHee.

Cunre3 aaropurma TO. CucTteMHBIH alIropuT™M
MOJKET OBITH BBIBEAEH U3 0000mmenHoi cxeMsl TO B
HOUJ (cm. puc. 2) u BKiItO4aeT B ceOs 3 JAOMOIHU-
TCJIBbHBIX aJITOpUTMaA:

1. AnropuTwm ompeaeneHus Yiciia UICTUHHBIX Tpa-
EKTOpUil METOIOM CyOTPaKTUBHON KIIACTEPHU3ALIUH.

2. ANTOpUTM KJacTepU3allii BXOJHOTO MHOXeE-
CTBa TPAEKTOPHBIX OTMETOK IO YMCITY UCTUHHBIX Tpa-
EKTOpUI METOJIOM HEYETKOH C-mean-KiacTepu3allyi.

3. AuropuTM accoumpanu KiaccoB (TOAMHO-
JKECTB) K HCTUHHBIM TPACKTOPHSIM METOIIOM k-mean-
KIIaCTEePHU3AIIHH.

Ha puc. 4 u3o6paxeHa cxema aJropurMa omnpese-
JICHUS YMCIIa UCTUHHBIX TPAEKTOPH OOBEKTOB B 30HE

neficTBus co cnexyrommmu obosnadennsvu: X(K) —
MHO>KECTBO BXOIHBIX JAaHHBIX TpaeKTopHI)IX OTMETOK,

BXOJIAIIMX B MHTEPBA NIEpHO/Ia anjieiTa k; X D (k) -

3HAYE€HUE p-TO TIPHU3HAKA i-il TPACKTOPHON OTMETKH
(izl...m(k)); m(k) — umcno ormerok B X(K);
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p — MHIEKC TPH3HAKA (KAK KOMMYECTBEHHOTO, TaK
u kauectennoro [15]); z, (k) — mentp Kmacca mpu

2
z,(k)=x (k); d[&¢]= ‘Xé —xg‘ — Mepa paccTosi-
HHS MEKITY Xy (k) u X (k) B mpoctpancTe npu3Ha-
xoB; Ni(K) — Hmcno MCTHHHBIX TpaeKTOpHH, HMero-

HIUX HEPEMEHHYIO f; P[*] — (yHKUMA onpeneneHns

1 Start )

MIOTEHIMAIBFHON BO3MOKHOCTH BCTaBKH IIEHTpa Kitac-
ca; Mt (k) — MapaMeTp IEeHTpPa 1-TO IPU3HAKA.
Ha puc. 5 wu3oOpaxeHa cxema ajropurma

Kimactepuzanuu BxogHoro MHoxectBa OT mo uuciy

HCTHHHBIX TPAEKTOPUH CO CIEAYIOIIUMH OOO3HaUe-
HUSIMH: O — BecoBod koddduument; X; (k) — mapa-
METpHl i~ BXOJHOM TPAeKTOPHON OTMETKH W

Vi (k) — mapametpei 7-ro neHTpa Ki1acca (TpaeKTopum);

\ 4

BBoa HCXOMHBIX JaHHBIX
1. Beox muoxectsa OT:

X ()= s p(K)}:
i=1m(k); p=1P.
2. BBon mapamMeTpoB:

{(x, B'S'di,j (k), ro},

o, B >0, e — mapamerpsl
TOYHOCTH

IMpucBoenue

N, (k) =k;
z,, (k) = x; (k);

k)={x,p(k)},
m(k)

rz[eh iem

\ 4
OnpeueneHI/Ie noTeHuuaja HeHTpa
KJ1acCOB

m(k)
= _a exp{-ad[ zy(k), xi(k)]},

k), (k)] = J\zh(k)—xi(k)f,

5 0= (00 20 0= [ 0)

P[zn(k)]

rae d [Zh (

\ 4
PamxupoBanue

P [zn(k)]:= max{P[zy(Kk)]}. vh e m(k)

\ 4

OHCHKa LIEHTPOB KJIIaCCOB

arg max{P[zh (k):”Vhem(k) }
Zh(k)‘Vhem(k)

<
«
A

Yeranosneno nosoe X, (K) n3 ocrapmmxes OT

Xy, (K) =X (k)/L{JXt(k)\

[Rin]

\ 4

Ilepecuer 3HaYEHNS ¥ TAPaMETPOB
MOTEHIIMAJIOB LIEHTPOB KJIaCCOB
1.P

t+1[ (k)] =
=R [2(k)] - R [m(k) Jexp{-p d[ zn(k),

z'nHl(k) =

x(K)]}.

arg maX{PHll:zh (k)]‘vhei },
Zh(k)‘Vhei

)% (k)] = lzn (k) (k)P

x (k)e X, (k):h=i

roed [Zh (k

t=t+1

3anuch
W XpaHCHHE

N, (k).n, (k)

\ 4
End

IIpucBoenue

N, (k)::t

v

Puc. 4. Anroput™ onpeneneHns Yrcia HCTHHHBIX TPAeKTOPHH 0OBEKTOB B 30HE JEHCTBHS

Fig. 4. Algorithm for determining the number of true trajectories within the coverage area

CuHTe3 aJIropuTMa TPAEKTOPHOI 00pa0OTKH 00bEKTOB METOAAMH T€OPHHU KJIACTEPH3ALUHN JAHHBIX 59
Synthesis of an Algorithm for Processing the Trajectories of Moving Objects

Using the Methods of Data Clustering Theory



N3Bectns By3os Poccun. Pagnosnexkrponnka. 2021. T. 24, Ne 2. C. 54-67
Journal of the Russian Universities. Radioelectronics. 2021, vol. 24, no. 2, pp. 54-67

Xi,p (k) — 3HAYEHHS TIAPAMETPOB i-if BXOXHOM Tpa-  HBIM TPACKTOPHAM M ()OPMHUPOBAHUS MOAMHOKECTB
EKTOPHOM OTMETKH U Vj D (k) — 3Ha4YeHUs IapaMeTpOB CJICAYIOICTO BUAA:
£-TO IIEHTpa KJ1acca (TPaeKTOpHUHU) B IPOCTPAHCTBE MPH-
3HAKOB; Yi; — CTemeHb mnpuHamiexkHoctan -t OT

it 10 (), (11, ) -

K {-My LIEHTPY Kiacca (Tpaekropun); F (k) — Marpuia
CTCNCHH TPUHAIICKHOCTH Yj ¢ Q(k) - wuenesas ---,[Xt(k),Vt(k),(th )] ,
GyHKIUS; )} — K03(QOUIMEHT OTKIIOHSHUS.

Ha puc. 6 m3o0paxeHna cxema aliropurMa accou- . -,I:X N (K) (k)’VNt(k) (k) , yNt(k)va " }

t

anuu kimaccoB (moamuoxectB) OT K OTOXKIECTBIICH-

1 Start )

A 4

Hosas marpuua F (k)
F (k) =[vie(k) ;i =1m(k);t=2,N, (k).

BBoa MCXOMHBIX JaHHBIX

Beon: : 1

_ if % (k)—-v¢ (k)| > 0 then ;
~X(K) = P p(K)}si =L m(K); p=1P; ! N i ()-e () [2/(a-1)]
N () )= 5 Lsto-w ()
o () (| =0then1 (%)
— YHCJIO WTEpaLHii; rIe Vv, (k). v; (k) — uentpst Tpaexropuii tu I;
— € — TOUHOCTH; *

(*) — ypOBHU C IPyrMMH TPAeKTOPUAMHU GyLyT HYJIEBLIMH
— Mepa "Xi (k) - v, (k)", rae ¢
%; (k) = {Xiyp(k)} Ji=1m(k); p=1 p; Onenka 1eneBoi GpyHKImn Q(k)
v, (k)= {vt,p(k)};i =L N (k); p=1p N, (k) m(k)
: : Q)= = 3 v(k(k)-w(k)
t=2 =1
A 4

A 4

Nununanuszauus F (k)
T —_ OLeHKa OTKJIOHEHHUS )

F (k) =[vie(k) ;i =1m(k);t =2,N, (k). ¢
% =[Q()-Q"(Kk)

rae 7y, (k) cremens mpumamtexmocTn,
*
e Q(k),Q (k) - nenessie QyHKimM,

YIIOBJIETBOPSIFOLIAs YCIIOBHAM:

1.3ty (k) > 0; Viem(k). BBIUNCIICHHBIC B TEKYLIEM U IPEIbIAY-
2.2 vir(k)=Li=1..m(k);t=2...N, (k). .
3.0 < Zvjr(k)<m(k);i=1...m(k).
Ha
v re
O1eHKa TapaMeTPOB IIEHTPa KJIaCCOB
m(k) Her
X v (K (K) .
v (k=" — anuch
i m(zk)yﬁ(k) X (k) = {X(K); vie(K)}
i v, (k);t=1...N (k)
x,(k):{xI p(k)}; i=1m(k);p=1p ! !
v (k) = {vp(k)}: t=L,N (k) p=1,p v

End

Puc. 5. Anroput™m KnacTepuzanuu BxogHoro Maoxecrsa OT 1o unciry HCTHHHBIX TPAaeKTOPHIA

Fig. 5. Algorithm for clustering the input trajectory markers data set by the number of true trajectories
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Bron HUCXOOHBIX JaHHBIX

L1 mk)]... [I,m(k)],...,[Nt(k),n,\,t(k)(k)}} *).

202 (K), Xa (k)]s [V () Xt (K)o | Ne(K) Vi (1) () X 1) () ]} 0

\ 4

(*) — IBYMEpHBIIt MaCCHB JUISl 3aIIUCH

DopmMHpOBaHHE MHOKECTBA

e V(K)o Ve (K)o Vg (k) (K)

Mm(K)s - om(K) .. nNt(k)(k), .

|

HHJIEKCOB TPACKTOPHUI  COOTBETCTBY-
IOIHX TTapaMeTPOB LIEHTPa Kiacca
(Tpaexropmii)

(**) — TpexMepHBIil MacCHB JUIsl 3aIUCH

[
»
A

y
t

| =1t=1

Jla

Her

l=1+1 fla

HHJIEKCOB TPACKTOPHi, COOTBETCTBYIO-
LIMX [apaMeTpaMm IIEHTpa KJIacCoB
(TpaekTopuii) 1 HOAMHOMXECTBA OTMETOK

t=t+1

(***) — mpucBOeHHME U 3aMEHa MHJIEKCOB

(****) — popMHpOBaHKE HOBBIX MO~
MHO€ECTB, ACCOLMUPOBAHHBIX K HCTHH-
HBIM OTOKJIECTBJIEHHBIM TPAEKTOPHUIM

[ %04 (6). (1) |- -
24 [ X (), (1 ) |-

- '{th(k) (k) vk (k)'YNt(k),mNt(k] }

~

()

/ A\ 4

End

Puc. 6. AiropuTt™m acconmaruu knaccoB (moamuoxkects) OT K 0TOKASCTBICHHBIM TPACKTOPHUSIM

Fig. 6. Algorithm for the association of trajectory markers data classes (subsets) to the identified trajectories

Ny (k)
rac tZl rnt(k):m(k),'Yt’rnt :{Yt,l""’yt,mt}_ 3Ha-

YeHHe CTeHeHH npuHauiexHoctw M- OT k t-i

TPAEKTOPHH.

BoiBogpl. [IpoBenieHO cormocTaBieHHE C JaHHBIMU
MOZIEMPOBAHMS M AKCIIEPUMEHTAIIBHBIX MCCIIECIOBAHHIM.
ComnacHo [1, 6], orienka ka4ectBa padoter O] onpe-
JEJAETCsl TONHOTOM MPENoCTaBIsieMol HMH(pOpMaIny,
CoIep)KaHNe KOTOPOM BKITHOYAET TAaKWUE KPUTEPUM, Kak

TIPOITYCKHAsE CIOCOOHOCTB, TTOJTHOTA BBIXOMHOW HH(OP-
MaIiy, JOCTOBEPHOCTh HMH(OPMAIMH H TPeOOBAHUE
paboTHI B pealbHOM BpeMeHH. MozenpoBaHue POBO-
IIIIOCH B Taboparopuu LleHTpa CHCTEMHOMN HHTETrpalim
Wncrutyra cucremuoit unterpauu JIKJ TY Xa Hoit.
Jns mpoBeneHus MCCHAEIOBaHUM HCIIONB30BAICS KOM-
merotep 1K Dell Optiplex 3050, Core 15-7500 (3.4GHz);
RAM 8 GB, SSD 240 GB, OC Win10Pro 64 out; Habop
MHCTPYMEHTOB Ui TiporpammupoBanust VisualStudio
2013, s3pik C / C+-, 6ubmorexa MFC.
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[Ipu npoBeneHNy MOOETUPOBAHNS BBISIBICHBI He-
KOTOpBIE 0COOCHHOCTH:

— UCCIEIOBaHKE BBIMOIHIIOCH HA OCHOBE Habopa
BXOJHBIX JaHHBIX, COOTBETCTBYIOIINX KAXKIOMY IIe-
pUoIy arnjenTa, KOTOPBIA PacCUYUTHIBANICS HE3aBUCH-
MO OT KOJIMYECTBA BXOIHBIX MCTHHHBIX TPACKTOPHIl,
3apaHee HEU3BECTHBIX;

—  WCCIENOBaHWE  TPOBOAMIOCH  IIOATAITHO
C IIOCTENICHHBIM ~ YBEJIMYCHWEM YHCJIA HCTUHHBIX
BXOIHBIX TpaekTopuid B 30He nedctBus 1Ol (mpu-
MepHo a0 1000), 3T0 Aenanoch A1 OAHOBPEMEHHOTO
HCCIIEIOBAHMSI IIPOITyCKHOM CIIOCOOHOCTU M TIOITyde-
HUS JOCTOBEPHOU HH(OPMAITHH.

B xome mMomenupoBaHusl ObUTH MOMYYEHBI CICIY-
OIIHE Pe3yIbTaTHI:

— TMIPU YBENIWYCHHH YHCIA TPACKTOPHI B 30HE JIO
1000 BerumcautenbHas crocodbnocts ITOMJ obecrie-
YKBaeT BhIMONHEHHE mporiecca TO B WHTEepBase Bpe-
MEHH, MEHBIIIEM TIepPHOJa PEATLHOTO arzenTa (OKOJIo
10 ¢). Craructka naTepBasioB BpeMeHu TO, 3aBUCSIIINX
ot uucna tpaektopuit u OT, nokazana B Ta0m. 1.

W3 Tabmn. 1 MOXHO clenarh CIeIyIONIAe BEIBOMIBI:

— CpemHee YHCIO OTMETOK IJIS KaKIOH TpaeKTo-
puu (4acTHOE OT JeNieHHs NaHHBIX 2-TO CTOJOIA Ha
naHHble 1-ro cTosOIlA) JIGKUT B HHTEpBaje oOT 4
70 10, HO B 3THX mpefenax TaKKe MPUCYTCTBYIOT

Tabn. 1. CratucTka uaTepBaioB BpemeHu TO,
3aBUCAIINX OT 4ncia Tpaekropuii u OT

Table 1. Statistics of TP time intervals depending
on a number of trajectories and TP

Hucno Wurepsan Bpemenu TO, mc

uct. tp.| OT 1-i 2-i 3-i 4-it 5-it
10 96 <1 <1 <1 <1 <1
50 379 15 15 15 15 15
100 | 550 15 15 31 46 31
200 | 850 77 93 78 94 93
300 | 1625 | 171 156 187 171 187
500 | 2701 | 468 499 390 484 468
800 | 4211 | 2140 | 1936 | 1995 | 2280 | 1921

1000 | 6715 [ 5600 | 6273 | 5831 | 6854 | 5534

JIOXKHBIE TPACKTOPUHU. DTO OTpPaKaeT peallbHyr0 00-
ctaHoBKY 30HBI aevictBus 1O/l mis mopckoro u Bo3-
JYIIIHOTO PaliOHOB;

— W3 CJIEIYIONINX CTOJOIOB BUIHO, YTO TIPH MPH-
MEHEHUHM METOIUKH KIIACTepU3allul MaKCHMajbHOe
Bpemsi TO HaMHOTO MeHbIIIE, YeM peajibHbIN MepHo
anneﬁTa, B 3HAQUCHHUC KOTOpOFO BXOOAUT U nepﬂoz[
00paboTKH.

(meprozie 06paboOTKH) (MCTHHHAS — CHHUIA [IBET; OTOKICCTBICHHAS — KPACHBIN 1[BET)

Fig. 7. The processed result of 100 true identified trajectories in the 80rd updating period
(true trajectory — blue; identified — red)
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Zoom area

- o)

Puc. 8. Pesynbrar 06paboTku 100 HCTHHHBIX OTOXIECTBICHHBIX TPACKTOPHI U OJHA KOHKPETHASI CHTYaIUs
Fig. 8. The processed result of 100 true identified trajectories and one stable position

JlaHHbIe BBIBOABI CBUAETENBCTBYIOT O BOBMOXHO-  Tpouenypsl oopadorku PJIN [1, 6]. Ha puc. 7 noka-
¢ty o0ecreueHHs BBICOKOW NMPOMYCKHOH CIOCOOHO- — 3aH pe3ynbTaT o0paboTku 100 HCTUHHBIX OTOX-
CTH CHUCTEMBI 110 CPaBHEHHUIO C IPYTHMHU CHCTEMaMH,  JIECTBICHHBIX TpaeKTopui, npu 3toM Bpems TO co-
B KOTOPBIX MPHUMEHEHBl M3BECTHBIE TPaaUIMOHHBIE  cTaBisieT okoso 30 mc. Ha puc. 8 mpuBeneH pesyib-

Bang df iéu  saisivit SaisSHodi Saisd Wan tc
Step %0 - Y0 Hda spo . %1 -¥1 Hd1 spl dRge dHd dsp a
1 ﬁau-wﬁu 4,90 42&!\ ﬁza-waz 4,93 42&\
2 51.14-49,48 520 @ 42.30 51.17-49.47 519 42,11
3 51.02 - 49.61 550 4230 51.05-49.58 533 4253
4 50.94-49.76 579 42.30 50.87-49.80  5.81 4257
5 50,90-49.94 6,09 42,30 S0.86-49.97 Bl 4253 | %(0.y( X1-Y1 - KoOpIHHATH
6 50,92 - 50.11 0.10 4230 50.94-50.03  0.09 4224
7 50.99-50.27 040 4230 S0.99-50.24  0.37  42.27 | Hd0, Hd1 — nanpasrenue
& 51,10 - 50,41 0,70 42,30 51.16-50.32 069 4227 JBHKEHUS;
9 51.25-50.50 099 42,30 51.31-50.47  0.83  42.10
10 51.42 - 50.55 1.9 42.30 51.45 - 50.61 1.2 42.48 | Sp0, Spl — ckopocTh
11 51,60 - 50,55 1.59 42,30 51,54 - 50,58 1.62 4263
1z 51,77 - 50.50 1.86 4230 51.76-50.64  2.08 4257
13 51,93 - 50,44 1.88 4230 51,86 - 50.44 191 4267
14 52,10 - 50,39 1.86 4230 52,13 - 50,35 1,786 42,14
15 52,27 - 50,33 1.86 4230 52,30 - 50.27 1.89 4220
16 52.44 - 50.28 1.88 4230 52,34 - 50.35 1,79 4225
17 52,60 - 50,22 1.86 4230 52,63 - 50,17 1.86 42,72
18 \52.??-50.1? 1.88 42.3y 52.79-50.12 1,96 4232 v
Real krack: “'q's 2 track: T
JlaHHbIE UICTUHHOMN JlaHHBIE OTOXIECTBICHHON
Tpae](TOpI/II/I TpaeKTOpI/II/I

Puc. 9. Tabnuua nanubix OT BXOJHO# UCTHHHO U BBIXOIHOM OTOXIECTBICHHOM TPAEKTOPHIA

Fig. 9. Table of trajectory markers data of input true trajectories and output identified trajectories
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TaT 00paboTku 100 HCTHHHBIX OTOXKICCTBICHHBIX
TPAeKTOpUN TPU OAHOW KOHKPETHOW CHUTYaIlMH CO-
MIPOBOXKICHHUS.

Jia HarmsSAHOTO CpaBHEHHUS MOXHO HCIOJB30-
BaTh MPHUBEACHHYIO Ha puc. 9 tabmuiy manaeix OT
BXOJHONH MCTUHHOM M BBIXOJHOM OTOXIECTBICHHOM
TPACKTOPHH.

Ha puc. 10 npuBenens! rpadguky ommoboK 1o Ko-
OpAMHATHBIM TapameTpaMm (a), MO HampaBIeHUIO

JIBWKeHus (6) u mo ckopoctu (8). 3mech Ckoop ~
cpennekBanparuuHas ommodka (CKO) mo xoopawHa-
TaM; Oy — CKO 10 HanpaBieHuio IBIKCHUS U
Gcxop — CKO no cropocti. Stu rpadukn moctpoe-

Hbl Ha OCHOBE JaHHBIX, MOJIYYECHHBIX B Pe3yJbTaTe
MoxenupoBanus mporecca TO.

B nporecce uccienoBanus oneHKa TOYHOCTH BbI-
XOJHOW HH(MOPMAITUH OTOXKICCTBICHHBIX TPACKTO-
puii IPOU3BOAUTCS Ha OCHOBE:

Coop® KM

0.15

0.10 —
0.05

G exop KM

0.75 -

0.50

0.25 4=

0 5 10 k
6

Puc. 10. Oumbka TO no KoopIMHATHBIM MapameTpam (),

10 HATIPABJICHUIO JBIDKEHUS (0) ¥ 110 CKOPOCTH (8)

Fig. 10. Errors of TP in coordinate (a), in track direction (6)
and speed parameters (6)

— CpaBHEHMs OIMOOK IapaMeTPOB OTOXKIECTBIICH-
HBIX TPAaeKTOPHUH (BKITIOYAs! KOOPAMHATHI, HAITPABJICHIE
JBIDKEHUS M CKOPOCTh) C ICTUHHBIMHU 3HAYCHUSIMU;

— CpaBHECHHS OMIMOOK IMapaMETPOB OTOXKICCTB-
JCHHBIX  TPACKTOpHHA  (BKIIOYass  KOOPIMHATEI,
HampaBJIeHHE M CKOPOCTh IBIDKCHUS) C HMCXOXHOU
TPAEKTOpHEH U3 CEHCOPHOM CETH.

Tounocts uH(popmaruu ¢ Beixona LIOU/] e mo-
JKET MpeBBIIaTh TOYHOCTh WH(POpPMALUU, MOJTY4EH-
HOU OT ceHcopoB. Takum 00pa3om, OlleHKa TOYHOCTH
ob6pabotku cuctembl [[ON]] mMeeT TOIBLKO OTHOCH-
TeNbHOE 3Ha4deHne. B Tabn. 2 mpuBeneHBl pe3yibra-
THI OIIEHKH TOYHOCTH BBIXOAHON MH(popmanuu TO B
3aBHCHUMOCTH OT KOJIMYECTBA TAKTOB pabOTHI (MIEpHO-

JIOB arieiTa) mpyu MOJAEITHPOBAHUH.

Tabn. 2. OrieHKH TOYHOCTH BEIX0/HOI nHMopmarmu TO
B 3aBHCHMOCTH OT KOJIMYECTBA NIEPUOIOB arieiTa

Table 2. Estimates of the accuracy of the output TP data
depending on a number of update periods

ucro Oxoop? % Oyanp 1 % Ocxop %

TaKTOB
30 4.5 6.2 6.4
50 4.5 6.1 6.4
80 4.2 55 53
110 3.7 55 44
150 3.3 4.4 4.2
180 1.8 4.2 3.6

3akaouenue. IlpencraBieHbl pe3ynbTaThl CHH-
te3a ajnroputMa TO st 00BEKTOB B 30HE JCHCTBHS
MYJBTHCEHCOPHOM CETH METOAAaMH TEOPHH KJacTe-
pusanum, B YMCJI€ KOTOPLIX:

1. CuHTE3 anropuTMa ONpENENeHUs YhClia HWC-
TUHHBIX TPAaeKTOPUHA M3 MHOXecTBa BXOAHbIX OT
JnaHHbIX. DaKTHYECKH, 3TOT BOMIPOC SBISETCA OA-
HUM U3 CaMbIX BOJIHYIOUIMX U TPYIOEMKHUX Jisi
CIEIMAINCTOB COOTBETCTBYIOIIEH 007acTH, 0CO-
OeHHO — mpo0OJiemMa OIpeeIeH!s] HCTHHHBIX TpaeK-
TOpUM B 00NacTH mHepecedeHus] 30H OOHAPYKEHUS
ceHcopoB [4, 6, 14]. XoTs cama Teopusi KiacTepu-
3allid JaHHBIX (B TOM YHCIC M METOAMKA CyOTpaK-
TUBHOW KJIaCTEpU3aIlMi) HE HOBA, HO €€ MpPUMEHE-
HUE IS pellleHUs] KOHKPETHOH BhIIE0003HaYEHHON
poOIEeMBI IBUJIOCH HEMPOCTOH 3a1aueii.

2. CuHTe3 aIropuTMOB KJIACTEPU3ALUU BXOIHOIO
MHOXECTBA JaHHBIX TPACKTOPHBIX OTMETOK ITO YUCITY
UCTUHHBIX TpPaeKTOpUM M accolyanuy KJIaccoB
(IOIMHOXECTB) K MCTUHHBIM TPA€KTOPHUSIM.
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[TocTpoeHre 3THUX ABYX aJITOPUTMOB OCHOBAaHO
Ha TPUMCHEHUU METOIOB HEYCTKOW M SBHOM Kila-
CTepU3aIIH.

OpuuM u3 poctouHCTB criocoba TO mMeromamu
KJIaCTEepH3aIluH SBISETCA TO, YTO CHCTEMa HE Tpe-
OyeT 0o0IIel CHHXpPOHU3AINUN. DTO TPOUCXOIUT Oa-
romapsi TOMY, YTO B MOMEHT MpHXOIa KaKoW-IN00
OTMETKM B HWHTepBajie mnepuoaa amgeita LIONJ]
ompezieNiseT KOHKPETHOE 3HAYCHHE CTENCHHW IpH-
HaJJIC)KHOCTH K HYXHOM TpaekTtopuu. B cBsizm c
STHM CJIy4Yad, MPH KOTOPBIX Ha MHTEPBAJE IMEPHOIa
anpeita LIOJl umeercs Gonee OMHONW OTMETKH IpU-
X0Jlla TPACKTOPHU U3 OJHOTO CEHCOpa, HE BaXKHBI, B

YACTHOCTH, IIOTOMY, YTO Y HHMX Da3HblE€ 3HAUYEHUs
CTENEHU MpUHAJJIeKHOCTU. M3 3Toro ciemyet, 4To
CHHTe3upoBaHHBIA anroputM TO sBusercs shdex-
TUBHBIM ISl MHOTMX MOJENEH pajHO3IeKTPOHHBIX
CHUCTEM — KaK LIEHTPaJIN30BaHHBIX, TAK U HE3aBUCU-
MO JIeLIeHTPAIN30BAHHBIX.

JlaHHBII anropuT™ ObUT IPOBEPEH HA MPAKTUKE
U B XOA€ NPOBEACHUS MHCIBITAHUM aJanTHPOBaH
JUIsl TAKAX CUTyaluM, KaK MOSBIIEHUE HOBBIX Tpa-
eKTOPHH; IpeKpanieHne GUIbTPanuul U COMPOBOXK-
JIeHUs; TPYNIUPOBKA TPACKTOPUIl MHOTMX OOBEK-
TOB B OJHY U T. 1.
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AHHOTaUmA

BeeseHve. Havbonee pacnpocTpaHeHHbIM METOAOM AMArHOCTUKN CepAeUHO-COCYANCTbIX 3a60N1eBaHNI ABNSETCA An-
Te/lbHOe MOHUTOPUPOBaHWE 3nekTpokapanocirHana (IKC). Ana obneryeHns aHanm3a noslydYeHHbIX MOHUTOPOrPaMm
BpaYam-KapAMonoramMm HeobxoaMMbl CreLanbHble anropuTMel 1 NPOrpaMMHbIe CPesCcTBa aBTOMATU3MPOBaHHOM 0bpa-
60Tk IKC. OfHNM U3 TaKMX CPeACTB SABAETCS alropuT™M aBTOMAaTU3NPOBaHHOM 06paboTku IKC, BLIMONHAOLLMI Kia-
cTepuzaumio kapavokomnnekcos (KK), pasgenss 3KC Ha rpynnbl MakcumansHo 6a13kmx no ¢opme KK. JanbHeliemy
aHanu3sy NoABepraroTcs ToNbKO 3TaNoHHbIe KK, nonyyeHHble cTatncTdeckim yepeaHeHnem KK B Kaxaon rpynne.

Llenb pa6oTbl. PazpaboTka anroputMa aBToMatmsMpoBaHHOW knactepmsaumm KK SKC, pasgenstoLlero anek-
TPOKapAMOCUTHAN Ha rpynnbl MakcuManbHo 6:am3Kkmx no popme KK.

MaTtepuanbl U MeToAbl. SKCNeprMeHTaNbHasa anpobaLms anropuTMa 1 NporpaMMHOro MOZyNs NMPoBoAMAack Ha base
0be3nnueHHbIX CyTouHbIX 3anucer SKC naumeHToB MNepBoro CaHKT-MNeTepbyprckoro rocyAapCTBEHHOMO MEANLIMHCKOrO
yHMBepcuTeTa UM. akag. M. M. MNasnosa MuH3gpasa Poccun. MNporpammHbIi Moy b 6bl1 peann3oBaH B cpege MatlLab.
Pe3ynkTathl. PaspabotaH anroputM coptpoBkn KK ¢ mocTkoppekumeli ana AamTensHOro MoHutopmposanma IKC;
npeacTasneH NPorpamMmHbIA MOAyNb, Peann3oBaHHbI Ha 6a3e paspaboTaHHOro anropmTtMa. PaccMOTpeHo BansiHME
OLIMBOK cHXpoHM3aumm KK npu nx HakonneHun Ha ¢opmy ycpeaHsemoro KK. Knaccuueckoe pelleHve 3agaym fe-
KOHBOJIHOLV MPUBOAUT K 3HAUUTENbHbBIM OLLMOKaM MPY HAXOXAEHU oLeHKN "cTuHHON" dopmbl KK. Ha ocHoBaHMN
aHa/ITNYECKMUX PacYeToB NOoyYeHbl BblpaxeHWsa 41t koppekummn Hakanavsaemoro KK. MokasaHo, 4To B pesy/braTe
KOppeKLMM MOXHO HVBEIMPOBAaTb OLLMGKM HAaKOMIeHNS, CBA3aHHbIE C PACCUHXPOHM3aLIMEN.

3akntoyeHune. Hannume HebonbLIOro Konnyectsa 3TanoHHbIX KK, nonyyeHHbIX B pesynbtate obpabotkm SKC
C MOMOLLbIO MPeANOXEeHHOro airopuT™Ma, No3BonsfeT Bpady-UccnejoBaTe/to 3HauYUTeNbHO COKPATUTL Bpems,
3aTpaymBaemoe Ha aHanms IKC, 1 ABAAETCS OCHOBOW UCCAe0BaHUSA ANHAMUYECKUX U3MeHeHWn GopMbl r
VHbIX NapameTtpos KK Kak A5t KOHKPeTHOro nauneHTa, Tak U 418 1ux rpynnel. [onyyeHHble pesyibTaTel N0O3BO-
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Abstract
Introduction. The most common method for diagnosing cardiovascular diseases is the method of ECG monitoring.
In order to facilitate the analysis of the obtained monitorograms, special software solutions for automated ECG
processing are required. One possible approach is the use of algorithms for automated ECG processing. Such al-
gorithms perform clustering of cardiac signals by dividing the ECG into complexes of similar cardiac signals. The
most representative complexes obtained by statistical averaging are subject to further analysis.
Aim. Development of an algorithm for automated ECG processing, which performs clustering of cardiac signals
by dividing the ECG into complexes of similar cardiac signals.
Materials and methods. Experimental testing of the developed software was carried out using patient records
provided by the Pavlov First State Medical University of St Petersburg. The software module was implemented
in the MatLab environment.
Results. An algorithm for clustering cardiac signals with post-correction for the tasks of long-term ECG monitor-
ing and a software module on its basis were proposed.
Condusion. The presence of a small number of reference cardiac signal complexes, obtained through ECG processing
using the proposed algorithm, allows physicians to optimize the process of ECG analysis. The as-obtained information
serves as a basis for assessing dynamic changes in the shape and other parameters of cardiac signals for both a particu-
lar patient and groups of patients. The paper considers the effect of synchronization errors of clustered cardiac signals
on the shape of the averaged cardiac complex. The classical solution to the deconvolution problem leads to significant
errors in finding an estimate of the true form of a cardiac signal complex. On the basis of analytical calculations, expres-
sions were obtained for the correction of clustered cardiac signals. Such correction was shown to reduce clusterization
errors associated with desynchronization, which creates a basis for investigating the fine structure of ECG signals.

Keywords: electrocardiogram, heart rate (HR), ECG clustering algorithm, sync error, synchronous accumulation,
signal shape correction
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Beenenue. Cepnedno-cocyqucTsie 3aboieBa-  HBIX NATONOTHH BechMa BakHa. HambGonee pac-
Hua (CC3) gBnAOTCS ONHOW W3 OCHOBHBIX NpHU-  NPOCTpaHEHHBIH Meton aumarHoctuku CC3 — miu-
YUH CMEPTHOCTH BO BceM mupe. [TosToMy A0CTO-  TEIbHOE MOHUTOPUPOBAHHE AIIEKTPOKAPAUOCUT-
BepHasi U CBOEBpEeMEHHas AuarHoctuka cepaed-  Hajia (OKC).

Pa3pa6oTka aaropuT™Ma COpTHPOBKH KJIACTEPH3AMNH KAPANOKOMILIEKCOB ¢ MOCT-KOPPeKIuei 69

AJs 3a4a4 JVIMTeJIbHOT0O MOHUTOPUPOBAHUA 3JICKTPOKAPAXOCUTHAJIA
Development of an Algorithm for Clustering Cardiac ECG Signals
with Post-Correction for Long-term ECG Monitoring
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B mponecce peructparmu IKC BO3HMKAIOT TTOMEXH
PA3IIYHOTO TIPOUCXOXKICHUS, 3aTPYIHSIONINE €r0 aHa-
3. Jlst oOnerdeHust aHanu3a MOJIy4YeHHbIX MOHUTOPO-
rpaMM Bpadam-KapuonoraM HeoOXOMUMBI CIelUab-
HbIE AITOPUTMBI U IIPOIrPAMMHBIE CPEJICTBA ABTOMATH3H-
poBanHoK 00paboTk DKC. 310 0COOEHHO BaKHO IS
3a/a4 JIUTEIbHOTO MOHUTOPHHIA, KOIZa aHAIU3 3au-
ceit OKC Bpauom TpeOyeT 3HAYUTETHLHOTO BPEMEHH.

OnHO W3 pelieHu YKa3aHHOW TPOOIeMbI COCTO-
UT B HCIOJIb30BAaHUH ANTOPUTMA aBTOMATH3HPOBAH-
HOU 00paboTku IKC, KOTOpHIM BEHITIOHAET KIIacTe-
puzamuto kapauokomiuiekcoB (KK), pazmensist OKC
Ha Tpynnsl O6iu3kux mo gopme KK. JanpHeimemy
aHanu3y moaBepratoTcs Tonbko dtamonasle KK, mo-
Jy4eHHbIe MyTeM cTaThcTudeckoro ycpeaHenus KK
B Kaxzoii rpyme [1].

B HacTosIel cTaThe MpeUIoKeH aITOPUTM COPTH-
poBku KK (puc. 1), uHTErpupoBaHHBI B MpOrpamMM-
Hbli Monynb (ITM) B cpene paspabotku MatLab, mpen-
Ha3Ha4YeHHBIA 151 moiaydeHust stanoHHbix KK u uc-
CIICIOBAHUS WX CTATHCTUUECKUX XapaKTSPUCTHUK.

R

Q S

Puc. 1. Kapauoxomruiekce

Fig. 1. Cardio complex

MarepuaJinl u MeToabl. Ha puc. 2 npezcrasiieHa
CTPYKTYpHasl CXeéMa IPEUIOKEHHOTO aJrOpuTMa, CO-
JepKaiias MOAYJIH TPEIBAPUTENLHOW 00paboTKH
3KC | u xnacrepuzammu KK Il. B monyne | ycrpans-
ercsi  gpeiip wm3omsnexTpuuecko smHMEH  OKC
(puc.3,a) mnpH MOMONM MEAWAHHOTO (PUIETpa
(puc. 2, 1, puc. 3, 6) [2-4], nocie yero KK obHapy-
JKUBAIOTCSI ¢ MOMoOIIbI0 anropurma ITana—TomnkuHca
(puc. 2, 2, puc. 3, 8) [5-7]. B monyse Il onpenensercs
vactora cepaeunsix cokpamenuii (UCC) (puc. 2, 3).
Ha 3aBepmatonux sranax KK coprupyrores no stomy
napameTpy (puc. 2, 4), onpenenstorcsi B3auMHbIE KO-
a¢dunmenTs ux Koppensamuu (puc. 2, 5) u cpenu KK,
00JafaronX 3HAYUTENEHON KOPPENAIel, BBITOIHS-
eTcst ycpenHeHue aisi onpexaeneHust 3tamoHHbIXx KK
B KaXI0M Kiactepe (puc. 2, 6).

J1 OLEHKHM MOBTOPSIOLIMXCS CUTHAJOB C HU3-
KOM aMIUIMTYNOM B YCIOBMAX CIIOKHOM IOMEXOBOM

Onpenenenne 3
UCC KK

fm—————— t —————— ! ¢

Verpanenue apeiida 1 CoptupoBka KK 4
H30JIMHUU MeIaHHBIM o 4CC

|

|

:

I Pl :

| Pl |

| | | |

[ o [

: GbunbTpoM : : ¢ :

| | |

: ¢ : : Onpenenenue 5| |

| |O6napyxenue R-3y610s : I ko3 duirenTa :
| |

| 1 |

| D :

| |

| |

| |

| |

| |

| |

ITOPUTMOM 2 koppesstunn KK
[Tana—TommkuHCca ¢ oumskumu YCC
_______ 4_______J ¢

VYcepennenne KK 6
C CYIIECTBEHHOH
Koppensiuuein

Oranonnsie KK
Puc. 2. CtpykrypHas cxema anropurma coptupoBku KK

Fig. 2. Block diagram of the sorting algorithm
for cardio complexes

00CTaHOBKH CyIecTByeT 3(h(eKTHBHBIN MOAXO0M, OC-
HOBaHHEIM Ha METOIC CHHXPOHHOTO HAKOIICHHUS, KO-
TOPBII JISKUT B OCHOBE PELICHUS 3aadll COPTHUPOB-
ku KK [8]. Ero peanusaumsi TpeOyer BbIACICHUS
ONOPHBIX TOYEK. B paccMarpuBaemoi 3ajaue B Kade-
CTBE OIOPHOHM TOYKH IeNIeCO00Pa3HO HCIIONB30BaTh
nosoxeHune Makcumyma R-3yona (puc. 3, ) [9], [10].

CoptupoBka KK ocymecTtBnsercs no IByMm na-
paMeTpaMm: YacToTe cepAedHbIx cokpamienuit (heart
rate — HR) u BbiGopouHOMy 3HauCHHUIO KOd(hHITHEH-
ta xoppemsun. YCC j-ro KK paccunthiBacTcst Kak

71
HRJ _TRRJ-’ rae

_ 1 i
TRR . = TRR . .
b M,

— JuTenbHOCTh RR-nHTEpBana, ycpennennas 3a M
peanuzanuii [11].

I'panuupl KK BBIYMCIISAIOTCS C TOMOIIBIO 3MITH-
PUUYCCKUX BBIPAKECHUHA

a=0.2 _hRﬁ b=04 _hRV

rae @, b — nesas u npasas rpanunp KK (puc. 3, 8).

B pesynbrare Ha nepBoM 3Talne ajaropurMa cop-
TupoBKH popmupytores Tpymmel KK, wumeromue
ommkue 3HadeHnss UCC. Ha mpakTike B TpyImsl
oobemuasncy KK, umeromme wuntepBasnist YCC B
npexnenax 10 ymapoB B MUHYTY.

Ha BrOopoM sTame B KaxkJ0#l rpyIrme ¢ OIU3KoiM
YCC mexnay Bcemu napamu KK onpenensiics Be16o-
POYHBIN KO3 (HUIIHEHT KOPPEISIIHH:
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5[5 @)~ T80 )50
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i=1 i=1

r(m, n) =

rae N — gucno orcueros B KK; Sy, S, — BbIOOpOUHEIE

cpeanue 3Ha4eHust M-ro u N-ro KK cootBeTcTBEHHO.
Bzanmuo xoppenupoBanHbiME cuuTatorcs KK,
BBIOOPOUHBIA KO3(DHUIIMEHT KOPPENSIUU KOTOPHIX
MIPEBOCXOUT 3aJaHHBIH MOPOT.
KK, nmeromuii HanOoibIIee KOIMYECTBO MOMAPHO
KkoppenupoBaHHbIX ¢ HUM KK, cunTaercs 3TaoHHBIM.
OH ycpengHsieTcs ¢ MOMApHO KOPPETHUPOBAHHBIMU.
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Puc. 3. llpensapurensras oopadorka DKC: a — ncxoaHbIi
3KC; 6 — OKC nocne ycrpaneHus apetida N30371eKTpHIECKOR
JIMHUY; 6 — olpeeneHue napameTpos KK

Fig. 3. Preliminary processing of the electro cardio signal:
a— original electro cardio signal; 6 — electro cardio signal after
elimination of the isoelectric line drift; ¢ — determination of
cardio complex parameters

[Tonyuennslit B pesynsrare ycpennenus KK 3amera-
€T JTaIOHHBIA. Jlasee anroputM MOBTOPSIETCS IS
octaBmmxcsa KK, He Bomeqmux B ycpeaHeHHE, IO
TeX Top, IMoKa He OynyT kinactepu3oBanbl Bce KK.

B pesynbrare npuMeHeHUs pacCMOTPEHHOIO aj-
ropuT™Ma orfpesensercss Habop 3TajJoHHBIX (ycpen-
Hernpix) KK mus kaxmoro amamasona UCC ¢ uH-
¢dopmanueit o konudectse KK, ncnoiap3oBaHHBIX IpU
¢dhopmupoBanuu Kaxoro 3tagonHoro KK.

Paccmorpum BimsiHMe Ha Qopmy dtanonHoro KK
ommb0oK cuHxpoHm3almu npu HakorwieHnu KK. Otkio-
HEHHE OLEHKM TOUKM CHUHXPOHM3ALMU OT HWCTUHHOIO
3HAYCHUSI MOJIOKeHHUsT R-3y011a Ha Benmmunny T (puc. 4, a)
00yCJIOBJIEHO MPHUCYTCTBUEM IMOMEX U XapaKTepu3y-
eTCs WIOTHOCTBIO BepositHocTH (I1B) Wi (1),

Homyctum, uato KK, ¢opmupyromme >TaoHHBIH

CHUTHAJI, SBJIAIOTCSA IIPAKTHYCCKM MJICHTHYHBIMU.

Sm (t) =S (t). Torna ycpennenusiii DKC mst Takoit

IPYIIIBL OyIeT MMETh BHI
1 M-1
Sz(t)zm J;()S(t-l—’fj),

rae Tj — omubKa onpeaeaeHus moaoxenus j-ro KK.

INonaras, uto I1B ommOku ¢ukcarmy NOIOKEHUS
R-3y6ua mist j-ro KK Wg (1) He 3aBucur ot j, MOXKHO

NoKa3aTh, 4T0 CpenHee 3Hadenue Gynkimm Sy (t)

6 2

Puc. 4. BnusiHue 0IMOOK CHHXPOHU3AIMN Ha (GOPMY
stanoHHoro KK: a — oTkiioHeHne OLIeHKU TOYKU
CHHXPOHHM3ALUY; O — OIINOKA YCPEAHEHYs, BRI3BaHHAS
HETOYHOW CHHXPOHH3AIHEH; 6 — Pe3yIbTaT KOPPEKIHN
(OpMBI HAKOTIJICHHOTO CHUTHAJIA COTNIAcHO (2);

2 — pe3yabTat KOppeKIuu cornacHo (3)

Fig. 4. The influence of synchronization errors on the shape
of the reference cardio complex: a — deviation
of the estimate synchronization point; 6 — averaging error
caused by inaccurate synchronization; ¢ — the result
of correcting the shape of the accumulated signal according
to (2); 2 —the result of the correction according to (3)
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TpesCcTaBiseT coOOH pe3yabTaT CBEpPTKH CHTHANA
S(t) ¢ pynxkumeit Wy (1):

m{Sg (1)} =S (1) *W (), ©)

rme m{-} — pe3ymbTaT CTATMCTHYECKOTO YCpEIHe-
Hust; * — omeparop ceeptku [8], [12], [13].

Ha puc. 4, 6 npencraenensl ycpenaeHabiii KK
C MCKQ)KCHHUSIMH, BBI3BAHHBIMH OIIMOKOW CHHXPOHU-
3aiuu, moaydeHHbId coracHo (1) (myHKTHpHAs Ju-
HUsL), U UCKOMBIN cHrHan (CrutomiHas JuHus). Pe-
3yJIBTAaT TMOJYyYeH MOMACIUPOBAHUEM IIPH HOPMAallb-
HOM 3aKoHe (IyKTyanuu nonokenus R-3y6mos. Ha
PHCYHKE TIPOCIICKHUBAIOTCS 3HAYMTEIBHBIC HMCKAKECHUS
yepenaenaoro KK, HeratwBHO Bimsiomme Ha Kade-
CTBO AWarHoctuku. I[loaToMy HeoOXommmo ocy-
MIECTBIATH KOppekmuio HakarumBaemoro KK.

"UctuaHyro" oneHKy (opMbI KapIUOKOMITIEKCa
MOXXHO HaWTH, peIuB 3anady oOpaTHOW CBEPTKH
(mexonBooIMK), 9ro cieayer u3 (1). OmHako mpu
peIIeHHN 3afayd JEKOHBOJIOIMH HCCIIEIOBATENb

pacronaraer TOJBKO OIEHKOH éz (1) (hyHKIHH
m{SZ (t)} TIOJIY9€HHOM TIPU YCPEIHEHUH pean3a-
muit KK:

§z )= m{Sz (t)} +e=S(t)*W (1) +¢,

IJe € — ONIMOKa MPUOIVKEHMYS.

Hanvuune nake Manoit ommOKH &€ MOXET NMpHUBE-
CTH K 3HAYUTEIbHBIM OTKIOHEHHSM BOCCTaHABIIUBA-
emoro curmama S(t) (momydeHHBIM B pE3yabTaTe
oOpaTHOW CBEPTKH) OT €ro "HCTUHHOW' (OpMBI
S(t). IlodTOMy HCIONE30BAHHE PACCMOTPEHHOIO
METO/Ia YCPETHECHNUS Ha MPAKTUKE ITPOOIeMaTHYHO.

Pemienue 3a7a4u B AUCKPETHOM BHIE MPEIJIOKE-
HOo B [8], tme mokasamo, uto ouenka S(t) Moxer
6I)ITI> NoJIy4Y€Ha € UCIOJIb30BaHUEM HOHOHHHTeHLHOﬁ
uHpOpMaIMU O CTPYKTYpHBIX cBoiictBax OKC, a
MMEHHO IPHU alpoKCUMaIii HeOombux (hparMeH-
ToB KK B OKPECTHOCTH TOUKH | [MOJTMHOMAMH BTOPO-
O MOPSIZIKA, COAEPHKAIIIETO j TOUEK:

S(i+j)=Cyij? +Cyij +Cqi, je[-n-1 n+1],

rae Cyi, Cyj, Cpj — kK0dpdHIMEHTEI OITHMHOMA.
B atom citygae (1) mpuoGperaer Buj

mss = 3 ais(i+])

j=—n
rie aj — koodouumenter pasnoxenns 1B muckper-

HOH cllydailHOM BEJIMYWHBI:

PesyabTarsl. Ilokazano [7], uTo B pe3ynbTare
aHanu3a anutenbHbix 3anuced IKC npu dpopmupo-
BaHuu sTtajoHHoro KK mpoucxomut ycpeaHeHue
oomnprroro xonuuectBa KK, uto mosBosser B mep-

BOM MPUOIMKEHUU CUUTATh m{SE ( i)} ~ §2 (i). To-

rga KCKOMas OLiICHKa COCTaBJIACT

§(i)=(1+a)§z(i)—%oc[§z(i+1)+§z(i—1)], @

n

rme o= Z j2a j» 4TO SBIAETCS KOPPEKIHCH
j=-n

OLICHKH éZ (1).

Pe3yabrar KOppeKUUH B COOTBETCTBHU C (2)
mpeacTaBieH Ha puc. 4, ¢. Kak crexyer n3 pucyHka,
3TOT PE3yAbTaT, XOTS U MPUONIMKAETCA K "HCTUHHOMN"
¢dopme ananusupyemoro KK, mo-mpexxHemy comep-
JKUT OCTATOYHEIC MCKAKCHUSL.

JIns TIOBBIIIIEHUST TOYHOCTH KOPPEKLIMH B HACTOSI-
tieit cratse parmentsl KK B OKpeCTHOCTH TOUKH | afi-
MPOKCUMHPOBAHBI TIOJTMHOMAMU YETBEPTOIO MOPSIIKA:

S(i+J)=Cyij* +CqiJ® +CyiJ% +Cyij + Coi,
je[-n-1 n+1].

B sTom ciydae omenka Sy (t) KoppekTHpyercs

Ha OCHOBAHHUH BBIPAKCHUA

S(i)=Ss (i)—B%—a[A—%(H GOL):|, (3)

rae
A=05[Ss (i+1)+S5 (i-1)]- S5 (i);

B=05[Ss (i+4)+Ss (i-4)]- S5 (i);
n n
a= jzaj; B= > j4aj.
j=-n j=-n

Pe3ysbTaT KOPpEKIUH B COOTBETCTBUH ¢ (3) mmo-
KazaH Ha puc. 4, c. [lonydeHHas OlEHKA TPaKTHIC-
cku coBragaet ¢ uckombiM KK. Mcnons3oBanue mo-
JIUHOMOB YETBEPTOTO MOPSIKA MPU ONMCAHUY CHTHA-
JIa TI03BOJIJIO MOJYYUTh OOJiee TOYHYIO MO CpaBHe-
HUIO C UCIOJIL30BaHUEM ITOJIMHOMOB BTOPOTO TOPS-
Ka KoppekTupoBKy ycpeansemoro KK. 1o ocobenHo
aKTyallbHO B 33/1adaX, HAIPAaBICHHBIX Ha MCCIIEIOBa-
Hue "ToHkoi" cTpykTyphl DKC.
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Ha puc. 5 mpencraBieHHO AMANIOrOBOE OKHO
MPOTPaMMHOTO MOZAYJS, B KOTOPOM pEaIH30BaH
MpeIOKeHHBIN  anroputM. MccienoBareab MOXKET
HaOIOATh ATAJIOHHBIC (TIOJIyYEHHBIE B pe3yNbTare
ycpennenns) KK 1uisi HECKONBKMX TIalMEHTOB, a
TaKXKe IONYYUTh WH(POPMAIHUIO O KOIUYECTBE YC-
pennasiembix KK 1 nnpix mapamerpax stanonasix KK.
Hebonpmoe xommaectBo stanmonHsix KK mosBomser
Bpauy-MCCIeI0BaTeN0 3HAYUTEIFHO COKPATUTh Bpe-
Ms1, 3aTpauuBaemoe Ha aHammu3 ODKC, a Taxxe oTcie-
JKUBaTh JUHAMHUYecKue u3mMeHeHnus: opmsl DKC nipu
Pa3BUTUU PA3IHYHBIX MATOJOTUH.

JpyruM Ba)KHBIM HAIIPaBICHUEM HCIIOIH30BAHMUS
[IM na Gaze amroputma coptupoBku KK c moct-
KOppeKIMel SBIAETCS NPOBEACHHE WCCIEIOBaHUN
craructrdecknx xapakrepuctuk OKC st rpymimbt
pas3nuuHBIX manueHtoB. Ha puc. 6 mpencraBiieHBI
stanoHHele KK s pasnuyHbIX MalUeHTOB, TMOIY-
yeHHble npu comoctaBuMoii UCC (ucmonb3oBaiach
6a3za o0e3mueHHBIX cyTouHBIX 3amuceit DKI mamm-
enToB llepBoro Cankr-IlerepOyprckoro rocymap-
CTBEHHOTO MEIHIIMHCKOTO YHHBEPCHTETa WM. aKasl.
. TI. TlaBnosa). IlpencraBnennsie KK cootsert-
ctBytoT auanaszony m3MmeneHus YCC 70...80 ymapos
B MUHYTY (CUHUTAETCS, 9TO B YCIOBUSIX OOBITHOM JKH3-
HenmedaTenbHOCTH nuana3oH u3MeHenus UCC B 00mb-
IIMHCTBE CiydaeB JeXUT B mpeaenax 60...90 yna-
poB B munyTty [14], [15]).

[Ipencrasnennsie Ha puc. 6 stanonnsie KK mo-
JIY4€Hbl YCPEAHCHHUCM 3HAYUTCIBLHOI'O KOJIMYECTBA
KK N,;. KonndecTBo HaKOIIEHHBIX CUTHAJIOB Baph-

upyercst oT 694 (ans BTOporo marueHTa) go 1148
(mns geTBepToOro MaiuenTa). Puc. 6 otpaxaer pasim-
ynst KK y pasnuuHbBIX NAUEHTOB IPU PErucTpanyu
B OJIHOM M TOM K€ OTBEJICHUU NP OAHON U TOU XKe
YCC (mampumep, BHIOOPOUHBIA KOI(DPHUIMEHT KOp-
persinuu Mexay stanonHeiMu KK nepBoro u tpethe-
IO MareHToB cocrasisieT Bcero 0.43).

IManwment 1 ITanment 2 IMaument 3
N, =1048 N, =694 N, =1069
)\
w
ITamuent 4 ITamuent 5 ITauent 6
N, =1148 N, =1113 N, =941

Puc. 6. Oranonnsie KK mst YCC ot 70 no 80 ynapoB B MUHYTY

Fig. 6. Reference cardio complexes for heart rate
from 70 to 80 beats per minute

BobiBonbl. B Hacrosimielt cTathe MpeioyKeH airo-
putM coptupoBkr KK ¢ moctkoppekumeit u mpencras-
nen ITM, peanusoBaHHbIi Ha ero 6ase B cpene MatLab.

[IporpaMmHBII MOIYAb MO3BOJISIET OCYILIECTB-
JATH TIPEeNBapUTENbHYI0 00paboTky OKC, a Takxke
KJIaCTepU3aMi0 (COPTUPOBKY MO CTEMEeHH OIM30CTH
¢opmel) KK. HeGomblmoe KOIMYECTBO TMONYYaSMbIX
stanonHbix KK mo3BosisieT Bpady-uccieoBaTesro 3Ha-
YUTEJIEHO COKPATHTh BPEMs, 3aTPAuylBacMOe Ha aHAIIU3
DKC, 4t0o sBiIgeTCS OCHOBOM MCCJIENOBAHUS IMHAMU-
YeCKHX W3MeHeHWi (opMbl M MHBIX mapamerpoB KK
Kak JIJIsi KOHKPETHOTO MAIMEHTa, TaK U JJIs KX TPYIIIIbL.

B crartpe paccMoTpeHO BIMSHHE OIMHOOK CHH-
xponmsaiu KK npu ux HakomieHnu Ha ¢opMmy 3Ta-
smonHoro KK. ITokazaHo, 4TO KjlacCHYECKOE pELICHHE
3a7aqil JICKOHBOJMIOUNH MPUBOIUT K 3HAYUTEIHHBIM
omuOKaM TIpU HAXOXKAECHUM OILEHKH HUCTUHHOM"
¢dopmsr KK.

Ha ocHOBaHWM aHATTMTHYECKHX PACUECTOB ITOTyde-
HBI BBIpaXEHMs UL Koppekiuu HaxarmuBaemoro KK.
[lokazano, uTo0 B pe3ynbTare KOPPEKIMHA CTAHOBUTCS
BO3MO)KHBIM HHBEJIPOBATH OIIMOKN HAKOIICHHUS, CBSI-
3aHHBIE C PACCUHXPOHU3ALMEH. YKa3aHHBI pe3ynbrar
TIO3BOJISIET CO3/IaTh OCHOBY JISl pEIlIeHHs 3a/1a4, Harpas-
JICHHBIX Ha ucclieioBanue "ToHKoH ' cTpykTypsl OKC.

ABTOPCKUIA BKNAA,

KonaparbeBa HpuHa AHaToJIbeBHA — [IPOBE/ICHNE aHATMTHYECKUX PACYETOB AJIS 33Ja4l KOPPEKLHH (HOPMBI
KapAHOKOMILIEKCa, pa3paboTKa CTPYKTYPHl aITOPUTMOB COPTHPOBKH KapANOKOMIUIEKCOB, IIPOBEJCHNUE CTATUCTHYC-

CKOr'0o aHaJiu3a napaMeTpoB IJICKTPOKApAUOCUT'HAJIA.

Kpacuuxos Anexcanap CepreeBH4 — pyKoBOACTBO pabOTO#, IIOArOTOBKA TEKCTA CTATHH.

CranueBa OJsibra AHapeeBHa — IOJTOTOBKA TEKCTA CTaThH, yYaCTHE B 00CYKICHUH PE3yIbTaTOB.

M6a3yMyTnMa Dauakum — MMPOBEACHUEC KOMIIBIOTECPHOI'O MOACINPOBAHUS.

Mukama ®adueH — MpoBeeHNE KOMITBIOTEPHOTO MOJICITHPOBAHHUS.

Hudontos EBrenunii MuxaiijioBu4 — mocTaHOBKA 3aJ1a4¥ U y4aCTHE B OOCYKJICHUH PE3yJIbTaTOB.
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Abstract

Introduction. Wireless diagnostics of patients’ functional state is important for ensuring timely detection and
treatment of diseases. In this article, the development of a medical hardware-software system for remote moni-
toring of the state of biological objects is considered on the example of cardiovascular diseases.

Aim. To develop a medical hardware-software system for remote monitoring of the main cardiovascular param-
eters and to expand the scope of medical remote telemetry equipment, which can eventually lead to improved
medical services.

Materials and methods. On the example of cardiovascular diseases, an analysis of the existing medical hardware-
software system for remote monitoring of the state of biological objects was carried out, taking into account the
cardiac monitoring of the electrocardiogram. This method is widely used for in the diagnostics and treatment of
cardiovascular diseases.

Results. A method was proposed for creating a hardware-software system for remote monitoring of the main
cardiovascular parameters to ensure timely detection and treatment of diseases. The general structure of such
a system, including its advantages and disadvantages and the routing of information, is described. The proposed
technology of prolonged remote monitoring of the patient's health state makes it possible to increase the effi-
ciency of detecting dangerous heartbeat arrhythmia by about 30 %.

Conclusions. The proposed system solves the problem of registering biological parameters without significant
interference in the patient’s vital activity, which allows typical conditions to be traced. Remote data collection also
facilitates the load on medical personnel, reduces the number of contacts with patients and improves their psy-
chological state.

Keywords: heart diseases, hardware-software system, remote monitoring, sensors, electrocardiogram, telemetry
equipment quality

For citation: Magrupov T. M., Yuldashev Z. M., Abdihalikov S. P. A Medical Hardware-Software System for Remote
Monitoring of Heart Diseases. Journal of the Russian Universities. Radioelectronics. 2021, vol. 24, no. 2, pp. 78-86.
doi: 10.32603/1993-8985-2021-24-2-78-86

Conflict of interest. The authors declare no conflicts of interest.

Submitted 15.03.2021; accepted 06.04.2021; published online 29.04.2021

© Magrupov T. M., Yuldashev Z. M., Abdihalikov S. P., 2021

78 KoHTeHT goctyneH no nnueHsun Creative Commons Attribution 4.0 License @ @
This work is licensed under a Creative Commons Attribution 4.0 License e



N3Bectns By3oB Poccun. Pagnosnexkrponnka. 2021. T. 24, Ne 2. C. 78-86
Journal of the Russian Universities. Radioelectronics. 2021, vol. 24, no. 2, pp. 78-86

|_|pl/l60pbl MEANUMHCKOIo Ha3dHa4eHnA, KOHTPOIA Cpeabl, BELWLECTB, MaTepnaaoB A n3genni

OpurrHanbHasa cTatba
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AHHOTaumA
BeeseHve. B cvcTeme 3/paBOOXpaHeHst O4HOM 13 BaXKHbIX 3aja4 ABNSETCH CO3AaHVe annapaTHO-NPOrpaMMHOro KOM-
nnekca B 061acT ANCTAHLIMOHHOIO MOHUTOPUHIA OCHOBHBIX GU3MON0MMYeCcKNX MoKasaTenen cepieyHo-CoCyANCTON
cnctembl (CCC) yenoseka A1 6eCNPOBOAHON AMArHOCTUKM GYHKLMOHANbHOIO COCTOSHWS 60BHOMO 1 0becneveHus
CBOEBPEMEHHOr0 BbISIB/IEHNS 1 ledeHst 3abosieBaHNIA. B CBA3M C 3TMM aKTyanbHOM CTaHOBUTCH 3aa4a COBEPLLEHCTBO-
BaHWA METOZQ, CBOVCTB U XapaKTePUCTUK MOCTPOEHMS annapaTHO-NMPOrpaMMHOro MeAVLIHCKOrO KOMMeKea Ans An-
CTaHLMOHHOIO MOHUTOPVHIA COCTOSAHUI 61006HeKTOB Ha nprimMepe 3abonesaHuin CCC.
Llenb paboTel. Pa3zpaboTka annapaTHO-NPOrpaMMHOro MeANLMHCKOro KoMriekca ANs ANCTaHLMOHHOIO MOHM-
TOPWHra nokasaTefieil cepAeyHO-COCYANCTON CUCTEMbI, paclunpeHre 061acTy NpuMeHeHUs NpubopoB Meau-
LIMHCKOW TenemeTpum, NoBbILLEHNE KayecTBa OKa3biBaeMblX MeANLIMHCKINX YCYT.
MaTtepuanel n MeTogpl. [ponsBeseH aHanu3 CyLLEeCTBYHOLLUMX MOMOXEHNA opraHnu3aummn MeanUmMHCKOro anna-
paTHO-MPOrpaMMHOro KomMnaekca ANns AUCTaHUMOHHOrO MOHUTOPUHIA COCTOSHNIA B1ONOrMYecknx 06 beKToB Ha
npumepe cepAeydHbix 3aboneBaHNli C y4eToM KapANOMOHUTOPUPOBAHNS 31eKTPOKapANOrpaMMbl, KOTOPbIA AB-
NAeTcs Hanbosiee YacTo MUCMO/b3yeMbIM W LUMPOKO PacnpoCTpaHeHHbIM MeTOAOM NCCeA0BaHUS B KIMHMKAX
AN ANArHOCTUKK U neyeHuns 3aboneBaHunin CCC.
PesynbTaThbl. MpegnoxeH cnocob co3jaHns annapaTHO-NPOrpaMMHOro KomMmiekca B 061acTu AUCTaHLMOHHOIO MO-
HUTOPVHra OCHOBHBIX Pu3nonormyecknx nokasateneri CCC yenoBeka 419 6eCNPOBOAHON ANAarHOCTUKM GYHKLIMO-
HaNIbHOrO COCTOAHMSA B6OMBHOMO N 0becrneyeHNss CBOEBPEMEHHOrO BbISIBNEHUSI U NeYeHns 3aboneBaHunin. Paspabo-
TaHa 06LLas CTpyKTypa anmnapaTHO-MPOrpaMMHOro KoMriekca € y4eToM ero BO3MOXHOCTel 1 npenmyLlecTs. Mc-
No/ib30BaHVe NPeAIoKEHHON TEXHONOTNN ANCTAHLMOHHOMO A/INTE/IbHOr0 MOHUTOPUHIA COCTOSHWS 30PpOBbSA Ma-
LiieHTa No3B0oJISIeT MOBbICUTE 3$PEKTUBHOCTL BbISIBAEHNA ONACHbIX HapyLLeHWl cepaedHoro putMa go 30 %.
3akoueHme. Komnekc peLlaeT 3agady permcrpaumm buonornyeckmx napameTpoB 6e3 3HaunTeNbHOro BMeLla-
TeNbCTBa B AeATEeNbHOCTb NaLMeHTa, YTO MO3BONAEeT GUKCMPOBATL €ro TUMNYHbIE COCTOAHNS. ANCTaHLMOHHbIN
cbop AaHHbIX Takxke obneryaeT paboTy MegMLIMHCKOro NepcoHana, CHKeHMe KoM4ecTBa KOHTakTOB C NaLeH-
TaMu yNny4dLlaeT NcMXonornyeckoe CoCTossHME MNOCefHIX.

KntoueBble coBa: cepzeyHble 3aboneBaHs, anmnapaTHO-NMPOrpaMMHbIiA KOMMAEKC, ANCTaHLUMOHHbIA MOHUTO-
PWHT, ZaTUNKW, 3N1EKTPOKAPAMOrpaMMa, KauecTBO TeleMeANLNHCKOM CUCTEMBI

Ans umtmuposanHus: Marpynos T. M., FOngawes 3. M., Abanxannkos C. . AnnapaTHO-NPorpamMmmHbIin MeanLH-
CKWIA KOMMAEKC ANCTaHLMOHHOIO MOHUTOPVIHIa NokasaTtenei cepaeyHbix 3abonesaHuii // V3B. By3oB Poccuu.
PagnosnekTpoHuka. 2021. T. 24, Ne 2. C. 78-86. doi: 10.32603/1993-8985-2021-24-2-78-86
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Cratba noctynuna B pegakumio 15.03.2021; npuHaTa K nybavkauum nocne peueHsupoBaHus 06.04.2021;
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Introduction. In modern medicine, important information in highly specialized centers, ensuring
problems are: reducing the time for examining patients,  long-term storage of information about patients in dig-
increasing the accuracy of diagnostics, conducting re- ital form, as well as, if necessary, gaining access to in-
mote consultations, analyzing and processing primary  formation about a patient with remote distance [1-3].
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In case of heart diseases, the following possibili-
ties of electrocardiography occupy an important
place: analysis of electrocardiograms (ECG) gives a
rather high reliability of medical reports; the method
is highly sensitive, but non-specific; ease of registra-
tion, relatively low cost of the survey with high infor-
mation content; excellent opportunity to assess the pa-
tient's condition in the dynamics of observation; the
ability to automatically analyze ECG samples and
highlight life-threatening situations, for example,
monitoring arrhythmias, ST segment depression; ex-
tensive experience in clinical practice and knowledge
of this method by the majority of doctors.

Considering these advantages of electrocardiog-
raphy, the following advantages can be achieved in
telemedicine:

— speeds up the process of providing medical care
allows you to make a quick decision when establish-
ing the diagnosis of a patient from a distance;

— achieve a sufficiently high reliability of medi-
cal reports with the participation of experienced spe-
cialists;

— provides opportunities for remote observation
of the patient's condition and assessment of his condi-
tion in the dynamics of observation;

— allows remote monitoring of arrhythmia and
basic ECG indicators;

— provides the ability to quickly analyze ECG
samples and take the necessary medical attention.

ECG is the most frequently used and widespread
research method in clinics, which has given rise to
many options for developments in telemedicine and,
accordingly, remote analysis and methods of transfer-
ring electrocardiogram samples.

One of the main areas of telemedicine is the trans-
mission of an electrocardiogram signal over a dis-
tance. The transmission method should provide the
least loss and distortion at the fastest speed.

Currently, the need for telemedicine technolo-
gies is due to a number of problems that health au-
thorities, the executive branch and doctors and pa-
tients themselves constantly face. This is to provide
timely medical care to patients from a remote dis-
tance at remote distances, including bedside moni-
toring, as well as monitoring and tracking the condi-
tion of critically ill patients, as well as chronically
ill, which is an urgent task [4].

This article analyzes the existing provisions of the
organization of a medical hardware-software complex

for remote monitoring of the states of biological ob-
jects on the example of heart disease. Known, com-
mercially available devices for medical telemetry do
not provide a given amount of received information
and flexibility of connection. Foreign devices of the
Apple and Samsung brands are expensive and have an
insufficient set of sensors and communication proto-
cols, which does not allow them to be widely used in
biomedical research. The known method of auto-
mated remote assessment of parameters of motor ac-
tivity, respiration and pulse of a person or animal. The
technical result is the absence of the need for accurate
positioning in terms of distance relative to a person or
an animal and an improvement in the quality of the
non-contact analysis of the patient's movements, the
pattern of his breathing and heartbeat. The disad-
vantage of this method is the lack of technical imple-
mentation, incompleteness as a method of biomedical
diagnostics and the lack of methods for connecting to
the network [5, 6].

A method for creating a hardware-software com-
plex in the field of remote monitoring of the main
physiological parameters of the cardiovascular sys-
tem (CVS) of a person for wireless diagnostics of the
functional state of a patient and ensuring timely de-
tection and treatment of diseases is proposed. The
general structure of the hardware-software complex,
the passage of diagnostic information, its capabilities
and advantages have been developed.

In this regard, the increase in the efficiency of di-
agnostics, treatment and the return of patients to an ac-
tive life are associated, first of all, with the timely de-
tection of diseases and the rapid provision of qualified
medical care, including by means of telemedicine.

In this direction, work has been carried out to de-
velop a multi-level intelligent system for remote mon-
itoring of the condition of patients with chronic, sugar
and heart diseases [1, 7-10].

In this regard, the work proposes the creation of a
hardware and software complex in the field of remote
monitoring of the main physiological indicators of the
cardiovascular system (CVS) of a person for wireless
diagnostics of the functional state of the patient and
ensuring the timely detection and treatment of dis-
eases. Here, the main attention is paid to the study of
methods, properties and characteristics of construct-
ing a hardware-software medical complex for remote
monitoring of the state of biological objects using the
example of diseases of the cardiovascular system.
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Methods. The main task of designing technical
means for monitoring biological objects is to create
adequate models of processes using modern mathe-
matical tools and to develop correct methods of infor-
mation processing based on the most modern ap-
proach in information-measuring systems [11, 12].

When determining the way of organizing the
structural diagram of the hardware-software com-
plex, the main attention should be paid to: high reli-
ability and immunity from interference; the method
of building the architecture of the biomedical system
for recording and processing physiological signals,
which increases the functionality of the complex and
its manufacturability; mathematical model of distri-
bution and physical presentation of data for solving
the problem of identifying parallel processes; the
method of providing the function of registration,
storage, processing, analysis of a number of physio-
logical signals: pulse, body temperature, electrocar-
diograms, etc.

As a result of the analysis of the existing provi-
sions of this problem, a method is proposed for creat-
ing a hardware-software complex for remote monitor-
ing of diseases of the cardiovascular system [13, 14].

Monitoring vital activity parameters using a hard-
ware-software medical complex should improve the
patient's quality of life during the examination and al-
low to quantitatively assess the response of the pa-
tient's cardiovascular system to stress tests, to estab-
lish the effectiveness of the stimulation regime used
and the therapy performed in patients with implanted
pacemakers and in many other pathologies.

The proposed hardware and software complex is
designed for autonomous automatic continuous re-
mote monitoring of the parameters of the vital activity
of a bioorganism and further processing (systematiza-
tion and analysis) of the data obtained and has wide
configurations. You can choose a configuration option
depending on your requirements. In accordance with
the provided requirements, the number of sensors in
transmitting diagnostic devices (patients) and the area
of wireless communication can be changed. The set
of sensors allows for a deep and continuous analysis
of the state of the cardiovascular system, blood flow
and respiration of the patient. Each sensor individu-
ally has the ability to investigate a variety of diagnos-
tic indicators (signs) necessary for effective treatment
and prevention of diseases [15-17].

Fig. 1 shows the structure of the basic version of
the medical complex. In it, the diagnostic information

((K);V((K))Wireless

Wireless
access

point
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Controller

Set of sensors

Multifunction
device

Computer

Screen

Fig. 1. Diagnostic information routing

goes through several stages of conversion, from sen-
sors to the consumer. In this case, the use of four sen-
sors is proposed.

Each of the four sensors individually provides a va-
riety of diagnostic indicators (signs) necessary for effec-
tive treatment and prevention of diseases and allows:

— analyze electrocardiograms, which gives a
fairly high reliability of medical reports, the proposed
method is highly sensitive, but nonspecific, provides
the ability to automatically analyze ECG samples and
isolate life-threatening situations, for example, moni-
toring arrhythmias, ST segment depression in the
ECG, and there is also extensive experience in using
electrocardiography in clinical practice, this method
has been mastered by most doctors;

— increase the detection of cardiac arrhythmias in
rare paroxysmal conditions and supplement the re-
sults of other methods of examination of cardiac pa-
tients, optimize the control of antiarrhythmic and anti-
anginal therapy;

— timely identify transient processes in the body
and ensure the possibility of an emergency response;

— justify the need for hospitalization, optimize the
quality and terms of rehabilitation, identify the side
effects of pharmacotherapys;

— carry out long-term diagnostics, which helps to
identify the conditions characteristic of the cardiovas-
cular system and observe the dynamics of oxygen and
blood saturation.

An autonomous unit is responsible for collecting
vital signs in the complex under consideration, which
includes:

— wireless communication module (2.4 GHz),
providing high speed data transfer with low power
consumption;
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— a set of sensors that detect the heart rate, heart
biopotentials, blood flow velocity and control the res-
piration of the bioorganism;

— a controller that switches signals, optimizes
data transmission and provides the ability to control
and deeply configure an autonomous unit.

Fig. 2 shows a block diagram of the hardware part
of the complex with the structure of a stationary unit.

Storage, processing and visualization of the re-
ceived data is provided by a stationary unit, con-
sisting of:

— a wireless communication module;

— a controller performing preliminary processing
of data that is transmitted further through communi-
cation channels;

— a computer that provides the ability to receive
data via communication channels and the functioning
of the software (SW) included in the complex;

— software for systematization, storage, pro-
cessing and visualization of medical indicators.

Radio Wirelles "
Base || communication|_| module || Controller
(24 GHz) | |(RF24/BTALE) |(ATmega32s)
| H | BI (ljfl
eart ood flow )
He_a;t rta_lte biopotential velocity Resp_ltrat_ory
registration registration | | registration monitoring
sensor sensor sensor sensor

Fig. 2. A block scheme describing the hardware
part of the system

The proposed hardware part of the complex — the
device differs from the existing ones in that integrated
sensors are used as sensitive elements, as well as in
the fact that this device uses radio communication to
transmit and control biomedical parameters and soft-
ware that matches the operation of not only sensors,
but also several devices telemetry in the network of
the complex.

devices, via the PC USB port. At the same time, the
ft232 serial port converter directly connected to the
PC is responsible for the communication between the
microcontroller and the PC, which ensures the coor-
dination of the USB and UART interfaces, the micro-
controller is used to communicate with the PC the
UART interface and executes the program to form an
access point for communication through the radio re-
ceiver module [9, 10].

The second unit, conventionally called a transmit-
ter, is an integrated insertion device (Fig. 4) of a radio
transmitter module that provides communication over
a wireless channel. In this case, the microcontroller
provides control of a radio transmitter electrically
connected to it, which provides waiting for transfer
commands from the PC. It allows the possibility of
monitoring and feedback using input / output devices,
is electrically connected to the controller and is an in-
dicator, which is an LED, buttons for entering infor-
mation and a set of sensors, also electrically con-
nected to the microcontroller. It differs in that the set
of sensors, as part of the transmitter, consists of an in-
tegrated MAX30100 sensor, which provides the ability
to conduct pulse oximetry and heart rate monitoring,
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Fig. 3. A receiving unit of the proposed medical system
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an integrated GY-521 sensor, which is a 3-axis gyro-
scope and accelerometer, an LM35 sensor, which is a
temperature sensor and microphone, as well as using
the esp8266 Wi-Fi module as a radio unit of a radio
receiver and a radio transmitter.

Fig. 3 and 4 define the contents of the blocks: Mi-
crochip ATmega 328P microcontroller (/, 2) for each
transmitter and receiver unit, indicator LEDs with lim-
iting resistors (3, 4), circuits setting clock signals for
microcontrollers of quartz resonators and capacitors
(5, 6), programmable buttons for entering information
(7, 8, 9), an ESP8266 Wi-Fi radio transmitter and re-
ceiver, which include an antenna (70, /1), a serial port
signal to a USB signal (/2), sensors: an integrated pulse
oximetry sensor and heart rate monitoring MAX30100
(13), an integrated 3-axis gyroscope and accelerometer
GY-521 (14), an LM35 temperature sensor (/5), and
an electroforming microphone (/6).

The proposed device works as follows: the micro-
controller (/) polls the sensors, after which it packs
the data and sends it via a radio transmitter (/0). On
the receiving side, microcontroller (2) activates the
operation of the radio receiver (//) and waits for data
to be received by this receiver, which, after being
loaded into the microcontroller's memory (/), are un-
packed. Further, the microcontroller (/) prepares the
data for sending via the serial port (/7) and after re-
ceiving the polling signal via this port, it sends data
via it. A serial to USB converter (/2) matches the
transmitted signals with the levels and protocols of
the computer.

Results. As a result, it becomes possible to pro-
cess, store and transfer data on a computer. The au-
thors have tested the system with both one transmitter
and two. The use of the medical telemetry device pro-
posed by the authors will significantly simplify the
collection and transmission of biomedical data
through the automation of processes through modern
microprocessor and controller technology and the de-
velopment of integrated sensors, as well as through
the use of a program created for microcontrollers.

The principle of software organization has been
developed, which allows visualizing the information
received (Fig. 5). It has an intuitive interface, but at
the same time has broad capabilities and is intended
for processing biomedical data on an autonomous
transmitter, coming from measuring sensors and
transmitting the results to the receiving module. The
receiving module, in turn, sends the data to the per-
sonal computer. The program can be used in biomed-
ical data collection systems at medical institutions, or
in laboratory research. The program collects and cal-
culates the following parameters: heart rate (HR),
blood oxygen saturation, body temperature, state and
activity of the patient.

The program performs the following functions:
determination of the arithmetic mean of the input pa-
rameters and the subsequent packing of data and their
transfer via radio communication channels, including
Wi-Fi. An important task here is the parallel collec-
tion of data and their timely receipt by the attending
physician, when observing the objects under study
(patients). It speeds up the processing of measurement

- o IEH
CTaTMcTMKa MMcTorpamme! IpadrKmu Mowck MNapameTtpbl
MrHoBeHHbIE 3HaUYEeHMA
CepaevHbli putm lapameTpbl KPOBOTOK Obixi
Mynbc NapameTg MNapameTtg NapameTtp NapameTp NapameTp
10:00 3600000 62 96,78431 77 43,55 73 20 Wma naumenTa
3600001 62 96,91714 77 43,67 73 20
3600002 62 97,04956 77 43,89 73 20
3600003 62 97,18279 77 44,12 73 20
3600004 62 97,31561 77 44,08 73 20 Brisogumbie
3600005 62 97,44844 77 44,06 73 20 3HaYeHUA
3600006 62 97,58127 77 44,05 73 20
3600007 62 97,71409 77 43,93 73 20
3600008 62 97,84652 77 43,85 73 20 MapameTpel
3600009 62 97,97974 77 43,81 73 20 oToBpameun
3600010 62 98,1127 77 43,74 73 20
3600011 61 9824539 77 43,68 73 20
3600012 61 98,37822 77 43,62 73 20

Fig. 5. User interface (UIl) of the proposed hardware-software system
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results, due to their timely availability, and reduces
the likelihood of errors inevitable when processing a
large amount of input data, reduces labor costs for di-
agnosing and transferring data, as a result, increasing
the efficiency of research and treatment, and also in-
creasing labor productivity.

This program is executed using the C++ program-
ming language and used in the construction of a med-
ical complex and systems for monitoring the parame-
ters of the vital activity of stationary and non-station-
ary objects under study.

The proposed hardware-software medical complex
for remote monitoring of heart disease indicators,
as a telemedicine system, has the following advantages:

— it allows you to quickly and efficiently provide
specialized planned and emergency medical care, or-
ganize consultations with the virtual participation of
leading specialists, conduct and demonstrate remotely
controlled examinations, diagnostic manipulations;

— provides the possibility of organizing remote
educational lectures and seminars with demonstration
of rare and atypical clinical cases and broadcasting of
indications of diagnostic equipment directly from foci
of epidemics, natural and man-made disasters; opti-
mizes the healthcare management system;

— provides patients and qualified cardiologists
with an additional communication channel;

— increases the efficiency of the "ambulance" ser-
vice, medical assistance and reduces travel expenses;

— ease of registration, relatively low cost of the
survey with high information content;

— increases the detection of side effects of phar-
macotherapy over time;

— monitors and evaluates the patient's condition
in the dynamics of observation;

— facilitates the work of medical personnel, re-
duces the number of contacts with patients and im-
proves the psychological state of the latter through re-
mote data collection;

— conducts registration of biological parameters
without significant interference in the patient's life;

— provides an excellent opportunity to assess the
patient's condition in the dynamics of observation.

The use of the module for monitoring of diagnos-
tically significant indicators of patients in the struc-
ture of the software complex makes it possible to au-
tomate the process of monitoring a large group (up to

50 people) of patients — users of the remote monitor-
ing complex. Assessment of the dynamics of changes
in diagnostically significant indicators allows us to
clarify the nature of the development of the disease,
to use the prognosis of health status to improve the
treatment technology, its personification, taking into
account the characteristics of the patient's disease.
The use of the technology of remote long-term moni-
toring of the patient's health state makes it possible to
increase the efficiency of detecting dangerous heart
disorders up to 30 %.

Conclusion. The existing provisions of the organ-
ization of a medical hardware-software complex for
remote monitoring of the states of biological objects
are analyzed using the example of heart diseases. A
method is proposed for creating a hardware-software
complex in the field of remote monitoring of the main
physiological parameters of the cardiovascular sys-
tem (CVS) of a person for wireless diagnostics of the
functional state of a patient and ensuring timely de-
tection and treatment of diseases, as well as structural
organization and its characteristics. The general struc-
ture of the hardware-software complex, the passage of
diagnostic information, its capabilities and ad-
vantages have been developed.

The developed complex has wide configuration
possibilities. The number of transmitting diagnostic de-
vices (patients) in the complex, the wireless coverage
area and the number of sensors can be changed in ac-
cordance with the imposed requirements. In the basic
configuration, it is possible to work with 50 transmit-
ting diagnostic devices with a coverage area of up to
50 meters. The use of repeaters makes it possible to fur-
ther expand the coverage area of the complex.

The complex performs solutions to the problem
of recording biological parameters without significant
interference in the patient's activity, which makes it
possible to record his typical states. Remote data col-
lection also facilitates the work of medical personnel;
reducing the number of contacts with patients im-
proves the psychological state of the latter. The use of
the technology of remote long-term monitoring of the
patient's health state makes it possible to increase the
efficiency of detecting dangerous heart disorders up
to 30 %, makes it possible to increase the number of
patients whose health condition will be carefully
monitored by the doctor.
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TekcT cTaThH U3TaraeTcs B OMPEACICHHOW MOCICIOBATCILHOCTH. PexoMeHayeTcs mpuaepxkuBaThes (opmara
IMRAD (Introduction, Methods, Results, Discussion; Beenenue, Metonsi, Pe3ynsratsl, O0CyxacHue):

Beenenne. Bo BBeileHNN aBTOp 3HAKOMHT C IPEIMETOM, 337a4aMH M COCTOSIHHEM HCCIEIOBAHUI MO TeMe
MyOJIMKAIMK; TIPU 3TOM HEOOXOIMMO 0053aTENBHO CChUIATHhCS Ha MCTOYHUKH, U3 KOTOPBIX Oepercsi mH(popmaius.
ABTOp TmpHBOAMT omucaHue "OenbIX MATeH" B MpoOiieMe WM TOTo, YTO €Ile He C/AeNaHO, U (GOpPMYIUpYeT LEeNu U
3a[]a4yl UCCIICOBAHUS.

B TexcTe MoryT ObITH IPUMEHEHBI CHOCKH, KOTOpPBIE HyMepyloTcst apadckumu 1udpamu. B cHockax MoryT ObITh
pa3MeIneHsl: CChUIKM Ha aHOHUMHBIE UCTOYHHUKH n3 MHTEepHeTa, cChutkn Ha yaeOHukH, yuebnsie mocodus, [OCTHl,
aBTopedepaThl, AUCCEPTALMU (€CII HET BOSMOXKHOCTH NPOLUTUPOBATH CTaThH, OIYOJMKOBaHHBIC MO pe3ylbTraTaM
JMCCEPTALMOHHOTO HCCIICIOBAHMS).

MeTtonsl. HCO6XO,HI/IMO OImMcarb TEOPCTUYCCKUC WJIM OKCICPUMCHTAJIBHBIC MCTOJAbI HCCICAOBAHUA,
HCIOJIB3YEMOC OGOpy)lOBaHI/Ie UT 1., YTOOBI MOXKHO OBLIO OLCHUTH W/unm BOCHPOU3BECTU HUCCIICAOBAHUEC. MeTton wnu
METOIOJIOTHIO TIPOBEACHUA UCCIICOBAHNA uenecoo6p33H0 OITUCBHIBATH B TOM ClIyda€, €CJIM OHU OTJIINYArOTCA HOBH3HOM.

Hayunas craTest 10JDKHA OTOOpaXkaTh HE TONBKO BHIOPAHHBIN MHCTPYMEHTAPUH 1 MTOIy4YEHHbIE PE3yNIbTaThl, HO U
JIOTHKY CaMOTo HCCIEAOBAHUS WIH IIOCJIENOBAaTEIbHOCTh PACCYXICHUH, B PpE3ylbTaTe KOTOPHIX ITOIYYEHBI
TeopeTHyeckre BhIBOJBI. [10 pe3ynbrataM SKCIIEpUMEHTabHBIX HCCIIENOBAaHUN IeIIecO00pa3Ho ONMHUCaTh CTAIUU U
9TaIbl SKCIIEPHMEHTOB.

Pesynbrarel. B 3TOoM pasfene NpencTaBleHBl SKCIEPUMEHTANbHBIE HIM TEOPETHYECKHE JaHHbIE,
MIOJTy4CHHBIE B XOZ€ MCCIleoBaHMA. Pe3ynprarsl natoTcst B 0OpabOTaHHOM BapHaHTE: B BHAE TadiWu, rpadukos,
auarpaMM, ypaBHeHHWH, (ortorpadmii, pucyHkoB. B 3ToM paszene mnpuBomsaTcs ToimbKo (akTel. B ommcanum
MOJYYSHHBIX PE3Y/IbTaTOB HE JOJDKHO ObITh HUKAKHMX MOSICHEHUH — OHU JTAroTCsl B pazjene «O0cyxaeHuey.

Oocyxnenue (3akirouenre M BeiBoabl). B 310l yacTu cTaThu aBTOPHI MHTEPIPETHPYIOT MOTy4YEHHBIE
pE3yNbTaTbl B COOTBCTCTBHUU C IIOCTABJICHHBIMU 3ada4aMU HCCICAOBaHHA, MPUBOAAT CPABHCHHUEC ITOJTYUYCHHBIX
COOCTBEHHBIX PE3YyJBTaTOB C pe3yJbTaTaMu APYTrux aBTopoB. HeoOXoauMo mokaszarh, YTO CTaThs PEIlaeT HAyuYHYIO
npo0OIeMy WITH CIY)KUT HPUPALICHAI0 HOBOTO 3HAHUS. MOXHO OOBSCHATD IOTyYCHHBIC PE3YNIBTAThl HA OCHOBE CBOETO
ombITa W 0A30BBIX 3HAHWM, NPHUBOAS HECKOIBKO BO3MOXKHBIX OOBSICHEHHH. 37ech H3JaraloTcsi HPEIIOKSHUs I0
HalpapJICHHUIO OYIYIHX UCCIICIOBAHUH.

Cnucok jurTeparypsbl (0ubauorpadMuecKuil CUCOK) COACPKUT CBEACHHS O IUTHPYEMOM, pacCMaTPHBAEMOM HIIH
YIOMHHAEMOM B TEKCTE CTaThM IJUTEPATypHOM HCTOYHHKE. B CHHCOK JMTepaTyphl BKIFOYAIOTCS TOJBKO
peleH3UpYEeMbIe HCTOYHUKH (CTaThU M3 HayYHBIX JKYPHAIIOB H MOHOTpadum).

Cnmcok JuTepaTypsl ODKEH MMETh HE MeHee |5 MCTOYHMKOB (M3 HUX, NpH Hanuuuu, He Oonee 20 % — Ha
cOOCTBEHHBIC Pa0OTHI), UMEIOIUX CTATyC HAYIHBIX ITyOIHKAINH.

[TpuBeTcTBYIOTCS CCBUIKM Ha COBpPEMEHHBIC aHIIOs3bIYHbIe u3nanus (TpeboBanust MHBJ[ Scopus — 80 %
LUTHUPYEMBIX aHIJIOS3BIYHBIX UCTOYHUKOB).

CchiTki Ha HEOIYOJIHKOBAaHHBIE M HETHPaKUPOBaHHBIE pabOTHI He JaomyckaroTcsa. He momyckaroTcs CCBUIKM Ha
yueOHHKH, yueOHbIe TOCOOUs], CIPAaBOUYHHUKH, CJIOBAPH, IUCCEPTALMU U IPYTUE MAIIOTHPAKHBIE N3/IaHHS.

Ecnu onmckiBaeMas myonukaiius umeeT nudposoit unentudukarop Digital Object Identifier (DOI), ero HeoOxoaumM0
yKa3bIBaTh B CaMOM KOHIe OuOnmorpaduyeckoii ccouiku B dopmare "doi: ...". IlpoBepsars Hamuune DOI crarbu
crnenyet Ha caiite: http://search.crossref.org unu https://www.citethisforme.com .

HesxenaresbHbI CCBUIKM Ha UCTOYHUKH Ooiiee 10—15-neTHell JaBHOCTH, IPUBETCTBYIOTCS CCHUIKH Ha COBPEMEHHbIE
WCTOYHUKH, UMetoIue naeHTudukarop doi.

3a AOCTOBCPHOCTh U TMPABUWIBHOCTH O(i)OpMJICHI/IH IpEeACTaBIIAEMbIX 6I/I6J'II/IOFpa(1)I/I‘IGCKI/IX JAHHBIX aBTOPbI HECYT
OTBETCTBEHHOCTD BIJIOTH 10 OTKa3a B IIPpaBC Ha ny6n1/n<aumo.

AHHOTAIHSI HA AHIJIHICKOM si3bIKe (Abstract) B pyCCKOS3BIYHOM H3IaHUU M MEXIYHAPOIHBIX 0a3aX JaHHBIX
SIBIISICTCS ISl MHOCTPAHHBIX YHTATE]Ied OCHOBHBIM M, KaK MPaBWIO, CIWHCTBEHHBIM HCTOYHHKOM WH(POPMAIUH O
COJICPKAHUU CTAaTbH W M3JIOKCHHBIX B HEH pe3yibTarax HUCCICAOBAHUN. 3apyOe:KHbIE CIICIUAUCTHI 10 aHHOTAIHH
OIICHUBAIOT IyOJIMKAIUIO, OMPEICISIOT CBOM MHTEpeC K padoTe POCCUIICKOTO YYEHOTro, MOT'YT HCIIOJIE30BATh €€ B
CBOCH MyOJUKAIIMU U CAEJATh Ha HEe CChUIKY, OTKPBITh JUCKYCCHIO C aBTOPOM.

Tekct aHHOTAIMK TOJDKEH OBITH CBSI3HBIM U MH(OpPMATHBHBIM. [Ipy HarmMcaHUK aHHOTAIUH PEKOMEH/TyeTCSl CTIOIB30BaTh
Pr Present Perfect Tense s P 7|
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Cnucok suteparypbl (References) it 3apyOekHBIX 0a3 JaHHBIX MPHBOIUTCS MOTHOCTBIO OTHEIBHBIM OJOKOM,
TIOBTOPSISI CIIMCOK JIMTEPATYPhl K PYyCCKOSI3BIYHON YacTh. Ecnu B ciimcke UTEpaTypsl €CTh CCHUIKMA HA HHOCTPaHHbIE
yOJIMKAIMY, TO OHHU IIOJHOCTBIO MOBTOPSIIOTCS B CIIMCKE, TOTOBsIIEMCsl B pomaHckoM andasure. B References
COBEPIICHHO HENOMYCTHMO Wucmonb30oBath poccuiickuit ['OCT 7.0.5-2008. Bubnuorpaduveckuii CIUCOK
MIPE/ICTABISIETCS C TIEPEBOIOM PYCCKOSI3BIYHBIX HCTOUYHMKOB HA JIATUHHIYY. [Ipy 3TOM IpUMeEHsIeTCsl TPaHCIUTEpaLyst
o cucteme BSI (cm. http:/ru.translit.net/?account=bsi).

Tunossie npuMeps! omcanus B References npruBenens! Ha caiite xxypHaia https://re.eltech.ru .

Caenenus 00 aBTopax

Bxumroyaror i1 Kaxa0ro aBTopa (haMUIIMIo, UMsI, OTYECTBO (TIOJHOCTBHIO), YUCHYIO MJIM aKaJleMHYECKYI0 CTEleHb,
y4eHoe 3BaHMe (C JaTaMy IPUCBOCHUS U MPUCYKACHHS), TOYETHBIC 3BaHUS (C AaTaMu MPUCBOCHHS U MIPUCYKICHUS),
KpaTKylo HayyHylo Ouorpaduro, KOJIMIEeCTBO MeYaTHbIX paboT U cdepy HayyHBIX HHTEpEcOB (He Oonee 5—6 CTPOK),
Ha3BaHME OPTaHW3aLNH, TOJDKHOCTD, CITY)KCOHBIA U JOMAITHIH ajpeca, CIIy)KeOHBIH U JOMaITHAN TereOHbI, axpec
AIIEKTPOHHOM MMOuTH. Ecim yueHBIX W/WiM akaIeMHYeCcKHX CTENeHeW W 3BaHWH HET, TO cIeqyeT yKa3aThb MeCTO
MOYYCHHSI BBICIIETO OOpa30BaHMs, TOJ OKOHYAHHS By3a W CIEIHUAIbHOCTh. Tarke TpeOyeTcss BKIIOYATh
napeHTHuKannonHed HoMmep wuccaenoBatenss ORCID (Open Researcher and Contributor ID), KoTopsrii
otoOpaxkaeTcs Kak aapec Bunaa http://orcid.org/xxxx-xxxx-XXXxX-XXxX. [Ipy 3ToM BaKHO, 4TOOBI KaOMHET aBTOpa B
ORCID 6511 3aronHeH HH(OpMAIHei 00 aBTope, IMeNl HEOOXOIMMBIE CBEICHNUS O €T0 00pa30BaHMH, Kapbepe, Ipyrue
ctatbd. BapuaHT «Het obuienoctynHoi unpopmanuu» npu odpamenun k ORCID He momyckaercs. B cBeneHusx
CleIyeT yKa3aTh aBTOpa, OTBETCTBEHHOTO 3a MPOXOXKICHUE CTaTbU B pElaKIIUU.

IIpaBuia odopmiieHus TeKkcTa

Tekcr cTaThM TMOATOTABIMBAeTCA B TEKCTOBOM pemakrtope Microsoft Word. ®opmar Oymarm A4. Ilapamerpst
CTpaHUIIBL: TOJI — BEpXHee, JIeBOe U HIDKHee 2.5 cM, paBoe 2 ¢M; KOJIOHTUTYIBl — BEPXHUM 2 cM, HIXKHUK 2 CM.
[TpumeHeHne noay)KMPHOTO U KYPCHBHOTO IIPU(TOB JOMYCTUMO NP KpaliHel He0OX0JUMOCTH.

JloNONIHUTENBHBIN, NOSCHAOMIMN TEKCT CIEAYET BBIHOCUTh B IOACTPOYHBIE CCBUIKU IIPU IIOMOIIM 3HAKa CHOCKH, a
npu OoJibiioM o0bemMe — OOopMIISITH B BHIE NPHIOKEHUsI K crarbe. CChUIKM Ha (GOPMYINBI U TaONUIBI AAIOTCS B
KPYIVIBIX CKOOKAX, CCBIIKM Ha MCIIOIb30BAaHHBIE HCTOUYHUKY (JINTEpaTypy) — B KBaJPATHBIX MPAMBIX.

Bce cBemeHmss W Tekct craThu  HaOuwparorcst rapHuTypoii "Times New Roman"; pasmep mpudta
10.5 pt; BeIpaBHHBaHHE N0 MIHPHWHE; a03amHEIM oTcTym 0.6 CM; MEXCTpOUYHBIH WHTepBan "Muoxwurens 1.1";
aBTOMATHUYECKasl paCCTaHOBKA ITEPEHOCOB.

[TpaBuiia BepCTKU CIKCKA JINTEPATYPHI, (POPMYII, PUCYHKOB M TaOIHUI] TOApoOHO onucaHsbl Ha caiite https:/re.eltech.ru.
IlepeyeHb OCHOBHBIX TEMATHYECKUX HANIPABJIEHHUI KypHaJia
Temarrka )KypHajla COOTBETCTBYET IPYIIIaM CIICHHAILHOCTEH HaydHBIX PA0OTHUKOB:

e 05.12.00 — "Pammorexumnka u cBsi3p" (05.12.04 — PagmorexHWKa, B TOM YHCIE CHCTEMBI M YCTpOMCTBa
teneBuaeHus, 05.12.07 — Anrennsl, CBY-ycTpoiictBa u ux texnonorud, 05.12.13 — Cucremsl, ceTu u
ycTpoiicTBa TenekoMMyHuKaIwid, 05.12.14 Pagnonokamus v paJroHaBUTAIIHsA);

e 05.27.00 — "Onexrponuxa" (05.27.01 — TBepaoTenbHas 3JIEKTPOHHUKA, PAIHO3IEKTPOHHBIC KOMIIOHEHTHI,
MHKpPO- ¥ HAHORJIEKTPOHHMKA Ha KBAaHTOBBIX Adderrax, 05.27.02 — BakyymHas u 11a3MeHHast 3JI€KTPOHUKA,
05.27.03 — KsantoBass snektpoHuka, 05.27.06 — TexHonoruss W oOOpyIOBaHUE ISl TMPOU3BOACTBA
IOy TIPOBOAHHUKOB, MaTEPHAJIOB M IPHOOPOB EKTPOHHON TEXHUKH);

e 05.11.00 — "TIpubopocTpoeHue, METPOIOTHS U MH(DOPMAITOHHO-I3MEPHUTEIbHBIE TIPUOOPHI U CHCTEMBI" B
penakiun npukaza BAK ot 10.01.2012 Ne 5 (05.11.01 — IlpuGopsl u MeTOABI M3MEpPEHHs MO BHIAM
n3mepenuit, 05.11.03 — I[IpuGopsr HaBuranuu, 05.11.06 — Axycrudeckue npudops! u cucremsl, 05.11.07 —
Onruueckye U ONTHKO-3JIEKTPOHHBIE MPUOOPH! 1 KoMIutekcsl, 05.11.08 — PagnonsmepurensHble IpuOOpEI,
05.11.10 — IIpuGOpBI ¥ METONBI AL N3MEPEHUSI HOHN3UPYIOMINX W3IIyYeHUH W PEHTT€HOBCKUE MPUOOPHI,
05.11.13 — ITpuOops! ¥ METOIBI KOHTPOJIISI IMTPUPOTHOI CPEAbl, BEIIECTB, MaTepHaIoB U u3zenuii, 05.11.14 —
Texnonorus npudopoctpoerusi, 05.11.15 — Metponorust u MeTponormdeckoe obdecmeuenue, 05.11.16 —
WudopmanmoHHO-n3MepHUTENBHBIE W yIIpaBisitomue cucteMsl (1o orpacism), 05.11.17 — Ilpubopsl,
CHUCTEMBI W U3AENM MeAWIuHCKoro HasHadeHus, 05.11.18 — Ilpubopbl m MeTomsl mpeoOpa3oBaHHA
U300paKEHHI 1 3ByKa).
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Vka3zaHHBIE CIICIIUATLHOCTU OpEACTABIIAIOTCA B )KYPHAJIC CJICAYIOIIMMU OCHOBHBIMHA py6p1/H<aMH:

"PagnoTeXHNKA U CBSI3h'":

Pagnorexandeckue cpeAcTBa Nepenadn, mpuemMa u 00paboTKN CHTHAJIOB.
[TpoexTupoBaHye 1 TEXHOIOTHS PaANONICKTPOHHBIX CPEICTB.
TeneBunenue u 06padboTka n300paKeHUH.

OneKTpoANHAMUKA, MUKPOBOJTHOBAsI TEXHUKA, AHTCHHBI.

CHCTEeMBI, CeTH U YCTPOWCTBA TEIEKOMMYHHUKAITHH.

Panuonoxanus u paguoHaBUramus.

"DnexTpoHuKa':

e Mukpo- 1 HAaHORJIEKTPOHHUKA.

e  KBaHTOBas, TBEpAOTEIbHAS, IIIA3MEHHAS U BAKyYMHAs SJIEKTPOHUKA.
e Pamnodoronuka.

e  Dnexrponuka CBY.

"ITpubopocTpoenue, METPOIOTHs U HHYOPMAITOHHO-N3MEPHUTENBHBIE TPUOOPHI I CHCTEMBI':
e  [Ipubopsl 1 CUCTEMBI U3MEPEHUS HA OCHOBE aKyCTUYECKUX, ONTHYECKUX U PAIHOBOIIH.
e  Merposnorus 1 HUHGOPMAOHHO-U3MEPHUTENBHBIE TPUOOPHI U CUCTEMBI.

o HpI/I60pI>I MCAUIIMHCKOI'O Ha3HAYCHU S, KOHTPOJISA CPEAbl, BEUICCTB, MATCPUAJIOB U PI3,Z[€J'IPII>1.

Anpec penakunuonno#t komuteruu: 197376, Cankr-IlerepOypr, yn. Ilpod. Ilomosa, 5, CIIGIDTY "JIDTH",
penakius xypHana "V3BecTus BRICIINX yueOHBIX 3aBeneHuit Poccuu. Paguosnekrponuka"

TexHUYECKHE BOMPOCH MOKHO BBISICHUTH 110 ajpecy radioelectronic@yandex.ru
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