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N UMdpPOBLIMU CUCTEMAMM BblAENEHUSI PEFNCTPUPYEMbIX CUrHAN0B
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2NHCTUTYT NPUKNAAHOM acTPOHOMUM
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®Mskynet81@yandex.ru
AHHOTaumA
BeegeHue. PagnoTteneckonaMm KOMMIEKCOB PaAvoOnHTeEPPepoOMeTpUn CO CBEPXANVHHbIMK 6a3amun (PCAB)
06bIYHO PErncTPUPYHOTCA HECKOIbKO CUTHAN0B C OTHOCUTENBHO Y3KMMU (40 32 MITL) nonocamu, KOTopble Bbije-
NATCA BUAEOKOHBEPTEPaMU 13 aHa0roBOro LLYMOBOIFO CUIHaMa NPOMEXYTOYHOM vacToThl (M4) ¢ nonocamm
4o 1 1Tu. MNpu obpaboTke fJaHHLIX MPUMEHAETCS CUHTE3 MOAO0Chl YaCTOT. Ha HOBbIX HEBOMBLUMX PajMoTenecko-
nax (Hanpumep, PT-13) oL pOBLIBAOTCS LUMPOKOMNOAOCHbIE CUrHanbl MY. BO3MOXHOCTb NOAKNOUYEHNS pajgno-
Teneckona PT-13 k PCAB-komnnekcy "KBasap-KBO" un k mexayHapodHbiM PCAb-ceTam obecneynBaeT Moay/b
LMpPOBOro BblgeNeHNs y3KOMOAOCHbBIX CUrHANO0B, pa3paboTaHHbIi B 2019 T.
LUenb paboTsl. OnpeseneHne TOYHOCTU M3MepeHUst MHTepdepoMeTpUYEeCKOo rpynnoBoii 3aAepXXKn CUrHana pa-
ANonHTepdepoMeTpoM C LMPPOBLIM MOAYNEM BblAENEHNS PerncTpupyemMblX CUrHaN0B U CpaBHEHWe YyBCTBU-
TeNbHOCTen MHTepdepOMETPOB C aHaNOroBbLIMU U LIUGPOBLIMU CUCTEMaMMN BblAeNeHNS CUTHANOoB.
Matepuanbl 1 METOABI. PacCUMTLIBAKOTCA MOTEPU UYBCTBUTENLHOCTU NHTEPHEPOMETPOB C Pa3HbIMI CUCTEMAMU Bbl-
JeneHvs perncTprpyemMblx cMrHanos. CpaBHNBAKOTCA TOUHOCT MHOMOKaHa IbHOro MHTepdepomMeTpa C CUHTE30M MOo-
NIOCbI YacToOT U MHTepdepoMeTpa, PermcTpUpyoLLLEero LndpoBsble LLMPOKONONOCHbIE curHanbl MY 6e3 cnHTesa no-
nockl. Pe3ynbTaThl nogTeepxgatotcs PCAB-HabnogeHnsaMum B obcepeaTopumsix koMnaekca "KBasap-KBO".
Pe3ynbtathl. [py 3aMeHe aHanoroBol CUCTEMbI BbieNeHUA CUTHAN0B Ha LMPPOBYO NoTepU YyBCTBUTENBHOCTU
NHTeppepomeTpa HEMHOIO CHXKAOTCA. TOYHOCTb M3MepeHNst MHTepdepoOMeTpUYECKon rpynnoBoY 3a4epPXKK/ He
MeHsieTcs. TOYHOCTb NOBLILLIAETCH MPU CUHTE3e MONO0Chl YacTOT, 3HAUNTENIbHO NPeBbILIatoLLeR LWNPUHY NOA0CkI
M4, v npy LMdpPOBOI perncTpaLm LLIMPOKOMNONOCHbLIX curHanos MY. OnpegeneHbl yCN0BUS U MUHUMAabHbIE CUH-
TesnpyeMble NOOChkI, MPW KOTOPbIX TOYHOCTL MHTEpPepoMeTpa C perncrpaLert y3KononoCHbIX CUTHANOB MOXET
6bITb BbILLIE TOYHOCTU MHTEpdepoMeTpa C perncTpaumert LUMPOKONOAOCHbIX curHanos MY.
3akntoueHune. PellleHa 3aZaya coBMmelleHUs pagmoTteneckonos PT-13 ¢ PCAB-cetamun, rae peructpmpyrotcs
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Abstract
Introduction. Radio telescopes of Very Long Baseline Interferometry (VLBI) networks usually record several signals
with relatively narrow (up to 32 MHz) bands, which are extracted by means of base band converters (BBC) from
an analog noise signal of an intermediate frequency (IF) with bands up to 1 GHz. When processing data, frequency
band synthesis is used. At new small radio telescopes (for example, RT-13), directly wideband IF signals are digit-
ized. An ability to connect the RT-13 radio telescope to the “Quasar” VLBI complex and to international VLBI net-
works provides by a digital narrow-band signal extraction module developed in 2019.
Aim. Determining the measuring accuracy of an interferometric group delay of a signal by a radio interferometer
with a digital narrow-band signal extraction module and comparing the sensitivity of interferometers with analog
and digital signal extraction systems.
Materials and methods. Sensitivity losses of interferometers with different systems for detecting recorded signals
were calculated. The accuracy of a multi-channel interferometer with the synthesis of a frequency band and of
an interferometer with recording of digital broadband IF signals without band synthesis was compared. The re-
sults were confirmed by VLBI observations in the observatories of the “Quasar” complex.
Results. When replacing the analog system of signal extraction with digital system the sensitivity losses of the
interferometer were slightly reduced. The measurement accuracy of the interferometric group delay had not
changed. Accuracy increased when digitally recording broadband IF signals and when synthesizing a frequency
band significantly larger than the IF bandwidth. Conditions and minimum synthesized bands were determined
under which the accuracy of the interferometer with the registration of narrowband signals can be higher than
the accuracy of the interferometer with the registration of wideband IF signals.
Conclusion. The problem of combining RT-13 radio telescopes with VLBI networks with recording of video fre-
quency signals was solved. The efficiency of the installation of digital signal conversion systems at radio tele-
scopes was shown.
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the interferometer, frequency band synthesis
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BeBenenne. Ha panuoreneckonax B CeTIX pa- K »sromy xmaccy orHocstcs u 16-kaHamphHbie CIIC
nuouHTEphEpOMETPUN €O cBepXumuHHbIME Oazamu P 1002ZM [3], KOTOpBIMH OCHAIICHBI PaHOTEICCKOIIBI
(PCJIB) mMpoKo MCHONMb3ykoTcs MHOrokaHanbhbie cu- P T-32 PC/Ib-komiuiekca "Ksasap-KBO" [4]. U3 urymo-
cTeMsl npeoGpasoBanmst curnanos (CIIC), kotopsie u3  Boro curtana IT9 ¢ monocoii 0.1...1 I'T'n curxanst ¢ 3a-
umpokoit (10 1 I'TI) HOMOCH MPOMEXYTOUHBIX Ya-  JAHHBIMH monocamd AF  BBUIENSIOTCS € MOMOIIBIO
ctoT (ITH) BBIACTAIOT, TPeoOpa3yroT K BUAcoYacToTaM  AHAJOrOBBIX KBaJIpaTyPHBIX npeobpasosareneii 4va-
M perucTpupyiot B 1ippoBoii popme curnansi ¢ or-  CToT (KITH) n undpoBbIx cenekTopos curHanos 6oko-
HOCHTEITBHO y3kuMH (10 32 MI') monocamu AF [1,2].  BBIX MHOIOC. BbieneHHbIC CUTHANBI KBAHTYIOTCS 110

CpaBHeHHe paguonHTepdepOMEeTPOB € AHAJIOTOBBIMH M HH(POBBIMH CHCTEMAMU 7
BBIJACJICHUA PETrUCTPUPYEMBIX CUTHAJIOB
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aMILTUTYaM 4 (OPMATUPYIOTCS MO MEXKIYHAPOI-
Homy ctanmapty VDIF [5] niu o popmary VSI-H [6],
MOCJIE Yero MOTYYeHHBIN MOTOK JaHHBIX HaOTIOIeHHA
nepenaercs s oopaborku PCJIIB-koppenstopamu
[7, 8]. Ilpu PC/Ib-HabmoneHusaX 1Mo acTpoMeTpHue-
CKHUM M T€OlIe3UYEeCKUM IporpammaMm B monoce T4
OOBIYHO BBLAETISIOT U PETUCTPUPYIOT CUTHANBI 5—8 va-
CTOTHBIX KaHaJioB ¢ monocamu AF 8 mmm 16 MI'm, a
npu 00pabOTKe JAHHBIX MPUMEHSETCS METOl CHHTE3a
LIMPOKOI MOJIOCHI YacToT [9].

B mocnennue romsl OCHOBHBIM HAIPABIICHHAEM pas3-
Butus PC/Ib craHOBUTCS epexo/] K HEOOIIBILIUM Pafo-
TEJIECKOTIaM C HH(POBBIMU CHCTEMaMH PETUCTpPALUH
MIHPOKOITONOCHBIX curHaoB (ot 0.5 no 1 I'Tm) [10, 11].
Takue crucTeMbl HEOOXOMMMBI Kak Jyist co3nanust PCIb-
KOMILTEKCOB HOBOTO Ttokonienus [ 12, 13], Tak u ans paz-
Butus paauomerpuu [14]. Hanpumep, Ha 13-merpo-
Beix PCJ/Ib-pammoreneckomax PT-13 wucmonms3yercs
mrdpoBas crcTeMa npeoOpa3oBaHusl IMIMPOKOIIOIOCHBIX
CHUTHAJIOB, BOCEMb KaHAJIOB KOTOPOU PETHCTPUPYIOT CHT -
Hael ITY ¢ nonocamu By =512 MI'n npu gactote

auckpetnzamuu By =1024 MI'm [11]. O6pabotka

MOTY4EHHBIX KaHAJIaMH CUCTEMBI BEICOKOCKOPOCTHBIX
MOTOKOB JaHHBIX (2048 MOUT/c Ha KaHal) BeAeTcs
crienuanu3upoBaHHbIMU nporpammabiMu PCJIb-kop-
pensropamu [15].

YToOBI MHTETPHPOBATH PATHOTEIIECKOIIBI C IIHPO-
KOITOJIOCHBIMU KaHanamu B jaeiictyromme PCIb-cetn,
I PETUCTPUPYIOTCS 1 00paldaThIBalOTCs Y3KOMOJIOC-
HBIE CUTHAIBI BHICOYACTOT, HEOOXOIMMO M3 BHICOKO-
ckopocTtHoro mudpoBoro curHana ITH BeLaensaTh Ha
3aJJaHHBIX YAaCTOTaX CHTHAJBI C OTHOCHTEIBHO V3-
KHMU TI0JIOCAMHU H TPeoOpa3oBHIBATh UX K BHICOYA-
croram (0..AF). DTy omepanuio MOIyT BBIIOIHATH
IU(pPOBEIE MOAYIH Ha IPOrPAMMHUPYEMBIX JIOTHUE-
ckux uHTerpanbHbix cxemax (IIJIUC), comepxarue
nonudasueie  GuiabTpel ([IOD) u 1UpPOBEIE BH-
neokonsepteps (IIBK) [16].

IToTok maHHBIX, (OPMUPYEMBIf TAKUM MOAYIEM,
MO0 CTPYKTYpPE U TAKTOBOM YACTOTE HE OTIMYACTCS OT
notoka, nomydaemoro B CIIC P1002M. B pesynbrare
CTAaHOBHTCSI BO3MOXKHOM paboTa paguoTeneckona
PT-13, perucTpupyromero HIHPOKONONIOCHBIE CHI-
Hainbl, B PCJIb-xommiekce "Ksazap-KBO" u mexny-
HaponHbelx PCJ/Ib-cetsix, rne perucTpupyrorcst y3Ko-
TIOJIOCHBIE CUTHANBL. B CBSA3M ¢ 3THM HEO0OXOANMO BHI-
ACHUTb, B Kakoil Mepe 3ameHa a”anorosoit CIIC mo-
JyleM IU(GPOBOTO BBIACIEHUS CHTHAIOB MOXET II0-
BIIMATH HA YYBCTBUTEIBFHOCTD pagrionHTEpdepoMeTpa

¥ TOYHOCTh M3MEPEHUH MHTepEPEHIIMOHHBIX TPYII-
HOBBIX 33JIEPKEK IPUHUMAEMOTrO PAJHOU3IIYYEHUS T.
Ota uHbOpMaNNs HY)KHA U palliOHAIBHOTO TUIAHHU-
poBanust PCJ/1b-Ha0mofeHuii ¢ NCIIOIb30BaHUEM Pas-
HOTHUIIHBIX CHCTEM NPeoOpa30BaHUs CHUTHAJIOB M AJIT
BbIOOpA OMOPHBIX UCTOUHUKOB pasuonstydeHus. OHa
e TI0JIe3Ha U JUIsl pa3paboTKH MHOTO(YHKIIMOHATIBHOM
U(POBOI CUCTEMBI TTPEOOPA30BAHNS CUTHAJIOB C T10-

nocamu By =512 MI'u (Fy =2048 MI' u), KoTOpas

MIPOBOAUTCS C LIENbI0 MOAEPHU3AIMU PAJUOTENIECKO-
noB PT-32 u ocHaieHns HOBBIX MaJorabapHTHBIX pa-
JIMOTEJIECKOTIOB.

B Hacrosiuelt ctaTbe pacCMOTPEHO BIUSHUE HH-
CTPYMEHTANbHBIX NOTEPh YyBCTBUTEIBLHOCTU PAIHO-
UHTEPPEPOMETPOB C pa3HBIMH CHUCTEMaMH BBIJEIIC-
HUSI PETHCTPUPYEMBIX Y3KOIOJIOCHBIX CUTHAJIOB W3
mupokoit nonocs! ITH. CpaBHUBAIOTCS TyBCTBUTEIb-
HOCTh M TOYHOCTH M3MEPEHHUS HHTCPPEPECHINOHHBIX
TPYIIOBBIX 33I€P’KEK CUTHAJIOB sl HHTEp(hepoMeT-
POB C IM(POBEIM BBIICICHUEM PETHCTPUPYEMBIX y3-
KOITOJIOCHBIX CUTHAJIOB ¥ C BBIICIIEHUEM CUTHAIIOB Ka-
Haamu CIIC P1002M.

B cBsi3u ¢ pazpabotkoii PC/Ib-panuoreneckonos co
CBEPXUIMPOKOMIOIOCHBIMH PaIi0ACTPOHOMIUECKIMIA
npueMHbIMU yeTpoiictBamul (PITY) [17, 18] u cuctemamu
PErUCTpalMK IIUPOKONONOCHBIX chrHaiioB [10, 11] BbI-
3BIBACT WHTEPEC BO3MOKHOCTH CHHTE3a IOJIOCH Ya-
CTOT, IPEBBIMIAIOIIEH MOJIOCY MPOIYCKAHUs HMpUEM-
Horo kaHana (o 1 I'T'm). IlpuemHbIe ycTpolicTBa pa-
nuoteneckornioB PT-13 [19] umeroT 1o Tpu npueMHbIX
KaHaJla Ha KaXJIblif AMATa30H 4acToT U Ha JIF00yIo U3
IBYX KPYTOBBIX IOJSPU3AIMN BOJH, YTO ITO3BOJIIET
CHHTE3MPOBATh MOJIOCHI 9acTOT mupuHOH 10 2.5 [T
B nuana3oHe X (7...9.5 I'T) u mo 6 [T B quana3one
K (28...34 I'T). [Tockoibky 3(pheKTHBHOCTH TAKOTO
CHHTE3a ellle He BBLICHEHA, HHTEPECHO CPABHUTH I1a-
paMeTpbl MHOTOKaHAJIBHOTO MHTEp(hEepoMeTpa, B KO-
TOPOM LU(PPOBEIM CIIOCOOOM BEIIEISIOTCS CUTHAIIBI C
y3kumu (10 16 MI'r) momocamu, U3 KOTOPBIX CHHTE-
3UpYeTCs MHUPOKOIOIOCHBIM CUT'HAJI, C TTapaMeTpaMu
HHTEppEepoOMeTpa, PETUCTPUPYIOUICTO ITapajuIebHO
(6e3 mpUMEHEHHUsI CHHTE3a) JIO0 TPeX IIHPOKOIOJIOC-
HbIX (0.5 wnu 1 I'T) curnanos.

Onpenesienne 4YyBCTBUTEIbHOCTH HHTEpdepo-
METPOB ¢ Pa3HBIMM CHCTeMaMM BbIieJICHHMSI peru-
CTPUpPYEMbIX CHTHAJIO0B. UyBCTBUTENBHOCTD PAIHO-
MHTEp(EepOMeTpa XapaKTepH3yeTCsl OTHOIICHUEM ITHKa
KOPPEJSILIUOHHOIO OTKIIMKA K CpPeAHEKBaapaTHye-
ckomy oTksoHeHHI0 (CKO) ocTaTo4HOTO IITyMa Ha BBI-
xofie Koppessttopa. s ogHOKaHANbHOTO HHTEphepo-

8 CpaBHenue paguonHTEep(epoOMeTPOB € AHAJIOIOBBIMHU H HU(PPOBBIMH CHCTEMAMHU
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Comparison of Radio Interferometers with Analog and Digital Extraction of Recorded Signal



N3Bectns By3os Poccun. Pagnosexrponnka. 2020. T. 23, Ne 2. C. 6-18
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 2, pp. 6-18

MeTpa C IMOJI0COo perucTpanuu curaana AF ortHome-
HHUE CHUTHAI/IIYM B MHKE KOPPEISILIUOHHOTO OTKJIMKA
olpenensiercs Kak

Ry =%/ 2n02AFt,

rme ¥ <1 — xKo3(UIMEHT, YYIUTHIBAIOIINN MOTEPH
YYBCTBUTEIHHOCTH B IPHUEMHO-PETUCTPUPYIOIINX Ka-
HaJlaX paJruoTEJIECKOIIOB U KoppesTope HuTepdepo-
metpa; ¢ =Tg /T, — OTHOLICHHE LIYMOBOH TeMIepa-

TypBI (Ts) MIPUHUMAEMOI0 CHrHajla K TeMIepaType
COOCTBEHHBIX IIYMOB (Tm) paauoTeneckona Ha

Bxoze PIIY; t, — Bpems HaOmoneHus (CKaHMpPOBa-
Hus) ucrounuka [8]. [logcTpounbiMu uHAeKCamMu 1 u
2 0003HAa4YeHBbI MOPSIKOBBIE HOMEpPA PaluOTEIEeCKO-
moB uHTepdhepomerpa. PC/Ib-uzmepenuss 00ObIYHO
npoBoasaTcs npu Ry > 7.

KoadummenT ammaparypHBIX MOTEph YYBCTBH-
TENBHOCTU TPENCTAaBUM IPOU3BENCHHEM X = YpX(:

TJIC TIEPBBI COMHOXHTEIh MIOKA3bIBACT IIOTEPH B IIHU-
POKOITOJIOCHBIX MPUEMHO-YCUIUTEIBHBIX KaHalax |
YCTPOMCTBE BBINEICHHUS PETUCTPUPYEMBIX CHTHAJIOB
BHE0YACTOT, @ BTOPOH — IIOTEPHU B YCTPOUCTBAX U (]-
POBOI 00paOOTKH 1 KOPPEISAIMH BbIICIICHHBIX CUTHA-
JIOB BU/ICOYACTOT.

3HayeHue kodpduirenTa xy OnpeaesnseTcs B oc-
HOBHOM TIOTEPSIMU aMILUTATYIHOTO KBAHTOBAHHS ITH (-
POBBIX BBIOOPOK 1ryMoBOTO curHaina (12 % mpu 4eThl-
PEXypOBHEBOM KBaHTOBaHMM WiH 36.3 % mpu IBYyX-
YpOBHEBOM KBAaHTOBAHUH), a TAKKe MOTEPSMH IIPH
KOPPEISAIHOHHONW 00pabOTKe CUTHAIOB BHICOYACTOT,
KOTOpbIE B COBOKYITHOCTU COCTaBJISIFOT okojio 13 %
[9]. dnst paguonHTEphEPOMETPOB C Y3KOMOIOCHBIMH
KaHallaMd, B TOM uucie s komruiekca '"Ksazap-
KBO" ¢ cucremamu P1002M, B mepBoM mpHOIIKE-

HHMU MOYKHO IPUHATE ¥ ~ 0.76 IpH 4eThIpexypoBHe-
BOM KBaHTOBaHMU W g = 0.55 npu nByxypoBHe-
BOM KBaHTOBAHUH. DTH 3HAUECHUSI )y OCTAIOTCS CIIpa-

BE/IMBEIMU U UIs MHTepdepoMeTpa ¢ IUPPOBEIMU
CHUCTEMaMH BBIICICHUS CUTHAJIOB, TaK KaK CHOCOOBI
aAMIUIUTYAHOTO KBaHTOBaHHsA, (OPMATUPOBAHUS U
KOPPEIAIMOHHON 00pabOTKH Y3KOMOJIOCHBIX CUTHA-
JIOB OCTAIOTCS MPSKHUMH.

Jlnisi OLIGHKH KauecTBa KaHAJIOB BBIICICHUS CHT-
HAJIOB JIOCTATOYHO CPaBHUTH KOI(PPHUIMECHTHI TIOTEPh

X A1 HHTEp(HEpOMeTpOB C IMPPOBBIMU CHCTEMaMHU

BBIJIEJICHASI CUTHAJIOB (Xu) n againoroseiMu CIIC

P1002M (% )-

Ha pammoreneckone PT-32 PIIY coemmneno c
CIIC, pa3menieHHO# B 1a00paTopHOM KOpITyCe, KOaK-
CHUAJIBHOM JIMHUEW Iepefayd, COIEepKalled YCUIH-
TEJIN MOITHOCTH C KOPPEKTOPaMU HEPaBHOMEPHOCTH
3aryxanus B rosoce [14 0.1...1 I'Tu (puc. 1). B CIIC
curHan IIY4 pacnpenensercs 1o BUAECOKOHBEPTEPAM,
Kaxablil U3 kotopbix comepxkutr KIITY ¢ auonueiMu
CMECHTEIISIMI U aHAIOTOBBEIMH (DIIIBTPaMH HIDKHIX
gactot (PHY) ¢ monocamu AF, mapy anamoro-uudg-
poBbIx npeobpazoBareneit (ALIT) u mudporoit dazo-
BBl cenekrop curHaiioB (OCC), pa3aestonuii cur-
HaJIbl BepXHel U HIKHEH O00KOBBIX osioc. Lludpossie
CHTHaJIBI ¢ oslocaMu AF  1ociie 4eThIpexypoBHEBOTO
KBAaHTOBAHUS aMIUTUTYA NOCTYIAOT B (popmarep aH-
HBIX perucTpHupyromero tepMuHana Mark 5B+ [20],
OTKyIa JaHHBIC HAONIONCHUH TPaHCIUPYIOTCS B
LUEHTP KOPPENSAIUOHHON 00paboTKH.

Ilpu pacuere xoadunuenta y,, B UHTEpdEpO-

metpe ¢ CIIC P1002M y4uThIBatoTCS OTEPH, CBSA3AH-
HbIC C HUCKAXCHUSAMHU CUTHAJIOB B NPHUEMHO-YCHUIIU-
TebHOM KaHane oT Bxoma PITY go AIIII B BumeokoH-
Beprepe CIIC. B obmiem cirygae

Yeunurens 14 Yceunurens
© - PIIY
¢ koppekTopoM AUX < ¢ koppekropoM AUX
e

o AF :

]
- | % AHATOrOBbI o AITT 8 KsanroBarens —:—»
5 b KITY C =t |
£ 2 3 AT KBanTtosarenn —:—>
E . =¥
5 § : (5| Bmeokomseprep l
[
55 B |
S e H/ICOKOHBEPTEP

Puc. 1. AnanoroBas cucteMa BbIJIEJICHHS PETUCTPUPYEMBIX CHUTHAIOB Ha paguoreneckore PT-32

Fig. 1. A system for extracting recorded signals at the RT-32 radio telescope
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TIe mMj — MOTepH, OTHOCAIHUECH K i-My (akTopy, %o.

[Hotepu oxono 3 % HMMET MECTO H3-3a UCKaKeHUH
curHaga (a3oBBIMH IIyMaMH CBEPXBBICOKOYACTOT-
HbIX rereponuHoB PIIY. MckaxeHuAMHU y3KOIOJIOC-
Horo curHazua B PITY ¢ mupokoii monocoit mpomycka-
HUSL MOXXHO MpeHeOpedb, TaK KaK aMIUIUTYIHO-Ya-
cTOTHas Xapakrepuctuka (AUX) u gazogacToTHas Xa-
paktepuctuka (OUX) npueMHoro kaHana GopMUpy-
1ores y3konoiocHsiM OHY Bupeokonseprepa. B mm-
HUU Tiepenaun curHanoB [IY BciiencTBue HepaBHO-
MepHocT AUX ycunurteneil MOLUIHOCTH M OCTaTod-
HOro HakjoHa AUX KoaKCHALHOTO KaOems (HeCKOM-
TIEHCUPOBAaHHOM HEPaBHOMEPHOCTH 3aTyXaHHs) CHT-
HaJEI ¢ mojocamMu AF B OTOETBHBIX YaCTOTHBIX Ka-
Hajlax MOryT uckaxarbcs. Mckaxenuss AUX kaHaia
M3-32 HAKIIOHA CIEKTpa MPUBOIAT K IOTEPSAM YYB-
CTBHUTENFHOCTH HHTEpPepomeTpa 10 2 %.
CyliecTBeHHbIE TIOTEPU YyBCTBUTEIBHOCTH HH-
TepdepoMeTpa MOTYT MOSBUTHCS BCIICACTBUE HEUIACH-
TUYHOCTH AUX aHaIoOroBBIX (PHIBTPOB B BUICOKOH-
BepTepax IMaphl paguoTeIIeCKOIIOB HHTEphEpOMETpa.
TexHonoruyeckuii pazdopoc mapameTpoB (GUIBTPOB,
HW3MEHEHHE TeMIlepaTypbl M CTapeHue 3JIEMEHTOB
CXEMBI TaK)Ke MOTYT OBITh IPHINHAMH KOJIeOaTeIbHO-
cT ¥ HakioHa AUX B mosoce MpoMyCKaHUs KaHaua.
B BupeoxonBeprepax CIIC P1002M wuaeHTHYHOCTH
AYX n nuneitHocTh UX KaHaIOB CYIIECTBEHHO TO-
BBIIICHBI 332 CYET IU(PPOBBIX QUIBTPOB, HOPMHPYIO-
mmx nomocy AF, u mudposeix ®CC, pa3mensromux
CUTHaJIBI OOKOBBIX TOJIOC ¢ pa3Bs3koi Gonee 42 nb.
[Iymbl 3epKalbHOTO KaHalla MPaKTUYECKH HCKITIO-
YCHBI, 2 KOMOWHAIIMOHHBIC TIOMEXH TIOIABJICHEI C TI0-
MOIIBIO TpeceNiekTopa (TIepeKITFoYaeMbIX (PHIBTPOB)
Ha BX0OJI€ BUJICOKOHBepTepa. HenuHeitHble ncKakeHus
CHTHAJIOB B KaHAJIC C TU(PPOBHIME (PHITBTpaMH TaKkKe
MPAKTHYECKH OTCYTCTBYIOT. MOXKHO TpeHeOpedb U

[IyMaMH KBAHTOBAHHS aHAJIOTOBOTO CUTHAJIA TP KO-
nudectse pa3psaoB ALIIl e menee 8. [lotepu mo yka-
3aHHBIM MPUYKMHAM COCTaBIIAIOT OKosIo 2 %. Hebob-
mwe (okono 1 %) morepu IyBCTBUTENBHOCTH MOTYT
BO3HHMKaTh H3-3a IMYMOB CHUTHAJIOB TETECPOIIHOB,
CKO xotopsix camkeno 10 2° [3]. [lorepu ayBcTBU-
TEJNILHOCTH HHTEepdepoMeTpa HM3-3a UCKAKECHUHN CHr-
HasioB B CIIC P1002M cocTaBisitOT B COBOKYITHOCTU
npumepHo 3 %.

B nienom mns unTepdepoMeTpa ¢ KaHAIAMU aHa-
JIOTOBOTO BBIJCJICHUSI CUTHAJIOB BUAE0YACTOT MOYKHO
IPUHATE KOA(PQUIEHT anmapaTypHBIX IIOTEPh TyB-
CTBUTEIBHOCTH Y,y = 0.92.

B unTepdepomerpax ¢ cucteMamu UgpoBoro mpe-
00pa3oBaHusl IUPOKONONOCHBIX curHanoB ALIIT pa6o-
TAloT ¢ 4acToToi auckpermsammn (Fy) 2048 MI'u (mpu

noJyoce Bp =1024 MI'n)  wm
1024 MI' (npu By =512 MI'n). U3 nomydenHoro

BBICOKOCKOPOCTHOTO  (IITMPOKOIIOJIOCHOTO)  IH(po-
BOTO CUTHAJIA Y3KOIOJIOCHBIC CUTHAIIBI BBIICIISIOTCS C
noMo1kto cpopmupoBanHoro B [TJIMC monyns [IOD
u LIBK (puc. 2). BxoxHoit mndposoii curaan ¢ Fy

perucrpanuu

pacnpenenserca gemyasruiuiekcopom (JIIM) mo N ka-
HasaMm [I®® ¢ noHmkeHHeM 4acTOTBl 10 JOMYCTH-
moro it I[IJIMC 3HayeHHMss TaKTOBOM YaCTOTEI
F, <550 MI't. KoMmmieKCHBIE CUTHANIBI HAa BBIXOZAX
[IDD paspensercs Ha N BEIIECTBEHHBIX CUTHAJIOB C
nonocamu By =By /N cenexropamn (PCC) Ha da-
30CIIBUTAONUX (HIBTpax. M3 moydeHHBIX T0I0CO-
BeIX curHaioB [IBK BeIAeNnroT cHUTHANBI C 3aIaH-
HbIMH nostocamMu AF. BeieneHHble cCUTHAITBI KBAHTY-
IOTCSI [0 aMITIUTY/E U (OPMATUPYIOTCS TaK JKe, KaK B
kanaiax CIIC P1002M.

B paanoacTpoHOMHUYECKOH anmaparype, BbIIOIHEH-
Hoii Ha ITJINC, yno6Ho npumMensts LIBK, pabotaronme ¢
TaKTOBBIMU YacToTamu 128 nmum 256 MI' [11]. Onu ne-
pectpanBaroTcsi mU@poBbIME TeTeponuHamu [21] B
oJiocax 4actot 10 64 wiu 128 MI'11 cOOTBETCTBEHHO.
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Puc. 2. Cucrema BBIJICJICHUSA Y3KOIIOJIOCHBIX CUT'HAJIOB U3 HI/I(I)I)OBOFO HIMPOKOIIOJIOCHOI'O CUI'HaIa
Fig. 2. System for extracting narrowband signals from a digital IF signal
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[pwu ucmoIp30BaHUHU TETEPOIUHOB C TAKTOBOM YaCTO-
toit 512 MI'ny [22] nnamazon nepectporiku LIBK pac-
mupsieTcs 10 256 MI', HO 1 B 3TOM ciiy4ae HeoOXo-
JIMa TIpeIBApPHUTENbHAS (PIIBTPALIUS BXOIHOTO IIH-
POKOIIOJIOCHOTO CHUTHAIIA.

[Ipu nonmudaszHoit GubTpay BOMH3M HyJIEBOM

YaCTOTbl U YaCTOT, KPATHBIX FT’ CUT'HAJIBI MCKaXKa-

torcst. VickakeHus ObIBAIOT W BOJIM3W YacTOT, KPATHBIX
0.5F,, rae 4acTH4HO MEPEKPBIBAIOTCS CHIEKTPHI CUT-

HAJIOB Ha Kpasix cocefHux noioc B;. YToOs MoLys

MOT BBIICIISATH 0€3 MCKOKEHUN CHUTHAJBI C JTHOOBIMU
YacTOTaMH, B HEM IIPEyCMOTPEHBI IBa N-KaHAIbHBIX
[1OD — ocHOBHO# U AonOTHUTENBHBIHN (puc. 3) [23].
B xanane!l nonomaxutensHoro [11O® BxomHbIE MIKpPO-
KOTIOJIOCHBIE cuTHANBI mocTymaroT depe3 KITY. Iete-
ponuHHbIE KBaaparypHele curHanbl Ugipn B Uggg

uMeroT yactoty F /4. TIpu 9TOM CHrHAJIbI Ha BBIXO-

nax ¢$a3oBBIX CEJNEKTOPOB B KaHalaX JOMOIHUTENb-
goro [I®®D casBuraroTcss OTHOCUTEIHLHO BBIXOIHBIX
CUTHAJIOB B KaHajax ocHOBHOro II®® Ha monoBuHYy
MOJIOCHI.

Ha BeIXomax ocHoBHOTrO N-kaHanpHOro IIOOD
(hopMUPYIOTCSA KOMIUIEKCHBIE CUTHAJIBI

N-1(L-1
Yn (=>4 x[L(r=D=(L-Dn]h, (D x
i=0 (=0

xexp( j2mni/N), (D

i€ 71 — MOPSKOBBIA HOMEp KO/Ia BEIXOAHOTO CUTHAIA,
L — nopsniok GpuibTpos BecoBbix Gpynkuuit h, (1) ;7 —

MHUMas eMHHIA. BecoBas QyHKIUs, BIUSIOMAS HA

x(i) R

—>

pacopeacs€Hue SHEPruu MEXKAYy ITIaBHBIM H 00Ko-
BbBIMH JICIICCTKaMH CHeKTpaJ'IBHOﬁ (1)yHKIII/II/I BBIXO/I-
HOT'O CUurHalia, MMECT BUJ

hn (r) =0.5{1—cos[2zr/(LN)]sinc[r/(L - 0.5N)]},

rze sinc(g)=sinc(g)/c.

Ha pammoreneckonie PT-13 mudpooit mpeodpa-
30BaTelb IUPOKONOJIOCHBIX curHanos 114 pacnona-
raercs psgoMm ¢ PITY u coemuHsieTcs ¢ HUM HeEmo-
JBIDKHO 3aKpEIJICHHBIM KOPOTKUM (MeHee 1.5 M) Ko-
akcuanoM. Crektp curaana Ha Bxoae AL ¢popmupy-
eTcs mumpokonoocHeM ¢GunsTpom ITH. 3nech wc-
KIIIOYEHBl TOTEPU UyBCTBUTEIBHOCTH, CBSI3aHHBIE C
UCKa)XCHUSIMU CUTHAJIOB B JIMHUSX IE€peJaydl CUrHa-
noB I1Y, HO ocTammck motepu (1o 3 %) u3-3a HCKaxe-
HUH CUTHAJIOB B MPEOOpa30BaTENIX YacTOT (Pa30BBIMU
IIyMaM# TeTepoarHOB. Bee GmIbTprl B KaHale BEIIe-
JICHWsI CHTHAJIOB U(POBBIE, YeM oOecIieueHa BhICO-
Kasi cTaOMIBHOCTh NMapaMeTPOB NMPUEMHO-PETUCTPH-
PYIOLINX KaHAJIOB MPY JIBUKCHUU aHTEHHBI U N3MEHe-
HUSIX BHEIIHUX KIMMaTtudeckux ycioBuid. [Toatomy
rapantupoBaHa JuHeHHOCTh UX 1 cBeEHBI K MU-
HUMYMY HUCKaxeHus ¢opmbl AUX npuemMHO-peru-
CTPUPYIOLIETO KaHaja (Iepekoc U KoyebaTeabHOCTh
AYX, OTKIIOHEHUS 110 TTOJIOCaM MPOITYCKAHUS, CMEIIIe-
HUS 9acTOT HACTpoiku). [lorepu 4yBCTBUTEIHLHOCTH
n3-3a HewaeHTHYHOCTH AUX KaHaimoB wWHTEpdEpo-
Mmetrpa Mesblie 0.3 %. bokoBele nenectku AYX ka-
gana [1OD ocmadinens! Ha 30 1b. 3a cuer BHENmOMOC-
HBIX [IIYMOB, IPOHUKAIOIIUX 110 OOKOBEIM JICTIECTKAM,
OTHOIIEHUE CUTHAI/IIYM B 8-kaHaidbHOM [IDD cHu-
xaetcst mpumepHo Ha 0.7 %.

Jemmdparop : OcHoBHoI1 8-kaHanbHEI [1OD : Yo (r)
I 1| Da3oBbiii —%
) X (N1 8-KaHaan1>11?\1’ .=_> CENEeKTOp y.l r
. : KOMIUIEKCHBIN e
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Puc. 3. Moaynb npenBaputenabHoi puibTpanun nudposoro curaana [T4
Fig. 3. IF digital signal pre-filtering module
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B umdpoBoii cucteMe BBIIENEHHS CHIHAIOB
HUMEIOT MECTO He3HAYHUTENbHBIE TIOTEPH H3-32 OTPAHU-
YeHHi paspagHocTelt (yceueHwii) komoB B [1DD,
®CC u LIBK. Ipu Beruncienusx mno (1) nepeMHOXa-
10TCA 8-paspsaHble Kombl BXogHoro curHana X(i) u
16-paspsanble Kombl BecoBoi dynkumu h, (1), a

L=16 npousBeneHnuit cymmmupyrorcs. IlonydeHHbie
Ha 3TOM JTale BBIYUCICHHUN KOABI yCEKaroTcs 10 9
paspsanoB. Ha stane yMHOXKEHUs 3THX KOJOB Ha 16-pa3-
PAAHBIE KOJbI SKCTIOHEHLMAIBHON (DYHKILIUHU U CIIOXKe-
auss N =8 momydeHHBIX pe3ynbTaToB KOMBI BBIXOMI-
HOTO CHTHaJIa ycekaroTes 10 12 paspsanoB. B pesynb-
TaTe YCEYCHUH KOIOB OTHOIICHUE CHTHAJ/IIYM B Ka-
Haze [II1® camwxkaercs Ha 0.16 %. YMeHblIeHue pas-
PAAHOCTH KOJOB /10 14 B pa3oBOM ceslekTope Mmojaoco-
BBIX CUTHAJIOB HE BHOCHUT OLIyTUMBIX IIOT€Pb YyBCTBH-
tenpHOCTH. B retepomuue 1IBK pazpsaaOCTh KOMOB Te-
kynwx (a3 ymenpinaercs 10 10, 4T0 COOTBETCTBYET
CpeIHEKBaIPaTHIECKOMY (ha30BOMY IIIyMy Te€Tepo-
muHHOTO curHana 0.1°. TTotepu oT Takoro (ha3oBOro
IIymMa npeHeOpe kMo Malibl. AMIUTUTYIAHbIE (IyKTY-
Al TETePOOMHHBIX CHTHAJIOB, IPEICTABICHHBIX
10-pa3psAHBIMH KOZAMH, PAKTHYECKU HE BIUSIOT Ha
OTHOIIIEHWE CHTHAI/IIyM B TpeoOpa3oBaTene da-
cTOTHL [1o9YTH HE MEHSETCSI OTHOMICHNE CUTHAJ/IITYM
U B CHUTHaJIax BHjeodacToT Ha BeIxomax KIIY mpum
OTpaHWYEeHNH WX paspsgHocTH mo 15. Cymmapnbie
MOTEePH YYBCTBUTEIHLHOCTH, BHOCHUMBIC IHU(PPOBHIM
MOAYJIEM BbIJACJIICHUA Y3KOIMOJOCHBIX CHUI'HAJIOB, HC
npessimatot 0.5 %.

CyMMapHOE CHIDKEHHE OTHOIICHUS! CUTHAJ/IIYM
B IHU(POBOM MOAYNIE CYHICCTBEHHO MEHBIIE IOTEPh
OT UCKa)XEHUH cUTHaNa (a30BBIMH IIyMaMH I'eTepo-
muHoB PITY. C yueTom Bcex moTeph Uit HHTEpQepo-
MeTpa ¢ MU(YPOBBIMHI CHCTEMAaMH BEIICIICHHS Y3KOTIO-
JIOCHBIX CUTHAJIOB MOXHO IPUHSTH KO3(D(DUITHEHT T0-

Tepb %y =0.96y¢. [nsa uarepdepomerpa ¢ oxuHaKO-

BBIMHU aHTeHHaMHU U PITY, HO ¢ pa3HOTHIIHBIMU CHUCTe-
MaMM  BbUIEJEHHA  Y3KONOJOCHBIX  CUTHAJIOB
Xp = 094X0

Ecan 3amenuts Ha paguoreneckomax PT-32
mrarHeie CIIC P1002M paccmatprBaeMbIMH MOIY-
JISIMU TTU(PPOBOTO BBIJICIICHUS Y3KOMIOJIOCHBIX CHUTHA-
JIOB, TO YYBCTBHTEILHOCTh HHTEPPEPOMETPa MOKHO
HeMHoro (10 4 %) noBbicuth. Hebonbiioe ymyurie-
HUE YYBCTBHUTEIBHOCTH CIIa00 BJIMAET Ha TOYHOCTH
OTIpeIeTICHNs] TPYIIOBOW HHTEP(PEPCHIIMOHHON 3a-
JEP>KKU T IPUHUMaeMoro paauocursana. [lpu Ry > 7

Ha TOYHOCTH OOJIBIIE BIUSIOT (DAKTOPHI, HE CBSA3aH-
HBIE C CHCTEMOH PETHCTPAIIH CUTHAIOB, B TOM YHCIIC
MOTPEUIHOCTH CUCTEM CONPOBOXKICHUS MO JOTLIEPOB-
CKHM YacToTaM | 3eMepuaaM, OMHOKA U3MEPCHUS
TPYIIOBBIX 33ICPKEK CHTHAIOB B MPHUEMHO-PETHCT-
PUPYIOIINX KaHaJlaX paJAHOTEIEeCKOIIOB, PACXOXKICHUS
IIKaJl BpeMEHH (OpMaTEepoB JAaHHBIX Ha paguoTelie-
ckomnax. KpoMe Toro, npu yrioBbIX U KOOPAUHATHO-
BpeMEHHBIX m3MepeHusx Metomamu PCJ/Ib HeobOxo-
IUMO BHOCHTH TIOIIPAaBKHU, YUUTHIBAIOIINE COCTOSHUE
aTMocQepbl, HO TOYHOCTH 3TUX MMOIPABOK MOXKET OKa-
3aThCSA HEIOCTATOYHOIM.

Pamuoreneckor ¢ nugpoBBIM MOIYIEM BBIICICHHS
CUTHAJIOB MOXKET pabdoTaTh Kak B peXMMe MHOTOKa-
HAJIFHOTO MHTEp(hEpOMeTpa C perucTparueii y3Kormo-
JIOCHBIX CHUTHAJIOB, TaK U B peKUMe HHTEphEepoMeTpa,
PETUCTPUPYIOLIETO IHPOKONOIOCHBIE curHansl 11Y.
[Tpu PC/1b-HabmoneHusx, MpoBeACHHBIX Ha 6a3e 3e-
neHuyKckas—bagapel, CpaBHHBAJIUCh IapaMeTphl
MITaTHOTO paaHouHTEepdepoMeTpa kKomiuiekca "Kpa-
3ap-KBO" (mBa pamgmoreneckoma PT-32 ¢ CIIC
P1002M) m unHTepdepoMeTpa ¢ pPasHOTHITHBIMH Pa-
muoreneckormamu (PT-32 ¢ CIIC u PT-13 ¢ mudpo-
BBIM MOJYJEM BBIJEIIEHUS] CUTHAIOB). McmbiTaHus
MIOJITBEPANIIN BO3MOKHOCTHh coBmemenus B PCJIb-
CETH PaJMOTENECKONIOB C PA3HOTUITHBIMUA CUCTEMaMHU
mpeoOpa3oBaHUs CUTHAIOB M BO3MOXHOCTH PabOTHI
pamuoteneckorna PT-13 B PCIIb-cetn "KBazap-KBO".

OueHka TOYHOCTH MHOTOKAHAJIBHOIO WHTEP-
¢epomerpa ¢ HUPPOBOH CHUCTEMOH BbIICJICHUS
curnajioB. Jlns M-kaHaIbHOTO pajMOUHTEP(EpO-
MeTpa ¢ CHHTE30M MUpoKoi mosockl 4actoT CKO BbI-
YUCIIIEMOW KOPPENATOPOM UHTEPHEPEHITMOHHON 3a-
JIEPKKH oTpezensiercs Kak [8]

)

o, (M) = : ,
21 0B, 2M AFt,
rae =.qdy; B, — addexruBHas nomoca vacror;

AF — monoca perucTpupyeMbix CUrHajoB. B naHHOM
ciy4dae

B, = |- % for + fop )2

<l M r:1( or cp) J
rie for — cpemHee 3HaYCHHE YAaCTOTHI y3KOIIOIOCHOTO
CHTHAJA, BBIIEIAEMONO KaHAJIOM C Homepom I
fCp = 0.5( for + fom ) dopmyna (2), onpenessronas

NOTCHIUAJIIbHYHO TOYHOCTD I/IHTep(bepOMe’[pa, BBIBC/ICHA
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JUT UeabHOro MHTepdepomerpa, y KOTOpOro Tpyrio-
BBIE 33[ICPKKH CHTHAIIOB B TIPHEMHO-PETUCTPHPYIOIIHX
KaHaJIaX PaIMOTEICCKOTIOB OMHAKOBBI, KB BPEMEHH
TOYHO COBMEIIICHBI X KOPPETIATOP aOCOFOTHO TOUCH.
YacToThl BBIIEITSICMBIX CHTHAJIOB B CHHTE3HpPYE-

Moii nonoce wactor (B, ) npu PCIIB-nabmone-
HUSAX BBIOMPAIOTCS TaK, YTOOBI MOXKHO OBLIO IKCTpa-
MOJIUPOBATh (a3bl CHTHAJIOB OT OTHOM YaCTOTHI K CJIe-
IyIoIeil 0e3 HeolpeneieHHOCTH 2T B 00eCIeYHTh
MOCTPOCHHE JIMHEWHON 3aBUCUMOCTH (a3 pPEerucTpH-
PYEMBIX CHUTHAJIOB OT YaCTOTHI C HAUOOJBIIEH TOYHO-
CThIO. B 0JJHOM M3 pekOMEHIyeMbIX BapHaHTOB pa3-
HOC YacTOT MEXIY COCEIHMMH KaHallaMH YIBauBa-
eTCsl IO Mepe yBeJIHUYeHUs] HOMEpOB KaHaJoB 7 [8].
MuHuManbHbIH 4acTOTHBIH uHTEpBan W= fyp — fo1
BbIOMpaeTcs Tak, YTOOBI B (DYHKIIMH pa3peIleHysl, BbI-
YUCIIAEMOU KOPPEIATOPOM, HE OBLIO JOTIOTHUTENb-
HBIX BBIOPOCOB OOJBIIONW AaMILIUTYIBI, KOTOpBIC
MOXXHO OBIJIO OBl CHyTarb C OCHOBHBIM ITMKOM.

Mpu cnabom curvane (<1) MOKHO NPUHATH
W=4AF u B, = 0.4B_,,, [9]. B aTOM citydae B no-
noce mpomyckanust PITY BHp ~11Tn nmocraroyHo

pasmecTuTh 5 KaHanmoB ¢ mojocamu AF, 4TOOBI
CHHTE3UPOBaTh IMU(PPOBONH CHTHAT B IIOJIOCE YaCTOT
Beymr =15W+ AF = 61AF (BCI/IHT =976 MI'n mpmu

AF =16 MI'i mi 488 MI'n npu AF =8 MI'). Ha

panuoreneckone PT-13 nepBrlit BapuaHT MOXXHO pea-
JIN30BaTh, MUCHONB3yd oauH KaHan PIIY wu
JIBa KaHaja MITaTHOW IIM(PPOBOH CHCTEMBI pErHCTpa-
UM CHTHanoB ¢ monocamu Bg =512 MI'm. [ns
BTOPOI'0 BapUaHTa JOCTAaTOYHO OAHOIO KaHaja C I0-
jocou 512 MI'11.

IIpu cuHTE3€ MONOCH YaCcTOT, HE MPEBBIMIAIONIEH

mojocy T4 (BCI/IHT < BO), CpeIHEKBaIpaTHIeCKast

TorpenHocTs M-kananbHoro uarepdepomerpa 6, (M)
BCerJa 0obllle, YeM MOTPEIIHOCTh OIHOKAaHAJIBHOTO
nHTepepoMeTpa ¢ MoNI0CcoH perucTpannu By, ompe-

nensemas B [9] kak \/1_2/ [ZTquBO,/ZBOtH J

Ecnu mHTEpdEpoMeTp comepX HT m Tapanienb-
HBIX KaHAJIOB, PErMCTPUPYIOIIUX IMHUPOKOIIOIOCHBIE
cur"anbl [TY, To mocne ycpeaHeHust m pe3yiabTaToB
CKO BrruncinenHo#i HHTEpHEpEHIIMOHHON IPYIITIOBOH
3aJIepPXKKU OyeT

R
0B +/2MByt,,

o.g(m) =

U3 (2) u (3) cnenyer, 4To MpU CUHTE3E MOJIOCHI Ya-
CTOT B IIPEAENax MOJIOCH MPOITYCKAHMS IIPHEMHOTO Ka-

Hana (BCI/IHT ~

LNI):EJmBO/(HMAF)z
GTB(M) B,
~_Bo 4
~04B. JmBy /2M AF). “4)

p

BHp) HMEECT MECTO COOTHOILICHUEC

ITo »T0it QopmMyne MOXKHO ONPEACTUTH MUHH-
MaJIbHOE 3HAaUYeHHE CHHTE3MPYEMOH IIOJIOCH YacTOT,
HPH KOTOPOM TOYHOCTB OTIpe/iesIeHHsI HHTep(epeHIIt-
OHHO¥ 331€pPKKH CTAaHOBHUTCS BBIIIE TOYHOCTH, TIOJTY-
4aeMo# HHTEPPEPOMETPOM C IIHPOKOIIOTIOCHBIMHE Ka-
HajlaMu 0e3 CHHTe3a IOJIOCHI.

Pesynbrarel mcciaegoBanmii. licnonbszoBanue
UG POBOTO CITocoda BIICIICHUS Y3KOMOJIOCHBIX CHUT-
HaJlOB Ha paJHoTeNIeCKONax MO3BOJISAET HEMHOTO
(mpumepHo Ha 4 %) YMEHBIIUTH NOTEPU UyBCTBU-
TENIFHOCTH PaIHONHTEPPEPOMETPa, HO ITO IPAKTUYIE-
CKM He BJIMSET Ha TOYHOCTh M3MEepEeHUs nHTeppepeH-
LIMOHHOU TPYIIITOBOH 3a/1ep KK curHana. [Ipu 3amene
AHAJIOTOBBIX CHCTEM BBIICICHUS Y3KOIIOJIOCHBIX CHT-
HaJIOB IIU(POBBIMUA TOYHOCTH MHOTOKaHAJILHOTO pa-
muouHTepdepoMeTpa € CHHTE30M MOJOCHL YacTOT
ocTaeTcs Ha MPEKHEM YPOBHE.

Kak cnenyet u3 (4), TOUHOCTb ONpEENICHUS HH-
Tep(epeHIIMOHHON 3aep>KKU CHTHANA TSATHKAHAIb-
HeIM uHTEphepomerpom ¢ momocamu AF =8 MI'ng

IpPHU CUHTE3€ MOJIOCH 4acToT By = By =512 MI'g

Oyner B 2.5 pa3a HYKe TOUHOCTH OJHOKAHAJIBHOTO HHTEP-
(depomerpa ¢ monocoit 512 MI't1. TouHOCTh MATHKAHATTB-
Horo uHTepdepomerpa ¢ monmocamu AF =16 Ml mpu

CHHTE3¢ MOMOCHI 9acToT Beyyr = By, 11T Gyner

Ha 30 % HmXe TOYHOCTU HHTEp(EepoMeTpa ¢ IBYMs
HIMPOKOIIOJIOCHBIMU  KaHAJIaMH, KOTOPBIE IepPeKphI-
BAIOT NOJIOCY TIporyckanus PITY (2BO ~ By )

Opaunum n3 Hanpasienuit pazsutus PCIb (B pam-
Kax HCCIEJOBaHUI MO MEXKIyHApPOAHBIM IMPOEKTaM
VLBI 2010 u VGOS) sBnsercss CUHTE3 MOJOCH Ya-
CTOT, 3HaYUTENbHO NpeBbinaromeit 1 I'Tu. O6myva-
TENIb aHTEHHbI U TpexkaHaibHble PITY pamuorene-

ckomna PT-13 ¢ momocamu mpormyckaHus BI1p ~11Tu

[19] matoT BO3MOKHOCTH CHHTE3UPOBATh IOJIOCY Ya-
ctoT 10 2.5 I'T'n B nuamna3one BoaH X u 10 6 I'T1r B
nuanazone K. Jlyig 3Toro goctatoyHo Tpex KaHaloB
PITY, uetsipex ALII mraTtHOM cucTeMbl perucTpaluu
CUTHAJOB ¢ osiocamu 512 MI' u Mmomysist U poBoro
BBICJICHUS  Y3KOTIOJIOCHBIX CUTHajoB (puc. 4).
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Puc. 4. Cucrema nuhpoBOro BeIIENICHAS Y3KOOJIOCHBIX CUTHATIOB M3 BBIXOJHBIX ITUPOKOTIONIOCHBIX CUTHATIOB
TpeX KaHAIBHOTO TP €MHOTO yCTPOICTBA

Fig. 4. System for digitally extracting narrowband signals from output broadband signals of a

YCTpOWCTBO BBIJECIIEHUS] CUTHAJOB BBITIOJHEHO B
[JIMC tnma XC7K325T. Ilocie ¢opmaTupoBanus
BBIICTICHHBIX CUTHAJIOB ¢ moiiocamu AF 1o cras-
napty VDIF ¢opmupyercs morok naHubix Ethernet
10G, xoTOpBIH Yepe3 AMEKTPOHHO-ONITUYECKIUN TpaH-
cuBep X2 nepenaercs B cepBep paaAuoTeIecKona 1 1a-
Jiee B LIGHTP KOPPEISILMOHHON 00pabOTKH TaHHBIX.
Jnst cuHTe3a nonocsl 4acTor B, MpeBblao-

el moJocy mpormyckanus npueMHoro kaHana 1 I'Tn
pu paboTe ¢ TpexkaHabHbIM PITY pamuoreneckorna
PT-13, B IIJIUC chopmupoBansl 4 monyist [1DD, 8
IIBK ¢ ueTbIpexypOoBHEBBIMU KBAHTOBATEIIMH BBIOO-
pok u popmarep VDIF ¢ BrIX010M Ha BOJIOKOHHO-OII-
TUYEeCKUH KaHat nepenadu qanabix. Kanan PITY 1, BeI-
JIEJISIFOIINI HIMPOKOTIONIOCHBIN CUTHANI B HIDKHEW 4Ya-
CTH pabodero auana3oHa 4acTOT, COCIMHEH C AByMS
ALII gepe3 GuUIBTPEI C IPUMBIKAIOIIUMU HOIOCAMU
npomyckanus (1024...1536 u 1536...2048 MI'm). K
IByM npyruMm kaHajnam PIIY mocratouHo mnomkiro-
yuth 110 ogHoMy AIIII ¢ punerpom 1024...1536 MI'L.

B yactoTHOM nuanazone X MpH CUHTE3€ MOJOCHI
gactoT 10 2.5 I'T'm MOXXHO MCIOIB30BaTh 2 KaHaia

three channel receiver

PITY ¢ monocamu npornyckanwmst 1 [T u 3 ALIT, onmd-
POBBIBAIOIMX CUTHAIIBI C TMonocamu By =512 MI,
3 momymst T[1IdD u 7 AT (puc. 5, a). [lpu AF =8 MI'np
u W= fgy — fg1 =32 MI'y B nmanasone X BbLEeNs-
IOTCS U PETHCTPUPYIOTCSA JIO CEMHU CHTHAJIOB C IIOJIO-

camu fpq, ..., fg7. B aTOM ciydae mkama wactoT

fy = f — fipin OTCUMTHIBaeTCA OT HIDKHEHW T'PAHMIIBI
nosnocel npueMa  fyin = fo1 — 0.5AF. Ilpu ykazanHOM

paHee yIBOCHHH YaCTOTHOTO HHTEPBaJa [0 Mepe yBe-
JMYEHUs] HOMEPOB KaHAJIOB PErHCTPUPYEMBIX CHUTHa-
JIOB VISl X BBIIEJICHUS B IIpeesiax MOJIOCH IPOITyc-
KaHUsI ogHOro kaHama PITY (BCHHT Sll"l"u) Zocra-

touHo st LIBK (puc. 5, a).

B yacrorHoM nuanazone K MOKHO CHHTE3UpPOBATh
noniocy yactot Ao 6 ['T1 mpu ncnonp30BaHuM Tpex Ka-
HanoB PITY, wersipex momymneit [1OD u cemu 1IBK ¢
AF =16 MI'n (puc. 5, 6). Ilpmu

W=45MI11 1 aHaJOrMYHOW PacCTAaHOBKE CHI'HAJIOB

IIoJI0CaMu

TI0 YacTOTe MOKHO OBLIO OBl YBEJTMUYUTD YKCIIO BBIIETISE-
MBIX CHTHAJIOB JI0 BOCBMH, HO M3-3a OTCYTCTBHS YeTBEP-
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C _a 3 h ]| | 'd |
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Puc. 5. BapuaHTsl pacnpe/ienieHns 4aCTOT PErUCTPUPYEMbIX CUTHAJIOB B

Fig. 5. Variants of the frequency distribution of the recorded signals in the

yactotHeix jauanazoHax X (a) u K (6)
frequency bands X (a) and K ( 6)
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Toro kaHana PITY npuxonauTcst orpaHI4UTBCS perucTpa-
el ceMH CHTHAJIOB (MCKIIIOUMB CHUTHal Ha 4acToTe
foe ) YTO JOIIYCTUMO IIPY CHHTE3€ M0J0CH] YacTOT.

[NonoxunTenpHbI 3 deKT OT CHHTEe3a MOJIO0CHI Ya-

CTOT MOXET OBITh TIONy4eH TpU  YCIOBUHU
6.0 (M) <o (m), korna
m
Beyrr > 0.72B, mBo_ (5)

MAF

IIpy KMCHONB30BAHUU TpPEX IPUEMHBIX KaHAJIOB
PIIVY u uetsipex monyneil IIO®D cuHTe3 MONOCH 4a-
CTOT B BOCBMHKAHAJILHOM HHTEpP(EpoMeTpe ¢ I0J0-
camu AF =8 MI'1 TeopeTHYeCKH MOXKET YIy4IINTh

TOYHOCTb OIIpeJie]IeHHsl MHTep(hEPEHIMOHHBIX 3a1ep-
’eK (10 CPaBHEHUIO C TPeMs aBTOHOMHBIMH IIHPOKO-
MOJIOCHBIMH KaHaJlaMH) TIPU CHHTE3€ MOJIO0CHI Y4aCTOT
Beynr > 5.1 1T, OT0 BO3MOXKHO B YaCTOTHOM JUaria-

3o0He K (28...34 I'T'm). B cniyyae ucronb30BaHus ABYX
kaHajoB PITY u tpex momyneii [IOD ycnosue (5) mis
BOCBMHKAaHAJIBHOTO HHTEphEepoMeTpa C MOIOCAMHA
AF =8MI'y Bemonusercs npu Bgyyr >1.8 T

OTOT peKUM MOKHO PEaln30BaTh B JHOOOM M3 pac-
CMaTpHuBaeMBbIX auarna3oHoB (X wim K).

IIpr cuHTE3e OYEeHb WIMPOKOM MOJOCHI YACTOT
(Beysr > Byp ) BBIPABHHBATH 3a/IepKKH CHTHAIOB B

MIPUEMHBIX KaHAJax PaguoTeIecKona U 00eceuuBaTh
BBICOKYIO TOYHOCTH JIMHEapu3alu (yHKIHUU (a3 oT
YacTOThl B TMpOIecce KOPPENAIMOHHONH 00paboTKH
JaHHBIX TpyaHee. [1o3ToMy OXHIaTh 3HAYUTEIHHOTO
ynyummeHus: TouHoctd PCJ/IB-m3mepenuii MHOroka-
HAJIBHBIM HHTEPPEPOMETPOM C Y3KOTIOIOCHBIMU KaHa-
JIAMU U CHHTE30M TI0JIOCHI YaCTOT 110 CPAaBHEHHIO C MH-
TephepoMETPOM, PETUCTPUPYIOLIMM IIHPOKOIOIOC-
Hble curHaisl [1Y, no-eugumMomy, He CIeayeT.

B cny4yae BbIfEnEHHS Y3KOIOJOCHBIX CHUTHAJIOB

TOJIBKO M3 MOJIOCHI Mportyckanus PITY (Bcnm < Bnp)

YyBCTBUTENLHOCTh HMHTEpPPEpOMETpa M TOYHOCTH
ofnpeneneHns UHTEeP(PEePEeHIIMOHHON 3aepKKH CHU-
JKAIOTCS TI0 CPABHEHHUIO C HHTEPPEepOMETpOM, paboTa-
IOLUM B PEXHUME PETUCTPALMH IIHPOKOIIOIOCHBIX
curHaioB [IY. B pexwumMe peructpanmm HECKOIBKUX
CHTHAJIOB C Y3KMMHU mojiocamu AF B HeckoJbko pa3s
CHIDKAETCsl CyMMapHasi CKOpoCTh HH()OPMAITHOHHOTO
MOTOKA JAaHHBIX, NIEPEIaBAEMBbIX B LIEHTP KOPPEIISLH-
OHHOI 00pabOTKU JAaHHBIX, U TOSBISIETCS BO3MOXK-
HOCTB MOAKIIOUeHHs panuoteneckona k PC/Ib-ceTsm,
HCTIOJIL3YIONIMM KOPPEJISITOPBI Y3KOTIOJIOCHBIX CUTHA-
noB [8]. Hanpumep, B uHTEpdEpOMeTpe, perucTpupy-

1o1IeM § curHaios ¢ monocamu 16 MI' (puc. 5, 6), cym-
MapHas CKOpOCTh HH(OPMAIIMOHHOTO TTOTOKA JTAaHHBIX
NpU  YEeTHIPEXypOBHEBOM  KBAHTOBAaHMM  paBHA
512 Mout/c. UuTepdepomerp, perHCTPUPYIOIIUI
4 curnana c nonocamu 512 MI', 1aer moTok ¢ cym-
MapHO# ckopocthio 8192 Mowurt/c. [Ipu yBennueHnu
CKOPOCTH TIOTOKA JAHHBIX MOBBIIIAIOTCS TPEOOBAHUS K
cepBepaM PaAUOTEIECKOIOB, JHMHHUSIM BOJIOKOHHO-
ONITHYECKOH CBSI3M MEXIY PagHOTENICCKOIIAMH H IICH-
TpoM 00paboTku naHHbIx U PC/IB-koppensropam.

OO0cy:xneHne pe3yJbTaTroB. Pesynbrarsl uccie-
JIOBaHUS TO3BOJIAIOT ClIENaTh OJHO3HAYHBIM BBIBOJ O
LeN1ecO00Pa3HOCTH YCTAaHOBKU HAa PaJHOTEIECKOIax
PT-32 u PT-70 (Yccypwmiick) 1udpoBBIX CHCTEM MPeoo-
pazoBanust curHasioB BMecto mrartHeix CIIC P1002M
C aHAJIOTOBBIM BBIIENICHIEM y3KOIIOJIOCHBIX CHTHAJIOB.
ITpu Takoii 3aMeHe TOYHOCTh U3MEpEeHus! HHTephepeH-
LIMOHHBIX TPYIIOBBIX 3aJIep>keK MPUHUMAEMbBIX CUTHA-
JIOB TIPAKTUYECKHA HE MEHSETCS, a TyBCTBUTEIHHOCTD
uaTephepoMeTpa Jake HeMHOro (mpumepHo Ha 4 %)
yirydmiaercs. JIocTaTouHO CIOKHBIE KaHAIBI YCHJICHHS
U Tepesiadyd IHUPOKONIONOCHBIX AHAJIOTOBBIX CHUTHAJIOB
ITY 3ameHsrOTCS BOJIOKOHHO-ONTHYECKUMH JTHHUSIMU
nepenayn IUQPOBBIX curHAMOB. 110 AKcIuTyaTarmoH-
HBIM XapaKTepUCTHKaM WM HAJIEKHOCTH IH(ppOBas CH-
cTeMa UMeeT HECOMHEHHBIE TIPEUMYIIIECTBA.

Kpome Toro, mpu UCIONB30BaHUH Pa3paboTaHHON
1 (POBOIL CUCTEMBI TOSBIIAETCS BO3MOXKHOCTB PAOOTHI
PaIIOTENECKOIIOB B PEXKIME PETHCTPALINH IIHPOKOIIO-
nocHBIX curHanoB ITY, 910 MO3BONAET 3HAYUTETHHO
MOBBICUTE YYBCTBUTEILHOCTH HHTEP(EpOMETpa U pac-
[IMPUTH CIHCOK JIOCTYMHBIX OMOPHBIX HCTOYHHUKOB,
ucnonb3yembix npu PC/Ib-HabmoneHusx.

ITocne 3aBepleHUs] MPOBOAMMON B HACTOSAIIEE
BpeMsl pa3pabOTKH aHTEHHBIX OoOJTydaTeneil U CBepX-
IIIPOKOIIONIOCHBIX IPUEMHBIX YCTPOHCTB [UIS PAIHO-
TeneckonoB PT-32 mosBUTCS BO3MOXXHOCTH CHHTE3a
nosiockl yacToT mupe 1 I'T1h 1 noBblIeHus TOUHOCTU
PCAb-u3mepenuii.

PaspaboTanHbIi crIoco0 ITUPPOBOTO BHIACICHHUS
Y3KOIOJOCHBIX CUTHANOB W3 monockl 1Y ucnons3y-
eTcs B HOBOM MHOTO(QYHKIIMOHAJIBHOM CHCTeMe
peoOpa3oBaHusl M PETUCTPALMN CUT'HAJIOB, pa3pada-
TBIBAEMOM C 11EJIbI0 MOIEPHU3ALINHN IEUCTBYIOIINX pa-
nuoreneckonoB koMmiuiekca "KBazap-KBO" u ocHa-
IICHUS HOBBIX MallOTabapUTHBIX PAIHOTENECKOIIOB
[24]. B sT0i1 cucTtemMe nmpeaycMOTpeHa BO3MOXKHOCTb
OTIEPAaTHBHOW CMEHBI PEKUMOB PaId0aCTPOHOMHYE-
CKMX HaOJIOIEHUIA.
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Abstract

Introduction. Today, many research endeavors are devoted to the miniaturization of microwave sources. One of
the promising approaches is the use of magnetic nanostructures (spintronics elements), providing a wide range
of frequency tuning and low power consumption. The main disadvantage of spintronics generators (spin-transfer
nanoscillators — STNO) is a low output power of generated oscillations (tens of nanowatts and less). A possible
solution is to sum up the power of many STNOs in a mutual synchronization mode.

Aim. The investigation of noise properties of two connected STNOs with identical and non-identical parameters
in a phase synchronization mode.

Materials and methods. A model was developed of two STNOs interconnected by spin waves taking into account
thermal noises. Spectral power densities of the amplitude and phase noise were obtained by the method of
effective linearization.

Results. Dependencies were obtained in a general form for attenuation coefficients of the amplitude and phase
fluctuations of noise sources for each STNO. Three cases of synchronization were considered: completely identi-
cal STNOs, two identical STNOs but with different oscillation frequencies, and two non-identical STNOs, differing
in an allowance of self-excitation by frequencies and amplitudes of the oscillations. It was possible to obtain a
gain in the amplitude and phase noise for two identical STNOs. In this case, an increase in the allowance of self-
excitation led to a decrease in the level of phase and amplitude noise.

Conclusion. This analysis of the attenuation coefficients for non-identical STNOs demonstrates the possibility of
improving the noise properties of each of the generators. In this case, the best noise value is obtained for an
STNO with greater stability in a stand-alone mode.

Keywords: spin-transfer nanooscillator, mutual phase locking, noise properties, spectral power density
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Introduction. Oscillation sources of microwave fre-  cuits, waveguides, or other resonators [1]. An important
quency range devices are based on either of the follow-  task in the use of self-oscillators is to control their fre-
ing: lumped elements (capacitors and inductors), delay ~ quency stability. In schemes with lumped elements, this
lines, resonators on surface acoustic waves (SAWSs),  is most often solved by using varicaps [1]. In spin-wave
spin-wave devices, dielectric (including ceramic) cir-  devices, the dependence of the frequency of the
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ferromagnetic resonance on the magnitude of the con-
stant magnetic field, which can easily change under the
influence of direct current, is used.

Recently, special attention has been given to solid
state  physics, where nanoscale spin-wave
devices — "spintronics" devices — are studied. Such de-
vices are spin-transfer nanoscillators (STNO), which
are multilayer nanostructures, most often cylindrical,
made up of alternating magnetic and nonmagnetic lay-
ers [2—7]. Nowadays, using various configurations of
nanolayers, it has become possible to achieve genera-
tion frequencies of more than 40 GHz [2]. The ad-
vantages of STNO over other well-known self-oscil-
lators are: small size, wide frequency range: from hun-
dreds of megahertz to tens of gigahertz with relative
frequency tuning over an octave, integrability with the
CMOS process, small operating voltages and currents
(less than 0.3 V), short transition time process (nano-
second scale), and an extended section of the fre-
quency’s linear dependence on the control of the ex-
ternal direct current or external magnetic field. Al-
ready, options are proposed for using STNOs as mi-
crowave signal detectors [8] and in memory devices
[9]. The possibility of generating radiation in the te-
rahertz range is actively being studied [10, 11]. Note
that an important property of STNO is non-isochro-
nism, the dependence of the oscillation frequency on
the amplitude.

One of the main characteristics of any oscillator is
the level of phase noise. A low noise level of the os-
cillator is a prerequisite for the development of many
radar and radio transmitting devices. For STNOs, this,
along with a low output power, is the main drawback
that limits their practical application. One way to re-
duce phase noise is to synchronize with an external
force or mutually synchronize several oscillators. As
an external force, external harmonic influence (EHI)
or EHI usually acts in combination with a phase
locked loop [12—15]. The purpose of synchronization
is to impose the stability of a reference non-tunable
oscillator on a frequency tunable oscillator. In addi-
tion, the synchronization systems studied in this work
are used in communication, radar and radio navigation
technology, control, measuring complexes, especially
in frequency synthesizers, complex signal synthesiz-
ers, signal demodulators with angular modulation, sig-
nal phase and frequency meters, signal tracking de-
vices of carrier frequencies of received signals, and in-
clock synchronization devices. Despite the large num-
ber of works on STNOs, the theoretical noise proper-
ties of interconnected STNO have not been previously

studied. In this paper, we study the effect of synchro-
nization of two coupled STNOs in phase synchroniza-
tion mode on amplitude and phase noise.

Mathematical Model of Two Connected
STNOs. We assume that STNOs are connected
through a common ferromagnetic layer where spin
waves propagate. The structure of coupled STNOs has
been studied in a number of works (see, for example,
[2]) and is not given here. Let us consider an assembly
of two complex equations describing the dynamics of
two connected STNOs [2]:

de . j
%*le(hlz)q-ﬂ 1l o= CaetPicy om0

de, . '
%*sz(kﬂz)Cz—AT2(|‘32|2 )02: OgelP2ey ),

(1)

where ¢j (i=1,2) are the complex amplitudes of the

spin waves of the first and second STNO;

oj = opj + N; |Ci |2 is the dependence of the oscilla-
tion frequency on the amplitude ( wg; is the frequency

of the ferromagnetic resonance of the ith STNO;

N; is the nonisochronism coefficient); Al <|ci |2)=

=TGi [(Ci -1)-(& +Q )|C“||ZJ (Cgi =awj; o is the
Gilbert damping constant; Gj =1 /Iy j is the self-ex-
citation factor (supercriticality); I is the current through
the ith STNO and Iy, j is the critical current at which in

the unconnected case oscillations arise in the STNO; Q;

is the phenomenological parameter [2]); Q; is the con-
nection coefficient of two STNOs; f3; is the phase delay
in the synchronization system; nj(t) is the additive

noise addition caused by thermal fluctuations of the fer-
romagnetic material. Search for the solution (1) in the
form:

¢ =U; exp[ — jogyt — joi ()], 2)

where Uj, @; are the slowly varying amplitude and
phase of the i-th
Wgy = ((01 + w9 ) / 2 is the average frequency of two
STNOs.

The derivative of the complex amplitude (2) has
the form:

da _JaUi 1 | g _dei@))|
dt_{ dt UiJ{ 102y = }}C" ®)

oscillator,  respectively;

20 Noise Properties of Two Mutually Coupled Spin-Transfer Nanooscillators

in the Phase Locking Regime



N3Bectns By3os Poccun. Pagnosnexkrponnka. 2020. T. 23, Ne 2. C. 19-25
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 2, pp. 19-25

Substitute (3) and (2) in (1). We get an assembly
of two complex equations:

dup 1 | . deg(®)] .
W o 20 o) a1y -
1

Qluz i i @(D- cpl(t)} nl(t) [mavt+(p1(t)}
Uy Uy
4)

dU—zi‘{—j@av eyt }‘J(ﬂz UZ) AFZ(UZ)z

at U,

=QzulejB2 [(pl(t) (Pz(t)} AL el[wavt“'(PZ(t)l
Uz UZ

We can now move from (4) to 4 valid equations
for the amplitude and phase of each generator:

du;

dt

dﬁIUzAFZ (U2)+92U1COS((|)2 —(p1+Bz)+ﬁ2;

y L6

= UlAl"l (Ul) + Q]_UZ COS((pl 0o + ]31)

U, .
ooV —=gEsin(or—opt )+ G
d Q,Uq fi
% —(Dav+(x)2(U2)—J—25In((p2 q)l-l-ﬁz)-l-é

where ﬁLZ _ Re{nbj(z ) |:(0avt+(P1 Z(t)]} o (UI ) _

2
= opj + NjUj
We calculate the stationary values of the ampli-

tudes and phases of the oscillators Ulo , Ug , (p? , (pg.

To do this, we equate the derivatives in (5) to zero. We
get:

1+Q1)( )2}
+ U cos(o? 3 +py )= fi;
ozugrez[cz— (G2 +Q2)(u] ﬂ*

+QZU10 cos(q>2 - @ +[32): f;

0=U T [(gl 1)-

0 2
0= +ogy + Ny (UP) - ©6)
0
Ul
- 28|ﬂ(<pf—<|>2+31)=f3:
Ul

0=—0)av + g2 + N2 (Ug)z -

Noise Properties of Two Mutually Coupled Spin-Transfer Nanooscillators

in the Phase Locking Regime

where fy, ..., f4 are nonlinear functions of stationary

states Ulo \ Ug \ cpf \ (pg. We can now move from (6)
to the equations with the stationary phase difference
W =@ — @y since its value determines the stationary
amplitudes of STNO oscillations:

OZUPFGl[(Cl—1)_(C1+Q1)(U10)2:|+
+ U9 cos(\y0 +B1);
Ongrez[(Cl—l)—(Cz +Q2)(Ug)2}+
+Q,UP cos(—\vo +l32);

0=(001—(,002 + N]_(U:P)Z - NZ(Ug)Z -

0 0

Q . Q .

—ﬂsm (\yo + [31) + ﬁsm (—\yo + B9 )

u? u?
1 2

We can now move to the equations for small de-

viations Sy, dup, 3¢, d¢po with respect to the sta-

ble stationary mode. We get an assembly of equations
in the following form:

d8u1 il —=du +ﬂ8u2+ﬂ5(pl+ﬂ6(p2+ m;

dt 8U1 6U2 a(pl 8(p2
daﬁ=ﬂ8U:|_+ﬁ6U2-}-%fsq)l-l-ﬂ&pz-i—ﬁz;
dt 8U1 6U2 6(p1 a(pz
9001 N3 543 5,1 T8 504 T8 5 L
ot U T aU; C g odep U
4595 My 5y o Mo g, Ma sy Mt 54 T2

dt oU; T aU, 2 ag T oy ud’

Using the spectral method (% = j(oj, we can now
move to a linear inhomogeneous system of equations:
( fu, - joa)Sul + fy,8Up + fi, 891 + fi, S92 =1i;
fau, 8+ ( fau, - jm)8u2 + T2, 801+ T2, 802=1p;

f3U16U1+f3U26U2+( fa(Pl_ jO))S(pl + fg(p28(P2 :Ui; (7

0
1
. fip
f4U18U1+f4U26U2+ f4q)16§01 + ( f4(|)2 - J(o)&pz = U_O’

2
where fiUk =6fi /6Uk s fi(Pk =6fi /8(pk ; i =1...4,

k=1...4.
Assembly (7) can be specified by the Carmer
method in the following form:
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SU]_((D)— Ul U2 :
Alw)
|:A2]_(0))+ 230 }ﬁf{Az ((D)+A24gco)}~
1 9 .
SUZ((D)— A((D) ’ (8)
{Aﬂ(“’)*Aﬁ’gw)} ﬁf{%z (m)+A?;jéw)} i
_ 1 9 '
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Alw)

where Ajj (@) are the corresponding determinants of

an assembly (7). In particular,

flu,—lo  fuy, flp, flo,
A@) = fou,  fou,—Jo f2(p1- f20,
fau, fau,  fag—Jo  fag,

fau, fau, fap,  Tap,~JO

And the determinants Aj; (w) are searched by re-

placing the i-th column with a column of constant
terms, for example,

fau, —jo  faq f2p,
Milw)=| fyy, fag, —Joo  f3p, |
fau, fag,  fag, —Jo
fw, f1g, f1p,
Ao (@) =— f3U2 f3(P1 - jo f3(p2
fau,  Tag  Tag, — o

Next, we can now move from (8) to spectral den-
sities Sgul’ » 85% , of amplitude and phase noises, re-

Using the obtained expressions (9), it is possible
to quantitatively study the level of spectral power den-
sities of the amplitude and phase noise of two coupled
STNOs.

Noise properties of two identical STNOs. Let us
consider the case of two absolutely identical STNOs

oft + Ny (U7 )2= ofma + N (U3 )2: ©Q; Ofmi, Ofn2
are the ferromagnetic resonance frequencies.
Fe1=Tg2; G=C20 Q=Qz =0 In this
case, the time delay will be considered equal to zero
By =B2 =0. In general, the effect of phase delay re-

duces to the frequency of the obtained dependences.
The amplitudes and phases of the STNO in this case

will be equal to Ulo :Ug, \VO =0.
In this case, we can now move to one equation for

determining the stationary amplitude and drop sub-
scripts 1 and 2:

0-UTq| (c-1)- (c+Q)LO)" |+ uP.

Then the stationary value of the amplitude will
have the form:

The oscillation frequency in this case will be equal
to:

(;—1+£

I's
£+Q

If Q—0 the frequency and amplitude of the
oscillations of the coupled STNOs tend toward the fre-

@ = Ofy + N

spectively: quency and amplitude of the oscillations of the self-
M3(o) 2 My(0) 2 regulating STNO. Let the STNO parameters be equal
All((}))+ 0 Alz((x))+ 0 N ofmy
S5, ()= U s+ V2 1, [2]: —=1048GHz; —™M=1241GHz; (=2
WL A | O 2n 2n
2 2 Q=0.66; o =615 GHz/A; a=0.0%
A21(O))+A23(()(0) A22(0))+A24§)0))
Ssus0) =7 )Ul St )UZ ECIN - 0.1241GHz.
0] o
Aga(©) 2 Agy(®) 2 The stationary values of the amplitude and fre-
Ag(@)+ U0 Agp(0)+ U0 quency of oscillations, in this case, will depend on the
S&pl(w)= ) L S+ S 2 | St margin of self-excitation { and the connection coef-
2 2
A A -
Agg()+ ﬁ)g@) Agp(0)+ 44g(u) ficient Q of two generators at 27r =18.84 GHz. The
S&Pz(“)): Ao 1 | S+ S 2 | Srip. dependence U (&, Q) is shown in Fig. 1.
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Fig. 1. Dependence of the stationary amplitude of oscillations
at different values of the self-excitation margin

Let us compare the obtained spectral characteristics
of the amplitude and phase noises with the characteris-
tics of the self-regulating STNO. We will use the value
of the coherence as a parameter Q2 . The peculiarity of
the mutual synchronization assembly is the phenome-
non of mutual assistance for the setting-in of oscilla-
tions. In this case, even with a margin of self-excitation
less than unity, a stable state of oscillations is possible.
A physical limit is the value of the coupling coefficient;
it should be no more than I'g because the maximum

realistically attainable values of the self-excitation mar-
gin are approximately ~3—4.

The dependence of the amplitude and phase noise
at different values of the connection coefficient Q as
well as two values of the self-excitation margin ({ =2

SSu(f) dB,
S -0 c=2
-175
~190 Ll Ll 1 Lol
108 10’ 108 f, Hz
SS(P(f) dB
Sy
(=2
-140
05T
I's
_170 1 1 IIIIII| 1 1 IIIIII| L1l
108 10’ 108 f, Hz

and { =4) constructed according to formulas (11) are

shown in Fig. 2

According to Fig. 2, the mutual synchronization
of an ensemble of two STNOs leads to a decrease in
the amplitude and phase noise of each of the oscilla-
tors. Moreover, an increase in the connection coeffi-
cient between STNOs leads to a decrease in the am-
plitude and phase noise. Also, an increase in the con-
nection coefficient leads to an increase in the field of
offsets from the frequency of the STNO oscillations,
at which a gain in the amplitude and phase noise is
ensured. The spectral density of phase noise far ex-
ceeds the spectral density of amplitude noise. This is
typical for all self-excited oscillators.

An analysis of the expressions obtained shows that
in order to improve the noisiness of STNOs, it is neces-
sary to increase the self-excitation margin {, to reduce

losses in the equivalent oscillatory system I'g, and to

reduce the nonisochronism coefficient V. Nonisochro-
nism, being a mechanism for changing the oscillation
frequency, leads to a significant deterioration in noisi-
ness. However, a decrease N leads to a decrease in the
possible frequency range of the oscillator.

The obtained calculations of amplitude and phase
noise make it possible to design a system of synchro-
nized STNOs with a minimum level of phase and am-
plitude noise.

Noisiness of two non-identical STNOQOs. Let us
consider the case of synchronization of two non-

SSu(f) dB
Sy
(=4
=0
~1751- 01Te
5T
G Ig
~190 Ll |ﬁunu
106 10’ 108 f, Hz
S&p(f) dB
Sy
(=4
-140
05T
I'g
7]70 1 1 IIIIII| L1 1111l
108 107 108 f, Hz

Fig. 2. Dependence of amplitude and phase noise at different values of the connection coefficient Q and two values of the
self-excitation margin £=2 and £=4. Nonisochronism coefficient N =0
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S&P( f ) dB
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Q=0
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Fig. 3. Phase noise of two STNOs with different self-
excitation margins and corresponding discomposure

Ao =-9.77-10" rad/s for two connection coefficients
(Q=05IG; Q=TIg) and noise of self-regulating STNO
(2=0)

identical STNOs that differ in the self-excitation mar-
gin. For such an assembly, a gain in the phase noise
level is obtained for both STNOs. In this case, the best
noise value is achieved for the STNO which has a large
self-excitation margin, in accordance with Fig. 3.
Conclusion. The dependences are obtained in a
general form for each STNO’s noise source’s attenu-
ation coefficients of the amplitude and phase fluctua-
tions. Two cases of synchronization were

considered — completely identical and non-identical
STNOs, differing by a self-excitation margin, fre-
quencies, and amplitudes of oscillations. It is possible
to obtain a gain in the level of amplitude and phase
noise for two identical STNOs. In this case, an in-
crease in the allowance of self-excitation leads to a de-
crease in the level of phase and amplitude noise. Non-
isochronism, in its turn, leads to an increase in the
level of amplitude and phase noise. In the second case,
it is possible to obtain the best value of phase and am-
plitude noise. At the same time, in order to obtain a
less noisy STNO, it is necessary to increase the con-
nection coefficient of two STNOs and to increase the
frequency mismatch of two STNOs while remaining
within the system synchronism line. This is because
the control action to STNOs in this model depends on
the frequency difference between the generators. With
equal frequencies, such an effect is minimal in accord-
ance with the shortened equations. This analysis of at-
tenuation coefficients for non-identical STNOs
demonstrates the possibility of improving the noise
properties of each of the generators. In this case, the
best noise value is obtained for STNOs with greater
stability in stand-alone mode.
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nOCTpOGHI/Ie MMHUMaKCHbIX aHcambnei arnepumogmn4yeckmnx KkoaoBe lonaa

B. 0. 3y6apes’, b. B. MoHoMapeHKko'™, E. T. LLaHuH', A. I'. Boctpeuos? 3
'AO "Hasuratop", CaHkT-MeTepbypr, Poccus
2HoBOCUBMPCKIMI FOCYAAPCTBEHHBIN TEXHUYECKN yHBEPCMTET, HOBOCMBMPCK, Poccus

3NHCTUTYT ropHoro gena CO PAH, HoBocnbupck, Poccus

™jrk@navigat.ru

AHHOTaUuA

BBeegeHve. B cuctemax LMppoBoli CBA3W LLUMPOKO MPUMEHSIFOTCS CUMHasbl, MOCTPOEHHbIE Ha OCHOBE aHcaMbneli
KOZAOBBIX MocneAoBaTeNbHocTel. Mpy pa3paboTke 3TUX CUCTEM Hanbosbliee BHUMaHWe YAenseTcs aHanuay,
CUHTE3y 1 peanunsaummn aHcambnien Nepruoanyeckmnx cMrHanoB. PaspaboTaHbl 1 NCMONbL3YOTCA TeopeTnyeckmne
METOAVKM CMHTEe3a aHCambneln nepuogmnyveckx CUrHanoB. 3HaYMTENIbHO MeHbLUe pe3ynbTaToB MoJyYeHo B
06/1aCTV MOCTPOEHUSA aHCaMbelr anepuoAnYeckx CUrHaN0B C 3aaHHbIMU KOPPENsiLMOHHBIMI CBOMCTBAMM.
TeopeTuyeckne MeTOANKI CUHTE3a Takux aHCcambneli CUrHanoB NPaKTUYeCKN OTCYTCTBYHOT.

Uenb paboTel. MNocTpoeHne MUHUMAKCHBIX aHcaMbneln anepuoanyecknx kogos Fonga, kotopble obnagatoT oa-
HUM 13 TyYLINX CPeAU U3BECTHbIX 6HAPHbLIX KOAOB COOTHOLLIEHNEM AINHbI KOAOB 1 06 beMa aHcambns.
Matepuansl n MeToAbl. 151 MOCTPOEHNS MUHUMAKCHOIO aHCaMbs MCMOJIb3YHTCA HamnpasaeHHbIA nepebop n
MeTOj AVNCKPEeTHOro BbIbopa nydllero aHcaMbns Ha OCHoBe 6e3yC/IOBHOI0 KpUTEpUS NpesanoYTeHms.
Pe3ynbTtathl. B cTaThe onuncaH anroputM ¢opMUPOBaHNS NMOJTHBLIX 1 HEMOJTHLIX MUHUMAKCHbLIX aHcaMbnein anepu-
OZMNYECKNX KOZOB onja € 3afaHHbIMU AAMHOM 1 06BbeMOM aHcambnsi. MprBeseHbl NapaMeTpbl U BUJ, aBTO- U
B3aVIMHO KOPPENSaUMOHHBIX QYHKLUWI AN psaa nonyyeHHbIX aHcambneil. BeimnonHeHO cpaBHeHMe pesynbTaTos
CTaTbW C N3BECTHBIMUY pe3ynbTataMn 41 aHcambnel nepmogmnyecknx Kogos Fonga B 4act pocta MUHMMAaKCHbBIX
3HaYeHN KOpPensUMOHHBIX GYHKLUWI B 3aBUCUMOCTU OT A/ IMHbI KOAOB 1 06 beMa aHcambneii.

3aknoyeHne, Pa3paboTaHHble anropuTMbl, B OTINYUME OT NU3BECTHbIX, MO3BOIAIOT KOHCTPYMPOBATL KaK MoAHble
aHcambnu, Tak 1M aHCcambau, yuuTbiBatOLLMeE orpaHnyeHmne nx obbema. Kpome Toro, AaHHble anroputMbl MOFYT
6bITb pacnpocTpaHeHbl Ha 3a4a4vn NOCTPOEHUS aHcambeil N3 4Ppyrix CemMelicTB, HanpyMep CobpaHHbIX U3 KOAO-
BbIX MOCNe0BaTeNbHOCTEN, MPUHAANEXALLNX Pa3INYHBIM CEMENCTBaM.
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Abstract
Introduction. Signals constructed on the basis of ensembles of code sequences are widely used in digital com-
munication systems. During development of such systems, the most attention is paid to analysis, synthesis and
implementation of periodic signal ensembles. Theoretic methods for synthesis of periodic signal ensembles are
developed and are in use. Considerably fewer results are received regarding construction of aperiodic signal
ensembles with given properties. Theoretical methods for synthesis of such ensembles are practically nonex-
istent.
Aim. To construct aperiodic Gold code ensembles with the best ratios of code length to ensemble volume
among the most known binary codes.
Materials and methods. Methods of directed search and discrete choice of the best ensemble based on uncon-
ditional preference criteria are used.
Results. Full and truncated aperiodic Gold code ensembles with given length and ensemble volume were construct-
ed. Parameters and shape of auto- and mutual correlation functions were shown for a number of constructed en-
sembles. Comparison of the paper results with known results for periodic Gold code ensembles has been conducted
regarding growth of minimax correlation function values depending on code length and ensemble volume.
Conclusion. The developed algorithms, unlike the known ones, make it possible to form both complete ensem-
bles and ensembles taking into account the limitation of their volume. In addition, the algorithms can be ex-
tended to the tasks of forming ensembles from other families, for example, assembled from code sequences
belonging to different families.
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BBenenne. B pamnocucremax Iepenayd JHcC-
KPETHBIX COOOIICHH, PaarONOKAITHOHHBIX H PaJNo-
HaBUTALIMOHHBIX CHCTEMAax ILIMPOKO HCIIONb3YIOTCS
CHTHAJIBI, IOCTPOCHHEBIE Ha OCHOBE aHcamOIeil Komo-
BbIX mocienoBarenbHocTel (KII). Beibop Takux aH-
caMOJIeii C XOpOIIUMH KOPPEISIMOHHBIMH CBOM-
CTBaMH SBISIETCS pacTyIIel OO0JacThIO HCCIIENOBa-
HUHN Jy1st 5TUX cucteM [1].

HauGonbiiee BHUMaHue HMccieaoBaTeNne cocpe-
JOTOYCHO Ha IOCTPOCHUH aHcaMmOIel monmnpazHeIX U
komruieMeHTapubix KII, mocnegoBarensHOCTER €
HyneBoil 30H0i koppensauuu [1]. [Ipu stom ucnons-
3yIOTCSl aHAJIMTHYECKUE MeToAbl cuHTe3a [2-4], a
TaKKe TEHETUYECKUE alTOPUTMBI [5], 3BOJIOLIMOH-

IHocTpoenne MUHMMAaKCHBIX aHcaMOJieil anepuoanyeckux koaos oina
Formation of Minimax Ensembles of Aperiodic Gold Codes

HbIC AJITOPUTMBI [6] W pa3nuyHble MOIU(HUKAITIN
9TUX BBIUMCIHTENHHBIX TIporienyp [7]. B 1o ke Bpe-
Ms y komruieMeHTapHbix KII ects psim orpanudeHui,
B TOM YHCJIE€ Ha KOJIMYECTBO IOCIEN0BATENILHOCTEHN B
Habope, noctymHble uiHHB! KI1, a Taxxke TpeboBaHue
JIMHEWHOCTH YCUJIUTENEH MOIIHOCTH TMpPU peanu3a-
mun. [locnennee cmpaBennmuBO W TS TONMH(A3HBIX
KII. [TosTomMy He CHHKaeTcs MHTEpeC K OMHAPHBIM
KII. Omgnako ormeuaercs [1], uro "mpoexTupoBaHue
CEMENCTB MOCIEA0BAaTEIBHOCTEN JKEITaeMOro pa3me-
pa, JUIMHBI MOCJIEAOBATENbHOCTH U allepUOINYECKUX
CBOICTB — BCE €Ille OTKpBITas mpobiema’, perieHue
KOTOPOH SIBIISIETCSI BaXKHBIM UTSL PA3IHIHBIX OUPPO-
BBIX CHCTEM.
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B coBpeMeHHBIX paanocUCTeEMax HCHONIb3YIOTCS
KaK TepHOAWYECKHE, TaK U alepuoIuvecKue auc-
KpeTHble curHaibl. [Ipy MX ogHOBpeMeHHOH nepena-
ye B OOIIEH Mooce 4acToT CTPEeMATCS K MUHUMHU3a-
MU B3aUMHBIX TIOMEX, YTO CBOOUTCS, HaNpuMep,
K UCIIONb30BAaHUIO MHHHUMAaKCHBIX aHcamoOieir KII,
T. e. ancamOieii KII, onTUManabHBIX IO MHHHMAaKC-
HOMY KpuTepHio [§].

Juia mepuonu4eckux JUCKPETHBIX CHUTHAJIOB H3-
BECTHBI METOJbl CMHTE3a MHHHUMAKCHBIX aHcamOnein
KII [8], a Taxke OllEHKH 3HAYCHUN MEPUOAMUECKUX
aBTOKOppensoHHbIX (yHKIMH (ITAK®D) u nepuo-
JUYECKUX B3aUMHO KOPPEISIIMOHHBIX  (YHKIMH
(ITBK®), AOCTHXKUMBIX MUHMMAaKCHBIMH aHCaMOIlsi-
Mmu. Jlns ancamb6ieii anepuoanyeckux KIT "B HacTo-
siee BpeMs He TOJIBKO HET PEryjasipHOro MeTona
cuHTe3a OMHAPHBIX (Pa30OMaHMITYTHPOBAHHBIX CHTHA-
JIOB, ONTUMAJIbHBIX IO MHWHHUMAKCHOMY KpUTCPHIO,
HO JIa)X€ HEJb3s OTBETUTh Ha BOIMPOC, HACKOIBKO
W3BECTHBIE CUTHAJBI C OOIBIIMM YHMCIOM ITO3UIUA N
OJIM3KH K onTUMaJibHBIM" [9].

Bonee Toro, xak ykaswiBaercs B [9], u ans onu-
HouHbIX anepuoandeckux KII, HecMoTpst HA MHTEH-
CHBHBIC FICCIICIOBAHUS, BCE U3BECTHBIC METO/IBI CHH-
Te3a CoIepkaT B KauyecTBE OIHOTO W3 ATAIOB Iepe-
6op. K atum MeTonam oTHOCSAT, B yacTHOCTH [9, 10]:

1. Meton HampaBieHHOro mnepebopa. ITuM Me-
TOZAOM OBUIM HalJIeHbl BCe OWMHApPHBIC IMOCIENOBA-
TeIBHOCTH bapkepa, TpoWdYHBIE amneproguyYecKue
kBaszuoproronansubie KII, B ToM umcne TpowdHbIe
nocnenoBarensHoctH bapkepa ¢ N <31, 3nauenue
MUHHMYyMa IHKOBOTO YPOBHS OOKOBBIX JICTIECTKOB
areprOANYECKON  aBTOKOPPEISIIUOHHOW — (PYHKITUH
(AAK®) onpeneneno no N =105 [11].

Meron HampaBIeHHOTO Iepebopa IpemycMaTpu-
BaeT naBa orama. [lepBeIif JTam OpUEHTHPOBAH Ha
CyXeHHue o0JacTH Tepebopa U COCTOUT B (HOPMYIH-
pPOBKE HEOOXONMMEIX YCIOBHU CYIIECTBOBAHHA U
JOIMYCTUMBIX KOMOWHATOPHBIX COOTHOIICHWH Mapa-
MeTpoB. BTopoii 3akirodaercs B pa3padborke 3¢ ¢ek-
THUBHBIX TIEPEOOPHBIX aJTOPUTMOB.

2. Meron cunte3a amepuommdecknx KII Ha oc-
HOBE MepHomuueckux. Vmes meroma ocHOBaHa Ha
B3aumoceszn AAKD p, (M) c ee mepuoamueckum

ananorom ITAK® py, (m). Ecm
PPrra =max{|pp(m)|}; m=1 2, .., N-1,

TO JICTKO MOJNY4HTh OUCHKY Pg (m)> (1/ 2) PPy

TakuM 00pa3oM, IMOCIEIOBATENEHOCTH C "XOPOIIH-

mu" AAK® MoryT ObITh HalJIEHBI TONBKO CPEAU IO-
cienoBarenbHocTel ¢ "xopomumu" ITAKD [12].

Meron Taxke COCTOUT U3 IBYX 3TamnoB. 1IepBriii
3axmouaercss B moucke KII ¢ "xopomeit" ITAKOD,
BTOPOI — B TIOUCKE ONTHMAJIBHBIX 10 MUHUMAaKCHOMY
KPUTEPHUIO HadyalbHBIX yciaoBUid. C TIOMOIIBIO ATOTO
MeTola HaiiieHbl ONTUMAJIbHBIE IO MUHHUMAaKCHOMY
KPUTEpHUIO OMHAPHBIE U TPOMYHBIE IMOCIIEAOBATEIb-
HOCTH.

3. Cunte3 curnanoB KII no 3amanHoit AAK®. B
3aBUCHMOCTH OT HUCIOJIb3yEMOTr0 KPUTEPHUS U CIIOCO-
0a BBIUMCIICHHS OTKJIOHEHUH BBIACISIOT [9]:

— METOJ] pABHOMEPHOTO TTPUOIMKEHUS;

— METOJl MUHUMYMa CPEIHEKBaIPATUYECKOrO OT-
KJIOHEHUS

— METOJ] TOKOOPAMHATHOTO CITyCKa;

— METOJ] MUHUMYMa CPETHECTEIIEHHOIO OTKJIO-
HEHUS,

— aCMMIITOTHYCCKHUI METOJ, CHHTE3a.

Bce ot METObI OTHOCATCS K YHUCITY UTCPAllOH-
HBIX M BKJIIOYAIOT B ce0s TPymOeMKHU mepeOOopHBIN
nporecc. Jlydmme pesynbTaThl CHHTE3a OWHAPHBIX
nocienosarensHocTe ¢ N <901 cymecrBenHo ye-
TYNAIOT M0 YPOBHIO MUHUMAKCHBIX OOKOBBIX JICTIECT-
k0B AAK®D mocnenoBarenbHOCTSM, CHHTE3MPOBAH-
HBIM OJIHMM U3 PaHee YIOMSHYTBIX METOJIOB.

B [9] ormeueHo, uTo TipobiieMbl YCOBEPIIICHCTBOBA-
HUsE 3THX MeToAoB coctosT B cuHTtese KII ¢ "xopormeit”
ITAK® u cokpartiennr BpeMeHH Ha dTarie repedopa.

IlocranoBka 3apauu. Meron mocTpoeHus are-
puonmueckux KII Ha ocHOBe mepuoOaNYEecKUX MOXKET
OBITh WCITONB30BaH W ISl MMOCTPOCHUS MHUHHMAKC-
HBIX aHcamOnei aneproanyeckux KII.

Jlis MUHEMaKCHBIX aHcamMOJeld OMHAPHBIX TIepH-

omnueckux KII M3BeCTHBI OLIEHKH PpPyay B 3ABHCHMO-

CTH OT IJIMH KomoB N u 00beMoB ancamOieii K. Jlns
psa IOMyJIApHBIX aHcaMOJIel Takue OICHKH ITpHBe-
nenbl B [12] (Tabm. 1). Y3 Tabm. 1 caenyer, 94To ajs
oompmux K, OMU3KHUX K N, 1enecoo0pa3Ho, B 4acT-
HOCTH, Hcnonb3oBaHue komoB lomma. Hampumep,
TpebyeMomy obOvemy ancambims K. =100 ymose-

TBOPSIOT TONBKO Komael Tomma ¢ mmmuoi N =127 n
Bolmie U ancamOnu Kacamu ¢ mmnor N =1023 u
BEIIIIE. DTUM OOYCIIOBIICH BBHIOOp B MAHHOW CTaThe
aHcaMOms komoB [oj11a ISt MOCIEMyOIEro MmoCcTPpo-
€HMs] MHHHMMAKCHOTO aHCcaMOJsl ameproqMyYeCKuX
KII, HecMOTpst Ha TO YTO ISt TIEPHOTUUECKUX KOTOB

Tonpga omnenka Ppiax HECKOIBKO XyiKe, YeM i Jpy-

rux ancamonei us taom. 1.
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Tabauya 1. XapakTepucTHKHA aHCaMOJIeH TICEBOCITyYaifHbIX MTOCIIEI0BATEIFHOCTEH

Table 1. Characteristics of pseudo-random sequence ensembles

KBazpar makcumyma G0KOBOTO

Ancam6ip Hnuna (N) O6wem (K) nenectka AKD (pi )
2
[2(N+D+1] 2
NN
n . _ .
Fomn 2"-1, n=0mod4; N a2l n - HeserHoe
7,31, 63, 127, 511, 1023 [ {Z(N +1) +1] 4
NN
N — YeTHOE
2
Kacann 2" -1, n - gernoe; JNTI (WN+1+2)° 1
15, 63, 255, 1023 N2 N
O6bemuuenne Kacamn § 2"-1 n=0mod4; o yNTI-1 (VN+1+1) 1
1 OEHT-IIOCIIENOBATEILHOCTEN 15, 255 N2 N
) 2
KamaneTanHos 1 p(p-1), p—mpocroe; p+lz V4N +1+3 N~ (p+3)° 1
42,110, 343, 506, 930 2 N2 N
) _ 2
Kavasenuios 2 p(p+1), p-mnpocroe; p—l:,\MN +1 3—>\/W (p+1) _)i
12, 56, 132, 380, 552, 930 2 N2 N
Hacrosimass  cTaThsl IIOCBANIEHA ITOCTPOEHHIO rae ||aki || — €BKJINMJ0Ba HOpMa, ONWHAKOBas I BCEX

MHHUMAaKCHBIX aHcamOnel amepuogndecKuX Kozio-
BBIX ITOCienoBaTenbHocTel T'oama ¢ oObemMoM, Onm3-
KuM K mmmHe koma. OtMernM, yto ancamOimu Tomnnma
TTOJIB3YIOTCsI OOJBIION TOMYJIAPHOCTHIO B COBPEMEH-
HBIX CUCTEMaX MHOKECTBEHHOTO JOCTYIA C KOJOBBIM
pasnenenneM (CDMA), kK KOTOpbIM, B YacCTHOCTH,
otrHocstest cuctembl GPS, UMTS u gp. [13]. Oum
WCIONB3YIOTCS TS paselieHnsl JIAaHHBIX, IeperaBae-
MBIX TIO JINHAHU CBSI3U MEXKIY pa3MYHbIMU a0OHEHTA-
MH, KaK PacIIMPSIONINE MTOCIeI0BATEIBHOCTH, IPe0d-
pasyrorye WHPOPMAIIMOHHBIA CUTHAT B IIMPOKOIO-
JIOCHBIW, JUISI CHHXPOHHW3AIMK TpHeMa HH(opMalu-
OHHBIX ITOCBIIOK.

Myets i ={80 &1, - &, N-1| — Kk
OouHapHas amepuomuueckas KII pmuHol N, nmpuHam-

{ak }i '

HopmuposanHnas

Jiexaras a"HcaMOIIro Tonna

k=1 ..., K;
AAK® nocnenoBaTelbHOCTH ayj ONPENENseTcs Kak
[12]:

I-My

i=1, ..., Ngoid-

1 N-1
" "2 z ai, j%i, j-m> m > 0;
au ll° =
Pa ki (M= 1K -
i, j&i. j—m» M<0,
P 2 T

KOZIOBBIX BEKTOPOB &j; [ai ||2 =E — oHeprus Kax-

JIOM U3 KOMOBBIX ITOCIIEN0BATEILHOCTEN ;.

HopmupoBannass ABK® aByx mocnenoBaTensb-
HOCTEW OMHAKOBOM JUIMHBI dyj U 8| paBHA

1 N-1
—_— ai ai i_m, m>0;
] 2,01
N-1+m

z aki,ja",j_m, m<0.
j=0

Pa, ki (M) =

lewe lllewi |
IIyctb

Rik, i =max|pa, ki (M), m#0
m

— MHUKOBBIN YPOBEHb OOKOBBIX JICTIECTKOB k-ii AAK®D
i-ro ancamous anepuomauueckux KII Tonna;

Qu,i = mrgX|Pa, wi (M), k=l

— MakcuMasbHoe 3HaueHue monynss ABK® nocneno-
BaTeNbHOCTEN ayj W ajj. s i-ro ancamOis HalimeM

mapy 3HaueHHil: MaXRyy j, xoropoe mocturaercs
K ,

npu Hekoropoit KIT ¢ nomepom K = ji, m maxQy i,
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KOTOpoe jocruraerca npu Hekoropod mape KII ¢

Homepamu K = jp, |=j3. MunnmakcHeIM aHcam-

oneM {akM}, k=1 ..,K; M=0, ..., N-1 npu

3aJaHHBIX 3HaueHusXx K u N OyaeM Ha3bIBaTh aH-
caMOJIb, BEIOPaHHBIN CIEAYIOIIMM 00pa3oM:

1) mig KaXmoro i-ro aHcamOmsl OIpeneseTcs
napa 3HaueHHH mI?X Rek, i 1 nlzalx Qu, i

2) Ha OCHOBE QJTOPHUTMA JBYXKPUTEPUAIHLHOIO
BeIOOpa [17] Haxomutcs ancamOib | =M, umeronmmit
HAMIYYIIYI0 M0 YKa3aHHOMY alTOPUTMYy Mapy 3Ha-
yeHU Max Rkk, j © Max Qk|,|\/| .

k k.l

Kak crnemyet u3 tabmn. 1, monmHbIit 00beM aHCcaMOIs
Tonma K =N +2. B HacTosIIei cTathe paccMOTPEHBI
KaK ITOJIHBIE, TaK W HEMOJIHbIC MUHHMAKCHBIC aHCaM-
6m o6pemoM K < K, HeoOxoaumele B psze MpaKTu-

YECKUX MPUJIOKEeHUH. BKITloueHHbIe B paccMOTpeHue
HEMOJIHbIE MUHUMAKCHbIC aHcamOIln 00pa3oBaHBl U3
MOTHOTO MHUHUMAKCHOTO aHcamOis T'onga ¢ HomepoM

i=M or6paceiBannem K —K; mnocnenosarensHo-
cTeil ¢ HanGOIbIIMMH 3HAYCHUAMHI Ry -

AJITOPUTM NOCTPOEHUS MHUHHMMAKCHOIO aH-
caMOas anepuoandeckux koxos Losga. Mcxons us
MIPUBEJICHHOTO OIpPEACIICHHs, Jajee pacCMOTpPeHa
mporielypa MOCTPOCHHUS MHHHMAKCHOTO aHcamOus,
COCTOSIIASI U3 CIIEYIONTNX OIEPAIIHIA:

— ¢opMupoBaHue aHcaMOel komoB [onna;

— BBIOOp M3 MHOXecTBa aHcamOneilt [omma myd-
IIero Ha OCHOBE QJITOPHTMa JBYXKPUTEPHAIBLHOTO
BBIOOpa [17].

Jliis mocTpoenus ancaMOIs kofoB ['onma B coor-
BeTCTBUH ¢ MeTonoM lomma [14] BeIOMparOT mapsl
00pa3yIoIIMX Mm-TIOCIEOBATEILHOCTEH Ha OCHOBE
CBOMCTB ITOJMHOMOB. Ka)kmoil m-11ociienoBaTeIbHOCTH
mmuael N =2n—1(n — uenoe) COOTBETCTBYET CBOIA
MPUMHUTUBHBIA TIOJIMHOM CTereHu 7. [IpuMHTHBHBIC
TTOJTMTHOMBI TIPUBOMATCS B TaOmuIax [15], ux Komude-

cTBO paBHO P =CD(2n —1)/n, rie ®(x) — pysxuus
Diinepa (KOMHYECTBO HATYPATBHBIX YHCEN, MEHBIINX X

¥ B3aWMHO TIPOCTHIX ¢ X). KommuectBo HecoBmagaro-
OIMX Tap m-TOCIeIOBATENFHOCTEH, MOCTPOCHHBIX 10

MPUMHTHBHBIM TIOTMHOMAM, paBHO Ny = (P2 - P)/ 2.

Ancam0Omu [onga MOXHO MONYYUTh HE IS BCEX
KOMOWHAIIMH m-TIOCIIEIOBATEIbHOCTEH OMpenesicH-
HOU jummHEL. [y reHepannu komoB ['onga BeIOUparoT
MPEANOYTUTENBHBIE Tapbl M-TIOCIEI0BATEILHOCTEMN.
ANTOpUTM UX TIOMCKA 3aKITI0YAETCS B CIEIYIOIIEM:

— HAXOISIT BCE MPUMHUTHUBHEIC MTOJIMHOMBI CTEIIe-
HU 1, KOTOPBIE 00pa3yIoT m-IOCIeIOBATENbHOCTH;

— KOKIYI0 U3 TOIYYEHHBIX m-TIOCIENOBATEIb-
HOCTEU JEIMMHUPYIOT TPEACTABICHHBIMU Jaliee Kodd-
(dunmeHTamMy IeNrMaliiy g,

— W3 MOJIYYCHHBIX MOCIE JCIUMAITNH M-TI0CIeI0-
BaTEJILHOCTEH C TIOMOIIBIO anroputMa beprnexsmma—
Mbccu [16] HaxoAAT TOPOXKIAIOIINE WX TTOTMHOMBI;

— 0TOpAChIBAIOT 3epKAIbHBIEC KOITHH MTOTYYEHHBIX
map MOJTMHOMOB.

OcraBIiirecs mapbl U ABISIOTCS MTPESAMOYTHTEb-
HBIMU MTAPaMH.

Jna nmonydenust koddduimenta aenuManuy uc-
MOJIB3YETCS CYIIECTBYIOIIAS MEKTY KOPHIMH HEKOTO-
PBIX TIPUMHTHBHBIX MOJMHOMOB CBSI3b. KOPHHU OJJHOTO

MTOJIMHOMA fr (x) sBnsrorcs ¢-MH CTETEHsIMU KOpHeH
Jpyroro IojaMHoMa f| (x), MIPAYEM YHCIIO ¢ — B3aUM-
Ho mpoctoe ¢ N. Toraa m-mocinenoBaTeIbHOCTh l\/||,

nopoxaaemas mommuoMom | (X), mMoxker Gerrs 0Gpa-
30BaHa BBIOOPKOH KaXJIOrO g-TO SJIeMEHTa M3 m-TIo-
cnenosarenbHocTn M.

3navyeHus KO3QPUIIMEHTOB IEIMMAIIUN ¢ TIPHBO-
JAT K 00pa3oBaHUIO MPEANMOYTHTEIbHBIX T1ap, €CIU
VAOBJIICTBOPSIOT OTHOMY M3 CICAYIONUX YCIOBHI:
q=2+1 wm q=2% - 2K 41 me k<(n-1)/2,
a HauOONbIIMKA OOIMI IeIuTeNb YHUCEl kK U n
HOJI(k,n)=1.

[Ipu ompenenennu map m-mociaenOBaTeNbHOCTEN
IUIS TIocTpoeHust ancaMOns [onmna He paccMmarpuBa-
JINCh aHCaMOJM Ha OCHOBE IUKJIMYECKHUX CIBHMIOB
HCXOMHBIX m-TIocienoBarenpHocTer. [lepedop capu-
HyThIX KII MOXeT cnyXuTh AOMOMHUTEIHHBIM pe-
3epBOM JIJISl ONTHMH3AIIHH.

PaccmorpuM 3aady cOCTaBJICHUS MPEAITOYTH-
TENBHBIX Tap mM-TOCIIEA0BATeIbHOCTEH HA TpUMeEpe
nocienoBarenbHocTH AmHON N =127, mopoxnae-
MOM TIPUMHTHBHBIM IIOJIMHOMOM cTerienn N=7. J{is
N=7 umeercs 18 NMPUMHUTHBHBIX ITOJIMHOMOB, J€-
BATH W3 KOTOPBIX MpuBeneHb! B [15]. [pyrue neBstsb
SIBIITFOTCSI X 3€PKAIBHBIMU TIonrHOMaMu. Becem 18
MOTMHOMAaM COOTBETCTBYIOT B3aMHO-OOPaTHBIC Mi-TI0-
CJIEIOBATEIIBLHOCTH — TIApPhl M-TIOCIICIOBATEILHOCTEH,
CBSI3aHHBIC KOA(PDHUIIMESHTOM JICITUMAIIHN

q=[ 2} (N-1/2] modN.

TakuMm 00paszom, 1Mo CTEeNneHNn MTPUMHUTHBHOTO TO-
JIMHOMA 71 ONIPENEIISIOTCS BCe BO3MOXKHBIE aHCaMOIn
konoB lonnma. B Hacrosmel craTbe aBTOPBI OTPaHU-
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Tabauya 2. KonndyectBo ancamouieii ["onga
Table 2. Number of Gold ensembles

CreneHb Juaa Yucno nap .
HOPOXKIAIONIET0 TIOCIIe/I0BATENBHOCTH Hncno anMHTI(/IB})’HX M-Tiocnei0BaTeNLHOCTE ‘—Ilflcno aIECNaM6H;H
nomaroma (n) (N) nommuaOMOB (P (Na ) onna (Ngoig

5 31 6 15 12
6 63 6 15 6
7 127 18 153 90
9 511 48 1128 288
10 1023 60 1770 300

yuBatoTcst n=5, 6, 7, 9 u 10. Pacuernsie mapa-

METPHI TS STUX 3HAYEHUH /1 IPUBEACHBI B Ta0M. 2
Hainee nns monmydeHHbIX aHcamOnel kono [onia

OTIPEIENAIOTCS nepebopa

max Rik,i 1 n;aIXle,i-

Bp16op mydiero mo MUHHUMAKCHOMY KPUTEPHUIO

myTem 3HA4YCHHUA

ancamOiss Tonma siBisieTcst 3ajadeil JIByXKpUTEpH-
abHOTO IMCKPETHOTO BbIOOpA. J[yisi ee pelieHus mo-
JIy4eHHOE MHOXKECTBO {ml?x Rik.is max Qk“} pas-
OuBacTCs HA MHOXKECTBA XYAIIMX M HEXYAIINX BapHaH-
TOB C NpPUMEHEHHEM OE3yCIOBHOTO KPUTEPHUS MPEIIIO-
yreHus. J{anee MUCIONB3yeTCs METON IIPAMOYTOIbHHU-
koB [17],

N =127 u 511. Meros npsIMOyroNbHUKOB 3aKITIOYAET-

MPOWJUTIOCTPUPOBAHHBIA puc. 1 ansa
CS B CTICIYIOIIEM:
1. TTokaszarenn mMax Ryy j 1 Max Qy j oTkmazbl-
k ' kI '

BAaIOT IO OCSAM KOOPAMHATHOU IIJIOCKOCTH B BO3pac-
TaIOIIEM TIOPSIZIKE.

2. Ha 3Ty mnockocTh HAaHOCST TOYKH MHOXXECTBA

max Ry i; max Qyj |-

k k,l

3. Ha BepruxanbHO# npsiMoid /, POXOASIIEH de-
pe3 caMyr JIEBYyI0O TOYKY MHOXECTBA, BEIOMPAIOT
caMyl0 HIKHIOIO THOO €IMHCTBEHHYIO TOUKY Ajp.

max Rk, i

N =127

*
¥k

45—

AN de e

e AN ek
¥Rk

40
35

30
25

31 nEaIXQkI,i

21 23 25 27 29

4. TIpoBOmAT TOPU3OHTATIBHYIO NMPSIMYIO 2 4epe3
CaMyl0 HIKHIOIO TOUKYy MHOecTBa. Eciu Ha 3TOM
IPSMOI OKa3aJIoCh HECKOIBKO TOYEK, BHIOMPAIOT ca-

MYIO JIEBYIO (AZ)- Haiinennsie Takum o6pa3om Tod-

Ku A, Ay ABIAIOTCS KpallHUMM TOUKaMHU JIEBOM
HUKHEH rpaHunbl. Touky IepecedyeHust MpoBElEH-
HBIX MIPSIMBIX Ha30BEM B.

5. Uepe3 Touky A HMPOBOAAT TOPU3OHTAIBHYIO
TUHUIO 3, a uepe3 TOUKy Ay — BEPTUKAIbHYIO JH-
Huto 4 10 ux nepecedenus B touke C. Bce Toukw,
JeKalue BHE TIOMYYMBIIETOCS MPSIMOYTOJBHUKA,
HCKJTIOYAIOTCS U3 NaNbHeHero oroopa.

6. Baytpu npsmoyronsauka ACAyB mpoBomsT
BEPTHKAIBHYIO MPSIMYIO Yepe3 CaMmylo JIEBYIO TOUKY
(WM TOYKHM) M TOPU3OHTAIBHYIO MPSAMYIO Yepe3 ca-
MY HWXKHIOI TOYKY (Wiam Toukw). Torja camas je-
Basl TOYKA HA TOPU3OHTAIBHOW MpsAMOH Ag M camas

HIDKHASA TOYKa HAa BEPTHKAIBHOM mpsiMoit A, OyayT

CIIETYIOIIMMH TOYKAMH HIKHEH JIEBOM TPaHUIIBI.

7. Il. 3—6 TOBTOPSIIOT, TTOKa €CTh BO3MOXHOCTD
MOCTPOCHHUS HOBBIX JMHMIA. TakuMm o0pa3oM, Haxo-
JAT TOUKY MHOXKECTBA C MUHUMAJIbHBIMH I10 I 3Haye-
HUAMHA ml?x Rkk,i u nl1(a|x Qk|,i'

1

Ecnu nmomywaercs

HECKOIBKO aHcaMOen ¢ OAMHAKOBBIMH 3HAYCHHUAMU

maXx Rkk i
K )

128
116
104
92
80

68
56

*
*
*
* *
*
o ith
* *
i1l !
*
*

————|————l————-l————|————
55 59 63 mkaIXQkI’i

&M*L_L_L_L_L

Puc. 1. PacipenesneHre MaKCUMaIbHBIX 3HAYCHUH KOPPEISLUOHHBIX QYHKINIT aHCaMOJiel A7 ABYX 3HAUEHUI JUTHHBI

Fig. 1. Distribution of maximum values of ensemble correlation functions for two length values
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Tabauya 3. Homepa mpeAnoOvTHTENBHBIX ap IPUMUTHBHBIX TOJMHOMOB, JAIOIINX MUHUMAKCHBIE aHCAMOIIH

Table 3. Numbers of preferred pairs of primitive polynomials that yield minimax ensembles

Crenenb MuHHUMaKCHOE MuHHUMaKCHOE
- Homepa nepebix | Homepa BTOphIX |3Ha4eHHE OOKOBOTO | 3HAUCHHC 00KOBOTO
Hoﬁzﬁiﬁ;m Juna nocnenosa- | Oonem IpuMTHBHEX | mpumTHBHEX | fenectia AAK® | Jenectka ABK®
(n) remsnocti (N) | ancaviGs TTOJTMHOMOB TIapPHI | IOJIMHOMOB TIaphl (min max Ry ; ) (m_in mkalx Qu i )
i i ,
2 6 11 13
2 3 12 12
5 31 N +2 2 5 12 12
3 4 12 12
4 6 12 12
6 63 N +2 2 5 19 19
5 6 22 27
100 14 18 23 26
7 127 3 = o -~
N+2 12 8 56 —~
100 3 17 44 58
’ °11 N +2 3 17 57 58
45 49 65 91
10 1023 100 33 ) o -

MoKa3arTeei, To CYNTAETCS, UTO aHCAMOIN UIEHTHY-
HbI IO CBOMM XapaKTCPUCTHKaAM U MOXHO BLIGpaTL
000K U3 HUX.

Pesynbrarhl. B cooTBETCTBHM C ONMMCAHHBIMU all-
TOPUTMaMH{ TIOCTPOEHBI TIONHBIE W HENOIHBIC aHCAMOIH
Tonma s mapaMerpoB, yKa3aHHBIX B TaON. 2, U BbI-
OpaHbl MUHUMaKCHBIE aHcaMOmu. B Tabi. 3 mpuBeneHbl
YCIIOBHBIC HOMEpa IPEIIOYTUTENBHBIX IMap HpPHMH-
THUBHBIX ITOJITMHOMOB, JAIOIINX B UTOT'€ MHHIMAaKCHBIE:

MOJNHBIE  aHCaMOMn (KC =K=N+ 2), HETIOIHEIE

aHcaMOmIn (KC =100) U MHHAMAaKCHBIC 3HAYCHUS

60koBbIX JiernecTkoB AAK®D u ABK®.

U3 puc. 1 Bummo, uro mit N =127 onpenestrorcs
B JIYYIIMX PE3yJIBTaTa ONTHMU3AIMH TSI pacpenese-
HHS ml?kak,i u rrlzalek,Yi, a g N =511 — omun

TaKoW pe3yibrar. IToT (hakT oTpakeH B TalI. 3, rie Uit
N =7 npuBeneHbI ABa HAOOPa MUHMMAKCHBIX 3HAYCHHIA.

Ha puc. 2 nmpuBezeHbI HaJIOKEHHBIE JAPYT HA Ipy-
ra AAK® MUHUMAKCHBEIX TIOJHBIX M HEMOIHBIX

(Ke =100) ancam6uneii u3 ta6n. 3 mis N =127, a Ha

puc. 3 — ananorunynsie AAK® g N =511.

Ha puc. 4 npuBezieHbI HAJIOKEHHBIC JPYT HA Ipy-
ra ABK® komor ancamoOns Tonna, BEIOpaHHOTO IO
anroputMmy [17]. Ha puc. 5 npuBeneHs! 3aBUCHMOCTH

MUHHMaKCHOro ypoHst AAK® min max Ry j or 00b-
ik '

ema ancamOns K¢ s KonoB pasimiusoi umHb N.

Oo6cy:xnenue pe3yabraroB. CodueTaHue H3BECT-
HOTO METO/Ia TIOCTpOoeHMs aHcambOielt [onma u Jwc-
KpPETHOro BhIOOpa Jy4YIllero W3 HUX Ha OCHOBE 0e3-
YCIIOBHOTO KpUTepus mnpenmnouteHus [17] mozponser
IIOCTPOUTh MHMHHUMAKCHBIE aHCaMmOIli ameproxuye-
ckux komoB l'omma. PazpaboraHHbIe alTOPUTMBI 1103-
BOJISTIOT KOHCTPYHPOBATh KaK IOMHBIE aHCaMOMH, TakK
W aHcaMOJM, YYUTHIBAIONIME OTPaHHYCHHE HX O0be-
Mma. Kpome Toro, maHHBIC alrOpHTMBI MOXKHO pac-
IPOCTPAaHUTh HA 3a/aYd ITOCTPOSHHS aHcaMOied u3
JIPyTUX CceMeicTB, Hampumep cobpanHbix u3 KII,
MPUHAIICKAIINX PA3IMIHBIM CEMEHCTBAM.

CpaBHUM TOITyYEHHBIC 3HAYEHHS IapaMeTPOB,
XapaKTepU3yIONe MUHUMAKCHBIE aHCAMONH arepH-
omnyeckux KII Tomnma, ¢ HEKOTOPBIMH H3BECTHBIMHU
U3 JINTEPATYPBI PE3yIIBTaTAMH.

1. CymectByroT (yHIaMEHTaJIbHBIE OTpPaHUYe-
HUs Ha OokoBbIe JieriecTku AAK®. [ nmpon3Bomib-
HBIX ofnHOUHBIX OnHapHbIX KII Momyns Makcumain-
HOTO OOKOBOTO JICTIECTKA

SLimax =MaX | pa, i (M)], m=0
m

HopmupoBaHHOW AAK®D orpanwdeH CHU3Y BEIHYU-
HOU ]/N. HwxHsg TpaHuMma AOCTUraercss Komamu
Bapkepa. Bo3MoxkHbIe 3HaueHHs Ui HeOapKepoB-
ckuX KomoB Slpmax = 2/N.

B Tedyenue mMTenbHOrO BpEMEHH pa3HbIMU aBTO-

paMn B pPE3YJIbTATC m100aJIbHOr0 ITOMCKA Hal JIeHbI
MUHHIMAJIGHBIC 3HAYCHHS ITMKOB OOKOBEBIX JICTICCTKOB

IlocTpoeHne MUHMMAKCHBIX aHcaMOJieil anepuoanyeckux koaos I'osna
Formation of Minimax Ensembles of Aperiodic Gold Codes
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Puc. 2. Anepromnueckue aBTOKoppersuonnbie GyHKuuu koaoB [omma mmaer N =127 :

a — nonHbIi ancaMG1Ib; 6 — HenomHbIi ancamGus (K, =100)

Fig. 2. Gold codes length 127 aperiodic autocorrelation functions: a — full ensemble; 6 — truncated ensemble K. =100
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Puc. 3. Aneproauyeckie aBTokoppessinionHbie GpyHkuun konoB [onna mmuasr N =511:

a — TOJIHBIA aHcaMOIb, 6 — HEITOIHBII aHcaMOJIb (

K, =100)

Fig. 3. Gold codes length 511 aperiodic autocorrelation functions: a — full ensemble; 6 — truncated ensemble K. =100
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Puc. 4. Anepronuueckue B3aMHO KOPPETALHOHHEBIE (DYHKIIMH 0TOOpaHHBIX KoJoB ["onna

Fig. 4. Aperiodic cross-correlation functions of selected Gold codes

SLinin = Min SLyax
AAK® cpenu Bcex 6unapubix KIT u cooTBeTcTBYIO-
e UM auana3onsl N (tabm. 4 [11]).

U3 puc. 5 ciemyer, 4ro mpy HeOOIBIINX JUTHHAX
KOIOB (N =31, 63, 127) nmony4eHHbIC B HACTOSIICH
CTaTh€ MHHHMMAKCHBIE 3HaueHUus jernecTkoB AAKD
MOJHBIX aHcamOnel Tonma CyliecTBEHHO MPeBOCXO-
ISIT 3HaueHWs, NpuBeAeHHBIE B Tabm. 4. OmHaxo

yYMeHbIIeHHe o0beMa aHcamOnei no 3HadeHmd K

10 cpaBHEHHIO ¢ K MPHBOAUT K PE3KOMY YMEHBIIIE-
HMIO MUHMMAKCHBIX JIEIIECTKOB.

CpaBHUTH MOTYYCHHbIC MUHHUMAKCHBIC 3HAYCHHUS
OOKOBBIX JIEMECTKOB IMONHBLIX aHcamOiel ¢ abCcomroT-
HO MHMHHMAJIBGHBIMM HOPMHPOBAHHBIMH 3HAYECHUSAMU

SLin/N mms N=511 u 1023 me ymanock, mo-
CKONTbKY HEOOXOIMMBIX NAHHBIX B JINTEPAType HeT.
OIHAKO MOKHO 3aMETUTh, YTO IS STHX JUTMH 3HAde-
HUS MUHHUMAKCHBIX JIEIECTKOB CYIIECTBEHHO YMEHb-
IIAIOTCA NPM OFPaHMYEHMH JUIMHBI aHCcaMOns Mo

IocTpoenne MuHMMaKCHBIX aHcaMOuIeil anepuoanyeckux koxos I'onna 33
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minmax Ry
ik ’
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Puc. 5. 3aBUCUMOCTh MAaKCHMaJIbHOTO YPOBHS GOKOBOTO
JIeTIECTKA arnepUOANYECKOM aBTOKOPPEIISILIMOHHON (YHKIIHN
oT oObeMa aHcaMOJIs

Fig. 5. The maximum level of the side lobe of the aperiodic
autocorrelation function versus the volume of the ensemble

cpaBHenuto ¢ N =31, 63, 127. Kpome Toro, st He-
3HAYMTENBHBIX JUTMH YMEHBIICHHE 00beMa aHCamMOIIs
O CpaBHCHHIO C IMOJIHBIM HE NPUBOJUT K CYIHICCTBCH-
HOMY YMEHBIICHUIO MUHUMAaKCHBIX JICTICCTKOB. B 10 )2
BpEMsI €CIIU TTpU PEHICHUU 3a1a41 OIrPaHUYIUTHCS TTOUC-
koM, Harpumep, ancamtnst K =100, to gt N =511,
1023 nomyyaroTcs 3HauUEHUs MUHHUMAKCHBIX JIEIIECTKOB,
Onuskue K ykazanubiM B Ta0n. 4 st N =100,

2. B [8] paccMoTpeHbI TepronuvecKre aHCcaMOmH
KII, MuHMMaKCHBIE IO KPUTEPHIO:

Tabnuya 4. MUHNMAaITbHBIE YPOBHH OOKOBBIX JICTIECTKOB
aBTOKOPPEIAIUOHHBIX (YHKIIUH TICEeBIOCTyJaliHBIX

Popt = Min machk, | (m)|k¢I U|Ck, K (m)|m¢0} (1)

rie ¢ | (m) — IIBK® nocnenosarenshocteit k u I;
Ck, k (M) —TTAK® k-ii iocnenoBatenbHOCTH.
HWKHME TPaHHLBI P r, U1 TIEPHOTMHUECKHX

6unapubix KII Tonma, ymonerBopsiromux (1), mpu
ooreMax K >N ¥ HEYeTHBIX 7 COBIAJAOT CO 3Ha-

YEHHUSAMHU Pp  , TIOMYYCHHBIMH H3 Tabm. 1, T. e. 3TN

aHcamMom CTpOro OnTUMaJIbHbl IO MHUHHMAaKCHOMY
kputepuio (1).
Br . IIpUB HbI 3HA4YCHUA u
a0n. 5 mpuBeIeHBI 3HaUE Pp,rp ¥ Ppy

JUIS MUHUMAaKCHBIX aHcamOneil mepuoandeckux KIT
Tonnma u 3HaueHus
Pa., = max[miin mkax Rik, i miin T,alekl’ i}

IMMOJTYYCHHBIC IIPpHU IMOATOTOBKEC MAaTEpPUAIOB CTaTbH.
W3 Tabn. 5 crmemyer, 4TO MUHUMAKCHBIC 3HAYCHUS
st anepuoanueckux KIT Tonpa B 1.5-2 pasza mpe-
BBIIIAKOT COOTBETCTBYIOIINE 3HAYCHU JJIA IICPHUOAUN-
yeckux KII I'omna.

3. B pane pabor (Hampumep, [4]) obcyxkmaercs
XapakTep N3MEHEHUSI MaKCUMAIIbHBIX YPOBHEH OOKO-
BBIX JICTIECTKOB pa3inuHbIXx aHcamOieit KII o cpas-

p
[0CJIE0BaTEIbHOCTEHN
Table 4. Minimum sidelobe levels of pseudo random 2.5
sequence auto-correlation functions 20
MuHuMyM . '
Jlmama 6OKOBOLO HopmupoBanHsIit
MOCIE/IOBATENBHOCTH | oo | MHHEMYM GokoBoro 15
nenecrka ( Sk, /' N
(N) (SLmin) ( min ) Lo
5 1 0.2 05 | | |
6...21 (pone 2 0.333...0.095 0 256 512 768 N
koz108 Bapkepa) Puc. 6. YpoBHH GOKOBBIX JICTIECTKOB aBTOKOPPEIISIIIHOHHBIX
22...48 3 0.136...0.063 q)yHKI_H/Iﬁ aHcaMoOJiel Foﬂﬂa
49...82 4 0.081...0.048 . - L
3105 5 0.060_0.043 Fig. 6. Auto-correlation function side lobes of Gold ensembles
Tabnuya 5. CpaBHEHUE YPOBHEH OOKOBBIX JICTIECTKOB aBTOKOPPEIAIMOHHON QyHKIMN
Table 5. Comparison of auto-correlation function side lobe levels
CrerneHb plbidice Hwxusist tpanuia | MakcUMalbHBIA ypOBEHb MaxkcuManbHbIi YpOBEHb
nopoxzaromero | MOCIELOBATENbHOCTH | YPOBHS OOKOBOTO OokoBbIx nenectkoB [TAK® | Gokosbix nenectkoB AAKO®,
nomusoma (n) (N) JienecTka (Pp,rp) (Ppmax ) (pamax )
5 31 0.29 0.29 0.387
6 63 0.206 0.27 0.302
7 127 0.186 0.186 0.22
9 511 0.065 0.065 0.114
10 1023 0.046 0.064 0.087
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HEHUIO C (DYHKIUSIMU JN u JNInN. Ha puc. 6
IIPUBEJECHBI 3aBUCUMOCTU OT /N BEIMYMH MUHMMAKC-
HBIX YPOBHEH JIENIECTKOB IEPUOJUYECKUX U aAllepUO-
JUYecKknx aHcamOnedt lonma, HOPMHUPOBAHHBIX Ha
YKa3aHHbIEC BEJIMYMHBI. XapaKTep 3TUX 3aBUCUMOCTEH

MOKa3bIBACT, 4YTO, MO-BUAUMOMY, ppmaxN " pamaxN

pacTyT TPUOIM3UTENLHO MPONOPHUOHATIBLHO N,
YTO COOTBETCTBYeT pesyasraraM [11] s MakcuManb-
HBIX YpOBHEH OOKOBBIX JICTIECTKOB MEPHOIMYECKUX

ancambneit KII Tonpma. [lns moaTBEpIEHUSI 3TOTO
npu N >1023 tpebyroTcs nanpHEHIIe pacyeThl.

4. JI)is HEIOIHBIX MUHUMAKCHBIX ancaMmOneii KI1
Tonpma yBenuyeHneM Ha €IVHUILY CTENEHN MOJIMHOMA

n TIpU OIMHAKOBBIX 0ObeMax aHcambOieil K; MoxHO
I UTh . Hanpum NIEPUOAU-
OlydHTh Py <pp . Hampumep, ams nepuoxn
geckoro ancamoist ¢ K =65 npu N =63 umeem 3na-

yenue pp =0.27, anpu N =127 Pa, =0-17.
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AHHOTaUuA
BBeaeHune. MpocTpaHCTBO, BblAeNseMOe 415 Pa3MELLEHNS aHTEHHbI, B Pa3/IM4YHbIX YCTPOMCTBAX MOXEeT Xapak-
Tepn3oBaTbCA Heya0bHOM Ana 3Toro Gopmoit. B yacTHOCTY, Ha BopTy NeTaTeNIbHOro annaparta AAnHa U BbicoTa
30Hbl pasMeLleHNs aHTeHHbl COOTHOCATCS NpUBAM3NTeNbHO Kak 5:1. 3azava pasMelleHns aHTeHHbl B 3TOM
NPOCTpPaHCTBe npeanonaraeT paspaboTky ANSNEKTPUYECKOM CTePXXHEBON aHTEHHbI CO CXOAHbIM COOTHOLLIEH -
€M rabapuTHbIX Pa3MepPOB 1 BO3MOXHOCTLHO YA0OHOro KpenieHus Ha N0CKON NPOBOASsLLEl MOBEPXHOCTU.

LLINPOKOMONOCHOCTb aHTEHHLI XapakTepy3yeTcsi OTHOLIEHNeM BepxHel (fy) 1 HuxXHel (£,) rpaHnuHbIX Ya-

CTOT pabouero AgnanasoHa. B aBMaLMOHHON TexHVKe LefecoobpasHo NpriMeHeHne CBepPXLUMPOKOMOA0CHbIX
aHTEHH, UMeIoLLMX OTHOLeHWe /7, =9:1. Mpn 3TOM KO3GULIMEHT CToAYEN BOHBI NO HanpsxeHuto (KCBH)

He Jo/KeH npeBblwaTh 3, koadduumeHT ycnnenus (KY) gonxeH 6biTb He MeHee 1 abu, gnarpamma Harnpas-
JIEHHOCTU A0J1KHa BbITb 0CECUMMETPUYHOI C YpOBHEM 6OKOBBIX /IeNecTKOB, He npesbiatowm 25 %.

Llenb pa6oTbl. Pa3paboTtka 1 nccnefoBaHNe XapakTePUCTUK CBEPXLLMPOKOMOMOCHON ANINEKTPUYECKON CTepPX-
HeBOVi aHTeHHbI.

MaTepuanbl n MeToAbl. KOHCTpyMpoBaHne 1 onpejefieHne napaMeTpos aHTeHH BbINOJIHEHbI 3/71eKTPOAMHAMU-
YecknM MogennpoBaHnem B cpege Ansoft HFSS. MpeanoxeHbl ABa pasnyatoLLMXCa KOHCTPYKTMBHO BapuaHTa
CBEPXLUNPOKOMNONOCHOM ANINEKTPUYECKON CTEPXKHEBOM aHTEHHbI.

Pe3ynbTathl. B pesynbtate nposeeHHOro MOAEIMPOBAHUA MOJyYeHbl aHTEHHbI CO C1eAyoLWnMN NnapameTpa-
MU B TpebyeMOoM AnanasoHe 4acToT:

- Ana nepsoro BapuaHTa: KCBH He npesbiwaet 3.25, KY n3meHseTtca ot 6 Ao 12 abwn, anarpaMmma Hanpas/ieH-
HOCTW OCeCMMMETPUYHAs C YpOBHEM BOKOBbIX 1eNecTKoB, He npesbiwatowym 30 %;

- Ana sToporo BapuaHTa: KCBH He npesbiwaet 2.75, KY nsmeHsaerca ot 5 go 11 abw, gnarpamma HanpasieH-
HOCTM OCecMMMETPUYHAs C YpOBHEM BOKOBbIX 1eNecTKoB, He npesbiwatowym 20 %.

KOHCTpYyKTMBHbIE 0OCOBEHHOCTN BTOPOro BapuaHTa MO3BOAAIOT YAOOHO 3aKpennTb ero Ha MaoCKOM MpoBOAs-
Lieli NOBEPXHOCTN.

3aknoyeHmne. CpaBHeHe MoyYeHHbIX Pe3yNbTaToB C TPe6OBaHNAMN, MPefbABASEMbIMU K pacCMaTpUBaeMON
aHTeHHe, NoKa3blBaeT, YTO BTOPOI BapmaHT, B OT/IMYMe OT NepBoro, 0bnajaet AONYCTUMbIM YPOBHEM COr1aco-

BaHua (KCBH<2.75) 1 60KOBOro M3NyUeHNs AmarpaMMbl HanpasaeHHOCTU (20 %) 1 MoxeT 6bITb pekoMeHzo-
BaH 4719 NpeAnonaraeMoro npyuMeHeHns.
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Abstract

Introduction. Often, the space allocated for placement of an antenna has an inconvenient shape for this. The in-
convenience is that its overall dimensions, namely the length and height, relate to each other approximately as
5:1. The task of placing the antenna in the space, in the absence of ready-made solutions, involves the devel-
opment of an antenna with a similar ratio (5:1) of overall dimensions and with the possibility of convenient
mounting on a flat conductive surface.

Also, in the 9:1 frequency band, the antenna should have the following radio technical characteristics: voltage
standing wave coefficient (VSWR) of not more than 3, gain of at least 1 dBi, radiation patterns should be ax-
isymmetric with side lobe level not exceeding 25 %.

Aim. Development and study of the characteristics of an ultra-wideband dielectric rod antenna.

Materials and methods. Two structurally different versions of an ultra-wideband dielectric rod antenna were
proposed. The main radio technical characteristics of both options were obtained through electrodynamic
modeling in Ansoft HFSS.

Results. As a result of the simulation, the following radio characteristics were obtained:

- for the first option, the VSWR does not exceed 3.25 in the required frequency range, the gain varies from 6 to
12 dBi, the axisymmetric radiation patterns with the level of the side lobes not exceeding 30 %;

- for the second option, the VSWR does not exceed 2.75 in the required frequency range, the gain varies from 5
to 11 dBi, the axisymmetric radiation patterns with the level of the side lobes not exceeding 20 %.

In addition, the structural differences of the second option make it convenient to fix it on a flat conductive surface.
Conclusion. Comparison of the obtained results with the requirements for the antenna under consideration
shows that, unlike the first, the second option has an acceptable level of matching (VSWR 2.75) and of side radi-
ation of radiation patterns (20 %). Based on this, it can be concluded that only the second option is suitable for
the intended application.

Keywords: wideband antenna, dielectric rod antenna, wideband matching
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BBenenue. Pa3paboTka pa3iHyHBIX aBHAIHOH-
HBIX CHCTEM IIpEAIoiaracT pa3MelleHre aHTeHH, pa-
0OTalOIIKUX B CBEPXIIMPOKOW MOJOCE YacTOT, B Ma-
JIOM TIOJIE3HOM 00BEME CIIOKHON (POPMBI.

CnoXHOCTh (DOPMBI TIOJIE3HOTO MPOCTPAHCTBA
3aKJII0YaeTCs B TOM, YTO €T0 JJMHA M BBICOTA OTHO-
CATCS JAPYr K JApyry NpUOIU3HUTENbHO Kak S5:1. Pas-
MEIIEHHE AHTEHHBLIX JJIEMEHTOB B JAHHOM OOBLEME
TpeOyeT OT HUX CXOIHOTO COOTHOIICHUS Ta0apUTHBIX
pasmepoB. Kpome Toro, KOHCTPYKIIUSI aHTEHH J0JK-

CBerIﬂﬂpOKOHOHOCHaH AUIJICKTPUYECKasl CTEPKHEBAasi AaHTCHHA

Ultra Wide Band Dielectric Rod Antenna

Ha IO3BOJISATH YAOOHO 3aKpeNUTh WX Ha IUIOCKOU
MPOBOISILEH TOBEPXHOCTH.
Pabouas monoca Takux aHTEHH JIOJKHA XapakKTe-

pHU30BATHCSI OTHOILIEHUEM BEPXHEN (fB) U HWKHEH

(fy) wacror mpumepno f,/f, =9:1. B o1oii noso-

ce OHHU JOJDKHBI O0ECTeuMBaTh CIEAyIOINe Iapa-
METpBI:

— KO3(Q(PHUIHEHT CTOSUEH BOIHBI IO HATPSHKEHHIO
(KCBH) ne 6onee 3;

— ko3¢ dunment ycuwienus (KY) ve menee 1 nbu;
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— namarpamMa HampasienHoctu ([H) nomxna
OBITh OCECHMMETPHYHOW C ypOBHEM OOKOBBIX JIe-
[IECTKOB, He MpeBblmaonum 25 %.

[Nonkrouarbest kK QuaepHO JMHUM aHTEHHa
JIOKHA 4epe3 KOAKCHATIBHBIA pazbeM.

B nenoMm yka3aHHBIM TPeOOBaHUSIM YIOBIETBO-
pSIeT KITacc CBEPXIIMPOKOMONOCHBIX aHTeHH. Cpenu
HUX HauOonee MOIXOAAIIMMH MOXKHO CYUTATH JIOTO-
nepuoAndIeckre ¢ KoH(uUrypanuei, onucanHoi B [1],
U pynopHsle, Harpumep [2]. OfHaKko IPOEKTUPOBAHUE
AHTEHH YKa3aHHBIX TUIOB XapaKTEpPU3yeTCs PsIOM
CIOXXHOCTEW. B 9acTHOCTH, TIPOEKTUPOBAHKE U TO-
CJeyromIasi HAaCTPOKa JOTOMEPHUOANIECKON CTPYK-
Typsl [1] npencTaBistoTCs AOCTATOUHO TPYIOEMKU-
MU H3-32 HEOOXOIUMOCTH OIpEEICHUS MapaMeTpoB
3aMeULIIONIEH CTPYKTYpBhI, HMEIOIIEH J0CTaTOuHO
cioxHyo popmy. Mcnonp3oBanne pynopHBIX aHTCHH
TaroKe 3aTPYIHHUTEIBHO IO MPUYMHE MX BBHICOKOH Me-
TAJUIOEMKOCTH U, KaK CJIE/ICTBUE, 3HAINTETHHON MaCChL

Eme omuH THUD aHTEHH, YIOBJIETBOPSIOIINX
MPEABSABICHHBIM TPEOOBAHUIM, — IUAIEKTPUUECKUE
crepxkHeBble aHTeHHB! [3-9]. K mnpemmymectBam
JaHHOTO THIIA aHTEHH MOYKHO OTHECTH OTHOCHUTEIH-
HYIO TPOCTOTY IUAJICKTPUYECKOW 3aMeISIONmeH
cTpykTypsl (13C), a TakxKe MEHBIIIYIO [T0 CPABHEHUIO
C PYHOPHBIMU aHTCHHAMH Maccy.

B Hacrosieli craThe mpencTaBIeHEI pa3paboTka
U MICCTIEOBaHNE XapaKTEPHUCTHK IBYX BapHAHTOB M-
ANEKTPUIECKUX CTEP)KHEBBIX aHTEHH. XapaKTepH-
CTHKH TIOJIy4EHBI JJIEKTPOJMHAMHUECKUM MOJIEIUPO-
BaHMEM METOJIOM KOHEUHBIX 3JIEMEHTOB B cpene An-
soft HFSS. XapakTepucTiku BTOpOro BapHaHTa aH-
TEHHBI MPEACTABILIIOT OCOOBI MHTEpEC, MOCKONBKY
MPEATIOKEHHAST TS STOTO BapHaHTa KOHCTPYKIHS HE
OIHCaHa B MPOPaOOTAHHBIX HCTOYHUKAX.

Mertonnbl. MogenupoBanue B cpeae Ansoft HFSS
OCYIIECTBISUIOCH METOJIOM KOHEYHBIX 3JIEMEHTOB.
Pacuer BBIONHSIICS C WaromM no ocu yacror f, /4.
[IpocTpancTBO pemieHnsT pa3dMBaIOCh HA JIEMEHTHI
¢ pa3mepoM pebpa A, /3, rae A, — [UIMHA BOJIHBI HA

BEepXHEH yacToTe pabodero Jauana3oHa.

[epen npoBeneHUEM MOIETHPOBAHUS Pa3padOTaHbI
KOHCTPYKITUU aHTCHH, HA OCHOBAaHUH KOTOPBIX cop-
MHUPOBaHbI Mozien. Pa3paboTka BKITFOYasIa TpH JTara.

KoHcTpykiusi mepBoro BapuaHTa aHTEHHBI.
Ha nepBom srame 6puta npunsra ¢popma I3C, omu-
cannas B [3], [4] (puc. 1). UcxonHbIE COOTHOIIEHUS
JUTS pacyeTa MmapaMeTpoB JUAIIEKTPHUECKOTO KOHYCa
I mpuBeneHsl B [4].

Puc. 1. ludnextpudeckast 3amMeIsiiolas CTpyKTypa
MepBOr0 BapUaHTa aHTEHHBI: 1 — MPOI0IrOBaThIi KOHYC;
2 — mepexoHast 4acTh; 3 — TUAICKTPUUCCKUN CTEPKEHB;

4 — nuarpaMMo00pa3yIoNIHi KOHYC

Fig. 1. Dielectric slowdown structure of the first embodiment

of the antenna: 1 — oblong cone; 2 — transition part;
3 — dielectric rod; 4 — diagram-forming cone
[Ino1mane ero MomnepeyHoro ceyeHusi BHIOUpaeT-
Cci M3 TPOMEXKYTKAa 3HAYECHUM, BEPXHAS W HUKHSIA
TPaHUIIBI KOTOPOTO TOYYAI0TCS] K3 COOTHOILIEHUI

o M oo __ M
M 4(e, 1) "™ 10(s -1)
e A, — JUIMHA BOJHBI HA HIDKHEH 4acToTe AMara3oHa;

€ — AUDJICKTPHUICCKas IIPOHUIIAEMOCTb MaTepualia.

Pasmeprr npyrux snementoB [13C (puc. 1, 2—4) ObI-
JIM TIOJTYYEHBI ITyTeM MacITaOUpOBAHKS Pa3MEPOB, TIPHU-
BEJICHHBIX B [3], mox TpeOyeMblii YaCTOTHBII AUaIa3oH.

B [4] yka3aHO, 9TO C POCTOM AMAIEKTPUIECKOM
MPOHUIIAEMOCTH MaTepHualia, W3 KOTOPOTO HW3TrOoTaB-
JUBAIOTCSI IUANIEKTPUUYECKUE DTIEMEHTHI, pabouuii va-
CTOTHBIM [MANa30H aHTEHHBI CyXaeTcs. B kadectse
MarepHaia Juis pacCMaTpUBaeMOW aHTEHHBI ObLI BBI-
OpaH moJuMeTHIMeTaKpuiar (OpraHu4eckoe CTEKIIO)
C IUAIEKTPUUYECKON MPOHUIAEMOCTBIO & =3.4.

[Tocne onpenenenust ¢popmbel [I3C HeoOxoaumo
BEIOpaTh Cmoco0 BO30YKICHHS DJICKTPOMATHUTHBIX
koneOanuii B Hell. CriocoObl, onucanHbie B [4], [5],
HE TOIXOIAT AJisi paccMaTpUBacMOW aHTEHHBI, TaK
KaK [MHJIMHIPUIECKUI BOTHOBOA M MEPEXO OT KOaK-
CHANBFHOH JTMHUY K HIWIHHAPAYECKOMY BOJTHOBOIY HE
o0ecreunBaroT TpeOyeMOro ypoBHS COINIACOBAHUS B
nmpokoit (9:1) monoce yacTor.

Amnanmms uctounnkos [3], [6-8], [11], [12] mo3Bo-
JISIET CHIeNIaTh BBIBOJ O TOM, 4TO TpeOyeMoH MIUpPOKO-
mojiocHOCTH (9:1) MO3BOMNSAET JOCTHYD ONMCAHHBIA B
HUX Ccrmoco0 BO30OykIeHHs. B ykazaHHBIX paboTax
paccMOTpEHbI pa3IUYHbIE BApUAHThI HAIIPaBIISIONICH
CTPYKTYpPBI, COCTOSIIEH W3 JBYX pPaCIIMPSIOIINXCS
METAJUTMIECKUX TUIACTHH, PA3MEIICHHBIX Ha AMAIICK-
TPUIECKOM OCHOBAHUHU KOHHUYECKOH WIJIH nmupamMu-
IapHON (opMBEL. B030yXKImaroTcs STH IIaCTHHEI
IBYXIIPOBOAHOW JIMHUEW, TaK KaK paclpeicieHue
TOKOB ITOZOOHOW CTPYKTYPBI B TOUKAX BO30YXICHHS
ONI3KO K paclpenesieHui0 TOKOB B Hel. [lompoOHO

CBepXIIHPOKONOJIOCHAS THIIEKTPUYECKAN CTEPKHEBasi AaHTEHHA

Ultra Wide Band Dielectric Rod Antenna
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Puc. 2. CBepXIITUPOKOIOIOCHBIH KOAKCHATBHBIH
KOCOCpPEe3aHHBIi TpaHchopMarop

Fig. 2. Ultra-wideband coaxial oblique transformer

Ha aHTeHHa, OOLIMI BUJ KOTOPOW MpeACTaBIeH Ha
puc. 3. MeTaymnyeckue IUIacTUHBI 2 BO30OYXKIAIOT B
J3C [ snekrpoMarauTHbie KosieOaHus. Koakcuanb-
HBIN KococpesaHHbIl TpaHchopmarop 3 obecnieunBa-
€T IIUPOKONOJOCHOE COINIACOBAHUE BOIHOBBIX CO-
MIPOTUBJIICHUI NBYXIPOBOAHOW JUHUH 2 W KOAKCH-
aJbHOTO BXO/Ia aHTEHHHBI.

ITapameTpsl IepBOro BapMaHTa aHTEHHbI. Ya-
crotHble 3aBucumoctd KCBH anTeHH npencTraBieHbl
Ha puc. 4. Puc. 5 moka3pIBaeT 4aCTOTHBIE 3aBHCHMO-
ctu KY (Q) anrtenn. Puc. 6 mnpeacrasmser JIH

Puc. 3. O0muit BUJ IEPBOTO BapHaHTa aHTEHHBI: 1 — TUANIEKTpHYECKast YeTHIPEXCEKIMOHHAs CTPYKTYpa;
2 — MeTaJUIMYECKUE TUIACTUHBI; 3 — KOAKCHAIBHBIH KOCOCPE3aHHBIH TpaHchopMaTop

Fig. 3. General view of the first version of the antenna: 1 — dielectric four section structure; 2 — metal plates; 3 — coaxial oblique transformer

pacnpeneneHie TOKOB B PaCILIUPSIOIUXCS MPOBOIS-
IUX IIACTUHAX U pacdCT BOJIHOBOI'O COMMPOTHUBIICHUA
paccMoTpeHsI B [§].

B kadecTBe ycTpoiicTBa, 00€CIeunBaIOIeTo M-
POKOTIONIOCHOE COTJIACOBAHHE BOJIHOBBIX COTPOTHB-
JICHU JIBYXHPOBOAHOW JIMHHUM M KOAKCHAJIBHOTO
BXOJla aHTEHHBI, IPUHST CBEPXIIMPOKOIIOIOCHBIN KO-
AKCHAJIBHBIA COIVIACYIOIUH M CUMMETPUPYIOLIUI
Tpancdopmarop (puc. 2) [10]. B pesynbrare nmomyde-
KCBH/

VSWR

3.0

2.5
2.0

1.5 2

1.0 | | | | | |
1 2 3 4 5 6 7 8
Puc. 4. 3aBucumocts KCBH anTeHH OT 4acTOTHI:
1 — Bapwuanr 1; 2 — Bapuanr 2

Fig. 4. Dependence of the VSWR on frequency:
1 — variant 1; 2 — variant 2

f/ 1y

antenn D(0)=P(0)/Ppax B a3uMyTaibHOl mioc-
KOCTH Ha HW)KHEW TI'paHWIle 4aCTOTHOIO JHara3oHa
(a), mocepeaune (6) W Ha BepxHell rpaHuie (8).
3necs P(0) — MOmHOCTD M3ITydeHHs aHTEHHBI TIO
asumyTy 0; Prax =P(0) — mowmmocTs nsmyuenus
10 TPOJONLHOW OcH aHTeHHBI. Ha puc. 4-6 3aBucu-

MOCTH [UIS TIEPBOTO BApPHWAHTA AHTCHHBI OTMEYCHBI
HOMEpOM /.

Q, nbu
12
11
10

[ N R N I B
1 2 3 4 5 6 7 8 f/f

Puc. 5. 3aBucuMocTb K03 PHITIEHTa YCUICHNS aHTSHH
oT 9acToTHl: 1 — BapuaHT 1; 2 — BapuaHT 2

HO1L OO N 0 ©

Fig. 5. Dependence of the antenna gain on frequency:
1 —variant 1; 2 — variant 2
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Puc. 6. [lnarpaMmbl HalpaBJICHHOCTH aHTEHH
B a3UMYTaJbHOM INIOCKOCTU Ha HIDKHEH TpaHulle YaCTOTHOTO
Iamna3oHa (a), mocepenune (6) U Ha BEpXHEH rpaHUIe
nuanaszona (8): 1 — Bapuanr 1; 2 — Bapuanr 2

Fig. 6. The directional patterns of the antennas
in the azimuthal plane at the lower boundary of the frequency
range (a), in the middle (6) and at the upper boundary
of the range (6): 1 — variant 1; 2 — variant 2

U3 npeacTaBneHHBIX 3aBUCUMOCTEN CIIEAYET, YTO
B TpeOyeMOM Juana3oHe YacTOT MaKCHMAllbHOE 3Ha-
yenne KCBH mnepBoro BapuaHTa HE NpeBBHIMIACT
3.25, ero KY m3mensercs ot 6 1o 12 nbu.

Bce mnpencraBnennsle JIH ocecMMMETpUYHEI.
VYpoBeHb OOKOBBIX JIETIECTKOB Ha HIDKHEH TpaHUIe
s Bapuanta 1 He mpesbimaer 20 %. B cepenune
YaCTOTHOTO JIMana3oHa YPOBHU OOKOBBIX JICTIECTKOB
3TOTO BapHWaHTa HEe MpeBocxomsT 25 %, Ha BepxHeu
rpaHulle Juana3oHa — He npeBocxomsr 35 %.

AHanu3 NpUBECHHBIX 3aBUCUMOCTEN TTOKa3bIBACT,
YTO TOCTABJICHHBIM TPEOOBAaHUSAM TICPBHIA BapHAHT
3HAUEHUS

YAOBJICTBOPACT JHIIb YaCTHYHO. TaK,

KCBH (cMm. puc. 4, I) HECKONBKO MPEBBILAIOT Tpe-
Oyempble. 3naueHust KY B paboyem nuamna3oHe 4acToT
(cm. puc. 5, 1) TpeOOBaHMSIM YIIOBJIETBOPSIFOT. YpOBHH 00-
KoBbIX JieriecTkoB J{H Ha HinkHel rpanuue (puc. 6, a, [) u
B CepeIMHEe YaCTOTHOTO Jauana3ona (puc. 6, 6, 1) co-
OTBETCTBYIOT TPeOOBAaHUSAM, OJHAKO HAa BEpXHEH rpa-
HUIle quarazoHa (puc. 6, 6, /) HECKOJIBKO MPEeBbIIIa-
IOT 3asIBJICHHOE 3HAYCHUE.

KoHcTpyKkuus BTOpOro BapuaHTa aHTeHHbI. B
CBSI3U C TEM YTO XapaKTEPUCTUKU pa3pabOTaHHOTO
BapUaHTa AaHTCHHBI HE IMOJHOCTBIO YIOBJIECTBOPSIOT
MOCTABIICHHOHN 3aj1ade, ObUT MPEIJIOKEH BTOPOH Ba-
puant JI3C (puc. 7) co cneayrouMi KOHCTPYKTHB-
HBIMHU OTJIHIHSMU:

— m3meHenue ¢opmel J3C. Pasmep mepexomHoit
YacTH 2 MEXIy OCHOBAaHMEM KOHyca / ¥ IU3JIeKTpHYe-
CKIM CTep)KHeM 3 TIO TPOIONBHOH OCH CTPYKTYPHI
YBEJIMYEH IO CPAaBHEHHIO C IEPBBIM BapUAHTOM. JTO
CHICNAIO TIepexol MEXAy dleMeHTamu 2 U 3 Ooree
TUTABHBIM;

— morepedHsie cedeHusi Bcex anemeHToB J[3C
MPEACTABIIOT COOOM MOMYOKPYKHOCTH, 4TO 00JIer-
YaeT pasMelIeHrne CTPYKTYpPHl Ha IUTOCKON HPOBOIS-
el MOBEPXHOCTH U CHIDKACT BEPTUKAIBHBINA raba-
PUTHBII pa3mep.

Puc. 7. Tndnexkrpudeckas 3aMeJIAIONIAs CTPYKTypa
BTOPOTO BapHaHTa aHTEHHBI: 1 — MPOJIONTOBATHIi KOHYC;
2 — mepexoiHast 4acTh; 3 — MUAICKTPHUYCCKUAN CTEPKECHB

Fig. 7. Dielectric slowdown structure of the second embodiment

of the antenna: 1 — oblong cone; 2 — transition part;

3 —dielectric rod

C mnpumeHenueMm omucaHHoro BapuanTta J[3C
pa3paboTaH BTOpOW BapHWaHT aHTeHHBI (puc. 8). B
nononHenue usmeHenusMm J3C B 3ToMm BapuaHTe aH-
TEHHBI M3MEHEeHa (popMa MPOBOIAIIMX TIACTUH, BO3-
Oy)XJaroIIuX B HEH JJIEKTPOMArHUTHBIC KOJICOAHUS.
OpHa U3 NPOBOASIIMX IUIACTHH 3aMEHEHa IUIOCKON
CTEHKOM OTCeKa 4, B KOTOPOM pa3MeIlaeTcsl aHTEHHA.
®opma BTOpPOH IIACTHHBI 2 HM3MEHEHa C JIMHEIHO
pacuvpsronIeiicss Ha 3KCIMOHEHIMAILHYIO, MOCKOJIBKY
MIpUMEHEHHUE TUTACTHH, PACIIUPSIONIUXCS 0 IKCIO-
HEHIIMAJHFHOMY 3aKOHY, MTO3BOJISIET YBEIWYUTH ITOJIO-
cy cornacoBanus [13], [14]. [Inactuna xpenurcs K
OCHOBAHHIO C TIOMOIIBIO TUAIEKTPUIECKUX CTOEK J.

Comacyrommui 1 CHMMETPUPYIOIIUIA TpaHcdopma-
TOp OcTaBiieH Oe3 M3MeHeHuil. M3myyaromas CTpyKTy-
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Puc. 8. O6mmii Bu BTOPOro BapHaHTa aHTEHHBI: 1 — KOaKCHAIIBHBIN KOCOCPE3aHHBIH TpaHc(opMaTop; 2 — MeTaIndecKast
TUTACTHHA; 3 — IMJICKTpUYECcKast 3aMeIIAI0Ias CTPYKTypa; 4 — OCHOBaHIE — IPOBOJIAIIAS IUTACTHHA; 5 — IIBIIEKTPHYECKHIE CTONKHI

Fig. 8. General view of the second version of the antenna: 1 — coaxial oblique transformer; 2 — metal plate;
3—dielectric slowdown structure; 4 — base — conductive plate; 5 — dielectric racks

pa, Kak ¥ B IIEPBOM BapHaHTe, BO30OYXKIAETCs ¢ TIOMO-
IIBI0  KOAKCHAIBHOTO KOCOCPE3aHHOTO TpaHc(opma-
Topa /.

I[lapameTpbl BTOPOr0 BapHAHTa AHTEHHBI
MpEAICTaBIEHB 3aBUCUMOCTSIMU 2 Ha puc. 4-6. Ya-
crotuble 3aBucumoct KCBH mokaspiBarot, 4To B
TpeOyeMoM JHaNa30He 4acTOT MAKCHUMAJIbHOE 3Haue-
aune KCBH Broporo Bapmanta He mpeBbimiaer 2.75
(puc. 4, 2). B tpebyemom nmuamazone gactor KY Bro-
poro BapuaHTa uzMensiercs ot 5 1o 11 abu (puc. 5, 2).

Bropoil BapuaHT aHTEHHBI TaKXE HUMEET OCe-
cummerpuanble [IH B a3uMyTanpHON TIIOCKOCTH BO
BCeM Amana3oHe 4acToT. [Ipu 3ToM ypoBHH OOKOBBIX
JIETIECTKOB Ha HIDKHEH TpaHuIle He MPeBbIIaT 5 %
(puc. 6, a, 2), B cepelMHe YaCTOTHOTO Jara3oHa He
npeBocxomat 17 % (puc. 6, 6, 2), a Ha BepxHE# rpa-
Hute auamnazoHa — 20 % (puc. 6, g, 2). Takum obpa-
30M, BTOPOH BapHaHT aHTCHHBI 00IagaeT XapaKTepH-
CTUKaMH, IOJHOCTBIO YIOBJIETBOPSIOIIMMHU MOCTaB-
JICHHOMY 33JIaHUIO.

BeiBoabl. B pesynbrare npoBeeHHOIO JIEKTPO-
JUHAMHUYECKOTO MOJEJIMPOBaHUS MOTYYEHbl OCHOB-
Hbl€ PaJlMOTEXHUYECKHE XapaKTEepPUCTHKH JIBYX Ba-
PUAHTOB OUBJICKTPUUCCKUX CTCPIKHECBBIX aHTCHH.

Hocturayrtsie 3Hauenuss KCBH (cm. puc. 4) mo-
Ka3bIBAIOT, YTO ITOCTABICHHBIM TEXHHYESCKHM Tpebo-
BaHUSM I10 DTOMY IapamMeTpy YHAOBJIETBOPSET JIMIIb
BTOpOIl BApUaHT aHTECHHBI.

[To 3nauenusim KY B paboyem auana3oHe 4acToT
(cM. puc. 5) 3aJaHHBIM 3HAYEHUSAM YIOBJIETBOPSIOT
o0a BapuanTa. K ynydIieHuio coriacoBaHus IpUBeE-
JI1 U3MEHEHUs, BHECEHHbIE B KOHCTPYKLHUIO BapuaH-
Ta 2, KOCHYBILUECS COOTHOLICHUSI Pa3MepPOB yHacTei
JIURJIEKTPUYIECKON CTPYKTYpPBI, BUJIAa U pa3MELICHUs
MPOBOJAIIMX TIacTuH. HeoOxoamMo Takke oTMe-
TUTb, YTO U3MEHEHHE (DOPMBI CEUCHUS AUDIICKTPHUC-
CKOM 3aMeIJIAIoUIe CTPYKTYpBl U CBSI3aHHOE C HUM

YMEHBIICHHE BEPTHKAIBLHOTO rabapuTHOro paszmepa
BapraHTa 2 MPUBEIN K CHIDKEHHIO YCHJICHHS OTHO-
cuTenpHO BapuaHTa 1. Hapsay ¢ 5TUM KOHCTpYKIUS
BapHaHTa 2 CYIIECTBEHHO Jydile MpUCHocobiIeHa
IUTS pa3MEIeHNs] Ha HOCUTEIIE.

ITo yporHIO OOKOBBIX JieniecTkoB JIH 00a BapranTa
COOTBETCTBYIOT TPEOOBaHUSAM HAa HWKHEU TrpaHulle U
B CepenuHe YaCTOTHOTO AWAIla30Ha, OJHAKO HA €ro
BEpXHEU TpaHUIle YPOBEHb OOKOBBIX JICIIECTKOB Ba-
puaHTa 1 oka3bIBaeTCs BBIIIE 3asBICHHOTO 3HAYSHHUS,
B TO BpeMsl KaK BapUaHT 2 MPOAOIDKAET YJOBIETBOPSITh
TpeOOBaHMSIM TEXHUYECKOTO 3a7aHus (puc. 6).

B memoM cpaBHEHHE OCHOBHBIX PagHOTEXHUYE-
CKHX XapaKTePUCTHUK Pa3pabOTaHHBIX BAPHUAHTOB M-
ANEKTPUIECKUX CTEP)KHEBBIX AHTCHH IIOKA3HIBACT,
YTO COBOKYIHOCTH TPEIBIBISICMBIX TPEOOBAHHUIA CO-
OTBCTCTBYCT TOJIbKO BApUAHT 2.

3akimouenue. [l pasMenieHus B OTpaHHYCH-
HOM TIOJIC3HOM O0BeMe CIIOKHOU (hOPMBI TPEIIIONKE-
Hbl JIBA BapuaHTa CBEPXIIMPOKOMOJIOCHON IMAJICK-
TPUUYECKOH CTEP>KHEBOI aHTeHHBI. [y 00ouXx Bapu-
AHTOB IIPOBEICHO AMEKTPOAUMHAMHYIECCKOE MOIEIHPO-
Banue B cpene Ansof HFSS.

[Tonmy4eHs! cnenyromme pe3yabTaThl:

e Jliia BapuaHTa 1:

— KCBH ne 6omee 3.25 B quamasone 9:1;

— KY m3mensiercs ot 6 1o 12 1bu B quamasone 9:1;

— AuarpaMMbl HalpaBJICHHOCTHU, MNPUBECICHHBLIC
Ha puc. 6 (KpuBBIC /), OCECUMMETPUYHBI C YPOBHEM
6okoBbIxX nernectkoB 20, 25 u 35 % Ha HIKHEH rpa-
HUILIC, MMOCEPEANHE U BerHeﬁ TpaHUIlC 4aCTOTHOT'O
Jliara3oHa COOTBETCTBEHHO.

e JIy11 BapuaHTa 2:

— KCBH ne 6omee 2.75 B quamnasone 9:1;

—KY mmensercs ot 5 mo 11 nbu B qranazone 9:1;

— IWarpaMMBbl HAIPaBICHHOCTH, IPHBEICHHEIC
Ha pUC. 6, OCECHMMETPUYHBI C YPOBHEM OOKOBBIX
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neniectkoB 5, 17 u 20 % Ha HWXKHEH rpaHuile, moce-
penvHe W BEepXHEH rpaHWIle YacTOTHOTO JHAara3oHa
COOTBETCTBEHHO.

CpaBHEHHE IMOJy4EHHBIX TapaMEeTPOB CO 3HaYe-
HUSMH, KOTOpbIE JOJDKHA 00ecreyrBaTh pa3padarbi-
BaeMasl aHTEHHa, MO3BOJISIET CAENaTh BBIBOA O TOM,
YTO TEPBBIH BAPHAHT HE COOTBETCTBYET MPEIbSIBIIS-
€MBIM TPeOOBaHUSAM B YaCTH MAaKCHMAJBHOTO 3Haue-
wust KCBH (3.25 nipu 3 1o1ycTUMBIX) B MaKCHMAITLHO-

o ypoBHsS OOKOBBIX JIETIECTKOB JMarpamMM Harpas-
neHHocTH (25 1 30 % npu 25 % J0MyCTUMBIX).

Bropoii BapuaHT yka3aHHBIM TPEeOOBAaHHUSM CO-
OTBETCTBYET, MOITOMY MOXXET OBITh PEKOMEHJ0BaH
JUTS TIPENIIONaraeMoro pUMEHEHHSL.

Heo6xoauMo OTMETHTh, 4TO KOH(DUTYpaIns KOH-
CTPYKTHBHBIX 3JIEMEHTOB BTOPOTO BapHaHTa aHTEH-
HBI JIy4IlIe COINACyeTcsi C KOHCTPYKIHEH JeTaTeib-
HOT'O anmapara B 30HE €€ pa3MelleHus. OTa KOHpU-
Typalus paHee B JUTEpaType HE OIICaHA.
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BapmaHT peannsaumn NHTEPAKTUBHOIO NPUIOXKEeHUA
4nAa CMHTE3a CUCTEM CBA3UN C aHTEHHBbIMU peLLEeTKaMin

C. B. KysbMuH®, K. O. KoposuH, T. P. PaumxaHos

CaHkT-MNeTepbyprcknii rocyjapCTBEHHbIN YHNBEPCUTET TeNEKOMMYHUKaLNIA
nMm. npod. M. A. boH4-bpyeBuuya, CaHkT-MNeTepbypr, Poccus

Msergey-v-kuzmin@yandex.ru

AHHOTaUuA

BBegeHuve. CoBpeMeHHble cUCTeMbl PaANONOKaLMN 1 CBA3M codepKaT dpa3mpoBaHHbIe aHTeHHble pelleTkn. Oa-
HOW 13 3aJa4 CMHTEe3a yKasaHHbIX cncTeM ABnseTcd GopmMupoBaHme TpeboBaHWA K BXOAALLMM B UX COCTaB y3-
nam, Moaynsam 1 6nokam. [lns pelleHns nocTaBaeHHON 3aja4m HeObX0ANMO NMOCTPOUTL 30HY AeCTBUA U MPo-
aHaNMN31pPOBaThb BAVSHNE XapaKTePUCTMK BXOAALLMX YCTPONCTB. MOBbICUTL Ka4ecTBO aHaAn3a 1 CMHTe3a CTo/b
CNTOXHbBIX CUCTEM MOXET NMpUMeHeHne NHTePaKTUBHOWN BU3yann3aLmu daHHbIX, KOoTopas TpebyeT A0CTaToOuHO
6bICTPOro BblUNCNEHUSA XapaKTEPUCTUK.

Lienb pabotbl. PazpaboTka MHTePaKTUBHOMO MPUIOXEHUS 415 YBEIMYEHNS BO3MOXHOCTEN CMHTe3a CUCTEM CBA3M,
coZiepXXaLLMx aHTEeHHbIe peLleTKy, 1 yaydLLeHWs XapaKTepUCTUK CUHTE3NPOBAHHBIX CUCTEM.

MaTtepuanbl 1 MeTogpl. [insi yCKOPeHUs BbIYMCIEHNS AMarpaMM HarnpaBieHHOCTU NPUMEHEHO 1X MpejcTaBe-
HVe ANA aHTEeHHOW pelueTKn B popme, MO3BOASAIOLLEA MCMONb30BaTb aAropuTM 6bICTPOro NpeobpasoBaHms
®ypbe. Ana HaxoxXAeHNst TpebyeMblX aMnInTyAHO-$a30BbIX pacnpejeneHunii NPUMEHSAIOTCA pasoxeHue B psj
KoTenbHMKOBa 1 reHeTUYecKnii anropuTMm.

PesynbTaThl. B pa3paboTaHHOM NPUNOXKEHWW BbIBOAATCSA Ha 3KPaH aMNAnTyAHO-Ppa30Boe pacnpejeneHue, ana-
rpaMMa HarnpaB/IeHHOCTU IMHENHOW 3KBUANCTAHTHOW peLLeTKM 1 30Ha AencTBrsA. BO3MOXHO MHTepakTUBHOE
n3MeHeHue aMnAnTyAHo-Ga30Boro pacnpejeneHuns B 3ydaTensx v gnarpaMMbl HanpasAeHHOCTW B 3aAaHHbIX
HanpaBneHuUsix. Npy BHeCEHUN M3MEHeHW B AMarpaMMy HamnpaBAeHHOCTM MeHsieTca aMnanTyaHo-pa3oBoe
pacnpegeneHue 1 Gopma caMmoil AnarpaMMbl HaNpPaBlEHHOCTW B HaMpaB/ieHUsX, OTIMYHbIX OT 3aaHHOro. 30Ha
4eliCcTBUSt NepecTpanBaeTcs Npy U3MeHeHU 0601 U3 XxapakTepucTuk. Npu HeobXoANMOCTY ee oTobpaxeHue
MOXeT 6blTb OTKNOUEeHO. B cTaTbe MpuBefeH NpYMep WCMONb30BAHUSA MPUNOXKEHNS MPU CUHTE3e CUCTEMBI
CBSI3M C BO3AYLLHbIM CYAHOM.

3aknoueHmne. MNprimeHeHWe pa3paboTaHHOro MPUIOXEHWUS MO3BOASET PACLUVMPUTL BO3MOXHOCTA U CyLlie-
CTBEHHO COKPaTUTb BPeMS aHan3a 1 CUHTe3a CUCTeM CBA3W 1 BTOPUYHOI PaAMONI0KaLMN C aHTEHHBIMY peLUeT-
KaMu. Kpome Toro, MpuaoXeHme NCNoJb3yeTcs 419 MOArOTOBKM CNeLManmCcToB ANst NPeAnpusaTi oTpacan.

KntoueBble cioBa: AP, aHTeHHasn peLleTka, MHTepakTBHas B1U3yann3saums, CMHTe3 CUCTeM CBA3M, BTOPUYHasNA
paavonokauuns, pag KoTenbHNKOBa, FeHeTUYECKNA anropuTMm
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Abstract
Introduction. Modern radar and communications systems contain phased array antennas. One of the synthesis
problems of such systems is the formulation of requirements for components, modules and units which are
comprised in it. To solve this problem, one needs to build a coverage area and to analyze an impact of character-
istics of its parts. The quality of analysis and synthesis of such complex systems can be enhanced by use of inter-
active data visualization, which requires a fairly quick calculation of characteristics.
Aim. Development of an interactive application for increasing the synthesis capabilities of communication sys-
tems containing antenna arrays and for improving the characteristics of systems of interest.
Materials and methods. To accelerate the calculation of radiation patterns, the antenna array pattern in a form
suitable for the fast Fourier transform algorithm was used. To find the required amplitude-phase distributions,
Kotelnikov series expansion and genetic algorithm were used.
Results. In the developed application, amplitude-phase distribution, directivity pattern of a linear equidistant ar-
ray and coverage area were displayed. An interactive change of the amplitude-phase distribution at radiation
elements and synthesized radiation patterns in given directions were possible. With introduction of changes to
the radiation pattern, the amplitude-phase distribution and the array radiation pattern itself changed in direc-
tions other than the specified one. The coverage area was rebuilt when any of the characteristics changes. If
necessary, the coverage area display could be turned off. The paper provides an example of using the applica-
tion in the synthesis of a communication system with an aircraft.
Conclusion. The use of the developed application allows one to extend the capabilities and significantly reduce
the analysis and synthesis time of the communication secondary radar systems with antenna arrays too. Besides,
the application is used for training specialists for industry enterprises.

Keywords: PAA, antenna array, interactive visualization, communication system synthesis, secondary radar, Ko-
telnikov series, genetic algorithm
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Beenenue. PaccmatpuBaemas B crarbe mpooie-
MaTHKa CBs3aHa C BO3PACTAHHEM (YHKIIMOHATBEHON
CJIOKHOCTH PaJHO3IEKTPOHHBIX CPEJICTB U, KaK CIe-
CTBHE, C HEOOXOIMMOCTBIO BU3yaIM3aLlNH PA3THIHBIX
XAapaKTEPUCTUK IIPY PEIIECHUH 3a/1a491 CUHTE3a CUCTEM
CBS3U.

[Ipn mOCTpOCHUH CIOXKHBIX CHCTEM TpeOyeTcs
aHaIN3 3HAYUTENFHOTO 00beMa pa3sHOPONHBIX JaH-
HbIX, IMOJY4Ya€MBbIX IIPU MATEMATUICCKOM MOICINUPO-
BaHUM U B PE3y/IbTaTE HATYPHBIX IKCIIEPUMEHTOB. J{11s1

9TOTO TIONyYEHHBIC JaHHBIE HEOOXOJUMO MpescTa-
BHTh B yIOOHOM JUIS aHalHW3a BHJE, a HEMOCpel-
CTBEHHO TIPW aHAJM3e JKEeJaTeIbHO MEHSTh Pa3lind-
HBIC UCXOMIHBIC TIApaMeTphl 3a1a4u. [Ipou3BoAUTEb-
HOCTh COBPEMEHHBIX KOMIIBIOTEPOB TO3BOJISIECT TPHU-
MEHSTh METOJI MHTCPAKTHBHON BH3yallM3allil JaH-
HBIX MPH Pa3pad0TKe KOMIUICKCHBIX PaldO03IEKTPOH-
HBIX CPENICTB. YKa3aHHAs METOAMKA MMEET elle He-
CKOJIBKO TOJIE3HBIX TOYEK MPHIIoKeHHs. B yacTHOCTH,
MOSIBIISIETCSI  BO3MOYKHOCTh OTIEPATUBHOTO aHAIIM3a
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JAHHBIX, HATIPUMEpP TPH HACTPOWKE WIIM JKCILTyaTa-
WY almapaTypsl.

[IpakTHuecku Bce COBpEMEHHBIE CHCTEMBI aBTO-
Matu3upoBanHoro npoektupoBanus (CAIIP) comep-
KaT HHCTPYMEHTHl WHTEPAKTUBHON BH3yalIM3aIlMU
[1-3]. Hexotopble W3 HUX MO3BOJISIOT peLIaTh KOH-
KpeTHbIE 33J1a4M B ONPEACNICHHON NpUKIIaIHoi 001a-
CTH, ApYyTrre 00eCIeuynBalOT UHCTPYMEHTAPHUI Ui pe-
IICHUS IIUPOKOTO KpyTa 3a7a4, HO TpeOyIOT TIIaTeIIhb-
HOU HAacTpOWKH U (HopMUpOBaHMSI COOCTBEHHBIX HC-
XOITHBIX MaTeMaTHIECKAX MOZAETICH.

B macTosiiedt crarbe mpepcTaBieHa peann3aliis
MIporpaMMHOTro obecrieueHus AJis pelieHus 3a/1a4, KO-
TOpbIE BO3HMKAIOT MPHU Pa3padOTKE CUCTEM PpaaHo-
CBSI3U C IPUMEHEHUEM (a3MpPOBAHHBIX AHTCHHBIX Pe-
metok (AP). B ocHOBe KOHIEMIMH MpPEIIOKEHHOTO
MIPOTPaMMHOTO 0OECIICUCHHUS JIEXKHUT OJHOBPEMEHHOE
0TOOpa’keHHE BCEX OTHOCAIINXCS K PEIICHHUIO 3a1a9u
JIAHHBIX ¥ MHTEPAKTUBHOE yIIpaBIeHne uMu [4].

CymecTByeT HECKOJIBKO MPOTPAMMHBIX IPOAYK-
TOB, TTOMOTAIOIIMX MPH CUHTE3e cUcTeM cBs3u. Oc-
HOBHBIM jiocToMHCTBOM cructeMbl AREPS (Advanced
Refractive Effects Prediction System) [5] siBisiercs
y9eT 0COOCHHOCTEH pacHmpOCTpaHEHHs AIEKTpoMar-
HUTHBIX BOJH JJIS TIONYYEHUS 30H ACHCTBHS PaaHo-
ANEKTPOHHBIX CPEACTB. AHAIOTHYHBIMU BO3MOXKHO-
cTsimu obmanaet naket Systems Tool Kit (STK) [6].

NmeeTcs nocTaTtoyHO OONBIIOE KOJIMYECTBO KOM-
MEpUYECKUX TpOTrpaMM JJisl pacyeTa PaguoiIMHUAN U
30H MOKPBITHs. B KayecTBe mprMepa MOXKHO HpPUBE-
ctu CAIIP "Ansbarpoc" kommanuu «MH(popManmoH-
Hbli Kocmuyeckuii eHTp "CesepHas Kopona» [7].

YkazaHHbIe mporpammubie ponykTel (I11T), obna-
JAIOIIHE PSJIOM TIOJNE3HBIX CBOMCTB, JINOO (YHKIIHO-
HAJBEHO U30BITOYHEI H, CIICIOBATEIBHO, JOPOTH, THOO
HEAOCTYIHbI, B TOM YUCJIC TTO MPUIUHC SKCIIOPTHOTO
koHTpoJst. [ToaTomy 3anaua coznanus 111 ykazanHoro
THIA OCTAaeTCs akTyanbHOU. Kpome Toro, peanuzanys
HUHCTPYMCHTOB I/IHTepaKTHBHOﬁ BU3yaJIU3allU TTOBbI-
maetr 3pQPEKTUBHOCTh Y4eOHOro Tporecca, CONeH-
CTBYSI OOYYCHHIO CTYJICHTOB 1O MPOMUILHBIM CIICIIH-
QIBHOCTSM W TO3BOIISIT 0000IIaTh, HAKATUTUBATH U
MIPOIBUTATh 3HAHUS.

O,Z[HI/IM 13 KJIIFOYEBBIX MOMCHTOB IIPU NIPOCKTUPO-
BaHUU cucTeM ¢ AP saBiseTcss HEOOXOAUMOCTH HAX0XK-
JIeHUS aMIUTUTYAHO-(hazoBoro pacnpeneieHus (ADP)
M0 3a/IaHHOK JuarpamMMe HampasieHHoctd (JIH), . e.
peliieHne 0OpaTHON 3a1aqu.

[Mocne Haxokaenust Heooxonumoro ADP onenn-
BaIOT BIIUSTHHE MOTPEITHOCTH YCTAHOBKU aMILTHTYIIBI
1 ¢a3sl B KaHanax anTeHHs! Ha JIH pemerku. OTkino-
Herns ADP ot pacyeTHOro MOTYT OBITH BEI3BaHBI KaK

MUHUMYM JIByMs MPUYUHAMU — JTUCKPETHOCTHIO (a-
30BpaIIaTeICH/aTTeHIOATOPOB M HEUACHTHIHOCTEHIO
UX XapaKTepUCTHK.

DaKkTOp AUCKPETHOCTU CPABHUTENBHO JIETKO YUH-
TBIBAETCSA, YTO PEATU30BAaHO, HAIIPUMED, B IPOrPaMM-
HOM Moxyne MatLab [8].

®DaKkTOop HEMACHTHUYHOCTU CBS3aH C KOHCTPYK-
IIUeH AIEMEHTOB aHTEHHEI M Pa30poCOM X IapaMeT-
POB IIpY U3TOTOBJIEHNUU U MOHTaxe B cucteme. [locie
cOopku 1 MOHTaxka AP, 0COOCHHO MaJIO3TIEMEHTHOM,
OCYIIECTBISIETCSL €€ HACTpolika mnu KaauOpoBka [9,
10].

B pesynbrare peansnoe ADP Oyner ommyarscs OT
Tpedyemoro. [IpencrapiaeHHbIii B HACTOSIIEH CTaThe UH-
CTPYMEHT MO3BOJISIET OLIEHUTh BIMSHUE IOIPEIIHOCTEH
YCTaHOBKH aMILTUTYABI U (ha3bl B KaHAIAX PEIICTKH Ha €€
JIH, a Takxe Ha 30HYy JEHUCTBUS CUCTEMBI CBS3U WU pa-
JIMIOJIOKALTHH.

MeTtonbl. CyiiecTByeT ABa OCHOBHBIX BHJIa aJIro-
pPUTMOB Torcka Heobxoaumoro ADP st cuateza JIH
3aJaHHOW (HOPMBI — ONTHUMHU3AIMOHHBIE W TPSMBIE.
OnTuMH3alMoOHHbIE MeToAbl puonmkaT JIH k 3a-
JaHHOM uTepalMoHHO. IIpsMble METOIBI MO3BOJISIOT
Haiitu ADP B pesynsrare penieHus ypaBHeHus. OHu
xoporiro onvcanbl B [11]. K coxanenutro, 06a moaxona
UMEIOT pAJ MHOTOKPAaTHO ONMCAHHBIX B JIUTEparype
HEIOCTAaTKOB U HE MO3BOIJLIIOT CPOPMYITUPOBATH €IIH-
Hyt0 MeToauKy noucka A®P. Maremarnueckum -
POM IpeAsIaraeMoro NpHIOKEHHs! CTal alrOpPUTM Ha
OCHOBE TeHeTudeckoro [12] u ycoBepiIeHCTBOBaH-
HBIU NMPAMOW AJITOPUTM Ha OCHOBE paznoxkenus J[H B
psan Korenpamkosa [13—15].

[Nepen onmcanmeM 0COOEHHOCTH IIPUMEHEHHS YKa-
3aHHBIX JITOPUTMOB OTMETHM, UTO MCIIOJIb30BaHUE pa-
JMOTEXHUIECKUX METOI0B, XOPOIIIO OMUCaHHoe B [16,
17], a umenHo ammapara psanoB @ypbe, He TO3BOIISET
pelaTh 3a/lauu CUHTE3a, IIOCKOJIbKY B pe3yabrare 00-
paTHOro MpeoOpa3oBaHMs CYNICCTBEHHBIC IS Qop-
mupoanust JIH 3nauennst AOP nonyuarorcs B y3nax,
KOTOpbIC BBIXOAAT 3a rpaHuusl AP. Jlns perenus 3a-
Jauu aHanuza psit Pypbe MOIXOAUT C ABYX TOUEK 3pe-
Hus. Bo-nepBbIX, MOCKOJIbKY MHOXHTEIb PELIETKU
¢dopmupyetcs npeodpasoBanueM Dypbe, BOIMOKHO
CYLIECTBEHHO yCKOpUTH Bbluuciienue J{H no uzBect-
HoMy ADP 3a cueT npuMEeHEHHs aITOpUT™Ma OBICTPOTO
npeodpazoBanusi dypre (BIID). Bo-Brophix, mnpu
HAJIMYUHN TUQPPAKIIMOHHBIX MaKCUMYMOB CHHTE3 OCY-
IIECTBILIETCS TOJIBKO B 00JIaCTH PeaIbHBIX YIVIOB, OIIpe-
nenseMoll B pesynbTare mpeoOpasoBanus Dypre. B
OCTaBLIEWCs 00NacTM  yIIOB  IPOCTPAHCTBEHHBIN
CTIEKTp, OINMMCHIBAEMBI MOIYJEM PEIIETKH, TIOBTOPS-
€TCsl, YTO BBIPAKACTCS B MOSBICHUN JUPPAKIIMOHHBIX
MaKCUMYMOB.
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Hcnons3oBanue BII® cylmecTBeHHO YCKOPSET pU-
MEHEHHE ONTUMH3ALMOHHBIX METONoB. B wacTHOCTH,
HMMEHHO Tak Gopmupyrotes JIH Ha kax ol urepaiu B
anroput™e [9]. OnHako B 3TOM aNropuTMe HE YUUTHIBA-
JIVCH JJIMHA BOJHEI 1 IIIar PEIIETKH, TOATOMY B HETO OBIT
J00AaBIIeH MaCIITaA0HbIN CIBHT TI0 YIITY:

sin9¢ = k(l—u) - k(l_UCp),
fod fid

rie ¢ — ymioBas KOOPAMHATA, 3aBUCSIIAS OT IIHMHBI
BOJIHBI A M IIara pemerku d; fq —dacrora auckperu-
samum; U =1 2, ..., fg —00o0menHas KoopAUHATA.
Psn ocobenHocTel ObLI BHISBIICH IPU HAITUCAHUU
MPOTrpaMMBbl 110 AJITOPUTMY, PEKOMEHIOBAaHHOMY B
[13, 14]. K coxanenuto, mpu MaaoM KOJTUIECTBE H3-
JyJaTeJie U pacCTOSHIH MEXAY HUMH, TIPU KOTOPOM
HAYMHAIOT IOSIBIIATHCS AU(DPAKINOHHBIE MAKCUMYMEI,
aITOpUTM padoTall HEYNOBIETBOPUTEIHHO. [ToaTOMY
OBLIO BBEICHO JIOMIOTHEHUE — IIPEISITEl HHTETPUPOBa-
HUs Opamuch u3 JIH, nonydennoi npu momoru bI1dD.
Crout OTMETHUTB, 4TO anroputm u3 [13, 14] umeer He-
CKOJIBKO OOJNBINYI0 (DYHKIIMOHATBHOCTh, YEM 3asiB-
JIEHO B Ha3BaHUU, — OH MO3BOJISIET YCTAHOBUTS JII0OOE
3HaueHue J{H, a He ToibKO chopMupoBaTh HOMB. [lyis
3TOTO0 HYXXHO OpaTh COOTBETCTBYIOLIHIA YPOBCHB

BciomoratenbHou JIH, KoTopsiil mOocIe BHIYUTAHUS U3
ocHoBHoM JIH macTt xxemaemoe 3HaueHue. Ilociaenopa-
TEIbHOE, MHOIOKPAaTHOE IPHUMEHEHHE YCOBEpILIECH-
CTBOBAaHHOTO aJTOPUTMa IMO3BOJIIET HE TOJIBKO (op-
MUPOBaTh HECKOJIBKO HYJIEH, HO U CHHTE3UPOBATh TPe-
oyemyto /IH, mpeBparinas anropuT™ B ONTHMH3AIAOH-
HBIH.

[IpencraBrneHHble B HACTOAIIEH CTaThe METOIBI
XOpOIIO 000CHOBaHBI (PU3WYECKHU, a TAKKE TITYOOKO
MpopadOTaHbl B BEIYUCIUTEIFHOM TIJIAHE.

Pesyabrarel. [l J1eMOHCTpaluu pe3yJabTaToB
paboThI IpOTrpaMMHBIX MoyIiel Haiinem ADP mis AP
8 X 8 ¢ BOBMOKHOCTBIO CKAaHUPOBAHUS B a3MMYTab-
HOI TUIOCKOCTH M KocekaHcHOM JIH B yrmoMecTHOM.
[Tonoxum yvactoty paBHoi 2.5 [T, a pacctosHHe
MEXIy U3JIydaresssMU — MOJIOBUHE JJIMHBI BOJIHBEL B
xofie OoJiee IETAIbHOTO CUHTE3a PACCTOSHUE MEXIY
U3IyYaTe MU HE0OXOIUMO TOA00paTh.

Ha puc. 1 npexacrasinen wHTepdeic okHa Mpo-
rpamMmEl. Jlaee IpuBeeHBI TOTBKO (PPArMEHTHI TOTO
OKHa, oOToOpakarolue pe3yabraTbl padoThl MPO-
TPaMMHOTO MOZYJISI.

Haunem paccMoTpeHHe ¢ yrjIOMECTHOW IJIOCKO-
cty. BHauane Bocmosib3yeMcss T€HETHYECKUM ajro-
puT™MoM. 3ajaHHas orubaromas (KpacHbIC JIMHUHU) W
noryaeanoe ADP ¢ JIH (cunsist muHAS ) MOKa3aHbl HA
puc. 2. HeoGxomuMo OTMETHTh, YTO aJTOPUTM, Kak

Mcxoaksie aaxHbe
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Puc. 1. Untepodeiic mporpaMmbl
Fig. 1. Program interface
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MIPaBUIIO, CXOAUTCS HE CPa3y U KaxIbli pa3 K HOBOMY
A®P, HeMHOTO OTIMYHOMY OT MPEABIAYIIIETO.

Ecnu 3agate MeHee jxecTkue TpeOOBaHUS K OTH-
Oarorelt ¥ BHECTH HEOOJBIINE KOPPEKTUBBI B aJIro-
PUTM, TO MOXHO TOJYYHUTh CHMMETPHYHOE aMILIU-
TyIHOE U aHTHCHMMETpHYHOE (a3oBoe pacmpernere-
HUSA, KaK IIOKa3aHo Ha puc. 1.

AHaJOTHYHBIN pe3yabTaT MOJIy4aeTcs, €CIU MpH-
MEHUTH PAMOM aJITOPUTM HECKOJIBKO Pa3 Mocie10Ba-
tenbHO. Ha puc. 3 nokazana JIH u ADP, nonydeHHble
mocJie JeBATUKPATHOTO MPUMEHEHHs ajroputMma. B
kadyectBe ucxonHoro ADP Opanoch paBHOAMIUIUTYI-
HOe C (ha30BBIM HAKJIOHOM, COOTBETCTBYIOIIUM OT-
xionenuto JIH ma 8° or HOpMmanm. 3Be3goukamMu Ha
puc. 3 OTMEUCHBI 3HaYEHHSI, KOTOPHIEC OACTABIISUITUCE
B KadecTBe TpeOyeMbIX. [Ipsmoit amroputM Moxet
OBITh YCOBEPIIICHCTBOBAH H IIPUCIIOCOOJICH [T peliie-
HUsA 3a1a4 cuHTe3a JIH 3agaHHOM (hOpMBI, B YacTHO-
CTH TaK, KaK Mmoka3aHo B [14].

B wurtore octaHOBUMCS Ha aHTEHHE C CUMMETpPHY-
HBIM aMIUTUTYIHBIM paclipeiefiecHieM M aHTUCUMMET-

chiubdhbbbio
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30 x
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N

Puc. 2. Orubaromas u pe3yibrat paboThl FTeHETHYECKOTO
aNropuT™Ma

Fig. 2. Envelope and the result of a genetic algorithm optimization

pHYHBIM (ha30BBIM, TIOCKOJIBKY 3TO YIIPOIIAET IPOCKTHU-
POBaHHUE pacIpeeUTELHOM CHCTeMBI (CM. pHc. 1).

CoortserctByromas /IH v 30Ha AelicTBHS TakxKe Mo-
KazaHbl Ha puc. 1. iMeHHO 30Ha ECTBUS U SIBISIETCS
OJTHVM M3 Ba)KHEHIIIMX KOHEYHBIX PE3yJIBTATOB CHHTE3a
CHCTEMBI CBSI3M W BCEria OOIDKHA OTOOpaXkarbCcs Ha
skpane. Kpome Toro, n3meHssi Takue mapameTpsl, Kak
JIATBHOCTH (3aBUCUT OT HECKOJIBKHX (haKTOPOB) M CBOW-
CTBa MOJCTUJIAIOILEH TOBEPXHOCTH, MOYKHO IPOCIIEIUTh
W3MEHEHHUE 30HBI JICHCTBYS U BHIIBUHYTH HOBBIC JTOTION-
HUTENbHbIE TpeboBaHust k JIH.

Ilepeiinem k cuntesy IH B asumyTanbHO# Im1oc-
KocTH. Mcnons3yeM mpsMoit anroput™ st popMHpo-
BaHUs NTyOOKoTO HYIIS B HanpasieHun 20° (puc. 4).

Ucnonb3yem npuBenenusie Ha puc. 1 u 4 AOP
JUTsI ToCTpoeHus TpexmepHoi JIH (puc. 5).

OrobOpaxxenune Tpexmepnoi JIH momoraer ore-
HHUTB €¢ OCOOCHHOCTH ¥ BBIOPATh T€ CEUCHHS, B KOTO-
PBIX HEOOXOIMMO TIPOBECTH OoJiee TIIATSNLHBIN aHa-
3. B kauecTBe mpuUMepOB MOXKHO MIPUBECTH CIIy4dau
pacCcTaHOBKM H3yvaTeJed B IaXMAaTHOM TMOpSIIKe,

El
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Puc. 3. TH u ADP, nonydeHHble B pe3yibTaTe
JIeBSITUKPATHOI'O IIPUMEHEHUS aJrOpUTMa IIPSIMOro CHHTE3a

Fig. 3. Radiation pattern and amplitude phase diagram as
a result of the nine time application of the direct synthesis
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Fig. 4. Radiation pattern and amplitude phase diagram
in the azimuthal plane

Korga IudpakIOHHBIE MAKCHMYMBI CMEIIAIOTCS U3
DIaBHBIX IUIOCKOCTEH, WM B PSZIC CITy4aeB CBEPTHIBA-
Hue JIH B BOpOHKY IIPU CKAaHUPOBAaHUMU.

3akawuenue. [IpeacraBieHHBII WHCTPYMEHT
MTO3BOJISIET HHTEPAKTUBHO:

— MOy4aTh YUCIICHHBIC PE3YNIbTaThl, HEOOXOAUMbIE
TIPU CHHTE3€ CHCTEM CBSI3U U pauoioKanuu ¢ AP;

— OLICHHUBATD BIIMSHUE MTOTPEITHOCTEH YCTaHOBKA
aMIuIMTyasl U a3l B kaHanax AP xak wHa JIH aH-
TEHHBI, TaK U Ha 30HY JCHCTBHUS CUCTEMEI;

— BU3YQJIM3HPOBATh XaAPAKTEPUCTUKH CIIOKHBIX
CUCTEM, YTO CIIOCOOCTBYET YMEHBIIICHUIO BEPOSTHO-
CTH OIIMOOK IPH MPOEKTHPOBAHHH.

[IpeanoxeHus Mo HaPaBICHUIO OYIyIINX HCCie-
JOBaHWH, B OCHOBHOM KacarollMecs YBEJTUYEHUS
(YHKIIMOHATBHBIX BO3MOXKHOCTEH IPOTPaMMHOTO
MOJYJISI, COCTOSIT B CJICAYIOLIEM.

Uzpezannocts [IH B pesynmsrate mudpakiun Ha
HOCHTEIIE, B TOM YHUCIIE ICKTPHYCCKH OOJIBIIIOM, CY-
IIECTBEHHBIM 00pa3oM BIHMsIET Ha 30HY JCHCTBUS.

o——

A0

Puc. 5. Tpexmepnas TH

Fig. 5. Three-dimensional radiation pattern

[ToaToMy Tipu MOCTPOEHUH 30HBI JEHCTBUSA HE00XO-
M yuet JIH 6opToBOii aHTEHHBI.

B paccmotpennom nporpammuaom moayne JJH u3-
Jydarens anmpoKCUMUPYETCs OIpeesIeHHON cTere-
HBIO KocuHyca. [l yTOUHEHUs pe3y/bTaTOB MOXKHO
MPUMEHUTh A(PPEKTUBHBIA KIACCUYCCKHHA TTOIXOI;
paccunTars wiu u3MepuTh [IH uznmyuarens B mpucyT-
CTBUHU coOcCe/iel, HarpyXeHHbIX Ha COIJIACOBAHHBIC
Harpy3Kd. 3aTeM IIOICTaBHUTHh MOIYUYCHHYIO MapIlH-
anpHyr0 JIH B kauectBe [IH usmyuarens.

[Mockonbky cunTe3 J|H aHTEHHBIX pelieToK sBis-
eTcsi 3ajaueil 0 IMOCTPOCHHWH MPOCTPAHCTBEHHOTO
¢uIBTpa, HEOOXOIMMO aTaTHPOBATh BCe HAPaAOOTKH,
cleNaHHble B IU(poBoi 00paboTke curnHaios. Ilo-
3TOMY TUIAHUPYIOTCA K CO3JIaHHUIO JIOTOJHUTENbHBIC
nporpammHble Momynu. TpeOyeT oTaenbHO# mpopa-
OOTKH BOIIPOC O MPUTOAHOCTH IIPENCTABICHHBIX Me-
TOJIOB JUIsI IOVCKA HEUCTIPABHBIX A1eMEHTOB B AP 1o
pe3yabTrataM M3MepeHul B JalibHEN 30HE.

Js yTOYHEHUs pe3ylnbTaToOB PacieToB ILIAHUPY-
eTCs YCIOKHEHNE METOMUK YIeTa CBOUCTB MOACTIIIA-
IoIIel TOBEPXHOCTH U (PaKTOPOB, BIMSIOIINX HA pac-
MPOCTPaHEHUE PAJIUOBOIH.

Hanbornee mepcrieKTHBHBIM HaIpaBICHHEM pa3-
BUTHSI BUIUTCA UCIIOJIb30BaHKE METOIOB cuHTe3a JIH
JUTsL co3fianus 00ydJaromieid U TecTOBOW MOCIenoBa-
TEJIFHOCTEH IpH 00ydeHUN HEHPOHHON CeTH I pe-
meHus 3aa4 aganrtanuu [18].

[IpencraBieHHbIe MaTEpPUAIIBI TIPOLILTH APOOAITHIO
Ha koH(pepermsix ATIMHO 2017, ATIMHO 2019, HTO
POC mm. A. C. Tlonosa, mocesiieHHbIX [[HIO pamno
(2019), "OmekrpoHuka W MuKpodekTpoHuka CBY"
(2019), " AnTteHns! 1 pactipeneneHue paguoBoiH” (2019).
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ANropyTM KOPPEKLN KOOPAVHAT Lienn
B MHPOPMaLIMOHHO-N3MepPUTENBHOM CUCTEME PaAMOIOKALIMOHHOW CTaHLMK
Ha ocHoBe MH$OPMaLMK O MPOCTPAHCTBEHHOW OpUeHTaLmn
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Tamb0BCKMiA rocyAapCTBEHHbIN TeXHUYECKUIA yHBepcuTeT, TaMboB, Poccuns
& umed87-88@mail.ru

AHHOTaUmA

BBegeHuve. KoHuenumy nocTpoeHns nepcnekTUBHbBIX PaAMONOKaALMOHHBIX CUCTEM MPeAyCMaTpMBatoT, YTO 3TO
6yAyT KOMMeKChbl MHTerpanbHoro Tuna. CosgaHne Takmx cucTem npegrnonaraeT Haauuve B X coctase MHoOp-
MaLIMOHHOro KOMMJIeKca, BbINMoHALWEero GyHKLMOHaNbHO 3aBepLUeHHY0 NpoLesypy 06paboTku CUrHanoB u
nHGOpMaLMM B MHTepecax peLleHNs KOHKPEeTHOM 3ajayn. B aTol CBA3W B HACTOSALLEN CTaTbe PacCMOTPEHbI
0CO6EHHOCTW CO3JaHNA MOAENN MaHEBPEHHOro ABMXXeHUst 6ecrnuaoTHOro leTaTelbHOro annapata C Liesbho
nccneAoBaHWA NyTen MOBbILLEHNS TOYHOCTU COMPOBOXAEHNS BO3AYLLHOM Liean Ha OCHOBE aAropmtMOB OLje-
HVBaHWS KOOPAMHAT ee ABMXKEeHUS.

Llenb paboTbl. Pa3zpaboTka anropuvtma Koppekummn KOOpAMHAT Lean Ha ocHoBe MHGOpMauuuM O MpocTpaH-
CTBEHHO OpUeHTauunu.

Matepuansl 1 MeToAbl. [oCTaBNeHHbIe 3aJayn peLleHbl MeToAaMM MaTeMaTUYeckoro aHaavsa U YMCIeHHOro
MozenmpoBaHus. i 060CHOBaHWUS JOCTOBEPHOCTM M PaboTOCMOCOBHOCTM MPeAnoXeHHOro anroputMa 6bina
pa3paboTaHa MojeNb, KOTopas MO3BOJIVAA MOMYYUTE XapakKTePUCTUKN TOUHOCTM airopmnTMa.

PesynbTathl. MeTofOM MOAEIMPOBAHUSA UCCIEA0BaHbI XapakTePUCTUKNA TOYHOCTL anroputMa Koppekumm Koop-
AMHAT Lenn Ha ocHoBe MHGOPMaLMM O ee MPOCTPaHCTBEHHON OpMeHTaLMK, onpejenstoLlei KauecTBo CUCTEMBI
CNeXeHus 3a LieNibio U MOCTPOeHUs ee TpaekTopui. MNpriBejeHbl CTPYKTypa 1 onrcaHme pa3paboTaHHOro anroput-
Ma. [MokasaH BapuaHT peanunsaLy anropmuTMa 1 pesyibTaTbl OLEeHKN ero TOYHOCTU.

3aknitoueHve. B pesynbTaTe aHanM3a anropuMtMa KOppekumn KOOPAMHAT Lienn Ha OCHoBe MHopmaumm o ee
NMPOCTPaHCTBEHHOW OpMeHTaLMK, a Takke MOAeNMpPOoBaHUsA paboTbl cAenaH BbIBOA O JOCTOBEPHOCTU 1 paboTo-
CNOCOBHOCTY NPEeANOXeHHOro anropmntma. NpeacraBneHHble JaHHble YMCTEHHbIX IKCNepUMEHTaNbHbIX UCCe0-
BaHWI XapakTepUCTUK TOYHOCTU MPeANOXEeHHOro anropmtMa Mokasanu peannsyemMocTb MPUHATLIX peLleHui.
Mony4yeHHble pe3ynbTaThl MO3BOASIOT ONpeAennTb Hanboee LenecoobpasHblin U 3GdeKTBHbIN NyTb pa3paboT-
K1 YNpOLLEHHbIX BAPNaHTOB anropmntma.

KntoueBble C/10Ba: pasmoioKaLMOHHas CTaHLMSs, ONTUKO-3/1eKTPOHHBIV KaHa, MaHeBpUPYHOLLAs Leb, TMHAUSA
BM3NPOBaHUS, KOPPEKLMS TPaeKTopum, LMPPOBOI BEIUNCANTENb

Ana uMTnpoBaHus: Havmos Y. P. AropuTM KOppekumn KOOpAMHAT Lenn B MHGOPMAaLMOHHO-U3MepPUTENbHOM
cMcTeme paamoNioKaLMoHHOM CTaHLMN Ha OCHOBE MHPOPMALIM O NPOCTPaAHCTBEHHON opueHTauun // 113B. By-
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Algorithm for Correcting Target Coordinates
in the Information-Measuring System of a Radar Station
Based on Information about Spatial Orientation

Umejan R. Naimov®
Tambov State Technical University, Tambov, Russia

™ umed87-88@mail.ru
Abstract
Introduction. The concepts of constructing promising radar systems (radars) show that these will be integral
type complexes. The creation of such systems implies the presence in their composition of an information sys-
tem consisting of channels that produce a functionally completed procedure for processing signals and infor-
mation to solve a definite task.
Aim. Development of a target coordinate correction algorithm based on spatial orientation information.
Materials and methods. The tasks were solved by methods of mathematical analysis and numerical modeling.
To justify reliability and performance of the proposed algorithm, a model was developed. The model allowed
one to obtain accuracy characteristics of the algorithm.
Results. As a result of the simulation, the accuracy characteristics of the target coordinate correction algorithm
based on spatial orientation information were investigated. It determines the quality of building of the target
trajectory and the quality of the target tracking system.
The structure and the description of the developed algorithm were given, an implementation option was
shown. The results of estimation of the accuracy of the algorithm were presented.
Conclusion. As a result of the analysis of the target coordinate correction algorithm based on information about
the target's spatial orientation, as well as modeling of its operation, a conclusion about the reliability and the
performance of the proposed algorithm was drawn The presented data of experimental studies on the accura-
cy characteristics of the proposed algorithm showed the feasibility of the decisions made. The presented re-
sults allow one to determine the most appropriate and effective way to develop simplified versions
of the algorithm.
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BBenenue. BozaeiicTBue paznu4HBIX BUAOB IO-
MEX Ha YCTPOICTBA WM KaHAJbl PAAUOIIOKALMOHHOU
cucteMbl (PJIC) wiu ONTHKO-TOKAIIMOHHON CHUCTEMBI
(OJIC) moxkeT npUBECTH K YXYALIEHUIO TOUHOCTH CO-
MIPOBOXKIICHHUS, & B psijie CllydaeB (Harpumep, MpH BO3-
nevictBun Ha PJIC mmpokononaocHo# 11yMoBoOi IoMe-
XH) K TOTepe MHPOPMALUH O NATBHOCTH, CKOPOCTH
COIKEHHUS U YITIOBBIX KOOpJIMHATAX 1IENN, HAlIpUMED
6ecrtoTHOrO JleTatenbHoro ammnapata (BIUIA) [1, 2].

[Ipu Gonbinx paccTosgHusAX 1o uenu, korga OJIC
HE MOXXET M3MEPATh YIIIOBbIE KOOPAWHATHI (WA TIPU
ee OTKasze), BOCCTaHOBJICHHE HH(OPMALMH O HUX

MPOUCXOJNUT B QJITOPHTMAaxX BTOPUYHOH 00pabOTKH
nHbopMali B IH(GPOBOM Mpoleccope MyTeM Co-
MPOBOXKACHUA LECJIW IO 3aHCCCHHBIM B MaMsiAThb CHU-
CTEMBI TTapaMeTpaM OTMETOK IICIIH.

JIOCTOMHCTBOM yKa3aHHOTO METOJIa OTpEeACICHUs
YIIIOBBIX KOOPAWHAT LEJIN ABJIACTCA MPOCTOTa peajiu-
3aiuu. OJHAKO 3TOT METOJl OCHOBAH Ha MpeIonokKe-
HUH, 4TO cornpoBokaaembiii BITJIA nBumxercs npsmo-
JIMHEWHO C TIOCTOSIHHOW CKOpOCThIO. Eciu oH He Mma-
HEBpUPYET (HE OTKIOHSETCS OT MPSIMOJIMHEHHON Tpa-
€KTOPHH), TO BBIYUCICHHUE KOOPIHMHAT MPOUCXOAUT C
HeOonpIUMU OIMOKaMH. OIHAKO CIIOCOOHOCTH €N

56 AJITOPHTM KOPPEeKIMH KOOPAMHAT LeJIM B HHPOPMALMOHHO-H3MEPUTEIbLHOI cucTeMe
PAAUOJOKAIMOHHON CTAHIIUM HA OCHOBE HH(POPMALMHU O NPOCTPAHCTBEHHOU OpPHEHTAIIUH
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K MaHEBPUPOBAaHUIO [€JIa€T JAHHBIA METOA HENpu-
TOJHBIM JUIs OIIPEAEIICHUS YITIOBBIX KOOPUHAT.

CyIecTBYIOT METOZbl, YYHUTHIBAIOLINE BO3MOXK-
HBI{ MaHEBp ILIENH, HO CIIOCOOHOCTH COBPEMEHHBIX
Lened K CBEPXMAHEBPEHHOCTH BBIHY)KIAET HCIONb-
30BaTh JIOMOJHUTEIbHbIE HCTOYHHKH HH(OpMAIUH
JUis o0ecrieueH s yCTOMUYUBOCTH CIIEKESHHUS.

Pewienne 3agaun. B Hacrosieit craree paccMoT-
pEeHA KOPPEKIHsl KOOPIMHAT IeTH B HH(POPMAIOHHO-
u3MeputenbHoit cucteme PJIC Ha ocHoBe mH(OpMa-
MW O €€ TPOCTPAHCTBEHHON OpHeHTauuu. Takoi
MOAXOJl OCHOBaH Ha JOBOJBHO JKECTKOM CBSI3H MEXIY
OpHEHTALIMEH LIeNIN U HallPaBICHUEM €€ YCKOPEHHUsL.

CrpykTypa yrinomepHoro kaHaia 6optoBoit PJIC
nnu OJIC, peanu3yromero yka3aHHyl0 BO3MOXKHOCTb,
npeacTabieHa Ha puc. 1. [latunk nzobpakeHus naet
JBYMEPHOE ONTHYECKOE WIH PagHOIIOKAIIHOHHOE
n3o0pakenue 1enu [3]. CurHai, mpencTaBIISIONIHMA
9TO M300pa’keHne, MOCTYMaeT Ha MOACUCTEMY OLICH-
KM OpUEHTAllMH, KOTOpas MO CIHEIUabHOMY ajro-
pUTMy TIpeoOpa3yeT MOTydIeHHBIC TaHHBIE B OPHEH-
Tauuio TpexmepHoil uenu. [lomydennas oneHka opu-
EHTAllUU MOCTynaeT B yrioMepHblil kanan PJIC mns
YTOYHEHHsI BEKTOPA YCKOPEHHsS IeJIM U TOBBILICHUS
TOYHOCTH €€ OTCIIEKUBAHUSL.

O1HOI U3 TIePCIIEKTHBHBIX TEXHOJIOTUH B 001aCTH
panuoJIOKalMK SIBIISIETCS. PaIUOTIOKAIIMOHHAS CIIEKJI-
uaTepepomerpus. C MOMOIIBIO 3TOH TEXHOJIOTHH
MOKHO OIICHHBATh OPUEHTALNIO 00BEKTa B IIPOCTPAH-
CTBE 110 OTHOILIEHHIO K 33/IaHHOI CUCTeMe KOOpAHAT.

Jia ompeneneHus mapaMeTpoOB IBMXKEHHUS IO
MOCJIEIOBATEIFHOCTH  M300pa)KeHUi pa3paboTaHbl
JIBa Pa3IMYHBIX Toaxona [4].

IlepBblif OCHOBaH Ha BBIACICHUH Ha KaXKIOM H300-
PaKEHUH MHOXKECTBAa OTHOCHUTENIBHO PEAKUX, SPKO BbI-
paXEHHBIX IPU3HAKOB Ha JBYMEPHOM H300pa’KeHIH,
COOTBCTCTBYIOIINX TPECXMEPHLIM IMPHU3HAKaAM O6’I)CKTOB
CIICHBI. 3aTe€M YCTaHABIMBAETCS COOTBETCTBHE O3THX
MIPU3HAKOB B MOCJIEI0BATENBHOCTH KaJIpOB U UX Iepe-
MeIlleHre TIPH TIEPEXOJIE OT KaJIpa K KaJpy.

[Tomyuennsie B pe3ynbTare 00paboTkM HM300pa-

KEHUSI JaHHBIE O paKypce LEeNU MOCTYNAroT Ha BEI-
YHCIHUTENb HOPMAJIBHOTO YCKopeHus. HopmanbHoe
YCKOpEHHME LIeIM IONAeTCid B YINIOMEp, Ha BBIXOZAE
KOTOPOTO TIONydaeM YTOYHECHHBIE OIICHKU YTJIOBBIX
KOOpIUHAT 11eH (puc. 1).

CormnacHO BTOpOMY METOJY IO MapameTpam Mpo-
CTPAaHCTBEHHOH OpPHEHTAIIMH OIPEICSIIOTCS TPH-
Om3uTeNbHBIC 3HAYCHUS] W HANPaBICHUS CHII, Neii-
ctByromux Ha BIIJIA, a 3aTeM Ha OCHOBE MOTy4YeH-
HBIX JaHHBIX — yckoperue BITJTA.

JT0T anroput™ TpeOyeT W3MEpeHus JEBATH Imapa-
METPOB: YIIOB IPOCTPAHCTBEHHON OpUEHTAIMHU LEIU
(TaHraXka, ppICKaHHs U KpeHa), KOOPIUHAT LENH (aiib-
HOCTH, yIIa MeCTa M a3uMyTa), a TaKKe CKOPOCTU
COMMKEHMS M YINIOBBIX CKOPOCTEH JIMHUY BU3UPOBAHHS
(JIB) B BepTHKaILHON ¥ TOPH30HTAIHLHOMN TIOCKOCTSIX.
MeTon CIOXEH, Tak KaK I €ro peaM3alii UCIOJb-
3yeTCsl  HEMpephIBHO-AMCKPETHBIH  pacIIMpeHHBINA
¢unsTp Kayvana ¢ 15 ypaBHEHUSMH COCTOSHYS.

B nacrosiee BpeMst BenyTcs paboThI IO OLICHKE
OpHEHTAIMU LU U €€ U3MECHEHHs C TeUCHHEM Bpe-
MeHH. PaccMOTpUM BO3MOXXHOCTH BBIYHCIICHHUS YT-
JIOBBIX KOOPJIMHAT HA OCHOBE OLICHKH BEJIMUUH YIJIOB
OpHUEHTAIIUH 1IeJT B MPOCTpaHcTse [4, 5].

[Tpu aTOM OymeM monaraTh ClIeAyroIee:

— BEKTOP CKOPOCTH IIEJIH (Vu) COBIIAA€T C

oceto BIUIA, T. e. 6=39 u ¢=v, e 0, ¢ — yron
MEXK/ly PAaBHOCHTHAILHBIM HANPABICHUEM H JIMHHEH
BU3UPOBAHUS 1M U MEJICHT IS COOTBETCTBEHHO;
9, W — yIJIbl OpHEHTAIIMH LIEJTH B IPOCTPAHCTBE;

— MaHEBpBl XapaKTEPU3YIOTCS BBICOKHUM IIOIIe-
PCYHBIM YCKOPEHHEM U HU3KHM, YaCTO HE3HAYUTEIIb-
HBIM, [IPOJIOJIBHBIM YCKOPCHHEM, T. €. BHa4Yaje Oynem
cuMTaTh, uTO ay = dv; /dt—)O, a B JaJbHEHIIEM

MPOBEPHM JOMYCTUMOCTb TAKOTO YIIPOIICHHUS;

— YUMTBIBas, YTO MAPaMETPbl COOCTBEHHOTO JIBHKE-
Hust Hocutens PJIC MoryT ObITh M3MEPEHBI I0CTaTOYHO
TOYHO W MX BJIMSHUE CKOMITCHCHPOBAHO, OyJIeM CUHTATH,
yto Hocutesb PJIC HenonBrmkeH B POCTPaHCTBE.

YTJI0BbIC KOOPAMHATHI SN
PJIC (OJIC) - Yrinomep
YTouHEHHBIE
OILICHKH

I~~~ 7 7 7 Theymepnoe | VYrnosas ? KoopauHat
| n3obpaxeHue TTorcucrena | opueHTanus
| JlaTamk e OLCHKH | eI Breruucnuresnab
| | u3obpaxenus OpHeHTAIIH | YCKOPCHUSI

Puc. 1. Cxema yriomepHoro kanana 6oprosoii PJIC

Fig. 1. Scheme of the goniometer channel of the airborne radar

AJIrOPUTM KOPPEKUHH KOOPAUHAT e B MHGOPMAILlMOHHO-U3MEPUTEILHOI cucTeme

pannonoxauuonnoﬁ CTAaHIIMHU HA OCHOBE I/lH(l)OpMaHl/Il/I (1] HpOCTpaHCTBeHHOﬁ OPpHEHTALlUU
Algorithm for Correcting Target Coordinates in the Information-Measuring System
of a Radar Station Based on Information about Spatial Orientation
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Pe3ynbrar pabortbl. [[ns yrimomepa mepemerie-
Hue nemu (puc. 2, mosuuus 0, ) mo TpaeKTopuu mo-
neta (TII) oTHOCHTEIILHO HOCHTEIS, PACTIONOKEHHOTO
B Touke 0,, MOXeT OBITh 33J]aHO B BHJE U3MEHEHUS
JTATBbHOCTH U YIIOBOH CKOPOCTH JIMHUU BH3HPOBAHUS

B TOPU30HTAJILHOMN U BEPTUKAIBbHON IJIOCKOCTSIX.
W3 puc. 2 noxyuum:

Vx =V, COSSCOsy; Q)
W =V sing; 2)
Vz =V Ccos3siny, 3)

rae Vyx, W,

uemu Vy Haocu 0, X, 0,Y, 0,Z COOTBETCTBEHHO.

Vz — IpPOEKUHH BEKTOpa CKOPOCTH

Ecmu BOCHONB30BATBCS COCTABISTIOIIAMEI CKOPO-
cti (1)—~(3), 3aJaHHBIMH B TPEXMEPHOI CUCTEME KO-
opauHAT (pUC. 2), TO TIOTYIHM:

Vy =Vx COSgL COSE, +

+Vz SiNg COSe, + Wy SiNgg; “)
Wy =—Vyx COSgL SiNg, —

—Vz sing; sing, + W COS&g; (5)

Vz; =—Vx SiNg. +Vz COSE,. (6)

C yuerom (1)—(3) Beipaxkenus (4)—(6) Oymyt
HUMETh BUJI

V=V COS3COSy COSEL COSEy +
+Vy Cos 9sinysing. cose, +V;, sin §singg;

Wy =—V; COS S cosycosep sing, —
-V, cos3sinysing; singg + Vv, sin §coseg;
Vz;; = —Vy COS3COSysing + Vv, COS §siny CoSe.

ITocne HECIOKHBIX TPUTOHOMETPUUYECKUX IIpe-
00pa30BaHUM MOTYUNM:

Vyor =(vu/2){cos(9—sB)[1+ cos(y—e; ) |+
+cos(9+& ) cos(y —&.)-1]};

Puc. 2. JIswxkenue nienu otHocutenbuo PJIC

Fig. 2. Target movement relative to the radar

Wy = (Vi /2) {sin (8 + &, )[1-cos(w —&; ) ]+
+sin (9 —g, )| cos(y —&; ) +1]};
Vzy =V, Cosdsin(y —gp).
C y4etom TOTO, YTO
vy, = dD/dt = D;
W, /D =de,/dt =¢,;
Vz,/D=de./dt=¢,

HOJIyYHM CUCTEMY TP HEPEHIINATBHBIX YPABHEHHIA:

C

D= ?“{cos(S—aB)[H cos(y —¢; ) ]+
+c0s(9+8,)[ cos(y —&)—1]};

&y = ;—B{sin(SJrsB)[l—cos(\y —e) ]+ (D)
+sin(9 —gy)(cos(y — &) +1)};

& =V%cos$sin(w—sr).

AJNTOpPUTM, OCHOBAaHHBI Ha PEUICHUH CHCTEMBI
muddepeHanbHbIX  ypaBHeHU (7), MO3BOJISET
MIPOTHO3UPOBATH NANEHOCTH M YIJIOBBIE KOOPAWHATHI
LeNU TpH Tponaaanuu uHdopmanuu o Hux ot PJIC,
HampuMep U3-3a ASUCTBHUS TOMEX WA PE3KOTO 3aMU-
paHust curHana [6]. HadanbHBIMU yCIOBHAMHU IS
aNropuTMa SBISIIOTCS 3HadeHus gansHocTH (D),

CKOPOCTH LIENTU (Vu()) U YIJIOB BU3MPOBAHUS LIEIH B

TOPU30HTAIBHON W BEPTHKAIBHOHN IIIOCKOCTAX (€1,
€p0) Ha MOMEHT mpomnajanus uHdopmanuu. Bxox-

HOW MH(pOpMaIMel SBIAIOTCSA YITIbl OPUEHTAIINH I1e-
J1 B MIPOCTPAHCTBE Y © 3, MOCTyMHalonIue OT JaT-

YHKOB ONTHYECKOTO MM MH(PAKPaCHOTO AHAana3zoHa.

AHanm3 paboTOCHOCOOHOCTH aliTOPUTMa BBIYKC-
JICHW JaJIbHOCTHU U YIJIOBBIX KOOPAWHAT IPOBOAWJICA
Ha npuMepe corrpoBokieHnst onHoro bIUIA npu ycimo-
BHH, YTO LICJIb IBHXKCTCA HpHMOHHHeﬁHO " C IIOCTOsSIH-
HOHM CKOpPOCTBIO (pHC. 3, K — HOMEp OTCYETOB MOJIEITH-
poBanwus ¢ marom 0.01 c¢). CpenHexBagpaTHiecKue OT-

kioHeHus (CKO) o1ieHOK yIiioB OpHEHTalMy Lenu Oy

U Gg CUNTANNCH paBHbIMH 1°.

Ha puc. 4 npusenens! rpadpuku CKO Berumcie-
HUSl JAIBHOCTH U YITIOB BU3UPOBAHUS LIEIU B TOpU-
30HTaJIbHOI U BEPTUKAJIBHOM IJIOCKOCTAX HA OCHOBE
cuctemsl (7). Kak BuaHO U3 puc. 4, BIYMCICHHUE yKa-
3aHHBIX IIAPAMETPOB TIPOUCXOTUT C HEOOIBIINMHU
OIINOKAMH.
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Puc. 3. TIpsiMonrHEHHOE ABHKEHUE LISIH
C IOCTOSIHHOHM CKOPOCTBIO

Fig. 3. Rectilinear target moving at constant speed
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Puc. 4. CKO BbHHCIEHUS JATBHOCTH U YTJIOB BIZHPOBAHHUS LEITH

Fig. 4. Standard deviation of the calculation of the range
and viewing angles of the target

Jaiee aHanu3 anropuTMa BBIYUCIEHUS JAJIBHO-
CTH U YITIOBBIX KOOPAUHAT LEIH IIPOBOIUIICS TOJIBKO
JUIL TOPU30HTAIBHOM IIOCKOCTH KaK OCHOBHOU IIPH
MaHEBPUPOBAHUH.

[Tpu 3TOM cructema (7) 3HAUUTEIHLHO YIPOIIASTCSI
Y UMEeT BUJl

D =v, cos(y—e&;);
ér =(vy/D)sin(y —&p).
Panee Obumn chenanel jomymieHuss 0=9 u
¢ =V . OmHaKo, KaK y)Ke 0TMEUYaJIOCh, B PEATbHOCTH

MaHEBPHPOBAHHE LICIH TPHBOIUT K IOSBICHUIO YT-
JIOB aTaku Ol ¥ CKOJBKEeHNUS 3.

Ha puc. 5 npencraenens! rpadgukun CKO Bbruuc-
JIEHUs] aTbHOCTH W yIlla BUBUPOBAaHUS B TOPU3OH-
TaJBHOW IUIOCKOCTH IIPH COBEPIICHUH IIETHI0 BHpa-
’Ka, B MpoIecce KOTOPOTO YroJl CKOJBKEHHS [ yBe-
muyuBaiicst 1o 5°. Kak BHIHO U3 pUCyHKa, yBeIHde-
HUE YIJIa CKOJBKEHUS 3 MPUBOAUT K POCTY OLIMOOK
BBIYMCIICHUS JaJIbHOCTH | yIJIa BU3UPOBAHUS LEJH.

N3meHeHre CKOPOCTH LIeTIM BO BPEMEHH TaKXkKe MpH-
BOIMT K pOCTy OmmMOOK BhramcheHns. Ha puc. 6 mpen-
craBieHbl rpaduku CKO BeIMUCIEHUS AaTbHOCTH U
yIila BUBUPOBAHUS MPHU MPSAMOJIMHEHHOM TOJeTe Iie-

1 ¢ yckopeHueMm ay = 0.5 M/ 2.

Takum 00pa3oM, HHTEHCUBHOE MaHEBPHUPOBAHHE
LU MPUBOAUT K BO3PACTAHUIO OIIMOOK BBIYHCIIE-
HUS JATbHOCTH U YTJIOBBIX KOOPIMHAT.

[Ipu npomagannw cWrHaiza OT IENH TEepeMerne-
HUE clensuero cTpoda BBIMOIHAETCS HA OCHOBAHUU

Op, M
60—
40

20—

| | |
0 300 600 900 1200 k

300 600 900 1200 k
Puc. 5. CKO BbluncneHus AadbHOCTU U yIla BUSUPOBAHUSA
B TOPH30HTAJIBHOMN IIOCKOCTH P BUpaXKe LeIn

Fig. 5. Standard deviation of the calculation of the range
and viewing angle in the horizontal plane
when the target is turning
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Puc. 6. CKO BbIUHCIIEHHS TATBHOCTH U yIJla BU3UPOBAHUS
B TOPH30HTAJIBHOH INIOCKOCTH IIPH IPSIMOJIMHEHHOM HOJIeTe
LIEJTIH C YCKOPEHHEM

Fig. 6. Standard deviation of the calculation of the range
and viewing angle in the horizontal plane when the target
is fighting with acceleration

BBIYMCIISIEMBIX 3HAUEHUM JallbHOCTH, a IepeMelie-
HUE Jlydya aHTE€HHbl — HA OCHOBAaHUM BBIYHUCIISEMBIX
YIJIOBBIX KoopiauHar. Ilpu mosiBlieHHHM curHajiga cu-
cTeMa MpPOJOJKAeT CONPOBOXKIATh ILedb. OIHaKo
€CIIM OIMOKa BBHIYUCIICHHUS KOOPAWHAT IIETH MPEBEI-
CUT TIOJOBHHY NIMPHUHBI JAMCKPUMHUHALIMOHHON Xa-
PAKTEpUCTUKHU CIEISIIed CHUCTEMBl, TO CHUCTEMa Ie-
periner B pexxum moucka nenu [7-10]. B ycnoBmsix
JneduIrTa BpEeMEHH 3TO MOXKET IPUBECTH K HEOIaro-
TIPUSTHOMY 3aBEPIICHUIO (CPBIBY) CIEKEHUS.

Takum 00pazoM, BO3HHKAET HEOOXOIUMOCTh Kak
MOXHO 0o0Jlee TOYHOTO BBIYMCIICHUSI KOOPIUHAT IEIIH
MpU OTCYTCTBUW CHTHAJIa OT IIEJM B CUCTEME CIIekKe-
Hus PJIC B TeueHue IIMTENBHOIO MPOMEXKYTKA Bpe-
MEHH (10 TIOSIBJICHUSI CUTHAJIA).

[IpoBenem aHanu3 3aBUCUMOCTH BPEMEHHU T BbI-
X0Ja OIMHMOKK BBIYMCICHHS 32 IPEICNBl AUCKPUMU-
HAIMOHHOW XapaKTEepUCTUKU (T. €. Bpemsl NaMmsTh
CUCTEMBI CIIEXEHUS 3a AAIBbHOCTBIO) OT yIJla CKOJIb-
KEHHS U TIPOJOIBHOIO YCKOPEHHUS COITPOBOXKAAEMOTO
BIUIA.

['paHuIBl TUCKPUMUHALIMOHHON XapaKTePUCTHKH
JUTS. TATBHOMEPOB YacTO OMPEIEISIOTCS JITUTEIbHO-
ctoto uMmmynbca PJIC. Hdns tunuunoit PJIC owna co-
CTaBJIICT EIWHUIBI MHUKpOCeKyHJ. Ha ocHoBaHWMU
3TOTO OyAEM CUMTATh, YTO MIMPHHA AUCKPUMHUHAI-

| | | |
2 4 6 8

Puc. 7. BpeM;{ NaMATH CUCTEMBI IPU COBEPLUICHUH LEJIbIO
MaHE€Bpa U ABHKEHUA C YCKOPEHUEM

ax, M/C2

Fig. 7. System memory time when the target maneuvers
and moves with acceleration

OHHOM  XapakTepUCTHKH COCTaBIISIET
200...400 m.

1 yrIoMepHBIX CUCTEM TPaHUIIbl TUCKPUMHUHA-
LIMOHHOM XapaKTEPUCTUKU OIPENENSIOTCA IIUPUHON

JrarpaMMbl HarpasieHHOCTH aHTeHHbl PJIC, mis co-

MPUMEPHO

BPEMEHHBIX CTAHIHI COCTABIISONIEH mpuMepHo 3°.

AHanu3 BpeMEHM MaMsiTH CHeSIeld CHUCTEMBI
IIPOBOMJICS. HA OCHOBE METO/Ia CTaTUCTUUECKUX UCIIbI-
tanuil [11-14]. Yka3aHHbBII MeTox sBIsieTCS HanOoIee
MPOCTBIM U TOYHBIM M TO3BOJISIET HATH KOJIMYECTBEH-
HBIC OLICHKHU CPbIBA CJICKCHUA (B JAaHHOM CJ1y4ac BpEMs1
JIO CPBIBA) IPAKTUYECKH JIJISI BCEX CUCTEM CIISKEHUSL.

Ha puc. 7 npuBeneHsl 3aBUCHMOCTH BpPEMEHU
naMsATU CUCTEMBI IO JAJIbHOCTU U YIJIOBBIM KOOPAU-
HaTaM OT yIila CKOJIb)KEHUS U YCKOPEHHUS LI COOT-
BETCTBEHHO.

Kak BuaHOo wu3 rpaduKoB, yBEIWYCHHE YIJa
CKOJIBXKEHUS 3 M YCKOpEHHsI ay ILIeJIH BO BpeMs Ma-

HEBpa MPUBOAUT K YMEHBILIEHUIO BPEMEHH MAMSITH T
CHCTEMBI CONPOBOXKIEHUS MO AAJIBHOCTH U YIIIOBBIM
KOOPAMHATAM.

MonenupoBanue pabOThl alrOpUTMa TMPH pas-
JUYHBIX BHUJAaX MaHEBPOB IMOKa3ajo, YTO MPEAJIO-
JKEHHBIM aJITOPUTM BBIYMCIICHUS JAIbHOCTH U YIVIOB
BU3UPOBAHUS 1IEJIH MTO3BOJISIET:

— YBEJIMYUTH BpeMs MaMSITH CHUCTEMBI CIEKEHUS
M0 JaJbHOCTH M YIVIOBBIM KOoopauHaraMm Bbiie 20 ¢
npu ciexxenuu 3a BIUJIA, maneBpupyomuMm ¢ Ma-
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JBIMH YIJIOM CKONbKeHHst (<2°) M yCKOpeHHeM

(< 2 M/CZ) MO CPaBHEHHIO C CHUCTeMOW 0e3 ydera

OpHUEHTALNY;

— OIIpe/eNIsTh B TeYEHHE BPEMEHHOTO MHTEpBaja
Jo 10 ¢ ganbHOCTH U 10 15 C yITIOBBIC KOOPIUHATEI
BITJIA, manespupyromero ¢ Gombmmmu f3 (3...15°)

u ay (2...10 M/ cz), C OIIMOKaMH, HE IPEeBHIIIA0-

UMMM IIMPUHY JUCKPUMUHALIMOHHOM XapaKTepu-
CTHKH CIEJSIEH CUCTeMBbI. JTO MO3BOJIET Ompese-

JSATh JALHOCTh M YIJIBI BU3UPOBAHHUS WHTCHCUBHO
MaHEeBPUPYIOLIEH 1eNH, HallpUMeEp, B TOIyIepruoaax
JeHCTBUS MPEPHIBUCTOM TyMOBOH oMexH [15].

3akaiouenne. B coctaB paaMonoOKanMOHHBIX
KOMIUIEKCOB ~ LI€JIeCOO0pa3HO BKIIOYATh JATYUKU
MPOCTPAHCTBEHHONH OpPWUEHTANMU IIEJIH, HaIpUMeEp,
ONTHYECKOTO, MH(PPAKPACHOTO WU PaIUOANAaIla30Ha,
MO3BOJISIOIINE OINPEENIUTh OPUEHTALMIO LIeNd U ee
u3Mepenne. X nmpuMeHeHne 0CHOBaHO Ha JIOBOJIBHO
JKECTKOM CBSI3W MEXAY OpHEHTallMeld Uenu u
HaNpaBJICHUEM €€ YCKOPEHHUSL.
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OnpegeneHne CKOPOCTU ABVMXXEHNS U AaNIbHOCTU 6bICTPOABUXYLLIMXCH 06 LEKTOB
B PJIC ¢ HenpepbIBHbIM JIMHEAHO-4aCTOTHO-MOAYIMPOBaHHBIM U3/Ty4YeHMEM
C MCMO/Ib30BaHNEM aBTOKOPPENSLIMOHHOWN CXeMb

H. B. Cokonuk™®
BorickoBas yactb 55060, MockBa, Poccus

™M sokolik777@mail.ru
AHHOTaUuA
BBegeHuve. AnnapaTHyt OCHOBY COBPEMEHHbIX C1cTeM nomoLLy BoanTento (ADAS) 06bI4YHO COCTaBAAOT pajno-
JIOKALMOHHbIe CTaHLUM MUAIMMETPOBOrO A1ana3oHa, XapakTepu3yoLLecs OTHOCUTEIbHO HebobLLOW Aalb-
HOCTbIO [ieliCTBUS (eANHNLbI-AECATKM MeTPOB). B TO Xe Bpems noBsbllLeHe 6e30MacHOCTY ABUXeHNs TpebyeT
ee yBenYeHnsa Kak MUHUMYM A0 HECKOJIbKMX COTEH, 1 OAHUM U3 NyTeil JOCTUXEHUSA TakUX 3HaUYeHWA ABNSeTCS
yBennyeHne AAnHbl BOMHbI 30HAMPYIOLLEro curHana, Hanpumep nepexos B CAaHTUMETPOBbLIA AManasoH JanH
BO/H. B cTaTbe NpuBeseHO NogpobHOE OnMcaHne OCHOBHbIX 3TanoB paboTbl anroputMa 06paboTkn curHana B
MakeTe MaJOMOLLHON paaMoioKaLumMoHHoW ctaHuumn (PJ1IC) cuctembl ADAS caHTMMETPOBOro AmMana3oHa, obec-
neuynBatoLLLero onpejeneHmne cKopocTn ABMXXEHNS N AaNbHOCTY BbICTPOABMXYLLMXCS OO BEKTOB.
LUenb pabotbl. Pa3paboTka anropytma oueHKM AaNbHOCTA U CKOPOCTU ABWXeHUA uenein B PJIC ¢ wnpokono-
JIOCHBbIM HenpepbIBHbIM IMHEMHO-4aCcTOTHO-MOAYIMPOBaHHbBIM (JTYM) curHanom Ha 6a3e aBTOKOPPENsALUMOH-
HOVi CXeMbl B IHTepecax NoBblLLeHNs CKOPOCTU GOPMUPOBAHUS OLEEHOK AN1a cucTeMbl ADAS.
MaTepuanbl 1 MeToAbl. MNpeanaraemblli anroputm 6asmpyeTcs Ha MeTogax NePBUYHON 1 BTOPUYHON LndpoBo
06paboTKN PafMONOKALMOHHBIX CUTHaNoB. Jna npoBefeHnNs MpakTUYeckmx UCCnefoBaHWn NCNOob30Bancsa
mMakeT P/IC caHTMMeTpOBOro AvanasoHa, CO6bpaHHOM MO aBTOKOPPeNsuNOHHON Cxeme, C LUMPOKOMOAOCHbIM
HenpepbiBHbIM JIYM 30HAMPYIOWMM CUrHanAoM. [na 0b6paboTkn 3aperncTpupoBaHHOM BbIGOPKM OTCYETOB
MPUHATOrO CUrHana NnpuMeHsanacb cpeaa Matlab.
PesynbTathl. Pa3paboTtaH anropmtm, obecneuvBsaownii onpegeneHne ckopocTn 1 AalbHOCTN BbICTPOABUXKY-
LLMXCSA O6BEKTOB B YC/IOBUSX, KOMAa WX MepemeLleHne 3a NMHTepBan OLEHMBAHWSA CyLLeCTBEHHO MpeBblllaeT
pa3peLueHue PJIC No ganbHOCTU. VIcnonb30BaHMe YyNpoOLLLEHHOM KalMaHOBCKOM GuabTpaLmm Ans MexXnepuos-
HOV BTOPMYHOI 06paboTKKM C1rHana no3soana0 CyLLeCTBEHHO NMOBbLICUTL YCTOMYMBOCTL PaboThbl anroputma. B
X0A4e HaTypHOro 3KkCnepMMeHTa C UCMO/b30BaHMEM MakeTa ManoMoLLHol PJIC ¢ HenpepbIBHbIM U3yYeHneMm
CaHTUMETPOBOro AManasoHa NokKasaHo, YTO YCTONYMBAS OLeHKAa CKOPOCTU ABVXKEHWSA U AaNbHOCTY peasibHOro
aBTOMObUAA 0becneynBaeTcs Ha PaCcCTOAHNN KaK MUHUMYM MOpPsiAKa O4HOrO KMIOMeTpa.
3aknoyeHne. PesynbTaTbl MPOBEAEHHOrO HaTYPHOro 3KCMeprMeHTa MO3BOMUAN CAeNaTb BbIBOJA O BbICOKOW
pob6aCTHOCTN MpPeANOXEeHHOro anropuTMa Jaxe npum OTCYTCTBUN MeXNepuogHO BTOPUUYHONM obpaboTku. Ee
NCMONb30BaHMe MO3BOJISAET elle 60/bLUe MOBLICUTL YCTOMYMBOCTL PaboThl aNropuTMa Npu NpakTUu4eckn nosn-
HOM OTCYTCTBUW JOMOJHUTENbHbLIX BblUYMCANTENbHbIX 3aTPaT, Tak Kak 6/U3KUIA K IMHENHOMY XapakTep AuHa-
MUKK 06beKkTa HabnaeHVsa 1 aBTomobunsa-HocuTens PJ1IC no3BonseT nonarate 4OCTaTOUHbIM MCMOb30BaHMe
ynpoLleHHon peannsaumn dunbtpa KanmaHa B popme a-f-anroputma.

KntoueBkle cnoBa: ADAS, pafnonoKauMoHHas CUCTeMa, HernpepbiBHbIA INHEHO-4aCTOTHO-MOAYIMPOBAHHBbI
CUrHan, anropuTM ob6paboTKM CUrHaNoB, aBTOKOPPENALNOHHAsS Cxema

Ana untmposaHusa: Cokonvk H. B. OnpegeneHne cKopocTu ABUXKEHWUS U AaNIbHOCTU ObICTPOABMYLLMXCA 06b-
ekToB B PJIC c HenpepbIBHbIM INHENHO-4aCTOTHO-MOAYIMPOBAHHbLIM U3/y4YeHEeM C UCMOJIb30BaHNEM aBTOKOP-
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Determination of Fast-Moving Object's Speed and Range
with Linear Frequency Modulation Continuous Wave Radar
Using Autocorrelation Scheme

Natal'ya V. Sokolik™
Military unit 55060, Moscow, Russia

®sokolik777@mail.ru
Abstract
Introduction. A hardware basis of modern Advanced Driver Assistance Systems (ADAS) consists of millimeter-
range radars, characterized by a relatively short range (meters - tens of meters). At the same time, improving of
traffic safety requires to increase the range at least to several hundred meters. The one way to achieve such
values is to increase wavelength of a probing signal, to use the centimeter range of wavelengths, for example.
The paper represents a detailed description of main steps of signal processing algorithm in the model of the
ADAS low-power centimeter range radar, which provides fast-moving objects speed and range definition.
Aim. Development of an algorithm for estimating the range and the speed of targets by an autocorrelation ra-
dar with a wide-band continuous linear frequency modulation (linear FM) signal in order to increase the rate of
the ADAS system estimates formation.
Materials and methods. The proposed algorithm is based on the methods of primary and secondary digital pro-
cessing of radar signals. The model of a centimeter-range autocorrelation radar with a broadband continuous
linear FM probing signal was used for practical researches. MATLAB software was used to process the received
signal samples.
Results. The algorithm has been developed to determine the speed and the range of fast-moving objects in
conditions when their movement during the evaluation interval significantly exceeds the radar range resolu-
tion. The use of simplified Kalman filtering for inter-period secondary signal processing allowed to increase sig-
nificantly the stability of the algorithm. In a full-scale experiment using the low-power radar model with contin-
uous radiation of the centimeter range, it was shown that a stable assessment of a real car speed and range
was provided at a distance of at least about one kilometer.
Conclusion. The results of the field experiment make it possible to draw conclusions that the proposed algo-
rithm is highly robust even in the absence of inter-period secondary processing. Its usage allows one to im-
prove the stability of the algorithm without considerable additional computational costs. It is possible because
near-linear dynamics of the observation object and of the radar carrier makes it sufficient to use a simplified
implementation of Kalman filter in the form a-B-algorithm.

Keywords: ADAS, Radar System, Linear Frequency Modulation Continuous Wave Signal, Signals Processing
Algorithm, Autocorrelation Circuit
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Beenenmne. [To nanubsiM "Jlokiaga o 0e3omacHO-
ctu popoxnoro apmxeHus" ("Global Status Report
on Road Safety") [1], Bbmyckaemoro BcemupHoii
OpraHu3aluei 3MpaBoOXpaHeHHs], CTATUCTHKA CMEpPT-
HOCTH B PE3yJIbTaTe JOPOKHO-TPAHCIOPTHBIX MPO-
ucmecteuid (JATIT) 3a 2018 r. B Poccun cocraBuia
18 yenosek Ha 100 ThICSY HaceNCHUS, TOIIA KaK JUIs

SKOHOMHUYECKU Pa3BUTHIX cTpaH EBpocoroza cmept-
HocTh B pesynbrare JTII 3naunrtensHo Hmmke. K
npumepy, Bo OpaHIuK 3TOT MOKa3aTelb COCTABISAET
5.5, B I'epmanuu — 4.1, B lllBetnu — 2.8. OgHol U3
ocHOBHBIX npuunH JTII sBisercs HapymeHne mpa-
BWJI JIOPO’KHOTO JIBMXKEHHS, @ TAK)K€ HEJOCTaTOYHAas
KBaJUUKAIVS BOIUTENCH.

64 Onpegenenne CKOPOCTH ABMKEHHs M JaJILHOCTH ObICTPOABHKYIIMXCH 00beKTOB B PJIC ¢ HenpepbIBHBIM
JIMHEHHO-4aCTOTHO-MOY/IMPOBAHHBIM H3JIy4eHHeM € HCIO0JIb30BAHHEM ABTOKOPPeJIsIUOHHOI cXeMbl
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EBporieiickuii OIBIT MOKa3biBaeT, 4To 3HPEKTUBHBIM
CPEICTBOM IIOBEHINICHHST O€30MaCHOCTH JOPOKHOTO
IBIDKCHUST W CHIDKCHUS BIUSHHSA YEIOBEUCCKOTO
(axTopa SABIAETCS aKTHBHOE BHEIPEHHE CHUCTEM II0-
momu Bogutenro ADAS (Advanced Driver Assis-
tance System). Ecnu paHblie Takue CUCTEMbI ObUIN
JOCTYIIHBI JIMIIb HA aBTOMOOWJISIX MpEeMUyM-Kjiacca,
TO CEerofHs BHEIPSIOTCS MOBCEMEeCTHO. B coctaB
ADAS [2-4] BXOmAT CHCTEMBI, CIIOCOOHBIC Mpery-
MPEIUTH OMTACHOE COMMKEHUE C IPYTUMHU YIACTHUKAMHE
JIOPO’KHOTO ABIDKCHUS, B TOM YHCJIE TaKHUMH Malo-
3aMETHBIMHU, KaK MOTOLMKIIMCTBI, BEJIOCUIIETUCTHI U
MEenIexopl. TO CUCTEMa MpenynpexaeHust 00 omac-
HoM cOommkennn FCW (Front Collision Warning) u
CUCTeMa MpenynpexaeHuss 00 ornacHoOM CONMKEHUU
¢ nemexoaom PCW (Pedestrian Collision Warning).

OYHKIIMN TaKUX CHUCTEM PEANN3YIOTCS MPH TO-
MoIlu paguonokanuonHou cuctemsl (PJIC), uzimyde-
HHUE KOTOPOH, B OTIIMYHE OT ONITHIECKOTO M3ITYICHHS,
MPAaKTUYECKH HE MOINIOMAETCsl atMochepoit nin Ty-
MaHoM. OueBuaHBIMH TpeOoBaHUsIMU K Takoil PJIC
SIBJIAIOTCS Ka4eCTBEHHOE OOHAPYKEHHE U OICHKA I1a-
paMeTpoB MBIDKEHHS BBICOKOCKOPOCTHBIX OOBEKTOB
MpU MaJibIX MaccorabapUTHBIX XapaKTePUCTHKAX H
HU3KOW MOITHOCTH TOTPEOJICHHS OT OOpPTOBOW CeTH
aproMoOws. [Ipemaraercs ucnons3oBark PJIC ¢ He-
MPEPBIBHBIM  JIMHEHHO-9aCTOTHO-MOAYIHPOBAHHBIM
(JTUM) curnanom [5-8], B 3HaYHTEILHONH Mepe YIO-
BIIETBOPSIOIIHE TIEPEIUCTICHHBIM TPEOOBAHUSM.

Cospemennsbie PJIC Takoro Tuma mo3BOJSIOT OT-
HOCHUTENFHO TPOCTO C(OPMHPOBATH HENMPEPHIBHBIC
JIUM-cursansl ¢ IUAPUHOM CIEKTPA 10 COTEH Mera-
repua 1 OGCCHC‘H/ITL HX CKaTue, NOCTUTHYB 3a CHET
ATOTO YIIYUIICHUS pa3pelieHus 1o JaJbHOCTH 0 He-
CKOJIBKUX JECATKOB CAHTHMETPOB. JTO, B CBOIO OUe-
pelb, TIO3BOJISIET CYIIECTBEHHO MOBBICUTH OTHOIICHHUE
YPOBHS 3XOCHTHAJa Majora0aputHoro oObekTa K
cpemHeMy ypoBHIO (POHOBBIX oTpakeHHi. OIHAKO pH
BBICOKOCKOpOCTHOM cOmmkennu (mo 100 m/c) Bpems
HaXOKICHUST 00OBEKTa HAOIIONCHUS B DJIEMEHTE pas-
pEIICHNs 0 NANBHOCTH COCTABISIET CAMHUIBI M-
JIUCEKYHJI, YTO CYIIECTBEHHO 3aTpyIHSET peaju3a-
[IUI0 KOTEPEHTHOTO HAKOIUIEHUS €ro JXOCHTHANA H,
CJIeJIOBaTENIbHO, MOBBIIICHUS Ka9eCcTBa OOHAPYKECHUS
1 TOYHOCTH OLICHKU MapaME€TpPOB ABUIKCHHUSA.

Kak nokasano B [9], yBenuueHue nepuonaa Moay-
JA0UM u3iydaemoro HenpepbsiBHOro JIUM-curnana
(OT CANHUL] MUJUTUCEKYH/] JJIsI TUIIOBBIX COBPEMCH-
HbIX pagapoB [10—-12] no necaTbIX q0jei ceKyH Ibl) B
COUYETAaHUHU C METOAAMH JIByMEPHOM COITIaCOBaHHOM
(GMIBPTpanuy TMO3BOJSET INPOBECTH BBICOKOTOUHYIO

OLICHKY JaJbHOCTU M MApaMETPOB BIKCHUS O0BEK-
TOB HA JANBGHOCTH B HECKOJIBKO COTCH METPOB JaxKe
MpU HE3HAUUTENIbHOW CpeHel MOIIHOCTH H3JIyde-
Hus (mopsaka 10 MBt). OgHako HemoCTaTKOM CHO-
coba, onmrcaHHoro B [9], ABIAIOTCSA BBICOKHE TpeOO-
BaHUS K MPOU3BOAUTEIBHOCTH YCTPOHUCTBA 00paboT-
KU CHTHAJIOB, PUBOJISIINE K YIOPOKAHUIO CUCTEMEI.

Ocobennocteio JIYM-curnama sBISIETCS BO3-
MOXXHOCTb JTOCTaTOYHO MPOCTOTO OINpeNeNeHusl CKO-
pPOCTH HM3MEHEHHUS! €r0 YacTOThl C HUCIOJIb30BaHHUEM
aBTOKOPPEJSIIMOHHON cxeMbl [13], uro compspkeHo ¢
OTHOCHUTEJBHO HEOONIBIINM O00BEMOM HEOOXOIUMBIX
BBIYUCIICHUN. YUYUTHIBAs, YTO IBW)KCHHE IeTH 00Y-
CJIOBJIMBAET IIOSIBJIEHHE MOIIOJHUTEIHHON JUHEHHOM
YaCTOTHOM MOIYIIALIMM B €€ dXocurHaie [9], MoxHO
paccMaTpuBaTh aBTOKOPPEISIIMOHHYIO CXEMY Kak
OJIMH M3 BapUaHTOB MMOCTPOCHUS YCTPOMCTBA IS T10-
Jy9eHHsI OLIEHOK CKOPOCTH M JAJTbHOCTH.

Henas crarbu. Pa3paborka anroputMa OICHKH
JAIBHOCTHU U ckopocTu ABkeHus neneit B PJIC ¢ mmpo-
KOTIOIOCHBIM HenpepsBHBIM JIUM-curHamom Ha 06ase
ABTOKOPPEIBIIMOHHOM CXEMBI C IIEIIBI0 TIOBBIIICHHUS CKO-
poctu (OpMHUPOBaHUS OLIEHOK [T cucTeMbl ADAS.

Pagora PJIC ¢ HenpepbiBHBIM JIUM-
curdajom. Crpykrypras cxema PJIC [14] mpencras-
neHa Ha puc. 1, rne [IpY — npuemHOe yCTpOHCTBO;
oY — nepenaromee ycTpoicTBo; CM — CMECHUTEIb;
®HY — ¢mnerp HWKHEUX dactoT;,; ALl — anamoro-
g poBoii mpeodbpazosarenpb; [[OC — cucrema mud-
poBoii 00pabotku curHana. Ee ¢ynkiuonuposanue
MpeJronaraeT NpueM 3XOCHTHalla, IepEMHOKEHUE B
CMECHTEIIE IPUHATOTO CUTHAJIA C OTIOPHBIM U HU3KO-
YaCTOTHYIO (DPMIIBTPALIMIO pe3yiibTaTa epeMHOKEHUS
C MOCJEAYIOUIMM aHaJoTO-IIM(PPOBBIM MPeodpazoBa-
aueM. [{OC ocymecTBiser mpouexypy OOHapyke-
HUSL ¥ OLECHKH IapaMeTpOB ABIKCHUS OOBEKTOB B
30He 0030pa PJIC mo nomy4yenHsiM Ha Beixome ALIT
BBEIOOpKAM IU(PPOBEIX OTCYETOB AEMOAYITHPOBAHHOTO
CHUTHAJIA.

DI [y I o S W g

186:0%

Puc. 1. Ctpykrypnas cxema PJIC ¢ HenpepbIBHBIM
JIYM-curnaiom

Fig. 1. Block diagram of the radar based on linear frequency
modulation continuous wave signal

N3nygaemsrii HenpepbiBHbIN JIUM-curnan B te-
YeHHE OTACJIBHOTO Meproia MOIYISIIIUYI JATUTEIbHO-
cThl0 T ONUCHIBAaETCs BhIpaXeHueM [14]

Onpegenenne CKOPOCTH ABMKEHHs M JaJILHOCTH ObICTpOoABHKYIIMXCH 00beKTOB B PJIC ¢ HenpepbIBHBIM

JII([HEﬁHO-‘{aCTOTHO-MOJIy.]'IPIpOBaHH])IM HU3JIYyY€HHUEM C HCITOJIB30BAHUEM aBTOKOppeJIﬂIIHOHHOﬁ CXE€MBbI
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s(t)= Acos(anot +bt2/2+\|10)+n(t),

rne te[0; T]; 4 — ammmryna curnana; fy, wo —
ero HadajbHblE 4YacToTa M (pa3a COOTBETCTBEHHO;
b =2nAf, /T — xoaddurment Moxynsun (CKOPOCTh
M3MEHEHUs 4YacTOThl MOJIY/JIMPOBAHHOTO CHUIHAJA,
rne Af, — mmpuHA CrIeKTpa 30HAMPYIOIIETO CUIHA-
na); n(t) — peamusanys nryMa NpUEMHOTO YCTPOW-
CTBa.

[IpUHATBIA DXOCHIHAJ ABMKYIIErocs OObeKTa
nocie JeMOIYISIMH U HU3KOYACTOTHON (DUIBTPauK
OIMCHIBAETCS BBIPAKEHUEM

s(t) = Acos[ 2nfor(t) + br ()t -
—be2 (1)/2+ g |+ (D), ©)

rae t(t)=2R(t)/c — Bpems 3ajepiku dXOCHTrHamA,
0OYCJIOBIIGHHOE PACIPOCTPaHEHHEM JO OOBEKTa W
obpario (R(t) — 3aKkoH W3MEHEHMs pacCTOSHHMS
Mexny PJIC um oObekTOM; ¢ — CKOpOCTh CBETa).
Caraemoe b2 (t)/ 2 B JanbHEHIIEM He yYHTHIBAET-

sl BBUILy HE3HAUUTENGHOCTH €T0 BKIIA/a B PE3YIIBTH-
pytolee 3HaueHHe (asbl.
[Ipu mmpuHe cHekTpa CWTHajda B COTHH Mera-

repl OOBEKT, IBIKYIIMICS CO CKOPOCTBIO Vp, 3a
MHTEepBaJ HaOMoneHNs Ty; CIIOCOOCH MepeMeCTUTHCS

Ha paccTosHHE, B HECKONBKO pa3 IpeBBIIIAONIEe
paspelieHue o JalbHOCTH A :

Vi Ty >> Ar =

2

C

Tak KaK IUIMTEIBHOCTh OTIEIBHOTO 30HIMPOBA-
HUS OOBIYHO HE MPEBBINIACT COTEH MHDIMCEKYHI,
MOXKHO TI0JIarath, 4T0 OOBEKT JIBHMKETCS MPSMOJIH-

HEWHO U PaBHOMEPHO (R(t) =Ry +Vrt). Torma (1)

MOXHO IIEpeucaTb B BUAC
2
s(t) ~ Acos(eo + 01t + 05t )+ n(t),

e 0 =(4nfyRy) / C+ g — HeM3BEeCTHAs CllydaifHas
HavasbHas (haza CUTHAJIA, HE 3aBHCSILAst OT CKOPOCTH
newkenns obbekta; 01 =(2/c)(2nfove +bRy) u
0, =2bv, /C — ba3zoBbIe MHOXKHUTEIH, ONPEACIIICMbIC

paccrosiHueM Rg u paananbHOl CKOPOCTBIO V. 00b-

CKTa Ha6J'HOZ[eHI/ISI COOTBCTCTBCHHO.

U3 oueHok (asoBbix MHOXUTENEH 6] 1 0y dop-

MUPYIOTCS OLCHKH paI[I/IaJ'II)HOI\/'I CKOPOCTH:
Vp =cb, /(2b)
U JaJbHOCTH:

Ro = (cby /2 - 2nfqi, ) /b.

IIpu aBTOKOpPPEISIIMOHHOW 00pabOTKE OIEHKA
CKOpPOCTH M3MeHeHHs 4YacToThl JIUM-curnama ¢op-
MUpYETCs IEPEMHOKECHUEM IIPUHATOTO CUTHAJIA C €r0
3aJep>KaHHON KOMILIEKCHO-COIIPSDKEHHON KOIIMEH:

5. (0 =[s®+7O][s* t-D+n*(t-1)]=
= A2 exp{ j[ (6, —07) T+ 20,1t |} +
+Aexp[j(eo +91t+62t2)]n* (t—1)+
+Aexp|~j[ 0+ 0y (t-1) +0,(t— 0 Jfn(0)+
+(On" (t-1). 3)
3nece $(t)=s()+ jHi{s(D)}; A1) =n®)+ jHi{n®)},

rae Hitl-} —npeobpasopanne I'mn6epra.
Ha ocHoBanum (3) dopmMHupyeTcsi OlleHKa KBa-
paTudHOro a3oBOro MHOXKHTENS 09 B BHIC

T
A 2 .
0, = —arg max .[s'c(t)exp(—Jmt)dt Y
T o 0
[IpakTuueckass peanuzanma mnpoueaypsl (4)

BKJTIOYaeT (POPMUPOBAHKE KOMILIEKCHOTO JTATBHOCTHOTO
nopTpeta 30HbI 0030pa PJIC ¢ mocieayronium moria-
TOBBIM BBIJICJICHUCM YYAaCTKOB CIEKTpa C JUCKPETHO
yBeJIMYMBarOMUMcs cMerienuemM. [lon 30H0i 0030pa
PJIC 3pece nmoHuMaeTcs CEKTOp C YIVIOBBIM PacKphbl-
BoM 15...20°, OimokHeH rpaHuiield OT 5 M, NanbHel —
o 800 M. 3amaBaemasi IUPUHA BBIEISEMBIX yJdacT-
KOB CIIEKTpa ONpeAessieTcs AUana3oHOM H3MEHEHUs
Pa3sHOCTHOM 4YacTOTHI HXOCUI'Haja OOBEKTa, JBHUXKY-
LIerocst ¢ MaKCUMajbHON JOIMyCTUMON CKOPOCTBIO, B
TEUYEeHUE OTAEJBHOIO nepuona 3oHaupoBanus. [locie
BBIJICJICHUS OYEPETHOTO ydacTKa creKkTpa (1o CyTH —
MIOJIOCOBOM (PHIIBTPAIIMN) CHT'HAJ HOCTYIIaeT Ha BXOI
ABTOKOPPEIISIIMOHHON CXEMBI, Pe3yJabTaToM 00padoT-
KH B KOTOPOH SIBIISIETCS OIICHKA pajMajibHON CKOPO-
CTH HAONIONAaeMBIX BBICOKOCKOPOCTHBIX OOBEKTOB B
cootBercTBHH C (3) 1 (4). OneHka 1aabHOCTH A0 IIe-
JIA TIpA 3TOM OHNpEAC/IACTCA TCKYUIUM CMCEHICHHUEM,
WM, UHaue, HWKHEH I'paHULIeW MOJIOCHI YacTOT BBI-
JIEJIIEMOTO yyacTKa CIIEKTPa 3XOCUTHAIA.

Aaroput™M 00padoTku curnana. [lepeuwiii sman.
Perucrpauus B 3allOMHUHAIOLIEM YCTPOMCTBE CXEMBI
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HOC orcueToB 1eMOAYIUPOBAHHOTO CUTHANA C BbI-
xoma AIIIl B TeueHwe wWHTepBaia HaOMIONCHUS
Ty ~1..2 ¢ (puc. 2):

s(i, n)=s(tj —nT), %)

FALIH >2fyy — wvacrora muckpermsanmu AL,

firg = Rmax /Cr — 9acToTa cpesa QuIbTpa HUKHHAX

4acToT, 3HAaYeHHUE KOTOPOW OmpesaessieTcs UCXOAsl U3
3aaHHOW AaNbHEN TpaHMIBI 30HBI 0030pa Rpax:

Cy =cT/(2Af,) — xod(durment nepecyera 3Hade-
HUW Pa3HOCTHOM YacTOTHI B COOTBETCTBYIOIWE 3HA-
n=1, Nt

(N¢ =int{T, /T} — uenoe uncino nepnonos uziyde-

YeHUs IaIbHOCTH Io LICTIH);

HUS Ha UHTepBaje HaOIIONCHHUS).

Bmopou sman. OunbTpaliiyisi TaCCUBHBIX TOMEX
MyTeM PEKEKIMU HYJIEBBIX IOIICPOBCKUX COCTaB-
nsronux. C 9TON 1eNbo HaJl CTPOKaMU MacCHBa OT-
c4eToB curHaia (5) BBIMOIHAETCS OJHOMEPHOE JIHC-
KpeTHoe npeobpaszoBanue Oypre (AIID), B pesyias-
Tare 4ero (GopMHUpyeTcs KOMIUIEKCHBIA OIIEPOB-

CKUN MOPTPET 30HBI MOHUTOPUHTA SO = F{SO}. Ya-

CTOTHBIM KOMIIOHEHTaM IOpPTpPeTa, COOTBETCTBYIO-
LIIMM HYJIEBOMY [OIUIEPOBCKOMY CIBUIY, NpPUCBau-

s(i,1), MmxB

100

50k

50

—100 "

BAKOTCs HYJICBbIC 3HAUCHMUSA:

- 0,
Sfo'n):{éoﬁ,nl

Oopatasie [AI1® cTpok 10IUIEpPOBCKOTO MOPTpeTa

n=0;
n=0.

$=F! {Sf } MTO3BOJISIOT TOJIYYHUTH BBIOOPKH KOM-

IUIEKCHBIX OTCYETOB MPHUHITOTO CHUTHalla C TIOAaB-
JICHHBIMHU (DOHOBBIMH IITyMaMH.

Tpemuui sman. dopMHUpOBaHHE KOMILIEKCHOTO
JaTbHOCTHO-BPEMEHHOTO0 MOpTpeTa 30HBI 0030pa

Sy = FS) - JBYMEPHOTO MaCCHBa KOMIUIEKCHBIX OT-

CUETOB, CTOJIOIBI KOTOPOTO MPEICTABIISIIOT COO0H CIIeK-
TpPBI 3XOCHTHAJIOB 33 TIEPUOI 30HIMPOBAHUS, TPHIEM
HOMepa CTOJIOIIOB COOTBETCTBYIOT HOMEpaM IMEPHOIOB
30HAMpPOBaHM. KOMIUIEKCHBIN HaTbHOCTHO-BPEMEHHON
noptpeT (puc. 3) ABIsAETCS Pe3yaBTaTOM OIHOMEPHOTO
JII® cronduoB MaccuBa S, MOJIYYEHHBIX ITOCIIE
(hUBTpaIK BIOOPOK CHTHANA B KKIOM OTICIBHOM
TIEpHOJIC 30HANPOBAHHUSL.

Yemsepmoii 5man. BblaeneHne SXOCUTHAIIOB
HaOmonaeMbIXx 00bekToB. [Iporenypa ocymecTBiseTcs
nonraroBo. Ha kakaom miare GUIBTPOM CO CKa4ko00-
pa3Ho TepecTparBaeMoi MOIOCON TIPOITYCKaHMUS BhIJIe-
JISIETCS YYacCTOK CIHEKTpa Pa3HOCTHBIX YacTOT CHTHAJIA,
HIMPUHA KOTOPOro (M TOJoca MPOMycKaHUS (HIIBTpa)
Afp =VrmaxT/Cy  ompenensiercss MakCHMaJIbHO BO3-

i

Puc. 2. BBI60pKa OTCUYCTOB CUI'HaJla Ha BBIXO1€ ALIH, 3aperuCTpUpoOBaHHOIO B IIEPBOM IIEPUOJAC MOAYJIALINU

Fig. 2. Sampling of the signal at the ADC output registered in the first modulation period

|Sr(iv1)|A

DXOCHUTHAII aBTOMOOHIIS

A

0 1000

2000
Puc. 3. JJaNbHOCTHBIN TOPTPET 30HBI 0030pa B IIEPBOM MIEPHOJIE MOAYIISIIIUH

3000

bilen .
4000 5000 IAr, M

Fig. 3. The range image of the scanned area in the first modulation period
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MOXHBIM ~ TIEpEMellleHHeM  HaOMIoIaeMoro  00heKTa
B TeueHHe MepHona 30HIMpoBaHMsA. HwpkHss rpaHmia
TOJIOCH! MPOIYCKAHMS BBIIESIONIEr0 (HIBTpa (HOMEp
CMIEKTPaNbHON COCTABJISIONIEH) Ha KAKIOM A-M Iiare
OMpeJIeNAeTCs BhIPAKEHHEM Ny =int{kAR/Ar}, rtme

k=1 Ny, Ng =int{R gy /AR }; AR~ (0.01..05)v, T -

mar omnpeaeieHHus NajdbHOCTH (3aJaeTcs Ha dTare
ofpeneneHus TpeOOBaHUN K TOUHOCTH €€ OLICHKH).
KO.]'II/I'-ICCTBO HI/ICerTHI)IX KOMIIOHCHTOB 4YaCTOTHOI'O
CIICKTpa,  BBUICISIEMBIX  (DHIIBTpPOM,
M =int{Af.C /Ar}.

Bribopka 0TCYeTOB OT(HUIBTPOBAHHOTO 3XOCHT-
Hana o0beKTa HAOIIOMEHUS, HaXOMIIErocs B quarna-

COCTaBJIACT

sone ganmbHocTelt KAR...(K+1)AR, dopmupyercs
BbIYHCIIeHHEM obpaTHoro JAI1D:

[SObJ]k - F_l{[srobj }k }’

e [Srobj] — BEKTOp, BKJIIOYAOIIMNA M KOMILJIEKC-
k

HBIX OTCHETOB CIICKTPA 3XOCHUI'HAJIA, BBIACIIAEMbIX Ha

k-M mare, mnpudem Srobj {m} =5, {nrk +m, n},

m=1 M (puc.4).

Ha xaxaom k-M 1mare BEIOOpKA OTCYSTOB Ha BBI-
XOZIe YMHOXHTENS aBTOKOPPENSAHOHHONH —CXEMBI
(hopMupyeTcs CIeAyIOIIHM 00pa3oM:

— CO3/aeTCsl KOMIUIEKCHO-COTPSDKEHHAS KOIIHS
BBIOOPKH OT(HIETPOBAHHOTO 3XOCHTHAAa HaOIroIa-
€MOr0 0OBEKTa;

— CO37IaHHAasl KOIUSI CMEIIAeTCs HA BPEMsl T OT-

HOCHTEITBHO HCXOZIHOH CIBMIOM Ha Ngpj =iNt{t/At}

OTCYETOB BIIPABO,
— HCXOJHasd W KOMIUICKCHO-COIIPSYKCHHAsA BbI-

Re[s'obj(m)],

Re[S;bJ(m—nobl)JA IR If\
1 Aiesibings
A >AA /)/(\/yh,l
LY
/70 2N 130\1 \ \/\‘ i
13\/\/
{

Puc. 5. OtcueTsl OTOHIBTPOBAHHOTO 9XOCHUTHANA
aBromMo6mst (1) u ero caBuHyTO# Koruu (2)

Fig. 5. Sampling of the filtered car echo signal (1)
and its shifted copy (2)

[Sac J, =Sac {m, k} = Sopj {m}xSgp; {m—ngg; 1.

Ilsmueiii sman. O1ieHKa paguaIbHOW CKOPOCTU H
aIBHOCTH 10 00bekTa. Ha maTom stame mocieaoBa-
TEJbHO BBIMOJHAOTCS MPOLEAYpPhl: pacyeTa oruodaro-

mieri JI[1d-o6paza momydeHHO# BBIOOPKH [S AC}k'

CpaBHEHHUS 3HAUEHUS MaKCUMyMa MOJYYeHHOTo 00-
pasa ¢ moporoM OOHapyKEHHs W, €CIH ITOT MOpPOT
TIPEBBIIIICH, OINICHUBAHUS TIOJOXKEHUS MaKCHMyMa dYa-
CTOTHOH BBIOOPKH (puc. 6). DTa mpoleaypa >KBHUBa-
JieHTHA (4) W MO3BOJISIET MPOU3BECTH OIICHKY, COOTBET-
CTBEHHO, paiaJIbHOW CKOPOCTH M JAJIbHOCTH JI0 00b-
eKTa KaK

. M Ar . .

Vrk —N—rz—rargnTaX(‘F{[SAC}k}‘)v
A Cy 2V
Ro, =kAR—A—:T“,

rne A=c/fp — IIMHA BONHBI 30HAMPYIOLIETO CHI-
Hana PJIC. IIpm sTtom paspemaromasi CriocOOHOCTh
PJIC mo paamanbHOW CKOPOCTH 3aBUCHUT OT MEpHOna
MOAYJIAIWU CUTHAJa:

OOpKH (pHC. 5) MOAIEMEHTHO ITEPEMHOMKAIOTCS: Avp =2/(2T). (6)
S, {m} Re(Sac {m})
‘ fobj ‘A A n
/N / X
J v /\\ ? \
/ \ g /0
/ 13
/ v »
. / v - \ —— d
v -
0 | | | | \WSel | | |
1 4 7 10 13 m 1 4 7 10 13 m
Puc. 4. ®parMeHT criekTpa curHajia, coJepiKaniero Puc. 6. BoIOOpKa 0TCYETOB Ha BBIXOJE YMHOXKHTEILS
COCTaBIISIOIME IXOCHUTHAJIA aBTOMOOMIIS (CM. pHC. 3) aBTOKOPPEJALIMOHHOM CXEMBI
Fig. 4. Fragment of the signal spectrum containing Fig. 6. Sampling of the signal at the output
........... the components of the car echo signal (see Fig. 3) ........................Of the autocorrelation circuit multiplier
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CkopocTh cOmmkeHuss o0beKkTa HAOMIONCHUS |
aBTOMOOMIISL BKJIIOYAE€T CKOPOCTH JBIKEHHS 3THX
o0bekToB. [lodTOMy oOLEHKa peanbHOH CKOpOCTH
o0bekTa HAOMIONEHUS MOXKET OBITh paccUMTaHa Kak
Pa3HOCTh BEKTOpa pagualibHON CKOPOCTH OOBEKTa U
BEKTOpa COOCTBEHHOH CKOpPOCTH aBTOMOOMWIIS, MOINY-
YEHHOU M3 JAaHHBIX OOPTOBOTO KOMITBIOTEPA.

PaccMoTpeHHBIE ATalBl XapaKTepU3yIoT Mpeasa-
raeMblii BAPHAHT MIEPBUYHON 0OpPabOTKU CUTHAIIOB B
paccmarpuBaemoii PJIC.

OCHOBHO 3aj7a4eil BTOPUIHON 00pabOTKM SIBIIS-
€TCS CENICKIUsI MUCTHHHBIX OOBEKTOB Ha (DOHE JIOK-
HBIX OOHApPY)KCHH. YYHTBHIBAsl, YTO UIUTEIHHOCTD
Meproaa 30HANPOBAHUS OCTACTCS MOCTOSHHOM B Te-
YCHHE BCEr0 WHTEpBaia HAOIIONCHUSA, a B3aHMMHOE
cOommkenue (ynajaeHue) 00bEeKTOB Ha aBTOMOOMIIHLHOM
Tpacce MPOUCXOANT 0e3 CKaYKOOOPa3HBIX N3MEHCHHH
CKOpPOCTH, TPE/ICTABIAETCS LeJIeCOO0pa3HbIM IpH-
MeHeHHe 00braHoT0 0—f-merpa [15, 16].

B aToM cmydae ypaBHEHHS OSKCTPANONALUN U
OILICHOK TapaMeTpoB JBW)KEHUS OObeKTa HalItome-
HUS CBOISTCS K CHCTEMaM BUA

~

Rn+]Jn 11T Rn—]Jn—l
01

\7n+]Jn Vn—]Jn—l
u
Rjn | (1—Boc) 1-o)T Rogna | [ | Ry,

II€ UHIEKCHI n|n u n—1|n—1 0003HAYarT UCTHH-

HbIC 3HA4YCHHA NEPEMCHHBIX HA 7-M U NPEAbIAYIIEM
mrare (1)I/IJ'ILTpa]_II/II/I COOTBCTCTBCHHO, HHACKC

n +1|n — BKCTPArNOoJISILUI0 3HAYECHUSI Ha CJEYIOIIHMA

miar.
Koaddummentsr ycunenust Gpunbrpa He 3aBUCIT
OT IIIyMOB 0030pa ¥ MOTYT OBITh PACCUNTAHBI KaK

_2(2k-1) 6

Rk k+) "V T kk+DT

JUTSL TATBHOCTH M CKOPOCTH COOTBETCTBEHHO.

[Ipu npoextupoBannu PJIC BeIOOp 3HAUEHHI KO-
3GGUIMEHTOB 00 M [ OCYIIECTBISCTCS HWCXOAS W3
IICTICPCHU OLICHOK NAIBHOCTH U CKOpocTH. B pac-
CMaTpUBAcMOM CiIydae, Koraa (hIroKTyaIiu 3TUX Be-
JIUYUH SBISFOTCS TOBOJIEHO MEUICHHBIMH, 3HAYCHUS
06oux k03(h(UIMEHTOB IIeJIeco00pa3HO BHIOMPATh B
nuanasone 0.5...0.8.

JKcnepuUMeHTAIbHbIE HecaeqoBanus. B memsix

MPOBEPKHU pabOTOCIIOCOOHOCTU aNIrOpUTMa MPOBEJCH
HaTypHBIH 3KCHEPUMEHT C UCIOJIb30BAHUEM pEallb-
Horo aBToMoOmisa u PJIC ¢ HenpepbIBHBIM JTHHEIHO-
YaCTOTHBIM U3Ty9IE€HHEM CAHTHMETPOBOTO JHANa30Ha
(wacrora fg=5.5ITn, mupHHA CHeKTpa CHUTHaIA
Af =500 MI'n, nepuon moxynsamuu T =0.1¢) mpu
cpenHeil MomHOCTH u3IydeHus oxoio 10 nbm u ¢
pa3HECEeHHBIMU MPUEMHON M Tepenaronieil aHTeHHa-
MU ¢ koddummentamu ycunenus 18 nb. Yacrora

puckperuzanun - AT FAL[H =400 T, pa3psan-

HocTh 8 6ut. PJIC B X0z1€ aKCIiepUMeHTa He mepeme-
1aJ1ach.

Tak Kak LeJIbI0 HATYpPHOIO JKCIIEpUMEHTa C HUC-
nons3oBaHueM Maketa PJIC sBnsiiach MCKIIIOUUTEINb-
HO TIpOBepka pabOTOCIIOCOOHOCTH ONUCAHHOTO ajl-
TOpUTMa NEPBUYHON 00pabOTKH, 00OCHOBaHME Xa-
pakrepuctuk PJIC, oOecneynBarOmnX JOCTHXKEHHE
3aJaBaeMBIX TIpU ee pa3paboTke IoKa3areneil kade-
CTBa OOHAPYKEHHS, HE TIPOBOIIIIOCE.

[locne BBIYUCIEHUS KOPPEISAIUOHHON CYMMBI
BBIOOPKH CHUTHAJIa U €€ CABUHYTOM KOIHUH, TOPOTr 00-
Hapy>KeHHsI BBIYUCIISIETCS TI0 hopMmyTie

DT =Kp > Ap/M,

meM

rie Kp =n|n(F61)C(FD,M)/4 — IIOCTOSIHHAS,
3Ha4YeHHE KOTOPOW BBIOMpaeTcs HMCXOIs W3 YpPOBHS

JIOXKHBIX TPEBOT (F[S1 — 3aJaHHas BEPOSITHOCTb

JIOKHOH TpeBorH); Ay = \/AZ + A2 — 3Ha-

objpy * "Obi_ngy
YEHHE aMIUIUTY[bl KOPPESILIMOHHOM CYMMBI m-TO
aneMeHTa (pparMenTa criektpa curnana. Ha puc. 6 npu-
BEJICH PE3YJIBTAT KOPPEISIIMOHHOTO CYMMHUPOBAHHS OT-

CYETOB BBIOOPKH CHIHANA Re(sobj { m}) , m=16 u

€ro CABMHYTOIi KOIMH Re(S;bj {m- nobj})a Nobj =1

U €r0 CPaBHEHHE C YCTAaHOBJICHHBIM IOPOTOM.

CTpoku auarpaMMbl "HaKJIOHHAsI 1albHOCTB/pa-
JMabHas CKOpOCTh" (pUC. 7) MpPEACTaBISAIOT COOOM
orudaromme CIeKTPOB CUTHANIA Ha BBIXOIE aBTOKOP-
PENAIIMOHHON CcXeMbl (puc. 8), TOJIYYEeHHBIX MpPH
Pa3INYHBIX CMEMICHUAX TOJOCH MPOITYCKAaHUS BEHIIC-
jsmomiero ¢uisrpa. M3 ee aHamm3a ciemyert, 4To Mak-
CHUMaJbHBI YpOBeHb CHTHaja HaOmomaercs Ha
JanbHOCTH 918 M mpu pagnanbHONH CKOPOCTH OKOJIO
—10.6 M/c, 9TO ONMU3KO K MOKA3aHUIO CIIMOMETPA aB-
TomMobOmis (okono 40 km/4). Ilpu peanuzanuu obpa-
OOTKM 3aperucTpHpOBaHHOIO CHTHaJA B Cpefe
MatLab cymmapHOoe Bpems (opmupoBaHus aua-
rpaMMBI U TIONTYy4YEHUs OIEHOK JAJIBHOCTH U CKOPO-
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Puc. 7. PesynpTupytomas auarpaMmma
"HaKJIOHHAs TAIbHOCTh/paiuaibHas CKOPOCTh"

Fig. 7. The resulting diagram "slant range/radial speed"

F (SAC )A

kf 232

| |
50 100 150 200 250 k,m

Puc. 8. Orubaromas crekTpa curHaia Ha BBIXOJe
ABTOKOPPEISILIHOHHON CXEMBI

Fig. 8. Envelope of the signal spectrum
at the output of the autocorrelation circuit

CTU OKa3aJloChb COIOCTaBUMBIM C JUIMTEIbHOCTBIO
uHTepBana HabmoxeHus (okojo 1.2 ¢). O4eBHaHO, 9TO
00paboTKa ¢ WCIIONB30BAaHUEM CICIHAIN3UPOBAHHOTO
MporpaMMHOro obecriedeHust OyneT BOSMOJKHA B pe-
QIFHOM MaciiTabe BpeMEHH Jaxe NP UCTIONb30BaHUT
HEJIOPOTHX MajoradapuTHBIX OOPTOBBIX BBHIYHCIUTENb-
HBIX YCTPOMCTB.

UccnenoBanne TouHOCTHBIX XapakTepuctuk PJIC
C aBTOKOPPEJIALIMOHHON CXeMOH, y4YuThIBas HEJHU-

HelHbI XapakTtep 00paboTKH, TpeOyeT pelieHus
CJIOXKHOM CTaTUCTUYECKOH 3a[a4d W SIBIACTCS TEMOU
OTAEIBHOTO HcciienoBanus. Tem He MeHee MPHOIH-
3UTENBHBIC OIICHKA TOYHOCTH OIPEICTICHUS NATbHO-
CTH W PaguaJbHON CKOPOCTH OYAYT COIIOCTaBHMEI C
pa3pemaouMI  CIIOCOOHOCTSMH IO COOTBETCTBY-
IOIIMM KOOPIMHATaM, ONpPENeCHHBIMU C MOMOIIBIO
(2) u (6) COOTBETCTBEHHO.

3akawuenue. Cucrembl ADAS HaxoasT Bce 60-
Jiee IUPOKOe NPUMEHEHNE B COBPEMEHHOM aBTOMO-
OunecTpoeHuHt, CIocOOCTBYS MOBBIIICHUIO Oe30mac-
HOCTH JIOPOXKHOTO JBIDKCHUS. B kauecTBe TexHHYE-
ckoil ocHOBHI psima cucteM ADAS npemnaraercs uc-
MOJIb30BaTh BCEMOrofHyr Mmanoradaputayio PJIC c
HernpepbiBHBIM JIUM-u3nyuennem. [loctonHcTBaMu
PJIC storo Trmna SBISIOTCS AOCTATOYHO BBICOKOE Ka-
94eCTBO OOHAPYKCHHUS U OIICHKU MapaMeTPOB JBIIKE-
HHST HAOIIOJaeMBIX OOBEKTOB, HEOONBIIINE Maccora-
0apHuThl U HHU3KOE SHEPromnorpedieHue or GOPTOBOH
cetn. llpuMeHeHme pa3pabOTaHHOTO —ANTOPUTMA
OLICHKM JAaTbHOCTH M CKOPOCTH IBWDKEHHS IIeel
MOYKET 3HAUYUTEIILHO MOBBICHTH CKOPOCTh 00pabOTKH
napopmanmu B PJIC Ha oCHOBe aBTOKOPPENAINOH-
HOW CXEMBI C IIHPOKOIIOJIOCHBIM HENPEPHIBHBIM
JIYUM 3oHAmMpyOUIMM CUTHAJIOM 13 coctaBa ADAS.

B Hactosielt cratbe moapoOHO OMMCAaHBI OCHOB-
HBIC ATallbl AITOPUTMA [IEPBUIHOI 00pabOTKU CHTHATA
B PJIC c aBTOKOppEISIIIMOHHON CXEMOM, IPUBEICHBI Pe-
3yIIBTaThl HaTypHOTO SKCIEPUMEHTA, ITOATBEP KIAr0-
e pabdoTOCIIOCOOHOCTh  aNMOpUTMA. IKCIICPHMEH-
TaIbHBIE TaHHBIE TO3BOILIOT CHACTATh BBHIBOL O BBICO-
KOl poOacTHOCTH pa3pabOTaHHOIO AITOPUTMA Jlaxe
IIPH OTCYTCTBUHM MEXIEPUONHON 00paboTKM CUrHama.
Bbruskuit K JIMHEHHOMY XapakTep JHHAMHKH COIMKe-
Hus PJIC ¢ o0bekToM HAOMFOZEHNS TTO3BOJISIET PEIUTh
3amaqy BTOPHYHOH 00pabOTKM  paarioiIOKAIMOHHON
rH(OpMaIHHK TP TIOMOIIY OPAUHAPHOTO o—P-prsTpa
[16] ¢ koaddumumenTamu 0.5...0.8. IlpumeHeHue BTO-
PHUYHOHN MEXIepHOmHOH 00pabOTKH CHTHAJA TIO3BOJIHUT
JOIIOJIHUTEJIIbHO ITOBBICHUTH yCTOfI‘IPIBOCTL pa60T1>1 all-
ropuTMa TIPH TPAKTUYECKHA TOJHOM OTCYTCTBHH JIO-
TOJTHUTCJIbHBIX BBIMUCIIUTEIIbHBIX 3aTPaT.
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I'IpmeMHoe yCTPOVICTBO npeumsnoHHOro MMNyLCHOro JiasepHoro AajibHoMepa

B. A. FTonoskoB®™, H. W. MoTtanosa, M. H. PygeHko, b. I'. CTpagos, C. B. TensiTHNKOB

AO "Hay4yHo-nccnegoatenbCKNA MHCTUTYT ONTUKO-3/1EKTPOHHOIO MpUBbopoCTpoeHms”,
CocHoBebIn bop, Poccns

™ golovkov_ggg@mail.ru
AHHOTaUuA
BeegeHune. B HacTosiLee BpeMs HanbOJbLUe TOUHOCTLIO OLEeHKN AaNbHOCTL 06/1a4atoT sasepHble fanbHo-
Mepbl, NCronb3ytoLme Gpas3oBbie METOAbl M3MePeH s, OLeHNBaOLLME AabHOCTU C TOYHOCTBIO 40 eANHULL, M-
nMeTpoB. OfHaKo 3TV MeTOAb! MPUrOAHbI ANS OLIEHKN AaNbHOCTY TONBKO 40 ManomnoABUMXHbBIX 06BEKTOB U He-
paboTOCNOCO6HBI B YC/IOBUSAX BBICTPO M3MeHSoLLencs GoHoLeneBo 06CTaHOBKN. B 3ToM CBA3M Heobxoamnma pas-
paboTka 1 pacyeT xapakTepUCTUK NMPUEMHbIX YacTel MpeL3nNoHHOro MMYAbLCHOrO la3epHOro AanbHoMepa, UC-
MOMb3YIOLLIEro CO3AaHHble Nla3epHble UCTOYHMKN N31yYeHWst C AINTENbHOCTHH0 30HAMPYIOLLMX UMMY/ILCOB B eAu-
HWULbI HaHOCeKyHZ. TakoW AanbHOMeEpP MO3BOAUT JOOUTLCA BbICOKOW TOUHOCTU OLIEHKW AanbHOCTW, MPUGAMKato-
LLieca Mo TOYHOCTY K MapaMeTpam $pa3oBbixX JabHOMEPOB, 4151 BbICOKOAMHAMUYHOWN GOHOLIe1eBOM 06CTaHOBKM.
Llesb paboTbl. Pa3zpaboTka NpreMHOM 4acTu MMYAbCHOrO 1a3€PHOrO AaJbHOMEPa C MPeLV3NOHHBIMU Xapak-
TepUCTUKaMK; onpejeneHne TOYHOCT ero M3MepeHnii; onmcaHe ero annapaTHoOro obecneveHuns.
MaTepuanbl U MeTOABl. PacCMOTPEHO NOCTPOEHMe NMPUEMHOI YacT NPeLM3NOHHOr0 MMMY/bCHOMO la3epHOro
JanbHOMepa C ABYXLUKaNbHOW LMPPOBOW CUCTEMON OLIeHKUN AaNbHOCTU, peanm3yeMon NogcHeToM MMMYIbCOB
TaKTOBOro reHepaTopa 1 aHanoroBbIM MHTErpaTOPOM, YTOYHSAIOLLMM ANCKPETHYHO OLLeHKY AafbHOCTW. C UCrnosb-
30BaHMeM annapaTa MaTeMaTWUyeckol CTaTUCTUKWM onpejenieHbl dHepreTnyeckre XapakTepuctukn AanbHO-
Mepa: TOYHOCTb OLeHKW JalbHOCTU 1 BEPOSITHOCTb NOXHOW TpeBorn, obecneyrBaemble pa3paboTaHHON cxe-
Moli. OnrcaHo annapaTHoe obecrneyeHme NpeL3noHHOro 1a3epHoro AaibHoMepa.
PesynbTathl. NpriBeAeHbl NPUHLMMBI peanm3aumm NpUeMHON YacTn a3epHOro JasbHoMepa C ABYXLLKANbHON
LMPPOBOIA CUCTEMON OLLeHKWN AanbHOCTU A0 06bekTa. [onyyeHbl pesynbTaTbl YACIEHHOrO MOAENNPOBAHNS Xa-
PaKkTepPUCTUK JanbHOMEPa, NMOATBEPXAAtoLLME TOYHOCTb OLEHKN AanbHOCTU NOopsiAka MUAAMMETPOB. B peanu-

30BaHHOM cxeMe anbHOMepa BepOSITHOCTb IOXHOM TpeBoru coctaBuna 107 npu HabloaeHUM peanmzaLn
CMecu CuMrHana ¢ Wwymom B npogomkeHue 200 c. MpeanoxeHo annapatHoe obecneveHne NpeLmnsnoHHOro na-
3epHOro gansHomepa ¢ udpoBoi ABYXLLKANBHOM OLEHKON AanbHOCTU.

3akntoueHmne. Peann3oBaHHbIM 1a3epHbIii AabHOMEp MO NOTEHLUNaNbHOM TOYHOCTY OLLeHKN AalbHOCTU A0 06b-
eKTa nopska MUITMMETPOB NPUBANXKAETCS K BO3MOXHOCTAM $a3oBbIX 1a3epHbIX 4a/lbHOMEPOB, MpY 3TOM pe-
anusyeT yKasaHHbI NapameTp B YC0BUAX BbICTPO N3MeHsoLLencs doHoLeneBol 06CcTaHoBKN. Micnonb3oBaHne
KOPOTKMX 30HAMPYIOLLNX UMMYNbCOB AanTenbHOoCTbo 10...20 HC no3BonseT A0bUTbCa paspeLuatoLleil cnocob-
HoOCTW A0 1.5 M. B oT/inume oT $pa3oBbIX Aa/IbHOMEPOB Aa/IbHOCTb MOXET ObITb OLleHEHa MO O4HOMY 30HAMPYHO-
LLiemMy MMMyAbCy.

KntoueBble cnoBa: fanbHOMEp, 1aBUHHbIE GOTOAMOABI, NHPPAKPACHBIV AMaNa30oH, 06beKTNB, 30HANPYIOLLNIA
WNMMNYNbC, OTHOLLEHWE CUTHa/LLYyM, MOPOroBbIil YpoBeHb, rpybast 1 TOYHast LKana AasbHOCTY

Ans  untupoBaHus: TpvemMHoe YCTPONCTBO MPEeuUmM3MOHHOrO  VMMY/AbCHOMO Jfla3epHoro AasbHomepa /
B. A. Tonoskos, H. L. MoTanosa, M. H. PygeHko, b. I'. Ctpagos, C. B. TenatHukos // N3B. By30B Poccnun. Paguno-
anekTpoHuKa. 2020. T. 23, Ne 2. C. 73-81. doi: 10.32603/1993-8985-2020-23-2-73-81
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Abstract
Introduction. At present the most accurate estimate of ranges is specific to laser range finders using phase meas-
uring techniques. Design of a pulsed laser range finder with short probe pulses enabling one to gain high reso-
lution and accuracy of estimate of target range close to the phase range finders is the topical problem.
Aim. Development of a receiving part of the pulsed laser rangefinder with precision characteristics; determination
of the accuracy of the measurements; description of the hardware.
Materials and methods. The construction of the receiving part of the precision pulsed laser rangefinder with a
two-scale digital range estimation system implemented by counting clock generator pulses and an analog inte-
grator that specifies the discrete range estimation was considered. Using the methods of mathematical statistics,
the energy characteristics of the rangefinder were determined: the accuracy of the range estimation and the
probability of false alarm were provided by the developed scheme. The hardware of the precision laser range-
finder was described.
Results. The principles of implementation of the receiving part of the laser rangefinder with a two-scale digital sys-
tem for estimating the distance to the object were given. The results of numerical simulation of rangefinder charac-
teristics were obtained, confirming the accuracy of range estimation of the order of millimeters. In the implemented

rangefinder scheme, the probability of false alarm was 10~ during 200 s of observing signal and noise mixture.
The hardware of the precision laser rangefinder with a digital two-scale range estimation was proposed.
Conclusion. The implemented laser range finder approaches to the capabilities of phase laser rangefinders in
terms of potential accuracy of distance up to millimeters, while implementing the specified parameter in rapidly
changing phono-target environment. Using of short probing pulses with a duration of 10...20 ns allows one to
achieve a resolution of up to 1.5 m. In contrast to the phase rangefinder the range can be estimated from a single
probe pulse.

Keywords: range finder, avalanche photodiodes, infrared range, lens, probing pulse, signal-to-noise ratio,
threshold level, rough and accurate range scale
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BBenenue. B Hacrosimiee Bpems HanOONbIIEH
TOYHOCTBIO OLIEHKHU JATBHOCTH OONANaroT Ja3epHbIC
JIaTBEHOMEPEI, UCIIONB3YIoMmKUe (Ppa3oBble METOIOBI H3-
MEpEHUs, U1 KOTOPBIX ITOT MapameTp COCTaBIsIeT
€IMHUIBI MUJUTUMETPOB. Harpumep, u3BecTHBI reo-
Je3UYEeCKUe JIa3epHble albHOMEPHI, WM Ja3epHbIe
PYJIETKH, U3MEPSIOIINE PACCTOSHUE 10 00bEKTa C TOU-
HOCTbhIO 710 1 MM [1]. B Takux ycTpoiicTBax pe3ynbTar
U3MEpEeHHS JATBHOCTH (POpMHUpYeTCs HAa OCHOBAaHUH

OIICHKH pPa3HOCTH (a3 aMIUTUTYIHO-MOIYJTHUPOBaH-
HBIX 30HIUPYIOILIET0 M OTPa)XEHHOIO ONTHYECKUX
CHUTHAJIOB, MTO3TOMY (ha30BBIC METOABI TIPUTOMHBI LIS
OIICHKH JIAJTBHOCTH JIUIIIb JIO MAJIOTIONBHKHBIX O0BEK-
TOB M HE MOTYT pabOoTaTh B YCIOBHSIX OBICTPO U3MEHSI-
fomielics poHoIeIeBO 00CTaAHOBKH.

AKTyalbHOU 3ajjaueil SIBIsIeTCS] IOCTPOEHUE UM-
MyNbCHBIX Jla3epHbIX nanbHoMepoB (MJIM), ucnonsb-
3YIOIIUX KOPOTKHE 30HIWPYIOLINE HMMIIYJIbCHI, IO3-
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BOJISIIOIMX JOOWTHCS BBICOKOH TOYHOCTH OICHKH
JTATBHOCTH 10 00BbEKTa, MPUOIMKAFOIIUXCS TT0 TOYHO-
cTH K (pa3oBBIM nanpHOMepaM. B Takux ycTpoiicTBax
MOTYT HCIIONB30BaThCs CO3JAHHBIE B HACTOSIICE
BpeMs JTa3epHbIC HCTOYHUKH U3TYICHHS C JUTUTETIHHO-
CTBIO 30HIUPYIOIIUX UMITYIbCOB B €IMHUIBI HAHOCE-
kyHa [2]. [losToMy akTyanpHOW 3amadei SBISETCS
pa3paboTka M aHATU3 MPHEMHOTO y3Ja MPEenu3UOH-
HOT'O UMITYJICHOTO JIa3epHOTO JTalbHOMEpa.

Leanb pa6oTsl. Pa3paboTtka npuemHoit gactu MJIJ1
C MIPEUU3NOHHBIMH XapaKTEePHCTUKAMU; OIIpe/IeIICHIe
TOYHOCTH €r0 M3MEPEHH; OMUCAHHE ero ammapar-
HOTO 0OecreyeHusI.

MartepuaJjbl 1 MeTobl. B kauectBe poTonpurem-
HbIX ycrporicTtB (DITY) [3] 8 UL ¢ BbIcOKOH pa3pe-
MIAOIIEN CIIOCOOHOCTHIO M UyBCTBUTENBHOCTHIO 1IeJie-
CO000pa3HO HCITONL30BaTh JIABHHHBIC (DOTOIMOIBI C
HaJIN9IHEM, TIPH HEOOXOITUMOCTH, MOCTIE HAX BCTPOSH-
HBIX THOPUIHBIX ONEPAIIMOHHBIX YCUIINTENeH U 1 d-
pOoBOIi 00pabOTKOM MPUHUMAEMBIX BBIXOIHBIX CUTHA-
noB ®@IIY. U3 goctynHbeix otedecTBeHHbIX DIIY Ha
0a3e repMaHHMEBHIX JIABUHHBIX (POTOAMOIOB MOXKHO
YIIOMSIHYTB JIaBUHHBIC (hoToauob!, Harpumep JIDT -
70, JIOAT-150, OITY-35. HekoTopsie U3 HUX, HANPHU-
Mep PITY tuna JIO/IT, npenHasHaueHs! 17151 pabOTHI B
BOJIOKOHHO-ONITUYECKUX JIMHUSAX CBSI3HM, HO MOTYT
OBITH HCIIOJIE30BAHBI H TIPH IIOCTPOSHUH HMITYITECHBIX
Ja3epHBIX JaTbHOMEPOB. UyBCTBUTEIBHOCTH OTEUE-
CTBEHHBIX JIABUHHBIX (DOTOMMOAOB COCTaBISIET MpH-
onmusutensHo 25...35 A/BT.

N3 3apybexnprx OITY BBICOKHE TTapaMeTphl MPH
MpreMe CUTHANOB oOecreunBaroT, Hanpumep, OITY
C30659-1060-3A ¢ ruOpUAHBIM MPEAYCHIUTENEM, A
takoke OIIY ¢pupmer "Hamamatsu" S11519-10. OITY
C30659-1060-3A umeet ayscTBUTENBHOCTD 450 KB/BT
Ha juyiHe BoJIHBI 900 HM.

Pabovass nmuHa BOJHBI JTa3epHBIX JTATBHOMEPOB
A =1.06 MKkM ompenensieTcs paboduei ATHMHOM BOIHBI
CepHﬁHO MPOU3BOAMMBIX W HIMPOKO MPUMCHACMBIX
Ja3epoB. DTo, HaNpUMeED, Ja3ephl, B KOTOPHIX B Kave-
CTBE aKTUBHOT'O JIEMEHTA HCTIONB3YETCS ATFOMOUTTPH-
€BbII IPaHar, JIETUPOBAaHHBIA HOHAMH HEOAUMA.

Bpewms oTknmka TaBUHHBIX (OTOAMOMOB COCTaB-
JIeT MeHee 2 HC, YTO IO3BOJIIET OCYIIECTBISATH
OLICHKY TATEHOCTH JIO HEOJHOPOIHOCTEH aTMOC(EpBI
W 00BEKTOB C BRICOKOW TOYHOCTBIO.

Jia m3MepeHust pacCTOSHUS 10 00BEKTa C BHICO-
KUM Da3pelieHueM JUIUTENbHOCTh 30HAMPYIOIIETO
UMITyJIbca BbIOMpaeTcs He TpeBocxoxasmeit 20 He.
HeobOxomuMo OTMETHTH, YTO JIABHUHHBIE (OTOIHNOIBI
CIIOCOOHBI MPUHUMATh WUMITYJIbCHl YKa3aHHBIX JUIH-
TEJIbHOCTH U JJINHBI BOJHBL.

JlazepHblit UMIyIBC AMUTENHEHOCTHIO 20 HC UMeeT
B IIPOCTPAHCTBE BJOJIb OCH PACIIPOCTPAHEHUS IIPOTSI-
>KEHHOCTh OKOJIO 6 M. DTO MPUBOAMUT K TaK Ha3bIBae-
MOMY HECTalMOHAPHOMY OOIyYEHHIO HEOTHOPOTHO-
CTH aTMOC(epsl WK IPyroro oovekTa [4], UMeroIIero
panuanbHBIe pa3Mephl B HECKOJIBKO JECSITKOB METPOB.
B sTOM ciydae IMTENFHOCTD OTPaKEHHOTO OT 00B-
€KTa MMITYJIbCa YBEIMYUBAETCS, a ero gopma cTaHo-
BUTCSl HEM3BECTHOM. MasiorabapuTHbIe OCCIIHIIOTHBIC
JieTaTeNbHbIe amnmnaparbl, HapoTUB, B OOJBILINHCTBE
CJIy4aeB MOTYT paccMaTpUBaThcsA Kak TOUEYHbIE 00b-
eKTbl. B 3THX yCJIOBHSX BpeMeHHOE TOJIOKEHUE TPHU-
HUMAaeMbIX OTPaKEHHBIX MMITYIIbCOB OTCUMTHIBAETCS
OT X TIIepeAHero (ppoHTa, B OTIMYUE OT PaJHUOIOKa-
LIUH, TZIe OHO OLIEHUBAETCS [0 MAKCUMYMY CUTHAJIa Ha
BBIXOJI€ COTNIACOBAHHOTO (PUIIBTPA HITK TIO KOOPJINHATE
[EHTpa TSDKECTH IMPUHMMAEMOTO CHTHaia. Paccros-
HUE JI0 LU U3MepsaeTcs HU(PPOBBIM CIIOCOOOM, Ty-
TEM TOICUETa UMITYIIbCOB BEICOKOCTAOMIBHBIX TaKTO-
BBIX KBapIEBBIX T'€HEPATOPOB, YKIIAJBIBAIOIINXCS B
WHTEpBaJe OT epeaHero (ppoHTa 30HAUPYIOLIETO HM-
MyIbCca 0 MepeaHero GpoHTa MPUHATOTO HMITYIIBCA,
OTpakeHHOTO OT oObekTa. IIpu 3TOM OAHOU M3 mpo-
OJ1eM ABILETCS HEOOXOAMMOCTH CO3IaHMsI BLICOKOCTA-
OMIIBHOTO TAaKTOBOTO IFeHEpaTopa M CYSTINKA IMITYIIh-
COB BBICOKOH 4acTOThl. B HacTosimiee BpeMsi MOKHO
WCIIONIE30BaTh YABTPANpPEII3HOHHBIE TePMOCTaTHPO-
BaHHbIC KBaplieBbIe reHepaTopsl ¢upmbel "Mopuon",
JMara3oH 4acToT KoTopbix a0 100 MI'u, Hampumep
I'K200TC [5]. Ucnonb30oBars Ooiee BHICOKHE TaKTO-
BbIE YAaCTOTHI, HA Halll B3NS, HElleJIecooOpasHo, 1o-
CKOJIBKY YKa3aHHOE 3HaYCHHE SBIISIETCS BEPXHUM TIpe-
JIEJIOM pabOTOCTIOCOOHOCTH HMHTETPAIbHBIX MHKPO-
cxem tuna KMOII unmu TTJIL. Bosnee BbIcOKME TakTo-
BBIE YACTOTHI MOTPeOYIOT mcmonb3oBaHus DCJI-mo-
THKH, COTJIACOBAHMsI YPOBHEW CUTHANIA M HATIPSHKCHUS
MTUTaHUSL.

[Tpu moxcueTe KOMMYECTBA HMITYIBCOB TAKTOBOTO
reHepaTopa, pa3MEIIAIONINXCS MEXIY 30HUPYIOIINM
UMITYJIbCOM JIa3epa U OTPAKECHHBIM OT OOBEKTa MM-
MyTbCOM, MJIQJIINE pa3psibl Koga MOTYT (OPMHPO-
BaThCsl MUKPOCXEMaMH JBOMYHBIX CUETYMKOB CEPUU
KMOIT nmm TTII. Crapiue pa3ps/isl Koja JaTbHOCTH
B OTOM clly4yae MOTYT (OpPMHPOBaThCSI B MHKPO-
koHTpoiutepe wiu [IJIUC. [Ipu oOHapykeHun oTpa-
KEHHOTO UMIYIIbCA CUET MPEKPAIMACTCS U MITAJIIINE
paspsapl ABOMYHBIX CUETYMKOB dYepe3 HHTepdeiic
MHUKPOIIPOLIECCOPA CUUTHIBAIOTCS B KOHTpoiep. Tak-
toBas yactora 100 MI'y orpaHn4MBaeT TOYHOCTD U3-
MEpEHHUsl JaJbHOCTH 3a CUET IIyMa JHUCKPETH3aLUU.
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14 yBe4eHus TOYHOCTH ciieyeT npuberatsb K apy-
THM CII0C00aM WM HCIIONB30BaTh BTOPYIO, TOUHYIO
LKAy U3MEPEHHS JaIbHOCTH.

B AO "Hayuno-uccnemoBaTenbCKUl WHCTUTYT
OITHUKO-3JICKTPOHHOTO TpHOOpocTpoeHus" pa3pabo-
TaHO U PEaTM30BaHO MPHUEMHOE YCTPOUCTBO MPELU3H-
onnoro WJIJI s mcnonb3oBaHus B atMocdepe Ha
BoicoTax Beime 10 000 m. MJIJI paccunTtan Ha n3me-
peHue paccrosHus Ha auctanuuax 10 Ry =200 km

1o menet ¢ 3PQEeKTUBHON IUIOMIAABI0 PACCESHUS
(OI1P) Su =01 MZ. Vka3aHHAs OACTAHLOUS 00 00b-

eKTOB XapaKkTepHa AJisi paboThl JalibHOMEpa B BBICO-
KHX CJIOSX arMoc(depbl, Tie MOXXHO HE YYHTHIBATh
BIUsIHUE aTMOC(hEPHOH pedpaKIuy U3ITyIeHUSI.
[IpueMHOE yCTPOWCTBO JIA3ePHOIO JalbHOMEpA
paccunTaHo Ha paboTy C Jla3epoM CO CIIeTYIOIIUMHU

HapaMeTpaMu:
—  JUIMTENBHOCTh  ONTHYECKOrO  HMITYJIbCa
1, =20 He;

— BHEprus 30HAUpyolero umiynsca E =0.5 Jhx;

— YTOJI PacXOXMMOCTH JIA3ePHOTO JIy4da (TI0JIOBUH-
HbI) v=4.8 1076 pax;

— K03 UIMEHT NPOIMyCKaHUs CUCTEMBI U3ITyda-

tens pp =0.8.

Ha pucyHke npuBeneHa ontiyeckas cxema IpH-
€MHOTO yCTpoicTBa AambHOMepa. OObeKTUB, obecIe-
YUBAIOLINI TPHEM OTPaKeHHOTO OT OOBEKTa Jazep-
HOTO M3ITy4YeHHUsl, COCTOUT U3 JHH3 /, 2, 3 U XapaKTe-
pHU3yeTcs CIeayIOIUMU NTapaMeTpaMu:

— JMaMeTp BXOXHOH amepTypsl
D=025wm;

00BEeKTHBA

NN
Naa
NN
Naa
NN
B &

.
% % 2

Onrryeckas cxeMa MPHEMHOT0 KaHaja JTa3epHOTO
naigpHOMepa: 1, 2, 3 — nuH3bI 00beKTHBA; 4 — KINHbS
0JI0Ka IOCTHUPOBKH; 5 — CBETOACIUTEIbHAS IIJIACTHHA,

6 — onrTnueckuit GUIBTP; 7 — JTaBUHHBIH HOTOANO

The optical scheme of the receiving channel of the laser

— ko3¢ duLeHT npomyckanust oobekTiBa Py = 0.8.

Juamerp BXOmHOI amnepTypsl pa3paOdOTaHHOTO
JUTsL TaTbHOMEpa O0BEKTHBA 00eclieunBacT H3Mepe-
HUS Ha OONBIINX HAaTBHOCTSAX MPU MMEIOIIEics TyB-
crBuTenbHOCTH PIIY 1 3HEprUM 30HAMPYIOIIETO Jia-
3epHOro m3nmydeHus. Pa3paboTka OOBEKTHBA OCHO-
BaHa Ha MPUHIINAIE KOMITO3HUITNH OINTUYECKAX CUCTEM
[6], npuMeHEHHOM aBTOpaMH HACTOSILEH CTaThbU IS
ONTUYECKUX CHCTEM BUIMMOTO M OJMXKHETO WH(pa-
KpacHoro Juana3oHoB [7, 8]. [Tone 3peHus o0beKkTHBa
cocraniseT 16.5'. OTHOCUTENBHOE OTBEPCTUE OOBEK-
tuBa 1:2.5. Paboure mHsl BoH o0bekTHBa A =1.06
u 0.67 mxM. KivHbst O510Ka FOCTUPOBKH 4 HCIIONB3Y-
FOTCs 17151 OCTUPOBKU ONTUYECKOH cucTeMbl. YacTb u3-
Jy4eHus ¢ JUIMHOW BOJHBI 0.67 MKM, OTBOJMMAs CBe-
TOJENUTENFHOW TUIACTHHON 5, UCTIONB3yeTCs s pa-
0OTBI KOHTPOJIBHO-FOCTHPOBOYHOH armaparypsl. U3iy-
YeHHe ¢ JUTMHOU BOJIHBI 1.06 MKM, MPOITyIIIEHHOE II1a-
CTHHOH 5, TIOCTyImaeT Ha (OTONPHEMHUK 7, pa3Mme-
IICHHBIN B (DOKAIBHOM TTIOCKOCTH OOBEKTHBA U TIPH-
HUMAIOIINI CUTHAJN, OTPaKEeHHBIN OoT o0bekTa. Ilepen
(OTONPUEMHIUKOM  yCTaHABIMBACTCS ONTHUYCCKHUN
GWIBTp 6, OTCEKAIOIIUH BHIUMYIO O00JIACTh CIIEKTpa,
a TaKKe CIyXKallui Juis yMeHbIIeHus: (HOHOBOH 3a-
CBETKH.

Juis peanuzany IpUEMHOTO YCTPOUCTBA Ja3ep-
HOTO JJaIbHOMEpa C TIepEUNCIIEHHBIMU PaHee XapaKTe-
puctukamu B kadectBe DIIY ObUT HCIONB30BaH Jia-
BuHHBIA (oTtomnon C30659-1060-3A co cuenyro-
IIMMU napamerpamu [9]:

—  BBIXOJHOE  CIEKTpaIbHOE
Sy, =25 uB/\Tu;

— BJHepreruyeckas monoca npomnyckanus OITY
Af =50 MI'1;

— DHepreTUvecKass YyBCTBUTECIBHOCTD LIS U3IY-
A =1.06 Mxm

HaIIpsOHKCHUC

YCHUS C JUTMHOM
Sp =280 KB/ Br;

— BeIXOHOE conpotuBieHne R =50 Om.

BOJIHBI

Bynem cumrars, uto (hopMa 30HIUPYIOIIETO HM-
mynbca OJTU3Ka K TayCCOBCKOM (KOJIOKOI000pa3HOi) U
OIUCHIBACTCS KAK

S (1) = Aexp(nt?/2),

rac A- aMIUIMTyaa, Ty — JJIMTEIBHOCTH CUT'HaIa Ha

ypoBHe 0.46 [4]. D10 61M3K0 K peaTbHBIM XapaKTepH-
CTHMKaM U3IIydaTensl, K TOMY K€ I03BOJISIET YIIPOCTUTD

rangefinder: 1, 2, 3 — objective lenses; 4 —wedges pacuersl. CriekTpajibHass IUIOTHOCTh TaKOTO HM-
of the alignment unit; 5 — beam splitter plate; 6 — optical filter; .
7 — avalanche photodiode Tynbea.
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F(jo)=At,exp
s

Torna, yunTsiBast paBeHCTBO [10]

2

F(jo)=m/aexp| 2 |,
4o,
TOJYIHUM SHEPICTUICCKYIO INPHUHY IOJIOCHI q)HJ'[LTpaZ

e o= 7':/ ‘EEI. Hanee, ucnione3ys [10], nomyunm HOp-
MHPOBaHHYIO0 KOPPEJLSIIHOHHYIO (DYHKIMIO ITymMa Ha
BBIXOJIE cortacoBanHoro duistpa p(t) = exp(—owfI )

U3 (1) caenyet, uto BeiOpanHoe OITY cornacoBaHo ¢
JUTITEITLHOCTBIO CHTrHaa. Bropas mpousBoHas Koppes-
IMOHHON (PYHKIIMY IIyMa B HYJICBOW TOUKE, XapaKTepH-
3yIOIIasi BTOPOW IEHTPAIBHBIA MOMEHT CIIEKTPAJILHOU
IUIOTHOCTH Iyma, onpezensercs kak —p” (0) = 2a..
MOoIIHOCTh IPUHUMAEMOTO OTPAXKEHHOTO OT 00b-

CKTa cuI'Halia (Pnp) MOKHO pacCUUTaTh MHpU YCJIO-

BHH HaOJIOZICHUS YIAICHHOTO 00BhEKTa, KOT/Ia BCS €T0
MTOBEPXHOCTH 3aCBEUCHA, & OOBEKT SBISAETCS U30TPOII-
HbIM oTpakaTeneM. Mcnonbsys [11] u yuutbiBas mo-
TepU ONTHYECKOTO M3ITyIEeHUsS B aTMOChepe:

2
P, D“S,, ex 2k
) mnP1P2 1 p( Rd) , )

P 4ch2R§'

rne By, — nMmynbcHas MOIHOCTS J1asepa; k — crek-
TpaJdbHBIN KOA(QQUIMEHT ocnabneHust arMocdepsl.
Ha Bricore 10 000 M mpu mymnHe BostHbl A =1.06 MKM

MOXHO TPUHATH K = 272104 YCIOBUSIX TPOIH-
KOB M CPEIHUX IITUPOT Oe3 yueTa adpo30JIBHOTO pac-
cestHus m3nmydeHus [12]. OTHoeHne CUrHaj/IyM Ha
Beixone OITY Q =10 cumTaercs TUIUYHBIM pabourM

JUTS TA3epHBIX AaabHOMEpOB [ 13].

Pacuer OIIP oObekTa U3MEpEHHsI MOYKHO TPOM3-
BECTH 10 METONUKE YHCICHHOTO MOICIHPOBAHUS
TU(PPY3HO OTpaKAIONIMX 00BEKTOB CIOKHON (HOpMBI

[14]. OxonyarensHO U3 (2) MOTyIuM PHp ~ 3 Br.
Torma sHeprusi mpuHHMaeMoro Ha Bxoze (orto-

npruemMHuKa curdana E =Rt ~ 7.10716 Jbx. Ha-

npspkeHue Ha Beixozne PDIIY npu Hamuuuu curxana

U. = PHpSp :1.1-10_2 B, momHOCTH HITyMa Ha BHI-

xome ®IIY B, = SgAf =1.1-107 Br. HetictByto-

iee DITY
Uy =+/PuR =12 -1073 B. Otcroza oTHOmICHHE CH™-
Has/uryM Ha Beixoze ®IY Q =U,. /U, =10.

Takum 06pa3oM, OTHOIIICHHE CUTHAJI/IITYM Ha BbI-
xone ®ITY npu npuHATON AOCTATOYHO OOJBIION IH-
CTaHIIUM COOTBETCTBYET pabOdYeMy OTHOIICHHIO IS
Ja3epHbIX JanbHoMepoB. IlomydeHHas oneHka cripa-
BEJUTMBA TOJIBKO JUIsl OOJIBILIMX BBICOT, HA KOTOPBIX MPO-
UCXOIAT ONTHKO-3JICKTPOHHBIC acTPOQHU3HICCKIE
HaOmoneHus Ha OoJplnx auctanimax [15]. Ilpu pa-
00Te TakMX CUCTEM Ha OONBIIUX JUCTAHIMAX B aTMO-
cthepe Oyaer BAMATH pedpakiys ONTUIECKOrO Jyda
[16]. C ymeHblIeHHEM BBICOTHI HauHET MPOSBIATHCS
a¢dexT TypOyIeHTHOCTH aTMOC(Eepbl, IS JIa3epHBIX
JIaTbHOMEPOB PACCMOTPEHHBIN, HanpuMep, B [17].

ITpu ananu3e npueMHOro 0JI0Ka HEOOXOAUMO pac-
CUUTATh IIOPOTOBbII ypoBeHb Ha BbIxoae PIIY, npeBbl-
IIIEHUE KOTOPOTO IPHBOINT K (PUKCAIINH TOCTYTUICHHS
CHTHaJa, TaK KaK OOHapyKeHHEe CUTHAJIA OCYIIECTBIIS-
eTcs mo obuenpuHaToMy kputeputo Hetimana—ITup-
coHa [4]. HanpsbxeHme ¢ BBIXOAA YCHITUTEIS TTOIAETCS
Ha Kommaparop. IIpu mpeBbIIEHHH HOPOrOBOTO
YpOBHS (PUKCUPYIOTCSI OOHApY>KEHHE CUTHAa U olLie-
HUBAIOTCS €r0 apaMeTphl.

Cunras, uto Ha Beixoze PITY mym HopMannu3oBaH,
HCTIONB3Ysl TEOPUIO BBIOPOCOB CIIy4aifHBIX ITPOLIECCOB,
MOJIYYUM CpEIHEE YHCIO IEepeCceYeHud MOpOroBOro
ypoBHSI H C TONOXUTENBHON MPOW3BOAHON B OTCYT-
CTBHUE BXOJIHOTO U3ITy4YeHus [4]:

T, — H?
N(H)—2—n«/—p (0)exp 27 ) (3)

HaIlpsOKCHUC  IIymMa Ha  BbIXOHAEC

e T,; —BpeMst HaOJIFONCHYIS; o2 — AUCIepCrs TIOMEXH.

B npuemHON 4YacTHM malibHOMEpa peaan3oBaHa
cxema tumna "ciensmuii mopor". J{ist 3Toro Ha BeIXone
OITY ycranoBneH Quiastp HIKHUX YacToT (PHY) ¢
IUOIOM, OTCEKAIOIINM HAaIpsHKEHHE OTPUIATEIHHOM
MoNsipHOCTH. B 3TOM ciydae cpenHee 3HaYCHHE
HanpspkeHus Ha Beixone ®HY cocrasnser U =0.40
[18]. st ocTmkeHUst BEPOSITHOCTH JIOKHOU TPEBOTH

Pir <10~ 3a Bpems maGmonerus T, =200c Ha

Bbixosie GHY BxItoueH onepanroHHbIN YCUITUTEND C
kod¢punmentoM yemwnenus K = 20,

BBenem 3HadeHue mopora, HOPMHPOBAHHOE Ha
cpenHekBaparnyeckoe otkioHeHne (CKO) mryma

up = H/o [4]. 3 (3) nonyunm:

n —p”(O) H
21Py 1,
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Hns Py =104 nomyunm pg =7.9. Ecmu xoodh-
(ULIMEHT YCHICHUS ONEepalliOHHOTO YCHJIMTENS MO-
Hu3uTh 10 K =17, TO B cpeaHeM JIOXkKHas TpeBora u
BbI3BaHHAsl 3THM HENpaBUJbHAS OLECHKA IaJbHOCTU
OyIyT MPOUCXOIUTH OuH pa3 3a 200 c.

Jist m3MepeHus: NambHOCTH B TPEIOKEHHOM
CXeMe JaJbHOMEpa HCIONIB3YeTCs IBYXIIKalbHAs,
rpy0as ¥ TouHas, cuctemMa m3mepeHus. [ pyboe m3me-
peHME JaIbHOCTH OCYILECTBISETCS C HCIOIb30Ba-
HueM reseparopa NT3631A, dopmupyromero um-
OyNIbChl € TakTOBOM wactoToif 16 MI'n (mepuon
Tp =62.5 Hc). OTKIIOHEHHE YacTOThl TeHeparopa Mpu

HEeCTaOMIBHOCTH HaNpsbKeHus muraHust +5 % He mpe-
Bocxomut 0.3 I'. Takum o6pa3om, yacTtora reHepa-

TOpa U3MEHSETCA B Ipesenax 16+0.3-107° M, a
(To)
62.499998 10 62.500002 c. Orcrona MakcUMabHas

pa3HuIla B II€proaax 4acToT 3a CHET BO3MOYKHOH He-

nepuos 4YacTOThbL MOXCT HU3MCHATHCA OT

crabumpmocts cocrapur AT =+0.2.10™ ue. He-
TPYAHO IOKa3aTh, YTO MPH MAKCHMAIBHOM YIAICHHH
00beKTa TOpSIIKA HECKOJIBKHX COTEH KHJIOMETPOB
HanOOJBIIIAs OIMOKA B OIIEHKE AJTBHOCTH IPH YCIIOBUH
JOJITOBPEMEHHOTO YXO/Ia YaCTOTHI TAKTOBOTO TeHEepaTopa
COCTaBHT He 0oJiee HECKONBKUX MIJUTUMETPOB. TakuM
00pa3oM, HECTAOMIIBHOCTh YacTOThI TAKTOBOTO TeHEpa-
TOpa MPAKTUYCCKH HE NOJDKHA CKAa3hIBATHCS HA Pe3yib-
Tare W3MEPEHHSL.

OmnpenenuM TUCKPETHOCTh M3MEPEHHST PACCTOSHHUS
IIPY TIPHEME OTPAKEHHOTO UMITYJIbCA 3a CUeT Tpy0oit

wkansl: AR =(Tp/2)c=9.4 M, e c=3-108 M/c —

CKOPOCTb CBETa.

Jucnepcust OLEHKH BPEMEHH, NPOBOIUMOH II0
rpy0oil mKange, ¢ y4eToM pPaBHOMEPHOHN IJIOTHOCTH
BEPOATHOCTH BPEMEHHU MNPHXOJa OTPAKECHHOIO HM-
MyJbCa OTIPEAEIISIeTCS BEIpakeHueM [19]

of =2(1¢ /12)=0.65-10715 2. )

KoaddummenT 2 B (4) BBeeH U1 yueTa u3mMepe-
HUS BPEMEHHOTO IIOJIOKEHUS 30HAUPYIOIIETO HM-
MyllbCa aHAJIOTHYHO HM3MEPEHHIO TMOJOKEHUS OTpa-
skeHHOTO MMITYIhca. CKO OIleHKH BpeMeHH COCTaBUT
Gt = 0.25-10" ¢. Torxa JMCIIEPCHUs OLEHKHU JAabHO-

CTH TpyOOii IIKAJIOH COCTABUT
GZR = <c2/4)0t2 =14.6 M°.

CKO wm3MmepeHust JanbHOCTH IO TpyOoil mikaie
cocraBuT OR = 3.8 M. BTopas, TouHas, 1mkana 0CHO-

BaHA Ha M3MEPEHUH 3apsiaa MPEHU3UOHHOTO KOH/ICH-
caropa B MPOMEXKYTKE MEKIYy UMIYIbcaMu TpyOoi
mkansl. HakoruieHHOe HampspKEHHE JICKHUT B TIpelie-
nax ot 0 go 3 B. Ilpu mpuxone OTpakeHHOTO UM-
MyIbCa 3aps1 KOHAEGHCATOpa MPEKpaniaeTcsl i HaKoIl-
JICHHOE Ha HEM HalpsDKeHHE M3MepsieTcs. TOYHOCTD
M3MEpEeHusl ompeaensercs |2-pa3psaHbIM TMperu3n-
OHHBIM OJTHOTIOJIAPHBIM aHAIOTO-IIM(POBEIM TPEOO-
pazoaresiem (ALII). Takum oOpa3om, LIKana UMeeT
n=4096 yposueii. 3a cuet muckpernoctu AL mu-
CTaHIUS MEXKAY €ro COCEIHUMH YPOBHSIMH COCTaB-
nser ARy =AR/n=2.3 mm.

Hucnepcust OLiEHKH HM3MEpPEeHHs AaJbHOCTH II0
TOYHOM IIKAJIE C y4ETOM PaBHOMEPHOU TUIOTHOCTH Be-
POATHOCTH BpPEMEHHM IMPHUXOa OTPAXKEHHOTO UM-
mynbca Mexay yposasimu AL coctaBuT:

ok, =2(ARE /12) =088 w?. (5)

Koaddurment 2 B (5) umMeeT TOT e CMBICH, YTO U
s (4). CKO OleHKM IUCTAaHIIMM TOYHOW IITKAJIBI
OR, = 0.94 M. Taxkum 0Opa3oM, IOTPEIITHOCTH, BBIpa-

yKaeMble OIMMOKaMHK TIPH U3MEPESHUH AUCTAHIINH JI0 00b-
exTa ¢ 3agaHHeM OIIP u BHOCHMBIE rymoM DITY, nry-
MOM JWCKPETU3ALIUH, [ITyMOM, BHI3BAHHBIM HECTAOMJIb-
HOCTBIO TEHEpaToOpa TaKTOBOM YaCTOTHI, OYEHb MAlIbl.
OcHoBHas o1MOKa OyrieT anmapaTHON U COCTOSTh B He-
CTaOWIBHOCTH OLICHKH BPEMEHHU IMepeceyeHHs Oporo-
BOTO YPOBHSI CMECHIO CHTHAJIA U IITyMa.

Pesynbrarel. B HacTosel cratbe mpeacTaBieHb
IPUHLUIBL peanu3anuu npueMHod vactu WL ¢
JIBYXIIKATGHON IM(POBOM CHCTEMOW OIICHKH JTAJTbHO-
cT 70 oObekTa. [lomydeHsl pe3ynbraThl YHCIEHHOTO
MOJISIMPOBAHUS XapaKTEPUCTUK JalibHOMEpa, MO-
TBEPKIAIOIINE TOYHOCTH OIEHKH JAITBHOCTH TIOPSIKA
MUJJIUMETPOB. BEposATHOCTD JI0KHOU TPEBOTH, OIIpE-
nensiemast mymamu @ITY, B mpencraBieHHONW cxeme

JaIbHOMEpa COCTABILIET 107 IpH HAOJIONCHUH pea-
JIU3AIMU CMECH cuTHaa ¢ mryMoM B Teuenue 200 c. An-
naparHoe 00ecTieueHre PeaTn30BaAHHOTO MPEIU3HOH-
Horo MJIJI 6azupyeTcst Ha UCTIONB30BAHNH JIABUHHOTO
¢doronrona u UpPOBOH CHCTEMBI U3MEPECHHUS TATBHO-
CTH HAa OCHOBC ITOACYECTA TAKTOBBIX I/IMl'IyJ'ILCOB r[pem/l—
3HMOHHOTO TEeHepaTopa W aHaJOroBOr0 HMHTETPaTopa,
YTOUHSIIOIIETO JUCKPETHYIO OIICHKY JTATbHOCTH.
3akuouenue. Peanuzoannsiit MJIJ] mo moctur-
HYTOW TOYHOCTH OIICHKH JAJLHOCTHU JI0 OOBEKTa I0-
pAZKa MULJIMMETPOB MPUOJKACTCS K MOTCHIMAIb-
HBIM BO3MOXHOCTIAM TOYHBIX (1)33OBI)IX na3epH1>1x
JTATBHOMEPOB, OOECreyrBasi OICHKY NaJIBHOCTH IO
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OJTHOMY 3OHIMPYIOIIEMY HWMIYIIbCY B YCIOBHSX
OBICTPO M3MEHSIONICHCs (OHOIENEBON OOCTAaHOBKH.
Pasperatonias cniocoOHOCTh JaIbHOMEpPA, OTIPeIes-
eMas JUIMTENBHOCThIO 30HAMPYIONIETO HWMITYIhCa,
TaKxe OyJIeT BBICOKOW: 10 1.5 M, MpH JUIUTEILHOCTH
30HIUpyronero uMmmnynsca 10 He, B omimame ot daso-
BBIX JTAJILHOMEPOB, TJie TpeOyeTCs MPOMOJDKUTETbHAS

MOJICBETKA 00BEKTa MOLYIMPOBAHHBIM [0 aMILTUTY/C
na3epHbIM u3nydeHueMm. Crienyer OTMETUTbh, YTO Ha
JATGHUX TUCTAHIHMAX peQpaKIIys JTa3epHOTO U3ITyde-
HUS B aTMOC(epe CKaKeTcsl Ha ero paboToCIoCOOHO-
CTH, MO3TOMY SHEPreTHUYECKUi pacueT JambHOMepa
MPOBOAWIICA JUIsi OONBIIMX BBICOT, TJIE dTa IOMEXa
BJIMSICT HE3HAYUTEIIBHO.

ABTOPCKUIA BK1A4,

T'o10BKOB B. A. — 3HepreTuueckue pacueTsl JaIbHOMEDA.
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Diagnostic Indicators of Electrocardiograms Based on Labview
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Abstract

Introduction. Cardiovascular disease occupies an important place throughout the world, which necessitates the
development of more effective modern means of diagnosis and treatment. The primary diagnosis of heart dis-
ease is based on analysis and processing of an electrocardiogram (ECG). Despite the fact that there are many
methods and algorithms for ECG analysis and processing, one of the urgent problems of cardiology remains to
obtain the most complete information about heart electric potential, respectively, the behavior of the waves P,
Q R SandT.

Aim. Development of algorithms and software for processing and analysis of electrocardiograms (ECGs), as well
as calculation of heart rate and detection of arrhythmias based on Labview.

Materials and methods. The methods for removing noise using the wavelet transform method to eliminate base-
line deviation, to extract ECG signs, to calculate heart rate and to detect arrhythmias based on Labview have been
adopted as a mathematical apparatus for processing and analyzing ECGs.

Results. Organizing of the ECG database, developing algorithms for converting the ECG file of the database into
a useful format for Labview, processing of the ECG signal with removing noise from the original ECG signal, ex-
tracting signs for obtaining ECG diagnostic indicators, calculating heart rate and detecting arrhythmias.
Conclusion. An analysis of the results demonstrates that systematic approaches to evaluating ECG signals allow
to avoid one-way decisions and to integrate different methods into an integrated system of ideas of the state.
The implementation of the proposed algorithms using Labview programming system ensures the removal of
noise and artifacts, the extraction of the necessary ECG signs, the calculation of heart contractions and the de-
tection of arrhythmias.

Keywords: electrocardiogram, processing, analysis, calculation, heart rate, heart rate variability, arrhythmia
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Introduction. Cardiovascular disease is the main  studied object of the human body, one or another meth-
killer that causes mortality worldwide [1, 2]. Significant  od or algorithm for analyzing biosignals can be chosen.
efforts have been directed towards the introduction of Biological signals carry information about the
various technologies for the diagnosis of heart disease,  physical manifestations of the physiological processes
allowing doctors to recognize earlier symptoms of heart ~ of a living organism, which can be measured and pre-
problems for further medical care. For this, an important ~ sented in a form convenient for processing using com-
place is occupied by research on the development of  puter technology [1]. As an example, we can deter-
methods and algorithms for the analysis and processing ~ mine the process of the heart and as a result of which
of biological signals. In accordance with the  electrical potentials appear on the surface of the body.
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This process of the heart is determined by a biological
signal called an electrocardiogram (ECG).

ECG system provides signals containing useful
information to doctors. Several cardiac arrhythmias
can be easily identified when anomalies in ECG sig-
nals are observed. As a rule, normal healthy ECG sig-
nals have waves P, Q, R, S and T with a standard value
measurement, and they may differ in terms of capabil-
ities or morphological signs of abnormal ECG signals
[3]. To improve the quality of diagnosis of heart dis-
ease at an early stage, it is necessary, in particular, to
increase the accuracy of ECG signal measurement and
its diagnostic parameters.

The parameters of a biological signal that change
in time in accordance with changes in physiological
processes in the human body are informative. In other
words, these parameters carry data on the change in
the state of the investigated object (patient) or process.
For biomedical signals, the informative parameters
may be amplitude or power, frequency (period), phase
(time shift). Processing of biomedical signals is car-
ried out in order to isolate informative signs in them
or to determine diagnostic indicators [2].

The classical approach to the analysis of heart rate
variability (HRV) includes statistical, correlation and
spectral processing methods, the basics of which were
given in the works of foreign and domestic authors [3,
4]. The traditional methods for the analysis of biomed-
ical signals listed above are based on the assumption
that the signal remains stationary within the analyzed
fragment. In practice, especially during the study of
functional indicators, the implementation of this rule
does not give the correct results. Therefore, in the
analysis of biomedical signals, the application of
mathematical processing methods that do not have
any specific requirements for the characteristics of
these signals is relevant.

The process of heart rhythm formation is deter-
mined by the interaction of the circulatory system with
numerous regulatory mechanisms, depending on the
state of the autonomic and central nervous systems,
hormonal, humoral and reflex processes. Moreover, in
this multi-level, hierarchical system, the current state
of the organism plays a decisive role. This system is
complex: the most obvious feature of it, like any bio-
logical object, is the ability to self-organize and man-
ifest dynamic properties. Based on the results obtained
in [5], we can say that the properties of the studied
object can be restored by measuring only one ob-
served signal.

Biological signals reflecting changes in functional
processes in the human body, in the cardiovascular
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system are continuous. To analyze the nonlinear prop-
erties of HRV, the Poincare section, cluster spectral
analysis, attractor graphs, singular decomposition,
Lyapunov exponent, Kolmogorov entropy and others
are used [3]. However, for short-term time series of
HRYV, obtaining statistically stable estimates of fractal
dimensions, Lyapunov exponents, and entropy en-
counters certain problems caused by the insufficient
length of the series and the noise level of the HRV sig-
nal [6]. Some authors have come to the conclusion that
the information encoded in the variability (R-R) of the
intervals cannot be fully estimated using only one
technique for the analysis of HRV. The presence of
specific fluctuations (R-R) intervals determines the
need to use different mathematical approaches to its
estimation [3, 6]. Currently, different approaches are
not considered as separate phenomena that did not
have a common theoretical base.

Methods. Systematic approaches to the estima-
tion of HRV signals make it possible to avoid one-
sided decisions and combine different methods into an
integrated system of ideas about the HRV signal as a
process containing a huge amount of heterogeneous
information about the nature of such a complex bio-
logical object as a living organism [7].

The first step in the study of the object is to obtain
the correct or accurate information about changes in
the physiological process of the patient in the form of
electrical signals that can be measured.

The next step is filtering and eliminating signal dis-
tortions (artifacts). For example, artifacts of the ECG sig-
nal can be caused by mechanical movements of the body,
network noise, and electromagnetic field pickups.

The third step is the detection of events in biomed-
ical signals and an analysis of their informational
characteristics, modeling of processes and systems
generating biomedical signals [8].

In general, the processing of biological signals can
be implied by a complex of algorithmic, hardware and
software. As a rule, this complex may contain special-
ized software for preliminary (or primary) signal pro-
cessing and special software for secondary signal pro-
cessing.

Pre-processing tools are designed to process the in-
itial biosignals, observed in the general case against
random noise and interference of various physical na-
ture and presented in the form of discrete digital sam-
ples, in order to detect and isolate a useful signal and
evaluate the characteristics of the detected signal. The
useful information obtained as a result of preliminary
processing enters the secondary processing system for
classification, archiving, system analysis, etc.

Diagnostic Indicators of Electrocardiograms Based on Labview
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Purpose of work is the development of algo-
rithms and software for processing and analysis of
ECG, as well as calculating heart rate and detecting
arrhythmias based on Labview.

To achieve this goal, we need an ECG database.
The database obtained from a medical institution con-
sists of ECG signals received in .dat and .atr files. Its
direct use for processing in the Labview system is im-
possible. By converting database files, new files are
created that can be read in Labview. Files created for
Labview consist of comma-separated values of the .txt
data type. For Labview, two files are created: one with
an ECG signal and one with a time signal. The time
signal is multiplied by 1000 before it is saved in the
.txt file and divided by 1000 in Labview after the file
is opened. This is to avoid rounding errors that occur
when opening files with floating point numbers. Since
the entire ECG signal consists of large numbers without
floating points, this is not required when saving the
ECG signal for Labview [9].

In general, a recorded ECG signal is often con-
taminated with noise and artifacts. These impurities
may be in the frequency band of interest and manifest
with characteristics similar to the ECG signal itself.
Thus, in order to extract useful information from noisy
ECG signals, we need to first process the raw ECG
signals. The algorithm begins with plotting the origi-
nal, noisy ECG signal (Fig. 1). This graph shows which
noises are present in the raw ECG signal.

Then, the stage of preliminary processing of the
ECG signal, i. e. will be detected removes or sup-
presses noise from the raw ECG signal. Among these
noises, noise in the power line and deviation from the
baseline are the most significant and can greatly affect
the analysis of the ECG signal. Other noises that can-
not be neglected are broadband and usually represent
a complex random process.

The interference in the power line is narrow-band
noise centered at 60 Hz (or 50 Hz) with a bandwidth
of less than 1 Hz. This comes from the use of electric-
ity at a specific frequency. Typically, equipment for
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Fig. 1. The original ECG signal with noise

receiving an ECG signal can eliminate power line
noise. If there is interference from the power line in
the raw ECG signal, this can be eliminated with a dig-
ital filter. Uzbekistan uses 50 Hz alternating current
electricity. To ensure that the correct frequency is re-
moved from the ECG signal, the frequency domain
must be plotted in Labview. As a result, we get a ran-
dom signal from the database, selected for use as an
example.

There is interference on the power line for the se-
lected specific signal from the 60 Hz database. There-
fore, we must use a filter to eliminate power line in-
terference at a frequency of 60 Hz for each signal. In
Labview, the classic Express filter design creates a
Butterworth bandpass filter as input to the DFD Filter-
ing VI. As a result, in Fig. 2 we get an enlarged version
of the plots made in Labview at 60 Hz.

Wandering around the baseline is another type of
significant noise that needs to be addressed. The main
causes of the basic walk are breathing, a change in the
resistance of the electrode due to sweating and in-
creased body movements. Thus, the elimination of
basic wandering can significantly improve the accu-
racy of clinical information [10].

There are two removal methods available to elim-
inate this type of noise. First of all, we can design a
high-pass digital filter [11] to eliminate the basic de-
viations. A Butterworth high-pass filter is a good
choice. Fig. 3 shows the result of this filter for an ECG
signal. In Labview, this filter is created in the VI Ex-
press Classical Filter Design Express and used as in-
put for the VI Filtering DFD.

Secondly, you can use the wavelet transform to
eliminate the deviation of the baseline, to eliminate
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Fig. 2. Power line noise elimination at 60 Hz
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After eliminating the deviation of the baseline (re-
moving the baseline wander), the resulting ECG sig-
nal is more stationary and explicit than the original
signal. However, as before, some other types of noise
can still affect the extraction of ECG signal signs.
Noise can be complex stochastic processes within a
broadband connection, so it cannot be eliminated with
traditional digital filters. Therefore, a high-pass filter
is proposed in Express-Classical Filter Design Ex-
press to remove the base walk (Fig. 5).

Moreover, using the wavelet transform approach.
Wavelet Denoise Express VI, which performs this task,
will achieve the removal of broadband noise (Fig. 6).

After pre-processing the raw ECG signal, we get a
useful ECG signal. You can now proceed to the feature
extraction step. This extracts diagnostic information
from the ECG signal. The most important feature of the
ECG signal is the R-peak. Detection of R-peaks and,
therefore, QRS (is a ventricular complex consisting of

Time(s)

Fig. 4. Elimination of the baseline walk by the wavelet
transform method

this trend in the ECG signal. At the same time, Lab-
view has a special building block that effectively re-
moves a specific subband from the wavelet transform
of the signal, and this is called WA Detrend VI. The
result of applying this block to the ECG signal is
shown in Fig. 4.

Moreover, the wavelet transform method gives a
better result than the digital filter method [12].

Q, R and S waves) complexes in the ECG signal can
provide a lot of information about heart rate, conduc-
tion speed, the state of tissues in the heart, and also
about various disorders [13, 14]. He provides evidence
for diagnosing heart disease. For this reason, he has at-
tracted considerable attention in the field of ECG signal
processing. However, the presence of noise and time-
varying morphology makes it difficult to detect the
QRS complex.

Labview has its own building block for detecting
peaks/valleys in signals. To determine the correct
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Fig. 6. Broadband noise removal

peaks and valleys, the user must change two variables
that differ from signal to signal. These variables are
peak/valley width and peak/valley threshold. This de-
termines the width in the number of samples of peaks
or valleys and the threshold that WA Multiscale Peak
Detection VI uses to deflect peaks or valleys of a cer-
tain size. A true boolean value indicates whether it
should remove the trend from the signal.

Fig. 7 shows the result of peak/trough detection
on the filtered ECG signal, which shows the detection
of R peaks.

After extracting the functions by detecting the
QRS complex, we can analyze the functions by other
methods. For example, we can perform an analysis of
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Fig. 8. Tachogram

HRYV for an ECG signal of the R-R interval to demon-
strate the condition of the heart and nervous system.
Heart rate variability is especially clearly visible on
the tachogram. The tachogram shows the differences
between the two subsequent peaks of R (Fig. 8). After
detecting the QRS complex, you can begin the analy-
sis of the ECG signal. This consists of calculating
heart rate and detecting abnormalities. The heart rate
is calculated by determining the number of peaks R and
dividing it by the recorded time [15-17].

Results. The paper proposes algorithms for pro-
cessing and analysis of ECG signals using the Lab-
view programming system. ECG processing algo-
rithms consists of: converting the database into an
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Fig. 7. Detection of peak and valleys: a — normal graph; b — detailed graph
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ECG into a useful ECG model; pre-processing con-
sisting in eliminating interference in the power line
and deviating the baseline using wavelet transform;
detecting a complex of QRS and R peaks to determine
heart rate variability and tachograms. ECG analysis
algorithms consist of: calculating cardiac contractions
and detecting arrhythmias.

Conclusion Signal processing begins by filtering
the noisy ECG signal. In Labview, the Butterworth fil-
ter filters out power line noise. Figure 2 shows the re-
sult of this simple filter. Because it’s convenient to
create filters in the VI Classical Filter Design in Lab-
view. Labview, uses predefined building blocks,
which allows the user to very easily perform opera-
tions with signals. But this gives the user less freedom,
and also makes the program very simple. For example,
the graphs in Labview are very simple; it is convenient
to create filters in the VI Classical Filter Design in
Labview thanks to specialized blocks. This is fol-
lowed by a basic removal of walks. This is done by
two methods: a high-pass filter or a wavelet transform.
The results show that, according to this method, the
resulting ECG signals contain little basic information

about the walk, but retain the main characteristics of
the original ECG signal. Moreover, the method based
on the wavelet transform is better, because this ap-
proach does not introduce delay and less distortion
than the method based on the digital filter. The digital
filter significantly changes the waveform of P, Q, S
and T. This distortion occurs in Labview, as can be
seen in Fig. 4. The magnitude and phase response of
the high-pass filter and the amplitude response in Lab-
view can be seen in Fig. 5. Due to the VI Classical
Filter Design in Labview, filter design was easier and
more convenient in Labview.

An ECG signal analysis was performed on the
processed signal, i. e. QRS complex detection. and R.
peaks. Heart rate variability can be extracted from this
and can be plotted in a tachogram. The calculation of
heart rate and detection of arrhythmias was made. The
average heart rate is displayed in the panel command
window in Labview.

As a result, we can say that Labview is the best
programming system for performing filtering and pre-
processing, as well as for calculating heartbeats and
detecting arrhythmias.
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Pykomuch He MOXKET OBITh OMYONIMKOBaHA, €CIIM OHA HE COOTBETCTBYET IMPEABIBIICMBIM TPEOOBAHUAM U MaTepHAIaM,
MIpEACTaBISIEMbIM C HEll.

CTpyKTypa Hay4YHOH CTaThH
ABTOpaM pPEeKOMEHAYETCs IPUAEPKUBATHCS CIEAYIOIEH CTPYKTYPBI CTAaThH:

¢ 3aroyIoBOYHAs YacTh:
— V]IK (BbIpaBHUBaHHKE TI0 JIEBOMY Kpalo);
— Ha3BaHUE CTaThHy;

— aBTOpHI (IepedeHb aBTopoB — @. WM. O. aBTOpa (-0B) MOTHOCTHIO. MIHHUIIHAIEI CTAaBATCS Tepel (haMIITHIMHA,
Mociie KaXJIO0TO0 WHHIHANa TOYKa M MpoOei; WHHUIHAIBEI HE OTphIBaoTCsA OT (pammmmu. Ecnu aBropoB
Heckouibko — @. W. O. pa3fensroTcs 3amsiTbIMK), €CJIA aBTOPOB 0oJbliie 3, HEOOXOAMMO B KOHIIE CTaThU
yKa3aTh BKJIAJ KaKJOTO B HAIINICAHUE CTAThH;

— MECTO PabOTHl KaXJOTO aBTOpa W IOYTOBHIN ajapec opraHu3anud. Ecnm aBTOpBI OTHOCATCS K Pa3sHBIM
OpraHu3aIsIM, TO IOCJE YyKa3aHHWS BCEX aBTOPOB, OTHOCSIIMXCS K OIHOM OpraHM3alliy, JaeTcs ee
HaNMEHOBaHHUE, a 3aTeM CIHCOK aBTOPOB, OTHOCSIIUXCS KO BTOPOM OpraHM3allii, HANMEHOBAHHE BTOPOH
OpTaHM3aINH, U T. 1.}

— anHoTarust — 200-250 c10B, XapaKTepU3yIOLINX COAEPKaHUE CTAaThH;

— KIIIOYEBLIE CIIOBA — 5—7 CJIOB W/WIIH CHOBOCO‘IeTaHHﬁ, OTpaXaIMUX COACPIKAHUC CTATbH, PA3ZACICHHBIX
3aIIATBIMU; B KOHIIC CITMCKA TOYKAa HEC CTaBUTCS,

— UCTOYHHK (I)I/IHaHCI/IpOBaHI/IH — YKa3bIBarOTCA UCTOUYHUKH (1)I/IHaHCI/IpOBaHI/I$I (l"paHTBI, COBMECTHBIC ITPOCKTHI
uT. H.). He CJICAYCT UCIOJIb30BaTh COKPALICHHBIC HA3BAHUSI MHCTUTYTOB U CIIOHCUPYIOIINUX OpFaHHSaHHﬁ;

- 6HaFOZ[apHOCTI/I. B nannom pa3aeii€ BeIpaXacTCd NPU3HATCIbHOCTH KOJIJIETaM, KOTOPBIC OKa3bIBaJIM ITOMOIIb
B BBIIIOJIHEHUHN UCCJICAOBAHUA WJIW BBICKA3bIBAJIN KPUTHUYCCKHUC 3aMCUYaHUA B aJpe€C CTaTbU. Hpexc):[e 4yeM
BbIPAa3UThb 6J'Ial"0£[apHOCTB, H€O6XO,I[I/IMO 3apYUUTHCH COITIACUECM TEX, KOI'O IJIAHUPYCTE HO6J'IaFO,I[apI/ITB;

— KOH(i)J'[I/IKT HHTEPECOB — aBTOPbI ACKIAPHUPYIOT OTCYTCTBUE ABHBIX W TOTCHIMAJIBHBIX KOHq)J'[I/IKTOB
HMHTEPECOB, CBSI3aHHBIX C MMyOIHKaluel HacTosmel craTeu. HanpuMep, « ABTOPBI 3asBISIOT 00 OTCYTCTBUU
KoH(UIMKTAa WHTEpecoB». Ecin KOHQIIMKT WHTEPECOB BO3MOXEH, TO HEOOXOIMMO TOSCHEHHE (CM.
https://publicationethics.org).

o 3aroyioBoYHas 4aCTh HA AHIVIMICKOM SI3BIKE:

— nazBanue (Title);
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— aBropsl (Authors);

— Mecto pabothl kaxnaoro aBropa (Affiliation). HeoOxoqumo ybennTbess B KOPPEKTHOM (COIVIACHO YCTaBY
OpraHM3allii) HaIMCaHUW ee Ha3BaHHs Ha aHIIMHCKOM s3bike. [lepeBon Ha3BaHUsS BO3MOXKEH JIMIIb MPH
OTCYTCTBUH aHIVIOSI3bIYHOTO HA3BaHUA B ycTaBe. ECIIM aBTOPEI OTHOCSATCS K pa3HBIM OpraHHU3ALHUSM, TO ITOCIIE
yKa3aHHUs BCEX aBTOPOB, OTHOCSAIINXCS K OTHON OpPTraHU3aLiH1, aeTCs e¢ HAMMEHOBAaHHE, 3aTeM ITPUBOIUTCS
CIIMCOK aBTOPOB, OTHOCSIIMXCS KO BTOPOI OpraHU3allii, HAMMEHOBAaHKUE BTOPOM OpraHMU3alliy, U T. 11.;

— agHoTarus (Abstract);
— xmoueBkie cioBa (Keywords);
— UCTOYHMK (rHaHcupoBanus (Acknowledgements);
— xoHmukT nHTEepecoB (Conflict of interest).
e Tekcr crarbu.
o [IpunoxeHus (Ipu HATUYUN).
e  Apropckuii Bknajn. Eciu aBTopoB 6onbiie 3, He0OXOMMMO yKa3aTh BKJIa | KaXJI0TO B HAITMCAHUE CTAThH.
e  Crucok nureparypsl (Onbnmorpaduaeckuii CIIHCOK);

e Uudopmamus 06 aBTOpax.

Ha3Banue cTaTbH J0DKHO OBITH MH(GOPMATUBHBIM, C HCIIOJIb30BAaHUEM OCHOBHBIX TEPMHHOB, XapaKTEPHU3YHOLIHX
TEMY CTaTbU, U YETKO OTPaXKaTh €€ COJep)KaHHe B HECKOJBKHX CJIOBaX. XOpouio copMyaHpOBaHHOE Ha3BaHUE —
rapaHTHs TOTO, YTO PaboTa MPHBJIEUET YUTATENbCKUI MHTepec. ClelyeT MOMHHTh, YTO Ha3BaHHE pabOoThl IPOUTYT
ropaso OOJNbIIIE JTFOACH, 9eM ee OCHOBHYIO YacCTh.

ABTOpPCTBO U MECTO B IEpPEYHE aBTOPOB OIpPEENAeTCs JOTOBOPEHHOCTBIO nocieaHux. IIpu mpuMepHo paBHOM
ABTOPCKOM BKJIaJle PEKOMEHyeTCs ali(paBUTHBIN TTOPSAOK.

AHHOTaIUsI IPEICTABISET CO00I KpaTKoe ONMCAHUE COACPIKAHUS M3JIOKEHHOro Tekcra. OHa JO/DKHA OTpa)kaTh
aKTyaJbHOCTb, IOCTAaHOBKY 3aJlaud, IIyTH €€ peuleHus, (aKTUYECKU IOJy4YCHHbIE pPE3YIbTaThl M BBIBOJBI.
CozeprkaHue aHHOTAIMK PEKOMEH/IyeTCs PEICTABUTh B CTPYKTYPUPOBAHHON (opMme:

Brenenne. [IpuBonuTcs o01iee OMUCaHNE UCCICTyEMOU 00IaCTH, SBJICHUA. AHHOTAIIMIO HE CICNyeT HAYMHATh
cnoBamu «CTaThsi TOCBsMIEHA...», «llenms HacTosfmed cTaThH...», TaK Kak BHa4dajle HaJ0 II0Ka3aTh
HEOOXOIMMOCTh JaHHOI'O HCCJIEJOBaHUS B CHIIy Npo0ejia B HAyYHOM 3HaHHHM, IOYEMY M 3a4eM HPOBELEHO
uccie0Banne (OMUcaTh KPaTko).

Hean pa6Gorbl. IlocranoBka menu wucciegaoBanus (Ieb MOXET ObITh 3aMEHEHA THUIOTE30W WU
UCCJIE0BATENbCKUMH BOTIPOCAMH).

Marepuaabl U MeToabl. O003HaYEHHE MCTIONB3YEMON METOAOIOTHH, METOJIOB, MPOLEAYPHI, TAe, KaK, KOoTaa
MIPOBEACHO UCCIEAOBaHUE U TIP.

PesyabTarbl. OCHOBHBIE pe3yNIbTaThl (PUBOMATCS KPATKO C YIOPOM Ha CaMble 3HAUUMBIE W MPUBJICKATEIbHBIE
JUTSL YUTATENIs/HAyIHOTO COOOIIECTRA).

Obcy:xnenne (3axiawuenue). ConocrapieHne ¢ IPyrUMH UCCIIEIOBAHUSIMY, ONTMCAHKE BKJIaJa UCCIIEA0BaHMUS
B HayKy.

B annoTamuu He CJICAYET YINOMHHATHL HCTOYHUKU, HUCIIOJIB30BAHHBIC B pa60Te, MEPECKA3bIBATh COJACPIKAHUC
OTACJIbHBIX pa3ACyIOB.

HpI/I HallMCaHWH aHHOTalluH HCO6XOI[I/IMO CO6J'IIO,Z[aTB 0COOBIA CTUIIL M3JIOXKEHHUS: U30erarh JJIMHHBIX W CJIOXXKHBIX
HpGHHOKCHHﬁ, BbIPA’KaTb MBIC/IM MAaKCUMAJIbHO KPATKO WU YCTKO. CocTaBIsITh MPEAJIOKECHNS TOJIBKO B HACTOSALICM
BPEMEHHU U TOJIBKO OT TPETHETO JIMIA.

Pexomenyemsrit 00bem anHOTarmu — 200-250 cios.

KaioueBbie ciioBa — HabOp CJIOB, OTpaXKalOUIMX COAEP)KaHWE TEKCTa B TEPMHHAX OOBEKTa, HAydHOH OTpaciu U
METO/IOB HCCIIOBaHUA. PexkoMeHIyeMoe KOJIMYECTBO KIIIOUEBBIX CIOB/()pa3 — 5-7, KOJIMYECTBO CJIOB BHYTPH
KITFOUeBOH (passl — HE Oosree 3.
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TekeT cTaThH U3MaraeTcs B OMNPEACICHHOW MOCICIOBATCILHOCTH. PexoMeHayeTcs mpuaepxkuBaThes (opmara
IMRAD (Introduction, Methods, Results, Discussion; Beenenue, Metonsi, Pe3ynsratsl, O0CyxacHue):

Beenenne. Bo BBeieHNN aBTOp 3HAKOMHT C MPEIMETOM, 337a4aMH M COCTOSHHEM HCCIIEJOBaHMI M0 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 TekcTe MoryT ObITH IPUMEHEHBI CHOCKH, KOTOpPBIE HyMepyIoTcst 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 UCCIICNOBAHNA uenec006pa:sH0 OIMCBIBATH B TOM CJIy4dac, €CJIM OHNU OTIIMYAr0TC HOBH3HOI.

Hayunas craTest 10JKHA 0TOOpaXkaTh HE TONBKO BHIOPAHHBIN MHCTPYMEHTAPUH U MOIYYEHHbIC PE3yNbTaThl, HO U
JIOTHKY CaMOTO HCCIEAOBAHUS WIHM 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 JIAroTCsl B pazaene «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 mokaszaTh, YTO CTaThs pellaeT HaydHYIO
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 guteparypsbl (Oubnuorpadguyeckuii CUCOK) COACPKUT CBEACHHS O LIUTUPYEMOM, PaCCMaTpUBACMOM HJIH
YIIOMHHAeMOM B TEKCTE€ CTaTbdl JIMTEPaTypHOM MHCTOYHHKE. B CIHCOK JIMTEpaTypsl BKIFOYAIOTCS TOJIBKO
peneH3upyeMble HCTOUHHUKH (CTaTh U3 HAYYHBIX XKYPHAJIOB U MOHOTpadun).

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 aHIVIOS3BIYHBIX 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 onmceiBaeMas myonukaiius umeeT nudposoit unentuduxarop Digital Object Identifier (DOI), ero HeoOxoauM0
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 .

HexenatenpHBI CCBUTKM Ha HCTOYHUKH Ooree 10—15-nmeTHel maBHOCTH, MPUBETCTBYIOTCS CCHUIKH HA COBPEMEHHBIE
HCTOYHUKH, UMeroIne uaeHTudukarop doi.

3a DOCTOBEPHOCTH M NPaBHIBHOCTH O(GOPMIIEHHS HPEICTABIIEMbIX OMONMMOrpadMIecKUX NaHHBIX aBTOPHI HECYT
OTBETCTBEHHOCTH BIUIOTH JI0 OTKa3a B IpaBe Ha MyOIHMKALHIO.

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 HUCCICAOBAHHN. 3apyOe:KHbIE CIICIUAIUCTHI 0 aHHOTAINH
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 HarmMcaHUy aHHOTAIUH PEKOMEH/TyeTCsl CIIOIb30BaTh
Pr Present Perfect Tense s P 7|
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Cnucox gutepatypbl (References) st 3apyOekHBIX 0a3 MaHHBIX MPUBOIUTCS MOJHOCTHIO OTACIBHBIM OJIOKOM,
TIOBTOPSIS CIIMCOK JINTEPATYPhI K PYCCKOS3BITHOM dacTh. Eciii B CIiFicKe TUTEpaTyphl €CTh CCHUIKM HA HHOCTPAHHBIC
yOJIMKAIMK, TO OHHU IIOJHOCTBIO MOBTOPSIIOTCS B CIIMCKE, TOTOBsIIEMCsl B pomaHckoM andasure. B References
COBEPIIICHHO 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! omucanus B References npuBenens! Ha caiite xxypHaia https://re.eltech.ru .

Caenenus 00 aBTopax

Bxumroyaror i1 Kaxa0ro aBTopa (haMUIIMIo, UMsI, OTYECTBO (TIOJHOCTBHIO), YUCHYIO MJIM aKaJleMHYECKYI0 CTEleHb,
ydeHoe 3BaHMe (C JaTaMy MPUCBOCHUS U NPUCYKACHHS), TOYETHBIC 3BaHUS (C AaTaMU [IPUCBOCHHS M IPUCYKICHHS),
KpaTKylo HayyHylo Ouorpaduro, KOJIMIeCTBO MeyaTHbIX paboT u chepy HaydHBIX HHTEpecoB (He Oonee 5—6 CTPOK),
Ha3BaHME OPTaHW3aLNH, TOJDKHOCTD, CITY)KCOHBIA U JOMAITHIH ajpeca, CIIy)KeOHBIH U JOMaITHAN TereOHbI, axpec
AIIEKTPOHHOM MOUTH. Ecim yYeHBIX W/WiIHM akaZeMHYeCKHX CTENeHeW W 3BaHUH HET, TO CIeqyeT yKa3aThb MeCTO
MONMYyYCHHSI BBICIIETO OOpAa30BaHUs, TOJ OKOHYAHHWS By3a M CIEHNHAIbHOCTh. Tarke TpeOyeTcss BKIIOYAThH
napeHTHuKannonHed HoMmep wuccaenoBatenss ORCID (Open Researcher and Contributor ID), KoTopsrii
otoOpakaeTcs Kak aapec Buaa http://orcid.org/xxxx-Xxxx-XXXx-xXxX. [Ipy 3ToM BakHO, YTOOBI KaOMHET aBTOpa B
ORCID 6511 3aronHeH HH(OpMAIHei 00 aBTope, IMeNl HEOOXOIMMBIE CBEICHNUS O €T0 00pa30BaHMH, Kapbepe, Ipyrue
ctatbu. BapuaHT «Het obuienoctynHoi unpopmanuu» npu odpamenun k ORCID He momyckaercs. B cBeneHusx
CleIyeT yKa3aTh aBTOpa, OTBETCTBEHHOTO 3a IPOXOXKACHUE CTAaThU 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, IpaBoe 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 o0beMe — oopMIIITH B BHIE NPHIOKEHUsT K crarbe. CChUIKM Ha (OPMYNBl M TaOIMIBI JAalOTCS B
KPYIVIBIX CKOOKAX, CCBIIKM Ha MCIIOIb30BAaHHBIE HCTOUYHUKY (JINTEpaTypy) — B KBaJPATHBIX MPAMBIX.

Bce cBemeHmss wW Tekct craThu  HaOmparorcst rapHuTypoit "Times New Roman"; pasmep mpudta
10.5 pt; BeIpaBHHBaHHE IO ImUpHHE; ab3amHbBId oTcTym 0.6 cM; MEXCTpouHBIH MHTepBan "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 HANIPABJICHHUIl JKypHaJia
Temarrka )KypHajia COOTBETCTBYET IPYIIIaM CIICHHAIbHOCTEH HaAYYHBIX pa0OOTHHUKOB:

e 05.12.00 — "Pammorexumnka u cBsa3p" (05.12.04 — PagmorexHuka, B TOM YHCIE CHCTEMBI M YCTpPOMCTBa
teneBuaeHus, 05.12.07 — Anrennsl, CBY-ycTpoiictBa u ux texnonorud, 05.12.13 — Cucremsl, ceTu u
yCcTpoiicTBa TenekoMMyHUKawid, 05.12.14 Pagnonokanus v paJroHaBUTaIIHsA);

e 05.27.00 — "Dmextponuka" (05.27.01 — TBepHmoTenbHAS 3ICKTPOHUKA, PATUOIICKTPOHHBIC KOMIIOHEHTEI,
MHUKpPO- ¥ HAHOJIEKTPOHHUKA Ha KBaHTOBBIX 3 dexrax, 05.27.02 — BakyymHas U 11a3MeHHast 2J1eKTPOHUKA,
05.27.03 — KsantoBas anexrponuka, 05.27.06 — Texnomorus u oOOpyZOBaHHE MaJIs IMPOU3BOJCTBA
MOJIYIIPOBOJAHUKOB, MaTepHajoB U IPUOOPOB 3JIEKTPOHHON TEXHUKH);

e 05.11.00 — "IIpubopocTpoeHue, MeTposIoTHs U HHOPMAILIMOHHO-U3MEPHUTEINIbHBIE IIPUOOPHI U CHCTEMBI" B
penmakiun npukaza BAK ot 10.01.2012 Ne 5 (05.11.01 — Ilpubopsl m 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 KoMIutekesl, 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 npudopocrpoerusi, 05.11.15 — Metponorust u MeTponormdeckoe obdecreuenue, 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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U3Bectus By30B Poccun. Pagnodmrekrponnka. 2020. T. 23, Ne 2. C. 89-93
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 2, pp. 89-93

Vka3zaHHEIE CIICHUAJIBHOCTH MPEACTABJIAIOTCA B JKYPHAJIC CICAYIOIUMU OCHOBHBIMU py6p1/1KaM1/I:

"PagnoTeXHNKA U CBSI3h'":

Pagnorexandeckue cpeAcTBa Nepenadn, mpuemMa u 00paboTKN CHTHAJIOB.
[TpoexTupoBaHye 1 TEXHOIOTHS PaANONICKTPOHHBIX CPEICTB.
TeneBunenue u 06padoTka n300paKeHUH.

OneKTpoANHAMUKA, MUKPOBOIHOBASI TEXHUKA, AHTCHHBI.

CHCTEeMBI, CeTH U YCTPOWCTBA TEIEKOMMYHHUKAITHH.

Panuonoxanus u paguoHaBUramus.

"DnexTpoHuKa':

Mukpo- 1 HAaHO3JIEKTPOHHKA.

KBanToBas, TBEpHOTENbHAS, IITA3MEHHAS U BAKYYMHas! 3JIEKTPOHUKA.
Pagmodoronuxa.

Onexrponuka CBY.

"ITpubopocTpoenue, METPOIOTrus U HHPOPMAMOHHO-N3MEPHUTEIIFHBIE IPUOOPHI M CHCTEMBI':

e  [Ipubopsl 1 CUCTEMBI U3MEPEHUS HA OCHOBE aKyCTUYECKUX, ONTHYECKUX U PAIHOBOIIH.
e  Merposnorus 1 HUHGOPMAOHHO-U3MEPHUTENBHBIE TPUOOPHI U CUCTEMBI.
e  [IpuOopsl MEAUIIMHCKOTO Ha3HAYECHUS, KOHTPOJIS CPEIBI, BEIECTB, MAaTEPHAIIOB U MU3/ICIHUIL.

Anpec penakunuonno#t komuteruu: 197376, Cankr-IlerepOypr, yn. Ilpod. Ilomosa, 5, CIIGIDTY "JIDTH",
penakius xypHana "V3BecTus BRICIINX yueOHBIX 3aBeneHuit Poccuu. Paguosnekrponuka"

TexHUYECKHE BOMPOCH MOKHO BBISCHUTH 10 aapecy radioelectronic@yandex.ru
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