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SNEKTPOHUKA. PAOUNOTEXHUKA

NMPUMEHEHUE ONTUYECKOIO BOJIOKHA B KAYECTBE
JINHUU NEPEAAYU AHAJIUSUPYEMOTO U3JTYHYEHUS
B CUCTEMAX ANCTAHLMOHHOM ONTUYECKON
CMEKTPOCKONUM

Bectyrun AnekcaHap PoanbpoBu, DOI: 10.36724/2072-8735-2023-17-12-4-14
Cankm-Tlemepbypackuti 20cydapcmeeHHblil yHU8epcumem

aspokocmuyeckozo npubopocmpoerus (I'YAIT), Manuscript received 12 October 2023;

2. Cankm-Temepbype, Poccus, fresguap@mail.ru Accepted 20 November 2023
Baranoe Muxaun AHFKcaHAPOBMH, B Pa6oma ebinonHeHna npu ¢puHaHcosoii noddeprkke MuHucmepcmea
CaHKm-I'lemep6yPZCKuu ZOCyaGPCmSGHHblU yHusepcumem HayKu u ebicwezo o6pazoeaHus Poccutickot ®edepauuu, coznaweHue
a3pOKOCMUYECKO20 nPU6OPOCmPOCHUﬂ (,’yAn), Ne FSRF-2023-0003, "®yHdameHmanbHblie OcHOSb! nocmpoefmn

. NOMEXO03aULULLEHHBIX CUCMEM KOCMUYeCKOU U CNymHUKOo8ol ces3u,
2. Cankm-Tlemepbype, Poccus, ma.vaganov@gmail.com omH Hol LUL, MeXHU4ecK020 3peHus U

as3poKOCMUYECKO20 MOHUMOpuUH2a'.
Kazakos Bacunuit UsaHoBuy,
CaHKm_nemep6yPZCKua zocyaapcmseHHb’a yHueePcumem Knio4yeebie cnosa: 0NnmuKa, cnekmpockonus, onmu4eckoe
a3pOKOCMUYECKO20 npu6opocmpoeHuﬂ (fyAI_I), 80J10KHO, aNnapamHas ¢pyHKuUs cnekmpanbHo2o npubopa,

. cucmemsl KoHMpona, uppakuuoHHAA pewemka,
2. Cankm-Temepbype, Poccus, kvi@guap.ru sHepzemuveckue nomepu

Pa6oTa noceALleHa uccnei0BaHUIO 0COBEHHOCTElH NPUMEHEHUA BOIOKOHHO-ONTUYECKON CUCTEMBI Nepe-
Aaun (BOCIT) aHanu3uMpyeMbIX CUrHaslioB B CUCTEMaX AUCTAHLMOHHOW OMNTUHYECKOW CMEKTPOCKOMUM.
Llenbio nccnepoeanua asnanace paspaboTka MaTeMaTUUECKMX MoAenel U METOAMK pacyeTa UCKaXKeHUMn
M dHepreTMYeckux NoTepb, BO3HMKAIOLLMUX NPU Nepefjaye ONTUUECKUX CUTHAIOB MO BOJNIOKHY, MMH30BOMY
6noky BBoAa M3ny4yeHus u cucteMe cornacosaHna BOCIT ¢ BxoaHoi anepTtypoit cnektpanbHoro npu6o-
pa. Ha ocHoBe npuMeHeHUA MeTOA0B reoMeTpuieckoi n pusn4eckoi ONTUKK BbINONHeH aHanus 3¢ cek-
TUBHOCTU BBO/a U3NTyYeHua B BONIOKHO. MonyyeHa aHepro-4acToTHasA XxapakTepucTuKa ontuyeckoro 6no-
Ka C KOPOTKO(POKYCHOM BXOAHOW NUH30M ANA BBOJA U3Ny4€EHMUA B ONTUYECKOE BOJIOKHO, YTO NO3BONAET
OCYLLLeCTBNIATL NOAGOP COOTBETCTBYIOWMX ONTUYECKUX dNieMeHTOB. MpoBeaeHo uccneposanne nckaxe-
HUIA annapaTtHo# (PYHKLUMM CreKTpanbHOro npubopa Npu NpUMEHEHUU ONTUYECKOTO BOJIOKHA AJifAl ONTHU-
4YeCcKoro cnekTpanbHoro npubopa c AucpakUMoHHON pelueTKoi. Ha ocHoBe BLINONHEHHOrO KOMMbIOTEP-
HOro MOJleNIMPOBaHMA NoJTyYeHa OLleHKa YLUMPEHUA annapaTHo#i OyHKLMK CrieKTpanbHoro npubopa c an-
hpaKUMOHHON peLLETKON NPYU UCMOJNIb30BAaHUU OAHOMOAOBOIO U MHOTOMOJIOBOTO ONTUYECKUX BOJIOKOH.
WccneposaHbl aHepreTuieckue noTepyu onTM4ECKoro usny4eHus B cucteme cornacosatua BOCH c exop-
HOM anepTypow cnekTpanbHoro npubopa: npeanoxeHa MaTeMaTu4eckas MoZieNlb U Ha ee OCHOBE paccuu-
TaHbl BEJIMYMHBI dHepreTuyeckux notepb. lpeanoxkeHHasa MaremaTMueckas Mopenb MO3BONAET Mpu
3a/laHHbIX BXOAHbIX NapaMeTpax CMeKTpasiibHOro Npuéopa ocyLecTBAATb pacyeTbl MapaMeTpoB ONTUYe-
CKMX 3NIEMEHTOB ANA MMHUMM3aLMKU dHepreTuieckux nortepb. PaspabotaHHble MeToaMKM pacyeTa, npea-
NoXXeHHble MaTeMaTMYeckue MOJieNu U pesynbTaTbl KOMMbIOTEPHOrO MOAENUPOBaHUA MOTYT GbITb NpuMe-
HeHbI U UCMOJb30BaHbl NpU pa3paboTke U pacyeTe CUCTEM AUCTAHLIMOHHOWM ONTUYECKON CMEKTPOCKONUMN
ANA KOHTponsa ¢usnyeckux, pUsnKo-XMMUHECKNUX U TEXHONOTUYECKUX NMPOLIECCOB.
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BBenenue

MeTob! ONTHYECKOH CIEKTPOCKOIMU HaXOAST IIUPOKOE MPU-
MEHEHHE B CaMbIX Pa3JIMYHBIX 001ACTSIX (HU3MKU, HAYKH U TeX-
Huk [1, 2]. OnHOM M3 HanboIee BXKHBIX 00JIACTEH IPUMEHECHUS
SIBJISIETCSI MCTIONIb30BAHHUE CIIEKTPOCKOITMYECKMX METO/IOB U arlra-
patypsl B 3a7a4ax KOHTPOJISi PU3NYECKUX, (PU3NKO-XNUMHUECKUX
1 TEXHOJIOTHIECKUX TPOIIeccoB [3-6]. DTo 00yCIIOBICHO TEM, U4TO
OTNITHYECKOE N3ITyYeHHE HECET B ceOe 3a4acTyro HCUEpPIIBIBAIOIIEE
KOJIMYECTBO MH(OPMALIMK O COCTOSHUH KOHTPOJIMPYEMOTO IpO-
necca. Emne ogHUM JTOCTOMHCTBOM CHEKTPOCKOITMYECKHX METO-
JIOB B 3a/1a4ax KOHTPOJIS SIBISIETCSI BHICOKOE OBICTPOJCHCTBHE U
CKOPOCTb IIPOBEJIEHUS MIPOLEAYPhl KOHTPOJIs. Bpems nonydenus
pe3yibpTaTa OIpeneNnsercs, Mo CyTH, OBICTPOAEHCTBHEM peru-
CTPUPYIOIIECTO (POTOMPUEMHOIO YCTPOMCTBA M BPEMEHEM HHTE-
IpUPOBaHUs (HAKOIUIEHHS), KOTOPOE OOBIYHO COCTaBIISIET He-
CKOJIBKO JIECSITKOB MUKPOCEKYH/I.

Bwmecre ¢ Tem, cieayer oTMETUTb, YTO NPOTEKaHUe (U3MUe-
CKHUX, PU3UKO-XMMHYECKHX M TEXHOJIOTHYECKHX ITPOIIECCOB YaCTO
MIPOMCXOJIUT B SKCTPEMAIBHBIX U HEOJIArONPUSATHBIX sl paboThI
CIEKTPAIBHOTO NMPHOOpa yCcIOBUsIX. Peub UET 0 BEICOKOH TeMIIe-
paType, BIaXHOCTH, BO3JEHCTBUM arpecCUBHOM XMMHMYECKOM
Cpenbl, MEXaHN4YeCKNX BHOpamusx u T.I. s pemeHus 3amad
KOHTPOJISI TAKHX MTPOIIECCOB IIUPOKOE MPUMEHEHHE MOTydHII Me-
TOJ JUCTAHIIMOHHOW ONTHYECKON CHEKTPOCKOIMHUH. DTOT METOJ
MO3BOJIAET YHAIUTh CIIEKTPalbHBIA NPHOOpP Ha OIpeesIeHHOe
paccTosiHME C LeTIbI0 MUHUMHU3ALUI HETaTUBHBIX BO3/IEHCTBHM, a
aHAJIM3UpPyeMOe H3IIydeHHe OT KOHTPOJIMPYEMOro mpolrecca Ie-
penaTth ¢ MOMOIIBIO ONTHYECKONW CUCTEMBI C TPUMEHEHHEM OTITH-
YEeCKOro BOJIOKHA. B 3TOM ciyuyae BO3JEHCTBHE arpecCHBHBIX
YCIIOBUIT IPUXOJUTCS TOJIBKO Ha DJIEMEHTHI BXO/IHOM ONTHYECKOH
CUCTEMBI: BXOJIHYIO JIMH3Y U TOPELl ONTUYECKOTO BOJIOKHA, KOTO-
pBbIe JOJDKHBI OBITH YCTOMYHMBEI K TAKMM BO3JICHCTBHSM.

K gmcny Hanbosee mMpoOKO NPUMEHSIEMBIX CIIEKTPOMETPOB €
BOJIOKOHHO-ONITHYECKUM BXOOM CJIEAYET OTHECTH AU(PPAKIIHOH-
HbIE TIPHOOPBI, TAE€ B KAUECTBE AUCIIEPTUPYIOIIEro 3JIEMEHTa HC-
MoJb3yeTcs AU(PaKIHOHHAs perieTka. Takue ClIeKTpOMETPHI BbI-
myckaroTesl Kak B Poccum, HampuMep, ABecTa, Tak U 3apyOex-
HeiMu koMnanusiMu (Oceanlnsight Inc, Avantes). TiiatenbHblii
aHaJIM3 PEKJIAMHBIX JaHHBIX TAKUX NPUOOPOB M HAYYHBIX CTATEH,
TMOCBAMICHHBIX UX MPUMEHCHUIO, a TAKXKC CO6CTB€HHBIﬁ OIIBIT pa-
0OTBI IIOKa3aJ1, YTO UCIIOJIL30BAHUE ITHUX NPUOOPOB B ONTHYECKUX
cUCTeMax KOHTPOJISI M IMarHOCTHKY BBI3BIBAET PSIJ| TPOOIEM.

[1epBas npoGiiema cBsi3aHa C TEM, YTO CIIEKTPOMETP KOMILIEK-
TyeTrcst HabopoM AM(PAKIUOHHBIX PENIETOK C ONpeJIeICHHBIMU
napaMeTpamMH I10JI KOHKPETHBIH aHaIM3upyeMblid nuama3oH. C
y4eToM crenu(UKN MPUMEHEHHs] ONTHYECKUX CIIEKTPOMETPOB B
3aadax KOHTPOJIS TaKOE TEXHWYECKOE PEIICHHE HE IO3BOJIET
o0ecreuuTh TpeOyeMyI0 BBICOKYIO Pa3pemIalolIyl0 CIIOCOOHOCTD
BO BCEM Juamna3oHe. /st n3aMeHeHHs CIIEKTPAIbHOTO pa3peIieHHs
WA aHAIM3UPYEMOTo AHana3oHa TpedyeTcs 3aMeHa Au(paxiiv-
OHHOH PEIIETKH, IPUYEM 3Ta MPOLELypa OCYIIECTBISIETCS TOIBKO
MIPOM3BOIUTEIIEM U TPeOyeT NOBTOPHON KATMOPOBKH, HACTPOMKH
1 IOCTHPOBKHU. Bce 3T0 cyliecTBeHHO OrpaHUYMBAaEeT IPUMEHEHNE
T (paKIMOHHBIX CIEKTPOMETPOB B 33[a4aX KOHTPOJISI M CHU)KAET
THOKOCTH U aJJalITHBHOCTh METO/1a ONTHYECKON CIIEKTPOCKOITHH.

Jpyras npobieMa npuMeHeHHs: TU(PAKIUOHHBIX CHEKTPO-
METpOB 00yCIIOBIICHa HEOOXOIMMOCTBIO HHIMBH Ty JIbHOH pa3pa-
6otk BOCII oz kaxtyro 3agady KoHTpoist. KomMepdecku y1o0-
CTYNHBIE  CIIEKTPOMETPHl ~HE  II03BOJSIIOT  aJalTHPOBAaTh
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ONTHUYECKYI0 CXEMy M IpOrpaMMHOE oOecreucHHe 00pabdoTKU
oJ] KaKayro 3a1ady. Mcexoas u3 9Toro menecooOpa3HbIM SIBIIS-
eTcst pa3paboTka BCeil CIIEKTPOCKOIIMYECKON CHCTEMBI KOHTPOJIS
¢ BOCII u camum cieKTpOMETPOM B €IMHOM MOAYJIBHOM UCIOJ-
HEHUH 110]] KOHKPETHYIO 337a1y KOHTPOJIS.

[Ipn mcronp30BaHNM ONTOBOJIOKHA B Ka4eCTBE JIMHHUM Iepe-
Jlau¥ BO3HUKAIOT UCKAKECHUS M SHEPTeTHUIECKNE TIOTEPH ONTHYE-
CKOT'0 CHTHAJIa, YTO HEOOXOIMMO YUUTHIBATh NIPH pa3paboTKe Cu-
CTEM CIEKTPOCKOITMYECKOT0 KOHTPOJIS ¥ ANarHOCTUKHU. B nanHOM
paloTe npeUI0KeHa METOINKA OLIEHKH SHEPTEeTHIECKUX MOTEPh U
BJIMSIHUSI NCKQKEHUI ONTHYECKOrO CHUTHANIA Ha Pe3yJIbTaT CIEK-
TPaJBHOTO aHAJIN3A.

1 Ananms 3¢ dexTuBHOCTH PA0OTHI THH30BOI0 0JI0KA
BBO/1a U3JIyYCHHS

[Ipu pa3paboTke crcTeM KOHTPOJIS, OCTPOCHHBIX Ha 0a3e OIl-
THYECKUX CHEKTPOMETPOB, OYEHb BAXKHO YAEIATH BHUMAHHE BO-
pocam, CBSI3aHHBIM C aHaNM30M 3((GEKTUBHOCTH pabOThl CH-
CTEMBI JOCTaBKH M3IY4YEHHUsI OT 00BEKTA KOHTPOIS 10 BXOAHON
amnepTypsl CIIEKTPOMETPA.

AHanuzy BIMSHUS Pa3IH4YHbIX (akTOpoB Ha APPEKTUBHOCTH
repeiaun aHaJIM3UPYEMBIX ONTUYECKUX CUTHAJIOB IO BOJIOKHY
nocBsiieHsb! padbotsl [7-10]. Ha pucynke 1 nmpeacrabiena onruye-
ckas cxema cucremsl BOCII, rone MU — koHTponupyeMsblil HCTOU-
HUK ONTHYECKOro u3nyueHus, OB — onToBosoKHO.

biok BIOK cOTIacOBaHHT
BBO/1A BOCII ¢ anepTypoi
OB CII
14041
D
f f r

Puc. 1. Onruueckas cxema BOCIT

BOCTI BxirouaeT B ce0st TpH KITFOUEBBIX 2JIEMEHTA: JIMH30BBIN
OJI0K BBOJA W3IIyYeHHMs, Jlajiee, HEMOCPEACTBEHHO, ONTHYECKOE
BosIoKHO (OB) 1 JIMH30BBIH OJIOK COTIACOBAHUS ¢ BXOHOM arep-
TYpOH CIIEKTPAIbHOTO NpUOOopa.

OTaenbHO clieqyeT paccMOTPETh OJI0K BBOA U3ITyYeHHs U d(-
(exTHBHOCTH ero paboTel. OnTHYecKas cxema JIMH30BOIo 0JIoKa
BBOJIa U3JTyUCHHUS MTPEICTaBICHA HA pUCyHKe 2, e D u D,y — 1oJ-
HBIH 1 3P PEKTUBHBIN TUaMETPBhI JIMH3bL;, d U 6 — MaKCUMaJIbHbIC
YIIIBI Na/IeHUs, COOTBeTCTBYIoMmME D 1 D,y COOTBETCTBEHHO; p —
pa3smep c(hOKYCHPOBAaHHOI'O ONTHYECKOro MNOJs; d — JUaMeTp
TOpIIa ONTHYECKOTO BOJIOKHA; F — (JOKYyCHOE PACCTOSIHUE JIMH3BI;
L — paccTostHHE OT TOpIIa ONITOBOJIOKHA JIO [IEHTPa JIMH3EL; X, X1, Z
— JIEK PTOBBI KOOPANHATHI.

Ha pucynke 2 mpezicraBiieHa ONTHYECKas CXEMa JIMH30BOTO
6J10Ka BBOJA M3JTy4YeHUs], r1ie D — MOJIHBIN JrUaMeTp JIUH3bI OJI0Ka
BBOJA; D,y — d)(HEeKTUBHBIN AUaMETp JIMH3BL; @ U 0 yIiIbl TageHus,
oA KOTOPBIMU ONTHYCCKOC MU3JTYYCHHUE BBOAUTCA B TOPECL OITO-
BOJIOKHA OTHOCHTEJILHO Kpast JIMH3bI U Kpasi SPPEKTUBHOTO Jna-
MeTpa, COOTBETCTBEHHO; p — pa3Mep (HOKaIbHOIO MATHA; d — Ina-
METp TOpLa ONTOBOJIOKHA; F — (POKYyCHOE PacCTOSHHUE JIHMH3BI
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0Js10Ka BBOZIA; L — pacCTOSIHUE OT TOPIIA ONTOBOJIOKHA JI0 IIEHTPa
JIMH3BL; X, X1, Z — KOOPAUHATHBIE OCH.

X X1

D4

o

Puc. 2. Ontuyeckas cxema JHH30BOrO OJ0Ka BBOAA U3ITyUCHUS

Cornacuo [11], uncnoBas aneprypa OB moxet ObITh ompere-
JieHa B hopme:

NA=sinf. (1)

Pasmep QokanbHOro msTHA YIS 4aCTOTHI ONTHYECKOT0 M3Iy-
4yeHns [Jo B ITIOCKOCTH OCH X| MOXKET OBITh paccunTaH Kak [12]:

P(a)o):‘:)[if. @)

Jaist oneHku 2(h(heKTHBHOCTH paOOThI JIMH30BOTO 0JIOKA BBOAA
W3JTyYeHHs TpPEeAJIaraeTcsi MCIOJIb30BaTh TAKOH Mapamerp Kak
9HEpro-4yacToTHas xapakrepucruka (DUX), koropast MOXKET ObITh
oIpeJieNieHa Ha OCHOBAaHUM KO (HUIMEHTa MIPEJIOMIICHUS MaTe-
puana JIMH3bI, KOTOPBIH, B CBOIO OYepe/b, 3aBUCUT OT 4aCTOTHI
AQHAIU3UPYEMOTO ONTUYECKOTO U3IIy4EHHUS.

B 3TOM KOHTEKCTE OYeHb Ba)XKHO YAEIATH BHUMAHHE BHIOOPY
Marepuana JUH3bI It Onoka BBoAa m3nmydeHus. C onHOI cTo-
POHBI, 3TOT MaTEepHal I0JLKEH UMETh B U/ICAITHHOM CITydae MoCTo-
SITHHBIH K0A((UIIEHT MpeIoMICHHs Ha BceM anamna3one. C nmpy-
TOil CTOPOHBI, 3TOT MaTepHan JOJDKEH OTBEYaTh TPEOOBAHUIM
YCTOMYMBOCTH K arpecCHBHBIM BO3ICHCTBHSAM, COMPOBOKIAIO-
LIMX MPOTEKaHHE KOHTposupyeMoro mnpouecca. OIHUM U3 mep-
CIIEKTUBHBIX MaTEPUAJIOB IJIsl TAKHX 3a7a4 sIBIIETCA canrpoBoe
crekno. Kospduuument mnpenomnenus n(A) s cangupoBOro
CTEKJIa MOKHO NPE/ICTABUTH B BHJIE:

KA KA KA (3)
+ 2 + 2 + 2
A-L A-L, A -L,

n,(4) =41

e K,.K,,K,L,L, L, — HAUCICPCHOHHBIC KOA(UITUEHTHI:
K, =1.0237,K,=1.05826,K, =5.2808-

CootHormienne (3) MOXKHO TPENCTaBUTh B (hOpME YAaCTOTHOM
3aBUCHMOCTH:

Ko
o -1

2
Ko
2
w —L,

Ko’ “4)
o L,

1y (0)= 1+

I'padux 3aBucuMocTH K03 (UIHCHTa TIPETOMIICHHUS cardu-
POBOTO CTEKJIA OT YaCTOTHI IPHBEACH Ha PUCYHKE 3.

1.85

n{w) 1.8

1.75

310"

14

10" sc10™ 6<10 10"
Yacrora, I'n
Puc. 3. Annpokcumanus ko3 GHIIeHTa IPETOMICHHS

JUTst car)upoBOTo CTeKIa

Il nuanasona gactot 3-10'4...7-10' pan/c (paGounii quamna-
30H, IJIe COCPEAOTOYEHO MAaKCHMAaJbHOE YHUCIO CHEKTPaJIbHBIX
JTMHUIT HanboJiee pPacHpOCTPAHEHHBIX XUMHYECKHUX SJIEMEHTOB)
MOXXHO HaOJIOJIaTh JOCTATOYHO MOHOTOHHYIO M TUIOCKYIO Xapak-
TEPUCTHUKY.

®DoKycHOE pacCTOsTHNE MOJI0XKUTEIIBHOM JINH3BI, KaK (DYHKIIHS
YacTOTHI, MPOXO/SIIETO ONTHYECKOTO H3IIYUEHHs], BBIpayKacTCst
[13]:

1 Q)

B L_L (n(w)—1)-At
N 1)(R1 R2+ ”(a))'Rl'Rz)

F(ow)=

rie N — OTHOCUTENbHBIN TOoKa3arenb npenomienus, N=n(w)/n;
n(®) 1 ny — abCONIOTHBIE MOKa3aTeIH MPEIOMIICHUSI MaTepHraia
JIMH3BI U OKPY’KaOIIeH cpenbl, COOTBETCTBEHHO; R U R, — paau-
YCbl KpUBU3HBI [IPAaBOU U JIEBOM MOBEPXHOCTEH JIMH3bI, COOTBET-
CTBEHHO, R =77.623x107° um, R, =1175.794 %107 s s Al — TOI-

[IIMHA JIMH3EI 0JIOKa BBOJA Ha Kparo, Ar=5.5x% 1073 s . Ha ocHo-
BaHUM BbIpaxeHUs (5) OblIa MOCTPOCHA XapaKTepUCTUKa (puc. 4)
3aBHUCUMOCTH (DOKYCHOTO PACCTOSIHUS JIMH3BI OT YaCTOTHI aHAJIH-
3HPYEMOT0 ONTHYCCKOTO U3ITYUCHUS.

Wsmenenne 3((dekTHBHOrO nuamerpa KOPOTKO(POKYCHOMH
JIUH3BI OT YACTOTHI OMPECIIACTCS CICAYIONIIM COOTHOIIICHHEM:

En(a))%, npu =20 <AF, ()< 0

£, (o)

(6)

d
D3¢(w)— m, npu AFm(a))>0

F, (@) npu AF, () <25

—(6+AF, (w))

e
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0.11
- 0.109
-
o
=
=
g
g 0.108
3
g F(w)
§ 0.107
2
-
g
0.106
0.105
14 4 4 14 4
310 410" 5¢10' 6x10 710
Yacrota, I'il

Puc. 4. l3menenue GpoKyCHOTO pacCTOSIHUS JTNH3BI
W3 Can(upOBOTO CTEKJIA

D¢ddexTuBHBI AUaMETp JWH3BI MO3BOJSIET OLCHHUTH BEIHU-
YUHY ITOTOKA SHEPTHH, KOTOPBIH MOXKET OBITh BBEJICH B TOPEIT OTI-
THYECKOTO BOJIOKHA [14]:

@,y (0) = 103 (o) 7

rae / — OCBElIEHHOCTb Ha MPaBOW MOBEPXHOCTH JIMH3bI.
[TosiHbII NOTOK ONTUYECKON SHEPTUU Ha NIPaBOM IOBEPXHOCTH
JIUH3BI OIIPEeNACTCS e MOHBIM AuameTpoM D [14]:

@, = %IDZ' ®)

Otcroma crefyer, 4To HEPro-4acTOTHYI0 XapaKTEPUCTUKY
JIMH30BOTO OJIOKA BBOJIA M3TYUYEHHSI MOXKHO PacCUNTaTh HAa OCHO-
BAHWU BBIPKCHHUS:

d 2
(Fm (w)D_éj , npu =20 <AF, (0)<0 . (9)
W, (0)= :

d
F’"(O))D(5+AE"(a)))

,npu 0<AF, () <25
Pe3ynbraT KOMIBIOTEPHOrO MOAEIHUPOBAHUS TEOPETUUECKON
9HEPro-4acToTHO! xapakrepuctuky (OUX) 610ka BBOsIa C KOPOT-
KO(OKYCHOI BXOJHOH JMH30 MpUBEJICH Ha pUcyHKe 5. Pacuer
MPOBOAWIICS TPH CIEAYIONIMX HMCXOAHBIX JAHHBIX: @ =14°,

D =50.8um, d =62mrm, e, =4.65-10" 7/

W)
W(aon) 05

4*101 5%10M

Puc. 5. Teopernueckas DUX 610kxa BBOAA ¢ candupoBoif TMH30i1

— e
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PesynbpraThl MOJENUPOBAHMSI HATJISTHO TOKA3bIBAIOT, 4YTO
Jla’ke HEeCMOTpS Ha BRIOOp MaTepHalia ¢ OTHOCHTEIBHO C1aboM 3a-
BHCHUMOCTBIO TTOKA3aTeysl MPEJIOMIICHUS OT YaCTOTHI, JIMH30BBIH
OOK BBOJA W3IYUYCHHS SIBISICTCS Y3KOIOJIOCHOW CHCTEMOM.
Taxum 06pazom, MOKHO CHOPMHPOBATE PsiT TPeOOBAHUIN U KPH-
TepHeB, KOTOPBIMH CJIeIyeT PYKOBOACTBOBATHCS MIPH pa3paboTKe
ONTHYECKOH CXeMbI OJI0Ka BBOJA!

1. DHEpro-yacToTHas XapaKTEPUCTUKA UMEET TOCTaTOYHO Y3-
KYIO TIOJIOCY TIPOIyCKaHHS U TpeOyeT TouHOH HacTpoiiku. [lpn
5TOM HACTpPOWKa Ha 3aJaHHbI AMANA30H ONTHYECKHUX 4YacTOT
0JI0Ka BBOJA JIOJKHA OCYIICCTBIIATHCS IMYTEM MPOCTPAHCTBCH-
HOTO U3MEHEHHUS MOJIOKEHHSI TOPIIA ONTOBOJIOKHA OTHOCUTEIHHO
JIUH3BL.

2. JIysl yMCHBIIICHHUS TTOTEPh U PACIIUPEHUS MOJOCHI MPOITyC-
KaHUs JIMH30BOTO OJIOKAa BBOJA CIICAYCT HCIIOIB30BATh ONTHYC-
CKHe BOJIOKHA ¢ OosbmmM nuametpoM cepareBuHsl 300...800 am
WA KOHWYECKHM TpodmieM. DTOMY KpPHUTCPHUIO OTBEYAIOT,
HaTIpUMeEp, TIOIMMEPHBIC ONITHYSCKUE BOJIOKHA.

3. HeoOXomMMO ¥METh JKECTKOE B3aMMHOE PACIIONIOKCHUE
TOPIIA ONTHYECKOTO BOJOKHA W JIMH3BI [T MEHUMH3AIIH TTOTEPH,
9TO TpeOyeT MPHUBIICUCHNUS CIICINATBFHBIX KOHCTPYKTOPCKUX pellre-
HU# 110 00ECTIICYCHHUIO B TOM YKCJIC BUOPAIIMOHHOW YCTOHYMBOCTH.

2 Baussnue BOCII Ha uckakeHue annapaTHoil pyHKIuA
CNEeKTPaJbLHOro nNpudopa

Ha pucynke 6 rnokazaHa onTHYecKas CXeMa CHUCTEMbI KOH-
Tposisi Ha 0ase CIEeKTpoMeTpa C JU(PPAKIMOHHON PEIICTKOH M
BOCII, rae o6o3navens: MM — ncTodHnK n3mydeHus (KOHTPOIIH-
pyemsrii poriece), AP — mudpakimmonnas pemrerka, OI1 — doto-
NPUEMHHUKH.

Boixonnas

JIHH3a @Il

B0k cormacosamms Jip
BOCII co pxomHOR

ameptypoii CIT

biok
BBOJIA

OB

wal ENO.O)

".

Puc. 6. Cucrema KOHTpOJISI Ha 0a3e CIIeKTpoMeTpa
¢ mudpakironHoi penrerkoii 1 BOCIT

IIpumenenne BOCII npuBOoAUT K HCKaKEHUSIM BOJIHOBOT'O
(bpoHTa aHATM3UPYEMOro M3Iy4eHus OT TpeOyeMOro OZHOPOI-
HOTO U MJIOCKOT0, YTO BBI3BIBAET MOTPENIHOCTH CIIEKTPOCKOIHYE-
ckoro ananu3a. OLeHKy BO3HUKAIOIUX MTOTPEIHOCTEN Mpejiara-
eTCsl IPON3BOJUTD Yepe3 aHAIM3 YIIUPEHHS amlnapaTHOW (yHK-
IIUH CHCTEMBI KOHTPOJISL.

Jlns 0THOMOZIOBOTO BOJIOKHA ONTHYECKOE IIOJIE Ha TOpIIE
MOJKHO a/IEKBaTHO OIIHCATh FayCCOBEIM pacrpeneneHuem [ 15]:

1 ¢ (10)
U()=——exp(-———)’
©) \/ﬂ p( (d/2)2)
rze d — TuaMeTp CepALEeBHHBI ONITOBOJIOKHA.
Onruueckyto cxemy Osioka cornacoanust BOCII co Bxoanoi
anepTypoii CHEKTPAIBHOTO MPHOOpPa MOXKHO IPEICTABUTH KaK OI-

TUYEeCKHI KorepeHTHbI Dypbe-npoueccop, HOITOMY MOCIE €ro
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npoxoxaeHus mosie U(E) OyaeT ABIAThCA pe3yabTaTOM IPOCTPaH-
CTBEHHOTr0 IpeoOpazoBanus Oypse:

d

3 i . 11
U(§)=ﬁ [ u(o-exp(—%)d: (b

JanpHelilee ontuyeckoe Npeodpa3oBaHue ONTUYECKOIO H3-
Jy4eHHsl JeTalIbHO PaccMOTpeHo B pabore [16]. 31ech orMeTuM
JMIIb, YTO PE3yJbTAT TAKOTO MpeoOpa3oBaHUsi MOXKHO IpeicTa-
BUTH B opme Dypbe-npeodpazoBaHus pe3ysbTara MNepeMHOXKe-
HUs (QYHKIMA TpomyckaHus audpaxiuoHHoi pemetku 7(E) u
nckaxxernoro moinst U($):

U(x)=FIT(&)-U(&)]- (12)

Crienyer OTMETHTB, YTO MPEUIOKEHHAsT MOJENb CHEKTPallb-
HOTO TIPeoOpa3oBaHus, PEaTN30BAHHOTO AU(PPAKIIMOHHOM CIICK-
TPOMETPE C TUPPAKITHOHHON PEIICTKOM, TO3BOJISCT IPOU3BOIUTH
OLIEHKY YIIMPEHUs anmapaTHol GyHKIUH JUIS Kaxaoro audpak-
IHOHHOTO MOPSIJIKA OTAEIBHO. J{JIsl 3TOr0 J0CTaTOUHO B3SITh COOT-
BETCTBYIOLIMH MHTEPECYIOUIEMY JTUPPAKIIMOHHOMY TIOPSAKY KO-
¢ puumeHT pasznoxenus B pax Oypbe QyHKIUH NPOITyCKaHHS
mudpaxunonHoit pemerku 7(¢) [16]. Ha ocHoBanuM npeisioxeH-
HOTO I10/IX0/1a BBITIOJIHEHO KOMIIBIOTEPHOE MOJICITMPOBAHNUE arlia-
parnoit ¢yHkmmu anst +1 u +2 1UPPAKIMOHHBIX TIOPSAKOB.
Pe3ynbTaTsl 5TOro MOJETMPOBAHHMS MIPEACTABICHBI HA PUCYHKE 7d
u 6 cooTBeTcTBeHHO. LITpUXIyHKTHpHOW JIHHHEH IOKa3aHa
anmapatHas ¢ysknus (6e3 npumeneHmss BOCII), cruromrHo#H
JVHUEH — B Cllyyae HMCIOJIb30BaHUs OJHOMOJIOBOIO BOJIOKHA U
BBI3BAHHBIX UM 3HEPreTHUECKUX IOTEPb M IPOCTPAHCTBEHHBIX
HCKa)XCHU BOJHOBOTO (DPOHTA.

s % .
N~
0.1129 0.113 0.1131 0.1132
a)

0.2}

0.1}

0,226
0)
Puc. 7. AunapatHast GyHKIUS CIEKTPOMETPa
¢ U pakIUOHHON pemeTkoi B +1 u +2 mopsiakax

0.225

MopnenupoBaHye BBITOIHEHO IS JU(PAKIMOHHON PELIeTKH
aneptypoit L=1 cM u nepuoaom 7g=5 MKM, AJTHHBI BOJHBI U3ITy-
4yeHust A=632 HM U (HOKYCHOro paccTosiHus JIMH3bI F=50 cM.
Pe3ynbpTaThl MOAETMPOBAHUS TIOKA3aJH, YTO MPUMEHEHHE OJIHO-
MO/IOBOTO BOJIOKHA NPHUBOJUT K YIIUPEHHIO anmapaTHOH (yHK-
LUK TI0 MeHbIIel Mepe ueM Ha 20%.

JUis TOATBEPKAECHUS MOJIYUYEHHBIX PE3YJIbTaTOB KOMIIBIOTEP-
HOTO MOJICTIMPOBAHMS OBLIN ITPOBEICHBI 3KCIIEPUMEHTATBHBIC HC-
CJIEZIOBAHUS 10 OIEHKE MCKa)KCHWH anmapaTHOH (YHKIUH TIpH
npumenerann BOCII. ®otorpadust sKCriepuMeHTaIBHOTO CTEHAA
s oenky Biusiaus BOCII nmpuBeneHa Ha pucyHKe 8.

w e S,
|
= = .- A , ) 3 i

¥

Puc. 8. Crenn s ouenku Biuusgaus BOCIT
Ha anmapatHyro (QYHKIHUIO CIIEKTPAILHOTO IPHOOpa

Ha pucynke 8 mokazaHsl cienyronye GyHKIMOHAIBHBIC y3IIbI
crerna: 1 — He-Ne mazep, A=632 uHM; 2 — cucTeMa BBOJA U3ITyUe-
uus B OB; 3 — OB; 4 — 6mok cormmacoBanus BOCII ¢ ammperypoit
CHEKTPATBHOTO MpuOopa; 5 — mporryckaromas AuhpaKIuoHHAS
pemeTka; 6 — auH3a ¢ HOKYCHBIM pacctossHEeM 25 cM; 7 — [13C
JIMHEHKA ¢ 3JICKTPOHHBIM OJIOKOM 00pabOTKH; 8 — KOMITBIOTED TSI
perucrpanyy GOpMBI anmapaTHOW (YHKIHH.

[ a)

CCD Pixels Display

CCD Pixels Display

i \cé.

oo sissmruns s

&

Puc. 9. Pe3ybTaThl OIIEHKH YIIUPEHHS annapaTHOH (yHKIHT
CIEKTPAILHOTO NPHOOpa MpH MPUMEHEHHH pa3IHYHEIX THIIOB OB

9KCHCpI/IMCHTaJ'IBHBIe HCCIICOA0OBAaHU BKIIIOYAJIM B cebs TpHu
oTarma:
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1) ouenka ¢Gopmbl anmapaTHO (YHKIMH AUPPAKIIHOHHOTO
crieKTpanbpHOTro npudopa 6e3 BOCII,

2) ouenka (OpMBI anmnapaTHOW (YHKIMH AUPPAKIHOHHOTO
CHEKTPaJIbHOr0 MpHOOpa ¢ MPUMEHEHHWEM OJHOMOJIOBOTO BO-
nokHa PM-S405-XP;

3) omenka (opMbl anmapaTHOW (QYHKIHMU JTUPPAKIHOHHOTO
CHEKTPAJIBHOrO NMprudopa C NMPUMEHEHHEM MHOTOMOJIOBOTO BO-
noxkHa PM-S405-XP Nufern-FUD-3759.

Ha pucynke 9 mokazansl Taxke GoTtorpadun chopMHpOBaH-
HOTO ONTHYECKOTO MOJIS, TOJAaBAEMOT0 Ha BXOAHYIO amlepTypy
CHeKTpajgbHOro npubopa. OTYETIMBO BUIHO, YTO NPHUMEHEHHE
OJIHOMOZOBOTO BOJIOKHA HMPUBOAUT K IIPOCTPAHCTBEHHBIM HCKa-
YKESHUSIM paclipe/ieIeHHsi THTEHCUBHOCTH, a B CIIy4ae MHOI'OMO/IO0-
BOr'0 BOJIOKHA BO3HUKAET TaK Ha3bIBaeMasi CIIEKJI-KapTHHA — IISIT-
HUCTas IMHAMUYECKH MEHSIONIAsICS ITPU MEXaHWYEeCKOM BO3JICH-
CTBHMHM Ha BOJIOKHO CTPYKTypa. DKCIEPUMEHTAIBHBIC PE3YIIbTaThI
TOKa3aly yIIMpeHUe anmnapatHoil GpyHkuuu npubopa Ha 30% B
ciyyae IPUMEHEHHS 0THOMO/IOBOT'O BOJIOKHA 1 Oosiee ueMm 70% —
TIPY IPUMEHEHNH MHOTOMO/IOBOTO BOJIOKHA.

Henp3st Takke HE OTMETHTH 3HAYUTEIFHOE YBEIMUCHNE SHEp-
TETHYECKUX MOTEePh JJISI CHCTEMBI C OJHOMOJOBBIM BOJIOKHOM
BCJIEZICTBHE MEHBIIIETO THaMETpa CEep/IeBUHbBI BOJIOKHA IO CPaB-
HEHUIO C MHOT'OMO/IOBBIM.

3 Ouenka 3Heprerndyeckux noreps B BOCII

Jliis onenku sHeprerudeckux norepb B BOCII HeoOxo0aumMo
UMeTh UH(YOPMALIUIO O XapaKTEPUCTUKE 3aTyXaHUs! ONTHYECKOTO
BOJIOKHA, JIMH3BI. DTO MO3BOJISIET TPOBOANTH PACUETHI DHEPTeTH-
YEeCKUX IOTeph MpH MepeAade aHAIM3UPYEeMOro M3JIy4eHHs OT
00BEKTa KOHTPOJISL 10 BXOTHOW amepTyphl CHEKTPATBHOTO TPH-
6opa. Meroamka pacyera SHEPreTHYECKUX MOTEPh BKJIIOYACT B
ce0s1 OLIEHKY MOTEPh B CAMOM BOJIOKHE, [TOTEPh IPH BBOJIC U3ITY-
YEHUsI COTJIACHO METOJIMKE, MPEJIOKEHHOH B MEPBOM pasjese
9TO# CTAaThH, & TAKKE MOTEPU B MATEpUAlIe TMH30BOTO OJIOKA.

I'paduk 3aBUCHMOCTH KOI(PPHUIUEHTA MPOMYCKAHHUS OT
JUTMHBI BOJHBI mosmmMepHoro BosiokHa (ITOB) mokaszan Ha pu-
cynke 10. [IpuMeHHUTENBHO sl Inara3oHa aHaTM3UPYEMbIX JUTHH
BoJH 450...650 HM J1aHHBIE BOJIOKHA 00JIaal0T OYEHb XOPOILEH
MIPO3PAYHOCTBIO U MOT'YT OBITh YCHENIHO UCIIOJIb30BaHbI IIPH pe-
IOEHUU 3aJa4 KOHTPOJIA (bI/ISI/I’-IeCKI/IX N TCXHOJIOTMYECKUX IIPO-
neccoB. ClieyeT OTMETUTb, YTO B JIAHHOW XapaKTEpPUCTHKE Mpe/-
CTaBJICHBI JIOKATEHBIC TIOJIOCHI ITOTJIOMICHUS, YTO CICAYET YUUThI-
BaTh, CCIIM WHTCPCCYIOIINE CHCKTPAIbHBIC JTHHUU XUMHUCCKUX
AJIEMEHTOB HAXO/ATCS BOJIM3H ITUX JIJIMH BOJIH.

XapakrepucTrka nporyckanus [IOB-Bonoxna
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Puc. 10. I'padux 3aBucnmocty npomnyckanus [10B-Bosokna
OT JJIMHBI BOJIHBI

SNIEKTPOHUKA. PAODNOTEXHMKA

Bropoii dakrop, KOTOpBIH CliefyeT YYUTHIBATh MPU pacueTe
9HEPreTHYEeCKUX MOTEph — IMOTEPU B JIMH30BOM OJIOKE BBOJA U3-
JyyeHus B ontudeckoMm marepuane. Ha pucynke 11 npexncraBieH
rpagyK 3aBHCUMOCTH KOI(QHIMEHTa IMPOIyCKaHUs cangupo-
BOTO cTexiia. [y BuauMoro quana3oHa JUIMH BOJH cariupoBoe
CTEKJIO UMEET JOCTATOYHO BBICOKUH MPOLIEHT MPOIMYCKaHUs.

100

80 B
/ '\\
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.
a
.

A 2 a1 2 3 10
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Puc. 11. XapaxTepucTika MpoIrycKaHus canupoBOro CTeKiIa

Ha ocHOBaHMM XapaKTEPUCTHK, MPUBEACHHBIX HA PUCYHKaX
10 u 11, a Taxke Teopernyeckoit DUX MMH30BOTO OJI0Ka BBOJIA
n3IydeHus ObLUIa NoNyueHa peanbHas annaparHas DUX, nokasaH-
Has Ha pucyHke 12.

0.75
0.5
0.25
' ——
4%10M 5101

Puc. 12. Peanpnas anmapartHas DUX npy HCIIOIB30BaHNH caripupoOBOit
suH3bl 1 BOCII ¢ IIOB-BonokHOM

[TonmyueHHas XxapakTepHCTHKa MO3BOMISET OLIEHUBATh YPOBEHb
SHEPreTUYECKUX M0TePh, BBI3BAHHBIX HEPABHOMEPHOCTHIO XapaK-
TEPUCTHUK TIPOIYCKaHMSI MaTepHaja JIMH30BOro OJIOKa BBOJAA H3-
nyuenus, a Taxke [IOB-BonoxHa. Ilpu pemenny KOHKpETHBIX 3a-
J1ad KOHTPOJIS PEATI0KEHHAsT METOANKA OLIEHKH SHEPTeTHUECKUX
MOTEPh MO3BOJISIET OCYIIECTBIIATH BEIOOP MaTEpUaIOB M ITapaMeT-
POB ONTHYECKOTO BOJIOKHA C L1EJIbI0 MUHIMHU3AINH TTOTEPb.

4 Pe3yabTaThl 3KCIIePHMEHTANIBHBIX HCCJICT0BAHUI
3HepreTuyeckoii 3(peKTHBHOCTH Neperayn CHTHAIa
N0 pa3JIM4YHbIM BHAaM koHpurypauuii BOCII

C wesblo OrpeziesIeHus! BIUSHUS DHEpreTnieckoi 3(dexTrs-
HOCTH IIepelauyl CUTHAJIA 110 ONTHYECKOMY BOJIOKHY Ha YyBCTBH-
TEJIFHOCTb CHCTEMBI CIIEKTPOCKOIIMYECKOr0 KOHTPOJISI OBUIN MPO-
BEJ/ICHBI SKCIEPUMEHTBI 110 CPABHEHHIO YPOBHS SHEPreTHYECKUX
MOTeph ISl PasiuuHbIX BUIOB KoHpurypauii BOCII, peanuzo-
BaHHBIX C MPUMEHEHHUEM TMOJUMEPHOTO ONTUYECKOrO BOJIOKHA
(ITOB) u BonokoHHO-0nITHYEeCcKOTO JXKryTa (BOX).
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anan oy Copaee

CyTbh SKCIEPUMEHTOB 3aK/IIOYalach B U3MEPEHHUHU CIEKTPa  A@l&a@ i |l
IIMPOKOIIOJIOCHOM JIaMIIbI ¢ TOMOIIBI0 criekTpomerpa Ocean Op-
tics USB2000+ npu niepenave nznyuenus uepe3 BOCII ¢ ucriosns-
3oBanueM xryta (BOX) u IIOB. ®ororpaduu ycraHoBoK npuse-
JeHbl Ha pucyHKax 13 u 14 cooTBeTcTBeHHO. Pe3ynpTaTs m3me-
peHust criekTpa Jamirbl npu ucnoias3oBannd BOX u [IOB — Ha
pucynkax 15 u 16.

P LT ] aalEE

i+ ] Qe QY afRaENS <% R XKELE ML

[T —

Tatensity lowncel

T £ AT, TS

(ST -

Puc. 16. Criextp namnsl npu ucnons3oBanuu [10B

Kak BUJIHO M3 PHUCYHKOB, SHCPICTUYCCKUC NOTECPpHU ONTHYC-
CKOro CurHajia nmpu HCHOJb30BaHUU IIOB BrIIIE MNPUMEPHO Ha
22% 1o CPaBHCHUIO C UCIIOJIb30BAHUEM BOJIOKOHHO-OIITUYCCKOT O
JKryTa. PeByJ'IBTaTBI OKCIICPUMCHTA MO3BOJIAIOT YTBECPKAATh, YTO
CIIEAYET OXUIATh 0oJiee BBICOKOI YYyBCTBUTEIIBHOCTU CHUCTEMBI
KOHTPOJIA ¢ MHOTOKAHAJIBHBIM OTITUYCCKUM CIIEKTPOMETPOM.

5 Ouenka l'lOl“pe].l[HOCTefI, BO3HHUKAKOIIUX BCJICACTBUE
OIrPAHUYCHHOCTH ANEPTYP ONTHYECCKHUX JIMH3

Koneunsle pa3mepsl anepTyp JUH3 NPUBOAIT K BOZHUKHOBE-
HUIO JOTOJHUTEILHBIX YHEPreTUICCKUX MOTeph. OCOOCHHO BBI-
paxkeHHO 3T0 mposiBisieTcst B cucteMe coryacoBanust BOCII co
BXOJTHOHM amepTypoll cleKTpaimbHOro mpudopa. i omeHKH mo-
TpEIIHOCTEN, BO3HUKAIOIIUX H3-32 KOHEYHOW amepTypbl JIMH3,
MIpeyIaraeTcsl pacCMOTPETh CISAYIOIIYIO MPOCTYI0 ONMTHYECKYIO
cXeMy, IpeCTaBICHHYIO Ha pucynke 17 [17].

Puc. 14. DxcnepumeHT ¢ ucnonb3osanueM 110B
A
s mpoBenenus sxcrepumeHToB ¢ BOCII co skryrom ObuT X
CHELMAaNbHO U3TOTOBIEH KIyT, cocTosAmUi 13 100 BOJIOKOH € mo-
cienyromuM pasaenenneM Ha 10 xananoB mo 10 BoJOKOH, a

TAK)KC CHUCTEMa BBOJA W3JIYYCHUA, 06ecneana10ma${ MakKkcCH-

MaJIbHO (P (PEeKTHUBHBIN BBOJI M3ITyYCHNUS B BOJIOKHO, I CHCTEMA CO- Topery
TJIACOBAHUS CIEKTPAILHOTO MPHOOpa C OJHUM U3 KaHAJIOB BOJIO- OITHIECKOTO
koHHOTO *ryTa. J[mst axciepumenta ¢ BOCII ¢ ucnonb3oBannem BOloRdil

[1OB ucnonp30Bancs cTaHIAPTHBIN OJOK BBOAA M3IYUYCHHUS B BO-
JIOKHO, & TAKK€ CHCTeMa COTJIACOBAHMSI CIIEKTPAILHOTO TIprdopa
¢ [1OB, npuobperennas y kommnanuu Solar Systems (benapycs).
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Puc. 17. Bo3HUKHOBEHHE YHEPTETHUYECKHX MTOTEPh
B cucreMe cornacoBanust BOCII co BxonHOH anepTypoit
CIEKTPATLHOTO MPHOOpa

Tormnei e (metsd
4
H

PaccoryiiacoBanue 4ucioBON amepTypsl BOJIOKHA M pa3sMmepa
JIMH3BI PUBOJUT K TOMY, UYTO YaCTh U3Jy4YEHUs PACIPOCTpaHs-
€TCsl BHE IPEIEIIOB JUH3bI, YTO, COOTBETCTBEHHO IPUBOJUT K
9HEPreTUYecKUM norepsiM. B kauecTBe kKputepusi, HO3BOJISIOLIETO
OLIEHUTh YPOBEHBb DTUX MOTEPbH, MPEIIaraeTcsl UCIOJIb30BaTh TY
JIOJTIO M3ITY4YEHUs, KOTOpas paclpOCTPAHSETCS 3a IIPEAeIIaMy JINH-
Puc. 15. Cnextp nammsl npu uenoib3oBannun BOX 30BOM CUCTEMBI.
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YT0oObI YHUCIICHHO OLIEHUTH 3TY JIOJI0, IPEAIAraeTCsl CIEAYI0-
masi MaTeMaTHdeckasi MoJiesib. Kak ObUIO MOKa3aHOo BEIIIE, 110JIe
Ha TOpIIE BOJIOKHA MOXKHO OITMcaTh B (hopMe rayccosa pacupejie-
nenus (Bolpakenue S5). Jlanee mpejanaraercs pacCMOTPETh IMpo-
necc TpaHchopManUK 3TOTO MO IO Mepe PACIIPOCTPAHCHUS Ye-
pe3 clion CBOOOTHOTO POCTPAHCTBA H JINH3BL

IIpeoOpazoBanue IOJsI, BBI3BAHHOTO PAaCHpPOCTPaHEHHEM B
cJ10e CBOOOIHOTO MMPOCTPAHCTBA POTKEHHOCTBIO Z, MOYKHO OTIH-
catb qudpaxmueir @penens [16]. Takum ob6pa3oM, B MIIOCKOCTH
nuH3B OyaeT copmupoBano none U(y), KOTOpOe MOKHO TIPEe.-
CTaBUTbH B opMme:

ikz % k )
U(y)=J;:ZLu(x>exp<iZ(x—y) )dx,

rzie A — JUIMHA BOJIHBIL, Z — MPOTSHKEHHOCTh CJIOS CBOOOJIHOTO ITPO-

(13)

CTPAHCTBA, ; _ 27 — BOMHOBOE YHCIIO.
A

Crenyer TakKe yUUTHIBAaTh, YTO Pa3Mep anepTypsl JIUH3bI D,
MIPOTSHKEHHOCTD CJI0sI CBOOOTHOTO POCTPAHCTBA Z JIOJKHBI OBITH
COTJIaCOBAHBI C YMCIOBOH anepTypoil BOJIOKHA U TN PAKIIHOHHON
PacXOJMMOCTBIO ONTHYECKOTO Iy4Ka, KOTOpas ONPEIeNseTcs
JMAaMETPOM CepILICBUHBI BOJIOKHA d.

Ha ocHOBaHMM NPEATIOKEHHOI MOJECIN BEJMYMHA YHEPTeTH-
YECKHUX TOTePh MOKET OBITh OlICHEHA B (hopMe:

ﬁf(y)dy

2
Asl-g=>

[21,(00dx

(14)

e 7 (x)=u( x)|2, 1y)=|U( y)|2 — pacupesieNieH e MoJIsA Ha OCH X 1

¥y COOTBETCTBEHHO, D — pa3Mep anepTypsl JIUH3BL.
Pacnipenienenne MHTEHCUBHOCTH 1107151 /()) MOXKHO 3aIicaTh B

thopme:

1(y)=%[(€@)—€(&))2 +(SE)-SE)’ ], (13)

rae uHTrerpaisl dpe-

IS 2 I 2
C(&)= ! cos(%)dt " S(&) = _([sin(%)dt_

He G(x)= —\/Z(i +x)’ & (x)= \/z(i_ x) ~ TCpeMeHHbIC
7z 2 7z 2

WHTETPUPOBAHHUS.

Cootromenus (14) u (15) nMo3BoJSIOT IPOBECTH KOMITBIOTEP-
HOE MOJICTIMPOBAHNE OLICHKH BEJIMYHWHBI DHEPIETUUECKHUX TTOTEPh
JUIsl OCHOBHBIX IAPAMETPOB ONTHYECKOI CHCTEMBI COTTIACOBAHUS
BOCII co BXOIHOI amepTypoil CHEKTPAIEHOTO MpHUOopa: IITHHA
BOJIHBI M3IIYy4CHHMS, JHAMETP CEpALECBHHBI BOJIOKHA, PACCTOSHUE
OT TOpLa BOJIOKHA JI0 JINH3BI, pa3Mep anepTyphl JIUH3bL.

Ha pucynke 18 mnpuBeneHsl pe3ynbTaThl MOACITUPOBAHUS
OLIEHKH DSHEPreTHYecKUX MOTEepPh B MMaKeTe MPHKIAJHBIX MpPO-
rpamm Matlab. MoxenupoBaHue BBIMOJHEHO /IS YEThIPEX JJIHH
BosiH B aumamaszone 400...1500 HM I ONTHYECKOrO BOJIOKHA C
JraMeTpom cepueBuHbl d=400 MKM C MTepallMOHHBIM H3MEHe-
HHEM OCTaJIbHBIX [TAPaMETPOB ONTUYECKOW CUCTEMBI: z, D.

T-Comm Vol.l7. #12-2023
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Dependence from 2 (d=400 um, D = § om)
400 nm
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Dependence fom D (d = 400 um, z= Som)
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Puc. 18. Pe3ynbraThl KOMIBIOTEPHOTO MOJIETUPOBAHUS OLICHKH
SHEPreTUYECKUX MOTEPh

[pencraieHHbIe pe3yibTaThl KOMIBIOTEPHOTO MOICTMPOBAHUS
MOTYT OBITh MCIIOJIB30BaHbI 1pu pazpabotke BOCII s criekrpo-
CKOMMYECKUX CHUCTEM KOHTPOJISI MCXO/sl M3 KOHKPETHBIX BXOJHBIX
TIapaMeTpoB: pa3Mepa BXOTHON anepTyphl CIIEKTPAIBHOTO PHO0pa,
pabouero uana3oHa JIMH BOJIH, KOHKPETHOTO TUIIA M ITapaMETPOB
HCTIOJIB3YEMOT0 ONTHYECKOTO BOJIOKHA. Bce 3TO 1M03BOJMT mOO-
Opath ONTUMAIBHBIE TTAPAMETPBI ONITUYECKHX JIEMEHTOB JUIS MUHH-
MH3AIUH BETUYUHBI SHEPTETHIECKUX MOTEPb.

Jlnst onTBepIK/IeHUsST KOPPEKTHOCTH NPEIOKEHHOW METOMKH
OLICHKH BEJIMYMHBI SHEPreTHUECKHX TT0TEPh ObLI pa3padoraH j1abo-
PaTOPHBIN CTEHJ JUISl IKCIIEPUMEHTAIILHOIO U3MepeHHst 1oTepb. Or-
TUYECKasi CXeMa CTeH/Ia IpHUBesieHa Ha pucyHke 19, rne OB — ontu-
yeckoe BostokHo, Y/ — uprcoBas nuadparma, UM — u3mepurens or-
TUYECKOH MOIITHOCTH.

Biok Baokx Bbixoauas
BBOJIA

BbIBOjIA  JIMH3A

OB

()

ni

Puc. 19. Ontnueckas cxema 1ad0opaTOpHOTO CTEHIA
JUIs OLIeHKH dHepreTudeckux noreps 8 BOCII
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Ha pucynke 20 mnpuBeneHa ¢ororpadus 1a00paTOpHOro
cTenya, rae uudppamu obo3HauyeHb: | — J1a3epHBIH MCTOYHHK,
2 — nMH30Bas CHUCTEMa BBOJ@ H3JIYYEHHS B OITOBOJIOKHO;
3 — IIOB-BonokHO; 4 — 3aKpEIUICHHBIH TOpEl ONTOBOJIOKHA;
5 —upucoast tnadparma c JIMH30i1; 6 — IMH30Bast CHCTEMA COTJIa-
COBAHMS C N3MEPHUTENIEM ONTHIECKONH MOITHOCTH.

— T —
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Puc. 20. ®otorpadus mabopaTopHOTO CTCHIA

W3MeHenue pazmepa anepTypsl JUH3bI BINOJIHAIOCH IIyTEM
M3MEHEHHSI OTHOCHTEIIBHOTO pa3Mepa HMPHCOBOH uadparMsl.
OcranpHble MTapaMeTpbl Ja00paTOPHOTO CTEeHAA: (OKYCHOE pac-
CTOSIHME JHH3BI /=94 MM, JUIMHA BOJHBI JIA3EPHOTO MCTOYHHKA
A =632 HM.

Metoarka u3mepeHns BETMYMHbBI YJHEPreTHYECKUX MOTEPD 3a-
KIII0YaJIach B CIEAYIOLIEM:

1) ®uxcamust ypoBHS MOIIHOCTH H3Iy4EHHs IPHU MaKCH-
MaJIbHO OTKPBITOH MPHUCOBOI Anadparme. ITOT ypOBEHb MOIIHO-
CTH OBLJI B3SIT 32 OMOPHBIN M COCTABUIT Prax=-31,4 nbwm;

2) 3meHeHue pa3mepa UpUCOBOW Anadparmbl € IaroM 5 MM
€ NOCHEIYIOIUM U3MEPEHUEM YPOBHS PETUCTPUPYEMOM ONTHYE-
CKOW MOIIHOCTH.

[To pe3ynbTaTaM BBINOJHEHHBIX JIAOOPATOPHBIX HCCIIEAOBA-
HUHM ObUIa MOCTPOEH TpauK, OTPAKAIOIINH COOTBETCTBUE pe-
3yJNBbTaTOB KOMIIBIOTEPHOTO MOJEIUPOBAHUS U JKCIIEPHMEHTA,
YTO MOKA3aHO HA pUCYHKe 21.

100,
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Puc. 21. Pe3ynprarsl 1a00paTOPHOTO SKCIEPUMEHTA
U KOMITBIOTEPHOT'O MOJICIIMPOBAHUS

MaxkcuManbHOE OTKIIOHEHHE HKCIICPHUMEHTAIbHBIX Pe3yJIbTa-
TOB OT TEOPETUYECKUX PACUETOB HAOIIOAAIOCH P IUAMETPE OT-
HOCHTEJBHOTO OTBepCTHs aneprypHoit quadparmer 0,04 M u co-
ctasmiio 20%.

MoKHO yTBEpXkaTh, YTO KOPPEKTHOCTb MPEII0KEHHOU Me-
TOJMKH ObliIa TIOATBEPIK/ICHA SKCIIEPUMEHTAILHO, TOATOMY JaH-
HYIO0 METOJMKY MOKHO IIPHMEHSThH NPH NPOESKTUPOBaHUU OoJiee
CJIOKHBIX BOJIOKOHHBIX CHCTEM ISl CIIEKTPOCKONMYECKO ammna-
paTypbl KOHTPOIS Pa3IMYHbIX MPOLECCOB, MPOTEKAIONIUX B IKC-
TpEeMaJIbHBIX YCIIOBHSAX (TIOBBIIICHHAS TEMIIEpaTypa W BIak-
HOCTb, arpecCHBHAsl XUMHYECKasi Cpeia M T.I.), HAIIpUMeEp, JUIs
KOHTPOJISl IPOLIECCOB TOPEHNUS, KPALIEHUSI TEKCTUIIBHBIX MaTepH-
aJioB U [Ip.

3akaouenue

Pe3ynbraThl AKCHEPUMEHTAIBHBIX HCCIEIOBAHUN MOKa3alu
BO3MO’KHOCTh YCIIEIIHOTO MPUMEHEHUs METO/a AUCTAHLIMOHHON
OIITHUYECKOH CIIEKTPOCKONUH B 3a/1a4aX KOHTPOJIsT (PU3UUECKUX U
TEXHOJIOTHYECKUX MpoleccoB. s mepeMeleHusl onTH4ecKoro
CHEKTPAIBHOTO NMprbopa Ha OE30MacCHOE PacCTOSIHUE OT KOHTPO-
JIUPYyEMOTo mpolecca npeanoxkeno ucnonbdosanue BOCII, uro
TI03BOJISICT NCKIIIOUNTH BIUSHUE arpeCCUBHBIX yCIOBHH MPOTEKa-
HUSI KOHTPOJIMPYEMOTO MpoLiecca Ha PE3yJIbTAT CIEKTPOCKOITHYE-
CKOT'O KOHTPOJISL.

IIpencraBneHHble B paboTe MaTepHaibl OTPAXKAIOT PE3yiib-
TaThl OLICHKH BIIMSIHUS NI€pefadl aHAIU3UPYEMOT0 U3JIyYeHUs OT
00BEKTa KOHTPOJIS 0 MpHOOpa Ha pe3ysbTaT aHalM3a ONTHYE-
ckoro crekrpa. [loka3zaHo, 4yTO mepenaya MO ONTHYECKOMY BO-
JIOKHY TPUBOJUT KaK K YHEPreTHUECKUM IOTepsiM, TaK U Ipo-
CTPAaHCTBEHHBIM HCKaKEHHUSIM aHAJIU3UPYyeMOro curHana. B pa-
60Te NpeUI0KEHBI MaTEMaTHYECKUE MO/ICITH, TIO3BOJISIFOIIIE pac-
CUMTHIBATH MapaMeTpsl ontudeckux sneMeHToB BOCII ams mu-
HUMH3AIUH YHEPTeTHUECKUX OTEPb.

[Ipeanoxena mMaTeMaTHdeckasi MOJEINb, TTO3BOJISIONIAS OlLle-
HUTDH YIIUPEHHUE aNMapaTHON (YHKIMK CIEKTPAILHOTO IPHOOpa
pu ucnons3oBannu BOCII. [Tomy4ueHHbIe pe3ynbTaThl TEOPETH-
YECKHX HCCIIEA0BaHNH, KOMIBIOTEPHOTO MOJICIUPOBAHHS M JKC-
MIEPUMEHTOB MOTYT OBITH NMPUMEHEHBI TIPH pa3paboTKe onTHUe-
CKHX CHCTEM KOHTPOJS Pa3IUYHBIX MPOIECCOB, HAIIPUMEDP, BbI-
IUTAaBKH TYTOIUIABKUX METAJUIOB, B TEKCTUIBHON MPOMBIIIIICHHO-
CTH TIPU KpalIeHUH MaTepHaioB, NMPU ONTHUMHU3AINH TPOLECCOB
TOPEHHUs U JIp.

BaaropapHocTn

Paboma evinonnena npu unancosoin noooepicke Munucmep-
cmea Hayku u gvicuiezo oopazosanus Poccuiickou @edepayuu, coena-
wenue N FSRF-2023-0003, «@ynoamenmanvuvie 0cHo6bl nocmpoe-
HUSL NOMEXO3AWUIEHHbIX CUCIEM KOCMUYECKOU U CHYMHUKOGOU
€631, OMHOCUMEILHOU HAGUZAUUU, MEXHUYECKO20 3PEHUS U AIPOKOC-
MUYECKO20 MOHUMOPUH2AY.
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APPLICATION OF OPTICAL FIBER AS A TRANSMISSION LINE FOR ANALYZED RADIATION
IN REMOTE OPTICAL SPECTROSCOPY SYSTEMS

Alexander R. Bestugin, St. Petersburg State University of Aerospace Instrumentation (SUAI), St. Petersburg, Russia, fresguap@mail.ru
Mikhail A. Vaganov, St. Petersburg State University of Aerospace Instrumentation (SUAI), St. Petersburg, Russia, ma.vaganov@gmail.com
Vasily I. Kazakov, St. Petersburg State University of Aerospace Instrumentation (SUAI), St. Petersburg, Russia, kvi@guap.ru

Abstract

The paper is devoted to the study of the features of using a fiber-optic transmission system (FOTS) of analyzed signals in remote opti-
cal spectroscopy systems. The purpose of the study was to develop mathematical models and methods for calculating distortions and
energy losses that occur during the transmission of optical signals via fiber, input radiation lens unit and a system for matching the FOTS
with the input aperture of a spectral device. Based on the use of geometric and physical optics methods, an analysis of the efficiency of
radiation input into the fiber was performed. The energy-frequency characteristics of an optical unit with a short-focus input lens for
introducing radiation into an optical fiber have been obtained, which allows to select appropriate optical elements. A study was carried
out of the distortions of the spectrum spread function of a spectral device when using optical fiber for a spectral device with a dif-
fraction grating. Based on the computer simulation performed, an estimate of the broadening of the spectrum spread function of a spec-
tral device with a diffraction grating when using single-mode and multimode optical fibers was obtained. The energy losses of optical
radiation in the system for matching the FOTS with the input aperture of a spectral device have been studied: a mathematical model
has been proposed and, on its basis, the values of energy losses have been calculated. The proposed mathematical model allows, given
the input parameters of the spectral device, to calculate the parameters of optical elements to minimize energy losses. The developed
calculation methods, the proposed mathematical models and the results of computer modeling can be applied and used in the develop-
ment and calculation of remote optical spectroscopy systems for monitoring physical, physic-chemical and technological processes.

Keywords: optics, spectroscopy, optical fiber, spectrum spread function, control systems, diffraction grating, energy losses.
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MocraHoBka npobnembl. [Ana obecneveHna oGHapykeHMA 30HAMPYIOLLEro curHana Ha ¢oHe LIYMOB C
BbICOKOW BEPOATHOCTBIO, KaK NPaBuNo, MPUMEHAIOTCA METO/bl MOAYNALMM CUTHANOB, B TOM YUCHE, KOJOBOM No-
cneposarenbHocTbio. Mpyu BbiGope KOHKPETHOTO KOAA, KaK NpaBuio, BbIGUpaloT KOAOBYIO NOCNeA0BaTENbHOCTb
MCXOAA U3 KPUTEpUsA, YTO Haunyullel ABNAeTCA Ta, KOTopas B npouecce o6paGoTkM MOAYNMPOBAHHOIO CUTHa-
na obecneunBaer Haubonee HU3KUN YpoBeHb GOKOBBLIX NE€NECTKOB HOPMUPOBAHHOW aBTOKOPPENALMOHHOM
pyHkumn. Hanbonee ussectHoiMu aAenaloTca koabl bapkepa, ogHako nx ypoBeHb 60KOBbIX NE€NECTKOB BO3MOXK-
HO MOHU3UTb, 3aMEHUB 3HA4YEeHNA CUMMeTpu4Horo koa Bapkepa Ha MoauduuMpoBaHHble BapuaHTbl. MeToabl
uccnenosaHua. B pabore npumMeHsaloTca MeToAbI MOAYNALMM, KOPPENALMOHHOTO aHanusa, uudpposoi o6pabdoT-
KM CUTHaJI0B, UMMTALIMOHHOTO MOAENMUPOBAHUA U YUCNIEHHOTO UCCNIEJOBAHNA CUCTEM NPUMEHUTENBHO K paauo-
NoKauMoHHbIM KaHanaM. Llens. Ha ocHoBe HoBo# paspaboTtaHHOi MeToauKM TpebyeTca ocCyllecTBUTbL MOUCK
MoAUMDULMPOBaHHBIX 3HAYEHUN neMeHToB Kofos bapkepa ana moaynauum curiana, kotopble ob6ecneyvar 60-
nee HU3KMIA ypoBeHb GOKOBBIX NENecTKOB HOPMUPOBAHHON aBTOKOPPENALMOHHOM (PYHKLMM MO CPaBHEHMIO C
ypoBHeM GOKOBbIX IENeCTKOB, KOTOpble MOMNY4aloTCA B pe3ynbraTte KOPpenAUUOHHOI 06paboTku curHanos, Mo-
AYNUPOBaHHBbIX KAHOHMYECKUMU nocnefoBaTenbHocTAMU Bapkepa. O6ocHoBaTh Llenecoo6pa3HOCTb NPpUMeHe-
HMA U TeHepalLMun CUrHaNoOB MO HaWAEHHbIM KOAOBbIM mpeAcTaBneHuAM. Pesynbratel. MonyyeHbl pesynbrartbl
CPaBHUTENBHOIO aHanMu3a Ha OCHOBE UMUTALMOHHOTO MOAENTMPOBAHUA U YUCSIEHHOTO UCCNEeA0BAHUA NPUMEHHU-
TENbHO K PaZJMONOKAaLMOHHBIM KaHanaM, NoKasbiBaoLme, 4To MoauduumupoBaHHble koael Bapkepa obecneuun-
BaloT Gonee HU3KME YPOBHM GOKOBBIX NENeCTKOB HOPMUPOBAHHBIX aBTOKOPPENALMOHHBIX (bYHKLIMIA, YeM UX Ka-
HOHMYeCKUe NpeACTaBNeHuUsA, NpeiHa3Ha4YeHHbIE ANIA MOAYNALMUMN LUMPOKOMOJOCHBIX UM CBEPXLUIMPOKOMNONOoC-
HbIX curHanos. MpakTuyeckan s3Ha4MMocTb. Pe3ynbraTbl MOryT NPpMMEHATLCA ANA MOAYNALMM CUTHANOB NpY Npo-
€KTMPOBaHMM COBPEMEHHbIX PAIMONOKALIMOHHBIX CUCTEM, B YACTHOCTHU, ANA MPOCTPaHCTBEHHO-pacnpefeneH-
HbIX ManorabaputHbix GopTosbix PJIC, o6ecneunBaiowwmx o6HapyxeHne 06LEKTOB UHTEpeca.
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BBenenne

B mocnennee BpeMs B o0sacTu pa3pabOTKH paJroIOKAIIAOH-
HBIX CHCTEM AWCTAHIIMOHHOTO 30HIMPOBAHMS BCE OOIbIIEE pac-
MPOCTPAaHEHUE HAXOAAT CIIOKHBIE MOJYJIMPOBAHHBIE CHUTHAJIBL,
KOTOpPBIE MCTIONb3YIOTCS sl PEIeHUs 3aa4 O0HAPYKEHHs CHUT-
HaJIOB Ha (oHe nryMoB u nomex [1-3].

Jliist pereHust 33724 B CTpoOE MpUEMHHUKA TpeOyeTcs oCy-
IIECTBIISATH MPOLEAYPY CKATUSI CUTHAIOB, MOIYIMPOBAHHBIX KO-
oM. IIporenypa cixaTHsi MOTYJTUPOBAHHOTO CUTHANA pean3y-
eTcsl Ha OCHOBE METO/I0B KOPPEISIIHOHHOM 00paboTku. [Ipu aTom
XapaKTEePUCTUKK KOPPESALMOHHOTO MpUeMa C)KaTOW CUTHAIbHO-
KO/IOBOHM KOHCTPYKIIMH 3aBUCAT OT KOHKPETHOTO KOJIa, HCIIOIb3Y-
€MOr0 B 3TOM KOHCTpYKUMH [4-5].

OpHako, He BCE KOJIbI O3BOJISIIOT CTEHEPUPOBATH 1O HUM CHT -
HaJIbHO-KO/I0BbIE KOHCTPYKIMH, O3BOJIsFOIIHE 3(h(DEKTHBHO pea-
JM30BaTh HaJ HUMH KOHKPETHBIN NPOIECC BhIAENCHUS (0OHApY-
JKEHHST) MOIYJIMPOBAHHOTO KOJIOM CHTHaJIa Ha (hOHE IIYMOB.

Kak npaBuiio, kpurepueM BbIOOpa KoJa JUisi TeHEPALUH CHT-
HaIIbHO-KOJ/IOBOIl KOHCTPYKIMHU SIBJISIETCS YPOBEHb OOKOBBIX Jie-
nectkoB (bJI) HOpMUPOBAaHHOIT aBTOKOPPEISLIUOHHON (QYHKIIMK
(HAK®). Dror yposens bJI mocie cxarusi nokeH OBITh
HauMEHbIINM JUIsl 9()()EKTHBHOTO PEIIeHNs] KOHKPETHOM 3a/1a4n
oOHapy)xeHHs Ha ()OHE IIIyMOB U TIOMEX.

B cpaBHeHHH ¢ mpoxo u3BeCTHBIMU Kojgamu bapkepa [5], ux
MOJM(UIIMPOBAHHBIC BEPCHH MMEIOT HECHMMETPUYHOCTH HEKO-
TOPBIX DJIEMEHTOB KOJ[a, YTO B CBOIO OUE€pPE/b 103BOJISIET IeHEPU-
pOBaTh CUTHAJIBI, MOIYJIMPOBAHHBIC JJAHHBIM MOAN(HUINPOBAH-
HBIM K0JIoM ¢ Oonee Hu3kuMH ypoBHAMHU BJI HAK®.

Tak, HanpuMep, MPSIMBIM HCTIOJIB30BAHNEM HOBBIX KOJIOB SIB-
JseTcs WX TpHMEHeHWe B cBepxmmpokomnonocHbx (CILIT)
ycTpoiicTBax 0OHAPYKEHHS, TJie MOLYJISIIUS CUTHAIA OCYIECTB-
JseTcs 1Mo aMIuuTyae. To ecTh, 3HaUeHHE MOJI0KUTEIBHOI0 dJie-
MEHTa KOJa COOTBETCTBYET AHAJIOTHYHOMY 3HAUYEHHUIO aMILIH-
tyabl s CHIIT curnana, u, Takol ke IPUHIUI AEUCTBYET st
OTPHLIATEJILHOTO 3HAYCHUS SIIEMEHTA KOJ[a PU aMILIUTY IHOH MO-
nynsiuun CLITT curnana.

B nanHol pabote paccMaTpUBarOTCs KOJIbI, TPUMEHSIEMBIE JUIs
aMITIMTYTHOM MOJYJISIIINH, @ UMEHHO KoJbl bapkepa u Haiinen-
HbIE MOAN(HUIIMPOBAHHBIC IO HUM KOJIOBBIC MOCIIECA0BATEIILHOCTH
C HECUMMETPUYHBIMH OMHAPHBIMU 3HaueHUsIMH. [Iponecc moncka
9THX HOBBIX MOAN(HUINPOBAHHBIX 3HAUYCHUH 3JEMEHTOB KOJIOB
OCYIIECTBIISICTCS TI0 ONPENCICHHBIM AHAIUTHIECKUM BbIpaKe-
HUAM, onucbiBaomuM ypoBHU BJI HAK®. [lanee mpoBomutcs
CPaBHUTEINILHBIN aHAIN3 C KIACCHYECKHMMHU KOJIOBBIMHU NPEACTaB-
neHusiMH bapkepa Ha IpeAMET COIMOCTAaBICHUS OLEHOK 10
ypoBHio bJI HAK® mns kmaccndeckoro u MOAM(HUIIMPOBAHHOTO
KoJ10B bapkepa ¢ HeCHMMETPUYHBIMU OMHAPHBIMH 3HAYCHUSIMH,
M, 3aTE€M BBIYMCIISICTCS PA3HUIIA MEXKAY AaHHBIMU YPOBHSIMH JUIsI
omnpeneneHus Haunydmx. Ha ocHOBe cpaBHHUTENIBHOTO aHalIN3a
JIeTIaeTCsl BBIBOJL O 11EJIECO00Pa3HOCTH MPUMEHEHHSI HOBBIX MOJIN-
(unmpoBaHHBIX TOCHe0BaTeNbHOCTEH bapkepa. [IpencraBienst
KOMITBIOTEPHBIE 3KCIIEPUMEHTHI IO ITONCKY YUCICHHBIX 3HAYCHUH
3JIEMEHTOB KOJIOBBIX CTPYKTYp Ha OCHOBE MOJM(HKALUI KOIOB
Bapkepa ¢ HeCHMMETPUYHBIM 3HAYEHHUSIMHU M TIPE/ICTABICHBI YHC-
noBeie xapakrepuctuku ypoBHed bBJI HAK®, obmamatomrme
HaWIyqlIMMH KOPPEISIIMOHHBIMM ~ XapakTepucTukamu. [Ipen-
CTaBJICHBI PE3yJIbTaThl MPOBEACHHBIX KOMIBIOTEPHBIX 3KCIEPH-
MEHTOB TI0 OICHKE YHCIIOBBIX XapaKTEPHUCTUK KOPPETSAIIMOHHBIX
CBOWMCTB 3THX MOAU(DUIMPOBAHHBIX KOOB bapkepa. U, HakoHerr,

Jlajiee MpeCTaBIIEHbl UTOTOBBIE BBIBOJbI UCCIIEI0BAHUS U JAHbI
PEKOMEHAAIMH MO UX JaJIbHEeHIIeH MPaKTHYeCKON peann3aluu 1
pacuupeHuo chepsl IPUKIATHOTO TPUMCHEHUS.

Koas! Bapkepa

B Hnacrositee Bpemst st oOecrieueHust BBICOKUX XapaKTepH-
CTHK 0OHapy»XEHUs CUTHAJIA Ha ()OHE IIIYMOB, a TAKXKe B UHTEpe-
cax TIOBBIIICHHS TTOMEXOYCTOHYMBOCTH KaHAJIOB OOPTOBBIX pa-
JIMOJIOKAIIMOHHBIX CHCTEM, KaK MPABUIIO, TIPUMEHSIIOTCSI CIOCOOBI
MOyJISIIIH dTHX CUTHAJIOB [6-10], B TOM 9mcIie, KOZOBOH moce-
JIOBAaTEIBHOCTHIO. [IprMeHEeHNEe MOTy IMPOBAaHHBIX CUTHAJIOB 1103~
BOJISIET CYIIECTBEHHO MOBBICUTH IOMEXOYCTOWYNBOCTD PaIHOIIO-
KaI[MOHHBIX KaHAJIOB.

Ha »Tame BeIOOpa K010BO KOHCTPYKIIUH IPUMEHSIOT CIIEIy-
IOIINI KpUTEpUil, a UMEHHO — HAWJIY4IIIUM SIBJISIETCS] KOJIOBas T10-
CJIEI0BATENIBHOCTb, y KOTOPOM MUHUMAaJbHBIA ypoBeHb bJI
HAK®. Kak m3BecTHO, Y KOAOBBIX MOcienoBaTenbHocTeil bap-
Kepa 3TOT ypoBeHb paBeH 1/L, rue L — anmuna xona. JlaHHbIe KOJIBI
LIMPOKO UCIOJIB3YIOTCS IIPU IIOCTPOCHUU PA3JIUYHBIX YCTPOUCTB
U CUCTEM 06Hapy)KeH1/1;1, B TOM YHCJIC HIMPOKOIIOJIOCHBIX U CBECPX-
LIMPOKOIIOJIOCHBIX, MTOCKOJIBKY SIBISIOTCS YHUKAJIBLHBIMU OWHAp-
HBIMH KOJIaMHU C CUMMETPHYHBIM ajdasutoMm {1, —1} ¢ Touku 3pe-
HUSI pPaBHOMEPHOTO pactpeenenus 3Hauenuit {1, 0} yposueii bJI
AK®. Jlannsle xona bapkepa KOHEUHOH JUIMHBI C CUMMETPHY-
HBIMH 3HAUYCHHSIMH ¥ COOTBETCTBYIOIINMH MM YpOBHsIMH. Hanpu-
Mep, koas! bapkepa mimwabl L=2, uMmerot nBa Bapuanra (+, —) u (+,
+) ¢ yposasimu BJI HAK® —1/2 u1/2, coorBercTBeHHO. Takxke aBa
BapHaHTa UMEIOT Koasl bapkepa mmmaer L=4, a umenno (+, +, —,
+)u (+, +, +, —) ¢ ypoBHsmu BJI £1/4 y ka)xaoro u3 3THX KOJIOB.
ITo oxgHOM peanmuzanu UMEIOT KOJbl JyiuHbl L=3 (+, +, —), L=5
+++ - HL=7(++,+ -+ ), L=l (+,+ +,—— -+ -
,—+,-), L=13 (+,+, +, +,+,—, — +, +,— +,— +) c ypoBHsamu BJI
—1/3, 1/5,-1/7,-1/11 u 1/13, cootBeTcTBeHHO [11-15].

B ycrpoiicTBax u cuctemMax oOHapy KeHHs BIOMpaeTcs TTocie-
JoBaTeIbHOCTH bapkepa pHKcHpoBaHHOMN AJMHBI HCXOISI U3 €€ 3a-
JITAaHHBIX TPEOOBAHUH MO KOPPEISIIMOHHON XapaKTEPUCTHKE, YTO
oOecriednT rnporecc ee 00HapyKEeHHsI B IPHEMHOM yCTPOMCTBE.

[ToMuMO pasMONOKAIMOHHBIX HPHIOKEHUH, JaHHBIC KOJBI
Bapkepa nCoOnb3yrOTCs TakXkKe JUISi CHCTEM Iepesiaud TOKaapo-
BBIX ITOTOKOBBIX JTAHHBIX. TaK, HaIpuMep, KOraa KojoBas mocie-
JTOBAaTEIBHOCTh OOHAPYKEHA Ha MPUEMHON CTOPOHE, TO YCTPOH-
CTBO TIpHeMa 00ecTIeYnBaeT HACHTU(HUKAIIMIO Havana Kajipa u Ja-
Jiee OCYIIECTBISIET NMPOLIECC U3BJICUECHUS JaHHBIX KaJpa, SBIISIO-
IIMXCS TTOJIC3HOM MepeaBacMoil HH(pOpMaIIKeit OT IepenaroIIero
aboHeHTa K npueMHoMy aboHeHTy. [Iponecc oOHapykeHus 1o-
CJIEZIOBATENILHOCTH B TIEPEaBaeMOM Kajpe JIOCTHraeTcsl Ha Oc-
HOBE COIIOCTaBJICHHSI BXOJSIIMX JAHHBIX C KONUEH npeamOyibl,
XpaHslieicss Ha MpueMHOW cTopoHe. B kadectBe mpeamOyiibl B
KaJ[pe UCIOJIb3YIOTCS MocieioBaTenbHocTy bapkepa [16-21].

Takum 00pazoM, Uil KOHKPETHBIX CHCTEM OOHapy»XeHHUs,
OyZb TO CHCTEMBI Nepe/lauu JaHHBIX OT aDOHEeHTa K aOOHEeHTY
WIN Pa3INYHbIC JIOKAMOHHBIE CHCTEMBI, PEalIM3yeTCsl KOpPEs-
LIMOHHBIN TIPUEM.

UYUto6B! MPOMILTIOCTPUPOBATH 3TOT MOAXO] AaJee paccMaTpu-
BaeTcsl cilydall kaHOHMYeckoro BbruucieHust AK® mia kxona
Bapkepa mymnbt L = 11, 471 OCTaIBbHBIX KOJIOBBIX MTOCIEI0BATEIb-
Hoctel bapkepa nporecc aHajgoruyeH.

MexaHU3M KJIaCCHYECKOTO BBIUMCIICHHUS 3HAYCHWH ypOBHEH
BJI AK® miis koma Bapkepa L = 11 npeacrasieH Ha pucyHke 1.

—
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Bu | +1 | +1 [ +1 [ -1 [a [ [+ [a[-a]+ [
- = =+ |+ ]+ - |+ +] -]+
+ |+ |+ | == = 1+|=1=14+1]-=
- - -]+ + |+ =1+ +]-1]+
- | -] -]+ [+ +] =]+ |+ =1+
+ |+ ] + - -+ | =] -]+
- | - + | + | + + |+ - | +
- -+ |+ |+ = +]+] =]+
- - =+ |+ ]+ =]+ +]| =1+
+ | + |+ | -] -] -]+ =-]=1+1-
+ |+ |+ -] -] =]+ =1=1+1]-=
+ |+ |+ |- =-]1=-1+]-1=-1+1-=
1] 0 1] o [alo] =1lo[-a] o mlfolajof[alolafo[a]lo[

Puc. 1. MexanusMm Kiaccu4eckoro BeruucieHus 3uadenuit yposaeid bBJI AK® nns kona bapkepa L =11

Jns mmrHE Kitaccwdeckoro koxa bapkepa L = 11 3HaucHus
AK® nosryuninick paBHBIMH CIIeTyIOIINM 3HAUYCHHAM: Spii = {—1,
0,-1,0,-1,0,-1,0,-1,0,11,0,-1,0,-1,0,—1,0,—-1,0, —1}.

OpHako IS TTIOJTyYeHUS] aHATNTHIECKUX BBIPAKSHUH IS KO-
noB bapkepa B 3aBUCUMOCTH OT (, TA€ J SIBISETCS OTpULATEIb-
HBIM 3HaYE€HHEM KOJIa, TaHHBIN KIIACCHYECKUH MEXaHU3M HE MOJI-
XOJNT, MOATOMY Jajiee CIEyeT pacCMOTPETh MEXaHM3M MOHCKa
pa3uuHbIX MOAN(UIMPOBAHHbBIX Tap Koxa {1, —q}.

Bblpa)l(e]—ll/lﬂ JJIs MOUCKa MO}]I/I(I)I/IHI/I[)OBZIHHBIX KOJ10B
EapKepa C HECCUMMETPUYHBIMHU 3HAYCHUAMMU

J11st mowcka pasiMYHbIX MOJM(UIMPOBAHHbIX map kona {1, —q}
s aH L=3, 5, 7, 11, 13, TpeOyercs onpenenuTh aHAIUTHYC-
CKHE BBIPAKCHNUS, PEIICHUE KOTOPBIX W TO3BOJIUT HAWTH HOBBIC
KOJIOBBIE TTOCIIEIOBATEIBHOCTH, 00JIaafonye JyqlInMI Koppe-
JSIIMOHHBIMY XapaKTEPUCTUKAMM, Y€M UX U3BECTHBIC BAPHAHTBHI,
cocrosmme u3 {1, —1}. B COBOKymHOCTH 3TO MO3BOJHT PACIIH-
PHUTB KJIacC KOIOBBIX MOCIIEA0BATEILHOCTEH, IPIMEHSIEMBIX TIPH
CKaTHM MOJIYJIMPOBAHHBIX CHTHAJIOB B COBPEMEHHBIX YCTPOWi-
CTBax OOHAPYKEHUsI.

Bapuanrom moucka pelieHusi, IIOCTaBJIEHHOW B pabore 3a-
Jlauu, SIBJISIETCS MTOJIXO0JI, IPU KOTOPOM OCYIIECTBIIsIETCsl Mo pu-
KaIust 2JIeMeHTOB Kos10B bapkepa. [lyist aToro, kak roBOpHioch pa-
Hee, NPeJUIaraeTcsi yUTH 0T 3HaYeHU I KAHOHMYECKOTO KOJIa Maphbl
{1, -1} u mepeiTu K 3HAYCHNSAM HECUMMETpUIHON mapsl {1, —Q}
u B o0mmiem ciryuyae {p, —}.

Hcnonp3oBanue pasnuuubix map {1, —q} u {p, —q} gaer Bo3-
MOXHOCTb JIOTIOJTHUTH TEOPHIO KOANPOBAHUS M CLIOCOOBI U(po-
BOI1 00pabOTKH CUTHAIIOB.

J1st onpeneneHns HOBBIX 3HAYEHUM KOJOBBIX KOHCTPYKLUN
TpebyeTcs pa3paboTaTh COOTBETCTBYIOIIYIO METOAMKY AJIS UX TIO-
UCKa B CITy4ae aMIUIUTYIHON MO ISIIUK CUTHAJIA.

Jlist aToro Tpedyetcs ouieHuth ypoBHu BJI HAK® u nposecTu
X CpaBHUTEIbHBIA aHalIW3 MEXKAy TaKUMU OLEHKAMH JUIs
HalJICHHBIX 3HAYCHUI HOBBIX MOJN(PHUIMPOBAHHBIX KOJIOBBIX I10-
CJICZIOBATEJIFHOCTEH M W3BECTHBIMH CHMMETPHYHBIMU KOJAMH
Bapxkepa paccmarpuBaeMbIX JUTHH.

[Mounck 3nauennii paznuunbIx nap {1,—q} u {p, —q} Wit Moau-
(hUIMPOBAHHBIX KOJOBBIX ITOCIIE0BATEILHOCTEH AJIMH aHATIOT -
HBIX KoJjaM bapkepa cBOAATCS K TaOJIMIHBIM BBIPRKECHHSM, TIOITY-
YEHHBIX MAaTPUYHBIM CIIOCOOOM (cM. Tabm. 1-5).

Tabnuna 1

Brlpaskennst U1 HOMCKa alIbTEPHATUBHBIX Ko/10B bapkepa L=3

Ne re- Bripaxe- Ne re- Bripaxe-
MecTKa Hus Juis mo- | mectka AK® | Hus s mo-
AK®D ucKa Q uckapu(
Si(@) g’ +2 Si(p. 9) 2p’+q?
SHC)) -q+1 S2(p, 9) P> —pq
S3(@) -9 S3(p, @) —Pq

Ha pucynke 2 npuBeneHs! rpaduky Beipaxkenuit bJI 2 u 3 s
TTOVCKa HAMJTyIIero 3Ha4eHHs (| IPH KOTOPOM YPOBEHb OOKOBBIX
neriecTkoB HopMmupoBaHHOW AK®D k enuHMIE OyIeT MUHUMAITEHO
BO3MOKHBIM. [ [yHKTHpHOM THHAEH TOKa3aH ypoBeHb U 3HaUCHMIA
BJI knaccuueckux komoB bapkepa wuccienyemond MIUHBL U
BeipaxkeHus: bJI (rpaduko) npu HopmupoBanHoit AK®D Tabmmie 1,
KOTOpBIE HE JOJKHBI IPUBBIIIATE 3TOT ypoBeHb U. AHanusupys
rpaduKy pUCyHKe 2 W pelas aHAIUTHYECKH COOTBETCTBYIOLINE
BeIpakeHus: g Bcex BJI, B manHoMm ciydae mist bJl-oB 2 u 3
nojy4aercst 3HadueHue koma ¢ = 0.5 mis maper {1, —q}. JlanHoe
3HAYEHHE HAXOJIUTCS Ha TIepeceueHUN rpa)iKOB BBIPAKCHUH Sy 1
S3, 4TO MIOKa3aHO Ha pucyHKe 2. [Ipy 3TOM ONTHMAIBEHOM 3Have-
Hun kKoga (q = 0.5) coorBercTBYIOmM ypoBeHb bJI paBen S,=S;=
—13.06 nob.

-90 I L I R. L B
3 2 -1 0 1 2

Puc. 2. I'pa¢uxu Boipaskennii BJI 2 u 3 npu Hopmuposannoit AK®
JUIsl IOUCKa (

——
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AHaJIOYHBIM CITOCOOOM OBUTH OIPEEICHBl BBHIPAKEHHS TIPH
L = 3 mna momcka mapsel {p, —0} (cMm. Tabn. 1) mpm KOTOPBIX
3HadeHns bJI MMEI0T MUHMMANBHBI ypOBEHb. 3HAYCHHUSA TaphI
{p, —q} cBsazanbI BeIpaskeHueM J = 0.5p.

Beipakenust [1s morcka MOAM(HUIIMPOBAHHBIX KOJIOBBIX KOH-
cTpykumii bapkepa niunst L = 5 npuBeaens! B Tabnuna 2.

Tabmnuma 2

BripaskeHust ist IOMCKa MOAN(BHIIUNPOBAHHBIX
koz0B bapkepa L =5

K OS85 0 cace
] '\r.leu

L ’

Ne nenectka | Beipaxenus qis | Ne nenectka | BolpaxkeHus — ais
AKD 1IOMCKa ( AKD IOMCKa P 1 (
Si o’ +4 S 4p2 + ¢ ol
S -2q+2 S 2p%-2pq . ; A | _
S3 q+2 S3 2p; il LY Puc. 4. I'paduku Boipaxkennit BJI 2-7 npu Hopmuposanuoii AK®D
S4 —q+1 S4 p°-pq TS TIOHCKA ()
Ss 1 Ss p?
B cimygae L=7 (cm. Tabxn. 3 u puc. 4) mng mapsr {1, —(} momy-
: ; , 4aeTCs 3HaYEHUE KOJa (=2 —/2, uTO MO3BONAET NOCTHYB YPOBHS
: s | BJI S, =S;=-18.68 nb u cooTBeTCTBEHHO AJIs TapHI {P, —(} CBsI-
i = == 3 x ..?.:_“g” : ] 3aHO BBIDAKEHUEM g _ (2 _ﬁ) p-
Bripaskenust u1st moncka MOJIU(GHUIIMPOBAHHBIX KOJOBBIX KOH-
ol A | cTpykumit bapkepa nnunel L=11 npusenenst B Ta0. 4.
Tabimna 4
- 1 Brlpaskenust U1t HOMCKa allbTepHATUBHBIX K0/10B bapkepa L=11
Ne nenectka Boipakenus Ne neriectka | Bripakenus mis
sof- . AKD JUIsl TIOMCKa (] AKD rnoucka p u g
e Si 60> +5 Si 5p? + 602
", S 32 -5q+2 Sz 2p%—5pq + 397
b S3 32 -5q+1 S3 p? - 5pq +3¢?
S4 3P -4q+1 S4 p? —4pq +3¢?
3 . , 2 ] Ss 202 -4q + 1 Ss p* —4pq +2¢°
. Se 20> -3q+1 Se p? —3pq + 2¢?
Puc. 3. I'paduxu Boipakenuii BJI 2-5 npu HAK® nist noucka s, 301 S, = 3p0t
1)y )2
Kax u B ipeapiyiiem ciyyae npu L = 3, ananusupys rpapuku gz qu Pl 22 éf — quq
BeIpakeHuil bJI-oB puc. 3, a Taxke perias aHATUTUYECKH COOT- Sio g1 Sio 0 pq
BETCTBYIOIIME BbIpaxkeHus st bJI 2-5 (cm. Tabi. 2) momyyaercs S q S, nq
3HaveHue koxa 0=1.5 jura mapst {1, -} ¢ ypoBHEM MaKCHMaJlb-
Horo bJI paBubiM $,=Ss=—15.92 u gq=1.5p amns mapser {p, —q}. = = — J ; |
Berlpaskennst ai1st moncka MOJMU(GHUIIMPOBAHHBIX KOJJOBBIX KOH- P e s - e
cTpykmwii bapkepa miwab! L = 7 npuBeaeHs! B Tabnme 3.
Tabmuma 3
&a- Il 4
Beipaxenust st ioricka MoiMQuIMpoBaHHbIX KosoB bapkepa L =7 | |
Ne nemectka BeipaxeHus Ne nenectka | Boipakenus mis ol M B Ry |
AK®D JUIst IOVCKA ( AK®D ToMcKa P u ( : S L
Si 3°+4 Si 4p® +3¢? amf " A
S2 g>-3q+2 Sy 2p%—3pq + ¢? _
S3 g*-3gq+1 S3 p?—3pq + ¢ 160 1
S4 (-1 S4 (p—9qy
Ss —2q+1 Ss p? —2pq e 1
S6 -1 S6 P’ —pg ) - : : : ; ;
S7 —q Sz —pq

Puc. 5. I'paduxn Beipaskenuii BJI 2-11 npu nHopmuposannoit AK®
JJ1s1 IOUCKa q

T-Comm Tom 17. #12-2023




OpHako, HalWJCHHbIE AHATUTHYECKU 3HAYCHHS KOJIOB IMapbl
{1,-q} q=2-+2 NpH MOACTaHOBKE B COOTBETCTBYIOLIUE BHIPA-

Kerus Tabn. 5 nokazamu yposan bJI HAK® (-19.11 nb) xyxe,
YyeM aHaJIOTHYHBIE OI[CHKH JJI1 KAHOHMYECKHX MOCIIeI0BaTEeIbHO-
creil bapkepa. 13 dero ciieyer, 4T0 HECUMMETPUYHOIO KOJIA 110
ypoBHio BJI nist qmuaer L=11 we cymectByet. Kak BunHO U3 rpa-
(UKOB pHCyHKa 5, HAUMEHbIIIEe 3HAYCHUE JUIsl TAHHOMW JUTHHBI J10-
cturaercs npu ( =—1 npu 3ToM cam yposeHb BJI kak u3BecTHO
pasen —20.83 B nb.

Brlpaskennst i1st moncka MOJTU(GHUIIMPOBAHHBIX KOJJOBBIX KOH-
crpykuuii bapkepa nimabl L=13 npusenenst B Tadi. 5.

Tab6muma 5

BrIpaxkeHuns A7 Mo¥cKa anbTepHATHBHBIX K0I0B bapkepa L=13

Ne nemectka Bripaxxenust Ne nemectka | BwIpaxenus mis
AKD JUIS TIOMCKa ( AKD TOoHCKa P 1
Si 4 +9 Si 9p? + 49>

S2 q>-6q+5 S2 5p? - 6pq + ¢
S3 g*-59+5 S3 5p2 —5pq + ¢
S4 g -59+4 S4 4p? — 5pq + ¢
Ss (q-2y Ss (2p-q)’
Se q>—4q+3 Se 3p? —4pg + ¢
S g*-39+3 S 3p? —3pq + ¢
Ss 3q+3 Ss 3p>—3pq
S —2q+3 S 3p>—2pq
Sio -2q+2 Sio 2p% - 2pg
S -q+2 Sii 2p% - pq
Si2 —-q+1 S p>—pq
Si3 1 Si3 p?
e - == = - —q,,ﬁs’ ————
\ / =
“I | '

|

a0 f-
Rz Ry L
1

180

3 -2 Bl ] 1 2 3

Puc. 6. I'padukn Beipakenuii bJI 2-13 npu HopMupoanHoit AKD
JUIs IOKCKa (]

Ha pucynke 6 npuBenens! rpaduku Beipaxenuit bJI 2-13, B
pe3ysbTaTe aHajn3a KOTOPBIX OBIIO HaliIeHO 3HAYEHHE (] ITPH KO-
TopoM ypoBeHb bJI HopMupoBanHOit AK® mMeeT MHHUMAIIBHO
BO3MOKHOE 3HaueHue paBHoe Sy = Si3=-23.77 n1b npu q= 33

Uit apel {1, —q} ¥ COOTBETCTBEHHO LTS Maphl {P, —(} CBA3aHO
BBIPAKCHHEM (| = (3 -3 ) p-
Kpome Toro, 6pU10 3aMedeHa 3aKOHOMEPHOCTh IS JUTHH KO-

moB L =3, 5,7 u 13, nokasviearowas, 9T0 Ha HAWITYYIIHE 3HAYC-
Hust ypoHeit BJI Biusitot Beipaxxenusi BJI ¢ Homepamu Sy u S

SNIEKTPOHUKA. PAODNOTEXHMKA

Takum 00pa3om, METOAMKA MMOMCKA MOIHU(PHUIINPOBAHHBIX KO-
JIOBBIX IOcnenoBarensHocTeil bapkepa criemyromas:

1) BriOpatb K010BYIO IOCIIEA0BATENLHOCTH bapkepa HeoOxo-
JquMoi rHbI L co 3HaueHusmu B mape {1, —1}.

2) ITocTpouTs AJ1st BEIOpAHHOW KOJOBOH MOCIIEA0BATEIEHOCTH
qumHbl L Ha mare 1 rpadpux HAK®.

4) Onpenenuts MakcumanbHoe 3HaueHHEe U BJI HAK®, momy-
YeHHOH Ha mare 2.

5) B BEIOpaHHOIT 4715 MiCCTIeTOBaHUH KOJOBOM ITOCIIEIOBATEIh-
HOCTH Ha mare | Tpedyercsi 3aMEeHNTh OTPUIATENIBHBIN 3JIEMEHT
KOJla co 3HaueHueM —1 Ha 3HaueHue —(.

6) [MonyuuTs BeipakeHus S(Q) [uist Kax0ro Jjenectka (rias-
Horo 1 60koBbIX) AK®D B 3aBucHMoOCTH OT (.

7) Honyuuts Beipaxkenus st kaxaoro bJI HAK®, chopmu-
POBaB TEM CaMBIM CHCTEMY BBIPaYKCHHH.

8) Haiitu mapamertp g, npu kotopom 3Hauenne bJI HAK® Oy-
JIET HaUMEHBIIUM U3 BO3MOXKHBIX, PEIINB CUCTEMY BBIPAKEHU,
MOJIyYEHHBIX Ha MPEbIAYIIEM IIare.

9) Voemutbesi, uto 3HaueHus yposHed BbJI HAK® npum
HalJIeHHOM 3HAa4YeHHH (| Ha TMPEIbIAYIIEeM IIare HIKe, 9YeM ypo-
BeHb U BJI HAK®, onpenencHHbIi Ha mare 4.

CpaBuuTteabHbIi aHanu3 ypoHeii BJI HAK®

Crnenyer 3aMeTUTh, YTO KOJOBBIE KOHCTPYKIMH JUIMH IIpU
L =3, 7 u 11 oTinyaroTcst Ha OJIUH DJIEMEHT MO KOJIUYECTBY TOJIO-
JKUTEIIBHBIX U OTPULIATEIbHBIX CUMBOJIOB. Tak y KoJia co 3HaKaMu
3J1eMeHTOB (+, +, —) JumHbI L =3 - 2 nonoxxurensHbIX U 1 oTpHa-
TEJBHBINA JJIEMEHT, y kona (+, +, +, — — +, —) mHel L= 7 - 4
MIOJIOXKUTEJIBHBIX U 3 — OTPUIATENILHBIX 3JIeMEHTa U y KoJa (+, +,
+, - — -+, — — +,—) mmHel L = 11 — 5 MOMOXKUTETHHBIX U 6
oTpUIaTeNbHBIX. JMHA TakoW KOIOBOH IOCIEIOBATEIbHOCTH
(rme YMCIO OTPHUATEIBHBIX 3HAYCHUH IOCIECAOBATEIbHOCTH
MEHBIIIE Ha OJHO 3HAYCHNE, YEM YHCIIO MOJI0KUTEIBHBIX ) BBIUNC-
nstetest kKak L(i)=4i—1, rme i HatypamsHoe uncio u L mpu sTom
mpoctoe uncno L =3, 7, 11 u T.1., a cama CTpyKTypa mocie1oBa-
TEJIbHOCTH ONpeeNseTcs Yepe3 pacueT KBaJAPaTHUHBIX BHIYETOB.

KomoBsre koHCTpYKIMH nHEI L =5 co 3Hakamu (+, +,+,— +) u
mnel L =13 (+, +, +, +, +, —, — +, +, —, +, — +), OTJIHYAOTCSI 10
cBoel cTpykType oT juuH 3, 7 u 11. Kak MOXHO 3aMeTUTh KOJIH-
YECTBO OTPHUIATENLHBIX M IOJOKUTEIBHBIX 3JIEMEHTOB y KOAA
JunHbI L =5 paBHO | 11 4 COOTBETCTBEHHO, a y Kojia JuinHbl L =13
paBHO 4 u 9, cooTBeTcTBeHHO. OTCI0a CIIEAYET, UTO JAHHOE CO-
Jiep KaHKe KO/1a 10 KOJIMYECTBY OTPHUIATENIBHBIX 2JIEMEHTOB COOT-
BETCTBYET KBaJpaTy HATYPalbHOIO YMCIA — i, a KOJHYECTBO T10-
JIO)KUTEIIbHBIX AJIEMEHTOB KaK MOXKHO 3aMETHTh COOTBETCTBYET
KBaJIpaTy YMCila Ha eJMHUILy GoJbiiero yem npeapiaymee (i+1)2
JlaHHBIE KOJOBBIE KOHCTPYKIMM CYIIECTBYIOT Ha JUIMHAX
L(i) = i%+(i+1)?, L=5, 13, 25 1 T.1. DT JUIMHBI KOJIOB MPEJICTAB-
JISIFOT MEHBIIMH MHTEpeC, TaK KaKk 3HaYCHUE JUTHMHBI KOJa pacTéT
OpIcTpee, TO ecTh MEXkK/Ty BOBMOXHBIMU JuTHHaMu L Oosbive mpo-
MCKH, B OTJIMYHME OT KOJIOB, C(OPMHUPOBAHHBIX Ha BBIYUCICHUN
KBaJPaTUYHBIX BBIYETOB.

Cpasuurenpublii ananmns ypoBHed BJI (YBJI) HAK® mexmy
KOJIOBBIMH TTOCTIEJOBATEIbHOCTSIMU bapkepa n ero moxuduxarm-
SIMH 110Ka3aJ1 CJIEAYIOLIHIE Pe3yIbTaThl.

o L = 3, YBJI Bapkepa: —9.54; YBJI mogudukanuu: —13.06;
paszuuna: 3,52 nb.

o | =5, VBJI Bapkepa: —13,98; YBJI mogudukanuu: —15,92;
paszuuna: 1,94 nb.

-
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oL = 7 YBJI: YBJI Bapkepa: —16.90; YBJI monudukarum:
—18,68 ab; paznuua: 1,78.

e | =11 YBJI bapkepa: —20.83; YBJI mogudukarmm: —19.11 nb;
pasuuna: —1,72 nb.

e L =13 VBJI Bapkepa: —22.28 nb; YBJI mogundukanum: —
23.77 nb pazuuna: 1,49 nb.

Taroke n3BecTHHI K011 bapkepa mmst e L =2 u L = 4. BrI-
paxenusi, onuceiBarontie rpaduku bJI AK® ams momcka monau-
(unmpoBaHHbIX 3Ha9eHni 1mH L =2 nmerot Bua: Si(q)= 0> + 1 u
Sx(q)= —q wm g. A BbIpaxkenus 1is juanel L =4: Si(q)= ¢ + 1,
Sx(0)=-2q + 1 mm —q + 2, S3(q)=—q + 1 u S4(q)= 1 i —q.

OpHaKko, HECUMMETPHUYHBIC MOJIU(PHUIIMPOBAHHBIC KOJOBBIC
KOHCTpYKIMU bapkepa Iuisi HUX HaiiieHbl HE OBLIH, TOCKOJBKY
BBIPKCHUS JUISA MX IMOMCKA, KPOME KAHOHUYECKOTO CUMMETPHY-
HOro OmHapHOTO pemieHus {1, —1} B MpeaCTaBICHHOM IOAX0JC
HE IMEIOTCS ¥ TI0O9TOMY PacCMOTPEHEI OTMICIEHO HE OBLITH.

Taxum 00pazom, pereHa 3a1a4a Mmoucka MoIu(GUITIPOBAHHBIX
KOJIOBBIX ITOCTICIOBATEIHHOCTEH, aHAIOTHYHBIX IO CBOCH CTPYK-
Type KaHOHHYECKHM KojaMm bapkepa, HO OTIMYHBIM 1O 3HAYe-
HUSM 3JIEMEHTOB KOJIa.

3akaoueHue

JL71st paccMOTpPEHHBIX KOJIOBBIX MOCIEA0BATEILHOCTEHN JUIUH 2,
4,3,5,7, 11 u 13 0butH OIIpeICTICHBI AaHATUTHYCCKUE BBIPAKCHIS,
onuceiBatolue yposuu bJI AK® B 3aBHCUMOCTH OT OTpHIIATENb-
HOTO DIIEMEHTa KOJ[a, B Pe3yJIbTaTe M0 KOTOPHIM OBLTH HAHICHBI
MonuUKaIi KOIOB bapkepa ¢ HECHMMETPUYHBIMH AJIEMEH-
TaMu. AHalu3 pe3yJbTaTOB MCCIEI0BAHUN HA OCHOBE KOMIIbIO-
TEPHBIX 3KCIIEPIMEHTOB Ha MPEAMET CPABHEHHUS OIICHOK YPOBHEH
ABTOKOPPEIAIIMOHHBIX XapaKTEPUCTHK IIMPOKO HCITOIB3YEMbIX
konoB bapkepa u nx Moaudukanuii, HoJOOHBIX IT0 CTPYKTYpE KO-
JIOBBIX KOHCTPYKLHUH, MMOKa3al Ieneco00pa3sHOCTh MPUMEHEHHUS
TAKOTO TOAX0/a, YTO MOATBEPKAAET aKTyaIbHOCTD JaNbHEHIINX
HCCIIEIOBAaHHUN B 00IACTH MOMCKA HOBBIX MAapKHUPOBAHHBIX KOJIO-
BBIX KOHCTPYKIIHI C aCHMMETPUYHBIM aI(hpaBUTOM, TPUMEHIEMBIX
JUTSL MOAYJISIITUM 30HAMPYIOIIMX CUTHAJIOB B PA3IUYHBIX COBpeE-
MEHHBIX CHCTEMaX O0HAPYKCHUSI.
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METHOD FOR SEARCHING MODIFIED BARKER CODE SEQUENCES
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Sergey A. Nenasheyv, St. Petersburg State University of Aerospace Instrumentation, St. Petersburg, Russia, nenashev@guap.ru

Abstract

Statement of the problem. To ensure detection of a probing signal against a background of noise with a high probability, signal modulation methods, includ-
ing a code sequence, are usually used. When choosing a specific code, as a rule, a code sequence is chosen based on the criterion that the best is the one
that, during the processing of the modulated signal, provides the lowest level of side lobes of the normalized autocorrelation function. The most well-known
are Barker codes, but their sidelobe level can be reduced by replacing the values of the symmetric Barker code with modified versions. Research methods.
The work uses methods of modulation, correlation analysis, digital signal processing, simulation modeling and numerical study of systems in relation to radar
channels. Target. Based on the newly developed technique, it is necessary to search for modified values of Barker code elements for signal modulation, which
will provide a lower level of side lobes of the normalized autocorrelation function compared to the level of side lobes that are obtained as a result of cor-
relation processing of signals modulated by canonical Barker sequences. Justify the feasibility of using and generating signals based on the found code rep-
resentations. Results. The results of a comparative analysis based on simulation modeling and numerical research in relation to radar channels are obtained,
showing that modified Barker codes provide lower levels of side lobes of normalized autocorrelation functions than their canonical representations intend-
ed for modulation of wideband or ultra-wideband signals. Practical significance. The results can be used for signal modulation in the design of modern radar
systems, in particular for spatially distributed small-sized airborne radars that provide detection of objects of interest.

Keywords: Barker codes, airborne radar, correlation characteristics, side lobes, small-sized radar, noise immunity.

References

I. V.A. Zvereyv, “Isolating signals from noise using numerical methods,” N. Novgorod, IAP RAS, 2001. 188 p.

2. AA. Trukhacheyv, “Radar signals and their applications,” Moscow: Voenizdat, 2005. 320 p.

3. B.S. Rawat, A. Trivedi, S. Manhas, V. Karwal (eds.). Advances in Signal Processing and Communication. Singapore, Springer, 2019. 618 p.

4. Richard Klemm (ed.). Novel Radar Techniques and Applications. Vol. |. Real Aperture Array Radar, Imaging Radar, and Passive and Multistatic Radar. London, Scitech
Publishing, 2017. 951 p.

5. S.V. Dvornikov, S.S. Dvornikov, E.V. Markov, “Modified pulse sequences based on Barker codes,” Proceedings of educational institutions of communication. 2022. Vol. 8. No.
I, pp. 8-14. DOI:10.31854/1813-324X-2022-8-1-8-14

6. L.B. Fridman, E.A. Sinitsin, “Minimizing the influence of distortions of phase-shift keyed signals in the transmitting and receiving paths of radars on the efficiency of their
coordinated and suboptimal processing,” Microwave technology and telecommunication technologies. 2020. No. |-2, pp. 473-474.

7. 1.V. Shakhnovich, “Modern wireless communication technologies,” Moscow: Tekhnosphere, 2006. 288 p.

8. ARR. Bestugin, M.B. Ryzhikov, Yu.A. Novikova, |.A. Kirshina Increasing the efficiency of aircraft detection on catch-up courses in pulse-Doppler airborne radars with a low
carrier flight altitude. T-Comm. 2023. Vol. 17, no. 4, pp. | I-16. https://doi.org/10.36724/2072-8735-2023-17-4-11-16.

9. Z. Xinyu, "Analysis of M-sequence and Gold-sequence in CDMA system," 20/ | IEEE 3rd International Conference on Communication Software and Networks,” Xi'an, China,
2011, pp. 466-468, doi: 10.1109/ICCSN.2011.6014765.

10. S.V. Dvornikov, S.S. Dvornikov, K.D. Zheglov, “Proactive monitoring of the suitability of radio channels in the frequency hopping mode,” T-Comm. 2022. Vol. 16, No. 11,
pp. 15-20. https://doi.org/10.36724/2072-8735-2022-16-1 |-15-20.

1. O.V. Varlamov, “Construction of powerful broadband DC amplifiers of the modulation path of transmitters with separate amplification of the components,” T-Comm.
2022. Vol. 16, No. | I, pp. 4-14. https://doi.org/10.36724/2072-8735-2022-16-1 1-4-14.

12. C. Srinivasu, D. Monica Satyavathi, N. Markandeya Gupta, “Performance Evaluation of UWB Waveforms in High-Resolution Radar.” In: Chowdary, P., Chakravarthy, V.,
Anguera, )., Satapathy, S., Bhateja, V. (eds) Microelectronics, Electromagnetics and Telecommunications. Lecture Notes in Electrical Engineering, 2021, vol 655. Springer,
Singapore. https://doi.org/10.1007/978-981-15-3828-5_58

13. I. Tsmots, O. Riznyk, V. Rabyk, Y. Kynash, N. Kustra, M. Logoida, “Implementation of FPGA-Based Barker's-Like Codes. In Lecture Notes in Computational Intelligence
and Decision Making,” Advances in Intelligent Systems and Computing; Lytvynenko, V., Babichev, S., W?jcik, W., Vynokurova, O., Vyshemyrskaya, S., Radetskaya, S., Eds.; Springer:
Cham, Switzerland, 2020. Vol. 1020.

14. V.Ye. Shcherbakov and K.A. Lukin, "New Method for Generation of Binary Pseudo-Random Sequences with Quasiperfect Autocorrelation", MSMW'2016 The 9th
International Kharkiv Symposium on Physics and Engineering of Microwaves Millimeter and Submillimeter Waves, June 20-24, 2016.

15. Lukasz Lopacinski, Nebojsa Maletic, Alireza Hasani, Karthik Krishnegowda, Jesus Teran, Rolf Kraemer, and Eckhard Grass, “A Study of Barker Spreading Codes for High-
Speed PSSS Wireless Systems,” 2021. 10.1 109/EuCNC/6GSummit51104.2021.9482541.

16. T.D. Bhatt, “Construction of Perfect Periodic Binary Sequences for Radar Applications,” 2020, pp. 662-667 https://www.researchgate.net/publication/343524590

17. O. Riznyk, B. Balych and I. Yurchak, "A synthesis of barker sequences is by means of numerical bundles," 2017 [4th International Conference The Experience of Designing
and Application of CAD Systems in Microelectronics (CADSM), Lviv, Ukraine , 2017, pp. 82-84, doi: 10.1109/CADSM.2017.7916090.

18. S. Li, H. Wu and L. Jin, "Channel estimation in time domain using complementary sequence," 2017 3rd IEEE International Conference on Control Science and Systems Engineering
(ICCSSE), Beijing, China, 2017, pp. 474-477, doi: 10.1109/CCSSE.2017.8087978.

19. C. Chi, Z. Li and Q. Li, "Design of Optimal Multiple Phase-Coded Signals for Broadband Acoustical Doppler Current Profiler," IEEE Journal of Oceanic Engineering, vol. 41,
no. 2, pp. 302-317, April 2016, doi: 10.1109/JOE.2015.2442677.

20. Jurgen Willms, “A note on Barker sequences of even length,” 2021. doi: 10.48550/arXiv.2104.00502

21. Abhisek Ukil, “Low Autocorrelation Binary Sequences: Number Theory-based Analysis for Minimum Energy Level, Barker codes,” Digital Signal Processing. 2010, no. 20,
pp. 483-495. doi: 10.1016/j.dsp.2009.08.003.

Information about authors:

Vadim A. Nenashev, Ph.D. (Tech.), Head of the machine learning laboratory of the SUAI engineering school, associate professor of the department of "Design and technology of elec-
tronic and laser devices" of SUAI, St. Petersburg, Russia

Alexander R. Bestugin, Doctor of Technical Sciences, Professor, Head of the Department of "Design and Technologies of Electronic and Laser Equipment" of SUAI, St. Petersburg, Russia
Irina A. Kirshina, Ph.D. (Econ.), Associate Professor of the Department of Design and Technologies of Electronic and Laser Equipment, SUAI, St. Petersburg, Russia

Sergey A. Nenashev, Junior researcher at the Department of Design and Technologies of Electronic and Laser Devices at SUAI, master's student at SUAI, St. Petersburg, Russia

T-Comm Vol.l7. #12-2023




SNEKTPOHUKA. PAOUNOTEXHUKA

CrOCOB NOCTPOEHUSA MACLUTAEMPYEMOU CUCTEMbI
LMPPOBOIro AMArPAMMOOBPA3OBAHUA
A9 ULUOPOBbIX AHTEHHbIX PELLETOK

DOI: 10.36724/2072-8735-2023-17-12-22-28

Manuscript received 05 Ocober 2023;
Accepted |8 November 2023

Knroyeebie cnoea: cucmema uucgpposozo
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3anopoxHeiin Bnagumup Bnagumuposuy, HanpaeneHHocMu, npuemHas dudzpamma HanpaeeHHocmu,
Pocmosckui HUW paduocessu (PHMMPC), nepedarouias duazpamma HanpasaeHHoCmu, npoueccop
2. Pocmoe-Ha-Hony, Poccus, vladimir@resonance.ru popmupoearus duazpammbl HaNpaeaeHHOCMU

Mepexop ot aHanorosbix pasMpoBaHHbIX aHTEHHbIX pelueTok (PAP) k uucdppoBbIM aHTEH-
HbiM pewietkam (LJAP) sHauuTensHo noebiwaeT ¢pyHKUUOHANBbHbIE BO3MOXHOCTU CUCTEM
paauocBA3N, NepeAayu AaHHbIX, paguoniokauum u 1.4. NMo3ToMy MHOrMe npoussoauTenu
COBpPEMEHHbIX PafMO3JIEKTPOHHLIX CUCTEM MepexoAAT Ha MWCMONb30BaHWE aHTEHHbIX
cucteM Ha ocHoBe LIAP. Mpeumyuiecrea LLAP o6ycnoeneHbl ¢popMupoBaHmeM MHOrony-
YeBo# AnarpaMmbl HanpasneHHoctu (AH) B undpposom Buge B cucremMe uudposoro aua-
rpammoo6pasosavua (LIAO), yto paer BO3MOXKHOCTb FMOKOro M3MeHeHWUA anropuTtMoOB
pa6otbl. LLUnpokoe ucnonbsoeanue LIAP orpaHuuuBaercAa ANUTENbHBIMM CPOKaMM W
BbICOKOM CTOMMOCTbIO pa3paboTKu U NPOU3BOACTBA, a TaKXKe CJI0XKHOM CTPYKTYpO# nocT-
POEHUsA NporpaMMHO-annapaTtHbiX cpeacTB. [ina paclumpenusa obnactu npumeHenus LLAP,
CHMXXEHUA CPOKOB M CTOMMOCTU MX pa3paboTKu U Npou3BOACTBA, HeO6XOAMMO co3faHune
yHUUMUMPOBaHHBIX U MacLUTaGUpYyeMbIX KOMNNEKTOB (DYHKLIMOHANBLHbLIX YCTPOWCTB, ob6ec-
NeYMUBaIOLLMX BO3MOXKHOCTb MOCTPOEHUA Ha ux ocHose LIAP pasnuyHoro HasHauenus c
TpebyeMbiM KonuyectBoM chopMupyeMbix nyyei. Llenbio cratbn ABnserca paciumpeHue
YHKLMOHANBLHBIX BO3MOXHOCTEH aHTEHHbIX CUCTEM 3a cveT ucnonb3osanua LIAP ¢ mac-
wrabupyemon cucremoin LU O. [locturkeHne nocraBneHHON Lenu BKAovaer B ceba pe-
WweHue cneayolwmx 3agav: ¢opmupoBaHue TpeboBaHMil K MacluTabupyeMoW cucteme
LIAO u BbiGOp BapuaHTa ee NoCTpoeHUs; NnpuMeHeHue Macutabupyemon cucremol LI1O
npu nocrpoeHun LIAP. O6ocHoBaH BbIGOp apxutektypbl cuctembl LI1O Ha ocHoBe na-
pannenbHoro cdopMuposauua [H. MNpueeaeHbl npuMepbl MacliTabupoBaHUA cUCTEMbI
LAO no konuyectey kaHanos LIAP, no uncny chopmupyeMbix npueMHbIX U NepeaioLmux
nyyeit. MNMpeanoxeHHaa cTpykTypa nocrpoeHusa cucrembl LIZ1O obGecneunBaer BO3MOXK-
HocTb noctpoeHus LIAP HeoGxoauMbix pasmepoB u ¢popMupoBaHus TpedbyeMoro Konuye-
CTBa MPUEMHbLIX U NepealoLLUX NyYei C He3aBUCUMBIM YNpaBieHUeM.

NHdopmauua o6 aesmope:
3adoporxHbil Bnadumup Bnadumuposud, K.m.H., cmapwuti Hay4HbIl compydHuk, Pocmosckut HM paduocessu (PHUMPC), 2. Pocmos-Ha-LoHy, Poccus
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T-Comm: TenekoMMyHuKaumu 1 TpaHcnopt. 2023. Tom 17. N212. C. 22-28.
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BBenenue

[lepexon OT aHANOTOBBIX (ha3MPOBAHHBIX AHTEHHBIX PEHIETOK
(DAP) x nudpossim anTeHHbIM pemerkam (LIAP) 3HaunrensHO
MOBBINIAET (YHKIMOHAIBHBIE BO3MOXKHOCTH CHCTEM paJdOCBS-
34, Mepelaul JaHHbIX, paauosokanuu u T.1. [loaTtoMy mMHOrue
MIPOU3BOJIUTENIN COBPEMEHHBIX PAJAMOAIEKTPOHHBIX CUCTEM Ie-
PEXOJAT Ha MCIIONBb30BAaHWE aHTEHHBIX cHCTeM Ha ocHoBe L[AP.
IMpenmymectBa LIAP oOycnoBiens! GopmMupoBaHueM anarpam-
Mbl HanpasieHHoctd (JJH) B mudpoBoM Brae ¢ MOMOIIbIO CH-
cteMbl TdpoBoro auarpammoodpazoBanus (L[1O), xotopas 3a
CYeT THOKOCTH aITrOPUTMOB paboTsl obecrieunBaeT [1-9]:

— BO3MOXXHOCTH (hopmupoBanusi MHoroyueBbix JIH ¢ Hesa-
BHCHUMBIM YIIPABJICHUEM JTy4aMH;

— 3JIeKTpoHHOE ckaHuposaHue J[H B AByX miockocTsX;

— BO3MOXXHOCTh (popmupoBanusi pacuetHoit dopmbr JIH 3a
CUET peallu3alny C BHICOKOI TOYHOCTHIO aMILIUTYAHO-(ha30BOr0
pacnpenenenus B packpbise LIAP;

— BO3MOXHOCTb IOJABIICHMsI €CTECTBEHHBIX U IpeaHaMe-
PEHHBIX IIOMEX 3a cueT co3naHus nposanoB /IH B HampaBieHuu
HCTOYHHUKOB IIOMEX;

— BO3MOJKHOCTh Koppekuuu ¢opmbl [IH mpu BeIxome u3
CTpOsI NPHUEMOINEPEIAIONINX KAHAJIOB 3a cueT IHU(pPOBOH KOM-
MICHCAIIMN OTCYTCTBYIOIIUX;

BO3MOKHOCTb JHHAMHYECKOTO IEpepacrpeesiCHnus] YHepre-
Trdecknx pecypcoB LIAP (xommuectBa QopMupyemspIx ITydeit
JH).

[Mupoxoe wucnons3oBanue I[{AP orpanuumBaercs UIUTEIb-
HBIMH CPOKAaMH M BBICOKOM CTOMMOCTBIO Pa3pabOTKH U MPOU3-
BOJICTBA, YTO 0OYCJIOBJIEHO CJIOKHOI MHOTOKaHAJIbLHOW CTPYKTY-
poil mocTpoeHwus mporpaMMHO-anmnapaTHeix cpeacts LIAP.

Juis pacumpenust obnmactu npumenenus 1[AP, cHwxkeHus
CPOKOB M CTOMMOCTH HX Pa3pabOTKH M HMPOU3BOJICTBA HEOOXO-
VMO CO3JIaHHWEe YHH(UIIMPOBAHHBIX M MacIITa0MPYEMBIX KOM-
TUIEKTOB (DYHKIIMOHAJIBHBIX YCTPOHCTB, 00ECIEYMBAIOIINX BO3-
MOKHOCTBH TIOCTpOeHHUsI Ha ux ocHoBe LIAP pasmmanoro HasHa-
YEeHUS ¢ TPEOYEMbIM KOJMUECTBOM (POPMHUPYEMBIX JTyUCH.

Hexp paboTEHL.

Pacmmpenne (yHKIIMOHAIBHBIX BO3MOXKHOCTEH aHTEHHBIX
cucteM 3a cueT ucnosbzoBanus L[AP ¢ macmrabupyemoii cu-
cremoii L{J10.

Pewaemele 3anaun.

1. TpeboBanust k macmtabupyemoit cucreme 1/10 u BbIGOD
BapHAHTA €€ MOCTPOCHUSI.

2. [lpumenenne macmradbupyemoi cucrems! LIJIO mpu mo-
ctpoenuu [{AP.

TpedoBanus k macmradupyemoii cucteme L[JIO
U BHIOOP BApHAHTA ee MOCTPOEHMsI

MaciTabupyeMocCTh SBIISETCS. CIIOCOOHOCTBIO CHCTEMBI yBe-
JIMYUBATh CBOIO MPOMU3BOAUTENBHOCTh MPU JOOABICHUM arma-
paTHBIX pecypcoB. IIpu 3TOM pa3nuyaroT BEPTUKAJIBHYIO Mac-
TadUPyeMOCTh, TIPH KOTOPOH JIOCTHIalOT YBEJIUUCHHS TPOU3-
BOJIUTENIFHOCTH CHUCTEMBI 3a CUET YBEIHUYCHHS HPOU3BOJUTEIb-
HOCTH K2)KJIOT'O KOMITOHEHTa CUCTEMBI, 4TO TpeOyeT MUHUMAITb-
HBIX U3MEHEeHHH nporpammuoro odecnedenus (I10) cucremsr, u
TOPU30HTANIBHYIO MacIITaOMPYeMOCTh, ITPU KOTOPOH JOCTUTAIOT
YBEJIMUCHHNS IPOU3BOIUTEILHOCTH CHCTEMBI 32 CUET JOOABICHUS
JIOTIOJITHUTENBHBIX IPOrPAMMHBIX WM alIapaTHBIX CPEACTB, UYTO
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TpeOyer BHeceHus m3MeHeHU B [1O cuUCTeMBI C IENbIO 3ajeii-
CTBOBaHUS JOMOJTHHUTEIBHBIX PECYpCcOB B pabOTe CHUCTEMEI, a
TAKXKE paclpeleNICHUs] TaHHBIX M KOMAaH]l YIPaBICHUS B COOT-
BETCTBUU C JIOKAIU3ALUEH TOMOIHUTENBHBIX pecypcoB [10].

[Mon macmrabupyemocteio cucremsl 1[JIO B mambHeiimmem
OyneMm monpa3yMeBaTh TOPH3OHTAIBHBIN THIT MacIITa0HpyeMo-
CTH, TIpU KOTOPOM YBEJHUYCHHE MPOU3BOIUTEIHHOCTH CHCTEMBI
JIOCTUTAETCS 3a CUeT 00aBICHUS JTOTOTHUTENBHBIX allllapaTHBIX
cpeacTB (YHUGHUIMPOBAHHBIX MOJYJICH), IPU 3TOM IPOTPaMM-
Hoe obOecrieuenne cucteMbl [[JIO momkHO oOecrieunBaTh ajar-
TaIUIO MTOJI U3MCHIEMOE KOJIMYESCTBO Y3JI0B.

Cucrema [IJIO nns mHOrossementHou [[AP nomkHa umers
BBICOKYIO IPOU3BOJAUTEIIEHOCTh BBEIYUCIUTEIBHBIX CPEICTB, MPH
9TOM BEpXHSS OILCHKA TPeOYyeMOH NpPOHM3BOIUTEIBHOCTH IIPO-
MOPITMOHANIFHA YHCITY IeMEHTOB N, KOTHUeCTBY (pOpMUpPYEMBIX
nydeit M, yactoTe cieoBaHUsI OTCUETOB curHaia fi u onpene-
nsiercs kak [11]:

1>8N Mfy. (1)

Heo6xonuMmocTs peann3annu BEICOKOW MPOU3BOAUTEIIEHOCTH
BBIUMCIICHUH O0O0YCIIOBIEHA OONBIINMU MTOTOKAMH JaHHBIX, I10-
CKOJIBKY OTCYETHI IPUHUMAECMBIX CUT'HAJIOB MOCTYMAIOT B CHCTE-
My IIJIO ot xaxxmoro mpuemnoro kanama LIAP. B cBs3u ¢ atum
ctpyktypa cucrembl L{JIO mpenctaBnseTr coboil MHOTOIpOIEC-
COPHYIO BBIYHUCIHUTENIBHYIO CHCTEMY, a MPOU3BOAUTEIBHOCTh €€
BBIUMCIICHUH MPOMOPLHOHATBHA YHCIY BBIYUCIUTEIBHBIX MOJTY-
Jen.

Apxurektypa moctpoenust cuctemsl L[JIO Moxer ObITH
IpeJHa3HaueHa AJIs pean3aluy IOCIe0BaTeIbHOT0 WM Ma-
pasutenibHOTO anroputMoB (opmuposanus AH. [Ipu peanuzanuu
TIOCIIeI0BaTENILHOTO anroputma Gopmuposanus /IH, B cucreme
IO nanHble nocienoBaTeNIbHO MEPEatoTCsl MEXy MPOLECcCo-
pamu popmuposanus [IH (IIOIH), pacmonoXeHHBIX B MHOTO-
KaHAIBHBIX MpUeMHBIX Moayisix (ITM) u coemMHEHHBIX BBICOKO-
CKOPOCTHBIMH IIMHAMH TIepeadd JaHHBIX. [IpuMep cTpykTyp-
Hoit cxeMbl cuctembl 110 ¢ mocnenoBaTeabHbIM (GOPMUPOBAHH-
eM MHorony4yeBod nmpuemnoil IH mpuBenen Ha pucynke 1 [12].
B cocraB kaxnmoro npuemnHoro xanana [IM BXonsT nmpueMHHK
(ITPM), obecrieunBarONINil yCHIeHHE, (GUIBTPALIAIO U MIPeodpa-
30BaHUC YacCTOThl IpuHUMaeMoro curHaisa u ALIll, obecneuu-
BAaIOIIMIl IpeoOpa3oBaHKe NPUHATBIX CUTHAIOB B IH(poBOH
notok. Jluckperuzauus B ALl pa3HbIX KaHAJIOB BBIMOIHSITCS
cunxpoHHo. ®@opmuposanue JIH npoussogurcs B IIDJH mno-
cienoBaresibHO B pasHbix [IM, mocne astoro cdopmupoBaHHas
MHoronydeBas JJH mpeoOpa3yercss B ONTHYECKOM TEpeIaTINKE
(OIT) u3 cocraBa Moxyns ynpasiceHus (MY) B ONTHYECKUH BHI
n nepenaercs no BOJIC na ammaparypy oOpaboTku. Ympasie-
HUE peXMMaMHU pabOTHl OCYIIECTBISAETCS YCTPOHCTBOM YIIPaB-
nerns (YY), curnan muckperusanyu Fn gpopmupyercs B omop-
HoMm reHepatope (OI). Hnsa peammzamun [1OJIH moryt OBITH
ucnonb3oBanbl [IJIMC wmim crnenuann3upoBaHHble UPOBbIC
CBUC [6].

IIpu yBenudenuu pasmepos aneptypsl L[AP yBennuuBaercs
YHCII0 MPUEMHBIX KaHAJIOB, B COOTBETCTBUH C 3TUM YBEIMUYHBa-
etcst komuuecTBo Moyiei [1DJIH myTtem g00aBiIcHHS JOMTOTHU-
TENbHBIX MOAYJEH B IOCIEA0BATENLHOE COEAUHEHHE.

HenocratkoMm mocienoBaTensHOTO aaroputMa (hopMHpoBa-
Hust JIH sBnsiercss BO3MOXHBIA OTKa3 psia MOIYyJed CHCTEMBI
IO mipu BBIXO/E U3 CTPOSI OTHOTO W3 ITOCIIEAOBATEIHFHO COCIIH-
HEHHBIX MOJyJIEH.

—
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Puc. 1. CtpykrypHas cxema npuemHoii cucremsl L[JIO ¢ mocnenoBaTeabHbIM (OPMUPOBAHUEM MHOTOJTy4eBOM npuemMHoit JITH
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Puc. 2. CtpykrypHas cxema macumradupyemoit cucrems! LIJ10 ¢ mapamnensHbsIM (popMEpOBaHHEM MHOTOIY4eBOH mpuemuoi JH

Apxurektypa cuctemsl [[JIO nis peanusanuu napaiieibHO-
ro amroputma (opmupoBanus JIH wumeer MHOTOYPOBHEBYIO
CTPYKTYPY M JIPEBOBHM/HBIH XapakTep, MOCKOJIBbKY O0BEM JaH-
HBIX, MOCTyNarOMuX Ha BXxoJ cucteMsl LIJ1O, 3HaUUTENBHO Npe-
BBIIIACT 00BEM JAHHBIX Ha ee Bhixoze (puc. 2) [12]. ®opmupo-
BaHne JIH mnpow3BOAMTCS HAa HECKOJIBKHX HMEPapXHYECKUX
YPOBHSIX: TEpBBIH ypoBeHb Bkirouaer B ceds IIDAH B IIM,
panee cnenyror I[IDOJH BToporo yposus, IIOJH Ttpersero
ypoBHS U Tak Aajnee. KonnyectBo ypoBHEHN OINpeesisieTcsl YuCIoM
ncnonszyeMbeix [IM. Ha Bexome cucremsr LJJIO ¢opmupyercs
MHorogyyeBast JIH ¢ unuciiom He3aBUCUMBIX Jiyued M.

B cocraB kaxpnoro npuemnoro kanana IIM Bxoxsar [IPM u
AIII. Jduckperuzamust B ALl pa3HbIX KaHAIOB BBITIOTHIETCS

cuHXpoHHO. JlampHelmas o00paboTka HUQPPOBBIX IOTOKOB
BoionHsercss B IIOJIH pasHOro ypoBHs, pealu3yOLIUX
QITOPUTMBI  TIPOCTPAHCTBEHHOMW, YAaCTOTHOM W BpPEMEHHOMU
00paboTKH.

Bes LHAP nenutcst Ha noJpemeTky, Kaxaas U3 KOTOPhIX CO-
crout u3 PpxL smementos, rme L — kommuectBo IIM. Cxema
BKJIIOYAET B ce0sI paclpenennuTeNbHbIe CUCTEMBl CHUTHAa TUC-
kpetm3anuu (PCJI), curnamna rereponuna (PCI).

bazoBoii onepanueii B cucreme [1JIO mpu BBIYUCIEHUU TO-
CITeTOBATEIFHOCTH OTCYETOB i-T0 CHOPMHUPOBAHHOTO Jy4a C
HarpaBlIeHUEM MakCHUMyMa ¢, 0, ABISETCS BBIYUCIEHHE CyMMBI

[IPOU3BEACHUN BUJA

Ny Ny
F(ten0) =2 Sun(tWu(0.6), )

m=1n=1
rae S, (t) — MmocIea0BaTe IbHOCTh KOMIUICKCHBIX OTCYETOB CHI-
Haja, TpUHUMaeMoro siaemeHToM [[AP; W, (@,6,)— BecoBor

k03 DHUIKMENT, ONPEAEIAIONIA HATPABICHHE | -TO JIy4a,

W (9,,6,) = exp{j(m —1)27”dxsin9ic05¢i}exp{j(n _1)27”dy5in0i sing;}

3

Crpykrypa cuctemsl 1[JIO Ha pucyHke 2 nmeeT 6osiee BBICO-
KYIO HaJIeXKHOCTb, IMOCKOJIBKY BBIXOJ U3 CTPOSI OJJHOTO U3 MHO-
rokaHajbHbIX [IM He BimsieT Ha pabOTy OCTAJIBHBIX, B TO BpeMs
Kak mpu rocienoBarenbHoM Gopmuposannn JH (puc. 1) orkas
oxHoro u3 IIM mpuBogut kK HapymeHuto padoTsl dactu 1M,

—
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KOTOPBIE MOCIIEA0BATENBHO CBSA3aHBI ¢ OTKas3aBIIUM. Kpome To-
TO, pacrpe/eicHHas apXUTEKTypa ¢ MapauIeIbHbIM alTOPUTMOM
dopmupoBarus JIH mo3BoiseT pa3Mernate MHOTOXIIEMEHTHBIC
AP B ycmoBHAX HeJOCTaTKa CBOOOJHOTO TPOCTPAHCTBA,
HalpuMep, B aBHALIMOHHBIX CHCTEMaX, KOTJa MOIYJIH CHCTEMBI
IIJTO moryT OBITH pa3HECEHHI B TPOCTPAHCTRE.

Urak, ¢ yuetom Oosiee BHICOKOW HAJEIKHOCTH, Ieliecoodpas-
HO HCIIOJIb30BaTh JJIsl [TOCTPOCHHS MaclITaOupyeMol CHCTEMBI
LIJIO apxuTexkTypy C HapajuielibHbIM aJropuTMOM (hopMHpOBa-
Hus JIH.

Macmrrabupyemas cucrema [[/10 xapakrepusyercs:

— MAaKCUMaJbHBIM KoOJIM4ecTBOM KkaHanoB LIAP, koropsle
MOXeT cozepkarb L{AP B COOTBETCTBHM C BBINOTHIEMBIMH 3a-
JayaMu HazHadeHus. Tak, B ciaydae npumenenus L[AP B PJIC
Maloil mampHOCTH, TpeOyercs mpumeHeHue L[AP ¢ ameprypoit
HEOONBIIIX pa3MepoB (Masloe KOJIMIECTBO MPHUEMOIIEPEIArOIINX
KaHaJIOB M HM3Kas M3JydaeMas MOIIHOCTB), a ISl MOCTPOCHHS
PJIC nmampHero obmapyxenusi tpeOyercss mpumenenue L[IAP c
OOJIBIINM YHEPrETUYECKUM MOTEHIIUAIOM, TO €CTh HEOOX0JANMO
yBenn4eHne pasmepos aneptypsl LIAP u ee msmyuaemoit mor-
HOCTH;

— MakCHMAaJIbHBIM KoimuecTBoM (opmupyembix styueit JJH
NIpYU 3aJJaHHOU ToJIoce 00pabaThIBAEMOr0 CHUTHANA, KOTOPOE MO-
ket ObITh chopmupoBano B cucteme 1J10;

— THOKOH aganTanuell MporpaMMHOI0 00ECIIeUeHUS CHCTEMBI
IO k u3menennio konndecTBa kananos LIAP u uncna dpopmu-
pyembIx Jiydeid. Tak, Uil pajnOJIOKallMOHHOTO 0030pa Ipo-
CTpaHCTBa TapauIeTIbHBIM criocoboM Tpedyercs LIAP ¢ 6oib-
mmM guciaoM sydeit [14, 15] (BeIcokas MPOW3BOAMTEIBHOCTH
cucremsl 1[JIO), a s paanoiIOKalMOHHOTO 0030pa JabHEH
30HBI TpeOyercss LIAP ¢ MansiM yrciom mydeid (Manast mponu3Bo-
JIUTENBHOCTE cucteMbl 11/10);

— BBICOKOW CYMMapHOW IIPOIYCKHOH CHOCOOHOCTBIO JIMHUM
nepegavu Mexay momayiasmu cucteMmsl 1IJIO, ¢ ygerom makcu-
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MaJIbHOTO KOJIMYECTBa MOJYJIeHl M MOJIOCh 00padaThiBaeMOro
cUrHajia (TaKTOBOW 4acTOTE OTCYETOB CHTHAJA);

— BO3MOJKHOCTBIO OOHOBJICHHSI M MOJICPHU3AIMU MOJYJIeH
cuctemsl L[JIO u ee mporpaMmMHOro obecreveHusl.

[Ipn BBIOOpe mocTpoeHus momyineit cucremsl IO cymme-
CTBEHHBIM SBJSIETCSI BBHIOOp MCIHOJIB3YEMbIX alTOPUTMOB IIPO-
CTPaHCTBEHHOI 00pabOTKH, BKIIIOYAIOMINX B ceds (opMupoBa-
nue JIH, 371eKTpoHHOE CKaHHMPOBAaHHWE OJHOTO WJIM HECKOJIBKHX
my4eit, nameHnerne ¢popmsl JIH B mporecce amanraum, co3ganue
HECKOJIBKUX JIyuel ¢ nepecekaromumucs JIH B 3agaHHOM cekTo-
pe yTJIoB.

IlepBblil HMepapXUUeCKUil ypOBEHb IIOCTPOEHUS CHUCTEMBbI
1O (cxema Ha pucyHke 2) coctouT u3 [IOJ[H, ycTaHOBIECHHBIX
B koM [IM, rae popmupyercst 3ajaHHOE KOJIMUYECTBO MapLu-
anbublX JIH u3 p curHanos usitydaresneil B COOTBETCTBUU C Bbl-
paxenusimu (2) u (3). CrpykrypHast cxema nocrpoenust [1D/TH
TIepBOTO YpOBHS AJst popMupoBaHus oaHoro syda J{H npusene-
Ha Ha PUCYHKe 3.

B II®IH mepBoro ypoBHS NPUXOAAIIHA THPPOBON MOTOK OT
AT mpeobpa3yeTrcs MO YacTOTE HECYIETOo CHTHaja Ha HyJle-
BYIO 4acTOTy ¢ MOMOIUIBI0 U(poBoro rereparopa G, mponsso-
JIUTCSI CMEIIIEHUE 110 BPEMEHU B JIMHUM 3aA€PKKH 1, puibTparys
B ¢pmnpTpe @, nenumanysg moTtoka B aenuMmatope [ u mepemHo-
JKEHHE C BECOBBIMH KOA(PHUITMEHTAMHA Wi (p,0) u nanee cymmu-

poBaHue B cymmarope X. Hampapienue Jiyda W aMILTUTYJIHOE
pacripeiesieHde  3aJafoTCs  BECOBbIMH Ko duipeHTaMu
Wi(p,0), tre @ u 0 -a3uMyTaNIbHOE M YIIIOMECTHOE Harpasiie-

Hus popMUpyeMoro Jyya, i =1...p — HoMep u(pPOBOro MoToKa.

Jns yBenuuenus yncna popmupyemsix gydeid B [IOJIH HeoOxo-
JIIMO COOTBETCTBEHHO YBEJIMYUTH KOJUUECTBO ONMUCAHHBIX OJI0-
KOB.

Kanan 1
ot ALIM-1 ® A y'(mT)
—F > OtcyeTbl
yQ1(m-|-) chopMurpoBaHHOTO
napumaneHoro nyya
. 0,0, AA e, Bbix
. pa /A< . >
7P| nntepdeiic
ot AUMM-p
KaHnan p I‘: £
Puc. 3. Crpyxrypa [1®/IH nepBoro ypoBHs i popMupoBanus ogHoro jtyda JJH
ot N®OH Kawnan 1 S
WHXPOHU3auuna
npeabiayuiero OBHS
P Yy yp! Bx. ) > KoHTponb > ¢ APYrMI >
nHTepdenc LLenoCTHOCTN
KaHanamu OTtcyeTsl
CchOpMMPOBAHHOTO
| Bbix ny4a
z > .
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ot NoaH

npeAablayLero ypoBHs

_’l Kanan L
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Puc. 4. Ctpykrypa IId/IH BTOpOro u 6ojee BEICOKUX ypOBHEH

——
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B cootBercTBum ¢ pucynkom 3, hopmuposanue JIH Briroyaer B
cebsl omepanyi CyMMHPOBAHHMS, TTEPEMHOMKEHHS, MHTEPIIOJIALNH,
3a/ICP>KKH, CABUra M (pUIbTparyu. [yt peanusanny 3THX Oneparyi
MoeT ObITh ucnonb3oBana IUJIMC wmm  crermanu3upoBaHHAS
CBUC, co cTpyKTypoi, TpHCIOCOOIEHHON I BBIIONHEHHUS I1a-
pasIeNbHBIX Onepanuii 00pabOTKN CUTHAJIOB, B TOM YHCIIE BHICOKO-
CKOpPOCTHbIE TPHUEMONEPEIaTINKN U MacCHB IHU(POBHIX OIOKOB
Pa3HbIX THIIOB: JIOTMYECKUX, IIM(PPOBOI 00pabOTKK C TEPEMHOXKH-
TemsiMU, 1 omnepaTtiBHON mamsTH [13]. C 1enpio mperoTBpaleHUs
MOTepPb TOYHOCTH MPH BBIYUCICHUSAX BCE Y3IIBI JOJDKHBI IMETh Pas-
PSTHOCTB, TPEBBIIAIONTYI0 KOIMYeCTBO pazpanoB ALIIL. Bozmox-
HOE KOJMYECTBO (DOPMHPYEMBIX JIydeil OINpenessercss pecypcamu
TJINC nmn cnenmanusupoBanHoit CBUC.

Bropoii u nocnenyromue yposau cucremsl LIJIO cocrost u3s
[N®/IH, obecrieunBarOmuX CHHXPOHU3AIMIO JTAHHBIX, TOCTYIa-
omwux u3 [IOH npenpinymmux ypoBHEH M CyMMHUPOBAaHHUE OT-
cueroB maprmaibHbIX [IH. CTpykTypHas cxema IOCTPOCHHS
[I®/IH BTOpOrO M MOCHEAYIONINX ypOBHEH s (hOPMHUPOBAHUS
OJIHOTO Jydya NpHBeieHa Ha pucyHke 4. Ilpu dopmupoBanuu
HECKOJIbKUX JIyueH, nocie npuema aaHHbelx oT IIOJH npensl-
JyIUX YPOBHEH, MPOU3BOAUTCS PasJeleHuEe OTCUETOB, OTHOCS-
LIUXCS K pa3HBIM JIydaM M UX HE3aBUCHMOE CyMMUPOBaHHE.

Jnst cuaxponHoit pabotsl Mmoayseit cucremsl L[JIO ucnonb-
3yeTcs JBa BUJa CHHXpoHU3ammu [12]:

— amnmapaTHasi, 00ecIeYnBaroIasi CHHXPOHHOCTh JUCKPETH-
3anuu npuHuMaembix curHanoB B AL Bcex [IM, peanuzoBan-
Hasl cXxeMaMH MOACTPONKHU 4acTOThl JucKkpeTu3anuu Fa u npose-
JICHUEeM TIEPHOINYECKON KaTMOPOBKH CHCTEMBI;

— TIporpaMMHasi, 00ecIeunBaroNasi CHHXPOHU3AINIO PaOOTHI
OCTaJIbHBIX MOJyJICH, peajr30BaHHAsl IMyTeM OOBEIMHEHHS Iie-
penaBaembix u3 IIM JaHHBIX B MAKETHl C YHUKAJIBHBIMH HOME-
paMu, COOTBETCTBYIOIIMMH 00padaThIBAEMOMY Kazpy, BPEMEHH
oTcueTa M KaHany npuema. [lpu GhopMHUpOBaHUM MaplUaTbHBIX
JIH ncnonb3yroTcst HakeThl, COOTBETCTBYIOIIUE OAHUM M TEM XKe
MOMEHTaM JucKpeTH3anuu. [lns oOecrieyeHuss BO3MOXKHOCTH
MIPaBWIILHON 00paOOTKM JAaHHBIX Ja)K€ IPH HECHHXPOHHOM I10-
CTYIUICHUH TNaKeToB W3 pasHbix [IM mcrnonb3zoBanbl OydepHbie
O3Y. IlpumeHeHne NBYX BUAOB CHHXPOHH3AIMU YBEJINYHUBAET
ycroituuBocTh cucteMsbl L[JIO k cirydaliHpIM cO0SIM B MOIYJISIX U
JIMHUSX Mepelaun.

Hcnonp3oBanne yHUPUIUPOBAHHBIX MOJYJIEH CHCTEMBI
OO mo3Bonut yckoputh co3manue LIAP mpu paspaboTtke Ho-
BBIX M3/IEJNI W MOJCPHH3ALMH CYIIECTBYIOMINX 33 CYET MHHU-
MH3aIMH 3aTPaT Ha IPOSKTHPOBAHNE HOBOH arapaTHONW 4acTu U
COOTBETCTBYIOIIETO TPOrPAMMHOTO 00ECIICUCHNSI.

IIpumenenune macmradupyemoii cucrems! IIIO
npu nocrpoennu LHAP. MacmradupoBanne cucremsl IIJIO
1o yucay kanaJjiop LHAP

MacmtabupoBanue cuctemsl [[JIO mo umciay kaHajaoB HEOO-
xoaumo st moctpoeHust IJAP pasHBIX pa3MepoB B COOTBET-
CTBHUM C HasHaueHueM wu3genusa. Ha pucynke 5 npusezneHa
cTpykTypa nocrpoenust cucremsl O mnsa AP ¢ L wr. 1M,
KX/l U3 KOTOPBIX COJAEPXHT IO P KaHAJIOB, oOlIee KOJMye-
ctBOo KaHaioB B L{AP pasuo pxL. [Napunansuasie IH dbopmupy-
ores B IIOJH nepBoro ypoBHs, pesyasTupytomas [IH — B
I[I®H BTOporo ypoBHs. B cxeme Ha pucyHke 5 npuBejeHa
ctpykrypa cuctembl [IJIO ans uncna [IM, paBHOTO KOJIWYECTBY
Bxo0B [I®JIH BTOpOTrO ypOoBHS.
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Puc. 5. IToctpoenue cucremsr LIJIO mis LIAP ¢ L IIM (pxL kaHanoB)

[Ipu yBenuuenun uncna I[IM cBbllle KOIHMUECTBAa BXOAOB O]
Horo [1®/IH BTOpOro ypoBHs, HEOOXOMMO YBEINYNBATH KOJIH-
4ecTBO mepapxmyecknx ypoBHe# cuctemsl [[J10. Ha pucynke 2
IpUBENIeHa CTpyKTypa moctpoenust cucreMmsl LIJIO ms LAP ¢
LxL, ITM, ob6mee xonmyecTBo kKaHaioB B LIAP pasro pxLxLo.

Takxum 06pazom, BO3MOXKHO yBenndeHne pazmepoB LIAP (xo-
JMYeCTBA MPUEMHBIX KaHAJIOB) MyTEM YBEJIMYEHHs KOJIMYECTBA
ypoBHei ¢opmupoBanus cuctembl 1[JIO 3a cuer g00aBicHHS
[1®JIH 2-ro ypoBHS.

MacmitabupoBanue cucremsl IO
N0 4ucay npueMHbIX ayuei IIAP

IIpu noctpoenuun muoromyuessix LIAP, nanpumep, mis na-
paiuiensHOTO 0030pa mpocTpancTia [14, 15] Gonpiioe 3HaUCHHE
UMEeT KOJIMYeCTBO (OpMHUpYeMBIX dydeil. B coorBercTBHE €
pucynkoMm 5 mpomyckrHas cnocoOHocTs IIDJIH obecneumBaet
tdhopmupoBarne M mydeil. s yBenmdeHUs KOTMYECTBA JIydeii B
AP HEoO0X0mUMO HCIONB30BaTh MAaCIITAOMPOBAHUE CHCTEMBI
IO no konuuecTBy Jyued (pUCYHOK 6). YBenuueHue KoJude-
ctBa hopmupyembix siyded B cucteme /10 nocrturaercs 3a cuer
MOBBILICHUSI TPOIYCKHOI criocodHoctu cuctemsl LIJIO mpu mna-
pamnenbHoM BkitoueHuu [1DIH.
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Puc. 6. Cucrema L{JIO ¢ yIBOCHHBIM KOJIHUYECTBOM JIyueh
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MacmtabupoBanue cucremst IO
o ymcay nepenaromux ayyei IIAP

W3menenne umcna mepenatommx syueil B LIAP moxer wc-
MOJIb30BATHCS, HANPUMEp, Uil MepeJaul JJaHHBIX HECKOJIbKHM
aboOHEHTaM, pa3HEeCeHHBIM B MpOCTpaHcTBe. [IpumeHeHue cu-
crembl L[JIO obecnieunBacT THOKOCTh AJITOPUTMOB ITU(PPOBOTO
dhopmupoBanus JIH 1 maeT BO3MOXKHOCTh ONEPATUBHOIO H3ME-
HeHus1 pexxuMoB paboTel LIAP B 3aBucuMocTr ot ocoOeHHOCTEH
npuMeHenus LIAP:

— JUIsl Iepeladl IaHHBIX Ha MaKCHUMAaJbHYIO NAJIBHOCThH HC-
TOJIb3YeTCsl OAMH TIepeaaromuii oy (puc. 7a);

— B pEXHMME Iepefauyd JaHHBIX HECKOJBKAM a0OHEHTaM,
BO3MOXKHBII cekTop ckanupoBanus LIAP paspensiercs Ha M 30H
mpu 3ToM (opmupyeTcs M Tepearonux JIydeid U3 OpTOTOHAIb-
HBIX CHTHAQJIOB. DTOT PEXHM MOKET OBITh PEaM30BaH IyTEM
UCTIONB30BAaHMA OIHOTO W3 AJITOPUTMOB (OPMUPOBAHUS IEpe-
naroreii JIH: B mepBoM u3 Hux (puc. 70) HECKOJIBKO Jryucii ¢op-
MHUpYyeTCs TPU HCIOIB30BaHMU Bcel ameptypel LIAP, B 3TOM
Cllyyae MOIIHOCTb M3JIy4aeMOro CUI'Hajla CHIKaeTrcs B M pas.
Bo Bropom anropurme (puc. 7B) HECKOJIBKO JIy4el (popMUpyeTcs
myTeM pasaeneHus aneptypsl LIAP B pexxume nepenaun Ha He-
CKOJIBKO TIO/IpENIETOK M (pOPMHPOBAHMU 10 OJHOMY IIE€pesaro-
LIEMY JIydy B KaXI0H MOApeleTKe, IPU ATOM MOIIHOCTb U3ILy-
yaeMoro curuana u ycunenue L{AP cHmxaerca B M pa3, a npuem
OTPaKEHHOTO CHT'HAJIa OCYIIECTBISIETCS Bcer anepTypoii LIAP.
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Puc. 7. Bapuaute! popmMupoBaHus epeaaronux Jyuei (0e3 codioae-
HUs MaciTaba): a) ofuH Jiyd; 0) nBa jay4a co Bceil [[AP;
B) YeThIpe Jy4a C 4eThIpex moapemeTok LIAP

Bo3MOXHBIH BapuaHT CTPYKTYpbl HU(ppoBoro (GopMupoBa-
HUS U3JTy4aeMOTo CHUTHaia B MHorosjemeHTHoi [[AP npusenen
Ha pucyHke 8. B xaxaom kanaine nepenatomiero Mmoayis (IIpM)
ycranosiieH [{AIl, yactora curaanga ¢ BbIX0/a KOTOPOTO MPeoo-
pasyercs B mojocy paboumx uwactoT B nepepatauke (ITP).
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SNIEKTPOHUKA. PAODNOTEXHMKA

Crpykrypa II®JIH B pexume nepenauu NpeacTaBisier coOon
JIUHUM YNOpaBJIECHUS s IMepeaud OTCUYETOB 30HAMPYIOLIETO
curHana 1 ATl u cuaxpoHu3anuu ux padoThL.
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Puc. 8. BapuaHT cTpyKTypbI TOCTPOCHUS HUPPOBOTO (POPMUPOBAHUIS
u3nyyaemoro curnaia B LIAP

BrIBOABI

1. IIpemnokeHO TOCTPOCHHE MACIITA0MPYEMOW CHCTEMBI
/10 Ha ocHOBe anroputMma napaieiabHoro popmupoBanus JIH.
CpaBHeHHUE apXuUTEeKTyp nocrpoeHus cucrems! LIJIO nist mapai-
JIETBHOTO W TIocieoBaTeabHoro ¢popmuposanus [IH nokasbisa-
€T, YTO MPUMEHECHHE ANTOPUTMa MapayieIbHOro (GOpMHUPOBAHUS
JIH obGecnieunBaer Oojee BBICOKYIO HaJICKHOCTH CHCTEMBI IO
CPaBHEHUIO C NPUMEHEHHEM II0CJIEOBATEIbHOIO alrOpUTMa,
MIOCKOJIbKY OTKa3 OJHOTO W3 IIOCIEJOBATEIbHO COCAMHEHHBIX
[IM mpuBOAMT K HapyIIeHUIO padoTel yacTu [IM, KoTOophIe CBSI-
3aHBI C OTKA3aBIINM.

2. IIpenoxeHHOE TMOCTPOSHHE MAaCIITaOMpyeMOH CHCTEMBI
L0 obecnieanBaeT BO3MOXKHOCTH mocTpoeHus LIAP Tpebyempix
pa3sMepoB B COOTBETCTBUHM C Ha3HAUCHHEM M YCKOPEHHE CO3j1a-
Hust HOBbIX L[AP 3a cuer mpumeHeHHs yHU(HUIIMPOBAHHBIX MO-
nyjed. Mcnonb3oBaHue NPENIOKEHHOM apXUTEKTypbl CHCTEMBI
O oOecrieunBacT BO3MOXHOCTH OIEPATUBHOIO H3MCHCHUS
yucina GOpMUPYEMBIX MPUEMHBIX U MEpeAaroInX Jiydeld B COOT-
BETCTBUH C 0OCOOEHHOCTSIMH NpuMeHeHus [[AP.
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A METHOD TO BUILD A SCALABLE DIGITAL BEAMFORMER FOR DIGITAL ANTENNA ARRAYS

Vladimir V. Zadorozhnyy, FSUE "RNIIRS", Rostov-on-Don, Russia, vladimir@resonance.ru

Abstract

The transition from analog phased antenna arrays (PAR) to digital antenna arrays (DAR) significantly increases the functionality of radio communication sys-
tems, broadcasting, radar, etc. Therefore, many manufacturers of modern electronic systems are switching to the use of antenna systems based on DAR.
The advantages of the DAR are due to the formation of a multibeam directional pattern (DP) in digital form in the digital beamformer system (DBS), which
makes it possible to flexibly change the algorithms of operation. The widespread use of the DAR is limited by the long time and high cost of development
and production, as well as the complex structure of software and hardware. In order to expand the field of DAR applications, reduce the time and cost of
their development and production, it is necessary to create unified and scalable sets of functional devices that provide the possibility of building on their
basis a DAR for various purposes with the required number of formed beams. The purpose of the article is to expand the functionality of antenna systems
by using a DAR with a scalable DBS system. Achieving this goal includes solving the following tasks: the formation of requirements for a scalable DBS sys-
tem and the choice of its construction option; the use of a scalable DBS system in the construction of a DAR. The choice of the architecture of the DBS
system based on the parallel formation of the DP is justified. Examples of scaling of the DBS system by the number of DAR channels, by the number of
receiving and transmitting beams are given. The proposed structure of the construction of the DBS system provides the possibility of constructing a DAR
of the required size and forming the required number of receiving and transmitting beams with independent control.

Keywords: digital beamformer, digital antenna array, multibeam radiation pattern, receiving radiation pattern, transmitting radiation pattern, beamforming processor
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CUHXPOHU3AUUS, 4ACMOMHO-8pemMeHHoe obecneyeHue,
LUsapy Muxaun JissoBuy, cemesbie npomokosibl epemeru NTP, PTP u SIRF, memodsi
C/UYeHUA U pacnpedenieHus WKaa 6peMeHU, Ma2ucmpasnbHas

MTYCU, Mockea, Poccus, mschwartz@smsync.ru
u MobusnbHas cemu ceAsu, KOZePeHmHGﬂ cemb

B TexHMYecKo# nUTepaType nocnefHUX neT OCHOBHOE BHUMaHMue yaens-
noce paspaboTke anropuTMoB, Mogenei MeToauK (DOPMUPOBAHUA LUKan
BpeMeHu (LLIB) B FlocyaapcTeeHHo cny»6e BpeMeHu u YacTtoTbl. Bonpo-
Cbl 4aCTOTHO-BpEMeHHOro obecneyeHus B MHTepecax Gonblioro knacca
notpeburenes — nonb3osBareniel CUrHaNOB HaBUraLlMOHHbIX CUCTEM TUNA
FMOHACC, BbicokoTO4HO¥ LKanbl BpeMeHu FocypapcTBeHHOM cnyK6bi
BpeMeHU U 4vacToTbl B chepe 6GecnUNOTHOrO TPAHCMOPTA, SHEPreTUKH,
cnucreM PUKCMPOBaHHOW U MOGUNIBHOM CBA3M U T.M. OCTAlOTCA AaNeKUMU
OT NpaKTU4yeckoi peanusauumn. B yactHocTu, npobneMel peanusauum Ko-
repeHTHOW ceTU CBA3M OOLLEro Monb3OBaHUA OCTAlOTCA HEAOCTAaTOYHO
3aMeYeHHbIMK, HO TpebyloMMKu cBoero peluernus. B paHHon cratbe cae-
naHa mMonbiTKa BOCMONHUTL 3TOT npoben. PaccmarpuBaerca Bo3MoOX-
HOCTb peanusauuu OnopHoro ysna ¢OpPMUPOBAHUA LUKanbl BpeMeHU
(OY®DLLB) korepeHTHOW ceTu cBA3n obuiero nonb3oBaHua (KCCOM),
peluaeTtca 3apada npusefseHna OYMPLLB B rapMoHuyeckoe (KorepeHT-
Hoe) cocTosHue co wwKanon BpeMmeHu (LLIB) MNocyaapcTBeHHON cny6bl
BpeMeHn u yactotbl (FCBY). B HactosAwlel cratbe paccMmaTpuBaeTtcs
rmaBHbI BONPOC — KOHKPETHaA peanusauusa WwKanbl BpeMedu 8 OYDLLB
- appe KCCOT, agnaoweMca o4HOBPEMEHHO U AAPOM MOGUNBHONK CBA-
3u. Llenb cTtatbn — nokasartb, 4To U3 ce6a MoxeT npeacraBnate OYDLUB
KOrepeHTHOM CeTH CBA3U B peanbHOCTHU.
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NMHOOPMATUKA

BBenenne

[Tyt cdopmupoBanust npeuusnonHoi I1IB HanmonanbHOU
CETH CBSI3U PACCMOTPEHBI B CTaThe [ 7], MOCBAIIEHHON paccMOTpe-
HUIO IPEANOCHUIOK U BO3MOXHOCTE! CO3/1aHUS KOTePEHTHOI ceTn
cBs13u obmiero nosbs3osanus (KCCOIT) B nHTEpecax «CKBO3HBIX»
U (POBBIX TEXHOJIOTHH, a TaKke 000CHOBAHHIO MCITOJIB30BAHMS
sIpa 9acTOTHO-BpeMeHHoro obecrieueHus (UBO) cetn dukcupo-
BaHHOH CBs3M B KadecTBE OCHOBHI UBO MOOWMIBHOH CBS3M CTaH-
nmaptoB 5G u 6G. Ha ocHoBe Pekomenmarmmit MCO-T ObLT ipoBe-
JICH aHaJIM3 COBPEMEHHOTO COCTOSIHUSI KOTEPEHTHBIX MTEPBUYHBIX
sTasnioHoB BpeMeH! u 9acToThl (KTII9BY — cnPRTC), ocHOBHBIX
TpeboBaHUIT K HUIM 10 TOYHOCTSM CHUTHAJIOB YaCTOTHI X BPEMEHH,
BO3MOYKHOCTSIM peasin3aiiin nepcrnekTuBHBIX Kr119BY Ha oTeue-
CTBEHHOM 000pyIOBaHHU.

OcnoBubie cuenapun noctpoenuss KCCOII, oGecrieunBaro-
IIMX PeaJbHOCTh JIOCTHXKEHHSI TPEOYyEeMbIX TOUHOCTEH B rapMo-
HuM ¢ pekoMeHparusivu MCO-T B 1r000M peruone cCTpaHsl, pac-
CMOTpEHBI B padoTax [6-10].

KCCOII nomxHa HCKIIOYATh ONIMOKY B BBIXOJHOH IIKaie
BpeMeHn OY®DIIB ¢ TOYHOCTBIO A0 AECATKOB HAHOCEKYH] Kak
IIPU MEpPEeXoJe U3 OJHOW 30HBI CUHXPOHU3ALUM CETU B JIPYIyIO
30HY, TaK 1 IIPH IIEPEXO0/I€ U3 CETH CBSA3H OJTHOTO OTIEPATOPa B CETh
CBSI3U IPYTOTO OTIEpPaTopa.

OynkunonanpHas cxema OYOIIB (kr[I9BY) coriacHo mpu-
noxernnto VI Pek. G. 8275 mpencrasnena Ha pucynke 1. OHa co-
CTOHT H3:

a) JIOKaJIbHBIX HCTOYHUKOB:

— NPUEMHUKA CUTHAJIOB IIOOATBHBIX HABUTAI[MOHHBIX CITyT-
HukoBbIx cucteM (I'HCC) co BctpoennsiM cepsepom PTP
(yIISBY — yny4nieHHbIN NepBUYHBIN 3TaT0OH BPEMEHHU U YaCTOTHI
[6]): §

— MECTHBIX XpaHHUTEJeH YaCTOTHI Ha OCHOBE 11€3UEBBIX WIIH BO-
JIOPOJIHBIX CTaHAapToB 4acToThl (yIIDU — yiryurieHHbIH nepBuy-
HBI{ 3TAJTOHHBIN HCTOYHHK [6]);

— NPHEMHHKA CHUTHAJIOB YacTOTHI M BPEMEHHU (cepBepa Bpe-
menn PTP) ot 6mmxaiimmero krlI9BY npyroro omneparopa cBszn
WIN JIpyrOW 30HBI CHHXPOHH3ALUH 10 MPOTOKOIY MPELH3HOH-
Horo Bpemenu PTP;

— NMPHUEMHHKA CHUTHAJIOB YAacTOTHI M BPEMEHHU (CepBepa Bpe-
menu PTP) ot atanona ['ocyiapcTBeHHOI i1y kOBl BpeMEHH U Ya-
ctotsl (I'CBY) o mporoxoy nperusnoHHoro Bpemenu PTP;

0) MoyJIst ©3MEPEHHUH M KOHTPOJISI BXOJHBIX HCTOYHHKOB;

B) (opmupoBaTes TpyNnInoBoii MKajIbl BpeMEHH;

r) dopmupoBarens BbixoaHbeix curnanos (1PPS, xonma Bpe-
MEHH, TaKTOBOM 4aCTOTHI ceTeBOM cuHXpoHuzauuu 2,048 MIL,
curHaios 1o npotokoiam NTP u PTP);

JT) KOHTposTbHOTO NpueMHuka curaasioB ' HCC (ormonanbHo).

OnopHblii y3es GopMHUPOBAHMSA LIKAJIbI BpeMeHH

Ha pucynke 2 npuBeieHb! OrpaHUYNTEIbHBIE MAaCKI HA BEITH-
YHHY MakCHMaJIbHOM omMOKH BpeMeHHoro uHrepBaia (MOBU)
JUIsl IEPCTIIEKTUBHBIX BAPUAHTOB IIEPBUYHBIX 3TAJIOHOB BPEMEHH U
gactoThl (Kr[I9BY (OVY®IIB)). Tpebyemas TOYHOCTH MO dHa-
CTOTE JUIS CTALMOHAPHBIX HCTOYHHKOB COIIaCHO PexomeHnanuu
G.811.1, 08/2017 momxkua ObITH He xyxke 1:107'2, a mambonee
JKecTkre TpeOoBaHUS K TOUHOCTH Bocmpoussenenus LB cdop-
mysupoBansbl B Pek. G. 8272.1, 08/2019 (kpacHasi JiuHHs) — B TIpe-
nemnax +£30 me.

JloKaneHble
ucmoYHuKu
rHCC
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Puc. 1. dynknuonansHas cxema OYDIIB (xkr[19BY):
KB — ko BpemenH, f — BBICOKOYAaCTOTHBIE CHI'HAJIBI

PTPV2 %

11, mar
" artie!

Gt ynar
< T

uce,

a2z, MaBUA
G827, N3845

=T 682721, ynoBY

Puc. 2. OrpannuuTensHble MacKH IO cTa0MIbHOCTH YacToTel 1 MOBU
OYO®IIB (xr[13BY) o Pex. MCD-T

OueHka AJUTeIbLHOCTH XPAHEHHS LIKAJIbI BpeMeHH!
¢ 321aHHOH TOYHOCTHIO

Cpennee Bpems yaepxkanus [1IB B 3a1aHHBIX Mpeenax B aB-
TOHOMHOM PEXUME XPaHEHHUS 3aBUCHT OT XapaKTEPUCTHK OIOP-
Horo reHepaTopa. Yxox I1IB 3a uarepnan Bpemenu t (B cexyHaax)
onpeaessiercs GopMyIioii:

2
x(t):x0+y0t+d'Tt+ax(t)’ 1
r7ie Xo — Ha4aJIbHOE OTKJIOHeHHe mKaibel BpemeHu oT UTC(SU),
KoTopoe Oyniem mosarats paBHbIM 0, Yo — HAYaIbHOE OTKIOHEHHE
o vacrote, d — apeii¢ yactotsl (3a cekyHmy), ox(t) — neBuarms
BpeMeHHoro unrepsana (JABUN).

it TeHepaTopoB OOBIYHO 3aJaeTCs HECTaOWJIBHOCTh 4Ya-
cToThl. HecTaOMIBbHOCTE YaCcTOTHI, XapaKTepu3yemasi MOIUDUIIH-
pOBaHHOM eBuanueil Amiana — oy(t), CBsI3aHa MPOCTHIM BBIpaXKe-
Huem ¢ JIBU:

o, (t) :%ay(t)' 2)

OnenuM Bpems xpanenus I1IB ¢ 3agaHHON TOYHOCTBIO B pe-
KHUMeE yAepKaHus JacToTsl (xonnosepa) st yIIOBY, ocHoBan-
HOT0 Ha JUCLUIUIMHUPOBAHHOM KBapLEBOM F€HEPATOPE, IIPH IPO-
najaHuy Wik nckaxxenuu curnaiios 'HCC.
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Benmuuna otknonenus yactotsl yII9BY oTHOCHTENBHO HO-
MUHAJILHOTO 3HAUEHUsI ONpeIeNsieTCs 10 ONOopHOH mmikase. Takum
00pa3oM, U3MEpPEHHOE HayallbHOE OTKJIIOHEHHE YacTOTHI Yo 3aBH-
CUT OT HOTPEIIHOCTH NpuHUMaeMoil omnopHoil I1IB, a takxke ot
HECTAOMIBHOCTH 4acTOTHI renepartopa B yII9BU. OnrtumMansHas
olleHKa OyJleT Ha WHTepBajle BpEMEHH M3MEPEHHs, COOTBETCTBY-
OIIEM TOYKE NepecedeHusl rpa)ikoB HECTAOMIBHOCTH OITOPHOTO
CHUTHAJIA U MTOJICTPAauBAEMOr0 FreHepaTopa:

2°4, 3)
d

riae A — BapHanus OIMOPHOW IIKAJIBI BPEMEHH (CUMTAaeM, 4TO Ha
paccMaTpuBaeMbIX MHTEpBaJlaX OCHOBHOM BKJIAJ B HECTAOMIIb-
HOCTBH OMOPHOTO CHUTHAJIAa BHOCHT OeIbIif (pa30BEIA IIyM, a B He-
CTaOMIIBHOCTB TeHEpaTOpa — Mpeti( 9acTOTHI).

Ecnu paccmotpets B kauecTBe onopHoro curiai LB npuem-
nuka 'HCC, to cmyuaitHas Bapuanus mKaasl BDEMEHH COCTaBUT
BenmuuHy nopsaka 10-30 He. AHamU3 XapaKTePUCTUK MPEIH3H-
onnbIx reHeparopoB (I'K89-TC, 'K54M-TC, I'K142-TC, I'K180-
TC, T'K200, I'K271-TC, T'K209) mnoka3biBacT, YTO CYTOUHBIH
npeiid uactoTel Bapeupyercss B npeaenax or 1:1071% g0 1-107°,
CoyudaiiHasi cocTaBsionias HecTaOMIBHOCTH YaCTOThI HE BHOCHT
CYIIECTBEHHOTO BKJIaJia [IPU pacCMaTpUBaeMbIX HHTEpBajax Bpe-
MEHH ¥ C YUETOM TaKHX BEINYNH Jpeii(oB gacToTsl. {715 oLeHKH
WCIIOJIb30BAHO 3HAYEHHE CIyYaifHOM COCTaBIISIOIICH HECTaOMIIb-
HOCTH YaCTOTBI, COOTBETCTBYIOIIEE BIHMSHUIO (IMKKEPHOTO
[IyMa 4YacTOThbl, KOTOPOE HE 3aBUCUT OT WHTEPBala BPEMECHH:
oy~ 110712,

Ecmu cuurars apeii¢ gactorsr 1:1071° 3a cytkm, a A = 20 Hc,
To monyuntcs = 5000 ¢, a MOTrpenrHOCTh HAYaIbHOTO OTKIOHE-
HHS 9acTOTHI Ha ypoBHe 16 Oymer Yo = 4-10712,

Ha pucynke 3 npencrasieHa 3aBUCUMOCTh BPEMEHHU yJIepiKa-
HUSI LIKaJIBI B mipejienax 30 HC OT HaYaabHOTO OTKJIIOHEHHS IO Ya-
crore. Ilpu ontumucTHUHON oueHke Yo = 4-107!2 u cyTounom
npeiide gacToTel kBapuesoro reneparopa 1-1071° Bpems yuepixa-
HUSI COCTABISIET OKOJIO 70 MUHYT.

T=

—@— apeAd 4acToTwl 1le-10 / cyT.
-®- apend YacToTsl Se-10 f cyT.
90 1 1 —&- Apedd YacToTsl 1e-9 [ cyT,

80 1
70 4

60 4

50 -4

Bpema yxona LWKankl Ha 30 HC, MUH.

30 4

204

0.2 0.4 0.6 0.8 1.0 1.2 1.4
HavaneHasa owmnbKa No 4acToTe, OTH. ef.

Puc. 3. 3aBucuUMOCTb BpeMEHH yICpKaHUsI HIKAJIbI
B nipezenax 30 HC OT HAYaJIBHOTO OTKJIOHEHUS

Hab6nronaemsre B nocnennee Bpemsi coon B padore THCC B
Mockse 1 MOCKOBCKOW 00JTACTH KaK MPABUIIO BBI3BAHBI PabOTOM
CpenicTB
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PAIMO3CKTPOHHOW OOpPHOBI W MOTYT  JUIMTHCS

NHDOOPMATUKA

3HAUUTENIbHO Jonblle 70 MuHyT. Jlaxe npu UCHONb30BaHUH CIIe-
LUAJIBHBIX CPEACTB JETEKTHPOBaHUs ciiypduHra u JpkaMMHUHTa 1
CBOEBPEMEHHOM 0€30IIaCHOM IEPEeXOie B PEXUM XOJJIOBEpa
(mpuBeeHHAs BBIIIE OLIEHKA BPEMEHH YACP)KaHUS MPE/Ioiaraet
takoi nepexon) L1IB nocrarouno ObICTpO BBIIHIET 32 YCTAHOBJICH-
Hble TpaHuLbl. [loaTOMy MOCTpoeHNe Halle)KHOH CHCTEMBI, Y0-
BieTBOpsitoniel TpeboBanusiM TouHoctu Pek. G. 8272.1, Ha oc-
HoBe wWcKirounTensHo npueMHukoB ['HCC, HeBO3MOXHO, H
BkitodeHne B cxemMe OY®DIIIB (puc. 1) MOKaNmbHBIX aTOMHBIX Ya-
coB (yII9M) n Ha3eMHBIX KaHAJIOB MEpeadd TOYHOTO BPEMEHH
SIBIISIETCSI 00513aTEIbHBIM.

Jlnst cpaBHEHHMS TIPEJCTaBUM OLIEHKY BPEMEHH aBTOHOMHOM
paboTsI cuctembl KrI19BY, ncnosp3yroleii macCHBHBIC BOIOPO/I-
HBIe cTaHAapThI YacToThl U Bpemenu (IIBCY) VCH-1008C [11].
Ha pucynke 4 npencraieHbl THITHUHbIE TPA(YUKN HECTAOHIBHO-
ctu yactotsl VCH-1008C (6e3 nckitouenust apeiida 4acToTsl).
Jlnist oneHKH BBIOEPEM MapameTpbl: gy = 2-1071, cyrounsrit apeiid
vactoTel 1-1071%. 3amaquM MHTEPBAT U3MEPEHHUS yXO/A YACTOTHI
otHocurensHo 'HCC (morpemmocts mkanst 20 He) — 10 cyTok,
torma Yo = 2-107'%. B wrore momyuumm HMHTEpBal yIepKaHHSA
mkansl B npexpenax 30 He — 12 cytok (puc. 5), a B mpenenax
100 HC — 1 Mecs.

[ veH-1008C_115 - REF507 [T [-o- VCH-1008C_121 - REFS07 [T

1e-13

CKIO

Te-14

1e-15

1e+06

- - - - - e
1 10 100 1000 10 000 100 000
WNHTepBan BpeMeHu M3MepeHus, C

Puc. 4. I'paduxn vHecrabumbHOCTH actoTsl VCH-1008C

—@— apeid YacToTbl 5e-16 / cyT.
-@- apeid 4acToTbl 1e-15 / cyT.
—&~- ApedAd 4acToTbl 2e-15 / cyT.
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Puc. 5. 3aBucumocts Bpemenu yaeprxkanus mkanst VCH-1008C
B nipeneniax 30 HC OT HAYaIBbHOTO OTKJIOHEHUS




NMHOOPMATUKA

[TosyueHHass oneHKa CBUAETENBCTBYET O MEPCIEKTHBHOCTU
WCIIOJIb30BAHUSI ITACCHBHBIX BOJAOPOJHBIX CTAHAAPTOB YacCTOTHI B
krII9BY. Kpome TOro, B caMoil KpUTHUECKOW CUTyallMH, KOTAa
HE/IOCTYITHBI HUKAKHE BHEITHHUE JINHUN CBSI3H, OCTAETCS BO3MOXK-
HOCTh mepenauyn nHpopmanun o nonoxkearnn UTC(SU) ¢ momo-
b0 BO3UMBIX KBAHTOBBIX CTaHAPTOB YACTOTHI M BPEMEHHU Ha
0a3e MACCHBHBIX WJIN AKTUBHBIX BOAOPOHBIX CTAHIAPTOB.

TexHuueckune Tpeﬁonamm

Hwxe nepeunciiens TpedboBanns k OY DIIIB, kotopsie npen-
CTaBJISIIOTCSI aBTOPaM Ba)KHBIMHU U aKTyaJIbHBIMHU.

1 OY®IIB npennaznayeH st popMUPOBAHMS U TIEpeiadn 110-
tpeburensm 1B, makcumansho npudmokennoit k [IIB UTC(SU).

2 MakcuManbHasi TIOTPEHIHOCTh (POPMUPYEMON IIKAJIBI Bpe-
mean mo otHomeHuio k IIIB UTC(SU) B coOTBETCTBHU C
(G.8272.1 ne momxkHa mpeBemaTh 30 HC (cM. puC. 2) Ha BCEX UH-
TepBajax BpeMeHH HaOmofeHus. [lorpemHocTs (hopMupyeMoit
1B Taxke He MODKHA 3aBHUCETh OT HAIW4Ms momex (spoofing,
jamming), uckaxaromx curtansl 'HCC npu ycinoBuu, 4To mpo-
JOJDKUTENIEHOCTD HETIPEPHIBHOTO UCKAKEHUSI CUTHAJIOB OJJTHOBPE-
MeHHO J1ByX HaBuranuoHHbix cucteM (I'JIOHACC, GPS) we npe-
BBILIACT ISITH CYTOK.

3 dopmupyeMasi IIKala BpPEMEHHM JOJDKHA IepeliaBaThCs
MOJIb30BATENSIM B BHJE TNPSIMOYTOJBHBIX HMITYJILCOB CHIHAJA
1 PPS, mepennuii GpoHT KOTOPBIX COOTBETCTBYET (PPOHTY HM-
myabca B mkaige UTC(SU), T.e. MOMEHTY Hadana 0TCu&Ta HOBOM
CEeKYHJIbI, ¥ KO/Ia BPEMEHH II0 ITOCIIE0BATEIbHOMY HHTEp(Ency
RS-232C B nporokone TOD, SIRF, NMEA.

4 dopmupyemas MIKajga BPEMEHH JOJDKHA IEPElaBaThCs M0
mpotokoraM NTP (RFC 5905) u PTP v2 IEEE1588v2 2008 r. nm
IEEE1588v2.1 2019 r. [Ipu hopmupoBaHnT IPOTOKOTA BPEMEHU
PTP nomkHBI OAIEPKUBATHCS TPOGUIN HACTPOEK MO PEKOMEH-
mamusam MCD-T: G.8265.1, G.8275.1, G.8275.2, u UHBIM CTaH-
JapTam JJisl CrielMaibHbIX ToTpeduTeneil (unppoBoe BellaHue,
9HEPreTrKa, HPpOPMAIMOHHBIE CUCTEMBI U T.I1.).

5 OYOIIB nomkeH (OpMHUPOBATH BBIXOAHYIO LIKAly Bpe-
MEHH Ha OCHOBE CJICAYIOIIMX OMIOPHBIX CUTHAJIOB YaCTOTHI U Bpe-
MEHHU:

— CHTHJIOB JIByX KBAHTOBBIX BOJIOPOJHBIX CTaHJApTOB Ya-
CTOTBHI;

— CHIHAJIOB TJIOOQJIBHBIX CITyTHHKOBBIX HABUTAIIMOHHBIX CH-
crem (FHCC) TJIOHACC wmm mo Beibopy GPS (GALILEO,
BEIDOU onmmoHanbHO), HCIOIB3yEMbIX U HaYallbHOW CHH-
xponusanuu paboueii 11IB, ycranoBku cuetunka GopMupyeMOit
[IB, KOHTpOIA Ka4ecTBa, OTIPeIeICHUs U KOPPEKINH apetida Ja-
crotel curnanos [1BCY;

— IIKaJI BPEMEHH, II0Jy4aeMbIX OT BHELIHUX, Benylux PTP-
cepeepoB (GrandMaster) 'CBY wiu 6nmxaiimero OY®IIIB, B
ToM yncie oT OY®IIIB apyroro omepartopa CBs3H WX APYroi
30HBI CHHXPOHU3ALUY.

Ortu 1B Takke MOTYT HCHOIb30BaThCSL:

— JUId Ha4YaJbHOW CHHXPOHM3AIMM M YCTAaHOBKHM CUCTYHMKA
¢dopmupyemoii L1IB, koHTpOIIst KadecTBa, ONpeIeNICHNs] U KOPPEK-
LIUM OTKJIOHEHUS U ipeli(ha 4acTOThI CUTHAIIOB BOJIOPOHBIX CTAH-
JIapTOB;

— JUIs TIepefayr HHGOPMAIMY O IIKajJe BPEMEHHU B BHIC Map
curHanoB 1 PPS mmtoc ko BpemeHH.

KoHKkpeTHBIIT HA00OP MCTOYHUKOB ONpPENEISIETCS PH MIaHH-
POBaHMU CHCTEMbl E€IMHOTO BPEMEHH KOHKPETHOTO CETMEHTa

cetn ot KCCOII B miemmom.

B nenom OY®IIB nomkeH q0mycKkaTh BO3MOXKHOCTB €T0 atT-
TECTaIlMU B Ka4eCTBE paboyero dTajoHa BPEMEHH U YacTOTHI CO-
rmacHo [12], a Takke MOKET UCITOJIb30BAThCS B KAUECTBE TIEPBHY-
HBIX STAJIOHHBIX FCHCpaTOpOB.

IIpennaraemoe pemenne 1s coznanust QY ®IIB

OV®IIIB npennaraercss pealn3oBaTb Ha OCHOBE JIByX CTaH-
naptoB yactotel (IIBCY) tma VCH-1008C u nByx cepBepoB
touHoro Bpemern CCB-1T', cepuitao Beiryckaembix AO «Bpewmsi-
U» 1 000 «KOMCET-cepBucy, cooTBeTcTBEHHO (pHC. 6). Takum
o0pa3oM, pe3epBUpYyeTCs KaK HMCTOYHUK 3TAJOHHOM YacTOTHI
(IIBCY), Tak u ¢GopMHPOBATENb BBIXOAHOHN MIKAJIBI BPEMEHH U
cepeep NTP u PTP (CCB-1I). IIpenmonaraercs, uro ogna CCB-
IT" (Ne2) Oymer cunxponusupoBan yacrtotor [IBCY, a Bropoi
(Nel) — BremHuMu onopHbeiMu curHanamu (PTP, THCC, 1 PPS
wmn IRIG-B) ot PTP-cepsepos (GrandMaster) 'CBY u Gnmkaii-
mero OY®IIIB npyroro oneparopa CBA34 WU APYroi 30HbI CHH-

XpOoHU3alUH.
Kommymamop Brewrue \r PesepeHelli
VCH-604 uemodHuKYy 8bIX00
oyoluB
VCH-1008C 1
1PPS -1I" Ne
No 1 -, o CCB-1I Ne 1
1 PPS, kod
spemeHu,
—o NTP, PTP
OcHosHoli
8bIX00
oyeLuB
VCH-1008C [1pps
Neo 2 =5 CCB-1I" Ne 2
> 1 PPS, Koo
1PPS : 8pemeHu,
—>1—o0 NTP, PTP
1PPS
oyoLuB
> Nzmepumens
8pemMeHHbIX
uHMepeasos

Puc. 6. Ypouensas cxema npejiaraemoro pemenus st OY ®IIB
Aaroput™ padotsl OYDIIB

Henocpenctesenno B coctaBe VCH-1008C nmeetcst BCTpoeH-
HBIH 0510k 00padoTku curaanoB [JIOHACC, B koTopom mpous-
BOJIUTCSl HENPEPBIBHOE CpaBHEHHWE (OPMHUPYEMOH CTaHAAPTOM
mKajsl BpeMeHu co mkaioit Bpemern UTC(SU), momydaemoii ot
BcrpoerHoro mpuémunka curHatoB ['HCC TJIOHACC/GPS
(GALILEO/BEIDOU - omrioHansHO). J[aHHBIE H3MEpEHHUH TIepe-
JTAIOTCSI B KOMITBIOTEp TOJICHCTEMBI (CEpBEp B CTOCYHOM HCIOJIHE-
HUHN).

[Tpu 3amycke OY®IIIB B TeueHne HECKOIBKUX CYTOK MPOU3-
BOJATCS U3MEPEHUs, pPe3yJbTaThl B aBTOMATHYECKOM DEXHMeE
AQHAJIM3UPYIOTCS NTPOTPAMMHBIM OOECIIEYeHUEM Ha KOMITBIOTEpE
OV®IIIB: ompenenseTcst CIBUT MIKAIbl U YaCTOThl KaXKIOr0 U3
crangaproB otHocutenbHO UTC(SU), orneHuBaercst cocTosHUE
I'HCC (mannume/orcyTcTBue crryguHra mwim mxkaMmunra). [1o mo-
CTHXEHUH TpeOyeMoil (HeoOX0aNMOi) TOYHOCTH OLIEHOK MPOU3-
BOJINTCS CHHXPOHM3AIINS BEIXOIHBIX IKal BpemeHu [IBCY c cur-
Hamamu 1 PPS ot Berpoenssix nmpuémunkoB 'HCC u ycraHoBka
Beixoaublx 1IIB TIBCYU B BBIYHMCIEHHOE IIOJOXKEHHE, MAaKCH-
ManbHO cootBercTBytomee UTC. Jlanee peammsyercs IUTaBHAs
koppekrnust 1B I[IBCYU Ha ocHOBE MAaHHBIX OT BCTPOCHHBIX
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npuemHukos 'HCC. Koppektupyromue MnonpaBKd HCHOIb3Y-
I0TCSI TOJIBKO TIPH TaPAaHTHPOBAHHOM BBICOKOM Ka4eCTBE CITyTHH-
KOBBIX CHTHAJIOB.

120 A LB npuemHuka M'HCC

— LWB NBCH

100 A
80 1
60 1
40

] /\/\/—‘\A
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—-20 4

WKana speMeHu, HC

—40

0 50 100 150 200 250 300
BpEMA, CyT.

Puc. 7. ABronoacrpoiika L1IB [IBCY B OYDIIB

Pucynok 7 nnmrocTpupyer npouecc HadyalbHOW CHHXPOHH3a-
uuu 11IB [IBCY (Ha ocHOBe m3MepeHnii B TeueHne 10 cyTok) u
TIOCIIEAYIOIIYIO TUIABHYIO aBTOMAaTHIECKyT0 Koppekuuto. ['paduk
IUIAaBHON KOPPEKIIUHU MOJIyYEH C MOMOIIBIO YUCIEHHOTO MOJIENH-
poBaHUs pabOTHI CHCTEMBI aBTOIMOACTPONKH, OMMMCaHHOHN B [13],
HO C JIOTIOJTHUTEIBHBIM HHTErPATOPOM ISl KOMIICHCAIIUN CTATH-
4eCKOW OIIMOKH, BhI3BAHHOM Jiperiom uactoTsl. [Ipu Mozpenupo-
BaHUHM MCIIOJIB30BAHBl CJEIYIONUIME MapaMeTphl: HadajbHas
ommu6ka rmo yactore [IBCY — 1-10713, HayanbHOe oTknoHeHue 111B
— 30 Hc, cyTounsit apeiid uactore [IBCY — 1-10715, CKII 1B
npuemHuka ['HCC — 10 Hc, unTepBai ynpasnenus — 1 CyTku, mo-
CTOSTHHASI BpEMEHH cHcTeMBbl ynpasieHnus — 10 cytok. Pesymnbrar
MOJICTTMPOBAHNS CBUAETEILCTBYET O BBIIOJIHEHHN TPEOOBAHUS K
MaKCHMAaJIbHON MOTPEITHOCTH (POPMHUPYEMOH IITKAITBI BPEMEHH 10
otHomenuio k [IIB UTC(SU) B cootBeTcTBUM ¢ G.8272.1.

B nByx [IBCY ¢ moMOmIsI0 H3MEPUTEINS BPEMEHHbBIX HHTEp-
BajoB (MBU), Bxomsmero B cocta OYO®IIB (mampumep,
AKMUII-5102), cpaBHUBAIOTCS MEKIY COOOH M C BBIXOJHBIM CHT-
HajgoMm 1PPS ot CCB-1T" Nel, 3acMHXpOHU3UPOBAHHOTO OT OJI-
Horo u3 BHemHuX PTP cepepos (ocHOBHOM pexkxum CCB-11" Nel)
wm 'HCC, a taxike ¢ curnaizamu 1 PPS oT BHEIIHUX HCTOYHUKOB
cunxponusanuu 1B.

Pe3ynbraThl cavueHui MepefaroTcs B KOMIBIOTEP U MO3BO-
JISIFOT CIIeTIaTh BBIBOJL O JIOCTOBEPHOCTH, TOYHOCTH M CTaOMIIBHO-
CTH Kax10i u3 cpaBHuBaembix 11B. Taxxe, npyu HATMIUK, MOTYT
UCIIONIb30BaThCsl M JIOTIOJHUTENbHbIE BHEIIHUE McTouHuKH [11B
1 PPS, xoTOpBIE MOXHO MOJKIIOYATh K CBOOOTHBIM BXOJaM BTO-
poii rpymmsr kommyTatopa VCH-604.

[ocne 3aBeprmenns maumanu3anun 1B I[IBCY onn moryT
HCIIOJIb30BAThCS B KAYECTBE CHHXPOCUTHAIA JIJIsl POPMHUPOBAHHS
BeixonHoM IIIB cepBepom Tounoro Bpemenu CCB-11" Ne 2.

Ilo pe3ynbpTaTaM BBILIEONMCAHHBIX U3MEPEHUH, a TAKXKE C UC-
nosbs3oBaHueM uMetorieiics B CCB-1I" Ne 1 3amuTe! oT oAMEHbI
curHana [HCC BbIOMpaeTcss MOMEHT BPEMEHHU [UIsi TIEPBUYHON
YCTaHOBKH BBIXOHOM mmIKajsl BpeMeHn CCB-1T" Ne 2.

B kauecTBe MCTOYHMKA KO/a BPEMEHH ISl IEpPBUYHOM ycTa-
HOBKH (OLM(POBKH) TAKKE MOTYT OBITH HCIIOIb30BaHbI JaHHbIE O
TEKYLIEM BpEeMEHH, noixydeHHble 0T BcTpoeHHoro B CCB-1T" Ne 1
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npuemnunka 'HCC, a taxxe PTP cepBepoB miu 0T BHEUTHUX HC-
ToYHMKOB cuHXpoHu3auuu (1PPS+RS232). Hamomuum, uTo B Ka-
YECTBE BHEUIHUX UCTOUHUKOB CUHXPOHM3ALUU JOKHBI UCIOIb-
3oBarbcs atastonsl 'CBY u 6mmxkaiimme y3msr OY OB Toro winu
uHOTO omnepaTopa cBs3u i OYOIIB npyroif 30HBI CHHXPOHH-
3alUH, TaKXKe CHHXpoHH3upoBaHHble ¢ ['CBU.

B nanbHeiimem B mpomecce pabOTHI M3MEPEHHs pa3HOCTEH
mkan Bpemenn [IBCY ¢ UTC u mexay coboil mpomoinKaroTes
HETPEPBIBHO. DTO MO3BOJISET:

— OMpPENENsATh U KOPPEKTUPOBATh APEH (Bl 4acTOTHI cTaHIap-
ToB (mogaB ¢ cepBepa OY®DIIB xomaHpl Ha U3MEHEHHE KOJOB
cunresaropos [IBCY);

— NPOM3BOIUTH Koppekuuto (casur) ¢opmupyemsix [IBCU
IKaJl BpEMEHH, ONPEeeNsaTh HeUucnpaBHOCTs oaHoro u3 IIBCY u
nojaBaTh koMaHay B kommyTtarop VCH-604 Ha cmeHy omopHOM
mkansl Bpemenu st CCB-1T" ¢ onnoro Ha apyroi IIBCY.

®opmupyemas cepsepom CCB-1I' Ne 2 nikana BpeMeHHU 110
nporokoiry NTP nepenaercst na komnstotep OY®IIB, rae cpas-
HuBaeTca co mkanoi BpemeHu ot CCB-1I' Nel, moBepeHHOTO
NTP cepsepa (manpumep, NTP cepsepa BHUMDTPU), npyrux
NTP cepBepoB. Taxxke OHa MOXKET CPAaBHUBATHCS, C BHELLIHUMU
[IKaJlaMl BpPEMEHH, TOCTynaromumu mo RS232, u mxainoii Bpe-
menn 'HCC.

ITpu oTKa3e WM UCKIIOYEHUH U3 CUCTEMBI JUIs TIOBEPKH OC-
HOBHOTO cepBepa Bpemernn CCB-11" No2 curnan CMHXpOHU3AINH
ot [IBCY nosmkeH ObITh MEPEKITIOUCH (C MOMOIIBI0 KOMMYTaTOpa
VCH-604) na CCB-1I" Nel, a BBIXOJBI 3TOTO cepBepa BpPEMEHU
JTOJDKHBI HCTIONB30BaThest motpeduTenssmu OY DIIB mist Bpemen-
HOW CHHXpOHHM3allMU. B 3TOM cilyuae cpaBHEHHs BHYTPEHHHX,
BBIXOJJHON M BHEUIHMX Hikas BpemeHu ¢ PTP npousBogutscs He
OynyT. Byzer npou3BOAMTHCS TOIBKO CPABHEHHE MX MEXKIY CO-
6011 u co mxanoit Bpemernn 'HCC (mmocpeacTBOM BCTPOCHHBIX B
IMIBCY u3mepureneii). Bxon «onoproro» curnaina MBU momxen
OBITH «Bpy4HYIO» TIepekmoueH Ha BeIxox | PPS CCB-1T" Nel.

[Tocie HECKONMBKUX MecAIeB paOOThI BEMWINHBI Apei(oB da-
crot [IBCY OyayT onpeiesieHbl JOCTATOYHO TOYHO, YTO MO3BOJIUT
MEPEXOJUTh B PEKUM aBTOMATHYIECKONW MX KOPPEKIMHU (C Tmocie-
JYIOIINM IIPOJIOJKEHUEM YTOUHEHUs MX 3HaueHui). Jljis moBbl-
HIEHUs HaAEXHOCTH paboThl ¢ npuémunkamu curnanos [HCC B
00s13aTeIbHOM TOPSIJIKE MPEAIOaraeTcst UCI0JIb30BaHNE CIIeIH-
IBHBIX YCTPOWCTB OOHApYXXEHUs pajMonomMexu Tuna spoofing,
Harpumep, MaxNavi GNSS Sensor, u GJ0KHpOBKa BBIXOJHOTO
curnana npuemauka 'HCC na Bpems ee neiictBus [14].

BriBoj

[Tpennaraemoe B padore perrenue o cozganuio OYPIIB oc-
HOBAHO Ha CEPUITHO BBIITYCKAaeMBIX yCTPOHCTBAX, IPE/ICTABIISCTCS
NpeNebHO TPOCThIM, (YHKIMOHAIBHO 3aKOHYCHHBIM, HAJICK-
HBIM M yIOBJICTBOpSIIOMINM TpeboBaHusM Pexomennanumii MCD
mo peanm3anuu korepeHTHOH CCOII u 'ocynapcTBeHHO# moBe-
POYHOI CXeMBI TS CPEeJICTB N3MEPEHHI BpeMEHH! U 9acTOTHI (yTB.
ITpukazom Poccrannapra ot 31.07.2018 Ne 1621) [12]. Ha sTanax
TEXHUYCCKOT'O MPOCKTUPOBAHUA U IPUEMO-CAATOYHBIX HCIbITA-
HHUI HEKOTOPbIE XapaKTEPUCTUKU MOT'YT ObITh YTOUHEHBI ITPUME-
HHUTEJIFHO K PEabHBIM YCIIOBHUSIM.
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TIME SCALE FORMATION IN A COHERENT PUBLIC COMMUNICATION NETWORK
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Abstract

In the technical literature of recent years, the main attention has been paid to the development of algorithms and models of methods for
forming time scales in the State Time and Frequency Service. Issues of frequency-time support in the interests of a large class of consumers
- users of signals from navigation systems such as GLONASS, high-precision time scale of the State Time and Frequency Service in the field
of unmanned transport, energy, fixed and mobile communication systems, etc. remain far from practical implementation. In particular, the
problems of implementing a coherent public communication network remain insufficiently noticed, but require solutions. This article
attempts to fill this gap. The possibility of implementing a reference node for forming a time scale of a coherent public communication net-
work is being considered; the problem of bringing the reference node for forming a time scale into a harmonic (coherent) state with the
time scale of the State Time and Frequency Service is being solved. The main issue is considered — the specific implementation of the time
scale in the reference node for forming the time scale — the core of a coherent public communication network, which is also the core of
mobile communications. The purpose of the article is to show what a reference node for forming the time scale of a coherent communi-
cation network can look like in reality.

Keywords: time scale, network synchronization, time-frequency support, network time protocols NTP, RTP and SIRF, methods for comparing
and distributing time scales, backbone and mobile communication networks, coherent network.
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Lincdposoe paseutue npeanpuatuii 6asmpyerca Ha LLUIMPOKOM NPUMEHEHUN UH-
¢ opMaLMOHHO-KOMMYHUKALIMOHHBIX TEXHONOTUMA. DTO NpeAbABNAET HOBbIE Tpe-
60BaHuA K NpodeccuoHanbHbIM KBanuduKaymaM cneLmnanmucTos, 3aHMMaIOLLUX-
CA ynpaBiieHUeM CNOXHbIMU MH(POKOMMYHUKALIMOHHBLIMU CUCTEMAMK, HYTO B 3HA-
YUTENIbHOWM CTENEHU YCNoXHAeT paboTy KaapoBbix cnyx6 npeanpuatnin. D10
obycnaBnuBaeT He06X0AUMOCTb CO3JaHUA B paMKax NepcrnekTUBHOW aBTOMaTh-
3MPOBaHHOMN CMCTEMbI YNpaBNeHUA NpeanpuaTueM eé€ cneuudunyeckon 4actm -
CUCTeMbl NOAAEPIKKU NPUHATUA peLLEeHUA Npu noadope U oT6ope coucKartenem.
B cratbe paccMOTpeHbl BONPOCHI CO3/JaHUA MeXaHU3Ma NPUHATUA peLleHUi no
KalpoBbIM BOMpocaM B npouecce noabopa cneuuanucToB Mo YNpasiieHUIO
CNOXHbIMM MH(POKOMMYHUKALIMOHHbIMK cucTeMaMun. PaccMoTpeHbl TMNoBbie 3a-
Aaum ynpasneHus kagpamu. MNpeanoxeH KpuTepuit oLleHKM Ha OCHOBE MHOFO-
KPUTEpPUANbHOTO aHanusa CUTyalLMu AJiA UCMONb30BaHUA B CUCTEME HA OCHOBE
CMeKTpanbHOro MeTo/a, AOMONIHEHHOrO METOZOM NocnefoBaTeNnbHbIX YCTYMOK.
MokasaHo, YTo NpaBunbHOe onpejeneHue KeanubUKaUMOHHBIX TpeGoBaHUM K
KaHAuAaTaM Ha O/MKHOCTb CMELUaNIUCTOB MO YNpPaBNeHUIO CNOXHbIMU UHOp-
MaLMOHHO-KOMMYHUKALMOHHbIMU CUCTEMaMU, HA OCHOBE KBaJIM(PUKALMOHHBIX
Tpe6oBaHMit NpUBEAEHHDBIX B COOTBETCTBYIOLLMX NpoceccuoHanbHbIX cTaHAap-
Tax yTBepxAEHHbIX MuHTpyaom P®, noseonser ocyuecTsutb rpeiaupoBaHme,
ONTUMU3UPOBATb Pacxofbl U YBENUYUTL MOTUBaLMIO paGOTHUKOB, onpeAenuTb
HeobxoAuMble oLleHKMU ux KBanudukaLmu. OLinbGKa B NpOrHo3upoBaHNM KBaNu-
cpukaumm paboTHuka MoxeT foporo obolTuce pabotopgarenio.
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BBenenne

HoBble MHHOBaIMOHHBIE TEXHOJOTHH, KOTOPHIE B OOJIBIIOM
KOJINYECTBE MOSBWINCH B TOCJIEAHHE TOJbI, OKA3alId 3HAuH-
TEeIbHOE BIIMSHHE Ha M3MEHEHHE NPO(ecCHOHANBHBIX TpeOoBa-
HUH K COMCKarelssM BakaHCHil B cdepe HHGOPMALUOHHO-
KOMMYHHUKAIIHOHHBIX TEXHOJIOTHS (MH()OKOMMYHHUKAIINN) U CBSI-
3u (MKT/cBsi3b), korga ot kanauuara tpedyercst oOnanaHue He
TOJIBKO HpO(peCCI/IOHaJ'IbHLIMI/I 3HAaHUAMU, HABBIKAMWU U YMCHUS-
MH, HO U 3HaHUSIMM B HOPMATHUBHOW NPaBOBOM 00JacTH, pery-
JMPYIOIIEH NesATEIbHOCTh, CBS3AHHYIO C YIPaBICHHEM M JKC-
uryaranueil ”THPOKOMMYHHUKAIMOHHBIX CHCTEM, OCOOCHHO, €CIIH
pedb uaét 06 MHPOPMAMOHHBIX CHCTEMaX 00pabOTKH Iepco-
HaJIBHBIX JAQHHBIX WIN OOBEKTaX KPUTHUYECKOH MH(OpMannoH-
HOW MH(PPACTPYKTYPBI.

HudpoBuzamust TEXHOIOTHYECKIX W OM3HEC-TIPOIIECCOB Ha
npennpuATHX [1-5] xapakTepusyeTcs IpUMEHEHHEM B TIPOIIEC-
ce TMOBCEIHEBHOW JAEATEIBHOCTH WH(POKOMMYHHKAIIMOHHBIX
cucTeM (COBOKYIHOCTH CIIOXHBIX KOPIOPATHBHBIX MH(pOPMAIH-
OHHBIX CHCTEM H I/IH(bOpMaI_II/IOHHO-TeHeKOMMyHI/IKaHI/IOHHBIX
ceTelt) ¢ OoJiee CIIOKHBIMU aITOPUTMaMHU yIpaBIEHUS 00BEKTa-
MU, 3(Q(HeKTHBHOE MCIIONIB30BaHUE KOTOPBIX TPeOYyeT MOBBIIICH-
HOTO K HUM BHHMMAaHUSI M BBICOKOH KBajM(UKamMm o0CIyXKnuBa-
fomiero nepconana. [loaTomy Haiau4ymue BHICOKONPO(hECCHOHAB-
HBIX YEJIOBEYECKHX PECYPCOB SBIISICTCS ONPECIISIONINM IS
KOMITaHUN (DAKTOPOM, OOECIeUMBAIONIMM KOHKYPEHTOCIOCO0-
HOCTb U 3(PEKTUBHOCTD €€ AesATeIbHOCTH. B CBs3M ¢ 3TUM Bo-
IIpocaM YIpaBJIeHHs MEPCOHAIOM, B TOM YHCJIE TIPOLeccaMm IoI-
Oopa mepcoHana, yaenseTcs ocodboe BHUMaHue. B obmem ciry-
Yyae To00p MepcoHaza MPEICTaBIsIeT cOO0H YCTaHOBIEHHE CO-
OTBETCTBHSI XapAKTEPUCTUK COMCKATENS M TPeOOBAHUI OpraHu-
3allUM BaKaHTHOW JOJDKHOCTH. [Ipm 3TOM COTpyIHUKY Kanpo-
BOTO IMOPa3e/ICHUs] He0OX0AUMO coOpaTh, 00pabOTaTh U MPO-
aHAJIM3MPOBATh OOJIBIIOE KOJIMYECTBO Pa3HOr0 poja WHdpopma-
UM, TOJTyYyaeMOW 3a4acTyl0 W3 Pa3IM4YHbIX HMCTOYHHKOB, Ha
OCHOBAaHHMU KOTOpPOW OyJeT NpUHUMAThCs pElIeHHe O Haiime
couckareiysi. OTo TpeOyeT OT JIMIA, IPHHUMAIOLIETO pEIleHHUs
(JITTP), HeoOX0MMOCTH TITyOOKOTO MOHUMAaHHS CYITHOCTH HPO-
XOJISIIUX B KOMITAHUHM OU3HEC-TIPOIIECCOB U €€ MOTPEOHOCTEH.

Kpome Toro, Muntpynom P® paspaboran u HpUHAT psin
MPO(EeCCHOHANBHBIX CTAHIAPTOB ISl CIELHUAINCTOB B 00JaCTH
UKT/cBs3p, cobmonenne TpeOoBaHUN KOTOPBIX SBISETCA 00s-
3aHHOCTBIO TOCYJAapCTBEHHBIX OIOJUKETHBIX OpraHU3alnii, opra-
HOB HMCTIOJIHUTEIBEHON BIIACTH W KOMITAHWH, B YCTAaBHOM KaIlWTa-
Je KoTopwix Oosee 50% cocraBiseT M0JsS TOCYAapCTBEHHOM,
PETrHOHANBHONW WIIM MYHUIMIIATBHON cOOCTBEeHHOCTH. [ KOM-
MEpYECKUX OPraHU3alMi TaKKe PEKOMEHIYEeTCs IOJIb30BAThCA
JAHHBIMH JIOKyMEHTaMH IpU (OPMHUPOBAHHH KaJPOBOU I1OJIU-
THKUA KOMIIAHUU U aTTECTAllMU COTPYIHHUKOB. Bcé 310 HeobXo-
JAUMO NpUHUMATh BO BHUMAHUC PYKOBOJUTCIIAM OpraHu3alu 1
JMLAM, 3aHUMAIOIMMCS YIIPaBJIeHUEM TaJlaHTaMH.

CoBepIICHHO OYEBHIHO, YTO JUISi OPraHU3AlMU M MOJJICPXK-
KM JISITEIBHOCTH 110 HaliMy TepCcoHasa HEOOXOANMO HCIOIb30-
BaHUE COBPEMEHHBIX ITUPPOBHIX TexHOoJorHi [6,7]. Kak mpaBu-
70, C TOYKH 3PEHHs MaTeMaTHKH, MOJ00HAas 3amada sBISETCS
CTa0OCTPYKTYPUPOBAaHHONH WIIM BOOOIIE HE CTPYKTypHUpPOBAH-
HOM, TpeOyromel ydera OOJBIIOTO KOJHMYECTBA PA3HOPOIHOU
MHPOPMAINH, OIEHUBAEMOH 10 HECKOJIBKMM KpHTEepHsiM. s
pELICHUsI TAKOW 3a]]a4y B HACTOSIIIIEE BPEMS UCIIOIb3YIOTCS pa3-
JIMYHBIC MOJAXOJbI, K YUCJITY KOTOPBIX MOKHO OTHECTU ITPUMEHEC-

——

T-Comm Vol.l7. #12-2023

NHDOOPMATUKA

Hue TexHonoruii Big Data, cicteM MCKYCCTBEHHOTO MHTEIUICK-
Ta, IKCIEPTHBIX MH(POPMAIIMOHHBIX cucTeM [8-13].

ITocTanoBka 3aga4u nonﬁopa CIIeHMaAJINCTOB
Mo YIIpaBJCHUIO CJIOKHBIMHA I/IH(l)OKOMMyHI/IKaIII/IOHH])lMPI
CHCTEMAMH

B ocHOBe mpuHSATHS pEIICHHS YNPaBICHYECKON AEATEIBHO-
CTH JIEXKHT CHEeIU(PUICCKUI BUJ MHTEIUIEKTYJILHOHN JesSTeIbHO-
cTi — uH(pOpManMOHHO-aHAMTHYECKas nesTenbHocTh (MAJT),
KaK KOMIUTIEKC MEPOIPHUATHI 10 TIOMCKY, cOopy, 0OpaboTke MH-
(dhopmarmu, nanpHEHIeH e€ OleHKe, aHATH3Y W TOCTPOCHUIO Ha
9TOI OCHOBE IPOTHO3a Pa3BUTHS COCTOSHMA OOBEKTA yIpaBile-
Hus. B [14] mokazaHo, 4TO «3TH U3MEHEHUS MPUBEIH K TOSBIIE-
HUIO HOBBIX CIIEIIMAIILHOCTEH TaKMX KaK «MH)KEHEeP-aHAIUTHK»
(cUCTEMHBIH aHAJIHUTHK) U «UH)KEHEp OM3HEC-aHAJIUTHKI» (OM3-
HEC-aHAINTHK), a TaKKe OJM3KOH K HUM 1O (YHKIHMOHAIbHBIM
O6ﬂ3aHHOCT§IM CIICLIMAJIbHOCTH «CII€LUAJIUCT I10 6OJ'HJH_II/IM JaH-
HBIMY.

B kauecTBe npumepa Takol AESTEILHOCTH MOXKHO IPHBECTH
B3anMOIEHCTBHE C MH(OPMAIMOHHBIMU CHCTEMaMH paboThl ¢
MIePCOHATBFHBIMI JAHHBIMA paOOTHHUKOB [ 15-18].

3naunmoctb MAJl B COBpEMEHHBIX YCIOBUSX PE3KO BO3pac-
TaeT B CUITy CIIEAYIOIINX TPHIHH:

1. Pe3koe yBenmmueHme oOBEMa oOpabaTeiBaeMOil B X0Je
TIPUHSTHUS PELICHUH yIIPaBICHUsI Pa3HOPOAHON MH(OPMALTHH.

2. TpyanocTh MACHTH(UKAIIMN ¥ yCTAHOBJICHUST TPUUNHHO-
CJIC/ICTBEHHBIX CBs3€il B MH(POpMAIMK O paccMaTpUBaeMOM 00-
JIACTH yIIPaBIICHUSI.

3. CJIOXHOCTh aBTOMATU3AIMH TMPOIIECCOB YMPABICHHS CO-
BPEMEHHBIX CUCTEM.

Bcé aro 00yciaBinBaeT HEOOXOAMMOCTD CO3/IaHMSI B paMKax
MIEPCIIEKTUBHON aBTOMAaTU3UPOBAHHON CHCTEMBI YIIPABICHHSA
oObekTa e€ crenuduIeckoi YacTh - CUCTEMBI MOJICPKKH TPH-
wsatus pemenus (CIIIIP).

B ocnoBe konmenmuu CIIIIP gexur onruMmu3anoHHas 3a-
Jlavya: HalTh A7 JIMNA, TPUHAMAIOIIETO PEHICHHs, TAKOE YIpaB-
JICHYECKOE pelIeHHe, KOTopoe oOiamamo Obl MaKCHMaJIbHBIM
TIOJIOKHUTEIBHBIM 3()(EKTOM B YCIOBUAX HAIMYUS psijia OTpaHH-
YEHUH.

Jnst nocTvKeHus 1esieil ynpaslIeHus] UCTIONIB3YIOTCSl THIIO-
Bble npornieyps! CIITIP:

1. Omnpenenenue CpaBHUTEIBHOW IIEHHOCTH HECKOIBKUX
KPHUTEPHUEB OLICHKH.

2. CpaBHEHHE HECKOJBKHX albTEPHATHUBHBIX PEIICHUH IO
OJTHOMY KPUTEPHIO.

3. OnpeneneHne JOCTATOYHOTO YPOBHSI KPUTEPUS ISl OLICH-
K{ aJIbTEPHATHBBI.

4. BeIsIBIICHUE KPUTEPUS MM TPYIIIBI KDUTEPUEB, OLICHKH 10
KOTOPBIM HaXOJSTCS HIKE JOCTATOYHOIO (COTyIacHo 1.3) ypoB-
HS C LEABIO JEUCTBUI MO €r0 JOCTHIKEHUIO.

5. BeIsiBiIEHHE KPUTEPHS WIIH TPYIITBI KPUTEPUEB, OLIEHKH IO
KOTOPBIM HEOOXOUMO YIYUIIHTh.

Kax nmpaBuiio, Ha cocTossiHHEe 00BEKTa yIPaBICHHUS OKa3bIBa-
0T BIMsHUE, ToMumo pertenuit JIIIP, BHenHUE M0 OTHOIIEHUIO
K 00bekTy (akropsl (BHemiHss cpeaa). CoCTOsSHUE BHENIHEH
Cpe/ibl MpeJICTaBIIsieT co00l COBOKYITHOCTh BHEITHHUX (haKTOPOB,
OKa3bIBAIOLIMX CYLIECTBEHHOE BIMSHHUE Ha Pe3yJIbTaT (pyHKIINO-
HUpoBaHMs 00bekTa. CyIIECTBYIOT CIIEAYIONINE BapUAHThI BO3-
JIeWCTBYIOIICH BHeNHEeH cpe/pl Ha paboty CIITIP:




NMHOOPMATUKA

1. Cpena aerepMUHUpPOBaHHAs, HEOOXOoauUMasi i PabOThHI
CHCTeMbl HH(pOpMaNHs TOCTOBEpPHA U UMEETCsl B HEOOXOMMOM
TS paboThI 00BEME.

2. Cpena BepOSTHOCTHO-OIIPE/ICIICHHAs, HEOOXoqumast st
paboThl cHcTeMbl MH(GOPMAIMS NMEET BEPOSTHOCTHBIN Xapak-
Tep, HeoOXoanMMast Uil JOCTOBEPHOH OICHKH MH(opmanus da-
CTHYHO OTCYTCTBYET.

3. Cpena HeompeaeIeHHas, IMEoIasics HH(QOPMAITHs HOCUT
CIIy4yailiHbIi XapakTep, HE IMO3BOJISIIOIIMI OLIEHUTh €€ TOCTOBEp-
HOCTb.

OpmHOll U3 HaMMEHee CTPYKTYPHUPOBAHHBIX 3a/ad, KOTOPYIO
nosokHo pemars JIIIP, sBisiercs 3aiava moadopa KOHKPETHBIX
UCIIOJTHUTENEH U1l KOHKPETHOM padoThI, T.€. 0100 KaJpoBOro
coctaBa. O4eBH/IHO, YTO PEIIAIOIINM KPUTEPUEM B 3TOM Cllydae
CUNTAETCS COOTHOIICHHE MEX1y TpeOyeMoW aisi paboThl KBa-
mudukanyeil CcoTpyqHMKAa M KBadH(UKaMed COTPYyTHHKOB,
nmeromuxcst B pacropspkeranu JITTP. Kak npasnito, moabop co-
TPYIHHUKOB ¢ HU3KOM KBaIM(HKALMEH HE MPECTaBIseT 0COO0M
TPYAHOCTH M MOXKeT ObITh perreH Oe3 mpumenenus CIIIIP ma
OCHOBE CTaHJApPTHBIX KaJpOBBIX MeTonoB. lopazmo Ooree
CJIOKHOM BBITJISIIUT 3ajjada 1o00pa BBICOKOKBAIH(DUIIMPOBAH-
HbIX coTpynuukoB (BKC), mepedens rpynn KpurepueB s Ko-
TOPBIX MOKET OBITh JOCTATOYHO PACIPOCTPAHEHHBIM, U K KOTO-
PBIM MOKHO OTHECTH, HAIIPUMED, CICTYIOIINE:

1. O6pa3oBanue (Kak MPaBUIO, PeUb UACT O KAYECTBCHHOM
BBICIIEM 00pa30BaHKMM) U HAJIMYKE HABBIKOB PAOOTHI B COOTBET-
CTBYIOIICH 001aCTH 3HAHUI.

2. [ToaTBep K ICHHBIE TIOJIOKUTEIbHBIE PE3yIbTaThl paOOTHI B
aQHAJIOTMYHON 00JIaCTH.

3. JlenoBeie  4yecTBa.

4. Hannume RONMONHUTENHFHOTO OOpa30BaHMS W HAaBBIKOB
(MHOCTpaHHBIC S3BIKHM, BOJUTEIBCKUE IIpaBa, CEPTU(HUKATHI,
TPaMOTHI U TIP.).

5. Cormacue Ha BO3MOXHYIO CBEpXYPOUHYIO paboTy W He-
HOPMHPOBAHHBIN paboUnil IEHB.

6. Ousnueckue (MEAUIIMHCKHE) MapaMeTpsl, COOTBETCTBY-
IOIINE CJIOKHOCTU U HANPSHKEHHOCTH PabOThI, M HAIIMUHE Orpa-
HUYEHHUH 110 HUM.

7. IlepcoHanbHble XapaKTePUCTHKH (TI0JI, BO3PACT, CeMEeHHOe
TMOJIO’KEHHE, HAKJIIOHHOCTH, COLIMAIIbHOE MOJI0KEHHE H TIP.).

Kaxnas U3 mepedncieHHBIX TPYI MOXKET COoAepXkaTb He-
CKOJIKO OTJICJIHBIX KPUTECPHEB.

TpeboBanust K MPoPeCcCHOHATBHBIM KBATU(PHUKALIUSIM COUC-
kareneil B cepe cucrem MKT/cBs3p mpuBeneHBI B Ipodeccro-
HaIIbHBIX CTAaH/IApTax M BKIIOYAIOT B ce0sl TaKHe MapameTpsl,
Kak TpPYJOBBbIC JIEHCTBUs, HEOOXOANMBIE YMEHHS W HEO0O0XOH-
Mble 3HaHUS. TakKe B HUX NPHUBOAATCS IOMOJIHUTEIBHBIC Xa-
PaKTEePUCTHUKH, HEOOXOANMBIE KaHANAATY Ha JIOJKHOCTD, TaKHE
KaK: peKOMEHIyeMOe IOIOTHHUTEIbHOE MpodeccHoHabHOe 00-
pa3oBaHue (IPOrpaMMBbl TIOBBIIICHHUS KBaTH(UKAINH); TpeOoBa-
HUSI K OIBITY MPAKTHYECKOH pabOThl; 0COObIE YCIOBHS JIOMYyCKa
K pabore [19-26].

B [27] noka3aHo, uTo mpu moadope KaHIUIaToOB: «HEO00XO-
MO YYMTBIBATh HE TOJBKO INpodecCHOHaIbHBIe KBapuka-
MM, HO U TO, KaK MOTEHIHAIbHbIE PA0OTHUKN OYIyT BITHCHI-
BaTbCsl B KyJbTYpPY, B COIHAIBHYIO CTPYKTYPY OpTaHH3AIUH.
Opranusanus 00JIbIle TOTEPSIET, YeM MIPUOOPETET, ecin HalMeT
KBaTM(UINPOBAHHOTO COTPYAHUKA, KOTOPBIH IPH 3TOM HE MO-
JKET YCTaHOBUTDH XOPOIINE OTHOIICHWS C APYTUMH COTPYAHUKA-
MH, C PYKOBOJCTBOM, C KJIMEHTaMH KoMmnaHuu. Kpome Toro,

ciielysl IPUHINITY YETKUX TPeOOBAaHUM, NPEINpHATHE HPH OT-
0ope KaHTUIATOB OMHMpAETCS Ha MPOQIIs TPEOOBAHUHA K 3aHU-
MaloIIeMy JOJDKHOCTh COTPYIHUKY, KOTOPBIH pa3padaTbiBacTCs
B JIeIIapTaMEeHTe MepcoHaa. Briaensercss HeCKOJIBKO KpUTEPUEB
orbopa, cocTaBisIOIIMX Mpodguib TpeboBaHuil: npodeccuoHa-
JIM3M — ONBIT PabOThI, YpOBEHb 00pa3oBaHusi; (PU3UUECKHUE OCO-
OCHHOCTH KaHAWJATA; NCHXWYECKHE KadecTBa IPETEHACHTA —
YPOBEHb MHTCIUICKTA, BHUMAHUE, MMaMATb, JTUYHOCTHBIC 0co0OcH-
HOCTHU, HAACKHOCTD 1 JP.; COMUATIbHO-IICUXOJIOTHYCCKNE XapaK-
TEPUCTUKU — OCOOEHHOCTH COLMAIBHOTO B3aUMOJICHCTBUS B
ceMbe U Ha paboTe, 0COOCHHOCTH MEXITMIHOCTHOTO OOIIICHUS.

Hawnbonee npocroii crioco6 pemenust 0003HaYEHHOM 331241
noabopa KagpoBOIO COCTaBa COCTOMT B CYMMHPOBAaHHH B3Be-
IICHHBIX OLICHOK 110 KaXKJIOMY KpHTEepHIO. B 3TOM ciydae momny-
YUBIIMH MaKCUMAJbHYIO CYMMAapHYIO OLEHKY M OOBSBISIETCS
nobeauTeneM KOHKypca. HenoctaTkoM Takoro MeTo/a siBIsieTCst
CYOBEKTHBHOCTB, B IIEPBYIO OYEpE/ib, BHICTABISIEMBIX OLICHOK, a
BO BTOPYIO OYepe/b, CYOBEKTUBHOCTH KO3 (DUIIMEHTOB B3BEIIIH-
BaHUs, 4TO d)aKTI/I‘-IeCKI/I OPUBOJUT K OLCHKE COTPYAHUKOB Ha
OCHOBAaHHMHM JIMYHBIX NpeanoureHuil. Takas oleHKa XOpoIIo pa-
60TaeT TONBKO MpH yciIoBUU TecHoro obmeHus JIIIP ¢ He6omb-
MMM KOJIMYECTBOM KaHAMWIATOB M IPAKTUYECKH HEBO3MOXKHA
npu noabope, Harpumep, COTPYIHUKOB JUIS HOBOTO (uiHana
WK yJIaJIeHHOTO oduca.

Jlist moBBIIEHUsT OOBEKTUBHOCTH OLEHKH MOXHO IpHMe-
HUTB JUI T10100pa BHICOKOKBAIH(UIIMPOBAHHBIX CIIELUAINCTOB
CHEKTpaNbHbIA MeToJ] [28], B OCHOBE KOTOPOTO JEKUT CpaBHE-
HHE YUCIIOBBIX 3HAYCHHH KPUTEPUEB OLICHKU COOTBETCTBHS CIIe-
[MAJIMCTOB ITOCTABJICHHON 3a1a4e.

AJIFOpHTM OLCHKH XaPaKTePUCTUK KAHAUIATOB

BBeznem BecoBble KOAQQPUIMEHTH W, H V;, AL OLCHKH 110-

KazaTeie KPpUTCPUCB BBICOKOKBELHI/I(l)I/IIII/IpOBaHHLIX crienyalin-
CTOB M IMapaMETPOB UX XaPAKTEPUCTUK COOTBETCTBEHHO, T'/I€ Wi

€CTh OTHOCHUTENIbHAS K MaKCHMAaJbHOHN JUII JaHHOTO Habopa co-
TPYJIHUKOB Mepa KauecTBa i-ro CHelHUaIicTa; a V; — OTHOCH-

TeJNbHAs K MaKCUMAIbHOW JUIsl JAHHOTO Habopa CICIHAaINCTOB
Mepa BIHSIHUSI |-TOM XapaKTEPUCTUKHU CIICIUAIUCTA Ha e€ Mepy
KayecTBa.

Ha nepBoMm 1mare jijist onucanusi paboThl MEXaHHU3Ma CpaBHE-
HUsl TIpeoOpasyeM BepOasibHY0 (OPMY OICHKA B UYHCIOBYIO
MyTeM NPUCBOCHUS BepOaJIbHBIM OLIEHKAM YMCIIOBBIX 3HAYCHHI
coryracHo tabummre 1.

Tabnumna 1

YucioBble 3HaUeHUs1 BEPOAIBHBIX OL[EHOK

Ne Onncanue 3HaveHune
n/n

1 [ToHOE COOTBETCTBHUE 1

2 CyIiecTBeHHOE COOTBETCTBHE 3

3 3HAYNTEIIFHOE COOTBETCTBHE 5

4 YMepeHHOE HECOOTBETCTBUE 7

5 [Togasisitonee HECOOTBETCTBHE 9

7 [IpoMexyTOYHBIC 3HAUCHHUS 2,4,6,8

OOBIYHO TIPU WCIIONIF30BAHUM METOMA CIIEKTPaIbHOTO aHa-
JM3a B HAaYaJIbHBIH MOMEHT CPaBHEHHs, COOTBETCTBYIOIIETO HY-
JIeBOMY IPHOIIKEHHIO UTEPALMOHHOTO IIpoLecca, BCe CPaBHHU-
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BaeMble XapaKTEPUCTUKH U CAMH IIPEICTAaBUTEIH OIIPENCIISIOTCS
KaK paBHO3HAYHBIC, T.C. MapaMCTPbl CIICHUATIMCTOB YUYUTLIBAIOTCA
Ipyu CpaBHCHUU C OJMHAKOBBIMU BECOBBIMH KOB(I)(I)I/ILII/ICHTaMI/I
W =fw} =1,V = v} =1.

Jlnst BeIOOpa ONTHMANBEHOTO KaHAWIATa TpeOyeTcsl Ha OCHO-
BAaHMM HMEIOLIErocs Habopa KOI(QQUUMEHTOB X; MOCTPOUTH

PAHKUPOBAHHBIA P BBICOKOKBAIU(HUIMPOBAHHBIX CIICIIHATH-
CTOB TIO CTENEHHW UX MPUTOJHOCTH K PEIICHHUIO MOCTaBICHHON
3a/1a4n.

Merto/| ClIeKTpaJIbHOTO aHaln3a OCHOBaH Ha WTEPAl[MOHHOW
NPOLEAYPEe BBIYACICHUS 3HAYCHHH W, M V; M0 CIEAYIOIHM

(dopmynam:

W(k);, = Zm:v(k —1); xep; /m?xzm:v(k —1);xcpy (1)
j=1

=

v(k), = Zn:w(k —1);xcp; —max Zn:w(k —1);xcp; 2)

rie k — vomep urepanuu, k =1,.., K.
3HaueHue XCP,; BBIYMCISIOTCS MO hopmysie:

% , €CIIU JIydlllee 3HaU€HUH pu
max(x;) MAKCHMATBHOM Xi;

1

xcp; = 3)
) min(x;) » €CAH JIyHIIEe 3HAYCHHH TpU
X—ij MHHHUMAJIbBHOM XIJ

OCO0OCHHOCTh METOJ]a CIIEKTPAJBFHOTO aHalli3a COCTOWT B
JIOCTATOYHO OBICTPOH CXOTUMOCTH ITONYyYaeMbIX OICHOK, T.C.
NpU yBEJIMYCHUH TOKa3aTelis urepanud k — o 3Ha4YeHUs Ko-
3G PUIUEHTOB CTPEMSATCS K HEKOTOPOMY TOCTOSIHHOMY 3Haue-
HUIO W, —> const, V; —> const. Toraa npu A0CTHKEHUM HEKO-

TOPOro 3HAYEHHs MOKa3zaTessi utepauuu k »» 2K >> 2 koaddu-
muentel W(K +1) = w(k), v(k+1) = v(k), uro sBusercs mocra-

TOYHBIM TTOKA3aTeNIeM JIOCTIIKSHUS 33/IaHHOM TOYHOCTH PE3ylib-
TaTa OLCHKH.

C yd4eroM CKa3aHHOTO BBIIIC IS PELICHUS 3a]la4d aBTOMa-
THU3AIUK 110100pa BBICOKOKBATH(DUIIUPOBAHHBIX CIICIIAAIUCTOB
MOJKHO TIPCJIOKHUTD CIICAYIOUIHIA aIrOPUTM:

1. [To dopmyne (3) pacCUUTHIBAIOTCS HOPMHUPOBAHHBIC 3HA-
YEHNs TOKA3aTeNed X; XapakTepUCTUK KaKIOTO CIENHUAINCTA U

(opmupyercs matpuna X; ={Xij} BH[A:

Xij= : U , (4)

IJIe CTPOKa COAEPIKUT MAaCCHB KOA((PHUIMEHTOB i-r0 KaHIHU/aTa,
a cTon0ell ONUCHIBACT COOTBETCTBHE KAKAOIO KaHIUIATa j-My
KpPHUTEPHIO.

2. JInst IepBoro 1ara nTepaliuy HayajlbHble 3HAUCHHS ITOKa-

3aTelet W, n Vv j IIPUHAMAIOTCA  paBHBIMHU  €OIWHUIIEC,

{w}=1, {vj}:l.

-
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3. Mo ¢popmynam (1) u (2) IPOBOIUTCS pacueT 3HAYCHHH KO-
sdpdumpento W(K), ¢ yuerom pacdera ciay:keOHBIX KOG UIHN-
enroB V(K) j - BBIYHMCIICHHS IIPOJIOJIKAIOTCS 10 TEX 110, MOKa HE
Oynmer BoimonHATECs yemoBue W(K —1) = w(k), v(k —1) = v(k) .
Ha mpaxTrke 3HaveHue mopsaka urepanuii k oObIYHO HE Tpe-
BOCXOAWUT 7 WM § 10 JOCTHXXECHUSI NMPAKTHYECKH ITOBTOPSIO-
MIAXCS HA YPOBHE THICSYHBIX J10J1ei 3HaueHui W(K).

4. CTpoutcsi pamKUpPOBaHHBIM MO BO3PACTAHUIO HOMEpa
UTEpaLUK PsiJi BAPUAHTOB CIEIUAIMCTOB HA OCHOBAHUH MOJY-
YEHHBIX Ha MIare 3 pe3ysbTaroB 000O0IEHHBIX KOI()(UIIMEHTOB
w(k); .

5. Jlns BbIOpaHHOTO Ha STare 3 J0CTaTOYHOTO 3HAYCHUS
urepaunii k mo dopmyne w,, = max w(K), BeiOupaercsi ontu-

I

MaJbHBIA KaHIUIAT B YHCIIO BHICOKOKBATU(HUIIMPOBAHHBIX CIIC-
[UAACTOB IS PEIICHUS MOCTABICHHON 3aaqu.

Hpnmep NPpUMEHECHMUSA NpejdaraeMoro nmoaxoaa
K OLICHKE¢ KaHAUJIaTOB

[TpumMeHuM mpeACTaBICHHBIA ITOAXOA JJIsI ONTUMAaJIbHOTO
noadopa crienyanucTa U3 TPyIIbl KaHIUIaToB, 0003HaYeHHBIX
kak «ATp», «bCn», «BKpy», «['Tlo». YcimoBuem mombopa crie-
UaJicTa SBJISAETCS PEIICHHE HEKOTOPOH HEOTIIOXKHOW 3a/auu,
MI03TOMY pacIHIMpeHHe KaHAWJATyp KaHIWAATOB 3a CYET IpH-
BJICYCHUS BHEIIHUX COTPYAHUKOB CO CTOPOHBI HEBO3MOKHO.

B xadectBe KpmTepHeB mombopa Ienecoodpa3HO BEIOpATh
CJI/TyOIIIE KPUTEPHH:

® ypOBEHb crienuansHoro oopazoBanus (0O0);

® HaJMYKE ONbITAa aHATOTHYHOI paboTsl (Op);

e nenoBbie kauecTBa (JIKk);

® FOTOBHOCTh K HEHOPMUPOBaHHOMY padodemy Bpemenu (H);

® HaJM4YME OT3BIBOB M DPEKOMEHJAIMH [0 aHAJIOTHYHBIM
pabotam (Or).

B coorBerctBun ¢ m.1 amroputma ObuM c(HOPMUPOBAHBI
B3BCUICHHBIC KPUTEPUHM OLEHKH BBICOKOKBAIN(HUINPOBAHHBIX
CHELHUAJINCTOB W3 4YHCIa KaHAWJAaTOB, IIPEACTAaBJICHHBIC B
Tabnue 2.

Tabuma 2

B3Bemniennnie KPUTCPUHN OLCHKU KaHIUIaTOB

Ums 0o Op Ak Hn Or

BKp 1,000 0,370 0,489 1,000 0,400
ATp 0,510 0,875 0,876 0,216 0,600
I'Tlo 0,458 0,368 0,686 0,110 1,000
bCn 0,917 0,810 0,600 0,871 0,429

Kak BuAHO M3 TaONUIBI 2, Cped UMEIOLIMXCS KaH/IUAaTOB
HET SBHO TOJXOJAIICTO CICIUATUCTAa BBUAY HATUYHS y KaXII0-
r0 U3 HUX KaK MPEUMYIIECCTB, TaK U HEJJOCTATKOB.

[TosToMy HEOOXOAMMO HAa OCHOBAHUH JAaHHBIX TAOIUIBI 1 C
ITOMOIIBI0 OTNHMCAaHHOTO BHINIE ANTOPUTMA ONPEACIUTh PaHKU-
pOBaHHbIE 3HAuY€HHUs OOOOLIEHHOrO IIOKa3aTelsd KauecTBa W,

JUISL IpEeICTaBICHHbIX KaHAUAaToB. [1ocKkoIbKy 3HaYeHUs KOd(-
(uumenra V; HOCAT CIyKeOHBIH XapakTep U HEOOXOAMMBI
TOJIBKO ISl MIOTy4YEeHUsl BBIYMCIICHUS 3HAUeHUH mokasarens W,

CIIEYIOIIETO I1ara UTepalny, B Ta0nuie 3 MpeacTaBIeHbI TOJIb-
KO pPacCUUTaHHBIC 3HAUCHUs Ko duirenta W, .
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Tabmuma 3

PaccunrtanHble 3Ha4eHHs KO3 duLeHTa W,

3Havenns 001Iero MoKa3aTe/s COOTBETCTBUA W,
k1 k2 k3 k4 k5
BKp 1,000 0,611 0,425 0,412 0,410
ATp 1,000 0,870 0,627 0,622 0,620
I'Tlo 1,000 0,506 0,349 0,338 0,336
BCn 1,000 0,770 0,564 0,558 0,556

IIpouecc urepaumii pacuera MpoBOAWICA 10 MOMEHTA, KOTraa
3HA4YEHUsI MOKazaTelsl W, IepecTaly CYIIEeCTBEHHO M3MEHSThCS

Ha HOBOM Iuara urepauuy, T.e. W(i+1) =~ w(i) . Takum oOpazom,
nociue 5 Iara uTepanyid MO 3HaYeHUsIM KoddduiueHra W,

MOYKHO TOCTPOUTH CIEIYIONIMI Psii MPEAIMOUYTHTEILHOCTU BbI-
oopa:

ATp (w(5)=0,620); BCt (W(5)=0.556);
BKp (w(5)=0.410); I'TIo (w(5)=0.336).

ITo MakcuManbHOMY 3HAYEHHIO MOKazaTelst W, BBIOMpaeTcs

kanauaat «ATp», KOTOpBIH HaMIy4IIMM 00pa3oM COOTBETCTBY-
€T MPEABSBISIEMBIM TPEOOBAHUSIM.

OfHaKko Ha MPAaKTUKE PELICHUE JaHHOHM 3a7aud MOXKET MpHU-
BECTH K CHUTYAIMH, KOTJja HECKOJIBKO M3 UMEIOIINXCS KaHu/1a-
TOB YZIOBJICTBOPSIIOT HMPEABIBISIEMbIM TPEOOBAHNSAM B OJNHAKO-
BOI cTerneHn. B 3ToM citydae [uis OoTydeHus! JIyHIIero PeleHus
HEOOXOAMMO IPUMEHUTh BAPHAHT CIIEKTPAILHOTO METOJa,
Ha3bIBAEMBIH METOZIOM IOCIIE0BATENILHBIX YCTYTIOK.

CyTb 3TOT0 METOa COCTOUT B TOM, YTO I BCEX 3HAUMMBIX
st JITIP kputepueB ycTaHaBIMBaeTCd MHUHHMMAIbHO JOMYCTH-
MBII ypOBEHb COOTBETCTBHs IOKA3aTesd COOTBETCTBHA W, KaH-
JIIJIATOB, W BCE HE TPOIIEAININE 0TOOp KaHAWAATHl 0TOpachiBa-
IOTCHL.

[Tpumep BBIOpaHHBIX KPUTEPHEB M YPOBHEH MUHHMMAalbHbBIX
TpeOOBaHUH 110 HUM IPUBE/ICH B TabmuIe 4.

Tabuuna 4

BrIOpaHHbIE KPUTEPHH M YPOBHH MUHUMAIBHBIX
TpeOOBaHUH 110 HUM

Kpurepuii 0o Op Ak Hn | Or
MuHUMAaJIbHBIH yPOBEHb 0,5 0,7 0,8 0,7 0,4
CHIKCHHUE 0,5 0,3 0,2 0,3 0,6

Ha cnenyromewm mare JIITP mpou3BoauT moBTOpHOE (POPMH-
pOBaHHE HOBBIX B3BCIICHHBIX KPUTEPUEB OICHKH KaHIUAATOB
COTJIACHO 1.1 OMHMCAaHHOTO BHIIIE aJITOPUTMA C MTOTyYCHUEM aHa-
soruuHor Tabmunbl 2. [Tpu Hanu4YuKM B HOBOW TAOJUIIC KaHIU-
JlaTa ¢ MaKCHUMaJbHBIMH ITOKAa3aTC/SIMH B IpelesiaXx [oIycKa
CHIDKCHUSI BEIOOP CUUTACTCS CIICIAHHBIM B €TI0 TIOJIB3Y.

[Ipu oTCyTCTBUM U Ha 3TOM 3Tarle KaHIUIATa C SIBHBIM IIpe-
HUMYIIECTBOM IPOIECC BBIYUACICHUS O0O0OINCHHOTO TOKAa3aTelIs
KauecTBa W(i) TTOBTOPSIETCSI, M CTPOUTCS] HOBBIN PSJT MIPEIITOUTH-
TETBHOCTH BBIOOpA.

[Ipu HaTMYMUU HECKOJIBKUX KAaHAUIAATOB C OJWHAKOBBIMH TO-
Kasaremsimu W(I) Tporiecc moadopa MPOAOIKAETCS TI0 MEHee
3HAYUMBIM KPUTEPHUSIM IIyTEM OTOpAChIBAHUS KPUTEPHS, MO KO-
TOPOMY TIPOXOJIST BCE YKe OTOOpaHHBIC KaHAUIATEIL.

3akaroueHue

B pacrniopspkeHUM PyKOBOAMTENS OOS3aTENIBHO  JOJIKHBI
HAXOJUTHCSL CPEACTBA IMPHUHATHA MaKCHMAIBHO 3()(EKTHBHBIX
Ka/IpoBbIX pereHrid. OCOOEHHO ATO OTHOCUTCSI K PYKOBOJIUTEIISIM
KPYITHOM OpraHu3aniy ¢ OOJIBIIMM YHCIOM COTPYIHHMKOB, KOT/a
KpYr' KaHJHMJaTOB Ha 3aIlOJIHCHUE BaKaHCHHM MOXET OBbITh OYCHb
BEJIUK, a CIJIOXKHOCTb 3ajay, MOUIeKAIIUX PEIICHUI0, TOXe
BenMka.  HeoOXoammocTh — Hamuuus — MOJOOHBIX  CPE/ICTB
MOATBEPIK/IACTCSI BO3MOXKHOW MHOT'OBApHAHTHOCTBIO BBIOOpA M
MHOKECTBEHHOCTBIO PACCMATPUBAEMBIX KPUTEPUEB OIICHKH.

B KkadecTBe Takoro cpeacTBa NENEcOO0pasHO IMPEITIOKUTH
CHCTEeMy MOIICP)KKH TPHHATHA peleHuil. Bribop meroma B
OCHOBE PA0OTHI TaKOH CHCTEMbl IPOM3BOAUTCS HAa OCHOBE
aHAIM3a pelIaeMOod 3aJaud, HEOOXOIMMOCTBIO JOCTHIKEHHUS
€MHCTBEHHOTO pEILICHUs WIM psijfa NPeANOoYTeHUH, Haludus

YHUCJICHHBIX WM  JIMHTBUCTHYECKHX  KPHTEPHEB  OLCHKH,
HOMEHKJIATYpOi ~ BHEIIHMX  BO3JCHCTBYIOIIMX Ha  OLEHKY
(haxTOpOB.

I[Ipumenenne CIIIIP mno3BosseT aBTOMATU3UPOBATH CaM
MIPOIIECC TIPUHATHS PEIICHUH, ITOCKOJIBKY OCHOBBIBACTCS Ha
ANTOPUTMUYECKH 0OOCHOBAHHBIX OIIEHKAX CTETICHU HOCTIKCHHUS
COOTBETCTBUS IIOCTABIICHHOI 3a1a4e.

[IpuHATHE pemieHnii B TAKOM CITydae MOYKET OBITh 00JIET4eHO
0e3 ymepba i pe3ysibTaTa 3a CYET HCIIOJb30BaHHS CHCTEMBI
nojaepxku npunsatusa pemenust CIIIIP (B Hamem ciydae mycTh
970 Oyzer kputepuid Jk) BEIOOp Jenaercs B ONIb3y KaHIAMIaTa C
MaKCHMaJIbHBIM 3Ha4eHHEeM HauOosee BakHoro i JIIIP
KpHUTEpUSL.

Ha cnenyromem mare npou3BOAUTCSA OLEHKA OCTABIIMXCS
KaHIIATOB TI0 CIICAYIOMIEMY IT0 BaXXHOCTH KPUTEPHIO.

B kadecTBe OHOTO W3 MPUMEPOB CHCTEM TOIICPIKKU TPH-
HSTHSL PEUICHHH TNPH NPHUHSITUM HAa PaboTy CIELHAIUCTOB MO
YIPaBICHUIO CIIOKHBIMUA WH()OKOMMYHHKAIIMOHHBIMU CHCTEMa-
MH MOXKHO TpHBECTH HH(pOpMaimoHHyto cucremy «JIMIEP»,
KOTOpas MpefHa3HadeHa il CaMOCTOATENBHOTO TECTUPOBAHUS
3HAQHMH W YNPaBJICHYECKUX HABBIKOB, OIIEHKH BO3MOXKHOCTEH
JIMYHOCTHOTO M KapbepHOTO pocTa pabOTHUKOB OpTaHHU3aLMi, a
TaKKe MPOBEJCHUSI TECTUPOBAHUS CIy)KOaMH, OTBEYAIOIINMH B
OpraHu3aliy 3a pa3BuTHe 4enoBedeckoro kanurana (HR), mpm
MIPOBE/ICHNH aTTECTAllMi U ITpUeMe Ha padoTy COTPYHUKOB, Mpe-
TEHTYIOMNX Ha PYKOBOJSIINE JODKHOCTH B OpraHm3aud [32].

OTMeTHM, 4TO IS TOTO, YTOOBI HamOOJIEE IOJIHO OLIEHUTH
CIETMAINCTOB, TTPETCHAYIONINX Ha JTOJHKHOCTH TI0 YIPABICHUIO
CJIO)KHBIMH MH()OKOMMYHHKAIIMOHHBIMU CHCTEMaMH, paboTojia-
TEJIU MOTYT UCIIOJIb30BaTh MHOTOCTYIICHUATYIO CUCTEMY 0TOOpa
repcoHaa: Hanpumep, MPOBOJSATCS OJWH-ABA IPEABAPUTEIb-
HbIX 9Tana ¢ nomoiusio CIIIP 1 onuH 3akIounTenbHBIN TAl B
BUJIe JIMYHOTO cobecenoBaHMs. B 3aBHCHMOCTH OT crenuuKH
JIeSITeIbHOCTH  OPTaHM3alMM MOTYT WCIIOJIb30BaTh Pa3iIMyHbIE
MTOIXOBI K ITOI00PY KaHAUIATOB.

Busnec-ananm3 kBann(pUKAIMOHHBIX TPEOOBAHWHA COMCKATe-
JIeH Ha JOKHOCTH CIICIHAJIICTOB MO YIPABICHUIO CIOKHBIMH
MH(POKOMMYHUKAITTOHHBIMHU cHUCTeMaMH TTO3BOJISIET
OCYIIECTBUTh TPEHAMPOBAHUE, ONMTHMHU3MUPOBATh PACXOIBl H
YBEJIMYUTH MOTHBAIMIO PAOOTHUKOB, ONPE/IEIIUTh HEOOX0IMMBbIE
oleHKM wuX KBadupukanuu. OmmOka B TPOTHO3UPOBAHHU
KBaJTUpUKAIMA ~ pabOTHUKA  MOXKET  JIOpOro  OOOHTHCH
paboTozarertto.

e
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B [30, 31] moka3aHo, 4TO: «IlcHa KaJpOBOH OMIMOKKA Ha
OIHOTO pabOTHUKA COCTaBIsAET Oonee 75 Thicad pyO. (pacxomsl
Ha TICpUOJ] YBOJNBHECHMs Topsiaka 16 Teic. pyd., paboTa 1Mo
moxoopy crenuanucra — mopsaka 11 Teic. py0., 3aTpaThl Ha
npuéM HOBOro paboTHuka — 6,6 TbhIc. pyO., 3aTpaTsl Ha
oOyuenHne paboTHHKa — mopaaka 41,4 Teic. py0.)».

Kpome Toro, ciegyer OTMETUTb, YTO OT NPABHIBHOIO IOJ-
0opa COTpYIHHKOB, NPETEHAYIONIMX Ha JOJHKHOCTH MO YIpaB-
JICHUIO CIIOKHBIMH HMH(OKOMMYHUKAIIMOHHBIMH ~CHUCTEMaMH,
3aBUCUT WH(OpMaluoHHas Oe3omacHOCTh mnpeanpusatus. Ilo-
CJIC/IHSISI OKA3bIBACT 3HAYMTEIHHOE BIMSHHE Ha ONEPALIOHHBIC
TEXHOJIOTHH, KOTOPbIE MOTYT IPUBECTH K WHIMAECHTaM B 00Ja-
CTH TIPOMBIIIICHHOH Oe3omacHocTH [3, 4, 33].

Takum 00pa3zoM, co3naHue U BHEAPEHHE B MPAKTHKY Jerap-
TaMEHTOB 10 paboTe ¢ mepcoHanoM (ciyx6 HR) opranmzarmii
ABTOMAaTU3UPOBAHHBIX CPEICTB MOAACPKKHU IPUHATUS PELICHUM
npu pa60Te C KaHapJgaTaMHu Ha JOJIDKHOCTH CIICHHHUAJIMCTOB IIO
YIPaBICHUIO CIIOXHBIMHA WH()OKOMMYHHKAIIMOHHBIMH CHCTEMa-
MM SIBJISIETCSI B HACTOsIIIIEe BpeMsl KpailHe akTyaJIbHOM 3a7auell B
YCIIOBUSIX LU(POBOTO pasBUTHUS NPENNPHUSITHH, IIMPOKOTO HC-
MOJIb30BAHUSI CUCTEM «HCKYCCTBEHHOTO WHTEIUIEKTa» U CO3/a-
HHS IAQPPOBBIX YKOCUCTEM, OKa3bIBAIOIIMX CYIICCTBCHHOE BIIH-
STHHE Ha BCE CTOPOHBI JKOHOMUYECKOM, MOJIUTHICCKOH, TyMaHHU-
TapHOM M COLIMATIBHON JIEATeIbHOCTH YeIIOBeKa.
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Abstract

The digital development of enterprises is based on the widespread use of information and communication technologies. This places new demands on
the professional qualifications of specialists involved in managing equipment of infocommunication chains, which significantly complicates the work of
enterprise services in recruiting highly qualified personnel. This necessitates the creation of a specific part within the framework of a promising
career enterprise management system — a decision support system for a particular highly qualified employee known at work. The article discusses the
issue of creating a decision-making mechanism on personnel issues in the process of managing infocommunication mechanisms. Typical tasks of per-
sonnel management are considered. Evaluation criteria based on multi-criteria analysis of the situation are proposed for use in a system based on the
spectral method, supplemented by the method of successive steps. It is shown that the correct determination of qualification requirements for candi-
dates for positions of specialists in managing the mechanisms of information and communication channels, based on the qualification requirements
given in the relevant professional standards approved by the Ministry of Labor of the Russian Federation, makes it possible to carry out grading, opti-
mize costs and increase the motivation of workers, determine the necessary assessments of their qualifications. An error in predicting an employee's

qualifications can be costly to the employer.

Keywords: digital transformation, digitalization, decision support system, information and analytical activities, personnel management system, decision maker,

infocommunication system, personnel management, specialist, spectral method.

References

I. V.A. Dokuchaeyv, “Digital transformation: New drivers and new risk,” 2020 International Conference on Engineering Management of Communication and Technology, EMCTECH
2020 - Proceedings, Vienna, 20-22 october 2020, pp. 9261544. DOI 10.1 109/EMCTECH49634.2020.926 1 544

2. V.A. Dokuchaev, AA. Kalfa, V.V. Maklac ova, “Architecture of data centers,” Edited by Professor V. A. Dokuchaev. Moscow: Hotline — Telecom, 2020.

3. V.Y. Statev, V.A. Dokuchaev, V.V. Maklac ova, “Information security in the big data space,” T-Comm. 2022. Vol. 16. No. 4, pp. 21-28. DOI 10.36724/2072-8735-2022-16-4-21-28

_—

T-Comm Tom 17. #12-2023




NHDOOPMATUKA

4. V.A. Dokuchaeyv, “A Some aspects of transport secur y in the context of digital transformation,” Theory and practice of economics and entrepreneurship, Proceedings of the XVII
International Scientific and Practical Conference, Simferopol — Gursuf, 20-22 april 2023 / Edited by N. V. Apatova. Simferopol: V.I. Vernadsky Crimean Federal University, pp. 31-34.

5. V.A. Dokuchaev, A.B. Stislavskiy, “Digital agricultural management, Actual problems and prospects for the development of the economy, Proceedings of the XXI International
Scientific and Practical Conference, Simferopol — Gursuf, 20-22 october 2022. Simferopol: V.I. Vernadsky Crimean Federal University, pp. 25-27.

6. V. A. Dokuchaev, Z. osmas, "Digital transformation" and development of human capital,” Information society technologies, Proceedings of the XI International Industrial
Scientific and Technical Conference, Moscow, |5-16 March 2017. Moscow: Media Publisher, 2017, pp. 510-511.

7. V.A. Dokuchaev, C.L. Zavazava, “Emerging capac y building development issues for ICT/telecommunications from regional perspective,” Actual problems and prospects for
the development of the economy, Proceedings of the XVII International Scientific and Practical Conference, Simferopol — Gursuf, 18-20 october 2018 / Edited by N. V. Apatova, pp. 29-30.

8. Yu.V. edernikov and V.V. Safronov, "The method of multi-criteria ranking of complex systems with various types of initial data uncertainty," Information and control sys-
tems, vol. 3, pp. 32-38, 2008.

9. Yu.V. edernikov, “Set-theoretic substantiation of the choice of complex systems with heterogeneous initial information,” Publishing House of the Ministry of Defense of
the Russian Federation, St.-Petersburg, 2008 (in Russian).

10. A.l. Polovinkin, “Automation of search design,” Moscow: Radio and communication, 1981 (in Russia

I'l. P.S. Romanov and |.P. Romanova, "Methodo y for making decisions on choosing the best technical system for a set of its characteristics," Information Technologies, vol.
24, no. 7, 2018.

12. S.V. Pavlov, V.A. Dokuchaev, V.V. Makla  ova, S.S. Mytenkov, “Features of supporting decision making in modern enterprise infocommunication systems,” T-Comm.
2019. Vol. 13, No. 3, pp. 71-74. DOI 10.24411/2072-8735-2018-10252

13. S.V. Pavlov, V.A. Dokuchaey, S.S. Myt  ov, “Model of a fuzzy dynamic decision support system,” T-Comm. 2020. Vol. |4, No. 9, pp. 43-47. DOI 10.36724/2072-8735-
2020-14-9-43-47

14. V.A. Dokuchaey, “Analysis of qualifications of an analytical engineer and a business analyst engineer Theory and practice of economics and entrepreneurship, Proceedings of
the XVIII International Scientific and Practical Conference, Simferopol — Gursuf, 27-29 april 2021 / Edited by N. V. Apatova. Simferopol: V.l. Vernadsky Crimean Federal University,
2021, pp. 22-24.

15. V.A. Dokuchaey, V.V. Makla  ova, V.Y. Statev, “Analysis of business processes in the organization of automated processing of personal data,” Information society tech-
nologies, Proceedings of the XII International Industrial Scientific and Technical Conference, Moscow, 14-15 March 2018. Vol. 2. Moscow: Media Publisher, 2018, pp. 106-109.

16. V.A. Dokuchaeyv, V.V. Makla  ova, D.V. Makarova, L.V. Volkova, “Analysis of Data Risk Management Methods for Personal Data Information Systems.” 2020 Systems of
Signals Generating and Processing in the Field of on Board Communications, Moscow, 19-20 March 2020. Moscow: Institute of Electrical and Electronics Engineers Inc., 2020.
P. 9078547. DOI 10.1109/IEEECONF48371.2020.9078547

17. V.V. Makla  ova, V.A. Dokuchaev, V.Y. Statev, “Risks identification in the exploitation of a geographically distributed cloud infrastructure for storing personal data,”
2020 International Conference on Engineering Management of Communication and Technology, EMCTECH 2020 - Proceedings, Vienna, 20-22 october 2020. P. 926154|. DOI
10.1109/EMCTECH49634.2020.926 1541

18. V.A. Dokuchaev, V.V. Makla  ova, V.Yu. Statyev, “Data subject as augmented reality,” Synchroinfo Journal. 2020. Vol. 6, No. I, pp. |1-15. DOI 10.36724/2664-066X-2020-6-1-11-15

19. V.A. Dokuchaeyv, V.A. Erem o, V.V. Maklachkova, “Analysis of requirements for professional qualifications of specialists in quality control of information and commu-
nication systems,” Information society technologies, Proceedings of the XI International Industrial Scientific and Technical Conference, Moscow, |5-16 March 2017. Moscow: Media
Publisher", 2017, pp. 350-351.

20. V.A. Dokuchaev, SS. Myt ov, S.V. Shevelev, “Improving approaches to training specialists in the IT and communications industry,” Il Scientific Forum of
Telecommunications: Theory and Technologies TTT-2017. Problems of telecommunications engineering and technology 2017, Proceedings of the XVIII International Scientific and Technical
Conference, Kazan, 20-24 november 2017. Vol. 2. Kazan: Kazan National Research Technical University named after A. N. Tupolev, 2017, pp. 352-357.

21. V.A. Dokuchaev, V.A. Erem o, V.V. Maklachkova, S.S. Mytenkov, S.V. Shevelev, “Professional qualifications of specialists for quality control at information and com-
munication systems,” T-Comm, 2017, vol. 11, no.l |, pp. 62-67. (in Russian)

22. V.A. Dokuchaev, “On the application of professional standards in the preparation of Additional Professional Educational grams,” Information society technologies,
Proceedings of the XI International Industrial Scientific and Technical Conference, Moscow, 16-17 March 2016. Moscow: Media Publisher, 2016, pp. 340-341.

23. V.A. Dokuchaeyv, “Perspectives for the development of th ype of professional activity "Specialist in information security of information and communication systems".”
Telecommunications and computing systems, Proceedings of the All-Russian Scientific and Technical Conference, Moscow, 24 november 2015. Moscow: Bris-M, 2015, pp. 30-31.

24. .A. Dokuchaey, S.S. Myt ov, V.Y. Dolgushina, V.V. Maklachkova, “Analysis of the professional standard "System administrator of information and communication sys-
tems",” Telecommunications and computing systems, Proceedings of the All-Russian Scientific and Technical Conference, Moscow, 24 november 2015. Moscow: Bris-M, 2015, pp. 32-33.

25. V.A. Dokuchaey, D.V. Ganin, S.S. Mytenkov, “Peculiarities of development and approval of draft professional standards for specialists in the field of information and com-
munication technologies,” Social-economic problems of development of small municipalities, Proceedings of the International Scientific Conference, Knyaginino, 20-24 september 2014.
Knyaginino: Nizhnegorod state ingeneur-economy university, 2014, pp. 53-55.

26. V.A. Dokuchaeyv, S.S. Mit  ov, “Legal regulation of development and approval professional standards for infocommunication technologies,” OTT-2014. Problems of
telecommunications engineering and technology 2017, Proceedings of the International Scientific and Technical Conference, Kazan, 18-21 november 2014. Vol. 2. Kazan: Kazan National
Research Technical University named after A. N. Tupolev, 2014, pp. 412-414.

27. E.G. Bel ya, “Human resources management: technologies and methods,” The state university of management, Moscow, 2002.

28. V.A. Dokuchaev, V.V. Makla ova, S.V. Pavlov, S.S. Mytenkov, “Comparison of the Spectral and Hierarchy Analysis Methods Applicability for Technical Systems
Choosing,” 2021 Systems of Signals Generating and Processing in the Field of on Board Communications, Conference Proceedings, Moscow, 16-18 March 2021. Moscow, 2021, pp.
9416017. DOI 10.1109/IEEECONF51389.2021.9416017

29. Certificate of state registration of a computer program No. 2021661000 Russian Federation. Information system "LEADER" f  assessing career growth opportunities
for middle and senior managers (managers) of organizations of various types of economic activity: Ne 2021660225 form 28.06.2021: registration date 05.07.2021 / V. A.
Dokuchaev, A.O. Chubarov, Sh.R. Kesamirov and other. declarant Telesoft Ltd.

30. V.A. Dokuchaev, V.V. Makla  ova, G.D. Abdurasulova, M.A. Egorov, “Software application for automated collection of initial data for labor market monitoring,” Trends
in the development of the Internet and digital economy, Proceedings of the V All-Russian Scientific-Practical Conference with international participation, Simferopol — Alushta, 02-04 June
2022. Simferopol: V.l. Vernadsky Crimean Federal University, 2022, pp. 28-31.

31. Yu.V. Smirnova, “Career development in the new realities of the labor m et,” Available at: https://fkc-opk.ru/content/docs/2%20CmnpHoea%20tO.B.%20HAPK.pdf
(Accessed 28 September 2023) (in Russian).

32. K. Lopatina, V.A. Dokuchaev, V.V. Makla  ova, “Data Risks Identification in Healthcare Sensor Networks,” 202/ International Conference on Engineering Management of
Communication and Technology, EMCTECH 2021 - Proceedings, Vienna, 20-22 october 2021. Vienna, 2021. DOI 10.1109/EMCTECH53459.2021.9619178

33. V.A. Dokuchaev, V.V. Makla  ova, V.Y. Statev, “Digitalization of the subject of personal data,” T-Comm. 2020. Vol. 14. No. 6, pp. 27-37. DOI 10.36724/2072-8735-2020-
14-6-27-32

Information about authors:

Sergey V. Pavlov, PhD, Network Information Technologies and Services, MTUCI, Moscow, Russia

Viadimir A. Dokuchaev, DSc, Prof.,, Network Information Technologies and Services, MTUCI, Moscow, Russia
Victoria V. Maklachkova, Network Information Technologies and Services, MTUCI, Moscow, Russia

Daniil D. Gadasin, Network Information Technologies and Services, MTUCI, Moscow, Russia

T-Comm Vol.l7. #12-2023




ELECTRONICS. RADIO ENGINEERING

SYMBOL-MATCHED WIRELESS AD HOC NETWORK PHYSICAL
LAYER MODELLING

DOI: 10.36724/2072-8735-2023-17-12-44-50

Manuscript received 12 October 2023;
Accepted 14 November 2023

Anton D. Dyomin,
MTUCI, Moscow, Russia, ademin42@mail.ru

Maxim V. Tereshonok, Keywords: ad hoc network, interference model, collision

MTUCI, Moscow, Russia, m.v.tereshonok@mtuci.ru model, ad hoc modeling, ad hoc physical layer, symbol-
matched interference

The growing popularity of self-organizing (ad hoc) networks connected with
the complexity of their creation forces researchers and developers to work
with models of such systems. One of the main issues in modeling is how realis-
tic the model is, as it affects the practical applicability of the experimental
results. This issue becomes especially serious when modeling wireless mobile
ad hoc networks, in which the physical layer model has a great influence on the
result. The paper considers the problems of modeling of self-organizing net-
works related to the influence of the network's physical layer on its network
layer. The paper describes the main components of the physical layer model
and discusses in detail the existing models of signal interference in multi-node
networks. Classical statistical models of the physical layer influence on the net-
work layer and their modifications have gained popularity due to their relative
simplicity and scalability, but in some cases, they may be insufficiently inform-
ative. The paper proposes a dynamic model of interference in a wireless net-
work using modulation-demodulation of signals, which allows to obtain various
statistics providing any degree of detail. In general, it saves the researcher from
the question of choosing the most realistic statistical approach. The paper
presents simulation results of simple network demonstrating the performance
of the proposed model. The obtained model can be applied in further research
and development of self-organizing wireless communication networks. Further
improvement of programs for automated processing of Brillouin reflectograms
is associated with additional assessments related to the combination of the
studied graphs according to the positions of the Mandelstam - Brillouin scat-
tering spectrum maxima.
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Introduction

Currently, self-organizing networks (ad hoc) are gaining pop-
ularity. The peculiarity of these networks is their decentralized na-
ture, which allows for high fault tolerance, but this significant ad-
vantage is compensated by the high complexity of development
and debugging of the system that implements these principles.

In ad hoc networks there is a strong need for qualitative assess-
ment of the used and developed protocols of functioning. To solve
this problem the following methodologies are usually used: theo-
retical analysis, modeling and experimentation.

Due to the high complexity of modern communication sys-
tems, theoretical analysis is often based on significant assump-
tions, which, however, can be critical [12]. Moreover, a certain
part of theoretical research focuses on the consideration of ad hoc
networks only at a particular layer of OSI model, ignoring the im-
pact of the other layers. The experimental method is devoid of
such disadvantage, but its considerable complexity and cost al-
most completely override the benefits obtained. Modeling can be
considered as a compromise approach: if an adequate model of the
network under study is used, it allows obtaining a fairly realistic
result at acceptable labor costs [9].

The physical layer is one of the most important [1], although
in research works devoted to modeling algorithms for the func-
tioning of self-organizing networks, it has long been ignored or
greatly simplified. However, with the growing popularity of cross-
layer methods for organizing ad hoc networks, the need to develop
physical layer models that are consistent with reality has become
apparent [2]. In such models, the physical layer is usually divided
into several main components: signal propagation model, node
communication models, and signal interference model [18]. The
signal propagation model describes the communication channel
between the nodes of the network (e.g., uniform disk, path-loss,
shadowing, fading models) [9]; the node communication model
considers methods of communication between the nodes, for
which various degrees of plausibility are used models of antenna
systems (ranging from isotropic radiators to full-fledged models
of antenna systems with beamforming) [3]; the signal interference
model sets the behavior of the node of the communication network
when receiving interfering signals.

In this paper, we review the existing signal interference models
and propose another model based on symbol-by-symbol packet
collision resolution taking into account the parameters of the ap-
plied modulation. Section 2 reviews the work of other researchers.
Section 3 reviews the main applied signal interference models.
Section 4 describes the proposed symbol-matched interference
model. Section 5 summarizes the simulation results of the pro-
posed interference model. Section 6 concludes this paper.

Related works

Many papers have been devoted to the development and appli-
cation of realistic physical layer models in modeling wireless ad
hoc networks. In these papers, the SINR based model (sometimes
called physical model) is almost always mentioned. This model
was formulated by Gupta and Kumar in their paper [8]. Its essence
is that it takes into account the aggregate interference from all
nodes in the network. Also, in this paper the authors consider what
they name protocol model. In this model, packet collision occurs
when the source of interference is no further than a certain distance
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from the receiver (interference range). Despite the simplicity of
this model, it has found its application in analyzing MAC proto-
cols and evaluating various metrics of communication networks
[6], [7]. It is worth noting that although the authors formalized this
model, they were not the first to use it. For example, a similar
model is used in [14].

The SINR model and models based on it are considered to be
the most accurate models of interference. In [10], the authors in-
vestigate the accuracy and applicability of the threshold-based
model (which can be seen as a simplified version of protocol
model) in comparison with the extended SINR model. As a result
of the study, the authors conclude that the threshold-based model
is not suitable for realistic physical layer modeling. In [9], a de-
tailed study of the impact of the quality of the physical layer model
on the performance of the simulated wireless network is presented.
The authors considered the influence of the propagation channel
model and two types of SINR interference model: full interference
model and limited interference model. In [13], the influence of the
previously mentioned protocol and physical models from [10] on
the throughput of the wireless network is considered.

Interference Models

The interference model is one of the most important parts of
the physical layer model of a wireless network, as it defines what
happens when multiple signals are received simultaneously from
different sources. Figure 1 shows a time-packet diagram of data
packet propagation in a multi-node wireless network as an example.

0

- Packets

Nodes

7%

| I— | I |
Interference

%4

Time

Fig. 1. Demonstration of the effect of packet interference
in a wireless network

In early works [16] on the topic of ad hoc network modeling,
in most cases this issue was omitted, because the collision channel
model that was used, in which the “all-or-nothing” phenomenon
was implemented. This principle realizes a strictly temporal model
of packet interference, where in the case of overlap of several sig-
nals all are considered to be corrupted, regardless of their power.

Obviously, the described model of interference is poorly cor-
related with the real signal propagation, so it was proposed to use
capture channel model [11], where the interference of signals was
resolved by comparing the power of received signals. Two types
of capture channel can be found in the literature: vulnerability cir-
cle and power capture [4]. Vulnerability circle model is based on
the assumption that nodes transmit packets with the same power.
Then the possibility of correct reception is determined only by the
distance between the receiving and transmitting nodes: if the node
from which it is necessary to receive a packet is located closest to
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the receiving node, there will be no collision of packets. The
power capture model is an improved version of the previous
model, as it allows nodes to have different transmission power. In
Section 2, we have already mentioned the work of [8], which for-
malized the protocol and physical models that implement the vul-
nerability circle and power capture approaches, respectively.

Figure 2 summarizes the relationships between the considered
channel models and specific interference models.

Collision Channel Models

Fig. 2. Relationships between modelling approaches and models
of signal interference In the following, the described interference
models will be discussed

A.  Time Interference model

The simplest interference model. As mentioned above, this
model has the so-called "all-or-nothing" phenomenon, which
causes all packets that overlap to be considered corrupted. To un-
derstand this, let us turn to the case shown in Figure 1. Let's as-
sume that we need to receive packets from node A, then all packets
that overlap in the time domain will be considered corrupted, so
we can only receive packet 6. Obviously, the temporal model is
suitable only for very superficial modeling, as it does not take into
account any features of the physical layer.

B. Protocol Interference Model

This model is based on analyzing the power ratio of received
packets, provided that their transmission powers are the same. Let
P, j be the power of the received packet from the interfering node,
P, ; be the power of the received packet from the desired node (i
is the index of the node from which the packet is required to be
received, j is the index of the interfering node). Then the condition
for successful packet acceptance is formulated as:

P, T,

. 1= Prii>Prji €Y

r.j
The received packet power is defined as:
Py

X — Xzl @)

Pr,k =

where Pj, is node transmission power, X, is transmission node
position, Xy is receiving node position, | X; — Xz| is euclidean dis-
tance between network nodes. Let us rewrite expression (1) taking
into account (2):

P __h
1Xi — Xrl = |X; — Xg

= P|X; — Xg| > P;1X; — Xl

That when the transmission powers are equal (P; = P;), it is
converted to:

|X; — Xg| > 1X; — Xzl

Then for the obtained model the conditions of successful sig-
nal reception are formulated as follows:

1) The distance between the target node and the receiving
node does not exceed the value of r:

|X; = Xgl <7

2) The distance between the interfering and receiving nodes
is greater than the value of 7:

|X; — Xg| > 7

This model is often considered together with a path loss chan-
nel. In such a channel, the power at the receiving point is defined
as follows:

Py
[ Xy — Xg|7

where 7 — path loss exponent. Let us substitute (3) into (1) and
obtain:

Py = 3

1
X, — Xe| " > BIX; — Xpl ™" = |X; — Xpy| > B|Xi — Xreo)|

The conditions for successful admission for such a model
would be:
1) The distance between the target node and the receiving node
1

does not exceed the value of ,Bf T

1
|X; — Xg| < .3:;77”

2) The distance between the interfering and receiving nodes is
1

greater than the value of g7
1

|X; — Xg| > Blr

C. Physical Interference Model

Obviously, the situation with equal transmitter powers consid-
ered in the protocol model is not the only possible one. In addition,
such a model does not take into account the influence of the noise
environment when receiving a packet. Therefore, a more realistic
model of signal interference was proposed in [8]. Let us refer to
expression (1) and transform it into:

P T,i
P,

> B @)
J

In expression (4) S is the threshold level required for successful
packet acceptance. Substituting (3) into this expression, we obtain:

i
|X; — Xgl"

F)j
|X; — Xg|”

> B (5)

First of all, we note that this model does not assume equal
transmission powers, and also assumes that the transmission takes
place in a single frequency channel, so the powers of all interfering
packets must be taken into account:

e
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|Xi _XR|77
F)j
|%; — Xg|”

> B (6)

ZjeT,jii

where T are the interfering nodes. The obtained expression de-
scribes the signal-interference-rate (SIR) model. Let us rewrite ex-
pression (6) taking into account the noise power N in the channel
to obtain the SINR model:

P;
| Xi — Xg|" > B
N+ b
O A vam—
X — Xl

Currently, this model is one of the most popular in the devel-
opment and research of wireless ad hoc networks. Due to this fact,
it has received a number of modifications with different levels of
realism and complexity. Usually two groups are distinguished [9]:
those modifying the methodology of SINR calculation and those
modifying the interference zone.

The original physical interference model estimates the SINR for
all interfering packets (full interference model). However, this ap-
proach may not be the most computationally efficient when model-
ing large networks, so it was proposed to limit the interference zone
to some distance, usually determined by the minimum received
packet power. This method has been termed the limited interference
model. A demonstration of these is shown in Figure 3.

® ® @
0

'0-'"’3.‘/_9 @ O @R ®

(a) (b)
Fig. 3. Limited interference model (a) versus full interference model (b)

There are also different approaches to calculate the SINR value
in case of incomplete packet overlap in time. There are 4 main
methods in this direction [9]:

1) Cumulative — The SINR value is counted only for packets
that interfered with the received packet at the time of the end of
reception;

2) Timing — The SINR value is considered for the entire re-
ceived packet, taking into account the duration of the time inter-
vals at which the other packets interfered;

3) Strongest Signal — The SINR value is considered for the re-
ceived packet and the strongest interfering packet;

4) Adaptive — The SINR value is calculated for each time in-
terval where interference occurred.

Proposed model

As noted earlier, the physical interference model is the most
widely used at the moment. But as it was already mentioned, the
initial model, firstly, does not take into account the time intervals
of interference, and secondly, it can be computationally complex
in case of unlimited interference zone. It is also worth noting that

-
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this model is not able to take into account certain characteristics of
the transmitted signals, for example, spectral: since the interfering
signals are not white Gaussian noise, considering them identical to
the surrounding noise may not be quite correct in some cases.

The proposed model is based on the realization of full demod-
ulation of packets transmitted in the ad hoc network.

Let the useful signal (complex symbols) s(t) is transmitted
through the communication channel with additive noise n(t) from
the environment and interfering nodes. Then the network nodes
receive the signal:

z(t) = s(t) + n(t)

Optimal signal reception under such conditions is carried out
using the maximum likelihood method. For this purpose, let us
write down the condition of maximum posterior probability of ac-
cepting the symbol s;:

P(s;/z) > P(sj/z),j =0,1..,M —1,j #1, 7

M is the number of possible symbols at a used modulation,
P(s;/z) is the posterior probability of symbol s;, P(sj /Z) is the
posterior probability of symbol s;. If we use the Bayes formula,
we obtain:

P(spp(z/s)
p(2)

where p(z2) is the probability density of signal z(t), p(z/s;) is the
conditional probability density of signal z(t) under the condition
z(t) = s;(t) + n(t). Given the equal probability of the signals:
1
P(sy) = i
Let's rewrite the formula (7) taking into account all the above-
mentioned:

p(z/s) >p(z/s;),j=01...M—1,j#i

The obtained result expresses the maximum likelihood rule
[15], from which it follows that during demodulation the decision
to accept the symbol s; is made if the conditional signal time den-
sity z(t) is maximized.

This method avoids the dependence of modeling results on the
applied method of calculating SINR, as it is determined only by the
implementation of the modulator, which in the case of the maximum
likelihood method should give the best result. Unlike the physical in-
terference model, the complexity of such an approach does not de-
pend on the number of interfering nodes in the network, since it is
sufficient to obtain only a set of complex symbols for demodulation,
without knowledge of interference moments and node positions.

The main advantage and fundamental difference of the proposed
approach is that unlike the previously considered statistical methods
of packet interference modeling, which give an estimate of the math-
ematical expectation of the packet collision frequency in the simu-
lated network, we get the opportunity to analyze the full volume of
statistical characteristics of packet collisions, in particular, to obtain
the multivariate probability density of this random process.

P(s;i/z) =

Modeling

A discrete event ad hoc network simulator supporting the phys-
ical layer was used to validate the proposed model [5]. The simu-
lator uses information about the simulated network: node location,
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models of motion, models of message creation, parameters of the
communication channel, parameters of the used antenna system
and applied modulation. Modeling is conducted at the dynamic
level. As a result of the work, a log of events is formed. Analysis
of log allows to build any statistics necessary for the study.

For modeling was used a simple wireless network consisting
of a square grid of nodes located at the same distance from each
other. Figure 4 shows the location of the nodes. The model is con-
figured such that there are only two transmitting nodes in the network,
which are located at opposite ends of the grid (nodes 1 and 2). The
transmitting nodes in the network send packets of the same power
and duration at the same time. Model uses path loss channel with
time delays in signal propagation [17].

.11 31 %1 %1 %1 %1 ’1 %1 51 3

L % % % % % % % % % %o
0% % % % % % % % B
g T % % % % % % % % %
20 % % % % %Y %Y %Y Y Y %
ST % % % % % % % % %
1 % % % % % % B % % %
% % % % % % % % %Y

% % % % B Y % B %
% % % % % % % % %%

Relative distance
Fig. 4. Position of nodes

QPSK modulation was used in the modeling, and the SNR in
the channel without the power of interfering nodes is 10 dB.

From the results shown in Figure 5, it follows that for receiving
nodes located at the same distance from the transmitters, the prob-
ability of packet collision is equal to 1, since there is a full time
overlap of packets of the same power. For the other nodes, the

1 093 0.85 0.77

093 1 092 0.84 0.75

1 092 082

PRe:} 0.76 092 1 091 0.82

1 091 0.82

1 081

Relative distance

Relative distance

probability of packet reception is determined by its distance to the
nearest transmitting node. Let us consider the packet collision
probability for each of the nodes separately. These characteristics
are shown in Figure 6.

Simulation results in the form of distribution of the total proba-
bility of packet collision (from both nodes) are shown in Figure 5.

085 [t

0.92 0.835

1 0.92

0.92 1

Relative distance

0.92 0.805

Relative distance
Fig. 5. Distribution of the total packet collision probability

A close look at Figure 6 shows that the collision probability
peaks at points equidistant from the transmitters, but decreases as
we approach the opposite transmitter, which may be counterintui-
tive. This effect is explained by signal propagation delays and fad-
ing in the link.

Figure 7 shows the delay between the start of packet reception
from two nodes, expressed as a fraction of the packet duration.

The results presented in Figure 7 show that nodes located at
the same distance between transmitters have packets arriving at
the same times, which can be considered as the worst case inter-
ference.

.
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Fig. 6. Distribution of packet collision probability for each transmitting node
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Fig. 7. Distribution of the delay between packet reception start times

In the case of the remaining nodes, the packets may either not
overlap in time or may overlap partially. In that case with the dif-
ferent powers of received packet the packet collision probability
decreasing in close of the interfering node. Accounting for these
effects in statistical interference models requires a careful choice
of calculation methodology. The proposed model all these phe-
nomena are taken into account by design.

Conclusion

Modeling wireless ad hoc networks is a very complex task in
which the choice of the physical layer model must be carefully
considered. We have reviewed the existing methods of implement-
ing the signal interference model at the physical layer and have
simulated our proposed solution with symbol-matched interfer-
ence model, which demonstrated its performance.

As previously noted, the proposed dynamical approach avoids
the problem of selecting a method for calculating the statistical
indices required for the most popular physical interference model,
which helps to avoid ambiguity in the research of wireless self-
organizing networks. It is also worth noting that the implemented
approach is able to take into account specific cases of communi-
cation network operation, such as cooperative transmission mode,
when all nodes transmit the same messages at the same moments
of time. A distinctive feature of the proposed dynamical method is
the ability to obtain time densities of collision probability within
each packet during the movement of nodes.

Obviously, the proposed approach may have greater computa-
tional complexity when considering complex signal modulation
schemes than statistical interference models. However, the unam-
biguity and detail of the obtained results may be more important
in some practical cases. The obtained results may be useful in the
design and research of cross-layer routing and control algorithms
for ad hoc networks.
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AHHOTauua

PocT nonynapHoctn camoopranusytolmxcs (ad hoc) ceteit Bkyne co COXHOCTbIO UX CO3A4aHUA BbIHYXKAAET UCCeAoBaTenei U pa3paboTunkos paboTath
¢ MoZenaMu noaobHbIx cucteM. OauH U3 rNaBHbLIX BOMPOCOB MpU NPOBEAEHUN MOJENMPOBAHUA 3aK/IOYAETCA B TOM, HaCKOMbKO MCMOsb3yeMas MOAENb
PeanucTvyHa, Tak Kak 3TO BIMAET Ha MPaKTMYECKYIO MPUMEHMMOCTb Pe3ysbTaToB 3KcrepuMeHTa. OCoBGeHHO cepbesHbIM 3TOT BOMPOC CTAHOBMUTCA MpU
MoZenupoBaHuy 6ecnpoBosHbIX MobunbHbix ad hoc certeil, B KOTOpbIX GOnbLIOE BAMAHME Ha pe3ysbTaT OKasblBaeT Mozenb (PU3MHECKOro YpOBHA
PacrnpocTpaHeHUs paAnNoCUrHaioB. B cTaTbe paccMOTpeHbl MpobeMbl MOAENMPOBaHUA CAMOOPIaHU3YIOLIMXCA CETEl, CBA3aHHbIE C BAMUAHUEM (U3UYECcKOro
YPOBHA CETW Ha CETeBOM ypoBeHb. B cTaTbe OMMUCHIBAIOTCA OCHOBHbIE KOMMOHEHTbI MOAenn (U3UYECKOro YPOBHA, U MOAPOGHO pasbupatorcs
CyllecTBylOLIME MOJENN WHTEPdEPEHLIMN CUFHAsIOB B CeTAX, COCTOALLMX M3 HeCKOSbKMX Y3noe. Knaccuyeckue cratMcTMHeckue MOZENU BAMAHMA
$U3NY4ECKOro YpOBHA Ha CETEBOM M MX MOAUMUKALIAM CHUCKANIU CBOKO MOMYNAPHOCTL GnarofapA OTHOCUTENBHOM MPOCTOTE U MaCLITaBbUPyeMOCTH, OfIHAaKO
B pAJE CNly4aeB OHM MOTYT OKa3aTbCA HeJOCTaTOMHO MHGpOPMATUBHLIMU. B cTaThe npeanaraetca aguHamuyeckan Mogenb UHTepdepeHLUmmn B 6ecnpoBoaHOM
CeTH, UCMoNb3ytoLlan MOAYNALMIO-AEMOAYNALMIO CUrHANIOB, YTO MO3BOJIAET NOJYYNTb PasfiMyHble CTaTUCTVKM Noboi cTeneHn noapobHocTu v B obLuem
cnyyae u3bapnAeT UccnesoBaTena OT BOMpoca BblGopa Hanbonee peasMCTUHHONO CTaTMCTUHECKOro noaxopa. B cratbe mpeacTaBneHbl pesynbTarhl
MOJENUPOBaHNA MPOCTON CeTW, AEMOHCTpUPYIOLLMEe PaboTOCNOCOBHOCTL NpeAnokeHHON Mogenu. [lonydYeHHyto MoAenb MOXHO MPUMEHATb MpU
JanbHeliLleM UCCNe0BaHNM M pa3paboTke caMOOpraHM3ytoLmMxca 6ecnpoBOAHbIX ceTel CBA3N.

Knioyeebie cnoea: ad hoc cemu, modens uHmepcpeperyuu, modesns Konnusui, modenuposaHue ad hoc, ¢usudeckuii yposeHb ad hoc, nocumeonbHas
uHmepcpepeHyus.
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Conducting search and rescue operations in a unified avia-
tion search system is associated with the use of search and
rescue aircraft on duty, and, consequently, with the tasks of
ensuring flight safety. The greatest danger for helicopter
flights at extremely low altitudes are inconspicuous obsta-
cles that are poorly detected by visual observation at night
and in conditions of insufficient visibility associated with
meteorological factors. The structural and functional
scheme of the complex for providing search and rescue
operations using helicopters in the Arctic zone is proposed,
its composition is shown, the tactical and technical charac-
teristics of the main modules and the main modes of visual-
ization of the cabin situation are indicated. The solution to
the problem of creating a complex is relevant, since it allows
you to visualize small-sized obstacles along the flight course,
in coastal marine areas, on the sea surface, as well as warn
the crew about approaching them, provide pilots with addi-
tional information about the underlying surface when land-
ing on an unequipped pad.
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Introduction

The complex for providing search and rescue operations
(COPSO) is designed for:

— improving helicopter flight safety;

— information support of search and rescue operations
(SRO). This area may include search and rescue operations on sea
coasts during the search and detection of disaster victims, the de-
tection of search objects be the search and rescue forces, the land-
ing of rescue groups.

When conducting SRO (search for drowning people and
ships), equipment that allows detecting low-visibility navigation
obstacles in wave conditions when the helicopter is forced to move
at an altitude of 150 - 200 meters is of great importance.

Another important issue in ensuring helicopter flights in Arctic
conditions is the need for additional information support for heli-
copter pilots during the landing of a helicopter on an unmanned
site. The pilot has only cartographic and actual visual information
about the underlying surface of the site, having high risks of in-
correctly determining the thickness of the ice or the depth of the
snow cover. Such a risk can be eliminated thanks to the equipment
for obtaining the necessary information about the underlying sur-
face by the pilot.

Materials and methods

The Arctic zone of the Russian Federation (AZRF) has great
differences with other regions of the country in terms of natural
and economic, demographic and other characteristics:

— difficult conditions of the nature and climate, drifting ice
or permanent ice cover of the Arctic seas of the Arctic basin cen-
tral part;

— low population of this territory (0.54 people per 1 km? as
of the beginning of 2022) and a small number of industrial and
economic enterprises;

— long distances to industrial centers, dependence on fuel
supplies to ensure the life of the population and the implementa-
tion of economic activities, the need to supply important goods
from other regions of the country;

— threat to the nature from emergency situations caused by
human economic activity.

The continental land territory of the AZRF is 4.9 million km?.
The islands cover an area of 0.2 million km. The offshore and in-
land seas of the AZRF reach an area of 4 million km? (Figure 1).

Despite the small number of living (1.7% of the total popula-
tion of our country), for Russia the arctic is a strategically im-
portant region and the richest mineral resources (80% of gas re-
serves, over 90% of nickel and cobalt).

Today, the Government of the Russian Federation pays close
attention to the development of the Arctic region. Of particular
interest is the Northern Sea Route connecting Europe and Asia and
reducing the distance between them by more than five thousand
kilometers.

In conditions of vast territories and insufficiently developed
infrastructure, the possibility of conducting search and rescue op-
erations and emergency response can be provided by the use of
helicopters capable of hovering and landing on unprepared sites.

Climatic features, namely: extremely low temperatures, high
temperatures during the year, long rainfall (rain, snow), fog,
frequent change of weather, the presence of strong winds (up to

180 km/h) complicate the use of helicopters. Particularly danger-
ous is the icing of the bearing blades caused by ice rain, inversion
of the air temperature at altitudes up to 3000 m. At operating
altitudes there is intense turbulence [1, 2].

The Arctic region is characterized by the presence of inacces-
sible terrain (snow, tundra, swamps) and poorly developed avia-
tion infrastructure, which creates conditions for landing helicop-
ters on unprepared sites (the territory looks like monotonous
snowy desert from the air). In addition, there are great difficulties
with visual and radar orientation on the ground. In summer, espe-
cially when flying along the coast, there are characteristic land-
marks, for example, islands, coves that form many peninsulas. Un-
stable radio communications (due to increased electromagnetic
activity) make it difficult or impossible to fly above 70°north lat-
itude. To communicate via geostationary spacecraft, and commu-
nications through high elliptical orbits are not always possible be-
cause of the for insufficient orbital inclination [3, 4].

Fig. 1. Arctic zone of the Russian Federation: 1 — Murmansk Region;
2 — Republic of Karelia; 3 — Arkhangelsk Region; 4 — Nenets Autono-
mous Region; 5 — Yamal-Nenets Autonomous Region; 6 — Krasnoyarsk
Region; 7 — Republic of Soha (Yakutia); 8 — Chu Autonomous Region;
9 — Komi Republic

The weather conditions at the helicopter site must meet the
following requirements:

—1in cloudy conditions, the height above the landing site is not
less than 350 m in an area with an absolute height of up to 2000 m
and not less than 600 m in an area with an absolute height of over
2000 m;

— at least 5 km at absolute altitude up to 2000 m and at least
10 km at absolute altitude above 2000m;

— in wind conditions no more than 5 m/s in narrow gorges and
basins, and no more than 15 m/s in open passes, ridges and plat-
eaus [5].

The most unfavorable conditions for helicopter landing are
cloudy weather or shaded areas of slopes, because in this situation
it is extremely difficult to assess the slope and the distance to the
landing site.

Detection of small and low-speed objects (which includes a
person) against the background of the underlying surface — an ac-
tual and complex task.

The problem of separating movable objects against the back-
ground of the underlying surface is solved by the use of coherent
doppler radar. In addition, low-speed objects require millimeter-
range radar with significant signal accumulation time, which in-
evitably results in low visibility. To solve the problem of finding
a person on the ground, a low viewing rate (5-6 degrees/s) is ac-
ceptable, but this increases the risk of skipping dynamic targets
due to the lack of marks for the timely setting of the track and the
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issuance of target indications. In this paradigm, the detection of
low-speed targets with a small radial speed component is prob-
lematic [6,7].

The structural and functional scheme of the complex is pre-
sented in Figure 2.
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Fig. 2. Structural and functional design of the search
and rescue complex

COPSO consists of the following components (Figure 3):

1) Laser Television Module (LTM);

2) Forward Radar Station (AF Radar);

3) Ground Penetration Radar (GPR Radar);

4) Devices functionally combined into a single unit — control
and integrated information processing (CIP) equipment including:

— computing device (CD);

— control device (CD) structurally combined with a multi-
functional indicator (MFTI).

5) Autonomous supercapacitor power supply (electric recuper-
ator) [8].

LTM is designed to detect obstacles to the course of a helicop-
ter flight and to provide additional information for the safe landing
of a helicopter on snow and ice during the execution of PSO
[9,10].

LTM includes the following sensors:

1) laser locator module (LL-module);

2) Front range camera module (VD module);

3) Short-range infrared (IR) forward-view module (SWIR
module);

4) Long range infrared module (LWIR module);

5) Signal processing module (SPM);

6) Lower vision module (LV-module):

short-range infrared module (SWIR module);

Visible Band Video Camera (HDD).

7) Power supply [11,12,13].

The main technical characteristics of LTM are given in the
Tables 1-4.

ELECTRONICS. RADIO ENGINEERING

Fig. 3. Appearance: a) the laser-television module; b) ZPP RADAR;
c¢)r ar BY; d) autonomous power supply

Table 1
Visualization modes of the off-site LTM environment

Application conditions mode

Daylight hours; normal visibility conditions TV

Daylight hours; conditions of insufficient visibility due

to rain or snowfall TV+SWIR

Daylight hours; conditions of insufficient visibility due

to haze or fog TV+LWIR

Night time; rain/snowfall or landing at airfields with
high intensity light systems (light intensity of at least
10000 cd)

SWIR

Darkness; no precipitation or haze/fog LWIR

SWIR+

Dark; rain or snow with fog LWIR

TV+ SWIR+
LWIR

Daylight; rain or snow with fog

Table 2
LTL specifications for the TNO module

Significance
NO-MODULE

SWIR ON-
Module camera
NO BUT

Characteristic

Viewing zone in the vertical plane relative to the

. ; . + +
vertical at the suspension point, ° 15 15

Viewing frequency, Hz, at least 5 5

Working wavelength, pm (09-1,7) [(0,4-0,7)
The level of illumination for the formation of a

video image signal, provided by the standard - 10-50000
lighting means of the helicopter, lc

Multiplicity and increasing area, TV lines, at least - X1

— e

T-Comm Vol.l7. #12-2023




ELECTRONICS. RADIO ENGINEERING

Table 3
LTM specifications
Characteristic Significance
Supply voltage, V, no more 27
Weight, kg, not more than 35
Power consumption, W, max 300
Table 4

Technical characteristics of LTM in the part of LL-module,
VD software module, SWIR-module software,
LWIR-module software

Significance
Characteristic LL- VD SWIR- | LWIR-
module software | module | module
module | software |software
Power lines
and structures 600 ) ) )
Range raft
detection, m, PSN 10 600 5000 1500 1150
at least Detecti At meteorological range (MDB), km:
etection
conditions 10 1,5 1,5 1,5
Range measurement error, m, 10.0 ) i i
no more. ’
CSR measurement errors in hor-
izontal and vertical plane, °, no| 0,3 0,3 0,3 0,3
more
Range resolution, m, no worse 1 - - -
Resolution in the horizontal and
. o 0,115 - - -
vertical plane, °, no worse
Horizontal vision zone (sector)
. . + + + +
relative to LTM axis, °© 12 20 20 20
Vision zone in the vertical plane 12 415 +15 ‘15

relative to the LTM axis, °©
Period of review, no more than 200 200 200 200
Working wavelength, um 1,55 (04-0,76)[(0,9 - 1,7)| (8 - 14)
Mean equivalent noise tempera- 0.08
ture difference, K, not more than ’

Number of photosensitive ele- 5120x

ments, pixels, at least j 5120 640x480640x480
Range of light levels for video ) from 10 i i
image signal generation, lux to 50000

Resolution at illumination level
at the object of observation from - 450 - -
10 lux to 2000 lux, TV lines
Multiplicity of increase and en-
larged area, once, no less

X1/X2/X3/X4

The system shall provide a field of vision:

— obstruction detection;

— formation of a signal about the presence of obstacles and the
distance to them;

— overlay obstacle signal on video image from TV camera;

— release of video image into the equipment.

System availability time from power supply should not ex-
ceed:

— 10 min at temperatures below minus 40°C,

— 3 min in the remaining working temperature range.

Hundred centigrade Radar is designed for:

— detection of obstacles in the specified sector of the forward
hemisphere relative to the construction horizon of the helicopter

(SGB) and measurement of their relative coordinates during
search and rescue operations;

Ensuring the tracing and detection of disaster victims and
measuring their relative coordinates in coastal marine areas and
on the coast.

Consumer Protection: Additional information support for safe
landing of helicopters on snow and ice during search and rescue
operations [14, 15].

The Anti-Corruption Committee is designed to issue the fol-
lowing information to international financial institutions in order
to improve the situational awareness of the pilot in conditions of
reduced meteorological visibility:

— combined in a video stream with a period of updating of not
more than 100 ms of images received from LL-module, SWIR-
module of the software, LWIR-module, VD-module of the soft-
ware LTM and radar;

— video images from NO-module LTM;

images of the results of the sounding of the underlying surface
from the radar centio consumer protection.

BY is designed to:

— receiving information from MOS LTM, PO RADAR AND
ZAPP RADAR,

— complex of received information, secondary processing and
conversion into video image, convenient for use by operator,

— video transmission to MFI COPSO,

— formation of signs of speech messages and their delivery to
the onboard,

—radio electronic equipment (BREO) helicopter (if neces-
sary),

— Management of COPSO regimes (types of regimes defined
in information exchange protocols at the design stage),

— reception of information on technical condition of COPSO
and MOS modules, its processing and issuance to MFI and BREO.

Built-in VU control provides:

— reliability of COPSO fault location search at least 0.99,

— depth of failure indication - up to the standard replacement
element (replacement unit) [16].

Electric recuperator is designed to ensure the performance of
the VU of the anti-carboniferous committee and the complex for
search and rescue operations in the event of a power failure lasting
up to 2 s.

The components of the autonomous power supply system are
as follows:

— RefRelated Comite - Anti Carbon Committee;

— electric recuperator control unit (ERCU) [17].

Due to the fact that the components of the Anti-Corruption
Committee, such as the BY and the International Financial Insti-
tutions are structurally separated autonomous power supply (elec-
tric recuperator) and BY will be placed from the outside of the
helicopter fuselage.

The main technical characteristics of STD radars, IFI, SC-
ACC are given in table 5.

Video information transmitted from LTM to ACC is a se-
quence of video frames of different channels with a color depth of
8 bits per pixel. In this case, the value of each element of the image
formed by the LL-channel, encodes the measured distance to the
obstacle in the appropriate direction with the price of the lower
discharge of 4 m.

e
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The size of the video of each channel is chosen from its view-
ing area according to the Technical Requirements, taking into ac-
count the size of each pixel of 3.75 minutes as horizontally, both
vertically [18].

Table 5
Technical characteristics of STE, IFI, SC-ACC

ELECTRONICS. RADIO ENGINEERING

One of the tasks of the on-board information support system for
search and rescue operations in the Arctic conditions is to recognize
small objects of a given type on images of a television camera.

In modern on-board aircraft systems, the constant luminosity
principle is applied as the color-coding standard in television
cameras, where a certain proportion of luminosity is transmitted
via a narrowband channel of chromaticity, which could cause

— — information loss. As a consequence, the processing of the primary
Characteristic Significance|  gjonals of the television camera on the basis of the constant
Radar station — consumer protection luminosity principle affects the probability of recognition of the
Measured thickness of ice and snow in helicopter hovering target. The loss (.)f lum1n051.ty can b N ellmmat?q by using the
mode, at least 2 constant color brightness principle in the television camera, in
Mean square deviation of ice and snow thickness measure- which the luminous component of the image is transmitted over a
ment error, m, max 0.3 broadband channel.
Range resolution, m, no worse 0,15 The use of forces and means: civil aviation, state aviation,
Width of directional diagram at minus 3 dB, °, no less +45 experimental aviation, the Russian emergencies ministry in the
Receiving channel quantization frequency, Hz, at least 410 000 Arctic zone for the last 5 years are shown in the Figure 5 [21].
Depth of sounding of the underlying surface (scanning 6
range), m, at least Table 6
Central frequency of probing signal spectrum, MHz 400 . . . .
Supply voltage, V, no more 57 Video dimensions of different LTM channels
Weight, kg, not more than 18 Channels Horizontal and | Horizontal and | Horizontal and
Power consumption, W, max 55 vertical viewing |vertical frame size,| vertical pixel
MFI area according to pixels size
Liquid crystal screen type colour TT
Resolution, pixels 1024 x 768 BD-channel o aro , \
Maximum brightness, cd/m2 1000 software 40°x30 896x672 2.67x2.67
Number of colors, millions 16,7 SWIR-channel ounno , ,
Color gradations for TV image 256 software 40°x30 896x672 2.67x2.67
Frame generation frequency, Hz 60 LWIR-channel 5 a0 , ,
Viewing angle horizontally, °, at least + 60° software 40°x30 896x672 2.67x2.67
Vertical angle of view, °, at least . + 60 LL-channel 24°¢24° 538x538 267%2.67"
i.MX software
Built-in CPU 1 GHz BD-channel 30°x30° 672x672 2 67%2.67"
Cortex-A9 software
Stan'dby' t}me'at positive temperature, sef:onds 30 SWIR-channel 30°x30° 672x672 2 67%2.67"
Availability time at low temperature, minutes 3 software
Supply voltage, V, no more 27
Weight, kg, not more than 5 = PP
Power consumption without heating, W, from 70 5 43
Power consumption with heating, W, up 150 S 40
IC-ACC 3 aQ %%
Rated voltage, V 27 = o
mode of operation buffer a: §
Self-discharge current at rated voltage, mA, not more than 300 3 -.g 13
Discharge current, A, no more 20 D o 2)
Ready to charge full capacity, minutes, max 15 %' §
Weight, kg, not more than 3 __g 9
Power consumption W, max 300 g S
o
The video dimensions of each LTM channel are presented in 59
table 6 (for multiplication of X1). The structure of the useful < = w17 N . s n
content field as part of the ADVB-frame of video data transmitted % 2 AME WD e AR 22
from LTM to ACC is shown in Figure 4 and its elements are = Years

described in Table 6 [19, 20].

integnal franse pumber mumber chasne] mmber line image sining data

Fig. 4. Structure of the useful content field containing the video data
string transmitted from LTM to ACC

e —
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Fig. 5. Number of SSA helicopters deployed in the Arctic

Figure 5 shows that in recent years, the number of helicopter
applications in the Arctic zone has increased during the PSO,
which means increasing the level of significance ongoing research
in the field of flight safety and, accordingly, an increased burden
on search and rescue forces and means.
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Conclusion

Thus, the proposed complex makes it possible to
simultaneously solve the problems of flight safety information and
search and rescue operations. The joint use of all systems included
in the complex will increase the information content about
obstacles along the flight course, which will generally increase
flight safety, and during search and rescue operations, it will help
to ensure a reduction in the time to make a decision on landing the
device on ice or snow of uncertain thickness in extreme conditions
of the Arctic region.
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nPnHUuMblI OPFAHN3IALMMN NHPOPMALMOHHOIO OBMEHA B KOMMNJIEKCE AJ14 OBECMNE4YEHUA
MOUCKOBO-CIMACATEJIbHbIX OMEPALIUN C UCMNOJIb3OBAHMEM ABUALIMOHHbBbIX CPEACTB

Konmee [Jmumpuii Cepzeesud, 0z0-3anadHeiti 2ocydapcmeerHbitl yHusepcumem, 2. Kypck, Poccus, d.s.koptev@mail.ru

JleoH Pea Xepman ®nopecmurno, K020-3anadmbiii 2ocydapcmeenHsiil yHusepcumem, 2. Kypck, Poccus, leon.german 1987 @hotmail.com

AHHOTauuA

nPOBeAEHMe NMONCKOBO-CMnacaTesibHbIX PaGOT B €4VHOW CUCTEME aBMALMOHHOIO NMOUCKa CBA3AHO C UCMONb3OBaHUEM AEXYPHbIX MONCKOBO-CracaTefbHbIX
BO3AYLUHbIX CyAOB, a, C/ieOBaTeNlbHO, U C 3ajaYaMu obecneveHns 6e30MacHOCTU MOJIETOB. HaM6OJ‘IbLIJ)’IO OnacHOCTb AnA Nonétos BePTOnéTOB Ha
npeAenbHO MalbiX BbICOTaX MpeACTABSIAOT Masio3aMeTHble MNMpenATCTBUA, KOTOPpble MJIoXo 06Hap)’)KI/IBaIOTCﬂ npu BU3yasnibHOM Ha6J1IOAeHMM B HOYHbIX
YCNoBMAX U B yCSIOBUAX HeJOCTaTOYHOW BUMAMMOCTMU, CBA3AHHOMN C MeTeoposIorn4eckumMun d)aKTOPaMVI. I'Ipep,nomeHa CTP)’KT)’PHO'd))’HKLlI/IOHaﬂbHaﬂ cxema
KOMMNNneKkca Ansa obecnevyeHnss NOMCKOBO-CMacaTesibHbIX onepauwﬁ C UCNoJib30BaHWEM BEPTOJIETOB B APKTVHeCKOVI 30He, MOoKa3aH ero CocCTaB, YKa3aHbl
TAKTUKO-TEXHUYECKUE XapaKTEPUCTUKU OCHOBHbIX Monyneﬁ N OCHOBHblIE peXUMbl BU3yann3aLnun 3akabuHHOM ob6cTaHOBKWU. PelueHune 3a4a4yn cosfaHusa
KOMIMeKca ABNAETCA aKTyalslbHbIM, TaK KaK OH MO3BOJIAET BU3YaSIN3UPOBATbL MasioOpasMepHble MpenATCTBUA MO Kypcy nonéTa, B FIPVIGPe)KHbIX MOPCKUX
paFwHax, Ha NOBEPXHOCTU MOPpsA, a TaKXe npeaynpexaatb 3Kunax o ﬂPVI6J1VI)KeHVIVI K HUM, obecneyneatb NUIOTOB [ONONHUTENbHOM MH¢OPMaLI,VIeI7I o
noacTunatoLen NOBEPXHOCTU NpU NocagKe Ha HeOGOP)’AOBaHH)’IO naoLaaKy.

Knioueebie cnoea: komnnekc 0ns obecneveHus nouckogo-cnacamesibHbix onepauut, Apkmudeckas 30oHa P®, nasepHo-mesieusUOHHbIU MOOYb,
paduonokayuoHHaa cmaxuua nepedHezo 0630pd, paduosOKAUUOHHAA CMAHUUA 30HOUPOSAHUA hodcmusarouieli N08epXHOCMU.
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