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PAAVNOTEXHWYECKWE CPEACTBA NMEPEAAUMN,
NPNEMA N OBPABOTKW CUTHAJIOB

RADIO ELECTRONIC FACILITIES FOR SIGNAL
TRANSMISSION, RECEPTION AND PROCESSING

https://doi.org/10.32603/1993-8985-2019-22-2-5-12
YAK 621.396.621.59

A. A. lpaconoe ™

CaHkm-lemepbypackuli 2ocydapcmeeHHslll yHU8epcumem
menekommyHUKayul um. npod. M. A. boH4-bpyesuya

np. boavwesukos, 0. 22, kopn. 1, CaHkm-Temepbype, 193232, Poccus

XAPAKTEPUCTUKN LUDGPOBOW APY
NMPW OMEPALUAX C ®PUUKCUPOBAHHOI TOUYKOI

AHHOTauuA

BeedeHue. Cucmembl C8A3U HO Ce200HAWHUU deHb 8 0CHOBHOM A8A510MCA YugpossbiMu. OOHOU U3 3a0a4 asmomMamu-
yeckoll peyIuposKU yCUNeHUs 8 YUPPOoBbIX NPUEMHUKAX A8/15iemcsi N00OepH(aHUe QHG/0208bIX CU2HA08 HO YPOBHE,
He JonyckaroujeM HacblUjeHUs aHan020-4udpoeo2o npeobpa3osamess. boNbWUHCMBO YUCAEHHbIX G/120pUMMO8 OC-
HOBQHbI HO apu@Memuke ¢ naasarowjeli moykol, a NOAHOCMbI0 YUPPO8aAs a8MOMAMUYECKAs pe2yanupo8Ka ycuaeHus
06bIYHO peanu3zyemcss C NOMOWbI ycmpolicms, pabomarowjux Ha apudmemuke ¢ GUKCUPOBAHHOU MOYKOU, Makux,
KaK MUKpOCXeMbl npozpammupyemoli 102UKU U CUZHAbHbIE NPOYEeccopsl. Bciedcmeue ucnone308aHUS apudmMemuku ¢
PUKCUPOBAHHOU MOYKOU U ANNAPAMHO20 02PAHUYEHUS 8bIXOOHbIE 3Ha4aujue 6umsi 00AHCHbI bbIMb KOPPEKMHO yce-
yeHel. Xomsa 80 MHO2UX UCCIEA08AHUAX YNOMUHOEMCS Yudpoeas aemoMamuyeckas pezyaupoeka ycuneHus, ee Xa-
pPaKmMepucmMuKku NoOPObHO He PaccMampuBaauUCs 8 YC108UAX KOHEYHOU pa3psa0Hocmu abiyucaumened.

Ljenb pabomel. AHanU3 OUHOMUYECKUX XApaKmMepucmuk yudposoli aemomamuyeckoli peyauposku ycuneHus 015
peanu3ayuu Ha 8bIYUCAIUMESNE NPU 0NePAYUAX HOO YUCAAMU C YUKCUPOBAHHOU MOYKOU.

Mamepuansl u Memodsl. B pamkax uccaedo8aHUA paspabomaHa Mamemamuyeckas Modens yugposol aemoma-
muyeckoli pe2ynauposku ycuieHus 8 mamemamuyeckom nakeme MATLAB u ee peasnusayusi Ha Mukpocxeme npo-
2pammupyemoli 102UKU.

Pe3ynemamel. [Toka3aHb6I OMAUYUE XAPAKMePUCMUK U 0cobeHHOCmU pabomel yupposoli aemomamuyeckoli pezy-
AIUPOBKU YCUAGHUS NPU Onepayuax Hao Yuciamu ¢ pukcuposaHHol moykol. [lpoussedeHa oyeHKa 8AUAHUS CU2Ha-
/108 C QUKCUPOBAHHOU MoyYKol HO cmabuibHOCMb pabomesl Yudposoli asmomamu4veckoli pe2yuposkuU yCuaeHus.
lposedeH aHAMU3 NPUYUH B03HUKHOBEHUS NAPA3UMHbIX KoAebaHull ynpaenstouje2o cuzHaa.

3aknroveHue. B pe3ysemame 0aHHO20 UCCIEA08AHUS NPEOAONEH aA20pUMM KOMNeHCayuu KoaebaHull ynpaeas-
rowezo cu2Haaa 3G c4em Koppekyuu ONnopHO20 ypoeHA yupposoli aemomamuyeckoll peayaupoeku ycuneHus. B
dasbHeliweM mpebyemcs nposepKa npPeodsoHeHH020 A120pUMMA HA PeanbHbiX cueHanax. Pesyasmamsi smol pa-
60mbl aKMyanbHb! 8 300a4aX PA3PA6OMKU YUPPOBbLIX NPUEMHUKOS 04151 CUICMeM C8513U PA3AUYHO20 HA3HAYEHUS.

KnroueBble cnoBa: undposas APY, onepauum ¢ PUKCMPOBAHHOW TOUKOI, OKPYreHVe Yncen, ynpaBastoLmii
CUTHan, NapasunTHble KosiebaHusa

Ansa untrnpoBaHus: MNpaconos A. A. XapakTepuctnku Lumngposoin APY npu onepaumsx ¢ GUKCUPOBaHHOM TOUKOM //
M3B. By30B Poccun. PagnoanektpoHuka. 2019. T. 22, Ne 2. C. 5-12. doi: 10.32603/1993-8985-2019-22-2-5-12

NcToYHUK PnHaHCMpoBaHUA. VIHMLMaTMBHas paboTa.
KOH$NNKT nHTepecos. ABTOPbI 3aBASIHOT 06 OTCYTCTBMU KOHGANKTA MHTEPEeCoB.
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PagnoTexHnyeckmne cpeactea nepesayn, nprema n o6paboTku CUrHanoB
Radio Electronic Facilities for Signal Transmission, Reception and Processing
Aleksandr A. Prasolov™
The Bonch-Bruevich Saint-Petersburg State University of Telecommunications
22/1 Prospect Bolshevikov St. Petersburg, 193232, Russia

CHARACTERISTICS OF DIGITAL AGC IN FIXED-POINT OPERATIONS

Abstract

Introduction. Nowadays, communication systems are mostly digital. One of the tasks of automatic gain control in
digital receivers is to maintain analog signals at the appropriately fixed level, which prevents saturation of the analog-
to-digital converter. Most numerical algorithms are based on floating point arithmetic, and digital automatic gain con-
trol is usually implemented using fixed-point arithmetic devices such as programmable logic chips and signal proces-
sors. As consequence of fixed-point arithmetic and hardware constraints usage, the out-put significant bits should be
truncated correctly. Although many studies mention digital automatic gain control, its characteristics are not consid-
ered in detail in terms of the finite capacity of calculators.

Objective. The purpose of the study is to analyze dynamic characteristics of digital automatic gain control imple-
mented on a computer for operations on numbers with fixed-point.

Materials and methods. Within the frames of the study in Matlab software was developed a mathematical model of
digital automatic gain control. The model was implemented on a programmable logic chip.

Results. The paper shows the difference in characteristics and features of the digital automatic gain control during oper-
ations on fixed-point numbers. The study provides the assessment of the effect of fixed-point signals on the stability of the
digital automatic gain control and includes the analysis of causes of spurious oscillations of the control signal.
Conclusion. The study proposes the algorithm for compensation of the control signal oscillations by means of correction of
the reference level of the digital automatic gain control. Further is required to verify the proposed algorithm on real signals.

The results of the study are relevant in development of digital receivers for communication systems of various purposes.
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BBenenme. B HacTosiiee Bpemsi CHCTEMBI CBS3H B
OoIbIIIeH CTereHH SABISIOTCSA mudposbiMu [1], [2]. B
TaKUX MMPUEMHHUKAX AHAJOTOBBIA CHUTHAJT JUCKPETU3H-
pyeTcss M KBaHTYETCS C FWCIOJIBb30BAaHHEM aHAJIOro-
udposoro npeodpazosareis (AL, kak mpaBuio, Ha
npomexytouHor vactore [3]. Qs mpenorBpaiieHus
Haceimernus ALl mMakcumanbHOe 3HAaYCHWE aHAJIOTO-
BOTO CHTHajIa Ha MPOMEXYTOYHON YacTOTE MOAIEPIKHU-
BacTcs Ha (PMKCHPOBAHHOM YPOBHE, OOECTICUHBAIOIIEM
MaKCHMAaJbHO BO3MOKHOE OTHOIICHHE CHTHAJ/IITyM
MPU OTCYTCTBUM HEJWHEHHBIX MCKKCHUM, LICTIHIO aB-
TOMAaTHYECKOH peryimpoBky ycmwieHus (APY) [4].

BoNpIIMHCTBO YHUCIICHHBIX aNTOPUTMOB 00pa-
OOTKH CHTHAJIOB OCHOBaHBI Ha apuU(PMETHKE C TuIa-
BaloIleil TOUYKOH, a MoNHOCThIO IuppoBas APY
OOBIYHO peanm3yeTcsi ¢ OMOIIBI0 YCTPOHCTB, pabo-
TAIOMMX Ha apupMeTnke ¢ HUKCHPOBAHHON TOUKOH,
TaKuX KaK IPOrpaMMHUpyEeMBIE JIOTHYECKHE HHTe-
rpanbable cxembl (IIJIMC) u nudpoBbie CUTHATBHBIC
nporeccopsl [5]. B cuiy muCKpeTHOW CEeTKH OTCue-

6

TOB JUIAI JTHUX YCTPOWMCTB XapaKTepHO HaJIH4He
ommMOKY KBAHTOBAHHS aHAJIOTOBOTO CHTHAJIA.

Cnabble cUTHAJIBI, IPHHUMAEMble aHTEHHOH, MO-
cJie BBITIOJHEHHS aHAIOTO-1M(GPOBOro mpeodopaszopa-
HUS Ha IPOMEKYTOYHOW WIIM BBICOKOW YacTOTE CHa-
Yaja MOCTYHAloT Ha IU(POBON MOHMXAIOUIMN TIpe-
o0pa3oBatens U EpeHOCa Ha HYJICBYIO 9acTOTY, a
3aTeM — B MHOTOCTYIICHYATHIC (PUIIBTPHI-ICIIMATOPEL.
3agada MociueTHUX 3aKII09aeTCs B CHIDKCHUN CKOPO-
CTH IU(POBOTO IOTOKA A0 3HAYCHHS, COOTBETCTBY-
IOLLET0 YCIOBHUSM TEOPEMBI O TMOJIOCOBON JUCKPETH-
3anuu. Yem Oonbiiie KOAQPUIUEHT ASIUMAIAN, TEM
BEIIIE Pa3psIHOCTh CUTHANA Ha BBIXOAE (prutbTpa-Ie-
uMaropa [6]. M3-3a MCmonb30BaHUs apu(METHKU C
(UKCHPOBAHHON TOYKOW M OIPaHUYECHHOH pa3psiaHO-
CTH PETHCTPOB BBIYUCIUTEIS Pa3psSAHOCTD BBIXOI-
HBIX CHTHQJIOB yMEHBIIaeTcsi 0e3 CyIIeCTBEHHOTO
YXYIAIEHUS OTHOMICHHSI CUTHAII/IITYM.

Onucanuio 0a30BOH CTPYKTYpPBHl U TEOPHH MOJI-
HOCTBIO TG poBoii APY (LIAPY) mocssiieno MHOTO
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uccienoanuii. Hanpumep, B [7] mana o0mias cTpyk-
typa APY, npoananu3upoBaH AMHAMHYECKUH quarna-
30H. AHaNIU3 CTAOMILHOCTH M BPEMCHH PETyIHpOBa-
Hust LIAPY B npuemHuke 1u)poBoro TeIeBUICHHUS €
Y4E€TOM XapaKTE€pPHOI'O Ui 3TOr0 IPUMEHEHHS MYJlb-
TUIUIEKCUPOBAHUSI W OPTOIOHAJIBHOIO YacTOTHOTO
paznenenust BoinosiHeH B [8]-[10]. Heobxomumo oT-
METUTh, YTO, HECMOTPS Ha Hcmonb3oBanue [[APY B
Pa3IMYHBIX MPWIOKEHHUAX, JOCTUTHYTas K HACTOs-
LIeMy BPEMEHHM TOYHOCTb €€ PabOThbI, ONpEAeso-
1ias, B YaCTHOCTH, IIOSBJICHUE WCKAXEHUN CUTHAa,
HE COOTBETCTBYET TPEOOBAHUSIM CHUCTEM PEaJIBHOTO
Bpemenu. Kpome toro, xapakrepuctuxu I[APY mno-
IpoOHO HE pacCMaTpPHBAIHNCH C YIE€TOM KOHEUHOU
Pa3psAAHOCTH BhIUUCTHTEEH [5].

Ienbto HacToOAIIEH CTaTbU SBISETCSA aHAJIU3 JU-
HaMuueckux xapakrepuctuk LIAPY mpu peanuzanun
anroput™a Ha ITJIMC u onmcaHue MOAETMPOBAHHUSA
ee paboTHI B MaTeMaTHueCcKkoM makete Matlab.

CrpykrypHas cxema LIAPY npu ¢uxcupo-
BaHHOI pa3spsigHoctu. B [11] paccmoTrpensl mapa-
MeTpsl LIAPY, nmonyueHHbIe B pe3ylbTaTe €€ MOJeH-
poBaHus B MaremarmdeckoM makere MATLAB mpu
BBIYHCIICHUSAX C JIBOMHOW TOYHOCTHIO (64 Out). Onu-
Hako npu peanuzauuu [{APY B peanbHOM ycTpoil-
CTBE MPUIETCS CTOJNKHYTHCS, C OTHOM CTOPOHBI, C
OTPaHHUYCHUEM Pa3PsTHOCTH, a C IPYroif — C BBIIOJ-
HEHHMEM BCEX BBIUMCICHUI HaJ YHCIaMH C (GHKCHUPO-
BaHHOU ToukoH. IloaTomMy nanee paccMOTpEHBI ma-
pametrpsl LHAPY npu ykazaHHOH peanuzannu.

Ha puc. 1 nokasana crpykrypHas cxema LIAPY
npu (QUKCHPOBAHHOM pa3PSIOHOCTH IIMH: pa3psii-
HOCTH BXomHoro curnana X(n) — 16 6ur, a paspsan-
HOCTh ympasistomero cursaza A'(n) — 6 6ur. Cre-
JIOBaTeNbHO, PA3PSIHOCTh HEYCEUCHHOTO CHIHAJa
y(n) cocrapur 22 6ur.

Cxema LIAPY npu hukcupoBaHHON pa3psiTHOCTH
IIMH U PerucTpoB (puc. 1) nmeer HEOOMbBIINE OTINYHS
oT cTpykTypHOU cxembl [{APY, npomonenupoBanHoi

22

B [11]. Bo-niepBBIX, BMECTO OIlEpallui YMHOXKCHUS Ha
k03 UIMeHT o UCTOoNB3yeTcs olepanus JIeICHus,
TaK KakK 0 SBJIACTCA KOAPPUIMEHTOM QHIbTpa H
NPUHAMAET 3Ha4eHus, He npeBocxosuime 1. Toraa o

* *
BBIYUCICTCA KakK OLZJ/OL , ©I€ o — 3aJaHHOC

3HaYeHHE TIOCTOSTHHOW BpeMeHU. Bo-BTOphIX, B
CTPYKTYPHYIO cXeMy Ao0aBiieH OJIOK Maciitabupo-
BaHHS, B KOTOPOM BBIIIONHSCTCS ONEpaNys NeJICHHUS

YIPABIAKOMICTO CUTHAJIa HA KOHCTAHTY 2(22_6) JJIA

TIepeBO/Ia 3HAYEHUS! YIIPABIISIFOIIETO CUrHaja u3 22-pas-
PSIIHOTO TpeAcTaBieHus B 6-paspsinHoe. OCHOBHOE
OTIMYHE 3aKJII0YACTCA B TOM, YTO KO3(D(UIMEHT Iie-
penaun I[IAPY perymupyercss TONBKO B OTHOM

HampaBJICHUU. YBEIMYUBaeTcsa oT 1 1o 2" e n -
Pa3psAHOCTD UIMHBI YIPaBICHHUS.

[Ipu MonenupoBaHUM pPe3yJabTaThl MareMaTruye-
CKHUX OIlepalnuid OKPYINIAIOTCA K ONpkaiiieMy 3Ha-
YEHUIO Pa3psAJHON CETKH, YTO COOTBETCTBYET METO-
Iy, OOBIYHO UCIIOJIb3YeMOMY B IH(POBBIX Mpo1iecco-
pax [12]. Ilpu BeIXOZE pe3yinbraTa 3a HpEmeibl pas-
PSIHOW CETKH OHO OKPYIIISIOCH JI0 TOTO TIpesena,
MMOCKOJIBKY B OOJBITUHCTBE BBIYHCIHTEICH, B TOM
yucine U B [IJIMC, BeIUMCIEHUE BBITOIHSICTCS IIHK-

nuaecky mo Moxymo 2", T.e. mpu n=8 255+1=0.
Takoit pexM BBIYMCIICHUS B MATEMaTHIECKOM MaKe-
te MATLAB naszsBaercs "wrap” [13].

CpaBnenue xapaxktepuctuk LHAPY npu moae-
JIMPOBaHUM B MaTteMaTudeckoMm makere MATLAB
u peajuszanuu Ha IIJIMC. OCHOBHBIMH XapakTepH-
cTtukamu cuctembl APY B cTaTUYECKOM peXHME SIB-

sitorest: ammummryasast Ugy (Ugy ) 1 perynmuposou-
Has K (Up) 3aBHCHMOCTBH 00LIEro Kod(pduiueHTa

YCHIIEHHUS BCEX PETYIHPYEMBIX KacKaJOB OT PEryiIH-
PYIOILEro HaNpsDKEHHUS.
Ilers 0OpaTHO# CBSA3M XapaKTepU3yeTCsl CTaTHde-

ckoit 3aBrcuMocThio Up (U, ). Ddbdexrusrocts cu-

creMbl APY orenuBaercs AUHAMHYECKHMM JHAIa3o-

- y(n)=x(n)A(n)

ly(n)]
16

Puc. 1. Crpykrypras cxema LIAPY
Fig. 1. Block diagram of digital automatic gain control
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HOM, CBSI3aHHBIM C PErYJIMPOBOYHON XapaKTEPUCTUKOM:
D, = Komax /Komin =M/ P, (1)

rie m=Uyy max /UBXmin v P=Ugyx max /UBLIX min

JUHAMHUYECKUE JHMAara3oHbl BXOIHOTO M BBIXOIHOTO
CHTHAJIOB COOTBETCTBEHHO.

[Tokazarenn kadecTBa, ompenessieMble MO KPUBOH
TIEPEXOHOTO MPOLIECCa, HA3hIBAIOT MPSAMBIMHU OLIEHKaMH
kauectBa [14]. K aTiM 1moka3aressiM OTHOCSTCS: OIIMOKA
perynmpoBaHwsL, OBICTpOIEICTBIE, IepeperyIpPOBaAHNE.

14 OLIEHKH TOYHOCTH CUCTEMBI YIIPaBJICHUS UC-
MOJIB3YETCs OINOKa perynupoBanus [14]:

A(n)=R-h(n),

rae R — omopwslit yposens curnana LIAPY; h(n) —
mepexofHasl XapakTepucThka. TakuMm  oOpas3om,
omuOKa pPErylupoBaHUs SIBISETCS  3€pKajbHBIM
OTOOpa’keHHEM TIEPEXOTHON XapaKTepPUCTHKH OTHO-
CHUTENEHO OITOPHOTO YPOBHSL.

Ommbka peryaTupoBaHHus C TEUCHHEM BPEMEHU
CTPEMHTCSI K HEKOTOPOMY IOCTOSHHOMY 3HAYCHHIO,
HA3BIBAEMOMY CTaTUIECKON OIIHOKOM:

Ager = lim A(n).
n—o0

Crarnueckast oIIMOKa SIBISIETCS ONHOM M3 OC-
HOBHBIX KOJMYECTBEHHBIX XapaKTEPUCTUK IpoLec-
COB CHCTEeMBI yrpasieHus [14].

brictponeiicteue IAPY xapakrepmsyror mnu-
TEJNBHOCTBIO MEPEXOAHOIO0 mpouecca t, — BpeMeHeM

mepexoia OT Hadajga IMpolecca 0 MOMEHTa JOCTH-
JKEHUSI YCTAHOBMBIIIETOCS 3HAYEHHUS CO CTaTHYECKOM

omnokon A HE TIPEBBIAIOINIEH 33JaHHOTO 3Ha-

OoCT?
yeHus. B kauecTBe YCTaHOBHBIIErOCsl 3HAYCHHUS
MpUMEM 3HA4YEHHE IEPEeXOAHONW XapaKTEepPUCTHKU B

MOMEHT BpEMEHH T,

yer: KOTOPBIA  yIOBJIETBOPSIET

YCIIOBHIO: T.

yer > tp. Toraa 1muTenbHOCTD nEpexos-

HOTO MpoIecca BhIUUCseTCs Kak [14]

t :min[ti|h(n)—h(T

yer

)<A, nzti].

[MepeperyaupoBanue, XapakTepu3yroliee KoJe-
OaTebHBIE CBOWCTBA CHCTEMBI, ONPEICISETCS Kak
OTHOCHTEJIBHOE OTKIIOHCHHE OT YCTaHOBHBIIETOCS
3Ha4yenust [5]:

P —h(T)
c=— -
h(T)
e hpax — MakCHMalabHOE 3HAYCHHE MEPEeXOIHON

(byHKIHN.

8

Tabx. 1. [loka3atenu kauectBa [JAPY
C pUKCUPOBAHHON TOUKOH
Table 1.Quality indicators of digital automatic gain control
with fixed point
MATLAB | Quartus Il
o
05 |01 ]05]01

IToka3aTens KayecTBa
Quality indicator

Cratnueckas ommbka A,

Static error A, 0 0 0 0

Bpewms mepexomHoro nporecca

ty, OTCUETOB 3 11 3 11
Transition time t,,, samples

Iepeperymuposanue o, %
Overshoot o, %

Tabn. 2. Ilokazarenu kauectBa LIAPY ¢ miaBaromieii TOUKoi
Table 2. Quality indicators of digital automatic gain control
with floating point

IToka3atens KayecTBa o
Quality indicator 0.5 0.1 0.05

Crarnueckas onimoka A

ocT

022107 | 55.10716

Static error A

OCT

Bpems nepexoaHoro nporecca

t,, oTCueTOB 53 332 668
Transition time t,, samples

[MepeperynupoBanue c, %
Overshoot &, %

KoppekTHOCTh MOIENN Ha OCHOBE CTPYKTYPHOIA
cxembl LIAPY (puc. 1) B mMaTtemaTH4eckoM IMakeTe
MATLAB mnonrBepxaaeTcs peanu3anueld JaHHOU
LHAPY na IIJIUC B cpene paspadbotku Quartus II.
B tabn. 1 nmpuBeneHsl pe3yibTaThl pealn3alid pac-
cmarpuBaemoii LIAPY 8 MATLAB u Quartus II mpu
pa3IMYHBIX 3HAUeHUSIX kod(dunuenTa o. Kak BuaHO
u3 Tabn. 1, Mojenp, molydyeHHasi B MaTeMaTHYECKOM
nakere MATLAB, coorBercTByeT peanusanuu Ha
ITJIUC B cpene paspadortku Quartus 11. Heobxomnnmo
OTMETUTh, YTO OTIMYHEM, MOJYYCHHBIM TPU MOJe-
nmupoBanuu pabotel LIAPY ¢ ¢ukcupoBaHHOW TOY-
Ko (Tabmn. 1), ABUJIOCH CYLIECTBEHHOE COKpalIeHHE
BpPEMEHH IEpPEXOTHOr0 Mpolecca M0 CPaBHEHUIO C
peXUMOM C TUIaBarONIeH Toukou (Tabn. 2), Bciea-
CTBHUE BO3pPACTAHUS Il1ara peryiupoBaHusl.

BiausiHue pa3psiIHOCTH CHTHAJIOB HAa Kaue-
crBeHHble nokasaresu LAPY. Ilpu yBennueHun
paspsiIHOCTH CUTHAJIOB (puc. 1) Bpems peryiaupoBa-
HUSl TIPUOIMKAECTCA K 3HAYCHUSM, NMPUBCIACHHBIM B
Tab61. 2. OnHAKO MOBBIIICHUE PA3PSIHOCTH CUTHAIB-
HBIX IIUH 0€3 YBEIUYEHUS Pa3psIHOCTH YIPAaBIISIO-
utero curuana A'(N) He NPUBOIUT K POCTY BPEMEHH
PEryTUpOBaHus, TaK KaK TOYHOCTh OyIeT OrpaHIYH-
BaThCs paspAAHOCTBIO muHBl A'(n) 6 6ur (Tabdm. 3).
Pesynbrarel, npuBeneHHble B Ta0I. 3, ObUIM NOTYyYEHBI
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Taoban. 3. Tlokazatenu kadectBa [[APY
npu pa3JII/I‘1H0ﬁ PaspAAHOCTU IIHWH JaHHBIX
Table 3. Quality indicators of digital automatic gain control
with different data bus capacity
Pa3psaaHOCTh IMHBI JaHHBIX,

our
IMoxa3arens KauecTBa 32 [ 22 | 16 32
Quality indicator A(n). 6ur
- 6
Crarnueckas ommoka Ay, | 15x | 1.5x | 9.8x olo
Static error A, x1078 | x107° | x107*

Bpewms nepexognoro
nporecca t,, oTcueToB 27 17 11 33
Transition time t,,, samples

Ilepeperymuposanue G, %
Overshoot &, %

mpu yeioBur, uto R=1, o =0.5, a Ha BBIXOZE ONOKA
MaclITaOUPOBAaHUS COXPAHSIOTCS HpeNebl M3MEHe-
HUSI ynpapJisironero curaaia ot 0 go 32.

Moka3zarenu kauectBa Juneiinoii HAPY npu
Pa3IMYHBIX 3HAYEHHSIX YPOBHS BXOJHOTO CHTHAJIA.
ITockonbKy paspsaHOCTb YIIPABISIONIETO CHUTHANA
BJIMSET HA IIar peryIHpOBaHUs, 3TO HOIDKHO CKa3bl-
BaThCsl KaK Ha CTaTHMUYECKOM OIMOKe, Tak U Ha Iepe-
perynupoBaHuu. Jli1s u3ydeHust sToro 3¢ddexra Ha
Bxox [TAPY monaBascst curHai ¢ ypoBHEM, HE COOT-
BETCTBYIOIIUM ANCKPETHOMY 3HAYEHHUIO pa3psiAHON
CETKH YIIPaBJISIIOLIETO CUTHANA.

B Tabn. 4 mpuBeneHs MOKa3aTeNl KauyecTBa JIH-
HeliHoi IIAPY npu pa3nuyHbIX ypOBHSAX CUTHajla Ha
Bxoze, onopHoM ypoBHe R=1, a=0.5 u 0.1. Kak
cllelyeT W3 NMPHUBEICHHBIX NaHHBIX, IPH IPHOIIKE-
HUM BXOJHOTO CHTHala K JWCKPETHBIM 3HAYCHHSIM
paspsanHoii cetku B newie LIAPY Bo3Hukaet nepepe-
TYJAMpOBaHHE. DTO CBS3aHO C JUCKPETHBIM H3MCHE-
HHUEM YIIPaBIIAIOIIETO CUTHANIA MEXIy IBYMs COCell-

Taban. 4. Tlokazatenu kauectBa [[APY
B 3aBUCHMOCTHU OT YPOBHS BXO/THOI'O CUTHaJIa
Table 4. Quality indicators of digital automatic gain control
depending on the input signal level

YpOBeHL 0.5 t 0.1

BXOJHOI'O t o t o

curHana | Ager n c, %| Ager n’ G, %

CYETOB CYETOB

001 [1.8.10% 581 | 0 |18.10%|3120 | O
0.02 |31.10°| 228 0 [31.10°| 1224 0
0.03 0.01 98 20 0.01 529 20
0.04 0.02 152 20 0.02 822 20
0.05 0 60 0 0 321 0
0.06 0.02 69 20 0.02 375 20
0.07 0.03 21 40 0.03 107 40
0.08 0.02 21 60 0.02 107 60
0.09 0.01 21 80 0.01 107 80
0.10 0 21 0 0 107 0

HUMU 3HAYEHUSIMU TUCKPETHOM CETKH, XapaKTepHbIM
JUTsI oTiepaIiid ¢ GUKCHPOBAHHON TOYKOM.

Bausinue curaanoB ¢ puKCHPOBAHHONH TOYKOI
Ha cradmiabHOCTH padorbl LIAPY. Ha puc. 2 noka3a-
HO M3MEHEHHE YIPABILIONICIO CHIHAJA TPU BXOIHOM
curnane x(n)=0.03, R=1u o=0.5, a Ha puc. 3 —
W3MEHEHHs] 3TOr0 CHUTHajla B 3aBHCHUMOCTH OT €ro
cpexHero ypoBHS. Kak BHAHO M3 PHUCYHKOB, Omepa-
muu ¢ QukcupoBaHHoil Toukoit B LIAPY He mo3Bo-
JSIOT JAOCTHYb YCTAHOBMBILETOCS pPEXHMa, TaK Kak
CTaTHYecKas OmMOKa COCTaBISIET ITOJIOBHHY MIaj-
1Iero 3Hayaliero paspsjaa.

st 60pb0BI C yKa3aHHBIM SBJICHUEM IpeJIoKe-
HBI PEUICHUS, OCHOBAaHHBIC HAa BBEICHHUHW JOIIONHU-
TeJbHBIX 37eMeHTOB B cxemy LIAPY. B [15] B cxemy
LHAPY nobaBneH ONOK JETEKTUPOBAHUS KOJIEOAHMIA,
KOTOPBI yCTaHABIMBAaeT Ha BBIXOAEC IHPPOBOTO
(¢uIbTpa OMHO M3 JABYX 3HAYEHWH CUTHANIA OMIMOKH,
MEXIy KOTOPBIMH TIPOMCXOIAT KojeOaHwus, JHO0
WHOE 3HA9YCHUE, CBOMSIICE OMIHOKY perylTHpOBaHUS K
MuHuUMyMy. B [16] ommcaH anroputM MOCTPOCHHUS
ABTOMATHYECKOH PErYIIHPOBKUA YCHIICHHS C (OHITb-
TpoM Kanmana B menm oOpatHOW cBsizu APY s
YCTaHOBKHM ycuieHus K B 3Toil nemnu.

AmnanornyHoro 3ddekTa MOXHO JTOCTHYb TIOM-
CTPOMKOW OIOPHOIO CHrHajIa IoJ MHHUMYM OIIHOKH.

A/

I I I I

0 200 400 600 800 n

Puc. 2. Yupasnstoumii curnai LIAPY npu Ber4uciIeHusx
¢ pukCHpOBaHHOW TOUKOI

Fig. 2. The control signal of digital automatic gain control

in fixed point calculations

600—

400—

200—

3 4 A
Puc. 3. TlepeperynupoBaHue YpapsFOIIEro CUTHANA
Fig. 3. The overshoot of the control signal
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+— y(n) = x(n)A(n)

An+1)

ly(n)|
16 16
= + -
o
Bbrnok R
’ KOPPEKINU ¢

Puc. 4. CtpykrypHas cxema LIAPY ¢ 6110KOM KOPPEKIIHUH OIIOPHOTO YPOBHS
Fig. 4. Block diagram of digital automatic gain control with reference level correction unit

I I I I

0 200 400 600 800 n
Puc. 5. Yupasnsromuii curnan LIAPY nipu Beraucnenusix

¢ pUKCHPOBAHHOI TOYKOM U KOPPEKIMU OMIOPHOTO YPOBHS

Fig. 5. The control signal of digital automatic gain control
in fixed point calculations and reference level correction

Ha puc. 4 nokazana MOAEpHH3HPOBAHHAS CTPYKTypHAsI
cxema L{APY, B xotopyto mo0aBieH OlOK KOPPEKLIHH
OTIOPHOTO YPOBHS. DTOT OJIOK M3MEHSIET OMOPHBIH ypo-
BeHb R Takum 00pa3zom, 4TOOBI OMMOKa peryupoBa-
HHS HE TIPEBOCXO/IIJIA [I1ar KBAaHTOBAHHS YIIPABJISIOLIe-

ro curaama A'(n): |y(n)|—R<1/2b, e b — paspsn-

HOCTh YIpABJISIOLIETO curHana. [lokasarenu KadecTsa
udpoBoit APY npu 3ToM HE U3MEHSIIOTCS, OHAKO 3TO
TMO3BOJISIET YCTPAHUTh KOJIEOAHHUS! YIPABIISIOIIETO CHT-
HaJla B yCTaHOBHBLIEMCSI peKuMe (puc. 5).

3akmoueHue. OCHOBHOE OTIMYHE PAOOTHI
LHAPY mnpu BEIUMCIIEHUSX ¢ (PUKCHPOBAHHOW TOUKOU
3aKJIF0YAETCS B TOM, YTO PETYIIMPOBKA €€ KOAPPUIIH-
eHTa Mepeayd OCYIIECTBISIETCS TOJBKO B OJIHOM
HanpasieHud. [lpu pabore ¢ (HUKCUPOBAHHON TOU-
KOW BpeMs IEPEeXOIHOTO IIPOIecca 3aMETHO COKpa-
IIaeTcs, Tak Kak BO3pacTaer IIar peryjiMpoBaHus, a
3TO CKa3bIBACTCS KaK HA CTAaTUYEeCKOU OmOKe, Tak U
Ha mepeperynupoBanuu. [lpm yBenwmueHnn paspsi-
HOCTH CTaTuyeckas omnbka ymeHbmaerca. OmHaKo
omnepanyu ¢ (ukcupoBaHHON Toukoi B IIAPY He
MO3BOJITIOT JOCTHYD YCTAHOBHUBILIETOCS PEKUMA, TaK
KaK cTaTHyeckas onrnOKa M3-3a KOHEYHOTro Ilara pe-
TYIUPOBaHUS HE CTPEMHTCS K HYJIO, a paBHA TOJIO-
BUHE MJIAJIIETO 3HAYaIero paspsjga. B pesymbrare
BO3HHUKAIOT KOJIEOaHMs! YIIPABJISIOIIEro CUrHAIA.

[Ipennoxxena moxepuusznpoBannas cxema [{APY,
B KOTOpYIO J00aBlieH OJIOK KOPPEKIMH OIOPHOTO
YpOBHH, HOSBOJ’I?[IOHII/Iﬁ KOMIICHCUPOBATbL CTAaTH4C-
ckyto omuOKy. [IpoBepka HpemIoKeHHOTO AITOPUT-
Ma Ha peaNbHBIX CHUTHAJIAX IPEIyCMaTpUBACTCS B
JlaJIbHENIIIEM.
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[ITupoxomonocHEIe THH30BEIE aHTEHHEI M3 HCKYCCTBEHHOTO HEOJHOPOTHOTO
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PaCCMOTpCHBI BOIIPOCHI 3JICKTPOIHHAMHYCCKOI0 MOIACITHPOBaHITA H KOHCTPYHPOBaHIA ITHPO-
KOIIOJIOCHBIX JTHH30BBIX aHTCHH € HCIIONB30BaHHEM HCKYCCTBCHHOI'O OHIJICKTPHKA Ha OCHOBE IUIOC-
KOCJIOHCTRIX CpE. HpHMeHCHHC B JTHH30BBIX aHTEHHAX HCKYCCTBEHHOT'O HEOJHOPOJTHOTO AHRIICKTPHUKA
IMO3BOJAET CYMECTBECHHO PACIIHPHUTE HX (I)yHKL[I/IOHEUIBHLIe BO3MOKHOCTH. PaCCMO’I‘peHBI BOITPOCHI
HpaKTH‘ICCKOfI pealn3aliii HEOJHOPOJHOTO AMIICKTPHKA € 3aBHCAINHM OT KOOpOHHAT KOB(bClJHL[[/ICH—
TOM IIPCIOMIICHHA C YUYCTOM COBPEMCHHBIX TEXHOIOTHMUYCCKHX BO3MOKHOCTEI. OCBCH_ICHBI BOIIPOCEI
daHalH3a HCOOTHOPOAHBIX IIMMOCKOCIOHUCTHIX CPEl, TaKHX, KaK IIEPHOOHYCSCKHE, C r[epc])opau;ueﬁ, pagnu-
AlIbHO-HEOJTHOPO/IHBIC, & TAKKE BOIPOCHI MOJCITHPOBAHNIA JTWUH30BBIX aHT€HH W3 HEOJHOPOIHOTO HC-
KYCCTBEHHOT'O MHIJICKTPUKA, BKIIIOYAA IIPOCKTHPOBAHIE 06J’Iy‘-laTeJ'[CfI. HpI/]BCIlCHLI JaHHBIE 3KCIICPH-
MEeHTaJIbHEIX HCCIIeI0BAHHI HCOITHOPOOHBIX JTHH30BBIX aHTCHH, BBEIIIOTHCHHBIX Ha OCHOBC IIpCcajarac-
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SPUNNBTPALUNA N CTNTAXKUBAHUE AAHHBIX CMYTHMUKOBOIO BbICOTOMEPA
NPV HASEMHOI JOOBPABOTKE

AHHOTaUmA

BeedeHue. CnymHukoseili paduosbiCOmomMep A815emcsi 0CHOBHbLIM 3/1eMeHMOM KOCMUYeCcKux annapamos, QyHKyu-
OHUPYHOWUX 8 cocmaee KoMn/aekcoe OUCMOHYUOHHO20 MOHUMOPUH2a nosepxHocmu 3emau. bopmoeas nemsns
CA1eXCeHUsA 3a 3ana30bI8aHUEM & CNYMHUKOBOM 8bICOMOMepe, C02ACHO ymeepouswUMCa 8033pEHUAM, QYHKYUO-
HOILHO CAYMHUM AUW6 UHCMPYMEHMOM HAOEHHO20 yOepiHaHUS NPUHUMAEMO20 3X0CU2HANA 8 Cedswem okHe, mo-
200 Kak "yucmoseoe" umepeHue anbMuMempuYeckux napamempos (86iComesl opbumel Hocumess, 3Ha4uMoUl 8biCo-
Mmel 80/IHbI, ompaxcarowjeli cnocobHocmu 30HOUpyeMoli No8epXHOCMU U 0p.) 803/1G2aemcsl HQ Ha3eMHy do06pa-
60mKy 0aHHbIX. B x00e yka3aHHOU npoyedypsl OGHHbIE C 86ICOMOMePa N008ep2amMcs, 8 YHacmHocmu, Guaempa-
Yuu U C2axusaHuro.

Llene pabomel. ViccredosaHue an2opummog 0006pabomku OQHHbIX, MPAHCAUPYEMbIX C 86ICOMOMePT, 8 HO3eMHOM
usmepumesnbHoOM cezameHme.

Memodel u Mamepuansl. V138ecmHo, Ymo GuabLMpPayus OAHHbLIX 8bINOAHAEMCSA yxe Ha 60pmy KOCMUYECKo20 an-
napama u peanu308aHa 8 KOHMYypPe a8MocoNpPOBOXIEHUA IXOCU2HAAA NO 8peMeHU Ha baze a-S-puaempa. Tem He
MeHee, HO 3mane Ha3eMHol 0006pabomku 60os1ee yenecoobpasHeIM npedcmaeansgemcsa npumeHeHue puaempa Kan-
MaHa, obaadarouje2o padoM meopemuyecku ONMUMAAbHLIX c8OUCME8 U 3¢pdekmuBHO UCNOAL3YIOWe20 00CMYNnHbIL
8bI4YUCIUME/bHBIL pecypc.

Pesynemamel u 3aKAK0YeHUe. B cmamee onucaHa peaau3ayus ynoMaHymelx onepayuli uasmpayuu u caaaxcu-
8aHUSA Ha 6a3e anzopumma KaaMaHa NpUMeHUMenbHO K 86IpaboMAHHbIM paHee OUeHKaM 3aNna30bI8aHUSA 3X0Cue-
Hana. o pe3yssmamam npogedeHHO20 KOMNbIOMEePHO20 MOOeAUPOBAHUSA KOHCMAMUPYemCcs, Ymo KaaMaHo8cKue
duremMpayuAa U c2aXUBAHUE NO8LILIAIDM MOYHOCMb OYeHKU 3ana30bl8aHUsA 8 pexcume doobpabomku e dea pasa
u 60s1e€ 8 308UCUMOCMU OM 3HAYUMOU 86ICOMbI BO/IH®bI.

KnroueBble c/i0Ba: CNyTHVKOBEIN BbICOTOMEP, 4006paboTka, dunbTp KanMaHa, crnaxveaHue

Ansa unTmposaHua: PuabTpaums 1 CraaxnBaHme AaHHbIX CMYTHUKOBOrO BbICOTOMepa Mpu Ha3eMHOM A006-
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SATELLITE ALTIMETER DATA FILTERING AND SMOOTHING
IN THE COURSE OF GROUND-BASED RETRACKING

Abstract

Introduction. Satellite radar altimeter is an essential part of the Earth remote sensing space missions. Satellite altime-
ter on-board delay-lock loop, by a widely shared concept, is operationally just a tool of a reliable retaining of received
echo-signal within the tracking window, while “fine” altimetric parameter (orbit height, significant wave height, scatter-
ing cross section per unit of a probed surface, etc.) measuring is committed to the ground-based retracking of data. In
particular, in the course of retracking altimeter data are being filtered and/or smoothed.

Objective. The paper subject is study of retracking algorithms of altimeter data transmitted from the space vehicle to
the ground segment.

Methods and materials. It is known that data filtering already presents on-board the space vehicle and is imple-
mented in delay-lock loop based on the a-B-filter. However, at the stage of ground-based retracking it seems more
appropriate to use the Kalman filter, which possesses a number of theoretical optimal features and is efficient as for
utilization of the available computational resource.

Results and conclusions. In the paper implementation of filtering and smoothing via Kalman algorithm is described.
On the ground of computer simulation data it is stated that Kalman filtering and smoothing make estimate accuracy
two and more times higher depending on significant wave height.

Key words: satellite altimeter, retracking, Kalman filter, smoothing
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BBenenne. CriyTHHKOBBIN BBICOTOMED SIBISIETCS
HEOTHEMJIEMON YacTbl0 KOCMHUYECKHX MHCCHHA M-
CTaHIIMOHHOTO 30HIUpoBaHus 3emin. OOpaboTKa
JIAHHBIX BEICOTOMEpPA MOXKET OBITH YCIOBHO pa3OmTa
Ha Tpu 3tana [1], [2]:

— HepBUYHAast 00paboTKa Ha 6OPTY KOCMHUYECKOTO
ammapata (KA), nadopmannonHoe Sapo KOTOpOit co-
CTaBJIAIOT MPOLEAYPHl CIEKEHHUS 3a 3ama3IblBAHUEM
1 32 YPOBHEM NIPUHUMAEMOT'0 SXOCHUTHAJIA;

— 1000paloTKa, B IpoLEcce KOTOpOM NpeaBapH-
TENbHBIE OLIEHKH aJIETUMETPUUYECKUX MapaMeTpoB, Ie-
penannble ¢ 6opra KA, MakcCHMaIbHO YTOUHSIIOTCSI C HC-
TIOJTB30BAHKEM TPOIIETYP (DIUTETPALIN/ CIIIaKUBAHNIS,

— moctoOpaboTka, B 3aJadd KOTOPOWU BXOIUT
y4eT pPa3HOoOOpasHBIX (U3HMUECKUX (HAKTOPOB, IIO-
TEHIUAIBHO CHIDKAIOLIMX JOCTOBEPHOCTh IMONy4YEH-
HBIX PE3YIBTATOB.

14

B HacTosmelt crathbe paccMoTpeHa 1000paboTka
MAHHBIX BBICOTOMEpPA, MOCTYMAIOUINX Ha Ha3eMHBIH
KoMIuIeke ¢ O6opra KA 1o TenemeTpruecKoi JTUHUH.
B [3], [4] BHUMaHUE GOKYCHPOBATIOCH HA WHIAMBHTY-
aNpHOW 00pa0oOTKe KaKIOr0 M3 HAKOIUICHHBIX 32
N 30HIUpPOBaHMIA SXOCUTHAJIOB. JlanmbHEHIHIT pecypc
CHID)KEHUS MOTPEIIHOCTEN MOMyYEHHBIX OLIEHOK ajlb-
TUMETPHYECKUX IIaPaMETPOB COCTOMT B WX (prib-
TpalVH U CIIIAKUBAaHUH. B myOnuKanusx mo cryTHH-
koBbIM ansTuMeTpam cepur TOPEX/Poseidon, Jason
U UM MOJOOHBIM B KayeCTBE ATAJIOHA JJISl COMOCTaB-
JICHWI MPUHAT OXHOCEKYHIHBIA WHTEpBaN (QUIbTpa-
[IUV/CTTa)KUBAHISI, OXBATHIBAIOIIMIA OT JIECSITKA 0
HECKOJIbKUX JIECATKOB (B 3aBHCHMOCTH OT YacTOTHI
30HMPOBAHMS) YCPEIHEHHBIX 3X0CUTHAI0B [5]-[7].

TepMUHOIOTHYECKU (PUIBTPAIHS U CTIIQKUBAHUE
pa3iauyaroTcsl TeM, 4TO MepBas Mpoueaypa OLeHUBa-
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€T 3HauCHHE HY)KHOTO MapameTpa Ha TEKYIIHH Mo-
MeHT t Ha 6a3e JaHHBIX, MOCTYIHUBIIUX JIO STOTO MO-
MEHTa BKJIFOYHTEIFHO, TOTNAa KaK BTOpas CIOCOOHA
BO3BpAIIaThCS OT OyAyIIero K MPOLUIOMY, YITydIas
OLIEHKY Ha MOMEHT ! 3a CUeT WCIONB30BaHUS IaH-
HBIX, HaOmomaeMbIx nocie Hero [2], [8], [9]. Buaua-
ne OygeT paccMOTpeHa mpolenypa (QWIbTpalyy, Io-
CKONIBKY CIJIQ)KMBAHHE MOXET TPAKTOBAThCA Kak
JBOMHAs (UIbTpalys — cHauana "Broepen', T. €. MO
Mepe TMOCTYIUICHHS JaHHBIX, OJHOBPEMEHHO 3aITUCHI-
BaeMbIX B Oydep, a 3arem "Hazan', T. €. IO XOAY CUH-
TeIBaHMs HX U3 Oydepa B obpaTHoM mopsimke [9]-[11].

Ounbrparws BRINOMHACTCS yake Ha 6opty KA: B KOH-
Type aBTOCOIPOBOYKICHHUSI SXOCHTHAJIA 110 BPEMEHH YIIO-
MSHYTBIX MICCHI OHA peam3yeTcsi, HarprMep, Ha Oaze
0—f3-(unBTpa, SKBUBATIEHTHOTO 3aMKHYTO! METJIe BTOPOro
nopsinka actatu3mMa [6], [12], [13]. Ha stane HazemHoi
JI000PaOOTKH MOYKHO OBLTIO ObI TTOMTH 0 AHAJIOTMYHOMY
TyTH, QIUIETPYS KOKIBIHA U3 OLICHIBAEMBIX ITApaMETPOB B
"ceoeM" o—f-punbrpe. OmHako Oolnee 1enecO00pazHbIM
MPENICTABISICTCSL  MICTIONB30BaHUe Tporenypbl  Kanmvana,
BecbMa 3(DPEKTUBHO YTHIIMBUPYIOMIEH IOCTYITHBIA BbI-
YHCITIUTENTHHBIA pecypc W O0NalaroIeld psyioM TeOpeTH-
YEeCKH ONTUMAIIBHBIX CBOMCTB. Eciy, B yacTHOCTH, anpu-
OpHas JMHAMPKA M3MEPSEMBIX IIapaMeTpOB alIeKBATHO
OTHCHIBACTCS] MAPKOBCKOW MOJIEITBIO, a IITyM HAOMOICHHUIA
anUTEBeH, To GuisTp Kanvana MuHUMU3HpYET cpenHe-
KBAJIpaTUYCCKUAC OIMIMOKK OIICHOK HA PacCMaTpPUBACMBIN
MOMEHT BPEMEHH C YIEeTOM BCeH MPENBICTOPUY HaOIroIe-
Hud. Ecnm B1o0OaBOK (WIFOKTyallil MOICH W IIYM
HaOMIONEHNST CUMTaTh raycCoBCKMMH, (GuibTp Kamvana
o0peraer ONTHMAIBHOCTh M MO KPUTEPUIO MAKCUMyMa
aroCTEePHOPHO BeposiTHOCTH orfieHoK [9]-11].

®unsTp Kanmana. [IpuBenem cooTHoIIeHYs, ONu-
CBIBAIOIIIME WJCI0 JUCKpeTHOW (uubrpamun Kamvana
[9]H11]. B pamkax anpropHO# MapKOBCKOH MOIEIH H3-

MEHEHHE BEKTOpa COCTOSHUS X OT K-TO MOMEHTa K
(k +1)-My onmchIBaeTCS ypaBHEHHEM COCTOSHUS
Xk+1=‘1>kxk + Wy, k=0, 1 ..., (1)
rae @y — Mmarpua nepexosa (MepexoqHas MaTpUIa) C
pasMepamu NxN; W) — N-MEPHBII CIIy4ailHbII BEKTOP

¢ HyleBbM cpertnM Wy =0 1 KoppersmoHHoi Mar-

puneii Q =W, W. st Toro utobbl Lerb COCTOSHUIA

(1) oxazamach MapKOBCKOM, BEKTOpbl W Ul PasHbIX

MOMCHTOB BPECMCHH JOJIKHBI OBITb HE3aBHCUMEL.

VpaBHeHHe HaOMIONCHHUS, CBS3BIBAIOINEE TEKY-
muil HaOMomaeMblil BEKTOp Y| pasMepoM M c Te-

KYIIAM BEKTOPOM COCTOSTHHSI, UMEET BT
Yk = Hka + Vi, k=01, ..,
rie Hy — Marpuua ¢ pasmepamu MxN; Vi —Mm-Mmep-

HBII CITy4ailHbIi BEKTOP C HyJIEBBIM cpentnuM Vi =0

M KOPPEISLHOHHOM Matpuueil Ry = vy Vvy. Iocme-
JI0BaTeJbHOCTE BEKTOPOB Vi 00pasyeT IIyM H3Me-

pennii (Habmromenwmit). IlomoGHO BekTOopam W) B

ypaBHeHUU cocTosHUs (1) IUIsl pa3HBIX MOMEHTOB

BPEMEHU IIYyMBI H3MEpPEHHHA He3aBHUCHUMBI. LIIymbl

MOZETH ¥ M3MEPEHH TaloKe B3aNMHO HE3aBHCHMEL.
Ilycts X — OLIGHKA BEKTOpa COCTOSIHM, BBIPabo-

TaHHAs Ha OCHOBAaHMHU BCeX HAOMIONEHUH 10 K-ro BKIIIO-

YUTEBHO; X — MPOTHO3 ITOH OLICHKH HA OCHOBAHHH
BCEX MPEAIICCTBYIONMX HaOMoneHui (T. €. BIUIOTH JI0
(k—1)-r0); R — KOppeJAIMOHHAS MATPHIIA ONMIHOOK

M3MepeHUsI BEKTOpa COCTOsHUSI Ha K-M 1mare, ompere-
JICHHAsT BCEMH HAOIFONCHISIMHE JI0 K-TO BKITFOUHUTEIBHO:

A &5 T
A = (X =% ) (R =%k )
a B, — sKcTpanonupoBaHHas 10 MPEIIIECTBYIOIIIM
HaOmronenusiv Bepeust . Torna ypaBHeHMe, ONUCHIBA-
forree anroput™ Kanmvana, 3ammrmercs B Buze [9]-[11]
%1 =%ic + K (i —Hiki ),

rae marpuna Ky ¢ pasMepaMu Nxm ectb ko3¢du-

uueHt yeusienus ¢unsrpa Kanvana Ha K- mare.
Koaddunuent ycunenus Ky u xopperanuoHHas

Marpuia B, Ha BbIxome (uibTpa JAaOTCS COOTHO-

ICHUAMU
- T( - )—1.
Kk =R H\HKkRcHK +Re )5

R =(In —KxHi )R
rae |, — eqMHU4YHAs Marpuua ¢ pasmepamu NxnN, a

3KCTPAIOIMPOBAHHAs KOppEJIIIHOHHas MaTpuia P

OIIPCACIIACTCA paBEHCTBOM

R =D 1R 1Pyg + Q. k=12, ...
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CriakuBaHue aJbTHUMETPHYECKHX AHHBIX.
Kak yke yKaspIBAIIOCH, TIPH CIIAKABAHUU JUIS YTOU-
HEHHS OLCHKH H3MEpsAEMOro mapamerpa B TEKyLIWit
MOMEHT t TIPUBIICKAIOTCS HE TONBKO HAOTIONEHMS, TO-
CTYMUBIIKE BIUIOTH A0 3TON0 MOMEHTA, HO U TE, KOTO-
pble OyIyT MONyYeHbl BMOCICACTBHU. MHave roBops,
TpY CTI&XUBAHKHN BbIJada OIEHKH JJisi MOMeHTa t oT-
KJIAIbIBACTCS 10 HAKOIUICHHsl KOJWuYecTBa Habirome-
HUH, TApaHTHPYIONIETO TPUEMIIEMYIO TOCTOBEPHOCTD
pesyiprarta. B MpHIOKEHHUH K CIyTHHKOBOH aibTH-
METpPHH CIIIKUBAHHE aKTYalbHO, HAPUMED, B 3ajia-
YaX acCHMHJIILHUH, T. €. ydera OONBIIMX MAaCCHBOB
PaBHOTOYHBIX JIAHHBIX B MHOTOMEpPHBIX Teo(pu3rye-
CKHX, OKeaHOTpaQUUecKMX W METEOPOIIOTHIECKHX
MOJIETISIX, MCTIONB3YEMBIX [UIsI TIPOTHO3HPOBAHHS KITH-
MAaTHYECKUX W3MEHEHHH, MOHHTOPHUHTA OKEaHCKHX
TedeHni U MpKysinmii u T. 1. [1], [8], [14]-[16].

TpaJMIMOHHO TIPUHATO Pas3iW4arh TPU PasHO-
BUIHOCTH TIpOIeAypsl crnaxkusanust [9]-[11], [17]:

— Ha (UKCHPOBAaHHOM HHTEpBale, KOTAA BCE
HaOnozieHuss, HaOpaHHbIE Ha BPEMEHHOM OTpe3Ke

[0, T], UCTIONB3YIOTCS I (POPMUPOBAHUS OICHKH
Ha TPOM3BOJIBHBII MOMEHT BPEMEHH BHYTPH 3TOTO
OTpe3Ka: te[O, T];

— g (UKCHMpPOBaHHOM ToukM t=ty 10

HaOMIONEHUAM [0 IPOU3BOIBHOIO MOMEHTa T > tg;

— ¢ (pUKCUPOBaHHOW 3aJepXKKOH, T. €. IpHU
anpuopu 3aJaHHOM 3ala3IbIBaHUU (DOPMHUPOBAHHUS
OLICHKU OTHOCHUTEIFHO MOMEHTa €€ MPHBS3KH K pe-
AIEHOMY BPEMEHH.

Hnst 1006paboTKN  abTUMETPUUYECKOH HHGOP-
MaIlM{ XapakTepHa IepBasi U3 IepPEUHCICHHBIX MpPO-
Hexyp, KOTopasi 1 Of1caHa HUXe.

Kak otmeuarnock, oOmenprHsTast TEXHOJIOTHS CIIIa-
JKUBaHMs peammsyercs mo cxeme "Brieper—Hasan” (for-
ward-backward). TIpoxox "smepen" ectb OObIUHAS
¢uneTpaims  Kanmana, ycloXHEHHAs 3alOMHHAHHEM
PE3YIBTaToOB BCEX MPOMEKYTOUHBIX IIaroB (OIICHOK BEK-
TOpa COCTOSHUSA K|, a TAakKe SKCTPANOIUPOBaHHON F
W BBIYMUCIEHHOW F;  KOppe/SIMOHHBIX  MaTpHILL,
k=1 2, ) YkazaHHas IOMOJIHUTENbHAS HAarpy3Ka Ha

MaMsTh, OTCYTCTBYIOIIAs MPH (PHITBTPALIIH, HEOOX0AUMa
JUTS! BBITIOJTHEHUSI IIPOX0/Ia B 00paTHOM HANPaBJICHHUH.
[IpenmonoxwmM, 9T0 MHTEPBA CIIAKUBAHUS OXBa-
ThIBaeT M 11aroB, 1 BBEIEM 100aBOYHBIE 0003HAYECHMS
kk|M — OKOHYarTelbHas (TIpY MPOXOJe Ha3aJl) OICHKA
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BEKTOpa COCTOSAHHA Ha k-m mare, H(|M — KOppeJis-

[MOHHAsI MATPHUIIa, BEIYMCICHHAs HA K-M miare mpo-
xoma Hazax, Gy — KodpduImenT ycunenus K-ro ma-
ra ¢assl "Hazaxn". [1o 3aBepuieHnH nponenyps! QuiIb-
Tpauuu (¢as3sl "Brepen') Mpoxoa Ha3ad CTApTyeT CO
3HadeHust K =M mnpu HayaIbHBIX YCIOBHSX

Xmim =%Xm: Pvm =Pu

u mpomomwkaercss mit k=M -1, M -2, ... BIWIoTH

1o K=1 comacHo ypaBHeHMsM criaxupanus [9]-
[11], [17]:

G =Rk (Aer)

XM =i+ Gk (R(canym — PRk );
Rqm =R + Gy (P(k+1)|M - F1<_+1)G|2r-

MogeaupoBanue npouenyp ¢uiabrpanuu u
CIIAKMBAHUSL NpH  Joo0padorke. PaccMmorpum
npwiokenne amropurmMa Kammana k QrisTpammn
IIOCJIENIOBATEIbHOCTH OLEHOK 3alla3/blBaHus, BblIa-
BAaEMbIX BPEMEHHEIM JUCKPUMHHATOPOM J1000paboT-
ku. [Tocaemauit GopMHUPYET OICHKY JUIS KaXIOTO U3
ycpenHeHHBIX 32 N 30HIUPOBAaHHMN 3XOCHIHAJIOB.
Bribepem 1u1st onvicaHusi JMHAMUAKA U3MEPSEMOTO Ta-
paMerpa MpoCTyI0 MOZENb BTOPOrO MOPS/KA, CUHTas
KOMITIOHEHTAMH BEKTOpAa COCTOSIHUA Xj HCKOMOE 3a-

nasabIBaHUC Ty YCPEAHCHHOI'O 3XOCHUTHAJIa Ha K-M ma-

e U €ro NpHUpalleHHe 3a OJUH 1ar Ty :

Tk
Xk = ‘:'tk }

[Ipumem B KadecTBE MEPEXOAHOM CIEAYIOLIYIO
MaTpuiy, HE 3aBUCALIYIO OT BpEMCHU:

11
0 J, k=0, 1 .., )

Oy =D ={
03HAUAIONIY!0, YTO O3 ydyera IIymMa MOJENH 3Hade-
HHE Ty MPUPACTACT OTHOCUTENIBHO T_1 Ha BEIMUH-
Hy Ty, IpPHYEM Tp OCTaeTcid HEU3MEHHOW. bynem

TAK)KE€ CUMTATh IIYM MOJEIN CTAllMOHAPHBIM C KOP-
PEISAIMOHHON MaTpHUIeit

00
«=Q=|, o2 | k=0,1, ..., (3)

O3HAYaIoIIEH, YTO MOJEIBHBIA IIYyM C AHCHepcuei

Ga HETMIOCPECACTBCHHO BJIMACT TOJIBKO Ha BTOPYIO

KOMITOHCHTY BCKTOpPAa COCTOSAHUSA.
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OmnucanHas MoOfENb OTBEYACT [BIDKCHHUIO CO
CIly4aifHBIM YCKOpPEHHEM, IIPHMEpHBIH Juara3oH
3Ha4YeHUH KoToporo npu nposere KA Hax akBaropu-
el MO)KHO KOCBEHHO OIIEHUTH, ONUPasICh HA JaHHBIE
HEKOTOPBIX HCTOYHUKOB. B wactHOCTH, B [2], [6] OT-
MeuaeTcs, 4YT0 B PEXUME H000paboTKU Ienecoo0-
pa3HO KOPPEKTHPOBaTh (UIBTpPyeMble HaHHBIE II0
YCKOPEHHIO Ha OCHOBAaHUM WH(OpMAImu, MOCTyma-
romei ¢ 6opra KA mo Tenemerpudeckoil JIMHUH.

T, HCj

1.0 100

] ‘

\ ! nuh‘;u.,“‘ Arm ‘“L Y [ | ’dimu
IAIRRE T T yl'w T

I

o
=
=
=

1
100
50
DY 150

Hy, =15 m

-2.5

Puc. 1. Tlotoxu HaOmOAEHUH 1 OTKIIMKH GribTpa Kamvana
Fig. 1. Observation flows and Kalman filter responses

Kpome Toro, B [2] mpuBeneHa OIleHKAa HEKOMIIEHCH-
PYEMBIX OIIMOOK OPOUTAIBHBIX 3aMEPOB YCKOPEHHS,
He TPEeBBIIIAONIAas HECKOJIIBKUX CAaHTHUMETPOB 3a ce-
KyHIy B KBazpate. [locKobKy 3a OfHYy CEeKyHAY pa-
JIUONOKAIMOHHBIN CUTHAJ IIPOXOAUT B MPSMOM U 00-
paTtHOM HampabieHusx 1.5 - 108 m, ommbka B oneHke

YCKOpEeHHs Ha 5 CM/ ¢? oKBuBaneHTHA YCKOPEHUIO

Bapuanui 3ama3apiBanus 0.33 HC/ c2. IMonaras cmy-

Kr' Kv
K. H, =0
0.2
0.1
KV
| |
0 50 100 k
K., K,
0.15— Ke Hy, =5wu
0.10—
0.05— K
s
| |
50 100 k
Kr' Kv
K’C
0.12 Hy, =10 M
0.08—
0.04 K
v
| |
0 50 100 k
KT‘ KV
N
K
0.12|- ’ Hy =15M
0.08|-
0.04}
KV
| |
50 100 k

Puc. 2. Ycranosnenu e ko3 duuuneHra ycunenus GuiabTpa
Kanmana mo 3ana3abIBAHUIO U IO CKOPOCTHU €r0 N3MCHECHUA
Fig. 2. Setting of the Kalman filter TOA gain
and TOA change rate gain
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YailHyI0 HEKOMIIEHCUPOBAaHHYIO OIIMOKY IO YCKOpe-
HUIO PacIpeieleHHON M0 TayCCOBCKOMY 3aKOHY, IO
npaBuily "Tpex curMm" MONyduM €€ CTaHJAPTHOE OT-
kiaonenne 0.11 HC/ c2. Haxonen, st coBpeMeHHBIX
ansrumetpoB (TOPEX/Poseidon, Jason, AltiKa) tu-
MTUYeH MHTEPBAJ TOBTOPCHUS YCPESAHEHHBIX 3XOCHT-
HanoB T, <0.1c [5]-[7], 4t0o o3Hauaer crammapTHOE
OTKJIOHEHHE  CIIy4aiHbIX

Bapualii  CKOPOCTU

og < 0.011 uc/c, T. €. AUCTIEPCHIO MOJIETLHOTO IIyMa
Gé <1.21.107%? ¢? / c?. VMeHHO Takue 3HaueHus

Gé HCIIONTB30BaHbI ganee B Monen ¢umstpa Kanvana.

OmnpenenmuM Temeph MaTpHIly MpeoOpa3oBaHUL
COCTOSIHUS B HaOmoneHne Hy H KOpPEeIAHOHHYIO
Marpully Iryma Habmonenuit Ry. Tak kxak B pac-

CMaTpHBacMOM Cllydae HaONIOAEHUs 0o0pasyloT CKa-
JIIPHBIA MIOTOK OLIEHOK 3aIla3/blBaHUS YCPEJHEHHBIX
9XOCHUTHAJIOB, 2 BEKTOP COCTOSIHUS IPUHAT ABYXKOM-
IIOHEHTHBIM, pa3Mep IIEpBOM M3 HA3BAHHBIX Mar-
pun — 1x2. OrpaHu4MBasiCh CllydaeM HE3aBUCHMO-
CTH 3TOH MaTpULbl OT BPEMEHH, UMEEM

He=H=[1 0]. (4)

UYro ke kacaeTcs MaTpuibl Ry, OHa ecTb CKa-

JISp, MPU CTALlMOHAPHOCTH IIyMa M3MEpEeHHUil He 3a-
BUCSIILIUN OT BPEMEHMU:

R =R=0?, (5)

e 03 — qucriepcust QUIBTPYEMbIX OICHOK 3amas-
JIBIBAHUS.

Ha ocnose (2)—(5) B cpene MATLAB peanmnzoBana
mozens ¢uasrpa Kanmana s N =100 3onguposa-
HUH, BbICOTHI OpOUTHI KA h=1000 kM, OTHONICHHUS
curHay/mym st sxocurHana (=10 nb, mumpuHBI
JIy4a aHTCHHBI 10 YPOBHIO MOJOBHHHOW MOIIHOCTH
09 =0.6°, nonocs! curaana W =300 MI'1 U 4eTsI-
pex 3HayeHui 3Ha4MMol BbICOTHI BonmHbl H,,. Ha
puc. 1 moka3aHbl MOTOKK HAOMIOACHUH (YepHEIC JIMHUH)
Y OTKJIMKHW Ha HUX (unbTpa Kanmana (cepble JTuHNR).

Puc. 2 wnmocTpupyeT Npouecchl yCTaHOBICHUS
ko3¢ dunuenta ycwienus ¢unsrpa Kammana mo 3a-
nasipiBaHui0 K, M 1O CKOPOCTH €ro H3MEHEHHS
Ky. B Tabnuue mpencraBieHbl 3HAUEHHUs CpeLHE-
KBaJPaTHYCCKUX OIIMOOK U3MEPCHHUs 3ama3IbIBaHHsI
Ha BXOJIe Gy U BbIxo#e G, (uisrpa Kanmana, Bpiur-

pHIIIa B TOYHOCTH OLEHKH 3a CYET (IIBTPALUH

18

Pesynbratsl MoaenupoBanus uisrpa Kanmana
Results of Kalman filter simulation

[Tapametp Hy, M
Parameter 0 5 10 15 20
Oy, HC 0.2200.548)0.7220.869 | 0.875
G, HC 0.115]|0.234)0.2890.333|0.335
Y 191 1235|250 | 261 | 261
Bpewms ycraHoBieHMS,
mraru 15 20 24 25 26

Transient time, steps

Y=0y /0, a TaKke BPEMCHH yCTaHOBICHHUS KOI(-
¢unuenTa ycuneHus B umcie maroB. Kak mokassl-
BalOT TIpaduKd U JaHHBIC TaOJHIBI, TPOIEAypa
(UIBTpanMy TOBHIIIAET TOYHOCT OIEHKH 3aIla3/bl-
BaHUS B PEXKUME JTOOOpaOOTKH BIBOE W Ooliee B 3a-
BUCHMOCTH OT 3HAYUMOI BBICOTHI BOTHBI H,y,.

T, HQ
300
Hy, =15m
200
100
0 |
150 k
-100
a
Ke, Ky
K‘L’
0.12 Hy, =15m
0.08|—
0.04|
KV
[ [
50 100 k
6
3 He/c
8 —
7 —
Hy, =15m
6 | w
5 —
4
3 —
2 —
il | |
72 50 100 150 k

8
Puc. 3. Dmropsl, mosicHsIoImMe peakiyio GribTpa Kanmvana
Ha CKOPOCTHOW CKa4yoK
Fig. 3. Curves of the Kalman filter response to velocity hop:
a — filter input and output waveforms; 6 — gain dynamics;
6 — estimation of the TOA rate
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B mnpomomkenme paccMOTPEHHBIX TECTOB Ha
¢uneTp Kanmmana Taxke mmomaBaiach TOCIEIOBa-
TEJIbHOCTh TNEPBUYHBIX OLICHOK 3ama3iblBaHUs IIPH

CKOPOCTHOM CKauke OT Hyist 10 50 M/c u oGparHo

IpoJoKUTENbHOCTRI0 1 ¢. Ilpu wactoTe 30HIUpO-
BaHMI okoso 4 KI'Il ¥ yMcae ycpeqHsIEMbIX 3XOCHTI-
HamoB N =100 »TOT BpeMeHHOH OTpE30K COOTBET-
ctByer 40 maram ¢uibTpanuu. PesymsraThl 3TOTO
ucnbITanus npu H,, =15 M U IpexHUX OCTaIbHBIX

HCXOIHBIX NaHHBIX WILTIOCTPUPYIOTCS PUC. 3: 3IIOPHI
T, HC

0.2

0.1

T, HC

~

-0.6
T, HC|
0.4
0.3
0.2
0.1

-0.1
-0.2
-0.3
-0.4
-05

T, HCj

Puc. 4. Dmropsr otkimka Gunetpa Kanmana
Fig. 4. Diagram of the Kalman filter response:
black lines — filtering; gray lines — smoothing

Ha BXonme (IITPHXOBasi JIMHWSA) W BbIXOAE (CIUIOIIHAS
nvaus) puneTpa (a), AMHaMuKa K03 HUIIHEeHTa YCrIie-
Hust (6) ¥ 3aBUCHMOCTD OT BPEMEHH OLICHKH CKOPOCTH
W3MeHeHHs 3amasfpiBanust (6). Kak MOXHO BHICTB,
¢bueTp Oe3 3aTpyaHeHui 0TpabaThIBacT TAKOH MaHEBp.

Pe3ynbratel  KOMIBIOTEPHOTO  SKCIIEPEMEHTa  TI0
CIIKMBAHMIO [UTSI TIPSKHUX HMCXOMHBIX JTAHHBIX OTpa-
>karot puc. 4, 5. Ha puc. 4 npuBesieHs! 3IIOPhI OTKITUKA
¢wibrpa Kanmana (HanpaBnenue "Briepen') (depHbie
KPHBBIE) B CPAaBHEHHH C OKOHYATEIILHBIMH Pe3y/IbTaTaMt

G, HC

T

0.10
0.08

0.06
0.04
0.02

50 100 150 k

G., HC

T

0.20~ Hy =5M

0.15—

0.10

0.05

0 50 100 150 k

G, HC

T

0.25—

H,, =10
0.20(

0.15—
0.10
0.05

0 50 100 150 k
o HC
0.30
0.25
0.20
0.15
0.10

0.05

H,, =15

| | |
50 100 150 k

Puc. 5. CpennexBaparudeckast OUInOKa OLICHKH 3ara3IbIBaHIs
Fig. 5. TOA estimate standard deviation:
black lines — filtering; gray lines — smoothing
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criaxuBaHus (HarpasieHue "Haszan") (cepble KpHBBIE).
Puc. 5 mokasbIBaeT M3MEHEHUs CpEeHEKBA/IpaTHYEeCKUX
onmooK (uibTpamuu (YepHble KPUBbIC) U CIIKUBAHHS
(cepwie KpuBBIE) HA (UKCHPOBAHHOM HHTepBate. Jlis
(bPMHUIITHOM TOYKM WHTEpBaJla CIIKWBaHHE OOECIIeuu-
BaeT Ty e TOYHOCTb, YTO U NIPOCTO (PUIIBTpaLIys], OHAKO
JU1s GOMBIIMHCTBA BHYTpPEeHHHX Touek ("B mpouuioMm')
BBIMTPBIIT CIIOKHBAHUS B TOYHOCTH JOCTATOYHO BECOM
(opsiyika IBYX pas).

3akmouenne. B craTbe mpoaHAM3UPOBAHBL all-
TOPUTMBI (PHIIBTPAIIMH U CIIIQKUBAHUS AIBTUMETPH-
YEeCKUX JIaHHBIX Ha CTaJIuH UX 1000paboTku. [Ipose-
JIEHHOE KOMIIBIOTEPHOE MOJEIMPOBAaHUE TPOLIEAYP
Kanmana mokasajio, 4YTO B 3aBHCHMMOCTH OT 3HAuH-
MOW BBICOTHI BOJHBI CPEIHEKBAIpaTHICCKasl OIINOKa
OLICHKM 3ala3IbIBaHUs 3XOCUTHAIA MOXKET OBITh
CHIDKEHA 110 KpallHER Mepe BABOE.
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NCCNEQOBAHUE N PASPABOTKA METOA0B YNYYLUEHUA SHAOCKONMNYECKNX
(MEAVNLUMHCKNX) NU30BPAXEHNA

AHHOTauuMA

BeedeHue. CospemeHHble MexHO/M02UU 8UPMYaabHOU XPOMO3HOOCKONUU NPU3BAHbLI CYUjeCmeeHHO nogeicUms oua-
2HOCMUYECKYI0 YeHHOCMb npedbasasaeMbix 8payy u3obpaxeHul. AHAU3 Cywecmasyrowux mexHoa02ull NoKa3s!8a-
em, Ymo UMerUUecs peweHuUs He AUUeHbl 3Ha4YUmeneHeix Hedocmamekoa. O0HU mpebyrom 045 pabomel nposede-
HusA croxcHol npedeapumensHoli annapamHol Kaaubposku, dpyaue ucnosL3yrom 2/106a16Hsle NPeo0bpPa308aHUS, He
no3go/AwWUe y4ecmes N0KAbHbIE 0CObeHHOCMU mKaHel, u m. 0. B yesnom celiyac He cyujecmsyem mexHo/02UU
gupmyansHol xpomo3aHOOCKonuu, ycmpausgaroujeli 60/16WUHCMBO NOMEHYUAAbHbIX nosis3osamenell - epayel, a
c/1e008amMesIbHO, eCMb hose 0/ UCC1e008aHUS.

Llene pabomel. Pazpabomka memoda 0415 8upmyasnsHOU XpOMO3HOOCKONUU C y4emoMm HedoCMaMmKo8, 8biS8AEHHbIX
Y aHa0208 8 pesysbmame aHAAU3A.

Memoodel u Mmamepuansl. /13 npogedeHus ucciedo8aHUl bbiAU UCNOAL30BAHLI OMKPLIMbIe 6036l OQHHbIX 3HOO-
cKonu4yecKux u306paxceHull, C NOMOWbI0 KOMOpPbLIX 8 pe3ybmame MoOeaAUPO8AHUA U IKCNepuMeHma bblau oyeHeHbl
Ka4ecmeeHHble Xapakmepucmuku npedoxeHHo20 Memoda.

Pe3yaemamel. Hosbili Memoo 8upmyansHol XpoMO3HOOCKONUU, 2/108HAA 0CO6EHHOCMb KOMOpPOo20 - LCN0/163080-
Hue HeauHeliHbIX I0KAAbHLIX QYHKYUU mpaHcpopmayuu npu npeobpazoeaHuu RGB-kaHanos, a makxce omcym-
cmeue npoyedypbl KaAUGPOBKU 0/ noayYeHUs 3pPekma supmyansHol xpomoaHoockonuu. [1pednoxceHHbil Memood
NoAHOCMbI OCHOBAH HA MexHO/A02UU Yupposoli 0bpabomku U306paxceHuUl, BKAOYAem KOppekyuto Apkocmu
U306padeHUs, 06ecnequsaroWyo 803MOXCHOCMb NO/yYeHUs Heo6x00uMol 8u3yanbHOU UHPOPMAYUU KAK U3 OYeHb
MeMHbIX, MaK U U3 Nepe3KCNOHUPOBAHHLIX Ppa2MeHmos; nossiuieHUe pe3kocmu u3obpaxeHus, nodyepkusaroujee
Mesikue 0emanu u cocyobl.

3akarYeHue. IKCNepmHAs OYeHKa NoJyYeHHbIX pe3y/sbmamos noKa3eieaem, Ymo 8u3yaneHelll 3¢dekm npedso-
HEeHH020 Memoda coomeemcmeayem, a 8 0MOebHbIX CIYy4aaxX U Npesocxooum eu3yaneHsll 3¢ppekm nponpuemap-
HelX mexHonoauli supmyaneHol aHoockonuu I-Scan u FICE.

KnroueBble cnoBa: B/pTyasibHas XpOMO3HAOCKONWS, umdpoBas 06paboTka MeANLVHCKNX N306paKeHn, He-
NINHenHoe KOHTpacTMpoBaHve

Ana untuposaHua: ObyxoBa H. A, MoTbiko A. A, Mo3sgees A. A. ViccnegoBaHue 1 pa3paboTka MeTOA0B yyuy-
LIeHWs SHAOCKONNYeCcKnX (MeaNLMHCKNX) n3obpaxeHunia // 13B. By3oB Poccun. PagrnoanektpoHuka. 2019. T. 22,
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RESEARCH AND DEVELOPMENT OF METHODS FOR ENDOSCOPIC (MEDICAL) IMAGES
ENHANCEMENT

Abstract

Introduction. The modern technologies of virtual chromoendoscopy provide significant increase of diagnostic value
of images considered by a doctor. The analysis of existing technologies shows that the existing solutions have signifi-
cant disadvantages. Some of them require a complex preliminary calibration of the equipment for operation. Others
use global transformations, making impossible consideration of local tissues characteristics and so on. In general,
nowadays the technology of virtual chromoendoscopy, which suits the majority of potential users - doctors, does not
exists, and, therefore, there it is a field for research.

Objective. Development of the method for virtual chromoendoscopy, with regard to disadvantages identified within
the frames of carried out analysis of similar methods.

Methods and materials. For implementation of the research were used open endoscopic image data-bases, by the
instrumentality of which, as a result of modeling and experiment, were evaluated quality characteris-tics of the pro-
posed method.

Results. The new method of virtual chromoendoscopy. The main feature of the method is usage of nonlinear local trans-
formation functions in transformation of RGB channels, as well as absence of calibration procedure for obtaining the ef-
fect of virtual chromoendoscopy. The proposed method is completely based on the technology of digital image processing
and includes image brightness correction, which provides the possibility to obtain the necessary visual information both
from very dark and overexposed fragments; image sharpening, contrasting small details and vessels.

Conclusion. The expert assessment of the obtained results shows that the visual effect of the proposed method corre-
sponds, or in some cases, exceeds the visual effect of proprietary technologies of virtual endoscopy I-Scan and FICE.

Key words: Virtual chromoendoscopy, digital medical image processing, nonlinear contrast enhancing
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BBCZ[CHI/IB. COBpeMeHH])Ie OHJAOCKOIIBI HUI'paroT JOCKOIIMIO Ha OCHOBC HpI/IMeHeHI/Iﬁ Kpacdiux pac-

3HAUUTEIBHYIO POJIb B JHArHOCTHUKE 3a00JeBaHUN
xemynouHo-kumeanoro Tpakra (OKKT).

HeobxonumMocTh o00ecrednTh BBICOKYIO TOY-
HOCTh nuddepeHupoBaHus 3710Ka4ECTBEHHBIX HO-
BOOOpa30BaHMI W MPOSBIEHUH BOCHAIUTEIBHBIX
MPOIIECCOB TPU IHAOCKOIMUYECKOM O00CIeI0BaHUN
CTUMYIHpYeT pa3paboTKy Ha 0aze COBPEMEHHBIX
ONTUYECKUX W TUQPPOBBIX TEXHOJIOTHH HOBBIX TH-
OB 3HAOCKOIMYECKUX CHCTEM C H300pa’keHHSIMU
yiyurrenHoro kadecrsa (Image-Enhanced Endos-
copy — IEE) [1], [2]. IEE oGecneunBaer Gosiee BbI-
COKYI0 CHEIH(UIHOCTH OLEHKH MOPQOIOTHH MO-
paXeHHs] MOTYEPKUBAHHUEM MHUKPOCTPYKTYPHI CIH-
3UCTON 00OJIOYKH U KaIUILIAPOB.

K Benymeit Texnonoruu Hanpasinenus IEE otHo-
CUTCS XPOMORHJOCKOIUSI, BKJIHOYAIOLIAs XPOMOJIH-

TBOPOB U 3JIEKTPOHHYIO XPOMOIH/I0CKOIHIO.

XPOMOIHIOCKOTINS Ha OCHOBE NPIMEHEHHS Kpa-
CAIIUX PAaCTBOPOB — 3TO TEXHOJIOIHA, COCTOALIAA B
HaHECEHUH IIOCPEACTBOM PACHBUICHHUS Oe3BpeTHBIX
JUIS 4eNIOBEKA KpacUTeNed Ha MHTEPECYIOILYHO IO0-
BEPXHOCTh ciau3ucToil. Hanecenue kpacutens yiyd-
[IaeT BH3YAIM3ALUI0 MUKPOCTPYKTYPBI M COCYIH-
CTBIX 00pa3oBaHMi 00CIeyeMOH TKaHH.

Jnst peanuzanuy TakoW TEXHOJIOTHH HEOOXOIUM
TOJBKO a3pPO30JBHBIN KaTeTep, 00eCIIeUnBaIONIUA
OTHOCUTENIBHO MPOCTOH M 3KOHOMUYHBIA CIIOCOO
HaHeceHUs KpacuTelns. HecMoTps Ha 3TH mpenmy-
IeCTBA, MPUMEHEHUE XPOMO3HIOCKOIMK HAa OCHOBE
pacTBOpPOB Uil MPOrpaMM CKpPHHUHTA OCTaeTCs
OrpaHUYCHHBIM H3-3a OTCYTCTBUA CTaHAAPTU3UPO-
BaHHBIX METOJOB IPOBEICHUS UCCIEIOBAaHUH U Me-
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TOJUK aHaJM3a MOTYYEeHHBIX n300pakenuii. [Tocnen-
Hee TMPUBOAUT K HEONPENEICHHOCTH MPH UICHTUDU-
KaIluy IOPAKEHHON TKAHH.

DNeKTpOHHAS! XPOMOJHAOCKOIHS Pealn3yeT I0-
BBIIIICHUC JTUATHOCTHYECKOM LEHHOCTH MEIHITMHCKUX
N300paKeHUH 3a CUeT MOAYEPKHBAHMS I[BETOM OCO-
OCHHOCTEW aHAM3UPYEeMbIX TKaHEH, CIM3UCTBIX W
COCYIIOB Ha OCHOBE ONITUYECKUX M ITUPPOBBIX TEXHO-
noruid. Ceromusl SIEKTPOHHYIO XPOMOJHIOCKOIHIO
peaNHM3yIOT ammapatHo (OPMHPOBAHHUEM H300pake-
HUIi B y3KOCTIEKTpabHbIX Auamazonax (Narrow Band
Imaging — NBI) [3] u aBTroduyopecieHTHBIX U300-
paxennii (Auto Fluorescence Imaging — AFI) [4].

Texnonmorus NBI  paspaborana KommaHuei
"Olympus". B anmaparype "Olympus" mis ocserre-
HUS WCIIONB3YeTCsl TMONCBETKA C JUIMHON BOJHBI
415+ 15 um n 540+ 15 M. BpiOop IUTMHBI BOJHEI
00yCIIOBIICH CHEKTPOM ITOITIOLICHHS CONEPIKAIIErocs B
KPOBH IeMOITIOOWHA, 32 CYET YEero COCY/bI MPHOOPETArOT
TEMHBI 1IBET Ha ()OHE CBETIIOH OKpY KArOIel TKaHH.

Texuomorus AFl ocHoBaHa Ha OOHapYKEHHHU eCTe-
CTBEHHOW (DITyOpECIICHIIMM TKaHeH, OOYCIOBICHHON
MPUCYTCTBUEM B HHX JHIOTCHHBIX (uryopodopos. Ilo-
ciie BO30Y)KIeHHST KOPOTKOBOJTHOBEIM MCTOYHHKOM CBE-
Ta (Iyopodopsl UITyYarOT CBET C OONBIICH JUTHHOM
BOJIHBI, OOYCIIOBIMBAsI PA3INuMs B aBTO(IyOPECLEHT-
HBIX CHEKTPaX HOPMAJBHBIX U TIOPAYKSHHBIX TKaHEH.

[IpumeHeHne onTHYeCKUX (QUIBTPOB, HEOOXOIH-
MBIX JIJIsl peajiM3aluy YKa3aHHbIX TEXHOJIOTHH, YBEJH-
YHBACT CIIOKHOCTD AMIApaTHOTO OOECTICUCHUS U SHEp-
TOroTpeOIeHHE YHIOCKONMIESCKONH CHUCTeMBI [5]. AJtb-
TEpPHATHUBHBIM HAIPABIECHUEM SIBJIICTCS TOCTOOPaOOTKa
H300paKCHUI, TTOTYYSHHBIX B OCJIOM CBETE, C IIENbI0
MOIETTMPOBAHUS I()POBBIMI METONAMH ONTUICCKUX
(bUITETPOB — BUPTYaIbHAST XPOMODHIOCKOTIHSL.

Hamnbonee W3BECTHBHIMH TEXHOJOTUSMH BHPTY-
anpHOU Xpomosumockonuu sBistiorcst: FICE (dpupma
Fuji) [6]; i-scan (¢pupma PENTAX) [7], [8]; SPIES
SPECTRA (¢pupma STOLZ) [9] u tri-scan [10].

[punmun nevictust Texnonorun FICE ocHoBan
Ha PEKOHCTPYKIIUW W300pakeHUs C 3aJaHHOU JIJIH-
HOU BONHBI U3 3HaueHH RGB-koopmunart, momydeH-
HBIX ceHCopoM B OenoMm cBeTe. CHHTE3 BOCCTaHOB-
JICHHOTO M300pa)KEHHsI OCYIIECTBISICTCS C TOMOIIBIO
MaTpHIbl JHHEHHOTO MpPeoOpa3oBaHUs I[BETOBBIX
npoctpanctB. FICE moxer cosznmaBate 300 Tumon
CHEKTPaJbHBIX M300paKECHUH C TATHIO Pa3IMYHBIMU
SIPKOCTSIMA H ¢ 60 pa3iuYHBIMH JUIMHAMU BOITH B
nuanasone suaguMoro csera ot 400 mo 695 M c ma-
roM 5 HM. OCHOBOHMl A3TOM TEXHOJOTHH SIBISIETCS
CIIOXKHAS MIPOIIeAypa KATHOPOBKH C UCIIOIE30BAHUEM
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cnekrpomerpa. Llenp mpomenypsl KaaumOpOBKH —
uneHTHdUKamsa KodPpPHUIHUCHTOB MATPHIl Tpeodpa-
30BaHUS [IBETOBBIX MTPOCTPAHCTB.

B TexHOnmoruu i-sCan MCIONb3yeTCs TpeXIaropas
MpoIleAypa IOBBIIICHUS KadyecTBa (HOPMHUPYEMOTO
M300pakeHUs: MOJYePKUBAHNE HEOIHOPOJHOCTH TO-
Bepxaoctu (Surface Enhancement — SE), ycuienue
konTtpacta (Contrast Enhancement — CE) u Bbizene-
HHe 1BeToBbiM ToHOM (TOne Enhancement — TE).
B pexume SE wm3MeHSIOTCA SIPKOCTH THKCENIOB Ha
rpanuniax oobexToB. CE ycuiMBaeT CHHIOI KOMIIO-
HEHTY LIBETa B TEMHBIX ()parMEHTaX YHOCKOITMIECKO-
TO M300paKeHUS TS TOTYESPKUBAHMS TOHKUX COCYIOB
Y HEOIHOPOIHOCTH CIHM3HCTON 000M0uku. B pexxnme
TE monydennoe B O6enoM cBete RGB-um3o0paxkenue
packiageiBaeTcs Ha oTaenbHble R-, G- u B-kaHajbl.
Kaxmplii kaHal MOAU(UIMPYETCS C MOMOIIBIO HENH-
HEWHOTro TIO0ATBHOTO TPeoOpa3oBaHus, 3aJaHHOTO
TOHANBEHBIMH KPHBBIMH, TIOCIIE YETO PEKOHCTPYHPY-
€TCsl TPEXKOMITOHEHTHOE U300paKeHue.

AHanorndao i-Scan, texHonorus tri-scan BKIIO-
gaeT 3 miara: YIy4OICHHE BHU3YaJlbHOTO KavdecTBa
orobpaxkenus noBepxHoctu Tkanu (Tissue And Sur-
face Enhancement — TSE), yaydienne orobpaxkeHust
ciosi cimusucTolt obomoukn (Mucosa Layer En-
hancement — MLE) u ToHoByto koppekimio (Color
Tone Enhancement — CTE). Illar TSE wucmonb3yer
MOIU(HUIIMPOBAHHBIA aJITOPUTM JIMHEHHOTO HEPE3KO-
ro mackuposanus, Ha mare MLE mpeo6pasyior R-
KaHaJ C MCIOJIb30BaHHEM CUTMOHMIHOM (yHKIMH. Ha
mare CTE 3HaueHus MHTEHCHBHOCTEW MMKCEJIOB B
KaXJIOM KaHalle pachpeAemsioT pPaBHOMEPHO s
YBEIHMUESHHS IIBETOBOTO KOHTPACTA.

W3BecTHass KOMITAaHUST B OONACTH TENEBU3HOHHBIX
supockonmueckux crcrem Karl Storz paspaGoraa mpo-
rpammHo-anmaparhbii komiuieke IMAGEL S 4U, Britto-
YAIOIIMK 3JIEMEHTHl BUPTYAJIbHOM XPOMO3HIOCKOITUH
[11]. Bxomsimme B womruieke TexHonmorun CLARA wu
CHROMA cityxar aj1st BRIpaBHUBaHUST OCBEIIICHHOCTH U
TIOBBIIIICHUSI KOHTpacTa HM300pakeHuil. B TexHomorum
SPIES SPECTRA B m1g NMOBBIIIEHUS LIBETOBOIO KOH-
TpacTa IpUMEHsIETCS CIBUT LIBETOBOTO TOHA.

AHanmu3 CyIIECTBYIONMX B HACTOSIIMHA MOMEHT
TEXHOJIOTUN BUPTYaJIbHOM XPOMOSHIOCKOIUHU TOKa-
3BIBAET CJEAYIOLIEe:

— B TexHojorusx i-scan, tri-scan u SPIES
SPECTRA B wucnone3yroT miobanbHble mpeoOpas3o-
BaHMS, YTO HE IO3BOJSIET YUHTHIBATH OCOOCHHOCTH
KaX10T0 (pparmMeHTa N300paskeHus;

— B texnonorusix FICE u SPIES SPECTRA A nns
nondopa Kod(PPUIMEHTOB MATPHIIBI JIMHESHHOTO TPEe00-
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pa30BaHusI [IBETOBBIX MIPOCTPAHCTB TPeOyeTCs CII0KHAS
TIpOIIEeypa MPENBAPUTEITLHON allapaTHON KaJTMOPOBKHL.

JONIONMHUTENBHO CIIeTyeT OTMETUTH, YTO TEXHO-
moruu i-scan, FICE u SPIES SPECTRA ssasiorcs
MPOTIPHETAPHBIMI TEXHOJIOTHSIMUA KPYITHBIX (HPM-
MIPOM3BOAUTEINICH SHIOCKOIMMYECKOTO0 000pyIOBaHUS,
YTO 3aTPYAHAET IIPOBEICHUE CPAaBHUTENBEHOTO HCCIe-
noBaHUs 3(PPEKTUBHOCTH W OIEHKU XapaKTEPUCTHK
HCTIOJIE3yEMBIX aJITOPUTMOB.

JAByXdTanHblii MeTOJ BHUPTYAJIbHOW XPOMOJIH-
JOCKOMUHU. ABTOpaMH HACTOSIICH CTaThH pa3padoTaH
METOJl BUPTYaJbHOH XPOMOJHIOCKOIINH, OCOOEHHO-
CTSAMH KOTOPOTO SIBJISTFOTCSL:

1. Bo3MOXXHOCTh 00paOOTKH KaXKIIOTO KaHaJIa WC-
XOZTHOTO M300paKeHusl, MOTyYeHHOro B OEJIOM CBeTe,
OTICNBHBIMU TIPOICAYPAMH, TPUHIMITHAILHOW 0OCO-
OCHHOCTBIO KOTOPBIX SIBJISIETCS] MCIIOIB30BAaHUE TEXHO-
JIOTHH aJIalITHBHOTO (JIOKAJILHOTO) HEJTMHEHHOro KOH-
TPacTHPOBAHUA, B TO BPEMs KaK BO BCEX HM3BECTHBIX
PEIICHUSIX KCIIOJNIB30BaHbl TIOOANIbHBIE TpeoOpa3oBa-
Hus. [log mmoGanbHBIM NpeoOpa3oBaHUEM MOHUMAIOT
npeoOpa3oBaHye, BUI U MapaMeTpbl KOTOPOIo MOCTO-
SIHHBI U1 BCEX DJIEMEHTOB M300paskeHus. B mpemo-
JKCHHBIX JIOKAJBHBIX IPEOOPa30BAHUAX ITapaMeTpPhI
YCTaHABIHMBAIOTCS T KOKI0H 001acTH H300paXeHus
B 3aBHCHUMOCTH OT ee¢ OcoOeHHocTel. [IpumeHeHue
JIOKAJIbHBIX aJITOPUTMOB IJI1 S9HAOCKOITNMYCCKUX I/I306-
pakeHui sBisieTcs 6osee 3¢ EeKTUBHBIM MO OTHOIIIE-
HUIO K TIO0ANbHBIM, YTO ONPENeNseTCs BasKHBIM
CBOIMCTBOM 3HIOCKOITMYECKUX HM300paKEHUH — OIHO-
BpPEMCHHBIM NPUCYTCTBUEM 3HAYUTCIIbHBIX I10 ILIOMIA-
I TEMHBIX U CBETIBIX 00NacTeil m3-3a CIOKHBIX YCIIO-
BUI NOTyYIEHNS SHIOCKOIMIECKHUX H300paXKeHUH.

2. OtcyTCcTBHE TPOLETYPHl KATHOPOBKHU LIS TIO-
Ty4deHus 3P peKTa BUPTYATEHON XPOMOSHIOCKOIIHH.

[IpensiosxkeHHBI METOJ MOJHOCTHIO OCHOBaH Ha
TEXHOJIOTUH (P POBOI 00pabOTKU H300paKEeHUH.

B chopmMupoBaHHOM 3HIOCKONMYECKOW KamMepou
n300pakeHny KaHaisl R, G, B conepskar paznugHbIe 1o
CIIEKTPY OTKJIMKH OT TKaHEH, HaXOIAIINXCS HA Pa3HOU
DIyOWHE HaOIMIOmaeMoro o0beKTa. DTH OTKIMKH 3aBH-
CAT OT KPUBBIX CHCKTpaJ'IBHOﬁ YYBCTBUTCIIBHOCTU CCH-
copa. DKCIepPUMEHTHI TI0Ka3aITH, YTO YKa3aHHOE Pa3iu-
9y YyBCTBUTEILHOCTH TIO3BOJISIET OTOOpAXKaTh pasHEIe
MPOCTPaHCTBEHHBIE dneMeHThI [6]. B kanane R Hanbo-
Jiee TIOJHO TIPUCYTCTBYET HHGMOPMAIMSA O TIyOOKHX
KPOBEHOCHBIX COCYIaX M MHKPOCOCYNax, BKIIOYAst
pacroioKEHHbIE B TIYOOKHX CIIOSIX CIH3HCTOH 000-
noukn. B xananax G u B 9Ta mH(pOpManus modTH mo-
HOCTBIO OTCYTCTBYeT. TakuM 00pa3oM, Majlo3aMeTHBIE
Ha M300pakeHNH B OEJIOM CBETe€ OCOOEHHOCTH MOTYT

Hcxonnoe
n300pakeHue
R G B
MSICE
CLAHE CLAHE CLAHE
VYny4mennoe
n300pakeHue

Puc. 1. CtpykTypHas cxema JBYX3TaIHOI'O METoa
BUPTYaJIbHOM XPOMOIHIOCKONUU
Fig. 1. Block diagram of a two-step method
of virtual chromoendoscopy

OBITH BBINETICHBI 32 CUET YIyUIICHHS MPOCTPAHCTBEH-
HBIX XapaKTePUCTUK OTHEIbHO B KaKIOM KaHaje.
[IpennoxxeHHBII MeTON pealu3yeT OTAEIbHYI 00pa-
0OTKY Ka)KIOTO KaHala, YTO MO3BOJISIET BBIIEIHUTH TOH-
KHE CTPYKTYpPHI U 00ECIICUNBAET BOSMOKHOCTD HCCIIe-
JIOBAaHMSI XapaKTEPUCTHK TKaHEH, 0COOEHHOCTEN CiH-
3UCTOM OOOJIOYKM M aHOMAJBHBIX OOpa3oBaHHH C
Oonblieil 3(h(EeKTUBHOCTHIO, YeM 0 UCXOTHOMY H300-
PaXXEHHUIO, TOTyIEHHOMY B OEJIOM CBETE.

PaszpaboTaHHBIi MeTOA Ha TIEPBOM IIare BKIIIO-
4acT NOAUYCPKUBAHUEC COCYAUCTBIX CTPYKTYpP, Ha BTO-
pOM IIare — TOHOBYIO KOPPEKIIMIO, BBIJCICHUE IIBE-
TOM CTPYKTYPHBIX OCOOCHHOCTEH B OOJIACTSIX TKa-
Hel, MojuIexalux HucclienoBaHuio BpadoM. CTpyk-
TypHas cxeMa MeTojla MpuBeieHa Ha puc. 1.

Busyanusayus kposenocuwix cocyoos. Ha nepsom
iare MeToJia BUPTYaIbHOM XPOMOIHIOCKOITUHN KaHall
R MomuduimpyioT ¢ moMouso Mponeaypsl MHOTO-
MacITaOHOTO JIOKATFHOTO HEJTMHEHHOTO KOHTPACTH-
posanust (MSICE) [12].

ANTOPUTM peain3yeT KOHTPAaCTHMPOBAaHUE OCHO-
BBIBaSICh HAa CICHYIONIMX HEIMHEHHBIX (QyHKIUIX
TpaHcpopMaInu:

G(x):(B+A)X; O
A+X
Ax

M= e @

x=0, B, A BeR,
T7Ie X — BXOJHBIE JTaHHBIE; B — MAaKCUMaJIbHOE 3HAYEHHE X
(st M300pakeHNi ¢ NTyOMHOM 1IBETOBOTO TIPEICTaBIIC-
Hus 8 6uT Ha Kanan B =255); A — koddduiment, pery-

mmpyronwil Bun GyHKIME Tpancdopmarmy; R — MHO-
25
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JKECTBO JICMCTBUTENHHBIX yrcell. Bapbuposanne 4 mos-
BOJISIET TIONYYUTh Pa3MYHbIC HENMMHEHHBIC KPHBBIE H
KOHTPOJIIPYET NpeoOpasoBaHUe MEKIy BXOIHBIM 3Ha-
YeHHEM X W BBIXOAHBIM 3Ha4eHWeM (YHKIMH TpaHc-
dopmammn G (x) wm H (x). ®ynxuus G(x) ysenm-
YMBaeT 3HAYCHHE BXOIHBIX JAHHBIX B COOTBETCTBHH C
xoo(pummentom A, B To Bpems kak Qynkims H (x),
Hao0OpOT, yMEHbIIIaeT 3HaYeHNE BXOIHBIX JJaHHBIX.

OcHoBHas ujiesi MpeoOpa3oBaHuUsl 3aKIH0YAETCS B
CIIeIYIOIEeM: ISl KaKIOro IHKCelIa ¢ KOOpIUHATa-

mu (i, j) MCXOTHOTO M300paKEHHs PasHOCTH MEKILY
3HA4YEHHEM €ro APKOCTH Yjj U CpelHeli APKOCTBIO ero
okpecTHOCTH Sjj JIOJDKHA ObITh yBennueHa. Eciu Bep-
Ho ycnosue Yjj > Sjj, TO [UIsl TOTO YTOObI yBETHYHTE

SIPKOCTH THKCEa M TeM CaMbIM Pa3HOCTh MEXIY €ro
SIPKOCTBIO U CpEIHEU SPKOCTBIO OKPECTHOCTH, HC-

none3ytor ynxmmo G(x). Ecmu xe Yij > Sjj, ¢ mo-
Momipio (ynkimu H (x) ApKOCTh THKCeNa yMeHb-
HIAKOT, TAK)KE YBEJIMYMBAs PA3HOCTh MEXKAY €ro sip-

KOCTBIO U cpeleeI‘/'I APKOCTBIO OKPECTHOCTHU.
Cpez[Hee SHa4YCHUC APKOCTU OKPECTHOCTHU ITHMKCCIIa

S i, B BBIOPAHHON 30HE YCPETHEHHS C TOTIEPEIHUKOM

K MTHKCET0B PACCUMTHIBAIOT CIICAYIOIIAM 00Pa3oM:

S =——— Yy 3)
e (2k+1)2y=i—kx=j—k !

3HaueHue koddduireHta A ompenesnsieT CTeneHb
HU3MCHCHUA NUCXOOHOTO 3HAYCHUS SIPKOCTH MMUKCEIIa YIJ B

3aBHCHMOCTH OT pasHocTH Mexay Yij u Sjj . He-

OoJpIIOe 3HAYCHUE PA3HOCTH JOJDKHO HPUBOIUTH K
PE3KOMY W3MEHEHHIO SIPKOCTH 00padaThiBaeMOro
MUKCeTa s YBEIWYCHUS JIOKATBHOTO KOHTpAcTa.
HanpoTrs, Goibiiie 3Ha4CHNS TIepBOHAYAIBHON Pa3HO-
CTH MEXIy SpPKOCTBIO IHKCENA M CPENHEH SPKOCTBIO
OKPECTHOCTH O0YCIIOBJIMBAIOT ClIa0ble M3MEHEHHS, TaK
KaK KOHTPAcT B 3TUX CITy4asix YK€ JOCTaTOYEH.
Henunelinoe wm3menenue koddduimenra A, a
TaKke couertanue ypasuenui (1), (2) u (3) npuBogsT
K CICAYIOWEeH pe3ylnbTHPYIOmeH (QyHKIUN TpaHC-
(hopmanmu 1 HETUHEHHOTO KOHTPACTUPOBAHHMS

[B + A(Yi i )]Yij

Yii = Sji

oy (. 91| A5y )y
k A(Sij, —Yij )Yi

) = )

A(Sin —Yij)+ B—Yij ) Ik
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M, x=0;
M/x, x=1, B,

e Outijk — CKOPPEKTHPOBAHHOE 3HAYCHHE SPKOCTH

IMHKCEJIa C KOOpAUHATAaMH1 (l, J) I 30HBI YCPEAHCHUA

noniepeynrka K; M — KOHCTaHTa, OMpeNessoNnas cre-
MeHb KOHTpacThpoBaHus. HebGonpmme 3HaueHus M
TPUBOAT K BBIPAKCHHOMY KOHTPACTHUPOBAHMIO, OOIIB-
mme — K ymepeHHoMmy. [lomydenHoe aBropamu B pe-
3yIBTaTe€ SKCIEPUMEHTOB PEKOMEHIYeMOE 3HaueHHe
1t iryopeciieHTHBIX n300paskeHnit M = 5000.

mpoleaypa  peanusyercs AN
OKpECTHOCTEH TpeX pasHbIX IONEPEYHUKOB, OKOHYA-

OrnucagHast

TeNbHBIN PE3yJIbTaT NOJIy4arT YCPCAHCHUECM:

OUtijkl +Outijk2 + Outijk3
Outij = 3 )

rac OUtij — 3HaYCHUEC SPKOCTHU I MMUKCEIIa C KOOpAU-

naramu (i, j). Tlonepeunnk: OKpecTHOCTEH orpere-

JISIFOTCS CBOMCTBaMU 00padaThIBACMBIX H300paXeHHil.
Tpu mnpocTpaHCTBEHHBIX MaciiTada BBIOPAHBI
Uit 00eCTIeYeHUs] BOSMOXKHOCTHU BJIHMATH Ha HIDKHHE,
CpelHHe U BBICOKHE YacTOThI M300pakeHus. DKCIIe-
pPHMEHTAIIbHBIC HMCCISIOBAHUS TOKA3alH, YTO IS

usobpaxxenus 1024 x 768 nmkcenos kg ~110. Bel-

00p 3TOTO 3HAYEHHUS B KaUECTBE OTIOPHOH TOYKHU T03-
BOJISIET pacCUMTaTh pasMep 0ONacTH yCpeJHEHHS IS
JIpPYTUX MacITaOoB:

k2 =k1/2; k3=k2/2.

Tonosas koppexyus. BTopoi mar mpeagokeHHOTo
METO/Ia TPEATIoNaraeT OTACNbHYIO IPOIEAYPY KOppeK-
MU SIPKOCTHOM W KOHTPACTHOM XapaKTEPUCTHK JUIs
KaKIoro KaHanma. Ha »Tom mmiare mpemioyKeHo HCIIONb-
30BaTh ANANTHUBHYIO OSKBAJIHM3AIWIO THUCTOTPAMMBI C
orpannueHneM koutpactHoctd  (Contrast  Limited
Adaptive Histogram Equalization — CLAHE) [13], [14].

Anroputm CLAHE sBnsiercss pa3BUTHEM METO-
noB skBamm3anmu rucrorpammel (Histogram Equali-
zation — HE) u amanTuBHOW 3KBajM3allMd THUCTO-
rpammel (Adaptive Histogram Equalization — AHE).
HE — mmoGanpHBI MeTOM, peanu3yrolmuid nepecyer
pacripeneneHus] 3HaYEHHH SPKOCTH IHKCEIOB IS
BCETO M300pakeHHs. MeToq YBeIHYUBACT KOHTPACT-
HOCTh IO BCEH IUIOLIAAN M300PaXKEHHs, ' PacTArH-
Bas" Ipyr OT JIpyra Haubolee 4acTo BCTpeyarouecs
3Ha4YeHUs APKOCTH B rucrorpamme. Ha ero ocHoBe
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ObL1 ipennokeH Jokanbubiid MeTon AHE. AHE ¢op-
MHpYET TUCTOTpaMMy H IiepepacipesersieT 3SHaYeHUs
SAPKOCTH Il (PparMeHTOB, Ha KOTOpBIE IpeIBapH-
TENIFHO Pa30MBAIOT HCXOIHOE N300paKeHNe.

Amroputm CLAHE ommuaercs ot oobranoro AHE
OrpaHUYCHHEM THUCTOTPaMMBI 10 3apaHee 3aJaHHOMY
3HAUCHUIO, HAWICHHOMY Tiepe]] BHIYHCICHUEM (YHKIUH
pactipenenenms. OH uMeeT 2 KIIFOYEBBIX IapameTpa:
pazmep OII0Ka 1 TOPOT OTPAHUICHHSI THCTOTPAMMBIL.

B mpeanoxeHHOM MeTone BHPTYalbHOH XPOMO-
SHJIOCKOIIMH HMCIOJIL30BaH CIIEAYIOIINI BapuaHT pe-
amusanuu CLAHE.

HcxonHoe wn3o0paxkeHHE IENUTCS Ha Hemepe-
KphIBaromuecs 61oku. Jlanee kaxabii 610k obpada-
TBHIBAETCSI OTACIBHO.

[lar 1. dopmupyeTcs SpKOCTHAs THUCTOrpaMma

Onoka u ompenemsercs noporooe orpanmdeHne Ngp :

NeL = NcIipNavg J

rae Nclip — K03 PUITHEHT;

Navg :(erNry)/Ngray

(Npy, Npy —umcno mikcenei o ropusoHTaim 1 sep-

THUKaJIX COOTBCTCTBCHHO, Ngray — KOJIMYECTBO YPOB-

Hell APKOCTH B aHAIM3HPYEMOM (parmeHTe).

Ecn wncno Nygg (i) muxcenos Goxa B sproct-
HOM THCTOrpaMMe, 06J1a1aI0NIUX YPOBHEM SPKOCTH |,
Gonbiie, ueM Ng|, TO U3OBITOUHBIC MHKCENBI ya-

JISIIOTCS C 3TOTO YPOBHS M IepepaclpeiessioTcs o
JPYTUM YPOBHSIM THCTOIPaMMBI.
ar 2. OrpaHuyeHHe SPKOCTHOW THUCTOTPAMMBL

OTOT 1Iar NpeICTaB/IeH NCeBIOKOIOM, B KotopoM Nej -

00IIIee YNCIIO TIHKCENOB, TIOIEKAIUX PACTIPEIENEHHIO;
Hreg_cl (i) — KOJMYECTBO THKCENOB C i-M YPOBHEM sIp-
KOCTH B OTPaHIYEHHON SIPKOCTHON THCTOTpaMMe:.
Nclg =0,
fori=0, .., Ngray -1
if Hreg (I) > NCL then
Hreg cl (i)=Ncy;
Hel, =Hery +Hreg (i)=NcL;

end if
end for;
Havg_gray = Hel, /Ngray;
fori=0, .., N 1

gray —
if Hyeg (i) <(NcL — Havg_gray ) then
Hreg cl (i)=Ng + Havg_gray:
Hel, =Hel, —Havg_gray:
else if Hygq (i) < Ngy_ then
Hreg cl (i)=Ncy;
Hely, =Hely =N +Hreg ()
end if
end for;

IIIar 3. OcraBmigecs mocie mara 2 MUKCENbI

ancioM Hey  MTEPATHBHO IEPEPACHIPENEIIAIOT 110

YPOBHSIM sIpKOCTH. [lceBIOKOm, COOTBETCTBYIOIIHHA
3TOU MpOLEAYype, UMEET BU/I:

while N¢j . >0
fori=0, ..., Ngry -1
if Hreg ¢1 (i) <Ngi then
Hreg_cl ()= Hreg_cl (D+1;
Hel, =Hely, -1

end if end for end while;

a

Puc. 2. O6paboTka n300paxkeHus aNropuTMOM tri-Scan u IpeI0KEHHBIM AITOPUTMOM:
a — MCXOHOE M300paXxeHne; 6 — pe3ysbTar 00paboTKu anropuT™oM tri-scan;
6 — pe3yJbTaT 00paboTKU MPEJI0KEHHBIM AITOPUTMOM
Fig. 2. Image processing by algorism tri-scan and proposed algorism:
a — the original image; 6 — the result of processing by tri-scan algorithm; ¢ — the result of processing by the proposed algorithm
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Puc. 3. O6pabotka nzobpaxenus aaroputMoM FICE 1 mpeayoKeHHbIM alrOPUTMOM:
a — UCX0/IHOE n300paxkeHue; 6 — pe3yabrar oopabotku anropurmoMm FICE;
6 — pe3yabTaT 00pabOTKH MPEI0KEHHBIM aJITOPUTMOM
Fig. 3. Image processing by algorism FICE and proposed algorism:
a —the original image; 6 — the result of processing by FICE algorithm; ¢ — the result of processing by the proposed algorithm

Puc. 4. O6paboTka N300paKEeHHs AITOPUTMOM i-SCaN U NPEI0KEHHBIM aJrOPUTMOM:
@ — UCXOIHOE M300paXKeHue; 6 — pe3ysbTar 00paboTKK anropuT™MoM i-scan;
6 — pe3ynbTaT 00padOTKH MPEIOKEHHBIM alTOPUTMOM
Fig. 4. Image processing by algorism i-scan and proposed algorism:
a —the original image; 6 — the result of processing by i-scan algorithm; ¢ — the result of processing by the proposed algorithm

Iar 4. Ilpeobpa3oBaHue KyMYISTHBHOM (DyHK-
LUK paclpelesieHus] OTpaHUYeHHON SPKOCTHOM TI'H-
CcTOrpaMMBbl 00pabaThiBaeMOro OJ0Ka COTTACHO al-
TOPUTMY SKBaNu3auu ructorpammsr HE.

[Mocne 06paboOTKH BCex ONOKOB IUIS YCTPAaHSHUS
rpann4yHOro »ddexra wucnonplyercss OMIMHENHHAas
HHTEPIIOJISIIHSL.

Pe3yabTarhl IKCIIEPUMEHTAIBLHOIO HCCJIEI0BA-
HUsl. DKCIIEPUMEHTAIbHAS MPOBEPKA MPEITIOKESHHOTO
METOIa TPOBOIUIACH C HCIONB30BaHHEM COOCTBEH-
HOM 0a3bl KOJIBIOCKOMTMYECKUX H300paxkeHuil (Oomee
100) u OTKpbITOI 0a3bl MaHHBIX HIOCKOITUYECKUX
n3obpaxenunii Kvasir [15]. Habop nanusix Kvasir co-
crout u3 4000 m300paskeHU ¢ pa3IMYHBIM pa3perie-
HueM ot 720 % 576 no 1920 x 1072 nuxcesnos.

N3o0pakeHnust pasneneHbl Ha 8 KilaccoB, Ipen-
CTaBISIOIIMX PA3JIMUHBIC CIydau IaToNoruu. Beipa-
JKCHHAsI PETPE3CHTATUBHOCTh HCXOMHBIX H300paKe-
HUH (HECKOJIBKO BHJIOB SHJOCKOIMMYECKOTO 00CIe/0-
BaHUsI W IATOJIOTH, Pa3IMIHBIC TUIBl CEHCOPOB, C
MTOMOIIBIO KOTOPBIX ITOMYYCHBI H300paKEHHUS, a TaK-
€ HECKOJBKO BapHAHTOB Pa3peIICHUs) IO3BOIMIA
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NPOBECTH YIIyOJICHHOE HCCIEOBaHHE IPEIIoKeH-
HOTO METOJIa, OIICHUTH €ro d(PPEKTUBHOCTh B Pa3HBIX
ycnoBusx. [IpumMepsl 00paboTKH H300pakeHHH C
MIOMOIIBIO TIPEJIKEHHOTO METOJa B CPaBHEHHH C
pesynbraramu o0pabotku tri-scan, FICE wu i-scan
MpUBENEHBI HA pUC. 2—4 COOTBETCTBEHHO.

J7Is OLleHKH YITydIIeHHsl KadecTBa M300paKeHs
ucrnons3oBaHa Merpuka Focus Value (FV) [16], npexn-
CTaBJISFOLIAS. OTHOILIEHUE TPAaHC(OPMAHT JUCKPETHO-
KOCHHYCHOTO IpeoOpa3oBaHUs, COOTBETCTBYIOIINX
SHEPTHM TOCTOSHHOM COCTaBIISIONIEH U DSHEPruu
OCTaJIbHBIX COCTABIISIOLIMX H300paXKEHMSI.

3akimouenne. B Tabmnuie NpUBEICHBI PEe3yIIBTaTHI
pacuera MeTpuku FV, ycpeaHeHHblE Ui pa3iHYHBIX
KJIACCOB 3HJIOCKONMYECKHX M300paxkeHwil. [lo momy-
YEHHBIM OLICHKaM MOXKHO CJIENarTh BBIBOJ, YTO BO BCEX
KJ1accax N300payKeHUH ¢ pa3IMuHbIM JJHarHo30M U3 Oa-
3bI TaHHBIX KVaSir, a Takxke Ha Bcex H300pakeHuUsX Oa-
3bI JAHHBIX KOJIBIIOCKOIMYECKUX M300PKEHUI METpH-
ka FV, momydeHHas mocie TMPUMEHEHHs OIMCAHHOTO
ITOPUTMA, YBEIMYIMBACTCS HE MEHEe, YeM B 2 pa3a Imo
CPaBHEHHIO C UCXOITHBIM U300paKEHHEM.
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FV DKCIIEPUMEHTHI MOKA3bIBAIOT, YTO MPEILIOKECH-
Tun nzobpaxenus H3O?£Z§§Hne HBII METOJ] PealIu3yeT:
Type of pathology Vicxommoe | Obpabotarioe — KOPPEKIHUIO SPKOCTH M300paKeHus, 00eceyn-
5 Original Processed Basg BO3MOXHOCTh TMOJYYUTh HEOOXOAMMYIO BH3Y-
30(Qal
Esog)hggi{is 0.015 0.043 ANBHYI0 HH(POPMAIMIO KaK M3 OYEHb TEMHBIX, TaK H
Jla¢runr nonmunos 0.031 0.069 U3 MTePEIKCIIOHUPOBAHHBIX (DPATMEHTOB;
I[’) yed lifted polyps — TIOBBINIEHNE PE3KOCTH M300PaKEHUS, TOaIEp-
C3CKI U H(.)J'II/IHOB . 0.033 0.072
Dyed resection margins ' : KUBAIOIIee MEJIKHE JETATN U COCYIbI.
Crenas KuIKa e
Normal seccum 0.025 0.067 OKcriepTHas OLIEHKa HOH}:‘{GHHLIX HM300pakeHUM
TIpuBpaTHIK 0.014 0.043 MOKa3bIBACT, YTO BH3YaJbHBIA 3P(EKT MpemioKeH-
;lormal pylorus HOTO METOJa MPEBOCXOAUT PEe3YNIbTaT KOPPEKIUH TO-
-JINHUS .
Normal z-line 0.015 0.042 Ha C THOMOIIbI0 tri-SCan, a Takke COOTBETCTBYET
IPTOIHPIHBI 0.025 0.059 (B OTHENMBHBIX CIIydasXx — HPEBOCXOIUT) BU3yalbHO-
olyps o
Sspenuii Kot 0031 007 My adbderty NPONPHETAPHBIX TEXHONOTHH BHPTY-
Ulcerative colitis ) ' anpHOU sHHocKomuu 1-Scan u FICE.
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RESEARCH AND DEVELOPMENT OF METHODS FOR ENDOSCOPIC (MEDICAL) IMAGES
ENHANCEMENT

Abstract.

Introduction. The modern technologies of virtual chromoendoscopy provide significant increase of diagnostic value
of images considered by a doctor. The analysis of existing technologies shows that the existing solutions have signifi-
cant disadvantages. Some of them require a complex preliminary calibration of the equipment for operation. Others
use global transformations, making impossible consideration of local tissues characteristics and so on. In general,
nowadays the technology of virtual chromoendoscopy, which suits the majority of potential users - doctors, does not
exists, and, therefore, there it is a field for research.

Objective. Development of the method for virtual chromoendoscopy, with regard to disadvantages identified within
the frames of carried out analysis of similar methods.

Methods and materials. For implementation of the research were used open endoscopic image data-bases, by the instru-
mentality of which, as a result of modeling and experiment, were evaluated quality characteristics of the proposed method.
Results. The new method of virtual chromoendoscopy. The main feature of the method is usage of nonlinear local
transformation functions in transformation of RGB channels, as well as absence of calibration procedure for obtain-
ing the effect of virtual chromoendoscopy. The proposed method is completely based on the technology of digital im-
age processing and includes image brightness correction, which provides the possibility to obtain the necessary visual
information both from very dark and overexposed fragments; image sharpening, contrasting small details and vessels.
Conclusion. The expert assessment of the obtained results shows that the visual effect of the proposed method corre-
sponds, or in some cases, exceeds the visual effect of proprietary technologies of virtual endoscopy I-Scan and FICE.
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H. A. O6yxoea, A. A. Momeikol, A. A. lTo30eee
CaHkm-llemep6ypackuli 20cydapcmeeHHbIl 31eKmpomexHuUYeckuli
yHusepcumem "JIITU" um. B. V. YeaHoea (JleHUHQ)

yn. lpogeccopa lMonoesa, 9. 5, CaHkm-lNemepbype, 197376, Poccus

NCCNEAOBAHUE N PASPABOTKA METOA0B Y/IYYHLUEHNA SHAOCKONMNYECKNX
(MEAVLUVHCKNX) N3OBEPAXEHWUI

AHHOTaUMS.

BeedeHue. CospemeHHble MexHOM02UU 8UPMYAAbHOU XpOMO3IHOOCKONUU NPU3BAHbLI CyUjeCmaeHHO nossicumes oua-
2HOCMUYeCKYI0 YeHHOCMb npedbasaaeMbix 8payy U3obpaxceHul. AHOAU3 Cyujecmayrouux mexHo02uli NOKa3el8a-
em, 4mo umMerowuecs pelweHuUs He UleHbl 3Ha4uUmenbHuIx Hedocmamkos. OOHU mpebyrom 045 pabomel npogede-
HUS cn0xcHoU npedsapumensHol annapamHol Kaaubpoeku, opyaue ucnoae3yrm 21060/6Hble NPeodPa308AHUS, He
no3ssossroujue y4ecms a0KaAbHble 0C0beHHOCMU mKaHel, u m. 0. B yesom celivac He cyujecmayem mexHono2uu
8UpPMYansLHOU XpoMoIHOOCKONUU, ycmpausarowjell 6016WUHCMB0 NOMeHYUAAbHbIX noae3osameneli - epayel,
1edosamesibHoO, eCMb Nnose 0415 UCC1e08AHUS.

Lens pabomel. Paspabomka memooa 0418 supmyansHol XpOMO3IHOOCKONUU C y4emoM Hed0CMAmKo8, 8bI98/1€HHbIX
Y aHOA10208 8 pe3yibmame aHaU3d.

Memooder u mamepuansl. /s npogedeHuss Uccned08aHUL 6bIAU UCNOML30BAHbI OMKPbIMble 6a3bl OGHHbLIX 3HOO-
cKonu4YecKux Uu3obpaxceHull, C NOMOWbIO KOMOPbIX 8 pe3ysnbLmame MOOeaUPOBAHUA U IKCNepuMeHma 6biauU OyeHeHbl
Ka4ecmeeHHble Xapakmepucmuku hpedsoxeHH020 Memoda.

Pe3ynemamel. Hogeili Memod 8upmyansHOU XpOMO3HOOCKONUU, 21G8HASI 0CO6EHHOCMb KOMOPO20 — UCNO0/b308a-
Hue HenuHelHbIX N0KAAbHbLIX QyHKYUl mpaHcpopmayuu npu npeobpazosaHuu RGB-KaHAM08, a makxe omcym-
cmeue npoyedypsl KaAubpoeku 048 noaydeHus 3ppekma supmyanbHol XpomosHOockonuu. 1pedanoxceHHsIl Memood
NOAIHOCMbBI OCHOBAH HA MexHOo/02UU Yupposoli obpabomku U306paxceHuUl, eKaoYaem Koppekyur SpKocmu
U306padceHUA, 0becneyuBaroUyo 803MOXHOCMbL NOAyYeHUA Heobxoo0umMoli 8u3yansHOU UHPOPMAyUU KK U3 04eHb
meMHbIX, MAK U U3 Nepe3KCNOHUPOBAHHLIX Ppa2MeHmMos; noseliuieHUe Pe3KoCmu U306paxceHuUs, nodvepkusaroujee
Mesikue 0emanu u cocyosl.

3aknroveHue. IKCNepmMHaAs OYeHKA Noay4YeHHbIX pe3y/s6mamoe nNoKa3eieaem, Ymo 8u3yanbHbIl 3¢pekm npedsno-
HEeHHO020 Memoda coomeemcmeyem, a 8 0mMOe/bHbIX CIYYAAX U NPesocxooum 8u3yansHbIl 3¢dexkm nponpuemap-
Helx mexHono2ull supmyaneHol 3Hdockonuu I-Scan u FICE,

KnioueBble cnoBa: BMpTyasibHas XPOMO3HAOCKONUS, LndpoBas 06paboTka MefULIMHCKUX N306paxeHuii, He-
JINHeHOe KOHTPacTMpoBaHme

Ana untupoBaHusa: O6yxosa H. A.,, MoTeiko A. A, TMo3gees A. A. VicchefoBaHve 1 pa3paboTka MeToA0B yay Y-
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Introduction. General information. Modern en-  phology assessment by emphasizing the mucous

doscopes play a significant role in diagnostics of gas-
trointestinal tract (GIT) diseases.

The demand to ensure high accuracy of differen-
tiation of malignant tumors and manifestations of in-
flammatory processes during endoscopic examina-
tion stimulates development of new types of Image-
Enhanced Endoscopy (IEE) systems on the basis of
modern optical and digital technologies [1], [2]. IEE
provides the higher specificity of the lesion mor-

membrane and capillaries microstructure.

The leading technology of the IEE direction is
chromoendoscopy, which includes the dye-based
chromoendoscopy and the electronic chromoendos-
copy.

Chromoendoscopy based on the use of dying so-
lutions is a technique that involves spraying of dyes
harmless to human on the mucous surface of inter-
est. Application of the dye enhances visualization of
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the microstructure and vascular formations of the ex-
amined tissue.

Implementation of this technology requires only
an aerosol catheter, which provides a relatively sim-
ple and economical method for the dye application.
Despite these advantages, the use of solution-based
chromoendoscopy for screening programs remains
limited due to the lack of standardized research
methods and techniques for the obtained images
analysis. This limitation leads to the uncertainty in
identification of the affected tissue.

The electronic chromoendoscopy implements the
increase of medical images diagnostic value by em-
phasizing by color of the features of the analyzed tis-
sues, mucous membranes or vessels based on optical
and digital technologies. Nowadays, the electronic
chromoendoscopy is implemented by the equipment
for Narrow Band Imaging (NBI) [3] and Auto-
fluorescence Images (AFI) [4].

NBI technology is developed by the company
"Olympus". The equipment for illumination "Olym-
pus" uses a backlight with a wavelength of 415 + 15
nm and 540 £+ 15 nm. The choice of wavelength is
stipulated with the absorption spectrum of hemoglo-
bin contained in the blood, due to which the vessels
acquire a dark color against the background of pale
surrounding tissue.

AFI technology is based on detection of natural tis-
sue fluorescence stipulated by the presence of endoge-
nous fluorophores in them. After excitation with the
short-wave light source the fluorophores emit light with
a longer wavelength, causing differences in the auto-
fluorescence spectra of normal and affected tissues.

The application of optical filters required for the
implementation of these technologies increases the
complexity of the hardware and power consumption
of the endoscopic system [5]. The alternative direc-
tion is post-processing of images obtained in white
light, with the aim of modeling by the using optical
filter digital methods — virtual chromoendoscopy.

The most well-known virtual chromoendoscopy
technologies are: FICE (Fuiji) [6], i-scan (PENTAX) [7],
[8], SPICE SPECTRA (STOLZ) [9] and tri-scan [10].

The principle of FICE technology operation is
based on the reconstruction of an image with a given
wavelength from the RGB-coordinate values ob-
tained by the sensor in white light. The synthesis of
the reconstructed image is carried out using a linear
transformation matrix of color spaces. FICE can cre-
ate 300 types of spectral images with five different
brightness and 60 different wavelengths in the range
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of visible light from 400 to 695 nm with a step of
5 nm. The basis of this technology is a complex cali-
bration procedure using a spectrometer. The purpose
of the calibration procedure is to identify the coeffi-
cients of color space transformation matrices.

The i-scan technology uses a three-step proce-
dure of the image quality enhancement being
formed: Surface Enhancement (SE), Contrast En-
hancement (CE) and Tone Enhancement (TE). In SE
mode, the brightness of the pixels at the edges of the
objects is changed. CE enhances the blue component
of the color in the dark fragments of the endoscopic
image to emphasize the thin vessels and the hetero-
geneity of the mucous membrane. In TE mode, the
RGB image obtained in white light is decomposed
into separate R, G and B channels. Each channel is
modified using a non-linear global transformation,
followed by tonal curves, after which a three-
component image is reconstructed.

Similar to i-scan, tri-scan technology includes three
steps: Tissue and Surface Enhancement (TSE), Mucosa
Layer Enhancement (MLE) and Color Tone Enhance-
ment (CTE). TSE step uses a modified linear unsharp
masking algorithm; in MLE step, the R-channel is con-
verted using the sigmoid function. In CTE step, the in-
tensity values of the pixels in each channel are distrib-
uted evenly to increase the color contrast.

The well-known company in the field of televi-
sion endoscopic systems Karl Storz has developed
the IMAGE1 S 4U hardware and software system,
which includes elements of virtual chromoendoscopy
[11]. The CLARA and CHROMA technologies in-
cluded in the complex are used for leveling the illu-
mination and enhancing the images contrast. In the
SPIES SPECTRA B technology to increase the color
contrast is used the color tone shift.

The implemented analysis of the existing tech-
nologies of virtual chromoendoscopy shows that:

— i-scan, tri-scan and SPIES SPECTRA B tech-
nologies use global transformations making impossi-
ble to consider the characteristics of each fragment of
the image;

— FICE and SPIES SPECTRA A technologies re-
quire a complicated procedure of preliminary equip-
ment calibration for selection of coefficients of the
linear transformation matrix of color spaces.

Additionally, it is important to note that i-scan,
FICE and SPIES SPECTRA technologies are propri-
etary technologies of major manufacturing compa-
nies of the endoscopic equipment, which makes dif-
ficult to conduct a comparative study of the effec-
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tiveness and evaluation of the characteristics of the
algorithms used.

The two-step method of virtual chromoendos-
copy. Below is considered the method of virtual
chromoendoscopy developed by the authors of the
article, the features of which are the following:

1. The possibility to process each channel of the
original image obtained in white light by separate
procedures, the main feature of which is the use of
adaptive (local) nonlinear contrasting technology,
while all known solutions use global transformations.
Global transformation means transformation, the
type and parameters of which are constant for all im-
age elements. In proposed local transformations, the
parameters are set for each fragment of the image,
depending on its features. Application of local algo-
rithms for endoscopic images is more effective in
contrast to global ones. This fact is determined by the
important feature of endoscopic images — the simul-
taneous presence of significant dark and light areas
stipulated by difficult conditions for obtaining of en-
doscopic images.

2. The absence of the calibration procedure to
obtain the effect of virtual chromoendoscopy.

The proposed method is completely based on
digital image processing technology.

In the image formed by the endoscopic camera,
the R, G, B channels contain diverse in their spec-
trum responses from tissues located at different
depths of the observed object. These responses de-
pend on the spectral sensitivity curves of the sensor.
Experiments have shown that the mentioned diversi-
ty of the sensitivity provides displaying different spa-
tial elements [6]. Channel R contains exhaustive in-
formation about deep blood vessels and micro ves-
sels, including ones located in deep layers of the mu-
cous membrane. In channels G and B this infor-
mation is almost completely absent. Thus, the fea-
tures that are hardly noticeable in a white light image
can be distinguished by improving the spatial charac-
teristics separately in each channel. The proposed
method implements the separate processing of each
channel, which provides selection of fine structures
and enables to study the characteristics of tissues,
features of the mucosa and anomalous structures
with greater efficiency in contrast to study of original
image obtained in white light.

The developed method in the first step includes
the contouring of vascular structures; in the second
step — the tone correction, coloring of structural fea-
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Fig. 1. Block diagram of a two-step method
of virtual chromoendoscopy

tures in the areas of tissues to be examined by a doc-
tor. Fig. 1 shows the structural scheme of the method.

Visualization of blood vessels. At the first step of
the virtual chromoendoscopy method, the R channel
is modified using the multi-scale image contrast en-
hancement procedure (MSICE) [12].

The algorithm implements the contrast enhance-
ment based on the following nonlinear transfor-
mation functions:

G(x) = BHAX. 1)
A+ X
H(X)ZL, )
A+B-Xx

x=0,B, A BeR,
where x — input data; B — the maximum value of x (for
images with a color representation of 8 bits per channel
B=255); 4 — coefficient, regulating the type of
transformation function; R — a set of real numbers.
Varying of 4 provides obtaining of different non-linear
curves and controls the conversion between the input
value of x and the out-put value of the transformation
function G(x) or H(x). The function G(x) in-
creases the value of the input data in accordance with
the coefficient A, while the function H(x), on contra-

ry, reduces the value of the input data.
The basic idea of the transformation is the follow-

ing: for each pixel with the coordinates (i, j) of the

original image, the difference between the value of
its brightness Yj; and the average brightness of its

surroundings S;jj should be increased. If the condi-

tion Yjj > S;j, is true, in order to increase the pixel
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brightness and thus the difference between its bright-
ness and the average brightness of the cross-section

area, is used the function G (x). If Yjj > Sj;, by func-

tion H (x), the pixel brightness is reduced, also in-
creasing the difference between its brightness and the
average brightness of the cross-section area.

The average brightness value of the cross section of

the pixel Sijk in the selected averaging zone with the

diameter of k pixels is calculated as following:
1 i+k  j+k

2 X Yy ©

(2K +1) y=i—k x=jk
The value of the coefficient A determines the degree
of the initial pixel brightness Y;; value change depending

Sij,

on the difference between Yj; and S;; . The small dif-

ference value should lead to a sharp change in the pixel
brightness being processed to increase the local contrast.
On the contrary, large values of the initial difference be-
tween the pixel brightness and the average brightness of
a cross-section area cause slight changes, since the con-
trast in these cases is already sufficient.

A nonlinear change of the coefficient A, as well as a
combination of equations (1), (2) and (3), lead to the fol-
lowing resultant transformation function for nonlinear
contrasting:

[B + A(Yi i )}Yij

> Sji
A(Yi —Sii J+Y; 0T T

oug 1,51 =551
A(Sij =Yii )i s
~ 2 n ij— ij,
A(Sij, —Yij)+B Yy k

AGx) = M, x=0;
~|M/x, x=1, B,

where Out;; is the corrected brightness value of a

pixel with coordinates (i, j) for the averaging zone

of the diameter k; M is a constant that determines the
degree of contrast. Small values of M lead to a ex-
pressed contrast, larger - to moderate one. Recom-
mended by the authors value for fluorescent images
obtained from the experiments performed is
M =5000.

The described procedure is implemented for the
vicinity of three different cross-section areas; the fi-
nal result is obtained by averaging:
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OUtijkl +Outijk2 + Outijk3
Outij = 3 )

where Outjj is the brightness value for a pixel with co-

ordinates (i, j). The vicinity cross-sections are deter-

mined by the properties of the processed images.

Three chosen spatial scales enable the influence
on the lower, middle, and high image frequencies.
Experimental studies have shown that for an image
of 1024 x 768 size the reference point of pix-
elskl~110. The choice of this value as a reference
point provides the opportunity to calculate the size of
the averaging cross-section for other scales:

k2 :k1/2; k3=k2/2.

Tone correction. The second step of the proposed
method involves a separate procedure for brightness and
contrast characteristics correcting for each channel. At
this step, authors propose to use Contrast Limited Adap-
tive Histogram Equalization (CLAHE) [13], [14].

The CLAHE algorithm is a development of His-
togram Equalization (HE) and Adaptive Histogram
Equalization (AHE) equalization methods of the his-
togram. HE is a global method that implements the
recalculation of the distribution of pixels brightness
values for the entire image. The method increases the
contrast over the entire image area, “stretching” from
each other the most common brightness values in the
histogram. Based on the method was proposed a lo-
cal AHE method. AHE generates a histogram and re-
distributes the brightness values for the fragments in-
to which the original image is pre-divided.

The CLAHE algorithm differs from the usual
AHE one by the histogram constraint on a predeter-
mined value found before calculating the distribution
function. It has two key parameters: block size and
histogram restriction level.

In the proposed virtual chromoendoscopy method,
the following CLAHE implementation is used.

The original image is divided into non-overlapping
blocks. Then each block is processed separately.

Step 1. A luminance histogram of the block is

formed and a restriction level N¢|_ is determined:
NeL = I\IclipNavgv
e Ngjjp — coefficient;

Navg =(erNry )/Ngray
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where Ny, Ny, — the number of pixels horizontally

and vertically, respectively; Ngrpy — the number of

brightness levels in the analyzed fragment.

If the number Ny, (i) of block pixels in the
brightness histogram, which have a brightness level
i, is greater than N¢ , the excess pixels are removed

from this level and redistributed to other levels of the
histogram.

Step 2. Limitation of the luminance histogram. This
step is represented by pseudo code, in which NdZ is

the total number of pixels to be distributed;
Hreg_d (i) is the number of pixels with the i-th level of
brightness in the limited brightness histogram:
Nei; =0;
fori=0, ..., Ngray -1
if Hreg (I) > NCL then
Hreg cl (i)=Ncy;
Her, =Her, +Hreg (i)~ Ncy;
end if
end for;

Havg gray = Hely /Ngray;
fori=0, ..., Ngray -1
if Hyeg (i) <(NcL — Havg_gray ) then
Hreg_cl (i)=NcL + Havg_gray:
Her, =Her, —Havg_gray:
else if Hyeq (i) < Ngy_ then
Hreg_cl (i)=Ncy;
Hely = Hely =N +Hieg (D)
end if
end for;

Step 3. The remaining after the step 2 pixels of a
number of Hg,  are iteratively redistributed accord-

ing to the brightness levels. The pseudo code corre-

a

sponding to this procedure is:
while N¢y >0
fori=0, ..., Ngray -1
if Hreg_cl (I) < NCL then
Hreg_cl(i): |"reg_cl(i)Jrl;
Hely, =Hel, -1
end if end for end while;

Step 4. Transformation of the cumulative distri-
bution function of the limited brightness histogram
of the block being processed according to the HE
histogram equalization algorithm.

After processing all the blocks, bilinear interpo-
lation is used to eliminate the boundary effect.

The results of the experiment. Experimental
verification of the proposed method was carried out
using our own database of colposcopic images (more
than 100) and the open Kvasir endoscopic image da-
tabase [15]. The Kvasir data set consists of 4000 im-
ages with different resolutions from 720 x 576 to
1920 x 1072 pixels.

The images are divided into eight classes repre-
senting different cases of pathology. The expressed
representativeness of the original images (several
types of endoscopic examinations and pathologies,
various types of sensors with the help of which im-
ages were obtained, as well as several resolution op-
tions) made it possible to carry out an in-depth study
of the proposed method, to evaluate its effectiveness
under different conditions. Examples of image pro-
cessing using the proposed method are shown in
comparison with the results of tri-scan, FICE and i-
scan processing in Fig. 2—4 respectively.

To assess the image quality enhancement is used
the Focus Value (FV) metric [16], representing the ra-
tio of discrete-cosine transformations corresponding to
the energy of the constant component and the energy
of the other components of the image.

Fig. 2. Image processing by algorism tri-scan and proposed algorism:
a —the original image; b — the result of processing by tri-scan algorithm; ¢ — the result of processing by the proposed algorithm
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Fig. 3. Image processing by algorism FICE and proposed algorism:
a — the original image; b — the result of processing by FICE algorithm; ¢ — the result of processing by the proposed algorithm

Fig. 4. Image processing by algorism i-scan and proposed algorism:
a —the original image; b — the result of processing by i-scan algorithm; ¢ — the result of processing by the proposed algorithm

Conclusion. The table below shows the results of
the FV metric calculation, averaged for various classes
of endoscopic images. According to the obtained esti-
mates it can be concluded that in all classes of images
with different diagnoses from the Kvasir database, as
well as on all images of the colposcopic image data-
base, the FV metric obtained after the application of the
described algorithm increases at least twice in compari-
son with the original image.

Experiments show that the proposed method im-
plements:

— Correction of image brightness, providing the
ability to obtain the required visual information from
both very dark and overexposed fragments;

— Sharpening the image, emphasizing small de-
tails and vessels.

The expert evaluation of images obtained shows
that the visual effect of the proposed method exceeds
the result of tone correction using tri-scan, and also
corresponds to or in some cases exceeds the visual

FV
Type of pathology Image
Original Processed
Esophagitis 0.015 0.043
Dyed lifted polyps 0.031 0.069
Dyed resection margins 0.033 0.072
Normal seccum 0.025 0.067
Normal pylorus 0.014 0.043
Normal z-line 0.015 0.042
Polyps 0.025 0.059

effect of proprietary virtual endoscopy technologies
i-scan and FICE.
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KOPOTKOBOJ/IHOBAA PAAVNONOKALNA
B CUCTEME MOHUTOPUHIA NMPUBPEXHbIX AKBATOPUIA

AHHOTauuA

BeedeHue. CospemeHHbIl n0dxo0 K obecneyeHuo Heobxo0UuMO020 KaYecmea MOPCKoU 0eamesnbHOCMU, C8A30HHbIU €
oyeHkol mekyweli UHPopMayuu 0 cOCMOSAHUU oKeaHu4yeckol cpedsl 8 Poccuu, 8HO HedocmamoyeH. YKa3aHHbIU
nodxo0 onpedensiemcs pazsumuemM oNepamugHsix Memooos U UHCMpPyMeHmMapusa Haba00eHus, a makxie oyeHKol
COCMOSAHUS 0KeaHa U e20 Npo2Ho3a. [TosmomMy pazeumue KOHYenyuu, UHCMpymMeHmapus U paspabomka memodoe
nosy4yeHus 0aHHbIX A8/19emcs akmyansHoU 3adaqell CMaHoeneHUA onepamueHol OKeaHoz2pauu.

Llenb pabomel. PaccMompeHue KoOHYenyuu MOHUMOPUH2a MOPCKOU NogepxHoOCMuU C UCN0/Ab3080HUEM KOPOMKO-
80/1H080U PAdUOAOKAYUU NOBEPXHOCMHOU BO/HBI.

Memodel u mamepuanel. [lpedcmasneH PAG KOHKPEMHbIX OKeAHO102U4eCKUX NpUuMepos, mpebyrowux onepamus-
HO020 MOHUMOPUH2a COCMOSIHUA NPUbpexcHbIX 800 MUPOBO20 OKEaHA U 0moesbHbIX peauoHos. OnucaHsl Habo-
damesibHble cucmemsl, UCno/ab3yemsie 8 Opyaux cmpaHax. Ocoboe BHUMAHUE yOesneHo pa3sumuto paduonoKayUOH-
HO20 30HOUPOBAHUSA NOBEPXHOCMHbIX 800, NP08OOUMO20 8 Hawell cmpaHe 3nu300udecku. Pe3oHaHCHele ompaice-
HUS N0380/1410M NOAy4aMb KOPMbl 86ICOKOMOYHbIX U3MepeHUli N0BePXHOCMHbIX meYyeHull U XapaKkmepucmuk o/-
HeHus Ha 60/6wWol naowadu 8 peassHoM Macwimabe spemeHuU. OmmedeHsl mpyoHOCMU nposedeHus 3Kcnepu-
MeHmo8 U UHmMepnpemayuu pe3y/iLmamos, 8sideseHsl 80NPOCL], mpebyroujue 0cob020 8HUMAHUSA 0418 CO30aHUA
o0nepamugHoO20 MOHUMOPUH2a MOPCKOU NosepxHOCMU, U Memodsi ux peweHus. Coopmyaupo8aHa 0CHOBHAA 3a0a-
4a Npo2HO3a NApPAMEMpPO8 MUPOBO20 OKeaHa C Ye/bro obecneyeHus 6e30nacHOCMU MOPCKO20 mMpPaHcnopma om
NpUPOOHLIX U AHMPONO2EHHBbIX Y2P03, G MAKX*e peweHUsa 300a4 3PPekmusH020 NpupoO0N0A6308AHUS.
Pe3ynbmamel. [10Ka3aHO, 4MO ONMUMA/ILHEIM CPEGCMBOM NOAyYeHUS HAMYpPHbLIX OGHHbIX CIyXUMm co30aHuUe Habto-
oamensHOU cemu U3 NPUbPeXCHbIX KOPOMKOBOIHOBbIX PAGUO/OKAMOPOS, N0380/50Well OYeHUBAMb N08epPXHOCMHble
meyeHus U XapakmepucmuKu 80/IHEHUS, O MAKXE 8 Yes0M pewams 3a0a4y MOHUMOpPUH2a. OmMMeYeHo, Ymo 8AHKHbLIM
1emMeHmMoM A813emca pa3pabomka adekeamHoU npubpexcHol MoOeau U COomHeceHUe ee NapamMempos C IKcnepumeH-
manbHeIMU OaHHLIMU. HeadeksamHocme @uaudeckux modeseli KOHKPemHbIM NpUPOOHLIM YCI108UAM Npeodo/ieeaemcs
a0anmMueHsIM MOOeUPOBAHUEM U MOHUMOPUH20M C NOMOUW,bIO COBPEMEHHbIX MEXHUYECKUX Cpedcms.

3akaryeHue. AcCumunupysce 8 Mooessax 2uOPOOUHAMUKU U BONHEHUS, 3mMu OaHHble CMAaHO8AMCA NPUMEHUMbIMU
npu npocMpaHcMeeHHOM KapmuposaHUU 2Udpopu3udeckux HeodHopodHocmell BOOHO20 C/105, CKOPOCMU 38yKa U
Nno080AHbLIX aKYyCMUYECKUX WyMOo8.

KnioueBble C/I0Ba: MOHUTOPUHT NPUBPEXHbIX 30H MUPOBOro OKeaHa, KOPOTKOBOHOBAs PaAMOoI0KaLWs, Mop-
CKOe BOJIHEHME, NPOrHO3 3KCNepPUMEHTaIbHbIX AAHHbIX, ONepaTBHas okeaHorpadus
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HIGH-FREQUENCY RADAR FOR COASTAL AREAS MONITORING

Abstract

Introduction. The modern approach for ensuring marine activities of necessary quality related to the assessment of
current information on the state of the ocean environment in Russia is clearly insufficient. The development of opera-
tional methods and instruments of observation, as well as the assessment of the state of the ocean and its forecast
naturally determine such an approach. Therefore, the development of the concept, tools and methods of obtaining
data is an urgent task of the operational Oceanography formation.

Objective. The objective of the paper is to con-sider the concept of ocean surface monitoring using short-wave surface
wave radar.

Methods and materials. The paper presents a number of specific Oceanologic examples that require operational monitor-
ing of the state of coastal waters of the oceans and individual regions. Also, it describes observational systems used in other
countries. The paper pays special attention for the development of radar sensing of surface waters, carried out in our coun-
try occasionally. The resonant nature of the reflections gives the opportunity to obtain maps of high-precision measure-
ments of surface currents and wave characteristics on the long-range area in real time. The paper notes difficulties of the
experiments implementation and the results interpretation, shows the insistent issues for the establishment of the ocean
surface operational monitoring, and gives the approaches for solvation of the existing problems. The paper formulates the
main task of the world ocean parameters forecast for ensuring of the sea transport safety from natural and anthropogenic
threats, as well as formulates the problems solution of effective nature management.

Results. The paper shows that the optimal means of natural data acquisition is the creation of an observation net-
work of coastal HF radars, which enables to assess surface currents and wave characteristics, as well as to solve the
problem of monitoring. It is Important to develop an adequate coastal model and correlate its parameters with exper-
imental data. The adaptive modeling and monitoring by modern technical means can overcome inadequacy of physi-
cal models to specific natural conditions can.

Conclusion. By assimilation in hydrodynamic and wave models, these data become applicable in spatial mapping of
hydrophysical inhomogeneities of the water layer, sound velocity, and underwater acoustic noise.

Key words: monitoring of coastal zones of the oceans, shortwave radar, sea waves, experimental data forecast,
operational oceanography

For citation: Veremyev V. I., Kovalenko V. V., Kutuzov V. M., Plotnitskaya K. S., Telegin V. A. High-Frequency Ra-
dar for Coastal Areas Monitoring. Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 2,
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BBenenme. BceiencrBue 0COOEHHOCTER CBOETO
reorpau4eckoro MOJIOKEHUsI MPUOPEKHbIE aKBaTO-
PUH U JUTOpajbHbIE OOJACTH OKEaHa OTHOCHUTEIHHO
OOJIBIIION PecypCHOW TOCTYITHOCTH CBSI3aHBI C HHTCH-
CHBHOI MOPCKOM A€ATENTbHOCTBIO pa3iuyHOro Buga. K
HEeil clielyeT OTHECTH BOIPOCHI OE30MacHOCTH OT
MPUPOAHBIX M aHTPOIOTEHHBIX YTPO3, TIPHPOIOIOIB-
30BaHHE U MOPCKOH TPAHCIIOPT.

Hnsa obecrniedeHusi HEOOXOIMMOrO KavdecTBa YKa-
3aHHBIX BUJIOB MOPCKOW JEATEIBHOCTH yCPEAHEHHBIX
(KIMMaTHYECKUX) JaHHBIX HEIOCTATOYHO; HEOOXOIH-
Ma OLIeHKa TeKyIlei nH(OPMAaIIUK O COCTOSHUU OKea-
HUYECKOH cpenbl. ITO TpeOyeT pa3BUTHA OIepaTHB-
HBIX METOIOB M MHCTPYMEHTApHs HAOIIONCHNUS, OIICH-
K{ M TIPOTHO3a COCTOSTHHSI OKeaHa, Ha3bIBAEMBIX OITe-
paruBHOIi okeanorpadueii [1]-[5].

XapakTepHBIM TIPAMEPOM JHTOPAIBHBIX 00Ja-
CTell OKeaHa, pacCMaTpUBaeMbIX B paboTax IO orme-
paTUBHOH OKeaHOTpaduH, MOTYT CIYKHTh PETHOHBI
BapenmieBa Mopst u menbsdos Hopexxckoro mops.
Mm, Kak U JauTOpanbHBIM 30HaM MHpOBOIO OKeaHa,
TpHCYIa CWIbHAS TPOCTPAHCTBEHHAS W BPEMEHHAS
W3MEHYMBOCTh CBOWCTB OKEaHHMUYECKOM CpEIbl, BKIIO-
Yasi TeUCHUs W BONHEHHE MOps.. VX M3MEHYHMBOCTH B
3HAUYUTEIHHOW CTENCHH XapaKTepU3yeTcs HaludueMm
IpoecCoB u SIBJICHUM MaJbIX MaCI_HTa6OB, B 4aCTHO-
cTH 00pa3oBaHHEM CyOMe30MacHITa0HBIX BUXPEBBIX
CTPYKTYp ¥ MeaHapoB [6].

K oTnnuutensHBIM CBOWMCTBaM MENKOBOJHBIX 00-
JlacTei OTHOCST: BBIPAKCHHYIO TMHAMUKY CBOOOIHOI

D by A wa
S e 0 e sk e st

Coge fREr—
Puc. 1. KapTa PacnojioKEHUA CUCTEMBI OIIEPATHUBHOI'O
MOHHUTOpHHTa NpuOpexHbIX akBatopun CIIA
C HCroJIb30BaHNeM KopoTkoBotHOBoH (KB) pagnonoxarnun
Fig. 1. Location map of the US coastal operational monitoring
system using short-wave radar

MOBEPXHOCTH, BEPTHKAIBHOE MEepeMEIINBaHNe, MpPH-
JIMB W MPWINBHOE MEPEMEIINBAHUE, PAa3BUTOC BOJHE-
HHe. B 3TUX yCIOBUSX OCHOBHAS 3a]1a9a MOHUTOPHHTA
(opMyIHEpyeTcsl KaK HEMpepBHIBHOE TEKyIee OICHH-
BaHWE B PEAIbHOM BPEMEHU M MPOTHO3 OKCAHOJOTH-
YEeCKUX CBOWCTB BOMHOTO cJos. TpeOoBaHus, Mpemb-
SBJIIEMBIC K YKa3aHHBIM CHCTEMaM, IOAPa3yMEBAIOT
HCIIONB30BaHIE KOMIDIEKCHBIX CPEACTB CheMa HaTyp-
HBIX JJAHHBIX, CIICIUPUISCKUX TPUOPEKHBIX MOJICIICH
Y THOKUX aJaNTUBHBIX MPOIEAYP HACTPOUKU M COOT-
HECEHHS MOJeJIeH 1 9KCIIEPUMEHTAIBHBIX JaHHBIX [6].

Cpenu xapakTepHBIX U ONEPATUBHON OKEaHO-
rpaduu CPEiCTB PealbHO-BPEMEHHOTO M3MEPEHUS U
CheMa JIaHHBIX 00 OKEaHWYEeCKOW cpeme 3aMeTHOE
MECTO 3aHSUIM paauoiiokannonHbie cucteMsl (PJIC),
IKCIUTyaTHpyromme 3hQPEeKT TaTbHEero pacmpocTpa-
HEHHS BOJH BIOJb TIOBEPXHOCTH MOPSI IIPH HACTHIIb-
HOM TIPUITIOBEPXHOCTHOM 30HIUPOBAHHH U A(PHEKTHI
B3aUMOJICHCTBUS MO 30HIUPYIOIIUX CHTHAJIOB C
HEPOBHOCTSAMH MOBepXHOCTH. bonee Toro, paauosno-
Kalsl — 3TO €AWHCTBEHHBIH WHCTPYMEHT, CIIOCO0-
HBI TMOKPHITh MPAKTUUECKH HETPEPHIBHBIMU H3Me-
penusiMu  iprOpexubie paiionsl [1]-[3]. K xpurnue-
ckuM xapaktepuctukaMm PJIC oTHocATCS KayecTBO
YKa3aHHBIX U3MEPEHHH, BOBMOKHOCTH X 00pabOTKH
MNPUMCHACMBIMU MOJCIIAMU U COOTBETCTBUEC MOCIICA-
HUX HM3MEHYMBOCTH HPUOPEKHBIX PaiioHOB, MO3BO-
JSA0NIee ¢ HEOOXOMUMOW TOYHOCTHIO OTOOpaKaTh
MOBEPXHOCTHBIC U MOATOBEPXHOCTHBIC MPOLCCCHI C
HEOOXOMMBIM pa3pelicHUEM.

Puc. 2. TIpumep BOCCTaHOBJICHHOW CTPYKTYPBI BO3MYIICHUI
Mopckoii moBepxHocTu y nodepexbs CLIA o gaHHbIM
KB-paanonokarun
Fig. 2. Example of the restoration structure of the sea surface
perturbations of the US coast according to the short-wave radar
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B Hactosimiee BpeMs yKa3aHHBIMHM XapaKTepu-
CTHKaMH OOJIaJAIOT CUCTEMBI KOPOTKOBOJIHOBOH pa-
JUOJIOKALUY, IIUPOKO MPUMEHSEMbIE B MHUpPE JUI
pelIeHus 3a/lau ONepaTHBHOM okeaHorpaduu. B ka-
4yecTBe MpUMepa Ha puc. 1 u 2 mpencTaBieHa KapTa
PacTONIOKEHHsI CUCTEM OINEPAaTHUBHOIO MOHUTOPHHIA
MpUOPEKHON 30HBI MUPOBOTO OKEaHa Ha TEPPUTOPHH
CIIA wu pe3ynabTaTbl BOCCTAHOBIEHUSI MOPCKUX BO3-
MyHLIEHUIl B 3TOIl 30He, MONydEHHBIE B pE3yIbTaTe
pannoIoKanMoHHOro MoHUTOpHUHTa [4], [5].

I[puHIMIBI N0JyYeHHs] JAHHBIX 0 BO3MYIIEHHSIX
MOPCKOil IOBEPXHOCTH KOPOTKOBOJHOBOM pafmo-
Jokanueil U MHGOPMATHMBHOCTH 3THUX JAaHHBIX.
B pacmpocTpaneHin KOpoTKux paanoBoiH (3...30 MI )
pa3iIMyaloT JBa MeXaHW3Ma: MOBEPXHOCTHAs BOJHA
3a cueT MU(pPaKIU HA TOBEPXHOCTH 3EMIIH U TPO-
CTpaHCTBCHHAsl BOJHA IpU HOHOC(hepHOH pedpak-
muu. B PJIC MoHHMTOpHHra HaIBOTHOW OOCTaHOBKU
HCTIONIB3YIOTCSI 00a THIIA PaCIPOCTPaHCHHUS, OJHAKO
IIPY JIOKAIIMH MOPCKOHM MOBEPXHOCTH C IIEJIbIO MOINY-
YeHHs JAHHBIX O €€ BO3MYILEHHUSIX HCIOJb3YIOTCS
tonbko PJIC ¢ moBEepXHOCTHBIM THIIOM paclpocTpa-
HeHus BosH. Ilpu sToM naneHOCTh AeictBus PJIC
nmocturaet 300...400 xm.

Hcnonp3oBaHne KOPOTKOBOJIHOBOM PaIAOJIOKALIAN
HOBCpXHOCTHOﬁ BOJIHBI TO3BOJIACT MOJIY4YaTh B peajib-
HOM MacmTabe BpeMeHH HH(GOPMAITHIO O HAJIBOIHOM
CYHOXOIICTBE, JIEIOBOI 0OCTAHOBKE W METCOYCIOBHSX,
B TOM YHCJIC ONPEACIATH KPOMKY U NUHAMHKY JICIO-
BOIO MOKPOBA, XapPaKTEPUCTUKHU HPUBOAHOIO BETpa,
CTETIEHb BOJIHEHUS MOpPS U TeueHui. B uucno oueHu-
Bac€MbIX FI/I}IPO(I)I/ISI/I‘ICCKI/IX U METCOPOJIOTNICCKUX
MapaMeTpoB BXOIAT HaIllpaBJlIeHUE U CHUJia BETpa y Io-
BEPXHOCTH MOps, HAllpaBJIECHUE PACIpPOCTPAHEHUS U
CpeIHsis BBICOTAa BOJIH, CKOPOCTh M HAIIpaBJICHUE II0-
BEPXHOCTHBIX TEUEHHH.

B 3agadax omeHHBaHUS THAPOPUIUICCKUX XapaK-
TEpUCTHK BOIHOTO CJIOS M T'€HEPHPYEMOIo IOBEepX-
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Puc. 3. XapaxTepHblii IOMIEPOBCKHIA CIIEKTP OTPAKSHUI
0T MOpPCKOii moBepxHocTy B KB-nuana3zone paanoBosH
Fig. 3. Typical Doppler spectrum of reflections
from the sea surface in the short-wave range of radio waves
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HOCTBIO MOpS U CYIOXOACTBOM IOJBOIHBIX aKyCTHYe-
CKHUX IIYMOB 3TH JaHHbIe — BXoAHbIE. OHHU ke OynyT
MPOMEKYTOUHBIMU JUIS psiia APYTHX 3a7au.

Ha puc. 3 mpencraBneH MomenbHBIA CIIEKTP OT-
pakeHUH OT MOpPCKOM NoBepxHOCTH. V3ydeHue mo-
JOOHOTO CIEKTpa MoKa3ayio [2], 4To 4aCTOTHBIE KOM-
MIOHEHTBI, COOTBETCTBYIOIIME Y3KUM IIMKaM CIEKTpa

BONMM3M yactotel bperra pr (Fom =f / pr :il)

(puc. 3, C), o0yCIOBIICHBI TaK HA3bIBAEMBIMU OTpa-
’KCHUSIMH TIEPBOTO MOPSAKA. DTH KOMIIOHEHTEI COOT-
BETCTBYIOT PaCcCEMBAaHHIO PAJUOU3ITYYEHHS C JUTHHOM
BOJHBI A BO3MYIIEHHMSMH MOPCKOW ITOBEPXHOCTH
(BoHaMM) C TPOCTPAHCTBEHHON MPOTSKEHHOCTHIO
Mexay TpebHsMu A/2. OTpaxeHus: ot rpeOHel Ta-
KUX BO3MYILCHUH UMEIOT Pa3HOCTh X0OIa, PaBHYIO A,
U TO3TOMY CYMMUpYIOTCsl cuH(a3Ho. YacToTa bper-
ra, OHa e JIOIJIEPOBCKOE CMelleHue 4acToThl f,
OIIpe/IeIIAeTCs BEIpaKEHHEM

pr = i«yg/(nk),

re g — yCKOpeHHe CBOOOIHOTO T1aIeHHS.
Cocrapisronye CIeKTpa, MOPOKACHHBIE BO3MY-
[ICHUSIMH MOPCKOW TOBepXHOCTH (puc. 3, 2), 00y-
CJIOBJIEHBI OTpa)XEHHMSMH BTOpOro mnopsika. Harmpu-
Mep, 3TOMY COOTBETCTBYET CHTHAJ, OOpa3OBaHHBIHN
MIOCJIEIOBATENIbHBIM OTPAKEHHEM OT COBOKYIHOCTEH
MOPCKHX BO3MYIIEHHI pa3HOM MPOTSKEHHOCTH, 00ec-
TICYMBAFOIINX OOIIYO PAa3HOCTh X0/a, OJTH3KYIO K A.
Pe3onaHCHBIN XapakTep B3aUMOJECICTBUS paauo-
BOJIH ¥ BO3MYIIEHHOH MMOBEPXHOCTH MOPS MO3BOJISET
CBSI3aTh OCHOBHBIE MapaMeTphl YKa3aHHBIX BO3MY-
MIEHUH C TapamMeTpaMH CIIEKTpa OTPaXEHHOTO MO-
peMm curHana. @u3ndyeckoi OCHOBOH AT pa3paboTKH
METOJIOB OIPEAENIEHHsI COCTOSHHUSI MOPCKOW HOBEpX-
HOCTH CIIYXXHT TEOPHs PacCestHUsI KOPOTKHX paguo-
BOJIH Ha B3BOJIHOBAaHHON MOPCKOM MOBEPXHOCTH [2].
Teopust B3aMMOIEHCTBHS PAIMOBOIH U MOPCKHX
BO3MYILEHUH IIEPBOIO MOPs/IKA ONUCHIBAET IPUPOAY U
MH(POPMAIIMOHHYIO COIEPKaTeIbHOCTh ITHKOB B JO-
TUIEPOBCKOM CIIEKTPE OTPaKEHHOTO MOpPEM CHTHasa
(OperToBCKMX MITH HOTUIEPOBCKUX COCTABIIIONIHX).
CoOoTHOIIICHNE aMIUTUTYX 3THX JIMHHUHA 11 "TIpH-
ommkaromuxcst” ¥ "yrajsromuxcs” BoO3MyIeHnH (Ha

yactoTtax F,

HHPOPMAIIHIO O TEHEPAITEHOM HAIPaBICHUH PACIIPO-
CTPAHCHUS MOPCKHMX BO3MYIICHHN W BeTpa y IIO-
BEPXHOCTH MOpPS OTHOCHUTEIBHO yIa BU3UPOBAHUS.
Kak mokazamm sKCIeprMEHTANBHBIE HCCIICIOBAHUS,
[IMpUHa OperroBckux cocrapisommx (puc. 3, G)

m=-1 1 +1) (puc. 3, 4) comepxkur
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COZIEPKUT UH(POPMALIUIO O CKOPOCTU BETpa, BO3Jeii-
CTBYIOIIIETO Ha MOPCKYIO IMOBepXxHOCTh. MHpopma-
U O CMEIICHUH ATHUX COCTAaBILIIOMIMX IO YacTOTe
(puc. 3, B) cnyuT OCHOBOW JAJIs OLCHHBAHHUS KOM-
MIOHEHT ¥ BEKTOPOB CKOPOCTH MOBEPXHOCTHBIX TeUe-
HUH (HAIpaBICHUHA W CKOPOCTH B KXKIIOM DIIEMEHTE
MPOCTPAHCTBEHHOTO Pa3peIlcHus]).

Teopust pe30HAHCHOTO B3aMMOJAEUCTBUSI BTOPOTO
MOPSIIKA ONKCHIBACT KOHTUHYAIBHYIO COCTaBIISIO-
LIyI0 JOIUIEPOBCKOTO CHEKTpa PACCESIHHOTO MOpEM
CUrHajma. OJTOT CHEKTP COACPKUT HH(MOPMAIHIO O
MOpCKOM BonHeHuH. Orubaromas CIeKTpa cipasa U
cieBa OT OperroBckux uHui (puc. 3, E) onuchBaeT
CKAJLIPHBIA CIIEKTP MOPCKOTO BOJIHEHFS, U3 KOTOPOTO
BBIICIISIIOTCSI TIapaMeTPhl TOMUHHPYIOIIECH [UTHHBI MOpP-
CKOIi BOJTHBI M OLICHKA €€ CPEHEi BhICOThI (puc. 3, F).
[Ipu Hanmauy 36101 B CKAJSIPHOM CIIEKTPE MOPCKOTO
BOJIHEHUS] BOBMOXHO OIpeJie/IeHHe HE TOIBKO JIHHBI
BOJIHBI, HO W €€ HampapleHus. JJis TodydeHus
000OIIEHHOM OICHKH CPEIHEH BBICOTHI MOPCKUX BOJIH
WM CTEIICHU BOJHEHUS UCIOJNIB3yeTCs COOTHOIIECHHE
IUTIOIIAIeH, 3aKIFOYEHHBIX IO OTHOAIOIMMU CITEK-

TPOB BTOPOTO M TIepBOro nopsiakos (puc. 3, D/C).

Kak mokasaim skcriepUMeHTaJIbHBIE HCCIIEZIOBAHMUS,
JUTSL TTOTYYEHUS JOCTOBEPHON THIPOMH3HICCKOH U Me-
TEOPOJIOTHIECKON NH()OPMAIINH U3 PACCESTHHOTO MOPEM
curHana TpeOyeTcsl YCpeJHEHHE Pe3yIbTaToB HECKONb-
KUX 30HJUPOBAHMI M yUeT MOMEX Pa3INgHOTO IIPOHC-
XOK/IeHHsL. BBIIOJIHEHHBIE TEOpETHYECKUE pacueThl [2]
000CHOBBIBAIOT HEOOXOAUMOCTh 9—15 HEe3aBUCHUMBIX
30HAMPOBAHUI MOpPCKOM moBepxHOCTH. CrexTpalib-
HBIE M CTAaTUCTHYECKHE CBOWMCTBA OTPAXKEHUI OT MOP-
ckoil moBepxHocth B KB-nmamazone k HacTosemy
BPEMEHH JTOCTATOYHO XOPOIIIO UCCIeA0BaHbI [3].

Crenmudeckuii xapakTep CIeKTpa OTpaKeHHO-
TO MOPEM CHTHaja MO3BOJSIET TOCTaTOYHO HAIlEKHO
(uKCHpOBaTh TPaHUIBI THUMA "3eMisi—-Mope" 1 "nen—
Mope". Ha ocHoBaHMM 3TOi WHGOpMANUU Ompese-
JISTFOTCSL TPAHULIBI JICAOBBIX ITOJIEH, 0OHAPYKHBAIOTCSI
U COIPOBOXKIAIOTCSI OTACTBHBIC JILAWHBI M alcOepru
Ha OOJIBIINX AWCTAHIWSIX. V3MepeHue CKOpOCTH HX
nperia BOZMOXKHO ¢ TOYHOCTBHIO JIO €IWHUI] CaHTH-
METPOB B CEKYHIY.

[Ipumep peaspbHOTO MPOCTPAHCTBEHHO-YACTOT-
HOTI'O CHEKTPa OTPaKEHUM OT MOPCKON IIOBEPXHOCTH
S(Fom: d) (d — HOMep omemenTa paspewenus 1o

nanpHOCTH) Tpu KB-paguvosokanuu NpUBEAEH Ha
puc. 4 [4]. Ha pucyske Ha ()OHE KOHTUHYAIBLHOU CO-
CTaBJIAFOLIEH BBIJEIICHBI JUCKPETHBIC 3JIEMEHTBI, CO-
OTBETCTBYIOIINE OTPAKECHUSM OT HAJBOAHBIX JIBUXKY-

Henoasuxubie 00bEKTHI

U TIPSIMbIE CUT'HAJIBI S
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Puc. 4. TlpumMep peabHOTO MPOCTPAHCTBEHHO-YACTOTHOTO
CIICKTpa OTpa)KEHI/Iﬁ oT M0pCKOI71 TIOBEPXHOCTHU
Fig. 4. An example of a real spatial-frequency spectrum
of reflections from the sea surface
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IIMXCA W HEMOJABMXXHBIX OOBEKTOB M OpPErroBCKUM
OTPaKEHUSAM OT BO3MYLIEHUI MOPCKOI MOBEPXHOCTH.

Oopadorka nannbix B KB-paguosioxanuu mop-
CKOii TMOBEPXHOCTH. B okeaHONMOrMM OCHOBHBIM
00BEKTOM M3MEPEHHH CITY)KaT TeUEHUs, MPUOPEIKHBIC
BUXPH, XapaKTEePUCTUKH MOPCKOTO BOJHEHHUs. Taroke
BO3MOXHO 3a()UKCHPOBATh MOJIOKEHHUE U MIepeMelle-
HHUE HaJBOIHBIX OOBEKTOB. BEeKTOpPHI TeUeHM, MOTy-
YEeHHbIE M0 PAJUOIOKAIIMOHHBIM JaHHBIM, PAacCUH-
THIBAIOTCA Ha 33JaHHOM MPOCTPAHCTBEHHOM CETKE C
(UKCUPOBaHHBIM paspemieHreM. Ha Oonpmux Imio-
magsax U3MEpSAOTCA paaruaibHbBIC KOMIIOHCHTBI CKO-
pOCTH TEUCHHH W/WIM KOMIIOHEHTHI CKOPOCTH, Xa-
paKkTepHBIe ISl OWCTAaTUYeCKOH (MYJIBTHCTATHYE-
CKOM) JIOKAIMU, KOTJIa U3y4areinb U MPUEMHUK pa3-
Hecenbl. Cuctemsl KB-pamguonokanum oGecrieunBa-
10T NOJIY4Y€HUE B PEaIbHOM BPEMEHH CUHONTHYECKON
KapTUHBI pacupeaciCHUA BEKTOPOB MNOBCPXHOCTHBIX
TeueHUH U MH(OPMAIUH O TIOBEPXHOCTHOM BOJIHE-
HUU. XapaKTepHBIA Teproji OOHOBJICHUS IaHHBIX B
N3BCCTHBIX CHUCTEMaxX COCTABJIACT ACCATKH MUHYT,
YTO OTYACTH COINIACOBAHO C MPUPOIHOW U3MEHUUBO-
CTBhIO0 OKEaHWYECKHUX MPOLIECCOB.

B GonbmmmHCTBE ciydaeB Ui ONpeieneHus] Bek-
TOPOB TEUECHHUI 00pa0aTHIBAIOTCS TAHHBIE O PajIHaib-
HBIX KOMIIOHEHTaX HX CKOpPOCTEH, MOJIYy4YEeHHBIE OT
IByX M Oonee craHumii (puc. 5). [lns MOBBIIICHUS
TOYHOCTH I/I3MepeHI/II71 HCTIOJIB3YIOTCA 6I/ICTaTI/I‘-IeCKI/IC
JIOKAIIUOHHBIE CUCTEMBI, B KOTOPBIX H3JIy4yaresld H
MIPUEMHHUKH Pa3HECEHbl HA PACCTOSHUS, COCTAaBJISIO-
LIMe CYIIECTBEHHYIO JONI0 JanbHOCTH jaevicTBusi KB
PJIC, 310 Takxke MO3BOJSET YBEJIUYUTH IMPOCTPAH-
ctBeHHOE TToKphITHE Ha 30...100 %.

JlanHble W3MEpEeHWH TMO3BOJSIIOT MOJyYaTh WH-
(pOpMaLH/IIO O MOBEPXHOCTHBIX TCUCHUAX, HO IIPU 3TOM
PE3YIbTAaThl U3MEPEHUA aMIUIMTYJIbl U U3MCHUYMBOCTDL
oueHok KB PJIC moryT comepkaTb CyIIE€CTBEHHBIE
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Puc. 5. CBs3p HanpaBJICHUSA ABUKCHUSA U NJOIIEPOBCKOTO

CMCIICHUA 4YaCTOThI 3XOCHUTHaJIa
Fig. 5. Relationship between driving direction and Doppler
frequency shift of the echo signal

OIINOKH, CPaBHUMBIC C W3MEPEHHBIMH 3HAYCHHSMIL
Jis  mipeofioyieHusT 3TOTO  3aTpydHEHHs 00padoTka
naaHaeix KB PJIC Bemercs 1mo poOacTHBIM alropuTMam
U BKIIIOYAET MPOLEAYpHl (QMIIBTPAIlA M WHTEPIOIS-
LM U3MEPEHUMN.

B Hanbonee pacnpocTpaHeHHOH CXeMe CETH MOHO-
CTaTHYECKUX CTAHIMHA SXOCHUTHAIBI COAEp)KaT HHQOp-
MAIIMI0 O PacCTOSHUH I, a3UMYTaIbHOM yIiie O U 0 J10-
IJIEPOBCKOM CJIBUTE€ fa. B cuny xoHeuHol paspera-

olield  COCOOHOCTH MO 3THM KOOpAMHATaM 00Ias
KapTHHA MPUHHMAEMBIX BCIIECICTBUE OPATTOBCKOTO pac-
CCAHUSI CHUIHAJIOB OKa3bIBACTCA CeFMeHTHpOBaHHOfI.
OXOCHTHAJIBl B KOHKPETHOM 3JIEMEHTE pa3pelieHus 10
JAJTHOCTH MHTETPUPYIOTCS Ha BpeMEHHOM HHTepBaie T
C TeM, 4ToOBI C(OPMUPOBATH AOIUICPOBCKUM CIIEKTD
(cMm. puc. 4). Pasmep storo snmementa B KB PJIC
cocrasiger 500...1500 M, mosTomMy B Ipolecce u3Me-
PEHUI YCPEIHSETCS CUTHANl OT COTEH TpeOHEH BOIH.
PaguanbHble  COCTaBISIIOIIME CKOPOCTEM — TeueHHH
OTIPEJICTISIFOTCS TI0 MaJIBIM JIOTUIEPOBCKUM C/IBUTaM Ha
OCHOBE MH(OpMAIIHH, COIEpIKaIleicsl B CUTHAJIAX dJie-
MEHTOB pa3pelieHusl 10 PacCTOSHHUIO OF W TO JOTUIe-
pOBCKOMY caBUTY. 13 NaHHBIX O pacCTOSHUU M JOILIE-
POBCKOM C/IBHT€ TIOIyYarOTCS 3HAYCHHME W 3HAK PaJii-
QIBHON CKOPOCTH U JTAIGHOCTb.

COBOKYMHOCTH 3HAUYEHUH, MTOJIyYEHHBIX Ha 4aco-
BOM HHTEpBaje, IMOKA3bIBAIOT 3HAYUTEIHHYIO MPO-
CTPAaHCTBCHHYI0 M BPEMEHHYIO W3MEHYMBOCTh H3-32

36

ME30MacCIITa0OHOM HM3MEHYHMBOCTH TEUYEHUM, H3MEH-
YHBOCTH BETPOBOM HArpy3KH U MPHIMBHBIX MPOLIEC-
coB. B KkauecTBE OLIGHKM KOMIIOHEHTOB CKOPOCTHU
OOBIYHO NMPUHUMAIOTCS CPEAHEKBAIPATHYHEIC 3HAYE-
HUS TIPHU yCpeIHEHUH 1o aHcamomo. V3 apyrux oco-
O6eHHOCTe 00paboTKU CleyeT OTMETUTh UCTIOJIB30-
BaHHE MPOIEAyp OTpaHUYEHHS BHIOPOCOB OIICHOK,
MPEBBIIAIONIMX PAa3yMHBIH Mpesen Mo CKOPOCTH Te-
YeHUH W yCTpaHCHUE WOHOC(EPHBIX HCKAKCHHUH U
KpPaTKOBPEMEHHBIX HMMITYJIbCHBIX IIOMEX, BIIMSIOLINX
Ha KOPPEKTHYIO OLICHKY JOIUICPOBCKOIO CIBUTA.

JI1st u3MepeHust CeKTpa MOPCKOTO BOJIHEHUS Tpe-
OyeTcst uHTerpupoBanue curHaia B Teaenre 50...100 c.
W3-3a anutenbHOro BpeMEHH HAKOIUICHHs Ipu oOpa-
0OTKEe CHTHANA B KQKIOM DJIEMEHTE Pa3pelleHHs II0
JTATBHOCTH HEOOXOIMMO OOBEIUHATH Pe3ybTaThl He-
CKOJIbKUX 30HaupoBaHuil. C y4eToM yKa3aHHOIO WH-
TepBajia MONYYUTh NPUEMIIEMBIM TeMI cheMa IIpo-
CTPAHCTBEHHBIX JAHHBIX BO3MOYKHO TOJIBKO IIPY Tapaji-
JIeNbHOM 00paboTKe CUrHana BO BCEX AIEMEHTaX pas-
peLIeHus 10 JaJbHOCTH U 0 YacTOTe.

Jns KB PJIC xapaktepHO mpUCYTCTBHE Ha BXOJIE
MPUEMHUKA T[OMEX, 3HAYUTEIbHO IPEBBIIIAIOIINX
YpOBEHBb €€ COOCTBEHHBIX mIyMoB. Cpemn 3THX MO-
MeX MO)KHO OTMETHTH arMoc(epHbIe, HHIYCTPHAIIb-
HBIE U TIOMEXH, CO3/aBacMble PATUOCTAHIMSIMU U
JIPYTUMH PaHOdIEKTPOHHBIMHU CPEICTBAMH.

B Oonpmeit yactn KB-nmamasona mpeBaiupyroT
COCPEIOTOUCHHBIC HA OTAENBHBIX YACTOTHBIX HHTEp-
Bajlax CIIEKTpa aKTUBHBIE ITOMEXH OT PAIUOCTAHLIMH.
W3mepenHblii nepenaj WHTEHCHUBHOCTU MEXIy HH-
TepBaJIaMH, 3aHSITHIMU COCPEAOTOYEHHBIMHU TIOMEXaMHU
M cBOOOIHBIMA OT HUX, goxoaut 70 80...100 nb. BuI-
00p /It paboThl CBOOOIHOTO YYacTKa CHEKTpa CHH-
*KaeT BIMSTHUE TTOMeEX.

Ocobennocru koncrpykuuii KB-paanosnoxaropa.
Kpome nuanazona pabo4yux 4acTOT BaXXHOW OCOOCH-
HocTblo KB-panuonokanuu sBISIOTCS KOHCTPYKLIUU
U XapakTepucTuku aHTeHHbIX cucteM. [Jng PJIC no-
BEPXHOCTHOM BOJHBI AaHTEHHAs CHCTEMa JOJDKHA
HAXOJUThCS BOJTM3U KPOMKH BOJIBI.

Cuctembl KB-paanonokamuu co3natorcs 100
Kak (hasupoBaHHBIC PELICTKH (IBE JIUHUM aHTCHH (TIe-
peIaomyX U NPUEMHBIX), YCTaHOBJICHHBIC BHOJL Oc-
pera), OO Kak pacrpesieNieHHble CHCTEMBI C OLIEHKOM
HarpasiieHuil. Pa3upoBaHHbIEC PEILETKU IIEPBOHAYAIIb-
HO OBUIM OJHOYACTOTHBIMH; HOBBIC HCIOJIB3YIOT He-
CKOJBbKO 4acToT. CHCTEMBI C OLEHKOW HarpaBJIeHHi
CODAR [7] xoH®bHTYypHpYIOTCS B pa3iHyHBIE 1O pa3-
petieHno (10 PacCcTOSHUIO) KOMOMHAIMU. DTO Bep-
CHUH, paccuuTaHHble Ha Oombiuue paccrosanus (1o 300
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KM OT Oepera), U BEpCHH C BBICOKHUM pPa3pelleHreM,
MIO3BOJISFOIINE CO31AaBATh U OOHOBIISTH KapTy ITOBEPX-
HOCTHBIX TeueHHi ¢ paspemeHueM 10 100 M Ha yme-
PEHHBIX PacCTOSHUSX.

O6nacte KB-paanosokanmioHHOTO HaOIIOICHHS
MOXET OBITh pacIIupeHa 3a CUYeT YCTaHOBKH JOIOJ-
HUTENbHBIX OUCTAaTUYECKUX NEepeAaTINKOB Ha BbIHE-
CeHHBIX B Mope Oysx. [lomyuenHas B pesynasrare 3i-
JUNTHYECKAsh KOOpPIWHATHAs cucTeMa 00ecreunBaeT
BOCCTaHOBJICHHE CKOPOCTH TEUEHHI BIOJNb THITEPOOIT
IpH pacIIMpEeHNH OONACTH TOKPHITUS IO BCEM
HamnpaBJeHUSAM C TOJYYCHHEM psilia IOMOJIHUTENb-
HBIX TpenMyIecTs [5].

[Iprumepom nHepoporoi peammzammu KB-PJIC mo-
BEpXHOCTHOW BOJHBI sBiIsieTcs crauuoHapHas PJIC
WERA (Tepmanus) [5], [8]. Ha puc. 6 npencraBieHs
anreHnas cucrema 31oit PJIC, a ma puc. 7 — cxema ee
TunoBoro pasmenieHus. B cocras PJIC Bxomar mepe-
Jlarolas aHTeHHas! cucTeMa [y, TpUeMHas aHTeHHAas

pemetka R, U G0k reHeparuy U 00pabOTKH CUTHATIOB

WERA. 3ta PJIC no3Bomnser m3MepsTh yKa3aHHBIC pa-
Hee XapaKTEPUCTHKH BO3MYIICHHH TTOBEPXHOCTH MOPS U
JIOITyCKaeT paHHee obHapykenwue myHamu [9], [10].

Hus PJIC cpaBHWTENBHO Majoil MOIIHOCTH (IO
100...500 BT) ¢ 16-3meMeHTHOMN pEIIeTKOM Mpenetb-

Puc. 6. Aurennas cucrema PJIC WERA
Fig. 6. WERA radar antenna system

=200m " <200 M

Puc. 7. Tunosas cxema pa3merienus PJIC WERA
Fig. 7. A typical layout of the radar WERA

Bemis

Has janmpHOCTH cocraBisieT 100...200 kM. Kak mpa-
BUJIO, BBI3BIBAET 3aTpyIHEHHs oOecrieueHHe XOpo-
e AIIEKTPOMATHUTHOW Pa3BSI3KH MEXIy Tepeaaro-
mel 1 npueMHoi noszunusmMu. [IlpuxomuTcs uckath
KOMIIPOMICC MEXKAY IJIMTEIFHOCTBIO HMITYIbCa (a
COOTBETCTBEHHO, U 3Hepretuxoi PJIC) u pazmepom
OmKHEW 30HBI. 3aada pa3HECCHUs TepeqaroNiei u
MIPUEMHOM ITO3UIIMI 3aKJIF0YaETCS B TOM, YTOOBI ITPH-
€MHBIE I[ENU HAXOIWINCh B JTUHEHHOM pexume. To-
I1a MO)KHO NMPUMEHUTh METOAbl KOMIIEHCALUMH Ips-
MOTO CHTHajla ¥ TEeM CaMbIM OO0ECIeUYUuTh 0030p
ONIDKHEW 30HBI B HENPEPHIBHOM PEXHUME U JallbHEH
30HBI B UMIIYJIbCHOM PEXHUME.

Hemnocpencreenno Ha mecre pasmemnienust PJIC
0 TEKYIIMM YCIIOBHSM MOTYT OBITH BBIOPAHBI IIEpPH-
O]l CIIEZIOBAaHMSI U CKBaXXHOCTh MMIIYJIBCOB, obecre-
yuBaroIue 0030p Beeit 30Hb1 oTBeTcTBeHHOCTH PJIC.

B KB PJIC HaxomuT NHpUMEHEHHE JUHEHHO-
9acTOTHO-MOMyMpoBaHHbeld  (JIUM) curnan. I[lpm
€ro HCHOJb30BAaHUU IOCTUIAETCS pa3Bsi3Ka MEXIY
CUTHaJIaMHM C pa3HoH 3a/iepkKKoi o yactore. OqHAKO
XOPOIIYIO Pa3BsA3Ky TPYAHO PEan30BaTh MPH MaJIbIX
WHAEKcax MoAyasuuu. [Ipu BelAeIeHUN ISl CUTHAJIA
JIOCTAaTOYHO MUPOKOU monockl, Hanpumep 100 k[,
WHJEKC MOMYJSIIUN Toiydaercs paBHbM 10, d9TO
MOXET CHUTATBCA AJOCTATOYHBIM.

IMpu nmpune cnektpa cursana 10 kI’ MUHIMAIB-
Hasl JUTUTENTLHOCTh UMITyITbca coctapisier 100 Mkc, mpu
MaKCHUMaJTbHOW 3ajiepkke | MC (COOTBETCTBYIOIIEH
JanbHOCTH 150 KM) mony4yaeTcs JOCTaTOYHO XOpOIast
CKB@KHOCTh curHana 10, mo3ToMy MOXKHO HCIIONB30-
BaTh WMITYIbCHBIA CHTHAJN, HOOABUB MOAYIIIHIO OT
HUMITYJIECA K UMITYJIBCY.

KomnpomuccHO-pasyMHBIMM ~ MOXKHO — CUMTaTh
clenyronme mapaMmeTpsl curaana: moioca 20 kI,
NEPUOJl CIEIOBAHUS UMITYIBCOB 1 MC, IITUTENBHOCTD
ummynsea 50...200 Mke, mmurensHOCTh curdana 100 c.
Uznyyaemass mOChUIKA COCTOMT W3 TMEPHOTUYESCKHX
HUMITYJIbCOB CO CIICIMANBHO MOMOOpaHHOH (a3oBor
MOJYIISAIIMEH, MUHIMH3HPYIOIEH OOKOBBIC JIETIECTKA
U BHETIOJIOCHOE M3Ty4eHHE.

K OCHOBHBIM OCOOCHHOCTSIM TPUEMOIICPEHAI0-
IIell ammapaTypsl OTHOCSATCS PsIMOE ITU(PPOBOE TIpe-
oOpa3oBaHue Ha Hecyllei yactore Bo Bcem KB-aua-
MazoHe, NPAMOM CHHTE3 30HAMPYIOLIETO CHrHala
¥ MHOTO3JIeMeHTHast 1ugposas perrerka [11].

Bpewms passepreiBanus PJIC onpenensiercs cko-
POCTBIO PACCTAHOBKU aHTCHHBIX JJIEMECHTOB U ITOJI-
KIIIOUYEHUS UX K IPUEMHUKY. [[1s1 cokpalieHus 3Toro
BPEMEHH IIeJIeCO00pa3HO 3aMEHHUTH KaOeNbHBIE CO-
eIMHEHHs] MEXIy aHTeHHaMmu u mporeccopom PJIC

37



Paavionokaums 1 pagnoHaBuraums
Radiolocation and radio navigation

Ha OecrnpoBOMHOW WHTepdeic s cOopa MaHHBIX,
Harpumep Ha ocHoBe cetu Wi-Fi, cHaOauB Kaxmbiid
aHTEHHBIA dSMeMeHT GPS-TpHEeMHUKOM U aBTOHOM-
HBIM TIHTAHHEM Ha OCHOBE COJHEYHBIX Oarapeil c
aKKyMyIsiTopaMu. Torga pasBepThIBaHue OymeT 3a-
KIIFOYaThCsl TOJMBKO B PACCTaHOBKE AHTECHHBIX Jlie-
MEHTOB Ha BBIOpAaHHOM ydacTKe Oepera. AHTEHHBIC
anementsl KB PJIC moxHO pa3memaTs Hemocpea-
CTBEHHO B OeperoBoii pacturenbHoCTH. [Ipu HeoOxo-
JIUMOCTH OTIEIIbHBIC aBTOHOMHBEIC AHTCHHBIC JJie-
MEHTBHI MO)KHO Pa3MECTHTh B MOpE Ha OyfX.

B xadectBe ycTpoiicTBa 00pabOTKH HUCTIONB3YeTCS
kommbtoTep ¢ cereBbiM Wi-Fi-o6opynoBanuem st
cOopa JaHHBIX OT aHTEHHBIX AJIEMEHTOB. TakuM oOpa-
30M, B coctaB PJIC BxonuT: mose mpueMHON aHTEeHHOU
PELICTKY, IIEHTP MpHEMa JaHHBIX OT €€ JJICMEHTOB U
(hopMupOBaTeNh CUTHANA, YCHINTEIH MOIIHOCTH, IIe-
penaromiast aHTeHHas CHCTEMa.

[lepenaromiass aHTeHHasi cHcTeMa JOJDKHA U3ITY-
9aTh CHTHAJ 110 a3UMYTY U IO YIIIy MECTa B CEKTOpeE,
obciyxxnBaeMoM PJIC, MHHUMU3UPYS H3ITydeHUE 10
JIPYTHM HaIllpaBIeHUsIM. AHTCHHA TOJDKHA MEPEKpPhI-
BaTh BECh MUanazoH paboumx dactotr. I[losromy, He-
CMOTpS Ha MIHPOKYIO JHarpaMMy HarpaBJICHHOCTH B
TOPU3OHTAILHON TUIOCKOCTH, MEPeAaroNias aHTCHHA
UMeeT cylecTBeHHble pasMmepsl. Cunre3 KB-cur-
HaJla ¢ 3aJaHHBIMU TTapaMeTpaMH Pean3yercs ¢ IMo-
MOIIBI0O MHOTOKaHAJIBHOTO IU(POAHATIOrOBOIO Mpeod-
pasoBatens CHHTE3aTopa CHrHaja. YCTaHoBKa (a3 u
AMIUTHTYA 10 KKIOMY KaHaJy MO3BOIIET c(HOpPMHpPO-
BaTh 3a[JaHHYIO AWarpaMMy HalpaBICHHOCTH Ha Tepe-
Jlady, aJaNTUBHYIO K TIOMEXOBOH 0OCTaHOBKE.

HHH CUHXPOHU3AIMU JOCTATOYHO TOYHOCTHU CHUT-
HaJoB, moctynaronmx or GPS-npuemuuka. B3aum-
HOE PACIONIOKCHUE aHTCHHBIX 3JIEMEHTOB (KOH(HTY-
panus IpUEeMHON PEIIeTKH) yTOUHSAETCS MO KOOpAH-
HaTaM, IOJTY9aeMBIM OT 3TOTO XKE IPUEMHHUKA.

[lepceKTUBHBIM HAIpaBICHHEM MOXET CTaTh
NPUMCHCHUEC KOPOTKOBOJIHOBBIX PAJAWOJIOKAIIMOHHBIX
KOMIIJIEKCOB € BBIHCCCHHBIM IPUEMOM, IMOCTPOCHHBIX
Mo MPUHIMITY OucTaTuueckoi korepeHtHoW PJIC, ¢
HCIIOJIb30BAHUEM CHTHAJIOB COOCTBEHHBIX U CTOPOH-
HUX HCTOYHHUKOB H3JIYYCHHUA IJIsI OCBCUICHUSA MOpP-
CcKoif 0b6cTanoBku [12].

CocrtaB cucreM onepaTuBHOll oxkeaHorpaduu.
B o0miem Buze cucteMbl ONEPaTHBHOTO MOHUTOPHH-
ra MOXXHO IPEACTABUTH COCTOAIIUMHU U3 TPEX KPYII-
HBIX YacTeu:

— HaOmoaaTeIbHOW ceTH, (PyHKIHS KOTOpOH —
TOJIYYCHUE HATYPHBIX JAHHBIX O COCTOSAHUUN OKCaHU-
YECKOW Cpelbl U O CBS3aHHOM C 3TUM COCTOSIHHEM
arMocdepHOM (OpCHHTE;
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Fig. 8. System of operational oceanography with elements

of adjustment (adaptation) of models and observation network

— (¢u3NYecKOl MOJENH, ONHCHIBAIOIICH H3MEH-
YUBOCTh OKEAaHHMYECKOW Cpeibl B MPOCTPAaHCTBE W
BpPEMEHH;

— MeXaHHM3Ma TIOJTOHKM HATypHBIX JAHHBIX M MO-
JeN (ACCUMUITSILHS TAHHBIX B MOJEX).

Ha puc. 8 mpuBeneH BO3MOXHBIN COCTaB CUCTEM
JUIs OIEepaTUBHON oOkeaHorpaguu ¢ 3NeMEHTaMU
HACTPOMKHM MAJI ajanTaldd JaHHBIX C MOJICIAMHU
HaOMIONATeNFHBIX TAPaMETPOB.

Bxon B cuctemy mpenctaBieH HaboOpaMu WIIH
MOJISIMU HATYypHBIX (M3MEPEHHBIX) AaHHBIX U JaHHBIX
0 BO3JICHCTBYIONMMX (hakTopax. BBIXOIOM CHCTEMBI
CTAaHOBATCS MOl OKEAHMYECKUX XapaKTePHUCTHK,
uHpOpMaNKs O KOTOPBIX BOCTpeOOBaHA B MPHUKIAM-
HBIX 3amadax (puc. 8). B paccmarpuBaemom cimydae
HaAOJIONIEHNS COCTOSIHUSI MOPCKOM MTOBEPXHOCTH MPO-
BOIIATCS B NpuOpexkHor 30He ¢ momonisio KB PJIC.
JlanHapIMU [T HAOMIONEHUH CITYKaT XapaKTePHCTHKH
MMOBEPXHOCTHBIX TEUEHUN M BOJHEHMs. BHemHue
BO3CHCTBUS — aTMOc(epHBbId (hopcuHr. MHCTpyMeHT
HaOJIOICHH, 0COOCHHOCTH MOJEIICH W UX HACTPOW-
KM TI07 (pM3UYECKHEe MPOIECChl, OCOOSHHOCTH acCH-
MUWISILIUK PaCCMOTPEHBI Jaiee.

OTMeTHM, 9TO CHCTEMBI HAOMIONEHNS JacTo Mpea-
CTaBISIOT cO00M 00cepBaTOpUH, BKIIIOYAIOIINE CETU
KB PJIC pa3nn4HpIXx 4aCTOTHBIX AMAINA30HOB, a TAKKE
OKEaHOJIOTMYECKHE CTaHIMM, METEOpOJIOTHYECKHIE
panaphbl, CTaHIMH TTOTOBI, U3MEPUTEH TIPHUITUBOB.

Mopnenn. Vcnons3yeMble ONepaTnBHON OKEaHO-
rpaduell MogenH MPUOPEKHBIX PAHOHOB OCHOBBIBA-
IOTCSI Ha CHCTEME YpaBHEHHH Teo()M3N4ecKod THi-
POAMHAMUKHU (MIPUMUTUBHBIX ypaBHeHUH). [Ipu aTom
MOZETH OJDKHBI aJIeKBaTHO BOCIIPOU3BOIMTE (HU3H-
Ky 3THX paiioHoB. K 0COOEHHOCTAM HpHOpEKHBIX
paiioHOB OTHOCST BIHSIHUE OEperoBod JIMHUHU, MEIl-
koBozbe (00byHO 110 200 M), CHIIbHBIE TEYEHUs
BI0JIb OEperoB M MPOCTPAHCTBEHHO-BPEMEHHYIO H3-
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MEHYHBOCTh OKEaHHMYECKHUX IIPOLIECCOB. YUHUTHIBASA
CHICTaHHBII aKIeHT Ha HAONIONEHIH TOBEPXHOCTHBIX
SIBTICHUH, B MOJICIIH BaYKHO y4YECTh BIHSHHUC (H3HUE-
CKUX ()aKTOpPOB Ha BOJHYIO MOBEpPXHOCTb. Monenu
XapaKTepu3ylTcs TIepeMEHHBIMU cocTossHUs (State
variables) — cBoiicTBaMu MOpPCKO#M Cpembl — W mapa-
Mmerpamu (parameters). K mepeMeHHBIM COCTOSHHSAM
OTHOCSTCSI TEMIIEPaTypa, COJIEHOCTh, KOMIIOHEHTHI
ckopocTH TedeHui. [lepedens n pusmyecknii cMbICT
napaMeTpoB HCHOJIB3YEMBIX AMHAMHUYECKHX OKEaHH-
YeCKMX MOJIENeH MOXXHO HaiTh, Hampumep, B [13].
3710 KO3 PULIUEHTHI, ONpEEIIOUe BEPTUKAIBHOE
W MIPUWIUBHOE NEepEeMEIINBaHNe, TPEHHUe y JTHa U Tpa-
HUYHBIE YCIOBHS. [lapaMeTprl SBISIOTCS PEryisTO-
paMH, UCIONB3Yysl KOTOphIE, MOAETbh HACTPAUBAIOT Ha
¢uznyeckue 0coOEHHOCTH KOHKPETHOW aKBaTOPHUH.
[IpruMEeHUTETFHO K YCIOBHSIM MEIKOBOIBS U, COOT-
BETCTBEHHO, K NMPUOPEKHOMY MOJCIHPOBAHHIO BBI-
nensitotesi [6] mapameTpsl, CBsI3aHHBIE ¢ OPHIOHHOM
30HOH, KOTOPBIE CIUTAIOTCSI OCHOBHBIM PETYIISITOPOM
aJIeKBaTHOCTH MPUOPEKHOM Moaen. ITo "Hampsike-
uue y qua” (bottom stress) u koadduIMeHTs TpeHUS
(bottom friction coefficients) B pasnuunbIx Hampas-
neHusx. OnpenensemMble 3TUMU TapaMeTpaMH Xapak-
TEPUCTHKH TPUJOHHBIX TEYEHHH BIIHMSIOT Ha OOLIYO
IMHAMUKY ¥ COCTOSIHUE BOJHBIX MAacC, B TOM YHCIIE
Ha MOBEPXHOCTHBIC TEUCHHUSI.

I'pannunble yCIOBUSI ONpENENSIOTCS U3 cooOpa-
JKEHUH OOIIHOCTH TMPOIIECCOB B OKEaHe W B TIPHOPEXK-
HOM aKkBaTopuM Kak ero yactu. IloaroMy Monenu npu-
OpEXHBIX PErHOHAJIBHBIX WM JIOKAIBHBIX aKBaTOPHUil
00buHO BKJIambBaroTcs (Nesting) B kpymHomaciira®-
Hbple Mozenu. I'paHuuHbIE YCIOBHUS B 3HAUMTEIILHOM
CTETICHN ONPEACIIIOTCS TIPOCTPAHCTBEHHON M3MEHYH-
BOCTEIO COCTOSTHHS OKEaHa M TIPOIIEIY PO BIIOYKCHHSL.

ACCUMUJISIASA HATYPHBIX TaHHBIX B MOJIEJISAX.
Crnenys [14], pasnnyaem ommbOku m3MepeHuii (pas-
HUIIA MKy U3MEPECHHBIMA M UCTHHHBIMU 3HAYCHU-
SIMH ), OIIIMOKH MOJICJNICH (CIEICTBHE HEaJIeKBaTHOCTH
omucaHus (U3MUYECKHX IIPOLECCOB) W OIMIMOKH-
HEBS3KHU (&) MEXIy U3MEPEHHBIMH M COOTBETCTBYIO-
HIAMH UM MOJEJbHBIMH 3HaYeHHsAMH. OnmoOku-
HEBS3KH BKJIIOYAIOT B ce0s M OIIMOKM M3MEpeHHH, U
ommOKK (Gu3udYeckoil Moxenu. DTH OMIMOKH MOTYT
OBITh pealibHO OlieHeHbI. [ paboThl ¢ HUMH BBE/ICHBI
MOJIeNI OIINOOK-HeBA30K. CTaTUCTHKH HEBS30K IO-
JMyYWJIM Ha3BaHWE HeompesereHHocTei. 3meHun-
BOCTh 3THUX CTAaTHCTHK IO IIPOCTPAHCTBY Ha3BaHA
HOJSIMU HeompeaeneHHocTeld. M3ydyeHue Heompene-
JICHHOCTEH CTaJo B HACTOSIEE BPEMS BAKHBIM
HaydHbIM HampasienueMm [14]. Mudopmanus o6 wc-

TUHHBIX 3HAYCHUSAX W3MEPACMON BEIUYUHBI, KaK
MPaBUIIO, OTCYTCTBYET, IOATOMY B OTHOIICHHH OIINOOK
U3MEpPCHHUI CYIIECTBYIOT TOJNBKO CTAaTUCTHYCCKHE
MoJIeTIbHBIC Tipe/icTaBneHus. HeanekBaTHOCTE (u3u-
YEeCKHX MOAeNeH KOHKPETHBIM MPUPOTHBIM YCIOBH-
SIM ampHOPH OICHUTH CIOXKHO. JTa CIOKHOCTH CO-
miacuo [14] npeomosieBaeTcst ¢ MOMOIIBIO TaK HA3BI-
BAaE€MOTO aJANTHBHOTO MOICIHPOBAHUS, I YETO
BBOJUTCS MPOIEIYPa aCCUMIJISIIIUU — MOATOHKH (H-
3MYECKOW ITMHAMUYECKOH MOJACTH WM HM3MEPEHHBIX
JIAHHBIX TI0 OTIPENCICHHOMY KpUTEpHIo (cM. puc. 8).
B kavecTBe KpHUTEpHUs NIPUHUMACTCS MUHHUMYM HEKO-
TOPOH HOPMBI COOTBETCTBHS M3MEPSHHBIX M MOICITh-
HBIX 3HaYeHWd. OOBIYHO 3TO — KBaJpaTH4YHAs HOpMa
HEBA30K (€). 3ajayM acCUMIIIALUHU PEIIaloTCs pas-
JMYHBIME (POPMATbHBIMH MeTofaMHu (IIPOLIEAypaMHu),
VYUTHIBAIONINIMA HEJTMHEHHBIE MOICIBHEIC 3aBHCHU-
MocTH. Cpenn HUX BBIIEISIOTCA aHcamOneBble, Ba-
pHALIMOHHBIC U THOPUAHBIC (BapUAIlMOHHO-aHCAMO-
neBble) MeTonbl. [IockoNbKy TpH 3aTaHHOM H3MEpH-
TeJe pe3yabTaThl H3MEPEHU — 3TO BHEIIHSIA I MO-
nenu (HemsMeHsieMoil) uHpopMalys, TO B Tpolecce
TIOTOHKY M3MEHSIETCS caMa MOJIENb, T. €. HaUaJlbHBIE 1
TPaHUYHBIC YCIIOBHS U TAPAMETPBL.

MeToabl aCCUMIUISIMU JAHHBIX B MOJAECISAX Pa3-
JENSTIOTCST HA METOIBI CTATHCTHUECKOTO OLICHUBAHUS
1 oOpaTHble MeTONbl. B mpoliecce MOATOHKH MOJIENN
" OKCHNCPUMCHTAJIBHBIX JAaHHBIX HACAJIbHBIM MOKHO
CUNTATh ONHOBPEMECHHOE OIICHHBAaHUE IapaMeTPOB
MoACIM U TICPEMCEHHBIX COCTOAHMS, YAOBJIETBOPAIO-
iee BEIOpaHHOMY KpUTepHro. B ciydae HeaekBaTHO-
CTH WM HHU3KOTO KauyecTBa MOJCIH OHA IIOUICKUT
VAYYIICHUI0. AHaju3 HEONPEJeNICHHOCTEH MOXET
BBISIBUTD TakKe IMOTPEOHOCTD B YITyUIICHHH KadecTBa
HU3MEpEHHNI — HallpUMep, MOKET TIOHATOOUTHCS H3Me-
HeHue IotHocTu pacronoxenus KB PJIC, ux pas-
pelaroIeii CriocoOOHOCTH, MUHUMH3AIHS OIIMOOK 32
CUCT TIPENBAPUTEIILHON O00pabOTKH ¥ TPUBJICUCHHS
JOITIOJTHUTECIIBHBIX H3MepHTCJ’Ieﬁ.

®a3pl pa3padoOTKH CHCTEM ONMEPATHBHOIO MO-
HUTOPUHIa npudpe:kHbiXx axksBaropuii. Coznanue
HabmronarenbHON cetn w3 mpuOpexuapix KB PJIC,
MO3BOJISIONICH MPOBOANUTEH OIEHKY ITOBEPXHOCTHBIX
TEUCHUH ¥ XapaKTEPUCTUK BOJHEHHS, HE peIIacT
3aJlauy MOHUTOPHHTA TIOJTHOCThIO. DTO — JIUIIb OJWH
W3 DJIEMEHTOB LEIOCTHOM CHUCTEMBL. JIpyrM Bax-
HBIM DJICMEHTOM CIIY)KUT pa3paboTka aJeKBaTHOW
MpUOPEKHON MOIEITH.

Pa3paboTka Takoi MoAeNH IperyCMaTpPUBAET PSIIT
stamnoB. [lepBeIii U3 HUX, MO-BUANMOMY, — MIPOBE/IC-
HHUE HEOOXOMUMBIX HccienoBannii. Heo0xoquMo BbI-
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SIBUTH JOMHUHHPYIOIIHE B KOHKPETHOH MPUOPEKHOM
30HE MPOIeCChl U UX MacIITaObl, 0COOCHHO CBS3aH-
HbI€ C TIOBEPXHOCTHBIMU SBJICHUSAMH, B TOM YHUCIIE
cyOMe30MacIITa0OHBIMK; BBISIBUTDH BIIMSIHAE XapaKTe-
PHUCTHK JIHA Ha MPUIOHHBIC U TIOBEPXHOCTHBIEC Teue-
Hus. IIpu paspaboTke usnueckoit Mopenu ciemyer
Y4€ecTb pe3yNbTaThl, IOJIy4YE€HHbIE Ha UCCIIEN0BaTeNb-
ckoii (paze. Heobxoaumo mpeaycMOTpeTb BO3MOXK-
HOCTb HACTPOHKM MOAENH TOJ U3MEHSIoMuecs
ycioBus paiiona. OT UCTIONB30BaHUS KECTKOW MojIe-
JIM ¢ HA3HAYEHHBIMH MapaMeTpaMH WM paHee paspa-
0OTaHHON W YHUBEpPCAJbHO MPUMEHSEMON MOIeNn
OXKHUJIaTh aJIeKBaTHOCTHU HE CTOUT.

3areM MPUMEHUTENIFHO K Pa3paOOTaHHOW MOJIEH
pa3pabaThIBAIOTCS MPOIEAYPHl ACCUMIIISIUHN JaH-
HBIX, TOTCHIIMAIBHO ITOIYYaeMBIX OT IIPHOpPEKHOM
PaIMONOKAIIMK U JPYTUX U3MepUTeNield. DTH MPOLeyphl
JOJDKHBI TpelycMaTpyBaTh IOATOHKY MEPEMEHHBIX
COCTOSIHUSL MOJENU K COOTBETCTBYIOLIUM 3SKCIEpPHU-
MEHTAJIbHBIM JIaHHBIM M OLIEHKY MapaMeTpOB MOje-
. Cnenyrome#t (aszoit Moria ObI cTaTh KaauOpOBKa
COYETaHMs DIIEMEHTOB Oymymieii cuctembl. Jlanee
CIeZlyeT MPeayCMOTPETh HaTypHBIE SKCIIEPUMEHTHI U
BEepU(HUKAIMIO CUCTEMbI B peajbHOM MacIiTade Bpe-
Menu. [locienHedt Ga3oll MOKET CTaTh MHKCHEPHOE
IIPOEKTUPOBAHUE BAPUAHTOB LIEJIOCTHOM CUCTEMBI.

3axirouenue. Pe3yibTaTbl NpUMEHEHHsS CHUCTEM
OTICPAaTUBHOTO MOHUTOPUHTA TPUOPEKHBIX aKBATOPHIA,
OCHOBaHHbIE Ha Hcmnonb3oBannu KB-pannonokanumu,
JOJDKHBI HOCUTBH KaK IPAaKTUYECKUM, TaK U Hay4HBIN
xapakrep. PeanbHO-BpeMEHHON MOHHUTOPUHT H IPO-
THO3 TOBEPXHOCTHBIX I(PQEKTOB yaydIaT yrpasie-
HUE TPAHCIOPTHOM U INPUPOJOOXPAHHOU [EATEIIb-
HOCTBIO M TIPUBEAYT K NPENYNpPEKIACHUIO ONACHbIX
sBiieHu. OLeHKa M MPOTHO3 IOANOBEPXHOCTHBIX
SIBIIGHUM YIy4llIaT KadecTBO MOABOIHOTO Halrome-
Hyus. HayuHbIil pe3ynbTaT BbIpa3UTCsl B YIyYIIEHUU
(u3HYecKuX Mojeliell W TpeACTaBICHUHA O TPUPOJI-
HBIX SBJICHUSX B MPUOPEKHOMN 30HE.

O>kuaercsi, 4yTo MpHU aCCUMUIISAIMKN MOJIENbIO pa-
JMOJIOKALIMOHHBIX JIAHHBIX U JAHHBIX O MOBEPXHOCT-
HOM BETpe YIYUIIUTCS pa3perIeHne MPHOPEKHBIX BUX-
peit u ¢porToB. Ha pric. 9 npuBeneHo comocrapieHne
PE3YIIBTaTOB M3MEPEHUH PAagUaIbHON COCTABIIOLICH
ckopocty Tedenust 1o ganHeiM KB PJIC Vpjc 1 aky-
CTUYECKOTO JIOTUIEPOBCKOTO Mpoduiorpada TedeHui
(AAT) Vapnr An aByx Hanpasnenwii [15]. B on-

HOM U3 HUX (pHUC. 9, @) KOppessiys JaHHBIX YKA3aHHBIX
m3mMepenuii cocrapuna 0.96, Bo Bropom (puc. 9, 6) —
0.82. CpenHekBa/ipaTHYECKOE OTKJIIOHEHHE COCTaBIISET
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Puc. 9. ConocrapneHue pe3y/bTaToB U3MEPEHHUIt
paananbHON COCTABIISIIOLLEN CKOPOCTH TEUEHUS
o naaaeM KB PJIC u AT
Fig. 9. Comparison of the results of measurements of the

radial component of the flow velocity according to HF  radar

and acoustic Doppler fl ow profilograph
13.8 m 11 cM/c cooTBeTcTBeHHO. [IpHBEICHHBIE PE3yITh-
TaThl TTOKA3BIBAIOT, YTO JAHHBIE O PAJUAIBHOM CKOpO-
ctu Teuenus, noaydernsie KB PJIC u AJIIIT, xoporo
COIIACYIOTCSI MEXKITY COOOH.

BoiBoabl. OmNbIT UCHIOIB30BaHUSI CUCTEM OIlepa-
TUBHOTO MOHHUTOPHMHIA NPUOPEXKHBIX aKBAaTOPUH ¢
nomotrsio KB-paguosnokauu otpaxeH B psijie 3apy-
OeXHBIX MyOnMKaruid. I3 Hero, B 4aCTHOCTH, MOXKHO
cenarb CIeIYIOLIIe BHIBOIbI:

— IIpu KOppeKTHOM MOCTPOSHUH MOJICTTH U BHIOO-
pe ee mapameTpoB — NapaMeTPOB 30HIAUPYIOIIUX CHI-
HAJIOB, IPOCTPAHCTBEHHOTO pa3peLIeHus], alTOPUTMOB
00pabOTKH JaHHBIX (B TOM YHCIE MEXKAaHTCHHON 00-
paboOTKH), MOTYT OBITH MONYYECHBI KOPPEKTHEBIC TaH-
HBIE O TIOBEPXHOCTHBIX TEUCHUSX. M3BECTHBIE JKCIIE-
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PUMEHTHI MO0 CPaBHEHHUIO PE3YJIBTAaTOB, MOTYYEHHBIX
KB PJIC u nHBIMHM MHCTPYMEHTAMH, TIOKA3BIBAIOT XO-
poliiee ux coracue.

— Pa3paboTaHbl BBICOKOpa3pellaOIUe MOAEIH
OKEaHMUYECKHUX MPOIECCOB B MPHOPEKHON 30HE, CITO-
COOHBIE OINHUCHIBAaTh KaK MOBEPXHOCTHBIC SIBJICHUS (B
TOM 4YHcCJie TPUOPEKHBIE BUXPEBBIE CTPYKTYPHI), TaK
Y IHHAMUKY THAPO(DU3HUYECKUX TIOJICH B TPEXMEPHOU
00J1aCTH BOIHOTO CIOSL.

— Ilpu mpakTrueckom ucrnons3zoBannu KB-nnamna-
30HA B IEJSIX MOHUTOPHHTa MOPCKHX aKBaTOPHHA OTe-
YEeCTBEHHbIE Pa3pabOTUMKK CUUTAIOT Liesiecoobpas-

HBIM co3nanue nepeauciouupyemsix PJIC ¢ ucnomnb-
30BaHHEM OCCIIPOBOIHBIX KAaHAJOB IEPEeNavyn JTaHHBIX
B aHTeHHOU cucTteme. CHIKEHHE CTOMMOCTH OIHOTO
SNIEMEHTa AHTEHHOW PEIIETKH M Pa3BUTHE CETEBBIX
TEXHOJIOTUH TO3BOJIOT CHU3UTH 3aTparhl IIPH pas-
BepteiBannu PJIC. EcTh Bce ocHOBaHMS monarars, 4To
OCYILIECTBJICHHE MPOEKTa PaJHOJIOKAIMOHHOTO OKea-
HOTrpa()MuIecKoro MOHUTOPHHTA B HaIlleH CTpaHe pe-
aJIbHO pealin3yeMo Kak B TEXHUUECKOM, TaK U B METO-
JIMYECKOM OTHOILEHUH U HEOOXOAUMO JJIsl Pa3BUTHS U
COBEPIIICHCTBOBAHUSI MOPCKOTO TPAHCIIOPTA W pelle-
HUSL 9KOJIOTHYECKHUX TIPOOIEM MUPOBOTO OKEaHa.
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SKCNEPUMEHTAJIbHbBIE PE3YJIbTATbl CWUHXPOHN3ALUN
PASHECEHHOW PAAVNOTEXHUYECKOI CUCTEMbI C NOABVMXHLIMU HOCUTENAMU
NMPOrPAMMHO-AITOPUTMUYHECKM CNMTOCOBOM

AHHOTauuA

BeedeHue. OOHUM U3 K10CCO8 COBPEMEHHbIX PAOUOMeXHUYeCKUX CUCmeM A8/AI0MCA cucmeMsl C NPOCMPAHCMEeH-
HbIM pasHeceHueM npuemHsbIX, Nepedarouux uau npueMo-nepedaroujux sneMeHmos. B makux cucmemax 0docmuza-
emcs noseiweHue UHPOpPMamueHOCMU 30 c4em cosMecmHol 0bpabomku cu2Han08 npu obecnevyeHUU CUHXPOHU-
3ayuu no epemeHU U ¢ase Hecywezo KoaebaHus. B Hacmosiujee spemsa 8 numepamype He yoensemcsi 00MHHOeE
8HUMAHUE MpPebo8aHUSAM K MOYHOCMU CUHXPOHU3AUYUU Pa3HECeHHbIX CUCMeM pa3uYHO20 HA3HAYeHUS, d Makxe
npocmeiM U 0CMynHeIM CNOCO6AM UX CUHXPOHU3AYUU.

Lens pabomel. [Touck mexHu4Yeckux peweHuli 018 makmosol u $a3080l CUHXPOHU3AYUU 6e3 UCho/b308aHUS
AMOMHbIX CMAHOAPMO8 4YaCMomsl U 8HEWHUX UCMOYHUKO8 KOOPOUHAMHO-8peMeHHOU UH$opMayuu.

Memodel u mamepuansl. B pabome paccMompeHa pa3HeceHHas pPaouomexHU4eckas cucmema C Hexcecmkol
cmpykmypod. Kaxcdeili 31emeHm cucmemsl makmupyemcs cobCmeeHHbIM K8apuyessiM 2eHepamopom. [eHepamopel
He CUHXPOHU3UPO8AHbI Mexdy cobol. ®a3bl UX KoAebaHUl nepuoduyecku CAUYaromcs mMemodomM 08yCmopoHHel
nepedaqu CUHXPOHU3UPYOUUX CUZHA08 (OM 00HO020 3/1eMeHma K Opy2oMy u 0bpamHo). Memooduka CUHXPOHU3a-
yuu (npo2pammHo-anzopummu4eckuli no0xod) ceodumcs K Koppekyuu coeMecmHo 06pabameieaemsix CU2HAM08 C
y4emom oyeHoK yxo0a Yacmomel (pazel). Ompabomka npedNoxeHHbIX MmexHU4eckux peweHuli npedcmasneHa Ha
Makeme annapamypesl, cocmoaujeli uz decamu npuemo-nepedarouyux mModysed.

Pe3ynemamel. SkcnepuMeHmasabHO NOKA3GHO, YMo cpedHeksadpamuyeckoe Omx/a0HeHUe OWUOKU CUHXPOHU3aYUU
He npesbiuaem 12° no ¢ase (Ha Hecywell yacmome e Mempogom duanaszoHe) uau 0.2 HC N0 epeMeHU. YKa3aHHbIe
pesysemamel NOAy4YeHsl NPU NPOCMPAHCMBEHHOM Pa3HOCE 00 HECKO/bKUX COMeH Mempos, Ha CKOpoCMsAX 83aUM-
HO020 nepemeujeHUA MoOysell 00 HECKO/bKUX Mempos 8 CekyHOy U Mo2ym bbimb pacnpocmpaHeHsl Ha 6osee 8bIco-
Ko4acmomHsie 0UaNa30Hs! (8 YaCMHOCMU, Ha deyumempossil).

3aknroyeHue. B pabome npedsnoxceH Memoo MHO20CMOPOHHe20 PAcnpoCmMpPaHeHUss 015 CUHXPOHU3AYUU pa3He-
CeHHbIX paduomexHuU4eckux cucmem. /JaHHeIl Memod COo8MEeCmHO C UCN0/6308GHUEM NPO2PAMMHO-0120pUM-
MUYeckoz20 nodxoda no3eo/sem noay4ams 8 peassHoM mMacumabe 8peMeHU MOYHOCMb CUHXPOHU3ayuUU, docma-
MOYHYI0 04151 KO2epeHMHO20 PA3HECEHHO20 NPUEMA.

KntoueBble C/I0Ba: MporpaMMHO-airopuTMMUYEcknii cnocob CMHXPOHMW3aLIMKN, pasHeceHHass PagMoTexHUYe-
CKasi CUCTeMa, NPOCTPAHCTBEHHAs KOrePEHTHOCTb, KBAapLIEBbIV reHepaTop

Ana unuTnpoBaHUA: JKCNeprMeHTabHble pe3ynbTaTbl CUHXPOHMU3ALMW pa3HECeHHOM pPajnOTeXHNYEeCKOn cu-
CTeMbl C NOABVXXHBIMW HOCUTENIAMI NPOrpaMMHO-anroputMmyeckum cnocobom / W. B. Kptoukos, M. U. HoHua-
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EXPERIMENTAL RESULTS OF SOFTWARE ALGORITHMIC SYNCHRONIZATION
OF DISTRIBUTED RADIO SYSTEM WITH MOBILE CARRIERS

Abstract

Introduction. One of the classes of modern radio engineering systems are systems with spatial diversity of transmit-
ting, receiving or transceiving elements. In such systems, an increase of the information content is achieved by signal
coprocessing ensuring synchronization in time and phase of the carrier oscillation. Currently, the researchers do not
pay enough attention to the requirements for the accuracy of synchronization of distributed systems of different ap-
plications, as well as simple and affordable ways to synchronize them.

Objective. The paper main objective is the search for technical solutions for clock and phase synchronization without
atomic frequency standards and external sources of coordinate-time information.

Methods and materials. The paper considers a distributed radio engineering system with non-rigid structure. Each
element of the system has reference signal from its own crystal oscillator. The oscillators are not physically aligned.
The phases of their oscillations are periodically compared by the method of two-way transmission of synchronizing
signals (from one element to another and vice versa). The synchronization technique (software algorithmic approach)
is reduced to the coprocessing signal correction according to estimated frequency (phase) drifts. The testing of the
proposed technical solution is presented on a hardware model consisting of ten receiving and transmitting modules.
Results. The experiment showed that RMS of synchronization errors does not exceeded 12 degrees by phase (for VHF),
or 0.2 ns by time. These results are acquired for spatial diversity up to several hundred meters, mutual speed of the
modules up to several meters per second and may be extended for higher frequencies (in particular, UHF).

Conclusion. The paper proposes a method of multilateral propagation to synchronize distributed radioengineering
systems. Combined with software algorithmic technique this method enables to obtain synchronization accuracy in
real-time sufficient for coherent diversity technique.

Key words: software algorithmic synchronization mode, distributed radio system, spatial coherence, crystal oscillator
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Bgenenue. [TpuHImn coBMeCTHONW 00pabOTKU CHT-
HAJIOB, TMNPUHUMACMBIX B Pa3HCCCHHBIX TOYKaxX IIPO-
CTPaHCTBA, HUCIONB3YIOT B UHTEPHEPOMETPUICCKOA pa-
JIMOACTPOHOMUHM, CITyTHUKOBOW paJMOHABHUIAlUH, pa-
JMOJIOKALMK U IPYTUX HaIpaBieHusaX. Meronam u anro-
pUTMaM  COBMECTHOW MPOCTPAHCTBEHHO-BPEMEHHOMN
00pabOTKN CHTHAJIOB YIEISCTCS 3aMETHOS BHUMAHIIC,
ocobeHHO B mocienHee Bpems [1]-[6]. BombmmHCTBO
paboT HOCHUT TEOPETUYECKMI XapakTep, U B HHX, Kak
MPaBUIIO, HE PAcCCMaTPUBAIOTCS TPEOOBaHUS K TOYHOCTH
CUHXPOHM3AIINN. HO)I TOYHOCTBIO  CHMHXPOHU3AITUU
OOBIMHO MOHUMAIOT CPEJHEKBAAPATUUECKUE 3HAYECHUS
OIIMOOK KOHTPOJIST BPEMEHHBIX CABHIOB MEXIy OrHOa-
oIMMHA U pasHocTeio BU-(a3 paarocuraanioB, coot-
BETCTBYIOLLMX PA3HECEHHBIM JIEMEHTaM CUCTEMBI [7].

To4HOCTb CHHXPOHM3ALUH, peanuzyemas B pas-
HECEHHBIX CHCTEMaX, 3aBUCHUT OT psiia IPUUMH: IPO-
CTPaHCTBEHHOW KOH(UTrYypaIuy, paboyero quarasona
4aCTOT, XapaKTepa ABUKEHUs, METOJI0B CUHXPOHH3a-
UM — W, KaK MIPaBWJIO, HAKJIAABIBACT OTPAaHHMUCHHUS
Ha crocod OOBETMHEHHS CHI'HANOB (KOTE€PEHTHBIH
WM HEKOrepeHTHbIH). HacTosimas crarbs mocssiiie-
Ha OCOOEHHOCTSIM COBMECTHOW KOT€pEHTHOH oOpa-
OOTKM CHTHAJIOB B PA3HECEHHBIX PaJMOTEXHUYECKHX
CHCTeMax, B TOM UHCIIe aHaJM3y TPeOOBaHUH K TOY-
HOCTH CHHXPOHHM3AIINH U CIOCO0aM ee JOCTHKEHUS,
a TakXKe HKCIIEPUMEHTAIBHON MpOBEpKE IMpejiarae-
MBIX TEXHUYECKUX U AITOPUTMUUECKUX PEIICHHUH.

s cCUHXpOHM3allMM HECKOJIBKUX YCTPOMCTB,
pa3sHECEHHBIX B IPOCTPAHCTBE, CYIIECTBYET 1Ba CIO-
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co0a: mepeMelleHnue NpeABAPUTENBHO CUHXPOHU3U-
POBaHHBIX OIIOPHBIX TEHEPATOPOB M OOMEH CHHXPO-
Hu3upyronmMu curHanamu  [8]. Tlepserid crmoco®
TpeOyeT UCKIIOUYUTENHFHO BBICOKOCTAOMIBHBIX TeHe-
paropoB (HampuMep, aTOMHBIX) Jake IpH CpaBHU-
TENFHO HEOONBIINX PACCTOSHUSAX MEXIy CHHXPOHU-
3UpyeMBIMH TO3WIMSAMH, TaK Kak ¢as3bl IpeaBapu-
TEJIbHO CHUHXPOHU3WPOBAHHBIX T'€HEPATOPOB C Teue-
HHEM BPEMEHH B JTIOOOM CITydae pacxXomsITcs.

[lepenaga CHHXPOHM3UPYIOUINX CUTHAIIOB 0Oec-
MEYMBAET PErysapHOe cindeHue (a3 pa3HeCEHHBIX
TeHEepaTopoB M BHECEHHUE IOMPABOK, YTO MO3BOJISET
CYIIECTBEHHO CHU3HTH TPEOOBaHUS K CTAOMIHLHOCTH
reHeparopoB. B mpoMexyTkax Mexay CIWYCHHUIMU
CUHXPOHHU3AIMs MO-TIPEKHEMY TOJAeP)KUBAeTC 3a
CUeT CTaOMIFHOCTH TeHepaTtopoB. B mociennee Bpe-
Ms Bce Oobliee pacpOCTpPaHCHHE IONyYaroT aJro-
PUTMHUYCCKUE METOBI CHHXPOHU3AIMY, OCHOBAHHBIC
Ha OLIGHKE PACXOXKIIEHHUS OIMOPHBIX T'€HEPaTOpPOB U
JaJbHEHIIIEM ydeTe TIPH COBMECTHOW 00paboTKe co-
OTBETCTBYIOIIMX MONPaBOK 0e3 obecreueHus: Gusu-
YEeCKOro CHHXPOHU3Ma KojieOanuii reneparopos [1], [7].
Kak npaBmiio, ocHOBHOU (akTop, OrpaHHIMBAFOIIHIA
TOYHOCTh CHHXPOHH3AIIUH B YKa3aHHOM METOZIE, — JTO
HEOTpe/IeJIeHHOCTh XapaKTEepUCTHK KaHaja Iepenavn
CHHXPOHU3UPYIOIIETO CUTHAIA.

Paznmuyaror cucTeMBl ¢ OMHOCTOpPOHHEH (Bemra-
HUEM) U JBYHanpaBJeHHOW (0OMEHOM) Iepenadyamu
CHUHXPOHU3UPYIOIIUX curHanoB. IIpuMep cucremsl ¢
OTHOCTOPOHHEN mNepenayeil — CHUHXPOHM3ALHs 10
CUTHAJIaM Pa3INYHBIX PaIHOHABUTAIIMOHHBIX CHCTEM
(tuma LORAN, Transit, [Tonacc u T. 1w.).

IIpu nByHampaBieHHON Nepenaye CUHXPOHHU3HU-
PYIOIINX CHTHAJOB BIMSHUE XapaKTEPHCTHK KaHala
pPacipOCTpaHEHHST MOXKHO CYIIECTBEHHO CHHU3UTh,
o0ecTeunB MOYTH OJHOBPEMEHHYIO Nepeaady CUrHa-
JI0B B 00OMX HANpPaBICHUSIX MEXIYy AByMs aHTCHHA-
MH. DTO TO3BOJISIET OTKA3aThCS OT TOTIONHHUTEIBHBIX
CPEJICTB M TIPOIeyp OIICHKH 3aJEpKKH B KaHaje U
JOITyCKAaeT MPUMEHEHHE OTHOCUTEIbHO MPOCTOM ar-
naparypsl. Kpome Toro, B psue ciydaeB TpeOyercs
cOoXpaHeHHe pabOTOCMOCOOHOCTH  paJHOTeXHUUE-
CKOM CHCTEMBI BHE 3aBHCHMOCTH OT HaJIMYMs BHEII-
HUX HCTOYHHKOB KOOPIMHATHO-BpEeMEHHOH wuHDOp-
Malliu — TaKuX, KaK painOHaBUTAlIMOHHBIC CUCTEMBI.

B nacrosmieit cratbe paccCMOTPEH METOJ JIBYCTO-
POHHETO PaCIPOCTPAHCHUS, PACIIMPEHHBIN Ha CITy4aii
OZHOBPEMEHHOW CHHXPOHHM3ALUK HECKOJIBKUX pa3He-
CEHHBIX B NMPOCTPAHCTBE MO3UIINMN, peaTn30BaHHBINA C
MPUMEHEHHEM TIPOTPaMMHO-aJITOPUTMUYECKOTO O~
xona. Takol MeTon MOXKHO Ha3BaThb METOAOM MHOIO-
CTOPOHHETO PACIPOCTPAHEHHUS CHHXPOHU3UPYIOIIHX
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CHTHAJIOB. Bo3HHUKaIOIIME MPU 3TOM U30BITOUHBIC W3-
MEpEHHUs TO3BOJITIOT KOHTPOJIHPOBATH M HECKOIBKO
YIIy4IIaTh JOCTHTAeMYIO TOYHOCTH CHHXPOHHU3AIIUH.

O0ocHoBanne Tpe0OBaHMIi K TOYHOCTH CHC-
TeMbl ¢a3oBoii cuHXpoHu3zamuu. [lorpemHocTts
onpenencHus (a3 KOMILICKCHBIX OTHOAIONIMX CUTHA-
JIOB, OOBEIMUHIEMBIX KOTEPEHTHO, CKIIAQJBIBACTCS W3
MoKazaTenell CTaOMIBHOCTH CIEAYIOIIUX OCHOBHBIX
napaMeTpoB: 4acToThl ((a3bl) OMOPHBIX T'€HEPaTo-
POB, KOMIUIEKCHOW aMIUTHTYIHO-()a30BO 4aCTOTHOM
xapakrepuctuku (AQUYX) kaHama pacIpOCTpaHCHUS
CUTHAJIOB (B TOM 4YHCIIE OTHOIICHWS CHTHAI/IIYM B
KaHaie, MHoromydeBoctd u ap. [9], [10]) nu BY-
TpakToB (INIaBHBIM 00pa3oM, KomiiekcHele ADUX
MPUEMHBIX KaHAJOB). JIOMOTHUTENFHOE BIHMSHUE HA
a3y MOXKEeT OKa3bIBaTh IBIDKCHUE IEPENAaTINKOB U
MPUEMHUKOB, & B PaJUOIOKAIIUUA — BTOPUYHBIX OT-
pakareneil (paAMOIOKAIIMOHHBIX Lieeil), YTo HakJIa-
IBIBACT OTPaHWYCHUE HAa WHTEPBaJ BPEMEHH KOTe-
PEHTHOCTH MPUHUMAEMBIX cUTHAIOB [11].

B [7] paccMOTpeHbl pa3pexcHHbIE aHTCHHBIC
PELIETKH METPOBOTO M JEIUMETPOBOTO AUANa30HOB.
[To anmamorum ¢ (a3supoBaHHBIME AHTEHHBIMU pe-
metkamu (DPAP) BBenmeHbl TpeOOBaHUA K TOUYHOCTHU
OLICHKM KOOpAMHAT u3iydarenei. Cuuraercs, 4TO
cpemHekBaaparndeckoe otkioHeHue (CKO) ommbok
(ha30BOTO pacmpenereHuss B PACKPBHIBE AaHTCHHOU
pElIeTKH He JOJDKHO mpeBbimath 25...40° [12], uro,
Kak MPaBUIIO, COOTBETCTBYET CPEIHEKBAIPAaTHICCKON
MOTPEITHOCTH YCTaHOBKH KOOPAWHAT DJIEMEHTOB pe-
IETKA OKOJIO A/8, rie A — JUIMHA BOJHBI HECYIIETO

konebaHus. B o0oux ciydasx HpUBEICHBI CpelHe-
KBaJpaTHYECKHE 3HAYCHHS OLINOOK.

JlonOTHUTENBHBIM OIPaHIMYEHHEM CITYKaT I0Te-
PH OT HEKOT'€PEHTHOT'O CIIOKEHHUS CUTHAJIOB

N-1 N-1
= sal/ D lsnl, (1)
n=0 n=0

riae N — 9rcio mpueMHBIX JIEMEHTOB CUCTEMBI (MIIN
KOTEPEHTHO OObEIMHAEMBIX CHTHAJIOB); S, =|Sn|
exp( jon ) exp(jd¢,) — xommekcHas ormGaromas
NPUHUMAEMOTO CHTHaNa, MPUYEeM @, — HUH(pOpMAIH-
oHHas coctaBisitomas BU-¢ase; 8¢, — cocrasisio-
mas ommOKy (pa30BOM CHHXpPOHHM3AIMH. BBIpaskeHre
(1) 3anmcano 11 HOPMUPOBAHHBIX 110 YCHJIEHHIO U T10
[TyMaM CHT'HAJIOB B IPUEMHBIX 3JIEMEHTAX.

Jaxxe Takas ympolleHHas MOJENb IOKa3bIBaCT,
4TO 3HepreTuyueckue norepu Il, BrI3BaHHBIC OMIUO-

Koii (ha30BOW CHHXPOHU3AIINH, HECYIIeCTBEHHBI. Tak,
IIpY PaBHOMEPHOM DACIPENEICHUM CIy4allHOW Be-
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JMYMHBL 0@, HMOTepU He ImpeBbIIAT 1...2 b mpu

cpeaHekBaaparuieckoi ommoke ¢asbl 40° U He 60-
nee 10 oObeauHsAeMbIX curHanoB. Ha mpakTuke yka-
3aHHBIC MMOTEPU CUMTAIOTCS YIOBJICTBOPUTEIBEHBIMHU,
MIOCKOJIBKY YNAeTCsl CHU3UTH TpeOOBaHHS K CTaOMIIb-
HOCTH OTIOpPHBIX KoJieOaHUH, 0 KOTOPBIM OCYILECTB-
nsieTcs pa3oBast IpUBS3KA.

Cremyer mOTYEpPKHYTD, YTO B3aMMOCBSI3b TpeOo-
BaHWH K TOYHOCTH (ha30BOH CHHXPOHM3AINU C 3a]1a-
Yell OmpeneNieHHs HalpaBiICHUS Ha HMCTOYHHK IIPH-
HUMAaeMOro pa3HECEHHON CUCTeMOM curHana (meyeH-
rauuy) TpedyeT OTAEIbHOIO paccMOTpeHHs. Tod-
HOCTP IEJICHI'allMH 3aBHCUT HE TOJBKO OT TOYHOCTH
(da3upoBaHUs MPUEMHBIX KaHAJIOB, HO W OT IIPO-
CTPaHCTBCHHOW KOH(UTYpallMK CHCTEMBI, IIOTPEII-
HOCTH MECTOOIIPENENCHNs, XapaKTepa IBYDKCHHUS
HOCHTENCH (HampuMep, MPEeUMYIISCTBEHHO pau-
QIBHOTO WM  TAHTCHIMAJIBHOTO  OTHOCHTEIHHO
HAllpaBJIeHWs] Ha WCTOYHWK CHUTHAJa), apaMeTpoB
(hoHO1IENEBOI 0OCTAHOBKH U JIP.

CyIleCTBCHHBIM OTPAHUYCHHEM Ha JTOMYCTHMYFO
MOTPEITHOCTh (Pa30BOM CHHXPOHU3AIMU MOXET OBITh
HHTEpBAJl BpeMEHH, Ha KOTOPOM TpeOyeTcst 00eCIeunTh
33J[aHHYI0 CTaOMITBHOCTD (ha3bl OMOPHOTO KOJeOaHHS.
B 0030pHBIX pPaTHOIOKAITHOHHBIX CHCTEMaX TaKOU
MIPOMEKYTOK BPEMEHH MOXKET COCTaBIATH OT NOJEH
JI0 eMHUIL CEeKyHJ M OoJiee B 3aBHCHMOCTH OT Bpe-
MEHHU KOT€PEHTHOCTH 3XxocurHana [13].

OGocHoBaHMe BHIOOPAa ONMOPHLIX IeHEPaTOPOB
NMPHEMHBIX JIEMEHTOB JJis1 (a30Boii CHHXPOHHU3A-
UM Pa3HeCeHHOI CHCTeMbI METPOBOTO THANA30HA.
Anst cTaOMiIBHBIX OIOPHBIX T€HEpaTopoB (IyKTya-
nuu (a3l MM 9acTOThI OOBIYHO OIECHHBAIOTCS BO
BPEMEHHOM 00JaCTH C MOMOIIBIO BapHaluu AJuiaHa,
CBSI3aHHOM CO CIIEKTPaJIbHOW IIOTHOCTBIO (ha30BOroO
mryma rereparopa [14]. Ilockonmbky B HacTosmieh
CTaTbeé PacCMOTPEHbI KBapLEBbIE T'CHEPaTOphbl, He
OTIIMYAIOIINECS BBICOKHIMH TIOKA3aTeIsIMU (ha30BBIX
IIYMOB, OIIEHKY yxona (a3bl OIMOPHOrO KOJICOaHUs

S3®(T) mpennaraercs onpenensTh mo GopmyIie
SO(T) = M({AGD(T)— M[ACD(T)]}Z), @)

rie M[:] — cumBon maremarmueckoro oxummanus;
A®(T) — pasHocts (a3 Ha MHTEpBAjJe BPEMEHH

cnuyeHnid ($aspl (Mepuose CIeloBaHUs MUIOT-CHT-
nanos) T [14];

M [AD(T)] =%L§[®(t, +T)-o(4)]. @)
1=0

npruem @ (t) — dasa onoproro konebanust; t] — TeKy-

1A MOMEHT BpPEMCHU; L — umcio YCPECOAHACMBIX 3aMeE-

POB pasHOCTH (a3, COOTBETCTBYIOIIEE, HAIIPHMED, Bpe-
MEHH HaKOIUICHHUS CHTHajIa B cucreMe t=1 1 —1.

CormacHo meromuke (2), (3), KOIMYECTBEHHOM
Mepo# (a3oBbIX (IYKTyalllii OIIOPHOTO TeHepaTopa
apisierca CKO pasnoctu pa3 SO(T) omoproro xo-
nebanusa. OueHku (2), (3) ompenensroT WHTEpBal
BpeMeHH T, Ha KOTOPOM HaONIONAETCS JOMYCTHMBIN
yxoJ (a3bl, a 3HAYMT, JOJDKHO OCYIIECTBIATHCS XOTS
661 ongHo "cimuenue". Ilox "cnuuenueMm" Oygem mo-
HUMaTh CpaBHEHHE (ha3sl MECTHOTO TEHEpaTopa ¢
($azoil ymajeHHOro OmopHOro reHeparopa. Apyrumu
ciloBaMH, T TIpEACTaBIseT COOOW IMepHon clenoBa-
HUS TWIOT-CHTHAIOB ((pparMeHTOB OIOPHOTO KOJIe-
0aHMs1), 0 KOTOPHIM MOXKHO OIEHUTH Pa3HOCTH (a3
JIBYX Pa3HBIX (CHHXPOHU3UPYEMBIX ) FEHEPATOPOB.

JUI. pacCMOTPEHHBIX B HAcTOSILEH cTaTbe pac-
YEeTOB TPHEMHUK, TaKTHPYEMBIH paccMaTpHBacMBIM
KBapIIEBBIM I'€HEPATOPOM, 3AIACHIBAT OTCUETH KBAJ-
paryp TapMOHHYECKOTO KOJIeOaHMsI BHIA

(1) = Aexp[ jo(1)], (4)

e A — ammatyna; ®(t) = 2nfgt + P, (t) - ¢asa
onopHoro KoneGanus, mpudem fy — wacrora onop-
Horo koneGamnms, @, (1) — uyxryaman dazsr
OTIOPHOTO TEHEPATOPa, BEI3BAHHbIE (ha30BBIM IIyMOM
reneparopa. ®aza ®(t) ompenensmach Kak apry-
MEHT KOMITJICKCHOTO curHaa (4).

[pumep 3aBucumoctd SD(T) mns omopHoro
rereparopa KXO-82 (I'epmanus) ¢ T0JTOBpEeMEHHON

OTHOCHUTEIBLHON HECTAOMIBHOCTBIO YaCTOTEI lO_6 3a
TOIl W CHEKTPaJbHOW MOIIHOCTBIO (ha30BOTO ITyMa
—130 xbu/Tu npu orcrpoiike | k[ Ha wyactore
fy=160 MI', [ pasHBIX HHTEPBAIOB BPEMEHU

KOTEPEHTHOTO  HAKOIUIEHWS T TMpEICTaBlIeH Ha
puc. 1 [1]. M3 Hero BuaHO, 4TO HA MHTEpBajaxX BpeMe-
Hu T o 0.5...1 Mc dmykTyaruu ¢a3sl IpaKTHYECKA

5D,
30—

20—

10—

I I I
0 3 6 9 T, Mc
Puc. 1. Yxon ¢a3sl KBapIeBOro reHepaTropa o Beioopkam
Pa3IU4YHON JIUTENBHOCTH
Fig. 1. Leaving the phase of a quartz oscillator in samples
of various durations
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HE 3aBHCAT OT BPEMEHH HakoruieHus. Ha OOmbimmx
WHTepBajax BpeMeHHU (MpH ciaudeHusix (aspl ¢ MH-
TepBaJIOM 10 12 MC) CpemHEeKBaApaTUICCKUI YXOJ
(ha3bl KBapIeBOrO TeHepaTopa He mpeBbimaer 20°
IpH UIATETFHOCTH BBIOOPKH, IO KOTOPOH OCY-
IIECTBIISUIACH OIICHKA, 1 ¢. AOCONFOTHBIN yXOJI 4acTo-
THl Ha JaHHOM MHTEpBajie BPEMEHHU He MPEBBIIIAET 5
'y, 4TO COOTBETCTBYET KpPaTKOBPEMEHHOW OTHOCH-

TenbHOM HecTabMMBHOCTH wacToTHl 10°° 3a CEKyH-
ny. OTmeTuM, YTO TOKa3arenu KPaTKOBPEMEHHOW
HECTAOMIBFHOCTH OOBIYHO HE MPUBOISATCS B TEXHUYC-
CKHUX OIMUCAHUIX KBAPICBBIX TCHEPATOPOB.

Cnoco0 mnporpaMMHO-aJITOPUTMHYECKOI CHH-
XPOHHU3AIMH pa3HeceHHBIX cucTeM. OIOpHEIE TeHe-
paTopbl B Pa3IMYHBIX JJIEMEHTAaX PasHECEHHOH CHCTe-
MbI HE CHHXPOHHU3MPOBAHBI MEXITy cOOOW M paboTaroT
B pE&XHMME CBOOOIMHBIX KojeOaHwid. [Ipm 3TOM peru-
CTpalys CHTHAJIIOB KaXKIBIM JIEMEHTOM OCYIIIECTBILS-
ercs B IIKaJle BPEMEHH, 331aBacMOi COOCTBEHHBIM
(MECTHBIM) OMOPHBIM TeHepaTtopoM. Ha mpaktuke 310
MPUBOAUT K TOMY, YTO OIMH M TOT )K€ OTCUET CHTHAja
(mocne mepeHoca CHEKTpa Ha HYJIEBYIO YacTOTy U
oI(h)pOBKM) B PA3HBIX MIPHEMHBIX JIEMEHTAaX COOTBET-
CTBYET pa3HBIM MOMEHTaM BpeMeHH. B cBs3U ¢ 3THM
BO3HHKAET 3ajada OOCCIIEUCHUS COOTBETCTBHS (ppar-
MEHTOB CHTHAJIOB, 00pabaThIBaeMbIX B Pa3HBIX IPHEM-
HBIX DJIEMEHTAX, OJJHOMY M TOMY )K€ MOMEHTY BPEMEHH,
pelaeMasi TaKTOBOM CHHXPOHU3ALUEH.

Husa ocymectBnenust pa3oBoil MPHUBSI3KK JTOJIXK-
HbI 6I)ITI) CBC/ICHBI HC TOJIBKO IIKaJIbl BpPEMEHU, HO U
BY-da3bl MeCTHBIX TE€HEpaTOpOB. YCTpaHEHHE pa3-
Opoca (a3 reTepomuHOB obOecrieunBaeTcs (ha3oBOi
CHHXPOHH3aLUEH.

B pamkax paccMmaTpuBaeMoOro moaxona TaKTOBas
¥ (azoBas CHHXPOHHU3ALUH OCYLIECTBISIOTCS Clie-
nayromuM obpasom. Bee anmeMeHTsl cuctemsl "oOMe-
HHUBAIOTCS" JIpyT ¢ APYroM NMUIOT-CUTHajaMHu (¢par-
MEHTaMHU OTMOPHBIX KojeOaHMii) ¢ TpeOyeMoil mepuo-
quaHOCTBIO T (1...10 MC MpH HCIOIB30BAHUU KBap-

0 10 20 30 40 T,c
I I I I
_ 05—
1
AT,
MKC

a

LIEBBIX TEHEpPaToOpoB paccMOTpeHHoro tuma). "O6-
MeH" MUIOT-CHTHaJIaMHu (Ilepefada IHJIOT-CHIHAJIOB
OT OJIHOTO JJIEMEHTa JAPYroMYy U B 00OpaTHOM HAIpaB-
JICHUH) COOTBETCTBYET CHHXPOHH3ALMH [[BYCTOPOH-
HUM MetonoM [15]. Tlo pesynsratam oOpabOTKH ITH-
JIOT-CUTHAJIOB OLICHUBAIOTCSI B3aMMHBIE YXOJbI BpE-
MeHHOH mKanbl At(t) u daser A(t). Tlomyqaembie

TIOTIPAaBKH YYUTHIBAIOTCS IPU COBMECTHOI 00paboTKe.
ChopMyIMpOBaHHYIO TIOCIEIOBATEIBHOCTE  OIle-
paumii [Uid CHHXpOHU3aLUK OyIeM Ha3bIBaTh MPOrpam-
MHO-aJITOPUTMUYECKAM CTTIOCOOOM CHHXPOHHU3ALIHH.
B [1] momydena skcmepuMeHTalbHAs 3aBUCH-

MocTh Tp e

(T) — MoMeHTa BpeMeHH pEeruCTpaIH
MUWIOT-CUTHAJA, MepeJaBaéMOT0 OIHUM DIEMEHTOM,
B IIKaJIe BpeMeHu Apyroro. Eciu BeIOOpKa comepKut
K otcueros,

T0 uepes Toukn Tpno(Tp)

Tonc (Tk_1) MOXeT ObITb POBEIEHA HpsIMAst JTHHHS

T e (T) , OTOGpasKaromas mHeliHyio 3aBHCHMOCTS,

OITICHIBAEMYIO TTOJTMHOMOM TIEPBOI CTETICHH.

Ha puc. 2 mokazaH mpuMep 3aBHCHMOCTH MO-
MEHTa PErucTpaIiy MIIOT-CUTHANA OJHOTO I'eHepa-
TOpa B ILIKale BPEMEHHU JIPyroro reHeparopa mocie
KOMIICHCALlUM JIMHEHHON COCTaBJIAIOLIEH, paccuu-
TaHHOMW 110 TPAaHUYHBIM OTCYETaM BBIOOPKH [1]

AT(T) =Ty e (M) =T pc (T,

IIpencraBneHHass IKCIIEPUMEHTAIbHAs BBIOOpPKA
JTAaHHBIX COOTBETCTBYET NEPUOIY CIECAOBAHUS MUIOT-
CHUTHAJIOB 5 MC, TAaKTOBOW 4acTOTE€ OMOPHBIX reHepa-
topoB 50 MI 1, wactote nmuckperuzanuu | MI .

Kak cremyer w3 pucyHKa, B peXuMe CBOOOTHBIX
KoyieOaHui HaOIMIOAeTCs CYIIECTBEHHOE PACXOKICHHE
IIKaJT BpeMeHH (pHC. 2, @), B KOTOPBIX PETHCTPUPYIOTCS
curHaisl. [Tostomy nepen ¢azupoBaHHEM IIKaJbI Bpe-
MEHU CBOIATCS AITOPUTMHUYECKH, UYTO CYHIECTBEHHO
CHIDKAaET uX pazopoc (puc. 2, 6), MOCIEe Yero MOXKET
MPOUCXOUTH COBMECTHAs 00paboTKa.

AT,

MKC

-‘.
i
Y
..
~
’
.
- .

-0.01

Puc. 2. PacxoxJeHue 1IKaja BpeMEeHH JByX FeHEpaTOPOB B 3aBUCUMOCTH OT BPEMEHU: a — 6€3 KOPPEKLUH, 6 — C KOppeKIHeil
Fig. 2. Discrepancy of time scales of two generators depending on time: a — without correction, 6 — with correction
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OCHOBHOE TIPEHMYIIECTBO IPOTPAMMHO-AJITOPHT-
MHYECKOTO CII0C00a COCTOUT B HEBBICOKUX TEXHUYECKHX
TpeOOBaHUSIX K alaparype CUCTEMbl CHHXPOHU3ALIUH, a
HEJIOCTaTOK — B HEOOXOIMMOCTH NEPUOIMYECKOTO aHa-
Tv3a pacxokaeHHus (a3 OMOPHBIX T'eHEeparopoB (YeM
Xy)Ke CTaOMIILHOCTh YaCTOTBI, TEM Yallle HY)KSH aHAIIV3).
st aToro He0OXOMMMO BbIIENIEHNE CHELMAIBHBIX Bpe-
MEHHBIX OKOH B IIMKJIOTpaMMe pabOThl CUCTEMBI.

JKcInepuUMeHTAIbHAsI MPOBepPKa TOYHOCTH (a-
30BOii CHHXPOHH3AllMU OMOPHBIX FeHEPaTOpPOB Ha
MOABMKHBIX HOCHTENSIX. [IpeaiokeHHBIA MPUHITHIT
CUHXPOHHU3AIMH peajn30BaH Ha MAaKeTe 3KCIepHU-
MEHTAJILHON pacIpe/lelIeHHOW paJgnOTeXHUYECKON
CHCTEMBI METPOBOTO JIMAIa30Ha BOJIH. MakeT co3naH
Ui OTpabOTKH TEXHOJOTHHM KOTE€PEHTHOTO OO0beIH-
HEHUSl CUTHAJIOB B KPYMHOANEPTYPHBIX DPa3pexkeH-
HBIX (ha3MpOBAHHBIX AHTEHHBIX PEIIeTKaX IepeMeH-
HOU KOH(HTYpaIHy.

OKCTIEpUMEHTAIBHBI MaKeT COCTOSUT M3 JECATH
MIPUEMOTIEPEIAFOIINX MOIYJIEH, pa3MeIIeHHbIX Ha TO-
JIBIDKHBIX HOCHUTENSIX (TPUBS3HBIX adpOCTaTax) Ha BbI-
cote ot 40 no 150 M Hax 3emueit (puc. 3). [lomoxenus
(ha30BBIX LIEHTPOB aHTEHH MOAYJeH U3MEHSUIUCH B
COOTBETCTBUHU C MOPHIBAMH W HANpaBICHHUEM BETpa
co ckopocThio 1...7 M/c. TlonokeHne TOYEK MPUBA3KU
3amycka moxayied (puc. 4) GpUKCUPOBAIOCh KOMILICK-
TOM HaBUTAIIMOHHOM M TEO0JE3MYECKON armaparyphbl.
B Hayane coOCTBEHHBIX KOOpAMHAT MAaKeTa Ha 3emJle
HETIOABIDKHO HAXOIWJICS CHHXPOHU3UPYIOIIUHA MO-
Iyab 1, OTHOCHTENBFHO (ha3bl CHTHAJIA KOTOPOTO OIle-
HUBAIUCh  (Pa3oBble HMCKAXKEHUS, BO3HUKAIOIIHE
BCJIEJICTBHE pa3z0dpoca mapaMeTpoB aHTEHHO-(U-
JIEPHBIX TPAKTOB pa3HbIX Monynel. IIpoctpaHcTBeH-
HBIA pa3HOC MEXITy HauOolee yIaaeHHBIMA MOTY/ISIMA
(6a3a cucremsl) cocrasisii okojio 400 m.

Ipremonepenatonie MOIyIH OOMEHHUBAIUCH ITH-
JIOT-CHTHAJIAMH T10 (Upy Ha HECYIIMX YacTOTaxX B Iua-
mazoHe 150...170 MI'u. Bo Bpemst akcieprmMeHTa OHO-
BPEMEHHO paboTaiy 9 mprueMOoTepenatonux MOTYIIeH.

IIpuMep NMUIIOT-CUTHAJIOB, 3apErUCTPUPOBAHHBIX
MOZYJISIMH, TTOKa3aH Ha puc. 5. JMUTensHOCTh TakTa

= __“
Puc. 3. Pazmernienne npueMonepearoux MOy e
Ha MPUBS3HBIX adpocTaTax
Fig. 3. Placement of receiving and transmitting modules
on tethered balloons

-50 0 50 100 150 X, M

-100—

A 150
A
-200 A

Puc. 4. Touku pUBSA3KH 3aITyCKa MOyJIeH
Fig. 4. Module launch anchor points

paboTBI CHCTEMBI COCTaBIsLIa | MC, MHJIOT-CUTHANI
Ka)XJI0TO OTHOT0 MOoAyJIst 3aHUMal 90 MKc.

[IpencraBneH omuH TakT pabOTHI CHUCTEMEI, 3a
KOTOpBIA Bce Moaynu (1-9) mocienoBaTenbHO HU3ITY-
Yagy MpPOCThlE PAAUOUMILYIBCH JUINTEIBHOCTBHIO
oxojo 50 mMxc. B Havase Takta B 3(hup BBIXOANUT MO-
Iyab 2, manee — MOOYAb 3 W B KOHIIE — MOIYIb |
(CHHXpOHM3UPYIOIIHI).

PesynsratoM 00pabOTKM NPHUHATHIX HHIIOT-CHUT-
HAJIOB CTaJIM OICHKH Pa3HOCTH (pa3 IBYCTOPOHHHM
METOIOM:

MB

nc’

MB

m.c’

0.2

-0.2

-04

-1.2

0

Puc. 5. TTnnot-curHaNbL, TPUHATHIE MOTYJISIMU:
a — 1 (CHHXpOHU3HUPYIOIINM), 6 — 2
Fig. 5. Pilot signals received by modules:
a — 1 (synchronization), 6 — 2
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Puc. 6. Onenka norperHocTy Ga3oBoi CHHXPOHN3ALUH
IO YCIIOBHIO "3aMbIKaHus" (a3
Fig. 6. Estimation of the phase synchronization error
by the "closing of the phases" condition

Prcy n = Prcy

2

A(Prr.cm’ 0= ) Q)

e (bn.cm , — OLCHKa ()a3pl MUJIOT-CHIHATIA, NIPUBE-

IeHHAs K OMHOMY UL BCEX MOAYIEH MOMEHTY Bpe-
MEHH; M U N — HOMepa Mmepenaryuka (MepBbld HH-
JIEKC) U TpueMHUKa (BTopoi mHJeKc). PasHocTh (5)
OTIpeeTsIIach IS KaXKIOTO TaKTa pabOTHI CHCTEMEL.

[IpoBepka TOuHOCTH (Ha30BOK CHUHXPOHHUBAIUH
MIPOBOAMIIACH TT0 TaK HA3BIBAEMOMY YCIIOBHUIO "3aMBbI-
kaHuA" (a3, KOTOpOe IOJHKHO BBITIOIHSITHCS B IIPO-
W3BOJIBHBI MOMEHT BPEMEHH IS JIFOOBIX TPEX MO-
aysaei m, n, k:

P, n, k =APne, T APne \ + AP, =0.(6)

n

[Ipumep skcriepuMeHTATBHON 3aBHCUMOCTH (6)
Juis Mofyneit 4, 6, 8 mokazaH Ha puc. 6.

Pesynprupyromas omubdka (a3oBoil CHHXPOHU-
3aIUH OLIEHNBATIACh KaK

A¥ =M (¥, n k)+30y,

e oy = \/M{[\Pm, n, k _M(\Pm, n, k )T} - CKO

AY.

AHaHI/I3 I[OCTyHHLIX SKCHepI/IMeHTaHLHLIX JaH-
HbIX nokazain, yTo CKO ommbku ¢a3oBoii cMHXpO-
HU3AIMU HE MpeBbimaeT 12°, cMemnieHne OleHKH He-
3HAYUTEIIbHO WM COCTABJISIET B CpPEAHEM EOMHUIIBI
rpaxycoB. Tak, O TaHHBIM pHUC. 6 MareMaTH4YeCcKoe
oXunaHue (CMelleHHne) pe3yJabTUpYIoUlei (a3oBoi
omnbku coctaBuio —3°, a ee CKO — 5°.

3akaouenue. B HacTodIIel cTaTtbe pacCMOTpeH
METO/I CHHXPOHH3AIMU Pa3HECEHHBIX MMOJBMXKHBIX
MO3ULMA B paclpeleNeHHbIX PaJIuOTEXHUYECKUX
CHUCTEMax Ha OCHOBE IPHUHLUIIA MHOIOCTOPOHHETO
pacnpoCTpaHeHHU CUHXPOHU3UPYIOIIUX CUTHAJIOB.

[IpakTuueckas peanu3alusi METOa OCHOBaHA Ha
BBIUMCIICHUU B PEaJbHOM BPEMEHHU COBMECTHOIO pe-
IIEHHsI OTHOCHUTENIFHO TEKYIINX (a3 W 9acToT OIop-
HBIX T€HEpaTOpPOB Pa3sHECEHHBIX MO3uluii, paboraro-
IMX B PEXKUME CBOOOIHBIX KOJeOaHUH, MO pe3ysbTa-
TaM HaOMIONCHUH CHHXPOHU3UPYIOIINX CHTHAJIOB,
[epeaBaéMbIX IOOYEPENHO C KaXIOW MNO3MLUUM U
MIPUHUMAEMbIX Ha BCEX OCTABHBIX TTO3UIIHAX.

B oskcmepuMmeHTax, NpPOBEICHHBIX Ha MAakeTe
pacnpene’aeHHoN paiuOTeXHUYECKON CHUCTEMBI C He-
CKOJIbKUMH TIOABWXHBIMU BO3IYLIHBIMH HOCHUTEJIS-
MH, TOJy4eHa TOYHOCTh CHHXPOHM3AILIUU, XapakTe-
pusyemasi CKO ¢a3bl ONOpHBIX F€HEPaTOpPOB HOPS-
ka 12° Ha Hecymel JacToTe B AMANAa30HE BOIH 2 M
(T. €. okomo 0.2 HC) MPHU PACCTOSHUAX MEXKITY HUMH
HECKOJIBKO COTE€H METPOB U CKOpPOCTSIX B3aUMHOTO
MepeMEIICHUST 10 HECKOJIBKHMX METPOB B CEKYHAY.
g nmepenauu CUTHaJIOB CHHXPOHHM3ALUU HCIONb30-
BaHbl OCHOBHbIE IPUEMOIIEPENAIOLIIE KaHAIbI PAIHO-
TEXHUYECKON CHUCTEMBbI (BHYTPUIIOIOCHAS CHHXPOHH-
3a1ys), T. €. METOJl CHHXPOHHU3AalUU He TpeOyeT IpH-
MEHEHUS JONOJIHUTENBHOH annaparyphl.

PeanuzoBanHas TOUHOCTH (Ha30BOM CHHXPOHH3A-
OUuKu JocTrarodyHa ajisd KOFepeHTHOﬁ WJIN KpaTKOBpeE-
MEHHO-KOT'€PEHTHOII 00pabOTKM CUTHAJIOB B PaHO-
TEeXHUYECKUX CHCTEMaX, IO KpailHeH Mepe B Auana-
30HE METPOBBIX BOJIH, C IOTEPSIMU KOTEPEHTHOCTH HE
oomee 1...2 nb.

HOHy‘leHHLIe JAaHHBIC ITO3BOJIAIOT TAKXE CACJIATh
BbIBOJ, 4YTO HpHMeHeHHLIﬁ METOJA MOKHO pacmpo-
CTpaHHUTh Ha Oollee BBICOKOYACTOTHBIC MHAINa30HBI
PaIuoBOIH, BKITIOUAs ACIUMETPOBHIH, M Ha OoJbIIee
pa3HeceHUe CHUHXPOHU3UPYEMBIX IMO3ULUH B IIpO-
crpaHcTBe. lIpemnoKeHHbI MeTOoA SBISIETCSl aBTO-
HOMHBIM (HE 3aBUCSIIMM OT JOCTYIHOCTH BHEUIHHX
HCTOYHHKOB KOOPIMHATHO-BPEMEHHOH MH(pOpMANny,
HanpuMep CPHC Imonacc u T. m.) m He TpeOyer
MIPUMEHEHUSI CIelu(pUIECKON ammaparypsl — TakKoi,
KaK aTOMHbBIE CHHTE3aTOpPbI YaCTOTBHI.
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i\\ NMPNBOPLI M CUCTEMbI NSMEPEHNA HA OCHOBE

AKYCTUYECKUX, ONTUYECKNX N PAANOBOJIH

7/

MEASURING SYSTEMS AND INSTRUMENTS
BASED ON ACOUSTIC, OPTICAL AND RADIO WAVES

https://doi.org/10.32603/1993-8985-2019-22-2-53-61
YAK 621.391(681.325:535)

J1. A. ApoHoe %, B. H. Ywakoe

CaHkm-llemep6ypackuli 20cydapcmeeHHbIl 31eKmpomexHuUYeckuli
yHusepcumem "JIITU" um. B. V. YeaHoea (JleHUHQ)

yn. Mpogeccopa lMonoea, 0. 5, CaHkm-lNemep6bype, 197376, Poccus

METO4 ®OPMNPOBAHWA KBAAPATYPHbLIX KOMMOHEHT CMEKTPA
B roMmoOANHHOM AKYCTOONMTUYECKOM CMNMEKTPOAHAJTN3ATOPE

AHHOTaUmA

BeedeHue. Cpedu aKycmoonmuyeckux CnekKmpoaHanu3amopos ¢ NPOCMPAHCMBEHHbIM UHMe2PUPOBAHUEM CXeMbl
HG OCHOBe onmuyeckux UHmep@epomempos obecneyusarom Hauboabwull JuHamuyeckuli ouanasoH. lpu 3mom
amnaumyoHell chekmp cuesHaAa GopmMupyemcs Ha Hekomopol npocmpaHcmeeHHoU Hecywel, 045 yCmpaHeHus
komopoli HeobxodumMo CPopmMuposamMs K8AOPAMYpPHbsIe KOMNOHEHMe!. [JeyMepHOCMb NPeobpazoeaHuli, 8sINo/Hse-
MbIX 8 ONMUYECKUX NPoyeccopax, no3gossem coendmMe 3MO 3G c4em CYUMbLIBAHUS 30psA0a 00NOAHUMENbHbIX
CMpPOK MAMpPU4YHO20 pomonpueMHUKa. Vi3gecmeH memoo, 8 KOmopom OaHHbIU NOOX00 Peanu308aH C UCNO0/6308a-
HUeM YemesIpex CmpoK, Ymo & c8ot0 o4epeds onpedesigem epems Noay4eHUs OyeHKU cnekmpa cuz2Hana.

Llene pa6omel. ViccredogaHue 803MOXCHOCMU YMeHbWEHUS 8PeMeHU No/y4YeHUs OYeHKU cnekmpa.

Mamepuansr u memodel. [IpedcmasneHo onucaHue 08yx Memodos8 GopMUPOBAHUS HEO6XO0UMbIX KOMNOHeHM.
Mepeseili Memod 3adelicmeyem 3 cmpoku ¢omonpuemHUKa, pacnpedeseHue 3apA0a 8 KOmMopsix umeem cosuz No
¢ase npocmpaHcmeeHHol Hecyweli Ha 90° om cmpoku kK cmpoke. Bmopoli Memod ocHO8aH HO PopMuUpPO8aHUU He-
06Xx00uUMbIX pacnpedesneHull Nocs1e008aMeNLHO 8 Mpex YUKIAX HAKONAEHUA 30 cYem 8apbUpO8AHUSA HAYAAbHOU
$a3sl 0nopHO20 CcuzHAMA. Mamemamuyecku NOKA3aHO, YmMo mpex pacnpedeneHuli ¢ OMHOCUMENbHbIM Ga3086IM
cdsuzom Ha 90° docmamo4Ho 0415 yCMpPAHeHUA NpocmpaHcmeeHHoU Hecywed.

Pe3ynemamel. YmeHblueHue speMeHU aHOAU3a 8 nepeoM Memoode HeCyujeCmeeHHO, HO NapasiefsHoe GopMUpPOBaHUEe
pacnpedeneHuli no3gosisem He npedvasaames 00NOAHUMENbHLIX mMpebosaHull K cnekmpy cueHana. Bmopol memod 3a
cyem 803MOMHOCMU UCNO/b308AHUS 01 OYEHKU /066X mpex Noc1e008amesbHO GopMUpyeMbiX pacnpedeneHuli nomex-
YuaneHo & 3 pasa beicmpee nepeozo Memooq, HO mpebyem, Ymobbl CnekKmp cU2HOAA bbl1 CMAYUOHOPEH & npedesax mpex
yuknos HakonneHua. OH makowe Moxem 6bimb Peanu308aH C UCN0/AL308aHUEM AUHEUH020 pomonpueMHUKa uau ¢pomo-
npuemMHUKa ¢ 8pemeHHOU 3a0epikol U HaKon/eHueM U MeHee mpeboeamesneH K Habopy napamempos onmu4eckoli cxembl.
3aknto4eHue. [pedngzaemsie Memodsl GOPMUPOBAHUS K8AOPAMYPHbIX KOMNOHEHM NO380ASAOM COKPamMuUmMs epe-
MS NOAyYeHUsi OYeHKU cnekmpa 8 UHmep@epeHyUOHHbLIX aKyCmoonmu4eckux CnekmpoaHaau3amopax, a makxice
npu Heobxo0UMOCMU ynpocmume Ux peaausayuro.
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QUADRATURE COMPONENTS FORMING METHOD
FOR HOMODYNE ACOUSTO-OPTIC SPECTRUM ANALYZER

Abstract

Introduction. Among acousto-optic spectrum analyzers with spatial integration, schemes based on optical interfer-
ometers provide the largest dynamic range. Nevertheless, they form the signal amplitude spectrum on a certain spa-
tial carrier. Formation of quadrature components can eliminate this spatial carrier. The two-dimensionality of the
transformations performed in optical processors provides this elimination by reading of the additional charge of ma-
trix photosensor lines. A renowned method implements this approach using four lines, which in turn determines the
estimation time of the signal spectrum.

Objective. The objective of the work is to study the possibility of time reduction of the spectrum estimation.

Materials and methods. The paper presents the description of two methods of forming the necessary compo-
nents.The first method uses three photosensor lines, the charge distribution in which has the spatial carrier phase-
shifted by 90 ° from line to line. The second method forms the necessary distributions sequentially in three accumula-
tion cycles by means of variation of the initial phase of the reference signal. By the mathematical proof, three distribu-
tions with a 90 ° relative phase shift are sufficient to eliminate the spatial carrier.

Results. In the first method, reduction of the spectrum estimation time is insignificant, but the parallel distributions
formation affords not to impose additional requirements on the signal spectrum. The second method, due to the pos-
sibility of using any three sequentially formed distributions for estimation, is potentially three times faster than the
first method, but requires the stationary signal spectrum within three accumulation cycles. Researchers can imple-
ment this meth-od using a linear photosensor or TDI photosenor. In addition, the method is less demanding to optical
scheme parameters.

Conclusion. The proposed quadrature components formation methods provide time reduction of the spectrum esti-
mation in interference acousto-optic spectrum analyzers and simplify their design.

Key words: homodyne acousto-optic spectrum analyzer, interferometric acousto-optic spectrum analyzer,
quadrature channel, Young's interferometer, two-dimensional optical processing
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BBenenne. CriekTpanbHBIA aHAIM3 HA OCHOBE
SBIICHUSI AaKyCTOONTHYECKOTO B3aHMOJICHCTBUS |
MPOCTPAHCTBEHHOTO MpeobpasoBanuss Dyphe xapak-
TepHu3yeTcsi LIMPOKOM mosnocod anHammza [1], dTo
NpEICTaBIsAeT HHTEPEC MPH PELICHUH 3a1ad pPaanuo-
MOHHUTOPHWHTA, PaIH0ICKTPOHHON OOpBOBI, a TakxKe
B YCTpOWCTBAaxX OOHApY)KCHHs CHUTHAJIOB. AJITOPHTM
paboTBI MPOCTHIX CXEM aKyCTOONTHYECKUX CIEKTPO-
AHAITM3aTOPOB C TPOCTPAHCTBEHHBIM HHTETPUPOBA-
arem (AOCIIN) [1]-[4] nosBomsier ¢opmupoBath
TOJIBKO CIIEKTP MOIIHOCTH, YTO HPHBOAUT K CyIlie-
CTBEHHOMY CHI)KCHHUIO THHAMHYECKOrO JWana3oHa.
CxeMBl Ha OCHOBE ONTHYCCKHX HHTEPHEPOMETPOB
[5]-[7], B KOTOpPBIX OCYIIECTBISETCS ONTUYECKOE Te-
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TEPOOMHHUPOBAHUE, TTO3BOJSIOT CYLIECTBEHHO — B 2
pasa mpH u3MepeHuH B aeimbernax [6] — moBeICHTH
JUHAMHMUYECKUH Hana3oH yCTPONUCTBA B CPABHEHUH C
npocteiMu AOCTIN. B [5]-[7] paccMoTpeHs! U mpak-
THYECKU TIOATBEPIK/ICHBI aJITOPUTMBI ONTHYECKOTO Te-
TEPOAMHUPOBAHUSI C TIGPEHOCOM Ha HYJICBYIO YacTOTY —
TOMOAMHHUPOBAHKS — 33 CYET BBEICHHS B OIIOPHOM OII-
THYECKOM KaHaJle HeoOxoaumon Momysnuu csera. Ho
B 3THX paboTax HE yuTeHa HEOOXOIMMOCTb HCKIIOUe-
HUS BIMSHYS IPOCTPAaHCTBEHHOM HeCyIle.

C mosBieHNEeM (DOTONPHEMHHKOB C HAKOIUICHHEM,
00MaIaloIKX IHPOKUM JTUHAMHYECKUM JIHAITa30HOM,
NPE/TIOKEeHa peali3aliis FeTePOIMHHON CXeMbl C Mat-
puunbiM (otonpuemurkom Ha ocuoe I13C [8], uro
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Puc. 1. Cxema TOMOJAUHHOI'O aKyCTOOIITUYECKOI'O CIIEKTPpOaHAIN3aTOpa Ha OCHOBE HHTGp(i)epOMeTpa FOnra
Fig. 1. The scheme of the homodyne acousto-optic spectrum analyzer based Young interferometer

CYIIECTBEHHO YIIPOCTHUIIO KOHCTPYKIMIO YCTPOMCTBa, a
TaKoKe MO3BONWIO OOECHEeUUTh Ooliee BBICOKOE paspe-
urenue no yactore. B [9] paccmorpen meron ycrpane-
HUS BIMSIHUS IPOCTPAHCTBEHHOM HECYILEW, OCHOBAH-
HBI{ HAa WCIIONB30BAHUM YETBIPEX CTPOK MATPHIHOTO
¢oronpriemanka. OIHAKO CYUTHIBAHWE IOTIOJHUTEIB-
HBIX CTPOK YBEJIMUMBAET BPeMsl, 3aTpaduBacMoe Ha Io-
JIy4CHUE OLIEHKHU CIEKTPa BXOAHOTO CUTHAJIA.

B Hacrosmell cratee mpeacTaBieHa MoOAU(HUKa-
IUsT 3TOTO0 METOAA, KOTOpasi IMO3BOJISIET BBIICIHUTH
AMIUTUTYTHBIH CHEKTp aHAIM3UPYEeMOTO CHUTHAlla Ha
OCHOBE CUHTBHIBAHHSI TpeX cTpoK. Kpome Toro, mpen-
JIOKEH BapHaHT €r0 pPeajii3aliil C HCIIOIb30BaHUEM
JIMHEHHOTO (hOTONPHEMHUKA WM (OTONPUEMHHKA C
BPEMEHHOH 3aJIep)KKO M HAKOIIGHHEM U TOCIIeo-
BaTEJIbHBIM CUMTBIBAHMEM paclipesiesieHuil 3apsia.

YMeHBIIICHHE KOJIMYECTBA CUMTHIBAEMBIX pacIpe-
JICTICHUH MTO3BOJISIET COKPATUTh BpeMsl (POPMHUPOBAHUS
OLICHKY CIIEKTPa CUTHAJa, a UCIIOIb30BaHME JIMHEHHO-
ro (hOTONIPUEMHHKA CHIDKACT TPEeOOBAHHMS, MPEIbIB-
JsieMBIE K COIIACOBAHMIO MTApaMETPOB aKyCTOONTHYE-
CKOTO MOAYIISITOpA, Y37Ia MPOCTPAaHCTBEHHOTO IMPeosd-
pasoBanus Pypbe, UIMHBI ONTUYECKON BOJIHBI U I'€O-
METPHYIECKUX MTapaMeTPOB (POTONIPUEMHHKA.

OnTHyueckoe TEeTEPOTUHUPOBAHUE MOXKET OBITh
peanu3oBaHo, HAIPUMeEp, 10 cXeMe HHTepepoMeTpa
Maxa-Ilannepa wiu IOnra. [lng paccmorpeHus
MPEJCTaBIEHHOr0 Jlajee Marepuaia 3TO He MPUHIM-
MUAJIbHO, IOATOMY PACCMOTPUM CXEMY FOMOAUHHOTO
akyctoonTrueckoro crnekrpoananuzaropa (TAOCA)
Ha ocHOBe mHTepdepomerpa FOnra (puc. 1). B co-
CTaB CXEMBI BXOIT: 1 — MCTOYHUK MOHOXpOMaTHIE-
CKOTO WM3Jy4eHUs; 2 — KOJUTUMHUpYIOIIas JIuH3a; 3 —
JBYXKaHAJIbHBIH  aKyCTOONTHYECKUM  MOIYJIATOP
(AOM); 4 — coepudeckast THH3A; 5 — MaTPUYHBINA
¢doronpuemuank (MOIT).

B kadectBe mcrouHmka u3mydeHus 1 uenecoo0-
Pa3HO HCHOJb30BaTh MOIYIPOBOAHUKOBBIA MIIH ra30-
BBIH N1asep. [eHepupyeMoe MM pacxopsineecs uaimyde-
HHC Ha JUIMHE BOJNHBI A, HpeoOpasyeTcsl KOILIMMH-

PYIOILEH JINH30# 2 B IUIOCKYIO BOJNHY. [laniee cBeTOBOI
MOTOK OOJIyJaeT aneprypy AByxkaHansHoro AOM 3,
Ha OIUH W3 BXONOB KOTOPOTO ITOAACTCS aHAIH3UpYe-
Melii curaan S(t), a Ha Apyroil — OMOPHBIA CHTHAN

r(t). Tlocme npoxoxaeHust AOM CBETOBO MOTOK
¢dokycupyercsi cepruecKoi JHH30M 4 B TUIOCKOCTH
aneptypsl ¢oTtonpuemMHuka 5. B kauectBe OmopHOTro
curaana st TAOCA MOXXHO HCITONTB30BaTh HIMPOKO-
nostocusie JTUM-ummyiiscbl [10] vmm pagaonMITyabChl
Ha OCHOBE IICEBAOCITY4YallHOM IOCIEeN0BaTeNIbHOCTH
[11], xoTOpble OOECIEYMBAIOT ONTHYECKOE TETEPOIH-
HHPOBAHHUE B IIHPOKOM JTHATIA30HE PaTHOYACTOT.

Meton ¢opMupOBaHUS KBAJAPATYPHBIX KOM-
MOHEHT HA OCHOBE TPeX CTPOK (hOTONMpPHEMHHKA.
PaccmorpuM  marematuueckytro wmonens [AOCA.
Pacnpenenenue 3apsga B aneprype MO®II 3apaercs
BeIpakeHueM [1]:

Q(x2, y2, Ty)=
= RXA{WS(X21 Y2, TH)+Wr(XZv Y2, TH)+
TH
+2Re J'S(xz, y2, )R (X0, yo, t)dt |, (1)
0

rie Ry — cmekTparnbHas qyBCTBHTENBHOCTH (DOTOMPH-

eMHHKa; A — MacIITaOHBI MHOKUTEIb, YIUTHIBAOIIIUIA
MpeoOpa3oBaHUe BXOMHBIX CUTHAJIOB B CBETOBOH IMOTOK

B AOM; T,; — BpeMs HaKOIUICHHUS; WS(XZ, Yo, Ty) 1
W, (X2, Y2, Ty) — HpPOCTPaHCTBEHHbIC SHEpreThye-
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CKHE CIEKTPhl aHAIM3UPYEMOTO ¥ OMOPHOTO CUTHAJIOB
COOTBETCTBEHHO, C(OPMUPOBAHHBIE 33 BpeMs Ty
S(x2, Y2, t) um R(X, Yo, t) — MrHOBeHHBIC mpoO-
CTPAHCTBEHHbIE CIIEKTPbI AHATIM3HPYEMOTO 1 OTIOPHOTO

CHTHAJIOB COOTBETCTBEHHO; *— CHMBOJI KOMILIEKCHOTO
COTIPSDKEHHUS .

Tpetbe cnaraemoe B (1) MO3BONSET BBHIICTHUTH
nH(popMaIHio 00 aMIUITUTYTHOM H (Da30BOM CIIEKTpe
aHanusupyemoro curHana. Ilocne B3sTHS peabHON
vactu (1) nomyunm?:

Q(x2, y2, Ty)=
= A (Y2){Ws (X2, Y2, Teg) +Wr (X2, Y2, Ty )+

TH
+ZI 1S (%2, 2. t)”R*(le Y2, t)‘x
0
xcos[ (KD/F) y2 + s (X2, ) = wr (Xo, t) Jdt}, (2)

e A, (Yy2) — pacnpesneneHue 3apsiia 10 BepTHKAIIH;

K — BOTHOBOE 4HCIIO CBETOBO# BOiHBI; D — paccros-
Hue Mexay kananamu AOM; F — gokycHoe paccTo-

stue HH3H 4; yo(Xp, t) 1 yp(Xp, t) — MrHOBeH-

HBIC (baSOBLIe CIICKTPBI aHAJIM3UPYEMOI'0O U OIIOPHOT'O
CHUTHAJIOB COOTBCTCTBCHHO.

Oyukups A, (Yo ) B ciydae chepruueckoii IMH3bI

4, peanusymolieil IByMEPHOE MPOCTPAHCTBEHHOE
npeoOpazoBanne Oypbe, UMEET BUJL

A, (y2)=sinc? {[kH, /(2F) ]y, ],

rae H, — BbIcoTa akycTrueckoro myuka B AOM; F —

(okycHoe paccrosiue TuH3bI 4 (puc. 1).

B (2) aMmiuTygHBIA CIEKTP AHATU3MPYEMOTO
CUTrHaJIa YMHOXacCTCs Ha aMHHHTyI[HLIﬁ CIICKTp Omop-
HOTO CHTHaJa M Ha MPOCTPAHCTBEHHYIO HECYIIYIO C
MONHOM  (ha3oi, (opMupyeMoil MTrHOBEHHBIMH (has3o-
BBIMH CIIEKTpaMH 00OMX CHUTHAJIOB M CJIaraeMoro, Jiv-
HEHHO MEHSIOIIETOCs BIONb BEPTHKAIBHOW KOOpAMHA-
Tbl Yy. M30aBUTBCA OT IPOCTPaHCTBEHHOH Hecymiei

MOXKHO, C(HOPMHPOBAB JOTIOIHUTENIFHO KBAPATYPHYIO
KOMITOHEHTY criekTpa. B [8] mis storo ucmone3yercst
cunthiBaHue yeTbipex cTpok M®II. OnHako cuuThIBa-
HME JIONOJIHUTENIHBIX CTPOK, €CIIM OHO HE OCYILECTB-
JSIETCs  MApaJUIEIBHO 4€Pe3  OTAENBHBIE PETUCTPBI

L Tpu dpopmupoBanuu (1) auckperHas CTpyKTypa (GOTONPHUEMHHKA U
MHTETPHPOBAHHUE B IPEJIeNax CBETOUYBCTBUTEIBHBIX JJIEMEHTOB He
YUHUTBIBAIOTCSL.

2 B )IaJTBHeﬁIHCM BBIBOJIC HCIPUHITUIIHAIBHBIC U1 PACCMOTPEHUSA KOH-

cranTel R; u A omymieHsl.
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M®II, xpaTHO yBEIMYMBACT BpeMsl BbIBOAA MH(OpMAa-
LIUU U BpEMs pa3BEPTKH CIEKTPa COOTBETCTBEHHO.
PaccmoTpuM Moan¢UKanuio 3Toro MEeTozaa, Imo3-
BOJISIFOIYI0 ~ OTPAaHUYMTHCS  CUUTHIBAHUEM  Tpex
ctpok. IlonHas (aza mpocTpaHCTBEHHON Hecyied B
(2) comepxuT ciaaraemoe, JIMHEHHO H3MEHSIOIIECECS

110 KOOpAWHATE Y, W HE 3aBUCAILEEC OT BPEMEHH t U
TOPH30HTAILHOM KOOPIUHATEL Xp. OTa KOMIIOHEHTA

MOXET paccMaTpUBATHCSI Kak HavdaiubHas (asa, mo-
CTOSTHHasi OTHOCUTENPHO YyKa3aHHBIX MNEPEeMEHHBIX,

4YTO IIO3BOJIACT 3a CUCT CMCIICHUSA BIOJIb y2 Ha Ayz

BHOCHTb 33JIJaHHBIN (Da30BBIN CABHT:
A(p = (kD/ F )Ayz. (3)
[Ipu 3TOM HEOOXOMUMO TaK)Ke YUMTHIBATH U3Me-
HEHHE MHTEHCUBHOCTH II0 KOOpAMHATE Y B COOT-
BETCTBUH C A,(yz). Heobxonumele TOMOTHUTEND-

HBIE pacIpenesieHus 3apsaa OynyT copMUpOBaHbI B
CTPOKax, B KOTOPBIX oOecrieunBaeTcs (pa3oBblii CIBUT

A =+m/2. PacupeneneHus 3apsijia B CUUTHIBAEMbIX

CTpOKax OyAyT UMETh BUI!
— B IIEPBOM CTPOKE

QCOS(X21 Yo, TH):A\/(YZ)[WS(XZ’ TH)+
+Wr (XZa TH)+ZSCOS(X2’ TH):I; (4)

— BO BTOPOU CTPOKE

Qsin (X2, Y2, Ty ) = A (Y2 +Ayp )%
X[WS(XZ' TH)+WF(X2' TH)+25sin(X21 TH)]; (5)

— B TPETHEHN CTPOKE

Qsin (X2, Y2, Ty) = A/ (Y2 —Ayz ) x
x[Ws (X2, Ty )+ Wi (X2, Ty ) +25_gin (X2, Tyr) |, (6)

rae
T

Scos (X2, Ty) = f|g(x2' t)||R(X2’ t)|><
0
xcos[ (KD/F)ya + s (X2, t)—wy (xp, t)]dt;

TH
Ssin (XZ' TH): “S(X2' t)”R(XZ’ t)|><

0
xsin[ (kD/F)y, +ws (Xp, t)—wy (xp, t)]dt;
TH
S_sin (XZ’TH):_I|S(X2’ t)”R(XZ' t)|><
0

xsin[ (kD/F)ya + s (X2, t)—wy (xp, t)]dt
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A (Yo )r=—=======
0.8 /
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0 | |
~4 -2 0 2 ¥, x102, Mm
Puc. 2. BeprukanbHoe cedeHHe anmnapaTHod GpyHKInu
CIIEKTpOaHaJIM3aTopa
Fig. 2. Vertical section of spectrum analyzer instrument
function

— BapHaHTHI TPETHETO ci1araeMoro u3 (2), B KOTOPBIX
CMeIIleHneM 00eCIIeunBaeTCsl 3aKOH H3MEHEHHS TIPO-
CTpaHCTBEHHOH Hecyllel coracHO (QyHKIMAM BHIA
Cos, Sin m —sin coorBercTBeHHO. OTMETHM, YTO

S—Sin (XZ’ TH):_Ssin(XZ' TH)'

Ilocne cuuThIBaHUS 3aps10B HeOGXOI[I/IMO BBIPOB-
HATH PaCripCACICHUA 10 aMIUIMTYAC B COOTBETCTBHH C

A(y2),  A(y2+4dy2) m

A, (Y2 —Ayy). Tlpu 5TOM BaKHO, YTOOBI IIEPEUHCIICH-

MHOXHUTCIIIMH

HbIC MHOXUTENH He oOpamanuck B HONb. [IpoBepum
3T0, 33/1ABIIHUCh CICIYIOIMMH TUIIMYHBIMH JUIS TIPAKTH-
KU TIapaMeTpaMM: JUIMHA BOJHBI Jasepa A =650 Hw;

(oxycHoe paccrostaue mMH3E 4 F =200 mm; paccTos-
Hue Mexny kaHanaMu AOM D =10 mm; BbIcOTa aKy-
cTHdecKoro myuka B kaHasie AOM H, =1mm. Ilepsyro
CTPOKY pacIoloKuM B cedeHuu Y, =0, Torma u3 (3)

TOJy4YMM CMEIIIEHHE OTHOCHMTENIFHO Hee JIBYX JPYrux
cTpok: Ay, =3.25 MKkM BBepx U BHU3. IIpu aToM

A0)=1 A (Ayy)=A (-Ay,)=0.998. (7)

Takum 00pazoMm, JUIsi BBIOpAHHBIX TapaMEeTPOB
BCe 3 CTPOKH JIeXKAaT B Mpefiesiax IIaBHOTO JIeTIeCTKa

bynxumm A, (yo) (puc. 2).
Janee 06e3 morepu OOIIHOCTH TOJOXKHM, YTO
pacnpenenenus (4)—(6) HOpMUPOBaHBI HA COOTBETCT-

Bytomue 3HaueHus A, (7).
Ha ocnoBanuu (4)—(6) 3anuiem:

QCOS(XZ' Y2, TH)_Qsin(X2v Y2, TH)=

:z[scos(XZ’ TH)_SSiIl(Xz’ TH):I; (8)
QCOS (XZ’ Y2, TH)_Q—sin (X2! Y2, TH)=
ZZ[SCOS(XZ’ TH)+SSiIl(X2' TH)] (9)

Torna:

SCOS(XZ’ TH):(]'/4)|:2QCOS(X2’ Y2, TH)_
— Qsin (XZ’ Y2, TH)_Q—sin(XZv Y2, TH)];
Ssin(x21 TH):(:L/A’)[Qsin(XZv Y2, TH)_

—Q_sin (X2, Y2, TH):' (11)

Boseenem o6e uactu (8) u (9) B kBagpar u mpo-
CYMMHPYEM pEe3yIIbTar:

(10)

2Qs (X2, ¥2. Ty ) -
_ZQCOS(XZ’ Y2, TH)Qsin(X2! Y2, TH)+
+2QCOS(X2’ Y2, TH)Q—sin(XZ! Y2, TH)+

+Q52in (Xz, Y2, TH)'*'QEsin(XZ’ Y2, TH):
=8[Sczos(x2, TH)+SSZin(x2, TH)]

3aBUCUMOCTH TMOJIHOW (Da3bl MPOCTPAHCTBEHHOM
HeCyllel OT BpEMEHHM JUI BCEX TPEX CTPOK Ompere-
JIIETCS PaCIpPOCTPAHEHUEM CHUTHAJIOB BIONb alepTy-
poI kaHamoB AOM, 4TO SKBUBAJICHTHO CMEMICHHIO IO
BPEMEHU U HAIMYUIO OJUHAKOBOMN JIMHEHHON 100aB-
KH B (Da30BOM CHeKTpe 0OOMX CHUTHAJIOB, HE BIIHSIO-
el Ha KOHEYHBIN pe3ynbTaT. Tak Kak HaKOIUIEHHE B
CTPOKax WAET IMapayielbHO BO BPEMEHH, CyMMa
KBazparoB B npaBoi yactu (12) He Oymer comepkarhb
MPOCTPAHCTBEHHON Hecyien. M3Bnekas KOpeHb U

(12)

0603HauMB pe3ynsTar Kak Sg (Xp, Ty ), momydum

TH . .
SR(%2, Tu) =242 [ [S (%0, )[R (%o, t)]dt. (13)
0

B (13) mMHOXUTENb, COOTBETCTBYIOIIUIN aMILIA-
TYAHOMY CIIEKTPY OIMOPHOTO CHUTHAja, MOXKET OBbITh
OLICHEH 3apaHee U B JajbHEHIeM y4TeH MMPU HOPMH-
poBke. TOYHOCTh 3TOM OIEpanyy 3aBUCUT OT CTalMo-
HAapHOCTHU aMIUIUTYJHOTO CIIEKTPa OIIOPHOTO CUTHAJIA.

JleBast wacth (12) ommchIBaeT MareMaTHYECKHE
olepanyy, KOTOpPBIE ODKHBI OBITH IPOHM3BEICHEI
HaJl pacrpefeIeHUAMHI 3apSaI0B B CTPOKax (OTOIpPH-
emHuka. OfHako nenecooOpa3Hee BBINOJIHUTH BbI-
uncnenns 1o (8) u (9), pe3yabTaThl BO3BECTH B KBA/I-
par ¥ CIOKHUTh. DTH OIEpallit, a TAKKE B3ATHE KOP-
Hst Uit HaxoxkaeHus (13) 1 HOpMUPOBKA MOTYT OBIThH
BBINOJTHEHBI TU(PPOBBIM YCTPOHCTBOM OCTOOPaOOKH
MOCJIe CYMTBIBAHUS M OLM(POBBIBAHUS paclpeiere-
HuU 3apa10B B ctpokax M®IT.

Otnomenre (10) k (11) mosBomsieT MOMYUHTH
nHpopMamio o (Ha3oBOM CIIEKTPE aHAIU3IHPYEMOTO
CHTHaJA:
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Ssin (X2, Ty)
Scos (Xz, TH)

JUIL 4ero HeoOXoIuMO 3HaHHMe (Da30BOTO CIIEKTpa

Vs (Xp, Ty )=arcctg +yr (X, Ty),

onopHoro curHana Wy (Xg, Ty). Tomyunts stoT

CIIEKTP MOXKHO, HAIIPHMEp IIOaB Ha BXOXA CIIEKTPO-
aHAJM3aToOpa PagHOCUTHA C TPOCTHIM  (ha30BHIM
CIEKTPOM U BBITIOJTHUB KAJIMOPOBKY.

B coorserctBum ¢ (3) mis hopMupoBaHUS Tpe-
OyeMoro pacmpejiefieH|ss Tojis mo crpokam MOIT
HEOOXOAMMO TMPH 33JaHHBIX 3HAYEHUAX PACCTOSHUA
D mexny kananamu B AOM, UIHHBI BOJHBI Jla3epa

A

BEpTUKaIbHOrO pasMmepa nukcena MOII, onpenemns-

e onpez[enﬂ}omeﬁ 3HA4YCHUC BOJHOBOI'O 4ucia, 1

IOILETO IIIar IO OCU Yo, paccuurars (GOKYCHOE pac-

crosare F mua3el @ypre. [Ipu 3TOM HEoOXOAMMO
YUYUTBHIBATh, YTO pa3Mephl MUKCENIa ONMPEICIISIOT TOY-
HOCTH (popMuUpoBanus pacupenenenuii (4)—(6).

KBazgparypasie cocraBisione (HOpMHPYIOTCSI
OZIHOBPEMEHHO, YTO HE HaKJIaJ(bIBaeT JOMOJIHUTENb-
HBIX OTPAaHWYCHWA Ha aHAIM3UPYeMBId CHUTHAN, a
aHAJIN3aTOP COXPAaHAET CIIOCOOHOCTH paboTaTh B pe-
QIBHOM BpeMeHH 0Oe3 IporyckoB. Bpems ananmsa
[PU ATOM OIIPENESIeTCS] BPEMEHEM, HEeOOXOIMMbIM
JUTSL CYUTBHIBAHUS TPEX CTPOK (OTONPHEMHHUKA U BBbI-
MOJIHCHHUS BBIYKMCIICHUH.

Meton ¢opmupoBaHusl KBAaJAPATYPHBIX KOM-
MOHEHT HA OCHOBE IOCJIENOBATEILHOIO CYHTHIBA-
HHS TpeX pacnpenejieHuil 3apsjaa. Pacripenenenus
Buaa (4)—(6) moxxHO Takke CHOPMHUPOBATH 3a CUET
BapHanuy (pa3oBOro CIEeKTpa ONOPHOTO CUTHaja, TaK
KaK 3TOT CUTHaJ ACTCPMHUHHUPOBAH U MOKET 6])ITI>
chopMHpOBaH C JIOOBIMU 3aJAHHBIMH [TApPAMETPaMH,
a ero (asa ompenenser MoiHyr a3y MPOCTpaH-
CTBEHHOI HECYyIIIEeH.

[Ipenmomoxum, 4T0 NEPBBI LUK HAKOIUICHHS 3a-
psi/la BBINOHSUICS TPH OMOPHOM paauocurane I (t)
1 OBLIO MOJIy4EeHO pacmpezerieHue 3apsaaa suga (4).
Cdopmupyem elle ofMH ONOPHBINA curHan Iy (t),
OTIIMYAIOMIMICS OT TEPBOTO TOJBKO H3MEHEHUEM
HauabHOI (asbl Ha +7/2. Lk HakorwieHust ¢ Iy (t)

JIacT, OYEBUIHO, pacnpereneHue 3apsiaa (5). Tperuit
LUKJ HAKOIUIEHHUs] OCYIIECTBUM Ui OIOPHOTO CHI-
nana I3(t), SBIsOMIErOCs CBUHYTHIM Ha —7/2 CcHT-

nanom R (t), u nomyuum pacnpenenenue sapsia (6).

Ommmcanublii MeTton He TpeOyeT NpHMEHEHHS
MOII. [Ins perucrpalyy U3JIy4yeHHs] U HAKOIUIEHHUs
3apsAa MOTYT UCIIONb30BaThCs JIMHEHHBIE CEHCOPBI C
HAKOIUICHHEM, MMEIOLINE ITUKCEN, pasMep KOTOPOro
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IO OCH Yy CYIIECTBEHHO HPEBOCXOMHUT pa3Mep II0
ocu Xp (cM. puc. 1), obnamaromue 3a CYeT 3TOIO

OONBIIMM ~ JWHAMHYECKAM  auamazonoM  [12].
B TAOCA, peanu3yrommx 3TOT METOJ, MOTYT INpHU-
MEHSTBCS M CCHCOPBHI C BPEMCHHOW 3alepKKOW U
HakoruieaneM [13]-[15], 4to Takke mMO3BOJIIET pac-
[IUPHUTH TUHAMUYECKUH IUana30H.

HemocraTok mocieaHero MeToa 3akiroJacTcsl B
MIOBHIIICHHBIX TPEOOBAHMAX K CTAI[IOHAPHOCTH aHa-
yusupyeMoro curnana S(t): ero crekTp momkeH ObITH
OIIMTHAKOB B KaXKIIOM H3 TPEX IIMKJIOB HAKOTIJICHHUSI.

Dopmuposanue onopruix cueHanos. J{ns opranu-
3al[U¥ [UKJIOB HAKOIDICHUS MOXET OBITh HCIOINB30-
BaHA IMPOCTas C TEXHUYECKOH TOUKU 3PEHHS CXeMa
dbopmupoBaHus TpeOyeMoil IMOCieA0BaTeIbHOCTH
OTIOpHBIX cHUTHAIOB (puc. 3). ['eHepaTtop omopHOro
curHana 1 ¢opmupyeT BHICOCHTHAN ¢ 3aJaHHBIMU
CIECKTPAIBbHBIME  XapaKTepucTukamu. llepeHoc Ha
pabouyro gactory AOM OCyIIeCTBISAETCS CMECUTE-
JeM 2, Ha BXOJI TeTepPOIUHa KOTOPOTO MOAAETCS CHT-
HaJI ¢ reHeparopa 4. YmpapiseMbiid (hazoBpalnaresib
3 obecnieunBaeT TpeOyeMbIi (a3oBBIi CIBUT B KaX-
JIOM W3 LIUKJIOB HAKOIUIEHUA. YCWIHTENb 5 obecre-
yuBaeT HeoOxonumblid ams pabotel TAOCA ypoBeHb
OTIOPHOTO CHUTHAJIA.

Tpoiika LMKIOB HAaKOIUIEHHUS TOCJIEI0BaTEIbHO
noBTopsercs. IIpu 3ToM moObie 3 cCOCeIHUX LUKIA
TaKOH ITOCIENOBATEIHFHOCTH MOTYT OBITH HCIONB30-
BaHbl JIsI pacdeTa KBAAPATYPHBIX COCTABJIAIOIIUX,
TaK Kak 10 MEPE CYUTHIBAHUS OYEPEIHOTO HAKOILICHHO-
TO 3apsiga OyIeT MEHSTHCS TONBKO TOPSIIOK CIICOBAHUS
pacnpenenenuii (4)—(6) B mocCAeIHUX TPEX BBIXOA-
HBIX cHUrHanax (orompuemuuka. Takum oOpa3om, Ha
OCHOBE 3TOH HOCIEHOBATEIFHOCTH MOXET OBITH Op-
TaHU30BaHO Oosiee THOKOE BBIYMCIEHHE C OOHOBJIC-
HUEM KaJIpa CIEKTpa CHUTHANA C KaKIbIM HOBBIM
IIUKJIOM HaKOIUICHHS, YTO JOTONHUTEIHHO yYMEHbIIA-
eT BpeMsl aHaju3a 0 3HAYCHUs, 3aTPauyMBacMOro Ha
CUHNTBIBAHHC O}lHOﬁ CTPOKU BMECTO TPEX HUJIU YETHIPEX.

roc

B omnopHslii
kaHain AOM

./(p3

4

Puc. 3. T'enepaTtop OnopHOTo CHrHajia ¢ Bapuaimei ¢asbt
Fig. 3. The generator of reference signal with varied phase
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TouHocTh (a30BBIX OTHOIICHUH 3amaercs (hazo-
BpalateneM U He TpebyeT KOMIUIEKCHOTO Moadopa
MapaMeTPOB Y3IIOB YCTPOMCTBA (IIMHBI BOIHBI Jla3e-
pa, TeOMETpPHUYECKUX pasMepoB (oTonpruemHuka, ¢o-
KYCHOTO PacCTOSIHHS JIMH3BI, PACCTOSHHUS MEXIY Ka-
HanmamMu AOM U BBICOTBI aKyCTUYECKOTO ITy4Ka B Ka-
HaJe), Kak B PacCMOTPEHHOM paHee METoIe C HC-
nosb3oBaHueM JByMepHoro M®II u cuuthiBaHMEM
JOTIOTHUTEIBHBIX CTPOK.

Bausinne ommoOku ycraHoBKH (pa30BbIX COOT-
HOIIeHMI. YNcieHHOE MOIENMpPOBAHME I10KA3ajIo
(puc. 4), 4TO OTKIIOHEHHE IO (ha3e MEKITY KBAAPATYP-
HBIMH KOMIIOHEHTaMH CIIEKTpa OT 7/2 TMPUBOIHUT K

BO3HUKHOBEHHIO OLIMOOK ITPH OLEHKE aMIUIMTYJHOTO
CIEKTPa BXOIHOTO CHTHAJIA, 3aBUCAIIMX OT €ro (asbl,
SIBIISTIOIIIEHCSI cITydaitHO# BenmmunHOo#. Ha puc. 4 moka-
3aHa 3aBMCHMOCTH Da30poca BBIXOJAHOTO CHUTHAJa
T'AOCA A|p OT IONOJHUTENBHOIO CABUrA O IOJIHOM

(asbl mpocTpaHCcTBeHHOW Hecymield B (4). Pasopoc
BBIXO/THOTO CHTHAJIa aHAJIM3aTopa MOXET paccMaTpH-
BaThCsl KaK YXY/UICHHE OTHOIICHUS CHIHAI/IYM U
CHWKECHHE JTMHAMHYECKOTO JMaIia3oHa yCTPOMCTBA.
MonenupoBaHue Takke I10Ka3allo, YTO YPOBEHb
pa3bpoca MeHsIeTCsl B 3aBUCUMOCTH OT TOTO, B KAKOH
U3 CTPOK, OMMCHIBaeMbIX pactpenencuusmu (4)—(6),
HapymatTcsi (pa3oBbie cooTHoIIeHUs. Hanbonbimii
pa3bpoc HaOomaeTCsl MPU BOSHUKHOBCHHH OITHOKH
B pacnpenenenun (4). Kak crenyer us puc. 5, ypos-
HH pa3dpoca B pacmnpenencuusx (5) (kpusas 1) u (6)
(kpuBast 2) TaKKe pasdUYHBL. ITO BBI3BAHO OCOOEH-
HOCTBIO MOJYUCHHUSA KBAaAPATYPHBIX KOMIIOHEHT IIO
TPEM CTPOKaM, 3aJI0KEHHON B MPENTI0KEHHBIN ajro-
pUTM. YUHUTBIBas OTHOCHTEIBHOCTh ()a30BBIX COOT-
Hotrennii B (4)—(6), 1enecoobpasHo cunTaTh pac-
TIpe/ieTieHue 3apsiaa B BepxHeH (MepBOW MpH Imocie-
JIOBaTeIbHOM (DOpMUPOBAHMH CIIEKTpa) H3 TpeX
CTPOK ONMCHIBAEMBIM BbIpaxkeHueM (D), cpemHeit
(BTopoit) ctpoku — (4) u HwKHEH (TpeTheit) — (6).
HeobXoquMo Tarkke y4WTBIBaTh, YTO Paclpejie-
JICHUA 3apsjia JOJIKHbI 6I)ITB TMOJIYYCHBI IIPpHU CTAalluo-
HAPHOCTH BXOJHOIO CHUTHAlA B TEYCHHE BPEMEHH

3T

H’

CTBa IMHKCEIIOB JIMHCHHBIX q)OIOHpHeMHI/IKOB C HaKoII-

KOTOPOE € Y4eTOM OBICTPOACHCTBHS M KOJIHUE-

0.5

| |

0 5 10 o, ...
Puc. 4. Pa36poc 3HaYCHUI armapaTHOW QYyHKIH
Fig. 4. The variance of instrument function

o

Ajg, 1b
1.5+
2
1.0
1
0.5
| |
0 5 10 a,..’

Puc. 5. Pazbpoc 3HaueHWIA anmapaTHOH QYHKIUI
JJI pa3JIIHBIX CTPOK
Fig. 5. The variance of instrument function
for different lines
JICHUEM COCTABIISIET OT HECKOJIBKUX JIECSITKOB MHUKpPOCE-
KyH JI0O €IWHUI] MIJUTICEKYH/A. JTO O3HA4YaeT, YTO
YCTPOICTBO OYyZET HE CIIOCOOHO Ka9eCTBEHHO aHAIIU-
3UpPOBaTh OMMHOYHBIC CUTHAJBI JJIUTEIHHOCTHIO MeE-
Hee 3T, M CUTHAJBI, CHEKTP KOTOPBIX HECTAI[HOHA-

PEH B TEUEHHE yKa3aHHOTO HHTEPBaIa BPEMEHU.
3akuiouenue. [IpencraBieHHple B HACTOSIICH
cTaTtbe METOmBl (DOPMUPOBAHUS KBAIPaTypHBIX CO-
CTAaBJSIIOIIUX CHOEKTpa B TOMOJWHHOM aKyCTOOIITHU-
YECKOM CIEKTPOAHAJIU3aToOpe B CPABHEHUH C IOAXO-
JIoM, onrcaHHbIM B [9], B pa3HOil cTerneHu mo3BOIs-
0T YMCHBIIUTH BPEMA aHaIn3a, 4YTO JId CICKTPO-
aHaIN3aToOpPOB, paboTAIOMNX B PEKHAME PEabHOTO
BpPEMEHH, SBIISIETCS OJHUM M3 CYIIECTBEHHBIX Iapa-
MeTpoB. C TOYKM 3peHMs NPaKTHUYECKOH peanusanuu
METOJ Ha OCHOBE BapHallMX HAYaIBHON (ha3bl OIIOPHO-
TO CUTHAJIA MPECTABIACTCS 00JIee MPOCTHIM U TOUHBIM.
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KOBOJbA M UACTOTHAA JUCTIEPCHA MOJyJIeHl yIpyrocTH, KOTOPYIO He y/JaeTcd BHISIBHTH OOBIYHBIMH Me-
TOIaMH, CIIEKTP HEePTHI aKTHBAIIHMH IIPOIIECCOB, OTBETCTBEHHBIX 3a ABICHIA MION3YUSCTH, H T. 1.

Paccuntano Ha HayuHBEIX paOOTHHIKOBR, HHDKEHEpPOB, paspadaTHIBAIOMIMX NMPHOOPEL U YCTpoil-
CTBa, coJep:Kallllie IIhe30KepaMHUeckie >IeMeHTHl, IIpeqHa3HaueHHEe II1 padoTH B YCIOBHAX Ieil-
CTBHSI 3HAUHTENLHBIX HATPY30K; HA CTY/ICHTOB, O0YUAIOIINXCS 10 HAMpaBieHnio moarotosku 200100 —
«lIpudopocTpoeHre» B 00TACTH TEXHUKH W TEXHOJIOTHH, HA ACTIHPAHTOB M CIIEIHATUCTOR, TOBHIMIAO-
MuX KBaNHGHUKAIHIO 10 COOTBETCTRYIOMMM 00pa30oBaTeNbHEIM IIPpOIpaMMaM H 3aHHMAaIOMIHXCA Hece-
IOBaHHAMH B 00TACTH (PI3UKH TBEPIOTO Tela H MaTepHAI0BeISHHA.
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Abstract.

Introduction. Among acousto-optic spectrum analyzers with spatial integration, schemes based on optical interfer-
ometers provide the largest dynamic range. Nevertheless, they form the signal amplitude spectrum on a certain spa-
tial carrier. Formation of quadrature components can eliminate this spatial carrier. The two-dimensionality of the
transformations performed in optical processors provides this elimination by reading of the additional charge of ma-
trix photosensor lines. A renowned method implements this approach using four lines, which in turn determines the
estimation time of the signal spectrum.

Objective. The objective of the work is to study the possibility of time reduction of the spectrum estimation.

Materials and methods. The paper presents the description of two methods of forming the necessary compo-
nents.The first method uses three photosensor lines, the charge distribution in which has the spatial carrier phase-
shifted by 90 ° from line to line. The second method forms the necessary distributions sequentially in three accumula-
tion cycles by means of variation of the initial phase of the reference signal. By the mathematical proof, three distribu-
tions with a 90 ° relative phase shift are sufficient to eliminate the spatial carrier.

Results. In the first method, reduction of the spectrum estimation time is insignificant, but the parallel distributions
formation affords not to impose additional requirements on the signal spectrum. The second method, due to the pos-
sibility of using any three sequentially formed distributions for estimation, is potentially three times faster than the
first method, but requires the stationary signal spectrum within three accumulation cycles. Researchers can imple-
ment this meth-od using a linear photosensor or TDI photosenor. In addition, the method is less demanding to optical
scheme parameters.

Conclusion. The proposed quadrature components formation methods provide time reduction of the spectrum esti-
mation in interference acousto-optic spectrum analyzers and simplify their design.
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J1. A. ApoHoe ™, B. H. Ywakoe

CaHkm-lemepbypackuli 20cydapcmeeHHsbIl 31ekmpomexHudeckuli
yHusepcumem "JIITU" um. B. U. YneaHosa (/leHUuHa)

yn. lpogeccopa lMonoesa, 9. 5, CaHkm-lNemepbype, 197376, Poccus

METOA4 ®OPMUNPOBAHNA KBAAPATYPHbIX KOMMOHEHT CMEKTPA
B roMmoaAMHHOM AKYCTOONTUYECKOM CMEKTPOAHANTN3ATOPE

AHHOTaUuA.

BeedeHue. Cpedu aKycmoonmuyeckux cnekmpoaHanu3amopos ¢ NPOCMPAHCMBEHHbIM UHMeZPUPO8AHUEM CXeMbl
HO 0CHOBe onmuyeckux UHMeppepomempos obecneyuearom Hauboabwul duHamudeckuli ouanasoH. llpu amom
amnaumyoHelli chekmp cuzHaAa Gopmupyemcs Ha Hekomopol npocmpaHcmeeHHoU Hecyujel, 048 ycmpaHeHus
komopoli HeobxoduMo CPopmMuUpPo8aAMs K8AOPAMYpPHbIe KOMNOHEHMe!. /JJeyMepHOCMb nNpPeobpazoeaHuli, 8sINo/HsAe-
MbIX 8 ONMUYECKUX NPoyeccopax, no3gossem coendmMbe 3MO 3G c4em CYUMbLIBAHUS 30psA0a 00NOAHUMENbHbIX
CMPOK MAMpU4YHO20 pomonpuemMHuUKa. MzeecmeH Memod, 8 KOMopom OaHHbIU NOOX00 peasu308aH C UCNO/63080-
HUeM Yemesipex CMpOK, YmMo 8 800 o4Yepeds onpedessiem spemsa Noay4YeHUs OyeHKU Cnekmpa cu2Hana.

Llene pa6omel. ViccnedogaHue 803MOXCHOCMU YMeHbWEHUS 8PeMeHU No/y4YeHUs OYeHKU Cnekmpa.

Mamepuanel u memoodesl. [IpedcmasseHo onucaHue 98yx Memooo8 PopPMUPOBAHUS HEO6XOOUMbIX KOMNOHEHM.
IMepeeili Memod 3adelicmeyem 3 cmpoku ¢omonpueMHuKa, pacnpedeseHue 3aps00 8 KOmopbix umeem cosu2 no
¢a3se npocmpaHcmeeHHol Hecyweli Ha 90° om cmpoku kK cmpoke. Bmopoli memod 0CHOBAH HA GOPMUPOBAHUU He-
06Xx00uUMbIX pacnpedesneHull Nocs1e008aMenLHO 8 Mpex YUKIAX HAKONAeHUA 30 cYem 8apbUpO8aHUSA HAYAAbHOU
@a3sl 0nopHO20 CcuzHAMA. Mamemamuyecku NOKA3aHO, YmMo mpex pacnpedeneHuli ¢ OMHOCUMENbHbIM $a3086IM
cdeuzom Ha 90° Jocmamo4Ho 0415 yCMpPAaHeHUs NPoCmMpaHcmeeHHoU Hecywed.

Pe3yabmamel. YveHsleHUe 8peMeHU aHOaU3a 8 NepeoM Memooe HeCywecmeeHHo, HO napasnenbHoe GopMupoeaHuUe
pacnpedeneHuli no3gossiem He npedbAeandmes 0onoAHUMENbHbIX MpebosaHuli K cnekmpy cueHana. Bmopol mMemod 3a
cyem 803MONHOCMU UCNO/b308AHUS O/ OYEHKU /I0bbIX mpex Now1ed08amesisHO GopMUpyeMbix pacnpedeneHuli nomex-
yuaneHo 8 3 pasa beicmpee nepgozo Memoda, Ho mpebyem, Ymobsl Cnekmp CU2HAAA bbl1 CMAYUOHAPeH 8 npedenax mpex
yuknos HakonneHus. OH makoie Moxcem 6bimb Peanu308aH C UCNO/IL308aHUEM AUHEUHO20 $omonpueMHUKa uau ¢omo-
npuemMHUKa ¢ 8pemeHHOU 3a0epikol U HaKon/eHueM U MeHee mpeboeamesneH K Habopy napamempos onmu4eckoli cxembl.
3aknto4eHue. [pedngzaemsie Memodbl GOPMUPOBAHUS K8AOPAMYPHbIX KOMNOHEHM NO380ASAOM COKPaMuUMe epe-
MS NO/yYeHUs OYeHKU Cnekmpa 8 UHMmMep@epeHYUOHHbIX aKyCmoonmuyeckux CNeKmpoaHanau3amopax, a makxie
npu HeobxoouUMoCmu ynpocmume UX peanu3ayuro.

KntoueBble C/10Ba: FOMOAMHHBIV akyCTOOMTUYECKMIA CeKTpoaHanm3aTop, MHTepdepeHLMOHHbIA akyCcToonTnYe-
CKWUIA CNekTpoaHanmnsaTop, KBajgpaTypHbIA KaHan, HTepdepomeTp HOHra, AByMepHas onTuyeckas obpaboTka

Ana untTupoBaHua: ApoHos J1. A., Ywakos B. H. MeTog ¢opMmnpoBaHns KBafpaTypHbIX KOMAOHEHT CleKkTpa B
rOMOAVIHHOM aKyCTOOMNTUYEeCKOM CriekTpoaHanmnsatope // V3B. Bysos Poccun. PagnoanektpoHuka. 2019. T. 22,
Ne 2. C. 53-61. doi: 10.32603/1993-8985-2019-22-2-53-61

NcTouHUK pnHaHCmpoBaHmA. ViHMLMaTMBHas paboTa.
KoH$NMKT nHTepecoB. ABTOPbLI 3aABASIOT 06 OTCYTCTBUM KOHGANKTa MHTEPECOoB.
CraTtbs noctynuna B pegakumto 19.02.2019; ctatbsa npuHATa K nybavkaummn 18.03.2019; onybnnkoBaHa oHnaiiH 24.04.2019

Introduction. Spectral analysis based on the
phenomenon of acousto-optic interaction and spatial
Fourier transformation is a wide field for research
[1], which is relevant in solving problems of radio
monitoring, electronic warfare activities, as well as
in signal detection devices. The algorithm of simple
circuits of acousto-optic spectrum analyzers with
spatial integration (AOSSI) operation [1]-[4] enables
to form only the power spectrum, which leads to a
significant decrease of the dynamic range. Circuits
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based on optical interferometers [5]-[7], in which is
performed the optical heterodyning, provide a signif-
icant— twice when measured in decibels [6] — in-
crease of the dynamic range of the device in compar-
ison with simple AOSSI. In [5]-[7] are considered
and practically confirmed optical heterodyning algo-
rithms with transfer to zero frequency — homodyning
— by introducing the necessary light modulation into
the reference optical channel. Unfortunately, these
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Fig. 1. The scheme of the homodyne acousto-optic spectrum analyzer based Young interferometer

works do not take into account the requirement to
eliminate the influence of the spatial carrier.

With the advent of photosensors with accumulation
of a wide dynamic range, researchers [8] proposed im-
plementation of a heterodyne scheme with array photo-
sensor based on CCD, which significantly simplified
the design of the device and provided a higher frequen-
cy resolution. The work [9] considers method of the
spatial carrier influence elimination based on the use of
four lines of a matrix photosensor. However, the read-
ing of additional lines increases the time taken to obtain
an estimation of the input signal spectrum.

This article introduces the modification of this
method, which enables to select the amplitude spec-
trum of the analyzed signal based on the reading of
three lines. In addition, the article presents version for
the method implementation using a linear photosensor
or a photosensor with a time delay, accumulation and
sequential reading of the charge distributions.

Reduction of the number of readable distribu-
tions decreases the time required to form the signal
spectrum. Application of a linear photosensor reduc-
es the requirements for matching the parameters of
an acousto-optic modulator, a spatial Fourier trans-
form unit, an optical wavelength, and geometric pa-
rameters of a photosensor.

Researchers can implement optical heterodyning,
for example, according to the scheme of the Mach—
Zehnder or Young interferometer. For consideration
of the material presented below, this the scheme itself
is not fundamental. The figure one presents the
scheme of a homodyne acousto-optic spectrum ana-
lyzer (HAOSA) based on a Young interferometer
(Fig. 1). The scheme includes 1 — a source of mono-
chromatic radiation; 2 — collimating lens; 3 — two-

channel acousto-optic modulator (AOM); 4 — spheri-
cal lens; 5 — matrix photosensor (MPS).

As a radiation source 1, it is advisable to use a
semiconductor or gas laser. The collimating lens 2
converts the generated by the laser diverging radia-
tion at the wavelength %, into a plane wave. Next,
the luminous flux irradiates the aperture of the two-
channel AOM 3. The lux feds the analyzed signal
s(t), to one of the inputs and the reference signal

r(t). to the other one. After AOM passing, the
spherical lens 4 focuses the light flux in the aperture
plane of the photosensor 5. As a reference signal for
the HAOSA, researchers can use broadband chirp
pulses [10] or radio pulses based on a pseudo-
random sequence [11], which provide optical hetero-
dyning in a wide radio frequency range.

The method of quadrature components form-
ing based on three lines of a photosensor. Let us
consider the HAOSA mathematical model. The ex-
pression [1] describes the charge distribution in the
MPS aperture:

Q(X21 Y2, Tac):
=Ry, AWs (X2, Y2, Tac) +Wr (X2, Y2, Tac) +

TH

+2Re IS(XZ, yo, )R (xp, Yo, t)dt |1, (1)
0

where R, is the spectral sensitivity of the photosen-

sor; A is scale factor, taking into account the conver-
sion of input signals into the light flux in the AOM,;

Tac is the accumulation time; Wg (Xp, Yo, Tyc) and

W, (X2, Y2, Tyc) is the spatial energy spectra of the
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analyzed and reference signals, respectively, formed
during T,c; S(xz, Y2, t) and F'e(xz, yo, t) are in-
stantaneous spatial spectra of the analyzed and refer-
ence signals, respectively; * is the complex conjuga-
tion symbol®.

The third term in (1) enables to select infor-
mation about the amplitude and phase spectrum of
the analyzed signal. After taking of the real part (1)
we get the expression below?:

Q(x2, ¥2, Tac) =
=A/(Y2){W5(X2' Y2, Tac) + Wy (X2, Y2, Tac) +

TH
+2J' |S(X2, Y2, t)|‘R*(X2, Y2, t)‘x
0
xcos[ (KD/F ) yp +ws (X2, t) = wr (X, 1) ]dt}, (2)

where A, (y,) is the vertical charge distribution; k is

the radian wave number of the light wave; D is the
distance between AOM channels; F is the focal

length of the lens 4; wq(Xp, t) and (X, t) are

the instantaneous phase spectra of the analyzed and
reference signals, respectively.

The function A,(y,) in case of the spherical

lens 4, which implements the two-dimensional spa-
tial Fourier transform, has the following form

A (y2) =sinc? {[kHa /(2F)]ya}.

where H, is the height of the acoustic beam in

AOM,; F is the focal length of the lens 4 (Fig. 1).

In the expression (2), the amplitude spectrum of
the analyzed signal is multiplied by the amplitude
spectrum of the reference signal and by the spatial
carrier with the full phase formed by the instantane-
ous phase spectra of both signals and the term linear-
ly varying along the vertical coordinate y,. We can

eliminate the spatial carrier by forming an additional
quadrature component of the spectrum. The article
[8] describes this process by reading four MPS lines.
However, the reading of additional lines is not paral-
lel through separate registers of the MPS; it multi-
plies the information output time and, accordingly,
the spectrum wave length scanning time.

L Expression (1) does not take into account the discrete structure of
the photoreceiver and integration within the photosensitive ele-
ments.

2In the following expression, the non-fundamental constants for consid-
eration R, and A are omitted.
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Below, the paper considers the modification of
this method, which enables to limit the spatial carrier
elimination to reading of three lines. The full phase
of the spatial carrier in (2) contains a term that varies

linearly in the coordinate y, and is independent of
time t and horizontal coordinate x,. This component

can be considered as an initial phase, constant rela-
tively mentioned variables, which makes it possible
due to the shift along y, to introduce on Ay, the

given phase shift:
Ap=(kD/F)Ay,. (3)
It is also necessary to take into account the varia-
tion of the intensity along the coordinate y, in ac-
cordance with A, (y,). The necessary additional

charge shifts will be formed in the lines with the en-
sured phase shift A¢=+n/2. The charge distribu-

tions in the read lines have a view:
— the first line

QCOS(XZ’ Y2, Tac):A/(yz)[Ws(Xz, Tac)-i-
+Wr(XZv Tac)+zscos(xz, Tac )] (4)

— the second line

Qsin (X2, Y2, Tac) = A (Y2 +4yp)x
X[WS(XZ' Tac) +Wr (X2, Tac )+ 2Ssin (X2, Tac)]; (5)

— the third line

Qusin (X2, Y2, Tac) = A (Y2 —Ayz )%
XI:WS(XZ’ Tac)+Wr(X21 Tac)+25—sin (x2, Tac)]’ (6)

where

Tac
Scos (X2, Ty) = J |S(X2' t)”R(XZ’ t)|><

xcos[(kD/F)yz +\33(X2, t)—wr (X2, t)}dt;
Tac
Ssin (X2, Tu) = f 1S (%2, t)[R(xa, t)]x

0
xsin[ (KD/F)y + s (Xa, )= wy (Xp, t)]dt;
TaC
S_sin (XZ’TH):_J‘ 1S (x2, D[R (x2, t)]x
0
xsin[ (kD/F )y, + s (X2, t)—wy (xp, t)]dt

— variants of the third term from (2), in which the
shift assures the law of the spatial carrier variation
according to the functions of the form of cos, sin

and —sin respectively. It is important to note that:
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S_sin (%2, Tac) =—Ssin (XZ’ Tac):

After the charges reading, it is necessary to
equalize the amplitude distributions in accordance

with the factors A, (y2), A/ (y2+Ay,) and
A, (y2 —Ay;). The listed factors should not vanish.

We can verify this by setting the following parame-
ters typical for practice, wherein: laser wavelength
A =650 nm; focal length of lens 4 F =200 mm; dis-

tance between AOM channels D =10 mm; height of
acoustic beam in AOM channel H, =1mm. We
place the first line in the section y, =0, then from

(3) we obtain the shift of the other two lines relative
to it: Ay, =3.25um up and down. Wherein

A 0)=1 A (Ayy)=A (-Ay,)=0.998. (7)

Thus, for the selected parameters, all three lines lie
within the main lobe of the function A, (y,) (Fig. 2).

A (y2)r======—==
0.8/
0.6
0.4
0.2
0 | |
—4 -2 0 2 y,x10%,mm

Fig. 2. Vertical section of spectrum analyzer instrument function

Further, without loss of generality, we can
assume that distributions (4)—(6) are normalized to
the corresponding values A,.

Based on (4)—(6) we can write:

Qcos (X2+ Y2, Tac)—Qsin (X2, Y2, Tac) =

=2[Scos(X21 Tac) — Ssin (X2, Tac)}; (@)
Qeos (X2: Y2+ Tac) ~Qsin (X2. Y2, Tac) =

:z[scos(XZv Tac )+ Ssin (X2, Tac)} ©)

Then:

Scos (2, Tac):(]/‘l)[chos(XZ’ Y2, Tac)—

~Qsin (%2, Y2, Tac) — Qsin (X2, V2, Tac)]; (10)

Ssin (X2, Tac):(]/4)[Qsin (X2, Y2, Tac)—

—Qsin (%2, Y2, Tac)]-

We raise both sides of (8) and (9) in the square
and sum the result

(11)

ngos(XZa Yo, Tac)—
—2Qcos (X2: Y2 Tac ) Qsin (X2, Y2, Tac )+
+2Qeos (X2, Y21 Tac)Qosin (X2, Y2, Tac) +
JrQszin (X2, Y2, Tac)+Qgsin (%2, Y2, Tac) =
:8[30205()(2’ Tac)+Sszin (%2, Tac)]-

The propagation of signals along the aperture of
AOM channels determines the dependence of the to-
tal phase of the spatial carrier on time for all three
lines, which is equivalent to a time shift and the
presence of the same linear additive in the phase
spectrum of both signals, which does not affect the
final result. Since the accumulation in the lines runs
parallel in time, the sum of the squares in the right
part of the expression (12) does not contain a spatial
carrier. Extracting the square root and designating the

resultas Sg(xp, Ty ), We get

(12)

Tac . .
SR (X2 Tac) =242 [ [$(xp, 1)[|R(x, t)]dlt. (13)
0

We can estimate in advance and take into account
later in the normalization the multiplier corresponding
to the amplitude spectrum of the reference signal in
the expression (13). The accuracy of this operation
depends on the stationary of the amplitude spectrum
of the reference signal.

The left part of the expression (12) describes the
obligatory mathematical operations performed for the
charge distributions in the lines of the photosensor.
However, it is rational to perform calculations based
on (8) and (9), to square the results and to add. The
digital post-processing device can perform these oper-
ations, as well as taking the root to find (13) and nor-
malization, after reading and digitizing the charge dis-
tributions in the MPS lines.

The ratio of the expression (10) to (11) enables to
obtain the information about the phase spectrum of the
analyzed signal:

Ssin (X2, Tac)
Scos (2, Tac)

which requires knowledge of the phase spectrum of
the reference signal vy (g, Tyc).. We can obtain

\VS(Xz,TaC)ZarCCtg|: :|+‘~V|’(X2’Tac)’

this spectrum by, for example, applying a radio sig-
nal with a simple phase spectrum to the spectrum an-
alyzer input and performing a calibration.

In accordance with the expression (3), in order to
form the required field distribution in the MPS lines, it
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is necessary calculate the focus distance F of the Fou-
rier lens for given values of the distance D between
channels in AOM, the laser A, wavelength, which de-
termine the wavenumber, and the vertical size of the
MPS pixel, which define the axis ys,pitch. We

should note that the pixel dimensions determine the
accuracy of the formation of distributions (4)—(6).

The quadrature components are formed simulta-
neously, which does not impose additional re-
strictions on the analyzed signal, and the analyzer re-
tains the ability to operate in real time without gaps.
The analysis time is determined by the time required
to read the three lines of the photosensor and to per-
form the calculations.

The method of quadrature components form-
ing based on the sequential reading of three charge
distributions. We can also be form distributions pre-
sented (4)—(6) by varying the phase spectrum of the
reference signal, since this signal is deterministic and
can be formed with any given parameters, and its
phase determines the total phase of the spatial carrier.

Suppose that the first charge accumulation cycle
was performed with a reference radio signal r; (t), and
we obtained a charge distribution of the form of (4).
We form one more reference signal r, (t), that differs

from the first one only by changing the initial phase
+m/2. The accumulation cycle with r, (t) obviously

gives the charge distribution (5). The third accumula-
tion cycle is feasible for the reference signal
r3 (t), which is shifted for —n/2 by the signal g (t),
so we obtain the charge distribution (6).

The described method does not require the use of
the MPS. To register radiation and charge accumula-
tion, researchers can use linear accumulation sensors,
having a pixel with size along the axis y, substantially

exceed the size along the axis X, (Fig. 1), which have a

greater dynamic range [12]. HAOSA with time delay
and accumulation sensors [13]-[15] also allow the ex-
pansion of the dynamic range and, as consequence, al-
low implementing this method.

The disadvantage of the latter method lies in the
increased requirements for the stationary of the ana-
lyzed signal s(t): its spectrum must be the same in
each of the three accumulation cycles.

Formation of reference signals. We can use a
simple from a technical point of view scheme to
form the required sequence of reference signals
(Fig. 3). For the organization of accumulation cycles,
The reference signal generator 1 generates a video
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Fig. 3. The generator of reference signal with varied phase

signal with specified spectral characteristics. The
generator 4 sends the signal to the input of the local
oscillator of the mixer 2, which in turn transfers it to
the working frequency of the AOM. The controlled
phase shifter 3 provides the required phase shift in
each of the accumulation cycles. The amplifier 5
provides the level of the reference signal necessary
for the HAOSA operation.

The accumulation cycles repeat sequentially. In
this case, we can use any three adjacent cycles of
such a sequence to calculate quadrature components,
since after reading of every next accumulated charge,
changes only the order of the distributions (4)—(6) in
the last three output signals of the photosensor. Thus,
based on this sequence, we can organize a more flex-
ible calculation with updating the frame of the signal
spectrum with each new accumulation cycle, which
further reduces the analysis time to the value spent
on reading one line instead of three or four.

The phase shifter sets the phase relationship ac-
curacy, which does not require a comprehensive se-
lection of the parameters of the device nodes (laser
wavelength, photosensor geometry, lens focal length,
distance between AOM channels and acoustic beam
height in the channel) as in the previously discussed
method using a two-dimensional MPS and reading of
additional lines.

The effect of phase relationships installation
error. Numerical simulation showed (Fig. 4) that the
phase deviation between the quadrature components
of the spectrum from =/2 leads to errors in estimat-

ing the amplitude spectrum of the input signal, de-
pending on its phase, which is a random variable.
Fig. 4 shows the dependence of the HAOSA output
signal Ae variation on the additional shift o of the

total phase of the spatial carrier in (4). We can con-
sider the scatter of the analyzer output signal as a
degradation of the signal-to-noise ratio and a de-
crease in the dynamic range of the device.
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Fig. 4. The variance of instrument function

The simulation also showed that the level of var-
iation varies depending in which of the lines de-
scribed by distributions (4)—(6) the phase relations
break. The distribution (4) provides the greatest vari-
ation when an error occurs. As follows from fig. 5,
the scatter levels in distributions (5) (curve 1) and (6)
(curve 2) also differ. This difference is stipulated by
the feature of obtaining quadrature components in
three lines, embedded in the proposed algorithm. Con-
sidering the relativity of the phase correspondences in
(4)—(6), it is advisable to consider the charge distribu-
tion in the top (first with sequential spectrum for-
mation) of three lines described by expression (5), the
middle (second) line — (4) and the bottom (third) — (6).

It is also necessary to take into account that
charge distributions must be obtained when the input

signal is stationary for a time 3T, that, taking into

AIF, dB
1.5
2
1.0
1
0.5
| |
0 5 10 a, ..’

Fig. 5. Dependences of the spread value on the phase error

account the speed and the number of pixels of linear
photosensors with an accumulation, is from several
tens of microseconds to few milliseconds. That
means that the device is not able to analyze qualita-
tively single signals with duration of less then 3T,

and signals which spectrum is non-stationary during
the specified time interval.

Conclusion. The methods of forming quadrature
components of the spectrum in a homodyne acousto-
optic spectrum analyzer presented in this paper, in
comparison with the approach described in [9], can
reduce the analysis time, which is one of the essential
parameters for spectrum analyzers operating in real time.
From the point of view of practical implementation, the
method based on the variation of the initial phase of the
reference signal is simpler and more accurate.
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MPABUNA ANA ABTOPOB CTATEN

0

B penakmnmonHsIii coBet xxypHaia "V3Bectus By30B Poccun. Pagnosnekrponuka" HEOOXOIMMO MPEICTaBUTh:

e pacrieyatky pykonucu (1 5K3.) — TBepAyr0 KOIHIO (aiiia cTaTby, HOAMUCAHHYIO BCEMU aBTOpaMu (00beM OpHIu-
HaJIbHOM CTaThM HE MEHee 8 CTpaHul, 0030pHOH paboThl He Gosee 20 cTpaHHUIY);

® 3JIEKTPOHHYIO KOIIMIO CTaThy;

® OTIENBHBIA (DAl UId KaXXIOTO PHCYHKAa W KaXKIOW TaOIHIBI B opMaTe T€X PeNaKkTOpOB, B KOTOPHIX OHH OBLIH
MO/ITOTOBJIEHBI (TaKKe BO3MOXKHA Mepeada 10 JIEKTPOHHOM IMovuTe Mo MpeIBapUTEeIbHOMY corlacoBaHMi0). Pas-
MEIICHNE PUCYHKA B 3JICKTPOHHON KOTIMH CTaThH HE OCBOOOXKIAET OT €ro NPECTABICHHUS OTACIBHBIM (haiioM;

® 3JIEMEHTHI 3aIvIaBUs Ha aHTIIMHCKOM si3bike (1 9K3.);

® SKCIIEPTHOE 3aKIIIOYEHUE O BO3MOXKHOCTH OITyOJIMKOBAaHUS B OTKpbITON medary (1 9K3.);

® CBe/IeHHs1 00 aBTOpax M MX JIEKTPOHHYIO KOMHUIO (HA PYCCKOM M Ha aHIIIMICKOM s3bIKkax) (1 9K3.);

® pekoMeHauo Kadeaps (0Taena) K OmyOInKOBaHUIO (CIIEAYeT yKa3aTh IpeamnoaaraeMyto pyopuky) (1 ax3.);

® COMpOBOAUTENIHHOE MUCHMO (1 9K3.).
[TpuHKuMaroTcs K MyOJIMKaIlMY CTaThU HA PYCCKOM M aHIVIMHCKOM SI3bIKax.

IIpaBuia odopmiieHus TeKCTa

TekcT cTaThi MOATOTABIMBACTCS B TEKCTOBOM pemakrope Microsoft Word. ®@opmat Oymaru A4. ITapamerpsl
CTpaHMLBL: MOJSI — BEPXHEE, JIEBOE U HUXKHEE 2.5 ¢M, MpaBoe 2 CM; KOJOHTUTYJIBI — BEPXHUHN 2 CM, HMXKHUU 2 CM.
[TpuMeHeHne MoyKUPHOTO M KYPCHUBHOTO IIPU(PTOB TOMYCTHMO NP KpaifHeil He0OX0AUMOCTH.

JIOTIOJTHUTENBHBIH, TOSICHSIOINNA TEKCT CIEAYET BHIHOCHTH B IOJICTPOYHBIC CCHUIKH IIPH MOMOIIM 3HAKa CHOC-
KM, a IpH 00JIBIIOM 00BbeMe — 0(OPMIIITE B BUIE TIPHIIOKEHUS K cTaThe. CChUTIKM Ha (POPMYIBI M TaOIHIBI JAFOTCS
B KPYTJIBIX CKOOKaX, CCBUIKM Ha UCIOJIb30BaHHBIC HCTOYHHUKH (JINTEpaTypy) — B KBaJAPATHBIX NMPSIMBIX.

Bce cBeneHus u TeKCT cTtathi HabuparoTes rapHuTypoit "Times New Roman"; pasmep mpudra 10.5 pt; Beipas-
HUBaHHE I10 MHpHHE; ab3arHbii otcTyn 0.6 cM; MeXCTpoUuHBIi nHTEepBal "MuoxuTens 1.1"; aBToMaTHYeCcKas pac-
CTaHOBKA IIEPEHOCOB.

Onemenmol 3a2na6us nyoOIUKyemMo20 Mamepuand

1. VIK (BpIpaBHHBaHHE TIO JIEBOMY Kpalo).

2. Ilepeuenn aBtopoB — @. U. O. aBropa (-0B) mosHOCThIO. MHMIMANBI CTaBATCS Tepe] (haMIIMAMH, M0Cie
Ka)XJJOr0 MHHUIIMAJIA TOYKA ¥ NTPOo0OeIT; MHUIMAJIBI He OTphIBatoTcs oT hamuimu. Eciin aBTopoB Heckonbko — @. 1. O.
Ppa3zeNsoTCs 3asThIMHI.

3. Mecto paboThl aBTOPOB M a/ipec opraHu3anu. Eciii aBTOpbl OTHOCSTCS K pa3HbIM OPraHU3alusIM, TO 10Ce
yKa3aHMs BCEX aBTOPOB, OTHOCSIINXCSA K OJHOW OpraHM3allliH, JaeTCs e HAaMMEHOBAaHHUE, a 3aTE€M CITMCOK aBTOPOB,
OTHOCSIIMXCS KO BTOPOI OpraHu3aliy, HANMEHOBAaHHE BTOPOH OPraHU3aluy U T. 1.

4. Ha3Banue CTaThH.

5. AnHotanust — 200-250 cioB, XapakTepHU3yIOIIUX COJIepKaHHE CTAThH.

6. KirtoueBsie ciioBa — 5—7 CJIOB W/WIIM CIIOBOCOYETAHUH, OTPAKAIONINX COJEP)KaHUE CTaThbU, Pa3JeNeHHBIX 3a-
IISTBIMH; B KOHIIE CITCKA TOYKA HE CTAaBUTCS.

Kaxaplit a51eMeHT 3ariaBust IPUBOIUTCS C HOBOM CTPOKH.

Ocnognoti mexcm

Mpudpt "Times New Roman" 10.5 pt, BelpaBHHBaHHKE TI0 MUpPHHE, a03amHEIA 0TCTYM 0.6 CM, MEXCTPOYHBIN HH-
tepsan "Muoxurens 1.1".

Hcnonp3ytorest moctpaHudHble nojacTpounble ceblikd (mpudr "Times New Roman" 8 pt, BeIpaBHHBaHUE 110
LIMPHUHE; MEXKXCTPOUHBIN HHTepBan "OanHapHbId"), IMEIOLIME CKBO3HYIO HyMEPAIUIO B IIPeieNaxX CTaTbHU.

OO0BeM OCHOBHOT'O TEKCTa HE MEHEE 8 CTPaHHII.

Cnucok numepamypbi

1. Ctpoka ¢ TekctoM "CHUCOK JIUTEPATYPHI".

2. Criucok nuTeparypbl — OuOinorpaduyeckue OMHMCAHMS MCTOYHHUKOB, BbinosiHeHHble mo ['OCT 7.1-2008
"Bubimorpadudeckoe omrcanue gokyMmeHTa". Kaxxmasi cchbluika ¢ HOMEpOM — B OT/AEIBHOM ab3are. B cchutkax Ha
MaTepHaisl KoH(pepeHIui 00s3aTenbHO yKa3aHHe AaThl U MeCTa WX IIPOBEACHUS; NMPH CChIIKaX Ha CTaThU B cOOp-
HHUKaX CTaTei 00s3aTeIbHO MPUBOIITCS HOMEpa CTPAHMII, COACPKAIINX JaHHBIA MaTepHal.
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ITpuBEeTCTBYIOTCSA CCHUIKM Ha COBPEMEHHBIC aHIIOA3BIUHBIC IMyOnukamuu. PekoMeHyemMblii 00bEM CIIHCKA JIH-
TepaTypbl — He MeHee 15 HCTOYHHMKOB, MMEIOLIMX CTaTyC HayYHbIX MyOiukanui. KoimmyecTBO CChUIOK Ha pabOTHI
aBTOPOB HE JOJDKHO HpeBbIaTh 20% oT KoiandecTBa ONOIMOTrpaduuecKuX HCTOUHUKOB.

CcpuTKN Ha HEOITyOJIMKOBAaHHbBIC M HETHPAXXUPOBAaHHBIC PaOOTHI HE JOMyCKaroTCs. He MpHuBETCTBYIOTCS CCBUIKH
Ha y4eOHHKH, yaeOHBIE TOCOOMS, CIIPABOYHKKH, CIOBapH, AUCCEPTALINN U APYTHE MAIOTUPAXKHBIC H3JaHUS.

[Tpu ccpuikax Ha MaTepualibl, pa3MELIEHHbIE Ha AJIEKTPOHHBIX HOCUTENSIX, HEOOXOANMO YKa3bIBaTh 3JIEKTPOH-
HBII aipec 0 KOHKPETHOTO MaTepuaina (T. €. BKIIoYas CerMEHT, OKaHYMBAIOIIUICS PACIINPEHUEM, COOTBETCTBYIO-
MM TEKCTOBOMY JOKYMEHTY) M JaTy oOpameHus K Hemy 0o moiHbH m3natensckuii Homep CD wim DVD. Pe-
JIaKLUs OCTaBJIAeT 3a cO0OH IpaBo NOTPeOOBaTh OT aBTOPA 3aMEHBI CCHUIKH, €CIIM Ha MOMEHT 00paOOTKH CTaTby 110
yKa3aHHOMY aJipecy MaTepHai OyAeT OTCyTCTBOBATb.

Bo Bcex ciydasx, Kora y MUTHPYEMOTro Marepuana ecth mudposoit naeatudukarop Digital Object Identifier
(DOI), ero Heo6xoaMMO yKa3bIBaTh B caMoM KoHIEe Oubnmorpadudeckoii ccbuiku. [Ipoepsrs Hanmuue DOI cratbn
crenyert Ha caitre: http://search.crossref.org unu https://www.citethisforme.com.

3a MOCTOBEPHOCTh W NPaBWIBHOCTH O(OPMIICHHUS MPEICTABIIEMBIX OHONMOrpaguIecKnx NaHHBIX aBTOPEI
HECYT OTBETCTBEHHOCTD BIUIOTh /IO OTKa3a B IIPaBe Ha ITyOJIHKALHIO.

Ilpu cchuikax Ha MEPEeBOAHYIO JIMTEPATypy HEOOXOAMMO OT/AENBHO NPUBECTH CCHUIKY Ha OpPUTHMHAN (JJIs
References). Ilpu cchiIKax Ha WCTOYHHKH Ha PYCCKOM SI3BIKE HEOOXOAMMO IOIOJHUTENBHO NPUBECTH HEPEBOX
CCBUIKU Ha aHTJUHCKUIL SI3bIK ¢ yKa3aHueM mocie cchuiku "(in Russian)". dopmar nepeBoja JA0KEeH COOTBETCTBO-
BaTh (hopmary, mpuHITOMY B *KypHaiax |IEEE.

Dnemenmol 3a21a6Usl HA AHSTULLCKOM S3bIKE

OeMeHTHI BKIIOYaloT:

1. Tlepeuenn aBropoB — ®. M. O. aBropa (-0B) mosHOCThIO. MHMIMANBI cTaBsATCs nepen haMIInsAMH, MOCIe
Ka)X[JOr0 MHHUIIMAJIAa TOYKa ¥ MPOoOeIT; MHUIKAJIBI He OTphIBaloTcs oT ¢ammmmu. Ecinu aBTopoB Heckonbko — @. 1. O.
Ppa3zensoTCs 3asAThIMH.

2. Mecro paboTel aBTOpoB. HeoOxoaumMo yOeauThCss B KOPPEKTHOM (COTJIIACHO YCTaBY OpTraHHU3allMK) Hamuca-
HUM €€ Ha3BaHWs Ha AHIVIMHCKOM s3bIke. [lepeBon Ha3BaHHWA BO3MOXKEH JIMIIL NPHU OTCYTCTBHH AHTJIOS3BIYHOTO
Ha3BaHUS B ycTaBe. Ecim aBTOPBI OTHOCSTCS K Pa3HBIM OPraHM3ALMsIM, TO TOCIE yKa3aHHs BCEX aBTOPOB, OTHOCSH-
IIUXCSl K OJHOW OpraHH3alMH{, JAeTCs €€ HaMMEHOBAaHHWE, 3aTeM IMPHUBOAUTCS CIUCOK aBTOPOB, OTHOCSIIUXCS KO
BTOpOW OpTraHU3aIMK, HANMEHOBAHNE BTOPON OPTaHM3AINH U T. A.

3. HazBanwue craTbu (11epeBoj Ha3BaHUs, yKa3aHHOTO MEPel TEKCTOM).

4. Pestome (abstract) ctateu 00beMom 200250 ¢JI0B, KpaTKO M3JIAraroiiee MoCTAHOBKY 3a1a4H, MPUMEHEHHbIC METO-
JIbI €€ PeIleHus], TOJyUYeHHBIE Pe3yIbTaThl.

5. KirtoueBsie ciioBa (TIepeBo/I CIIHCKa KITIOYEBBIX CIIOB, YKa3aHHOTO Nepel TEKCTOM).

Kaxxplit 251eMeHT 3arnaBust IPUBOANTCS C HOBOM CTPOKH.

Bepcmra popmyn

®opmyIel oaroTaBIMBaOTCS B penaktope dpopmyn MathType; HymepyroTcst TOJIbKO Te pOPMYIIBI, Ha KOTOPBIE
€CTh CCBUIKH B TEKCTE CTAThH; MCIOIb30BaHUE IIPU HyMepaliy OyKB 1 IpYTUX CUMBOJIOB HE JIOITyCKAETCH.

@opMyIibl, KaK MPaBUJIO, BEIKIIOYAIOTCA B OTACNIBHYIO CTPOKY; B TEKCTE JIOMYCTUMO PACTIONIOKEHHE TOIBKO OJHO-
CTPOYHBIX (POPMYII, HA KOTOPBIE HET CCHUIOK (HA/ICTPOYHBIE H ITOJICTPOYHBIE CHMBOJIBI B TAKNX (DOPMYJIax JAOITYCTHMBI).

BrIKiTIOUueHHBIE B OT/IENIBHYIO CTPOKY (hDOPMYJIbI BEIPABHUBAIOTCS IO CEPEMHE CTPOKH, HOMEp (TIpH HEOOXOoaH-
MOCTH) 3aKJII0YAETCs B KPYTJIble CKOOKH M BBIPABHHUBAETCS 10 MPAaBOMY KpPakO TEKCTa.

Heob6xoanmo HMcIonp30BaTh Clieyonue YCTaHOBKU penakTopa ¢popmyi. Pasmepsr: "monuenii” 10.5 pt, "nox-
crpounslii” 9 pt, "moa-noacrpounsiit” 7 pt, "cumBon" 14.5 pt, "moncumson” 12.5 pt. Cruam: TekcT, QyHKIU, dKc-
7o, kupwnmna — mpudT "Times New Roman", Bekrop-matpuna — mpudt "Times New Roman", xupHsrii; rpede-
CKHH MaJIblid, Tpedyeckuii Oompmon, cuMBon — mpudT "Symbol", npsmoii; nepemennas — mpudrt "Times New
Roman", xypcus. MHAEKCHI, NpeACTaBIsIONIMe cO00i c0Ba, COKpalIeHHUs CJIOB WM abOpeBHaTyphl, HAOMPAIOTCS
TOJIBKO B IIPSIMOM Ha4epTaHUHU.

CKkOOKH ¥ 3HAKW MaTEMaTHIECKHX OTIepaIlfidi BBOJISITCS C UCTIONB30BaHUEM I11abI0HOB penakropa gopmyn MathType.

Hauepranue o0o3HaueHui B opMysax ¥ B OCHOBHOM TEKCTE JIOJDKHO OBITh TIOJIHOCTBIO WAGHTHYHO. Bee Briep-
BbIEe BcTpeuaromuecs B GpopMmyse 0003HaYeHUs JODKHBI OBITH paciudpoBaHbl cpasy nocie ¢gopmysnsl. [locne Hee
CTaBUTCS 3armsTasi, a Ha CIeAyIoei cTpoke 0e3 ab3alHoro OTCTyma mocie cjaoBa "rae" MpUBOASTCS BCe 0003HAUE-
HUSI ¥ 4epe3 TUPE — MX paclIM(POBKH; CIIMCOK JOJDKEH OBITh COCTABJIEH B IOPSAKE IOSIBICHUS 00O3HAuUCHHH B
(opMyIie; B MHOTOCTPOUHBIX (hopMyIiaX BHayase IMOJHOCTHIO OIMCHIBACTCS YHCINTENb, a 3aTeM — 3HaAMEHATEb; U3-
MEHEHHUE MHJIEKCa TaK)Ke CUUTACTCS BBEJACHUEM HOBOTO 0003HaYeHMsI, TPEOYIOIEro HOBOW paclIn(pOBKH.
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Ecnu npu pacummdpoBke BcTpeuaeTcsi 0003HaueHUE, B CBOIO O4epeab Tpedyromee GopMyIbHOM 3alucy 1 pac-
mK(pPOBKH, TO C HUM MOCTYNAIOT KaK ¢ OTAENbHON GopMyInoil, HO pacn(ppoBKY MOMEIIAIOT B KPYTJIble CKOOKH.

Bepcmrxa pucynkos

Pucynku, npencrasistomye codoil rpaguky, cXeMbl U T. I1., TOJDKHBI OBITH BBITIOJIHEHBI B TpadUuecKux BeK-
TOPHBIX penakTopax (BcTpoeHHBIH pemaktop Microsoft Word, CorelDraw, Microsoft Visio) B uepHO-6em0M BueE.
Hcnonk3oBanue ToueuHbIx opmaroB (\bmp, jpeg, .tiff, .html) gomycTMO TONBKO A PUCYHKOB, MPEACTABICHUE
KOTOPBIX B BEKTOPHBIX (hopMarax HEBO3MOXHO ((poTorpaduu, KONMM dKpaHa MOHUTOpaA U T. 1.). KauecTBo pucys-
KOB ¥ (oTorpaduii 10mkHO OBITH He MeHee 300 dpi.

B mnone pricyHKa TOIDKHBI Pa3MENIaThesl TOIBKO caM PHCYHOK M HeoOxomuMele o0o3HaueHus. [lox pucyHkoM pas-
MEIAaI0TCsl HyMEepaluOHHbIH 3arol0BOK U Uepe3 TOUKY — TeMaTHYECKUI Ha PYCCKOM S3bIKe, B CIEAYIOLIEH CTpOKe Hy-
MEpAaLOHHBIH 3ar0JI0BOK M Ye€pe3 TOUKY— TEMAaTHUECKNH Ha aHTTIMHCKOM si3bIke. CTpoKa (CTPOKH), COfiepaKalast 3aro-
JIOBKH, IEHTPUPYETCS] OTHOCUTEIBHO PUCYHKA. [IepeHOCH B ClIOBaX B 3TOM 00JIaCTH HEAOITyCTHMBI.

OmnncaHue caMoro pUCyHKa U BBEJCHHBIX Ha HEM 0003HaYCHUH ClIeAyeT IPUBOANTH B OCHOBHOM TEKCTE CTaThH.

Kaxkaplit pucyHOK BMeCTe C 3arojOBKOM JIOJDKEH MOMENIAThCSl B TEKCTOBOE I0JIE WIIM B I0JIe 00BeKTa (B Tep-
muHax Microsoft Word).

CrnenyeT cTpeMHUThCSI K TOPU3OHTAJIBLHOMY pa3Mepy pUCyHKa, paBHOMY 16.5 win 7.9 cM (B mepBoM ciiydae pu-
CYHOK Oy/IeT 3aBepCTaH Bpa3pe3 TEKCTa, BO BTOPOM — B 000PKY).

BykBennpie 0603HaueHUs (parmenToB pucyHka (mpudrt "Times New Roman", kypcus, 9 pt) craBsarcs mon
(parMeHTOM Iepe]] HyMEepaMOHHBIM 3aroJ0BKOM; B TEKCTE CCBUIKA Ha (pparMeHT CTAaBUTCS HOCIEe HyMEPaHOHHO-
0 3aroJIoBKa Yepe3 3arsITyto (Hampumep, puc. 1, a).

PucyHok pa3mernaercs B OipkaiiiiieM BO3MOXXHOM MECTE TIOCJIE TIEPBOTO YIIOMUHAHHMS €T0 WM €ro MepBoro ¢par-
MEHTa B TekcTe. [lepBasi cehlIka Ha PHCYHOK IIPUBOAUTCS, HAIPAMED Kak (pHc. 3), mociemyrommue — Kak (CM. puc. 3).

OCHOBHbBIC JTHHUM Ha PUCYHKaxX (TpaHUIBI OJIOKOB M COCIUHHUTEIIBHBIC JIMHUM HAa CXeMaX, JHHUU rpaduKOB)
HMEIOT TOJIIKHY | pt, BCnoMoraTeabHbIe (BBIHOCKH, OCH, pasMepHbie uaum) — 0.6 pt.

[pu popMupoBaHun pUCYHKA, MPEICTABISIONIETO CO00H cxeMy, cieayeT mpuaepxuBarscs TpedoBaruii [OCT,
ECK/, ECII[] (B yaCTHOCTH, HEJOMYCTUMO KCIIOJb30BaTh YCIOBHBIC rpaduueckue 0003HAYCHHUS, COOTBETCTBYO-
e crangaptam CIIA u EBpornsl, HO He coBnanatomue ¢ npeaycmorpeHasimu ['OCT).

Ha pucynkax, npezncraBistomux co0oii rpaduky 3aBUCUMOCTEH, HE ClIelyeT AeiaTh pa3MEepHYIO CETKY, CIIeay-
€T JIaTh JIUIIb 3aCEYKH Ha OCSX, IPUYEM BCE 3aCEUKH JIOJDKHBI OBITh OIM(POBAHHI (T. €. BCEM 3aceUKaM JIOJDKHBI CO-
OTBETCTBOBATH ONPECICHHbIC YHCIOBbIE 3HAUCHNU).

Ecnu ocu Ha puCyHKax OIM(POBAHbI, TO OHM 3aBEPIIAIOTCA Ha MO3UIMH OYEPEAHOI 3aCEUKH, T/l 3aceuka He
CTaBUTCA, @ BMECTO YMCIIOBBIX 3HAUCHMH JAroTCsi 0003HAaUYeHHe IIEpeMEHHON U (Yepe3 3aIsiTylo) eMHNIa n3Mepe-
nust. Ecin ocu He onu)poBBIBAIOTCS, TO OHU 3aBEPUIAIOTCS CTPEIKAMH, PSIJOM C KOTOPBIMHU JIAIOTCSl 0003HAYEHUSI
MIEpEeMEHHBIX 0€3 eAMHUI] U3MEPEHHS.

JUTMHBI 1 1Iar 3acedek CleyeT yCTaHaBIMBaTh TAKMM 00pa3oM, YTOOBI Ha PHCYHKE He ObUIO ITyCTHIX 00JacTeH,
T. €. KaXk/1asl 3aceuKa JIOJKHA OLU(POBEIBATH XOTSI ObI HEKOTOPHIE TOYKH OJJHOM U3 NIPUBEACHHBIX KPUBBIX.

Bce TexcToBbIe (pparMeHThI 1 0003HAUCHHS HA PUCYHKE JaloTcs rapauTypoii "Times New Roman" pasmepom 9 pt
C OIMHAPHBIM MEXCTPOUYHBIM MHTEPBAIOM; IIM(poBbIe 0003HAUEHHS, OYKBEHHbIE 0003HaUeHNsT (PparMeHToB U HY-
MEpaIMOHHBIH 3ar0JIOBOK BBIIEISIOTCS KypCHBOM.

[Tpu HEOOXOAMMOCTH B OTACIBHBIX TEKCTOBBIX HOJSIX HA PUCYHKE MOTYT ITOMENIAThCsA 0003HAUEHUS U TEKCTHI,
c(hopMHUpOBaHHBIE B peiakTope (HOpMYIT; IPH 3TOM CIIEIyeT UCIOIb30BaTh CIEAYIOIINE YCTAHOBKH PEAaKTopa: pas-
Mephl — "nonHbBIA" 9 pt, "moacTpounslit” 7 pt, "nmoa-noactpounsiit” 5.5 pt, "cumBon” 13 pt, "noacumson” 11 pt.

Cchinky Ha 0003HAYEHNS Ha PUCYHKE B OCHOBHOM TEKCTE€ JAIOTCS TEM K€ HauepTaHHEeM (TIPSIMBIM WIN KypCHB-
HBIM), KaK U Ha PUCYHKe, HO ¢ pa3mepoM mpudTa 10.5 pt, COOTBETCTBYIOIIMM pa3Mepy OCHOBHOTO TEKCTA.

Bepcmxa mabnauy

TekcT B Tabnumax medaTaeTcs yepe3 OAMHApHBIA uHTepBai, mpudrom "Times New Roman"; ocHOBHOI TekcT
9 pt, unnekcs! 7 pt, nogsIHAEKCH 5.5 pt.

Tabmiia coCTOMT M3 HyMEpalMOHHOTO 3aroJIOBKA; TOJIOBKH (3aroJIOBOYHOM YacTH), BKJIIOYAOIIEH 3arojIoBKH rpag
(oOBSCHSIOT 3HAUCHHUE JAHHBIX B Tpadax); 60KoBHKa (TIepBOii cieBa rpader) # mporpadku (OCTATBHBIX Ipad) TAOIHIIE).

HymepannoHHbIH 3arofloBOK coaepkut cioBo "Tabmuma" u ee Homep apabckumu nudpamu (6e3 3Haka HOMeEpa
niepesl HUMH; BBIPAaBHUBAETCS 110 LIEHTPY TaOJIMIBI U BBLACIAETCS CBETJIBIM KypcHBOM). Uepe3 TOUKy JaeTcsi Tema-
TUYECKHUH 3arojIOBOK (BBIPABHUBAETCS MO IEHTPAJIBHOMY IIOJIO TAOJHUIIBI, IPAMONA mpH(T; Mociae HETO TOYKa He
craButcs). Ha cnemyromielt cTpoke aHATOTHIHO O(GOPMIITIOTCS HyMEPAIMOHHBIN U TEMAaTHYECKHU 3ar0JIOBOK Ha aHT-
JMicKoM si3bike. CChUIKAa B TEKCTE HA TAOJMIly AaeTcs aHAJIIOTHYHO CChUIKE Ha pUCYHOK. Hymepauwmst tabmmi —
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CKBO3Has B Ipenenax cTaThi. Eciu Tabnwiia eIWHCTBEHHAs, HyMEPalMOHHBIA 3ar0JIOBOK HE JTAaeTCs, a CChUIKA B
TEKCTE MPUBOAMUTCS 1O TUITY "cM. Ta0uIy".

Han mpomomkeHreM TaOIHIBI HA HOBOW CTPaHUIIC CTABUTCS 3arojoBok "[Ipogomkenue Tabm. 5" (ecnu Tabiuna
Ha JaHHOW CTpaHWIle He OKaHduBaeTcs) win "OkoHdanue Tabmn. 5" (ecam Tabnuia Ha JaHHOW CTPaHUIC OKAHIHMBA-
€TCs) Ha PyCCKOM W aHTIMICKOM s3bIKaxX. Ecim Tabnuia mpoaomKaeTcss Ha OQHOM MIIM HAa HECKOJIBKUX IOCIEIyTO-
IIMX CTPAHUIIAX, TO €¢ TOJIOBKA JIOJDKHA OBITh TIOBTOPCHA HA KAXKION CTPAHUIIC.

Hwu oguH 3meMeHT TaOuIB! He JOIDKEH OCTaBaThCS ITYCTHIM.

3aroJI0BKM MHIIYT B UMCHATEIFHOM IaJie’ke SAMHCTBEHHOTO WIIM MHOKECTBEHHOTO YHCIIa 0e3 TPOU3BOIHLHOTO
COKpAIIICHUS CJIOB (JOMYCTHUMBI TOJBKO OOIICTIPHHSATHIC COKPAICHUS BCEX BUIOB: rpadUuecKue COKpamieHus, OyK-
BCHHBIC a00PEBUATYPHI U CJIO)KHOCOKPAIIICHHBIC CIIOBA) HA PYCCKOM M aHTJIMHCKOM s3bIKaX. MHOKECTBEHHOE YUCIIO CTa-
BUTCS TOJBKO TOT/Ia, KOTZa CPEAN TeKCTOBBIX ITOKa3aTeNeil Tpad)bl €CTh MOKA3aTelH, CTOSIIIE BO MHOYKECTBEHHOM YHCIIE.

B ofHOSIpYCHO¥ TOJIOBKE BCE 3ar0JIOBKH MUIIYTCS C TPOMUCHON OYKBBL. B IByX- 1 MHOTOSIPYCHBIX TOJIOBKAaX 3a-
TOJIOBKM BEPXHETO sIpyca MUIIYTCS C MPOMUCHOM OYKBBI; 3aT0OJOBKH BTOPOTO, TPETHETO U T. . IPYCOB — C MPOIHUC-
HOW OYKBBI, €CITM OHH TpaMMAaTHYEeCKA HE MOTYMHEHBI CTOSAIIEMY HaJ HUMH 3arojIOBKY BEpPXHEro sipyca, U CO
CTPOYHOM, €CIIM OHH TPAMMAaTHICCKHU IO JYNHCHEI eMYy.

Ceeodenust 06 agmopax

BxirogaroT U1 KaXAOro aBTopa (paMIINI0, UMs, OTYECTBO (TIOJHOCTBIO), YUCHYIO HJIHM aKaJeMHYECKYIO CTe-
IIeHb, YUYEHOEe 3BaHME (C JaTaMU MPUCBOCHHUS U MPUCYXKIEHUS), MOYETHBIC 3BaHUS (C JaTaMu MPUCBOCHUS U IpPHU-
CY)XXICHUS), KPaTKyl0 HayuHYI0 OHorpaduio, KOJIMYECTBO MeYaTHbIX padoT U cdepy HayuyHbIX HHTEpecoB (He Ooiee
5-6 cTpOK), Ha3BaHWE OPraHU3aLMH, JOJDKHOCTB, CIY)XCOHBIH M JOMALIHUHA anpeca, cIyKeOHBIH U TOMAIIHHI Te-
neOHBI, aipec MEKTPOHHOMN MOYTHl. ECIH y4eHbBIX H/UH akaJeMIYeCKUX CTeICHEel U 3BaHUI HET, TO CIEAyeT yKa-
3aTb MECTO IOJYYCHUS BBICHICTO OGpaSOBaHI/IH, roa OKOHYaHUA By3a U CICIUAJIbHOCTb. PeKOMeHﬂyeTCH BKJIFOUYATh
unaeHTHukanuonusiii Homep uccaenosarenass ORCID (Open Researcher and Contributor ID), koTopblit oToOpasa-
eTcs Kak aapec Buma http://0rcid.org/XxxX-XXxX-XXxx-xxxx. I[Ipu sTom Baxkuo, 4toObl KabuHer aBTopa B ORCID
ObL1 3amoHeH uHdopmanueld 06 aBTope, UMea HeoOXOUMbIe CBEJIEHUs 00 ero 00pa3oBaHKH, Kapbepe, APyrue cra-
ThU. B CBCACHUAX CICAYCT YKa3aTb aBTOpAd, OTBETCTBECHHOT'O 3a NPOXOKACHUEC CTATbU B pCAaKIUH.

IlepeyeHb OCHOBHBIX TeMATHYECKUX HANIPABJIEHUH KypHaJa

Temaruka xypHaja COOTBETCTBYET IpyIIaM CIEHaIbHOCTEH HAYYHBIX PAOOTHHUKOB!

e 05.12.00 — "Pammorexnuxa u cBszp" (05.12.04 — PaguorexHuka, B TOM YHCIIE CUCTEMbI H YCTPOWCTBA Teje-
Bugerns; 05.12.07 — Arrennst, CBY ycrpoticta u ux texnomorun; 05.12.13 — Cuctemsl, ceTH U yCTpoICTBa Teme-
xoMmyHuKaiui; 05.12.14 — Pagronokaiust ¥ pagrioHaBUTAIIHS);

e 05.27.00 — "Onexrponuxa" (05.27.01 — TeepuoTesibHas 21I€KTPOHUKA, PAANOIIEKTPOHHBIE KOMIIOHEHTBI,
MHUKpPO- ¥ HAHODJICKTPOHWKA Ha KBaHTOBHIX 3 dekrax; 05.27.02 — BakyymHast 1 TI1a3MeHHAS DIICKTPOHUKA,
05.27.03 — KBanToBas amekrponnka; 05.27.06 — Texaomorus u o0opyaoBaHUE IS IPOU3BOACTBA ITOTYTIPOBOTHH-
KOB, MaTe€pHajoB U IPUOOPOB AMEKTPOHHON TEXHUKN);

e 05.11.00 — "IIpubopocTpoeHHe, METPOIOTHS ¥ HHPOPMAMOHHO-U3MEPUTEIBHBIC IPHOOPHI U CUCTEMEI" B
penakmun npukaza BAK ot 10.01.2012 Ne 5 (05.11.01 — TIpubops! 1 METOABI H3MEPEHUS 110 BUIaM H3MEPEHUH;
05.11.03 — ITpubopsr HaBurauu; 05.11.06 — Akycriueckue nprbopsl u cuctemsl; 05.11.07 — OnTuyeckue U oNTHU-
KO-3JIEKTPOHHBIE TpuOopsI U kKomIuiekesl; 05.11.08 — Paguonsmeputesnbhbie npudopsr; 05.11.10 — [pubopst u Me-
TOZBI /ISl ©3MEPEHNSI HOHU3NPYIOLINX U3TyUeHHH U peHTreHoBckue npuoopsl; 05.11.13 — [Tpubops! 1 MeTOIbI KOH-
TPOJISI IPUPOIHOM CpeIbl, BeriecTs, MarepuayioB u usnenwuii; 05.11.14 — Texunonorus npudopocrpoenus; 05.11.15 —
Mertposorus u Mmerposiornueckoe odecneuyenune; 05.11.16 — MupopMannOHHO-U3MEPUTEIILHBIC M YIIPABIISIONINE CH-
ctemsl (1o orpacisim); 05.11.17 — TIpuGopsl, cucteMsl 1 u3nenus MenunuHckoro HazHaueHus; 05.11.18 — [TpuGopsr
1 METOJIbI TpeoOpa3oBaHus N300pakeHUH U 3BYKa).

VYka3aHHBIE CHEINATBHOCTH IPEICTABIAIOTCS B )KypHaJe CIIEIyIOIINMI OCHOBHBIMHU PYOPHKaMHU:

"PagnoTeXHNKa U CBSI3h'":

e PagnorexHHMYECKHE CPECTBA NIepeladr, IpreMa 1 00padOTKH CUTHAJIOB.

o [IpoeKTHpOBaHUE U TEXHOJIOTHUSI PAJMOICKTPOHHBIX CPE/ICTB.

o TeneBuneHue u 06paboTKa N300paKESHUH.

e DJEKTPOIMHAMHKA, MUKPOBOJIHOBAs TEXHHMKA, AaHTCHHBI.

e CHCTEMBI, CeTH U YCTPOWCTBA TEIEKOMMYHUKAITHI.

. Paanonokanus u paquoHaBUTaIHsL.
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"OnexTpoHuKa'":
e Mukpo- 1 HAaHOJIEKTPOHHUKA.
o KBaHTOBas1, TBEpJOTENbHAs, IUNIA3MEHHAsl M BaKyyMHas 3JICKTPOHHKA.
e Pagmodortonuxa.
e Onekrponuka CBY.
"[IpubopocTpoeHre, METPOIOTHs U HHPOPMALMOHHO-U3MEPUTENIbHBIE TPUOOPHI U CUCTEMBI ' !
o [IpuOOpBI U CUCTEMBI H3MEPEHHSI Ha OCHOBE aKyCTHYECKHX, ONTHYECKUX U PaIUOBOJIH.
e Mertponorust 1 HHGOPMAIMOHHO-U3MEPUTENbHBIE TPHOOPHI U CHCTEMBI.
o [IpuOOpHI METUIMHCKOTO HA3HAYEHHS, KOHTPOIIS CPEABI, BEIECTB, MATEPHAIIOB U M3ICIHH.

Pykonmcn actimpaHTOB MyOIMKYIOTCS OSCIUIATHO.
Anpec pemakionHoro coera: 197376, Cankr-IletepOypr, yii. Ilpog. ITomosa, 5, CIIGI'DTY "JIOTN", Pemakuus xxyp-
Hana "M3BecTrs BbICIIMX YueOHBIX 3aBeqieHui Poccun. Pamnosnexkrporuka'
TexHUUYECKHE BOMPOCHI MOXHO BBISCHHUTH 10 aapecy radioelectronic@yandex.ru
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