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Onrtumuszanust GopMbl CUTHAJIOB ¢ KBAJAPATYPHOM aMILIMTYAHON MOIYJIALM el
€ HCMOJIb30BAHMEM KPUTEPHUS 32JaHHON CKOPOCTH CIaJa YPOBHS BHEMOJOCHBIX H3JTyYeHH
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AHHOTALUSA

Beeoenue. Poct 06beM0B nepenaBaeMoil HHPOpMALUK 110 KaHajlaM CBS3U NPUBOAUT K MX CYIECTBEHHOW Ieperpy-
XKEHHOCTH. lIpakTHdecKkn BCE HCHONB3yeMbIe TPAJUINOHHBIE METOABI MOBBIMICHUS! CKOPOCTH ITIE€PEfad JaHHBIX B
3aJ]aHHBIX I10JI0CAX YacTOT HCYEpNaHbl. B 3TOI CBSA3M IPEACTAaBISIET MHTEPEC HCIIOIB30BAHHWE HOBBIX IOJXOJOB,
HaIlpaBJICHHbIX Ha IIOBBIILICHHUE CIEKTPAIbHOM I(P(EKTHBHOCTH PaJUOTEXHUUECKHX M TEJICKOMMYHHKAI[HOHHBIX
CHCTEM ITyTeM NPHUMEHEHHs] ONTHMAaJIbHBIX CUTHAJIOB, TIO3BOJISIONIMX 3a/IeiiCTBOBATh Pe3epBhl IPOITYCKHOM CII0CO0-
HOCTH KaHaJIOB TIepeaadu, KoTopele naet Teopus lllenHoHa.

Ienv pabomer. I1oBbIlIEHNE CIIEKTPATIBLHOM 3(Q(EKTUBHOCTH CUCTEM Iepeayn HUPPOBBIX COOOLIEHUI TyTeM Npu-
MEHEHHS CUTHAJIOB C KOMIAKTHBIM CIIEKTPOM M yBEIMYEHHs 00beMa KaHAJbHOrO ayipaBUTa NP MUHUMH3ALUU
9HEPreTHUECKUX MOTEPH.

Mamepuanst u memoost. I1py oNCKe ONTHMAIBHBIX CHTHAJIOB HCIOJB3YETCSl MATEMaTHIECKHUH aIlapar TEOPUH CBSA3H U
(YHKIMOHAIBFHOTO aHallN3a, a Takke METObl BapUaIlMOHHOTO HcuucieHus. OLeHKa TIOMEX0yCTOHYMBOCTH TIpUeMa T10-
JIy4EHHBIX ONTHMAJIBHBIX CHTHAJIOB IIPH Nepesiade B KaHale ¢ aJIUTUBHBIM OCIIbIM IayCCOBCKMM IIyMOM BBITIOJIHEHA B
cpene MatLab.

Pe3ynsmampi. YCTaHOBIICHO, YTO B KaHaJIE C aJINTHBHBIM OEJIBIM rayCCOBCKUM LIYMOM OINTHMAJIbHBIE CUTHAIIBI IPH
pa3sMepe CHUTHAJIBHOTO cO3Be3nust 64 B ciydae KBaApaTypHOHW aMIUTUTYIHO-(Pa30BOH MOAYIAIMH OOECIEeUNBAIOT
SHEPreTHUECKUH BBHIUTPHIN Oomee | ab OTHOCHTENBHO CHTHAIOB, KOTOPBIC MONYYArOTCS IyTEM Y3KOIMOJOCHOM
(GUIBTpaK B YCIOBHAX HEKOHTPOJIMPYEMON MEXCUMBOJIbHOM nHTepdepeHunu. [TokazaHo, 4TO ONTHMaIbHbBIE CHUT-
HaJIbl TTO3BOJISAIOT MOJIYYUTh dHEPreTHYeCKUid BHIMIphII 4.9 1B 10 OTHOLIEHHIO K CHI'HANaM, HOCTPOCHHBIM Ha OC-
HOBE y3KOIOJIOCHOW (IIIBTpAIiH, IPH (PUKCHPOBAHHOM CHIEKTpainbHOH A dekTuBHOCTH 7 (OUT/C)/T L.

3aknwuenue. Ilpennoxken MeTOA MOBBIMEHUS CIIEKTPAILHON 3(P()EKTHBHOCTH KBaJpaTypHBIX CHI'HAJIOB C aMILIHU-
TynHO-(a30Boil Moay/IsILIMel, OCHOBaHHBIN HA MPUMEHEHHH ONTHMAJBHBIX (OPM MMITYJIbCOB, NOJYYEHHBIX B XOJI€
pelIeHs ONTHMHU3AIMOHHON 3ana4n. [IpuBeneHa mpouenypa penieHus ONTHMHU3AIMOHHON 3aJadd 10 KPUTEPHUIO
MHUHAMH3ALUN BHETOJIOCHBIX M3JIyYEeHHH NPU HAJMYWKM OIpaHWYEHHs Ha ITOMEXOYCTOWYMBOCTH NpHUEMA B CIydae
aMILIUTYIHO-(Pa30Boil Momynsiiuu. BhINoNHEHO cpaBHEHHE YHEPreTHUECKOM M CHEKTpalbHOW 3((EKTUBHOCTH,
obecrieunBaeMoil CUTHAJIaMH ¢ ONTHMalIbHBIME (JOPMaMU UMITYIbCOB M CUTHAJIAMH, TOCTPOCHHBIMH Ha OCHOBE Y3-
KOIIOJIOCHOM (DHIIBTPAITHH.

KunroueBble ci10Ba: onTUMH3aIMOHHAS 3a/1a4a, BHETIOJIOCHBIE N3JTyUeHHsI, CIEKTpalibHast 3(PEKTHBHOCTh, SHEPTETH-
yeckas 3¢ eKTuBHOCTD, rpanuna lllennona, RRC
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Abstract

Introduction. The growth in the volume of information transmitted through communication channels leads to their
significant congestion. Almost all methods conventionally used to increase the data transfer rate in given frequency
bands have been exhausted. In this regard, it is of interest to use new approaches aimed at improving the spectral effi-
ciency of radio engineering and telecommunication systems by applying optimal signals that make it possible to use the
bandwidth reserves of transmission channels given by Shannon's theory.

Aim. Improvement of the spectral efficiency of digital messaging systems by using signals with a compact spectrum
and increased volume of the channel alphabet at the same time as minimizing energy losses.

Materials and methods. When searching for optimal signals, the mathematical apparatus of communication theory
and functional analysis, as well as the methods of calculus of variations, were used. The evaluation of bit error rate
performance of the obtained optimal signals transmitted in a channel with additive white Gaussian noise was per-
formed in the MatLab environment.

Results. 1t was established that, in a channel with additive white Gaussian noise, optimal signals with a signal constel-
lation size of 64 in the case of quadrature amplitude-phase modulation provide an energy gain of more than 1 dB rela-
tive to signals obtained by narrowband filtering under the conditions of uncontrolled intersymbol interference. Optimal
signals were shown to provide for an energy gain of 4.9 dB with respect to signals based on narrow-band filtering at a
fixed spectral efficiency of 7 (bit/s)/Hz.

Conclusion. The paper proposes a method for improving the spectral efficiency of quadrature signals with amplitude-
phase modulation, based on the use of optimal pulse shapes obtained as a result of solving an optimization problem.
The optimization problem was solved according to the criterion of minimizing out-of-band emissions with the con-
straint on bit error rate performance in case of amplitude-phase modulation. The energy and spectral efficiency of sig-
nals with optimal pulse shapes and signals based on narrow-band filtering were compared.

Keywords: optimization problem, out-of-band emissions, spectral efficiency, energy efficiency, Shannon limit, RRC
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BBenenue. IloBpllieHNE CHEKTpPAIBHON dd-
(heKTUBHOCTH CHUCTEM Tiepenadu MU(PPOBBIX CO00-
IIEHUH JOCTUTAETCS IyTeM MPUMEHEHHS CUTHAJIOB
C KOMITAaKTHBIM CIIEKTPOM (MHHHMMAJBHBIM 3Haye-
HUEM 3aHHMAaeMOMW TOJIOCHI YAaCTOT) W YBEIHUCHHS
obbeMa KaHaJIbHOTO ajdasuTa. K TakuM CUTHaIaM

OTHOCATCS CHEKTPaTbHO-3()(PEKTUBHBIE CUTHAIHI C
amMruATyiHO-(ha3oBoil  Momymsmuein  (ADPM) ¢
YBEJIMYEHHBIM Pa3MEpPOM CHTHAIIBHOTO CO3BE3/IHSI.
[Ipn wcmonb30BaHNU KBaApaTypHOTO METOJa TIO-
CTPOCHHSI B KaXJIOM KBaJIpaTypHOM KaHalle WC-
MONB3YIOTCST cUTHAITBI ADPM TipH HAIWYHUH yTIpaB-

Ontumusanys GopMbl CUTHAJIOB ¢ KBAaJAPATYPHOIl aMILINTY/AHOI Moayasinuei 7
€ MCN0JIb30BAHHEM KPUTEPHS 3a/IaHHOM CKOPOCTH CNaJa YPOBHS BHENOJIOCHBIX M3/1y4YeHHil
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JSIeMOM MEKCHMBOJIBHON HHTep(QepeHINy, BbI-
3BaHHOW HAaJIOKEHHWEM COCEIHHMX CUTHAJIOB JPYT
Ha apyra. OTMETHM, YTO TAaKWE CHUTHAJIBI IIUPOKO
npumensiiores B cucremax DVB-S2 (Digital Video
Broadcasting Satellite Second Generation) u
DVB-T2 (Digital Video Broadcasting Terrestrial
Second Generation) [1-3]. OqHuUM U3 BapUaHTOB
A®M curHajIOB SBISETCS KBaapaTypHAs aMILIH-
tynHas Moy (KAM) [4].

TpamummonHo curaansl ¢ AOM HCIONB3YIOT-
csl ¢ IPAMOYTOIBHON (pOpMOil UMITyTThCa W UIMEIOT
JUTATETBHOCTh [, PaBHYIO JUIMTEIHHOCTH Tepesa-
4y OMTa COOOIIEHHMS, YTO HE 00ECIIEYnBAET BHICO-
KYIO CIEKTpaIbHYI0 3(()EeKTHBHOCTh WH(MOpMAITH-
OHHOU crcTeMbl. PocT Tako#t 3¢ dhekTHBHOCTH WH-
TEPECeH HE TONBKO C TEOPETUYECKOW TOYKHU 3pe-
HUS, HO U MPUMEHUTENBHO K NMPAKTHIECKOMY II0-
CTPOCHHIO MHOTOKAaHAJIBHBIX CHCTEM (HAIpHUMep,
Haxo[sAIUXcss B oOmeM CTBOJE CIyTHHKa-
peTpaHciiaTopa), Korma TpedyeTcss MUHUMHU3UPO-
BaTh BEJIMYMHY 3aIIUTHOTO YACTOTHOTO WHTEpBaja
MEXIy TOTOKaMH CHTHAJOB WM OOECIeYnTh
JNIEKTPOMATrHUTHYI0 COBMECTHMOCTh C Mapal-
JIENBHO Pa0OTAIONUMH TEIEMETPUIECKUMA CH-
CTeMaMH U CHCTEMaMH HaBUTAIIHH.

YcnoBue yBenwueHUs CHEeKTpanbHOU 3¢ddex-
TUBHOCTH JOCTHTAaeTCsi IMyTEM HCIONb30BaHUS
YBEIMUEHHBIX Pa3MEPOB CHUTHAILHOTO CO3BE3IHS
U CHEKTPaIbHO-3(D()EKTUBHBIX CHUTHAJIOB C KOM-
MaKkTHBIM CHEKTpoM [3—6]. M3BecTHBIC CUTHAIIBI,
YIIOBIETBOPSAIONINE STOMY YCIIOBHIO, CTPOSTCS
Ha OCHOBE HMMIYJLCOB BHIA "MPHUIOJHSATOTO KO-
cunyca" (root-raised-cosine — RRC) [1]. Cnyuaii-
HBIE TIOCJIEAOBATEIbHOCTH, MMOCTPOCHHBIE Ha OC-
HOBE TaKUX CHUTHAJIOB, O0ECIIEUYHMBAIOT CKOPOCTH
nepeaayn coodbmennid Beime "Oapbepa Haiiksu-
cra" [5]. IIpu sTom oOecrieunBaeTCsi TOCTATOYHO
BBICOKAsI CTETNIEHbh KOMIAKTHOCTH DHEPreTUYECKO-
T'O CIIEKTpA.

B cucreme DVB-S2 mnpumenstorcs RRC-
UMIOYJIbCHl ¢ KodduumeHTamMu CKpyTiIeHUs
ao=0.35; 0.25; 0.2 [1, 7]. IIpu nanpHeHIIEeM yBe-
JUYEHUU CKOpPOCTH Tiepefadyd M YBEIHMUCHUH
pa3MepoB CHTHAIBHOTO CO3BE3IUSl TOSBISCTCS
CyLIECTBeHHAs] MEKCUMBOJIbHAS WHTEp(EpeHIINS,
KOTOpasi BO3pacTaeT Mo Mepe YBEIUYEHHS CKOPO-
CTH Tepeqavyd yKa3aHHBIX 3HA4YeHWd. OJTa
vHTEepPEPEeHIIH MPUBOIUT K YXYIUICHHIO ITOMe-
XOYCTOWYHNBOCTH nmpueMa U CHIDKEHUIO

sHepreTuueckor 3ddexkTuBHOCTH MHPOPMAIMOH-
HOM cuctemsl [3].

CrenyromyM [IaroM Ha MyTH yBEJIHYESHHUS
CIIEKTPAILHONU 3(PPEKTUBHOCTH MOXKET OBITH Iie-
peXol K CUrHaJIaM C KBaJApaTypHOW aMIUIUTYIHOU
MOIyJISALMEH ¢ onTUMajibHOH (hopMOil uMMysbca
OpU YBEIWYECHHBIX pa3Mepax CHIHAJbHOTO CO-
3Be3aust. [Ipemnaraemplii MyTh 3aKiIIO4aeTCs B IO-
ucke popM ONTUMANBHBIX (DYHKIIHHA CIIEKTPAIBHO-
3 PEKTUBHBIX CUTHATOB OOJBILOW, HO KOHEYHOU
JUTHTEITHHOCTH, KOTOPBIE HMEIOT BBICOKYIO CKO-
POCTh CHazia YpOBHS BHEMOJOCHBIX H3IYYCHUH H
00ecrevYnBaT XOPOIe KOPPEIAINOHHBIE CBOK-
CTBa OTPE3KOB WJIM BCEHl Ciy4yailHOW mocienoBa-
TETPHOCTH CHUTHAJIOB. Takue CHUTHANBI anpuopu
UMEIOT YIPAaBISIEMYI0 MEXCHMBOJIBHYIO HHTEpdE-
peHIIo, KOTOpas SBIISETCS HE MEIIAIOIIeH, Kak
MPUHATO TPU TPATUIIMOHHOM pEHICHUH 3a]a4d
TIOBBIIIICHHS TTPOITYCKHOHN CIIOCOOHOCTH, a, Ha000-
pOT, TO3BOJNSIONICH TMONYYUTh BBICOKHE CIIEK-
TpallbHbIE W JHEPreTUYecKHe Iokaszarend. llpu
pelIeHnH ONTUMHU3AIMOHHOW 3aJja4d, HarpuMep
M0 KPUTEPUI0 MUHUMH3AINH [TOJIOCH 3aHUMACMBbIX
YaCcTOT, CTABUTCS YCJIIOBUE HA OTPAaHUUYCHHE YPOB-
HSl YOpPaBIseMOW MEKCUMBOJIBHOW HHTEp(epeH-
UM TyTeM BbIOOpa (DOPMBI MMITYJIbCA C YYETOM
kodduimeHTa B3aUMHOW KOPPEISIHA  MEXIY
JTAHHBIM ¥ COCETHUMU cUTHajIamu [3—6, 8—11].

B crathe Oyaer paccMOTpeH METOJ MOBHIIIe-
HUS CHEKTPaIbHOU 3(()EKTUBHOCTH CHCTEMEI IIe-
pemaun cooOmIeHUil IyTeM NPUMEHEHHS OITH-
MaJIbHBIX CHEKTPAIbHO-3Q(PEKTUBHBIX CHTHAJIOB C
YBEJIMYEHHBIMH pa3MepaMH CHTHAIBHOTO CO3BE3-
WSl ¥ TIPOAHAJIM3UPOBAHBI SHEPreTHIECKHe 3aTpa-
THI TIPA KOT€PEHTHOM TI03JIEMEHTHOM TIpHeMe.

Kputepuii onTUMHU3anuu CUTHAJIOB, OIpe-
AeJAIOMMNA CKOPOCTH CNajfia YPOBHS JHEPreTH-
YeCcKOro CreKTpa BHe 3aHMMAaeMoiil MoJIoChI Ya-
croT. ONTHMU3aNMOHHAS 3a7ada CBOAWTCSA K BBI-
upcnenno Gopmbl ummynsca a(¢) curnana s(t)
MPH HAIMYUM OTPAaHUYCHUN Ha KOPPEISIUOHHBIC
CBOWCTBA, SHEPIUI0 CUTHAIOB U CKOPOCThH CIajia
SHEPreTHIecKoro crekTpa. CKOpocTh craja CHek-
Tpa ompenenserca dopmoit a(¢) mpu BbIMOIHE-
HUM yCIOBUii HepaspbiBHOCTH (GyHkuuu «(¢) Ha
WHTEpBaje €€ CYIIECTBOBAHHA W YCIOBHH TOTO,
4TO NpOM3BOAHBIE ¢(f) paBHBI HYIIO HA KOHIAX
nanHoro mHTepBaia [12]. BenndyuHa 3aHmMacMoi

8 Ontumuzanus ¢GopMbl CUTHAJIOB ¢ KBaAPATYPHOH aMILINTYIHOM MOy I Meil
€ MCNO0JIb30BAHMEM KPHTePHs 3aJaHHOH CKOPOCTH CIa/ia YPOBHA BHENOJIOCHBIX H3JIyYeHU
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MOJIOCHI YacTOT 3aBUCUT OT BBIOpaHHOH (TIOTyuYeH-

HOW  MyTeM  ONTHMHU3AlWH)  JUTUTEIBHOCTH
T.=LT (L €N) ummynsca a(r).
OnTuMH3anMoOHHAas  3ajaya MUHHMH3ALUU

¢yHKIMOHANA J BEITJISIIUT CIEAYIOMINM 00pa3oM:

arg{minJ}, J=

alt
| T./2 2
“on f g(o) I a(t)exp(—jor)di| do, (1)
oo L2

e g(w) — ¢ynkums, onpenenstomas QGopmy
SHEPTEeTHUYECKOTO CIIEKTPa CIy4alHOU Iociie1oBa-
TENBHOCTH CUTHAJIOB KaK B 00JIaCTH 3aHUMaeMOU
MOJIOCHI YacTOT, TaK U BHE €€; ( — Kpyromas ya-

crora. B obmem ciydae dopma g(m) MoxeT
ObITh M000H. B HacTosmed crathe mnpuMeM
g(®) =0, tae n=1,2,3,...— mapamerp, ompe-
JCJSIFOUIMN  CTETICHb TIOJIABJICHUSI BHETIOJIIOCHBIX
uznydennii. Takoit BeIGOp QyHkuun g(w) mosso-

JIIET TOJYYUTh JOCTATOYHO OOJBIION KJacc OIl-
TUMAIBHBIX (DYHKIIUH, yIOBJICTBOPSIOMIUX TPeOy-
eMoii (3a7aHHOlN) QopMe SHEPTETUUSCKOTO CIICK-
Tpa BHE 3aHUMaeMOM MOJIOCHI YaCTOT.

Packpoem xBampat moxyns B (1), BBems mo-
MOJTHUTENbHYIO IEPEMEHHYIO T:

|t T2 T2
J:EI j j g(wa(t)alt)x

~0—T,/2-T,/2
xexp[jco(t—r)]dtdrdoa. (2)

M3MeHnM aHaIUTHYECKYIO 3aIrch (2) C IeNbI0
repexoa K 0-QyHKITAN:

7.2 T.,/2
J= | [ a@®a()G(1,x)ddr,  (3)
~T,/2-T,/2

rae G(t,1) — uHTErpan cleayomero Bua:
1 o0
G(t,t)=— | gw) io(t—1) |[do. (4
(¢,7) Zn_{ogwexp[]m r}(o 4)

VYureM, 4To 6-GyHKIHS

1 0

Torga MOXXHO 3amucaTh BhIpaXKEHUE Uil 2n-it
NPOU3BOAHOM O-pYHKIUH B BUAEC

8(2")(t)=i(—l)n OJE> " exp(jot)do. (5)
21 o

Toxcrasne g(®)=0>" B (4), ¢ yuetom (5)

MMOJIy4YuM:

G(t,7)=(~1)" 8@ (s ).

Hanee mpuBeneHO H3BeCTHOE (UIBTpYIOILEE
CBOWCTBO O-(DYHKIHH:

[ 08 (r=y)ae =1 1P (). (@

—00

Bocmons3oBaBmuck (6), mpeobpazyem (3) k
CIIEYIOIIEMY BUJTY:
J=
T,/2 T,/2
D" [ a@| [ a8 (=t |ax=
-T,/2 ~T,/2
T,/2
—(-D" [ a()a® (. 7)
-T./2

[Ipouenypy muaumuzanuu J B (7) MOKHO BBI-
MOJIHUTH JINOO aHATMTUYCCKUM IIyTeM, JIMOO HC-
MOJIb3YSl YMCIIEHHBIC METOJIbI pelieHus (yHKIIHO-
HaJbHBIX YPABHEHUM.

PaccMoTpuM orpaHudeHds ONTHUMU3ALMOHHON
3a1a9u. BEITOTHUM HOPMHUPOBKY 3HEPTHH CHTHAJA!

T./2
j a2 (Dde=1.
~T,/2
CHCI[yIOH_II/IM OrpaHI/I‘-IeHI/IeM HCO6XOHI/IMO

CYMTaTh TO, YTO Mpou3BojHbIe a(¢) paBHBI HyITIO
Ha KpasX MHTEpBala CyLIECTBOBAHUS (YHKLHH

a(t) . Umeem:

a(k) (1)
t=2T./2

=0, k=1.(n-1). (8)

YuuteBas (8), MOKHO 3a7aTh CKOPOCTh CITazia
9HEPTeTHYECKOTO CIIEKTPa IMOCIE0BATENLHOCTH

5(¢)= Py I eXp(] 0 )d . ONTHMAJILHBEIX CUTHAJIOB BHE 3aHUMAaEeMOM ITOJIOCHI
-0 4acToT.
Ontumuszanus GopMbl CHTHAJIOB ¢ KBaJAPATYPHOI aMIVIMTYAHOUH MOy AU el 9

€ HCMO0JIb30BAHHEM KPHTEPHS 3aJaHHONH CKOPOCTH CIaJa YPOBHS BHENMOJIOCHBIX U3JIyYeHUH
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OrpaHu4yeHre MHUHUMAJIBHOTO YPOBHS YIpaB-
JsIeMOI MEKCMMBOJIBHOW MHTEPQEpeHIINH 3a1aeT-
ca uepe3 kodhduuuent xoppensuun K [9, 13].
Torna, Hanpumep, AJsl CUTHAJIOB ¢ (ha3oBOW Ma-
HUNYJSIIUEH UMeeM:

LT
max _[a(t)a(t—nT)dt <Kop. 9
n=1.(L-1)| *r

Orpannuenus (8) u (9) CymecTBEeHHO YCIIOXK-
HSIOT aHAIWTHYECKOE pEeIIeHHE ONTHMH3AIHOH-
HOM 3a7auu. J[OMOTHUTEIbHBIE TPYJIHOCTH BO3HHU-
KaroT TIPH TOMBITKAX BBIOOpA JIUTENEHOCTH CHT-
HanoB T, = LT (L € N) npu GOJNBIIMX 3HAYEHUAX
L=28...16.

Toraga BoOCMONB3yeMCSl YHCICHHBIM METOJIOM
pemenus (7), npexmnonaras, uro yskmus a(r) —

gerHast Ha uHTepBane [T, /2; T, /2]. TlpencraBum

9Ty ()YHKIHMIO B BUJE OTPAHUUCHHOTO (IHCIIOM 771)
pana @ypre:

-1
ag "% 2n
a(t)=—2+ aj cos| —kt |,
St 2 % (T j

k=1

(10)

rae a, k=0...(m—1) - xosdpduumentsr pazio-

xKeHus B psag Oypbe.
OueBuaHo, uto, monctasus (10) B (7), momy-
YHM:

T./2 m-1
J=D" | L. D ag cos(z—nktj
_Tc/2 2 k=1 Tc

-1
a() m 27
x| —+ a;cos| —It | |dt =
St XA (T J

=1 c

d(zi’l) y
dt(Zn)

1.2
S0 @ LS g oo ke ) |
2 T

~T,/2 k=1

m—1 2n
x> (2_711] cos[ﬁltjdt,
= \Te Tg

e a; =ay npul=k.
OnTuMHU3aMOHHBIA  QYHKIMOHAT J MOMKHO
3anucaTh Kak CyMMYy JIByX cllaraeMbix 4 u B:

J=A+B, (11)

rae A, B — 3HaueHUs MHTErPajoB CJIETYIOIIEro
BHJA:

/2 4 2n
-2 I > a k(z j cos{gkz}iz;
2 T2 k=) T, T,
Te/2 m=1m-1
'f > akal[z—k] cos[z—nktjcos[ﬁltjdt.
~T,/2 k=1 I=1 Ie Ic

OueBuaHo, 4T0 A=0, a QyHKUUIO B MOXKHO
3amucaTh B CIEIyIoIIei Gpopme:

m—1m—1

2n
B= Z Zakal( kj {C+D}, (12)
k=1 i=1 Ie
rae C, D — 3Ha4YeHUS HHTETPAIOB CJICAYIOMIETO
BUA:
| T./2

C== 'f cos 2m(k l) dt;
T
-T2 Lte
T2
Dzl _f cos 2m(k+l) dt.
2 Ll ]

Kak cnemyer u3 (12), mpu mobwix k,/1> 0
D=0. Ilpu k#[ 3nauenme C=0. Hdna k=1

2mt
TIOABIHTETpaNbHOE BEIpaXkeHne cos| —(k —1)
C

obpamaercs B eauauny, u C =T / 2. Torna

0, k=1,

C+D=1T

13
k=1 ()

B utore ¢ yuerom (11)—(13) dyukmmonan Oy-
JIET UMETh BHU]T

7. m-1 2n
J=== a;%(z—nk) :

[ouck sxctpemyma ¢ynkuuonana (14) BbvI-
TIOJHSAETCS] YHCIEHHBIME MeTolamu. B atom ciy-
yae MPOMCXOAMT TMEpPexoA K 3ajade IOHCKa

(14)

m—1
{ay} 4 » KOTOPEIC 00ECTICYMBAIOT MHHUMANIBHOE

3Havyenue (14).

Oco0eHHOCTH pelIeHUus] ONTUMH3ANNOHHOM
3aa4u A1 KBAIPATYPHBIX CUTHAJIOB € aMILIH-
TyaHoii Momyiasinueii. OCOOCHHOCTh pEIICHUS
ONTUMM3ALMOHHON 3a7aydl JUIs KBaJIpaTyPHBIX
CHUTHAJIOB C AaMIUIUTyJHOH MOIyJSIMEd mpu
M >2 cBs3ana ¢ orpanndenueM (9) Ha k03 du-
OUEHT Koppeisiuuu. [Ipexne Bcero yTouHuM, 4To
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B Ka4YCCTBC AJITOpUTMaA IIpueMa 06I>I‘lH0 HCIOJIb3Y-
CTCd aJITOPUTM KOI'CPCHTHOT'O IIO3JICMCHTHOI'O
npueMa CUTHAJIOB Pa3ACJIbHO B KaXXJOM KBaJpa-
TypHOM KaHalie aemonyisrtopa. [lpu ¢popmuposa-
HUHN r[epe)laBaeMoﬁ IIOCIICA0BATCIIbHOCTU CHUMBO-
JIOB KAHAJIBHOI'O a.]'I(l)aBI/ITa y}106HO HUCIIOJIB30BAThH
CIIEYOIYH0 (OpMY 3aIUCH:
N-1)/2
S k)2
k=0
N-1)/2
Uy (t) =( Z) yr (f —kT)d£2k+1),
k=0

ul(t):

(15)

TIae ug (t) u 5] (t) — mocnenoBaTeNLHOCTH CUMBO-
70B B CHH(DA3HOM U KBaJpaTypHOM KaHaje COOT-
BETCTBEHHO; N — KOJIMYECTBO CUMBOJIOB; Y1 (1) -

(YHKIMS TPSIMOYTOIIBHOTO BHIA, OTpeAeieHHAs

Ha JUIMTEIBHOCTH CHMBOJIA; d£2k) 1 d£2k+1) -

CUMBOJIBI KaHAJILHOTO ai(aBuUTa, UMEIOIIHNE YeT-
HBI W HEYETHBIA IMOPSAKOBBIC HOMEpa B OOIICH
MOCJIEeI0BAaTEIbHOCTH U3 N CHMBOJOB U MOCTYTIa-
omue B CUHG(A3HBIH W KBaApaTypHBIM KaHAJBI
COOTBETCTBEHHO; » — WHIEKC, OIPEAEISIONIHA

3HAYCHUEC KaHAJIbHOI'O CHMMBOJIA. (DyHKIH/I}I vr (l)

B (15) ompenensiercst CIeAyIOMMUM 00pa3oM:

1, re[0, T];

V(= 0, 1¢[0, T].

[Ipu 3TOM MOCIEN0BATEILHOCTL MEpe/aBae-
MBIX CHTHAJIOB C aMIUITY/OH Ay, HeCymed 4a-
cToToil ®( U opmoil ummynsca a(t) npencras-
JSeTcs B BHJE CYMMbI JBYX KBAJpaTypHBIX CO-
crapsomux [ (¢) u O(¢):

s(t)=1(t)cos(wgt) - O(t)sin(wgt), (16)

riue
AO(N—I)/Z ( 26
= a(t—kT)d=",
N

AO(N_I)/Z ( (2k+1)
= t—kT)d, .
n &

OTtMeTuM, 9TO B Ciiydae Momyisaiuun OM-2

1(t) =

0(t)=

CHUMBOJIBI KaHaJBHOTO andaButa dﬁk) =+1,Vk. B

obmeM cirygae ADOM mpu MPOU3BOIHLHOM 3HAYE-

HUM M 0Oe3 HOPMHUPOBKU K MaKCUMAalIbHOMY 3Ha-
YEeHUIO CUMBOJIA UL 7 =1 ... M nMeeM:

d% Zor 1-Mir=1. M. (17)

JABOUYHOTI'O KaHaJIBHOT'O aﬂ(l)aBI/ITa

Jns

(M =2) 3HaueHMs CHMBOJOB, OYEBHHO, OYIyT

paBHBI dl(k) =-1; dgk) =1. Ilpu yBenuueHun
o0bema andasuta 10 M =4 morydum dl(k) =-3;

dék) =-1; dgk) =1; dé(tk) =3. bynem mnonararts,

YTO MOSIBJIECHHE JIIOOBIX CHMBOJIOB KaHAJIBHOTO
andaBuTa SABISIETCS PAaBHOBEPOATHBIM U HE3aBU-
CHUMBIM.

[Ipu wucnons3zoBanuu orpanuueHus (9) ans
M >2 W npu JIIUTEIBHOCTH CUTHAJIOB .>T
TpeOyeTcs y4ecTb aMIUIMTYAY CHUTHAJIOB, KOTOpas
3aBUCHT OT 3HAYCHHs KaHAJIBHBIX CHUMBOJIOB Ha

HYJIEBOI dﬁo) u k-i dﬁk) MO3UIMAX B IOCIENO-

BaTCJIbHOCTH:

LT
max | [ d®a(0)d®alt-kT)di| < K.(18)
k=1.(L-1)| 77

B (18) dﬁo) u dﬁk) MOI'yT IIPUHUMATH IIPO-
M3BOJIbHBIE 3HadeHus corntacHo (17). Heobxo-
JUMO OrpPaHMYUTh MAaKCHUMAaJbHBI YpOBEHb
KOPPEJALUH, KOTOPBIA OyIeT MOCTUTaThCs MPH
MaKCHMaJIbHOM a0COMIOTHOM 3HAYEHUH CHMBOJIA
Cmax =M —1.Torga orpannyenue (9) Oyner 3a-
MMACaHO B CIIETyIOIIeH Gopme:

LT

max I Cmax @ () cmaxa(t —kT) dt| < K. (19)
k=1..(L-D)|

910 XKe BBIPpA>KCHUEC MOXKHO MEPLIMUCAThL NHAYC!

LT

max j a(l‘)a(t—kT)dtSK('):

L’ (20)
k=L..(L-D| oy 2

(M -1)

rae K( — HOpMHPOBaHHBI KOd(pHUIMEHT KOppe-
TSI,

Kax Bumgao 3 (20), mMeeTcst 3aBUCUMOCTH KO-
s durmenTa B3aUMHOW KOPPEIAIMH OT 0OBbeMa
KaHaJibHOTO andasuta M. JleHCTBUTENBHO, IMPHU
pocte M oT 3HaueHUd M =2 70 3HAYEHUH
M =32 BenuuuHa TpeOyeMOro OrpaHUYCHHS Ha
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kod(duineHT B3auMmHON Koppemiuuu K B (20)

Oyner ymenbmatbcst moutu B 1000 pa3. Uz-3a
MEXCHUMBOJBHOM HMHTepGEpEeHINN TpPU IJTUTEIb-
HOCTH ONTUMAaJIbHBIX curHanoB 7, =LT (L € N)

BO3MOHBI KOMOWHAI[MM CHMBOJIOB KaHAJIBHOTO
andasuTa, Koraa s Tpebyemoro 3HadeHus K

TIpu OOJIBITUX 3HAYEHUAX M OyneT obecreunBaTh-
Csl MUHMMAaJIbHBI YPOBEHb MEXCHUMBOJIBHOM HWH-
TepdepeHuu  (MakCUMallbHass TIOMEXOYCTONIH-
BOCTh TpHEMa), B TO BpeMs Kak NpHU Malbix M
ypoBeHb HHTEpdEpeHnn OyneT HOCTaTOYHO BBI-
coxknM. IIpu TOTMBITKE O0OECTICYNTh MUHHUMATBHBIN
ypoBeHb nHTepdepeHnny st Mabix M (cooTBeT-
CTBEHHO, BBICOKYIO ITOMEXOYCTOWYMBOCTH TpHe-
Ma) OKa3bIBAaCTCS HEBO3MOXHBIM CHHTE3 OIITH-
MaJbHOTO CHTHAJIA JIJIsl OOJBIIMX 3HAUeHUH M u3-
3a HEYCTOMYMBOCTH YUCJIEHHBIX PELIEHUN 3aJayu
MUHHMU3auu QyHKuuoHana (14). OOolTtH »1H
TPYJHOCTH MOXHO TyTeM OCJIa0JICHUS 3aBUCUMO-
ctu (20) ot M. Umeem:

LT K
max | [ a(Dalt—kT)dt|<Kp=——2=(21)
k=1..(L-1)| 7 (M-1)

HerpynHo 3ameruth, uro orpanumdcHue (21)
MOXHO MPEACTABUTH B CICAYIOIIEM BHUJIE:

LT

max J. Cmin@(t) cmaxa(t —kT)dt| < Kg, (22)
k=1.(L-D)| ip

I€ Cppjp =1 — 3HAa4EHHE CHMBOJIA KAaHAJIBHOIO
andaBuTa ¢ MUHUMATHHOW aMILIUTYIOM.

B (22) mpucyTCTBYIOT COCTaBIISIOIINE, OTIPEIc-
JSIOIME  MAKCUMANBHOE Cpax =M —1 ¥ MuHH-
MAIBHOE Cppiy =1 3HAYEHWSA CHMBOJIOB KaHAJIBHOIO

angaBuTa, BBIYMCICHHBIE B cooTBercTBUM ¢ (17).
Nmenno 310 BBIpakeHME OyIEeT HCIONB30BATHCS B
KauecTBEe OrPaHMYEHUS TPH PEIICHUH ONTHMHI3AIH-
OHHOM 3aa4i. 3aMeTHM, YTO TIPH TTOWCKE ONTHMAITh-
HBIX CHTHAJIOB C KBaJpaTypHOH (pa30BOH MOIYIISAIH-
el TIpy ydeTe HEe3aBHCHMOCTU ITOCTPOCHHUS KBajpa-
TYPHBIX KaHaTOB (DOPMHPOBAHHUsI CHIHAJIOB OOBEM

KaHaJbHOTO andasura My oy =M 2

IIpouenypa onTuMH3AIMH JJs KBagpaTyp-
HbIX CHTHAJOB € AMIUIUTYAHOH MOAYJsLMeE.
Paccmotpum mpouenypy perieHus: ONTUMHU3ALIN-
OHHOH 3amauu. [lpu BeMUMCICHHWH (YHKIMOHANA

(14) u orpaHMYeHHUAX Ha DHEPTHUIO CHUTHANA, CKO-
pOCTh cliazia YpOBHsI BHEMOJIOCHBIX M3ITY4YEHHH,
JUTUTENFHOCTh CUTHaNIa, 00beM KaHAJIBHOTO alnda-
BUTA, KOOQPHULINUEHT B3aUMHOW KOPPEISILHH TOJTY-
yaeTcs JOMyCTUMOE MHOKeCTBO (pyHKuuu a(r) .

OTMeTnM, 4TO B OOILIEM CiIydae M3BECTHHI pe-
HICHUS] ONTHMHU3ALMOHHOH 3a/1a4i B COOTBETCTBUU
C KpUTEpHUEM MaKCUMU3AINH KOHIIEHTPAIIUN SHEP-
TUHM B TIOJIOCE YACTOT NMPHU HATIWYUH OTPaHHYEHHI
Ha DHEPrUi0 M JUIMTEILHOCTh curHama [16—19].
IIpu mpuHATEIX orpaHudeHUsX B [16—19] ontumu-
3aIMOHHAs 3a/1a4a SIBIIAETCS OHOIKCTPEMaIbHOM.
IIpu pemernm onTHUMH3AITMOHHON 3amadn (14) B
COOTBETCTBHH C KpHUTEpHEM TpeOyeMoi CKOpOCTH
craja ypoBHS SHEPreTHYECKOrO CIIEKTpa BHE 3a-
HHUMaeMOH TMOJIOCHl YaCTOT U BBEACHUH JOMIOJIHH-
TEJILHOTO OrpaHudeHus (9) BO3MOXKHO MOSIBICHHUE
YCIIOBHBIX 3KCTPeMyMOB. UTOOBI M30€XaTh 3TOTO,
B CTaThe PACCMATPHUBAIOTCS 00JACTH JOMYCTHUMBIX
3HAYEHUN OTPAaHUYECHUI, B KOTOPBIX ONTUMU3ALM-
OHHBIN (DYHKIIMOHAT WMEET JIUIIb TJI00ATbHBIH
ONITHMYM W XapakTep ONTUMHU3AIMOHHOTO (yHK-
[[MOHAJa TiepecTaeT ObITh OBpaXHBIM. biaromaps
3TOMY yJaeTcs TOJYYHTh EIUHCTBEHHOE OIITH-
MaJbHOE pPEIICHHE.

Jns peanmmzaiiuil YUCIIEHHOTO METOJA pellle-
HUS ONTHMHU3AIMOHHON 3a7jaud  HCIOJB3yeTCs
¢ysknus fmincon, nmeromasics B cpeae MatLab.

CTpykTypa 3aaydl ONTUMH3AIMKA HMEET II0-
HIaroBBIH BHJ, W 3a/la4ya pellaeTcs IOcIeI0Ba-
TEJILHO IS KaX]IOTO U3 MapaMeTPOB OTPaHIUCHHS
(puc. 1, a). Pemenne HaunmHaeTcs U3 TOYKH, 000-
3HAYCHHOW XHUPHBIM YEPHBIM LBETOM Ha ILIOCKO-

cTu (T o 1/ 032(”+1)). OTa TOYKa COOTBETCTBYET

CHUTHAIIaM JUIMTENBHOCTBIO T, =T, KOTOpBIE MMeE-

IOT CKOPOCTh Claja YPOBHS SHEPTETHUYECKOTO

2(n+1)

CIIEKTpa HE XyXe, YeM 1/ ® U 3Ha4YeHHE

Ky =0. 3ameTnM, 4TO B JTOM TOYKE MEKCHM-
BOJIbHAsT MHTEP(EpEHIMSI OTCYTCTBYET, HO BBEJIe-
HO OrpaHUYEHHE HA CKOPOCTh CIaJa YPOBHS BHE-
MOJIOCHBIX M3JIYUYEHHUH.

Ilepsoni wae. Omnpenensercs BuA (QYHKIAN
a(¢) nmuTensHOCTHIO, Hanpumep, T, =87, ¢ BBe-
JIEHHEeM MEXCHMBOJIBHOM WHTEep(GEPEeHIINH TIPH
3HaYCHUH KO3(PHUIMEHTa B3aMMHOU KOPPEISIHH
Ky =0.5. OcHoOBHas 3ajaya 3TOro Imiara — Ompe-
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Puc. 1. CTpykTypa peleHns oNTHMU3anHOHHON 3a1a4 (@) ¥ IpUMep TpeXMepHOH MOBepXHOCTH (yHKIMoHamna J (6)

Fig. 1. Solution of the optimization problem (a) and an example of three-dimensional surface of the functional J (6)

JeTiCHUE HampaBlieHUS YMEHBIICHUS 3HAYCHUS
¢ynkumonana (14) npu 3agaHHOM uucie m K03¢h-
¢dbunmentoB psina Oypre. J[BIKeHHE K Pe3ysIbTH-
pyromemy Buay Gynkuun a(¢) (mepexos kK HOBO
TOYKE Ha pUC. 1) UIOET B MOIYYCHHOM Ha TIEPBOM
nrare HampasieHUH. J{Jsl ABMKEHUS UCTIONB3YeTCs
METOZA TpaJueHTHOro cmycka. B mpouecce uc-
MOJIb30BAHUS ATOTO YHCIEHHOTO METO/a OLICHUBA-
eTcs JIOCTIKEHUE TpeOyeMOi TOYHOCTH U BBIIOJ-
HEHHE YCIIOBHSI MOJIYYEHHUS SKCTpeMyMa (pyHKIMH
(14). Hapamerpsl pynkuuu a(t) Tpebyemoit -
TENBHOCTH HCIIONB3YIOTCS KaK HadaJlbHOE MpH-
OmmKeHue JUIS BBIIOJNHEHUS CIIeIYIOIIero Imara.
Ha puc. 1, 6 mnpuBeaeH mnpumep TpexMepHOU
MOBEPXHOCTH ONTHUMHU3AIUOHHOTO (DyHKIIMOHAA
J (14) B 3aBucuMMOCTH OT Baprauuu Kodddumen-

TOB Pa3JIOKCHUA ay, ds. IlIo ocsiMm OTHOXEHBI

€IMHULBI TpUpameHuit Aay U Aas Kodpduimen-
TOB a4 M as pana ®Pypee (10). Buano, 4yro
AMEETCS JIMIIb TJIOOATBHBIN JKCTpeMyM. AHaJo-
TUYHO MOKHO IIOCTPOUTH TPEXMEPHBIE IOBEPXHO-
CTM (QyHKOHMOHATA W U1 JPYrHX 3HAYCHUH
ko3 duuumentos pasnoxeHus B psag Pypwe. [lo-
(hopmbI
(puc. 1, 6) monmy4aroTcs M IpU APYTUX OrpaHude-
HUSAX ONTHMM3AaLMOHHOW 3a/1aud, PEIIeHUs KOTO-

noOHBIE TPEXMEPHBIX IOBEPXHOCTEU

poii, HanpuMep, paccMOTpeHs! B [20].

Bmopoii wae. Ha 3ToM 1m1are BbIIOJIHSETCS pe-
anu3alus OrpaHUYEHUs] Ha CKOPOCTh CHaja ypOB-
Hs BHEIOJIOCHBIX W3NMy4YeHH (Hampumep, TOBEIsS
9TO OrpPaHUYEHUE A0 BEIUYHUHBI, IPONOPLUUOHANb-

HOH 3HAYEHUIO 1/ ® ). Ilocae BBIMONHEHHS ATOTO

OTpaHUYCHUS OCYIICCTBIISICTCS YMEHBIIICHHE KO-
¢ duIreHTa B3aNMHOW KOPPEISAIMU JUIS CIydast
JMIBOMYHOTO KaHaibHOTO andasura (M =2). Ilpu
YCIIOBUW HCIONB30BaHHS AJTOPUTMA ITO3JIEMEHT-
HOTO KOTEPEHTHOTO MpreMa U TpeOyeMbIX dHepre-
THYECKUX MTOTeph He Oonee, Hapumep, 0.2 nb npu
BeposaTHOCTH ommoOok He xyxe 0.001 3HaueHwe
kod(ddunmenra xoppemsiuun K JOIKHO OBITH

pasuo 0.01 (pumc. 1).

Tpemuii wae. Ilpyu BEIMOTHEHWN ITOTO IIara B
Ka4yecTBe HAYAIBHOTO MPUOIMKEHHS YIUTHIBACTCS
peleHue, MOTyYeHHOEe Ha BTOPOM Iiare. 3amadeit
STOTO IIara SBISETCS BBITIOJTHEHWE OTPaHMYCHUS
Ha 3aJaHHBI KOY(PPUITMEHT KOppENSIIuH TPH
YBEIMICHHOM 00beMe KaHanbHOTo andasuta (M =
=4, ..., M =64) B coorBercTBUU C (19) mrdo (22).

[Iponiegypa onTuMHU3aIui MOXKET OBITH TIPe.-
CTaBJicHA B BHIIC OJIOK-CXEMBI Ha puC. 2. MUHUMH-
3ammsa pysaknnonana (14) ocymecTBisieTcs myTeM
BBEIOOpa m KO3(PGHHUIINESHTOB PA3IOKCHUSI B KOHEY-

. m—1
et psix Oypse {ay }k:O’ 10 KOTOPHIM MOJKET

OBITH OCTpOeHa yeTHast pyHkuus a(t) .
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HauaneHoe npubimkxeHue
(mpsimoyronbHast Gpopma
orubaroieit)

Y

Br16op xonuyecTBa
K03 QUIIMECHTOB Pa3I0KECHHS |<—

{ak} B psx Dypse m

v

OnruMuzanus ¢ eibo

OrpaHuyeHus:
—  mmrensHOCTh orubaromeii (7;,);

- CKOPOCTH CTiaja BHETIOJIOCHBIX

U3TyueHuit (l/fz(’”l));

— k03 UIMeHT B3auMHOM
xoppesiumn (K );

—  obbeM kananbHOTO andasuta (M)
MPY AMIUTATYJHOW MOTYJISIHA

——| IOBLIIICHUA CKOPOCTHU Cliaia

| yBEIMYCHUS JITUTEILHOCTH
orubaromei

Y

OntuMu3aIus ¢ HeIbIo

BHCIIOJIOCHBIX I/ISJ'Iy‘-IeHI/Iﬁ

Y

Onrumusanus ¢ Hebo
yMeHbLIeHHs1 KodddunmenTta
B3aMHOI KOppeIsIInT
miM=2

v

OnTrMu3aLys ¢ Leblo
yMeHbIIIeHHs K03 durmeHTa

B3aMMHOI KOppPEIsIIUU
i M > 2

Pemmrenne HalineHno?

KoaddurmenTs paznoxeHust
B psi Dypoe
{ak}, k=0...m-1

Puc. 2. brok-cxema nmpoueaypbl ONTUMH3AINA

Fig. 2. Flowchart of optimization procedure

B Ta6mn. 1 B kauecTBe IpUMepa IPUBEIEHBI KO-
> uuuentsl pasznoxenus s a(z) mmMTensHO-
ctoio T, =87, BBIYMCIIEHHBIE C YYETOM OTpPaHH-

yenus (19) s pasnuyHbIX 3HaUYeHH 00beMa Ka-
HaspHOTO andasuta M. B Tabn. 2 mpeacTaBieHbl
3HaueHMs Kod(PPUIHEHTOB pasioxkenus s a(z)
JUTATEBHOCTBIO T, =87, BBIYUCIICHHBIC C Yy4e-
ToM orpanmdeHus (22). Kak BugHo 3 3THX Tab-
JIML, KOJTMYIECTBO KOI(P(PUIIMEHTOB Pa3I0OKEeHUS HE
IIPEBOCXOUT 7, IPUYEM IIOCIECAHUE 3HAUEHHSI KO-

s pumreHToB pasznoxeHus (¢ HOMepoM k = 7)
OKa3bIBAIOTCS JOCTATOYHO MAaJIbIMK BETHIMHAMH.

IIpn xBagpatypHOit ADPM mpoucxoauT Hesa-
BUCHMOE (POpPMHUpPOBaHKE [BYX OPTOTOHAJIBLHBIX

xomronent: cundasnoit /(t) u KBampaTypHOii
O(t) . Torna nepenaBaeMblii MOJNE3HBIH CHTHAT HA

Hecyllel yactote ) umeeT BUJ (16).

Ha puc. 3 mpencrasieHbl puMepsl KBaapaTyp-
HBIX cUrHaJIoB ¢ Monayisiueit KAM-16. Ha puc. 3, a
MIPUBEICH NPUMEP KBAAPATHOIO PACIIONOKEHHUS TO-
YEeK CUTHAJIbHOTO CO3BE3[MsI AJIsl CUTHAJIOB C MPSIMO-
YronbHOH (opMoii nmItynbca. PsgoM ¢ kaxmoi Tou-
KOi 0003HaYeHa KOMOWHALIMSI CUMBOJIOB KaHAJIBHOTO
andasuTa, KOTOPOH OHA COOTBETCTBYET.
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Taon. 1. KoadduuneHTs! pa3noxeHus a; (k=0...m—1) npm T.=8T,n=2,K,=0.1
Tab. 1. Expansion coefficients a, (k=0...m—-1) for T.=8T,n=2,K,=0.1

A
k M=4 M=38 M=16 M=32
0 0.2503 0.2498 0.2497 0.2500
1 0.2525 0.2507 0.2501 0.2498
2 0.2498 0.2493 0.2500 0.2498
3 0.2519 0.2480 0.2432 0.2426
4 0.1685 0.1756 0.1767 0.1768
5 0.0230 0.0338 0.0587 0.0606
6 —0.0107 —0.0173 0.0004 —0.0097
7 0.0053 — — —0.0111

Ta6n. 2. Ko>pHUIMEHTHI pa3noKeHus a; (k=0...m—1) npu T, =8T,n=2, K, =0.01
Tab. 2. Expansion coefficients a; (k=0...m—1) for T, =8T, n=2, K, =0.01

dak

k M=4 M=38 M=16 M=132 M= 64 M=128 | M=256
0 0.2499 0.2498 0.2496 0.2500 0.2499 0.2499 0.2500
1 0.2510 0.2506 0.2501 0.2500 0.2499 0.2499 0.2497
2 0.2494 0.2493 0.2499 0.2498 0.2499 0.2500 0.2498
3 0.2486 0.2478 0.2451 0.2418 0.2423 0.2415 0.2424
4 0.1746 0.1761 0.1767 0.1768 0.1767 0.1768 0.1768
5 0.0327 0.0342 0.0508 0.0641 0.0612 0.0646 0.0613
6 —0.0166 —0.0176 —0.0055 0.0043 —0.0074 —0.0050 | —0.0105
7 — — — — —0.0093 —0.0094 | —0.0123
0 4
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Puc. 3. Curnanssble coze3mus KAM-16 11 pasHBIX THIIOB UMITyJIECOB: ¢ — NPSAMOYTOJIBbHBINA uMITyisc, T, =T; 6—RRC, T, = 8T,

a = 0.2; ¢ — omrrumanbHbli uMnynsc, I, =87, K, =0.1, M =4; 2— ontumansHeii umnynsc, 7, =87, Kj =0.01, M =4

Fig. 3. Constellation plots QAM-16 for different pulse shapes: a —rectangular, 7, =7; 6—RRC, T, =87, a=0.2;
¢ —optimal, T, =87, K,=0.1, M =4; 2—optimal, T, =87, K, =0.01, M =4
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Puc. 4. ®opmbl BellecTBEHHOIT (a) 1 MHUMOIT (6) 4acTeil KOMIUIEKCHO# orubaroleil ciy4aifHo ociea0BaTeIbHOCTH
ONTUMAJIbHBIX CUTHAJIOB; BUJ] CUTHAJIA HA Hecyllel yacTore ()

Fig. 4. Real (@) and imaginary part (6) of complex envelope of random sequence of optimal signals; bandpass signal (g)

Ha puc. 3, 6 mpuBesieH npumep pactoNI0KEeHHS
CUTHAJIBHBIX TOYEK JJISl CUTHAIOB, chopMupoBaH-
HbIX Ha ocHOBe RRC-ummynscoB ¢ koadduuneH-
TOM ckpyrienus, pasHeiM 0.2. Ha puc. 3, 6 npuse-
JICHbl CUTHAJIBHBIE CO3BE3JMs Ui ONTHMAIbHOU
(¢bopMBI UMITyJIbCa TIPU BHIOOpE OrpaHHYEHHs Ha
ko3 uument xoppensiuuu Ky =0.1, va puc. 3, 2 —
s Ko =0.01 npu pasmepe cospesgus M = 4.
Bunso, yro mpu BbIOOpe K =0.01 nomexo-
YCTOMYMBOCTH MpHEMa COOOIIEHHH JOKHa obec-
MEYNBaThCA HAa YPOBHE MOTCHLUHUAIBLHOH MOMEXO-
YCTOMYMBOCTH TpPHEMa CUTHAIOB C MPSAMOYTOJIb-
HOM hopMoii uMITyIIbCa.

Ha puc. 4 B xauecTBe npumepa INPHUBEICHBI

dopmer Bemectennoit 1(¢) (a) u muumoit O(t)
(6) JacTeit KOMIUIEKCHOHN OruOaroIiei mocienoBa-
TEJIHHOCTH ONTUMAIBHBIX CUTHAJIOB, IPEICTaB-
JeHHBIX B Ta0n. 2 nua T, =87, M=4n K5 =0.01

MIPH HUCTIONB30BaHUN Momyisun KAM-16. [lns
OosplLIel HArJSAHOCTH IOKa3aHbl (GoOpMbl (YyHK-
mun a(¢), COOTBETCTBYIOLIUE BEIIECTBEHHOU U
MHHUMOH 4acTsIM IepefaBacMbIX MOAYJALMOHHBIX
cumBos0B. Ha puc. 4, ¢ npusenen curnan s(7) nHa
Hecymer yactore (16).

BugHo, uro ciywaiiHas ITOCIIEOBAaTENBHOCTD
ONTHUMAJIbHBIX CUTHAJIOB C KBaJpaTYPHOM aMILIM-
TYyIHOM MOJYJAIMEN U CYLIECTBEHHOM yIpaBiise-
MOW MEXCHUMBOJILHOW HMHTepdepeHIner (Harmom-
HUM, YTO JJIUTEIBHOCTh IMOJIE3HOTO CHTHaja Ipe-
BOCXOJUT CHMBOJIbHBIN MHTEpBal mnepeaadn 1 B
8 pa3) MMEIOT BBICOKOE 3HAaYeHHE NHK-(aKTopa
W3JTy4aeMbIX KoJeOaHuil.

Pesyabrarel moaenuposanus. IIpexe Bcero
C TMOMOIIBI0 MUMHTAIMOHHOTO MOJICIUPOBAHUS B

cpene MatLab orieHUM IOMEX0YCTOWYMBOCTD IIPH-
eMa ONTHMaJbHBIX CUTHaloOB (puc. 5). Ha puc. 5
OOK-cXeMa WMHTAMOHHOTO  MOJETUPOBAHUS
YCIIOBHO pasziesieHa Ha iBe yacTu. C JieBoil cTtopo-
HBI OJIOK-CXEMBI ITOKa3aHa Mepeaaonas 4acTb Mo-
JleNi, a C IpaBoOil — MpUeMHas 4yacTb. B nepenato-
el 4acTH MOJENU OCYLIeCTBIsIeTcst popMupoBa-
HUE CIIy4aliHOW TOCJIeNIOBaTeILHOCTH HH(pOpMa-
IIHOHHEBIX OMTOB B KOJUYECTBE 10° CHUMBOJIOB, KO-
TOpBIE MPeoOpasyIoTCsl B MOAYJISLIMOHHBIE CHMBO-
7Bl ¢ yueToM Kona I'pest mpu oObeme KaHalIbHOTO
andasuta Mxam. B aTol xe wactn mMomenu npu
BBITIOJTHEHUU TPOLEAYPbl MOAY/SLHAN CUTHAIOB
(6nox "Monynauus" Ha puc. 5) IPOUCXOAUT Pop-
MHUpPOBaHHE ONTUMAIBLHOH (QOPMBI HMIyJbCa C
m—1

k=0
IIpu 3TOM 3amaroTcsi 00bEM KaHATBLHOTO alihaBUTa

y4eToM KOA(PQPHULHUEHTOB Ppa3I0KeHUs {ak}

M n nnurensHocTh I .. B sTOM OnOKe mpeny-
CMOTpEH aHaJ M3 XapaKTepUCTUK (CKOPOCTH Crajia
YPOBHSI BHEIOJIOCHBIX H3IIyYCHHH; MOJOcCa 3aHU-
MaeMBbIX YaCTOT) DHEPTETHYECKOTO CIIEKTpa OMNTH-

2
MaJIbHBIX CUTHAJIOB |S ( f )|

B kauecTBe KaHala Mepegadd HCMOJIb3YeTCs
KaHaJI C aJJINTUBHBIM OCIbIM TayCCOBCKUM IITy-
MoM (kanant ABI'II) u ¢ mpsimoyronsHO#M hopMoit
aAMILTUTYTHO-9aCTOTHON XapaKTePHCTHKH U CIICK-
TPaTbHON TUIOTHOCTBIO MOIIHOCTH KAaHAJIbHOTO
wyma Ny /2. Ha Bxox aroro 6ioka (puc. 5) BBoO-

JATCS 3HAYeHWs OTHouwleHuii Eg/N( oHepruu

oura Eg K cnekTpanbHoii wiotHocta N /2.

B mnpaBoii uactu Onok-cxembl (TpHEeMHas
4yacTh) peau3yercs alroOpuTM ONTHMAJIbHOIO KO-
TEPEeHTHOr0 IpHEMa, IJleé B KAayeCTBE OMOPHBIX
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Pacuer
IIOMEX0YCTOHYHNBOCTY]|
npuema
T'enepanus
b . [Ipunsreie
CITyqaitHbIX
Komgectso OutoB > MH(pOPMaIMOHHbIE Komuuectso 6uros
UH()OPMAITMOHHBIX
OUTHI
ONTOB
O6bem [Ipeo6pasoBanne 6UTOB IIpeo6pasoBanue O6bem
KaHaJbHOTO » B MOAYJALUOHHBIE MOZAYJSIIUOHHBIX  [¢ KaHaJIbHOTO
andasura (Mxam) CHMBOJIBI CHMBOJIOB B OUTBI andasura (Miam)
JmarensHocTs (T¢) —\ l T JmrensHocTs (1)
KoodpuumenTsr Monynsuus Jemonynsuus Koa¢dummenTs
Ppa3noxeHus PpasioxeHuA
B psx Dypoe: B psg Oypee:
ag, Apy o5 Ay Ay, Apseees Ay
Pacuer Kanan ABITII
JHEPreTHYECKOTO [¢
CHEKTpa |S(7‘)|2 T
E§/No

Puc. 5. bnok-cxema UMHTAIlHOHHOTO MOJCINPOBAHUA JId aHaJIhn3a HOMeXOyCTOﬁ‘IHBOCTH npuema

Fig. 5. Flowchart of simulation modeling for BER performance estimation

CHTHAJIOB MCHOJIB3YIOTCSI ONTUMAJIbHBIC CHIHAJIBI.
Ha Bxozme Takoro neMOIynsTOpa IPHUCYTCTBYET
cnyuaitneiii iponece vy (1) =57 (¢) + awgn(t), co-
CTOSAINMK M3 MOJIE3HOTO CHUTHAJA, COOTBETCTBYIO-
IIETO IIEPENaBacMOMy CHMBOJIy KaHAJILHOIO aj-

(k)

(l)aBI/ITa dl , 1 palm3alli aaJUTUBHOTO Ka-

HampHoro myma awgn(t). TlorpemsocTu, cBs-

3aHHBIC ¢ TpobiemMamMu Ga30BOM M TAKTOBOW CHH-
XPOHHU3AIMH, TPU HMUTAIMOHHOM MOJIEIUPOBa-
HUU HE YYNUTHIBAOTCSL.

[Tpu peamn30BaHHBIX B MOJICIU JITUTECIBHOCTSIX

T. =8T BO3HMKAaET MEKCHMBOJIbHAsI MHTEPEPEH-
1rst. YTOOBI MOBBICHTE MTOMEXOYCTOWIMBOCTE TIPH-
€Ma, HCHONB3YeTCs KOPPENSIHOHHBIA aNTroOpuTM
crenyromero Buaa. llpuHMMaeTcs cUMBOI d (k ),
€CITH MUHUMU3HUPYETCS 3HAYCHUE WHTErpaJia;

X kT+LT 2
d®= argmin I [d,(,k)a(t—kT) =) (1)] dt
r kT

[Ipu peamuzamum STOTO TMpaBWia IpHeMa B
mporecce JAEMOIYIJISAIMA IIPOUCXOMHUT Tiepedop
BO3MOYKHBIX OIIOPHBIX CHTHAJIOB JJISI BCEX 3HAYE-

5(k)

HUH , r=1...M. B pesynpTate pacuera €B-

KIIMJI0OBA PAaCCTOSHUS MEXKITY yl(t) " sl(t) Ha

UHTEpBaJIe AJIUTEIBHOCTHU II0JI€3HOIO CUTHAajIa BbI-
HOCHUTCSI PElIEHUE B IOJb3Yy TOI0 CHUMBOJA, KOTO-
pBIii o0ecreunBaeT MUHMMAJIbHOE 3HAYECHUE €B-
KJIMJIOBA PACCTOSHUSL.

Ha puc. 6 mpuseneHbl 3aBUCUMOCTH BEPOSAT-
HOCTH OIMHOOK OT OTHOIIEHWS CHUTHAI/IIyM. B
Ka4eCcTBE ONTUMAJIbHBIX (JOPM HMILYJIbCOB IpUMeE-
HSUIUCH T€, KOTOPBIE OBUIN MOJIyYEHbI IPH UCIIONb-
30BaHMu  orpanuueHus K, =0.01 (22) mnpum
M = \Myam-

N3 ananuza 3TUX 3aBUCUMOCTEH CIEIYET, YTO,
BO-TIEPBBIX, TOMEXOYCTOWYHBOCTh IMPHEMA OITH-
MaJbHBIX CUTHAJIOB C YBEIMYCHHBIM O0BEMOM
CUTHAJIbHOTO CO3BE3/IHs MPAKTUYECKH COBIAIAET C
MOTEHIIMAIBHON (TEOPETHYECKO) MOMEXOYCTOM-
YUBOCTBIO MpPHEMa CUTHAJIOB C MPSMOYTOJIBHOM
(dopmoli mMIybca 0e3 MEKCUMBOJIBHOW HHTEp-
¢depenuun (Ha puc. 6 KpuBble, 0003HAYCHHBIC
CIUIOIIHOM JIMHHEl); BO-BTOPBIX, NMPH HCIOIB30-
BaHMM RRC-ummynbcoB (Ha puc. 6 0003HaUEHBI
TOYKAaMH), KOTOpPBIE TPAAULIMOHHO 00ECTIEYNBAIOT
BBICOKYIO CIEKTPaJbHYIO 3((EKTUBHOCTH CHUCTE-
MBI Tiepe/iadn COOOIIeHUH, OKa3bIBACTCA, YTO MpPHU
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Puc. 6. HOMCXOyCTOﬁ‘IHBOCTB Inpyuema Mpu UCI0Jb30BaHNH CUT'HAJIOB C ONITUMAJIbHBIMU Q)OpMaMI/I HMITYJIbCOB,

HOIYYEHHBIMH C y4eToM orpanuueHus (22) npu Koy = 0.01: a — My = 16, 64, 256; 6 — My a = 1024

Fig. 6. BER performance of signals with optimal pulse shapes obtained with constraint (21) for Ky = 0.01:
a— My =16, 64,256; 6 — My = 1024

obveme andaBura 1024 mpreM TaKwX CHUTHAJIOB
MPUBOJUT K OOJIBITUM 3HEPTETUYSCKAM MOTEPIM
(puc. 6, 6); B-TpPETHUX, SHEPTETUICCKUEC BHINTPHI-
M TIPH UCTIONB30BAHUM ONTHMAJLHBIX CHUTHAJIOB
10 CpaBHEHHWIO co ciay4daeMm npumeHeHuss RRC-
WMITyJbCOB TPHU  YMEHBIICHUHW BEPOSTHOCTH

omm6Ku ot 107 pi (o) 107 YBEITUIHBAIOTCS BIIBOE.

CnekrTpanbHasi M JHepreTuuyeckas 3¢ dex-
TUBHOCTb. OIIEHUM CIIEKTPAJIBHYI0 W 3HEPreTH-
4eckylo 3(p(EeKTHBHOCTh NMPUMEHEHHST ONTHMAIb-
HBIX KBaJ[paTypHBIX CHTHAJIIOB C aMIUIUTYIHOH
MOJYJISIIIAEH ¢ YBETMUYCHHBIM Pa3MEepPOM CHIHAJIb-
Horo co3Be3nus. ['panuna lllenHona, xapakTepu-
3yloliasl TMpefesibHbIe 3HAYCHHUS CIEKTPAIbHON
s¢dexruBHocTH R/AF (R — CHMBOIBHAst CKO-

pocth; AF — mojoca 3aHUMAeMBIX YacTOT) H
sHepreTHueckoii sddextusnoctn Eg/Nj, pac-

cUUTHIBaeTcs 1Mo ¢opmye [15]

Bo L (qriaF )
Ny R/AF '

IIpu ckopocTu nepeaauy CUMBOJIOB KaHAJIBHOIO
andasuta R, paBHOW MPOITYCKHOM CIIOCOOHOCTH Ka-
Haja nepesayd, 3aBUCUMOCTb OIpesessieT IPaHUILY
[llennona. ITomoca yactor AF MOxxeT OBIThH OIpejie-
neHa 6o 1o 99 % KOHIEHTpAIK dHEPTUH, JIHO0

II0 YPOBHIO SHEPIreTUYCCKOIO CIICKTpPa, HAIpUMEp
-30 ,Z[B (AF—30ILB) i —60 ,Z[B (AF_60 b )

WutepecHo oOpaTWTh BHUMaHHE Ha TO, YTO OT
OTIpeIeICHU TONIOCHl AF 3aHMMAaeMbIX 4acTOT CY-
IIIECTBEHHO 3aBHUCAT M KOJMYECTBEHHBIE PE3yIbTaTh
OLICHKH CTIEKTPATLHON 3(PPEKTUBHOCTH. DTO HILTIO-
cTpupyercs rpadukamu (puc. 7). Ha puc. 7 npuse-
JICHbI 3aBUCUMOCTH CIICKTPAIbHOM 3(PPEKTUBHOCTH
JUIL  ONpENENICHHs] TIONIOCKI YacTOT TI0 YPOBHIO
—30 nb suepretuyeckoro cnekrpa (a), —60 ab (6) u
0 KPUTEPHUIO KOHLIEHTpamu 99 % sHepruu curHana
(6). AHammupys Tpe[CTaBICHHBIC 3aBHCHMOCTH,
MOXKHO BHUJETb, YTO Npu AF 35 ONTUMAJIbHBIE

TIPOUTPHIBAIOT RRC-
umItysbcaMu pu Mycang < 64 10 20 %. C ysenu-

CHUI'HAJIbI CUrHajiaMm C

YeHHneM o0beMa KaHaTbHOTO andaBuUTa IIPH

My am =256 nossusercs Berpein 6omnee 35 %.
[pu ucnosnb3oBanuu nONOCkl AF_ g ONTHMAIb-
HbIE CHTHANIBI CYIIECTBEHHO BBIMIPBIBAIOT Y CHUIHA-

noB Ha ocHoBe RRC-ummynbcoB, 0coOeHHO Tipu
My am =256. Ilpy MCTIONLE30BAHMU  ONPEEIICHUS

MOJIOCHI YacTOT MO Kputepuo 99 % KoHueHTpaluu
SHEPTUH MOYKHO BHIECTh MaKCUMAaJIHHOE TPHOJIIDKE-
Hue K rpanune lllennona. IIpu cnextpanbHON 3¢-

(bexTHBHOCTH R/ AFyq o, =7(6ur/c)/T1 smeprern-

geckass A(PQPEKTHBHOCTH ONTHMAIBHBIX CHIHAJIOB
OKa3bIBaeTCs MPUMEPHO Ha 5 Nb BBINIE, YEM y CHT-
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Puc. 7. CpaBHeHHUE CIIEKTPaTbHON U SHEPreTUYeckoi 3G (pEeKTUBHOCTU ONTHMANIBHBIX CUTHANOB Ipu Ky = 0.01

u curnanos ¢ RRC mpu 0. = 0.2 Ha ypoBHE BEpOATHOCTH OMOKK 1073
MIPU OTPECICHUH MOJOCH 3aHUMAaEeMBbIX 4acToT 10 ypoBHto —30 1b (a); —60 nb (6); 99 % MonHoCTH curHaa (8)

Fig. 7. Comparison of spectral vs. energy efficiency of optimal signals with K, =0.01 and signals with RRC (a.=0.2) at BER=10"
for occupied frequency bandwidth determined by —30 dB (a); —60 dB (6); 99 % of signal power (8)
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Puc. 8. CpaBHeHUE CNIEKTPaNbHON 1 2HepreTHueckoi 3 GeKTHBHOCTH ONTUMABHEIX CUTHANIOB 1Tpu K = 0.01
u curnanos ¢ RRC npu o = 0.35 Ha ypoBHe BeposATHOCTH omuOku 1073 pu onpeiesieHly MOI0Chl 3aHUMAEMBIX 4acTOT
o ypoBHio —30 ab (a); —60 ab (6); 99 % MomHOCTH curHana (8)
Fig. 8 Comparison of spectral vs. energy efficiency of optimal signals with K, = 0.01 and signals with RRC (a=0.35) at BER = 107*
for occupied frequency bandwidth determined by —30 dB (a); —60 dB (6); 99 % of signal power (s)

HasioB Ha ocHOBe RRC-ummyibcoB ¢ koddduirneH-
TOM ckpyrienus o = 0.2,

PaccMOTpuM CHTyalfio € yBETHUCHHEM KO3(-
¢upenTa ckpyriernst RRC-UMITYIbCOB 10 3HAUCHHS
o =0.35, obecnieunBaroIero 0oJiee BHICOKYIO dHEp-
TeTHYCCKYI0 3((EKTHUBHOCTH CHUTHAIOB HA OCHOBE
9TUX UMITYJILCOB. OTHAKO U B 3TOM CITydae TpuMeHe-
HHE ONTHMAIBHBIX CHUTHAJIOB TMO3BOJSACT TOTYUYHTh
OTPE/ICICHHBIC BBIMTPBIIIN TP YBEJTMUCHHBIX Pa3-
Mepax CHTHAJIbHOTO co3Be3aus. Ha puc. 8 mpuBeaeHs!

OnTumuzauus GopMbl CHTHAJIOB ¢ KBAAPATYPHO# aMILUIMTYIHOMH MOy aslHeil

CPaBHUTEITHHBIC KPHUBBIC CIEKTPAJIBHON U SHEPreTH-
yeckoi apextrBHOCTH 11t oL = 0.35.
[IpencraBiaeHHbIC Ha PUC. 8 3aBUCUMOCTH aHa-
JIOTUYHBI 3aBUCUMOCTSIM Ha puc. 7. Kak BUgHO U3
CPaBHEHHUS 3HAYCHUH CHEKTpaabHOU 3()(HEeKTHBHO-
CTH ONTHUMAJIbHBIX CHTHAJIOB M CHTHAJIOB Ha OCHO-
Be RRC-umnysbpCcoB, TEHACHIINS POCTa BEIUTPHIIIA
ONTUMAJTBHBIX CUTHAIOB YBEIIMYUBACTCS C POCTOM
o0BpeMa KaHaIbHOTO andaBuTa.
3akaoueHue. YBeEIUYCHHUC
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3G (HEeKTUBHOCTH KBAApPATYpPHBIX CHTHAJIOB C aM-
TUTUTYAHON MOIYIISALUEH ¢ YBEITMUESHHBIMU pa3Me-
paMH CHTHAJIBHOTO CO3BE3/IMS BO3MOXKHO IyTEM
MPUMEHEHUS] ONTUMAIILHBIX CUTHAIIOB. [Ipu 3TOoM
00ecneunBaTCs MUHUMAIBHBIC JHEPreTUYCCKHUE
MOTEPH U 3aJ]JaHHasi CKOPOCTh YPOBHS SHEpreTHYe-
CKOTO CIIEKTpa BHE 3aHUMAEMOMU TOJIOCHI YacTOT.
[TokazaHo, 4TO TpW aHaNW3E CHEKTPATHHOU (-
(hbeKTUBHOCTH CHCTEMBI TIepefadd COOOIIEeHUI
HambOoyiee a/JeKBaTHOE CpaBHEHHWE C TpaHUIlCH
[llennona obecrieunBaeTcsi MPU HWCTIOIH30BAHHUH

OTIpeJieNIeHHsI TOJIOCHl 3aHMMAaeMBbIX YacTOT IO
KpUTepuio coaepxkanug 99 % MoIIHOCTH cHUTHATA.
[lokazaHo, 4TO ONTHMaNbHBIE CUTHAIBI, CHHTE3H-
pOBaHHBIE B COOTBETCTBHU C KpUTEpUEM oldecrie-
YeHUs 3aJaHHOM CKOPOCTH CMaja ypOBHS BHEIO-
JIOCHBIX H3TYYEHHUH, MO3BOJSIOT MOMYYHTh JHEP-
TreTUYeCKUH BBIMTPHII Kak MUHMUMYM 4.9 1b mo
CpPaBHEHMIO ¢ curHainamum Ha ocHoBe RRC-
UMIYIBCOB €  KOX(PPUIMEHTOM  CKpPYTICHHS
oa=0.2 npu 3¢ HEeKTUBHOCTH
Oonpiie 1160 paBHOH 7 (Out/c)/I'm.
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AHHOTALIAA

Beseoenue. 1lpu pacuere nonocHo-nporyckaoumx GmisTpos (IIT1P) ¢ yactoramMu GECKOHETHOTO 3aTyXaHUsI METO-
JIOM MpeoOpa30BaHMs YaCTOTHI MApaMEeTPhl IIPOTOTUIIA — HHBEPCHOTO MM KBa3MAJUIMNTHYECKOTO (DHIBTPA HIKHUX
yactor (OHY) — nepecunTriBatoTcst o u3BecTHbIM popmynam B napamerpsl [1I1®. [Tpu BeIOpaHHBIX YacToTEe cpe3a
®HY u 1o6pOoTHOCTH TTOIOCOBOTO (PHIBTPA MPOU3BOIBHO MOXKHO BBEIOPATh TONBKO OIHY YacTOTy OECKOHEYHOTO 3a-
TyxXaHus (MOJNIOC 3aryxaHus). s momaBieHHs Mapbl KOHKPETHBIX YacTOT B IOJIoce 3aaep)kuBaHus cuHTe3 [11D
HEoOX0IMMO HauWHaTh ¢ (PUKCAIMU YacTOT MaKCHMaJbHOTO 3aTyXaHHs U IEHTpalbHOH 4acToThl (miisrpa. OOpat-
HBII TIepeXo/ K MapaMeTpaM 4acTOTHOM XapaKTEPUCTHKH HU3KOYAaCTOTHOTO NMPOTOTHIA OCYILECTBIIIETCS C IMPHMe-
HEHHEM (OpMyIT IPeoOpa30BaAHUS JACTOTHI.

I[ens padomet. Pazpaborka metoauku pacuera [1I1D ¢ pukcupoBaHHBIME HONIOCAMH 3aTyXaHHUsL.

Mamepuanst u MemooOwl. B cTaTbe B KauecTBe HU3KOYACTOTHBIX IpoToTumos [II1®D ¢ momrocamu 3aTyxaHuUs UCIONb-
3y1O0TCsl (GMIIBTPHI HEYETHOTO TOPSIIKA C JOTIOHUTEIBFHBIM KOHICHCATOPOM B IoriepeyHoil BeTBu [1-3BeHa 1 MHIYK-
TUBHOCTBIO B IIPOJ0JIbHOM BeTBU T-3BeHa.

ArnmnpokcuMarysi 9acTOTHON XapaKTepUCTHKHU HU3KOYACTOTHOTO MPOTOTHUNA (MHBEPCHBINA MM KBAa3UAJUIMIITHUECKUN
®HUY) BEITOTHEHA METOITAMH, OCHOBAHHBIMH Ha PEIICHUH CHCTEM HEJIHMHEHHBIX YpaBHEHHH.

Pesynomamet. Peamuzyemas nepenatounas ¢pysknus (I1d) ®HY xn-ro nmopsinka ¢ momocaMyl 3aTyXaHHs 3aIllicaHa B
BUJIE OTHOUICHHS MPOW3BENICHHS JIBYUJICHOB M MHOTOYJIEHA CTENEHHU 71 C BelleCTBeHHbIMH K03 dunmenramu. [Ipu-
BEZICHBI CUCTEMBI YpaBHEHHH [UIS pacdeTa Kod((UIIMEHTOB aMILUTUTYIHO-4aCTOTHOH xapakrepructuku (AUX) ®HY c
3aJ]aHHO} YaCTOTOW MaKCHMAJIGHOTO ITOAABICHHS IOMEXH ISl 000MX THIIOB (DHIIBTPOB.

Ananutudeckue BelpakeHus i [1® @HY-nporoTunos nopsaxos 3 u 5 3amucaHsl yepes3 eMKoCcTH KoHTypoB I1TID,
HACTPOEHHBIX Ha LEHTPANbHYIO U MOJABJIIEMBIE YACTOTHI, YTO JAET BO3MOXKHOCTb HEMOCPEACTBEHHO PACCUHMTAThH
nuckomsle eMxoctd. MuaykrusHocTH [II1® ompenensirorcst mo ¢opMynam, BbIpa)karoIM 3aBHCHMOCTH IICHTPAIb-
Hoi1 yacToTs! III1® oT mapaMeTpoB KOHTYPOB, C Y4ETOM COOTHOILLIEHUN, IPUBEACHHBIX B CTAThE.

IIpusenen npumMep pacuera kBasuduunrudeckoro I necaroro nopsaka.

3axniouenue. IlpencraBieHHasi METOAMKA ITO3BOJISIET HEMOCPEICTBEHHO onpeneanTs napamerpsl [P 6e3 npomexy-
TOYHOTO pacdeTa M IMocleayromero npeodpasosanus mapamerpoB @HY-nmpororuna. [IpuBeneHHbIe aHAINTHYECKHE
BeipakeHUst AUX II- u T-o6pa3neix I1I1D mectoro n gecAToro NOpsIKOB JAIOT BO3MOXKHOCTD ITPOBEPKH BHITIOIHEH-
HBIX pacyeToB U Koppeknuu AUYX ¢ moMomplo HHAYKTUBHOCTEH NPU 3aMEHE pacyeTHBIX 3HAYEHUI eMKOCTeH CTaH-
JTApTHBIMU.

KoaroueBbie ciioBa: nepenarounast GyHKIMs, HHBEPCHBIH (UIBTDP, KBa3HAUIMNTHYECKUI GuibTp, npeodpasoBaHue
YacTOTHI, OJIOCHO-TIPOITYCKAIOIINH (QHIIBTP, TTOIIOC 3aTyXaHUs
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MU OeckoHeuHoro 3aryxauusi // M3B. By3oB Poccum. Pammosnekrponmka. 2022. T. 25, Ne 4. C. 23-40. doi:
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Calculation of Band-Pass Filters with Fixed Frequencies of Infinite Attenuation
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Abstract

Introduction. When calculating band-pass filters (BPF) with infinite attenuation frequencies using the frequency
conversion method, the parameters of the prototype — an inverse or quasi-elliptic low-pass filter (LPF) — are recalcu-
lated into BPF parameters according to conventional formulas. Using the selected low-pass filter cutoff frequency
and the Q-factor of the band-pass filter, one can select at their discretion only one infinite attenuation frequency (at-
tenuation pole). In order to suppress a pair of concrete frequencies in the attenuation band, the synthesis of BPF
should initially fix the frequencies of maximum attenuation and the central frequency of the filter. The reverse tran-
sition toward the frequency response parameters of a low-frequency prototype is carried out using frequency con-
version formulas.

Aim. To develop of a method for calculating band-pass filters with fixed attenuation poles.

Materials and methods. Odd-order filters with an additional capacitor in the transverse branch of the I1-link and an
inductance in the longitudinal branch of the T-link were used as low-frequency prototypes of the BPF with attenua-
tion poles. Approximation of the frequency response of a low-frequency prototype (inverse or quasi-elliptical LPF)
was performed by methods based on solving systems of nonlinear equations.

Results. A realizable transfer function (TF) of an n-th order LPF with attenuation poles was written as the ratio of
the product of binomials and a polynomial of power n with real coefficients. Systems of equations were derived to
determine amplitude-frequency response coefficients with a given frequency of maximum attenuation interference
for both types of filters. Analytical expressions for the TF of the low frequency prototypes of 3th and 5th orders
were recorded through the capacitances of the BPF circuits tuned to the central and suppressed frequencies, thus
allowing the desired capacitances to be directly calculated. The BPF inductances were determined by formulas ex-
pressing the dependences of the BPF central frequency on the circuits parameters, taking into account the relation-
ships given in the article. An example of calculating a 10th order quasi-elliptic BPF was provided.

Conclusion. The proposed method can be used to determine the BPF parameters directly, without an intermediate
calculation and subsequent transformation of the LPF prototype parameters. The given analytical expressions for the
frequency response of the I1- and T-shaped BPFs of the 6th and 10th orders make it possible to verify the performed
calculations and to correct the frequency response using inductances, when replacing the calculated capacitance
values with their standard values.
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BBenenmne. B cratbe paccMOTpEHBI BOIPOCHI
CHHTE3a MHBEPCHBIX M KBA3HAILUIUNTHYCCKUX TOJIOC-
Ho-nponyckaonux  ¢unstpos (III1dD). Iloxm wun-
BepcHbM [IIID (UITTID) nonumaercs QuisTp,
aAMIDTUTYTHO-4aCTOTHAsT Xapaktepucthka (AUYX)
KOTOPOTO MOHOTOHHO YMEHBINIAETCSI B 00€ CTOpO-
HbI OT MaKCHUMyMa Ha LEHTPAJIbHOM YacTOTe B I10-
JI0CE TIPOITYCKaHUS M UMEET YaCTOThl OECKOHEYHO-
ro 3aryxaHusi (TMOJIIOCHI 3aTyXaHHs) B IOJIOCAX

3anepxuBanus. AUX kBazuamuntudeckoro [TT1D
(KTITI®) paBHOMEpHO MNPUOIMKAET EIUHUYHOE
3HAYECHHE B TIOJIOCE TPOITYCKAHUS U TAKKe UMEET
MOJIFOCHI  3aTyXaHUsl B TIOJIOCAX 3aJICP>KUBAHMS.
AUX 00oux TUIOB (PUIBTPOB HA TPAHHIAX ITOJOCHI

MIPOITyCKaHUS MUMEIOT 3HAYEHHE 1/ V2 u paBHBI Hy-

JIFO Ha 9aCTOTaX OECKOHEYHOTO 3aTyXaHHsI.
Cunre3 III1® ocymecTBIsSETCS METOIOM IIpe-
00pa3oBaHMsl 4acTOTHI [1—5] ¢ HCIIOJIB30BaHUEM B
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KayecTBE MPOTOTHIIOB (PUIBTPOB HHKHHUX YacTOT
(®HY). I1pu npeodpazoBaHIH KOIUYECTBO TONIO-
COB 3aTyxaHus yasauBaetcs. [Ipu HeoOxoauMocTu
MO/IaBJICHUSI MAapbl KOHKPETHBIX YacTOT B MOJIOCAX
3anepkuBanus cunte3 [1I1D HeoOxomumo Hauu-
HaTh ¢ (PUKCAIMM YaCTOT MaKCUMAaJIbHOTO 3aTyXa-
HUS ¥ LHEHTPaIbHOW YacToThl prnbTpa. OOpaTHBIN
mepexo K MapaMeTpaM YacTOTHOM XapaKTEpHC-
TAKH HU3KOYaCTOTHOTO NPOTOTHNA OCYLIECTBIIA-
eTcs ¢ TmpuMeHeHHeM GopMyn TpeoOpa3oBaHUS
4acTOTBI, a BHJ allIPOKCHMalUM YacTOTHOM Xa-
PaKTepUCTUKN (MHBEPCHBIN WM KBa3HILIUIITHYE-
ckmiit ®HY) — MeTomoM perieHus] CHCTEM HEIH-
HEWHBIX YpaBHEHUI.

Lens HacTOsIIEH cTaTh — pa3paboTKa METO-
JUKH pacyeTa MOJOCHO-TPOITYyCKAINX (GUIbTPOB
¢ (PMKCUPOBAaHHBIMHU MOJIFOCAMH 3aTyXaHHUS.

Metoasl pacdyera MOJIOCHO-IIPOIYCKAIOIIMX
¢puabTpoB. Paccmorpum mpocteitmme @HY 3-ro
HOpPsiIKA € TIONIOCAMH 3aTyXaHHs, 00pa30BaHHBIE
I'-o6pazupmvu ommy3Benpsivu (puc. 1). Ha puc. 1, a
npuBeneHa cxema ®HY ¢ emkocteio Cpy; Ha

BXOAC B Honepequf/'I BCETBU U MapaJlICJIbHBIM CO-
CANHCHUCM HWHIAYKTUBHOCTH Lqu n CMKOCTH

Cyys B mpononsHoi. Ha puc. 1, 6 mpusenena
CXeMa C MHAYKTUBHOCTBIO Lyjy; B HPOJONLHON
BETBU Ha BXOJ€ U IOCIEA0BATEIBHBIM KOHTYPOM C
DIIEMEHTAaMH Lipy,, Cpyz B ONEPEYHON BETBH.
Ha puc. 1 Uy, u Uy, — KOMIUIEKCHBIE aMILTH-
TyZibl BXOIHOTO W BBIXOIHOTO HAIPSDKEHUM; 7 U R —

AKTUBHBIC COTPOTHBIICHUS, Ky —  KO3(h(HULIHUEHT

yewnenust yewmrens. Ornomenue Uy, /U,y , 3a-
IMCAHHOE B BUJIC OTHOLICHHSI TIOJIMHOMOB OT HOPMH-
POBAHHOM TIEpPEMEHHON s, = jo, = jo/w, (©®

TeKyIlasl yIJoBas 4acToTa, o, — YIJIOBas 4YacToTa

cpesa), ecthb nepenarounas Gyukiws ([1D) dribstpa

Lirgp

y BBIX

>
OIS

n-ro mopsika H (n) (54 ), OTPEIENAEMOTO CTENICHBIO

MoNMHOMA 3HameHartenst 7. Ha dactorax pesoHanca
KOHTYPOB 00ECIICYMBAIOTCS TTOJIOCHI 3aTyXaHHs, TIPH
atoM 3HaueHuss AUX ®HY paBHbI HyIO.

MoskHO ToKa3aTh (sl cXeMmbl puc. 1, a cm.
JIOKa3aTeNbcTBO B [6]), uro I'-00pasHbie moIry3Be-
Hbs peanu3ytot [1D Buga

2
HY (5,) =K 5224 M
3 2
Sy +bysy +bysy + by
TP YCJIOBUM
bi/ay >1, 2

rae K, a;, by, by, by — BELIECTBEHHBIC IOJIOKH-
TEJIbHBIC YNCIIA.

IIpu mepexone k II- u T-oOpasHbIM 3BEHBAM
TPEThETO TOpsnKa J0OaBICHHUEM KOHJICHCATOpa B
MOTIEPEYHON BETBH TMapajUieIbHO Harpyske R B
cxeMme puc. 1, a u JONOTHUTENbHON UHAYKTHUBHO-
CTH B NPOJIOJILHON BETBU MEPEH PE3UCTOPOM R B
cxeme puc. 1, 6 BeIToTHEHHE ycaoBus (2) pH pea-
mmzaruu 11D (1) ve tpedyercs. C ydeToM CHATHS
orpaHdyeHus B JaiibHeiliem B kadectBe DOHY-
TIPOTOTHUIIOB TIPH PEATM3AIIH MTOJIOCOBBIX (PHITBTPOB
C TIONIFOCAMH 3aTyXaHWS B TIOJIOCAX 3a/IePKHBAHIISA
WCTIONB3YIOTCST (PUITBTPBI HEYETHOTO TOpPSAAKA 71 C

JIOTIOJTHHUTENILHBIM ~ KOHIeHcaTopoM  C Hy( B

n+p)
MOTIEPEYHON BeTBH (pHC. 2) M HHAYKTHBHOCTBHIO
LHLI(I’l +p) B TIPOTONBHOH BETBU (puc. 3), roe

p=(n—1)/2 — ancno momocos 3aTyxanus.

[1® ¢unbTpoB mo cxeme Ha puc. 2 it n=3, 5,
7, 9 nmpuBenieHsI B [6].

g nepexona x [MI1® c neHTpansHOi yacTo-
TOM () = ®, 3aMEHUM IIEPEMEHHYIO [2]:

Sy —>Q(sl'{ +1/sl'{),

Lyy

" Q

BBIX

Q

& ® .

Puc. 1. Cxembt ®HY 3-ro nopsizka ¢ [-00pa3HbIMU MOTY3BEHBSIMU C EMKOCTBIO Ha BXOJI€ (a) M MHIYKTUBHOCTBIO Ha BX0oJ€ (6)

Fig. 1. The circuits of the 3rd order low-pass filter with I'-shaped half-links with input capacitance (a) and input inductance (6)
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Ly Lipgs
e
U | Cus Ciye
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HYl —— Chys—
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Chuyr—T—
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S

BBIX

Q

Puc. 2. Cxema ®HY n-ro nopsiaxa ¢ p NOIFOCAMU 3aTyXaHHUS C EMKOCTBIO B IIOIIEPEYHON BETBH Ha BXOJIC

Fig. 2. The circuit of the LPF of the n-th order with p attenuation poles with capacitance at the input transverse branch

Lyyy; Ligy

Ly Liys

Chiuz T Cyye I

LH‘i(/pr)

Puc. 3. Cxema ®HY 7-ro nopsaxa ¢ p IOIFOCAMH 3aTyXaHHs ¢ HHIYKTHBHOCTBIO B TIPOJIOJIBHON BETBH Ha BXOJIC

Fig. 3. The circuit of the LPF of the n-th order with p attenuation poles with inductance at the input longitudinal branch

rae Q — nobportHocth IIIID (BenmnumHa, paBHas
OTHOIICHHUIO M K monoce npomyckanus I111M Ha

ypoBHe AUX l/ V2 ); Sy = jo, — IpeoOpa3oBaH-
Hasi MHMMAas 4aCcTh HOPMHUPOBAaHHON KOMIUIEKCHON
YacTOTHI, IPUYEM O = ©'/®, — YIJIOBas YacToTa
gactrotHoM ocu III1®, HOpMHpOBaHHAs OTHOCH-
TEIBbHO LEHTPAIbHON YacTOTHI (. 3HAYECHMs Ie-
pEMEHHOH  ®;,

COOTBCTCTBYIOIUC 3HAYCHUIO

HOPMHPOBAaHHOW YacCTOTHI (V,;, MOTYT OBITH OTpe-

H?>

JIeJIEHBl U3 YPaBHEHUS a);Iz - ((DH / Q)(D;{ -1=0:

==l NS}

()

0);_11,22 1+

[locne ymHOXeHHsS JeBOM M MpaBoil yactel
IIOCJIEIHETO PABEHCTBA HA ) CPEIHEE I'€OMETPH-

YECKOEe YacToT O] 7 =®y| 2®) JaeT HEHTPaib-
Hyto dYactory IIII® mpu mo0BIX 3HAYCHUAX
\JO[®5 = 0.

05 — 0] =0/Q. Hanpumep, npu Q =10 gactora

o= (DH(DO : Paznocth qacToT

cpeza ®HY o, =0, mpeobpaszyeTcss B YacCTOTHI
cpeza D o) =0.951250), 5 =1.051250,
otkyna Q= 0)0/(0)'2 —op)=1/0.1.

O0603HaYNM TO/JICHKAIINE TTONABICHUIO (PHK-
CHUPOBAHHBIC YACTOTHI B MOJIOCE 3aACPKUBAHUS KaK

Ogpc] B Dpe2> UX CPEIAHEE ICOMETPUYECKOE —

uentpaibHas yacrora II® w,y. B coorBeTcTBHM

C IIPUBE/ICHHBIM YPaBHEHUEM O brcl = Ogprcl / g

M Oy e = Ogpic2 /0)0 MOXHO PpaccMaTpUBaTh

KaK HIKHIOO U BEPXHIOIO HOPMHUPOBAaHHBIE 4a-
CTOTHI MakcuMalibHOTO 3atyxaHud 111D, coorBeT-
CTBYIOIIME HOPMHUPOBAHHOM 4acTOTE MaKCHMalb-

Horo 3aryxanus ®HY-npororuna

12 2
_I_COH(I)KCI _(DHCI)KC2_1
Oy prcd = / 0=

Oy kel

0. )

!
Oy pre2

3agaguMcs BeauduHOW () W BhIOEpEeM TOpsI-
nok 111D, B 2 pasza mpeBHIIAIOMANA TOPSIIOK CO-
otBeTcTBytolero emy ®HY. Ilpu npoextupoBa-
Hur nHBepcHBIX @HY YeOpImeBa W AIUTANITHYC-
ckux ®HY TabmwaaeiM Metonom [2, 7-9] paspa-
OOTYMK OTpaHWYEH AWCKPETHOCTHIO 3aJaHUs He-
PaBHOMEPHOCTH TepeJadyd B IIOJIOCE TPOIyCcKa-
HUS ¥ MHUHUMAJIBHOTO 3aTyXaHHs B TIOJIOCE 3a-
nepxxuBanus. [lodydeHHBIE XapaKTEPUCTHKHU TPH
nepecyere Ha xapaktepuctuku 1D, u B vact-
HOCTH, 9aCTOTHI O€CKOHEYHOT'0 3aTyXaHus, B 00-
meM ciaydae OTJIHYaloTcia OT Tpedyembix. llpwm
cuHTe3e (WIBTPOB METOJOM, OCHOBAaHHBIM Ha
pelIeHN: CUCTeMBbl HeTMHEWHBIX ypaBHeHu# [10,
11], xapakTepUCTUKH MHBEPCHOI'O M KBAa3WAJIMII-
tuyeckoro ®HY-nporotunos (MOHY u KOHY)
npu BHIOpaHHBIX 3HAYEHHH AOOPOTHOCTH () W
nopsake [II1® 2n moryt ObITH ompeaeneHbl ¢
TpeOyeMOli TOUHOCTBIO.
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Peanusyemyto [1d ®HY n-ro nopsaxa (n =3,

. ) C p MOJrOCaMH 3aTyXaHHd 3aIllUIICM KaK OT-
HOMICHUC MPOU3BCACHUA IBYWICHOB U MHOIoO4Jic-
Ha CTCIICHHU n:

Hiy (50) =
K(S§ +‘11)(52 +az)-~-(5}21 +a(n—l)/2)

1+...+b1sH+b0 ’

sp+b,_ysh
r7ie Bce KOA(PQUIMCHTHI CyTh BEIECTBEHHBIC I10-
noxurensupie yncna. AUX ®HY n-ro mopsaka
ecTb Moaynb [1D

(n-1)/2
" I (e -a)
=1
L’ll’p((’J )_K (n) > 4)
LPp((D )
rac
() (n-1)/2 2
DL’;’p(O)H)Z (D + Z (- 1)]bn 2;0 n 2J +
Jj=1
0.5
(n-1)/2 2
Y (= byyp o 2

j=0

Xapakrepuctuka H &Z,)p ((,OH ) oOparaeTcs B

ngy ~ VU :O)go/mo ((Dgo
g-1 Kpyrosas 4acToTa OECKOHEUHOrO 3aTyXaHHUs
OHY). IIpumeM Oy e =+/91 -

B 3aBucuMocTH OT 3HaYCHUHN KO3 PHUITHEHTOB

K. awb; HY (o

HOJIb B TOYKaxX

) SABIIACTCS paBHOBOJ’IHOBOﬁ

AUX  UOHY AW (0,) wm  KOHY
](Jf))p( ) Cunre3 AUX mo 3aJaHHOMY 3Haue-

HMIO YaCTOThI MAKCHMAJIEHOTO MOJABJICHHS MOMeE-
XM B II0JIOCE 3aJICPKUBAHIA Oy dyeeo A MDPHY 1

K®HY moxeT ObITh BBITIOIHEH PEIIEHUEM CHUCTEM
YpaBHEHUH, CBSI3BIBAIONINX MEXAY COOOW Tmapa-
MeTpel AUX B 0COOBIX TOUKAX.

[TapameTpoM, MOANEKAUMM ONPEACICHUIO,
noMuMo Ko3¢p¢unmeHToB peanusyemont 11® u xo-

opanHatT xapakTepHblx Touek AUX MOHY, sBns-
€TCsl MUHMMAJIBHOE 3aTyXaHHUeE B MOJI0CE 3aepiKH-

Banmst O. B coorBerctBum ¢ (4) KodbdHIHEEHT

a = 03}21 dco- CucTema 2n+2 ypasuenuit MOHY

HpI/I HCYCTHOM 7 UMCCT BU

o (n-1)/2
(K/by) T1 @ =5

[=1

Y () =1-H%, (7);

" (1)=1/472;

£’;’)p (@max ) £I;’)p (r ) 5)
a|:H](jIl))p —max j|/a—max _ ’

\/a kgro H>

O =T
§=—201gH£’}1))p( ),
h, g= ., (n=1)/2,
rae HI(_rIl’)p (_gl ZX) — JIOKQJIBHBIE MAaKCUMYMBbI

AUX B monoce 3amepKWBaHUS C aOCIUccaMu

@ 7y >1 — rpamnua orpeska [0, 7 | HopmMupo-
BaHHOW YacTOTHOM ocH, Ha Kotoporr AUX HMOHY

criaiaer 10 yposus H ](j))p (a;“f‘"); dy, <1 — rpa-

HHUIIa OTPE3Ka [O d :' omnpeaciagemMas u3 yCJoBUd

A (@)= 1= HE, (B): Ry ™

MHPOBAHHBIC Ha }"H KOOpAWHATLL Hyﬂeﬁ n MaKCH-

— Hop_

mymoB AUX M®HY B nosioce 3aaepXxuBanus, HE

3aBHCSINUE OT 3HAYCHUH MHHHUMAJIBHOTO 3aTyXa-
HusA O (cM. [11]). B Tabn. 1 mpuBeneHbI YNCIOBBIE

A 7. max
3HaueHHs1 KOApPHUINEHTOB kg, u kj,"" g n=3,

5, OIPEEINSAIONIUE COOTHOIICHUS MEXKAY KOOPIH-
HaTamMu 0co0bIx Touek MDHUY.
Pemennem cucteMbl ypaBHeHUH (5) SBISIOTCS

2n+2 mapamerpoB AUX Hﬁ’;,)p( W) K, @,

Taba. 1. CooTHOIIECHHS MKy KoopauHaTtamu ocoObx Touek MDOHY

Tab. 1. Relationships between the coordinates of singular points of an inverse low-pass filter

n klro = C_OHIO /FH max _ (Dilnlax /— k2r0 — (’_0H20 /FH max _ (DHmZaX /_
1.1547005384 2.0 -
5 1.0514622242 1.2360679775 1.7013016167 3.2360679775
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- —max
‘e bo, dH? Tas Oyl >

by,

Hmax Gmax
Oy 5 --v Oy

yucaurene (4) CHMMETPUYHBI, OPSAKOBBIA HOMEP
Hyns AUX g He o0s3aTeNlbHO paBeH HOMEpY KO-
a¢duruenTa /. [Ipu 3TOM He UCKIFOYEHO, YTO Ka-

w4y, bn—b

, 0. ITockoabKy COMHOXXHTENH B

Kue-1mb0 U3 K0P ULHEHTOB g :(Taig <a (em.
0

npumep 1). PasHocTs 7, —d,, mpexacTaBiseT HOp-

MHUPOBAHHYIO IIUPUHY MepexoaHoil obnactn AUX
V®HY npy HaiiIeHHOM 3HAYCHHUH .

AYX KOHY nmveer OONBITYIO KPYTH3HY TIPH TIe-
pexoJie OT MOJIOCHI MPOITYCKAaHUA K TOJIOCE 3aEPHKU-
BaHus 1o cpaBHeHuto ¢ AUX MPHY Toro xe nopsn-
Ka IpU PaBHBIX O. IIpy BBHIOPAHHOM 3HAYEHMH He-
pasromeprocTn AUX KOHU § Mosxer GBITh Ompe-
JIETICHO MHHIMAJIBHOE 3aTyXaHue o (MM, HAo0opoT,
NpH BHIOPAaHHOM 3HAYEHWH APYroro mnapamerpa). B
obmiem cimydae cucrtema 3n+1 ypaBHeHnit KOHY
Ui onpeneneHus 3n+1 HEUW3BECTHBIX IIApaMETPOB

K) (72, 673, ceey a(n 1)/2, I’l —1» bn_z, ceey bo,
(,_0H2, (T)H4, coey WOpg, g3, Wyxs, ..o (T)Hq, dH? 7H9
Omx, omX, ..., @, § npu HedeTHOM n1 U 3a-

JTAHHBIX 3HAYEHUIX c_oHlo (wm 31) 1 O UMEET BUJL

~(n=1)/2 - (n /2 _
201g| K [] @ /|2600-K [] @ ||=8

/=1 /=1

=) (= - (n— 1)/2 -
Hip, (Gy)=2-| K H a | /by,

s=2, 4 on—1;

=) (= - (n- 1)/2 -
HLPp(O‘) ) K H al bo,

q=3 5,
(n-1)/2

, 1
H(Lrllﬂ)p(‘?) (K H alJ/ZOQ (6)

a W =1/42;

), (&) = Ay, (7).
h=1, 2, ..., (n—1)/2;

25 (G) }/6(01{1—0 i=2,3, .., m

dl
|:HI(_,},]S)p —max ]/a—max —0;

§=—201g " (7).

rIe Oy, Oy, — KOOPIWHATHI MHHHUMAJIBHOIO

q

i I(ff,)p (ém ) U MakcuMMaibHOro H £P)p (_Hq )

1)

3HaueHud Qynkumn H)p p(

) COOTBETCTBCHHO

Ha OTpe3Ke [O, JH}; d,, — HOpMUPOBAaHHAs JUIMHA
orpe3ka, Ha kotopoM AUX K®HY paBHOMEpHO
MpUOMIMKAaeT eMUHUYHOE 3HAUYeHHEe B II0JIOCE IPO-
myckanust. O01Iee KOJIMIeCTBO YaCTOT IKCTPEMYMOB
i=2, 3,

AUYX B nonoce nporycKaHus Oy,

TIOJIS)KAIINX OTIPEISIICHIIO, paBHO 7 — I [FH, oo) -

OeckoHeunblit monmyunHTepBa), Tme AUX KOHY
MMEET PaBHOMEPHBIE ITyJIbCAINY B TIOJIOCE 3aIePKH-

-=max

BaHMA, Oy, — a6CLII/ICCI>I JIOKAJIbHBIX MaKCUMYMOB

(byHKIIH Hﬁ'f))p( H) B TIOJIOCE 3aJCPKUBAHUS,

npuuem h=1, 2, ..., (n—l)/2; § — MUHEMAJIBHOE

3aTyXaHHE B TOJOCE 3a/EPXKUBAHUSA, O
MepHOcTh AUX B monoce NpommycKaHusl.

Ipumep 1. Paccuntaem napamerpsr AUX OHY-
npototutma [P 10-ro mopsaka ¢ acToTaMu Mak-
CHUMAaJIBHOTO TMO/ABJIEHUS B N0JI0CAaX 3aJA€P/KUBaHUSA

— HepaBHO-

Oprce2 =1.1-10° pan/c
u pobporHocteio O =10. LleHTpanbHas dwactoTa
MO ) =[O Oger =99498.74371 pan/c;
Torga O piel = 0.904534, o), bic2 =1.105542.

HopMupoBaHHas yacToTa MakCHUMallbHOTO 3aTy-
xannst ®HY (3) @y geeo =0.2010080 =2.01008.

KoadduruenT B mepBoM COMHOKUTENE THCITUTEIIS
peanmzyemMoin AUYX OHY

) = O e =4.040404.

IIpu pacuere AUX MDPHY cucrema ypaBHe-
HUi (5) UMeeT pelieHne IpH 3alucy TPeTbel CHU-

3y CTPOKH B BUJIE /@ :1?1,07]{; Ja :EZVOFH, rae

\/a = Oy hkc0-

ITpu pacuere AUX K®HY npumem 3HaueHue
HepaBHOMepHOCTH AUX B monoce MpomycKaHUs

Ogpiec1 = 0.9 10° pag/c,

5=0.1 1b. BHIGOpPOUHBIE JNMEMEHTH pelIeHui

cucteM ypaBHeHui (5), (6) mpuBeaeHB B Ta0d. 2.
U3 vee cnenyer, 4To

Dy1, =@ =1.543 =1.242 <0y e,
=@, =/1.842 =1.357 < o, drec, = 2010

=2.010;
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Tabn. 2. DneMeHTHI peneHui cucteM ypaBHeHuit (5), (6)

Tab. 2. Elements of solving equations systems (5), (6)

AUYX K ar b4 b3 b2 bl bO dH T q— dH g
Flﬁ,)p ()] 0.605 | 1543 | 3.850 | 7227 | 9.009 | 6519 | 3.775 | 0.920 | 1181 | 0261 | 19.833
Flﬁ,)p ()| 0054 | 1.842 | 1569 | 2371 | 1958 | 1.177 | 0397 | 0918 | 1309 | 0391 | 40317

Puc. 4. AUX UOHY A3, n KOHU H}

Fig. 4. Amplitude-frequency responses of the inverse LPF

F[(L%)p and the quasi-elliptic LPF H I(j))p

AUX MOHY A3

(0,) 1 KOHY Hﬁ)p (o)
MIPEJICTaBJICHEI Ha puC. 4.

Ha puc. 5 (IT-obpaznas cxema) u puc. 6 (T-
oOpasHast cxema) mpencTaBiieHbl cxembl [1I1D, mo-
JmydeHHbIe mpeobpazoBanuem cxem ®HY #n-ro mo-
psiiKa, IPUBEICHHBIX HA pUC. 2 B 3 COOTBETCTBEHHO.

IIpu mpeoGpa3zoBaHUU eMKOCTH Cyyy; 3aMEHEHBI

mapauIeNbHBIMA - KOJIe0aTeIbHBIMH  KOHTYpaMH C
r_ r 2

JIIEMEHTAMHU Cnpi =0Cqxy;» Lipi = 1/ (u)OQCHqi),

a HWHAYKTHBHOCTHU Lqu IOoCJIC10BaTCIIbHBIMHA

KOHTYypaMH  C

v =1 (030Lyy ). i k=1,2, ..., n+p, wa-

sneMeHTaMu Ll = OLyyy,

CTPOECHHBIMHM HA YacTOTY (), PABHYIO 4acTOTE Cpe-
3a mporotuna .. Komauectso snementos IIID

(BKITIOUAs PE3UCTOPHI # U R), TIOIy4EHHOTO Ipeodpa-
3oBanreM ®OHY HeueTHOro mopsaka n ¢ p Mojroca-
MU 3aTyXaHUs, HE HMEIOLIET0 OrpaHUYCHUM Ha

ycnoBus peaymsanuu [1®, cocrapnser 2 (n +p+ 1).

[TapamienbHOE COEIMHEHUE MOCIEN0BATENb-
HOTO U NapajuleJIbHOTO KOHTYPOB B NPOJOJIBHBIX
BeTBsX I1-00pa3Hoil cxembl (pucC. 5) MOXKET OBITH
3aMEHEHO SKBUBAJCHTHBIM €My IIOCJIEIOBATEIIb-
HbIM COEAMHEHUEM JBYX NapajUIe/IbHBIX KOHTY-
POB, HACTPOEHHBIX Ha TpeOyeMble HYacTOTHI IIO-
IaBJIeHUs B monocax 3anepxkuBanus 11D [1, 12]
(puc. 7). IlocnemoBarenbHOE COCAMHEHHE MOCIE-
JIOBaTEJIbHOIO W MapajjIeIbHOr0 KOHTYpPOB B IIO-
MEPeYHbIX BETBAX T-00pa3Hoil cxemsl (puc. 6)
3aMEHAETCS MapajyIebHBIM COEIMHEHUEM Ioclie-
JIOBAaTENbHBIX KOHTYpPOB, TaK)K€ HAaCTPOECHHBIX Ha
gactotel mozasienus TP (puc. 8). DnemeHTH
KOHTYPOB B MONEPEYHBIX BETBAX CXEMBI Ha puUC. 5
U B TIPOJIOJIBHBIX BETBAX CXEMBbI Ha puc. 6 mepeHe-
CEHBI B OKBUBAJICHTHBIE CXEMBI 0€3 3MEHEHHH.

[IpumeneHne cxeM ¢ KOHTypaMH, HAaCTpPOEH-
HBIMHU Ha TpeOyeMble YacTOTHI MMOJABICHUs, YI00-
HO JUIsl TOUHOM HACTPOMKHU KOHTYpPOB C IOMOIIBIO
WHAYKTUBHOCTEW NpU 3aMEHE pPacUYETHBIX 3Haue-
HUI €MKOCTEH Ha CTaHIAPTHBIE.

©Q

R E— R Ky UBBIX
Cop(nt p) Z
G ’ ! ’ ! -
2 4 6 (n+1)
Puc. 5. T1-o6pasnas cxema IIII®D ¢ koHTypamMu, HACTPOEHHBIMH Ha YaCTOTY
Fig. 5. Il-shaped circuit of a band-pass filter with oscillatory circuits, tuned at frequency o,
PacuyeT mosiocHo-nponyckaomux GpuabTpoB ¢ GUKCUPOBAHHBIMH YaCTOTAMH 0€CKOHEYHOT0 3aTyXaHusl 29

Calculation of Band-Pass Filters with Fixed Frequencies of Infinite Attenuation



H3Bectus By3os Poccun. Paguosnexrponuka. 2022, T. 25, Ne 4. C. 23-40
Journal of the Russian Universities. Radioelectronics. 2022, vol. 25, no. 4. C. 23-40

L '
(n=2) Nwﬁ_{ | Cue(n+ p)
|

L1'1c(n+ p-2)
%
1110(n+p—2) |::|R KY UBLIX
%
r,1p3 ; ;lpé ; L;[p(nerfl) -
np3 np6 np(n+p-1)
@ o e N
2 4 (n-1)
Puc. 6. T-o6pasnas cxema I1I1® ¢ koHTYpamu, HACTPOEHHBIMU Ha YaCTOTY @
Fig. 6. T-shaped circuit of a band-pass filter with oscillatory circuits, tuned at frequency «,
n .
%
K L]
R Y UBLIX
Cop(n+p) 9
@ . . . *
2 4 6 (n+1)
Puc. 7. I1-o6paznas cxema [1I1® ¢ nmapangensHbIMU KOHTYPaMH, HACTPOCHHBIMH Ha Pa3INYHbIC YACTOTHI
Fig. 7. I1-shaped circuit of a band-pass filter with parallel oscillatory circuits, tuned at different frequencies

%)

Ky| U

BBbIX

Q

2

4 (n-1
Puc. 8. T-o6paznas cxema IO ¢ MOCIEA0BATEIbHBIMU KOHTYPaMH, HACTPOSHHBIMU HA Pa3JIMYHbIE YACTOTHI

Fig. 8. T-shaped circuit of a band-pass filter with serial oscillatory circuits, tuned at different frequencies

B [1, 12—14] npuBenens! GopMysl epecyeTa
anementoB ®HY, nzobpaxeHHbIX Ha puc. 2 1 3, B
snements! IIIM ¢ MOCIEI0BATENBHO BKIIOUCHHb- 2 j(j+2) (jo) — wmexay ysmamu Jj, (j+2)
MU TIAPALIENLHBIME KOHTYPaMu (pHC. 7) U Tapail-  (pyc, 7). KOMIUICKCHBIE COMPOTHBICHHS 3alHChi-
JeNIbHO BKTIOYCHHBIMU TOCNC0BATENBHBIMI KOH-  BajoTcsi B BUAE OTHOLICHHS MOJMHOMOB OT I€pe-

Typamu (puc. 8) cOOTBETCTBEHHO. IlocTaBuM 3a- |\ onmoit s = jo. s ysnos j'= j=1 umeem:
Jlaqy HEeToCpeICTBEHHOr0 pacueTa napameTpos I1-

Mexty ysmamu ', (j+2) (puc. 5) wm

o 3
u T-o6pasubix [II1®, MUHYS TPOMEKYTOUHBIN Zow(s) Lﬁczcﬁczlﬁms + Lﬁp3s
rar\ S )= N

pacuet snementoB ®HY-npoToTumnos. I'3 Dyy ’

CpaBHHM CXeMBI Ha pUC. 5 U 7. YCIIOBHEM K- Zi2(s)=
BUBAJICHTHOM 3aMEHBI SIBJISIETCS PABEHCTBO KOM- 13 5
IUIEKCHBIX CONPOTHBICHHH Z | (2 (jo) uermeit Lipa Lip3 (Cnp2 + Cyp3 )s + (anz + Lyp3 )s

J\Jt+ = D
Dy
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Dy = Ly Criep Lip3Cyy p3S +
+(L;102C’ @2+ Lip3Ciips +an3C1’mz)s +1;
Dj3 = Lypp Cp Liyp3Crp3s ™ +
+(Lup2Cap + Lip3Cp3 )s™ +1.

Hpupasnss Zyy (s) u Zj3(s) u pemms cu-
CTeMy 4YeThIpeX YPaBHEHHH OTHOCHUTEIBbHO D3Jie-
MEHTOB CXEMBI, U300pa)KEHHOW Ha pHUC. 7, TOIy-

YUM:
Lins [\/aZ—B (o ZLACzCﬁcz)} :
2\/0L2—B ’
Cip2(3) = 0L/—OLZ_[H(OLZ_B)
: ,
P lelp3|: a —B+((l 2an2C11102)j|

HC2C’02 + L1:1p3C1[1p3 + Llilp3CHCZ’

an 2(3) =

rope o=

_ '
p= 4Ly G
MaTUYCCKHUM 3HaK
Ln p2- CrlpZ >
Cup3-
Pe3oHaHCHBIE 9aCTOTHI MTAapaIUICTEHBIX KOHTYPOB:

NG

n—n

CZLr[p3C np3> B CUMBOIE "f" Mare-

n_n

OTHOCHUTCA K DJJIEMCHTaM

nyn
sHaKk "+" — K omemeHTaM Lpy3,

H0zmp = \/anZCan \/ \/0. —
® = ! = 2
03np JLip3Cp3 \/a+\/a2—B

C y4eToM TOTO, 94TO

-2
an2c an3C mp3 = 0o
MOJIy4YnM:

©02(03)mp =

®( , /2Cr/1p3

\/C1’102 +2Cr'1p3 ¢\/Cllm2 (CI'ICZ +4C1,1p3) ’

OTKyda CJICAYCT, YTO KOHTYP C 3JICMCHTaAMH an2,

C

np2 (CM. prC. 7) HACTPOCH HA BEPXHIOK YaCTO-

CKOJIbKY HIDKHUE MHIIEKCHI 3JIEMEHTOB 2 U 3 BXO-
ST B BhIpaxenue mis Z3 (s) cummerpuuHo, ya-
CTOTHl HACTPOMKH KOHTYPOB B MPOJ0JIbHON BETBU
MOKHO MIOMEHSTh MECTaMHU.

AHaNOTHYHBIE PACYEThl BBITONHIIOTCS MPH
3aMeHe Iienei Mexay y3nmamu 3', 5' (cM. puc. 5)
MOCIIE0BATEIEHBIM COCIMHEHHEM TapaslICIbHBIX
KOHTYpPOB MEXy y3i1amu 3, 5 (puc. 7), 0 T. 1.

NHAyKTUBHOCTH W €MKOCTH B OJrbKaimmx
nonepeuHbix BeTBsx 11D 3anuceiBaroTCS Kak

Loi=L: C

npi mpi> “~nOpi =C

mnpi»

i=1, 4,7,

IIpy cpaBHEHUM KOMILJIEKCHBIX COIPOTHBIIE-
Huii neneil Zyy (s) mexmy ysmamu 17, 2" cxembl
Ha puc. 6 u Z;, (s) mMexy ysnamu 1, 2 cxembl Ha

puc. 8 MOTy4YrM COOTHOIICHUS

Ln02(3) =

Cnc 203) = ’

e o=L[,

B=4LncoChe2

F" oTHOCHTCA K dieMeHTaM L.,, Cp.o, 3HaK

ZC,02 +an3c np3 +Lr[p3C1[102;

n_n

Lip3Cips; 3HAK B CHMBOJIE

"+" —x onemenram L3, C

nc3-
PeBOHaHCHHe YaCTOThI IIOCJICA0OBATCIIbHBIX
KOHTYpPOB:
®2pc =

\/LHCZCHCZ \/a_,/a _
®031c = \/L C
mc3“~mc3 \/(H-JOL _

3amMedyaHUe OTHOCUTEJIBHO W3MEHEHUS Ppe30-
HAHCHBIX YacTOT IApaJUICNIbHBIX KOHTypoB [I-
obpaznoit cxemsl [1I1® crpaBemyiMBO U A 4acTOT
HAaCTpOMKM  TOCIENOBaTEeNIbHbIX  KOHTYpoB  T-
00pa3HO CXEMEI.

Hepemuoxus Ly u Cypz, Ly w0 G,
HETPYIHO YOSIUTHCS, UYTO

1 1

= = Q)O
L Cip3 — ’
Ty, @ KOHTYp C 3JeMeHTaMH Lp,3, Cpp3 — Ha an2CHp3 Lr[p3CHp )
HUKHIOIO 4aCTOTY OECKOHEYHOT0 3aTyXaHu4. IIo-
Pacder noJiocHo-nponyckawumx GUJIbTPOB ¢ GUKCHPOBAHHBIMH YACTOTAMU 0€CKOHEYHOTI'0 3aTyXaHHs 31
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YTO TO3BOJIIET BHIPA3UTh AIEMEHTHI MPOJOIBHBIX
BETBEH CXEMBI Ha PHUC. 5 uepe3 dIEMEHTHI CXEMBI Ha
puc. 7 ¢ yrJaoBOM 4acTOTOH m( B KauyecTBE Iapa-

MeTpa, U B KOHEUHOM uTore — snemeHtsl OHY-
NnpoToTUNa uepe3 HUCKoMmble 3jeMeHThl [IIID c¢
pa3IMYHON HACTPOUKON KOHTYPOB.

Jlst T-00pa3Ho¥t CXEeMBI ¢ TTOCIICI0BATETHHBIMHU
KOHTYpPaMH NMeeM aHaJOTHYHBIE COOTHOIICHHS:

1
\/LHCZCHC3 \/an3cnc2

Ces3u Mex 1y anemeHTamu [1-o6pazasix IO
C OJIMHAKOBOM M pa3IMYHOM HaCTPOMKaMHU KOHTY-
poB (¢ BrmoueHuEM 35meMeHToB @HY-nipoToTnma)
B 0003HAYCHHUSAX HA PUC. 5 U 7 UMCIOT BU]L

=q.

L..=L

mnpi npi’ npz

=0Chy; = npz’ i=1, 4,

Cnpk + Cnp(k+1)

Lyck =OLyur = ;
2 2
®0 |:Cnpk N Cnp(k+1):|
2
, I:Cr[pk _Cnp(k+l)] k=25 .
k= ’ T L5 Iy eees
" Cnpk + Cnp(k+1)
o Cnp(j—l) “Cpjy
npj — C C ’
p(j-1)~mp j
— OCiy, = Cap(j-1)Crp _3 6
Hp j f =36, ....
Cop(j-1) + Copj

CoortHomienust st T-o0pa3HBIX cxXeM  (CM.
puc. 6 u 8):

Ll,'ICk ZLHck; Cl,'[Ck :1/((’3(% QLHLIk) :Cnckﬂ
k=1, 4,
nel = OLpy; —1/ co0|: el + Hc(m)]};

Cl"lcl :Cr[cl +Cnc(l+l)’ 122, 5,

Radioelectronics. 2022, vol. 25, no. 4. C. 23-40

B ta6n. 3 npuseaens [1& ®HY-npororunos
[II® c¢ pa3nuyHON HACTPONKON mNapayuIeIbHBIX

KOHTYpOB H, (n)

b.pCop (sH) (cxema Ha puc. 2, n=3, 5)

M TIOCIEN0BATENLHBIX KOHTYPOB H(”)C (s4)

(cxema Ha puc. 3, n=3, 5), BeIpa)XKCHHBIC UYepe3

emxoctn Cpy m G, coorserctBytomux IIIO.

HNunexc "p" ykaspiBaeT Ha Hagumane y @HY moiro-
COB 3aTyXaHHusl.

B 1abn. 4 npuBenenst AUX cHHTE3UpyEeMbIX
[I1® nopsinkoB 2n ¢ p MONIOCAMU 3aTyXaHUS: C

H](BZP?T)p p (@),

2n=06, 10; 2p =2, 4 COOTBETCTBEHHO (CXEMBI Ha

napaijicIbHbIMU KOHTypaMu

puc. 7) U [OOCICAOBATCIBHBIMHU  KOHTYpaMH

(2n)
HBPan p(

) 2n=6, 2p =2 (cxemsl Ha puc. 8),
BBIp@KEHHBIE 4Yepe3 WHAYKTUBHOCTH M €MKOCTH.
CxeMbl GWIBTPOB AyalbHBI (IBOMCTBEHHBI) B TOM
cMBbIcite, 9To X AUX MOryT OBITh TIOJTydeHBI OJTHA

W3 JPYrod C TIOMOIIBIO CIEAYIOUINX B3aMMHBIX

NOACTaHOBOK: Ly > Crejy Crpj > Ly, 1=1,
2, ..., n+ p. 3aMeHa r 1 R B 3HaMcHaTele OCy-

LIECTBIICTCS. 1O NpaBuiy: r<>1/r, R<>1/R; B

ancnurene:  1/r <> R (cp. H}(gnp plog) m
H](36P)H0p(coﬂ) B Tabn. 4). CXOACTBO B 3ammcH

OOBsICHSIETCA 3aMEHOM PEaKTUBHBIX COIPOTUBIIE-
HUN UX QyadbHBIMU SKBHUBAJIEHTAMHU — IPOBOJU-
MocTsimu Tipu pacyere [1® nu AYX oboux Tunos
(UIBTPOB.

[Nonnas 3amuchy HeoOXxoauMa 115l 00eceueH s
koppekimn AUX ¢ MoMOmbI0 HUHAYKTUBHOCTEH
Mocjie 3aMEHBbl pPAcUETHBIX 3HAYEHHUH €MKOCTel
CTaHJIapPTHBIMU.

Ipumep 2. Paccumraem smemeHtsl KIIIID
10-ro mopsinka ¢ mapamieabHbIMH KOHTYpaMH C
napamerpamu AYX, paccuuTaHHBIMH B IpHUMeE-

;o [Cnc(i—l) Hcl] pe 1. TlpupaBHsaB KO>(pHUIMEHTHI Hl()slz c (sq)m

mp: — 9 H »P~np

@9 [Cnc(i Crci ] ne(i—1)Crci = (s)
- . H LPp(sH) IIPU OJIMHAKOBHIX CTEIEHIX MepeMeH-
+
=0C [ ne(i-1) Hc’} ne(i—1)~mei HOH s, MOJyYMM CHCTEMY W3 8 ypaBHEHHH NpH
npz HY:i — H
[ ne(i-1) ~ HCl] 10 memssectnbix: Ky, Cppp, G, Cpp3s
l=3, 6, CHp4’ Cl'[pS’ Cl'Ip6’ Cl'[p7’ r, R.

/A Pacuer N10.10CHO-PONYCKAIOMMX (PHILTPOB ¢ HHKCHPOBAHHBIMH YACTOTAMH GECKOHEUHOTo 3aTyXAHMS
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Taobn. 3. llepenatounsie pynkuun @HY-npototunos [I1D ¢ pasnuyHbIMU 4aCTOTaMU HACTPOHKH KOHTYPOB
Tab. 3. Transfer functions of low-pass filters — prototypes of band-pass filters with different contour tuning frequencies
n =3, cxema Ha puc. 2

2
KCCQ[@C)Q] 0

(3)
Hype, (5u) ,
G T g, rug,,l?icnp " CpaCips o Cop
rac
3
u;’;cnp = CnplCHpZ (CHp3 + Cnp4) + (Cnpl + Can)CHpSCnp4;
AS) _ S3 r(CHpICl'[pz + Cr[plCHp3 + CanCnp3 ) + R(CHpZCnp3 + Cnp2cnp4 + CnpSCnp4) QS2 n
pChp  TH (3) H
oy 7R
07 “b,pC,p
2 2 2
n ®q rR(Cle + Cnp4)(cnp2 - Cr[p3) + Can + Cnp3 QZS n (l’ " R) (Can - Cnp3) 3
2 (3 H (3)
oy 7R Ko p Cop 0 7R Hop Cop
n =3, cxema Ha puc. 3
2
K oy RCC, Coor —C,
) _KyooRC1Crea | 2 (Cue2 =Cues)” 2| /4
I_Ib,pCHC (SH) - 3) Q Sy + C C Q Ab,pCHC >
ub,pCm mc2~me3
rae
3) .
lhg,pcm = Cncl + CHCZ + Cnc3 + Cnc4’
Cro1(Crer +Cpez + G +R(Cpe1 +Cpen +Cre3 )G
A](j’l))cm ZSE{ Lo r ncl( mnc2 mc3 nc423) ( mcl mc2 Hc3) c4 ng +
Ho.pCe
2 2
Cret + Croa)(Cros = C C.._C
o] (Gt + Coea ) ) ) +m8nRCm1£ﬁ%5i9@iC@A ng{+am(r+R)C;d4£JE%AA%%QAfCM4Q3
Cuc2Cre3 HppCe HopCre Cre2Cre3 Hb.pCpe
n=>5, cxema Ha puc. 2
2 2
H[()S)c (SH) _ KyCHPZCnp3Cnp5Cnp6 0 Sﬁ + (Can _CnpS) 2 S}E N (CnpS _Cnp6) Q2 A?)C .
>P Crp On 7 (5) C C C C >P Cp
0 ub,PCnp np2*~np3 np5~mp6
rae
(5)
“’b,anp = |:Cl'lp1CHp2 (Cnp3 + Cnp4) + (Cnpl + Can)Cnp3Cnp4:|(Cnp5Cnp6 + Cl'lp5Cl'[p7 + Cnp6CHp7 ) +
+(Cl'[p1CHp2 + Cr[plcnp3 + CanCnpS)CnpSCnp6Cnp7;
(5) 5 CanCHpZCHp3 (CnpS + Cnp6 ) + (Cnplcnp2 + CnplcnpS + CanCnp3)(Cnp4Cr[p5 + Cnp4Crlp6 + CHpSCHp6) +
b,pCy, ~ °H (5)
0 Ritypc,,

(CanCnp3 + Cr[pZCnp4 + Cnp3cnp4)(cnp5cnp6 + CnpSCnp7 + Cnpﬁcnp7)+ (Can + CHp3)Cl'lp5Cl'lp6CHp7 QS4 n
(5) H
(o) r“b,anp
Cnplcan(Cnp3 +Cnp4 JrC11p7)+(cr1p1 +Can)Cnp3(Cnp4 JrCr1p7) C 2
+ (5) ( npS5 np6) +
Mb@cup
(Cnpl + Cnp4)(cnp5cnp6 + CnpSCnp7 + Cnp6CHp7) + CHpSCHp6CHp7 C C 2
+ (5) ( np2 np3) +
Ho.pCup

+ (CanCnp3 + CanCnp4 + CnpSCnp4)(Cnp5 + Cnpﬁ) + (Can + Cnp3)cnp5Cnp6 Q293 +
“H

CH

p5 — Cnp6)2 +

|:(Cnp1 + Cnp4)(cnp5 + Cnp6)+ CnpSCnp6:|(Cnp2 _Cnp3 )2 +(Cl'lp1Cl'[p2 + CnplcnpS + CanCnp3)(
T,

(DoRu

.:CanCnp.’) + (Cnp2 + Cnp3)(cnp4 + Cnp7):|(cnp5 - Cnp6)2 + (CnpSCHp6 + CnpSCnp7 + Cnp()Cnp7)(Cnp2 - Cnp3)2 Q3S2 .
H

(%)
©y 7 ub,p Cnp
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Okonuanue maon. 3
Ending of the tab. 3

('0(% rR(Cnpl + Cnp4 + Cnp7)(cnp2 - Cnp3 )2 (CnpS - Cnpé)2 + (Cnp2 + Cnp3)(cnp5 - Cnp6)2 +

2 (5)
(0N rR ub,pC"p

+(Cl'lp5 + CﬂpG)(Can _Cnp3)2 Q4SH N (I" +R)(Cnp2 - Cnp3(2)2 (Cnp5 _Cnp6)2 Q5

2 p(5)
oy 7R Hop Can oo 7R Ko p Cap

n=>5, cxema Ha puc. 3

roe

C
+

2 2
_ Ky(’)ORCnclcnc4Cnc7 Q|: 2 (Cnc2 _Cnc3) Q2:||:S2 +(Cnc5 _Cnc6) QZ:l A(S)

bipCye (1) 5 Sut u b.pCr?
P e E)C Cnc2Cnc3 CncSCnc6 PEne
P Cre

(5 .
Hb,;cm = (Cncl + Cnc2 + Cnc3)(cnc4 + CncS + Cnc6 + Cnc7)+ Cnc4 (CHCS + Cnc6 + Cnc7)’

+ g rCrIcl (Cncz + CncS)Cnc4 +(Cn02 + (6;1;03 + Cnc4)(cnc5 + Cnc6 + Cnc7) 4
lJ'b,pcnc

Cncl + CHCZ + CHC3)(CHC4 + CHCS + Cnc6) + Cnc4 (CHCS + Cnc6) C 7‘|QS4 n
nc H

5
H

AG)

=5
b,pCe

+R (5)
Hbsp Che

Cl'[Cl + Cnc2 + CHC3)(C1'IC4 + CHC7)+ Cnc4cnc7 «

(5)
Cre5Cics ub,p Cuec

11

Con+(Cri +C C..:+C .c+C 2
cl™nc4 ( ncl nc4)((5)n05 nc6 HC7)(Cnc2_Cnc3) +(
Cnczcnc3 ub~PCnc
(Cncz + Cnc3)cnc4 Jr(CncZ + Cnc3 + Cnc4)(cn05 + Cnc6) Cnc7 stg +

2 2
X(CHCS _Cncﬁ) +®p rRCncl (5)
b,pCiye

C .»+C C .4+C +C .,C
+ o) VCHCI[(CHCZ_CHC3)2CHC4H o) 1L +(Cn05_cnc6)2( ne2 Hcé)( e (5?07) Rl

1e5Crico ub’p Cuc

C C C Cric1Crica +(Cre1 +C Cres +C
+R[ el * ~ue2 - ucd Cnc4(crl(:5_Cnc6)2Jr el el ( el H((:4))( s HC6)(CHCZ_CHC3)2‘|CHC7 Q3S£+

(5) 5
Cuic5Cucs ub,pCHC Ce2Cre3 Ho.p Cue

2
Cric1Crcd + Crc1Crrc7 + CrcaC, 2 2 Cier = Cre3) (Crcs + Crcs
+{ ncltnc4 nel>me? nc4tmne? (Cncz_cm3) (CHCS_CHC6) +°3%”chc1 ( e e ) ((1510 e )+

() )
Cie2Cie3CresCcs Hb.pCre Ce2Cres Hb.pCre

2 2
Cue2 = Cue3) (Cues —Cucs 5
c Ic ) ( 1nc Ic ) CHC 4CHC 7Q

2
C.n+C 3 )(Coos—C
+( ne2 * Cies ) ( fg o) CcaCre7 Q4sH+mO(r+R)Cnc1(
ChesCrco “b,p Cue

(5
ncZCHCSCHCSCncé l'lb,pcﬂC

Taon. 4. AUX IO ¢ pa3nuIHBIME 9aCTOTAaMU HACTPOUKH KOHTYPOB, BEIPOKCHHBIE Uepe3 HHIYKTHBHOCTH M €MKOCTH
Tab. 4. Frequency responses of bandpass filters with circuits tuned at different frequencies,
denoted through inductances and capacitances

2n =6, cxema Ha puc. 7

e

r _ 1 CanCnp3 + CanCnp4 + Cnp3Cnp4 : Cnplcnp3 + Cnplcnp4 + Cnp3Cnp4 n Cnplcan + Cnplcnp4 + CanCnp4 "
mp4= 5 (6)
mOuBPnp p L"l)l L“p2 L“P3
L CleCHp2 + CnplcnpS + Cnp2cnp3 : Cnp2 + Cnp3 .
Lipa "R ’

2 1 \ 1

H

K y Cnp2cnp3

2
H Oy =

6 2 2
®p rp.%p)np b ) anzcnpz ‘ o Ll‘lp3CHp3 ‘

s

(6)
HBPnp p(mﬂ)_ 2 2
6 4 2 5 3
\/((DH_ an4 Oyt l—‘r1p2 Wy— lﬂl‘lpO) + (rnpS Wy— l—‘rlp3 O+ lﬂnpl (DH)

6
u%lznp p= Cnplcan (Cnp3 + Cnp4)+ (Cnpl + Can)Cnp3Cnp4;
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Ilpooonscenue mabn. 4
Continuation of the tab. 4

r ,= 1 Cnp3 + Cnp4 i Cnp2 + Cnp4 n Cnp2 + Crlp3 4 Cnpl + Cnp4 4 Cnpl + Cnp3 4 Cnpl + Cnp2 4 anZ +an3 .
" méug’gnp p\ LupiLup2 LipiLps LipiLups LipoLips LipoLops Lopslops  "RLypoLips |
r _ anl + anZ + an3 + an4
PO 08 Lt Lua L3l Wi 1
0 Lnp1+np 2Lap 3Lap 4 UBPop p
r = F(Cnplcan + Cnplcnp3 + CanCnp3)+R(Cnp2Cnp3 + Cnp2CHp4 + CanCnp4)_
P> (6) ’
®9 rR HBPnp p
r _ 1 l Can + Cnp3 n Cnpl + Cnp3 n Cnpl + Cnp2 +l Cnp3 + Cnp4 4 Cnp2 + Cnp4 i Can + Cnp3 .
w3 e L L L rl L L L ’
woqunpp Tip1 p2 p3 mp2 mp3 np4
r _ 1 anl + anZ + an3 4 an2 + an3 +L11p4
mpl —
(D(S)ug)]znp p Rananp 2an3 r an 2Lr1p3an4
2n =6, cxema Ha puc. 8
RL .»L 1 1
Ky HC(g) "0, 05— “”1247 2 |
(6) WoUBPrc p ®p an2Cnc2 ‘ ®p LHC3CHC3 ‘
HBPncp(wH): 2 2’
(08— Tpes 0+ Tier ©2=Tco ) +(Tes 05— Tes 03+ Tyt 0y )
Oy =g Ot 1o Oy =1neo) {1 nes @=L ne3 O+ 1 pe1 Oy
rie
6 _ .
MBPrcp = ananc2 (an3 + an4) + (anl + anZ )LHC3LHC4’
T 4= 1 |:Ln02an3 + anZan4 + anSan4 + ananc3 + ananc4 + an3an4 + anlLHCZ + ananc4 + anZan4 +
e
wgud) » Ciel Cic2 Cie3
LiciLacr + Luctlaes + Lycr L
+ ncl™nc2 nél mc3 mic2mc3 +rR(Ln02 +Ln03 ):|’
nc4
rnc2 =— (16) [an3 +Lr{c4 + anZ +an4 + anZ +Lr1c3 + anl +an4 + anl +an3 + anl +Lr1c2 +7R CncZ + Cnc3 ];
®oHBPrc p Cnclcncz Cnclcnc3 CHCICHC4 CHCZCnc3 Cnc2CnC4 Cr[c3cnc4 Cnc2Cnc3
_ Cncl + Cr[c2 + Cr[c3 + Cr[c4
ne0 =g ©
o CHCICH02CHC3CHC4 HBPnc P
r _ r(ananc3 + an2an4 + an3an4) +R (anlLHCZ + ananc3 + anZan3 ) .
ncS — (6) >
®oUBPnc p
Fnc3 = 3 (16) |:R(Lm:2 +an3 + anl +an3 + anl +an2 ] + r(l’nc_’) +L1'IC4 + an2 +an4 + anZ +Ln03 j:|’
Oyl BPRe P Cncl CncZ Cnc3 CncZ Cnc3 Cnc4
r = 1 (R Cncl+cn02+cnc3 +rcnc2+cnc3+cnc4j
e
(1)(5)].153612“ P CHC1CHC2CHC3 CHCZCHCSCHC4
2n =10, cxema Ha puc. 7
KndpZCnp3CHp5CHp6 2 1 2 1 2 1 2 1
(10) i |On~ OuT 5 Ou= 5 Oy~
10) ©o 7 UBPpp p 5 Lyp2Crp 0 Lp3Crp3 0 LpsCrps 09 LipeCups
HBPnp p (O)H) 2 2’
\/(0)10—5 O+ E, 00— E 0t +E 0~ E ) +(E )= E 70!+ E, s0>—E 300+ B 0 )
H np8 “u np6 “'n np4 u np2 “u np0 np9 “n np7 “'u np5 *'n np3 “r npl *u
rie
O =l CaotCua (Cup3 + € Coot + Cuo2 ) Cao3Cana 1(CansCan + CosCap7 + Con6C
“‘BPI‘[pp —| “~mpl Hp2( mp3 + Hp4)+( npl + np2) np3~mp4 ( np5~np6 + npS5~mp7 + np6 Hp7)+
+(CnplCHpZ + CnplcnpS + Cnp2cnp3)cnpicnpécnp7;
1 Cnp2 + Cnp3 Cnpl + Cnp3 Cnpl + Cnp2
Er[pS =72 (o) + + CnpSCnp6Cnp7 +
0MBPp p Lup Lup2 Lps
Cnp6 + Cl'lp7 CnpS + Cnp7 CnpS + Cnpé C...C...C CanCnp3 + CanCnp4 + Cnp3cnp4
+ I + I + I npl~np2™~np3 + I +
p5 p6 Tp7 mpl
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Ilpooonscenue mabn. 4
Continuation of the tab. 4

+(Cnp3 + Cnp4 + Cnp2 + Cnp4 + Cnp2 + Cnp3 i Cnpl + Cnp4 4 Cnpl + Cnp3 G

anl + anz + an3 +L

C

L npSCnp6 + CnpSCnp7 + CanCnp7 ) +

TIp 2 an 3

n CnpSCnp6 + Cnp5cnp7 + Crlp6Crlp7 : Cnp4CHp6 + CHp4Cl'[p7 + Cnp6cnp7 n CHp4Cl'[p5 + CHp4Cl'[p7 + CnpSCrlp7 X
Lupa L

np5 an 6

" Cnplcnp3 + Cnplcnp4 + CnpSCnp4 n Cnplcnpz + CnplCnp4 + CanCnp4 J(

Cnp4cnp5 + Cnp4cnp6 + CHpSCn

an 7

+ (Cnp2cnp3 + CanCnp4 + Cnp3Cnp4)(Cnp5 + Cnp6) + (Can + Cnp3)Cnp5Cnp6
(10)
BPmp p

1 Cppo +C Cpp +C, C+C, Cup6C, Cps5C Cyp5C,
Enp6: i) |:[ np2 np3+ npl np3+ npl mp2 p6 np7+ np5 r1p7+ np5~np6 :

+

6
P (Cnplcnpz + Cnplcnp3 + CanCnp3) +

m% rRu

OP'BPrlp P L“PI Lﬂp 2 L LHp5 LrIp6 an7

Tp3
+ CanCnp3 + Cnp2cnp4 + Cnp3Cnp4 " Cnplcnp3 + Cnplcnp4 + Cnp3Cnp4 i Cnplcan + Cnplcnp4 + Cnp2cnp4 +
L1 L

Tp 2 an 3

n Cnplcan + CnplcnpS + CanCnp3 ](Cnp6 + Cnp7 n CnpS + Cl'lp7 n CnpS + Cnp6J+

an 4 an 5 an 6 Ll‘lp 7

L

C
npanp2 ananp3 ananp4

+C,
npl mp2
( Hp5Cnp6 + Cnp5cnp7 + CHP6CHP7)+

anZanS an2an4

+[Cnp4 + Cnp7 n Cnp4 + Cnp6 n Cnp4 + Cnp5
an 5 an 6 an 5 an 7 an 6 an 7

anl + an2 + an3

an3an 4

](Cnplcnp2 + Cr[plcnp3 + CanCnp3)+

Lyos +Line + Lip7
CnpSCanCnp7 + L 2 L

Ci51Cin2C +
pl~np2~np3
ananp 2an3 anSan 6an7 ! ! ! :I

1 Cin3*+Cips  Cipa +Cina Cin5+Cin6  Ciups T Cups  Cupa + Cips
T [[ np np 4 np np (Cnp5+Cnp6)+ p np I np p i np np

4
o "R UBpyp p np2 Lip3 Lipg Lips Lips

J(Cnpz + CHp3)+

L an2 + an3 C

oo Lyps+L
np5~np6

np6 .
L L L, Cmw2Cmsf
Tip2-mp3 mp S*=np 6

Cupo +C Cop1 +C Cop1 +C Cupe +C Cops +C Cops +C C
Enp4: - (10) |:[ np2 np3+ npl np3+ npl np2J[ np6 np7+ np5 np7+ np5 np6+

np4 + Cnp 7 4
OMBPmp p anl an2 an3 an4an5 an4an6 an 4Lr|p7 anSané
. Cupa + Cips . C

np4 +Cnp5]+(cnp2cnp3 X CnplCnp3 : CHpICHpZJanS +an6 +an7 +(Cnp3 + Cnp4 n Cnp2 + Cnp4
L

p5 an 7 Ll'lp 6 Ll'lp 7 Lrlpl an 2 Lr{p 3 Lr{p 5 an 6an 7 an 1 an 2 an lLHp 3

n Cnpl + Cnp4][cnp6 + Cnp7 n CnpS + Cnp7 n CnpS + Cnp6]+ anl +an2 +an3 [Cﬂpﬁcﬂp7 n CrlpSCnp7 " CnpSCHp6J

anZan3 anS ané an7 ananpZan3 anS an() an7

+[Cl'lp3 + Cnp4 L Cnp2 +C1'lp4 i C

an anp 2an 3an 4

Lopa+Ls+Le+L
Tip4 mp4 mp5 Ip 6 Tip7
(CnpSCnp6 + CnpSCrlp7 + Cnp6cnp7 ) + (
an4an5an6an7
1 |:an2 + anB [CnpS + Cnp6 J + anS Jrant’) (Cnp3 + C'r1p4 . Cnp2 + Cnp4 J +
(10
Prip p

0)8 R (45 ) an2an3 an6 anS anSané anZ an3

Cnplcan + Crlplcnp3 + Cnp2cnp3) +

an2 +an3 +an4 an4 +an5 +an6 (C iC ):|
-5 5 5 5 7 1 \*mp2 p3 ) |

C5+C +
( 3 Hpﬁ) an4LHp5an6

an ZLrlp 3an 4

(Ogl.lgl())llp P anl Ll'lp2 an3 an4an5an6an7

+anl +an2 +an3 +an4 [Cnp6 + Cnp7 : CnpS + Cnp7 : CnpS + Cnp6J+

an 1an 2an 3an 4 anS an 6 an 7

mpl +Cnp4]l‘np5 +an6 +L1'1p7 n anl +an2 +an3 [ C
L

1 Can + Cl'lp3 Cnpl + Cr[p3 Cnpl + Can an4 + anS + Lrlp6 + an7
El'lp2 = + +

np7 Cnp 6 C

mpS
npSLrlp6 LHpSan7 LHp6LHp7
+ (Ll'Ip2 + an})(an4 + anS + Ll'lp6 ) + an4 (LrlpS + an6) .

s

an anp 2 an lLl'lp 3 an ZLHp 3

anSanéan7 LrlplLHpZan3

8 (10)
o rRanZanSLHp4an5an6 UBPmp p
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Oxkonuanue maobn. 4
Ending of the tab. 4

E _ (anl + anZ + an3)(an4 + anS + an6 + an7) + an4(l’np5 + an6 + an7).

o N0 L L s Lo s Lol 5L 6Ly 10 ’
o mip 1~np 2np 3~np 4~1p 5-np 6 np7p-BPnpp

10
Enp9 = [(Cnplcnp2 + Cnplcnp3 + CrlpZCnp3 )(Cnp4cnp5 + Cnp4cnp6 + CrlpSCnp6) + Cnp]CHPZCnp3 (CnpS + Cnp6)j|/|:0)0 RH%PI)Tp p:| +
1oy .
+[(Cnp2cnp3 + Cup2Cripa + Cip3Cipa )(CpsCips + CupsCrap7 + Cup6Crap7) + (Crap2 + Cp3 ) Cuap5Crap6Cp7 ]/[030 ¥ HBprp pi|7
_ 1 Cnp2 + Cnp3 i Cnpl + Cnp3 4 Cnpl + Can (
w(B)R“(IO)

BPmp p an2 an3
+(Cnp2cnp3 i CnplcnpS . Cnplcan ](Cnps n Cnp6) +[Cnp5 + Cnpé 4 Cnp4 + Crlp6 i Cnp4 + CrlpS ] %

Crlp4cnp5 + Cnp4cnp6 + CnpSCnp6) +

E —
w7 anl

anl Lr{p 2 Lr[p 3 Ll'lp 4 an 5 Ll'lp 6

anS + an6

><(Cnplcnp2 + Cnplcnp3 + CanCnp3 ) + Cnplcnp2cnp3 +

an 5 an 6

C3+C, C.»+C, C.,+C
3 1(10) [ g nsz e Hpi = j(cnpSCHpé + CrpsCrp7 + Cﬂp6cnp7)+
o rlJ-BPnpp mp3

+{Cﬂp4cﬂp6 + Cnp4cr1p7 + Cnp6CHp7 n Cl'[p4cl'lp5 + CIIp4CHp7 + CnpSCnp7 i Cnp4cnp5 + Cnp4cnp6 + CnpSCn

np2 np4

p6 C
2 +Cp3 )+
erpS ané an7 ( "® ® )

Cupe +C Cups +C Cpps +C
+[ np6 np7+ np5 111;)7+ np5 np6

L L L

L+ L
Tip 2 mp3 .
CrlpZCnp3 + CnpSCrlp6Cnp7 >
mp5 p 6 mp 7

mp2+-np3

Cip2 +C Cipm1 +C Cip1 +C Cips +C Cipa +C, Cipa +C
Enp5 1 |:[ mp2 np3+ npl np3+ npl szj( mnpS Hp6+ np4 np6+ np4 np5j+

0)(5) R Hgl())zlp P Ll'lpl anZ an3 an4 anS L

+[Cnp2cnp3 . CnplcnpS i CnplcanJanS + Ll'lp6 +(Cnp3 + Cnp4 n Cl'lp2 + Cnp4 n Cnpl + Cnp4 ](

an 1 an 2 an 3 an San 6 an anp 2

an1+an2+an3 LHP4 +an5 +an6 c cc coc
 LypiLupalops 11 (ComiCop2 * CopiCups + CipaCips) |+
p1=np2-np3 np 4Lp 5tp 6

C3+C Cppo +C Cypo +C Cpe +C Cyys5 +C Cyps +C
1 |:[ np3 np4+ np2 np4+ np2 npSJ[ np6 np7+ npS np7+ np5 r1p6]+

mp6

Cups +Cipe ) +
pS p6
an anp 3 an 2an 3 ! " )

Cnp 5 Cnp 6t

5 10
Wy r u%P;p P Ll'lp 2 Ll'lp 3 an4 anS Ll'lp 6 LHp 7

+an2 +an3 Cnpécnp7 4 CnpSCnp7 + CnpSCnpé i an2 + an3 + an4 (
anZan3 L L L anZan3an4

mp5
Lys+ L6+ L Cpa +C Cipa +C Cppa +C
pS Tp 6 np7 np4 np7 np4 np 6 np4 npS .
=G0 Crpy + + + (CrIp2 + Cnp3) ;
LupsLupsL.

Tp S mp 7
1 |:[ Can + Cnp3 + Cnpl + Cnp3 + Cnpl + CanJan4 +anS +an6 4 CnpS + Cnpé 4

CHpSCnp6 + CnpSCnp7 + Cnp6cnp7) +

p6 mp 7

an 5 an 6 an 5 an 7 an 6 an 7

Eupy =10 I I I L L <L L L L
0 “BPnpp Tipl mp 2 Tip3 np4-npS-np6 mip 1 =np 2=np3

+an1 +an2+l‘np3[cnp5 +Cnp6 X Cnp4+CHp6 n Cnp4+cnp5j+(LCnp3 i Cnp2 i Cnpl ]an5+an6:|+

an anp 2L an 4 Ll'lp 5 L an 2 an anp 3 an 2an 3 an SLr{p 6

1 |:[ Cnp3 + Cnp4 i Cnp2 + Cnp4 n Cnp2 + Cnp3 J anS + an6 + an7 4 an2 + an3 + an4 %

mp3 np6 Tipl

(0(7) r ug]())])m P L an 3 an 4 an San 6L1'[p 7 an 2Lrlp 3an 4

><(Cnp6 + Cnp7 4 CnpS + Cnp7 n CnpS + Cr1p6]+ Cnp2 + Cnp3 i an2 +an3 [L Cnp7 . Cnp6 i CnpS ]:|’

mp2

anS an6 an7 anSanGan7 an2an3 npSan6 anSan7 an 6an7

(anl + an2 + anS)(an4 + Lr[pS + Lr[pé) + an4 (anS + an()) +

9 (10)
o RananpZan3an4an5an6 H'BPHp p

+ (an2 + an3)an4 + (anZ + an3 + an4)(an5 + ané + an7)

9 (10)
g anpZan3an4an5an 6an7 “BPnp p

npl =
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r=R =200 Owm,

Ky =2.011513 u 3Hauenus emxoctedt (cMm. Tabm. 5,

E€MKOCTH, pe3yJabTaTbl pacuera). s mpoBepku
pELIEHUs pacCunTacM

[Ipunss [IOJIyYUM

K = KK3a1K3a2K3 r+R

y =2.011513.

bO K3

3HavYeHMS] HHAYKTUBHOCTEH (Tabi1. 5) moryanm
13 u3BecTHBIX popmyn ToMcoHa ¢ y4eToM COOT-
HOIIICHUH

(anZCnp3 )_0'5 - (an3cnp2 )_0'5 -

= (LHpSCHp6 )_0.5 = (an6cnp5 )_0.5 =

=0q.
Ilepeitnem k cTaHAApTHBIM 3HAYEHUSIM EMKO-
CTEH M CKOPPEKTUPYEM 3HAUYCHHS] HHIYKTUBHO-
cteld. Pe3ynbTaThl npeacTaBieHsl B Ta0I. 5.
AYX KIII® co craHmapTHBIMH 3HAYCHUSIMU
€MKOCTE U CKOPPEKTHUPOBAHHBIMHU 3HAYCHUSIMU
WHIYKTUBHOCTEH mpeactaBieHa Ha puc. 9. Jns

Tabn. 5. Ilapametpst anemento KIITI®, momyaennsie
B Ipumepe 2
Tab. 5. Parameters of quasi-elliptic bandpass filter elements
obtained in the example 2

Emxoctp, HD MunykruBHoOCTh, MKI'H
Pesynb- Cran- Pesynb- Croppex-
O603Ha- naptHoe | O603Ha- THUPOBaH-
TaThl TaTkl
YeHHe 3Haye- | YeHme HOE
pacuera pacuera
HUE 3HAYCHHE
Cipl 421.5 430 Lip 239.6 234.9
Cip2 533.8 510 Ly 162.5 172.4
Cip3 611.3 620 Lips 189.2 186.0
Cip4 869.4 910 Lips 116.2 111.0
Cips 174.1 180 Lips 474.6 459.1
Cips 212.8 220 Lips 580.2 561.2
Cip7 553.1 560 Lip7 182.6 180.4
7310
H](BPr)Ip p
1.0
0.8~
0.6—
0.4
0.2
0 | | |
0.8-10° 0.9-10° 1.0-10° 1.1-10° ®, pan/c

Puc. 9. AUX KIIID 10-ro mopsiaka
CO CTaHAAPTHBIMHU 3HAYCHUSIMUA EMKOCTEH

Fig. 9. Amplitude-frequency response of a 10th order quasi-
elliptical band-pass filter with standard capacitance values
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nepexoaa OT HOPMHMPOBAHHBIX 4aCTOT ®, K HCHOP-

MUPOBAHHBIM (O HCO6XOZ[I/IMO YUCJIUTCIIb U 3HAMCHA-

Temb QyHkuEm H ](3119313 P

((oH) YMHOHTb Ha oo%)o.
B mpuBeneHHoM mpumepe MATHIN Mapajuielib-

HBIH KOHTYp C oneMeHTamn Lyys, Cp,s5 HacTpoeH

Ha YaCTOTY ®gycn :1/ [Lup5Crps =1.1-10° pan/c,

LWECTOH KOHTYpP ¢ dnemeHTamn Ly,g, Cppg — Ha

YaCTOTY  Ogycl :l/v/an6Cnp6 =0.9-10° pan/c.

B cooTBercTBHM C 3aMedaHHeM, CICIaHHBIM paHee,
ANIEMEHTHI M PE30HAHCHBIE YaCTOTHI KOHTYPOB MOTYT
OBITh W3MCHEHBI HA IPOTHBOIOJIOKHBIE. JTO HE
MIPOTHBOPEUHT yCIIoBHIO [15], 9TO0 B 000MX CiIydasx
YacTOTHAsT 3aBHCHMOCTB COIPOTUBIICHHS JIBYXIIO-
JIFOCHYKA MEXKITY y3mamu 3, 5 (cxema Ha puc. 7)

Z35(0) =

(LHpS + an6 )CO _anSan6 (CnpS + Cnp6 )0)3
Dss

rac
4
Dss5 = anSCnpSan6Cnp6 o -
2
_(LHPSCH]I)S +an6cnp6)(,l) +1,

“MeeT BUJ, MpeACTaBICHHBINH Ha puc. 10, Tae no
OCH OpJUHAT OTJIOXKEHBI 3HAUCHHUSI COMTPOTUBRICHUS

JBYXIIONIOCHUKA TIPH TIEPBOM (Z35CT1) ¥ BTOPOM
(Z350T2) BApMAHTaX HACTPOMKU KOHTYPOB CO
CTAHJAPTHBIMU  3HauYeHWsIMH  eMKocTell  Cpps,

Cr[p6 U CKOPPEKTUPOBAHHBIMU 3HAYCHUAMHU WH-

Z350T1’
Z35e12
/I JI
0 i i
5
0.7-10 1(0.9-10° V11105 @ pan/c
-1-10*

Puc. 10. YacToTHas 3aBUCUMOCTb COIPOTHUBIICHUS
JBYXIIONIOCHUKA Z35 (CXeMa Ha pHuc. 7)
IIpU IBYX BapHaHTaX HACTPONUKU KOHTYPOB

Fig. 10. Frequency dependence of the resistance of a two-
terminal network Z35 (diagram Fig. 7) with two options
for setting the circuits
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AYKTUBHOCTEH L5, Ly (Tall. 5).

3axaouenne. Kak ciemyer u3 hopMymsl s
OTIpeNielIeHnsT YacTOT OECKOHEYHOTO 3aTyXaHHS
[II1®D, npu BEIOpAHHBIX 3HAYCHHUAX YaCTOTHI Cpe3a
OHY-nporotniia u J0OPOTHOCTH TIOJIOCOBOTO
¢uIbTpa NMPOU3BOJILHO MOXHO BBIOpPATh TOJBKO
OIHY YacToTy OeCKOHe4UHOro 3aryxaHus. llpen-
CTaBJICHHAs METOAMKa IMO3BOJISIET 32 CUET NpHMe-
HEHUsS METO/la, OCHOBAHHOI'O Ha PELIEHUH CUCTEM
HEJIMHEHWHBIX YpaBHEHUH, HEMOCPEICTBEHHO pac-
cuutars napametpsl IO ¢ TpeGyembiMu yacto-
TaMH OECKOHEYHOro 3aryxanus. [Ipu mepexoxme K
IT-o6pasnoit cxeme INIID emxoctu Cyy;, =1, 4,

7, ... B monepeunbix BeTBsix ®HY npeobpaszyrorcs

B IapajuielbHble KOHTYPHI C MapaMeTpaMu an i
Cnpl-, a KaKIblil MapajuIeNbHBIA KOHTYP Lyyyy,
CH‘l(k+1)’ k=2, 5,8, ... IpOmOJILHOM BETBU — B
JIBa TOCJCIOBATCIBHO BKITIOUCHHBIX Mapaieiib-

HBIX KOHTypa ¢ mapamerpamu Lyni, Cppp 1
an(k +1)° Cnp(k +]1)> HACTPOGHHBIX Ha IOJaBIIsE-

MEIe 4acTOTEL. C IIOMOIIBIO MOACTAHOBOK:!
Chy; — Cnpi/Q;
Cl'[pk + Cnp(k+l)
2 2’
o Q[Cnpk - Cnp(k+1)]

Ly —

[1d ®HY mpeobpasyercss K BUIY, TO3BOJISIONIEMY
HETIOCPEICTBEHHO paccuuTath mapamerpsl 111D 6e3
MIPeBApUTEIBHOTO pacdeTa M TMOCIEIYIOIero mpe-
obpazoBarus mapametpoB OHY. Ilpu mepexozne k
III® ot T-o6pazHoit cxembl PHY MHAYKTUBHOCTH
Lyyy;, (=1, 4,7, ... B IPOJOIBHBIX BETBAX 3aMEHs-
FOTCsI TIOCIIEIOBATEIbHBIMU KOHTYpPaMU € 3JIEMEHTaMU

Lyess Cyey» @ TOCICIOBATEIBHBIC KOHTYPBI Ly,

Cuy(ms1)> m=2, 5, 8, ... B TIONEPEUHBIX BETBSX

3aMCHAIOTCA ABYMs IapaJlICIbHO BKIIFOYCHHBIMU
IMOCJICA0BAaTCIIbHBIMA KOHTYpaMHU C 3JIEMCHTaMU

Lucm> Cuem ¥ Luc(mi1)s Cuclms1)- Amt pacdera

anemeHToB T-oOpaznoro IIII® wncnoibp30BaHbI
[OJICTAHOBKH:

Ly —>1/(03(2) OCyer):
1
(D% Q[Cncm + Cnc(m+l)] ,
[Cncm + Cric(m+1) ] CriemCuc(m+1)
Q[Cncm - Cnc(m+l):|2

Lyy,, —

Chu(msn) =
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AHHOTAIINA

Beeoenue. B nacrosimee BpeMs oHOW U3 TIPOOIeM pa3pabOTKH aHTEHHBIX-(PHUIEPHBIX YCTPOUCTB IS CHCTEM CITyTHH-
koBo#l cBs3u (CCC) sBisieTcst co3liaHue aHTEHHO-BOJIHOBOJIHBIX TPAaKTOB MHOTO/IMAIIa30HHBIX 3€pKallbHBIX AHTEHH
(ABT M3A), npennonaratoriee nocTpoeHHe aJeKBaTHOM MareMarndeckoil Mmonenn ABT M3A Ge3 peanuzaumu u
peanm3arell QyHKIIMHA aBTOCOIIPOBOXKACHHS, IOCTPOSHHOTO Ha OCHOBE croco0a "pasesieHne 1o 9acToTe — paszere-
HHUe 1o nosstpm3anun”. OqHAKO CYIIECTBYIOIMINE MaTeMaTHIECKHE MOACTH pa3paboTaHbl TONBKO JUIT KOHKPETHBIX TH-
noB ABT M3A, dro genaer HEBO3MOXXHBIM HMX HCIIOJb30BaHHME NpH pa3padorke HOBbIX ABT M3A. Ilpennaraemas
MOJIETTb MOYKET IPUMEHSTHCS IIPH MPOU3BOIBHOM YHCIIE COBMEITAEMBIX IUAITa30HOB YaCTOT M BUAAX MOJBIPHU3AIIHH.
ILlens padomui. PazpaboTka marematmaeckoit Mogenmu ABT M3A CCC 6e3 peanmzannu U ¢ peanu3aniei GpyHKIIH
aBTOCOIPOBOXKACHUS, IOCTPOCHHON Ha OCHOBE crioco0a '"pasfesieHue Mo 4acToTe — pa3zeeHue 1o Moysspu3anun’.
Mamepuanst u memoosl. PaccmaTprBaemas MaTeMaTHueckas Monenb npennoiaraetr omucaane ABT M3A ¢ wuc-
MIOJIb30BaHUEM ONOYHBIX MaTpull. KaXkaas M3 3THX MaTPHIl ONHUCHBAET KOMIUICKCHBIE aMILTHTYAbI CUTHAIIOB, BO3HU-
KaroUmx B KaxjaoM u3 ycrpoiictsB ABT M3A. 310, B cBOIO ouepelb, MO3BOJSET NPOAHATIU3UPOBATh BIUSHUE Mapa-
METPOB KaxJI0ro U3 ycTpoiicTB Ha xapakTepuctuku ABT M3A CCC B 1esi0M Ipu NPOU3BOJIEHOM YHCIIE COBMEIIa-
€MBIX JHAara30HOB YacTOT U BUAX MOJSIPU3AIIHH.

Pesynomameut. Ilpennoxensl n8a Bapuanta nocrpoenuss ABT M3A CCC. IlepBblif BapHaHT MOXET OBITh HCIIOIB30-
BaH B CCC ¢ mporpaMMHBIM COIIPOBOXJICHHEM, BTOPOM BapHaHT — C peayn3aliedl MOHOMMITYJIbCHOTO METO/a CO-
npoBoxxaeHus. s nocrpoenus moaenu ABT M3A npeyiokeHo UCIoNIb30BaTh MaTPUYHOE OMMCAHHUE €I0 XapaKTe-
PHUCTHK, YTO MO3BOJIAET B MIMPOKUX Mpe/ieiaxX BapbUpOBaTh CTPYKTYpy paccmarpuBaemoro ABT M3A.

3akniouenue. PazpaboTanHas MaTeMaTudeckas MOJIEIIb II03BOJISICT OMMUCATh XapaKTePUCTUKU KaXKJI0TO U3 YCTPOHCTB
B coctae ABT M3A ¢ ucnosnb30BaHUEM HEKOTOPOTO MHOTONOJIOCHUKA. Mcnonab30BaHUE NPEUIOKEHHON MOAETU
OTKpBIBAaCT IMIMPOKHE BO3MOKHOCTH Ha KAXKIOM dTare pa3paboTKH, MPOM3BOACTBA M OTIAIKH KOHTPOIHPOBATH KaK
XapaKTePUCTUKU KaXI0TO U3 yeTpoicTB B coctaBe ABT M3A, Tak u k03 GUIMEHT Tepeayu U MoIApU3aluOHHYIO
pa3BsI3Ky B KakaoM yacToTHOM auanazoHe Bcero ABT M3A B uenom. IlpencraBneHHble 3aBUCHMOCTH AAIOT BO3-
MOYKHOCTh OIICHHUTH B3aHMOCBS3b MEXIY IOMyCKaMHU Ha IapaMeTphl YCTPOWCTB W IpeleIlaMi H3MECHEHHS XapaKTe-
puctuxk ABT M3A.

KitroueBble cj10Ba: aHTCHHO-BOIHOBOJHBII TPAKT, MHOTOAWANA30HHAs 3epKaJbHAs aHTEHHA, OTBETBUTENb MOIbI Hyq,
MOJISIPU3AIHS, YACTOTHO-TIOJISIPU3AIMOHHOE Pa3JICIICHIE

J1a uuTupoBaHus: MareMaruuecKkast MOJEIb aHTCHHO-BOJIHOBOHOTO TPAKTa ¢ Pa3ACc/ICHUEM CHIHAJIOB I10 4acTOTe—
nonspusarun / J1. 1. Tabpuanssa, A. E. Koposkun, C. U. Boituyk, C. B. JIBopaukos, M. P. bubapcos, I'. 111. bubap-
coma // U3B. By3oB Poccun. Pagnoanekrponuka. 2022. T. 25, Ne 4. C. 41-51. doi: 10.32603/1993-8985-2021-25-4-
41-51
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Mathematical Model of an Antenna-Waveguide Path
with Separation of Signals by Frequency—Polarization
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Abstract

Introduction. The creation of antenna-waveguide paths of multi-band mirror antennas (AWP MMA) is a significant
task in the development of antenna-feeder devices for satellite communication systems (SSS). This task involves the
construction of an adequate mathematical model of AWP MMA both without and with the implementation of an
auto-tracking function built using the "frequency separation — polarization separation" method. However, the exist-
ing mathematical models have been developed only for specific AWP MMA types, thus making them unsuitable for
the development of new AWP MMA. The model proposed in this paper can be used for an arbitrary number of com-
bined frequency ranges and types of polarization.

Aim. Development of a mathematical model of the AWP MMA of SSS both without and with the implementation of an
auto-tracking function built using the "frequency separation — polarization separation” method.

Materials and methods. The mathematical model under consideration assumes a description of the AWP MMA us-
ing block matrices. Each of these matrices describes the complex amplitudes of signals arising in each of the AWP
MMA devices. This, in turn, makes it possible to analyze the influence of the parameters of each device on the char-
acteristics of the AWP MMA of SSS as a whole with an arbitrary number of combined frequency ranges and types
of polarization.

Results. Two options for the construction of AWP MMA of SSS are proposed. The first option can be used in commu-
nication system antennas with software support, while the second option is applicable when a monopulse tracking
method is implemented. To construct an AWP MMA model, it is proposed to use a matrix description of the character-
istics of AWP MMA devices. This allows the structure of the considered AWP MMA to be varied within a wide range.
Conclusion. The developed mathematical model makes it possible to describe the characteristics of each of the de-
vices in the AWP MMA system using a certain multipole. The proposed model provides ample opportunities for
controlling, at the stages of development, production and debugging, not only the characteristics of each device in
the AWP MMA, but also the transmission coefficient and polarization isolation in each frequency range of the entire
AWP MMA. The presented dependencies can be used to assess the relationship between parameter tolerances and
the limits of changes in the characteristics of the motor vehicle.

Keywords: antenna-waveguide path, multi-band mirror antennas, mode coupler H,; , polarization, frequency-
polarization separation
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BBenenue. AHTCHHO-BOJIHOBOIHBIE TPAKTBl M PACCMOTPEHBI TOCTaTo4HO TMoapobno [1-11].
(ABT) HaxomaT mmpokoe MpuMeHeHne B kadecTBe  OpHako pa3paboTka W HCIIONB30BAaHHE AHTCHHO-
MEPBUYHOTO YCTPOWCTBA MIpHUeMa U Mepefiayd CUI-  BOJIHOBOTHBIX TPAKTOB MHOTOJMAMNA30HHBIX 3ep-
HAJIOB B Pa3IMYHBIX PAIMOTEXHUYECKUX cUcTeMax  KanmbHBIX aHTeHH (ABT M3A) B cucremax cmyT-
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HukoBo# cBs3u (CCC) umMeeT ompeesieHHbIE 0CO-
O0ennocTr. OCHOBHBIMY 33J1a4aMU, Peasin3yeMbIMU
¢ ucnonb3oBanueM ABT M3A, SBISIOTCS 4acTOT-
HO-TIOJISIPU3AIIMOHHOE Pa3/IelICHUE MPUHUMACMBIX
CUTHAJIOB M BBIJICJICHHE CUTHAJIOB JIJIsi aBTOCOIPO-
BOXKJIEHHSI NCTOYHUKOB PATUOM3ITydeHUs (CIIyTHH-
koB-perpanciaTopoB) B CCC. Ilapamerper ABT
M3A (k03 durueHT cTosueit BOIHBI 110 HAIIPsDKE-
HUIO Ha BXOJI€ M BBIXOZIE; MTOTEPH; MOJSPH3AIHOH-
HbIE pa3Bs3kd B pPabOYMX [Wama3oHax YacToT)
OTIPENEISIOT IIYMOBYIO TOOPOTHOCTh aHTEHHBI U,
COOTBETCTBEHHO, BEPOSTHOCTHO-BPEMEHHBIE Xa-
PAKTEPUCTUKU CHCTEM CBSI3U U TIepeaadyu JaHHBIX.
Pacuer ABT M3A sBisercs CIO0KHOM BBIUKCIIH-
TEJIbHON 3amavell Jake C HCIIOJIb30BaHHEM OO0JIb-
IIMHCTBA COBPEMECHHBIX BBIYMCIUTEIBHBIX CPEICTB.
Kpome Toro, pa3paboTKy U aHAIU3 XapaKTEPUCTUK
ABT M3A mnpormie npoBoguTh Ha OCHOBE H3BECT-
HBIX XapaKTEPUCTUK OTACIBHBIX YCTPOMCTB, BXO-
mamux B coctaB ABT M3A. Ilocaegnee Moxer
OBITh pEaTM30BaHO TOJLKO C HCIIONH30BAHHEM Ma-
TeMaTHdecKoi Mopenu, onuckBaromieii ABT M3A
KaK COEIWHEHHE MHOTOIIOJIIOCHUKOB, XapaKTepH-
CTHKH KOTOPBIX MOTYT OBITh OIpe/eNieHbl TEOPETH-
YEeCKH WJIN SKCIIEPUMEHTAIBHO.
AHTeHHO-BONHOBOAHBIE TpakThl M3A CCC
SIBJISIIOTCS MHOTOKAHAJIBLHBEIMU cHCTeMaMH. Mccre-
noBaHue xapaktepuctuk ABT B KakaoM w3 COB-
MEIIaeMbIX Auana3oHoB M3A BO3MOXKHO Ha OCHO-

BE MATPUYHOTO ONHCAHUS, SBISIFOIIETOCcsS Haubo-
nee ymoOHBIM IMPH PACCMOTPEHUW MHOTOKaHAaJb-
HOW cuctembl [12]. OmHako pa3paboTaHHBIE B
HacTOsIee BpeMs CYIIECTBYIOIIME MareMaThye-
ckue momenu ABT M3A onpenensior xapakTepu-
CTHKH TOJBKO KOHKpEeTHBIX THIIOB ABT M3A, urto
JleaeT HEBO3MOXKHBIM WX HCIIOJIb30BaHUE TPHU
paspabotke HOBbIX ABT M3A.

Lenpio HacTOsIIIIEH CTaThH SBISIETCS pa3paboTka
maremarudeckoir monenn ABT M3A CCC 6e3 pea-
TIM3alAY U ¢ peanu3anueid (QyHKIMHA aBTOCOTIPOBOXK-
JICHMs1, TIOCTPOSCHHOM Ha OCHOBE crocola "paszerne-
HHE 10 YacTOTe—paz/ieNeH e 110 MOoIApU3aIyy .

MaremaTndeckass moneqb ABT M3A 6e3
peanuzanuud  (GYHKIUM aBTOCONPOBOKIECHHS.
Paccmotpum Ha  IIEpBOM  JTale ABT
J-mnamazonHoit M3A npuema curnanoB CCC 6e3
peXrMa aBTOCOIPOBOXKACHHUS, 00€CTIEUHBAIOIIYIO
npueM U 00paboTKy CUTHAJIOB Ha OCHOBE CIIOCO0a
YaCTOTHO-TIOJIAPU3AI[IOHHOTO pa3leNieHus] CHUTHa-
noB. CtpykrypHas cxema Takoro ABT M3A npuse-
neHa Ha puc. 1 [13].

B xaxaoM M3 YacTOTHBIX AMILIEKCEPOB BXOI-
Hasi COBOKYITHOCTb CHTHAJIOB JIEJIUTCS Ha JIBE CO-
CTaBIISIOIINE!

— CHUTHAJ, NMPOXOASALIMKA HA yCTPOHCTBO MHOJS-
PHM3alMOHHOTO MpeoOpa3zoBanus U ceiekuuu ("'oc-
HOBHOW KaHan') M Jajee Ha COOTBETCTBYIOIIHMA
JTAHHOMY YacTOTHOMY Juana3oHy Beixoq ABT;

— CcHUrHajbel Ooinee BBICOKHMX [AMAa3oHOB 4a-

. VerpoiicTBa nonspusaluoHHoro  —— 9>
— > Hacrorubiil qurtekeep | g | ppeoGpasoBanns i cenexum
HEPBOTO AHaria3oHa TMEpBOro AUana3oHa >
. VYCTpoicTBa NOIIPU3ALUOHHOIO  ——»
Hacrotmpii amexcep [ an::o6pa3013.auu11/15113 U CENEKIINH
(J—1)-ro nuana3ona
(J—1)-ro nuana3ona
—»
YerpoiicTBa oI pU3aMOHHOTO P
> npeoOpa3oBaHUs U CENEKIINN
J-ro nuanazona
—

Puc. 1. CtpykrypHas cxema ABT M3A Ha ocHOBe crioco0a "pa3enieHue mo 4acToTe — Mo moJsipu3anun”

Fig. 1. Structural diagram of AWP MMA based on the method "frequency separation — polarization separation"
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CTOT, MPOXO/IAIINE HA AUTIIEKCEPhI 00Jiee BBICOKUX
YaCTOTHBIX JAMana3oHoB (''mpoxogHoi kaHat").

Jna paccmatpuBaemoit ctpyktypsl ABT cur-
HaJl Ha MEPBOM BBIXOAE (OCHOBHOM KaHaje) IH-
IIeKcepa MepBoro (HU3KOYACTOTHOTO) JHMAaIa3oHa
MOJKET OBITh TIPEACTABIECH B BUE

1
R =By 4-U, (1)

e VI(OCH)T:(V(I) V(z) V(J)); T —

Oorcpanuu TpaHCIIOHUPOBAHUA, MaTpuUlla Bl OIIHN-

3HaK

CbIBACT npeo6pa30BaHHe CUTHAJIOB B YCTPOﬁCTBe
MOJIApU3allUOHHOTO r[peo6pa30}3aHI/I$[ 1 CCICKIIMH

M

MEPBOro 4aCTOTHOIO AMana3oHa; MHIACKCHI (1) Ie-

pen Matpuuei 4 COOTBETCTBYIOT IIEPBOMY YaCTOT-
HOMY AMana3oHy (BEpXHHH MHIIEKC) U OCHOBHOMY
KaHaJly TEpBOTO IUIIIeKcepa (HIDKHHHA WHIEKC);

ul :(U(l) u® U(J)).

B (1) anmemeHTHI U(l),U(z),...,U(‘]) UMEIOT

OJI0YHYIO CTPYKTYPY pa3MepHOCTH (Q + 1) x1

()" (0 v . US) @

B KOTOpOii 610K U, f/ ), B cBOIO o4epelib, UMEET BHJ

VA . .
(U‘(I])) :(uc(jjl) uc(]j2)) U ONHUCHIBACT OCHOBHYIO

Q) MOJBI BOJH, COOT-

()

BCTCTBYIOIIIUC NAHHOMY CHUTHAy, 3JICMCHT uq’k

(¢=0) u BbICIIE (¢ =1, ...,

oTIpeneNsieT KOMIIEKCHYIO aMIUTUTYNy ¢-ii MOZBI B
Jj-M JOmana3oHe YacTOT, COOTBETCTBYIOWIEH A-My

3JIEMEHTY HOJsSIpU3aloHHoro0 O6asuca (k =1,2).

(1

CrpykTypa MaTpHIIbl (l)A oTpenensieTcs cie-

AYIOIIUM BBIPAKCHUCM:

() (302)

4| ((9427) (5422)

()

(((11))/1(2’])) 3)

(5099) (542) = (32

a KaIblil OIOK ((11))A(j’r) (j=L..,J;r=1..

HUMCECT BU

D 4Gy (D 4G Q) 4Gr) D 4, r)
N ((1)A0 0 S 1 5%

® jr @ Jr 4

() 4 ML ()%, ¥
)4 W ir g
M%.21  1)%.22

3J'I€M€HT MaTpulbl ((1)) CJ]’p k onpeacisaceT

BKJIJ] p-TO 2JIEMEHTa MOJSPU3AIMOHHOTO 0a3uca
q-¥1 mogpl curHana Ha Bxoae ABT B r-Mm auamaszone
YaCTOT B CUTHAN k- COCTaBJISIONICH MOISIpU3aIli-
OHHOro 0Oasmca ¢-W MOJBl CUTHAja Ha BBHIXOJC

M3A B j-M [Auama3oHe YacTOT CHUTHala
(jor=L...J; pk=1..,2; g=1,..,0). Ipu
j=r u p=k xodpduuueHt ((1)) o k. BIACTCH

ko3 dunmenTom nepenaun ABT mist curnana j-ro
YaCcTOTHOTO JIMAIla30HA p-TO 3JIEMEHTa MOJspu3a-
UOHHOTO 0asuca, a MpH p # k ompeenseT nois-

PHU3AIMOHHYIO Pa3BsI3Ky CHTHAJIOB ¢-W MOJIBI OfI-
HOTO JWama3oHa 9acToT. B cBow odepenp, mpu

; _ A j.r
j#r u p=k xoapdunueHt W% p.

€T YaCTOTHYIO Pa3Bs3Ky ¢-W MOJBI CUTHAJIOB OJI-
HO# momnspu3aruu B ABT.

C 1OCTaTOYHOM ISl PAKTUIECKOTO IPUMEHE-
HUSI TOYHOCTHIO MOXKHO CUUTATh, YTO HA OCHOBHOM
BBIXOJ[ YACTOTHOTO JIUTUIEKCEpa TEPBOTO JHAaIa3o-
Ha CHUTHAJBI 2...J-T0 JMaNa30oHOB 4acTOT HE Mpo-

(

xomar. C ydeTroM 3TOr0 MaTpHILy (1))A MOKHO

¢ onpenes-

MpeCcTaBUTh B BUAC [ 14]:

( (M) A(l,l)) ( ((11)> A(l,z))

() (")

04- (0) © 70O s

rae 0 — OJIOKKM COOTBETCTBYIOIICH Pa3MEpPHOCTH,
3JIEMEHTBI KOTOPBIX PaBHBI HYIIIO.

Ha Bropo#i BbIxon (IIpoXomHON KaHa) 4acToT-
HOTO JUWIUIEKCEpa IMEpPBOTO AWAna3zoHa MPOXOIST
CUTHAJIBI 2... J-TO AMaNa30HOB YacTOT. YKa3aHHBIC
CUTHaBI  MOTYT  OBITh  TPEACTABICHBI  C

Q)

HUCMOJIb30BAHUCM MaTpHUIIbI (Z)A COOTHOIICHUEM,

aHanoruyHeM (1):
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1)

I/IH,Z[CKCBI ) nepen ManHI.Ieﬁ A COOTBET-

CTBYIOT IIepBOMY, Kak U B (1), 4aCTOTHOMY aHaria-
30HY (BEpXHHMH WHACKC) W TIPOXOJHOMY KaHATy
MIepBOTO IUTIIEKCepa (HIKHUH WHICKC).

Marpuiia ((21))/1 HUMEET BU/

(0) © (0
0 (34) (32) ~ (869)],
(((21))1;1@,1)) (((21))1;('.]’2)) (((21))1;(‘J,J))

OIEeMEHTBI ((21))A(j ") o cpoeit CTPYKTypE U

Pa3MEpHOCTHU COBMAMIAIOT C AIEMEHTAMHU ((11)) AU,

C ydJeToMm mpeAcTaBIeHHs CHTHAJIa Ha BTOPOM
BBIXOZIE YaCTOTHOTO JTUTUIEKCEpa MEepBOTO YacTOT-
HOTO AHara3oHa COOTHOIeHUIMH (6) u (7) curHain
Ha BbIxome ABT mms Broporo amama3oHa 4acToOT
MOJKET OBITh TIPEZCTABIIEH B BUJE

2 1
ro =y - ({)4- Gl4-U, (®)

rie B, — marpuina, onmchBaromas mpeodpasona-

HHUC CHUI'HAJIOB B YCTpOfICTBC MOJIApHU3allMOHHOT'O
HpeO6paBOBaHI/I$I " CCJICKIIUU BTOPOIO 4aCTOTHOI'O

(2)

Juaria3oHa, HHACKCHI ) nepen ManHHeﬁA COOT-

BETCTBYIOT
(BepXHUU WHACKC) U OCHOBHOMY KaHAJIy BTOPOTO
TUTIIeKCepa (HIKHUH HHIIEKC).

BTOPOMY YaCTOTHOMY JHAaIa3oHy

Marpuma ((ng OTIPECISICTCS  CIICTYIOIIIM

obpazom:
©) (0 ()

o), (0) (((%))A(z,z)) (((%))A(Z,J)) |

(0 ©)

© © = (©

DNeMEeHThl MaTpHIIbI
CTPYKTYpPY U (HU3HUYECKYIO TpPaKTOBKY, KaK M B

HUMCIKOT QaHAJIOTNUYHYIO

MaTpuIe ((1))A u3 (5).

dioelectronics. 2022, vol. 25, no. 4, pp. 41-51

Curnain (J — 1)-ro quama3oHa 4acTOT Ha BBIXO-

Jle OCHOBHOTO KaHana M3A ¢ y4eToM U3I0KEHHO-

ro Marepuajiga MOXeT ObITh MPEACTaBICH COOTHO-
HICHUEM

(ocH) _ - , (J-2) @ 4.

Vi =By YA g4 534U, (10)

rme Bxomsmme B (10) MaTpuIpl ONMpemesstoTcs

CIIEMYIONTUM 00pa3oM:

(0)(0) (0 (o) (0)

(4= (0) .. (((fl'gA(f’f)) DD, an
(0)(0) (0 (o) (0)
j<J-
(0) (0) (0) (0) (0)
() 40sJ) () ( )
Eé;A‘ (0) .. (JAJJ) (J)AJ .
(0) ( J)A(Ja])) ((/)A(J,J)) ((J))A(J,/))

<J-

Jlst J-ro nramazoHa 4acTOT BBIXOJHOM CHTHAJ
M3A ¢ yderoM CTpPyKTypel moctpoeHuss ABT
OTIpEIEISICTCS BRIPAKCHUEM

D U Dy 13)

(ocH) _
Vi =BT oA T 4

C OCHOBHOTO BBIXOJ]a YACTOTHOT'O JTUIUICKCEpa
Kaxaoro u3 1,..., (J— 1)-ro gactorHoro amarnaso-

HOB (3@ HCKJIIOYEHHEM .J-TO, CAaMOI'0 BBICOKOTO M3
COBMEIIAEMBIX JHAMAa30HOB YacTOT) Ha YCTPOH-
CTBO MOJIIPU3ALMOHHOTO MPeo0pa30BaHusl U ce-
JICKIIUU TIOCTYIAIOT TOJIBKO CUTHAJBI OJHOTO JIHa-
IMa30Ha YacTOT. DTO IMO3BOJISET OOECIICUNTH OIHO-
MOJIOBBI PEXUM  pacCHpOCTpaHEHUS BOJIH B
YCTPOMCTBE MOJIIPU3AIMOHHOTO TMPEOO0pa3oBaHU
u cenekiuu [15]. B To ke BpeMst 1 Ha BTOPOH BBI-
xon (J— 1)-ro 4aCTOTHOTO IUILIEKCEpa MPOXOIUT
TOJIBKO CHTHAI J-TO Juarna3oHa 4acToT.

C y4YeToM OJHOMOJOBOTO PEKHUMa pacrpo-

CTpaHeHHUsl MaTpulia B, OmUCHIBAIOWIAs yCTPOMH-

CTBO TOJIAPU3AIMOHHOTO TMPeoO0pa3oBaHusl U ce-
JIEKLIMH B Ka)KJIOM JHAalla30HE YacTOT, KMEET BHU/I
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/ )
P o
e

: . (14)
A 2

)

(J
rae bp7

MEHTa TOJSIPU3AlMOHHOTO 0a3uca Ha BXOAE
YCTpPOICTBa MONAPU3AIMOHHOTO TPEOOPa30BaHUS
U CEJICKITNU B CUTHAJ k-1 COCTaBIISIONICH TTOISPH-
3allMOHHOTO 0a3uca B j-M AMana3oHe YacToT.
[Mpusenennsie cootHommenus (1)—(14) mo3Bo-
JIIOT ONpEACNUuTh Takue xapakrepuctuku ABT,
Kak K03()(UIMEHT MOJIE3HOTO ACUCTBHSA, KOdPPH-
LMEHT Nepeaady, C UCIOIb30BAHUEM KOTOPBIX MO-
ryT OBITh HalJE€HBI OTHOIIEHWE CUTHAI/IIYM H
KO3(GUIHMEHT MOJIIPU3ALMOHHON Pa3BsI3KU B Kax-
JIOM M3 YaCTOTHBIX TUANa30HOB.
Marematuueckas moaeis ABT M3A c pea-
Ju3zanmeil (yHKOMH aBTOCONMPOBOXxIeHus. [le-
peiinem k paccmorpenutro ABT J-nuanmazonHoit
M3A mnpuema curnanoB CCC, obecrieunBaromieit
PEKUM aBTOCOIIPOBOXKICHUS U 00pabOTKy CUrHa-
JIOB Ha OCHOBE CMOC00a pa3fesieHHs CUTHAJIOB T10
yacToTe-nojsipuzauuu. PexuM aBTOCONpOBOXIE-
HUSl peanusyercsl MyTeM oTOopa BBICIICH MOIBI

/)c — OompeAciICT BKJAJ CUTHAJIA p-TO 3JIC-

H»1, Ha OCHOBE KOTOpOH (OpMHpPYETCs] pa3HOCT-

Hasg jamarpamMma Hampaeinennocta (IAH) [15].
CrpykrypHas cxema ABT tpexamamazonnoit M3A
C PEeXHMOM AaBTOCOIIPOBOXKICHHS NpPHBEACHA Ha
puc. 2.

Otmane moctpoeruss ABT M3A ¢ pexxumom
aBTOCOTIPOBOXK/ICHHS OT BBITIIEpaccMoTpenHoro ABT
3aKITIOYAeTCS B HCITIONB30BAHUH JIOTIOTHUTEIBHBIX
YCTPOWCTB, 00OSCIIEUMBAIOIINX B KOKIOM M3 4acTOT-
HBIX JTUANa30HOB BBIJICJICHUE OCHOBHOTO U BBICIIICTO
TUIIOB MOJI MPUHUMACMBIX CUTHaJI0B. OCHOBHASI MO-
Jla, KaK ¥ B MPEABIIYIIEM ClTy4yae, HCIONb3YEeTCs JIIs
00pabOTKU W BBIICIICHUS TIepeaaBacMol MH(OpMA-
1uu. BrIcias Mofa B KaXKI0M U3 YaCTOTHBIX JMaria-
30HOB o0OecrneunBaeT (HOPMUPOBAHHE PA3HOCTHOTO
CHTHANa JUIS peajim3allii PekrMa aBTOCOIPOBOXK-
JICHUSI B KXKJIOM W3 INAITa30HOB YaCTOT.

PaccmoTpum kaHan BbIIEIEHHS] OCHOBHOM MO-
161 (CyMMapHBIN KaHat X) B KaXKIOM M3 COBMeEIIa-
€MbIX YaCTOTHBIX JMana3oHOB. J[aHHBIA KaHal

OTJIIMYAETCs OT paccMOTpeHHoro noctpoeHust ABT
0e3 aBTOCONPOBOKACHUS TOJILKO HAIUMYUEM OTBET-
BUTENS MOJAbL. JlJI1 paccMarpuBaeMoOil CTPYKTYpbI
ABT curnan Ha BBIXOJIE OCHOBHOTO (CyMMapHOTO)
KaHaja TNepBOro (HU3KOYAaCTOTHOIO) JAMara3oHa
MOJET OBITh TIPE/ICTABIICH B BUJIC

( _ M, @
VlocH) =B (1))A. e,

O]

rae (l)C — MaTpulia, ONHMchIBaomas KodppuureH-

ThI ICpeAavIn OCHOBHOH MOJBI C BBIXOAA 06J1yqa—
TSI HAa BXOJ YaCTOTHOI'O JUINJICKCECpaA MEPBOro M3

1)

COBMCIIACMBIX OHUAIla30HOB YacCTOT. I/IHI[CKCLI 1)

nepen marpurieii C 0003HAYAIOT: TEPBBIN 4aCcTOT-
HBI JMana3oH — BEPXHUM WHJEKC, BBIXOI CyM-
MapHOTO KaHajla — HIKHUI WHAEKC.
BrixomHoM CHTHaAJ1 OTBETBUTEI,
CTBYIOIIMM BBICHIENH MOJE MPUHUMAEMOr0 CHUTHa-
J1a, MCTIONb3yeTcs sl (OPMHUPOBAHUSA B Pa3HOCT-
HOM KaHane A pa3HOCTHOW AMarpaMMBbl Hampas-
nenHoctH ([IH), MmoxxeT OBITH 3amuicaH B BUIE

(A) _ Q)
4 )—Dl'(z)C'U’

COOTBCT-

@

rae (2)C — MaTpHIa, ONMChIBaIomas Ko3huim-

€HTHI Tepelad BhICIIEH MOJBI IEPBOTO YAaCTOTHO-
ro JAMana3oHa Ha BXOJ yCTPOWCTBa Mpeodpa3oBa-
HUAS B (HOPMHUPOBAHHUS CUTHAJIA OMMUOKW. B man-
HOM Ciy4yae HIDKHUI uHIekc "2" 00o3Ha4YaeT BbI-
XOJI OTBETBUTENSI MOIBI, COOTBETCTBYIOIIETO pa3-
HOCTHOMY CHUTHAITY.

CrpykTypa Marpuisl ((11))C

M

CTPYKTYpOH MaTpHIlbl (ll)A, OTpeeIsieMOil CoOoT-

HorreHusMU (3)~(5), a CTPYKTypa MaTpHIIbI ((21))C -

CO CTPYKTYpPOM MaTpHIlbl ((21))A, MpECTaBICHHOU

COBHAgacT Cco

cooTHOIICHHEM (7).

AHAJIOTUYHO CHTHAN CYMMAapHOTO KaHalla Ha
BBIXOJIC YaCTOTHOTO JMIUIEKCEPa BTOPOTO YaCTOT-
HOT'O JTMana3oHa MOXXET OBITh MTPEJICTABICH B BHJIC

D 8, BB Qa i, a9

O~ O @7 O

Te MaTpuIa ((f)) C coBmazmaet mo CTPyKType ¢ Mar-

(2)

puueit (1)A, ompenesnsieMoi cooTHoIeHueM (9).
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Fig. 2. Structural diagram of AWP of a three-range MMA with an auto-tracking mode
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Curnan (J — 1)-ro nuama3oHa 9acTOT Ha BBIXO-
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AnpobGauus moaeau. [IpemnoxeHHas Mmarema-
TUYECKasi MOJENb HCIIONb30BaIach sl pa3paboT-
KM MakeTa AByxjauamnasoHHoro ABT ¢ cooTHole-
HUEM IIEHTPAJIbHBIX YacToT 1:6.6. B HwkHEeM aua-
na3zone yactoT ABT obGecrneunBan mpueM opToro-
HAJbHBIX KPYTOBBIX U JIMHEHHBIX MOJSpU3aALUN B
nonoce yactoT 21 %; B BepXHeM [uama3oHE 4Ya-
CTOT — IPUEM OPTOTOHANBHBIX KPYTOBBIX MOJISPU-
3ammid B monoce Jacto 16 %. Pacuetrnbie u skcre-
pUMEHTAIFHBIE XapaKTEPUCTUKHA pPa3pabOTaHHOTO
maketa ABT mnpencrasnenst Ha puc. 3 u 4.
CrnonrHo# JTWHHAEH TOKa3aHbl pacdyeTHBIE Xapak-
TEPUCTUKH, LITPUXOBOH JIMHHEH — H3MEPEHHbIE
XapaKTePUCTUKH.

[IpuBenenHble pe3yabTaThbl IMO3BOJISIIOT CHE-
JIaTh BBIBOJ, YTO pa3paboTaHHAs MOJEIb SBISETCS
3 PEKTUBHON TPH aHAIH3E MPAKTHUYECKUX CXEM
ABT, 1 ¢ y4eToM JOIIyCKOB OMPEICIUTh Tpedye-
Mble apameTpsl ABT.
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Puc. 3. Xapakrepuctuku maketa ABT B HIDKHEM Jnarma3oHe 9acToT: a — KO GUIMEHT CTOSYECH BOIHBI

0 HaIIPsDKEHHUIO Ha BBIXOJE; 6 — cyMMapHble otepu B ABT

Fig. 3. Characteristics of the AWP layout in the lower frequency range: a — standing wave ratio for output voltage;
6 — total losses in the AWP
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Puc. 4. Xapakrepuctuku maketa ABT B BepxHeM IuanazoHe 4acToT: a — KOIPPHUIUCHT CTOSTYEH BOTHBI
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0 HANPSDKEHUIO Ha BBIXOAE; O — cyMMapHble motepu B ABT

Fig. 4. Characteristics of the AWP layout in the upper frequency range: a — standing wave ratio for output voltage;
6 — total losses in the AWP
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3akarouenne. [IperncraBieHO COBpPEMEHHOE
coctosiHue moaxona k onucannio ABT M3A CCC
Ha OCHOBE HCIIOJIb30BaHUSI OJOYHBIX MAaTpHL.
[IpeumymiectBoM pa3paboOTaHHOW MaTeMaTrHhde-
cxkort moaemu ABT M3A CCC sBuseTcss BO3MOX-
HOCTh OTpEJeNiCHHs MapaMeTpoB KaXAOro U3
ycrpoiictB ABT u ux BIUSHHS Ha XapaKTEPUCTH-
ku ABT M3A CCC B nenoM mpu HpOHU3BOIHHOM
YHcIie COBMEIIAEMBIX JHAlla30HOB YaCTOT M BHJAX
monsipm3anmy. Takum o00pazoMm, B 3aKiIrOdeHHE
MOJKHO CIIeNIaTh CJIEeTyIOIINE BBIBOJIBI:

1. Ucnonp30BaHME MAaTPUYHOIO ONMMCAHUA Xa-
paktepuctuk ABT M3A namo BO3MOXXHOCTH pas-
paboTath MaTeMaTHYECKYI0 MOZEINb, IO3BOJISIIO-
IIyI0 WCCIIEN0BaTh XapaKTePUCTHKH MHOTOKa-
HAJHHON CHCTEMBI IIPH MPOW3BOIBHBIX 3HAYEHUSIX
MapaMeTpoB KaXKIOTO U3 YCTPOWCTB B COCTaBe
ABT M3A. OmimuneM TMpemjiaracMod MOICIH
SIBIISIETCSl OMHCAaHWE XapaKTEPUCTHK KaXKIOTO W3
ycTpoiictB B coctaBe ABT M3A ¢ ncnons3oBanu-
€M HEKOTOPOTO MHOTOIIOIOCHUKA, XapaKTepHUCTH-
KH ¥ TTapaMeTpsl KOTOPOTO MOTYT OBITH IOCTAaTOY-
HO TIPOCTO PACCUYNTAHBI FITH H3MEPEHBI.

2. PazpaboraHHass MaTeMaTH4decKas MOJENb
[IO3BOJISIET PACCUMTHIBATh XapakrepucTuku ABT
M3A, B KOTOpOM TE€PBUYHBEIA OTOOp CHTHAJIOB

MIPOUCXOAMT T10 YaCTOTE C MOCIEAYIOUUM HOMISIpH-
3allMOHHBIM paszzeneHueM. lIpuBeneHbl aHanuTH-
YEeCKHE COOTHOUICHHS, CBSA3BIBAIOLINE MPOU3BOJIb-
Hble 3Ha4YeHUs KoddduimenTa nepenadn, MOIAPH-
3allMOHHYIO W YacTOTHYIO pa3Bsizku. PaccMoTpen
BapMaHT KCIOJIb30BaHMUS OTBETBUTENS MOJBI Kak
BO3MOXHBIH BapuaHT peanuzauuu ABT M3A c
ABTOCOIIPOBOXKICHUEM.

3. Hcnonp30BaHHE MNPEAJIOKEHHON MOIEIN
MIO3BOJIIET Ha BCEX 3Tarax pa3padOTKH, MPON3BOI-
CTBa M OTJAJK{ HNPOTHO3UPOBATH XapaKTEPUCTUKU
ABT M3A B 1enomM ¢ y4eToM MOITYYEHHBIX XapaK-
TEPUCTHUK KaXIOTO U3 YCTPOUCTB B €r0 COCTABE.

4. PazpaboTaHHas MareMaTHYeckass MOIEITh
ABT M3A 0e3 peammzanuu W C peajm3anueit
(YHKIIMM aBTOCONIPOBOXKACHHS, IMOCTPOCHHAs HA
OCHOBE crocoba "paszeneHue 1Mo 4acToTe — pasze-
JIeHHE MO nossipu3anuu, o0yclaBIuBaeT psii 0Co-
OeHHOCTEll MmpreMa U Mepefayyl CUTHajoB, CBSI3aH-
HBIX C HCCIIEIOBaHHEM 3aKOHOMEPHOCTEH, ompese-
JSIFOLMX B3aMMOCBS3M ApaMETPOB M XapaKTepu-
ctuk ABT M3A. HccnenoBaHue 3TUX 3aKOHOMEP-
HOCTEH aBTOpBI paccMaTpHBAIOT Kak AajibHeilmee
Hanpasienue uccinenoanusi ABT M3A Ha ocHoBe
pa3pabOTaHHON MaTeMaTHYecKOW MOJEINH, YTO BbI-
XOIMT 33 PAMKH HACTOSILLIEH CTaThH.

ABTOpCKHIi BKJIaJ

JAmutpuii JaBupoBuy I'abpudJabsH — oOmias uies MocTpoeHus: MaTeMaTndeckoit monenmn ABT.
Augexcanap EsrenseBnu KopoBkun — Teopernueckoe o6ocHoBanne ABT 6e3 pexxiuma aBToCONpOBOXKICHUSI.

Cepreii UropeBuu boiiuyk — Teopetnueckoe obocHoBanrue ABT ¢ pexxruMOM aBTOCOTPOBOXKICHHS.
Cepreii BuktopoBu4 /IBOPpHHKOB — KOMITLIOTEPHOE MOJICIHPOBAHHE.

Mapat PamugoBuy budapcoB — 06paboTka pe3ynbTaToB MOJICITUPOBAHWSL.

I'yasnapa luxmypatoBHa buéapcoBa — hopmMupoBaHue CTPYKTYpHI CTaThH.

Author’s contribution

Dmitry D. Gabrielyan, the general idea of building a mathematical model of AVT.
Alexander E. Korovkin, theoretical justification of automatic transmission without automatic tracking mode.
Sergey I. Boychuk, theoretical justification of AUTO with automatic tracking mode.

Sergey V. Dvornikov, computer modeling.

Marat R. Bibarsov, processing of modeling results.

Gulnara Sh. Bibarsova, formation of the article structure.

CrnHcok JMTepaTyphl

1. ComoB A. M., Kaberos P. B. MHoromy4eBbie
3epKaJIbHbIe aHTEHHBI: TEOMETPHS M METO/bl aHaJIN3a.
M.: Topstuas uaus-Tenexom, 2021. 256 c.

2. KopoekuH A. E., Pazmopxun . 5., HumymmH A. B.
MOHOUMITYITECHBI  OOJTydaTeNlb 3epKajbHBIX aHTEHH HA
BhICIIIMX TUMAax BoJH // AHTenHbl. 2012. Beim. 9 (184).
C. 14-18.

3. Simultaneous X/Ka-Band Feed System for Large

Earth Station SATCOM Antennas / C. Granet,
I. M. Davis, J. S. Kot, G. S. Pope, K. Verran // Military
Communications and Information Systems Conf.
(MiICIS). Canberra, ACT, Australia, 11-13 Nov. 2014.
doi: 10.1109/MilCIS.2014.7002726

4. bankos C. E., I'pubanoB A. H., Kypymmnu A. A.
DNIeKTPOOHMHAMUYECKOS MOICIHPOBAaHHE AHTCHHBIX H
CBY crpykryp ¢ ucnoms3zoBanueM FEKO. M.: One-

MaTremaTuuyeckasi MOJe/Ib AHTEHHO-BOJIHOBOHOT'0 TPAKTA C pa3/ieJieHHeM CUTHAJIOB [0 YacToTe—MoJasApu3anun 49
Mathematical Model of an Antenna-Waveguide Path with Separation of Signals by Frequency—Polarization



N3Bectns By3os Poccun. Paguosnexrponuka. 2022. T. 25, Ne 4. C. 41-51
Journal of the Russian Universities. Radioelectronics. 2022, vol. 25, no. 4, pp. 41-51

Book, 2013. 419 c.

5. I'ypckuit C. M. MaremaTuueckue MOJEIH dJie-
MEHTOB aHTEHHO-BOJIHOBO/IHBIX TPAKTOB PaJIMOJIOKAIH-
OHHBIX CHCTEM cC THOBpexaeHus MH // CoBpeMeHHbIE
HaykoeMmKue TexHojorun. 2019. Ne 2. C. 43-46.

6. Jlemuenxo B. U., Kocorop A. A., Pazmopkun 1. A.
Mertonomnorus pa3paboTKH MHOIOAMANA30HHBIX 3epKallb-
HbIX aHTeHH // AHTeHHbI. 2012, Ne 9(184). C. 4-13.

7. Radar Handbook. 3™ ed. by M. I. Skolnik.
McGraw-Hill, 2008. 1352 p.

8. Balanis C. A. Antenna Theory: Analysis and De-
sign. 3" ed. N. J.: John Willey & Sons, 2005. 1136 p.

9. Miligan T. A. Modern antenna design. 2™ ed.
N. J.: John Wiley & Sons, Inc., 2005. 632 p.

10. Volakis J. L. Antenna Engineering Handbook.
4" ed. McGraw-Hill, 2007. 1755 p.

11. Modern Antennas / S. Drabowitch, A. Papier-
nik, H. D. Griffiths, J. Encinas, B. L. Smith. Springer,
2005. 703 p. doi: 10.1007/978-0-387-26231-4

12. Camoiinenko B. U., [umos 0. A. Ympasine-
HUEe (a3UPOBAHHBIMU AHTCHHBIMHU pelIeTkaMu. M.:
Pamuo u cBs3p, 1983. 240 c.

13. Boituyk C. U., Koposkun A. E, Pasnopkun [I. 5.
AHTEHHO-BOJIHOBOJHBIE YCTPONCTBA C €IUHBIM PYIO-
POM JUII MHOTO/IMAITa30HHBIX aHTEHHBIX cucteM // Pa-
nuotexuuka. 2019. T. 83, Ne 7 (9). C. 202-208.

14. I'ant™maxep @. P. Teopus marpun. 4-e uza. M.:
Hayxka. I'n. pen. ¢us.-mar. aur., 1988. 552 c.

15. Peanuzanus cymMMapHO-pa3HOCTHOTO METOJIa
aBTOCOIPOBOXK/ICHUSI HA OCHOBE MHOTOMOZIOBOT'O 00JIy-
qarens / A. E. Koposkun, /. 5. Pasmopkun, H. B. To-
kapeBa, A. B. Illunynun // OOmue Bomp. paanosiiex-
tponuku. Pocros w//l.: ®HIIL] "PHUUPC", 2010.
Brem. 1. C. 6-11.

HNnudopmanms 006 apropax

I'adpwabsa Amutpuii JlaBupoBuy — 1okTop TexHruecknx Hayk (1997), mpodeccop (2000), 3amecTuTens HaYaIbHY-
Ka Hay4HO-TeXHH4Yeckoro komruiekca Pocrosckoro-na-Jlony HUU pagnocssizu. Arop 317 nayunsix pador. Chepa Hayd-
HBIX UHTEPECOB — AIEKTPOINHAMIEKA, YcTpoiicTBa CBY, aHTeHHBI, aHTEHHBIE PEIIETKU, KOMIUIEKCHBIE CUCTEMBI CBSI3H.
Anpec: ®I'VII "PHUUPC", yn. Harcena, 1. 130, Pocros-na-/lony, 344038, Poccus

E-mail: riirs@rniirs.ru
https://orcid.org/0000-0002-9883-8826

KopoBkun Anexkcanap EBrenbeBuu — KaHaumaT Texaumdecknx Hayk (2020), crapmmuii HAYIHBIA COTPYIHHIK
Pocrorckoro-na-lony HUUN pagmocsssu. ABrop 53 Hayusbix paboT. Cdepa HAyIHBIX HHTEPECOB — IEKTPOINHA-
MUK, ToppupoBaHHBIE pYHOPHI, yeTpolictBa CBY, aHTCHHBI.

Anpec: ®I'YIT "PHUUPC", yn. Haucena, 1. 130, Pocto-Ha-/{ony, 344038, Poccus

E-mail: riirs@rniirs.ru

Boiiuyk Cepreii UropeBuu — pykoBoautenb rpymibsl PoctoBckoro-Ha-Jony HUU paguocsszu. Astop 22
HayuHbIX paboT. Cdepa HaydIHBIX HHTEPECOB — JIEKTPOIMHAMUKA, ycTpoiicTBa CBY, aHTEHHBI.
Anpec: ®I'VIT "PHUUPC", yn. Haucena, 1. 130, Poctos-Ha-/{ony, 344038, Poccus

E-mail: riirs@rniirs.ru

JABopuukoB Cepreii BuktopoBuu — moxtop Texandecknx Hayk (2009), mpodeccop (2014) xadenpsr paano-
cBs3u BoenHoit akagemun cBs3u mMeHn Mapmrana Coserckoro Coroza C. M. Bynennoro. ABtop 417 Hay4HBIX pa-
6ot. Cdepa HaydHBIX HHTEPECOB — PAaTUOTEXHUKA, CHCTEMBI Iepedaddl M TpHeMa HH(OPMAINH, CUTHAIBHO-

KOZXOBBIC KOHCTPYKIIUH.

Anpec: Boernnas akagemus cBsi3H, mp. Tuxopenxkuii, a. 3, Cankr-IletepOypr, 194064, Poccus

E-mail: practicdsv@yandex.ru
https://orcid.org/0000-0002-4889-0001

BubapcoB Mapar PammnoBuy — kanauat texauueckux Hayk (1999), nouent (2007), crapiumii npernoaaBaresb Ka-
(enps! pamuocss3u Boennol akanemun cBsizu mmenn Mapiiana Coserckoro Coroza C. M. Bynennoro. Asrop 177 Hayu-
HBIX paboT. Cdepa HaydHBIX HHTEPECOB — CUCTEMBI IIEpeiavy 1 NpreMa HHPOPMAIMH, aJIallTUBHbIE aHTEHHbBIE CHCTEMBL.
Anpec: Boennas akanemus cBsi3u, np. Tuxoperxwuit, a. 3, Cankt-IletepOypr, 194064, Poccus

E-mail: Bibarsovmr@rambler.ru

Bubapcosa I'yapHapa IlluxmypaToBHa — KaHIUAAT Nenarorndeckux Hayk (2006), noreHTt kadeapsl BOSGHHO-
MONMUTHYECKON paboThl B BoMckax (cmimax) Boenno#t akamemun cBs3um uMmeHH Mapmana Coserckoro Coroza
C. M. bynennoro. ABtop 102 mHayunsix padot. Chepa HayIHBIX HHTEPECOB — MPaBOBOE obecneueHme HH(popMaIm-

OHHBIX 1 KOMMYHHUKAaIITMOHHBIX TEXHOJIOTHH.

Anpec: Boennas akagemus cBsi3u, mp. Tuxopenkwuid, a. 3, Cankt-Iletepoypr, 194064, Poccus

E-mail: bgsh2@rambler.ru

References

1. Somov A. M., Kabetov R. V. Mnogoluchevye
zerkal'nye antenny: geometriya i metody analiza [Mul-

tipath Mirror Antennas: Geometry and Methods of

Analysis]. Moscow, Goryachaya liniya-Telekom, 2021,
256 p. (In Russ.)
2. Korovkin A. E., Razdorkin D. Yu., Shipulin A.V.

50  MaremaTH4YecKas MOJe/Ib AHTEHHO-BOJIHOBOJJHOI'0 TPAKTA C Pa3/ie/IeHHeM CHIHAJIOB 110 YaCTOTe—[O0JIAPH3ALHI
Mathematical Model of an Antenna-Waveguide Path with Separation of Signals by Frequency—Polarization


mailto:rniirs@rniirs.ru
mailto:Bibarsovmr@rambler.ru
mailto:bgsh2@rambler.ru

H3Bectus By3oB Poccun. Pagunosnexkrponuka. 2022. T. 25, Ne 4. C. 41-51
Journal of the Russian Universities. Radioelectronics. 2022, vol. 25, no. 4, pp. 41-51

Monopulse Mirror Feed System Antennas at the Higher
Types of Waves. J. Antennas. 2012, vol. 9 (184),
pp. 14-18. (In Russ.)

3. Granet C., Davis I. M., Kot J. S., Pope G. S.,
Verran K. Simultaneous X/Ka-Band Feed System for
Large Earth Station SATCOM Antennas. Military
Communications and Information Systems Conf.
(MiICIS), 11-13 Nov. 2014 Canberra, ACT, Australia.
doi: 10.1109/MilCIS.2014.7002726

4. Bankov S. E., Gribanov A. N., Kurushin A. A.
Electromagnetic Design Antennas and Microwave
Structures with FEKO. Mow, OneBook, 2013, 419 p.

5. Gursky S. M. Mathematical Models of Elements
of the Antenna/Waveguide Paths of Radar Systems with
Damage. Modern High-Tech Technologies. 2019, no. 2,
pp. 43-46. (In Russ.)

6. Demchenko V. 1., Kosogor A. A., Razdorkin D. Ya.
Methodology for Developing Multi-Band Reflector Anten-
nas. J. Antennas. 2012, vol. 9 (184), pp. 4-13. (In Russ.)

7. Radar Handbook. 3™ ed. by M. I Skolnik.
McGraw-Hill, 2008, 1352 p.

8. Balanis C. A. Antenna Theory: Analysis and Design.
3" ed. New Jersey, John Willey & Sons, 2005, 1136 p.

9. Miligan T. A. Modern Antenna Design. 2" ed.
New Jersey, John Wiley & Sons, 2005, 632 p.

10. Volakis J. L. Antenna Engineering Handbook.
4 ed. McGraw-Hill, 2007, 1755 p.

11. Drabowitch S., Papiernik A., Griffiths H. D.,
Encinas J., Smith B. L. Modern Antennas. Springer,
2005, 703 p. doi: 10.1007/978-0-387-26231-4

12. Samoylenko V. I., Shishov Yu. A. Upravlenie
fazirovannymi  antennymi  reshetkami [Control of
Phased Antenna Arrays]. Moscow, Radio and svyaz,
1983, 240 p. (In Russ.)

13. Boychuk S. 1., Korovkin A. E., Razdorkin D. Ya.
Antenna — Waveguide Devices with a Single Horn for
the Multi-Band Antenna Systems. Radio Engineering.
2019, vol. 83, no. 7(9), pp. 202-208. (In Russ.)

14. Gantmacher F. R. Teoriya matrits [Matrix theo-
ry]. 4" ed. Moscow, Nauka, 1988, 552 p. (In Russ.)

15. Korovkin A. E., Razdorkin D. Ya., Tokareva N. V.,
Shipulin A. V. Implementation of the Sum-Difference
Autotracking Method Based on a Multimode Feed.
General Problems of Radio Electronics. Rostov-on-
Don, Federal Scientific and Practical Center "RNIIRS",
2010, vol. 1, pp. 6-11. (In Russ.)

Information about the authors

Dmitry D. Gabrielyan, Dr Sci. (Eng.) (1997), Professor (2000), Deputy Head of the Scientific and Technical Com-
plex of the Rostov-on-Don Research Institute of Radio Communications. The author of 317 scientific publications. Area
of expertise: electrodynamics; microwave devices; antennas; antenna arrays; complex communication systems.

Address: FSUE "Rostov-on-Don Research Institute of Radio Communications", 130, Nansen St., Rostov-on-Don

344038, Russia
E-mail: rniirs@rniirs.ru
https://orcid.org/0000-0002-9883-8826

Alexander E. Korovkin, Cand. Sci. (Eng.) (2020), Senior Researcher of the Rostov-on-Don Research Institute
of Radio Communications. The author of 53 scientific publications. Area of expertise: electrodynamics; corrugated

horns; microwave devices; antennas.

Address: FSUE "Rostov-on-Don Research Institute of Radio Communications", 130, Nansen St., Rostov-on-Don

344038, Russia
E-mail: riirs@rniirs.ru

Sergey 1. Boychuk, Head of the Rostov-on-Don group of the Research Institute of Radio Communications. The
author of 22 scientific publications. Area of expertise: electrodynamics; microwave devices; antennas.
Address: FSUE "Rostov-on-Don Research Institute of Radio Communications", 130, Nansen St., Rostov-on-Don

344038, Russia
E-mail: riirs@rniirs.ru

Sergey V. Dvornikov, Dr Sci. (Eng.) (2009), Professor (2014) of the Radio Communication Department of the
Military Telecommunications Academy. The author of 417 scientific publications. Area of expertise: radio technol-
ogy; information transmission and reception systems; signal-code structures.

Address: Military Telecommunications Academy, 3, Tikhoretsky Ave., St Petersburg 194064, Russia

E-mail: practicdsv@yandex.ru
https://orcid.org/0000-0002-4889-0001

Marat R. Bibarsov, Cand. Sci. (Eng.) (1999), Associate Professor (2007), Senior Lecturer of the Radio Com-
munications Department of the Military Telecommunications Academy. The author of 177 scientific publications.
Area of expertise: information transmission and reception systems; adaptive antenna systems.

Address: Military Telecommunications Academy, 3, Tikhoretsky Ave., St Petersburg 194064, Russia

E-mail: bibarsovmr@rambler.ru

Gulnara Sh. Bibarsova, Cand. Sci. (Pedagogical) (2006), Associate Professor of the Department of Military-
Political Work in the Troops (forces) of the Military Telecommunications Academy. The author of 102 scientific
publications. Area of expertise: legal support of information and communication technologies.

Address: Military Telecommunications Academy, 3, Tikhoretsky Ave., St Petersburg 194064, Russia

E-mail: bgsh2@rambler.ru

MaTremaTuuyeckas Mo/Je/Ib AHTEHHO-BOJHOBOJHOI'0 TPAKTA ¢ pa3/ieJieHHeM CUTHAJIOB 110 YacToTe-noasipu3anquu 51
Mathematical Model of an Antenna-Waveguide Path with Separation of Signals by Frequency—Polarization


mailto:rniirs@rniirs.ru
mailto:rniirs@rniirs.ru
mailto:rniirs@rniirs.ru

H3Bectus By3os Poccun. Paguosnexrponuka. 2022, T. 25, Ne 4. C. 52-62
Journal of the Russian Universities. Radioelectronics. 2022, vol. 25, no. 4, pp. 52—62

Paanosnokauus 1 pagroHaBUralys
YK 621.396.06 OpurrHanbHas CTAThS
https://doi.org/10.32603/1993-8985-2022-25-4-52-62

MopaenupoBanue popMbI 3XOCUTHAJIA PAIMOBBICOTOMEPA

M. A. bopoaun

Cankr-IletepOyprekuii rocyiapcTBEHHBIN 3JI€KTpOTeXHUUecKuid yHusepcutet "JIDTHU"
nM. B. U. Yabsuosa (Jleanna), Cankt-IletepOypr, Poccust

*boroda84@gmail.com

AHHOTALUSA

Beeoenue. Ilpn nomydenun npouist 3eMHONH HOBEPXHOCTH METOAOM JHUCTAHIIMOHHOTO 30HANPOBAHUS HCIIONb3YyeT-
csl paJMoJIOKalMOHHbIH paguoBsicoToMep (PBM). IIpu 5ToM MHQOPMAalMOHHEIM NapaMeTpoOM SIBISIETCS 3aBUCH-
MOCTb MOIIHOCTHU 3XOCHTHaJIa OT BPEMEHH, yCPEeIHEHHAs 10 COBOKYIHOCTH CEPUU 30HIUpOBaHUi. B wacTHOCTH, IO
XapaKTepUCTHKAM MPOGHIIST MOLTHOCTH OLIEHUBAIOTCS ITApaMeTPbl MOPCKON TIOBEPXHOCTH. JIJ1st pacyeTa mpoduiist MoII-
HOCTH NPU HAJMYMHM MOPCKOTO BOJIHEHHs TPeOYyIOTCSl CBEAEHMS O IUIOTHOCTH pactpeneneHus BepostHoctu ([IPB)
anmiauKatr Mopckoil noBepxHoctu. CymecTBytomue Monenu I1PB anmnukar (iuHelHas MoJiesb, MOJIENIb HA OCHOBE
ycedeHHbIX psinoB I'pama—Illapise, KoMOMHUpPOBaHHAS MOZIETH) MMEIOT M3BECTHBIE HEAOCTATKH, YTO MPUBOIUT K
omrOKaM IIpH OLCHKE [TapaMeTPOB MOPCKOW ITOBEPXHOCTH IO MPO(QUIII0 MOLTHOCTH XOCHTHaja. B pesynbrare ak-
TyalbHOM sIBIsieTCs 3amada norcka moneneil [IPB, obecreunBaromux Jiydinue pesysabTaThl ONpeeNeHUs MpoQuis
MorHOcTH. OHOM M3 TaKMX MOAENeH, paHee He MPUMEHSIBIINXCSA B pacCMaTpUBaeMOH 3a/ade, SBISIeTCS HEeIMHeH-
Has monenb Kpumepa.

Ilenv pabomsi. AnipoOupoBath HenuHelHy0 Monenb Kpumepa mins monmydenust ouenku [IPB anmimkar mopckoit
MTOBEPXHOCTH B 33/1a4€ MOJEIUPOBAHMUS PO MOIIHOCTH dX0cuTHada PBM ¢ ydeToM OfHO3HAYHON CBS3H MEXK-
2y cratuctTuueckumu napamerpamu [IPB u ckopocThio BeTpa.

Mamepuanovt u memoowt. J1ns ouenku [IPB anmmukar Mopckoil MOBEpXHOCTH BBIITOJTHEHO MaTeMaTHYECKOE MOJIENU-
poBanue B cpene MatLab nBymepHO# MOpCKOI MOBEPXHOCTH KOHEYHBIX Pa3MEPOB € MPOCTPAHCTBEHHBIM CIIEKTPOM
Onphoxeitnu I THHEHHOW Momenn u HennHelHo# Monenn Kpumepa. [lomydena 3aBUCHMOCTB TIPOQHIS MOIITHOCTH
sxocurHana PBM oT BpeMeHHU ¢ y4eTOM CKOPOCTH BETpa HaJi MOPCKOM IIOBEPXHOCTBIO U apaMeTpoB PBM.
Pezynemamur. AnpoGauust HenuHelHo# Moxenn Kpumepa mnst monmydenust ouenku [IPB amrmuimkar mopckoi mo-
BEPXHOCTH NPH MOJEIHPOBAHUH MIPOQUIS MOITHOCTH 3XxocurHana PBM nana moiokuTensHbIN pe3ynbTar. YCTaHOB-
JICHO, 4TO IpU HEOOJIBLIMX 3HAYEHHUSIX CKOpPOCTH BeTpa (1o 3 M/c) [IPB amruimkar MOpckoil TOBEpXHOCTH, MOTyUYeH-
Has TI0 HenMHeHHo# Monenu Kpumepa, moquuHseTcst rayccoBckoMy 3akoHy. [Tpu GONbIINX CKOPOCTSX BETpa MJICH-
TH(QUIIPOBATH 3aKOH PACTIPENEIICHUS HE YAaloCh, B CBA3M C UeM INPEIJIOKEHO HCIIOIb30BaTh B KadeCTBE OLCHKU
ITPB mpu pacderax BEIOOPOYHEIC THCTOTPAMMEL.

Pesynprarel pacuera nokasaju, 4To Ul HEJIMHEWHON MOJAEIU YBEIMUYEHUE JIUTEIbHOCTH 3xocurHana PBM c Bo3-
pacTaHUEM CKOPOCTH BETpa MIPOUCXOAUT MEIJIEHHEE, B cpeHeM Ha 5.47 %, ueM A1l MTMHEeHHOU Moaeny. BpemeHHoI
C/BUT TIepesHeTo (PpOHTA HXOCHTHANA Ul HEIMHEHHOW MOJIeNN OTHOCHTENILHO JIMHEWHON M3-3a TpaHC(hOpMalnuu
ITPB moxer mocturarh 70 HC, 4TO 3KBUBaJIEHTHO 10.5 M.

3axnwuenue. Vicnons3oBanne HenuHelHoI Monenn Kpumepa B 3aiade MopennpoBaHus MPOQUIT MOIIHOCTH 3XO-
curHana PBM nipu Hann4uu MOpCKOTO BOJNHEHHUSI 00€CTIEUMBACT OAHO3HAUHYIO CBSI3b MEXK/Iy CTaTHCTHYECKUMHU T1a-
pamerpamu IIPB anmnukar MOpCKOH MOBEPXHOCTH U CKOPOCTBIO BeTpa. MoJeslb pEKOMEHYETCsl K UCIIOJIb30BaHUI0
npu GOPMUPOBAHMH TEOPETHUECKOTO MPOQUIS MOIHOCTH SXOCHTHAJA, UCTIOIb3YEeMOr0 B KaueCTBE MCXOIHBIX JIaH-
HBIX TP OLIEHKE HH()OPMAITOHHBIX ITapaMeTpoB dxocuraaia PBM na stane nooopadoTku.

KaroueBblie ci10Ba: MIOTHOCTh PACIpe/esieHNs] BEPOSITHOCTH, PaJnOBBICOTOMED, MOPCKasi IIOBEPXHOCTh, HEJIMHEH-
Hast Mozenib Kpumepa, ¢popma sxocursana
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Abstract

Introduction. Radio altimeters are used for remote monitoring of the Earth and sea surface based on the signal pow-
er profile, i.e. the dependence of echo signal power vs time, averaged over a set of sounding measurements. Calcula-
tion of the power profile in the presence of sea waves requires information about the probability distribution density
(PDD) of sea surface applicates. The existing applicate PDD models (linear, Gram-Charlier, combined model) are
characterized by certain drawbacks leading to errors in assessing sea surface parameters based on the signal power
profile. In this work, the echo signal of a radio altimeter is simulated using the nonlinear Creamer model for calcu-
lating sea surface applicates.

Aim. To test the validity of the non-linear Creamer model for obtaining the PDD of sea surface applicates in the
problem of simulating the power profile of a radio altimeter echo signal while providing an unambiguous relation-
ship between the statistical parameters of PDD and wind speed.

Materials and methods. A two-dimensional sea surface of finite dimensions with an Elfohaily spatial spectrum was
simulated in the MATLAB environment based on both linear and non-linear Creamer models.

Results. Under small wind speed values of up to 3 m/s, the PDD of sea surface applicates formed by the non-linear
Creamer model obey the Gauss law. For the non-linear model, an increase in the duration of an radio altimeter echo
signal along with an increase in the wind speed was shown to be 5.47 % slower on average compared to that for the
linear model. The time shift of the leading edge of an echo signal for the nonlinear model relative to the linear mod-
el due to the PDD transformation may reach 70 ns, which is equivalent to 10.5 m. The conducted study confirmed
the validity of the non-linear Creamer model for obtaining the PDD of sea surface applicates when simulating the
power profile of a radio altimeter echo signal.

Conclusion. The non-linear Creamer model can be recommended for simulating an echo signal power profile for
use as input data when estimating the parameters of a radio altimeter echo signal at the stage of post-processing.

Keywords: probability density distribution, radio altimeter, sea surface, non-linear Creamer model, echo signal profile
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BBenenne. B HacTosmiee BpeMsi KOCMHUUECKHE
anmapatsl (KA) ocHamaroT pajaroioKaluOHHEIMH
panuoBbicoToMepamu (PBM) s pemenus neno-
ro psma 3agad AWCTAHIIMOHHOTO MOHHTOPHHTA
MTOBEPXHOCTH 3€MJIM, B TOM YHUCIIE€ SKOJIOTHUECKUX
" okeaHorpaduieckux. MaGOpMaIMOHHEIM TIapa-
meTpoM PBM sBisieTcss MOIIHOCTh 3XOCHTHAaJAa,
3aBHCHMOCTHh KOTOPOW OT BPEMEHH, YCPETHEHHYIO
10 COBOKYIHOCTH CEpWHW 30HIAMPOBAHHIA, Ha3bIBA-
10T TpouiieM MOITHOCTH. AMITTUTYAa TPOUIII
MOIIHOCTH AXOCHUTHaIa 00OpPaTHO MPOTOPIHOHAIB-
Ha CKOpPOCTH BETpa HaJ BOJHOH MOBEPXHOCTHIO, a
ero ¢dopMa COICPKHUT HHGPOPMAIHMIO O CTEIECHH

B3BOJIHOBAaHHOCTH TocieqHeld. HakioH mepeanero
¢poHTa TpO(UIST MOLIHOCTH M €r0 LIMPHHA TI0
MOJIOBUHHOMY YPOBHIO OT MakCHMyMa OTpENes-
0T 3HAYMMYIO BBICOTY MOPCKOW BOIIHBI, TIPOTIOP-
[UOHATFHYIO0 OAJUTFHOCTH MOPCKOTO BOJHEHUS [1],
[2]. U3BecTHO, YTO TPH YBEIWYECHHUH BOIHEHUS
MOPCKOW TIOBEPXHOCTH JIIUTENBHOCTh TPOGUIS
MOIITHOCTH 3XOCHTHANA yBennuuBaetcs [ 1-4].
CymecTByromuye MoJiend MpohuiIsi MOITHOCTH
axocurHana PBM [1-7] nipu BepTUKaIBHOM 30HIH-
POBaHUM MOJACTUJIAIOIIECH MOPCKOM MOBEPXHOCTH B
TOM WM MHOHN cTeneHw 0a3mpyroTcs Ha JOITyIie-
HUU, YTO UCKOMBII MPO(HITH MOIITHOCTH SIBISETCS
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CYTICPIIO3UIIUEH OTKJIMKOB HE3aBUCHMBIX JJICMCH-
TapHBIX 3CPKAIBHBIX OTpaXKaTelied B Ipenenax
00JacTi HA TIOBEPXHOCTH, OOJTYYCHHON aHTCHHOM
PBM. HecrabunbHocTs TpaekTopuu mojiera KA
CYIIIECTBEHHO HE BIMSET Ha XapaKTep PacCesHUs
PaIMOBOJH, MOCKOJBKY W3 TEOPUM PACCESHUS pa-
JMOBOJIH HW3BECTHO, YTO 3€pKAITbHOE OTpa’KeHHUE
HaOMoJaeTcs MpH OTKIIOHEHWH yTila OOMyYeHHs OT
HOopMaitu 1o 20° [1, 2].

B obmem ciaydae mpoduisr MOIIHOCTH 3XO-
CUTHajla ompejessieTcss kak mnapamerpamu PBM,
TaK M TUIOTHOCTBIO pacTpeeNieHus BEPOSTHOCTH
(ITPB) anmmmkaT MOPCKOM TTOBEPXHOCTH, YTO T103-
BOJISIET pelraTh OOpaTHYIO 3a7a9y U BOCCTaHABIIH-
BaTh NapaMeTpPbl YKa3aHHOTO pacpeaeNeHHs.

[Ipodmins MOITHOCTH dXOCHUTHANIA KakK (pyHK-
ISl BPEMEHH IPH HAJUYUU MOPCKOTO BOJHEHHSA
onpeaeisaeTcs o Gopmyse [4]

o0
P,(t)z% | WZ(%)PO(I‘—L{)du, (1)

rjIe ¢ — CKOpOCTh cBeTa B Bakyyme; W, — IIPB
aluIMKaT MOPCKOH IOBEPXHOCTH; u =2z/c; B -

npoWiIb MOIIHOCTH JXOCHTHANA I TUIOCKOM
TTIOBEPXHOCTH (IIPH OTCYTCTBHH BOJHCHHUS), TIPH-
YeM z — aluTUKaTa MOPCKOH TTOBEPXHOCTH.

W3 amammza (1) crmemyer, 9To IS pacyeTa
npouas MOIIHOCTH 3XocurHana PBM Heobxo-
MO PacIojiarath CBEJICHUSMH O 3aKOHE pacripe-
JIEJICHUS alUTUKAT MOPCKOH TTOBEPXHOCTH.

ITepBoHavanbHO B HAYYHOH JIUTEpaType B Ka-
yectBe moenu IIPB anmmukat mopckoil moBepx-
HOCTH HCTIOJB30BAJIACh JIMHEWHAs MOJIeNb Ha OC-
HOBe pacnpeaenenus ['aycca [1-3], ansa koropoit
YCTaHOBJIEHa OJHO3HAYHAs CBSI3b MEXIy CTaTH-
ctuueckuMu napamerpamu IIPB u ckopocteio
BETpa HaJ MOPCKOW MOBEPXHOCTHIO, OTpPeaesio-
el 0aJIbHOCTE MOPCKOTO BOJIHEHHS, HAIPUMEpP
o mkane bodopra. OmHako ykazaHHas MOJEITH
MO3BOJISIET TOMYYUTH JIUIIL HNPUOTIKEHHOE OIH-
CaHME CTAaTUCTHYECKHX MapamMeTpoB MOPCKOH MO-
BEPXHOCTH Ha KOPOTKOM BpPEMEHHOM HWHTEpBaje
MIPY TIOCTOSIHHOW CKOPOCTHU BETPa U HE YUUTHIBACT
HenuHelHble 3()deKThI, 00yCIOBICHHBIE B3aMMO-
JCHCTBHEM TPaBUTALIMOHHBIX M TPaBUTAIMOHHO-
KamWUTAPHBIX BOJH B TMpeneiax ydacTKa MOBEpX-
HOCTH, 00JIydaeMoro anTeHHOH PBM.

Jns1 ydeta MeXBOJTHOBBIX B3aMMOJICUCTBUN B

3a/1ayax AUCTAHIIMOHHOTO MOHUTOPUHIA MOPCKOH
MOBEPXHOCTU YAaCTO HCMONB3yIOT Mojaensb I[IPB
anIuUIMKAaT MOPCKOM MOBEPXHOCTH, MOCTPOCHHYIO
Ha OCHOBE ycedeHHbIX psanoB I'pama—Illapase. OTa
MOJIeTTh YUUTHIBACT HEITUHEWHBIC d3P(DEKTHI B 1MOJIE
MMOBEPXHOCTHBIX BOJH, OOYCIIOBJICHHBIC CIa0BIMH
MEXBOJIHOBBIMH B3auMOACHCTBUAIMU [5—8].

W3BecTHRIMM HEAOCTATKaMH 3TOH MOJEIU SIB-
JIieTCsl HaJW4YWe OTPHIATENbHBIX 3HAYeHWH Ha
KkpaeBbix yuactkax [1PB, a taxxe orpanndeHuii Ha
JOMyCTUMbIE 3HAYEHHUS AaNlUTUKaT MOPCKOH TIo-
BEPXHOCTH, B mpejenax kotopbix [IPB cmpasen-
nuBa. CrlencTBHEM YKa3aHHBIX HEIOCTaTKOB SB-
JIIIOTCS MCKaXCHHS (QOPMBI MPOGUIST MOITHOCTH
sxocurHana PBM, B 4acTHOCTH, TTOSBIICHHE B HEM
OTPHUIATEIHHBIX 3HAYCHHM.

Jlist OOpBOBI ¢ MCKaXKEHUSMH TPO(UIIST MOIIHO-
ctu sxocurraja PBM HUCHOIB3YyIOT KOMOUHHPO-
BaHHYIO MOJIEJb, KOTOpas SIBISETCS OOBheAMHEHU-
eM Mmozenu I'pama—Illapnre u moxmenu [aycca
[5-7]. B pamMkax KOMOMHUPOBAaHHOW MOJEIH OIIC-
HUBAIOTCS TapaMeTphl CHEHalbHOW AByXIIapa-
METPUIECCKON (DYHKIHUH, IJIST TOTO YTOOBI PE3yIIb-
tupytomias [IPB Obma MOHOTOHHA Ha CTBIKE IBYX
YKa3aHHBIX MOZENEH W HE WMeNla OTPUIATEeIBHBIX
3HaYeHUH B MCIOJB3YEeMOM JHalla3oHe anlUInKaT
MOpcKko# moBepxHocTH. [Iporenypa nmoadopa ma-
pamMeTpoB HEOAHO3HAUHa, TosToMy [IPB anmiukat
MOPCKOI TMOBEPXHOCTH MOXKET HCKaXaThCs, YTO
MPUBOJIUT K OINMMOKE MPHU OICHKAX PACCTOSIHUS OT
KA 1o Mopckoil moBepXHOCTH, a TaKKe MmapameT-
POB MOPCKOT'O BOJTHCHHUSI.

Takum oOpasom, 3a7ada MOTyYSHHUS KOPPEKT-
Hoit [1PB annnukaTt MOpPCKOI MOBEpXHOCTU JJO CUX
nop akryanbHa. CyllecTByeT HeMHEHHAS MOJEIb
Kpumepa, mo3Bosstomas MOIETUPOBATh peann3a-
LMW JBYMEPHOH MOPCKOM MOBEPXHOCTU C YUYETOM
HEMHEUHBIX 3()(EKTOB MPHU MEKBOJHOBOM B3au-
monetictuu [9, 10]. OmHako ampoOanus JaHHOM
MOJICTTH B 3a/1a4e MOJICIIUPOBaHUS (DOPMBI IXOCHT-
Hana PBM panee He BBINOIHAIIACK.

Llenpro HacToOsIIEH CTaTbU SBISETCS anpooda-
uusa HenmuHenHoW monenu Kpumepa mnst momyde-
Hus oueHku [IPB anmmmkat mMopckoil moBEpXHO-
CTH B 3aJja4€ MOJCTUPOBAHHS MPOQUIS MOIIHO-
ctu 3xocurnana PBM.

MopenupoBanie MOPCKOH TOBEPXHOCTH.
JInist MaTeMaTH4ecKoro MOJCITHUPOBAHUS MPOQUIIS
MOPCKOH TOBEPXHOCTH, KaK OJHOMEPHOTO, TaK H
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JByMEPHOT'O, UCIOJB3YIOT JUHEWHBIE U HEJINHEH-
Hble Mozenu. CorinacHo JUHEWHONH MOJAEIU MOp-
CKasl IOBEPXHOCTH MPEJCTABIACTCS HA0OPOM Tpo-
CTPaHCTBEHHBIX BOJH (TapMOHHK), KaXKIasi U3 KOTO-
PBIX paclpocTpaHsIeTcs HE3aBUCHMO OT Apyrux [11,
12]. AMmumuTyna KakIol HpOCTpaHCTBEHHOH rap-
MOHUKH SIBJISIETCSI HE3aBUCHMOM TayCCOBCKOM CITy-
YallHOW BEJIMYMHON C JUCIIEPCHEN, OIpeensieMoin
MIPOCTPAHCTBEHHBIM CIIEKTPOM MOPCKOTO BOJTHEHHSI.

IIpocTpaHCTBEHHBIN CIIEKTP MOPCKOTO BOJIHE-
HUS OTIpeemsieTcs Kak [9]

(K, ¢)=S(K)B(K, ¢), 2

rae K — npocTpaHCTBEHHOE BOJIHOBOE UHUCIIO; ( —
a3UMYTaJIbHBIN YTOJl MEXIy HalpaBICHUEM BeTpa
U HalpaBJI€HUEM JBIKEHHS MOPCKOH BOJIHBL

S(K) u B(K, (p) — pagualbHBIi U YIVIOBOM

CIIEKTPbI MOPCKOT'O BOJIHEHHSI COOTBETCTBEHHO.

CylIecTBYIOT pa3iIuyHble MOJAEIN NpPOCTpPaH-
CTBEHHOT'O CIIEKTpa MOpPCKOro BojHEeHus [9—11].
Jna pemieHus 3amad paccestHUsl pajMOBOJIH Ha
MOPCKOH TIOBEPXHOCTH YaCTO UCIIOJIB3YIOT MOJENb
MIPOCTPAHCTBEHHOI'O CIEKTPa MOPCKOTO BOJHEHMS
Onbdoxeinu [10], MOCKONBKY OHa IMO3BOJSIET C
OonblIell JOCTOBEPHOCTHIO MOJAEIMPOBATH KaIlnil-
JIIpHBIE MOPCKHE BOJIHBI.

PannanbHelii  CHEKTp MOPCKOTO BOJHEHMS
Onbdoxeitnm onpexnensiercs no Gopmyie [9, 10]

el st a52)]
2K v,
x [y (K)+ W, (K] pexpl-a(K)]

S(K)=

rie alezg/ vglo; vy — (asosas ckopocTb
MOPCKHMX BOMH; Wy, (K) u W (K) — dynxuun,

OIMUCBHIBAOIHNEC T'PABUTAIIMOHHYIO U KAITWUIAPHYIO
o0acTu COOTBCTCTBCHHO,

(17, 084<Q<1;
T 1.7+61gQ, 1<Q<5;

az(K)z(\/W—l)z/(zeS%),

npuyeM

-0.75

MopenanpoBanue ¢popMbI 3X0CHIHAJIa PAIHOBBICOTOMEPa
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2=9.807 M/ ¢z - I'PAaBUTALlMOHHAS IIOCTOSIHHAS;
Vgl0 — CKOpOCTH BeTpa Ha BbicoTe 10M Hax
YPOBHEM MOps; O3 = 0.08(1+4/Q3); R, — uHa
pasroHa BETPOBBIX BOJH.

@yuximn Wy, (K)u W, (K) paccunpisarotcs

Q 5_1 )
\/ﬁ a ,

2
I( K
Wy (K)ZG‘KVq) min €XP _Z(K _1] >

min

o cueayromuM dpopmyiam [9]:

-3
6-10
VB10 ex

o

Wep (K) =

rIae

10—2 [1 + ln(VBo/V(b min ):| > Va0 < V(p min »

10—2 [1 + 31n(VB()/Vq) min ):', Ve0 = Vo min »

Vpmin =0.23M/c;  Kpip =363 pan/m, npuuem
Vg0 — CKOPOCTb TPEHHUSI BETPA.

da3oBasi CKOPOCTh MOPCKUX BOJH OIPEIEsi-
eTcs chnenyronmmM odpasom [9]:

g 05K
= || = tg( KD,
Vcb \/(K—i_ pB J g( B)’

rIe o, =7434-1073 H/M — MOBEpXHOCTHOE HATSI-

JKCHHE Ha TpaHMIIE pasziena cper "BO3MyX — MOPCKast
Boma'"; pp = 10° KF/ M> — IUIOTHOCTH BOBI; D, —
TTyOMHA MODSL.

VYTI0BO# CHEKTP MOPCKOTO BOJTHEHUS ONpe/ie-

nsetcs mo gopmyde [9, 10]
B(K, ¢)= ZL[I +A(K)cos(20) ],
T

rIae

A(K) =

v 2.5 - 2.5
:tg as +4 b +a4 b min .
VB max Vo

npudeM az =0.173; Vgmax — dasoBas CKOpOCTh B

TOYKE MaKCHUMyMa paJidaIbHOTO CIIEKTPa MOPCKO-

IO BOJIHEHUS; dy = 0'13(VBO/V(1)min )



H3Bectus By3os Poccun. Pagunosnexrponuka. 2022, T. 25, Ne 4. C. 52-62
Journal of the Russian Universities. Radioelectronics. 2022, vol. 25, no. 4, pp. 52—62

HUcnons3oBanue JmHeiHOW Mopean. Co-
[JIACHO JIMHEWHOW MOJENH pacdyeT peaau3aliu
Cly4ailHOM JBYMEpPHOM MOpPCKOM MOBEPXHOCTH

Z(x, y), COOTBETCTBYIOIIIEH MOMEHTY BpEMEHH f,

MpoBOAAT B 2 dTama. Ha mepBoM 3Tame BBIYHCIS-
10T aMIUIATYAY KaKIOH MPOCTPaHCTBEHHOW rap-
MoHuKH [12]:
A(K,1)=[TI(K, 9)AK AK,, x
x|y

(Kx’ Ky)ein(K)t+

+Y* (Kx, Ky)e—imB(K)tj|’ (3)

rue K=1/K)%+K2; (pzarctg(Ky/Kx); K, n

Ky—

OCSAM X U Y COOTBETCTBEHHO; AK, u AK y — Lark

IIPOCTPAaHCTBECHHBLIC BOJIHOBBIC YHCJIA IIO

AUCKPETU3AIUN NPOCTPAHCTBCHHBIX BOJIHOBBIX YH-

cen K, u Ky COOTBETCTBEHHO; Y — CIydYailHOe

KOMIUIEKCHOE YHCJIO, BEIIECTBEHHAs! U MHUMas 4a-
CTH KOTOPOro MMEIOT rayccoBckyto IIPB c wnyme-
BbIM MaTE€MAaTHYECKUM OKUJIAHUEM M E€IUHUYHON
JMCIIEPCHER; , — KpyroBas 4YacTOTa MOPCKOMH

BOJIHEI; © — CHMBOJI KOMITIEKCHOTO COTIPSKEHHIS.

KpyroBast wactoTa BONHBI U NPOCTPAHCTBEH-
HOE BOJIHOBOE YHCIIO K CBSI3aHBI MEXAY COOOH
cootHomeHueM [11]

Op

Ps&

0y (K)= [gK| 1+ =2K? |tg(KD,). (4)

Ha BTOPOM DOJTallC BBIYUCIAIOT aNIUIUKATYy

MOpCKoii MoBepxHOCTH Z(X, ¥) ¢ MOMOIIBI0 06-

patHoro npeobpazoBanmst Dypee [12, 13]:

Z(x, v, t)=
=Re Y ¥ A(K,, Ky, t)exp[i(Kx+ K, y) ] ©)
K. K

Hcnoab3oBanne  HelUHEHHOW  MoJesn.
B xauectBe HeNMHEWHONW MOJAENIM MOPCKOM TMO-
BEPXHOCTH BbIOpaHa Mozaens Kpumepa, koTopas B
OTIMYKE OT APYTHX MOJEIEeH MO3BOJSIET YYHUTHI-
BaTh M3MEHEHHUS alIlIMKAT MOPCKOH MOBEPXHOCTH
MpH MEXXBOJHOBOM B3aMMOZCHCTBUHN, IPHUBOIS-
nrue kK n3MeHenno ¢popmel [1PB [8, 12-14].

Pacyer anmiMkatel MOpPCKOM MOBEPXHOCTU

7] (x, y) corjaacHo HenuHeHou monenu Kpumepa

SBIsETCS Oosee 3aTpaTHbIM C TOYKHU 3PCHUA 00Be-

Ma BBIYMCICHUNA. ANIUIMKATBl HEIUHEHHOU MOp-
CKOM MOBEPXHOCTU OMPENEISAIOTCA Yepe3 JBYMEp-
Hoe mpeobOpazoBanue Oypre [12, 13] mo popmyne
(5), mpu sTom BMecto A(K,,K ), 1) NOACTABISIOT

BCIIMYUHY
C(Ky Ky, t)=

N10<m exp [—i(Kxx + Kyy)],

1
ny ©

rae N — COBOKYITHOE YHUCIIO TOYEK B MOACIHUPYE-
MOM JIBYMEpPHOM MTOBEPXHOCTH;

Nom = exp{i[Kxhx (x,, 1)+ K hy, (x, », t)]} —1,

npuaeM

Xexp z(Kxx+Kyy)J}, (7)
hy (x, ¥, t) =
=Re> > {—i—yjA(Kx,Ky, £)x
K. K,
xexp[z(KxerKyy)J} ®)
OCco0EHHOCTH MOJICTTUPOBAHUS MOPCKOM IIO-

BEPXHOCTH KOHEUHBIX Pa3MepoOB U BbIOOpa ee ma-
paMeTpoB m3noxkeHBl B [8—11]. s muHeliHON M
HEIMHEHHOW Mojenell MOPCKOM TMOBEPXHOCTU H3
anammza (2)—(8) cremyeT OIHO3HAYHOCTH CBSI3U
MEXJy cTaTucTudeckumu napamerpamu IIPB an-
IUTMKAT MOPCKOW MOBEPXHOCTH M CKOPOCTBIO BET-
pa. B [9] npuBenena 3aBUCUMOCTb CpeIHEKBApa-
TUYECKOTO OTKJIOHEHHUS alIlJIMKaT MOPCKON Mo-
BEPXHOCTH OT CKOPOCTH BETpA.

MopenupoBanue IIPB annimkar mopckoi
nosepxHoctu. g nonydenus IIPB anmnwmkar
MOPCKOM TOBEPXHOCTH BBINIOJHEHO MaTeMaTHye-
CKOE€ MOJEIMPOBAHUE C HCIOJB30BAaHUEM JIMHEH-
HOW MoJienu 1 HenuHelWHoW mozaenu Kpumepa mpu
CIIEIYIOIUX MapamMeTpax: CKOPOCTh BETpa Ha BbI-
core 19.5 m — 4...8 M/c ¢ marom 2 Mm/c, Konmue-
CTBO BPEMEHHBIX pealu3ali A KaXI0i ckopo-
ctu BeTpa — 50. CkopocTh BeTpa Ha BeicoTe 19.5 M
nepecunTana Ha BbICOTY 10 M mo dopmynam u3
[9]. [anee mpu onMCcaHUU MONYYEHHBIX pe3yibTa-
TOB 3HA4YEHHUE BBICOTHI OITyCKAaETCs.

MoaenupoBanue (popMbI 3XOCHTHAJIA PATHOBLICOTOMEpPa
Simulating the Profile of a Radio Altimeter Echo Signal
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[Ipu BepTHKaATBFHOM OOJIYYEHHH MOPCKOW IO-
BepxHOCTH aHTeHHONW PBM HamGonbpmuii BKIanm B
OTpa’KECHHBIM 3XOCUTHAJI BHOCHUT 30Ha, PaHyC KO-
TOPOH OIPENENSIOT ceayommuM oopaszom [15]:

1y =~/2Hcty,,

rae H — Beicota noneta PBM; ¢ — ckopocTs cBeTa
B BaKyyMe; T, — JUINTEJIBHOCTb U3]Iy4aeMOIo UM-
yJIbCa.

ITpu H =1000 kM 1 T, =3 HC paguyc 30HBHI
1y =1342 m. Ilpu mopenupoBanuu i yno00-
CTBa T€HEpUpOBajach ABYMEpHass MopcKas IO-
BEPXHOCTh KBaApaTHOW (OpPMBI C pazMepoM
CTOpOHBI 2684 M, 4TO cOOTBETCTBYET 2ry. Llar

M3MEHCHHUsI 10 KOOPJAMHATAM X M ) MOPCKOH TO-
BEPXHOCTH BBIOpaH OJMHAKOBEIM W PaBHBIM
Ax=Ay=0.1Mm.

MoaenupoBaHue MOPCKON TOBEPXHOCTH BbI-
MOJIHEHO Ha TIEPCOHAIHFHOM KOMITBIOTEpPE C TpO-
neccopoM Intel Core 15-7400 ¢ TakTOBO# 4acTOTOM
31T u pasmepom O3V 8 I'6Gaiit. Pacuer omnoi
peanu3ali MOPCKOM MOBEPXHOCTH JIJIsl TUHEUHOU
MOJICIIH BEITIONHSIICS B cpeae MatLab 3a 3 muH, a
JUTSL HETMHEWHOH — 32 15 MuH.

Ha puc. 1-3 mpencraBiieHsl pe3ysbTaThl MO-
JIETMPOBAHUS MOPCKOH MOBEPXHOCTH, ITOJTyYeH-
HEIE TIPU CKOPOCTH BeTpa 4 M/c IJIT MOMEHTa Bpe-
menu ¢ =0. Ha puc. 1 u 2 moka3anbl (parMeHTbI
JIBYMEPHOW MOPCKOH TOBEPXHOCTH pPa3sMEpoOM

zZ, M
0.3
0.2
Z,M
0.4
0.2 10.1
03"
04 0
—0.6 -
LM 01
; -0.2
0 ;
10 -10
20 . -20 0.3
30 - - =30
40 - —40
y,Mm =50
Puc. 1. Peanuzanus 1ByMepHO MOPCKOM MOBEPXHOCTH 110 JIMHEHHON MOJIeNn
Fig. 1. Simulation of a two-dimensional sea surface using the linear Creamer model
Z, M
£ 0.3
0.2
1 0.1
0
-0.1
-0.2
7 -0.3
y»M _50
Puc. 2. Peanu3zanus AByMEpPHOM MOPCKOH MOBEPXHOCTH MO HENMHEHHON Moaenu
....... Fig. 2. Simulation of a two-dimensional sea surface using the non-linear Creamer model .
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JIuneitnas Moaenb

-0.8

Puc. 3. OnHoMepHOE ceueHre MOPCKOM MOBEPXHOCTH, IMOJyUYE€HHOM M0 JTMHEWHOU U HEIMHEHHON MOJeNsM

Fig. 3. One-dimensional sea surface profile produced by linear and non-linear models

50 x50 M. Puc. 1 nomydeH B pamkax JIHMHEHHOH
MOJIEN, puc. 2 — HenuHeWHou. [[BeToBas manuTpa
0TOOpaKaeT COOTBETCTBHE MEXKAY 3HAYCHHEM all-
IUTMKaThl MOPCKOM TOBEPXHOCTU M IIBETOM M3 Ma-
yutpel. Ha puc. 3 mokazaHo oHOMEpPHOE CEeueHHue
(parMeHTa MOPCKO# TIOBEPXHOCTHU IJIsl JIMHEHHON U
HeNuHeHoM moaeneit mpu y = 0.

ITocne renepalu 3aJaHHOTO YKCIa peaTn3alvii
MOPCKOM TOBEPXHOCTH TI0 HEJIMHEHHOW MOAeIu
Kpumepa BBIIONHSAIICS pacyeT TUCTOTPaMM IO COBO-
KYITHOCTH TIOJTYYEHHBIX 3HAYEHHH amliuInKaT MOp-
CKOI moBepxHOCTU. Jlajiee Ha OCHOBaHUH TOyUYEH-
HBIX THCTOTpaMM HAECHTU(HUIMPOBAICS 3aKOH pac-
npeneneHus. [Ipy 3TOM HCHONIB30BAICS KpUTEpUi

cornacust [Tupcona XZ ¢ ypoBHeM 3HaunMocTH 0.05.

VYCTaHOBIEHO, YTO JUIA 3HAYEHMH CKOpPOCTH
BeTpa MeHee 3 m/c [IPB moguunsieTcs: rayccoBCKo-
My 3akoHy. [Ipy OONBIIMX 3HAYCHUSX CKOPOCTH
YCTaHOBUTH NPHUHAMJIEKHOCTh K U3BECTHBIM 3aKO-
HaM paclipeJesieH!s] BEpOSITHOCTU HE yJaJoCh, MO-
ATOMY JJIsl pacUeToOB B KadyecTBe oreHoK [IPB Obuin
HCTIONIb30BaHbI BEIOOPOYHBIE THCTOTPAMMBI.

Ha puc. 4 noxazansl ouenku [IPB ammnmxat
MOPCKOI MOBEPXHOCTH Il HEIMHEHMHOW MOJEINH,
MOJTy4YeHHBIE B PE3yJIbTaTe MaTeMaTUIeCKOTO MO-
nemupoBanusa. Onenku [1PB chopmupoBansl kak
CpenHue 3HAYEHWS B TpeJieNax 3aJaHHOTO MHTEp-
Bajia ycpeaHeHus mo ocu abcmmcc. CrnexyeT oTMe-
TUTh, YTO B oTiinune oT mozenu ['pama—Illapibe
onieHka I1PB anmnukaT Mopckoil TOBEPXHOCTH HE
COJIEP)KUT OTPHUIIATEIHHBIX 3HAUCHUI U HE HYXKIa-
€TCs B [OTNOJHHUTEIbHON QWIBTpaluyd M WX
YCTpaHEeHWSL.

Ha ocHoBanuu mnomydyeHHslx oueHok IIPB
MOKHO CZETIaTh BBIBOJ, YTO NPHU yBEITUICHUN CKO-
pOCTH BeTpa pacTeT IUCHEepPCHs alIuInKaT MOp-
CKOIl TIOBEPXHOCTH, & MAaTEMATHYECKOE OXKHaHHE

4

-4 zZ, M
Puc. 4. IInoTHOCTB pacnpesiesieHus! BEpOSITHOCTEN alIuTUKaT
MOPCKO# MOBEPXHOCTH 110 HETMHEWHOW MOJIENH MTPU Pa3HBIX

CKOPOCTSIX BEeTpa

Fig. 4. Probability density distribution of sea surface applicates
produced by the non-linear model at different wind speeds

u k03 punmeHT acuMmeTpun ymeHbinatorcs. Msz-
MeHeHHUs Kod(pQUIMeHTa dKcrecca HOCIT Helu-
HEWHBI XapakTep ¢ TPEHIOM K YBEIUYCHHIO U
NeXaT B 00JacTH TOJMOKUTENBHBIX 3HAYeHUH. Ta-
kast Tpanchopmanus [IPB o0bsicHIeTCS Tem, 9TO
IIPY TIOBBIIIEHUH CKOPOCTU BETPA YBEIUYMBAETCS
HEIWHEHHOE  MEKBOJIHOBOE  B3aMMOJICHCTBHE,
npuBojsmiee K "00OCTpeHHIO" W POCTY BBICOTHI
rpebHe MOPCKOil ITOBEPXHOCTH.

[lomy4yeHHast 3aBUCHMOCTh CTaTUCTHYECKHX
MOMEHTOB DAacHpeieeHns] amlllJIMKaT MOPCKOU
MIOBEPXHOCTH OT CKOPOCTH BETPa KaueCTBEHHO
corjlacyercs C pe3yjbTaTaMH TEOPETHUECKHX HC-
ciemnoBaHui [8].

MogeanpoBanue npoguiasi MOUIHOCTH 3XO0-
curnaja PBM. B [4] mokazaHo, 9TO Ansl Y3KUX
nuarpamm HanpasiaeHHoctr (JIH) antennsr PBM ¢
IIMPUHON 10 YPOBHIO IIOJIOBUHHONW MOIIHOCTH

0 <1° u manbix orkiaoHenuit JIH oT Beprukanu
£<06)/6 TpH OTCYICTBHH MOPCKOTO BOJHCHHS

U pacueta npoduis sxocurHaia PBM ymo0OHO
HCTIONI30BATh CIEAYIONIYIO MOJIENb:
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Ry (1) =
_ _on - LR
=4 | 2F 2\/3(5 4BJ exp oml[t 8l3j
- F L/E(t—%j exp —oc(t—gij , )

rae Ay — macmrtaOHbli kodpduuument; F' — uHTe-

rpajg BEpPOSITHOCTH; [, 0, 1 — BCIIOMOTATCIIbHBIC
napaMeTpel.

BcnomoraTenbHbie TapaMeTphl OMPEIEISIFOTCS
CJIeyrOIUM 00paszom [4]:

B=(2In2)/A3,
a :(81n2)c/(9(%H),

2
n =1—41n2(a2/eo),
rae Ao — JUIMTENBHOCTh 30HIMPYIONIEr0 UMITyJbca
rayccoBckoii (hopmsl 1o yposHio 0.707; 0 — mmu-

puHa rayccosckor JIH mo ypornto 0.707; § — yr-
JIOBOE OTKJIOHEHHE Jyda aHTeHHbl PBM oT HoOp-
MaJH K 00JTygaeMoi TOBEPXHOCTH.

C y4eToM NOIy4eHHOH B pe3ynbTaTe MOJEIH-
poOBaHMS 3KCIepuMeHTaIbHON oueHku I[IPB am-
ITUKAT MOPCKOTO BONTHEHWSI, UCTIoNb3ys (1) u (9),
omnpeaeicH Ipoduiib MOIIIHOCTH 3XocurHaia PBM
MpH HAIMYUN MOPCKOTO BOJHEHHWA. [Ipn momenu-
POBaHHUM TPHHATHI CIETYIOUINE 3HAYCHHUS TTapaMeT-
poB: Ag =3nc; H=1000km; 0,=0.6"; £=0°".

Ha puc. 5 nmpuBeneHs HOPMUPOBAHHBIC 3aBU-
CUMOCTH MOIIIHOCTA 3XOCHUTHalla OT BPEMCHH.
HopmupoBka npoBegeHa OTAECIBHO AJs TMHEHHOU
U HENWHEHHON Mojeneld Ha MaKCUMAaJIbHBIC 3HA-
YeHHS TPOQUII MOIIHOCTH YXOCUTHAJA TPU CKO-
poct Betpa 4 m/c.

HpI/I AHAJIN3C PC3yJIbTATOB MOACIUPOBAHUA
JIMHEHHAs MOACIb MOpCKOﬁ IMMOBCPXHOCTU C rayc-

coBckoi I1PB ee anmimmkar HCIIONIB30BaHa B Kade-
cTBe peepeHCHOI, IOCKOIbKY AJISl He€ U3BECTHBI
napameTpsl IpOQHIsS MOIIHOCTH 3XOCHUTHAA
PBM, Bkimiovas mupuHy Npo(uiIs MOIIHOCTH U
€ro BPEMEHHYIO 3a/IeP)KKy OTHOCHUTEIBHO MOMECH-
Ta BpeMeHH 2H /c. IIOrpenHOCTH OLICHKH BpeMe-

HU 3ala3fblBaHUs. U 3HAYMMOM BBICOTBI MOPCKOM
BoJiHbl PBM 1ipu uCnonb30BaHUU JIMHEWHONH MO-
JIEJTH TPECTaBICHBI B [4].

W3 ananusa puc. 5 cnenyer, 4To MpH yBeIude-
HUM MOpPCKOTO BOJIHEHHs1 TpaHcgopmauus [1PB
anIUIMKAT MOPCKOTO BOJHEHUSI MIPUBOJUT K U3MeE-
HeHHI0 (popMBI TepeaHero (¢poHTa 3XOCUTHANA
PBM, a Tak:xe K yMEHBIIICHUIO €r0 aMILIUTYIbl.

MogensHbiii poduiis 3xocurHaga PBM  wc-
MOJNB3YIOT MPH OIeHKEe MH()OPMATHBHBIX Tapamer-
POB (HampuMep, BpEMEHH 3ara3bIBaHus M 3HAYH-
MOH BBICOTBI MOPCKOM BOJIHBI) Ha 3Tane Aoo0pa-
60tk [4]. OueHKH Moy4aloT B pe3ysbTaTe CTaTH-
CTHUYECKOM MOJATOHKM IapaMeTpPOB MOJEIBHOTO
npoduisa sxocuraanoB PBM no kputepuio moctu-
YKEHHS €r0 MaKCHMaJIBHOTO CXOZCTBA C TIOCIIEA0BA-
TENBHOCTHIO HAOMIOAAEMBIX OTCYETOB 3XOCUTHAJIOB
METOZOM MaKCHMAJIbHOIO mpaBionofaodus [4].
CrnenoBarennsHO, M3MEHEHUsI (OpMBI MOJEITBHOTO
npoduiiss MomHOCTH 3XxocurHana PBM, oOycios-
JIeHHbIE UcHoJb30BanueM Moxaenu [IPB ammiukar
MOpPCKOW TOBEPXHOCTH, HEKOPPEKTHO OIHCHIBAO-
el hu3uyeckre mpoLecchl B3auMOACHCTBUS MOP-
CKHX BOJIH, IPUBOJIAT K OMIMOKaM TpU OIIEHKE yKa-
3aHHBIX HHPOPMAIIMOHHBIX TAPAMETPOB.

B xauectBe mpumepa Ha puc. 6 MOKa3aHbI
HOPMHUPOBAaHHbIE Ha MaKCHUMAaJlbHOE 3HAUYCHHE 3a-
BHCHMOCTH MOIIHOCTH 3XOCUTHalIa OT BPEMCHU
st ckopoct Betpa 4 m/c. Ilpodunm mourHoCTH
9XOCHUTHAJA M0 JIMHEWHON U HEIMHEUHON MOJIEeTIsIM
Ha puc. 6 CIBUHYTHI IO OCH abciuce TakuM o0pa-
30M, YTOOBI OHH TIEPECEKATHCH B TOUKE C KOOPIH-
natamu (0; 0.5).

F. HOpM F. HOPM F. HOpM
0.8 0.8 v =6 M/ 0.8~ v =8 /e
0.6 0.6 0.6/
0.4 0.4 0.4
0.2f 02 ~—<_ 0.2 /\ﬁ
L I nhear— ey
0 01 02 03 04 fwmke 0 01 02 03 04 fwmxe 0 01 02 03 04 1 mxc

Puc. 5. HopmupoBaHHbIe 3aBUCUMOCTH MOITHOCTH 9XOCUTHAJIa OT BPEMEHHU IIPU Pa3HBIX CKOPOCTSX BeTpa. CIUIOIIHbIEC TUHUN —
JUISL TMHEWHOM MOJIeNH; IITPUXOBBIE JIMHUU — JJIs1 HETUHEHHOM Moenn

Fig. 5. Normalized power echo signal dependence vs time at different wind speeds. Solid line — the linear model; dashed line —
the non-linear model
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rmax

B/,

| | | | | |
-1 -0.75 -0.50 025 0 025 0.50 0.75 ¢t HC

Puc. 6. HopmupoBaHHbIE 3aBHCHMOCTH MOILITHOCTH
9XOCHUT'Hala OT BpeMeHH. CIUIOIIHAs JTUHUS — IMHEHHas
MOJI€lNb; TPUXOBast IMHUA — HeNUHEHas MOJIeNnb

Fig. 6. Dependences of the normalized power echo signals vs
time. Solid line — the linear model; dashed line — the non-
linear model

[Ipu wucnonp30BaHUM HENMHEHMHOW MOJIEIU
KpyTH3Ha TiepeaHero (GpoHTta mpoduias dXOCUTHA-
sna PBM ymenblaercs, 4To NPUBOJUT K YBEJIHYE-
HUIO TOTPENIHOCTH OLIEHKM BPEMEHHM 3ara3jblBa-
HUSI 5XOCUTHaJa TPU HUCIOJIb30BAHUM Pa3IMUYHBIX
QITOPUTMOB OLIGHKH, TaKUX, KaK IMOPOTOBBIA ail-
TOPUTM W METOJI MaKCHMAJILHOTO IMPaBAOIIOA00HS
B COUYETAHUU C CTATUCTUYECKOU MOATOHKOM.

Kpome pasHoOli KpyTH3HBI IepeaHero (poHTa
npo¢uist sxocurnana PBM i nuHelHOH 1 Heu-
HEWHOW MOened TakxKe HaONIONACTCs pa3liudHas
MMpUHA TPOMWIT MOITHOCTA W €r0 BpPEeMEHHOU
C/IBUT OTHOCUTEIILHO MOMEHTA BpeMeHu 2H /c.

BeinosnHeHa oneHKa IMPUHBI TPOQUIS MOLI-
HocTH 3xocurHana PBM no yposato 0.5 ot mak-
cuMyMa Af, a TakXe OLIEHKa BPEMEHHOI'O CIBHUTra

MEXIy NPOQWIIMUA MOIIHOCTH HDXOCHTHaNa At,

MOJYyYCHHBIMU 110 JIMHEWHOW W HEJIMHENHON MO-
JIEJIsIM MOPCKOM MOBEPXHOCTH AJISI CKOPOCTEH BET-

AT, HC
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Puc. 7. 3aBICUMOCTB 3aIepXKKH MKy TPOGUISIMA MOIITHOCTH

axocurHaioB PBM, nomyyeHHbIMU 110 JIMHEHHON W HENTMHEHHON
MOJIETISIM MOPCKOH TIOBEPXHOCTH, OT CKOPOCTHU BETPa

Vg, M/C

Fig. 7. Dependence of the delay between the power profiles of
echo signals obtained by the linear and non-linear sea surface
models vs wind speed

pa B auana3oHe ot 4 mo 8 m/c ¢ marom 1 m/c. s
OIICHKH BPEMEHHOTO C/IBHTA HCIIONB30BAHBI TOUKH
Ha nepegHeM (POHTE HXOCUTHANIOB 1O YpoBHIO 0.5
OT MakcuMyma. Pe3ylibTaThl OLIEHOK MPHUBEICHBI
Ha puc. 7 ¥ 8, T/ie MapKepaMu 0003HAYCHBI TOUKH,
B KOTOPBIX BBITIOJIHEH pacdeT (COSAMHUTEIBHEIC
JTUHUH UMEIOT WITIOCTPATUBHOE 3HAUCHNE).
BpeMeHHéﬁ CIBUT TIepeaHero (hpOHTA IXOCHT-
Haja JJIs HeIUHEHHONW MOJEIN OTHOCUTENBHO JIM-
HEHWHOM, BO3HUKAIOMIMKA u3-3a m3McHeHus IIPB,
BO3pacTaeT NpH YBEIWYCHUH CKOPOCTH BETpa H
MoxkeT gocturatb 70 HC, 4YTO 3KBUBAJICHTHO
10.5 M. Jlna HENMHEHHONW MOJEIH POCT LIMPUHBI
sxocurHana PBM npoucxoaut MenjieHHee, B
cpemaeM Ha 5.47 %, 4eM I TUHESHHOW MOJICITH.
Pe3ymprarel MomenupoBaHUS MOKa3ajH, YTO
BPEMEHHOM CIBHT IPOQHIIT MOIIHOCTH 9XOCHTHa-
Ja OTHOCHTEJIBHO MOMEHTAa BpeMeHH 2H/c mis

HETUHEHHOW MOJETN MOXKET CYLIECTBEHHO IIpe-
BBIIIATh CABUT A JuHeWHON Mmoxenu. lllupuna
npoduias MOIIHOCTH 3XocurHanoB PBM mns He-
JIMHEHOW MOJENM HE MpeBbIIIAECT MIMPUHY IS
JIMHEHHOR Monenu. DTOT (akT HEOOXOAUMO yUH-
THIBaTh NPU YCTAHOBKE Pa3MEpPOB CIESIIET0 OKHA
it paboTel PBM B peskuMe Clie)KeHHUS 32 BpEMEH-
HBIM TTOJIOKEHHEM IPUHIMAEMBIX 3XOCHTHAIIOB.
3aknaoueHue. BBIMONHEHO MaTeMaTHYECKOE
mojenupoBanue [IPB anmiukar MOpCKOW Tmo-
BEpPXHOCTU JUIsl HenuHenHod wmopaenu Kpumepa
MIPH HATMYUH MOPCKOTO BOJHEHHS. Y CTaHOBJIEHO,
YTO IIPH 3HAYCHHUIX CKOPOCTH BeTpa a0 3 M/c IIPB
amnTUINKaT MOPCKOM MOBEPXHOCTH, MOTydaeMas o
HEJIMHEMHON MOJIEH, TOJYUHSIETCS TayCCOBCKOMY
3aKoHy. MnmeHTHHUIMpOBaTh 3aKOH pacmlperere-

At, HC .
Tuneiinas .
0.17— Momenb . .
N\ Henunetinas
o MOJIENh
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Puc. 8. 3aBUCUMOCTb UIMPUHBI POGHUIIST MOIIIHOCTH
sxocursana PBM ot ckopoctu BeTpa At TUHEHOM 1
HEJIMHEHHOM MoJienel MOpCKOl MOBEPXHOCTH

Fig. 8. Dependence of the width of the echo signal power
profiles obtained by the linear and non-linear sea surface
models vs wind speed
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HUS JU1s OONBIIMX 3HAYEHHII CKOPOCTH BETpa HE
yaaioch, MO3TOMY IMPU pacyeTax B KauecTBe
oueHku uckomoii [IPB mcmonb3oBaHbl BEIOOpOU-
HBIE TUCTOTPAMMBI.

BeimonHeH pacueT npoduiist MOITHOCTH 3XOCHT -
Hana PBM i HenuHeHOM Moaeny pyu UCIIONb30-
BaHUM MOMY4YeHHBIX oleHok [IPB amrmimkatr mop-
CKOI MOBEPXHOCTH, a TAKKe I JIMHEHHOU MOJIEIHN
MOPCKOM TOBEPXHOCTH, JaHHBbIE OT KOTOPOM HC-
TIOJTE30BAHBI B KadecTBe pedepeHCHBIX. Pe3ymbrars
pacyeToB MO3BOJIAIOT CAETIATh BBIBOJ O KOPPEKTHO-
CTH UCTIOJIb30BAHNUS HEJIMHEHHON MOJIENH.

Takum oOpazom, anpobarwsi HETHHEHHONW MO-
nenu Kpumepa s nonyueHus ouenku [1PB am-

IUTMKAT MOPCKOW NMOBEPXHOCTH B 33Jla4€ MOJEIH-
poBaHus TPOdUIST MOIIHOCTH 3XocurHama PBM
JlaJia OJOXKUTENIbHBIN pe3yNbTar.

Wcnons3oBanne HenmuHeHOM Mozenu Kpumepa
IUIS. MOJICNTMPOBaHUS MPO(UIIS MOIIHOCTH XOCHUT-
Hana PBM npu Hammuuu MOpPCKOIO BOJHEHMS
o0ecrieunBaeT OIHO3HAYHYIO CBS3b MEXIy CTaTH-
ctuyeckuMu mapamerpamu [IPB anmnukar mop-
CKOM TMOBEPXHOCTH U CKOPOCTHIO BeTpa. Mojenb
PEKOMEHTyeTCsS WCIONB30BaTh s (OpMHUpPOBa-
HUSl UCXOAHBIX JTAHHBIX TPU OIIEHKE WH(OpMAaI-
OHHBIX TIapameTpoB 3xocurHasia PBM Ha srtane
TI000PabOTKH.

Cnucox JuTepaTryphbl

1. Brown G. S. The average impulse response of a
rough surface and its applications // IEEE Trans. on
Ant. and Prop. 1977. Vol. AP-25, iss. 1. P. 67-74. doi:
10.1109/TAP.1977.1141536

2. Hayne G. S. Radar altimeter mean return wave-
form from near-normal-incidence ocean surface scatter-
ing // IEEE Trans. on Ant. and Prop. 1980. Vol. AP-28,
iss. 5. P. 687-692. doi: 10.1109 /TAP.1980.1142398

3. DXOCHTHANl CITyTHHUKOBOTO BBICOTOMEpA C yue-
ToM JormiepoBckoro paccesaus / JI. C. BopoBuikui,
A. E. XKecrepes, B. I1. Unatos, P. M. Mamuyp // U3B. By-
30B Poccun. Pagnoanexrponnka. 2017. Ne 3. C. 46-52.

4. Onenka mapaMeTpoB dXOCHUTHAJIA CIyTHUKOBOI'O
BBICOTOMEPA METOJIaMH CTATHCTUYCCKOW IMOJATOHKU Ha
craguu noobpaborku / JI. C. boposunkmii, A. E. XKe-
crepes, B. II. Unaros, P. M. Mamuyp // U3B. By30B
Poccun. Pammosnektponmka. 2019. T. 22, Ne 1.
C. 5-16. doi: 10.32603/1993-8985-2019-22-1-5-16

5. TlokazeeB K. B., 3aneBanoB A. C., IlycToBoii-
tenko B. B. MogenupoBanue (HopMbl OTpa)keHHOTO
nMmIynsca paguoanbtumerpa // BMY. Cep. 3. ®dusuka
3emutd, atMocdepsl, ruapocdepsl. 2013. Ne 5. C. 80-85.
doi: 10.3103/S0027134913050135

6. 3amesamoB A. C. K pacuery popMbel ummyisca
paMoAbTUMETPA, OTPAKEHHOTO OT MOPCKOW TOBEPX-
HoctH // XKypH. pamnosnekrponuku. 2016. Ne 11. 14 c.

7. 3aneBanoB A. C., ITycroBoiitenko B. B. Briusaue
HEJTMHEWHOCTH MOPCKHX BOJH Ha PE3yJIbTAThI PajHo-
albTUMETpUIecKuX m3MepeHuit / CoBpeMeHHbBIE Tpo-
OJIeMbI JUCTAHIIMOHHOTO 30HAMPOBAHMS 3eMIJIM U3 KOC-
moca. 2013. T. 10, Ne 1. C. 34-48.

8. Nouguier F., Guerin C. A., Chapron B. Choppy
wave model for nonlinear gravity waves // J. of Geo-
physical Research. 2009. Vol. 114, iss. C9. 16 p. doi:
10.1029/2008JC004984

9. Bourlier C., Saillard J., Berginc G. Intrinsic in-
frared radiation of the sea surface // Progress in electro-
magnetics research. 2000. Vol. 27. P. 185-335. doi:
10.2528/PIER99080103

10. A unified directional spectrum for long and shot
wind-driven waves / T. Elfouhaily, B. Chapron,
K. Katsaros, D. Vandemark // J. of Geophysical Re-
search. 1997. Vol. 102, iss. C7. P. 15781-15796. doi:
10.1029/97JC00467

11. Johnson J. T., Toporkov J., Brown G. A Nu-
merical study of backscattering from time-evolving sea
surfaces: comparison of hydrodynamic models // IEEE
Trans. On GeoScience and Remote Sensing. 2001.
Vol. 39, iss. 11. P. 2411-2420. doi: 10.1109/36.964977

12. Sun R.-Q., Zhang M., Wang C. Scattering
Analysis for Ship Kelvin Waves on Two-Dimensional
Linear and Non-Linear Sea Surfaces // Progress in Elec-
tromagnetic Research B. 2013. Vol. 52. P. 405-423. doi:
10.2528/PIERB13041807

13. Time-varying ocean-like surface scattering at
grazing incidence: numerical analysis of doppler spec-
trum HF/VHF/UHF Bands / Y. Hou, B. Wen, C. Wang,
Y. Yang // Intern. J. of Ant. and Prop. 2019. Vol. 2019.
15 p. doi: 10.1155/2019/5363264

14. Improved linear representation of ocean surface
waves / D. Creamer, F. Henyey, R. Schult, J. Wright //
J. of Fluid Mechanics. 1989. Vol. 205. P. 135-161. doi:
10.1017/S0022112089001977

15. Satellite Altimetry / D. B. Chelton, J. C. Ries,
B. J. Haines, L.-L. Fu, P. S. Callahan. San Diego:
Academic Press, 2001. 132 p. URL:
https://www.researchgate.net/publication/281019054 S
atellite _altimetry (mara obpamienus 01.06.2022)

HNudopmanus 06 aBTope

Bopoann Muxaua AHaTOJIbeBHY — KaHIWJAT TeXHUYeCKWX Hayk (2011), goueHT kadenpsl paguoTeXHHUe-

ckux cucreM Cankr-llerepOyprckoro

TroCy1apCTBEHHOTO

3JIeKTpOTeXHUUecKkoro yHuBepcutera "JIOTH"

nMm. B. U. ViesHoBa (Jlenuna). ABtop 30 Hay4HsIX paboT. Chepa HHTEpECOB — paAnoIOKaNNs, PACIPOCTPAHEHNE 1

MopenanpoBanue ¢popMbI 3X0CHIHAJIa PAIHOBBICOTOMEPa

Simulating the Profile of a Radio Altimeter Echo Signal


https://doi.org/10.3103/S0027134913050135
https://doi.org/10.1017/S0022112089001977

H3Bectus By3os Poccun. Pagunosnexrponuka. 2022, T. 25, Ne 4. C. 52-62
Journal of the Russian Universities. Radioelectronics. 2022, vol. 25, no. 4, pp. 52—62

paccesHIe paIiOBOIH, PaJHOTEXHIIECKNE CHCTEMBI MOHUTOPUHIA OKPY’KAIOIIEH CPEIbl.
Anpec: Cankr-IlerepOyprckuii rocy1apcTBeHHBIN d1ekTporexHuueckuid yausepeuret "JIDTU" um. B. U. YabsHo-
Ba (JIenuna), yn. [Ipog. [Tomnosa, 1. 5 @, Cankr-IleTepOypr, 197022, Poccus

E-mail: boroda84@gmail.com
http://orcid.org/ 0000-0002-5237-9118

References

1. Brown G. S. The Average Impulse Response of
a Rough Surface and Its Applications. IEEE Trans. on
Ant. and Prop. 1977, vol. AP-25, iss. 1, pp. 67-74. doi:
10.1109/TAP.1977.1141536

2. Hayne G. S. Radar Altimeter Mean Return Wave-
form from Near-Normal-Incidence Ocean Surface Scat-
tering. IEEE Trans. on Ant. and Prop. 1980, vol. AP-28,
iss. 5, pp. 687-692. doi: 10.1109/TAP.1980.1142398

3. Borovitsky D. S., Zhesterev A. E., Ipatov V. P.,
Mamchur R. M. The Space-Based Altimeter Echo-
Signal when Doppler Scattering is taken Into Account.
J. of the Russian Universities. Radioelectronics. 2017, no. 3,
pp. 46-52. (In Russ.)

4. Borovitsky D. S., Zhesterev A. E., Ipatov V. P.,
Mamchur R. M. Estimation of Satellite Altimeter Echo-
Signal Parameters by Statistical Fitting Methods in the
Course of Retracking. J. of the Russian Universities. Ra-
dioelectronics. 2019, vol. 22, no. 1, pp.5-16. doi:
10.32603/1993-8985-2019-22-1-5-16 (In Russ.)

5. Pokazeev K. V., Zapevalov A. S., Pustovoy-
tenko V. V. The Simulation of a Radar Altimeter Re-
turn Waveform. Moscow University Physics Bulletin.
2013, no. 5, pp. 420—-425.

6. Zapevalov A. S. Calculation of Return Radioaltim-
eter Waveform, Reflected From the Sea Surface. J. of
Radio Electronics. 2016, no. 11, 14 p. (In Russ.)

7. Zapevalov A. S., Pustovoytenko V. V. Influence
of Non-Linearity of Sea Waves on the Results of Radio
Altimeter Measurements. Sovremennye problemy dis-
tantsionnogo zondirovaniya Zemli iz kosmosa. 2013,
vol. 10, no. 1, pp. 34-48. (In Russ.)

8. Nouguier F., Guerin C-A., Chapron B. Choppy
Wave Model for Nonlinear Gravity Waves. J. of Geo-

physical Research. 2009, vol. 114, iss. C9, 16 p. doi:
10.1029/2008JC004984

9. Bourlier C., Saillard J., Berginc G. Intrinsic In-
frared Radiation of the Sea Surface. Progress in Elec-
tromagnetics Research. 2000, vol. 27, pp. 185-335. doi:
10.2528/PIER99080103

10. Elfouhaily T., Chapron B., Katsaros K.,
Vandemark D. A Unified Directional Spectrum for
Long and Shot Wind-Driven Waves. J. of Geophysical
Research. 1997, vol. 102, iss. C7, pp. 15781-15796.
doi: 10.1029/97JC00467

11. Johnson J. T., Toporkov J., Brown G. A Nu-
merical Study of Backscattering from Time-Evolving
Sea Surfaces: Comparison of Hydrodynamic Models.
IEEE Trans. On GeoScience and Remote Sensing. 2001,
vol. 39, iss. 11, pp. 2411-2420. doi: 10.1109/36.964977

12. Sun R.-Q., Zhang M., Wang C. Scattering
Analysis for Ship Kelvin Waves on Two-Dimensional
Linear and Non-Linear Sea Surfaces. Progress in Elec-
tromagnetic Research B. 2013, vol. 52, pp. 405-423.
doi: 10.2528/PIERB13041807

13. Hou Y., Wen B., Wang C., Yang Y. Time-
Varying Ocean-Like Surface Scattering at Grazing In-
cidence: Numerical Analysis of Doppler Spectrum
HF/VHF/UHF Bands. Intern. J. of Ant. and Prop. 2019,
vol. 2019, 15 p. doi: 10.1155/2019/5363264

14. Creamer D., Henyey F., Schult R., Wright J.
Improved Linear Representation of Ocean Surface
Waves. J. of Fluid Mechanics. 1989, wvol. 205,
pp. 135-161. doi: 10.1017/S0022112089001977

15. Chelton D. B., Ries J. C., Haines B. J.,
Fu L.-L., Callahan P. S. Satellite Altimetry. San Diego,
Academic Press, 2001, 132 p. Available at:
https://www.researchgate.net/publication/281019054 S
atellite _altimetry (accessed 01.06.2022)

Information about the author

Mikhail A. Borodin, Cand. Sci. (Eng.) (2011), assistant professor of the Department of Radio Engineering Sys-
tem of Saint Petersburg Electrotechnical University. The author of 30 scientific publications. Area of expertise: ra-
diolocation, propagation and scattering of radio waves, radio engineering system for ecology monitoring.

Address: Saint Petersburg Electrotechnical University, 5 F, Professor Popov St., St Petersburg 197022, Russia

E-mail: boroda84@gmail.com
http://orcid.org/ 0000-0002-5237-9118

MopeanpoBanue GopMbI 3X0CHTHAJIa PATHOBBICOTOMEPa

Simulating the Profile of a Radio Altimeter Echo Signal


https://doi.org/10.1017/S0022112089001977

H3Bectns By3os Poccun. Pagnosnexrponuka. 2022. T. 25, Ne 4. C. 63-71
Journal of the Russian Universities. Radioelectronics. 2022, vol. 25, no. 4, pp. 63-71

Radar and Navigation
UDC 621.391 Original article
https://doi.org/10.32603/1993-8985-2022-25-4-63-71

Estimating Disturbance Torque Effects on the Stability
and Control Performance of Two-Axis Gimbal Systems

Ngoc Hung Nguyen ™, Van Phan Do, Hoa Tien Vu

Le Quy Don Technical University, Hanoi, Vietnam

Bhungnn@lthu.edu.vn

Abstract

Introduction. Two-axis gimbal systems are applied for stabilizing and controlling the line of sight (LOS) of an opti-
cal or imaging system mounted on a moving vehicle. Gimbal systems are intended to isolate various disturbance
torques and control the LOS toward the direction of a target. Two-axis gimbals can be of two main types, namely
Yaw-Pitch and Swing-Roll type. In this article, we focus on investigating mathematical models of two-axis gimbals,
which describe the impact of cross-disturbance torques on their stability and control performance. Simulations were
conducted to compare advantages and disadvantages of the two types of two-axis gimbals.

Aim. To study mathematical models describing the impact of cross-disturbance torques on the stability and control
performance of two-axis gimbals.

Materials and methods. Mathematical models of two-axis gimbal systems were synthesized by the Lagrange meth-
od. The operation of two-axis gimbal systems was simulated in the Matlab-Simulink environment.

Results. Mathematical models and structural diagrams of the synthesized Yaw-Pitch and Swing-Roll gimbals were
obtained. The conducted simulations of typical cases revealed different cross-disturbance effects.

Conclusion. Motion equations for Swing-Roll and Yaw-Pitch gimbals were derived using similar methodology. The
impact of cross-disturbance torques on gimbal systems was evaluated. The obtained results form a basis for selecting
an optimal structure of tracking systems meeting the desired characteristics.
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Introduction. Stabilization and line-of-sight
control systems installed in optical devices, such
as cameras or optical sensors, have found wide
application [1]. These systems comprise a gimbal,
an inertial angular rate and angle sensor, and a
control subsystem. Accordingly, the selection of
an appropriate gimbal architecture for specific
application domains has a significant influence
on the system's ability to stabilize and control the
line of sight (LOS). In practice, three types of
gimbal systems are commonly used: three-axis
gimbals [2], Yaw-Pitch two-axis gimbals [3], and
Swing-Roll two-axis gimbals [4]. Although ex-
hibiting the highest stability [5], three-axis gim-
bals are complex in structure and are applicable
in systems covering a relatively large space.
Therefore, two-axis gimbals are used in devices
having restrictions on mass and size, e. g., an im-
aging gimbaled seeker [6, 7]. Compared to
Swing-Roll gimbals, Yaw-Pitch two-axis gimbals
are controlled by two independent channels ac-
cording to the cartesian coordinate system, which
fact determines their popularity [8—11]. This is
consistent with the process of tracking an object
along two axes on a camera image. Swing-Roll
gimbals control the polar coordinate system,
therefore requiring conversion of the camera's
coordinate system into the gimbal's coordinate
system [6]. However, according to [4], Swing-
Roll systems outperform Yaw-Pitch systems in
terms of expanded field of view. The selection of
an appropriate gimbal structure for particular
purposes depends on its ability to separate the
carrier' movements from the optical axis. There-
fore, research into the impact of disturbance tor-
ques on the stability and control performance of
various two-axis gimbal systems presents a rele-
vant task.

In this paper, we investigate the applicability
of various gimbal types for space-limited seeker
systems. In this regard, we focus on comparing
the impact of disturbance torques on the above-
mentioned two-axis gimbal types.

The paper is organized as follows. First, we

Fig. 1. Structure of Swing-Roll gimbal

disturbance torque effects on the stability and control
performance of the two-axis gimbals under study are
presented. Finally, the conclusions are drawn.
Mathematical models of two-axis gimbals.
Yaw-Pitch two-axis gimbal. The architecture
of a Yaw-Pitch 2-axis gimbal is presented in
Fig. 1, which shows two axes of rotation in eleva-
tion and azimuth channels. The azimuth channel

(Yaw) is a channel that rotates around the Z, axis
of the connected coordinate system with a rotation
angle 3. The elevation channel (Pitch) is a channel
rotated around the Y, axis of the seeker's coordi-
nate system with a rotation angle €. The designa-
tions used in Fig. 1 are as follows:

Xb, b’Zb —  body
(Body - B);

X,.Y,,Z, — coordinate system of the homing
head (Head — H);

X},Y,,Zy,— coordinate system of the azimuth

frame (Yaw —Y).
Accordingly, the directional cosine matrix
converted from the body coordinate system to the

coordinate  system

azimuth frame coordinate system is C;, while
that converted from the azimuth frame coordinate

system to the homing head coordinate system is C)}f :

construct mathematical models of two-axis gimbal cosp  sinB 0

systems. Secondly, a structural analysis of the CY =| —sinp cosp 0|:

gimbal systems under study is carried out. Thirdly, b ’

the simulation, evaluation, and comparison results of 0 0 1
—————— T o T T T T TR S e

of Two-Axis Gimbal Systems
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cose 0 -—sing
ci=[ 0o 1 0 | (1)
sine 0 cose

Let the inertial rotational rate of the coordinate
systems along its axes be:

COE/]:[Pb Qb Rb]T; mg/l=[ph qh rh]T

and mi/lz[py q, ry]T.

Then, the speed vector of inertia angle that is
represented in the azimuth frame will take
the form:

o =Clof+[0 0 ] @)

And the speed vector of inertia angle that is
represented in the elevation frame will be:

oj =Coy, +[0 ¢ o] . 3)

Let the matrix of the inertia moment of the el-
evation frame take the form, respectively:

Iy Ty Ji
Jy =y Iy i s
_Ji}Z J))}/Z J;_
EA
Jy = )}cly J )}/l J )}/lz
JL Jy I

The angular momentum is given by the ex-
pression H =Jw . Then, the equation for a rotation
moment with respect to the elevation frame will
take the form

= 2uP oY

> v /IHP . (4)

By substituting (1), (2) and (3) into (4) and as-
suming that the gimbal’s texture is rigid, the fol-
lowing expression can be obtained after a few
transformations

J;lqh =Ty+(‘]£_J)lcl)phrh+'])lclz(p]’21_rl12)_

- J)})lz(’;h —Phqh)—Jffy(Ph —-qp),  (5)

where T), is the sum of torques acting on the ele-

vation frame system. In the absence of other dis-
turbance torques (such as friction), this is the
torque produced by the motor. On the right side of
expression (5), the components containing the
moment of inertia describe cross-channel connec-
tions in the presence of movement along other ax-
es. Therefore, expression (5) can be considered as
a complete form modeling the elevation frame dy-
namics. When substituting (3) into expression (5),
the disturbance components arising due to cross
disturbance are calculated by the formula:

TDZTB+TC’ (6)

where

ho. h .
Ty =—(Jyz sing +Jy,, coss)(py +qyry)+
h h
+(Jyz cose+Jy, sms)pyqy +

+[(Jf —Jh )cos(Zs) —2J" sin(28)}pyry +

%[(Jg —7")sin(26)- 27", cos(2¢) | p2: ()

h h :
Te =(ny sing+.J), coss)ry +

20 -t sintan) -2 cost20) ). 0

This finding shows that cross-disturbance com-
ponents persist even in the absence of the system's

movement. Hence, when B, =0; O, =0; Ry =0,
then 75 =0 according to (2). However, due to

ry #0; therefore, T- # 0. It can be seen from Tp

and T~ that, provided that the gimbal system en-

sures absolute symmetry that

ny =J;’Z =J§’Z) and J)}: =J§’, then there will be

(mean

no cross-disturbance components 7, =0. Howev-

er, the absence of any cross disturbance is almost
impossible to observe in practice, including in
two-axis gimbal systems. Consequently, these
components should always be calculated in order
for their negative impact to be eliminated.

The formation of a dynamic model for the az-
imuth channel (Yaw) is preformed similarly to the
approach described above. According to [3],
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Jyl;'yZTZ+Td1+Td2+Td3, (9)
where
JY =02 +J"sin? e+ J" cos® e -
—J" sin? (2¢); (10)

T =[J}C’ +J" cos? &+
+J§lsin28—J£Zsin28]pyqy; (1)
sz:_[J§Z+(J£’—J£’)sinscoss+
+ I cos(26) (b —ayr, ) -

h B
—[J;’Z+Jyzcose—nysmsJ(qy—pyry)—

. 2 2
—[ny+nycoss+J)},’Zs1n8}(py—qy); (12)
and
T. = ho. h
d3—s[szsms+Jchoss}+
+g[(]§’—J?)(pycos28—rysin2s)><

X ZJ)}C’Z (py sin 2g —r,, cos 28):| +

+ é[(J)}fZ sins—Ji’y coss)(qh +qy)—J£’pyJ.(l3)

Equation (9) is a differential form of the angu-
lar rate along the z-axis of the azimuth frame for a

2-axis gimbal, where T, is the total number of the
moments acting on this shaft. The components
Ty1, T4, , T3 are disturbances caused by the cross-

channel relationship affecting the gimbal system.

It can be seen that J” calculated by expression
(10) is the total moment of inertia along the z-axis,
varying in time and depending on the rotation an-
gle of the elevation channel of a two-axis gimbal
system. Components 7Ty;,1;,,T;3 are disturb-
ances caused by the cross-channel relationship.
When no such a relationship is observed, the mo-

ment of inertia Ji’z =0. In order for J” to be

time-invariant, the condition J fc’ =J§’ must be

satisfied. However, this is rarely achieved, since a
gimbal is frequently equipped with a camera in
practice. Therefore, a two-axis gimbal is inevitably
a non-linear system.

Fig. 2. Structure of Swing-Roll gimbal

The components 7, T,;,,T,;3 are disturbances
generated by the cross-channel relationship. When
the elevation angle is fixed, only two compo-
nents — 7, T;,,— are present, which can be con-
sidered as stiffness coefficients in the motion
equation. When & #0, a moment action 733 can
be added, which is considered as the object’s de-
formation component.

Equations (11)—(13) show that, even when the
design of a gimbal system satisfies
J i’y =J ;’Z =J ;’Z =0, the disturbance components
generated by the cross-channel relationships still

exist due to J )}Z zJ i’ Therefore, these disturbance
components can hardly be eliminated by perfect-
ing the mechanical structure design.

Swing-Roll two-axis gimbal. Fig. 2 presents a
two-axis Swing-Roll gimbal system, in which the
Roll channel is a channel that rotates around the
axis X, of the Roll frame with a rotation angle
n. The Swing channel is a channel that rotates
around the axis X of the Swing frame with a ro-
tation angle o.

A mathematical model for a Swing-Roll gim-
bal system can be constructed similarly to that of a
Yaw-Pitch gimbal system.

The coordinate systems in Fig. 2 include:

X,.Y, and Z, — the coordinate system of the
Roll frame (R);

X,,Y; and Z; — the coordinate system of the
Swing frame (S).

The directional cosine matrix converted from
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the associated coordinate system to the coordinate

system of the Roll frame is Cj,, while the direc-

tional cosine matrix converted from the coordinate
system of the Roll frame to the coordinate system

of the Swing frame is C; :
(1 0 0
cr=|0

|0 —sinm cosn

cosm sinm |;

- ) (14)
cosa. sina 0
—sinat cosa O |.

0 0 1

Let the inertial rotational rate of the coordinate

b

systems along its axes be: (DS = [ Ps 49p 1 ]T

(Dll;/l :[pr qr rr]T'

In this case, the vectors of the angular rate of
inertia for the Roll frame and the Swing frame,
respectively, take the form:

R B : T
OR 1 Zngg/l +[n 0 0] ; (15)
S R .17
Oy :CfooR/l +[0 0 a] . (16)

By designating the matrices of inertia mo-
ments for the Roll frame and the Swing frame as

Jr and Jg, respectively, the following is ob-

tained:

Ty Ty Ji
Jr = J;y J; J)’:Z;
JooJhJl

Xz yz z

Jy Ty i
Js=|J5 I I |

v

By substituting (14), (15) and (16) into (4), the
motion equation of Swing frame is:

Jois =T, +Tp;

T =(J§ —Jj)psqs +J3, (p2—a?)-

Expressions (5) and (17) show that the impact
of disturbances caused by the cross-channel rela-
tionship for the two types of gimbal systems under
study has similar characteristics. However, the dis-
turbances arising from each rotation along the axes
is different. Therefore, in order to minimize the
impact of these disturbances, an optimal gimbal
should be selected based on the motion properties
of each carrier.

The dynamic equation of motion for the Roll
channel is described as follows:

J'pp=T A+ +Th+ 3+ Ty +T5+Tg, (18)

where

JT=J0+J5 cosPou+ J3 sin? o +Jy, sin(2a); (19)

T :—[J;y +(Js —ch)sinacosow

y
+J5y 005(20‘)}(% = Pyls ); (20)
Ty =—(J0 +J3 cosa+ 3, sina)x
(7 + Py ); 1)
Ty = (7. + J5. sinacos o+ J3, cosa x
(g2 +17): (22)
T4=[(J;+J;sin2oc—J;ysin(2a)+J;cos2 )—
Ny )}qrr,,; (23)
Ts =—(J;§Z cosa +Jy, sin(x)('i; (24)

Tg = —[(J;Z cos ol +.Jy, sin oc) -
+(—Jf€ sin(20) +2Jy,, cos(20) +J sin(ZOL))pr Jo-
_[(J; -J3 )cos(Za) ~2J3, sin(2a)+J; ]qrd. (25)

The above equations provide a systematic un-
derstanding of the nature of the Roll channel
movement in differential forms with respect to the

angular rate around the axis X, where T is the

S . S 3 . . . . .
—Jz (Ps—psts)—J vz (4s—psTs)- (17)  total moments acting on this axis, including those
EstlmatlnngsturbanceTorqueEffectsontheStabllltyandControlPerformance ............................................................... a
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Fig. 3. Structure of control system using a Yaw-Pitch gimbal

generated by both the motor and friction. Equa-
tions (20)—(25) show the disturbance torques
caused by the cross-channel relationship. In the
absence of movement along the Swing channel,
a=0 and, hence, 75 =T¢ =0. In this case, the
components 7] +7, are considered as moments

caused by the cross-disturbance of a rigid body.
However, in the presence of movement along the

Swing channel, moments 75, Ty are understood as

those generated by the object deformation.
Synthesis of a block diagram for a two-axis
gimbal system. Fig. 3 presents a block diagram
outlining the operation of a control system that
stabilizes the line of sight using a two-axis Yaw-
Pitch gimbal. This diagram was developed based
on equations (2)—(13) and the model of cross-
disturbance effects described by (6) and (9). In the
diagram, a DC motor is used with a reduced trans-

K
fer function in the form l—m [12]. The struc-
+

T,S

m

ture diagram for a Swing-Roll two-axis gimbal
system is built solely on the basis of equations
(15)~25). The controller is selected from an array
of the known control laws, depending on the re-
quirements of accuracy, noise damping, robust-
ness, and simplicity of implementation. Since this

work is aimed at investigating the impact of cross-
disturbance effects and object movement on the
stability of the line of sight, a canonical PI control-
ler [7, 8] was selected for simulations. A study of

controllers in terms of damping noise and ensuring
accuracy will be presented in another paper.

Disturbance torques that affect the perfor-
mance of two-axis stabilization systems include
not only effects caused by the cross-channel rela-
tionship due to imbalance, but also those caused
by the drive system friction [13, 14]. Disturbance
friction torques acting on the two gimbal systems
are rather similar, since both of them have two ax-
es. In addition, the effect of friction can be reduced
by selecting a gimbal system manufactured ac-
cording to a qualitative technology and a motor
having a sufficient torque. Therefore, in this paper,
the moment of friction is not considered.

Accordingly, this section will compare disturb-
ance effects on the two-axis gimbal systems under
study to provide a basis for selecting and synthe-
sizing a line-of-sight stabilization control system
for specific application domains.

In order to ensure the convergence of theoreti-
cal and actual data, all parameters were pre-
calculated and re-calibrated using a parameter

identification method [15]. The symbols e, and

e, denote the angular error between the line of
sight and the axis of the homing head issued by the
target image tracking system (optical or radar).
Simulation results.
Input data. The input data is presented in Ta-

ble 1, where K, and K; are obtained from the
PID tuning tool of the MatLab software.
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Tab. 1. Parameter values of the gimbal system

Nodes Parameter
Km
——m . K =085 T,6=0.0135[s
Motor 1+TmS m m [ ]
2
Angular rate Og e oA _
sensor m, £=0.7; o) =100 Hz
g g
0.0054 —0.003 -0.002
Jy =|-0.003 0.0025 -0.003
Moment of —-0.002 0.003 0.0032
inertia 0.0024 —0.001 —0.0005
Jy =| -0.001 0.0012 -0.001
-0.0005 0.001 0.0018
K.
Controler K » +—L
S

Simulation options. The simulation options
are presented in Tab. 2, where F,, O, and Ry are

the angular rates of x-axis, y-axis, and z-axis of the
body, respectively.

Tab. 2. Simulation scenes

Scene Angular rate, deg/s
Py Op Rp
1 0 0 0
2 0 1.5 12
3 0 12 1.5
4 180 1.5 1.5

Results. The simulation results for the Yaw-Pitch
gimbal system under study are presented in Fig. 4,
where Fig. 4, a shows the simulation results according
to scenes 1-4 (S1 to S4) based on the input data
(Tab. 1) for the Azimuth channel. Fig. 4, b displays the
simulation results according to scenes 1-4 based on
the input data (Tab. 1) for the Elevation channel.

dioelectronics. 2022, vol. 25, no. 4, pp. 63-71

Simulation results for the Swing-Roll gimbal
system are presented in Fig. 5, where Fig. 5, a
shows the simulation results according to scenes
1-4 (S1 to S4) based on the input data (Tab. 1) for
the Swing channel. Fig. 5, b displays the simula-
tion results according to scenes 1-4 based on the
input data (Tab. 1) for the Roll channel.

Discussion. The conducted simulations for the
analyzed four cases of the carrier's rotation, which
affects the stability and control performance of the
two types of two-axis gimbals under study, have
revealed the following.

1. Under the conditions where the carrier only
maneuvers along the direction of motion without
rotating around the x-axis (option 1-3), both gim-
bal systems produce relatively good results.

2. Under the conditions of the forth scene,
when the carrier rotates around the x-axis, the
Yaw-Pitch gimbal system underperforms greatly
both in terms of overshoot, settling time, and
steady-state error. These findings are consistent
with the dynamics of the two types of gimbal sys-
tems synthesized using the mathematical models
presented above.

3. When using a Yaw-Pitch gimbal system, the
selection of some seeker types will require instal-
lation of an additional axis system to stabilize the
body’s rotation. This, as a result, will produce a
three-axis gimbal system with a more complicated
mechanical structure.

The conducted analysis shows that Swing-Roll
gimbal systems outperform Yaw-Pitch gimbal sys-
tems in terms of their ability to expand the field of

35 12
' 11.0F
30 *,*\ 10.5
w25 |t 100 »
e )
g | 95 <
2201 9.0 S
| - \ |
2151 485 2
=T :
=10} =
an on
S =1
< = <
—-S1
)
0 ———-S3
_____ —-s4
5 | | | | ) | I I |
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1
Times, s Times, s
a b
.......................... Fig. 4, Simulation results for the Yaw-Pitch gimbal system: a - azimuth channel; b — elevation channel
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Fig. 5. Simulation results for the Swing-Roll gimbal system: @ — Swing channel; b — Roll channel

view by eliminating negative cross-disturbance
effects. However, Swing-Roll systems have the
disadvantage of large mechanical dimensions due
to the need to use a slip ring for the Roll axis. This
increase the amount of calculations necessary to
transform the coordinate system.

Conclusion. In this paper, we analyze solu-
tions to the problem of stabilizing and controlling
the trajectory of a homing head. Mathematical

models were synthesized for two standard two-
axis gimbal systems — Yaw-Pitch and Swing-
Roll — to investigate cross disturbance effects act-
ing on these systems. Several typical cases were
simulated for evaluating and comparing disturb-
ance torque effects on the stability and control per-
formance of various gimbal systems. The obtained
results may serve as a basis for selecting a suitable
gimbal system for specific practical purposes.
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AHHOTALUSA

Beeoenue. Cnepsmyie pannossicoromeps! (PB) Manbix BBICOT MIMPOKO HCIONB3YIOTCS B TPaXKIAHCKOH aBHAIWU.
B stux PB nmpuMenstoTcsa HenpephIBHbIE NEPHOANYECKHE YACTOTHO-MOAYIUPOBAHHBIE CUTHAJBI, 4 U3MEPEHHUE BBICO-
THI OCHOBAaHO Ha 00paboTke curHaia OueHwid. s storo B PB opranmsyercs 3aMKHYTBIH KOHTYp aBTOMATHIECKOTO
PETYIHpOBaHMs, 3aJa4eil KOTOPOTO SIBIISIETCS TOJAEPKAHNE JacTOThl CUTHAJIA OMEHUH Ha (PUKCHPOBAaHHOM YpPOBHE
3a CUET U3MEHEHUS MapaMeTPOB M3JIydyaeMOro CUTHala — JAE€BHAIMM YaCTOTHl WM Mepuoja YaCTOTHON MOIYTIALUU.
CymecTByeT HHOW CIOCO0 MOCTPOCHUS KOHTYPaA CICKCHUS 332 M3MEHEHHSIMHU BBICOTHI, pPab0Ta KOTOPOTO OCHOBaHA
Ha WCHOJF30BAaHIH M3MEPUTEIHHOMN MeTiu (a30BOii aBTOMAaTHUECKOH moncTpoiku gactoTsl (DPAITY), koTopas mox-
CTpauBaeT ONMOPHBIN CUTHAJ — KOMHUIO M3JIy4aeMOro CUTHaNa — AJs MOJyYeHUs MAaKCUMyMa B3aMMHOM KOppensiuu
cuTHaTa OWEHWI M OIOPHOTO CHWTHAja. SIBIAETCS aKTyalbHBIM CpaBHEHHE KadecTBa (pyHKIHOHHpoBaHUS PB ¢
DAIIY ¢ u3BECTHBIMU B HACTOsIIee BpeMs ciaeasiumMu PB npu ucnonb30BaHUM Pa3iIMYHBIX TUIIOB YaCTOTHOM MO-
JTyNALNY U3]Ty4aeMOro CUrHajia.

Ileny pabomer. Ananu3 BIUSHUS BUAA YaCTOTHOM MOAyNsAIMu u3nydaemoro PB curnana Ha TOUHOCTH OILIEHKH BBI-
cotbl B PB ¢ u3mepurensubiM kouTypoM PAIIY, a Takke cpaBHUTENbHBIA aHaIn3 AaHHOro PB ¢ u3BecTHRIMHU Cile-
nsamumu PB.

Mamepuanvt u memoost. [Ipenoxena maremarnueckas MoJienb cieasuux PB u mpoBeneno marematuieckoe Mo-
JIETUPOBaHNE UX PAOOTHI IS CIydasi N3MEPEHHUS BHICOTHI HaJl IIaIKOH IIOCKOH ITOBEPXHOCTBIO.

Pezynomamui. CpaBHUTENBHBIN aHanmu3 ciaeqsdmux PB mokasan ycrolumBylo pabOTy HM3MEpPHUTENHFHOTO KOHTYpa
OATIY npu pabore ¢ curHajgamu, MCHOJIB3YIOMIMMH pa3Hble BUABI YaCTOTHOM MOAYIALMH (HECUMMETPUYHOU U
cummerpraHoit JIUM, rapmonmdueckoit UM). OneHku BeicoTH B PB ¢ n3meputensHpM KoHTYpoM DATIY sBnstoTCs
HecMmemneHHBIMH, a X CKO mpu otHomennn curran/mrym Oombmiem 10 nb u mpu NpUHATEIX B paboTe CIieHapHBIX
napamerpax He npeBbinaet 3 cM. CpaBHenue cnensmero PB ¢ msmepurensabiM koHTypoM DPAITY co cneasmumu
PB mpyrux Tumos moka3zano, uto CKO ommnbku y nanaoro tuna PB Ha mopsnok MeHbIIe.

3axnrouenue. Crensmuii BEICOTOMEP, HCIIONB3YIOMINK U3MepUTeNbHbIN KOHTYp PAITY, MOXKeT OBITH UCTIOIH30BAH
JUIs U3MEPEHHUs BBICOTHI MOJETa BO3AYIIHBIX Cy1oB. KauecTBO momyuaembIX OLEHOK BBICOTHI y AaHHOro Tuma PB
Jydire, 4eM y APYTHUX M3BeCTHHIX ciexsmux PB. JlanbHelimme ucciaenoBanus OynyT CBs3aHbI C U3y4EHHEM TOYHO-
CTH OLICHMBAHUS BBICOTHI Yy CIEISNINX W3MEPHUTENCH MpH paboTe 1O MIEPOXOBATOH MOBEPXHOCTH M NPOBEICHUIO
HATypHBIX UCIBITAHUH.
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Abstract

Introduction. Tracking radio altimeters of low altitudes are widely used in civil aviation. These devises use periodic
frequency modulated continuous wave (FMCW) signals, while altitude measurements are based on processing the
beat signal processing. For this purpose, a closed automatic control loop is arranged to maintain the frequency of the
beat signal at a fixed level by changing parameters of the transmitted signal (the frequency deviation or the modula-
tion period). An alternative approach to arranging the tracking loop for altitude variations is based on the use of a
phase locked loop (PLL), which adjusts the reference signal — a copy of the emitted signal — to obtain the maximum
cross-correlation of the beat and reference signals. A comparative analysis of short-range radio altimeters with other
currently known tracking radio altimeters for various types of frequency modulation of the transmitted signal seems
to be a relevant research task.

Aim. An analysis of the influence of the type of frequency modulation on the accuracy of altitude estimation in a
PLL-based radar altimeter, as well as a comparative analysis of this altimeter with other known tracking altimeters.
Materials and methods. Mathematical models of tracking radio altimeters are proposed, and a computer simulation
of their performance is carried out for the case of altitude estimation over a smooth flat surface.

Results. The conducted comparative analysis of tracking radio altimeters confirmed the effectiveness of the PLL when
processing signals of different frequency modulation type (sawtooth, triangular, and harmonic FM). Altitude estimates
produced by PLL-based radar altimeters are unbiased, with their standard deviation not exceeding 3 cm for the signal-
to-noise ratio of greater than 10 dB and under the scenario parameters adopted in the work. The conducted comparison
with other tracking altimeters showed that estimation errors of this radar altimeter are an order of magnitude smaller.
Conclusion. A PLL-based tracking radar altimeter can be used to estimate the height of the aircraft flight. The quality
of altitude estimates produced by this device is higher than those produced by other known tracking radio altimeters.
Further research and field tests will investigate the accuracy of altitude estimation when working over a rough surface.
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Beenenne. PamnoBeicotomepsr (PB) manbrx
BBICOT C HEMPEPHIBHBIM CHUTHAJIOM IIUPOKO HC-
TIOJTB3YIOTCS B TpaKIaHCKoH aBuaruu [1-4]. Ot
OOpPTOBBIE aBTOHOMHBIE CHCTEMBI MTO3BOJISIFOT W3-
MEpSATh BBICOTY BO3IYIIHBIX CYAOB BIJIOTH [0
3HaueHui oxono 1500 M Ha OCHOBE YaCTOTHOTO
MeTOo/la M3MEPEeHHs NaJbHOCTH. MeTox mpearo-
Jlaraet 4acToTHyIo Monyssiuio (UM) nzmydaemo-
TO CWTHajla W M3MEpEeHHe CpelHeH JacTOTHI CHUT-
Hana ouennit (CB), koTopast BHE 3aBUCHIMOCTH OT
BHJIa MOMAYIHPYIOIIEro KoJie0aHWs MPOIIOPIIHO-
HajpHA BeicOTe PB Haj oTpakaroiieii moBepxHO-
cthi0. [IpuHnunuanbHo BO3MOXHBI 3 Buaa UM:

HecumMeTprudHas nuHeliHas (HJIYM), cummert-
puunas nuHeknHas (CJIYM) m rapMoHHWYecKas
(I'YM). Ha mpakTuke 0OBIYHO MCTIONB3YIOTCS TH-
7000pa3Hble BUABI MOAYISINHU, MTOCKOIBKY IS
rapmoHudeckoit UM xapakrepeH Ooyee MTHPOKUI
crrektp Cb.

Ilo tuny usmepurens PB gensrcs Ha npsimo-
OTCUETHBIC (HECIICIAIINe) U cleasamue. B mpsmo-
oTcueTHhIX PB mu3MepeHne BBICOTHI MPOUCXOIUT
nocpeactBom onenkun Cb [5-7], xotopas moxer
OBITH pealM3oBaHa IJIMOO MPOCTHIM IIOACYETOM
yrcna nepecedeHuit Cb HyneBoro ypoBHs, JHO0
METOJaMH CIIeKTpanbHoro ananuza. Cnensmue PB
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WCTIONIB3YIOT KOHTYP aBTOMaTHYECKOTO PEryIUpO-
BaHUsS JUIsl TOJJICPIKAHUS TOCTOSHCTBA CpPETHEH
yactotbl Cb npu nsmenenun Beicotsl PB [1, §, 9].
Oukcanusa 3HaueHus 4actotsl Chb ocymiecTBiseTcs
MOJICTPOMKON JIEBHAIIUU WU TIEpUOJa MOMYISINH
30H/AMPYIOLIETO CUTHATIA.

B npexnpiaymunx padorax aBropos [9, 10] O6bun
MpeJIOKeH HOBBIM Tun cueadamiero PB, B xoro-
pOM BBICOTAa HW3MEPSIETCS C TIOMOIIBI0 H3MEpH-
TETFHOTO KOHTYypa ()a30BOH aBTOMATHYECKOI
noacTporiku gactotsl (DAITY) [12]. Omnenka ma-
pameTpoB curHaioB Ha ocHoBe DAIIY mHamura
MPUMEHEHHE B PA3IUYHBIX OOJACTSIX TEXHUKH
[13—17]. IloaTOMy JOTHYHBIM M €CTECTBEHHBIM
CTAHOBUTCSl Pa3BUTHE TOW TEXHOJOTHH JJIS WC-
rons3oBanus B PB mpu ob6pabotke Cb. Crexe-
HHE 3a U3MEHEHUSAMHU BBICOTHI B AaHHOM PB pea-
JU3YeTCs 32 CYET MaKCUMHU3aIlMA B3aWMHOUM KOp-
pexsun Cb u onopuoro currana (OC). ®a3oBas
ctpykrypa OC momobna azosoii ctpykrype Cb.
OT10 momobue MOAAEepKUBAETCS 3aMKHYTHIM KOH-
typom DAITY.

Ilenbt0 HACTOSILEH CTAaTbU SIBISIETCS AHAIIMU3
BausHUsA Buaa UM wmsnydaemoro PB curnana nHa
TOYHOCTH OIEHKU BHICOTHI B PB ¢ m3mMeputensHpIM
koHTypoM DAITY, a Takke CpaBHUTEIHHBIA aHAIH3
nanHoro PB co cnensmumu PB, B KOoTOpBIX mOCTO-
stHcTBO YacToThl Chb momiepkuBaeTcs MOACTPOMKOM
JIeBUAIIMH YaCTOTHI FJIH TIEPHOIA MOIYIISIIN 30H/I1-
pytomiero curHaina. CpaBHHUTENBHBIA aHAU3 TPEX
TUNOB cneAsux PB ocyliecTBiieH B cTarbe Ha Oc-
HOBaHWU UX MaTeMaTHYECKUX MOJICIICH.

PB ¢ u3mepureasHbiM KoHTYpoM PAITY. PB
HEMpephIBHOrO u3nydeHuss ¢ koHTypom DAITY B
KauecTBE M3MEpUTENs oTHocuTes K Kinaccy JIYM PB
MaJibIX BBICOT [3, 4] u mompoOHo omwca B [9, 10].
Iletnst ¢a3oBoii aBTOMOACTPONKH OpraHU30BaHa
TakuM 00pa3oM, YTOOBI TPOMCXONMIA HACTPOMKA

OC e, (t) mo CB e, (t), xotopeii monyyaercs Ha

BBIXOZIe cMecHTeNs ipreMHuKa PB.

CrpykTypHas cxeMa U3MEPHUTEIHHOTO KOHTYpa
®AIIY npeacrasnena Ha puc. 1. Kontyp cocrour
u3 azomerpa @M, KOTOPBIH BHIYUCIISAET Pa3HOCTh

da3 A®(z) CBb u OC; da3zoBoro npeobpazosareis
®I1, BemonHsromero muHeapmanuio AdD(¢) Ha
nepuozne Momyaauuu 7, ; TeHepaTtopa OINOPHOTO
curHana T'OC; ycpeIHSIONEro cymmaropa X,
(dbopMHupyIOILIEro 3HaUCHUE CpelHe pa3HOCTH (a3

AD(2)
€b(t)
oM | o | T
e (1) H n] eln] ‘ACD["]

roc = x(z) (€4 «

Puc. 1. MatemaTndeckasi MOAEIb U3MEPUTEIHHOTO
koHTypa ®AITY

Fig. 1. Simulation model of the Phase-Locked Loop (PLL)

A®[n] Ha n-M mepwone MomynAIMH; MacmTaOH-
pyrolero mpeoodpasopareiasi ¢ kodhduureHTOM
nepe/iadd K, BBIXOJHBIM CHUTHAJIOM KOTOPOTO SIB-

JSIeTCS. CUTHAJ OITHOKK €; MU(PPOBOTO CIIIAXKHBa-

tomero ¢unstpa K (z), B cocTaB KOTOpOro Bxo-
IUT WHTETPUPYIOIIEe 3BEHO HYKHOTO MOpSIKa
actarn3Ma. BBIXOJHBIM CHTHAJIOM HMHTETPUPYIO-

IIeTO 3BEHa SIBISETCS OIEHKA BEICOTHI H. Biaro-
Japst kKoHTypy noxacrpoiikn OC B paccMaTpuBae-
MoM PB ynaercs co3nare pesxuM cieKeHUs 3a BbI-
COTOM ToJyieTa BO3AYIIHBIX CyAOB. B 3aBHUCHMOCTH
0T BUJa ucnonb3dyeMolt UM maTemaruueckas Mo-
JleJIb KOHTYpa HECKOJbKO u3MeHsercs: npu HJITUYM
HeoOxogumocTh B Il ormamaer, mMoCKonbKy Ha
BceM nepuoae moayasaiuuu yactora Cb coxpansier
cBoli 3HaK. 30HBI oOpaleHus (a3bl IPU 3TOM BH-
JIe MOJYJISALIMU MPAKTUYECKU HE BIMSIOT Ha ¢a3o-
Bylo cTpykTypy CB, Tak Kak HX JIMTEIHHOCTH
paBHa BpeMeHU 3aJiepxku, a yactota Cb Ha aTux
WHTEpBANaxX MPHONIKAETCS K JIEBHAIIMHA YaCTOTHI
M3ITy9aeMOro CUTHajla W HE TOMagaeT B MOJOCY
KOHTypa ciexeHns. Kpome Toro, xodhdumment
nepenayn K WMEeT pa3IHyYHble 3HAUYCHUS IS
UM: KHIUM = C/AQ;

KomuM =¢/(2AQ); kg =¢/(2AQ).
Caensimmii PB ¢ moxcrpoiikoil aeBHanum.
Hannerii PB mogpo6HO wuccimenoan B [8]. Pac-
CMOTPUM €r0 MaTeMaTUYECKYI0 MOJIEIIb.
[lycts Ha n-M nepuoae MOAY/SLMU JUIUTEIb-
Hocter0 T, PB

YKa3aHHbIX BHUIOB

n3J1y4acT HereprBHbIﬁ

curran s¢(t,n), 0<t<T, c CJIUM, wuacrora
KOTOPOTO

vinlt, 0<t<T,/2;

o (t,n) = L] m/
2AQ[n]-vlnlt, T, /2<t< T,
e v[n]=2AQ[n]/T,, - cxopocts w3venenns ua-

CTOTHI; AQ[n]=2nAF[n] — neBuarus yactoTsI.
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YacToTa NPHUHATOrO CUTHAJIA Sy (t,n), econ PB

HaXOJUTCs HaJl IOBEPXHOCTHIO Ha BICOTE H:
o, (t,n)=
—v[n](t—tH),OSTSTH;
= vinl(t—ty), Ty ST<Ty /2 +1y;
20Q[n]-vInl(t—1y), Ty /2 + 1y <T< T,
e Ty =2H/c — BpeMs 3a1epiKKH.
daza Cb

eb(r,n)zsr (r,n)s;k (T,n)zpexp[i(p(r,n)],
IJe * — KOMIUIGKCHOE COIPSDKEHUE, P — KOM-

IJICKCHAad aMIUIUTyaa, paBHA:

o(t,n)= Jr.[mr (t,n) - (t,n) ]dr.
0

Mruosennas yactora Cb

on (e =12 T (10) o (5.0)]

HU3MCHAICTCA BO BpEMCHU U paBHA!

oy (t,n)=
(tg —21),0<t<7tp;
2AQ[n] 1, T <1< T /2;
B T 21—t T T /251 < Ty 2+ ;s
T, I /2 + 1y ST< Ty
Kak crmesyer W3 TNOCIEAHEr0 ypaBHEHWS,
op (t,n)=—vlnltg <0 mpu 1ty <t<T,/2 u
op (t,n)=vlnltg >0 npu T, /2+1y <Tt<Ty.
B cuiy 3HaKomepeMeHHOCTH O (T,71) U3MepsTh
gactory CB cnezyer pasienbHO Ui MHTEPBAJIOB
[0, T /2] u [T/2, Ty, |- Ouennts wacrory mox-

HO, BBIYUCIISIS TPagueHT (hasbl:

[T, /2T,
®_=—arg " seb (t,n)ep (t+ Ty, n)dr |;
S 0
_Tm_Ts %
o, =—arg| | e,(t,n)e,(t+T,n)dt|,
s | Tm/2

rae Ty — nepuon auckpernsanuu Cb. Torna onen-

Ka cpenHeil yactotel Ch

Jns m3amepenust BeicoThl HocuTensi PB B cie-
JIIIEM PEXHME OpraHU3yeM CICISAIIUNA KOHTYP,
KOTOPBIN Ha KaXKJIOM MEPHOJIe MOAYISAIIUN CUTHANA
noxcrpanBaer gaesuammo  AQ[n] wmsmywaemoro
CHUTHaJIa TaKuM 00pa3oM, 4ToOBI CPEeIHSS YacToTa

Cb oy, [1] 6bima mpUMepHO MOCTOAHHOI U paBHOIT

(0)
©®p . YYUTBIBas, 4YTO BpeMs 3aJCPKKU Ty MpPH
(buKCUPOBAaHHOHN 4aCTOTE IIOCTOSHHO U HE 3aBUCHUT
oT mapameTpoB curHana PB, cymecTtByer cneny-
foIas CBsI3b MEXTy cpemner wactoto Cb m me-
BHAIMEN YaCTOTHI U3/Iy4aeMOro CUTHaja:

(0)

oy, [l’l] Oy 1

AQ[n] AQ, u

2

rne AC), — JAeBUAaLUs 4YacCTOThI, IPU KOTOPOMH

oy, (t)zcogo); L. — TOCTOSHHBIA KO3 (UIIMEHT.

Torma
AQIn) = A +1u| oy [n]-o(? |

Ha ocHoBanuu panHoro ypaBHenus st PB
paccMaTpuBaeMoro THUIA MOYKHO MPEAJIOKHUTh Ma-
TEMaTHYEeCKyI0 MOJEJb, CTPYKTYpHAs CxeMa KOTO-
po i IToKazaHa Ha puc. 2.

Monems pabortaer criemyronM o0pa3zoMm. Bxom-
HBIM CHTHAJIOM KOHTYpa SIBIISIETCS] YaCTOTa HACTPOUKHI
o0 o0

b b

Curnan ommbku x[n]= — oy [n] T0-

CTyIaeT Ha CIIKUBAIONIUNA QUIBTP, B COCTaB KO-
TOPOTO BXOAST HHTETPATOPhI, 0OECIIEUNBAIOIINE
HY>XHBIA TIOPSIIOK acTaTU3Ma BCEro KOHTypa clie-
enns. Beixonoit curnan dumstpa y[n] mocry-
MaeT Ha YCHJIMTEIBHOE 3BEHO C KOA(PPHUINECHTOM
nepenay | BBIXOAHOM cUrHanl 3Be€Ha MOCTYHAaeT

b

Buemnuii koHTYp

Puc. 2. Matemarnueckast MoJiejb CIEISIIET0 KOHTYpa

PB ¢ AF = var
Fig. 2. Simulation model of the automatic control loop
() l’l_—|(,0 —(D|:VI’1T .
b[ ] + L] H with AF = var
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Ha TepBbIi BXox cymmaropa. Ha Bropoii Bxon mo-
naercs curHan AQ,. B pesynerare cymMMmposa-

Hust monygaercs curran AQ[n]. Tlocne mpoxox-

JICHUsST 3BeHa C KOA(QQUIMEHTOM Iepeaadyu

K= 2/ T, ¥39TOro curHana GopMHUpPyeTCst CUTHAI,

PaBHBIA CKOPOCTH W3MEHEHHS YacTOTHI H3IIydae-
moro curnana v[n]=2AQ[n]/T,,. Iror curnan
MOCTYIAET Ha 3B€HO ¢ KO3 (UIMEHTOM IepeadH,
paBHBIM BpEMEHH 3aJepKKu Ty =2H/c, Ha BbI-
X0JIe KOTOPOTO TOJy4YaeTcsi CUTHAJ, PaBHBIN cpen-
Hei yactore Cb oy, [1]. Takum oGpasom moxenu-
pyeTcs BHeITHMNA KOHTYp PB — kxanan pacnpoctpa-
HEHUs CUTHala.

Cxemsl cnenamux KoHTypoB npu HJIUM u
['IM He oTiMYaIOTCA OT CXEMBI Ha pHUC. 2, U3MeE-
HSIETCA TOJBKO 3HaYeHUE KO3(PUIMEHTa nepesadn
K mpu HITUM — « =1/T,,.

Caenssunii PB ¢ moacrpoiikoii mepuona mo-
BTOpeHMsl. J[aHHBIM NOPUHIIMI HaIIeNl UPOKOE
pacnpoctpaneHue B PB oreuecTBEeHHOro mnpous-
BOJICTBAa W MoaApoOHO mccimenoBad B [1, 9]. Pac-
CMOTPUM CHEASAIIUNA KOHTYP, KOTOPBIM Ha KaXKJ0M
Meprone MOAYJSAIUN TIOICTPanBaeT YacTOTy MO-
mymsiaun Q) =27/T,, M3Iy4aeMoro CHrHaia Ta-

KuM 00pa3oM, uyToObl cpennsis yactora Cb Ha n-M
HEepHOAE MOIYISALUU O, [n] 6buta ¢ukcuposan-

(0)

HOM ¥ paBHOW O . Y4YHTBHIBas, 4TO BpeMms 3a-

AEPKKU Ty MpU (HUKCHPOBAHHOM YacTOTE MOCTO-

SIHHO M HE€ 3aBHUCHUT OT NapaMeTpoB curHaia PB,
CYIIIECTBYET aHAJIOTHYHAS MPEABIAYIIIEMY BapHaH-
Ty CIEIAIIETO NU3MEPUTENS CBS3b MEXKIY CPEIHEH
yactoroi Cb 1 wacToToil MoAynsuuu U3Iy4aeMo-
TO CHTHala:

(Db(t) _ l

Qm(t) _QmO B u

£

2

e Q.0 — 4YacTora MOIYILLUH, IpPH KOTOPOH
o () = (0) B .

pt)=0p"; n MOCTOSIHHBIN  KO3()(DHUIIHEHT.
Torma

O ()= + 11| 0 (- |

Ha ocHoBanum panHHoro ypaBHeHus st PB
paccMaTprBaeMoro THITa MOXKHO TPEIIOKHUTHh Ma-

e —

Buemnnii koHTYp

Puc. 3. Matemarnueckast MoJiesb CIIEISIIETO KOHTYpa
PB ¢ T}, = var

Fig. 3. Simulation model of the automatic control loop
with T, = var

TEMATHYECKYI0 MOJIENIb  CHEJSIIEr0  KOHTYpa,
CTPYKTYpHasl cXeMa KOTOpOi MoKa3aHa Ha puc. 3.

Kos(duument nepenaan k= AQ/(2m) = AF
wit HITAM 1 « = AQ/nt=2AF st CJTUM u UM

Onenka Tounoctu PB. KauecTBo OlleHKH BEI-
COTBI PacCMOTPEHHBIMU MonelsIMu cienamux PB
npu u3nydaeMeix curxanax ¢ HJIUM, CJIIYM u
I'IM wuccrnenyercsi B onuceiBaeMoil paboTe MeTo-
JIOM MaTeMaTH4ecKoro MoneiaupoBaHud. [ng ma-
TEMaTH4YeCKOr0  JKCIIEPUMEHTa  HCIOJIb30BAHBI
CIIETYIOIIUE CIIEHAPHBIE MapaMeTphl:

—Boicota PB H =150 m;

— CKOpOCTB iBMKeHus Hocutenst PB v =0 m/c;

— yacToTa OMeHui mf)()): 300 kI
— neBuanus yactotel AQy =100 MI'y;

— nepuog Mogynsituu Ty = 1 Mc;

— YacToTa CBOOOTHBIX KoJieOaHWIT KOHTypa
®.=2mn-10 pag/c;

— TepeperyaupoBaHHUE CIE/AIICTO
A=0.3;

— nepuop auckpetusanuu I = 0.125 mxc.

KOHTYpa

Hudposoit ¢uierp crnepsmux KoHTypoB PB
UMEET BTOPOW TMOPSAJIOK acTaTU3Ma M CHHTE3UPO-
BaH METOJIOM OmnmHEWHOro npeobOpazoBanus [ 18],
UCTIOJB3ys B KAa4€CTBE aHAJIOrOBOIO IMPOTOTHIIA
JUHEHHOE 3BEHO C KOA(PPUIIMEHTOM TIepeaadn

k(rp+1)
K (p ) = 2 4
P
rae k — cratmueckuil Ko3Q(UIUEHT YCHWICHHUS H
T — MOCTOSIHHAs BPEMEHU (QUIbTpa BHIOMpPAIHCH
TakuM 00pa3oM, YTOOBI 3aMKHYTBIM CIICHSIITHIA
KOHTYp MMeJ 3a/laHHble CLIEHapHbIC HapaMeTpbl

o, 1 A.
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OKCIIEPUMEHT OPraHU30BaH TaKUM 00pa3oM,
yTO JJId Kaxkaoro Buaa UM u tuna ciensiiero PB

6BIJ'II/I MOJYUYCHBI 3aBUCUMOCTU CMCHICHHUA bH nu
(CKO) oy

OT OTHOLICHUS CI/IFHaJ'I/IHYM

CPEIHECKBAIPATUICCKONH  OIMIMOKH

OICHKHK BBbICOTHI

OIMMOKY, BBI3BaHHBIC TIOSBICHHEM JIOKAIHHBIX
MaKCHMyMOB B3aHIMHO KOPPEIALMOHHON (yHKIHH
Cb u OC. Ilpu q2 < 10 b ouenku BricOTHI B PB
¢ m3MepuTeNnbHBIM KOHTYpoM DAIIY sBisroTcst

HecMemeHHbME by zOM), a nux CKO oy mana

(OCII) qz- PesynbraThl MONENMPOBAHUA TIPEN-  y ge mpeBbimacT 3.3 ¢M OPH qz = 10 gb. PB ¢

CTaBJICHBI Ha pHC. 4—7.
I'padukn Ha puc. 4-7 CBHIETEIBCTBYIOT O

CJIYM u I'JTYM umeroT nIpuMEepHO OTUHAKOBYIO
¢>=1016 CKO
oy = 1.3 cm. PB ¢ H/IUM-curnanom obGnajgaer

ToyHOCTh. [lpnu OLIEHOK

TOM, 4TO NIpU q2 < 10 ob y PB ¢ m3meputensHbIM
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Fig. 4. Plots of the altitude estimate bias and standard deviation versus the SNR for a PLL-based radio altimeter
for different types of frequency modulation
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Fig. 5. Plots of the altitude estimate bias and standard deviation versus the SNR
for radio altimeters transmitting the sawtooth frequency modulated signal
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Fig. 6. Plots of the altitude estimate bias and standard deviation versus the SNR for radio altimeters
transmitting the triangular frequency modulated signal
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Fig. 7. Plots of the altitude estimate bias and standard deviation versus the SNR
for radio altimeters transmitting the harmonic frequency modulated signal

n ['JITUM. IlpuumHON 3TOTO SBISIFOTCS pa3pbIBBI
MTrHOBEHHOM vacToThl Ouenmii y Cb B 30Hax 00-
pamienus (aszpl. B 3TUX 30HAX 3HAYCHHE YaCTOTHI
Cb 0a13K0 K 3HAYCHHUIO JICBUAIIMH YacTOThl AF, H
MIpH MOZENMPOBAHUU 3TH 30HBI YAAISIIHNCH, IIO-
ckonbky Cb B 9TH MHTEpBaibl BPEMEHH BBIXOAHT
U3 TIOJIOCHI TPakTa 00pabOTKH.

Cpasuenne cregsmero PB ¢ koutypom OAITY
C IByMs Apyrumu ciengaimumu PB cBujeTenscTBy-
eT 0 0e3yCIIOBHOM IpEeBOCXONCTBE mepBoro. Kak
BHIIHO M3 pHC. 5—7, ipu mobom Buae UM 30H1M-
PYIOIIEro CUTHaJIa OLIEHKH, TIOTyYaeMble B CIIe/s-
mux PB ¢ moactpolkod JeBHAIIMK YacTOThl WJIU
Meproia MOIYISIINAY, SBISIOTCS CMEIIEHHBIMH, a
nx CKO Ha mopsinok OorsIiie.

3akiouenue. [IpoBencHHRBIN B paboTe aHAIHM3
Tpex TunoB ciensmux PB mokazan ycToWuuByro
paboty maMeputenbHoro kourypa GAITY mpu uz-
JIyYEHUW CUTHAJIOB C pa3HbiIMA Buaamu UM
(mecummerpuurorr JIYM, cummerpuanoint JIUM,
rapmonndeckor UYM). Hawmmydmmue pe3yabTaTsl 10
ToYyHOCTU TIokazay PB ¢ cummerpuuHoil u rap-

MoHMYeCcKor UM M3IIydaeMoro CUraaia, 9ro o0b-
SCHSETCS OTCYTCTBHEM pa3pbIBOB MIHOBEHHOMW
9acTOTHI B 30Hax oOpamenus ¢aser Cb mpu 3tHX
Bumax UM. Ornenku BBICOTH B PB ¢ m3amepuTens-
HbIM KOoHTypoM DAIIY sBhstoTCs HECMEIEeHHbI-
mu. 3aBucumoctr ux CKO ot OCII HOCAT Xapak-
TEPHBIH AJIS1 ONTHMATBHBIX U3MEPHUTENeH BUI: IPU
OCII menpmem 10 b y 3THX 3aBHCHMOCTEH €CTh
30Ha aHOMAJIBHBIX OITMOOK, PW OTHOIIEHWH CHT-
Han/mym Oompriem 10 b CKO omeHOK BBICOTHI
YMEHBIIaeTCsl 00paTHO MPOIMOPITMOHATIBHO 3Hade-
auro OCII u pu IPUHATHEIX B paboTe CIICHAPHBIX
rmapaMeTpax He mpeBsimaeT 3 cM. CpaBHEHHE Clie-
nsamero PB ¢ usmepurensHbiM KoHTypoMm DAITYH
co crensmuMu PB npyrux THHOB (¢ TOACTPOMKOIMA
JIEBUAIHA YacTOTHl WJIM TIEPHOAa MOIYIIALUN H3-
JTy4aeMoro curaaina) mokazano, 9ro CKO ommbku
y nanHoro tuna PB Ha mopsgok mensiue. Jlanb-
Helue uccnenoBanus OyAyT CBSI3aHbI C H3y4EHH-
€M TOYHOCTH OIICHHUBAHHUS BBICOTBHI y CIEISIINX
U3MepHUTeNei mpu padoTe MO MIEPOXOBATOM IO-
BEPXHOCTH U NPOBEACHUIO HATYPHBIX UCIIBITAHUH.
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A.]Il"OpPlTMbI MOBBIIICHUSA TOYHOCTH TBEPAOTEJIBHOI'O BOJIHOBOI'0 TMPOCKOIIA

K. A. Cmupnos™, E. A. 3apyoaiino
AO "HUU komanansix npudopos", Cankr-IletepOypr, Poccus

™ kiryasmirnof@gmail.com

AHHOTAIINA

Beeoenue. TepnorensHbiii BoHOBOH rupockon (TBI') sBisercs oqHAM M3 MEPCIEKTUBHBIX JAaTYUKOB WHEPIIAATh-
HOH HMH(pOPMAIMHU, NMPUMEHSEMBIX B COCTaBE HABUTAIIMOHHBIX CHUCTEM JIETATEIbHBIX M KOCMHUYECKUX allaparos.
B nocnennee necsrunerne 0oJplIoe BHUMaHUE yaenseTcs npobiieme nossimieHus TouHoctd TBIL OxgHuM n3 Bo3-
MOXKHBIX PEIICHHH aKTyaJbHON MpOOIEMBbI MOBBIMICHNS TOYHOCTH HM3MEPEHMI WHEPIMANBHBIX HABUTAI[HOHHBIX
pUOOPOB SIBISIETCS] MPUMEHEHHE aJITOPUTMOB, YTO M MOCIY)KMJIO IPUYMHOM IpoBeaeHHs paboThl, 10 pe3yinbraram
KOTODO# HaIicaHa HacTOSIIAs CTaThsl.

B AO "HNU xomaHAHBEIX IPHOOPOB" B paMKaX HAy9YHO-HCCIIEIOBATEILCKON paObOTHI pa3padbaThIBaeTCA JATYHK YIJI0-
Boit ckopoct ([IYC) xommeHcanmoHHOTO THHa Ha 6a3ze TBI' ¢ mMeTamnmmyeckiM pe30oHATOPOM IMIMHIPUIECKOM
(OPMBI, AIEKTPOCTATHYECKOH CUCTEMOM BO3OYKAeHHs KojeOaHWi M cheMa MH(pOpManuu, ¢ nuppoBoil oOpaTHOMH
CBSI3BIO.

Ilens pabomer. PazpaboraTs MeTOABI TMOBHIMIEHUS ToYHOCTH TBI' Ha OCHOBaHWU CBSI3M MEXIy KaHAJIaMU H3Mepe-
HUA 1 B036y)K,)1€HI/I$I, a TaK¥XKC C IMIOMOULIbIO YUCTa NOIPCHIHOCTH 3aMbIKaHUS O6paTHOﬁ CBsA3MU.

Mamepuanst u memoodsl. [{1s nonydeHnss HHGOPMAILH O BBIXOAHOM CHI'HAJIE TyBCTBUTEIBHOTO AJIEMEHTA HCIIOIb-
30BaHO ObICTpOe IpeobpasoBanue Dypre. st ynpaBieHns BO3AEHCTBHEM Ha TyBCTBUTEIBHBIN 3JIEMEHT TPUMEHEH
I[N -perynsarop.

Pesynomamet. Pazpaboransl Metosl noBsiieHnss TouHoctd JIYC Ha 6a3ze TBI' mocpencTBoM KOMIICHCAIUHU I10-
TPEIIHOCTEH BBIXOMHOTO CHTHaja. DKCIEPUMEHTHI MOATBEPAMIN KOPPEKTHOCTH PAaOOTHI MPEIUIOKEHHOTO METOAA.
B pesynberare npuMeHeHUs] pa3pabOTaHHOIO AJrOPUTMa CHMIKEHHS HEeCTaOWIIBHOCTH HYJIEBOTO CHUTHajla CKOPOCTH
CpeHEeKBaIpaTUIeCKOe OTKIOHEHUE ITOTO CUTHAJa B 3allyCKe YMEHBIIIOCH Ha 76.4 %. B pesynbraTe npuMeHeHus
METO/ia TIOBBIIICHNSI TOYHOCTH C ITOMOIIBI0 HECKOMIIEHCHPOBAHHOM COCTABISIIONIEH CPEJHEKBAAPATHIECKOE OTKIIO-
HEHHE YMEHBIIUIOCH Ha 69.52 %.

3akniouenue. Pe3ynpTaThl 3KCIEPUMEHTOB HAIMAJHO JEMOHCTPHPYIOT BO3MOXKHOCTH 3HAYUTENIBHOTO YITyYIICHHS
XapaKTEepUCTHK PHOOPA 32 CUET MIPUMEHEHHS PA3IMIHBIX MaTEMaTHIECKUX aITOPUTMOB 00paboTKN HH(POPMALIHH.

KiaroueBnle cjioBa: TBepI[OTeHBHBIﬁ BOJIHOBOM TUPOCKOII, 06pa60TI<a CUIrHaJjia, KOMIICHCAIUA yXO040B

Jas uutupoanusi: CvupHoB K. A., 3apy6aitno E. A. ANTopUTMBI TIOBEIIIICHNS TOYHOCTH TBEPAOTEIHHOTO BOJIHO-
Boro rupockomna // 13B. By3oB Poccun. Paguoanekrponnka. 2022. T. 25, Ne 4. C. 81-89. doi: 10.32603/1993-8985-
2022-25-4-81-89
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Algorithms for Increasing the Accuracy of Solid-State Wave Gyroscopes
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JSC Research Institute of Command Devices, St Petersburg, Russia
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Abstract

Introduction. Wave solid-state gyroscopes (SWG) are promising sensors of inertial information used in the naviga-
tion systems of air- and spacecrafts. Over the past decade, much attention has been paid to the problem of improving
the accuracy of SWGs. The accuracy of measurements performed by inertial navigation instruments can be in-
creased by developing effective algorithms, which fact determines the relevance of the present study. Research
works conducted at the JSC Research Institute of Command Instruments are aimed at developing a compensation-
type angular velocity sensor (AVS) based on an SWG with a cylindrical metal resonator, an electrostatic system for
excitation of oscillations and information readout, with a digital feedback.

Aim. To develop methods for increasing the accuracy of SWGs based on the connection between the measurement
and excitation channels, as well as accounting for the uncompensated component.

Materials and methods. To obtain information about the output signal of the sensing element (SE), the fast Fourier
transform (FFT) method was used. A PID controller was used to control the effect on the sensitive element.

Results. Methods for increasing the accuracy of an SWG-based AVS by means of compensating the output signal
errors were proposed, whose correctness was confirmed experimentally. The use of the developed algorithm for re-
ducing the instability of the zero-velocity signal allowed its root-mean-square deviation at startup to be decreased by
76.4 %. The application of the developed method for increasing the accuracy using the uncompensated component
led to a decrease in the standard deviation by 69.52 %.

Conclusion. The obtained experimental results demonstrate the possibility of improving SWG characteristics signif-
icantly by using various mathematical algorithms for processing information.
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BBenenue. B ocHOBe pa0oThI JIF000TO TBEPO-
TEeILHOTO BOJTHOBOTO THpockoma (TBI') nexwur sB-
JIeHNEe WHEPTHOCTH CTOSUMX YIPYTHUX BOJH Kolle-
Oanwuii, BiepBhIe peann3oBanHoe B 1982 1. amepu-
ka"ckuM ¢usukoM Jl. JInagem [1]. Ctporo teope-
THYeCKH dPPEKT WHEPTHOCTH YNMPYTUX BOJH IJIS
pe3oHartopa obor hopmel obocHOBaH B 1983 T
POCCUICKMMH ydeHbIMU-MeXaHukamu B. @. XKy-
paBneBbM 1 [[. M. KitmmoBEeIM [2].

TBI aBisieTcs OJHUM U3 NEPCHEKTUBHBIX AaT-
YUKOB WHEPUHAIbHONW WHOpMaHH, TpHUMEHse-
MBIX B COCTaBEe HABUTAIIIOHHBIX CHCTEM JIETaTelh-
HBIX ¥ KOCMHUYECKHX ammaparoB [3, 4]. B mocmen-
Hee JAecsATHieTre OONbIIoe BHUMAaHUE YIEISeTCS
mpobieMe TOBBIIMIEHNUS TOYHOCTH MPHUOOPOB yKa-
3aHHOTO THMA [5-8].

TBI' couetaroT B cebe Takuwe CBOICTBA, Kak
Ha/e)KHOCTh, HH3Kas CTOMMOCTb, BBICOKas TO4-
HOCTb, Majble radapuThl, Majgo€ BpeMsl TOTOBHO-
cTH, OOJIBIION 3amac TEXHWYECKOro pecypca, co-
XpaHEHNE MHEPLUUAIbHON HHGOPMALUK IIPU KpaT-
KOBPEMEHHOM OTKJIFOYEHUH 3ieKkTponuTanus. C
MoMmeHTa OTKpbiTus TBI' mponuio He3HaYuTeNb-
HOE€ BpeMsi, IOITOMY BO3MOXKHO JAajbHEHIIEe IO-
BBIILICHUE €TO TOYHOCTH U APYTUX XapPAKTEPUCTHK.

B AO "HUU xomanaHbIX mpubopoB" B pamMKax
Hay4YHO-HMCCJIEOBATENbCKOH paboThl  co3maercs
natyuk yroBoi ckopoctu (Y C) koMmeHcarmoH-
Horo tuma Ha 6aze TBI. B mpomecce sxcneprumen-
TOB C MAaKETOM BBISBICHBI B3aUMOCBS3U MEXIY
napamMeTpamMy HalpsDKEHUs! B pa3HbIX KaHalax Ma-
keta. Ilon kKaHaJoM B paccMaTpUBaeMOM CiIydae
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MOHUMAETCS COENUHEHHas Tmapa dIIEKTPOIOB,
HanpsbKeHHE Ha KOTOPBIX COOTBETCTBYET Koneda-
HUIO KPOMKHU YyBCTBHUTEIBbHOro 31eMeHTa (UJ) B
TOUYKE pa3MEIIeHHs EKTPOA.

B Xonme skcmepuMeHTa BBISBICHBI W PELICHBI
nBe mpoOnemsbl. [lepBas 3akmiouanack B HecTa-
OunbHOCTH HyJeBoro curHana. [lpu crarmdeckux
WCTIIBITAaHUSAX B M3MEPUTEIHFHOM KaHajie Habroma-
eTCsl HEKOTOpas TapMOHHYECKas COCTaBIISIONIAS
HaNpsOKEHHsI, TapaMeTpbl KOTOPO HEMOCTOsSHHEL,
YTO BJIMSIET HA TOYHOCTh M3MepeHui. s pere-
HUS 3TOW TpOoOIeMBbl BBIABICHA MPUYMHA HECTa-
OWIBHOCTH U pa3paboTaH aJTOPUTM, CHIKAIOIITHIN
BJIMSIHUE YKA3aHHOM COCTABIISIFOLICH CUrHAaja.

Bropas mpobnema 3akiodanach BO BIUSHHH
METOAMYECKONW IOTPEITHOCTH 3aMBIKaHUS 00part-
HOH CBSI3W HA TOYHOCTh u3MepeHuil. Ilockombky
TBI' sBnsercs mpruOOpPOM KOMIIEHCAIIHOHHOTO TH-
T1a, TOYHOCTH TOTYYEHHBIX C €T0 HCIIOIb30BaHIEM
VM3MEpEeHHH 3aBHUCHUT, B TOM YHUCIIE, OT aJropuTMa
3aMBIKaHUs 0OpaTHOI CBSI3MH.

Tak xak CHHTE3 WIEaTFHOTO PETYIISTOPa HEBO3-
MOMKEH M3-32 HAJIM4YUsl HEJIUHEWHOCTH, BBI3BAHHOU
CBOWCTBaMH Marepraa pe3oHaTopa U BIHSHHUEM
OKpYXaroIei Cpenbl, a KOMIIEHCAIUS TPOUCXOIUT
C 3ama3zbIBaHueM, ObLTO MPUHSITO PEIICHUE YBEIH-
YWUTb TOYHOCTH 3a CUCT CJIOKCHUS HAIIPSLKCHUS KOM-
MEHCAIlMU U HECKOMIIEHCUPOBAHHOM COCTaBJISIFOLIEH.

B Hacrosiie#t craThbe omucaHbl pa3paboTKa H
MIpeMEHEHNE YKa3aHHOTO aJropuTMa.

Omnucanue wuccaenyemoii cucrembl. Pabota
nposoaunack ¢ maketoMm TBI, pazpaboranneiM B AO
"HNAW xoMaHIHBIX TpUOOPOB", MpPEACTABISIONINM
co0ol MeTaJUIMYEeCKUi Pe30HaTOp MIIHHIPUYECKON
¢dopmel (UD) M1 ¢ »neKTPOCTaTHYECKON CUCTEMOM
BO30OYKICHUS KoJeOaHMH M cheMa HHPOpMALH
(puc. 1). B xayecTBe BBIUHMCIUTEIBHOIO YCTPOMCTBA
HCTIONB30BAJICS 32-pa3psiTHbIA KOHTPOILIEP.

Cucrema BO30YXIEHUS M JACTCKTUPOBAHUS
konebanuit B UD mpencraBmsier coboit 4 mapbl
ANaMETPAJIbHO IMPOTHUBOIIOJOKHBIX JJICKTPOJA0B
M2, cMelleHHBIX JIpyr OTHOCHUTENbHO Jpyra B
MOTIEPEYHOM CeueHHUH Ha yrou 45°, oOpa3yronix
4 xaHana:

1. E1-E5 — Bo30y>K1eHMs KoJieOaHuii pe30HaTopa.

2. E3—FE7 — u3mepenHus kosebaHuii pe3oHaropa.

3. E2—-E6 — u3MepeHus cUrHajia yrioBOW CKO-
pocTH.

4. E4-E8 — xoMIIEHCALIMU BBIXOIHOI'O CUTHAJIA.

Puc. 1. Cxema pacnonoxxeHus snektponos TBI'

Fig. 1. A scheme of electrode positioning in a solid-state
wave gyroscope

Kopmyc pesonatopa mopxitodeH K oOmiemy
MIPOBOTY.

B paccmarpuBaemMoM MakeTe MpUMEHEH I03H-
IUOHHBIA METO/I BO3OYK/ICHHS KoJieOaHUH pe3oHa-
Topa. OH 3aKiO4aeTcd B TOM, YTO IEPEMEHHOE
HanpsHKEHHE ¢ YaCTOTOMH, B 2 pa3a MEHbIIEH 4acTo-
Thl COOCTBEHHBIX KOJICOAHWH, MOJACTCA Ha Mapy
ANIEKTPOZIOB KaHasia Bo30yxkaeHus (E1—-ES), pacno-
JIO)KEHHBIX Ha OCHU Ha4aJIbHOW OpPHUEHTAallUU CTOsTUEn
BOJHBL. Bo30yxkienue kxonebanuit UD cocrout u3
JTamna Ha4ajibHOTO BO30OYXKICHUS U dTara CTaOHIIv-
33U aMILIMTYIbI KosieOanuit. 1{enp sTana Hayasb-
HOTO BO3OYK/ICHHSI 3aKII04aeTCsl B BO30YKJICHUH B
pe3oHaTope KoyeOaHWi 3alaHHOM aMIUIUTYIBI Ha
€ro PE30HAHCHOM 4YacToTe. DTOT 3Tall IJIUTCS A0
JOCTIDKEHUSI aMIUTUTYIBI KOJICOaHUH, CTpeMsIeics
K 3aganHoi. [locne sTama Bo3OYKIACHNST HAaYMHAET-
Csl dTan CTa0WIW3aIMd aMIDIMTYIbI, KOTOPBIA 3a-
KIIFOYAETCS B MOJAYE HAMPSKEHUS, YICP>KUBAIOLLIETO
3aJIaHHYIO aMIDIUTYy KOJIeOaHWil B KaHalle m3Mepe-
HUS KoneOaHuii pe3oHatopa (E3—E7) ¢ BBICOKHM
YPOBHEM CTaOHMJIBHOCTH.

Hns paboter TBI' B xkagectBe UD HeoOxoanmMo
peanu3oBaTh iBe 00paTHBIC CBSA3H — OJIHY JIJISl KOH-
Typa BO30OyxaeHHS (MEXIy KaHAIIOM BO30YX[e-
HUS KOJIEOAHUM W KaHAJIOM WX W3MEPEHHs), NIpY-
TYI0 JUIsl KOHTypa U3MEPEHHs YIIIOBOH CKOPOCTH
(Mexy KaHalOM W3MEPEHHUs CUTHANA YIJIOBOM
ckopoctu (E2—FE6) u KaHaJOM KOMITEHCAI[MH BHI-
XOAHOTro curHana (E4-ES).

MaremaTuyeckoe ONMMcaHHe YNPYrux KoJeda-
Huii pe3onaropa. KonTpons ynpyrux koneOanuit
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pe3oHaTopa U U3MEpPEHHE IIapaMETPOB BOJHOBOM
KapTHHBI KOJEOAHMH OCYIIECTBISIOTCS C IIOMO-
IIbI0 CHCTEMBI CHJIOBBIX U M3MEPHUTEIBHBIX JJIEK-
TPOCTATUYECKUX DJEKTPOAOB, PACIOIOKEHHBIX
BONMM3KM CcBOOOMHOTO Kpast pe3oHaropa. C momo-
LIbI0 YIPABIAIOUINX AaTYNKOB BO30OYXKIaeTcs mep-
BUYHas BonHa. Ilpu BpameHuu rupockona Io
IPUYMHE UHEPTHBIX CBOWCTB BOJH BO3HUKAET BTO-
pHUuHas BOJHA, IIYYHOCTH KOTOPOH COBIAJAIOT C
y3JaMyd NEpPBUYHOM BOJHBL. PesynbTupyromas
BOJIHA SIBJIIETCS CYNEPIO3UIMEN IByX ONMUCAHHBIX
BOJIH, MTOBEPHYTHIX APYr OTHOCUTENIBHO Jpyra Ha
yroa 90°. MnepuunansHas nHGOpMALHs ONpeaess-
eTcs M3MepeHueM KojebaHui pe3onaropa. B pe-
KUME BBIHY)XJIEHHBIX KOJeOaHUH BBIYHCISIETCS
yIJIOBasi CKOPOCTb THPOCKONA  OTHOCHTENIBHO
WHEPLHAJIHHOTO MPOCTPAHCTBA, T. €. THPOCKOI pa-
00TaeT Kak JaT4vK YIIOBOH CKOpPOCTH. B pexknme
CBOOOAHBIX KOJICOAHUI BBIYMCIACTCS Yrojl HOBO-
poTa THpOCKONa B MHEPLUAIBHOM IMPOCTPAHCTBE,
T. €. THPOCKOI paboTaeT B MHTEIPUPYIOLIEM pe-
JKHAME.

B [9] uccnenyroTcst MOrpemIHOCTH TakuX TH-
POCKOIIOB C pa3lW4YHbIMH (QopMamMH KoiedaTelb-
HOro pesoHaropa. IlorpemHoCTH W3rOTOBIEHHSA
pe3oHaropa (ImepeMeHHasi IUIOTHOCTh, TOJIIMHA U
Ip.) HapyIIAOT CUMMETPHIO YIPYTHX CBOMHCTB U
NPUBOIAT K OMEHHSAM PEe30HAaTOpa, B KOTOPBIX H3-
ruOHbIE KOJeOaHUsS COBEPLIAIOTCS Ha ABYX ONn3-
kux yactotax [10].

MaremaTiueckoe ONmMcaHUe YNpyrux Koieda-
HUH pe3oHaropa umeet BuA [11]

C(1)-1.6Q8 () +25vC (1) +v2C(t) =

Ecau 3HaueHueM yriaoBoi CKOpOCTU €2 MOXKHO
npenebpedsb, ypaBHeHus (1) HHTErpUpyIOTCs He3a-
BUCUMO Jpyr OT jApyra. B mporuBHOM ciyuae
YpaBHEHUS CBSI3aHBI MEXIy coOOi 3a cueT BiMs-
Hus cun Kopuonuca.

Bxoxpaenue yrioBoii ckopocTtu £ B 06a ypas-
HeHus (1) TOKa3bIBaeT CBSA3b AMILIUTYI TIEPBHY-
HBIX U BTOPUYIHBIX Kojiebanuii mpu moBopote TBI.

Komrmrencarmmonnsnii pexkum JIYC obecrieunBa-
ercsl 3aMbIKaHHEM OOpaTHOW CBS3U B KOHTYPE M3-
MEpEHHs YIVIOBOM CKOpocTh. BbhIXOOHON cHrHain
TBI' cocTouT U3 HECKOJBKUX KpPaTHBIX TapMOHHK.
Paboueii siBnsieTcss BTopasi TapMOHHKA, MOCKOIBKY
panuaibHOE TepeMelleHne KPOMKM pe3oHaropa Ha
Heil HaubombIIee.

[ToBBICHTE TOYHOCTH THPOCKOIIA MOKHO C TIO-
MOIIBIO AITOPUTMOB KOMIICHCAIMH, HCIONB3YI0-
X 3HadeHus napamerpos TBI' [12].

MaremaTu4eckoe oOmucaHHe O00padOTKH
BBIXOAHOr0 curnaga. [lms paborer ¢ UD TBI'
HeoOXOAMMO BBIIENUTH IapamMeTpsl paboueil rap-
MOHUKH — aMIUIUTYRy U (asy.

[Mepuonuueckuit curHan s(¢) MOXHO mpen-
CTaBUTH B Buje [13]

s(1)= % + i [An sin(not) + B, cos(nmt)],

n=l

e Ay, A,, B, — xoopdumentel Oypee; © —
KpYroBasi 4acToTa; # — HOMEp TapMOHUKH;  — BPEMsL.

Hcxons m3 aToro npencraBieHUs MOXKHO pac-
CUMTATh aMIUIUTYAY ¥ HadallbHYIO (a3y BXOHsIIe-
TO CUTHaJa, UCIoNb3ys pypre-aHanus [14, 15].

B =021 ({); (1) N3 nuckpeTHOro curHajga yka3aHHbIE Mapa-
§(1)=1.6QC (1) +20vS (1) +v2S (1) = METpPbl MOKHO OMPEICTHUTh MO CIEAYIOIUM (Hop-
=-0.21, (1), mynam [16]:
rne C(¢), S(+) — dyHKUMM BpemeHH KoneOaHMit i A:%[ X, sin(on) | @)
KPOMKH PE30HATOpa, COOTBETCTBYIOIINE HAIpsiKe- |
HUIO B KaHanax E3—E7 u E2—E6 cOOTBETCTBEHHO; N
Q — u3MepseMas yIoBas CKOPOCTb; V — COOCTBEH- dB=>"[ X; cos(ot) ; 3)
Has 9acTOTa BTOPOH MOIBI KOJICOAHUH pe30HATOpa; t=1
¢ — xoaduument xonebaremsnocty; f; (1), f5 (1) — __dd ; (4)
(yHKIM BpeMEHHM TapMOHHYECKMX CHJI BO30YKIe- (TNg)+1
HUSL ¥ YIIPABIICHUS KOJICOAHUSIMU COOTBETCTBEHHO. __ a3 (5)
IlepBoe ypaBHEHHE ONMMCHIBACT YIIPYTHE KOJIE- (IN7)+1
OaHusl pe3oHaToOpa Mo ocsiM KanaioB E1-E5, E3— Ampl = m : 6)
E7 (nepBuuHbIe KOJIEOAHW); BTOPOE — IO OCSIM
KaHajoB E2—-E6, EA—E8 (Bropu4Hble KojeOaHus). ¢ =arctg(B/4), (7
PP T
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rae N — KOIMYEeCTBO TOYEK HCCIICAYCMOT'0 MacCCHUBa,
X, ¢ — OTCUCT AUCKPCTHOIO CUI'HaJIa, O — 4YacToTa

HCKOMOI'O CUTI'HAJIa, Ampl — aMIUIMTyAa HMCKOMOI'O

CUTHaJa; (¢ — HadaibHas ¢aza MCKOMOTO CHUTHAJIA;
T — nepuof curuana; Ny — KOIMYeCTBO IIEPHUOJIOB.

BrIXoqHBIM CHTHAIOM B KaHaJle CKOPOCTH SIB-
JISIETCSl CyMMa CHTHAJIa CMEIICHHS CTOSYel BOJHBI
OT BpalleHHs OCHOBAaHUS NpPUOOpa W CHUTHAIA
komrieHcaru. [Ipy HM3BECTHBIX MapaMmeTrpax am-
WATYAsl 1 (a3el KaKIOTO W3 ITHX CHUTHAJIOB
MOYKHO TIOJYYHTb ITapaMeTpPhl BRIXOAHOTO CHUTHAIA
mo ¢opmynaMm, TPUMEHSEMBIM Ui TapMOHHYe-
CKHX CHTHAJIOB OJIMHAKOBOM YaCTOTHI:

AK,-_I Sin((le-_l )+ AI/ISM[ Sin((Pli- ) =
= AK,- sin((pKi ); (8)

AK_=[A2 Ay
i K| U3M

i

0.5
+ 2AK,~71 AI/I3MI~ cos ((PKH ~ Puszm ):| > ©)
A, sin ((pKF1 ) + Ay, SN (Puznr )
@y, =arctg , (10)
i AKH cos((pKl_i1 ) + AmM,- COS((pmM )
rae AKH — aMIUTATy/a CUTHAajJa KOMIICHCAIIMA Ha

NpeapIAyIIeM 1mare; A

yzm, — AMIUTHTY/IA CMCIICHHS

CTOSIYCH BOJIHBI OT BPAICHUS OCHOBAaHHS IMPHOO-
pa; A, — aMIUIUTy/a BBIXOJHOTO CUTHANA; @ L
1 1—

Ha4daJIbHasA (1)33& CHUT'HaJIa KOMIICHCAIINKU Ha IIPEbI-
AymeM mare; @y.,,. — HadaJlbHasd (1)333 CMCUICHHUA
i

CTOSTYCH BOJIHBI OT BpalicHUA OCHOBAHUA an6opa;
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Q. — HadalbHasA (1)333 BBIXOTHOI'O CUT'HaJIa.
1

Taxum 00pa3oM NPOUCXOAUT pacdeT MapaMerT-
POB IOJIE3HOTO CHTHAJIA B KaHAJIE CKOPOCTH M Ia-
paMETPOB HANpSHKEHHWsS. B KaHaje KOMIIEHCALHU.
Ha ocHOBaHMM yKa3aHHBIX PACYETOB ONPEACIAIOT-
Csl MapaMeTphl CUTHAJA, KOTOPBINA HY)KHO BBECTH B
KaHaJ oOpaTHOW CBSI3U B KOHTYPE H3MEpPEHUs yI-
JIOBOM CKOPOCTH, B pe€3yJbTaTe Yero amIuiuTyaa
BBIXOJHOTO CHTHaja, N3MEPSEMOro B KaHaje CKO-
POCTH, AOJKHA CTPEMHUTHCA K HYIIO.

Tak kax TBI' siBnsiercs npuOoOpoM KOMIIEHCa-
LIMOHHOTO THUIMA, MapaMeTpsl HampsHKeHUs, KOTOo-
poe momaercs Ha 3ekTponsl E4, E8 (kaHam KOM-
MeHCaluN) Il KOMIICHCAlUN KoJjeOaHuid 3JeK-
TpogoB E2, E6 (kaHan ckopocTH), HecyT WH(Op-
Maiio 00 yrioBoi ckopoctu. Ha puc. 2 mpen-
CTaBJIEH DPE3yJbTaT MAaTeMaTHYECKOr0 MOAEIUpO-
BaHUS  JAHHOTO  anroput™ma, r1ae [  —
KOMIICHCUPYEMBI CHUTHAJ, COCTOSLIMN U3 Tpex
TapMOHUK, J0 ero (QuibTparyu mo gopmynam (2)—
(7); 2 — xOMIIEHCUPYEMBI CHTHAJ TIOCIIEe TTPOXOXK-
neHus QuIsTpa; 3 — CUTHAN KoMIeHcanuu. Bep-
TUKQJIBHON IITPUXITYHKTUPHOW JIMHUEH OTMEYEH
MOMEHT 3aMbIKaHHsI 00paTHOI! CBA3M.

W3 pe3ynsTatoB MOAETUPOBaHMS BHIHO, YTO
Mocjie 3aMbIKaHUs OOpPaTHOM CBSI3M aMILUIUTYZHA
KOMITEHCUPYEMOTO CHIHaJla HE paBHa Hymo. /lan-
Has HECKOMIICHCHPOBaHHAs COCTABIIAIOIIAs BbI-
3BaHa 3alla3bIBAHUEM KOMIIEHCAIlUN U METOoAuYe-
CKOM TIOTPEITHOCTHIO aITOpPUTMA.

W3MeHenue HamnpshKeHUs B KaHalle KOMIIEHCa-
LMY TIPOUCXOJUT Ha HEKOTOPOM HHTEpBajie Bpe-

-128

-256

Puc. 2. Pe3ynpTar MOAENUPOBAHUS OCLUIUIOTPaMMbI BEIXOJJHOT'O CUTHAJIA B KaHAJIE CKOPOCTH:
1 — KOMITCHCHPYEMBIii CUTHAJT 10 QUIBTPAIH; 2 — KOMIEHCHPYEMBI CUTHAI Tocie GHIBTPAK; 3 — CHIHAJI KOMITCHCAIIUH.
HITpUXITyHKTHPHOH JMHHUEH OTMEYEH MOMEHT 3aMBIKaHUs OOpaTHOH CBSI3H

Fig. 2. Results of modeling the waveform of an output signal in the velocity channel:
1 — compensated signal before filtering; 2 — compensated signal after filtering; 3 — compensation signal.
The moment of feedback closure is marked with a dash-dotted line
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MCHH, MO3TOMY HANPSAKCHUC KOMIICHCAIITUU MOXXHO
NpeaACTaBUTH B CIICAYIOIICM BU/JC!

N
Ug. =2, AUQq;
i=1

AUQI_ = UKH ~-U(Q),
rae U, — HampspkeHHe KOMIIEHCAllMU Ha i-M IIare
1
koMmneHcau; AUgq — M3MEHEHHE HAIpsDKEHUS Ha
1

i-M miare xommercaiuu; U(Q) — HanpsokeHue B
KaHaJie CKOPOCTH, BEI3BAHHOE YITIOBOW CKOPOCTHIO.

3HaveHNe CUTHAIIA, KOTOPBIH HeceT HHPOPMAITUIO
00 yIIIOBOH CKOPOCTH, MOYKHO TIPE/ICTABUTH B CIIETY-
TOIIIEM BHJIE:

SI/I?)Ml- =UK1~ -V, (1)

rne U, — rapMOHHYECKas COCTaBIAIONIAs CUTHANA,

BBI3BaHHAS MOTPEITHOCTSIMHA N3TOTOBJICHHMS.

AMIUTHTYIa CUTHaja, MOJaBaeMOro I KOM-
MeHCAI W3MEPEHH CKOPOCTH, HeceT nHpopMa-
LIMIO O 3HAYEHUH YTIIOBOW CKOPOCTH, a (a3a — o ee
HampaBlieHHuH. PacdeT NaHHBIX TapaMeTpoB Ipo-
nucxonut 1o Gopmymam (2)—(7).

Ha ocHOBaHuM 3aBUCHUMOCTEH NEPBUYHBIX U
BTOPUYHBIX KoJieOanuii pe3zonaropa (1) paspaborta-
HBI OIMCaHHbIE Jajieeé METOIbI CHIKEHHS MOrpem-
Hocreit BerxoHoro curHana /Y C Ha 6aze TBI.

CHuoicenue necmaduIbHOCIMU HY1€6020 CU2-
Hana cxkopocmu. JKCICPUMEHTAIBLHO BBISBICHO,
YTO B KaHajle CKOPOCTH IPUCYTCTBYET rapMOHHYE-
CKasl COCTaBJISIONIasi TOM e 4acTOThl, YTO U MO-
ne3Hbld curHan. JlaHHas cocTaBisiomas Oblia
H3MepeHa Kak CUI'HaJl B KaHajie CKOPOCTH TPH OT-
CyTCTBHM BpamieHus. Taxke ObIJIO 3KCIEpUMEH-
TaJbHO YCTAHOBJECHO, YTO HM3MCHEHHE HarpsbKe-
HUS B KaHasle BO30YXKAEHUS BCJICICTBHE HCIOJb-
3oBanusi [IM]]-peryasitopa B KOHType BO3OY»KIe-
HUS (KOTOPBIN yIOepKMBaeT MapaMeTpbl MepBUY-
HBIX KoJieOaHWI pe30HaTopa OKOJO MOCTOSHHBIX
3HAUCHHUI) PUBOAMT K U3MEHEHHIO 3TOH COCTaB-
NSIOMEH M, KaK CIeACTBUE, K HECTaOMILHOCTH
HYJIEBOTO CHT'HaJla CKOPOCTH.

Ha ocHoBanmn nmanHOoro HaONMIONEHUS W HAHU-
4yusd CBA3U MCKIAY KOJ'IC6aHI/IHMI/I B KaHajJaXx mep-
BUYHBIX U BTOpHYHBIX Konebanwuii (1) paspaboran
ANTOPUTM YMEHBIICHUS! yKa3aHHOW HeCTaOWIIbHO-
CTH C YYETOM M3MEHEHUS aMIUTATYIbl HAPSKSHHS
BO30YKeHUsI pe3oHaropa [12], 6iok-cxema KoTopo-

o

VYpasnenue
BO30YXKIEHHEM

YupasneHnue
KOMIIeH canuei

Puc. 3. Briok-cxema anropurma yMeHbIICHHUS
HECTaOMIBHOCTH HYJIEBOTO CUTHAJIA CKOPOCTH

Fig. 3. Ablock diagram of the algorithm
for reducing the instability of the zero-velocity signal

ro u3obpaxeHa Ha puc. 3, e U, — HanpsKEHHE
BO30y)Kaenus;, U, —
Uso

U 1> U 2 — HAIPsOKCHUS, BbI3bIBACMBIC IICPBUYHbI-

HaIpsKCHUE KOMIICHCAIIUU,

HayaJlbHOE HamNpsHKeHHE BO30YXKICHUS;

MU M BTOPHYHBIMH KOJICOQHUSMHU pE30HATOpa CO-
OTBETCTBEHHO. CJI0KEHHE POUCXOAUT MO HOpMy-
nam (8)—(10).

[IpencraBneHHbI aNTOPUTM NpPEAHAZHAYCH IS
TIOBBIIICHUS] TOYHOCTH M3MEPEHUs YIJIOBOM CKOpO-
ctd. VcnpiTanus MOKa3aiu, YTO B Pe3yJbTare Mpu-
MCHEHHS aJIrOpUTMa HECTAOWILHOCTh BBIXOIHOTO
CHTHAJIA 3HAUYUTENIBHO YMEHbLIEHA. Pe3ynsrar ucnbi-
TaHUs aITOpUTMa Ha MaKeTe MPUBE/ICH Ha puc. 4.

[Mocne o6paboTku BeIXOmHOTO curHana TBIT

Puc. 4. TectupoBaHue aNropuT™Ma CHIKCHUS
HecTaOMIIFHOCTH HYJIEBOTO CHTHAJIa CKOPOCTH:

1 — pe3ynbTaT U3MEPEHHs AMILTUTYbI YIIIOBOH CKOPOCTH
JI0 TIPUMEHEHUSI JITOPUTMa; 2 — TO XK€, B Pe3yJIbTaTe
NPUMEHEHHs! aIropuT™Ma; 3 — aMIUIUTY/1a HaIIPsKEHHs
B03OYyxeHus U,

Fig. 4. Testing the algorithm for reducing the instability of the
zero-velocity signal: / — the result of measuring the amplitude
of angular velocity deviation without the use of the developed
algorithm; 2 — the same, but applying the algorithm;
3 — excitation voltage amplitude U,
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MPEACTABICHHBIM QJITOPUTMOM CpEITHEKBaIpaTH-
YecKOoe OTKJIOHEHHE HYJIEBOIO CUTHAJIa CKOPOCTH B
3alycKe yMEHbIIMWIOCh Ha 76.4 %.

Memoo noseviuienus MOUHOCHU C NOMOULLIO
HEeCKOMREHCUPOBanHoll cocmagaarouei. Pe3ynp-
TaT MaTeMaTH4ecKoro MOAEITUPOBAHHS TOKa3al,
YTO KOMIIEHCALUSI MPOMCXOAMT C HOTPEIIHOCTHIO
(cm. puc. 2). s 3aMpIkandss 0OpaTHOU CBSI3H HC-
nonb3yercsa [T /I-perymnstop.

Hanpsokenne B kaHalle CKOPOCTH — 3TO pas-
HOCTh HAIPSHKEHUS KOMIIEHCAIMM Ha IPeablIy-
LIeM IIare ¥ HampspKEHHS, BHI3BIBAEMOTO HATUYH-
€M YIJIOBOM CKOPOCTH, a TaKKe MOTPEUTHOCTHIO
MIPY 3aMBIKAaHUK OOPATHOM CBSI3H.

g moBeimeHust TouHoCcTH n3MepeHui B (11)
HYXXHO JOOaBUTh HalpsDKEHUE B KaHAJe CKOPOCTH
Ha TeKylleM Iuare (HeCKOMIIEHCHPOBaHHas Co-
CTaBJsIoOIIasl). JTO ACWCTBHE CHHU3UT MOrpeLI-
HOCTh U3MEPEHHsI YITIOBOW CKOPOCTH, BBI3BAHHYIO
MOTPEIIHOCTBIO 3aMBIKaHUsI OOpaTHOW CBSI3H, U
MO3BOJIUT TMONYYaTh HHPOPMAIHUI0 00 YIIOBOH
cKopocTH 0e3 3ana3apiBanus. biok-cxema qaHHoro
aNropuTMa MpecTaBiIeHa Ha pHUC. 5, a pe3ynbTar
KOppEKLHH — Ha puc. 6.

Kak BumHO u3 pHcyHKa, cMrHal 2, TOJTy4YeH-

A4

1250—
1000—

AUgq Uy,
un »| Hakonurens >

t -z —

Uy —

Puc. 5. Biiok-cxema anropurma MoBbIIIEHUS TOYHOCTH
C TIOMOILBIO HECKOMIIEHCUPOBAaHHON COCTaBIISAIOILEH

Fig. 5. A block diagram of the developed algorithm for increasing
the SWG accuracy using the uncompensated component
HBIH 10 KOPPEKTHPOBKHU, OBLI CKOPPEKTUPOBAH C
MIOMOLIBI0 HECKOMIIEHCUPOBAHHOM COCTaBIISAIOLIECH
4. B pesynbrare KOPpEKIHH OBLT MOyYeH CHUTHAT
u3MepeHud ¢ koppektupoBkoid 3. IlomydeHHbIH
rpaduK 3HaYNTEIHHO JY4YIIe COBMAAAET C 3TAJOH-
HeIM TpadukoM /. Ha 3ToM OCHOBaHWHM MOXKHO
cIeNnaTh BBIBOA, YTO AJTOPHUTM 3HAYUTEIBHO IO-
BBIIIACT TOYHOCTh M3MEpPEHMH. B pesynbsrare uc-
MOJIb30BaHMsl AJITOPUTMA CPEIXHEKBAIPAaTHUECKOE

OTKJIOHEHHE YMEHBIIUIIOCH Ha 69.52 %.
3aximouenue. OncaHHble B HACTOSIIIEN CTAThE
AJITOPUTMBI TIOBBIIIEHUS] TOYHOCTH SKCIIEPUMEHTAIb-
HO IIPOBEPEHbI Ha MakeTe, pa3pabOTaHHOM B paMKax
Hay4HO-HcCeoBarenbekod  paborsr B AO "HUU
KOMaH/IHBIX TPHOOPOB". DJIEKTPOHHBIE KOMIIOHEHTHI
YKa3aHHOI'O MaKeTa He pacCuuTaHbl Ha oOecriedeHue
BBICOKOM TOYHOCTH, TIO3TOMY MakKeT CITyXWT Ul Ka-

750
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Puc. 6. Koppekmus ¢ moMoInIsr0 HECKOMIIEHCHPOBAHHOH COCTaBIISIOMICH:
1 — TanoHHBIE N3MEpEHHsT; 2 — U3MepeHus 0e3 KoppeKuuy; 3 — H3MepeHHs ¢ KOppeKInel; 4 — CHTHaJ B KaHalle CKOPOCTH

Fig. 6. Correction using the uncompensated component: / — reference measurements; 2 — measurements without correction;
3 — measurements with correction; 4 — signal in the velocity channel
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YECTBEHHOH MNPOBEPKH 3(PPEKTUBHOCTU OMHMCAHHBIX
AJITOPUTMOB, a TaKKe Ui pa3pabOTKU HOBBIX METO-
1oB pabotsl ¢ UD. B pesynbrare 5KCIIEpUMEHTOB MO~
JIy4eHBb! JaHHBIE, TOATBEpXKAAtonHe dPHEeKTHBHOCTD

pa3zpalboTaHHBIX pelieHui. Pe3ynbrarsl McHBITAHUMIA
JIEMOHCTPUPYIOT BO3MOKHOCTh YIyUILICHUS XapaKTe-
PUCTHK TpHOOpa 3a CYET NPUMEHEHMS! Pa3INYHBIX
ANITOPUTMOB 00PaObOTKH MH(POPMALHK.
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AJITOPUTM KaJIUOPOBKH MHUKPO3JIEKTPOMEXaHNYeCKMX HHEPUHATbHbBIX 1aTYUKOB
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T'ocynapctBennsiii Texunueckuid yauepcuret uM. Jle Kyit Jlona, Xanoit, BbetHam

™ trongyen@lqdtu.edu.vn

AHHOTaLMA

Beseoenue. Cucremarnyeckue ommMOKH MUKpoaiekTpoMexanndeckux (MOMC) nHepunaibHbIX AaTYUKOB, OTHOCS-
myecs: K OMMOKaM CMEIIeHHsT HyJlsl, MacIITaOHOro Kod(@uieHTa 1 HEOPTOrOHAILHOCTH YyBCTBUTEIBHBIX OCEH,
SIBIITIOTCS. MCTOYHHKAMH TTOTPENTHOCTeH OecriarOpMEeHHBIX WHEpIUaNbHBIX HaBHTAlMOHHBIX cucteM (BMHC).
HexomneHCHpoBaHHBIE OMIMOKH JAaTYMKa CO BPEMEHEM HAKAIUIMBAIOTCS KaK OIMIMOKH COCTOSHUS JBIKCHUS, M3-3a
yero cHmwkaercss TouHocts BUHC. CnenoBarenbho, kanmbpoBka MOMC mHepuuanbHBIX AaTYUKOB SIBIISETCS BaXK-
HOW 3amadeil. HemocTaTok CymiecTBYIONMX METONOB KAJIMOPOBKH JATYHKOB — JKECTKOE TPEeOOBaHME K TOYHOCTH
HaYaJIbHOW BBICTaBKH YyBCTBUTEIBHBIX OCEH TATYMKOB OTHOCHUTEIFHO OTIOPHOM CHCTEMBI KOOPAWHAT, UTO IIPUBOIUT
K TPYJHOCTH M YBEJIMUCHHIO BPEMEHH HadalbHOW BBICTaBKH. J[ys mpeononeHus 3Toil npobiieMbl HEOOXOIUMBI pas-
paboTKa U uccienoBaHue HOBBIX METOOB KaanOpoBkn MOMC-gaTankoB.

Ilens pabomwi. Pazpaborka anroputMma KamuOpoBkun MOMC-maTdnkoB, MHBAPHAHTHOTO K YITIOBOM OpHEHTAIHH
YYBCTBUTEJBHBIX OCEH TaTYMKOB OTHOCHUTEIHEHO OMOPHOW CHCTEMBI KOOPIUHAT IIPH Ha4aJIbHOH yCTaHOBKE.
Mamepuanvt u memoosl. Victionb3yeTcsl cTaHAapTHAs MaTeMaTHYeCcKasi MOAENb BBIXOJHBIX CUTHAJIOB TPUAAbl MHUK-
poMexaHmyeckoro akcenepomeTpa (MMA), paccMOTpeHHasi B POCCHICKHUX M 3apyOeKHBIX YIeOHMKAaX M ITyOJIHKa-
LUSIX O COBPEMEHHBIX METOJIaX MCIIBITAaHWH M KaJHMOPOBKM JaTdukoB 3a mocnenHue 10 net. Ipeanaraemsiii anro-
puTt™M KaJ'lI/I6pOBKl/I JATYUKOB BBINOJHACTCA METOAOM HAMMCHBIINX KBAaAPaTOB IIPU peain3alnun HOSI/IHI/IOHl/IpOBaHl/Iﬁ
MMA B rpaBHTaIIMOHHOM T0JI€ 3eMITH. ATpoOanys BEIIIOIHACTCS IIOCPEICTBOM 00pabOTKH CHTHAJIOB, 3aITMCAHHBIX
ot TpexocHoro MMA ADXL325.

Pe3ynvmampl. AnTOpuTM ONpeENeNeHUs] KaIUOPOBOYHBIX MapaMeTPOB JAaTYMKOB BHE 3aBUCHMOCTH OT Ha4yalbHOM
BBICTaBKH YYBCTBHUTEIBHBIX OCEH JaTYMKOB OTHOCHTEIBHO OIOpPHOW cucTeMbl. [IpencrapineHne nmpocToi ampTepHa-
TUBHOM KOHCTPYKLHHU cpelcTBa A ucnbiTaHuss MOMC-aaTumnkoB.

3aknwuenue. lpennaraercs Meron kaanopoBku MOMC MHepLHMaIbHBIX JATYUKOB, OTIIMYAIOIIUNCS OT TPaIULIMOH-
HBIX METOJIOB KaJTHMOPOBKH TEM, UTO PE3YJBTAThl ONpEACICHUs KaTHOPOBOUHBIX KodddumreHToB MMA He 3aBHCAT
OT €r0 YIJIOBOTO TOJIOKEHHUS OTHOCHTEIBHO TeorpauaecKoil CHCTEMBI KOOPIMHAT, 9TO MO3BOJISAET HOBBICUTH TOCTO-
BEPHOCTh MOJIyYaeMBbIX PE3y/IbTaTOB U YIIPOCTUTh KOHCTPYKIHMIO CPEACTBA MCHBITAaHUH. Pe3ynbraTsl paboThl 3Ha4YH-
MblI 17151 moBbleHus: TouHoctd BUHC Ha ocHoBe MOMC nHepuanbHbIX JaTYUKOB.

KaroueBble ciioBa: KamuOpOBKa, METO HAMMEHBIIINX KBAJAPATOB, HHEPIHUANBHBINA JaTINK, MEKPO3JIEKTPOMEXaHHIE-
CKas CHCTeMa, KaITnOpOBOYHBIC TTApaMETPHI

Jas uurupoBanusi: Hryen Yonr Men, Hryen Kyok Xanp, Xa Manb TxaHr. AJITOPUTM KQTHOPOBKH MUKPOIJICKTPOME-

XaHWYECKHX HMHepUMalbHBIX naTdukoB // M3B. By3oB Poccum. Pagmoanexrponmka. 2022. T. 25, Ne 4. C. 90-104.
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Abstract

Introduction. Systematic errors of microelectromechanical (MEMS) inertial sensors, such as those related to zero drift,
scale factor, and nonorthogonality of sensitive axes, are the main sources of errors in strapdown inertial navigation sys-
tems (SINS). Uncompensated sensor errors accumulate over time as motion state errors, thus reducing the overall accu-
racy of SINS. Consequently, calibration of inertial sensors is a relevant research task. The disadvantage of existing sen-
sor calibration methods consists in a strict requirement for the initial alignment of sensitive sensor axes relative to a
reference coordinate system, which complicates the entire process of calibration. Therefore, alternative methods for
MEMS sensor calibration should be developed.

Aim. To develop a calibration algorithm for microelectromechanical (MEMS) sensors, which allows calibrating sen-
sors regardless of the angular orientation of the sensor axes relative to a reference coordinate system at the initial
installation, as well as to simplify the design of testing tools.

Materials and methods. Publications in national and international journals on the theory of calibration of inertial sensors
were reviewed. A calibration algorithm was developed based on the least squares method.

Results. An algorithm for determining the calibration parameters of sensors regardless of the initial alignment of the
sensor sensitive axes relative to a reference system was developed. A simple alternative design for testing MEMS sen-
sors was proposed.

Conclusion. The method of calibrating MEMS inertial sensors proposed in this work differs from conventional cali-
bration methods by increased reliability of the results and a simplified design of testing tools. Importantly, the results of
determining the calibration coefficients of a micromechanical accelerometer (MMA) do not depend on its angular posi-
tion relative to a geographic coordinate system (GCS). This works contributes to improving the accuracy of SINS
based on MEMS inertial sensors.

Keywords: calibration, least-squares method, inertial sensor, microelectromechanical system, calibration parameters
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BBenenune. HecmoTpsi Ha Takue npeumyiie-
CTBa, KaK aBTOHOMHOCTbB, HETIPEPHIBHAS U BBICOKO-
CKOPOCTHasi BBIpaOOTKa MH()OpMALMU U TIOMEXO-
3alMIICHHOCTh, OecruiarGopMeHHbIe WHEPIHAaIb-
Hble HaBuraruonnele cuctembl (BMIHC) wmmeror
HEJ0CTaTOK — HAaKOIUIEHHE MOIPEUIHOCTEN ¢ Teue-
HUEM BPEMEHH INpH WHTErPUPOBAHUH. DTO 0O0Y-
CJIOBJIEHO HEN30€KHOH MOTPENIHOCTRIO (Iperidom)

HAJIBHOCTH YyBCTBUTEIBHBIX Ocei. JIJIs CHUKCHHS
CHUCTEMAaTUYECKUX OLIHOOK UCIIOIB3YKOTCS METOIbI
71a00pPaTOPHOM KaJTMOPOBKH KaK B CTATHYECKOM,
TaKk U B JUHAMHUYECKOM pexumax [4—12], HO oc-
HOBHBIM HEJOCTAaTKOM 3THX METOJIOB SBJISCTCS
JKECTKOE TpeOOBaHHE K TOYHOCTH 3aJaHHUS YIJIOB
OpHUEHTAIIMU TUIATPOPMBI CTEHA, MCIIOJIb3YEMOTO

MOKa3aHWH HHEPIUABLHBIX YyBCTBUTEIBHBIX BJie-
MEHTOB M OIIMOKOW BBOJA HAyaJbHBIX YCIIOBHH
[1-3]. B cBs3u ¢ 3TUM BoOmpocaMm KaTuOpPOBKHU
yaensercs 0co00e BHUMaHHUE.

B kadecTBe cucteMaTHYECKHUX MOTPEIIHOCTEH
MUKposnekTpoMexannueckux (MOMC) wunepiu-
QIBHBIX AATYUKOB BBIICISIOT OMIMOKH CMELICHHUS
HYJIsI, MaclITabHOro Ko3(pQHUUUEHTa U HEOPTOro-

Jutst kamuOpoBku. B [13] Obul peann3oBaH METOJ
KaHI/I6pOBKI/I WHCPpUHUAJIBHBIX JTaTYMKOB HE3aBUCH-
MO OT IOI'p€IIHOCTH HaYaJIbHOH YCTaHOBKH CpEI-
CTBa UCIIBITAHUM OTHOCHTEJILHO MJIOCKOCTH ropu-
30HTaA, IpU OTOM HOHYCTHMBIﬁ YToJI OTKJIIOHCHUSA
OT TUTOCKOCTH TOPHU30HTA TUIAHIIANHOBI CTeHIa OBLT
ykazaH B mpexene ~ 1. OCHOBHOW HEIOCTAaTOK
3TOr0 METOJa 3aKIo4YaeTcs B HEO0OXOJUMOCTH
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BBIPAaBHUBAHUSl YYBCTBUTENBHBIX OCCH JTaTYMKOB
OTHOCHTEIHHO HaNpaBICHUS BEKTOpA I'paBUTAIlH-
OHHOT'O YCKOPEHMs TpH HAYalbHOHW YCTaHOBKE
aKCceNepoOMETPOB Ha CTEHE C BBICOKOH TOUHOCTBIO
(16 cnienuanbHBIX MO3UIUI). DTO MPUBOIUT K JIO-
BOJILHO KECTKMM TPEOOBAaHMSAM IO HAYaJIbHOW BBI-
CTaBKE YYBCTBHUTEJIBHBIX OCEH OTHOCHTEIILHO BEPTH-
KaJbHOTO HANpaBJIeHHUs, a TakKe YBETMYUBAET 00-
mee BpeMsi KammOpoBku. /s mpeojoneHus 3TOro
HemocTaTka B [14] ObuT mpeyToskeH MomuduItpo-
BaHHbIII MHOTOMO3ULMOHHBINA METOJl HA OCHOBE Me-
Toma HamMeHbIX kBaaparoB (MHK), ¢ momomibto
KOTOpPOTO KaJIHOpPOBKA JTATYMKOB BBIMOJHSIACH IO
JTAHHBIM, TIONyYeHHBIM B IIPOHM3BOJIBHBIX YTIIOBBIX
nookeHnsIX. OJJHAKO WCIIONB30BAHHBIA aJTOPUTM
pellieHus] ypaBHeHHS] HEJMHEHHOW (DYHKIUH OIINO-
KH JIOCTaTOYHO clokeH. lIpemmaraemasi craths mo-
CBSIII[EHA HOBOMY aJTOPUTMY JIMHEApW3aIluy HeNH-
HeWHOW (YHKIIMHM OIMOKKA TPU WCIIOIH30BAHUHT
MHK s BemomHeHust kamuOpoBkun MOMC-
JIATIUKOB, Onarosapsi KOTOPOMY MOKHO BBITIOTHHTH
KaTMOpPOBKY HE3aBUCHMO OT YTJIOBOW OpHEHTAINH
YyBCTBUTENBHBIX OCEH JaTYMKOB OTHOCHUTEIHHO
OMOPHOU CUCTEMBI KOOPAMHAT MPHU HAYAJIBHOHN yCTa-
HOBKE, a TaKKe YIMPOCTHTh KOHCTPYKIHIO CPEACTBA
WCTbITaHUH. B kadecTBe nmpuMepa paccMaTprBacTCs
KaMOpOBKa TPHUAIbl MUKPOMEXaHUYECKOTO aKcelle-
pomerpa (MMA).

Metoabl. Beenem ciielytoniue CHCTEMBbI KO-
opaunar (puc. 1):

ox ngZ ¢~ reorpa)uyeckas cUCTeMa KOOp-

munat (I'CK), OZ ¢ HAIlpaBJICHA 110 BEPTUKATIH;

Puc. 1. OpueHTtanys 4yBCTBUTENBLHON OCH Z,,
akcesepomerpa oTHocutenbHO ['CK
Fig. 1. Orientation of the accelerometer sensitive axis Z,
relative to a GCS

YyBCTBUTENILHBIMH OCSIMH aKCEJIEPOMETPOB;

OXp, Yy Zp, — TepBas 6asoBas cHCTeMa, IpU
aToM ock OYy, cosmanaer ¢ ocbro Oy, ocb OZy,
HAXOIWTCA Ha JIMHUM IIEPECEYEHHs  IUIOCKOCTU
0)¢ gZ g ¥ IUIOCKOCTH, CO3IaHHOM JIByMsi BEKTOPaMH
OY, u OX,, 1 HalpaBieHa 10 NOIOKUTETbHOMY
HanpasleHno BekTopa OX ,, ocb OXp, AOMONHSET

CHUCTEMY KOOPJIMHAT JI0 MPaBON OPTOrOHATILHOM;

OX ), YpyZp, — BTOpas GasoBast cHCTeMa, IpU
arom ocb OYp,, cosnanaer ¢ ocsto OYg, ocb OZy,
HAXOJUTCSl HA JIMHUM IIEPECEUCHUs] IUIOCKOCTH
0).'¢ gZ g W IUIOCKOCTH, CO3[IAHHOM JBYMSI BEKTOpAMH
OYg u OY,, 1 HampaBjieHa IO IIOJOKUTEILHOMY

HanpasieHnio Bekropa OY,, ocb OXp,, nononssier
CHCTEMY KOOPJIUHAT 10 IPaBOi OPTOrOHAIBHOIL;

OXy, Yy, Zp, — TpeTbs 6azoBas cUCTeMa, IPU
stoM ocb OY), cosnagaer ¢ oceo OYg, ocb
OZ},, HaxXOIUTCS HA JIMHUU IIEPECCUCHHUS TLIOCKO-

ctu OX ng Y TUTOCKOCTH, CO3JaHHOU ABYMSI BEK-
topamu OY, u OZ,, 1 HanpasieHa N0 HOIOKH-

TenpHOMY HampaBineHuo Bektopa OZ,, ocb
OX},, NONOIHAET CUCTEMY KOOPAMHAT 0 NPaBoi
OpPTOTrOHAJBHOM.

Ocu 0X,, 0Y,, OZ, npexcraBusiorcsi Kak

YYBCTBUTENBHBIE OCH OTAEIBHO JUISl KOO Of-
HOOCHOI'O aKcelepoMeTpa (Uil HOCIEeIYIOIIEro
ompeneneHust cMeniennid Hynei). [lycts cuctema
xoopauHar OX,Y,Z, npu Ha4daabHOW BBICTABKE

3aHMMAET IIPOU3BOJILHOE YIJIOBOE IOJIOKEHUE OT-
HocutenbHo I'CK, Tak, 9ToOBI HM OIHA W3 TpPEX

YyBCTBUTEIBHBIX OCEH He coBnazana ¢ ocbio OY,.
Torma yruet Byg, Byo, B0 Mexny ocsmn OZy n
OZpy, OZyy,, OZy, YTIIBI
(90°—ay ), (90°—a.,), (90° —a,) MEKLY OCIMHU

COOTBCTCTBCHHO U

0X,, OY,, OZ; u OY, cootBeTcTBeHHO; Ag —
BCKTOpP VYIJIOBOH CKOPOCTH BpAIICHUS CHCTEMbI
OXoY,Z, BOKpYr ocu OYg. s mpumepa, Ha

pI/IC.l I/I306pa)K€HO HAYaJIbHOC TIOJIOKCHUC YYB-
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creutensHoit ocu OZ, orocurensro I'CK. Ilpu
3TOM A ,j — IIPOEKIMsS BEKTOpa g Ha 0Cb Zp,; A, —
HpOEKLMs BeKTopa A ,; Ha ochb Z, .

1. MaremMaTn4ueckas MojaeJdb INOKa3aHMIA
JAaTYHKOB. B KayecTBe MaTeMaTHYECKON MOJIEIIH,
ONUCHIBAIONICH BBIXOAHOU curHan Tpuaasl MMA

Ax,Ay,AZ, IIUPOKO HCIONB3YETCS CIEIYIOIIee

BeIpaxkenue [13]:

A (kL0 o || 1 ey 62y
4, 1= 0 K)‘ﬁ 0 oy 1 —yY 4, |+
A 10 o0 K46 vy 1 |L4]
Kfclex KfclyAx K)?ZAx Ax A)[?
a a a b
+ | KAy K A, K5 A, || Ay | [+] 4) |, (1)
K?)CAZ KgyAz K?ZAZ AZ Ag

rae Ay, Ay, A, — mokazaHus aT4yMKa, el. ChbeMa;

Ky, Ky, K MacITabHple  KOI(QQUIMEHTHI
. X X z z
MMA, en. cvemalg; ¢y, 07, 0%, 2,05, 75 —

YIJIBl, XapakKTepU3YIOLIME IIOJIOKEHUsSI H3Mepu-
TenbHBIX ocel MMA oTHocuTEnbHO Oceil mpu-

OOpHOW CHCTEMBI KOOpAMHAT, pam; A, Ay, A, -
MPOEKIIUU JICUCTBYIOIIET0 YCKOPEHUSI Ha OCHU CBS-
3aHHOH cucTeMBl KoopmiHat, g Kyy,K7y,,KZ

KO PUIMEHTH HETMHEHHOCTH BBIXOAHOM XapakTe-

puctuky, 1/g; Kfy, Ky, K;x, K)a,z, K%, Kfy
KOO(QQULMEHTHl TEpeKpPecTHBIX  cBszeH, 1/g;

Afc’ s Aﬁ . Af — cMeleHus Hyneit MMA, efl. chema.

IMox exuHUIIAMH CcheMa MOJpPa3yMeBaeTCs
e/IMHUIIA U3MEPEHUS BBIXOJHOTO CHT'HAJA JIaTIHKa
(x0f, amIepsl, BOJIBTHI | T. I1.).

B nmanHOl crathe paccMarpuBaeTcs KaTHOpOBKa
Tpramasl MMA, COCTOSIIEH U3 TpeX aKCeJIepOMETPOB,
W3TOTOBJICHHBIX B OJIHOM KOpITyCe, TIO3TOMY JOITyC-
KaeTCsl, YTO BIMSHUEM TIEPEKPECTHBIX CBs3el ocell Ha
BBIXOJTHBIC CHTHAJIBI MOXKHO TpeHeOpedn. CremoBa-
TENbHO, MOJIEIh (1) MOXKHO TIepenwucaTth B BUIE

A (Ko 0|l 1 ey 0z,
Ay |=| 0 Ky 0 ||| o Ay |+
o o k&[0 1 (L4

1 -y

i

Kéd, 0 0 |4 4b
X
0 KSa, 0 |4 |[+4] @

0 0 KA |41 |4

Jns manpHEHIero pacCMOTPEeHUsI MPEIOKEH-
HOTO METOJ/a Iiejecoo0pa3Ho B Mozenb (2) BBeCTH
clemyromnme 0003HaAYCHUS:

a _nX X
Ky 0 0 1 ¢y 0 K| Ky K
0 Ky 0 |l oy 1 —vJ|=K4Ks5Kg|;(3)
0 0 K4|-6% 73 1 K7 Kg Ko
KC0 0 |[K%4, 0 0
a a _
0 Ky 0 0 KyyAy 0 =
0 0K 0 0 KZa
Kod, 0 0
- 0 Kpd, 0 |, )
0 0 Kpd,
e K;=K{; K, =—Ky{¢oy; K3 =K{0};
Ky :K)Cf oY; Ks =K§,’; K¢ =—K§f vy,
K7=-K70%; Kg=KZvyj; Ko=KZ;

KIO:Kngxa; Kll ZK; K;y; KIZ :Kg K?Z'
Ha ocnoge Bwipaxenwuii (3) u (4) moxens (2)

MePENIChIBACTCS CIETYIONINM 00pa3oM:

A | [ KKy K3 ]| 4,
Ay = K4K5K6 Ay +

A, | [ K7KgKy || 4

yA

oo | 4b
0 0 |4 |4

b
Ay + Ay (5
0 0 K4, _AZ Af

PackpeiBast BelpaxkeHue (5) Mo cTpokam, Mmoiy-
yaeMm:

A, = KA, + Ky A, + K34, + Ko A7 + A2 (6)
~ 2 b

Ay =K4Ax +K5Ay +K6AZ +K11Ay + A5; (7)
A, = K7 A, +KgA, + KoA, + KjpAZ + 42 (8)

2. AJTOpUTM ompeJejieHHs KaJuOpoBo4-
HbIX KOI(P(PUIHEHTOB METOAOM HAUMEHBLIIUX
KBaApaToB. OCHOBHOM LIENBIO IPAMEHEHUS TIpefi-
JlaraeMoro Meroja KammopoBkd MMA sBIsieTcs TIo-

AJITOPUTM KaJIHOPOBKH MUKPO3JIEKTPOMEXaHMYeCKHX HHePUHAJIbHbIX JaTYHKOB 93
A Calibration Algorithm for Microelectromechanical Inertial Sensors



H3Bectus By3os Poccun. Paguosnexrponuka. 2022. T. 25, Ne 4. C. 90-104

Journal of the Russian Universi

WCK KaTMOpOBOUYHBIX KodbhdumrerroB MMA 6e3
TIPEITBSIBIICHUS. KECTKUX TPEOOBAHMI K BBICTABKE
YyBCTBUTEIbHBIX 0oceii MMA OTHOCUTENBHO OTOp-
HOU CHUCTEMBI KOOPJIMHAT, B KAYECTBE KOTOPOH 00BIU-
Ho uctonezyercs ['CK.

W3BecTHO, 9YTO B CTaTHKE, MPH JIEIOOOM YTIIE OpH-
CHTAIMA JAaTYMKOB, CyMMa KBaJpPAaTOB IPOCKIIUIA
A, Ay , A, nomxkHa ObITH paBHA KBAJpaTy 3HAYCHUS

TPaBUTAIMOHHOTO ycKopeHus g. OmHaKko Ha MPaKTH-

K€ OTU NapaMCTpbl BCCraa OMNPEACIIAIOTCA C TTOrpeI-

HOCTSIMH,  CJIEIOBATEIbHO, CYIIECTBYIOT —OIIHOKH
MEKIy CyMMOM KBAJpaToB MpOeKuwmit A, Ay, A,,
BBIYHCIIEHHBIX 1o H3MEPEHHBIM JIAHHBIM
Ay, Ay, A,, ¥ KBazpaTtoM 3HAYCHHS TPABUTAIMOH-

HOro yckopeHuss g. BpememM st N usmepeHui

(hYHKITHFO OIITHOKH:
I Y I T N
==Y 8 = 3 (A + A+ 45~ . ©)
N k=1

rae Sk = A)%k + A}Z,k + AZZk —gz.

Cytp MHK 3akmouaercsi B HaX0KIEHUH Habopa
45; AL,
obecrnieuynBaromero MUHUMyM (yHkumn /. Tak kak /
HEIMHEWHO 3aBUCHT OT JTHX IApaMETpOB, I BBI-
nonHenust ycnosuii MHK aBropamu mpenmaraercst

JBYXOTAIHBIA aITOpUTM JIMHeapm3arwn: 1) ompene-
JIEHWe 3HaueHWd cmemeHud Hyned  MMA

napaverpoB K; (i=1...12); A)[g;

(A)lz, Aﬁ, Af); 2) ompe/enacHHe MAacCIITa0HBIX KO-

3 duireHToB (K 4K )‘f , K¢ ) u YITIOB

((pjc,, 0y, ¢, vy, 0%, y;), XapaKTepU3YIOIIHNX T10-

JIOKEHUS] IBMEPUTENBHBIX 0oceit MMA OTHOCHUTEIBHO
Oocell CBSI3aHHOM CHUCTEMbI KOOPJMHAT C IOMOIIBIO
MHK.

2.1. Ilepevuii sman: onpedeneHue 3HAYEHUL
cmewenuti Hyneti MMA. Kak yxke 0TMedaoch,
OCHOBHBIM HEJIOCTATKOM TPAIUIIMOHHBIX TTO3UIH-
OHHBIX METOJIOB OIPEICICHUS CMEIICHUA HyJeh
[4-12] sBiseTcs HEOOXOIUMOCTh HAYalIbHON BBI-
CTaBKM YYBCTBUTEIBHBIX OCEH aKCEIepOMETPOB
Tak, 9YTOOBl OHW OBUTM JIMOO TapasuIeNbHBI, TUOO
MEPICHINKYIAPHBl BEepTHKAIM. TakuMm o00pa3om
o0ecneunBaeTCsl U3BECTHOCTh 3HAYCHUH TPOCKIUH
TPaBUTAIMOHHOTO YCKOPEHWSI HA OCH JaTYMKOB.

N3 puc. 1 xopoImio BHIHO, YTO B HAYaJILHOM
NOJIOKEHHN TPOEKLUs BeKTopa g Ha och OZ,

. Radioelectronics. 2022, vol. 25, no. 4, pp. 90-104

ONpPENENAETCSA MO CEAYIomER popMyte:

(10)
AHAJIOTMYHO MOXXHO OIPEAEIUTL IMPOEKIMU

BekTOpa g Ha ocu OX, u OY,:

A,o =gcosP,pcosa,.

11
Ay() =gcos[3yocosocy. (12)

Jlns npuMepa pacCMOTPHM aITOPUTM OIPEIETIE-
HUsl cMelieHus Hyist 1o ocu OX ;. Tlozacrasisist BbI-

Ay = gcosPygcosoy;

paxenns (10)«12) B (6), momydaeM moKa3aHUE aKce-
nepomerpa 1o ocu OX, B HAYaJbHOM IOJIOKEHHU:

y 2 b
Ayo = Ky dyo + Ko dyo + K34z + Ky dyo + 4y =

=KjgcosPygcosay +Kygcosp,gcosa, +

+K3g cosP_gcosa, + Klo(gcosﬁxocosocx)2+Af. (13)

PackpeiBas (13), nomydaem:

Ay = K1gcosPygcosa,+ Krgcosf,gcosa,+

+K3gcosP,q cosa, + X+ X cos(2[3x0)+ Ai’, (14)

e Xo=0.5K]0g> (cosa, )2 :
Torja mpu MOBOPOTE CHCTEMbI KOOPIMHAT

0X,Y,Z, BOKpyr ocu OYg Ha TPOU3BOJIBHBIN

yroia AP yriasl Oy, Oy, O, HE MEHSIOTCS, a YIJIbI

y’
ﬁx,By,BZ Mmensiorcss Ha AP. Takum o6pasom,

MpU  YIJIOBOM TONOXEHHH A OTHOCHUTEIBHO

HAYaIbHOIO I10JI0KEHHUS IOKa3aHUE aKCEIEPOMET-
pa o ocu OX, UMEET BU]I
Ay =Kgcos(Byo +AB)cosa, +
+K2gcos(By0+ AB)cosocy+
+K3g(B,o+AB)cosa, +
+X0 + Xgeos[ 2(Byo +AB) |+ 42, (15)

Amnanu3 Beipakennit (14) u (15) nmokasan, 4ro
MOTYT OBITh MOJTYYEHBI BBIPAXKCHUS, IPU KOTOPHIX

OLIEHKN CMEIIEHUNA HYJIS Af, Ajb,, Af WHBAPUAHT-

Hel K yrmam Py, Bo, B0 1 0y, 0,0, T.C
HE3aBUCHMBI OT HAYaJIbHOIO YITIOBOTO IOJIOXKEHHS
cucteMbl Koopaunar OX Y, Z,, otHocurensHo I'CK:

[xl :(le +Px3 +Px5 +Px7):4(A)]g +XO );(16)

]x2 =
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rae P,; (i=1...8) — Beixoanoii curnan MMA mo
ocu OX, B onpeleneHHBIX yrinax AP, ykasaH-

HBIX B Ta0JI. 1, Ipw 3TOM 3HaYECHHE YTJIa TIOBOPOTA
AP 3amaercst ¢ TouHOCTBIO TTprMepHO 20"

Ha ocnoBe (16) u (17) MOXHO ONpeneIUTDH
cmemienue Hyas MMA o ocu OX

A =(1—1,5)/4. (18)

AHaIOrMYHBIM O6p8.30M MOXXHO ONpPCAC/INTD

cmemienus Hyned MMA no ocam OY, u OZ,,

roactaBuB Beipakerws (10)—(12) B (7) u (8) u BbI-
nosiHuB npotenypy (16)—(18):

A[; =(Iy1=1y2) /4
Ag :(]zl -1, )/4’

b .
rae Iylz(Pyl +Py3 +Py5 +Py7)=4(Ay+Y0),

(19)

(20)

2 2
]y2=\/(Py1+Py3_ y5_Py7) +<Py2+Py4_Py6_Py8) ;

IZ] :(PZI +PZ3+P25 +PZ7)=4(AZb+Zo); IZZ =

2 2
Z\/(le+Pz3_PZS_Pz7) +(Pz2+Pz4_Pz6_P28) 5
Py P, i=1...8 —

iolzi BBIXOJHBIC CHTHAJIBI
MMA wna ocu OY, u OZ, COOTBEICTBEHHO B

npu
OTIpEIETICHHBIX yriaax AP , yKa3aHHBIX B Ta0. 1.
OnpenenieHHBIE  TaKAM — 00pa3oM  MapaMeTphl
cmeniennit Hyneit MMA B Ciily HE3aBHCHUMOCTH OT
yroB Bro,By0,Bz0 1 oy, &y, 0, xapaxTepusyior
TIPeTIOKEHHBIN METO KaKk MHBApHAHTHBIA K TPeOo-

BaHUIO BBICTABKH YIJIOBOTO MOJOKeHUs ocel MMA
OTHOCUTEJIBHO BepTUKamd. OIHAKo ciexyeT IOHH-

MaTh, 4YTO B YCJIOBHAX SKCIUTyaTald HEOOXOIMMO
BBICTABUTH OCh BPAIIEHUsI TaK, YTOObI OHa ObLIa mep-
NEHIVKYJBIPHA BEPTUKAIM. J[pyrMMH cloBamMH, OHA
HAXOJHUTCS B TUIOCKOCTH TOPU30HTAa C TOYHOCTHIO Ha
ypoBHe 1/, ipu 3TOM He TpeOyeTcsl COBMAJCHHS HH
OJTHOW M3 TpeX YyBCTBHUTENBHBIX oceii MMA ¢ ochio
BpAILEHUS.

2.2. Bmopoui sman: onpedenenue macumao-
HbIX KO OUYUEHNO8 U Y208, XapaKmMePpU3VIouux
nonodicenus. usmepumenvuvix oceii MMA ommnocu-
MenbHO Ocell C8A3AHHOU CUCmeMbl KOOPOUHAM C
nomowgpio MHK. B pamkax onmceiBaeMOi padOThI
kamuOpoBka MMA BBINIOJHACTCS B CTAaTHYECKOM
pEeKHME, MO3TOMY AMANa30H 3aJaBAEMBIX JHHEH-

HBIX YCKOpPEHHWH Ax,Ay,AZ COCTaBIsIET t g .

Taroke BBOIWTCS JOIMYIICHUE, YTO HA 3TOM YYacTKe
BBIXO/IHbIE JaHHble MMA uMEIOT JTUHEHHYIO BbI-

XOIHYIO XapaKTCPUCTHUKY (K 5K ;y,K .~ 0). To-

raa Mozieihb (5) mpeICTaBIIIETCS B BUIC

~ Ab
Ax Kl K2 K3 Ax X
~ b
Ay = K4 K5 K6 Ay + Ax

A | K7 K3 Kol 4, | | 4

e2y)

3a7a4ya Ha JAHHOM JTalle 3aKI0YacTCs B HAXO0XK-
JIeHMH JIEBATH K0d(uIeHToB K; (i = l...9). Amna-

musupyst (3) OTMETHM, YTO 3HAYCHHS YIJIOB

(p;, G)ZC, (p%, y; , GJZC, y; HE BJIUAIOT Ha 3HAYCHUS

macmTabHeix  Kodbdummentos Ky, Ky, K7
Kpome Toro, mosokeHuUE H3MEPHUTEIBHBIX OCEH
MMA OTHOCHUTEIBHO OCEH CBSI3aHHON CHCTEMBI
KOOPJMHAT OMNpPEAeNseTCS TPeMsl yriaMHu B 3aBU-
CHUMOCTH OT BBIOpAHHOW CBSI3aHHOW CHCTEMBbI KO-
opauHat. Mcxons w3 3TOr0, AN YNPOIIEHHS pe-

IIEHUS 3a/1a9d 0e3 ToTepr OOITHOCTH BRIOMpAETCS

Taon. 1. Tlonoxenus yria oTKIOHeHHs cucteMbl OX Y, Z,, oTHOCHTeNbHO crctembl OX Y, Z, Tpu BpalieHun ee BOKpyr ocu OY,

Tab. 1. Angular deviation positions of the system OX,Y,Z, relative to the system OX,Y,Z, during its rotation around the OY,, axis

HauansHoe nonoxenue HavansHoe nonoxenue HavansHoe nonoxenue VYron nosopora
N ocu OX, OTHOCUTEIBEHO ocu 07, ocu OZ, OTHOCHTENLHO OTHOCHUTENIBHO Ha4aJIbHOro
* BEPTHKAIN OTHOCHUTEILHO BEPTHKAIH yrJ0Boro nososkenus Af
BEpTHKAIN ¢ TOYHOCThIO 120"

1 0

2 45°

3 BxO’ Oy ﬁy()’ Qy, B20> oz 90°

4 135°

5 180°
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Puc. 2. Opuenranus 4yBCTBUTEIbHBIX OCEH OTHOCUTEIHHO
CBSI3aHHOM CHCTEMBI KOOPAUHAT

Fig. 2. Orientation of sensitive axes relative to the related
coordinate system

CBs3aHHAas cucreMa KoopauHat OXYZ Tak, 4TOOBI
ock OX coBnajana ¢ ocelo X, aKcelepoMeTpa,

ocb OY HaxXxomuTCsA B IUIOCKOCTH, COIEPIKaIllCiH
4yBCTBUTENBHBIE OcH X, U Y, (puc. 2).

Tak xak OX cosnazmaer ¢ OX,, TO 3HaYECHU

Ay, A, He BIMAIOT Ha nOKasaHWA Ay, T.e.

¢} =0, 67=0 u K;=K3=0. Tak kak OY,

Haxoautca B miockoctd OXY, A, He BiauseT Ha

;1; ‘le - A)lg
71— b
Ay, |=| 4, -4, 24)
AZ ‘az - A?
Torna (23) npumer BUA
A.) (4 0 0 ﬁ
Ay =\t &3 0 Ay (25)

A, Iy 15 16 )| 4

Ha ocnoBe moxkazanmii MMA # MONTy4YeHHBIX
3HAUEHUN CMEUIeHUH HyJeil A)lg, Ag, Af Ha mep-
BOM JTale MOXXHO OIPENelIuTb 3HAYCHHS
1/4;,74;,;1; (24), moncraBnsss Kotopeie B (25)
T0JIy4aeM UCTHHHBIC 3HAYeHUs A, Ay, A4,, a 3a-

TeM, Hcnoib3ys (9), BeruHCIgeM K0d3(ULIUEHTHI
t; (j=1...6), pewmas cucTeMy ypaBHeHu

a_
atj

Hpouecc COCTABJICHUSA M JIMHCApU3allUU CH-

0. (26)

. ol .
crembl ypaBHenuii — =0 npu j=1...6.
ot
Ha ocHoBe (9) MOXXHO OMNpEACIUTh YaCTHBIC
MPOH3BOHBIC QYHKIMK / 10 IEPEMCHHBIM #; TIPH

j =1...6, nmeromue CIeayOMUN BUL:

~ N
noxkasanusi A, T.e. vY =0 u K¢ =0. Cnemosa- P 1 > 5%
ol N k=1 1Y 00
TENIbHO, MOJENb (21) mpumer BUA =z =2—>§; =
- Ab - =
- : ! b 1 & ody | Oy o4
, |=| Kg K5 0 || 4, [+] 4 (22) =2—> + + O =
A, | K7 Kg KoJl4,| |4
1 N ank aAyk 04 k
COOTBETCTBEHHO = 4% 2| Ak ‘s + Ay —+ Az Py tZ. 8. (27)
k=1 J J J
“1( 3 b .
A, KL 0 0 1A, — A7 N3 (25) umeem:
~ b o~
A, |=| K4 K5 0 A, - 4, (23) A, =1 4,
K7 Kg K - -
A, 7 Kg Ko A, -4 A, =t A, +134, (28)
O603Ha4nM: A, =1 ;1; +15 ;1; +16 1/4;
n 00 Kl 0 0 -1 Honcrassis sHavenust Ay, 4y, A, w3 (28) B (27),
th 3 0|=| Ky Ks 0 : HOJTy4aeM 4YacTHbIE MPOM3BOAHBIE (DYHKIMM [ mocie
ty ts tg K; Kg Ko 3IIEMEHTapHBIX MaTEMAaTUYECKUX IPeoOpa30OBaHMUIL:
— YacTHas Npou3BoHas GyHKIuH [ 10 #
e e Ry
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a 1Y 04 k 04
4 A xk +A YV A zk &=
6t1 ngl( X 6t1 Yk 2k 6t1 k
—4—Zt1 . (29)
k 1
rac
272 (o T\
Sk =1 Axk +([2Axk +Z3Ayk) +
+(I4Axk +15 Ayk +Z6Azk) —-g. (30)

OrmMmernM, YTO tj mpn j=1...6 —KOHCTaHTBL, T. €.

1y 2
rae Fy = Z Age Ayedis Fy=— 3 Ay 8y
pm
1N
Fy=— Z Ay AgSp; Fs=— Z App A
— NS
B N
zAzk O
P

IMoxcraBnsas 3Hauenue §; u3 (30) B ypaBHe-

aus (31), momygaem:

FiZ(flz+122+l42)Ax +(t32+15 )A A +

or —
=44 F 2 2 3~
51 1 +g A, A +(20013 + 21415) Ay Ay, +
rne F = ZAxk 6]( +2t4t6Ax AZ+2t5t6Ax A Az_g A, =0, (37)
k 1 -
B Tt )
rae Ay =— % — ;
Tak xak — =0, TO X xk Ak yk
n
N N
F =o0. 31 ~2~2 1 N[ ~2—~2) ~3~ 1 —~3—~\
1 G A = X\ Ak Ak fo A Ay=3 \Adk Ay )
AHaNOrn4HON NpOoLEaypOil MO>KHO ONpPENEINUTh k=1 k=1
OCTaJIbHBIC YaCTHBIC POU3BOIHBIC (DYHKLUH [: = 1N 1N
— YacTHas Npou3BoHas GyHKIuH [ 10 7 Ay A=— ( Ak Azk) A A A - NZ(Axk AykAzk);
k=1
ol
—=4f2Fi +413F2 =0, ~2 1 —
oty A = > (Axk ) — CpeJIHHE 3HAYECHHSL.
Tak kak F{ =0 — F, =0; (32) k=1
AHaJIOTHYHBIM 00pa3oM MOIydYaeM IOJIHBIE
— 4acTHas IPou3BoAHAs QYHKIMH [ 1O 13 .
OPMEI B BHJE IUISL ypaBHEHHH —(36), Ha
p 37 yp 32)(36
or =4ty Fy +41,F; =0 OCHOBE KOTOPBIX IOJYYaeTCsi ypaBHEHHE B MaT-
oty puuHOi popme:
TaKk Kak [f5 =0— 3 =0; (33) Y=M-Z, (38)
— 4acTHAas IPOU3BOAHAS QYHKIMH / 1O 74 e
ol -
—— =41y Fy +415F, +4igFy =0, Y=
14 - - T
02} 90 A AL AL
Tak kKak F] =0,F, =0— F4 =0; (B4) =84 & 44,84 & 44 84,4, 84, |
— YacTHas Npou3BojHas QyHKIMH [ 1O 75 M=
7 YIS PY RPN PO RS PN Pl Py
—— =41y F, +4tsFy + 4tgF5 = 0, 4 A4 A4 44 A4 444
’s LA A4 AAL A4 A AAAA A
x “ly x“y x“ty x “y x Ay dz Hx ity Az
Tak Kak [ =0,/3=0— F5 =0; (35) AAzZz ;1\4 2222 223 = 22 232
— YacTHas Npou3BoaHas QYHKIMH [ IO #¢ I e e y v B Oy Ty e Ty
“3~ o~ 2~ 3 2~ ~2 2~ ~ 2
7 A A AAA AA AAA A AT A A
—241‘4F4 +4l‘5F5 +4t6F6 =0, e TS G a5 T
6 A AA A4 A4 AAAAAA A4
Tak Kak Fy =0, F5 =0— Fg =0, (36) R A R s s
4 5 6 ACAT ATAT A AAAT A4 A
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_Zl_ t12 +t22 +t42
z 2
Z=|73|= ts ] (39)
Z4 2tyty + 2t4ts
s iyt
LZed | 2t516

Crnenyer oTMeTuTh, uTo M — Matpuma 6 x 6

AJIEMEHTOB, 3aBUCAIIUX TOJIHKO OT CPEIHUX 3HA-
YeHUI ;1; , ;1;, 1/4; ; Y — BekTtop 6%X1 snemMeHTOB,
3aBHCAIUX TOJNBKO OT CPEIHUX 3HAYCHUH
;1; R ;l; R 1/4; u g; Z — Bektop 6%1 nieMeHToB, 3a-
BUCSIIMX TOJILKO OT 3HaueHwii t;, j=1...6. [py-

TUMH CIIOBaMH, BEKTOpHOE ypaBHeHHE (38) sBIIs-
€TCAd CUCTEMOM JIMHEWHBIX ypaBHEHUM JIs Tepe-

MEHHBIX {zl, 29,23, 24, 25, 26}, 3aBUCALIMX OT

ko3 purmeHToB {tl, ty,13,14,15, t6}.
Hcnonb3yst MeTOJ pelieHusi CUCTEMbI JIMHEH-
HBIX ypaBHeHHH, onydaem: Z =M Ly,

Ha ocnoBe (39) ¢ moMompio 37meMEHTapHBIX
npeoOpa3oBaHuil MOXXKHO BBIYUCIUTH KO3(duIm-

eHTBI {1, by, 13, I4, 15, g } -

ts =+=3

Z6
ts =—9%
3 2t6
tg =23
4 2l6 (40)
I3 =422 —fs2

Z4 1
l2 = ——1415 —
2 3
H= \[Zl —t22 —1‘42

3nas kanuOpoBOYHBIE KOI()(UIMEHTH U3 BBI-
paxenuii (24) u (40), MOXKHO OLICHUTH MCTUHHBIC

3Ha4YeHHs1 yCKopeHust A, Ay, A,, ucxons us (25).
Ha ocuoBe (24) MOXHO OIpEeNeNuTh IMapaMeTph

MAacCIITaOHBIX KO PUIMEHTOB {Kl,K5,K9} u

{K4,K7,K8}, a ¢ moMomIeio (3) HAWTH YTIIBI, Xa-

pPaKTEepHU3YIONIUEe TIOJIOKEHUS TyBCTBUTEIBHBIX
Oocell aKceIepOMETPOB OTHOCUTEIHLHO CBS3aHHOMN

CHCTEMBI KOOPIUHAT {(p% ,Gi,y;}. Takum o6pa-

30M, 3371a4a KatrnOpoBKd MMA BEITIONTHEHA BHE 3a-
BUCUMOCTH OT OPHEHTAIIMH TPUAJbl OTHOCHTEIHHO
I'CK. Dto xapakTepu3yeT 3HAYMMOE TPEHUMYIIICCTBO

MPEIUIOKEHHOTO METOa 10 CPABHEHHUIO C TPaJWLIU-
OHHBIMH METOAAMH KaJTMOPOBKH.

JKcIepuMeHTANIbHbIe pe3yiabTarTbl. B kaue-
CTBE€ OOBEKTa HCHBITAHWH HCIONb3YeTCS MHHHUA-
TIOPHBIA WHEPUMAIBHBIM H3MEPUTENbHBIH MOIYJb
(MMM) "LINS-IMU", Bkiroyaromimii B ce0st Tpuasl
MHUKpPOMEXaHUYECKHX TMPOcKonoB 1 MMA, a Takxe
Jatauk  TemnepaTypbl. OOBEKTOM HCCIeIOBaHHS
(Tprama MMA) sIBIISIETCST TPEXOCHBIN aKCeIepOMETp
ADXL325 ot npomsBomurenst Analog Devices [15].

OKCIIEpUMEHTAIbHBIE  HCCIICIOBAHUS
IIPOBEEHBI C UCIOJIb30BAHUEM CTEHAA ABYXOCHO-
ro aromarmsupoBanHoro CJIIA-15, paspaboran-
HOro Kadenpoil ma3epHBIX H3MEPUTEIBHBIX H
HapurannoHHeIx  cucteM  (JIMHC)  CaHkt-
[leTepOyprckoro rocynapcTBEHHOTO 3JIEKTPOTEX-
Hudeckoro yauBepcurera "JIDTHU". Crenpg wuc-
MOJIb3YETCs [UI 3afaHusl U U3MEPEHHs YIIOBOTO
nonoxenuss UMM otnocurensno I'CK. Bruemnuit
BUJ cTeHna ¢ 3akperieHHsiv UMM "LINS-IMU"
MoKa3aH Ha puc. 3.

ObLIH

S Ay '
i \ . : <

JByxocHsrii ctenn CHAA-15

A
Puc. 3. UMM "LINS IMU" Ha crenne CJA-15
Fig. 3. IMU "LINS IMU" on the table SDA-15

Lenpr0 3KCIEPUMEHTANBHBIX HUCCIEIOBAHUN
SBTISUIACH arpoOalysl MpeIoKeHHOro MeToja Ka-
nuopoBku Tpuaakl MMA. [y cpaBHEHUs, B JlaH-
HOH paboTe oCyIecTBISUMCh KannOpoBku MMA
TPaAUIIMOHHEIM [13] 1 mpeayioKeHHBIM METOaMH.
st 5TOTO BBIMTONHSIIACH YKa3aHHAs HIDKE ITOCIe-
JIOBATEIbLHOCTD IECUCTBUI.

JKCNePpUMEHTHI JIsl ONpeneleHuss Kaauo-
POBOYHBIX KO3(PUIUEHTOB TPAAULUOHHBIM
METOI0M.
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1. HavanbHast ycTaHOBKa HMCHBITYEMOTO O0B-
€KTa Ha IuTaHIaibe cteHna (puc. 3) ¢ UCHOIB30-
BaHMEM YypoOBHs (ueHa neneHus 6") Tak, 4TOOBI
Oonbliasg och cTeHna Obula MapaiyielbHa MI0CKO-
CTH TOPU30HTA, Mallasi OCh CTE€HJAa Obljla Hampas-
JIeHa TI0 BEPTHUKAIIH.

2. Chem u 00pabOTKa TaHHBIX B COOTBETCTBUH
C TPagUIIMOHHBIM METOJIOM B IOJIOKEHUSX, TIPe-
craBlieHHBIX B [13].

JKCNepUMEHTHI I ONpeaeeHus cMellle-
HMii HyJIeil pelJIoKeHHBIM METOA0OM.

1. HaganpHas ycTaHOBKA UCTIBITYEMOTO OOBEK-
Ta Ha IUIaHmanbe crerna (puc. 3), COOTBETCTBY-

oomast ymam Bo =0, Byo=90°% B,o=90°

2. Crem u 00pabOTKa TaHHBIX B COOTBETCTBUHU
C TIPEJIOKEHHBIM METOAOM B IOJIOKEHUSAX, TIPE-
CTaBJICHHBIX B Ta0M. 1.

3. JInsg neMoHcTpanmmu BbIBOAa moamn. 2.1 o
TOM, YTO JJi1 ONpEAETCHHUS CMEILIeHHs HyJel
MMA npeio)KeHHBIM METOAOM He Tpeldyercs
HayajbHas BbICTABKa YIJIOBOTO IOJIOKEHHS Oceil
MMA OTHOCHTENIFHO BEpPTHKalH, OblIa 3aJaHa
Jpyras TIpOW3BOJbHAs HayaJbHas yCTAHOBKA

(Bxo =33°, Byo =123% Bo=90°).

4. TloBTOPHBIN CheM U 00pabOTKa JaHHBIX CO-
TJIaCHO II. 2.

JKCHepUMEHTHI JJI ONpeAeeHUus Kajauo-
POBOYHBIX KO3} PUUMEHTOB NpPeNI0KEHHBIM
MeToaoM. C MOMOIIBIO CTEH/A 33aBajUCh Pa3-
JIUYHBIC TPOU3BOJIBHBIC YIJIOBBIC IMOJIOXKEHUS
MMA otHocutenbHo ['CK Tak, uToObl Hampas-
JIeHue KaxJaoh ocu Tpuaasl MMA MeHslIoCh
(puc. 4). B xaXJ0M TIOJIOKEHUH TPOU3BOIIIICS
ChEM JaHHBIX, corjacHo [4] B Teuenne 12 c. Jns
JIOKa3aTeIbCTBAa BBIBOAA MOAM. 2.2 O TOM, YTO C
MOMOIIBIO TPENJIOKEHHOTO MEeTOo/la KaluOpo-
BOYHBIE TIapaMETPHl OMPEAEISIIOTCS BHE 3aBHUCH-
MOCTH OT OpHEHTAllUd TPHUAABl OTHOCHUTEIHHO
I'CK, Opumu coOpanbl 2 Habopa JaHHBIX, NpHU

Puc. 4. Paznuunsle yrnossie nonoxenus UMM Ha crenne

Fig. 4. Different angular positions of the IMU on the table

Ta6n. 2. KammubpoBouHsle mapamerpsl MMA, MOITydeHHbIE Pa3HBIMHA METOAMA

Tab. 2. MMA calibration parameters obtained by different methods

[IpennoxeHHblii MeTO
ﬁxO =0°, ﬁxO =33°,
i =90°, =123°,
Mapaverps: Tacrioprabie | TpaMIMOHHBIA Byo Byo
JAQHHBIC METOQ BzO =9(0° BzO =9(°
Habop Hab6op HaGop Ha6op
JaHHBIX 1 IAHHBIX 2 IaHHbBIX 1 JAHHBIX 2
. 5388 5387.83 5387.83 5388.04 5388.04
Cusur HyJst x2 5461 5399.71 5399.51 5399.51 5399.74 5399.74
CI.CheMa 5364.99 5364.32 5364.32 5364.44 5364.44
a
K, 633.51 632.20 632.34 632.36 632.38 632.36
en.coemMal/g
a
MacuraGrbie Ky 633.51 630.95 630.92 630.93 630.90 630.88
K03 PHUIIHCHTHI enchemalg
a
K, 633.51 622.01 622.08 622.07 622.07 622.08
en.ceemalg
oY - (p; — 1°4'30" 1°4'22" 1°4'21" 1°4'28" 1°4'27"
Ykt 0r—0° - 827" 853" 855" 856" 854"
HEOPTOTOHATBLHOCTH
y; -y7 — 36" — 40" — 39"
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3TOM Ka)XAbI HAOOp OBII MOJYyYEH MPHU CHATUU
BBIXOJHBIX cuUrHaioB MMA B 64 pa3nuuHbIxX
YTIIOBBIX TO3UIHIX.

Ha ocHOBe moiy4eHHBIX NaHHBIX BBITOJIHSIICS
MPEJIOKEHHBIH aNrOpUTM sl ONpeleNieHHus Ka-
TMOPOBOYHBIX MapaMeTPOB COIVIACHO moAm. 2.2.
[Tonmy4eHHBIE Pe3yNIbTAThl U3 TPEX HIKCICPUMEHTOB
BHECEHBI B CPABHUTENIBHYIO Ta0II. 2.

W3 Tabnuue! cieayer, 4To MOJTy4YEHHBIE MpeE-
JIO)KEHHBIM METOJIOM KaJHOPOBOYHBIE KOAPQHIIH-
eHTel MMA CXO0XU CO 3HaYCHUSIMU, HANICHHBIMU
TPaJUIIMOHHBIM METOJOM. AHaJW3 JAaHHBIX TOKa-
3aj, 4TO pa3HUIA MO CMEUICHUSM HyJed COCTaB-
nsetr menee 1 en. ceema (mo 0.02 %), mo Mac-
mrabHbIM Kodppunmentam — 0.2 en. ceema/g (1o
0.04 %) u Mo yriaam HEOpTOTOHAJILHOCTH — MEHEE
30". KpoMe TOro, MOKHO OTMETHTh, YTO TIOJNTY-
YeHHbBIE TPEJIOKEHHBIM METOJIOM KaJNOpPOBOY-
HbIE TIApaMETpPhl HE3HAYWTENBHO Pa3NHYaroTCs
MPH Pa3HBIX HAYaJIbHBIX YTIJIOBBIX MOJIOKEHUIX
MMA otrocutenpHO I'CK, a Takke mpu pa3HbIX
Habopax MaHHBIX, CHATHIX B Pa3UYHBIX YTJIOBBIX
MTOJIOKEHUSX.

Ha puc. 5 m300pakeHbI MPOEKIIMN BEKTOPA Tpa-
BUTAIIMOHHOTO YCKOPEHHUS Ha KKy TUIOCKOCTD
M3MEPUTENTFHON CHCTEMBI KOOPIWHAT 1O W TOCHe
KaTMOpOBKM (KpacHbIHM 1BET — A0 KaTMOPOBKH; CH-
HUH — TOciie KaluOpPOBKH TPAJAWIMOHHBIM METO-
JIOM; 3€JIEHBI — IO0CiIe KaTHOpPOBKM MpEAoKeH-
HBIM MeTozoM). M3 puc. 5 caenyer, yto mocne Ka-
JTOPOBKHM TPOEKIMH BEKTOpa T'PABHTALHOHHOTO
YCKOPEHHSI Ha KAKAYIO IUIOCKOCTh M3MEPUTENBHOM
CHCTEMBbl KOOPIAMHAT CMELIAIOTCS B OKPY)KHOCTh
paanycoM lg W LIEHTp OKpPYKHOCTH HAXOAWTCS B
TOYKE Hayana KOOpAWHAT. DTO AEMOHCTPHUPYET 3¢-
(heKTUBHOCTH MeTO/a KaTMOPOBKK BO BCEX HampaB-
JICHUSX B MPOCTPAHCTBE.

st Toro 4ToOBl AOKa3aTh OOMIHOCTH MPEAo-
KEHHOTO METOJla BHE 3aBHCHMOCTH OT BBIOOpA
CBsI3aHHOM cucTembl koopauHat OXYZ oTHOCH-
TEIHHO UYBCTBHTEIBHBIX OCEH aKcelepoMeTpa
0OX,Y,Z,, 6bl1n paccuuTaHbl MacIITaOHbIE KOI(]-
(UIMEHTHl U YTJIBI HEOPTOTOHAJIBHOCTH YyBCTBU-
TENBHBIX OCEH akcelnepoMeTpa M0 aHAIOTHYHOH
nporiexype (22)—(40) st Tpex ciaydaes:

1) cBsa3annas cucrema xkoopauHat OXYZ BbI-
Oupanace Tak, yToObl ocb OX coBmaaaia ¢ 0ChIO
X, akcenepomerpa, ock OY Haxoaunaack B IUIOC-

4,(g)
1+ ) <
.Gg- :‘~ -~
" . ®
0.5 v o ® o° .e-_.-_
@ L
o & -
0 ad a° . nﬂ -2”
o o
- - -
—0.51 ol -J-"’.' - O
LY ¥ .'z.‘g
—1+ = :,. -
| | | | |
-15 -1 —05 0 05 1 A4c(g)
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Puc. 5. IIpoexuuu BeKTOpa rpaBUTALIMOHHOTO YCKOPEHHUS Ha
Ka)KYIO TUNIOCKOCTh U3MEPUTEIILHON CUCTEMBI KOOPJAUHAT

Fig. 5. Projections of the gravitational acceleration vector
on each plane of the measuring coordinate system

KOCTH, COJepsKallleil YyBCTBUTENIbHbIE OcU X, 1 Y,
(cm. puc. 2);

2) ceszaHHas cuctema koopauHat OXYZ BbiOu-
panack Tak, utoOsl ock OY coBmajana ¢ ochlo Y,

akcernepomerpa, ocb OZ HaxomuMnach B IUIOCKOCTH,
ColepKalIek 9yBCTBUTENBHEBIE OCH Y, U Z ;
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Ta6n. 3. KammbpoBouHsle mapameTpsl MMA, MoMTydeHHBIE IIPH Pa3HBIX BEIOOpax CBSI3aHHOW CHCTEMBI KOOPIMHAT

Tab. 3. MMA calibration parameters obtained with different variants of the selection of the coupled coordinate system

IpenoxKeHHbII METO
ITapametpsl

Cryqait 1 Crnyyait 2 Cryqait 3

5388.04 5388.04 5388.04

CaBur HynsS Af, el.cbeMa 5399.74 5399.74 5399.74
5364.44 5364.44 5364.44

K{, en.coema/g 632.36 632.25 632.36

MacmTabHble K03 GUIIHEHTHI K;, ef1.ceeMalg 630.88 630.99 630.88

K¢, en.coemal/g 622.08 622.09 622.09

o) - ¢} 1°427" 1°420" 1°426"

VIJIbI HEOPTOrOHATIBHOCTH 07 -62 —8'54" —9'05" —8'56"

Y5 =Yy 39" 30" 13"

3) cBszanHas cucteMa koopauHat OXYZ BoiOu-
panack Tak, 4yro0bl ock OZ coBnanaiga ¢ oCelo Z,

akcenepoMeTpa, ocb OX HaxoaMIach B INIOCKOCTH,
COZIEep KAl YyBCTBUTENIBHBIE OCH X, U Z,, .

Bce mony4eHHbIe ((AQ,A’;,AQ), (ke.Ke.K2),

((P))C; —(ch}, 9§ —OJZC, Y%} —Yi )) rmapaMeTpsl BHECE-

Hbl B CPaBHUTENIBHYIO Tabi. 3, aHAIM3HUPYS KOTO-
pPYI0O MOXXHO CJenaTh BBIBOJ O CXOAUMOCTU pe-
3yJIBTaTOB. DTO JAEMOHCTPUPYET OOIIHOCTh TpE/I-
JIO’)KEHHOT'0 METO/1a.

BeBoBI 0 11€71€C000pa3HOCTH  HCIIONIB30BAHMUS
HOBOTO METOJIa MO3BOJIJIM aBTOpaM CeaTh Mpe-
JIOKEHUE O HOBOM cpencTBe ucnbiTanuss MMA B ka-
YeCTBE MPOCTON AIBTEPHATHBBI HCIOIB30BAHUS Bpa-

Monayns MMA
VTII0BOH CTOJIMK

Perynupyemsie onopsl

90°+£1’

YpoBHu
C TOYHOCTBIO 1’

IIATENIBHOTO CTEH/A, KOHCTPYKIMSA KOTOPOro TIpes-
CTaBIISIETCA KaK YIJIOBOM CTOJIMK HAa PETYIHPYEMBIX
Oropax C MOBOPAauMBAaEMbIM HA €ro IMOBEPXHOCTH
BOCBMUTPAHHBIM BaJIOM, Ha TOPLE KOTOPOrO MOYKHO
3aKpenuTh MoAyab MMA nist ucnbitanust (puc. 6).
IIpy >TOM BepTHKaNbHAs CTEHA CTONMKA JOJDKHA
OBITH MEPIEHANKYJSIPHA TIOCKOCTH OCHOBAHHUS CTO-
JIMKA C MOTPEIIHOCThIO 1",

Ilepen TeM Kak MPOBOAWTH HCHBITaHHe MMA,
HEOOXOANMO BBICTaBUTH OCHOBAHHE CTOJMKA B TO-
PHU30HTAJIBHOM IUIOCKOCTH € MOMOILBIO JBYX YCTa-
HOBJICHHBIX Ha OCHOBaHUM CTOJIMKA IIEPIECHIUKY-
JSIPHBIX YPOBHEH, 00J1aal0IMX TOYHOCTSIMH H3Me-
perust 1. [l ompeneneHuss CMEIIEHUN HyJen
MMA Heo0X0OuMO MpPOCTO YCTAHOBUTH €ro Ha
TOpLIE BOCBMUIPAHHOI'O Bajla B HAYAJIbHOM IIPOM3-
BOJIbHOM YIJIOBOM II0JI0’KEHUU TaK, YTOObI HU OJIHA

BocbMurpanssiii Ban

Puc. 6. Monens npeyiaraeMoro cpencTsa ucnsiranust MMA

Fig. 6. Model of the proposed MMA testing equipment
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W3 €r0 TPeX YyBCTBHUTENBHBIX OCEH HE COBIAAaia C
MPOJOJIBHON OChIO Bajia (cM. puc. 3). 3arem, MoBo-
paurBasi BaJl Ha TIOBEPXHOCTH CTOJIMKA, TIOTYyYarOTCs
8 YIJIOBBIX MOJIOXKCHHH, yKa3aHHBIE B TaOi. 1. [Ipu
3TOM B KayKIIOM TIOJIOKEHUH OJIHA TPaHb BaJla TOJK-
Ha TpWiIeratb K BepTHKaIbHOW cTeHe. Ha ocHoBe
MOJNyYEeHHBIX JaHHBIX OT MMA B BOCBMH YIJIOBBIX
TIOJIOKEHUAX MOKHO OIPENETINTh €r0 CMELICHUs
HyJel cornmacHo (18)—20).

3akarouenne. B craTbe onmcad MeTon Kajiuo-
poBkn MOMC wuHepHManbHBIX AATYMKOB, OTIIH-
YaOLUics OT TPaAMLMOHHBIX METOIOB Kaiuo-

POBKHM TE€M, YTO Pe3yJbTaThl ONpPEEICHUs Kanuo-
poBouHBIX Kodpduimeator MMA He 3aBUCSIT OT
ero yrioBoro nonoxkenuss otHocutenabHo I['CK.
OTO MO3BOJISIET MOBBICUTH JIOCTOBEPHOCThH MOJY-
YaeMbIX PE3yJbTaTOB U YNPOCTUTh KOHCTPYKIUIO
CpEACTBa UCIBITAHUM, MPEJIOKEHHYI0 Ha pUC. 6.
Armpobarist Merona TOATBEpkAaeT ero 3ddek-
THBHOCTB. Pe3ynbTarhl paboThl 3HAYUMBI IS T10-
BeimeHns: TouHocth BMHC Ha ocHoBe MOMC
WHEPITUATHHBIX TaTIUKOB.
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AHHOTaLMA

Beeoenue. Jlo 17 % nereit TMarHOCTHUPOBAHBI C HAPYIICHUSAMH KOTHHTHBHOTO Pa3BHUTHS. BBIABICHME 3alepKKH
Pa3BUTHSL IETCH HA PAHHEM 3TaIle MO3BOJISICT OCYIICCTBISTh paHHEE JIeUeHUe ¢ Oomblnei agdexTuBHOCTEI0. CoBpe-
MEHHas JUarHOCTHKA MMEET PsJ] OTpaHHYCHHM, CBS3aHHBIX ¢ IPoOIeMoil KOPPEKTHOH OLIEHKN MapKepOB TIOBEACHUS
nereit. Kiaccuaeckuii MeTo 3aBUCUT OT KBATH(UKAITUK CITSITHATMCTOB H CITIOCOOHOCTH POAUTENCH CBOEBPEMEHHO
BBISIBUTH U HH(POPMATUBHO COOOLINTH O MpoOdiieme.

ILlenv padomor. Pa3paboTka KOMIBIOTEPU3UPOBAHHON METOIUKH W aJITOPUTMA OLICHKU Pa3/IeiCHHOW HMHTCHIIMO-
HAJIBHOCTH B Mapax MaTb—peOCHOK, CO3IaHNe OMOTEXHWIECKOH CHCTEMBI paHHEH AMAarHOCTHKH OTCTaBAHHS KOTHHU-
TUBHOTO Pa3BUTHS IeTEH.

Mamepuansl u memoovl. AHATU3UPYIOTCS COOCTBEHHBIC HCCIICIOBAHNS, B KOTOPBIX IIENBIO SBJISJIOCH U3MEPEHUC WHTEI-
JIEKTYaJIbHON JEATeIBHOCTH TPYIIIEI IPH CTUMYIMPOBAaHUN WX pa3lelIeHHOW MHTCHIMOHAIHHOCTH; HE3aBICUMOMN TIepe-
MCHHOI OBUIO MHTEIUICKTyaIbHOC 3aJJAHUC; OMHMCAHBI CTUMYJIBI pa3eiCHHON MHTeHIIMOHATBHOCTH. [IpuMeHeHn Martema-
TUYECKUIl anmnapar TeOprUH U3MEPEHUIA, TEOPUU CUCTEM U CTATUCTUUECKOTO HCCIIEI0BaHUSI 3aBUCHMOCTEMH.

Peszynomamepr. Co3gana OHMOTEXHUYECKash CHCTEMa, MCIIONB3YIOMAs MPOTPpaMMHOE O0eCITIedeHHe IS THAarHOCTHKH
KOTHUTHBHOTO OTCTaBaHHS JIETEH B TeUeHHWE |5-MHHYTHOTO KBHUII-TecTa. /[Ba (hakTopa BO3meHCTBHs OHMOTEXHIUE-
CKOM CHCTEMBI Ha 06'I)GKT OLICHKU: BJICKTPOMArHuTHOEC MOJIC JJId CTUMYJISAIUN pas,ueneHHOﬁ HMHTCHIIMOHAJIbHOCTHU U
WHTEJUIEKTYAIbHBI TECT. Pe3ynbTaTel ONEHKH MpPEeIOCTABIIOTCS MONB30BATENI0 (CIEIUANNUCTY WM POAUTEISIM)
MOMEHTAJIFHO B (hopMe pEeKOMEHIANNH, MOHITHRIX HECIEIHANCTY, U B (hopMe 0a3bl JaHHBIX, YIOOHOM MU Jaib-
HeWIIero XxpaHeHus U 00pabOTKH.

3axnrouenue. TIpeuMyIiecTBO MeToJa — B OOBEKTUBHOCTH KOMITBIOTEPU3UPOBAHHON OIICHKH, TUATHOCTUPYIOIICH
00BEKT TaK)ke OHJIAWH, B OTIMYHNE OT KIaCCHYECKOTO T0/X0/1a, OCHOBAaHHOTO Ha MapKepax MoBeAeHus nereid. Eme
OJIHO MPEUMYIIECTBO METOJa OLIEHKHU 3aKJII0UaeTCsl B BO3SMOXKHOCTH JIMAarHOCTUPOBAHUSL OTCTABaHUSI KOTHUTHUBHOTO
pa3BuTHs neTell B OoJiee paHHEM BO3pacTe, KOTOPBIH €llie He IpenoaracT BepOalbHOW KOMMYHUKAIIHH.
KaroueBble ci10Ba: pas3neneHHas HHTCHIIMOHAIBHOCTD, HHCANT, TPYIITIIOBOE PEUICHHE MPOoOieM, COHaTbHOE TT03HAa-
HHE, IO3HaHUE, PACCTPOICTBO MO3HAHNS, ITEAaTOTHKa

s uutupoBanus: Janumos U. B., Kypaknna H. U., MuxaitnoBa C. /IlnarHocTHpoBaHNEe KOTHHTHBHOTO Pa3BUTHUS
JieTell Yepe3 OICHKY Pa3[elICHHONW WHTCHIMOHAIBLHOCTH B OMOTeXHUUecKo# cucteme // M3B. By3oB Poccuu. Pamno-
anekrponuka. 2022. T. 25, Ne 4. C. 105-115. doi: 10.32603/1993-8985-2022-25-4-105-115
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Abstract

Introduction. Recent research shows that up to 17 % of children are diagnosed with cognitive developmental disor-
ders. Early identification of developmental delay in children allows an earlier onset of treatment with greater efficiency.
However, the modern diagnostic approach has limitations associated with the problem of correctly assessing behavioral
markers of children. This classical assessing approach depends on specialists’ professionalism of and parents' compe-
tence in reporting the issue timely and informatively.

Aim. Developing a computerized methodology and algorithm for estimating shared intentionality in mother-child
dyads; designing a biotechnical system for the early diagnosis of a lag in children's cognitive development.
Materials and methods. We analyze our own previous research, in which: 1) the goal was to measure the intellectual
activity of a group while stimulating their shared intentionality; 2) the independent variable was the intellectual task;
3) the stimuli of shared intentionality were described. The method employs the mathematical apparatus of measure-
ment theory, systems theory, and statistical methods of analysis.

Results. The developed biotechnical system uses specific software for diagnosing cognitive delay in children during a
15-minute test. Two factors of the biotechnical system impact the object of assessment: an electromagnetic field for
stimulating shared intentionality and an intellectual test. The system's software instantly provides the assessment results
to the user (specialist or parents) in the form of recommendations understandable even to a non-specialist — it saves this
database in a convenient form for further storage and processing.

Conclusion. The advantage of the method is its unbiased computerized assessment, which can also diagnose subjects
online, conversely to the classical approach based on behavioral markers. Another advantage of the assessment method
is the possibility of diagnosing a lag in children's cognitive development at an earlier age, which does not yet imply
verbal communication.
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BBenenue. OOmenpuszHan ¢akT Hadajga I10-
3HaHUsI TIOCPEICTBOM MPOTO-AUANora (protocon-
versation) — B3aMOZICHCTBUS MEXKITY B3POCIBIM H
HOBOPOX/ICHHBIM, KOTOPOE€ BO3HHKAET B pPaHHEM
TIEpHOJIC Pa3BUTHS, KOIJIA Y JIeTel elle OTCYTCTBYIOT
KOMMYHHKATHBHBIE HaBBIKU [1—7]. KoMMyHuKarms —
O0OMEH B3aWMHO COTIACOBAHHBIMH CHMBOJIAMH —
BO3HHKAET y JIeTell B BO3PacTe OKOJIO 9 MecsIeB,
KOTJIa MAaJIbIIIN HAYUHAIOT aOCTPAKTHO MBICIHUTh
[6, 7]. CornacHo [8, 9] mo3Hanue pebeHka pa3BH-

BaeTCsl B CONMAIBHON Cpele depe3 MHTepHUOpHU3a-
A0 BHEITHUX OTHOINEHWUN W NeHCTBUH, 3a)UKCH-
POBaHHBIX B 3HAYEHUSIX ATHX JACUCTBUI U OTHO-
menuii. OmHaKo eme co BpeMeH JlekapTa m3BecT-
HO, YTO MIPHOOpETEeHNe HOBOTO 3HAHWSI — 3TO CPaB-
HEHHE TIOCTYIAONero MacchuBa HH(OpMaIuu C
YK€ YCBOCHHBIMHU 3HAHUAMHU. 3HAYUT, HHTEPUOPH-
3aIUs MITaIeHIeM (B Bo3pacrte 70 9 MecsIeB) co-
[IUANTBHBIX (PEHOMEHOB MPOUCXOIUT 0€3 KOMMYHH-
Kallii, OCHOBAaHHOW Ha CHMBOJax, U 0e3 mepren-
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WU, aCCOIUUPYIOIEH CEHCOPHBIE CTUMYIIBI C yXKe
CYIICCTBYIOIIMMH B CO3HaHWH (eHOMeHamH. Pe-
OCHOK IO3HACT COIMAILHYI) PeajbHOCTh C MOMO-
b0 CEHCOPHOTO BOCHPHUATHUS O3 UCIOIH30BAHHS
00pa30B TPEAMETOB W SBICHHIA, O€3 MOHUMAHUS
WX CMBICIAa WK cyTH. Takum oOpa3oM, B COBpe-
MEHHBIX 3HAHUSAX O MO3HAHUU JIETEH CYIIECTBYET
mpoben — pebeHOK KaKMM-TO 00pa3oM IT03HAeT
MepBOHAYAIBHBIN KOMITIEKC (DEHOMEHOB, HE OITH-
pasich Ha TPEAIIEeCTBYIONIee 3HAHUE, KOTOPOe, KaK
OBITO OTMEUEHO (3TO MepBOHAYAILHOE 3HAHHE (he-
HOMEHOB), HEOOXOIMMO il 3aIycka MOCIexyro-
IIEeTo MpoIecca MO3HaAHUS.

Tomazemno [5] mpeuiaraer pemuTh 3Ty HpO-
OnmeMy dYepe3 TOHATHE pa3IeIEHHOW WHTEHIIHO-
HaipHOCTH (shared intentionality). OH yTBepxnaa-
€T, YTO Pa3BUTHE COLMANIBHBIX CBA3EH y NeTed OT-
HOCHTCSI K BPEMEHHBIM Cpe3aM, HauWHas C pasfe-
JIEHHOW WHTEHIIMOHATHHOCTH C POXKIEHHUS UYepe3
obomeH smormsimu. C Touku 3penns Tomazemo [5],
MMO3HAHWE BO3HUKAET Yepe3 IMEePBUYHYIO IBIKY-
IIyI0 CHIIy HOBOPOXKICHHBIX — pa3ielieHHYIO WH-
TEHIIMOHAJFHOCTh B TIPOIIECCE€ AMOIMOHAIHHOTO
oOMeHa. DTa MOJATBHOCTh MEKIMYHOCTHOTO B3a-
MMOJEHCTBAS MJIaieHe-MaTh ONKCAaHa B MHUPO-
Boit muteparype [7, 10-12]. OxHako TONBKO Orpa-
HUYCHHOE KOJIMYECTBO HCCIICAOBAHUI OICHUBAJIO
10-12].
Onenka 3((GEKTUBHOCTH BO3JICHCTBUS pa3jiciicH-

pasfe’leHHy0 HWHTEHIIMOHATBLHOCTE |7,

HOW WMHTEHIMOHAJIBHOCTH Ha PE3yJIbTaThl MO3HA-
HUS WIA MBICITUTENHHOHN JEATEIbHOCTH Mo U3Y-
YeHa. MeTos OIIEHKH ATOW MOJAILHOCTH B3aMMO-
JIEUCTBUS OTCYTCTBYET.

MHoroneTHee MeXIyHapOIHOE HCCIEI0BaHME,
3aBepimBieecss B 2019 1., BBIABHIIO, YTO OKOJIO
17 % neteii B Bo3pacte 3—17 jieT ObUIM TUATHOCTH-
POBaHBI C HApYIICHUSIMH KOTHUTHBHOTO Pa3BUTHS, B
ToM umcine: 9.04 % mereil TMarHOCTUPOBAHBI C CHH-
IpoMoM  JeduImTa BHUMAHHS/TUIICPAKTUBHOCTY;
7.74 % — ¢ HapylieHueM 00y4aeMOCTH (IHCIICK-
cus, AUCKanbKyaus u T. 1.); 1.10 % — ¢ ymcTBen-
HOM oTcranocThio; 1.74 % — ¢ paccTpoiicTBaMH
ayTucTthdeckoro cnekrpa [13]. U3BecTHO, 4TO CY-
HIECTBYET TOJNBKO OJHA METOAWMKA JHATHOCTHUKU
KOTHUTHUBHOTO OTCTaBaHUs JIETeH, KOTOpas peajiu-
3yeTcsl Ha 0a3e OLIEHKH MOBEACHYCCKHX MapKepoB
Y UMEET CYyLIECTBEHHbIE orpanuueHus [7]. Pesymnp-
TaThl KJIACCHYECKOI'0 METOJa OLEHKH KOTHUTHBHO-
T'O pasBUTHS JIeTeH CyObEKTUBHBI M OTHOCUTEIBHBI —

OHM TIOJIYYalOTCS HAa OCHOBE aHajHM3a CIEIHalu-
CTOM TMOBEJCHUsI PeOCHKAa B TEUCHHE KOPOTKOTO
IUIAHOBOTO BHM3HMTA K Bpady M Ha OCHOBE CyObeK-
TUBHBIX CO00IIEeHUI ponuteneid. Eciu B pesysbra-
T€ TAKOH OIEHKH CIEIHAINCT OOHApYKHJI OTCTa-
BaHHE Pa3BUTHUS, TOJLKO TOTA MPOBOIUTCS yIIyO-
nenHasi omeHka. CyliecTByeT psifi OrpaHUYEHHH
JUTSE CBOEBPEMEHHOTO OOHAPYKEHUSI KOTHUTUBHOTO
oTcTaBaHUs: 1) HET KOHKPETHOTO CPOKa MPOSBIIe-
HUSl ""MapKepHbIX" HAaBBIKOB y peOeHKa, BMECTO
9TOTO CYIIECTBYET HIpeiacTaBiieHHe 00 "OKHE BO3-
MOXHOCTeH"; 2) HeoOXOAWM BBICOKHH YPOBEHb
npodeccuoHanu3Ma Bpaued Ais  OOHapy:KeHHS
HECOOTBETCTBHS Pa3BUTUS pebeHka c '"Mapkepa-
Mu" BO BpeMsl KOPOTKOM BCTpeuH; 3) HeoOXonuma
BBICOKasi KOMIETECHIMs POIUTENe Ipu coolle-
HUM CHUMIITOMOB, Ha KOTOPYIO BIIUSIIOT KYJBTYp-
HbIE, 00pa3oBaTeNbHBIE W COLUANbHBIC (AKTOPBL.
Tak, HarmpumMep, B Bo3pacte 18—30 MecseB HaBbIK
peuu erie He ABJSETCS 00sA3aTeNbHBIM Ui peOeH-
Ka. JIHrBucTHYecKkre HaBbIKM peOeHKa, HalpuMep
U3 JABYS3bIYHON CEMBH, MOTYT OBITH MEPEOLIEHEHBI
WIM HEJOOLEHEHbI KaK BPauoM, TaK M POIUTEIS-
MHU. B 3TOM BO3pacte OleHKa KOTHUTHBHOIO pa3-
BUTHSI TOJIBKO JIMIIb HA OCHOBE OLICHKH MOBEICHHUS
0e3 BepOaJbHOW KOMMYHHUKAIlMM — YCIIOXHSET
OILICHKY TPaeKTOpHH pa3BUTHs. Takum oOpazom,
3¢ (GEeKTUBHOCTh MPUMEHEHHUS "TOBEACHUYECKON"
METOJIMKHU 3aBHCUT OT NMPOQECCHOHATH3MA Bpadei
W KOMIIETCHIIMU pOJWTENed TpU COOOIICHUH
cuMritoMoB [7]. TIpy 3ToM OOJBITMHCTBO CIICIIHA-
JUCTOB CUMTAIOT, YTO BBISBICHUE 3aJEPXKKH pa3-
BUTHUS JIeTeil Ha Ooyiee paHHeM dTame (10 3 JeT)
MO3BOJIUT HA4YaTh paHHEEe JICUCHUE C JTydineid 3d-
(dextuBHOCTBIO [7]. UeM paHbllle HAYMHAETCS JIe-
YeHUe, TEM JIYUITUH pe3yynbsTaT OHO aaeT [7].
OO6menpru3HaHO, YTO HAPYIIICHHE COMHATEHOTO
B3aUMOJICHCTBUSA MEXAY MaMou (BOCIHTATENIEM,
OTNEKYHOM) M PeOEHKOM CHTHAIU3UPYET O KOTHH-
THBHOM OTCTaBaHuU pebenka [7, 14—18]. Iloatomy
METOJI, OCHOBAaHHBI Ha OIECHKE 3(PPEKTUBHOCTH
B3aMMOJICHCTBHUS pebeHKa ¢ ONMeKyHamMH — MpPOTO-
IUanora dYepe3 pas3/ieleHHYyI0 WHTEHIIMOHAIb-
HOCTb, TTO3BOJIUT MOy4YaTh OOBEKTUBHBIEC JaHHBIE
JUTSI paHHETO BBISBJICHUS KOTHUTHBHOTO OTCTaBa-
Hus pa3Butusa pedenka. Takoit meron 3pdexTrnBeH
Jaxe s "HeBepOanbHOTrO mepuona’ JIETCKOTO
pasButus, T. €. Ui Bo3pacta 10 30 mecsaues. Kpo-
Me TOTO0, 3TOT METOJI OTKPHIBAET BOSMOXKHOCTH IS

JuarnocTupoBaHne KOTHUTHBHOIO Pa3BUTHS eTeil yepe3 OLeHKY 107
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pa3paboTKH CIENUANbHBIX JICYEOHBIX MPOrpaMM
JUIS JIeTell ¢ OTCTaBaHWEM KOTHUTHBHOTO pa3BU-
TUs, KOPPEKTUPYIOIUX MX TPACKTOPHH Pa3BHUTHS.
Takoli MeToJ OLIEHKA U KOPPEKIUU TPACKTOPUH
KOTHUTHBHOTO DPa3BUTHS JIETEH MOXET CTarh HO-
BBIM TIOAXOJIOM K TpoOJiieMe, BHECS BKJIAa B JIO-
IIKOJIbHOE 00pa30BaHue C BHEJAPESHUEM WHHOBAIU-
OHHBIX TEXHOJOTHI 00yUeHHSI.

Taxum 00Opa3oM, IETbI0 TaHHON CTAaThHU SBIIS-
eTcsi pa3paboTka METOIWKH M ajJrOPUTMa OIEHKH
paszfeneHHOW MHTEHIIMOHAJIHHOCTH B TTapax MaTh—
pebeHOK, co3maHue OWOTEXHUYCCKOW CHCTEMBI
paHHEeW MUArHOCTHKH OTCTaBaHHUA KOTHUTHBHOTO
pa3BUTHS IeTEH.

Merton. MccnenoBanue HareleHO Ha (hopMaH-
3alUI0 TIPOIIEAYpP IUArHOCTUPOBAHUS KOTHUTHUBHO-
IO pa3BUTHS JETEH Yepe3 OLUECHKY pas[esICHHON HH-
TEHITHOHATLHOCTH B MapaxX Marb—peOeHoK. C 3Toit
LIENBI0 TIPOBOANTCSI aHAIN3 WCCIIENOBAHUI MPOTO-
nuanora B rpymnmnax. Crarbs pacCMaTpUBaeT TONBKO
Takhe SMIHUPHYECKUE HCCIENIOBAHUS, B KOTOPBIX
CTUMYIISIIUSL  Pa3AeNieHHONM WHTEHIIMOHAIBHOCTH
OTpa3Wjach Ha pe3ylbTarax WHTEIUIEKTyaTbHOM
JIeSITeNTEHOCTH UCTIBITYEMBIX, a IMEHHO 37eCh aHa-
JTU3UPYIOTCS UCCIENOBAaHUS, B KOTOPHIX: 1) IIEThIO
SIBTSIIOCh M3MEpPEHHE MHTEIUIEKTYalbHON JesiTeNb-
HOCTH Trpymnbl (IPU CTUMYJIUPOBAHUU WX paslie-
JICHHOW WHTEHIIMOHAJILHOCTH), MTPOUCXOMAINEH 0e3
BepOaJIbHOW W  HEBepOAILHOW KOMMYHHKAIIUH;
2) 3aBUCHMBIMU TIEPEMCHHBIMH OBbLUTH COLMAJIbHAS
BOBJICUCHHOCTh YYaCTHUKOB JKCIICPUMEHTA U HUX
SMOILIMOHAILHOE BO30YykKIeHHe;, 3) He3aBUCHMOU
MepeMeHHO OBLIO HMHTEIUIEKTYyaJbHOE 3aJaHue,
KOTOPOE€ HCIBITYEMbIC MOTIJIU BBIIIOJHHUTL TOJIBKO
IIPY TTOMOIIU JIPYTUX YYACTHUKOB SKCIICPHUMCHTOB,
IIPU 3TOM HE OOMEHHMBAsCh C HUMHU HH(pOPMAIUCH
HHU BepOasbHO, HU HeBepOanbHO; 4) OIMKCaHbl CTH-
MYJTBI pa3/ielIeHHOW HHTEHIIMOHATBHOCTH.

Pesynbrarom aHanMza cTaHeT ONKCAHWE Mapa-
METPOB OMOTEXHHUYECKOH CHUCTEMBI: OOBEKTa HCCIIe-
JIOBaHMs; CPEACTB BO3NCHCTBHS; OLICHKH pe3YibTa-
TOB BO3IEHCTBUS K MOAYJIS yrpasieHus (puc. 1).

PesynabraTtel. AHaiu3 pe3yabTaToB HCCIENO-
BaHMii [19-21] mokaspiBaeT 3¢ddekT B3aumoneii-
cTBHA pebeHKa ¢ onekyHamu (06e3 KOMMYHHUKAIIH)
U TIOATBEPXKAAET TUIIOTE3y BIHMSHUS Pa3IelICHHOM
MHTEHIIMOHAIBHOCTH Ha TMO3HaHHWE (CM. TaOIHILy).
OTH WCChenoBaHUS TO3BOJSIOT ONPEAETUTh OC-

HOBHBIC ITapaMCTPhbl OHMOTEXHHYECKON CHCTEMBI
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A A
\ 4 Monyinb
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4 Ilepconanbuslii [—¥ IIporpammHoe
KOMIIbIOTED [€®—| olecreueHue

A

CrienyaiamucT

v

Jwnarnoctuka
COCTOSIHUS

\ 4

Puc. 1. Bnorexaudeckas cucreMa

Fig. 1. Biotechnical system

JUTSE. U3MEPEeHHsT KOTHUTHUBHOTO PAa3BUTHS JCTEw.
Bce paccmarpuBaemMble B JaHHO# paboTe mccieno-
BaHUS PEKOHCTPYHUPOBAIH OHOIOTUYECKYIO CH-
CTEMy MaTb—MIIaJIeHell, B KOTOPOW WHTEpHUOpHU3a-
[Usl MJIQJICHIIEM COIMAIBLHBIX (DEHOMEHOB IMPOWC-
XOIIUT TIPU MCKITFOYCHUN U3 B3aUMOICHCTBUS KOM-
MYHHUKAIIUA ¥ TIEPIENINH, T. €. acCOIManus CeH-
COPHBIX CTUMYIIOB C YK€ CYIIESCTBYIOIIUMHU B CO-
3HAHWW HUCTIBITYeMBIX (DeHOMEeHaMu ObLla WCKITO-
yeHa. B ucciaenoBaHUsX y4acTBOBAIH IETH, Ubs
nepBu4Hasi 0a3za COLMAJIbHBIX (EHOMEHOB YKe
chopmupoBanace. [loaToMy 11t 3TUX HCCIIEAOBaA-
HUHM MCIOJIB30BAJIM T€ CTUMYJbI, KOTOPBIE rapaH-
TUPOBAHHO OBUIM HETIOHSTHBIMH U HEU3BECTHBIMHU
JUISL HCTIBITYEMBIX, T. €. CyObEeKTaM HCCIIeIOBAHUS
ObUIM TIOCTABJICHBI TaKHe 3aJlaHHsl, YTO HCTIBITYE-
MBI HEe OBUIH CIIOCOOHBI CaMOCTOATEILHO UX pe-
mare. OZHOBPEMEHHO Takue € 3aJaHus J1aBa-
nch KoH(peaeparaM — TeM y4acTHHKAM JKCIepH-
MEHTa, KTO MOJy4al TaKoe K€ 3aJJaHie, HO BMECTe
C TIO/ICKa3KOM Ha MPaBHIIBHOE PEIIeHHE, HaXOAsICh
BMeCTe ¢ HCTbITyeMbIMH. OTHOBpPEMEHHO C 3aja-
HUSIMH OMOTEXHUYECKasi CUCTeMa CTHUMYJIMpOBaia
pa3eNeHHyI0 MHTEHIIMOHAIBHOCTh B TPYIIaX, BO3-
JIEWCTBYS Ha UCIIBITYEMBIX 3JIEKTPOMarHuTHbIM (OM)
MOJIEM BHJIMMOTO CHEKTpa. Pe3ymprar oneHuBancs
MO0 TIPUPOCTY PE3YNBTATUBHOCTH PEIICHUs 3a7a4
WCIBITYEMBIMH TI0 CPaBHEHHMIO C 0a30BBIM YpOB-
HeM (T.e. ¢ TeM OJIOKOM 3ajad, Ha KOTOpBIC HE
3HAJIM OTBETA HU CYOBEKTHI, HU KOH(enepaTsl To-
xKe). B OTHeNmpHBIX DSKCIIEPHMEHTaX pe3yibTar
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OLICHUBAJICSI B CPABHCHUU CO CIy4YallHBIM 3HAYCHU-
€M B JKCIIEPUMEHTax (TaM, rje He ObuTo 3amay Oa-
30BOro ypoBHs). Takum oOpazom Oblia peann3oBa-
Ha OIleHKa d(deKra pas3aeNcHHOW UHTECHIIMOHAIb-
HOCTH HA IMO3HAHUE UCHBITYEMBIX, KOTOPBIC TMOY-
Yalid CTHMYJbI 4epe3 CEHCOPHOE BOCIPHUSTHE, HE
MMOHUMasl CMBICIIA U CYTH CTUMYJIOB. B 3THx mcce-
JIOBAHUSIX HA OIEHKY Pa3ZIelICHHON WHTEHIMOHAIb-
HocTH [19-21] mpunsto ydactue 279 y4acTHHUKOB
(uctpITyeMBIX M KOH(eZepaToB), KOTOPBIX MOKHO
OBLTO OTHECTH K MEPBUYHON TPYIIIE — YICHOB CO-
00IIECTB, CBA3aHHBIX JIMYHOCTHBIMU OTHOIICHHUSIMU
Y JKMBYIIMX B €IMHOM COITMAIEHOM puT™e. 124 n3
HUX OBLTH Mapbl MaTb—pPEOCHOK.

JInst IPOBEPKH BEPHOCTH THIIOTE3bI MPOBEICHA
mpoBepka pasmepa 3pdekra P-3naueHns (P-value).
3a HyJeBYIO THIIOTE3y NMPUHATO YTBEPXKICHUE, YTO
HET BIUSHUS Pa3/CiCHHON WHTCHIIMOHAIBHOCTH
Ha pe3yJbTaThl OTBETOB. Pacuer mpoBoauiics yepes
OTNPENCIICHUE PA3HUIBI MEXKAY OXHUIACMBIMU H
HaAOJIONAaeMbIMU 3HAYCHUSAMHU JKCIICPUMEHTA. 3a
OXKUJIACMBIC B3SAThI OTBETHI CyOBEKTOB O€3 BIIUs-
HUs KoH(DeaeparoB:

=3

rae O — SKCIEPUMEHTAILHOE 3HAYCHHE C TOZCKa3-
kamMu KoH(pemepaTam (wiu Mamam); E — 0a3oBoe

(0-E)>
—

3HAYCHUE OTBETOB (0€3 MOICKA30K W CITydaiHOe
YHUCIIO0).

3nauenue pasmepa 3ddekra P-value (BeposT-
HOCTH OIMWOKH THUIIOTE3BI) PACCUUTAHO HA OCHOBE

Tabmupl [22] 3HaYeHWH pacrpeneiaeHus X2 (xu-
kBaapar). Kak BumgHO u3 Tabmumbl, P-value He
npeBbimaer p < 0.05, 4To MPUHATO CUMUTATh IMOJ-

TBEPXKICHUEM THITOTe3bl. HeoOXoamMo OTMETHTH,
YTO C TOYKU 3PEHUS CTaTUCTHKU P-value — 310 Be-

POSITHOCTh B paMKax ONpeNeleHHON CTaTHCTHYe-
CKOHM MOJIEJIM TOrO, YTO CTAaTHCTHYECKOe 0000IIe-
HHE JaHHBIX (B PAcCMaTpHBACMOM CITydae PasHHILIbI
CpEeIHEero 3HaueHUs] MEKAY CPAaBHMBAEMBIMH TpYII-
namu) OyeT paBHO €ro HaOIIONAeMOMY 3HAYEHHUIO
nm Oonee dKcTpemManbHO [23]. P-value ykasbiBaer,
HACKOJIbKO JIaHHBIE COBMECTHMBI/HECOBMECTUMBI C
OIIPEIENICHHON CTaTuCTUYeCKOr Mozaenbro. 1loatomy
OTHOCHUTENFHO Oolbiioe 3HaueHne P-value He Tom-
JICP)KUBACT, HO M HE OMPOBEPracT KOHKPETHYIO TH-
TOTE3y, JISKAIIYI0 B OCHOBE TIONYYCHHBIX Pe3yJIbTa-
TOB, TaK Kak JPyrHe TUMOTE3bl TAKKE MOTYT B PaB-
HOM (WU Jlayke OOJIBbINEH) CTENeHH COIIACOBBIBAThCS
¢ HaOmonaeMbiMu JanHbME [23]. Takum o0Opasom,
BJIMJJHOCTh PACCMaTpUBAEMOIO B CTaTbe METOZa
OLICHKH KOTHUTHBHOIO Pa3BUTHS peOCHKa KCIIEepH-
MEHTAJILHO TIOATBEpIKACHa, XOTs 3(dekT B3amMo-
JCHUCTBHSL MEXKILy Marepblo U peObeHKoM (0e3 KoMMy-
HHKAIMKM) MOXKET 0a3upoBaThCA M HA JPYTUX Teope-
THYECKUX OCHOBAHUSX 3(D(EKTUBHOCTH B3aUMOJICH-
CTBUSI B TPYIIIAX WM KOJUICKTUBHOTO MHTEILICKTA.

MertoarKa OIIEHKA KOTHUTHBHOTO Pa3BUTHS Jie-
Tel yepe3 CTUMYJIMPOBAHUE Pa3NeNICHHON WHTCHIIU-
OHAJILHOCTH B TIApax MaTh (BOCIHTATENb) H PEOCHOK
3aBUCHUT OT (haKTOPOB, MPECTABICHHBIX HA pUC. 1.

Oo0bekT uccaenopanus. O6bEKTOM HCCIENO-
BaHUs B JAHHOW OWMOTEXHHUYECKOW CHUCTEME SIBJIS-
I0TCsI Iapbl: peOCHOK U MaTh (BOCIIUTATENb). JKC-
nepuMeHTHI [19-21] mokasbIBaioT, 94To 3P PeKTHB-
Has pasJelicHHAs WHTCHIMOHABLHOCTD TMPOSBIIS-
eTCs CpeA TPYNIT UHIUBHIOB B COCTOSHHU COIIH-
anpHOW BOBIEYeHHOCTH (social entrainment), Ko-
TOPBIX B COLIMOJIOTMU OTHOCST TaKXKe K MEPBUYHOM
rpymnmne. brnaromaps ncuxo(u3MOIOrHYECKOH KO-
TEPEHTHOCTH U MEXIEPCOHAILHOU TUHAMUKE Ta-
pa crmocoOHa Ha CHHXPOHHYIO KAaTErOPH3AIIHIO
CCHCOPHBIX CTHMYJIOB, UMCHYEMYIO pa3jeicHHON
WHTEHIIMOHALHOCTBIO.

Pe3yJ'H)TaTI>I MPOBEPKU BEPHOCTHU TUIIOTE3bI BIIUAHUSA pa3/:[eneHH0171 HWHTCHIMOHAJIbHOCTU Ha PE3YyJIbTaTbl OTBETOB

Checking the hypothesis of the shared intentionality influence on the quiz-test performance

Pe3ynbTaThl TOUHOCTH CUETa MIPEAMETOB
Ipymmst KonmiecTBo y4acTHUKOB 2 P-value
(MCTIBITYeMBIX U KOH(]enepaTos)
[Mapsr Mmama—pebeHok [20] 116 16.14 <0.001
[Mapsr Mmama—pebeHok [21] 8 4.63 <0.05
[lepBuunas rpynma [19] 114 26.37 <0.001
[lepBuunas rpynmna [20] 41 13.49 <0.002
ﬂ“arﬂoc"{pona“"exo rH“T“BHoropagB“T“ﬂneTeﬁqepegoue]-"(y .......................................................................................... 109
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CpeacrBo Bo3aelicTBusi. buorexnuueckas
cUCTeMa CTHMYJIUPYET pa3leleHHYI0 HHTEHLIHO-
HaJBHOCTh, M OIHOBPEMEHHO OOBEKTHI BO3JCH-
CTBHS BMECTE OCYILECTBISIOT KaTerOpHU3aLUIo
ctuMynoB. CTUMyNaMH SIBJISIFOTCS. CHUMBOJIBI, He-
TOHSATHBIE W HEW3BECTHBIC AJisl peOeHKa, HO 3Ha-
KOMBIE JJIsl MaTepu (BOCIHTATENs, OMEKyHa). 3a-
TaHUS TIONydaloT 00a 00BEeKTa OIXHOBPEMEHHO,
OITHAKO TOJBEKO OOBEKT OIEHKH (peOCHOK) BBOIUT
B KOMIIBIOTEPHYIO CHCTEMY OTBET Ha)XXaTHEM aK-
THUBHOTO IIOJIA HAa 3KpaHe 3JIEKTPOHHOTO YCTPOM-
CTBa. DKCITO3UINIO CTUMYJIOB M COOp pe3ysIbTaToB
peann3yeT OpUTHHAIBHOE NPOrpaMMHOE obecrie-
yeHue. OTHOBPEMEHHO C ONEPUPOBAHHEM CTHUMY-
JIAMH 3TO K€ MPOrpaMMHOE OOeclieueHHe CTUMY-
JUPYeT MEXIEPCOHAIBHYI AMHAMHUKY MEXAY pe-
OcHKOM M Marephio (BocmmTareiaem). IIporpamm-
HOE o0ecreuyeHHe CTUMYIUPYET MEXKIEPCOHAIb-
HYI0 CHHXpOHHOCTH (interpersonal synchrony) B
napax, 3KCHOHHUPYS PUTMHUYHOE H3MEHEHHE I[BeE-
TOB 3Kpana mpudopa (80 ymapos B muHyTY). Kpac-
HO-(HONETOBBI LBET JKpaHa 3JIEKTPOHHOIO
YCTpPONCTBA (PUTMUYHO MEHAIOLIAsCA UIMHA CBe-
toBor BomHBEI 700 1 400 HM mMOOYEpEAHO) CTUMY-
Kpome
TOTO, TIOBBIIIEHHBIA 3MOIMOHANBHBIN (DOH mMOmI-

JUpYyeT 3MOLMOHAJIBHOE BO30Y)KICHHUE.

ACPIKUBACTCA q)aKTOM y4aCTusd B HCIIPUBBIYHOM
3aHATHH. COrIacHO MOJENN KOTEepEHTHOTO MHTEI-
nekrta [7, 10-12, 19-21] sMmormoHanbHOE 3apaxe-
Hue (emotional contagion) M MexnepcoHalbHas
CUHXPOHHOCTb WHIYLUPYIOT pa3dcI€HHYIO0 HWH-
TEHI[MOHAJLHOCTh B Tapax. TakuMm o0pa3oMm, B3a-
UMOJICHICTBHE BHYTPU OHMOTEXHHYECKOW CHUCTEMBI
CTUMYJUPYET pa3iefeHHYI0 WHTEHIIMOHAIbHOCTD,
COZICHCTBYIOIYI0O HEOCO3HAHHOMY BEIOOpY peOeH-
KOM OJMHAaKOBOTO C BOCIMTAaTeIeM CTUMYJlIa —
MMPpaBUWJIBHOTI'O OTBE€TAa M3 YCTBIPECX BapUAHTOB Ha
JKpaHe npuodopa.

Ouenka pe3yJbTaToB Bo3AelicTBHA. MeTo-
OUKa OLCHKHW KOTHUTHBHOI'O PAa3BUTUA pC6CHKa
OCHOBaHa Ha CpaBHEHHMHU pe3yJabTaTa ero OTBeTa
M0l BO3JEMCTBHEM pa3JeIeHHOW MHTEHIIMOHAJb-
HOCTH C BEPOSITHOCTBIO CIIy4aifHOTO pe3yJbTara.
Taxoit moaxo/ K OIleHKe 00YCJIOBJICH TEM, 4TO pe-
OCHOK OTBEYaeT Ha 3a/aHMs, HE HCIIONb3Ys HHUKa-
KON palMOHaJIbHOW CTpAaTeruy, MOTOMY YTO CHM-
BOJIBI 33J]aHUSl €MY HEU3BECTHBI. Bce ero OoTBeThI
HEOCO3HAaHHBI U TO3TOMY BEpPOSITHOCTHBI, T. €. C
STOM TOYKU 3PEHUSI MOTYT PaCCUUTHIBATHCS IO 3a-

KOHaM TeOopuHU cllydallHbIX uucen. llepen kBull-
TECTOM pebeHKa NPOCST JOorajgblBaThcsi O Tpa-
BWJIBHOM OTBETE Ha KaXJ0e€ 3aJaHue, clenys
OI[YIICHUIO "KaKkoi OTBEeT OOJbIlle HpPaBUTCS/HE
HpaBHUTCA", T. €. €r0 MPOCIT MPUHUMATh PElIeHHs,
MOBHHYSICh CBOEH MHTYHILIMU WIN 3HAHHIO, IPUXO-
JIAIIEMy BHE3allHbIM MHCaWTOM. EMy HEe pekoMeH-
OYIOT MPUIEPKHUBATHCA €AMHOTO MPaBUiIa MpU OT-
BeTax. llocie 3aBepiueHus KBUI-TECTa MPOrpamMM-
HOe ofecneyeHue HCKIIOYaeT BO3MOXKHBIE 3aKO-
HOMEpHBIE MOCIIEN0BAaTEIbHOCTH OTBETOB, KOTO-
pble TpenanonaraloT Kakyo-1u00 pPaluoOHAIBHYIO
cTparernro. Hampumep, HCKIIOYarOTCsS pe3yibra-
TBI, €CJIM POTpaMMa PETUCTPUPYET BHIOOP pebeH-
KOM KaXXIblil pa3 ONHOTO M TOr0 € aKTHBHOIO
NOJIsl Ha 3KpaHe WM BBIOOP OIHOTO M TOTO XKe Ma-
paMeTpa B KaXKIOM 33JaHUM (Hampumep, Bceraa
OIHOTO LBeTa). B TakoM ciydae B KOHLE KBHII-
TecTa MporpamMma cooOIIaeT mape, 4to "3ajaHue
BBIIIOJIHEHO HEBEPHO, IPOCHM TOBTOPHUTH TeCT'.
WubIMu  cnoBamM, JaHHBIE PETUCTPUPYIOTCA UL
JanpHeie o6paboTky, ecnu peOeHOK OTBedasl Ha
BOIIPOCH! KBHII-TECTA CIy4allHO, HE CIIETys paruo-
HAJIBHOW CTpaTeruy, eCiii BCE MPUHSATHIE PEOCHKOM
perieHnst ciaydaiHbel. JleBuaims pesyisTara OT Clly-
YaifHOro TOKa3bIBAacT BeMMUMHY 3(dekTa pasnencH-
HOW MHTCHITMOHATHHOCTH. Marh (BOCIIUTATEIb) 3HACT
OTBET, Y TIO3TOMY KaTeTOpH3aIHsl €10 CTUMYJIOB BIIHSI-
€T Ha KaTeropu3alfio ITUX e CTUMYIIOB PEOSHKOM H,
COOTBETCTBEHHO, JJA€T NPUPOCT MIPABWILHBIX OTBETOB
[0 CPaBHEHHMIO CO CIIy4aiHbIM YHCJIOM OTBETOB.
Keun-rect cocrour u3z cucremsl 20 HE3aBUCHUMBIX
BOIIPOCOB, MAKCUMAJIbHAsI BEPOSITHOCT CYILIECTBYET Y
5 mpaBuIbHBIX oTBeTOB P(5)=0.20233, paccuntsl-

Baercs o Gopmyne bepayrm

P, (k) = CEp*q"*, (1)

rae C — KOJIMYEeCTBO COYETaHUM 7 1o k; n — He3a-
BHUCHMBIC HCIIBITAHUS, BEPOSITHOCTh Ka)KJIOTO paB-

Ha p(0< p<1); k— Ha CKOJIBbKO 3a1aHuii PeOEHOK

OTBETUT MPABWIIBHO; p — BEPOSATHOCTH B KAXKIOM
3aganuy; g =1 — p.

CucTtema He3aBHCHMBIX BOIPOCOB TECTa CO3/a-
Ha TakUM O0pa3oM, YTO BApHAHT OTBETa KaXKIOTO
3aaHus BeIOMpaeTcs 0e3 HMCKIIIOUEHHUS STOro Ba-
pHaHTa U3 MOCIEeAYIONUX 3aiaHui. BeposTHOCTb
TOTO, YTO PEOCHOK BBIOEPET IMPaBUIILHBIA OTBET,
OIMHAKOBA JUTA KaXKJIOTO 33/IaHUSI U HE 3aBUCHUT OT
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OTBETOB Ha OCTallbHBIC 3aJaHusl. BeposTHOCTH
KOJTUYeCTBa k TPAaBWIBHBIX OTBETOB Ha 3aJ[aHUS
ompenensiercs no (1).

s ompenencHuss TOYHOCTH METOJA TpUMe-
HUMa CTaHJApTHAas TpOIeaypa pacueTa OTHOCH-
TENBHOMN MOrPEIIHOCTH U3MEPEHUM.

OKCIIEPUMEHTHI ¢ TIapaMH MaTh—pPEOCHOK I10-
Kazaiau, 9To 3(PpPeKTUBHOCTH (IIPHUPOCT) OTBETOB
JIETeH MO0 CPaBHEHUIO CO CIIy4alHbIM PE3yJabTaToM
PaBHOMEPHO  paclpenensiach B  JUama3oHe
32-125 % [20, 21], uTo B mepecyeTe Ha OAIITBI IS
JTAHHOW METONWKH COCTABIISIET pa3dpoCc OTBETOB B
nmuanazone 7...11 ©OammoB. PeanpHas oreHka

X(p) OonpeaAcIsACTCd U3 CPCAHCTO 3HAUYCHUA pa3-

JeIICHHOM
JKcnepuMeHTanpHo  [20,

MHTEHIMOHATLHOCTH,  MOTyd4eHHOM
21], wu  paBHa
M (5kcn) =8 6amnoB. AGCONIOTHAS MOTPEITHOCTD
paccuMTHIBAETCS MO CTAHAAPTHOM (hopMmyrie

A= Xy — Xp;
5=A/X,,

rae Xy, — M3MEPCHHBIM pPE3yNbTaT KBHI-TECTA;

Xp — pcajibHas OLCHKA, ompcacidemMas 1o Cpea-

HEMY SKCIEpUMEHTAIILHOMY 3HaueHu1o; A — abco-
JFOTHAsl TOTPEIIHOCTB; O — OTHOCHUTENBHAs II0-
TPEUTHOCTb.

Taxum o6paszom, npH pesynsTare 9 6aaIoB OT-
HOCHUTENbHAs MOrPENIHOCTh cocTaBUT 12.5 %
(6=12.5%). Takum 0Opa3oM, IpH YCTAaHOBICHUU
MapKkepa YCIIeITHOTO W3MEpeHHsI B 9 OalIoB 1O-
TPEUTHOCTh OLIEHKH cocTaBisieT He Oomee 13 %.
[orpemnocts, paBHast 13 %, sBusieTcst momyckae-
MO MOTPENTHOCTHIO AJISI TOPTATUBHBIX MEAUIINH-
CKkuX TpubopoB. Hampumep, mopTratuBHBIE PUOO-
pPBI M3MEpEeHUsl caxapa B KPOBH UMEIOT JOITyCTH-
Myto norperrHocts 10-20 %.

[Ipn Hame)XHOCTH pe3ynbTaTa, HampuMmep HpH
HECOOTBETCTBUM pe3yJIbTaTa OIEHKH ''TIOBEICHYE-
ckuM" MapkepaMm peOeHKa, JTUarHOCTHPYEMBIM CIIe-
[IUAJIMCTOM, TIOBTOPHBIN Pe3ysIbTaT KBHII-TECTA HC-
KITFOYaeT OMMOKY, TaK KaK BEPOATHOCTH TOBTOPEHUS
orreHKH HU3Ka. Pacuet mo (1) mokaskIBaet, 94To Bepo-
SITHOCTh TIOBTOPHOTO pe3ynbTarta 7 OaiuioB paBHA

P(7/2)=0.04879, a BEPOSATHOCTH TOBTOPHOTO
pesyabprata 9 OamyoB paBHa P(9/2)=0.00294,

T. €. B IOCJICAHECM CJIy4aC BEPOATHOCTDb cnyqaﬁﬂo—

ro nosropeHus no4ytu B 10 pa3 mensie. [IoBTop-
HYI0 IIPOBEPKY PEKOMEHIYETCS NPOBOIUTH MpPH
pe3ynbTate g0 8 6ayuioB. B Takom cinydae moBTop-
HOE M3MEpEeHHE, NMPUBOAAIIEE K MOATBEPKACHUIO
OLIEHKM (WM TOKAa3bIBAIOILIee PE3yJbTaT BBIIIE),
uckimoyaer omuoOKy. Kak ormeueHo paHee, SKcre-
pumenTsl [20, 21] ¢ mapamMu MaTb—peOEHOK MOKa-
3aJIM, YTO OTBETHI JETEH C HOPMAJbHOW TPaeKTO-
pHel KOTHUTMBHOIO pa3BUTHS [JaBajiu pazopoc
OTBETOB B amama3one 7...11 6ammos. Takum obpa-
30M, "HOpMaJIbHBIC" JETH MTOKA3BIBAIOT PE3yIIbTa-
THI B ABYX JAWamna3zoHax: "BBICOKHI" O6amit oT 9 mo
11 n "auskuit" — ot 7 mo 9. "Huskuit" Oasur sBi-
€TCsI CUTHAJIOM [yl IOBBIIIEHHOTO BHUMAaHHUS K
pebeHKy W, Kak MOoKa3aHo paHee, TpeOyeT MOBTOp-
HOT'O M3MEpPEHMS IJI MCKIIOYEHHUs OIIMOKH KOH-
KPETHOT'O U3MEPEHHUS.

Moaynab ynpapjieHUsl pealnu30BaH CIELUalIb-
HBIM TIPOIPaMMHBIM OOECHEUCHHEM U peIlaeT
CJIEAYIOIINE 3a/1a4H:

1. OKCIOHMpOBaHUE KBUI-TECTa W3 HHTEN-
JIeKTyanbHbIX 3agaHuil. IlocnemoBarenpHas ne-
MoHcTpanus 20 3a1a4 ¢ UHTEPaKTUBHOW (PYHKITH-
el BpIOOpa pemieHUs u3 4 BapHMaHTOB OTBETa Ha
KaKAYIO.

2. ®opmupoBanue 0a3pl JAHHBIX TIOCIE TPO-
XOXICHUS BCeX 3a/laHUl KBUII-TECTA.

3. CTUMYTSIUU  MEXIEPCOHATBHOW JUHAMU-
k. OHOBPEMEHHO C 3KCIIOHHUPOBAaHHEM CTHUMY-
JIOB MpOTpaMMHOE oO0OecreueHne CTUMYIUpPYeT
MEXIIEPCOHAIBHYI0 TUHAMUKY MEXIY PEOCHKOM H
MaTepbio (BOCMUTATENEM) MOCPEICTBOM PUTMHY-
HOT'O M3MEHEHHS IIBETOB 3KpaHa MOOMIBHOTO Te-
nedona (80 MUTaHUI B MUHYTY).

4. TlporpaMma Takke CTUMYJIUPYET 3SMOLMO-
HaJbHOE BO30YXXIeHHWEe. PuTmMu4HO MeHsrommiics
KpacHO-(HONETOBbIH IBET 5KpaHa cMapTdoHa C
JmHaMu cBeToBbIX BOJH 700 m 400 HM cooTBeT-
CTBEHHO. bJloK-cxemMa anropurma OleHKH pas/erneH-
HOM MHTEHIIMOHAIBEHOCTH peJICTaBjeHa Ha pHC. 2.

Metoayka OUEHKH pa3AeieHHOW WHTEHIHO-
HAJIBHOCTH COCTOWT M3 IIECTH JTAllOB, HAYMHAS C
stana "Peructpauus". B cuctemy BBOAsTCS Tep-
COHAJIbHBIC JAaHHBIE JJIsI KOHTPOJISI PElNeBaHTHOCTH
nocienyromux uimepenuit. Ha srane "Crumyns-
musa" cMeHa JUIMH cBeToBBIX BOMH 700 m 400 HM
W3JIy4eHUs] BHIUMOIO CIIEKTpa YIIpaBisieTcs dYa-
cToTHOW Momyismuelr 80 KoneOaHW B MHHYTY.
OTO 3IEKTPOMAarHUTHOE BO3AECHCTBUE MHIYLUPYET
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Ctumynsanus

v

3amaHue Tecta

v

dopmupoBaHue
0a3bl JaHHBIX

Kontpons
BaJIUJHOCTU

IIpencrasienue
OMHApHOTO
pe3yJiibraTa

Puc. 2. briok-cxema anropurMa OoueHKU

Fig. 2. Evaluation algorithm

MEXKIIEPCOHATBHYIO TIMHAMUKY MEXITy PeOCHKOM H
MaTephio (BocmHTarejaeM) 3a 1 MUH 10 Hadajga OT-
BETOB Ha BONPOCHI KBHI-TECTA W MPOIODKACTCS
BCE BpeMs TeCTHpoBaHMs. Jtam "3amaHue Ttecta"
mmutcst 10 MuH: peOSHOK BBOJIUT OTBETHI Ha BO-
MPOCHI, HAKUMAsi aKTUBHOE TIOJIe U3 4 BapHaHTOB
otBeTa. Ha crenyromem stame "dopmupoBaHue
0a3pl MaHHBIX'" CO3MaeTcs eAWHBI MacCHB J1aH-
HBIX, BKITIOUAs TIEPCOHAIILHBIC IAHHBIC U Pe3yJIbTa-
THI TecTupoBaHus. Ilo 3Toit 6a3ze maHHBIX Ha CTa-
nun "KoHTpoas BadMmIHOCTH" MPOBEPSIETCS COOT-
BETCTBHE C(HOPMHUPOBAHHBIX PE3YIBTATOB KBUII-
TecTa ¢ TpeOOBaHHUAMH OICHKH. HeBamumHbIM pe-
3yJBTATOM CUUTAKOTCS CIEAYIOIINE MACCHUBBI JIaH-
HBIX: 1) 6a3a ¢ MeHee yeM 18 oTBeTamMu Ha BOIIPO-
chl (MIPaBWJIGHBIMHA WM HEMpaBHIbHBIMH), 10 %
OTCYTCTBYIOIIUX OTBETOB 3aKJaJbIBACTCS B CIIY-
YaifHyI0 IOTPENTHOCTR; 2) 6a3a, COOTBETCTBYIOIIAS
KPUTEPHIO PallOHATBHOCTH: PEOCHOK HCIIONB30-
BaJl OJHY W3 OINHCAHHBIX paHee pPaIMOHATBHBIX
cTpaTeruii; 3) HU3KUI pe3ynbTar: peOeHOK Habpal
MeHble § 6amtoB. [Ipu3HaHue pe3ynbsTaToB HeBa-
JIMTHBIMU TIPUBOIIUT K Tiepe3anycky tecra. Ha mo-
cnenneit craauu "llpencraBnenne OMHAPHOTO pe-

3ynapTata’ B Cllydyae BaJUAHBIX pE3yJabTaToOB, a
TaKXe B Cllyyae MOJYYEHHBIX [MOBTOPHO HEBAIH/I-
HBIX PE3YyNIbTaTOB CHCTEMa MPEeACTaBIsAeT OAWH U3
BapUaHTOB pe3yabraTta: 1) TecT 3aBeplueH Onmaro-
MOJIYYHO, HET TIPUYHH IS OSCIIOKOMCTBA; 2) TeCT
HE TIPOWJICH, Mpe/aJiaracM CBA3aThCs C BaIllUM Iie-
JIUATPOM.

BoiBoabl. Pa3paborana MeToanka OIEHKH KO-
THATHBHOTO Pa3BUTHS JETe HA OCHOBE M3MEPEHHS
¢ dexra B3aUMOACHCTBUS MEXIY MaTepbio U pe-
OenkoM. B crathe mpezcTaBieH pacdeT BEpPOSITHO-
CTH OIIMOKW THIIOTE3bl Pa3leICHHOW WHTEHIINO-
HanbHOCTH (P-value), nexaieil B ocHOBe M3ydae-
Moro 3¢Qekra B3auMojeHcTBHIS B rpymmax. Mak-
p<0.05, uro

MOXXHO CYMTaTh MOJTBEPIKICHUEM BaJIHIHOCTH
peajaraeMod MeTOIMKH. MeTonuka I03BOJseT
JUAarHOCTHPOBATh KOTHUTUBHOE OTCTaBaHUE JICTCH
B TeUCHHE |5-MHHYTHOTO KBHUII-TecTa. Pazpaboran
QITOPUTM JIMarHOCTUPOBAHUS KOTHUTHBHOTO pa3-
BUTHSI I€TE€H 4yepe3 OLCHKY pa3lIejICeHHON HHTEH-
[IMOHAIBHOCTH B TTapax MaTb—peOeHoK. Co3manHast
OMOTEeXHHYECKas CHUCTEMa HCIONB3YeT CICIHab-
HO pa3paboOTaHHOE MPOTrpaMMHOE OOEeCIeUCHuE.
[Tonp30oBaTenp monmy4aer pe3yabTaThl OLIEHKH MO-
MEHTAJILHO B (hOpME PEKOMEH[AIINHA, TOHSITHBIX
HECTCIMAIUCTY, a B (hopMe CPOPMHUPOBAHHOM Oa-
3Bl JJAHHBIX OHU YAOOHBI JUIs TalbHEHINEro XpaHe-
HUs U 00paboTku. [IpeumyIiecTBo MeTo1a OICHKH

cuMaibHOoe P-value cocraBuiio

OHOJIOTMYECKHUX CHCTEM B TOM, YTO B HEM HE HC-
MTOJTB3YeTCsl KIIACCHYECKUH IMOIXOA K OIEHKE KO-
THATUBHOTO PAa3BUTHs, OCHOBAHHBIA Ha MapKepax
TOBEJICHNST JETel, pe3ylbTaThl KOTOPHIX CYOBEK-
THBHBI U OTHOCHUTEIbHBI, B OTIHUME OT JAHHOTO
KOMIBIOTEPH3UPOBAHHOTO METO/Aa, TUATHOCTHPY-
IOILIETO JeTed Takxke oHnaiH. Eme ogHO mpeumy-
IIECTBO 3TOI'0 METOMA OILECHKH 3aKII0UACTCS B BO3-
MOKHOCTH JUArHOCTUPOBAHUS OTCTABAHUS KOTHH-
THUBHOTO Pa3BUTHS JIeTel B Oosiee paHHEM BO3pacCTe,
KOTOPBIX €Ille He IperojaracT BepoaaIbHON KOM-
MyHuKaruu. OmpesieieHa OTHOCUTEIbHAs TIOrpell-
HOCTh JAHHOTO METOJla HW3MEPEHHMS Ha YPOBHE
14 %, uTO sIBNSETCS MOIyCKaeMOW IOTPEUIHOCTHIO
JUTSL IOPTATHBHBIX MEIUIIMHCKUX TPUOOPOB.
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Abstract

Introduction. Patients with diabetes are exposed to various cardiovascular risk factors, which lead to an increased
risk of cardiac complications. Therefore, the development of a diagnostic system for diabetes and cardiovascular
disease (CVD) is a relevant research task. In addition, the identification of the most significant indicators of both
diseases may help physicians improve treatment, speed the diagnosis, and decrease its computational costs.

Aim. To classify subjects with different diabetes types, predict the risk of cardiovascular diseases in diabetic patients
using machine learning methods by finding the correlational indicators.

Materials and methods. The NHANES database was used following preprocessing and balancing its data. Machine
learning methods were used to classify diabetes based on physical examination data and laboratory data. Feature
selection methods were used to derive the most significant indicators for predicting CVD risk in diabetic patients.
Performance optimization of the developed classification and prediction models was carried out based on different
evaluation metrics.

Results. The developed model (Random Forest) achieved the accuracy of 93.1 % (based on laboratory data) and
88 % (based on pysicical examination plus laboratory data). The top five most common predictors in diabetes and
prediabetes were found to be glycohemoglobin, basophil count, triglyceride level, waist size, and body mass index
(BMI). These results seem logical, since glycohemoglobin is commonly used to check the amount of glucose (sugar)
bound to the hemoglobin in the red blood cells. For CVD patients, the most common predictors inlcude eosinophil
count (indicative of blood diseases), gamma-glutamyl transferase (GGT), glycohemoglobin, overall oral health, and
hand stiftness.

Conclusion. Balancing the dataset and deleting NaN values improved the performance of the developed models.
The RFC and XGBoost models achieved higher accuracy using gradient descending order to minimize the loss func-
tion. The final prediction is made using a weighted majority vote of all the decisions. The result was an automated
system for predicting CVD risk in diabetic patients.

Keywords: cardiovascular disorders, diabetes, machine learning, preprocessing, feature selection, methods evalua-
tion, correlational analysis
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Introduction. Diabetes and cardiovascular
diseases (CVD) remain to be among the most dan-
gerous diseases that lead to death. According to the
World Health Organization (WHO), an estimated
17.9 million people died from CVD in 2019,
accounting for about 32 % of all deaths globally.
Out of these cases, 85 % were related to strokes
and heart attacks [1, 2]. Most adults diagnosed
with diabetes and prediabetes were found to
have been unaware of their health condition [3],
which might lead to fatal cases if not treated in
the early stages [4].

It is widely recognized that there is a close
link between diabetes and CVD. Cardiovascular
risk factors, such as obesity, hypertension,
dyslipidemia, etc., are common in patients with
diabetes, exposing them to increased risk of car-
diac events. In addition, previous studies have
found biological mechanisms associated with di-
abetes that independently increase the risk of
CVD in diabetic patients [5].

At present, machine learning models are popu-
lar methods for analyzing and processing biomedi-
cal data. Such models have been successfully used
for predicting common diseases, including diabe-
tes [6], hypertension in diabetic patients [7], and
CVD among diabetic patients [8]. Machine learn-
ing methods can reveal hidden factors and deter-
mine the common indicators between diabetes and
CVD, which is important for early diagnosis and
prediction of CVD in patients with diabetes.

In this paper, machine learning models are
used to predict diabetes and CVD. Prediction

rsities. Radioelectronics. 2022, vol. 25, no. 4, pp. 116-122

models were developed separately to maximize
their benefit for targeting a larger range of pa-
tients, despite the known association between
these diseases.

Feature selection methods, such as Random
Forest Classifier (RFC) and Extreme Gradient
Boosting (XGB), are widely used to identify the
most significant features common between diseas-
es, thus facilitating disease classification and pre-
diction [9]. Prediction models, including training
and testing processes, were developed based on
the National Health and Nutrition Examination
Survey (NHANES) dataset.

Methods. Several machine learning models
were utilized in this research. First, the model is
fed with training data containing the recorded ob-
servations and the corresponding labels for the
observations category in supervised learning. After
that, the model predicts which output label should
be associated with the new given observation. The
approach is depicted in Fig. 1, starting from raw
data through the development of the classification
models ending their evaluation in predicting diabe-
tes or cardiovascular disease. The flow diagram
consists of four stages: data mining and modeling,
model development, model evaluation, and classi-
fication and correlation.

Data Mining and Modeling. The research
methodology is pipeline data mining and model-
ing, including preprocessing, normalization and
standardization. The first step in preprocessing
involves converting the NHANES data (raw pa-
tient records) into an acceptable and suitable for-

E Pre- Normalization, E E /T;in@])ata E

8 > Processing Standardization, s A g e !

i Balancing data E | \, |

NHANES i \_ Testis Data
Data ittt ettt ettt ettt ettt ettt

Data Mining and Modeling l

[ Classification Diabetes ] S N

\ V| Tuni d Model '

[ Correlation analysis ] «— Iunmg R performance E

: mproving | = Evaluation, | 1

' models c . !

[ Classification CVD ] ' omparison |

Classification and Correlation Models Evaluation

Fig. 1. A flow chart visualizing the main stages in the model approach
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mat for the machine learning algorithms, cleaning
NaN values, removing redundant rows and col-
umns, and replacing the mean value. The second
step of preprocessing involves labeling the data
and the output to split the data into training and
testing sets. This paper includes physical examina-
tions and laboratory incidents in the database. Bi-
nary labels are generated on the survey to facilitate
the classification task, as shown in Tab. 1.

Tab. 1. Data labels conversion

Code in NHANES dataset Diagnosing (label)
Diabetes (diagnosed with
DIQO10 diabetes Yes = 1, No =0)
Prediabetes (diagnosed with
DIQ160 prediabetes Yes = 1, No =0)
MCQ160F CVD (stroke, heart failure)

After preprocessing the data separately for
each disease category, the resulting patients' distri-
bution is shown in Fig. 2. The histograms show the
proportion of diagnosed patients with one of the
diseases under study to the proportion of healthy
individuals. The percentages were taken depending
on the NHANES data after preprocessing and re-
moving redundant and NaN values. The data dis-
tribution is as follows: 8.5 % were diagnosed with
diabetes, 4.8 % were diagnosed with prediabetes,
and 3.6 % had one form of CVD. The dataset was
normalized and standardized using machine learn-
ing tools in Python. The majority of medical data-
bases face the imbalance problem, leading to er-
rors in classification. This problem was solved
using the Synthetic Minority Oversampling Tech-
nique (SMOTE) for oversampling imbalanced
classification datasets.

9000
8000 —
7000 —
6000 —
5000 —
4000
3000 —
2000 —
1000 —

0

8514

724

Diabetes
Fig. 2. Diabetes, prediabetes and CVD patients' proportion to the healthy people in NHANES dataset

Model Development. The dataset resulting
from the previous stage was split into training and
testing sets. First, downsampling was used to pro-
duce a balanced 80/20 train/test split. Next, the
training set was used to teach the models; then, the
models were tested by the testing sets to evaluate
the prediction models in the validation stage. The
testing set will be fed to the models as unseen data,
then the performance of the models will be evalu-
ated with the testing set.

Model evaluation. All the models were tested
by metric parameters that were based on the per-
formance statistics in terms of accuracy, precision,
recall, and F1 score. The latter sums up the predic-
tion efficiency of a model by combining the recall
and precision metrics. Depending on the value of
accuracy and F1 score, the models were evaluated.
Although multiple methods were used for the pur-
poses of this research, such as logistic regression,
SVM, decision trees, adaptive boosting, gradient
boosting, random forests (RFC), and XGboost
(XGB), we selected RFC and XGB due to their
protential of feature selection and correlational
analysis between diabetes and CVD.

Classification and Correlation. This pipeline
output is a well-tuned classifier that can predict
which output label should be associated with
anew observation for diabetes and an individual
CVD form.

In addition to the correlational analysis, which
shows the common most significant indicators be-
tween diabetes and CVD and provides a medical
interpretation for these indicators.

6001

m-0
m-1
5562
288 197
Prediabetes CVD
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Tab. 2. Evaluation parameters for the XGB and RFC models with different data cases

Method Diagnosing Dataset Precision Recall F1-score Accuracy
XGB Prediabetes Lab 0.71 0.99 0.83 0.79
RFC Prediabetes Lab 0.71 0.99 0.83 0.79
XGB Prediabetes Exam + Lab 0.69 0.97 0.81 0.77
RFC Prediabetes Exam + Lab 0.63 0.98 0.77 0.70
XGB Diabetes Lab 0.85 0.96 0.91 0.90
RFC Diabetes Lab 0.90 0.97 0.94 0.93
XGB Diabetes Exam + Lab 0.77 0.93 0.84 0.83
RFC Diabetes Exam + Lab 0.83 0.94 0.88 0.87

Results. Tab. 2 describes the evaluation met-
rics that were used to evaluate the diabetes and
prediabetes classification produced by XGB and
RFC classifiers based on the data used: only labor-
atory data (Lab), both physical examination and
laboratory data (Exam + Lab). Tab. 2 shows a
close convergence between the parameters. How-
ever, it can be seen that RFC demonstrates higher
accuracy and F1 score (93 and 94 %, respectively)
levels for diabetes based on both laboratory data
only and physical examination plus laboratory
data. Therefore, RFC can be considered to be the
best method. Fig. 3 visualizes the performance of
the models in terms of accuracy when classifying
CVD based on physical examination plus labora-
tory data. Fig. 4 shows that RFC produces the

Random Forest
Gradient Boosting

g XGBoost
§ Adaptive Boosting
SVM

Logistic Regression

I
0 10 20 30 40 50 60 70
Accuracy Score

Fig. 3. Accuracy comparison for the models based on physical
examination plus laboratory data

Gradient Boosting
XGBoost

g Random Forest

§ Adaptive Boosting

SVM

Logistic Regression L

0 10 20 30 40 50 60 70
Accuracy Score

Fig. 4. Accuracy comparison for the models based on physical
examination plus laboratory data

best accuracy when classifying using laboratory
data only.

Hence, for the purposes of correlational analy-
sis based on the selected features, XGB and RFC
were used to select 24 most significant features
from the laboratory dataset and from the physical
examination plus laboratory dataset, respectively.
Fig. 5 and 6 show the most significant features in
each case.

Discussion. Diabetic and prediabetes predic-
tion. The ensemble models trained on diabetic pa-
tients were shown to have a higher predictive power
in terms of accuracy. This particularly concerns
RFC (93 and 87 %), as can be seen from Tab. 2. For
comparison, XGB showed the highest accuracy of
79 % (Lab) and 77 % (Exam + Lab) in predicting
prediabetes. This decrease in detection performance
between RFC and XGB can be explained by two
factors: 1) a decreased number of observations;
2) boundary conditions for the recorded observa-
tions. The prediabetes dataset includes about 6300
available observations, compared to 9400 observa-
tions for diabetes. The difference in the size of the
observation datasets was connected with the pre-
processing stage, which aimed to delete NaN val-
ues, redundant observations, and those without cor-
responding diagnoses. Moreover, it can be seen
from Tab. 2 that F1scores are high in general,
which suggest that the models are stable and that F1
scores increased gradually and achieved their max-
imal value in diabetic prediction by RFC based on
the laboratory dataset.

Cardiovascular patient prediction. Fig. 3
demonstrates the performance of the developed mod-
els in terms of their accuracy in classifying CVD using
physical examination plus laboratory data. Fig. 4
shows that RFC has the highest accuracy of 77 %

Machine Learning System for Predicting Cardiovascular Disorders in Diabetic Patients
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Important classification features for stroke by RFC depending on the selected features for diabetes

Recent pain/aching/stiffness — right hand
Dominant hand

Recent pain/aching/stiffness — left hand
MIL: maximum inflation levels (mm Hg)
Overall Oral Health Exam Status

Coded cuff size

Tooth Count: #11

Weight (kg)

Saggital Abdominal Diameter 1st (cm)
Average Saggital Abdominal Dimeter (cm)
Enhancement used third reading

Waist Circumference (cm)

Tooth Count: #30

Upper Leg Length (cm)

Tooth Count: #28

Tooth Count: #26

Tooth Count: #18

Tooth Count: #3

Tooth Count: #20

Tooth Count: #25

Tooth Count: #2

Tooth Count: #31 mmm — Score
Doctor told you have diabetes
Tooth Count: #1
Pulse type | | | | | | |
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Fig. 5. Feature importance for diabetes classifiers (examination + laboratory). The most important features results
for predicting CVD from the selected features for diabetes are shown

Important classification features for stroke by RGB depending on the selected features for diabetes

Eosinophils number (1000 cells/uL)
Sodium (mmol/L)

Monocyte percent (%)
Glycohemoglobin (%)

Glucose, refrigerated serum (mmol/L)

Gamma-glutamyl transferase (U/L)
Oral HPV Result

Total bilirubin (mg/dL)

Ever told you have prediabetes
MCHC (g/dL)

Alcohol, such as beer, wine or liquor?
Triglycerides, refrigerated (mmol/L)
Albumin creatinine ratio (mg/g)
Segmented neutrophils percent (%)
Herpes Simplex Virus Type 1
Cholesterol (mg/dL)

Blood ures nitrogen (mg/dL)

Urine #1 Flow Rate (mL/min)

HIV antibody test result

HPV High Globulin Band result

Basophils number (1000 cells/uL) mmm — Score
HPV Type 26
Blood urea nitrogen (mmol/L)
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Fig. 6. Feature importance for diabetes classifiers (laboratory). The most important features results for predicting CVD
from the selected features for diabetes are shown

when using the laboratory dataset only, compared
to Gradient Boosting with an accuracy of 74 %.
The size of observations, in this case, is about
5600, which explains a decrease in accuracy
compared with diabetes prediction.

Correlational analysis. For the purposes of
correlational analysis, five most significant indi-
cators from each of the examination and laborato-

ry datasets were selected for interpretation based
on medical information in order to verify whether
these indicators might place diabetic patients at
risk of CVD. The most significant indicators were
revealved through classification based on labora-
tory data: eosinophil count, sodium intake, mon-
ocyte percent, glycohemoglobin, and gamma-
glutamyl transferace (GGT). Based on physical
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examination data, the top five indicators com-
prised hand stiffness, overall oral health, weight,
waist circumference, and upper leg length [10, 11].

Eosinophils are a kind of white blood cell,
which, upon activation, release enzymes to fight
foreign substances and infections [12]. Disbalances
in the normal eosinophil count can represent an un-
healthy blood status. A high level of sodium intake
can raise blood pressure, thus leading to the risk of
a heart disease or stroke [13]. Most of the sodium
consumed with food comes in the form of salt.

Studies showed that an increased intermediate
monocyte count is independently associated with
CVD incidence [14]. Glycohemoglobin is a blood test
that determines the level of glucose (sugar) bound to
the hemoglobin in the red blood cells. Glycohemoglo-
bin levels in the blood can predict CVD risk in people
with diabetes. Moreover, it is suggested that good
blood glucose control plays a significant role in reduc-
ing CVD risk [15]. Gamma-glutamyl transferase
(GGT) is a special enzyme on the external surface of
cellular membranes. GGT levels can be elevated un-
der many pathophysiological conditions, and elevated
GGT activity is related to CVD risk, such as coronary
heart disease [16]. Body mass index and waist circum-
ference were found to be associated with coronary
heart disease [17].

The developed models also revealed other in-
dicators that may contribute to CVD risk in pa-
tients with diabetes, including alcohol consump-
tion, triglyceride level, and basophil count.

Conclusion. The preprocessing stage dealt with
the problem of a highly uneven (imbalanced) dataset
in terms of sample size and NaN values. Solving
these problems improved the performance of the
models. XGB and RFC models have demonstrated
the highest accuracy, since these models minimize
the loss function by building decision trees using
gradient descent and making the final decision as a
weighted vote of all the decision trees. XGB showed
a relatively better results in terms of speed and per-
formance compared to RFC, which is sensitive to the
kernel type and slow with extensive datasets. How-
ever, in general, RFC showed the highest perfor-
mance and, therefore, was used to determine diag-
nostic indicators. Among the top five most common
predictors in diabetes and prediabetes patients were
found to be glycohemoglobin, basophils, triglycer-
ides, waist size, and body mass index (BMI). These
analytical results agree well with published literature.
The models identified eosinophils number (which is
indicative of blood diseases), GGT, glycohemoglo-
bin, overall oral health, and hand stiffness as predic-
tors for cardiovascular diseases.
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IIpaBuiia 1j151 aBTOPOB cTATEH

B penakuuio xypHana "HM3Becrus By3oB Poccun. Paguosnekrponnka" HeoOX0MMO MPEACTaBUTh:

— pacrieyarky pykomucu (1 9K3.) — TBepAyro Komuio (aiina cTaTby, MOANMCAHHYIO BCEMH aBTOpaMu (00beM
OpUTMHAJILHOW CTaThu He MeHee 8 cTpaHull, 0030pHOH crarhy He Oonee 20 cTpaHuL);

— 9JIEKTPOHHYIO KOIIHIO CTaThy;

— OTHENbHBIN (Qaiiin A1 KAXKJ0r0 PUCYHKA M KaXKJ0M TabnuIbl B popMaTe TeX PEeAaKTOpOB, B KOTOPHIX OHH OBbLIH
MOATOTOBJIEHBI. Pazmenienne prucyHKa B SJIEKTPOHHOM KOIIMU CTaThbl HE OCBOOOXKIAET OT €ro Hpe/CTaBICHHS
OTAENBHBIM (haiiiiom;

— DKCIIEPTHOE 3aKIF0YCHHIE O BO3MOYKHOCTH OITyOJTMKOBAaHUS B OTKPHITOH medats (1 3K3.);

— CBEJCHMS 00 aBTOpax M WX AIEKTPOHHYIO KOIHIO (Ha PYCCKOM W aHIIMHCKOM s3bIKax) (1 2K3.);

— peKOMeH Ao Kadeaps! (Moapa3neNeH ) K OIyOTMKOBaHMIO (CITeyeT yKasaTh MperoaraeMyio pyoprky) (1 3x3.);

— CONPOBOAUTENHEHOE THCEMO (1 9K3.).

le/lHl/lMalOTCﬂ K nyﬁnmcamm CTaTbH HA PYCCKOM H AHIIHIICKOM SI3BIKAX.

Pykonmck He MOXKET OBITH OITyONMKOBaHA, €CIIM OHA HE COOTBETCTBYET IIPEIBABIISIEMBIM TPEOOBAHUSAM U MaTepHaiaMm,
MIPEICTaBISIEMBIM C HEH.

CTpyKTypa Hay4YHOH CTaThH
ABTOpaM pEeKOMEHIyeTCS IPHAEPKUBATHCS CICTYIONIEH CTPYKTYPHI CTaThH:

e 3arojoBOYHAs 9acTh:
— VJIK (BbIpaBHHBaHHE TI0 JIEBOMY KPafo);
— Ha3BaHUE CTaThHy;

— aBTophI (mepedens aBTopoB — @. U. O. aBropa (-0B) MONHOCTHIO. IHUIIHATIBI cTaBITCS Tiepes haMuIusImu,
MOCIIe KaKIOr0 WHUIMAda TOYKa W MpoOeN; MHUIUANIBI HE OTphIBalOTCs OT (amumuu. Ecmu aBTOpoB
Heckobko — @. U. O. pa3nensioTcs 3ansaThIME), €CIH aBTOPOB OOIbIIe 3, HEOOXOIMMO B KOHIIC CTaThbU
yKa3aTh BKJIAJ KQXJOTO B HAITMCAHUC CTATHH;

— MECTO PabOTHl KaXIOTO aBTOpa W IMOYTOBBIM aJpec OpraHW3alyu. ECIM aBTOPBI OTHOCSTCA K pPa3HBIM
OpTraHM3aIMsIM, TO IIOCIE YKa3aHHWS BCEX aBTOPOB, OTHOCSINUXCS K OJHON OpraHM3alliH, JaeTcs ee
HaMMEHOBAHHUE, a 3aTeM CITMCOK aBTOPOB, OTHOCSIIMXCS KO BTOPOH OpraHW3alli, HANMEHOBAaHHE BTOPOM
OpTraHW3aIid, U T. 11.;

— anHoTtaust — 200-250 cnoB, XapakTepU3yOLUX COAEPKaHUE CTaTbU;

— KITIOYEBBIE CIIOBa — 5—7 CJIOB W/WJIM CIIOBOCOYETAHUH, OTPaKalOINX COXEp)KaHHE CTAaThH, Pa3IeTICHHBIX
3aSITHIMU; B KOHIIE CIHCKA TOYKa HE CTABUTCS,;

— ACTOYHUK (PMHAHCHPOBAHMS — YKA3BIBAIOTCS MCTOYHHUKH (PMHAHCHPOBAHUS (TPAHTHI, COBMECTHBIE MTPOEKTHI
u T. 11.). He ciexyet ucmons30BaTe COKpanieHHbIe Ha3BaHISI HHCTUTYTOB U CIIOHCHPYIOIINX OpTaHU3alni;

— OnaromapHoCTH. B maHHOM pasfelie BrIpaxaeTcs MPU3HATEIBHOCTh KOJUIEraM, KOTOPBIE OKa3hIBAIIU IIOMOIIb
B BEITIOJIHCHUH WCCIICOBAHMS WM BBICKAa3BbIBAIH KPUTHUYECKHE 3aMEUaHMs B ajpec cTaTbu. lIpexne dem
BBIPA3UTh OJIar0JapHOCTH, HEOOXOANMO 3aPYUHTECS COTJIACHEM TeX, KOTO TUIAaHUPYETe MOOIaroJapuTh;

— KOH(JIMKT HHTEPECOB — AaBTOPHI [CKIAPUPYIOT OTCYTCTBHE SIBHBIX M MOTCHIMAIBHBIX KOH(INKTOB
HHTEPECOB, CBA3aHHBIX ¢ MyOnuKaiueit HacToseil ctatbu. Hampumep, « ABTOPBI 3asBISIOT 00 OTCYTCTBUH
KoH(IMKTa HHTEpecoB». EciM KOHOGIMKT HHTEPECOB BO3MOXEH, TO HEOOXOAMMO MOsICHEeHHE (CM.
https://publicationethics.org).

e 3aroJoBOYHAs YACTh Ha AaHIIMHCKOM SI3BIKE:
— nasBanue (Title);
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— aBTOpHI (Authors);

— Mecto paboTsl kaxmoro aBropa (Affiliation). HeoOxogumo yOenuThCss B KOPPEKTHOM (COTIAaCHO yCTaBy
OpraHU3alliK) HATIMCAHUM ¢¢ HAa3BaHMs HA aHDIMKCKOM si3bIKe. [lepeBon Ha3BaHUs BO3MOXKEH JIUIIb TPU
OTCYTCTBUH aHIVION3BIYHOTO HA3BAHHUS B YCTaBe. ECIIM aBTOPBI OTHOCATCS K Pa3HBIM OPraHU3aIHsIM, TO OCIIEe
yKa3aHHs BCEX aBTOPOB, OTHOCAIIUXCS K OJTHOW OpPTaHU3AIINH, TACTCS €€ HANMEHOBAHUE, 3aTEM IPUBOJUTCS
CIIMICOK aBTOPOB, OTHOCSIIMXCS KO BTOPOI OpraHu3alii, HAMMCHOBAHUE BTOPOU OPraHU3AIH, U T. JI.;

— anHoTarus (Abstract);
— xmoueBkle cioBa (Keywords);
— ucroynuk (puHancuposanus (Acknowledgements);
— xoH(pmukT nHTEpecoB (Conflict of interest).
e Tekcr crarbu.
o [lpunoxenus (IpHu HAJTUYNN).
e  Amtopckuii Bkian. Eciu aBTopoB Oodbiiie 3, HEOOXOAUMO yKa3aTh BKJIA]] K&KIOTO B HAIIMCAHUE CTAThU.
e  Crmcok nureparypsl (0nOImmorpadnIecKuii CIIICOK);

o Uuadopmarnms 06 aBTOpax.

Ha3BaHue cTaTbu JOIDKHO OBITH MH(POPMATHBHBIM, C WCIOJIH30BAaHHEM OCHOBHBIX TEPMHHOB, XapaKTEPH3YIOIINX
TEMy CTaTbH, U YETKO OTPaKaThb ee Cofep)kaHHe B HECKONBKHX CJIOBaX. XOPOIIO CHOPMYIHPOBaHHOE Ha3BaHHE —
rapaHTUs TOTO, YTO PabOoTa MPHUBICUCT YUTATSIBCKUI MHTEepec. ClenyeT MOMHUTh, YTO Ha3BaHUE PabOTHI MPOUTYT
ropaszo OOIbIIe JTFOAEH, 9eM €€ OCHOBHYIO YacTh.

ABTOpPCTBO I MECTO B IIEPEYHE aBTOPOB OIPENENACTCS AOTOBOPEHHOCTHIO TMOCIEAHUX. [Ipu mpuMepHO paBHOM
aBTOPCKOM BKJIAJIC PEKOMEHIYETCSI al(aBUTHBIN OPSIIOK.

AHHOTaIHUSI TIPECTABISET COO0I KpaTKoe OMMCAHME COACPIKaHUS HM3IOKEHHOro Tekcta. OHa JOKHA OTpakaTh
aKTyaJIbHOCTb, IIOCTAHOBKY 3aj[adud, ITyTH €€ pemeHus, (PaKTHIECKH IIONydCHHBIE pPE3YIbTaThl M BBIBOJBI.
CopneprkaHue aHHOTAalMM PEKOMEHAYETCs MIPEACTaBUTh B CTPYKTYPUPOBaHHOM (hopme:

BBenenue. [IpuBoanTcs o0Iee onmmucanne UCCIENyeMOoi 00IacTH, SIBICHUA. AHHOTAIIHIO HE CIIEAyeT HAaYUHATh
cioBamu «CraThs mMOCBSAIICHA...», «lledb HacTosIIed CTaThH...», TaK KakK BHayalle HaIo II0KasaTh
HEOOXOIMMOCTh JaHHOTO HCCIENOBAaHWS B CHIIy NMpoOeia B HayYHOM 3HAHWH, ITOYEMY M 3a4eM IIPOBEICHO
HCCIIeIOBaHME (OIHCaTh KPATKoO).

Heans pa6Gorel. IlocraHoBka wnenu wuccienoBaHus (1edb MOXET OBITH 3aMEHEHa T'HIIOTE30U MM
UCCIIEN0BATENbCKUMH BOIIPOCAMH).

Marepuaabl u MeToabl. O003HAYEHHE HCIIONB3YEMOH METOIOIOTHH, METOJOB, MPOIENypHl, TAe, KakK, Korma
MIPOBE/ICHO UCCIIEIOBAHUE H TIP.

PesyabsTarbl. OCHOBHBIE pe3yNnbTaThl (PUBOAATCS KPATKO ¢ YIIOPOM Ha CaMble 3HAaYUMble U MIPUBIIEKATEIIbHBIE
JUTSL YMTATENIs/HAyIHOTO COOOIIECTRA).

Oo6cyxnenue (3akmawodyenue). CormocTapieHne ¢ IpyTUMHI UCCIETOBAHUSIME, OMTUCAHNE BKIIAIa HCCIICIOBAHUS
B HayKy.

B AHHOTAIlMK HE CJICAYET YIOMHWHATh HCTOYHHUKH, HWCIIOJIB30BAHHBIE B pa60Te, TIEPECKA3bIBaTh COACPIKAHUE
OTACJIbHBIX pa3acIOB.

HpI/I HaIllMCaHUW aHHOTaluu HCO6XO[[I/IMO CO6J'I}O)13TI) 0COOLIM CTUIIL M3JIOXKEHUsS: u3berarh JUJIMHHBIX U CJIOKHBIX
HpG)lJ'IO)KCHHﬁ, BbIpaXKaTb MBICJIM MAaKCUMaJIbHO KPAaTKO U YCTKO. CocTaBIsiTh NPECAJIOKECHNA TOJIBKO B HACTOAIIEM
BPEMCHH U TOJIBKO OT TPETHETO JIMLA.

Pexomennyemsblit 00bem annoramu — 200-250 cios.

KiroueBbie c10Ba — HA0Op CIIOB, OTPAXKAMOIINX CONCPIKAHHE TEKCTA B TCPMHHAX OOBEKTa, HAyIHON OTPACIH H
METOJOB HCCIICHOBaHUs. PeKOMEHIyeMOe KOJIMYECTBO KIIIOUCBBIX CJIOB/(pas — 5—7, KONHMYECTBO CJIOB BHYTPH
KJIF04eBO (pa3sl — He Oonee 3.
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TeKCT CTAThbM M3JaracTCs B ONMPEACICHHON IMOCIICAOBATEILHOCTH. PEKOMEHAYETCs MPHACPKUBATLCA (opmara
IMRAD (Introduction, Methods, Results, Discussion; Beenenne, Metonsi, Pesynsrarsl, O0cyxeHue):

BBenenue. Bo BBejieHHH aBTOP 3HAKOMHUT C MPEAMETOM, 33/a4aMHU U COCTOSHHEM HCCIICIOBaHHUI 110 TeMe
MyOUKAIMK; TIPH 3TOM HEOOXOIMMO 00s3aTeNTbHO CChUIAThCsA HAa MCTOYHHKH, W3 KOTOPHIX Oepercss mHpopMamus.
ABTOp TIPHBOIUT OMHcaHKe "OeNbIX IATeH" B MpoOJeMe WM TOTO, YTO eIIe He CAETaHO, U (HOpMYITHUpYyeT HeTH 1
3aJ[a4u MCCIIeIOBAHMS.

B TexcTe MoryT ObITh IPUMEHEHBI CHOCKH, KOTOpBIE HyMepyloTcs apabckumu 1udpamu. B cHockax MoryT ObITh
pa3MelleHbl: CChIJIKM Ha aHOHMMHbBIE HCTOYHMKY U3 MHTepHeTa, cehlIkM Ha ydyeOHHuKH, yueOHslie nocobus, 'OCTsl,
aBTOopedeparsl, TUccepTanuy (ecinu HeT BO3MOXKHOCTU NPOLUTHPOBATH CTaThH, OIYOJIIMKOBAHHBIE 1O pe3ylbTaramM
JCCEPTALMOHHOTO UCCIIEN0BAHUS).

Metoabl. HeoOX0qMMO —OmucaTh TEOPETUYECKHE WM OKCIEPUMEHTAIbHBIE METOIbl HCCIIENOBAHUS,
UCTIONb3yeMoe 000pYIOBaHHE U T. 1., YTOOBI MOXKHO OBLIO OIIEHHUTH W/YIIM BOCIPOU3BECTH HCCIeOBaHNE. MeTon Wil
METOJIOJIOTHIO TIPOBEICHHS HCCICAOBAHHUS LIENIecO00pa3HO OMUCHIBATH B TOM CITy4ae, €CIIM OHH OTIINYAIOTCSI HOBH3HOM.

Hayynas crarbst 0oyDKHA 0TOOpaXkaTh HE TOJIBKO BHIOPaHHBIN HHCTPYMEHTApHH M TOJTydeHHBIE Pe3Y/bTaThl, HO U
JOTHKY CaMOTO HCCIEAOBAHUS WIHM IIOCIENOBATEIbHOCTh PACCYXICHHH, B PE3yNbTaTe KOTOPBHIX IOTYYEHBI
TeopeTHyeckre BeIBOBIL. [10 pe3ynbraraM dKCIIepUMEHTAIbHBIX HCCIIENOBAHUN IEIeCO00pa3Ho ONuMcaTh CTagud U
3Tambl SKCIIEPUMEHTOB.

Pesyabrarel. B 3TOM pasiene NOpencTaBiICHbl JKCIEPUMEHTAIbHBIE MWIA TEOPETUYECKUE JIaHHBIE,
MOJIyYeHHBIE B XOZ€ MCClieoBaHMs. Pe3ynbraTbl HaloTcst B 0OpabOTaHHOM BapHaHTe: B BHIE TaOJHI, I'paduKoOB,
JyarpaMM, ypaBHEHHH, QoTorpadwuii, pucyHkoB. B 3TOoM pasnene npuBOasTCS TONBKO (akTel. B onmcanun
MOJIyYEHHBIX PE3YJIbTaTOB HE JOJDKHO ObITh HUKAKHUX MOSICHEHUH — OHU JatoTcs B pazzerne «O0cyxIeHuey.

Obcy:xaenne (3akiroyeHue u BbiBoasbl). B 5T0il yacTu cratbu aBTOpBI MHTEPIPETUPYIOT MOJYyYEHHBIE
pe3yabTaTl B COOTBETCTBHM C IIOCTABICHHBIMH 3aJadaMH HCCICHOBAHUS, NPHBOIAT CPaBHEHHE ITOIYYEHHBIX
COOCTBEHHBIX PE3YJIBTaTOB C Pe3y/IbTaTaMu JIPyrux aBTopoB. HeoOXomuMo mokasaTh, YTO CTaThsl pelaeT HayqyHYyIo
npoOJieMy WITH CITYXKHUT NPUPAIIESHHIO HOBOTO 3HaHHs. MO)KHO OOBSICHSTH MOJTyYSHHBIE PE3YJBTaThl HA OCHOBE CBOETO
ombiTa ¥ 0A30BBIX 3HAHUH, NMPUBOJAS HECKOJIBKO BO3MOXHBIX OOBSICHEHMH. 3/€Ch HM3JIararoTcsi NPEIIOKEHUs 110
HaIpaBJICHHIO OyyIINX UCCIIEJOBaHMH.

Cnucok gureparypsl (0udnuorpaduyeckuil CIMCOK) COACPIKUT CBEICHUSI O LUTUPYEMOM, PaCCMaTPUBAEMOM HIIU
YIOMHHAaeMOM B TEKCT€ CTaTbM JIUTEPaTypHOM MCTOYHHMKE. B CHHCOK nuTepaTypbl BKIIIOYAIOTCS TOJBKO
pelLieH3upyeMble HCTOUHHUKH (CTaThH U3 HAYYHBIX KYPHAJIOB U MOHOTpadun).

Crncok nuTepaTypsl JODKEH MMETh HEe MeHee |5 HMCTOYHMKOB (M3 HHMX, IpH Haimuuuu, He Oosee 20 % — Ha
COOCTBEHHBIE Pa0OTHI), UMEIOIIUX CTaTyC HAYYHBIX ITyOIHUKaIIUH.

IIpuBeTCTBYIOTCS CCBIJIKM Ha COBpPEMEHHBIE AaHINIOA3bIYHBIE W3maHus (Tpeboanus MHBJIl Scopus — 80 %
LUTHPYEMBIX aHIIOS3bIYHBIX HCTOUHHKOB).

CchUIKM Ha HEOIyONMKOBAaHHBIE M HETUPAXKMPOBAHHBIE pabOTHI HE JOMyCKaroTcs. He momyckaioTcs CChUIKH Ha
y4eOHHKH, y4eOHbIE ITOCOOHs, CIIPABOYHHUKH, CJIOBAPH, AUCCEPTALMH U IPYTHE MATOTUPAXKHBIC H3JaHUSL.

Ecmu onmceiBaemas myoOnukaius umeet nudposoit uneHtudukarop Digital Object Identifier (DOI), ero HeoOxoaumo
YKa3bIBaTh B CaMOM KOHIle OmbGimorpadmyeckoid cceuiku B dopmare "doi: ...". ITposepars Hammume DOI crarbn
ciemyet Ha caiite: http://search.crossref.org wm https://www.citethisforme.com .

HesxenaTensHBI CCBUTKM Ha HCTOYHUKH Oonee 10—15-meTHel maBHOCTH, MPUBETCTBYIOTCS CCHIJIKH Ha COBPEMEHHBIC
WCTOYHHUKH, UMetolre naentudukarop doi.

3a JIOCTOBEPHOCTh M HPABHIBHOCTH OGOPMIICHHS HPENCTABIAEMbIX OMONMOTpadMYeCcCKUX NaHHBIX aBTOPHI HECYT
OTBETCTBEHHOCTbH BIUIOTH JI0 OTKa3a B IpaBe Ha MyOIMKAIHIO.

AHHOTAIUSI HA AHIJIMIiCKOM si3bIKe (Abstract) B pyCCKOS3BIYHOM HW3JaHUHM M MEXKIYyHAPOIHBIX 0a3ax MaHHBIX
SIBIISIETCS [IJISl MHOCTPAHHBIX YWTATeNIed OCHOBHBIM M, KaK MPaBHIO, €AMHCTBEHHBIM MCTOYHHKOM WH(GOPMAIUU O
COJIep>KaHUU CTaThU W M3JIOKEHHBIX B HEH pe3ysbTarax MCCleA0BaHWN. 3apyOeKHbIe CIEIUATUCTHI 0 aHHOTAI[UH
OIICHUBAIOT MyOJIMKAIIMIO, ONIPENENSIOT CBOW MHTEpeC K paboTe pOCCHUHCKOTO YYEHOTO, MOTYT HCIOJIb30BaTh €€ B
CBOEH MyONMUKAIIUU U CJIeNIaTh Ha Hee CChUIKY, OTKPBITh IUCKYCCHIO C aBTOPOM.

TexkcT aHHOTAUK TOJDKEH OBITH CBS3HBIM M MH(GOpMaTHBHBIM. [Ipy HaITMCaHWY aHHOTAINH PEKOMEHTYESTCS UCTIONB30BATh
Present Simple Tense. Present Perfect Tense siBnsieTcst nomyctumbiM. PekomeryembIii oobem — 200-250 cros.
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Cnucok sureparypbl (References) s 3apyOe:kHBIX 0a3 JaHHBIX MPUBOAUTCS MOTHOCTHIO OTICIBHBIM OJIOKOM,
MOBTOPSISl CIIUCOK JIUTEPATyPhl K PYCCKOSI3bIYHON YacTH. Eciu B CIECKe IMTEPaTyphl €CTh CChUIKH HA HHOCTPAHHBIE
nyOJIMKAIMK, TO OHM TOJHOCTBIO MOBTOPSIIOTCS B CIIMCKe, TOTOBsIEMcss B pomaHckom ajidasute. B References
COBEpIICHHO HeNOmycTHMO wucmons3oBate poccuiickuit [OCT  7.0.5-2008. Bubmmorpadudeckuii crmcok
MPE/ICTABIISIETCS C MEPEBOIOM PYCCKOSA3bIYHBIX MCTOYHUKOB Ha JIaTHHUILY. [Ipy 9TOM NpUMEHSIETCsl TPaHCIUTepaIns
o cucteme BSI (cwm. http://ru.translit.net/?account=bsi).

Tunossle npuMepsl omucanus B References npruBeneHs! Ha caiiTe xxypHana https://re.eltech.ru .

Caenenus 00 aBTopax

BxumrogaroT 1 Kaxa0ro aBTopa (haMHINI0, UMSI, OTYECTBO (IIOJHOCTBIO), YUCHYIO HIIM aKaIeMHUYECKYIO CTEICHB,
y4eHOE 3BaHMeE (C JaTaMH IPHCBOCHUS U MPHUCYXKICHNUS ), IOYETHBIE 3BaHUSA (C JaTaMH IPUCBOCHUS U MIPUCYKICHU),
KpaTKylo HaydyHylo Onorpaduro, KOJIMYECTBO MeYaTHBIX padoT u cepy HayduHBIX HHTEpecoB (He Oomee 5—6 CTPOK),
Ha3BaHUE OpraHU3alWH, JOJDKHOCTB, CIIY)KEOHBIN 1 TOMalIHUI afapeca, CITy)KeOHBIH U JOMaIIHUHA TeneOoHbI, aapec
9JIEKTPOHHOM MOoYTHl. Ecin y4eHbIX W/MiM akaJeMH4eCKHX CTENeHEH M 3BaHMW HET, TO CIEAyeT yKa3aTh MECTO
MOJIyYeHHs] BBICIIEro OOpa30BaHWs, IOJl OKOHYAaHHWS By3a M CHEUMAIBHOCTh. Takxke TpeOyeTcs BKIOYATh
nHneHTugukanonusli Homep wuccienoparenss ORCID (Open Researcher and Contributor ID), xotopsrit
otoOpakaercsi Kak aapec Buaa http://orcid.org/xxxx-Xxxx-XXxx-xxxx. [Ipx 3ToM BakHO, 4TOOBI KaOMHET aBTOpa B
ORCID 6511 3aronHeH nH(GopManuer 00 aBTope, IMeNI HeOOXOMMBIE CBEICHHS O €T0 00pa30BaHUH, Kapbepe, ApyTrue
cratebu. Bapuant «Het obmenoctymHoi nHpopManun» mnpu obpamennn k ORCID e momyckaercs. B cBeneHmsx
CIIeZyeT yKa3aTh aBTopa, OTBETCTBEHHOTO 3a MPOXO0XKACHUE CTAaTbU B PElaKIIUU.

IIpaBuia opopmiieHHs TEKCTa

TekcT cTaThél TOATOTABIMBAeTCA B TEKCTOBOM pemakrtope Microsoft Word. @opmar Oymarm A4. I[lapamerpsr
CTpaHMLBL: OIS — BEPXHEE, JIEBOE M HIKHEE 2.5 cM, MpaBoe 2 CM; KOJIOHTUTYJbI — BEPXHUM 2 CM, HUXKHHUHI 2 cM.
[IprMeHeHne MOTYKUPHOTO M KyPCUBHOTO MIPH(TOB OMTyCTHMO MIPU KpaifHeil He0OXOANMOCTH.

JlonoTHUTENBHBIH, TTOSICHSIOIUA TEKCT CJIEAYeT BEIHOCHTH B TOJCTPOYHBIC CCHUIKM MPH MOMOIIM 3HAKa CHOCKH, a
npu GosbiioM oObeMe — oOpMIIATE B BHJIE NPHIOKEHHS K crarbe. CChbUIKM Ha (OPMYIBI M TAaONMIBI JAIOTCS B
KPYIJIBIX CKOOKaX, CCBUIKH Ha UCIIOIb30BaHHBIC HCTOUYHHUKH (JIUTEPaTypy) — B KBAPATHBIX MPSMBIX.

Bce cBenmenus wu  TekcT crarbu  Habupatorcst rapHutypoit "Times New Roman"; pasmep wpudta
ocHOBHOTrO Tekcra 11 pt, ocranbHbIX cBepeHuid 10 pt; BeIpaBHMBaHHe MO IUpUHE; ab3auHblii orctyn 0.6 cM;
MEXCTPOUHBIN HHTepBal "MHOXuUTENb 1.1"; aBTOMaTHUeCcKas pacCTaHOBKA NTEPEHOCOB.

[TpaBuia BEpCTKH CIIMCKA IUTEPATYPBI, (POPMYII, PUCYHKOB M TaOIuUI ToapoOHO onucaHsl Ha caiite https://re.eltech.ru.
IlepeyeHb OCHOBHBIX TEMATHYECKUX HANIPABJIEHHIT JKypHaJIa
Temarrka )XypHaja COOTBETCTBYET HOMEHKIIATYPE HAYYHBIX CIELHATIBHOCTEIH:

2.2 — DneKTpOoHKKA, (OTOHUKA, TPUOOPOCTPOCHHE U CBS3b:
2.2.1 — BakyyMHas U IUIa3MEHHAas 3JIEKTPOHUKA.
2.2.2 — DnexTpoHHast KOMIIOHEHTHas 6a3a MUKPO- U HAHOZJIEKTPOHUKHU, KBAHTOBBIX YCTPOUCTB.
2.2.3 — TexHosnorus 1 000pyIOBaHKE IS IPOU3BOJCTBA MATEPHAIIOB U PHOOPOB 3IEKTPOHHON TEXHUKH.
2.2.4 — [Tpubopsl 1 METOABI U3MEPEHUS (IO BUAAM U3MEPCHHIA).
2.2.5 — [Ipubops! HABHTALINH.
2.2.6 — OnTu4eckue U ONTHKO-3ICKTPOHHBIE TPUOOPHI H KOMIUIEKCHI.
2.2.7 — ®oTOHHKA.
2.2.8 — Metozpl ¥ IPHOOPB! KOHTPOJIS M AMATHOCTUKK MaTepHasioB, H3/IENNH, BEIIECTB U IIPUPOIHON CPEIBL.
2.2.9 — [IpoexTupoBaHKe 1 TEXHOJIOTHS IPHOOPOCTPOCHHS U PalOdIEKTPOHHOM armaparypebl.
2.2.10 — MeTpomnorust 1 METPOJIOTHIECcKoe obecneueHne.

2.2.11 — MadopManimoOHHO-U3MEPUTENIbHBIE H YIIPABIISIONINE CHCTEMBI.
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2.2.12 — TIpubopsl, CHCTEMBI U U3/ICTHS MEIUIIMTHCKOTO HA3HAYCHUSI.

2.2.13 — PaguoTexHuKa, B TOM YHCIIE CUCTEMBI U YCTPOUCTBA TEIEBUACHUS.
2.2.14 — Antennsr, CBU-ycTpoiicTBa U MX TEXHOJIOTHH.

2.2.15 — Cucremsl, CeTH U yCTPOHCTBA TEIEKOMMYHHUKAIIHH.

2.2.16 — Paguonokanuus U paguoHaBUralusl.

VYka3aHHbIE CIICIIHATLHOCTH MPEACTABIAOTCA B )KYypHaJIC CJICAYIOINMMHU OCHOBHBIMHA py6p1/H<aM1/1:

"PagnoTEXHHKA U CBI3L'":

PagnoTexHndeckue cpeAcTBa Nepenadn, mpuemMa u 00paboTKN CHTHAIOB.
[TpoexTrpoBaHye U TEXHOIOTHS PAANOIICKTPOHHBIX CPEIICTB.
TeneBunenne u 06padboTka N300paKeHUT.

OeKTpoaNHAMUKa, MUKPOBOJIHOBAS TEXHUKA, AHTCHHBI.

CHCTEeMEI, CeTH U YCTPOICTBA TEICKOMMYHHKAIINH.

Paguonoxanus u paguoHaBUTaIus.

"OnexTpoHuKa':

e MuKpo- 1 HAaHORJIEKTPOHHUKA.

e  KBaHTOBas, TBEpOTENbHAS, IUTA3MEHHAS U BaKyyMHasl JJICKTPOHHKA.
e  @DOTOHHMKA.

e  Dnexrponuka CBY.

"[IpubopocTpoeHne, METPOIOrHs U HHPOPMALMOHHO-U3MEPUTENBbHBIE TPUOOPHI U CUCTEMBI " :
e [Ipubopsl U CHCTEMBI U3MEPEHHSI HA OCHOBE aKyCTHYECKUX, OITUYECKUX U PaIHOBOIIH.
e  Merponorus 1 HHGOPMAMOHHO-U3MEPHUTENLHBIE TPUOOPBI U CUCTEMBI.

L4 HpI/I60pBI MEIVIUHCKOTIO Ha3HAYCHHU I, KOHTPOJIA CPEAbI, BEMIECTB, MAaTEPHUAJIOB U I/I3I[CJII/II71.

Anpec penakuuonnoi koyvteruu: 197022, Cankt-IletepOypr, yn. Ilpod. Ilomosa, 5 murepa @, CIIGI'DTY
"JIDTU", pemakist xypHana "M3BecTus BEICIINX yueOHBIX 3aBeqeHnii Poccun. Pagnosnexrpornmka"

TexHrdIecKre BOIPOCH MOKHO BBISICHUTH 110 afpecy radioelectronic@yandex.ru
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