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BnuaHue koupurypauum
paAnonoKaunoHHOM OucTaTuieckom cucTtemsl
Ha ee pa3peLlualoLLyo CNOCOOHOCTb

C. I. Jluxanckuii®, C. b. Anexcees, A. M. Tapacenio
AO «KonuepH «Bera», Mocksa, Poccus
tatonika@inbox.ru

AHHoTauus. [pencraBieHbl pe3yIbTaThl MMUTALIOHHOTO MOIEIMPOBAHMS , UJLTIO-
CTpUpYIOILME BIUSIHME 3aKOHOB JIBMXKEHUsI caMosieToB-Hocuteeit PCA (akTMBHOTO
M TTACCUBHOT'0) OTHOCHUTEIHHO UCCIIEAyEMOr0 yJacTKa MOBEPXHOCTU 3eMJIH Ha pa3pe-
IIAOIIIYIO CITOCOOHOCTD Pe3yIbTUPYIOIIe OMCTATUIECKOM PaTuoJIOKAIIMOHHOM CUCTe-
MbI. MI37105keHbI METOIbI pacyeTa BTOPUIHBIX MH(MOPMAIIMOHHBIX MACCUBOB UIsSI CHH-
Te3a U300pakeHNsI, BKIIOYasi CEMECTBO OMOPHBIX (hYHKIIMIA, HA OCHOBE IMEPBUYHOM
HaBUTALIMOHHON MH(bOPMAIIMU, MPEACTaBIeHbI KakK (POPMYJIbI, TAK U Pe3yJIbTaThl MOJIE-
JIMpoBaHus. BeIsiBIIeHbI cielMduUecKre YepThl OMCTaTUYECKUX 0030pOB 00111Ieit KOH-
(uryparuu 1mo cpaBHEHUIO ¢ MOHOCTaTHYeCKUMU. [IporuiiocTpupoBaHa mpoleaypa
CHHTe3a IPUMEHUTEIbHO K CAMOJIETHOM OMCTaTUKe.

KntoueBble cnoa. [Ipeobpazosanne Dypbe, mpeodbpasoBanue JlexkaHapa, mpsiMast
CBepTKa, OMHAPHBIN Psill, OMCTATUUECKUIT 0030D, PAIMOIOKATOP C CUHTE3UPOBAHHOM
arepTypoii, ornopHasi GyHKIIUS.

Influence of Bistatic Radar System
Configuration on its Resolution

Sergey G. Likhansky, Sanal B. Alekseev, Anna M. Tarasenko
Joint-Stock Corporation “Vega”, Moscow, Russia
tatonika@inbox.ru

Abstract. The results of simulation modeling, which illustrate the influence of the
laws of the carrier aircraft motion (active and passive) relating to investigated part of the
Earth’s surface on the resulting bistatic radar system resolution, are presented in this ar-
ticle. Calculating methods of secondary information arrays for image synthesis, includ-
ing assemblage support function, based on primary navigation information, are presented
both as formulas and as simulation results. Specific features of the general configuration
bistatic looks are revealed in comparison with monostatic ones. The procedure of syn-
thesis in the context of the aircraft bistatic is presented.

Keywords. Fourier transform, Legendre transform, Taylor series, direct convolution,
binary series, bistatic look, synthetic aperture radar, reference function.

© Likhansky S. G., Alekseev S. B., Tarasenko A. M., 2018
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BBepeHue

BosbIIMHCTBO paHHUX Moneneil [1—4] cuHTe3a paauoI0KalMOHHbIX
nzobpaxenuii (PJIN) pazpadoraHo mist 60KoBOro (ci1ado-CKOIIeHHOIO)
MOHOCTAaTUYECKOTO 0030pa, KOOPAUHAT «IaJIbHOCTb» U «a3UMYT» (ITyTh),
paspeuieHus ~5 M, JIYM-ctpykTypsl paguoumnyiibca (Chirp-Scaling-
Algorithm (CSA), SPECAN).

Poct nonynsipHocTy 6ucTaTUYeCKOl 00pabOTKM U IOBBILLIEHUE TPe-
O0oBaHuii K neimurdpupyeMoctu PJIN nmpuBenn K HEOOXOAMMOCTHU MOJTyde-
HUS U300paXeHUN JeIMMETPOBOIO pa3pelieHus MpU CI0XKHOM OTHOCH-
TeJbHOM JIBMKEHUU HOCUTEJIEN ¢ aKTUBHBIM U MaccuBHbIM PCA (cuHTe3
«C TIOJICBETKOI» ).

CkazaHHOE MHULIMUPOBAJIO MOUCK 00jiee TOUHBIX (M OBICTPBIX) aro-
pUTMOB [5, 6], OCHOBaHHBIX Ha peAyKLMK omnieparopa cuHTe3a PJIV oueHb
TOYHBIM (M OYEHb MeJIeHHbIM) airopuTMoM Back Projection k oneparo-
Py IByMepHOTO MpeodpazoBaHus Pypbe 3aMeHOI TTepeMEHHBIX B YaCTOT-
HOIi 00JI1acTH, KOTopass MaKCUMaJIbHO 0000111aeT rpeodpa3oBanue CroJi-
Ta [2] 1 naeT n300paxkeHure cpa3y B TOPU30HTAIbHBIX KOOPAMHATAX CLIEHBI.
YkazaHHas penyKius 10MOJHEeHA UTepallMOHHOM Mpolieaypoii 10-(hoKy-
CHpOBKH |5, 6].

B cTaTbhe paccMoTpeHa anpuopHasi 00paboTKa, MpeaBapsioiast CHHTES.
OHa COCTOUT B BBIYMCJICHUM MHTEpBaja CUHTE3a, YaCTOThI TTIOBTOPEHMSI,
KPaTHOCTU KOTePEHTHOTO HaKOTUIeHUsI [4] rolorpaMMbl 1 MAaCCUBOB, OTpe-
TEJISIONIMX OMTOPHBIC (DYHKIIMU CMHTE3a — I10 JaHHBIM HaBUTALIUU U TPe-
OyeMoMy pa3pelleHHUIO.

IlepBas uenb cTaTbu — MCCIeI0BaHUE CIIeIU(UKHU OMCTaTUIECKUX 00-
30pOB MO CPaBHEHHUIO C MOHOCTaTUYECKMMU 0030pamMu (3Ta crielubuka
MPOSIBJISIET ce0s1 yKe Ha CTaauu allpruOPHOM 00pabOTKM).

BTopas 1iesb ctaTb — JeMOHCTpalMsl paboTOCIIOCOOHOCTU aJITOPUT-
Ma cuHTe3a [6] B caMOJIETHBIX OMCTaTUYECKMX 0030pax C MOICBETKOM Clie-
HbI 1y4oM akTuBHOro PCA-1, hoopMupoBaHMe rojiorpaMMbl B IACCUBHOM
PCA-2 ¢ xoH(purypalueil IMOoBbIIIEHHON OOIIHOCTU TeoMeTpun 0030pa
U IBUXKEHUS HOCUTEJIEH.

UccnepoBaHune BAUSHUA reoMmeTpumn o63opa

Ha paspeLlualoLLylo CNOCOOHOCTb

pPaAnosIOKaULMOHHOW CUCTEMbI

ITycTb MTHOBEHHBIE TPEXMEPHBIE BEKTOPhI KOOPAMHAT, CKOPOCTU HO-
curenieit PCA-1 1 PCA-2 u ux moxyim ectb X© V0 X© py®. jp—1 2,
cucreMa koopauHar (CK) y = (X Y, H ) €BKJIMI0OBAa U UMEET HadajIo Ha Io-
BEPXHOCTHU 3eMJIM, COBMNAJaoIIee C TEKYIIUM LIEHTPOM CLIEHBI, U HOCUTE-
J1 (CaMOJIEThI) JIETSIT Ha ITOCTOSIHHBIX BHICOTAX C ITOCTOSIHHBIMU BEKTOpa-
MU CKOPOCTH (C JIIOOBIM YIJIOM MEXIY HUMU).
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Torma o3ariaBiieHHas 3aJadya pellaeTcss alpUOPHBIM OLIEHUBAHUEM
CJIEIYIOIINX BEJTMYMH:
1. MHTEpBaI MAKCMMAJIBHOTO TOPU30HTATIBLHOTO pa3pereHus (M) B LIEH-

Tpe cueHsl uepe3 rpagreHT VR mamsHOCTH {PCA-1— 0 —PCA-2} no ropu-
30HTaIbHBIM KoopauHatam y =(X,Y):

8min :C/B'|VR|_1 EC/B.(,-]2+,-22)*1/ZE

2 2 1
zc/B.((Xl(l)/X(l)) +(X§2)/X(2>) )-1/2, (1)

rne f — Hecylag yactora, B — mmprHa moysocsl 4acToT pabodyero aua-
Mma3oHa, ¢ — CKOPOCTb CBETA.

2. BpeMeHnHolt uHTepBa (C) CUHTEe3a, peajiusylollero pasperieHue (1)
B LIEHTPE CLIEHBI uepe3 rpagreHT V&f yactorsl Jloruiepa o KOopAruHaTaM
y= (X, Y) nyron 9 Mexnay rpagueHramu Vof, VR :

T, ~ 8, [Vof|" | sing ['=5., (2 +f2) " sins[", (2

Vk(l) /X(l) +Vk(2) /X(Z) _Xlil) ,(X(l)’V(l)) / (1\/(1))3 _
e f,=f/c- o X
_XI£2) ,(X<2)’V(2)) / (X(2))

3. I'pacdbmueckoe MLTIOCTpUPOBAHNE 3aBUCUMOCTH pa3pelaloleil Cro-
COOHOCTM OMCTaTUUYECKOM Maphl OT IMOJIOXKEHMS LIeJIM Ha TIOBEPXHOCTU 3eM-
T 1711 KOHGUTYpaLuuy OUCTaTUYEeCKOTro 0030pa 00ILIero Buia.

Tpaexktopuu Hocuteneit: PCA-1 — xxenrag u PCA-2 — rony0asi, TeKy-
IIKe TTOJIOKEHUST — KpacHast U CUHSISI TOYKU.

Yron mexay TpaekropusimMu 90°, ckopocTu Hocutesieid 280 M/C, UX BbI-
coThI 3,5 1 4,5 KM; CIBUT OT Ha4aJIbHOTO ITOJIOKEHUS 5 C.

Ha puc. 1, a nokazaHbl TMHUM OAMHAKOBOM NaJIbHOCTU 110 JIy4y (Oebie)
W JJUHUY OOMHAKOBOTO caBura Jloriepa 1mo gy4y (1IBeTHbIE — I[BeTa OTpa-
JKalOT BEJIMYMHY cIBUTa 4yacToThl). Jlnanazon — S. Ha puc. 1, 6 u ¢ noka-
3aHa sIPKOCTbIO BEJIMYMHA, OOpaTHas HHTepBaily paspereHud (d .~ 35 cm)
u cuntesa (T, . = 4,8 c) COOTBETCTBEHHO.

0, min

a 0 8
Puc. 1. 3aBucumocTs paspelnaiolnieii CtocCoOOHOCTH OT MOJIOKEHMST LIEJIN
Fig. 1. The dependence between spatial resolution and position of target

C.T Nuxarckuin, C.B. Anexcees, A.M. TapaceHko | BavsHue KoHbUrypaumm paanonokauyoHHoi G1CTaTyieckon CUCTEMbI Ha 86 PaspellaioLLyio CoCOBHOCTL
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BbluncneHue pgaHHbIX AN CUHTE3a

no AaHHbIM HAaBUrauuu U TpedbyeMmomy paspeLueHunto

ITycTb 3aKOH ABUKEHMSI HOCUTEJIEH, LIeHTp ocBelieHHOoM iyduom PCA-1
cuenbl 1 CK 0630pa (¢ HauajoM B LIEHTPE CLIeHBI) (DUKCUPOBaHbI, IEPBUY-
HbIE allpMOpHbIe OLIeHKU (popMyib (1), (2)) moaydeHHI.

Torna o3arnaBieHHas 3a1aya peliaercs caenyolleil mocaenoBaresib-
HOCTBIO 3TaIloB.

1. KomrieHcupyeM MOJHYIO JIMHEHHYIO YacTh 3aKOHA MUTPALIUM 151
LieHTpa cLeHbl 1 MoMeHTa =0

R(7; 1)=R(5; z)—zzkzl()?“d, V) /XD 1 =R(0, 0)=R(¥; )~V,go- - Ry, (3)

rie R(y;t)=)] 2k:1| XO—y+V® .t | — HCXOJHBII 3aKOH MHUTpAlUH,
2.0 — OTHOCHTEJIbHAsl paaualibHasi CKOPOCTb CONMXKEHUs-YIaleHUS
PCA-1 u PCA-2 o nyay {PCA-1— 0 —PCA-2} B Momenr 7=0.
OrTBeuarolasi peayLMpoBaHHOMY 3aKOHY (3) LIeHTpUpOBaHHAs paau-
aJbHasi CKOPOCTh UMEET BUII:

Voo (730)=)] zk:l()ﬁk) _4w _t’V(k))/|/\7(k) _j4y® ~t|—

s (4)
_z k:l(X(k)’V(k)) /X(k)_

2. [Moayuum popmyiibl odpaTHoro reokoauposanusi (IG — Inverse Geo-
coding), oTobpaxaromye Kaxayko TOUKy J = (X ,Y ) CLICHBI B CTallMOHAP-

T —
HyloTouky X = IG(y)= (I(J_/), R(t()_/))) BPeMsI-IaIbHOCTb OTBEYAIOLIEro V
3aKOHa Murpanuu (3), To eCTb BpeMsI-I1aJIbHOCTh B MOMEHT f = t(}“/) O0HY-
JleHus1 panuaibHoit ckopocTu. (ITpy cBepTOYHOM CHHTE3e OTKITMK Ha LIENb

B TOuKe V Bo3HMKaeT B Touke X = IG(¥).)

Boiuucium (Metonom HbloToHa) Bpemsi oOHyneHUsT GyHKIUU (4)
1A KaXkIOi TOUKM cleHbl u3 «5-nHabopa» {y,=(e¢ 0), {y,=(0 ¢),
{»,=(E 0), ,=(0 E), y,=(E E), &E (M) ~10 u ~10~ ot pas-
Mepa cueHbl. [1o moixydyeHHbIM BpeMeHaM {%;f,,} ¥ HaJbHOCTAM
{R,;R,, .} (1<k,mn<2), koropble OTBEYAIOT BpeMeHaM corjacHo (3),
BOCCTaHOBMM 3aKOH [G BO BTOpOM IMOPSIIKE TOUHOCTH

x=(1, R)T:zX‘lTH+Y'ﬁz+X2‘l]11+XY‘l?l12+Y2'ﬁzzE 1\_/[-)7+0(y2), (5)

olLleHUBasA BEKTOpbI-KOoa(duuueHTs udepe3 1G-oOpa3 «5-Habopa»
(cM. BbIlIE) B TpH 11ara (Kak OMucaHo):

a) fy =X, /€

0) Hi ~ Xy /E? -, /E(k=1,2);

B) ), ~ X, /B = (1, +01,) /E— (1), +p)-
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3. OueHuM IyTeBoe paspenicHue O, (M) IO 3aaHHOMY TOPU30HTAJIb-
HOMY pa3pemieHuto 8>3 ;. .

CeueHne-kpyr y y<&8 <X’ +Y?><8 orkiuka paspelieHust o
13 KOOPIMHAT CLIEHB 0TOOPAa3UM JIMHEiTHO# yacTbio (5) X:=M-J B 06-
JaCThb BPeMSI-IalIbHOCTD: J' y <& <X M™TM'x <§?, a 3atem, mepexo-
I oT BpeMeHU K iyt PCA-2 L=¢-V,, nony4uM 3/UIMIICOUI B 00JACTH
nyTh-ganbHoCcTh PCA-2:

h“~L2+2hlz~L~R+hzz~R2£82, (6)
e hy, E(“%z +“§1)/sz’ by =uiy +1tys By =hy, = (s by F R 11,) / Vi
M E(H,‘,‘) 5(5) = (ﬁ-l ﬁz)
3a MHTepBaJI IyTEBOTO pa3peleHust (M) IPUHUMAEM MaJTyIO TTOJTyOCh 3J1-

nmrncouna (6) B 00JaCTH MyTh-AaTbHOCTD, NEJIEHHYIO Ha KOpeHb 13 2 (1a0bl
MOBOPOTHI CIIEKTpa He Hapylaau Teopemy KoTenbHMKOBA):

12 -172

B = ()~ 4 482) ) ?

4. ATocTeEpUOPHO YTOYHUM MHTEpBa cuHTe3a 1  (¢), paHee rpyoo olie-
HEHHBbIN 110 hopmyiie (2).

HMHuTtepBan qoKeH ObITh TaAKUM, YTOOBI Bapualusl 4acToThl Jlormaepa
Ha HEM OTHOCUTEIBHO IIEHTPA CLIEHBI, CJIOXKEHHAs ¢ JOTUIEPOBCKOM IIUPH -
HOVA JTyua, paBHsutach yactore F, =V, /8, nuckpeTusanuy CUrHaa 1o myTu
PCA-2 (yactote nosropenusi PCA-1) mist uHTepBasia myTeBOro paspelie-
HUs 13 popmyisl (7).

MHTepBas cMHTE3a CTPOUM CUMMETPUYHO OTHOCUTEJIBHO HYJISI B paiu-
aJTbHO-CKOPOCTHOM 00JIaCTH.

BepxH1o10 o11eHKY I0TUIepOBCKOi MpuHbI iyya PCA-2 nmoayyaeM Mak-
cuMm3aumeil o ¢ (Ha marepsaie PJI BunnMoctn) hyHKIIMM BpeMeHU, BbI-
paxkaeMoii yepes rpaiieHT YacToThl Jloriepa B IeHTPE CLICHBI [P TEKYIIeM
MOJIOKEHUU HOCUTEIeH 1 paguyc-BekTop HocuTenst PCA-2 oTHocUTEIb-
HO LIEHTpPA CLICHBI:

Adfyy ~ 21/ D -max, {|Vaf (1)]- X (1) / ‘ sin<?6f(t);)?<2’ (t)> ‘}, 8)

rae A — miiHa BojHbl, Dx D — packpbiB anteHHbl PCA-2.

3anaBasich B KA4ecTBe HyJIEBOI UTEpALIMM Tapoit 3HaveHuit £y :=+0,5-T;,
peiaeM (MetogoM HproToHa) mapy (i1 1ByX 3HAKOB *) ypaBHEHUM OT-
HOCHTEIBHO Mapbl MOMEHTOB BpemeHu 1

Voo (05 1) =40,5-(F, = Adfy, )-¢/ £ =40,5-(V, /8, = Adfypy ) 1. (9)

C.T Nuxarckuin, C.B. Anexcees, A.M. TapaceHko | BavsHue KoHbUrypaumm paanonokauyoHHoi G1CTaTyieckon CUCTEMbI Ha 86 PaspellaioLLyio CoCOBHOCTL
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ITo utoram petuenus (9), unrepsan cunresa: [, 171,17 <0, >0,
ero mauna (c): T=t"-1, nyresoit pasmep LPI: N =
= POW(2, [log,(T - F,)]+ 1) (6a3a mobuTa 10 CTEMEHHU 2).

Yactory kBaHTOoBaHusa AIIIl mo panbHOCTM BbIOUpa-
eM F;:zmax{c/éx,l,ZB}, torna pasmep LIPI mo manpHOCTH:

N, = Pow(2, [log, (max{R(t(’) ),R(t(*’ ) }- Fq) 1+ 1) (6a3a 1oGUTa 1O CTETIeH M 2).

5. BeramcisieM KpaTHOCTH KOTepEHTHOTO HAKOIUIEHUS TTOJTHOM TOJT0-
IPaMMBbI IO MYTH U 1O NaTbHOCTH.

BepxHag olieHKa IyOMHBI clieHbI 1o ganbsHoct {PCA-1—y —PCA-2}
MOJTy4aeTcsl aHaJIOTUYHO (8):

ARy, =20/ D-max, {|VR(1)|- X (r) /| sin( VR(1); X* (1)} [} (10)

C yuetom (8), (10) KpaTHOCTH KOT€PEHTHOTO HAKOILJICHUST TOJI0TpaM-
MBI 110 TTYTH U JaJbHOCTH PABHBI:

K, =Pow(2, [log, (1+ F, / Adfy,, ) 1+1),
K = Pow(z, [ max{R(1),R(:) } /ARRay]+1) .

PasMepbl KOrepeHTHO-HaKOIIEHHOH (CBEPHYTOI B TOP C CAMOCYMMM -
poBanuem) LIPT" 6ynyT Takumu:

N.=N,/K,, N =N, /K, . (11)

CBoliicTBa KOT€peHTHOTO HAKOIJICHUST U3y4YeHbl B cTaThe [4]. B vact-
HOCTH, TIPU TIEPEXOIE B CIIEKTPATBLHYIO 00JIaCTh KOTEPEeHTHOE HAaKOTUICHUE
MepexXo T B MIPOpeXUBaHUE TOM e caMoil KpaTHOCTH [4].

Cunrte3 PJIM Benem o KorepeHTHO-HakorieHHo# LIPT pazmepos (11)
10 MyTU-JAJTbHOCTHU.

6. Beruncisiem npeo6pasoBanus JlexxaHapa 3aKoHa MUTPALAN JATbHO-
ctu (B BUIE oTpe3Ka psiga Teiiiopa 1o paguaibHON CKOPOCTH) U €0 Bapu-
alvit 10 BTOPOI CTETIEHM MO JIOKATbHBIM KOOPAWHATAM CIICHBI.

3agauy pemiaeM BITM-MeTon0M ¢ BHIXOJOM B KOMIUIEKCHYIO 00JIACTh
3HAYCHUII CKOPOCTU U BPEMEHMU.

Otan 1. Paznoxum B psa Teiinopa odpatHyto K hyHKLMY (4) DyHKIIMIO
BPEMEHM OT LIEHTPUPOBAHHOIT pammManbHoil ckopoctn t=1(¥; V) ; TOU-
Ky Y CILIeHBI CUMTaeM IMepeMEeHHBIM TTapaMeTpOM, KOTOPOMY MOC/IenoBa-
TeJTbHO MPHUIaeM KaXKIoe U3 IeCTH 3HAaYCHUIA.

PeluM OTHOCUTENTBHO f YPABHEHHUE Vg = Viaa o (V) + G (V)1 +0, (V. 7)
IUIST KasKI0# TOUYKM CLIEHBI M3 BBEIEHHOTO «6-Habopa». B mpaBoii yactu
YPAaBHEHUS Vi (¥); @uao(¥) — pammanbHble HEHTPUPOBAHHbBIE CKO-
pocThb U yckopeHue B MomeHT £=0, 0,(¥,7) — cymMma ueHOB cTemneHu
BBIIIIE TIEPBOIA 110 BpeMeHU (opMyIIbI (4), B JIeBOI YaCTU — 3JIEMEHT Mac-
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cuBa Vo, =0,5Vo}, =0,5Vexp(j2rm/ M), m=0,.,M -1 pasmepa
M =Pow(2,11...12) , ckopocTHas KoHcTaHTa V =min{v,,, ((_), t‘i>) ).

11 pelleHus yKa3aHHOTO YpaBHEHMSI 3aITyCTUM UTEPALMOHHYIO ITPO-
LIEAYPY CO CUECTUUKOM 1 .

Hynesas nrepamus {:=0 — maccuB M KOMIUIEKCHBIX YHCEIT, CUUTAE-
MBbIX HOPMYJION:

ty (75 m) = (0,5V 0y = Vg0 (7)) / g (7)-

IIar mpornenypsl i :=i+1 mnepecunteiBaeT MaccuB M KOMIUIEKCHBIX UM~
cel1 1o popMyIie:

ti+1 (J_}’ m) ::ti (-)7’ m) +t0(-)77 m) _02 (-)7’ tl(J_}’ m)) /arad,O(J_}) . (12)

Beixonnoit maccus (12) t(¥; m)=t,,(y;m), m=0,1,...M -1,
| 1, —1, |£ 27" monmseprHem HemmdroBaHHoMy BIT® Ha Gase M, BbIXON
BIID HopmupyeM: Trer (75 m) =10 (3 m)/NM -(2/V)", monyuas xo-
apdunmenTs Teiiopa CKOMOM 00paTHON (DyHKIIMU; CTEIEHb yCEKaeM
M ~Pow(2,5...6) :

t=1(y; vrad)zzr;olrFFT(J_/;m)'vr’:d' (13)

OTtan 2. Paznoxum B psia Teitopa mo LHEeHTPUPOBAHHOM paauaibHOMN
CcKopocTH npeodpasoBaHue Jlexanapa v ero Bapualuy Mo KOOpANHATaM
CLICHBI.

ITpeodpazosanue Jlexxannpa (LT — Legendre Transform) 3akoHa Mur-
pauwnu (3) nmeet BUA |3, 5, 6]:

L(¥; Vg) = (V3 Ve ) Vi —R()‘/;t()‘/; Vg )) ;e HY; V,4) — pasnoxe-

Hue u3 popmynsr (13).

Boiuncnsas LT B Toukax V., =0,5Ve) =0,5Vexp(j2nl/L),
[=0,...,L-1, ¢ ucnonbsosanuem (9), nonyuum wmaccus h(y;[)=
= L()7;O,5Vm’L), /=0,...L-1. ITogsepruem ero HemmdroBaHHoMy BITD
Ha6aze L= M, Bbrxon BITD HopmupyeM: fer (¥ 1) = b (75 1)/ L - (Z/V)/,
nony4ast Koapuumentsl psgaa Teitsmopa LT; crerens ycekaem: cBepxy
L=M | cunsy 2 — obecriedeHE MOABMXKHOCTH OTKJIMKA:

— L-1 —
L(y; vmd)zzl A e () = " +c" X +"Y + ¢ X+ XY +¢5)Y vl (14)

OuenuM st Kaxaoro / -koadduuuenra-dyHukiuu psaa (14) kosd-
(ULMEHTBI-KOHCTaHTHI €., c},’(’ :
) n-7\- ~O = . ) .
a) ¢ =~ hyy (O’ 1)’ G = (hFFT (YD) < )/83

0) Clgc) ~ Mgy (J_’kk;l)/Ez _C/(c[) /E_C((J[) /Ez(kzl, 2);
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B) ¢ ~ My (930) /B = (e} +¢50 ) = (" + &) /B~cf’ /B* — B Tpm
mara (Kak OI1caHo).

7. IlepeBenem npeobpazoBaHue JlexxaHapa B crieKTpajibHYI0 00J1acThb
U IOJIyYMM Ha0O0pPhl KO3((PUILIMEHTOB, ONpeaeIsolnX ¢a3y coeKTpab-
HOW OIIOpBI CUHTE3a U €€ BapUallvii 110 CLIEHE 10 BTOPOI CTEIEHU.

Hopmupyem KoagduLmeHTh-KOHCTaHThI (14) moa nepexoa U3 CKo-
pocTHOro MaciiTaba B MaciliTab HOMEpPOB P, § OTCUETOB CIIeKTpa U Iepe-
xoq oT 6a3 manbHocTu NV, u asumyta N, kK 6aze K PJIU clueHbL:

0 =8¢, 0<k<2; a0 =8¢, 1<i,j<2;
S,z{def}zc"'-KNr’“/N)’C-E’/F‘I"‘. (15)
Hecymyio yactory f mepesenem B Maciitab HOMEPOB JaIbHOCTHBIX OT-

CYETOB, KOOPAMHATHI CIIEHBI TTepeBeieM (¢ maroM (M) § <3 ) u3 (M) B Mac-
mtad HoMepos orcueToB PJIM pasmepa K = max{N _,N, }:

Q=f-N,/F,; Xx=X/s, y=Y/s . (16)

8. INepeBeneM 3akOH 0OpPAaTHOTO T€OKOAMPOBAHUSI U3 00JIaCTU BpeMsi-
aTbHOCTD U 00JIACTU CABUIOB TIO ClieHE B 00JIacTh Oe3pa3MepHBIX HOME-
POB OTCUETOB U I10 MYTH, U IO JaJTbHOCTU, U IO MACCUBY CLICHBI.

bepem 3a ocHOBY (hopmyiy (5) 1 BBIIIOJHSIEM HEKOTOPbIE MACIITaOM-
poBaHus Ha Bxoje (13) u BbIxose:

(x(x») (%) =(uy )(x »)+
wx () el mh) R (nh M)

CBs3b kK03(ppuLmeHToB HOpMUpoBaHHOI (18), ncxomgnoii (5) dop-
mya IG Takosa:

(18)

M=k /S Fs my=ng/s-F5 py=py, /s-F /c; nj=n,/sF/c

1
(<i,j,k<2) (19

3akoH IG (18) B uile KoHCTaHT (19) ¥ BBIXOAHBIX HOMEPOB OTCUETOB
PJIN (16) sBHO (purypupyeT B (popMyJie MHTETPAJTIBLHOTO ollepaTopa mo-
ctpoenust maccuba PJIU no maccuy cniektpa LIPT F(p,q)—>1(x,y),
MpUBENIEHHON HUXe, a UMEHHO — B (a3e nepBoii Dypbe-3KCITOHEHTH
(He B (aze onop):

I(x,y)~ ”dpdq-F(p,q)-exp(j-(Zn/Nx -p-x(x,y)+2n /N, -q-r(x, y))) X
x exp(j2n/K-z:(a(§” +a"x+ady+ax* +al)xy+a)y’ )-p’ /(Q+q)H).

(20)
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B daze onop cunTe3a (Bropast akcnoHeHTa (20)) (purypupyroT KOHCTaH-
THI ¥ TIepeMeHHbIe U3 (15), (16).

Wrak, Bce HeoOxoauMble 1151 cuHTe3a PJIM B ropr3oHTaNbHBIX KOOP-
JIMHATAX CLIEHBI MACCUBBI KOHCTAHT ITOCTPOEHBI M (DUTYPUPYIOT B (hOPMY-
Jie cuHTe3a (20) — TeM caMbIM arpuopHasi 00paboTKa 3aBeplleHa.

MopaenupoBaHue cuHtesa PJIN
B OMcTaTnyeckom o63ope odLero supa
M ero NI CTPpUpoBaHne

Hanum rpadrdyeckre WUTIOCTPAITUH Psiia POMEXKYTOUHBIX M KOHEUHBIX
pe3yabTaToOB MPY CUHTE3€ B CAMOJIETHOM OMCTaTUUYEeCKOM 0030pe 00111ero
BHJIA aITOPUTMOM [6], naneko o6obmaromnm Omega-KA [2].

Puc. 2 B uenom uimmoctpupyet, Kak GST nckaxkeHHYI0 KOOPAMHATHYIO
ceTKy (puc. 2, a) mpeBpallaeT B CTPOro MPsIMOYIOJIbHYIO CETKY C PaBHBI-
MM IlIaTaMu 10 MpeoOpa3oBaHHBIM KOOPIAMHATAM W, Z B CIEKTpaJIbHOM
obnactu: w=w,(p,q), 2=w,(p,q), TeM caMbIM WLTIOCTPUPYSI TIPABUITb-
HocTb paboTel GST.

Puc. 2. UnmocTpaliviss OCHOBHBIX 3TAaloB PaOOTHI 0000IIEHHOTO
npeodpazoBanusg Cronra (Generalized Stolt Transform — GST [5, 6])

Fig. 2 Illustration of the Generalized Stolt Transform (GST) main steps

Koopnunatel w, Z nBoiicTBeHHBI 10 Dyphe OoTcUeTaM X, Y CILEHBI
[6], m B Hux omepatop (20) mpuHUMaeT Bua O6paTHOTO TIpeodpa3oBa-
Hust Dypbe ot cnekTpa LIPI" ¢ komIieHcupoBaHHOI LIEHTPaIbHOI (ha3oii:

f(p.g)= F(P,Q)'SXP(J'ZTE/K -a’-p' /(QHI)H) , €CJIM TIpeHedpeyYb BTO-
DBIMH CTETICHSIMU X, V.
Ha puc. 2, a — CrieKTpaibHast KOOPIMHATHASI CETKa, 3amaBaeMast (DyHKLIMSI-

MHWk(PsQ)E(sz/Nx'H w P+2m/ N, -n kz'Q)+27T/K'21L=;lal(c])'p,/(Q+q)1_1§
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k=1,2 — p, g-ko3dpPULMEHTAMU TIPY KOOPAMHATHEIX OTCUETAX X, Y
B IIEPBOI1 CTeIeHU B (pa3e moaHo# 3KcoHeHTHI (20).

Puc. 2, 6-2 v e MJUTIOCTPUPYIOT MOAPOOHO OINMKUCAHHBIE B [5, 6] maru
1—4 GST (omHOMepHBIE MaCIITAOUPOBAHMS), TIPUBOASIINE UCXOIHYIO
WCKPUBJICHHYIO CeTKY (puc. 2, a) K ah(pMHHO-UCKAKEHHOM, HO BBIIIPSIM-
JICHHO ceTKe (puc. 2, ). DTo nepexo OT UCXOAHBIX OTCYETOB p, g K CIIeK-
TpaJbHbIM KoopauHatam W, Z | nBoiictBeHHBIM 110 Pypbe MyTEBBIM KO-
opauHATaM X, F.

Puc. 2, u wunoctpupyet duHaabHbIl 1ar GST [6] — cHaTtue abduH-
HOTO MCKaXeHU IIyTeM JIMHENHOTO Ipeobpasosanus W, Z - w, 7 K Ko-
OopaMHAaTaM, IBOMCTBEHHBIM TOPU30HTAIbHBIM OTCUETAM CLIEHBI, 3aJaBa-
€MOro MaTpulieil 0OpaTHOIO reOKOAMPOBAHHUS U3 IMHEWHOTO CIaraéMoro
dopmyIsl (5).

Puc. 2, 9, e — xpyroBbie Beipe3ku criekTpa Ha atanax GST ¢ puc. 2 e, u.

HrepanmonHas npolieaypa 10-GOoKyCUpoBKHU [6] ¢ 1Lieabio KOMITEHCa-
LMY BTOPBIX BapHallnii (pasbl OMop 31ech He WLTIOCTPUPOBAHA.

Ha puc. 3, a BunHo apdpuHHOE ucKaxkeHue KapTUHKU, Ha pUc. 3, 6 OHO
OTCYTCTBYET.

a 7]
Puc. 3. Ammurynasie PJIM monmenut 41 ToOUkM, TTOTy4eHHEIE
B IyTEBBIX KOOPAMHATAX (@) ¥ B TOPU30HTAJIbHBIX KOOPAWHATAX CLIEHHI (0)

Fig. 3. The amplitude radar image of 41 points models acquired
in the waypoints (@) and the horizontal coordinate (b) of the stage

Puc. 3, a, 6 momyuersl OBIT® 13 BEIpe30K CIIeKTpa puc. 2, d, .

ITapamerpsi Monem. PCA-1 1 PCA-2 netsr co ckopoctsimu 220 1 250 m/c
moj yrjioM 75° Ha BbIcOoTax 4 U 3 KM, HayaJIbHbIe MOJIOXKEHMST — B TOUKE TTe-
pecedyeHus TOPU3OHTAIbHBIX IPOEKIIMIA TPAEKTOPUIA, CLIEHA PACIIOIOXE-
Ha 1oz Tpaektopueit nmaccupHoro PCA-2 (B Hanupe) Ha 7 KM OT Hauaslb-
Horo nosioxxeHust PCA-2. Pabounit nuanaszoH S, mupurHa nosiocel 1 I'T.
Penbedom npeHeOperaem (paBHuHa). Yucio ueneit — 41, 4 nyya us psi-
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JIOB 11eJ1eit o 45° MeXay COCeIHUMU JydaMu, 1ar Mexay HeasiMu 15 M.
(B moHOCTaTHKE paccMOTpeHHbIN 30echk cuHTe3 PJIW mpu yrite ckoca
+90° (Hagup) HEBO3MOXKEH.)
Paspemenue PJIN. B nyTeBbix KOOpanHaTax — 18 cM, B TOPU30HTAJIb-
HBIX KOOpIUHaTax — 27 cM.

3aknyeHue

MMuranmoHHOe MOAENIMpOBaHNE CMHTE3a B OMCTaTUUYECKUX 0030pax
BBISIBUJIO OCOOEHHOCTH, PE3KO KOHTPACTUPYIOIIUE C MOHOCTATUKOI: Ha-
IpruMep, BO3MOXHOCTb cuHTe3upoBaTh PJIN uieneii, HaXomsIuxcs Mo
TpaekTopueii Hocuteist maccuBHoro PCA-2, To ecTb rpu yrjie ckoca +90°,
a TakXKe 1ieJIe B Haaupe.

Taxoke BbIsIBJIeHa CUJIbHASI 3aBUCUMOCTD pa3pelarlieil ClocoOHOCTH
OuCTAaTUUECKON Maphl OT MOJIOXEHUS eI Ha IOBEPXHOCTU 3€MJIM U Ha-
Jnuue Ha 3eMJie BIPOXKIEHHBIX TOYEK U KPUBBIX, B OKPECTHOCTU KOTOPBIX
CHHTE3 IpobJjieMaTUYeH Aaxe Ipu 00KOBOI reoMeTpuur 0030pa.

AJITOpUTM CUHTE3a [6], paHee pa3pabOTaHHBIH TSI MOHOCTATUKH 1 KOC-
Moca, 10Ka3aj MPUroaHOCTh I MOJAyYeHUsI B OMCTaTUYECKOM CaMOJIeT-
HoM o030pe obuiero Buaa PJIM Bbicokoro paspelleHus: 1 KauecTBa st
HEBBIPOXJIEHHBIX CLIEH, HE BBIXOASIIUX 3a Mpeaebl BUAMMOCTA Ha pac-
YeTHOM MHTEpBaJie CUHTE3a.

BoisiBieHa TUIMMYHOCTb SKBUBaJIEHTHO-CUJIbHO-CKOILIEHHOTO 0030pa
(co ckocom ~30—45°). OnHako, nockojbky PJIN cTtpouM B ropu3oHTalb-
HBIX IPSIMOYTOJIbHBIX KOOPAMHATAX 10 BBIPE3AHHOMY U3 CIIEKTPA KPYTJIIOMY
KYCKY JOJKHOTO pa3Mepa, a MHTEPBAJI CUHTE3a B3SIT C IOKHBIM 3aM1acoM,
He TIPOMCXOAUT XapaKTEPHBIX ISl CUJIBHO CKOIIIEHHBIX 0030pOB UCKaXKe-
HUsI KOOPIMHATHON CEeTKU WK nechopMaliuy OTKJIMKA.

BrisiBiieHa HEBO3MOXKHOCTh IOJIHOLIEHHOM ananTauuu aaroputMoB CSA
u SPECAN K Gucratuke.
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AHHOTaUMA. AKTyaJlbHOCTb pabOThl CBsI3aHA C oOecreyeHUeM HaJaeKHOCTU
KOHCTPYKTUBHBIX 2JIEMEHTOB aHTEHHBIX ITOCTOB PaJIMOJOKALIMOHHBIX CTAaHIIMI TTpY
npoektrpoBaHuu. C 31oit enbio B cpene ANSYS BBITTOJTHEHO KOMITBIOTEPHOE KOHEUHO-
3JIEMEHTHOE MOJIEIMPOBAaHNE TEPMOHAMPSIKEHHOIO COCTOSIHUS aJIIlOMUHHUEBOTO
MapaboJIMYeCcKOro 3epKajia, 3aKpeIuIeHHOTO Ha KPOHIITEHE, 3aKPBITOr0 KOMIIO3UTHBIM
paaroIpo3payHbIM O0TeKaTeIeM, MO/ IelCTBMEM COOCTBEHHOIO Beca, BETPOBOIO
BO3ICHCTBUS M TeMmieparypbl. [Ipu MomeaupoBaHUU CIOMCTOTO KOMITO3UTHOTO
Martepuajia o0TeKaTelsT UCIIOIb30BaHbl MHOTOCIOMHBIE 000J0YeUHbIC 2JIEMEHTHI.
HccnenoBanbl ynpyrue aehopMali B 3epKajie Ipu (GUKCUPOBAHHOM BO3ICCTBUMI
BETPOBOI HArpy3Ku B JUarna3zoHe TeMrepaTyp okpyxkamouieii cpenbl ot —40 no +50 °C,
B YaCTHOCTH paauajibHble, OCeBble 1 HOPMaJbHbIC TIepeMeIleHHsI. YCTaHOBJIEHO, UYTO
«pa3BepTbIBaHUE» 3epKaJla MIPOMCXOAUT MpH ero oxjaxneHuu 10 —40 °C Ha BETUYUHY
1,2—1,3 MM, 4TO cKa3bIBaeTCsl HAa UCKAXKEHUN aMIUTUTYIHO-()a30BOro pacnpeneacHus
TI0JIsI B €TO PaCKpPBIBE.

Kniouesble cnoea. PannosokanoHHast CTaHLIUA, TCPMOHAIIPAXKECHHOC COCTOAHUEC,
O6TCKaTCJTB, KOHEYHO-3JICMEHTHAasA CETKaA.

Modeling of Mechanical Properties
of a Parabolic Antenna with Composite Radome
in ANSYS Software Environment

Oleg P. Ponomarev
JSK “Ural Manufacturing Company “Vector”,
Ekaterinburg, Russia

ponomarev7713@mail.ru

Abstract. Modeling of thermostressed states of a parabolic aluminium mirror covered
by radio transparent radome under gravity, wind and temperature effects is performed.
A procedure is described to prepare a geometrical model for calculations in the ANSYS
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software environment, and to create finite-element meshes. The calculated results are
presented for the temperature range of —40 °C to + 50 °C.
Keywords. Radar, thermostressed states, radome, finite-element meshes.
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1. Introduction

The most troubles and failures in radars refer to mechanics of power
electric drives and structural elements of antenna posts in particular. Is-
sues of radar structural strength influenced by mechanical loads appear-
ing in the process of operation have been considered in papers [1—3]. Ther-
mal strains developing in structural elements of radars due to nonuniform
heating can result in additional errors in measurement of object coordina-
tes [4—6].

Studies of various problems in mechanics being carried out at the engi-
neering stage are generally performed with the use of analytical methods or
experimental base. The idea of general behavior of structure under exter-
nal influences is generated on the basis of analytical methods. Experimental
base collected from similar structures, which however differ from a design
project, allows the evaluation of structural behavior under various external
factors. Despite a great number of studies performed both with the use of
analytical and experimental methods, the problem of elimination of elas-
tic strains arising in radar structural elements under various external influ-
ences and affecting their radio technical characteristics remains unsolved.
The applied methods of analysis do not always meet the up-to-date require-
ments for the manufacturing accuracy of structural elements, or these meth-
ods cannot be applied at the design phase.

The solution of these problems considering all peculiarities of the radar
mechanics with the required degree of accuracy at the design phase can ef-
fectively be performed with the use of finite-element (FE) modeling.

2. Statement of a Problem

2.1. Subject of Research

The basic elements of a typical radar antenna post are a parabolic alu-
minium mirror secured on a bracket, and a radome made of radio trans-
parent composite material for reducing the external factors influencing
the antenna system electrical performance (fig. 1). It is obvious that under
the influence of wind, gravitation and temperature variations, the mirror re-
flective surface profile can distort what affects the radar accuracy characte-
ristics.

O.T1. MoHoMapes | MoaenmpoBaHrie MexaHUIECKIX CBOMCTE Napabon4eckoin aHTeHHsI C KOMMNO3WUTHBIM 0OTekarenem 8 nporpaMmmHon cpeae ANSYS

nNo
—



Oleg P. Ponomarev | Modeling of Mechanical Properties of a Parabolic Antenna with Composite Radome in ANSYS Software Environment

no
no

URAL RADIO ENGINEERING JOURNAL

=
1000,00 {raem) 4

Fig. 1. Subject of research

Calculations of thermal strains have been carried out in the ANSYS Work-
bench software environment with the use of the following modules: ANSYS
DesignModeler (preparation of CAD geometry for calculation, ANSYS
Meshing (meshing for calculations by finite element method), ANSYS Com-
posite PrepPost (setting of composite material properties), ANSYS Mechani-
cal (statement and solution of problems in mechanics, analysis of results) [7].

2.2. Geometrical Model

Asarule, a computing engineer is given a design geometrical model devel-
oped in a CAD — modeling package of solid body properties. These models
are highly to create accurate design documentation. However to prepare a FE
model and carry out calculations, this elaboration seems to be unnecessary as it
results in generation of a great number of small-sized finite elements. This in-
creases the required computer calculations and does not improve calculation
accuracy. Therefore, as a rule, the model is idealized and simplified. The mod-
el geometry is represented by shell bodies wherever possible. The thickness of
a shell is assigned in accordance to the 3D-model of the structure. Consider-
able thickenings and massive blocks appeared in the geometry may be left in
the form of solid bodies, i.e. bodies having a volume (fig. 2).

00,00 {rrires)

Fig. 2. Geometrical model of a problem
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2.3. Finite-Element Model

In some places of geometrical model, the shells may be difficult to con-
nect. Besides, it may turn out, that such places for connection are in great
numbers Packages in automatic tool in CAD to correct the geometry in such
cases are known to the authors of this paper. An alternative variant of con-
necting geometrical objects is presented by the objects of a final-element
model. They are contact regions and mesh connections.

The formation of contact regions involves framing of some special el-
ements which provide the deficiency of mutual penetration of surfaces. In
the case under consideration, the only type of contact interaction that makes
sense is a bonded connection. With this type of contact interaction, bonds
are created between the surfaces, which do not allow them to move relative
to each other in the space (fig. 3).

Fig. 3. Bonded connections in model

By default, the contact interaction is realized by means of penalty func-
tions. The penetration of surfaces is possible. However, it is restricted by
the force of contact springs. Nevertheless, this decision is practically equiv-
alent to creating a rigid constraint of surfaces. If necessary, it is possible to
eliminate the movement of surfaces completely by using formulation MPC
(Multipoint Constraints, equations of constraints between sets of points) in
settings of a contact region.

Unlike the contact regions, the Mesh Connections make no additional
contact elements. The mesh is generated on the connectable surfaces sepa-
rately, whereupon the joints, which fall on the Ribs, selected for connection,
are contracted and merged. This results in some distortion of the model ge-
ometry, which may be allowable with small geometrical dimensions of gaps.

2.4. Setting of Radome Composite Properties

One of the objects under consideration in the problem is a radome made
of composite material. The radome has certain rigidity and, when secured
to the mirror, it exerts some effect on the mirror deformation under the in-
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fluence of external loads. The properties of a composite material used in
the radome (Young modulus, coefficient of thermal expansion) differ from
those of aluminium. Besides, the composite material is anisotropic. Since the
effective (average) mechanical properties of a laminated composite material
are unknown, then the modeling by means of multilayer shell elements is used.

The mirror radome is a fiberglass honeycomb-cored sandwich-panel.
As an example, reinforced plates (sandwich-panels) are made of monolay-
ers based on glass cloth T-10—80, using special technology. The glass-hon-
eycomb panels SSP-1 is used as a honeycomb core. The mechanical proper-
ties of materials taken for carrying out these calculations are given in Table 1.

Table 1
Mechanical properties of composite materials
Mechanical Properties T-10—80 SSP-1
E , MPa 27000,0 1,0
Young modulus Ey, MPa 17500,0 1,0
E, MPa 17500,0 255,0
Vi 0,6 0,49
Poisson ratio v, 0,3 0,001
v, 0,3 0,001
ny, MPa 8437,5 1,0-10-¢
Modulus of G, MPa 6730,8 37,8
shearing zy
G_, MPa 6730,8 70,8
Coefficient of a,°C! 5,510 —
linear thermal . -
expansion 9%, c 2,510 —
a,, °C! 2,510 —

The conjugation of layers in the mirror radome composite material as ide-
al, and the properties of the adhesive film between the honeycomb core and
reinforcing plates as neglected are usually assumed while modeling. Accord-
ing to the manufacturing technique, the cloth is spread out over the cone sur-
face to cover it in sectors. The sector width is 30°, and additionally, there is
a 10 mm strip to provide overlapping with the next sector. One layer employs
12 sectors of this type. The reinforcing fibers in the layers are oriented differ-
ently: there are layers with fiber orientation “G”, “V”, and “F”. For layer
“V”, the reinforcement axis direction is parallel to the bisectrix of the sec-
tor being covered, where the thickness of a monolayer is 0,25 mm. For layer



2018, VOL. 2, N2 3

“G”, the reinforcement axis direction is perpendicular to the bisectrix of the
sector being covered, where the thickness of a monolayer is 0,25 mm. Lay-
er “F” is arranged in the form of a ribbon running along the radome flange
(at a radius of more than 1594 mm) and consists of two monolayers of cloth
T-10—80 with the perpendicular reinforcement axis direction: along and per-
pendicularly to the cone generatrix where the monolayer thickness is 0,5 mm.

2.5. External Influences and Kinematic Restrictions

Temperature variation is one of the external loads. A value of plus 22 °C is
taken as a temperature required when performing the antenna post mechan-
ical assembly. Therefore, any deviation of this temperature will cause ther-
mal expansion (contraction) of the structural elements. Since the reflector is
represented by a composite material, and the parabolic mirror, by alumin-
ium, and moreover they are attached along the perimeter by screwed con-
nections, elastic strains are expected to appear in the mirror, which result in
distortion of its form.

In the antenna-to-isolated structure part attaching point, we “secure”
all the displacements of antenna structure, attaining a fixed-ended connec-
tion (zone A in fig. 4). In this case, the bracket acts as a cantilever taking the
loads from the mirror.

Apart from gravitation and constant temperature, the model is influ-
enced by a load from wind pressure. The wind pressure may act from any
side; however, the most hazardous event is when the full force vector direc-
tion coincides with the axis of cylinder. In this case, a peak torque appears in
the fixed-ended connection. The wind pressure value is adopted accord-
ing to the Russian third wind zone. The sum of the static and pulse compo-
nents of the wind pressure equal to 600 Pa is assumed. To simplify the so-
lution of the problem, the total pressure may be applied statically without
solving the dynamical problem. Thus, a stress-strain state conservative esti-
mation is performed.

700,00 Grrm

Fig. 4. Securing the structure in the bracket base and wind pressure
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3. Analysis of Obtained Results

3. 1. Plotting of Normal Displacement Diagrams

Displacement of each point of the mirror surface is a sum of a mir-
ror rigid-body displacement and a mirror deformation. The bracket strain
may result in the mirror displacements which cause no distortion of
the reflective surface. Since the result of the analysis is the mirror distortion
under the influence of applied loads, then it is necessary to have a com-
ponent extracted from the calculated displacements, which is convention-
ally called as “rigid”. Since the mirror paraboloid is a body of revolution,
then, practically all the estimated results are convenient to consider in cy-
lindrical coordinate system, the center of which coincides with the vertex
of paraboloid.

For subsequent calculations, the radial coordinates of the mirror points in
the earlier cylindrical coordinate system is used.

Compiling this data table will make it possible to considerably automate
the plotting procedure for the basic diagrams of interest. Knowing the pa-
raboloid equation in the cylindrical coordinate system, the angle between
the normal and Z-axis for each point may be determined. Later on, this data
table is used for determination of the displacement vector projection onto
the normal surface.

When plotting the axial displacement diagram, it is necessary to take into
account the rigid component determined from the displacements in the
joint-connection. For different boundary conditions, the rigid compo-
nent will be different The obtained displacements as UV is designated
(fig. 5, a). If the radial displacements in the cylindrical coordinate system is
built, then there is a rigid displacement component along the global Y-axis
(fig. 5, b).

It is necessary to take into account the earlier calculated displacements
of the mirror as a rigid body, calculating the radial displacements in the cy-
lindrical coordinate system connected with the center of parabolic mirror.
It is necessary to perform a Y-shift for the loads under consideration. In
subsequent research and temperature change, it is necessary to take into ac-
count the fact that the mirror rigid-body displacements will differ. The anal-
ysis is performed in the Cartesian coordinate system connected with the
paraboloid vertex. Then, having the earlier obtained table of the radial co-
ordinates for each joint, as well as the coordinates in the Cartesian system,
the radial displacements without the rigid component of motion may be de-
termined (fig. 6).

The need of calculations in the Cartesian coordinate system is deter-
mined by the fact that the rigid displacement component shall be deduct-
ed before the transformation of the displacement vectors into the cylindri-
cal coordinate system.
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Fig. 5. Axial displacements minus rigid component (a);
radial displacements (full) (b)
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Fig. 6. Radial displacements minus rigid component
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Upon compiling a table of radial and axial displacements in the cy-
lindrical coordinate system with the table of angles between the normal
and the axis of paraboloid being taken into account, the normal displace-
ments of the mirror surface, which set conditions for its distortion may
be determined.

3.2. Study of temperature variation influencing the mirror
surface distortion

Let us perform a parametric study and plot maximal displacements be-
ing normal to the mirror surface versus the applied temperature load. The
temperature step equal to 10 °C is assumed. It is necessary to trace the de-
formation behavior since not only the temperature loads are presented in
the model. Therefore, let us plot normal displacement diagrams for given
temperature values. The study of the calculation data shows that the defor-
mation behavior at a temperature of 40 °C is practically the same as that at
50 °C (fig.7), with the only difference that the observed displacements dif-
fer in value. Maximal displacements arise along the mirror perimeter and
they are positive, i. e. the mirror “curls up (contract)”.

The modeling has shown that at the temperature of plus 30 °C, the dis-
placements deviate from the axially symmetric shape as far as the tempera-
ture strain value reduces with the temperature approaching to plus 22 °C. In-
creasingly more relative influence is exerted by gravitation and wind pressure.
However, in bulk, their influence on the mirror deformation is insignificant,
and therefore the maximal normal displacement value keeps on reducing. In
the design temperature range, a value of plus 20 °C is the closest to the ini-
tial temperature of mechanical assembly. Thermal strains are practically ab-
sent, and the mirror distortion, caused by the other loads, is insignificant.
The displacement diagram differs significantly in its behavior from the pre-
vious diagrams and represents a transition to a cooled state. When the tem-
perature decreases from plus 10 °C, the behavior of the normal displace-
ment distributions becomes increasingly more axially symmetric In this case
normal displacements, maximal in modulus, will arise along the perime-
ter, however, they are negative. In the cooled state, the mirror tends “uncurl
(expand)”.

Fig. 8 illustrates a maximal mirror surface deflection (distortion) versus
temperature. To evaluate a degree of the mirror surface distortion, the mod-
ulus of normal displacements are used.

The practically piecewise-linear function is obtained with a point of in-
flection at a plus 22 °C. In this case, the coefficient of linear expansion of
material was supposed to be independent of temperature. To increase the
calculation accuracy, it is necessary to introduce this characteristic into the
calculation model, as a material property.
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Fig. 8. Maximal normal displacements (mm) versus temperature
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4. Conclusion

The mirror expands by 1.2—1.3 mm, being cooled to a temperature of
minus 40 °C, which leads to changing the amplitude-phase field distribu-
tion in the parabolic antenna aperture, and thereby to distortion of the an-
tenna pattern. The evaluation of this distortion is a subject of further study.
The ANSYS software makes it possible to perform quickly and accurately the
modeling of thermostressed states of a parabolic aluminium mirror. More-
over, the automated preparation of the model geometry for calculations and
the possibility of setting the composite material properties provide the con-
sideration of all peculiarities of the designed structure.
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BBepeHune

OaHuM U3 pyHIAMEHTaTbHBIX CPEACTB LU(PPOBOIl 00pabOTKY CUTHA-
JIOB SIBJISIETCSI OLIEHUBAHUE CIEKTPaIbHON MJIOTHOCTU MOUIHOCTHU, WU
MPOCTO CIEeKTPa MOIIHOCTU, TUCKPETHBIX 1€TEPMUHUPOBAHHBIX U CTOXa-
CTUYECKMX Tpolieccos [1, 2].

[Tpu olleHMBaHUU CTIEKTpa MOIIIHOCTU paccMaTprBaeMblii ITPOLIECC CUK-
TaeTCsl pe3yJIbTaTOM HAJIOKEHMS CTATUCTUYECKU HEKOPPETUPOBAHHbBIX rap-
MOHWYECKUX COCTaBJISIIOIIMNX, OLIEHKA pacrpeaeeHUsI MOITHOCTH MPOU3-
BOJMTCS CPeId 9TUX YACTOTHBIX cocTaBistomux. [Tpu aTom uccienytorcs
TOJIbKO JIMHEHHbIE MeXaHU3MbI, ONPEeIsIoNIMe X0 ITpoliecca, MOCKOb-
Ky (ha30Bbl€ COOTHOILIEHUS MEXIY YACTOTHBIMU COCTABJSIOIIMMU UCKITIO-
yawTtcs. Coaepxkalasicsi B ClieKTpe MOIIHOCTU MH(opMaIys 1o cylle-
CTBY COBIIaaeT ¢ MHMOpPMaLMEl, UMEIOIIEcsl B aBTOKOPPEISILIMOHHOMI
nocjienoBaTeIbHOCTU. OMHAKO HA MPAaKTUKE ISl TIOJYYEHUS B psie Cy-
yaeB MH(opMallM1, Kacalolleicsl OTKJIOHEHUI OT rayCCOBOCTU U Halu-
YUsl HEIMHEMHOCTH, OJTHOTO JIUIIb CIIEKTPa MOLIHOCTU OKa3bIBAeTCS yKe
HempocTaToyHo. [TonoOHy0 MH(OpMaLIMIO 1aI0T CIIEKTPHhI 00JIee BHICOKO-
ro mopsiika, Ha3bIBaeMble MOJMCIIEKTPaMU, OINpeessieMble 11 TaHHOTO
rpoliecca Mo ero cCeMUMHBaApUMaHTaM BbICOKMX MOPsIAKOB. K yacTHbIM ciy-
yasiM TaKUX CIIEKTPOB OTHOCSITCS CIIEKTP TPETHETO MOpsiiKa — OUCIIEKTP
U CIIEKTP YETBEPTOTO MOPSAKA — TPUCIIEKTP, KOTOPbIE OMPEIESIOTCS KaK
npeobpasoBanHust Oypbe IS MOCIEA0BATEILHOCTE CEMUMHBapHAHTOB
TPETHhEro U YETBEPTOTO MOPSAKOB CTAlMOHAPHOTO CIy4allHOTO Mpolec-
Ca COOTBETCTBEHHO [1].

IIpuMeHeHue OuCIIeKTpaabHOM 00pabOTKU B aganTUBHOM (PUIbTpa-
LIMK1 B JAHHOM cTaThbe OOYCIOBJIEHO MPEXIe BCEro TeM, YTO MOJIUCIEK-
Tpbl MOpsaKa, OOJbIIETO ABYX, TOXIECTBEHHO O0pallarTcs B HOJb
st rayccoBoro mpouecca [1]. Takum o6pa3om, IOSIBIISIETCS BO3MOX-
HOCTb YMEHBIIUTh BAUSHUE ANAUTUBHBIX TTOMEX B BUIE HEKOPPEJIU-
POBaAHHOIO IlIyMa B KaHaJlaX, He MOAMAI0IIMXCsl KOMIEHCAIlMU B aiar-
TUBHOU cucTeMe M SIBISIONIUXCI HECTAllMOHAPHBIMU TayCCOBBIMU
MpoLEeCcCaMU.

BnunaHue nomex B KaHanax aganTUBHOIo

KOMMneHcaTopa

O060011IeHHAsT CTPYKTYPHAST CXEMa afallTUBHOTO KOMIIEHCATOPA MPE-
craBjieHa Ha puc. 1. B KauecTBe BXOZHOTO CHTHAJIA BBICTYIAEeT CMECh CHUT-
Hasia §' M He KOPPEIUPOBAHHOM C HUM ITOMEXH /. DTAIOHHBIM CUTHAJIOM
SIBJISIETCSA TIOMeXa Mo, He KOppeaupoBaHHAs ¢ CUTHAJIOM, HO HEKOTO-
PHIM HEM3BECTHBIM 00Pa30M KOPPEIMPOBaHHas € MOMeX0ii 1. B pesynb-

TaTe (puIbTpaluK IoMexu Mo (popMUpyeTcs CUTHAN y, KOTOPbIA Mpu-
OJIM3UTENILHO MPEACTABIAET COOOM KOMUIO /1. DTOT CUTHAJ BBIYMTAETCSI
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U3 BXOJHOIO CUTHaia S + n 1Uisl TOro, 4To0bl C(hOPMUPOBATH BHIXOXHOM
curHan cucrem S + n,— y. Koy K MOXeT ObITh 3aMKHYT B ClIy4ae, €Cliu
3TO cUCTeMa ¢ OOpaTHOM CBSI3bIO, U PAa30MKHYT, €CJIM oOpaTHasl CBSI3b
OTCYTCTBYET.

AnanTUBHbBIE CUCTEMBI MOT'YT OBITh 0€3 00paTHOI CBSI3U U ¢ 00OpaTHOM
cBsa3b1o. IIpouecc aganTauuy 6e3 0OpaTHOM CBSI3M COCTOUT U3 U3MEpe-
HUI1 XapaKTEepUCTUK BXOJHOTO CUTHAJIa WJIM OKPYXalolleil cpelbl, BBe-
IeHUs 3TOoi MHOopMALIMK B (POPMYJTY MU BEIYUCIUTEIBLHBIA aJITOPUTM
U UCIIOJIb30BaHUS PE3YIbTaTOB ISl PETYJIUPOBAHUS afallTUBHOM CUCTE-
Mbl. [Ipu aganraumuy ¢ o6paTHOM CBI3bI0, KPOME TOTO, aBTOMATUUIECKU
BHOCSITCSI KOPPEKILMH, C LeJbI0 ONTUMU3ALUU TTapaMeTpoB (PYHKIIMO-
HUPOBAHUSI CUCTEMbI OIpPeIeIIeTCs UX BIUSHNE Ha BBIXOTHOM CHTHAJ.
DTOT mpoliecc MOXKHO Ha3BaTh afanTtaiueit ¢ yHKIMOHAIbHOM 0OpaTHOM
CBA3BIO [5].

B naHHOI1 cTaThe paccMaTpuBaeTCs afanTUBHAsI cucTeMa 6e3 00paTHOM
cBs13u. B xauecTBe mpuMepa TaKoil CUCTEMbI B YACTOTHOI 00J1aCTH MOXKET
BBICTYTIATh AN TUBHBIN KOMIIEHCATOP C CUHTE30M ONTUMAJIbHOTO KO3(-
dureHTa rnepegayr aganTUBHOTO (GUIIBTPA MO KPUTEPUIO HAMMEHBIINX
cpennux kBagpaToB (LMS) [6], KOTOpPBIi SIBASIETCST CaMbIM pacIpocTpa-
HEHHBIM KPUTEPUEM JIUIS aJalITUBHBIX CUCTEM:

Sy ()

Kopt (m):m’

X

(1

rae S (w) — B3auMHas CIEKTPalbHas MIOTHOCTb MOLIHOCTH BXOJ-
HOTO M 3TaJOHHOTO CUTHAJIOB aJanTUBHON CUCTEMBI; S (W) — CreK-
TpaJbHas TIOTHOCTH MOIIHOCTHM 3TAJOHHOTO CHUTHAala aJalTUBHOM
CHCTEMBL.

Kak 6bI10 cKa3aHO BBIIIE, U YCIIEITHOTO TIPUMEHEHUS aJallTUBHON
KOMITEHCAIlUX HEOOXOIMMO, YTOOBI TToMeXa, TTofiaBaeMasi B OITOPHBIN Ka-
HaJl B KAYECTBE TAJIOHHOTO CUTHAJIA, OblIa HEKOTOPBIM 00pa3oM Koppe-
JIMPOBaHa ¢ MTOMEXO0M, KOTOpast B CMECH C TMOJIE3HBIM CUTHAJIOM TOCTYTIa-
eT Ha BxoJ (pmiibTpa. TeM He MeHee B peajbHbIX CUCTEMAX 3a49aCTyI0 UMEET
MECTO OBbITh aIAUTUBHBIN ITUPOKOMOJOCHBIN TayCCOBCKUIA IIIyM B KaHa-
J1ax agarTUBHOTO KoMITeHcaTopa. [1pu 3ToM yciioBre KOppeTnpoOBaHHO-
CTH 3THUX IIIyMOB B KaHaJIaX He BBITIOJTHSIETCS.

Ha puc. 1 moka3ana cxema BO3AE€CTBIS aJINTUBHBIX TAYCCOBCKUX Iy~
MOB Ha alaNTUBHbII KOMIIEHcaTop. M3-3a TOro, YTO IIyMbI /2,1 11,B KaHa-
JTaX SIBJISTIOTCST HEKOPPETMPOBAHHBIMI, OHI 3HAYNTENTHHO CHIXKAIOT 3(PheK-
TUBHOCTb (DMJILTPALIMM, TaK KAK IIYM /1, IPAKTUYECKH OECTIPENATCTBEHHO
NPOHMKAET Ha BBIXO/ aIANITUBHO CUCTEMBI, a IYM 7, TIPU 3TOM CHUIKAET
93¢ HEKTUBHOCTD aJITOPUTMA aJaTITALIVH.
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Bxopgnoit
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CHTHAJ [ y !
~ |
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! I
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! I
! I

AnanTuBHas cucreMa

Puc. 1. ATanTuBHBII KOMIIEHCATOP ITOJI BO3IECTBUEM IIIYMOB B KaHaIax
Fig. 1. Adaptive compensator which is affected by the noise in the channels

Ilens Hameit padoOThl COCTOUT B pa3pabOTKe agaliTUBHOTO KOMIIEH-
caropa B OMYacTOTHOM (OMCIeKTpalbHOI) 00J1aCTU, KOTOPBIM SIBJISIETCS
YCTOMYMBBIM K HEKOPPEIMPOBAHHBIM TrayCCOBBIM ITOMEXaM 3a CUeT IpH-
MEHEeHUsl OMCTIEKTPOB.

ApanTuBHas KOMNeHcauua B bucnekTpasibHO o6nactu

Kak OblJ10 OTMEUEHO BbIIIE, OMHUM M3 OCHOBHBIX CBOMCTB OMCIIEKTpa
SIBJIIETCSI TO, YTO OH TOXIECTBEHHO oOpalllaeTcsl B HYJIb JJIs1 CTallMOHAp-
HOTO IayCCOBCKOTO Mpolecca C HYJIeBbIM CPeIHUM 3HaueHueM. U3 aToro
CJIe/IyeT, UTO afanTUBHAS cucTeMa, GPyHKIMOHUPYIOLIAsi B OMCIeKTpasb-
HOI1 00J1aCTH, CIOCOOHA PELIUTh pACCMaTPUBAEMYIO MMPOOJIEMY C IIyMaMU
B KaHasax. [Ipu aToM ciietyeT yuecTb, UTO rayccoBa momexa oopaniaercs
B HOJIb JIUILIb IPU OECKOHEUHO OO0JIbIIIOM KOJUYECTBE YCPEAHEHU I OUCTIeK-
TPOB U B peajibHOM cucTemMe OyAeT CTOSTh 3ajaua moadopa onTUMaibHO-
ro yucia ycpeaHeHui [1].

Cxema amanTUBHOTO KOMIIEHCATOpa B OMCIIEKTpaIbHOM 00/1aCTH aHAJIO-
IMYHa CXeMe aJarTHBHOIO KOMITIEHCaTopa B YaCTOTHOM 001aCTH C TEM OTJIH -
YreM, YTO BMECTO MTPOLIeTyphl OLIEHKH CIEKTPaIbHOU MJIOTHOCTHA BXOJHOTO
1 TATOHHOTO CUTHaJa UCIMOJb3yeTCs MPOoLEeaAypa OLIeHKU OUCIeKTpalb-
Holt oTHOCTH [ 3]. COOTBETCTBEHHO, BMECTO MPOLIEAYPhl 00paTHOIO IIpe-
00pa3oBaHus CUTHAIA U3 YaCTOTHOI 00J1aCTH BO BpEMEHHYIO ITPOU3BOIUT-
Cs1 BOCCTAaHOBJICHME CUTHAJIa 110 oucrekTpy [1].

B cxeme Ha puc. 2 GUCIEeKTPbl BXOTHOTO 1 3TaJJOHHOTO CUTHAJIOB Ha BXO-
Jle alafTUBHOW CUCTEMbI MOXHO MPENCTaBUThb B BUJIE:

S, (0,0,)=35,(0,,0,)+5,(0,,0,), ()

Sx(mlacoz):Sd(mlamz)H(w1)H(m2)H*(c‘)1 +(’32)9 (3)
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e S, (0,,0,) u S, (o,,®,) — GUCHeKTPbI 10/IE3HOrO CHIHaIA 1 [TOMe-
XU COOTBETCTBEHHO; H(w) — K0o3(h@UIIMEHT Mepeaayn KaHaja, ncKaxa-
IOILIETO TIOMEXY.

Bxoguoit M
(6210 1 |
: g | | Boccranosnenue €
S+ o Bucnexrpansroe [ =/\ | CHUI'Haja 1o
npeobpa3oBaHue : : OUCHEKTpy
| | o
. | y I BerxongHoit
DTaJIOHHBII | /‘ I CHrHA
| |
CHTHAJ | g |
| |
g Bucnexrpansroe | | OF K((,)) K
npeoOpa3oBaHue | :
|
| |
| |
ny | |
| |
| |
|

AJlanITUBHAS CHCTEMA

Puc. 2. AnanTuBHBII KOMIIEHCATOP B OMCITEKTpaIbHOI 001aCTH
Fig. 2. Adaptive compensator using bispectrum

B nanHoi1 paboTe ObIJT MPUMEHEH MPSIMON METOI OLICHKU OMCITeKTpaTb-
HOI TIJIOTHOCTH, TIOCKOJIBKY OH OTJIMYAETCSI OT KOCBEHHOTO 00Jjiee BHICO-
KMM ObICcTpoaeiicTBUEM 3a cueT npuMeHeHus bITD [3].

3Hast, 4TO OUCIEKTp — B3TO ABYMepHOoe mpeobpasoBaHue Dypbe
TAK® niu MOMeHTHOM (PYHKIMU TPEThEero MopsiaKa, IJis BOCIIPOU3Be-
JIeHWsT OUCIIEKTpa ITOMeXU Ha BBIXOIEe (PUIIbTpa BEIOEpEM KPUTEPUIl MU-
HUMM3ALMKU aOCOMIOTHON OIIMOKM TpeThel crerneHu. s ompenene-
HUS JAHHOTO KPUTEPUSI HEOOXOAMMO TTOJTYYUTh CMeIlIaHHbIE MOMEHTHEIE
(YHKIIMY BXOJTHOI'O U 3TAJIOHHOTO CUTHAJIOB (4)—(5), BBIBOJ KOTOPBIX OIK-
caH B [4].

M3 (1,7)) = [ W) M; (x,7, - D)d. )
B(1,,1,) = j j w(u)w(O)MZ (x, +u—v,t, +u)dudv, (5
rae W(...) umnynbcHas xapaktepuctuka, M (..., ...) — MoMeHTHas yHK-

LIYSI 3TaJIOHHOTO CUTHaIa.
Janee mpoBoauTCs ABOMHOE TIpeoopazoBaHue Pypbe NTaHHBIX (HYyHK-
uwii (6) u (7) [4].
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S (@1,0,) =4[ [ M3 (x,,7,)e " drdr, =4 [ w(r)x

[ [ Mi(z, 5, e olddrde=" 1 |=4] w(r)x

S0 LHL=0H-7
% J' MSX(ZI 2 )e—i(wm+wzzz+mzr)dzldz2d1 = 4'[ W(‘E) X (6)
% J' I M;(Zl 2, )e—i(mlzlﬂuzzz)dzldzze—imzrdT _ Sx(wl ,0)2) %

x j w(t)e ™ dr=S (0,,0,)k(io,).

—00

S (01,0,) =4 [ [ M (x,,,)e ) dr e, = 4 [ | w(uyw(v) x

—00 —00 —00 —00

=T, +U-V

X

00 00
J J M (t, +u—v,1, +u)e 2 dr dv,dudv =

L=T,+U

07 w(u)w(v) (M X(z,,z,)e e gy dr dudv =
[ ] 0

3] Tl ] | Mz s dese o o -

—00 —00 —00 —00

=S (0,0,) [ [ wuyw(o)e e dudy = S (0),0,) %

x[ [ [ waye s w(v)e ™ dudv = S, (o, 0,)k(io k(=i +,)).

3 Beipaxkenuii (6) u (7) MOXHO MOJYINTH ONITUMAJTBHYIO TIepeIaTou-
HyI0 (DYHKIIMIO adallTUBHOTO (hUIbTpa B OMCIIEKTpaibHOM objacTu [4]:

Sy (0,0,)S,, (0,0,)
S (0,0,)S (0,,0,)

K, (0,0,)=k(io)k(io,)k(-i(o, +©,))= ®)

Takum 00pa3oM, UCTIONb3YSI KPUTEPUIT MUHUMU3ALUU MOIYJIST OLINO-
K1 TpeTbheil cTerneHu (8), MOXHO BOCIIPOM3BECTU OUCIIEKTP IIOMEXU
Ha BbIXole (bMIbTPa, U3 Uero caeAayeT ee KOMIIeHcallus B afalnTUBHOMN
CHCTEMe.
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KomanOTepHoe MogenupoBaHue

Js co3maHus MOJe Iy ObIJT UCITOIb30BaH IakeT Simulink, KOTOpPBIit SIB-
nsietcs noacucremoit (pacimupenueM) MATLAB, npenHazHaueHHOM IS
O6710uHOTO MOjenupoBaHus. PazpaboTaHHasi cxema MpeAcTaBJisieT co0oi
CHCTEMY amalTUBHOI KOMITEHCAIIUM TTIOMEX ¢ MICTOYHUKAMM IITyMa, TIpo-
CTOl CUCTEMOI Mepeaayy U mpueMa uHhopMalii Ha OCHOBE aMILIUTY/I-
HOM MaHUITYJISIIIUM, TTapaMeTPbl KOTOPBIX MOXHO U3MEHSTh B IITUPOKUX
npenenax. Takxke Mojesb BKJIOUaeT CpeAcTBa HaOMI0eHUsI 32 BbIXOIHbI-
MM TlapaMeTpaMM, KOTOPbI€ TTO3BOJISIOT OLIEHMBATD MPaBUIBHOCTD pabo-
ThI CUCTEMBI U €€ 3(PPEKTUBHOCTbD.

Kaxk yxxe roBopuiioch Boiliie, 11t 2 (HEeKTUBHONM KOMIIEHCALIMU rayCcCco-
BOI TOMEXU HEOOXOAUMO MPOU3BOAUTH HANOOJIbIlIEe BOZMOXHOE KOJUYe-
CTBO yCpenHeHU OucrekTpa. B moiyyeHHOM MoaeIu OMCIIEKTP YCPEaHSI -
eTcsl Moce0BaTeIbHO C KOMITeH callMel TaKuM 00pa3oM, UTO BEIUMTaHUE
OucIiekTpa MoMexXy U3 OMCIIeKTpa BXOIHOTO CUTHAJIa TIPOU3BOAMTCS yKe
MocJie yCpeaHeHUsI.

s cpaBHEHMS pe3yJIbTaTOB MOAEIMPOBAHMS C aHAJOTUIHOM CHCTe-
MoOIi 6e3 OMCIIEKTpaJIbHOI 00paboTKU ObLIa pa3paboTaHa MOJE/b agar-
TUBHOTO KOMITIEHCATOpa B YACTOTHOM 00J1acTH, KOTOpask (yHKIIMOHUPY-
et 1o kputepuio (1).

Taxoke ObLIO IIPOBEAEHO MOJIEIMPOBAHKE paObOThl 000MX TUIIOB (DUJIb-
TPOB 0€3 BIMSIHUSI HEKOPPEJIMPOBAHHBIX TayCCOBBIX IIYMOB B KaHaaaX KOM-
reHcaTopa, KOTopoe nokasajio 3((heKTUBHOCTb 3TUX CUCTEM. DTaJIOHHBII
CUTHAJI TIPU 3TOM MPEACTaBJSI COOOM 1IyM C paclpenegeHueM Pajes,
HEKOTOPHIM 00pa30M KOPPETMPOBAHHBIN C IITYMOM BO BXOIHOM CHUTHAJIE.
JlaHHOE yCJIOBUE COXPAaHWIOCH U B MOC/IEAYIOIIEM SKCIIEPUMEHTE ¢ 100aB-
JIEHHEM TayCccoBa IifyMa B KaHaJIbl afallTUBHOTO KOMITEHcaTopa.

J1s1 aHaIM3a MoJTyYMBIIETOCS aAaN TUBHOTO KOMIIEHCAaTOpa ObLIO pellie-
HO IToJaBaTh Ha BXO/I IT0C/IeIoBaTeIbHOCTh 13 900 CUMBOJIOB 11 CpaBHUBATh
¢ MocJIeA0BaTeIbHOCTBIO, MOJydeHHOI Ha Bbixone. [TyTeM cpaBHEHUST 9TUX
MOC/IeI0BATEIbHOCTE MPOM3BOIUTCS BEIUUCICHNE BEPOSITHOCTH OLITUOKH.

TouyHOCTh onpeneaeHusI BEPOSITHOCTH OLIMOKHU ompenessieTcs mo op-
MyJe:

1
Ap=——, )

IN

rae N — oOlee Yucio OUT, o KOTOPOMY IMPOM3BOIUTCS olieHKa. M3 (9)
caenyet, uro nipu 900 peannzaiusix Oyaet nocturatbesi To4HOCTh 1/30.
Omnpoenenenue OCIII onbIChIBaeTCSI BhIpaXKeHUEM:

A
SNR =20 log,, 2=,
A

(10)
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rie A — cpelHeKBaIPaTUIECKOE 3HAUYEHUE aMILIUTY/Ibl CUTHaIA, A — Cpell-
HEKBaIpaTUYECKOE 3HAYEHNE aMILTATYIbI IITyMa.

B tabnuue 1 npencrtaBiaeHbl pe3ybTaThl MoaeaupoBaHus. OLieHNBa-
€TCST BEPOSITHOCTD OIIMOKM TTPH PAa3JIMYHBIX COOTHOIIEHUSIX CUTHAJ/IITyM
Ha BXOJI€ CUCTEMBI.

Tabauya 1

3aBucumocts BepostHocTd ommOku ot OCIII 119 koMneHcaTopa
C MpUMeHeHneM OMCIEKTPOB

Table 1
Dependence of the error rate on the SNR for the compensator using bispectra

OClI
B KaHaymax, | —19 |—18,1|-16,6 | —-15,1|—13,9 | —12 |—10,7 | =9,1 |-7
nb

POLI 0,467 | 0,267 | 0,233 | 0,2 | 0,133 | 0,067 | 0,033 | 0,033 | O

Ha puc. 3 noctpoeHa 3aBucnuMocThb BeposiTHOCTH o1moku ot OCII B ka-
HaJlax IJIsl aJanTUBHOTO KOMIIeHcaTopa ¢ OMCIIeKTpaJbHO 00pabOTKOIA.
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Puc. 3. 3aBucumocts BepostHocTH ommboku ot OCII B kaHamax mist
aJIalTUBHOTO KOMIIEHCATOPA C UCITIOJb30BaHUEM OUCTIEKTPOB

Fig. 3. Dependence of the error rate on the SNR for the compensator using
bispectra

[IpoBenem MopeaupoBaHuUe IS AHAJIOTUYHON CHCTeMBI O€3 IIprMe-
HeHUs OMCIEKTpaIbHOI 00padOTKM, OMMCAHHOU B MPEABbIIYIIIEM ITYHKTE.
B Tabnuie 2 mpuBeneHbl pe3yabTaThl TAKOTO MOJISTNPOBAHUS.
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Tabauya 2

3aBucumocthb BepoaTHocTH oumOku ot OCIII s koMnencaropa 6e3
NpUMeHeHHs OMCIIEKTPOB

Table 2
Dependence of the error rate on the SNR
for the compensator without using bispectra
OoCIlI
BKaHamax, | —3,9 | =2,6 | -1,3| 0,2 |19| 34 5,2 7 8,2
nb
po 0,333 | 0,233 | 0,167 | 0,133 | 0,1 | 0,067 | 0,033 | 0,033 | 0

Ha puc. 4 nocTpoeHa 3aBUCUMOCTb BeposITHOCTU omnOku oT OCII
B KaHaJIaX KOMIIeHcaTopa 0e3 IIpuMeHeHUST OMCIIEKTpaIbHOM 00pabOTKH.
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Puc. 4. 3aBucumocTts BepositHocTu o1noku ot OCIII
B KaHaJIax ISl alanTUBHOTO KOMIIEHCATOpa B YaCTOTHOM 00J1acTh
0e3 UCIOJIb30BaHUsI OUCIIEKTPOB
Fig. 4. Dependence of the error rate on the SNR
for the compensator without using bispectra

W3 mojy4eHHBIX Pe3yJIbTaATOB MOXKHO CIEJaTh BbIBO/, UTO 002 KOMIIEH-
caTopa CIIpaBIISTIOTCS ¢ 3amaveii BeIIeISHWS CUTHAJIA Ha (hoHE TTOMEXH TIPU
YCJIOBUHU, YTO TIOMEXM BO BXOJHOM U 3TAJIOHHOM KaHaJlax KoppeaupoBa-
HBI MeXIy co060it. OmHaKO MpH TOSBICHUN HEKOPPEINPOBAHHBIX AT~
TUBHBIX TayCCOBCKUX MOMEX B KaHaIaX UCIOJb30BaHNEe OMCIIEKTPOB JaeT
3HAYUTEIBHOE TIPEUMYIIECTBO.
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BbiBOObI

B naHHoi1 cTaThe Obl1a pacCMOTpeHa afanTUBHAs (PUIbTPALIsI CUTHAJIOB
B YaCTOTHOI 00JlacTU U OucHeTpaibHas oopadorka. PaspaboraHa Moaesb
afanTUBHOTO KOMIIEHCATOpa ¢ UCIOJIb30BaHUEM OMCIIeKTpaibHOI 0Opa-
0otku B cpeae Simulink. Takske ObLT cMOIEIMPOBAH afanTUBHbIN KOMITEH-
caTop B YaCTOTHOM 00J1acTU 0e3 MCIOoJIb30BaHUSI OUCTIEKTPOB. bblio mpo-
BeIEHO MOIEIMPOBAHKE C 1IEJIbIO BBISBICHMS 3aBUCUMOCTEN BEPOSITHOCTH
MOSIBJIEHUSI OLIIMOOYHOTO OUTA HA BHIXOIE CUCTEMBI OT BEJIMUMHBI LITYMOBO-
TO BO3ICICTBUS B KaHajJaX KoMrieHcaropa. TakxkKe MpoBeneH CPaBHUTEIb-
HbII aHAJIM3 aIalTUBHOTO KOMITIEHCATOpa B OMCIEKTPaIbHOM U CIIeKTpallb-
HOIT 00JTaCTSIX TTPY HEKOPPEJTMPOBAHHOM IITYMOBOM BO3IEMCTBUH B KaHaIaX.
AHaJ13 NoJly4eHHBIX PE3YJIbTATOB MO3BOJISIET CAEATh CIEAYIOLINE BbIBOIBI:

1. AmanTuBHBINA KOMIIEHCATOP C UCIIOJb30BaHMEM OMCHEKTPaIbHOMI
00paboTku 3((HEKTUBEH TMPU BbIICJICHUN MPSIMOYTOJbHOTO UMITYJIbca
Ha ¢oHe IIyMa ¢ pacrpeneieHueM Pajes. AqanTUBHBIA KOMIIEHCATOPD
B YaCTOTHOI 00JIaCTH TaKXKe CIIPaBJIsIeTCsl ¢ 9TOH 3agayeii. TeM He MeHee
MIPY MCTIOIB30BAHUM APYTUX TUTTOB CUTHAJIOB BaXKHO YUYUTBIBATH, UYTO IS
KOMITeHcaTopa ¢ bucnekrpairbHoit 06paboTkoii TAK® curHana momkHa
OBITh OTJIMYHOI OT HYJIS.

2. [Tpu HaMMUMK B KaHaJIaX KOMIIEHCaTOpa HEKOPPEJIUPOBAHHOTO rayc-
COBCKOTO IIIyMa CUCTeMa C MCIO0JIb30BaHKEM OMCIEKTpaIbHOI 00pabOTKU
MOKa3bIBaeT JyUllIe pe3yIbTaThl 10 CPaBHEHUIO C OOBIYHBIM KOMITEHCA-
TOPOM B CIIeKTpaJibHOM 00yiacTu. Beiurpeiin coctaBui ropsiaka 14 nb. Ta-
KOl pe3yJibTaT odecreynBaeTcs 3a CYET CBOMCTBA MUHMMM3AIIU I'ayCCOB-
CKMX IIPOLIECCOB IIpU OMCIIEKTpaIbHOI 00pabOTKeE.

3. [1pu ucrnonb3oBaHUU OUCTIEKTPATbHON 00PaOOTKU HEOOXOIUMO YUK -
TBIBaTh, YTO, B OTIMYME OT CIIEKTPATbHOI 00pabOTKY, OMHUM U3 TOCTO-
WHCTB KOTOPO SIBJISIETCSI HU3KAasl TOTPEOHOCTh B BHIYMCIUTEIbHBIX PECYpP-
cax [6], ucrroib30BaHKe OMCIIEKTPOB TPEOYET OOJIBIIOrO YK CIa yCPETHEHUIA,
MpUYeM CTelleHb MUHUMU3ALMU FayCCOBCKOTO IlIyMa, Kak v 3(P(heKTUBHO-
CTY KOMIIEHCAIIMH, HATIPSIMYIO 3aBUCUT OT MX KoudecTBa. [1oaTomy mpu
MPOEKTUPOBAHMUM TaKUX CUCTEM MPUAETCS HAXOAUTh ONTUMATIbHbIN Oa-
JIAaHC MEXIY CTETIEHbBIO MTOAABICHUS TTOMEX, TO €CTh BEPOSITHOCTBIO OIITNO-
KM TIpueMa OuTa, U CKOPOCTHIO 00paboTKM MH(POPMAIIMOHHOM ITOCIIeI0-
BaTeJIbHOCTH.
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AHHOTauus. B pabote pemranach 3amaya ncciiefoBaHus 3(pHOeKTUBHOCTH airo-
PUTMOB CJIETIOTO pa3/ieieHusI CUTHATIOB Ha (pOHE IIYyMOB: ObLIa N3y4eHa UyBCTBUTEIb-
HOCTb anroput™MoB XKyTreHa — Dpo 1 MUHUMHU3ALUK B3aUMHOW WHGOPMALINK K U3-
MEHEHWIO UX TapaMeTpoB. B pe3ynbTare ObLTN BBISIBIEHBI JOCTOMHCTBA Y HEJOCTATKU
TPENCTaBIEHHBIX aJITOPUTMOB.

Kntouesble cnoa. Crenoe pasaeieHUe CUTHAIOB, alroput™M KytreHa — Dpo,
MUHUMMU3ALMs B3auMHOM MH(opMaluu, ciernas oopadotka, OFDM-curnan, mepbl
Kynp6aka — Jleiibaepa.

Algorithms of Blind Separation of Signals Based
on the Recurrent Neural Network

Kirill S. Belkov

Ural Federal University

named after the first President of Russia B. N. Yeltsin,
Ekaterinburg, Russia

belkov.k.s.8@yandex.ru

Abstract. This paper focuses on the study of the efficiency of the separation of blind
signal affected by noise. The purpose of this article is to explore the sensitivity of algo-
rithms Jutten-Herault and the minimization of mutual information when the algorithm
parameters are changed. Simulink software which allows building and simulating dynam-
ic model algorithms has been used to examine the sensitivity of algorithms. The research
revealed that algorithm Jutten-Herault shows the most stable work. It shows the shortage
of sensitivity to change settings, but at the same time the algorithm based on minimization
of the mutual information is efficient. The main advantage of studied algorithms is in not
complicated computational processes in comparison with their equivalents.

Keywords. Blind signal separation, Jutten-Herault algorithm, minimization of mu-
tual information, blind processing, OFDM -signal, Kullback-Leibler measures.
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BBepeHue

B Hacrosiiee Bpems JUIsl aHaIM3a U 00pabOTKKU CUTHAJIOB TPUMEHSIIOT
pa3IMuHbIe CTaTUCTUYECKHE MeTOAbl. OTHAKO HEOCTATKOM KJIaCCUYECKUX
METOI0B ONTUMAaJIbHOI 00pabOTKM CUTHAJIOB SIBJISIETCS 00s13aTeIbHOE 3HA-
HUe€ ITapaMeTpoB U (WIK) paclipeaeeHuil CUrHajioB U moMex. s mpeo-
TTOJIEHUST alIPUOPHOUN HEOTPEIeIEHHOCTU BCE Yallle UCTIONb3YIOTCS CIIeTIbIe
METO/IbI pa3aeeHus (BblAeAeHUs) curHaioB. Hanboiee mpocThIMu B pea-
JIN3alMM aJITOPUTMaMU SIBJISIIOTCSI QJITOPUTM CJIETIOTO pa3feeHUs] CUTHA-
na XKyTreHHa — Dpo U aITOPUTM CJICIIOTO pa3iesieHUs] CUTrHajla Ha OCHO-
Be MMHUMM3aIlMM B3aMMHOI MH(MOpMAaLIUN.

Pe3ynbTarhl HEKOTOPBIX UCCAEAOBAHUIA JAHHBIX AJITOPUTMOB TAKXKe
MOHO HaliTH B cTaThsix MaHoxuHa A. E. [1, 2]

s vcciienoBaHus mapaMeTpoB yKa3aHHbBIX AJITOPUTMOB ObLT UCTTOJb-
30BaH OFDM-curnan ¢ asyms noaHecymiumu. OFDM-curHan (aHri.
Orthogonal frequency-division multiplexing — MyJIbTUILJIEKCUPOBAHUE
C OPTOTOHAJbHBIM YAaCTOTHBIM Pa3feieHUeM KaHaloB) MO3BOJISIET ObICT-
po 1 3bdhEeKTUBHO MepeaaBaTh JaHHbIE 1aXKe B KaHajaaX ¢ MHOTOJIy4Y€BbIM
pacnpocTpaHeHueM curHania. [lepenaya Beaercst OMTHOBPEMEHHO Ha 00JIb-
11IOM KOJIMYECTBE Hecylux yacToT (puc. 1). Kaxaas nogHecymas Moayiu-
pyeTcsi 1o 0ObIYHOM cXeMe MOIYISILIMY (HAaIlpUMep, KBaapaTypHast aMILIv-
TyJaHAast MOJYJISIIMS) HA HU3KOW CUMBOJIbHOIM CKOPOCTH, COXPaHsisl OOLILYIO0
CKOPOCTb TMepeaadr JaHHbIX, KaK U 'y OOBIYHBIX CXEM MOMAYJISILIMU OJHOM
HecylIlel B Toii xke 1moJjoce nponyckanus. Ha npaktuke curHaist OFDM
MOJIy4aloTCs MyTeM UCIOIb30BaHUS MPOLEAYPHI OBICTPOro npeodpa3oBa-
Hus @ypee (BI1D).

MuomecTBe mogEECYINHE

Puc. 1. Cniektp OFDM-curnana
Fig. 1. OFDM signal spectrum

MocTaHoBKa 3apgaum

BBonutcs mpeanosioxeHue, 4To pasaesisieMblie Tipouecchl S1...57n —
He3aBHUCHMbIE. B KauecTBe ycTpoiicTBa pasaesieHUs] MCIIOJIb3YETCs Heii-
POHHas CeTh C 0OPAaTHBIMHU CBI3SIMHU (pUC. 2).
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Puc. 2. HeitpoHnHas ceTb 111 pa3nejieHUsI CUTHAJIOB
Fig. 2. Neural network of signal separation

Anroput™ KyTTteHa — Dpo peai30BaH C MOMOUIbIO PEKYPPEHTHOTO
ypaBHeHUs [2]:

W (t+1) =W (1) +u() A= £(d(1))g" (d(1))] (1)

rme A — muaroHaJdbHas MaTpHIlA ¢ 3JIEMEHTaMM, OOBIYHO PaBHBIMU €1~
nuue; f(d) u g(d) — HeyeTHbIE PYHKIMY AKTUBALIMY (HATIPUMED, MOX-
HO HUCIIOJIb30BaTh HeYeTHbIe (yHKLMHY tanh( d Y1 d’ ).

JHnaroHanbHbie KO3()OUIMEHTH HEUPOHHOW CETH W, 00ECTIEYNBAIOT
CaMOHOPMAJIN3AINIO JUCTIEPCUIA BEIXOTHBIX CUTHAJIOB, YTO YIIydIIaeT Xa-
PaKTepUCTUKH CETH, MaXkKe eCJIM CMEITMBaloIIasi MaTpulia SIBJISIeTCS TI10-
X0 o0ycJioBjieHHoOI [1, 2].

7151 cuHTe3a anropruT™Ma Ha OCHOBE MUHUMU3AIIMY B3aUMHOM MHMOP-
MaIliy B KaueCcTBe KpUTEpUs pa3aeiaeHus [4—6] mpenaraeTcst UCIOIb30-
BaTbh Mepy Kynbbaka — JleiibOmepa:

K(flg)=[/f(s)log % ds, )

rae f(s) 1 g () — PYyHKIMUU TUIOTHOCTU BEPOSITHOCTH.

DTa Mepa IoKa3bIBaeT OJIM30CTh ABYX pacipeneieHuil. Eciu pacopene-
JIEHUSI TOJIHOCTBIO COBManaoT, To Mepa Kynbbaka — Jleiibnepa npuHuMaeT
HyJIeBO€ 3HaU€HUeE MPU YCJIOBUHU, UYTO MHTerpa (2) cyiiectByer. YacTHBIMU
clIydasiMy 3TO Mepbl SIBJISIIOTCSI KPUTEPUU MaKCUMAJIbHOTO MPaBAOTO10-
Ousl, MUHMMYMa SHTPOIMHU (MJIM MAaKCUMyMa OTPUILIATEIbHON SHTPOITUH).

Heob6xonumo oTMETUTh, UTO 3T KPUTEPUHU HE MO3BOJISIOT 3(DEeKTUB-
HO pa3IesiaTh rayCcCOBBI TIpoliecchl. B camom nene, mycTh ABa pasaesie-
MbIX HE3aBMCUMBIX TTpolLiecca SIBJISIIOTCS IUPOKOIMOJOCHBIMU T'ayCCOBbI-
MU M UMEIOT pacnpeseeHus g, (s,) u g, (s,). Toraa coBMecTHas INIOTHOCTh

N HEMPOHHOW CEeTU
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BEPOATHOCTH IayCCOBBIX MTPOLIECCOB (s, 5,) OYAET paBHA MPOU3BENCHUIO
UX TJIOTHOCTE BEPOSITHOCTEM 1 JIETKO MOXET OBITh (DakTOpr30oBaHa. Mepa
Kynw6aka — Jleitbnepa OyneT onpenessiTbes JJorapuMUIecKoi (PYHKIIM -
el OT OTHOIIEHMUS ONPEICTUTEICH KOPPEISLIMOHHBIX MAaTPULL BEIXOTHBIX
CUTHAJIOB U BTAJIOHHBIX CUTHAJIOB, KOTOPBIE SIBJISIIOTCSI HE3aBUCUMbBIMU
MHOTOMEPHBIMU FayCCOBBIMHU TTPOIIECCAMMU, & PABHO OTHOIIEHUSIMU WX V-
cnepcuii. Takas (yHKIIMS HEAOCTATOUHO BBIMTYKJIa MJIM BOOOIIE HE UMe-
€T BKCTpEeMyMa, TTI03TOMY 3aTPyIHUTEILHO, a TIOPOl HEBO3MOXKHO HAUTH
pasnensionyo Matpuuy [1, 2].

OmHAKO eCITM Cpeu IBYX pa3aesisieMbIX IIPOLIECCOB OAWH rayccos, a py-
roli HerayccoB, TO pasle/ieHHe BO3MOXHO. AHAJIOTMYHO MOXHO YyTBEp-
KIATh U B CITy4ae CMECHU CIIyJailHBIX IIPOLIECCOB, CPEeAN KOTOPBIX TOJBKO
OJIMH UMEET rayCCoBO pacnpenecHue.

BzaumHas nHboOpManysg BLIXOJOB HEMPOHHOM CETH MOXKET OBbITh BbI-
paxeHa:

m

1(y)=-H(y)+ X H(%) (3)

i=1

rae H(y) — SHTPONMHU OLIEHUBAEMBIX MOCJIE PA3IENEHUS CUTHATIOB C BbI-
XOIIOB ;

H (y) — B3auMHasi 3HTPOIHS MPOLIECCOB Ha BBIXOAAX HEMPOHHOM ceTu;

M — YUCJIO BBIXOJI0OB HEUPOHHOM CeTH (KOJIMYECTBO pa3aessieMbIX TPO-
LIECCOB).

BuumarenbHo aHanu3upys (3) U yUUTHIBasI CYTh CJIEIIOTO pas3ae/IeHUs
CUTHAJIOB, MOXXHO 3aMETUTh, UTO MPU MOJHOM UX pas3iesieHUM Ha COOT-
BETCTBYIOIIUX BBIXOHAAX HEMPOHHON CeTU OYyIyT MPUCYTCTBOBAThH TOJb-
KO TIPOLIECChl ¢ UCKOMBIMU paclpeiesieHUsIMU, a B3auMHasi MH(popMa-
1IMs TI0 BCEM BbIXOJaM OY/IeT paBHA HYJIIO, U COOTBETCTBEHHO, CyMMa UX
SHTPONUI OyIeT MUHUMAaIbHA, UTO SKBUBAJICHTHO MUHUMU3ALUUU (DYHK-
IIMOHAJA:

J <=3 Eflogo, (1), )

i=1

e O (y,) — GYHKUMY ITIOTHOCTH BEPOATHOCTH Pa3/IEeNIeMbIX MPOLIECCOB;
FE — onepaTop ycpeaHeHusl.
3anuiieM CUrHajibl BBIXOJIOB PEKYPPEHTHOM HEMPOHHOM ceTH (puc. 2)
B BEKTOPHO-MAaTPUYHOU (hopMe CIIeyIoIuM 00pa3oM:

(9 =3() =3I, 3(5- ). ®

rae Wp — p-ad pazaesionas Mmatpuia W, nMerorast HyJieBble AUaroHa b-
HbIe 21eMeHTBI (W, = 0) 1 3aBUCAIIAs OT CIBUTA HA p OTCYETOB CyMMUPYe-
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MBbIX CUTHaJIOB B Lieny oopatHoii cBsi3u MHC; L — 4ucio BecoBbIX KO du-
LIMEHTOB (PUJILTPOB B LN 0OPATHOM CBSI3U HEMPOHHON CeTH; T — BpeMs,
U3MepsieMoe B OTCUETax.

Huddepenuunan pynkumonaia (3):

dl =->'E ﬁdy,}ﬂ{f "(v)dy ()}, (6)

rae f(y) — BEKTOp-CToJI0e1] TPOM3BOIHBIX OT (DYHKIIMIA Jorapu(MUIecKoi
dlog®,(y,)
dy

i

TUIOTHOCTU BEPOSITHOCTU (byHKLIMIT aKTUBALIN).
M3 Beipaxenus (5) HalineM quddepeHiiman BeKTopa BEIXOIHBIX CUTHA-
JIOB I10 pa3leisoen MaTpuLe:

dy(t)=- ZL:[dey(r—p)+Wpy(r— p)] ~ —ZL:dey(t— p). 7

p=1 p=1

VhpoieHue BoipakeHUs (7) CBI3aHO C TEM, UYTO Ha MaJible U3BMEHEHUS
BBIXOJHBIX CUTHAJIOB BJIUSIIOT TOJBKO Majible MU3MEHEHMST 3JIEMEHTOB Ma-
TpUIL Wp

OOBIYHBIN TPaIUEHTHBIN ITOMCK 3JIEMEHTOB PA3Ae/ISIONINX MATPUII ITPH-
BOJUT K CJIEAYIOLIEMY BbIPaXKEeHUIO:

dJ

W, (1) =W, (0)-u(0) 27,

p

®)

rae W(t) — KoaGULIHUEeHT afanTalyuy aropuT™Ma, KOTOPbIi TaKKe MOXKET
3aBUCETDH OT BPEMEHMU.
['panueHT pyHKMoHama (4) ¢ yaeToM BeIpaxkeHuit (6) u (7) paBeH:

ElfT(»)X dW,y(i-
dc;']/ —_ { (y)Z‘;/V y( p)}:—E{f(y)yT(‘t—p)}. (9)

P p

YcpenHeHne 3aMEHUM Ha CKOJIb3sIIIee CpeaHee U TOJYyIrUM aJIrOpUTM
IPaJUEHTHOrO MONCKa KOIMOULIMEHTOB p-pas3ae/sIoNIX MaTPULL:

W, (x+1)=W, (1) +(x)R, (). (10)

rae RY (p)=(1-po) RS (p)+1of (¥)¥" (1- p) — Marpuiia B3aMMHOI KOD-
pensiunu GYHKIIUY aKTUBALIMK OT BBIXOIHBIX CUTHAJIOB U BEIXOMHBIX CUT-
HanoB MHC; u, — npousBoibHO BbIOMpaeMblii KOIGMOUIIMEHT MEHbIIIE
€IMHUIIBI.

[TpeumyliiecTBO aaropuTMa CJlenoro pasiejeHuss Ha OCHOBE MUHU-
MU3alMM B3auMHOUM MHGpOpMauuu nepesa aaroputMaMu 2KyrreHa — Dpo
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COCTOMT B TOM, YTO pa3IejIsioTCs TIOMEXH, He TOJIbKO MMEIOIINEe pa3Hbie
3aIepPXKKHA M YPOBHU, HO U TOABEPTHYTHIE PA3IMYHBIM JIMHENHBIM TTPEO-
Opa30oBaHUSIM B KaHajle pacIpOCTpaHEeHMS.

Pe3yﬂbTaTbl MoaenuvupoBaHus

Aneopumm caenoeo pazdenenus cuenanros Kymmena — 3po

OCHOBHBIMU TTapaMeTpaMu, BIMSIIOIIMMU Ha pasfejieHrne CUTHAJOB,
SIBJISTIOTCSI:

* H(n, m) — nuaroHajibHast MaTpuiia ¢ aneMeHTamu E{f(y)g(y)};

* U — Ko3(ppUUMEHT aganTalluy aJiITOpUTMa.

PaccmoTpeB pe3yabraTbl U3MeHeHMs1 3HaueHuii H(n, m) (tabn. 1—4),
BIUSHUS KO3 GUIIMEHTOB AMAarOHAJbHOM MaTPUIIbl HA OTHOILIIEHUE CUT-
HaJI/IllyM 1 Ha YCTAaHOBKY BPeMEHU ajanTaliuii, MOXHO C/eJlaTh CAeayIo-
1II1I€ BHIBOMIBI: OTHOIIIEHNE CUTHAJI/IITYM TTPU U3MEHEHU U KO3 (HUITMEHTOB
JNIMaroHaJIbHOW MaTPUILIbl HE U3MEHSIETCSI, TaK K€ KaK yCTaHOBKA BpEMEHU
aganTanuu [7].

Tabauya 1

Bmsiane ko3 unmenTa IMaroHaIbHOI MATPHUIIBI HA OTHOLIEHHE CHTHAJ/IIyM
0e3 m00aBIeHns HIymMa

Table 1

The effect of the diagonal matrix coefficient on the signal-to-noise ratio
without noise addition

Hmm [0] 02| 04 | 06]08] 1 | 12] 14| 16

Ps1’/Ps2, nb| — 2,959 2,958 |2,955|2,948| — |2,969 |2,966 | 2,965
Ps2’/Psl, nb| — [2,952| 2,95 [2,947(2,938| — |2,961 |[2,959| 2,958
Tabauya 2

Biausiaue ko3 duimenTa 1MaroHa bHOi MATPHIBI HA OTHOIIEHHE CHTHAJ/IIyM
¢ 100aBJIeHHEM IIyMa

Table 2

The effect of the diagonal matrix coefficient on the signal-to-noise ratio
with noise addition

H(n, m) 002 04 | 06 0,8 1 1,2 1,4 1,6
Ps1’/Ps2,nb| — |3,017 | 3,016 | 3,013 | 3,006 | — |3,0323,026| 3,024
Ps2’/Psl,nb | — |2,995(2,99412,993|2,987| — |3,004| 3 2,999
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Tabauya 3

Biusaue ko3 uuuenTa 1MaroHaIbHOM MaTPHUIIbI HA YCTAHOBKY BpeMeHH!
ajganTamuu 0e3 100aBJIeHHS IIyMa

Table 3

The effect of the diagonal matrix coefficient on the adaptation time setting
without noise addition

H(n,m)| 0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6

t,c — 10,205 | 0,205 | 0,205 | 0,205 | — | 0,205 | 0,205 | 0,205
f, ¢ — 10,205 | 0,205 | 0,205 | 0,205 | — | 0,205 | 0,205 | 0,205
Tabauya 4

Biausaue ko3 dunueHTa TMaroHaIbHOM MATPUIILI HA YCTAHOBKY BpeMeH!
ajanTanuu ¢ 100aBJIeHHEM IIymMa

Table 4

The effect of the diagonal matrix coefficient on the adjustment
of the adaptation time with noise addition

Hmm| 0 | 02 04| 06|08 | 1 | 12| 1,4 ] 16
fhe | = | 02]02]02]02] - |02]02]02
te | — 0202 02 02| - ]02]02]02

2

JuaroHanbHast MAaTpULIa BIIMsIET HA pa3ieieHUE IByX CUTHAJIOB B TOM CITy-
yae, ecJiv MaTpuLa SIBJISIETCS] 6IMHUYHOM, TO €CTh, HATIPUMEP, KBalpaTHOM Ma-
TPULIEN, JIEMEHTHI IJIABHOM IMAaroHaJIM KOTOPOM paBHbI EAMHULIE, 4 OCTAJIbHbIC
He paBHbI €IMHUILIE U HYJIIO, TO TIOJYJaeM YIOBJIETBOPUTEIbLHOE pa3jieieHue
JIByX CUTHAJIOB, B IPOTUBHOM CJTy4ae pa3iejeHus] CHTHAJIOB HE IIPOMCXOIMUT.

Pesynbrar u1amMeHeHus1 U mokasai (Tadit. 5— 8), uto KoahbUIIMeHT afar-
TalMU AJITOPUTMA 0CO00 HE BIMSIET HAa OTHOLIIEHWE CUTHAJ/IIIYM U Ha yCTa-
HOBKY BpeMeHU ajanTtauuu [7].

Tabauya 5

Binsnue ko3¢ dunueHToB aganTamMyd HA OTHOLIEHUS CUTHAJI/IIyM 0e3
JI00aBJIEHUS IIyMa

Table 5

The effect of adaptation factors on signal-to-noise ratios without noise addition
u 0,00000001{0,0000001(0,000001(0,00001/0,0001|0,001| 0,01 | 0,1 |1
PSI;’:/BPQ’ 2,961 | 2,961 | 2,961 | 2,961 | 2,96 [2,958/2,916|2,385—
PSZ;[/BPSI’ 2,955 2,955 2,955 | 2,955 {2,955] 2,95 |2,901|2,375|—
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Tabauya 6

Bimsiane K03 GumeHToB afanTanui HA OTHOIMIEHHS] CUTHAJ/TIyM
¢ 100aBJIeHHEM IIyMa

Table 6
The effect of adaptation factors on signal-to-noise ratios with noise addition
u {0,00000001{0,0000001(0,000001|0,00001|0,0001(0,001|{ 0,01 | 0,1 |1
PSl;g 203019 | 3,009 | 3,009 | 3,019 | 3,019 [3,016/2,972|2,457|—
Psz;[/BPS]’ 2,995 | 2,995 | 2,995 | 2,995 | 2,995 [2,994| 2,95 |2,436|—

Tabauuya 7
Binsiane ko3 unmenTa aganTaiuyd Ha YCTAHOBKY BPeMEHH aJIaNnTalun
0e3 100aBJIeHHs HIyMa
Table 7

The effect of adaptation factor on setting the adaptation time
without noise addition

u {0,00000001|0,00000010,000001|0,00001{0,0001{0,001| 0,01 | 0,1 |1
c| 0,205 0,205 0,205 | 0,205 |0,2050,205]0,205|0,205| —
c| 0,205 0,205 0,205 | 0,205 |0,2050,205]0,205|0,220| —

Tabauya 8

Biugnue ko3 punuenTa aganTauum Ha YCTAHOBKY BpeMEHH aJanTauuu
¢ 100aBJIeHHEM IIyMa

Table &
The effect of adaptation factor on setting the adaptation time with noise addition

u 10,00000001|0,0000001 |0,000001|0,00001|0,0001|0,001(0,01| 0,1 | 1
c 0,2 0,2 0,2 0,2 0,2 1021(02]02|—
c 0,2 0,2 0,2 0,2 0,2 10,2 0,210,215 —

t

1°

1,

IIpu yBenmuenun koadpumnuenrta aganrauuu ¢ 0,00001 o 0,01 mpo-
WCXOAUT pasfe/ieHre JABYX CUTHAJOB, MPY YBeJIUYEHUU KOA(hDULIMEHTa
1o 0,1 moiayyaeM HEIMOJHOLIEHHOE pa3iesieHue AByX CUTHAJIOB (puc. 3),
9TO BBIPAXXEHO TMOSIBJICHUEM aMILITUTYIHON MOAYJISILIMU Y BTOPOTO CUTHAJA,
ec/iid TPoloJIXKaTh YBEJIMUMBATh KOIMDOULUMEHT aJanTalyu, TO alTOPUTM
nepecraet padborarb. Takke MOXHO 3aMETUTh, UTO IIPU YCTAHOBKE KO3(]-
¢uumenTa ot 0,01 1o 0,1 MporcXoaUT HE3HAUYUTEILHOE U3MEHEHIE OTHO-
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IIEHMST CUTHAJT/IIYM M YCTAHOBKY BPEeMEHU afanTalun, 3T0 00bICHSIETCS
TTOSBJICHUEM aMITIATYTHON MOIYJISIIIMKM Y BTOPOTO CUTHAJIA.

B 11e10M MOXHO cKa3aTb, UTO 3TOT aJITOPUTM SIBJISIETCS YCTONUMBBIM
K U3MEHEHMIO IMapaMeTpoB [7].

Puc. 3. Pesynbrat pasnencHust ABYX CUTHAJIOB C MCITOJIb30BAHUEM aJITOPUTMa
KyrreHa — Bpo ¢ KoaHUIIMEHTOM afanTaluy airoputMa, paBHbiM 0,1

Fig. 3. The result of the separation of two signals using the Jutten—Herault
algorithm with an adaptation coefficient of the algorithm equal to 0.1

Aneopumm Ha 0CHOGe MUHUMU3AUUY 83AUMHOL UHGOpMAUUU

OCHOBHBIMU TIapaMeTpaMHU, BIUSIOIINMA Ha pa3iesieHue CUTHAIOB
B BTOM aJITOPUTME, SIBJISIFOTCSI:

* H(n, m) — nuaroHajbHasl MaTpulia C dJIeMEHTaMU,

* U — Ko3(pdulMeHT aganTaluy aJropurMa,

* U, — MPOM3BOJILHO BEIOMPAaEMbIi KOI(PGUUMEHT ananTalmu.

PesynbTaT uamMeHeHus 3HayeHuit H (n, m) nmokazaiu (taba. 9—12), uro
pasmesieHnsT CUTHaJIa He TIPOMCXONNT, €CII MaTpHIla SIBJSIEeTCS eIUHNI-
HOI1, a TaKXKe ObLIO 3aMeUYeHO, YTO TIPY YBEINYEHU N 3HAUCHUS SJIEMEHTOB
He IJIABHOM TMaroHaIX IIPOVCXOANT AeTpamaliisl aMIIUTYIbI BTOPOTO CUT-
Haza (puc. 4, a, 6) mocjie pa3neyieHus [7].

Tabauua 9

Biugnue BecoBbix K03 GUIIMEHTOB THATOHAJILHOM MATPHIIbI
Ha OTHOIIeHNe CUTHAJI/TIyM 0e3 100aBJIeHHs IyMa

Table 9

The effect of the weight coefficients of the diagonal matrix
on the signal-to-noise ratio without noise addition

H(n, m) 0102 04 |06 0,8 1 1,2 1,4 1,6
Ps1’/Ps2, 1B | — | 14,3 | 18,86 | 21,6 | 23,56 | 25,07 | 26,26 | 27,22 | 28,02
Ps2’/Psl, nb | — 11,83 13,1 |13,46] 13,69 | 13,92 | 14,18 | 14,47 | 14,79
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Tabauya 10

Biugnue BecoBbix K03(hGuMeHTa JMATOHAILHO MATPUILBI HA OTHOIIIEHUE
CHTHAJI/IIYM C J00aBJIeHHEM IymMa

Table 10

The effect of the weights of the diagonal matrix on the signal-to-noise ratio with
noise addition

Hn, m) 0 021] 04| 06 | 08 1 1,2 1,4 1,6

Ps1’/Ps2, nb | — | 13,36 | 18,34 | 21,28 | 23,35 24,92 | 26,15 | 27,14 | 28,6

Ps2’/Psl, nb | — | 10,98 | 12,91 | 13,57 | 13,35 | 14,32 | 14,66 | 15,01 | 15,32
Tabauya 11

Biusnue BecoBbIx K03 (GUIMEHTOB THATOHAJIBLHOH MATPHIIbI
HA YCTAHOBKY BPeMeHH aJantaunuu 0e3 100aB/IeHHs IyMa

Table 11

The effect of the weights of the diagonal matrix on the installation
of the adaptation time without noise addition

Hm,m)| 0 | 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6

t,c - 10,55 0,35 | 0,27 |0,215]0,195| 0,18 | 0,16 | 0,135
t,c — 10,59 | 038 | 0,29 | 0,25 | 0,21 | 0,19 | 0,18 | 0,16
Taoauya 12

BiusiHue BecoBbIX KOSd)(bI/lI.[l/leHTa JIAArOHAJILHOM MaTpHUIlbl
HA YCTAHOBKY BPEMCHHU aJanTaluvn ¢ ZlOﬁaBJ'leHl/IeM myma

Table 12

The effect of the weights of the diagonal matrix on the adjustment
of the adaptation time with noise addition

Hm,m)| 0 | 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6
e — 10,55 0,34 {0,265| 0,21 | 0,19 | 0,17 | 0,15 | 0,135
1,c - | 0,58 | 0,37 {0,285 | 0,23 | 0,205 0,185 | 0,165 | 0,15

29

t

Poct otHOIIEHIS CI/II‘HaI[/ IyM MO2KHO OOBSICHUTH TEM, UTO ITPOUCXOOUT
NCKaXCHUEC CMIrHajia B KaHaJI€ C YBECJIMYCHUEM 3HAYCHUA 9JICMCHTOB IMa-
TOHAJIbHOM MaTpULbI ITOCJC pa3aCI€HMA, 3a CHET YETO ITPOUCXOAUT HE3HA-
YUTCJIIbHOC YMEHBIICHNEC BPEMCHU adariTalliu.
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0

Puc. 4. Pesynbratr pazneiaeHus IByX CUTHAJIOB C MCIOJIb30BaHUEM aJIfTOpUTMa
CJIETIOTO pa3/ieJIeHUs] CUTHAJIOB HA OCHOBE MUHUMYMa B3aMMHOW MH(MOpMaIIN:
a—Hm m)=02,6—H(n m) =16
Fig. 4. The result of the separation of two signals using the algorithm
of blind separation of signals based on the minimum of mutual information:
a—Hmm)=0.2,b— H(n m)=1,6

AHanu3 BIustHUSI KodGhGUIIMEHTOB afanTaluy nokasai (tadm. 13—16),
YTO OH HE BJAMSIET Ha OTHOIICHWE CUTHAJ/IIyM, Ha YCTAHOBKY BPEeMEHU
aJanTaluy WM Ha pa3aeseHue curHana [7].

Tabauya 13

Binsnue ko3¢ dunueHToB aganTamuyd HA OTHOIIEHHE CUTHAJ/IIyM
0e3 mo0aBJIeHHd IIyMa

Table 13
The effect of adaptation factors on signal-to-noise ratios without noise addition

u 0 10,0000001/0,000001{0,00001 (0,0001|0,001| 0,01 | 0,1 1
Ps1’/Ps2, nb| —| 14,3 14,3 14,3 | 14,3 | 14,3 14,3| 14,3 | 14,3
Ps2’/Psl,nb|—| 11,83 11,83 | 11,83 | 11,83 |11,83|11,83| 11,83 |11,83
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Tabauya 14

Bimsinne ko3 ¢unueHToB afanTanui Ha OTHOIIEHHE CUTHAJ/TITyM
¢ 100aBJIeHHEM IIyMa

Table 14
The effect of coefficients on signal-to-noise ratios with noise addition

u 010,0000001{0,000001{0,00001{0,0001{0,001| 0,01 | 0,1 | 1
Ps1’/Ps2, nb|—| 13,36 13,36 | 13,36 | 13,36 | 13,36(13,36|13,36( 13,36
Ps2’/Ps1, nb|—| 10,98 10,98 | 10,98 | 10,98 | 10,98{10,98{10,98|10,98

Tabauya 15

Binsnne ko3 unmenTa aganTaiuy Ha YCTAHOBKY BPeMEHH aJIanTalun
0e3 100aBJIeHHs HIyMa

Table 15

The effect of adaptation factor on setting the adaptation time
without noise addition

u | 01]0,00000001{0,0000001|0,000001|0,00001 |0,0001 | 0,001|0,01| 0,1

t,c|l— 0,55 0,55 0,55 0,55 0,55 | 0,55 (0,55|0,55
t,c|— 0,59 0,59 0,59 0,59 | 0,59 | 0,59 10,59|0,59
Tabauya 16

Bausinue koa(uiMenTa aanTanium Ha YCTAHOBKY BPEMEHH aJanTaluu
¢ 100aBJIeHHEM IIyMa

Table 16

The effect of adaptation coefficient on the adjustment of the adaptation time
with noise addition

w | 01{0,00000001|0,0000001|0,000001 (0,00001|0,0001|0,001|0,01 | 0,1
LCl— 0,55 0,55 0,55 0,55 | 0,55 | 0,55{0,55|0,55
t,c|— 0,57 0,57 0,57 0,57 | 0,57 | 0,57 |0,57]0,57

2

N3menenune nmapamerpa W, BbIABUIO (Tabi. 17—20), 4T0 IPOU3BOIBHO
BbIOMpaeMblii KOO(OULIMEHT W, HE TOJIBKO JTOJIKEH OBbITh MEHbIIIE €MUHM-
1bI, HO M OBITh B Tipeziesax 0,01 > w, > 0,1, B MpOTMBHOM Clly4ae He yIacTcs
pa3mesuTh CUTHABI, a Ppe3KOe M3MEHEHNEe OTHOIIIEHUST CUTHAJI/IIIyM 1 Bpe-
MEHHU afarnTaluyd TOBOPUT O YYBCTBUTEIbHOCTU 3TOTO alrOpUTMa K 3TO-
My napamerpy [7].
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Tabauua 17

Bimsinne npou3BosIbHO BhIOMpPaeMoro Kod(gumueHTa ananTamim
Ha OTHOIIeHNe CUTHAJI/TIyM 0e3 100aBJIeHHs IyMa

Table 17

The effect of a randomly selected adaptation factor on signal-to-noise ratios
without noise addition

u, 0,001 0,01 0,1
Ps1’/Ps2, nb — 14,3 30,79
Ps2’/Ps1, nb — 11,83 13,74

Tabauya 18

Bimsinne npou3BoIbHO BBIOMPaeMOro Ko3(GuuueHTa aganTauum
HA OTHOLIEHHE CUTHAJI/IIYM C J00ABJICHHEM IIIyMa

Table 18

The effect of a randomly selected adaptation factor on signal-to-noise ratios

with noise addition

W, 0,001 0,01 0,1
Ps1’/Ps2, nb — 13,36 29,37
Ps2’/Ps1, nb — 10,98 10,12

Biugnue npou3sBo/ibHO BoIOMpPaeMOro Ko guuuenTa aganTanun
HA YCTAHOBKY BpeMEHH aJanTanuu 0e3 J00aBJIeHHs IyMa

Table 19

The effect of an arbitrarily selectable adaptation factor on setting
the adaptation time without noise addition

", 0,001 0,01 0,1 1
1,c - 0,55 0,12 -
fc - 0,59 0,18 -
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Tabauya 20

Bimsinne npou3BosIbHO BbIOMpPaeMoro KodduiueHTa ananTanum
HA YCTAHOBKY BPeMeHH aJaNTaluu C 100aBJIeHHEM IIymMa

Table 20

The effect of an arbitrarily selectable adaptation factor on the adjustment
of the adaptation time with noise addition

H, 0,001 0,01 0,1 1

t,c - 0,55 0,145 -

t, ¢ — 0,58 0,185 —
3akn4vyeHue

[1pu cpaBHeHuu anroputMa KyTreHa — Dpo U alropuT™Ma Ha OCHO-
Be MUHMMM3ALMK B3aUMHOM MH(MOpMaLIMY Hanbosee CTabMIbHYIO pado-
Ty nokaszaa airoput™ XKyTeHHa — Dpo. DTO MOKa3aHO €ro OTCYTCTBUEM
K YyBCTBUTEJIbHOCTU MapaMETPOB, a TAKXKE BbIPAXXEHO OTCYTCTBUEM aM-
TUIMTYIHBIX MAHUITYJISILU MTOC/Ie pa3aeeHUsI CUTHAIOB, 3a CUET 3TOTO OT-
HOIIIEHWE CUTHAJ/IIyM y anroputMa XKyTrteHa — Bpo MeHble (Taou. 21,
22), HO BpeMsl CXOAMMOCTHU JIy4llie TT0 CPaBHEHUIO C aJITOPUTMOM Ha OCHO-
Be MMHUMM3aIIMM B3aMMHO MH(MOpMAaLIU.

Tabauya 21

CaomHas TA0/IMIIA AJITOPUTMOB CJIENIOTO Pa3/eieHNs /BbIIETCHAs CHTHAJIOB
0e3 100aBIeHHs HIyMa

Table 21

Summary table of algorithms of blind separation/extraction of signals
without noise addition

i AJropuT™ AJITOpUTM Ha OCHOBE MUHUMYyMa
3Meps- Kyrena — Dpo B3aMMHOI UHhOpMaAUKN
eMBIii IMa-
PAMETD | H(n, m) = 0,4 |w=0,001| H (n, m) =0,2 | n=0,001 | n;=0,01
Ps1’/Ps2, 2.958 14.3
nb ' ’
Ps2’/Ps1, 2.95 11,83
nb ’ ’
t,c 0,205 0,55
1, ¢ 0,205 0,59
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Tabauya 22

CaoaHas Ta0/IMIA AJITOPUTMOB CJIETIOTO Pa3/ieJieHNs1/BblIeJIeH!s] CHTHAJIOB
¢ 100aBJIeHHEM IIIyM

Table 22

Summary table of algorithms of blind separation/selection of signals
with noise addition

H3amepsie- Anroput™ Anroput™ HaUOCHOBC MUHUMYMa
MBIii Tapa- Kyrena — Opo B3aMMHOM MH(MOpMALIUN
M\ H (n, m)=0,4 | 0=0,001| H (n, m) =02 n=0,001 |u,= 0,01
Ps1’/Ps2, 3,016 13.36
1b
Ps2’/Psl, 2,994 10,98
b
I,c¢ 0,2 0,55
L, ¢ 0,2 0,58

[To npeacraBiieHHBIM pe3yJibTaTaM, aJITOPUTMbI SIBJISIIOTCSI pabOTOCHO-
COOHBIMU M HE MMEIOT CJIOXKHBIX BBIYMCITUTEIbHBIX TTPOIIECCOB, UTO TOBO-
PUT O SIBHOM MPEUMYILIECTBE Tepes alrOpUTMaMU CJIENOro pasaeaeHust
CHUTHAJIOB, OCHOBaHHBIX Ha TIpeodpa3zoBaHuu Oypee [7].
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The results of the research are described accurately and informatively. The
conclusion may include recommendations, assessments and proposals from
the article.

The text of the abstract should be laconic and concrete, deprived of pe-
ripheral issues, extra parenthetical words and general enunciations.

Keywords
3—8 words or established terms. IEEE taxonomy is recommended.

Mathematical Formulas

All mathematical formulas in the paper should be unified. MathType,
import from MatLab or analogous editable mathematical package are rec-
ommended.

Tables

All tables should have titles and a legend explaining any included abbre-
viations.

Figures

All figures should be prepared in the raster formats JPEG, TIFF with the
resolution not less than 600 dpi. Lowercase letters (a, b u T.1.) are used for
the identification of different parts of the figure. Symbols used for marking
and heading the figures should be identical with their inscription in the paper.

Files with figures are duplicated in a separate folder. The number of the
figure in the paper is the name if the file.

Figures, graphics and etc. in MS Excel should also be sent in Excel
files.

Acknowledgements

Acknowledgements should be as short as possible. All grants required refer-
ences should be listed. The full titles of financing organizations should be listed.

References

* Thelist of the references should be given at the end of the paper. Ref-
erences are numbered in brackets by order of appearance in the doc-
ument (e.g. [1], [2], [3]D).

» References should include only articles quoted in the paper and al-
ready published or accepted for publication. Articles published in
the Internet should be quoted with Digital Object Identifier
(DOI).
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* Referencesin the paper in Russian are also provided in English. Titles
of the resources in Russian are provided transliterated and translated.

Author Credentials

Information about the authors is at the end of the article: full name, ac-
ademic degree, position, place of work, e-mail, postal address. All is in two
languages.

Plagiarism

Plagiarism in any form is a serious violation of the main principles of sci-
ence and therefore is unacceptable.

Inadmissible:

1. Copying of parts of papers of other authors word for word without put-
ting them between quotation marks in accordance to the rules of scientif-
ic citation.

2. Use of particularly unique term taken from science literature without its
author’s or source’s indication.

3. Paraphrasing, abridgment or changing of ideas of other authors with-
out their name indication.

4. Pseudo citation: the material doesn’t apply to the source it is taken from.

5. Falsified data — data which is falsified or changed in laboratory or dur-
ing an experiment (it is not practically a plagiarism though it is obvious ac-
ademic fraud).

6. Unconfirmed co-authorship or co-operation: the contribution of eve-
ry author or co-author should be absolutely defined.

7. Self-plagiarism/republication: presentation of one and the same or
similar paper for two or more submissions concurrently.

Editorial board reserves the right to return a paper to the author if the pa-
per doesn’t meet the requirements. No explanation is given. The information
about the reviewers can’t be disclosed to the authors or the third person party.
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TpeGoBaHMs K cTaTbaM, NYGJIMKYEeMbIM
B )XXypHane Ural Radio Engineering Journal

KypHan npyHUMaeT K MyOJuKaluy OpUTMHaJIbHbIE aBTOPCKUE CTaThU
Ha pyCCKOM U aHTJIMICKOM SI3BIKE, COOTBETCTBYIOIIME TeMaTuKe. [1prciaH-
HbIE Ha PAaCCMOTPEHUE U PeLieH3MPOBaHNE CTaTbU HE JOJKHBI OJHOBpE-
MEHHO I1eYaTaThCs B IPYTOM HAyYHOM KypHaie.

Bce cratbu mpuHUMAIOTCS Yepe3 aBTOMATU3UPOBAHHYIO PeAaKIIMOH-
HyI0 cpeny Ha caiite xypHana (https://journals.urfu.ru/index.php/urj) win
10 BJIEKTPOHHOI nouTe (urejournal@gmail.com). CtaTbs cuuTaeTCs MpU-
HATOH B ciydae IMOJYIeHHWST OTBETHOTO COOOIIeHUsI/TIChMa C TTIOATBEP-
KICHUEM.

Cratbs mpuHUMaeTcsa B (popmarax, untaembix MS Word. Oobem cTa-
ThU JOJKEH COCTaB/ISITh HE MeHee 8 CTpaHUIl U He JOJIKEeH IpeBbIIIaTh
30 cTpaHwmI.

TekcToBbIil (haiisl cTaThy CAeAyeT HaUMHATh ¢ MHOpMaLnu 00 aBTO-
pax: nmeHa, addpunmanus (MecTo pabOThI, Y4eObl U Ip.), HIOYTOBBIN agpec
IIJIST TIEPEChUIKM XKypHaJa, aapec dJeKTPOHHOM MOYThI, HOMepa KOHTaKT-
HBIX TeJIe(POHOB IS CBSI3H.

B rexcToBOM (haiisie 1oKHBI ObITh TPUBEAECHBI: HEOOXOIMMOE KOJIMYE-
CTBO KomoB Kitaccuduxkaunu YJIK, aHHOTalms, KII0YEBBIE CJIOBA U HEIIO-
CPEICTBEHHO TEKCT CTaTbU — HA PYCCKOM M AHIJIMICKOM sA3bIKax. M310KeHMe
TEKCTa B CTaThe JIOJDKHO OTBEUATh HAYYHON CTMJIMCTUKE U TPEOOBAHUSM
aHOHMMMU3ALIUH.

3arnaBue crarbu

3arjgaBue HaydHOI CTaThU JOJKHO ObITh MH(OPMATUBHBIM 1 KPATKUM.
MOXXHO UCITOJIB30BaTh TOJILKO OOIIEIIPUHSTHIC COKpPAICHUSI.

AHHOTauuns

AHHOTaIMS TTPYU3BaHa BBIMOJIHSATH (PYHKIIMIO HE3aBUCHMOTO OT CTa-
ThY UCTOYHMKA MH(OpPMAILIM, OHA MO/KHA OBITh MH(POPMATUBHOI, CO-
JiepKaTeIbHOM, KOMITAKTHON U CTPYKTYpUpOBaHHOM. B ciiyuae mybauka-
LIMM CTaTbU Ha PYCCKOM $I13bIK€ aHTJIMIACKUI BapuaHT aHHOTALUU T0JKEeH
OBITH OOJiee pa3BEePHYTHIM (OH MOXKET OTIMYATHCSI OT PYCCKOTO). AHHOTA-
LIS MOXET HauMHAThCs co ¢JioB: ,, This paper focuses on...“, ,, This paper
aims at explaining...“, ,,Our paper is concerned with...“ u T. 1.
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AHHOTAIIMS Ha aHIJIMICKOM SI3BIKE TOJIKHA OTpaXkaTh OCHOBHOE COIEP-
JKaHWe CTaThbH U e€ BBIBOALL. [1prBETCTBYETCS TOCTPOEHNE AaHHOTALINH, TTO-
BTOpSIOILEE CTPYKTYPY CTaThbU, BKJIIOYAs BBEICHUE, LU U 3a1a41, METO-
JIOJIOTHIO MCCIIENOBAHNS, pE3YJIbTAThI, 3aKI0ueHe. Pe3ynbpraTtel paboTh
OIKICBIBAIOTCS TIPEAeSIbHO TOYHO M MH(MOPMATUBHO. BEIBOABI MOTYT CO-
MMPOBOXIATLCS PEKOMEHIALIMSIMU, OLIEHKAMU, TIPEIIOXEHUSIME, TIPUBE-
JNIEHHBIMU B CTaThe.

TekcT aHHOTALIMY JOJDKEH OBITH JAKOHWYEH M KOHKPETEH, CBOOOIEH
OT BTOPOCTEINEHHOM MHGOPMALIMK, JUIITHAX BBOIHBIX CJIOB, OOIIKX (Pop-
MYJHUPOBOK.

KntoyeBsble crioBa

Ot 3 o 8 cJIOB MM YCTOSIBIIMXCS CJIOBOCOoYeTaHUil. PekoMeHmyeTcst
ucronb3oBatb TakcoHoMuio IEEE.

Maremarnyeckune ¢popmyisbi

Bce maTeMaTuueckue (opmyJibl B TEKCTE JOKHBI ObITH HAOpaHbI €11~
HoobOpa3Ho. PekomeHnyercst ucnob3oBath MathType, ummnopt u3 MatLab
WY aHAJIOTUYHBIX MaTEMATUIECKUX TTAKETOB C BO3MOXHOCTBIO PEIaKTH-
pOBaHUs.

Tabauubi

Bce Tabauiibl 4OKHBI UMETh 3aryIaBue U JIETeHIY, OObSICHSIIOLIYIO JTI0-
Oble YIIOMSIHYThIE B HUX COKpAIlCHUSI.

PucyHku

Bce mmmocTpaliny TOJKHBI OBITH TOATOTOBJIEHBI B pacTpoBOM (hop-
mate JPEG, TIFF, paspeiienue He meHee 600 dpi. Jng uaeHTUGUKA-
LIMY YacTei MJUTIOCTpALIMU CIIeAYyeT UCIOJIb30BaTh CTPOYHbIC OYKBHI (a, 6
U T.1.). HaueptaHue CUMBOJIOB, UCIIOJb3YEMbIX JIsI 0003HAYEHUIT HA PU-
CYHKAaX Y B IOJITHCSIX K HUM, TOJKHO COBIANATh C X HAITMCAHUEM B TEKCTE
CTaThU.

®daiinbl ¢ pUCYHKaMU OyOJMPYIOTCS B OTOENIbHON Mmamnke. B Ha3Ba-
HUsIX ($aitaoB JOXKHBI ObITh yKa3aHbl HOMepa WJITIOCTPALIMii B TEKCTE
CTaThU.

WnmocTtpauuu, rpaduku 1 npod., BeIToJIHeHHbIe B MS Excel, He06-
XOIMMO JOIIOJIHUTEIBHO BBICIIATh B BUIe (haitma Excel.

bnarogapHoctu

BraromapHocTH TOKHBI OBITh KaK MOXXHO OoJtee KpaTkuMu. Cremyer
yKazaThb BCe IPaHThI, B MPaBUJIax KOTOPBIX TpeOyeTcsd ymoMmuHaHue. Ha3pa-
HUST QUHAHCUPYIOIINX OpTaHU3aLINi HYXKHO ITUCATh IIEJTKOM.
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Cnucok nuteparypbl

* B TekcTe ¥ B CHOCKaX CChUIKM Ha UICTOYHUKU JOJKHBI IPUBOAUTh-
¢4 B [KBagpaTHbBIX CKOOKax|, Hymepalus CkBo3Has. OnucaHue Bcex
CCBLJIOK JaeTCsl B CIIMCKE TUTEPATYphl B KOHIIE CTaThHU.

*  CHMcoK JUTepaTyphbl JOJDKEH BKJIIOYATh TOJILKO Te pabOThI, KO-
TOpblE LIUTUPYIOTCS B TEKCTE€ U KOTOpble ObLIM OMyOJMKOBa-
HBbl WM NPUHATH K nyonukanuu. CraTbu, oInyOJIMKOBaHHbBIE
B MHTEPHETE W He MpOIIealne B MevaTh, 10JKHbBI [IUTUPOBATh-
Cs1 C UCII0Jb30BaHUEM LIM(PPOBOro MaeHTUGUKATOpa 00bEKTa
(Digital Object Identifier (DOI)). [Tpu Hanuuuu DOI Takxe Mo-
JKeT OBITh 100aBJIEH U K OITyOJIMKOBAaHHBIM MaTepraiaM U3 CIIKMCKa
JINTEPATYPBhI.

» Jlyig cTaThbu Ha PYCCKOM SI3BIKE CITMCOK JIUTEPATypPhl TPUBOIUT-
Csl TAKXKE U Ha aHTJIMICKOM, TIPU 9TOM Ha3BaHUSI PYCCKOSI3bIYHBIX
HWCTOYHMKOB TPEICTABISIOTCS KaK B TPAHCIMTEPpAlMu, TaK U B T1e-
peBoje.

CBeneHus 06 aBTOpax

B koHue cratby npuBoauTcs nHdopmanus o6 aBropax: MO, Hayu-
Hasl CTeTIeHb, T0JDKHOCTb, MECTO PabOThI, €-mail, IT0YTOBbIN aapec — TaK-
K€ Ha IBYX sSI3bIKaX.

Mnarnar

I1naruar B 11000i1 (popMe TnpencTaBiasgeT codoil cepbe3HOe HapyllIeHe
OJTHOTO U3 CaMbIX OCHOBHBIX MPUHIIUIIOB HAYKX U HE MOXKET OBITh MPU-
eMJIeM.

Henomyctumer:

1. KonupoBaHue CI0BO B CJIOBO YacTell 4yxKoii paboThl 0e3 3aKjtode-
HUSI CKOITMPOBAHHOTO OTPBIBKA B KABLIUKM U YKAa3aHUS UCTOYHMKA B CO-
OTBETCTBUU C TTpaBUJIAMU HAYYHOTO LIMTUPOBAHUSI.

2. Ucnonb3oBaHue 0c000 YHUKAJIBHOTO TEPMMUHA WU MOHSATUS, Hali-
JNIEHHOTO TPU YTCHUU JIMTepaTyphl, Oe3 yKazaHUs aBTOpa WU MCTOY-
HUKA.

3. IlepedpazupoBaHue WK COKpalieHHas, ”3MeHeHHast GOPMYTUPOB-
Ka 4yXoiil njieu 6e3 yKazaHUs TOTo, Yei TPy ObLI B3ST 32 OCHOBY.

4. JloxxHOE IUTHpOBaHUE: MaTeprall He JOJKEH ObITh OTHECEH K UCTOU-
HUKY, U3 KOTOPOTO OH He ObLI ITOJIYYEH.

5. JIoxxHBIE JaHHBIE — TaHHbIE, KOTOpbIe ObLIM c(haOpHUKOBAHbI MU 13-
MEHEHBI B 1a00OpaTOPUK WK B IIpOLiecCe SKCITIEPUMEHTA (XOTSI U He SIBJISI-
I0TCs1 OyKBaJbHO TJIarMaToOM, TeM He MeHee MPEACTaBIsIIOT CO00i sIBHOE
aKageMHNYeCcKOe MOLLIEHHUYECTBO).

6. HemoarBep:xaeHHOE COABTOPCTBO WJIM COTPYIHUYECTBO: BKJIA KaXK-
JIOr0 aBTOpa MJIM COAaBTOPA JOJIKEH OBITh COBEPIICHHO OMPEICICHHBIM.
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7. CamoriarnaTt/BToOpuYHas MyOJUKALU: MMPeACTaBIeHUE OTHOM
1 TOM K€ WJTH TIOXOXKEN IO CTETIEHN CPOJCTBA CTAThU IJISI IBYX MU 0OJIee
ITyOJIMKALAil OMHOBPEMEHHO.

Penaxist ocraBisieT 3a o001 ITpaBo Ha BO3BPAILlEHME aBTOPaM JII000i
PYKOITMCH, KOTOPas, IO UX MHEHHMIO, HE MMOAXOIUT JIJIsT ITyOIuKauu, 6e3
00BsICHEHUS TTpUYMH. Hy mpy Kaknx 00CTOATEILCTBAX JIMYHOCTD PELlEH-
3eHTOB U peepEeHTOB 10 OTAEIbHBIM CTaThsIM HE MOXET OBbITh pacKphITa
aBTOPaM WJIA TPEThEN CTOPOHE.
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Publication Ethics

General

The editorial board of the journal “Ural Radio Engineering Jornal”
honors the ethical criteria established for international scholarly publica-
tions, like integrity, confidentiality, transparency, conflict of interests and
other aspects. We are guided by recommendations of the Committee on
Publication Ethics. Being a member of Association of Science Editors and
Publishers (ASEP), we adhere to the basic ethical principles manifested
in the ASEP Declaration.

.

The editorial board grants that all materials submitted for publication
will be peer reviewed and accepted based on the principles of edito-
rial independence and unbiased judgment.

The editorial board is responsible for the quality of published sci-
entific papers and supports the initiatives aimed at prevention
of misconduct or unethical actions on the part of the authors
or reviewers.

Ethical rules are accepted as a must for all parties of the scholar
publications: authors, reviewers, editorial board members, as well
as persons and entities interested in the information disseminated
by the Journal.

Materials submitted to the editorial board are not returned to the
authors. The authors will receive no remuneration (royalties) for
the published materials. All scientific papers are published on free
of charge basis.

The editorial board adheres to the COPE ethical criteria, such as:

— impartiality;

— observance of scientific ethics when reviewing the papers, en-
couragement of scholarly discussions between the authors and re-
viewers;

— assistance to protection of intellectual property and copy-
right;

— papers will be rejected in case of plagiarism when another’s
publications, words, or ideas are used without attribution to the orig-
inal source, which is to be identified by the plagiarism detection soft-
ware Antiplagiat;
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— confidentiality (non-disclosure of the authors’ and the review-
ers’ personal information and other information obtained within the
professional interaction);

— making editorial correction in papers by agreement with au-
thors.

Responsibilities and ethics of editors
The editorial board should:

strive to meet the needs of readers and authors;

take appropriate measures to maintain a high quality of the materi-
al published,;

take appropriate measures to maintain a high quality of the materi-
al published;

preclude commercial needs from compromising intellectual standards;
always be willing to publish corrections, clarifications, retractions
and apologies, if required.

Author’s responsibilities and ethics

The author shall cooperate with the editorial board throughout the pub-
lication process by introducing appropriate corrections, if required. The au-
thor is fully responsible for any plagiarisms in the text, illustrations or oth-
er materials.

The manuscripts submitted to the Journal’s editorial staff should com-
ply with the research paper manuscript formatting rules stated on the Jour-
nal web site.

The author is not entitled to submit the same paper for several scientif-
ic publications. The authors are obliged to observe the following ethical prin-

ciples:

compliance of the materials with the ethics and legal standards in-
cluding copyright protection laws (in particular, the materials pro-
tected by the copyright including tables, digits or long quotations can
be reproduced only by the owner’s permission);

research originality and scientific novelty;

researchers should use best endeavors to describe the work perfor-
mance methodology clear and definitely in such way that their re-
sults can be approved by other researchers, if required;

impartial discussion of the research importance;
acknowledgement of other persons’ contributions, mandatory ref-
erences to the deliberations used for the benefit of submitted ma-
terials;

presentation of all major contributors to the research as co-
authors;
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* informing about significant errors or inaccuracies, if any, found in
the publication and interacting with the editorial staff with
the purpose of the quickest error correction or removal of the publi-
cation;

* no adoptions without proper references to primary sources (plagia-
rism).

The authors are fully responsible for reliability of the information con-

tained in the submitted materials, for compliance of the materials with the
statutory regulations, the moral rules and the ethics standards.

Responsibilities and ethics of authors

According to the Journal policy the editorial board establishes the review
procedures for the materials to be published. In the process of reviewing
the manuscripts the information about the authors and the reviewers will
be held in confidence. Disclosures in breach of the confidence are allowed
only in case of suspected deception or falsification on the part of the au-
thors or the reviewers. Reviewers are not entitled to use the reviewed man-
uscripts for personal purposes or provide these manuscripts to third par-
ties without prior permission of senior editors. They are obliged to return
or delete the manuscript copy after presenting the review. The manuscripts
rejected by the editorial board are not preserved. The reviewer remarks are
not published or made public otherwise without permission of the reviewer,
the manuscript author or the editor. Reviewers shall provide fair and unbi-
ased judgment of the manuscript, giving clearly and well-grounded com-
ments to appraise the paper’s scientific content only. Personal criticism of
the author is unacceptable. The reviewers are obliged to be guided by the
following ethical principles:

* to review only those manuscripts which the reviewer has sufficient
knowledge to judge;

* to prepare a review in time based on the constructive approach;

* to maintain confidentiality;

* to be impartial preparing a review;

» to inform the editor in case the materials have been published earli-
er in this or another publication;

» to inform the editor and, if required, to pass the manuscript to an-
other reviewer in case of potential conflict of interests (existing of fi-
nancial, organizational or other relations between the reviewer and
the author);

* the review contents should not be influenced by the manuscript
origin, the authors’ nationality, sex, religion or political commit-
ments;

* not to use the information obtained within the reviewing process for
the personal purposes and in the interests of other persons.
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Privacy

E-mail addresses intimated by the authors will be used exclusively for
communication with the authors and referees and shall not be disclosed to
other persons or entities.

Disclosure and conflict of interest policy

Referees deemed to have conflicts of interest in view of personal, finan-
cial or organization benefits, as well as competition with any submitting au-
thors (companies, organizations) will not be appointed to review the man-
uscripts in question.
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My6onukaunoHHaa 3aTuUKa

Oowume nonoxeHus

Penakuus xypHana Ural Radio Engineering Jornal pykoBoacTBy-
eTcs B CBOEl paboTe MeXIyHAPOIHBIMUA 3TUYECKUMU MTpaBUIaMU
Hay4YHBbIX MyOJUKalLIMii, B OCHOBE KOTOPBIX JIEKUT MOPSAOUHOCTD,
KOH(MUAEHIIMATBbHOCTD, HAN30p 3a MyOJUKALIMIMU, pa3pellieHue
BO3MOXXHBIX KOH(JIUKTOB MHTEpecoB U Ap. B cBoeii aesitebHOC-
TU pelaklus cieayeT pekoMeHaauusim Komurera 1o aTuke Hayy-
HbIx nyoaukanuii (Committee on Publication Ethics), onupaetcs
Ha OPUHLMIBI MYOJIMKAILIMOHHOW 3TUKM, NMPUHATHIE Jleknapaliu-
eit AHPU.

Penakiiusi rapaHTHpyeT pacCMOTPEHME BCeX MPENCTABIEHHBIX K ITy-
OJIMKAallMY MaTepuasioB, COOMIOACHUE PEIAKTOPCKO HE3aBUCUMO-
CTU U 1OOPOCOBECTHOCTH, MPUHATHE OOBEKTUBHBIX PELLIEHUIA.
Penakiinst HeceT OTBETCTBEHHOCTh 32 KaueCTBO OMYOJIMKOBaHHbBIX
Hay4yHBIX CTaTel W MOAIEPKUBAET UHUIIMATUBBI, HAIPABJIEHHbIE
Ha CHUKEHUE YKCclia HeKOPPEKTHBIX JEWCTBUI CO CTOPOHBI aBTO-
POB U PELIEH3EHTOB U HAPYILIEHUW HOPM 3THUKH.

DTUYecKUM MpaBuiaM XypHaja J0JKHBI ClIeI0BaTh BCE yYaCTHUKU
npoiiecca nyoJuKaluu pe3yJbTaToB HayYHbIX UCCIENOBAaHUI: aB-
TOPBI, PELIEH3EHTHI, YIEHbI PeJAKIIMOHHON KOJUIETUU, COTPYIHU-
KU pelakiiiy, a TakKe JMila U OpraHu3aliu, 3aMHTEPECOBAHHbIE
B MHGMOPMALIWU, TIPEICTABISIEMO KYPHATIOM.

Martepuanbl, HanpaBiisieMble B peIaKlMIO XypHajia, aBTOpam
He Bo3BpalatoTcsl. BosHarpaxaeHue (roHopap) 3a ony0IuKoBaH-
Hble MaTepuasbl He BblIaunBaeTcs. Bce HayuHbIe cTaTby My0OJIK-
KYIOTCS B XXypHaJie Ha 6€3B03MEe3HOI OCHOBE.

Penaxius xxypHajia pyKOBOACTBYETCS TAKUMU STUUECKUMU MPUH-
numramu COPE, kak:

— 0ecCIpUCTPaCTHOCTD;

— co0OitofeHre HayYHOM 9TUKU TTPU PeLIeH3UPOBAHUU CTaTel,
MOOIIPEHNEe HAYYHOW TUCKYCCUM MEXIY aBTOPAMU U PEeLEH3eH-
Tamu;

— COIEHCTBUE 3alMTe MHTEUIEKTYaIbHOI COOCTBEHHOCTU 1 aB-
TOPCKUX TpaB;

— OTKJIOHEHUE PYKOMMUCHU CTAThbU MPU BBISIBJICHUH TJIarMara —
OIyOJMKOBaHHBIX paHee MaTEPUaJIOB IPYTUX aBTOPOB 0€3 CChUIKU
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Ha ITepBOMCTOYHUKM; TTPOBEPKA OCYILECTBIISIETCS C ITOMOIIBIO CH-
CTeMBI «AHTHTIATHAT»

— KOH(pUAEHUIMAIBHOCTD (HepasIialleHue MepCoOHaTbHbIX JaH-
HBIX aBTOPOB 1 PELICH3EHTOB U IIpoYeii MH(pOpMaLK, IOJIyIeHHOMI
B Xoj1e Mpo(heCCUOHATBHOTO B3aUMOJCHCTBUS);

— BHECEHHE B CTaThIO PeIaKLIMOHHBIX IIPABOK ITOCJIE COIIaco-
BaHMs C aBTOPaMU.

OTBETCTBEHHOCTb U 3TUYECKUE NPUHLUNbI COTPYAHUKOB

pepakuum

Penakiius xypHana:

« obecrnieunBaeT BBIMOJHEHME 3alPOCOB YMTaTEsIei 1 aBTOPOB;

*  TIpeAnpUHUMAET HEOOXOAUMBbIE MEPDI [J1s1 00eceueHUsI BBICOKOTO
KayecTBa MMyOJIMKyeMbIX MaTEPUAIOB;

*  TapaHTUPYET CBOOOIY BbIpa’K€HUSI MHEHWI BCEM WieHaM HayYHO-
ro COOOIIIECTBA;

*  He JoIycKaeT MPpeBATMPOBAHUSI KOMMEPUECKUX COOOpaKEHU I HaL
UHTEJUIEKTYyaJIbHBIMU KPUTEPUSIMU;

* 10 Meépe HEOOXOAMMOCTU OOecrneyrBaeT MyOJnKal1IO TOIIPaBoK,
DPa3bsCHEHUM, OTIPOBEPXKEHUIN YU U3BUHEHU.

OTBETCTBEHHOCTb U 3TU4YECKUE npuHUuunbl aBTOpoB

Ha mipotstkeHUn Bcero mpoiiecca myoInKaiy aBTop 00s13aH COTPY/I-
HUYaTh C pefaklieil KypHajia, UCIIPaBIIsisl CTaThIO B Cllydyae HeOOXOau-
MOCTH.
ABTOp TTOJTHOCTBIO OepeT Ha ceOst OTBETCTBEHHOCTh 32 BO3MOXKHBIN ITJ1a-
rvaT TEKCTa, PUCYHKOB U IPYIMX 3aTMCTBOBAHHBIX MaTEPUAJIOB.
Pykomnucu, npenocraBiisieMble Ha pacCCMOTPEHME B PEIAKIINIO XKypHa-
J1a, JOJKHBI COOTBETCTBOBATH ITpaBujIaM 0(hOPMIIEHUST PYKOITMCH HAYYHOM
CTaTbH, TIPEICTABJICHHBIM Ha caiiTe XypHaJa.
ABTOp HE MMEET IpaBa MPEACTABIITh OAHY CTAThIO Ha MYOJIMKALIAIO
B HECKOJIBKO HAYYHBIX U3TaHWIA.
ABTOpaM HEOOXOIMMO TTPUAEPKUBATHCS CIEAYIOIINX STUYECKUX TTPUH-
LIUTIOB:
*  COOTBETCTBME MATEPUAJIOB STUYECKUM M IOPUANIECKUM HOPMaM,
B T. 4. 3aKOHOJATEJLCTBY O 3alllTe aBTOPCKKX MpaB (B YaCTHOCTH,
MaTepuabl, 3alIAIIeHHbIE aBTOPCKUM TIPaBOM, B T. 4. TaOJUILIGI,
IUPBI WA KPYIHBIE LIUTATHI, MOTYT BOCIIPOU3BOANTHCS TOIHKO
C pa3pelleHus UX BIaJesblEB);

*  OPUTMHAJIbHOCTb M HayYyHas HOBU3HA UCCIIETOBAHWI;

*  JIOCTOBEPHOCTDH IOJYYEHHBIX PE3YIHTATOB;

| My6nrkauyoHHas aTvika
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*  YETKOCTb B ONTMCAHUU METOIOJIOTUH BBIITOJHEHUSI PA0OT, YTOOBI MX
Ppe3yabTaThl MOTJIV OBITh ITOATBEPXKIACHBI IIPU HEOOXOAUMOCTHU JIPY-
TUMU UCCJICIOBATENISIMU;
*  00BEKTUBHOE OOCYXICHUE 3HAYMMOCTU UCCIIEIOBAHUIA;
* NpU3HaHWE BKJaAa IPYTUX JUl, 00g43aTeIbHOe HAIMYUe OMOIno-
rpau4eCcKuX CChUIOK Ha MCITOJIb30BaHHBIC paOOTHI;
* MpelcTaBJeHUE B KAUeCTBE COABTOPOB BCEX YUACTHUKOB, BHECIIINX
CYILIECTBEHHBII BKJIaJ B UCCIIEIOBAHUE;
*  MH@opMUpOBaHUE 00 OOHAPYKEHUU OLIMOOK UM HETOUHOCTEH
B IyOIMKALIMY U B3aUMOJIEICTBUE C PeJAKIIME C LEIbI0 CKOpeii-
1LIero UCITpaBJIeHUsI OLIMOOK WU U3BSITUS TTyOIMKALIUH;
*  OTCYTCTBME B CTaThe 3aMMCTBOBAaHUIM 0€3 CCHUIOK Ha MEPBOUCTOY -
HUKH (T1aruara).
ABTOpPBI HECYT BCIO OTBETCTBEHHOCTh 3a TOCTOBEPHOCTh MH(POPMALINH,
colep:kalleiica B MpeacTaBiseMblX MaTepHaliax, 3a COOTBETCTBUE
MaTepHuayoB HOpMaM 3aKOHOIATEIbLCTBA, MOPAIN 1 STUKH.

OTBEeTCTBEHHOCTb U 3TUYECKue npuHUuMnbl
peueH3eHTOoB

B coOTBETCTBUM C MOJUTUKOM XKypHasia peIaKiys ycTaHaBIUBAET MPO-
LIeaypY MPOBEISHMS pelieH3MPOBAHMS TIPEICTaBIEHHBIX K OIMyOJIMKOBa-
HUIO MaTepUuasoB.
IIpu perieH3UpoOBaHUY PYKOIMKCEil obecreunBaeTcss KOH(UASHIIUAIb-
HOCTb MH(OpMaIMU 00 aBTOpax U O pelieH3eHTax. HapyiieHue KoHpu-
TEHITMATbHOCTH TOITyCKAETCsT TOJIBKO TP TTOI03peHUN (pabcrbrKamu
CO CTOPOHBI aBTOPOB JIMOO PELIEH3EHTOB.
PenieH3eHTHI He MMEIOT TTpaBa MCITOIb30BaTh MOJyYeHHBIE PYKOITUCH
B JIMYHBIX LIEJISIX WM TIPEAOCTABISATh UX APYTUM JULIaM 0e3 pa3pelieHus
OTBETCTBEHHOTO WieHA PENKOJICTUM. 3aMeUaHusI peLIeH3eHTOB He My0JIu-
KYIOTCSI U He OOHApOAYIOTCSI MIHBIM 00pa3oM 0e3 pa3pelieHus pelieH3eHTa,
aBTOPOB PYKOIIMCHU U pedaKTopa.
PelieH3eHThI JOJIKHBI JaBaTh YeCTHYIO U OObEKTUBHYIO OLIEHKY PYKO-
MMMCH, YeTKO ¥ apTYMEHTUPOBAHHO (hOPMYJIMPOBATH CBOM 3aMeYaHUsI, OlIe-
HUBasi UCKJIIOUUTEJIbHO HayYHOE coiepkKaHue ctaTbi. Henmpuemiema kpu-
THUKa JIMYHOCTH aBTOPA.
PeuieH3eHT 00s13aH pyKOBOJCTBOBAThCS CIAEAYIOIIMMU 3TUYECKUMU
MPUHLIUTIAMU:
*  OCYIIECTBJSITh PELEH3UPOBAHUE TOJBKO TeX pPYKOMUCEN, 1JIsT OLICH-
K1 KOTOPBIX OH 00JIaJaeT JOCTaTOYHBIMM 3HAHUSIMU;

*  TOTOBUTH PELIEH3UIO0 CBOEBPEMEHHO HA OCHOBE KOHCTPYKTUBHO-
r'o TIOIXO/1a;

*  CcoOmoIaTh KOH(PUICHIINATBHOCTD;

*  TIpY COCTaBJIICHUU PELICH3U OBITh OOBEKTUBHBIM;
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*  MpeAynpeauTh peJakTopa O MaTepHaliax, OIyOIMKOBAaHHBIX paHee
B JaHHOM WJIM APYTOM U3IaHUN, TIPU X HAJTAYNH;
*  MpeaynpeInuTh pelaKTopa M, €CJIM HeOOXOIMMO, ITepeaTh CTaThIO
JIPYTOMY PELIEH3EHTY B CITy4dae IMTOTEHIINATBHOTO KOH(MINKTA MHTE-
pecoB ((bMHAHCOBBIX, OPraHU3ALMOHHBIX WJIH APYTUX OTHOLIEHU I
MEXIIY PELIEH3EHTOM 1 aBTOPOM);
* He MCMOJIb30BaTh MH(MOPMALINIO, TTOJTYYEHHYIO TTPU PeLieH3MPOBa-
HUU, B JIMYHBIX LEJIIX WM MHTEPECAX MHBIX JIUII.
Ha conepsxanue perieH3MM He JOJIKHO OKa3bIBaTh BIMSTHUE TTPOUCXO-
XKIEeHIE PYKOITUCH, HALIMOHAIBHOCTD, TTOJI, PETUTHO3HBIE WU ITOJTUTHYE -
CKUe yOexXIeH s aBTOPOB.

MpuBaTHOCTbL

[IpencraBieHHbIe aBTOpaMU UMEHA U aipeca 3JEKTPOHHOU MOUTHI UC-
TOJIb3YIOTCS UCKJTIOUMTEIBHO B JCTOBBIX LIEJSAX (TSI KOHTAKTa C aBTOpaMU
WJIK C peLieH3eHTaMU MPU MOATOTOBKE CTaThbU K MyOJMKALIMU) U HE MOTYT
OBITH TIPEIOCTABICHBI APYTUM JIMIIAaM M OPTaHU3AIIMSIM.

Monntuka packpbiTUS U KOHGDJIUKTbl UHTEPECOB

Ipu HaTMYMK KOHGIMKTOB MHTEPECOB BCIIEACTBUE IMYHOM, (PMHAHCO-
BO MJTM OPraHU3alMOHHON 3aMHTEPECOBAHHOCTH, a TAKXKE KOHKYPEHTHBIX
OTHOILIEHUH C JTIOOBIMU aBTOPaMU (KOMITAHUSIMU, OPTaHU3ALSIMU), TTPE/I-
CTaBJISIOIIMMU PYKOIIUCH, PELIEH3EHTHI HE YY4aCTBYIOT B €€ PACCMOTPEHM.

K.C. Benkos | MybnvkauyoHHas aTuka
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MpaBuna odpopmsieHua ctaTbm

Article Submission Guidelines

YK 000.000

HasBaHue cTatbu

U. 0. Damunus aemopa’
' MecTo paboThI, TOPOJ, CTpaHa
e-mail

AHHOTaUMA. AHHOTaLMS TOJKHA conepkaTh He 6osee 300 c0B U MpeacTaBlsITh
OCHOBHYIO UIIEIO CTaThH.

Kntouyeble cnoea. OT Tpex 10 BOCbMU CJIOB WU YCTOSIBUIMXCS CJIOBOCOYETAHUIA.
PexomeHnnyetcs ucnosnbzoBats TakcoHoMuio [EEE.

Paper Title

Author Name'
Author Affiliation, City, Country

e-mail address

Abstract. The abstract should contain no more than 300 words and represent the
main idea of the article.

Keywords. 3—8 words or established terms. IEEE taxonomy is recommended.

BeepeHue (Introduction)

Bo BBCACHNU HGO6XOI[I/IMO npeacTaBUTb OCHOBHYIO UICIO paGOTLI, OIn-
CaTb UCCIICJOBAHMA, KOTOPLIC ObLIN ITPOBECACHEI. nu OaThb ITOHATDb YUTATEC-
JI10, O YEM nomaer peyb B OCHOBHOM 4acTH CTaTbU.

Introduction contains the main idea of the article and the description
of the completed research. Introduction outlines the concept of the main
part of the paper.

| Article submission guidelines
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3aronoBok 1 (Heading 1)
P MCYHKU JOJI2KHBI UMETb ITOATIMCHU Ha PyCCKOM U AHTJINIICKOM SI3bIKE.

Puc. 1. HazBaHnue pucyHka
Fig. 1. Example of a figure caption

Figure captions should be below the figures; table heads should appear
above the tables. Insert figures and tables after they are cited in the text. Use
the abbreviation “Fig. 1”, even at the beginning of a sentence.

3aronoBok 2 (Heading 2)

HaszBaHue Tabiuibl YKa3bIBaA€TCAd Ha pyCCKOM U AHTJIMIUCKOM $3bIKaXx.
B KOHIIC TaOJIULIBI HCO6XO,E[I/IMO yKa3aTb UICTOYHHK, B IIPOTUBHOM CJIy4dac
BbI ABJISIETECH aBTOPOM TaOMULIBI.

Table heads are in Russian and English. The source of the table is indi-
cated after the table, otherwise you are the author of the table.

Tabauya 1

3aroJ10BOK TA0 MBI

Table 1
Table head

Source/MCTOYHUK:

3aronoBok 3 (Heading 3)

®opMyITel JOJDKHBI OBITh HabpaHbl mipudTamMu Times New Roman
u/unm Symbol. Henb3st uCTionb30BaTh BCTPOSHHBIN peaakTop (hopMyJI pe-
nmakTopa Word Bepcuii 2010 1 BBIIIe, TaK KaK OH UCIIOJIb3yeT HECTaHAAPT-
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HbI MaTeMaTudecKuii pudT. Mcronb3yliTe MpocToit HAbop MaTeMaTuye-
CKMX BbIpaXKEHUU B CTPOKY Wiu penakropel MathType nnu MS Equation.
Jns coznaHuss MHOTOYPOBHEBBIX (hOPMYJT UCITOIB3YHTE peaakTophl (hop-
mya MathType uiu MS Equation.

Hymepyiite dopmyabl nociaenoBarenbHo. Hymepalius BbITTOJHSIETCS
C BbIpAaBHUBAHUEM I10 TTIPABOMY Kpalo.

HaszBaHusi nepeMeHHBIX: JATUHCKKE OYKBbI HAKJIOHHbIE, PYCCKHE OYK-
Bbl IpsiMble: U . HazBaHust PyHKLMI U OTIEpaTOPbI: MPSAMBbIE JTATUHCKUE
OykBbI: pi = di/dt. 'peyeckue OyKBbI BCeraa mpsiMble.

IToMHuUTE, YTO DOPMYJIBI BKIIIOUAIOTCS B TEKCT C UCIIOJIb30BAHUEM 3HA-
KOB ITpeNHaHusI, HallpUMep, CeIyo1lasi 3a 3TUM TEKCTOM (hopMyJia T0JK-
Ha 3aBepIIUTLCI TOUKOU, TaK KaK 3TO OyIeT KOHELl MPeLIOKEHUS:

atb=y. (1

YImocToBepbTeCh, UTO BCE TIEpeMEHHBIE, UCTIOIb3yeMbIe B GopMyIIe,
ObLIM OMpeneseHbl 10 Wi cpaszy nocie dopmynsl. Cebliasch Ha hopMmy-
NIy, IUIINTE «... B (1)...», HO HE «... B ypaBHeHUU (1)...», 32 UICKITIOUCHUEM
Havasia npeuioxXeHus:: «YpaBHeHue (1)...».

Heckosbko pacnpocTpaHeHHbIX OLLINGOK

* He ucnonpsyiite 6yKBY «0» BMeCTO «0» (HyJIs), 1 HAOOOPOT: «(U »,
HO HC «U ».

* Bce rpeuyeckue OykBbI B (popMyJiax JOJKHBI ObITh MPSIMbIE, XOTS
110 YMOJYaHUIO PENAaKTOPbl (hOPMYJT CUMTAIOT MHAYE.

* 3ansTble, TOYKU U T.[I. CTABSITCS BIJIOTHYIO K CJIOBaM, MOCJIE 3TUX
3HAKOB 00513aTEJIbHO CTaBUTCS IpoOea: «3amnsThie, TOUKU...»,
HO He «3anAIThle ,TOYKH..»

*  Tupe craBuTcs ofHOBpeMEHHbBIM HaxkaTeM kKiaBui ALT + SHIFT +
+ «—» (Ha 1ornosHUTeILHOM L poBoit KilaBuatype). He ncnomb3yii-
Te neduc, M KOpoTKOe TUPE, UIU MUHYC BMECTO THUPE.

The equations are an exception to the prescribed specifications of this
template. You will need to determine whether or not your equation should
be typed using either the Times New Roman or the Symbol font (please no
other font). To create multileveled equations, it may be necessary to treat
the equation as a graphic and insert it into the text after your paper is styled.

Number equations consecutively. Equation numbers, within parenthe-
ses, are to position flush right, as in (1), using a right tab stop.

To make your equations more compact, you may use the solidus (/), the
exp function, or appropriate exponents. Italicize Roman symbols for quanti-
ties and variables, but not Greek symbols. Use a long dash rather than a hy-
phen for a minus sign. Punctuate equations with commas or periods when
they are part of a sentence, as in



2018, VOL. 2, N2 3

a+p=o. (D

Note that the equation is centered using a center tab stop. Be sure that
the symbols in your equation have been defined before or immediately fol-
lowing the equation. Use “(1),” not “Eq. (1)” or “equation (1),” except at
the beginning of a sentence: “Equation (1) is...”

Some Common Mistakes

The word “data” is plural, not singular.

The subscript for the permeability of vacuum m, and other common
scientific constants, is zero with subscript formatting, not a lower-
case letter “o0”.

In American English, commas, semi-/colons, periods, question and
exclamation marks are located within quotation marks only when a
complete thought or name is cited, such as a title or full quotation.
When quotation marks are used, instead of a bold or italic typeface,
to highlight a word or phrase, punctuation should appear outside
of the quotation marks. A parenthetical phrase or statement at the
end of a sentence is punctuated outside of the closing parenthesis
(like this). (A parenthetical sentence is punctuated within the pa-
rentheses.)

A graph within a graph is an “inset,” not an “insert.” The word alter-
natively is preferred to the word “alternately” (unless you really mean
something that alternates).

Do not use the word “essentially” to mean “approximately” or “ef-
fectively”.

In your paper title, if the words “that uses” can accurately replace
the word using, capitalize the “u”; if not, keep using lower-cased.
Be aware of the different meanings of the homophones “affect” and
“effect,” “complement” and “compliment,” “discreet” and “dis-
crete,” “principal” and “principle”.

Do not confuse “imply” and “infer”.

The prefix “non” is not a word; it should be joined to the word it
modifies, usually without a hyphen.

There is no period after the “et” in the Latin abbreviation “et al.”.
The abbreviation “i.e.” means “that is,” and the abbreviation “e.g.”
means “for example”.

3akniovyeHue (Conclusion)

B 3aki0ueHUU NOKHBI OBbITH C(HOPMYIMPOBAHBI OCHOBHbBIE BbIBOIBI
o pabore.

Conclusion contains the main outputs of the research/paper.
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BnaropapHocTtu (Acknowledgment)

3aech MOXHO PacCIIOJIOKUTb 6J'IaI‘OZ[apHOCTI/I, B TOM YMCJIC yKa3aTb I'rpaH-
ThI 1 APYIrv€ BUIblI CIIOHCOPCTBA, KOTOPHIC CIoCcoOCTBOBAIN IIPOBEACHUIO
MUCCJIEIOBAHUI 110 TEME HY6J'II/IKa]_[I/II/I.

Here you can place the gratitude, including grants and other types of spon-
sorship that contributed to the research on the topic of publication.

The preferred spelling of the word “acknowledgment” in America is with-
out an “e” after the “g.” Avoid the stilted expression “one of us (R.B. G.)
thanks...”. Instead, try “R. B. G. thanks...”. Put sponsor acknowledgments in
the unnumbered footnote on the first page.

Cnucok nutepatypbi/References

bubnuorpacduyeckuii cnmucok Hymepyercs. [Ipy LMTUPOBaHUM HOMED
CCBUIKM BKJTIOYAETCS B TEKCT B KBaJpaTHBIX CKoOKax. [ToMHuUTE, 4TO 3HA-
KU TIpeMMHaHMS cienyroT nociie ckooku: [1]. Cebuika aenaercst 6e3 nosic-
HEHUM BUJA «... B cTaThe [3]...», 32 MCKIIIOUEHMEM CJIyyasl, KOTAa OHa CTO-
WUT B HauaJie nipeioxkeHus: «Cratbs [4] conepxur...»

The Reference list is numbered. When quoting, the reference num-
ber is included in the text in square brackets. Note that punctuation marks
come before the parentheses [1]. The reference is made without explanation
(... in the article/paper [3]...”), except when it is at the beginning of a sen-
tence: “The article/paper [4] ...”.
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e-mail, ropon, cTpaHa.
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