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ApanTyBHOE NPOrHo3MpoBaHUue clyyaliHoro npowecca
€ NCNOJIb30BaHMEM anropmTma nocnegoBaTeNibHOM perpeccmmn

B. A. TonoBKkoB™

AO "HayuHo-nccneaoBaTenbCKnim MHCTUTYT
KOMTMIEKCHbIX NCMbITAHUIA ONTUKO-3/1eKTPOHHbLIX NpubopoB", CocHoBEIM bop, Poccusa

™ golovkov_ggg@mail.ru

AHHOTaUmA

BBepeHue. AjanTBHOe CTaTUCTUYECKOe NPOrHO3MpoBaHMe Cay4anHOro npoLecca akTyanbHO AN KOMMeHca-
LMK LWyMa B 3a4adax pagmo- n onTrnyeckunin nokaumm. @opma oTpaxeHHOro oT Liefin CUrHana 4yacTo HemsBecCT-
Ha BBUAY MCNOMb30BaHWA KOPOTKMX 30HAMPYHOLLMX NMMYNbCOB, MpoberaLmx B Te4eHne CBoe ANTeNbHO-
CTV paccTosiHWe, Manoe Mo CpaBHEHUIO C pasMepamMu Lenun. BelunTaHe 13 3HaYeHUs LUyma ero NporHosa,
CcPOpPMMPOBaAHHOTO B NPeAbIAYLLIA MOMEHT BpeMEeHW, MO3BONSET KOMMEHCMPOBATb LUYM.

Lenb pa6oTbl. ccnegoBaHne 3ajayun afanTMBHOMO JIMHEMHOro MPOrHO3MPOBaHWA CyYaiHbIX NPOLLeccos
HepeKypPCUBHbIM NMHEHBIM GUABLTPOM, PeannsyoLLM anropnT™ nocaejoBaTeNbHON perpeccun ana andoe-
peHumpyeMbix 6eckoHeYHo 1 gnddepeHumpyembix KOHEYHOE YUCI0 Pa3 ClyHaHbIX MPOLLECCOoB.

MaTtepuarnbl 1 MeTOAbl. PacCMOTPeEHbI MOAENN CyYaHbIX MOMeX B BUAe AnddpepeHLMpyeMbiX 6ECKOHEYHO U
anddepeHLMpyeMbIX KOHEYHOE YNCIO pa3 CilyYalHbIX MPOLLeCccoB. ANrOPUTM MOC/eA0BaTeNbLHON perpeccum
TpebyeT OLleHKN KOPPeNsLNOHHON MaTpULbl BEIGOPKM 1 BEKTOPA BbIGOPKM KOppensiLy NporHo3a v snemMeH-
TOB BblOOPKM. 3@ CHET HEKOPPENMPOBAHHOCTY C/Iy4aliHOro nMpoLiecca 1 ero Npon3BoAHON 0bpasyeTcs paspe-
XXEeHHas KoppensumMoHHas MaTpmLa BbIGOPKYM, UTO YMEHbLLAET YNC/IO MaTeMATUYECKMX OnepaLnii.
PesynbTathl. [prBeseHbl pe3ynbTaTbl YMCIEHHbIX PacveToB U peannsauns cay4anHoro npowecca, ero on-
TVUMaNbHOro 1 aJanTUBHOMO MPOrHO3a, MOy4YeHHble B XO4e UMUTALMOHHOrO MOAENNPOBAaHNSA. AAANTUBHbIN
NPOrHo3npyLLNn GUABLTP C NCNONb30BaHMEM BbIGOPKM MPOM3BOAHBLIX CAy4YaliHOro npouecca nosBossieT
MUHVMYM Ha TPeTb YMEHbLUNTb YMCI0 MaTeMaTUYeCcKnX onepaunin B CpaBHEHWM C NCMOIb30BaHNEM TPaHC-
BepCcaNbHOro NporHo3supyoLero puabTpa.

3akno4yeHune. ANropuTM MocnejoBaTeslbHOM perpeccun npu MpPorHO3MpoBaHUM CyYaliHOro npolecca u
anpuopHO Hen3BeCTHOCTX MapaMeTpoB C/lyYaiHOro mpouecca Hanbonee 6AM30K K ngeanbHOMY anropuTMy
HernocpeACTBEHHOrO 06paLleHNs MaTpuLbl, MO3BOAS B XO4e PaboThbl aAanTMpoBaThCa K M3MEHSIOLWMMCS na-
pameTpam npotecca. Y1cno ntepaunin Npu HepekypcrMBHOM ¢puabTpaLmm 1 YpoBeHb 3aTyXaHWUS OLLeHNBaeMbIX
K03 PULMEHTOB NMHEHON perpeccum B xo4e ajanTalm MOXHO UCMOob30BaTh A/18 agantaumm npy n3meHe-
HWM NapamMeTpoB NPOrHO3Mpyemoro npotecca.

KnioueBble cioBa: c/lyyaliHblii mpoLecc, BbiI6opka, Mpor3BOAHas Cly4YaiHOro npoLecca, HepekypCcuBHOE Npo-
rHO3VPOBaHWe, aganTtauus, AUCNepcus OLLEeHKM NPOrHo3a

Ansa untmnpoBaHwuA: [010BKOB B. A. AjanTnBHOe NPOrHO31poOBaHKMe Cy4YaiHOro npouecca ¢ MCNob30BaHNEM
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Abstract
Introduction. Adaptive statistical prediction of a random process is relevant to a noise compensation in radar and
optical location problems. The shape of the signal reflected from the target is often unknown due to the use of
short probing pulses passing during their duration in a distance less than the size of the target. Subtracting the
noise forecasted in the previous time point from its current value allows one to compensate for the noise.
Aim. Investigation of the problem of adaptive linear prediction of random processes by a non - recursive linear
filter implementing a sequential regression algorithm for infinitely and finitely differentiable random processes.
Materials and methods. Models of random interferences in the form of infinitely and finitely differentiable
random processes were considered. The sequential regression algorithm required to estimate the correlation
selection matrix, the selection vector of correlation of the forecast and sample units. Due to random process
and its derivative incorrelation, the sparse correlation selection matrix was formed. This factor reduced the
number of mathematical operations.
Results. The results of numerical calculations and the implementation of random process, its optimal and
adaptive prediction obtained during the simulation were presented. The adaptive predictive filter with random
process derivative sampling provided at least a one third reduction of the number of mathematical operations
in comparison with the transversal predictive filter.
Conclusion. An algorithm of sequential regression in predicting a random process and its a priori unknown
parameters is the closest to the ideal algorithm of direct matrix inversion. It allows to adapt to the changing
process parameters. The number of iterations in non-recursive filtering and the value of attenuation of the es-
timated linear regression coefficients during the adaptation can be used to adapt to the changes in the param-
eters of the predicted process.
Keywords: random process, sample, derivative of random process, non-recursive forecast, adaptation, vari-
ance of forecast estimation
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Beenenune. B HacTosiee BpeMs B paauo- U OI-
TUYECKOM JIOKALUM HCIONB3YIOTCS  30HAMPYIOLIUE
HMITYIIBCBI JJINTENIBHOCTBIO B €IUHUIIBI HAHOCEKYHI.
OJEKTPOMarHUTHOE II0JI€ TaKUX HMMILYJIbCOB, pajiu-
albHO PACIpPOCTPAHSIOIUXCS B IPOCTPAHCTBE OT
HCTOYHHKA W3JIy4€HUs, UMEET IMPOTLKEHHOCTh Me-
Hee HECKOJIBKUX METPOB, B TO BpeMs KakK II0ACBEYM-
BaeMasl LieJIb MOXKET UMETh pa3Mephl B I€CATKH MET-
poB. Kiaccuueckas cornacoBaHHast —(QHIIBTparys,
OCHOBaHHAsI Ha M3BECTHOCTH (POPMBI OTPaKEHHOTO
UMIIyJbCa, B 3TOM CIy4ae HEBO3MOYXHA, IOCKOJIBKY
coracHo [1] oOny4eHue 1enu HeCTalHOHAPHO B CH-

cTeMax Kak pajuo-, Tak M ONTHYECKOM tokamuu [1-4].
B sTOM ciydae OTHOIICHHME CHTHAJ/IIYM MOXHO IT0-
BBICUTbh TOJIBKO 3a CUET KOMIEHcaluuu Iryma. B pe-
ATBHOM BPEMCHHM KOMIICHCAIMS IITyMa U BbIJCIICHHE
CHTHaJIa TIPOM3BOASATCS BEIMUTAHUEM U3 HAOIIOAAEMOro
3HAQUEHHsI CMECH CUTHAJIA C IIYMOM IPOrHO3a 3TOro
3HAYCHMSI U3 IPEIBIAYIIIET0 MOMEHTa BpeMeHH [5].
CraTucTrdyeckne XapakTePUCTHKH MOMEXH (Iry-
Ma), KaK [IPaBUIIO, AIPUOPHO HEU3BECTHBI U JOJDKHBI
OILICHUBATHCSA B XOf¢ HAOMIONEHMs, TEM CaMbIM pea-
TM3ysl afanTHBHBIA METON MpOTHO3upoBaHus [6].
B [7, 8] paccMoTpeHBl pa3nu4HbIE MOIEIH aJanTa-

AanTUBHOE NPOTrHO3HPOBAHHE CTyYAITHOT0 NPOIECCa ¢ HCIO0JIb30BAHMEM AJITOPHTMA I0CIe0BaTeIbHOM perpeccuu 7
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OUH TpPA TPOTHO3UPOBAHWUHM BPEMEHHEIX PSAOB H
COOTBETCTBYIOIIMX WM CIydaWHbIX mporeccoB. K
TaKUM MOZEJISIM OTHOCSITCS, HapuMmep, MoJienb bpa-
VHa, Jaiomasi MPOrHO3 MPH OTCYTCTBHH TPEHAA M Ce-
30HHOCTH; MOHEeNb XOJNbTa MPH HPOTHO3UPOBAHUH
BPEMEHHOTO psifia C JIMHCHHOW TeHICHITUEH; MOIENb
Jx. bokca u I'. JIDkeHKHWHCA, WA MOACIH CKOJIB3SIIC-
TO CpemHero, U Ap. DTH MOAEIH OPUCHTHUPOBAHEBI, B
OCHOBHOM, Ha pellleHHe SKOHOMHYECKHX 3alad |
HCTIOJIB3YIOTCSI Yallle BCETo VIS OLICHKH TPEeHIa Mmpo-
recca (cydaitHo# mocemoBarenabHocTn). B [9] pac-
CMOTpPEH BONPOC HEPEKYPCUBHOTO CTATUCTHUYECKOTO
IPOTHO3UPOBaHKs CiydaitHoro mpomecca &(t) mo

BEIOOpKAM pa3IMYHOTO BHIOA C HCIONB30BAHUEM
ypaBHeHUs1 Bunepa—Xorida B MaTpudHON (dopme H
MIPOBEJCHO CpaBHEHUE HX I(P(PEKTUBHOCTH, OTHAKO
HE MPEINIOKEH METON aJaNnTaldd IPH HPOTHO3UPO-
BaHWU. HawmOoiee ONM3KMM K agaliTHBHOMY Hepe-
KypCUBHOMY (DUIBTpY, pealu3yrouieMy HaeaIbHbIA
QITOPUTM aIaNTalnH, SBISIETCS (QUIBTpP, peaTn3yro-
[N aITOPUTM TOoCcienoBarensHoi perpeccun. OH u
PaccMOTpPEH B HACTOAIIEH cTaThe.

Henw padorel. Llenbio paboThl ABIASETCS HCCITE-
JOBaHME 3a[a9H aJalTHBHOTO JIMHEHHOTO IIPOTHO3H-
pOBaHMs CIy4aifHOro IIpolecca HEPEeKypCHBHBIM
TUHEHHBIM (DUIETPOM, PEATH3YIOIINM aJTOPHUTM II0-
CIIeJIOBAaTeNIbHOW perpeccu i TuddepeHmmpyeMbIx
OeckoHeuHO U AU epeHIUPYEMBIX KOHEIHOE YUCIIO
pa3 CIyJailHBIX MIPOIIECCOB, a TAKKE TOATBEPIKACHUE
MOTYYEHHBIX Pe3ylIbTaTOB SKCIIEPUMEHTAIBHO.

MarepuaJjbl 1 Meroabl. IIpu aganTuBHOM Ipo-
THO3UPOBAaHUH CIIEAYET NPEIIOKUTH BUA BEIOOPKH,
IIpY KOTOPOM YMCJIO MAaTEMATUYECKUX OIepalui Mu-
HUMaJIbHO. MOXHO (OpMHUpPOBATH BBIOOPKY 3Haue-

Huit ciTyyaiinoro nponecca &(t) B HacTosmee Bpems
t m B mpomenmme MOMEHTHI BpemeHu t—At, ...,
t—nAt, toe n — nenoe, a At — uHTEpBaNm BpEeMeHH,
o0pasys BEKTOp

X=[e(), (t-Ab), ..., &(t—nat)],

U HCIONB30BaTh TAaK HA3bIBAEMBIN TpaHCBEPCATbHBIN
¢mIpTp. MOXHO HCTIONB30BaTh BHIOOPKY 3HAUCHHN
CIly4aifHOTO IpoIiecca U HEKOTOPOTO YHCIA €T0 Mpo-
W3BOJHBIX, €CIIH OH JU(QepeHIpyeM OCCKOHEUHO
WJIA KOHEYHOE YHCIIO Pa3, WK BEIOOPKY

y=[ew), €@, ... M)

Bri6opka Y mim X ucnosnb3yeTcs UIsl MPOTrHO3a
peanusalyu ClIy4alHOTO Impoliecca Ha MOMEHT Bpe-
Menu t+6, rme O — Bpems mporHosupoBaHus. Brl-

GOpKM TAKOTO POIa MCIONB3YIOTCS TAKXKe H JUIS WH-
TEPIONAIMA CIYYAWHBIX TPOIECCOB MEXIY IBYMS
y3mamu [10, 11].

IIporHo3 mpexcTaBuM B Buae (GUIBTpa, OCYy-
IIECTRISFOIIETO IMHEHHYIO PETPECCHIO:

g[(t+0)t]=
=ko& (1) + ky& (t — AL +... + k& (t—nAt) = KX, (1)

e E[(t+0)|t] — nporros peamusamn £(t) na mo-
MEHT BpeMeHH t+6, oTcTosmmii Ha O oT MOMeHTa

BpeMeHn t; K=[k0, Kyy oo kn] — BeKTOp K0d(dhu-

nueHToB. OnTuManbHbie ko3ddumuenTs Bektopa K
3aBHCAT OT BPEMCHH IIPOTHO3MPOBAHHSA 0, Koppes-
LIMOHHBIX CBOMCTB CITy4yalHOro mpolecca U MHTEepBa-
Jla BpEMEHH MEXIy oTcueTaMu At. AHAJIOTHYHO TIPU
HCTIONB30BAHIH 3HAUYCHUH IPON3BOAHBIX:

e[t +0)t]=
=Won& (1) + W& (1) +...+ Wnn&,(”) ®)=wYT", (2

C BEKTOPOM W:[WOn, Win, «-o Wnn]- Becoseie

kodhuuments Bekropa W orpeniencHbl kak Wi,

e | — HOPSIOK NPOU3BOAHON peanu3anuy; j — 00b-
€M BBIOOPKH, HCIIOIb3YEMBIH [T IPOrHO3UPOBAHMUSL.
Omrumanbueie kod(duimentsr Wij Bekropa W 3a-

BUCAT OT BPEMEHU MPOTHO3UPOBaHUS O U Koppes-
IIMOHHBIX CBOWCTB cllyyaifHoro mporecca. Oba Tuma
HEPEKYPCHUBHBIX (HIBTPOB HMEIOT KOHEYHYIO BO
BPEMEHHU HMITYJIbCHYIO XapaKTEPUCTUKY U YCTOWYH-
Bbl. Crienyer 3aMeTHTh, 4To OeckoHeuHo auddepen-
[HUPYEMBbl TOJIBKO BBIPOXKACHHBIC (JIMHEHHO CHHIY-
JspHBIE) Tponecchl [12], Momenn KOTOpBIX, TEM He
MeHee, YIOOHO MCIONB30BATh ISl OMHCAHHUS Peallb-
HBIX mporeccoB. K TakuMm mpoiieccaM MOXKHO OTHeE-
CTH TPOLECCHl C HOPMHPOBAHHBIMU KOPPEISIIUOH-
HBIMH (DYHKITUSIMH, KOTOPBIC ITMPOKO HCIIOIB3YIOTCS
B Pa3IMYHbBIX 3a1adax [9]:

o(0)= sin(wt)

T

100

o(0) =exp(—ar?).

Juddepenimpyemple KOHEUHOE YHCIO Pa3 Mpo-
IIECCBl MOXKHO OTHECTH K CJIOKHBIM MAapKOBCKHM
nporieccam [13]. B kauectBe mpumepa HOPMHPOBAH-
HOU KOPPEIAIUOHHON (YHKIMH CIyYaifHOrO Mpo-
necca, nuddepeHIupyeMoro poBHO N pas, WCIONb-
3yeTcst JOCTaTouHo obIee BoipaxeHue [14]

8 A/anTHBHOE NPOrHO3UPOBAHNE CIIYYAHOTO Npolecca ¢ UCMOJIb30BAHHEM AITOPUTMA N0CJIe10BATEIbHOI perpeccuu
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2 foxp(2ld) (o)
(1)=——— [exp(=2x—|t)x" (x +|z])" dx.
P r(2n+1)£ P
IIpumepsl HOPMUPOBAHHBIX  KOPPEJALUOHHBIX

(GbyHKIMH CiTydaliHBIX TporeccoB, muddepeHupye-
MBIX KOHEYHOE YHCIO pa3, mpuBeaeHel B [14], B
YacTHOCTH, IpH N =1, 2 moxyyaercst:

n=1: p(t)= (1+|t|)exp(—|r|);
n=2: p(t)=(1+Id+72/3)exp(~I).

Hcrnone3yss MHTErpaibHBI KpuTepuit u3 [12],
MOXKHO TI0Ka3aTh, YTO MPOIIECCHI C TAKUMH HOPMHUPO-
BaHHBIMHU KOPPEIIIIMOHHBIME (DYHKIIMAMU OTHOCSITCS K
JIMHEHHO-PETYNSPHBIM U HE SBIISIFOTCS BBIPOXKICHHBI-
Mmu. IIpocToit MapkoBckuii mpouecc ¢ HOpMHUPOBaH-
Hoit xoppersmonnoil pyrkimeit p(t) =exp(—alt)
He auddepeHnHpyeM U Aajee He PaccMaTpUBAETCS.
Ucnonw3oBanue BHIOOpKH MPOU3BOAHBIX OoJee -
¢dextuBHO. B [9] mokasano, uro amropurmsl (1) u (2)
COBIIQJIAIOT IO 3(P(PEKTUBHOCTH MPU HCIOIH30BAHUU
BBIOOPOK OAMHAKOBOTO pazmepa u At — 0.

[Ipr TpOTHO3MPOBAHUM CITyYAHHBIX IIPOLIECCOB
UX TPOM3BOAHBIE MOXKHO OIEHHTh METOIOM KOHEU-
HBIX pa3HOCTel MO0 C TIOMOIIBIO aHAIOTOBBIX AU(D-
¢bepennmpyronmx cxem [15]. Bo3amokHO Takke Imo-
CTPOGHHE PEKYPCHBHBIX IIPOTHO3UPYIOMHUX (HHITb-
TpoB [6], uMeroIux GECKOHEYHYI0 BO BPEMEHH HMM-
MYJABCHYIO XapaKTEPUCTUKY M HCTIONB3YIOIIMX BEIOOp-
Ky 3HaueHHi ciyyaiiHoro mpouecca. OnHaKo pexyp-
CHUBHbIE (DHIIBTPBI CONeprKaT Lielb OOpaTHOW CBSA3M U
MOT'YT OBITh HEYCTONYMBEL

OnTUManbHEIA ¢ TOYKH 3pCHHUS MUHHMAIIEHOTO
CPEIHEKBaIPaTHYHOTO OTKJIOHEHMS BEKTOpP K03(h¢u-
uuentoB. Wope 6o Koy ompenensiercst ypasHe-

ureMm Bunepa—Xonda [14]:
Wopt =R7IPT,

rae R — marpuna B3aMMHOW KOPPENSAIMN 3IEMEHTOB
BbIOOpKH Y 160 X; P — BekTOp B3anMHOI Koppes-
unn nporuosa &(t+6/t) u anemenros BoGOpKH Y
6o

é[(t + 9)|t] nonydena B Buje [16]

X. MuHumanpHas JUCTIEPCHs MPOTHO3a

o {e[t+0)t]} =c?[e(]-PR7IPT,  (3)

e o2 [F, (t )] — ucnepens caydaiiHoro nporecca &(t).

Marpunia R u Bektop P, ucnonezyemble mnpu
MPOTHO3UPOBAHUU C BBIOOPKAMU JI0 YE€TBEPTOH IPO-

W3BOJHOM BKITFOUUTENBHO, TOTYYeHBI B [9] B BHIC

R=
1 o @ o %0
0 —p@ o %0 o
=0 0 oY o p®0) @
o »%0 o 0 o
Yo 0 %0 o %0

P=c?[p(0), —p/(0), p"(0), 5 (0), p*(0)],
e p(0) — HOpMupOBaHHas Ha R (byHKIMS Koppers-

ma mponecca &(t); —p”(0), p(4)(0), —p(s)(O),

2

p(g) (0) — HOpMHpOBaHHBIE HA G JMCIIEPCHH MPOLIEC-

co &'(1), £"(1), §(3) (1), 5(4) (t) cooTBETCTBEHHO.

Kaxk Bumuo u3 (4), marpuna R sBisercs cummer-
PUYHON M Pa3peKeHHOM, TaK KaK CITyYalHBINA MPOIIECC
U €To MepBast MPOU3BOIHAS, a TAKXKE MepBas U BTOpas
MPOU3BOHBIE CIYYaHHOro mporecca, BTopas U TPeThs
TIPM3BOAHBIC U T. . HE KOPPEIHPOBAHBI MEKAY COOOH
NP COXPAaHEHWH CTALMOHApHOCTH TpoIiecca, H3-3a
Yero TPeTh IEMEHTOB STOH MAaTpPHUIIBI paBHBI HYIIIO.
OTO TMO3BONAET YMCHBIINTH YHCIO OIEHHBAEMBIX
napaMeTpoB MaTpullbl. Takas MaTpuiia Xopouo o0y-
CIIOBIICHA, U JJIS HEe JIETKO HAlTH 00paTHYIO.

Haxoxnenune BekTopa K Tarke He BBI3BIBAaCT 3a-
TpyaHeHHH. COOTBETCTBYIOIINE €My MaTpHIla U BEK-
TOP B3aUMHOH KOPPEIALINHI UMEIOT BHI;

R =
1 p(At) p(nAt)
_g2|p(aD) 1 . pllh-vat]l. (5)
p(ﬁAt) p[(n—.l)At] 1
P=c2[p(6), p(B+At), ..., p(B+nAt)].

TakuMm 06pa3oM, B 3TOM CIIydae KOPPEIAHOHHA
Marpuna R He sBJISETCS Pa3peKCHHOW M HMCIONb30-
BarTh €e¢ MpH ajanTaiud cioxHee. Kak BuaHO u3
cpaBuenus Marpuil (4) u (5), KOMHYECTBO OlCHUBAE-
MBIX [TapaMeTpoB B Marpuie (4) mpUMEpHO OT MOJIO0-
BHUHBI JI0 TPETH MEHbIIe, yeM B Marpurie (5), 3a cuer
PaBHBIX HYJIIO 2JIEMEHTOB MATPHIIBIL.

3aBHCHMOCTH HOPMHPOBAHHOM JHCTICPCHH OITH-
MaJIBHOTO MPOTHO3a CITy4aifHOTO MpoIecca OT UHTEP-
BaJla BpEMEHH NporHo3a 0 monyuenst B [9] B Buae

1(0) = o?e+0)e®, g, .., &V ] _

o° [i(t)]

AanTUBHOE MPOrHO3MPOBAHUE CJIYUYAITHOI0 MPoLEcca ¢ UCMOJIb30BAHUEM AJITOPUTMA NOC/IeJ0BATeIbHOM perpeccun 9
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_ o? {é[(t + 9)|t]}
o? [£(1)] .

[Ipornecc amantaryy CBOAUTCS K ITOUCKY BEKTOpa
BecoBbIx koddpduimentoB W 6o K. B Hacrostiee
BpeMsl BBIYUCIUTEIBHBIC CPEACTBA TO3BOJSIIOT pa3-
pabaTeiBaTh CIOKHOE IPOTpaMMHOE oOecIieueHue,
peanu3ylomee MaTeMaTuKy BBICOKOTO ypoBHs. [lo-
ATOMY LENeCO00pa3HO PacCMOTPETh M3BECTHEHIC all-
ropuT™bl amanrtanuu [16]; mpocTtoii amropurM rpa-
IVEHTHOTO IIOWCKA, TPAJAWCHTHBIA TOHUCK METOIOM
HeloToHa, TpagMEHTHBIH TOUCK METOIOM HAWCKO-
pEeHIero CIycka, WeajJbHBI aJITOPUTM, AITOPUTM
MOCIIEOBATEIBHON PErPEeCcCHH.

['pagveHTHBIE METONBI TOMCKAa OTHOCHUTEIBHO
MPOCTHI AJIS IPOTPaMMHUPOBAHUS, OTHAKO 3aBUCST OT
COOCTBEHHBIX 3HAYCHHUI KOPPEIAIIMOHHON MATPHIIBI
R. WpeanpHbiii anropuT™ TpeOyeT TOYHOTO 3HAHUS
STOW MaTpPHIIHI.

[TpubmwkeHneM K HICATLHOMY AITOPUTMY SIB-
JISIETCSI AJITOPUTM TIOCIIEIOBATEIBHOM perpeccuu [6],
WM, KaK €ro HaseBaroT B [17], anropuT™ Hemocpen-
cTBeHHOTro oOpamienus marputiel (HOM). B stom
cllydae Haxo[sATcs OLleHKH MaTpulbl R u Bektopa P.
B xome HabmiomeHusi peanu3alii CIy4aiHOTO TpO-

necca &(t) B moments Bpemern i (i =1, N) Gyzem

MOTy4aTh BEIOOPKH

vi=e®). ), o & (t)

pasmepa N+1. Mcxons U3 NPeanonoKeHus O CTally-
OHAPHOCTH clydaiftHoro mpouecca &(t) mHa gocra-

TOYHO TIPOJODKUTENILHOM  HMHTEpBAJE  BpPEMEHH
HaWIydlias HeCMENICHHAs OIICHKa MaTpuIlbl R BEI-
paxaeTcs KaK

1
N +1

R=

N
T

PR (6)

i—0

HI/I60, B 3aBUCUMOCTH OT THUIIA BBI60pKH, BMECCTO BCK-

Topa Yj CIIE/yeT UCTIONb30BaTh BEKTOP X.

BexTop B3auMHON KOppemsiuy NMPOrHo3a U de-
MEHTOB BBIOOPKH:

N
~ 1
T T
P =—Z§(ti+9)Yi . (7)
N+1;=
B [6] paccmorpena 3()()eKTHBHOCTE aaropurMa
HOM npu ycnosuu, 4to ciaydaifneiii npouecc &(t)
rayccoBckui. Jlucriepcusi OlEHKH NMPOTHO3a Ha BBI-
XOJIE TAKOTO a/IAITUBHOTO (DHIIETpa COCTABUT

+”T+1)cz {elt+o)t]}, ©)

rae N — KoNM4ecTBO HE3aBUCHMBIX (HEKOPPEITUPO-
BaHHBIX) omeHOK BekropoB W 6o K. Jlucnepcus

NporHosa G2 {c‘;[(t + 6)|t]} onpenensercs u3 (3). Bo

BpeMs ajanTamuH, Korma mpomecc &(t) smisercs

HecTalnoHapHbIM, Beipakenus (6), (7) He marot Xo-

polleil OleHKH MaTpuibl R, Tak Kak mpu OOJBIINX
N nmaHHas OllEHKa CTAHOBHUTCS HE YyBCTBHTEIBLHOU K
W3MEHEHHIO 3TOH MaTpHIlbl. YTOOB! MCKITIOYHThH 3TOT
addekt, menecoodpasno [16] mpu oreHKe MaTPHUIIBI
R BBecTH BeCcOBOH MHOXHUTEIb O JJIS YIIPABICHUS
YyBCTBUTEILHOCTRIO K €€ M3MEeHeHHWto. Toraa B3Be-
meHHas oneHka Matpuibl R ma (K +1)-if ureparum
3aIMIIETCS B BUIE

k .
R= :;ﬁ%ak" Y Y )
mbo
Ro_12¢ i oKX XT (10)
1— gk r e

AHAJIOTUYHO MOXKHO 3allMCaTh BBIPAKEHHE IS
BEKTOPa B3aMMHOMN KOPPEISAIMU MPOTHO3a U 3JIeMEH-
TOB BBIOOPKHU:

k .
Sak e +0)YT. (1)

i=0

A 1-a
T j—
P _1—(xk+1

3HaveHust o ¥ K MOXHO peryinupoBath BO BpeMsI
amanTanu. 3Hadenue K orpaHmumBaer pasmep "OK-
Ha'", B KOTOPOM MPOU3BOIUTCS OICHKA KO (HHUITHCH-
TOB PErPECCHH; 3TO JKE 3HAYCHUE U pa3Mep BHIOOPKH
N OrpaHUYUBAIOT OOBEM MATEMATHYECKHX PACUETOB.
BenmuunHa o mpu oreHke KO3 QUIIMEHTOB perpec-
cun, B cwiy Beipaxkenuil (9)—(11), npuHuMaeT 3Ha-
yenust 0<a <1. TlomyveHHble B XO[e amanTaIld

A A

oumeHkH R u P mo3BONSIOT paccuMTaTrh BEKTOPHI

Wopt = FAQ_llf’T WIN Kopt = FAi_llf’T U1 aIanTUBHO-
r'0 MPOTHO3MPOBAHMSL.

Paccmorpum npocroii ciyuait. Ilyctes MaTemaru-
yeckoe oxkunanue mponecca &(t) p=0, caydaiHblii
MIpOIIECC HOPMAIBHBIA M CTAllMOHAPHBIN C HEU3BECT-
HBIMH TapaMeTpamu. sl HIUTIOCTpalMy MeTofia
HOM B wmaremarnueckoMm pemaktope Mathcad-13
Obula HampcaHa MpPOrpaMMa MOJCIUPOBAHUS HOP-
MaJIFHOTO CIY9aifHOrO TIIpolecca ¢ TUCIIEpCHEH

o?=1u HOPMHPOBAHHOW KOPPEISAIIMOHHON (PyHK-

10 AnanTHBHOe NPOrHO3MPOBAaHMeE CJIY4YaiHOT0 Mpolecca ¢ UCMOJIb30BaHUEM AJITOPUTMA MOC/IeI0BATeILHON perpeccuu
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uueii p(t) =sin(nt)/(nt) npu sHepreTHYecKoi Mmu-
pune nonockl npouecca Af, =1. J{ns kadecTBEHHO-
ro aHalu3a W JEMOHCTpAIUH BBIOMPAIHCH Pa3iiny-
HBIC 3HAYECHHS (L.

ITpy UMHUTAIIHOHHOM MOJEIUPOBAHHU (HOPMHUPO-
BaJlach Ciy4aiiHas MMOCJe0BaTeNbHOCTh C MHTEpBa-
JIoM KBaHTOBaHUs 10 BpeMern At =0.05, a BeiOopka

Y; =[§(ti ). E'(8), & (1 )J (opMHpoOBanach o BbI-
paXKEeHHAM Il KOHEUHOH pasHOCTH IIPH OIEHKe
Npou3BOAHBIX. Marpuia R u BexkTop P B 3TOM city-
Yae MpeICTABIAIOTCA B BHJIE:

1 0 p"0)
IRI=s?| 0 —p"(®) 0 |; (12)
P=c%[p(8) —p'(8) p"(0)]. (13)

Kak Bumno w3 (12), (13), Bcero HeobOXommmo
OLICHUTh 6 mMapaMeTpoB CIIy4allHOTO mpolecca H
JIBYX €r0 MPOM3BOIHBIX ¢ YYETOM aJalTHBHOTO ajro-
pUTMa IIOCIEIOBATEIBHON perpeccun. IIpu 3TOM

OLICHWBAEMbIE ONTUMAJbHBIE KOA(PGUIMEHTH W, j

u3 (12), (13):
_p(0)p(0)-p"(0)p"(0).

W (14)
o3 o (0)-p"(0)
_p'(0),
M3 o) (15)
pa= p"(8)-p(8)p"(0) (16)

- (4 2
P (0)-p"(0)
OuenuBaeMble KO3(PUIMEHTH! 10 aJITOPUTMY IO-
CIIeZI0BaTeNIbHON PErpecCuy TIPH MOJEITMPOBAHNN JIOIDK-
HBI CXOIUTHCS K TIPENICTABIIEHHBIM KO(P(HUIIEHTaM.
Ha nnrepBane Bpemenu Tty ~1/Af, moxHO cun-

TaTh, 9YTO OTCUETHI CIYyYaifHOTO MPOIIECCH HE KOppe-
mupoBaHbl. UTOOBI Ka4ecTBEHHO MOKa3aTh Kak Ipo-
HCXONUT ajanTalys, MPUBEIEM PE3YyJIbTaThl MPOTHO-
3UPOBAHUA JJIA OJHOM U3 peanu3aluil CIy4alHOro
nporiecca. Bpemst mporao3upoBaHusi ObLIO BHIOPAHO

0=0.5, B aToM ciyuae cornacuo [9] HOpMHpOBaH-
Has aucnepeus npornosa |(0)~0.03. Iapamerpsl,
YCTAQHOBJICHHBIC TMPH MPOTHO3UPOBAHHHM, CIICAYIO-
nme: o =0.9999; k=5000, B aToM ciyuae 3Haue-
HHUE, XapaKTepU3yIollee MaKCHMAJIbHOS 3aTyXaHHe B

Ha4ase OKHa IPH OLEHKE KOIPDUIMEHTOB W j» co-

(k)

crapimsier o =0.6. HagansHOE 3HaueHne ko3¢ ¢u-

Puc. 1. IMuTaIiMOHHOE MOJICITMPOBAHUE CIy4aiHOTO

npomnecca &(t) (xpupas 1), ero ONTHMAIBHOrO

NPOTHO3UPOBAHUS Eopy [(t + 9)\t] (xpuBas 2)
W azanTnBHOro nporrosuposanns £| (t+0)|t ] (xpusas 3)

Fig. 1. Simulation of a random process &(t) (line 1),

its optimal forecasting &y [(t+0)t] (line2)
and adaptive forecasting £[ (t+0)[t] (line 3)

LHEHTOB W j OBLIO BHIOPAHO HY/ICBBIM. YMCHBIIIE-

HHE BECOBOTO MHOXHUTENS 0, KaKk W YMEHBILIECHHUE
YHCIIa UTepanui K mpuBOANT K yXYIIICHHUIO Ka4eCTBa
MPOTHO3a, XOTA M IIO3BOIIET OBICTpee aXamlTHpO-
BaThCsl K U3MEHEHHUIO MapaMeTpOB CIYy4aifHOTO Ipo-
mecca.

Ha puc. 1 npuBeneH pe3ynbTaT MMHTAIIHOHHOTO
MOJCIIMPOBAHUSA aJITOPUTMOB IPOTHO3UPOBAHUSA CIIYy-
YaifHOTO Tpoliecca MpH U3BECTHBIX R m BekTope P.
Bunno, 94TO amanTHBHOE NMPOTHO3MPOBAHHE MPAKTH-
YECKHU COBIAAacT ¢ ONTUMAJIbHBIM Ha4YnHas1 C BpeMe-
Hn t~7 (kpuBble 2 M 3 MPAKTUYECKH COBIIAJAIOT,
T. €. OIITUMAJIBHOC U aJallTUBHOC MPOTrHO3UPOBAHUEC
COOTBETCTBYIOT JAPYr JApyry). Pa3mep BbIOOpKH
N+1=3, Ha wuHTepBae t=7

T #1/Af, =7 MHTEPBAIOB KOPPEISLHH, YTO MO3BO-

IoMeHIacTCsAa

asier npuasate N =7. Hcmonssys (8), MokHO ore-
HUTb JUCIICPCUIO0 OLCHKH aJallTUBHOTIO IPOrHO3a

D ~1.46° {c“,[(t + 9)|t]} npu t>7, T. e. ee 3HAUCHUE

Jlake Tpy BpeMeHu Habmronenust t =7 Bcero B 1.4
pa3a 0oJIbIIe ONTUMATBEHOTO.

Ha puc. 2 npuBeneHs! NOIy4eHHbIE IPY UMUTA-
LUOHHOM MOJCIUPOBAHUM KpUBBIE aJaNTallUd KO-

sdpduumentos W j. YncneHubie 3HaueHUs KOd(dH-

[IMEHTOB PACCUUTAHBI TI0 BhIpaxkeHusM (14)—(16).
Pesyabrarel. IlpuBeneHbl pe3ynbTaThl YMCIIEH-
HBIX PacyeTOB U peaH3allul UCXOAHOIO CIIy4aiiHOro
IpoIiecca, €ro ONTHMANbHOTO M aJanTHBHOTO IIPO-
THO3a, MOJYYECHHBIC B XOAE€ WMHTAIMOHHOTO MOJe-
JIMPOBaHMs, MOATBEPAUBILINE KOPPEKTHOCTh pacue-

AanTUBHOE NPOTrHO3HPOBAHHE CIyYAITHOT0 IPOLECCa ¢ HCIO0JIb30BAHMEM AJITOPHTMA IOC/Ie0BaTeIbHOM perpeccun 11
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w
3 -
21 Wo 3
1= W3 W 3
0 -+ =
20 40 60 80 t
-1

Puc. 2. CxogumocTs K03 (HUIMEHTOB perpeccun
K UX ONTHMAJIbHBIM 3HAUCHUSIM

Fig. 2. Conferencing the regression coefficients
to their optimal values:
Wo,3 opt = 0.98, w3 opt = 0.39; wy3 opt = 0.1

ToB. lcmomp3oBaHWE TPOM3BOMHBIX —CIyYaiHOTO
mpoliecca B BBIOOPKE M aNTOPUTMa IOCJIEN0BATENb-
HOW perpeccH TO3BOJSET OOCTAaTOYHO OBICTPO
aIalITHPOBATECS K UCXOMHOMY CIIyJaifHOMY IIpOIIeC-
Cy u obecneyuTs €ro mporHo3uposanue. Yucuao ure-

paryii Ipyu HEPEKYPCUBHOW (QUIIBTPAIIMN U 3HAUCHHUE
3aTyXaHHUs OIICHUBAEMbIX K03 PHIIMEeHTOB THHEHHON
perpeccuy B XOf¢ aAaNTallUd MOXHO HCIIOJIb30BaTh
U aJanTalid Ipd W3MEHEHHH HapaMmeTpoB IIpo-
THO3UPYEMOTO IIpoIiecca.

3akunouenne. [IpeyioxKeHHBI MyTh HOCTPOCHUS
aIANTHBHOTO MPOTHO3UPYIOMIETO (HIIBTPa ¢ TOMOIIBIO
BBIOOPKH IIPOM3BOIHBIX CITYYaiHOTO MpoIiecca MO3BOIs-
€T 0 KpaifHeM Mepe Ha TpeTh YMEHBIINUTb YUCIIO MaTe-
MATHYECKHX OIEPaLi TI0 CPABHEHUIO C UCIIOIB30BaHHU-
€M BBIOOPKH MPEABIAYIHMX 3HAYCHUHA CIyYaifHOTO IMpo-
1ecca IpH IMOCTPOSHUH IPOTHO3MPYIOUIEro (HIbTpa
OIMHAKOBOTO TIOPSIIKAa W TPHMEHEHHH alrOpuTMa II0-
CIeA0BaTeNbHON perpeccud. MmuranmonHoe Moaemu-
POBaHME MOATBEPAWIO MPABIIBHOCTD HPEATIOAKEHHOTO
MyTH TIOCTPOCHHS aJalTHBHOTO MPOTHO3HPYIOIIETO
¢uibTpa. Mcnoab30BaHHbIN aIrOPUTM MOCIIEOBATEIIb-
HOI perpeccuu IpH anpuOpHON HEW3BECTHOCTH Tapa-
METPOB CIIyYaiHOro Mporecca HawOoiee ONHM30K K
UJIeaJIbHOMY aJITOPUTMY aJlalTaIiu.
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AHHOTaUmA

BBepeHue. VismepuTensHble KOMMIEKChbl ANS UCCNefoBaHNSA TenekOMMYHUKALUMOHHbBIX YCTPOMCTB U UX 3fe-
MEHTOB ABMAIOTCA CIOXHbBIMU B 06CAY>XNBaHNW 11 4OPOrocTosLmMn. Mo3ToMy, KOrja 3T0 BO3MOXHO, npeana-
raeTtca 3aMeHUTb NX BUPTYaNbHbIMU N3MepUTebHbIMU KoMmiekcamu (BUK), nossonsowymy ocyLecTBuTb
13MepeHus No 3aAaHHbIM Gn3nyecknm napametTpam obbekTa ncciefoBaHNS.

Lenb pa6oTbl. Paspabotka BUK anst nsmepeHus S-napaMeTpoB ycuanTener cBepxBbiCOKMX YacToT (CBY) me-
ToAaMU UMUTALMOHHOIO MOAENMPOBaHNS NO 3aAaHHOM Nob30oBaTeeM TONOAOrMN NP 3ajaHHbIX OrpaHnye-
HUAX Ha KONIMYECTBO 3/IEMEHTOB.

MeToabl 1 maTtepuansl. BVIK npegHasHadeH ana nccnegosaHus CBY-ycunutenelh manoro curHana. BUK co-
CTOWUT 13 MPOrpPaMMHOI YacTn 1 rpaduyeckoro nHTepdelica B cpege LabVIEW. MNMporpaMmHas 4acTb CogepXxuT
TEeKCTOBble MOAY/N, B KOTOPbIX BbIYNCAAIOTCA S-napameTtpbl ycmantens. Cxema ycuanTens MeToAoM AeKoMMo-
31LMM pa3brBaeTCcs Ha YeTbiPexmnoNtCHUKN, ONCbiIBaeMble MaTpurLaMK paccesaHus 1 nepegayn. Onpegens-
FOTCS 3N1eMeHTbl MaTpuL, MaTpULbl NPUBOAATCH K OAHOMY TUMY U NMEePEeMHOXArTCA 415 NOJlyYeHNst YacTOTHbIX
3aBUCMMOCTel S-napameTpoB ycunutens. NMHtepdeiic BUK npeactaBnsieT BM3yanam3aLmio Ha 3KpaHe KOMIMbLO-
Tepa BEKTOPHOro aHaAn3aTopa MUKPOBOIHOBbLIX Lieneli ¢ MoAKAUYEHHbIM K HeMy ycunmntenem CBY.
PesynbTaTtbl. OnuncaH BVIK ansa nccnegosanHns ycunutenein CBY no 3agaHHom Tononorun. NpreeseHsl Bolumncie-
HUA MapaMeTpoB NVHUI NepeAaudn, COCTaBAAIOWNX YCUANTENb, NX MAaTPULbl paccesHns 1 npeobpa3oBaHua B
MaTpuLpbl Nepesaun Ana noayveHns MaTpuLpl paccesaHus ycunutens. MprBeaeH anropntM paboTel 1 NpeacTaBe-
Ha Bu3yanmsauums BUK. MNpoeeseHO cpaBHeHMe ¢ MporpaMmon NpoekTnpoBaHus ycrpoiicte CBY Microwave Office.
3akntoveHme. Microwave Office, KOTOPbIi OPUEHTMPOBAH Ha peLleHne 3ajay CMHTe3a, TpebyeT HaBblKOB pa-
60Tbl 415 COCTaBNeHUsA U M3MeHeHUs MPoekTa, pecypco3aTpaTteH, TpebyeT npnobpeteHns anueHsnn. B otau-
yre oT Hero BVIK opreHTMpoBaH Ha pelleHns 3ajad UCCnefoBaHNA, OTANYAETCH YPOBHEM BU3yanm3sauum ns-
MepuTeNbHbIX MPUOOPOB, MPOCT NpWU BBOAE AaHHbIX, He TpebyeT 60bLUNX BbIYNCANTE/bHBLIX PecypcoB, Au-
ueH3un. MpumeHMM B 06pa3oBaTeslbHOM MpoLecce, HanpuMep NMpu AUCTaHLMOHHOM 0by4eHun, rae Ncnosb-
30BaHMe Taknx nporpamm, kak Microwave Office, HeBO3MOXHO.

KnioueBble cnoBa: MUTaLMIOHHOE MOAENMPOBAHNE, YCUINTENIb MANoro CUrHana, u3mepeHue S-napameTpos
ycunutens CBY, BUpTyanbHbI M3MepUTENbHbIN KOMMIEKC, MHOFOMOJIOCHbIE YCTPONCTBA, MaTpULibl PacCcesaHNs
1 nepegauun, BupTyanbHble Nnpnoopsl LabVIEW
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Abstract
Introduction. Measurement systems for research of telecommunication devices and of their elements are dif-
ficult to maintain and expensive. Therefore when possible, its may be replaced by virtual measurement systems
(VMS), which allow one to perform measurements based on physical parameters of testing device.
Aim. VMS development for measuring of amplifiers parameters by means of simulation modeling based on
amplifier topology.
Methods and materials. VMS is to be used for research of a small signal amplifier (a part of transceiver). It
consists of program modules and graphic interface, realized by LabVIEW. The program part contains text mod-
ules in LabVIEW syntax, which calculate S-parameters frequency dependencies for an amplifier. For definition of
parameters amplifier circuit by a decomposition technique is being split into sequential two-port net-works,
which can be described by corresponding matrixes. After determination of frequency dependent matrixes ele-
ments, the matrixes are being converted and multiplied. It allows one to obtain frequency dependencies of pa-
rameters of an amplifier. VMS interface is a 3D-rendered on a computer screen front panel of a virtual vector
network analyzer with a device under test connected to its test ports.
Results. VMS for UHF-amplifiers research based on given topology was described. The calculations of amplifier
transmission lines and amplifier in the whole parameters based on corresponding matrixes and their conver-
sions were presented. The algorithm of a measuring system operation was described. 3D measuring complex
and objects under test visualization were shown. The comparison with existing software for design and simula-
tion of UHF-devices such as Microwave Office was realized.
Conclusions. Contrary to Microwave Office, aimed to solution of synthesis tasks, VMS is aimed to research
tasks. It has a realistic visualization of measurement devises and simple parameters input, do not need big
computer resources and is free. VMS can be used in educational process, especially for online education, when
using of Microwave Office is impossible.
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JUTsI CBOEH pabOThI UCTIONB3YIOT T€ WIIM UHBIE KaHAJIBI
CBSI3M, NPEXIE BCEro paauokaHaibl. g 3TOoro B

BBenenne. B coBpeMeHHOM MHpe YeNOBEK IO-
BCEMECTHO OKPYXEH TEJICKOMMYHUKAIIMOHHBIMU CH-

CTEMaMU, Ha4WHasl ¢ "TPaJAMIMOHHBIX" CHCTEM CBSI-
3H, COTOBBIX CETEH M CHUCTEM Tiepeaavyd JaHHBIX, Te-
ne(hOHHUH, paJMo- W TEJICBEUIAHUS M 3aKaHYMBas
MIPOMBIIUICHHBIMA CHCTEMaMHU, CUCTEMaMH CIICIIH-
AIBHOTO HA3HAYCHUS, CHCTEMaMHM Iepe/ladyl JaHHBIX
Ha TPaHCIIOPTE, B MEAWIIMHE, HAyKe U T. . TellekoM-
MYHHUKAIIMOHHBIC CUCTEMbI TIPOHHUKIIN B OBIT YeJIOBE-
Ka, obecrieunBasi JUCTAHIMOHHOE YIIPaBICHHE ObITO-
BBIMU TIPUOOpPaMU | BIUIOTH JI0 PeaM3aIlii KOHIIETI-
uuu "HHTepHeTa Bewlel". Bece ynoMsiHyThIe cHCTEMBI

CTPYKTYpE KaXKIO0W M3 HHUX HMEIOTCS IpHUeMoIrepe-
nmarauku (I1I1), B HacTosmiee BpeMsi paboTaroniie B
JMana3oHe cBepXBhICOKUX yacToT (CBY).

B nensx nomydeHus: onTUMabHBIX XapaKTepPUCTHK
IIT B mporiecce MxX CO3MAHUS HEOOXOIMMO YUHTHIBATH
criennuky muanazona CBY. Tlpexme Bcero pasmepsl
IIT com3meprMBI ¢ pabOIMK JJIMHAMHU BOJIH, YTO TIPHU-
BOIUT K BO3HUMKHOBCHHIO B HHUX YaCTOTHO-3aBHCHMBIX
OTpaXEHUH W OOpa30BaHMIO CTOSAYMX BOJIH, CYILIE-
CTBEHHO BIIMAIOIIMX HAa TaKUe XapaKTEPUCTUKH, Kak
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kod(duimeHT nepenadn (YCHICHUs), BBIXOIHAS MOIII-
HOCTbh, KOO((HUIMEHT MOJIE3HOTO ACHCTBHS, aMILTHTY/I-
HO-4aCTOTHas U (pa30uacTOTHAs XapaKTEPUCTHUKH, KO-
3¢ dUIHEHT MymMa, yCTOMYMBOCTh KaK OTAEIBHBIX dlie-
MEHTOB, Tak u Bcero I1I1.

Tax kaxk OOJBIIMHCTBO cOBpeMeHHbIX IIIT — uH-
TerpagbHBIX, THOPUIHBIX U AUCKPETHBIX — peaan3y-
IOTCS B MUKPONOJOCKOBBIX JuHUAX (MILJI), Ha mx
XapaKTEPUCTUKU CYIIECTBEHHO BIUSIOT HE TOJBKO
napaMeTpbl COCTaBIIAIOLIUX UX AJIEMEHTOB, HO U Ha-
pamMeTpbl MHKPOIIOJIOCKOBBIX TUIAT (ITOIUIOKEK), Ha
koTopbix cobpansl III1. Ha mmatax pacmnonararorcs
JJIEMEHTHl BOJHOBEAYIIUX CTPYKTYp, C IOMOLIBIO
KOTOPBIX JJICKTPOMAarHUTHBIC KOJEOAHUS IONAOTCA
Ha BXOZIbI M CHUMAarOTCsA ¢ BbIxozoB 111 1 MX 31eMeHTOB.
Hapsiny co cBoiictBamu snementoB [II1, cBoiictBa
BoJHOBeMynHX cTpyktyp (MILJ]) onpenensroT xapak-
tepuctuku 111, B3auMoaelcTBys € UX 3JIEMEHTAMH.
CBoiicTBa BOJHOBEIYIIUX CTPYKTYP 3aBUCAT OT Ma-
TEpUaNoB, pasMepoB, (HOpM MPOBOJHUKOB, PaccTOs-
HUN MEXIy HUMH, HAJUYUS WM OTCYTCTBUS 3aIloj-
HEHUS IPOCTPAHCTB MEXAY HUMHU, CBOMCTB 3aIl0JIHU-
Tend. Takum oOpazoM, AJS MOMydEHUS TpeOyeMbIX
xapakrepucTuk I1I1 umu ux smeMeHToB HEOOXOAUMO
HE TOJBKO TIIyOOKOE H3ydeHHe (U3MUYECKUX OCHOB
pab6ots! 111 1 ux 3nMeMeHTOB, HO TAaKXe U yIIyOleH-
HOE IIPEACTaBICHNUE O (PU3UKE BOTHOBEIYIIIUX CTPYK-
Typ, KOTOPO€ MOXKET OBITh TONYYEHO B TOM YHCIC
IPU UX HKCIIEPUMEHTANBHOM HCCIEIOBAaHUU KaK OT-
JIeNnbHO, Tak U B cocTtase I1I1.

Takue uccnenoBaHusi MOTYT IMPOBOIUTHCA C MO-
MOIIbI0 N3MEPHUTENBHBIX KOMIIJIEKCOB, B COCTaB KO-
TOPBIX OOBIYHO BXOIAT reHepartopsl curHainoB CBY,
WCTOYHHUKH NMHUTAaHUS OOBEKTOB HCCIIEIOBAHMS, BEK-
TOpHBIE aHAJIN3aTOPBl MHUKPOBOJIHOBBIX LETEH, CO-
eIMHATENbHBIE Ka0elu U OOBEKTHl KCCIIEIOBAHUA.
AHanmu3atopsl Lenel U aHaau3aTopsl cnekrpa [1, 2],
BXOISIIIME B MOJOOHBIC KOMITJIEKCHI, SIBISIOTCS YpE3-
BBIYAMHO JOpOrocTosmuM obopyroBaHueM. To xe
MOXXHO CKa3aTh O KabenmpHOW mpomykiwu [3, 4] u
caMHX 00bEKTax MCCIIEIOBAHUSL.

YdauTeIBas HM3IOKEHHOE, IENeco00pa3Ho B TeX
Cllyyasix, KOIia 3TO BO3MOXKHO, 3aMEHUTh PeajibHbIE
mpuOOpEl ¥ OOBEKTHI BUPTYILHBIMHA TPU YCIOBHU
obecriedeHns TPeOyeMBIX TOYHOCTH W JIOCTOBEPHO-
CTH pEe3yNbTaTOB HCCIIENOBaHHs OObEeKTOB. B psne
myonukanuii [5, 6] mpuBeneHB! ONMMCAHUS IIHPOKOH
HOMEHKJIATyphl JIaOOPaTOPHBIX KOMIUIEKCOB I HC-
CIICIOBAHUS PA3TUYHBIX OOBEKTOB W3 O0JACTH Ma-
IIMHOCTPOCHMS, IEKTPOTEXHUKH, 00IIEei cxeMoTeX-
HUKUA U T. . OTHAKO 3TH KOMILIEKCHI JIUOO OrpaHu-

YUBAIOTCA MPENOCTABIEHUEM MCCIEJOBATEN0 HEKO-
TOporo Habopa BHPTYaIbHBIX W3MEPUTEIBHBIX IIPH-
OOpOB — HM3KOYACTOTHBIX OCLMILIOrpadoB, BOJIBT-
METPOB, TEHEPATOPOB CUTHAJIOB, THOO IPEICTABISIOT
coboi pu3nueckuii 1abopaTopHbIA MakeT (HU3KOYa-
CTOTHBIN), paOOTaOIIKK MO YIIPaBJIeHUEM KOMIIbIO-
Tepa ¢ YCTaHOBJCHHOW Ha HeM mporpammoi Lab-
VIEW. Cpenu M3BECTHBIX OTCYTCTBYIOT BUPTYyalld-
30BaHHbIE HM3MEpPUTENbHBIE YCTAHOBKH, ITO3BOJISIO-
1Me mucciaenosarsk ocHoBHBIE dnemenTsl CBY I1I1.

B HacTosieit crarbe TpEACTaBICHO OMHCAaHUE
BUPTYaJILHOTO M3MepuTenbHoro kommekca (BHUK),
peanmzoBaHHoOrO B cpene LabWIEV, mo3possromiero
METOIaMU MMUTALMOHHOTO MOJEIMPOBAHUS HCCIe-
JIOBaTh OMUH M3 00s3aTeNbHBIX DJIEMEHTOB COBpE-
menHoro [II1 — ycunurens CBY na ocnose MITJI B
peXHUMe MaJloro CUrHaIa.

Meronbl. Ha puc. 1 npeacraBieHa NpHHLIAMHI-
ajbHas cxema uccienyemoro ycunutens. OH cocrto-
UT U3 UCTOYHHMKA CUTHANA C BHYTPEHHUM COIPOTHB-
nenueM Zg, nomsofsaumx MIII L0 ¢ BonHOBBIMU

comporuBieHusiMA S0 OM, pa3nenuTeTbHBIX KOHACHCA-
TopoB C1-C4, OUNONSAPHOTO TPAH3UCTOPA U HATPY3KU
Z|q. Onementsl L7-L11, C5-C8 B COBOKYIHOCTH C

pesuctopaMu R1, R2, 3a1a0lMMH PEXUM TpaH3UCTOpa
0 TIOCTOSIHHOMY TOKY, 00pa3yroT (GriibTp muTanus. B
ormmceiBaeMoM Bapuante BUK nens muranus cuwra-
eTCs MACAIbHOM, HE OKAa3bIBAIOIICH BIUSHUS Ha I1a-
paMeTphl UCCIIEAYEMOI0 YCHIIUTEIS.

Emrxoctn konpencaropoB C1—-C4 TakoBbI, 4TO HE
OKa3bIBAIOT BIUSHUS HAa aMIUIUTYJHO-YACTOTHBIE XapakK-
TEPUCTUKU ycuIUTeNs. YacTOTHO-3a/1at01MMH AJIEMEH-
Tamu siBJstoTess otpesku MIUI mepenaun L1-L6. Hc-
ClIeyeMbIi YCWINTEIb 3aaeTCsl S-apamMeTpamMy TpaH-
3UCTOpa IUIsi BBIOPAHHOTO PEXHMMa IO TTOCTOSHHOMY
TOKY, XapaKTepUCTUKaMH TIOJJIOKKH MM TIeYaTHOU Tijla-
ThI (IMPNEKTPUYECKOM TPOHUIIAEMOCTBIO, TMOTEPSIMH
Marepuana) v €€ TOIMIIUHOM.

B paccmarpuBaemoii cXeM€ HCXOIHO IIPUCYT-
CTBYIOT 1ecTh orpe3koB MIIJL. M3menenue Tomnono-
MU YCUJIUTENS OCYLIECTBIISIETCS 3alaHEeM WU U3Me-
HeHueM JuH U mupud MITI, uckimouenue Tod unu
WHOHW JTMHUW — 33/IaHUEeM HYJICBOTO 3HAYCHUS JIJIMHBL
Takum 00pa3oM, BOZMOXKHO HAYWHATH UCCIICIOBAHHE C
yeumutens ¢ T-00pa3HbIMU BXOJTHOM W BBIXOIHOH Iie-
MM ¥ 3aKaHYUBATh TPAH3UCTOPOM, BKIIIOYCHHBIM B
peryisipHyro 50-oMHYyI0 JTHHHUIO epenadn Lg.

BBOm WCXOMHBIX JaHHBIX JUIS HUCCIICIOBaHHS

YCUIMTENSL OCYIIECTBISETCS C IMOMOILBI) OpPIaHOB
YIpaBICHHS, PACIOIOKCHHBIX ClIEeBa OT JIUICBOM
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Puc. 1. IlpuHinuanbHas cxema yCHIUTeNs

Fig. 1. Circuit diagram of the amplifier

MAHEeJIM BHUPTYaJIbHOTO BEKTOPHOIO aHajlu3aTopa
MUKpPOBOJIHOBBIX Lieriel (puc. 2), BUJ KOTOPOil B BbI-
cokoM pasperrennn 4K (3840 x 2160) naxomurcs B
JIEBOM YaCTH MOHUTOpA KOMITBIOTEPA. 3AECh 3aAaf0T-
csl JUIMHBI JIMHUH nepefaur L1— L6 u uX mMpuHBI
W1-W6, a Tarke pexuMbl Harpy3ku nuiekdos L2,
L5 (xosocToi X0/ MITM KOPOTKOE 3aMBIKaHHe). 3arpys-

Ka (pailioB S-mapaMeTpoB OCYIIECTBISETCS

C IIOMO-

Puc. 2. .HI/IL[CB&S[ NaHEeJIb BUPTYAJIbHOT'O BEKTOPHOI'O
aHaJIM3aTopa MUKPOBOJHOBBIX I.[el'[eﬁ

Fig. 2. Front panel of the virtual vector network analyzer

nipfo BUpTYyasibHOTO iprbopa (BIT) "Read From File —
Urenue u3 ¢aiima" (S-parameters file; pacnonoxen
HaJI IpaBBIM YIJIOM dKpaHa aHanm3atopa). Ha skpane
BHPTYAJIIFHOTO aHAIHM3aToOpa OTOOPaKaIOTCS YacTOT-
HBIE 3aBUCUMOCTH HCCIIElyeMOTO YCUIIUTENS B BHJC
Monyiist (B mennoOenax) u (asbl (B rpagaycax) 4eThIpex
S-napameTpoB: S11, S12, S91, Spo. BriBenenue Ha
SKpaH KaXXJI0i W3 BOCBMH 3aBUCHMOCTEN ONpeness-
€TCS MOJOKEHUSMHI COOTBETCTBYIOIINX IEPEKITIOYUa-
TeJel crpaBa OT dKpaHa.

CrneBa OT 2KpaHa Ha JIMIIEBOW MaHEIN aHAaJM3a-
Topa pacrnoinoxkena kHomka "REC [ord]", ¢ momorpio
KOTOPOM MOJy4YEHHbIE 3aBUCHMOCTH COXPAHSIOTCA B
(aiin, myTh K KOTOPOMY IPOIUCHIBACTCS C TIOMOIIBIO
BIT "Write To Measurement File — 3ammce B daiin"”
(Output file; pacronokeH Hajx JEBBIM yITIOM 3KpaHa
ananmuzaropa). Kpome kHomku "REC" 31ech nmerot-
Csl OpraHbl YNpaBIEHHWS PEXKUMOM paboTHl IKpaHa
(Screen modes) — mnepexmouarens "Cursor
mode/Drag mode" un knomka "Zoom mode". Ilepe-
KJIFOYaTeNb MEPeBOIUT dKPaH aHaJIM3aTopa M3 Pexku-
Ma TIepeMeIlIeHNsT MapKepa 10 dKpaHy MaHUITYJIATO-
poM "MbIlIb" B peXXUM MepeMeLeHHs] KpUBOH (IaHo-
pamupoBanus). [Ipm HakaTHM Ha KHOIKY MOXKHO
BBIOpaTh HanbosIee MOAXOMSNIINA PEKIM YBEITHMUCHHUS
M300paXKeHUst Ha SKpaHe aHaJIM3aTopa.

ITox sxpaHOM aHANM3aTOpa PacIONOKEHO MHIN-
KaTOPHOE OKHO, B KOTOPOM OTOOpa)KaroTcsi 3HAYCHUS
Mozayiel u ¢a3 S-mapaMeTpoB IpHU HABEICHUU Map-

Bl/lpTya.l'[beIﬁ “3Mep“TeJ'leblﬁ KOMILJIEKC AJISl HCCJIEI0BAHUS TPAH3UCTOPHBIX yCI/lJ'Il/ITe.]'leﬁ CBerBblCOKOﬁ 4YacCToThI
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KEpOB Ha PKpaHe aHaJM3aTopa Ha COOTBETCTBYIOIIHE
TOYKH Ha KPUBBIX.

BHm3y Ha niepesiHeM IUIaHE YaCTUYHO TPENCTABIICH
HCCIIEyeMBIi YCIIIUTENb, BXOI M BBIXOZ KOTOPOTO IOM-
KITIOYEHBI COCAMHHUTEIFHBIMA KaOeIsIMA K TECTOBBIM
niopram anamm3aropa Portl u Port2 cootBeTcTBeHHO.

Onst hopMUPOBaHUS YACTOTHBIX 3aBHCHUMOCTEH,
OTOOpaKaeMbIX Ha JKpaHe, HeOOXOAUMO IONYYHTH
MAaTpHILy PACCESHUS YCHIHUTEIS KaK YETHIPEXIIOMIOC-
aHuka (YIT). [Tockonbky cpasy 3T0 cieiarh 3aTpyaHH-
TENBHO, TPUMEHSACTCS METOJ JEKOMITO3MIUH [7].
IIpu sTOM cxeMma, mpencTaBiIeHHas Ha puc. 1, pa3ou-
BaeTCsl Ha s/l TOCIeNOoBareabHO BKIOUeHHBIX YL,
KaXIBIH U3 KOTOPBIX MOXKET OBITH OMHCAaH TOW WA
MHOM cUCTeMO (opMalTbHBIX TapaMeTpoB. CHCTEMBI
yYpaBHEHUH, COAEpIKale STH MapaMeTpPhl, 3alUChI-
BAIOTCS B MaTPHYHOU (hopMe U MPeoOpa3OBLIBAOTCS
K BHUIY, TO3BOJIAIONIEMY TIEPEMHOXKATh MATPHIIBI IS
MOJyYCHHsT CKBO3HOM Marpuipl ycwiaurens. [lo-
CKOJIbKY MaTPHIIBI S-TIapaMeTPOB MOCJIEI0BATEILHO
BKIItOYeHHBIX UYII He OOmyCkarT NepeMHOXKEHHS,
CKBO3HAasT MaTpulia He OylIeT MaTpHileil paccesHus,
4yTo MOTpedyeT ee obOpaTHOro mnpeoOpa3oBaHUS B
MaTpHuily S-mapameTpoB.

Ha puc. 3 mpencrasieH CKpUHIIOT SKpaHA CXeM-
HOTO pemakTopa mnporpammsl Microwave Office, wi-
JIOCTPUPYIOIINN CTPYKTYPY YCHUIIMTENS, Pa30oUTOro
Ha snemeHTapHbie UIT. UIT 1, 3, 4 u 6 npenctaBisoT
co00if mocaenoBarenbHo BKiIroueHHsle MITJT TL1,

TL3, TL4 u TL6 COOTBETCTBEHHO, MJII KOTOPBIX
HETMOCPEICTBEHHO MOTYT OBITh 3alMCaHbl MAaTPHUIIBI
paccesnus. UII 2 u 5, cocrosimue 3 MIDJT TL1,
TL2, TL3 u TL4, TL5, TL6 cOOTBETCTBEHHO, IIO
CyTH sBIAOTCSA wectunomocHukamu. YII 2 cocrout
n3 MIDI TL1, TL3 nynesoit mmmuel u MIDI TL2.
UIl 5 coctout u3 MIIJI TL4 u TL6 HyneBod anu-
bl 1 MITJT TL5. Ilpeo6pasoBanue B UII ocymiecTs-
JAETCA TyTEeM BKIIOYEHHUS MEXAy BxomHow TL1

(TL4) w Beixomuoit TL3 (TL6) nuHmsiMu TPOBO-
JUMOCTH, PaBHOM BXOAHOM MPOBOAUMOCTU LuIeH(a
TL2 (TL5).

UII 3.2 u 4.2 — GECKOHEYHO KOPOTKHE JIMHUH Tie-
penaun, KoTopeie BBoAsATCA Mexxkay TL3, TL4 u BXo-
JIOM U BBIXOIOM TPaH3UCTOpa COOTBETCTBEHHO. OHH
HEOOXOIMMBI IS y4eTa OTPAXKCHUH BOJIH, BO3HHKA-
omux npu Bkirouennu UYII Tpansucropa, S-mapa-
METpPBI KOTOPOTO ompezeneHsl B 50-oMHOM TWHUH, B
UCCIIEAYEMYIO JIMHUIO C TPOHU3BOJIBHBIM BOJHOBBIM
COTMPOTUBIICHUEM.

[Ipexxne 4yeM 3amuchiBaTh HMCXOIHBIE MaTpPULIBI
Ui iepeunciieHHeix YIl, HeoOXomuMo omnpenenuTh
mapametrpsl MIUJIL, Bxomsmmx B mx cocrtas. llo 3a-
JIAHHBIM TTapamMeTpaM MOUIOKKH (TIeYaTHOM TUIaThl) U
mupuHaMm MIDI onpenenstorcs MX BOJIHOBBIE CO-
npotuBneHus [§]:

2
0 In(@}—w 5 | V—VSZ
N er L AW 3on2 [
- -1
gn V—V+gln[17.08(ﬂ+0.92ﬂ , V—V>2,
Jer n 2h h

II€ € — OTHOCHUTEJIbHAs AMAIEKTpUYECKas NPOHU-
11aeMOCTb TIO/UIOKKHU (BBOJUTCS HA JIUIEBOM MaHEIN
ananmuzaropa); W — mmpuna MIUI;, A — Tommuna
TTOJUTOXKKH (BBOJSATCS C MIOMOIIBIO OPTaHOB yIIpaBJie-
HUS Ha JIMIICBOH MMaHen aHATN3aTopa).

Janee paccuuTHIBalOTCA BCIIOMOTATENbHBIE KO-
s¢dunuentsr d; u dy, HeoOXomuMble AJs ONpene-

nenus 3¢ pextuBHON mupuHsl MILI [9]:

Portl | TL1 TL3

TL2

/!

S et

3 3.2

Tpansucrop

d1:£ ‘gf_+1+8r__1 0_226+E :
60V 2 g +1 gr
; 60n?
2= :
Za/sr
| T4 | _Tie | Port2

| Q |
| | | | |
| | | | |
I I TL5 | I I
| | | | |
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Puc. 3. Paz0ueHne cxeMbl yCHIIUTENS Ha YEThIPEXIOIIOCHUKH

Fig. 3. Splitting the amplifier circuit into four-poles
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3arem onpenenseTcs dpdexrrBHas mmpuaa MITT:

d8—hd, d1>21,
el—-2e 1
2 d2 -1 2In 2d2 -1
- {[202Y_202 D,
oo _l{ln(dz ~1)+0.293- 0'517}h, dy<2.1,
ey &

[Tomyyennple 3Ha4eHUsT 3(H(HEKTUBHOW IIHPHHBI
MO3BOJIIIOT ONPENeTUTh 3(QPEKTHBHYIO JUIICKTPH-
yecKyto mpoHunaeMmocts MITI:

2 2 2
f f €
— | +1 — |+ — |},
f fp €re0
rae f — 3HAYCHUE YaCTOTHI, JJIsl KOTOPOH BBHIYUCIISCT-
cs1 apdekTrBHAS TUATIEKTpHYECKas IIPOHUIIAEMOCTb;

16.2¢02°

fb =35+
1+0.126%3%W, /h

— 4acCToTa, HMXEC KOTOpOﬁ BJIMAHUE OUCIICPCHUU B JIU-
HHWH HC3HAYUTCIIBHO,

fre0 =05 57 + 1+ (5 ~1)(1 + 10m/W, ) 0% |

[TomyueHnsle TakuM 00pa3oM 3Ha4EHHUS dPPek-
THUBHOM JUANEKTPUYECKON MPOHUIAEMOCTH MO3BO-
JISIOT OTMPEeNuTh (Pa3oBble MOCTOSHHBIE:

B=(2nf /c) [ere,

e C — CKOpOCTb CBETA.

Taxke ¢ ydeToM 3HA4eHHH 3((EKTUBHON U-
JMEKTPUIECKOH MPOHUIIAEMOCTH yTOUHSIOTCS 3Hade-
HUS BOJHOBBIX COIIPOTHUBIEHUN oTpe3koB MILI:

Zy =
2
60 In(ﬁ} We2 , %SZ;
€re We 32h h

-1

120 n{%+gln{l7.08(%+o.92ﬂ} , V£>2.
Ere h = 2h h

3anuch UCXOHBIX MaTPHIl M KX MPeoOpa3oBaHUs
MOTYT OBITH MPOHM3BEICHHI C MOMOIIBIO COOTHOIIE-
Hui, umeromuxes B [9, 10]. Onpenenus Z, u B xak
(GYHKIIMM 9acTOTHI, MOXKHO OIPEICIHTh MAaTpPHIIBI
paccestms S it UIT 1,3,4 1 6 (Sy, S3, S4 1 Sg

COOTBETCTBEHHO) CIIEIYIOIINM 00pa3oM:

. [Sll Sio :l _ 0 e—i(a+B)L
So1 Spo] | i)l o |

T7ie 0. — IOTOHHOE 3aTyXaHWe B JWHUU nepenaqn; L —
JUTMHBI OTPE3KOB cooTBeTcTByrOmMX JTuHui. YII ot-

JIMYAOTCS APYT OT ApyTa 3HAYEeHUsAMH o, B, Zo u L.
Koaddurmentsr marpuibl paccesHus Ha TJaB-
HOU JraroHany (Kod((GHUIUEHTHI OTPAKEHHS IO BXO-
oy Sqq ¥ BBIXOZY 822) stux MIUI paBHBI HyIIO,
TaK Kak MPU UCIIOJIH30BAHHOM Pa30HUCHUMN YCIITUTEIS
(puc. 3) paccmarpuBaemble UIl BKIIIOYCHBI MEXITY

MILJI ¢ TakuMu e BOJHOBBIMHM COIPOTHBIICHUSIMH,
kak y atux YIl, u comtacoBanel. KoadduiumeHTs!

npamoii Sy M 00paTHOM Sip Tepenad OIMHAKOBBI
JUISL PeTyISIpHON JIMHUU HepefadH.

Jna ucnonesosanns Matpan, Sq, Sz, Sp M Sg ¢
1IeJIbIO TIONTY4YeH s CKBO3HON MaTpHIIbl PACCEsTHUS yCH-
JIUTEN KaXKas U3 MaTPHUII PacCessHUs IpeoOpasyercs B
Matpuity nepegaunt 7' (Tl, T3, Ty m TG) [10]:

T:[Tll le}:i{ 1 ~S25 }:
Tor Too] Sy S11 —(S11S22 —S12521)
1 1 0
" (@)L |0 g A(aHBIL |

Tak kak o, B u L sSBastoTcs (yHKIUSIMH YacTOTHI,
KaXIbIi drieMeHT MaTpuil S U T Takke SBIseTcs 4a-
CTOTHO-3aBUCHIMBIM U TIPEICTaBIACT COOOM OTHO-
MEpHBII MacCHB 3HAYCHUH, pa3Mep KOTOPOro Ompe-
JIeJsIeTCs KOJTMYECTBOM YaCTOTHBIX TOYEK, B KOTOPBIX
OINPEAEISAIOTCS TapaMeTpPhbl YCHUIIUTES.

Hanee mnpezacraBiaeHbl HMCXONHBIE MATpPHULIbI IS
omrHAKOBBIX 1O cTpyktype UIl 2 m 5, kotopele, kak
YK€ YKa3bIBAJIOCh, SIBIISIOTCS IIECTHITOIFOCHUKAMHU.
Jlo1st 3ammcy MaTpuIl OCYIIECTBILIETCS. TIPeoOpa3oBaHue
mectunomocHUkoB B YII, it yero mMexmy BXOTHOM
MITJI ¢ BOMHOBBIM CONPOTHBIEHHEM Zjno i UII 2

(Zing A YII 5) 1 Beixoxsoit MILJT ¢ BOTHOBBIM CO-

npotuBieHneM Zoy3 (Zoyts) BKITIOYACTCS BXOIHAS

MIPOBOIMMOCTh ¥ (puc. 4) muann TL2 gns YUl 2 m
TLS mma UIT 5. B xauectBe Zj, U Zg,t MCTONB3YIOT-
Cs 3Ha4eHus Zg JUIA COOTBETCTBYIOUIMX JIMHUM II€pe-
nmaun. J{st YIT 2 BXOAHBIM SIBIISIETCSI BOJIHOBOE COTIPO-
TUBJIEHUE JIMHUM TL1, BBIXOIHBIM — BOJHOBOE COIPO-
tuBiacHue JuHMA TL3. s UIl 5 BXomHBEIM sBISCTCS
BOJTHOBOE CONPOTHBJICHHWE JTUHUM 1L4, BBIXOTHBIM —

BOJIHOBOE CONPOTHUBIIEHUE JIMHUU T L6.
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Zin Y Zout

Puc. 4. TIpeoOpazoBaHre TIECTHITOIIOCHUKA
B YETHIPEXIOJIIOCHUK

Fig. 4. Conversion of the six-pole to four-pole

Jos YIT 2 u 5 3amurieM KiiacCHYecKyr0 HOPMHUPO-
BaHHYIO MaTpHUIly epefadn (MaTpuipl Ay U A5) :

A:{Aﬂ A&Z}: x./Zout/Zin 0 .
Po1 A2 Y\/Zinzout \/Zin/zout

B pexrMe KOpOTKOTO 3aMbIKaHHsl Harpy3Kd BXOII-
Hble ipoBomumoctd MITJI TL2 u TL5 omnpenenstorcs
cnenyrommm odpaszom [10]:

j (]/Zek) .
tg[ (o +Bk ) Ly |’

rie Zgy — BOIHOBBIE compotuBiaeHus Tl ; oy, Bx —

k=2;5,

kk3 =

NOCTOSHHBIE 3aTyXaHHs U (a30Bble ITOCTOSHHBIE
TLy; Ly — nmvuel otpe3koB Tly.

B PEKHUME XOJIOCTOTO XOJda HArpy3ku BXOJHBIC
IIPOBOAUMOCTH OIIPEACIIAOTCA COOTHOIICHUAMMA

Yiexx =1(YZek )to (o + B ) L J: k=2; 5.

ITocne nogcTaHOBKU MPOBOJUMOCTEN B MAaTPHULIBI
A MoXxHO 3amucath MaTpunsl Tp u Ty misg UIT TL2

n TL5:

Ties  Tiox Tiax.
T _{ 3 K3 |. T, = X.X

T12x.x
K377 T T ,
21k3  '22k.3 21x.x

Tooxx
rac
Tiks = Ates T Ais + Aoles T Aooies =
= Zowt/Zin +i(YZ)t9[ (o +B) L \ZinZout +
+\Zin/Zout:
T2k = Alcs = Aaks + Aolks — Aoois =
= JZout/Zin +1(YZ)tg[ (o +B)L]ZinZout -
~Zin/Zout;
Tots = Ates + Azks — Aoiks — Aoks =
= Zowt/Zin —i(YZ) 19 (0 +B) L [ZinZout -
~Zin/Zow;

To2k3 = Atk — Azks — Potks T Aooks =
= \}Zout/zin —i(l/Z)tg[(oL+B) L]xlzinzout +
+\Zin/Zout;

Tiaxx = Aaxx + Aoxx + Porxx + Aooxx =

_ 7z - iW2NZinZont |
=\Zout/Zin Itg[(a+B)L] Zin/Zout

Tioxx = Aixx — Aiaxx + Aoixx —Pooxx =

=\ Zout/Zin _i%_\lzin/zout;

T21x.x = Al Ixx T A]Zx.x - AZ]X.X - A22x.x =

_ ) (]/Z Zinzout_ - .
_\jZOUt/Z'n+I—tg[(a+B)L] VZin/Zout:

T22x.x = Allx.x - A12x.x - A21x.x + A22x.x =

=\JZout/Zin Itg[(oc+|3)L] Zin [Zoyt -

[Ipn matpuyHOM onucanuu TpaH3zuctopa kak Yll
CIeyeT y4ecTb, YTO €ro S-mapaMeTphl ompeeseHbl
B JIMHUU CO CTAaHJAPTHBIM 3HAYEHHEM BOJIHOBOTO
COIPOTHUBIICHUS, 00BIYHO cocTaBiromuM 50 Om. B
paccMaTpuBaeMOM YCWIIMTENE TPaH3UCTOP BKIIOYECH
B JIMHUU C BOJIHOBBIMU CONPOTUBIICHUSMHU JIMHUN
TL3 u TL4, B obmeM ciaydae HE paBHBIMU 3TOMY
3HaueHHI0. UTOOB! y4ecTh BO3ZHHKAIOIINE MPH 3TOM
OTpaXEHUs, B CTPYKTYPY YCHUJIUTENSl BBEIEHBI JO-
MOJTHUTETIbHBIE UAealbHble (0€3 aKTUBHBIX TMOTEPb)
UIl 3.2 u 4.2 OecKOHEUHO MajbIX MIIUH. JIs HUX
MOTYT OBITh 3aIKMCaHbl MaTPHUITLI paccestaus. YIT 3.2,
HArpy>KeHHBI MO BXOIy Ha BOJHOBOE COMPOTHBIIEC-
nue Zj, MIUI TL3, a 10 BeIXO@Y — Ha COIPOTHBIIE-

Hue 50 OM, OMUCHIBACTCS MATPUIIEH paCCESHUS:

| 50z, +1 J _(50/2"1 +1 0
\/1_(2"1/50—1JZ Zi/50-1 |
Zin /50 +1

Zin /50 +1
e Zj, — BOJIHOBOE COIPOTHBIICHHE JIMHMU TL3.

Baens 0003HaueHus
50/Z;, -1 _50-7;,
50/Zjp +1 50+ Zjp

=Qin: 2
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Zin/50-1 Zjn-50
Zin/50+1  Zjp +50

Qin. )

nepenmmieM (1) B KoMITakTHOH (hopme:

2
_ Qin \fl —Qin _
2
\ll -Qin —Qin
Marpuua Tg 5 sToro UlI umeer Buj
1 1 —Qin

Tap=——o .
* J1-Qf LQin -1-2Qf

Jus YIT 4.2, Harpy>keHHOTO TIO BXOAY Ha COMPO-
tuBnienne 50 OM, a 10 BBIXOLY — Ha BOJTHOBOE COIPO-

S3.2

THBICHME IMHMM TL4, 7, NpUHMMAET 3HAYCHHE

BOJIHOBOTO COTIPOTHBJICHMSI 3TOM JIMHUU. BBens aHano-
r4HO (2), (3) ob6o3HaueHUs

50/Zgut —1 50— Zgyt
50/Zgut +1 50+ Zgyt
Zout/50-1  Zoy —50
Zout/50+1  Zgyt +50

= Qout;

= _Qout )

MONTyYMM MaTpully paccesHus njs sroro Ul B Bume

—Qout  \1- Qét
Vi- Qo Qout

aMarpuny Ty o B BUIE

Sgp=

1 1 Qout

Ty2=—7—= s |-
«fl - qut —Qout  —1-2Qqut

Marpuria st TpaH3UCTOpa MOXKET OBITH MONTy9IeHa
HETIOCPEICTBEHHO 3 (paiiia ero S-mapaMerpos:

_ 11 —S522
TSy s —(S11822 = S12501) |

g nonmydyenus "CkBO3HON" MaTpullbl Eepenadu
BCE OIPENEJIEHHBIEC II0CIIE0BATENBHO BKIIIOYEHHBIE
matpunsl Ul nepeMHOXKarOTCS:

T =TiTT3T3 2Ty T4 2T4T5T6. 4)

"CkBo3Has1" Marpulla Iepefadyd He 3aluchiBa-
JIach B 3aMKHYTOM BHJI€ — KaK OTJe/IbHas MaTpula —
u3-3a ee rpoMo3ukocTd. B mpomecce paboTsl mpo-
IpaMMBbl BBIIIOJIHSIETCS [100YEPEIHOE NIEPEMHOKEHNE
MaTpHuIl nepenadu: T; yMHOXaeTcs Ha Tp, HX Hpo-

U3BEIICHUE YMHOKAeTCs Ha Tg M T. A. Pesymerar mepe-

MHOXXCHHSI BCEX MATpHIl Iepefaddl mpeoOpasyercsi B
MATPHILY PACCESHUS YCHITUTEIIS CIISTYIOIIM 00pa3oM:
g L |Ta Tuulzz —TorTz

Tl T

Kak yxxe ormeuanocs, BUK peannzoBan B cpene
LabVIEW. Crpykrypa nporpammsl (Block diagram)
JIOCTaTOYHO I'POMO3JKA U 371eCh He MpHBOAUTCS. To
K€ OTHOCHTCSI K TEKCTaM IIPOTPaMM, SBIISFOIIIMCS
COZICPXKAHUEM PA3IMYHBIX JIEMEHTOB CTPYKTYPHI
BUPTYaJIbHOTO H3MEPHUTEIBHOTO CTeHAA. TeKCTHI
MPOTpaMM HAIHCAHEI C WCIIOIH30BAHUEM CHHTAKCH-
ca, mpunstoro B LabVIEW [11].

BBon S-mapameTpoB TpaH3UCTOPA OCYILECTBIISIETCS
¢ iomornsio BIT "Urenne u3 daiina". McxomHplid daiin
S-nmapamMeTpoB Npu HEOOXOTUMOCTU Tpeodpaszyercs: K
¢dopmary Real-Image, gactora ompenensercss B Mera-
repuax. B kadecTBe pazgenureniell pa3psaioB B YHCIaX
UCTIONB3YIOTCA TOYKM, 4Hcia B (ailie pasmessorcs
CHMBOJIaMH TaOymsmuu. MacCHB [aHHBIX JOJDKEH
HAYMHATBECS CO BTOPOH CTPOKH ITOATOTOBJIEHHOTO IS
UCTIOJIb30BaHMs (paiina ¢ pacimmperuem ".lvm'".

Tak kak S-mapameTpnl B MCXOMHBIX (haimax u3-
MEpSIIOTCS B HECKOJIBKAX YaCTOTHBIX TOUKax (Kak
npaBuiio, He OoJiee AECITH), BO3HUKAET HEOOXOIM-
MOCTh YBEIIMYEHUS KOIMYESCTBA YACTOTHBIX TOYCK, B
KOTOPBIX OCYIIECTBILICTCSI aHAJH3 ITapaMeTPOB 00b-
ekta. Jlmst 3TOrO 3arpyKeHHBIN (hailia moaBepraercs
uHTEproNAHuy. KONMMYecTBO YacTOTHBIX — TOYEK
(cTpok B MaccuBe S-TTapaMETpOB) YBEIHIHBACTCS B
40 paz, 4TO Jake MPU MUHUMAJILHOM YHUCIIE CTPOK B
3TOM MacCHBE IMO3BOJISACT IMOIYYUTH TOCTAaTOYHO TIO-
IpOOHBIE YaCTOTHBIE 3aBHCHMOCTH H3MEPSEMBIX IIa-
pameTpoB. B mpencraBieHHON B HAcTOSILEH cTaTbe
Bepcuun BUK wucnons3yercs nuHelHash WHTEPIIOINS-
s [12]. Jnst npumenenust B LabVIEW mporpamm-
HbIC MOAYJIIN UHTCPIOJIAIUN PECAJIM30BAHBI C UCIIOJIb-
3oBanueM cTpyktyp Formula Node [13], B KOTOpBIX
pa3MeIIeHbl TEKCTHI IPOTPaMM.

[IpencraBneHHbIE B IIUPOKO M3BECTHBIX JIMTE-
paTypHbIX UCTO4YHMKaAX [14, 15] meTomsr paboTHI co
crpykrypamu Formula Node LabVIEW He no3Bossi-
IOT pPEaJM30BBIBATh IMKIUYECKUEC BBIYHACICHUS C
KOMIIJIEKCHBIMU YUCJIaMU, ITO3TOMY )IeﬁCTBPITCJ'H:HbIe
U MHHMBIE COCTaBILIIONINE S-TIapaMeTpoB 00padaThI-
BaJIMCH OTJCIBHO APYT OT APYyra U Ha BBIXOHE MpPeod-
Pa30BBIBAJIMCH B KOMILICKCHBIE YHCNA C ITOMOIIBIO
BII "Re-Im To Complex". B pe3ynbrare uHTEpIIONS-
i (HOPMUPOBATUCH OAHOMEPHBIC MACCHBEI 3HAUeE-
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HAW 4YacTOTHl W YeThIpeX KOMIUIEKCHBIX S-Tlapa-
METpPOB TPAH3UCTOPAa OXWHAKOBOTO pasMepa. DTOT
pasMep B JalbHEHIIeM Ompeiesisl pa3Mepbl MacCH-
BOB BCEX BEJIMYMH, UCTIOJIE3YEMBIX IPU ONpPEIEICHIH
[apaMeTpOB YCHJIMTENS: YacTOTH f, o, Zg, P, a Tak-

e anemMeHToB Matpui A, S u T.
Ilo 3ananneM h, W1-W6, L1-L6 u ¢, ompe-

HENAIMCh €rg, W M Zg nms orpeskos MILI B

CTpyKType ycunurtens. [ns onpeneneHust napamer-
POB KaXI0I0 M3 OTPE3KOB HCIOJb30Bajach OTHENb-
Has cTpykTypa Formula Node, B xoTopoii s kax-
JIOTO 3HAYCHHS YacCTOTHI f TAK)KE BBHIYUCISUINACH Jeii-
CTBUTEJIbHBIE U MHUMBIE COCTABJISIOIINE SJIEMEHTOB
MaTpulbl BHZIA, HCXOAHO 3amucaHHoro ans Ul
MPEJCTaBIIAIOLIET0 OTPE30K JIMHUM nepenadn. Kom-
IJIeKCHBIE McxomHbie Marpuibl YIT ¢opmupoBanmch
BHe cTpykTyp Formula Node ¢ ucnons3oBanuem BII
"Re-Im To Complex".

Ncxonnpie marpunbl U1 npeobpasyrores B MaT-
puubl T ¢ nomouneto crangaptHeix BII, peanusyto-
LIIMX MaTeMaTHYeCKHUe OIEpaluu CIOKEHUS, YMHO-
JKCHUSI, BEIYUTAHWS U JCIICHUS, KOTOpBIE 00eCIedrBa-
10T paboTy ¢ MaccuBaMM KOMIUIEKCHBIX uucel. llepe-
MHOXeHWEe  JeBsaiTH  Marpurp, 1 (4)  Takke
OCYILECTBISAETCS C IMOMOIIBIO CcTaHAapTHbeIX BII
ymHOKeHUs. "CkBo3Hasa" marpuna 7 mpeoOpasyercs
B ""CKBO3HYI0" MaTpuIly S cpencTBaMu apupmeTnde-
ckux BII. OnemeHTsl MaTpHuubl S NpeacTaBIeHB B
¢opmare Re-Im m moryr ObITh mpeoOpa3oBaHBl B
¢dopmar "Momynmb—(paza" cTaHIAPTHBIMH CpPEACTBaAMHU
LabVIEW mst oto0paskeHHs Ha SKpaHe BUPTYaIbHO-
rO aHaJIM3aTopa MUKPOBOJIHOBBIX IETEH.

Pesyabrarel. I'padudeckuii uHTEpdEiHc mpo-
rpaMMbI pa3pabOTaH C HMPUMEHEHHEM OECIUIaTHOTO
rpaduueckoro 3D-penakropa [16]. JleBast yacth uHTEp-
(etica (cM. puc. 2) yke yroMHHaNAch. B mpaBoii yactn
MOTYT pacronararscsi moapoOHsle 3D-Buap!l 0OBEKTOB
uccinenoBanust. [IpuMep BO3MOXKHOM BU3yanU3aIiy KOH-
CTpYKLIMM yCWIUTENs NpuBeaeH Ha puc. 5. Cnemyer
WMETh B BUILY, YTO B CPABHEHUH C PEalbHBIMU YCHIIUTE-
JISIMM TOTIOJIOTHSI YTIPOIIICHA.

Pabora ¢ BUK MOXeT BBITOJHATECS MO-Pa3HOMY.
Hamprmvep, MOXXHO ONpEAeTUTh TOMOJOTHYECKUE U
WHBIC TapaMeTphl YCHIMTENS AaHAJUTHICCKUM N
rpadoaHATITIHYECKUM MeTonoM [17], mocne dero BBe-
CTH TIONyYEHHBIC AHHbIE B MPOTPaMMy C MOMOIIBIO
opranos ynpasnenuss BUK. Te ke nelictBus 1o onpe-
JIETIEHUIO TOMOJIOTMUECKUX MTapaMeTPOB MOXHO Mpojie-
JaTh B CICIMAIM3HUPOBAHHBIX TIPOrpaMMax, IpeIHa-
3HaYCHHBIX IS pa3padoTku ycunureneit CBY. Tpetwii,

Puc. 5. Buzyanmsanust KOHCTPYKIUHY HCCIEAYEMOTO YCHINTENS

Fig. 5. Visualization of the design of the studied amplifier

HauOonee UHTEPECHBIH, IMyTh — ONPENEIUTh TONOIOTH-
YecKhe MapaMeTpsl Ha OCHOBAaHHUH PE3YIBTaToOB H3Me-
PEHIS pa3sMepOB IIEMEHTOB PEATIFHOTO YCHITHTEISL.

Ha puc. 6 mpuBeneH pesynasrar pa3paOOTKU B
nporpamme Microwave Office ycmurens nenumer-
pOBOTO AMama3oHa IO CXeMe, MPEeICTaBICHHOW Ha
puc. 1, c uentpanbHoit yactotot 434 MI'. OcHOBOIA
yeunurens sBusercsa Tpauzuctop KT368, pexum
paboTBI KOTOPOTO IO MOCTOSHHOMY TOKY 3aIaeTcs
KOJUIEKTOPHBIM HampshkeHneM 5 B v TOkoM KoJuiek-
topa 5 MA. ITapamerper h=1mm, g =6. [eomerpu-

yeckue napamerpsl MILJI npencraBieHs! B TabnuIie.
KpuBast | mnpencrammsier 4YacTOTHYIO 3aBUCH-
MOCTb TapameTpa Spq YCHIMTENs, CHPOECKTHPOBAH-

Horo ¢ momotbsio Microwave Office, kpuBast 2 — 3Ty
K€ 3aBUCHMOCTH ISl YCHUIIATENS, TIPOaHATN3UPOBaH-
Horo B BUK mnpu Tex ’xe 3HaUEHUsX MapameTpoB.
3aBucuMocTd / UM 2 HMMEIOT OYEBUIHBIE OTIHYHS.
Crnenyer 3aMeTUTh, YTO JI pacyeTa OCHOBHBIX Xa-

S21, 1By

0
[

o b o
[

| |
300 400 500

|
700 f,MI'g
600

Puc. 6. Pe3ynbrar MOAEITHPOBAHNUS YCHIIUTEIS:
1 - B Microwave Office; 2 — B BUK pu L, =46.51 mm;

3-8BUK npu L, =56 Mmm
Fig. 6. Amplifier simulation result: 1 — in Microwave Office;
2 —in virtual measuring complex with L, =46.51 mm;
3 —in virtual measuring complex with L, =56 mm
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I'eomerpuyeckue napamerpsl MILJI
Geometrical parameters of microstrip lines

MITLJT/ MILT/

Microstrip [ L, mm | W, mm | Microstrip | L, mm | W, mm
lines lines

1 150 | 1.4469 4 46.51 | 4.15
2 87.112| 2.78 5 16 2.88
3 178 2.9 6 150 |1.4469

PaKTEpUCTHK OTPE3KOB JIMHHH Tepenadyud B Micro-
wave Office u BUK ucnonb3yrorcss pasHble pacuer-
HbIE COOTHOILIEHUS C Pa3HBIMU TOUHOCTHBIMH XapaK-
TEPUCTUKAaMH, HE YUUTHIBAIOTCS TOJIIMHBI METaJlIU-
yeckux npoBogHukoB MIIJI u marepuansl, U3 KOTO-
PBIX OHU M3TOTOBJICHBI.

KpuBas 3 oToOpakaeT 3aBUCHMOCTH ITapaMeTpa
Soq TOTO K€ yCHIJIUTENs, B KOTOPOM JUIMHA OTpE3Ka

MIIJI L4 ycranoBineHa paBHOW MPUMEPHO 56 MM.
[Ipu 3TOM 3aBUCHMOCTH [ 1 3 BeCbMa OJTH3KH.

Oocyxnenne. CylecTBYOIINE Ha CETOAHATHUN
IIeHb TIPOTpaMMHEIE CPENCTBA, Takue Kak Microwave
Office, pemrator cxomnble 3amadn. bomee Toro, Mi-
crowave Office obnamaer cymecTBeHHO Oosiee IU-
pokuM ¢yHKIHOHATOM. HO clemyer oTMETHTh, UTO
9Ta IMporpaMMa OPHEHTHPOBAaHA B OOJBINEH CTEIeHH
Ha pellleHue 3aJady CHUHTe3a, TpeOyeT Cepbe3HbIX
HaBBIKOB PabOTHI IUISI COCTABIICHHS TPOEKTa M IIPH-
JIOKCHUA 3aMCTHBLIX yCI/IJ'II/Iﬁ JJIsT UIBMEHCHUSA DTOIO
MPOCKTa MNpu HCO6XOI[I/IMOCTI/I N3MCHCHUA MapaMeT-
poB o0BekTa. B cmiry aToro mporpammMa BeckMa Ipo-
MO3/IKa, K TOMY k€ TpeOyeT MpHUOOpeTeH sl I0POTro-
crosied uueH3un. Ee natepdeiic mpumMeHUTENBEHO K
pemaembiv  BUK  3amadam  uccienoBaHus —HENb3s
Ha3BaTh IPYKECTBEHHBIM.

BUK opuenTupoBaH B O0JbIIei cTeneHH Ha pe-
IIeHUS 3a1a4d aHanu3a — uccienoBanne. OH OTIHYa-
€TCA YPOBHEM BHU3yalIU3allUd HU3MCPUTCIIbHBIX IIPU-

0OpOB M 0OBEKTOB HMCCIIEJOBAHUS B BBICOKOM paspe-
IICHUH, YTO TO3BOJSET MOAPOOHO O3HAKOMUTHCS C
W3MEPHUTEIBHON YCTAHOBKOH M OOBEKTOM HCCIEI0-
Banust. BUK xapakrepusyercs mpocToTOi BBOAA HC-
XOJHBIX JaHHBIX M M3MEHECHUS CTPYKTYPhI HCCIIEHY-
eMOro ycuiuTens, obecrieunBas, kKak U Microwave
Office, BO3MOXHOCTb ONTUMH3ALMHU MAPaMETPOB
00BeKTa B pexxume peanbHoro BpemMenu. OH HO3BO-
JSET WCCIEOBAaTh NACCHBHBIC IICMIM TP 3aMeEHe
¢aita S-mapametrpoB TpaHzucTopa ¢aitom S-napa-
METPOB ISl HICabHOM MepeMbIuky. [Iporpamma He
TpeOyeT OONBIINX BBIYUCIUTEIBLHBIX PECYpCOB H
paboTocriocoOHa Ha KOMIIBIOTEPE C IPOIECCOPOM
Intel Celeron 1 GHz npu namuuuu Windows u O3Y
o0beMoM 256 MOaiT, kak Ha 32-pa3psIHbIX, TaK U
Ha 64-pa3psIHBIX KoMIIboTepax. Bpems aHanmsa u
MOCTPOCHHUS XapaKTePUCTHK He TpensbiiaeT 1 c. He-
cMoTpsi Ha peanmzanmto B cpexe LabVIEW, mpo-
rpaMMma He TpeOyeT JIMIIEH3HH, MOXET pacrpocTpa-
HATBCS C TTOMOILBIO HCHIONTHAEMBIX (aiiIoB, 3aIycKa-
eMBIX Ha KOMITBIOTEpE MpU HAJHMIUH HAa HEM COOT-
BerctBytomero LabVIEW  mnponykra Run-Time
Engine (pacnpoctpansercs O6ecmiatHo). Apyroit Ba-
PHAHT pacrpoCTpaHEHHUs — 3aIyCKOM Ha KOMITBIOTEpe
YCTaHOBOYHOTO (haiina, KOTOPBI, KpOME YCTaHOBKU
MPOTPaMMBbI, TaKXKe YCTaHABIMBAcT MPOAYKT Lab-
VIEW Run-Time Engine.

IIporpamma Taxke HOpUMEHUMa IS PELICHMs
00pa3oBaTeNbHBIX 3a]1a4 HE TOJBKO B TPAAUIMOHHOM
00pa3oBaTeT-HOM IPOLIECCE U TIPH TOBBIIICHUH KBa-
MU(UKAIUK CIIEIMAIUCTOB, HO U B COCTaBE COBpE-
MCHHBIX O6pa3OBaTeJ'H)HLIX METOAUK, B TOM 4YHUCJIC
IUCTAHIIMOHHOM OOYYEHHUH, T/¢ HCIONIb30BaHUE Ta-
KHX Iporpamm, kak Microwave Office, moxeT ObITh
M0 psAAY NMPUYMH, HEKOTOPHIC M3 KOTOPBIX IEpedmc-
JICHEI paHee, 3aTPYIHUTEIHHO.
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dneKTpoguHaMMUeckas Mojesib PagNOCUrHana, paccesHHOro Ha MHOroc/10iHOM
CTPYKTYpe, C UCMOoJIb30BaHUEM PU3NUYECKOI ONTUKN U MeToAa TPACCUPOBKMN NyUeii

B. B. BaxueBHUKOB™
FOxHbIN depepanbHbIn yHUBepcuTeT, TaraHpor, Poccus

™ bahchevnikov@sfedu.ru
AHHOTauuA
BeBepeHune. Paj/10M10KaLMOHHBIA MOHUTOPUHI CIOUCTBIX MOACTUNAOLLUMX MOBEPXHOCTEN akTyaneH B Pa3NNYHbIX
3afiayax: u3MepeHme TONLWMHbBI C/10eB B3/1eTHO-MO0CaA04HbIX MON0C U AOPOXHBIX MOKPBLITUIA; pa3Beska nofesHbIX
nckonaembIx 1 Ap. a8 oueHKM paboTocnocobHOCTN HOBbIX afrOPUTMOB 06paboTKN OTPaXKEHHOro OT COUCTbLIX
NOBEPXHOCTEN PajMNONOKALMOHHOIO CUrHana HeobxoAmMmbl HaTypHble MCNbITaHWA. WX npoBejeHne Tpebyer
60NBLUNX PeCypCHbIX 3aTpaT, MO3TOMY akTyanbHO UMUTaLMOHHOe MojennpoBaHme. OTpaboTaHHbIE METOANKN 1
aNropuTMbl HXEHEPHOro pacyeTa OTPaXeHHOro paAanocurHana Ansa peLleHns Takmx 3ajay OTCyTCTBYHOT.
Lenb pa6oTbl. Pa3zpaboTka 1 Bepudurkaums NporpaMMHON MOAeNnN AN UMUTaLUN OTPaXXeHHOro MHOMOCI0MA-
HOI NPOTSAXEHHOWN CTPYKTYPOV pagnocmurHana, npuHMMaemMoro Ha 6opTy netaTtesibHOro annapara.
MaTepuanbl n MeToAbl. AP0 MOJENN CTPOUTCA Ha BbICOKOYACTOTHBIX 3N1EKTPOANHAMUYECKMX MeToaax (du-
314eckas 1 reomeTpuyeckas oOnNTUKK), YTO MO3BOMAET MPOU3BOANTE ObICTPbIE BbIYUCAEHWS A1 Lenell 60/b-
LIOW nnowaan ¢ NiobbiM KOMYECTBOM C10eB. MogenpoBaHme ocyLLecTBASETCH C MOMOLLbIO NPOrpPaMMHOro
naketa MATLAB. Pa3paboTaHHasi UMUTALMOHHAA MOAeNlb NpejocTaBaseT KOHeUHbI pe3ynbTaT B BUAe HOp-
MMpOBaHHON 3bdekTnBHOM naowwaan paccesHus (IMP) MHOroCnoOMHONM CTPYKTYpbl. Pe3ynbTupytollee snek-
TpomarHuTHoro nose (3MI1) paccumnTbiBaeTca C UCNONb30BaHVEM MPUHLIMNE Cynepro3nLumin.
Pe3synbTathbl. [IpoBefjleHO CpaBHeHMEe pe3ynbTaToB MOAENNPOBaHNSA C TeOPeTUYECKUMUN pacyeTamun Ans Hop-
MUpPOBaHHOM 3P ABYXCNOMHOW CTPYKTYpbl — pacxoxaeHue He 6onee 10 %. MNMpoBegeHa Bepudurkaumnsa ans Ko-
3¢drumeHTa BapmaLmm ormbatoLLeil OTPaXeHHOro pagnocMrHana ot rybmuHbl 3aseraHns rpyHTOBLIX BOJ. Pe-
3yNbTaTbl MOAEINPOBAHWSA MOKa3bIBAKOT TaKYH Xe TeHAEHLMIO M3MeHeHNs KosdduLmeHTa Bapuaumm oT cpes-
Hell TOMLWMHBI CNO0S, KakK U B pesynbTaTe NMpOBeAeHWS HaTypPHOro aKCnepuMeHTa (MakcMManbHoe 3HayveHue
norpewHoctn - 7 %). NMposegeHo mogennpoBaHue IMMP Ans NOrnoLatoLero c/ios ¢ pa3Hol CTeneHbio HepoB-
HOCTK rpaHuL, cnoeB. LLlepoxoBaToCTb BepxHel rpaHuLbl (MakCMManbHOe OTK/IOHeHMe BbicoThbl 0.1 M) CyLue-
CTBEHHO BAUSAET Ha yaenbHyto SIMP: ymeHbLeHVe 3HaueHns 3P go 30 ab.
3aknto4yeHune. PaspaboTaHHas Mojenb NpU3BaHa yMeHbLUNTb 3aTPaThbl HA MPOEKTHbIV CUHTE3 CPeACTB MOAmMo-
BEPXHOCTHOW PaAMONoKaLMmN NOACTUNAIOLLNX 3EMHbIX MOBEPXHOCTEN NO CPaBHEHWUIO CO cxeMol "pa3paboTka
MaKeTa YCTPOMCTBA - HaTypHble NCMbITAHNSA MakeTa - f0paboTka - U T. 4.". Mogenb MOXHO UCNob30BaTb ANl
anpobnpoBaHNSA HOBbLIX aArOPUTMOB 06PaboTKM MNOAMOBEPXHOCTHBLIX PAANOCUIHANOB.

KnroueBble c/10Ba: NOAMNOBEPXHOCTHASA PAANOIOKALIMS, UMUTALMOHHAs MoAesb, 3G deKTBHas NoLwaib pac-
CestHUS, MHOrOC/10liHas CTPYKTYpPa, LLUepoXoBaThle rpaHnLbl

Ana umtmnpoBaHua: baxyeBHUKOB B. B. nekTpogHamMmyeckas Mofenb pajnocurHana, paccesHHoro Ha MHo-
rOC/IONHON CTPYKTYpe, C MCNoAb3oBaHMEM GU3NYECKor ONTUKM U MeToAa TPacCMpoBKK fyyeli // 3B. By30B
Poccun. PagnoanektpoHuka. 2019. T. 22, Ne 6. C. 25-36. doi: 10.32603/1993-8985-2019-22-6-25-36
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Electrodynamic Model of the Signal Scattered by the Multilayer Structure
with the Use of Physical Optics and Ray Tracing Technique

Valentine V. Bahchevnicov™
Southern Federal University, Taganrog, Russia

™ bahchevnikov@sfedu.ru
Abstract
Introduction. Remote monitoring of layered underlying surfaces is an urgent task. To assess the performance
of new algorithms for processing the radar signal reflected from the surfaces, full-scale tests are required. As
their carrying out demands big expenses, simulation modeling is actual. There are many methods of estimating
an electromagnetic field (EMF) scattered by the earth's surface. However, there are no proven methods and
algorithms for engineering calculation of the reflected radio signal in the conditions of this problem.
Aim. The aim is to develop and to verify a software model to simulate the reflected multilayer extended structure of
the radio signal received on board the aircraft.
Materials and methods. The core of the model was based on high-frequency electrodynamics' methods,
which allowed rapid calculation for large areas of targets with any number of layers. Simulation was produced
using the MATLAB software package. The developed simulation model represented the result in the form of the
normalized radar cross-section (RCS) of the multilayer structure. Since the layered structure had rough bounda-
ries, the model provided triangulation of the boundaries of the volume-distributed object. The resulting EMF
was calculated using the superposition principle. Each partial EMF value on the facet was calculated taking into
account the phase and the polarization of the locally incident EMF.
Results. In the paper the comparison of simulation results with theoretical calculations for the normalized RCS
of a two-layer structure (difference is less than 10 percent) was presented. Verification for the coefficient of var-
iation of the envelope of the reflected radio signal from the depth of groundwater (critical error was 7 percent)
was performed. RCS modeling of the absorbing layer with different degrees of roughness of the layer bounda-
ries was carried out. The upper boundary roughness (for maximal height deviation 0.1 m) affected on specific
EPR more than lower boundary. It manifested itself in decreasing of RCS down to 30 dB.
Conclusion. The developed model is intended to reduce expenses for designing synthesis of subsurface imag-
ing systems with comparison of scheme "model of device development - field tests - completion - etc". The
model is designed to verify the new signal processing algorithms for subsurface radar.

Keywords: subsurface radar, simulation model, effective scattering area, multilayer structure, rough boundaries
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Beenenue. 3a nocnegHue AECATUIECTUSI aKTUBHO
MPOSIBIISIETCS. UHTEPEC K KOMITJIEKCHOMY MOHUTOPHUHTY
COCTOSIHUS MOYBOIpPYHTOB [1, 2]. I MOHMTOpUHTa
MOYB NMPUMEHAIOTCS KOHTAKTHbIE M OECKOHTAaKTHBIE
PazuoNIoKaTOpbl MOANOBEPXHOCTHOTO 30HIUPOBAHUS
(ground penetrating radar — GPR), ycraHoBieHHbIE
KaK Ha 3eMJle, TaK U Ha aBHAIIMOHHBIX U KOCMHUYE-
ckux Hocutensax [3]. GPR, kak npaBuio, noka3siBaet
XOpOIINE PE3yNbTaThl Ha MECYaHOM MOYBE C HU3KUM
COZIEp’KaHUEM MPOBOIAIIUX MATEPUATIOB (HAIpUMED,

TJIMHA, COJICHAasl BoAa). B TakuxX yCIOBHSIX pe3ylbTH-
PYIOIIME TaHHBIE C BBICOKAM Pa3pelieHUeM IPUTOTHBI
JUTsl  W3BJICYCHHS WH(DOPMATHBHBIX MapaMeTpoB
cTpyKTyphl IouBEL. B rugponornn GPR nonesen npu
ONpEACIICHUH CONEPKAHUS BIAard B MOYBE, B T€OJO-
TUM W SKOJIIOTMM OH o00ecIleuynBaeT OOHApyXCHHE
KOHTPAacTOB MEX]y TpaHHUIIAMU pasfenia cpel ¢ pas-
JINYHBIMU TIapamMeTpamMu. TpaguMOHHBIE TEXHOJO-
TUM HA3eMHOT0 30HIMPOBAHMS IO3BOJISIOT JOCTa-
TOYHO JJOCTOBEPHO MOJY4UTh HH(POPMALIUIO O CTPYK-

26 DJIEKTPOAMHAMHUYecKasi MO/e/Ib PAIHOCUTHAJIA, PACCESTHHOI0 HA MHOTOCJIOHHOM CTPYKTYpe,
C HCIIOJIB30BAHUEM (l)l/l3l/I‘leCK0l71 OINITHKHA U METOAa TPACCUPOBKH .J'ly‘leﬁ
Electrodynamic Model of the Signal Scattered by the Multilayer Structure

with the Use of Physical Optics and Ray Tracing Technique
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Type, COCTaBe MOYBHI U HEKOTOPBIE Jpyrue napamMer-
pbl. OHaKoO A7l 30HAMPOBAHUS OOJBIIUX TEPPHUTO-
pHii TpaJIUIIMOHHEIE TEXHOJIOTUH OKA3BIBAIOTCS MAJIO
¢ dextuBHbIMU. [Ipu 3TOM HaaMuMe IIEPOXOBATO-
CTeil MOYBHI JIeTIaeT CJIOXKHBIM MPOLIECC AOCTHKEHUS
BBICOKOTO TIPOCTPAHCTBEHHOTO pa3pemreHus [1].

Juia uccnenoBanusi HHQOPMATUBHBIX MPU3HAKOB
B PAacCcesHHOM paJuOCHTHAlle Ha TMOACTHJIAIOIIEH
MOBEPXHOCTH HEOOXOAMMO TPOBECTH MHOXECTBO
HATYpHBIX HCIIBITAHWUHM, YTO Ha MpaKTHKe Tpedyer
Oonpiux 3atpart. [lo 3Toi mpuyuHEe BechbMa BOCTpe-
00BaHO WMMHUTAIMOHHOE MOJIENHPOBAHUE 3JIEKTPO-
MarHuTHBIX mojiet (OMII), oTpa)keHHBIX OT TaKUX
CIIOXKHBIX OOBEKTOB, Kak OOBEMHBIE CJIOUCTBIE
CTPYKTYpBI C IIEPOXOBATHIMH TPAHUIIAMH.

CylmecTByeT J0CTaTOYHO MHOTO METOJIOB pacye-
Tta OMII, paccesHHOTO OT MPOCTPaHCTBEHHO-pacIpe-
JeJICHHBIX 00heKTOB [2, 4]. K HUM oTHOCATCA: KO-
HeuHo-pa3HocTHBIe Metonsl (FDTD, FDFD), meron
KOHe4HBIX 3neMeHToB (finite elements method — FEM),
Metox MoMeHTOB (method of moments — MoM), BbI-
COKOYACTOTHOE TPUONIKEHHEe W T. 1. MeTomsl BbI-
YUCIUTEIFHON JEKTPOJMHAMUKU PasesistoTcsl Ha 2
KJlacca MO TOYHOCTH: HHU3KOYACTOTHEIE, OOCCIICUH-
BalOI[€ TOYHBIE PEIICHUS, M BBICOKOUACTOTHBIE,
Jarolye TpUOMMKEHHBIE PELIeHHs, U IO CUCTeMe
KOOpAWHAT, B KOTOPOH IMPOHM3BOIUTCS pacdeT: Bpe-
MEHHEBIE U YacToTHbIC. B [2] mpeacTaBieHbl pe3yiib-
TaThl H3MEPEHHSI AEKTPUIECCKUX U TEOMETPHICCKUX
MMapaMeTPOB CIOUCTOM cpeabl. I3MepeHus 0CHOBaHBI
Ha BBIYHCIECHHH KOMIUIEKCHOTO Ko3(duimeHTa ot-
pakeHust paaroBonH. KomrekcHsit kodddummeHt
OTpaXeHUs ymMOOCH TeM, YTO B pE3yIbTaTe MOXKHO
paccuuTaTh OTKIMKH JUTSl Pa3HBIX PaInOCUTHAIIOB.

IIpu >n€KTPOMarHUTHOM HU3IYYEHUH C JIUHON
BOITHBI, CYIIECTBEHHO MEHBIICH pasMepoB OOBEKTOB,
XOPOIIIO TMOIXOTUT JydeBasi MOJENb, KOTOpasi 3HAYH-
TENBHO VIIPOIIAaeT aHAW3 OTPAXKECHUS PaIUOBOIH
[5]. HuskouacToTHOE NpUOIIKEHUE B Ciiydae 0OJib-
IIMX Pa3MEpOB LETH TPeOyeT JOCTAaTOYHO OOJBIIOTO
obbeMa pecypcoB. Ecnmm pasMepsl 3aierarommux B
cpene 00BEKTOB CONOCTABHMBI C JJIMHON PaTuoBOI-
Hbl, HEOOXOIUMO WCIOJIB30BATh ITOJHOBOJHOBYIO
MO/IEJTb, YUUTBHIBAIONIYIO PE30HAHCHBIE 3D DEKTHI [4].
[Ipu ManmeIx paccewBareNsix co ClaObIM KOHTPACTOM
CO CpeloH YacTo MPUMEHHMMas alMpOKCHUMAalUs —
npubmmkenue bopHa [5]. DT0 mpuOIMmIKEHHE OCHO-
BaHO Ha ypaBHEHUsX [enbMrospla, KOTOPbIE YUUTHI-
BalOT OOJIBIIOE KOJIMYECTBO MapamMeTpPOB M yCIOBHUU
pacnpocTpaHeHUs 3JIEKTPOMarHUTHON BOJIHBI
(BMB). OnHako 1 CIIOUCTON Cpelbl UCTIONH30BAHNE

3TOrO METOZa 3aTPYAHEHO U3-3a HEOOXOAUMOCTH pac-
gera (yHKImK [prHA B CIIEIIMATBHON CHCTEME KOOp-
nuHat. Kpome toro, B ammpokcumarnuu bopna He-
BO3MOXKHO Yy4YeCThb MHOTOKPaTHOE€ paccelBaHHE B
Cpeie CO MHOXECTBOM OOBEKTOB U PE30HAHCHBIE
3 HEKTHI.

Jns  pemeHuss dIEeKTPOIMHAMHYECKHUX —3ajiad,
CBSI3aHHBIX ¢ paccesHreM OMB Ha GonmbImux 00BbeK-
Tax, ObUIH pPa3pabOTaHbl MPHUOIMKECHHBIC METOJIBI,
OCHOBaHHbIC Ha ypaBHEHHH M3JIY4YEHUS U pacCesHus
OMB [6, 7]. BoABIMIMHCTBO U3 HUX CBS3aHO C BBICO-
KOYaCTOTHOM anmpoKCUMAaIieH, Ty4eBBIMU TEXHOJIO-
THSAMH ¥ Tudpakipei Ha kpomkax [7]. Merox FDTD
(finite difference time domain) mpenmomnaraeTr pac-
cMoTpenne pactpoctpanenuss OMII B muckpeTHble
MOMEHTBI BPEMEHU U B 00beMe, AMCKPETHU3UPOBAH-
HOM Ha MaJible ¥ He3aBUCHMBbIE TPEXMEPHbIE TUECHKU.
DTOT MeTon BechbMa TOYEH, HO TpeOyeT OOIBIIOTro
KOJIMYECTBA BHIYMCIUTEIBHBIX Pecypcos [8].

FEM ucnonb3yeTcs Uil pellieHus NPsAMON dIIeK-
TPOAMHAMUYECKOM 3alauu paccesiHus B 4acTOTHOM
CHUCTEME KOOPJMHAT C IPUMEHEHHEM BapUaIlMOHHON
¢dopmbl U ¢ yderom moBeneHuss DMII Ha rpaHuIax
o0bekTa. Yame Bcero FEM ucnonb3yercs st pac-
YyeTa 4acTOTHBIX xapakTepuctuk OMII npu pacmpo-
CTPaHEHUHM B CIOXHBIX OOBEKTaX 3aKPBITOTO THIIA
(HammpuMep, BOTHOBOJHBIE CTPYKTYpHI [6]). s yue-
Ta m3nydeHus: DMII Ha rpaHunax pacdeTHOW obOia-
ctu B FEM, kak u B FDTD, HeoO6xonumMo MCHOIB30-
BaTh JIOTIOJTHUTENbHBIE TPaHUYHBIE yciaoBus [6]. Jlms
TEOMETPUYECKH CIOXKHBIX CTPYKTyp HE0OX0AnMO
NPUMEHATh TETPa3IpalIbHYI0 JAUCKPETHYIO CETKY C
OONBIIAM KOMMYECTBOM DJIEMEHTOB, YTO TpedyeT
OOIBIINX 3arpar OHCpaTHBHOﬁ naMsaTH BBIYUCIIUTC-
1. JI7s CITOKHBIX 00BEKTOB B METONAX MPSIMOTO pe-
LIEHUS HMHTErpalbHbIX YPaBHEHHWH MaKCHUMallbHbIE
pasMepsl MOTYT JOCTUraTh €AWHUI [UIMH BonH. Of-
HAaKO NPUMEHEHHE 3THUX METOJOB OTPaHUYEHO, Kak
MIPaBUIIO0, BEICOKOW BBIYUCIUTEIHHONW HATPY3KOMH [7].

B [5] ¢ moMoIpi0 ONTHYECKOTO METOJa 30HIH-
POBaHUS BBIUMCIISIETCS KOHLIEHTpaLUsi BOOHBIX pac-
TBOPOB C HCIIOJIB30BAHUEM CIIEKTpa OTPaKEHHOTO
COJIHEYHOro cBeTa. B [9] aBTOpHI IpeacTaBuiIn HEKO-
TEPEHTHBIN CUMYIIATOP U1 MHOTOCTIOMHOM CTPYKTYpBI.
Tam e npencTaBiIeHO KOTEPEHTHOE MOIEIHPOBaHHE
TIOTIOBEPXHOCTHBIX OTKJIMKOB Ha OCHOBE METO/A TPac-
CHPOBKH JIy4yel, KOTOpbId OrpaHUYMBaeTCs MpPUMEHE-
HHUEM TOJIBKO K OTHOMY MOATIOBEPXHOCTHOMY CJIOKO.

Ha IMMPaKTHUKE aHaJIN3 paguorpaMm Jist pe€aibHbIX
cpell — JOCTaTOYHO PECYPCOEMKHI MPOLECC U TOUHbIE
pemeHnst U PepeHINaTbHbIX YPaBHEHUH, OIUCHI-
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Batoux OMII 1711 3TUX cpe, OOBIYHO HEU3BECTHBI.
B amux cimydasx mpeamodTeHne OTAACTCS YHUCICHHBIM
MeTtoaaM. YncrneHHass MMUTALMOHHAA MOJIEIb pacce-
SIHUA paJMOCUTHANAa Ha MPOCTPaHCTBEHHO-pacIpe-
JISTICHHOW KBA3UIEPHOINYECKOM MTOBEPXHOCTH OIHCAHA
B [10]. ba3oBblif MpUHLKIT 3TOM MOIENU COOTBET-
CTBYET IMOCTABJIEHHOH 3ajla4ye 3a TeM UCKIIOYCHHEM,
YTO HEOOXOIUMO TPOHM3BOAMTE PacyeT sl 00bEMHO-
pacnpeneIeHHOTro 00bEeKTa CO CIOUCTOM CTPYKTYPOH.

IHocranoBka 3amaun. GPR ycraHOBIEH Ha mo-
JIBWKHYIO TUIATQOpMY JieTareiabHoro ammapara (JIA)
(B ToM umncne 6ecnuioTHOro). JIA IBMXKETCS CO CKO-
POCTBIO V Ha 3aJJaHHOM CpeJiHEH BBICOTE Z(y Hapal-

JIENBHO BepXHEH TpaHuIle 00beMHO-PaCIpeieIEHHOTO
oObekTa. [JaBHBIN JIeeCTOK IuarpaMMbl Hampas-
neHHoctd aHTeHHBl ([IHA) HampaBieH B Hamup.
Hupuna maBHoro senectka /JIHA B miockocTu
nswkenus JIA npumepno 30...60°. Pabounii gactot-
geiil nuanazoH GPR — mmuaHOBONMHOBBIN. HeobOxo-
JUMO ONpenenuTh dPQPEeKTUBHYIO IMIOIIAAb pacces-
Hus (OIIP) cnoucroil pacnpeneneHHOW CTPYKTYPHI €
HEpPOBHBIMU TPaHHULAMHU B TOYKE, PacHOIOKEHHOU
oA paguonokatopoM. Ilocime 3Toro Heobxommmo
MPOU3BECTH COOTBETCTBYIOLIYI0 00pabOTKYy paauo-
CHTHAJa C IENBI0 MPOBEICHUS BepUPHUKALUN U Ba-
JTUAALNY.

[enp paboOTHI, OMMCAHHOW B HACTOSIICH CTaThe,
— pa3paboTka, Bepu(pUKaIUS U BaJIUIAIMSI OBICTPOM
ANIEKTPOAMHAMHUYECKOM MOJICIH pacdyeTa PaccesHHO-
0 paMOCUTHANIA Ha CIIOKHOW pacHpeeICHHON Iie-
JIA, IPEJICTABICHHON B BUIE CIOUCTOU CTPYKTYPHI C
IepoXoBaThIMU TpaHuIamMH. PaszpabaTpiBaeMas Mo-
JeTb JOJDKHA YMEHBIIUTHh (PMHAHCOBBIE W BPEMEH-
HEIE 3aTpaThl Ha pa3padOTKy U MOICPHU3AINIO aBHA-
nuoHHBIX GPR.

Maremaruueckass M NpPOrpaMMHas MoOJeJIM.
U3 0630pa mpeacTaBIeHHBIX paHEe METOIOB CIEIYET,
4YTO HamOoJee MOAXOSAIINM JJisi TIOCTAaBICHHOM 3a-
Ja9d SIBIISCTCSI METOM, IMTOCTPOCHHEBIM Ha (PalleTHOM
MPEACTABICHUN TPAHUI] CIOKHOTO 00BhekTa. Pacces-
nue DMII Bepxueit (Omwxkaiimeit k GPR) rpanwneit
obbekTa B Hampasienun GPR paccumteiBactcst Ha
OCHOBE ITOCTYJIATOB (PH3HUYECKON ONTHUKHU, MEKCIOH-
HOE paccesiHue BHYTPH OOBEKTa — C MPUMEHEHHEM
npubmmkeHnit reomerpuueckoit ontuku (['O). s
BepxHeH TpaHMIbl 0o0bekTa OMII paccuuThIBacTCS
cornacHo Metozauke [toiireHca—@peHens, npeodpa-
30BaHHOM W3 ypaBHeHHMH MakcBemia B ¢GopMmy Io-
BEPXHOCTHOTO MHTErpajibHOrO BhIpaykeHus [11].

['paHumBl  pa3mensroT  CJIoW, pasIuyarouecs
KOMIUIEKCHBIMH JUAJIEKTPUUECKUMU € W MarHUTHBI-

GPR (JIokanbHast TOUKa preMa-Triepeatin)

dusnueckas

U OIITHKa

élzl
B =pp=pg~1

T'eomert-
pudeckas
OIITHKA

Puc. 1. T'eomerpus 3anauu
Fig. 1. Task geometry

MU [I TpoHHIaeMocTsaMH (puc. 1). OHU HyMepyIoT-

cs, HaYMHAsl OT BepxXHeH, mMmeromer Homep 1. 3a
GPR 3akperuieH HoMep 0. I'paHuIsl MpencTaBiIeHb
COBOKYITHOCTBIO (halleTOB TPEYroiibHON (opmsl (puc. 1),
HOMeEpa KOTOPBIX YKAa3bIBAlOTCS B HIDKHEM HHICKCE
HoMepa rpanulisl. [Tonoxenue danera B modansHON
CUCTeMe KOOPIOMHAT 3a1a4l XapaKTePH3yeTCs paamy-
COM-BEKTOPOM €r0 LEHTPa Fyy, , TAC {1 — HOMEp rpa-

HUIIBL, @ U — HOMep (areTa. B 0003HaueHUAX BEKTO-
POB U BOJIHOBBIX uucen OMB, pacnpocTpaHsromux-
csl B aHAJIM3HUPYEMOil cpefie, MocIenoBaTeNnbHOe yKa-
3aHHE TpaHMI] U (AIETOB OMHCHIBAET TPACKTOPHIO
pacrpocTtpanenus. Kak HeTpynHO BuaeTh, €ciIu HO-
Mepa CJI0EB MOHOTOHHO BO3PAcTalOT WM YOBIBAIOT, TO
OMB npoxoaut ckBo3b rpanuny (puc. 1, k01424),

ecn ke MOHOTOHHOCTh HE COOJIOIAeTcs, TO OHA
oTpakaercss OT rpaHuObl (puc. 1 )
p rpannuel  (p . Koy,2,1,0

Haunbonee ymanennsiit or GPR cinoit He nMeer HIK-
HEll TpaHHUIbl, OJHAKO STO HE HApYyIIaeT CHUCTEMBI
0003HaueHMH, Tak Kak Ipoenmas B Hero OMB He
BO3BPAILAETCs] K IPUEMHUKY.

Mexy cOCeTHIMH TPaHHUIIAMHU CIIOEB MPUMEHSIET-
Cs METOJ TPAcCHpOBKH Jyueid [12], yuuThIBarommi
MHOTOKpaTHble TepeoTpaxkeHust. CylLecTBYIOT IOXO-
YKUE MOJIeNH IS pacueTa paccessHaoro OMII Ha crnon-
croii cTpykType [8, 11] (pacuer OTKIMKOB OT TOBEPX-
Hoctelt Mapca u Jlynsr). OnHako mozens B [11] ocno-
BaHa IOJHOCTHIO HA MPHOMDKEHMSIX (PH3UUECKOI Om-
TUKH, TJIE pacCUUTHIBaOTCs napiuanbueie OMII, Hae-
JICHHBIC OT KaKaoro (harera OgHOU TpaHUIIbl Ha Kak-
JIoM (pariete cocemHel TPaHMIIBL, YTO BEIET K OOJIBIITUM
BBIUMCITUTENBHBIM 3arpataM. B [8] orcyrcTtByeT BO3-
MOKHOCTb y4€Ta MHOTOKpATHBIX MEPEOTPaKeHHUH, 4To
B HEKOTOPBIX CIydasx (HarmpuMep, B cpeiax THMa Iie-
COK, JI€/) BEJIET K 3aBBIIEHHBIM PE3YJbTaTaM.

28 DJIEKTPOAMHAMHUYecKasi MO/e/Ib PAIHOCUTHAJIA, PACCESTHHOI0 HA MHOTOCJIOHHOM CTPYKTYpe,
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r, K, e

ZA

Puc. 2. daner ¥ oucaHue ero B3anMOIEHCTBUS
C DJIEKTPOMAarHUTHOM BOJHOM

Fig. 2. Facet and description of its interaction
with the electromagnetic wave

@aret B BUIE TpeyronbHuka ABC B CBI3aHHOM C
HUM JIOKaJIbHOM CUCTEME KOOPIUHAT IIPECTABICH Ha
puc. 2. Ero nonoxeHue B CUCTEME ONMCHIBAETCS pa-

IMyCOM-BEKTOpoM (hanera ry (HOMep cilos U HOMep
(arieta B cioe omymieHsl). JIokanbHbIN 6a3uc darera
MpeJICTaBlIeH TPOUKOM (nr, P, q)- Ha dauer nagaer
OMB c¢ paanycoM-BEKTOpOM [j, BOIHOBBIM BEKTO-
poM K; u BekropoM nomspusanuu e€j. OTpaxkeHHas

OMB onucsiBaeTcs painycOM-BEKTOPOM I, BOJIHO-

BbIM BCKTOPOM kl’ U BEKTOPOM MNOIApU3alUN €,

NpOUIEAIas — PagMyCOM-BEKTOPOM [y, BOJIHOBBIM

BEKTOPOM kt 1 BEKTOPOM MOJISIpU3aIlun et.

Ha puc. 3 npencraBiieH aroput™M padOThI JIeK-
TpoauHaMudeckoil monenu. Ilocie auckpeTH3anuu
TPaHUYHBIX MOBEPXHOCTEH B MOJCBEYMBAEMO 00a-
cty BeITIoNHsAETCs TpuaHrysinus emano [12]. [a-
Jiee ¢ TIOMOILBI0 METOIAa TPACCUPOBKU JIydel paccuu-
THIBAIOTCA 3JIEKTPUYECKHE M MAarHUTHbIE HaIlpsDKEH-
HOCTH JUIsl OTPAXEHHOTO OT BepXHeu rpaHuiisl OMII
u ans OMII, pacnpocTpaHsIonerocss BHyTpH CIOEB
U BBIXOJSIIETO CKBO3b BEPXHIOIO IPAHHUILy Ha KOHEY-
HbIA TpUeMHUK. [Ipy BBIUHCICHHMH OTpakKeHUS OT
BEpPXHEH T'PaHUIbl BBHINOJHAETCS LUKJI PacyeToB I10
BceM ¢areraM 3Tol TpaHunbl. B onpenenenun
OMII, pacnpocTpaHsIOmerocs BHYIPH — CIIOEB,
MPEeyCMOTPEHBI LIUKJI 110 BCEM BHYTPEHHHUM CIIOSIM,
3aJJaHHBIM B MOJENH, a TaKKe LUKJ Ul IepeoTpa-
JKEHUH (TTpU yueTe MHOTOKPAaTHOCTH TepeoTpaskeH
Mexay rpaaunamu). CyMMHpPYS 5TH OIS, TTOTy4aeM
3HaYE€HUE HANPSHKEHHOCTH JJIEKTPUYECKOTO  II0-
ns (OI1) B Touke pacmojokeHUs] MPUEMHHUKa Ha 3a-
JaHHOM uactore. Takum ke 00pa3oM paccUUTHIBA-
10TCA HanpsbkeHHocTH Ol U1 ocTajbHBIX 4acToT-
HBIX COCTAaBJIAIOIIMX PabOYero quana3oHa.

IlepoxoBaTOCTh IpaHUI] ONTKUCAHA MOKEINbI0 JIOH-
re—XUITHHCA B CTAallMOHApPHOM I10 BPEMEHHU BUJE.
Monenb npezmnosnaraeT NpeacTaBieHle MOBEPXHOCTH B
BUJIE JIMHEWHOM CyNEpNO3ULUM IUIOCKUX BOIH C Pa3-

JIMYHBIMA  aMIUTUTyJaMU ah.', BOJIHOBBIMH YHCJIaMH

napameTpsl |

2Hon0>1<eHI/Ie MIPUEMHUKA U NepeaTurKa 9MB2
|

8 DIeKTPOpU3HIECKIE 2

Juckperuzars
BEpXHEH IpaHuULIbL

Jluckperuzanus
TPaHUII CJIOEB

|BLIZ[CJ'I€HI/IC IOACBCUYUBACMOI'O HS{THal

[Tpnanrymsiums Jlenano|

| OTKJIMK OT BEpXHEH IPaHUIIbI |

OTKIIUK OT CIIOEB

zEsub(r' f)

zEsurf (I‘, f )

["apMOHHMYECKUI OTKIIMK OT 00beKTa B Touke npuema SMB|

EZ(rv f):zEsurf (r, f)"’zEsub(r* f)

¢ Paboune 1acrots! /

ITapamerpsl

2 30HAUPYIOLIETO CHUTHaja

I/IMHyHBCHBIﬁ OTKJIMK B TOYKE ITprueMa
Es (r)

|OTpa>KeHHLH71 PpaaMOCUTHAI OT CIOUCTOU CprKTprIl

Puc. 3. Anroput™m Mozaenu

Fig. 3. Model algorithm
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P| =27/)|, HAIPABICHUAMH PACIPOCTPAHCHHS Yy H

CITy4alHBIMU Ha4aJIbHBIMH (ha3aMu &ln [14]:

z(x y)=

=22 @ cos| py (xcosyy +ysinyy ) =g |, (1)
I'm

I z — HOpMaJIbHas; X, ¥ — TaHI'€HUHUAJIbHbIE KOOP-
JUHAThl IOBEPXHOCTU B IPSAMOYIOJIbHOM CHCTEME C
HayaJIOM Ha TIOBEPXHOCTH T'PaHHMIIbI.

g MonenupoBaHUsl HEPOBHOCTH ITOBEPXHOCTH
MOYBEI B paboTe UCIIONB3YETCS MACCHUB OAMHAKOBBIX

Q) ¥ CIy4alHBIX 3HAYEHUU Yy B COOTBETCTBYIO-

n
LIEM JMalla30HE BOJHOBBIX YHMCEN Py, TaK Kak Ile-
POXOBaTOCTh B 00IIEM CiIydae HE UMEET OIpeeieH-
HO HalpaBJIEHHOCTH.

Beipaxkenne pams momHoro paccesHHoro Ol1
Es (r) Ha TpHaHTyITMPOBAaHHOM MOBEPXHOCTH B TOY-
Ke IpHeMa IOoJIyyaeTcs CyNepro3uLueil oTpaxeHHo-
ro ot BepxHeii rpanuusl I Egy (r) u 311, mpo-
LIEJIIET0 B CIOUCTYIO CTPYKTYpYy M BBILIEALIETO

HapyKy Egyp (r):

Ex(N=2 Esut (N+X Esp (). ()
n n

Pacceanue na sepxneii epanuye. Kax yxe orme-
9aJoch, PACCesIHUE Ha BEPXHEH IpaHHIEC PACCUUTHI-
BaeTcs B COOTBETCTBUH C MOCTYIaTaMH (pU3MIECKOU
ONTHUKH, KOTOPBIE BBIPAKAIOTCS B BUJE WHTErpasa
Crperrona—Uy [11]:

Es (1o, f)=.[jkG(r0, r, f)x
S
x{n[ﬁxH](r, f)+k, x[AxE](r, f)}dc(r), 3)

rae g — paauyc-BEKTOP MECTOHAXOKACHHS IPUEM-

HUKa paccesHHOIt DOMB; f— wactora OMB; S — 006-
Jydaemasi HOBEPXHOCTD;

ejk\r—ro\

G(rg, r, )= 1 -k, K]

4mr —ro|

— ¢yukuus ['puHa; Rr — HOPMHPOBAHHBIA BOJTHOBOH
BEKTOp oTpaxkeHHOW OMB; 1 — BosTHOBOE COMpPOTHUB-
JICHWe cpenpl; N — eIUHUYHBIA BEKTOP HOPMAIH K
KacartenbHOU noBepxHocTH 00bekTa; H, E — BekTophI
MarHUTHOW M 3JIEKTPUYECKOM HampsiKeHHocTel; [ —
€IMHUYHAs MaTpulla ¢ pasmepamu 3%3. 3nech U na-
Jiee CUMBOJI X 0003HA4aeT BEKTOPHOE MIPOU3BEECHUE,

T
cumBon """ — omepanui0 TPAHCIIOHUPOBAHUS, CHM-

nan

BOJI — HOPMUPOBAHHBIC BEKTOPHI.

Jls TpmaHTyIMpOBaHHON MOBEPXHOCTH BhIpa-
xeHue (3) MPUHUMAET BH/T

. E; {rA } ~ ~
E _ k | n I—k kT
surf (Irs) = | I—4Tf|rs_rAn| rx JX
X[niHH{rAn}"'ksXE||{rAn}](DAn(riarrs)a “4)
e
&iEo

ejki\ri—rAn\
4mt|ri —rpp|

Ei{fan}=

— HampsKCHHOCTb naz[a}omei/’l SHGKTpOMaFHHTHOﬁ

BONHBL, Tj = \[1j /£

OMB; |:|||("An), E||(rAn) — MArHMTHas M 3JeK-

— HUMIICAAaHC CpEAbl MaACHUA

TpUYecKas HaNpSXKEHHOCTH COOTBETCTBEHHO JIO-
kanmpHOTO OMII, CBSI3aHHOTO C TEOMETPHYECKUM TI0-
noxeHueM ¢amnera u kodpduunentramu Dpenens

(RTE: RTM)§ FAns Trss

MOJIOKEHHH #-TO (arera, MpUEeMHUKA M HCTOYHHKA

i — pamuycChl-BEKTOPHI

OMB cootBercTBeHHO; K;j :|ki| — BOJIHOBOE YHCJIO

namamomein OMB; @, — dasoBsiit kodduumeHT

JUTst n-ro darera.
B nuteparype $azoBbiit ko3hGuIueHT

Dpn(Xg, f)= Iejk(‘xo_x‘J“‘Xl_x‘)dc(x)
5,

ONUCHIBAETCS C TIOMOIIbIO MOCTOSTHHOW M JTMHEMHOMN
anmpokcumaruii [8, 11]. Tlpu mocTossHHOW ammpok-
cumanmu (aza u amiumtyna OMB npuHMMaroTcs
MOCTOSIHHBIME Ha Kaxaom Qamere [11]. Takas am-
MpOKCUMaIMs JOMYyCTUMa, €ClIH pa3Mmepsl (aleToB

ne npessimaror A/10.

JIist TUHEHHOM armpoKcuManuy pasmep ¢GareTon

JIOJDKEH cocTaBisaTh L < gaﬂ R/2 (R - paccrosuue

OT TOYKH M3Iy4eHHs 10 ¢arera, g Ha MPAKTHKE BbI-
oupaercs npubmmsutensHo paBHbM 0.2 [11]). Takum
obpa3oM, (azoBblii KOIDGUIIMEHT C JMHEWHOW arl-
MPOKCUMAIIMEH TI03BOJIET IIOCTPOUTHh MOJIENTb, MCHEE
TpeOOBaTENbHYI0 K BBIYUCIUTEIBHBIM 3aTpaTaM.
Haubosnee npeamnouTuTenbHO MPUMEHEHHE 3TOW arl-
MPOKCUMALlMK JUId MOJeNnu, OcHoBaHHOM Ha ['O
(B CBSI3U C NOMYyCTUMEBIMH pa3Mepamu Qareta). Pe-
3yABTUPYIOIIEE BhIpakeHue it (pazoBoro ko3ddu-
LIMEHTA C JIMHEWHOU armpokcumanuei [11]:
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(. 1) o2ikdy [ o=2ikbpp
q)An XO’ =J ' ' x
(2jk)% by 120 +booy

X[e—z JKDy (ag+bpos) _ o2 jkA;r(a{,+b{)oLl)]+

e_zjkbéBZ

X

ag +bpoy

o e 21KBY (30+0602) _ (=2 KDY (@g+barz) |
o 2Ik(Dyag+Acbp)  ~2ik(Dybh+Brap)

’ 1

ap

me (Ag, Ay, A, (By, By, By), (Ckr Cyr, Cy) —

+

KOOPJIMHATHl BEPIIMH NPOEKIMH (arera Ha IUIOC-
KOCTb, HOPMAIbHYIO paguyCy-BEKTOPY Maarolie
BOJIHBI, B CBS3aHHOW cucrteme koopmuHar O0X'yz;

( x» Dy, Dé) — KOOPAWHATHI BBICOTHI TPEYTOJIbHH-

ka poekun C'D’ (cm. puc. 2).
KosdhurmeHTsl BRIpasKarOTCs Yepe3 mapaMeTpl

TPEYrojJbHUKa:
J=va?+b?+1;

_ riki —rrkr d(ki,z _kI’,Z)_

do 2 2 ’
- kr,y' _ki,y’ " b’(kr,z _ki,z).
2 2 ’
Pr=Cy —oyCy;
_ Ky x' —Ki x N a'(kr,z _ki,z)_
2 2 '
A, —Cyy
y y . ' '
(X]_ == BZ =C '—OLZcX',
A¢ —Cy d
B\ —Cyy
ap=—2—,
By —Cy

rae a', b’ — xoapdunHeHTs ypaBHEHHUS MIOCKOCTH
¢arera B cucTeMe KoopauHaT ero mpoekuun 0X'y'z;

d — k03¢ QUIHEHT B YpaBHEHHH IIOCKOCTH (hariera.
[IpoernupoBanue (arera ¢ MOTYYSHUEM YKa3aHHBIX
k03 PunmenToB paccmorpero B [9]. B [11] Takxe
YYUTHIBACTCS U3MCHEHHE aMIUTUTYNBI 10 (arery B
JIOTIONTHEHHE K (Da30BBIM U3MEHECHHUSM.

Paccesanue 6 cnoax. B cOOTBETCTBUU € 3aKOHAMU
reomeTpudeckon ontuku TM- u TE-koMOOHEHTHI
HanpsbkeHHocTy OI1 uid nporueaieil uepes rpaHulty
paznena cpensl OMB  onmchIBaloTCS  CIEIYIOMIMM
obpazom [8]:

Eq = [Ei(ml, m2)e " f ‘rAmrrAm‘lﬁ} x
X%[]-‘FR;FmZ][qXRU, mZJ; )
E;';E - [Ei(ml, mz)e—‘lmz f ‘rAml_rAm‘q:| %
><|:1+ RE mz]q,
e o, — Kod(QUIKEHT 3aTyXaHus B m-i CpeJe;
Ei(m1, m2) = Ei M (ra)+Ei T (1a)=
=[EM™ (ry) + ETE (1y) Je HonlTam =an

— HanpsHKeHHOCTH Naaroniel Ha ¢arer OMB.
AHAIIOTHYHO OMPEEISIFOTCSI KOMITOHEHTH OMB,
OTpakKeHHOW OT TPaHMIIBI pa3ziesa Cpen:

™ = FIrAm1—"Am| A
Ey :[Ei(ml, m2)€ e fFans Am‘p}x
™ Aol .
XRmi, m2 [q xky. ml]
TE =y FIrAmi—Taml &
Er :[Ei(ml, m2)e " Fam Am‘QJX

TE A
XRmt m20-

(6)

Hanee, ucnons3ys (5) u (6), MOOKHO HailTH 3Ha-
yeHue nHTeHcuBHOCTH DIl Ha danere BepxHeil rpa-

muubl Egp (A ), paccesmHoro Ha cnosix, Hesasn-

CUMO OT KOJIHMYECTBA CJIOEB M KOJIMYECTBA BTOPUY-
HBIX [E€pPEOTpaXKeHUu Mexay ciosimMu. IIpu 3ToM BbI-
YHUCIIUTENIbHAS Harpy3ka JIOKUTCS Ha aJIrOPUTMBI
npoxoxeHuss OMB depes ciiom u pacueTsl mepeoT-
pakeHul MeToaoM TpaccupoBku Jydyed. Ilpu-
MEHHUTEJIBFHO K paccMaTpUBaeMOM 3a/1aue BBHIPAKEHUS
(5) u (6) Oomee yaOOHBI, YeM BBIPAKCHHMSI, BBEICH-
Hble B [8]. DTO 0OBsCHSETCA TEM, YTO aBTOPHI JaH-
HOU PabOTHI paccCMaTPHUBAIOT OTAEIBHO PaclpoCTpa-
Henue OMB "Beepx" u "BHM3", a IpU IOIBITKE
Y4eCThb MHOTOKPATHBIE MEPEOTPAKEHUS aNTOPUTM
CYILIECTBEHHO YCIOXKHSETCS.

Bripaxkenue aiis HanpsbkeHHoctu I, paccesH-
HOTO CIIOSIMH, B TOUKE Ipuema Iy (B paccmaTpuBae-

MO Monenu coBnaaawoueit ¢ Toukoit GPR) momyya-
eTcsl IPUMEHEHHEM HpUOMmKeHUs (QrU3n4Ieckoi om-

THKH K BBIpakermio Egp (o)

. Egupir IR
Esub(ro)z—jki4ns|l::—{_¢2:| |—kr><kT:|><

<[ i) {Fan} + K < B {ran} [ ®@an (6, 7). (7)
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Ioncrasus (4) u (7) B (2), HailneM pe3yJIBTUPYO-
1ryro HanpspkeHHOCTh JI1 B Touke pacrosnoxkenust GPR.

Ilocne »MEKTPONMHAMUYECKOTO MOAENUPOBAHUS
MIPOU3BOAATCS.  JONOMHUTENBHBIE IPeoOpa30BaHUs
s monydenus yuenbHor OIIP (B ycmoBusx pac-
CMaTpHBaeMOH 3aJa4d COOTBETCTBYIOIIEH Ko3(hdu-
LUEHTY OTPaKEHUsI):

 4m2d [Ex (f)
Gspec(f)—ﬁ%

[lnomans ocsemaemoro ydactka S(f) nzme-

HsieTCs TPONOpIMOHaibHO mupure JIHA, Tak 4to B
WUTOre OHA HE 3aBHCUT OT 4acTOThl. 3Has MapamMeTphl
30HAMPYIOLIETO CUTHAjJa U YaCTOTHYIO 3aBHUCUMOCTb
K03(hHULNEHTa OTPAXKEHHsI, MOXKHO PACCUUTATh pa-
JUOCHUTHAJI, PACCESIHHBIM Ha CIIOMCTOW CTPYKTYpE C
HEPOBHBIMU TpaHUIAMH, C HCIOIb30BAHUEM CIIEK-
TPaJBHOTO METOJA aHAJIM3a HEKTPHUUCCKUX LEMeH.
Pesyabrarel MoaeaupoBaHusi. Bepuduxanms
MOJIEJIA TTPOBOJMIIACH B YCIOBHSAX IBYXCIOWHOHN 00-
JlydyaeMOHi MOBEPXHOCTH. MozenupoBaHue NPOBOIU-
Joce npu g =1, pp =1, BeICOTE Mmoj€Ta Haj IO-

BEPXHOCTBIO Zy =200 M C KpyroBEIM NPUOIMKEHH-

€M IUIOIIAAN OOTydIeHHS Ha TOBEPXHOCTH.

Ha puc. 4 npencraBneHs! pe3ynsTaTsl Bepr(UKaIIT
B (opme Monyns ynenmbHOI HOpMEpoBaHHOH DIIP B
3aBUCHUMOCTH OT OTHOCHUTEJIBHOM TOJIIMHBI IEPBOTO

clios h\/g/k mpu tonmuHe h=0.5, 2.0 u 6.0 M B

pabouem dactoTHOM nuamazoHe 20..250 MI'm 6e3
ydeTa 3aTyXaHus B cpene. Pe3ynbraTsl MOIydeHHI ¢
YY4ETOM MHOTIOKPAaTHBIX IEPEOTPAKEHUN B BEPXHEM
cnoe. Bropoil (HwxHuUIT) cioil monarancs momybec-
KOHEYHBIM U HE TIOPOKIa OTPAKECHHYIO BOJHY.

B KkauecTBe TEOpETUYECKHUX PE3YIBTATOB IS
CpaBHEHHUsI MCIONB30BaHBl MaHHBIE [15], rae mpen-

CTaBJICHa YaCTOTHAas 3aBHUCUMOCTH KO3(DUImeHTa
OTpa)KEHUSI OT CJIOsI, TECHO cBsizanHast ¢ DIIP:

KIr(f):Kr/(:H‘Kr)’ (®)
e
Kr =Kpa (f)+

+Kog (f )exp(—%\/@htgégjexp(—j%\/ghj,

npraem Kio (), Kog(f) — xoodduumentsr or-

paXEeHHUS OT COOTBETCTBYIOIINX TPAHUI] CPELI.

CpaBHEHHE pe3yIbTaTOB MOJIEIHPOBAHUS C TEO-
peTH4YecKM JaHHBIMH [15] MOKa3pIBaeT XOPOMIYIO
COTIaCOBaHHOCTD PE3YJbTATOB.

PesynmeraThl ¢ yaeToM 3aTyxaHUs B cpele IIpHBeE-
JIEHBI Ha pUC. 5 NI ABYX 3HAYECHHM TOJIIUHBI CIOA
h. 3aryxaHue B Cpelie XapaKTepHU3yeTCs TaHT€HCOM
ymoBbIx moteps tg 8 =1m(ey)/Re(ep).

Bimsiare mepoxoBarocTed BepxHEH W HIDKHEH
rpanur Ha ynensHyo D[P wmmroctpupyercst puc. 6.
Ha Hem mnpencraBieHbl 3aBUCUMOCTH JUIS OOEHX
IUIOCKUX TPaHUI, IIEPOXOBATOCTEN TOIBKO BEPXHEU
U TOJIBKO HIbKHEN rpaHul. lllepoxoBaTtocTs xapakre-

pH3YeTCsl aMIUIMTYIOH IUIOCKMX BONH &), B (1.

CpenHekBaapaTHIeCcKoe
COCTaBJISUIO OKOJIO 5 CM.

PesynmeraTel MOmenmMpoOBaHWS BapUaIlMH aMILIH-
TyIbl OTPAKEHHOTO pPaJMOCUTHAja TPU 30HIUPOBA-
HUH TPYHTOBEIX BOI MPEICTaBICHBI Ha puc. 7. s
CpaBHCHHS HCIIOJB30BaHbl YCPETHEHHBIC TaHHBIC
HATYpHOTO SKCIIEPUMEHTa IO 30HJUPOBAHUIO TPYH-
TOBBIX BOIl B moiimMe peku Muyc BOm3u Taranpora
(3aBUCHMOCTD NpHBEEHA CIUIOIIHOW JmHue). Cpen-

OTKJIOHCHUEC  aMIUIMTYAbI

Hs [TyOMHa 3ajeraHus ITPyHTOBBIX Bog Ny mpu Mo-

JIETTMPOBAaHUN M3MeHsutach B amamnazone 0.25..4 .

0.4 0.6 0.8 1.0

hez /A

Puc. 4. 3aBucUMOCTb ynenbpHOI HOPMUPOBAHHON (D PEKTHBHOM IUTOMAIH PACCESIHUS OT JIMHBI BOJHEI
IPH Pa3IMYHON TOJIIMHE ci104 6e3 yueTa 3aTyXaHHs B ClIOe

Fig. 4. Dependence of the specific normalized effective scattering area on the wavelength for various layer thicknesses
without taking into account attenuation in the layer
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Puc. 5. 3aBUCUMOCTD YACIBHOH HOPMHUPOBAHHOH Y()(HEKTUBHOM IIIOIIAH PACCESIHUS MTAAIOMIEiT BOJHBI OT €€ 4aCTOTHI IPH
PA3ITIYHOM TOJILMHE CIIOS € yUETOM 3aTyXaHus B cioe (1 — OTpakeHHe OT HACATBHO MPOBOSILLETO CIIOST; 2 — OTPAKEHHE OT BEPXHEH [PAHHULIBI)

o

yoen|!

o

tg5=0.05

Fig. 5. Dependence of the specific normalized effective scattering area of the incident wave on its frequency at various layer
thicknesses taking into account attenuation in the layer (1 — reflection from a perfectly conducting layer; 2 — reflection from the upper boundary)
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Puc. 6. Y nenpHas 3 dexTuBHAs IIIONAb PACCESHUS C YUSTOM IIEPOXOBATOCTH TPAHHMI]
Fig. 6. Specific effective scattering area, taking into account the roughness of the boundaries
— rimajkue rpanuisl/smooth borders; — [IEPOXOBATOCTh TOJIBKO HUXKHEH rpaHuibl cios/roughness
of only the lower boundary of the layer; —®— — mepoxoBaTocTh TOJILKO BepHeii rpaHuLb cnos/roughness
of only the upper boundary of the layer
Hcnonp3oBanack 01HOYACTOTHAS PAAUOIOKAIIOHHAS
Kaap 6 30 MT, II

DKcrepHMeHT/ crcTeMa, paboTaroIiasi Ha 4acToTe 1. [llupuna

05— Experiment JHA B mnomepeyHo#l mockocTu coctapisuia 60°,
moﬁeﬁﬂp"‘*amd BJOJIb JIMHUU 1yTH — 90°, Cpenuss BbICcOTa 1OJIETa —

odelin
0.4— g 200 m. Tloser JieTaTesbHOIO armapara OCYLIECTBIUICS
0.3 o BIIOJIb TPACChl PACTONIOKEHHS TEOIEe3NUSCKUX NIypdoB,
. 10: 1g5-03 N OMPEIETISIONINX TITYOUHY 3aJIeraHKs TPYHTOBBIX BOI.

| &= Y 0% o -
0.2 o, —0.1m0, =03 M . 3 - O6cyxnenue. s TOATBEPKIEHUSI JOCTOBED
0.1 | | | | | HOCTH PE3yJIETaTOB MOJICIIM HCIOJIb30BajCcs Habop
) 0.07 014 021 028 035 Ahy/A tomuud cros h=0.5 2.0 u 6.0 m. Puc. 4 nemon-
Puc. 7. 3aBucumocts ko3¢ punuenTa Bapuanuu ot CTPHUPYET XOpOILIEE COINacOBaHHE JAaHHBIX MOJCIIH-

OTHOCHUTCJIIBHOU rJIy6I/IHI>I 3aJieraHus 'PyHTOBBIX BOJ POBaHHUS U TEOPETHUECKUX JTAHHBIX U3 [15]

Fig. 7. The dependence of the coefficient of variation B [3] MOKAa3aHO, YTO BO MHOTUX CIYYasiX Pe3yJbTar
on the relative depth of groundwater NPAKTUYECKH HE M3MEHHUTCS TPU OTCYTCTBHU ydera
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MHOTOKPATHBIX TiepeoTpakeHnid. Eciu ydecTb TONBKO
OZIHOKPATHOE NIEPEOTPAKEHNE MEXIY IPaHULIAMU CIIOS,
TO PacXOKIEHHE MEXIY pe3yiabraTaMHu MOJIEIUpoBa-
HUS U CTaTUCTMYECKUMHU JAHHBIMH COCTABHUT OKOJIO
10 %, 4TO CBHIETENHCTBYET 00 HMX CYIIECTBCHHOM
KOPPEIALHH.

Ha puc. 5 mokasaHsl pe3ynsTaTbl IIPH pacIpo-
ctpanennun OMB B cpene ¢ 3aryxaHuaMd. MOXKHO
3aMETHTh, 4TO 3HadeHue ynenbHor JIIP ¢ yBenmuueHu-
€M YacTOThl cTpeMHuTcs K 3HadyeHuto DIIP mia oxu-
HOYHOM BepxHe rpanuusl. bonee Toro, yem Gomnblile
TOJIIUHA CJIOSl, TeM OBICTpee MPOUCXOAUT ITO
ycrpemienue. Tak, npu h=4 m OIIP mpakTndecku
He ommuaercs oT OIIP mis omuHOYHOW BepxHEH
TPaHMIIBI, HadMHAas yxe ¢ 9acToTel 150 M. Ananus
(8) moaTeepkgaer ykazaHHbIA (akt. Puc. 5 taxke
nemoHcTpupyet, uto OIIP mnst mmeansHO oTpakarore-
TO CIIOsi OOJIbINe, YeM JUIS MMIICAAHCHOTO, MPUOIH3H-
TeJIBLHO Ha 5 ab. DT0 OOBICHAETCS TEM, YTO IUDJIEK-
TPHK JIydIlle TpoITycKaeT uepe3 cedss OMB, dem mpo-
BOJIHHK HA TOM K€ YacTOTE KOJIeOaHNS.

Hanuuue mepoxoBaTocTell BBI3BIBACT aM-
ITUTYIHBIE UcKaxeHus: B cnekrpe OIIP mpu coxpa-
HEHUH TIEPUOAMYECKON CTPYKTYpHI (CM. pHC. 6), of-
HAaKO TP MPHUHITOHN I MOIEIMPOBAHUS IIEPOXOBa-
TOCTH €LI€ BO3MOXHO H3MEPUThH TOJILIMHY CJIOS IO
yaensHoil OIIP mpu M3BECTHOW AMIIEKTPUYECKOM
npoHunaeMocTy. IIpu 3ToM 1EepoXoBaToCTh BEPXHEN
IpaHULbl CUJIbHEE BIIMSAET HA PACCESIHHBIM CHUTHAI,
YTO 3aMETHO Ha pUC. 6 (OCOOCHHO TMPHU TOJNIIHHE
cnos h=2m). 1ot 3ddekt oObACHIETCA TeM, UTO
B3auMoieiicTBuss DOMB ¢ BepxHeW rpaHHIei MpowCc-
XOJSIT KaK MpH pacnpoctpaHeHuu ot GPR, Tak u mo-
ClIe OTPaXCHUS OT HIDKENIKAIIETro CJIos, a B3aUMO-
JIEWCTBUE C HIKHEH TPAHMIICH — TOJIBKO B MPOLIECCE
orpaxeHus. [IoCKoIbKy Kak TONIIMHA, TaK U AUJICK-
TpHUUecKasi IPOHUIIAEMOCTh CIOS BIUSIOT Ha PE3yib-
TaT W3MEPEHUH, NMPU OTCYTCTBHH NAHHBIX 00 ATHX
BEJINYMHAX TPYIHO ONPENCIUTH MOTHOCTBIO CTPYK-
Typy CJOUCTOTO OOBEKTa. YKa3zaHHYIO Ipo0ieMy
MOYKHO PEIIUTh HECKOIBKIMU crioco0amMu. [1epBorii —
y4eT anpuopHON MHGOPMAIMH O IUAICKTPHUYECKON
MIPOHMUIIAEMOCTH IOYBHI C 3aJlaHHOM IOTPEIIHOCTHIO
(4TO OOBIYHO BO3MOXKHO IMPH 30HAWPOBAHUH U3BECT-
HBIX TeppHUTOpHii). Bropoii cmocob — ncmons3oBanue

HaboOpa COIIaCOBAaHHBIX (HMIBTPOB, PACCUUTAHHBIX
Ha pasHble 3HA4YE€HHA TOJIIWHBI CIOSI AUDICKTpUYe-
ckolf mpoHunaeMoctu. Hampumep, B ciaydae 30HIU-
POBaHMA JOKAJIN30BAHHBIX MOAMNOBEPXHOCTHBIX 00b-
€KTOB C BEICOKHM KOHTPAacTOM OTHOCHUTENBHO CpPeIlbl,
yUTsI OPUOIU3UTENIBHO IUAICKTPUUYECKYIO MPOHMIIA-
€MOCTh CJI0f, MOTy4YUM HauOonbmuii oTKINK oT CO,
PAaCCUNTaHHOTO Ha HCKOMYIO ITyOMHY 3aJIeraroIlux
00BEKTOB.

Pa3paboTtanHas Mozenb Mpoluia BepUUKALUO
Mo Ko3(GUIMECHTY BapUallMd aMIUIUTYIbI B 3aBHCH-
MOCTH OT CpeAHeH TOJNIIUHBI CJO0S MO JaHHBIM
HaTypHOTO JKCIepUMeHTa. Ee COCTOATEbHOCTD MOA-
TBEp)KIEHA COOTBETCTBHEM MOAENMPYEMBIX ITaHHBIX
TCOPETUYECKUM pe3ylsTaraM JUlsi HOPMHPOBAHHOM
OIIP npu paccessHUM Ha ABYXCIOMHOM cpene. Mmura-
IIMOHHAs MOJIETIb IMEET CIIEAYIOIIHEe IPEeHMYIIEeCTRa:

— HaIJISITHOCTB SIEKTPOIMHAMUUYECKOTO PEILICHUS;

— CKOPOCTh U NPOCTOTA BBIYMCICHUN Ui oOna-
cTeil OOJNBIION IIJIOIIA M,

— BO3MOXXHOCTb 3JICKTPOAMHAMMYECKHX pacue-
TOB JUTA JIFOOOTO KOJIMYECTBA CIIOEB;

— BO3MOXHOCTh ydeTa MHOTOKPATHBIX IIE€PEeOT-
paskeHUI MeX Iy (aneTaMy IpaHuUl] COCEIHUX CIIOEB;

— BO3MOXHOCTh yJeTa 3aT€HEeHHs OTHHMH (Qarie-
TaMH JIpYyTHX;

— BO3MOXKHOCTH NPOTPAMMHOI0 YCKOPEHUS pac-
YETOB.

VYCKOpUTH TIpoLERypy MOJETHPOBAHUS MOXKHO
JIBYMsI IIyTSMH: HOJHBIM paclapajjieIMBaHueM aHa-
JIM3a TI0 9aCTOTaM M YaCTHYHBIM pacliapauleINBaHu-
€M TIPOIECCOB aNrOpuTMa (HAampUMep, NMpU TPacCH-
poBke sydeit). IIpuHIMIBI TOCTPOSHHUS MOJENHN 103~
BOJIAIOT MPOBOAMTH MOJECTHPOBAHUE IS HEOTPaHH-
YEHHOTO KOJIMYECTBA CJIOEB (OJHAKO MX YBEIHYCHHE
BEZIET K POCTY TPeOOBAaHUH K BBIYMCIUTEIBHBIM pe-
cypcam). CymiecTByeT TakKe BO3MOXHOCTH OITHCa-
HHUS HEOTHOPOTHOW CTPYKTYpHI MOCPEACTBOM IpH-
CBOGHUSI TUDJIEKTPHUECKUX XaPAKTEPUCTUK KaXKIOMY
OTZENIBHOMY (halleTy.

IlepeuncnenHble pe3ynbTaThl CBUAETENLCTBYIOT
0 TOM, YTO pa3paboTaHHas MMUTAIMOHHAs MOJIENb
MOXKET OBITh MCIIONB30BAaHA MPH CO3JaHUH AJITOPHT-
MOB 00pabOTKH pPaAMOCHUTHAJIOB JUIS TONIOBEpX-
HOCTHOH paJMoIOKaIMy BO3AYIIHOTO Oa3HupOBaHMUA.
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WccnepoBaHus TepMmoBoJibTanyveckoro a¢pdekta B NosynpoBoagHNKAX
B cCpepgHeTeMnepaTypHOM MHTepBane

B. B. KamuHckwmii', C. M. ConoBbes’, H. B. LLlapeHkoBa'™,
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AHHOTauuA
BBepeHme. Npeobpa3oBaHme TEMI0BOM SHEPTNN B 3NeKTPUYECKYIO ABASETCA akTyalbHOM 3ajadelt. ObHapyXeH-
HbI B cynbduge camapusa (SmS) TepmoBonbTanyecknin 3¢dekT (TB) nos3sonseT pelwatsb ee ¢ 66abwmmM KMZA no
CPaBHEHWIO C KNacCUYeckMMN TEPMO3IEKTPUYECKMMU FreHepaTopami, paboTatoLLMMIN Ha OCHOBE K/1acCU4ecKoro
s3¢dekTa 3eebeka. TBS B SMS NposiBNSETCA B CMOHTAHHOM MOSABAEHUN VIMMY/IbCOB 3/1eKTPUYECKOro HanpsiXXeHUs
0.05 B B HenpepbIBHOM pexurmMe npu TemnepaTtype obpasua 470 K. leHepaumsa 3/C cBsi3bIBaeTca C HaANYMeM rpa-
AMeHTa KOHLEeHTpaLUuK AedekTHbIX MOHOB Sm, HAaXOAALLMXCS B BaKaHCUSAX NOAPELLETKN cepbl, U C MepemMeHHOI Ba-

JIEHTHOCTBH MOHOB Camapuis (sz’r —Sm*+ e‘). Mpwn Harpese o6pasua A0 OMpPeAeNeHHON TemnepaTypbl KOH-

LeHTpaumsa HocuTener 3apsaja ckaukoobpasHo ysennymsaeTcs. MNockonbky B obpasue gedpekTHble MOHbI camapus
pacrnonoXxeHbl HeYNnopsAoYeHHO, MPONCXOANT NepeHoC 3apsaga 13 obnact obpasua ¢ bonbLuelri KOHLeHTpaLmen
AedeKTHbIX MOHOB B 30HY C MeHbLLEel KOHLeHTpauumeli. Taknum obpasom, cosgaetca 3/C B HanpasneHumn rpagreHTa
KOHLIEHTPaLmn 3TUX MOHOB. OBbHapy>XeHHbI BnocneAcTBun B ZnO, Ge, Si 1 HEKOTOPbIX CNOXHbIX NOAYNPOBOAHMKAX
TB3 gocturan avws 0.01 B.

Lienb pa6oTbl. Pelwaetca npobaemMa NoBbILLIEHWS FreHEPUPYEMOro HamnpsiXkeHna 1 paboder TemnepaTypsbl re-
Hepauwnu npwn TB3.

MeToabl U maTepuanbl. MeTOAOM CYHTE3a 13 MPOCTbIX BELLeCTB NOAy4YeHbl NCXOA4Hble MaTepuasnsl, U3 KOTO-
pbIX CO3/4aHbl reTepoCTPyKTYpbl TMMNa C3HABMY SmS/Smy_,Ln,S, rae Ln=Eu, Yb. Kpome TOro, nccnegosaHsl 06-

pa3Lbl Ha OCHOBEe KjlaCcCM4Yeckoro TepmoanekTpuka PbTe ¢ pasnnuHol cTeneHbo nermpoBaHusa C0eB., Nosy-
YeHHbIX CNPeccoBbIBaHNEM NPY BbICOKOW TeMrnepaTtype B Bakyyme. Ha yHUKaNbHOW yCTaHOBKE, NCKOYatoLLel
rpagveHTbl TeMnepaTypbl B 06pa3uax, npoBeseHbl ncciegosaHms TB3.

Pe3synbTatbl. [1okazaHo, YTO MoBbieHWe 3HayeHnn 3AC 1 pabouyein TemnepaTypbl JOCTUrAETCs 3a CYeT 3a-
rny6aeHns JOHOPHbIX YPOBHEN NyTeM ernpoBaHns. B nermpoBaHHbIX 0b6pa3Liax Ha ocHoBe SmS HabnogaeTcs
reHepauwsa 3C go 0.15 B B HenpepbIBHOM pexumMe npu T =700 K. OBHapy>XeHHbI B reTepoCTpyKType Ha
OCHOBE TePMO3/1eKTPUYECKOro NoaynpoBogHMKa n-tuna PbTe TB3 no3sonseT NoayunTb 3HaYeHne reHepupy-
emMoro HanpsxeHuns okosio 0.06 B B cpegHeTeMnepaTypHOM pexume.

3aksitoueHue. [JocTUrHyTble pesysibTaThbl MPEeBOCXOAAT U3BECTHbIE paHee N AalT OCHOBaHMeE NPOoAOJIXaTb MUC-
Cef,0BaHNS C LieIblo pa3paboTky NoNynpoBOAHMKOBBIX MpeobpasoBaTeneli, paboTatoLwmx Ha ocHose TB3.

KnroueBble cnoBa: TepmoBobTanyeckuii adpdexT, cynbdua camapusi, TeNnypus CBUHLA, reTepoCTPyKTYpbI,
cpeAHeTemmnepaTypHbI MHTepBan
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Studies of the Thermovoltaic Effect in Semiconductors in the Medium Temperature Range
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Abstract
Introduction. A conversion of thermal energy into electrical energy is an urgent task. The thermovoltaic effect
(TVE) found in samarium sulfide (SmS ) makes it possible to solve a higher efficiency problem as compared with
classical thermoelectric generators operating on the basis of the Seebeck effect. TVE in SmS, is manifested in an
appearance of voltage pulses of 0.05 V in continuous mode when a sample is heated to 470 K. Generation of
electromotive force (EMF) is associated with a presence of a concentration gradient of defective Sm ions in sul-

fur sublattice vacancies, with a change in their valence (Sm2+ —Sm>*+ e*) and with electronic Mott transitions.

TVE discovered subsequently in ZnO, Ge, Si, and in some complex semiconductors, reached only 0.01 V.

Aim. To increase the magnitude of the generated voltage and the operating temperature at TVE.

Methods and materials. By the method of synthesis from simple substances, raw materials were obtained
from which SmS/Sm¢_,Ln,S sandwich-type heterostructures were created, where Ln=Eu, Yb. In addition, sam-

ples based on a classical thermoelectric PbTe with different degrees of doping of the layers obtained by press-
ing at high temperature in a vacuum were investigated. On the unique equipment, excluding temperature gra-
dients in samples, TVE was studied.

Results. It was shown that an increase in the EMF value and in the operating temperature had been achieved
due to the penetration of donor levels by doping. In doped samples on the basis of SmS, a generation of EMF
up to 0.15 V was observed in continuous mode at T =700 K. TVE detected in the n-type thermoelectric semi-
conductor heterostructure PbTe, make it possible to obtain the magnitude of the generated voltage of near
0.06 V in the medium temperature mode.

Conclusion. The achieved results exceed the previously known ones and give grounds to continue research
with the aim of developing semiconductor converters operating on the basis of TVE.
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Beenenne. TepmoBonbranmueckuii adpdexr (TBI)
TpeicTaBIsAeT COOOH ONMH M3 HOBBIX IPHHIUIIOB
npeoOpa3oBaHusl TEIJIOBOH SHEPTUM B 3JICKTpHYC-
ckyto. CyTb dddekra 3aKIodaeTcst B TOM, 4T0 00pas3-
bl TIONYIPOBOIHNKA, HAXOIIINECS B OJHOPOIHOM
TEeMIIEpaTypHOM Tojie 0e3 Kakoro-nubo TrpaaueHTa
TeMIepaTrypsl ¥ MMEIOIINe TPaJNeHT KOHIEHTPAINN
JIOHOPHBIX MpUMecel 1o 00beMy, FeHEpPUPYIOT dJIeK-
tpomBmkymylo cuny (OJIC) B HampaBieHHH 3TOTO
rpagueHTa. TBD ObU1 nepBoHa4anbHO OOHApPYKEH B

cynbduae camapus (SmS) [1] u gocrarouno moapoo-
HO HCCIICIOBAaH Ha MUKPO-, HAHOCTPYKTYPHPOBAHHBIX
Y IJICHOYHBIX o0pasnax [2—4]. O6Hapyxenue dpQek-
Ta OTKPBUIO HOBOE HAIPABIICHUE B OOJIIACTH HETpaau-
[MOHHBIX UCTOYHHKOB BO30OHOBIISIEMOH SHEpTUH [5].
Bnocnencreun TBD Obi1 00HapyXeH B APYrux Mo-
JYIPOBOIHMKOBBIX Matepuaiax: ZnO [6—8] u rerepo-

crpykrypax pSi-n(Sip)y_y (ZnS)y [9], Sii_xGey [10],
A"BV [11]. OnHako 3Ha4eHHWE TEHEPUPYEMOIO HAIpsi-
JKEHUS B HUX OBLIO HIDKE, ueM B SmS.
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Ha ceromusmianii 1eHb cynmbQua caMapus sBIs-
eTcst pekopacMeHnoMm 1o 3HadeHuto JJ[C, reHepupye-
Moii Benenctre 3ddexra. [Ipupona spdekra B SmS,
OYEBHIHO, CBS3aHa C W3MEHCHHEM BAJICHTHOCTH

(Sm2+ Ssm3t+ e_) nedeKTHEIX HMOHOB Sm, 3a-

HUMAIOIIUX BaKaHCHM B TOApEIIETKE Cepbl. JTH e
HOHBI 00pa3yloT NPUMECHBIE JOHOPHBIE YPOBHH C
sHeprueit aktuBanuu 0.04 5B [12]. Baxuyto poss B

TBD wurparoT He3anoJIHEHHBIE 459714 _o60n0uku

penkozemenbHoro uona [13]. Dnekrpons ¢ 4f-060-
JIOYEK TIEePEXOAAT B 30HY MPOBOAUMOCTH M CO3IAIOT
OorbIIve JOKaJbHBIE KOHIIEHTPALMH HOCHTEel 3a-
psina [14]. Takue mepexompl MOTTOBCKOro Trma [15]
UMEIOT KOJUIEKTUBHBIM XapakTep IMpU JOCTHKECHUH
TeMIlepaTypbl T€HEepald M CONPOBOXKIAIOTCS BO3-
HUKHOBEHHEM HMITYJILCOB OJIEKTPHYECKOTO Harpsi-
KCHUS ¥ CHHXPOHHM3WPOBAHHBIX C HUMH TEIUIOBBIX
nporueccoB. [Ipu uccnenoBanusx TBD nabmrogaercs
noTeps Temia B o0pasiax, CBsA3aHHAs, KaK CUATAIOT
aBTOPHI, C JIABUHHBIM XapaKTEPOM MOTTOBCKHUX IIepe-
x0110B. [IpoMCXOANT CaMOIPOM3BOJIBHOE OXJIAXKIe-
HHe o0pasla, KOTOpOe KOMIIEHCHPYETCS HOCTOSHHO
MOIIEP>)KUBAEMON TeMIIepaTypoi TeHepaIuH 3a CUeT
BHeImHero Harpesa. Dd¢exr rereparmu IJIC B SmS
HaOMoaeTcs Mpu HarpeBaHUHM OOpa3loB 0 TeMIIe-
paryper 470 K. Ilpu Gosyee BBICOKHX TeMIleparypax
OPpOUCXOAUT HCTOUICHUEC TMPUMECHBIX ypOBHeﬁ C
koHneHTpauueit N; u sHeprueil axtusaimu 0.04 5B,

TpaiieHT KOHIIEHTPAIMK KOTOPBIX MO 00beMy o0pasiia
Be3bIBaeT TBO [12]:

E =KgradN;,

rae £ — HanpsbKeHHOCTh TEHEPUPYEMOTO JIeKTpruye-
ckoro moist; K — xoadduiment apexra, KOTOpbIH
CJIOXHBIM 00pa3oM 3aBHCHUT OT TEMIIEPaTyphl U Ma-
PaMETPOB MOIyTIPOBOIHUKA.

B Hactosimiell crartee pemraercs mpoOiema mo-
BbIILIEHUS reHepupyemoro npu TBD HampsbkeHHs.
OpuH U3 nmyTeil MOBBILIEHUS] TeHEPUPYEMOTo Halps-
xenus caenyet u3 popmyisl IC sdpdekra [4]:

k(T —To)ln n_2 , (l)
e M

e K — nocrostHuast boneumana; T, T — pabouast Tem-

U=

neparypa IeHepallid M HCXO[HAs TeMIlepaTrypa COOT-
BETCTBEHHO; € — 3apsi/l JJIEKTPOHA; Ny ¥ Ny — KOHLEH-
TPaLMHX IEKTPOHOB IIPOBOAUMOCTU B IIPUKOHTAKTHBIX
00JTacTsAX TeHEPUPYIOIIEro HOIYIIPOBOJHHUKA.
IToBrimenue renepupyemoit IJIC BO3MOXKHO NpH

MOBBIIIICHUN TemIieparypbl oopasna T. Takum obpa-
30M, HEOOXOUMO PEIINTh 3aauy ImepeBoaa pabodei
TeMIlepaTypbl MaTepHaIoB Ha OCHOBE SMS B cpenHe-
temnepatypHyro obnacts 700...1000 K. OmHako mak-
CHMaJlbHasl TeMIeparypa JUls Mpoliecca TeHepaluu
OIIpe/IeNIAeTCSl TOJNIOKEHHEM DHEPreTHYeCKUX YpOB-
Hel JoHOpHOTO MOHA. YeM ImyOke 3ajeraroT JOHO-
pbl, TeM mpu OOoJIbIIeH TEMIIEpPaType OHU UCTOIIAOT-
¢ M 0 OONBIIMX TEMIIeparyp BO3MOXEH IIPOIIecC
rerneparmu IJIC 3a cuer TBD (B SmS g0 470 K).
Takum 00pazoM, Tl yBeMIeHHsT pabodeii TeMiepary-
PbI ¥ TEHEPHPYEMOT0 CHTHajla B SMS HeoO0XoauMo 3a-
nIyOuTh JOHOpHBIE YpoBHH. OLEHKAa BO3MOXKHOCTH
YBEJIMYCHHS BBIXOIHOTO CUTHAJIA 32 CYET 3arTyONeHHs
JIOHOPHBIX YPOBHEH MOXXET OBbITh CHeNlaHa MCXOAs U3
¢dopmyiel, BeITeKaromend w3 (1) U crpaBeMBOM ISt
HEBBIPOXKICHHBIX TIOJYTIPOBOJHUKOB:
k(T-To)| 1, (Niz), (B —Ea2)

U= 0 2y iz ) 1mal ™ ma2) | (o
e 2 Nil KT

rae Njp, Njo — KOHLEHTpalnuK JOHOPHEIX YPOBHEH €
sHeprueil axktmBaumu Egq m Ez» COOTBETCTBEHHO,

HAXOJISAIINXCS B MPUKOHTAKTHBIX O0JIACTSX.

Jns nccnenoBanusi TBD B cpemneremmeparyp-
HOHM oOnacti B pabote, pe3yiabraTsl KOTOPOH oIica-
HBl B HacTOAIIEHN CTaTbe, CO3AAHBI FETEPOCTPYKTYPHI
Ha OCHOBE SMS, a TakKe TeTepOCTPYKTYPhl HA OCHO-
BC€ OAHOT'O0 U3 IMOJYNPOBOAHHUKOB, HCIIOJIL3YEMBIX B
aTo# 06mactu Temmeparyp (PbTe).

Mertoabt. O6pasusr LnS (Ln=Sm, Eu, Yb) us-
roTaBJIUMBaJIUCh METOAOM CHHTE3a U3 TMPOCTHIX
BemiectB Ln m S [16]. st momydeHus: oOpasmoB
TBEpABIX pacTBOpoB Smy_,Yb,S um Smy_,Eu,S
MOJTyYeHHbIE B pe3ylbTaTe CHHTE3a MOpomKku LnS
Opanuch B KOJHYECTBAX, COOTBETCTBYIOIINX Tpedye-
MBIM 3HAYEHISIM X, TIePEMEIINBAIIICh, OpUKETHPOBA-
JIMCb U OTXKHUI'aJIMCb B BAaKyyM€ IpHU TEMIICPAType
1600 °C. JIByxcloWHBIE TeTepOCTPYKTYPHI C Tpa-

JMEHTOM KOHIIGHTpauuu HoHOB SmMS/Sm,_, Ln,S
(Ln=Eu, Yb) u3roraBnuBaiuch COBMECTHBIM MpeC-

COBaHMEM CJIOEB NopomkoB SMS u Smy_yLn,S u

OTXKHUIOM OpWUKETOB B BaKyyMe IpH TeMIeparype
1600 °C B Teuenue 30 MuH.

Jnst mpoBeneHus 3KCIEpUMEHTOB ObUI U3rOTOB-
JIeH TPEXCIIOWHbIH 06pasen u3 PhTe n-tuna. Marepu-
ajl CJI0EB MMEIN CIEAyIolne cocTaBbl. [lepBbIii cioii:
PbTe+0.065 moi.% Pbl, +1.5 mac.%Pb.  Cpennuii

cioit: PbTe +0.04 mon. % Pbl, +1.5mac.% Pb.  Tpe-
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THit cnoit: PbTe+0.016 mon. % Pbl, +1.5mac.% Pb.
Koadpdurmenter TepmoJIC crioeB mpu Temreparype
300 °C cocrapmsum oy =150MkB/K, o, =120 MxB/K

u og =70 MxB/K coorBercrBenHo. ITocteneHHoe

n3MeHenne 3HadeHus TepmMoIJ[C mo TonmmHe Tpex-
cloitHOro 00pasla yKa3bIBaeT Ha HAJIMYWe TpalueHTa
KOHLIGHTPAaLlMM TPUMECHBIX JOHOPHBIX YpPOBHEH,
HeoOXoaMMOoro JuIs Bo3HUKHOBeHUs TBD. ot rpa-
IMCHT 3allaeTcs pas3InuHbIM KonmdectBoM Pblo, B

cioax. OOpa3Lbl TOTOBUINCH BaKyyMHBIM IIPECCOBa-
HUeM Tpu Temmeparype 750+10°C B TeucHme
18...20 muH.

KoHTpons cocTaBa 00pasnoB OCYIIECTBIISUIICS
METOJIOM PEHTIeHO(a30BOr0 aHAIN3A.

TBD wm3mepsiicsi Ha YCTAaHOBKE, CXEMAaTHYECKU
npeacTaBieHHoN Ha puc. 1. Harpesarens 1 nuneitHo
HarpeBajcs 0 HEOOXOAUMOH TeMIepaTyphl U ymep-
KUBAJCSA B OTOM COCTOSIHHM B TEUEHHE 3aJaHHOTO
BpeMmeHH. [luTaHue HarpeBartenss OCYyLIECTBIISLIOCH
6mokom muranus D1 tuma Voltcraft PPS-11815.
Temneparypa HarpeBaressi KOHTPOJIHPOBAlach Tep-
Momnapoi T2, ee moka3zaHUsI CHUMAJIUCh MYJIBTUMET-
pom D2 tunma UNI-T UT804. 3arem nuTanue Harpe-
BaTeNs BBIKIIOYAIOCH, W OCTHIBAHHE IPOUCXOIIIIO
€CTECTBCHHBIM 00pa3oM. BrIxomHOM curHam c 006-
pasia 2 CHUMAJICS C HIDKHEro (MeaHas IuracThHa 3)
W BEPXHETO (TOYEYHOTO 4) KOHTAKTOB MYJIETHMETPOM
D3 tuna RIGOL DM3061. TemnepaTypbl KOHTaKTOB
mmMepsmuck Tepmonapamu T1 u T3 u peructpupo-
BanKch IMPPOBBIM TepMoMeTpoM D4 tuma Voltcraft
K204. YnpaBnenue 5KCIEPHUMEHTOM M PETUCTparys
naHHbIX ocymecTsisuincs Ha OBM (PC) mporpam-
Moii, co3nanHou B cpene LabVIEW.

W3mepenne 3IeKTPONPOBOIHOCTH OCYIIECTBIIS-

B " [ {D1 D2

Puc. 1. Cxema SKCTIEpUMEHTOB 110 H3MEPEHHIO
TEpMOBOJIFTaNYECKOTO 3P peKTa

Fig. 1. Scheme of experiments on measuring
of the thermovoltaic effect

0.2 0.4 0.6 0.8 X
Puc. 2. 3aBUCIMOCTD S9HEPIHH aKTHBAIIMH TIPOBOAUMOCTH OT
cocTaBa TBepbIX pactBopoB Smy_,Eu,S (1)u Smy_, Yb,S (2)

Fig. 2. Dependence of the activation energy of conductivity
on the composition of the solid solutions Sm;_,Eu,S (1)

and Smy_,Yb,S (2)

JIOCh YETBIPEX30HIOBBIM METOIOM Ha ITOCTOSHHOM
INMEKTPUIECKOM TOKE.

Pesyabrarbl. C 1enbi0 3amyOaeHUs] JOHOPHBIX
YpOBHEH BBHINONHSAJIOCH JISTHPOBAaHWE SMS HOHAMH
esporust U urrepbus. Jlermposanue YD mo3Bosmio
YBEJIMYUTH SHEPTUIO aKTUBALUK JOHOPHBIX YPOBHEMH
mo 0.08...0.29 sB, nermpoanne Eu — no 3HaucHwmiA
oxkouto 0.06...0.4 B B 3aBUCHMOCTH OT BEJIMYHHEI X B
TBepAbIX pactBopax Smy_,Yb,S u Smy_,Eu,S
(puc. 2). Kak ciemyer U3 pHUCyHKa, IPUMEHCHUE €B-
POIIHS PEAMOYTHTENBHEE.

Ha puc. 3 mpexncrasieHa TemreparypHasi 3aBu-
CUMOCTh reHepupyeMoro 3a cuer TBD curnama. Ha
o6pasue SMS/Smy; Eug3S mpu T =750 K momy-

YyeHa reHepalys B HENPEPhIBHOM PEXHME CO 3Haye-
nuem 0.15 B. Ha sTom ke puCyHKe mpeacTaBicHa
pacueTHas 3aBHCUMOCTh 10 (2). HabGmromaercs ymo-
BJIETBOPUTENIBHOE COOTBETCTBUE TEOPETUUYECKUX U
SKCIIEPUMCHTAJIbHBIX PE3YJIbTATOB. HerounocTh cBS-
3aHa ¢ TpyOOCTHIO JIOMYIIEHUIH TpPU BHIBOAE STOH

UB
0.12—
0.08[—

0.04—

0 | | | I
300 400 500 600 700 T,K

Puc. 3. TemnieparypHbie 3aBUCHMOCTH T€HEPUPYEMOTO
JBYXCIIOWHOI reTepocTpyKTypoit SmS/Smy;Eug 3S curnana

(MapKkepbl — 3KCIIEPUMEHT, KPHBasi — pacyer)

Fig. 3. Temperature dependences of the generated
by two-layer heterostructure SmS/Smg ;EugsS signal

(markers — experiment, line — calculation)
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Puc. 4. PacueTHbIe TeMIIepaTypHbIC 3aBUCHMOCTH
TeHePUPYEMOT0 ABYXCIIOHBIMU FeTePOCTPYKTYpaMu
SmS/Smy_,Eu,S curxana npu pasInyHbIX 3HAYCHHAX X

Fig. 4. Estimated temperature dependences of generated
by two-layer heterostructures SmS/Sm,_,Eu,S signal

at various values of x

¢dopmynsl. OnHAaKO TOJy4EeHHas! CTeleHb J0CTOBEp-
HOCTH TO3BOJISET MPOBECTU OICHKY BO3MOXKHOCTEH
YBEIIUUYCHHS BHIXOAHOTO CUTHANIA [TyTEM JISTHPOBAHHSI.

Ha puc. 4 npencrasiieHbl pacCUuTaHHbIe 110 (2) mist
JIBYXCIOMHBIX TeTepocTpykTyp SmS/Smy_, Eu,S ¢
Pa3IMYHBIMU 3HAYCHUSIMH X TEMIIEPaTypHBIE 3aBUCHMO-
CTH TCHEPHPYEMOIO HaNpsDKeHHs. 3HadeHHs SHEprHil
aKTUBALIMH JUIS TBEP/IBIX PACTBOPOB YKa3aHHOTO COCTaBa
B34THI U3 puc. 2. Kak cnenyet u3 puc. 4, 3Hauenue IJ[C
B CTPYKTypax 3TOI0 COCTaBa MOXET ObITh JOBEICHO B
cpemHeM uHTepBaste Temreparyp 1o ~0.3 B.

ITomumo nerupoBaHHOr0o SMS B KadecTBe Mate-
pHaya sl CpeIHETEMIIEPATypPHOIO HHTEpBaia BO3-
MOXXHO TaKXC MNPUMCHCHUC ITOJYIIPOBOAHUKOB, HUC-
MOJIB3YeMBIX JIUISL THX TEMIIEPaTyp B TEPMOAIICKTPHU-
YecKuX npeobpas3oBarensx, padoTarmomux Ha dddek-
Te 3eeOexa. ABTOpaMu HACTOAIICH CTaThU MpOBeElE-
HBI 3KCIIEPUMEHTBI Ha TeTEPOCTPYKTYpax Ha OCHOBE
TUIUYHOTO JJISI CPeIHETEMIIePaTypHOTO HHTEpBaia
TepMoanekTpryeckoro marepuana PbTe. Ha puc. 5

0.06 —

0.03—

0 | | | |
250 350 450 550 650 T,K

Puc. 5. TemnepartypHasi 3aBUCHMOCTb CUTHAIA,
TEHEPHPYEMOT0 Ha TeTepoCTpyKType Ha ocHoBe PbTe

Fig. 5. Temperature dependence of the signal generated
on a PbTe based heterostructure

MpEeACTaBIICHA IMOJIyYEHHAs TeMITEpaTypHas 3aBHCH-
MOCTh T€HEPHPYEMOTO CHTHaja Ha TeTePOCTPYKTYpE
Ha OCHOBE 3TOro Marepuana. Pa3HuIla B KOHIIEHTpa-
UK JOHOPHBIX YPOBHEH cO3maBaiach 3a CUET pa3HH-
upl konuuectsa Pbly, B cnosx. Ilpu T =732 K no-

nmydeHa redepanus 0.11 B. Ota nocrarouno Goipiiast
BEJIMYMHA JAaeT OCHOBAaHHUE IPOAOIDKATH HCCIEHOBA-
HUS B PACCMOTPEHHOM HAaIPaBICHHUH.

O0cy:xnenue. B 3akimroueHMH MOXHO CIeNaTh
CIICAYIOIINE BHIBOIHL:

1. BC, Bo3nmkaromass mpu TBD, MoHOTOHHO
BO3pAcTaeT ¢ POCTOM TeMIIEPaTyphI.

2. 3amada TIOBBHINICHUS BBHIXOMHOTO CHTHAja, Te-
Hepupyemoro npu TBD, moxeT OBITH pemicHa 3a
CYCT MOBBIIICHUA TEMIICPATYPbl IT'€HEPALlMU BIIJIOTH
Io cpeqHeTeMiiepaTypraoro naTepsaia 700...1000 K.

3. JlomupoBanue SMS eBpornueM IO3BOJSAET TO-
BBICUTH BEIXOHOU curaai TBD or 0.05 o 0.15 B.

4. [lpuMeHeHNE CYIIECTBYIONHX TEPMOIJICKTPHYIC-
CKHX MaTepUasioB, pa3pabOTaHHbIX [UTS CPEIHETEMITCPa-
TYPHOTO MHTEPBAJIa, SBJISCTCS MEPCIEKTUBHBIM [UTS TI0-
JTy9EHHS BBICOKHX 3HaY€HHN BBIXOMHOTO curHaia TBDO.
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Abstract
Introduction. The advent of spin oriented electronics, or spintronics, in the late 1980ies has not only
revolutionised the very idea of contemporary electronics but has also brought about a major technological
breakthrough in the field of information storage and processing. Further progress is associated with the rapidly
emerging field of spinorbitronics seeking to put to maximum use the SOC (Spin-Orbit Coupling) related
phenomena.
Aim. The purpose of this review paper is to outline the major trends in the dynamically developing field of
spinorbitronics in the context of evolution of the mainstream spintronics. SOC related effects open up the
possibility of creation of a new generation of energy saving devices, a key challenge in electronics in general.
Materials and methods. A special effort has been undertaken to make the article appealing to the general
reader, especially to specialists in the field of radioelectronics and data processing. To this end, in the
description of the complex physics underlying magnetic interactions preference is given to simple term “naive”
interpretations.
Results. Apart from the analysis of the fundamental features peculiar to the interfaces between ultrathin films
of ferromagnetic and heavy metals and related to strong SOC, we discuss specific configurations especially
promising for application-oriented research. Among others, these include spin torque microwave (1..50 GHz)
oscillators, fast domain walls in racetrack memory and especially magnetic skyrmions.
Conclusion. Publication of this paper will facilitate creative interaction between the fundamental and applied
research, thus contributing to the development of novel high-performance spintronic devices.
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Introduction. The discovery of the existence of
intrinsic angular momentum inferred from the Stern—
Gerlach experiment and the introduction of the
theoretical concept of electron spin by S. Goudsmit
and G. Uhlenbeck in the mid-1920s had
revolutionized the philosophy of the contemporary
physics. It has become a fundamental cornerstone in
the understanding of the atomic structure in its
innumerable incarnations. At the same time, for over
60 years not a single attempt has been undertaken to
make use of this useful electron property in any
branch of applied physics or engineering. Most
surprisingly, the electronics, that has completely
transformed our world in the second half of the

© Stashkevich A. A., 2019
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20ieth century, comprising the physics, engineering,
technology and applications that deal with the
emission, flow and control of electrons and widely
used in information processing, telecommunication,
and signal processing did not show any interest in

this seemingly valuable additional "degree of
freedom".
Spin-polarised currents. Conventional

spintronics. Characteristically, the influence of the
spin on the mobility of the electrons and hence on
conductivity in ferromagnetic (FM) metals, predicted
by Nevill Mott as early as the mid 30ies [1] passed
practically unnoticed. Experimentally it was
confirmed more than thirty years later [2—4]. It took
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another two decades to appreciate its practical
importance that came with the discovery of Giant
Magnetic Resistance (GMR) towards the end of the
1980s first in France by the team of Professor Albert
Fert [5] and a bit later in Germany by the team of
Professor P. Griinberg [6]. Not only has this
outstanding scientific achievement made jointly
Albert Fert and Peter Griinberg Nobel laurates in
2007 "for the discovery of Giant Magnetoresistance",
but opened the door for a completely new
development in electronics, spintronics, that has
completely reshaped techniques for scanning data on
hard disks. The application to the read heads of hard
discs which appeared in 1997 has led rapidly to a
colossal increase of the density of information stored

in discs (from 1 Gbit/in2 to over 1 Tbit/in2 today).

It should be stressed that no spintronic effect is
realisable without circulation of spin-polarised
current, in contrast to mainstream electronics in
which the spin of the electron is ignored. Thus, at the
core of the effect of GMR is a pronounced
dependence of electric resistance on the spin polarity
of the electron flow.

In solid state physics the exchange interaction is
a fundamental microscopic quantum mechanical
effect that favours electrons with parallel spins if the
exchange constant is positive; this is a primary cause
of ferromagnetism. Exchange coupling explains the
existence of spontaneously magnetised zones
referred to as magnetic domains in the absence of
any magnetic field. If the constant is negative, the
interaction favours electrons with antiparallel spins,
potentially causing antiferromagnetism.

Spin-polarised current is instrumental in another
interesting spintronic phenomenon highly useful in
forming GMR related nanometric ferromagnetic
structures, namely the interlayer RKKY (Ruderman—
Kittel-Kasuya—Yoshida) exchange coupling between
two thin layers of magnetic materials separated by a
non-magnetic spacer such as Fe/Cr/Fe or Fe/Au/Fe,
for example [7]. GMR was actually discovered when
the exchange coupling strength and its sign was
found to oscillate between ferromagnetic and
antiferromagnetic as a function of the thickness of
the non-magnetic metallic spacer inserted between
the two ferromagnetic layers. Each ferromagnetic
film is naturally magnetised via classical exchange
coupling (intra-layer coupling) characterised by the
so called macro-spin (collective magnetic moment of
all atoms), while the mutual orientation of the two

macro-spins is imposed by the inter-layer RKKY.
The sign of the latter can be tuned to a desired value
through an appropriate choice of the spacer
thickness. Thus an antiparallel configuration of
macro-spins in the FM layers can be achieved with
the spacer thicknesses of about 1 nm. The antiparallel
geometry is of more importance for applications and
is often called artificial or synthetic antiferromagnet.

According to theoretical analysis at the
microscopic level [8, 9], this interlayer coupling
takes place due to mobile conduction electrons
playing the role of spin information carriers
"informing" nuclear magnetic moments on localized
inner d-shell electron spins in one FM layer on the
state of magnetization in the other one. In other
words, a conduction electron spin-polarised by one
of the FM layers must keep its polarisation state
while travelling through the spacer in the form of
spin polarised current. A key criterion for choosing
the right spacer is the necessity of conserving spin
orientation while passing across the whole bulk of
the spacer, whose thickness is typically on the order
of 0.5...2 nm which excludes metals with intrinsic
spin diffusion length under 1 nm. On the other hand,
to minimise the number of spin — flip scattering
events destroying the transport of spin due to poor
film quality and numerous structural defects as a
result, sophisticated film growing technologies were
required which have become available in the mid-
eighties, with the development of techniques like the
Molecular Beam Epitaxy.

If one replaces a metallic spacer with an insulator
one spin transfer from one FM metal layer to the
other can only be implemented via -electron
tunnelling in which case occurs another important
phenomenon in spintronics referred to as Tunnelling
Magnetoresistance (TMR). The FM bilayer
structures with an insulator spacer are called
correspondingly Magnetic Tunnel Junctions (MTJ).

As in the case of the GMR read heads the film
quality is of utmost importance. Some early
observations of TMR effects in Fe—Ge—Co junctions,
small and at low temperature, had been already
reported by M. Julliére [10] in 1975, but they were
not easily reproducible. They could be reliably
reproduced only 20 years later by the groups of
Moodera and of Miyasaki on MTJ with a tunnel
barrier of amorphous alumina [11, 12]. On a
laboratory scale molecular beam epitaxy is
considered more reliable, while on an industrial scale
the film deposition can only be done by using faster
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Antiparallel Parallel
magnetization magnetization
Ferromagnet
Insulator
Ferromagnet

Fig. 1. Parallel and antiparallel configurations

and cheaper magnetron sputtering which is not
impossible. The main idea, whatever the nature of
the nonmagnetic spacer (metal or insulator), stays the
same. It consists in taking advantage of a sizable
difference in electric resistance between the anti-

parallel configuration Ry, and the parallel one Ry

corresponding to the "1" and "0" bits of information
(Fig. 1). The size of this effect is measured by the

fractional ~change in  resistance, which s

i - Rap —Rp

called the magnetoresistance ratio Arpr =R
p

Importantly, Ryy > Ry and Aqpyr > 0. The same

. Rap = Rp
applies to the GMR Agpr =—r The MTJ
p
configuration opens up a possibility of creation of a
new generation of magnetic memory called MRAM
(Magnetic Random Access Memory) combining the
short access time of the semiconductor-based RAM
and the non-volatile character of the magnetic
memories. From the point of view of these
applications, MTJ has certain undeniable advantages
over GMR. The main one consists in its much higher

efficiency. While Agpmr typically does not exceed
15-20 %, Atpmpr has reached the values as high as

500 % [13]. In other words, Arpmr > Agmr- The

presence of an ultrathin insulator film makes the
resistance of TMR elements considerably greater
than in all-metal structures of GMR read heads and
sensors which in certain cases simplifies the problem
of impedance matching.

The ability of spin-polarized current of
transferring spin angular momentum should not be
overlooked either. The most important aspect of spin
transfer experiments is the fact that they allow
manipulating the magnetic moment of a
ferromagnetic body without applying any magnetic
field but only by means spin-polarised electric
currents potentially leading to creation of a new
generation of energy saving devices. It should be
stressed that conventional control of magnetisation

requires incorporation of numerous coils into the
system to generate local magnetic fields to allow
manipulations with specific domains which is
unacceptably energy consuming.

In particular, the spin transfer via spin-polarised
currents can lead to generation of magnetic torques
acting on local magnetisation. This means that the
state of magnetisation in memory elements can be
effectively controlled electrically through the Spin-
Transfer Torque (STT) exerted by spin currents.
Moreover, under certain conditions generation of
microwave spin-wave oscillations can be realised.
Magnetic dynamics in FM materials is described by
the Landau—Lifshitz—Gilbert equation [14]

d_M:y(MxHef)+i(de—Mj+
dt Mg dt
+i[|v|><(|v|><s)], (1)
M2
0
where M is the current value of the dynamic

magnetization ; y is the gyromagnetic ratio; Hgqs is
the effective field including the external bias field,
the dipolar magnetic field, and the Oersted field of
the current; a is the Gilbert damping parameter; f is
the strength of the spin transfer torque proportional
to the spin current density; Mg is the saturation

magnetization; and S is a unit vector in the direction
of the spin-current polarization.

Actually, its structure describes the behaviour of
a damped harmonic oscillator, which takes into
account the vector features of magnetisation. Thus,
the first principal term on the right-hand side (RHS)
corresponds to the restoring force, rather a restoring
torque, in classical mechanics determining the eigen-
frequencies of eigen-oscillations in the case of low-
amplitude quasi-linear magnetic dynamics. At the
same time, the cross vector product appearing in this
term predetermines circular polarizations of the eign-
modes, thus imposing precessional temporal
evolution of the dynamic magnetisation, just as in the
case of ferrite based microwave devices. The second
term on the RHS (the Gilbert term) describes
damping (Joule heating in mechanics and electric
circuits) realised as microwave losses. The effect of
spin-polarized electric currents on magnetisation
dynamics described by the Slonczewski’s torque term
(third term on the RHS) is also included into (1).

The Slonczewski’s term, describing external STT
pumping through spin-polarised currents, is often

Spin-Orbitronics a Novel Trend in Spin Oriented Electronics
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Fig. 2. Conventional Damping Torque

vs Slonczewski Spin Transfer Torque
referred to as the "damping-like" torque. This means
that there exist a specific orientation and a critical
threshold intensity of the spin polarised current that
can cancel the term describing the conventional
Gilbert damping. Moreover, if this threshold level is
exceeded, the sign of the effective Gilbert term is
reversed and attenuation is replaced by amplification
(Fig. 2) which was predicted theoretically in 1996
independently by John Slonczewski [15] and Luc
Berger [16] and confirmed experimentally two years
later [17]. In Fig. 2 Conventional Damping Torque
(CDT) is represented by the red vector pointing
towards Hgs while the Slonczewski STT (Spin

Transfer Torque) is given by the bleu term pointing
in the opposite direction. If CDT > STT,
conventional damping is predominant and the angle
of precession of M decreases, i. e. M tends towards
Her
equilibrium magnetization in the free layer defined
by a unit vector my . In the case CDT = STT, no

which is parallel to the direction of the

damping occurs at all, since STT is entirely
compensates CDT. Finally, the condition CDT < STT
corresponds to amplification of the precession which
can lead to generation of microwave oscillations.
This opened up a possibility of creating a unique
class of nano-size oscillators in the microwave range
based on generation of magnetostatic modes also
known as spin-wave modes (SW) in ferromagnetic
nanodot resonators. Considerable research effort has
proven realizability of such devices. Typically
resonance frequencies of spin transfer nano
oscillators (STNO) varies from 1 to 10 GHz. Spin
polarised current also exerts a "field-like" torque
T <B(Mxs). This torque results in a spin

current-dependent frequency shift. Thus, the authors
of [18] have directly verified experimentally

potential double tunability of STNO demonstrating
"fine" tuning of the precession frequency over a
range of several gigahertz by varying the applied
current and "gross" tuning with varying applied field
from below 5 to above 40 GHz. At the same time,
S. Bonetti et al. [19] reported a frequency as high as
46 GHz for high magnetic fields applied normally to
the film plane. The dot resonator size as a rule is
around 100 nm.

Importantly, (1) is a universal relation describing
any type of magnetic dynamics, not only the case of
low-amplitude spin waves. For example, the STT
may be strong enough to produce magnetisation
reversal to write data bits in computing [20, 21].
However, even in this case the transition from the
"up" state to the "down" state takes place along a
helicoidal trajectory imposed by the symmetry of the
cross product in the first term on the RHS.

The concept of racetrack memory proposed in
the seminal paper by the team Stuart S. P. Parkin
from the IBM Almaden Research Center, San Jose
[22] has become another milestone in the history of
spintronics.  Ultra-fast manipulating  magnetic
domains with spin-polarised current is an extremely
appealing prospect for magnetic memory and logic
with the high performance and reliability of
conventional solid-state memory but at the low cost
of conventional magnetic disk drive storage. The
racetrack memory comprises an array of magnetic
nanowires arranged horizontally or vertically on a
silicon chip (Fig. 3), a step toward three-dimensional
microelectronic devices [23].

The performance of such devices is completely
dependent on the maximum DW velocity and so the
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Fig. 3. Racetrack memory, a step toward three-dimensional
microelectronic devices
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main question that arises is what can be done to
improve this critical parameter. The answer lies in
application of a wide range of effects related to Spin-
Orbit Coupling (SOC).

Spin-Orbit Coupling and its impact on
magnetic systems. The spin-orbit interaction (SOI),
also referred to as spin-orbit effect or SOC is a
relativistic interaction that can be regarded as a form
of effective magnetic field "seen" by the spin of the
electron in its rest frame when it is moving in an
external electric field typically that induced by the
atomic nuclei. In other words, the electron’s intrinsic
spin magnetic moment is coupled to its atomic orbital
magnetic moment, which leads to a number of
interesting physical effects, such as shifts in electron's
atomic energy levels known since the late 1920s.

The issue of SOC related phenomena had been
revisited in the second half of the 20" century, which
has led to discovery of numerous original effects
whose outstanding potential for information
processing was realised with a considerable delay in
the 1990s with the advent of spintronics. We will
dwell on three of them, namely the Spin Hall Effect
(SHE), Rashba Effect, and Dzyaloshinskii-Moriya
Interaction (DMI), because they seem especially
promising in terms of specific applications.

Since stronger electric fields are revealed in
heavier atoms, it is generally considered that the
SOC intensifies in the elements at the bottom of the
periodic table including heavy metals, making them
especially attractive for SOC related applications.

The Spin Hall effect is a transport phenomenon
in which a conventional electric current in its bulk,
i. e. a flow of moving charges, is transformed into a
spin current, i. e. moving spins without charge flow.
It was predicted by Russian physicists Mikhail
1. Dyakonov and Vladimir 1. Perel as early as in 1971
[24, 25]. The term "Spin Hall Effect" was introduced
much later in 1999 [26]. A clear, although somewhat
naive mechanistic analogy with a tennis ball
deviating from its straight path in air in a direction
depending on the direction of rotation, gives a very
vivid idea of what is happening.

In a solid at the microscopic level, the deviation
of conduction electrons is supposed to occur, either
due to spin-dependent Mott scattering by impurities
(extrinsic mechanism) or due to spin-orbit interaction
as a consequence of the asymmetries in the material
(intrinsic mechanism).

Both the extrinsic and the intrinsic mechanisms
lead to an accumulation of spins of opposite signs on

opposing lateral boundaries. In other words, a
conventional charge current along the lateral
direction generates a spin current in a perpendicular
transverse direction leading to the above-mentioned
spin accumulation. In the planar geometry, which is
most practical from all points of view, this means that
the conventional in-plane charge current flowing in a
conducting film with strong SOC, typically a HM one,
will generate an out-of-plane spin current in the
vertical direction which will lead to spin accumulation
on both surfaces of the HM film. The inverse SHE
consists in generation of conventional charge current by
a spin current in a direction perpendicular to its flow.
Unpolarised conventional charge curent J.
injected horizontally into a non magnetic material
(typically a heavy metal) engenders a spin current Jg

in the vertical direction. The "up" spins (red arrows)
are accumulated at the NM/FM interface and are
typically injected into a FM layer generting SOT
within this film.

In terms of applications this HM film can be
utilised as a spin current generator for more complex
systems. The classical application of this approach is
illustrated in Fig. 4. At the first stage, the in-plane
charge current is driven in a non-magnetic HM film
by an external source. Due to strong SOC it
generates an out-of-plane vertical spin current that is
injected into the upper FM film. The spin current
thus generated and pumped into the FM film will
exert a torque, referred to as Spin-Orbit Torque
(SOT), on the magnetic moments in this film,
similarly to the Slonczewski STT by the spin-
polarised current considered previously. It should be
stressed that the existence a spin current does not
necessarily imply a flow of charge carrying particles
which opens up the prospects for creation of devices
with reduced power consumption.

Although actual thicknesses of the HM are typically
small, being on the order of several nanometres (e. g.
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Fig. 4. Spin Hall Effect
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Pt (3 nm) in [27], Pt (2 nm) in [28] and W (3 nm) in [29])
which corresponds to 5-10 atomic monolayers (ML), the
contribution of the bulk of the film is preponderant
contrary to the interfacial nature of the other two SOC-
related effects considered below.

Rashba Effect (also called Bychkov—Rashba
effect). Typically, SOC effects are much stronger in low
symmetry systems in reduced dimensions. Inversion
symmetry is broken at interfaces, and the resultant
electric field couples to the spin of itinerant electrons.
This phenomenon is known as the Rashba effect.

In simple terms, somewhat naively, the physics
of the Rashba effect boils down to the following. It
can be considered as a particular case of the SOI
accompanying the movement of electrons in an
electric field. The conventional SOI implies fast
revolution of electrons around a nucleus in its strong
electric field. In the Rashba case (Fig. 5), the strong
electric field is a direct result of inversion symmetry
breaking at the interface, typically planar, of two
different materials in the perpendicular "z" direction.
Due to relativistic corrections an electron moving
along the "x" axis with velocity v in the electric field
E will experience in its rest frame an effective
magnetic field B along "y" proportional both to v and
E, thus causing precession of the electron spin in the
"yz" plane. This means that an external electrical
voltage applied to the interface can alter the Rashba
coupling strength which can be used for creation of
the so-called "spin transistor" [30], although the
principle of its functioning is closer to that of the
electro-optic light modulator. The basic idea of this
device is to rotate the spin of the injected carriers as
they travel down a low-dimensional channel,
connecting two ferromagnetic reservoirs (source and
drain). Ideally, in the absence of the electric field, the
electric spins in the vicinity of the source and of the
drain are parallel, while in its presence by adjusting
the gate voltage the angle of spin rotation on its
trajectory from the source to the drain can be made
equal to 180°. In other words, the initial and the final
polarisations are anti-parallel. In optics this
corresponds to the configuration of two parallel
polarisers and an electro-optic modulator placed
between them. In the "no-voltage" case the system is
perfectly transparent for linearly polarised light. On
the contrary, an appropriate choice of the voltage will
lead to a 90° rotation of the polarisation and the light
will be blocked by the second polariser.

In terms of solid state physics, the presence of
the Rashba SOC at the interface corresponds to the

FM,

NM

Fig. 5. Spin locking of charge current J¢ via Rashba SOI

following additional term in the Hamiltonian in the
form of a mixed product of the electron momentum
p, its spin polarisation ¢ and a unit vector along "z"

Hg =(x[(o'><p)uZ], ()

where the coefficient a scales as the interface electric
field E. The Rashba term shifts the energy balance
thus favouring the in-plane orientation of electron
spins as shown in Fig. 5. This phenomenon is also
called the spin momentum locking. In other words a
Rashba interface can be regarded as a source of spin
current which leads to spin diffusion into the FM
layer. Contrary to the volume nature of SHE spin-
current generation the Rashba SOC mechanisms are
of purely surface configuration.

Moreover, the Rashba surface effect is at the
origin of other SOC related phenomena including the
interface Dzyaloshinskii-Moriya interaction (iDMI).

Interface Dzyaloshinskii—-Moriya interaction
(iDMI). The classical exchange interaction directly
linking adjacent magnetic atoms on the microscopic
quantum level is responsible for the most spectacular
manifestation of the ferromagnetic ordering: the
domain structure. For several decades, it was
universally accepted that the exchange interactions
are satisfactorily described by the isotropic
Heisenberg’s model favouring parallel orientation of
adjacent spin which was proposed in the Ilate
1920ies. However, thirty years later this fundamental
item had been revisited and it was shown that in low-
symmetry systems lacking an inversion centre an
anti-symmetric term accounting for the so-called
Dzyaloshinskii—-Moriya [31, 32] interaction (DMI)
favouring the perpendicular configuration of
neighbouring spins has to be added.

A bilayer composed of a heavy metal (HM) and a
ferromagnetic metal (FM) seems to be exceptionally
promising. In this structure the high SOC efficiency
is ensured by the presence of a heavy metal while an
interface provides the required symmetry reduction,
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as first suggested by A. Fert [33]. As a result, the
DMI is localized in the close vicinity of the HM/FM
interface and thus is known as interfacial DMI
(iDMI). In this case, an "elementary iDMI cell",
referred to as Fert’s triangle in this paper, is seen as a
triangle comprised of two magnetic atoms on the FM
side linked to each other via a "SOC-carrying" atom
on the HM side by means of the s-d exchange
mechanism. It should be stressed that like the Rashba
effect iDMI is a purely interfacial phenomenon and
its role is negligible unless the thickness of the FM is
very small, typically on the order of 1 nm.

In terms of the wave science the iDMI term
corresponds to an introduction of linear dispersion,
producing a nonreciprocity in the propagation of spin
waves in a FM film. In other words, two counter-
propagating SWs with the same wavenumber will
have different frequencies which can be detected by
means of Brillouin Light Scattering. This technique
has proved so far to be the most direct and reliable
for measurements of the effective value of the
intrinsic  iDMI  constant  [34, 35]. These
measurements have confirmed the plausibility of
Fert’s theoretical model at least for metallic FM/HM
bi-layers and have identified the most efficient
combinations, namely cobalt and its alloys as a
ferromagnet and platinum as a heavy metal [36, 37].

However, this description is no longer relevant at
interfaces between a FM metal and a dielectric

material, e. g. in the FeCoB/TaO,  configuration [38].

In this case the origin of iDMI is normally ascribed
to the Rashba mechanism. It was shown recently
theoretically that if the Rashba term (2) is added to
the Hamiltonian for electronic properties of the
interface region between the ferromagnetic and
nonmagnetic layers chirality is introduced into the
behaviour of the electrons which engenders iDMI
[39]. Since the Rashba effect scales as the effective
electric field at the interface, intuitively it is clear
that it will be most pronounced if the "contrast"
between the two constituent materials is maximal
which applies to a metal-isolator combination.
Moreover, in [38] it was shown that the iDMI
strength can be effectively controlled by an external
electric field. This too points to the Rashba related
mechanisms which are very sensitive to a gate
voltage. This discovery verifying the possibility of
effective control of the iDMI strength electrically is
very important for potential applications.

Regarding the applications, iDMIs are
instrumental in stabilisation of the inner structure of

the domain wall (DW) with a preferred chirality and
can induce chiral structures such as skyrmions [40].
Chirality "engineering" is critically important for
spinorbitronic mechanisms in high-speed DW
dynamics. In ultrathin FM films, the DW spin
arrangement of the Bloch type is favoured
magnetostatically. However, in the Block DW
configuration the damping-like torque exerted by the
efficient SOT mechanisms is zero. High domain wall
velocities therefore require a Néel-type domain wall.
This can be obtained only in the presence of an
interfacial Dzyaloshinskii—Moriya interaction
(IDMI) across the interface [40], which has been
verified experimentally. Thus DW velocities
exceeding 0.5km/s have been observed in a
20 A TaN/15 A P/3 A Co/7 ANV/1.5 A Co/50 A TaN
multilayer [40]. Moreover, recently a current-driven
domain wall motion with a speed of 13km/s

Pt/Gdgy Cosg/TaO, has been realised by an

international team lead by Professor G. S. D. Beach
from MIT [41].

Magnetic skyrmions can be described as local
whirls of the spin configuration in a magnetic
material (Fig. 6). Topologically they resemble
magnetic cylindrical bubble domains which were
intensively investigated fifty years ago with the aim
of creation of non-volatile magnetic computer
memory based on micrometric ferrite films using
each bubble domain of micrometric size as one bit of
data [42]. The fundamental difference between the
bubble domains and skyrmions lies in the fact that the
nanometric skyrmions can be stabilised in ultra-thin FM
films (1...5 nm) only in the presence of the iDMI [43].

Due to this skyrmions can be extremely small
and behave as particles that can be moved, created
and annihilated, which makes them promising for
applications in information storage and logic
technologies. Until recently, skyrmions had been
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Fig. 6. Neel type skyrmion, a fast ultra-small magnetic
"particle” that can be moved, created and annihilated
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observed only at low temperature and, in most cases,
under large applied magnetic fields. An intense
research effort has led to the identification of optimal
multilayer structures in which skyrmions are stable at
room temperature and can be manipulated by
electrical currents. Thus in [44] skyrmions with a
diameter of 130 nm are reported in a Pt/Co (1 nm)/MgO
structure at room temperature. Smaller 50 nm
skyrmions were observed in ultrathin (under 1 nm)
Ir/Fe/Co/Pt multilayer stacks [45]. However, in the
most recent paper a truly breakthrough result has
been announced [41], namely skyrmions with a
diameter approaching 10 nm. Another important
parameter crucial for applications is the velocities of
their motion. Until now, their experimentally
observed values did not considerably exceed
100 my/s. The highest value of 120 m/s has been observed

in [Pt(45nm)/CoFeB(0.7 nm)/MgO (14 nm)] .

stacks [46].

The DWs velocities experimentally observed so
far are appreciably greater than those of the
skyrmions. At the same time, theoretically skyrmions
can be as fast as the DWs they are comprised of. Thus
our estimation of the potential performance of
spinorbitronic information processing devices, without
losing plausibility, will be based on the realizability of
10 nm skyrmions reaching speeds of around 1 km/s.

This corresponds to a bit rate of 101 bitss.
Conclusion. In this paper we have traced the
evolution of spin oriented electronics, also known as
spintronics, beginning from its belated but extremely
dynamic start in late 1980ies that has brought about
not only considerable progress in solid state physics
but also a major technological breakthrough in the

field of information storage and processing. The
latter was mainly due to the discovery of the effects
of Giant  Magnetoresistance  and  Tunnel
Magnetoresistance and subsequent rapid
development of highly efficient magnetic read heads
of hard disk drives and memory cells in
magnetoresistive random access memory. In terms of
solid state physics, it is the concept of spin-polarised
current that plays the decisive role in the description
of the above mentioned phenomena. Moreover, the
spin-polarised currents are capable of transferring
magnetic torques which opens a possibility of
creation of spin-torque nano-oscillators (typical size
100 nm) which can generate microwave signals in
the frequency range from 1 to 50 GHz.

Realisation of the importance of the Spin-Orbit
Coupling in spintronics and the related applications
which occurred in early 2010s has become a new
milestone in the development of spin oriented
electronics referred to as spinorbitronics. It has
triggered a new wave of breakthrough research seeking
to put to maximum use the SOC related phenomena
such as the Rashba effect, Spin Hall Effect and
Dzyaloshinskii-Moriya interaction. On the one hand,
this allows considerable amelioration of already existing
devices, e. g. spin-torque nano-oscillators. On the other
hand, novel purely spinorbitronic configurations have
been proposed, ultra-fast domain walls for race-track
memories and skyrmions being among the most
promising. Skyrmions are very small (10 nm) and very
fast (1 km/s) cylindrical magnetic bubble domains
which can be used as one bit of data. They behave as
particles that can be moved, created and annihilated,
which makes them promising for applications in
information storage and logic technologies.
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Abstract

Introduction. The distinctive feature of a coplanar transmission line with thin ferrite and ferroelectric films is
the absence of undesirable irregularities in dispersion for relatively low frequencies when the wavelength ap-
proaches the thickness of ferroelectric layer, in contrast to the open ferrite-ferroelectric wave-guiding structure
without metallization.

Aim. The purpose of this paper is twofold: (i) to develop a theory of the wave spectra in the multiferroic struc-
tures based on the coplanar lines; (ii) using this theory to find ways to enhance the electric tuning range.
Materials and methods. The dispersion relation for spin-electromagnetic waves was derived through analytical
solution of the full set of the Maxwell's equations utilizing a method of approximate boundary conditions.

Results. A theory of spin-electromagnetic wave spectrum has been developed for the thin-film ferrite-
ferroelectric structure based on a coplanar transmission line. According to this theory, dispersion characteris-
tics of the spin-electromagnetic waves were described and analyzed for different parameters of the structure.
The obtained results show that the investigated structure demonstrates a dual electric and magnetic field
tunability of wave spectra. Its efficiency increases with an increase in the thicknesses of the ferrite and ferroe-
lectric films and with a decrease in the width of the central metal strip.

Conclusion. The distinctive features of the proposed coplanar waveguides are the thin-film planar topology
and dual tunability of the wave spectra. All these advantages make the proposed structures perspective for
development of new microwave devices.
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Introduction. Recent advances made in the area  the electric field [1]. At the same time, distinguished
of thin film deposition techniques have resulted in  features of the ferrite material devices are the low

the application of the multilayered multiferroic struc-
tures that combine advantages of ferrite and ferroe-
lectric materials. Ferroelectrics are widely used in the
modern microwave devices due to their dependence
of dielectric permittivity on the bias electric field.
This phenomenon allows to controle the operation
characteristic of such a device by means of changing

insertion losses and magnetic field tunability in a
wide frequency range [2].

An interaction between the ferromagnetic and
ferroelectric phases is realized through the electrody-
namic coupling of the microwave spin waves (SW)
and electromagnetic waves (EMW). This interaction
leads to formation of the hybrid spin-electromagnetic
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wave (SEW) [3]. Owning to the dual tunability, the
multiferroic materials have been used to develop var-
ious microwave devices. The first experimentally
investigated devices based on the ferrite-ferroelectric
structures were resonators [4]. After that, a great
number of theoretical and experimental work in this
area was carried out (see, e. g., [5-8] and references
therein). As is seen from the literature, the multifer-
roic structures had a great success in development of
the microwave devices. Among them are the delay
lines [9, 10], the tunable microwave resonators [11,
12], the ferromagnetic resonance phase shifters [13—
15], and the multiband filters [16, 17]. Besides, an
increased interest to investigate a new class of mi-
crowave devices utilizing the periodic multiferroic
structures is evident [18-24].

A further development of the microwave multifer-
roic devices is connected with the planar thin-film
structures. Such structures allow one not only to de-
crease the sizes of the devices, but also to reduce dras-
tically the control voltage, which is necessary for an
effective electrical tuning of the SEW spectra. In order
to provide an effective hybridization among the SWs
and the EMWs the different multiferroic structures
were suggested. These structures may be divided into
the two major families. The first one is the ferrite-
ferroelectric-ferrite multilayers [25]. The main ad-
vantage of these structures is an existence of the mag-
neto-dipole interaction between the ferrite films sepa-
rated by a thin ferroelectric film. The second family is
the layered structures consisting of thin magnetic and
ferroelectric films combined with a slot or a coplanar
microwave transmission line (TL) [14, 26, 27]. In the
latter case, the SEWSs are originated from the electro-
dynamic coupling of the EMW propagating in a slot or
a coplanar TL, with the SW existing in the ferrite film.

As follows from analysis of the published arti-
cles, a large part of the studies was devoted to the
multiferroic structures with transmission lines in a
slot-line geometry, while to the coplanar TL were
given a little attention. In our opinion, this was due to
the lack of a theory describing the dispersion charac-
teristics of spin-electromagnetic waves in such a
structure. Therefore, the purpose of the present work
is to develop a theory of the wave spectra in the mul-
tiferroic structures based on the coplanar lines.

Analytical theory. The studied structure is
shown in Fig. 1. Here, a central metal strip of width h
and two metal ground electrodes are placed in the
z=0 plane between dielectric (or ferroelectric) and
ferrite layers (Fig. 1). The metal electrodes are trans-
parent to the microwave electromagnetic field and so

Yy 4
d; & Dielectric
d, & Dielectric
5 &g i f] s, Ferrite
d g Dielectric
d; &4 X Dielectric .
d, e, Dielectric
ds &3 Dielectric
< d >
e
Ho

Fig. 1. Coplanar line cross section

can be neglected in the numerical simulations. This
assumption is valid because the thickness of the elec-
trodes is much smaller compared to the skin depth at
the operating frequencies. Below and upper of the
electrodes, there are six homogeneous dielectric lay-

ers with the dielectric permittivities &; and thick-

nesses d;. Here j is a layer number according to Fig.

1. The thickness of the ferrite layer is 6 and its per-
mittivity is . We assume that the SEW propagates

along the coplanar TL. The ferrite layer is tangential-
ly magnetized along z-axis.

As it was shown in [28], the electromagnetic wave
in the rectangular waveguide loaded with the multifer-
roic structure and transmission line is a superposition of
the longitudinal-section magnetic (LSM) and the longi-
tudinal-section electric (LSE) modes. Using this, we
express the electric and magnetic field components in
the dielectric layers of the considered structure as the
sums of the LSM and LSE  modes

Ej=EXM4ERSE Hy=HPM L HSE These
fields are expressed through the Hertzian potentials
as E'j-SE :—Vxl'[rj]/sj-; H'J--S'V| =V xTI§, where

e and 1" are the magnetic and electric Hertzian
potential functions, respectively.

To treat the multiferroic structure with the copla-
nar TL as a waveguide boundary-value problem,
some general comments regarding the electrodynam-
ic model should be mentioned:

— the solution of the boundary-value problem
will be reduced to the derivation of the dispersion
equation for a symmetrical rectangular waveguide
loaded with a coplanar TL surrounded by perfectly
conducting metal walls (Fig. 1). This approach is
physically applicable because the electric and mag-
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netic fields of a coplanar waveguide with narrow
gaps w are symmetrical and are localized in the gaps
of the TL. Therefore, if the distance between the
metal walls is significant, then their influence on
wave processes is negligible;

— in the dispersion equation derivation, it will be
considered that the coplanar TL is surrounded by the
metal walls where the tangential components of the
magnetic field are equal to zero. This boundary condition
is called as "magnetic wall" and has the following form:

0
n§=—mnj=o )

— in order to simplify the theoretical derivation,
an approximate dispersion relation will be found by
using the method of approximate boundary condi-
tions for the ferrite film. An applicability of this
method is determined by a relatively weak exponen-
tial dependence of the electric and magnetic field
distributions on the transverse coordinate for the long-
wave dipolar surface SW in the thin ferrite film having
the unpinned surface spins [2]. A high accuracy of this
method was shown in our recent work for a planar all
thin-film multiferroic structure with a slot TL [29].

Considering the above listed comments and the
symmetry of the fundamental coplanar TL mode, the
rectangular waveguide boundary-value problem is
reduced to the equivalent approach for a slot TL with
the "magnetic wall" boundary conditions. In other
words, we derive the approximate dispersion relation
for the SEW in thin-film multiferroic coplanar TL
following the same algorithm like in our previous
work for a slot TL [29]. As a result, we obtained the
dispersion relation from the vanishing of the follow-

(25 +2)J55,2(an )

On

S. The following nota-

1/2 atn=0,
latn=0;
and Jom,2(0n) are Bessel functions of the first

tions are used in (2): oy ={ Jom ()

kind; S :sinz[an(h+w)/2]; m s =01..M;
n=20,1...N; values of M and N are determined by
nuw
2d

Note that the "magnetic wall" boundary condi-
tion affects only the elements of matrix z’ in (2).

Let us consider in more detail a derivation of these
elements. As was mentioned above, the tangential com-
ponents of the magnetic field equal zero outside the

the width of the slot gap w; g, = ;an =mn/d.

slot-line gap. In this case, the potentials I1¢ and "
satisfy the condition (1) and have the following form:

o0

5[ Ay (y)cos(aqz)e @0, |

n=

H'J] => [A?n (y)sin(anz)ei(“)t_kX)eyJ,
n=0

e
1T}

o

where A?n and Aﬁ"n are the arbitrary coefficients for

the j layer; k is the wavenumber of spin-
electromagnetic wave. In order to find these coeffi-
cients, a conventional electrodynamics boundary
condition was used. According to it, the tangential
components of vectors E and H are equal on the
layer boundaries. It allows to establish a relationship
among the arbitrary coefficients in the form:

w/2

ing matrix determinant composed by G elements: © 2
, , D" x160s(anz)= oy, I g(z)cos(anz)dz +
N1 X11Ziinms  X12Z2n,m,s o d
Gm,s = ' ' ) w2
n—o| PnX21221n,m;s X222Z22n,m,s o 5 W2
+Y X COS(anZ)E(pn I f (2)sin(apz)dz =0;
where Xy, Xy, Xy, X,, are the same elements n=0 Wiz
of matrix X as for the structure with slot transmis- . 5 W2 @)
sion line (see [28]), Zil,n, m, s= (_1)1+m+s‘]25(qn)x Ir;)XZl Sm(anz)a I/ZQ (Z)COS(anZ)dZ +
= —Ww,
(2m+2)pm42(0hn) o, m+s o w/2
’ On 5 Hanms=(-" ondan(thn ) +D X2 sin(anz)g‘Pn [ f(2)sin(azz)dz=0,
n=0 -w/2
] S 5 _ (q)krmes 4(m +1)Jpm2(tn ) " o
25(tn)S; 2210 ms=(- o ¥ where g(z) and f(z) are unknown distributions of
(s+1)J ( q ) the electric field normal components. Since these un-
x 250230)S: 25 s = (D™ g known distributions enter in (3) under integrals, their
An solution can be written using the Galerkin method.
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For convenience of integration, the unknown dis-
tributions of the electric field normal components
inside the TL gap g(z) and f(z) are represented as
a function of the normalized coordinate & having zero
at the center of this gap. Therefore, the origin of the
z-axis can be transformed to the center of this gap,
which corresponds to zy =(h+w)/2 in Fig. 1. Ac-
cording to the new location of the coordinate system,
a new coordinate & =z—(h+w)/2 can be introduced

and normalized to w/2:

§=2¢"/w. (4)

Note that the variable & varies on the width of the
gap in the interval [-1,+1].

Following the Galerkin method, the Chebyshev

polynomials of the first (T,,) and second

(Uzms1) kind were chosen as an orthogonal basis

for expanding f(z) and g(z), respectively. As

functions of the normalized variable & these polyno-
mials have the following form:

(&)= by 2l

m=0 «fl—&z (5)
M
9(g)= Z Um\ll_E»zUZerl(E))'
m=0

where t;, and up, are the unknown coefficients.

It is worth mentioning that the Chebyshev series
are used to take into account a finiteness of electro-
magnetic energy near an infinitely thin layer of perfect
metal [30]. By substituting (5) into (4), we obtain:

0 M w/2
> %1c08(anz) Y Uy j 1-£2U (& )cos(an2) dz +
n=0 m=0  —w/2

¢ L Tanl)
+Y" % 08(anz) o D thy I 2m

n=0 m=0 w2 «&1— c’;z

sin(az)dz=0;

cos(anz) = cos(qn&)cos| ay (h+w)/2]-
—sin(gn&)sin a, (h+w)/2];

sin(ayz) =sin(an&)cos a, (h+w)/2]+
+c0s(gn&)sin[ an (h+w)/2].

Taking into account the even character of the
Chebyshev polynomials in f (z) and the odd charac-

ter of these polynomials in g(z), we define:

w/2

I «/1—§2U2m+1(§)cos(anz)dz:
-w/2
1
:_Sin[an(thW)/Z]I \1- ‘22U2m+1(<:)3in(%§)d§?
-1
w/2 )
T2m—(é)sin(anz)dz =
-w/2 1—§2

1
=sin[a, (h+w)/2] I sz—(i)cos(qné_,)dg.
—141-¢

In accordance with [31], the integrals in the last
relations are calculated analytically:

1

d
jTZm(qn)cos(qng)—l 12 = (D" Iom (o );
-1 -

1
[N 2Uama(an)sin(@me)de= @)
-1

_(—)" Jam+2(0n)

On

where Jom(dn) and Jomyo(a,) are the Bessel

functions of the first kind.
Taking in account (4)—(9), (3) can be written as:

o0

— > X11€05(ap2) X
n=0

D Xpasin(agz) ) Uy j 1-E°U gpaq(€)cos(anz) dz+ x Y up(-DM 220 gin [, (h+w)/2] +
n=0 m=0 w2 m=0 On

© Mo W2 &

+Y" Xppsin(anz) o Dty J' T2m—(é)sin(anz)dz: 0. +2, X12€08(nZ) @y X
n=0 m=0 w2 \fl— &,2 n=0
M
According to the fact that z=&'+(h+w)/2 and x> (=DM ( 0y )sin[ ay(h+w)/2] =0, (10)

€ =2¢'/w, itis found that: m=0
sg T Dispersion Characteristics of Spin-Electromagnetic Waves in Planar Muiltiferroic Structures

with Coplanar Transmission Line



W3Bectus By30B Poccun. Pagnodrekrponnka. 2019. T. 22, Ne 6. C. 55-63
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 6, pp. 55-63

— " Xp18in(anz)x
n=0
M
x> Uy (D™ ‘]2m+—2(q”)sin[an (h+w)/2]+
m=0 Un

o0
+ " Xpp8in(anz)op x
n=0

M
x>ty (<D™ I (a4 )sin[ @ (h+w)/2]=0. (12)
m=0
Using the Galerkin method, we multiply (10) and
(11) by Tom (a)/\1-&2 and \L-g2Usmm.1 ().

respectively. After changing the order of summation
and integration, we obtain:

N M
DRI um(—l)m‘]2m+—2(q")sin [an(h+w)/2]x
n=0 m=0 On
X} Tps (€)
Siy1-¢€2
N M o
+ " X420n D ta(=D"Jom(an )sin[ an(h+w)/2]x

n=0 m=0

cos(anz)dz +

1
x TZS—(E")cos(a z)dz=0
_Il 1-¢2 " | (12)
N M
- X1 ). um(—l)mjzm+—2(qn)sin[an(h+w)/21x
n=0 m=0 Un

1
x [ \1-€°Upmag (0 )sin(agz)dz +
.|

N M
+ X0 . tn(=D™JI5m(0n )sin [an(h+w)/2]x

n=0 m=0

1
x| L= £2U 41 (0o )sin (an2) dz = 0. (13)
-1

, 1+m+s
Z11,n,m,s =(-D Jos (Qn)><

x (2m +2)Jom+ (q”)sinz [ay (h+w)/2];
On
Uonms = (- ®ndom (Qn ) x

x Jos (0 )sin? [, (h+w)/2];

)1+m+s (2m+2)Joms2 (Qn ) y
On

)sinz[an (h+w)/2];

1inms = (-1

o (25+2)Jp512(On
On

TS ¢Ondom (Qn ) x

Z22.n.m.s =(-1
y (25+2)J542(On
On
The (14) represents a homogeneous system of
linear algebraic equations. The vanishing of its de-
terminant results in the dispersion relation:

)sin2 [an (h+w)/2].

X11Z10m,s X12Z42nms

N
> det ; ) =0. (15)

0 | PnX21221nm;s PnX22222nms

The dispersion relation (15) describes the spec-
trum of the spin-electromagnetic waves in planar all-
thin-film multiferroic structures containing a coplanar
transmission line. The following notations are used in
(12), (13): m,s= 0,1... M, where M is the index of
the Chebyshev polynomial order, which is determined
by the width of the gap w; n=0,1, ..., N, where N is
the value at which the Bessel functions converge.

Numerical modeling. Below we apply the de-
veloped analytical theory for calculation and analysis
of the dispersion characteristics of spin-
electromagnetic waves propagating in the all-thin-
film multiferroic structures. The numerical calcula-
tions are carried out for the typical experimental pa-
rameters. Thus, in accordance with Fig. 1, the dielec-

Similar mathematical manipulations, as for (4)- {
(9), are performed for integration of (12) and (13). Y1<x
After that we obtain: i=2, z Ferrite
N N ;
=2 ¥1Ziams + 2, X242,n,ms =0, _ ———
= = =— erroelectric
n=0 n=0 (14) JJ:_ e err
N N
— ) X925 + X995 =0,
z 21421,n,m,s z 22422,n,m,s Substrate
n=0 n=0
where Fig. 2. Coplanar transmission line based on ferrite-
ferroelectric structure
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tric layer j=-2 corresponds to the sapphire sub-
strate with thickness and permittivity d_, and ¢_,
respectively. The layer with number j=-1 corre-
sponds to the barium-strontium titanate (BST) film
with parameters d_; and e_; that has the exceptional-
ly high tunability, high breakdown field and relatively
low loss tangent at microwave frequencies [32].

In order to investigate a typical experimental case,
for which the ferrite film is in contact with metal elec-
trodes of the transmission line, we assumed zero
thickness of the dielectric layer with number j=1
(see Fig. 2). In consistent with denotations introduced
in the previous Section, the parameters of the yttrium-
iron garnet (YIG) film are §,e¢,H, and Mg. The

dielectric layer with number j=2 corresponds to the
gadolinium gallium garnet substrate with parameters
d, and ep. The layers with j=-3 and j=3 are
assumed to be a free space.

During simulations, the five parameters, namely
the YIG film thickness 3, the BST film thickness
d_q, the BST permittivity e_4, the external magnetic

field H, the gap width w, and the width h of the cen-
tral metal strip were varied. Other parameters were
constantt. The wvalues of the parameters
d3=d_3=0.1m and the distance between metal
walls d= 0.04m were chosen to implement the
conditions of the multiferroic coplanar waveguide
placed in a free space. The other parameters were as
follows: e3=¢_3=1; &5 =14; Mq=1750 Og;
dp =d_p =500 um; &, =14; ¢_, =10.

Fig. 3 shows by solid curves the typical dispersion

characteristics of the hybrid SEWs in the all-thin-film
multiferroic structure with the coplanar TL calculated

for 5=10pm; H=1074kAm™Y; d_j=2pm;

f, GHz

410 30 k, rad/cm

Fig. 3. The spectrum of the hybrid SEWs in the all-thin-film
multiferroic structure with a coplanar TL

€_1 =1500; w=>50 um; and h=50 pm. To demon-
strate the formation of the spectrum, we also show in
Fig. 3 the dispersion branches represented the disper-
sion characteristics of the surface spin waves in a
ferrite film (dash line) and of the main mode of the
electromagnetic waves (dash dot line) in a coplanar
transmission line with a ferroelectric film on a die-
lectric substrate.

It is seen from Fig. 3 that away from the ferro-
magnetic resonance frequency, the dispersion charac-
teristics of the EMW and the SEW coincide. Near
this frequency, the SEW phase velocity decreases
due to the hybridization of the SW and the EMW. A
distinctive feature of the all-thin-film multiferroic
structure with a coplanar TL is an absence of unde-
sirable irregularities in dispersion for relatively low
frequencies when the wavelength approaches the
thickness of ferroelectric layer, which is in contrast
to the open ferrite-ferroelectric wave-guiding struc-
ture without metallization [3].

Turn now to investigation of the influence of dif-
ferent parameters of the thin-film structure on the dis-
persion characteristics of SEWs. Fig. 4-7 show the
calculated dependences of the wave spectra versus the
gap width w, the thickness of ferroelectric (d_;) and

of ferrite (8) films, and the width of the central strip h.
Note that in this figure the solid black lines correspond
to the dispersion characteristic shown in Fig. 3.

As is seen from this figure, a decrease of the gap
width w and the width h of the central metal strip, as
well as an increase in the thickness of the ferroelec-
tric film d_y, shifts the area of the maximum hybrid-

ization to the higher wavenumbers (Fig. 4-6). In this
case, the electrodynamic interaction of the SW in the
ferrite film and the EMW in the coplanar TL is en-
hanced. Further, the ferrite film thickness & explicitly
influences on the slope of the SW dispersion branch-
es leading to a drastic change in the SEW group ve-
locity (Fig. 7).

Turn now to investigation of the electric and
magnetic tuning of the hybrid spin-electromagnetic
waves in the all-thin-film multiferroic structure with
a coplanar TL. Fig. 8 and 9 show the results of nu-
merical simulation of the wave spectra for the differ-
ent values of an external magnetic field H and a con-
trol voltage U. We note that in these figures the solid
lines correspond to the dispersion characteristic
shown in Fig. 3.

An increase in the external magnetic field H
leads to a shift of the spin wave spectrum towards the
higher frequencies. Therefore, the area of the effec-

60 Dispersion Characteristics of Spin-Electromagnetic Waves in Planar Multiferroic Structures

with Coplanar Transmission Line



W3Bectus By30B Poccun. Pagnodrekrponnka. 2019. T. 22, Ne 6. C. 55-63
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 6, pp. 55-63

f, GHz

— ——-W=25pum

7 —— —w =50 um
.......... —-w=75 pm

6_

5_

/
4 RAVA | |
10 20 30 40 k, rad/cm

Fig. 4. Influence of the gap width w on the dispersion of the SEWs
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Fig. 5. Influence of the width h of the central metal strip
on the dispersion of the SEWs

tive hybridization of electromagnetic and spin waves
demonstrates an up-frequency shift too (Fig. 8). An
application of a control voltage U to the coplanar TL
electrodes leads to a reduction of the ferroelectric
film permittivity e, and provides an electric tunabil-
ity. The expression approximating the dependence of
the ferroelectric permittivity versus the electric field
E has the form:

82(E1,2)=82 (0)—aEf2,

where the following typical parameters for the BST film

are used: g, (0)=1500 and a=0.194 cmz/kv2 [12].

As can be seen from Fig. 9, an increase in a con-
trol voltage provides an increase in the group veloci-
ty of the electromagnetic wave in the coplanar TL.
Therefore, the area of the maximum hybridization is
shifted to the lower wavenumbers.

———-d_ =05pum
———d; =2um
........... —d_; =35um
s /A | |
10 20 30 40 k, rad/cm

Fig. 6. Influence of the thickness d_; of the ferroelectric film
on the dispersion of the SEWs
f, GHz

10 20 30 40

Fig. 7. Influence of the thickness & of the ferrite film on the
dispersion of the SEWs

k, rad/cm

Conclusions. The dispersion relation for the hy-
brid spin-electromagnetic waves propagating in the
thin-film ferrite-ferroelectric structures based on a
coplanar transmission line has been derived with the
method of the approximate boundary conditions. Us-
ing the developed theory, the dispersion characteris-
tics of SEWs were calculated and analyzed. The elec-
tric and magnetic tunability of the wave spectra were
investigated. It was found that the range of the elec-
tric tuning can be increased due to an EMW retarda-
tion that is realized by decreasing the gap and the
central metal electrode widths, as well as increasing
of the ferroelectric thickness. In summary, the dis-
tinctive features of the proposed coplanar wave-
guides are the thin-film planar topology and dual
tunability of the wave spectra. All these advantages
make the investigated structures perspective for de-
velopment of new microwave devices.
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AHHOTaUmA

BBepeHume. B reHepaTopax, ynpaensgemMbix Hanps>keHvem (FYH), 4na ymeHblleHMa $a30BbIX LWYMOB 4acTo MC-
NOMb3YHTCA CBA3aHHbIE ABYX- W TPEXNPOBOAHbLIE MUKPOMONOCKoBbIe AnHUM (MIMJT) nepegay. K coxaneHuto,
¢$azoBble WyMbl M3BeCTHbIX [YH He ONTUMU3MPOBaNNCh B 3aBUCUMOCTU OT JJ/INH CBA3WN OTPE3KOB TPEXMPOBOJ-
Hov MIJ1.

Lene pa6oTbl. 1N TpexnpoBOAHOW CBA3aHHOW MUKPOMOMOCKOBON CTPYKTYpbl MOCTaBAeHa 3ajaya noucka onTu-
MaslbHbIX A/IVH ee OTPe3KOoB, KOTOPble COOTBETCTBYHOT MOHMKEHHBIM YPOBHSAM $a3oBbIX LLYMOB BblbpaHHoro MNyH.
MaTepuansl n metoabl. Ha nprMmepe onncaHHoro NYH mnsyyaetca pabota Mogenn ero pesoHaTopa € Tpems
31eKTPOMarHUTHO-CBA3aHHbIMK MIJ1, rae BTOpas IMHUS OT NEPBOW, @ TPeTbs OT BTOPOW IMHUM OTAMYAKOTCS
Ha OAHY U Ty Xe GU3MYeckyo ANVHY U F4e LWMPUHBI NepBOi N TpeTbel NNHNI N UX 3a30Pbl CBA3WN CO BTOPOIA
NIVHNe ofnHaKkoBbl. B paccmaTtpriBaemMoi TPexnpoBOAHOM AVHUN C OAHOW CTOPOHbI peann3oBaHbl PeXVMbI
KOPOTKOrO 3aMbIKaHWSA C 06LLein LWNHOM, a C APYrori Ha BbIBOAAX MEPBOWN 1N TPeTbel IMHUIA — pexXnMbl XON0CTO-
ro xoga. CBO6OAHLIN BbIBOA BTOPOM IMHNW ABASETCA BXOAOM JNHUN.

Pe3synbTatbl. [107y4eHbl OCHOBHbIE GOPMY bl 419 pacyeTa 4YacToTO3ajatoLLmMX 31eMeHTOB pacCMaTpPMBaEMOro
'YH v napameTpoB BbibpaHHOM Mogenn pe3oHaTtopa. C nx MOMOLLbIO faHa OLeHKa BXOAHbIX CONPOTUBEHUI
6a30BbIX KOHTYPOB AN ABYX TUNoB ['YH C TpexcBA3aHHbLIMU JNHUAMU OAMHAKOBOW U Pa3HOWN A/MHBI, @ Takxke
ans N'YH, ncnone3sytowero AByxcBsizHyto MIJ1. o cpaBHeHMto ¢ HUMK nNpeanaraemeli 'YH B6a13n ontumans-
HOV pasHMLbl B A/IHaX OTPEe3KOB TPEXMNPOBOAHOM NNHUN 0bnagaeT B 2-4 pa3a 60nbLuei KpyTU3HOM Gpa3oBoii
XapaKTePUCTLKM BXOLHOrO CONPOTUBAEHWS, a TakKe B 4-10 pa3 MeHbLUEe LUMPUHON rpadrKOB ero Mogye.
3akntoveHme. [0 cpaBHEHMIO C N3BECTHbLIMU YCTPOMCTBaMM B pa3paboTaHHOM reHepaTope C pacCumMTaHHbIMU
AMHaMN CBA3W OTPEe3KOB BbIOPaHHOM TPeXNpPOBOAHOV ANHUMK 3KCMEepUMeHTasbHO NMOATBEPXAEeHa BO3MOX-
HOCTb MONYYEHUSs MeHbLUMX Ha 6...10 ab/I'y ypoBHeli $pa30BbIX LLYMOB.
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Abstract
Introduction. Coupled two- or three-wire microstrip lines are often used to reduce a phase noise of voltage-
controlled oscillators (VCOs). Unfortunately, the phase noise was not optimized depending on the lengths of a
three-wire coupled microstrip lines.
Aim. For the three-wire coupled microstrip structure, the task of determining of the optimal lengths of its stabs
was set. The stabs were corresponded to the reduced phase noise of the selected VCO.
Materials and methods. In the oscillator example, the resonator model with three electromagnetically cou-
pled microstrip lines was studied. Herein the second line from the first and the third from the second line dif-
fered by the same physical length. The widths of the first and of the third lines were the same, and their cou-
pling clearances with the second line were the same too. On the one hand, in this three-wire microstrip line
short-end modes with a common ground electrode were implemented. On the other, at the ends of the first
and of the third lines open-end modes were implemented. The free end of the second line is line input.
Results. For the considered oscillator, the basic formulas for calculating its frequency-setting elements and
resonator model parameters were obtained. By these formulas the estimation of base contours impedances
for two oscillators with three-coupled microstrip lines of the same and different lengths, and also for the oscilla-
tor using a two-coupled microstrip line was given. For comparison, the proposed VCO near the optimal differ-
ence in the three-wire line microstrips lengths had the base contour impedance phase steepness 2-4 times
greater, as well as its modules graphs had the width 4-10 times less.
Conclusion. In comparison with the known VCOs, the possibility of obtaining lower phase noise spectrum levels at
6...10 dB/Hz in the designed oscillator with the calculated lengths of the selected three-coupled line microstrips
was experimentally confirmed.

Keywords: voltage controlled oscillator, three-coupled microstrip line, coupled lines lengths
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BBeaenne. B HacTodiee Bpems M3BECTHO J0-
CTaTOYHO OOJIBIIIOE KOJMYECTBO MyOJMKAIHH, TIe B
MepecTpanuBaeMbIX [0 YacTOTE€ aBTOreHepaTopax
(AT') nna ynmydnieHusi MX YaCTOTHBIX CBOMCTB (pac-
IIMPEHUS TOJIOCHI TIEPECTPOHKN YaCTOT M YMEHBIIIe-
HUS YPOBHS CIIEKTPa (Pa30BBIX ITYMOB) HCIIOIB3YIOT-
csl cBA3aHHble MUKponoiockoBble JuHuu (MILI) me-
penau (cm., mampumep [1-9]). B [1] ycraHoBneHo,
YTO MO CpaBHEHHUIO ¢ onHonpoBogHoM MILI mpume-
HEHHE B KOJICOATEeIBHOW CHCTEME IBYX CBS3aHHBIX
JIMHUW TIPUBOIUT K CHMKEHUIO CHEKTPAJIbHOM IUIOT-
HOCTH MONIHOCTH (a3oBeIXx ImymMoB A’ Ha
3...4 nb/T'u. Panee momoOHBIM BBIBOA cuenad B [2],

Manomymsiuii nepecTpauBaemMblii aBTOTeHEPATOP

IJIe Ha OCHOBE AHAIMTUYECKUX BBIPAKEHUHN TMOKa3a-
HO, YTO KPYTH3Ha PEaKTHUBHOIO COIPOTUBIICHUS Ma-
paJUIETFHOTO PE30HAHCA OJWHOYHOM JIMHUU HUXKE
AQHAJIOTUYHOM BEJIMYMHBI, COOTBETCTBYIOLIECH JBYX-
npoBOMHOW cBsizanHoi yuHMU. B AT [3] pacumpe-
HUE TIOJIOCHI TEPECTPONKH M yMEHBIIEHUE YPOBHS
($a30BBIX IIYMOB OOYCJIOBJCHBI HCIIOJIb30BAHUEM B
cBsi3aHHBIX oTpe3kax MIIJI BMecTo xomocroro xona
PEXUMOB KOPOTKOTO 3aMBIKaHM, a TaKXe 3aMEHOU
MOJICBOTO TPaH3UCTOpa Ha OUMONApHBIA. Paccmarpu-
BaeMbIC YACTOTHBIC XapPAKTEPUCTHKH MOTYT OBITh
TaK)Xe YAYUIICHBI 32 CYeT BO30YXICHUS Pa3HBIX TH-
OB BOJH B CBs3aHHbIX JmHUAX AD [4], rme omno-
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BPEMEHHO peajM3yIOTCsl JIBa PEeKUMa €ro padoThl,
KOTOpBIE B [5] COOTBETCTBYIOT €MKOCTHBIM TPEXTO-
YyeyHbIM cxeMaM reHepatopoB Knanma u Ceiinepa u
00ecreynBaroT MUHUMAJIbHbIE W3MEHEHHUS aMILTUTY-
IbI KoNeOaHW B IIMPOKOM JHaIia30He TEepecTPOrKA
4yacToThl. JlajbHelilee ymydlleHHe YacTOTHBIX Xa-
PAKTEPUCTHK MOXKET OBITh JOCTUTHYTO IIyTEM HC-
MOJIB30BaHMS B KoJeOaTeNbHBIX cucTemax Al MHO-
TOCBSI3aHHBIX MHKPOITIOJIOCKOBBIX cTPYKTyp [6-8]. K
COXAJIEHUIO, B M3BECTHBIX T€HEPATOPHBIX YCTPOM-
CTBaxX BONIPOCHI YIYUIIEHUS MX YaCTOTHBIX XapaKTe-
PHUCTHK 32 CYET ONTUMH3ALMH JUIUHBI CBSA3U ABYX- U
TeM OoJee TPEXIIPOBOIHBIX JIMHUM B KONEOATENbHBIX CH-
CTeMax OCTAIOTCS MaJOM3y4eHHBIMU. B wacTHOCTH, TIpH
WCCIIEIOBAHUN JTIOOPOTHOCTH KOJIEOATENbHOW CHCTEMBI
Al ¢ meyxnpoBomusiMu MILJI B [9] mporeneHo 3D-
MOZEMPOBAHNE, B PE3YIIETaTe KOTOPOTO TOTydeHa KOH-
¢urypanust pesoHaropa ¢ (GPaKTHYECKU PasHOM JUTMHON
CBS3M MEKIYy IByMsI TIPOBONHHKaMH. Bmecte ¢ Tem B
9TOM CIIy4ae, a TakKe TPH UCTIOIB30BaHNH TPEXIIPOBO/I-
HBIX MHUKPOIIOJIOCKOBBIX CTPYKTYP BOMPOCHI YITyUILICHHS
YaCTOTHBIX XapakTeprcTHk Al 3a cder omTuMm3anuu
JUTVHBI KX CBSI3U BOOOIIIE HE 00CyKnaimch. Kpome Toro,
B JIUTEparype OTCYTCTBYIOT OIIEHKH YPOBHEW CIEKTpa
(hazoBbIX myMOB Al, KOTOpBIE COOTBETCTBYIOT pa3HBEIM
JUIMHAM OTPE3KOB CBsi3aHHBIX MIJL.

OOBEKTOM HCCIENOBAHUS B HACTOSIIEH CTaThe
SIBIIIOTCSL TCHEPaTOPHBIE YCTPOICTBA, HCIIOIB3YIO-
mue TpexcBasHeie MIUI, oTnmuuaromuecs apyr ot
Jpyra mo anuHe. V3yueHne 4acTOTHBIX CBOWCTB yKa-
3aHHBIX YCTPOHCTB (B YAaCTHOCTH, YMCHBIICHHUS
YpOBHSA CIIEKTpa MX ()a30BBIX IIYMOB) IPOBENEM Ha
npumepe AT [10], npuHIMIHATEHAS CXEMa KOTOPOTO
npeacraBieHa Ha puc. 1. A’ BBIIONHEH MO WHIYK-
THBHOM TPEXTOYCUHOM CXeMe Ha OWITOJIIPHOM TpaH-
suctope VT1, KOTOpBIH BKIIIOYEH MO CXEME C OOIIUM
smutTepoM. [Ipu nomomu pesucropoB R1-R3 ycra-
HABJIMBAETCS PEXKUM PabdOTHI TPAaH3UCTOPA IO TOCTO-
ssHHOMY TOKy. st pasessku CBU-meneit mo mwura-
HUIO HCTIONB3YIOTCA MHIYKTUBHOCTH L1 1 koHaeHca-
topbl C1, C2. OcraBuimecst 3JeMEHTbI CXEMBI sIBJIS-
FOTCSL 4acTOTO3aIAl0NIMMH. B OonbIeit cTeneHun 3Ty
¢yukmro BeimonHsror MITI Z1-74, Bapukan VD1 u
koHneHcaropbl C3-C8, B menbInieii crenenn — MILT Z5
u koHjeHcatop C9, KOTOpble B OCHOBHOM CITY)KAaT JIJIsI
noziaByieHns] Ha 50-OMHOM BBIXOZI€ BBICIIMX TapMOHHK
OCHOBHOM dacToThl. Jls Tmomaun  3amuparoiero
HanpspkeHus Ha Bapukan VD1 ucnons3yeTcst Monoxu-
TeJlbHAs KJIeMMa MCTOYHHKA YIPABJIIOLIETO HarpshKe-
HUS, a JJIsl BBOJIA HAIPSDKEHUM CMEIICHUM Ha TpaH3U-
CTOpP — COOTBETCTBYIOIIIAS KIIeMMa HCTOYHUKA TTUTAHKSI.

Brixon,
—
50 Om

VD1 |71 |22
Puc. 1. Cxema uccienyeMoro reHeparopa
Fig. 1. Schematic diagram of the investigated generator

Ha puc. 2 npescrapineHa MOIeIb MEKTPOMArHUT-
HO-cBs3aHHBIX MIJI Z1-Z3 B BUmE TpeXIpOBOTHON
JIUHWH TIepeaad, B KOTopoi JinHusA Z2 ot jiuHud Z1, a
Z3 or Z2 ommyarorcs Ha (usnueckyro HuuHY |A

(MM COOTBETCTBYIOINYIO i (pa30BYIO BEIHUYHHY A).
[Tpu 5TOM mMpuHBEI W JtnHUE Z1 1 Z3 oMWHAKOBEI U
UX 3a30pbl CBA3M S ¢ JuHUed Z2 toxe. C mpaBoi
CTOPOHBI B PAcCMAaTPUBAEMOW TPEXIIPOBOTHOMN JIH-
HUH Peaj30BaHbl PEKIMBI KOPOTKOTO 3aMBIKAHUS C
00IIel MMHOM, a Ha JIeBBIX BxoAax Z1 u Z3 — peKuMBI
xonoctoro xona. CBOOOIHBIN JIEBBI BBIBOI JIMHUUA
Z2 SBIAETCSI BXOIOM TPEXIPOBOTHON JIMHUH Tepe-
Jlad, KOTopasi BMecTe ¢ eMKocTsMu Bapukamna VD1 u
koHgeHcaTtopoB C5, C6 o6pasyer 6a30BbIit KOHTYP.

B Monmenu TpexmpoBOAHON IWHUM Ha pHC. 2
mpeamnonaraercs, 4to (a3oBble CIBWUTH, COOTBET-
CTBYIOIIMIC PACTIPOCTPAHCHUIO BOJH UYETHOTO W He-
YETHOTO THUINOB B JMHUHM Z1 W oTpe3ke TuHMU Z3

anuHOU |y, oTmmdarorcs oT HaOeroB (a3 B OTpesKe

7%
xx| |w Z3 S o ]
X
1 b 4
=
1 Wy Z2 0—%
“ly ¥ §s
.
xx| |w Z1 L} o——| ]
47
) b olla |la

Puc. 2. Mopens 21eKTpOMarHuTHO-CBs3aHHBIX
MHKPOTIOJIOCKOBBIX JIMHUI Z1—-Z3 B BUie TpeXIpOBOAHON
JIMHUY TIepeay

Fig. 2. Model of electromagnetically coupled microstrip lines
Z1-Z3 in the form of a three-wire transmission line
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uHUM Z2 3TOM ke JUIMHBI B N pa3. Koaddumment n
XapakTepu3yeT pasiudue Mexay (pasoBBIMH CKOPO-
CTAMH PaclpOCTPaHEHHs OCHOBHBIX THUIOB BOJNH B
OTpEe3Kax Pa3HOro MOIEPEYHOro pazMepa, CBSI3aHHOE
C HEOMHOPOIHOCTBIO IUANIEKTPUKA. AHAIOTUYHBIC
(ha3oBBIE CIBUTH B OTPE3KaxX ABYXIIPOBOIHOW JTHHUH
nepenaun JIuHON |5, KOTOpast sBIISeTCS MPOROIKe-
HueM JuHui Z1 u Z2, cuuTaroTcs paBHBIMH IO Be-
nu4uHe npu yenosuy, 4to |, = lg. B paccmarpusa-

€MBbIX MPEATNOIOKEeHIIX YKka3aHHbie oTpe3ku MITI u
CBSI3aHHBIC MOJOCKOBBIC JIMHUU Pa3HOW (pru3mveckon
JUTMHBI TIPEIOCTABISIIOT ONMHAKOBBIE BO3MOXKHOCTH
JUIS peanu3alii HEYpaBHOBEIIEHHBIX CBA3EUH MEXIY
MaTpUIlaMH HUX TEPBUYHBIX MMapaMETPOB, HAPUMEP
MEXIy MaTpUIIaMH COTIPOTHBJICHUH Z ¥ TPOBOIUMO-

creii Y, xorna Z 2Y L [6].

[TockonpKy MMIEOaHCH KOJUIEKTOpHOW W 0a3o-
BOM Leneil IpeIoKEHHOTO I'€HepaTopa HOCAT HH-
IOYKTHBHBIA XapakTep, a AMUTTEPHOH Lenmu — eM-
kocTHBIH [10], B KauecTBe MOJENH paccMaTpUBAEMO-
ro AI' ucnonp3yeM HHIYKTHBHYIO SKBUBAJICHTHYIO
TPEXTOUEUHYIO CXEMy C ITIOCIeINOBaTeNbHON 0bpart-
HoM cBa3bio (puc. 3). JaHHast 3Be31000pa3Has cxema
noiaydeHa B [11] U3 TUIIOBOM TPEyronbHOM CXEMBI
WHIYKTUBHON TPEXTOYKH HAa OCHOBE OOIIHMX B3aWM-
HBIX YCJIOBHH 3KBHBaJICHTHEIX IpeoOpa3oBaHUil Tpe-
YTOJIBHUKA COIIPOTUBJIEHUH B 3BE31y M HA000pOT —
mpeoOpa3oBaHUs COMPOTHUBICHUHA 3BE3OBI B Tpe-
yronbHUK. B BeIOparHO# Momenu (puc. 3) TOYKH OT-
MedeHbl OyKBaMu &, b 1 ¢, a B KaueCTBE EHTPAIbHOM
TOYKH 3BE37bI UCTIONB3yeTcst oOmas mmHa Al, npen-
craBieHHas Ha puc. 1. Kpome akTBHOTO 3remeHTa
(AD) — tpamsucropa VT1 — sKBHBaJEeHTHas cxema

CONEPKUT J1Ba MHAYKTUBHBIX Lg, L, dmemeHra n

OfMH eMKOCTHBIA C, . DTUM 3JIEMEHTAM MOJEIUA B

paccMatpuBaeMoM Al COOTBETCTBYIOT 3KBHBAJICHT-
HBIE HMHIYKTHBHOCTH KOIDIGKTOPHOTO U 0a30BOTO
KOHTYpOB M SKBHMBAJICHTHAs €MKOCTb 3MUTTEPHOU
Heny. DMUTTEPHAs IIeTTh 00pa30BaHa KOHAEHCATOPOM
C8 u xoHmeHCATOpPOM CBS3H C 0a30BBIM KOHTYPOM

Puc. 3. DKBUBaJICHTHAs CXeMa UCCIIEYEMOTr0 reHepaTopa

Fig. 3. Equivalent diagram of the investigated generator

Manomymsiuii nepecTpauBaemMblii aBTOTeHEPATOP

C7, a B coCTaB KOJUICKTOPHOTO KOHTYpa BXOHST
MILI Z4, Z5 u xounencaropst C3, C4, C9.

Henpto wccnemoBaHus, TMPEACTABIEHHOTO B
HACTOsIILEH MyONUKalWy, SIBISIETCAd IOUCK OMTH-
MaJbHBIX JUIMH OTPE3KOB (WJIM HX Pa3HUIIbI) Tpex-
TIPOBOTHOW CBSI3aHHOM MUKPOIIOJIOCKOBOW CTPYKTYpPBI
(puc. 2), KOTOpBIE COOTBETCTBYIOT IMOHUKCHHBIM
YPOBHSIM CHEKTpa (ha30BBIX IIYMOB BHIOPAHHOIO Te-
HEPaTOPHOTO YCTPOUCTRA.

Metoabl M OCHOBHBIC COOTHOmIeHMA. /[ pac-
cMmarpuBaeMoro Al ¢ SKBHBaJEHTHOH CXeMOM, mpen-
CTaBJICHHOW Ha puC. 3, 4acToTa reHepanuu fy Haxo-

qutest u3 ycnosust [10]
XXy + Xy X5 + X Xg =0,
e X, =2nfoly, X, =-1/(2nfC,), Xg=2nfylg,

Y paBHa:

1)

Takum 00pa3oMm, eciu TapaMeTphl HIIEMEHTOB
yRoBiIeTBOpsOT (1), peamusyercss MHAYKTHBHAS DK-
BHUBAJIEHTHAsl TpexToueyHas cxema Al ¢ mocnenosa-
TEIBHON OOpaTHOM CBS3BIO, KOTOpas NMpHBEICHA Ha
puc. 3.

Paccuntaem BXOmHOE COMPOTHBIEHHE 0a30BOTO
KOHTypa, IPU KOTOPOM OHO B COOTBETCTBHUHM C Ipea-
CTaBJICHHOW Ha pHUC. 3 MOJENbI0O HOCUT HHIIYKTHUB-
HBII XapakTep. 3amuiieM 3TOT UMIIENAHC B BHJIE

—i 1
26.1( (90’ A) J

= 2
2n OC6 i j2nf0C2 +1/Z (90, A),( )

rae Cg — eMmrocTh koHzaeHcaropa C6; Cy — cymmap-
Has eMKocTh Bapukama VD1 u xonaeHncatopa C5;
0 =2mlg/A — basoBblil cABUL, COOTBETCTBYIOMIMIT
uzmaeckoit mune |y muann Z3; A =27nl, /A — da-
30BBIi CIIBUT, COOTBETCTBYIOIINN (PH3HUECKON JTHHE
IA; Z(Go, A) — BXOJHOE KOMIUIEKCHOE COTPOTHUB-

nenue cBszanHbix MIUI (puc. 2), npudem A — [UTHHA
BOJIHBI B JIUAJNIEKTpUKe. JIJI1 MPOU3BOJIBLHO BHIOpaH-

HOTO 3HaYCHMs O M ONTUMANBHOI BETHINHBI Agpt,

OHpCZ[CJ'IS[eMOﬁ N3 BBIPAXKCHHUA

i
Z (60> Aopt )~ 2toCy =0, ©)

conporusnenne Zg . (6p, A) HOCUT WHIYKTHBHBIIi

XapakTep U JOCTUTaeT MakCHMyMa mpi A — Agpt.
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Paccunraem comporusnerne Z(8g, A) cssan-

HOI MHKPOIIOJIOCKOBO# CTPYKTYpBI (cM. puc. 2). st
9TOTO MPEINCTABUM TPEXNPOBOAHYIO JIMHHIO U3 OT-
PE3KOB Pa3HOMU JJIMHBI B BUJE TPEX MOCIEN0BATEIBHO
COEJUHEHHBIX YacTed: TPEXIPOBOAHOW JIMHUM, BBI-
MOJHEHHO! Ha HEONHOPOIHOM IUIIEKTPUKE, C OU-
HaKoOBOM JUIMHOH oTpe3koB lp, a Takxke KOPOTKHX
OTPE3KOB JIBYXIIPOBOAHON M OJHONPOBOAHOW JIMHUI
¢ mmHamu |, <lg, B mpenmenax KOTOPBIX MOXHO

CUMTATh JIUANEKTPUK OMHOPOMHBIM. Takoi mepexon
(ot cBszansbIx MILJI ¢ pasHolt pusnyeckoi AaMHON
B OOJIaCTH 3JICKTPOMArHUTHOW CBSI3W K CBSA3aHHBIM
MIUI ¢ HEOOgHOPOAHBIM B MOMNEPEYHOM CEUCHUU IU-
JIIEKTPUKOM) TIPABOMEPEH C TOUYKH 3PEHUSI OAMHAKO-
BBIX BO3MOXKHOCTEH peanm3aliii HeypaBHOBEIICH-
HBIX CBSI3€H MEXIy MaTpHUIlaMH TEPBUYHBIX Tapa-
METpPOB, HApUMeEp MEXIY MaTpUIIAMH COMPOTHUBIIE-
Huii Z 1 mpoBoguMocTeit Y, korma Z # y1 [6].
YKa3aHHBIE COCTaBHBIE YacTH HCXOJHOW Tpex-
TIPOBOAHON JTIMHUU SIBIISIIOTCS JIBEHAIATH-, BOCHMH-
U YETHIPEXIIOIIOCHBIM 3JIEMEHTaMH, COCIUHEHHBIMU
Mexny co0oil mocienoBarenbHo. [lepeMHOXKHUB H3-
BECTHBIE MAaTPHIIBI IIepeIad KaCKagHO-COeTNHEHHBIX
JIBEHA/IIIaTH-, BOCBMHU- U YETHIPEXITOMOCHUKOB [12] ¢
YYETOM BBIOPAHHBIX TPAHMYHBIX YCIOBHH, HaijeM
BEIPOKEHUE TSI BXOMHOTO COMPOTHBICHUS TPEICTAB-
JICHHOM Ha PHC. 2 MHKPOTIONOCKOBOU CTPYKTYphI [13]:

Z (OO,A) = N/D,
Tac
A A A AY. .
N = (322312 +ap3ay tagsazy + a265142) JpsinA+
A A A A )
+(322313 +ap3ap3 +ap5a33 + a26a43)cos Ay ()

A A A AY: .
D= (352312 +a538) + 85583 + a565142) jpsinA+
A A A A
+<352313 + 85383 + 55833 + a56343)005 A, (5)

npuiaeMm a.ij, aiJA — JJIECMCHTBI MaTpul nepeaadu

JIIBEHAIAaTH- U BOCBMUIIOIIOCHUKOB COOTBETCTBEHHO,
p — BOJIHOBOE COIPOTHUBJIEHHE OJHOMPOBOIHOIO OT-
pe3ka JMHUM JUIMHOH |5, KOTOpbIi sBisieTcs mpo-
JIOJDKEHUEM BXOJISIIIIETO B cocTaB juHUK Z1 TiepBoro
OTpe3Ka JABYXIIPOBOJHOI JINHUU IIUHOM |4 .

Jnst nByX HEONWHAKOBBIX CBSI3AHHBIX JIMHUN C
OJTHOPOIHBIM JTUBJICKTPUKOM, Koraa Ko3(QHIueHTHI

pactpoCTpaHeHHs BOJIH JBYX THUIIOB BO3OYXKICHHS Y
PaBHBI MEXy COOOM, 37IEMEHTHI MAaTPHIIBI MTEepeIadn

BOCHMHUIIOIOCHUKA ai? B (4), (5) numerot BHI

alAZ = aZAZ = a3A3 = af3 =coshA;
a1A3 =sinh A/YlA; a2A3 =sinh A/YZA;
a§2 =Y1A sinh A; afz =Y2A sinh A,

rae
Y = (Yﬁ +kY{ )/ v Y5 Z(Yﬁ +kY33 )/ Y,

npuyem K :(yz —alAl)/ alAz; YijA, aﬁ — DJIEMEHTEI

MaTpHIBl TTPOBOAMMOCTA W TIPOU3BEICHHUS MAaTPHIL
COTIPOTHUBJICHUS W TPOBOJUMOCTH COOTBETCTBEHHO.

Bripaxkenust s aﬁ4 MOJYYEHBI MOCIE PACKPBITHS
HeoTpeleIeHHOCTe BHa {0/0} B (Qopmyrnax sie-
MEHTOB MaTpPHIIBI TIepeIavu A® s JIBYXITPOBOIHOM

CBSI3aHHO# TI0JIOCKOBOM JIMHUH, PACCMOTPEHHOH B [12].
OreMeHTBI @jj MaTpHLbl NEPesaun ABEHA/ILATH-
TIONTFOCHUKA A, KOTOpBIE TMOCIE TMPHMEHEHHUS B HEM

TPaHUYHBIX YCIOBHM OCTajiuch B (4) HEHYIEBBIMH,
OTIPENETSIOTCS CISIYIONIM 00pa3oM:

3 3
323 = zk2i0i3 cosh ei; 325 = szidiZ sinh ei;
i=1 i=1
3 3
agg = Y Koidizsinh6;; asp = > my;ici,Y; sinh6;;
i=1 i=1
3
app =as5 = ) KpiCip Cosh6;
i-1

3 3
a53 = > MyiCigY; sinh0;; asg = Y ksjCip Cosho;,
i=1 i=1
rie 6j =vilp, npuduem y; — xo3ddunueHt pacmpo-
crpanenus i-it moawl (i =1, 2, 3). 3nech UcnONB3Y-
IOTCSA TPHUHATBIE B [6] 00O3HAYEHUs MapaMeTpoB
TPEXMPOBOJHON CBSI3aHHOW IOJIOCKOBOW  JIMHUH,
OTMCHIBAEMOM MaTpUIlAMHU HOPMHMPOBAHHBIX AMILIH-

TyJ HanpskeHus Ay u Toka A :

1 1 1
Ay =k koo Koz |; (6)
ka1 k3o K33
Y1 Yo Y3
A =| MYy MYy mpgYs |, (7)

mg1Yp MgaYz Ma3Y3
a TaKkKe MX OOpaTHBIMH MaTpHULIAMHU Ajl, A|_1 c

onementamu Cjj u djj.
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Onementst Matpuil (6), (7) ompenenstorcs Kak

2
k2' _ 023031 _(0‘33 —Yi )(121 .
| ’

det
2
ke = 232%21 —(022 i )‘131 :
s det '
Y, = Y11 +Ko1Y1p +katYis
Y1
Y, - Y11 +KopYop +ksp13
Y2
Yy = Y11 +Ka3Y12 +Ka3¥ig
V3
2
o 032043 —(033 i )0‘12 :
mai = det '
2
02302 ~(op ~v#)ou3
Mmgj = :

det
rae Yi j» O4j — DVICMEHTBI MaTPHUILBI IPOBOAUMOCTH 1

MPOU3BEJICHUS MAaTPUI] CONPOTHUBICHHUS U TPOBOIM-
MOCTH COOTBETCTBEHHO; et — onpenenurens mpous-
BEJICHUS MaTpHI] CONPOTUBIICHUS U NPOBOAUMOCTH.

Dnementsl Marpuil (6), (7) K j 4 Mjj IPeACTaBIIOT
c000ii k03D (HUITUEHTHI MPOTTOPITMOHATHFHOCTH MEXKIY
PaCTPOCTPAHSIONMMUCS 10 JTMHUSAM HANPSDKCHUAMH
Y TOKaMH BOJIH Pa3HBIX THIOB. C IIOMOIIBIO MCTIONh-
3yemsIX B (7) mpoBomumocteii Yy, Yo u Y3 ycraHas-
JIUBAIOTCS CBSI3M MEXILy HOPMUPOBAHHBIMU aMILIHTY-
JaMU TOKOB W HANPSDKCHUH B COOTBETCTBYIOIIMX MM
OTpe3Kax TPEXMPOBOIHOMN JIMHUY Nepead JIuHOH g
B MIPOIIECCE PACTIPOCTPAHEHUS PA3HBIX TUIIOB BOJIH.
Bbruncienne BeIMUMH  @jj 3HAYUTENIBHO YIIPO-
mjaercs py OJMHAKOBOU IIMPUHE W OTPE3KOB JIMHUH
Z1, Z3 u wux 3a30poB S C IJWHUEeH Z2, Koraa
1=v3=v u Y2=n7; kp =Kkpg; Ks3 =Kss;
Moq =Mp3; Mz =Mgg3; Yl :Y3, a Tak»XKe€ Korga ona-
HOBPEMEHHO BBITIOJHAIOTCS [Ba YCIOBUS, MPU KOTO-
PBIX HOPMHPOBAHHBIC AMILTUTYIbI HAPSDKEHHUS U TO-

Ka B [IEPBOM U TPEThEM OTPE3Kax JIMHHI JIHHOU |y
OJIMHAKOBEHI, T. €. ecin K31 =1 u mgy =1. B pesyms-
TaTe 3HAYCHUs DIEMEHTOB MATPHUIIBI &jj ONpeseNs-

FOTCs CIICAYIOIIUM 06p330MI

k
a2 =as5 :_%COSh 02; aps =—Ili2—2005h92;

21 31
k22 sinh 92 . k22 sinh 92 .
ayy =——— Y Qg =T ———,
My Y2 mgy Y2

Manomymsiuii nepecTpauBaemMblii aBTOTeHEPATOP

agg = —k3—2cosh 05,

rie 0o =nBy, mpuuem 6O =2mlg/A — basosblit
CIIBUT, COOTBETCTBYIOIIUH (usndeckoit ainune ly o1-

peska MILJT Z3.
CrpynmupoBaB MoJy4eHHbIE MPOU3BEICHHUS dJIe-

MECHTOB MATPHIL &jj alijA B (4), (5) u momenuB N u D Ha
(—kp2/Kp1)COSA mmn (—kgp/Mpy)COSA, sanmuiem

BBIp@KECHUE JJISI BXOJHOTO COMPOTHUBIEHUS CTPYKTY-
PBI, TIPEACTABICHHON Ha PUC. 2, B HOBOM BHJIC:

Z1(00, A)+Z5(6g, A)
Zy(69, A)

Z(0g, A)= )

Tae
Z1 (0o, A):W—A(ol+62)sinh(neo)tghA+
2

+(1+03)cosh(nbg )] jpsinA;
1 (1
Zy (60, A) ={—[—+G3]cosh(n60)tghA+
Yaa o1
+Yi(1+ Gz)sinh(neo)}cosA;
2

Zy (90, A) Z[YYZ—ZA(G—];-+63]Sinh(neo)tghA+

+(1+04)cosh(nbg ) Jcos A +
+{[Y2 (1+ o3)sinh (nbg ) +
+Yo4 (o1 + 64 ) cosh (N6 )} tghA} jpsinA,

IpUYEM

o3 = 03031 —(%3 - 72)0‘21 )
032021 —(0‘22 —Y )03
2
_ O3p0p —[ 0 —(ny)” Jog
(54 =

I
(3031 — [0%33 ~(ny)

s
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Pesyabrarel. IloacraBus (8) B (2) ¢ 3apanee
onpeneneHubiMu 3Hadenusamu Cy, Cg, fo n mpen-
BapHUTEIHHO OLIEHUB BEIMYMHBI Gj, Yio, Yoa, Yo,
NPOAHAIN3HPYEM IIOBEICHHE MHMMOW YacTH M MO-
JyIs BXOIHOTO CONPOTUBJIEHHS 0a30BOr0 KOHTYpa
Zgx (89, A) cxemsr (cM. puc. 1) B 3aBHCHMOCTH OT

U3MEHEHUs Majlol BeanuuHbl A < 0 Ipu BbIOpaH-

HBIX 3Ha4eHUsX N, Op. 3aTreM CpaBHMM IIOTyYCHHBIC

XapaKTEPUCTHKA C AHAJIOTMYHBIMH 3aBUCHMOCTSIMH
JUTS. TIOMOOHOM TIPEACTaBICHHON Ha pHC. 2 MUKPOIIO-
JIOCKOBOM CTPYKTYphI C HYJIEBOW HOOABKOH JIMHBI
(In =0). Kpome TOro, CpaBHIM HX C XapaKTEpHCTH-
Kamu aHaiora [2], B KOTOPOM HCHONB3YETCS JIBYX-
MIPOBOAHAS CTPYKTYpa MOJIOCKOBBIX JIMHUH, KOPOTKO-
3aMKHYTBIX C OJHOW CTOPOHBI U C PEKHMOM XOJO-
CTOI'O XO/la Ha OIHOM U3 HUX ¢ ApYyroi cTopousl. I1pu
3TOM BbIOEpEM BEIHUYUHY 1/ |Y1 A| pPaBHOW BOJTHOBOMY
COINPOTHUBJICHUIO JIMHWUH Z1 (Wiou p), a 3HAYCHUS
1/ |Y2A| u 1/ |Y2| TaKWMH ke, KaK ¥ 3Ha4eHHe BOJHO-
BOTO COIPOTHBIICHUS JIMHUK Z2 MHUKPOIIOJIOCKOBOM
CTPYKTYpHI Ha pHc. 2. JJpyrumu cioBamu, KOraa 3Ha-
ueHnst Oy paBHbl 7/5 mim m/3 (B OTHOCHTENBHBIX

mmuHax —lg /A =1/10 nin 1/6), koaddurment n BoI-
opan 1.3 wn 2, a 3Hadenus moxyieit 1/Y, coorser-
ctBytoT 65 u 85 Owm, paccMOTpUM MpPUMEPHI PE30-
HAHCHBIX cUCTeM, onuckiBaeMbiXx (2) u (8), B KoTto-
peix p=1300M, 61 =0.5, a 6o=03=0,4=1.

Ha puc. 4-6 nmpuBeneHsI 3aBHCUMOCTH MHUMBIX
JacTeil BXOAHBIX comporusnennii Z, (8g, A) u ux
MOZYJACH sl yKa3aHHBIX TPEX THUIIOB PE30HAHCHBIX
KOHTYpOB. Bce XapakTepuCTHKU pacCYMTaHbl HA Of-
Hoit yactore fy =108 ITu mpu omMHAKOBBIX 3HaYe-

Husix Cg=18nd u unreppane usmenenus Cy =
=2.35..2.5n1®. 3HayeHus mnapameTpoB N, Oy H
1/|Y| npusenenst Ha pucynkax.

AHanmu3 WMIIEJAHCHBIX XapaKTEePHUCTHK, TIOIy-
YEHHBIX JJI1 pe30HaHCHOro KoHtypa ¢ MILJI pa3Hou
JUTHHBI (KpHBbIe 1), MOKA3bIBAET, YTO CYIIECTBYIOT
ONTHMAIIbHBIC 3HAYCHHS Agpi, KOTOPBIM COOTBET-

CTBYIOT MaKCHMaJbHbIE IOJOXKUTEIbHbIC 3HAYCHUS
MHHMBIX 4YacTell W MOIYIEeH BXOIHBIX COMPOTHBIIE-
Huil. [Ipu BBIOpaHHBIX MapameTpax KOHTypa OITH-

MAaJIbHBIC 3HAYCHMUA AOpt HaxoOATCda B MIpeaciax OT

0.069 no 0.081, 9TO COOTBETCTBYET ONTUMAJIbHBIM
¢bu3nueckuM AIuHaM IAopt =1.6..1.9 Mmm.

IIpu nocTpoeHuy 3aBUCUMOCTER Z (90, A) UL
ocranbHbIX cxeM MIIJI k Oy noGaBieHBI 1ONOIHU-
TelbHbIE (ha30BbIEe CABUTU (g, C IIOMOIIBIO KOTOPBIX
MaKCUMaJIbHbIE 3HAU€HUs] MHUMBIX 4acTed U MOAY-
Jeil BXOOHBIX COINPOTHBIEHHHA IJIS1 3THX PE30HAHC-
HBIX CHUCTEM COBMELIAIOTCS C aHAJOTMYHBIMU Xapak-
TEpUCTUKaMU pe30oHaHCHOTO KoHTypa ¢ MITJI paznoi
JUIMHBI C ONTHMAIIBHBIME 3HAYCHHSAMH Agpt. B pe-

3yJbTaTe TaKoro COBMECHICHUA MOXHO OTMETUTH CJIC-
AYyrouiee. BO'HepBBIX, HUMIICIAHCHBIC XapaKTCpUCTU-

xn (ImZ (09, A) n |Z, (09, A)|) YXYILIAIOTCS IPH
yBenHYeHHH 3HadeHui N m Op. Tak, mpu yBenmde-
unn Og ¢ n/5 mo 7/3 (puc. 5 u 6) kpyTn3HA 3aBH-

cuvoctnt IMZ, (A) BomM3M Agyr  yMeHbImaeTcs sio

2 pa3, a mMpuHa rpaduxa |ZK (A)| 110 ypoBHIO 40 KOM —
1o 4 pa3. [IpuOIM3HTENEHO TaK e BeIyT ce0s M-
MENAHCHBIC XapPAKTCPUCTHKKU TPH YBEIUYCHUH N
¢ 1.3 10 2.0 (puc. 4 u 5). OTcrona cienyer, 4yTo AJs
MaKCHMAJIFHOTO TOHIDKeHUS (a3oBbIX IymoB Al
JOCTAaTOYHO, YTOOBI XapaKTepHbIe IMuHBL |y He mpe-

Bbiand A/8. IIpu 5TOM AMAIEKTPHK TAKKE MOXKET

OBITh CITa00 HEOAHOPOIHBIM, YTO COOTBETCTBYeT N <13,
Bo-BTOpBIX, pPE30HAHCHBIA KOHTYp, HCIIOJIB3YIOIIMN
MpeAsIoKEHHYI0 CTpykTypy MIII pa3HOW [iuHBI,
o0aaeT CymecTBeHHO OOJBIIMMH BO3MOXKHOCTSIMU
JUTsl YBEIMUYCHHSI HATPY)KEHHOH HOOPOTHOCTH KoJie-
OarenpHOI cuctembl Al Ilpuuem 3To yBenuueHHE
JOCTUTaeTCs HE 3a CYET BHICOKOM COOCTBEHHOU 100-
POTHOCTH HEHArpy)KEHHOTO KOHTYpa, a CXeMOTEXHH-
YEeCKUM IyTeM, KOTja KoyiebarenbHas cucTeMa Ipe-
o0Opa3zyercsi B OSKBHUBAICHTHYIO MHOTOKOHTYPHYIO
cTpykTypy. IloaTBepxnenuem 3tomy BOIM3M Aopt

Ha pHUC. 46 B IPEAJIOKCHHOM TeHEpaTope CIyXar
Oompiiast B 2-4 pasa KpyTH3Ha 3aBHCHUMOCTEl

ImZ,(A), a Takxke menbmas B 4-10 pas mupuna

3aBUCUMOCTH |ZK (A)| no ypoBHi0 40 kOm. Takoii

BHJ 3aBUCHMOCTEH Ha puc. 4—6 COOTBETCTBYET BHI-
BogaM paboTel [2] W NPHUBOAUT K TOBBILICHHUIO
Harpy>keHHOH JTOOPOTHOCTH KoJieOaTelbHOM CHCTe-
MBI, 110 KpaifHeil Mepe, B 2—4 pasa.

Paccmorpum pazpaboTky makera Al ¢ mapamer-
paMH pe30HaHCHOW CHCTEMBI, OJMM3KHMH K yCTaHOB-
JICHHBIM TIPU pacdeTe UMIICIAHCHBIX XapaKTCPHCTHK,

MpeaCTaBIeHHBIX Ha pHc. 5. n=2.0; 60:Tc/6;
lo =133 mm; Agpt = 0.068; |Aopt= 16 mm.
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L
(=1
[

-40
Puc. 4. BxoaHoe conpoTuieHne 6a30B0ro KOHTypa reHeparopa mpu N=1.3, 0y =n/5 u ]/‘YZ‘ =85 Om:

1 — npezyIoxKeHHast TPEXIOJIOCKOBasl CXeMa C JINHHSMHU Pa3HOU IUIMHBI; 2 — TPEXIIOIOCKOBAs CXeMa
C JIMHUSIMH OJJMHAKOBOH JUTMHBI, 3 — IBYXIIOJIIOCKOBas cxema [2]

Fig. 4. Input impedance of the generator base loop with n=1.3, 8y =m/5 u 1/|Y,| =85 Q:

1 —the proposed three-strip scheme with lines of different lengths; 2 — three-strip scheme with lines
of the same length; 3 — double-strip circuit [2]

ImZ,, xOm ‘ZK , KOM
20— 30
2 3
20
0 0.04
1
_oo 10
|
—40 0.04 0.08 0.12 A

Puc. 5. BxogHoe conpoTHBieHre 6a30BOro KOHTypa reseparopa npu N=2.0, 6y =n/5 u ]/ ‘Yz‘ =65 Om:

1 — npemnoKeHHAs TPEXIIOJIOCKOBAst CXeMa C JIMHHUSAMHU Pa3HOH JUIHHEI, 2 — TPEXIIOIOCKOBAsI CXeMa
C JIMHUSIMH OJJMHAKOBO# JUIMHBL, 3 — IBYXIIOJIOCKOBast cxema [2]

Fig. 5. Input impedance of the generator base loop with n=2.0, 8y =n/5 u 1/|Y,| =65 Q:

1 — the proposed three-strip scheme with lines of different lengths; 2 — three-strip scheme with lines
of the same length; 3 — double-strip circuit [2]

ImZ,, xOm ‘ZK , KOm
/ 3
20 5 30—
| 20 1

0 0.04 2
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| | |
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Puc. 6. BxoxHoe compoTusieHue 6a30BOro KOHTypa reneparopa npu N=2.0, 0y =7/3 u ]/‘Yz‘ =65 Om:

1 — npemoKEeHHAs TPEXIIOJIOCKOBAst CXeMa C JIMHHUSAMHU Pa3HOM JUIHHBI; 2 — TPEXIIOIOCKOBAsI CXeMa
C JIMHUSIMM OJIMHAKOBOH IUIHHBL, 3 — IBYXIOJIIOCKOBast cxema [2]

Fig. 6. Input impedance of the generator base loop with n=2.0, 0y =m/3 u 1/|Y,|=65Q:

1 — the proposed three-strip scheme with lines of different lengths; 2 — three-strip scheme with lines
of the same length; 3 — double-strip circuit [2]

[pensapurensho no (1)—(3) paccunraem napameTpsl sucropa VT1 paBHoil Hymo. [Ipu 3ToM mapamerpsl
JJIEMEHTOB CXEMBI, a 3aT€M YTOYHHMM HX 3HA4€HHs,  BCeX OJIEMEHTOB cxeMbl Al, mnpeacTaBieHHON Ha
UCIIONIb3Ysl U3BECTHBIM IpueM npoektupoBaHus AT puc. 1, MOXXHO ompenennTs BHOBb, UCIOIB3YS CIIpa-
[9]. Ero cyte cocTomT B TOM, YTOOBI peann3oBaThb  BOYHBIE JaHHBIE O S-Tlapamerpax i BEIOPAHHOIO
CYMMapHYIO BXOTHYIO IIPOBOIMMOCTh Ha 0a3e TpaH-  Tpansucrtopa 2T682A-2. B COOTBETCTBHM C METOIH-
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a
Puc. 7. Pa3paboTaHHBII aBTOTEHEPATOP: ¢ — BHEIIHHUI BUA; O — TOTIOJIOTHS IEYaTHON IITaThI

Fig. 7. Developed auto-generator: a — appearance; b — printed circuit board topology

koii [10] pesynsraToM ONTHMH3AIUK YTOYHEHHBIX
napaMeTpoB dJIeMEeHTOB cxeMbl Al sBisieTcst onHO-
BpEMEHHOE BHIITOJHEHNE HA PACUETHOH YacTOTe OKO-
mo 1.08 I'Tr npuOIU3UTENHLHOTO PaBEHCTBA HYITO
JIEWCTBUTEIBLHON 1 MHUMOM YacTeil CyMMapHOU mpo-
BOAMMOCTH. Takoi mpueM mpoektupoBanus Al
TIPUMEHSIETCS JIUISI WHAYKTHBHOW TPEXTOUEYHON CXe-
MBI T€HEPaTOPHBIX YCTPONCTB C MapaieibHOH 00-
paTHOH CBsI3bIO, KOTOpas SKBHBAJCHTHAa MX 3BE3I0-
obpasHoit cxeme, mpejcTaBieHHOi Ha puc. 3 [11].
MuHUMATTEHBIC BEJIMYMHBI CYMMAPHO# MPOBOIUMOCTH
00eCTICUMBAIOTCSL TIPU CIICAYIONINX YTOYHEHHBIX Iapa-
merpax snemenToB: C3 =C7 =3.9 nd, Cy4 =2.0 nd,
Cg=82nd, Cg=Cy=18nd. CymmapHas ewm-
kocTh KouzaeHcatopa C5 wu Bapukama VD1 tuna
2B169A9 mensiercsa B npegenax ot 1.45 no 2.5 nd.
NHaykTHBHOCT pasBsi3piBatoniero snuemenra L1
npuHATa paBHOW 82 HIH, a OIOKHUpYyIOIUE KOHJCH-
caropsl Cl1 u C2 mmerot emxoctr 330 u 100 nd co-
0oTBeTCTBEHHO. COMPOTUBJICHUSI PE3UCTOPOB COCTAB-
Ri=15xkOM, Ry =10xOm, R3=750m.
Jnuna MITJT Z4 cocrasnset 5.8 mm, MILJT Z5 umeer
ey 9.5 MM, a JuinHBL cBszaHHbIX MILJI Z1, Z2 u
Z3 pasubl 13.3, 149 n 16.5 MM COOTBETCTBEHHO.
OcHoBHo# nionnocok MIUI Z2 umeet mupuny 0.7 MM
mpu 3a3opax mexay MIUT Z1, Z3 0.2 mm. [llupuna
BCEX OCTaJlbHBIX OTpe3koB cocTapiseT 0.3 MM mnpu
Tonuae 0.8 Mm. MIIJI BeImIONHEHBI HA CTEKJIOTEK-
CTOJIMTOBOM IOI0KKe Tuma FR-4.

Takum oOpa3om, pa3paboTaH ymHpaBiIsSeMBbIi
HaNpsDKCHHEM TeHEpPaTop B COOTBETCTBHH CO CXe-
MO, TIpeIcTaBICHHON Ha pHC. 1, ¢ pe3oHaHCHOH cH-
cremoir Ha Tpex cBs3aHHbIXx MILJI mepenay, ominya-

JIAKOT:

IOIINXCSL IPYT OT [pyra Ha ONTUMAaJbHYIO IHHY. ©o-
Torpadus pa3pabOTaHHOTO YCTPOMCTBA MPUBENCHA HA
puc. 7, a. Toronorus neyatHoi miatel Al' ¢ BapuaH-
TOM peaju3alfii TpexmpoBogHoN cBs3anHOo MILI c
OTpe3KaMM pa3HOM AIMHBI IPEACTaBIEHa Ha puc. 7, 0.

PazpaboTaHHbII TeHEPaTOP C BBIXOJHON MOIIHO-
cteio 0.7..1.2 MBT mepectpauBaeTcs B JHana3oHe
gactot oT 1.03 o 1.09 I'Tu npu u3mMeHeHnn yrpas-
nsrrotero Hanpsbkerwst ot 0.5 1o 12 B. B ykazannoM
YaCTOTHOM JIMala30He CIHEeKTpaslbHas IUIOTHOCTb
MOIITHOCTH (ha30BBIX ITYMOB MpH OTCTpoiikax 10 u
100 I'm cocrasmster —101 u —123 nb/I'n, 49ro Ha
6...10 nb/['1 HYXe TUITOBBIX YPOBHEN (Pa30BBIX ITYMOB
reHeparopa, paboTarIIero B TOM K€ peXHUMeE, BbI-
MIOJTHEHHOTO IO TOW e CXE€ME M Ha TOM K€ TPaH3U-
cTope, HO C UCTIOIb30BaHUEM ofgHOoIIpoBoaHOoNH MITJL.

Teneparop mmeer HampspkeHue nutaHus +5 B,
noTpeOIsieMbli Tok 16 MA.

B renepatope NpuUMEHEHBl KOMIUIEKTYIOLIHE
SIIEMEHTHl TOJBKO OTEYECTBEHHOTO MPOM3BOJCTBA.
Pacrionoxenne KOHTAaKTHBIX IUIOLIAJ0K BBOJAOB IH-
TAIOLIEr0 U YNPaBISIOIIEr0 HANPSUKEHUH M BBIXOM-
HOTO CHTHajla, TabapuTHBIE pa3Mephl KOpIyca B Te-
HEpaTope IOJIHOCTBIO, a €r0 THUIIOBBIE XapaKTepH-
CTUKM B OCHOBHOM COOTBETCTBYIOT HMIIOPTHOMY
anajory ROS-1100V [14].

3akaouenue. IlpoBeneHHble  HcclenOBaHUA
MOATBEPKIAIOT BO3MOXKHOCTh YMEHBIICHHS YPOBHS
criektpa ¢a3oBeix mymoB Al, mepecTpanBaeMbIX
HaIpsDKCHUEM, 33 CUCT BBIOOpa ONTUMAIBHBIX COOT-
HOUICHUH JJIMH CBSI3U B UCTIONIB3YEMBIX TPEXIPOBOI-
Heix MIUI mepemau. Jlns BeIOpaHHO#H cxembr Al
(cm. puc. 1), B KOTOPOM HCIOIB30BaHA MOJIENH MHK-
POIIOJIOCKOBOM CTPYKTYPHI (CM. pHUC. 2), MOIyYEHbI
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ocHoBHbIe (opmyibl (1)—(3) u (8) mis pacuera ero
4acTOTO33/Ial0IUX AIIEMEHTOB U MMapaMeTPOB OTPe3-
k0B TpexcBs3HbIXx MITJL. C ux momoripo gaHa O1eH-
Ka BXOIHBIX COIPOTHUBICHUN 0a30BBIX KOHTYPOB

Z (6o, A) paccMoTpeHHbIX Al ¢ TpeXcBA3aHHBIMU

JIMHUSIMH OIMHAKOBOM M pa3HO JUIHHBEIL, a Takxke Al
ucronp3ytomero apyxcszayto MIJL. Ilo cpaBue-
HUIO C HW3BECTHBIMH YCTPOWCTBAMH TMpE/aracMbli
AT BONMU3M ONTUMATIBHOM pa3HULBI B JUIMHAX OTPE3-
KOB TpPEXIPOBOMHOW JIMHUK oOnagaer B 2—4 pasa
Gonbeii kpyTusHoii Gynkumii ImZ, (A), a Taxxke B
4-10 pa3 MeHblIed MUPUHONH IpadUKOB |ZK(A)|.
Ecmu B kadecTBe OICHKH ypOBHS (pa30BBIX LIYMOB
re’eparopa MCIOJIb30BaTh IIyMbI €ro MpOCTOil Moze-
mu [15], To npu Npodux paBHBIX C APYTMMHU TeHepa-
TOpaMH YCIOBHSIX (OOMHAKOBBIX BXONHBIX MOIIHO-
CTAX YCHJIMTEIEH IIpU COINIaCOBAaHUU C UCTOUHMKAMH,
ko3¢ hHULIMeHTaX IIyMa YCHINTEIeH U cCOOCTBEHHBIX
JTOOPOTHOCTEH HEHArpy)KeHHBIX KOHTYPOB) CIICK-
TpajbHas IUIOTHOCTh MOIINHOCTH (Da30BBIX IIYMOB
MpeAIaraeMoro ycrpoiicrsa craHoBuTcs B 4-16 pas

Hwke. TakuM o6pasom, o cpaBHeHuto ¢ Al, Heon-
TUMU3UPOBAHHBIMH 110 JUIMHE CBS3U MHKPOIIOIOCKO-
BBIX CTPYKTYp, CHEKTpalbHasl IIOTHOCTh MOITHOCTU
($a30BBIX IIYMOB MpEAJIaraéMoro YCTpOicTBa coO-
IJIACHO pacyeTy yMmeHbliaercs Ha 6...12 ab/I'n. Okc-
MEPUMEHTAIFHO TOATBEP)KACHO YMEHBIIEHHE 3TOTO
napamMertpa Ha 6...10 n1b/T'.

OnruMu3amys JUIMHBL CBS3H MEXIYy OTpe3KaMH
TPEXMPOBOJHOM JIMHUH KoJiebarenbHoro KoHTypa Al
MIPEACTABIIAET COOOM HOBBIM CXEeMOTEXHHUESCKHHA TPH-
€M YMEHBIIICHUSI YPOBHS CIIEKTpa ero (ha3oBBIX IIy-
MoB [13]. C ero momoripio B Al" 110-HOBOMY pacKpbl-
BACTCSl XapaKTEPHBIA UII MHOTOCBS3HBIX MEKPOIIO-
JIOCKOBBIX CTPYKTYp 3((QEKT MHOTOKOHTYPHOCTH, pe-
3yJIBTaTOM KOTOPOTO SIBISIETCS yBENMYEHHE Harpy-
JKEHHOW TOOPOTHOCTH KoJIeOaTeIbHOH CHCTEMBI, TIPH-
4eM CTelleHb IPOsIBIEHUs 3TOro dddeKra mpakTryie-
CKH HE 3aBHCHUT OT 3HadeHuii N u 0. Takum oGpaszom,

€CIM TapaMeTphl SJIEMEHTOB B IPEUIOKCHHOM Ha
puc. 1 ycrpoiictBe BbiOpars B cootBeTcTBUH C (1)—(3)
u (8), To OyneT rapaHTHPOBAHO CHIDKEHHE YPOBHSI HX
(ha30BBIX IIYMOB.
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AHHOTaUmA
BBepeHuMe. B HacTosiLLee BpeMs NMCTOBOM NMpokaT ABASAETCA OCHOBHbIM KOHCTPYKLMOHHbLIM MaTepranoM MHO-
roLeneBoro HasHaveHus. AKTyasbHOV 3aZa4el MPOMbILLAEHHOCTU SBASETCS MOBbILeHNe KayecTBa TONCTONN-
CTOBOro npokaTta. 3T0 No3BOJiSeT B AaNbHelleM obecnevnmBaTb HEOOXOANMY HaLEXHOCTb KOHCTPYKLMIA 1
n34ennin 0cobo OTBETCTBEHHOro Ha3HayeHus. JelicTBytoLe B HaCcTosLLee BPpeMs HOPMATUBHbIE JOKYMEHTbI
[OMyCKatoT NpoBejeHne yNbTPa3ByKOBOr0 KOHTPO/S IMCTOBOrO NpokaTta MeToAaMun OTPaXeHUs NN MPOX0OXK-
AeHuns. B cniy oTCyTCTBUSA KOHKPETHbIX pekoMeHAauuni no nprvMeHeHmo Toro Uiam MHOro MetToAa CTaHOBUTCA
HeoueBUAHbIM, KAKON 13 MeTOA0B UCMONb30BaTb NpeAnoYTUTeNbHEN.
Lenb pa6oTbl. OLeHka npeaenbHON BbISBASEMOCTU MIOCKOCTHbLIX HECMIOWHOCTEM TONCTONMNCTOBOro NpokaTa
MeTOoZaMu OTPaxeHns (IXOMeToa) N MeTOAaMM NPOXOXAeHUs (TEHEBOW 1 3epKasibHO-TEHEBOW MeTOoAbl).
MaTepuanbl U MmeToAbl. Ha OCHOBaHWM aHann3a ypaBHEHU akyCTUYeCKNX TPakToOB OnpejefieHbl COOTHOLLe-
HUS, MO3BOASIOLLME OLEeHMBaTb NMpejenbHY0 BbIBASEMOCTb MAOCKOCTHbIX HECMIOLWHOCTEN TONCTONNCTOBOrO
MpoKaTa 3X0-, TeHeBbIM 1 3epKajibHO-TEHEeBbIM MeTOAaMU C MCMOb30BaHVEeM NPOAObHbIX BOMIH. TeopeTuye-
CKVe nccnefoBaHnsa NPOBOANANCE KOMMbIOTEPHBIM MOAENMPOBaHNEM C UCMONb30BaHMEM MaTeMaT4eckoro
nakeTta Mathcad.
Pe3synbTatbl. [TonydeHbl MHTErpanbHble BbIPAaXeEHUs ANS pacyeTa aMMaUTYyJ dXOCUrHasa OT MIOCKOCTHOro
JedekTa, JOHHOrO curHana Ha 6esgedpekTHOM K gedeKTHOM ydacTkax M MX COOTHOLUeHMe A5 IXOMeToAa.
OnpegeneHbl BblpaXeHNs 418 pacyeTa amnanTys NpoLlleAlnx N AOHHbIX CUTHANoB Ha AedekTHOM 1 be3ge-
$eKTHOM y4acTKax 1 UX COOTHOLLEHMe A1 TEHEBOro 1 3epKaJibHO-TEeHeBOro MeToA0B. Ha OCHOBe YMC/IEHHOro
aHasnn3a BbIMO/IHEHA OLeHKa NpeaenbHON BbIABAAEMOCTU MIOCKOCTHBLIX AedpeKToB NMCTOBOro npokarta: MeTojamm
OTpaXeHWsi BO3MOXHO BbisiBNeHVe fedeKTOB packpbiTemM 5 MKM, MeTogamMu MPoxoxaeHus - 6onee 100 MkMm.
3akiroueHume. YCTaHOB/EHO, YTO MeTOAbl OTPaXeHUs 061a4atoT NyYLUVMN BO3MOXHOCTAMMK MO BbIABIEHWIO
NAOCKOCTHbIX AedpeKTOoB NPOoAONbHBIMU BOAHAMU. OnpeeneHbl yCI0BUS YMeHbLUEHNS TOLWMHbI SKBUBaNEHT-
HOI NPOCAONKW, CBA3aHHbIE C yBeAYeHeM BONHOBOroO pa3mMepa npeobpasoBarteneid. [1okasaHo, YTo C Lenbto
BblgBNeHNA AedeKkTOB C MajbiM PackpbITMEeM MpPU KOHTPOAE INCTOBOro MpokaTa LenecoobpasHee OTAaBaTb
npeanoyTeHne 3XoMeToAy yNbTPa3BykKOBOIr0 KOHTPOS.

KnioueBble COBA: y/IbTPa3BYyKOBO KOHTPO/Ib, IMCTOBOW MPOKAT, PacC/IOeHNE, METOAbI NMPOXOXAEHUS 1 OT-
paxeHus, MPOAO/IbHbIE BOJHbI
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Abstract
Introduction. Currently, sheet metal is the main structural material for multi-purpose use. The actual task of
the industry is to improve the quality of rolled sheet. It allows to ensure the necessary reliability of structures
and products of especially critical use. The regulatory documents currently in force allow an ultrasonic testing
of sheet metal by reflection or by transmission method. Due to lack of specific recommendations it becomes
unclear which of the methods is preferable to use.
Aim. An estimation of the maximum detectability of rolled sheet planar extended defects by reflection methods
(echo method) and by transmission methods (shadow and mirror-shadow methods).
Materials and methods. Based on analysis of the equations of acoustic paths, formulas were determined. The
formulas allow one to evaluate an ultimate detectability of planar discontinuities of plate rolling by echo, shad-
ow and mirror-shadow methods in a contact version by longitudinal waves. Experimental studies were con-
ducted under computer simulation using the Mathcad mathematical package.
Results. Integral expressions for calculating of amplitudes of echo signal from a plane defect, of bottom signal
in defect-free and defective areas and their ratio for the echo method were obtained. The expressions for cal-
culating of amplitudes of transmitted and bottom signals in defective and defect-free areas and their ratio for
shadow and mirror-shadow methods were determined. Based on the numerical analysis, an estimation of the
maximum detectability of planar extended defects of sheet metal was realized. It is possible to detect defects with
a thickness of 5 pm by reflection methods and with a thickness more than 100 ym by transmission methods.
Conclusion. It was established that reflection methods have better capabilities for detecting plane defects by
longitudinal waves. The conditions for reducing of the thickness of the equivalent layer associated with an in-
crease in transducers wave size were determined. It was shown that in order to detect defects with a small
thickness, it is more expedient to give preference to the echo method of ultrasonic testing.

Keywords: ultrasonic testing, sheet metal, layering, transmission and reflection methods, longitudinal waves
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Beenenue. B Hacrosiiee BpeMs JIMCTOBOM IPOKaT
SIBIISIETCS. OCHOBHBIM KOHCTPYKLMOHHBIM MaT€pUaIoM
MHOTOLIEJIEBOTO HAa3HAYCHUS. BBICOKHE KadyeCTBCHHBIE
U OKCIUTyaTallMOHHbBIE XapaKTEpUCTUKU Marepuana
MO3BOJIAIOT IIMPOKO UCIIONIB30BATh €T0 B IPOMBIIIIICH-
HOM M CTPOMUTEIBHOM HMHAYCTPUM A IPOU3BOACTBA
CaMBIX Pa3IMYHBIX METAJUIOKOHCTPYKIHMHA. JIncToBOM
IIPOKAT IIPUMEHSIOT 11 M3TOTOBJICHHA KAPKACOB 31aHUM
U COOPY)KECHHH, JKEIEC3HONOPOKHBIX M aBTONOPOKHBIX
MOCTOB, CTEHOK COCYHOB U pE3€pBYapoB, B KaueCTBE
37IeMEHTa OOIIMBKH CYJIOB U JIETATENILHBIX allllapaToB.

OnHolt M3 BaXKHEHIINX 33/1a4 MPOMBIIIEHHOCTH
SIBISIETCSL  YBEJIMYEHHE KadeCTBA TOJCTOJIMCTOBOTO
MpOKaTa, MOCKOJIbKY 3TO MO3BOJSIET B JaJbHEUIIEM
obecrieunBaTh HEOOXOMUMYIO HAJIC)KHOCTh KOHCTPYK-
LN ¥ U3€ENNiA 0c000 OTBETCTBEHHOIO HAa3HAYEHMS.

OCHOBHBIM BHYTPEHHHUM Je(EKTOM JINCTOBOTO
MpOKara, CYIIECTBEHHO OCIAOISAIONMM €ro Mpod-
HOCTb, SIBJISIIOTCSA PACCIIOCHUS, UMEIOIINE JUTEIHOe
MIPOMCXOXKICHHE M TPEICTABISIOMME CO00M packa-
TaHHBIE HECIUIOUIHOCTH. JTO BBITSIHYThIE B HaIlpaBie-
HUW TPOKATKHU IIOCKOCTHBIE HAPYIIECHUS CIUIONIHO-
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CTH JIMCTA, PACHOJIOKEHHBIC IPEHMYIIECTBEHHO Ma-
paJUIeNIFHO €ro TpaHsM Ha PasHbIX YPOBHAX IO TOJ-
muHe. PaccnoeHus XapakTepu3yloTcs TOJMIIMHOW U
IUTOIABI0 B IDTOCKOCTH JIUCTA.

Ha cerognsimiamii 1eHb Ka4ecTBO MpoOKaTa KOH-
TPOJUPYETCS  YNBTPa3BYKOBBIMH MeTodamu. Jleit-
CTBYIOIIFIE HOPMAaTUBHBIE JOKyMEHTHI IIPEIyCMaTpH-
BalOT IPUMEHCHHE Ha BBIOOP KaKk METOJOB OTpaKe-
HUS, TaK U METOJOB MpoxoxiaeHus. [1o mpuumnne ot-
CYTCTBUSI KOHKPETHBIX PEKOMECHIALNI MO IpHMEHe-
HUIO TOTO WJIM HWHOTO METOAA BO3HHKAET BOIIPOC,
KaKkoil e M3 METOJOB HCIOJb30BATh MPEANOUTH-
TelbHEeW. B MeTonax orpakeHuss HHGOPMAIMOHHBIM
MPU3HAKOM Hanuuus nedekra sBiseTcs] MOsSBICHHUE
9XOCHTHAJIa B 30HE HAOMIONEHMs, B METOJax IIpo-
XOXKJICHUS — OCJIa0JICHNE WM TPONaJaHye IpOIIe-
mero 4yepe3 o0ObeKT KOHTpoJs curHana. K metomam
OTPa)KEHUsI OTHOCATCS DXO- U HXOCKBO3HON METOJIBI,
K METOZIaM TIPOXOKICHHS — TEHEBOH M 3epKalbHO-
TEHEBOM METO/BI.

[Ipobnembl, cBA3aHHBIE C KOHTPOJEM JIMCTOBOTO
MpOKaTa pa3IUYHBIMH METONAMH, PaCCMOTPEHBI aB-
TOpaMU MHOTOYHCJICHHBIX HAay4HBIX TPYIOB, Kak
OTEUECTBEHHBIX, TaK U 3apyOexHsx [1-12]. Hacto-
SIIasi CTaTbs IIOCBSIICHA OLEHKE BO3MOKHOCTEH
9TUX METOZOB NPH MX NMPUMEHEHUU JUIS YIABTPa3BY-
KOBOTO KOHTPOJIS JINCTOBOTO MPOKaTa C IENbI0 00Ha-
PY)KEHHS XapaKTepHBIX IJIS TAHHOTO BHIA TIPOMYK-
YU MNPOTHKCHHBIX TIIOCKOCTHBIX HECIUIOIITHOCTEH.
LenecooOpa3HOCT MPUMEHEHHs] TOTO HWIW WHOTO
METO/Ia MOXKET OBITh ONpeJecHa Oarogaps OICHKE
Hpe,Z[eHLHOfI BbISIBJIIEMOCTH INJIOCKOCTHBIX HECIIJIIOII-
HOCTEM TOJICTOJMCTOBOTO MPOKATA.

B niensix Bocrnpou3BeieHHs] HAaCTPOHWKH JeeKTo-
CKOMa, o0ecHeynBaroieil B KOHKPETHBIX YCIOBHUSIX
HEOOXOAMMYIO pealbHYI0 YyBCTBUTEIBHOCTh KOH-
TPOJIS K TONIIMHE PACCIOCHHH, MUCTIONB3YIOT TOHSATHE
YCIIOBHOM YyBCTBUTEIBHOCTH KOHTpOJL. IIpu KoHTpO-
Jie TUCTOBOTO TMPOKaTa €€ 3aJal0T aMIUIUTYI0H peru-
CTPUPYEMBIX CHUTHAJIOB, OTCUHTHIBACMBIX B JeIHOC-
JlaX OTHOCHUTENTFHO HayasibHOrOo ypoBHS [13—15]. 3a
HavaJbHBIN YPOBEHb OTCUETA IPUHUMAIOT:

— IIPU KOHTPOJIE SXOMETOA0M, TEHEBBIM U 3€pKallb-
HO-TCHEBBIM MCTOAAMU: aMIUIUTYyAy IMEPBOIO JOHHOI'O
WIM MIEPBOr0 NPOLIEALIEr0 CUTHajda Ha Y4acTKax JIiu-
CTOBOTO IPOKaTa, HE COMIEPXKAIINX HECIIOIIHOCTEH;

— TIpH KOHTPOJIE 3XOMETOIOM C PETUCTpaIueit
CHTHAJIOB BO BTOPOM BPEMEHHOM WHTEpBaje (MEXKIY
MIEPBBIM U BTOPHIM JOHHBIMH UMITYJICAMH): aMILTUTY-

— TPH KOHTPOJIE 3XOMETOIOM: aMIUTHTYAY 3XOMM-
MyJIbCa OT MCKYCCTBEHHOTO IIOCKOIOHHOTO OTpaykaTe-
JIs1 3IaHHOTO JIMaMeTpa B KOHTPOJIBLHOM 00pasIie.

Takum 00pa3om, JjIs TOrO 4TOOBI OLICHUTH TIpe-
JeNbHBIE BO3MOXKHOCTH HXOMETONA, HEOOXOIMMO
paccuMTaTh aMIDIUTYY AXOCHTHAJa OT IIOCKOCTHO-
ro nedekra, aMIUTMTYLy JOHHOTO CHUTHAIA Ha Oe3ne-
(DEKTHOM YYacTKE U UX OTHOIICHHE.

JIJis OLleHKH MpeAeTbHBIX BO3MOXKHOCTEH TeHe-
BOTO W 3€pKaJbHO-TCHEBOTO METOAOB HEOOXOANMO
paccunTarth AMIUIMTYTy MPOIICANIEro (IOHHOTO)
curHasia Ha Oe31eeKTHOM YYacTKe M aMIUIUTYIY
MPOIIE/IIEro (JOHHOTO) CHTHANla TMPU HAIIMYWHU JIe-
(deKTa U UX OTHOIICHHE.

Jis monmydeHus: pacyeTHBIX COOTHOIICHHUH aM-
IUTATYI PETHUCTPUPYEMBIX CHTHAJIOB Ha Oe3medeKt-
HOM Y4YacTKe M3IIeIUA U y4acTke ¢ nedeKkToM ITocTa-
TOYHO B BBIPOKCHUAX JISI OMPEICICHHUS AMILTHTYIIbI
CHTHAaa JOTIOTHATEIHHO yuecTs [ 13—15]:

— K03()(HUIMEHT OTpaXKEeHHsI 3ByKOBOTO Iy4YKa OT
HIDKHEH TpaHu W3enus JUIsl pacueTa aMILIUTYIbI
JIOHHOTO CUTHAaJIa Ha Oe31e)eKTHOM YIaCTKE U3NIEITHS;

— KBazapaT Kod(QUIMEHTa MPOXOKICHUS 3BYKO-
BOTO ITy4YKa Yepe3 TIOCKONapaIeIbHbIN CII0N Maion
TOJIIIMHBL, KOA(PQPUIIUEHT OTPaKEHHUS 3BYKOBOTO
MydKa OT HIDKHEW TPaHW HM3ICIUs U1 OLCHKH aM-
TUIMTYABI JOHHOTO CUTHAJIa Ha Y4acTKe ¢ Je(eKTOM;

— k03 PHUITUEHT MPOXOKIACHUS 3BYKOBOTO IMydKa
Yyepe3 MIIOCKONapayieIbHbIA CIIOH Masloil TOJIIIMHBI
JUIsL OLEHKU aMIUIUTYAbl IPOLIEAUIEr0 CUrHaja Ha
y4acTke ¢ Je(eKTOM;

— KOO(pQUIMEHT OTpakeHHsS 3BYKOBOTO IydKa OT
TUIOCKOTIAPAJIIEBHOTO CIIOSl MAJION TONIIUHBI IS OLICH-
KU aMIDTATYIBI OTPaXKEHHOTO OT epeKTa SXOCHTHAIA.

MocranoBka 3amaum. J[osi moONydeHHsT WHTe-
rpaJIbHOTO BBIPAKCHHUA aMIUIUTYAbI 3JICKTPUICCKOTO
CHUTHaJla B CIydae MPONOJBHBIX BOJH 3aIaJuMCs
rpaHMYHbIMU ycsioBusMu [1]. Bygem cumrats, uTo
MOPIIHEBOH u3nmydatens W pamumyca a pacroiiokeH
Ha MMOBEPXHOCTH TeJa, COBMAJAIONICH C IIOCKOCTHIO
x0y TIpsAMOYTONBHOMN cUCTeMBI KoopauHat (puc. 1), u
cOBepIIaeT rapMOHIYECKIE KOICOAHMS.

Maremarudeckasi MoAeJib. [paHUYHBIE YCIO-
BHA Ha miiockocT Z =0 mox u3mydareneM B Tpese-
JIax ero IUTOIIaH ONPEAEIISIIOTCS THIIOM BO30yXKIae-
MBIX UM KoyieOaHuii. Ha ocrtanpHON YacTH mMoOBepX-
HOCTH YIIPYT'H€ HallpsDKEHUsl OTCYTCTBYIOT. B cBA3U ¢
STHM TPaHUYHBIE YCIOBUS 32/1aBAITUCH B BUIIE

jot 2.2 .2.
Jly TIEPBOTO [OHHOTO MMITYJIbCa Ha MPOU3BOILHOM o )00, X" HyTsan
. mn 0 2 2 2
YYACTKE JINCTA; XS +y°>a’,
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Puc. 1. Moznens 3amaun
Fig. 1. Task model

T€ G — KOMIIOHEHTHI TEH30pa YIPYTHX HAIpPsDKE-
HHH;, G =&EmPC — aMIUIMTYAA 3aJaHHOW HOpPMAallb-
HOIl KOMIIOHEHTHI; (® — KpyroBas 4actora (&, — am-

IUIATYa KOIeOaTeIbHOM CKOPOCTH Ha MOBEPXHOCTH
MOPIIHS, P U ¢ — IUIOTHOCTh TBEPJOTrO Teja U CKO-
POCTB BOJIH B HEM COOTBETCTBEHHO).

KommoHeHTHI TeH30pa YIPYruxX HampsHKEHUN
OTIpeersIoTes 3akoHoM ['yka:

Omn =Aemn +2Uemn,
Ihe A U | — ynpyrue nocrosHuele Jlame; €, — KOM-
MMOHEHTHI TEH30pa YIPYyrux AeGopmaiuii.
AMIUIATYNA DJIEKTPUYECKOTO CUTHAJIA OT MPUHS-
TOUW TPOJOIHLHOW BOJHBI OMPEAETSETCS KaK CpeaHee
3HAYCHUE HAIpPsDKEHHs] Ha TPUEMHOM MpeoOpa3oBa-
tene I1 (puc. 1):

J.I 6720Syp|, (1

1
Yo =3,
S

mp

1p

rie Sy, — IUIOWaib NpeobpasoBarTens; G, — HOp-

MaJlbHasi KOMITOHEHTa TeH30pa YIPYyruX HapsDKeHUH.
[MoncraBum B (1) KOMIIOHEHTHI TEH30pa YIPYTUX
HaNPsKEHUH

2 2
Sz Z_(M(Ig +2ug )¢|Z=H ,
r7ie Kig — BOJHOBOE 4HCIIO JUTS TIPOZIONBHOR BOITHEL;

c= k|2g —K?; ¢ — CKaJAPHBII MOTEHIHAJI cMelle-
HUst; H — paccTosHUE OT M3JIydaTens A0 IPUeMHHKA,
npuuem K = k)% + k)2, (ky, Ky — mpoexuun BOIHO-
BOT0 YHMCJIa HA OCH X U J COOTBETCTBEHHO).

B pesynbrare moiydnM BBIPaXKEHHE IS AMILTH-
TYABl JEKTPHYECKOTO CHTHAJA OT MPUHATOW Mpo-
JOJIBHOI BOJTHBL:

U =é gj{(mﬁg +2u? )0

(275)2 uktzr

NREEUUETIETON
o ka F (k)

Xe—J(kXx+kyy+gH)dkxdky]dSH

rae Ky — BOJIHOBOE 4YHCIIO IS NOIEPEYHON BOIHBL;

Ji(ka) — ummHapuyeckas Qynxuus Beccenst nep-
v 12 2.
Boro mopsika; 1 =4k —K*;

2
F (k) :(k2 —nz) +4k%cn.
[locrie MpeaCTaBIeH s MPOEKIUHA BOIHOBBIX Y-
cen B chepHUECKO CHCTEME KOOPMHAT, MHTETPHPO-
BaHWS 110 TUIOIIA/H IPE0OPA30BATENS M BHINOJTHEHHUS

psiia IPOCTHIX MPeoOpa30BaHUM OTYUHM:

2 oo

Uﬁ B (k|ga) J. 2J1(k|gax) 2J1(k|gaBX) y
Gp Bl 2 0 k|gax k|ga[3x
(a2 —2x? )2
X

X
2
(az - 2x2) + 4x2\/1— x2 xiocz - x2
—j?s\/l—x2
T

xe xdx, (2)

e B=b/a; a= C|g/ctr ; S= H/(az/Mg), MpUYEM
Clg: Ctr — CKOPOCTH NPOJONBHBIX M IMOMEPEUHBIX
BOJIH; 7“Ig — JUIMHA MPOAOJIBHON BOJIHBI.

JIJ'IH MpOBEACHNA YHCICHHOI'O HWHTCIPHUPOBAHUA
pazo0peM 00s1acTh MHTETPHPOBaHus B (2) Ha 3 yuacT-
Ka:

Ujg /0 = 0.5(kiga)’ x

-12J,(k 234 (k

| 1k( ;gan) lk( fﬁiﬁx)@(x)Gl(X)XdH

0 lg lg

@273, (k 237 (k

e f;ﬁx)@mez(x)xdm

1 lg lg

o 2J1(k|gax) 2J1(k|ga[3x) 3
+j e gabx Q(X)G3(x2)dxy, ()
rac

(a2—2x2)2

Gy (x)=

X
2
(a2 —2x2) +4x2\/l— G \faz —x?
2
7J(k|a) S %17)(2

X e 27
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(a2 —2x ) Riglg,, = N1 =N2/Ny +Na, “4)
Gy (x) =
2
(a2 -2x2) 4jxx/x ~1o? - e
2
(ki ) 2 X 2 2
— 1 _
X e . SN : Ny =4 4 Igtr¢
2 Igtr; 4
(oc2 - 2X2) 5 \2
(0?2 —2x2) —4jx*\x? —1\o? - x2 2 2 alzgtr :
11
_(k|a)25 21 -
xe 2n . IpUieM  Qgtr,, = Clg, /Ctrl ( Clg,» Cir, — CKopocTH

’ nponosibHOM (Ig) m momnepevHoi (tr) BOJIH B mepBOU
(1) cpene COOTBETCTBEHHO).

Koaddurmentsr orpakenus ot cios aedexra u
MPOXOXKICHUS Yepe3 HEro UMEIOT BHI:

Q(x) — dyskuus, 3aBucAmas oT Kod(hUIHEHTOB
OTpPaKCHHUs U TPOXOKIECHHUS BOJIHBL

Ko>(phHUUEHTb OTpakeHHMsl M MPOXOXKIEHHUS
HPOIOIBHOM BOTHBI ONPEENAIOTCS PelieHHEM 3a1auk
OTpaskeHHs U IIPeJOMJIEHHs BOIH Ha CBOOOIHOI T10- Rigig,, = A A Tigig, =47 /A, ®)
BEPXHOCTH TBEPJIOTO MOJYNPOCTPAHCTBA M HA TLIOC-
KOM cjioe JiepekTa TOJIIUHON d ¢ MCMOJIb30BaHHEM
CKaJIAPHOTO W BEKTOPHOTO MOTEHIUAIOB CMEIICHHS.

Koaddumment orpaxenuss or cBoOOmHON TO-

e A — onpenenurenb; Aj — anreOpandecKye AOMOJIHeE-
HUSI, TIOTy9IaeMbIe 3aMEHOM COOTBETCTBYIOIIIETO CTONOIA
OIpENETUTEILS CTONOLOM CBOOOIHBIX WIEHOB Ag.

BEPXHOCTH TBEPOTO TEJIa ONPENEISIICS BhIPAKEHUEM Onpenenurens UMEET BUL

xe 1 gemB gpeld  xeTI xeIV _gpe 18 0 0

0 0 —alp X X ap p X

ace 1% —xe B xeB®  gueT V7 _gqelV xe 1O 0 o0

0 0 —X -0 oq —X X O¢

A=l peio  pe i B oae -] -js

Ace Ae —pAgel® pAse ¥ —pAye T —pAge 0 0

0 0 PAY —pAy pAy PAY A A

~Ae % AP oA el pagel? page T —pALe® 0 0

0 0 PANG PAY PAY —PAwa Ay A
e IpHHEM  Agig;, = Cig, /C|92 ) %igity, = Cigy /thz
B= klg ﬂfl X d &= klg?_ Iglglz X2 d: (C|91’ C'Qz’ Ctrz — ckopoctu mpononbHOH (I1g) u

norepeyHoit (tr) BomH B mepBoi (1) u BTOpOH (2)

91
cpenax COOTBETCTBEHHO).
T= ktr2 g 1? lgtr,, x*d; Op = «f lgtry; BexkTop-cTonber; cBOOOIHBIX WIEHOB OMMCBHIBACTCS

CIIETYFOIIIM 00pa3oM:
p= ,f ,/ i i i i T
lgtr, '9“12 Ao =[ael®, 0, xel, 0, — e, 0, Ael®, 0] .

B 3aBucuMocTH OT MpHMEHSAEMOro MeTona (QyHK-

|9tf11 |9”11 s Q(X) ompenenseTcs caeay oMM 00pa3oM:
2 — mipu oxomeTone Q(x) = Rigig, (x);
Ag=1-2-2—: A ol
o2 gty — nipu TereBoM Metozie Q(X) =Tigig (%)
Igtr;» Igtr12 A
\/— — NP 3epKaTbHO-TEHEBOM METOJIE
AN(X =2—— | ’
\} 9'9 2 _
Igtr11 Igtr12 Q(x)= nglgrp (X)T|g|gﬂ ().
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MaremaTuueckoe MoaeaupoBanue. [loncraBus
B (3) ko3pdUIMEHTH OTpaXeHHWS U HPOXOXKIe-
Hus (4), (5), ompenenuMm OTHOLIEHHE A aMILTUTYIbI
9XOCHTHaja Ha y4acTke ¢ Ne(eKTOM K aMIUIUTYAE
9XOCHTHAJIA Ha Oe3neeKTHOM ydacTke. Bce pacdersr
MIPOM3BECHBI Il Clydas 3alOJHEHUS! HECIIOIIHO-
ctu  nuiakoM  48-Ad-1 c
¢ = 4000 m/c; ¢ =1600 m/c; p = 2500 kr/mS.

Ha puc. 2 npencraBieHsl 3aBUCUMOCTH yKa3aH-
HOTO OTHOIICHHWS OT TOJIIMHBEI AedekTa d At mpo-
LIeIIMX CKBO3HBIX CUTHAJIOB MPOAOJIBHBIX BOJIH IS
TEHEBOTO METOJa YJIBFTPA3BYKOBOIO KOHTPOIS IIPH
Pa3NUYHBIX BOJHOBBIX pa3Mepax mpeoOpa3oBaTes.

Ha puc. 3 npencrasneHa aHagorH4Hasi 3aBUCUMOCTb
JUI IOHHBIX 5XOCHTHAJIOB IIPONOJIBHBIX BOJH UL 3€p-
KaJIbHO-TEHEBOTO METONa YJIBTPa3BYKOBOTO KOHTPOJIS
TIPH TeX >KE BOMHOBBIX pa3Mepax mpeodpasoBarers.

B coorerctBun ¢ I'OCT 22727-88 1 makcu-
MaJIbHasl IyBCTBUTEIHHOCTH TEHEBOTO U 3€PKAIBHO-
TEHEBOTO METOIOB COOTBETCTBYET IOPOTY PETUCTpa-
UM aedexra Ha ypoBHE —8 1b 0T aMIIUTyas! Ipo-
menuiero (IOHHOTO) curHajia (JTuHuM / Ha puc. 2-4).
Kak u crmemoBamo oXxumate, 3a CYET OBYKPAaTHOTO
MPOXOKACHUS dYepe3 Ae(eKT BBIBISIEMOCTD 3€p-
KaJbHO-TCHEBOTO METO/A BBIIIE, UM BBIIBISIEMOCTh

napaMeTpaMu:

TEHEBOI'0 METO/IA.

CrnemyeT OTMETHTb, YTO TIPH YBEIIMYCHUU BOJTHO-
BOTO YHCJIa M3JIyJaroniero ¥ MpUEeMHOTO Mpeodpa3o-
BaTeJiell mpejeNibHasi BBIABISIEMOCTh YXyALIaeTcs, U
MpU KOHTPOJE TEHEBBIM METOJOM OOHapyKeHue
IJIOCKOCTHBIX JEe(EKTOB, 3allOJHEHHBIX TBEPIBIM
BEIICCTBOM, HE MOXET OBbITh TapaHTHPOBaHO. BuHO,
YTO MPHU TaKOM TIOPOT€ PErHCTPALUU MPOAOILHBIMU
BOJTHAMH MOXKHO PErHCTPUPOBaTh HECIIOUTHOCTH
packpeitriem ot 100 MkM.

Ha pwuc. 4 npezcrapieHa 3aBUCHMOCTh OTHOIICHHSI
aAMIDTATYBI SXOCHTHANIA OT IUIOCKOCTHOTO JedeKTa K
aMIUTATYIE JIOHHOTO 3XOCHTHajla Ha OesnedexTHOM
Y4acTKe ISl TIPOMOIBHBIX BOJH (3XOMETOIT YIIETpa3By-
KOBOW J1e(heKTOCKONMK) OT TONIIMHBI Jedekra d mis
Pa3IMYHBIX BOJHOBBIX Pa3MepOB MPeoOpa3oBaTes.

B cootBerctBuu ¢ 'OCT 22727-88 makcumanbHas
YYBCTBUTEIILHOCTh 3XOMETO/Ia COOTBETCTBYET MOpPOTY
peructpammu aedekra Ha ypoBHe —24 b oT amIuiTy-
JIbI IOHHOTO CHWTHaja. BugHO, 4TO Mpw TakoMm mopore
pETHCTpaIK MPOJOILHBIMI BOJTHAMH MOXKHO OOHapy-
JKMBAaTh HECIUIOMTHOCTH PACKPBITHEM OT 5 MKM.

1 roct 22727-88. Ipokar nucTOBOI. METOMBI YIBTPa3ByKOBOIO
KkoHTpous. Beenen B neiicteue 01.07.88. M.: M3n-Bo cTaHIapToB,
1988. 14 c.
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Puc. 2. COOTHOIICHHE aMIUTUTY/ IPOLIEAIINX CKBO3HBIX
CHUTHAJIOB Ha y4acTKe ¢ Ae(eKTOM H Ha Oe31eeKTHOM
y4acTKe I IPOJIOJILHBIX BOJIH IIPU TEHEBOM METOJIE

YJIBTPa3ByKOBOTO KOHTPOJIS

Fig. 2. The ratio of the amplitudes of transmitted through
signals in a section with a defect and in a defect-free section
for longitudinal waves with the shadow method of ultrasonic testing
(1 — standard registration threshold)
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Puc. 3. COOTHOIICHHE aMIUTUTY/ IOHHBIX 9XOCHTHAJIOB
Ha y4JacTke ¢ e()eKToM 1 Ha Oe3/1e()eKTHOM ydacTKe
JUISL TIPOJIOJIBHBIX BOJIH NPH 3€pKajbHO-TEHEBOH METO/Ie
YIBTPa3ByKOBOTO KOHTPOJIS

Fig. 3. The ratio of the amplitudes of the bottom echo signals
in the area with the defect and in the defect-free area
for longitudinal waves with the mirror-shadow method
of ultrasonic testing (1 — standard registration threshold)
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Puc. 4. CooTHolIEHHE aMIUTUTY/] TOHHBIX DXOCUTHAJIOB
Ha y4acTKe ¢ 1e(eKToM 1 Ha Oe3/1e)eKTHOM ydacTKe
JJIA IPOAOJIBHBIX BOJIH IIPU 3XOMETOAEC YJIBbTPa3BYKOBOI'O
KOHTPOJIS

Fig. 4. The ratio of the amplitudes of the bottom echo signals
in the area with the defect and in the defect-free area
for longitudinal waves with the echo method of ultrasonic testing
(1 — standard registration threshold)
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3akouenue. [lomydeHbl aHaMUTUYECKHE 3aBU-
CHMOCTH, ITO3BOJISIIOIINE TIPOM3BOAUTE OLEHKY IIpe-
JEJIbHOM BBIABISIEMOCTH TUIOCKOCTHBIX MPOTIKEH-
HBIX Je(EKTOB JIMCTOBOTO IMpPOKATa YIBTPa3ByKOBEI-
MH MeTOIaMH KOHTpOJsL. B pesynbrare cpaBHEHHA
9X0-, TEHEBOTO U 3ePKAIbHO-TEHEBOTO METOJOB Yiib-
TPa3BYKOBOTO KOHTPOJISI aBTOpaMH OBLIO TOKa3aHo,

YTO METOAaMH OTPKEHHsS BO3MOKHO BBISBICHHE
IUTOCKOCTHBIX Ie()eKTOB PacKpBITHEM 5 MKM, METO-
JlaMU TpoxXoXkaeHus — Tonbko Oosee 100 mxm. Cre-
JIOBATeIbHO, IS BBIABICHHUS Ae()EKTOB C MAaJbIM
PacCKpBITHEM MPH KOHTPOJIE JMCTOBOTO IMPOKAra Iie-
necooOpasHee OTHaBaTh MPEANOYTCHUE HSXOMETOMY
VIABTPa3ByKOBOTO KOHTPOJIS.
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PesyabTarbl. OCHOBHBIE pe3yNIbTaThl (IPUBOMATCS KPATKO C YIOPOM Ha CaMble 3HAUUMBIE W TIPUBJICKATEIbHBIE
JUTSL YMTATENIs/HAyIHOTO COOOIIECTRA).

Obcy:xnenne (3axiawuenune). ConocrapieHne ¢ IPyrUMH UCCIIEAOBaHUSIMY, ONTMCAHNE BKJIaJa UCCIIEA0BaHMUS
B HayKy.

B AHHOTAallUM HE CJICAYCT YINOMHHATL HCTOYHUKHU, HCIIOJIB30BAHHBIC B pa60Te, MEPECKA3bIBATh COJACPIKAHUC
OTACJIBHBIX pa3aciioB.

HpI/I HaAallMCaHWUHU aHHOTAIMH HeO6XO]1PIMO CO6H}O}I&TB 0COOBIN CTHJIb M3JIOKEHMS: HU30erarb JUJIMHHBIX W CJIOXXHBIX
npe}lnoncepmﬁ, BbIpaXXaTb MBICIIM MAaKCUMAJIbHO KpParKO U YCTKO. CocTaBisITh MPEATIOKEHNA TOJIBKO B HACTOAIIEM
BPEMEHHU U TOJIBKO OT TPETHETO JIMIA.

Pexomennmyemsrii 00bem anHOTamu — 200-250 cios.

KiroueBbie c10Ba — Ha0Op CJIOB, OTPa)KaOMIUX COACPIKAHUE TEKCTa B TEPMUHAX OOBEKTa, HAYYHOW OTPACIH H
METO/IOB HCCIEIOBaHUsI. PekoMeHIyeMoe KOJIMYECTBO KIIFOYEBBIX CIIOB/(Ppa3 — 5—7, KOIMYESCTBO CJIOB BHYTPH
KITFOUeBOM (ppasbl — He Ooiree 3.
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TekeT cTraTby M37araeTcsi B OMNPEICICHHOW IOCIe0BATENbHOCTH. PekoMeHayeTcs: mpuaepKuBarhesi (opmara
IMRAD (Introduction, Methods, Results, Discussion; Beenenne, Metonst, Pesymsrarsl, O0cyxaeHue):

BBenenue. Bo BBeneHUH aBTOP 3HAKOMUT C IPEIMETOM, 3ala4aMH M COCTOSHHEM HCCIICIOBaHHUHN 10 TeMe
MyOMUKaIMK; TTPH 3TOM HEOOXOTMMO 00s3aTeTHHO CCHIIATHCS HAa MCTOYHUKH, U3 KOTOPHIX OepeTrcs MH(OpPMAITH.
ABTOp TIPHBOIUT OMHCaHHE "OENBIX IATEH" B MpOOJIEeMe WM TOTO, YTO eIlle He CHeNaHO, M (GOPMYIHPYeT LEeNHd U
3aJ1a4u MCCIIeIOBAHMS.

B TexcTe MoryT ObITH IPUMEHEHBI CHOCKH, KOTOpBIE HyMepyloTcst apadckumu Iudpamu. B cHockax MoryT ObITh
pa3MeIneHsl: CChUIKM Ha aHOHUMHBIE UCTOYHHUKH n3 MHTepHeTa, cCchutkn Ha yaeOHukH, yuebnsie mocodms, [OCTHl,
aBTopedepaThl, AUCCEPTALMU (€CII HET BOSMOXKHOCTH NPOLUTUPOBATH CTaThH, OIYOJMKOBaHHBIC MO pe3ylbTraTaM
JIMCCEPTALMOHHOTO HCCIICIOBAHMS).

MeTtonsl. HCO6XO,HI/IMO OImrcarb TEOPCTUYCCKUEC WJIM OKCICPUMCHTAJIBHBIC MCTOJAbI HCCICAOBAHUA,
HCIOJIB3YEMOC OGOpy)lOBaHI/Ie uT 1., YTOOBI MOXKHO OBLIO OLCHUTH W/unm BOCHPOU3BECTU HUCCIICAOBAHUEC. MeTton wnu
METOIOJIOTHIO TIPOBEACHUA UCCIIENOBAHNA uenecoo6p33H0 OITUCBHIBATH B TOM ClIyda€, €CJIM OHU OTJIINYArOTCA HOBH3HOM.

Hayunas craTest 10JDKHA 0TOOpaXkaTh HE TONBKO BHIOPAHHBIN MHCTPYMEHTAPUH 1 MTOIy4YEHHbIE PE3yNIbTaThl, HO U
JIOTHKY CaMOT0 HCCJIEAOBAHUS WIH IIOCJIENOBATEIbHOCTh PACCyXICHUH, B PpE3ylbTaTe KOTOPHIX ITOIYYEHBI
TeopeTHYecKre BeIBOABI. [10 pe3ynbTaraM SKCIIEpUMEHTAIbHBIX HCCIIENOBAHUN IeIecO00pa3Ho OMHcaTh CTAIUN U
3Tansl SKCIEPUMEHTOB.

PesyabraThl. B 3TOM pa3smene mpencTaBiieHBI 3KCIIEPUMEHTAIbHBIC WIM TCOPETUYCCKHE JIaHHbIC,
MOJIYYCHHBIC B XOJIC MCCIICIAOBaHMs. Pe3ynbTaTsl Aal0TCs B 00pabOTAaHHOM BapuaHTE: B BHUIC TaOIUIl, TpaduKOB,
JaMarpaMM, ypaBHeHHH, (ororpadwuii, pucyHkoB. B 3TOM pasziene HpUBOAATCS ToibKo (aktel. B omucanum
MOJIYYCHHBIX PE3YJIbTaTOB HE TOJDKHO OBITh HUKAKUX MOSCHEHHUI — OHM Jat0TCs B paszaene «O0cyx aecHue.

Oocyxnenue (3akirouenre M BeiBoabl). B 310l yacTu cTaThu aBTOPHI MHTEPIPETHPYIOT MOTyYEHHBIE
pE3yAbTaTbl B COOTBCTCTBHUU C IIOCTABJIICHHBIMU 3ada4aMU HCCICAOBaHHA, MPUBOAAT CPABHCHHUEC ITOJTYUYCHHBIX
COOCTBEHHBIX PE3YJBTAaTOB C pe3yJbTaTaMu APYTruX aBTOpoB. HeoOXoauMo mokaszarh, YTO CTaThs pEIIaeT HAyuYHYIO
npoOJieMy WITH CITYKHUT NPUPAIIESHHUIO HOBOTO 3HaHHs. MO)KHO OOBSCHATH NONTYy4YSHHBIE PE3YJIBTAaThl HA OCHOBE CBOETO
ombiTa ¥ 0a30BBIX 3HAHW, NMPUBOAS HECKOJIBKO BO3MOXKHBIX OOBSICHEHHWIl. 3[€Ch M3JIaraloTcsl MPEIOKEHHS I10
HalnpapJICHHUIO OYIYILHX UCCIICIOBAHUH.

Cnucok jurTeparypbl (0ubauorpadMuecKuil CUCOK) COJACPKUT CBEACHHS O IUTHPYEMOM, pacCMaTpHBAEMOM HIIH
YIOMHWHAaEMOM B TEKCTE CTaThU JIMTEPATypHOM MHCTOYHHKE. B CHHCOK JUTEpaTypbl BKIIOYAIOTCS TOJBKO
PEIeH3UPYEeMbIe HCTOYHUKH (CTAaThU M3 HAYYHBIX JKYPHAJIOB U MOHOTpaduu).

Cnmcok JuTeparypsl ODKEH MMETh HE MeHee |5 MCTOYHMKOB (M3 HUX, NpH Hanuuuu, He Oonee 20 % — Ha
cOOCTBEHHBIC Pa0OTHI), UMEIOIUX CTATyC HAYIHBIX ITyOIHKAINH.

[TpuBeTcTBYIOTCS CCBUIKM Ha COBpPEMEHHBIC aHINIOs3bIYHbIe u3naHus (TpeboBanust MHBJ[ Scopus — 80 %
LUTHUPYEMBIX aHIVIOS3BIYHBIX UCTOYHUKOB).

Cchuiku Ha HeOHy6J'II/IKOBaHHLIC U HETUPAKUPOBAHHBIC pa6OTBI HE JOITYyCKaroTCs. He JAOITYCKArOTCA CCBUJIKM Ha
y‘IC6HI/IKI/I, y‘I€6HLI€ HOCO6I/I}I, CIIPABOYHHKH, CJIOBApH, JUCCEPTALNU U APYTUC MAJOTUPAKHBIC U3AaHUS.

Ecnu onmckiBaeMas myonukaiius umeeT nudposoit unentuduxarop Digital Object Identifier (DOI), ero HeoOxouM0
yKa3bIBaTh B CaMOM KOHIe OuOnmorpaduyeckoii ccouiku B dopmare "doi: ...". IlpoBepsars Hamuune DOI cratbu
cnenyet Ha caiite: http://search.crossref.org unu https://www.citethisforme.com .

HesxenarensHbl CCUIKMA HAa HCTOYHUKH Oojiee 10—15-meTHel JaBHOCTH, MPUBETCTBYIOTCS CCHUIKH HA COBPEMCHHBIC
HCTOYHHKH, Metotre uaeHtudukatop doi.

3a I0CTOBEPHOCTh M MPABWIBHOCTH O(QOPMIICHHS TPEACTABIAEMBIX OHMONMHOrpaUIecKrX AaHHBIX aBTOPHI HECYT
OTBETCTBEHHOCTh BIUIOTH JI0 OTKa3a B IpaBe Ha MyOIHMKAIHIO.

AHHOTAIUSl HA aHIIUICKOM s3bIKe (Abstract) B pycCKOS3BIYHOM H3TAaHMU M MEXAYHAPOAHBIX 0a3ax JaHHBIX
ABJSIETCS JUII MHOCTPAHHBIX YMTaTelell OCHOBHBIM M, KaK MPaBUIIO, €IWHCTBEHHBIM HCTOYHHKOM HMH(OPMAIUH O
COZIep’KaHUM CTAaThbH M M3JIOKEHHBIX B HEH pe3ynbrarax MccieAoBaHUi. 3apyOexHble CIEUAINCThI 10 aHHOTAIuN
OLIEHHMBAIOT ITyOJIMKAIUIO, ONPEEISIIOT CBOM MHTEpEC K paboTe POCCHHCKOrO YyYEHOTO, MOTYT HCIIOJIb30BaTh €€ B
CBOEH ITyOJIMKAIMK M C/IeNIaTh Ha HEe CCBUIKY, OTKPBITh AMCKYCCHIO C aBTOPOM.

TexcT aHHOTAIMM TOIDKEH OBITH CBSI3HBIM U MH(OPMAaTHBHBIM. [Ipy HaNMCaHUM aHHOTAllMK PEKOMEH/IYeTCsI HCTIONB30BaTh
Present Simple Tense. Present Perfect Tense siBnsiercst nomyctumbiM. Pekomenyemsiii oobem — 200250 cios.
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Cnucok jsmreparypbl (References) i 3apyOe:kHBIX 0a3 JaHHBIX MPUBOIUTCS MOTHOCTHIO OTIEIBHBIM OJIOKOM,
MTOBTOPSIS CIIMCOK JIUTEPATYPhI K PYCCKOSI3BIYHOM yacTh. EClTu B CIIEICKe TUTEPaTyphl €CTh CCHUIKH HAa HHOCTPAHHBIC
MyOJIUKAIMK, TO OHU TIOJHOCTBIO MOBTOPSIOTCS B CIMCKE, TOTOBAIIEMCS B poMaHckoM andasure. B References
COBEPIICHHO HENOMYCTHMO Wucmonb30oBath poccuiickuit ['OCT 7.0.5-2008. Bubnuorpaduveckuii CIUCOK
MPEJICTABISICTCS C MEPEBOJIOM PYCCKOSI3BIYHBIX UCTOYHHKOB HA JIATHHUILY. [Ipy 3TOM MPUMEHSAETCS TPAaHCIUTEPaIUs
o cucteme BSI (cwm. http://ru.translit.net/?account=bsi).

Tumossle mpuMeps! onucanns B References npuBeneHs! Ha caiite )xypHaia https://re.eltech.ru .

Caenenus 00 apTopax

Bxumroyaror i1 Kaxa0ro aBTopa (haMuIIMIo, UMsI, OTYECTBO (TIOJHOCTBHIO), YUCHYIO MJIM aKaJleMHYECKYI0 CTEleHb,
ydeHoe 3BaHMe (C JaTaMH IPHCBOCHUS U MIPHUCYKICHU ), TOYECTHBIEC 3BaHMS (C JaTaMH IPHCBOCHUS U IPUCYXKICHNUA),
KpaTKyIo HaydHyI0 Onorpaduro, KOIMYECTBO IEYaTHBIX paboT U chepy HaydHBIX MHTEpecoB (He Ooiee 5—6 cTpok),
Ha3BaHHE OPTaHW3aLNH, TOJDKHOCTD, CITY’KCOHBI U JOMAITHIH ajpeca, CIIy)KeOHBIH U JOMaITHAN TereOHbI, axpec
AIIEKTPOHHOM MMOUTH. Ecim yueHBIX W/WnM akaIeMHYecKHX CTENeHeW W 3BaHWH HET, TO cIeqyeT yKa3aThb MeCTO
MOYYCHHSI BBICIIETO OOpa3oBaHMs, TOJ OKOHYAHHS By3a W CIEIHUAJIbHOCTh. Tarke TpeOyeTcss BKIIOYATh
napeHTHuKannonHed HoMmep wuccaenoBatenss ORCID (Open Researcher and Contributor ID), KoTopsrii
otoOpakaercsi Kak aapec Buaa http://orcid.org/xxxx-Xxxx-XxXxx-xxxx. [Ipu 3ToM BaxHO, 4TOObI KaOWHET aBTOpa B
ORCID 6511 3amonHeH nH(opMaIuei 00 aBTope, UMell He0OXOMMBbIE CBEJICHUS 0 er0 00pa30BaHKH, Kapbepe, Ipyrue
ctatbu. BapuaHT «Het obuienoctynHoi unpopmanuu» npu odpamenun k ORCID He momyckaercs. B cBeneHusx
CleIyeT yKa3aTh aBTOpa, OTBETCTBEHHOTO 32 MPOXOXKICHUE CTaTbU B pElaKILIUH.

IIpaBunia odopmiieHHs TEKCTa

TekcT crarbM MOATrOTaBIMBaeTCS B TEKCTOBOM pepaktope Microsoft Word. ®opmar OGymarm A4. Ilapamerpsl
CTpaHUIIBL: TOJI — BEpXHee, JIeBOe U HIDKHee 2.5 cM, mpaBoe 2 ¢M; KOJIOHTUTYIBl — BEPXHUM 2 cM, HIXKHUK 2 CM.
[TpumeHeHne Moay)KUPHOTO U KYPCHBHOTO IIPU(TOB JOMYCTUMO NP KpaliHel HE0OXOJMMOCTH.

JIOTIOMHUTENBHBIN, TTOSICHAIOUIMN TEKCT clieyeT BBIHOCUThH B MOJACTPOYHbIE CCBHUIKHM IPH IMOMOIIHM 3HAaKa CHOCKH, a
npu OosbioM oObeMe — 0GOpMIIATE B BHAE NMPHIOKEHMS K crarbe. CChUIKM Ha (GOPMYINBI U TaONUIBI AAIOTCS B
KPYIJIIBIX CKOOKaX, CCBUIKH Ha UCIIOIb30BaHHBIC HCTOYHUKH (JIUTEPATYpPy) — B KBaJIPATHBIX MPSMBIX.

Bce cBemeHmss wW Tekct craThu  HaOmparorcst rapHuTypodi "Times New Roman"; pasmep mpudta
10.5 pt; BeIpaBHHBaHHE N0 MIHPHWHE; a03amHEIM oTcTym 0.6 CM; MEXCTpOUYHBIH WHTepBan "Muoxwurens 1.1";
aBTOMAaTHUECKasl paCCTaHOBKA ITEPEHOCOB.

[TpaBuiia BEpCTKU CIKCKA JIUTEPATYPHI, (POPMYII, PUCYHKOB M TaOIHUI] TOIpoOHO onrcaHsbl Ha caiite https:/re.eltech.ru.
IlepeyeHb OCHOBHBIX TEMATHYECKUX HANPABJIEHHUT KypHaJia
TemaTuka xypHana COOTBETCTBYET TPYIIaM CIEIHATbHOCTEH HAYIHBIX PAOOTHHUKOB:

e 05.12.00 — "Pammorexumnka u cBsa3p" (05.12.04 — PagmorexHWka, B TOM YHCIE CHCTEMBI M YCTpOMCTBa
teneBuaeHus, 05.12.07 — Anrennsl, CBY-ycTpoiictBa u ux texnonorud, 05.12.13 — Cucremsl, cetu u
yCTpoiicTBa TeaekoMmMyHukanui, 05.12.14 Paguronokanus v paguoHaBUTAIINA);

e 05.27.00 — "Dmexrporuka" (05.27.01 — TBepmoTenbHAs 3JIEKTPOHUKA, PaTHOIIEKTPOHHBIE KOMIIOHEHTEHI,
MHKpPO- ¥ HAHORJIEKTPOHHMKA Ha KBAaHTOBBIX Adderrax, 05.27.02 — BakyymHas ¥ 11a3MeHHast 2JI€KTPOHUKA,
05.27.03 — KsantoBast snektpoHuka, 05.27.06 — TexHonoruss W oOOpyIOBaHUE ISl TPOU3BOACTBA
MOy TTPOBOAHHUKOB, MATEPHUAJIOB M IPUOOPOB NEKTPOHHON TEXHUKH);

e 05.11.00 — "[IpubopocTpoeHne, METPOJIOTH ¥ MHPOPMALIMOHHO-U3MEPHUTEIIbHBIE TIPHOOPHI U CHCTEMBL" B
penakunu npukaza BAK or 10.01.2012 Ne 5 (05.11.01 — ITpubopsl n MeToas! M3MEpEHUs MO BUAAM
n3mepennit, 05.11.03 — I[IpuGopsr HaBuranny, 05.11.06 — Axycrudeckue npudops! u cucremsl, 05.11.07 —
Onruueckye U ONTHKO-3JIEKTPOHHBIE MPUOOPHI 1 KoMIutekesl, 05.11.08 — PagnonsmepurensHble IpuOOpEI,
05.11.10 — IIpuGOpBI ¥ METONBI AL N3MEPEHUSI HOHN3UPYIOMINX W3ITyYeHUH M PEHTT€HOBCKUE MPUOOPHI,
05.11.13 — ITpuOops! ¥ METOIBI KOHTPOJIISI ITPUPOTHOI CPEAbl, BEIIECTB, MaTepHaIoB U u3zenuii, 05.11.14 —
Texnaonorust mpubdopoctpoerus, 05.11.15 — Merponorust u MeTponormdeckoe obdecmeuenue, 05.11.16 —
WnubopmMannoHHO-U3MEpUTENbHBIE U YIpaBisiomue cuctemsl (mo orpacisiM), 05.11.17 — IpubGopsr,
CHUCTEMBI W U3AeNMs MeAuIuHcKoro HasHadeHus, 05.11.18 — Ilpubopbl m MeTomsl mpeoOpa3oBaHHA
U300paKEHHI 1 3ByKa).
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VYka3aHHBIC CHEINATBHOCTH MPECTABIAIOTCA B KypHAJIE CICIYIOIINMI OCHOBHBIMH PyOpHKaMH:

"PagnoTeXHHKA U CBS3L'":

PannorexHnueckue cpeacTBa nepenadu, npuemMa 1 00paboTKU CUTHAIOB.
[TpoexTupoBaHue 1 TEXHOIOTHS PaANONICKTPOHHBIX CPEICTB.
TeneBunenne u 06padoTka n300paKeHUH.

ONeKTpoANHAMUKA, MUKPOBOJTHOBAsI TEXHUKA, AHTCHHBI.

CHCTEMBI, CeTH U YCTPOWCTBA TEIEKOMMYHHUKAIIHH.

Papnonokanus n paXuoHaBHT LML,

"DnexTpoHuKa':

e  MuKpO- ¥ HAHORJICKTPOHHUKA.

e KgaHTOBas1, TBepIOTENbHAS, IIA3MECHHAS M BAKyyMHAs DJICKTPOHUKA.
e Pamnodoronuxka.

e  Dnexrponuka CBY.

"IIpubopocTpoenue, METpPOIOrus 1 HHHOPMAIOHHO-U3MEPHUTENBHBIE TPUOOPBI U CUCTEMBI':
e  [Ipubopsl 1 CUCTEMBI U3MEPEHUS HA OCHOBE aKyCTUYECKUX, ONTHIECKUX U PaIHOBOIIH.
e  Merposnorus 1 HUHGOPMAIOHHO-U3MEPHUTENBHBIE TPUOOPBI U CUCTEMBI.

e  [IpuOopsl MEAUIIMHCKOTO Ha3HAYECHUS, KOHTPOJISI CPE/IbI, BEIIECTB, MaTEPHAJIOB U H3JIEITHI.

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

TexHUYECKHE BOMPOCH MOXKHO BBIICHUTH 110 ajpecy radioelectronic@yandex.ru
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