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AnHaMmunyeckue XapakTepuctukn 6VlrapMOHI/I'-IeCKOFO aBToreHeparopa

4. A. ®ponos’, A. P. CapnH" 2=, H. H. Yaanos', B. A. Cotckos3

TPesepanbHoOe rocysapcTBeHHOe BloAxXeTHOe 06pa3oBaTeNbHOe yUupexeHue
BbICLLIEro 06pa3oBaHns "HaumoHanbHbI nccnegoBaTenbCknin yHneepcuteT "M3IU", MockBa, Poccusa

2NHCTUTYT PAAMOTEXHVIKM W SNEKTPOHMKN M. B. A. KoTenbH1KoBa
Poccuiickoin akageMmnm Hayk, MockBa, Poccus

3despepanbHoOE rocyaapcTBeHHOE BIOAKETHOE yUpeXaeHne Hayku "MHCTUTYT obLieil dusmkm
nm. A. M. MNpoxopoBa" Poccuiickoin akageMumn Hayk, Mockea, Poccust

Harsafin@gmail.com
AHHOTaumA
BBegeHue. CoBpeMeHHble MeTOAbl CTabuaM3aLMy YacToTbl aBTOKONebaHWI BasMpyroTCs Ha yayylleHun cTa-
6UNBHOCTY PeaKTUBHbIX MapaMeTPOB CXeMbl aBTOreHepaTopa 1 NoBbILLEeHNN JOBPOTHOCTU KonebaTebHOW Cu-
cTemMbl. CylllecTBYyeT Takxke BO3MOXHOCTb Y/y4lleHUs CTabuamnsaumm 4acToTbl, OCHOBaHHAaA Ha ABNEHUW B3anM-
HOW CMHXPOHM3aLMM MOZ aBTOreHepaTopa Mpv UCNoAb30BaHUN MHOFOKOHTYPHOM KosiebaTeNnbHOM CUCTeMBI.
PaHee 6bIn oNncaH MeToA CHXeHMs $Ga3oBOoro Lyma C CUHXPOHW3aumel AByX MOj B BUrapMoHn4YeckoM aBTo-
reHepaTope C KpaTHbIMW YacToTaMu, pa3paboTaHHbI B MpeanonoXeHn 6e3biHepPLMOHHOCTN akTUBHOTO 3/1e-
MeHTa. Vigea MeToAa CUHXPOHU3aLMN OCHOBHOMO KON1ebaHs € ero BTOPO FaPMOHMKON € MOMOLLIbHO JOMNOHM-
Te/IbHOr0 KOHTypa OCHOBaHa Ha COObPaXeHU, YTO BHyTPeHHMe GpyKTyaLMOHHbIe NPOLeCcChl B aKTVBHOM 3/1e-
MeHTe CMH}a3HO MOAYMPYIOT BCe FaPMOHMKM TOKa. OTO MO3BOSET NCMOb30BaTh "eCTecTBeHHY" B3aMMHYHO
KOppensaLmio LLYMOBbIX MPOLIECCOB C Liefibio HeNTpannsaumm nx BANSHUS.
LUenb paboTbl. MNocTpoeHmne 1 aHann3 MaTeMaTU4eckor MoAenn BMrapMoHNYeCcKoro aBToreHepaTopa C Lienbto
aHann3a pexrmoB ero paboTbl N yMeHbLUeHUst $a30BOro LWyMa BbIXOAHOr0 KoebaHus.
MaTepuanel u MeToAbl. MaTemaTnyeckast Mojenb noayvyeHa MeToAoM Me1IeHHO MEHSIOLLMXCS aMNanTy , a aHa-
J113 BbIMOMIHEH MEeTOAAMMN YNCIEHHOMO NHTErpupoBaHna 1 gnddepeHUnpoBaHms.
PesynbTathl. B cTaTbe NpoBeseH aHann3 ANHaMUYECKMX PEXMMOB BMrapMOHNYECKOro TPEXTOUYEYHOrO aBTore-
HepaTtopa, paboTatoLLero B pexunme GasoBor CMHXPOHW3aLMKM ABYX MOA. [TOKa3aHo, YTo C POCTOM MHEPLMOHHO-
CTV aKTMBHOTO 3N1eMeHTa CUHXPOHHbIA pexuM coxpaHseTcs. NonyyeHbl yKopoyeHHble anddepeHumanbHble
YPaBHEHNS CUCTeMbI ANSt MeJJIEHHO MeHSIHLLMXCA amnanTya 1 ¢as konebaTenbHblx Mog. ViccnegoBaHne Henu-
HelHOM AVHAaMWKN U CTaLMOHAPHOIO0 CUHXPOHHOrO pexuma cUCTemMbl MpoBeAeHO MeTof0oM $pa3oBOro npo-
CTPaHCTBa B KOOPAMHAaTax "aMnAnTyapl Mo — pasHocTb ¢as".
3aknoyeHne. HaTypHbI 3KCNepyMEeHT 1 TeopeTuyeckre NCCnesoBaHns NO3BOSIOT CAeNaTh BbIBOJ O BO3MOX-
HOCTW yMeHbLUeHVs $a3oBoro LWyMa B CTaLMOHapHOM CUHXPOHHOM JBYXMOZAOBOM PexXuMe, YTO MOXeT 6biTb
NCNONb30BaHO AN CTabuamMsaumm 4acToTbl aBTOreHepaTopoB PasNUYHON Gr3MYeckor Npupoabl. MexaHu3m
npeobpasoBaHnsa GasoBbIX U aMOANTYAHbBIX KONebaHUA B pexXnume CUHXPOHW3aLUM NpeacTaBnseT 3HaunTeNb-
HbIA MHTepec C yHAAMEHTaNbHOM TOUKN 3peHNS He TObKO ANA aHanm3a GaykTyaunin, HO 1 ANs Nnpeobpa3osa-
HVA MOAYIMPOBAHHbIX KONebaHNM B HeNMHelHbIX N3bMpaTebHbIX YCTPONCTBAX.
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Abstract
Introduction. Modern methods of stabilizing a frequency of self-oscillations use an improvement of the stability
of reactive parameters of the self-oscillators circuit and an increase in the quality factor of an oscillating system.
It is also possible to improve the frequency stabilization based on the phenomenon of mutual synchronization
of the self-oscillator modes using a multi-loop oscillation system. Previously, a method for reducing a phase noise
of an auto-oscillator with synchronization of two modes in a biharmonic auto-oscillator with multiple frequencies
was described. The method was developed under the assumption that an active element is inertialess. The idea
of the method of synchronizing of the main oscillation with its 2-nd harmonic using an additional loop is based
on the consideration that internal fluctuation processes in the active element modulate in-phase all current har-
monics. Therefore, it is possible to use this "natural" cross-correlation of noise processes to neutralize their in-
fluence.
Aim. Building and analysis of a mathematical model of a biharmonic oscillator in order to analyze the operating
modes of such generator and reduction of the phase noise of its output oscillation.
Materials and methods. The mathematical model was developed by the method of slowly changing amplitudes,
and the analysis was performed by methods of numerical integration and differentiation.
Results. It was demonstrated that synchronization of two oscillations at multiple frequencies in the active element
reduced the phase noise of the main oscillation.
Conclusion. In the paper dynamic modes of a biharmonic Colpitts oscillator operating in the phase synchroniza-
tion mode of two waves were analyzed. It was shown that with an increase in an inertia of the active element, the
synchronous mode was preserved. Shortened differential equations of the system for slowly changing ampli-
tudes and phases of oscillatory modes were obtained. The study of nonlinear dynamics and of stationary syn-
chronous mode of the system was carried out by the method of phase space in coordinates of "mode amplitude —
phase difference". The conducted field experiment allows one to conclude that it is possible to reduce the phase
noise in a stationary synchronous biharmonic mode. It can be used in the frequency stabilization task.
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Beenenue. TpaaunoHHbIE METOABI CTA0MIM3a-  HBIM Ha SIBICHUU B3aUMHOW CUHXPOHU3ALMHM MO,
UM YacTOTHl aBTOKoJeOaHMi Oaszmpyrorcss Ha AByX  Tak, B [6] ommcaH MeTOI CHIKEHHUS (ha30BOTO IIymMa
OCHOBHBIX MOJXOAaX: YAy4ileHuH ctabunpHOCTH pe-  (PII) Ha OCHOBE CHHXPOHM3AINUHU JABYX MO/ B OuTap-

aKTHBHBIX [IapaMETPOB CXeMbl aBToreHeparopa [1] u  MoHudeckom aproreHeparope (BAI') ¢ kpaTHbIMU ua-
MOBBIIICHUN JOOPOTHOCTH KOJIeOAaTeNbHOW CHCTEMBI  cTOTaMH [7], pa3paboTaHHBIA B TPEINOIOKECHUH
[2-5]. Onnako BO3MOXKEH APYrod IyTh, OCHOBaH-  OE3BIHEPLHMOHHOCTH aKTHBHOTO 31eMeHTa (AD).

JnHaMuYecKre XapaKkTePUCTHKH OUTapMOHHYECKOT0 aBTOTeHepaTopa 7
Dynamic Characteristics of a Biharmonic Self-Oscillator
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Wnest MeToa CHHXPOHH3AIIMH OCHOBHOTO KOJIeOaHust
C €ro BTOpOM TapMOHHKOW C TIOMOIIBIO JOTOJHH-
TENIHHOTO KOHTYpa [6] OCHOBaHA Ha COOOPaKEHHUH, YTO
BHYTpEeHHHE (ITyKTyallMOHHBIE Ipolecchl B AD CHH-
(hazHO MOIYMPYIOT BCE TAPMOHHMKH TOKA. JTO IMTO3BOJISIET
WCTIONIH30BATh "€CTECTBEHHYIO" B3aMMHYIO KOPPEISIIHIO
LIYMOBBIX IPOLIECCOB C LIENBIO HENUTpaNnu3aliy UX BIUs-
HUSL.

DKCIIepUMEeHTaIbHO ToKa3aHo [8], uto amst BAL Ha
quomax l'anHa HaGmomaercs ymeHbineHue OIIL
B [9], [10] mccrnenoBana cxemMa CHHXPOHHM3ALUH JIBYX
HAHOPa3MEPHBIX CIMHTPOHHBIX ABTOT€HEPaTOpOB, UL
KOTOPBIX TPOJEMOHCTPUPOBAHA TaKXKe BO3MOXKHOCTD
cawkenns DI B pexuve (a3oBoil CHHXPOHH3AIIUML
B cB3u ¢ 3THM MeXaHW3M MpeoOpa3oBaHust (a30BbIX U
AMIUTUTYIHBIX IITyMOB TPYU CHHXPOHU3ALINN aBTOKONIE0a-
HUU MPENICTaBIISET 3HAYUTEbHBIA HHTEpeC ¢ QyHIaMEH-
TAIHGHOMN TOUKH 3PEHUS ISl aBTOT€HEPATOPOB PA3TTMIHON
(hr3HUYecKoi IPUPOIBL.

Ha puc. 1 mokazas npuMep CXeMbl IByXKOHTYPHOTO
aproreHeparopa (Al"). HeprwoHHbId AD TpecTaBicH
TOCIIEJIOBATENIbHBIM ~ COSIMHEHNEM  OE3bIHEPLIMOHHOTO
5IIEMEHTA ¢ BOJIBT-AMIIEPHOM XapakTepucTHKon i(U) u
JIMHUY 33€PXKKH Ha JUTNTENBHOCTD Ty. YKa3aHHas 3a-

Jieprkka BBOIUTCSI AD B TApMOHHKHY BBIXOAHOTO TOKa. Ko-
JiebareNlbHasl CUCTEMa TMPENCTaBeHa PEe30HAHCHBIMH

KOHTYPaMH C SKBHBAICHTHBIMH HHIYyKTHBHOCTAMH Ly,
eMKOCTsIMHU Cy M CONPOTUBIIEHUAMHU Ry (k =1 2).
TurmmdHas KpuBas 3aTATHBAHUS, 00CCIICUUBAIO-
m1asi CTaOMITM3AIINI0 YacTOTHI (pUC. 2), ITOKA3hIBACT 3a-
BHCUMOCTb 4YacTOT CBsI3M KoyeOaHMH @) OTHOCHU-
TEJIbHO MapLUaIbHBIX PE30HAHCHBIX YaCTOT KOHTYPOB
wok B OurapmonndeckoM pexume Al Ecnu momy-

CTHTB, YTO (DIYKTyaIlu BEIXOMHOH eMKOCTH AD TIpH-
BEAyT K YBEIMYCHHUIO YacCTOTHI MEPBOro KojieOaHus

W72 — W2
Puc. 2. KpuBas 3aTsruBaHus 4acTOT OUTapMOHUYECKOTO
aBTOreHeparopa

Fig. 2. Pulling curve of the biharmonic oscillator frequencies

((D_I_I), TO 3TO BBI3OBCT CMCIICHUC pa6oqel71 TOYKH I10

HaMpaBJICHUIO YMEHbBIIEHUS YacTOTHI BTOPOTO KoJje-
Oanwms. HanpoTuB, M3MEHEHNE €MKOCTH, TIPHBOIAIIICES

K YBEIMYECHUIO YaCTOTHI BTOPOIO Kone6aH1/1;1(oozl),

BBI3BIBACT CHIDKCHHE YaCTOTHI IEPBOIO KOJIECOAHUS.
TaxkuMm 00pa3oM, BO3HHUKAIOLINE B cucTeMe 3(P(EKThI
HU3MEHSIOT YaCTOTHI KoJieOaHU B TIPOTHBOIIONOKHBIC
CTOPOHBI, YTO IIPHUBOIUT K JTOTIOTHUTEIBEHON CTAOMIIH-
3aI[UH 9acTOT.

[Ipu pabote reHepaTopa Ha YacToTe, OJM3KOHN K
I'PaHUYHOM YacTOTE TPAH3UCTOPA, IOCIEAHUIT IPOsIB-
JIsieT MHEePIMOHHBIE CBOMCTBA. JTOT 3(hheKT mpuBo-
IUT K YXYALICHAIO YCIOBUHA caMOBO30YKICHUS KOJIe-
Oanwmii, omHaKo B JuTeparype HeT ananu3a BAI ¢
MHEPIMOHHBIM AD.

Pacuers xapakrepuctuk tunuuHoro CBY-tpan-
3uctopa [11] mokasamu BO3MOXXHOCTB YIPOILEHHOTO
ONHCaHUs Takoro AD B BHJIE HEIMHEHHOTO 3BEHA U
MOCIIEAYIOIIEeH JTMHUN 3aJI€PAKKH, I1e, B IEPBOM IIpH-
OMIDKeHUH, 3ama3iblBaHUE BBIXOJHOTO TOKA MPSMO
MIPOMOPILHOHATEHO HOMEPY T'apMOHUKH.

B HacToselt cratbe npencTaBieHbl Pe3yJabTaThl
aHaJM3a AMHamuueckux mnponeccoB BAI' u mpuse-
JIEHBI pe3yNIbTaThl HATYpHOT O 3KcriepumenTa ¢ BAT Ha
tpanzucrope MMBT3904 [12], KOTOpHIi TOATBEP AT
s¢dext ymensinenus OII B CHHXpOHHOM JBYXMOJIO-
BOM PEXUME.

Maremaruueckasi MojieJib. OnuileM BOJIBT-aM-
MEPHYIO XapakTepucTuky AD Ha puc. 1 monnHomMoM
Tpethel crenenu [7], [13]:

i(U) =cyu+cou? —cau®, (1)

rae ko3 duimeHTsl ¢, c3 >0, a ¢y —1r000ro 3HaKa.

Koa¢pdunment nepenaun JIMHAN 3a1€PKKH UMEET

BU/
Puc. 1. DxBuBaNeHTHAsI cXeMa OUTapMOHHYIECKOTO ] )
aBTOreHepaTopa Zy4 ( joo) =exp (—j(m:d ) (2)
Fig. 1. Equivalent circuit of a biharmonic self-oscillator
8 JlnHaMHu4YecKue XapaKTepUCTHKH OUTapMOHHYECKOT0 aBTOreHepaTopa
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M3zBectHO [11], 9uTO Bpems 3amep>KKu Uil KaKIOH
rapMOHUKH 3aBHCHT OT €¢ HOMepa 1 MaJIo MEHsIeTCs IIPH
MaJIbIX OTCTPOHKAX OT paccMaTpHBaeMbIX yacToT. Torna
IUI1 OCHOBHOM YacTOTHI j®1Tgy = jT, @ A1 BTOPOH
YaCTOTHI B CHHXPOHHOM PEXHME jmooTdo = j2T.

[Ipennonoxxum, 4To BBIXOMHON curHan bBAT
HAMEET BUJ

U=uy +Uy =Uycos(ep)+Ujcos(gr), (3)
roe Uy, oy — ammmurygs! U (a3sl KoneOaHuil k-it
MOJIBL, [IPHYEM B CHHXPOHHOM PEXUME P9 = 2¢q + AQ,
a Ap — o0oOmieHHas pa3HOCTh (a3, KOTopasi B CHH-

XPOHHOM PEKUME SBJISIETCS TIOCTOSTHHON BO BPEMEHHU
BEJIMYMHOM.

YkopodeHHbIe KOA((OHUIMEHTHI Tepeaayd pe3o-
HaHCHBIX KOHTYpPOB UMEIOT BHI [ 14]:

Z,(q)=Ry/(1+qTy);

Zy(a) =Ry /[1+(jAw+a)T, ],
rie Ry — pe3oHaHCHbIE CONPOTHBIEHHS KOHTYPOB;
g=d/dt -

Tk =2Qy /wok — TMOCTOSHHBIE BPEMEHH KOHTYDOB,;

“4)

oneparop  aupdepeHnrpoBaHus;

A® — paccTpoiika BTOpPOro KOHTYpa OTHOCHUTEJIBHO
nepBoro, npudeM Qy — T0OPOTHOCTH KOHTYPOB.
Cucrema

YKOPOYEHHBIX AU (epeHInanbHBIX

ypaBHeHwuii [14] ¢ yuerom (1)—~(4) npumer Bug

J_ll% = Ru[ Sa1.008(x) ~ Spy sin(1)]-1;
J_sz:_tzz R, [532 cos(r)—sz Sin(r)]—l; )
Tldd_(il = —Rl[Spl cos(t) + Sz sin (r)];

T, dd% =Ry [sz cos(21) + Sy sin (21):| -
—-AwTy,

e Sa12, Sp12 — CPEAHHME 3HAYCHNS KPYTH3HEL.

14 nonydeHus BeIpaKeHU YKa3aHHBIX CPeIHUX

3HaYCHHH Sy 2, Spy» mozcrasum (3) B (1) n BeIIe-
JIUM MHOXKHUTEIH TIPU COS((pi) u Sin((pi ):

Sa=¢ [1— & —2X3 + xob cos(A(p)];
Sp1 = —C1xobsin(Ag);

rne Xg =Uy /Uy, — HOPMHPOBAaHHBIE aMIUTUTY/IbI KOJIe-

OaHwMit; b= 4/\/E = \/4C§/(3C103), k= \/120102 /C% —

K03 QUIHEHTHI,

AD, mpuaem Up, =,/4c;/(3c3) — ammmryna kome-

0aHus B OJHOUACTOTHOM PEXUME.
Torma, nmoxcraBus (6) B (5), MOTYy4HUM CHCTEMY
YKOPOYEHHBIX ypaBHEHHUH ai1s1 onucanus BAIL ¢ yue-

OTIPECTSIIONINE  XapAKTEPUCTUKY

TOM TOT'0, UTO B CHHXPOHHOM PEXHUME Py =20 + A

Tidq _ OlRl[(l_ x¢ - 2x5 )cos (1) +
X1 dt
+Xobcos(t— A(p)] -1
Ta o _ Ry [(1— x5 — 2x¢ )COS(ZT) +
X2 dt

2
+EXACOS(21+A([))}—1;
2 X2

Mzzﬂ[(l—xf - 24§ Jsin(x) +
dt T

()

+Xpbsin (- Ag) |- Aw—

—ClT&[(l— X5 — 22 )sin (21) +
2

b x12 .
+——=3:sin(2t+ Ao) |.
2%, (20 @)}

Junamuyeckue xapakrepuctuku BAT'. ®azoBbmM
MPOCTPAHCTBOM CHCTEMBI UG (epeHIHAIBHBIX YPaBHE-
uuii BAT (7) ¢ uaepumoHabM AD SIBISIETCS] TPEXMEPHOE

€BKIIMIOBO  MPOCTPAHCTBO R ¢ KOOPIIMHATAMHU
(X, X2, Ap) [15]. OGoGwenHas pasHocTs daz A
MPEJICTABISIET COOOH MepHOaNIecKyo GyHKIm0. da3o-
BBIE TPACKTOPHMH MONydeHBI pemieHueM (7) B cpemax
Octave/Scilab [16], [17] (puc. 3). Ha pucyHKe I10CKOCTb

(X1, A®) pacrionokena ropu30OHTAIBHO, @ OCh Xp — BEp-
TUKaTBHO. [Ipu moCcTpoeHnn TpaekTopuii 3a1aHbl (ak-
TOpBI pereHeparmy Konebannid ¢ Ry =Ry, =3, 106-

poTtHOCcTH KOHTYpoB Q) =Qp =200, f; =10 MI,

T1/To =2 u xapaxrepuctiuka AD k=13 mnpu pac-
cTpoiike KOHTYpoB Awm = 0.
Ha puc. 3 npencraBiieHbl IUHAMHYECKHE IIPO-

neccel cucteMsl BATT mpu OTCYTCTBHUM 3allepKKH B
AD (puc. 3, @) v Ipu HATUYKH 33JepKKH (puc. 3, 6).

2 B -

~ ? 5 bxf _ (a30BOM MPOCTpPaHCTBE CYIIECTBYET OJMH YCTOM-
Saz =01 1-x3 —2x + Eg cos(Ag) i (6) YUBBI PEXKUM — OMTapMOHMYECKHH (TOUKa /), IS KO-
02 TOPOTO XapakTepHbl HEHYJIEBbIC AMIUIUTY[bl CHTHA-

X . .
Sp2 =01 E_lsm (Ao), 0B 1ByX KoneGanuil (X, Xp >0) ¢ To4HO KpaTHBIMH

X2

JlunaMu9ecKHe XapaKTepHCTHKA GMrapMOHMYECKOro aBTOreHepaTopa 9
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Puc. 3. ®a3osbiii noprper npu t1=0 (a)u t=25° (6)
Fig. 3. Phase portrait for t=0 («¢) u ©=25° (6)

yactoTamMu. Toukamu 2—4 OTMEYEHBI TpPEeXMEpHBIC
oco0Oble Touku THma "cemro" [15].

IIpu Hamuuum 3anmepxku (puc. 3, 6) cemionas
ocobast Touka 4 mpuOIMKaeTcsl K 0COOBIM TOUKaM Ta-
KOTO k€ Thna 2 1 3, a yCcToNumMBBIN y3en (puc. 3, a,
Touka /) mpeoOpaszyercs B YCTOWYHMBBIA Y31I0(OKyC
(puc. 3, 6, Touka I).

JJis HaDIAHOTO TPEICTABICHUS IMHAMHUKH CH-
crembl BAI" Ha puc. 4 mokazaHbl MEpEeXOIHBIE TPO-

HEeCCHl X, Xp U AQ Kak (yHKIUH BPEMEHH ! IS He-

KOTOPBIX HAyaJIbHBIX YCJIOBHH IpPU JIBYX 3HAYEHUSIX
3amepkku. [Ipu orcyTcTBHM WHEpPIUMOHHOCTH AD
(puc. 4, a) nepexomHbIe MPOLECCH MPH HadaIbHBIX
yenoBusix (HY) / u 3 ycraHaBiInMBaroTcsl JOCTaTOYHO
onIcTpo, HO Tipr HY 2 1 4 Bpems MmepexoIHoro mpo-
[[ecca yBEeNUIUBACTCA.

ITpn Hanmuuu uHepuuoHHOCTH AD (puc. 4, 0)
BO3HHKAIOT KOJeOaTeIbHBIE MEPEXOAHBIC IPOIECCHI,

X 1 X
0.75 "3 0.75
0.50 4 2 0.50
0.25 0.25
| |
0 20 40 60 80 t, Mxc 0 20 40 60 80 t, MKC
Xo )
0.75 3 4 2 0.75—
0.50 0.50 3
0.25(-1 0.25 4)//
; < 1 2
| ] | | 1 | | |
20 40 60 80 t, MKc 0 20 40 60 80 t, MKC
AQ, . 4 Ao, ...° 3
0 13¢ | A | 0 20 40 60 80  t wmKc
) 20 40 60 80 t, MKc \ ' ' ' '
-100 ~100 1 4
-200 —200 2
a 6
Puc. 4. Tlepexoaubie npoueccol ipu T=0 (a) u T=30° (6) as1 pa3IUUHBIX HAYAIBHBIX YCIOBHUI:
1- XlO = O, X20 = 0001, A(po = 0, 2— XlO = 05, X20 :l; A(po = O, 3- XlO = 05, X20 :l; A(PO = —900;
4-— X0 = 0.5; Xo0 = 0.5 A(PO =-300°
Fig. 4. Transient processes at =0 (a) and ©=30° (6) for different initial conditions:
1- X10 = 0, X20 = OOO:L A(po = O, 2— XlO = 05, X20 Zl, A(PO = 0, 3- XlO = 05, XZO :1, A(PO = —900;
4 — X0 = 05, Xog = 05, A(po =-300°
10 JuHaMHu4yecKre XapaKTepUCTHKH OMTapMOHMYECKOro aBTOreHepaTopa
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YTO SIBJSIETCS TPH3HAKOM YCTOHYMBOTO Y3IO(OKyca
(cM. puc. 3, 6), a NTUTENBHOCTH TIEPEXOIHBIX MPOIIEC-
COB YBEJIMUUBAIOTCA. B uacTHOCTH, epexoaHbIi Mpo-
Iecc, TMpeNCTaBIeHHbIA KpUBOl 2 Ha puc. 4, 6, CTONb
MIPOJOJKUTENICH, YTO HE NPUXOAUT K YCTAaHOBMBIIE-
MYCsI 3HAYEHUIO 33 BPEMsI MOZICIUPOBAHHUSL.

U3 puc. 4 cnexyert, 4T0 Ha HAYAIEHOM yY4YacTKe Cy-
LIECTBYET Ka4€CTBEHHOE W3MEHEHHE B IIEPEXOIHOM
IpoLecce BTOPOro KoseOaHus: B 3aBUCUMOCTH OT 3Ha-
YEHHS aMIUTUTYIBI IEPBOTO KOJICOAHUS €TO MIPOIOIIKHU-
TEJIbHOCTh MOXET 3aTAHYThCS BO BPEMEHU. JTO CBS-
3aHO C T€M, YTO MPU YBEIUIECHUH aMILUIUTYAbI IEPBOTO
KOJIeOaHMs BO3PACTACT CPEIHSS KPYTH3HA, YTO IPHBO-
JUT K POCTY 3amaca MO0 CaMOBO30Y)KICHHIO JUIS BTO-
poro koje0aHus, a OHO B CBOIO OuUepeb YMEHBIIAET
CPEIHIOI0 KPYTH3HY BTOPOTO Kotebanws. B pesynbrare
BpEMS IIEPEXOIHOTO IIpoLiecca, I7e KoJIeOaH st H3MEHS-
I0TCS, YBETUYUBAETCSI C POCTOM 3aJEPKKU AD.

Takum 006pa3om, P HATTMYUH 3aASPKKH AD B CH-
CTeME  CyLIECTBYeT  YCTOWYMBBIH  y310(oKyc
C HEHYNeBBIMH amIututynamu (puc. 3, 6, Touka [),
T. €. CYIIECTBYET YCTONUMBBI CHHXPOHHBIA OHTapMo-
HUYECKUH PEKUM.

Pesynbrarsl sxcniepuMenTa. HarypHslii axcniepu-
MEHT MPOBOIWICS C HCIOJIB30BAHUEM n—p—H-TPaH3U-
cropa MMBT3904 [12]. Ha puc. 5 npencraBieHsI Criek-
TpaJibHblE TUIOTHOCTH MormHocTH PII MoHOrapMoHU-
Yyeckoro / m OMTrapMOHUYECKOrO 2 PEKHUMOB B Jvaria-
30He otcTpoek oT 10 'y mo 1 MI'n. 3mepenue nposo-
munock Ha m3Mepurene DI Anapico PNA 26.5 GHz.
BugHo, uto paboTta B OHIrapMOHHYECKOM PEKUME
ymenbinaet DI B cpeanem Ha 9 n1bu/I'. Ha otctpoii-

-100

-130

S(P, nbu/Ta

Puc. 5. CriektpaibHasi INIOTHOCTh MOIIHOCTH ()a30BBIX LITyMOB
OUrapMOHHYECKOr0 aBTOr€HEepaTopa B MOHOI'aPMOHNYECKOM
(1) u GurapmoHHYECKOM (2) pexKUMAx

Fig. 5. Power spectral density of the phase noise
of the biharmonic oscillator in monoharmonic (1)
and biharmonic (2) modes

kax oxoio 0.5 kI'm Bemrpemn mo @I nocrturaer
20 nbe/T'i. Takum 00pa3oM, SKCIIEPHMEHT ITOATBEP-
KJAeT BO3MOKHOCTb CYLIECTBOBAHUS CHUHXPOHHOIO
ourapmonnueckoro pexuma bAI™ n ymensmenust @1
KoJIeOaHUH.

3akJ/04enne. B cTaTbe NpUBOIUTCS aHAIU3 AUHA-
MHYECKHX MPOIECCOB CHCTEMbI OWUTapMOHHYIECKOTO
aBTOreHeparopa. /[okazaHo CylLECTBOBaHUE YCTOMYM-
BOIO OMIapMOHHYECKOTO PEXUMa JIBYX KoJeOaHHH c
KPAaTHbIMU 4acTOTAMU U HEHYIEBBIMU aMILIUTYIAMHU.
ITpu Hamuuuy 3anepxku B BAI™ n3-3a nHEPIIMOHHOCTU
AD TaroKe mokazaHa BO3MOXHOCTh CYITIECTBOBAHUSI Ta-
KOro pexuma. OKCIEPHMEHTAlIbHO II0Ka3aHO, 4YTO
OUrapMOHHUYECKUI PEKUM MO3BOJISIET YMEHBIIUTD (ha-
30BBIH IIIyM OCHOBHOTO KojieOanus 1o 20 nbu/T'11.

Pabota mocBsmaeTcs CBETION MamsTH AOKTOpa
TexHudyeckux Hayk JImurpus IlerpoBuua Iapankuna.
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WccnepoBaHme YacTOTHOW 3aBUCMMOCTU AvarpamMMbl HanpasaeHHOCTY pe30HaHCHOMN
BOJIHOBOJHO-LLie/IeBOV aHTEHHOM peLUeTKN, COCTOosLLEN U3 NojpeLUeTok,
B CAIP Ansys HFSS

B. . Kowkngbko®, M. M. MuranvnH

VHCTUTYT pagnoTexHUYecKMX CUCTEM 1 yrpaBneHus
FOxHoro degepansHoro yHuBepcuTeTa, TaraHpor, Poccus

“kvg59@mail.ru
AHHOTaumA
BBegeHuve. HanpaBneHne MakcMManbHOMO M3/ly4eHUs Pe30HaHCHbIX BONHOBOAHO-LLENEeBbIX aHTEHHbIX peLue-
TOK COBMagaeT C HOPMaNbH K MPOAONBLHON OCY aHTEHHBI. TakMe aHTeHHbl XOPOLLIO COrNacoBaHbl C NMUTaOLLIEN
JIVHVIe TONBKO B Y3KOW NoJioce YacToT. Mpun 60/1bLLIOM KOMYeCTBe 3/1eMEeHTOB peLLeTKN JaXe He3HaUnTebHoe
OTKNOHeHVe OT paboyeli YacToTbl MPUBOAUT K CYLLECTBEHHOMY WCKaXXEHWIO AMarpamMmbl HarpasieHHOCTU.
YcTpaHeHe 3TUX UCKaXeHWl B paboyeil Moaoce YacToT CTaHOBUTCSA akTyasbHOM 3ajaqeid.
Lienb pa6otbl. CoxpaHeHe B paboyeli Nonoce 4acToT HenckaxeHHoM GopMbl AnarpaMmbl HaNnpaBAeHHOCTW n-
HeliHOI pe30HaHCHOM BONHOBOAHO-LLeN1eBOl aHTeHHOWN peLLleTKW, MOCTPOeHHOW Ha OCHOBE MPOAOBHBIX LLie-
Nleil Ha LWMPOKOW CTeHKe MPSMOYro/ibHOro BOAHOBOAA.
MaTepuanbl U MeToAbl. 19 peLleHns NocTaBAeHHON 3a4aun NprUMeHeHo pasbrieHne BONHOBOAHO-LLEeNeBoN aH-
TEHHOV peLleTKn Ha HecKosIbko MnoApelueTok. [MocTpoeHre Mogenn ncciefyemoli CTPyKTypbl U aHanu3 ee
HanpaB/ieHHbIX CBOMCTB NpoBegeHbl B CAMP Ansys HFSS ¢ ncnonb3oBaHveM MakpocoB Ha si3bike Visual Basic
Scripting Edition.
PesynbTathl. B CAMP Ansys HFSS pa3paboTaHbl 3 MOAeNV BOTHOBOAHO-LLENEBbIX aHTEHHbIX peLleTokK, COCTOos-
Lire 13 ABYX, YeTblpex 1 BOCbMM NojpeLueTok. MiccnesoBaHo BAUSIHME pa3brieHNs aHTeHHbI Ha NojpeLueTkn Ha
AnarpamMmy Hanpas/eHHOCTN Ha LieHTPanbHOM YacToTe U Ha KpariHMX YactoTax pabodyero gmanasoHa. Moka-
3aHO, YTO NMpW pasbreHNn aHTeHHbI Ha NoApPeLUeTKN LUMPUHY FaBHOMO senecTka AnarpaMmbl HarnpaBieHHOCTH
Ha KpalHMX YacToTax yAaeTcs ymeHbLlnTb € 2.4 a0 1.0° 1 cpaBHATbL CO 3Ha4YeHMeM 3TOro napameTpa Ha LeH-
TpanbHOM YacToTe.
3aknoyeHmne. VccnefoBaHns rnokasanu, YTo pasbreHne pe3oHaHCHOW BONHOBOAHO-LLENEeBOM aHTEeHHON pe-
LIeTKN Ha noapeLueTkun asnsetca 3ddGeKTUBHON MepoIi, MO3BOASAIOLLENA J0OUTLCS COXPaHEHUST HENCKAXEHHOA
Anarpammbl HanpaeBaeHHOCTU B paboyein nosoce 4acToT. CpaBHEHME MoNyYeHHbIX pe3ynbTaToB C XxapakTepu-
CTMKaMW aHTeHHbI, He MetoLLel pa3breHns Ha NojpeLleTky, MOKasbiBaeT, YTo B 06/1aCTV MaBHOMO fenecTka
AnarpamMmbl HanpaBAeHHOCTU Ha LeHTPaNbHOM YacToTe 1 Ha KpaliHMX YacToTax paboyero AnanasoHa coBna-
AatoT c rpadmyecKor TOUHOCTLIO, @ YpOBEHb HOKOBBIX IenecTkoB He npesbiwaeT -20 ab.

KntoueBble CnoBa: BO/HOBOAHO-LLENeBas aHTeHHa, nogpeLuetkn, nonoca paboumx yactot, CAMP, makpoc,
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Abstract

Introduction. A resonant slotted waveguide antenna allows providing broadside radiation, which coincides with
the normal line to the longitudinal axis of the array. Such an antenna can be well-matched in a very narrow
frequency band. Even a slight deviation from the operating frequency leads to a significant distortion of the ra-
diation pattern. In this regard, the distortion of the radiation pattern is becoming an urgent task.

Aim. The main objective of this work is to preserve the radiation pattern of the resonant slotted waveguide an-
tenna with longitudinal slots in the broad face in operating bandwidth.

Materials and methods. Subarraying was performed to preserve the undistorted radiation pattern of the slotted
waveguide antenna array in the operating bandwidth. The antenna model and its directional properties were
analyzed in CAD Ansys HFSS using Visual Basic Scripting Edition macros.

Results. Three slotted waveguide antennas’ models, consisting of two, four, and eight subarrays were developed
in Ansys HFSS CAD. The effect of subarraying on the radiation pattern at the center frequency and the upper and
the lower operating frequencies is studied. It is shown that the growing number of subarrays leads to a more
stable radiation pattern in the operating bandwidth.

Conclusions. Full-wave electromagnetic simulations have shown that subarraying of a resonant slotted wave-
guide antenna is a useful measure that preserves undistorted radiation pattern in the operating frequency band.
Usage of Visual Basic Scripting Edition macros allows to minimizing the time spent creating a model in CAD Ansys
HFSS.
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BBenenne. BoNHOBOAHO-IENEBBIE AHTEHHBl  HUM, METOJ PEKYPPEHTHBIX COOTHOLICHH, YJHEPreTH-

(BIIA) mmpoko MpUMEHSIOTCS KaK B CUCTEMaXx CBS-
3H, TaK U B PaJIMOJIOKAIINH, TTOCKOJILKY UMEIOT BBICO-
KHe HallpaBJIeHHBIC CBOWCTBA, KOMITAKTHEIE Pa3Mephbl,
HEBBICTYMAIOMMNA TpOQHiIb, BBICOKYIO 3(deKTHB-
HOCTh W3JIYYCHHUS U MPOCTOTY MONBEACHUS MTUTAHUS.
Pazpabotke ob6meit Teopun BIIA mocBsieHs pa-
OOTBI KaK OTEYECTBEHHBIX yUeHbIX [ 1—13], Tak u 3apy-
0exHbIX mccienoparenei [14—-23]. Jlocrarouno mo-
JIpOOHBIN 0030p pa3BUTHA penieHui cuHTe3a BIIA
npexacrasieH B [12, 13].

Cy1ecTByeT HECKOJIBKO METO/IOB pacyeTa pe3oH-
ancHbiXx BIIIA: MeTon mocnenoBaTeIbHbIX TPUOITHKE-

yeckuii metox [1].

Bribop metoma cunteza BIIIA ompenensercs
YUCIIOM AOMYLIEHNN NpH pacyeTe aHTeHHbL. [1o mepe
pacnpoCTpaHeHHsI IEKTPOMArHUTHBIX BOJIH OHM 3a-
TYXaroT B CBA3U C INOTEPSAMH Ha U3JTYUYCHUC U TCILJIO-
BbIMU nIoTepsAMU. M3i1yueHue meneil Kak BO BHyTpEH-
Hee, TaK M BO BHEIIHEE OTHOCHUTEJIHHO BOJIHOBOJAA
MIPOCTPAHCTBO BHI3BAHO MMPOTEKAIOIIUMHU IO BHYTPEH-
HUM CTEHKaM BOJIHOBOJA TOKaMM. bin3kopacnosno-
JKCHHBIE ILEJIEBBIE M3JIydaTeld B3aUMOICUCTBYIOT
MeXy COOOM, YTO BBIpAXKAeTCs B UBMEHEHUU HX JK-
BHUBAJICHTHBIX UMIIEAHCOB.
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e npeacTaBstoT cOO0H HEOTHOPOTHOCTH JIS
pacrpoCTPaHsIOLIErocs MOJsd U BBI3BIBAIOT B BOJHO-
BOJIE MOABJIECHUE BBICIIUX THIIOB BOJH. OCHOBHOM
BKJIA]] BO B3aMMOJICHICTBUE U3TydaTesied BHOCUT BOJIHA
OCHOBHOTO THIIa, YTO BEAET K OTKJIOHEHWIO aMIUIU-
TynHO-(a30BOT0 pacnpeeneHus ot Tpedyemoro. M3-3a
9TOr0 HaOIOmaeTcs OTKIOHEHWE pean3yeMOi ana-
rpammbl HanpaBieHHOCTH (JIH) oT 3amanHOM.

st yaera B3auMoJeCTBUS 1IETEH KaK BO BHEIII-
HEM, TaK U BO BHYTPEHHEM IIPOCTPAHCTBE, a TAKXKE
ydyera Kak OCHOBHOI'O, TaK U BBICIIMX THUIIOB BOJIH
MIPUMEHSIOTCSL CTPOTHE B JIEKTPOJUHAMUYECKOM OT-
HOILIEHUH METObl HA OCHOBE MHTEIPAJIbHBIX YpaBHE-
Hui. OIHAKO TPOMO3IKOCTh U TPYAOEMKOCTh BBIYHC-
JIGHUW CYIIECTBEHHO YCIIOXKHSIOT HCIIOJIb30BAHNE
JTAHHOTO MeTo/a Npu mpoekTupoBanuu BIA.

B cnyuae, koraa nmis yuera B3auMOJEHCTBUS 1e-
Jiel yYUThIBaeTCSA TOIBKO OCHOBHOM THIT BOJIHBI B BOJI-
HOBOZIE€ M YYUTHIBAETCSI B3aUMOJEHCTBHUE TOJBKO I10
BHYTpEHHEMY IIPOCTPAHCTBY, IPUMEHSIETCA METO pe-
KypPPEHTHBIX COOTHOLIEHUH. JlaHHBIA MeTOn 3a-
KITIOYaeTCs B OTPEIEIICHHH MOIITHOCTH M (pa3bl U3IIy-
YEHHS KaXI0TO U3ITydaresl IPH MOMOIIU TEOPHUHU ve-
TBIPEXTOIFOCHUKOB.

Haunbosee nmpocteiM MeTonoM cuHTe3a BILA sB-
JIIeTCA HEepreTuYeckuii mMetoa. J[aHHBI MeTon He
YUUTHIBAET B3aUMOJCHCTBUA LIeNiell HU TI0 BHEIIHE-
My, HM IO BHYTPEHHEMY HpOCTpaHCTBaM. Merton
MpEJIojaraet, YTo B IPsSMOYTOIbHOM BOJIHOBOZE (ha-
30BBI CIBUT MEXJY COCEIHUMH UICTEBBIMU H3IY-
yaresiIMU PaBeH AIEKTPUUECKOMY PACCTOSHUIO MEX-
Iy HUMH, a (ha30BO€ pactpeielieHHe B paCKPBIBE BOJI-
HOBOJHO-IIICJICBOM aHTEHHLI — JuHeWHoe. He-
CMOTpPS Ha MPOCTOTY, yxKe I uncia memnerdr N >15
SHEPTeTUYECKUN METOJ| AA€T PE3YIbTAThl, JOCTATOU-
HO OJIM3KHUE K MOJYYSHHBIM CTPOrUMH MeTofamu [1].
[ToaToMy mnst pacdera HCCIEAyeMON aHTEHHBI ObLI
HCII0JIb30BAaH SHEPTreTHUYECKUI METOI.

B cucrtemax cB3u 4acTO UCHONB3YIOTCS CUTHAJIBI
CJIOXKHOM (DOPMBI, 00JIaTAFOIINE IMTUPOKAM CIIEKTPOM,
YTO BBIJBUTACT TPEOOBaHUS K COXPAaHEHUIO (HOPMBI
JH BIIIA B nonoce uactot. B [24, 25] npencrasieHsl
Pe3yAbTaThl NPOEKTUPOBAHUS U aHAIIN3a TMHEHHOH pe-
3oHaHcHOU BIA s paboueit wactotst 10.8 I'T1, co-
nepxaimeil 88 TNPONONBHBIX Liefiell Ha IUPOKON
CTEHKE MPSIMOYTOJILHOIO BOJIHOBOAA.

Ha yxaszannoii yactore JJH BIIIA nmeet kiaccu-
9EeCKyI0 (OpMY, TOTHOCTHIO YAOBIECTBOPSIONIYIO TPE-
0OBaHMSAM TEXHHUYECKOTo 3amaHus. OMHAKO TpPU OT-
KJIOHEHUH OT MLeHTpaidbHOW dvactoTel J[H mpetep-
MeBaeT 3HaYUTeNbHbIe UcKaxeHus. Ha puc. 1 npen-

HccnenoBanue 4aCcTOTHOM 3aBUCHMOCTH AMarpaMmMbl HaIIPpaBJICHHOCTH pe30HchH017i
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Puc. 1. lnarpamma HarpaBJICHHOCTH PE30HAHCHOMN
BOJIHOBOZIHO-IIIEJICBOI aHTEHHBI NpH Kom4ectBe meneit N =88

Fig. 1. Radiation Pattern of a Resonant Waveguide-Slot Antenna
with the Number of Slots N =88

crasiensl J|H antenns F (9) JUISl IEHTPaIbHON 4a-

crotel fp =10.8 I'T'm u st kpaiiHux yacror pado-
ero auanasona (f; =10.7 I'Tu, f3=10.9 lTu).

Kak cnemyer u3 puc. 1, Ha KpailHMX 4YacTOoTax
maBHEIN seniectok JIH pacmmpuncs B 1.5 pasa,
BOJIH3M HOPMAJTH K MMOBEPXHOCTH PEIISTKH IOSBHIICS
IIPOBAJI, a TAKXKE YBEIUYUICS YPOBEHb OOKOBBIX Jie-
niectkoB (YBJI).

OueBunHO, uTo UckakeHune /IH mpomcxomut m3-3a
YaCTOTHO 3aBUCUMOCTH Halera (a3 Mex1y MeasIMU
1 CBS3aHHBIM C 3THM HapyIICHHEM CHH()A3HOCTH BO3-
Oyxxaenus nznydareneid B BILA.

B [23] mokazaHo, yTo mojoca paboyux YacToT
BIIA ymensbIraercst py YBEIMYCHUN YHCTIA TIEICH U
OIIPENIEIACTCS] COOTHOIICHUEM

Af:i i N—0.253 a
2a N-05d

N-0.75a
S PPN Lo
[N—O.S d]

7€ ¢ — CKOPOCTh CBETA; & — LIMPHHA ITUPOKOI CTEHKU

IPSMOYTOJILHOTO BOJHOBOA, Ha KOTOPOM pacroso-
xensl menn; N — xomamdectso mieneir; d =4, /2 —

mar BIJA, npuaem
A

N
1-[1/(2a)]

— JUTMHA BOJIHBI B BOJTHOBOJIE (A — JUTHHA BOJIHBI B CBO-
0OTHOM MTPOCTPAHCTBE).

B cBsi3u ¢ 3TUM OTHMM M3 METOJOB OOecTeueHHs
paboter BIIIA B monoce gactoT siBisieTcs: pa3OueHue
aHTEHHBI Ha nozpemeTky [14, 16, 23].

B Hacrosiei crarbe MccieLyeTcsl U3MEHEHHE
¢opmer JIH BIIJA Ha 1eHTpanbpHON yacToTe M Ha
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KpaifHuX 9acToTax paboyero Auamna3oHa B 3aBHCHUMO-
CTH OT KonmdecTBa nopapenieTok ¢ nomomsio CAITP
Ansys HFSS.

IMocranoBka 3amauu. TpeOyercs pacHIMPHUTH
nuama3oH pabounx dactor BILIA ¢ wmsnmydenmem B
HampaBJIeHUH HOPMaJH K IIUPOKON CTEHKE, OMHCAaH-
HOU B [24]. HeoOXomuMo MOMYYHThH CIEIYIONIUE IMa-
paMeTpbl aHTEHHBI:

— auanasoH padounx yactorl0.8 £ 0.1 I'T;

— mpHHa masHoro Jenectka /IH B H-mnockoctu 1°;

— VBJI B H-tnockoctu —20 1b;

— makcumyM JIH HampaBieH NeprneHAuKYISPHO OCH
BIIIA;

— TOJISIpU3ALUs BEpTHUKAJIbHAS;

— W3JlydaeMas MOIIHOCTh MeHee 5 BT.

Koncrpykuusa BIIA. [Ins oneHkH 3¢ peKTUBHO-
CTH TPUMEHEHHOTO METOIa HEOOXOIMMO IOCTPOHUTH
stanoHHyto BIIIA, ¢ XxapakTepucTuKaMu KOTOpoi Oy-
net cpaBHuBarbesl JIH anTeHHBI, pa3OuToil Ha moape-
meTku. B kagecTBe sTanmonnoi paccmorpum BIIA Ha
OCHOBE MPSIMOYTOJIBHOTO BOJTHOBOZIA CTAHIAPTHOTO Ce-
b=10 MM, 3aKOpOYEHHOTO C
obenx cTopoH (puc. 2). BeprukaipHas noispu3amus
M3IYYCHHs peajii30BaHa pa3MelleHHeM MPOAOIbHBIX
mIeNiel B IIaXMaTHOM TMOPSAKE Ha IIMPOKOW CTEHKE
BonHOBOA. [ obecrieuenus 3amanHoro YBJI mpu-

yeHHs a =23 MM,

HATO paCHpeleNIeHue 10 f(z) Buma "KOCHHYC B
kBajpare Ha mbenectane" [26]. Illar BIIIA BeiOpan
paBubM d =L, /2 s cHH(}A3HOTO BO3OYKACHHUS I1ie-
JIel, 4To 00ecreurBaeT HAMPABICHHE MAaKCUMyMa H3-
JydeHNSL IePIICHIMKYISIPHO ocu antenHsl (0 = 90°).
[Ipu BeIOpanHoM mare BIA d monaenenue nu-

(paKIMOHHBIX MaKCHUMYMOB OCYIIECTBISIETCS IIPH
BBITIOJTHEHUH YCI0BHS [1]

YA

Opmax = 90°

S1+cos(6)' o)
ITpu 6=90° ycnosue (1) mpumer Bux d <A, 4TO
ripu BeiOpanHoM miare BIIIA d ans ocHOBHOTO THIA
BOJIHEI Hy( BBIMONHSAETCA BCerna.
KomnuuecTtso meneit N, HeoOxoauMoe a1t odecie-
yeHus 3a1aHHoi mmpuHel J{H B H-mmockoctr, MosxHO
HalTH U3 HopMyIbl, MpuBeaeHHOH B [1]:

20ffg =22 @
Nd

CaenaB HeoOX0AMMBIE PeoOpazoBaHusl, U3 (2) TOMy-
yrM gucio mener N =92. B pesynsrare monemposa-
aust B CAIIP Ansys HFSS [24] momy4eno, gro mist tocta-
sxeHus TpeOyemort mmpunel JIH B H-mockoctn umeno

1ienei MOKHO cokpatuth 0 N = 88.
CormiacHO PHEPreTHYeCKOMY METOAY, IPH BXOI-
HoM mpoomuMoctd BIIA, paBHOM .y, OSKBHBa-
JICHTHAasE HOPMHPOBAHHAS TPOBOIMMOCTH n-H IIENH

On MOKET ObITh pacCuMTaHa 4epe3 pacipeiesieHHe
nons f(z) no popmyne [1]
f2(z
On = Usx N ( n) . (3)

)3 f2(Zm)
m=1

CornacHo [27] ang oOecriedeHus] COTIaCOBaHUS
AHTCHHBI C MUTAOIIUM BOJIHOBOAOM HOPMHUPOBAHHAA
BXOIHasK MPOBOAMMOCTD JOJDKHA OBITH BhIOpaHa clie-
IyromuM 00pazoM: Qg =1 mpu Bo30yxaeHnu BILIA

C OZIHOTO U3 KOHLOB U (g, =2 IIpU BO30Y)XIECHUU B

LEHTPE.

Puc. 2. Monenb 5TaJOHHO# BOTHOBOTHO-IIENEBOM aHTeHHBI: 1, 3 — KOPOTKO3aMBIKaTeN; 2 — HOPT

Fig. 2. Model of the reference waveguide-slot antenna: 1, 3 — short circuits; 2 — port
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C npyroi#t CTOPOHBI, MPOBOAUMOCTH MPOIOIBHOMN
IIETN Ha IIHPOKOW CTEHKE MPSIMOYTOJIFHOTO BOJHO-
BOJIa OIIPEJIEINAeTCs] COOTHOLEHHEM [1]

gn=2.093k—‘3cos2 L sinz(%j, 4)
b A 2 \y a

IIe Xp — paccTosHue (CIBHUT) IPONONBHON ocU n-#

IIeN OT cpenHel TMHUK (0CH) BOJIHOBOJIA.

JI71st TIOCTPOCHUST MOJIEIIA aHTSHHBI HEOOXOIUMO
3HaTh KOOPAWHATHI KXKIOH Ienu. [lonmoxeHue meH-
Tpa n-d MEeNu BAOJb OCH Z OTHOCUTEIHHO KOPOTKO3a-
MBIKaTEeJIsl BOTHOBOJA OIMPECIISIETCS BRIPAKECHUEM

2y =(2n-1)(A,/4), n=1...N. ®)

ChBur n-# menu OTHOCHUTEIHHO CpeIHEN JTMHUHN
IIMPOKOH CTEHKH BOJHOBOJA PACCUMTHIBACTCSA TI0
(hopmyrte, morydeHHON U3 (4):

Xn = 2 arcsin | 9n
T
2.09§7L—Bcos L
ba |24,

= (6)

Heo0xoanMo OTMETHUTH, UTO B HACTOALIECH CTaThe
HE YYUTBIBAETCS SIBIICHUE U3MEHEHHS PE30HAaHCHOU
JUIMHBI 1€, BBI3BAHHOE KaK KOHEYHOM TONIMHON
CTEHKH BOJIHOBOZA, TaK U CMEILEHUEM H3IYYaroluxX
eNe OTHOCUTEIBHO ero cpeaHei manu [15].

IMocTpoenne Moae/ v 3TAJIOHHOM PE30HAHCHOM
BIIIA B CAIIP Ansys HFSS. [{ns ananu3a Hanpas-
JIEHHBIX CBOMCTB »TanoHHo¥ BIIIA mpoBeneHo moze-
muposanue B CAIIP Ansys HFSS. Mopens BIIIA co-
CTOMT U3 TOPU30HTAIBHO PACHONOKEHHOTO M3ITyqaro-
[Iero BOJHOBOJA C WJEalbHO TPOBOASIIUME CTEH-
KaMH, 3aKOPOYEHHOTO C 00EUX CTOPOH, Ha IIUPOKOH
CTEHKE KOTOPOTO PacloiOkKeHO 88 MPOMOIbHBIX IIe-
nelt (puc. 2).

MaccHBEI KOOpAWHAT WENEH Xy, Z,; PACCUNTHIBA-

JHCh ¥ (POPMHUPOBAIKCH B MAKETE KOMITBIOTEPHOH aj-
reopsl Mathcad ¢ ucnonp3oBanneM BeipakeHHH (3),
(5) u (6). Ot maccuBbl U3 Mathcad sxcriopTupoBa-
JMCh B TEKCTOBBIE (haitmbl. [Ipu mocTpoeHnu Moaenu
BIIA B CAIIP Ansys HFSS wucnonp3oBanuce omm-
caHHble B [24, 27, 29] makpocs! Ha si3bike Visual Basic
Scripting Edition (VBScript), ¢ moMoILbI0 KOTOPBIX
onucaHo "BeIpe3aHue" MOOYepeqHO Bcex MIeNied Ha
IIMPOKOH CTEHKE MPSIMOYTOIFHOTO BOJIHOBOZA TI0 KO-
OpIMHATaM M3 TEKCTOBBIX (DaiiyioB, cHhOPMHUPOBAHHBIM
B Mathcad.

[IupuHa menei npuHsATa paBHOH 1 MM, 94TO 00€eC-
MIEYUIIO HEBBICOKYIO JOOPOTHOCTh W JOCTATOYHYIO
anexTpudeckyto mpodHocTs [1]. Jmuay BILIA L onpe-
IETSIOT z-KOOpOMHATa IEHTpa MOCICOHEH IMeTH U
paccTosHue Ay, /4 10 KOPOTKO3aMBIKaTels.

JH »sramonno#t monenmu BILIA nHa neHTpanbHO#M
4acToTe M Ha KpaHUX 4acToTax padoyero auanazoHa
TpeacTaBieHbl Ha puc. 1 [24].

IMocTtpoenne monenu pe3onancHoit BIIIA ¢
noapemerkamu B CAIIP Ansys HFSS. Otnnunem
mozenn pe3oHancHol BILA ¢ monpemnierkamu (dpar-
menT Takor BIIIA nmpencraBnen Ha puc. 3) oT 3Tan0H-
HOM MOJIENH SBJISIETCS] HATMYIKE WICATBHO IPOBOISIINX
reperopoaok (puc. 3, 3) BHYTPH U3IYYaOIIETro BOJI-
HoBoza (puc. 3, /), KoTopble pa30MBAIOT UCCIIELYEMYIO
BIIA na nmoagpemerku. Kaxxaast mogpenieTka Bo30yx-
JTAETCs TIPU TIOMOIIIH MUTAFOIIETO BOJTHOBOAA (pHC. 3,
4) uepe3 HAKIOHHYIO BO30YKIAIONIYIO MIeNb (pHC. 3,
6), TIPOPE3aHHYI B COMNPHUKACAIOMIUXCA IITUPOKUX
CTEeHKax Imoj yriaoM o =45° K IpomoasHOM OCH BOJ-
HOBOMa. KaxkibIil muTarouii BOTHOBO 3aKOPOYEH C
OJTHOM CcTOpOHHI (pHc. 3, 7), a ¢ APYroil — Bo30yX1eH
BOJHOBOJIHBIM MTOPTOM (pHC. 3, 5) C OCHOBHBIM THIIOM

BOJTHBI HlO- PaccrostHue oT ieHTpa nuTaromen menu

X 7
Al T T T | >Z
P Ay /4 : -? : Ny /2 i :
| == A T\ ! —
i 2 '=' i > -i — A, /4 ii —_ i
L I l J l
1 , 3
al _/5

Puc. 3. Bo3Oyx/eHHe 0JJHON U3 MOAPEIICTOK BOJIHOBOJHO-IIEICBOM aHTCHHBI: 1 — M3iTy4aronnii BOJIHOBO; 2 — U3JIy4arolas
miesb; 3 — Meperopoika; 4 — MUTAIOMKI BOIHOBO; 5 — MopT; 6 — BO30y»KAaromas menb; 7 — KOpOTKO3aMbIKaTelb

Fig. 3. Excitation of one of the sublattices of the waveguide-slot antenna: 1 — radiating waveguide; 2 — radiating slot;
3 — partition; 4 — supply waveguide; 5 — port; 6 — energize slot; 7 — short circuit
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6

Puc. 4. BonHOBOJHO-1IIeTIEBbIE aHTEHHBI, COCTOALINE U3 HECKOJIBKHUX MOIPEIIETOK:
a — 2 noapeneTky; O — 4 MoIpemeTKy; 6 — 8 MoapeneTok

Fig. 4. Waveguide-slot antennas, consisting of multiple subarrays: a — two sublattices; b — four sublattices; c — eight sublattices

JI0 KOPOTKO3aMBbIKaTelsl MUTAIOLET0 BOJIHOBOAA CO-
CTaBISCT Ay /2.

Pesynbrarsl mogesnposanus BILA ¢ noxperner-
xamu B CAIIP Ansys HFSS. JIns uccnenoBanus uime-
Henus ¢opmel [IH BIIIA B 3aBUCHMOCTH OT KOJIMUYECTBA
TOZIPENIETOK Ha IEHTPAIBHOM YacToOTe U Ha KpalHUX 4a-
croTax pabouero quanasoHa BIIA Obuia pasaenesa Ha 2,
4 1 8 moAPENIEeTOK NIeaTFHO TIPOBOISIIMMU TIEPETOPOLI-
kamu (puc. 4). KomuecTBo 1mieneit B moaperieTkax cocra-

BIUIO: TIPH IBYX TozpereTkax (puc. 4, a) Ny = 44; mpu
geTsIpex (puc. 4,6) Ny = 22; 1pu BOCBMH MOJPEIETKAX
(puc. 4,6) Ng =11.

B BIIIA c aByMs M 4eThIpbMs IMOIpELIETKAMU
IEJIM BO BCEX MUTAIOIINX BOJTHOBO/IaX HAKIIOHEHBI HA
OJTMHAKOBBIA yros o. B aHTeHHEe ¢ Bocemblo moape-
LIETKaMHU IIEJIH B MUTAIOIUX BOJHOBOIAX COCETHUX
MIOAPEIIETOK PACTIONOKEHBI BCTPEUYHO-HAKIOHHO. Ta-
KOE€ pa3iNyuue BBI3BAHO TEM, UYTO B IICPBBIX ABYX CIIYy-
yasX KOJNIMYECTBO IIeJie B MoApelIeTKax SBIIeTCs
YETHBIM, a B TPETHEM CITydae — HCUCTHBIM.

Ha puc. 5 npuBenens! pe3ynsraTsl MOIETHUPOBa-
HUS aHTEHHBI, COCTOAIIEH U3 ABYX mojaperieTok. Kak
CJIeIyeT U3 HETO, Ha IICHTPAIbHON YacTOTe TUana3oHa
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BOJIHOBOJIHO-ILICJICBOM aHTEHHBI, COCTOALIEH U3 ABYX
MOJIPEIIETOK

Fig. 5. Radiation pattern of a resonant waveguide-slot antenna,
consisting of two subarrays
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Puc. 6. [lnarpamMma HanpaBJIeHHOCTH PE3OHAHCHOM
BOJTHOBOJTHO-IIIENICBOI aHTEHHBI, COCTOSIICH U3 YeTHIPEX
MOJPEIIECTOK

Fig. 6. Radiation pattern of a resonant waveguide-slot antenna,
consisting of four subarrays
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Puc. 7. lnarpamma HarpaBICHHOCTH PE30HAHCHON
BOJIHOBOJTHO-IIIEJIEBOI aHTEHHBI, COCTOSAIIEH U3 BOCBMU
MOJPELIETOK

Fig. 7. Radiation pattern of a resonant waveguide-slot antenna,
consisting of eight subarrays

f, =10.8 I'Tu dopma JIH F(0) ¢ BeICOKO# TOUHO-

creio coBniagaet ¢ JJH atanonnoit BIA (cMm. puc. 1), no-
nydeHHol B [24]. Ha kpaliHMX yacToTax pabodero
J1ana3oHa o cpaBHeHuto ¢ JIH, mpuBeneHHbIMU Ha
puc. 1, Bo-nepBbIX, UCYE3 IPOBAJ B LIEHTPAJILHON Ya-
¢ty maBHoro Jienectka JJH; Bo-BTopbIx, mupuna JJH

H
npubnusunack k 3Hadenno 20 5 =1°, coorBeTcTBY-

romemy mmpuHe JIH Ha meHTpanbHOW vactoTe (Ha

HccnenoBanue 4aCcTOTHOM 3aBUCHMOCTH AMarpaMmMbl HaIIPpaBJICHHOCTH pe30Hch1{0ffl

Hmwkeedr gacrore  f; =107 Ty wmpuaa JIH

29&5 =1.1°, na Bepxueii wactore f3=10.91Tn
26'6!5 = 0.90). Onnaxko 3nauenne YBJI ocranocs eme

JIOCTaTOYHO BBICOKMM (—14 nb).
Ha puc. 6 npuBeneHbI pe3yisTaThl MOACTHPOBAHIIS
AHTEHHBI, COCTOSIIIICH U3 YETBIPEX MONPEIICTOK. 3aMETHO

yoryarenne JJH F (0) na KpalHUX 4acTOTax 10 CpaBHe-
HHIO C PUC. 5 KaK B 00JIACTH IIIABHOTO, TaK U OOKOBBIX Jie-
nectkoB. Tak, mmprHa TaBHoro Jyenectka JH crama
OZIMHAKOBOM Ha KpalHUX 4acTOTax U JOCTUIVIA 3HAYCHUS

29'6! 5 =1.04°, xoT4 eme UMerOTCs pasmuus B Gopme

JIH Ha HmKHEHW W BepXHeW JyacToTax (Ha HIDKHEH da-
crote JIH B 061acTu mepBbIX JBYX OOKOBBIX JIEMIECTKOB
MMeeT KIIACCHYEeCKUI BUI, 8 Ha BEpXHEH JacToTe u3-3a
pacIIMpeHHst IepBOTO OOKOBOTO JICTIECTKa IPOBA
MEXy HUIM U LEHTPAJIBHBIM JICIECTKOM IOYTH HCUe-
3aet). YBJI cHu3mics U (hakTHUECKH MTPUOTA3UIICS K €10
3HAYEHHIO Ha IIeHTpaJbHOU YacTtote (—19 nb).
Pe3ynerarsl MOEMPOBAHUS AaHTEHHBI, COCTOSIIEH
W3 BOCBMH MOJPEIIETOK, ITPUBENEHBI Ha puc. 7. Popma

JIH F(0) sroit BILIA Ha LeHTpaIbHON M Ha KpaiHuX
YyacToTax pabodero quara3oHa GakTHISCKU HICHTHYHA
B npezenax miaBHoro nenecrka. HIupuna JIH Bo Beelt

TI0JIOCE YacTOT COCTABIIACT 2955 =1°. BokoBsle Je-

MIECTKH Ha KpalHUX 9acTOTaX Kak Imo popMme, TaK U 10
YPOBHIO TNpuOMIXeHbl K 3HaueHHIo YBJI Ha nen-
TpanbHOU yactoTe, paBHOMY —20 ab.

3akumouenne. ViccrenoBanus mokasaim, 9to pa3ou-
enre pesoHancHor BIIIA Ha monmpermetky sisietcs 3¢-
(heKTHBHOI MEPOIA, ITO3BOJIAIOILIEH JOOUTHCS COXPaHEHHS
HenckaxenHoi /IH B paboueit monoce wactor. CpaBHe-
HHE TIONTYYeHHBIX PEe3YJIBTaToB C XapaKTepPUCTHUKAMHU aH-
TEHHBI, HE UMEIOIIeH pa3OreHNs Ha TIOAPEIICTKH, MTOKa-
3bIBACT, 4TO pa3OHeHue pe3oHaHcHOW BIIA-pemerkn
BCETO JIMIIb HA JIBE MOAPEIIETKH MO3BOJISIET YCTPAHUTh
MPOBAJI B LIEHTPAJIbHOM YacTH IIaBHOrO Jienectka /IH, a
TaKKEe YMEHBIINUTh IIMPUHY DIaBHOIO Jienectka JIH Ha
KpaifHux yactorax Oonee yem B 2 paza (¢ 2.4 10 1.1°) u
MPUONM3UTECS K 3HAYCHHIO ITOTO IMAapameTpa Ha LCH-
TpanbHOM yacTtore. JladbHeHIIM yBeTMUeHUEM KOJTuye-
CTBA IOZIPEIIETOK MOYKHO TOOUTHCS TOTO, YTO B 00NACTH
m1aBHOrO Jernectka J[H Ha neHTpanbHON M KpalHHX Ya-
CTOTaX paboyero auanazoHa OymyT coBIajaTh ¢ rpadude-
CKOI TOYHOCTBIO, @ YPOBEHb OOKOBBIX JICTICCTKOB HE OY-
JIET TIpEBbIIaTh TpeOyeMoro 3Ha4eHus! (P MOMIEIHPO-
BaHMM OHO MPUHATO paBHBIM —20 b 1 JOCTUrHYTO NpH
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CnexTpanbHas 3¢pdeKTMBHOCTL 6eCNPOBOAHON penenHom cetn
B YaCTOTHO-HeCenekTMBHOM KaHane
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Huxeropogcknii rocyiapcTBeHHbI TEXHUYECKN yHUBepCuTeT
um. P. E. AnekceeBa, H. Hosropog, Poccus
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AHHOTauusA
BeegeHue. PaccmoTpeHa 6ecnpoBofHas cucTema nepesaydn AaHHbIX, MOCTPOEHHasA Ha OCHOBe pefieiHolM ceTu, B
KOTOPOW CBSi3b MeXAY NCTOYHUKOM U MPUEMHIMKOM OCYLLIECTBAAETCA Yepes ceTb peneliHbiX CTaHuUuiA. PeneliHble
CTaHUMK paboTatoT MO NPOTOKOAY "ycuneHne 1 nepegada’, mpyv KOTOPOM KaxzAas CTaHLMA BbIMOJHAET NpUeM cur-
Hana, ycuneHve, noBopoT dasbl 1 Nepesayy Ha CTaHLMIO-NPUEMHNK. B pesynbTaTe BO3HMKaET 3a4a4a onTuMm3a-
LM MOLLIHOCTe 1 $a3oBbIX CABUIOB, N3/lyYaeMblX peneriHbIMU y31aMK, T. €. KOMMAeKCHbIX KoadpduumeHToB ne-
peAayv aT1X y310B. KoMmniekcHble BecoBble KO3GOULMEHTbI peneriHbIX y3/10B ONTUMU3NPYHTCS TakiM 06pasom,
YTOObI 0bECneUnTb MaKCMabHOe OTHOLLEHME CUTHaN/LLYM B MPUEMHYIKE, MPY 3TOM HaKNaZbIBaKTCA OrpaHnye-
HWSI Ha MOLLIHOCTW, U31y4aemble peneiHbIMU y31amin. B HacTosiLLen cTaTbe pacCMOTPeHa ONTUMU3aLMsa NPOCTpaH-
CTBEHHOWM 06paboTKM CUrHAMOB MPU HAIMYNKN PA3INYHON anpuUOpPHO MHGOPMAaLIMM O COCTOSHMM KaHana.
Llenb pa6otbl. AHanns cnekTpanbHon addekTMBHOCTM 6eCNpOBOAHON peneiiHol ceT! B pa/1eeBCKOM KaHarne C
ONTUMaIbHOV NPOCTPAHCTBEHHOMV 06paboTKOM MpW HaMYMM anpUOPHON MHbOPMaLNKN ABYX BUAOB: O MIHO-
BEHHOM COCTOSIHWUW KaHana 1 3HaHUW CTaTUCTUK BTOPOro MOpsAAKa.
MaTepuanbl n MeTobl. ONTUMM3aLMA NPOCTPAHCTBEHHON 06PabOoTKI B peneliHol CeT! OCHOBaHa Ha MeToAax CTaTu-
YeCKOoW TeopUM 1 TEOPUM OMTUMM3ALIM C UCMONb30BaHVEM annapaTta JIMHEeNHON anrebpbl 1 YACNIEHHOTO peLLeHNs
OMNTVMM33ALMOHHbIX 334a4. XapakTepUCTVK/ PeNeinHon ceT! aHanM3MpyHTCS C MOMOLLIBH MaTeMaTUYeCKoro Mogenu-
poBaHWs Ha ocHoBe MeToza MoHTe-Kapno. CTaTucTnyeckoe MoZenMpoBaHme BbINoNHSeTCA B cpede MatlLab c ncnone-
30BaHVeM CTaHAAPTHBIX CPEACTB, a Takoke naketa CVX Ans YNCIEHHOTO peLleHst BbINyKbIX ONTUMU3aLMOHHbIX 3a4a4.
Pe3ynbTathl. MpeacTaBneHbl ONTUMalbHble peLleHUs AN MPOCTPaHCTBEHHOV 06paboTku CUTHANOB penenHol
CeTu, OCHOBaHHbIE Ha KpUTEPUN MaKCUMYMa OTHOLLEHWS CUTHAA/LLYM NpU OrpaHUYeHn CYMMapHO MOLLIHOCTY
CeTV UAN NHAMBUAYaNbHbBIX MOLLHOCTEN y310B CeTW. [poBeAeHO CTaTUCTUYECKOe MOZAennpoBaHMe, Noay4veHsl
cnekTpanbHble 3PGEeKTUBHOCT peneriHon ceTn NPy HaANYNN PasINYHOro BUAa anpuopHoOl MHOpMaLMK O Ka-
Hasle pacnpocTpaHeHWs CUrHana 1 PasNnNYHbIX NapameTpoB KaHana. MNonyyeHbl 3aBUCMMOCTU CpeAHel MponycK-
HOW CNOCOBHOCTU AN C/Y4aiHOrO P3/1eeBCKOro KaHana OT MOLLIHOCTM MCTOYHMKA W BroJKeTa MOLLHOCTM Ha pe-
NeliHbIX y31aX, @ Takxke CTaTUCTUYeCKMX NapamMeTpoB KaHana, @ UMeHHO K03 ULIMEHTOB, XapaKTepU3yHLLMX CO-
OTHOLLEHMEe MexXay Cly4aiHOW 1 AeTePMUHUPOBAHHOM COCTaBAAOLLMMMY KaHana.
3aknoyeHune. MNonyyeHHble pesynbTaTbl UMET NPakTUYeckoe npruMeHeHve. Tak CNoNb30BaHMe 3HaHWA CTaTh-
CTVIK BTOPOTro Mopsijika BO3SMOXHO B pPefieiiHbIX CeTHAX, B KOTOPbIX 0becneynBaeTcs ycaosme npsaMor BUANMOCTH
C MafblM YpOBHeM pOHa OT MeCTHbIX NpeAMeTOB. B yCnoBMAX rOpOACKORN 3aCTPONKM, MPU KOTOPbIX BO3HUKAKOT
3aTeHeHUs1 N MHOToJlyYeBOe PacrnpoCcTpaHeHe CUrHaN0B, BO3MOXHO MUCMOAb30BaHNe TOIbKO MOAX0Aa, OCHO-
BaHHOrO Ha 3HaHWN MFHOBEHHOTO COCTOSIHWSA KaHana.

KntoueBble CI0Ba: peseiiHasi ceTb, MPOCTPaHCTBEHHAs 06paboTka CUrHaNoB, NPOMYCcKHas CNOCO6HOCTL, MHOTO-
NIY4EeBO KaHa, KpUTepPUin MakCMMyMa OTHOLLEHUSI CUTHAN/LLYM
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Abstract

Introduction. A wireless communication system based on a relay network where a link between a source and
a destination is carried out through a network of relay nodes have been considered. Relay networks operate
according with amplifier-and-forward protocol where each relay node performs reception, amplifying, phase
shifting and retranslation of a signal to the destination node. As a result a task of powers and phases optimization
in the relay nodes (i.e. the complex weighted coefficients optimization) becomes actual. Complex weighted coef-
ficients of the relay nodes are optimized in such a way as to ensure the maximum signal to noise ratio at the
receiver while limiting a power emitted by the relay nodes. In the paper, optimization of spatial processing with
different a priori channel state information (i.e. instantaneous channel state information and the second order
statistics) have been considered.

Aim. Spectral efficiency analysis of a relay network in a multipath channel where the relay network was optimized
by using of two types a priori information: an instantaneous channel state information and second order statistics.
Materials and methods. Optimization of spatial signal processing in the relay network was based on methods of
statistical theory and optimization using analytics of linear algebra and methods of mathematical programming.
Performances of the relay network were analyzed using Monte Carlo simulation. The simulation was performed
in MATLAB program environment using CVX toolbox for solving convex optimization task.

Results. In the paper optimal solutions for spatial signal processing in the relay network were presented. The
solutions were based on maximum of signal to noise ratio while limiting total relay power and individual power
of relay nodes. Monte Carlo simulation was performed to provide performances of the relay network for different
types of channel state information and channel parameters. Mean capacities versus mean source power, a
budget of relay nodes power and a ratio between random and deterministic power of the channel were gained
for the Rayleigh model of multipath channel.

Conclusions. The results have a practical application. Thus, the use of the second order statistics is possible in relay
networks when direct visibility with a low level of background from local objects is provided. In urban areas,
where shading and multipath propagation of signals occur, it is possible to use only an approach based on the
knowledge of channel instantaneous state.

Keywords: relay network, spatial signal processing, capacity, multipath channel, criterion on maximum of signal-
to-noise ratio
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BBenenue. bypHblil pocT OeCcpOBOIHBIX Tee- pacrpenencHusl B IpOCTPaHCTBE NMPUEMHBIX U Tepe-
KOMMYHUKAIIHOHHBIX TEXHOJIOTHH, CBA3aHHBIN C yBe- Jaromux y31oB [1-4]. OgHum u3 HanpaB/IeHUH OBbI-
JTUYEHUEM YJHciia a0OHEHTOB M PACIIMPEHUEM TIPEIo- neHus 3(HEKTUBHOCTH OESCIIPOBOTHBIX CUCTEM CBSI3H
CTaBISICMbIX CEPBUCOB, TPEOYET MOBBIMICHUS CKOPO- SIBJISIETCS. TEXHOJIOTUS peieHbIX cereil [5—7]. Peneii-
CTH nepesaun faHHbiX. [Ipobnema yBenmudeHus mpo- HBIE CETU OCHOBAaHbI HA UCIIOJIB30BAHUY ITPOMEXKYTOU-
IIyCKHOM CIIOCOOHOCTH, Hapsilly ¢ PaCIIMPCHUEM [0~ HBIX Y3JIOB JUIsl PETPaHCIISLUN CUTHAJA OT UCTOYHUKA
TOCk! JacTOT, POIAcTCA ¢ MOMOIEIo PasHeceHu 1 ... K IpueMHuKy, PencifHble cTaHUMH OCYINECTBILTIOT
26 CrnekTpanbHasn 3¢ eKTUBHOCTH eCIIPOBOAHOI pesleiiHON ceTH B YaCTOTHO-HeCeJeKTHBHOM KaHaJle
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MIPUEM CUTHAJIOB OT UCTOYHHKA, er0 00pabOTKy U Iie-
penady K npueMHuUKy. [IporyckHas crmocoOHOCTb pe-
JIEHHBIX ceTei uccienyercs B paborax [7-10].

Jst mepenaun ¥ mpueMa CUTHAJIOB B PEIEHHBIX
CeTsIX UCTIONB3YIOTCS 1B OCHOBHBIE cTpareruu. [lep-
Basg CTparerusi Ha3blBaeTcs "ycuieHue u mnepenaqa”
(amplify and forward) [7], [9], [11-12], a BrOpas
CTparerusi MperoaracT BBHIIIONHEHHUE JIEKOTUpPOBa-
HUSI/KOTUPOBaHUS Ha peneiHbIx craHumsx [8], [13].
[Ipotokon crparernu "ycuienue u nepengada’ moiy-
YuJ1 HanOoJIbIIIee PacIPOCTPaHEHHE, TaK KaK OH I103-
BOJIIET PEeaJIn30BaTh MOTEHLHUAIbHBIE BO3SMOXKHOCTH
peNIeHBIX ceTel 3a cyeT mpocTeiimelt 00paboTKu
CUTHAJIOB Ha PEJIEHHBIX CTaHIUAX, MPEATIoarauiei
YMHOXXEHHE MPUHSITHIX CUTHAJIOB Ha KOMILJIEKCHBIH
BecoBoil k03(dunment. Pa3BuTtHe 3TOH CcTpareruu
npeacTabiieHo B [14—16], tae pa3paboTaHbl METOIBI
MPOCTPAHCTBEHHO-BPEMEHHOTO KOTHUPOBAHKS CUTHA-
JIOB JUIS PEJNICWHBIX CeTed, TO3BOISIONINE Pealn30-
BaTh BO3MOXXHOCTH IPOCTPAHCTBEHHO-PACIIpe/IeIICH-
HOU cHcTeMbl 0e3 3HaHUSI KaHAJIBHBIX KOd(QUIUEeH-
TOB Ha peNeHHBIX y37ax. JpyruM pa3BUTHEM MPOTO-
kona "ycuiieHue U mepenada’ sABIseTCA pa3paboTKa
METOIOB 00pabOTKN CHTHAIOB B YaCTOTHO-CENICKTHB-
HOM KaHaJe, OCHOBaHHBIX Ha JIMHEHHOH (punpTpanun
[17] u 06paboTke B yacToTHOM obnactu [18].

B Hacrodmieir cratee paccMOTpeHa peneiHas
ceTbh, paboTatolias 1mo NpoToKoIy "yCHIICHHE U TIepe-
nada" ¢ BeCOBOM 0OpabOTKON Ha pelieiHBIX y3iIax.
[IpobnemMe oONTHUMH3AKK pACHpENCICHHOW TIpo-
CTPaHCTBEHHOH 00pa0OTKHU B pEIEHHBIX CETIX MOCBSI-
mieH psin padot [9], [11], [19-20]. PaccmoTpens pas-
TWYHBIE KpuTepuu ontumuzanuu [11], Takwme, kak
KpUTEpUN MUHUMYMa CyMMapHON MOIIHOCTH, U3ILy-
4aeMOU peJICHHBIMH y3JIaMU, U KPUTEPUN MaKCUMyMa
OTHOIICHUSI CHTHA/TIyM. [Ipr 5TOM B IepBOM citydae
HaKJIaJIbIBACTCs OrpaHUYEHUE HAa MUHUMAIBHOE OT-
HOIICHUE CUTHAI/IIYM B MPUEMHUKE, 2 BO BTOPOM —
OTpaHWYCHHUE Ha CYMMAapHYI0 MOIIHOCTh PelICHHBIX
Y3JI0B MJIM Ha MOIIHOCTb OTHENbHBIX pPeNeHHbIX y3-
JI0B (MHAMBUAYAJIbHYIO MOIIHOCTD).

OnTumu3anus NpoCcTPaHCTBEHHOM 00paboTKy Ha
PENeHHBIX y3IIaX IpearnoiaraeT 3HaHue Kod(duim-
eHToB nepenaun. B [9], [19-20] paccmarpuBanach
ONnTHMaNbHAs 00pabOTKa NMpPHU TOYHOM 3HAHWUHU Ka-
HANBHBIX Kod(duimentoB. B [11] cuHTe3MpOBaHBI
QITOPUTMEI TIPH HAJTIUH CTATUCTHYCCKOW HH(pOpMA-
MU O COCTOSHUM KaHaja, ColeprKalleicss B MaTpu-
ax MOMEHTOB BTOporo mopsjaka. CpaBHeHHE IBYX
TOJIX0/I0B TIpOoBeAeHO B [12].

Lenbro HaCTOSIIIEH CTATBU SBISIETCS UCCIIEI0BA-
HUE CIIEKTpalIbHOU 3(p(HEKTUBHOCTH pEICHHON CeTH B
VCIIOBHSIX MHOTOJIYYEBOTO YaCTOTHO-HECENICKTUBHOTO
KaHaua cBsi3u. PaccMoTpeHa onTuManbHas pOCTPaH-
CTBeHHAas 00pabOTKa CUTHAJIOB B PEJICHHON ceTH, KO-
TOpas ONTUMH3HUPYETCS IO KPUTEPUIO MAKCUMyMa OT-
HOIIICHUS CUTHA/IITYM TIPU OTPAaHUYCHHUHN Ha ITOJTHYIO
MOIIHOCTD, HW3IYY4aeMyI0 peNeHHBIMH Yy3JIaMH, U
OTPaHMYCHUN HAa WHIVBHIAYAIFHYIO MOITHOCTH pe-
JEeWHBIX y310B. [IpemmnonaraeTcs HaIW4HWE armpHOp-
HOW MH(OPMAITIH O COCTOSIHUN KaHAJIOB ABYX THUIIOB:
TOYHOE 3HAHWE MTHOBEHHBIX 3HAYCHHI KOAPQHIIIEH-
TOB MEPEAa4n U 3HAHHE CTATHCTUK BTOPOTO MOPSIKA
3TUX KO3(HUITUCHTOB.

[TepBerit MOnX0M, OCHOBAaHHBIM HA 3HAHWW MTHO-
BEHHBIX 3HAYCHUI KaHaja, TPeOyeT OLECHKH KaHAIlb-
HBIX KOO((HUIHUEHTOB, YTO BEACT K 3HAYUTEIHEHOMY
YCIOKHEHHIO CUCTeMBI. BTopoit momxon He Tpebyer
HENPEPHIBHOW OIICHKM KaHala, HO 3(dexTrBeH
TOJBFKO B KaHaJaX C BBICOKOH HPOCTPAHCTBEHHOMH
Koppeisuei. [IpoBeneH aHanmn3 MPOMYCKHOM CIIO-
COOHOCTH peJICHHBIX CeTei ¢ MIHOBEHHBIM U CTaTH-
CTHYCCKUM 3HAHHEM KaHaja C MOMOIIBI0 MaTeMaTH-
YEeCKOTO MOJIEIIMPOBAHUS, B PE3YNBTaTe KOTOPOTO TI0-
Jy4YeHbl CpeJHHE 3HaYeHUs MPOIYCKHON CIOCOOHO-
CTH JUTA pacCMaTPHBAaEMBIX METOIOB B KaHAJNIAX C pa3-
JMYHBIMHA CTaTHCTHYECKUMHU CBOHCTBAMH.

Moneas peieiiHoii ceTu. Paccmotpum Oecripo-
BOIHYIO pesieiHyTo ceTh (prc. 1). OHa COCTOHT U3 OHOTO
HCTOYHHKA, OJTHOTO MOJTy4aTesis cooOIeHust 1 M npome-
JKYTOUHBIX peJIeHHbIX y30B. [lonaraemM, 4To HICTOUHUK
HE MOJKET YCTaHOBHTH CBSI3b HAMIPAMYIO C ITOTydaTe-
JIEM M3-3a HEIOCTATOYHOT O KauecTBa kaHajia. [1o aToit
NPUYMHE UCTOYHUK HCIIONB3YET PEIICHHBIC Y3IIbI IS
TOTO, YTOOBI Mepenarb MHPOPMAIUIO TOIydYaTelIro.
Peneitnble y311b1 paboTalOT 10 MPOTOKONY "yCHIICHHE
u nepenaya" (amplify and forward) [7], B koTopom
BBIJICIISIIOT 2 dTara.

X1 |Peneitnsrit yzen | Y1
Wy

X2 |Peneitnbii y3en

_>
S
2

F

XM _ |Peneitnsrit y3en | Ym
Wm

Puc. 1. Cxema peneifHol ceTH

Fig. 1. Relay network diagram
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Ha NEPBOM OTANl€C UCTOYHUK TPAHCIIUPYET CUTHAL

\/%s, me By -

s — HH(POPMALTMOHHBIA CHMBOJL.

nusjrydacMas MOIIHOCTB,

[Iycts cpemusist MOIIHOCTH HH(DOPMAIMOHHOTO

CUMBOJIa paBHA EIUHUIE! E{|S|2} =1 e E{} -
CHMBOJI MaTeMaTH4ecKoro oxkuaanus. KomIuiekcHas
aMIUIMTYJa CUTHAJIa, IPUHSATOTO M-M PeleHHBIM y3-
JIOM, TIPE/ICTABIISIETCS CIECAYIOIINMM 00pa3oM:

Xm = y/PoNmS + V. (1)

rae hy, — KoMIUIeKCHBIH K03 QUINEeHT nepeaayn Ka-
HaJla MEXIy MCTOYHHKOM H /7-M PEJIEHHBIM Y3JI0M;

Vi, — ITyM IPMEMHHKA Ha 71-M PEJICHHOM Y3JI€ ¢ JTHC-

nepcuen 2. IIpennonoxum, 4To HMIyMbl IPUEMHBIX
YCTPOICTB peneifHbIX y3710B CTAaTUCTUYECKH HE3aBU-
CHMBI.

Ha BTOpom sTame peneiHOro mpoTOKOa m-i pe-
JIEWHBIN y3e1 pEeTpaHCIUpyeT TPHUHSATHIA CHUTHAT,
YMHO)KEHHBIA Ha KOMIUIEKCHBIA BeCOBOW K03 duIm-
€HT W, !

Ym = WmXm- 2

B nmpueMHOM ycTpolcTBE NOTydaTens: IPUHATHINA
CUTHAJ NPEACTaBIseTCA B BUJE CYMMBbl CUTHAJIOB OT
M peneuHbIX y310B:

M
ZzzngmeVOv ®)
m=1
rae gy — Ko3hduIMeHT mepesaun KaHauaa OT mi-TO

peneiHoro y3na 0 MONy4aTens; Vg — HIyM HpHeM-

HOTO YCTPONCTBA MOy4aTells ¢ AUCTIEpCUen G%.
Ucnonwzys (1) u (2), nepenumem (3) ciemyro-
UM 00pa3oM:

M M
z =«/%z Winmdms + Z WmOmVm +Vo-  (4)

m=1L m=1L

[TepBoe crmaraemoe B (4) ABNSETCS CUTHAJIBHOMN
KOMIIOHEHTOM, a BTOPOE€ U TPEThE CllaraeMble Mpe-
CTaBJISIOT CYMMAapHBIN IIIyM pEIEHHON CETH.
CleqyIoNue

Beenem 0003HaYCHHS:

h=[h, hp, ..

p€aadn IMEpBOro 9Tala, g:[gl’ gz,

- hm ]T — BEKTOP KO PHUIUEHTOB I1e-

ceny gM]T -

BCKTOp KO3(1)(1)I/IHI/IGHTOB nepeaayn BTOPOro sTaria,

T
Wz[M, Wo, ..., WM] — BEKTOP BECOBBIX K03 u-
non
LIMEHTOB peJeiHbIX Y310B, Ile | — oOmepanus
TPaHCTIOHUPOBAHHSI.

Onrumuzanus IPOCTPAHCTBEHHOI 00paboTKH.
Ontumusanus NPOCTPAHCTBEHHOM 00paboTku 3a-
KIIIOYaeTcss B BbIOOpE BECOBBIX KO3(HIIMEHTOB,
00€eCTIeunBAIONINX ONTUMAJIbHOE 3HAYCHUE IICTEBOI
¢yHKIIHA. PaccMOTpEM ONTUMH3ALHIO BECOBBIX KO-
3¢ duIreHTOB Ha OCHOBE KpUTEPUS MaKCHMyMa OT-
HOIIEHHs] CUTHAI/IIYM, TIPH 3TOM HEOOXOJHMBIMH
YCTIOBUSIMH SIBIIIIOTCS OTPAaHWYEHUS HAa MOIIHOCTU
peneiHbIX y3/0B. 3ajada ONTHMH3AIUU MPOCTPaH-
CTBEHHOH 00pabOTKM NpH OrpaHUYCHUHM CyMMAapHOM
MOIIHOCTH PeNIeHHBIX Y3JIOB 3aIMCHIBACTCS B BUJIE

maxn(w), Ry < RN, )
W

e n(w)="PR /P, OTHOLIEHHE ~CHUTHAI/IIYM;

R- — cpemnsis cymMMapHash MOLIHOCTb, H3Tydaemas

peneiHBIMA y31aMHu; szax — OIOIDKET HOJIHOM MOIII-
HOCTH, IIpuueM Py — cpeaHss MOIIHOCTh CUTHANa
B IIPHEMHOM YCTpOiicTBe nomydarens; B, — cpenuss
CyMMapHasi MOIIHOCTb IIIyMOB B IIPUEMHOM YCTpOii-
CTBE IMOJTydJaTess.

[lpu orpaHwueHUHM WHIUBUIYAIGHBIX MOIIHO-
CTEH peneiHbIX Y3II0B 3aa4a (5) IpuHUMaeT BU

maxn(w), Pp <Pp®, m=1...,M, (6
w

rie Py, — cpemHss MOIIHOCTb, H3Iydaemasl 7m-M

peneiiHbM y3i1om; P — GHOKET MOIIHOCTH M-TO

pETEHHOrOo y31a.

PaccmoTpum 2 momxoma K ONTUMH3AINHN peTei-
HOI CEeTH, OCHOBAHHBIX Ha Pa3IMYHOM 3HAHWU alpH-
OpHOI MH(popMaIMu o KaHaie. B mepBom moaxone
npejrnonaraeTcs, 4ro uHGopMalms O KaHale W3-
BECTHA, T. €. U3BECTHHI MTHOBCHHBIC 3HAYCHUS KO-
¢unmenToB nepenauu kanana h u g. Ha npaxruke ta-
KO€ 3HaHHE MOXKET OBbITh MOJYYE€HO B pe3yJbraTe
OIICHKH KOA(UIMEHTOB TIepe/iadu, YTO BCeraa BeeT
K JIOTIOJIHUTENBHBIM omOKaM. OJTHAKO NP CHHTE3E
ONITHUMAJBHBIX BECOBBIX KOI(PPHUINCHTOB OyIeM CUu-
TaTbh, YTO BEKTOPHI h U g TOUHO U3BECTHBI.

Bropoii noaxon mpeamnonaraet, 4T0 MrHOBEHHbBIE
3Ha4YeHUs KOA(DOUIMCHTOB Tepeiadrl HEU3BECTHBI, a
M3BECTHBI CTATUCTUKU BTOPOTO TMOPSIIKA — MaTPHUIIBI
KOPPENSUOHHBIX MOMEHTOB.
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Onmumuzayus co 3HAHUEM MEHOBEHHbIX 3HAYe-
Hutl koagppuyuenmos nepedauu. Tlomaraem, 9to Bek-
TOpBI KOA(PPHUIINCHTOB Tepenadn h u g U3BECTHBI U
SIBIISIFOTCSL IETEPMUHUPOBAHHBIMU BEJIHMYMHAMH. TO-

I71a MOJTy9uM, 9To MomHocTd Py, By, m Ry paBHEL

s = Pw! (h®g)(h®g)"w;

P, = cszggHw + G%; 7

R: = Rywhh''w + c2whw,

I ® — CHMBOJII OYJIEMEHTHOTO MMPpOU3BEACHHNSA BCK-

won

TOPOB; — CUMBOJI 9pMHUTOBA COIIPSIKCHUA.

Baenem 0003HaYeHUS:
H=Rydiag [hy]?, [hof?, ... g |+l

— JUaroHaJbHas MaTpHULa CyMMBblI KO3((HIHNEHTOB
Hepeiady 10 MOIIHOCTY IIEPBOIo 3Tana U KOPPEIsALy-
OHHOM MAaTpHIBl LIYMOB DEleHHBIX Y310B; lp; —

eqUHUYHAas MaTpuia ¢ pasmepaMua M xM;

G= nggH — MaTpuna MOMCHTOB BTOPOTO IOpsAAKa

k03(ppHIIMEHTOB ~ Tlepeqayn  BTOPOTO  IJTama;

D=R(h®g)(h® g)H — MaTpHIla MOMEHTOB BTO-

poro nopsiika Mpou3BeAeHUH k03 (PUIMEHTOB Tepe-
Jla9d TIEPBOTO M BTOPOTO ATAOB. YUUTHIBAs (7), OII-
TUMH3ALMOHHYIO 3314y (5) MOXHO 3aIlUCaTh B BUJIE
H
w" Dw
max —————, w'Hw < RIMX, ®)
w c“W'GW + o

3anaua (8) UMeeT aHATUTUYECKOE PELIeHHe, KO-

TOPOE MOXKHO 3amucarh Kak [11]

W= szax H—0.5 <

-1
% Proax {(GguM + RXH05GH-05) T

% H—O.SDH —0.5}, ©

rne Ppax{-} —oneparop, Bo3pammaromuii cobcTBeH-
HBI BEKTOP MaTPHUIIbI, KOTOPOMY COOTBETCTBYET MaK-
CUMaJIbHOE COOCTBEHHOE YHCIIO.

OTMeTuM, 4TO ONTUMAJIBHBIM BECOBOM BEKTOP
o0ecreunBaeT KOTEPEHTHOE CYMMHpOBaHHE (10 aM-
IUTMTYIE) CUTHAIBHBIX COCTABJISIONINX, MPHUIISIIINAX

[IIymMOBBIE KOMIIOHEHTHI OT Pa3UYHBIX peleHHBIX
y3JI0B HAKaIUTMBAIOTCS MO MOIIHOCTH. B pe3ynb-
Tare peaju3yeTcs SHEPreTMUEeCKUH BBIMIPHIII 3a
CYET HCIIONB30BAHUS pEIEHHON CeTH, KOTOPHIN
MIPONIOPLIUOHAJIEH YHUCIY Y3J10B M.

ANTOpUTM BBIYMCIIEHHUS BECOBOI'O BEKTOpa
MOXXHO NPEACTaBUTh B BUJIE MOCIEAOBATEIBHOCTU
CIEYIOINX TeUCTBUMN:

1. BerumncieHre MaTpyIbl

2. HaxoxeHue o0paTHOM MaTpHIIbI AL

3. BeruucieHue MaTpuIbI A= A1HO5pH 03,
4. HaxoxieHre COOCTBEHHOTO BEKTOpa

U =Prax LA

5. Berumcienue BeCOBOro BEKTOpa
w = R {05,

3amerumM, uTo maru 1, 3, 5 cocToar u3 onepa-
U MaTPUYHOTO YMHOXKEHHS, CIOXKEHHS H 00pa-
IEHUS TUarOHATbHOU MAaTPUIBI, YTO HE MPEACTaB-
JISIET CHOXKHOCTEN JJI MPAKTHYECKON pean3aluu.
Brinmonaenue mara 2 Takxe MOXeET OBITh JIETKO pe-

allM30BaHO, €CIM MAaTPHUIly Al MPEICTaBUTh B
AHAJIMTHYCCKOM BHIC:

A—l — 662 %
szax

x| Iy — HO5%GH |

BBIYHCIICHAE KOTOPO# 3aMEHSET OTepaluy Ha Iia-
rax 1, 2.

Haubosee TpyaroeMKuM [UIsl TPaKTHUECKO# pe-
aJU3aIUH IPECTaBISICTCS] BEIYUCICHHE COOCTBCH-
HOTO BekTOopa Ha mare 4. OTHAKO CYMEeCTBYET Ipo-
cTod 1 3QPEKTUBHBIA alTOPUTM BBIYUCICHUS COO-
CTBEHHOTO BEKTOpAa, COOTBETCTBYIOIIETO MAaKCH-
MaJbHOMY COOCTBEHHOMY YHCIY MaTPHUIIBI, — CTe-
neHHoi Mmetof [21]. DTo UTepallmOHHBIN aJITOPUTM,
B KOTOPOM MPHOJIIKEHUE COOCTBEHHOTO BEKTOpa
HAa j-M IIare BBIYHMCIIACTCS B BUIC

Au(j-1)

OT Pa3INYHBIX PENICHHBIX Y3JIOB, ¥ KOTOPBIX KO3 du- u(j)= \/ . —— . (10)
LIMEHTHI [IEPENAaUYU ONPEAEIISIOTCS IPOU3BEAECHUEM KO- u ( )= 1) Au ( J _1)

s duIHeHTOB Mepenaun IepBOro U BTOPOIO ITAIOB.
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Urepannonnoe pemenue (10) cxomutcs K cob-
CTBEHHOMY BEKTOPY C MAaKCUMAaJIbHBIM COOCTBEHHBIM

YHCIIOM MAaTpuUilbl A. B kxadecTBe Ha4aJIBLHOTrO npu-

ommxenns U(0) MokeT GbITh BHIGPAH BEKTOP CO CITy-
YalfHBIMU KOMIIOHEHTaMH. Takum 00pa3oM, BEIYHCITE-
HHE BECOBOTO BekTopa (9) cBomMTCS K IOCIEAOBa-
TENLHOCTH OTIEpAIii YMHOKEHHSI M CIIOKESHHUS, 9TO
HE TIPEAICTABISET TPYIHOCTEH ISl MPAKTUIECKON pe-
aNM3aIy JaHHOTO AITOPUTMA.

Paccmorpum pemenue 3amaun (6), KOTOPYIO C
yuetoM (7) mepenuiieM B BUIIE

H
maXZW—DVVZ, |Wm|2 HmlmSP y
W c“W'GwW + o )
m=1..., M,

rne Hym — (m, m)-ii snemenT Matpuusl .

3amada (11) sBiIsETCSA HEBBITYKJIOH, OMHAKO OHA
MOXET OBITh TpeoOpa3oBaHa K KBa3WUBBITYKJIOH 3a-
nade B cooTBeTcTBUU ¢ [11], [22]. s aTOTO BMECTO

BEKTOpa 1apamMeTpoB w BeeseM Matpuiy W =ww",
KOTOpast SIBJISETCS HEOTPULATENHFHO OIpeeIeHHOM:
W >0 [23], a Tarke JONOTHUTENBHYIO TIEPEMEHHYIO £,

-1
OTBEYAOIIYIO yCIOBHIO  t < (wipw)(c2wicw) .
Torna 3amgavy (11) MOXKHO IPEACTaBUTH KaK

\r/nva>t<t, Tr{w (D -tG)} > to3,

W =0, Wy i <P /Himm M=1 ..., M, (12)

e Tri} —cnen MAaTpUIIEL.

OtmetnM, 4TO 3anmada (12) He MONHOCTHIO DKBU-
BaJieHTHa ucxogHou 3amade (11), Tak kak B (12) uc-
KIIIOYeHa emie ofHa (pyHKIHS OTpaHHYICHHHA — paHT
MaTpHIbl W, SBISIOMICIHCS HEBBITYKION (DYHKITHEH,
MPUHAT PaBHbIM efuHuue. Pemenue 3amaun (12)
HIIETCS Ha OCHOBE MeToza Oucekiuii [22] ¢ ucnoib-
30BaHUEM CTAHJAPTHBIX AJITOPUTMOB MaTeMaTHye-
CKoro mporpamMmmupoBanus. Bee ycnosus 3agaun (12)
SIBIISTFOTCS BBITYKIIBIMH W JIMHEHHBIMU OTHOCHUTEIIEHO
W. TlosToMy MOXKET OBbITh HCTIONIb30BAH JIMHEHHBIH TO-
WCK TEPEeMEHHOU f, a UMEHHO HEOOXOAWMO HalTH
MaKCUMaJIbHOE 3HA4YEHUE NIEPEMEHHOH #, IPH KOTOPOM
00J1acTh 3HaYEHUH ONTUMM3ALMOHHOMN 3a1a4M He SIBJIs-
ercsl MMyCTBIM MHOKECTBOM. JIMHEHHBINA MTOUCK TeEpe-

Meron OHMCEKIMIT UCHOMB3YeTCs JUIS COKpAIEHUSI
niepebopa 1o nepeMeHHoH ¢. [Ipu 3ToM Ha KaxI0# ute-
panuy HepeMEeHHON HPUCBAMBACTCS CPEHEe 3HAUYCHHE

pacemarpusaemoro uutepsaia t(i) = (tmin +tmax )/2-

Jarnee BBIMTONHSAETCS MTPOBEPKA YCIOBUH

findw (i +1), Tr{w(D-t()G)} >t(i)o3,

(13)
W >0, Wy <P /Hims M=1, ..., M.

3amada (13) He mMeeT 1ieNeBON (BYHKIMH. 3aIvch
findW (i +1) o3mauaer, uro B KauecTBe pelICHMS
W (i +1) maxomures mrobas MaTpHIia 13 00JIaCTH 3HaJe-
Huii B (13), oTBeyarolas yCIoBUsIM 33/1a4H.

Juna Haxoxxnenus pernenus 3aaadu (13) ucnonb-
3yeTcsi METOA BHYTpeHHeW Ttouku [22]. Bompock
NPaKTHYSCKOM pean3allii aJrOPUTMOB BBITYKIIOH
ONTHMH3AIIUU OCBEILCHKI B [24].

Ecmu B (13) obmacTh 3Ha4eHUI — HE ITyCTOE MHO-
xectBo, To W (i +1) npucpanBaercs moGoe momy-
CTUMOE 3Ha4YCHUE W3 00JIacTu 3Ha4eHMH 3aga4u (13),
OpU ATOM JUIS CJICAYIOLIETO Iara OMyCTHMBIA HH-
TEpBaJI MIEPEMEHHON ¢ OTPAHUINBACTCSl CHU3Y 3HAYe-
aneM tin = (tmin +tmax ) / 2. B npoTHBHOM cilydae

MHTEpBaJl IOMCKA OTPAHUYMBACTCS CBEPXy 3Hade-
uneM tmax = (tmin +tmax )/ 2. WTepauuoHHBIHA 1po-
IIeCC MPONOIDKACTCS 10 TeX IOp, TMOKa HOpMa pas-
HULBI JBYX PEIICHUH, MOJIyYCHHBIX Ha YCIEIIHbIX

HUTEpaLMIX, HE CTAHET MEHbBIIIE HEKOTOPOU MaJloi Be-
JIMYUHBL:

WG+ -w ()| <s.

W3 naitnennoro permenus W, HeoOX0oauMo orpe-
JIEJINTH BECOBOM BEKTOP W. JICKOMBIi1 BECOBOI BEKTOD
aNMpPOKCUMHUPYIOT C TIOMOIIbI0 COOCTBEHHOTO BEK-
Topa Marpuubl W, , KOTOpbIH COOTBETCTBYET MaKCH-

MaJIbHOMY COOCTBEHHOMY 4HCiy [25]:
W= [ Amax (Wa ) Brnax (W} (14)

e Amax {} — omeparop, Bo3Bpamarouii MaKcH-
MAalbHOE COOCTBEHHOE YMCIIO MAaTpHLELL. 11oKCcK co6-
CTBEHHOTO BEKTOPA U COOTBETCTBYIOIIETO EMY MAKCH-
MaJIbHOTO COOCTBEHHOTO YKCIIA OCYLIECTBIIAETCS CTE-
[ICHHBIM METOIOM, OIIUCAHHLIM PaHEE.
Onmumuzayusi co 3nanuem Cmamucmux 6mopo2o

MEHHOM [  OCYyWICCTBIICTCS ~ HA  WHTCPBANC  popgoxg. Bymem monaraTh, 9YTO MIHOBEHHBIE 3Haue-
[tmin: tmax J- Hus KO3(D(PUIMEHTOB mepeqaun h 1 g HEW3BECTHBI
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Ecnm 511 k03(hHUIMEHTHI ABISIOTCS CTy4allHBIMHU Be-

JIMYUHAMH, TO CPEAHHUC 3HAYCHUA MortHocTer P, ,

P, R mpencraBisiorcs cemyomuM o6pa3oM:

P. = w"Rw:

Py =W'Q"W +6}; (15)

R =w"Pw + o2whw,

H

e R=R E{(h ® g)(h ®g) } — KOPPENSIHOHHAS
MaTpHIa MPOU3BEACHUH KOA(PPUINCHTOB IMepeaadn
MIEPBOT0 U BTOPOIO 3TaIoB; Q = GZE{gg“} — Koppe-
JIAIUOHHAs MaTpuia ko3 OUITMeHTOB Tiepenadn BTO-
poro 3Tarna;

. 2 2 2
P=P0d|ag E|h1| , E|h2| ) eeey E|hM| +G|M -
JIMAroHAIbHAS MaTpPHIA CyMMBbI CPEJTHUX 3HAYCHHH KO-
3¢ uULIMEeHTOB epeaun IepBOro 3Tara o MOIIHOCTH U
KOPPEJISAIMOHHON MATPHIIBI IIIYMOB pEICHHBIX Y3JIOB.
JluaroHaJlbHBIE 3JIEMEHTHI MaTpuilbl P 0003HaYMM

Pl,l’ P2,2, . PM,M .

[Tycts BMecTO 3HAHMSI KOA(DPHUIIMESHTOB IepeIadn

MU3BCCTHbBI HUX CTAaTUCTUKKU BTOPOro mnoOpsakKa, a

WMEHHO MaTpullsl P, R, O, 4epe3 KOTOpEIe orpees-
1orcs cpennue momnoctu Py, B, R;. Torma peme-

HUe 3a/1a4u (5) 3anuckiBaeTcsi aHamoruaHo (9):
W= szax P—0.5 %

% Prne {(cé Iy +RI*p-05gp-05)
« P‘0'5RP‘0'5}, (16)

-1
X

OnTuMu3anus ¢ OrpaHUYCHUEM HHIUBUAYalb-
HOM MOIIIHOCTH pEJNEUHBIX Y3JI0B B COOTBETCTBUU C
(6) cBOIUTCS K pEIICHUIO KBAa3UBBIMYKJION 3aa4uu

maxt, Triw (R-tQ)! >tc3,
W, t { } (17)
W >0, Wiy < P /Prums M=1, ..., M

1 HaXOXICHHUIO U3 IMOJYYCHHOI'0 pCIICHUA W* BCK-

TOpa BECOBBIX KOA((HUINEHTOB W aHAJIIOTHYHO CIIy-
Yaf0 cO 3HAHWEM MTHOBEHHBIX 3HAYCHUH K03(hduim-
CHTOB IIepeayH.

[NpakTryeckas peaar3aryst aIlTOPATMOB MTOKCKA OTI-
TUMAJIbHBIX BECOBBIX BEKTOpOB (16) u (17) monHOCTBIO
aQHAJIOTUYHA ONMCAHHBIM paHee MPH 3HAHUM MTHOBEH-
HBIX 3Ha4YeHUH KOA(Q(HUITMEHTOB Mepenadn KaHaa.

CrnekrpanbHast 3p(peKTUBHOCTE pelleiiHoi ceTu.
B kauecTBe XapaKTEpHCTUKH CHEKTPaIbHOH d(dek-
TUBHOCTH CHCTEMBI CBSI3H OyIeM HCIIOIb30BaTh OTHO-
CUTENIbHYIO TIPOIYCKHYIO CIIOCOOHOCTH KaHaja,
ompezensieMyto 1o llleHHOHY 1 H3MepsieMyo Kolrde-
CTBOM OWT, IeperaBacMbIX B CEKyHIY B II0JOCE da-
ctot 1 ' [IpomyckHyro criocoOHOCTh KaHaya ¢ aj-
JIUTHBHBIM OEJIBIM TayCCOBCKHM IIYMOM 3aIlMIIeM B
suzge [2] C=log,(1+m), rae n — OTHOLICHHE CHI-
HaJI/IIyM.

Ecnu xoa¢h¢unmenT nepexaun KaHana CBSI3H SB-
JseTCs CIyYaiHBIM, TO CPEJHIO0 MPOITYCKHYIO CIIO-
cOoOHOCTh MOXHO 3amnucath Kak [1], [4]

C = [10ga (14 ) py (m)n,
0

riie Py (N) — MWIOTHOCTH pactpesienienns BepoOsTHO-

CTell OTHOIICHHS CUTHAJ/IIYM.
st peneliHOM ceTn MTHOBEHHOE 3HAYE€HHE TPO-
ITyCKHOM CITOCOOHOCTH Oy/IeT ONpeAesAThCS BhIpaKe-
HHEM
w"Dw

C=0.5logy| 1+ 5| (18)

?WIGwW + ery}

OtmernM, uTto Ko3(p¢uuueHt 0.5 y4IUTHIBaeT
HE0OXOAMMOCTh paszielicHusI pecypca KaHama (1o Ja-
CTOTE WJIM 110 BpEMEHHM) AJISl IBYX 3TaIlOB Iepeayu B
penetinoii cucreme. Becosbie ko3 durinentsr B (18)
MOryT 6I>ITI> MOJYYCHBI KaK pCIICHN ONTUMHNU3AI[MOH-
HOU 3ama4u (5) unu (6) B COOTBETCTBHH C ACTEPMU-
HUCTHUYECKUM WJIM CTaTUCTHMYECKUM IIOAXOIOM K
OTIPEJIEICHUI0O MOIIHOCTEM CHUTHAJOB B peJeiiHOM
CCTH. prTI/IMI/I CJIOBaMH, JJIs1 BBIYHMCICHHS BECOBBIX
K03(UIIEHTOB MOXKET HCIOIB30BAaThCS ONITUMH3A-
U CO 3HAHWEM MTHOBEHHBIX 3HAUCHHH KOd(DhuIm-
EHTOB Tiepe/iadyr KaHajla MO0 ONTHMH3AINS CO 3Ha-
HUEM UX CTaTUCTHUYECKHUX 3HaueHui. CpenHee 3Have-
HUE TIPOIYCKHOM CTIOCOOHOCTH 15 CITy4aliHbIX KaHa-
JIOB MIPEJCTaBUM B BUJIE

H
C=05 I log, 1+%DW2 X
h g "W GW + o
xph (h) pg (g)dhdg, (19)

e pp(h), Py (9) — MHOTOMEpHBIe TTOTHOCTH pac-

OpeaAciCHus BCpOS[THOCTeI\/'I BCKTOPOB hu g COOTBET-
CTBCHHO.
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[InoTHOCTE pacmpeneneHus] OTHOIICHUS CHT-
HaJI/IITyM 3aBHUCHUT OT MOAENH KaHama. OmHAKO Taxke
IUTSL TIPOCTHIX CTATHCTHUYCCKUX MOJEJeH, HalpuMmep
MOJIEJIM P3JIEEBCKOTO KaHalla, BBHIBOJBI aHATUTHYE-
CKHX BBIPQ)XCHHH KpaiiHe 3aTpyIHUTENbHBL. B cBsizn
C 3TUM HanboJiee PEATUCTUIHBIM TOAXOIOM JIJISI BBI-
YUCIIEHUS TPOMYCKHOM CIOCOOHOCTH SBJISIETCS Mare-
MaTH4ecKOe MOAEIHPOBAHHE C MPUMEHEHHEM 4YHC-
JICHHOTO MHTETPUPOBAHUS HAa OCHOBE MeToAa MoHTe-
Kaprno.

Pe3ynsTarel  mMomenupoBanmsi. PaccmoTpum
CJIEIYIONIYI0 Mojelb kanana. Koagdunuentsr nepe-
Ja4yll TIEpBOTO W BTOPOTO 3TAllOB 3alMIIEM B BUAEC
IIBYX CJIaraeMbIX

ho = heq + B 9 = 0 + G M=1,..., M, (20)

r1e cuMBOJBL """ 1 "~" yKa3bpIBaIOT HA AETEPMUHHUPO-

BaHHBIC M CIIy4aillHbIE COCTABJIAIOIIAE COOTBET-
CTBEHHO.

B KaXIOM CTaTHCTHYECKOM 3KCIIEPHMEHTE CO-
CTaBJISIONIME KAHATIOB MOJICITAPYIOTCS KaK KOMILTCKC-
HBIE TayCCOBCKHE CIyYailHble BEIUYUHBI C HYJICBBIM
MaTeMaTHYECKUM OKHIAHHEM, YTO COOTBETCTBYET
paneeBckor MoJienH KaHama. Jlucrepcun Iist pasind-
HBIX COCTABJIAIONINX KOA(PPHUIIMEHTOB Tepenadn 3a-
JAIOTCA B BUJIE:

_ 1 .2
E{|hm|2}:m;E{|hm| }:1_?—2%;
)=t )=t
Ellonl =1 g, Elml =g

Koadpdummentsr oy, n OLg OMPEENAIOT COOTHO-

IIEeHUS] MKy ciydaiiHpiMu Ny, §py, ¥ AetepMuHH-

POBAaHHBIMH COCTABISIOWNMH Ny, Ty K0dddumu-

€HTOB TIepeayi KaHAIOB. 3aMETHM, YTO B COOTBET-
cteud ¢ (20), (21) cymmapHbie K03DUIHEHTHI TIepe-
naun hy, W Oy, HMMEIOT IOUCIEPCHH, PaBHBIC €IU-

Hune. Tarke momaraeM, 4To KaHaJIbHBIE KO3(DHIH-
€HTBI JJIs1 Pa3JINYHBIX Y3JI0B U UX COCTABISIOLINE SIB-
JIAIOTCS CTaTHUCTUYECKM HE3aBUCHUMBIMHU  Cllydail-
HBIMU BETMYMHAMUL.

Jucnepcun COOCTBEHHBIX IIYMOB B IPHEMHBIX
yCTpONCTBaX pesIeHHBIX Y3J10B U B IIOJIydaresie 3aa-

IOTCA paBHbBIMU CAWUHUILE, T. €. 02 = 6(2) =1.

IIpu ucnonb30BaHUM MOAXOAA, OCHOBAHHOIO HA
3HaHNM MTHOBCHHBIX KOX((HIMEHTOB Iepeaayy,

npeanonaraerca, 4ro KoadduuueHtsl Ny, O,

-20 -10 0 10 20

Puc. 2. 3aBUCUMOCTH TIPOITYCKHOM CITIOCOOHOCTH OT MOIITHO-
CTH Ha UCTOYHHKE TIPH MOJTHOCTHIO H3BECTHOM KaHaJe.
CIuToLIHbIe TUHUN — OTPAaHWYEHHE TOTHONH MOITHOCTH;

LITPUXOBBIC JIMHUH — OTPAaHMYCHUS HHANBUIYaTbHBIX MOIII-

HOCTEH peNenHbIX y3/10B

P,, nb

Fig. 2. The capacities versus the source power for fully known
channel. Solid lines — constraint on full power; dashed lines —
constraints on individual powers of relay nodes

m=1 ...,M DONMHOCTBIO U3BECTHBI IJIs1 BBHIYKCIIC-
HUS BECOBOTO BEKTOpa B COOTBETCTBHH ¢ (9) miu (14).
[Ipu ncnonbp30BaHUM BTOPOTO MOIX0/a, OCHOBAHHOTO
Ha CTaTHCTUYECKOM 3HAHMM MOJCIH KaHala, Oyaem
cauTath, 4to hy, u Ony SBISIIOTCSA M3BECTHBIMH CO-
CTABJIIONUME  KO3(Q(QUIIMEHTOB Iepeqadyd M pac-
CMaTPUBAIOTCS KAaK MaTeMaTHYeCKHE OXHUIAHUS B
(20),a Ay, u 0y, — HEU3BECTHBIE CITy4aliHbIE COCTaB-
nstomme  kodpdunmentoB nepeaaun (20). B atom
cilydae, MCIONb3ysd HE3aBUCUMOCTb CIIy4alHBIX CO-
CTaBISIIONTUX KaHaa, MaTpuibl P, R, O, 4yepe3 KoTo-
pBI€ OMpENeNsIoTCS MOUTHOCTH B BbIpaxeHuu (15),
OyILyT IPENCTABIATHCS B BUJE

-~ R
P=RyH +10ﬂ|M v

R=Ry(h®7g)(h®7)" +
Poochong

+—

(I+ap)(1+ag)

M ’

7 FRH. = = = — 1T.

e H =hh": 0=[%. 92, .- I | ;
h=[h, hy, ..., (1"

Paccmotpum peneiinyio ceTh, cocTosuryo u3z 10

V3JI0B (M =10). MozenupoBaHHue BBHIMOIHACTCS B

cpene MatlLab ¢ wucrnonb30BaHHEM CTaHAAPTHBIX

CPEeICTB, a Takxke nakera CVX [26] mid perienus on-
TUMHU3AUOHHON 3aJladyd TMOJIYOIPEeNIEHHOrO Mpo-
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rpammupoBanus. [Iponycknas cioco6HocTs (19) mpu
OTIpeIeTICHHOM Ha0Ope IapaMeTPOB BBIYUCIIACTCS Ha
ocHoBe metona Monte-Kapno mo 500 craructude-
CKHM 3KCIIEPIMEHTaM, B Ka)KIOM U3 KOTOPBIX (hOpPMU-
pyeTcs ciyyaiiHag peanuzanus Ko3((GUIUEHTOB Iie-
penadu. Bee pe3yasraTbl COOTBETCTBYIOT MOAEITH P3-
JIEEBCKOTO KaHaja, KOTopas SBIAETCS aJleKBaTHOM
IPHU PacIpPOCTPaHCHUH CUTHAJIIOB B MHOTONYYEBOM
pacceunBaromiei cpene.

B mepBom mpumepe, pesyisraThl KOTOPOTO IpHBeE-
JICHBI Ha pUC. 2 U 3, paccMaTpyBaeTCs TIOIXOM, OCHOBAaH-
HBII Ha 3HAHIY MTHOBEHHBIX KO3((QHUIIMEHTOB TIepeaadn
kaHasa. Ha puc. 2 moka3aHsl 3aBUCHIMOCTH TIPOITYCKHOM
CIIOCOOHOCTU KaHaJla OT MOIHOCTU Ha HCTOYHHUKE Pj.

Ha pucynke mpencraBieHsl 2 ceMmeiicTBa KpPUBBIX.
[TepBoe (CIUIONIHBIE JIMHUM) — AJS aJrOpUTMa pac-
MpeJieJIeHUs] MOIIHOCTH Ha PeNeiHbIX y3llaX ¢ orpa-
HUYEHUEM IIOTHOH MOITHOCTH, YTO COOTBETCTBYET
ONITHMAJBbHOMY BecoBOMY BekTopy (9). Ilokazansl 3a-
BHCUMOCTH JUIS Pa3TUYHBIX 3HAYCHUH ITOTHON MOIII-
HocTH Ry < szax =0; 10; 20; 30 a1b, wuzmy4yaemoi
penelHbIMU  y31aMH. BTOpoe ceMeNCTBO KpHUBBIX
(ITpUXOBBIE JIMHWH) COOTBETCTBYET aJITOPUTMY
OTPaHUYCHUS WHIWBUyabHBIX MOIIHOCTEH peei-
HBIX Y3JIOB, I7le BecoBoii BekTop (14) monyueH ¢ mo-
MOIIBIO PEMICHUs ONTHUMH3arMoHHOW 3amaum (11).

TMokasaubl kpuBbie s Py <P =-10; 0; 10;

20 nb. TIpu 3TOM, TIOCKOJIBKY szax = MPr{]naX, Oron-

JKEThI MOJIHOW MOIIHOCTHU ISl ABYX CEMENCTB COOT-
BETCTBYIOT Apyr apyry. Takum oOpazoM, onuHaKo-
BBIMH I[BETAMHU HA PUC. 2 TTOKAa3aHbI KPUBBIE TS IBYX
Pa3IMYHBIX BUJIOB OTPAaHUYEHUS MOLHOCTH, ONpeie-
JISIEMBIX YCIIOBUSMHU 3a11a4 (5) u (6) COOTBETCTBEHHO,
HO C OJIJMHAKOBBIM OIOPKETOM MOJTHOW MOITHOCTH.

Ha puc. 3 nokazaHbl 3aBUCHUMOCTH TIPOITYCKHOM
CITOCOOHOCTH OT ITOJIHOTO OIOMKETa MOIIHOCTH, OT-
HECEHHOTO K OJJHOMY Y311y. AHAJIOTUYHO PHC. 2 Mpel-
CTaBJICHBI 2 CEMENCTBA KPUBBIX — JJIsl ONTUMU3ALIUN
C OrpaHWYCHHEM ITOJTHOW MOIIHOCTH (CIUIONIHBIC
KpUBBIE) U ONTUMH3ALMHA C OTPAHUYCHUEM HHIIMBU-
IyaJbHOH MOIIHOCTH y37a (IUTPUXOBBIE KPHBBIC).
Jnst Broporo ciyyas OromkeT MHANBUAYAIBHON MOIIHO-
cru PaX — pinax / M. Jns kaknoro U3 aliropurMoB
pacrpesieNieHiss MOIIHOCTHA — TOKa3aHbI
R. =-10; O; 20 nb.

Ha puc. 4, 5 npencrasieHs! pe3ynbTaThl MOIEITH-

KpUBBIE C

POBaHUA MMPU HAJIUYUHU TOJIBKO CTaTUCTUYECKON WH-

20 -10 0 10 20 R™/M, 1B

Puc. 3. 3aBUCUMOCTH TPOIMYCKHON CITOCOOHOCTH OT MOJHOTO

Or0JKEeTa MOIIHOCTH, OTHECEHHOTO K OZIHOMY y31y. Crutoni-

HBIE JINHAU — OTPAaHUYCHHUE TTOJTHOW MOILIHOCTH; IITPHXOBbIC

JIMHUA — OTPaHUYIEHHS] HHIMBUIYaIbHBIX MOIIHOCTEH pelieii-
HBIX y3JIOB

Fig. 3. The capacities versus the total power budget related to a
node. Solid lines — constraint on full power; dashed lines —
constraints on individual powers of relay nodes

¢dopmanmu o kaHane. Ha Tux prCyHKax IpencTaB-
JmeHbl 2 cemeiicTBa KpuBbIX. [lepBoe cemeHcTBO
(cruToIIHBIE KpUBBIE) — JUIS alNrOpUTMa pacrpernese-
HUSI MOLTHOCTH Ha PeNIeHHBIX y3JlaX ¢ OrpaHUYCHUEM
MTOJTHOM MOIIHOCTH, YTO COOTBETCTBYET ONTHMAIIb-
HOMY BecoBoMy BekTopy (16). Tlokazansr 3aBUCHMO-
cTu i 3HadeHui koddunmenra o =0; —5; —10 b,
a TaKoKe 3aBHCUMOCTB IS aJITOPUTMA C UCIIONB30Ba-
HUEM MTHOBEHHOIO 3HaHMsI KaHana. Bropoe cemeii-
CTBO KPUBHIX (IITPHXOBBIC KPUBBIE) COOTBETCTBYET
AJITOPUTMY OIr'paHUYCHUSA WHAWBUAYAJIbHBIX MOIIHO-
CTEU pEeJICUHBIX y3JI0B, [JI€ BECOBOM BEKTOP MOIYYEH
C TMOMOLIbIO PCIICHUA OHTI/IMPI3aLlI/IOHHOI>'I 3ada4yu
(17). Takum 06pa3oM, OMUHAKOBBIMH MapKepaMHu Ha
puc. 4 TMOKa3aHbl KPUBLIC UIA IBYX pa3/IMYHbIX BUAOB
OrpaHUYCHUSA MOIITHOCTHU, OIPEACIIACMbBIC YCIIOBUAMU
3anad (5) u (6) cooTBeTcTBeHHO. Ha puric. 4 mokazaHbl
3aBUCHUMOCTH TPOMYCKHOW CIOCOOHOCTH KaHala OT

MomHoctd Ha ucrounuke P;. Ilpu sTom Oromxer

[IOJIHOM MOIIHOCTH szax =10 nb. Ha puc. 5 moka-
3aHBI 3aBUCHMOCTH IPOIYCKHOH CHOCOOHOCTH OT
MOJTHOTO OFO/KEeTa MOIIHOCTH, OTHECEHHOTO K Ofl-
HOMY Y31y IIpH MOIIHOCTH HcTounuka Py =10 nb.
CpaBHEHHE KPHUBBIX JUTS Pa3HBIX CITYYaeB ITO3BOJISET
clIenaTh CACAyIOMmuUe BEIBOABL. D(PHEKTHBHOCTD Mpo-
CTPaHCTBEHHOI 00pabOTKM CO 3HAHUEM MTHOBEHHBIX
3HauUeHHUH Bcerna BhIe d()GeKTUBHOCTH 00paboTKH,
WCTIONB3YIONICH 3HAHUE CTAaTHCTUK BTOPOTO MOPSIKA.

Hanpumep, npu P, =10, RM™ =10 16 u ypoHe

CIyJaiiHOU cocTaBisonei o = —5 nb morepu B mpo-
ITyCKHOW CIOCOOHOCTH COCTAaBIIIOT OKoiio 25 %, a
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I
-20 -10 0 10 20

P, nb

Puc. 4. 3aBUCHMOCTH ITPOIYCKHOM CIIOCOOHOCTH OT MOIIIHO-
CTH Ha UCTOYHUKE NPY HAJIMYUH TOJIBKO CTaTUCTHYECKOMN
nHbOpMaIUK 0 KaHalie (LIBETHBIC KPUBBIC) U MOJHOCTHIO U3~
BECTHOM KaHaJe (depHble KpuBbIe). CIIIONIHbIE IMHIH —
OrpaHUYCHHE MTOJHOHW MOIIHOCTH; LITPHXOBBIC JIMHUU — Orpa-
HUYEHNS WHANBUIYaJIbHBIX MOITHOCTEH PEJCiHBIX y3/I0B

Fig. 4. the capacities versus the source power for statistical
channel information (color curves) and fully known channel
(black curves). Solid lines — constraint on full power; dashed

lines — constraints on individual powers of relay nodes

IpY  YBEJIWYEHUU MOIIHOCTH 10 szax =20 nb

MOTEpHU B MPOIMYCKHON CIIOCOOHOCTH BO3PAacTaroT A0
35 %. OTMeTuM, YTO NpU yBEIUUYEHUH YPOBHS CIIy-
yaifHoO# cocrasisroneit 3QpPpeKTHBHOCTh METOA, OC-
HOBAaHHOTO HAa 3HAHWUW CTATHCTHK BTOPOTO IIOPSAKA,
CYILIECTBEHHO CHIXXAETCS: TaK, IPU YPOBHE CIydaii-
HoM coctaBnsmomel o =0 1b morepu B pomycKHOMH
CIOCOOHOCTH cocTaBisitoT Oosee 50 % mpu ykasaH-
HBIX paHee MOITHOCTSIX.

Takum 00pa3oM, WCIOIB30BaHHE CTATUCTUK BTO-
OO TOpsIIKA IETeco00pa3HO TPH MabIX 3HAYECHUSIX
CIIy4aliHOW cOCTaBIsIIomIel. Ha nmpakTrke 310 03HayaerT,
YTO HCIOJB30BaAHUC 3HAHWA CTATUCTHUK BTOPOIO IIO-
psiiKa BOSMOYKHO B PENIEHHBIX CETSX, B KOTOPBIX 00ec-
NIEYNBACTCA yCJIOBUEC HpﬂMOf/i BUAMMOCTH C MaJIbIM
ypoBHEM (DOHA OT MECTHBIX IPEAMETOB. B ycIroBusIX ro-
POICKOM 3aCTPOWKH, NPU KOTOPBIX BO3HUKAIOT 3aTCHE-
HISI 1 MHOTOJTYYE€BOE PACIIPOCTPAHECHHE CUTHAJIOB, BO3-
MOKHO MCIIOJIb30BaHME TOJIBKO TTOAXO0/A, OCHOBAHHOTO
Ha 3HAHMU MCHOBEHHOT'O COCTOSIHHSI KaHaJIa.

3axkJiouenue. B Hactosmeii cratbe paccMoTpeHa
OINITHMAJbHAS TPOCTPAHCTBEHHAss 00pabOTKa CHUTHA-
JIOB B peJICHHON CeTH, OCHOBaHHAs HA MAKCHMHU3AIHU
BBIXOIHOTO OTHOIICHUS CHTHAJ/IIYM MIPH OTpaHUIe-

C, 6ur/(c-Tm)

R=1016 |

a.=0n1b

| |
-20 -10 0 10 20 R™ /M, 1B

Puc. 5. 3aBEUCUMOCTH IPOITYCKHOU CTIOCOOHOCTH OT TOJIHOTO
Oro/pKeTa MOIITHOCTH, OTHECEHHOTO K OJJHOMY Y311y, IPU HATUYHUK
CTAaTUCTHYECKOI MH(OPMAIIH O KaHane (IIBETHBIC KPHBbIC) U IIPH

MOJHOCTBIO H3BECTHOM KaHaIe (YepHbIe KpHBbIe). CILIONIHEbIC
JIMHUY — OTPAaHUYEHHUE MOJIHOM MOIIHOCTH; IITPUXOBBIE JIMHUH —

OrPaHUYEHUs] MHMBUYaIbHBIX MOLHOCTEN PEJIEHHBIX Y3JI0B

Fig. 5. The capacities versus the total power budget related to a
node for statistical channel information (color curves) and fully

known channel (black curves). Solid lines — constraint on full pow-
er; dashed lines — constraints on individual powers of relay nodes
HUM Ha CYMMAapHYK WIM HHIUBUAYAJIbHYIO MOILL-
HOCTb DEJIEHHBIX Y3JIOB, MO3BOJISIOLIAS YBEITUYHTH
SHEPreTUYEeCKOEe OTHOLIEHUE CUTHAJI/IIIYM MPOIIOPIH-
OHAJIBHO YHCITy peJeiiHbIX y3510B. [Ipencrasien cun-
T€3 ONTUMAJIBHBIX AJITOPUTMOB ISl ABYX IIOJXOZOB.
B nepBoM monxone HCIoNb3yeTcsl 3HAaHWE MTHOBEH-
HBIX 3HAYEHUH KaHaya, a BO BTOPOM — TOJILKO 3HAHUE
CTaTUCTUK BTOpOro nopsaka. IlpoBeneno cpaBHeHne
3¢ (PEKTUBHOCTH ONTHMAIBHON 00pabOTKH CUTHAJIOB
JUI pacCMaTpUBAaEMBIX ITOAXOI0B, PEICTABIICHBI pe-
3yIbTaTbl MOJAEIMPOBAHUS, B KOTOPOM IIOJYYEHBI
CpeIHHE 3HAYCHHS TPOITYCKHON CTIOCOOHOCTH peliei-
HOW CETH JIJIs1 MOJIENIH PAIEEBCKOTO KaHaa.

ITokazaHo, YTO MCMOIB30BAHUE CTATUCTUK BTO-
pOro MopsiKa 1eIeco00pa3HO JIHIIb IPH MaJIbIX 3Ha-
YEHUSIX CIIy4aiHOM cocTapistoleii. Ha mpakTuke aTo
O3HAYaeT, YTO UCITOJIb30BAHNE 3HAHUSI CTaTUCTUK BTO-
poro mopsiika BO3MOKHO B PEJIEHHBIX CETAX, B KOTO-
pBIX 00eCTIeuuBaeTCsl YCIOBHE MPSMOW BUJUMOCTH C
MaJbIM ypoBHEM (OHa OT MECTHBIX TMPEIMETOB.
B ycnoBusx ropoacko 3acTpOWKH, NMpPU KOTOPBIX
BO3HUKAIOT 3aTE€HEHUS U MHOT'OIy4€BOE paclpocTpa-
HEHUE CUTHAJIOB, BO3MOXHO HCIIOIb30BAHUE TOJIBKO
IOAXO0Ja, OCHOBAHHOI'O HA 3HAHUU MTHOBEHHOIO CO-
CTOSIHUS KaHaJa.
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Abstract

Introduction. PECVD enables fabrication of wide range of advanced materials with various structure such as
amorphous, polymorphous, nano-crystalline, nanostructured, microcrystalline etc. and with various electronic
properties. The latter can be also changed by different dopingl. PECVD silicon materials are commercially em-
ployed in multi-layered PV structures (including ones on flexible substrates). Combining these materials with
crystalline silicon active substrate resulted in significant improvement of PCE in hetero junction technology PV
structures. Existence of new organic semiconductors (OS) together with understanding of physical properties
resulted in fast development of OC PV devices

Aim. To consider both PECVD and OS materials and to present description of fabrication, structure and electronic
properties for device application.

Materials and methods. Devices based on non-crystalline materials, devices based on OS, hybrid devices. PECVD
and Spin coating technique was used to deposit materials with tunable properties enabling device engineering
possibilities.

Results. PECVD and OS materials were analyzed. These materials have different levels of characterization (data
volume, interpretation of the results etc.) and of understanding of physics determining device performance.
Some examples of these materials in PV including structures with crystalline silicon were considered.
Conclusion. Important advantage of both PECVD and OS materials is that fabrication methods are compatible
and allow fabrication of great variety of hybrid device structures on crystalline semiconductors. Advantages of
such devices are difficult to predict because of lack of data in scientific literature. However a new area in material
science and related devices for further exploring and exploiting has appeared.

Keywords: PECVD materials, plasma deposition, organic semiconductors, photovoltaic devices, hybrid photovol-
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Introduction. Crystalline semiconductors are princi-
pal materials for devices in modern solid-state electronics.
Their fabrication technology, structure and electronic
properties have been extensively studied for years and
well reported in literature. Recently new classes materials
have appeared, however, and resulted in new types of de-
vices, which are not possible to realize with crystalline
semiconductors. One such class of materials is materials
(thin films) prepared by means of plasma enhanced chem-
ical vapour deposition (PECVD) and another is class of
organic semiconductors (OS). Logically this classification
is not accurate because PECVD materials are defined by
fabrication method, while OS are defined by chemical
structure. Nevertheless, we use further this classification
and notification for materials because it is convenient, and
these terms are known for specialists and widely used in
literature.

Both classes present artificial (human created) ma-
terials in contrast to crystalline semiconductors. They
have very significant advantages versus crystalline
semiconductors:

a) structure of them and consequently electronic proper-
ties can be varied in very wide range not limited by bond
length (angles) and stoichiometry constrains providing
impressive possibilities for material engineering;

b) they are fabricated by low temperature technology
compatible with crystalline semiconductors enabling
also substrates made of glass, plastics, metal foils etc.
which could be also flexible;

c) these materials can be used for large area devices.
PECVD is rather mature technology and PECVD mate-
rials are commercially used in such important devices as
displays and solar cells, while OS technology is only at
initial stage of commercialization.

Nevertheless, it is important that they both can be real-
ized by industrial methods, which allow scaling up de-
vice production.

In this paper we consider both PECVD and OS ma-
terials and present a brief description of fabrication,
structure and electronic properties principal for device
applications.

Variation of technological parameters during fabri-
cation of these materials results in significant and well
controlled changes in electronic properties providing a
great promise for material and device engineering. Ad-
ditionally technological compatibility of them allows
design and development of hybrid device structures
comprising both PECVD and OS materials. We shall use
mostly our results for illustration and will avoid ex-
tended discussion due to space constraints.

Experimental.

Fabrication of PECVD Materials. Chemical va-
pour deposition (CVD) is well developed technique
based on thermal decomposition of gases resulting in
formation of radicals (partly decomposed molecules
with unsaturated chemical bonds) and consequent
film growth on a substrate. In order to have reasonable
growth rate substrate temperature should be sufficiently
high in the range of 600—-1000 °C making impossible to
use such substrate as glass. Radicals are principal
components for the film growth and are created by
only collisions of molecules with sufficiently high
kinetic energy, which number depends on tempera-
ture and even at high temperature is still not large.
Alternatively, plasma of glow discharge can be used
for creating radicals. This technique is known as
plasma enhanced chemical vapor deposition
(PECVD). In this case a reactor can be designed ei-
ther for inductive or capacitive type of discharge.
The latter is conventionally used in both laboratory
and industrial equipment.

It is known that neutrals (molecules, radicals, at-
oms) and charged (ions and electrons) particles ex-
isting plasma. The charged particles are sensitive to
electric field applied to the capacitive electrodes to
create the discharge. Both ions and electrons are ac-
celerated in electric field before collisions, but elec-
trons because of lighter mass gain more velocity and
kinetic energy from electric field. Concentrations of
charged particles in glow discharge plasma are sig-
nificantly (by factor of 10°~10%) less than those of
neutrals therefore probability of collisions for
charged particles are determined by (electron, ion)-
(neutrals) interactions. Between collisions both ion
and electron move with acceleration determined by
electric field. For the same time of travelling ion ve-
locity increase (consequently increase of kinetic en-
ergy) is significantly less (due to mass difference)
than that of electron. Dominating collision ion with
neutral atom results in effective transfer of kinetic
energy gained by ion to neutral thus gas temperature
slightly increases. Behavior of electron is signifi-
cantly different: after 1st acceleration it cannot trans-
fer the gained energy to neutral (because of mass dif-
ference) and continues its travel gaining kinetic en-
ergy until inelastic collision when it transfers its ki-
netic energy into internal one (e.g. in ionization pro-
cess or breaking chemical bond, or exciting core
electrons in atom etc.).

Electrical field in discharge results in little in-
crease of gas temperature. While behavior of elec-
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trons have principal difference related to significantly
less (by factor of 1800) electron mass. Electron prac-
tically doesn’t loss its kinetic energy in elastic colli-
sions with heavy particles (neutrals and ions), and af-
ter a series collisions, an electron continues to in-
crease its kinetic energy, reaching its mean value
("electron" temperature) in the range of 2...10 eV.
Thus, electrons in glow discharge have mean energy
enough to break any molecular bond creating radicals.
That is why substrate temperature is not of principal im-
portance in PECVD technique. Substrate temperature in
PECVD fabrication is in the range of RT — 300 °C, mak-
ing possible deposition of materials on glass, metal or
plastic foils. The latter paves way for flexible large
area electronics.

Electric field in PECVD system is formed by ap-
plication of DC, AC, RF or VHF) voltage from power
source. RF discharge is mostly used. At present
PECVD technique allows fabrication of devices of
square meters area (record seems to belong to "Ap-
plied Materials" — 5.2 m?). For the first time continu-
ous multilayered (about 20 layers) device fabrication
has been realized by PECVD roll-to-roll deposition
on stainless steel foil by "UNI Solar" [3]. PECVD
technique is of principal importance (dominating in
the multibillion markets of displays) for fabrication
large area displays and occupies significant segment
in PV devices. The most important advantages of
PECVD are related to facilities for material engineer-
ing (creation of artificial materials with controlled
structure and electronic properties) and to continuous
(or large scale) fabrication of large area devices.
Fig. 1 shows PECVD installations:

a) for laboratory research with sample area up to
150 x 150 mm (from "MVS Inc." USA, located at
INAOE, Puebla, Mexico);

b) for industrial scale experiments with sample
area to 1000 x 1200 mm (KAI-1200 from "Oerlikon",
Switzerland, located at RDC TFTE, St Petersburg,
Russian Federation).

Laboratory installations conventionally comprise
several chambers ("multi-chamber cluster tool") includ-
ing load—lock and transport chamber that allows fabrica-
tion of multi-layered structures avoiding cross and am-
bient contaminations. Large area systems are usually
used in modelling processes and prototyping device
structures for consequent implementation of the results
obtained in some large-scale production facilities.

Fabrication of organic materials. The biggest
advantage of organic materials based on polymer is
their solution type fabrication processes. In compari-
son to inorganic material deposition methods, which
usually require high substrate temperature and com-
plex high vacuum process, organic materials deposi-
tion requires only a neutral atmosphere to reduce am-
bient contamination that is usually obtained by nitro-
gen ambient in glovebox systems. Deposition tech-
niques for semiconductor and conductor polymers
can be divided in:

1) coating process (spin coating, blade coating,
spray coating, etc.);

2) printing process (screen, offset and inkjet

printing) [1].
Spin coating system seems to be dominating tech-
nique to deposit organic materials in research labora-
tories because of its "simplicity". However, other
methods enabling printing are being developed to
reach industrial scale such as screen or inkjet printing
for deposition on flexible substrates and large areas.

Electronic properties of organic material thin
films depend on the deposition process conditions de-
termined by such factors as viscosity, diffusivity, vol-
atility and dilution method used to prepare the initial

(e =]

Fig. 1. Photo images of PECVD systems: a — laboratory level multi-chambered cluster tool ("*MVSyst. Inc.", USA, located at
INAOE, Puebla, Mex.; b —system for industrial scale experimenting (*'Oerlikon, Switzerland", located at TF TE RC)
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chemical solution. Despite the flexibility of fabrica-
tion process of organic materials, it has not been
found the "best" technique that dominates industry
preferences.

Results for devices

Devices based on PECVD materials. Possibility of
doping in PECVD films pioneered by P. Le Comber, W.
Spear [2] resulted in development of PV devices
firstly with Schottky barrier then with p—i—n junc-
tions. Most developed devices are triple junction from
"Uni-Solar" [3] and "micromorph" [4].

Let us consider two representatives of PV devices
based on PECVD materials. The first is triple tandem fab-
ricated by means of roll-to roll process on stainless steel
substrate. The structure and the fabrication technology
have been developed by "Uni Solar" [3]. It comprises 9
PECVD semiconductor layers forming 3 serially con-
nected p—i—n junctions with a-SiH and a-SiGe:H as in-
trinsic semiconductors, semi- transparent frontal electrode
(made of indium tin oxide ITO), conducting grid electrode
to improve current collection and some additional layers.
Three p—i—n junctions are formed with specially devel-
oped intrinsic a-Si:H, a-SiGe:H films with optical gaps
and thicknesses of the films designed to optimize opti-
cal absorption in a wider wavelength range than that is
for one semiconductor thus improving photon absorp-
tion and photo-carrier collection. The optimization
also includes adjustment of absorption and thick-
nesses in such way that each p—i—njunction collecting
its part of solar spectra should generate the same cur-
rent otherwise mismatching would create losses and
reducing efficiency. The best power conversion effi-
ciency (PCE) achieved (certified) was PCE = 13 % [3]
for module area about 1 m?.

Another PV structure developed for commercial ap-
plication is called "micromorph" structure [4]. The struc-
ture comprises two PECVD p—i—n junctions with amor-
phous a-Si:H and microcrystalline silicon mk-Si:H. Be-
cause of difference in optical band gap (Eg=1.75 eV for
a-Si:H and Eg = 1.1 eV for mk-Si:H the structure pro-
vides collection of both visible part of spectra and
substantial part of NIR spectrum resulting in increase
of photocurrent and efficiency. In micromorph de-
vices, optical optimization of frontal part and rear
contact has been applied for effective light trapping
and better harvesting penetrated photons. The micro-
morph structures have been reported with double (one
junction with mk-Si:H) and triple (two junctions with
mk-Si:H) junctions with stabilized efficiency 11.2 %
and 12 %, respectively [4].

Devices based on organic materials. Organic
photovoltaic (OPV) solar cell based on solvable com-
pounds, predominantly polymers but most recently
also small molecules are increasingly being investi-
gated. This technology promises theoretically low-
cost printable PV devices on flexible substrates.

The main difference in function between organic
and inorganic active layer is related to creation of ra-
ther stable exciton by absorbed photon in organic mo-
lecular or polymer absorber in organic photovoltaic
(OPV) device. The diffusion length of excitons is typ-
ically the order of 10 nm, i. e. around tenth of the
thickness of the active layer required to absorb signif-
icant proportion of the incident light. As a result, the
majority of the photo-generated excitons in a sand-
wich OPV device decays (recombines) before their
collection and does not contribute into current in an
external circuit [5, 6]. In order to separate charges of
exciton converting them in mobile ones the funda-
mental bulk. As a heterojunction (BHJ) concept has
been developed. It involves organic material compo-
sition with the self-assembly of nanoscale heterojunc-
tions (micro heterojunctions) created by spontaneous
phase separation of the donor-like (polymer) and ac-
ceptor-like (e. g. fullerene) components. Because of
this spontaneous phase separation, charge — separat-
ing nano-scaled hetero-junctions are formed through-
out the bulk of the active layer. In otherwords the
charges of the excitons with small diffusion lengths
are separated by the local electric fields of the micro
heterojunctions. This mechanism provides separation
of charges (destruction) of exciton and appearance of
mobile charge carriers. However, external electric
field for transportation of the separated charges is re-
quired and provided by two electrodes with different
work function.

After the introduction of the BHJ concept, pio-
neering researchers started to recognize the im-
portance of precise control of morphology because
the device performance is extremely sensitive to the
nano morphology of the BHJ film induced by sponta-
neous phase separation of the D:A blends [7-9] A va-
riety of processing techniques, such as thermal/sol-
vent annealing and processing additives, [10—12]
have been devised, and those attempts have enabled
us rather fine-tuning 3D nanostructured BHJ mor-
phologies. For further optimization of organic semi-
conductors, research interests have moved to interface
engineering, i. e., inserting interfacial layers (IFLs)
between the BHJ film and the electrodes [13—17]. By
developing new organic/inorganic interfacial materials or
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introducing alreadydeveloped materials used in other re-
search fields, substantial studies have demonstrated that
those materials function as charge-transporting/blocking
layers, surface modifiers, and optical spacers, which in-
crease the conversion efficiency of devices with organic
semiconductors. More significant advances have been
achieved by developing new device architectures
[18-22]. For example, multi-junction structures, in
which two or more sub-cells with different absorption
regions are vertically stacked and interconnected in se-
ries or parallel, have allowed a broad solar spectrum to
be harvested. Furthermore, the development of various
donor materials with different bandgaps and fuller-
ene/non-fullerene acceptors has also been devoted to
substantially improving the efficiency of devices with
organic semiconductors [23—28]. The combination of
new material designs/syntheses and the previously men-
tioned methods have led to remarkable efficiency en-
hancements, reaching values over PCE > 11 % [22, 29].
Considering that BHJ organic semiconductors have
impressive advantages, such as low-cost printability
and extreme mechanical flexibility, when compared to
those of amorphous silicon solar cells, the efficiency
PCE > 11 % represents an acceptable efficiency level
for flexible solar cells and further commercialization of
devices with organic semiconductors [30].

Hybrid devices based on PECVD-Polymer mate-
rials. Organic-inorganic hybrid solar cells are an alter-
native to pure organic or inorganic PV devices.
Fig. 2 shows an example of a new concept of hybrid pho-
tovoltaic structure based on a-Si:H and Polymer organic
conductor ITO/ PEDOT:PSS/ (i) a-Si:H/ (n) a-Si:H.
Structure was fabricated on Indium Tin Oxide (ITO)

Rear electrode (Ag)

Frontal electrode
(ITO)

(n) a-Si:H
(i) a-Si:H

Contact

(p) PEDOT:PSS

Tit

Light

Fig. 2. Hybrid photovoltaic structure based on a-Si:H and
Polymer organic conductor ITO/ PEDOT:PSS/ (i) a-Si:H/ (n)
a-Si:H. PEDOT:PSS film deposited by spin coating (45 nm)
45 uL. Inorganic layers deposited by multi chamber PECVD

system with RF PECVD

coated glass substrates. PEDOT:PSS precursor was
prepared with 1:6 weight ratio. Mixed solution was fil-
tered with a PVDF filter with pore sizes of 0.45 um.
The PEDOT:PSS layer was deposited in N, ambient by
spin coating. The PEDOT:PSS films with thickness
of 45 nm was obtained from 45 pL of solution depos-
ited at rotation speed of 2500 rpm. Inorganic layers
were deposited using a cluster multi chamber PECVD
system with RF discharge at frequency f = 13.56 MHz.
The intrinsic a-Si:H layer was deposited from an
10 % SiH4 + 90 % H, gas mixture at pressure
P = 550 mTorr. The 20 nm thick n-layers were de-
posited using 0.01 % PH3+ 9.9 % SiH4+ 90.09 % H»
gas mixtures at pressure P = 550 mTorr. Finally, the
6 nm thick p-layer was deposited using the
0.26 % BoHg + 21 % CH4 + 53 % SiHs+ 25.74 % H»
mixture at pressure P = 690 mTorr. The deposition

temperature was fixed at Td = 160 "C and power at
W = 3 Watt. The deposition of the top contacts was
performed by sputtering of Ag through a metal
shadow mask with an area of 0.09 cm?.

The cross-section scanning electron microscopy
(SEM) image (in secondary electron regime) of the
hybrid photovoltaic structure on flexible substrate is
shown in Fig. 3. AZO layer has columnar structure
and PEDOT:PSS layer, deposited on AZO is rather in-
homogeneous at the PEDOT:PSS/a-Si interface.
However, PEDOT layer "heals" rather rough AZO
surface, preparing smooth and planar surface for the
deposition of amorphous silicon film. It is interesting
to note, that the substrate defect (crack) is translated
through the AZO layer and this is interrupted due to
the organic polymer layer.

- -
190 nm SAg

N
T~ ———

(n)Si:H
400 nm
(i)Si:H

250 nm PEDOT

510 nm| AZO

}— 500 nm—

Fig. 3. Cross-section scanning electron microscopy (SEM)
image (from secondary electron regime) of the hybrid
photovoltaic structure on flexible substrate
(PEN/AZO/PEDQT:PSS/ (i) a-Si:H/ (n) a-Si:H/Ag stack)
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The electronic characteristics of PEDOT:PSS can
be modified by dilution method. Thus, performance
characteristics of devices can be control by modifica-
tion of PEDOT:PSS film. Fig. 4 shows the J(V) char-
acteristics and performance characteristics (Voc and Jsc)
of hybrid ITO/ PEDOT:PSS/ (i) a-Si:H/ (n) a-Si:H pho-
tovoltaic (PV) structures incorporating the post-depo-
sition isopropanol (IPA) dipped PEDOT:PSS films.
Structure with PEDOT:PSS film with 45 min of IPA
dipping time showed the best performance with J. =
1529 mA/cm?, Vo = 0.61 V, FF= 36.5 % and
PCE = 3.40 %. Fig. 4, b displays the values of Jsc and
Voc for untreated and IPA dipped samples as function
of dipping time. The values of Jsc show an increase
from 9.52 mA/cm? for the untreated PEDOT:PSS
structure to 15 mA/cm? for the IPA dipped PE-
DOT:PSS structure with 45 dipping time, this may be
due to the decrease of the resistivity of their [PA dipped
PEDOT:PSS films. It is interesting to note some the
maximum values such as Ji ~ 15 mA/cm? obtained in
these structures. The values are very similar to those in
the best p—i—n structures based on a-Si:H or even better
[17]. However, the shunt and serial resistances in the
PEDOT:PSS/ (i) a-Si:H structures are the main issue to
be solved in order to increase the FF values above 50
%. The substitution of the p-type a-Si:H:B by a PE-
DOT:PSS layer results in improvement of frontal inter-
face properties and simplification of fabrication pro-
cess of p—i—n structures based on amorphous silicon.

Hybrid devices using crystalline semiconduc-
tors, non-crystalline PECVD and organic materi-
als (HJTOS structures). Combination of well-devel-
oped crystalline silicon (c-Si) solar cell with PECVD

-2

010 01 02 03 04 0/.5 0.9 0.7

/A Voc, V

a

layers has provided substantial improvement in effi-
ciency from 17 to 24 % [31]. The structure is notified
as hetero-junction transitions (HJT) structure. There-
fore, in this section we consider an example of such
HIT device structure comprising both crystalline sem-
iconductor and PECVD layers schematically shown
in Fig. 5, a.

The base of the structure is n-doped c-Si wafer. On
the top of the wafer intrinsic a-SixC1-x:H film (with
optimized x), then intrinsic a-Si:H film are deposited.
Above that it is p-doped microcrystalline silicon and
then transparent conductive oxide (ITO) covered fi-
nally with electrode grid. Thus some junctions:

a) between p-mk-Si:H and a-Si:H film;

b) between a-Si:H and c-Si (because of optical
gap difference) are created forming electric field on
frontal side that improves collection of charge carriers
generated by short wavelength photons.

On the rare (back) side a-Si:H and n-doped mk-Si:H
forms junction with built in electric field improving
transport of photo-generated charges and also contribute
to photocurrent because of carrier photo-generation due to
absorption of long wave length photons. Thus, better har-
vesting of both short wave length (on the frontal side) and
long wave length on rear side, together with improving
charge collection, results in significant improvement inef-
ficiency of up to PCE =26 % [32]. Here it is worth to no-
ticed that p-mk-Si:H, a-Si:H, a-SixC1-x:H, n-mk-Si:H
layers are deposited by PE CVD technique. An example
of current-voltage characteristics J(U) under sun illumi-
nation is presented in Fig. 6, a. As seen the HIT structure
shows short circuit current density Js. = 36 mA/cm? and
excellent current collection up to voltage U~ 0.6 V. How-

Jsc, Voc, V
Alcm?
.~‘.
) R [N
-10.6
12— I -0.5
—40.4
10 -
T L1111 Jo3
-5 0 5 10 15 20 25 30 35 40 45 Tg, min

b

Fig. 4. Current density — voltage J(V) characteristics and Jsc and Voc parameters extracted from J —V curves of hybrid solar
cells structures for different dipping time in isopropyl alcohol: a —J(V) characteristics under AM 1.5 solar illumination;
b —Jsc and Voc parameters extracted from J(V) curves as a function of dipping time in isopropyl alcohol
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ever, it would be of interest to study tandem structure con-
sisting of both HJT (bottom junction) and hybrid h—n—i—p
structure (top junction) based on PE CVD and organic
films. J(V) characteristics measured for these two junc-
tions (in tandem) and also for integral tandem structure are
shown in Fig. 6, b. The lower Jsc and Voc values observed
in the HJT structure incorporated in the tandem are related
to filtering incident light by top side junction.

Fig. 7, a represents spectral dependence of external
quantum efficiency (EQE, measured in a. u.) for the
same sample of HJT solar cell (see structure in Fig. 5, a).
This graph demonstrates effective harvesting of pho-
tons by the structure in the range of wavelength from
A =450 nm to 1100 nm (practically entire visible and
partly NIR part of sun spectrum).

Better shortwave response has been reported in
hybrid structures with organic semiconductors in
frontal part of the device structure [16]. Therefore, it
would be of interest fabricate tandem structure with

IHlumination

IHlumination

AZO

(PADOT:PSS)
/(i) a-Si:H
| (n) a-Si:H
7 L— AZO

—— Glass
?— —ITO
(p) a-Si:H
(i) a-Si:H
(n) c-Si

(i) a-Si:H
(n) a-Si:H
ITO

b Ag

Fig. 5. Cross sectional view of HJT device with crystalline
silicon: a —PECVD materials; b —HJT with OS incorporated

top junction with organic semiconductors. An exam-
ple of cross-section diagram for such structure is pre-
sented in Fig. 5, b. Bottom junction is reproduced HJT
structure (Fig. 5, @), on the top of which hybrid junc-
tion is placed. The latter comprises glass substrate,
transparent conductive layer (aluminium doped zinc
oxide, AZO), n-type a-Si:H, intrinsic a-Si:H, p-type
organic semiconductor PEDOT:PSS, and second
transparent conductive oxide (AZO). We could expect
better current collection for short wavelengths, be-
cause frontal built-in electric field is determined by
the interface (PEDOT:PSS)-(i-a-Si:). Current-voltage

01 02 03 04 05 06 07
| | | | | | |

010 \Y

10 — Voc=0.735V

15 —
20 —
25 —
30 —
35—

Jsc = 39.2 mA/cm?

Jsc,
mA/cm? a

01 01 02 03 04 05 06 07
=0 | yl Y.

\Y

10

15
Jse, —— — Tandem
mA/cm?

b

Fig. 6. Current density — voltage characteristics J(V)
measured under sun illumination: a — for only HJT*
structure; b — in the integral tandem structure, which
consists of bottom HJT junction and top h-nip junction; in
the tandem J(V) characteristics were measured separately
for h-nip top junction providing Voc = 0.495 V,
Jsc = 15.2 mA/cm?, for HIT* bottom junction providing
Voc =0.19V, Jsc = 11.2 mA/cm? and for the integral
tandem providing Voc = 0.665 V, Jsc = 13 mA/cm?
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Fig. 7. Spectral dependence of external quantum efficiency EQE = f(A): a —for HJT* structure; b — in the integral tandem structure,
which consists of bottom HJT junction and top h-nip junction; in the tandem EQE = f(X) characteristics were measured separately
for h-nip top junction, for HIT* bottom junction and for the integral tandem

characteristics /() of this structures represented in
Fig. 6, b are measured for bottom HIT junction, top
hybrid junction and tandem. The structure has not
been optimized to achieve high current therefore Js. is
significantly less, mostly because the top junction
works as optical filter, however both the junctions
demonstrate their functions and open circuit voltage
is equal to sum both junctions. Spectral characteristics
of the tandem are shown in Fig. 7, b, one can see that
HJT OS tandem demonstrate better response in the
range of A =300...450 nm. It should be noted also
that fabrication of the tandem demonstrates compati-
bility of fabrication processes for crystalline silicon,
PECVD materials and organic semiconductors.
Outlook. In this paper we have briefly described
and analyzed two classes of materials: PECVD and
organic semiconductors. These both are artificial ma-
terials with impressive possibilities for material engi-

neering. However, they have different level of both
characterization (data volume, interpretation of the re-
sults etc.) and understanding of physical processes de-
termining device performance. We have also consid-
ered some examples of these materials in photovoltaic
devices in different combinations including structures
with crystalline silicon.

A very important advantage of both PECVD and
organic materials is that technologies of their fabrica-
tion are compatible and allow a fabrication of hybrid
device structures on crystalline semiconductors (e.g.
on crystalline silicon). This paves the way for a great
variety of hybrid device structures. At present ad-
vantages of such devices are difficult to predict be-
cause of shortage of data reported in scientific litera-
ture, but new territory in material science and related

devices has definitely appeared for further exploring

and exploiting.
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NccnegoBaHue XapaKkTepucrtuk (I)OTOAETEKTOpa C BbICOKUM (I)OTOTOKOM
npu nepejaye CcBepxXBbiICOKOYACTOTHOIO pagmnocmrHasia rno ornToBoJIOKHY
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AHHOTauusA
BeegeHue. B HacTosiLee BpemMsA 6ONbLUION HAayYHbIN 1 NPaKTUYeCKNA NHTepec Bbi3biBaeT Nepejayda pajmoya-
CTOTHOrO CUrHana no oNTUYECKON NNHWK. Takyr MHUIO NepeAaydn MOXHO TakXe NCMOb30BaTb NPU CO34aHU
MHOTUX PagMOPOTOHHbLIX YCTPOMCTB. C POCTOM MOLLHOCTM MCMO/b3YeMOro sa3epa CHuxatoTca notepu CBY-cur-
Hana B NMHUK nepejayun. OfHaKO MaccoBO BbiMyckaeMble GpOTOAETEKTOPbI BblAEPXNBAOT MOLLHOCTL B He-
CKONIbKO AeCATKOB MUNNNBATT. Micnonb3oBaHme GOoToAeTeKTopa C BbICOKUM GOTOTOKOM MO3BOANT YAYULLUNTL Xa-
PaKTEPUCTUKM OMTOBONOKOHHbLIX IMHWIA Nepeaayn, B YaCTHOCTUW, CHU3UTL NOTepu Npu nepegade aHanorosoro
WAn LMdpoBOro paamoYacToTHOro CUrHana.
LUenb. ViccneposaHme xapaktepnctuk ¢poTofeTekTopa C BbICOKMM GOTOTOKOM B CUCTEME Mepesayn CBePXBbICO-
KOYaCTOTHOro PajmocmMrHana no ONTOBOMOKHY, a TakxXe ncciejoBaHne 3aBncnmoct noteps CBY-cvrHana ot
3HaYeHMs MOLLIHOCTW OMTUYECKOro N3y4YeHns B TakOo cnucteme.
MaTtepuansl 1 METOAbIL. SKCNepMMeEHTa/IbHbIe UCCNeA0BaHNA NPOBeAEeHbl Ha CKOHCTPYMPOBAaHHbLIX 3KCrepuMeH-
TaNbHbIX CXeMax AfIf UCccneoBaHNA xapakTepucTnk GpoTogeTekTopa Npyv MOAYNMPOBaHHOM VI HEMOAYNNPOBaH-
HOM OMTUYECKOM M31ydeHnn. TeopeTnyeckne nccneoBaHna BbiNOAHEHbI MaTeMaTUYeCKUM MOoZeNpoBaHneM
nepesaToYHbIX XxapakTepUCTUK ONTUYECKOro TPakKTa Npuy pasnnyHbIX MOLLHOCTAX BXOoAHOro CBY-cnrHana.
PesynbTathl. HalifjeHbl 3aBUcMMOCT GOTOTOKA U pOTOHaANPsSXeHNS GOoToAeTekTopa OT MOLLHOCTU U3NyYeHNs
nasepa. MNMpeacTaBneHbl 3KCNepUMeHTaNbHbIE aMMIUTYAHO-YaCTOTHbIE XapakTepucTukm (AYX) onTuyeckom nn-
HUW NepeAayn, M3MepeHHble NPY Pa3fNYHbLIX MOLLIHOCTSAX ONTUYECKOro U3aydeHus. OnncaH anropuTtm nonyde-
HVSA YaCTOTHOW 3aBUCUMOCTU YYyBCTBUTENBLHOCTU GoTOoAeTeKTopa B AnanasoHe yacTtoT 0...12 Ty, MprBeseHsbl
pe3synbTaThbl TeopeTnyeckoro pacyeta AYX AMHUM nepegayun B ykasaHHOM juanasoHe 4acToT. MNoayyeHa npu-
6MXKEeHHasa YacTOTHasA 3aBMCUMOCTb YyBCTBUTEBHOCTM poTofeTekTopa.
3akntoyeHure. 3a cyeT UCNob30BaHMA GOTOAeTEeKTOPa C BbICOKMM 3HaYeHneM GOTOTOKA W MOBbLILLEHNS MOLLHO-
cTn nasepa o 100 mBT notepun CBY-c1rHana B onTUYeCKOn TMHUM Nepesayn coctaBuam okono 10 ab. MokasaHo,
UTO ANSA YAYULLIEeHWA NepejaToOYHbIX XapakTepuUCTUK ONTUYECKOM TNHUK nepeaayn Heob6xo4MMO NCNOob30BaTb
LLIMPOKOMONOCHbIA 31eKTPOONTUYECKNA MOAYNSATOP.
KntoueBble cnoBa: pagnopoToHmKa, PoToAeTeKTop, PaANOPOTOHHAA MMHNA Nepeaayn
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Investigation of the Characteristics of a Photodetector with a High Photocurrent when
Transmitting Microwave Radio Signals Through an Optical Fiber
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Abstract.
Introduction. At present, an optical transmission of a microwave signal is of great scientific and practical interest.
Moreover, this transmission line can also be used to create microwave photonic devices. Microwave signal losses
decrease with an increase of laser power. Commercial photodetectors withstand radiation with a power of sev-
eral tens of milliwatts. Using a photodetector with a high photocurrent can improve characteristics of photonic
transmission lines; in particular, it can reduce microwave signal losses.
Aim. Investigation of characteristics of a photodetector with a high photocurrent when transmitting microwave
radio signals through optical fiber. Research of microwave signal losses as a function of optical power.
Materials and Methods. Experimental studies were carried out on created experimental schemes for studying the
characteristics of the photodetector with modulated and unmodulated optical radiation. Theoretical studies were
carried out by mathematical modeling of optical path transfer characteristics from the laser power at various
powers of an input microwave signal.
Results. The dependencies of photocurrent and photovoltage of the photodetector versus laser power were ob-
tained. The experimental amplitude-frequency characteristics of the photonic transmission line were measured at
different optical powers. A frequency dependence of the photodetector sensitivity in the range of 0...12 GHz was
obtained. Modeling of amplitude-frequency characteristics of the optical path in the range of 0...12 GHz was per-
formed. An approximate frequency dependence of the photodetector sensitivity was obtained.
Conclusion. Due to the use of a photodetector with a high photocurrent value and with increasing laser power,
microwave losses were reduced to about 10 dB. It was shown that for improving the transmission characteristics
of an optical transmission line, it is necessary to use a broadband electro-optical modulator.
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Beenenue. B nocnennue roasl paanopoTOHUKA
CTaJla aKTyaJIbHbIM HalpaBlIeHUEM Pa3BUTHS HAYKH U
TEXHUKU. B yacTHOCTH, OONBIION HAy4YHBIN U MpaK-
TUYECKAH WHTEpEC MPEACTAaBISACT pa3paboTKa U UC-
cJeloBaHUE JIMHUU Tepe/laur pajMoCUrHaia 1o of-
THYecKoMy BoJIOKHY [1-3]. [ToMmumo HenmocpeacTBeH-
HOM mepeaayu paguocurHaia Takue JMHUY NepeJadn
MOXXHO HCIOJIb30BaTh B YCTPOMCTBaxX TIeHEpaluu
cBepxBbicokouacToTHbIX (CBY) curnanos [4-16],

CKaHMpymux mpuemankax [17, 18], mmst onrndge-
ckoro ycwienus [19, 20] u mp. [21-30].
OnroBonokonHas nmuHus nepexadn (OBJIII) pa-
JUOCUTHANIA COCTOMT M3 Jla3epa, 3IEKTPOONTHYE-
CKOr0 MOXYNISATOPA, ONTOBOJOKOHHOM JIMHUHM 3a-
JCpKKH U (HOTOAETEKTOpa. 3a CYET HCIOIb30BAHUS
OJJTHOMOJIOBOTO OINTOBOJIOKHA JOCTUTAIOTCS HU3KUE
HNOTEPU ONTHYECKOTO U3ITyUEHHUS C AJTUHOM BOJIHBI O-
psaaka 1550 uM. Mcnonb3oBaHue OBICTPOACHCTBYIO-
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Puc. 1. Cxema ucciaeoBaHuUs XapaKTePHCTUK (POTOJETEKTOpA IIPH HEMOAYINPOBAHHOM H3ITyIeHNH

Fig. 1. Scheme for measurements of the photodetector characteristics with continuous laser intensity

X (OTONETEKTOPOB U DIEKTPOONTHUECKUX MOAY-
JSTOPOB TIO3BOJISIET Peann30BaTh pPagroO(POTOHHBIC
CUCTEMBI B Jiana3oHe J0 AECSITKOB rurarepil.

W3BectHO, uto morepu CBY-curnana B OBJIII
YMEHBIIAIOTCS C POCTOM MOIIIHOCTH Ja3ePHOTO M3ITy-
yenus [ 1-3]. Tunuunbie POTONETEKTOPHI, BBITyCKae-
Mble MPOMBIIUIEHHOCTBIO, BBIICP)KUBAIOT Ha BXOZE
OINITHYECKOE M3ITYUYCHHE B HECKONIBKO NECSITKOB MHJI-
JUBATT, YTO COOTBETCTBYET TIOTEPAM MOPAIKA
30 nb. /Ins yMeHbIIGHUs MOTEPh HEOOXOIUMO HC-
TOJTL30BaTh (POTOMETEKTOPHI C BHICOKUM (POTOTOKOM,
BBIICP)KUBAIOIIHE MTOBBIIICHHYIO MOIIHOCTh ONTHYE-
CKOTO M3JIy4eHHUS.

Lenpro paboTHI, ONMCHIBAEMON B HACTOSIIICH CTa-
Tbe, IBUJIOCH UCCIIEIOBAaHUE XapaKTEPUCTHK (POTO/IE-
TEKTOpa C BBICOKUM (DOTOTOKOM IIpH Iepeaue CBepX-
BBICOKOYACTOTHOTO PalHOCUTHAIIA IO OTITOBOJIOKHY, &
TaKKe UCCIIeI0BaHKe 3aBUCUMOCTH TToTepb CBU-cur-
Haja OT MOIIHOCTH ONTHYEeCKOro u3nydenus. doto-
netekrop "Ilpom-17" O6buT pa3paboTaH W H3TOTOBIICH
B AO "HUU "Tlonroc" um. M. ®@. Crenpmaxa". B skc-
nepumente CBY-BbIxon ¢oToneTekropa ObUT HArpy-
*KeH Ha conportusieHre 50 OM, paBHOE €ro BOJHO-
BOMY COIIPOTHBIICHUIO. BepXHsis rpaHUYHAs 4acTOTa
cocrasisia 12 I'T.

JKCHepUMEHTAJIbHbIE XapaKTePHUCTUKH (POTO-
JeTeKTOpa NMpPH HEMOAYJIHMPOBAHHOM H3JIyYeHHH.
Jis DKCTIEpUMEHTAJIbHOTO HCCIEOBAaHUS XapaKTe-
pPHUCTHK (HOTOAETEKTOpA B 3aBUCHIMOCTH OT MOIITHOCTH
nazepa Ipu HEMOIYIHNPOBAHHOM H3ITYUIEeHUH OBbLIa CO-

Opana cxema, mpezcraBieHHas Ha puc. 1. Cxema co-
CTOUT M3 J1a3epa ¢ HOMUHAIbHOU MotTHOCTRIO 100 MBT
Ha W3ITyYeHUU C ATUHOW BONHBI 1550 HM, memuTens
ONTUYECKON MOIIHOCTH, (OTONETEKTOPa, MYIBTHU-
MeTpa, OCHuIorpada u ONTHISCKOrO TECTepa.

[MpuHIMT PaboTH CXEMBI 3aKITI0YACTCS B CIICTYIO-
meM. M3nydeHue ¢ jasepa mojaercsl Ha ONTHYECKHMA
penurens. [Ipumepro 90 % MoIHOCTH MOCTYMHaeT Ha
¢otonerexrop, a okoso 10 % — Ha ONITHIECKUIA TeCTep.
C moMomIpio MyIETUMETpPa U OCIIuIorpada u3meps-
1oTcst (HOTOTOK U (POTOHATIPSHKEHHE COOTBETCTBEHHO.

MOIIHOCTE ONTHYECKOTO M3IYyYeHUS KOHTPOJHU-
pyercst onTHYeCKHM TecTepoM. s aToro cHagama
KanuOpyeTcs ONTUYECKU AETUTENh M C BBICOKOU
TOYHOCTBIO ompezensercs KodhOUIUeHT aereHus.
3aTreM MOIIHOCTH, M3MEPEHHAsI ONTHYECKHUM TeCTe-
POM, TIEPECIUTHIBACTCS] B MOIITHOCTD, TIOCTYIIAIOIYIO
Ha (OTOAETEKTOP.

Ha puc. 2 mpencraBieHbI 3aBUCUMOCTH (POTOTOKA
|¢m u Qoronanpspkenus U b ¢doromeTekTopa OT

MOITHOCTH Jiazepa. Ha MOIMydeHHBIX 3aBHCHMOCTSIX
MOYXHO BBIJEJIUTH JIMHEHHBI y4acTOK W OO0JacTh
Hacwiienus. [Ipu nagaromeit momrHOCTH 10 60 MBT
MTPOUCXOIUT JIMHEHHBIN POCT (hoTOTOKA M (pOTOHAMPS-
xeHus. Vcxonst u3 3aBUCUMOCTH (DOTOTOKA ompesie-
JIeHa YyBCTBHUTENBHOCTh (POTOACTEKTOpA Ha JMHEHI-
HOM y9acCTKe IPH HEPEPHIBHOM ONITHYECKOM U3ITy1e-
Huy, coctaBupinas 0.8 A/Br. [Ipu nanpHeimem yBe-
JTUYEHUH ONITUYECKON MOIIIHOCTH HAOIIOIaeTCs Tiepe-
XOJl B HACHIIICHNUE, KOTOPHI 00YCIIOBJIEH BOSHUKHO-

I‘bﬂ’ MA U Cpll’ B
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Fig. 2. Photocurrent (a) and photovoltage (b) vs laser power
50 HcciienoBanue xapakTepiucTik (poToieTeKTopa ¢ BLICOKUM (POTOTOKOM NpH nepenaye
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Puc. 3. Cxema 3KCIIepIMEHTAILHON YCTAaHOBKH JUUI1 H3MEPEHUSI XapaKTePUCTHK (POTONETEKTOpa IPH CHHYCOUJATEHON MOTYJIALIMI
ONTUYECKOTO U3JIydeHUs], a Takoke 11 n3mepenuss AUX nmHun nepegauu

Fig. 3. Scheme for measurement of the characteristics of a photodetector under sinusoidal modulation of optical radiation,
as well as for measurement of the amplitude-frequency characteristic of the transmission line
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Puc. 5. HactoTHast 3aBUCHMOCTE KO3((DHUIIEHTA ITepeiaun
Moxynstopa Maxa—Ilennepa, npueneHnas k 0 nb

Fig. 5. The transmission characteristic of the Mach—Zehnder
modulator, reduced to 0 dB, vs frequency

3(QUIMEHT Mepeaaun OTKIOHSETCS OT CPEIHETO 3Hade-
nust 0.3 1b B mpenenax £0.3 nb. CnenoBarensHoO, B ua-
nazoHe yacTot 1o 12 I'T'n ciax koaddumenta nepenadan
OBJIIT oOycioBIeH TONBKO YaCTOTHOW 3aBUCHMOCTBHIO
YyBCTBUTEIILHOCTH (POTOIETEKTOPA.

Ji1s1 ompernienieHust 3aBUCUMOCTH 1yBCTBUTEIIBHOCTH
(hoTomeTexTopa OT YacToThl ObUTH paccuuTanbl AUX ju-
HUM Tiepefadr. BrIxomHas MOMIHOCTH (hOTOmEeTeKTOpa
paccunThIBaIach 1o hopmyse [3]
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HanpspkeHHe cMelneHust padodeit Touku. Koagdurm-
€HT TMepeiadyl ONpeeNsyics Kak OTHOIICHHE BBIXOAHOM
CBY-momHocTH (oTtomeTektopa k CBU-mommHOCTH,
MOJAHHOM Ha YNPaBISIONIMN BXOA MOIYIATOpA

Maxa-Ilennepa. 3aBHCHMOCTh YYBCTBUTEILHOCTH
(oTomeTekTopa OT 4acTOThI ObljIa HalZIeHa COMOCTaB-
JIEHWEM PACCUMTAHHBIX U SKCIIEPUMEHTaIbHBIX AUX.
ComnocTaBieHHe MMOKa3ajo, YTO C yBEIHYCHHUEM
gacToThl OT 0 710 12 ['T'11 9yBcTBUTENBHOCTH PoTOMIE-
TekTopa cHmkaercs ot 0.8 10 0.56 A/Bt. YuuThBas,
910 KOA(UIMEHT mepenayn ONTHYESCKOrO TpPaKTa
YMEHbLIaeTCs JIMHEHHO, MOXKHO IOJYyYUTh MPHUOIH-
JKEHHYI0 YaCTOTHYIO 3aBHCUMOCTb YyBCTBHUTEIBHO-
cTH (hoTOoNEeTEKTOpa B JAaHHOM AHaria3oHe. 3Has, 4To
MIPY HYJIEBOW YaCTOTE YYBCTBUTEIBHOCTD (DOTOCTEK-
topa paBaa 0.8 A/BT, a npu vacrore 12 I'T1 ona
paBHa 0.56 A/BT, HETPYJHO MOIYYWTH CIEIYOIIEe
JMHEWHOE BBIPAXXEHUE JUISI YACTOTHOW 3aBUCUMOCTH
YyBCTBHUTEIFHOCTH (POTOIECTEKTOpA!

S(f)=0.8-0.2-10"201. (1)

Paccunrannsie 3aBucumoct AUX nuHUU Tiepe-
Jla4¥l TIpeJICTaBIeHbl KpUBBIMU Ha pHc. 4. Comocras-
JIeHHE TEOPUH U SKCIIEPUMEHTA [TOKA3bIBAET, YTO BbI-
paxxenue (1) XOpoIIO OMKUCHIBAET YyBCTBUTEIBHOCTh
¢doronerekropa B nuarnazone 4yacTtoT 0...12 I'T.

3akaoueHue u BbIBOAbL. B Hacrosieil crartse
MIPECTaBIEHbl PE3YJIbTaThl UCCIEAOBAHUS XapakTe-
PHUCTHKH (POTOAETEKTOPA IPH HEMPEPHLIBHOM U MOLY-
JUPOBAHHOM ONTHYECKOM HM3IIy4eHHH, a Takke AUX
ONTOBOJIOKOHHOW JIMHUY Iepellauyd paAlo4yacTOTHOTO
CUTHAaJIa, HCITOJIL3YIOMEro Takoi ¢oronerekrop. Hc-
X0 U3 dKCIIEPUMEHTANBHBIX JaHHBIX HaliieHa Teo-
peTndeckas 3aBUCUMOCTb YyBCTBHUTEIBHOCTH (POTO-
JIeTeKTopa oT 4acToThl. [TokazaHo (puc. 4), 4TO MOBBI-
meHue MomHocTd jazepa Ao 100 MBT mo3Bomsier
yMeHbIIUTH notepu CBU-curuana B TMHUY epenadn
npumepHo 10 10 ab. Ilpennoxen MeTon onpeaeneHus
YaCTOTHOM 3aBUCUMOCTH YYBCTBUTCIIbBHOCTU (I)OTO,Z[B—
TEKTOopa.
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MeTog onpeaeneHuns KpUBU3HbI MOPCKUX BOJH
C MCMNO/b30BaHNEM BOTHOMEPHBIX ByeB TPaANLIMOHHOW GpOopMbI
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AHHOTaUmA
BBegeHuve. B HacTosLLee BpeMs BoIHOMepHble 6y (BB) NoOBCeMECTHO MPUMEHSIOTCS A4N1S M3MePeHNs CTaTUCTL-
YeCKMX 1 CnekTpanbHbIX NapaMeTpos BoH. CoBpeMeHHbIe MeTOo/b! onpejeneHns NPoCTPaHCTBEHHOMO cnekTpa
BOJIH MCMOJIb3YHOT VX NpeAcTaBneHne pagom Pypbe, Ko3pPULMeHTb KOTOPOro onpesensatoTcs Mo U3MepeHVAM
BOJIHOBbIX NpoLieccoB. KOHCTPYKTUBHOE NCMONHEHWe COBPeMeHHbIX Bb No3BonfeT nsaMepaTb OpAMHaThLl BOH U
yrbl BO/IHOBOIO CK/I0HA, Yero AoCTaTOYHO A5 onpejeneHns NaTn uneHos paga dypbe. OAHaKO No n3mepe-
HVSM BOJIHOBOV MOBEPXHOCTU MOXHO OnpeAennTb A0 AeBATW YNeHOB psaja. [nsa onpejeneHunsa HeAoCTaroLwmx
yeTblpex YneHoB Heobxoanma MHGopMaLmsa 0 KpUBM3He BOH. OTCYTCTBME 3TOM MHGOPMALIMM MPUBOAUT K HU3-
KO pa3peLuatoLLiein CoCoOBHOCTN MeToZa U K HaNNUMIo B CNeKTpe oTpuLaTenbHbIX obnactei.
Lenb pabortbl. PazpaboTka MeTosa onpeAeneHnst KpUBM3HbI BOH MO M3MEpPeHUSM OpAMHAT BOJH U YI/10B BOJI-
HOBOrO Ck/IoHa BB TpagnumoHHon GopMbl.
MeToab! 1 MaTepuansl. MNpriBeseHbl TeopeTUyeckie 060CHOBaHWA NPeAIoXKeHHOro MeToAa, NpejcTaBneHo MaTeMa-
TYecKoe MOAeNMpOoBaHVie HeperyaspHbIX BOJIHOBbIX MPOLIECCOB B LUMPOKOM AMarna3oHe MHTEHCMBHOCTM BOJH M 3KC-
neprvMeHTanbHOe NccneAoBaHVe TPexX CNeKTPOB BO/IHEHWSA C TPOEKPaTHbLIM MOBTOPOM KaXZAoro 13 HIX.
Pe3ynbTathl. PazpaboTaH MeToA onpegeneHuns KpMBM3Hbl BOAH NO n3MepeHnsM Bb TpagnumoHHon ¢opmel no-
CPeACTBOM YMNCIEHHOTO AnddepeHLMPOBaHNSA pe3yibTaToB M3MepPEeHUA YrNoB BOJHOBOMO CK/I0OHa C UCMOJb30-
BaHMeM MHGopMaLMM O CKOPOCTN PAaCNpPOCTPaHeHUs BOMH. MeTog A4ONOAHEH KOPPEKTUPOBKON aMIANTYAHbBIX
3HaYeHNN MO KPUTEPUIO COOTBETCTBUSA CNeKTPaibHbIX XapakTePUCTMK BOHOBBIX NpoLeccos. MogenvpoBaHme
nokasasio xopollee COBMafeHNe pacueTHOM KPUBU3HbI C 33aHHbIMU 3HaYeHUAMU. OTKNOHeHKe No Ancnepcum
cocTaBmno MeHee 1 %. DkCneprMeHTaNbHOE NCCNefoBaHMe NoKa3ano 6osbLuee OTKNOHEeHWe Mo ANCNepcun - Ao
9 %, YTO MOXHO 06 BLACHNTL MHCTPYMEHTA/IbHOM MOrPeLLHOCTBIO U HeYYTEHHBIM BAVSHNEM OTPaXXeHHbIX BOJH.
3akntoueHune. OTANYNTENbHOM 0COBEHHOCTLIO MeToAa ABNSETCA NCMOIb30BaHWeE U3MepPeHU OpaMHAT BOMH U
YrN0B BONHOBOIO CKAOHA, BbIMOMHEHHbIX BE TpagnumoHHoM ¢opmbl 6e3 A0MOAHUTENbHbBIX KOHCTPYKTUBHbIX
31eMeHToB. HeobxoAnMbI JONOAHUTE IbHbIE NCCIeA0BaHNSA MeTOAa AN onpejeneHns BANAHNSA ApYriX ¢pakTo-
POB BOJIHEHNS (KPYTU3HbI BOJIH, LUMPWHBI CNEeKTPa, TPEXMEePHOM CTPYKTYPbl BOHBI U T. 4.) Ha pe3ynbTaTbl onpe-
JeneHvs KPUBM3HbI U MPOCTPAHCTBEHHOIO CNeKTpa.
KntoueBhle c/lIoBa: BOIHOMEPHbI Oy, MPOCTPaHCTBEHHBIM CMEKTP, KPUBM3HA BOJIH, CKOPOCTb BOTH, YNCIEHHOe
anddepeHympoBaHue, npeobpasoBaHme Pypbe

Ansa uutnposaHus: Mneb K. A. MeTog onpegeneHns KpUBU3HbLI MOPCKMX BOJTH C MCMOb30BaHEM BONHOMEPHbIX byes
TpaaMLMOHHOM dopmbl // N3B. By30B Poccnn. PagmnoanektpoHuka. 2020. T. 23, Ne 4. C. 57-65. doi: 10.32603/1993-
8985-2020-23-4-57-65
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Abstract
Introduction. Modern wave buoys due to their design make it possible to determine a directional wave spectrum
using five coefficients of the Fourier series. However, up to nine members of the series can be determined from
wave surface measurements. To determine the missing four members, information about wave curvature is nec-
essary. It cannot be obtained by direct measurements with wave buoys of a conventional shape - a sphere, a
cylinder or a saucer. The lack of information about the curvature of waves when determining the directional
spectrum leads to its low resolution and to the presence of negative regions.
Aim. To develop a method for determining the curvature of waves from measurements with conventional shape
wave buoys.
Materials and methods. Theoretical substantiations of the proposed method were presented, as well as mathe-
matical modeling of irregular wave processes in a wide range of wave intensities and an experimental study of
three wave spectra with a threefold repetition of each of them.
Results. Numerical simulations demonstrated a good agreement between the calculated curvature and the set
values. The variance deviation was less than 1%. The experimental study demonstrated a greater deviation in
variance - up to 9%, which can be explained by the influence of an instrumental error and by an unaccounted
influence of reflected waves.
Conclusion. On the basis of the study, the method for determining the curvature of waves by numerical differen-
tiation of wave slope measurements using information on a wave propagation speed has been developed. The
method was supplemented by correcting amplitude values according to the criterion of matching the spectral
characteristics of wave processes. Additional studies of the developed method are required to determine the
influence of wave factors such as wave steepness, spectrum width, random multidirectional waves, etc. on the
calculated curvature and on the directional spectrum.

Keywords: wave buoy, directional spectrum, wave curvature, wave speed, numerical differentiation, Fourier trans-
form
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BBenenue. M3MmepeHue mnapaMeTpoB MOPCKOTO
BOJIHEHUS W KOHTPOIIb HAPACTAHUS €r0 WHTCHCHUBHO-
CTH HEOOXOIUMBI JUTS pelIeHHs 3a/1a4 OS30MacHOCTH
U DKOHOMHYECKOH 3(P(HEKTHBHOCTH Pa3UYHBIX TEX-
HOTEHHBIX OOBEKTOB, TaKUX, KaK MOPCKHE ILIaT-
(opMBI TOOBIYH YIIIEBOJOPOIOB, IUIABYYHE 3aBOIBI
CKIDKEHHOTO TPUPOIHOIO rasa, MmopThl U Ap. AKTY-
QIBHOCTh KOHTPOJIGHBIX HW3MEpPEHU 0O0yClIOBIICHA
BO3MOXHOCTBIO BO3HMKHOBEHHUSI aBapuUHHON CHUTya-

WU B CITy4ac MMPCBBIIICHUA BBICOTOM BOJTHBI A0IMyCTH-
MOTI'0 3Ha4YCHUs, ITPU KOTOPOM MOKET HpOHSOﬁTH pas-
PYLWICHUEC TECXHUYCCKUX CPEIACTB. beszomacHoCcTh 3THX
00BEKTOB 3aBHCHT OT OLICHKU TCKYLIETO0 COCTOSAHUA
MOPCKOI'0O BOJIHEHHS U €TI0 IMPOrHO3UPOBAHNS, KOTOPLIC
HEBO3MOXXHEI 0€3 IMPAMBIX HSMepCHI/Iﬁ B3BOJTHOBAHHOM
MMOBECPXHOCTH. HerepBIBHBIe Ha6J'I}OZ[eHI/I$[ BOJIHOBOM
00CTaHOBKH ITO3BOJISIIOT IOBLICUTH TOYHOCTH U Tpo-
JOJKHUTCIIBHOCTD IIPOTHO30B.
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a o 6

Puc. 1. Bb TpaguumonHoit Gopmbl: a — mmuHgpuieckuii Bb
"ITopm"; 6 — miapoobpasusiii BB "Waverider";
6 — onmuaHoBUAHEIN BB Jlonre-Xurrunca

Fig. 1. Wavebuoys with conventional shapes:
a — cylinder shaped buoy "Storm"; 6 — sphere shaped buoy
"Waverider"; ¢ — saucer shaped buoy of Longuett-Higgins

KiroueBbIM cpeacTBOM KOHTPOJIS MOPCKOTO BOJI-
HEHMS SABJISIIOTCS] BoMHOMepHBbIe Oyu (BB). Bonpmun-
ctBo Bb npenHasHaueHO A7 U3MEPEHUS TOIBKO BO3-
BBIILIEHUI BOJHOBOM IMOBEPXHOCTH, YTO IO3BOJISET
OTIPENEeNSITh JHUIIb CTATUCTHYECKUE TTapaMeTphl BOJI-
HEHUs (BBICOTY, ITIEPHO BOJIH, HHTEHCUBHOCTE). Of1-
HaKO IS TIoydeHus: mHpopManuu 00 yrjioBOM pac-
MpeIeIeHUH YHEPTUN BOJIH HEOOXOAMMO 3HATh MPO-
CTPAHCTBEHHBINH CTEKTp [1], KOTOPBIII MOXKHO TONY-
YUTh [0 HU3MEPEHHUAM OpAMHAT BOJIH M INPOCTPaH-
CTBEHHBIX IIPOU3BOIHBIX B IBYX B3aUMHO-TIEPIICH/IN-
KYJSIPHBIX HalpaBJIEHUSIX C IPUBA3KOM K CTOpOHaM
cBeTa. TakuMH MPOCTPAHCTBEHHBIMU MTPOU3BOTHBIMU
SIBIISIFOTCSL YTOJI BOJIHOBOTO CKJIOHA M KPUBU3HA BOJIH.
[Ipobnema 3aKimr09aeTCs B TOM, YTO BCE COBPEMCHHBIE
BB, umeromue TpaAuIMOHHYIO GOpMY IIapa, [UIHH-
npa wiu 6nuHa (puc. 1), He cCIoCOOHBI U3MEPSTH KPH-
BH3HY BOJTH, HH(OPMAITHS 0 KOTOPOM He0OX0aHMa ISt
JIOCTOBEPHOTO  OTPEJIENICHUs] MPOCTPAHCTBEHHOTO
CIIEKTpa MOCIETHUX.

Jiist u3MepeHusl KPUBU3HBI BOTH HEOOXOIHUMEI
BB, BrIOIHEHHBIE IO TPEXTOYEYHON (KJICBEPOBUI-
HOI) cxeMme (puc. 2). OnHaKo mocieIHne YIOMUHa-
HUsI 00 WCIIOJNIb30BAaHWW TaKWX OyeB JaTHPOBAHBI
1979 r. [2].

MCTO)II)I OMMMCaHus NPOCTPAHCTBEHHOI'O CIICKTpa
MOPCKOM MNOBEpXHOCTH IO u3MepeHusM Bb otpa-
xeHbl B Tpyaax A. A. Ceemnuxosa [3] u M. Jlonre-
Xwurruhdca [1], xoTopble NPEANOKWIN NPEACTABIATH
MIPOCTpaHCTBEHHBIN criekTp (puc. 3) panom Dypee:

S(w, 8) = %+ i [ a, cos(nd) + by, sin(nd) |,
-1

TJe ® — KpyroBas 4acToTa BOJH; 6 — reorpadudeckoe
HanpasjieHue Oera BOJH;

a, (@:% }t S (e, 0)cos(nd)do,

~

Puc. 2. KnesepoBuansiii Bb, criocoGHbI n3MepsaTh
KPUBH3HY BOJH

Fig. 2. Clover leaf buoy that can measure wave curvature
1 T
by (@) == [ S(w, 0)sin(n6)d6
s
-7

— ko3 durrents! psaa Dypse.
B BBMHCIUTENBHBIX aNTOPUTMax COBPEMEHHBIX
Bb xoadduimentsl a, u by, omnpemensdrorca depes

KOPPEIIINOHHBIE (DYHKIINH OpIMHAT BOJH H YIJIOB
BOJTHOBOTO CKJIOHA. HemocTarok m3MepuTensHON HH-
dopmali 0 KpUBHM3HE BOJIH MPHUBOAUT K TpyOOMy
MPUOIIKSHUIO TTPOCTPAHCTBEHHOTO CIIEKTpa K JIeH-
CTBHUTENHEHOMY, B YACTHOCTH K ITOSIBJICHUIO B CIIEKTPE
BOJIH OTPHUIIATENBHBIX 00JacTeil (puc. 4), 4To MPOTH-
BOPEUYHT (pH3HKE TpoIlecca ¥ HECOOTBETCTBHIO TIOC-
KOTO U IIPOCTPAaHCTBEHHOTO CIIEKTPOB, KOTOPHIE B3aH-
MOCBS3aHBI CJICTYIOLIUM COOTHOIICHHEM:!

SC (0))= ]E SC (0), e)de,

-
e S¢ (w) — nockwuii ciekTp BonH; S¢ (w, 8) —npo-

CTPAaHCTBEHHBIN CIIEKTP BOJIH.

JIJ'IS[ YCTpaHCHHUA OTUX HCAOCTATKOB B COBPCMCH-
HeIX Bb MPUMCHSIOT JONOJIHUTCIIbHBIC METOABI MaTC-
MaTH4YeCKOH 00paboTKH [4], Takue, Kak METOI MaKCH-
MaJbHOTO TIpaBaononodus [6] u mp. [7, 8]. C omHoU
CTOPOHBI, YKa3aHHBIC METOABI MMO3BOJIAIOT B HEKOTO-
PBIX CITydasx W30aBHTBHCS OT OTPHIATEIBHBIX OO0Ia-
CTEH CIIEKTpa W TOBBICHTH Pa3pelarollylo Crocoo-
HOCTbH T10 YIJIOBOMY pacmpenenenuro [9], ¢ apyroit —
MPUBOAAT K TOSIBICHUIO BTOPBIX, JIOKHBIX IHKOB B
cnektpe [4, 10], 9TO MOXKET MPUBECTH K OTHOOUHON
€ro MHTEpIpeTaIi KaK BTOPOTO HaIpaBlicHHs Oera
BOJH C OOJBIION dHEpPrHUe. ITO MOKET HOBJIHATH Ha
OIICHKY TEeKYILIeH BOJIHOBOW OOCTAaHOBKM M HA POCT TO-
TPEIIHOCTH MPOTHO3UPOBAHUS BOTHEHHS. TakuM 00-
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Oy
Puc. 3. TIpumep npoCTPaHCTBEHHOTO CIIEKTPa
MOPCKOI'O BOJHEHUS

Fig. 3. An example of the spatial spectrum of sea waves

pasom, mpobieMa JOCTOBEPHOTO ONpeAeeHHUs Mpo-
CTPAaHCTBEHHOTO CIIEKTpa TPEXMEPHOIO0 BOJHEHUS
OCTaeTCsl aKTyaJIbHOM 1Mo HacTosiiee Bpems. s ee
pelIeHus: HeoOXOIUM METOJ, TO3BOJISIOIINN KOCBEH-
HBIM 00pa30M OMNpEAEIUTh KPUBU3HY BOJH IIPH TI0-
Moiu Bb TpaguiuionHon Gpopmal.

Mertoapl. KpuBr3Ha BOJTHOBOW OBEPXHOCTH SIB-
JISIETCS BTOPOU MPOCTPAHCTBEHHOU MTPOU3BOTHOM Op-
JIMHAT BOJIH U TIEPBOI MPOU3BOIHOM YTIIOB BOJTHOBOTO
CKJIOHA!

. 0%(x v, t, 0)
Cx=—"_5

OX
= —Ak? cos? 0cos(kxcosO +kysind— ot +¢),

rae { — opauHara BOJIH; X, ) — IPOCTPAHCTBEHHBIE KO-
OpAMHATHI;  — BpeMsl; A — aMIUTUTY/a BOJH; k — BOJI-
HOBOE YHCJIO; ¢ — cIydaiiHas ¢asa.

[IpuBeneHHOE BBIpasKeHNE CIPABEINBO ISl aHa-
JIMTUYECKON 3allUCU KPUBU3HBI B BUJI€ HENIPEPBIBHOU
ragaxoil kpuBoil. OHAKO peanbHbIE CPEACTBA U3ME-
peHus, Takue, kak Bb, peructpupyioT npoueccel BoJI-
HEHHUS B BUJIE IMCKPETHBIX 3HaUeHU. B 3TOM ciyuae
muddepeHupoBaHre HEOOXOIUMO BEITIONHITE YHC-
JICHHBIM CITOCOOOM I10 PUPAIIEHHIO IPOCTPAHCTBEH-
HOM KOOpAMHATHI OX, T. €. 110 CMENICHUIO BOJIHBI 32

onuH mmar ompoca dt :

dx =V(bdt = []/(27:)] grdt,

Puc. 4. [Ipumep npoCcTpaHCTBEHHOTO CIIEKTPA MOPCKOTO
BOJIHEHUSI, IOCTPOCHHOTO M0 IATH WieHaM psaaa Pypbe

Fig. 4. An example of the spatial spectrum of sea waves
calculated with 5 Fourier series coefficients

C ydeToM MeTo/1a KOHEUHBIX Pa3HOCTEH BRIpaKe-
HUE€ ISl JUCKPETHBIX 3HAUYEHWW KPHUBHU3HBI MPUMET
CIEeNyIOUINil BU:

2 T ( ' _ )
C = CXM CXi—1
Y=

(tisg —ti—1) gt

(1)

rae Cy — Yroia BOJTHOBOTO CKJIOHA ITO OCH X; | — HOPSII-

KOBBI HOMEp 3aperuCTPHUPOBAHHOTO ITHUCKPETHOTO
3HAUCHUS BEIININHEL.

Takol moAXo MPUMEHUM K OMPEIEICHUI0 KpHU-
BU3HBI PETY/SIPHBIX U HEperyIsipHBIX BoiH. [lo pea-
TU3alUM OPJIMHAT PETYIAPHOW BOJHBI MOXKHO OJHO-
3HAYHO OIPENCIUTH €€ MePHO, KOTOPBIi OymeT mocTo-
SIHHBIM JUUTSl BCEH peaii3alii, a 3HaYUT, TIOCTOSHHBIM
Oyzer u cMenienre dX. B aTtom cimydae mpu pacuere
KpHUBM3HEI 110 (1) moMyduTCs IaaKkasi KpuBas ¢ Ous-
KHMH K HICTUHHBIM 3HaYeHUAMU. OTHAKO €CITH BOJTHE-
HUE HEperyasipHOE, BO3HHUKAET HEOIPEAEIIEHHOCTh
OTIpeNeNICHUsT TEepHOoia BOJNH, IOCKONBKY KaKaas
BOJIHA OyIeT UMETh CBOM IEPHOJ, a 3HAYHT, H CBOIO
ckopocTb. [Ipobnema ycyryOnseTcs TeM, 4TO TIepHOIbI
KPHUBH3HBI CMEIICHEI B 00Jee BHICOKOYACTOTHYIO 00-
JIACTh OTHOCUTENLHO ITEPHOJIOB OPJIMHAT BOJH, YTO OT-
paXkaeT COOTHOIIEHHE MX CIIEKTPAIbHBIX TFIOTHOCTEH:

e Vg = []/(271)] gt — (azoBas CKOPOCTh BOJH; g — SQ” = kZSCf = k4SC' 2)
YCKOpPEHHE CBOOOIHOTO MAJACHHUS; T — MIEPHOJ] BOJIH.
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rae Sgw — CIIEKTP KPUBU3HBI; SC' — CHEKTp yIJIOB BOJI-

HOBOTO CKIIOHA; S — CIIEKTp OpIMHAT.

3T0 03HAuaeT, UTO B MOMEHT BPEMEHH, KOT1a OpIH-
HaTa BOJIHBI PaBHA HYIIO (TIPX MIepeCcedeHHH HyJIEBOH JIH-
HHUH), YIJIbI BOJIHOBOTO CKJIOHA WJIM KPHBU3HBI UMEHOT
HEHYNeBbIE 3HaUeHUs. B ToM citydae, ecinu cocenHue me-
PHOIIBI BOJH OTIMYAIOTCSI IPYT OT JPyTa, PacueTHOE 3HA-
YeHHE CKOPOCTH MOMKET PE3KO M3BMEHSIThCS, UTO MPUBENET
K CKa4KOOOpa3HOMY M3MEHEHHIO PACUETHOTO 3HAYCHUSI
KpUBH3HBL B pe3ynbrare B pacyeTHON BPEMEHHOH 3aBH-
CHUMOCTH KpPHMBU3HBI BO3HHMKAIOT CKauKOOOpa3HBIE BbI-
Opockl (puc. 5).

YT0OBI YCTPaHUTH 3TH BBIOPOCHI, MOXKHO HCITONB30-
BaTh HE CKOPOCTh OTAENBHO B3SITOM BOJHBL, a CPEIHIO0
CKOPOCTB BCEX BOJTH B 3aPETHCTPUPOBAHHON PEaTH3aIlii.
[Ipu 5ToM HEOOXOIIIMO BBIIOIHUTE KOPPEKTHPOBKY aM-
TUTMTYHBIX 3HAYeHW 10 MeTomy oOparHoii ces3u [11],
9TOOBI MUHIMH3HPOBATh OTKIIOHEHHS PACUCTHBIX 3HaMe-
HHI KPpUBH3HBI OT ICTUHHBIX W3-32 HECOOTBETCTBUSI CPEI-
HEW CKOPOCTY BOJIH M CKOPOCTH BOJIH KaXK/I0M OTIEIBHON
BOJHEL B 0ocHOBe mnen mMetona KOppeKTHPOBKU aMIDIH-
TYJIHBIX 3HAYCHUH KPUBHM3HBI JISKHUT (2), CBA3BIBAIOIICE
CTIEKTPHI IIPOIIECCOB BOJH. PaccunTaB peanusanuio Kpu-
Bu3Hbl 10 (1) ¢ WCHONB30BaHWEM CpEIHEH CKOPOCTH
BOJTH, HEOOXOIMMO OTIPEJICITUTD €¢ CIIeKTp. 3aTeM HeoO-
XOIIMO OTPENEUTh CIEKTP MO Peann3aliyl YIIoB BOJI-
HOBOT'O CKJIOHA U B COOTBETCTBUH C (2) YMHOXHTH €10 Ha

k2 u TIONTyYUTh TEOPETHUECKUIA CIIEKTP KPHBU3HBL. 3a-
TeM 00a CITeKTpa KPUBH3HBI MOKHO CPAaBHUTH MEXITY CO-
00l M OMpeneNnTh, Ha KaKMX YacTOTaX aMILTUTYIHbIC
3HAYEHUSI PACUETHON KPUBU3HBI OTIIMYAIOTCS OT TEOPETH-
Yeckux. JIJ1s COXpaHEHHS YaCTOTHBIX U (ha30BbIX pacrpe-
JIETIEHU TaApMOHHUK BMECTO CHEKTPAIbHBIX MJIOTHOCTEN
TieIecoo0pa3Ho MCTIONL30BATh MpeodpasoBanuss Dypre

"
X

0.2

Puc. 5. 3anannas (1) u pacyerHas (2) KpuBH3HA
HeperyisipHoi BosHbL. OBanaMy OTMEYEHBI BEIOPOCH
pacyeTHBIX 3HAYCHUH

Fig. 5. The given (1) and calculated (2) curvature of the
irregular wave. Ovals mark outliers of calculated values

BPEMEHHBIX peanuzanuii. [Ipu 3ToM HeoOX0mMO y4ecTb,

4T0 B (2) npu SC' BOJIHOBOE UMCJIO OyZIET CTOATH B IIEp-

BOH CTeleHy, a pu SQ — B KBaJIpare.

Cremyer OTMETHUTb, YTO yKa3aHHbIE TEOPETUUECKHE
000CHOBaHHMSI METONa CIPABEIVIMBEI TIPH JOITYIICHHH,
YTO BOJIHEHHE PACCMATPHUBAETCS B PAMKaX JITHEHHOM TeO-
pHUH KaK CTAIIOHAPHBINA SPrOJMIECKUI TpoIIEce, a Iy-
OWHa aKBaTOPUH HE YUUTHIBACTCSL.

PazpaboraHHbIi MeTox ObUT IPOBEPEH YHCICHHBIM
MozenpoBanyeM B rporpamMMe Matlab u skcnieprmen-
TAJILHO B OIILITOBOM BOJIHOBOM Oacceline. B xone unciieH-
HOTO MOZEIHPOBAHUS (hPOPMHUPOBAIIHCH PEeaI3aIH He-
PETYISIPHBIX BOJH (OpAMHATI, YIVIBI ¥ KPUBHU3HA) IO (hop-
MyJIaMm:

C(x t)= iAi cos(kjxcos6 — wjt +¢; );
i=1

Cix 1) = aC(x, t)/ox =
= —iAikcosesin(kixcose—mitﬂpi ) )
i=1
g'(x, 1)=0%(x, 1)/x? =

n
=3 Ak? cos? 6cos(kjxcosd — wjt +¢j ),
i=1

e A = \/ZSP (m)(miﬂ — ) — AMIUTMTYIBI i-X BOJIH,
npraem Sp (o) — cnexrp Inpcona-Mockouia [12].
3ateM Mo pa3zpaboTaHHOMY METONy TO peajn3a-
IIFSIM Op/IMHAT BOJIH H YIJIOB BOJTHOBOTO CKJIOHA PACCUH-
TBHIBAJIMCH KPUBU3HBI BONH C KOPPEKTHPOBKOH aMIDIH-
TYAHBIX 3HadeHHi. O6e pea3aiyi KpHBU3HbI CPaBHU-
BJIMCh MEXIy COOOM 110 AMCHEPCHH, ITOCKOIBKY TOT
rapaMeTp CBs3aH C SHEPruel Mmpoliecca BOJHEHHS:

_,|P(€)-D(&)
| D(&W)

e D(C") — JMCTIEPCHS 3aJaHHOM peau3aiun Kpu-

) 100 %, 4)

BusHb;; D(CY;) — Ancrnepens peannsaniy KpHBH3HEL,

MOJTYYEHHOH 0 pa3paboTaHHOMY METOLY.

PG)KI/IMBI MO}IGJ’[I/IpOBaIII/ICI) B JAHUAIIa30HC HUHTCH-
CHUBHOCTH BOJIH OT 1 710 9 6amioB (BeIcOTHI BOJH 3 %
obecneuenHocTH oT 0.2 10 12.0 M, IepruoaBI BOJIH OT
2.08 mo 12.76 c. Ilox BeICOTOI BOJIH 3 % oOecreueH-
HOCTH TTOHMMAETCSl TaKas BBICOTA BOJIHBI, BEPOST-
HOCTb IPEBBIIICHUS KOTOPOU IPYTHMHU BOJTHAMH B pe-
anu3anuu coctasisgeT 3 %.
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Puc. 6. MonenmmpyemMoe BOJTHEHHE B ONIBITOBOM BOJTHOBOM
Gacceitne

Fig. 6. Simulated Waves in the Experimental Wave Pool

Tabn. 1. XapaKTepUCTHKH BOCTIPOM3BOIMMBIX CIIEKTPOB
TTnpcora—MocKkoBHUIIA B OITEITOBOM BOJIHOBOM OacceliHe

Table 1. Characteristics of the Pearson—Moskovitz spectra
Modeled in the Experimental Wave Basin
IIepuon BomH,
BeicoTa BOJTH TPEXMPOLUCHTHOH |cooTBETCTBYIOMMIA 4acTOTE
obecnieuennoctu Ny, MM MaKCUMyMa CIIeKTpa
BOJIHEHMUS Tp, C

120 1.50
150 1.68
200 1.95

OKCTIEpUMEHTAIFHOE HMCCIIEA0BAHUE TIPOBOAMIIOCH
B ombITOBOM BonmHOBOM Oacceitne ®I'VII "Kprutos-
CKHI TOCYIapCTBEHHBI HAYYHBIA MEHTP'", B KOTOPOM
MOJICTIMPOBAIINCH HEpETyNspHble BOJHBI (puc. 6) ¢
XapaKTePUCTHKAMH, TPENCTaBICHHBIMI B TaOm. 1.
Kaxxap1il pexxuiM BOTHEHHSI TIOBTOPSUICS 10 3 pasa.

Juia peructpaiy OpavWHAT BOJH, YITIOB BOJHO-
BOTO CKJIOHAa ¥ KPUBH3HEI BOIH HCIONB30BAJICS CIIe-
UABHO CO3MAHHBIA ISl ATOU 3214l AICKTPOIHUTH-
yeckuit BoiHOrpad (puc. 7) [13], conepxamuii 9 nap
cTpyH ¢ paccrossHueM 150 mm mexay mapamu. Uc-
moJib30BaHKe BoyHOrpada BMecto BB wimu ero mac-
mTaOHOM Mosie I 00YCIIOBIIEHO MEHBIITUM 3HAYCHHEM
HHCTPYMEHTAIBFHOH TOTPEHIHOCTH. BoxHOrpadsr
ObUTH KaHOPOBAHBL, TIOTPEIIHOCTh U3MEPECHUS BOIH
B KaXIIOi TOYKe BONHOTpada cocraBuia He Oonee
+1.9 %.

MeTtonuka cCpaBHEHUS PE3YNbTATOB MHCTPYMEH-
TaJIbHBIX 1/13MepeH1/1171 KPUBU3HBI BOJIH U PACUYCTHBIX
3HAUCHHUH aHAJIOTHYHA METOIUKE MaTeMaTHYECKOTO
MOJIEIMPOBAHUSI.

PesyabTarsl. [IpenioxeHHble pemeHns 03BOIIIN
n30aBUTHECS OT BBIOPOCOB PACUCTHRIX PEaSTH3aLi KpH-
BU3HBI W TONYYUTh 3HAYCHUS, ONM3KHE K HCKOMBIM
(puc. 8). Ha pucyHKe OTYeTIMBO BUIHO, YTO KPHBH3HA,

Puc. 7. CTpyHHBII 2IEKTPOIUTHICCKHIA BOITHOTpad
C ICBATHIO MApaMu CTPYH JUIS SKCIIEPUMEHTAIIBHOTO
WCCIIeIOBaHUs pa3paOb0TaHHOTO METO/Ia

Fig. 7. String electrolytic wave recorder with 9 pairs of strings
for experimental study of the developed method

paccurTaHHAs TI0 METOIY C KOPPEKTUPOBKOI aMILIHTY/I-
HBIX 3HAYCHUH, MPAKTUYECKU COBIAAET C HICKOMOM KpH-
Br3HOM. OTHOIIIEHVE AUCTIEPCUI 33/IaHHOW 1 PAaCUETHOU
KPHBH3HBI, PACCUUTAHHOE 110 (4), coCTaBIIsieT He Oolee
0.83% B [uama3oHe HWHTEHCHUBHOCTA BOJH OT 1
110 9 6ayutoB (b — HHTEHCHBHOCTH BOJIH, Oasuibl) (pHcC. 9).
Pesynprarel  00pabOTKH  AKCIIEPUMEHTATBHBIX
MaHHBIX IIOKA3alld, YTO MAKCHMAJIbHOE OTKIOHEHHUE
JUCTIEPCUH KPUBU3HBI (TabI. 2), MOIyuYeHHOH! 10 pa3-
paboTaHHOMY METOIY, OT 33JaHHBIX 3HAYCHHUI COCTa-
B0 9.27 %. HeoOXomuMo OTMETHTB, YTO TOTpEIII-
HOCTb BO3pacTajia C YMCHBIICHUCM BbICOT U IIEPUOIOB
MOJETIMPYEMBIX BOMH. [IprMep MOMy4eHHBIX peann3a-
LM KPUBHU3HBI BOJIH TIpeCTaBIeH Ha puc. 10.
3akawuenue. B pesynsrate uccnenoBanui mpe-
JIOKCH METO ONPEACIICHUS KPUBU3HBI MOPCKHX BOJIH,
3aKJTFOUAIOLTHHCS B YUCIEHHOM TU((epeHIIPOBAHIN
BPEMEHHOH peam3aliy yIiioB BOJHOBOTO CKJIOHA C
KOPPEKTHPOBKOH aMILTHTYTHBIX 3HAYCHHUH Ha OCHOBA-

Puc. 8. Koppexkiuist KpUBH3HBI HEPETYISIPHBIX BOJH:
1 —3ayianHas kpuBK3HA 110 (3); 2 — pacyeTHast KpUBH3HA 0€3
KOppEKInH; 3 — pacdeTHast KpUBHU3HA C KOPPEKIHeH

Fig. 8. Irregular wave curvature correction:
1 —agiven curvature to (3); 2— calculated curvature without
correction; 3 — calculated curvature corrected according
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Puc. 9. OTHOIIICHHE AUCTICPCHII 3aIaHHOM U PACUCTHOM
KPUBU3HBI U1 IPOMOACIMPOBAHHBIX PEKUMOB
HEPETYJIAPHOTO BOJTHCHUS
Fig. 9. The ratio of variances of a given and calculated
curvature for simulated irregular waves

Ta6u. 2. Pe3yaprar 06pabOTKH IKCIEPUMEHTAIbHBIX JAaHHBIX

Table 2. The result of processing of the experimental data
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Puc. 10. [Ipumep KpUBU3HBI peanr3anuii HePEryIsIpHOH
BOJIHBI, IIOJy4EHHBIX B XOZI€ SKCIIEPUMEHTAIIBHOTO UCCIIEIOBAHHUS:
1 — 3ajaHHas KPUBH3HA, 2 — pacyeTHas KPHBU3HA

Fig. 10. An example of the curvature of the irregular wave
realizations obtained during the experimental study:
1 — given curvature, 2 — calculated curvature

HUM COBMAJICHUS CIIEKTPAIbHBIX IUNIOTHOCTEH BOIHO-
BBIX IpoIieccoB. YUCIEHHOE M HKCIIEPUMEHTAIBHOE
MOJICTIMPOBaHME MOKA3aJI0 pabOTOCIIOCOOHOCTh pas-
paboranroro Merona. C y4eToM MPUHATHIX JOITYIIE-
HUM TOJIY4YE€HHOE 3HAY€HHE OTHOILIEHUS IUCIIEPCHU
pacueTHOM KpUBU3HBI K 3a1aHHOM cocTaBmio 0.83 %.

OKCIIEpUMEHTAIBHOE HCCIIEIOBAaHUE II0Ka3aJIo
OTHOUIECHUE, MPAKTHUECKU Ha MOPSIOK Oojbliee: OT
4.95 1o 9.27 %, 4T0O MOXHO OOBSICHUTH MHCTPYMEH-
TaJIFHOM MOTPEIIHOCTBI0 CTpyHHOTO BoHOrpada. [1o
IIPUYMHE TOT0, YTO 3alaHHBIE pEAIU3aLUU YIJIOB BOJI-
HOBOI'O CKJIOHAa ¥ KPUBU3HBI BOJIH I10JIy4€Hbl KOCBEH-
HBIM METOZIOM, TaK KaK PacCUUTHIBAJIUCH 110 peann3a-
LUSIM OPJIUHAT BOJH, MOTYYEHHBIM B JIEBSITU TOUKAX,
MOTPEIIHOCTH U3MEPEHUi aprupMeTHIECKH CyMMUPO-
BaJIUCh, MIOCKOJIBKY PETHCTPUpPYEMBIE MIPOLECCH KOP-
penupyemsl. Kpome Toro, 6oibioe BIUSHAE Ha pac-
4eT KPUBHU3HBI MOTJIM OKa3aTh BOJHEI PsIOM, OTpaKeH-
HBIE OT CTeH U KOJIOHH Oacceitna. [lonTBepsxneHneM
9TOTO ABJSETCS TO, YTO MPHU UCCIIEIOBAaHUU BOJH OT-
HOUICHUE AUCIEPCUI ¢ POCTOM MHTEHCUBHOCTH BOJ-
HEHHUS CHIDKAEeTCH.

ITonyueHHbIe pe3yabTaThl MOKA3bIBAIOT, YTO pas-
paOOTaHHBIM METOX ONpeNeNeHUs KPUBU3HBI BOJIH
npu oMot Bb TpamunuonHol GopmMer paboTtoctio-
cobeH. MeTox puMeHHM B COBpeMeHHBIX BB, Harpu-
Mep B Bb "llltopm" [14], a Takke ¢ HEOONBIIHMHU
TpyIIIaMu CTPYHHBIX BoiHOTpadoB [15] mis onpene-
JICHUSA MPOCTPAHCTBEHHOI'O CIICKTpa MO ACEBATU YJIC-
HaMm panga Dypre. Tem He MeHee HEOOXOAMMBI JIAlTb-
HEHIme HCCIICAOBaHUA METOJAa B YaCTH BIIUSHUSA UHBIX
(aKTOpOB, TAKMX, KaK KPYTH3HA BOJH, IIIIPHHA CIICK-
Tpa, HaJIM4Ue TPEXMEPHBIX BOJIH U T. A. Kpome Toro,
1enecoo0pa3Ho U3YUINTh BIHMSHIE TOTPEITHOCTH OTIpe-
JCJIICHU KPUBU3HBI BOJIH Ha NMMOTPECHIHOCTD IMOJTYUCHUA
UX IIPOCTPAHCTBEHHOT'O CIIEKTPA.
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CpaBHEHWe anropuTMOB /151 LUYMOMOAABNEHUS U306paxeHNA
OMTMYECKOI KorepeHTHOI ToMorpadum MenaHoMbl KOXM
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AHHOTaUuA
BBegeHuve. OnTunyeckas KorepeHTHas Tomorpadus (OKT) - HeMHBAa3MBHEIV UHCTPYMEHT ANS UCCaef0BaHus on-
TUYECKN HEOAHOPOAHbIX Cpes C MVKPOHHOW TOUHOCTBIO, BK/IKOUYas OHKOOrMI0 KoXn. OgHako OKT-n3obpaxeHus
TKaHen CUABbHO 3alLyMJ/IeHbl, YTO YC/IOXHSAET KaK 3KCMepTHY, Tak 1 aBTOMaTUYEeCKYHo OLIeHKY 1M306paxeHni.
B nnTepaType MouTK OTCYTCTBYIOT CUCTEMAaTUYECKMe CPaBHEHWSA anropUTMOB LLYMOMOAABEHVIS.
LUenb paboTel. Mony4nTh pesynbTaTbl CPaBHUTENBHOIO TECTUPOBAHWSA Ha Habope OKT-1306paxeHnin MenaHoMbl
KOXW C MOMOLLIbIO Pa3/INYHbIX aNrOpUTMOB LLYMOMOAABNEHWS.
MaTtepuanel 1 MeToAbl. OnvcaH paj aaropnuTMOoB LUYMOMNOAABNEHNS, B KOTOPbIe BXOAAT Kak 2 OTHOCUTE/IbHO Mpo-
CTbIX KNaCCUYeCKNX anroputmMa — BUHEPOBCKUI U MeANaHHBbIV, Tak 1 6onee CNoXHble: KOMMIeKCHbIN Anddy3n-
OHHbIA ¢unbTp (Complex Diffusion Filter - CDF), HeueTKnin aHN30TPOMHbIA ANGDY3NOHHBIA NHTEPBANbHbIN
dunbTp BTOpOro Tnna (Interval Type Two Fuzzy Anisotropic Diffusion Filter - ITTFADF) n ¢unbTp Ha OCHOBe 3M-
nMpuryeckon Mmogoeor gekomno3uumm (Empirical Mode Decomposition - EMD), npeg/ioXKeHHbIi paHee aBTOPOM
419 BU3yann3aumm CeTOYHbIX MMMAaHToB. OnpejeneHbl KONMYeCTBEHHbIE METPUKN: OTHOLLIEHWE CUTHA/LLYM
(Signal-to-Noise Ratio - SNR), addekTnBHOE Uncno HabnogeHnin (Effective Numberof Looks - ENL), nHAeKC CTpyk-
TYPHOrO CXOACTBa 1 KO3POULMEHT KOPPENsLMmM y, OTpaxatoLme 2 OCHOBHbIX BbIOPaHHbIX MPUHLMMNA yay4Lle-
HWSA KayecTBa N306paxeHns: yMeHbLLIeHNE LLyMa WU COXPAaHHOCTb rPaHuL, CI0eB TKaHW 1 HEO4HOPOAHOCTEN.
Pe3ynbTathl. [onyyeHbl pe3ynbTaThl CPaBHUTENLHOMO TECTUPOBAaHWSA Ha Habope N306paxeHuid, COCTOsABLLEM U3
10 MeNnaHoM, K KOTOPbIM BbINN MPUMEHEHbI Pa3iyiHble aIfTOPUTMbI LLYMOMOAABNEHWS.
3akntoueHune. ViccnegoBaHme He BbISBUAO IYYLLNI anropuTM Mo BCeM YeTbipeM meTpukam. Mo metpuke SNR
nydwe Bcero pabotatoT EMD-¢ounbTp 1 CDF B 3aBUCMMOCTY OT Tuna obnactu. EMD-ounbTp npu 3Tom 1160 nyu-
WA NO BCeM Npu3HakaMm, 1Mbo ycTynaeT Ha HeOAHOPOAHbIX 06n1acTsx No SNR v 3aHAn BTopoe mecto no ENL.
MpUHAB 3a BepHy rvnoTesy o 60nbLUelr 3HAUMMOCTM COXPaHHOCTY FPaHuL, Nepes MHTerpaabHON OLEeHKOMN
LyMa, MOXHO cAenaTb OAHO3Ha4YHbI BbIBOJ O HEOOXOAMMOCTI UCMONb30BaHNUA MMeHHO EMD-gunbTpa. B ka-
yecTBe anbTepHaTVBbl EMD-GUALTPY MOXHO peKOMeHA0BaTh UCMO/b30BaTh BUMHEPOBCKUIA GUALTP (BbINTPbIBA-
FOLLMI Ha MHAEKCaX COXPaHHOCTY rpaHnL) nnn ITTFADF, KOTOpbI 3aHAN TpeTbe MeCTO No BCEM MCMOJb3yeMbIM
MeTpUKaM.
KntoueBble c/loBa: onTnyeckas korepeHTHas Tomorpadus, ANPPy3noHHbIN GUNbTP, MeANaHHbIN GUNLTP, BUHE-
POBCKMIA GUABTP, HeUeTKast NOr1Ka, IMNMPUYEcKast MoOAoBas AeKOMMO3ULMS.
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Comparison of Noise Reduction Algorithms for Optical Coherence Tomography
Images of Skin Melanoma
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Abstract
Introduction. Optical coherence tomography (OKT) is a non-invasive instrument for studying optically heteroge-
neous media with micron precision, including skin cancer. However, OKT tissue images are very noisy. It compli-
cates both expert and automated image evaluations. There are almost no systematic comparisons of noise re-
duction algorithms in the literature.
Objective. To obtain comparative test results on a set of OKT images of skin melanoma using various noise re-
duction algorithms.
Materials and methods. A number of noise reduction algorithms were described, which include two relatively
simple classical algorithms: Wiener and median, and more complex ones: a Complex Diffusion Filter (CDF), an
Interval type-ll Fuzzy Anisotropic Diffusion Filter (ITTFADF) and an Empirical Mode Decomposition (EMD) filter,
previously proposed by the author for visualizing of mesh implants. Quantitative metrics were determined: a
Signal-to-Noise Ratio (SNR) metrics, an Effective Number of Looks (ENL) metrics, Structural Similarity Index Met-
rics (SSIM) and a correlation coefficient X, reflecting two main principles of improving image quality: to reduce
noise and to save the borders of tissue layers and heterogeneities.
Results. The results of a comparative testing on a set of images, consisting of 10 melanomas (to which various
noise reduction algorithms were applied) were obtained.
Conclusion. The study did not reveal the best algorithm for all four metrics. According to the SNR metric, the EMD
and the CDF filters perform the best depending on the type of area. At the same time, the EMD filter is either the
bestin all respects, or is inferior in SNR in heterogeneous areas and takes the second place in ENL. Taking as the
correct hypothesis that the border preservation is more important before an integral noise estimate, itis possible
to make an unambiguous conclusion about the need to use the EMD filter. As an alternative to the EMD filter,
Wiener filter (which wins on the border preservation metrics) should be used or the ITTFADF, which ranked third
in all used metrics.

Keywords: optical coherence tomography, diffusion filter, median filter, Wiener filter, fuzzy logic, empirical mode
decomposition

For citation: Myakinin O. O. Comparison of Noise Reduction Algorithms for Optical Coherence Tomography
Images of Skin Melanoma. Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 4, pp. 66-76.
doi: 10.32603/1993-8985-2020-23-4-66-76

Source of financing: Initiative work.
Conflict of interest. Author declares no conflict of interest.
Submitted 29.06.2020; accepted 14.08.2020; published online 29.09.2020

BBenenne. OnTuyeckas KOTepeHTHas TOMOIpa-
¢us (OKT) — HEWHBA3WBHBIA BBICOKOIPOHM3BOAH-
TENbHBI HHCTPYMEHT JUIsl UCCIICJIOBAHUS ONITUYCCKU
HEOAHOPOJIHBIX CPEJl ¢ MUKPOHHOW TOYHOCTHIO [1],
B TOM YHCJI€ C JOCTATOYHO IHUPOKUM IIPUMEHEHHUEM
B OHKOJIOTHH [2], BKJIIOYAst OHKOJIOTHIO KOXKU [3].

Cdopmuposannsie ¢ nomompsio OKT u3obpa-
KEHUS TKaHed CUJIBHO 3allyMJIEHBI, YTO YCJOX-
HSECT KaK DJKCIEePTHYIO, TaK W aBTOMATUYECKYIO
OIICHKY M300pakKeHMA, TaK KaK CIIECKJI-IIIyMbl MACKH-

PYIOT TpaHUIIBI CJIO€B TKaHW M HEOIHOPOIHOCTEH,
YCIIOXKHSAS UX oOHapyxkeHue. I[lepBoHaYabHO IS
IIYMOTIOJIABJICHUSI WCTIONB30BAIUCh CTAaTUCTUYECKHE
TEXHUKH, HACIICIOBAHHBIE W3 CIICKJI-BU3YaTU3AIlUH
[4-6]. 3aTeM mepeln K UCTIONB30BAHUIO OoJiee aar-
THUPOBAHHBIX K peliaeMoil 3a1a4e aroputMoB. OHAKO
B JIUTEpaType YACIACTCS M0 BHUMAHUs CPaBHEHHIO
3THX MOAX010B. OOBIYHO NMpeJIaracMblii METOI CPaBHH-
BaeTCs C KIACCHYCCKUMU ITOIXO0AaMH K CHHXKCHHIO BJTH-
SIHUSI TITyMOB.
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B nacrosiieit crtarbe mpoBeeHO CPaBHUTEIBHOE
TECTHPOBAHHUE IISITH aJITOPUTMOB IITYMOIIOAABICHUS
Ha Habope OKT-u3o06paxenuit MenaHoMbI Koxxu. Pac-
CMOTPEHBI 2 OTHOCHTEIFHO HMPOCTHIX KIACCHUCCKIX
aJToOpyuTMa — BHHEPOBCKMM W MEIHWAHHBIN, a TaKKe
0oiee CIOXKHBIC: KOMIUICKCHBIA U (DDY3HOHHBIN
¢unerp (Complex Diffusion Filter — CDF) [7], HeueT-
KA aHU30TPONHBIN TU(PPY3NOHHBIN WHTEPBAIBHBIN
¢uneTp Broporo tuma (Interval Type Two Fuzzy Ani-
sotropic Diffusion Filter — ITTFADF) [8] u ¢unbTp Ha
OCHOBE OMIUPHYECKON MOIOBOM JEKOMIO3UIIUN
(Empirical Mode Decomposition — EMD) [9], npen-
JIOKEHHBIN paHee aBTOPOM JJIsl BU3yaJIU3allul CETOY-
HBIX IMIUTAaHTOB. Pe3ynpraTsl alropuTMOB CpaBHUBA-
JIUCH C TIOMOIITBIO KOJTMYECTBEHHBIX METPHK (OIHCaH-
HBIX B COOTBETCTBYIOILEM pasfeie), OTPaKaroIuX
2 OCHOBHBIX IIPUHIIAIIA YITyUIICHHS Ka9ecTBa H300pa-
KCHUS: YMEHBIIICHNE ITyMa M COXPAHHOCTH T'PaHHUII
CJIOEB TKaHU M HEOIHOPOIHOCTEH.

MarepuaJjibl 1 METOABI.

Onucanue IKcnepumenma u UCXOOHbIX U300pa-
JHceHuil.

Bce manHBIE MOTyYeHBI OT COBEPIICHHOJETHUX
nanueHToB (eBpomneounsl, I u Il ¢eHOTHIIBI KOXM).
IIpotoxon exvivo nccinenoBaHus ObUT 0ONOOPEH THUE-
CKUM KoMHUTETOM CaMapCKOTO TOCYIapCTBEHHOTO Me-
JUIMHCKOTO YHUBEPCUTETA.

BHauasie Bpau ocMaTpuBall IalMeHTa AJs OCTa-
HOBKH TIPEABAPHUTEIFHOTO IHarHo3a. B cimydae momo-
3pEHHUS HAa MEJTAHOMY OITyXOJIb OABEPTaNIN PE3CKIINH.
Pasmeps! 00pasia coCTaBsuTH MPUMEPHO 2X2%X1 cM.
[Mocne atoro obpaser nemmics Ha JBE YacTH Tak,
YTOOBI KaXKJ1asi 4aCcTh 3aHUMaJla IPUMEPHO TIOJIOBUHY
MJIONIA I BHIMMOW TIOBEPXHOCTH HOBOOOPA3OBAHMSL.
OpnHy 9acTh IOMENIaN B CTEPHIIBHEIA OOKC IIPH TEM-
neparype +4 + 2 °C u B TeUeHHUE YEThIPEX YacoB JI0-
ctaBisi B Jaboparopuro it OKT-uccnenoBanus.
Bropyto 9acTb nccinemnoBaiy ruCTOIOTHUESCKH IS TIOM-
TBEPXK/ICHUSI TUarHo3a Mo CTaHJAPTHBIM MIPOTOKOJIAM
OKpacKH TeMaKTOKCHMHOM M 503WHOM. B uccienoBanuu
HCTOJIb30BAITHCH 10 00pa3sIoB ¢ TUCTOJOTHYESCKH IO
TBEPXKACHHBIMHE 3-i1 U 4-1 CTaUsIMH MEJTaHOMBI.

N300pakenust ObUTH MOyYEHBI B X07ie JIaboparop-
HOTO ex VIVo WCCIICIOBAHUS TOCTABICHHBIX 00Pa3IioB C
nomolpto cragaptHoii cucteMsl OKT criekrpaibHOro
THIIA C OIITHYECKUM MOJYJIEM — CYIEPIIOMUHECLIEHTHBIM
Ja3epHbIM JTofoM (Tonoca m3nydeHus 840 £ 45 Hw,
BbIxomHas MontHOCTh 20 MBT) [10]. YnpaBnenue ycra-
HOBKOH ocymiecTBisuiocs B cpene LabVIEW (National
Instruments, CIHIA) npm moMomy MPOrPaMMHOTO

obecnieuenust (IT0) OKTLab [11]. C nomomipto yka-
3arHOTO [1O M300pakeHUs MPUBOIUIUCH K pa3Mepy
512 x 512 nukceneil u coxpaHsuIUCh 03 Kakoi-1160
noct-o0pabdotku. K nmomydenasiM 10 u300paxkeHUsIM
MPUMEHSUTUCH PA3IMYHBIC AITOPUTMBI IIYMOIIOIAB-
JICHUSI, PE3yABTaTHl KOTOPHIX IPEACTABICHEI JaJiee.

Anzopummsl WiymMonooaeenus.

Meouannvii  guiemp [12] — HenuHeHHBIN
(GWIBTp, YaCTO UCIIONB3YIOIIUKCS B 00paboTKe U300-
pakeHHS [UIS TOAABIICHIUS UMITYIbCHOTO IITyMa, Ha3bl-
BaeMOTO IIyMOM "cojb U nepel. 3Ha4eHUs! 0TCUETOB
BHYTPHU CKOJIB3AIIETO OKHA (PHIIBTpa COPTHPYIOTCS B
MOpsAZIKE BO3pacTaHus (MM yObIBaHUS), U 3HAYCHHE,
HaxoJs11eecs B cepeanHe paH)KUPOBaHHOTO psijia (ero
MeaMaHa), TOCTyMmaeT Ha Bbixox (unbrpa. Onucan-
HBI (QIIBTp IIydine, 9eM CBepTKa, OTHOBPEMEHHO
YMEHBIIIACT MIYM U COXPAHSICT TPAHUIIbI, MOIABISS
TaKXe OJMHOYHBIC UMITYIbCHBIC TIOMEXH (CIydaiiHble
IITyMOBBIE BBIOPOCHI OTCUETOB M MPOMaxH), HO XyKe
00pabaThIBaeT TayCCOBCKUM IIyM.

JlokabHBIA aTanTUBHBIA 6UHEPOBSCKULL (UMD
[13] ocHoBaH Ha 00paboOTKe JIOKATBHOH OKPECTHO-
CTH Ka)KJIOTO MUKCEJIS, YTO MO3BOJISIET MPHOIU3UTH
(GUIBTPAINIO K ONITUMATBLHON TP UCKAKEHUH H300-
paXEHHs MOCTOSHHBIM AIJTUTHBHBIM IIYMOM. DTOT
GWIBTp, TEM HE MEHee, SIBISCTCS IOMUKCEIbHBIM.
CyTh 00pabOTKH COCTOUT B TOM, YTO aHAIU3HPYe-
MBI TUKCEJNb 3aMeIlaeTcs OLEHKON CpeIHero 3Have-
HUS 110 OKPECTHOCTH B TeM OOJIbINEH CTEIICHH, YeM
OKe TOKabHAs BRIOOPOYHAs TUCTIEPCHSI K OIIEHKE
JUCIepCcHM IIyMa B nukcerne. M HampoTus, yeM 0o-
Jiee pa3IMyaroTCsl YKa3aHHbIE OLCHKH, TEeM MEHbIIe
(GUIBTP BO3ECHCTBYET HA TEKYIINN TTUKCEb.

Komnaexcuwiii  ougppysuonnwiti  gpunomp 7]
(Complex Diffusion Filter — CDF) ocHoBaH Ha 0600-
IICHUH ypaBHEHMs TUPPY3UN ¢ KOMIUIEKCHBIM KO3(-
¢dunmentom auddysun:

al/at =div[c(1)grad(1)],

rae [ — n3o0pakeHue, paccMaTpuBaeMoe Kak MaTpHIa
3HAQUEHUIN CUTHAJIOB MUKCENEH, N3MEHIEMBIX BO Bpe-
menu; ¢ —Bpems; div(-) ugrad(-) — oneparops! 1uBep-
TeHIIMM M TpajueHta cooTBeTcTBeHHo;C () — koM-
TUICKCHBIN HEMHEHHBIN Kod(hhHIeHT U Qy3um.
UncneHHOE WTEpalMoOHHOE pElICHHE TaHHOTO
YpaBHEHUST MOXKHO 3amucars Gopmyrnoi [14]

Ins1 = I +8tdiv[ C (15 )grad(1l,)],

rae Ol — MUCKPETHBIN IIar 1Mo BPEMEHHU; 71 — HOMEP
HUTEpaLNH.
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B xayecTBe Ha4aNnbEHOrO yCJIoBHs | I TaHHOK
JMHAMHYECKON MOJIENTN UCTONB3yeTCsS UCXOIHOE (3a-
IIYMJICHHOE) U300paKeHHE.

B [14] mokazaHo, 4To IS TOTO, YTOOBI B IIpOIIecce
HBOJIFOLIMH UCXOIHOTO H300PaXKECHUS BO BPEMEHU MPH
TUhPY3UH COCETHUX TTUKCENEH Ipyr B Apyra coxpa-
HSJIUCH TpaHullbl, ko3ddunment nuddy3nn momkeH
OBITH OIIPEEIICH CICTYIONINM 00pa3oM:

ei@

1{|m(|n)T'

ko

C(ln):

rae 0 — uMmerontas OnM3Koe K HYIIO 3HavyeHHWe (daza
(yrom) KomrmiekcHOTO Kod(h¢uiuenta auddys3um;
Im(-) - MHMMas 9acTh M300paKeHUs Ha TeKyIeit
urepainu; K — moporosasi KOHCTaHTa, OMpPENEISIO-
1as NoTok ko3ddurnuenta b dysuu.

B oOmewm ciydae anst TMHAMHYIECKOTO BO Bpe-
MEHHM MHOTOMEPHOT0 Ipolecca (KOMIUIEKCHOTO U300-
paenus) |(X, Y, t) B JeKapTOBBIX KOOpAMHATAX

(x, y) CIIPaBEJIUBO COOTHOIIICHHE

lim M:m(%)* 1(X, 0);

6—0
5= limo=42t,
6—0

rie A(-)— omeparop Jlammaca;Gs — rayccoBckoe

SIIPO € HYJEBBIM CPEIHUM U TUCTIepCHe 62; * 000-
3Ha4yaeT N-MEpHYIO CBEPTKY.

Taxum o6pazom, mipu O — 0 MHMMast gacTh H300pa-
JKEHUS! SABJISIETCS] MIPOU3BEACHUEM CIVIAXKEHHOM BTOpOMU
MIPOU3BOIHON HCXOAHOTO W300payKeHWs, BPEMEHH H
¢as3pl. Takas cTpykTypa 0OOECeuMBaeT HyBCTBHUTEIb-
Hocts CDF k nepemnagam spkocTH (TpaHHLIaM).

Heuemxuii anuzomponuwiii Oup@ysuonnviii um-
mepeanvusiti Gurvmp emopoco muna [8] (Interval
type II Fuzzy Anisotropic Diffusion filter -
ITTFADF) nns ynmaneHus IIyMOB ¢ H300paXKCHHS,
ananornuro CDF, ocHOBaH Ha ypaBHeHHH U by3Un

al/at=div[ D(x, y, t)grad(1)],

IJ€ AaHU3OTPONHBIA IUQQY3HBIH BENICCTBEHHBIHA

(B otmuue ot CDF) kosdduument D(X, Y, t) npu-

HUMaeT OOJIbIINE 3HAYSHUS HA OMHOPOAHBIX yUacTKax
M300pakeHuUs U MaJjible 3HaYCHUS Ha y4acTKax ¢ mepe-
najaMu SpKOCTH (TPAHHUIIBI). DTO MO3BOJSET KOHTPO-
TUpoBaTh MTUPQPY3UOHHBIE MPOIECCH [8]: YCKOPATH

WX Ha OTHOPOJHBIX PErHOHAX U, HA00OPOT, 0CcIa0IATh
pa3MBbITHE KaXIOrO MHUKCENs B O0JacTd TpaHHI Ha
H300paKEHUH, B KOTOPBHIX N3HAYAIBHO JIOKAITBHOE OT-
HOIIICHNUE CUTHAJI/IIYM BBIILIE.

JIi1st TOro 94TOOBI ANTOPUTM MOT padoTaTh IMEHHO
C IIyMamu, TpeOyeTcsl IOMOJHHUTEILHO BHECTH B

D(X, Y, t) 3aBUCUMOCTH OT YpoBHs 1ryma. [loatomy

WUTOTOBBINA KO3(GGUIMEHT MU dy3un 3aBUCUT OT CTe-
MICHH HEOIHOPOAHOCTH B TEKYyILeH 00JacTH aHaIn3a
E(X, Yy, t)u ee samymnennoctu Z (X, Y, t). Tpuuem
oba mapameTpa OLIEHUBAIOTCS C MOMOIIBIO HEUSTKOU
JIOTUKH. BKjan cTerneHn HeoMHOPOTHOCTH B KOA(hhu-
ueHT auddy3un ¢ pocToM HEOTHOPOTHOCTH OKPECT-
HOCTH CHIKACTCSI; IUTS 3alTyMIICHHOCTH 3aBUCHMOCTh
obparHasi. Yka3aHHbIE 3aBHCHMOCTH OITHCBHIBAIOTCS
BBIpakeHusMu [15]:

E(x vy, t)=
-G, *mEd(\/Wx *(GG* |)|2 +‘Vy *(GG * I)‘Zj;

Z(x y, t)=[1(xy, t)-
1 i=K j=K _ _
Do(x+i, y+it);

(2K +1? 1k 1k
D(x, y, t)=0.5[Fuzzy(E) + Fuzzy(2)],

rne med(-)— menmanmbii ¢uistp; K— pasmep
OKPECTHOCTH;

101 111
Vy=[-101vy=[0 0 0
101 -1 -1 -1

— omepartopsl IIpeBUTTa OLEHKM TpajuMeHTa IO
HanpaBJIeHUsIM X U y COOTBEeTCTBeHHO; Fuzzy(.) —

ONEPaTOp HEUETKOU JIOTUKHU.

UtepanmonHass mocienoBaTeqbHOCTh  PUOIH-
JKEHHON OILIEHKH TU(PQPY3UH CTPOUTCS aHAJOTHYHO
T Py3noHHOMY (DUIBTDY.

Aneopumm wymonooaenenus Ha 0CHOBE dIMNUPU-
yeckol MOO0BOU OeKoMno3uyuu pa3padoTaH IS BH-
3yaliu3alliil CETOYHBIX UMILIAHTOB [9].

AJTOpPUTM COCTOMT M3 JIBYX 3TamoB. Ha mepom
MIPOMCXOANUT (IITBTPALUS KaJapa CKONB3SIMINAM CPEl-
HUM B OKPECTHOCTH ¢ pa3Mepamu 3 x 3. Ha Bropom
JTare BLIOpaHHOE N300pakeHNE PACKIaAbIBACTCS TI0-
CTPOYHO Ha COOCTBCHHBIE MOAOBBIC (YHKIHH
(Intristic Mode Function — IMF) ¢ moMoripsio Merona
SMIUPUIECKOM MOmoBOW nexomnosuiuu (Empirical
Mode Decomposition — EMD) ¢ nmocnenyroinei mopo-
roBoii oOpadotkoii IMF.
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WNnes EMD cocTouT B mocienoBaTeiIbHOM OTCEN-
BaHWU M3 CUTHAJIA BRICOKHX YacTOT. B pesynmbrare mc-

xonubiit curnan $(X) paséusaercs Ha cymmy N KBa-

3MOPTOTOHAJBHBIX KBasunepuonuueckux IMF ¢ (x)

1 OCTaTOK r(X) .

N
s(x)=>¢ (x)+r(x).
i=1

[Ipaktuyecku peanuzyemsie IMF ynoBnerBopsitor
JIBYM YCIIOBHSIM:

— Ha BCEM MHOXXECTBE JJaHHBIX YHUCJIO IKCTPEMY-
MOB H 9HCJIO IEPEXOAOB Yepe3 HOJIb Pa3INIaroTCs He
OoJee, UeM Ha ENUHUILY;

— B KaXJOH TOUKEe CcpeJHee 3HaueHue orudaro-
KX, ONpenensieMoe JIOKaIbHBIMH MaKCHUMyMaMH H
MUHMMYyMaMH, OJIU3KO K HYJIIO.

IIponecc orceuBanus Mo B EMD MOXHO KpaTko
MPEJCTaBUTh CIEMYIOINM 00pazoM. B3sB 3a Hauaib-
Hoe (HyreBoe) npubmmwkenue K Cp (X) curman s(x),

MepBOe TPHOMIKEHUE MOXKHO IIONYYHUTh, €CITH BEI-
YecTh M3 HYIEBOTO MPUONIKEHHS €T0 CIVIAXEHHYIO
BEPCHUIO, KOTOpasi OLIEHUBAETCS KaK CpeAHee MEXIY
BEpXHEH W HIDKHEH OTHMOAFOIIUMU, ITOTYYCHHBIMH HH-
TEpHOJIAIMEN MAKCUMYMOB 1 MUHUMYMOB CHTHAJIa CO-
OTBETCTBEHHO. MTepalMoHHBIA MpoLece MOBTOPSAETCS
IO TeX TOp, TOKa M3MEHEHHSMH MEXKIY HTepaIlsIMH
Hemnb3s OyAeT npeHeOpeyub. AHAJIOTHYHO BBITOMHIETCS
OTCeMBAaHHE MOIbI Cp(X)U3 OCTATOYHOIO CUrHANA
r(x)—c (x). OrcenBanre MO MPOUCXOIUT JO TeEX
Top, TIoKa HyxHoe komdecTBo IMF He OyneT oTcesiHO.
OcraBImmiicst cUTHaJI IPUHIMAETCS 33 OCTaToK I (x).

Tlocne Pa3IoKCHUA Hald NMEPBbIMU HCCKOJIBKUMU
(00bIuHO OT O7HO¥ 10 Tpex) IMF BhIMONHSETCS TOPO-
roBast 00paboTKa (YUHTBIBAsI IPOCTOE MPEATIONOKEHHE,
YTO aMIUIUTYJa CUTHAIA OOJbIIE aMIUIUTYAbI IIyMa).
[pu >TOM IMUKCENH TEX TOMYIEPHOAOB, AMILTUTYIA KO-
TOPBIX MEHbIIIE HEKOTOPOTo Hamepesa 3aJaHHOTO TO-
pora T, oOHymstoTCS. Takol MOAXOJ OTIMYACTCS OT
KJIACCUYECKUX MOHITUN KECTKOM U MSTKOW MOPOrOBOM
00palboTKH, THe OOHYNSIOTCA 3HAYEHHs B MHUKCEIsX,
MEHBIIHE 33ITaHHOTO Iopora. B paccMarprBaeMom ciy-
Yae TIOporoBoil 00pabOTKM aJITOPUTM ONIEPUPYET TOIY-
nepuogaMn Kak MUHUMaJIbHBIMU CAUWHHUIIAMU CHUTHAJIA,
91O BO3MOXKHO Ortarozmapst Tomy, uto IMF siistrorcst kBa-
3UNEPUOINYECKUMH.

Mempuxu oyenku Kawecmea wymonoodagieHusl.
g oLleHKH KayecTBa LIYMOIIOJABIIEHUS HCIOJIb30-
BaHBI 4 KOIMYECTBEHHBIC OleHKH. OIEHKN BBHIOMpA-
JIUCh TaKUM 00pa3oM, YTOObI MAKCUMAJIbHO OLICHUTH

Kak oOIee CHI)KEHHE yPOBHS IIyMa, TaK M COXpaH-
HOCTb TpaHUll — 2 MpU3HAKa, UTPAIOLIUX OCHOBHYIO
poib npu quarnoctuke no caumkam OKT.
OtHomenne curnaji/umym (Signal-to-Noise Ratio
— SNR) xapakTepusyeT MpEeBBIINICHUE CUTHAIa Haj
urymoM. SNR onpezenseTcst OTHOLIEHUEM AUCTIEPCUi

CUI'HaJia 652 " 1mryma G% .

SNR =62 /2.

I¢ddexTuBHoe ynciao Hadaonenuii (Effective
Number of Looks — ENL) [15] — olieHka criekiia Ha
n3obpaxxenuu. [lom criekioM MOHUMAaeTCst UHTEpde-
pPEHIIMOHHAsT KapTHHA, (GopMHUpyemas B pe3ylbTare
UHTEP(EPEHIINH ONTUICSCKUX TIOTOKOB CITy4aiHO pac-
MOJIOXKEHHBIX paccerBarelield B OpMHPYIOIICH H300-
paxkeHue ontuueckon cucreme. ENL paer cymie-
CTBEHHOE IMPEJCTABIICHHE O TIAJKOCTH HAa CHUMKAX B
00J1acTsIX, KOTOphIe JOJKHBEI OBITH OMHOPOTHBIMHE, HO
ObLIH McKaXkeHbl yMoM. ENL orieHnBaeTcst Kak OT-
HOILIEHHE KBa/IpaTa BEIOOPOUYHOTO CPETHET0 3HAYSHU N
CHUTHAJIA B IUKCEIIIX N300paKeHISI WK €ro aHaJN3H-
pyemoro ¢parmeHTa | K AUCIEPCUU ITHX 3HAUYCHUH

0% ENL:MZ/GZ.

Hupexc crpykTypHoro cxomcrBa (Structural
Similarity — SSIM) nByx uzo6paxenuit [17] sBiusercs
MEPOH CXOKECTH MEKAY ABYMs H300pakeHUusIMU |1 1

|2:
(Zl’l'l“'z +C1)(26|1|2 +C2)

2 2 2 2
(;,Lll +u|2 +C1)((5|1 +G|2 +C2)

SSIM(ly, 15) =

rae C; u Cy — crabmmsupyrolme KOHCTaHTH; My

Hy, — BBIOOPOUHBIC CpeTHUEC U300PKSHUHA VI WX

CpPaBHHBaEMBIX 00JIaCTEH; Glzl, GIZ — BBIOOpOYHBIE
2
JHCIICPCHH;
1 %
Sul, = (Xi_HI )(yi—ul )
12 _ 1 2
N-1.35

— xoBapuanus lq u I5.

IHapamerp xoppeasiumm x [7]:

711, 12)=Nm(ly, 12)/Dn(ly, 12),

e Nm(ly, 1p)=

=, ({[A(h)]i _HA(Il)}{[A(IZ)]i _“A(Iz)});

70 CpaBHeHUe aJITOPUTMOB /ISl IIyMOIOABJIeHHSI M300pakKeHUii ONTHYEeCKOi KOrepeHTHOI

TOMOrpaguu MeJJAHOMBbI KOKH

Comparison of Noise Reduction Algorithms for Optical Coherence Tomography Images

of Skin Melanoma



W3Bectus By30B Poccun. Pagnodnekrponnka. 2020. T. 23, Ne 4. C. 66-76
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 4, pp. 66-76

Dm(ly, Ip)= [TapameTp MCIIONB3YETCS ISt OLEHKH COXPAHEHHS
PE3KOCTH TpaHMIBL. J{jIsl TOCTHXEHHS ONTHMAIBLHOTO

N
2 2
=Z({[A(|1)]i —MA(|1)} {[A(IZ)]i —HA(|2)} j? a¢dekTa coxpaHEHUsT Kpas mapamMerp TODKEH OBITh
i=1 OJIM30K K €IUHULIE.

Pesyabrarel. Ha pucyHke npencraBieH mpumep
HCXOIHOTO W300paXKeHMs, a TaKKe pe3ylasTaT oOpa-

0otkn Bcemu (mibTpamu. OTMedeHbl 9 obOnactei

A — oneparop Jlamnaca; [ A(ly) n Alp) ~ BEIOOPOY-

HbIC CPEIHUC JIAIUIACUAHOB H306pa)KeHHﬁ.

| o

L ROI8 RO| 9 ROI8 ROl 9
o W s
o R[]

e

|
4'\‘
a ”

) w4 ROL4

ROI3 .~ " RRol5

LS ROI 6
- | [

'

L]
ROI 7

0 e

Hcxonnoe OKT-n300paxkeHne MeTaHOMBI (@); pe3yJIbTaThl ero 00paboTKH: MEeAMaHHBIM (QHIIBTPOM (6), BHHEPOBCKUM
¢bunsrpom (6), KAD (2), HAITUDBT (0), EMD-dunsrpom (e). Pazmeps! nzobpakenuit 512x512 nukceneit

Original OCT image of malignant melanoma (a); results of it's processing by filters: median (6), wiener (), CDF (e),
ITTFADF (0), EMD-filter (e). Images size 512x512 pixels
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(Regionoflmages — ROI), koTopble UCTIONB3YFOTCS ISt
orteHOK SNR (tabm. 1) u ENL (ta6m. 2). O6macts ROI 1
pacriojo)keHa BHE H300paXeHHs aHAIN3UPYEeMOTro
00beKTa (COOTBETCTBYET BO3AYNIHOW MPOCTIOWKE
MEXJy CKaHHATOpOM U 00pas3iomM), I03TOMY
YCJIOBHO CYHTAETCS IIyMOBOH M MCIOJIB3YeTCS JUIS
OIIEHKH JUCIiepcuu Iyma mpu ompenenennn SNR.
ROI 2...ROI 7 HaxonsTcst B pa3HbIX 4acTsax n3obpa-
MKEHUS TKaHU aHaIu3upyeMoro oobekra, ROI 8 u ROI9
— Ha TPAHUIIEC TKAHU C BO3LYXOM.

Tabn. 1 mokaseBaet, yto EMD-dpuisTp nocrtu-
raeT HaWTy4lnx pe3yasTaToB 1o SNR B oHOpOIHEIX
obmactax (ROI 2...4). B HeomHOpOIHBIX 00IACTSIX
(ROI 5...9) pesynsrarel EMD-dunbrpa cpaBHUMEI C
pesynsraraMmu CDF. D10 00ycioBieHo TeMm, 4TO B
EMD-¢uiprpe ucnonssyercs noporoas o0paboTka
myMoB. TakuMm 00pa3oM, B OZHOPOIHBIX O0JACTIX
IIYMOBBIE BCIUIECKM IPOCTO OTCEKAIOTCS ITOPOTOM.
ITTFADF nocturaer 6onpiiero 3gadeaus SNR B on-
HOPOZIHBIX 00JacTsX, yeM (GuiabTp BuHepa u mMenuan-
HBIH puiteTp, onHaxo npourpeiBaeT CDF Bo Beex ROI,
YTO TOCTAaTOYHO HEOKUAAHHO. DTO TO3BOIISIET CAETaTh
BBIBOJI, YTO, BOBMOMKHO, KOMIUIEKCHas (hopma mudoy-
3MOHHOTO YpaBHEHHs JIydllle allpOKCHUMHpPYeT Mpo-
Iecc, yeM orieHka quddy3noHHOTr0 aHH30TPOITHOTO KO-
3¢ uLIMeHTa TOCPEICTBOM HEUETKOM JIOTUKH.

B Tabn. 2 npeacrasiensl oneHku 3HaueHUd ENL
1utst HenrymoBbix ROL. HecMoTpst Ha TO, 9TO TapameTp
ENL npennasHaueH Ui OLIEHKH OJHOPOTHBIX 00Ja-
cTel ¢ MCJICHHOMCHAONIUMCS CUTHAJIOM, MTOJIYYCH-

HbIE€ pe3yNbTaTbl CBUAETENBCTBYIOT O 3HAUUTEIbHOM
pocre ENL Takke UIsi HEOTHOPOIHBIX OOIacTei,
BKJIFOUasl TPAHUIy TKAHU C BO3AYXOM. DTO MOXKHO
OOBSCHUTH alpHOpPH BBHICOKAM YPOBHEM ITyMa, YTO
IPUBOAUT K YBEJIWYEHUIO IUCIEPCUU CYMMAapHOTO
curxana u k ymensiienuto ENL. Haubonsmmii poct
ENL ormeuaercs y KAD.

ITo kpuTepusM MHIEKCA CTPYKTYPHOIO CXOACTBa
(SSIM) n mHAekca pe3kocTH rpaHull (KodhGUIUESHT
Koppensiyn) y (Tadn. 3 1 4) HAWIYUYIIHA pe3ylbTar
umeroT EMD-¢unerp u ¢pwinetp Bunepa. IIpu atom
JUISI BCEX OCTANIbHBIX (PUIIBTPOB 3HAUEHHS HE JJOCTUTAIOT
0.5 (mpu MakcuMyMe MOIYIS ¥, paBHOM enuHuIle). OT-
JIEIbBHO HEOOXOAUMO OTMETHTb, YTO pe3yNbTaT AT
ITTFADF cymectBenHo nyute, ueM 1t CDF.

OKT-u300paxeHHs PEACTABISIIOT COO0H BH3ya-
JIM3ALMI0 TPAHUIl IEPEXOJIOB MEXY CIIOSMH CpEbl
(B AaHHOM cilydae — KOXKH) C Pa3INUHBIMH ITOKa3are-
JISIMH TIPETIOMIICHHS. B 3TOM cMBICIIE 0COOCHHO BasKEH
pe3ynprar Mo KO3(hQUUUEHTY KOppeNsuu, Io-
CKOJIBKY JIy4lllasi COXPAHHOCTh TPaHMI[ OCOOEHHO
B&KHA JUISI BU3YAJIbHOM DKCIIEPTHON OLEHKH BPauOM.
TakuMm 00pa3oM, MOKOOHBIE HHTETPAIbHBIE OLIEHKH,
BO3MOXKHO, faxke BakHee B ciaydae OKT, uem, Hanpu-
Mep, kiaccmaeckuit SNR, mockombKy ampuopHBIN
YPOBEHb IIIyMa HEH3BECTEH.

OO0cy:xneHue u BbIBOABI. B HacTosmel crarbe
IIPOBEICHO CPABHUTENIbHOE UCCIIEIOBAHUE IIATH aJIro-
pUTMOB (uiIbTpanuu npuMeHuTensHo Kk OKT-u300-
PaKeHUSIM MEJIAHOMBI KOXXU: puiIbTpa Bunepa, menu-

Tabn. 1. Cpennsist ouenka SNR st ROI 2... ROI 9 st pa3nu4HbIX GHIBTPOB.
IMomy>xupHBIM PHUGTOM BbIACICHBI MAKCUMAIbHBIE 3HaUeHUs s kaxaoi ROI

Table 1. The average SNR value for ROI 2... ROI 9 for various filters. Maximum values for each ROI are in bold

ROI
®usTp/Filter 2 | 3 | 4 [ 5 1 6 [ 7 1 8 [ 9
Cpennsist ouenka SNR
Be3 06pabotku 1.83 1.80 2.05 2.16 0.55 0.58 1.06 0.53
BuHepoBckuit 3.65 2.98 3.62 3.08 0.80 0.81 1.54 0.67
MeuanHbIii 4.00 3.86 3.69 3.27 1.01 0.97 1.91 0.82
KD 9.88 8.76 10.26 5.33 1.18 1.72 2.49 0.82
HAIVU®BT 7.24 4.97 5.86 3.87 0.95 0.94 1.90 0.73
EMD-¢unstp 10.02 9.23 10.52 5.37 1.03 1.56 2.55 0.84

Tabn. 2. Cpenusia ouenka ENL mms ROI 2... ROI'9 s paznuysbix GuibTpos.
IMomyxupHBIM WIPUGTOM BBIIEICHBI MAKCHUMAaJIbHBIE 3HAYCHUS 11 Kakaoi ROI

Table 2. The average ENL value for ROI 2... ROI 9 for various filters. Maximum values for each ROI are in bold

ROI
OubTp 2 ] 3 | 4 | 5 1 & 1 7 1 8 1 9
Cpennss onenka ENL
Bbe3 06paboTku 3.35 3.24 4.21 4.66 0.31 0.33 1.12 0.28
BunepoBckuii 13.31 8.90 13.08 9.49 0.64 0.65 2.38 0.45
MeiuaHHbIH 16.03 14.94 13.61 10.71 1.02 0.94 3.65 0.68
KAD 97.53 76.71 105.27 28.44 1.38 2.97 6.19 0.67
HAIU®BT 52.39 24.66 34.33 14.95 0.90 0.89 3.62 0.54
EMD-¢unbrp 62.35 45.87 62.56 20.06 1.20 1.58 4.93 0.52
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Tabxn. 3. Cpennee 3HaueHne SSIM Mexny opUrHHAIEHBIM
1 00paboTaHHBIM U300paXEHHSIMH IS PA3INYHBIX (HUIBTPOB

Table 3. The average SSIM value between the original
and processed images for various filters

. Cpenuee 3nauenue SSIM/
Puwp/Filter pAverage SSIM Value
Buneposckuii/ Wiener 0.55
Menunannsiit/ Median 0.26
KJ1®/CDF 0.11
HAJU®BT/ ITTFADF 0.34
EMD-¢unstp/ EMD- filter 0.62

Tabn. 4. CpenHss OLeHKa CTENICHU COXPAHHOCTH TPaHUIL )
[0 OTHOLICHHUIO K OPUTHHAIBHOMY H300paKEHUIO
JUISL PA3TMYHBIX QHIBTPOB

Table 4. Average estimate of the degree of preservation
of boundaries y in relation to the original image
for various filters

. Cpennee 3HaucHue y/

OunsTp/Filter p Average y Valuex
Buneposckuii/ Wiener 0.60
Menuannsiii/ Median 0.17
KJ1®/CDF 0.27
HAJIUOBT/ ITTFADF 0.46
EMD-¢unstp/ EMD- filter 0.72

anHoro, CDF, ITTFADF u EMD-¢unstpos. [{ns xo-
JIMYECTBEHHON OIICHKU KadecTBa ILIYMOIOAABICHUS
ucronp3oBanuck 4 onenku: SNR, ENL, SSIM wu y.
SNR u ENL HocHT, ckopee, 00001IeHHbII XapakTep,
OLIEHMBAasl BO3MOXHOCTh KaXJIOTO aJropHTIMa IMofa-
BUTh MApPa3UTHYIO BBICOKOYACTOTHYIO COCTaBIISAIO-
nIyto crekrpa myma. SSIM 1y, B CBOIO 04epe/b, Olle-
HUBAIOT, HACKOJIBKO XOPOIIO COXPAHSETCS MOoJe3Has
BBICOKOYACTOTHAs COCTABIIAIOLIAS CUTHAJla, KOTOpas
odeHb BaxkHa npu uHTepnperannu OKT-cHUMKOB:
TPaHMIBl BU3YAIM3UPYIOT T€ 00JIACTH, IJIE MPOUCXO-
JUT U3MEHEHHE IMoKa3aTeisl MpeoMIIeHUs, BU3yaln-
3UpYys TEM CaMbIM HEOIHOPOIHOCTH.

[IpoBenenHoe ucciieoBaHUE HE BBIIBWIO Jy4-
LM aJTOpUTM 10 BCEM YeTbIpeM MeTpukam. Hampu-
Mep, o MeTpuke SNR nyurie Bcero padoraror EMD-
¢wunsTp 1 CDF B 3aBHCUMOCTH OT THIIA O0JIACTH, MPHU
stoM CDF nume Ha yerBeproM mMecte o SSIM u y,
YTO CBHJICTEIBCTBYET O TOM, UTO 3TOT (PUIBTP CHIIBHO
pasMmbiBaeT rpaHuipl. EMD-¢uneTp npu 3ToM 1160
Jy4IIAH 1O BceM MpU3HaKaM, TIH00 yCTyIaeT Ha Heol-
HOpOIHBIX o0nacTsax o SNR u 3aHMMaeT BTopoe Me-
cto o ENL. IIpunsaB 3a BepHYIO NPEUIOKEHHYIO pa-
Hee TUIoTe3y 0 OoMbIIel BAKHOCTH COXPAHHOCTH Ipa-
HUI[ TI0O CPAaBHEHMIO C MHTErPAJIbHOM OIIEHKOM IIyma,
MOKHO CIIeNIaTh OJHO3HAYHBIN BBIBOI O HEOOXOIAUMO-
CTH UCIONb30BaHus nMeHHO EMD-drmibrpa. OmHako
cama THIoTe3a (HACKOJIbKO M3BECTHO aBTOPY) HE ObLIa
JI0Ka3aHa WK OIPOBEPrHyTa B KIMHUYECKUX HUCIIbITa-

HusIX. B m3BecTHBIX HecnenoBanusix [7, 16—18] ucmoms-
30BaHBI ATOPUTMBI C Pa3HBIMU METPUKAMH 1 Ha Pa3HBIX
Habopax M pasHbIX TKaHSAX, YTO HE JaeT BO3MOXKHOCTU
OHO3HAYHO TIPOBECTH CPABHEHUE.

OnarM W3 CyIIEeCTBEHHBIX HemoctarkoB EMD-
(uIBTpa ABISIETCS €TO OJHOMEPHASI IPUPOJIA U BEICOKHE
TpeOOBaHKA K BEIUUCIUTENBHBIM pecypcaM. B kauecTse
ansrepHatuBbl EMD, cormacHo mpoBeneHHOMY Hcce-
JOBAaHHIO, MOXXHO TTOPEKOMEH/IOBATh MCIIOIb30BaTh BH-
HEepOBCKU (GUITBTP (BBIMTPBIBAIOIIMI Ha WHIIEKCAX CO-
xpaHHocTH rpanun) unu ITTFADF, koTopslit 3aHsu1 Tpe-
TBE MECTO II0 BCEM HCTIONB3yEeMBbIM METPHKAM.

Omaum u3 mepcrnektuBHBIX npuMmenennit OKT
IpU aHaju3e KOKHBIX HOBOOOpa3oBaHUUl sBIAETCS
onpejeseHne NTyOuHbl HHBa3uu. Hanpumep, 11 me-
JIAHOMBI TITyOWHA WHBAa3MH (aKTUIECKU OIpENeNsIeT
CTaIIuIo, OT KOTOPOH 3aBUCHT OIIEHKA BO3MOXKHBIX T10-
CJIEJICTBUIA U MPaBUIIbHOE TUIAHUPOBAHUE XUPYPruyie-
CKOTO0 BMeIIaTeNsCTBA. B Hacrosiiee BpeMs cTaaus
OTIpEIeISIeTCsl TIOCT(AKTYM IO TUCTOJIOTHIECKOMY HC-
ciepoBaHnio. OQHAKO ONTHYECKAs INIOTHOCTh Mela-
HOMBI HE TIO3BOJISIET (HAa IPUMEHEHHOH 1abopaTopHOn
YCTQHOBKE) MOJYYUTh CUTHAJ C ITyOOKHUX clloeB (60-
nee 1.5...2 MM), a clleIOBaTebHO, U ONIPEICIIATh Ty~
OWHYy WHBa3WM Y€ U1 BTOPOH CTaIuHM MEIAHOMEL
Viyumenue SNR NOTEHIIMATBHO MOXET YBEIHUYHUTH
IyOuHY ckaHupoBanus. [lepeHecs akIeHT ¢ HOBOOO-
pazoBaHMI KOKH Ha XOPOWAAIBHBIE HOBOOOPA30BAHMS,
CIIeyeT OTMETUTh, YTO TONBKO YBEIUYCHUE TITYOMHBI
CKaHMPOBAHUS [TOMOIVIO JIETEKTUPOBATh XOPOUIATbHbIE
HOBOOOpa30BaHus, BKIItOUas MejaaHomy [19].

PaccMmoTpeHHBIE METOIBI OCHOBAHBI HA alpUOpH
CKOHCTPYHPOBAHHBIX OLlCHKaX. HeoOX0miMMo OTMETHTb,
YTO B TIOCJEAHEE BpeMs BCe OONBINYIO MOIYISIPHOCTD
pHOOpPETaroT MEXaHW3MBl HCKYCCTBEHHOTO HHTEI-
JIEKTa, KOTOpBIE MO3BOJISIOT HACTPAaWBaTh (PUIBTPHI
OJT KOHKPETHBIA THIT H300payKEeHHM, TIOTydas MaKCH-
MaJIbHBIN Pe3yAbTaT, HCIONB3YS (PaHTOMBI T 00yde-
HUSI MOJIENT BMECTO MPEIONPEACICHHBIX MPOIETYp
¢unsrpanuu. B [20] m1s 3TOr0 MCHOIB30BaH METOX
BelBIIEeT-TIpeoOpa3oBaHus, MPEIOCTABISIONINNA HAO0Op
CBEPTOK M3ydaeMoro H300pakeHUs ¢ HabopoM Oa3uc-
HBIX (DYHKLUH, ONTHMH3UPOBAHHBIX MO pelIaeMylo
3amady. Takod MOAXOJ WIEANTBbHO JIOKUTCS B UAEOJO-
THIO TTYOMHHOTO 00y4eHus [21], TIO3BOJIUB MPH 3TOM
omo0parTs ONTUMAITBHBIC IS ONPENEeTICHHOrO Kiacca
koa(durmeHTsl  BeiiBneT-npeodpazoBanus. Bmecto
peabHbIX (baHTOMOB TKaHHW MOKHO HCIIOJIB30BaTh U NX
mdpoBsie n300paxkenus. B [22, 23] ucmonp3oBaH Me-
Tox MoHnTe-Kapno amst oLleHKH paccessHHOro M3iIyde-
HUA 1 popmupoBanus m3odpaxerns OKT. Onnako ob6a
9TH TOJX0/Ia MMOKa HE BOILIM B MIMPOKYIO MPAKTUKY B
aKaJIeMU4eCKOM COOOIIECTBE.
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MeToa v yCTpOVICTBO OuUeHKN (I)YHKLI,I/IOHa}'IbHOFO COCTOAHUA
MUKPOUUNPKYNATOPHO-TKaHEBbLIX CUCTEM OpPraHM3Ma Ye/10BEKa
Ha OCHOBe MyanmnapameTqueCKoﬁ ONTNYECKO ANarHoCTUKN
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OpNOBCKNiA rocyAapCTBEHHBI yHBepcuTeT uM. W. C. TypreHeBa, Open, Poccus
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AHHOTaumA
BeegeHve. HapyLueHus AesTenbHOCTY MUKPOLIMPKYISTOPHO-TKAHEBBIX CUCTEM OpraHm13Ma YesioBeka UrpatoT KIHYeByHo
posib B NaToreHese OCNOXHEHWI pasnyHbIX 3abonesaHnin. OAHaKO NPV HENHBA3VBHOM MOHUTOPVIHIE MUKPOLIMPKYS-
TOPHOW GYHKLMN 1 METaboNMYeCK/X HapyLLEHWIA CyLLEeCTBYET psj HepeLLeHHbIX METOA0NOMMYECcKNX U MHCTPYMEHTa b-
HbIX Mpob6iem, CBA3aHHbIX C HEAOCTAaTOUYHOM TOYHOCTLIO, BOCMPOM3BOANMOCTEIO U MHGOPMATUBHOCTLIO pesybTaToB
AvarHocTukL. MpeaiokeHHbIA B HACTOSILLEN CTaTbe MOAXOZ My/bTUNapaMeTPUYeckor onTUYeckon ANarHOCTUKK, Npun
KOTOPOM OMTUYecK/e HeVHBAa3VBHbIE TEXHOOMMN MPUMEHSIOTCS B COYETAaHHOM B, MOXET CTaTb MepCrnekTUBHbLIM
WHCTPYMEHTOM, Y/yULLIAIOLLIMM YyBCTBUTENBHOCTL Y TOYHOCTb BbISIBEHWS MUKPOLIMPKYISITOPHBIX 1 METabonmyeckmnx
HapyLLEHNIA Ha paHHel CTagni, YTO BaXKHO A/19 ANarHOCTUKU 1 ledeHns 3ab0neBaHi pas3anyHoro npodunis.
Llenb paboTbl. PaspaboTka MeToja M YCTPOICTBA A1 OLEeHKN GYHKLMOHANBHOIO COCTOSIHUS MUKPOLMPKYS-
TOPHO-TKaHEeBbIX CUCTEM OpPraH/3Ma YesloBeka Ha OCHOBE My/IbTUMAPaMeTPUYeckon ONTUYECKOM AMarH OCTLKM
1 OLieHKa X ANArHOCTUYEeCKOro noTeHumana B KAMHNYeCKor NpakTuke.
MaTtepuanel 1 MeToAbl. B paboTe 1CNOMb30BaHbI TEOPUKN NepeHoca N3nyyeHns, NPUKNagHoON MatemaTnyeckom
CTaTUCTUKM N METOAO0B KNMHUYECKUX nccnefoBaHuii. MprsefeHbl cTaTUCTUYeCKMe nokKasaTenn paspaboTaH-
HbIX METOA0B AMNArHOCTUKM, OMUCaH NPUHLMM MOCTPOEH NS YCTPOIACTBA.
Pe3ynbTaThl. Pa3paboTaH OpuUrHaAbHbIA METOA U MPUHLMMN MOCTPOEHWS YCTPONCTBA ANA OLEHKN QYHKLMO-
HaNbHOr0 COCTOSIHUSI MUKPOLMPKYIATOPHO-TKaHEBbLIX CUCTEM OpraH/3Ma 4YenoBeka Ha OCHOBe My/bTuUnapa-
MeTPUYECKO ONTNYECKON ANArHOCTUKMN.
3aknoyeHve. B HacTosLLel cTaTbe MpeAcTaBieH MeTOZ 1 YCTPOMCTBO A1 OLeHKN GYHKLMOHANIBHOMO COCTOSHMS
MUKPOLIMPKYNIATOPHO-TKaHEBbLIX CUCTEM OpraHv3Ma 4esioBeka Ha OCHOBe yKa3aHHOro nogxoga. OnvcaHbl OCHOB-
Hble MPUHLMMbI KaXA0ro 13 ANarHOCTMYECKNX KaHanoB — 1a3epHO JOMaepoBckoin daoymeTpum, dbayopecLieHTHO
CMEeKTPOCKOMUN 1 CneKTpockonun Anddy3Horo oTpaxkeHus. MNpesctaBneHsl NpYMepbl KMHNYECKOro NpUMeHeH s
OMMCaHHOrO YCTPOMCTBA B Pa3INYHbIX 061aCTaxX MeALMHBI (SHAOKPUHOOMMS, PEBMATONOMS, MUHU-MHBAa3BHAas
Xvpyprus). NMpeanoXeHHbIA MeTOZ U MPUHLMIM MOCTPOEHWS YCTPOCTBA C BOSMOXHOCTBIO €ro TeXHUYeCKol agar-
TaLmK 3a c4eT paspaboTkm JOMONHUTENbHBIX 30HA0B A5 KOHKPETHBIX 33434 BMOMeANLIMHCKNX UCCNef0BaHNA fe-
NaeT NpoBeAeHVie ONTNYECKO HENMHBA3VBHOW ANArHOCTUKM AOCTYMHBLIM U MOBbLILLAET ee MHPOPMAaTUBHOCTb.
KntoueBble C10Ba: MUKPOLMPKYNALNA KPOBU, OKUCINTENBHBIA METa60IM3M, MUKPOLMPKYNSTOPHO-TKaHEBbIe
cncTeMbl, NasepHas gonneposckas ¢paoymeTpus, payopecLeHTHas CNeKTPOCKONMS, CNekTPOCKonms
AndPy3HOro oTpaxeHus, MynbTNapameTpryeckas AnarHocTmka

Ans uutuposaHus: [lyHaes A. B. MeToA 1 yCTpolicTBO OLEeHKN GYHKLMOHAIbHOTO COCTOSIHNSE MUKPOLMPKYNSi-
TOPHO-TKAHEBbIX CUCTEM OPraHM3Ma YeloBeKa Ha OCHOBE MyNbTUMAPAMETPUYECKON ONTUUYECKO ANArHOCTUKM
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A Method and a Device for Evaluating the Functional State of Microcirculatory-Tissue
Systems of the Human Body Based on Multiparametric Optical Diagnostics
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Abstract.
Introduction. Violations of the microcirculatory-tissue systems of the human body play a key role in the patho-
genesis of various diseases complications. However, there are a few unresolved methodological and instrumen-
tal problems with non-invasive monitoring of microcirculatory function and metabolic disorders associated with
insufficient accuracy, reproducibility and informativeness of diagnostic results. The proposed approach of mul-
tiparametric optical diagnostics, when optical non-invasive technologies are used in combination, can be a
promising tool that improves the sensitivity and accuracy of detecting microcirculatory and metabolic disorders
at an early stage, which is important for the diagnosis and treatment of diseases of various profiles.
Aim. Development of a method and device for assessing the functional state of microcirculatory-tissue systems
of the human body based on multiparametric optical diagnostics and assessment of its diagnostic potential in
clinical practice.
Materials and methods. In the paper, theories of radiation transfer, applied mathematical statistics and clinical
research methods are used. The statistical indicators of the developed diagnostic methods are given, the prin-
ciple of the device construction is described.
Results. An original method and principle for constructing a device for assessing the functional state of microcircula-
tory-tissue systems of the human body based on multiparametric optical diagnostics has been developed.
Conclusion. The present work presents a method and device for assessing the functional state of microcirculatory-
tissue systems of the human body based on this approach. The basic principles of each of the diagnostic channels
(laser Doppler flowmetry, fluorescence spectroscopy and diffuse reflectance spectroscopy) are described. Exam-
ples of the clinical application of the described device in various fields of medicine (endocrinology, rheumatology,
minimally invasive surgery) are presented. The method proposed in this article and principle for constructing a
device with the possibility of its technical adaptation by developing additional probes for specific tasks of biomedi-
cal research makes optical non-invasive diagnostics affordable and increases its information content.

Keywords: blood microcirculation, oxidative metabolism, microcirculatory-tissue systems, laser Doppler flow-
metry, fluorescence spectroscopy, diffuse reflectance spectroscopy, multiparametric diagnostics

For citation: Dunaev A. V. A Method and a Device for Evaluating the Functional State of Microcirculatory-Tissue
Systems of the Human Body Based on Multiparametric Optical Diagnostics. Journal of the Russian Universities.
Radioelectronics. 2020, vol. 23, no. 4, pp. 77-91. doi: 10.32603/1993-8985-2020-23-4-77-91

Source of financing. This work was supported by the state task of the Ministry of Education and Science, Russian
Federation (basic part, no. 310) and by Russian Science Foundation under project No.18-15-00201
Acknowledgments. The author expresses deep gratitude for the valuable comments during the preparation of
the manuscript to Professor, MD. A. I. Krupatkin and Ph.D. V. V. Sidorov

Conflict of interest. Author declares no conflict of interest.

Submitted 01.06.2020; accepted 15.07.2020; published online 29.09.2020

Beeaenue. MUKpOLMPKYJIATOPHO-TKAHEBBIE CH-
ctembl (MTC) opranusma yeiioBeKa MpPEACTABISIOT
co00if HaMMEHBIIYI0 (YHKIMOHAIBHYIO €IHHHILY
COCYIMCTOH CHCTEMBI, B KOTOPOH MMKPOCOCYIBI
HaXOJATCA B TECHOM B3aMMOCBSI3U C OKPYXAOLUMU
MX TKaHEBBIMH W PEryISTOPHBIMHU 3ieMeHTamu [1].

OcHoBHas (yHKIUS nepudepuIeckod TeMOJHHAMH-
KM 3aKJII0YaeTCs B JOCTABKE IHUTATCJIBHBIX BEIIECTB
W yOAJICHWW TPOAYKTOB MeTaboju3Ma, a TakkKe B
obecrneyeHny OINTHMAJIbLHOTO ra3000MeHa I IOI-
JIep)KaHUsl TOMEOCTa3a OPraHoOB M TKAHEH W MX ajall-
TaIMX K KOHKPETHBIM YCIIOBHAM YKHU3HECSTCIIHHOCTH.

78 MeToa U yCTPOHCTBO OlIeHKH (DYHKLIMOHAJBHOI0 COCTOSIHUSI MUKPOUUPKYJISITOPHO-TKAHEBBIX
CHUCTEM OpraHM3Ma 4€¢/JI0BeKa Ha OCHOBE Myﬂle/llIapaMeTpl/I‘leCKOﬁ ONTHYECKOI AUArHOCTUKH
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Hapymienus, cBsi3aHHbIC ¢ (GYHKIIHOHHPOBAHHEM
MTC, sgBIAIOTCSI OMpPEAETSIONIMMU B OIIEHKE TshKe-
CTH TE€YEHHUS U MPOTHO3MPOBAHUS MCXOIIOB MPH pa3-
JIMYHBIX MaTOJIOTHYECKUX cocTosHusAX. OnHa U3 oc-
HOBHBIX IIPOOJIEM COBPEMEHHOW MEIHIINHEI — caxap-
Helif guabet (Cl) — nposiBiisieTcsl Ha YpOBHE TOJINO-
PraHHOM TATOJIOTUU B pe3yJbTaTe MHUKPOCOCYIH-
CTBIX HapyIICHWA, BIIEKYIIUX 3a cO00 MeTabomuye-
ckue paccrpoiictea [2]. B ochoBe maroreHeza CJ]
JIEKUT arpecCUBHOE JIeHCTBUE TUIEPTIUKEMUH, PH-
BOJSIIEE K PAa3BUTHIO JHAOCTUUECKOW aHTHOMATHH,
KOTOpasi paclpoCTpPaHAETCS Ha MeENKHE COCYIbl ¢
pa3BUTHEM  MHKpoaHrHomatuid. Jnaberndeckas
MUKPOAHTHOIIATHS TIOPaKaeT BCE KU3HEHHO BaKHEIC
OpraHbl M SBIAETCS OJHOW M3 OCHOBHBIX NPUYMH
Pa3BUTHUS PETUHONATUH, HEPPOIATHUH, KapIUOTIaTUH,
moJuHeRponaTuy u ap. [3].

K apyrum mmpoko pacmpocTpaHEHHBIM COCTOS-
HUSM, CBS3aHHBIM C MUKPOCOCYIUCTON AUCHYHKIIUEH,
OTHOCSTCSA peBMaTwueckue 3aboneBanms (P3): 6o-
ne3Hpb PeiiHo, cucTeMHBIN CKIIepo3, CUCTEMHasi Kpac-
Has BOJYaHKa, peBMATOUIHBIN apTpuT u ap. Bemy-
IIyI0 POJb B Pa3BUTHN MHUKPOIMPKYIATOPHBIX pac-
CTPOMCTB B PEBMATOJIOIMYECKON MATOJIOTHH UTPAIOT
HMMYHOBOCTIATUTEIbHbIE peakuuu [4]. P3 npusogst
K MOP(OIOTHIESCKAM HAPYIICHUSM MUKPOIHPKYIISI-
TOPHOTO pyCJa: Pa3peKEHUIO KaWUIIPHOHW CeTH,
ACHMMETPHH KaNWULIPOB U TOSBICHUIO METaKaIHJI-
1s1poB. CTeneHb MUKPOITUPKYIISTOPHBIX PACCTPOUCTB
OMPCACTACT TAKECTH IMATOJIOTHYCCKUX MPOLECCOB B
CyCTaBax, XapaKkTep 3a00JIEBaHMUS U €0 IMPOTHO3.

Eme ogaMM conmansHO 3HAYMMEBIM 3a00JIEBaHH-
€M, TIpU KOTOpPOM mpoucxoaut BoeieueHue MTC B
MATOJIOTUYECKUE TPOIECCH, SBISIETCS  TICOpHa3.
KoxxHast MUKpOIMPKYIAIUS y OOMBHBIX MCOPHA30M
3HAYUTEILHO OTINYACTCS OT TAKOBOM Y 300pPOBBIX
monei. B cragun manudecranuu 3aboyeBaHUs pe-
THCTPUPYIOTCS. BBICOKHE YPOBHHU aHTHOTCHHBIX (PaK-
TOPOB pOCTa, OTMEUAETCs YTOJIIEHUE, y/UIMHEHHE,
M3BUTOCTh KalMJUIAPOB, YBEIMYEHHE KPOBOTOKA Ha
nopaxkeHHbIX y4acTkax [5]. Hacto cocymucthie u3-
MCHCHHA NPCAUICCTBYIOT IMOSABJICHUIO KOXHBIX I10-
pPaXKEHHUH, a KIMHUYECKOE pa3pelleHue ncopruaTiye-
CKUX OJISIIIEK CBS3aHO C BO3BPAIICHHEM 3THUX MHK-
POLUPKYJISATOPHBIX U3MEHEHUH B HOPMY.

HemanoBaxHbIM sIBIII€TCSI IUATHOCTHKA COCTOS-
Hus MTC B ractposHTepoioruu. MUKpOUUPKYIIS-
TOpHast TUC(HYHKINS UTPaeT BAXKHYIO POJIb B IaTOTe-
He3e 3a00JIeBaHMi KeNyJOYHO-KUIIEYHOTO TPAaKTa.
Hapymienne MHUKpOLMPKYJISIUM KPOBHU CTEHOK KH-
IEeYHUKa U KEIyJKa MOXKET NNPUBECTU K CHUIKCHUIO

OaprepHOil (DYHKIIMM U Pa3BUTHIO S3BEHHOU 00je3-
HH, KOJIMTOB, SHTEPHUTOB | ap. [6]. Jlmaruocruka Jo-
KaJlbHBIX HapyLIeHWH nepdy3und U KUCIOPOIOHACKI-
mieHUd TKaHeil opraHoB OpIOIIHOM MOJIOCTH JaeT
JOTIOTTHUTENBHYIO HH(POPMAIIUIO MIPY OLICHKE JKU3HE-
CIIOCOOHOCTH TKaHEW BO BpeMs MPOBEIEHHS Olepa-
THUBHBIX BMEIIATEILCTB [7].

YuuThIBas IMUPOKUAN CHEKTp 3a00JIeBAaHUM, IS
KOTOPBIX MHKPOCOCYAHCTast TUCHYHKIUS U BBI3BAH-
HBIE €10 MeTabONMUYeCcKue HapyIIEeHUs] MOTYT UTpaTh
Ba)XHYIO POJIb B MATOTEHE3€ CaMOro 3a00JIeBaHUS U
€ro OCIIO’KHEHHI, METOIbl U YCTPONCTBA JAJISl OLIEHKU
cocrossaust MTC wmoryT sBUTbCS 3D (HEKTHBHBIM
KIMHAYECKAM WHCTPYMEHTOM, 3HAUUTEIBHO YITyd-
HIAFOIIAM JTUArHOCTUYECKYI0 M MPOTHOCTUYECKYIO
OIIEHKY pa3BHUTHs NaTojoruii. B HacTosmuit MOMEHT
MOHHTOPUHT cocTossHuss MTC m olleHka MeTabou-
YeCcKUX HapyllleHWi BechbMa 3aTPyAHEHBI BCIIEACTBHE
TpeOOBaHMIA, MPEIbABIAEMBIX K METOJaM HUX Tua-
THOCTHKH: HU3KOW CTOMMOCTH U BO3MOXKHOCTH pea-
JMU3allU MacCOBOT'O HCCIIEOBaHUs, OMEPATUBHOCTH
WCCIIeJIOBaHUS, JIETKOCTH €r0 aBTOMAaTHU3allu, HEUH-
Ba3WBHOCTH, KoMmdopTa Il MalHMeHTa, HPOCTOTHI
mpuOOpPHON peau3alii U UHTEPHpeTali JaHHBIX
IPYA COXPaHCHWH IOCTATOYHOH JOCTOBEPHOCTU pe-
3yMBTaTOB AMATHOCTUKH. OTHUMH W3 HOBBIX, IIEp-
CIEKTUBHBIX W MHOTOOOCHIAIONINX HaNpaBIeHUN
Pa3BUTHS COBPEMEHHBIX METOMIOB OIEHKH COCTOSTHUS
MTC opranusma SBISIOTCSI METOIBI ONTHYECKON
HenHBa3uBHOM nuarHoctuku (OHJI), yacto oObenu-
HSEMble TepMHHOM “omTmyeckas Owomncus” [8].
BaxHo Takke, 9TO ONTHYECKHE METOIBI HCCIIEI0BA-
HUS TPEJOCTABIIAIOT WHPOPMAIIMIO B KOJHYECTBEH-
HOU (popMe, UTO MOXET NPHIATH JOTOJHUTEIEHYIO
00BEKTHBHOCTH MPOIIECCY TUArHOCTHKH 3a00JICBAHH.

B ocHOBYy oNTHUECKHX TEXHOJOTUWA MOITYUYEHHS
nHbOpMAIK 0 OHOXMMHUYECKOM COCTOSSHUHM H MOP-
(OJOTHIECKOM CTPOCHHH HCCIEAYEMOTO yJacTKa
MOJIOKEHA OlIEHKa PEe3yJbTaTOB B3aUMOJCHCTBUS
ONTHUYECKOTO (B TOM YHUCIIE Ja3epHOr0) U3Iy4eHUs U
Omosormuecknx TKaHed. s 3Toro mpoBOIUTCS
30HMPOBAHNE TKAHEH W OPraHOB MAIMEHTA ONTHYC-
CKUM M3IIy4Y€HHEM M PErHCTPUPYETCS OTPa’KEHHBIN
(paccesiHHBIH, NpoLIeANHi TKaHb HACKBO3b, NIEPEU3-
Ty4eHHBIH B (popMe (IIyopecieHITuH 1 T. I1.) CBET.

K meromam OHJI, Bce uale HCIOJIB3yEMBIM B
MEIULHUHCKON TMpPaKTUKE, OTHOCATCS METOJbI CIIEK-
Tpockonuu: QiyopectieHTHas cnektpockomnus (DC);
cnekrpockorust audysnoro orpaxenus (C0), B
TOM YHCIIE pa3paboTaHHBIE HA €€ OCHOBE METOJBI
ontuyeckoi TkaHeBoi okcumerpuu (OTO), mymsco-
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keumetpun (ITO) (cyiiecTByeT U B BapHaHTe CIIEKTPO-
ckormu AU dy3HOTO MPOIYCKAHHUS) U CIIEKTPOCKOITHI
B OmkHel uHdpakpacHoit obnactu (BUKC); cnextpo-
CKOMUsI KOMOWHAIIMOHHOTO paccesiHusl (paMaHOBCKast
CTIEKTPOCKOIHMS); METOIBI AWHAMHYIECKOTO DPACCESHHUS
cBeTa — nasepHas jgoruiepoBckas duoymerpus (JID),
nasepHas creki-konTpactHas Busyanuzanus (JICKB),
i (Hy3MOHHO-BOJTHOBAS ~ CIIEKTPOCKOIHS, BHIICOKA-
muusipockonusa (BKC) u np. Kaxnpii n3 HUX nmeer
CBOM OCOOEHHOCTH U BO3MOXKHOCTU npumeHeHus. Co-
BPEMEHHOHN TEHJICHIIMEH B Pa3BUTHH OMOMEITUIIMHCKOM
JMAarHOCTUKY SIBIISICTCS] MYJIbTUIIAPAMETPUIECKUNA MO
X0/, KOrZa B OJHOM JMarHOCTUYECKOM TEXHOJIOTHU
KOMOWHHUPYIOTCS Pa3iIMIHBIC ONTHIECCKAE METOIBI HC-
CIEOBaHMS. DTO MO3BOJISIET MOJYIUTh BBICOKOI(deEK-
TUBHBIC JUArHOCTUYECKUE MHCTPYMEHTHI Uil OHKOJIO-
ru [9, 10], sanokpunonoruu [11], xupypruu [12] u
JpYTUX 00JacTel MEIUIIMHBI, Tie HEOOXOIUMO OIpe-
JIeTIeHne MapaMeTpoB Nepdy3HOHHO-META00IMIECKOTO
cTaTyca TKaHeu.

[enpto HacTosIIEH CTaTbU SIBISIETCS ONMCAHUE
METO/a U yCTPOWUCTBA ISl OLICHKU (PYHKIIMOHAIBHO-
ro coctossanst MTC opranusma 4enoBeka Ha OCHOBE
MYJIBTHUIIAPAMETPUIECKON ONTHYECKON TUAarHOCTUKU
U OLIEHKa MX JMAarHOCTHYECKOrO MOTEHIMANa B KIIH-
HAYECKOU MpPaKTHKE.

KoMmiexkcHoe ucciaenoBanue (yHKIIHOHAb-
Horo cocrosihua MTC opranusma yesjioBeka ¢
NMOMOIIBI0 HecKoJbKUX MeTonoB OHJI.

Memoo JI[®. JIID B HacTosiIee BpeMs SABIAETCS
XOpOIIO OTPabOTaHHEIM HEWHBA3UBHBIM METOIOM H3-
MEpEHHsT MUKPOCOCYAUCTOM mepdy3un kposu [1, 13].
Meron Ga3upyercsi Ha 30HAUPOBAHUN OHUOJIOTHUECKUX
TKaHeW HU3KOWHTCHCHBHBIM JIA3€PHBIM H3ITyYCHHEM
KpacHOM WM HWH(ppaKpacHOW 00JAaCTH JUIMH BOJH C
MOCIIENyIoIel  perucrpaieli  00paTHOPACCETHHOTO
m3nydernst (puc. 1). MudopManus o JUHAMHYECKHX
mapameTpax MUKPOIUPKYJIAIINN KPOBH H3BIICKACTCS W3
CIIEKTpa MOIIHOCTH (POTOTOKA. XapaKTepHu3oBaTh CO-
crosaue MTC meropom JII® MoxHO, aHanmm3upys
mapameTp repQy3rn KpOBOTOKA (HA3BIBACMBIH TaKkKe

S

HUCTOYHHKA
K
HCTOYHHUKY

Puc. 1. TIpuHUun a3epHOii JOTUIEPOBCKO# (royMeTpun

Fig. 1. The principle of the laser doppler flowmetry

WHAEKCOM MHUKPOLUPKYJISAIUH Im), MIPOIOPIINO-

HaJIbHBIA KOHIICHTPAIIMU U CKOPOCTH JABM)KCHHSI pac-
CEUBAIOMIUX CBeT ()OPMEHHBIX 3JIEMEHTOB KPOBH,
TJIABHBIM 00pa3oM 3pUTPONHUTOB. J[OMOIHUTENLHBIC
Bo3MoxHOCTH Tipu nuarHoctuke MTC maer mpose-
JIEHUE CIEeKTpajpHOro pasznoxenus JIJId-curnana c
TTOMOIIBIO PA3INYHBIX TPUEMOB YACTOTHOTO aHAIHN3a
(anamu3 @Dypbe, BeliBneT-aHANN3). TakoW IMOAXO]
JleaeT BO3MOXKHBIM aHaJIM3 OCHMUISIIUKA KPOBOTOKA
Oly,, OTpaxkaromMX AEHCTBHE Pa3IMYHBIX MEXaHU3-

MOB PEryJIslUK NepU(GEPHUIECKOro KPOBOTOKA B IIH-
pokoM amamazoHe wyactor (0.0095...1.6 Tm). B
HACTOAIIEE BPEMS BBLICISIOT HECKOIBKO OCHOBHBIX
YACTOTHBIX JIMAIa30HOB, YYUTBHIBAIOIIMX BIIHAHHE
Pa3IMYHBIX MEXAHU3MOB DPETYJIALMHU: SHIOTEINANb-
et (8ly,) B mmamasone 0.0095...0.02 I'u, otpa-

sarome NO-3aBrucumMblie Biaussaust [14]; Heiiporen-
ubie (8l ) B ananasone 0.021...0.046 I'u, otpa-

JKalolllie BIUSHUE HEHPOreHHONW CHUMIIATHYECKOU
Ba30MOTOpHOU akTHBHOCTH [15, 16]; obmme mmo-
T€HHBIE (6ImM) B nuanasone 0.047...0.145 T'u, cBs-

3aHHBIE C AKTUBHOCTBIO TJIAJKOMBIIICYHBIX KJIETOK
cocynoB [17]; a Takke AbIXaTelbHbIE (SIm) B JHa-

nasone 0.2...0.4 T'u u mynbcossie (8lm;) B auama-

3o0He 0.8...1.6 I'i, oTpaxkaroiue BIMSHUE TbIXaHHUS U
Cep/IeuHbIX CcOKpalieHuit coorBercTBeHHO [14]. Cro-
HUT TaKXKE€ OTMCETUTD, YTO B paMKax O6U_ICFO MHOTI'CH-
HOTO [HAara30Ha BBIICISIOT KOJMEOAHHS CEHCOPHOTO
nenruaepradeckoro remnesa (0.047...0.069 T'm) u
cobctBenHo MuoreHnsie konebanms (0.07...0.145
I'r). Kpome Toro, aHann3 yka3aHHBIX PHTMOB MO3BO-
JISIeT PACCUUTATh HYTPUTHBHBIA KPOBOTOK (8lmpnt ) —

Ty 4acTb KpOBOTOKa, U3 KOTOpPOH B IIpoLEcce
TPaHCKANMWUIAPHOIO Mepexoia H3BJIEKAaOTCs IMUTa-
TEJbHBIEC BEILIECTBA.

I'maBubiM npenmymiectBoM JIJID sBisercs He-
WHBA3MBHOCTh U CITIOCOOHOCTH KOJMYECTBEHHO (XOTA
U OTHOCHTEJIBHO — B MEPPY3HOHHBIX €IMHHUIIAX)
OIICHUBATh MapaMeTphl MUKPOIUPKYISIIUU KPOBH B
pexuMe peanbHOro BpeMeHH. OJHAKO 3TOT METOJ]
MMEET M HEKOTOpbIE OTPaHWYEHHs, OCHOBHBIMU W3
KOTOPBIX SIBJISIFOTCSl BIUSHUE ONTHYECKUX CBOMCTB
TKaHEeW W apTe(aKTOB NBIDKCHUS HA PETUCTPHPYEMBIH
CUTHAJI, a TaKXe OTCYTCTBHE a0CONIOTHBIX KOJHMYe-
CTBEHHBIX EAMHUII U3MEpEeHUsI epPy3un. ITH orpa-
HUYEHUS MOTUBHPYIOT K NOHWCKY BapHaHTOB YIyd-
menus merona JIJID kak co CTOpOHBI MPHOOPHOU
peanusanuy, Tak U B METOJOJIOTMYECKHUX aCIEKTaxX.
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JU1s IOBBIIIEHNS BOCTIPOM3BOANMOCTH, IOCTOBEPHOCTH
1 MHPOPMATUBHOCTH JMArHOCTUKH MeronoMm JIJID, a
TaKkKe JUI1 OLEHKH COCTOSIHHUS PEryJITOPHBIX MeXa-
HI3MOB KPOBOTOKA M BBISIBJICHHS CKPBITBHIX HAPYIIICHUIA
MTC B Hacrosiiee BpeMsi OOIICTIPUHSTO MPUMEHSTh
paziu4Hble  (QyHKIIMOHANBHBIC HArpy304HBIE (IIPOBO-
karonHble) mpoOsl (PIT). K nHanbonee mmpoko wuc-
MOJIB3yeMbIM cOBMECTHO ¢ MetonoM JIJID dyHkimo-
HAIBHBIM TecTaM OTHOCAT [1]: TemmeparypHbie IpoOhI
¢ HarpeBoM [18] (temoBast mpoba — TII) wim oxia-
xaeureM [19] (xomomoBas mpoba — XII, xomomoBast
npeccopHast npoba — XIIIT), OKKIIFO3HOHHBIE TPOOHI
(OI1) [20] ¢ okkJTRO3HEH apTepHabHBIX (apTepUATBHAS
OKKJTFO3WIOHHASI) ¥ BEHO3HBIX COCYAOB (BEHO3HAs OK-
KJTFO3UOHHAs), € TIIyOOKMM BIOXOM U 3aJICPXKKOIl JbI-
xaHus (apixarenbHas npoda — [AI1) u npyrue, KoTopble
CIIOCOOHBI BBI3BaTh W3BECTHBIM (DU3UOIOTHUYECKUIA OT-
BET B JIOKAJIBHOM MHKPOT€MOJMHAMHUKE M JAIOT BO3-
MOKHOCTh OIICHMBaTh HE TOJBKO oOliee (yHKIHO-
HAJBHOE COCTOSHIE MUKPOLMPKYJSTOPHOTO pyciia, HO
W €ero pe3epBHBbIC U aJIalITUBHBIE BOZMOXKHOCTH. Tem-
nepaTypHble MPOObI TPEOYIOT HHCTPYMEHTAIBHOM pea-
TM3allii B OJJHOM YCTPOMCTBE C JHATHOCTHICCKUM
kanaoM JIJI®D, 4ToOB MaKCUMAIbHO TapaHTHPOBATH
HArpeB WIM OXJIAXKICHHE IHAarHOCTHYECKOro o0BheMa
OMOIOTUIECKON TKAHM.

Memoo @C. ®C ocHOBaHA Ha 30HAUPOBAHUU OHO-
00BEKTa U3TYYCHUEM B BUIUMOM WM YIBTPApHOJIETO-
BOIA 00JIACTH CIIEKTpa C TEeJIbI0 BO30YKACHHUS SHIIOTCH-
HBIX W 9K30T€HHBIX (UIyOpECIUPYIOIUX OHOMapKepoB
TKaHU M PETUCTPALNH CIIEKTPOB (IyOpecHCHINH (pHC.
2) [21]. KomuuecTBo, pactpeaeeHne 1 MEKPOOKPYKe-
HHE 3HJOTCHHBIX (IyopoopoB, MPUCYTCTBYIONMX B
KJIeTKaX M TKAaHAX, BIMSIOT Ha OOIIMIA CHTHAN aBTO-
(hITyOpECIICHTHOM SMUCCHH W HaXOAATCS B TECHOW B3a-
MMOCBSI3M C MeTabOJIM3MOM M CTPYKTYPHOW OpraHn3a-
IUei TKaHel B HOPMAJBHBIX, M3MEHEHHBIX FUIA TaTo-
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Fig. 2. The principle of the fluorescence spectroscopy
(1, —wavelength of the excitation light)

JIOTUYecKuX ycnoBusix. Takum o0pa3zoM, peructpupye-
MbIi B @C CHrHAII — HHTCHCUBHOCTD SHJIOTCHHOU (hTy-
opecueHIMu lf — conmepkUT OOJBILIOE KOIMYECTBO

JTIMarHOCTHIECKON MH(OPMAITUH B MOXKET OBITh MOIII-
HBIM HHCTPYMEHTOM Ut pa3paboTku in ViVO HeuHBa-
3UBHBIX WM MUHAMAIHGHO MHBA3UBHBIX JHATHOCTHYC-
CKHX YCTPOWCTB, IPH 3TOM HE TpeOys BBEACHHUS HK30-
T€HHBIX MApKEPOB.

IMpumenenne @C B KIMHUYECKOM MPaKTUKE OCHO-
BAHO Ha Pa3IMUMSIX B MHTCHCUBHOCTH U CIICKTPAITEHOM
coctaBe (IyOpecIECHIMK 370POBBIX M W3MEHEHHBIX
TKaHEW TpPU BO30YXKICHUU Ja3epHBIM H3ITyICHUCM B
VIBTpa(rOIeTOBOM I BUANMOM JAWAIIa30HE CIIEKTPA.
®dnyopodopsl, YUACTBYIOIIUE B MPEBPAIICHUSX, IPO-
HCXOJIIIMX MPU TATOJOTUUCCKUX H3MCHEHUSIX, TPE/I-
CTaBJLTIOT CO0OM aMHHOKHCIIOTBHI TPUNITO()aH U THUPO-
3UH, CTPYKTYpPHBIC OCJKH KOJIareH U 3JIacThH, Kodep-
mertel NADH, FAD (¢nasunbr) u mopdupun [22].
NADH u FAD sBisifoTCSI BaXHBIMH YYaCTHHKAMH
SHEPTreTHUYCCKOr0 MeTaboIM3Ma KIIETOK, CIIeI0BATEIb-
HO, MOHHTOPUHT WX (DIyOpecleHIIMH (HarpuMmep, UX
COOTHOIIIEHUS B BUIE PemOKCc-oTHOmEeHHS RR) Moker
OBITh KCIIOJIB30BaH VI BBIIBJICHHUS METa0OIMICCKUX
HapymreHnii MTC. Otr sHporennsle (iyopodopsl, a
TaKKe KOJUIareH MOTYT CITyXHTb OMOMapKepaMu it
M3y4YEHUs OMyXOJIEBBIX TKaHel [23], HakoIuieHHs KO-
HeYHBIX MpoaykToB rmkuposanust (KIII) npu auabere
[24], cocTostHuMsS KOKHBIX ITOKPOBOB B J€PMATOJIOTHH
[25], a Takke MHOTMX OPYTHX 3a1a4 IMHPOKOr0 Kpyra
OHOMEIMIIMHCKUX HUCCITeIoBaHui [26].

Meron @C nmMeeT orpaHudeHue, Tak Kak CBET, HC-
TOJIB3YEMBIH ISt AMATHOCTUKH iN VIVO, MOXKET BO3JIEH-
CTBOBATh Ha OpPTaHBI M TKaHU. B wactHOCTH, ynbTpadu-
0JIeTOBOE M3NTydeHne (B yacTHocTH, cpeaneit (MUV) u
namshelt (FUV) obmacteil criektpa) MOMKET BBI3BATH
(oToTOKCHIECKHE MOBpeXKIeHIS. bezomacHocTh M3Me-
peHHMi B KHMBBIX TKaHAX MOXKET OBITH oOecrieucHa
OrpaHMYCHUEM KaK MOIIHOCTH CBETOBOTO M3JTydYCHHS
(HECKOJIPKO MPJUIMBATT HA KBAJpPATHBIA METp), TaKk U
BPEMEHH IIPOBEIICHUS THATHOCTHYECKHX TIPOLIEITYD.

Memoo C/]O. CIIO sBisieTcsi HCMHBA3UBHBIM Me-
TOAOM ONTHYECKOU IHATHOCTHKH, MPEIHA3HAYCHHBIM
IUIT W3MEPCHHS TIOIJIOIAIONINX M PaCCEHBAIOIINX
CBOICTB ONTHYECKH HEOMHOPOIHBIX CPEll, TAKUX, KaK
OMONOrHYecKre TKaHW, TIPH OCBEIICHUH HX HCTOYHU-
koM Oeroro ceera (puc. 3) [27]. CniexTpaibHblii cOCTaB
OTPaXCHHOTO KOXKel m3mydeHusi |, Hecer crerudu-

YeCKyI0 KOJIMYECTBEHHYIO MH(POPMAIIIO O CTPYKType
OMOJIOTMUYECKUX TKaHEH, KOJIMYeCTBE U KPOBEHAIIOJ-
HEHUH KPOBEHOCHBIX COCYJOB, NPOCTPAHCTBEHHOM
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Fig. 3. The principle of the diffuse reflectance spectroscopy

pacrpeneneHud XpoMo(OpoB BHYTPU TKaHH M HX
KOHIeHTpanuu. VI3BeCTHO, 4TO B pe3yiabTaTe Ipe-
KpalieHus: HopMmaiibHoro (yHKIHoHUpoBaHus MTC
MpHU pa3INyHbIX 3a00JIEBaHUSX HAPYIIAETCs KPOBO-
CHaO)XeHHe, pa3BUBACTCS TKAHEBAs TUIIOKCHUS, N3Me-
HSIETCSL COCTaB U CYOKJIeTOuHass MOP(OIOTUs TKaHH.
OTU COCTOSHUS MPUBOJAT K U3MEHEHHUIO CIIEKTPaJIb-
HBIX XapaKTEPUCTHK BCIICACTBHE CIBUTA KOHIIEHTpa-
MM OCHOBHBIX XPOMO(OPOB: OKCHUTEMOTJIIOOHNHA,
JI€30KCUTeMOTJIOONHA, BOMBI, XKHUpa, KEIYH — YTO
MO>KHO HEHHBA3MBHO TUATHOCTHPOBATH C TOMOIIEIO
CHO. Meron C/JIO ucnonb3yercss BO MHOTHX KIIHU-
HUYECKHX O00JacTaX W SBISETCA TMOJIE3HBIM IJis
naeHTH(GHUKAIMKE TKAaHK WK OLIEHKH ee cocTaBa [28].

Jns aHanu3za crekTpoB AU((Y3HOro OTpaXKEeHUS
HCTIONB3YIOT YIPOUICHHBIE MOJETH U Ooliee CIOXK-
HBIC MAaTEMAaTHUCCKHUE ANTOPUTMEI IJISl BBHIYUCIICHHUS
OIITUYECKUX CBOMCTB OHMOJIOTHYECKHUX TKaHEH, KOTO-
pBIE TIO3BOJISIOT KOJNWYECTBECHHO OIICHUTH CTEIICHD
MMOKpacHEeHHUSI KOXHU (3puTeMbl — E) m mporneHT co-
JIEpKaHWsI B HE OCHOBHBIX XpOMO(]OPOB, TAKUX, KaK
okcuremornobun  (HbO, ), BoccTaHOBNeHHBI re-

morno6un (Hb), Memanun, Bona u mp.

Metomom OTO, mo cytu OGasumpyrommMmcs Ha
npunnunax CJIO, onleHUBaeTCs TKaHEeBas caTypalus
(StOZ) KPOBH B MHKPOILMPKYISTOPHOM pycCie, CO-
JepyKaIieM apTepUONbl C OKCUTCHHPOBAHHOH KpoO-
BBIO U BEHYJBI C JIE30KCUTCHHPOBAHHOM, T. €. Ompe-
JeTsIeTCs. caTypaiiss CMEIIaHHON KpoBU. J[aHHBIM
METOIOM TaK)KEe OIIEHHBAETCS OTHOCHTENIBHBIA 00b-
eM (pakmuu SpUTporrTOB V), B 00JACTH HMCCIENo-
Banus. Takum 0Opa3oM, MpU COBMECTHOM MPHMEHE-
Huu metoqoB OTO u T1O, B KOTOpOI1 OreHuBaeTcs
aprepuanbHas catypauus S,O0,, mnpexacraBisiercs
BO3MOXKHBIM PAacCYMTaTh KOMIUIEKCHBIC MapaMeTphI
TKAHEBOIO [bIXaHHs (HAMPUMEp, [OKa3aTelb 3KC-
Tpakiuu kuciopona (oxygen extraction — OE) u mo-
Ka3arellb ~ CKOPOCTH  MOTPEOJCHUS  KUCIOPOAa

(oxygen consumption — OC)), uTo BasKHO HPH OICH-
ke pyHKIMoHaNBHOTO coctostaus MTC.

MyasTHnIapaMeTpUYecKasi ONTUHYECKasl AUA-
THOCTHKA (PyHKIMOHANBHOIO cocrositHuss MTC
opraHuzMa 4ejoBeka. [lepcrieKTUBHBIM Hampasie-
HUEM /I HEMHBA3MBHOW IMAarHOCTUKH KPOBOCHA0-
JKEHUS U KHU3HeoOecredeHns OMOIOTHYeCKIX TKaHeH
sBIIsieTCsl puMeHeHue TexHonoruii OHJL B coueran-
HoM Buze. Tak, meron JI/I® maeT BO3MOXHOCTH He-
WHBA3MBHO HCCIENOBATh T'eMOJUHAMHYECKHE Iapa-
METPHI MEPUPEPUIECKOTO KPOBOTOKA, & HCIOIb30Ba-
Hue metooB OC u CO mOomomHUT IUArHOCTUKY
nHpopMaIyed 0 MOp(HOIOTUICSCKUX U OHOXUMHUYE-
CKHUX U3MEHEHUAX B TKaHH. CTOUT MOAYEPKHYTh, UTO
Meton CJIO HeoOXoauM I KOPPEKLHUH PerucTpu-
PYEMBIX CIEKTPOB (PIyOpECHEHINHN C IeTbI0 YMEHB-
mieHus 3 deKTa MoTIoIIeHNs U PacCcessHUs TOTJIOTH-
TeJel W pacceuBaresiei, MPUCYTCTBYIOIINX B TKaHH
[29]. Kpome Toro, B mocieaHee BpeMs YCIEIIHO
MPUMEHSIETCS MOIXO0Jl, OCHOBAaHHBIA Ha COYETAHHH
metojoB OHJI 1 BcnoMoraTenbHbIX (HEONTHYECKUX )
MmeronoB (Hampumep, [30]), mosBossromumx Goee
CHCTEMHO OICHHBATh (PYHKIMOHAIFHOE COCTOSHHE
MTC npu pa3nuyHbIX 3a00JIeBaHUAK, & TAKKE MOBbI-
CUTh HMH(OPMATUBHOCTh AWATHOCTHYECKOW MpOIle-
IypHI 32 CUET TOBBIIICHHUS TyBCTBUTEILHOCTH H CIIe-
MU(UIHOCTH.

Ha ocHoBe o0mmpHOTO aHamM3a JIUTEPaTyPHBIX
naHHbIX (HampuMmep, [1-6, 11-18, 21]) cunre3uposa-
Ha CTpPYyKTypHas cxema (puc. 4) mnpejnaraemMoro
MYJIBTHIIAPAMETPUYECKOTO TMOAXO0JIa, OTpaXKaroIas
B3aMMOCBSI3b OCHOBHBIX TApaMETPOB U COCTOSTHUI
MTC mnpu pa3nu9HEIX 3a00I€BaHISIX ¢ HEKOTOPBIMA
UpoKo TpuMeHseMbiMu Metomamu OHJI, mo3Bo-
JSIOUMMA B COYETAHHOM BHUJE JMAarHOCTHPOBATH
Cpa3y HECKONBbKO (DYHKIMOHAIBHBIX COCTOSHHN
MTC. Ha cxeme noka3zaHbl U3MEHEHUS MapaMeTpoB
IpU pa3NWYHBIX 3a0oieBaHusX (yBenudeHue 1,
YMEHBIIIEHHE |, BO3MOXXHOCTh Pa3HOHANPABIEHHOTO
n3MeHeHus 1) ).

Takum 00pa3oM, COTrJIacHO pa3pabOTaHHOU cXe-
M€ MYJIbTUTIapaMETPUIECKOTO MOIX0/1a B 3aBHCUMO-
CTH OT 3a/la4 HCCIIEeIOBaHUA T€X WM MHBIX COCTOS-
Huit MTC npu pa3muuHbIX 3a00JIeBaHUAX TpeaIara-
€TCSl TIPUMEHSTh B COYETAaHHOM BHJIE COOTBETCTBY-
rorue meroasl OHJI. VkazaHHBIN 1OAX0 TTO3BOJISET
3apeTUCTPUPOBATh HYXHBI HabOp IapaMeTpoB
MTC, Ha 06a3e KOTOPBIX BO3MOXHO KOMIUIEKCHO
OIICHUTh WX (YHKIMOHAIBHOE COCTOSHHE. Takxke
CTOUT OTMETUTH, YTO B HEKOTOPBIX CIYy4asx B METO-
JIbl ¥ YCTPOWMCTBA MYJbTUIIAPAMETPUYECKON HArHo-
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Fig. 4. The block diagram of the multiparametric approach for assessing the functional state of the microcirculatory tissue systems

CTHKU BO3MOJKHO 00aBJIATH BCIIOMOTATENbHbBIE (He-
OIITHYECKHE) METOABI (HampuMep, KOHTaKTHYIO Tep-
MOMETPHIO WITH TEPMOTpadHIo), XOpOoIIo 3apeKOMEH-
JoBaBIIMe ceOs B MCCICAOBAHUU MHUKPOLUPKYIATOP-
Horo pycia [20].

Jns noBemeHnst THQOPMATUBHOCTH W TOYHOCTH
000CHOBaHHBIM HANpaBJICHUEM COBEPIIEHCTBOBAHUS
METOAOJIOTHH MYJbTHUIIAPAMETPHUUECKOTO ITOAX0AA
SIBIISICTCS. IPUMEHEHHE paHee OMHMCAHHBIX (DYHKITHO-
HalbHBIX MP006. CovyeTaHre HECKOJIBKHX B3aUMOIO0-
nonHsonmx MetogoB OHJI ¢ 0JHOBpeMEHHBIM TPO-
BegenueM DI (manpumep, OIL, TII, XIT unu XIIIT)
naer Oosiee IEHHYI0 M BOCHPOM3BOAUMYIO IHArHO-
CTUYECKYI0 HH(OpMAIMIO IS OLEHKH (PYHKIHO-
HanbHOro cocrosuuss MTC. Kpome Toro, coueran-
HOE TpUMEHeHHe HecKolbkux mMetonoB OHJI mo3Bo-
JII€T B KOHEYHOM HUTOTE TMOJYYUTh COCTaBHOHM JHa-
THOCTHUYECKUH KpUTepui (peluaroiiee NpaBUiIo —
PII), ¢ moMoOIIBEI0 KOTOPOTO BO3MOXKHO K1acCH(UITH-
pOoBaTh HAJIMYKE WIK OTCYTCTBUE HapyuieHuid B MTC
¢ 0oyiee BEICOKMMH CTaTUCTUYCCKUMH ITOKA3aTEIISIMU
(4yBCTBUTEIBHOCTE/CIIEIU(PHUIHOCTE) 110 OTHOIIE-
HUIO K TpuMeHeHnto MeTooB OH/I o oTnenbHOCTH.

Ha ocHOBe mpemiokeHHOTo moaxoxa ObUT pas-
paboTaH OAMH W3 BapUAHTOB YCTPOWCTBA JJISi OITH-
YEeCKOM IUArHOCTHKH KPOBOCHAOXKEHUS W JKU3HE-
obecrieueHust OHOIOTHYECKUX TKAaHEH.

YerpoiicTtBo 11 oueHkH (yHKIIMOHAJIBLHOTO
cocrossuuss MTC opranusma yejioBeKa Ha OCHOBe

MYJbTHIIADAMETPHYECCKOH ONTHYECKOH IHATHO-
ctukn. CTpyKTypHasi cxeMa OJHOTO W3 BapHWaHTOB
YCTpOMCTBA JUIS OICHKH (PYHKIIMOHAJIBLHOTO COCTOS-
Hust MTC opranusma yenoBeka Ha OCHOBE MYJbTH-
MMapaMeTPUYECKON ONTUYECKOW JHArHOCTHKH, HC-
none3ytorero 3 meroma OHJI: JIId, ®C u CHO,
MIpUBE/ICHA Ha pHC. .

OnTuko-anexkrponHas cucrema JII® BoinonaHeHa
B BHUAC ABYX HJACHTHYHBIX KaHAJIOB PpETUCTpalUuU
JIOTIJIEPOBCKOTO CHTHAJIA M BKJIOYAeT B ceOsl JTa3epHbIi
WCTOYHUK W3ITydeHUs ¢ JIuHOM BomHBI 1064 HM,
COEIMHEHHBIN C ApaliBepoM, 3aJal0lllUM MHUTAHUE, U
OIITUKO-3JICKTPOHHYIO CHUCTEMY pPCETUCTPALIMU BTO-
PUYHOTO ONTHYECKOTO H3IYYCHHsI, COCTOSIIYIO M3
¢doroanonoB @/ ¢ onTudeckuMH QUILTPaAMH, MTOCTIe-
JIOBAaTEeNFHO TOMAPHO COCAMHEHHBIX C O1okoM (op-
MHPOBaHUS JIOTJICPOBCKOTO CHUTHAJA, COCTOSIIETO U3
npeobpasoBareneil Tok-Hanpsbkenue [1TH, ycummre-
Jei curHana Y W aHanoro-IugpoBeIX mpeodpasoBa-
teneit AILIIL. B xaxxaoM kaHane peajm30BaHO MOCe-
JIoBaTeIbHOE MPeo0pa3oBaHKE CUTHANA.

Kananet @C u CIO BKIIIOYAIOT B ¢e€0s1 HCTOYHU-
KA BO30YXICHHS (PIYOPECUEHIINU C UTMHAMH BOJIH
365 u 450 HM, coeMHEHHBIE C IpaiBepaMH, 3aat0IIH-
MM TIMTaHUC, ].HHpOKOl'IOJ'[OCHBIfI HUCTOYHUK H3JTyYCHU,
normaxpomarop I1, Habop cMeHHBIX cBeToQIBTPOB O 1
[M3C-npuemnuk m3myuenus. [lomuxpomarop mocTpoeH
0 CUIMMETPUYHOM CKpelieHHoM cxeme YepHu—TepHepa
C TIOCKOM TU(PPaKITMOHHON PETIIETKOM.
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Fig. 5. Block diagram of the device for assessing the functional state of the human body microcirculatory tissue systems

YrpapneHue KaHaTaMH OCYIIECTBISACTCS OOITHUM
O6mokoM ympaeneHust bBY, mpeacraBnstonmM coboi
[IJIUC c o0Bs3KOH, cBA3aHHYIO depe3 HMHTepdeiic ¢
nepcorHanbHbM KommbioTepoM [IK. BY ympasnser
pabotoii uanydareneii (momadeil ynpapisiOIMX CUT-
HAJIOB HA MX JIpaiiBepnl) W BKJIIOYECHHUEM IIMPOKOIIO-
JIOCHOTO MCTOYHHKA M3NydeHHs. B kadectBe mcTou-
HUKOB IIEPBUYHOTO ONTHYECKOTO H3IYyYCHUS HC-
MOJIB3YIOTCS JIa3ePHbIC U3TYYaTeNH C JUIMHAMH BOJIH
450 u 1064 HM, CBETOIMO C JJIMHOM BOJHBI 365 HM
U IIAPOKOIOJIOCHBIA UCTOYHHMK M3IYYCHUS C Juara-
30HO0M JIMH BOJH 360...2400 HM. CBeT OT 9THX MC-
TOYHHUKOB TIEpEAaeTCsl MO BOJOKOHHOMY KIYTY K
00J1aCTH HCCIIENOBAaHUSA OHOJIOTHYECKOIO0 OO0BEKTA
BO. Curnansr ¢uryopectenmun, nuddy3HOro oTpa-
JKCHUS H JOIUICPOBCKUH CHUTHAT MPUHUMAIOTCS
OJIM3KOPACITIONOKCHHBIME TIPHEMHBIMH BOJIOKHAMH.
[Ipu HEOOXOJUMOCTH TMPOBEACHHS TEMIEpaTyPHBIX

MeToa M yCTPOICTBO OLIEHKH (PYHKIMOHAJIBLHOI0 COCTOSTHMS MUKPOIMPKYJISATOPHO-TKAHEBbIX

npo6 uepe3 BY moxakmouaercs JOMOJHUTEbHBINA
KaHaJl TEMIIEpaTypHOTO BO3JEHCTBUS, TOCTPOCHHBIN
Ha oneMeHTe I[lembTbe ¢ COOCTBEHHBIM OJIOKOM
YOpaBJI€HUs], MO3BOJSAIOIIMUM MEHATh MOJSPHOCTD
MUTaroIero HanpsbkeHus. C IOMOIIBIO TaHHOTO Ka-
Halla peamu3yercss MIpoBelcHHE (YHKIHOHAIEHOTO
TEMIIepPaTypHOTO TecTa B quamna3one 5...42 °C.
CucremMa TpaHCIIOPTUPOBKH OOIYYarOUIUX U OT-
paxeHHbIx oT BO wu3nyueHuil BbINOIHEHA B BUAC
MepeJaroIIUX ONTOBOJIOKOHHBIX JIUHUNA OT WCTOYHH-
KOB W3JIY4YCHHS M MPUEMHBIX ONTOBOJOKOHHBIX JIH-
HUH K NpUEeMHHKaM, KOTOpblE COOpaHBl B JKIYT C
00muM HaKOHEYHUKOM. JKTYT COIEep>KUT 7 BOJOKOH:
4 nepenaromux (1 — misa kanana JIJI®, 1 — nns kaHa-
na CHO, 2 — qna kanana ©C) u 3 npuruMaronux (2
— s ka"ana JIJI®, 1 — g kananoB CJIO u ©C).
ITpr HEOOXOAMMOCTH MPOBEACHHS TEMIEPaTypHBIX
po0 BOJIOKOHHBIN KTYT moMerniaercs B 0ok [lenpToe.
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Fig. 6. Examples of the implementation of multiparameter
diagnostics in clinical practice

Ces13p monmp3oBarenst ¢ bY ocymectsusieTcs: ge-
pe3 CHelMaIu3UpOBaHHYI0 IIPOrPaMMy, YCTaHOB-
nennyto Ha IIK. B nmporpamme npeaycMoTpeHa BU3y-
anu3anys ¥ 00paboTKa TOITYYCHHBIX CIIEKTPOB (iIy-
opectieHIny, i y3HOro OTpaxeHus U aMIUIATYI-
HO-yacTOTHBIX crnekTpoB JIJI®D. IlporpamMmma mo3Bo-
JII€T B aBTOMATUYECKOM PEXHME MPOBOIUTH OIHO-
BPEMEHHYIO PETHCTPAIMIO MapaMeTpoOB, YUUTHIBATH
YPOBEHB IIIyMa, NMOJOUPATh HEOOXOAUMYIO HKCIIO3H-
LU0 B 3aBUCUMOCTH OT YPOBHSl CUTHajJa, a TaKxke
OCYIIECCTBIATH BEHBIICT-aHATIN3 HOTYUYCHHBIX aMILIHU-
TYyIHO-4aCTOTHBIX CIIEKTpoB JIJID.

Pesyabrarel U oOcy:kaeHue NpUMeHEHUs!
MYJIbTHIAPAMETPUYECKOH IUATHOCTUKM B KJIH-
HHMYecKol mpakTuke. IIpencraBieHHbI B HacTOA-
1Iei craTbe moaxoa (M pa3paboTaHHBII Ha €ro OCHO-
B€ BapHaHT YCTPOHCTBA) BO3MOXKHO HCIIONB30BaTh B

OMOMEIUIIMHCKUX HCCIICIOBAHUAX M KIMHUYECKOU
MPaKTUKE PA3IHIHBIX TMAaTOJIOTUIECKUX COCTOSHUM, B
TOM YHUCIIe B SHIOKPUHOJIOTUH, JIE€PMATOJIOTHH, PEB-
MaTOJIOTHH, OHKOJIOTMM U Ap. B 3aBUCHMMOCTH OT
MIOCTABJICHHBIX 33/1a4 MOTYT OBITH 3aJeHCTBOBAaHBI
KaKk BC€ JMAarHOCTHYECKHE METOAbl M KaHaJbl
YCTpOICTBA, TaK U UX YaCTh, @ TAKXKE HCIIOJIb30BaTh-
Ccsi JONONHUTEIbHBIE (HE OINTHUYCCKHE) KaHAIIbI,
HampuMep KOHTakTHOH TepmomeTpun. Ha 0ase
MyJIbTHIIAPAMETPUYECKOTO moaxoza (cM. puc. 4) Ha
puc. 6 cXeMaTH4HO TMOKa3aHbI IPUMEPHI PEaTH3aUH
npe/yiaraéMol METOAOJIOTUH B KIIMHUYECKOH MpaKTHKE.
CrnenyeT MOAYEPKHYTh, UYTO BO BCEX IPEJCTABIICH-
HbIX TipuMepax PII monxydeHo Ha OCHOBE JTMHEWHOTO
JTUCKPUMUHAHTHOTO aHaJIM3a.

K HacTosiiieMy BpeMEHH 3aBEpIIEHO COBMECTHOE
uccienoanue B bY3 Opnosckoit obmactu "Opios-
ckas obnacTHasa knuHuveckas oonpHuma" (OOKDB), B
KOTOPOM OILICHUBAJIMCH BO3MOXXHOCTH METOJa MYJb-
TUTIAPaMETPUIECKON TUArHOCTUKU B OIIEHKE MUKpO-
UPKYJISATOPHO-TKAHEBBIX HAPYIICHUHA B HIKHUX
KOHe4yHocTsX nanueHtos ¢ C/l mpu nposeaenuu TII
(c Temmeparypoii 35 u 42 °C) [31]. B pabore anamu-
3UpPOBAJICSL COCTAaBHOM KPUTEPHUM, OCHOBAHHBIM Ha
mapamMeTpax, IOJyYeHHBIX Ha OCHOBE CHTHAJIOB
JIA® u ®C xoxHBIX MOKpOBOB cTom. [lomydeHsr
CTaTUCTUYECKU 3HAUYMMBIEC Pa3nuius B nepdy3uu U B
HOPMHPOBAHHBIX aMIDTUTYAaX (IIyOPECICHIINH [UIs
TpyII OOJNBHBIX C sS3BaMH B KoiuuecTBe N =14, 6e3
a38 (N=62) M yCIOBHO 370POBBIX I0OPOBOIBIIEB
(n=48). CornacHo TONyd4eHHBIM IJisi TIpejjiarae-
MOI0 METOJa CTAaTUCTUYECKUM IaHHBIM (TaOJIuLa)
MPOJEMOHCTPHUPOBAHO, YTO OOBEAMHEHUE HHPOPMA-
UM 0 MHUKPOLMPKYISAIMHU KpoBU (maHHbIe JI/ID) 1
Metabonnyeckux mporeccax (PC) B coueranuu ¢
pa3nmuuHeIME peskumamu TI1 moBrImaeT quarHoCTH-
gyeckue Bo3MoxHocTH OHJI mpH BBISIBICHHH OCIIOXK-
HEHUM Kak IpU NPOSIBICHUYU [IEPBUYHBIX IIPU3HAKOB
muabera, KOrla MATONOTHYECKHEe W3MEHEHHS elle
O6paTI/IMBI, TaK W IIPpU HAJIUYIHUU YIKE HUMCIOIIUXCA
HapymeHuil. [lomydyaemble qaHHBIE MOTYT OBITH HC-
MOJB30BaHbl ISl TPEIOTBPALICHUS YCYT'YOJICHHUS

CTaTUCTHYECKHE ITOKa3aTeIN paSpa60TaHHI)IX MCTO/1I0B MyHBTHHapaMeTpH‘{eCKOﬁ JAUarHoCTUKHU

Statistical indicators of the developed methods of multiparametric diagnostics

Ne JlnarsocTuka I[IpuMenseMble METOIbI HyscTeaTems- | Cremdms- AUC
HOCTh HOCTh

1 [Hapymenune TkaneBoro merabosmsma y nampiearos ¢ CJI [31] | JIA® + ®C (upu TII) 0.92 0.90 0.93

2 |DyHKIMOHAIBHOE COCTOSHHE NMepH(EepUIecKrX COCyI0B JIA®D + KT (upu 0.87 0.74 0.88
y naiuenTos ¢ P3 [33] OIT/XTI) ) ' )

3 |MHuKpOIMPKYISTOPHBIE HApyLIEHHUS (CKIOHHOCTH K aHrHocrasmy) | JII® + OTO (mpu 0.92 0.97 092
y marenTos ¢ P3 [34] XTIIT) ) ' )
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TedeHHus OOJIE3HH W IS 1monbopa ajeKkBaTHOM Kop-
PEKIINH JICICHHSL.

Crenyer 0co00 OTMETHUTbh, YTO U3BECTHBI IIPUMEPHI
MpUMEHEHNUS B OAOOHBIX 3a/1a4aX JUArHOCTUKU METOza
JIJI® (manpumep, [32]) ¢ gyBctBUTenbHOCTRIO (.93,
criermduynocTbio 0.91 1 mwiomaznkto mox ROC-kpuBoit
(AUC) 0.65, omHako ¢ OTHOCHTENIBHO IUIOXOW BOCIIPO-
H3BOJIMMOCTEIO.

Kpome Toro, B HacTosiIiee BpeMsl TAKKE 3aBEPILICHBI
coBMecTHble uccnenosanus ¢ OOKDB, B KOTOPBIX OLIEHU-
BaJINCh BO3MOXKHOCTH TIPUMEHEHHUS IPEICTABICHHOTO
MOIXOAA B OLEHKE MUKPOLMPKYIITOPHO-TKAHEBbIX
HapyILIEeHNH B BEpXHUX KOHEUHOCTSIX nanueHToB ¢ P3. B
JaHHBIX HFCCIIENOBAHMAX NMPUMEHSTICH JIBES PA3IIIHBIC
MOIU(MHUKAIMY MYJIbTUTIAPAMETPUUECKOTO TOAX0Aa —
Metosb! JIJI® 1 KOHTaKTHOI (HaKOXHOIT) TepMOMeTpun
(KT) B couerannn ¢ xomOuanpoBanubiMA DIT (OIT u
XI1) [33], a Taxoke meromst JIID u OTO ¢ XTIIIT [34]. B
niepeoM Bapuante PI1 6azupoBayiock Ha COCTaBHOM KpH-
TEpHH, BKITIOYAIOIIEM TTapameTp ''pe3epBHbIH KPOBOTOK'
(PK) u3 JIA® u mapameTp "mokazaresb TeMIIEpaTypHOTO
otwiuka" (IITO) u3z KT. B ocHOBHYO Ipymily BXOIIIN
marmentsl ¢ P3 (n=41), B KOHTpPOJIBHYIO TPYIILY —

n06poBostbil (N=27). Bo BTOpOM BapuaHTe MOIH-
(uKarmK MeToa JUTsl BBISBICHUS IPHYHH MHKPOLUPKY-
JTOPHBIX HApyIICHUH (HalpuMep, B BHIE BEHO3HOIO
3aCTOsl WJIM MUOT€HHO-3aCTOMHBIX npuunH) PIT 6asupo-
BaJIOCh Ha COCTABHOM KPHTEPHUH, BKIIOYAIOIIEM nepdy-
3u0 |, M aMImTyy MyITbCOBBIX KOJeOaHHH KPOBOTO-

Ka Olp;, a Takke 3HaYEeHHE MHOTeHHOro ToHyca MT n

Tokazateisi CKopocTh moTpebneHust kuciopoma OC,
paccuutbiBaemoro Ha ocHoBe MetozioB OTO u T10. Jlns
YKa3aHHOTO BapHaHT2 B OCHOBHYIO TPYINIYy BXOIMIIA

nammentsl ¢ P3 (N=60), a KoHTpoIBHYIO TPyIITy CO-

CTaBJISLTH JTIOOPOBOJIBIIBI (n=32).

v
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Puc. 7. OUTOBOJIOKOHHBII 30H]T
JUTSL ONTUYECKOM MYJIBTUIIAPAMETPAICCKON JUArHOCTUKHI
MPU IPOBEACHUN MUHU-MHBA3UBHBIX BMEIIATEIILCTB

Fig. 7. Fiber optic probe for optical multiparametric
diagnostics for minimally invasive interventions

Heo6x0uMo OTMETHUTD, YTO M3BECTHBI IIPUMEPHI
MPUMEHEHUS B MOJOOHBIX 337a4ax JUATHOCTUKH Me-
tona JIJI® (nanmpumep, A BBIABICHUS MUKPOLMP-
KYJSTOPHBIX HAPYIICHUH y MAIEHTOB C CHHAPOMOM
Peiino) [35] ¢ uyBctBHTEIBHOCTRIO 0.79, crienuduyaHo-
crero 0.90 m AUC 0.92. OnHako B ONMMCaHHOM pelie-
HUM HEBO3MOXKHO OIICHWUTH TKAHEBOE JIBIXQHUE H BBI-
SIBUTH TIPHYUHB] MEKPOLMPKYJIITOPHBIX HAPYIICHHUH.

Crout ormeruth [36], 4TOo BO Bcex mMpencTas-
JICHHBIX TPUMEpax pa3pabOTaHHBIX METOIOB MYJIb-
TUIAPaMETPUIECKON JUAarHOCTUKH HONTYyYeHBI T0CTa-
TOYHO BBICOKHE CTaTHCTHYECKHE ITOKa3aTenu (CM.
TabuLy).

Taxoke MHTEpeCHBIE Pe3yNbTaThl OBLIM IMOIyYe-
HBl B XOJI¢ MCCJICIOBaHMs, TJie NPOBOJMIACH MYJIb-
TUTapaMEeTPUYICCKasi ONTHYCCKAs TUATHOCTHKA MAaTo-
JIOTUYECKUX TepPYy3nOHHO-META0OIMUECKUX Hapy-
IIEHUH OpraHOB TIelaTONaHKpPeaToayo IeHaIbHOM
3oubl MeTogamu OC u JIAD [37]. OmnuuutenbHO#M
OCOOCHHOCTBIO JTAHHOTO HCCIIeIOBaHMs Oblia paspa-
00TKa CIIeNMaTbHOIO ONTHYECKOro 30HNIA (JIMHOM
30 cM U auaMeTpoMm 3 MM), MPEeAHA3HAYEHHOTO s
MoJTydeHusi WHpOpMAIMH OT O0JIACTH HHTepeca ¢
MIOMOIIBIO CTAHAAPTHBIX MHCTPYMEHTOB IS MIPOBE-
JICHUsS MUHHMAJIBHO WHBA3UBHBIX BMEIIATCIILCTB
(puc. 7). TlomyueHHble B HCCJICIOBAHHM [AHHBIC
MPOJEMOHCTPUPOBAIA  CTATUCTUYECCKUA  3HAYMMBIC
pa3nuuns B MaKCUMyMax MHTEHCHBHOCTH (IIyopec-
HCHIUU W cpemHed mepdy3uu (perucTpupoBajcs
0a3aJIbHBIN KPOBOTOK B Buje 0azoBoro tecta — bT) B
oprasax ¢ pasnuuHod natosoruei. [IpennoxeHHbIN
MYJIBTUIAPAMETPUIECKUN TOAXO SIBISIETCA IIep-
CIICKTUBHBIM U MOXeET OBITh HCIIOJB30BaH B Kaue-
CTBE MHCTPYMEHTAJIBHOTO METONa IUIsi OICHKU CO-
CTOSHHSA TKaHEH ¥ CIM3UCTBIX OOOJIOYEK OpPraHOB
OpIOIITHON TIOJIOCTH.

Eme omauM HampaBiieHHEM B MYJIbTHIIApaMET-
PUUYECKON AMATHOCTHKE C HCIOJIB30BAaHUEM OITHCAH-
HOTO B JJaHHOI paboTe Mojixona, akTUBHO pa3BUBae-
MBIM B IIOCTICTHEE BPEMs, SBJISICTCS HCIOIb30BaHHE
MeToa (DIyOpecHeHTHO-OTpaKaTeIbHON CIIEKTPO-
CKOMHUU [Tl TUATHOCTUKU OYaroBbIX U auddy3HbIX
HOBOOOpa30BaHUH TPH MPOBEIACHUU YPECKOKHOU
Oomoricnu. Jlnsl MAHHBIX WMCCIICAOBAHWH Takke OBLI
pa3paboTaH CIeNHaTbHBIA BOJOKOHHO-ONTHYECKHMA
30H]I JUTMHOH 25 cM ITuameTpoM MeHee 1 MM, TT03BO-
JSIOIIAM BBOAWTH €r0 B MEIHWIUHCKHAE WIJBI IS
aCMUpAIMOHHON OMOIICHM M TOABEPraTh CTEpPHIIM3a-
uuu. Paspaboranubiii 3007 (puc. 8) uMeer TOpieBoit
ckoc 20°, yro obecrieunBaeT MaKCHMAaJIbHBIA KOH-
TakT paboveil MOBEPXHOCTH 30H/1a C TKAHSAMHU U M03-
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Fig. 8. Fiber optic probe for optical multiparametric
diagnostics during percutaneous biopsy

BOJISIET OIEpaTopy MPOBOMHTH PSJI MOCIE0BATEIBHBIX
M3MepeHuit B 00JIacTH MHTepeca, Bpaliasi 30HA BHYTPU
WIJIBL

[penBapuTenbHO TIONyYeHHBIE pE3YJbTaThl  Ha
CIIOHTAHHOW M WHHUIIMMPOBAHHOM OIyXOJIsIX J1abopaTop-
HBIX )KHUBOTHBIX CBHJICTEIILCTBYIOT O BBICOKO JIHArHO-
cTH4eckoi 3(pheKTUBHOCTH MeToa B AuddepeHIanim
HEM3MEHHBIX U OITyXOJIeBbIX TKaHel [38].

3akaouenne. KomIuiekcHOoe TMpUMEHEHHE OIl-
THYECKUX HEHHBA3HUBHBIX METOJOB [HAHOCTHKU

uMeeT OOJBIION MTOTESHIHAT ISl BHISIBICHUS MHKPO-
MUPKYJISTOPHBIX U META0ONMYECKUX HAPYIICHUH U
OLIEHKH HX THKECTH. B cTaThe OmMcaHbl METOX H
YCTPOMCTBO JJISl OLIEHKH ()YHKIIHOHAJIHLHOTO COCTOS-
Hust MTC opranm3ma 4enoBeka Ha OCHOBE MYJIBTH-
napaMeTpUIecKOil ONTHYCCKOW TUATHOCTHKH, MO03-
BOJISIFOIIIME OJHOBPEMEHHO PETUCTPUPOBATH MHUKPO-
reMoJiMHaMu4ecKkue TmapameTpel Metomom JIJ(D,
CHEKTPBI (UIyOpEeCLEHIINM OCHOBHBIX (hiyopodopos
NADH u FAD, oTpaxkaronux MeTabOIUYECcKyIO aK-
THBHOCTH OHOJIOTHYECKHX TKaHed meromom PC, a
TaK)Ke CIEKTPhI JTUPQPY3HOTO OTPAKEHUS, HECYIIHE
HHpOpPMAIMIO O MOPQOJIOTHIECKON CTPYKType H
ONTUYECKUX XapaKTEPUCTUKAX OMOTKAHEH METOIIOM
CJ1O, B IpakTHYECKH OJJHOM JHATHOCTHYIESCKOM 00b-
eMe ¢ BO3MOXHOCTBIO MPOBEICHHS TeMIIepaTyPHBIX
mpo6. DT MeToAbl BMECTE WM OTIAEIBHO MOTYT
UMETh BaXKHOE TUArHOCTUYECKOE 3HAUYCHUE B pas-
JUYHBIX KIMHHYECKUX OOJIACTAX MemuIMHbL [IpuH-
UM pabOTHI TIPEIOKEHHOTO YCTPOUCTBA C BO3MOXK-
HOCTBIO €TI0 TEeXHUYECKOH aJamnTalud MOCPEICTBOM
pa3pabOTKK JTOTIOTHUTENBHBIX 30HIOB JJIsl KOHKpET-
HBIX 3a/lad HCCIICJIOBAHUS JIeNaeT MPOBEIEHHUE I0-
JIOOHOM TUArHOCTHKH 0OJiee JTOCTYITHBIM U TIOBBIIIA-
€T ee HH(POPMATUBHOCTb.
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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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Teker craThu M3TAaraeTcs B ONPEACICHHOW MOCIENOBAaTENFHOCTH. PexoMeHmayeTcsl mpuaepkuBaThcs (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 TekcTe MoryT ObITh IPUMEHEHBI CHOCKH, KOTOpBIE HyMepyloTcst apadckumu udpamu. 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 ¢opmare "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 smreparypbl (References) i 3apyOe:kHBIX 0a3 JaHHBIX MPUBOIUTCS MOTHOCTHIO OTJCIBHBIM OJIOKOM,

TIOBTOPSISI CIUCOK JINTEPATYPhl K PYCCKOA3BIYHON YacTH. Ecnu B criicke MUTepaTyphl €CTh CCHUIKM HA HHOCTPaHHBIE

MyOJIUKAIMK, TO OHU TIOJHOCTBIO MOBTOPSIOTCS B CIMCKE, TOTOBAIIEMCS B poMaHckoM andasure. B References

COBEPIICHHO HENOMyCTHMO Wucmonb30oBath poccuiickuit [OCT 7.0.5-2008. Bubnuorpaduveckuii CIUCOK

MIPENICTABISIETCS C TIEPEBOOM PYCCKOS3BIYHBIX MCTOUHMKOB Ha JIaTUHUILY. [Ipy 3TOM npuUMeHseTcs TpaHCIUTepalus
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 KBAHTOBBIX ddderrax, 05.27.02 — BakyymHas u 1ra3MeHHast 3J1eKTPOHUKA,
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, METpOJIOTHI ¥ MHPOPMAILIMOHHO-U3MEPHUTEIIbHBIE IIPHOOPHI U CHCTEMBI" 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 MPUOOPH! 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 mpubdopoctpoerusi, 05.11.15 — Merponorust u MeTponorudeckoe obdecmeuenue, 05.11.16 —
WnubopmMannoHHO-U3MEpUTENbHBIE U YIpaBisiomue cuctemsl (mo orpacisiM), 05.11.17 — IpubGopsr,
CHUCTEMBI W U3AeNMs MeauiuHcKoro HasHadeHus, 05.11.18 — IlpubGopsl m MeTomsl mpeoOpa3oBaHUA
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.
[TpoexTrpoBaHue U TEXHOJIOTHS PaHOIICKTPOHHBIX CPEICTB.
TeneBunenue u 06padoTka n300paKeHUH.

ONeKTpoANHAMUKA, MUKPOBOJTHOBAsI TEXHUKA, AHTCHHBI.

CHCTEMBI, CeTH U YCTPOWCTBA TEIEKOMMYHHUKAIIHH.

Papnonokanus n paXuoHaBHT LML,

"DnexTpoHuKa':

e  MuKpO- ¥ HAHORJICKTPOHHUKA.

e KganToBas1, TBepIOTENbHAS, IIIA3MCHHAS M BAKyYMHAs DJICKTPOHHKA.
e Pamnodoronuka.

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 HUHOOPMAIOHHO-U3MEPHUTEIbHBIE TIPUOOPHI U CHCTEMBI.

e  [IpuOopsl MEAUIIMHCKOTO Ha3HAYECHUS, KOHTPOJISI CPE/Ibl, BEIIECTB, MAaTEPHUAJIOB U H3/IEITHIA.

Anpec penakunuonno#t komuteruu: 197376, Cankr-IlerepOypr, yin. Ilpod. Ilomosa, 5, CIIGIDTY "JIDTH",
penakius xypHana "/3BecTus BRICIINX yueOHBIX 3aBeneHuid Poccuu. Paguosnexrporuka”

TexHUYECKHE BOMPOCH MOKHO BBISCHUTH 10 aapecy radioelectronic@yandex.ru
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