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Ha OCHOBE PAHTOBOTO MOJX0a, KOTOPBII 00ecrieYuBaeT BHICOKYIO ONEPAaTUBHOCTH U CyILIe-
CTBEHHOE€ YMEHBIIEHHE MOrPEUIHOCTH PEIICHUs 3a/1a4ul OpraHu3aliu Mpolecca ynpanie-
HUSI MHOXXECTBOM TPaH3aKLHI U 3alIPOCOB IIPU UX pealn3alui B CETEBbIX 0a3ax JaHHBIX.
Bo MHOrux ciyuasix cyniecTByIoue peiieHus He 00ecrneuynBaloT He0OX0AUMBIX Pe3yibTa-
TOB 110 BPEMEHH JOCTYIIa U TOYHOCTH HaliZleHHOTro pemenus. Mcnonp3oBanue pa3paboraH-
HOTO METOJa MO3BOJISIET MUHUMHU3UPOBATH BPEMsI MPOCTOSI BEIYMCIUTENbHBIX YCTPOUCTB,
COKpPAaTUTh 00BEMBI U BpeMs Iepeladyu AAaHHBIX OT OJAHUX HCIOJTHUTEIbHBIX YCTPOWUCTB
K JIpyruM, MOBBICUTh OOIIYyI0 MaclITabupyeMOCTb, MUHHUMHU3UPOBATh BpeMs IOCTyna K
JAHHBIM U Tp. BaXHBIM JOCTOMHCTBOM MpEAJIaraeMoro MeToJa SIBJISETCS YMEHbIICHUS
Yyyclia 2JIeMEHTapHbIX OMepaluil U ynuciia oopabaThiBaeMbIX BEKTOPOB B mpoleaype dop-
MHPOBaHUS OYEpEeIU BBIMOJHEHUS ONepanuil 3ampoca, YTO IPUBOJUT K CYIIECTBEHHOMY
YMEHBIICHUIO BPEMEHHU Ha pealin3allfio 3TUX Mpouenyp. B paboTe ucnonap3yroTcess METOAbI
teopuu rpados. Ouenka 3QpHeKTUBHOCTH PEIICHUS 3a/1a4d BBIIIOTHEHA C UCIIOJIb30BAHUEM
CHUCTEMHOI0 MOJX0Ja, CHCTEMHOr0 aHajdu3a M TEOpHHU HucclenoBaHus omepaunuit. O6pa-
00TKa 3KCIEPUMEHTAIbHBIX JAHHBIX, MIOJYYEHHBIX B X0A€ pabOThl, IPOBEJECHA B COOTBET-
CTBHHU C MOJOXEHUSIMHU MaTeMaTUYECKO CTaTUCTUKHU.

Knrouesvie cnosa: npo6ﬂeMa, KJ'IaCCI/I(i)I/IKaHI/IH, CUCTECMHAA MHKCHECPUSI, Tpe60BaHI/IH,
BajInganusd, BepI/I(bI/IKaI_II/IH.
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A method has been developed for finding the shortest Hamiltonian path in an arbitrary
graph based on the rank approach, which provides high efficiency and a significant reduction
in the error in solving the problem of organizing the process of managing multiple transactions
and queries when they are implemented in network databases. In many cases, existing solutions
do not provide the necessary results in terms of access time and accuracy of the found solution.
Using the developed method allows minimizing the idle time of computing devices, reducing
the volume and time of data transfer from one device to another, increases overall scalability,
minimizes data access time, etc. An important advantage of the proposed method is to reduce
the number of elementary operations and the number of vectors being processed the queue of
the operations of the request, which leads to a significant reduction in time to implement the
procedures for the formation of echer di operations in the requests. Methods of graph theory
were used in this paper. The effectiveness of the task solution was evaluated using a systems
approach, system analysis and the theory of operations research. Processing of experimental
data obtained during the work was carried out in accordance with the provisions of mathematical
statistics.

Keywords: graph, Hamiltonian path, query, rank approach, short tree of paths, transaction,
rank, distributed database.

BBenenune

Pacnpez[eneHHLIe cuctembl yrpanineHus 6a3zamu naHHbIX (CYB]]) sBnstoTcs 0CHOBHBIM
KOMITOHEHTOM COBpPEMEHHBIX cucteM oOpaboTku mHpopmaruu (COUN). Bee ncnombiy-
rfomuecs B Hactosiee Bpems mogenu COU — takue, kak Mozens (ailIoBoro cepsepa, Moaelb
cepBepa 0a3 JaHHBIX, MOJIENIb CEpBEPA MPHIIOKEHUM, MO/IETh PacIpe/Ie]ICHHBIX BBIYHCICHUIN
U JIp. — IMEIOT B CBOEI OCHOBE BBINOJIHEHUE 3alIPOCOB K 0a3aM JaHHBIX, KOTOpble 00pabaThi-
BatoTca CYB/I. CymiecTByeT MHOKECTBO OMPENEICHU TepMHUHA «ONTHUMM3AIMS 3alIPOCOBY,
OJTHaKO HanboJiee 4acTo BCTpeyarolieecs B IuTeparype GopMyaupyeTcs CIeAyIOnuM 00pa3om:
O] ONITUMHU3AITMEN 3anmpocoB moHuMaercs GyHkuus pacnpeneneaHon CYB/, ocymecTisio-
1asi MOMCK ONTHUMAJIBHOTO TUIAHA BHITIOJHEHHSI 3alPOCOB M3 BCEX BO3MOXKHBIX JJISI 3aJJaHHO-
o 3amnpoca, J1ubo mpoiiecc U3MEHEHHS 3amnpoca U/uial cTpykTypsl 6a3 nanusix (B1) ¢ nensio
YMEHbILIEHUS UCTIOIb30BAHUSI BHIYMCIUTEIBHBIX PECYPCOB MPH BBHIMIOIHEHUH 3amnpoca [1-5].
OcCHOBBI METO/Ia PEIICHHUS 3a/1aul ONTUMHU3AIINH 3aIPOCOB, Pa3INuHble MOAU(UKAIINY KO-
TOPOTO € YCIIEXOM HCIOJIBb3YHOTCSI BO MHOTHX JOPOTMX COBPEMEHHBIX persiiMoHHbIX CYB/I co
BCTPOCHHBIMH ONTUMU3ATOPaMHU, 1aHbl B pabote [4]. Ha nmpakTuke 4acTo MpUXOAUTCS UCTIOb-
30BaTh OTHOCUTEIHHO HEJOPOTHE CUCTEMBI, HE UMEIOIIUE ONTUMHU3ATOPOB, T/E MOJIb30BATENN
HEPEAKO MPUMEHSIOT CEMaHTUYECKH TTPO3PAYHBIC 3aIPOCH], HO HE ONTHUMAJIBHBIC C TOUYKH 3pe-
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HUS UX 3¢ PeKTUBHOCTH. bosee Toro, kKak MoKa3bIBaeT OIBIT, U B CUCTEMAaX CO BCTPOCHHBIMH OII-
TUMH3aTOpaMH HeOeCTIONIe3Ha MpeIBapuTeNIbHAs BHEIIHSS onTuMuU3alus. Bo3HukaeT notpeo-
HOCTh B pa3pabOTKe MPOrpaMMHOMN HaJACTPOUKH AJisi GOPMUPOBAHUS ONTHUMAJIbHBIX 3alIPOCOB.
3nech cieayeT OTMETUTh, YTO CYIIECTBYIOT pa3IMYHbIE MOJAXObI K MpoOiIeMe ONTUMH3AIUN
3anpocoB noabk3oBateneii B CYB/l. DTo ogHa n3 Hambonee CI0XKHBIX 3a7a4 KOMITBIOTEPHON
00paboTku uH(poOpMaIKK, KoTopas siBusercs NP-mogHoH.

HecMoTps Ha HaJMuMe YacTHBIX Pe3yJbTaToOB, OTHOCSIIMXCS K CIIELIMAIIbHBIM KJlaccam Ipa-
¢oB, B 001IeM ciyyae 3a/1a4a ONpeeIeHUs] TaMIIIBTOHOBBIX LUKJIOB U TAMUJIBTOHOBBIX ITy-
Tel HemocTaTouHo u3yueHa [1, 2]. Tak, Hampumep, A0 cux nop HeT 3(hHEeKTUBHON MTPOLEAY P
HaXOXXJEHHs] TaMHJIBTOHOBA MYTH B MPOU3BOJIBHOM rpade. bonee Toro, HeT ma)ke XOpOIIMX
METO/IOB JI0Ka3aTeIbCTBA CYIECTBOBAaHMS Takoro myTH. Ho akTyansHOCTb, onpesesnsieMast CBO-
JUMOCTBhI0 MHOXKECTBA 3aJiau YIpaBieHUs WH(GOPMAIMOHHBIMU CHCTEMaMH, OOyCIIOBIMBAET
HEOOXOIMMOCTh HaXOXIEHUSI HOBBIX PELICHHUN, COOTBETCTBEHHO YIYYIIAIOUINX CYLIECTBYIO-
mue [6—11].

Co3znanue MOJIMHOMUAIIBHBIX aJITOPUTMOB Ui pemieHuss NP-noiaHbIX 3a1a4 MokeT 0a3u-
poBaThCs HE TOJIBKO Ha HJiee paHroBoro noaxoda. Kimaccuueckuil moaxos K peleHuro 0o
NP-nionHO#M 3a71auM 3aKIH09AETCs] B MOMBITKE BBIPA0OTATh CTPATETUIO OTCEUEHUST HEMEPCIeK-
TUBHBIX BapUAHTOB PEIICHUN Ha HKCIOHEHIIMATbHOM MHOXECTBE W NOMYyCTHUMBIX PELICHHIA.
[IpumeHeHne <«GKagHBIX» AITOPUTMOB Ha MHOXECTBE W MPUBOAUT MO0 K HEOOXOAMMOCTHU
MOJTHOTO TIepebopa BapHaHTOB, TMOO0 K IBPUCTUUECKUM PEIIEHUSIM, KOTOPhIE MOTYT OTJIMYAThCS
oT onTUMaibHBIX Ha 70% u 6onee. [1o3TOMY ¥ BOSHMKIIM aIrOpUTMbI HA OCHOBE UAEH MeToaa
BeTBeH U rpanui. HeoOxomumMo moguepKHyTh, YTO €CJIM Ha MEPBBIX Iarax paboThl aropuTMa
yaaeTcsi HAlTH ONTUMAaJIbHOE PELEHUE, TO 3aTeEM HEOOXOANMO OCYILIECTBUTH HESIBHBIN MOTHBIN
nepedop BCeX BapUMaHTOB HAa MHOXeCTBe W, HanmpuMmep, MOIHOCTHU 2", 4TOOBI YOAUTHCS, YTO
JAHHOE pEIIEHUE JEHCTBUTEIBLHO ONTUMAIbHO. B 3TOM 3aKiro4aeTcsi OCHOBHOM HENOCTATOK
METO/A.

He mMeHee BaKHBIM C TOUKH 3pEHUS IPAKTHUECKOTO MPUMEHEHHS pa3pabaTbIiBaeMbIX aJiro-
PUTMOB SIBJISIETCSI BOIPOC O BOBMOKHOCTH MOCTPOEHUS MapaljieNIbHbIX alTOPUTMOB PEIICHUS
3aJlauy MOMCKa KpaTyaiiiero raMiuiIbTOHOBA ITyTH, YTO CBA3aHO C UCIIOJIb30BaHMEM KOHIICTILIUN
MYJIBTHIIPOIPaMMHPOBAHUS M1 MHOTOIIPOLIECCOPHOI 00pab0oTKK MHpOpMaLuK ynpasieHus [3].
3anaya ornpeaesieHus] KpaT4yallixX raMHJIbTOHOBBIX ITyTel B Tpade ¢ TOUKH 3peHHUs MOCTpoe-
HUS apaJUIEJIbHBIX aJITOPUTMOB OTHOCUTCS K KJIaCCy CHIJIBHO CBsI3aHHBIX 3a1au [4]. Kak noka-
3aHo panee [12, 13], musa apdexTuBHOTO pacnapauieTuBaHus 3a/1a49d TPOU3BOJIEHON pa3mep-
HOCTH HEOOXOIMMO ONPEIENATh ONTUMAIbHOE YHCIIO MPOLIECCOPHBIX AIEMEHTOB, MOCKOIbKY €
UX POCTOM CyMMapHOE BpEeMs €€ PEIIeHUsI MOXKET PE3KO YBEIMYUBATHCS M3-3a HEONPABIAHHO
pacTyIero yucia oOMeHHbIX ornepanuii. [Ipu 3ToM cama 3aa4a ornpeeraeHusi ONTUMaIbHOTO
Yucia MPOLECCOPHBIX IIEMEHTOB TaKXKe OTHOCUTCS K Kiaccy NP-nonHbIX 33124, ¥ 3G heKTHB-
HbIE METOJIbI €€ PEIIeHHs] HEU3BECTHHI |5, 7, 14, 15].

O6wuil no0x00 K peuieHuro 3a0a4 KOMOUHAMOPHOU ONMUMUAYUU U ORMUMUAUUOHHBIX
3a0au ¢ meopuu zpaghoe

PaccMoTpuM KOHEYHOE MHOKECTBO MPOU3BOJILHBIX 00BEKTOB T€OpUH IpadoB Wi KOHPU-
rypanuii KOMOMHATOpHOM onTuMm3anuu. B olmieM ciydae 0ObeKT MOXKET OBITh TPOU3BOJIb-
HBIM, HO JIOJDKHBI OBITh ONPEIEIEHbI KOHEYHOE MHOKECTBO DJIEMEHTOB {2 = {®,} WM OIMHO-
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KectBa L, € Q u npaBuna R, nosposstromue (GopMUpoBaTh 0OOBEKTHI U3 HCXOIHBIX JIEMEHTOB
WM TIOAMHOKECTB L, IPUHAIEKAIINE MHOXKECTBY £2.
ITycThb 3a1aHBI: HEKOTOPOE Pa30MEHHE MHOXKECTBA () Ha CEMENCTBA MOMHOXKECTB {L | TaK,

9TO U L, =Q,u L. onMCHIBAIOT MHTEPECYIOIHME HAC OOBEKTHI, COCTOAMINE U3 Oa30BBIX dJI€-

1
MEHTOB {/}, TaKuX, 4TO = U [ ; » @ TAKXKE MPABUJIO R, NO3BONIAIOIIEE M3 0a30BBIX JIEMEHTOB

1
ONPENETATH BECOBBIE XaPAKTEPUCTHKU NPOU3BOJIBHBIX 00bEqMHEHNH L U Le (), XapakTepusy-

fomue cBoiictBa {v}. TpeOyercs onpeaenuTs 00bEKT C MHTEPECYIOIIUM HAC CBOMCTBOM v € {v}.

[IpencraBuM MHOXECTBO BCEX BO3MOXHBIX 00bEIMHEHNH MOJIMHOKECTB L, B BUIE Tpada
D (puc. 1) c napannenbHo sIpyCHOM CTPYKTYpOH, COCTOSIIIEH U3 77 TOPU3OHTAIBHBIX JINHEEK C
BeplIMHaMU 1, 2, ...n U n spycaMu, KaKIbli U3 KOTOPBIX COAEPKUT BCe BEepIIUHBI rpada D.
ITpu 5TOM Kaxknoi BepumHe rpada D mocTaBuM B COOTBETCTBUE 0a30BbIi dnemenT /. B rpade
D npou3BosibHas BEPILKHA | MOXKET ObITh TOCTUTHYTA MyTAMU paHroB » =1, r=2, ... r =n-1,
a POM3BOJILHOMY IIyTH [L , YAOBJIETBOPSIOIIEMY MPABUJIAM MOCTPOEHHS R ¥ MPOXOMISIIEMY Yepe3
BEPIIHHEI (J, p, ...k, ), COOTBETCTBYET OOBEMHEHHE 0a30BbIX JICMEHTOB ((/, U lp U...U[ Ul), onpe-
JENSIONIMX HEKOTOPBIA 00beKT L € €. JlnuHa 5T0ro myTH d(l, ) ONPENETAETCS MO TPaBUIIaM,
NPUHAJIEKAMUM MHOXKECTBY R. ClleoBaTebHO, MHOXKECTBO BCeX myTer m (1) B rpade D,
YAOBJIETBOPSIONINX MIPAaBUIaM R, OTIpeIEISsIIOT 00JacTh TOMYCTUMBIX PEIICHUI HCXOJHOH 3a/1a-
YH 110 BBIJEIICHUIO 00bEKTa C MHTEPECYIOIIMM HAC CBOMCTBOM v € {v}. B KauecTBe MCXOMHOM
BEpIIMHBI B rpadge D OyaemM uCnoiab30BaTh (PUKTUBHYIO BEPIIMHY S, KOTOPYIO B HEKOTOPBIX
cilydasix y10OHO OTOXXIECTBIATh C HYJIEBBIM HJIM UCXOAHBIM COCTOSSHUEM CHCTEMBI. JTO MpH-
BOJIUT K TOMY, YTO MaKCUMAaJIbHBIHA paHT MyTH B rpade D CTaHOBUTCS paBHBIM 71, a J0OABICHHE
BEpLIUHBI S K 0a30BbIM JIEMEHTAM CUCTEMBI HE U3MEHSET UX CBOMCTB, ONpeeNIIeMbIX IIpaBU-
namu R [7].

=1 =2 r=n-2 r=n-1
Puc. 1. Ctanytoe nepeso Bcex myteid D rpada G,V, E.

MHOX)eCTBO CIIOKHBIX CHCTEM, O0NAAIONINX PA3THYHBIMU CBOUCTBAMHU {F}, MOKET ObITH
OTOOP@XKEHO C TMOMOIIBIO HEKOTOPOTO MOAMHOKeCTBA Ipados {G ). PaccMoTpum mpou3Boib-
HbIA n-BepiuMHHbIA Tpad G(V, E)€ {G }, KOTOpBIK ONUCHIBAET COCTOSHUE CUCTEMBI F'€ {F} ¢
KOHEYHBIM YUCIIOM cocTosiHui n. Bepmnst {i} € V' rpada G(V, E) cCOOTBETCTBYIOT BO3MOKHBIM
COCTOSIHMSIM CUCTEeMBI, ITyTH B Tpade G(V, E), onpenensieMbie MOCIEA0BATEILHOCTHIO MPOXOXK-
NeHus BepIIuH {v. } 1 pebep {(Z, j)}, XapaKTepu3yoT BO3MOXKHBIH MOPAIOK JOCTHKEHHS COCTO-
SIHUSA | = p U3 HEKOTOPOT'O UCXOJHOTO COCTOSHUS §. BaXkHOM XapaKTepUCTHKOMN MyTH sIBIISETCS
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paHr myTH 7 — 9uciio pedep, oopasyromux myTs. B rpade G(V, E) MakcumanbHOE 3HaYEHUE PaH-
rar=n—1, 1B 0bIEM CIydae paHT IPOU3BOILHOTO MY TH | XaPAKTEPU3YET CyMMy HaYaTbHOTO
COCTOSIHUSI, KOHEUHOTO COCTOSIHUS ¥ YHCJIa COCTOSIHUN MPEeIIIeCTBOBAHUS, Yepe3 KOTOPhIE MO-
KeT OBITh JOCTUTHYTO COCTOSIHUE p U3 HEKOTOPOI'O UCXOJHOIO COCTOSIHUA S. Torna MHOXKECTBa
nyteii My ;j =(1,n) onpenensror cnocobbl JOCTUKEHHsS COCTOAHHS j. B KauecTBe 0a30BHIX
3JIEMEHTOB {/ } BbIOEPEM MOAMHOXKECTBO {Vi} € V' BepumH rpada G(V, E), Torna oo6bexram {Lj}
Oy/IeT COOTBETCTBOBATH BCE MHOXKECTBO OOBEKTOB {2, KOTOPOE MOKHO MIOPOIUTH HA MHOXKECTBE
V, ucnonp3ys npaBuwia R. Hanmpumep, KIMKH B IPOU3BOJIBHBIX rpadax, He3aBUCUMbIE MHOXKE-
CTBa, UKJIBI TPad)oB, BEKTOpPA U MATPHIIHI, 3aar01ue HeKOTophlii 00bekT B G(V, E). Kaxmprit
00BeKT OyZieM XapakTepu30Barh (m+1) BECOBOM XapaKTEPUCTUKOH, TJIE 71 — ITO HEKOTOPHIE BTO-
pOCTENEHHbIE XapaKTEPUCTUKU 00BEKTa, Ha KOTOPhIE B OOLIEM Cllyyae MOTYT ObITh HaJIOXKEHBI
OTPaHHUYEHHUS HA TO, YTO OHU HE JIOJDKHBI IPEBBINIATH HEKOTOPBIX BENMUYUH {b.}, i = (1,2 ...m).
W nmeetcs onuH onpeaenaomuii nokas3areib KauecTBa 00bEKTa, IPUHAJIEKALINN MHOXKECTBY
Q u obnajmaromuii OmpeneIeHHbIM CBOMCTBOM V. [IpaBmiia P ompeneneHns BECOBBIX Xapak-
TEPUCTUK OOBEKTOB €CTECTBEHHO JOJKHBI ONPENEATHCS B COOTBETCTBUM € MpaBuiamMu (op-
MUpPOBaHHs caMuX 00beKTOB, U P€ R. Takum oOpazom, myTu ,usrj B rpadge D COOTBETCTBYET
00BEKT L, xoTopbIii MOXET OBITH MOCTPOEH U3 ¥ OA30BBIX 2JIEMEHTOB {vj}, BKJIIOYAsl 2JIEMEHT J,
Ha ocHoBe npaBuil R. COOTBETCTBEHHO, MHOXKECTBA ITyTEH OMPENENSIIOT MHOKECTBO OOBEKTOB
L, KoTOpbIC MOXHO IOCTPOUTE U3 I 0a30BBIX ITEMEHTOB {V,}, BKIIHOYas HIEMCHT /.

HepeBo Bcex myteil D conepkuT (n—1) ropuszoHTanbHylo jauHEWKy u (n—1) spyc. [lpu
ONPENCIICHUH MyTEN MPOXOKACHUE MO KaXKI0H TOPU30HTAIBHOM JIMHENKE JOMYCKAaeTCs TOJIBKO
OJIUH pa3, COINIaCHO ONPE/IEICHUIO 3a/1auy TIOMCKa KpaTyaiIlero raMuibToHoBa myTu. Mexons
U3 CTAHYTOTO JIepeBa My TeH, 1715l IPOU3BOJIBHON BEPIINHBI j MHOXECTBO ITyTeH, BEAYIIUX B 3Ty
BEPILMHY U3 HEKOTOPOW BEPILUHBI S, MO)KHO IIPEACTABUTH B CIEAYIOLIEM BUJE:

mi(H=m§ Um§2U..Um§™",  j=(,n) (1)

rae m sj — MOIMHOMKECTBA ITyTeH U3 IPOU3BOIBHOM BEPIINHBI S B HEKOTOPYIO BEpIINHY j rpada
G(V, E), panra r. Takum o0pazoM, ucrnons3ys rpag D u BBeas npaBuiia (popMUpOBaHUS MyTei
CJIEAYIOLIETO PaHIa, MOKHO U3 MPOU3BOJIBHOM BEPILIMHBI S T03TAITHO CTPOUTH IIYTH IPOU3BOJIb-
HOTO paHra BIUIOTh A0 paHra » = n—1. llpu Takom noaxoze i peuieHus 3a1a4u ONpeneIcHUs
Kparyaifiero raMiiIsTOHOBA Iy TH B rpade D HyKHO OCTPOUTh KpaTyaillye MyTy paHra » = n—1
OT BEPIIMHEI 1, 2 ...n KO BCEM OCTAJILHBIM BEPIIMHAM rpa(ba Y 3aTeM CPEAM HUX BbIOpATh KpaT-
5 BTpade D CTpOUTH IOAMHOKECTBA
, TO MBI OyZieM BBIHY>K/I€HBI IOCTPOUTH (n—1)! myTeii:

yaumui. To €CTb, €CJIN Ha OCHOBe IIOAMHOXXCCTB HYTGI/I m

mr- 2 H TaK Jajace 10 m

s SJ'

mg(j)=my umrzu....umr"1 =(Ln=1:;8=1,n-1), )

C nenplo COKpallleHusl aJrOpUTMUYECKON M BBIYUCIUTEIBHOM CIIOKHOCTH pa3padarbiBa-
€MBIX aJIFOPUTMOB MNoucka Kpardaimiero ramuisToHoBa myTd (IIKTTI) mus popmupoBanus
IIyTeH BBEJEM NPOLENypPYy A, TO3BOJIAIOILYIO0 OTCEKATh HENIEPCIIEKTUBHBIC ITyTH BETBIICHUS JIE-
peBa myTe. [l oTceueHuss HeNEepCIeKTUBHBIX BAPUAHTOB B Ipouenype 4 npeanaraercs uc-
M0JIb30BaTh MPUHIUI ONITUMH3ALIMH 110 HAIPaBJICHHUIO K BEPIIMHE p IPU POPMUPOBAHUHU ITyTeH
CJIEIYIOLLErO paHra m§; ! Ha ocrose IIyTEN MPEIbIAYLIETO paHra m;
Poccuvickmit TexHOIOrMaecKnit XKypHai. 2019;7(4):7-20
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Paspabomxa 0600uennoi npoyedypol A,

Bgenem npasuiia GpopMupoBaHUs MyTeH BETBICHUS C UCTIOIb30BAHUEM MTPOLIEAYPHI A:

1. Ilytu, popMupyemble Ha paHrax » = 1 u r = 2, 3aBUCIT OT UCXOJHBIX 3HAYCHUH BECOB U
yucna BepmuH n rpada D(V, E);

2. Ilytu, popmupyemble Ha paHTax r =3, ...r = n—1, 3aBUCAT OT 3HAUCHUI BECOBBIX XapaK-
TEPUCTUK MHOXKECTBA msrj,

3. Bw100op momMHOKECTBA TOUEK MCXO/a BETBICHUS B C(HOPMHUPOBAHHOM MHOKECTBE erJ ,
COIVIaCHO OMpeAesIeHHOro KpuTepus 3¢ (HEeKTUBHOCTH, TPOU3BOJUTCS 110 IPABUITY:

rae 7 = 2, T. €. MyTei, ChOPMHUPOBAHHBIX HA paHTe 2;

minju | 3)

4. BpI060Op TOUYEK BXOJa B CTPYKTYpY BETBJIECHHUS [10 HAIIPABJIECHUIO K HEKOTOPO BEPIIUHE p
Ha paHre r = r+1, IpoU3BOIUTCSA 110 IPABUILY:

min(/, p) 4)

rae (j, p) — pedpo rpada D.
Taxum o6pazoM, chopMyIHpOBaHHBIE TPABHIIA BETBICHUS 1—4 O3BOJISIOT HOCTPOUTDH pe-
KyPPEHTHOE COOTHOIIIEHHE, OTIPEIEIISIONIee CYITHOCTh peaTn3aluy MPoueayphl A:

r+1

7 =m]in{{ﬂ§j}U(j,p)};j=(L7);p=(L7);j¢p, (5)

rae (j, p) — pedpo rpada D; n — 9uciao pa3IuuHbIX BepIIuH B rpade D.
CrsiHyTOE IepeBO MyTei ¢ MpUMEHEHHEM MPOoLEeaypbl A COOTBETCTBEHHO Oy/IeT UMETh BUJ,
IIpeJICTaBICHHBIN Ha puC. 2.

r=1 r=2 r=3 r=n-2 r=n-1

Puc. 2. Cranytoe nepeBo Bcex nyteii D rpada G(V, E)
C IpUMEHEHUEM TpoLeTypHl A.
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PaccMmoTpuM mopsIok peanzanuy npoueaypsl A B rpadax moucka Kparyaiiero raMmuib-
TOHOBA ITyTH JJIsI IPOU3BOJIBHOTO YMCJIA BEPILHH.

Hcxons u3 oTCyTCTBUSI KaKOW-TMOO0 CyIIECTBYIOLIEH METOIMKM Hadaja MOMCKa KpaTyai-
LIEr0 raMHUJIBTOHOBA IyTH, NMPUMEM JOIMYIIEHUE, YTO MOMCK MOXET HAuYMHAThCS C JIH00O0M
BEpIIMHBI 0€3 BIMSIHUSA Ha KOHEUHBIN pe3ynbTar. Takoe JOIMyIIeHHe YacTO NMPUHUMAETCS IpU
UCIIOJIb30BAHUU AJITOPUTMOB, OCHOBAHHBIX Ha METOZE BETBEH U rpaHull. B Hamiem cirydae BBe-
JIEHUE Ipoueaypsl A mpeanosaracT HEKOTOPOE OTCEYEHHE HENEPCHEKTUBHBIX HAIllpaBJICHUN
noucka. Kak ciiecTere npuBeIeHHOTO TONYIIEHH U IPEAHA3HAYEHHOCTH IIPOLEYPhI OTCEUe-
HUS, 32 NCXOAHYIO TIPUMEM JTF00YI0 U3 BepIIuH rpada, a MOMCK Ha MEePBBIX JIBYX paHrax Oyaem
IIPOU3BO/INTH 10 HAIIPABJICHHUIO KO BCEM BO3MOXKHBIM BEPIIMHAM. 10 €CTh, U3 IPOU3BOJIBHON
BEPLIMHBI S CTPOSATCS BCE BO3MOXKHBIE IIyTH paHra » = 1 ko BceM BepuiMHaMm rpada D, nanee,
UCIIOJIB3Ysl IyTH paHra » = 1, cTposTCs BCe BO3MOYKHBIE IIyTH paHra 7 = 2, Ha X OCHOBE (op-
MUPYIOTCS Iy TH CJIEYIOLIET0 paHra ¢ UCIOJIb30BAHUEM PEKYPPEHTHOTO COOTHOLIEHHUS (5), U T.
. 10 IOCTPOEHUs yTel paHra » = n—1.

Crnenyer OTMETHUTb, UTO €CJIM B IIPOLIECCE TPUMEHEHHSI PEKYPPEHTHOTO COOTHOIIEHUS (5)
BO3HHKAET HECKOJIBKO KpaTuallIiX IMyTeil OUHAKOBOM JUIMHBI, TO HEOOXOUMO UX BCE CTPOUTH
Ha CJIEAYIOLEM PaHre.

Beinenum crepytromue ocobeHHOCTH paboThl mponenypsl A. B nporecce ee peanuzanuu
MOYKET BO3HUKATh JBe cUTyauuu. [lepBas — korga npouenypa A Ha KaXXA0M I1Iare nocTpousa
IIyTH B MHOXKECTBA msrj ,
BTOpasi — KOTZa K OIHOM M3 BEPILIMH HU OJHOTO IyTH NOCTPOUTH Henb3s. [locnennee odcTos-
TENBCTBO BO3MOXKHO B JIBYX CIIy4asix:

a) ecClIM aHAINU3UPyeMbIi rpad) HETIOIHBIN, ¥ K BEPIIUHE p HE CYLIECTBYET ITyTH HEKOTOPOTO
panra r = k;

0) Kora HEeKOTOopasi BEpIIMHA p BOMIET BO BCE MTyTH MPEABIIYIIETO paHra.

T .€. IPUHIUIT ONTHUMATBHOCTH PabOThI MPOLEAYPHl HE HApYIIAJICs, H

HerpynHo Buaerh, 4To B MEpBOM CUTyalUH mnpoueaypa A He TepseT ONTHUMaJbHOE
pelieHue, a BO BTOpOil cutyaruu (ciydaid 0) onTUMaIbHOE PEIIEHHE MOXET ObITh MOTe-
PAHO, TMOCKOJIBKY MPUHIIUII ONTUMaJIbHOCTU paboThl Mpouenypsl Hapymaetcs (puc. 3).
DTO 03HAYaeT, UTO Ha OCHOBE MPOLEeaypbl A MOXKET ObITh MOCTPOECH TOJIBKO MPUOTUKEH-
HBIN anropuTM perieHus 3aaadu. OIHAKO MOCJe HApYUIEHUs] TPUHIHUIA ONTUMATbHOCTH
nocieayolee MpoajieHue MyTeld ¢ MCHOJIb30BAHUEM PEKYPPEHTHOIO COOTHOuIeHUus (5)
MI03BOJINT MUHUMAJIbHO OTKJIOHSTBHCS OT ONTUMAaJIbHOTO pemeHus. biok-cxema anropurma
npoueaypsl A npeacrasieHa Ha puc. 4.

Pazpadomka anzopumma ITKT'TI pewienus 3a0auu onpedeneHus Kpamuaiuiux 2amuibmoH06bIX
nymeii 6 npou3601bHbIX 2pagdhax

B xauectBe MCXomHbIX JaHHBIX 11 pa3zpadbotku anroputMma [TIKITI Oymem ucnons3oBath
cienyromue xapakrepuctuku rpada G(V, E):

— MaTpHILy CBA3HOCTH, OTPEACIISAIONIYI0 HATMYUE TIepexoia Mex Ay BepirHamu rpada G:
G =y H , TIIe vl-c-6 =1, ecnu cymecTByeT CB3b MeXy i-i ¥ j-i BepuinmHamu rpada G, B

y y
nporneHoM ciyyae v =0,

ce
i

— BECOBBIC XapaKTEPUCTHUKHU HArpy3KH Ha Jyrax, ONpEeHeisieMble HEKOTOPOW HEOTpHIla-
TenbHOM BenmnuuHoi C > 0. JlanHas BeITMYMHA UMEET HEKOTOPhIE 0COOEHHOCTH, KOTOPHIE OTIpe-
JEJIAIOTCSI UCXO/IS U3 CIEYIOIIMX COOOpaKEHUMA:
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1 1 1 1

\/ 2 ___2 2
s ‘:’6 -
/\ I____I

n n n n

r=1 =2 =3 =n-2 r=n-1

Puc. 3. Cranyroe nepeBo nyreii D rpada G(V, E),
¢ TIPUMEHEHHUEM Tpoueayphl A (ciyqai 0).

( Hauago )

BBoJ MCXOAHBIX JAHHBIX

y

- =1 =2
m () =m Om

] -—
P
T
' = min{u;} o (/. p)}

Hert

Jla

Ha

| BrIiBOA pe3yiabTaTa |

l

O

Puc. 4. briok-cxema ajroputma npoueaypsl A.
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1. Ecnu xapaktepucTuueckas Harpy3ka OnpeeisieTcs YMCIoM AIEMEHTapHbIX ONepalui,
HE0OXOUMBIX ISl BBIIIOJIHEHUS 3aJaHHOU OIlEepaliy B allTOPUTME NPOLETyphl A, TO BETUYHUHA
C mpunumaer crnenyromue 3Hadenus: C > 0, C = int.

2. Ecnm xapakTepucTHUeCcKasi Harpy3Kka onpeeiseTcss BpEMEHEM BBINOJIHEHHS 3aJaHHON
omneparuu, To BenuunHa C > 0, C — onpeseneHa Ha BCEM MHOXKECTBE JICHCTBUTEIbHBIX YHCE.

3. Jlns BepInH, MEKAY KOTOPBIMH OTCYTCTBYIOT CBSI3b I <> j, IpuHUMaeTcsa C = oo.

B kadectBe ncxoaHoi npumeM o0y Touky rpada G, 0003HauUMB ee mepeMeHHOH s, (u-
3UYECKHUM CMBICII KOTOPO 3aKJIF0UAETCs B CIEAYIOIIEM: «BEPLIMHA, OT KOTOPOH MPOU3BOIUTCS
MIOKCK» B MPOLIECCE PEeATM3alliU aJITOPUTMA, IPUHUMAET COOTBETCTBYIOIINE 3HAYEHUS, PABHbIE
HOMEpaM BEPIIMH Tpada BIUIOTH J0 HEKOTOPOU BEPIIWHBI 7. BpeMEHHON TOYKOW M3MEHEHUS
COCTOSIHHSI CUCTEMBI IIPH MEePEeXoJie MOUCKA OT BEPIIUHBI § K BepIIUHE s+1 IpuHUMaeTcs ycio-
BUE OKOHYAHUs pabOThl MpOLEaYphl A MO BBHINOJHEHUIO OUCKA KpaTyailero raMuibTOHOBA
MyTH OT BEPIIUHBI 5. B utore paboTel anroputma o0pa3zyercss HEKOTOPOe MHOXKECTBO ITyTeH ¢
CYMMAapHOH OLICHKOM Ka)KJ10T0:

n—1
Com = 2 1Cy} (6)

JlaHHas cymMapHasi OLIEHKAa M SBJISIETCA TOW XapaKTEPUCTUKOH, KOTOpas Mpearnojaraet
HIKHIOIO TPAHUILy BPEMEHH peallh3alii Kaxa0ro u3 myTeil. B cooTBeTCTBUM ¢ BHIOpaHHBIM
o r
KkpuTepueM d(PHEKTHBHOCTH ONpeNeTUM ONTUMANbHbIH myTh 1] sj M3 COOTHOLICHUS:

r r r .ol

Il = pg e mg; =min {Csj} (7

Torna anroput™m IIKI'TI mpumer cnenyroniyro nociaenoBaTeIbHOCTh ONEpanyii, COOTBET-
CTBYIOLLYIO IPUBEJEHHOMY OIIMCAHUIO:

[ar 1. IlpucBanBaeM 3HaueHue S: = 1 nepeMeHHOM S.

[Ilar 2. B rpade D, ucnonbs3ys npouenypy A, onpeaenseM KpaTdaiiie myTy padra » = n—1 ot
BEPIIMHBI S KO BCEM OCTAILHBIM BepIIMHAM Tpada, UCTIONB3Ys PEKYPPEHTHOE COOTHOIIIEHHE (5).

[Iar 3. YBenuuuBaeM 3HaueHue S: = S+1.

[ar 4. IIpoBepsieM S = n, €CIM HET, TO NEPEXOIUM K BBIIOJIHEHHUIO 1Iara 2, B IPOTHBHOM
Clly4ae — BBINOJIHSAEM CIIEIYIOIINM 1Iar.

[ar 5. Cpeau Bcex MOCTPOEHHBIX KpaT4allInX MyTel panra » = n—1 Ha marax 1 u 2 BbI-
OupaeM camblii KOPOTKHM U3 cooTHOEeHus (7).

[lar 6. BeiBox pesynbrara [/ Sr] )

[ar 7. Konen pabotsl anroputma. Cxema paboThl alropuTMa MoMcKa KpaTdaliiero ra-
MUJIBTOHOBA IIyTH C UCIOJIB30BAHUEM IIPOLIEAYPHI A IPEACTaBIEHA Ha pUC. 5.

Ecam cymectByer ( BepIIMH #, YIOBIETBOPSAIOMIMX COOTHOIIEHUIO (5), TO 3TO O3HAYAET,
YTO CYIIECTBYET () MUHUMAJIbHO PAaBHOYJAJIEHHBIX BEPIIMH OT BEPLIMHBI S, ONpEIeIsieMon
BekTopoM X . Onpesienus BepuIMHy [ BXOAa AJIs rpada, MOXKHO PEIaTh 3a/1aqy ONpeIeIeHUs
KpaTJanIIero raMUIbTOHOBOTO Iy TH 32 OJIMH IIPOXOJ MPOUEnyphl A,. IIpu 5TOM OrpemHocTh
[0 CPAaBHEHHUIO C A-TIPOXOIHOM MPOIEAypol, Kak OyldeT MOKa3aHO HIKE, YBEINYUBACTCS HE
OoJiee, UeM Ha OIMH MPOLEHT, a CIOKHOCTD aJrOpUTMa MOHMXKaeTcs B (n—1) pa3. AIropuTm ¢
UCIIONIb30BaHMEM MHUHHMMAIIBHO YIaJI€HHON TOYKH 0003HaYUM A,
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Hauano

A 4

BBOA HCXOIHBIX JaHHBIX:
W<V, E, C>; S=0

A

Brinonnenue anropurMa
mporenypsl A

S:=S+1

Ha

BBI60p MHWHHUMAJIBHOI'O 3HAYCHUA
BCKTOpa BE€Ca

A 4

BriBoa pesynbrarta

Komner

Puc. 5. Cxema anropurma ITKITI.

Pe3ynvmamul IKcnepumMeHmaibHO20 UCCIE008AHUA PA3PAOOMAHHBIX AJI20PUMMO8

Jl7is ony4YeHusT aHATUTHYECKUX PE3YJIBTATOB IKCIIEPUMEHTATBHOTO MCCIEIOBAHUS allro-
pUTMa peIIeHus 3a]]a4¥ MMOUCKA KPaTYalIlero raMuIbTOHOBA Iy TH pa3paboTaHa MporpaMMHast
MOJIeNTb, PEeAIM30BaHHAs B MPHUKIAIHON TECTUPYIOIICH MporpaMMe C yCIIOBHBIM Ha3BaHUEM
Analizator.
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[Tpuknagnas TecTupyromas nporpamMmma Analizator npeqHa3HaYeHa Ui IPOBEACHUS Te-
CTOB pa3pabOTaHHOTO AJITOPUTMA U 0OPAOOTKHU pe3yIbTAaTOB TeCTUPOBaHUA. cxons u3 OCHOB-
HOT'0 Ha3HauEHUs MPUKJIaJHOMN IPOrpaMMBbl, IPEUIOKEHO BbIIETUTh TPU OCHOBHBIX YaCTH MIPO-
IpaMMBbl, BBIIOJTHSIOIME (PYHKIIMOHAIBHYIO HArpy3Ky:

1. OGnacth popMUPOBaHHS UCXOAHBIX JaHHBIX U HACTPOUKU TECTOB,;

2. OOnacTh aHaIM3a MOJYYEHHBIX PE3YJIbTaTOB U UX OTOOpakeHUs Ha TpaduKax;

3. OGnacTb 0TOOpaXKEHUS MOPAHTOBBIX PE3YIBTATOB TECTUPOBAHUS U (POPMHUPOBAHUS 3a-
nucei B 6a3e TaHHBIX.

Hcnonp3oBaHue yka3aHHbBIX oOsiacTel MO3BOJISIET KOHTPOJIUPOBATh MTPOMEKYTOUHBIE 3HA-
YEeHUs peaju3aliy arOPUTMa, MOJIy4aTh KOHEUHbIC PE3YNbTaThl B BUAE I'paMKOB M TAOIMIL
6a3bl naHHBIX. [Ipy 3TOM JONOIHUTENBHO 00ECIICUNBAIOTCS CIIEAYIOLINE BO3ZMOXKHOCTH:

* aBTOMAaTHYECKH BBOJ paCUeTHBIX JaHHBIX;

* pYYHOI BBOJ pacu€THBIX JIaHHBIX;

*  OTOOpa)KEHUE CTATUCTHKHU;

* 3aIKCh pe3yJbTaTOB B 0a3y aHHBIX;

* MPOCTON U UHTYUTHBHO JOCTYIHBINA UHTEpDENC.

ITpu skcnepUMEHTaIbHOM CPAaBHEHUM Pa3pabOTaHHBIX aJITOPUTMOB C M3BECTHBIMHU Beca
pebep rpada reHeprupoBaIUCH 110 pABHOMEPHOMY 3aKOHY pacmpezaeneHus B auanasone (0-50).
JUis oTyYeHUs: CPeTHETO 3HaYEHUS KaKI0W TOUKH TpapUKOB BCEX aHAIN3UPYEMbIX XapaKTe-
pucTuk pemanocs 1o 100 TecToBbIX 3a1a4, BCE pe3ybTaThl CTATUCTUYECKOIO aHAIN3a MOITyde-
HBI C TOBEPUTENBHON BEpoATHOCTHIO 0.95. Ha Bcex pucyHKax paspabOTaHHBIE alrOpUTMBbL A, 1
A, 0003HayeHbl Kak MeTod 1 u MeTox 2.
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e [

1,00E+05 —&— MeTopg 2

1,00E+04 -W};C":f:m...aaw—m' e M urna
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BEKTOPOB
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Puc. 6. 3aBucumocty ynciaa 00pabaTHIBACMBIX BEKTOPOB M 3JIEMEHTAPHBIX ONepanuit
OT Pa3MEpPHOCTH pelIaeMon 3a1aqH.
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OmnpenernreHne KpaT4aiimx IraMiJIbTOHOBBIX ITyTeVl B IPOM3BOJIBHBIX I'padax pacrpeneIeHHBIX
0a3 maHHBIX

Kak BumHO U3 rpadukoB, mpuBeNeHHBIX Ha pUc. 6, pu 1 > 27 anroputmsl JIutTna u yo-
KaJIbHOTO ITOMCKA MMEIOT CYIECTBEHHO 00Jiee BHICOKYIO BPEMEHHYIO CIOKHOCTh IO CpaBHE-
HUIO C pa3pabOTaHHBIMH.

IIpu 3TOM anropuTMBI JOKAJIBHOTO OUCKA MMEIOT IOTPEIIHOCTD, JIEXKAIYI0 B IHANla30HE
0T 5 10 27% 1 BO3pacTarolyl0 ¢ yBEJIMUYEHNEM Pa3MEPHOCTH peliacMbIxX 3a1a4d. B To xke Bpems
B pa3pabOTaHHbBIX aJrOPUTMax Ha OCHOBE MJEH PAHIOBOTO MOXO/A MOTPEUIHOCTh C YBEIHYe-
HUEM pa3MEepHOCTH 33/1a4i CTaOMIM3UPYETCs U He MpeBbImaeT 2% (puc. 7).

n, %
12

0 /'\
8 ﬁ —4&— MeToa1
—&— MeTtop2

6

4
2_ A\

0
5 10 15 20 25 30 35 n

Puc. 7. 3aBUCUMOCTH OTHOCUTENBHOI MOTPEUTHOCTH OT Pa3MEPHOCTH PEIIaeMOi 3aauu.

W3 rpa¢ukoB, NpuBEACHHBIX HAa PUC. 8, BUJIHO, YTO MPOLIEHT HETOYHBIX PELIeHUN AJis aj-
roput™a A, ipu n > 2’7 04eHb HU3OK.

6

—+— MeTon1
—a— MeTon2

YMCNO HETOYHBIX peweHni (%)

5 10 15 20 25 30 35

Puc. 8. 3aBucHMOCTS YHCIIa HETOYHBIX PEIICHUH (B MPOLIEHTAX)
OT pa3MEepHOCTH pelIaeMoil 3a1auH.

DKcrnepuMeHTanbHoe uccnenoBanue Ha 2000 TecTOBBIX 3a/1a4 MoKas3ano, 4To npu n > 27 B
CpPEeIHEeM TOJILKO 3 JaBalii MPHUOIMKEHHOE PEIIeHHe, TIPU ATOM TOTPEIIHOCTh HE TPEeBbIIIaja
1-2%. Wcnionb3oBaHne 3BPUCTHYECKOTO TPABHJIA B aIrOpuT™ME A, NO3BOJMIIO CYLIECTBEHHO
YMEHBIIUTh BPEMEHHYIO CIIOKHOCTh 3TOTO aIropuTMa M0 CPABHEHUIO € A , HO IPHU 3TOM BO3-
pacraer MOrpemHOCTh U YUCIIO HETOUHBIX PEIICHUH C YBEIMYEHUEM Pa3MEPHOCTH PEIIaeMOU
3a1a4u (CM. puc. 8).

3akiarouenue

Takum o6pa30M, npennaraeMHﬁ CIocoo PCUICHUA 3a1a9M ITIOUCKaA KpaTqaﬁmero raMuJbTO-
HOBa ITyTH MOXCT OBITh MCIOJIB30BaH B CETEBBIX 0a3ax JaHHBIX OJI COCTAaBJICHHUSA OIITHMaJlb-
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HBIX pacnncaHHﬁ BBIITOJIHCHUS 3alIPpOCOB K 6azaMm JaHHBIX, KaK Ha 3Talax pcopraHui3alnnu, Tak
1 Ha dTanax conpoBokaeHus ¢pynkuuonuposanus CYB/I. Ilpu sTom mpeamonaraercs cyie-
CTBEHHOE YMEHBIIICHUE BPEMEHHU Ha PEaTU3alMIO MPOIEAYPhl (HOPMHUPOBAHUS OYEPEIN BBITION-
HEHUS OINlepalMi B 3alIpOCax 3a CYET YMEHBIICHUS YHCiIa JIEMEHTApHBIX ONEPAaluid M YUCIIa
o0pabaTbIBaeMbIX BEKTOPOB B JaHHOM Mpoleaype.

N3 sKcIIepuMEHTAIBHOTO UCCIIeI0BaHHS Pa3pab0TaHHOIO aJITOPUTMA pellieHHs 33714 MOuC-
Ka KpaT4aiIlero raMiIbTOHOBA ITYTH CJIEYET, YTO B OOJIBIIMHCTBE CITy4aeB yIaeTCsl YMEHBIIUTD
BPECMCHHYIO CJIOKHOCTb PCIICHUS IMPHU HE3HAYUTCIIBHOM YBCIMYCHUN BHOCHUMOM MOrpCHUIHOCTH.
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B Hamie Bpemsi CTpEMHUTENBEHOTO Pa3BUTHUS COLUATBHBIX PECYPCOB MHTEPHET-TEXHOJIOTUI
PE3KO YBETUYMBAETCS KOJMYECTBO IMOJIb30BaTeNei BCEX BO3PACTOB, KOTOPHIE SIBIISIOTCS aKTHUB-
HBIMH MOTPEOUTENSIMU PA3IUYHOTO, B TOM YHCJIE U AECTPYKTUBHOTO, KOHTEHTa. bypHoe pasz-
BUTHUE TAKOTO POJA TEXHOJOTHI MOPOXKIaeT BCE HOBBIE U HOBBIE yrpo3bl. COBEPIICHCTBYIOTCS
TEXHOJIOTUH UH()OPMALIMOHHBIX aTak, HAMPaBJICHHBIX HE TOJIBKO Ha MpOTrpaMMHO-annapaTHbIe
m1aTopMbl, HO U HEMOCPEACTBEHHO Ha IMOJIb30BaTeNel NH()OPMAIMOHHBIX MPOIYKTOB, pac-
npocTpaHsieMbIx B cpene MHTepHeT. M3MeHstoTcs MHCTpYMEHThl HH(POPMAIIMOHHOTO U TICH-
XOJIOTUYECKOTO BO3/ICUCTBUA Ha mosb3oBateneld MuTepHera. PaznuuHoro poma MoIEHHUKH
Y TIPECTYIMHUKU B CBOEH MPOTHBOIPABHON NESATEIBHOCTH HIYT U HAXOAAT MOTEHUHUATIbHBIE
«OKEPTBBI» B HU(PPOBOM mmobanmbHON cpene. OMHON U3 CaMbIX YS3BUMBIX BO3PACTHBIX T'PYII
SBIIAIOTCS €TU U MOAPOCTKHU. [loaToMy Hanbonee OCTpO CTOUT BOIIPOC O 3alIUTE peOeHKa,
«CKUBYIIIETO» B Takoil cpene. Hacrosmas craths nmocesiieHa mpoodieme odecrniedeHus: nHpop-
MAaIMOHHOHN 0e30MacHOCTHU JeTe U MOJPOCTKOB B HAIIEH CTpaHe B yCIOBUSX (HOPMUPOBAHUS
m100anbHOr0 MHGpOPMAIIMOHHOTO 001ecTBa. OTpaKeHO OCHOBHOE MPOTHBOPEUYUE CYIIECTBO-
BaHUS U MOBeACHUs peOeHKa B HOBOM ITU(POBOM mpocTpaHcTBe. OHO BbIpakaeTcsl B TOM, 4TO,
C OZIHOM CTOPOHBI, BUPTyaJlbHas COIMANIbHAS AKTUBHOCTh pe0eHKa — 3TO 3aJI0T €T0 Pa3BUTHUS U
MpoLBETaHus B OyayIlleM, a, C IPyroil CTOPOHBI, OH MO/ABEpPraeTcs puckaM BO3ACHCTBUS uepe3
HEKOHTPOJUPYEMble KOMMYHHUKAIIUA M BO3MOXKHOCTH OTKPBITOTO JOCTYMa K 3alperieHHOMY
KOHTEHTY, KOTOPbI€ B COBOKYITHOCTH HECYT YIPO3bl €ro MCUXUYECKOMY 3/I0pPOBBIO U OJ1aromno-
ayuuto. ChopMynupoBaHbI U TPOAHATU3UPOBAHBI OCHOBHBIE YTPO3bl HH(POPMALIMOHHON 6€30-
nacHoCTH pebeHka B 1uppoBom npoctpancTse Poccuiickoit denepanuu. J[aHbl npemioxkeHus
M0 CO3JaHUIO CPEJCTB 3AIIUTHI MOAPACTAIONIETO MOKOJICHHUSI OT HOBOTO THIAa WH(GOPMAIMOH-
HO-TICUXOJIOTHYECKHX YTPO3.

Knroueswie cnosa: VIT-o0pazoBanue, cpeicTBa o0ecrnedeHust THPOpMaIMOHHON O€30aCHOCTH,
conuajibHas MHKCHEPUA, B3JIOM, ayJUT, YA3BUMOCTH, 3alllATA.
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Our time is the time of rapid technological development. The Internet is becoming available
to everyone, and it is expanding its influence in various fields. In addition, the number of users
who are using the Internet and who are active consumers of different content is increasing. But
the rapid development of technology has created new security problems. New types of threats are
emerging, attack techniques are improving. Criminals are now trying to find their «victim»not
only in the real world, but also in the digital world. So, today special attention is given to the
issue of ensuring the user’s information security and user’s security in the digital world. One
of the most vulnerable age groups are children. That is why one of the most important issues is
the issue of protecting a child in such an environment. This article is devoted to the problem of
information security of children and adolescents in our country. The article describes the main
problem of the child in such an environment. On one hand, the virtual activity of the child is
the key to its successful education. But, on the other hand, there are risks and problems in the
digital world, such as access to prohibited content, that can cause harm to the mental health of
a child. This article describes vulnerabilities in the information environment of students and
educational institutions, as well as ways to counter the described vulnerabilities.

Keywords: 1T education, information security tools, social engineering, hacking, auditing,
vulnerabilities, protection, countering violations.

Xouenib MoOEINUTh Bpara, BOCIIUTAN €ro JAeTe.
Bocmounas myopocme

BBenenue

B 0 BpeMms (QopMUpOBaHUS TIOOATBHOrO0 MHGOPMAIMOHHOTO OOmIECTBa BCEOOIICH
KOMITBIOTEpU3AIMN U BUPTYaJIU3al1U, & TAK)Ke aKTUBHOTO BHEJIPEHUS UHCTPYMEH-
TOB UU(PPOBON SKOHOMHUKH BO BCE ACTEKTHI KU3HH HACENEHHUS PAa3BUTHIX CTPAH KakKk HH-
KOTJIa OCTPO BCTAET BOMPOC obecreueHnss 0€30MaCHOCTH JTUYHBIX JaHHBIX MOJIb30BaTEIeH
OT KOMITBIOTEPHBIX aTaK, a TAK)Ke CaMUX IT0JIb30BaTeNIeH OT IeCTPYKTUBHBIX HH(OpMAIIMOH-
HO-TICUXOJIOTUYEeCKUX Bo3aeicTBHid. [1o manHbIM ananutudeckoro areHTcTBa WeAreSocial u
kpynHeimeit SMM-mnardopmsl Hootsuite, mpeacTaBieHHOM B OT4ETaX O IIOOAIBHOM IH]-
poBom peiake GlobalDigital 2018', ceromgus Bo Bcem Mupe HTEpHETOM MOJIB3YIOTCS
6onee 4 mupa yenoBek. ONHUM M3 KIIOUEBBIX (PAaKTOPOB pPOCTa MHTEPHET-ayAUTOPHH CTaJIN
J0CTyIHBIE cMapT(OHBI U Hegoporue Tapudsl Ha MOOWITbHBINA MHTEpHET. Teneps ABe TpeTH u3
7.6 MIIpI MEPOBOTO HaceJICHHsI UMEIOT MOOHMIIbHBIE TeleOoHbI. boree moioBHHBI U3 UCTIONB3Y-
€MBIX CEroJHs MOOMIIBHBIX YCTPOUCTB OTHOCATCS K KJIACCy «YMHBIX», [I03TOMY JIFO/ISIM CTaHO-

'https://www.web-canape.ru/business/internet-2017-2018-v-mire-i-v-rossii-snatistika-i-trendy/
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BUTCS BCE MPOILE MOJYUYNUTh JOCTYI KO BCEM BO3MOXKHOCTSIM, KOTOpbI€ npennaraeT HTepHeT,
re Obl OHM HE HAXOAMIUCH. 3HAYUTEIBHBIN POCT MMPOUCXOIUT U B ayIUTOPHH COIIMATIHHBIX CETEH.
3a nocnenHue 12 MecsIeB KOJMUECTBO JIFOEH Ha CaMbIX MOMYJISPHBIX COLMAIBHBIX TUIOMIAAKAX
YBEJIMUMBAJIOCH €KeIHEBHO o4ty Ha 0.1 MIIH HOBBIX nosb3oBarenei . Kaxaplil Mecsl ¢ corce-
TSIMU B3aUMOJICHCTBYIOT OoJiee 3 MIIp/ 4esoBek, rpu 3toM 9 u3 10 — yepe3 MoOMIIbHBIE YCTPOWi-
ctBa. [Io TaHHBIM, IPUBEIEHHBIM B BbIIIEYKa3aHHOM OTYETE, TIOUTH 110JI0BUHA (47%) HaceneHus
Poccun 3apeructpupoBaHa B COLICETSIX M aKTUBHO MU MOJIb3YETCs. 55.9 MIIH 4ueoBeK Mmomnaiator
TyJa C MOOWJIBHBIX YCTPOUCTB. CpeHeCTaTUCTUYECKUN POCCHSHUH MPOBOJMT B COIICETSIX 3HA-
YUTEIBHOE KOJIMUYECTBO BpEMEHU — 2 yaca 19 MuHYT B cyTkH, a B IHTEepHETE — o4ty 6.5 yacoB
B cyTkH. CTOUT TaKXKe OTMETHUTD, UTO 85% POCCHUSH BBIXOIAT B MIHTEpHET KaXK/Iblii ICHb.

K coxanenuro, 1aHHbIE O MPOLIEHTHOM COJIEP’KaHUU BO3PACTHBIX I'PYNIl B TAKOM OypHO
pacTyiieM MHPOpPMAIllMOHHOM OOMEHE MPAKTUYECKU OTCYTCTBYIOT. OJJHAKO MOJKHO I'apaHTH-
POBAHHO YTBEPK/aTh, UTO MOAABISIONIEE OONBITUHCTBO UIKOJIHHUKOB U MOJPOCTKOBON MOJIO-
JIEKU UMEIOT JTOCTYII K 3TUM pecypcaM U MPAKTUUECKHU <GKUBYT» B INI0OATLHOM BUPTYaJIbHOM
npocTtpaHcTBe. K 3TOMy KOHTHHIEHTY, HE 0€3 yJacTusi poAUTENeH, aKTUBHO MOJIKIIOYAIOTCS U
JIETU CTapIUX TPy JAETCaJ0BCKOIO BO3pacTa.

MexaHu3MBbI I100aJIbHOM BU3yalIM3alliK, CO3/IaHHBIE MAPKETOJIOTaMH, rpauIeCKUMH -
3aifHepaMH U BU3yaJIbHBIMU MH)KEHEPAMH B «YMHBIX» YCTPOWCTBaX, MO3BOJISIFOT CHU3UTH TpPe-
00oBaHMS K KBATHU(UKAIIMKI CBOUX TOJI30BaTENIel HACTOIBKO, UTO JJAXKe JETH, eIle HE YMEIOIINe
YUTaTh W MHCATh, YK€ MOTYT IIPOCMATpUBaTh, NepeaaBaTh U Jaxe pasmeniarb B VIHTepHeTe
(dhoTorpaduu U BUIEO3AIUCH.

MacmtabHoe npodeccuoHanbHOE HCCIeIOBAHUE BOIPOCOB, CBS3aHHBIX C HCIIOJIb30Ba-
HUeM VHTepHeT-pecypcoB IeThbMH, ObUIO MpoBeneHO kommanuei RUwmerpuka’. I1aBHBIME
KPUTEPUSIMH aHAJIN3a TOJYYCHHBIX JAHHBIX, MOJIOKEHHBIX B OCHOBY BBIBOJIOB, CTQJIU CTATH-
CTHUYECKHE MoKa3aTeNu, BUbI J0cTyna B HTEpHET (CaMOCTOATENBHO MITU MOJT HaJI30pOM PO-
JUTenei ), a TakyKe aHaliu3 JOCTYITHOTO MaTrepHalia, CoAep Kallero 3anpeieHHbie deMeHTh. B
pe3yabTaTe UCCIe0BaHuUs ClIeJaHbl HEKOTOPBIE BBIBOJIbI, B YACTHOCTH, CTATUCTHKA YKa3bIBAET
Ha MOYTH JEBITUMUUIMOHHYIO JETCKYIO ayiuToputo MIHTepHeTa, MpuieM yYTeHbI TOJIBKO E€TH
mitazme 14 jet, U3 KOTOPBIX TPU YETBEPTH MOJb3yIoTcss MIHTEepHET-pecypcamMu 6e3 KOHTPOJIs
co cTopoHbl ponuteneit. Cpeau Bcel AETCKOW ayaUTOPUU €CTh MOJb30BaTEIN MJIAAIIE TSITH
aet, npudeM nopsaaka 90% u3 HUX MPOCMATPUBAIOT CAMTHI MO MPUCMOTPOM CTapIIUX JTHUOO
COBMECTHO C poauTessiMu; okosio 40% neTeit mocemaroT CaiThl, IIe pa3MelieHbl TOpHOTrpadu-
yeckue marepualisl; npumepHo 20% aereit npocMarpuBaiu B IHTepHeTe BUIE0, COAEpIKallee
CLIEHBbI HACWJIMSL U JIPYTUE HeXellaTeabHble Marepuaibl. TOJbKO MOJOBUHA AETE HE BCTpeyasa
B CETH CCBUJIOK MJIM PECYPCOB, COJEP/KaHUE KOTOPBIX HE IPEJHA3HAUEHO JJIs IPOCMOTpaA ACTSAM.

3ammra JieTeld ¥ IOJPOCTKOB OT HOBBIX MH(OPMAIIMOHHBIX YTPO3 SBIISIETCSI HEOTHEMIIEMOM CO-
CTaBJIIFOIIEH CUCTEMBI 0OecTieueHrs MHPOpMaIIMOHHOM Oe3omacHocTH B Poccuiickoit deneparum.
Cornacuo nerictBytomeid JlokTpuHe MHPOPMAIMOHHON O€30MacHOCTH, MPUHATON B Poccum
[1], mox nHOpMaIMOHHON 0€30MaCHOCTHIO MOHUMAIOT COCTOSIHUE 3alIUIIIEHHOCTH JTMYHOCTH,
o0miecTBa ¥ TOCYIapcTBa OT BHYTPEHHUX M BHEIIHUX WH(GOPMAIIMOHHBIX YTPO3, IPU KOTOPOM
00ecreunBaTCs peanu3alis KOHCTUTYIIMOHHBIX MpaB M CBOOOJ YeJIOBEeKa U TpaKIaHWHA,
JIOCTOIHBIE KAaueCTBO U YPOBEHb JKU3HU TPaXkJlaH, CyBEPEHUTET, TEPPUTOpUAIbHAS LIEIOCT-
HOCTh ¥ YCTOMYHMBOE COLMATIbHO-DKOHOMUYECKoe pa3Butue Poccuiickoit denepaiinun, 00opoHa

“https://studylib.ru/doc/866969/masshtabnoe-professional. noe-issledovanie-voprosov--svyazan...
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u 6e3omacHOCTh rocyaapersa. [loctynupys, 4To pedeHOK — 3TO JIMYHOCTh, WICH OOIIecTBa U
rpaXkAaHuH, o0JIaJaloOIINIM ONpPEeIEHHBIMU ITpaBaMu U 00S3aHHOCTSMU (XOTSI U HEIOJIHBIMU
710 TOCTHKEHUS BO3pacTa J€eCcoCOOHOCTH), Mbl IIPUHUMAEM U UHTEpechl peOeHKa B HH(pOp-
MaIlMoOHHOM cepe Kak 00BbeKT 3amuThl. KpomMe TOro, HUKTO HE CTaHET CIOPUTH C UCTUHOM,
YTO JIeTH — Harle Oyayiee. 3akiabiBasi OCHOBBI MH(POPMAIIMOHHOM 0€30MacHOCTH Ha YPOBHE
MH(QOPMAILIMOHHBIX HHTEPECOB JieTel, Mbl (POpMUpPYEM CTpaTeruio nHPOPMALIMOHHON Oe3omac-
Hoctu Poccuu [2].

JIOCTH>KEHMIO 3TOM Ba)KHOM 3a/1a4M CIIYKUT U ITOANKMCAHHBIN coBceM HenaBHO Denepaib-
HbIi 3akoH oT 01.05.2019 Ne 93-®D3 «O BHecenun usmenenuii B dGenepanbhbiii 3akoH «O 3a-
IUTe AeTel oT MHPOpPMAaLUU, MPUUYUHSIONIEH Bpell UX 30POBbI0 U Pa3BUTHIO» U OT/EIbHBIE
3aKoHOJIaTeIbHbIe akThl Poccuiickoit denepanuny». 3akOH peryJIMpyeT OTHOILICHUS, CBI3aHHbBIC
C 3alIUTON JaeTelt oT uHbOpMAIUK, IPUUIUHSAIOMIEH Bpel UX 3[0POBbI0 U (WJIM) Pa3BUTHIO, B
TOM YHCJIE OT TaKOW MH(POpMAIUH, coaeprkaieiics B MHGopMaliMoHHOH npoaykuuu.B 3akone,
B TOM YHMCJI€, OIIPEJEIIEH NOPAJOK pealn3aliy 3apeTa Ha pacpoCTPAHEHNE CPEU IeTeM UH-
dopmarmu, coaepikaiieii n300paKeHUE WM ONMHCAHNE CEKCYyaTbHOTO HACHITUS®.

ITocTanoBKka mpodJieMbl

C npHx00M UHTEPHET-TEXHOJIOTUH B IOBCETHEBHYIO JKU3Hb JIIO/IEH MOSBUIUCH HE TOJIBKO
HOBBIE€ BO3MOXHOCTH, HO U HOBbIE yrpo3bl. C OJHON CTOPOHBI, BUPTYyajbHAs COIMAIbHAS aK-
TUBHOCTH peOeHKa — 3TO 3aJI0T €ro pa3BUTH U MPOLBETAaHUS B OyAylleM, C APYroi CTOPOHBI,
MOSIBUJIUCH PUCKU MCIOIb30BaHUS UM HEKOHTPOJIUPYEMBIX KOMMYHUKALIUN U IOCTYTA K 3a1rpe-
LIEHHOMY KOHTEHTY, KOTOPbIE YTPOXKAIOT €r0 CUXUYECKOMY 3/I0pPOBBIO M 01aronoayuuio.

0030p coUANBHBIX YA3BUMOCTEH IIKOJIbHUKA

Ceromus pasmenienne uHpopMauu O cedbe B CETH HE MPEICTABIISET HUKAKOH CIOXKHO-
CTH:3TO MOXKHO CJIEJIaTh C KOMIIbIOTEpa, CMapT(oHa U APYTUX T'aJKETOB, KOTOPbIE MOSBIISIFOTCS
y JeTeit ¢ paHHero Bo3pacta. OJJHaKO 1€TH OHU HE BCEria MOHUMAIOT, YUTO MOXHO, a UTO HEeNb3s
BBIKJIA/IBIBATh B CE€Th, KAKHE 3TO HECET MOCIIEACTBHS — B 3TOM IIpodiema. Yxke copMHpoBaioch
Takoe MOHATHE, KaK udpoas pernyTanus. JlaHHOE MOHATHE TPUMEHUMO K IOPUIUYECKUM U
(U3MYEeCKUM JIMIIAM U OTPa)KaeT UX JeATeNbHOCTh B ceTH MHurepuet. Lludposas penyrauus
UTpaeT BaXKHYIO pOJIb B KHU3HH uesnoBeka. KOoppekTHO mpeacTaBieHHas MO3UTHUBHAS MHQOP-
Malus JaeT NPeuMyIlecTBa U paclIMpseT BO3MOKHOCTH. biaronaps rpaMoTHO cO3laHHOMY
Mpo(dUITI0 B UHTEPHET-IIPOCTPAHCTBE, MOYKHO JOCTUTHYTh YCII€Xa B CBOEH 1€ATEIbHOCTH, Hali-
TH €IMHOMBIIIJIEHHUKOB, IapTHEPOB, padoronareneil. [logpocTkoBas MoI0aeXb — 0COOCHHO —
HAXOJUT TaKUM 00pa3oM BO3MOKHOCTh CAMOBBIPAXKEHUS Yepe3 BUPTYaJIbHbIM MUp, HE HAXOS
NOHUMAaHUs B MUPE PEaTbHOM.

MHorue noyib30BaTeIy UCIOIb3YIOT COLMAIbHBIE CETH JUIS Nepeiadyn pa3IndHoi HHGOp-
MaIliy, B TOM YHUCIIe, IepeJatoT HH(HOPMAIINIO, PEACTABISIONIYI0 BpaueOHY0 TallHy, TapOJIH,
CBE/ICHUA O J0XOJaX U UMYILECTBE CEMbHU, IUIAHUPYEMBIX NO€3/KaxX U yBieueHusax. M takas
nH(popMalus, B 3aBUCUMOCTH OT LIeJIe U HAMEPEHUH TeX, KTO MOTY4YHI K HEH JOCTYI, MOXET
OBITH HCIOJIb30BaHa Mo-pa3HoMy. CTOUT OTMETHUTH (akT TOro, YTO UH(OpMaLKs, MonaBmIas B
WuTepHet, ocTaeTcs TaM HaBCera: «...KOMUU MH(POPMALIUU JETAI0TCS Ha MHOXKECTBO CepBe-

Shttps://www.garant.ry/products/ipo/prime/doc72135250/
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poB. McTopus Bamux 1eMCTBUI — TaKkKe MUILIETCS U MPOTOKoIUpyeTcs» [3].

Ecnu yenoBex HamMepeHHO ocTaBisieT nHpopManuio o cede B cetu MIHTEpHET, TO HalTH ee
HE CJIOXKHO: JJISl 3TOTO JIaXKe eCTh CIielMajIbHble MPOrpaMMHbBIE CEPBUCHI, HaIIpuUMep, SHAeKc.
JIromm, SocialMention u ap. Bo Bcemuphoit mayTuHe ecTh 0cOObIe KAaTeTOPUH MOJIb30BaTEIEH,
KOTOpBIE cOOMpaIOT MHGPOPMAIIHIO O CyObEeKTe ISl COBEPIICHUS MOIICHHUYECKUX JeUCTBUU.
W 4yem Gombllle JaHHBIX O CyObEKTE€ OHM CMOTYT HAaWTH B MHTEPHET-NPOCTPAHCTBE, TeM OoJiee
IIUPOKUH CIIEKTP MOLICHHUYECKUX JIEUCTBUI OHU CMOI'YT PEaIn30BaTh.

[ToapacTaromemMy MOKOJICHUIO BaKHO TTOHUMATh, YTO KOJMUYECTBO MEPCOHAIBHON HH(OP-
Maluu o ce0e B UHTEPHET-NPOCTPAHCTBE CTOUT OTPAaHUUYUTh, YTOOBI HE CTATh MOTEHIUATbHON
KEPTBOU 3710yMBIIIIEHHUKA. BO3MOXXHOCTBIO /711 aTaKl MOTYT MOCIYKUTh: (poTorpaguu 10-
porux npuoOpeTeHuit, BUIe0 ¢ OIU3KUMHU JIFOAbMHU, MACIIOPTHBIE JaHHBIE, apec MecTa KH-
TEJNbCTBA WM PETUCTPAINK, CEMEHHOE MOJIOKEHUE, 00pa30BaHuE, CBEICHUS O J0XO0/aX, HOMe-
pa MOOMIIBHBIX TesIe()OHOB JIpy3ell U POJCTBEHHUKOB M T. M. [Toay4yuB nocTym K Takoro poaa
nH(pOpPMAaLIUH, 370YMBIIUIEHHUK MOXET HCIIOJIb30BaTh €€ HE TOJIBKO MPOTUB KOHKPETHOTO Ye-
noBeka (pebeHka), HO ¥ MPOTUB €ro OIM3KUX.

To, 4TO MPOUCXOAUT B CETH, KOMMEHTAapUU B ajipec peOeHKa, MMOJIPOCTKA, TaK WIK MHAYe
OKa3bIBaIOT Ha HETO CUJIbHOE COLMAIbHOE BIUSHUE, TaK KaK B IIKOJIBHOM Bo3pacte hopmupy-
I0TCA CO3HAHUE, MUPOBO33PEHHE, HPABCTBEHHBIE ACMEKThl TUYHOCTU B3pPOCIIOTO yesnoBeka. B
MPEBATUPYIOLIECH CTEMIEHU 3TO 3aBUCUT OT COIUANBHBIX COCTABIISIFOIINX, OHAKO, HE TOJIBKO OT
OmKaiiero OKpy»keHusl, HO ¥ II00ATbHOTO COLUANTBbHO-KYIBTYPHOTO BIUSHHUSL.

Ceifuac HHTEPHET-CEPBUCHI SBISIOTCSI OCHOBHBIM MOCTABIIMKOM HH(pOpPMAIINH, CIIOCO00M
nocyra. BaxHo moHMMarh pUCKM MHTEPHET-IPOCTPAHCTBA: MPOAOKUTENBHOE M0JIb30BAHNE
WuTepHeroM HeceT Bpen (pU3MUECKOMY 30POBbIO U ICUXUUYECKOMY CO3HAHMIO YEJI0BEKA, 0CO-
O6eHHO pebenka. OHO 00yCIIOBIIEHO KOHTEHTOM, KOTOPBIN HE MpeaHa3Ha4YeH I TOH W WHOM
KaTeropuu Mojab30BaTesei.

BoT HECKOIBKO Cephe3HBIX PHCKOB 3JI0YTIOTPEOIeHHS OIb30BaHus IHTepHETOM:

® DUCK OBITh BOBJICYEHHBIM B CEKThI, TEPPOPHU3M;

® JIOCTYI K Marepuajiam, MOBBIIIAIOIINM PUCK MOJPOCTKOBOIO CYHIIUAA;

® CKA)KEHUE HPABCTBEHHBIX [IEHHOCTEN Ha OCHOBE YBHUJIEHHOTO KOHTEHTA;

® HaHeceHHe Bpena (pU3nuecKoMy 370POBbIO.

JleiicTBUTENBHO, B YCIOBUAX (HOPMUPOBAHUS TNI00ATEHOTO MH(GOPMAIIHOHHOTO OOIIECTBa
U, COOTBETCTBEHHO, CO3/1aHus cepbl N00aTbHOr0 HHPOPMAIIMOHHOTO MPOTUBOOOPCTBA OC-
HOBHBIMU OOBEKTAMH HHTEPECOB PACTIPOCTPAHUTENEH UACONIOTHH TEPPOPU3MA U SKCTPEMHU3MA
SIBIIIETCS MacCOBOE M MHAMBHAYaJIbHOE CO3HAHWE MOAPOCTKOB U Monoaexu. udopmannon-
HO€ BO3/ICHCTBUE OCYILECTBIAETCS Kak Ha (poHE MHPOPMAIIMOHHOTO IIyMa CYIIECTBYIOLUIUX U
co3aaBaeMbIX TexHojorui «BigDatay, Tak U B ycnoBuAX MH()OPMAIIMOHHOTO Bakyyma (BHe-
JPEHNE W3MEHEHHBIX MOpaJbHBIX IeHHOCTEH). COBEPLICHCTBYIOTCS IMPAKTUKU BHEAPEHUS
MICUXOKOMIIBIOTEPHBIX TEXHOJIOTU B cOllMalibHBIE pecypchl IHTepHeTa ¢ 11ebI0 HaBA3bIBaHUS
YyXAbIX 1ieJiel, BepOOBKH a/IeTITOB SKCTPEMHUCTCKUX MJIeH, HAaBA3bIBAaHUS KyJIbTa CHIIBI U 0€3-
HakazaHHOCTH. [loOyxnaroiieii MoTHBalMel MHUIIMATOPOB B KaUeCTBE IieJieyKa3aHUs MPpH pa-
00Te ¢ MacCOBBIMH MOJIOJIC)KHBIMU ayIUTOPUSIMU SBIISIOTCA JKaXKa BJIACTH M MaTepUaIbHOTO
oOoraiieHus, a MyTIMU JTOCTHXKEHHUS 1iefieil — HOBbIE KOMITBIOTEPHBIE TEXHOIOTUU MH(pOpMa-
UOHHO-TICUXOJIOTUYECKOTO BO3ACUCTBUS Ha (POPMHUPYIOLIHECS «Majibleé MUPBD», COOOIIECTBA
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IOHBIX TT0JIB30BaTENIeH COLMAIBHBIX PECYpCOB MO HHTEPECAM.

CoumasbHbBIE CETH — ATO €IIE OIWH acleKT BceMupHOii mayTHHBI, B KOTOPBIX IPHCYTCTBY-
IOT PHUCKH, CBSI3aHHBIE C OOIIEHHEM, HAYMHAS OT PEKJIAMBI IIATHBIX TOAIMCOK 10 OOIICHHS
C IOCTOPOHHUMH, KOTOPbIE HEPEIKO MPUCHUIAIOT KOHTEHT MOPHOTPapUUeCcKOro Coiepx aHus
WIN TpONaraHupyoT MaTepuabl, MOBBIIIAIONINE PUCK TOAPOCTKOBOTrO cyuiuaa. MaccoByro
MPUBSI3aHHOCTh IIKOJIBHUKOB K conManbHbIM ceTsiM «BKonTtakrey, «Facebook», «OnHokmac-
CHHMKI» MOXHO OOBSICHUTh HAJIMYMEM MACChl yIOOHBIX CEPBUCOB TaK HA3bIBAEMOTO «COIMAIIb-
Horo codra» [4]. Ho oTcyTcTBHe HEH3Yyphl B O€3HAKA3aHHOCTH 3a9aCTyI0 MPUBOJAT K HETPHU-
SATHBIM, a TIOPOH U TParu4HbIM, HHIUACHTaM. TaKue ceTH CHaOKeHBI CHCTEMaMHt COBPEMEHHOM
KOHTEKCTHOM PEKJIaMBI, C HCIIOJIH30BAaHUEM KOTOPBIX MOXKHO 0€3 Tpy/la HaBS3bIBAaTh MOJIOICKH
YyX/bI€ MBICIIU ¥ UJIEH U IeTIaTh 3TO MaKCUMalIbHO 3 (EeKTUBHO (pacrpeesieHHe peKiIaMbl 110
LEJIEBBIM ayIUTOPUSM: BO3PACT, MECTO KHUTEIbCTBA, yueOsbl U 1p.). KpynHbie UTpoku pexsiam-
HOM c(hepbl TOTOBBI PACKPYTHUTH JHOOYIO0 HJICH0, HE 33 JyMBIBasCh O MOPAJIbHOM COCTaBIISAIOLICH
[5]. Tak, B pexiiaMy BHEAPSIOTCS HE TOJIBKO MOpHOTrpadusi, HO U MPOIaranja aJKoroJs, a TAKKe
UTPBI, IPOBOIMPYIOLINE HACHITHE.

3aryckasi HOBbIE COIIMATbHO-OPUEHTHPOBAHHBIC TIPOEKTHI B COIMAIIBLHBIX PECYpCax, KOTO-
pble MHTEPECHBI IIKOJIbHUKAM, HHUIIMATOPbI CTPEMATCS 10CTUYb MAKCUMAJILHOTO MICUXOJIOTH-
YEeCKOT0 BO3/ICHCTBHS HAa HEYCTOMYMBYIO IICUXUKY TOAPOCTKOB, 3a4aCTYIO UCIIOJB3Ys MOJIOEK-
HBII CJICHT, HEHOPMATUBHYIO JIEKCHKY, CKPBITHIE U SIBHBIE MPU3BIBBI K Pacu3My, KCeHOPOOUH 1
HAIMOHAJIbHOW HETEPIUMOCTH.

Korna pebenok morpyxaercs B oOmeHrne B 1u(ppoBOM MPOCTPAHCTBE, TO HE 3ayMbIBa-
€TCsl O TOM, KTO CHJHT 10 Ty CTOPOHY 3KpaHa. [Ipu o0IIeHn OH UCIIOIBb3YeT aCCOI[MaTUBHOE
MBIIIUIEHHE, YTO MOXET OBITh KpaiiHe OMacHO. boNbIIMHCTBO MPOQEeCCHOHATBFHBIX MOIICHHU-
KOB M MAaHUITYJISITOPOB CO3HAHUS 00JIaAAal0T HAaBBIKAMHU COLMAIBbHON HHxkeHepun. Camblil ipo-
CTOI OOBEKT UX «OXOThI» — peOEHOK, Beb K HEMY TaK MPOCTO BOWTH B foBepue. CyliecTByeT
MHO>KECTBO CITy4aeB, B KOTOPBIX JIETH MOABEPraoTCs COUAIbHOMY HAacHINIO. [ paMOTHBIH co-
UAIBHBIA MHKEHEP MOXKET 32 HEeOOIBIIONW MPOMEXYTOK BPEMEHHU JOBECTH peOeHKa /0 He-
YPaBHOBEIIEHHOT'O COCTOSIHHSI, ITOCJIE KOTOPOrO MOXKET IMPOU30UTH YTO-TUO0 — OT CYUIIUIOB U
MPECTYIJICHUH 10 BEIMOTATEIBCTBA, COMAIBHON M30JISAIIMN HE TOJIBKO B BUPTYAIBHOM, HO U B
peaJIbHOM cpenie.

3aKynuCHbIE CIIENUATUCTBI U UX MyOIUYHbIE MTPEICTaBUTENH LIeJICHANPABICHHO BOCIIUTHI-
BAIOT POCCHICKYIO MOJOJEKb B ACCTPYKTUBHOM Kitoue. OHM pa3palaTbIBalOT U pPeasiu3yroT
«yBJIEKaTeIbHbIC» METOJUKH, CIICIIUATBHO PACCUUTAHHBIC X «IIE€AArOraMim» U «IICUXOJIOTaMI»
JUTSL HE3PEJBIX YMOB U Oypiisiux 4yBcTB. COIMOTEXHOIOTHH aHTUTYMAHHOTO XapaKTepa OTTa-
YUBAIOTCS HA YYaCTHHUKAX MOJIOJEKHBIX «KIyOOB caMOyOHUIID» B COI[MAJIbHBIX CETAX. Takum
00pa3oM 0TpabdaThIBalOTCA HHCTPYMEHTHI «PacueIOBEUMBAHMS) MOJIOIOTO TOKOJIEHUS, TPEeBpa-
IIICHHS €0 B CJIENIOE OPyAUE UyK0oH Bosu [6-9].

HeB03MOKHOCTH KOHTPOJHUPOBATH BUPTYAJbHBIC KOHTAKTbI peﬁelﬂca

Ecnu B peanbHOM ®KU3HU MBI MOYKEM 3allpeTUTh pEOEHKY pa3roBapuBaTh C HE3HAKOMIAMH,
TO B BUPTYaJIbHOU CPelle B3POCIBIA YEIOBEK JOCTATOUHO JIETKO MOXET 3aMacKUpoBarbCs. Pe-
T'YJIUpOBaHME KpyTa 0OLIeHH peOCHKA B BUPTYaJIbHOM Cpelie I MHOTUX POUTEINIEH SIBIISCTCS
CJIOXKHOM, a MOPOM U HEBBIIIOJIHUMOM 3aJ1aueil, a €CIIu POJUTENN HE CIEAST 32 KPyroM OOLIeHUS

Russian Technological Journal. 2019;7(4):21-30
26



C.C. dy6os, B.B. JInaskos, M.A. Kapb6anzosa

pebeHka, OH MOXKET He TOJIBKO MOMacTh MOJI IUI0X0€ BIMSHKE, HO U OBITh BBA3aH B MOJIUTHYC-
CKHE TMCKYCCUH, 3aBepOOBAH WIIA TICUXUYECKH CIIOMJICH.

Iloka B 0Opa3oBaHMU M B OOIIECTBE B LIEJIOM HAOIIOAAETCS «BOCIHUTATENIBLHBIN BaKyyM», €r0
3aMOJTHSIIOT BECbMa COMHHTEIBHBIE, a 3a4acCTYI0 H, HECOMHEHHO, BPEJHbIE «MCTOUHHUKIY. ITO «4ep-
HYIIHBIE» KMHO(MUIIBMBI, «PIM-KYIIETYPa», TEPIUMOCTb K «JIETKUM HapKOTHKaM», K ITOJIOBOI Hepas-
OOpPUMBOCTH, «EBPOIEHCKasH» MOJIAa Ha «YHUCEKCY. B KOMIIBIOTEPHOM MHpE 3TO COLMa-IapBUHUCT-
CKHE KOMITBIOTEPHBIE UTPhI-«CTPEISUIKI» U CEKTAaHTCKHE TPYIITb B COLMAIBHBIX CeTsX. B kauecTBe
npUMepa MOKHO TIPUBECTH OHJIAWH-UTphl. KimtoueBast OmacHOCTh B HUX 3aKIIIOYaeTCs IMEHHO B CO-
[UATGHOM YacTH Wrp. B 3TH UIpbl UrparoT pa3HbIe JIIOH, U3 PA3HBIX CTPAH MUPA, B TOM YHCIIE U
37I0yMBIIITCHHUKH, ¥ KOKIIBIH U3 HIX MOXKET HaNPSIMYTO TIOTOBOPHTH C PEOCHKOM.

Cepbe3nyto omacHOCTh 1 aetei Taut JlapkaeT (Darknet) — ckpbiTas ceTh HHTEPHET-COC-
nuHeHui. Jljig omHuX — 3TO 3amupOBaHHBI MUP CKPBITHIX CEPBUCOB Tor, B KOTOPOM HENb3s
BBIUMCIINTH NOJIBb30BATENEH, IS APYTHX — 3TO T€ CAUTHI, KOTOPbIE HE HHAEKCUPYIOTCSI OOBIYHbI-
MU TIOMCKOBBIMH CHCTEMaMU: TAMHCTBEHHBIE AeOpU 3araposieHHbIX BeO-pecypcoB, HE CBsI3aH-
HBIX JPYT C APYTOM CTPAHUI] U CKPBITOTO KOHTEHTA, JOCTYITHOTO TOJIEKO «CBOMMY, JUIsI KOTO-TO
— 3TO TPOCTO 00IIee MOHITHE, IO KOTOPHIM TTOIpasyMeBaeTcsl BCs Ta 0e3/1Ha MIOKUPYIOIHX,
MyTAIOLIUX U MPOBOKAIIMOHHBIX YroikoB MHTepHeTa, rne o6uTatoT BooOpakaeMble MPEeCTyII-
HUKU U 3]I0/IeU BCceX MacTeil u kanubpos. [opa3no BaxkHee CyTh JAHHOTO SIBICHUS: 3TO HE MPO-
CTO TMOJMOJNbE, U30IUPOBAHHOE OT MPUBBIYHOTO HaM MHTepHeTa, U IpU TOM BCE K€ SBISIO-
ieecs €ro 4acThlo, IIapCTBOM IMOJHON CBOOO/BI U AHOHUMHOCTH, T/I€ TOJIb30BaTEIN TOBOPST
U JIyMaloT TO, YTO UM HPABUTCS, Oe3 IIeH3ypbl, 0e3 mpaBuil, 0e3 00IMIEeCTBEHHBIX PaMOK. JTa
pealbHOCTb, CTOJb JK€ MIOKUPYIOIIAsl U ITyTaloIast, CKOJIb U POTPECCUBHAs, U TBOpUECKasi, U
OHa ropaszio OlMke K HaM, YEM Mbl JyMaeM.

JIapKHET peIKO CXOUT C HOBOCTHBIX 3ar0JIOBKOB — MOJIOZIBIE JIFOIIM BHIKJIAIBIBAIOT JIFOOUTEIb-
CKYI0 TIOpHOTpaduio, KuOepOyIiepsl (JTFOIM, HACMEITKAMHA M YTPO3aMH IYTAOIIHe WK YHIDKAKO-
IIME YeI0BeKa) M TPOJUTH JOCAXKIAIOT HE3HAKOMBIM JIFOMISIM, TIOTTHYECKUE SKCTPEMHUCTHI 3aHUMa-
F0TCSI TIPOTaraHioi, KoHTpadaH A, HAPKOTUKH U CEKPETHBIE TOKYMEHTBI MOYKHO KYTIUTh B OJUH-BA
KJIMKa — BCE 3TH PAcCKas3bl KK IEHb MEITPKAIOT Ha TIEPBBIX Nosiocax. Ho Kak HU cTpaHHO, 3TOT
MHp NPAKTUIECKH HE U3BE/IaH U HETIOHSTEH OONBIIMHCTBY M3 Hac. HeMHOrHe peranyich norpy3uThb-
cs1 B iTyOrHbI THTEpHETa 1 XOTh OTHUM IJ1a3KOM TOTJISIETh Ha ATH caiThl [10].

OTa HEU3BECTHOCTh CUJIBHO MPHBIEKAET MOAPOCTKOB, HO M3-3a YePEeCUyp OTKPHITOTO HH-
(hopMaIMOHHOTO MPOCTPAHCTBA M BEChbMa MPOCTOT0 AOCTYyMa K JIOOBIM JIaHHBIM, BCE HailIeH-
Hoe B JlapKkHETE CTAaHOBUTCS CBOOOIHO OT HOPM M TPaBWIL. ITO OOJIBIIAst OTTACHOCTD JaXKe IS
B3pOCJIOrO YeJI0BeKa, a JAJIs MOAPOCTKA JaHHAsI JOCTYMMHOCTh MOXET OKa3aThCs KPUTHUUYECKOM.
[TompocTkoBast ICUXUKA MOXKET HE BBIJEPKATh MOPLHUIO0 0YEPETHOTO KOHTEHTA, MOJIPOCTOK MO-
KET TOTEePATH CBS3b C PEATLHOCTHIO U, CaM TOTO HE M0JI03peBasi, CTaTh OPYKHEM B pyKax Ipo-
(eccruonanbHbIX BepboBnkoB lapkuaera [11].

B cBsi3U ¢ TeOMETPUYECKUM POCTOM KOJIMUYECTBA MOJB30BATENICH, UX MIOTPEOHOCTEH 1 BO3-
MOXHOCTEH B M(POBOM IPOCTPAHCTBE MOSBUIACH TOTPEOHOCTH M B UX 3aIUTE.

3amura pedeHka B ungpoBoM NMPOCTPAHCTBE
JleTckue TICUXOJIOTH BBIACNSIOT ITIaBHBIM METOJ 3aIllUThl peOCHKA OT COIMANIBHBIX yTPo3

— obmenne ¢ pedberkoM. O0maTeesi ¢ pedeHKOM HY)KHO BCE BpEMsi, IPHUYEM U B PEAILHOM, H B
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BUPTYaJIbHOM IIpocTpaHcTBe. HeoO0X0aMMo cTaTh HE TOJIBKO €Tr0 POJUTEIEM, HO U €T0 CTapIINM
JPYTOM, KOTOPBI CMOXKET HE TOJIBKO OOBSCHUTH PEOCHKY, YTO €My JeNiaTh, HO M MOHSATH €T0
TICUXOJIOTHIO U, CIIEJOBATENBHO, €ro c1adbocTu. ToIbKO POAUTEIh CMOXKET OTPaiuTh peOeHKa OT
OIIACHOCTH KAK B PEAIbHOM, TaK U B BUPTYaJIbHOU KU3HU. OJHAKO B HACTOAILEE BPEMS MHOTHE
pOAMTENN HE MUMEIOT HABBIKOB JUIsl 0OecleueHus] KOHTPOIIs MoBeJeHNs peOeHKa B IIUPPOBOM
IIPOCTPAHCTBE.

B cBs3u ¢ 3TUM Ipeiaraercsa co34aTb UHCTPYMEHT, MO3BOJISAIOIUN KOHTPOIUPOBATh
COIMAJBHYIO aKTUBHOCTh peOCHKa, pa3MeIaeMylo U IPOCMaTPUBAEMYI0 UM HH(OPMAIUIO
B ceTu MHTepHET. DTOT HHCTPYMEHT MOXKET ObITh mocTpoeH no npuHiuny DLP-cucrem:
YUYUTBIBATh 4acTOTY, BPEMs MCIIOJb30BaHMS TaJKeTa, aHAIU3UPOBATH COAEPIKAHUE IPO-
CMaTpPUBAEMOr0 KOHTEHTA, UIEHTHU(QUUUPOBATh KOHTAKTHI, IPOCMATPUBATh BXOJASILHUE U
ucxoasmue SMS, oTciieKuBaTh UHTEpHET-TpadUK, reosioKauio TeaegoHa u ap. Apxu-
TEKTypa TaKOro MHCTPYMEHTA JI0JI’KHA ObITh MOCTPOEHA Ha MOJIENIN KIUEHT—cepBep (KIH-
€HT — 3TO TaJKeT peOeHKa, cepBep — 3TO rapkKeT poauTens). MHCTpyMEHT OJKEeH UMETh
BO3MOXHOCTh YCTaHOBKHM Ha JIO0YI0 MmiaaTdopMy M OTBEYaTh CUCTEMHBIM TPeOOBaHUSIM
YCTPOMCTB pojauTeneit u aereil. Y poaureneil 10dxkeH ObITh c1ocod U3MEHATHh U JOMOJI-
HATb 0a3bl JAHHBIX C PAa3pEIICHHBIM U 3alPEIICHHBIM KOHTEHTOM, ONUPasACh HA CTATUCTH-
Ky aKTUBHOCTHU peOeHKa, Oyab TO UTPBhl, YaThbl, 3BOHKHU, BPEMsI MCIIOJIb30BAaHUS raJKeTa Ha
pa3NUYHBIX pecypcax U T. 1. ONoBeleHne U KOHTPOJIb HaJl JeHCTBUAMU peOeHKa MOTYT
OCYIIECTBIATHCA Kak uepe3 SMS-onoBemenus, Tak U 4epe3 OHJIAH-MOHUTOPUHT B IIPU-
noxeHnu. SMS-onoBeneHnust MOTYT OBITh MOJIE3HBI JJII CBOEBPEMEHHOTO pearupoBaHus,
KOTJ]a YCTPOWCTBO POAMUTENS HAXOAUTCA B O(iailH-pexxuMe.

[TomoOHBIM MHCTPYMEHT KOHTPOJIS TOJDKEH OBITh CKPBIT OT peOCHKA, TaK KaK B OOJBIIMH-
CTBE CJIy4aeB JETU HEraTUBHO PEATUPYIOT Ha 3alIPEThl M OTPAaHUYEHUSA. DTOT HHCTPYMEHT I10-
3BOJIUT, KPOME TOTO, POAMUTENSAM, CTPAJAOIUM HUPPOBON OE3rpaMOTHOCTBIO, «HE YITYCTUTh
peOeHKa, 3alUTUTh €0 U IOMOIaTh AKTUBHO Pa3BUBAThCA B CJ1a00 JOCTYITHOU JJISt pOIUTENCH
cpezne , MpOBOJs KOMIUIEKCHBIN BOCIUTATENbHBIN mpouecc. Benp «iydmmii crnocod 3aiuThl
JeTel — npaBuiibHOE BocriuTanue» [12] .
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Ilynbcanmy HalIpsi>KeHMsl OTpUIIaTeIbHOV IIOJIAPHOCTH
Ha BbIxofde aByxnossipaoro DC-DC npeobpa3oBaresss LM27762
pu 0JIM3KOM K IIpeae/IbHOMY BXOZHOM HallpsKeHUM

B.K. BUTIOKOB,
H.I. MuxHeBMY,
B.A. IleTpoB®

MUPIA — Poccuiickuti mexnonozcuyeckuul ynugepcumem, Mockea 119454, Poccus
@46mop ons nepenucku, e-mail: vapetrov@mirea.ru

[IpencraBiensl pe3ynbTaTbl UccieqoBaHUi padoTel naBepTupytomero DC-DC mpeobpa-
30BareNs ¢ Hakaykoi 3apsia u LDO, BXonsmumx B cocTaB KOMOMHUPOBAHHOTO JBYXITOJISIPHO-
ro UCTOYHUKA BTOPUYHOTO 3j1eKkTponuTanus LM27762, B ipefebHOM peKUME NPU BXOJHOM
HanpspkeHud 5.5 B u BeixogHoMm Hanpsbkenun —4.9 B. W3Mmepsiinch nynabcanuu HanpspKeHUN
IIpU pa3IU4HbIX TOKaxX Harpys3ku oT 10 mo 250 MA Ha MONOXUTEIBHOM IOJIOCE JIETAIOIIETO
KOHJICHCATOPa, Ha BBIXO/IEC U3 CUCTEMBI HAKAYKH 3apsiia U Ha BbIXOJE MUKpocxeMbl. Ha ocHOBe
MOJTY4YEHHOM MH(pOpMAaLUU BIIEPBbIE MMOKa3aHO, YTO MPHU MAJIBIX TOKAaX HArpy3Kd MPUMEPHO 110
107 MA cuctema Hakauku 3apsja paboTaeT B peXHMe MayeK UMITYJIBCOB, a IIPU TOKaX BBIIIE
109 MA — B pexxuMe HaKauky 3aps/1a ¢ HOCTOSTHHOW 4acTOTOM. Pe3ynbrarsl He MOATBEPKAAI0T
HMMEIOLIEECS B JOKYMEHTALUA HA MUKPOCXEMY CBEICHMS O TOM, UTO IIPU NIPEACIBHOM BXOAHOM
HanpsbkeHud 5.5 B Hakauka 3apsia MOXKET BOWTH B PEKUM LIMPOTHO-UMITYJIbCHON MOLYJISALUU
B ropsiuux ycnoBusx. [lpu padore B pexxume nadek ummynscoB Haaunuue LDO B Mukpocxeme
LM27762 ymeHblIaeT MyJlbCallii OTPULIATEILHOTO HAMPSKEHUS HAa BBIXOJIE, OJJHAKO OHM 3Ha-
YUTEJBHO MPEBBIILIAIOT 3HAYEHUS, IPUBEICHHBIE B TOKYMEHTAllMU Ha MUKpocxeMy. [Ipu nepe-
XO0JI€ B PEKUM MOCTOSIHHOM YaCTOThl YPOBEHD IYJIbCALIUN OTPULIATEILHOTO HAIIPSKEHUS Ha BbI-
XOZ1€ MUKPOCXEMBI PE3KO YMEHBILIAETCS, OHAKO IIPH JaJIbHEHIIEM YBEJIMYECHUU TOKA Harpy3Ku
YBEJIMUUBAETCS U NIPEBBIILIAET BEIMYNHBI, IPUBEACHHBIE B TOKYMEHTALINN.

Knrwueswie cnosa: mukpocxema, DC-DC nmpeobpa3zoBarens, Hakauka 3apsaa, UHBEPTOD,
aeTaromui kouaeHcarop, LDO, pexxuMbl Hadyky UMITYJIbCOB U IIOCTOSIHHOM YaCTOTHI.
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Ilynbcanyy HanpsDKeHVs OTpUIIaTe/IbHOV HOJIAPHOCTH Ha BbIxofAe npyxmospaoro DC-DC
npeobpasosarensa LM27762 npu 61M3KOM K IIpeeTbHOMY BXOZHOM HampsiKeHUM

Negative Output Voltage Ripples of Bipolar DC-DC Converter
LM27762 near Maximum Input Voltage

Vladimir K. Bityukov,
Nikolay G. Mikhnevich,
Vadim A. Petrov®

MIREA — Russian Technological University, Moscow 119454, Russia
@Corresponding author e-mail: vapetrov@mirea.ru

The paper presents the results of studies of the operation of the inverting DC-DC converter
with charge pump and LDO, which are part of the combined bipolar secondary power supply
LM27762, at the near to maximum input voltage of 5.5 V and an output voltage of 4.9 V.
The ripple voltages were measured at various load currents from 10 to 250 mA at the positive
pole of the flying capacitor, at the output of the charge pump system and at the output of the
microcircuit. It was shown for the first time on the basis of the obtained information that at
low load currents up to about 107 mA the charge pump system operates in the burst mode, and
at currents greater than 109 mA — in the charge pump mode with a constant frequency. The
results do not confirm the information in the documentation on the microcircuit that, at the
maximum input voltage of 5.5V, the charge pump can enter the PWM mode in hot conditions.
When working in burst mode, the presence of LDO in the LM27762 chip reduces the ripples
of the negative voltage at the output. However, they significantly exceed the values given in
the documentation on the chip. During switching to the constant—frequency mode, the level
of negative voltage ripples at the output of the microcircuit decreases sharply, but it increases
with further increase of the load current and exceeds the values given in the documentation.

Keywords: integrated circuit, DC-DC converter, charge pump, inverter, flying capacitor,
LDO, burst and constant frequency modes.

BBeaeHnue

BYXIOJIIPHOE JIEKTPOIUTaHUE HEOOXOAMMO U1 MHOTUX MOOMJIBHBIX YCTPOMCTB COBpe-
I[MeHHOITI TexHUKH. K HMM, B 4aCTHOCTH, OTHOCSATCSI ONEPALMOHHBIE YCHINTEIHN UCTOY-
HUKOB AJIEKTPONHUTAHUS, PA3IMUHBbIE YCTPOWUCTBA CHUCTEM OECHPOBOAHON CBSA3H, YCHIHTEIH
HayIIHUKOB, 3JIEKTPONIUTaHNE HHTEpPEcOB U npeoOpa3oBareieil JaHHbIX, IEPEHOCHBIE H3Me-
puTeNbHbIE IPUOOPHI, IPUYEM B OOJIBLIIMHCTBE CIy4aeB NEPBUUHBIM UCTOUHUKOM 3HEPIUH SB-
JSIFOTCA JINTUM-NOHHBIE OaTapey WK Iepe3apsKaeMble akKKyMyJaTopsl. VX HanpspkeHue uzme-
HSIETCS, YMEHBIIASCh B ITPOLIECCE dKCILTyaTanuu. [Jiist co3qaHus MCTOYHUKOB AIIEKTPOIIUTAHUS
CO CTaOMJIBHBIM BBIXOHBIM HaNpsKEHUEM HCHOJb3YIOTCS MUKpocxeMbl BropuuHbix DC-DC
npeodpaszopateneil. OCHOBHBIMU TpeOOBaHUSAMU, MPEIBIBISIEMBIMU K TaKUM IpeoOpa3oBare-
JISIM, SIBJISIFOTCSL CTAOMIIBHOCTD BBIXOJHOTO HANpPSDKEHUS U Majlasi BEJIMYUHA €0 MYJIbCAIUi, a
takke Bbicokue 3HaueHus KIIJI mpu pabore B paznuuHbIX pexumax. OQHUM U3 BUIOB MHU-
KpocxeM, 00ecleunBaloLUX MMOJIy4eHHE CTAaOMIN3UPOBAHHOIO HAMPSKEHUS MOJIOKUTEIbHON
WIM OTPULATEIbHON MOJSIPHOCTH, SIBJISIFOTCSI MUKPOCXEMBI C HAKAauKOM 3apsiaa. bonpmMHCTBO
IIPOU3BOAMTENEH DIIEKTPOHHBIX KOMIIOHEHTOB INPEAJIaraeéT MHUKPOCXEMBI, MpeAHA3HAYCHHbIE
JUISL TIOCTPOCHMS JIMOO MOBBIIAIOIINX, JTUOO0 MOHWKAIOIIUX, JIMOO MOJISIPHO-UHBEPTUPYIOIIUX
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npeobpaszoateneil. M nmuiip HeOOIbIIOE YUCIO MUKPOCXEM MOXKET UCIIOIB30BATHCS IS TIOMTY-
YEHHUS PETYIUPYEMOrO OJHOIOISIPHOTO CTA0MIN3UPOBAHHOIO HANPSHKEHUS KaK B PEKUME ITOHU-
YKEHUS, TaK U B pEKHUME MOBBILIICHUS BXOJAHOTO HAMPsDKEHUs. AHaIU3 paboThl HOA0OHBIX MUKPO-
cxeM npencTariieH B [ 1-3]. OcHOBHBIMU HeoCcTaTKaMH pa3padboTaHHbIx B Havane 2000-x roaoB
U BBIMYCKAaEMbIX BIUIOTH J0 HACTOSIIEr0 BPEMEHH MHUKPOCXEM, HCIIONb3YIOIUX KIaCCUUECKYIO
TEXHOJIOTHIO HAKAYKH 3apsi/ia, ABJISIOTCS JOCTATOYHO OOJIbIAs BETMYUHA MYJIbCAIMA BBIXOHOTO
HarnpsikeHus, 00br9HO cocraistomas 20...40 mB, u 3HaunTensHoe ymenbiieHne KI1J nmpu o1-
KJIOHEHUSIX COOTHOIIEHUN MEKY BXOAHBIM U BBIXOIHBIM HAIPSDKEHUEM OT ONTHUMAJIbHbIX.

Mukpocxems! ayxnossipabix DC-DC npeoOpazoarerneil, B KOTOPbIX UCHOIb3YETCsl HaKauKa
3apsa, MOSBIIIMCH COBCEM HellaBHO. BeposiTHO, iepBoii 13 Hux Obiia Mukpocxema LTC3260 (Linear
Technology) [4]. OTa MuKpocxeMa sIBIsIETCS KOMOMHUPOBAaHHOW. OTpHIIATEIbHOE HAMPSDKEHUE BbI-
pabaThIBaeT MHBEPTOP C HAKAYKOM 3apsza, 3a koTopsiM cienyer LDO (low dropout linear regulator
- TMHEWHBIN CTAOMIM3aToOp C MaJbIM MaJICHUEM HANPSDKEHNS ), @ TIONIOKUTEIBHOE BHIXOIHOE HAIPSI-
xeHue BeIpadareiBaeT LDO moiokuTenbHOro HanpspkeHus. B 31oif Mukpocxeme cucteMa HaKauKH
3apsaa B TpakTe MOMy4EHHs OTPULIATENBbHOIO HarpsbkeHus ¢ nenbio nosbimenus KITJ[ paboraer
B PEKUME MaYeK UMITYJILCOB MPU MaJIbIX TOKAaX HArpy3Kd, U B PEKHUME MOCTOSHHON 4acTOThI MpU
OoIbIMX TOKax Harpy3ku. LDO B TpakTe OTpHUIaTeTIbHOTO HANPSHKEHUS] yMEHBINACT MyJIbCAIN Ha-
NPSDKEHUS HA BBIXOZIE, YTO OCOOEHHO BAYKHO JUIS PEXKMMA MaYeK NMITYIILCOB.

[To-BunrMoMmy, camoii HOBO# pa3pabOTKOM IBYXIOISPHOTO KOMOMHHPOBAHHOTO MCTOYHHUKA
UIEKTPONUTAHHUSA, B KOTOPOM UCIOJIb3YETCsl HaKauKa 3apsizia, sBiIseTcss Mukpocxema LM27762
(Texas Instruments) [5], rccnenoBanHas B HacTOsIIIEH padore.

OOGBEKT M MEeTOAUKA HCc/IeJOBaHUM

B coorBerctBum ¢ [5], LM27762 MoxeT BbIpabaThiBaTh HAIPSIKEHHUE IMOJIOKHUTEIBHON
U OTPHULATEIBLHON MOJSPHOCTH, BEJIMUMHBI KOTOPHIX B Jauarna3zoHax ot +1.5 go +5.0 B moryt
yCTaHaBJIMBAThCA Pa3/ebHO C MOMOILBI0 HEOOXOIMMBIX PE3UCTOPOB B IIEMAX 0OPaTHOM CBA3M
BBIXOJHBIX HanpsbkeHuil LDO. Jlnana3oH BXogHoro HanpskeHus ot 2.7 1o 5.5 B. Beixogusie
TOKH HE JTOJKHBI IpeBblIaTh £250 MA. HecOMHEHHBIM JOCTOMHCTBOM 3TOM MHUKPOCXEMBI 5IB-
JIIeTCs HU3Kasl BEIWYMHA TOKA ITOKOsI, cocTaBistonias Bcero 390 MKA, 4To JaeT BO3MOXKHOCTh
nosry4ars Belcokue 3HaueHus KIIJI mpm Maneix Tokax Harpy3ku. BeIiCOokas TakToBas 4acToTa
ocuwssTopa 2 MI'n, 1o 3aMbICITy IPOU3BOAUTENSI MUKPOCXEMBI, JOJKHA YMEHBIIATh BBIXOJ-
HOE COIIPOTHUBIICHUE U ITyJIbCALUU HAIPSKCHMUSL.

brok-cxema LM27762, umetorasics B [ 5], moka3ana Ha puc. 1. M3 31oro pucyHka BUHO, UTO B BEPX-
Hell yacTu OJIOK-CXeMbI TPe/ICTaBlIeHa MHBEPTHPYIOLIAs HAKAYKa 3apsiia ¢ UCIIOIB30BAHUEM BHEILIHETO
netaroriero konaeHcaropa (BbBoabl Cl+ u Cl-). Hmwke nokazan LDO, BbIX0IOM KOTOPOTO SIBIISIETCS
HanpsbKEHNE OTPHIIATEITHHOM TOMSPHOCTH. BBIXOIHOE HaNpshKeHHEe TONIOKUTETFHOM TIOISIPHOCTH 063
HaKa4dK| 3apsizia co3aaercs ¢ nmomoinbio LDO, moka3zaHHOTO B cpeHeit 4acTu OrIOK-CXEMBI.

LM27762 umeer Takke psja HOBBIX BXKHBIX OCOOCHHOCTEH B CHCTeME yIpaBicHus. B
4aCTHOCTH, y Hee €CThb BbIBOAbI EN+ 1 EN—, no3Bosstomue He3aBUCUMO BKJIFOYaTh U OTKIIIO-
yarb nonoxurenbuslii LDO u orpunarensuelii LDO ¢ cuctemoli Hakauku 3apsana. Mimeercs cu-
ctema MmoHutopuHra PGOOD, kotopyto MokHO oTKJI0o4aTh. K coxanenuro, uMmeromeecs B [5]
ornrcaHue OJIOK-CXEeMbI O4EHb KPaTKOe, M 10 HEMY TPYAHO MPEICTaBUTh aJITOPUTM €€ paboThI.

WcnonpzoBanHbiii B LM27762 npuHuun paboTsl CHCTEMbI HAKAYKHU 3apsijia ¢ MHBEPTUPOBa-
HUEM HalpsDKCHMs ITI0Ka3aH Ha pUcC. 2.
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Cxema nHBEpTOpa MMEET TPH BHEIHKX KOHJIEHCaTopa — BxofaHoH C ., netatoumii C , ¥ CTOSIIHHA
nepen LDO konnencarop C o
npsokenue V, 6epercs ¢ BxoaHoro konaencaropa C, . 3apsii ¢ MOMOIIBIO YeThIpex Kimouen S1...54
u sieraroriero Konaencaropa C, niepenocurest Ha konnencarop C,. ... Lk neperoca cocrout us
JBYX CTauuii. B mepBoi IPOMCXOMUT 3apsil IETAIOIIETO KoHaeHcaropa C, 0T BXOIHOTO HaPSOKEHHMS
Ha C, 1py 3aMbIkaHuy Kittoueit S1 u S3, Bo Bropoit nporcxoaut nepeHoc 3apsizia ot C, k C ., TpH
3ambIkaHuM Kirodel S2 1 S4. [TockosbKy npH 3TOM HOJIOKUTENBHBIN 1omoc C MIOZICOCTUHEH K

nHora 0003Ha4YaeMbIi B [5] Kak CCP. NuBepTupyemoe BXOITHOE Ha-

CPOUT

3CMJIC, HAIIPSAPKCHHC Ha €0 OTPULIATCIIBHOM ITOJIFOCC, OnM3KOE K 3HAUYECHUIO —V oJacTCA Ha BbIXO/

IN?
Y Ha CHCTEMY PETyITUPOBAHUS Yepe3 IEb 00PaTHOM CBsI3U. AJITOPUTM PaOOTHI CUCTEMBI PETYIHPO-
BaHMsSI ¥ KOMITapaTropa 4acToTHO-uMITy/IbcHOU Momysiiiui (PFM COMP) B [5] ve onmcaH.

K coxanenuro, mpuBoguMeie B [S] Ha MMEIOIIMXCS] TaM PUCYHKax 1 u 2 B BUJE rpaduKoB
TUIUYHBIE HJIEKTPUUECKUE XapaAKTEPUCTUKHU MYJIbCALMNA HANPSHKEHUSI HA BBIXOJE MUKPOCXEMBbI
O4YEHb OrpaHuYeHbI. 13 epBoro pucyHka MOXXHO JIMIIb 3aKIIOUUTh, YTO IIPU BXOHOM HampshKe-
Huu 3.7 B 1 BeIxogHOM —3 B 1pH yBeIMUEHUH TOKA HArPYy3KHU OT S5 110 75 MA mynabcaiiuu oTpuIia-
TEJBHOTO BBIXOHOTO HAMPsDKEHUS COCTaBIstOT okosio 0.7 MB, a npu panpHeleM yBeaTndaeHun
TOKa Harpy3ku ot 75 1o 250 MA yBenmuuuatorcs ot 0.7 1o 3.2 mB. Bropoii rpaduk nokasbisaer
3aBUCHUMOCTbh HaNPSKEHUS MYJIbCALMNA OT BXOJHOIO HAIPSDKEHHUS MPHU BBIXOIHOM HAIPSHKEHUU
—3 B u Toke Harpy3ku 100 MA. 3neck npu yBEIMYEHUH BXOAHOTO HampsbkeHus ot 3 1o 3.2 B
MmyJbCcalluy yMeHblaoTes oT 2.2 1o 1.2 MB, a 3arem npu nanbHeWIleM yBEIMUEHUU BXOAHOTO
HarnpspkeHust ot 3.2 no 4.1 B cnerka yBenuuuBatorcest ot 1.2 no 1.3 MB. Dra unpopmarms mo
MyJTbCAIUSIM BBIXOJHOTO HAIMPSKEHUS SIBHO HEJOCTATOYHA ISl TOTO, YTOOBI CYIUTh O IyJbCa-
LUSX OTPHUIATEIHFHOTO HAMPSKEHHUS Ha BBIXOJIE MUKPOCXEMBI B Pa3IMUHBIX pekuMax. B cBs3u ¢
TeM, 4TO B ipuMedanuH (1) K TabauIie JMEeKTPUIECKUX XapaKTEPUCTHK, UMEIONIEHCs B 5], ObLTO
OTMEYEHO, YTO MPU BXOJHOM HarnpspkeHUH 5.5 B Hakauka 3apsaa MOXKET BXOAUTDH «B FOPSYUX yC-
JIOBUSIX» B PEXKUM HMIMPOTHO-UMITYIbcHOM Momymsatuu (LHUM, PWM mode), nensio HacTosien
paboThI OBLIO IeTAIbHOE UCCIIEIOBaHNE PAOOTHI MUKPOCXEMBI TIPU TPEICTbHOM 3HAUYCHUH BXOJI-
HOTO HarpspkeHus 5.5 B B mMpokoM auana3oHe U3MEHEHMs TOKOB Harpy3ku ot 10 no 250 MA.

BecbMa BaxkHBIM TP MPOBEACHUM TAKUX UCCIIEIOBAHUN CTajda BOBMOKHOCTH MOYYEHUS
ot npouszBoauTenss LM27762 roroBoi TeCTOBOM muiarbkl — TecTOBOro monayiass LM27762EVM
[6]. [TpuHUMOMaTBHAS SJIEKTPUYECKask CXema 3TOro MOJyJiA Mmoka3zaHa Ha puc. 3. Tam ke moka-
3aHO pa3MeIeHUE KOHTPOJIBHBIX TOYEK AJIS MOJKIIOUEHUS U3MEPHUTENbHBIX IPUOOPOB.
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Puc. 3. Cxema matst moxyist LM27762EVM [6].
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IIpu ycranoBieHHbIX Ha mare pe3ucropax R1 u R3, paBubix 249 kOwMm, u pe3ucropax R2 u
R4, paBubIx 499 kOM, Hanpsikenue Ha Beixogax VOUT+ u VOUT- pasno 1.8 B.

B nacroseii pabore npeaeabHblid pexxuM ObLT peain30BaH NPy BXOJHOM HANpPsKEHUU 5.5
B u BeixogHOM Hanpspkennn —4.9 B. D10 ObIJI0 OCYIIECTBICHO IMMyTEM 3aMEHBI pE3UCTOPOB R2
u R4 Ha pe3uctopsl BennunHoi 82 kKOM, pacCUMTaHHON B COOTBETCTBUU C peKOMEHAaIuen [S].

[TockonbKy OCHOBHBIMU MPUYMHAMH BO3HMUKHOBEHUS MYJbCAIMil HA BBIXO/E OTPULIATENb-
HOTO HanpshkeHHus B Mukpocxeme LM27762 sBnstoTCs Hakauka 3apsija U CUCTEMA PETYINpPOBa-
HUSl BEJIMYMHBI OTPUIIATEIILHOTO BBIXOHOTO HANPSDKEHUS, B HACTOAIIEH paboTe UM ObLIO yaerne-
HO OCHOBHOE BHUMaHHMeE. J[J1s1 U3yueHHsl 3TUX IPUYUH HCIIOIB30BAINCH U3MEPEHNUST BPEMEHHBIX
3aBUCHMOCTEH HAMNpSKCHUS Ha MOTOKUTEIbHOM U, . MOMIOCE JIeTAKoIero konaencaropa C,
eMKocThi0 1 MK®D MpH OTKPBHITOM BXOA€ OcImIorpada U nepeMeHHbIe COCTaBISIONINE HANPS-
KEHUs HA BBIXOJIE U3 CUCTEMBI pEryiupoBanus Ha konaeHcarope C ., . eMKocTbio 4.7 MkO U
Y Ha BBIXOJIe MUKpPOCXeMbl Vout— (puc. 2 U 3) MpH 3aKPHITOM BXOZE OcCIruuIiorpada.

dopMbl HaMpPSKEHUH perucTpupoBanuch ocmmwuiorpagpom GDS-72202 koMmaHu#
GW instek ¢ ucnonp3zoBanueM nporpamMmmuoro odecrneuenusi FreeWave. B xauecTBe Tpurre-
pa 0OBIYHO HCIIONIB30BAIOCH HAMPSKEHHE Uypere A1st o0ecredeHuns: BICOKOTO KauyecTBa Peru-
CTpaIliy CUTHAJIOB MCIOIb30BAIMCh UMeroIuecs B ociuuuiorpadge GDS-72202 BO3MOXHOCTH
unppoBoi GUIBTPAIIMH U OJHOKPATHOTO 3aITyCKa.

Pe3ynbTaThl H3MEPEHU

Hapuc. 4 1 5 nokazaHb! pe3ysisTrarsl IBMEPEHUH [T peKUMa, B KOTOPOM TOK Harpy3Ku cocTariisiT 10 MA.

B neBOM T0NIe PECYHKOB TIOKa3aHbBI HYJEBBIC YPOBHHM CHUTHAJIOB. 371E€Ch M Jlajiee CUTHAIHI,
o0o3HayeHHbIe TUGPOH 1, COOTBETCTBYIOT HANPSHKEHUSIM Ha MOJIOKUTEIILHOM TOJIIOCE JIETal0-
IIET0 KOHJIEHCATOPa, a MU(MPOi 2 — MEPEMEHHOM COCTABIIAIOIIECH HanpsukeHus U Ha BBIXOJE
CUCTEMBbI HAKaYKH 3apsja, KaKk 3TO MPEACTaBICHO Ha pUC. 4, WM EPEMEHHON COCTABIISIONIEH
OTPHIIATEILHOTO BBIXOIHOTO HAMPSHKEHUS MHUKPOCXEMBI Vout—, KaK MPEICTaBICHO Ha pHC. 5.
[Tpu 5THX U3MEPEHUAX UCTIOIB30BAJICS H(PPOBOI oTpe3aromnmii GuiasTp ¢ gactoroid 30 MI .

Pucynku 4 u 5 mokassiBatoT, uTo Tipu Toke 10 MA mepeHoc 3apsaa OCyIEeCTBISETCS Mad-
KaMU UMITYJIbCOB pa3psa—3aps JeTarollero KouaeHcaropa. Bo BpeMs pa3psia HanpsbkeHue Ha
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Puc. 4. ®opmsl curnanos (5 Mxc/nen) HanpsbkeHuit U c+ (2 B/nen)

nu U (20 mB/nen) npu Toke Harpy3ku 10 MA.
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Puc. 5. ®opmel curHanos (5 Mkc/nen) Hanpspkeruid U L c+ (2 B/nen)

u Vout— (1 mMB/nen) npu Toke Harpy3ku 10 MA.

MOJIOKUTEIIBHOM TIOJIFOCE JIETAIOIIETO KOHCHCATOpa PaBHO HYIIO, TAK KaK C LIEJIbI0 MHBEPTUPOBA-
HUS BBIXOJIAINETO M3 MUKPOCXEMBI HAPSHKEHUS, KaK IMOKA3aHO Ha PHC. 2, TIOJIOKUTEIBHBIN TTOTFOC
MIPU TIEPEHOCE 3apsijia COEAUHEH ¢ 3eMIIeH. Tpex LUKIIOB pa3psaa—3apsi CyMMapHOM ITPOIOJKUTE b~
HocThio 1500 He B mauke npu Toke Harpy3ku 10 MA 0Ka3aioch 10CTaTOYHBIM, YTOOBI Ha BHIXO/IE MH-
KpOCXEMbI IOAIEP>KUBATh IOCTOSTHHBIM U paBHBIM —4.9 B oTpuiiatenbHOe BHIXOAHOE HANPSHKEHHE.
[Ipu >TOM POMEXKYTOK BPEMEHU MEXKAY MaukaMH COCTaBISLUI OKOJIO 15 MKc, 3a 3 1uKiIa B Mavke
OTPULIATENBHOE HAIPSHKEHUE Ha BBIXOZIE U3 CUCTEMBI PETYJIMPOBaHUS yMEHbIIAN0Ch Ha 125 MB, a
pa3Max KojeOaHHi OTPULATETIFHOTO HAIPSHKEHMS Ha BBIXOJIE MUKPOCXEMBI He TpeBbimian 1.8 MB.
Ha puc. 6 u 7 npeacraBneHsl pe3ynbTaThl, MOJIYYSHHBIE PH TOKE Harpy3ku 50 MA.

e 5. 10 B Mre — s LAHAW
] 5 e SOm ¥ Fus 1Bl O.o00s ) r_l
Puc. 6. ®opmel curaanos (2 Mkc/nen) Hanpspkeruid U cH (2 B/men)

u U (50 MB/nen) npu Toke Harpysku 50 MA.

Hnst monnepskaHusi cTaOUIBHOTO HAIPSKEHHUSI HAa BBIXOJIE MHUKpPOCXeMbI paBHbIM —4.9 B
IIPU 3TOM TOKE HArpy3KH MMayKa HMITYIbCOB pa3psi—3apsi/l JICTAIOIIETO KOHASHCATOpa COCTOsIIa
13 5 HMKIOB. 32 3TO BpEMs HAPSKEHUE Ha BBIXOZE U3 CUCTEMbI HAKAUKH 3apsi/1a YMEHBIIAIOCH
Ha 148 MB, a pa3max nynbcauuii HalpsiKEHUs! Ha BBIXOJI€ MUKPOCXEMbI YBEITUYHMIICS U COCTAB-
a1 5.52 mMB.
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Puc. 7. ®opMmbl curHANOB (2 MKC/,E[CJ'I) Hanpsokernit Uy (2 B/nen)
u Vout— (2 mB/nen) npu Toke Harpy3ku 50 MA.

BpCMeHHOﬁ MMPOMCIKYTOK MCIKY ITaY9KaMH B 3TOM PCIKUMC YMCHBIINJIICA U COCTABJIA IPU-

MEpHO 4 MKC.

[Ipu nanpHeIeM yBEJIWYEHUH TOKA Harpy3Kd CUTyalUsl C YBEJIUYEHHEM YHCIIa LIUKJIOB
paspsan—3aps B Ma4Kax HMMITYJIbCOB, YMEHBIICHHEM MPOMEKYTKAa BPEMEHU MEXIY MayKaMH
Y YBEIIMYEHUEM pa3Maxa IyJbCALMI HAaIpsDKEHHs] Ha BBIXOAE MUKPOCXEMBbI COXpaHsiach. B

Ka4yeCTBe NIPUMEPA Ha pUC. 8 NTOKa3aH pe3yJbTar [yl Toka Harpy3ku 100 MA.
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Puc. 8. ®opmbl curnanos (2 Mkc/nen) HanpsokeHuit U DGt (2 B/nen)
u Vout— (10 mB/nen) mpu toxe Harpy3ku 100 MA.

Ota TeHACHLUS COXpaHsIach BIUIOTh 0 Toka Harpy3ku 107 MA (puc. 9 u 10).

Onnaxko npu Toke Harpy3ku 109 MA xapakrep paboThl CUCTEMBI PErYIUPOBAHUS BBIXOIHO-
IO HaIpspKEHUs MPUHLMIMAIBHO U3MeHWIcs. [lonydeHHble 1)1 3TOro 3HaueHus! TOKa pe3yJib-

TaThl OKa3aHbl Ha puc. 11 n 12.

N3 puc. 11 BugHO, YTO HET peXUMa MEPEHOCcA MaYKaMU, a IUKIIbI pa3psii—3apsl JeTaro-
IIET0 KOHJICHCATOpa CIEAYIOT C MOCTOSTHHOM YacToToi 2 MI'1, COOTBETCTBYIOIIEH TaKTOBOM
yacTore ocuuuisiTopa. CylecTBEHHO YMEHBIIWIIACH BEJIMUMHA ITYJIbCALMI HAIPSKEHHS HA BbI-
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Puc. 9. ®opmbl curHaioB (2 MKC/Jein) HapsKEHUH Uyes (2 B/nemn)
n U (50 mB/nen) mpu toke Harpysku 107 MA.
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Puc. 10. ®opmsbl curaanos (2 Mkc/aen) HanpskeHui U, e+ (2 B/nen)
u Vout— (10 mB/nen) npu Toke Harpy3ku 107 MA.
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Puc. 11. ®opmer curnanos (500 He/men) HanpsHKEHIHA Upes (2 B/nmen)
u U (20 MB/nen) npu Toke Harpysku 109 MA.

Poccuricknit TexHosTormdecknit >xypHain. 2019;7(4):31-43

39



ITynbcamyy Hanps>KeHNMs OTpUIIaTeIbHOV HOJIIPHOCTY Ha BhIXofe AByxmospaoro DC-DC
npeobpasosarensa LM27762 npu 61M3KOM K IIpeeTbHOMY BXOZHOM HampsiKeHUM

T e )| 10| )

| ! ﬂ rﬂUp _;ﬂ ﬁ | WA

U'V -

——
_-—
—_——
—_—

[@ vk -nex 5.360 Bie-noe 39800
=
@ =

v @~

L0my

I

Pus 0.000s )] @ 1 Z.zav
Puc. 12. ®opmel curnanos (500 He/men) HanpsHKEHUH

ot)
Uppe- (2 B/nen)
u Vout— (1 mB/znex) npu Toke Harpysku 109 MA.

xofie MuKpocxembl. Eciiu ipu Toke Harpy3ku 107 MA pazMax HanpshKeHUs My IbCalliii COCTaBIsUT
34 mB, To npu Toke Harpy3ku 109 MA oH cocTaBisieT Bcero 2.2 MB.
[Tpu Tokax Harpysku Oomnbiie 109 MA pexrMbl HaKauKH 3apsijia ¢ MOCTOSTHHON 4acTOTOM,

paBHOIl 2 MI't, coxpansitorca. Ha puc. 13 u 14 B kauecTBe npumepa MOKa3aHbl PE3yabTaTh
M3MEpEHUH ISl TOKOB Harpy3ku 152 u 250 MA.

IIpu 5TOM € yBEIMYEHUEM TOKA Harpy3Kd HEMHOIO YMEHBIIAETCS HANPSDKEHUE HA JIETal0-

IeM KOHACHCATOPEC IMPHU OKOHYAHUHW €TI0 3apiaa U HECKOJBKO YBCIMYMUBACTCA padMax IIyJibCa-

[IUWA HaMpsOKEHUST Ha BBIXOJIE MUKpOcxeMbl. [Ipu MakcuManbHOM TOke Harpy3ku 250 MA ero
BeJIMYMHA cocTaBiiieT 7.28 MB.

Mue. peTekTop
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0. (s
Puc. 13. ®opwmer curnasnos (200 He/men) HarpsKEHUH

Upes (2 B/nemn)
u Vout— (1 mB/nexn) npu Toke Harpy3ku 152 MA.
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Puc. 14. ®opwmel curranos (1 mkc/nen) Hanpspxkeruid U fpc+ (2 B/nmen)

u Vout— (1 MmB/nen) npu Toke Harpy3ku 250 MA.
AHa/IM3 MOJIy4YE€HHBIX Pe3y/IbTaTOB

ITony4yeHnHble B HacTosimeil paboTe pe3ylbTaThl SKCIEPUMEHTAIBHOIO UCCIIEAO0BaHUS HE
MOATBEPXKIAIOT UMeroleecs B [5] npuMedyanue K Tabluie ¢ AeKTPUIECKUMH XapaKTepUCTH-
kamMu LM27762 o ToM, 4TO IpU NPEAEIbHOM BXOIHOM HampsbkeHuM 5.5 B Hakauka 3apsizia
MoxeT Boiitu B pexxuM LIIMM B ropsumnx ycioBusix. [Ipy TakoM BXOIHOM HampsipKeHUH 00-
Hapy>KEHO JIUIIb JIBAa peXuMa paboThl CUCTEMbI PErYIMPOBAHUS OTPULATEIBLHOTO BBIXOAHOIO
HanpspkeHus. [Ipyu oTHOCHTENBHO MasbIX TOKax Harpy3ku a0 107 MA cucrema paboTaer ¢ uc-
II0JIb30BaHUEM ITaY€K UMITYJIbCOB HAKAUKH, Pa3IEICHHBIX IPOMEKYTKAMU BPEMEHH, B KOTOPBIX
IIEPEHOC 3apsfa OTCYTCTBYET. JUIMTENBHOCTD ATUX NPOMEKYTKOB BPEMEHU YMEHBLIAECTCS 110
Mepe yBEIMUEHUS TOKOB Harpy3KH, a YUCJIO LUKIIOB pa3psa—3apsa/l B a4Ke YBEIUYUBACTCA.

Heo6xonumMo OTMETUTH, YTO UCIONIBb30BAaHUE PEXMMA MAYKH UMITYJILCOB IPU HAaKauKe 3a-
psia B CIy4ae MaJbIX TOKOB Harpy3KH, MO-BUIUMOMY, BIIEpBbIE ObIJIO MIPUMEHEHO KOMITaHHUEH
Linear Technology B npeo6paszosarene LTC3245 [7]. Ono nonyuuino HasBanue Burst Mode®
Operation. [IpumeHeHne nayky UMITYJIbCOB HAKAYKHM IPU MasbIX TOKax B [7] peanan30BaHO Ha
OCHOBE COBMECTHOI'O MCIOJIb30BAaHMsI OOBIYHOM CUCTEMBI PETYIMPOBAHUS HAKAUKH 10 BEpXHE-
My U HWJKHEMY IIPEJEy COBMECTHO C KOHTPOJIEM U PETYIMPOBAHUEM 3apsiia, IEPEHOCUMOIO
3a onuH nuki. Korma nmpeooOpasosarens LTC3245 naxomutcs B Burst Mode® Operation, npu
JIETKUX Harpy3Kax 3a OJIMH IIMKJ IEPEHOCUTCS MUHUMAIbHOE KOJIMUECTBO 3apsiaa. Perynupos-
Ka TOKa 3apsja B Iadyke 1Mo3BoisieT 0e3 ucnoab3zoBanus LDO nepkarh myabcaliy BHIXOAHOTO
B npenenax 50 mB.

ITpouzBoaurens Mukpocxembl LM27762 He HazbIBaeT adropuTM ee paboThl MPHU MajbIX
TOKax peKUMOM Iadku. Ho M3 Hammx uU3MepeHuil CiIeayer, YTO B HEH HCIIONIb3yeTCs] UMEH-
HO Takoi pexxuM. OJIHAKO MyJIbCAallU HAIPSDKEHUS Ha BBIXOJIE U3 CUCTEMbI HAKauKH 3apsiaa y
LM27762, Bo-niepBbIX, MHOTO Oomblie, ueM y LTC3245, u, BO-BTOPBIX, OHU 3aBUCST OT TOKa
Harpy3ku. 3apsjl, nepeaaBaeMblil 32 OJUH LUK B peXHUME MayKd, MOXKET 3aBHCETh OT psja
(akTOpOB, B 4aCTHOCTH, OT CONPOTUBIICHUS KJIHOUEH, XapaKTEpUCTUK HUCIOIb30BAHHBIX KOH-
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Ilynbcanyy HanpsDKeHVs OTpUIIaTe/IbHOV HOJIAPHOCTH Ha BbIxofAe npyxmospaoro DC-DC
npeobpasosarensa LM27762 npu 61M3KOM K IIpeeTbHOMY BXOZHOM HampsiKeHUM

JIEHCATOPOB, BEJIMUMHBI HAIIPSDKEHUSI HA BXOZI€ B MHBEPTOpP U Ap. [103TOMY KOHTpOJIB 3a KOJIU-
YECTBOM I1€PEIaBaeMOr0 3apsijia UM 32 TOKOM IpU TaKOH mepenaye siBIIeTCsS OYE€Hb BayKHBIM.
[To-Bugumomy, B LM27762 Takoro KOHTPOJIA HET. 3/1€Ch OCYIIECTBIACTCS JIUIIb TTOCTOSHHBIN
KOHTPOJIb BEJIMYUHBI BBIXOIHOTO HAPSKEHUs. FIMEHHO 3TUM OOBACHSIOTCA MOJIy4YE€HHbIE B Ha-
cTosiieil paboTe U MoKa3aHHbIe Ha puc. 4, 6 u 9 GonblIne KoebaHus HANPsHKEHHS Ha BBIXO/IE
n3 cucreMbl Hakauku. Hamnane LDO B Mukpocxeme LM27762 yMeHbIIAET MyJIbCALlUN OTPHU-
LATEJILHOTO HaNpsKEHMsI HA BBIXOJE MUKPOCXEMBI, OHAKO, KaK 3TO BUJIHO u3 puc. 7, 8 u 10,
OHM MOTYT 3HAYUTENIbHO MPEBBIIIATH 3HAUEHUS, IOKa3aHHbIE B [5] Ha puc. | u 2.

BaxxHbIM paznenom, CBI3aHHBIM C allTOPUTMOM paboThl Mukpocxembl LM27762, sBnsiercst
ee Iepexo/l MpH yBEIMUEHUHU TOKA Harpy3KH OT peXuMa Madek K pexkKMMY HaKauKH C MOCTOSH-
HOM TakToBOM yactoToit 2 MI'n. [Ipu npenenbHOM BXOJIHOM HampsikeHud 5.5 B Takol nepexon
B HacTodlle paboTe UMesl MECTO B IMPOMEXKYTKE 3HAYEHUN MEXIy TOkaMu Harpy3ku 107 u
109 MA. 3neck BO3HUKAIOT 1Ba Bonpoca. IIepBblil CBsA3aH ¢ yClI0BHEM NIEPEX0/1a, a BTOPOM — 3a
CUET YEro NOJACPKHUBAECTCS IOCTOSTHHOE HAIpSKEHHUE Ha BBIXOZAE IPU JaJbHEHIIEM yBEIUYe-
HUM TOKa Harpy3ku. M3 nony4eHHbIX pe3ysIbTaToB BUJIHO, KaK C YBEJIMUYEHHUEM TOKa Harpy3Ku
pyu padoTe B peKUME MaYeK YMEHbBIIAIOTCSA MPOMEKYTKH BPEMEHU MEX1y MauKaMH, 4TO TO-
3BOJISIET CUUTATh IIEPEXO] CUCTEMBI OT PEKUMOB IIaYEK B PEKUM IIOCTOSTHHON YaCTOTBI HAKAYKU
mw1aBHbIM. [Ipu mepexone B peXuM MOCTOSHHOM 4acTOTHI YPOBEHb ITyJIbCALUN OTPHULIATEIIb-
HOT'O HAIIPSDKEHUS HA BBIXOJE MHMKPOCXEMBI, KaK MOKa3aHO Ha puUC. 12, pe3ko yMeHbIIaeTcs.
Heo6xonumo, oHaKo, OTMETUTb, YTO MPH JaJbHEUIIEM yBEITHUYEHUH TOKA HArpy3Kd pa3Max
KOJICOAHU HaNpsKEHMsI Ha BBIXO/IE€ YBEJIMUMBAETCA U IpH Toke 152 MA cocrasisier 6.56 MB, a
npu npeaensHoM Toke 250 MA oH coctasisieT 7.28 MB. O06a 3Tu 3HaueHUs CyIIECTBEHHO TIpe-
BBIIIAIOT BEJTMYHHBI, IPUBEICHHbIE B TOKYMEHTAuu [5].

13 nomy4eHHBIX B HacTOALIEH paboTe pe3yabTaToB MOXKHO CIENIaTh BBIBOJ O TOM, YTO IPH
MpeAeIbHOM BXOJIHOM HarpspkeHuu 5.5 B Mukpocxema LM27762 paboTaeT ¢ O0IbITMMU OTIIN-
YUSAMH OT UMEIOIIMXCS B [S] €€ onncaHus U OCHOBHBIX XapaKTEPUCTHUK.

bnazooapnocmu
IIpencrapiieHHBle B CTaThe pe3yJIbTaThl MCCIeAOBaHNMV IIOJIy4YeHbl B PaMKax BBHIIIOJTHEHUS
rocy/IapCTBEHHOTO 3a/1aHmsl MHVCcTepcTBa HayKy U BBICIIero obpasosanms Poccuiickon Depepanym
Ne 8.5577.2017/8.9 Ha BBIIOTHEHMe IIpOeKTa 110 TeMe «lIccIemoBaHmMe ITyMOBBIX XapaKTePUCTUK
Y IIyJIbCalVl MMKPOCXeM MOOVIIBHBIX MCTOYHUKOB BTOPUYHOTO 3JIeKTPONVTAHIS».
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Coil inductance and capacitor capacitance depend on overall dimensions, structure,
and ambient factors. They do not vary with frequency. Reactive component impedance is
determined by inductance or capacitance respectively, if active resistance is not considered.
This is true for the frequencies which are significantly lower than the self-resonant frequency
of the component. Parasitic parameters contribution increases on approaching the self-resonant
frequency. Therefore, the component’s actual inductance and actual capacitance on operating
frequency are defined. They are provided by manufacturers and differ from the nominal values.
The actual values provide more accurate impedance of components near the considered
frequency. Significant deviation from the considered frequency can cause impedance mismatch
even more than the nominal values can provide. Frequency response of the high-frequency
circuits such as analog filters and impedance match networks are determined by components
impedance, not the nominal values. Thus, calculated values must be close to the actual values.
The purpose of this article is to justify actual values application instead of nominal values.

Keywords: inductor, inductance, capacitor, MLCC, capacitance, impedance, reactance.
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HommHanbHbIe 1 3¢ PeKTBHBIE 3HaUEHM [IapaMeTpPOB
KaTyIIeK MHIYKTMBHOCTM ¥ KOHIeHCaTOpPOB
Ha BBICOKMX YacToTax

E.B.T'ypoB'®,
C.Y. YBaiicoB’,
A.C. YBaiicoBal,
C.C. YBaiicoBa*

'MUPDA — Poccuiickuii mexnonocuueckuti ynusepcumem, Mockea 119454, Poccus,
’Hayuonanvuwili ucciedosamenvckull yHueepcumem «Boicwias wikona skonomuxuy, Mockea
123592, Poccua

@46mop ons nepenucku, e-mail: gurov.yegor@gmail.com

NHAyKTUBHOCTD KaTyllIeK U €MKOCTh KOHJIEHCATOPOB MPEACTABIAIOTCS (U3MUECKUMHU Be-
JMYMHAMU, 3aBUCSIIUMHU OT FEOMETPUUYECKUX Pa3MepoB, KOHPUTYpallud KOMIOHEHTOB, Iapa-
METPOB OKpY’Kalollel cpelibl, IPUYEM ITH BEIMUUHBI HE 3aBUCST OT YACTOThI MPOTEKAIOILIETO
yepe3 HUX NePeMEHHOTro Toka. [loiaHoe conpoTuBieHne peakTUBHBIX KOMIIOHEHTOB, 03 yuera
AKTUBHOM COCTaBIISAIONIECH, ONpeeNsieTcss MX HHAYKTUBHOCTBIO WM EMKOCTBIO, COOTBETCTBEH-
HO. Takoe yTBepkAeHHE CIIPABEUIMBO I YaCTOT, 3HAYUTENIbHO 00Jiee HU3KUX 110 CPAaBHEHUIO
C COOCTBEHHOM PE30HAHCHOW YaCTOTOM KOMIIOHEHTA, ONFKe K KOTOpOW BCE OONBINMIA BKIIAL
BHOCAT MapasuTHble napamerpsl. [losTomy BBOASTCS NMOHATHUS 3(PPEKTUBHOW HHIYKTHUBHO-
CTH M 3(PPEKTUBHON €MKOCTH, 3HAYEHUS KOTOPBIX OTIMYAIOTCS OT HOMHHAJIBHBIX U 3aBUCHT
OT 4acTOThI. JlaHHbBIE BEJIMUMHBI MPEAOCTABISAIOTCS POU3BOJUTENSIMUA KOMIIOHEHTOB. D dek-
TUBHbIE MHIYKTUBHOCTh U €MKOCTH JalOT 0o0Jiee TOYHOE 3HAYEHHE MOJHOIO COMPOTHBIICHUS
B OKPECTHOCTH paccMaTpuBaeMoil yacTtoTel. Eciin nMeeT MecTo CylIeCTBEHHOE OTKJIOHEHHE
4acTOThl OT pacCMaTpUBaeMoOM, OMMOKa MOXKET OKa3aTbcs Aa)ke OOJIbIIIe, YeM MPU HCIIONIb30-
BaHUU HOMHMHAJIbHBIX 3HaueHUH. [Ipy npoexkTupoBaHMM BHICOKOYACTOTHBIX IEMEH, TaKuX, KaK
aHAJIOrOBbIe (PUIIBTPHI U COMIACYIOIIUE 1IETH, YACTOTHYIO XapaKTEPUCTUKY OIpPENEISIOT UMIIe-
JTaHCBl KOMITIOHEHTOB, a HE UX HOMHHAJIbHbIE 3HaYeHUs. TakuM 00pa3oM, pacyeTHbIE 3HAUCHUS
JOJDKHBI OBITh OMM3KU UMEHHO K 3((EeKTUBHBIM HOMHHANIAM. L{enbto TaHHOM CTaThbu SIBISIET-
cs1 000CHOBaHUE CITy4aeB HEOOXOAUMOCTH MPUMEHEHUS Y3PPEKTUBHBIX 3HAUEHUN PEAKTUBHBIX
KOMITOHEHTOB B3aME€H HOMHUHAJIbHBIX.

Knrouesuwie cnoea: KaTylKa MHAYKTUBHOCTH, MHAYKTHUBHOCTb, KOHICHCATOP, KepaMI/I‘—ICCKI/Iﬁ
KOHACHCATOpP, EMKOCTB, ITOJIHOC COIMPOTUBJIICHUE, PCAKTHUBHOC COIMMPOTHUBJIICHUC.

Introduction

Unlike resistors that dissipate energy, inductors and capacitors accumulate it. They
are used in analog filters, matching circuits, delay circuits, and energy storage. The
practically used inductance of coils in the high-frequency range (more than 10 MHz) usually
lies below 1 pH, since the parasitic parameters significantly distort the characteristics with
increasing frequency. For a similar reason, at high frequencies, ceramic multilayer capacitors
with a capacity of up to 1 puF are used.
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The characteristics of radio frequency filters and matching circuits are determined by
the impedances of the used components. Real coils and capacitors have reactance as well as
resistance, and the latter dissipates energy. It is not equal to the resistance at a constant current
and depends on the frequency due to the influence of the skin effect and the proximity effect [1,
2]. Both inductors and capacitors have such a parasitic characteristic as the resonant frequency,
that is, the coil has a capacitance, and the capacitor has an inductance [3-6].

For the analysis of electrical circuits at frequencies more than 10 times lower than the
resonant frequency, a model with a Q-factor (or Q-model) is used, which is an indicator of active
losses. Q-model consists of a series-connected ideal reactive component and resistance. At higher
frequencies, the parasitic reactive component is introduced. Thus, the RLC model is obtained [6].

However, even the RLC-model may not provide sufficient accuracy for describing the real
component. Manufacturers provide S-parameters (which are experimental results) as models
closest to the real components, and also SPICE models based on them [7, 8].

The ideal coil inductance can be defined as the ratio of impedance to frequency. If we
substitute the real measured resistance instead of the impedance, we obtain the so-called
effective inductance, which depends on the frequency and is applied only at frequencies below
the resonant frequency. Definitions of initial and effective inductance are also given in GOST
20718-75". Similarly, the concept of effective capacity can be introduced for a capacitor.

In addition to the above parasitic characteristics, MLCC has a capacitance dependence on
voltage and temperature [9], the coil resistance depends on the current flowing through it. These
parameters are not considered in this article. It is assumed that the components operate at a fixed
temperature with low voltage and current signals.

When designing radio-frequency filters and matching circuits, it may be necessary to select
the inductance coils and capacitors. SPICE models or S-parameters have the highest accuracy.
However, the search process can be very difficult or impossible. The RLC model has good
accuracy at frequencies close to the resonant ones. However, with variation of the nominal,
the nominal value of the parasitic reactive component also has to be varied, which also causes
additional difficulties. The Q-model does not provide acceptable accuracy at high frequencies.
As a satisfactory solution, it is proposed to use a Q-model and effective nominal value (QA-
model), which can provide acceptable accuracy in a small arbitrary frequency range. That may
be sufficient to solve a specific problem.

This article presents the dependence of the impedance on the frequency for the previously
described inductors and capacitors models, a comparison with experimental values, for example,
a specific coil and capacitor. Conclusions about the feasibility of using QA-models compared to
other models of reactive components in the field of high frequencies are made.

Inductors models

Ideal inductor
The inductance of an ideal inductor depends only on its geometric dimensions, configuration,
and magnetic properties of the surrounding space. Resistance is purely reactive and is determined

!GOST 20718-75. Interstate Standard. Inductance coils for telecommunication equipment. Terms and definitions.
Moscow: Standartinform Publ., 2005. 54 p.

[TOCT 20718-75. MexrocygapCTBeHHBIH cTaHAapT. KaTymku MHIyKTUBHOCTH ammaparypsl CBA3H. TepMUHBI U
onpenenenus. M.: Crangaptungopm, 2005. 54 c.]
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by the formula:

Z(w)= joL = j2rfL (1)

where j is complex unit; o is circular frequency, rad/sec; f'is frequency, Hz; L is inductance, H.
Q-model (model with a quality factor)
Q-model considers the active resistance of a real inductor. It describes well the behavior
at low frequencies up to about 1/10 of the resonant frequency (Fig. 1). The impedance is
determined by the formula:

Z(w)=R(w,)) + joL 2)

where R is Equivalent Series Resistor (ESR). The ESR is not equal to DC resistance and depends
on frequency. In a Q-model the ESR is determined at a specific frequency o, which is selected
depending on the frequency range under consideration.

— 000 [ }—
L R

Fig. 1. Coil model with Q-factor.

The quality factor of the passive component is defined as the reactance to resistance ratio [10].

_Im[Z(w)] oL
X = Relz@) R(ay ®)

The quality factor is often indicated in the documentation for inductors and capacitors.
Some simulators, for example, Keysight Genesys and Advanced Design System have a coil
model with good quality in the standard library, where it is necessary to indicate its value at a
specific frequency. In terms of quality, the total resistance can be determined by the formula:

1
A =wl 1 4
(@)= (QU%)+J]

RLC model
This model considers the influence of parasitic capacitance and has a resonant frequency

(Fig. 2).
| L ~ R ‘
I

1
Fig. 2. RLC coil model.

Initially, the coil’s own capacity was explained by inter-turn capacity [11]. However, the
experimental results did not confirm this [12]. According to the results of more recent studies
[13], it is proposed to abandon the static capacitance, considering the inductance coil as a long
transmission line, and its own capacity depends on frequency [14].
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Impedance is determined by the formula:

B R(w,)+ joL
1-@’LC + jowCR(w,)

. 1
Z(w)=(JWL+R(wo))II(ijJ )

Resistance R and parasitic capacitance are frequency dependent. To simplify the calculations,
we can take both parasitic values static. Active resistance can be chosen at the frequency of interest
to us, as in a Q-model. The capacitance can be determined from the resonance frequency w_:

1 1
= —_— - C =

o ; 6
e oL ©

Q-model with effective inductance (QA-model)

The impedance of an ideal inductance coil is determined by formula (1). Hence, as the
dependence of the impedance on the frequency is known, we can determine the inductance:

=2 (7)
jo

Substituting the experimental dependence instead of the ideal resistance Z, we obtain the
so-called effective inductance, which depends on the frequency. It already includes the influence
of parasitic capacitance.

QA-model is a model with a quality factor, in which the nominal component value is
replaced by a constant value of the effective nominal at a specific frequency. Resistance is
constant, determined at the same frequency.

ZQA (a)) = R(wo) + ja)Le_ff ((00) (8)
Capacitor models

Ideal capacitor

In the case when the dielectric constant of the dielectric does not depend on the frequency,
the capacitor capacitance is determined only by the geometric dimensions, the configuration of
the capacitor, the properties of the dielectric and the surrounding space. Resistance is purely
reactive and is determined by the formula:

Z(w) = ! 9)
joC

where C is capacitance, F.

O-model

Q-model considers the resistance of a real ceramic capacitor. It describes well the behavior
at low frequencies up to about 1/10 of the resonant frequency (Fig. 3). The impedance is
determined by the formula:

1 1 1 )
Z(w):m—C+R(w0):E.EQ(w0)_jj (10)

Russian Technological Journal. 2019;7(4):44-53
48



Egor V. Gurov, Saygid U. Uvaysov, Aida S. Uvaysova, Svetlana S. Uvaysova

} ————
C R
Fig. 3. RLC coil model.

RLC model
This model takes into account the influence of parasitic inductance, and it has a resonant
frequency (Fig. 4).

}— 000" —
R L

Fig. 4. RLC capacitance model.

=

The impedance is determined by the formula:
Z(a))=R(a)0)+ja)L+; (11)
joC

The inductance of a capacitor is due to the inductance of the plates and outlets [15]. The
resistance is due to the resistance of the plates and losses in the dielectric. Unlike inductors,
these parasitic parameters are less dependent on frequency, and the RLC model describes the
behavior of a capacitor more accurately than for an inductance coil.

Q-model and effective inductance (QA-model)
The impedance of an ideal capacitor is determined by the formula (9). As the dependence
of the impedance on the frequency is known, we can determine the inductance:

c=— (12)
joZ
Substituting the experimental dependence instead of the ideal resistance Z we obtain the
so-called effective capacitance depending on frequency. It already includes the influence of
parasitic inductance.
The QA model of the capacitor is similar to the QA model of the coil. Impedance is

determined by the formula:

1
ZQA(CU)—R(%)me (13)

Comparison between considered and experimental results

The S-parameters or SPICE models can be used as experimental results. Murata provides
for its products experimental frequency dependencies for impedance, active and reactive
resistance, effective capacitance and inductance, quality factor and other parameters.

Consider an inductance coil for surface mounting 0603 100 nH + 5% LQG18HNR10J00
and a capacitor 0402 COG 100 pF = 5% 50 V GRM1555C1H101JAO1. Let us estimate the
deviations of the models considered earlier from the experimental characteristics provided by
the manufacturer as an example of these two components.

The deviation from the experimental characteristics at a particular frequency is determined
by the formula:
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|ex—m|

k) -100%, (14)

ex

where ex is the experimental value; m is the calculated value. The estimate of the simulation
results deviation from the experimental values in the frequency range is determined by the
formula:

; (15)

where a is the number of the lower frequency in the range, b is the number of the upper frequency
in the range. Here the deviation is given in absolute units.

Inductor

The dependence of the impedance on the frequency for different models of the inductor, as
well as the experimental characteristic is shown in Fig. 5. The deviation of the calculated values
from the experimental values is presented in Fig. 6.
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Fig. 6. Deviation of the calculated inductance
impedance from experimental values.

Fig. 5. Dependence of the impedance
of the inductor models on the frequency.

Table 1 shows the impedances deviations of the inductance models under consideration
from the experimental values in several frequency ranges. The second column «Capacitance»
indicates the experimental coil resistance at the edges of the frequency range.

Table 1. Deviations of the impedance of various models of inductance from experimental values

Range, MHz Capaoci}l:ince, Q-model RLC-model Q;g(—)n;/(l)gezl, Qiggﬁgg’
30...100 20...63 0.8 1.1 19.0 78.8
100...300 63...202 5.7 5.3 42.5 165.9
300...450 202...353 42.1 14.1 46.6 261.4
450...550 353...508 120.8 25.2 23.7 285.4
650...750 765...1303 605.2 78.2 451.3 133.5

50
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Capacitance

The dependence of the impedance on the frequency for different models of the ceramic
capacitor, as well as the experimental characteristic is shown in Fig. 7. The deviation of the
calculated values from the experimental ones is presented in Fig. 8.

20 . . Y 100%
10 . I & e
a-model 499 MHz i QA -model 709 MHz | !
80% 1
L Q-model [~ =~— !
3.0 e /f S o |
K & B0% ; ~ " ! f
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RLC -model —- L RLC-modet-.! | I,f‘] "
Fras 10% | // L
0.1 s s 0% 1 = L T L e, V)
100 300 600 1000 2000 100 300 600 1000 2000
Frequency, MHz Frequency, MHz
Fig. 7. Dependence of the impedance Fig. 8. Deviation of the calculated impedance
of ceramic capacitor models on the frequency. of a ceramic capacitor from the experimental values.

Table 2 shows the deviations of the impedances of the considered models of a ceramic
capacitor from the experimental values in several frequency ranges by analogy with Table 1.

Table 2. Deviations of the impedance of various models of ceramic capacitor from the experimental values

Range, MHz Capaoiznce, Q-model RLC-model Qslg(_)rr;zgzl’ (27/8(_)111:2212’
100...310 15.68...4.40 0.54 0.005 3.24 6.94
310...457 4.40...2.40 0.98 0.011 0.78 2.46
457...562 2.40...1.50 1.33 0.016 0.19 1.27
646...751 0.94...0.37 1.80 0.027 0.99 0.19

Conclusion

In this article, three models of an inductance coil and a capacitor were considered: a
Q-model, an RLC-model and a Q-model with effective value. The deviation error of the
impedance was compared with the experimental data using the example of an inductor
LQGI18HNR10J00 and a capacitor GRM1555C1H101JAO1.

For both components, the most accurate model considered at high frequencies to the
resonant frequency was the RLC model. A Q-model at low frequencies for an inductor
produces more accurate results due to the fact that the intrinsic capacitance is different at
different frequencies [14], and for the RLC model it was determined at the resonant frequency.

A Q-model and an effective value can significantly reduce the error of a simple Q-model at
frequencies above 1/10 of the resonant frequency over a narrow frequency range. Moreover,
the band where the error does not exceed an arbitrarily specified value (for example, 5%)
decreases as the frequency under consideration increases. The model is the most convenient
in tasks where it is necessary to carry out the selection of component value, and high accuracy
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is needed in a narrow frequency band, for example, when designing radio frequency filters or
matching circuits.

In order to practically apply the QA-model we need data on the dependence of the effective
value on frequency, which are usually provided by the manufacturer. The required characteristics
can be obtained from the S-parameters or the SPICE model. However, when it is necessary to
select a specific type of component from a large set knowing only the required Q-factor and
effective value, additional calculations lead to significant time costs. Therefore, when designing
units of electronic high-frequency equipment where selection of nominal values is required, it
is desirable to use components of those manufacturers that provide data on the effective values
of nominals.
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Hepepacnpenenenne MOIIIHOCTM CMTHAJIOB
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CpaBHMBAIOTCS J1Ba THIIA CHCTEM CITy THUKOBOM PaInOCBSI3U: OHOTYYeBast © MHOTOTyYeBast.
O6cyxnaeTcst mpobiieMa CYMMHUPOBAHUS U IepepacipeiesICHUsI MOITHOCTEH CUTHAJIOB B TAKUX
CHCTEMaxX PaJuoCBs3H. AHAIM3HPYETCs mepepacnpeneieHne MouHocty rpynmnsl CBY-tpan-
3UCTOPHBIX YCUIIMTEICH MEXy Pa3IMIHbIMH JTydaMu. PaccMarpuBaeTcs cxema cymMMaTopa Ha
OCHOBE MOCTOBBIX KBAJIpaTYPHBIX YCTPOHCTB B ABYX- M YETHIPEXJIy4eBbIX cucTeMax. [lyis a1Byx
TaKWX CIIy9aeB COCTABJICHA MaTpPHUIla PACCESHUSI CyMMaTOpa MOITHOCTeH curHainoB. Ha ocHoBe
PacCMOTPEHHBIX CITy4aeB MOXKHO COCTABUTh MAaTPHUILY PACCESIHUS CYMMHPYEMBIX MOITHOCTEH
CBEPXBBICOKOYACTOTHBIX CUTHAJIOB IIPU YHUCIIE JTy4eil, paBHOM 8 ,16 u 32.

Knroueewie cnosa: CBU-renepaTop, CyMMaTOp, MHOT'0OJIy4eBasi aHTEHHA.

Redistribution of Signals Power in Multipath System
of Radio Communication

William I. Kaganov®,
Fam Ky

MIREA — Russian Technological University, Moscow 119454, Russia
@Corresponding author e-mail: Kaganovwil@yandex.ru

Two types of satellite radio of communication systems are compared: single-beam and multi-
beam. The problem of summation and redistribution of radio signal powers of communication
systems is discussed. The power redistribution of a group of microwave transistor amplifiers
between different beams is analyzed. An adder circuit based on bridge quadrature devices is
considered in two- and four-ray systems. For two such cases, the scattering matrix of the signal
power adder was compiled. On the basis of these two cases it is possible to compose a scattering
matrix for the number of summed powers of microwave signals with the number of rays equal
to 8, 16 and 32.

Keywords: microwave generator, adder, multipath antenna.
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B.W. Karanos, ®am Ku

BBeaeHnue

CI/ICTCMI)I JaTbHE KOCMUYECKOM PAIOCBSI3H, OCYIIIECTRILIIONTHE Iepeaady OobIImX 00beMOB
pa3Ho00pa3zHOi MH(OPMAIUH C TOMOILIBIO CITyTHUKOB, pacrojlaraeéMbIX Ha Fe0CTallMOHAPHOM
opbute (OPUEHTUPOBOYHO HA PACCTOSHUU 36 THIC. KM OT IOBEPXHOCTH 3€MJIM), B 3aBUCUMOCTH OT
YucIIa JIyde, M3IydaeMbIX epeiatoleil aHTeHHOW PEeTPaHCISITOpa, MOKHO Pa3/IelIMTh Ha /1B OOJb-
1Y€ TPYIIIBbL: OHOY4EBble U MHOTOTyueBble. [ [pruMepoM MHOTOTy4eBOM CHCTEMbI MOXKET SIBIISITHCS
cucreMa «Typaiis»'* [ 1, 2], oOcmy»kuBaroias ctpanbl EBporibl, CTpyKTypHasi cxemMa KOTOpOid MpHBe-
JieHa Ha puc. 1.

UaHTpanbHiit Tepmusians
TepMUHaNA afionaHTos

Puc. 1. CtpykTypa MHOTOITy4€BOW CUCTEMBI PaJHOCBI3H.

B paqmonepenararkax peTpaHcsiTopoB CUCTEM 0OOMX THUTIOB OCYITIECTRIISETCS CYMMUPOBAHUE MOITI-
Hocreili CBY-cHrHaIOB TpaH3UCTOPHBIX TEHEPATOPOB, TOCKOIIBKY MOIITHOCTH rocrneanux B CBU-muanazo-
HE Ha OIIMH 1 00JIee TIOPSIIKOB MEHBIIIE TPeOyeMOi MOIITHOCTH CITy THUKOBOTO peTpaHcisitopa [3].

B onHOmy4eBoi cructeme Takast (hyHKIIYS 10 OOBETMHEHHIO MOIITHOCTEN CUTHAJIOB OCYIIISCTRIISIETCS C
TIOMOIIIBIO CyMMAropa, CTPYKTypHasi cxema KOTOpOoro prBeieHa Ha puc. 2.
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Puc. 2. CtpykrypHas cxema cymmaropa 1-ro tuma:
[TV — npenBaputenbublil yeunutens; PC — pazgenurens CUTHAJIOB,
CC — cymmaTop CUTHAJOB; Y — YCHIINTEIh MOITHOCTH CHT'HAJA.

'PernonanpHas cucrema ciyTHuKoBOH cBsiz3ui THURAYA u ACeS [Dnexrponusiii pecypce]. URL: https://wind-sail.ru/equpment/
svyaz/regionalnaja-sistema-sputnikovoj-svjazi-thuraya-i-aces/ (nara oopamenus 01.07.2019).

2Cucrema criyTHUKOBOH cBsi3u Thuraya [DnekrpoHusiii pecype]. URL: http://elcomplus.ru/production/tech_svyaz/wdt/vsat-
nazemnaya-stanciya-sputnikovoj-svyazi/sputnikovye-telefony-thuraya/ (zara oopamenns 01.07.2019).
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Hepepacnpenenenne MOIITHOCTY CMTHAJIOB B MHOI'OJIYY€BBIX CICTeMaX paaMOCBsa3U

K Bxomam cymmaropa ¢ HoMepamu OT «1» 10 «ny MOAKIIOYAITCS CYMMHUPYEMBIE 110 MOIII-
Hoctu CBY-reneparopsl, ko Bxoay «0» — o01mast Harpy3ka, T. €. B pacCMarpuBaeMoM CiIydae
M3JIydaresb nepenaoiei anteHHbl. CxeMa, CBOMCTBA U TapaMeTpbl CyMMaropa 1-ro Tumna pac-
cMoTpeHsI B [4, 5]. [TosToMy panbHelIIee U3JI0KEHUE MaTepraia MOCBSIIIEHO TOJIBKO CyMMa-
TOpaM, UCIIOJIb3yEMbIM B CUCTEMAX 2-TO THUIIA, T. €. MHOTOJIYYEBbIM.

B Ttakux cuctemax cTpeMaTcs UMeTh OJJMH 00NN CyMMATOP JIJIs BCEX JTy4ei U, B 3aBHCHMO-
CTH OT UH(OPMAIIMOHHBIX TOTPEOHOCTEH TOTO UM UHOTO Jy4a, IepepacupeesisiTh MOIIHOCTh
Mexay HUMH. TakuMm 00pa3oM, cCyMMarop JJisi MHOTOJIIYYEBBIX CHCTEM PaJUOCBS3H JOJKEH
o0naiarh ABYMsI CBOMCTBAMH: CYMMHUPOBATh MOITHOCTH orpezaenennoro uncia CBU-tpansu-
CTOPHBIX T€HEPATOPOB U TMEPEPACTIPELIATh UX MOIIHOCTH MEXKTY JTydaMH aHTEHHBI. Takoit
pexuM paboThl yCTPOMCTBA HAZBIBACTCS PEKUMOM «IIEPEIUBAHUSA» MOLUTHOCTEH.

CrpykTypHas cxema cymmaropa 2-ro tuna. JlaHsas cxema, peain3yroias pexxum «Iepeiiu-
BaHus» MoutHocTeil CBU-reneparopos, npuBeaeHa Ha puc. 3.
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Puc. 3. CrpykrypHas cxeMa cymmaropa 2-ro THUIa:
I1® — nonocopoit punerp; PC-1 — 1-ii pa3nenuTeNb CUTHAIOB;
PC-2 — 2-11 pa3penurens CUrHAIOB; Y — YCUIMTENb MOLIHOCTU CUTHAJIA.

Cxema rmeet N BXOJIOB, K KaXKJIOMY U3 KOTOPBIX ITOIBOIUTCS] CUTHAJT OZJHOTO U3 KaHAJIOB (MX YUCIIO
PaBHO YMCITy U3ITydaTesielt oOIel nepeaaroleii aHTeHHbI PETPaHCIIATOPa, PEACTABICHHOM Ha puc. ).
O603HaYMM CPETHIOK YACTOTY TOIMANA30Ha YaCTOT KayKI0ro U3 KaHaios, Kak f, £, f, ... f . Jlannbie
CHUT'HAJIbI TTOIBOZIATCS PA3ACIIbHO K OOIIEH cXeMe, a 3aTeM C IIOMOLIBIO 1-r0 pazienuresst HOIBOISTCS
ko BceM N ycrmtersim CBU-curaana. Takuv 00pa3om, KaKIbli YCHIATEN b YI4acTBYeT B YCHIICHUH T10
morrHoct CBU-curaanoB Beex kaHasioB. [Ipu muHeitHOM i Jaxe ONM3KOM K HeMY PeXXHME PabOoThI
CBY-ycunurenst MOITHOCTh KaK/IO0TO U3 CUTHAJIOB MPOMOPLIHMOHAIBHA MOIITHOCTH BXOIHOTO CHUTHAsA
Ha ero Bxozie. TakiuM 00pa3oM, peryaupyst MOIITHOCTH BXOAHBIX CUTHAJIOB B 3aBUCUMOCTHU OT 00beMa
niepeiaBaeMor MH(POPMALIH, MOYKHO «IIEPETBAThY» MOIIHOCTH BBIXOJHBIX CHTHAJIOB BCEX YCHIIUTE-
neit. JlanHast pyHKIMS BBITOTHSETCS B cxeMe (puc. 3) ¢ MOMOIIIBIO 1-10 pasnenurers.

C nomomnipto 2-ro pasaenurTesns MPOU3BOAUTCS CYMMHUPOBAHHE MOIHOCTEH CHUTHAJIOB C
PaBHBIMH YaCTOTAMU M UX Pa3BEACHUE 10 Pa3HbIM U3NydyaTeNsM: K 1-My H3JIydareiro MojiBo-
JIATCSL CUTHAJI ¢ YaCTOTOH f, Ko 2-My — ¢ yacToroii f, ... K n-My — ¢ yacToToi f .

AHanu3 cxeM cymMMaropa 2-ro TUIia Ha OCHOBE MOCTOBBIX KBaIpaTypHbIX yCTPOMCTB. Toronorust
CyMMaropa 2-ro THIa Ha OCHOBE HECUMMETPUYHBIX MUKPOIIOJIOCKOBBIX JJMHUH ITPUBEICHA HA PUC. 4.
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Puc. 4. MoctoBoe KBaJpaTypHOE YCTPOMCTBO.

Marpuna paccesHus TAKOTO MOCTOBOI'O YCTPOMCTBA, COINIACHO [4], uMeeT BUA:
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Cxema ¢ HCIIOJIb30BAaHUEM TAaKOTO «MOCTa» 10 CYMMHPOBAHHIO MOUTHOCTEH MPH ABYX JTy-
yax ImpuBeJieHa Ha puc. 5.

fl fz

— fufe | fufs O

i} fl' fz > y fl} f2 fl 1 )5

Puc. 5. Cxema ByXiTy4eBOM CHCTEMBI PAIHOCBSI3U:
M — MocTOBBIE YCTpOiicTBa KBagpaTypHoro tuna; ¥ — CBU-ycunurenu.

Marpuity paccestHusI CXeMbl, IPUBEICHHON Ha PHC. 5, ONMpPeaeIuM MyTeM MepeMHOKEHHS
nByx marpuil (1). B pe3ynbrare momydmnm:

0 =i -1 0Y(0 —i -1 0) (0 0 0 i
1l<i 0 0o -1||= 0 0 -1/ |00 i 0
20-1 0 0 =|]-1 0 0o <i||0oi 00 2)
0 -1 = 0o)lo -1 =i o) li 000

Cxema ¢ UCIOIb30BaHUEM TAKOTO MOCTOBOIO YCTPOMCTBA 10 CyMMHPOBaHUIO MOILIIHOCTEN
IIPU YETHIPEX JIydax IpUBEIEHA Ha puC. 6.
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Hepepacnpenenenne MOIITHOCTY CMTHAJIOB B MHOI'OJIYY€BBIX CICTeMaX paaMOCBsa3U
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Puc. 6. Cxema ueThIpexiTydeBOil CUCTEMBI PaIMOCBS3H:
M — MOCTOBBIE YCTPOICTBA KBaJpaTypPHOTO TUIIA.

Marpuiia paccesiHusi CXeMbl, IPEICTABICHHON HA PUC. 6, UMEET BUI:

0 0 0 0 0 0 0 —-1-31n
0 0 0 0 0 0 -1-3n 0
0 0 0 0 0 —-1-3n 0 0
1| 0 0 0 0 -1-3n 0 0 0
S =— : 3)
ma 4100 0 0 —-1-371 0 0 0 0
0 0 -1-3n 0 0 0 0 0
0 —-1-3n 0 0 0 0 0 0
-1-3n 0 0 0 0 0 0 0

N3 ananu3za marpurr (2) u (3) ciieayer, 4To ¢ TOMOIIBI0 pACCMOTPEHHOM CXEMBbI, OCHOBAH-
HOM Ha MOCTOBBIX KBaJpaTypPHBIX YCTPOHCTBAX, MOXKHO HE TOJIbKO CyMMHUPOBaTh MOIIHOCTHU
CUTHAJIOB, HO M paclpelesiATh UX MEXIY Pa3HbIMHU M3lydaTreasiMu. MeHss MOLIHOCTh BXOJ-
HOTO CUTHaJja, MOYKHO «IepeIMBaTh» MOIIHOCTh U3 OHOTO Jy4a B APYroi B 3aBUCHUMOCTH OT
o0beMa nepeaBaeMoil HHQOpMaIHH.

MOoXHO MOKa3aTh, 4YTO TaKyl0 € MaTpUlly IUaroHaJIbHOIO TUNa, KaK (3), MOXXHO C ITOMO-
I[bI0 MOCTOBBIX KBaJIpaTypHBIX YCTPONCTB MOJyYUTh U IpU yucie iydeid N, paBHom 8, 16 u 32.

BbIBOABI

1. CocraBnena marpulia CyMMaTopa it MHOTOTYYEBBIX CUCTEM PaJAMOCBS3H, OTBEYAIOIIAs
IBYyM TpeOoBaHMsSIM: cymmupoBaHuio MoirHocTelr CBY-reHepatopoB u mepepacnpeaeieHrio
(«TepenMBaHuIO» ) MOIIIHOCTEN CUTHAIOB MEX/1y JIydaMHy Nepearoiieil aHTeHHbI CITy THUKOBO-
T'O peTpaHCIATOpa B 3aBUCUMOCTH OT 3arpy>KEHHOCTH KaHasa CBS3H.

2. CocraBiieHa CTPyKTypHas cXe€Ma CyMMaropa Ha OCHOBE MOCTOBBIX KBaJIpaTypHBIX
yCTpOfICTB, OTBCHAromas 1ByM JaHHbIM Tp€6OBaHI/ISIM U MO3BOJIAIOIIAA IMCPECPaACTIpCACIIATh MOIII-
HocTh Tpymnibl CBU-reHeparopoB Mexay JydaMu B IIUPOKHUX TMpeesiax: OT PaBHOTO pacrpesie-
JICHUS MOIMHOCTH MCKAY KaHaJIaMH 10 COCPECAOTOYCHUA BCeit MOIIIHOCTH B OAHOM M3 KaHAJIOB.
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Design solutions of domestic VLSI were obtained as a result of the application of computer-
aided design tools of a foreign supplier (CAD Synopsys, Cadence Design Systems and Mentor
Graphics), based on standard libraries of PDK elements (Project Design KIT) of factories and
IC-modules also supplied mainly by foreign companies. As a rule, the developer does not
have its own production facilities, using the services provided by foreign factories (fabless-
companies). Due to this fact, relevant are the studies aimed at the development of a complex of
measures, excluding the possibility of unauthorized changes into IC, i.e. protection of projects
against intentional hardware and technology violations made during the formation of the control
information for handing it over to the production facility and/or in case of IC manufacture at the
factory. This paper considers this task from the standpoint of the analysis of the methodology
of design for testability (DFT), i.e., a complex of measures that provide obtaining solutions
at the design stage. The solutions include the verification of the correct performance of the
manufactured chip by means of external tests and/or self-testing procedures. It was proposed,
inter alia: 1) to analyze the libraries of standard elements used in the project with full disclosure
of'their specifications; 2) to create nodes with the physical non-cloning function in the projects on
the basis of the libraries of standard elements in models and analysis programs; 3) to analyze IP
modules used in the project with the maximum disclosure of structure, methods and algorithms
for providing test coverings; 4) to provide for the development in projects of special test kits
and methods of their generation at the design stage of functions in order to detect malicious
nodes and programs both within SoC cores and at the level of system buses; 5) to develop at
the design stage and to apply during tests a technique of special hardware measurements of
parameters of the manufactured circuits and analysis of their results, inter alia, according to
measurements of delays in distribution of signals and/or buses current consumption.

Keywords: design for testability, instrument bugs/Trojans, IC project verification, test

coverings, self-testing units, design for security.

Russian Technological Journal. 2019;7(4):60-70
60



Evgeny Ph. Pevtsov, Tatiana A. Demenkova, Alexander A. Shnyakin

TecTormpurogHoe NpoeKTpoBaHMe MHTErpaIbHBIX CXeM
" IIpo0JIeMBbI 3alIIMThI IIPOEKTOB

E.®. I1IeBuOBC,
T.A. lemeHKOBa,
A.A. IIHAKUH

MUPO2A — Poccutickuii mexunonocuueckuil ynusepcumem, Mockea 119454, Poccus
@Aemop ons nepenucku, e-mail: pevisov@mirea.ru

[IpoekTHbie pemenust oreuecTBeHHBIX CBUC mosydyeHbl B pe3ynbrare NpUMEHEHUs WH-
CTPYMEHTOB aBTOMAaTU3HUPOBAHHOTO MPOCKTUPOBaHUS 3apyOexHoro moctaBimka (CAIIP
Synopsys, Cadence Design Systems u Mentor Graphics) Ha ocHOBe OMOIMOTEK CTaHAAPTHBIX
anemeHToB PDK (Project Design KIT) ¢abpuk u IP-momynelt, mocraBiumkaMu KOTOPBIX Tak-
e SBJISIOTCS B OCHOBHOM 3apyOeskHble koMianuu. Kak mpaBuiio, KoMmaHus-pa3pab0TUHK HE
MMeeT COOCTBEHHBIX MPOU3BOICTBEHHBIX MOIIHOCTEH, MONB3YSICh YCIyraMH HWHOCTPAaHHBIX
(habpuk (fabless-kommanun). B 3Toi CBS3M aKTya bHBIMH SIBJISFOTCSI UCCIIEAOBAHMS 110 CO3/a-
HUIO KOMILUIEKCA Mep, UCKITIOYAIONINX BO3MOXXHOCTH BHECEHUS! HECAHKIIMOHUPOBAHHBIX U3Me-
HeHull B uHTerpanbueie cxembl (MC), T. e. 3alIMTHI IPOEKTOB OT HAMEPEHHBIX alMapaTHbIX
U TEXHOJOTMYECKUX HapylIeHUI, BHOCUMBIX MpH (HOPMUPOBAHUHU YIpaBisomel nHdopma-
MU IS TIepeadd Ha TPou3BOICTBO w/wim nipu u3roroBnennn VIC Ha ¢abpuke. B mannoi
pabote 3Ta mpobiaemMa paccMaTpUBaeTCs ¢ MO3UIUI aHaM3a METOAOJIOTMH TECTONPUTOTHOTO
npoektupoBanus (DFT), T.e. komIuiekca mMep, MpeayCMaTPUBAIOIIMX Ha ATane MPOCKTHPOBa-
HUS TTONTyYEHUE PEUICHHH, B KOTOPBIX 3aJI05KEHBI IPOBEPKH MPABUIILHOTO (YHKIIMOHUPOBAHUS
W3TOTOBJIEHHOM MUKPOCXEMBI C MIOMOIIBIO0 BHEIIHUX TECTOB W/WIIM MPOIETypbl CAMOTECTUPO-
BaHus. [IpeanoxeHo, B yacTHOCTHU: 1) MPOBOIUTH aHATIN3 IPUMEHSIEMBIX B IPOEKTE OMOIHOTEK
CTaHJAPTHBIX AJIEMEHTOB C MOJIHBIM PACKPBITHEM WX crienu@ukanuu; 2) Ha OCHOBE OMOIH-
OTEK CTaHIApTHBIX JIEMEHTOB MOJIEJIel U MPOrpamMM aHaliu3a CO3/1aBaTh B MPOEKTaX Y3JIbl C
¢dbyHK1Med (u3nueckoro HEKJIOHMPOBAHUS; 3) MPOBOAMTH aHAINU3 MPUMEHSIEMBIX B MPOEKTE
[P-monynelt ¢ MaKCUMaJIbHBIM PacKpPhITHEM CTPYKTYPbI, METOJIOB U aITOPUTMOB 0O€CTIedeHHs
TECTOBOTO TMOKPHITHSL;, 4) MpeaycMaTpuBaTh B MPOEKTAaX pa3pabOTKy CIENHaIbHBIX TECTOBBIX
HaOOPOB U METOJIOB UX T€HEPAIIMU Ha ATAre MPOEKTUPOBAHUS (PYHKIUH € 11eTbI0 OOHAPYKEHUS
BPEIOHOCHBIX y3JI0B U Mporpamm kak BHyTpH ajep CHK, Tak 1 Ha ypoBHE CUCTEMHBIX IIUH; 5)
pa3pabarhIBaTh Ha dTare NPOEKTUPOBAHUS U MMPUMEHSITH IPU TECTaX METOAUKHU CIEIUATbHBIX
anmnapaTHbIX U3MEPEHH apaMeTPOB U3TOTOBIIEHHBIX CXEM U aHallu3a UX Pe3yJIbTaToB, B 4acT-
HOCTH, 110 JaHHBIM U3MEPEHHI 3a/1epKeK pacIpOCTPaHEHUs CUTHAJIOB M/WJIK TOKOB MOTpedIie-
HUS IHH.

Knrwouesvie cnoea: TecTONPUroJHOE MPOCKTHUPOBAHHE, allllapaTHBIC 3aKIaJKH/TPOSHBI,
Bepudukanus npoekra VC, TecToBble MOKPHITHS, Y3IIbl CAMOTECTHPOBAHHUS.

Introduction

espite numerous procedures of verification of an IC project, chips that have already
been manufactured may contain defects that disrupt its performance. A breach of
functional specifications may be due to both objective factors, such as defects in raw materials
or fluctuations in technological modes, and to subjective ones, intentional changes (hardware
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Trojans). Verification of IC after its manufacture is a complex and expensive procedure that
requires the solution of a whole range of engineering tasks. The contemporary approach to IC
design is based on the concept of embedding additional components into the project. They are
specifically designed to check VLSI for defects. Such design methodology with the possibility
of testing or designing for the implementation of controllability (Design for Testability, DFT) is
currently an integral part of all commercial integrated circuit projects, such as microprocessors,
systems on chip or systems in package [1-3].

Design for testability methods

Any DFT project is based on two components: 1) implementation of the necessary links
(connections or circuits) inside the IC to ensure complex effective testing and 2) application of
test templates (test vectors), which are specially designed sets of effects on IC inputs and the
adequate expected sets of signals at the outputs.

According to the generally accepted classification, performance tests of the finished ICs
are divided into: 1) diagnostic, when the developer performs a targeted search for a defective
node; 2) functional, determining compliance with the specification stated in the technical
specification; 3) parametric, designed to test certain parameters. These parameters can be, inter
alia, maximum clock-rate, immunity to noise, temperature, etc. An integral part of testing is
specialized automated testing equipment, the cost of which is rather high.

While implementing DFT strategy, one should consider that the test covering, which provides for
the enumeration of all possible combinations of input signals, considering VLSI of the microprocessor
as a serial device with a set of output statuses determined by the inputs and internal statuses (Mealy
machine) is almost impossible, as it will require resources impractical from the technical point of
view. The following two circumstances provide guiding ideas for the process of the combinatorial
circuit tests design: 1) optimization of the test covering volume at the level of 95-99%, and 2) the
impact of one defect can manifest in the whole range of input signals, so one test pattern is enough to
identify a specific defect, while all the others detecting the same failure are redundant.

When testing the sequential circuits, the number of required input test vectors increases
significantly due to the fact that before applying a particular effect, firstly, it is necessary to bring
circuits to a certain initial condition, and secondly, to ensure the transfer of the circuit response
to these patterns to one of the outputs. Accordingly, while implementing the DFT concept, it is
necessary to analyze the controllability and observability of specific project components.

Since the number of internal statuses of a circuit can be very large, the number of input
vectors required to test only one specific sequential circuit error becomes unacceptably large.
As a result, the original (special, ad hoc) methods can be applied in the design process. The
following are typical examples:

1) Introduction of additional hardware into the circuit. This facilitates the testing, but
produces no effect on the functional features of the circuit.

2) Introduction of additional inputs and outputs and adding test points into the circuit. They
serve for the testing process implementation.

3) Partitioning of large finite state automation.

4) Introduction of special test buses.

In any case, the effectiveness of such methods depends on the subjective properties of the
developer, inter alia, his qualifications and experience, which cannot be taken into account in
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the design automation process. Therefore, the following two common unified methods (e.g., see
[3]) are integrated and applied in contemporary VLSI CAD systems:

1) Testing based on scanning (boundary scan), when the feedback loops break in the process
of testing, and the sequential circuit is converted into a combinatorial one, and peripheral
scanning of the circuit is being performed.

2) Built-in self-test (BIST), when modules are embedded into the integrated circuit,
providing the self-test opportunity without the application of external templates or with a
minimum number of them (the self-control concept).

The contemporary design implementation with a sequential scanning for the first time assumes
that the circuit registers are modified so that, in addition to the normal operation mode in the test
mode, they are sequentially connected and form a sequential shift register. A simple example
illustrating this approach is shown in Fig. 1.

Ing Int In2 In3
TestEn {>o |‘|l: |‘|l: |‘||: FII:
1 L L L
Scanin T1 ScanOut
DFF DFF DFF DFF
OutD Out1 Out2 Out3

Fig. 1. Diagram of a 4-bit register with a sequential scan chain.

When the «Test» signal level is low, the circuit is in the normal operation mode. In the
test mode, «Scanln» input is activated, and the registers are connected into the scan chain so
that the 4-bit register output is connected to the output branching logic and is duplicated at
«ScanOut»output, which is in turn connected to «Scanlny input of the adjacent register.

The most common and technically complete solution of the sequential scanning is the status
scan method (Level-Sensitive Scan Design — LSSD), the main idea of which is to use the shift
register latch (SRL), the operation of which is shown in Fig. 2.

D
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Fig. 2. Shift Register Latch.
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The circuit consists of two latches, and the second one is used only when scanning. In
the normal mode, A and B inputs are at low level and D, C and Q signals form data inputs,
clocking and output, respectively. In the scan mode, the clock signal is generated by the
low C level, SI is the input, and SO is the output, while A and B operate as two-phase clock
signals of the test mode.

LSSD method is widely applied in the test automation programs. IEEE 1149 standard is
currently the regulatory document for the organization of scanning systems.

The self-control methodology is an alternative to scanning, which is increasingly applied
in the automation of VLSI and ICS design. In this case, the circuit itself generates tests
and checks their results. Tests can be exhaustive, i.e., detecting all possible failures, which
requires a lot of resources. In practice, a random subset is formed from the whole range of
possible input signals.

Analysis and model description of possible circuit faults always comes before the
automated development of test codes. In the most critical cases, the standard models of short-
circuit defects such as stuck-at-zero (sa0) and stuck-at-one (sal) can be added to the fault
models of such types as «permanently open transistor» or «open circuit» (stuck-at-open) and
stuck-at-short. However, the addition of these faults requires proper justification, as it leads
to a significant complication in the process of generating test codes, while many faults of this
type can be replaced by sal or sa0.

In the process of automatic generation of test codes, a minimum amount of test vectors
is set. It is usually assigned on a random basis, but covering most of the errors in the circuit.
Determining the minimum amount of test vectors is based on the accepted fault model and
special algorithms and is a complex technical task, which belongs to one of the intensive areas
of development in the field of computer-aided design and is solved by CAD developers in a
different manner. As a standard example illustrating the research nature of such activities one
can mention the work [4] performed by the MIREA — Russian Technological University. During
the work, inter alia, a software tool for automating the methods of the test systems building was
developed on the basis of the proposed methods of dynamic verification of system exchange
modules and universal verification technology. This allowed more than 30% reduction of the
labor costs for the development of test systems for dynamic verification of system exchange
modules in the course of development of the domestic microprocessors of a new generation [5].

The example of a pseudorandom generator of a subset of input signals is the circuit of
N sequentially connected one-bit registers with an EXCLUSIVE OR element connected to
two of them, the output of which is supplied to the input of the first register. Thus, Linear
Feedback Shift Register — LFSR is formed, which runs through 2N-1 statuses, which is a
pseudorandom sequence, and the initial register loading determines which pseudorandom
sequence will be formed.

The response analyzer is a compare circuit with possible statuses, the sets of which are
stored inside the circuit memory. To reduce service costs a response compression method is
applied before comparison. This approach is called a signature analysis, because in this case
the response analyzer consists of the output dynamic compression circuit of the tested circuit
and the comparator. The simplest single-bit stream signature generator counting the number
of transitions from zero to one and from one to zero is presented in Fig. 3.
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Fig. 3. Example of the circuit signature generator.

Matching of the received signature with the predetermined one can be considered as a
successful passing of the test, since the probability of obtaining a signature match with an
erroneous sequence of transitions is small.

The circuit combining the modules of test code generation and signature analysis is a
modification of the self-testing methodology. In this case, the EXCLUSIVE OR operation
is applied to the output word and LFSR content, forming a test signature at the end of the
test sequence. In case of such activation, by means of the actuating signals the circuit can be
switched from the test configuration to the shift register or to the scanning shift register. This
method is called the built-in logic block observation — BILBO. The three-bit BILBO controller
circuit is shown in table and Fig. 4.

Three-bit BILBO controller operating modes

BO B1 State
1 1 Normal Operation
0 0 Scan
1 0 Pattern Generation or Analysis
0 1 Reset
80 oo jer b2
Bl
Scan bnput ; Scan Qutput
= R R ]
)
50 51 52
Scan Output
Scan Input o X
b 1
Input T o Qutput
f=) Combinational = Combinational ——»
— circuit =] circuit
[==] = =]
: +

Fig. 4. Three-bit BILBO controller circuit and its operating modes.

Before the test some number is loaded into the register A of the circuit that initializes the
register B. The register A operates in the mode of generating pseudorandom codes, while the
register B, in the signature analysis mode. The signature is read from B upon the completion of
the test sequence transfer.
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Difficulties of determining the project malfunctions

Contemporary VLSI can not only be systems on chip (SoC), but also systems in package
(SiP). In this case, due to the fact that each chip can have its own testing system, the entire
assembly test can only be performed using a built-in self-test. ICS test concept involves the
inclusion of test modules into the configurable interface nodes connecting the chips and
providing synchronization and data exchange. Development of ICS design and verification
ideology is, inter alia, represented through an increase in the level of project abstraction aimed
at the application of higher-level languages in CAD [6].

Despite numerous procedures of IC project verification, chips that have already been
manufactured may contain defects that disrupt its performance. A breach of functional
specifications may be due to both objective factors, such as defects in raw materials or
fluctuations in technological modes, and subjective ones, intentional changes (hardware Trojans).
Verification of IC after its manufacture is a complex and expensive procedure that requires the
solution of a whole range of engineering tasks. The detailed analysis of possible threats caused
by the violation of functions of the executed projects is represented in the monograph [7].

Protection of integrated circuits and systems based on them, which is aimed at identifying
and eliminating unnecessary interventions into the design solutions, should be implemented
through various methods. In particular: 1) at the level of standard project library elements
testing; 2) by means of IC boundary scan systems; 3) by means of an appropriate upgrade of
vulnerable software. Detailed studies of this task and analysis of their results show that the
development of trusted intelligent data processing systems is a complex scientific and technical
task that requires thorough analysis and research to develop grounded technical solutions at
all the design stages. In the microelectronics CAD market, the testing solutions are mainly
represented by major DFT suppliers in the field (Cadence Design Systems, Mentor Graphics,
Synopsys). These packages vary significantly in terms of technology, design overhead costs,
design rules, and ease of use.

It is obligatory for the structure of contemporary CAD to contain 1) modules for checking
the implementation of design rules (design Rules Check, DRC) set by the manufacturer and 2)
modules for checking the compliance of the pattern of the obtained topology and functional
diagram of the device (Layout Versus Schematic, LVS). The correct application of the rules
and LVS tools in principle provides for conducting the analysis of intentional or unintentional
errors in the chip topology after its manufacture. The set of standard library elements (valves,
logic cells, triggers, etc.) serves the basis of any project. Thus, conformance testing of the
behavioral description and the results of the designed operations is the necessary stage of IC.
Such testing is carried out by modeling in specialized tools of different CAD manufacturers
(Cadence Design Systems, Synopsys and Mentor Graphics) and comparative analysis of the
results. The developed method of conformance testing of topology and the electrical circuit
was checked using test chips. The method consists of the following procedures: recognizing
circuit elements by a topological pattern; restoring links between the elements; forming chains
of connection (net list) matching the real electric circuit; comparing the extracted net list with
the original one.

Recognition of circuit elements by topological pattern is based on the preliminary geometric
processing of the topology pattern for layer-by-layer coding of the contours of all elements of the
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topology and subsequent application of logical operations with the figures in order to identify
transistors, interconnects and other circuit elements. E.g.: «polysilicon layer» — AND operation
— «diffusion layer» = «transistor channel»; «diffusion layer» — AND operation — «metal layer»—
AND operation — «contact layer» = «transistor output».

Restoration of links between the elements is carried out by monitoring the routes of the identified
interconnects connecting the outputs of the identified elements with subsequent conformance
testing of the topology and the electric circuit. The method analysis demonstrated that it is more
effective to compare the connections at the logical level, not at the level of transistors.

The report on testing results contains: information about the match of the output data of the
Spectre and Verilog simulation; check for compliance with the design rules of the manufacturer;
check for errors in LVS report. Contemporary CAD tools provide the opportunity for detailed
research and analysis of a particular element operation. Cadence NC-Verilog simulator
combined with SimVision visualization tool can serve as an example, as well as Spectre MDL
and Cadence ViVA.

Special hardware protection modules built into IC, the control of which will allow the
developer to identify possible bugs and breaches that can lead to operation failures and correct
them, serve as an additional measure of protection of IC projects manufactured by foreign
companies. The detailed development of such modules should be project-specific and is a
subject of separate studies. IEEE Std 1500 standard is the basis of such methods, according
to which each core of the designed system on chip should have a test harnessing. A detailed
description of hardware and software methods to counter malicious inclusions into chips and
design for IC security purposes is given in the papers [7, 8].

A significant addition to CAD tools providing for verification and even correction of the
already manufactured chips is represented by the methods for analyzing IC topology. The
methods are based on the technology of the ion beams preparation. Examples of such studies
are presented in publications [9].

Thus, in terms of the analysis of possible breaches of project integrity and development
of the requirement to the description and structure of models of standard digital circuits and
complex functional modules, one can make the following conclusions.

Contemporary VLSI CAD applications provide for achieving the full covering of the
project, but the resources required for this purpose can be non-optimal, both in terms of time
required and the cost of test equipment. As a result the control of the functional integrity of the
project is possible with some degree of probability.

The built-in self-testing units are usually generated automatically in the form of RTL code
or part of a netlist and are difficult to distinguish from units also included in the project, but
performing any other function, inter alia, a malicious one. The correctly implemented means of
scan testing and built-in self-testing can confirm only the completeness of the project functionality,
but not redundancy, especially if the redundant functions are not activated by digital signals of the
circuit, or the results of its operation do not affect the basic functionality of the circuit.

The test circuits generating means, both scanning circuits and built-in self-testing can pose
threats to information security, since VLSI CAD software products are proprietary, and their
source code is closed, and control of the project changes made by the test generation programs
is performed by these means.

It is essential that in the standard design flow, usually provided by the manufacturer in the
form of PDK, standard testing tools are not designed to control the topological integrity of the
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project. Formal verification of the project, both before and after the implementation of testing
circuits, for the presence of changes in the functionality of the project itself may not reveal the
breach done, especially if the formal verification is carried out by means of CAD of the same
manufacturer as CAD for the testing circuits’ generation.

As long as all contemporary developments of domestic VLSI are manufactured with
varying degrees of the foreign companies involvement, a prerequisite for ensuring the reliable
operation of these products is the development and implementation of special organizational
and technical measures aimed at analysis, identification and elimination of possible distortion
of projects in the form of software and/or instrument bugs directly at the design stage, inter alia,
in the form of nodes complementing scanning and self-testing modules. Such measures, inter
alia, are:

— Analysis of the libraries of standard elements used in the project with complete disclosure
of their specifications, i.e., descriptions at the topology level, circuit diagrams and methods of
checking design and verification rules.

— Creation on the basis of libraries of standard elements in models and programs of the
analysis of special nodes with a function of physical non-cloning, serving as standards for
comparison with results of tests and the manufactured chip.

— Analysis of IP modules used in the project with the maximum disclosure of the internal
structure, and especially the methods and algorithms for providing test covering and circuits for
peripheral scanning and/or built-in self-testing nodes.

— Introduction of special modules (IP-infrastructure Security-IIPS [10]) into the project,
which are complex functional units specifically designed to check for protection against possible
bugs (hardware Trojans).

— Development of special test kits and methods of their generation at the function design stage
to detect malicious nodes and programs both inside SoC cores and at the level of system buses.

— Development of methods for special hardware measurements of the manufactured circuits
parameters and analysis of their results, inter alia, according to the measurement of delays in
signal propagation and/or bus consumption currents.

Conclusions

Specific examples show that the protection of integrated circuits and systems based on
them, the purpose of which is to identify and eliminate undesirable interference in design
solutions, should be implemented by various methods: at the level of standard project library
elements testing; by means of IC boundary scan systems and by means of appropriate upgrade
of vulnerable software. Performed studies and analysis of their results show that development
of trusted intelligent data processing systems is a complex scientific and technical task that
requires thorough analysis and research to develop grounded technical solutions at all the
design stages.
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KomMmmiekcHBIN ITOKa3aTesIb IIpeJIOMJIeHMsI TTaHaTa CTPOHIIMA
B TeéparepumoBoM Avalla30HE 1acCToT
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CoBpeMeHHOE pa3BUTHE TEPArepIioBOi CIIEKTPOCKOIMH BO BpeMeHHo# oomactu (THz-TDS)
MTO3BOJISIET IPOBOANTH 00JIEe TOUHBIC M JIOCTOBEPHBIC U3MEPCHUS TUAICKTPUUYCCKUX CBOMCTB
110 CPABHEHHUIO C TPAJAUIIMOHHONW MH(PPAKPACHOU CTICKTPOCKOIHMEH C UCIIOJIb30BAHMEM HEKOTe-
pentHoro uctoyHuka ceta. [llupokononocHas THz-TDS siBisieTcsi MOIIHBIM HHCTPYMEHTOM
JUISL ONIPEACIICHUS IEUCTBUTEIPHOM U MHUMOM 4acTe KOMIUIEKCHON JTUAIEKTPUUYECKON Mpo-
HUIIAEMOCTH TpU MPOoXoxkAeHUU TI I-u3mydeHus, KoTopas mo3BOJISIET ONMPEACIISITh TapaMeTPhl
MSTKHX MOJ B CETHETOICKTpHUKaX. B qaHHOI paboTe MEeTOIOM TepareproBOl CIIEKTPOCKOITUN
C BPEMEHHBIM Pa3pEIICHUEM HCCIIEI0BaHa 3aBHCUMOCTh KOMIUIEKCHOTO TIOKa3aTes MpeoMIe-
HUS MOHOKPHUCTAJUIMYECKOTO KBAHTOBOTO IMapalieTpuKa TUTAHATa CTPOHIUS B TEPareproBoM
nuamnazone yactoT ot 0.3 no 1.3 TT'u. IlokazaHo, 4TO HU3KOYACTOTHBINA TEPAreplOBbIA OTKIMK
Marepuana 00yCJIOBJIEH JOMUHUPOBAHUEM MATKOH (poHOHHOK Mokl TO,. IsMepeHHbIe KcIe-
PUMEHTAJIbHBIE 3aBUCUMOCTH TIOKa3aJid XOPOIIIee CXOACTBO C TEOPETUUYECKUMHU KPUBBIMH, T10-
JYYEHHBIMHU M3 aHAJIM3a MOJCIIH ocIuiaTopa JlopeHna /1t KOMIUICKCHOW JUAJICKTPUISCKON
MIPOHUIIAEMOCTH THUTaHATa CTPOHITUs. Pe3ynbraTsl pabOThl BaXKHBI JJI MIOHUMAHUS TPUHITUATIN-
aJTBbHOW BO3MOXXHOCTH BO30Y)KIICHHS TMapaMeTpa MopsaKka B CETHETONICKTPHUCCKUX MaTepHua-
JaX U MOTYT OBITh MCTOJB30BaHbI JIJIsi CO3MaHMs SHEProd(h(HEKTUBHBIX YCTPOUCTB MaMSITH CO
CKOPOCTBIO 3anmucy uHpopMaIuu, OJTM3KOH K TEOPETUYECKOMY MPECITy.

Knrouesnie cnosa: TCparcpuoBOC U3JIYUCHUC, CCTHCTOIJICKTPUK, TCparcpuoBasa CIICK-
TPOCKOIIHA.
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KoMmriuiekcHBIV TOKa3aTesib IIpeJIOMJICHVSI TUTaHaTa CTPOHIINS B T€pareprioBoM Ayialla3OHe YacToT

The recent progress in terahertz time-domain spectroscopy enables the accurate and
reliable measurements of dielectric properties in comparison with the traditional far-infrared
spectroscopy using an incoherent light source. The broadband THz-TDS is a powerful tool to
determine the real and imaginary parts of a complex dielectric constant by the transmission
which allows to detect the parameters of the soft modes in ferroelectrics. In this work, the
terahertz time-domain spectroscopy was used to investigate the dependence of the complex
refractive index of a single-crystal quantum paraelectric strontium titanate in the terahertz
frequency range from 0.3 to 2 THz. It was shown that the low-frequency terahertz response of the
material is determined by the soft phonon mode TO1. The measured experimental dependences
showed a good agreement with the theoretical curves obtained from the analysis of the Lorentz
oscillator model for the complex dielectric constant of strontium titanate. The obtained results
are necessary for understanding the principle of possibility to manipulate the order parameter in
ferroelectric materials and can be used to create energy-efficient memory devices with a speed
of recording information close to the theoretical limit.

Keywords: terahertz radiation, ferroelectricity, terahertz spectroscopy.

BBenenne

CMOMeHTa OTKPBITHS MOJNAPHON MATKOW MOJIBI B KpucTasuie Turanara ctponuus (SrTio,)
BO3HUK OOJIbIION MHTEPEC U MOSBUIUCH MONBITKH MOHATH OBEJECHUE TUAIEKTPUUECKUX
CBOMCTB JIaHHOTO MaTepuasa, B YaCTHOCTH, U3YyUUTh B3aUMOCBS3b MEKIY TUAIEKTPUUECKUMU
CBOMCTBaMHU U ONTUYECKUMHU (POHOHHBIMH XapaKkTepucTukamu [1-3].

Tutanar CTpOHLMS ABIIAETCSA NOTEHIUAIBHBIM CETHETOJICKTPUKOM CO CTPYKTYPOH IIEPOB-
ckuta ABO,. C 011HO#i CTOPOHBI, €T0 JTUBIIEKTPUIECKOE TIOBEICHHE MOTHOCTHIO KOHTPOIHUPYET-
sl 3a CYEeT AMHAMUKHM MATKOW MOAbI [4], ¢ Ipyroil CTOPOHBI, NEPEXO U3 MapadIEKTPUIECKON
B CETHETORJICKTPUUECKYIO (pa3y HE MPOUCXOAUT BIUIOTH J0 TEMIIEpaTypbl aOCOIIOTHOTO HYJI,
TaK Kak MMOJaBJIeH KBAHTOBBIMU (IIyKTyalusiMu [5]. DTu CBOHCTBa, a TaK)ke BO3MOKHOCTb T10-
JTy4€HUs] BHICOKOKAYE€CTBEHHBIX TOHKHUX IIEHOK, AenaroT SrTi0, MaTtepuasioM it IpUMEHEHHUS
B [I€PECTPAUBAEMBIX MUKPOBOJIHOBBIX KOMIOHEHTAX [6]. 3aBUCUMOCTb €ro AUAICKTPUUECKOU
IPOHULIIAEMOCTH OT IIOCTOSIHHOTO TOKA [ 7] M HU3KHE AUAJICKTPUUECKHUE TOTEPH B MUKPOBOJIHO-
BOM /IMana3oHe NP1 KOMHATHOM Temmneparype [8] MOryT ObITh TOCTUTHYTHI ITyTE€M XUMUYECKO-
r0O 3aMEIIeHHs aTOMOB CTPOHLIUS TBEPAbIMH PacTBOpaMH TUTaHarta Oapus-cTpoHuus [9] uim
MyTE€M BBEJCHUS PACTATHBAIOIIECH AeQOpMaIiy 3a CYET NMPABHIBLHOTO BHIOOPA MOUIOKKHU JUIS
SNUTAKCUAIBHOTO POCTa TOHKOM IUIEHKH.

bnarogapst BEICOKOMY 3HaY€HHUIO CTAaTHYECKOM AUAIEKTprUdYecKoi nporuraemoctu [10, 11],
SrTiO, mKUPOKO MCMONIB3YETCs TAKIKE B TIPOU3BOJICTBE KOHIEHCATOPHBIX CTPYKTYP € BBHICOKOH
IUIOTHOCTBIO 3anmucH uHopmaruu [12, 13], Takux, Kak TUHAMHUYeCKast HaMsTh C IPOU3BOJIb-
HbIM goctyniom (DRAM) [14].

HenaBHo ObLI0 mOKa3aHo [15—17], 4TO BBIMIENIEPEUNCIICHHBIC XaPAKTEPUCTHKH JIETAOT
SrTiO, npeanoYTUTENEHBIM MAaTEPUAJIOM Il IPUMEHEHUs B TEPareplOBBIX YCTPOWCTBaX, B
YaCTHOCTH, B YCTPOMCTBAX YNPABJICHUS U MEPECTPONKH TepareproBoro uanydenus. C pa3Bu-
THEM 00JIacTH FeHepalty U JeTeKTUPOBAHUS TEPArepliOBOTrO N3IYUEHUs METO/bl CTaTHYECKOM
U TepareploBoil crnekTpockonuu ¢ BpeMeHHbIM paspemienuem (THz-TDS) npesparunuch B
YHHUBEpCAJIbHbIE METO/IbI JJIS1 XapaKTEePU3aLMH MTOJIHOW AUANEKTPUUECKON (PYHKIIUH HITHPOKOTO
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CIIEKTpa MaTepuasoB B JaibHel uHpakpacHoil obmactu criekrpa [18]. [lepBoe mpumenenue
TaKOTO POJia CHEKTPOCKONHHU OBLIO OCYIIECTBIICHO IS TAPOB BOJIBI, COACPIKAIIMXCS B OKPYIKaIO-
et armocdepe [19]. BriocneacTsun yaanoch sKCEpUMEHTANBHO U3MEPUTH KOI(DPHULIUEHTHI 110-
IJIOUICHUS U MOKAa3aTesb IIPETOMIICHUS IS LIEJI0T0 PSAa AUIEKTPUKOB U TTOTYTTPOBOTHUKOB [20].
B npencraBnenHol paboTe M3yyeH AUANEKTPUUYECKUN OTKIMK OT MOHOKPHUCTAILTUYECKO-
ro obpasua turanara crponius SrTiO, B muanazone vactor 0.3—1.3 TI'u ¢ ucnons3oBanrem
METOJMKHU TepareploBOi CIIEKTPOCKOIINH C BpEMEHHBIM paspelieHueM. [lo cpaBHeHMIO C 1py-
MMM METOJAaMU OIIPEJIEICHNUs XapaKTepUCTUK MaTepUajoB TepareploBasi CIEeKTPOCKONHS BO
BPEMEHHOW 00J1aCTH UMeeT psij mpeumyiects [21, 22], a *MEHHO B YaCTHOCTH, BO3MOXKHOCTh
W3y4aTh ylaJeHHO, 0€3 UCIOJIb30BaHUs AIEKTPOAOB, CIOKHYIO AUIIEKTPUUECKYIO AUCTIEPCUIO
Marepuana myTeM U3MEpEeHHs AIIEKTPUUYECKOrO MOl KOTEPEHTHBIX TeparepleBbIX BOJH. JKC-
nepUMEeHTaJIbHbIEe PE3YNBTaThl OOBSICHEHBI B paMkax mozaenu Jpyne—Jlopenna.

MeToauuyeckas 4acTh

Uccnenyempiii  oOpasenr npezacrabisn  cobod Monokpuctamn SrTiO, ¢ pasmepamu
0.5%x0.5%0.14 mm u opuenranueir <100>. Paboune moBepxHOocTH 00Opa3iia UMENH IOJHUPO-
BaHHYIO /IO ONTHYECKOTO KayecTBa MOBEPXHOCTb. JIJIsi MCKIIIOYECHUS BIUSHUS MEXaHUYECKUX
HanpspKeHUN 00pasell 3aKperuisid TOJIbKO ¢ OAHOro topua. [loBepxHOCTH psiioM ¢ 06pa3oM
3aKpBIBAIA ATFOMUHUEBOM (osbroi, omokupyromieit TT -uznydenwue.

Turanar cTpoHIMs 00IagaeT 00EeMHBIM CTPYKTYPHBIM (ha30BBIM TiepexofoM m3m — 4/mmm
(M3 HEHTPOCHMMETPUYHON B LIEHTPOCUMMETPUYHYIO (asy) npu temneparype 7, = 105 K, uro
JIeNIaeT ero ONTHYECKH H30TPONHBIM. Ha ero anemMeHTapHylo siueiiKy IpUXOAUTCs MATh aTOMOB,
YTO MPUBOJUT K YETHIPEM TPUIKIbI BBIPOXKAECHHBIM ONITHUYECKUM MojaM ¢ yactoramu 90, 170,
539 u 793 cm!, coorBeTcTBeHHO [3, 23-26]. XapakTepHbIM MMOBEJICHUEM TAKHX CETHETOJICK-
TPHUKOB SIBJISIETCS BBICOKOE 3HAUCHUE TUAIEKTPUUECKON MPOHUIIAEMOCTH, KOTOPOE 3aBUCUT OT
TEeMIIepaTyphl B COOTBETCTBUHU ¢ 3akoHOM Kropu—Beiicca [27]:

g, c1/(T-T,),

TJIE €, — CTaTUYECKas JUDJIEKTPUYUECKAst IIPOHUI[AEMOCTb.

OkcrpanonuposanHas temneparypa Kropu cocrasnser 7, = 40 K. Xora SrTiO, daxrnye-
CKH HMKOT/IA HE IIPETEPIIEBAET CErHETOAIEKTPUIECKHM ITepexol, a 3aBucuMocTsb Kropu—Beiicca
npuMeHnMa Toabko st 7> 50 K [3], ero mepexos B CETHETOAIEKTPHUECKOE COCTOSIHUE BO3-
MOXXEH IyTEeM MPUIOKEHUSI MeXaHu4deckoro [28, 29| unu anekrpudeckoro HampsbxeHus [30], a
TaKKe ImyTeM JerupoBanus [31].

TT'u-u3nydyeHne reHepupoBaioch 3a cueT dhdexra onTUuecKoro BIMpsAMIICHHS (heMTo-
CEKyHJIHBIX Ja3epHbIX uMmynbcoB MK-muamazona (A = 800 uM, T = 100 ¢c) B anexTpoonTu-
geckoM Kpucramie ZnTe. s koMIeHCaMu pacxoauMocTd U GokycupoBkH TT I-u3nyueHus
HCIIOJIb30BAJIMCh BHEOCEBbIE Mapabonnyeckue 3epkaia, HOKyCHbIE pacCTOSHUS KOTOPBIX ObLIN
o100paHbl TAKUM 00pa3oM, YTOOBI 00€CTIeYNTh MUHUMAIBHBIN pa3Mepa MATHA, OTPaHUYCHHO-
ro AU pakIMOHHBIM IIPeIesioM, B 00acTu oOpasia.

Jl1is u3MepeHus: BpeMeHHbIX (OpM Majarouiero u npoiieamero yepes oopasen TIu-um-
MyJBCOB MCMOIB30BAJICS METOJ] AJIEKTPOONTHIECKOTO CTpoOupoBaHus [32]. CxeMa yCTaHOB-
KH TpencTanieHa Ha puc. 1. Pacxomsmmiicss TI-mydok, mpomennmii yepe3 TouKy ¢okyca
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Ha MecTe oOpasua, codupaiicss M POKyCHpOBajCs BTOPOH Mapoi mapaboNMYecKuX 3epKasl Ha
kpuctamie-aerekrope ZnTe. 3onaupyromuii umnynsc MK-nuanazona npocTpaHCTBEHHO U BO
BpeMeHH coBmemaics ¢ T nu-umnyapcoM Ha 31eKTpoonTHYecKoM Kpuctaiie. [Ipu orcyrcTBumn
TI'u-nosis TMHEHHO-MTONSIPU30BaHHbIE UMITYJIBChI UK-u3iyueHust mpoxXoasat yepes3 3JIeKTpooI-
TUYECKUI KpUCTaII 06e3 u3MeHeHHs. 3aTeM, Ipoxos uepe3 (a3oByIo MIACTUHKY A/4, 1Be B3a-
MMHO-TIEPIIEHIUKYJIIPHBIE KOMIIOHEHTHI MOJISIPU3ALMNA TPOCTPAHCTBEHHO PA3AEISAIOTCS C I0-
MOIIBIO PU3MBI BoslacToHa M IETEKTUPYIOTCS € MOMOILBI0 OanaHcHoro (otonuona. Tak kak
IIOCJIE TIPOXOXKJEHUS YETBEPTHBOIHOBOM I1acTUHKU MK-11yd nMeeT KpyroByto MoJsipu3aLuio,
TO CHTHAJI C Pa3HOCTHOTO KaHaja O6anaHncHoro (oTofeTekTopa OyneT HyaeBbIM. B ciydae, Kor-
na TT'u- 1 UK-umnynbsCel OTHOBPEMEHHO MPUXOAAT HA AIEKTPOONTHYECKHNA Kpuctain ZnTe,
NK-uMITy/TbC MCTIBITHIBACT JIOTIOTHUTENLHBIN HaOer (a3bl AP, HHIYIIMPOBAHHBINA 3JIEKTPUUCCKUM
nonem TI'u-umiyneca £, 1 ero nosspusanus MEHSETCS Ha SJUIMNTHYECKYIO. JlaHHOe u3Me-
HeHHe (asbl, perucTpUpPyEMOe € MOMOIIBI0 0aJlaHCHOTO (POTOAETEKTOPA, MPONOPIIMOHATIBEHO
aMILIUTYyzE ekTpudeckoro noss TT n-ummnynsca:

3
1 on,r, E,d i

A
M 2 c

rae o —yacrora MK-usmydenus;
n, — nokasaresp npeiomienus it MK-usinyyenms,
¥, — DIEKTPOONTUYECKUH KOODPUIIHEHT;
d — TONIIUHA SJEKTPOONTUYECKOTO KPUCTAIIA;
¢ — cKopocTh cBeTa [33].
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Puc. 1. Cxematnueckoe n300paKeHHE SKCIIEPUMEHTAIBHON YCTAHOBKH U TIPUHIIHIIA
3NEeKTPoONTUYECKOTo AeTekTupoBaHus T u-uznydenns. CIUIOMHBIMA YePHBIMU JTUHUSIMH
0003HaYeHA OIS PU3AIISI N3HAYATIBHO [131aI0IIET0 30HIUPYIOIIETO 3Ty ICHUS,
MMyHKTUPOM — BO BpeMsl BozaecTBus TT -ummysnsca.
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Cnenyer oTMETUTh, YTO JaHHBIA METOJ NETEKTUPOBAaHUS UMIyabcHOro TIn-usnydenus
MO3BOJISIET PETUCTPUPOBATH HEMOCPEACTBEHHO BPEMEHHOM MPOQHIIL AIIEKTPUYECKOTO OIS
TT'u-nmiyibca 3a cuet BappupoBaHus Bpemenu npuxoaa TI'n- u MK-umiynscoB Ha KpucTai-
JETEKTOP.

Pe3yJILTaTLI H UX oﬁcymeﬂne

Ha puc. 2 npeacraBneHbl 4aCTOTHBIE CIIEKTPHI MAJAIOIIETO U MPOIIEIIEro yepe3 oopasely
TI'1-uMITyJIBCOB.
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— 1E6

1E-7

ArMNnNUTYOa (OTH. 80

1''«J'h\"/\f\'llv,'lﬁl'-/ II“'f\"')\/\/\. J'M

0 1 2 3
Hacrora (Tru)

Puc. 2. YacToTHBIN CIIEKTP OMOPHOTO M MPOIICIIIETO Yepe3 UCCIeAyeMbIH 00pasert
SrTiO3 TI 1-uMIyaBCOB.

HpOXO)KI[eHI/Ie QJICKTPOMAIrHUTHBIX BOJIH UC€PE3 MATCpUATl XapaAKTCPU3YCTCA KOMIIJICKCHBIM
TIOKAa34aTCJICM MIPCIIOMJICHUSA:

n=n,+ik,

re 7 — JEHCTBUTENbHAS YaCTh II0KA3aTeIsl IPENOMIICHHS, KOTOpas ONpeeNseT (azoByro CKOPOCTh
3JIEKTPOMArHUTHOHN BOJHBI IIPU €€ PACTIPOCTPAHEHUH B CPEJie OTHOCUTEIHHO CKOPOCTH
CBETA B BaKyyMEe;
k — k03(pPUIMEHT SKCTUHKIIMHU, CBSI3aHHBIN ¢ KO3()(HUIIMEHTOM MOITIOIIEHUS 0L COOTHOLIE-
HueMm k =al/4m | roe A — [IMHA BOJIHBIL.
3Has KOMIUIEKCHbBIE aMIUTUTYIHbIE K0d(pduimeHTsr Oyphe-CreKTpOB OMOPHOTO CUTHANA
(o) u curnana obpasua £ (®), MOKHO BBIYHCIIUTD KOMIUICKCHBIN aMILIHTYIHBIH

ONnOpHbILL obpasze

k03 HUIMEHT MPOMyCcKaHusl 00pasia B COOTBETCTBHH C IMEPEAATOUHON (DyHKIIUCH:

E ) . .
Ham,nep ((D) — oépaseu( ) — T(m)ez(p(oa) — t12t23e—ad/281(n—l)wd/c (1)
Eonopnbzﬁ ((’0)

Tie {,, ¥ t,, — aMILTUTyAHbIE Ko3(hpuumenTsr GpeHens Ha TPaHULE BO3AyX—00paser u 00paser—
BO3/YX, COOTBETCTBEHHO; d - TOJIIIMHA KPUCTAILIA;
¢(w)— oTHOCUTENbHAA (a3a mpoleamiero uepe3 oopasen u onopHoro TT'u-ummynbcos [34].
VYpaBuenue (1) mo3BossieT yCTaHOBUTH CBSA3b MEXAY H () M KOMIUIEKCHBIM IOKa3are-
IKcHep
JIeM IIpeJIoMJIeHHs 7i. biraronaps 3 ToMy CTaHOBUTCSI BO3MOKHBIM HAXO0KJICHUE JEHCTBUTEIbHON
4acTH MOKasaTens mpenaomieHus n (o), kodddumuenta npornyckanus 7(w) u kodpdunrenTa

TOTJIOIEHUS 0(®) COTIIacHo cienyromuM Gopmymnam [35]:

n (@) =1+ 2@ )
od
()1’
= @y ©
2 4n
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OnHako HEOOXOIMMO 3aMETUTh, YTO MPH MOTYYECHHH COOTBETCTBYOIIETO YACTOTHOTO CTICK-
Tpa JUI1 KOHKPETHOro 00pasiia B 3aBUCUMOCTH OT CHIEKTPAJIbHBIX aMIUIUTY/l HE BCETIa BOZMOXK-
HO OIPENIEIUTh JOBEPUTEIbHBIN UHTEPBA U3MEPEHHUS, T. €. TPAHUYHbIE 3HAYEHUS YaCTOT, IpU
KOTOPBIX TOJYYEHHBIN CHEKTP CUrHajla MEPeXOAUT OT (PaKTHUECKOro M3MEPEHHOIO CUTHaja
K mrymy. B kauectBe KpuTepus Mbl UCIOJIB30BAIM OLEHKY KO3 (UIMEHTA MONIOMEHHs o)
¥ HAILUTK Takoe o (®), IPU KOTOPOM 3HAYEHHUsI MOIIOMIEHHS BBIILIE 3TOTO YPOBHs CYUTAIIMCH
HEZ0BEPUTENbHBIMU. B KauecTBe KpuTEpHs IpaHULIbl JOBEPUTEIBHOIO HHTEPBAJIAa UCIIOJIb30Ba-
HO OTHOILIEHUE CPETHEKBAIPATUYHOIO OTKJIIOHEHUS (G) U3MEpEeHus ¢ 3aKpbIThiM TT 1-TydoM K
MaKCUMaJIbHOMY 3HA4EHHUIO aMILJIUTY/bl CUTHAJIA B MOMEHT Bo3aencTBrs T1 n-ummynsca (Eg:;
). Takum 06pa3oM, 4acTOTHas 3aBUCUMOCTS 0. () 3AMUILETCS B BUIE

a(m)__iln S 4—n
d \E'" (n +1)

max

Ha puc. 3 xpykkamu moka3aHbl paccyuTaHHbIe 1Mo dopmynaMm (2)—(4) U3 dKCIIEpUMEH-
TaJIbHBIX JAHHBIX 3aBUCHMOCTHU MOKA3aTels MPeIoMIeHus 7 () U KodQPUIMEHTA MOIOIE-
Hus a(w) ais SrTiO, B TI'u-auanasone 4acTor, a Takke IPaHuIa JOBEPUTEILHOIO HHTEPBaa
(uepHast kpuBas Ha puc. 36). C pocTOM 4acTOTHl KO3(P(PUIMEHT MOIOIMIEHUS YBETUINBACTCS,
HO 3aMETHBIX MUKOB noromeHust Huxke 1.3 TI'n He HaOromaeTcsi, 4TO MOATBEPKIAETCS 3aBU-
CUMOCTBIO MOKa3aTess MPeIOMIICHHUS.

_ 500 F
B a) "Ei_d_____
NSNS a0t ah BT ¢
oo
20 Ooo
e ] b
- " = 300
15 jo b
T o200 b
10
100 -
[ o
5 1 A L " 1 A 1 A L D ﬁ{fu " L 1 P 1
0.4 0.6 0.8 1.0 1.2 0.4 0.6 0.8 1.0 1.2
Yacrora (Trhu) Yactota (Thu)

Puc. 3. 3aBucumocTs nokazatens npenomiieHus (a) u koadduirenta npomnyckanus (0), paccCUUTaHHbIE
n3 u3MepeHuit merogoM TI-cekTpoCKonuy ¢ BpeMEHHBIM pa3pelleHueM. ANIpoKkcUMalus okazaHa
CIUIOIIHOW TUHUEHN. YepHOU CIIIIOMHON TMHUEN MOKa3aHa IpaHyIla YyBCTBUTEIIBHOCTH CIIEKTPOMETPA.

[Tokazarenb mpenoMiaeHus U KOA(PQPHUIMEHT MOIIONICHNST MOTYT OBITh BBIPKEHBI Yepes
NEHCTBUTENBHYIO (€') 1 MHUMYIO (€'') 4aCTH IUAJIEKTPUUYECKON poHUIlaeMocTH [36]:

nf(m)z%(\/s'zjte"z +¢&') (5)

k(o) Z%(\/8'2+8"2 —g') (6)
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B cBoto ouepenp, TudIeKTpUYecKast HPOHULAEMOCTh € MOXKET OBITh paCCYMTaHA U3 KIIACCH-
yeckon Mozenu [pyne—Jlopenua, riae B3anMOAECTBUE HU3ITYyYEHUS C PELIETKON IPUBOJHNT K I10-
TJIOIICHUIO BHGKTPOMaFHI/ITHOfI BOJIHBI U3-3a CO3JaHW UJIW YHUUYTOXKCHUS BI/I6paHI/H/I PCIICTKU.
B pamMkax 3Toi MOA€eIr KOMIUIEKCHAs TUAJIEKTpUYecKas IPOHUIIAEMOCTh 3alIUChIBAETCS KaK

Ao’
2 .
O —0,,—il'o

; (7)

g(w)=¢, —

rae € = 5.5 — BBICOKOYACTOTHAS JUDJICKTPHYECKAs IPOHUIIAEMOCTS [2];

A — cuna ocIIIATOpA;

®,,, — 4aCTOTa NPOIOJILHON ONTHIECKOH (HPOHOHHON MOIBI;

I"— KOHCTaHTa 3aTyXaHHUs.

CrutomHele KpacHbIE JMHUAU HA pHC. 3a ¥ 30 MOTyYeHbI B pe3ylbTare COBMECTHON TEOPETH-
YECKOM anmpoKCUMAaIMH TIOKa3aTelNei mpenoMieHns 1 KO3 UIEeHTa TOTTIONICHUS, HU3KOYac-
TOTHOM ONTHYECKOW MATKOH (POHOHHOU MOJIBI Ha YacToTe ®,, = 2.7 TI'1 ¢ mmpuHoi suunn I
= 1.5 TT'u. OnpeneneHHas B pe3yJIbTaTe almpoKCUMAaIii COOCTBEHHAsI YaCTOTA MATKOW MOJIBI
XOPOLLO COMIACYeTCsl C IMTEepaTypHbIMU 3HaUYECHUsAMH [23].

HecmoTpst Ha TO, YTO HUKHSAS CETHETOMIEKTPUYECKAs ONTHYECKas Msrkas Moaa B SrTiO,
uHAyHHpyeTcs: mnpeumyinectBeHHO wuirubom Ti—O-Ti okrasapa, siBisercss PamaHOBCKOM,
UK-aktuBHOM Momoi [1, 23] u uMeeT BBIPAXKEHHYIO TEeMIEPATypHYIO 3aBUCUMOCTH [7], oHa
OCTAETCS CJI0XKHO PA3IMYUMON ISl TPAAUIIMOHHBIX MeTon0B MK-oTpaxeHus: 1 KoOMOMHAITMOH-
HOTO paccestHUs 13-3a OJM30CTH €€ YaCcTOThI K JIOBEPUTEITLHOMY HHTEPBAITY METO/IOB.

3akiaroueHue

MeTtonoM TeparepuoBoil ClIeKTPOCKOIIMU C BPEMEHHBIM Pa3peIIeHueM UCCIIeI0BaHbl 13-
JIEKTPMYECKUE CBOMCTBA MOHOKpHUCTaIa TuTanata crpoius (SrTiO,) B yacToTHOM obnacTu
ot 0.3 no 1.3 TT'u. Iloka3zaHo, 4TO HU3KOYACTOTHBIN TEPArepuoBbIi OTKIUK OT SrTiO, B 0CHOB-
HOM 00YCJIOBJIEH HU3KOJIEKAIEH MATKOM (pononHol Monoi TO, ¢ wacroroii 2.7 TI'u. Oxnaxo
u3-3a cuibHOrO mornomenus SrTiO, npu yacrorax Beiuie 1.5 TI' uis 6osee n1yOOKOro noHu-
MaHMsI IOBEICHUS JaHHOM (POHOHHOM MOZIbI TPEOYIOTCSI JOIIOIHUTEIIBHBIE IPSIMbIE U3MEPEHUSI.

bnazooapnocmu
Pabora BemonHena npu ¢uHAHCOBOM moanepxke Poccuiickoro donna ¢yHaaMeHTaNbHBIX HUCCIEIOBaHNI
(rpant Ne 18-32-00487).
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Meton n3mepenmns nedpopmainii MarHMTOAKTUBHBIX
3JIaCTOMEPOB IO/, JeVICTBMeM MarHMTHBIX I10JIeM
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MaruuronedopMalius mpeacTaBiseT co00H U3MEHEHHE pa3MepoB U GOpPMBI 00pasia Moy
JEICTBUEM OJHOPOJHOTO BHEUIHEr0 MarHUTHOro mnois. VccinenoBanue naHHoro sgdexra B
Pa3IMyYHBIX MaTepuanax MO3BOJSET U3YUUTh NPUPOY MATHUTHBIX U MEXaHUYECKHUX B3aUMO-
NeicTBUM B HUX. BombIIoi MHTEpeC BbI3bIBAET MarHUToIehopMalus U ¢ MHKEHEPHON TOUKU
3peHus JJisl KOHCTPYUPOBAaHUSI HOBBIX NMPUOOPOB U YCTPOMCTB MUKPOCUCTEMHON TEXHUKU. B
MarHMTOaKTUBHBIX 3J1aCTOMEpax, COAECpKAIUX MAarHUTHbIE MUKPOYACTHIIbI B TOJIMMEPHOMN Ma-
TpuIlle, OOHapy>XeHa THraHTcKas nedopMmanus Moj ACHCTBUEM BHEIIHETO MAarHUTHOTO TOJIS.
OO1enpu3HaHHbIE METOJbl MU3MEPEHUS MAarHUTOAe(POpMallM¥ B MarHMTOAKTHUBHBIX MATKHUX
MaTepuaiax B HacTOsIlIee BpeMs MPAaKTUYECKU OTCYTCTBYIOT. B cTarbe ommcaHa ycTaHOBKA,
paspaboTaHHast JUIsl UCCIIEI0OBaHHSI MAarHUTOMEXaHUYECKHUX XapaKTEPUCTUK MarHUTOAKTHBHBIX
3J1aCTOMEPOB, U MPOJIEMOHCTPUPOBAHBI €€ SKCIIEPUMEHTAIIbHBIE BO3MOKHOCTH. YCTaHOBKA I10-
3BOJISIET U3MEPUTH epopmaninu B auamnazone ot 0 no 12.5 MM ¢ paspemennem 1 mxm. Ilomy-
YaeMble MTPH MMOMOIIM JTaHHOW yCTAHOBKH JIe()OpMAIIMOHHBIE KPUBBIE HEOOXOIMMBI IS pa3pa-
OOTKH aKTIOATOPHBIX M CEHCOPHBIX YCTPOMCTB Ha OCHOBE MAarHUTOAKTHUBHBIX 3JaCTOMEPOB U
YAYYIIEHNUs TEXHOJIOTUH UX U3TOTOBJICHUS.

Kntouesvle c106a: MarHUTOAKTHBHBIE IACTOMEPHI, MATHUTOCTPHUKIIUS, MarHUTOIE(pOpMAIIUH,

(heppoMarHeTHKN, MEKPOYACTHUIII.
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Method of Measuring Deformations of Magnetoactive Elastomers
under the Action of Magnetic Fields
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Magnetic deformation is a change in the size and shape of a sample under the action of
a uniform external magnetic field. The study of this effect in various materials provides deep
understanding of the nature of magnetic and mechanical interactions. Moreover, magnetic
deformation is of great interest from an engineering point of view for designing new devices.
In magnetoactive elastomers containing magnetic microparticles in the polymer matrix, a giant
deformation is detected under the action of an external magnetic field. The generally accepted
methods for measuring magnetic deformation in magnetoactive soft materials are now practically
absent. The article describes the installation for the study of the magnetomechanical characteristics
of magnetoactive elastomers and demonstrates its experimental capabilities. The installation
allows to measure deformations in the range from 0 to 12.5 mm with a resolution of 1 micron.
The deformation curves obtained using these installations are required for developing actuators
and sensors based on magnetoactive elastomers, and also for improving their manufacturing
technologies.

Keywords:  magnetoactive  elastomers,  magnetostriction, = magnetodeformation,
ferromagnetics, microparticles.

BBenenune

HCCHGI{OB&HI/IC poreccoB aehopMalii MarHUTHBIX MaTePHAIIOB O] ICHCTBUEM BHEIII-
HUX MarHUTHBIX TIOJICH MPEICTaBIsET 3HAYUTEIBHBIM HHTEPEC KaK ¢ (PU3MUECKOM, TaK
U C MIPUKJIATHON TOYeK 3peHus. M3yuenne moqoOHbIX SBICHUHN MO3BOJSET JTyUIlIe MOHAThH (DH-
3WKY B3aMMOJICHCTBUN B Pa3IMYHBIX MATHUTHBIX MaTepuanax. Kpome Toro, marauronedopma-
[[Ms1 HAXOIUT HIMPOKOE MPUMEHEHHE B PA3IMYHBIX O0NIACTAX HAYKU U TEXHUKHU MPU KOHCTPY-
UPOBAaHUYU HOBBIX MPUOOPOB U YCTPOMCTB, TAKUX KaK MHUKPOAKTIOATOPHI B MUKPOCHCTEMHOMN
TEXHUKE, TCHEPATOPHI yIbTPa3BykKa B Je(DEKTOCKOIUN W TTOJBOIHOM JIOKAIUU, TPUOOPHI JIst
OECKOHTAKTHOTO HW3MEPEHHS pacCTOSHUU U T. 1. [1]. MarauTonepopmanmio 0ObI9HO XapaKTe-
pHU3yIOT 6€3pa3MEepHHON BEJIMYNHON — OTHOCUTEILHBIM U3MEHEHUEM JTUHEHHBIX pa3MEPOB
obpasma A = Al/l, tne Al — ynyinaenue (MM yKOPOYCHHE) 00pasiia 1o IeHCTBUEM MarHUTHOTO
nonst H, a [ — nyimaa obpasna.
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B MarHuTHBIX MeTanIax M crjaBax aedopmanus BbI3bIBaeTCS 3(P(HEKTOM MarHUTOCTPHK-
LM, KOTOPBIN 3aKJII0YAeTCsl B U3MEHEHUH pa3MepoB Ui (GopMbl 00paslia pu U3SMEHEHUU €r0
HaMarHMYEHHOCTHU MOJ| IeMCTBUEM BHEIIHETO Mo [2]. B 601bIIMHCTBE MATHUTHBIX MaTepua-
JIOB (HaIrpuMep, HUKEIIb, )Kele30, KOOAJIbT U UX CIIABhl) BEIMYMHA MArHUTOCTPUKITUN OOBIYHO
cocranisieT mopsaoka A ~ 107—10-°. B HEeKOTOPHIX CIJIaBax Ha OCHOBE PEIKO3EMEIIbHBIX METaJI-
0B e OopMaIMy YBEIMYHUBAIOTCS 10 3HaUeHUH A ~ 10, B wacTHOCTH, HaMOOMbIIAsE MATHUTO-
crpukims A ~ 2-10° oOHapyxeHa B marepuaine Terfenol-D [3].

B mnocnenHue pecsaTUiIeTHS aKTUBHO pa3BUBAIOTCS MCCIEAOBAHUS MarHUTOAKTHBHBIX
anmactomepoB (MAD), KOTOpbIE MPEACTABIISAIOT COOON MOJMMEPHYIO MATPHILY C TTIOMEIIEHHBIMU
B HE€ MarHUTHBIMH MHUKpouacTuiiamMu [4]. MarHuTHbIe 35macToMepsl 001a/1af0T MeJIbIM Habo-
POM YHUKAJIBbHBIX CBOMCTB, OJTHUM U3 KOTOPBIX SBISETCS TUTAHTCKas AeQopMaliusi BO BHEIITHEM
MarHuTHOM I0JIe, BEJIMYMHA KOTOPOH MOXKET JOCTUraTh JECATKOB MporeHToB. B MAD uvactu-
bl HATIOJIHUTENIS CaMU HE 00JIa1at0T MarHUTOCTPUKLIUEH, a eopmanins 00pa3lioB BOZHUKAET
13-3a U3MEHEHHUS UX B3aUMHOTO PACIIOJIOKEHUS 0 IEHCTBUEM BHEIIHETO MAarHUTHOTO MOJIS.

B HacTosiee BpeMs HCIONb3YIOT HECKOJIBKO OCHOBHBIX METOA0B U3MEpeHHUs e opMauil
00pas3IoB Moj ACMCTBHEM BHENTHErO0 MAarHUTHOTO TIOJISI: TEH30METPUUECKUN [5], ONTHYECKUi
(naTEpdepeHIMOHHbIN) [6] 1 eMKOCTHOM [7].

Hcnonp30BaHue TOTO MIIM HHOTO METO/Ia U3MEpEHUs fedopMaluii 3aBUCUT KakK OT THIIA Be-
IIECTBA M €r0 XapaKTepUCTHK, TaK U OT (hOpMBbI U pa3MepoB 00pa31ioB. Haiie Bcero u3MepeHus
MIPOBOIAT HAa 00pa3ax B BU/E IIACTUH JIM00 HTMIMHAPOB. CyLIeCTBYIOIINE METOIBI H3MEPEHHS
XOpOIIO PabOTAOT ISl MAJIBIX BeMUMH MarHutoaedopmaiyu A ~ 10°-10-, HO He MO3BOSIOT
M3MEPATHh JehopMari BETMYUHON B JIECATKH MPOIIEHTOB, KOTOphIe HaOmomatorcs B MAD.
Kpome Toro, kiaccuyeckue MarHUTOCTPUKIMOHHBIE MaTepHalibl, KaK MPaBHIIO, JOCTaTOYHO
xectkue (Moxyns FOnra cocrasisier 10" [1a), B To Bpems kak MAD MOTyT OBITH HAMHOTO MSIT-
ye (Momynb FOHra mopsaka 100 xIla u menee). OOmienpru3HaHHBIE METOBI H3MEPEHUsT OO0JIb-
mUX Aepopmannii Takux MATKUX MaT€pUaioB B HACTOALIEE BPEMs IPAKTUYECKU OTCYTCTBYIOT.

B nanHO# cTaThbe MPUBOAUTCS ONMCAHUE YCTAHOBKH Ui U3MEPEHHUS 1e(POpMaLMOHHBIX
3aBUCHUMOCTEN MarHUTOAKTUBHBIX 31aCTOMEPOB OT MArHUTHOTO MOJIs. YCTaHOBKA Oblia pas3pa-
0oTaHa B HAyYHO-00Pa30BaTEIbHOM LIEHTpEe «MarHuTo3MeKTpUYECKUe MaTeprallbl U yCTPOUi-
ctBay MUPDA — Poccuiickoro texHonoruueckoro yuusepcurera (PTY MUPDA).

3KCHepI/IMeHTaJILHaH 4acThb

Uccnenyembie 06pasiel MAD mpenctaBisiiv co00M MaTpuily W3 MOJUIUMETHIICHIOKCA-
Ha, KOTOpas HaIoJIHEHA MOPOIIKOM U3 KapOoHmiIbHOTO xene3a (tun SQ, BASF SE Carbonyl
Iron Powder & Metal Systems, Ludwigshafen, Germany). Cpennuit tuamerp d, MarHUTHBIX
gactui coctaBisut 3.9-5.0 mxm. Texnonorust u3rororinenus MAD moapoOHO omucaHa B pa-
6ore [8]. g nmpoBeneHus UCCIEIOBAaHUN ObUIM M3TOTOBJICHBI HECKOJIBKO MapTHil 00pa3iioB
Pa3IMYHbIX TEOMETPUUYECKUX pa3MepoB U cocTaBa. OOpa31pl UMEIH HIUINHAPUIECKYIO POopMy
OJIJMHAKOBOTO JTMaMeTpa U pa3HOU BbICOThL. DoTorpadusi ogHOro u3 oOpas3loB MPUBEACHA Ha
puc. 1. MarauTHoe 1ose NpUKIabIBaIA BAOIb OCH LIUIUHAPA U U3MEPSIIU MPOAOIBHYIO Mar-
Hutoaedopmaluio. biok-cxema ycTaHOBKY IpUBEIEHA HA PUC. 2.

YcTaHOBKA COCTOUT U3 KOpOMBICHA (2), BEITOTHEHHOTO U3 AIFOMHUHUEBOM OAJIKU TOJMIIMHON
10 MM, 3aKpeIUIEHHOH Ha Bpallarollelcs OCH, YCTAaHOBJIEHHOIO B OJIOK MPUOOPHBIX MOJIINII-

Poccnyickmit TexHOIOrMIecKui XXypHai. 2019;7(4):81-91
83



Meton n3mepenmst fedpopManit MarHUTOAKTMBHBIX 3JI1aCTOMEPOB IO/, 1€V ICTBYEM MarHUTHBIX
moJjieun

II'H'I][ nn I'.I':'.\'-'.‘L\‘I..‘Lm

£ 1 .8

Puc. 1. ®ororpadus obpasia.
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Puc. 2. briok-cxema yCTaHOBKH Ui U3MEPEHUS 3aBUCUMOCTH MAarHUTOCTPUKIME MAD
OT MarHUTHOIO nojs f: 1 — nomtoca a/1eKTpoMarHuTa; 2 — KpoHIUTEH;
3- 06pa3eu MAaraiuTOAKTUBHOIO 3JIaCTOMEPA, 4 — Z[ByXKOOpZ[HHaTHBIfI CTOJ; 5 — 610K INOAIIHMITHUKOB,
6 — snextponHbIit Mukpomerp M1 0-12.5; 7 — mrarus.

HUKOB (5), obecreunBaronyx cBOOOJHOE TOPU3OHTAIBHOE BpallleHne Kopombicia. Ha kpasx
KOPOMBICJIa YCTAHOBJIEHBI IITU(TH U3 OPOH3bI, OJUH U3 HUX yHHUpaeTcs B oOpasel] AiacTo-
Mepa, a Ipyrold — B MUKpOMETP JIMHEHHOT0 NepeMeNieHusl. AHaTOTUYHas T€OMETPHs U3Mepe-
HUSI MAarHUTOCTPHUKIMOHHBIX AepopMarinii MeTaioB Oblia npeioxkeHa B padore [9]. Obpa-
3e11 dnacTomepa (3) KpemuTest Ha OJJHOM M3 TOJIOCOB AeKTpoMarHuTa. Ha cBoOOMHBIN KOHEIT
o0pa3ma KpemnuTcsl CTeKIITHHAS TUIACTHHKA, B KOTOPYIO YIHPAETCSI KOPOMBICIO — TEM CaMbIM
yaaercst u30exarb JOKaJbHOU Aedopmaiuu anacromepa. [Ipu oTCyTcTBUHM MarHUTHOTO MOJIS
cucTema HaxoauTcs B paBHoBecud. [locie Toro, kak anexTpomarHut (1) co3gaer onHOponHOE
MarHutHoe mnone, MAD HaunHaeT neopMHUpOBATHCS MO HaIpaBlieHUIo Mois. B pesynbrare
3TOr0 KOPOMBICIIO OTKJIOHAETCS. CTeNeHb OTKIIOHEHHS ONPEAEIIeTCs IPU MOMOIIM AJIEKTPOH-
Horo Mukpometpa (6) mapku ML 0-12.5, paGoraromero ¢ pazpemienuem 0.001 MM B quanasoHe
0-12.5 mm. briok npuOOPHBIX MOAUIMITHUKOB yCTAHABIMBACTCS HA JIByXKOOPAWHATHOM CTOJIE
(4), 4TO MO3BOJIIET KOPPEKTUPOBATh YCTAHOBKY KOPOMBICIIA OTHOCUTEIBHO oOpasia. Bpems
M3MEPEHHsI OMHOM TOUYKH COCTAaBIsUIO 1.5 MuH. BHemHu BUT yCTaHOBKM MPUBEEH Ha puc. 3.

Takum oOpa3oM, pazpaboTaHHas yCTAaHOBKA ISl U3MEPEHUS 3aBUCHUMOCTEH nedopmarun
00pa3IoB OT BEJIMYUHBI MATHUTHOTO TIOJIS UMEET CIICAYIONINE XapaKTePUCTUKHU: OHA TTO3BOJISET
co3JaBaTh MarHUTHbIE Mo B fuana3one ot 0 10 10 k3 u usmMepsaTh AedopMaluy B AUana3oHe
ot 0 o 12.5 mm ¢ paspewmienuem 1.0 Mkm.

Pe3yabTarhl 1 UX 00Cy:KI1eHUe

OcobeHHOCThIO0 U3MepeHus ieopMaliii B MArHUTOAKTUBHBIX 3JIACTOMEPAX SBISETCS TO,
YTO MOA ACUCTBUEM MATHUTHOTIO IOJISI MEHSIOTCS HE TOJIBKO CBOMCTBA CAMUX MarHUTHBIX MU-
KpO4YaCTHIl B MAaTPHULIE, HO TAK)KE MMPOUCXOAUT U3MEHEHHUE NOJIOKEHUS YACTHLl B MAaTPULIE, YTO
OKa3bIBaCT CWJIBHOE BIIMSIHUE HAa CBOMCTBA 00pa3L0B (MarHUTHbIE, AUNIEKTPUUECKUE, MEXaHU-
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Puc. 3. Buemnuit Buji ycTaHOBKHU ISl U3MEPEHUS 3aBUCUMOCTH
MarHuToCTpuKInd MAD ot MarHuTHOTO TOIS H.

yeckue). B To jxe BpeMsi MarHUTOCTPUKIUS CaMHUX YacTULl MaJla U HUKaK He BIuseT Ha aedop-
Mamu MAD [10]. DxkciepuMeHTanbHbIE KPUBBIS, MOTYYEHHBIE MTPU MOMOIIH pa3padoTaHHON
YCTAaHOBKHM W ONUCAHHBIE Jlajiee, Aal0T BO3MOXKHOCTh MOIXYYUTh MH(GOPMAIUIO O IMpoleccax
PECTPYKTypHU3aLUH, TPOUCXOAIIINX B MAD, 1 HEOOXOIUMBI JJIs1 IPOSKTUPOBAHUS YCTPOHCTB
Ha UX OCHOBE.

[Tpexne Bcero, pa3paboTaHHasi yCTAaHOBKA J]a€T BO3MOKHOCTb NU3MEPATH 3aBUCUMOCTH OT-
HOCHUTENIBHOTO yuuHeHust A = Al /I nipu npunoxeHun K 00pasiyy MOCTOSHHOTO MAarHUTHOTO
T0JI51, HAIPABIEHHOTO BIOJIb OCH LIWJIMHJPA, [ [, — HaYaIbHas BHICOTA IUIMHIPA. B KauecTe
npuMepa Ha puc. 4 PUBEACHBI MOJIEBbIE 3aBUCUMOCTH JehopMaluii, U3MEpEHHBIX IS IBYX
00pa3loB C pa3IMYHBIMH MAaCCOBBIMH JIOJSIMHM KapOoHMIbHOTO xene3a (1 — 75%; 2 — 80%).
JuameTpbl 06pa3oB coctassuid 13.6 u 14.7 mm, a BbICOTH — 9.6 1 9.4 MM, COOTBETCTBEH-
HO. Kak BU/IHO M3 NPUBEACHHBIX 3aBUCUMOCTEH, MArHUTOAKTUBHBIE 3J1aCTOMEPBI XapaKTEpU-
3YIOTCSl CUJIBHBIM THCTEPE3UCOM (CTpEIKaMHi Ha PUCYHKE MOKa3aHO HaNpaBiIeHUE W3MEHEHUs
niosist). [Ipudem Gompiasi MakcuMalbHast aedopManus HabIonaeTcst st 00pasia ¢ MEeHbIIeH
KOHIIEHTpaIei (MaccoBOH JT0JIel) YacTUIl. YMEHBITICHUE IepopMaIiuu HAYMHASTCS IPUMEPHO
MIPH OTHOM U TOM e 3HaueHuH MarHuTHOTO 1o (3200 D). Ocoboe BHUMaHuUE clieAyeT o0pa-
TUTh HA HAJIMUUE 3aMETHOM ocTaTtouHoi nedopmanuu nopsaaka 0.01 y Bcex oO6pa3ios.

Kpome Toro, oTMuuTenbHONH OCOOCHHOCTHIO Je(OpMalMU MarHUTOAKTUBHBIX 3JIACTO-
MEpOB, B OTJIIMYME OT aHAJIOTMYHBIX 3aBUCHMOCTEH JIJI1 MAarHUTOCTPUKLIMOHHBIX METAJUIOB U
crutaBoB (N1, FeGa, FeNi, Terfenol, Metglas), sBisieTcst Hanmn4me Ha4aJIbHOTO OIS, HUXKE KOTO-
poro obpaszery He nepopmupyercs. BennunHa JaHHOTO MO 3aBUCUT OT KOHIIEHTPAIUU YaCTHII
u pactet ¢ 400 D mns 75% no 1300 O nns 80%. Ha HaganmbHOM ydacTKe 3aBHCHMOCTH 00€
KpHUBBIE alllpOKCUMUPYIOTCs Tapadosnoii 1o nomnst H = 3 k0.

Poccnyickmit TexHOIOrMIecKui XXypHai. 2019;7(4):81-91
85



Meton n3mepenms gedpopMarnit MarHUTOAKTUBHBIX 3J1aCTOMEPOB IO, 1eVICTBMEM MarHUTHBIX
moJjieun

012 . 80%
: o
0,10} --" e
0,08} _-' _,." .
L d ..l'
=~ 0,06 F f y
004 ;7 o L
0,02

0,00

0 1000 2000 HEQJDEI 4000 5000

Puc. 4. 3aBUCUMOCTH OTHOCHUTEIIHLHOTO YAJIIMHCHHUA 06pasu013 A OT ITOCTOSTHHOTO
MarHuTHOI'O I10JI1 H}Z[J'IS[ ABYX o6pa3u013 C pa3HbIMU KOHUOEHTPAIUAMU MAariuTHBIX YaCTHII.

OCHOBHbBIE XapaKTEPUCTUKU 00pa3LOB, NOTYUCHHbIE U3 U3MEPEHHBIX 3aBUCUMOCTEH, MpU-
BEJIEHBI B Tabnuue. H, — moie, B KOTOpOM 00pa3ell HaYMHaeT 1e(pOPMHUPOBATLCS; A, — MAaKCH-
MaJIbHOE 3HAYEHHE MATHUTOCTPUKIMY; /1 — 10JI€, B KOTOPOM 00pa3ell HaYMHACT YMEHBIIATHCS,
A, — ocraroynas MaruuTocTpukius. Kak Buano, MAD ¢ maccoBoi n0sei KapOOHUIIBHOTO JKe-
nesa 75% obnagaer HanboNbIIEN BENMYUHON KaKk MakcuManbHo (A, = 0.11), Tak u ocTarou-
Hol (A = 0.012) MarHUTOCTPUKIIUH.

OCHOBHEBIE XapaKTEPUCTHKU 00Pa3I[oB

MaccoBas mons xenesa, % 75 80
H,D 400 1300
e 0.11 0.053
H,D 3200 3200
A 0.012 0.010

XapakTepUCTUKU MarHUTOAKTUBHBIX JIaCTOMEPOB 3aBUCAT HE TOJBKO OT KOHLIEHTpPALUU
MarHMTHBIX YaCTHI], HO U OT MEXaHUYECKUX CBOMCTB MaTpUIIbl, B YaCTHOCTH, MOAYJISL CIBUTA.
Iloromy nanee nmpuBeaeM IMpUMEp U3MEPEHHBIX 3aBUCHUMOCTEH nehopMaluu OT MarHUTHOTO
ToJISE ISt ABYX O0OpasIlioB ¢ OJIMHAKOBON MacCOBOW noseit xkenesa (75%) u aByMsi MOIyIsIMU
capura: =~ 30 u = 40 kIla npu oTCYTCTBUM MarHUTHOTO 1oJis (puc. 5).

[Toyuensle 31acToMepbl 00JaIaI0T BA3KOYIIPYTUMH CBOMCTBAMU, UX MOAYJb caBura G u3-
Mepsiicsl Ha HU3Ko# yroBoi gactote (10 pan/c) mpu manoit casuroBoit nedopmanuu (0.01%)
B TEOMETPHH IUIACTHHA/TIIACTHHA HA KOMMEPYECKH JOCTYITHOM PEOMETPE C MarHUTOPEOJIOTH-
yeckor suekod. Tak Kak pe3yJbTUPYIOIIMKA 2IaCTOMEPHBIA KOMITO3UT SIBJISIETCS] MPAKTUYECKU
HEC)KUMAEMBIM, COOTBETCTBYIONTHI MOyl FOHTa Y MokeT ObITh o1ieHeH 1o dopmyne: Y = 3G.
VYopasieHue MOAYJIEM NIACTUYHOCTU KOMIIO3UTHBIX MATE€PUANIOB JOCTUIAJIIOCh BapHaluen
MAacCCOBBIX JI0JIeH CIIMBAIOILEro areHTa u miactTudukaropa B nonumepHoi marpuue [11]. Dke-
nepuMeHTaNbHbIe 00pa3iel uMenu Gopmy mwmHApa quamerpoM 14.9 u 13.5 MM 1 BbICOTOM
9.4 1 8.2 MM, COOTBETCTBEHHO.

Kak BuHO u3 puc. 5, popma KpUBBIX MPAKTUYECKHU HE MEHSETCS B 3aBUCUMOCTHU OT BEJIU-
YUHBI MOIYJNA cABura obpasua. OHako, BO-NEPBBIX, U3MEHSETCS] HauajbHOE MoJie Aeopma-
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Puc. 5. 3aBucuMocTu JeopManiu A OT MOCTOSHHOTO MarHUTHOTO TOJIst H 171 IBYyX
00pasIoB ¢ OMUHAKOBOW KOHIIEHTpaIuel kapOOHWIBHOTO xemne3a (75%)
Y pa3snu4HbIMU MoAylsiMu ciBura: a) 30 klla; 6) 40 kI1a.

uu ¢ 700 3 mst msarkoro obpasna (30 klla) 1o 900 D s Gonee xectkoro oopasma (40 xlla).
Bo-BTOpBIX, KaK U clieayeT 0KuaaTh, nedopmaiins 6oee MITKOro oopasiia 3HauuTeIbHO 00JIb-
we. 3nayenue 11 obpasua ¢ moxysiem casura 30 klla A, = 0.153 npaktuyecku B 1.5 pasa
Oonblie, 4eM cooTBeTCTBYIomIEee 3Hauenue A = 0.107 nis oOpasua ¢ momynem casura 40 xIla.
Taxke CHIIBHO MEHSETCS BEJIMYMHA TIOJIs, C KOTOPOTO HAYMHACTCS YMEHBIIICHHE JIe(hopMaIiiu.
Ono ymenbmaercs ¢ 2900 D mis obpasma ¢ momynem casura 40 klla qo 2250 3 s o6pasna ¢
momyneMm casura 30 klla. Ocrarounas nedopmariust MEHSIETCS HE3HAYUTEIBHO.

Takum 00pa3oM, U3 MPUBEIACHHBIX PE3YIbTATOB M3MEPEHHUI BHIHO, YTO XapaKTEpUCTH-
KM TIOTMMEPHON MaTPHIIbl OKa3bIBAIOT CHIILHOE BIUSHUE HA JAe(dOpMAIIMOHHBIE 3aBUCUMOCTH
MarHMTOAKTHUBHBIX AJIACTOMEPOB. Tak Kak BO BCEX UCCIEIOBAHHBIX 00pasliax MCIOIbh30BaIN
OJIMHAKOBBIC YACTHUIIBI, TO UX BIMAHHE HA cBoWicTBa MAD He paccMarpuBaiock. Mccienona-
HUE CBOWCTB MHKPOUYACTHUI] ¥ MX BIHMSHHC Ha Pa3IMUHBIC XapaKTepUCTHKH MAD mpuBeacHO
B pabote [12]. JlaHHbIe U3MepeHHI MOTYT OBbITh UCIIOJIb30BaHBI ISl ONTUMHU3ALUU TEXHOJIO-
THYECKOTro Mpoiiecca npou3BojcTBa MAD ¢ 1enpio MoJy4eHHs ONTUMAJIbHBIX MAarHUTHBIX U
MEXaHUYECKUX XapaKTEPUCTHK.

Kpome Toro, ycTaHoBKa MO3BOJSET U3MEHATh MATHUTHOE TI0JIE KaK B MOJIOKUTEIHHOM Ha-
npaeneruu (ot 0 no 10 k¥3), Tak u B orpunarensHoM (0T 0 10 -10 k3). Takum 00pazoM, MOKHO
MONYYHTh BU Ae(POPMAITMOHHON 3aBUCHMOCTH BO BCeM Juara3oHe mosueil. [Ipumep Takoit 3aBu-
CHUMOCTH JIsl UCCTIEIOBAaHHOTO paHee oOpasia ¢ moayiem casura 30 klla quamerpom 14.9 mm u
BbICOTOM 9.4 MM moka3aH Ha puc. 6. Kak BUIHO, 17151 MCCIEI0BaHHBIX 00pa3IoB 3aBUCUMOCTh
MMEEeT CUMMETPHUYHBIM BUJ OTHOCHUTENIHHO HyneBoro noisi. Crpenkamu Ha pHuc. 6 MOKa3aHO
HampaBlieHUEe U3MEHEHHUs] MarHUTHOTO ToJjs. M3MepeHuss HauuHaIM MpH MOJHOCTBHIO pa3Mmar-
HUYEHHOM COCTOSIHMH 00pasIa.

B pabote Taxke mpoBeneHO U3MEPEHHE 3aBUCUMOCTH MarHUToAepopMaIiuii 00pasios ot
ux nuHbl. Ha puc. 7 npuBeneHa mogo0Hasi 3aBUCUMOCTD JUTSI IIMJTUHAPUICCKUX 00pasIioB ¢
momyniem casura okosio 30 klla. O6pasuel ommryanucek amuHoi: 1 — 3.8 MM, 2 — 8.2 MM, 3 —
13.8 mm. Jluametprl o6pa3iioB coctaBimsian: 1 — 14.8 mm, 2 — 13.5 mm, 3 — 14.7 mm. Kak BuziHO
U3 PUCYHKA, YBETTMYEHUE TMHBI 00pa3lia MPUBOJUT K YBEIMUEHUIO MAKCUMAlbHOM MarHuTo-
crpukimu A ot 0.08 10 0.19, 4T0 MOKXHO OOBACHUTH YMEHBUIEHHEM Pa3MarHUYHMBAIOLIETO
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oOpasia ¢ moxynem casura okoino 30 klla Puc. 7. 3aBucumocts nedopmarmu

Y KOHIIEHTpAIMeil MarHUTHBIX 9actull 75% 00pa3noB 1-3 0T MaArHUTHOTO MOJIAL.

OT MarHuTHOI'O I10JIA.

TIOJISI C YBEJIMUEHUEM OTHOIICHHS JUIMHBI 00pasna k ero auametpy. Octatounsie nedopmaruu
taoke yBenmuuuBaroTcs oT 0.012 mo 0.24. Kpome Toro, pazmepsl o0pasiia OKa3bIBalOT CHJIb-
HOE BIIMSIHUE Ha BEIMYMHY MarHUTHBIX MOJIEH, B KOTOPBIX HauWHAOTCA AedopMalii oopasia.
Uewm Oos1bIlie OTHOIIIEHUE UTMHBI 00pasiia K ero AUaMeTpy, TeM MEHbIIIE BHEIIHEeE KPUTUYECKOE
nosie H, npu koTopoM HabmonaeTcs 3aMeTHas aedopmanus. [10-BuauMomy, py 5TOM KPHTH-
YECKOM I10JIe MAaTHUTHBIE CHJIBI, JIEHCTBYIONINE HA YaCTUIIBI ()ePPOMATHUTHOTO HATIOTHUTEIS,
HAYMHAIOT TPEBBIIATE YIIPYTHE CHITBI CO CTOPOHBI ASPOPMHUPYEMOI ITACTUIHON MATPHIIHI.

JI1st 0OBSICHEHUS TIPOIIECCOB, TPOUCXOIIMX B oOpasimax MAD mon neicTBUEM MarHHT-
HOTO TIOJIsSI, UHTEPEC MOTYT IMPEICTaBIATh MCCIEA0BAaHUSI YACTHBIX IMETeNb Ae(pOopMalnOHHO-
ro ructepesuca. [Ipumep Takux uaMepeHuii npuBeaeH Ha puc. 8. Mi3MepeHus: TpOBOIUIH IS
HCCIIEIOBAaHHOTO paHee oOpasua ¢ monynem casura 40 klla, nuamerpom 14.9 MM u BeicOTOM
9.4 mm B Tpex nuamnaszonax noneit: ot 0 qo 1500 3; ot 0 1o 3 k3; ot 0 o 4.5 k3. Henocrar-
KOM TaKMX M3MEpPEHUN MOXXHO CUMTATh TO, YTO MPHU OOJBIION BBICOTE 00pa3lia MPOUCXOIUT
HepaBHOMEpHas jaedopMalnsi, KOTopas MOXKET MOBIHUATh Ha (OPMY YaCTHBIX METENb aAedop-
MaIMOHHOTIO THcTepesuca. B cBoro ouepenp, Takue U3MEpEeHUs: MOTYT UMETh Pellalolee 3Ha-
YeHHe JJIsl MPAKTUUECKUX MPUMEHEHUH, TaKk KaK Ha MPAaKTUKE YaCTO MPUXOTUTCS UMETh JEJI0
C HEOJHOPOJIHBIMUA MAarHUTHBIMU TOJISIMU U HEOOXOUMO 3HATh, KaK OHH BIUSAIOT HA XapaKTep
nedopMaruii.

B npouecce nposeneHus u3MepeHuil Obuta oOHapy>KeHa CUJIbHAs 3aBHCHMOCTH CBOMCTB
MAD oT IIUTENBHOCTH U3MEPEHHM U, BO3MOXKHO, OT €T0 TeMIiepaTyphsl. B pesynbrare npoaon-
KUTEITBHBIX U3MEPEHUI B OOJBIINX TMOJISIX MOJIOCA JEKTPOMArHUTAa OHU HATrpeBaIOTCs, YTO
MOJKET MPHUBECTH K BOZHUKHOBEHUIO MOTPEIIHOCTEN U3MEpPEHUsl, CBA3aHHBIX C HarpeBoM. 13-
BECTHO, YTO MPOLECCHl PECTPYKTYpHU3aMi HanoidHuTeNnss B MAD, BbI3BaHHbIE BHEIITHUM Mar-
HUTHBIM TI0JIEM, MOTYT MPOTEKaTh Ha BPeMEHHBIX MacuiTabax no mopsaka 1000 c [10, 13].
C npyroii CTOpOHBI, U3BECTHO, YTO PEOJIOTHUECKHE CBOcTBa MAD ciabo 3aBHCSAT OT TEM-
neparypsi [14]. IIpu Harpese ot 23 mo 35 °C B nozie 2 kD NpoucXomuT yBenmueHue (apend)
nedopmarmu o6pasna npumepHo Ha 30%. Bpemsi HarpeBa cocTaBisieT nMpuOIU3UTENbHO 40
MHH. DTOT BKJIaJl B e(popMaIimoOHHBIC KPUBBIE HEOOXOAMMO YUYHUTHIBATh KaK MPHU U3MEPEHUIX
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Puc. 8. M3MepeHHbIe YacTHBIC IETIH Je(OPMALIMOHHOTO THCTEPE3nca
IUTsT oOpasma ¢ conepkaHueM MarHATHBIX JacTull 75%
u Monynem casura oxoio 40 xITa.

nedopManuii OT MAarHUTHBIX MOJIEH, TaK U MPH TEMIEPaTypHBIX u3MepeHusix. Jpeid maruuro-
CTPUKIIMH B CTOPOHY €€ YBETUYECHHUS IS MTOCIe0BATEIbHBIX MEeTeIh MATHUTOCTPUKIIMOHHOTO
TUCTEPU3UCA BUJIEH TAKXKe HA puC. 6.

3akJarouenue

Takum 00pa3om, B cTaTbe ONMCaHa pa3pabOTaHHAs YCTaHOBKA JJISl MCCIIEIOBAaHUS Mar-
HUTOMEXaHUYECKUX XapAKTEPUCTUK MATHUTOAKTUBHBIX IACTOMEPOB U IIPOAEMOHCTPUPOBAHBI
€e SKCIIePUMEHTAJIbHbIE BO3MOXHOCTH. YCTaHOBKA MO3BOJISIET U3MEPATh AedopMaluu B JTU-
anazoHe ot 0 mo 12.5 mm c paspemienuem 1.0 mxm. I[lonmyyaemble mpu MOMOILIM YCTaHOBKH
ne(pOpMallMOHHbIE KPHUBBIE SIBISIOTCS BAXKHBIMHU JUISL UCCIIEAOBAHHMS MarHUTOMEXaHMUYECKUX
B3aMMOJICHCTBUI B MAarHUTOAKTUBHBIX 3JIaCTOMEPAX, Pa3padOTKU aKTIOATOPHBIX M CEHCOPHBIX
YCTPOWCTB Ha UX OCHOBE M YIYYLICHHUS TEXHOJIOTMH HMX M3rOoTOBJIEHUSA. JlanbHeillee coBep-
LIEHCTBOBAaHUE OMMCAHHOM METOUKH JIEKUT B O0JIACTH MOBBIILIEHUS YyBCTBUTEIBHOCTHU yCTa-
HOBKH, UCCJIEOBaHUS BO3JICUCTBUS TEMIIEPATYPhI HA XapaKTEPUCTUKH MAD U B MOBBIIIIEHUN
TEXHOJIOTHYHOCTH CaMOM YCTaHOBKHU.
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CuMmMeTpm3oBaHHOe NpmndIoKeHne MakcBeiiia-I'apHeTTa
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Paccmotpeno npubmikeHne cuMmMmerpusoBaHHoro Makcseria-I'apuerra (CMIY) kak Hau-
Oosiee onTUMaNbHBIN MeTo 3(h(HEKTUBHOM Cpe/ibl Al OMUCAHUSI HAHOKOMITO3UTHBIX CTPYKTYD.
JlanHoe MpHONMKEHUE YUUTHIBAET MUKPOCTPYKTYpY 00pasiia, 4To JeNacT BO3ZMOXKHBIM pacueT
CUCTEMBbI MeTalI-Iu3MeKTpuK. [Ipubnmkenne NpuMeHUMO TaKXe I TPaHyIMPOBAaHHBIX CILIa-
BOB, KOTOPBIE COCTOSIT M3 METANTUYECKUX KOMIIOHEHT. [103TOMyY JaHHYI0 METOAMKY MOXKHO pac-
CMaTpHBaTh KaKk YHUBEPCaIbHOE MPUOIMKEHUE [T OTIMCAHUSI IIMPOKOTO KJIacca HAHOCTPYKTYP-
HBIX MaTepHuaioB. B HacTosiel cratbe 00CyKIaI0TCsl pa3InyHbIe METOIBI 3PPEKTUBHOM Cpebl.
B Hux MeTtamuyeckas COCTaBIISONIAs HAKOMIIO3UTOB U JMAIEKTPHUYECKAs MaTpUIla 3aMEHSIOTCS
s¢dexkTuBHON cpenoii ¢ 3HHEeKTHBHOM AUIIECKTPUUECKO mpoHunaeMocThio £, Heobxomumo,
9YTOOBI YacTUIIBl (TPaHysbl) B TAKUX CTPYKTYpax ObUIM Mallbl [0 CPABHEHUIO C JIJIMHOM BOJIHBI
MA/IAI0IIEro Ha 0Opasel] AMeKTPOMArHUTHOTO u3ny4deHusi. OCHOBBIBAsICh HA 3TOM YCJIOBUU, MBI
paccuMTaiy CreKTpaabHble 3aBUCUMOCTH 3kBaTopuaibHoro 3ddexra Keppa (39K) B maraur-
HBIX HAHOKOMIIO3UTax Ha npumepe cTpyKTypbl (CoFeZr)(Al,O,) npu pa3iu4HbIX KOHIEHTPALK-
SIX MAarHUTHOM KOMITIOHEHThI. MoeIpOBaHUE MPOBOAWIM MPH MATBIX U OONBIIMX 3HAYCHUAX
KOHIIEHTpAIMK (HUKE M BBIIIE Topora nepkossnuu). CrekTpaibHble 3aBUCUMOCTH TOTyYain
¢ yuetoM (hopM-akTopa HAHOYACTHUI U KBA3UKIIACCUUECKOro pasmepHoro 3¢ dekra. B pabote
o0CyKI1aeTcs BKJIaJl Pa3InYHbIX MEXaHU3MOB, BIUSAIONMX Ha BUJ criekrpoB DIK. C momMoribsio
CUMMETPH30BaHHOTO MpubmmkeHus MaxkcBeiuia-I'apHerra HaleHbl d(QQEKTUBHbIE 3HAYCHUS
pa3mepa rpaHyll HCCIEIYEeMbIX HAHOKOMIIO3UTOB M paccuuTaH 3(PQPEKTUBHBIA TEH30p IUAIIECK-
tpuyeckoit nponunaemoctu (TAIT). [Momyuennsie 3nauenust TII mo3Bonmimu cMonenupoBaTh
CHEKTpaJIbHbIE 3aBUCMMOCTH MAarHUTOONITUYECKOTO 3KBaTopransHOro 3 dekra Keppa. Crenansr
BBIBOJIbI 00 0COOCHHOCTSIX MOTY4YEHHBIX CIIEKTPAJIbHBIX 3aBUCUMOCTEI B BUIUMOM U HH(ppaKpac-
HOIi oOmactu criektpa. OTMedeHa (yHIaMeHTaIbHAs U MPaKTHYECKask 3HAYMMOCTh MOJTy4YeHHbBIX
PE3YNIBbTaTOB U TMOKa3aHa Ba)KHOCTh METOM0B 3(M(MEKTUBHON Cpelbl /Uil U3YyYCHHS ONMTUYECKHX,
TPAHCHOPTHBIX K MATHUTOONITUYECKUX CBOMCTB MAarHUTHBIX HAHOKOMITO3UTOB.

Knroueswie cnosa: HaHOCTPYKTYpPbI, MarHUTOpe(hPaKTUBHBIN 3(P(PeKT, MarHUTOOTpaKEHUE,
MarauTOIIPpOIyCKaHUC, MArHUTOCOIIPOTHUBIICHUC, CIIMH-3aBUCAIICC PACCCIHUC.
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The symmetrized Maxwell-Garnett (SMG) approximation is considered as the most
optimal method of an effective medium for the description of nanocomposite structures. This
approximation takes into account the microstructure of the sample, which makes it possible to
calculate the metal-dielectric system. Thus, SMG describes with good accuracy the structure of
the nanocomposite. Besides, this approximation is applicable for granular alloys consisting of
metal components. As a result, this technique can be considered as a universal approximation to
describe a wide class of nanostructured materials. At the same time, this article discusses various
methods of effective environment. In these methods, the metal component of nanocomposites
and the dielectric matrix are replaced by an effective medium with effective permittivity .
It is necessary that the particles (granules) in such structures be small in comparison with the
wavelength of electromagnetic radiation incident on the sample. Based on this, the spectral
dependences of the transverse Kerr effect (TKE) in magnetic nanocomposites were calculated
with (CoFeZr)(ALO,) structure as an example at different concentrations of the magnetic
component. The simulation was carried out at small and large concentrations (below and above
the percolation threshold). The spectral dependences were obtained taking into account the form
factor of nanoparticles and the quasi-classical size effect. Besides, the authors note and discuss in
this paper the contribution of various mechanisms that affect the type of spectra of the transverse
Kerr effect. Using the symmetrized Maxwell-Garnett approximation, the effective values of
the granule size of the nanocomposites under study were found, and the tensor of effective
dielectric permittivity (TEDP) was calculated. The obtained TEDP values allowed to simulate
the spectral dependences of the magneto-optical transverse Kerr effect. The authors discuss and
draw conclusions about the features of the obtained spectral dependences in both the visible and
infrared regions of the spectrum. In addition, the practical and fundamental importance of the
obtained results is noted. The importance of effective medium methods for the study of optical,
transport and magneto-optical properties of magnetic nanocomposites is shown.

Keywords: magnetic nanocomposites, transverse Kerr effect, spectral dependence, symmetric
Maxwell-Garnett approximation, effective medium, size effect.

BBenenne

BHaCTo;uuee BpeMsi 0COOYI0 aKTyaJbHOCTh MPUOOPETAIOT MCCIIETOBAHUS ONTUYECKUX U
MarHUTOONTHYECKUX CBOMCTB HAaHOKOMMO3UTOB [1—4]. HaHOKOMITI03UTOM Ha3BIBAETCS
MHOTOKOMIIOHEHTHAsI CTPYKTYpPa, B KOTOPOU XOTS ObI OJTMH W3 KOMIIOHEHTOB B OJTHOM, ABYX MJTH
TpeX U3MEPEHUAX UMeeT pa3Mepsl, He npeBbimaroniue 100 HM. B momoOHBIX CTpyKTypax BO3-
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MOXXHO CYIIECTBEHHOE YCHJICHHE TaKUX 3(P(eKToB, Kak TYHHETbHOE MarHUTOCONPOTUBIICHUE,
skBatopuanbHblid 3¢ ekt Keppa (95K), MarauToonTuyeckasi akTUBHOCTb, aHOMAJIbHBINA (-
¢dext Xomna u ap. Jlanuasie apdexTs! npeacrasisoT GpyHIaMEeHTaIbHBINA U IPAKTHYECKUIA HHTE-
pec. [lns uccnenoBanus pa3IMYHBIX MArHUTOONTUYECKUX CBOMCTB HAHOCTPYKTYP MPUMEHSIOTCS
MHO)KECTBO METOJIOB, OIMCHIBAIOIINX XapaKTEPHUCTHUECKUE TapaMeTphl HAHOKOMITO3UTOB.

Lempro HacTOsIIeH pabOTHI SIBISIETCS PACCMOTPEHHE OCOOSHHOCTEH MAarHUTOONTHYECKHX
CBOICTB HAHOKOMITO3UTOB B BHIMMOM U OmkHeM VMK-nuanaszoHe criekTpa B paMKax caMoro OITH-
MaJTbHOTO MeToza A GEKTUBHON CPe/ibl — CAMMETPHU30BAaHHOTO NpuOmmkenus: Makcsesuta—I apHer-
Ta. MosieIMpoBaHKe CIEKTPOB NPOBOIMIIM Ha IpuMepe HaHokomIio3uToB (CoFeZr)(AlLO,).

Teopernueckast 4acThb

Kak orMedarnoce BeIIIe, UIsT MOJCITUPOBAHNS MarHUTOONITUYECKHX CBOWCTB HAaHOKOMIIO-
3UTHBIX MaTepHalioB HCIONb3YIOTCA pa3iuyHble MeToabl 3 dexTuBHON cpeabl. B atux meto-
JaX MeTaJuInYecKas COCTABIISIONIAas HAKOMIIO3UTOB M TUAIIEKTPUUECKash MaTpHUIla 3aMEHSIOTCS
3¢ dexTuBHOI cpenoi ¢ IPPEKTUBHON JUAICKTPUICCKOI TPOHUIIAEMOCTHIO €1, TiprueM Heoo-
XOJIUMO, YTOOBI YACTHUIIBI (TPAHYIIBI) B TAKUX CTPYKTYpaxX ObLIM MaJjbl IO CPABHEHUIO C ITTMHON
BOJIHBI MAJAOIIETO Ha 00pa3er] JIeKTPOMAarHUTHOTO U3Ny4deHus. [t onmcaHust MarHUTOOTI TH-
YECKUX CBOMCTB HAHOCTPYKTYP B 3aBUCUMOCTH OT KOHIICHTPAIMH X MarHUTHOW KOMITOHEHTBI
MIPUMEHSIIOTCS Pa3IUYHble NMPUOIMKEHUS, HApUMeEp, MPU MajblX KOHUEHTpAaUUiX X — IpHU-
ommxenue Maxkcsemna—Iapaerra (MI) [5], mpu cpeaaux — npubnmwkenne bpyrremana (EMA)
[5]. Hanbonee ontuManbHBIM MPEACTABIACTCS SBISETCS CUMMETPU30BAaHHOE MPUOIMKECHHE
Makcemna—I apuerra (CMI). Ilpeumymectso CMI 3akmiodaercss B BOSMOXKHOCTH U3yUYCHHS
HAaHOKOMIIO3MTOB U IIPU MaJIbIX, U MPH OOJIBIIMX KOHLIEHTPALMIX METAIIINUECKON (MarHUTHOH )
KOMIIOHEHTEHI, a TaK)kKe BOJIU3U MEPKOJSIIMOHHOTO Nepexoa, e KapAHHaIbHBIM 00pa3oM Me-
HSFOTCS DJIGKTPUUYECKUE, MAaTHUTHBIC, ONITHYECKUE U APYTHE CBOMCTBA [6, 7].

dunanpabie Gopmyasl CMIT UMEIOT cleAyOMHN BUI IS THATOHAIBHBIX KOMITOHEHT (OTI-
TUYECKasi COCTaBIIAIONIAs) TeH30pa audJieKTpruueckoil mpouunaemoctu (T/IT):

MG EMA MG EMA
&, —€ &y —€

+P, -0, (1.1)
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e P, v P, — BEpPOATHOCTh NPUCYTCTBUsI YacThil 4 u b

L, ,— bopM-hakTopbl COOTBETCTBYIOLIMX JIUIMIICON/IANBHBIX YaCTHIL

eMS u gfM1 — ydexTrBHAA AUIIICKTPUUECKAsT MPOHUIIAEMOCTb, MOTYUYEHHAs C TTOMOIIBIO

METOAOB MaKCBeHHa—FapHCTTa n prrreMaHa, COOTBCTCTBCHHO, ITPHU 3TOM & ABJISICTCA KOM-

v v i i i
IUICKCHOW BEJIMYMHOM U paBHA &' = &' —ig, ;
yEMA g yMG — pmarauToonTHYecKkue KoMrmoHeHTsl TITT.
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®opmynst (1.1), (1.2) u (2) 6bu1H HONTYyYEHHI B [7, 8].
[TockonbKy uist HccnenoBanus BbIOpan MarHuTHbIH HanokomnosuT (CoFeZr)(ALO,), To B
JIaHHOM IIPUONMKEHUH paccMaTpuBaeTcs B3Bech chepudeckux gactul CoFeZr ¢ nuanexTpu-

4eCKOH IPOHUIIAEMOCTEIO €1 = € —1& | ¥ yacTulbl Al O, ¢ TM3NIeKTpUIECcKol NOCTOSHHOM

" oon _ MG
JacTull o =& —1& (), TOE &1 =&

PaccuuTaB onTudeckne U MarHUTOONTHYECKUE TapamMeTpbl HAHOKOMITO3HUTA, MO M3BECT-
HbIM dopMmynaMm [7] HaxonAT BeNIWYHHY 3kBaropuaibHoro 3ddexra Keppa (39K). Baxkno ot-
METHUTh, YTO BHIOpAHHOE MPUOIIKEHHUE YUYUTHIBAET MUKPOCTPYKTYPY oOpasiia u JieiaeT BO3-
MOKHBIM PacueT CUCTEMbI METaJUI—IUICKTPUK, T. €. HAHOKOMITO3UTa. OHO IPUMEHUMO TAKKe

MG
u &o=¢, .

JUISl TPAHYJIMPOBAHHBIX CIUIABOB, COCTOSIIIUX U3 METAJTMUYECKUX KOMIIOHEHT. TakuM o0paszom,
yKa3aHHYI0 METOAMKY MOXKHO pacCMaTpHBaTh KaK YHUBEpCAJIbHOE MPHOIMKEHUE IS OIUca-
HUS [IMPOKOT'0 KJIACCa HAHOCTPYKTYP.

KBa3zukiaccuueckuii pasmepHbiid 3¢ et

B MK-o0nactu criekTpa npu UCCaeI0BaHUH ONTUYECKUX U MAarHUTOONITUYECKUX BEIUYUH
HEOOXOIMMO YUUTHIBATh PACCEsSHUE HA IIOBEPXHOCTX IPaHyIl, KOTOPOE MPUBOAMT K KBa3UKJIAC-
cudeckomy pasmepromy 3ddexry [1, 3]. D10 0cOOEHHO Ba)XHO BOIM3H MOPOTa MEPKOISIIUN
MIPU CWIIBHOM M3MEHEHHH ONTHYECKUX, MEKTPUYECKUX, TPAHCIOPTHBIX, MArHUTOONTHYECKUX
U IPYyTHX CBOHCTB HAHOKOMITO3HUTOB.

Pa3mepHblii 3¢ (eKT MOKHO ydecTh 110 CIeAYIOIUM GopMyiaM Uit ONTHYECKHX [5]:

gmod = 80 + . + . (3)

i i
o(w+—) o(o+—)
Tbulk z-part

TI€ (o — Y9acCTOTa JICKTPOMAroHuTHOI'O U3J1yUYCHUA
(DP — [IJ1a3MCHHas 4aCToTa,
80 — AUDJICKTPUYICCKAA ITPOHUIACMOCTh Mar HUTHOM KOMITOHCHTHI,

T, , — BpPeMs cBOOOIHOTO npobera B 06paslie;

T~ BPEMS CcBOOOHOTO MpobeTa B TPpaHyIIe;

YU MarHUTOOTNITHYECKHUX BETUYHH [7]:
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rne nyu[k =4zMgR,,, / pZulk’ Ofyr =4rM sR,, / przg ;
R, — k03¢ dunmrent anomanbHoro 3dekra Xomia (ADX);
M — HaMarHMYEeHHOCTH HACHIILCHHS;
Py — YAETBHOE CONPOTHBIIEHHE 00pasIia;
P, — YACIBHOE CONPOTHBICHHE IPAHYIIBL.

Pa3zmepHbIii 3 PeKT oKa3pIBaeT BIUSHUE HA YCIbHOE COMPOTHBICHHE.
Pgr = Pruik (l+l/r0) (5)
1 Ha ko3 punmeHT ADX:

! !
R, =R, +02R —| 1+— (6)

N N

e R — 3Hayenue kodpduienta ADX rpanyi.

Takum o6pazoMm, B pamkax npubnmxkenus CMIT MOXXHO MOAenupoBaTh KOMIUIEKCHOE H3-
MEHEHHUE TapaMeTPOB B IIMPOKOM CIEKTPabHOM Muana3zone. Heo6xoqumo moguepKHyTh, 4TO
MPEUMYIIECTBOM JTaHHOTO METOJIa SIBJIETCS BO3MOXKHOCTb HCIIOJB30BAHUS MOJCIUPOBAHUS
u)s KOTOPOE
HEJb35 OMPEETUTh SKCIIEPUMEHTAIBHBIM ITyTeM. DTO UpE3BbIYAHO BasKHO I UCCIIEA0BAHUS
MarHUTOONTUYECKUX CBOMCTB HAHOKOMITO3UTOB [8].

JUTS ONPENIENICHHs 3HaUEHHs KOdpduIenTa aHoMaibHoro s¢pdekra Xomna (R/R

Pe3y.111>TaT1>1 H UX oﬁcymeﬂne

Pacuetst DOK mpoBogunu B pamkax CMI' ¢ yueToMm Bcero BBIIIEHU3IOKEHHOTO HA MPU-
mepe Hanokomnosura (CoFeZr)(AlO,). ITo popmynam (1)—(6) B pamkax npubmmwkenns CMIT
OBUIM pacCUMTaHbI CIIEKTpalibHbIe 3aBUCUMOCTH DK uccienyeMbx HAHOKOMIO3UTHBIX Ma-
tepuanos (CoFeZr) (ALO,),  npu paznuysbix 3Ha9eHHIX X. CriekrpanbHble 3aBucHMOcT DOK

X 27 371x
npu X = 23% (HKe mopora NnepKoJIsUK) MpecTaBieHbl Ha puc. 1. B pamkax MonenupoBaHus
TIpU pasMepe YacTull 7, = 1.2 HM 1 3HaYeHuH oTHowenus R/R, . = 1.85-10°, uto cooTBeTCTBYET
peabHBIM MapamMeTpaM HaHOKOMITO3UTOB, MOyYeHbI CIIEKTpajibHbIe 3aBucuMocti DOK mpu pas-
JMYHBIX 3Ha4eHusaX L, u L. (hopM-¢pakTopos yacTuil SGHEKTUBHOM CPEIbI) It TPEX PA3IMYHbBIX
CITy4aeB.

OtmeTHM, 4TO B IpoLecce MoAeaupoBaHus cnekTpoB DOK Habmonanuch 3HaYUTENbHbIE
m3MmeHeHus cnektpoB B UK-obGmactu. Habmomaembie pe3yabTaThl MO3BOJISIOT CAENATh BBIBO/I,
YTO JIAHHBIA 2P EKT 3aBUCUT OT pasmepa JacTull 7, U kodppuuunenta R/R, . IlonyueHnpie
Pe3yaBTaThl XOPOIIO coracyrTes ¢ paboramu [9, 10].

OOparraeT Ha ce0Ost BHUMaHKE TOT (haKT, YTo Mpu cpeAHuX KoHUeHTpauusx (30% < X <50%)
CoFeZr 3nauenuss DOK uyBCTBUTENBHBI K BelM4MHAM (popM-dakTopa, pazmepam 4acTul] U
koopuumenty R/R,
a¢dekTa ABISETCS MOPOT NEPKOJIALNHU, KOTOPbIH HaO0AaeTCs MPU CPETHUX KOHLIEHTPALMSIX
MarHMTHON KOMIIOHEHThl HAHOKOMIIO3UTa. TeopeTuueckuil mopor MepKoISIIUU i TpeXMep-
HBIX CTPYKTYp MPOSIBJISACTCs PH KoHIeHTparuu X = 0.33, a juis iBymepubix — X = 0.67, ecnu
YacTUIBl UMEIOT CheprudecKyto hopmy.

bulk®

kak B K-, Tak u B Buaumoi obnactu cnekrpa. [IpuunHoi naHHOrO
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Puc. 1. Cunexrpanbhubie 3aBucumoctu 9K nanokomnosura (CoFeZr) (ALO,), :
npu L, =0.42 n L, = 0.8 — myHKTUpHAs JTUHUSA (YEPHBIH);
npu L, =0.95u L, = 0.9 — mirpux-nyHKTupHas JuHus (CUHUN);
npu L, =0.95 u L, = 0.9 — TouKku (KpacHbli).

B kauectBe apyroro npumepa ucnoiab3oBaHus CMI' BBINOIHEHO MOJETUPOBAHUE CIICK-
TpoB DOK npu KOHLIEHTpAIK MarHUTHOM KOMIIOHEHTHI X = 48% (BbIlIIe OPOTa MEPKOIISAIIIH).
CrniekTpbl IPUBEEHBI HA pHC. 2, ipu oToM 7, = 1.1 aMmu R/R, . =—100.

Heo0xoaumo moauepKHyTh, 9YTO MPH OOJIBITUX KOHIICHTPAIIUSIX MAaTHUTHOM COCTaBISIONIEH
CoFeZr Taxxe OCHOBHOHM BKJIaJ B CHIeKTpajibHble KpuBbie B MIK-00macTu 3a cyer BHYTpHU30H-
HBIX TIEPEXOIOB BHOCSAT pasMep 4acTuil U koopduuuent R/R, . Kpome T0ro, pe3ko MeHsETCs
(hopMa MOJIEIbHOM KPUBOM MPH MaJIbIX U3MEHEHUSAX pa3Mepa YacTHll, YTO BO MHOTOM CBSI3aHO

¢ OIM30CTBIO K Iopory MnepKoJIAINU.

v
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Puc. 2. Cnexrpanbusie 3apucumoctu 99K Hanokommnosuta (CoFeZr) (Al0,),
npu L, =0.525 u L, = 0.43 — nmyHKTUpHAs JTMHUS (KPACHBIH);
npu L, =0.515 n L, = 0.42 — ITpuX-TlyHKTUPHAs JIMHUS (CHHUI);
npu L, =0.515u L, = 0.42 — Touku (4epHbIi).

3akiaouenue

B xone BBINIOIHEHMS pa6OTBI HO,Z[pO6HO paccMOTpEHO CUMMETPU30BAHHOC HpI/I6J'II/I)I(eHI/IC
MaKCBeHHa—FapHGTTa KaK ONTHMAaJIbHBIA METOHA HCCICHOBaHHUS HAaHOKOMIIO3UTOB. HpI/I pac-
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yerax crnekrpos DOK BapbupoBanuch 3Ha4eHus popm-Qakropa (L), pasmepa wyactu (1) u
koo uumenta R/R, . Ecin 3Hauenus Gpopm-paxropa u pasMep JacTHI MOXKHO ONPEIETHTh

C MOMOIIBIO KCIIEPUMEHTAIIBHBIX METOIOB, TO KOdGduiMenT R/R,  M3MEPUTH HENb3sl. Bbi-

bulk
INIOJTHCHHAsA HaMH OLICHKa YKAa3aHHOI'O IIapaMe€Tpa sABJIACTCA BaXXHBIM HAYYHBIM PE3YJIETaTOM.

HccnenoBanue CeKTpasibHBIX 3aBHCHUMOCTEN 3KkBaTopHaibHOro 3¢ ¢dexra Keppa Hanokommo-
3UTOB MOKA3aJI0, YTO pasMep YacTHIl U KodhduimentT R/R, = BHOCAT 3HAYMTENbHBIA BKIa/ B
39K B MK-06nactu criekrpa npu OOJIbIINX U MIPU MAJIBIX KOHIEHTPAIMSIX MATHUTHON KOMIIO-
HEHTHI. YCTaHOBJICHO, YTO (HOpM-(PaKTOp MPH MaJBIX KOHICHTPAIMAX CYHIECTBEHHO MEHSET
O9K B BuAMMON 001aCTH CHEKTPA, a MPU OONBIINX — BO BCEM CIIEKTPAJIbHOM JIHaNa3oHe.

TakuMm 00pa3zoM, HcClle0BaHHE MAarHUTOONTHYECKUX CBOMCTB HAHOKOMIIO3UTHBIX Mare-
pHAJIOB ONTHUMAJIBHBIM METOIOM 3((EKTUBHON Cpebl — CUMMETPU30BAHHBIM MPUOIMKEHU-
eM MakcBeita—l apHeTTa — BJsieTcs BaXXHOM U MEPCIEeKTUBHOM 00nacThio uccienoanus 11,
12]. B paMKax AaHHOTO METO/Ia MOYKHO Pa3JeJIUTh BKJIAJ] Pa3InYHbIX MEXaHU3MOB B MarHUTO-
ONITUYECKHUE CBOMCTBA HAHOKOMITO3UTOB. MeTO/bI 23PPEKTUBHOM CPEIbI TIO3BOJISIOT, HE pa3py-
masi CTPYKTypy HaHOKOMIIO3UTA, U3y4aTh UX CBOMCTBA, YTO HAWJET LIMPOKOE MPUMEHEHUE B
JJIEKTPOHUKE M HAHOAJIEKTPOHHUKE [13—16].
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