DNEKTPOHHbIN XYpHan «TexHn4yeckass akyCcTmka»
http://www.ejta.org

2014, 8

KYCTUKA

B. N. Ke3unk

DedepanvHulil Meduyunckul ouogusuvecxkuti yenmp um. A. . Bypnazana
Poccus, 123182, Mocksa, yn. Kusonucuas, 46, e-mail: viadimirik57@mail.ru

JKBMBANIEHTHble NapaMeTpbl KPpyriou og4HOPOAHOM
MeMbpaHbl
Honyuena 22.06.2014, onyonruxosana 30.10.2014

Kpatko paccMoTpeHa cymiecTByoIas METOIMKa ONPEEIICHNs SIKBUBAJIEHTHBIX
napaMeTpoB Kpyryioil omHoponHoi wmemOpanbl. [IpoaHanus3upoBaH HeIaBHO
npemioxkeHHsii (B 2013 T1.) HOBBIM TOAXoA K TpoOJieMe  ONpeiesICHHs
SKBHUBAJICHTHBIX MapaMeTPOB KPYyTJoi OAHOPOAHONW MeMOpaHbl. B pamkax storo
MO/X0Jla MapaMeTpbl HSKBUBAJIECHTHOTO MOPIIHS OMNPENENAIOTCS U3  YCIOBHS
TOKJECTBEHHOCTH  3aKOHOB  JBMKEHMSI TPH  BBIHYXKICHHBIX  KOJEOaHUAX
«YCpEIHEHHOI» MeMOpaHbl W SKBHBAJICHTHOTO TMOPIIHS TOTO K€ JHAMETpa,
MOMEILIEHHOTO Ha MECTO MeMOpaHbl, T.€. B T€X € YCIOBHUSIX BO30YXKIEHUS.
[TapaMeTpbl SKBUBAJEHTHOTO MOPIIHS OKAa3bIBAIOTCS MPHU 3TOM 3aBUCSIIUMH OT
4acTOThl BO30YXACHHUS (KpOME MacChl IMOPIIHs). BBeneHue IOMOTHUTEIHHOTO
YCJIOBHSI pPaBEHCTBA CpPEJHEM 3a MEepHoJ KUHETHMUYECKOM SHEpPruM MOPIIHS U
MeMOpaHbI MO3BOJISIET OJJHO3HAYHO ONPENEIUTh MAacCy 3KBHUBAJICHTHOTO IMOPIIHS,
KOTOpasi TakK)K€ CTAaHOBUTCS YAaCTOTHO 3aBUCHMBIM MapaMeTpoM. AHaIOTHYHBIE
JNEUCTBUS C TIOTCHIIMAJIBHOW OJHEPrHed TMOpIIHS W MeMOpaHbl IO3BOJISIOT
OTIPENICIUTh MapaMeTp >KECTKOCTH SKBUBAJICHTHOIO TMOPUIHS APYTHUM CIIOCOOOM.
CpaBHeHHE ATHX pe3yJlbTaTOB C TOMOIIBIO pacueTa IOKa3bIBae€T HX IOJHOE
coBnazeHue. [Ipon3BeeHO COMOCTaBIEHUE HOBOTO METO/Aa CO CTapblM METOJOM
YIOPOIIEHHOTO pacyeTa aKyCTHYECKHMX CHCTEM, BKIIOYAIOMIHUX MeMOpaHbl.
Pacuernpie (opMyNBl TPOMILTIOCTPUPOBAHBI TpaUKaMU, TOCTPOSHHBIMH IS
peanbHOM  MeMOpanbl.  [IpuBeneHbl  mpuUMepbl  pacueTa  aKyCTHYECKHX
KoJeOaTeNbHBIX CHUCTEM, BKIIOYAIOIIMX KPYTIIYI0O MeMOpaHy. YUTEHBI MOIpPaBKH,
CBS3aHHBIE C M3Iy4YEHHEM 3ByKa MeMOpaHOM, coBeplIalonied KojebaHus Ioj
JEHCTBUEM BBIHYKIAIOLIEH CUJIBIL.

KitoueBbie  cnoBa:  kpyrias MeMmOpaHa, 9SKBUBAJCHTHbIE MapaMeTphl,
BBIHY>KJICHHBIE KOJICOaHMs, KUHETHUYECKas SHEprusi mMeMmOpaHbl, MOTCHIMAIbHAS
SHEprusi MeMOpaHbl, aKycThyeckas KojeOarenbHas CHCTEMa, HU3IyuYeHHUe
MeMOpaHnbl, bapabaH.

1. BBEJIEHUE

B nauwane XX Beka, Korja MoOsBHIACh HEOOXOAMMOCTh B PAcCUeTe AJIEKTPOAKYCTHUCCKUX
YCTPOICTB, CONIEpKALINX KPYIJIbIe OAHOPOIAHbIE MEMOpaHbl, UCCIEI0BATENN TOLUUIHA O MYyTH
YIOPOIIEHUS STUX PACUETOB C TIOMOIIIbIO 3aMEHBI CUCTEMBI C paclpe/IeIEeHHbIMH ITapaMeTpaMu
(MemMOpaHa) SKBUBAJICHTHOW CHCTEMOM C COCPEJIOTOYCHHBIMH TapameTpamu. B kauecTBe
TaKOBOW HCIIOJIB30BAJICS JIMHEHHBIN OCHWIUIATOP (CHUCTEMa Tpy3—TpYy>KHWHA), MacCOBBIM
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3JIEMEHTOM KOTOPOTO SBIISETCS IUIOCKMM KpYTJBIA MOpLIEHb TOW e IUIOMAgu, YTO U
paccmaTtpuBaeMas MemOpana. [lapameTpbl SKBUBaJ€HTHOM CHUCTEMBbI  Ha3bIBaIOTCA
SKBHUBAJICHTHBIMH MTapaMeTPaMu 3aMeIIaAloIel CUCTEMBI (OCIIILISATOPA).

JlanpHEHmMi pacyeT coaepxkaiieii MeMOpaHy aKyCTHYECKON CUCTEMbI MPOU3BOIUIICS YKE
C yd4acTHEeM 3aMEHSIOIIEro MeMOpaHy MOpLIHSA. DTO CYIIECTBEHHO YIIPOILIAIO pacyer,
MO3BOJIsIsE M30€raTh pelieHus] HHTETpo-auddepeHInanbHBIX YpaBHEHHI.

Jns HaxOoXJAeHHUS SKBUBAJIEHTHBIX MapaMETPOB HCIOJIb30BAJICS SHEPreTHUYECKHH METO.
[1]. KpaTko onuiiem ero.

OTKJIOHEHHE TOYEK M€M6paHI)I OT ITOJIOKCHHA PaBHOBECUA 11O I[Gf/iCTBPIGM CTAaTHUYCCKOI'O
PaBHOMEPHO PAaCHpPEICIICHHOTO 10 IUIOMAAX MEMOpaHbI JaBlieHUss P omnuchiBaeTcs (Iyis
MaJIbIX OTKJIOHEHHH) 1 hepeHInaIbHBIM ypaBHEHHEM:

d*u 1du
p( L Lde) o (L1)
dr® rdr
rae u zu(r) — TIOMEPEYHOE OTKJIOHCHHE KOJBIIEBOIO 3JIEMCHTa MEMOpaHbl paauyca 7 B
HampaBJIeHUd OCH u, [ — HampsHKCHHE B CEUCHMH MeMOpaHbl, P — BelIHYHHA

craTuueckoro nasieHus. Cuna naBieHus JOEHCTBYET B HANpPAaBIEHUH, COBMAJAIOLIEM C
HarpaBieHueM ocH u . [lapamerp 7' cuntaeM KOHCTAaHTOM, HE 3aBUCSLIEH OT 7 .

Pemenne 3Toro ypaBHEHUs, YJOBJIETBOPSIONIEE TPAaHUUYHBIM YCJIOBMSIM (3aKperieHue
MeMOpaHBbI 110 KPyTrOBOMY KOHTYPY ), 3alIULIETCS B BUJIE:

2
7

? , (2.2)

u(r)=u,p| 1-

2
TIe U,y = 4—]? — OTKJIOHEHHUE LIEHTpa MeMOpaHbl, R, — paauyc MeMOpaHBlL.

[Iycts Tenmepp P MeHsieTcsl MO0 TapMOHUYECKOMY 3aKOHY. AMIUIUTYJIHOE 3HAaueHUE

OTKJIOHEHUS IIeHTpa MeMOpaHbl 0003HauuM uepe3 u,. Ecium NpeaAnoiaokuTbh, YTO

napabononnanbHas ocecummeTpuyHas Qopma cmemeHus (cM. (1.2)) coxpansieTcss mpu
KOJIeOAaHUAX Ha YaCTOTE OCHOBHOTO TOHA KoJieOaHMI MeMOpaHBI, MBI MOXXEM OIpPEAEIHTh
aMIUTUTYJHOE 3HAaYeHHE KWHETUYECKOW SHEPrUu MeMOpaHbI, CyMMHUPYs JHEPTrHH BCEX e
KOJIBLIEBBIX 3JIeMEHTOB (BeIpaxkenue (1.3)).

[lpn amminTyne KoneOaHWM MOPIUHS, PAaBHOW u,, PABEHCTBO KUHETUYECKOW SHEPrHU
MEMOpaHBI ¥ IOPIIHS 00€CIeYMBACTCS IPU MAacCe MOPIIHS 71, , PABHON O/IHON TPETH HOIHON

Maccel MEMOpaHbI m,

11

E, = E(E”p”’Rg ]ué, (3.3)

4.4)

m*

1 , 1
m, =§7tmeo :Em
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IToreHnuanpHas 3HEPrus MEMOPaHBI MOKET ObITh BBIUKMCIIEHA 10 PabOTe, NPOU3BEICHHON
IpH €€ pacTAruBanui [1]. AMIIMTyHOE 3HaYeHHE MOTEHIIMAIBHON SHEPTUY MEMOPaHBI:
_ 2
E, =7Tu;. (5.5)

HpI/IpaBHI/IBaﬂ NOTCHUUAJIbHYIO DQHCPIUIO MeM6paHLI " IOTCHUUAJIBHYIO DSHCPI'U0 MMOPIIHA

1,5
(IpY>KUHBI), PAaBHYIO Ekpu0 , OLIPEJIEIIM JKECTKOCTb TIPYKUHbBI OCLHILIATOpPA k , !

k,=2xT. (6.6)

YacToTra OCHOBHOTO TOHa MEMOpaHBI ONPEACIISICTCS] PE30HAHCHONW YaCTOTON OCIMILIATOpA:

o ke [T _2.449 [T 77)
’ mp meOZ RO pm . '

910 BBIPAXKCHUC HACT 3HAUCHUC YaCTOTBI, BCCTO Ha 2% OTIIM4aromeccsa OT TOYHOI'O

3HAYCHHUA 94aCTOThI, OIIPEACIACMOTO HOCHCHOB&TGHBHOﬁ Teopneﬁ MeM6paHZ

2,405 | T
W, =2 |—. (8.8)
R, \p,
bnaronapss cTONb BBICOKOM TOYHOCTH, NpubImwkeHHas ¢opmyna (1.7) u ee BbIBOA
HOJIYYHIIH IIUPOKOE PACIIPOCTPAHEHUE U BOILJIM BO MHOTHE U3BECTHBIE KHUTH 10 aKyCTHKE.
[To3nHee cTamy yYUTHIBAaTh HE TOJIBKO PABEHCTBO YHEPTUN MEMOpaHbI U 3aMEIIAIOIIETO e
HKBUBAJICHTHOTO MOPIIHA (KMHETHYECKOM M MOTEHLHMAIbHOM), HO M PAaBEHCTBO OOBEMOB
BO3/1yXa, BBITECHAEMOrO IMPH JIBM)KEHUM MEMOpaHbl M 3aMellarolero ee mopimss [2]. 3to
HYKHO JJIsS1 COXpaHEHHsI BO3JICHCTBUS HA OKPYIKAIOIIYIO CpeAy IpU Iepexoie OT MeMOpaHbl K
3amemniaronieit cucreme. Jlpyrumu cioBaMu, 00beM BO3yXa, BEITECHSIEMBIN MPU KOJICOAHUSIX
HOPILHS, HE JOJDKEH OTJIMYAThCs OT 00beMa, BBITECHIEMOT0 Ipu KosebaHusax MeMOpaHsl [2].
(ITnomaae MOPLIHS MO-TIPEKHEMY CUMTAEM PABHOMH IJIOIIA 1 MEMOPAHHI. )
Kak u panee, cuuraeMm, uto napabononnansHas Gopma cmemenus (1.2) coxpansercs npu
KOJICOAHUSAX HAa YACTOTE OCHOBHOT'O TOHA MeMOpaHbl. BBIUUCIIsAsS yHOMSHYThIE BBIIIE 0OBEMBI
U TIPUPaBHUBAs UX, NOJYYUM 3HAYCHHE aMIUIUTY]bl KOJIeOaHUN SKBHUBAJICHTHOIO IMOPIIHS B

3TOM citydae [2]:
u =—. (9.9)

[Tpu »TOM ammuTy e KOJICOaHMI TTOPIITHS (up =u,/ 2) PaBEHCTBO KUHETUYECKOU SHEPTUH

MeMOpaHbl W TOPIIHA 00eCreunBaeTCs MPH Macce TOPIIHS, paBHOM 4/3 TONHOW Macchl

MeMOpaHBbI:
1(4 2 2
Ekin :E(E”meojup? (1010)
4 , 4
m, :§7rme0 =§mm. (11.11)
B. N. Ke3snk
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[TorenmmanpHass 2HEprusi MeMOpaHbl ocrtanack mnpexnend (cm. (1.5)). IlpupaBHUBaeM

1,
MOTEHUUATbHYIO SHEPTUI0 MEMOpPAHbI U MOTEHLIUATIBHYIO SHEPTUIO MOPLIHS, PAaBHYIO Ek”u e

1 1
E,, =nTu; =Ekpuj, :gkpug. (12.12)

OTCIOL[a HaxXO0JUM KECTKOCTD IIPYKUHBI OCHUIIJIAATOPA B paCCMATPHUBACMOM CJIyHdac:
k,=8xT . (13.13)

YacToTra OCHOBHOTO TOHa MEMOpaHbI, ONpeesseMasl mapaMeTpaMi OCIHIIIISTOpa B 3TOM
ciIydae, eCTECTBEHHO, OCTAJIACh MPEKHEH:

k, 2,449 [T
w,= =" | —. (14.14)
mp RO pm

PaccMoTpeHHbIN TOAX0 TaeT BHICOKYIO TOYHOCTh ONpEeNIeHUsI YaCTOThl OCHOBHOT'O TOHA
MeMOpaHbl. 3amelleHue MeMOpaHbl MOPUIHEM IO3BOJSET C ONPEICIEHHON TOYHOCTHIO
pacCcUUTHIBaTh aKyCTHUYECKUE CHCTEMBI, BKIIIOUAIOIIe MeMOpaHbl (cM. puc. 1 B pazugene 2.3),
OJIHAKO BEPXHSS TpaHHIla YACTOTHOTO JUarna3oHa, KOTOPBIA MOXKET ObITh PACCMOTPEH, JIUIIb
HEMHOTO TMpEBbIIIaeT YacTOTy OCHOBHOIO TOoHa MemOpanbl. Ilpu paccmoTrpenuun
BBIHYKJCHHBIX KOJIeOaHMI MeMOpaHbl Ha 4acTOTaX, CYHIECTBEHHO IMPEBBIMIAIONINX YACTOTY
OCHOBHOTO TOHA, 3TOT MOAXO0J1 HE MOXET OBbITh IPUMEHEH.

MemOpaHbl UMEIOT HIMPOKOE PACIPOCTPAHEHUE BO MHOTHX OTPACiIAX TEXHHUKHU U, SIBISSCH
KJIACCMYECKUM OOBEKTOM, MPOJOJDKAIOT MpPHUBJIEKaTh BHUMAHUE HCCleqoBaTenell, Kak B
KayecTBE MOJENIbHOTO OOBEKTa, TaK M B KaYECTBE KOHKPETHOTO TEXHUYECKOTO YCTPOMHCTBA
(cm., wHampumep, [3,4]). Ilpu sTomM MemOpaHbl, KaKk MPaBWIO, SBIAIOTCS YacCThIO
aKyCTUYECKHX KoJieOaTeNbHBIX cUcTeM. Pa3paboTka mpoctoro u 3¢h(EKTUBHOTO METOIa
pacuera Takux cucTeM 0e3 OrpaHHuYEHUH M0 YacToTe KoyiebaHUil MpecTaBiseTcs JOCTaTOUYHO
aKTyaJIbHOM 3a/1auei.

Takoi meTon ObuT pa3paboTaH U onmucaH B pabdote [5], rae Oblaa MOCTpOeHa 3aMelaroast
MeMOpaHy CHUCTEMa C COCPEIOTOYEHHBIMU IapaMeTpaMHU C OJHON CTENeHbI0 CBOOOJBI
(ocuMIIATOpP), CIOCOOHAs! OMMCHIBATH AKyCTHYECKHE KOJIEOATEIIbHBIE CHCTEMBI, BKITFOUAIOIIINE
MeMOpaHBbI, MPU JIOOBIX YacToTax BO30YykaeHWs. [Ipu 3ToM He OBUIO CHEIaHO HUKAKUX
YIOPOILIAIOMUX TPHOIMKEHUN (KpoMe OOIICNPUHATHIX), TO €CTh 3a7ada perajach TOYHO.
bbun yuTeHsl Takyke AUCCUTIATUBHBIC TOTEPHU, UMEIOIINE MECTO MPH KoJeOaHUAX MeMOpaHbl.

B sT0if craThe HECKOJIBKO YTOYHHM IOCTAaHOBKY 3a/ayH, MPOU3BEAEM COIMOCTaBIICHUE
HOBOrO MeToza [5] cOo cTapblM METOJIOM YMIPOIIEHHOTO pacueTra aKyCTUYECKUX CHCTEM,
BKJIIOYAIOLIMX MeMOpaHbl, B paMKaX HOBOIO TMOJXOAAa PACCMOTPUM DSHEPreTUYEeCcKUue
COOTHOIIEHHUS B JIB)KEHUHM MEMOpaHbl U 3aMEHSIOIIEr0 €€ SKBUBAJEHTHOI'O MOPIIHS H,
HAKOHEI], PacCMOTPUM HEKOTOpPbIE OCOOCHHOCTH TNPUMEHEHHs METOoAa SKBUBAJICHTHOTO
MOPIIHS JIJIsl pacyeTa aKyCTHUECKHX Koyie0aTeNIbHbIX CUCTEM, CO/IEP KAIUX MEMOPAHBI.

B. N. Ke3uk
DKBMBaJIEHTHble NapaMeTpbl KPyrioi o4HOPOAHON MeMbpaHbl
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2. HOBBIM IIOOXOJI K HPOBJIEME OIIPEJEJIEHI SKBUBAJIEHTHBIX
ITAPAMETPOB KPYI'JIOW O JHOPOHOU MEMBPAHBI

2.1. Kpyriaas memOpaHa B pa3IH4HbIX YCJI0BHAX BO30YKIeHHUA

B sTOoM paznene nqaHa mocTaHOBKA 3a/1a4i, C HEKOTOPBIMU YTOUHEHHUSMHU 110 CPABHEHHUIO C [5].

PaccMOTpuM BBIHYKAECHHBIE KOJEOAaHUS KPYIJIOH 3aKpeIuIeHHOW MO KOHTYPY MeMOpaHBI
0[] IeCTBUEM MPHUIIOKEHHOTO K OJHON CTOPOHE MEMOpaHbl pABHOMEPHO pacIpeleIEeHHOTO
[0 IUIOMIAAX H30BITOYHOrO (3BYKOBOTO) MAABICHHS, MEHSIOIIErOCs IO TapMOHHYECKOMY

3aKOHY C aMIUIUTyAoil p,. [pyras ctopoHa MeMOpaHbl COIPUKACAETCS C HEBO3MYIIEHHOU

BO3ayIIHON cpenoil. (Takue ycinoBusi BO30YXIEHHS MOXHO HAarjsAHO IPEICTABUTh, €CIIU
MeMOpaHy BCTaBUTb B KPYTJIO€ OTBEPCTHE TOHKOTO OECKOHEYHO MPOTSKEHHOI'O >KECTKOTO
9KpaHa, JEISIIET0 MPOCTPaHCTBO Ha JBe moiycdepbl. Co CTOPOHBI ONHOW U3 TOIychep
(HampuMep, TpaBod) HAa MeMOpaHy MajaeT IUIOCKas 3BYKOBas BOJIHA, (POHT KOTOPOU
COBIAJIa€T C IJIOCKOCTBIO 3KpaHa.) YUTeM JAUCCUIIATUBHBIE IOTEPH (HAIPUMED, CTPYKTYpPHbIE
NOTEPH), BBOJS B PACCMOTPEHUE CHJIBI CONPOTUBJICHMS JIBUKEHHUIO 3JIEMEHTOB MEMOpaHsbl,
KOTOpBIE, KaK OOBIYHO, OyJEeM CUMTaTh MPOMOPLHOHATIBHBIMU CKOPOCTHU 3THUX 3JIEMEHTOB.
Onnako, sBIICHMS, CBSI3aHHBIE C M3JIYyYEHHEM 3ByKa MEMOpaHOW, COBEpIIAIONICH
BBIHYKJICHHbBIE KOJI€OaHUsI B BO3YIIHOW cpeje, MoKa paccMarpuBaTh HE OyaeM, oHM OyayT
paccmotpensl B pazzaene 3. (Takum oOpa3om, Ha 3TOM 3Tare MbI pacCMaTpPUBAcM KOJICOAHUS
COOCTBEHHO MeMOpaHbl, 0e3 ydeTa BIMSHHS Ha Hee MPHIETaoniei BO3IYUIHON Cpenbl, TO
ecTh, Kak Obl TmoMmemas MeMOpaHy B BaKyyM M BO3ACHCTBYS Ha HEE€ HEKOTOPOW CHIIOH,
PaBHOMEPHO pacHlpeeIEHHON O IoU[aal MEMOpaHbl U MEHSIOIIENCS 0 TAPMOHUYECKOMY
3aKOHY.)

Takue yciaoBus BO30Y)KIEHHS BBI3BIBAIOT IONEPEUYHBIE OCECUMMETPUYHBIE KOJIEOaHUS
paccmaTpuBaeMoil MeMOpaHbl, KOTOpbIE ONMCBHIBAIOTCS (IS MaiblX OTKJIOHEHMI)
Qg QepeHIraIbHBIM YPaBHEHUEM B YaCTHBIX IMPOU3BOIHBIX TUIIEPOOTHYECKOro THMA [6]:

o’u ou o*u 1 0u ot

Tt ——T| —+——|=p,e”, 2.1
P o "ot or* ror Po 2.1

rae p, — IHOBEPXHOCTHas IUIOTHOCTh MaTepHajla MeMOpaHBI, u:u(r,t) — TIOIIepeYHOe

OTKJIOHEHHE KOJIBIEBOTO 3JeMEHTa MeMOpaHbl pajguyca » B MOMEHT BpeMEHu f

(TIOOKUTENBHBIM CUUTAEM OTKJIOHEHUE B CTOPOHY NpaBoii momycdepsl), #, — KOIQOHULUEHT

COIIPpOTUBJICHHA, OTHECEHHBIN K CAMHUIIC ILJIOIIaau, T — HaIps’KCHUEC B CCUCHUU M€M6paHLI,

Py — aMILUIMTyda HOBGpXHOCTHOfI IINIOTHOCTHU BBIHY)KI[aIOIJ_Ieﬁ CUJIbl, @ — KpYyrosasa 4acToTa

BBIHYKafomeit cunbl, [ =+—1 — mHnmmas exunnua. [lapamerper p,, 7, u T cuutaem

KOHCTaHTaMu, HE 3aBUCAIIIUMU OT 7 U [.

['pannyHOE YCJIOBHE M YCIIOBHE OTPAaHUYCHHOCTH A (PYHKLUHU u(r,t), CIIpaBeUIMBBIC

MIpH JIIOOBIX f, 3aMHUCHIBACTCS B BUJIC:

B. N. Ke3uk
DKBMBaJIEHTHble NapaMeTpbl KPyrioi o4HOPOAHON MeMbpaHbl
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w(r, )|, =0, [u(r,0)|< o (mpn 7 <R,), 2.2)

rae R, — paanyc MeMOpaHsbI.
Jis paccMaTpuBaeMbIX HaMM YCTAaHOBHBIIMXCA KOJeOaHUI HavajbHBIE YCIOBHS He

TpeOyroTcs.
Pemenne ypaBHenust (2.1) ¢ rpaHUYHBIMU YCIOBUSMHU (2.2) MOXKEM 3amucaTh B BUIE

(cm. [5]):

u(r, 1) =20 M—l o

KT | J,(kR,) : (2.3)

2 .
P, —ir,®
T

HOIIEpEeYHON BOJHBI Ha MOBEPXHOCTH MeMOpaHbl), J, — GyHkuuu beccens nepsoro pona

(mapameTp k& WMEET CMBICT TIOCTOSHHOW PaclpOCTPAHCHHS

HYJIEBOTO TIOPSAKA OT KOMIUIEKCHOTO apryMEHTa.

OTO BBIpAXEHUE TIOJHOCTHIO OIpeNesieT YCTAaHOBUBIIEECS JBWKEHHE MeMOpaHbl B
YCIOBHSIX BO30YKICHHUS.

[Tycte Tenepp Ha MeMOpaHy CO CTOPOHBI IpaBOM MOJyc(epsl NEHCTBYET PaBHOMEPHO

pacnpezeneHHOe M0 IUIOIAAX MeMOpaHbl HM30BITOYHOE IABICHUE p,, MEHSIOIEecs II0
rapMOHMYECKOMY 3aKOHY C aMIUIMTYJOH p,,, a CO CTOPOHBI JIEBOH mosycdepbl AeHCTBYET
TaK’)K€ PABHOMEPHO PACIpeNeNIeHHOE MO IUIOMIag MeMOpaHbl M30BITOYHOE JABJICHUE p,,
MEHsIoNIeecs ¢ TOU K€ 4aCcTOTOH @, HO C aMIUIUTYyAOH p,, U CO cIBUTOM IO (aze ¢, IO

OTHOIIECHHIO K JaBJleHUI0 p, . Toraa npaByro yacTe ypaBHeHUs (2.1) MoxkeM 3amucarh B BUIE

wt

(Do — D2y€"?)e™ = p,e” , THe P, — KOMIUIEKCHAs aMIUIATyJa CyMMapHOTO BO3JEHCTBHS

JaBICHUN p, U p, Ha MeMOpaHy. Pemenue ypaBuenus (2.1) Tenepsb 3alueTcs B BUJE:

o[ o) ] e

)=
=58 T R )

(2.4)

Pazuuna mexny BoipakeHusiMu (2.3) u (2.4) cOCTOUT TOJIBKO B TOM, YTO B BBIPAKEHUU
(2.4) yuutpiBaeTcsa HauyanpHas (aza kojeOaHWI BO3MYMLIAIONICH CHIIBI, paBHAas apryMEHTY

KOMILIEKCHOM AMILINUTY IbI ﬁo .

B nanbHeiimem Mbl OyJieM MOIb30BaThCs Oosiee o0IINM BhIpaskeHueM (2.4).

B. N. Ke3uk
DKBMBaJIEHTHble NapaMeTpbl KPyrioi o4HOPOAHON MeMbpaHbl
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2.2. Cpoaka Heo0X0aMMBIX GopMy.Ja

Hanee mnpuBenem ¢GopMysbl, MOJMyuYeHHbIE B [5], KOTOpble TNOHAA00ATCS HaM B
nanpHeimem. B aTux gopmynax yuren Oosee oOLIMii MOIX0MA, AaBaeMblil BhIpaskeHHEM (2.4).
YpaBHeHUE TBMKEHUS «yCpPEIHEHHOIH) MEeMOpaHbI:

Do 2J,(kR,) 1™

U, (1) = ) 2.5
) =Sy kRyJ (kR ) (22)
rae J, (kR,) — (yHkuus Beccenst epBoro pojia mepBoro mopsika.
Bripaxkenue (2.5) Ml MOKeM 3amucath B Buze u, ., () =U, e, tue
Do | 2J,(kR
it = () (2.6)
k°T | kRyJ ,(kR,)
— KOMIIIEKCHAsl aMIUTUTYJa KOJeOaHUH «yCpeaHEHHON» MeMOpPaHBbI.
VpaBHeHME JBHKEHHS IOPIIHS B T€X XK€ YCIOBUAX BO30YKICHHUA:
mi+rx+k x=p,S e, (2.7)

rie m, — Macca MOpIIHs, 7, — KO3(P(GHUUMEHT CONPOTUBIICHHUS JABIKCHUIO MOPIIHS, k, —
KECTKOCTh MPY>KUHBI OCHUJUIATOPA, X — OTKJIOHEHHE MOPIIHS OT IMOJIOKECHHSI PaBHOBECHS
(TIOJIOXKUTENBHBIM CYMTAEM OTKIOHEHHE B CTOPOHY INpaBoi momycdepsr), S, = TR, —

IUIOINAb MOPIIHS, paBHAs IUIOLIAd MEMOPAHBIL.
Pemenune ypaBHeHuss (2.7) Ui yCTAHOBMBILIETOCS pEXHMMa HAXOIUTCS METOJIOM
KOMIUIEKCHBIX aMILTUTY[ [7] ¥ 3alIUChIBAETCS B BUIE:

ﬁ S eia)t
x(1)= — 2.8)
kp —m,®" +ir,@
[TapamMeTpbl SKBUBAJIEHTHOTO OPUIHS:
mp = pmSp’ (2.9)
k =m o +S TRk | 2R 41 2.10)
! ! ! kROJ o(kRo)

ST 2 R
rp:LIm k2 &_1 , (2.11)

10} kR,J,(kR,)
rme Re m Im — pedicTBuUTENbHAS W MHHUMAs YacTH KOMINIEKCHOT'O YHCJIa, CTOSIIETO B

(GUrypHBIX CKOOKaX.

B. N. Ke3uk
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2.3. ConocrapiieHHe aMILTUTYIHO-4ACTOTHBIX XaPAKTEPUCTHK IKBUBAJTECHTHBIX
NMOPIIHEH ¢ mapaMeTpaMu, onpeaeJasieMbIMHU M0 CTAPOIl U HOBOM MeTOIUKeE

JUis WiuTIoCcTpaluy MpUBEIEHHBIX (POPMYJIT U COMOCTABICHHS UX C UCIOJIb3YEMBbIMU paHee
IPUBENEM pE3yJIbTAaThl pPACUETOB JIBMJKEHUS OSKBUBAJICHTHOIO IOPLIHS, 3aMEHSIOLIETO
KOHKpPETHYIO ¢1a00 HaTIHYTYI0 MeMOpaHy, UCIOJIb30BaHHYIO B pabote [5]. B nanHoM ciydae
paccMaTpuBarOTCs KojiebaHUsT COOCTBEHHO MeMOpaHbl MOJA JeHCTBHEM TapMOHHYECKU
MEHSIFOILEroCsl OJHOCTOPOHHE MPUJIOKEHHOTO BHEUIHEro JaBiieHus. [lapaMeTpbl MeMOpaHbI:

p,=0.063 kr/™M’, 7 =5kr/m’c, T=10H/™M, R,=0.027 M. AMIUIMTyIa BBIHYXICHHBIX

KOJICOAHNH 3KBUBAJICHTHOTO MOPLIHS ONPEAEISIeTCS MOAYJIEM KOMIUIEKCHON aMILIUTyAbl X
u3 ypaBHeHus (2.8):
p 0 Sp

X = 2 . (2.12)
kp —m,®" +ir,©

Ha puc. 1 cmnmomHoi nuHUEH TOKa3aHa 3aBUCHMOCTh AMIUTUTYIbI BBIHYKICHHBIX
KoJie0aHUN HKBUBAJIEHTHOTO TOPIIHS OT 4YacTOThl BO30OYXKIEHHsS [, paccuuTaHHas C
noMoIbio opmysl (2.12) mocie moJACTaHOBKH B HEe MapaMeTPOB PKBUBAJIEHTHOTO MOPIITHS,
ompeaeneHHbIx o Gopmynam (2.9) — (2.11), wnm, 910 TO K€ camoe, ¢ TOMOIIBIO (HOPMYIIBI
(2.6) (3T0 cmpaBeIUBO TOJBKO MPU PACCMOTPEHUHU KOJIEOAHMI COOCTBEHHO MeMOpaHbI).
Pacuer caenan mna p, = p,=20 I1a (120 nb).

Ha »ToM ke rpaduke TyHKTHPHOW JMHUEH TOKa3aHa 3aBUCHMOCTh OT YacTOTH f
(paccunTanHas 1o Toi xe popmyite (2.12)) aMmIuTyapI KoJieOaHUN TOPIIHS C TTapaMeTpamu,
onpeneneHHbIMU 110 hopmynam (1.11) u (1.13) mas Toit e MeMOpaHbI B T€X K€ YCIOBHUSIX

Bo30yxnenus. [Tapamerp 7, B (2.12) onpenenet mo popmyie r, = %rmSp .

0.01
4 A
1x10 '/
i 1x10™* \‘ A
>
1x107°
1x10" ¢
0 200 400 600 800 1x10°
f, Hz

Puc. 1. 3aBUCUMOCTH aMIUTUTY b KOJIEOAHU SKBUBAJICHTHOTO TIOPIITHS OT YaCTOTHI
BO30YKJIEHUS, paCCUUTAaHHAsS TI0 HOBOU (CTUIOIIHAS JIMHUS) U CTapoil (ITyHKTHPHAS JIMHUSA)
Meroauke. [To ocu abcruce — yactota B ['11, 0 OCH OpJIMHAT — aMIUTATYa KOJieOaHUi B
MeTpax

B. N. Ke3uk
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Bugum, 4To B OKpPECTHOCTH MEPBOTO PEe30HAaHCAa W Ha Oojee HU3KUX YacTOTaX KpPHUBBIE
MPAKTUYECKH COBIAAAIOT. DTOT PE3yJIbTaT MOKET ObITh MOTYUYEH MAaTEMAaTUYECKH.

Paccmorpum kommiekcHyro ammumtyny U, ., (cMm. dopmyny (2.6)). Ecmn |kR0| <2,
¢dynkiuu beccensa J,(kR,) u J,(kR,) npeactaBUMBbl B BHJIE CTETIEHHBIX psaoB [1]:
2 R
JO(kRO):l_(kRO) +(k 0)
4 64
(kR . (kR,)*
8 192

3

kR,

J,(kR,) = 1

[ToacraBnsiem st dopmynsr B (2.6). [lpu BeImogHEeHWH mpeoOpa3oBaHUil (IeneHHE,
YMHOKEHUE MHOTOYWICHOB), OTOpachIBaeM BCe WICHBI CO CTETeHAMHU k BhIlie 4. B pesynbrare
MOy YUM:

PRI 4 2}
U  =———+——(kR .
mid T |:8 192 ( O)
[ToncraBnsis crona k u3 popmysl (2.3), HOTydUM:
U = PoR; n 4 pOR(;;pm 0 —i 4 poRgrm
&r 192 T 192 T
Hanee pacemotpum hopmyiny (2.12). [IpencraBum ee B BUE:

X: pOﬂ.Rg

m r
k|1-— o’ +iLw
? k k

P p

IIpoun3Bens aHanOrMYHbIE TPEOOPa30BaHMSL, TOTYUUM:

R? ZR*m ZRr
X:p()]f: ) +po k20 » wz_l.po k20 D

P P P

[TpupaBHHUBasi CBOOOIHBIC YICHBI ITOJTyUYCHHBIX BEIPAKCHUH, MOKEM OIPEICITUTh kp :
K, = 87T .
[TpupaBHuBast K0 (HUIMEHTHI TPU OJMHAKOBBIX CTETICHAX @ U YUYUTHIBAS MOTYYECHHOE

k . _4 R? _4 R?
3HAYEHMUE K ,, ONPEACTIAEM m, U I, . m, = 3 Ry 5 T, =T, I .

[Tonmyuennbie GOpMyITBI COBIIATAIOT C TEMH, YTO TIOJIYUYCHBI B pa3zaeie | (BBeneHue) ¢
MOMOIIIbIO HEepreTuyeckoro meroaa (hopmynsl (1.11) u (1.13)).

2.4. Omnpeaesienne Macchbl IKBUBAJEHTHOIO MOPIIHSA

Kak ormeuanocs B [5], B pamkax MeTO[a 3KBHUBAJEHTHOI'O MOPIIHS ONPEIEICHUE MACChI
DKBUBAJIEHTHOTO TmopiiHA 1o ¢opmyne (2.9) sBusercs u30bITouHBIM. PaccunThiBaeMble
BEJIMYMHBI CMEIIEHUH (WM NaBieHui) u (a3 KoseOaHui JTOOBIX IEMEHTOB aKyCTHUECKUX
KOJIEOATENbHBIX CHUCTEM paccMaTpUBAaEMOr0 THIIA OT STOTO IMapaMeTpa HE 3aBHCAT. IJTO
SIBIIIETCSL CJICICTBUEM KHHEMATHUYECKOTO TOJXO0Ja K paccMaTpuBaeMoi mpobieme. Takoi

B. N. Ke3uk
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MOJX0/ B OOJIBIIMHCTBE CIy4aeB SIBJISICTCS JOCTaTOYHBIM JUISl OTHMCAHUS aKyCTHYECKUX
KoyiebarenbHbIX cucteM. OIHAKO, TPH HSHEPreTHYECKOM TMOIXO/A€ K PEIICHHI0 3ajad
(cocTaBlieHHE YpaBHEHHUS DHEPreTHYECKOTO OamaHca, W, BOOOIIE, MPUMEHEHHE METOJ/OB
AHAJTUTHYECKOW MEXaHWKH) HYXXHO OO0ecredTh HE TOJNBKO KHHEMaTHYeCKyl0, HO U
SHEPreTUIECKYIO TOXKISCTBEHHOCTh MEMOPaHBI ¥ 3aMEHSIOIIETO €€ 3KBUBAIICHTHOTO TIOPIITHSI.

OTO MOXKHO CHenarh C IOMOILIBIO Mapamerpa m,, KOTOPBIA, KaKk M Jpyrue MNapaMmerpsl

HKBUBAJIEHTHOT'O TIOPIIHS, CTAHET 3aBUCHUMBIM OT YaCTOTHI BO30Y KICHHUSI.

Bepuemcs k ocummiaTopy. OmnpenenviM CpeNHIOI 3a MEpPHOJ KUHETHUYECKYIO JHEPIHIO
<Ekin, p> MOPIIHS OCHIUIATOPA, YPaBHEHHUE IBIKEHHUS KOTOPOTO OIMUCHIBAETCS (HOopMyIon
(2.7). OnHako, ¢ y4€TOM TOT'O, YTO MBI MIOCTYJIMPOBAIN TOXK/IECTBEHHOCTh 3aKOHOB JIBUYKECHUS
MOPIIHS M «YCPETHEHHOW» MEMOpaHbl, MOXXEM BOCIIOJIb30BaThCS BbIpakeHueMm (2.5) mis

OIMMMCAaHUs NBUKCHHA MOPUIIHA:

(t) — p20 2J1(kR0) _1 eia)t.
1T | kR,J,(KR,)

(2.13)

JuddepennmpoBanuemM Mo BpeMeHU BbIpakeHHs (2.13) ompenenuM CKOpPOCTh MOPLIHS

x(t):

56(t)=la)p0 2J,(kR, ) 1|

) 2.14

K’T | kR)J,(kR,) 19)
KOTOPYIO 3amullieM B Buae: Xx(f) = Xe'™ , TIe

Fa iop,| 2J,(kR,) 1 2.15)

KT | kR,J,(kR,)

— KOMIUJIEKCHAs! aMIUIUTY/1a CKOPOCTH JIBUYKEHUS MOPILIHS.

BrinyxneHHbIe Kosie0aHUs MOPIIHS SABJISIOTCS FTApPMOHUYECKUMHU, CIIEI0BAaTENbHO, CPEIHSISA
3a TepuoJ KUHETHYeCKas »DSHEpPrus TMOpIIHA paBHAa I[IOJIOBUHE OT MaKCUMalbHOU
KUHETUYECKOW IHEPIHH, ONpPEAEIsieMO aMIUIMTYAO0M CKOpPOCTH, KOTOpas, B CBOIO OuY€pellb,

OmpeeNseTcss MOIyIeM KOMIUIEKCHOMN aMILTUTYbl KodeOanuii ckopoctd X (cM. dopmyiy
(2.19)):

|
I
3

(E,,)= ; b’ (2.16)

AHanoruuHbIM 00pa3oM ONpeNeINM CPEIHIO 3a IEePUO] KHHETUYECKYIO SHEPTHIO <Ekin,m>

MeMOpanbl. CKOpPOCTh KOJBIEBOIO AJIEMEHTa paguyca » MeMOpaHbl B KaKIbli MOMEHT
BpemeHH u(r,t) onpenensercs quddepeHIMpOBaHUEM 110 BPEMEHH BhIpaykeHus (2.4):

B. N. Ke3uk
DKBMBaJIEHTHble NapaMeTpbl KPyrioi o4HOPOAHON MeMbpaHbl
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iopy | Joy(kr) |
u = e 2.17
{r.f)= KT | J,(kR,) @17
10 BRIpaXkeHHe 3ammmeM B Buze u(r,t) =U(r)e , rae
J, (kr
U(r )—lwp" Jolkr) (2.18)
KT | J,(kR,)

— KOMIUICKCHAs aMIUTUTyAa KoJie0aHWW CKOPOCTH KOJIBIIEBOTO JJEMEHTa MeMOpaHbI
paauyca r.

Kaxxnprit KoJIbIIeBOM 371IEMEHT MeMOpaHbl COBEPIIACT BBIHYXICHHBIC KOJICOAHUSI CO CBOCH
aMruTyion ¥ ¢azoil. CKOpOCTh KOJIBIICBOTO JJIEMEHTa MEMOpaHbI  OIpeACISIeTCS

aMITUTY 10 ¥ (pa3oi KoyseOaHU CKOPOCTH, OMPENETIIEMbIMU KOMIUICKCHOH aMIUTUTYI0M
(2.18).

OHpCI[eJ'II/IM CPCAHIOKO 3a IMCpHuod KHHCTHYCCKYIO OSHEPTHUIO <dEkin m> KOJbLOCBOI'O

DJICMCHTAa MCM6paHI)I paaunyca r 1 TOJIIHUHBI dr , IOJIB3YACH TCMU K€ PACCYXKIACHUAMH, YTO U
npu 3anucu popmyisl (2.16):

(dE,, )= —dm ‘U(zr)‘ (2.19)
Cpenmusisi 3a TepHoOj KHHETHYECKas DHEPTus BCEH MeMOpaHbI <Ekm’m> omnpeaesercs
UHTETPaJIOM:
7z'p £y . 2
<Ekm,m>= 2’" !‘U(r)‘ rdr . (2.20)

Maccy SKBHMBAJEHTHOIO HOPIUHS ONPEJNEIMM M3 YCIOBHUA PAaBEHCTBA KHHETHUYECKOM
SHEeprur MeMOpaHbI H SKBUBAJICHTHOTO MOPIIIHS, TOMEIIEHHOTO HA MECTO MEMOpaHBbI, TO €CTh
U3 paBEHCTBA MpaBbIX YacTel ypaBHeHul (2.16) u (2.20):

2 7p,, B 2
m,=—-— HU(I’)‘ rdr . (2.21)
4] o
[TyTeM HecnoXKHBIX TPeOOPa30BAHMIM C UCTIOJIH30BAHUEM TOXKIECTBA |zlzz| = , The z,
U z, — KOMIIJIEKCHBIE YUCIIA, BbIpaXkeHue (2.21) MOXKHO PUBECTH K BUAY:
27p, |k | R By
m = &5 j \Jo (k) = J o (kR,)| rdr . (2.22)

|2, (kRy) — kR, J, (KR,)[

Taxum 00pa3oM, mapaMeTphl TOPIIHS, IKBUBAJIEHTHOTO MEMOpaHe M0 KHHEMATUYECKUM H
HHEPreTUUECKUM XapaKTEpUCTUKaM, ONpENessitoTcsl BblpaxeHusmu (2.22), (2.10) u (2.11).

[apamerp m, B Bopakenuu (2.10) onpenensercs BeipaxenreM (2.22).

B. N. Ke3uk
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B kadectBe HIUTIOCTpallid Ha PUC. 2 npeacTaBji€Ha 3aBUCUMOCTb MAaCChbl 9KBUBAJICHTHOI'O

NOpIUHSL M, OT 4acToTsl Bo3Oyxnenust [ (I'm), paccunrannas no dopmyse (2.22) anst Toi

e MeMOpaHbl, KOTOpasi UCIIOIB30BANIaCh MPH MOCTPOSHUH I'pauKoB Ha puc. 1.

[TyHkTupHO#l nMHUEH Ha rpaduKe MOKa3aHO 3HAUYEHHE MAacChl HKBUBAJICHTHOIO TMOPIIHS,
BeIuucieHHoe o ¢opmyne (1.11) mns 3Toit sxe mMemOpanbl. Buaum, 4to 3Hau€HHUsS] Macchl
HKBUBAJICHTHOTO MOPUIHA, BEIYUCICHHBIE IO (popmynam (1.11) u (2.22), Ha HU3KUX YaCTOTax
(menee 100 I'tr) mpakTHYECKU COBMATAIOT.

Ha puc. 3 npeaAcTaBiICHA 3aBUCHMOCTB JKCCTKOCTH OJSKBHUBAJICHTHOTO IIOPHIHS kp oT

4acTOThl BO30YKaeHus1 f , paccuntanHas no ¢dopmyie (2.10) ¢ yuerom (2.22), nus Tor xe

MEMOpaHBI.

[TynkTipHO!l nHMHMEH Ha TrpaduKe NOKa3aHO 3HAYCHHWE J>KECTKOCTH OSKBHUBAJIECHTHOTO
HopuIHA, BerYucieHHoe o ¢opmysne (1.13) amst sToit sxe MemOpanbl. Buanwm, 4to 3HaYeHUS
YKECTKOCTU IKBUBAJICHTHOT'O MOPIIHA, BeIUUCIeHHbIe 10 hopmynam (1.13) u (2.10) ¢ yuetom
(2.22), na Hu3kux vacrorax (menee 100 I'r) mpakTHyecku COBMAIAIOT.

Bu npuBeieHHON Ha puC. 3 KPUBOH CYIIECTBCHHO OTJIMYACTCS OT 3aBUCUMOCTH Kk, OT f,

paccuMTaHHOM JUIs cilydasi, KOrJla Macca MOpILHS IpUpaBHUBAIach Macce MeMOpaHbl (Tpaduk
9TOM 3aBUCUMOCTH TIpUBEJIEH B padote [5]).

0.1
001 I \ \

1))
=4 -3
< 110

11074

1x10°°

0 200 400 600 800  Ix10°
f, Hz

Puc. 2. 3aBHCHMOCTb MacChl SKBUBAJICHTHOTO IOPLIHS /1, (CIUIOIIHAS JIMHASI) OT YaCTOTHI

B030y:xk1eHus. [1o ocu aberuce — vactora B ['11, Mo ocu opAMHAT — Macca SKBUBAJIEHTHOTO
HOPILHSA B KWJIOTpaMMax

B. N. Ke3uk
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1x10°

1x10° A

1><104 \/ \_/ N
1><1034J

100

kp, N/m

f, Hz

Puc. 3. 3aBHCHMOCTB JKECTKOCTH SKBUBAJICHTHOT'O OPIIHS £, (CIUIOIIHAS JIMHKS) OT YaCTOThI

B030yxeHus. [To ocu abeumce — vacrora B I'11, M0 0CH OpAMHAT — KECTKOCTb
HKBUBAJIEHTHOTO nopuHs B H/m

2.5. IloreHumMajJbHasi JHEPTrUsi MEMOPAHBI

[TapameTprl 5KBUBAJICHTHOIO MOPLIHS onpeaeneHsl. OMHAKO AJs HOTHOTHI KAPTUHBI U JUIS
IPOBEPKH TOJyYEHHBIX paHee (HOPMyI ONMpEeAENUM Mapamerp k, APYrMM CrocoOoM, u3
YCIOBHS  PAaBEHCTBA IOTCHLUMAIbHOM OSHEPruM MeMOpaHbl ¥ 3aMEIIalolIero  ee
HKBHUBAJIEHTHOT'O MOPLIHS.

OmnpenenuM cHayana MOTEHUMAIBHYIO SHEPTUI0 MeMOpaHbl. BbIHYyX/IeHHBIE KOJeOaHHS
MeMmOpanbl onuceiBaeTcsi ¢opmynon (2.4). Ilepelimem K JeHCTBUTENBHOMY 3HAYECHHUIO
OTKJIOHEHUS KOJBIIEBOTO 3JEMEHTa MeMOpaHbl paauyca * B MOMEHT BPEMEHHU !, KOTOpPOE

0603HauNM KaK i = (7,t):

T(r.1) = _Red Lo | Lotk) ) e
u(r,t)=Re[u(r,t)]=Re T | 7. (kR,) Ie +. (2.23)

[TorennuanbHas SHEPIUs, 3aaCEHHAs KOJIBIIEBBIM 3JIEMEHTOM MeMOpaHsblI [2], MOXKET ObITh
BBbIYHCIIEHA 110 (popmyie:

pot,m

—\2
ou
dt.  (r,t)=xT|— | rdr. (2.24)
or
[ToTennmansHas SHEPTHs Bceii MEMOpPaHbl B MOMEHT BPEMEHU ¢ OTPEIEIIIeTC HHTETPAIOM:

HEGTAY
Eput’m(t):ﬁT_([[Ej rdr . (2.25)

B. N. Ke3uk
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Oynkuua E

Dot (1) sABIAETCS NEPHOANYECKON C YaCTOTOM M3MEHEHHMs, PABHOW YJBOCHHOM

yactore BO30yxaeHus. CpenHss 3a TepUOJ] MOTEHIMAJIbHAs 3HEPrusi Bced MeMOpaHbI
ompezensercs o hopmye:

Ty
(E,,.)= Ti [ B, (0t (2.26)
E 0

1 .
rac TE =ﬁ — IMepruoa HU3MCHCHUSA MNOTCHUHHUAJIBHOU DJSHCPIUU MCM6paHbI B IIpomccce

BBIHYKJCHHBIX KoJeOaHui, BO30ykKIaeMbIX C 4acTOTON f .

Onpe,uenHM TCIICPb MOTCHIUAJIBHYKO S3HCPIrUi0 3KBHUBAJICHTHOI'O ITOPIIHA. BLIHy)KI[eHHBIe

KoJIeOaHUsI HKBUBAJICHTHOI'O MOPIIHSA omnuckiBaeTcs ¢opmyioi (2.13), KOTOpPYyI0 MOKHO

m)t

NpeCTaBUTh B BUaE x(¢) = Xe , rae

_ Dy | 2J\(kRy))
KT | kR,J,(kR,)

(2.27)

— KOMILJIEKCHAsl aMIUINTY/1a KoJeOaHU SKBUBAJICHTHOTI'O OPIIIHSL.

BoinysxeHHbIE KOJI€0aHUS TOPILIHS ABJISIOTCS FTAPMOHUYECKUMHU, CIIEI0BATENbHO, CPEIHSISA
3a Nepuoj NOTEHUUAlbHAs DHHEPrusi MOPLIHS paBHA I[IOJIOBUHE OT MAaKCHMaJbHOU
NOTEHLUUAIbHON SHEPruu, OINpPEeAeNsieMOl JKECTKOCThIO OSKBUBAJICHTHOTO MOPILIHS U
aMIUTUTYI0N KoJIeOaHUM, KOTOpasi, B CBOIO OY€pe/b, OMPEACIACTCS MOIYJIEM KOMIUIEKCHOMN
aMIUTUTY bl Konebanuii X (cM. popmyiy (2.27)):

2
e —k P;' (2.28)

IIpupaBHuBas IpaBble YacTH ypaBHeHUH (2.26) u (2.28), onpexensieM &, :

anT 5% g\
:TE£ J (j | (2.29)

0

| X

|2

PesysnbrarTel pacyera 3aBUCHMMOCTH k, OT 4acTOThbl BO3OYKICHHS [, CHEIaHHOIO IO

dbopmyne (2.29) mjis UCHOJIb30BAaHHOW HAMU paHee MEMOpPaHbl (CM. KOMMEHTapHH K puc. 1)
MOJIHOCTBIO COBIIAJIM C pe3yJibTaTaMu pacueTa, caenanHoro mo dopmysne (2.10) (B koTopoit

m,, onpeziessieTcst o hopmyiie (2.22)) v MpeACTaBICHHOTO Ha PUC. 3 (CIUIOLIHAS JIMHAS).

B. N. Ke3uk
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3. HCIIOJIb3OBAHUE S5KBHMBAJIEHTHbIX IIAPAMETPOB KPVYIJION
OAHOPOJHOU MEMBPAHBI JIUTSA PACUETA AKYCTHUYECKUX
KOJIEBATEJIBHBIX CUCTEM, COAEPXXALINX MEMBPAHBI

[TpuMeHeHHne KBUBAJICHTHBIX MapaMeTPOB KPYIJIOW OJHOPOAHON MeMOpaHbI JUIsl pacyera
AKyCTHYECKHX KOJeOaTeIbHBIX CHUCTEM, COJEpKalIMX MeMOpaHbl TOAPOOHO OIMUCAHO B
pabote [5], Tme STOT METOA pacyeTa Ha3BaH METOJOM AKBHUBAJIEHTHOTO TOPIIHA. 3A€Ch
OCTaHOBUMCS TOJIbKO Ha HEKOTOPBIX OCOOCHHOCTSIX METO/IA.

B orom pasmene Bo Bcex CiydasX paccMaTpuBaeTcss MemOpaHa, MOMEIICHHAs B
BO3IYIIHYIO cpeny. B Buae mompaBok y4yuThIBalOTCS 3(PQEKThl, CBA3aHHBIE C U3TyUYECHUEM
KoJIeOIroNIelics MeMOpaHoil 3ByKa B OKPYKAIOIIYIO CPELy.

Ecnu akyctuueckas koneOaTenbHas CUCTeMa TaKOBa, YTO MeMOpaHa OKpYy)KeHa ¢ 00eux

CTOPOH IIOJOCTAMHN KOHCYHOI'O o0beMa Vl n Vz, MBI OI'paHUYCHBI TOJIBKO TEM, YTO JOJI?KHBI

paccMaTpuBaTh BBIHYXKJICHHBIE KOJIEOAHUSI DJIEMEHTOB CHUCTEMBI Ha YaCTOTaX, MPU KOTOPBIX

pa3Mepsl ATUX IMOJIOCTEH MOTJIM OBl CYMTATHCS MAJBIMU TI0 CPABHEHHIO C JTTMHOW 3BYKOBBIX

BOJIH, COOTBETCTBYIOIIMX 3THM YacToTaMm. B 3ToM ciiydae MemOpaHa (MM 3aMEHSIONMINUNA €€

SKBUBAJICHTHBIM TOPIIEHb) MOXET CUMUTATHCS HArpy>KeHHOW Ha YNpyruid umnemanc [§]
ipc’S?

Z=———2351ecp p — IWIOTHOCTH BO3yXa, ¢ — CKOPOCTh 3ByKa, @ — KPyroBas 4acToTa

oV

BBIHY KIAIOIICH CHIIBI, Vo
1 1

1 . .
—=—+—,r1ne V, u V, — o0beMbl 1epBoil U BTOpoi monoctu. DPPEKThl, CBSI3aHHBIE C

Ve WV,

U3Ty4YCHHEM 3ByKa MEMOpaHOW WJIM NOpIIHEM 34eCh OTCYTCTBYIOT. OrpaHuyeHue o

— 3¢ ¢dexkTuBHBI 00BbEM, OIpeneNsieMblii M3 COOTHOLICHHUS

qaCTOTaM HC IIO3BOJICT HaM pPAaCCMATpPUBATHh BbIHYXJICHHBIC KoleOaHusT CHUCTEMBI Ha
qacCToTax, COOTBCTCTBYIOIIUX BBICOKHMM OCCCUMMCTPHUYHLIM MOIaM KosebaHuii MeM6paHI>I.

Onnako mpu ManbIX oovemax V, u V,, MajloM HaTsKEHUM MeMOpaHbl U (MiM) OOJIBIION

MIOBEPXHOCTHOW TNIOTHOCTH MaTepraia MeMOpaHbl MOTYT OBITh PACCMOTPEHBI OTHOCHUTEILHO
BBICOKHE OCECHMMETPUYHBIC MOJIBI.

Ecnu B cucreme nmeercst OTKpbITasi MeMOpaHa, 0JIHa U3 CTOPOH KOTOPOH COMPHUKACASTCS C
HEOTPAaHWYEHHBIM WM, [0 KpalHed Mepe, OOMIMPHBIM BO3MYIIHBIM HPOCTPAHCTBOM,
BO3HHKAECT HEOOXOJMMOCTh y4eTa MPHCOSANHEHHON MacChl, BEIMYMHA KOTOPOW 3aBHCUT OT
KOH(QHTYpallMi  OKpPY’)Kalollero MeMOpaHy BO3AYIIHOTO IPOCTPAHCTBA, B KOTOPOE
NPOMCXOTUT H3Iy4eHue. Hy»KHO Takke ydecTh MOTEpU SHEPrHMH HA H3IyYEeHHUE, KOTOpHIC
TaKXe 3aBUCUT OT KOH(UTYpAIMU OKpY’Kalomero MeMOpaHy BO3AYIIHOTO MPOCTPAHCTBA, B
KOTOPOE TPOMCXOTUT H3ITydYeHUE. DTH SIBIICHUS OMUCHIBAIOTCS C MOMOIIBI0 MEXaHHYECKOTO
UMITe/IaHCca U3ITydeHHS [8], KOTOPBI OyJeT pacCMOTPEH HUXKE.

PaccmoTpuM BBIHYKIIEHHBIE KOJIeOaHUS KPYTJIOW MeMOpaHbl, BCTaBICHHOH B KPYIJIOE
OTBEPCTHE TOHKOTO OECKOHEYHO MPOTSHKEHHOTO JKECTKOTO AKPaHa, JEJSIIET0 MPOCTPAHCTBO
Ha JiBa mosynpoctpancTBa. Cunraem, 9To BO30YKICHUE KOJICOAHUH OCYIIECTBIISIETCS] TEM K
croco0oM, KOTOPBIH ONMUCAH MPHU BBIBOAC GOopMyIIbl (2.4).

B. N. Ke3uk
DKBMBaJIEHTHble NapaMeTpbl KPyrioi o4HOPOAHON MeMbpaHbl
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Tenepb Mbl paccMaTpuBacM MeMOpaHy KakK aKyCTHYECKYHO KojeOaTelbHYI0 CHCTEMY, B
MOJTHOM Mepe B3aMMO/JICUCTBYIOIIYIO C IPUJIETAIOMIEH BO3AYIIIHON CPEIOM.

bynem pemarb 3agauyy B HU3KOYaCTOTHOM MPHUOJMKEHHMM, KOTZa, XOTS Obl B NEPBOM
npuOIMKEHUH, CIpaBeAJiuBa 3aMeHa HW3Jydaroleil MeMOpaHbl H3JTy4YalolluM IIOCKUM
MOpIIHEM. DTO BO3MOXHO IPU PACCMOTPEHUU BBIHYXACHHBIX KoJieOaHui MeMOpaHbl Ha
4acToTaX, MPU KOTOPBIX pasMep MeMOpaHbl (quamMerp) Mor Obl CUMTAThCS MAaJIbIM 10
CPaBHEHHMIO C JUIMHOM 3BYKOBBIX BOJIH, COOTBETCTBYIOLUX 3TUM YACTOTaM.

AKTHBHAs ¥ pEaKkTUBHAs KOMIIOHEHThl MEXaHUYECKOTO HMMIIEJJaHCa M3IYyUYEHUs! KPYIJIoro
HOPIIHS B JKECTKOM OJKpaHe (KakIash CTOpOHA MOPIIHSA H3IIyYaeT B OTKPBITOE Ui HeEe
HOJYTIPOCTPAHCTBO) ONpEACNSAIOTCs ¢ momouipio Qynkuuii beccenss m CtpyBe mepBoro
nopsizka [8]. Psiabl, KOTOPBIMU MOTYT OBITh MPEICTABICHBI 3TH (PYHKIIUH TOCTATOYHO OBICTPO

w
CXOIATCA NpU 2— R MEHbIIEM €IUMHMIBI (MM, 9TO TO XkKe camoe, npu A Oonbmem 47R;,
c

3TO TpeOOBaHHE HAXOAMTCS B COIVIACHM C TEM, YTO OMMCAHO B IMpeIbIaylieM ad3ane) u s
YIOPOILIEHHOTO aHaJIW3a pPacCMaTpUBaeMbIX H(PQPEKTOB MOXKHO OrPAaHHUYUTHCS MEPBBIMU

YICHAMHU 3TUX PAHOB. Torz[a KOMITOHCHTBI UMIICAaHCa MOTYT OBITH 3allMCaHbI B cJIcayromem

BUJC:

22
PS5 (3.1
rad > *

e

16pR;

Vyea = OM, ;= a)T (3.2)
3necy r,, WU y,, — JACUCTBUTEIbHA] W MHUMAas YacTH MEXaHMYECKOIO HMIIEJaHCa

U3JIyd4eHHs NOpIIHsA, [BYCTOPOHHE M3Iy4alolero B J1Be mnomychepel, m, , —

MMPUCOCANMHCHHAA MaccCa IMMOPIIHA.

Bocnons3zyeMcss METOOM SKBUBAJIEHTHOTO TOPIHIHS [5], B COOTBETCTBHH C KOTOPBIM

3aIlIMIICM YPABHCHUEC ABUIKCHUA OKBUBAJICHTHOI'O IOPUIHA B PACCMATPUBACMBIX YCIIOBUAX!

- . _ = iot
(m, +m, )X+ (r,+r,,)X+k,x=pS e, (3.3)
me m,, r,, k, 1§, = 7R, — mapaMeTpbl SKBUBAJEHTHOIO MOPIIHS, ONpEACICHHBIE 110
dopmynam  (2.9)—(2.11), x — OTKIOHCHHWE TMIOPIIHS OT TIOJIOKECHUS PABHOBECHS

(TIOJIOKUTENTLHBIM CYMTAEM OTKJIOHEHHE B CTOPOHY TIPABOM MOIycdepsl).

Pemenue ypaBuenus (3.3) a1 yCTaHOBUBILIETOCS PEKMMa MOXKET OBITh HalJICHO METOZ0OM
KOMITJIEKCHBIX aMIUTUTY/I [7] ¥ TIoCIIe HEeCIOKHBIX MPeoOpa3oBaHuil 3alUCaHO B BUJIC:

~ S eia)t
x(1) = asa
34
e | 2R —-m, 0 +ir, ,® 34
! kRyJ o (KR,)
B. N. Ke3nk
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it

3anumiem 3ty hopmyiy B Buae x(¢) = Xe'” , roe
Z)OSp
| 2NR) |
! kROJO (kRO)

3.5
- mmd a)z + ir;’ada) ( )

— KOMIUJICKCHAs aMIUIUTY1a KOoJIeOaHUI SKBUBAJICHTHOTO MOPILHS.
AMIUIATY1a KOJIEOAHUH SKBHUBAJICHTHOTO MOPIIHS ONpPEENeTCs] MOAYJIeM KOMIUIEKCHOM
aMIIUTy sl X .

Ha puc. 4 npencraBneHa 3aBUCUMOCTb aMIUIUTY/Ibl KOJI€OAHUH SKBUBAJICHTHOTO MOPIIHA

|X | OT YacTOThl BO30YXneHUs f , paccuutaHHas mo ¢opmyne (3.5) mis paccMOTpEHHOMH

BBILIE (CM. KOMMEHTapHHU K pUC. 1) MeMOpaHBbI B TE€X K€ YCIOBUSIX BO30YKICHUS.

0.01

1x10°°

Ei 1x10°%
>

1x10°°

1x10°¢

0 200 400 600 800
f, Hz

Puc. 4. 3aBUCHUMOCTB aMIUTUTY 1Bl KOJICOAHHIA SKBHBAJIEHTHOTO MOPIIHS 06€3 ydeTa
(TTyHKTUpHASI JIMHUSI) U C YY€TOM TMOTPABOK Ha M3TydeHUE (CIUIONTHAS JTUHUS) OT YaCTOTHI
B030y>kaeHwus. [1o ocu abcnce — vacrora B ['11, o ocu opAMHAT — aMIUIUTY1a KoJeOaHuit
HKBHUBAJIEHTHOTO MOPIIHS B METPAx

Ha puc. 4 mMbl BUIUM, 4TO y4ET MOMPABOK HA M3JYyUYECHUE CYIIECTBEHHO CIABUTAET YACTOTY
MIEPBOrO Pe30HAHCA MEMOPaHbI B CTOPOHY yMeHbIleHus. [IpuMepHO Takoil ke pe3yabTaT JaeT
pacder paaualMOHHBIX IMOMPABOK JUIsl 3HAYUTEIHHO OOJiee CHIBLHO HATSIHYTHIX MeMOpaH.
Anamn3 dopmynsl (3.5) moka3bIBaeT, YTO OMpEACIsIoNlee BIUSHUE HA W3MEHECHHE BHJIA
aAMIUTUTYTHO-YaCTOTHON XapaKTePUCTUKU TOPIIHS (MOMPAaBKM HAa HU3ITYyYEHUE) OKa3bIBAaeT
BEJIMYMHA NMPUCOCTUHCHHON MacChl. BiusiHre aKTUBHOW KOMITOHEHTHI UMITEJaHCA U3TYUYCHUS
HECYIIECTBEHHO.

B 3akmrodeHne KpaTko pacCMOTPHM MOMPABKY HA U3yUEHHUE AJIS 3314 O BBIHYKICHHBIX
Kosebanusx MemMOpanbl O6apabana [5]. byneM cuutath B 3TOM Cilydae, YTO 3KBUBAJCHTHBIN
MOPIICHbD, 3aMEHSIONINI MeMOpaHy, OJHOCTOPOHHE M3JIy4aeT B OTKPHITOE MPOCTPAHCTBO (6€3
sKkpaHa). B pamkax Tex ke NpUONMKEHHWI, 4TO W B TpENbIaylIel 3aaade, akKTUBHAS U
peaKkTUBHAsE KOMIIOHEHTHI MEXaHUYECKOTO0 MMIIEaHCa M3IyYeHHUsT MOTYT OBITh 3alHCaHbl B
Buje [8]:

B. N. Ke3uk
DKBMBaJIEHTHble NapaMeTpbl KPyrioi o4HOPOAHON MeMbpaHbl
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po’S;
Fa =——2, (3:6)
drc
_ _ 3
yrad - mrada) - 2pR0a) . (37)
3necy r,, W y,, — JACUCTBUTENbHAs M MHUMAas 4YaCTH MEXAHHUYECKOr0 HMIEJaHca

OJHOCTOPOHHETO U3JIy4eHHs OPLIHA B cepy, m,,, — NPUCOCTUHEHHAs Macca ITOPIIHS.
YpaBHEeHHE IBUKEHUS SKBUBAJICHTHOTO MOPILIHS I TAHHOM 3a/1a4y 3alMIIETCS B BUJIE:

2 02
C .
(1, + 1, )+ (r, + 7, )%+ kp+% x= 5yS,e™, (3.8)

_ 2
rne m,, r,, k, 1 S, =7R; — napameTpbl 9KBUBAJICHTHOIO IOPIIHSI, ONPEACICHHBIC 110

dopmynam (2.9)—(2.11), ¥V — obbem nonoctu 6apadaHa.

Pemenue ypaBaenus (3.8), kak 00bIYHO, HAXOJJUM METOJOM KOMIUICKCHBIX aMILTUTY I [7] 1
1I0CJI€ HECJIOKHBIX MPEoO0pa3oBaHU KOMIUIEKCHYIO aMIUIMTYy KoJeOaHHH SKBUBAJEHTHOTO
HOPILHS 3aIMChIBAEM B BUJIC:

i)OSp

-1

X =
2S2
me| ZAUR) P i o
P kR, T, (KR,) 4

(3.9)

®opmyna (3.9) ompenenser aMIUIUTYy U (pa3y BBIHYXKACHHBIX KoyieOaHUH MeMOpaHbI
Oapabana Ha 000K YacToTe BO30YXAEHHUS (B paMKax paccMaTpUBAaEeMOI0 JMana3oHa) U
onuChIBaeT 3P HEKThI, CBI3aHHBIC C MPUCOSAMHEHUEM 00beMa V' 1 u3mydyeHueM MeMOpaHBbI.

4. 3AKJIIOYEHHE

[TocTtpoena 3amerniaromas MeMOpaHy CUCTEMa C COCPEIOTOYCHHBIMHM IapaMeTpamMu ¢
OJTHOW  CTeNeHbI0 CBOOOABI  (OCHMJUIATOP), CHOCOOHAs  ONUCHIBaTH  aKyCTUYECKHE
KoJieOaTeNbHbIE CUCTEMBI, BKJIIOYAIOLINE MEMOpaHbl, MPU JIOOBIX YacTOTaxX BO30YKIEHHS.
[Ipuniun 3aMenieHnss MEMOpPaHbl SKBUBAJICHTHBIM IOPIIHEM peaIU3yeTcs 37eCh B MOJIHOM
oobeme. To ecTh, eciu MeMOpaHa BXOIHT C COCTAaB aKyCTHUECKOM KOJIeOATEIbHON CUCTEMBI,
OHa MOJXET OBbITh 3aMEHEHa SKBHBAJCHTHBIM IOPIIHEM 03 M3MEHEHHs CBOMCTB CHUCTEMBI,
II0CJIC Yero aKyCTHUecKas KoyiebaTenbHas CUCTEMa MOXKET aHAJIM3HPOBATHCS IyTEM MPSIMOTO
COCTaBJICHUSI CUCTeMbl TU(PEPEHINATbHBIX YPaBHEHUN JBHKECHUS DJIEMEHTOB CHUCTEMBI,
7100 ¢ MOMOIIBIO COCTABICHHS YKBHBAJIICHTHBIX JJIEKTPUUYECKUX CXeM [2] ¢ MOCIeayromum
UX aHAJIM30M CTaHJIAPTHBIMU METO/IaMHU.

CormocraBieHre HOBOTO MOAX0/Ja K MpobiieMe Onpe/esieHHs] SKBUBAJICHTHBIX MapaMeTpoB
KPYIJION OHOPOIHOM MEMOpaHbI CO CTaphIM MOIX00M MOKA3bIBACT MOJIHYIO UX CXOAUMOCTh

B 00JIaCTH HU3KHUX YaCTOT.

B. N. Ke3uk
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DNEKTPOHHbIN XypHan «TexHuyeckas akyctuka» 2014, 8 19 (20)

HoBblil monxom HE TOJIBKO pacUIMpsieT YacTOTHBIM JMama3oH, HO, OJlaromaps TOMY, 4YTO
UCIIOJIb3YETCSl TOUHOE PEILIEHUE 3a/ladl O KoJeOaHUSX MEMOpaHbl, OH MO3BOJSET MOJy4YaTh
TOUHBbIE pELICHUS MpH pacyeTe KoyiebaTeNbHbIX cHUCTeM (a He MNPUOIMKEHHbIE, KaK B
KJIACCUYECKOM METOJIE).

[TapameTpsl 3KBUBAJICHTHOI'O MOPIIHS, 3aMELIAIOIIEr0 MEMOpaHy, OKa3bIBalOTCS IPU 3TOM
3aBUCSIIMMU OT 4YacTOThl BO30yxaeHus. [Ipu yciioBuum KuHEMATHUECKON HJIEHTUYHOCTH
MeMOpaHbl (TOYHEE, «YCPEOHEHHOW» MeMOpaHbl) M HSKBHUBAJCHTHOTO IOPIIHS YaCTOTHO
3aBUCHMBIMHU IapaMEeTpaMU CTAHOBATCS JKECTKOCTh MOPIIHS (TMPYKUHBI OCLHMIUIITOpA) U
KOX(P(UIIMEHT COMPOTUBIICHUS JBMKCHUIO TMOPIIHSA. Macca MOpIIHS MOXET OCTaBaThCs
HEOIPEJETIEHHOM.

Hanoxxenne MOMOJHUTENHFHOTO YCJIOBHUSI PAaBEHCTBA CPEIHEM 3a MEPHOJ] KUHETHUECKOU
SHEPTrUuu MOPIIHS U MEMOpaHbl MPUBOJAUT K TOMY, YTO Macca MOPIIHS TaK)Ke CTAHOBHUTCS
YAaCTOTHO 3aBHUCHUMBIM TlapamMeTpoM. BennumHa Macchl TOpHIHS TPH HU3KUX YacTOTax
COBIIAJIAET C aHAJIOTUYHOW BEJIMYMHOM, BBIYMCICHHON CTAPBIM METOJIOM.

U3 yciioBus paBeHCTBA CPEAHEH 3a MEPHO/] OTEHITHAIBHON SHEPTUU TTOPIITHS B MEMOPaHbI
MOKHO OTPEJEIUTh «KECTKOCThY» SKBUBAJEHTHOTO MOPIIHS IpyruM criocobom. CpaBHEHHE

BBIPXKCHUH ISl ONpeesieHns k,, MOJIyYCHHbIX PasHBIMU CIIOCOOaMH, C [IOMOLIBIO pacuera

MOKa3bIBAET X MOJIHOE COBIAJICHHUE.

[IpuBeneHHbIE B CTaThe MPUMEPHl NPUMEHEHUS METOJIa MOKAa3bIBAIOT, YTO OH MO3BOJISET
JIETKO YYHUTHIBaTh MOMNPABKHU CBS3aHHbBIE C M3JIy4€HHEM 3ByKa MEeMOpPaHOM, COBepIIaroIei
KoJie0aHusl B Ta30BOM cpejie Mo JSHCTBUEM BBIHYKIAIOUICH CUJIBI, a TAK)KE PeliaTh JIPYTUe
pazHoOOpa3HbIe 3a/1a4M, CBSI3aHHbBIE C KOJICOAHUSIMI MEMOPaH.

VY4er B METOZIC AUCCUMATUBHBIX MOTEPb, UMEIOIINX MECTO MPHU KoJeOaHHSIX MeMOpaHsbl,
MO3BOJISIET MMPOU3BOAUTE PACUET KOJIeOaTeIbHBIX CUCTEM C OOJBIIMM 3aTyXaHHEM, BKIIOYast
arepuoIUUECKUEe CUCTEMBI.

[TpeumyiecTBOM MpeqIaraeMoro MeETOAa SBIAETCS MPOCTOTa ero peanuzanuu. Jlns
BBIUUCIICHUM W JaJbHEWIIEro aHaiu3a KoJEeOaTeNbHBIX CHCTEM JOCTAaTOYHO BBECTHU
NOJY4YeHHbIE B pe3yJbTaTe NPUMEHEHUS MeTofa (GOpMyJIbl B OKHO KOMIBIOTEpHOU
pOTrpaMMbl, CIIOCOOHOM paboTaTh ¢ KOMIUIEKCHBIMH YHCIAMH U CHEIMATIbHBIMU (PYHKLIUSIMHU,
U BOCIIOJIb30BaThCS BO3MOXKHOCTSIMHU 3TOM MpOrpaMMbl (Hampumep, MOCTPOECHUE TpadukoB
3aBHCUMOCTH OT Pa3HBIX BXOJSALIMX B (OPMYJIBI TapaMeTpoB). B MpOTHBOMOIOKHOCT 3TOMY,
JUIS aHaJIM3a aKyCTUYECKOM Kosie0aTeIbHON CHCTEMBI, B COCTaB KOTOPOH BXOAUT MeMOpaHa,
npunuiock Obl pemiate MHTErpo-auddepeHnnanbupie ypaBHeHus: [4], CTpOUTH peIIeHUs B
BUic OECKOHEUHBIX PSJIOB WJIM TOJb30BATHCS JPYTMMHU BBIUMCIUTEIBHBIMA METOJIaMHU,
HarpuMep, METOJIOM KOHEUHBIX 3JIEMEHTOB.

W310KeHHBII B cTaThe METO/ OBbLII pa3BUT aBTOPOM B Ipoliecce paboThl Ha/l MOCTPOSHUEM
MaTeMaTHYeCKOM MOJIENT CPEHEro yXa ueloBeka (B JaHHOM ciydae OapabaHHas MEpernoHKa
paccMmaTtpuBaeTcs Kak MeMOpaHa).

B. N. Ke3uk
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