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Fig. 7. Geometry of the test structure in COMSOL Multiphysics
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Fig. 8 The pattern of mechanical displacements for the frequency IO of region A in fig. 7
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HOBAS KOHCTPYKUMAA MHOTOKAHAABHOM MAB-PAAMOMETKU
HA OCHOBE MHOTOINMOAOCKOBOIO OTBETBUTEAA

Ilocmynuna 6 pedaxyuro 21.06.2019

Paccmompenst paduomemru na noséepxnocmubix axycmuyeckux eoanax (IIAB). [Iposeden ananus @usuvecKux MexaHuzmos
nepeompaxiceHull U NApasumHsIX CUSHAA08 8 KOHCMPYKyusx paduomemok Ha IIAB. [Iposedeno mamemamuueckoe Mooeauposanue
UMRYAbCHO20 OMKAUKA, (hopMUpyemoeo paouomMemkol 8 MHO2OKAHAAbHOU Koncmpykyuu. Ilpedrodcena u useomoeneHa HO8as
KOHCMPYKUUS MHO2OKAHAAbHOU PAOUOMEMKU HA OCHO8e 00HOHANPABACHHO20 NPeobpaz0eamens U MHO20NO0A0CKOB020 OMEEmEU-
mens (komnpeccopa). IIposeden ananus UMRYAbCHbIX OMKAUKO08 IKCHEePUMEHMAAbHbIX 00pasuoes. I[lokazano, umo é Ho8ol MHO20-
KAHAAbHOU KOHCMPYKUUU y8eauveH Ounamuyeckuil ouanazon mexcoy "0" u "1" npu amnaumyonom KoOuposaHuu 3a cuem MuHu-
MANbHO20 GAUAHUS NAPA3UMHBIX CUSHAA08 HA OCHOBHbIE UHMDOPMAUUOHHBIE UMNYAbCHL.

Karoueevie caoea: mHocokananvnas memka, nosepxHocmuas axycmuyeckas eoana (IIAB), paduomemka na [IAB, muoeo-
N0A0CKO0BbLI 0meemeumens, 00HOHANPABACHHbI NPeodpa308amens, paduo4acmomuas UdeHmMupuUKauus, nbe3091eKmpu4ecKas

noonoNcKa

BBenenune

OIHMM 13 OCHOBHBIX HallpaBJIeHUI COBPEMEHHOM
PaIMOBJIEKTPOHUKHU SIBISIETCS CO3IaHUE TeXHUYec-
KMX KOMIIJIEKCOB PagnloyacTOTHON HMIOeHTUdUKAIUN
(PUYM ), ycTONYMBBIX K 3KCTpEeMabHbIM BO3AEUCTBU-
sIM, TaKMM KakK TOBBILIEHHBI YpOBEHb paaualluu,
9JIEKTPOMATHUTHBIE U TeMIIepaTypHble BO3ICHCTBYUS B
IMUPOKOM nuamnazoHe. Cpeau CHUCTEM paamoyacToT-
HOM MAEHTU(UKALIMM, pellalolIuX psiI 3agad o Oec-
IIPOBOAHOMY CheMy MH(OPMALIUKU C 00BEKTOB, 0COOOT0
BHMMaHUS 3aciayxuBaeT cucreMa PUM]I Ha moBepx-
HOCTHBIX akycTuueckux BojHax (ITAB). Pannomerku
Ha ITAB oOnagaloT psiioM CYIIECTBEHHbBIX MperuMy-
LLIECTB MO CPaBHEHUIO C JTIOOBIMU IPYTUMU aHAJIOTaMU.
K ocHOBHBIM MperMyIIeCTBAM MOXHO OTHECTH UX BbI-
COKYIO HalIe>KHOCTb, JOJTOBEYHOCTh, YCTOMUMBOCTD K
BHEIIHMM BO3IEHCTBYIOIIMM (akTopaM (TemIiepaTy-

pa, JaBjeHWe, MOHU3UPYIOLEe U3TyYeHUE U 1p.). DTU
KayecTBa HEOOXOAUMBI B CUCTEMax yyeTa U KOHTPOJIs
COCTOSIHUSI OTMAaCHBIX OOBEKTOB.

Paguomerka Ha ITAB mosBoisier cdopMupoBaTh
YHUKAJIbHBIM MH(OPMALMOHHBIN CUTHAN, UACHTUDU-
LIMPYIOLINI OOBEKT.

B ocHoBe pa6orel pagumomeTrku Ha I[TIAB nexwur
addexT pacrnpocTpaHeHUSI aKyCTUYECKOM BOJIHBI IO
MOBEPXHOCTU MbE303JEKTPUUYECKOro Kpuctamia. s
BO30yxkneHus 1 geteKtupoBaHus ITAB ciayxar mertai-
JIN3UPOBAHHbIE BCTPEUHO-ILUTHIPEBBIE Mpeodpa3oBaTe-
yu (BIIIT). JocTtonHctBoM BIIIIT siBisieTCs BO3MOXK-
HOCTb B IIMPOKMX IpeaeaX HM3MEHSITh IapaMeTpbl
Bo30yxkmaeMbix ITAB. DTo 1erko nocTuraercst uaMeHe-
HueMm reoMmetpudeckux paszmepon BIIII u nposipnsier-
cs B BUZIE UBMEHEHUST (POPMBI UMITYJILCHOTO OTKJIMKA
M 4aCTOTHOU XapaKTepucTUKU. BcTpeuass MexaHuyec-
KYIO WJIU BJIEKTPUYECKYIO HEONHOPOAHOCTh HAa MOBEPX-
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Hoctu, ITAB wactuuno orpaxaercsa. I[loBepxHocTHas
BOJIHA, Ipuineniias oopatHo Ha BIIIII, B pe3ynbraTe
MpSIMOTO TIbe303¢(eKTa Mpeodpa3yeTcsl Ha ero HnHax
B DJICKTPUUECKUI CUTHAJL.

CyllecTBYIOT pa3JIMYHbIe TUITbI KOHCTPYKILIMM pa-
muomeTtok Ha ITAB [1, 2]. OnHUM U3 OCHOBHBIX (PU-
3UYEeCKUX MEXaHU3MOB, Ha KOTOPBIX OCHOBAH IPUH-
oun padotbl pamuoMmeTok Ha ITAB, gBnsieTcst pac-
npocTtpaHeHue u orpaxeHue ITAB oT moBepXHOCTHBIX
HeonHoponHocTel. Ha mepBbiii T1aH Ha CTaauu Tpo-
eKTUPOBAHMUSI HAHHBIX YCTPOMCTB BBIXOOUT HEO0-
XOAMMOCTb XOPOIIEH pacuyeTHO Teopuu sl ydeTa
MepeoTpakeHNl aKyCTUUEeCKMX BOJIH OT HEOTHOPOI-
HOCTE U APYTrMX BTOPUUYHBIX 3¢dekToB. W akTyanb-
HOIi CTAHOBUTCS 3a/1a4a 0 MUHUMHU3ALK 3TUX Tapa-
3UTHBIX/JIOKHBIX CUTHAJIOB.

Llenpio HacTos1Iel pabOTHI ABSIETCS pa3paboTKa U
OINTUMM3AINS KOHCTPYKIIMY MHOTOKAaHAIBHOM pagno-
meTku Ha ITAB, B KOoTOpoif MUHMMU3UPOBAHBI MEpe-
OTpaXkeHUsl OT HEOAHOPOAHOCTEM U yaydllleH TUHAMU -
yeckuit nuara3zod mexnay "0" u "1" mpu aMIIMTyIHOMK
MOIYJISILIMU MH(POPMALIMOHHOTO cUrHajla. MHoroka-
HaJibHas paguomeTka Ha ITAB BhllloIHEHA Ha ITbE30-
3JIeKTpUYecKoii nmomioxke 128° YX-cpesa LiNbOj,
MaTepuas 3JeKTPOJOB — aTIOMUHUIA.

1. Anamm3 ¢pu3uYecKHX MEXAHM3MOB MePeoTPaKeHMA
B paguomMerkax Ha ITAB

CylllecTByeT HECKOJbKO OCHOBHBIX HMCTOYHMKOB
MOTEPb B MHOTOKAHAJIbHOW KOHCTPYKIIMWA PaIvuOMET-
ku Ha ITAB: 3aryxanue ITAB nipu pacnpocTtpaHeHUU;
pe3uctuBHble motepu B BIII m mmHax; motepu Ha
paccoryjiacoBaHue ¢ aHTEHHOM; moTepu Ha Iudpak-
LIMIO Y TIOTEPU B Pe3yJbTaTe Pa3INYHBbIX OTPAXKEHUN U
MEePEeoTPAXKEHUI B aKyCTUUECKUX KaHajax.

B nanHOM paznesne pacCMOTPUM OCHOBHBIE THIIbI
Napa3vuTHBIX OTPAXEHUN U MEPEOTPAXEHUM, KOTOPbIE
HEOoOXOIMMO YYUTHIBATh TPU MPOEKTUPOBAHUU TOITO-
jnoruu ycrpoiictsa Ha ITAB.

B xoHcTpykuuu (puc. 1) mHGOpMaUMOHHBINA KO
dopMUpyETCS MyTEM YACTUYHOTO OTPaXKEHUsI OIMpOC-
HOTro CHUTHajia OT TPYII OTpaXxaTeIbHBIX CTPYKTYP
(OC), pacnoyoXeHHbIX B OJHOM aKyCTMYECKOM KaHa-
Jie. B m1aHHOI KOHCTPYKIIMU HEOOXOAMMO HCIOJIb30-

Puc. 1. Koncrpyknus pagnomerkn Ha [TAB ¢ ogaum akycTHuecKum KaHajaom ajis (opmm-

poBaHMA UMINYJIbCHOI0 OTKJIMKA

Fig. 1. The design of RFID tags on SAWs with one acoustic channel to form a pulse response
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BaTb MaJjible KoadduireHTsl oTpaxeHusi B OC, yToObI
SHEprus pacnpeneniach MexXay BceMu MHdopmaliu-
OHHBIMU CHUMBOJIAaMM B aKyCTH4YeCcKOM KaHaie. Dop-
MUPOBaHME KOJIa B CJIyyae aMIUIMTYIHOMH MOAYISILIUN
npoucxomuT myteM Hammausg ("1") mam OTCYTCTBUS
("0") oTpaxkaTeabHOI TPYMNIIBI Ha COOTBETCTBYIOLIEM
BPEMEHHOM MHTEpBAJIE.

ITockoJibKY BCE OTpaxkaTesibHbl€ TPYIIIbI Pacro-
JlaralroTcs B OJJHOM aKyCTUUYE€CKOM KaHaJjie, BOBHUKAET
npo0JjieMa MHOXECTBEHHBIX MEPEOTPAXKEHUNA MEXITY
OC, ¢dopmupylomumu MHGOpPMaLUMOHHBI Koa. Ha
MpUMepe CUrHajga TpoiHoro orpaxeHust (puc. 1) cra-
HOBUTCH SICHO, UTO CUTHaJl JAHHOTO OTpaXK€HUs 10
BPEMEHU 3a/Iep>KKU MOXET COBIIACTb C OAHUM U3 UH-
(hopMallMOHHBIX UMIMYJIbCOB. DTO HE TOJBKO BIUSIET
Ha HEpaBHOMEPHOCTb MH(MOPMALIMOHHON ITOCBLUIKH,
HO Y yXyJllIaeT IMHAMUAYECKUI IUana30H MEXIy CUT-
Hajamu "1" 1 "0" B cimy4yae aMIIMTYTHOM MOIYJISILIVH.

OnvH U3 Croco0OB pellieHUsT TaHHON MPOOJeMbI
omnucaH B pabote [3], Tae aBTOpHI IIpeaiaraioT IS MU~
HUMMU3ALIUY TTePEeOTPAKEHNI UCTI0JIb30BaTh 151 OHO-
ro aKyCTUYeCKOro KaHajia He 0ojiee BOCbMM TpYMI
OC, paboTasi mpu 3TOM C YEeThIPbMSI aKyCTUUECKUMU
KaHaJlaMu Ha yBeJIMUYeHHoM areptype BxomHoro BIIITI.

Hpyrum pellieHueM JaHHOW MPoOJIeMbl MHOXECT-
BEHHBIX TepeoTpaxeHuit Mexnay rpynnamu OC ctan
Mepexon K MHOTOKaHAJIbHOM KOHCTPYKLMH [4—6].
st yMeHbllIeHUsI YPOBHs Tapa3uTHBIX IepeoTpa-
JKEHHBIX CUTHAJIOB KaXIyI0 OTpaXaTeJbHYIO TPYIITY
MOMEIIAIOT B OTACIBHBIN aKyCTUYECKUW KaHaJl, TEM
caMbIM (DOPMUPYIOT MHOTOKAHAJIbHYI0 KOHCTPYKIIHUIO.
Ha puc. 2, a nokazaHo, 4To IpeacTaBiseTr co0oil onuH
KaHaJl TaKoli MHOTOKaHaJIbHOM CTPYKTYphl. B naHHOM
cayqae OC pacroyiaraiorcsl mo ode CTOPOHBI HEHa-
npasiieHHoro BIIII, Tem caMbIM MOXHO cpopMUpO-
BaTh ABa MH(pOPMALIMOHHBLIX cuMBoOJa. ITOCKOJBKY ¢
OIHOI CTOPOHBI MpeodpazoBatesi (GOpMUPYETCS TOJb-
KO OJWH WH(MOPMALIMOHHBIA CUMBOJI, TO MOXHO MC-
MOJIb30BaTh 00JbIINE KOG GUILIUEHTBI OTPaKeHUS 151
OC npu ¢popMUpPOBAHUHU KOJAA, B OTJIUYME OT KOHCT-
pyKuuu Ha puc. 1. B naHHO KOHCTPpYKUMU CTaJKHBa-
€Mcs ellle C HECKOJIbKUMMU TUIIaMU SIPKO BbIPaKEHHBIX
Mapa3uTHbBIX CUTHANOB. [1epBbIii TMIT — CUTHAJ IBOM-
HOTO U TIOCTIEAYIONIMX MPOX0I0B (puUc. 2, a).

Hnst xaxmoro WHGOpMaIMOH-
HOTrO0 CHMMBOJIA TPUCYTCTBYIOT CHUT-
HaJIbl JBOMHOIO, TPOMHOIO U MO-
CIeyIOIIMX MPOXOJI0B, MOCKOJbKY
B cuJly HeHamnpasieHHoctu BIITI
4YacTh MOIIIHOCTH BCETAA OTpa)KaeT-
cs. Kpome curHana aBOMHOIO mpo-
X0Ja MPUCYTCTBYET €lle MNapasuT-
HBIIA CUTHAaJ, OOYCJIOBJICHHBIM TeM,
YTO HEHAIpaBJIEHHBI MNpeobpa3o-
BaTeJib B COIJTACOBAHHOM PEXUME
npuHUMaeT okosio 50 % mamaroneit




IeTUPOBAaHUsI, OCHOBAaHHBIN Ha MO-
IUGUIIMPOBAHHBIX YPABHEHMSIX IS

CBsI3aHHBIX MOJ, [8].

Hcronb3yeMblii MeTOI pacueTa

OCHOBaH Ha PaCCMOTPEHUU B CTPYK-
Type YCTpOHCTBa JBYX OIHOPOI-
HBIX TUIOCKUX BOJIH, PACIIPOCTpPaHSI-
IOIIMXCS BO BCTPEUHBIX Hampasiie-

\-/V

HUAX:

R(z, ) = R(w)exp(—jwz),
S(z, ®) = S(w)exp(+joz),

rie R(o), S(w) — KOMIUIEKCHbIE

aMILIMTYIbl TIOBEPXHOCTHBIX MO-
TEHIIMAJIOB C BOJTHOBBIM YMCIIOM K
U KPYTrOBOM 4aCTOTOM ®, UMEIOLIIE
3HAYECHUSI ITOBEPXHOCTHBIX 3JIEKT-
PUYECKHUX MOTEHIIMAJIOB.

ITpu pacnpoctpanenun I[1AB

-

Puc. 2. ®u3nyeckue MexaHu3Mbl (JOPMHUPOBAHNS MAPAZUTHBIX CUTHAJIOB B AKYCTHYECKHMX Ka-

B IIEPUOAMYECKOM 3JIEKTPOIHOM
CTPYKTYPE MMEIOT MECTO IPOLIECCHI
OTpaXeHus U Tpeodbpa3oBaHUs
ITAB. TIlpucyTrcTBHE 3JEKTPOIAOB

HaJjax paauOMETKH: ¢ — CUTHaJl JIBOMHOTO poxonaa, b— HapaSI/ITHHﬁ CUT'HaJI OT CMEKHOTO

CUMBOJIA; ¢ — MEXKAaHaJbHbIA MapasuTHBIA CUTHAJ

Fig. 2. Physical mechanisms of formation of spurious signals in the acoustic channels of the RFID
tag: a — double pass signal; b — spurious signal from an adjacent symbol; ¢ — interchannel

spurious signal

Ha HEro MOIHOCTH, 25 % MOLIHOCTU OTpaxaeT, a 25 %
Maaaroleil MOIIHOCTH TTPOITYCKAET yepe3 cedsl B CTO-
pony OC, ¢popmupyromeit npyroii “HGOPMaLUOHHBIA
cuMBoll (puc. 2, b). IToMuMo onrcaHHBIX BbIIIE Mapa-
3UTHBIX CUTHAJIOB €CTh €llle€ OAWMH JIOXHBIM MexXKa-
HaibHbIN curHan. [TpuHUMI ero popmMuUpoBaHUs TO-
Ka3aH Ha puc. 2, c.

Bce mnpuBeneHHbIe BBIlIE JOXHbIE/Tapa3UTHBIE
CUTHaJIbl OOYCJIOBJIEHBI YACTUYHO TEM, YTO B TaHHBIX
MHOTOKaHaJbHBIX KOHCTPYKIIMSIX MCITOJb3YeTCs He-
HampaB/IeHHbII IIpeobpa3zoBareiib. CriocoObl OLIEHUTh
MOTOKU WU3JAYYEHHONM U TIPUHATOU aKyCTUUYECKOW
MOIIIHOCTH OMUcaHbl B pabotax [4, 7]. Has mosicHe-
HUS Ha puc. 3 mpeicTaBjieH cilyyail MOJHOro oTpa-
xeHus ot OC.

2. PacyeTt TeCTOBO#i CTPYKTYpbI
OJJHOT0 KaHAJIA PAMOMETKH

ITpoBemeM MomeaMpoBaHNE UMITYTLCHOTO OTKJIMKA
TECTOBOI CTPYKTYpPhl PaAMOMETKU ABYMSI CIIOCOOAMMU:
MeTonoM cBs3aHHBIX Moa (COM-merom) M METOIOM
KOHeUHbIX 3JieMeHTOB (MK3) B mporpaMMHOM TakeTe
COMSOL Multiphysics mist oTHOTO aKyCTHYECKOI'O
KaHaja MHOTIOKAaHaJIbHOM KOHCTPYKLMM, MpPeacTaB-
JICHHOH Ha puc. 2.

Memod ceszannbix mod. J1nst pacdyera MpoOBOIUMO-
cTu Y|| TeCTOBOM CTPYKTYPbI UCIIONIb3YEM METOJ MO-

Ha TOBEPXHOCTU MEHSIET CKOPOCTb
pacmpocTpaHeHUsI BOJIH M 00YCIOB-
JIMNBAET B3aMMHYIO CBSI3b MEX/1Y BOJI-
Hamu. OTMeTUM ABEe MPUYMHBL TIep-
Basg — 4yactuyHoe oTpaxeHue [TAB
OT 2JIEKTPOAOB U BTopass — Bo30yxneHue IIAB moc-
PEACTBOM BbICOKOYACTOTHOTO TOKa, MPOTEKAIOIIEro B
MeTaJUIMYEeCKMX DJIEKTPOIAX.

MoxHo 3anucaTh ypaBHEHMSI, CBSI3bIBAIOILIE KOM-
riekcHble aMIuuTyabl ITAB Ha Bxone Ry (o), Sg(o) u
BoIx0le Ry 4 (®), Sk+(w) K-ro smemMeHTa CTPYKTY-
pBL, U ypaBHEHUE [UId TOKa yepe3 K-ii anexktpon {g(w).
Hnst popManm3anum Mmpolecca BBIYMCICHUS YpaBHE-
HUSI CBSI3aHHBIX BOJIH YIOOHO MPEJACTABUTh B MATPUU-
Hoii popme. Paccmorpum TTAB-ycTpoiicTBO, cocTosi-
mee U3 aByx pasauuHbix [TAB-cTpykTyp (puc. 4, a).
Onektpuyeckue nopthl [TAB-yctpoiictB Tuma BIITI

. OTpaxeHusa
pin=1 100% Rg‘s)ection :
1/2 Pin 1/2 Pin
—
1/8 Pin 1/2 Pin
——

Puc. 3. I1oTOK MOIIHOCTH B CiIyyae HEHANPABJIEHHOTO NPeodpPa3oBa-
Teas

Fig. 3. Power flow in the case of an omnidirectional converter
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OKBUBAJIEHTHYIO aKYyCTO3JIEKT-

Puc. 4. DkBuBaseHTHAs aKycrodjekTpuueckas cxema IIAB-ycrpoiictBa: ¢ — mist AByX

CTPYKTYp; b — IpeoOpa3oBaHHasl cxemMa

| |

: | , li : PUYECKYIO CXEMY TECTOBOU CTPYyK-
R R, Rs R Rs | Typbl pagnoMeTku ¢ OC MOXHO
nal BN udl B Rond v Pl p= - U npemctaButh B BuIE, TIPUBEIEHHOM
LS | S, | S5 S S5 ' Hapuc. 5.

| | KoMnoHeHTbl cyMMapHoOit P-mart-
: a) b) : puLBl aKyCTMYECKOro KaHaja (PE)

MOTYT OBITh BBIYUCJIEHBI IEPEMHO-
KEHUEM COOTBETCTBYIOIIMX KOMIIO-
"HenroB miga OC u BIIII. YciaosHO

Fig. 4. Equivalent acoustoelectric circuit of a SAW device: a — for two structures; b — converted

circuit

COeMHEHBI NapajieibHO. AKycThuyeckue noptel ITAB-
YCTPOMCTB COENMHEHBI TTOCIENOBATEIbHO.

PL (o) Pi(o) PKo)

Si(o) Ry(w)
R (@) = | P (o) PE(0) PE(0)| |Sk+1(0)]-
K+1 21( ) 22( ) 23( ) K+1

PE(0) PH(0) Ph(o)

ITocnenoBaTeIbHOCTb AE€MCTBUSI MPU MCIOJIb30Ba-
HUU MeTona P-MaTpuil COCTOUT B CJAEAYIOLIEM:

— COCTaBJISIETCS 9KBUBAJICHTHASI aKyCTOJIEKTPH-
yeckasi cxema BbIOpaHHON KOHCTPYKIIUY;

— BBIUMUCISIIOTCS P-MaTpUIIBI BCeX dJIEMEHTapHBIX
3BEHbEB YCTPOICTBA;

— BBIYMCIIACTCS CyMMapHasi P-marpuiia, ompene-
JISIIOIIas CBSI3b KOMILIEKCHBIX aMILIMTY BOJIH Ha BXO-
ne u Boixone ITAB-cTpykTypsl B 1ieioMm (puc. 4, b).

B obmem ciaydae TTAB-cTpykTypaMu MOTYT OBITh:
onuH anexTpon BIIIII; Heckonbko anexkrponos BIIIII;
BIIIT uenukom; onuH oTpaxaTteabHblil 31eMeHT OC;
HecKkosbko nonocok OC; 3a3op (cBoOOaHAsI WIM Me-
TAJIJIM3UPOBAHHASI TIOBEPXHOCTD MbE303JIEKTPUKA).

KoMnoHeHThl cyMMapHOI# P-MaTpUlIbl MOXXHO BbI-
pa3uTh yepe3 KoMIoHeHThl Matpull Pl u P2. Hanpu-
Mep, BJIEMEHT P33 CyMMapHOM P-MaTpullbl BHIYMCIISA-
eTcsl CAenyrouuM 00pa3oMm:

22 pl
1 Pt PPy

3alnIeM:

PZ — POI X P31 X PB]_UH X P32 X P02

OTMeTHM, YTO UCKOMYIO TPOBOAMMOCTE Y; ompe-
JEJISIET 3JIEMEHT P33 CyMMapHON MaTpULbl KaHaja.
Ot Y|, nepexonuM K K03 ULMUEHTY Iepenadu 5.
OTKJIMK pailOMETKU MpU Mojaue Ha ee BXOMA Paauo-
MMIIYJbCa MOXKET OBITh BHIYMCJIEH Ha OCHOBE IIpeod-
pazoBannst Pypbe KOMIUIEKCHOTO KO3 duiineHTa e-
peJayy paauoMeTKM C TOCIEAYIOIIMM BbIYMCIEHUEM
CBEPTKM MMITYJILCHOM XapaKTepUCTUKU PATUOMETKH C
OITPOCHBIM MMITYJILCOM 3aJIaHHOM IIMTEbHOCTH.

ITapaMmeTpbl TECTOBOI CTPYKTYpbl MpeACTaBICHbI
HUXeE.

Ywucno map BLUIT, N map BIIIT .......... 10,5

Yucno orpaxareneit B OC-1, Nocy - - - ... .. 20

Yucno orpaxareneit B OC-2, Ngcy . .. ... .. 20

Tun OC . ... .. . . HesakopoueH-
Hasl peleTka
3JIEKTPOJIOB

Aneprypa A (B JUIMHAX BOJH) . . . . ... ...... 110

TomumHa MeTaIM3aUMU A, MKM . . . ....... 0,265

Koadpduument metammmsanun ctpyktyp K, .. 0.5

Paccrosinue no mepBoii rpymnmbsl OC-1

Li, MKM ... ... . 2745

Paccrosinue no Bropoii rpymnmsl OC-2

Lyy MKM . ..o 3780

PesynbraThl pacyeTa UMITYJIbCHOTO OTKJIMKA, TTOJTY-
YEHHOIO C MTOMOILBIO METOIA CBI3aHHBIX MO, IPe.-
CTaBJIEHBI Ha pucC. 6.

T _ pl 2
P33 = P33 + P33 + Py L_p2pl Memod koneunvix 2nemenmos. [IporpaMMHBII TAKET
1122 COMSOL Multiphysics, pabota KOTOpOro ocHOBaHa
Pl pl P2 Ha MeTOJe KOHEUHBIX 3JIEMEHTOB, MTO3BOJISICT MOAC/IM -
v p2 l237 722713 poBaTh ycTpoiictBa Ha [TAB. 3agaua pacmpoctpaHe-
31 2 1 :

1 - Py Py Hus ITAB onpenensiercs nuddepeHInanbHEIMU ypaB-
| |
I u 1 I/ I
| |
: Rlol Rzo1 R131 R231 RlBU’Ir RZBLUI'I R132 R232 Rloz RZOZ :
I —» 0C1 —» —» 3asop- —» —» BWN —» —» 3asp —» —P» 0C2 —» |
[ <« «— «— 1 |¢— «—— — o, [— < [« w
: 5101 5201 5131 5231 slBLLII' 52BLLII'I 5132 5232 Sl02 5202 :

Puc. 5. DkBuBajieHTHAs aKyCTOIJIEKTPHUECKAS CXEMA TECTOBO# CTPYKTYpPbI

Fig. 5. Equivalent acoustoelectric test structure
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Puc. 6. Pe3yabTaT pacuera MMIyJIbCHOTO0 OTKJIMKA, MOJYYEHHOTO C
NOMOIIbI0 METOJA CBA3AHHBIX MOJ,

Fig. 6. The result of calculating the impulse response obtained using the
coupled modes method

HEHUSIMM U pelIaeTCs ¢ yIYeTOM CJIOXKHOI TeoMeTpuu

YCTPOICTBA, CBOMCTB MaTeprajioB (ITOMIOXKH, 3JIEKT-

pOIOB, OTpaxaTeyeil) U IPAaHUYHBIX YCJIOBUIA.
VpaBHeHUsI Mhe30aKyCTUKN B TeH30pHOI hopme [9]:

Ty = CijpSra — exiiExs

Dj = ek + ejucSy

roe 7, S — TeH30phl HalpskeHuil U aedopmaunii; E,
D — BeKTOpPHI HATIPSDKEHHOCTH M MHAYKIINH 3JICKTPH-
yeckoro noJist; C, e, ¢ — TEH30pbl MOJYJIEH YIIPYTOCTH,
MBE30MONYJIE U AUIIEKTPUYECKOU TPOHUIIAEMOCTH
COOTBETCTBEHHO.

B kauecTBe MOIJIOKKM BBIOpaH cpe3 HMOOaTa JIM-
st 128° YX. [TapameTpbl MaTepualia mpeacTaBieHbl B
TabunIE.

COMSOL Multiphysics I03BoJIsIET IIPOBOINTH
aHanu3 yctpoiictB Ha ITAB B obysacTu coOCTBEHHBIX

yactotT (FEigenfrequency), BpeMeHHOU aHanu3 (7ime
Dependent) u pacyeT B yacToTHOM obsactu (Frequency
Domain). B Haliem ciyyae HeOoOXOOMMO pPacCyMTaThb
aIIMUATTAHC TECTOBOW CTPYKTYPhI, TO €CTh HAATU peallb-
HYI0 ¥ MHUMYIO YacCTU IIPOBOAUMOCTU Y|| B 4acToT-
Holt oonactu. st pacuera 8 COMSOL Multiphysics
HEOO0XOIMMO CHeNaTh Cienyloliee:

1) onpenenuTh pabouyo 00JacTh U 3a4aTh FEOMET-
puio (puc. 7, cM. BTOPYIO CTOPOHY OOJIOKKMN);

2) 3a7aThb UCXOJIHBIE JaHHbIe (MaTepuas, anepTypa
UT. 1.);

3) ykazaTh HayajbHbIC ¥ IPAHUYHBIE YCI0BUS (T10-
TEHIIMaJIbl Ha 2JIEKTPOJaxX U T. 1.);

4) 3amaTh TapaMeTphl U TTOCTPOUTH CETKY;

5) ompemeNWTh MapaMeTphl PEIIaloIIero yCTpOii-
CTBa M 3aIyCTUTbH pacuer.

Heo6xonuMo OTMETUTb, UTO MPU MOIEIUPOBAHUN
He ObUIM YYTEHHI caeayroniye 3 (eKThl: pe3UCTUBHEIE
norepu B 3aekTpogax BIIII, nudpakuus akyctuyec-
KOI BOJIHBI, ITOTEPU 32 CYET BI3KOCTHBIX CBOMCTB Ma-
Tepuaa.

KapTnHy MexaHWJeCcKHUX CMeIeHNI BOJTHBI Panes
MOXHO Ha0IoAaTh Ha puc. 8 (CM. BTOPYIO CTOPOHY 00-
JIOXKM). V3 TTOJydeHHBIX pe3yIbTaTOB pacdyeTa BUIHO,
YTO TOJIIIMHA aHAJU3UPYEeMOU TTOUTOXKH BBIOpaHa C
3aItacoM, MOCKOJIbKY BoJIHA Panest pacmpoctpaHsieTcs
Ha [JIyOWHE 10 ABYX JJIWH BOJIH.

B pesysnbTaTe pacyera MojyyuM YacTOTHBIE 3aBU-
cumoctu real(Yy;) u imag(Y;;) — (puc. 9). lanee BbI-
YUCIUM WMIYJIbCHBIA OTKJIWK TECTOBOM CTPYKTYPHI
(puc. 10).

Kak BugHo m3 puc. 6 n 10, kpome aByX mHGOP-
MAaIIMOHHBIX CUMBOJIOB ITIPUCYTCTBYIOT CUTHAJIBI TBOM-
HOTO Mpoxojaa (CM. pucC. 2, @) ¥ Tapa3uTHbIA CUTHAJ
(cMm. puc. 2, b). [IpUunHBI MapPa3UTHBIX CUTHAJIOB SIC-
Hbl U UX MOXHO CIIPOTrHO3MPOBATh, a CIEI0BATEIbHO,
MOXHO IMOJ00paTh TaKMe CABUIM MEXAy KaHaJdaMM,

MarepuajbHbie KOHCTAHTbI HHOOaTa juTusa 128° YX cpesa
Material constants of lithium niobate 128° YX-cut

Ynpyrue koHncrautel C, GPa 198,39 66,312 53,538 6,957 0 0
Elastic constants C, GPa 66,312 186,563 80,497 6,314 0 0
53,538 80,497 208,994 6,097 0 0
6,957 6,314 6,097 75,017 0 0
0 0 0 0 56,623 —4,005
0 0 0 0 —4,005 74,862
IIpe3031eKTpUUECKEe KOHCTAHTHI €, C/M2 0 0 0 0 4,398 0,365
Piezoelectric constants e, C/m? —1,722 4,533 —1,352 0,217 0 0
1,726 —2,454 2,595 0,735 0 0
[uanekTpuyeckue KOHCTaHThI, £/g0 45,6 0 0
Dielectric constants, ¢/c0 0 38,285 9,363
0 —9,363 33,615
ITnoTHOCTS p, Kr/M> 4628
Density p, kg/m3
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real(Y11)
——=—imag(Y11) [|

0.015

Y11, Sm

0.005

-0.005

0.01 i i i j
0.92 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08

HopMUpoBaHHaA YacToTa

|
|
|
|
|
|
|
|
|
|
|
|
| 0.01
|
|
|
|
|
|
|
|
|
|
|

Normalized frequency

Puc. 9. Ilonnas npooaumoctb, paccuntannas B COMSOL Multi-
physics
Fig. 9. Total conductivity calculated by COMSOL Multiphysics

-35

40 ; ey
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-50
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Puc. 10. Pe3yabTaT pacyera MMIyJIbCHOIO OTKJIMKA PAJJUOMETKH, NO-
JY4EHHOTO ¢ MOMOMIBI0 METOAA KOHEYHBIX JIEMEHTOB

Fig. 10. The result of calculating the impulse response of the RFID tag
obtained using the finite element method

 20lg,, Wowin, a8

YTOOBI YACTUYHO CKOMIIECHCUPOBATh MTapa3suTHBIC CUT-
HaJIbl, BAMSIOLIME HA HEPABHOMEPHOCTh UMITYJIbCHOTO
OTKJIMKA ITPH aMIUTUTYIHON MOIYJISIIIMA UMITYJIbCHOTO
OTKJIMKA.

3. MHOroKaHajJbHasi METKa

[TapameTpsl pagmoOMeTKH, KOTOpPbIE HEOOXOITMMO
peann3oBaTh, MPeaCcTaBIcHbl HUXKE.

OTHOCUTENIbHAS TI0JI0Ca TIPOIYyCKaHust, % .. ......... 2,5
Bpewmst 3amepXKu mepBOro MMIyjibca MHGOPMALIMOHHOTO
CUTHAMA, MKC .« . o\ e v ee ettt et et e e e e et e e 4
HepaBHOMEpPHOCTb MMITYJILCOB BBIXOJHOTO CUTHAJIa

He Gosmee, nb .. ...... ... .. ... .. ... 5
Yucno MHPOPMALIMOHHBIX UMIYJIBCOB . . . o . v v v v ... 18
Crioco0 KOAMPOBAHMS .« . . v v ovovve e e e e e e e AM
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Ha nepBom aTame Oblla BbIOpaHa KOHCTPYKLIMS
MHOTOKaHaJbHOM METKM, COCTOSIIIAsI U3 AEBSTU KaHa-
JIoB ¢ 18 nHMOopMaLlMOHHBIMU UMITyJIbcaMu (puc. 11).
Pacuer numnynbcHoro otkiauka (puc. 12) npoBoauics
C moMoIIbI0 MeToma cBsi3aHHBIX Mon (COM-meron).
[NocnenoBaTenbHO-MapalieIbHOE BKIIIOUYEHUE BXOTHbBIX
Mpeobpa3oBaTeieil OTAEIBPHBIX aKyCTUUYECKNX KaHAJIOB
MO3BOJISIET MOJTYYUTh HEOOXOIUMBIA BXOAHON MMIIE-
JlaHC, TO3BOJISAIOIIMI paboTaTh ¢ Harpy3koil 50 Om
0e3 BHEIHUX 3JeMEHTOB corjacoBaHus. OcobeHHO-
CTBIO TAHHOW KOHCTPYKIIUM SBJISIETCS TO, YTO HAYMHAS
¢ nHpOpMaLMOHHOIOo MMIyjiabca Ne 8 BO BpeMEHHbBIX
WHTepBaJIaX MIPUCYTCTBYET OOJIBIIOE YMCIIO Pa3TUYHBIX
nmapasuTHbIX cUTHajoB. Koppekuuioo HMITYyJIbCHOIO
OTKJIMKA OCYIIECTBJISUIM MOA00pOM (Da30BbIX CABUTOB
Kkaxzaoro cumBoa. Yucno OC B oTpaxaTeJabHbIX IPYyTI-
nax, opMupymlIrx THOOPMALIMOHHBIE CUMBOJIbI, HE
MEHSLUIOCD.

AHanM3 pacyeTHOTO MMITYJIbCHOIO OTKJIMKA ITOKa-
3bIBaeT, YTO HEPABHOMEPHOCTb UMITYJIbCHOTO OTKJIMKA

Puc. 11. KoHCTpPyKIMS MHOTOKAHAIbHOW METKH
Fig. 11. Design of a multi-channel tag

20log ,, (Uout/Uin), dB

7T 8 9 10 11 12 13 14 15 16 17 18 19
1, us

Puc. 12. Pe3yabTaT pacuera HMIYJbCHOTO OTKJIMKA, MOJYYEHHOTO C
TOMOIIBI0 METOA CBA3AHHBIX MO/ JJIsi MHOrOKaHAJIbHOW MeTKH. Bee
18 undopmanmonnbIx cumposiop — "1"

Fig. 12. The result of calculating the impulse response obtained using the

coupled mode method for a multi-channel label. All 18 Information
Symbols — "1"




MudopMALHMOHHEIE CHMBOIBL

Information symbpls

Y

;Cm\fmon N2 -5:“0“
SymbolNe 12 -7'0"

20log ,, (Uout/Uin), dB

7 8 9 10 11 12 13 14 15 16 17 18 19 20
t, us

Puc. 13. PesyabraTsl pacyeTa uMnyJbCHOro oTkinka. ndopmanm-
onHblil cuMBoa Ne 12 — "0" nmpn AM-KoAMpOBaHMH

Fig. 13. The result of the calculation of the impulse response. Information
symbol No. 12 — "0" for AM coding

He 6onee 5 1b. HaumHas ¢ cumBoma Ne 8 mrosBiisieTcs
HEepaBHOMEPHOCTb, CBSA3aHHAasl C HaJOXEHUEM Tapa-
3UTHBIX ¥ OCHOBHBIX CUTHAJIOB B JAHHBIX BPEMEHHBIX
nHTepBaiax. Kak mokasaau pe3yJbTaThl 10 aMILTUTY/I -
HOMY KOAMPOBaHUIO METKU (puc. 13) Ha MpuMepe CUM-
Bojia Ne 12, nuHaMu4yecKuii auamna3oH mexay "0" u "1"
coctapasier 10 1b, 4yTo HEAOCTaTOUHO IS TOMEXO-
YCTOMYMBOIO KOAMPOBAHMST METKHU.

Kpome Toro, mpm kommpoBaHUM cUMBOJIOB B "(0"
IUISI HEKOTOPBIX clydaeB OyneT MEHSITbCsSl o0liasl He-
PaBHOMEPHOCTb OCTAJIbHOM KOJOBOM IOCBUIKH, ITOC-
KOJIKY TIpY HayaJbHBIX pacyeTax napas3uTHbIe CUTHA-
JIBI TIPUHUMAJIM Y9aCTHE B KOMIIEHCAITMY TTapa3UTHBIX
CUTHAJIOB OT JAPYrux CUMBOJIOB. B pesyibrare uyero
KOAMPOBaHME JTI0OOTO MMITYJIbca MOXET TPUBECTU K
U3MEHEHNI0 HEPaBHOMEPHOCTU KOIOBOU IMOCHLIKH.
TakuM oO6pa3om, CTaBUTCSI BOIIPOC IIPUMEHEHMS Ta-
KO KOHCTPYKIIWW IIJIsS BHITIONTHEHUS ITapaMeTpoB pa-
MUOMETKU, YKa3aHHBIX BBIIIIE.

ITonyyeHHbIEe JaHHbBIE MO3BOJIWIN CAEIaTh BHIBOIBI
MO MCIIOJb30BaHUIO TAaKOW KOHCTPYKLUM, & UMEHHO,
OHa MPUTOJIHA JIJIsl CJIEeAYIOLIUX YACTHBIX CIy4aeB.

1. 3amepxka nocienHero MHGOPMAITMOHHOTO M-
ITyJIbca MEHBIIIEe BPEMEHM 3aIeP>KKH TTEPBOTO JIOKHOTO
CUTHajla (CUTHajla ABOMHOrO Mpoxoja MEepBOro WH-
(opMalMOHHOro UMITYJIbca). Takoi MPUHLIMIT PaOOThI
MHOTOKaHaJIbHOM METKHU OIMcaH B pabote [4], roe Ha-
yajibHas 3a7epKKa TepBOrO OTBETHOTO MMITYJIbCA CO-
cTaBisieT 1 MKC, YMCII0 UMITYJIbCOB — 16, a BpeMsT 3a-
JIepXKKU MOCJAEAHEro UMIMyJbca — He 0ojiee 2 MKC.

2. YpoBeHb MOAABJIEHUSI JIOXKHBIX CHUTHAJIOB —
18...20 n1b. Hanpumep, 3a cYeT HEMOIHOTO OTpaxe-
HuUs sHepruu ot rpynn OC, T. €. YaCTUYHOIO OTpaxke-
HUSI HEPIuM, MOBBICUTCS IMHAMMYECKMI DMara3oH

MEXIY OCHOBHBIM CUTHAJIOM M MTApa3sUTHBIMU, HO TIpU
5TOM BBIPACTET 3aTyXaHUE U B OCHOBHOM UMITYJIbCHOM
OTKJIMKE, YTO B KOHEUHOM MTOTEe MPUBEIET K YMEHb-
LLIEHUIO JajJbHOCTU padoThl B coctae PUM/I. TTono6-
HOE pellleHrne ObIIO MOoJy4eHo B paborte [6].

4. HoBass KOHCTPYKIMSI MHOTOKAHAJIbHOI
PaIMOMETKH

Ha BTOpOoM 3Tare ObLIO MPUHSATO pellieHue mepeii-
TH K HOBOM KOHCTpyKiuu. IIpennaraemass KOHCTPYyK-
LIS MHOTOKAHAJIbHOM paguMOMETKU TO3BOJISIET YBe-
JINYUTh TUHAMMUYECKUI quamna3zoH Mexay "0" u "1" npu
aMIUIUTYIHOM KOAUPOBAaHUU METKM, YTO, B CBOIO OUe-
pelb, YIIPOCTUT JajbHENIy0 00pabOTKy CUrHaja.

s ocyliecTBAeHUs] MOCTaBJIEHHOM 3a1ayu B Ka-
YeCTBE BXOJHOIO 3JIEeMEHTA, IpeoOpa3ylolero paamuo-
umiynbsc B [TAB, ucrnonb3yercss ogHOHaAINpaBAeHHbIN
npeodpazoBaTeib, 0OeCIIeUMBAIOIINI MaKCUMAaJIbHOE
U3JTy4YeHUEe SHEPruU B 3aJaHHOM HarpaBieHuu. Yro-
Obl peayiM30BaTh OJHOHAINpPABIEHHOE pPaCIpOCTpaHe-
Hue ITAB, BcTpedyHO-1ITEIpEBOI TpeoOpa3oBaTeb yC-
TaHaBIMBaeTCs Mexay AByMs Iiedamu U-o0pasHoro
MHororoJjiockoBoro orBetButelisi (MITO) ¢ paBHbIM
JIeJICHUEM DHEPIUU TaK, YTOObI BBIMIOJHSIIOCH YCIOBUE
0; — 6, = n/2. B 3TOM Cilyyae BOJIHa, BO30yxXIaemas
BIIIT u pacnipocTpaHsitoniasicsi B IpOTUBOIIOJIOXHBIX
HaIpaBJICHUSIX, JOCTUTAET 31eKTpoaoB U-obGpa3zHoro
MIIO ¢ pa3HbIMU (ha30BBIMU 3aAEPKKAMM, 3aBUCS-
UMY OT TIOJIOXKEHUS TIpeoOpa3oBaTessi BHYTPU OT-
BETBUTEJISI, OOECIIeurBasi TEM CaMbIM OJTHOHAMPABIECH-
HOE M3JIyYyeHHUE.

KitoueBbIM 371eMeHTOM, TO3BOJISIIOIIMM YBEJIUYNUTH
JIUHAMUYecKUii nuarna3oH mexay "0" u "1", saBnsercs
MITO, obGecrieunBaOLIAil MOJHBINA TTEPEHOC SHEPTUU,
WU3JTYyYeHHON BXOIHBIM IpeoOpa3oBaTesieM, U3 aKyc-
TUYECKOro KaHaia anepTypsl W1, cdhopMupoBaHHOrO
BIIIII, B akycTHuecKuii KaHall anepTypbl W2, toe yc-
TaHOBJIEHbI OTpaxkaTeJibHble CTPYKTYPbI, (hOPMUPYIO-
e UACHTUGUKALIMOHHYI0O KOAMPOBAHHYIO TMOCEe-
JIOBaTeJIbHOCTh UMITYJIbCOB (puc. 14). Aneptypa W2
onpenesgeTcs TpeOOBaHUSIMU K OOECIeYeHUI0 HeoO-
XOAUMOU MH(MOPMALIMOHHONH €MKOCTU PaIuOMETKHU,
T. €. yuciaom OC. MakcumanabHOE MOAABIEHUE UM-
MYJIbCOB IBOMHOTO MPOXOXIEHUS TOCTUTAETCS TIPU yC-
taHoBke MITO Mexnmy BXOOHBIM ITpeoOpa3oBaTejieM 1
OTpaXxaTeJIbHbIMU CTPYKTYpaMU, TOCKOJbKY aKyCTH-
yeckas sHeprusi, nepeusnyyeHHas MIIO, mocruraet
OC u penutcs Ha N KaHalIOB, YMCJIO KOTOPHIX COOT-
BercTBYeT yuciay OC. B ciyyae oTpaxeHusi OT BXOJ-
HOTO TIpeoOpa3oBaTesIsl aKyCTUUecKast SHepTrus ellie pas
JenuTcs Ha N KaHajioB, UTO IMO3BOJSIET 00eCIeUUTh
ele OoJblliee MOAABICHUE MMITYJILCOB IBOMHOTO U
MOCJICAYIOLIUX TTPOXOKICHUM.

7151 UICKITIOUeHUsT BO3MOXXHOCTH TTOIaJaHMsI dHEP-
ruu I1AB, chopmupoBanHbix OC, U3 OAHOTO aKyc-
TUYECKOTO KaHaja B IpPYyrodl Ha CTaaiuu MPOEKTU-
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Puc. 14. HoBasi KOHCTPYKUMSI MHOTOKAHAJIbHOH paauomerku: /| —
BxonHoit BIIIT; 2— U-o06pa3ubiit MITO ¢ paBHBIM AeJIeHUEM 9Hep-
ruu; 3 — MIIO (xomrmpeccop); 4 — oTpaxaTenu

Fig. 14. The new design of multichannel SAW ID tags: 1 — input IDT;
2 — U-multistrip coupler with equal energy division; 3 — multistrip
coupler (compressor); 4 — reflectors

pOBaHUsI paAUOMETKM OOECIeurBaeTCsl UX MPOCTpaH-
CTBEHHOE pa3HeceHHe C y4yeToM AudpakKIMOHHOMN
pacxomumoctu ITAB, m3nyyenneix OC. MuHuMajb-
HO€ pacCTOSTHME OT BXOIHOTO IpeoOpa3oBaTesl 10
ommkaiiiein OC onpenensieTcsl U3 yCJIOBUs obecrieye-
HUSI JOCTOBEPHOU MIEHTUDUKALMU O0BEKTA.

Ha pwuc. 14 mpencraBieHa CTPYKTypHas cxema
MHOTOKaHaJIbHON pagMOMEeTKH, Ha KOTOPOH O0O3Ha-
yeHbl: W1 — amepTypa aKycTuuecKoro KaHaia, ¢op-
mupyemoro BIIIIT I; W2 — amepTypa aKyCTUYECKOTO
KaHaja, ompenesseMas YMCIOM pacCIOJOXEHHBIX B
HeM OC; BIIII I ycraHOBJIeH MeXay AByMsl TuiedamMu
MIIO 2 Tak, urobst 6; — 6, = /2 (ha30Bblil CABUT).

PanuomMerka paboTaeT ciieayioluM oOpa3oM: Mpu
rnojaye paguouMIIyIbca orpoca Ha BxomHoi BILIIT /7
reHepupyetcs [TAB, pacnpocTpaHsomascs oT mpe-
oOpazoBaresisi B MPOTUBOIOJOXHBIE CTOpOHBI. [lpu
noctuxkeHuu ITAB snextponoB U-obpazHoro MITO ¢
pasHbIMU (ha30BBIMU 3alep>KKaMH, 3aBUCSIIIMMU OT
nonoxeHuss BIIIT / BHyTpu OTBETBUTEJISI, BHIITOJIHSI -
eTcsl YCJOBME, MO3BOJISIIONIEE peaM30BaTh OJHOHA-
npaBieHHoe usnydyeHue IIAB (cymmupoBaHue IByX
BOJIH, NlepBoHaYanbHO u3nydaembix BILIT 7 B mpoTu-
BOIIOJIOKHBIX HAIIPaBJICHUSIX) B aKyCTUYECKOM KaHa-
e aneptypbl W1, onpenensiemoii areprypoii BIIIIT 7
¢ yyeToM nudpakuumoHHOU pacxomumocTtu. ITonHas
sHeprus [TAB, uziydyeHHasi B OHY CTOPOHY U UMeEIO-
wag aneptypy W1, nocturaer MITO (komnpeccopa) 3,
0o0ecIeuyunBalolero IMoJIHbIA TMepeHOC aKyCTUYeCKOM
SHEPTUM, M3TYYEeHHOM BXOIHBIM IIpeoOpaszoBaTesieM
M3 aKyCTMYECKOTo KaHaja anepTypbl W1 B akyctuyec-
KU KaHan anepTypbl W2, onpenensieMoit TpeOOBaHU-
sIMM  obecrieueHus1 UHGOPMALIMOHHON €MKOCTU pa-
nrometku (uucina OC). Jocturnys OC, akycTuueckast
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sHeprus [TAB B akycTuueckoM KaHaje aneptypbl W2
JeauTcst Ha N KaHaJIOB, YMCJIO KOTOPBIX COOTBETCTBYET
yuciay OC, dopmupyroliux MH(GOPMaLMOHHbBIN CUT-
Hasl. OTpaxkeHHbIe BOJIHbI, COOPMUPOBAHHbBIE, B CBOIO
ouepenb OC, BO3BpaIAIOTCS C OIIPENEICHHBIMUA Bpe-
MEHHBIMM 3aJiepXKKaMu Ha KOMIIPeccop, Iie UxX aHep-
TUSI TIEPEHOCHUTCSI B aKyCTMUECKMIT KaHaJI aIllepTyphI
W1 u nanee npuxoaut Ha BxogHoi BIIII 7, roe npe-
00pa3yeTcs B paIlOMMITYJIbC, COAEPXKAIIMN KOIUPO-
BaHHbBII MH(GOPMALMOHHBINM CUTHAJI.

Hdns yBeauyeHus: ”HGOPMALMOHHONW €MKOCTH pa-
IMOMETKHU €€ KOHCTPYKIIMS MOKET OBITh BEITTOJTHEHA B
€IMHOM KopIlyce Ha m + 1 nbe303J1eKTPUYECKUX MO~
JIOXKKaX ¢ OOILIMM BXOIOM, Ha Kaxmoit u3 Kotopbix OC
pPacIoJIOXKeHbI 0 OTHOIIEHUIO K BXOAHOMY Ipeobpa-
30BaTesII0 CO CMEIIEHUEM, 0OeCIIeurBaIOIIMM HEOOXO-
JMMYIO BPEMEHHYIO 3aJepKKy MMITYJIbCOB MHGbOpMa-
LIMOHHOTO CUTHAaja M HMCKJIIOYAIOIINM BO3MOXKHOCTD
HUX HaJIOXEHMUSI.

[Ipennaraemasi KOHCTPYKLHMS TTO3BOJISIET TTOJTHOCTBIO
HCKJTIOUNTD DJIEKTPUYECKOE B3aMMOIECHCTBUE MEXIY
aKyCTMYECKMMU KaHaJlaMM, UTO CYLIECTBEHHO YMEHb-
IIAeT CTEIeHb B3aMMHBIX MCKAXKEHUH UMITYJIbCOB MH-
(opMmalmoHHOro curHaua. JAnHaMuuecKuii auana3oH
Mexay uaeHTudukammoHHbiMu "0" u "1" mo3BojseT
00€eCreuynuTb MakKCUMaJbHYIO Pa3UUYMMOCTb UMMYJIb-
COB MH(OPMAIITMOHHOTO CUTHAJIA MIPU OCYIIEeCTBICHUU
ero majbHelen oopadoTku. Takke K JOCTOMHCTBAM
npeiaraeMoil KOHCTPYKIIMU OTHOCSTCS HeOOJbIINe
pa3Mephl Mbe303JIEKTPUUECKON MOITOXKKHM, TTO3BOJIS-
JollMe obecreyrnBaTh KOMIAKTHOCTh KOHEYHOTO U3/Ie-
sl (paauoOMeTKM).

Ha pwuc. 15 n 16 moka3aHbl UMITYJIbCHBIC OTKITUKHA
BKCIepUMeEHTaNIbHOro obpasia (puc. 17), cocrosiero
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Puc. 15. IMnyJibCHBbIA OTKJIMK 3KCHEPAMEHTAIbHOTO oOpa3na. Bee
umMmnyascsl — 1"

Fig. 15. The impulse response of the experimental sample. All pulses
are "l"
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Puc. 16. IMnyabcHbIi OTKJIMK 3KCNEepUMEHTAIBHOrO o0pa3na. Un-
c¢opmanuonnblii cumoa Ne 12 — "0" npn AM-KoaupoBaHMH

Fig. 16. The impulse response of the experimental sample. Information
symbol No. 12 — "0" for AM coding

Puc. 17. Muorokanaiasnas ITAB-pagnomeTka Ha 18 kananos u3 apyx
nbe30IIaT

Fig. 17. Multichannel SAW tag on 18 channels from two piezoelectric
boards

n3 18 cMMBOJIOB, U3rOTOBJICHHOIO Ha ITOIJIOXKe 128°
YX-cpesa LiNbO5. BripaBHMBaHME UMITYJLCHOIO OT-
KJIMKa M0 aMIUIMTYIe OCYIIECTBISIOCH 32 CUET YBe-
JuueHust arneptypbl OC Ha OOJIBIIMX BpeMeHax 3a-
nepxku. KogmpoBanme "0" B 3KCIepMMEHTaIbHBIX
00pasiax BBITOJIHSIJIOCh HAHECEHUEM aKyCTUYECKOTO
normotuteas Ha OC cooTBETCTBYIONIETO MHGpOPMaLI-
OHHOT'O CUMBOJIA.

AHaJIU3 OCHOBHBIX IapaMeTPOB M3TOTOBJIEHHBIX
panuoMeToK Ha ITAB mo MMMIyJabCHOMY OTKJIMKY I1O-

KazaJjl, YT0O MUHUMaJIbHbIe BHOCHMBIE TIOTEPH HE TIpe-
BoilaioT 38 n1b. YpoBeHb HEPABHOMEPHOCTH aMILIM-
TYOBI B U3MEPEHHOM UMITYJILCHOM OTKJTMKE He TIPEBHI-
maet 5 n1b. YpoBeHb J0XHBIX CUTHAJIOB — HE MEHEE
23 n1b. Takum o6pa3oMm, HOBasI YHMKAaJIbHAsI KOHCT-
pyKius no3sossieT padoratb ¢ OC ¢ 6oynblIMM KO3Gh-
(uLMeHTOM OTpakeHUS M TIONYYUTh TUHAMUYICCKUMA
Juarna3oH He MeHee 23...25 1b 1o J0XHBIM CUTHaIaM.
HoBast KoHCTpyKIMS 3a CYeT IPUMEHEHUS OTBETBU-
TeJsI MUHUMU3UPYET BCE aKyCTUUYECKHE OTPaXKeHMUsI
U TIepeoTpaXkeHus, IIpUCylne "KJIacCUYecKoi" cxeMe
MHOTOKaHaJbHO METKH, W CIOocOOHa paboTaTh Ha
JIIOOBIX BpEMEHHBIX 3aJepxKKax 0e3 OIacHOCTU BIIMSI-
HUS JIOXXHBIX CUTHAJIOB.

INpennmaraeMast KOHCTPYKIWS pPagMOMETKN Ha
ITAB moxeT ObITh MCIIOJIb30BaHa B TPAHCIIOHAEPE,
OCYIIECTBIISTIONIEM MACHTU(MUKAIINIO U PETUCTPAINIO
BO3IEMCTBUS AeCTaOMIM3UPYIOLIMX (HAKTOPOB Ha OX-
paHsieMbli 00beKT, eciu B KauecTBe OC uCIosb30-
Bath BIIIII.

3akmoueHue

Poct wuHTepeca Kk cucTeMaM paauMo4YacTOTHOM
UAEHTU(PUKALIUN Ha MOBEPXHOCTHBIX aKyCTUYECKMX
BOJIHAX OOYCJIOBIMBAETCSI, C OMHON CTOPOHBI, yCIe-
XaMM B OO0JJaCTU TEXHOJOTMHW W KOHCTPYMPOBAHUS
aKyCTO2JICKTPOHHBIX YCTPOMCTB, C APYrOil CTOPOHHI,
MporpeccoM B 00JaCTM MNPOEKTUPOBAHUSI CUCTEM
UISHTUDUKALKUY, TMKTYIOLIEM HOBbIE, 00JIee XKeCTKHE
TpeOOBaHUS K paglOMETKaM.

IIpencraBneHHBI aHATU3 KOHCTPYKTUBHBIX OCO-
OeHHoCTell maccuBHBIX paguoMmeToKk Ha IIAB u pe-
3yJIBTAThl IIPAKTUYECKON peann3auun oopasloB, pado-
Taoux B nuarnaszoHe go 1 I'T'u, mokaszanau, 4To KOM-
mwiekc PYM /I Ha ITAB criocobeH peiuath psia 3aaad mo
OecpoBOIHOMY CheMy MH(MOpPMAaIIUN.

3a paMKaMu JaHHOW IyOJIMKaIlUU OCTajloCh pac-
CMOTpEHME BOIIPOCOB MO HCIOJIb30BAaHUIO HEKO-
TOPBIX UH(POPMALIMOHHBIX CUMBOJIOB B KaueCTBe JaT-
YUKOBBIX MMITYJIbCOB (DM3MYECKUX BEJIMUYMH, MMO3BO-
JISIIOIIUX TTPOKOHTPOJIMPOBATh COCTOSIHUE OOBEKTa.
Ho sTa Tema TpebyeT oTaeIbHOro MoApOOHOro OMU-
caHwus.

B peanuzoBaHHOU HOBOU KOHCTPYKLIMM MHOTOKa-
HajbHOU panuomeTku Ha TTAB 3HauuTeNbHO yBEaU-
yeH IMHAMMWYeCKUi auamna3oH mexay "0" u "1" mpu
AMIUTUTYIHOM KOIMPOBAaHUHU, YTO YIPOUIAET Aab-
Hellyo 00padboTKy MH(POPMAIIMOHHOIO CUTHAJIA.

MuHUMaTbHOE BIMSHUE TTapa3UTHBIX CUTHAJIOB Ha
OCHOBHbIe MH(OPMALMOHHbBIE UMIMYJbChl TMO3BOJISIET
HCIIOJIB30BaTh U APYTHE BUABI KOMUPOBaHMS Ha (pU3U-
YeCKOM YpOBHE — BPEMEHHO-MO3ULIMOHHOE, (Pa30Boe
U yactoTHoe. IIpu 3ToM He TpeOyeTcsl BBOOUTh YHU-
KajibHble (ha30BbIe CABUTU JJISI KaXKI0ro MHMopmaliu-
OHHOTO CUMBOJIA.
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The New Design of Saw ID Tags on Base of Multistrip Coupler
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SAW ID-tags are considered. The analysis of physical mechanism of multiple reflection and parasitic signals in the SAW-ID
tag’s structures is shown. The mathematical modeling of multichannel tag pulse response is presented. The new multichannel SAW
tag’s design on base of single phase unidirectional transducer (SPUDT) and multistrip coupler (MSC) are proposed and fabricated.
The analysis of pulse responses of experimental samples are presented. It is shown that the new design of multichannel tag increases
the dynamic range between "0" and "1" for amplitude coding due to the minimal influence of parasitic signals on the main information

pulses.
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Introduction

One of the main directions of modern radio elec-
tronics is the creation of technical complexes of radio
frequency identification (RFID) that are resistant to
extreme impacts, such as increased levels of radiation,
electromagnetic and temperature effects in a wide
range. Among the systems of radio-frequency identifi-
cation that solve a number of problems in wireless read-
ing of data from objects, the RFID system on surface
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acoustic waves (SAWSs) deserves special attention. SAW
RFID tags have a number of significant advantages over
any other analogs. The main advantages include their
high reliability, durability, resistance to external factors
(temperature, pressure, ionizing radiation, etc.). These
qualities are necessary in the systems of accounting and
control of the state of hazardous facilities.

RFID tag allows you to create a unique information
signal identifying the object.




The operation of the RFID tag on a SAW is based
on the effect of the propagation of an acoustic wave
over the surface of a piezoelectric crystal. Metallized
interdigital transducers (IDTs) are used to excite and
detect SAW. The advantage of IDT is the ability to
widely vary the parameters of the excited SAW. This is
easily achieved by changing the geometric dimensions
of the IDT and is appeared in the form of a change in
the shape of the impulse response and frequency re-
sponse. Encountering mechanical or electrical hetero-
geneity on the surface, SAW is partially reflected. The
surface wave that came back to the IDT, as a result of
the direct piezoelectric effect, is converted on its buses
into an electrical signal.

There are various types of designs for SAW RFID
tags [1, 2]. One of the main physical mechanisms on
which the principle of operation of RFID tags on SAW
is based is the propagation and reflection of SAW from
surface inhomogeneities. The need for a good compu-
tational theory to account for the reflections of acoustic
waves from inhomogeneities and other secondary ef-
fects comes to the fore at the design stage of these de-
vices. And the urgent task is to minimize these spuri-
ous/false signals.

The aim of this work is to develop and optimize the
design of a multi-channel RFID tag on a SAW, in
which re-reflections from inhomogeneities are mini-
mized and the dynamic range between "0" and "1" is
improved with amplitude modulation of the informa-
tion signal. The multichannel RFID tag is made on a
128" LiNbO3 YX-cut piezoelectric substrate, the mate-
rial of the electrodes is aluminum.

1. Analysis of the physical mechanisms
of re-reflections in RFID tags

There are several main sources of losses in the mul-
tichannel design of the SAW RFID tag: attenuation of
the SAW during propagation, resistive losses in IDTs
and buses, losses due to mismatch with the antenna,
losses due to diffraction and losses due to various re-
flections and rereflections in acoustic channels.

In this section, we consider the main types of spu-
rious reflections and re-reflections that must be taken
into account when designing the device topology for
SAWs.

In the design (fig. 1), the information code is formed
by partial reflection of the interrogation signal from
groups of reflective structures (RS) located in one
acoustic channel. In this design, it is necessary to use
small reflection coefficients in the RS so that the energy
is distributed between all information symbols in the
acoustic channel. Code formation in the case of am-
plitude modulation occurs by the presence ("1") or ab-
sence ("0") of the reflective group in the corresponding
time interval.

Since all reflective groups are located in one acous-
tic channel, the problem of multiple re-reflections be-
tween the RS forming the information code arises. Us-
ing the example of a triple reflection signal (fig. 1), it
becomes clear that the signal of this reflection in delay
time can combine with one of the information pulses.
This not only affects the unevenness of the information
package, but also worsens the dynamic range between
the signals "1" and "0" in the case of amplitude modu-
lation.

One of the ways to solve this problem is described in
[3], where the authors propose to use no more than
eight RS groups for one acoustic channel, while work-
ing with four acoustic channels on an enlarged aperture
of the input IDT.

Another solution to this problem of multiple reflec-
tions between RS groups was the transition to a multi-
channel design [4—6]. To reduce the level of spurious
rereflected signals, each reflective group is placed in a
separate acoustic channel, thereby forming a multi-
channel structure. In fig. 2, a, it is shown what consti-
tutes one channel of such a multi-channel structure.
In this case, the RS are located on both sides of the
non-directional IDT, thereby two information sym-
bols can be formed. Since only one information symbol
is formed on one side of the transducer, it is possible to
use large reflection coefficients for the RS when gen-
erating the code, in contrast to the design in fig. 1. In
this design, we are faced with several types of pro-
nounced spurious signals. The first is a signal of double
and subsequent passes (fig. 2, a).

For each information symbol, there are signals of
double, triple and subsequent passes, because, due to
the non-directionality of the IDT, part of the power is
always reflected. In addition to the double pass signal,
there is also a spurious signal due to the fact that the
non-directional transducer in a coordinated mode re-
ceives about 50 % of the power incident on it, reflects
25 % of the power, and 25 % of the incident power
passes through itself towards the RS, forming another
information symbol (fig. 2, b). In addition to the spu-
rious signals described above, there is another spurious
inter-channel signal. The principle of its formation is
shown in fig. 2, c.

All the above false/spurious signals are due in part to
the fact that these multichannel designs use an omni-
directional transducer. Ways to evaluate the fluxes of
radiated and received acoustic power are described in
[4, 7]. For explanation, fig. 3 shows the case of total re-
flection from the RS.

2. Calculation of the test structure
of one channel of the RFID tag

We will simulate the impulse response of the RFID
test structure in two ways: by the method of coupled of
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mode (COM method) and by the finite element meth-
od (FEM) in the COMSOL Multiphysics software for
one acoustic channel of a multi-channel design shown
in fig. 2.

Method of coupling of modes. To calculate the con-
ductivity of the Y;, test structure, we use a simulation
method based on modified equations for coupled
modes [8].

The used calculation method is based on consider-
ing in the structure of the device two homogeneous
plane waves propagating in opposite directions:

R(z, ) = R(w)exp(—jwz),
S(z, ®) = S(w)exp(+joz),

where R(w), S(w) — complex amplitudes of surface po-
tentials with wave number x and circular frequency o,
having values of surface electric potentials.

During the propagation of SAW in a periodic elec-
trode structure, processes of reflection and transforma-
tion of SAW take place. The presence of electrodes on
the surface changes the speed of propagation of the
waves and determines the mutual connection between
the waves. We note two reasons: the first is the partial
reflection of the SAW from the electrodes and the sec-
ond is the excitation of the SAW by means of a high-
frequency current flowing in the metal electrodes.

We can write the equations relating the complex
amplitudes of the SAW at the input Ry(®), Sg(w) and
the output Ry 1 (), Sk (w) of the Kth element of
the structure, and the equation for the current through
the K™ electrode Ix(o). To formalize the process of
calculating the equation of coupled waves, it is conven-
ient to present in matrix form. Consider a SAW device
consisting of two different SAW structures (fig. 4, a).
The electrical ports of IDT-type SAW devices are con-
nected in parallel. The acoustic ports of the SAW de-
vices are connected in series.

Pl(o) PL(o) PK(o)

Si(o) Ry(o)
Ri . (o) PzKl(u)) PQIZ((D) P21§(o)) Sk ()] -
el [ pE o) PR(o) PE@| L %0

The sequence of actions when using the P-matrix
method is as follows:

— an equivalent acoustoelectric scheme of the se-
lected design is drawn up;

— P-matrices of all elementary parts of the device
are calculated;

— the total P-matrix is calculated that determines
the relationship between the complex wave amplitudes

at the input and output of the SAW structure as a whole
(fig. 4, b).

590 HAHO- 1 MUKPOCHUCTEMHAS TEXHUKA, Tom 21, Ne 10, 2019

In general, SAW structures can be: one IDT elec-
trode; several IDT electrodes; IDT as a whole; one re-
flective element of the RS; several strips of RS, gap
(free or metallized surface of a piezoelectric).

The components of the total P-matrix can be ex-
pressed in terms of the components of the matrices Pl
and P2. For example, the element P33 of the total
P-matrix is calculated as follows:

2 2 pl
Pt PriPy

sl 2 I
P33 = Py3 + P33 + Py R
1= Py Py

I 1.2

+ p2 Pt Pyl

31 > 1
1- P} Py

The equivalent acoustoelectric circuit of the test
structure of the RFID tag with the RS can be repre-
sented in the form shown in fig. 5.

The components of the total P-matrix of the acous-
tic channel (PZ) can be calculated by multiplying the
corresponding components for the RS and IDT. Con-
ditionally write:

P2= POl X P3l X PlDT X P32 X P02'

Note that the desired conductivity Y7, is determined
by the element P53 of the total channel matrix. From
Y, we pass to the transmission coefficient ;. The re-
sponse of the RFID tag when a radio pulse is applied
to its input can be calculated based on the Fourier
transform of the integrated RFID transmission coeffi-
cient, followed by the convolution of the impulse re-
sponse of the RFID tag with an interrogation pulse of
a given duration.

The parameters of the test structure are presented
below.

Number of IDT pairs, N IDP pairs ......... 10.5
The number of reflectors in RS-1, Npcy ... . .. 20
The number of reflectors in RS-2, Noc, ... .. 20
RStype ... ... Open
(non shorted)
electrode grid
Aperture A (in wavelengths) . .............. 110
Metallization thickness A, pym .. ........... 0.265
The metallization coefficient of structures K, .. 0.5
The distance to the first group of RS-1 (L), um 2745
The distance to the second group of RS-2, 3780

(Ly)y M o oo

The results of calculating the impulse response ob-
tained using the coupled mode method are presented in
fig. 6.

Finite element method. The COMSOL Multiphysics
software, whose operation is based on the finite element
method, allows simulating SAW devices. The problem
of the propagation of SAW is determined by differential
equations and is solved taking into account the complex




geometry of the device, the properties of the materials
(substrate, electrodes, and reflectors) and boundary
conditions.

Piezoacoustic equations in tensor form [9]:

T = CijpSw — exiiEx

D; = ey E; + €Sk
where T, S are stress and strain tensors; £, D — vectors
of intensity and induction of the electric field; C, e, ¢
are tensors of elastic moduli, piezoelectric modules,
and dielectric constant, respectively.

As a substrate, a 128° YX-cut lithium niobate was
selected. The material parameters are presented in
table.

COMSOL Multiphysics allows the analysis of de-
vices for SAWs in the field of eigenfrequency, time
analysis (time dependent) and calculation in the fre-
quency domain (frequency domain). In our case, it is
necessary to calculate the admittance of the test struc-
ture, that is, to find the real and imaginary parts of the
conductivity of Y, in the frequency domain. To cal-
culate in COMSOL Multiphysics you need to do the
following:

1) define the work area and set the geometry (fig. 7,
see the 2-nd side of cover);

2) set the source data (material, aperture, etc.);

3) indicate the initial and boundary conditions (po-
tentials on the electrodes, etc.);

4) set the parameters and build the grid;

5) determine the parameters of the solver and start
the calculation.

It should be noted that during modeling the follow-
ing effects were not taken into account: resistive losses
in IDT electrodes, diffraction of an acoustic wave, loss-
es due to the viscous properties of the material.

The pattern of mechanical displacements of the
Rayleigh wave can be observed in fig. 8, see the 2-nd side
of cover. From the obtained calculation results, it can
be seen that the thickness of the analyzed substrate was
chosen with a margin, since the Rayleigh wave propa-
gates at a depth of up to two wavelengths.

As a result of the calculation, we obtain the frequen-
cy dependences real(Y;;) and imag(Y;,) (fig. 9). Next,
we calculate the impulse response of the test structure
(fig. 10).

As can be seen from fig. 6 and 10, in addition to
two information symbols, there are double-pass sig-
nals (see fig. 2, a) and a spurious signal (see fig. 2, b).
The reasons for the spurious signals are clear and can
be predicted, and therefore it is possible to select such
shifts between the channels to partially compensate for
spurious signals that affect the unevenness of the pulse
response during amplitude modulation of the pulse re-
sponse.

3. Multichannel tag

The tags that need to be implemented are presented
below.

Relative bandwidth, % . ........................ 2.5
The delay time of the first pulse of the information signal,

S e e e e e e 4
The unevenness of the pulses of the output signal,

notmore,dB . ... ... .. ... 5
The number of information impulses . .............. 18
The encoding method ... ....................... AM

At the first stage, a multichannel tag design was cho-
sen, consisting of 9 channels with 18 information pulses
(fig. 11). The impulse response calculation (fig. 12)
was carried out using the coupled mode method
(COM-method). Serial-parallel connection of the in-
put transducers of individual acoustic channels allows
you to get the necessary input impedance, allowing you
to work with a load of 50 Q without external matching
elements. A feature of this design is that, starting from
informational pulse No. 8, a large number of different
spurious signals are present in time intervals. The im-
pulse response was corrected by selecting the phase
shifts of each symbol. The number of operating systems
in the reflective groups forming information symbols
did not change.

Analysis of the calculated impulse response shows
that the unevenness of the impulse response is not more
than 5 dB. Starting from symbol No. 8, the unevenness
associated with the superposition of spurious and main
signals in these time intervals appears. As the results on
the amplitude coding of the label showed, for example,
symbol No. 12, the dynamic range between "0" and "1"
is 10 dB, which is not enough for noiseproof coding of
the label.

In addition, encoding the symbol at "0", for some
cases, the general unevenness of the rest of the code
message will change, since during the initial calcula-
tions, spurious signals took part in compensating for
spurious signals from other symbols. As a result, the en-
coding of any pulse can lead to a change in the une-
venness of the code message. Thus, the use of such a
design for fulfilling the radiometric parameters indicat-
ed above is called into question.

The data obtained allowed us to draw conclusions
on the use of this design, namely, this design is suitable
for the following special cases:

1. The delay of the last information pulse is less than
the delay time of the first false signal (double pass signal
of the first information pulse). Such a principle of op-
eration of a multi-channel tag is described in [4], where
the initial delay of the first response pulse is 1 ps, the
number of pulses is 16, and the delay time of the last
pulse is not more than 2 ps.

2. The level of suppression of false signals is about
18—20 dB. For example, due to incomplete reflection
of energy from RS groups, i.e. partial reflection of en-
ergy, the dynamic range between the main signal and
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spurious signals will increase, but the attenuation in the
main impulse response will increase, which will ulti-
mately lead to a decrease in the operating range of the
RFID. A similar solution was obtained in [6].

4. New multi-channel RFID tag design

At the second stage, it was decided to switch to a
new design. The proposed design of a multi-channel
RFID tag allows you to increase the dynamic range be-
tween "0" and "1" with amplitude label coding, which,
in turn, will simplify further signal processing.

To accomplish the task, an unidirectional transduc-
er is used as an input element that converts a radio pulse
into a SAW, which ensures maximum radiation of en-
ergy in a given direction. In order to realize unidirec-
tional propagation of a SAW, an interdigital transducer
(IDT) is installed between the two arms of a U-shaped
multi-strip coupler (MSC) with equal energy division
so that the condition 6; — 6, = n/2 is fulfilled. In this
case, the wave excited by IDT and propagating in op-
posite directions reaches the electrodes of the U-shaped
MSC with different phase delays depending on the po-
sition of the transducer inside the coupler, thereby pro-
viding unidirectional radiation.

A key element that allows to increase the dynamic
range between "0" and "1" is the MSC, which provides
the complete transfer of energy emitted by the input
transducer from the acoustic channel of the aperture
W1 formed by IDT to the acoustic channel of the ap-
erture W2, where reflective structures (RS) are in-
stalled forming an identification coded sequence of
pulses (fig. 15). Aperture W2 is determined by the re-
quirements to ensure the necessary information capac-
ity of the RFID tag, i.e. number of RS. The maximum
suppression of double-pass pulses is achieved when in-
stalling MSC between the input transducer and reflec-
tive structures, since the acoustic energy reradiated by
MSC reaches the RS and is divided into N channels,
the number of which corresponds to the number of RS.
In the case of reflection from the input transducer, the
acoustic energy is once again divided into N channels,
which allows for even greater suppression of double and
subsequent pass pulses.

To exclude the possibility of the surplus energy gen-
erated by the RS from one acoustic channel to another,
at the design stage of the RFID tag, their spatial sepa-
ration is provided taking into account the diffraction di-
vergence of the SAW radiated by reflective structures.
The minimum distance from the input transducer to the
nearest reflective structure is determined from the con-
dition of ensuring reliable identification of the object.

In fig. 14 is a structural diagram of a multi-channel
RFID tag, on which are indicated: W1 — aperture of
the acoustic channel formed by IDT I, W2 — aperture
of the acoustic channel, determined by the number of
operating systems located in it; IDT [ is installed be-
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tween the two arms of MSC 2 so that 6, — 0, = /2
(phase shift).

The RFID tag works as follows: when an interroga-
tion pulse is applied to the input IDT 7, a SAW is gen-
erated, propagating from the transducer in opposite di-
rections. Upon reaching the SAW electrodes of the
U-shaped MSC with different phase delays depending
on the position of IDT [ inside the coupler, a condition
is fulfilled that allows the implementation of unidirec-
tional SAW radiation (summation of the two waves
originally emitted by IDT [ in opposite directions) in
the acoustic channel of the aperture W1 determined by
the aperture IDT 7 taking into account diffraction di-
vergence. The total SAW energy emitted in one direction
and having an aperture W1 reaches a multiband coupler
(compressor) 3, which ensures the complete transfer of
the acoustic energy emitted by the input transducer from
the acoustic channel of the aperture W1 to the acoustic
channel of the aperture W2, determined by the require-
ments for ensuring the information capacity of the RFID
tag (number RS). Having reached the RS, the acoustic
energy of the SAW in the acoustic channel of the aper-
ture W2 is divided into N channels, the number of which
corresponds to the number of RS forming the informa-
tion signal. The reflected waves, which, in turn, are gen-
erated by the RS, return with certain time delays to the
compressor, where their energy is transferred to the
acoustic channel of the aperture W1 and then arrives at
the input IDT 1, where it is converted into a radio pulse
containing an encoded information signal.

To increase the information capacity of the RFID
tag, its design can be performed in a single housing on
m + 1 piezoelectric substrates with a common input, on
each of which the RSs are located relative to the input
transducer with an offset providing the necessary time
delay of the information signal pulses, eliminating the
possibility of their imposition.

The proposed design allows to completely eliminate
the electrical interaction between the acoustic channels,
which significantly reduces the degree of mutual distor-
tion of the pulses of the information signal. The dynamic
range between the identification "0" and "1" allows you to
ensure maximum distinguishability of the pulses of the
information signal during its further processing. Also, the
advantages of the proposed design include the small size
of the piezoelectric substrate, which allows for compact-
ness of the final product (RFID tags).

Figs. 15 and 16 show the impulse responses of an
experimental sample (fig. 17), consisting of 18 charac-
ters, made on a 128" YX-cut of a LiNbO; substrate.
The pulse response was aligned in amplitude by in-
creasing the aperture of the RS at large delay times. The
coding "0" in the experimental samples was carried out
by applying an acoustic absorber to the RS of the cor-
responding information symbol.

An analysis of the main parameters of the manufac-
tured SAW RFID tags by the impulse response showed




that the minimum insertion loss does not exceed 38 dB.
The level of amplitude non-uniformity in the measured
impulse response does not exceed 5 dB. The level of
false signals is at least 23 dB. Thus, the new unique de-
sign allows you to work with the RS with a large reflec-
tion coefficient and obtain a dynamic range of at least
23...25 dB for false signals. The new design, due to the
use of the coupler, minimizes all acoustic reflections
and re-reflections inherent in the "classic" multi-chan-
nel tag scheme, and is able to work at any time delays,
without the risk of false signals.

The proposed design of the SAW RFID tag can be
used in a transponder that identifies and records the ef-
fects of destabilizing factors on the guarded object, if
IDT is used as an RS.

Conclusion

The growing interest in radio frequency identifica-
tion systems based on surface acoustic waves is due, on
the one hand, to successes in the field of technology
and design of acoustoelectronic devices, and, on the
other hand, to progress in the design of identification
systems, dictating new, more stringent requirements for
RFID tags.

The presented analysis of the design features of pas-
sive RFID tags on SAWs and the results of practical
implementation of samples operating in the range up to
1 GHz showed that the RFID complex on SAWs is ca-
pable of solving a number of tasks for wireless reading
of data.

Outside of the scope of this publication, considera-
tion has been given to the use of certain information
symbols as sensor pulses of physical quantities that
make it possible to monitor the state of an object. But
this topic requires a separate detailed description.

In the implemented new design of a multi-channel
SAW tag, the dynamic range between "0" and "1" with
amplitude coding is significantly increased, which sim-
plifies further processing of the information signal.

The minimal influence of spurious signals on the
main information pulses allows the use of other types of
coding at the physical level — time-positional, phase
and frequency. In this case, it is not necessary to intro-
duce unique phase shifts for each information symbol.
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Pecniyonnka TatapctaH

METOAUKA USMEPEHUSA NMAPAMETPOB KOHTYPOB INMPUBOPOB CBY

HA BbICOKOM YPOBHE MOLWLHOCTH

Ilocmynuna 6 pedaxyuro 15.05.2019

Paccmampusaemcsa npobaremamuka npoyecca npoekmuposanus KOHmMypoe cenepamopa evicokoti mowpocmu CBY-duanazona.
B wacmnocmu, npuseden npumep peulerus 3a0a4u NPOEKMUPOBAHUs 6X00H020 KOHMYPA, pa3obparsl memod uzmeperus S-napa-
Mempo8 HA bICOKUX YDOGHAX MOUHOCMU U YCOBEPUIEHCIBOBAHHbIU MemO0 UCNbIMAHUS HA 31eKMPONPO4HOCb.

Karoueevie caosa: SNeKmMponpo4YHOChnlb, UMeperue S—napamempoe, BbICOKAA MOWHOCMb, C6EpPX6bICOKUEe Yacmonibl, cmoA4a:

80/IHA, KO3(phuyuenm cmosuel 604Hbl, UMNYAbCHASL MOUWHOCMb
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B HacTosg1ee BpeMsT akTyaJIbHOM 3agadyeil mpolec-
ca MIPOEKTUPOBAHUSI KOHTYPOB T'€HEPATOPOB BLICOKOM
moiHoct CBY-muanazona (I'BY CBY) ssnsietcst
9KOHOMMSI O0BEMOB U3IEINsI 0e3 MOTepu TpedyeMbIX
XapaKTepUCTUK, CBA3aHHBIX C OrpaHUYEHUEM IEeOMET-
pudeckux o0beMoB Kopimyca mmpuodopa [1—5]. Ilpu BbI-
0ope pa3MepoB KOAKCUAIbHOM JIMHUY Mepeaayu A0JK-
Hbl BBIMOJHSATBCS TPU OCHOBHBIX TpeOOBaHMS: 0Oec-
MeYeHUe XapaKTepUCTUK OTpaxkeHUs B HEOOXOAUMOM
paboyeM nMaraszoHe, BO3MOXHOCTb Iepeaayn 00Jib-
IIUX MOILIHOCTEH, oOecleyeHrue MaJloro 3aTyXaHusl.

OOBIYHO C YYETOM BO3MOXKHOCTEl KOPOTKOIro 3a-
MBIKQHUS! IMHUM TOTYCTUMAst MOIIHOCTD Py, cOCTaB-
JISIET IIPUMEPHO 0,2—0,3Pnpeﬂ. KoagpdpuuumenT 3amaca
9IEKTPHYECKOil npouHocT K = P/ Ppoe, YIUTBI-
BaeT HaJMyMe 1Iaid M pa3IuyHOro poja HEOMHO-
pOAHOCTE! B JIMHUM Tiepenayu. B cBs3u ¢ TeM, 4To
9KOHOMMSI TIPOCTPAHCTBA HE IO3BOJISIET 3aKJIaJblBaTh
JIBYX- M TpeXKpaTHBIE 3arachl IO pa3MepaM 3a30pOB
3JIEMEHTOB KOHCTPYKLIMU, OINpeaeSeHUe JIeKTpUIec-
KOl ITPOYHOCTH KOHCTPYKIIMM KOHTYPOB Pa3HBIX T€0-
METPUUYECKUX CEYEHUI Ha BBICOKHX YPOBHSIX MOIIIHOC-
TH SIBJISIETCSI TOCTATOYHO CJIOKHOM TipoOnemoii. Ilpu
MPOEKTUPOBAHUM TIpUOOpa ISl TEPBUYHON OIIEHKU
rmapamMeTpoB OTJAEIbHBIX COCTAaBHBIX YAaCTEH JJaMITOBOTO
reHeparopa BbICOKOW MOIIIHOCTHA MCMOJIb30BaIu BEK-
topHbiit ipudop OB30P-304. Bo uzbdexanue nmpodoes
Iocjie OKOHYATEeIbHON COOPKM BCeX KOHTYPOB, a TaK-
K€ JUTSI IPOBEPKU MOBTOPSIEMOCTH NapaMeTpoB, CHSI-
THIX HA HU3KUX YPOBHSIX MOIIIHOCTH, HEOOXOIMMO pa3-
pabotaTb MeToauky npobepku CBY-tpakTa nipu nom-
KJIIOUEHMM Ha BXOJ MCTOYHMKA BBICOKOW MOIIIHOCTH.

Ha cBepxBbICOKMX YacTOTax rnepenaya dHEPruu 1o
BOJTHOBOIHOW JTMHUM HE MOXKET OBITH OXapaKTepHU30-
BaHa 3HaUYCHHUEM TOKOB U HaIPSIKEHUI, KaK 3TO UMEET

MECTO, HalpuMep, B ClIydae ABYXIIPOBOMHBIX JIMHUIA.
IIpu npoxoxaeHur BOJHBI IO BOJHOBOIHOMY TPaKTy
3HAYEHMS TOKOB U HAIPSIKEHUI 3aBUCST OT TOUYEK M3-
MEPEHUI 1 He SIBJISIOTCSI OQHO3HAYHBIMHU XapaKTepuc-
tukamu. K ToMy ke HeT HaleXXHBIX CIIOCOOOB, TT03BO-
JISIIOIIMX M3MEPUTh Ha TaKMX 4acTOoTaX aOCOIIOTHBIE
3HAYEeHUS HaNpsiKeHW U TOKOB. I103TOMY OCHOBHOM
XapaKTepUCTUKOM B pa3IMIHBIX BUAAX U3MEPEHUI Ya-
1€ BBICTYIAeT 3HAYe€HWE MOIIHOCTU, MNEPEHOCUMOI
BOJIHOIA.

HauGonee pacnpocTpaHeHHbIE METOMIBI U3MEPEHUS
MOIIIHOCTY OCHOBaHbl Ha MpeoOpa3oBaHUU SHEPrUU
BOJIHBI B TEIJIOTY. Tak, HaripuMep, U3MEpPEeHUe TeMIie-
paTyphl BOIbI, IpOTEKaolleil B TpyOKe, MpOoXoasieit
yepe3 BOJIHOBOJ, MCHOJB3YETCS I OINPENeJICHUS
MOIIITHOCTH B TaK Ha3blBaeMbIX KaJIOpUMETPUUYECKUX
U3MEPUTEIISIX, KOTOPbIE MPUMEHSIOT Ha YPOBHSX He-
MPEePBIBHON MOIIIHOCTU TIOPsIIKa BaTTa U Bbile. [Tpu-
BJIeKaTeJbHBIM KauyeCTBOM TEILIOBBIX U3MepUTeneit
MOIITHOCTH SIBJISIETCS BO3MOXHOCTb MX KaJauOpOBKU
MOCTOSIHHBIM TOKOM WJIU TIEPEMEHHBIM TOKOM Ha HU3-
KOI yacToTe, Korja yepe3 6aperrep (TepMHUCTOpP) Mpo-
MyCKalT TOK TaKOro 3HayeHUsl, TIpU KOTOPOM HU3Me-
HEHME COIPOTMBIIEHUSI BTOTO 3JIeMEHTa ObLJIO pPaBHO
U3MEHEHUIO €T0 COMPOTUBJIEHUS MNPU IMOTJOLIEHUN
CBY-curnana. Mcxonst u3 3Toro, s IIpoBeAeHUS UC-
MbITaHUH ObLIa BEIOpaHa MOJEIb BaTTMETpa MOTJIo1a-
eMoii MoiHocTh M3-56.

B xauecTBe nmpuMepa /Uil UCTIBITAHUS METOIUKU U
rnoaoopa AuameTpa LHEHTPAIBHOIO MPOBOJIHMKA KOAK-
CUAJILHOM JIMHUM TpaHchopmaTopa COMPOTUBJIECHUI
(BXOZHOTO KOHTYpa) Ha BHICOKOM YPOBHE MOIIHOCTH
npeajaraeTcs Caeaylolas cxeMa BKJIIOUYEeHUsT mproo-
poB (puc. 1).

Puc. 1. YnpomeHHas CTPYKTypHasi cXeMa BKJIIOYEHHsI MPHOOPOB
Fig. 1. Simplified block diagram of connection of the devices
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VhpollieHus1 CTPYKTYPHOI CXeMbl BHECEHBI B 4YaCTHU
YMEHbILIEHUsI 0TOOpaxkaeMbIX 3J€MEHTOB TpaKTa, Ta-
KHUX KaK IUPOKOMOJIOCHbIE TpaHC(HOPMATOPhI COIPO-
TUBJICHU, HEOOXOAUMBbIE IIJISI COTJIACOBAHUSI KOAKCH-
aJlbHOTO TpaKTa reHeparopa, YCUJUTENs U BXOAHOIO
KOHTypa ¢ umnegaHcoM 75 Om u umneaaHca 50 Om
M3MEpPUTESIPHOTO 0JIOKa BaTTMETpa ITOMIOIIAeMOM
MOIIHOCTH.

Ilepenaua u ycunenue moinHoctu B 'BY CBY
MPOUCXOAUT CJIEAYIONIMM O0pa3oM: CUTHaJ C Majo-
MOIIIHOTO TeHepaTopa Kavarouieiics yactorel ['KY-52
U3 KoMIUIeKTa mpubopa P2-52 mopaercst Ha ycwiv-
TeJbHbIN TpakT. ITocie ycuieHusl HLUMPOKOIOJIOCHBIM
YCWIUTEJIbHBIM TPAKTOM J10 TpeOyeMOro ypOBHSI MOIII-
HOCTM CUTHAJ 4epe3 LHUPKYJIITOp MOHAeTCs Ha BXOMI-
HOI KOHTYD.

C noMol1iiplo (peppUTOBOro LUPKYISATOPA U3 OC-
HOBHOM KOAKCUAJIbHOW JIMHUU, K KOTOPOM MPUCOEA-
HEH MCCIeMyeMblil KOHTYp, B JIMHUIO TPETHETO TIeYa,
CBSI3aHHYIO C BaTTMETPOM IMOIJIOLIAEMON MOIIHOCTU
M3-56(1), nepeaaercs 4acTh MOIIHOCTU, OTPaXKEHHOM
OT Harpy3ku BOJIHbI. JleiicTBue (PeppUTOBOrO LUPKY-
JIITOpa OCHOBBIBAETCS HA SIBJIECHUH TTOTIEPEYHOTO Mar-
HUTHOTO pe30oHaHca, Wi 3¢ dekTa cMelleHUs MoJs B
¢depputax. AHU3OTPONHLIE CBOMCTBa ¢heppUTa MpPO-
SIBJISIIOTCSL TIPU BHECEHUM B €ro I10Jie MOCTOSIHHOTO
maruuta. Ilombupass muamerp ¢eppuTa M 3HaAYEHUE
HaIpsIXKEHHOCTU T10J151 TOCTOSIHHOTO MarHuTa, MOXKHO
MPU CJIIOKEHUU TMOBEPXHOCTHBIX BOJH OOECIIEYUTD
pacrnosioXeHue MyYHOCTU HAIPSIKEHHOCTU 3JIEKTPU-
YEeCKOTO I0JIS1 B LIEHTPEe OMHOTO IieYa, a y3Jia Harmpsi-
JKEHHOCTH B LIEHTPE APYTOro Tuieya. OTUM obecreyu-
BaeTCsl, YTO DHEPTUS M3 TIEPBOTO TIJIeya MepeaaeTcs BO
BTOpOE€ M HEe IocTymnaeT B TpeThe. M aHamormyHo or-
paxkeHHasl 9Heprus, MocTynawlilas Ha BTOpoe IJIeyo,
MPOXOAUT Ha TPeTbe, He TpocauyuBasich B repBoe. B pa-
00Te MCIOJb3yeTCs CTaHAAapTHBIA Mpudop, pa3pado-
TaHHBIN O] TpeOOBaHUS 3aTyXaHUs U paboyero yac-
TOTHOrO JAuvana3oHa. MakcuMmaiabHasi MMIYJIbCHAs
MOIIIHOCTh, KOTOPYIO BO3MOXHO TOAaTh Ha JAaHHBIK
TUN LUPKYyJIsTOpa, AocTuraeT 3HayeHus 20 kBT, yto
JaeT OTPOMHBIN 3aI1ac U He BHOCHUT OIIMOKY TIPH TIPO-
BEIEHUM MCIBITAHUI JI0OBIX KOHTYpPOB, paboTaio-
IIAX 0 3TOTO 3HauYeHWs. Tak Kak 4acTb MOIITHOCTH,
OTpaxalolasicsi OT BXOJHOI'0 KOHTYpa, BO3BpalllaeTcs
1 TIPOXOIUT Ha BAaTTMETP ITOIJIOIIAeMON MOIIHOCTH
M3-56(1) (puc. 1), HeOOGXOAUMO CTPOTO KOHTPOJIM-
pOBaTh HaJWYME HATPY3KM Ha BBIXOIE U3MEPSEMOTO
TpakTa, MOTOMY YTO IOJIHAsl MOIIHOCTb, OTpakKe€HHas
OT Pa30MKHYTOTO KOHIIa KOHTYpa, BEPHETCS Ha LIUp-
KYJISITOP U BBIBEIET U3 CTPOsI U3MEPUTEJIbHYIO IOJIO-
BKy npubopa M3-56. I[loouyepenHo, Ha BXOIe U BbI-
XO0Jle BXOJHOIO KOHTypa sl U3MEPEeHUS! MOIIHOCTU
yCTaHABIMBAETCS BaTTMETP IMOIIONIAEMON MOILIHOCTH
M3-56(2), curHan Ha KOTOPBIM MPOXOAUT Yepe3 Ka-
IOpoBaHHBIM arTeHoatop J13-18 (puc. 1). ATTeHIo-
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Puc. 2. 3aBucumocts Koa(dunuenta crosueii Bosnbi (KCBH) Bxoa-
HOT0 KOHTYpA OT 9aCTOTHI

Fig. 2. Dependence of the standing wave ratio (SWR) of the input contour
on frequency

aTop HeoOXOAUM BBUIY OTPaHUUYEHUs U3MEPsSeMOM
npu6opomM M3-56 HempepbIBHOI MOIIHOCTH, TaK Kak
MpHY MepecyeTe Ha CKBaXHOCTh IOMyCTUMOE 3HAUeHUE
U3MepsieMOil B JAHHOM Cilydyae HEINpepbIBHOK MOILII-
HoCTU mpeBbIlieHo B 10 pa3. OTpakeHHast MOIIHOCTb,
n3MepsieMass BaTTMETPOM ITOTJIOIIAeMOM MOITHOCTH
M3-56(1), nMeeT 3HaUYeHWE TIOYTH Ha JBa TMOpPSIKa
MEHBIIIE, TTOATOMY aTTeHIOATOP He TpedyeTcs.

C BbIXOJ@a BXOJHOTO KOHTYpa CUTHaJ TOJaeTcsl Ha
MOIIHYIO TeHepaTOpHYIO JaMily (Ha puc. 1 He ykasa-
Ha). OCHOBHOM TpoOieMOii SIBISIETCS MOABOMA MOILII-
HOCTU K JIaMIle yepe3 BXOJHOI KOHTYp C MoTepeil He
oosiee 0,5...1 1b MolIHOCTM 3amarolliero reHepaTopa.
[Ipu nmpoxoxXaeHUM yepe3 BXOAHOW KOHTYP MOIIHOTO
CHUTHaJla TIPU HEITOCTATOYHOM JMaMeTpe KOaKCHaJhb-
HOW JIMHUU MOXET BO3ZHUKHYTh JIEKTPUUYECKUI MPO-
00i1, TIpM 3TOM MOIITHOCTb Ha BBIXONIE BXOTHOTO KOH-
Typa 3HauMTenbHO Tagaer. [lageHue MOILIHOCTU TpU
TIPOXOXIEHUN Yepe3 BXOTHOW KOHTYP PacCUMTHIBAET-
Csl IO MOKa3aHUSIM BaTTMETPOB MOTJIOIIAEMOIl MOIII-
Hoctt M3-56 (1 u 2). U3meHss pa3Mephbl BHEIIHETO U
LIEHTPaJbHOTO IMPOBOJHUKOB KOAKCHAJIbHOU JMHUU,
HaXOJAT TaKue X 3HAYeHUsI, TP KOTOPBIX HE HAOJIIO-
JlaeTcsl BJIEKTPUUECKOTO MPo00st TPY YIOBJIETBOPEHUN
OrpaHUYEeHUI Ha TeoMeTpUYeCKre pa3Mephbl Kopryca
npudopa.

PesynbTaThl u3MepeHUii B BUAEC 3aBUCMOCTU KO3(-
¢duLmeHTa crossyeii BoiHbI no HanpskeHuto (KCBH)
BXOJla BXOJJHOTO KOHTYpa OT YacTOThbl MPpUBEAEHbI Ha
puc. 2.

M3 puc. 2 BUAHO, YTO MOJI0CA IIPOITYCKAHUS BXO/ -
Horo KoHTypa 1o ypoBHio KCBH < 1,5 cocraBnsier
75 MTI'u. Ykazannoe 3HaueHue KCBH cooTBeTcTBYeT
OTPaXEeHUIO OT BXoda Bcero 4 % maparolneil MOIITHO-
ctu. [IpakTyecku 3To 0O3HAYAET, YTO B MTOJIOCE YACTOT
75 MTI'u BIMsiHUE BXOJHOTIO KOHTYpa Ha aMIUIATYIHO-
4acTOTHYIO xapakTepucTuky (AYX) kackaga ycuiute-
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Puc. 3. CTpykTypHasi cxeMa YCTAHOBKH JUISl HCILITAHUS JJIEKTPHIECKOi MPOYHOCTH
Fig. 3. Block diagram of the installation for testing of the electrical strength

JIsI, B TOM 4mcie U nipyu HepaBHoMmepHoctu 0,5...0,75 nb
(12...18 %), npeHeOPeXKMMO MaJIO.

B o61iem ciydae 3aTyxaHue B IMHUM OIPENEISICTCS
KaK OTHOIIIEHWE MOIIHOCTM Ha BBIXONE K BXOIHOM
MOIIIHOCTH, TIOCTyNAaloIIell Ha u3MepsieMblii y3en. 3a-
TyxXaHue, BHOCMMOE aTTeHIOATOPOM, CTOSIIMM Iepen
U3MEPUTESIbHBIM TPUOOPOM (BaTTMETPOM) (CM. puc. 1),
MOAOUpPAETCS, UCXOAS U3 YPOBHSI BXOJHOW MOIIHOCTH
TakK, YTOOBI OHA OBLIa MEHBIIE IPEeASTbHOTO 3HAUe-
HUsI, KOTOpO€ MOXET M3MepsITh BbIOpaHHAas MOIEJb
BarTMeTpa. [lpakTuka mokasaja, 4TO JIydllle BCEro
noJcTpauBaTbes Ha 3HaueHue Py, . = 10 %, 370 3Ha-
YyeHue obecreyrmBaeT HeOOXOAUMYIO TOYHOCTh U3Me-
peHus 3atyxaHus. A5 monaydyeHus MaKCMMalbHO KOp-
PEKTHOTO pe3yJbTaTa XKeJlaTeJbHO ITPOBOAUThL H3Mepe-
HUME Ha BXONIE U BbIXOJE OMHUM U TEM XKe BaTTMETPOM.

ITpensiockeHHbIM METOA OLIEHKU 3JIEKTPUUYECKOM
MPOYHOCTH ObUT IOTOJHUTEIbHO 10padOoTaH U yCOBEP-
IIEHCTBOBAH, YTO TO3BOJIMJIO COKOHOMUTH MaTepH-
aJlbHbIe CpEeJCTBAa M BpeMsl Ha MPOBeAEeHUE MCIbITa-
Huii KoHcTpyKumu. Ha puc. 3 npuBeaeHa nopaboraH-
Hasl cxeMa yCTaHOBKM JUISI TPOBEPKU BJIEKTPUUYECKOM
IMPOYHOCTH.

ITpu xopourem cornacoBannu KCB pasen 1,05...1,1.
B cnydae monHOro oTpaxkeHus: BOJHBI (HallpuMep, IIpu
3aMbIKaHUM JJUHUM OTpaxKarolleil MeTalJInuecKoi mo-
BepxHocThio) KCB uMeeT 3HaueHue, crpemsiiieecs: K
0ECKOHEYHOCTH.

Kak BumHo u3 puc. 3, ObUIM IPOBEACHHI MUHMU-
MaJibHble 10paOOTKH, MO3BOJMBIIUE YXKECTOUUTb UC-
MBITAHUS DIEKTPUUYECKOM MPOYHOCTH KOHTYPOB B 2 pa-
3a, 0e3 JOMOJHUTEIbHBIX 3aTpaT Ha 3aKymnKy OoJiee
MOIIIHOTO YCUJIUTENbHOIO TpakTa. EAMHCTBEHHBIN M0-
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MOJIHUTEJbHBIN 3JIEMEHT, BHECEHHBII B CXEMY, — Me-
XaHUYECKUil (a3oBpallareb, MPEeACTaBISIOIINNA CO-
0011 TEJECKOMUYECKYIO KOAKCUAIBHYIO IMHUIO, KOTO-
pasi MMeeT IOJABUXHBINA IOpllieHb. DTOT IOpIIEHb
UMEET JIeJIEHUS U1 OTCUeTa 3HAYEHUS ero IepeMenie-
HUSI [IPU HACTpOIiKe. 3a cueT BpalleHusl (ha3bl CTOSTUMX
BOJIH, 00pa30BaBIIMXCS IIPU OTPaXKEHNUU OT KOPOTKO-
3aMKHYTOTO OTPE3Ka JIMHWUU, MOXHO JOOUTHCS yIBO-
€HUS MOUIHOCTH, IPOXOAsiliell uepe3 MCIbITYeMblii
y3ei. JJimHa ¢da3zoBpalaTessa J0JKHA ObITh paccyuTa-
Ha Takoii, 4ToObI (ha3a magaroleil BOJTHBI U3MEHSIIACh
ot 0 1o 360°.

Hanuuue cTosiuMX BOJTH U WX aMIUIMTYAY KOHTPO-
JIMPYIOT MO TIOKa3aHMUSIM BaTTMETpa MOTIJIOLIaeMoi
MolIHocTh M3-56(1), miaBHBIM BpalleHueM (asbl
CUTHaJIa OTPAXEHHOU BOJIHBI JOOMBAIOTCS HAaXOXJe-
HUS MMYMKa MoKa3aHus Mpudopa, YTo CBUAETEIbCTBYET
00 YCTaHOBJIEHUM B JIMHUU PEXKUMa MAKCUMAaJIbHO
JKECTKOTO UCHBITAaHUS JIEKTPOIPOYHOCTH.

IIpeanoxeHHast cxema HW3MEpPEeHHUS MapaMeTpoB
KCBH u 3atyxaHusi TpakTa MO3BOJISIET IIPOBOAUTH
JIOCTaTOYHO TOYHBIE U3MEPEHUS MMapaMeETPOB U Kade-
CTBEHHYIO OLIEHKY 3JIEKTPONIPOYHOCTH, HECMOTPSI Ha
BHOCHMBbIE MOTPEIIHOCTA TPU TepecyeTe Ha CKBaX-
HOCTb UMITYJIbCHOM MOLIHOCTH IepeaaTdyika B Helpe-
PBIBHYIO MOLIHOCTb, U3MEPSIEMYIO0 BATTMETPOM TOTIJIO-
1IaeMOM MOIIIHOCTH, a TaKXe HEBO3MOXHOCTb yYECTh
3atyxanue CBY-nepexonoB Ha pa3inyHbIe TUMLI BOJI-
HOBOJIHOTO TpaKTa.

[daHHasg MeToauKa nokKa3ajia OTJIMYHbIE PE3YJIbTATHI
MPU MHOTOKPATHOM U YCHELIHOM MPUMEHEHUN B UC-
MBITAHUSIX PA3IMYHBIX BUAax ycrpoiicts CBY.
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The article presents the prospects for the process of designing of the contours of high power generator of the microwave range.
In particular, it presents an example of a solution to the problem of the input contour design, a method for measurement of S-pa-
rameters at high power levels and an advanced method for testing of the electrical strength.

The block diagrams of the installations used for carrying out of the tests are provided, the main stages and details of the tests
by the above technique are described. Also, the main features of the use of the applied standard measuring equipment and the pa-
rameters of the nodes with a narrow field of application and designed especially for the concrete tests according to the set requirements
are also described.

The proposed scheme for measurement of the SWRV parameters and path attenuations allows us to perform rather accurate
measurements of the S-parameters of the microwave devices at a high power level and carrying out of the quality evaluations of the
electrical strength, despite the errors brought during a recalculation for porosity of the pulse power of a transmitter into a continuous
power measured by a wattmeter and also, impossibility to take into account attenuation of the microwave transitions to various types
of a waveguide path.
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A topical problem in designing of the contours of the
high power generators of the microwave range (micro-
wave HPG) is saving of the volumes of a product with-
out a loss of the required characteristics connected with
restriction of the geometrical volumes of the case of a
device [1—5]. During selection of the sizes of a coaxial
transmission line three main requirements have to be

met: provision of the reflection characteristics in the
necessary working range, a possibility of a big power
transfer, and ensuring of a small attenuation.

Usually, taking into account chances of a short cir-
cuit in a line, the admissible power of P, equals to
about 0.2—0.3 of Pp,.,. The coefficient of the reserve

of the electrical strength K= P,/ Py, takes into ac-
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count the existence of washers and different kinds of
heterogeneities in a transmission line. Since the neces-
sity to save the space does not allow us to envisage dou-
ble and triple reserves in relation to the sizes of the gaps
of the design elements, determination of the electric
strength of a design of the contours of different geo-
metrical sections at high power levels is a rather com-
plex problem. During designing of the device, for a pri-
mary assessment of the parameters of the separate
components of a vacuum tube generator of high power
OBZOR-304 vector device was used. In order to avoid
breakdowns, after the final assembly of all the contours
and also for testing of the repeatability of the parame-
ters taken at low power levels, it is necessary to develop
a technique for checking of the microwave path during
connection to the input of a source of high power.

At the ultrahigh frequencies the transmission of en-
ergy via a waveguide line cannot be characterized by the
value of the currents and voltages, as it takes place, for
example, in case of the two-wire lines. When a wave
goes via a waveguide path, the values of the currents
and voltages depend on the points of measurements and
are not single-valued characteristics. Besides, there are
no reliable methods allowing us to measure the absolute
values of the voltages and currents on such frequencies.
Therefore, frequently, the main characteristic in differ-
ent types of measurements is the value of the power
transferred by a wave.

The most widespread methods for power measure-
ment are based on transformation of the wave energy
into warmth. Thus, for example, the measurement of
the water temperature proceeding in a tube, passing
through a waveguide, is used for determination of the
power in the so-called calorimetric measuring instru-
ments, which are applied at the levels of continuous
power of about a watt and over. An attractive quality of
the thermal measuring instruments of power is a pos-
sibility of their calibration by a direct current or alter-
nating current at a low frequency, when through a ba-
retter (thermistor) a current is passed of such a value at
which the variation of the resistance of this element is
equal to the variation of its resistance during absorption
of a microwave signal. Proceeding from this, for carry-
ing out of the tests M3-56 model of a wattmeter of the
absorbed power was chosen.

As an example for testing of the technique and se-
lection of the diameter of the central conductor of the
coaxial line of the transformer of the resistances (of the
input contour) at a high power level, the following cir-
cuit for connection of the devices (fig. 1) is offered.

Simplifications of the block diagram were intro-
duced concerning the reduction of the displayed ele-
ments of the path, such as broadband transformers of
resistances, necessary for coordination of the coaxial
path of the generator, the amplifier and the input con-
tour with impedance of 75 and 50 Q of the impedance
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of the measuring unit of the wattmeter of the absorbed
power.

The transfer and amplification of power in a micro-
wave high-frequency generator proceeds in the follow-
ing way: the signal from GKCh-52 low-power genera-
tor of the swept frequency from P2-52 set of the device
is supplied to the amplifying path. After amplification
by the broadband path up to the required power level
the signal is supplied to the input contour through the
circulator.

By means of the ferrite circulator from the main co-
axial line, to which the studied contour is connected,
part of the power reflected from the wave loading is
transmitted to the line of the third shoulder connected
to M3-56(1) wattmeter of the absorbed power. Action
of the ferrite circulator is based on the phenomenon of
the cross magnetic resonance, or effect of the field shift
in the ferrite. The anisotropic properties of the ferrite
become pronounced, when a permanent magnet is in-
troduced into its field. By selecting the diameter of the
ferrite and the value of the voltage of the field of a per-
manent magnet, during addition of the surface waves it
is possible to ensure an arrangement of the voltage an-
tinode of the electric field in the center of one shoulder,
and the voltage node in the center of the other shoulder.
Due to this the energy from the first shoulder is trans-
mitted to the second one, but it does not come to the
third one. And, in a similar way, the reflected energy
coming to the second shoulder passes to the third one,
without infiltration into the first one. In the work the
standard device developed for the requirements of at-
tenuation and working frequency range is used. The
maximal pulse power, which can be supplied to this
type of a circulator, reaches the value of 20 kW, which
ensures a huge reserve and will not introduce mistakes
in carrying out of the tests of any contours working up
to this value. Since the part of the power, which is re-
flected from the input contour, comes back and passes
to M3-56(1) wattmeter of the absorbed power (fig. 1),
it is necessary to control strictly existence of a load at
the output of the measured path, because the full power
reflected from the opened end of the contour will return
to the circulator and knock out the measuring head of
M3-56 device. Serially, on the input and output of the
input contour, for measurement of power M3-56 (2)
wattmeter of the absorbed power is installed, to which
the signal comes through D3-18 calibrated attenuator
(fig. 1). The attenuator is necessary in view of the re-
striction on the measured M3-56 continuous power,
because during a recalculation for porosity, the admis-
sible value of the continuous power measured in this
case is exceeded in 10 times. The reflected power meas-
ured by M3-56(1) wattmeter of the absorbed power has
the value nearly by two orders less, therefore, an atten-
uator is not required.




From the output of the input contour the signal is
supplied to a powerful oscillating tube (not shown in
fig. 1). The main problem is to ensure a power supply
to the tube through the input contour with a loss of not
more than 0.5...1 dB of the power of the setting gener-
ator. When a powerful signal passes through the input
contour in case of an insufficient diameter of the co-
axial line, there can be an electrical breakdown, at that,
the power at the output of the input contour falls con-
siderably. The falling of power during passing through
the input contour is calculated according to the indi-
cations of M3-56 wattmeters of the absorbed power
(1 and 2). By changing the values of the external and
central conductors of the coaxial line, we find such
their values, at which an electrical breakdown is not ob-
served, if the restrictions for the geometrical sizes of the
case of the device are satisfied.

The results of measurements in the form of a depend-
ence of the standing wave ratio on voltage (VSWR) of
the input of the input contour on frequency are pre-
sented in fig. 2.

From fig. 2 it is visible that the pass band of the input
contour by level of VSWR < 1.5 equals to 75 MHz. The
above value of VSWR corresponds to the reflection
from the input of only 4 % of the falling power. Prac-
tically, this means that in the band of frequencies of
75 MHz the influence of the input contour on the am-
plitude-frequency characteristic (AFC) of the amplifier
cascade is negligible, including in case of the uneven-
ness of 0.5...0.75 dB (12...18 %).

Generally, attenuation in the line is defined as the
relation of power at the output to the input power,
coming to the measured node. The attenuation brought
by the attenuator facing the measuring device (wattme-
ter) (see fig. 1), is selected proceeding from the level of
the input power so that it would be less than the limit
value, which the selected wattmeter model can meas-
ure. Practice shows that it will be best of all to adapt for
the value of P, = 10 %, because this value ensures
the necessary accuracy of measurement of the attenu-
ation. For obtaining of the most correct result it is de-
sirable to take measurements at the input and at the exit
by the same wattmeter.

The proposed method for assessment of the electri-
cal strength was additionally finished and improved,
which made it possible to save material means and time
for carrying out of the tests of the design. Fig. 3 presents
a modified circuit of the installation for checking of the
electrical strength.

In case of a good coordination SWR equals to
1.05...1.1. In case of full wave reflection (for example,
if a short circuit in the line is caused by the reflecting
metal surface) SWR has a value tending to infinity.

As it is visible from fig. 3, minimal changes were in-
troduced, which allowed us to double the toughness of

the tests of the electrical strength of the contours with-
out additional costs for purchase of a more powerful
amplifying path. The only additional element intro-
duced in the circuit is a mechanical phase shifter rep-
resenting a telescopic coaxial line, which has a movable
piston. This piston has dial graduations for a readout of
the values of its movement during its adjustment. Due
to the phase rotation of the standing waves formed dur-
ing reflection from a short-circuited section of the line
it is possible to achieve doubling of the power passing
through the examined node. The length of the phase
shifter should be calculated so that the phase of the fall-
ing wave would vary from 0 up to 360.

Existence of the standing waves and their amplitude
are controlled by the indications of M3-56(1) wattme-
ter of the absorbed power, due to a smooth rotation of
the signal phase of the reflected wave, the peak of the
instrument reading is found, which demonstrates estab-
lishment of the mode of the most rigid testing of the
electrical strength in the line.

The proposed circuit for measurement of the VSWR
parameters and attenuations of the path allows us to
take rather accurate measurements of the parameters
and ensure a quality assessment of the electrical strength
despite the errors introduced during recalculation for
porosity of the pulse power of the transmitter into the
continuous power measured by a wattmeter of the ab-
sorbed power, and also impossibility to consider atten-
uation of the microwave transitions to various types of
the waveguide path.

This technique demonstrated excellent results dur-
ing its repeated and successful applications in tests of
different kinds of the microwave devices.
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ONTUMMN3ALNA KOHCTPYKLUMNN KAHAAA pHEMT-TETEPOCTPYKTYP
(Al-In-Ga)As, MOAYYEHHbIX METOAOM METAAAOOPIFAHMYECKOM
FA3O®A3HOM SMNMUTAKCHUNA

Ilocmynuna ¢ pedaxyuro 11.07.2019

B xode gvinoanenus pabomot Ovin pearu308an KOMNACKCHbLIL NO0X00 K (hOPMUPOBAHUIO U OUACHOCIUKE 2emepOdNUMAaKCUaib-
Hoix pHEMT-cmpykmyp (pseudomorphic High Electron Mobility Transistors) AlGaAs/InGaAs/ GaAs, evipaujernbix memooom me-
MAAL00p2aAHUMECKOl 2a30Qa3HOU INUMAKCUU, BKAOYARWUL UCCAe008aHUe 0CODEHHOCMEl pOCma, a MAKdice CMPYKMYPHbIX U
anekmpogusuveckux xapaxmepucmuk. boiia nposedena onmumuszayus napamempos, — cocmasa u MOAWUHb,, — KAHAAbHO20
cros InGaAs 6 yeasix noayueHuss HQUAYHUUX IAeKMPOPU3UYECKUX XapaKmepucmui cemepocmpykmypoi. Pezyssmamor onmumu-
3ayuyu nPOOeMOHCMPUPOBAHbI HA NpUMepe U320MOBAeHUS MANOUWYMAWUX ycuaumened 0as ywacmom 6...16 [Ty,

Karouegvie caosa: apcenm) eannus, memannoopeaHuvecKkas 2030¢H3Haﬂ anumakcus, nC€860M0p¢Hbl€ eemeposnumaxkcudibHole

cmpykmypul AlGaAs/InGaAs/ GaAs, pHEMT, CBY manrowymawue ycusumenu

BBenenue

KrioueBpiMM mapamMeTpaMmu, OMNpeneasIOlIMMU
TpaHcniopTHble W CBY-xapakTepucTUKM TMOJIEBBIX
pHEMT-TpaH3UCTOPOB Ha OCHOBE IICEBIOMOP(MHOI
retrepocTpyKTypel AlGaAs/InGaAs/GaAs, SIBASIIOTCS
KOHLEHTpaUuA (A1) ¥ MOABUXHOCTD (L) IBYMEPHOTO
aJIeKTpoHHoro Taza ([19I), nokanu3oBaHHOrO B KaHa-
Jie InGaAs. DTy napaMeTpbl B 3HAYUTEJbHOW CTeTIEHU
OIpEeAesIIOTCS KOHCTpyKIeir pHEMT-retepocTpyK-
Typ: TIyOMHO# KBAaHTOBOM SIMBI, 3aBUCSIIEI OT MOJIb-
HBIX IOJIEM MHIUA X|,, U AIIOMUHUS Xy, YPOBHEM JIe-
rMpoBaHus B TOHOPHOM ciioe NT-AlGaAs, TomumHa-
mu crieiicepHoro (AlGaAs) u crinaxuBamwiero (GaAs)
cnoes. llenpio onTumusanuuu napametrpos pHEMT-re-
TEPOCTPYKTYPHI SABIISICTCS ITOBBIIICHNE KOHIICHTPAIIUHN
ABT npu coxpaHeHUM BbICOKON MOABMXXHOCTH 3JIEK-
TPOHOB.

AHanu3 JUTepaTypHbIX JaHHBIX MOKa3bIBaeT, 4TO
BONPOCHI ONTUMU3ALIMU YCIoBUI pocta pHEMT-rete-
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POCTPYKTYp METOAOM MOJIEKYJISIPHO-TTYyYKOBOW SMU-
takcun (MIID) m3ydyeHBl 4OCTAaTOYHO ITOAPOOHO [1].
YneneHo BHUMaHME CBSI3W MapaMeTPOB ILIMPOKO30H-
HbiX ciaoeB AlGaAs, B TOM uucie cneiicepHoro [2],
JoHopHOro [3—6], 6ydepHoro [7] u GapbepHBIX [8]
CJIOEB, C XOJUIOBCKUMU NaHHBIMU U BBIXOAHBIMU BAX
pHEMT-Tpan3uctopoB. MI3BeCTHO, YTO IpU MHpPEBHI-
IIeHUU KpUTUYecKol ToiluuHbl ciost InGaAs/GaAs
MIPOVCXOIUT TIIACTUYECKasT peaKkcallusl, KpUTHIECKU
yXyalamoas 3aeKTpodu3nyeckre CBOMCTBAa reTe-
POCTPYKTYphI. 3HAUEHUE KPUTUUECKUX TOJILIMUH CJIOEB
In,Ga, _ ,As onpeznensercsa MOJbHOM fosei In u Mo-
I'YT OBITh OMUCAHbl MoAeablo MaTbloca — biskciau
[9, 10]. CoxpaHeHUe CTPYKTYPHOTO COBEPIIICHCTBA Ka-
HayibHOTO ciod In,Ga; _ As aBigeTcss He0OXOAMMbIM
YCIIOBHEM JUTSI JOCTVDKEHUSI BBICOKHUX XapaKTepHUCTUK
pHEMT-retepocTpykTyp. 0o cUX IOp aKTyaJbHBIMU
OCTAIOTCSl UCCIIEOBAHUS BIAUSIHUS MOJIbBHOW 10U WH-
IIYsI B KaHAJIe M YCTAaHOBJIEHHE MPEAeTbHO TOMYCTUMBIX




ee 3HaueHul, obecrevyrBalolMX BBICOKUE 3JIEKTPO-
dusznyeckue xapakTepucTuku B pHEMT-reTepocTpyK-
Typax, BbIpallleHHBIX MeTomoM MIID [11]. B nHamrei
npeapiaylein padore [12] ObLIO ONMUCaHO MOJIydYeHUE
METOJOM METa/NIOOPraHUYeCKoi ra3oga3Hoil SIUTaK-
cun (MOI'®D) pHEMT-reTepocTpyKTyp, He yCTyma-
IOIMM MO MapaMeTpaM aHaJIOTUYHBIM CTPYKTypaMm,
MoJlydeHHbIM MeTogoM MIID. [danbHelilume 1maru mo
ONTUMU3ALUU KOHCTPYKLIMU CTPYKTYP CIeJIaHbl B JaH-
HOI paboTe: MPOBENEHO MCCIEeI0BAHUE BIUSHUS CO-
CTaBa W TOJIIIMHBI KAaHAJIBHOTO CJIOS Ha KOHIIEHTpa-
LIMI0O U TIOABMXHOCTb Hocuteneit B pHEMT-retepo-
CTPYKTYype, NolydeHHOI MeTogoM MOT'®3.

DKcnepuMeHTabHas YaCTh

HccnenoBanust BiavsiHUS MMapaMeTPOB KaHAJIbHOTO
Cllosl Ha 3JIeKTpodU3nyeckrue xapakTepucTuku DT
npoBoawan mist pHEMT-reTepoCTpyKTyp C OIHOCTO-
POHHUM OOBEMHBIM JiernpoBaHueM (puc. 1).

g smUTakcUM  WCITOIb30BaId  MOIMMUIIMPO-
BaHHYIO YCTAaHOBKY METAJJIOOPTaHWYECKOM Tra3ogdas-
"ot snutakcuu EPIQUIP VP-502 RP [12]. O6pa3isl
pHEMT-retepocTpyKTyp BbIpalllMBaju B YCJIOBMSIX He-
MPEepPLIBHOTO POCTOBOTO Mpoliecca MpU TeMmIepaType
670 °C u gaBiaeHun 100 mb6ap. Ckopocth pocta GaAs
n Alj,4Gag 7pAs cocrasinsgna 13,5 u 19,0 nm/mun,
COOTBETCTBEHHO. CkopocTh pocTa InyGal — yAs
(v = 0,12...0,24) BapbupoBajach B 3aBUCUMOCTU OT
MOJILHOW JOJW WHOWS B AuarmasoHe 14...17 HM/MUH.
HMcrounukamu sneMeHTOB TpeThell rpymmnbl (Ga, Al, In)
BBICTYITAJIM UX METUJIBHBIC TTPOU3BOIHEBIC: TPUMETUII-
raumin (TMT), tpumerunaniomuauii (TMA) u Tpu-
MmetuanHauii (TMUW). UCTOUHMKOM MBIIIbSIKA SIBJISLI-
cs1 apcH (AsH3), MICTOUHMKOM JIETUPYIOLLEN TPUMECH
n-tumna (Si) — razosas cMech MoHocwiaHa (SiHy) ¢
BojopoaoM. PaGouee 3HaUeHME TOUKM POCHI ra3a-Ho-
CHTEJISI, — BOOOPOIA, — B IPOIIECCcax SIMUTAKCUATBHOTO
pocta He npesbiiiaao —100 °C. ITomToxKaMu CITyKK-
JIU JBYXIIOMMOBBIE IUIACTUHBI IOJYU30JUPYIOIIETO
apCeHMIa TAJUTUSI, pa30pUEHTUPOBAHHBIC OTHOCUTEb-
Ho mutockocTu (100) Ha 2° B HanmpaBiaenuu [110].

CTpyKTypHbIE CBOMCTBa 00pa3LiOoB — TOJIIMHBI CJIO-
€B M COCTaB TBEPIBIX PACTBOPOB, MCCIICIOBAIA METOIA-
MU BTOPUYHO-MOHHOI Macc-cnekrpomerpun (BUMC)
¢ momoupio Macc-crektpomerpa TOF.SIMS-5 ¢
BPEMSITIPOJICTHBIM MacC-aHaJIn3aTOPOM M BEICOKOpa3-
pelamplleil peHTreHoBcKol audpakromerpuu (PI),
audpakromerpoM Bruker D8 Discover. Mopdoio-
TUI0 TTOBEPXHOCTU TETEPOCTPYKTYP U3ydaI METOIOM
aToMHO-cua0Boit Mukpockonuun (ACM) B KOHTaKkT-
HOM pexume Ha yctaHoBke SolverPro (NT-MDT).
OnTryeckoe KauyecTBO O0Opa3IoB UCCIENOBaId Me-
TOAOM HM3KOTEeMIIepaTypHOil (DOTOTIOMUHECLIEHIIUU
(®JI) mpu T = 4,2 K. Ina Bo3oyxneaus ®JI vcroib-
30Bayin HernpepbIBHBIN nazep Nd:YAG, uamydarommii
Ha JJIMHE BOJHBI 532 HM, IJISI peTUCTPALlUU CIIEKTpa —

N-GaAs, 4 M, 3.0-10%6 em?

AlsGarzAs , 2 Hm, undoped
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GaAs substrate

Puc. 1. Koncrpykuusi TecToBbix 00pasuos p HEMT-reTepocTpyKTyp
Fig. 1. Design of pHEMT-heterostructures test samples

JIBOMHOM PELIETOUYHBIN CIIEKTPOMETP C paspelieHUuem
0,3 um u CCD-kamepy. M3mepeHus1 KOHLIEHTpaluy 1
MOABWXKHOCTY HOCUTEJIEH 3apsiia B KaHaJIe IIPOBOIVIIN
meTonoMm Ban gep Ilay.

PesyabTaThl u 00CyxKaeHne

Hnst popmupoBanuss pHEMT-reTepoCTpyKTyp C
TpeOyeMbIMU TMapaMeTpaMM MO COCTaBy M TOJIIMHE
KaHaJIbHOTO CJIOSI ObUIM OIIpee/ieHbl KaJTuOPOBOYHEIE
KPUBbIE 3aBUCUMOCTU CKOPOCTU POCTa SMUTAKCUATb-
Hpix coeB (DC) In,Ga| _ ,As 1 conepxaHusl MHIMS
x(In) B HUX OT MOJIBHBIX PACXOJ0B UCIOJIb3YEMbIX Me-
tayutoopranndeckux coeanneHuit (MOC). Bapeupo-
BaHue napameTpos cios In,Ga; _ ,As npoBoauiam 3a
CYET MU3MEHEHUSI MOJIBHOTO pacxola U BPEeMEHU MO-
maun TMMU. ITotok TMI monmepXuBaiu MOCTOSIH-
HbIM (9,5 - 1076 MOJIb/MHWH), COOTBETCTBYIOILIUM CKO-
poctu pocra DC GaAs — 13,3 £ 0,2 um/mMuH. W3-
mepeHusa coctaBa OC In,Ga; _ ,As mokasajiu, 4YTO
COOTHOILIEHWE aTOMOB META/VIOB MHAWS W Tajulus B
TBepaoM pacteope In,Ga; _ As (X/(1 — X)) npsamo
MPONMOPUUOHAIBHO COOTHOILIEHUIO MOJIBHBIX Pacxo-
108 MOC (Nrymu/Ntmrp)- Koadduuuent nponop-
LIMOHAJbHOCTU K B BbIpaxk€HUM XapaKTepU3yeT pac-
OpeaeaeHue 3JIEMEHTOB MEXAY TBEPAOW U ra30BOM
(hazamu Ha rpaHule. OTanuue napamerpa K oT eau-
HUIBI OOYCJIOBJIEHO pa3iUYHbIMU KO3 duumreHTa-
MU Auddy3un NpoAYKTOB pacmaga COOTBETCTBYIOLIMX
MOC k moBepxHocTu pocta [13]. Anmpokcumauusi
MOJYYEHHOM JTMHENHOM 3aBUCUMOCTH IO3BOJIMJIA M-
MUpUYecKu omnpeaeauTb kodddouuneHt K = 0,53 ais
JIAHHOM peanu3alyd POCTOBBIX YCIIOBUIA.

[MonydyeHHble SKCIepUMEHTAIbHBIE 3aBUCHMO-
CTU CKOPOCTM pOCTa M COCTaBa TBEPAOTO pacTBopa
In,Ga; _,As or mosnbHOro pacxona TMHU takxke ume-
10T JIMHEeWHbIA BUa. OnpeneneHHble 3HaUYeHUs b deK-
TuBHOCTU pocTa InAs 1 GaAs B HallleM cirydyae JUIsl CUcC-
teMbl TMU—TMI cocraBuiau 900 u 1400 MkM/MOIb
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Fig. 3. Dependence of DEG parameters on the In concentration at a
channel layer thickness of 12 nm

cooTBeTcTBeHHO. IlocTpoeHne KaauOpPOBOUHBIX 3aBU-
CUMOCTEI U 3KCIIepUMEHTaIbHOE OIpeeecHue mapa-
METPOB UTSI MCITOJIb3YEMBIX PEXKMMOB POCTa TTO3BOJIH -
JIO KOHTPOJIMPYEMO U BOCIIPOM3BOAUMO BbIOMPATH MO-
Tok TMU nna ¢dbopMupoBaHus TBEPAOTO pacTBOpa
In,Ga; _ ,As ¢ 3a1aHHOI MOJIbHOI 10J1€l MHANA.

Ha stane onTuMu3auuu rapamMeTpoB KaHAJIbHOTO
ciost In,Gay _ ,,AS ObIJIM U3TOTOBJIEHBI IBE€ CEPUU 00-
pas3LoB OIHOCTOPOHHE JieTupoBaHHbIX pHEMT-Tete-
POCTPYKTYp € Au3aiiHOM corjiacHo puc. 1. B mepBoii ce-
PUM BapbUPOBAIU TOJBKO MOJIbHYIO A0J110 MHAUS x(In)
B KaHajie ot 12 10 24 %, BO BTOPOIi CepUM — TOJILLUHY
KaHaJbHOTO cyiost d oT 8 1o 12 HM npu (pUKCUPOBAH-
HoM 3HaueHuu x(In). Pe3ynbrarbl KOJUUYEeCTBEHHOTO
nocioiiHoro BUMC-aHanu3a oqHOM U3 BhIpallleHHBIX
B paMmKax pa6otbl pHEMT-reTepocTpyKTyp NpuBee-
HBI Ha puc. 2 (CM. TPETbIO CTOPOHY OOJIOXKKN).

KonueHTpanuwo atomMmHoro coctaBa pHEMT-rete-
POCTPYKTYD Y[, Xao] Y JIETHpYIOLIE npuMecH Ng; Me-
togoM BUMC onpenensiiv B OATHOM pexXuMe usmepe-
HUM — PerucTpupoBaJIMCh OTpULIATEIbHbIE BTOPUUHbBIE
noHbl As, GaAs, AlAs, AlGaAs, InAs, InGaAs, SiAs,
BKouast uzotonsl ramms ©°Ga n 7!Ga. Kanubposka
Vi AUISL JAHHOTO PeXMMa U3MEPEHUIi IpoBelieHa B pa-
6ote [14], KamMOPOBKY XA MPOBOAWIIN aHAJIOTUYHO [15]
Ha OCHOBE JaHHBIX PEHTTeHOBCKOM nrudpakunu. B ps-
Jle cIydaeB MPUMEHSIIM TaKKe BOCCTAHOBJIEHUE JaHHbIX
BUMC ¢ yyeToM MHCTPYMEHTAJIbHOTO YIIUPEHUS —
yHKIMU pa3peleHus Mo niyouHe [16]. DTo mo3so-
JI10 peannsoBath wisi cucteMbl (Al-In-Ga)As meto-
IUKy KoianuectBeHHoro BUMC-aHanu3a cocTaBoB 1
TOJILLIMH 3MUTAKCUAJIBHBIX CJIOEB, KaK paHee 3TO ObI-
o caenaHo aiast HEMT-ctpyktyp Ha ocHoBe AlGaN
[17]. KonueHTpanuio Ng; ONPENENsyiA C MUCIOJb-
30BaHMEM KaJIMOPOBKU IIO0 TECTOBBIM CTPYKTypaM
Al 23Gay 75AsS, J'IGFI/IpOBaHHbIX KpEeMHHUEM B MHTEp-
Baste ot 7 - 1017 5o 8+ 1018 cm 3. Hannume meromuku
MoJiHOTO KonnvecTBeHHoro BMUMC-aHanu3a 1mo3Bo-
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Puc. 4. 3aBucumocts mapametpoB JIDI' oT ToMmIMHBI KAHAJILHOTO
ciaoa In,Ga; _ ,As npu 3uavennn x(In) = 24 %

Fig. 4. Dependence the DEG parameters of the thickness of the
In,Ga; _  As channel layer at a value of x(In) = 24 %

JINJIO YTOUYHATH MapameTpbl HEMT-reTepoCcTpyKTyp U
KOPPEKTUPOBaTh POCTOBBIC YCJIOBUSI IJIsI TIOJTy4CHUS
CTPYKTYp C 3aJaHHbIM ausaiitHoM. Tak, mas ES-210
ToJIIKMHA erupoBaHHoro ciost N T AlGaAs cocrapisi-
et 17 HM, BMecTO oXxumaeMbix 16 HM. JIIs TOMIIMHBL
HEeJIETMPOBAaHHOTO CIIEMCEPHOro CJI0s1 MOJyYyeHO 3Ha-
yeHue 2,6 HM, 4TO 0YeHb OJTM3KO K TEXHOJIOTMIECKOMY
mapaMmeTpy 2,5 HM. TonluHa TepegHero Criaxupa-
touero ciost GaAs MexIy creicepoM M KBaHTOBOM
amoit (Kf) cocrasnser 1,8 uMm. ToauuHy criaxuBa-
fouero ciiosg GaAs Ha 3agHeM pocTtoBoM dpoHTe KA
OIpeNeJIUTh HE YIAJIOCh, €€ MaKCMaJlbHOe 3HaYeHe
coctapisetr 0,5 um. Tommuna K InGaAs B o6pa3s-
e ES-210 coctaBnsier 12 HM. 19 KOHLIEHTpalUUU
x(In, Al) u atomos nerupyoweii npumecu Ng; moy-
YeHbl 3HAUEHUSsI, TaKXkKe OJIM3KUE K TEXHOJOTMYECKUM
napametpam: x(Al) = 28,2 £ 0,5 %; y(In) = 17 £ 0,7 %;
Ng;=(4%0,2)- 10'8 cm 3. MonoGHbIe M3MepeHus Me-
togoM BUMC 06bu1u mpoBeaeHbl IJIsl BCeX OCTaabHBIX
00pa3loB, UCCIeayeMbIX B JaHHOU pabore. Hanuuue
METOJUK, MO3BOJISIIOIIUX U3MEPSATh CTPYKTYpPHbIE Xa-
PaKTEepPUCTUKH UCCAEAYEeMbIX 00pa31ioB, a0 BOZMOX-
HOCThb YCTaHABJIWBaTh OMHO3HAYHBIC CBSA3U: "YCIOBUS
pocrta"” — "CTPYKTYpHBIE CBOMCTBA" — "37eKTpOpU3U-
YeCKME XapaKTepUCTUKU" U MPOBOIUTH ONITUMHU3ALINIO
POCTOBBIX YCJIOBUIM M IU3aliHA CTPYKTYpP IS Yaydllle-
HUS DJIEKTPODU3NYECKUX XapaKTePUCTUK.
DnekTpoU3nIecKre XapaKTepUCTUKU — rpauku
3aBUCUMOCTH KOHLEHTPALIMU U MOABMKHOCTH DJICKT-
POHOB B KaHaJje OT BapbUpyeMbIX MapaMmeTpoB x(In)
U d mpeacTaBieHbl Ha pUC. 3 U 4 COOTBETCTBEHHO.
CBoJHbIEe JaHHbIE 1O U3MEPEHHBIM 3HAYEHUSIM Tia-
pametpoB DI mns obeux mapruit pHEMT-retepo-
CTPYKTYp NpuBeAeHbI B TabJ. 1. AHanu3 pe3yabTaTOB
XOJIJIOBCKUX H3MepeHuit obpasuoB pHEMT-rerepo-
CTPYKTYP ¢ (PMKCUPOBAHHOM TONIIMHON KaHaya 12 HM
MOKAa3bIBAET, YTO IMOCAEA0BaTEIbHOE IMOBBIILIEHUE CO-
aepxkaHus unaua B cinosax In,Ga; — (As ¢ 12 (ES-208)




10 21 % (ES-214) orpaxaeTcsi Ha MOBBILIEHUU ILIOT-
"Hoctu DI B kanane ¢ 1,7+ 10'2 no 2,3 1012 M2
(cM. puc. 3), 4TO comracyercsl ¢ U3BECTHBIMU Mpe-
crapieHusimu [9]. JanbHeiliee MOBbIlLIEHUE KOHIIEH-
tparuu In 10 24 % (ES-215) mpuBOIUT K CHIKEHUIO
ng 1o 2,1+ 1012 em2 ¢ OIHOBPEMEHHBIM PE3KUM I1ajie-
HUEM MOABMXHOCTU 3JIEKTpOHOB 10 3800 CM2/(B Q).
Hns BeISICHEHUsI TIPUYMH HaAOIIOmaeMoil merpamalinu
MOABMKHOCTU 3JIEGKTPOHOB HAMU OBbLIM JOMOJTHUTEb-
HO BBHIpallleHbl U U3MepeHbl mapaMmeTpsl DI B cepun
o6pa3uoB pHEMT-reTepoCTpyKTyp C COCTAaBOM aHaJIO-
rmuyHo ES-214 (x(In) = 24 %), HO pa3IUYHON TOJIIIH -
HOI KaHaJIbHOTO cjios (puc. 4).

Pe3ynbTaThl XONIOBCKUX M3MEPEHMI MOKA3bIBAIOT,
4To yToHeHue cnog Inyy GasgAs ¢ 12 10 8 HM puBOAKUT
K CYIIECTBEHHOMY TTOBBILIEHUIO TNIOTHOCTU 3JIEKTPO-
HOB B KaHaJle U MX MOABMKHOCTU O 3HAYEHU C
2,1-10"2 cm 2 1 3800 em%/(B - ¢) 10 2,5+ 102 em 2 u
6200 CM2/(B +¢). Habmogaemast B3aMOCBSI3b TpaHC-
MOPTHBIX XapakTepucTUukK pHEMT-reTepoCTpyKTyp
CO CTPYKTYpPHBIMU MapaMeTpaMy KaHaJbHOTO CJIOsI
In,Ga; _ ,As MOXeT ObITb OObSCHEHA C TOYKU 3PEHUS
€ro CTPYKTYpHOTO coBepIiieHcTBa. C pOCTOM KOHIIEH-
TpalMy MHIUA B coe TBepaoro pacrsopa In,Ga; _ | As
1 TOJIIMHBI TTOCTIEAHETO HAOIIOOAeTCSI POCT MEXaHM-
YECKMX HampsiKeHUI B CIoe U, KaK CJIeICTBUE, POCT
yrcia 1eeKTOB, SIBISIONINXCS IIEHTPAMM PacCEesTHUS
M 3axBaTa Hocutesel 3apsnga. boiee mompoOHoe uc-
ceoBaHNE CTPYKTYPHOTO KadyecTBa (hOPMHUPYEeMOTO
KaHaJia 6610 BhIoaHeHO MeTonamu PJI, ®J1 u ACM.

AHanM3 CTPYKTYPHOTO COBEpIIEHCTBa (popMupye-
MOTO KaHAJIBHOTO CJIOSI MOXET OBITh BBITTOJTHEH Ha OC-
HOBaHMM HCCIeAOBAaHUS MOPGOJIOTUN TTOBEPXHOCTH
9C In,Ga; _ ,As/GaAs. /19 OUEHKU BIUSAHUA TOJ-
IIWHBI ¥ COCTaBa IICeBIOMOP(MHOrO CJIOS Ha Ka4eCTBO
€ro MOBEPXHOCTHU BbIpallleHa CepUsl FeTePOCTPYKTYP

Tabnuua 1
Table 1

B3anmocssa3b xapaktepuctuk DT B 00pa3uax
PHEMT-reTepocTpyKTyp C NapaMeTpaMi KaHAJbHOTO CJIOS
n,Ga;_As
Interrelation of the 2DEG characteristics of the samples
of the pHEMT-heterostructures with the parameters
of the channel layer of In,Ga;_.As

MounbHast Tommuunna [Tapamerpnr DT
moust In KaHajia 2DEG parameters
Howmep B kanane, | In,Gaj_As,
obpasua x (In), % d, um
Number IOf Mola} j}racj— Y;fzick:ess o{ ng, ",
a sample | tion of In in | the channe _
? the channel, | In,Ga; As, | * 102 cm™2 | em?/(V+s)
x (In), % d, nm
ES-208 12 12 1,7 7200
ES-209 15 12 1,8 7000
ES-210 17 12 2,0 6900
ES-214 21 12 2,3 6300
ES-215 24 12 2,1 3800
ES-216 24 9 2,4 5900
ES-217 24 8 2,5 6200

cocraBa In,Ga; _ ,As/GaAs ¢ pasnIMyHLIMU MTapaMeT-
pamu OC In,Ga; _ ,As. Mopdosornio nmoBepxHoCTH
cnost uccnenoBanu metonoM ACM. CHUMKU MOBEPX-
HOCTU TeTepOCTPYKTYp MpUBEAEeHBl Ha puc. 5 (cMm.
TPEThIO CTOPOHY OOJIOXKKM).

Ha nosepxHoctu obpasua ES-318 (puc. 5, a) Ha-
OyrromaeTcsl peryysipHasi CUCTeMa MaKpOCTYIIeHEe poc-
Ta, CBUAETEIbCTBYIOLIAS O CJIOUCTO-CTYIIEHYATOM JIBY-
MepHOM pocte TiceBaoMopdHoro ciost InGaAs/GaAs
o MexaHusmy ®dpanka — Ban gep Mepse. Ilosepx-
HocTh oOpasia ES-283 (puc. 5, b) Ha (poHe mepuoam-
YECKOM CHMCTEMBbI MAaKpPOCTYIICHEW XapaKTepuU3yeTcs
3HAYUTEJIbHBIM KOJUUECTBOM Ae(EKTOB pocTa B BUIIE
OTIEIbHBIX HAHOOCTPOBKOB. BO3HUKHOBEHME TaHHBIX
Ie(PpeKTOB 00YCIIOBJIEHO CIIOHTAHHBIM JIOKAJTLHBIM CPbI-
BOM IBYMEPHOTO CJIIOMCTO-CTYIIEHUYATOTO POCTa M TIe-
pexXoIoM K 00pa3oBaHMIO 3apObIlIeii TPeXMEPHbIX Ha-
HOKpHUCTAJUI0B Mo MexaHnmu3Mmy Crpanckoro — Kpacra-
HoBa. [11oTHOCTD AeeKTOB Ha MOBEPXHOCTU 0Opasla
Ng=3- 107 cm™ 2. YBenuueHue TOJIILIMHBI TICEBAOMOP(-
Horo ciod InyyGaseAs 1o 50 HM B obpasue ES-284
(puc. 5, ¢) NIPUBOJUT K TMEPEXOIY K TPEXMEPHOMY POCTY
1o mexaHusmy Boabmepa — Bebepa (N~ 1+ 109 cM—2),
3aHUMMAIOIIMX 3HAUYUTEJbHYI0 YacTb MOBEPXHOCTH.
Herpanaiius moBepxHocTu oopasua ES-284 obycnos-
JIeHa TOJIIMHON MCeBIOMOP(HOro Cjosl, CylleCTBeH-
HO TIpEBbIIIAIOIIEeH KPUTUUECKOTO TOMIIMHY Mepexoaa
OT CJIOEBOTO K TpexMepHOMY pocty s x(In) = 24 %.

Hns xapaktepuzauuu DC InGaAs npu oTpaboTKe U
ONTUMM3ALUU PEXKUMOB pOCTAa TPEOYIOTCS BKCHpec-
CHbIe METOIMKM Hepa3pyllalolero KOHTPOJIs, MO3BO-
JISIIOIIME ONpeAesiTh CTPYKTYPHOE KayeCTBO BbIpa-
IIEHHBIX 3MMUTAKCUATbHBIX c/1oeB. COOTBETCTBYIOLINE
METOAUKM, ocHOBbIBatowyecs: Ha PJ1 u DJI usmepenu-
s1X, ObLIM oTpaboTaHbl Ha cepuu 00pas3lioB KA InGaAs
pa3IMYHON TOJNILMHBI U cocTaBa. IIpy moaroHke gaH-
Hbix PJ1 B mporpammHom komriuiekce DIFFRAC. Leptos
[18] mis akcnpeccHOoi OlleHKU Ne(heKTHOCTU SIMUTAK-
CHAJILHOTO CJIOSI IO OAHOM KpUBOW AUGPAKIIMOHHOIO
OTpakeHUs UCITOJIL30BAJICS MapaMeTp "MO3audyHOCTH",
(hakTUUECKM BKIIOYAIOIIMI B ce0s1 cTaTUUeCKuii pak-
top Jebass — Bamnepa — KpuBoriasa, xapakrepusy-
IO 1e(eKTHOCTh 3MUTaAKCUaNbHBIX cioeB [19]. Me-
tonoM DJI onenuBamm mmpuHy mrmka ®JI KBaHTOBOI
saMbl. BbuT Mcnonb30BaH cienylolMi mapaMeTp, Xa-
pakTepU3yIIINNA MaKCUMaJbHOE 3HAaY€HUE YMPYTrux
HanpstkeHuit B KS: mpousBeneHue TOMIIMHBI CJIOS Ha
KOHIIeHTpanuio nHaus — Dx [am * %]. Ha puc. 6 mpu-
BeJIeHBl 3HAYEHMST MO3aUYHOCTH M IMUPUHBI TTKa PJI
B 3aBMCMMOCTM OT napamerpa Dx.

BugHo, uto manuble P u ®JI Kopperupyor.
CpaBHeHUE pe3yJbTaTOB XapaKTepu3allMd KayecTBa
KaHaAJIbHOTO CJIOSI He3aBUCUMBIMU METOIaMM IO3BO-
JIJIO B MAJIbHEMIIIEM OTPaHUYUTBCS TOJTBKO PEHTTEHO-
IUGPaKIIMOHHBIMU M3MEPEHMSIMU, JaXe s Oosee
cnoxHbix pHEMT-ctpykTyp. Ha puc. 7 (cM. TpeTbio
CTOPOHY OOJIOKKM) IPUBEISHBI KpUBbIE TU(PPAKIIUOH -
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simbl InGaAs ot napamerpa Dx

Fig. 6. Dependence of the PL peak width and "mosaiccity” of the InGaAs
quantum well on the parameter D - x

Horo otrpaxeHus (KIO) mns cepuu pHEMT-rerepo-
CTPYKTYp, CHSIThie 20/w-CKaHUPOBAaHUEM BOJU3MU OT-
paxenus (004) nomioxku GaAs. CTpyKTypbl B cepuu
OTJIMYAJIUCH TOJIBKO TOJIIMHONW 1 TTapaMeTpamy cocTa-
Ba KaHajibHOro ciosi InGaAs. Mckombie mapameTpbl
KaHAJIBHOTO CJIOS1 B cliyyae TCeBIOMOPGHOro pocTa
MPU TIOATOHKE OINPEACISIIOTCS MO MOJOXEHUIO U 11IH1-
pUMHE TMUKa C UCIOJIb30BaHUEM ToJibKO oaHoil KIO.
B ciyyae 3HauuTenbHOIN penakcaluu Ui KOPPeKT-
HOTo KOJMUUECTBEHHOIO OIMpeAesieHusl cocTaBa CIos
TpedyeTcsl aHAIM3UPOBATh MOIMOJHUTEBHO aCUMMeET-
pUUYHBIe oTpaxxeHus. B ciyyae pyTMHHOTO aHanM3a Ka-
YeCcTBa AMUTAKCUAIBHBIX TETePOCTPYKTYp TaKasl Mpo-
leaypa MoxeT ObITh M3uinHeil. KauecTBeHHO O co-
BEPIIEHCTBE CTPYKTYPhl MOXHO CYIMUTb MO aMILIUTY/IE
OCLMJIISILIMIA TOJIIIIMHHOTO KOHTpAacTa OT CJ0eB, MOK-
PBIBAIOLIMX KBAHTOBYIO SIMY CBEpPXY. DKCIIEPUMEHTHI
MOKa3hIBalOT, 4To 3Ta Xapakrtepuctuka KO ouyeHb
YYBCTBUTEJbHA laXke K HaYaJbHBIM dTaraM pejiakca-
muu. Kak BugHO 13 puc. 7 (CM. TpeThlO CTOPOHY 00-
JIOXKKH), KOJTMYECTBEHHOE OMMCAHNE YXYAIIEHUST KOHT-
pacta ocummisauii Ha KO ¢ momoliiblo Mmapamerpa
MO3alYHOCTU XOpolllo padortaeT u miss pHEMT-rete-
pocTpykTyp. Takke ObLIO MOKa3aHo, uTo s pHEMT-
reTepPOCTPYKTYpP MapaMeTp MO3aMYHOCTU KOPPeJIUpyeT
C 2JeKTPOPU3NIYECKUMHU XapaKTepPUCTUKAMU CTPYK-
typ. Ilpym mapamerpe Mozamuynoctu Oojbiie 0,8 Ha-
OromaeTcsl 3HaYMTEIbHAS Aerpagalvsl TPAaHCTIOPTHBIX
xapaktepuctuk DI 3HaueHus1 coctaBa U TOJLIUHBI
ciosg InGaAs, ompeneneHHbie meTogoM PII, xopoiio
COBMAIalT C pe3yabTaTaMU KOJUYECTBEHHOro IOC-
snoitHoro BUMC-ananuza pHEMT-ctpyktyp. Takum
o0pa3oM, npeaioXeHHas: MeToauKa aHanuza pHEMT-
reTepocTpyKTyp MetoaoM PJI MoxkeT ObITh UCTTIOIB30-
BaHa IIJII PYTUHHOTO KOJIMYECTBEHHOTO Hepaspylla-
IOIIETO KCIPECCHOIO KOHTPOJISI HauboJiee BaxKHBIX
CTPYKTYPHBIX TTapaMeTPOB 00pa31I0B.

W3 npenacraBieHHbIX B Ta0a. 1 1aHHBIX BUAHO, YTO
HauJydllne xapakrepuctuku JIDI B HaIIMX sKcnepu-
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MEHTaX IeMOHCTPUPYIOT 00pas3Ilbl ¢ TapaMeTpaMM Ka-
HajpHOro ciost x(In) = 21 %, d = 12 um (ES-214) u
x(In) = 24 %, d = 8 um (ES-217). ITonyyeHHbIE 3HA-
YeHMST KOHIIEHTPAllMM W TIOIBVKHOCTH 3JICKTPOHOB
COOTBETCTBYIOT M3BECTHBIM M3 JIUTEPATYpPHI JYUIIUM
o0pa3uaM OJHOCTOPOHHE JIeTUpOBaHHLIX pHEMT-rete-
POCTPYKTYP, BhIpallieHHbIX MeTogaMu MI1D u MOTI'®D
3a pyoexom [3, 11, 20, 21]. ITocne onTuMu3aLuu u
COITOCTaBIICHUS TAHHBIX JEKTPOPUINIECKUX H3ME-
penuii ¢ pesynbratamu @JI, BUMC, ACM u PJl B ka-
yecTBe pabouyux MapameTpoB ISl KaHaJbHOTO CJIOS
InGaAs 6wt BeIOpaHbl x = 21 %, d = 12 HM.

Ha ocHoBe ontumusupoBaHHbiXx pHEMT-rerepo-
CTPYKTYp ObLIM M3roToBjieHbl TecToBble CBY TpaH-
3UCTOPHI C IJIUHOM 3aTBopa 70 HM M MaJslolyMsII1e
yeunutean (MIIY). [duckpeTHble IOJeBble TpaH-
3UCTOPHI TPOIEMOHCTPUPOBAIN XOPOIIINE BEIXOIHBIE
BOJIbT-aMIIEPHbIE XapaKTEPUCTUKM C YAEJIbHOU KpYy-
tu3HOK 400 MCM/MM, yneJlbHBIM TOKOM HACBILIEHUSI
460...500 MA/MM 1 IPOOMBHBIM HampspkeHuem 14 B.
OnebiTHBIE 00pa3Ubl MaJOIIYMSIIMX YCUIWTENEel Ha
OCHOBE ONTUMU3UPOBAHHBIX pHEMT-CTpyKTyp TOKa-
3aJI1 IOCTaTOYHO OOJIBIIIYIO BBIXOAHYIO MOILIIHOCTb, YTO
MO3BOJIUJIO MCIOJb30BaTh UX AJISI TIPEABAPUTEIHLHOIO
YCWICHUSI B YMHOXUTEJISIX YacTOThl U B YCHIIMTENSIX
Oeryuieil BojaHbl Ha yactorax 6...16 I'T. CooTBerc-
TBYIOLIME TaHHbIE MPUBEACHbI B Ta0J. 2.

Taxxe ciienyeT OTMETUTD, YTO JOCTUTHYTBIN B X0/1€
otpaboTku TexHoysorun MOI'PD OTHOCUTENBLHO He-
0oJIBIIOM pa3dpoc mapameTpoB (2—3 %) mo ruromanu
JBYXIIOMMOBBIX TIJIACTUH OOECIeurBaeT BBIXOA TOJl-
HBIX U3MICJINIA, COTOCTABUMBIN CO CTPYKTypaMH, MOy~
YyeHHBIMU MeTonoM MIID.

Tabuuua 2
Table 2
PesynbTaTsl u3mepennit CBY napamerpos MIIIY,
HM3rOTOBJIEHHBIX HA OCHOBE ONTUMH3UPOBAHHbIX pHEMT-cTpyKTYp
C OIHOCTOPOHHHM JIETMPOBAHUEM, MOJy4YeHHbIX MeToaoM MOT DD
Results of measurements of the microwave LNA parameters
made on the basis of the optimized pHEMT-structures
with a selective doping received by the MOVPE method

Pesynbratel nuamepenuii CBY mapamerpos MIITY
Results of measurements of the microwave

Tun LNA parameters
pHEMT-
reTepo- Jnanazon | Koaddu- | Kosddu-| Brixon-
CTPYKTYpBI pabounx | LWMEHT YCH-| LMEHT | yag mowi-
Type of yactot, [Tu| JICHHA, uryma, HOCTb,
pHEMT- | Rangeofthe | Ky, nb K, 1b MBT
heterostructure working Amplifica- | Noise co- Output
frequencies, | tion coeffici-| efficient, power,

GHz ent, Ky, dB| K, dB mw

pHEMT

C OJHOCTO-
POHHMM Jie-
TUPOBaHUEM
PHEMTwith
a selective
doping

18,5... 19 3 100
20... 20,5 2,5

o N




3aKkmouenne

B xone BbImoJHEHMsT pabOThl OBLI peaan3oBaH
KOMIUIEKCHBI TTOAX0m K (OPMHPOBAHUIO U IHA-
THOCTUKE TeTepO3IuTaKcuaibHbiX pHEMT-CTpyKTYyp
AlGaAs/InGaAs/GaAs, BKJIIOUalOUIUN KCCael0oBaHue
0COOEHHOCTEI pocTa CTPYKTyp MeTtonoM MOI'®DD, a
TaKKe UX CTPYKTYPHBIX U 3JIEKTPOPU3NUECKUX XapaK-
TEPUCTUK. DTO JAJIO BO3MOXKHOCTb YCTAaHABIMBATD OJI-
HO3HA4YHbIe CBSI3U "YCJIOBMSI pocTa" — "CTPYKTYpPHbIE
CBOMCTBA" — "3IeKTpOPU3NIECKIE XapaKTePUCTUKH"
W TPOBOAUTH ONTUMM3ALMIO POCTOBBIX YCJIOBUM U
IW3aiiHa CTPYKTYP TS YIYIIICHHS 3JIeKTpodu3myec-
KHX XapaKTepuCTUK. Bbula mpoBeaeHa ONTUMM3ALIMS
CTPYKTYPHBIX TTApaMeTPOB — COCTaBa M TOJIIUHBI —
KaHainbHOTO ciosl InGaAs B 1e/isIX MOJydyeHUsT Hau-
JYYIIAX  3JEKTPOPU3NIECKUX XapaKTepUCTHK TeTe-
POCTPYKTYpHl. B MTOore onTMMMU3alMy B KauyecTBe pa-
6ounx nmapameTpos ciod In,Ga; _ , As ObUIM BHIOPAHbBI
x=21 %, d= 12 am. [lomyuyenasie MmetogoMm MOT'®D
PHEMT-reTepoCTpyKTyphl C ONTUMM3MPOBAHHBIMU
IMapaMeTpaMy KaHaJIBHOTO CJIOS TIPOAEMOHCTPUPOBA-
JIX 3HAYEHUs TJIOTHOCTH M TIOABMKHOCTH HOCHUTENEH
2,3-10"2 eM™2 u 6200 CMz/(B *C), YTO COOTBETCTBYET
AHAJIOTMYHBIM 00pas3liaM, BBIPAIIEHHBIX METOZaMU
MII® u MOTI'®HD 3a pybexxoM. ONbITHBIE 00pa3LIbI
MIITY, u3roToBjieHHbIE HA OCHOBE ONTUMU3UPOBAH-
HbIX pHEMT-cTpyKTYyp, Ha 4acrtorax okojio 10 I'Tu
mokasaay BeIxogHylo MomrHocTh 100 MBT mpu xoad-
¢unmenrtax ycunenust v myma 18...20 nb u 2,5...3 b,
cootBeTcTBeHHO. O6pa3usr MUY 6b1IM McIoNb30Ba-
HBI B CX€Max MPeaBapUTEIbHOIO YCUIICHUS Ha 4acTo-
Tax 6...16 I'To.

B uacmu, cesazannoii c HOM PAH, pabomut vinon-
HeHbvl 8 pamkax eocydapcmeennoeo 3adanus UOM PAH,
mema No 0035-2014-0205. Bviao ucnoavzosano obopy-
dosanue LKII UDPM PAH "Quzuxa u mexmosocus
MUKpO- U Hanocmpykmyp".
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An integrated approach was implemented to the manufacturing and characterization of heteroepitaxial pHEMT AlGaAs/In-
GaAs/GaAs structures obtained by MOVPE, including the study of growth features, as well as structural and electrical character-
istics. This made it possible to establish unambiguous relations "growth conditions"” — "structural properties” — "electrophysical char-
acteristics" and optimize growth conditions and structure design to improve the electrophysical characteristics. The composition and
thickness parameters of the InGaAs channel layer were optimized in order to obtain the best electrophysical characteristics of the
heterostructure. As a result of the optimization, the following parameters were obtained as the operating parameters for In, Ga; _  As
layer: x = 21 %, d = 12 nm. The heterostructures obtained by the MOVPE pHEMT method with optimized channel layer pa-
rameters demonstrated carrier density and mobility values of 2.3 - 1 02 em™2 and 6200 cm 2/ (V +s), which corresponds to similar
samples grown by the MBE and MOV PE methods elsewhere. Experimental samples of L NAs made on the basis of optimized pHEMT
at frequencies of about 10 GHz showed an output power of 100 mW with gains and noises of 18...20 dB and 2.5...3 dB, respectively.
LNA samples were used in pre-amplification schemes at frequencies of 6...16 GHz.
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Introduction

The key parameters, which define the transport and
the microwave characteristics of the field pHEMT-
transistors on the basis of the pseudomorphous heter-
ostructure of AlGaAs/InGaAs/GaAs, are concentra-
tion (n,) and mobility (u,) of the two-dimensional elec-
tron gas (2DEG) localized in the InGaAs channel.
These parameters are mainly determined by the design
of the pHEMT-heterostructures: the depth of the quan-
tum well depending on the molar fraction of indium Xj,
and aluminum X,,, doping level in the donor layer of
N*-AlGaAs, thickness of the spacer (AlGaAs) and
smoothing (GaAs) layers. The aim of optimization of
the parameters of the pHEMT-heterostructure is an in-
crease of the concentration of 2DEG with preservation
of high mobility of the electrons.
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An analysis of the literary data shows that the ques-
tions of optimization of the conditions of growth of the
pHEMT-heterostructures by the method of the molec-
ular beam epitaxy (MBE) have been studied in detail
enough [1]. Attention was devoted to the connection of
the parameters of the wide-band layers of AlGaAs, in-
cluding the spacer [2], donor [3—6], buffer [7] and bar-
rier [8] layers, with the Hall data and the output VAC
of the pHEMT-transistors. As is known, an excess of
the critical thickness of the InGaAs/GaAs layer causes
a plastic relaxation, which worsens critically the elec-
trophysical properties of a heterostructure. The value of
the critical thickness of In,Ga; _ ,As layers is defined
by the molar fraction of In and can be described by
Matthews and Blakeslee model [9, 10]. Preservation of
the structural perfection of In,Ga; _ ,As channel layer




is a necessary condition for achievement of high char-
acteristics of the pHEMT-heterostructures. Still top-
ical are the research works on the influence of a molar
fraction of indium in the channel and establishment of
its maximal permissible values ensuring high electro-
physical characteristics in the pHEMT-heterostruc-
tures grown by the MBE method [11]. In our previous
work [12] we described obtaining by the method of the
metal-organic vapor-phase epitaxy (MOVPE) of the
pHEMT-heterostructures, which by their parameters
did not concede to the similar structures received by the
MBE method. Further steps for optimization of the de-
sign of the structures were taken in this work: a research
was done of the influence of the composition and the
thickness of the channel layer on the concentration and
the mobility of the carriers in the pHEMT-heterostruc-
ture received by the MOVPE method.

Experimental part

Research of the influence of the parameters of the
channel layer on the electrophysical characteristics of
2DEG was conducted for the pHEMT-heterostruc-
tures with a selective doping (fig. 1).

For the epitaxy, EPIQUIP VP-502 RP [12] modi-
fied installation for metal-organic vapor-phase epitaxy
was used. Samples of the pHEMT-heterostructures
were grown in the conditions of a continuous growth
process at the temperature of 670 °C and pressure of
100 Mbar. The growth rate of GaAs and Al ,4Ga, 7,As
was 13.5 and 19.0 nm/min., respectively. The grbwth
rate of lnyGal — yAS (y =0.12...0.24) varied depending
on the molar fraction of indium within the range of
14...17 nm/min. The sources of the elements of the
third group (Ga, Al, In) were their methyl derivatives:
trimethylgallium (TMG), trimethylaluminum (TMA)
and trimethylindium (TMI). The source of arsenic was
arsine (AsH;), the source of the doping impurity of n-
type (Si) was the gas mix of monosilane (SiH,) with hy-
drogen. In the processes of the epitaxial growth the
working value of the dew point of the gas-carrier, — hy-
drogen, — did not exceed —100 °C. The substrates were
two-inch plates of the semi-insulating gallium arsenide,
misoriented in relation to the plane (100) by 2° in the
direction [110].

The structural properties of the samples — thickness
of the layers and the composition of the solid solutions,
were investigated by the methods of the secondary-ion
mass spectrometry (SIMS), by means of TOF.SIMS-5
mass spectrometer with the time-of-flight mass analyz-
er and high-resolution x-ray diffractometry (HRXRD,
Bruker D8 Discover diffractometer). The morphology
of the surface of the heterostructures was studied by the
method of the atomic-force microscopy (AFM) in the
contact mode on SolverPro (NT-MDT) installation.
The optical quality of the samples was investigated by

the method of a low-temperature photoluminescence
(PL) at T=4.2 K. For excitation of PL the continuous
Nd:YAG laser was used radiating in the wavelength of
532 nm, for recording of the range — a double grating
spectrometer with the resolution of 0.3 nm and a CCD
camera. Measurements of the concentration and the
mobility of the charge carriers in the channel were done
by Van der Pauw method.

Results and discussion

For formation of the pHEMT-heterostructures with
the required parameters concerning the composition
and the thickness of the channel layer, the calibration
curve dependences were constructed of the growth rate
of the epitaxial layers (EL) of In ,Ga; _ ,As and the
content of indium x(In) in them on the molar discharge
of the used organometallic compounds (OMC). Varia-
tion of the parameters of the In,Ga; _  As layer was
carried out by changing of the molar discharge and the
time of supplying of TMI. The flow of TMG was main-
tained as constant (9.5 - 1076 mol/min), corresponding
to the growth rate of EL GaAs — 13.3 = 0.2 nm/min.
Measurements of the composition of EL In,Ga; _ ,As
showed that the correlation of the atoms of metals of in-
dium and gallium in the solid In Ga, _ ,As (X/(1 — X))
solution were in direct proportion to the molar dis-
charge of OMC (Ntyu/Ntmp)- In the expression the
proportionality coefficient K characterizes the distribu-
tion of the elements between the solid and gas phases
on the border. The difference of parameter K from a
unit is due to various coefficients of diffusion of the dis-
integration products of the corresponding OMC to the
growth surface [13]. Approximation of the received lin-
ear dependence allowed us to define empirically coef-
ficient K= 0.53 for the given realization of the growth
conditions.

The received experimental dependences of the
growth rate and the composition of In,Ga; _  As solid
solution on the molar discharge of TMI also have a lin-
ear appearance. In our case certain values of the growth
efficiency of InAs and GaAs for the TMI-TMG system
were 900 and 1400 um/mole respectively. Construc-
tion of the calibration dependences and experimental
determination of the parameters for the used modes of
growth allowed us to select in a controlled and repro-
ducible way a flow of TMI for formation of a solid
In,Ga; _ ,As solution with a set molar fraction of in-
dium.

At the stage of optimization of the parameters of the
In,Ga; _ ,As channel layer two series of samples of
selectively doped pHEMT-heterostructures with the
design according to fig. 1 were manufactured. In the
first series only the molar fraction of indium x(In) var-
ied in the channel from 12 up to 24 %, in the second
series it was the thickness of the channel layer of d
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from 8 up to 12 nm at the fixed value of x(In). The re-
sults of the quantitative SIMS depth profiling of one of
the pHEMT-heterostructures, grown within the frame-
work of the work, are presented in fig. 2 (see the 3-rd side
of cover).

Concentration of the atomic composition of
pHEMT-heterostructures yy,, xo; and the dopant Ng;
were determined by the SIMS method in one mode of
measurements — the negative secondary ions of As,
GaAs, AlAs, AlGaAs, InAs, InGaAs, SiAs, including
isotopes of gallium %9Ga and "'Ga were recorded. Cal-
ibration of yy, for this mode of measurements was car-
ried out in the work [14], calibration of x,; was carried
out in a similar way [15] on the basis of the data of the
x-ray diffraction. In certain cases, a recovery of the
SIMS data was also applied, taking into account instru-
mental broadening — depth resolution function [16].
This allowed us to realize the technique of the quanti-
tative SIMS-analysis of the compositions and thick-
nesses of the epitaxial layers for (Al-In-Ga) system as
it was done earlier for the HEMT structures on the ba-
sis of AlGaN [17]. Concentration of Ng; was deter-
mined with the use of calibration by the test structures
of Al »3Gay 7,As doped with silicon within the range
from 7 - 1017 up to 8 - 1018 cm—3. Availability of the tech-
nique of a full quantitative SIMS analysis allowed us to
specify the HEMT parameters of the heterostructures
and to adjust the growth conditions for receiving the
structures of the preset design. So, for ES-210 the
thickness of the doped layer of N* AlGaAs is 17 nm, in-
stead of the expected 16 nm. For the thickness of an un-
doped spacer layer the value of 2.6 nm was received,
which was very close to the technological parameter of
2.5 nm. The thickness of the front smoothing GaAs
layer between the spacer and the quantum well (QW)
is 1.8 nm. We did not manage to determine the thick-
ness of the smoothing GaAs layer on the back growth
front of QW, its maximal value is 0.5 nm. Thickness of
QW InGaAs in ES-210 sample is 12 nm. For concen-
tration of x(In, Al) and atoms of the dopant Ng; the
values were received also close to the technological
parameters: x(Al) =28.2 £ 0.5 %; y(In) = 17 £ 0.7 %;
Ng;=(4x02)- 10'® ¢cm™3. Similar measurements by
the SIMS method were taken for all the other samples
investigated in this work. Availability of the techniques
allowing us to measure the structural characteristics of
the studied samples gave us an opportunity to establish
unambiguous bonds of "growth conditions” — "struc-
tural properties" — "electrophysical characteristics" and
to implement optimization of the growth conditions
and the design of the structures for improvement of the
electrophysical characteristics.

Electrophysical characteristics — diagrams of the
dependence of the concentration and the mobility of
the electrons in the channel on the varied parameters
x(In) and d — are presented in fig. 3 and 4, respectively.
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The summary data on the measured values of the
2DEG parameters for both parties of the pHEMT-het-
erostructures are presented in table 1. An analysis of the
results of Hall measurements of the samples of the
pHEMT-heterostructures with a fixed thickness of the
channel of 12 nm shows that a consecutive increase of
the content of indium in In,Ga; _  As layers from 12
(ES-208) up to 21 % (ES-214) affects the increase of
the density of 2DEG in the channel from 1.7 - 1012 up
to 2.3+10'2 cm™2 (see fig. 3), which agrees well with
the known assumptions [9]. A further increase of the
concentration of In up to 24 % (ES-215) leads to a de-
crease of ng down to 2.1+ 10'2 cm™2 with a simultane-
ous sharp falling of the mobility of the electrons down
to 3800 cmz/ (V- s). For clarification of the reasons for
the observed degradation of the mobility of the elec-
trons we additionally grew and measured the 2DEG pa-
rameters in the series of samples of the pHEMT-het-
erostructures with a composition similar to ES-214
(x(In) = 24 %), but various thicknesses of the channel
layer (fig. 4).

Results of the Hall measurements show that thin-
ning of In,4Gas¢As layer from 12 down to 8 nm leads
to an essential increase of the density of the electrons
in the channel and their mobility to the values from
2.1-10'2 cm™2 and 3800 cm?/(V+s) up to 2.5-10'% cm™2
and 6200 cmz/(V +s). The observed interrelation of the
transport characteristics of the pHEMT-heterostruc-
tures with the structural parameters of the channel layer
In,Ga; _ ,As can be explained from the point of view
of its structural perfection. With the growth of the con-
centration of indium in the layer of In,Ga; _ ,As solid
solution and of the thickness of the latter, a growth of
the mechanical stress is observed in the layer and, as a
result, a growth of the number of the defects, which are
the centers of scattering and capture of the charge car-
riers. A more detailed research of the structural quality
of the formed channel was done by the HRXRD, PL
and AFM methods.

An analysis of the structural perfection of the formed
channel layer can be done on the basis of research of the
surface morphology of EL In,Ga, _ ,As/GaAs. For as-
sessment of the influence of the thickness and the
composition of the pseudomorphous layer on the
quality of its surface, a series of heterostructures of
In,Ga; _ ,As/GaAs composition with EL In,Ga; _
various parameters was grown. The morphology of the
surface of the layer was investigated by the AFM meth-
od. Pictures of the surface of the heterostructures are
presented in fig. 5 (see the 3-rd side of cover).

On the surface of ES-318 sample (fig. 5, a) we ob-
serve a regular system of macrosteps of growth, testify-
ing to a layered-step two-dimensional growth of a pseu-
domorphous layer of InGaAs/GaAs by the mechanism
of Frank — Van der Merwe. The surface of ES-283
sample (fig. 5, b) against the background of the periodic




system of macrosteps is characterized by a significant
amount of the growth defects in the form of separate
nanoislands. Emergence of these defects is due to a
spontaneous local failure of the two-dimensional lay-
ered-step growth and transition to formation of germs
of the three-dimensional nanocrystals by Stranski —
Krastanov mechanism. The density of the defects on
the surface of the sample is N, = 3+ 107 cm™2. An in-
crease of the thickness of the pseudomorphous layer of
In,4,Gaz6As up to 50 nm in ES-284 sample (fig. 5, ¢)
leads to a transition to the three-dimensional growth by
Volmer-Weber mechanism (Ny~ 1+ 10° cm_z), occu-
pying a considerable part of the surface. Degradation of
the surface of ES-284 sample is due to the thickness of
the pseudomorphous layer, exceeding significantly the
thickness of the critical transition from a layered to a
three-dimensional growth for x(In) = 24 %.

Characterization of EL InGaAs during improve-
ment and optimization of the modes of growth requires
express techniques for a non-destructive testing allow-
ing us to define the structural quality of the grown epi-
taxial layers. The corresponding techniques based on
HRXRD and PL measurements were improved on a se-
ries of samples of QW InGaAs of various thicknesses
and compositions. During fitting of the HRXRD data
in DIFFRAC.Leptos program complex [18] for an ex-
press assessment of the quality of an epitaxial layer by
one curve of diffraction reflection the mosaicity pa-
rameter was used, actually including a static factor of
Debye—Waller—Krivoglaz and characterizing the crys-
talline quality of the epitaxial layers [19]. By PL method
the width of PL peak of a quantum hole was estimated.
The following parameter characterizing the maximal
value of the elastic stress in QW was used: product of
thickness of a layer and concentration of In — D +x
[nm -+ %]. The values of the mosaicity and the width of
the peak of PL depending on parameter D - x, are pre-
sented in fig. 6.

It is visible that the data of HRXRD and PL correlate.
Comparison of the results of characterization of the qual-
ity of the channel layer by independent methods allowed
us to be limited further only to X-ray diffraction meas-
urements, even for more complex pHEMT-structures.
Fig. 7 (see the 3-rd side of cover) presents the curves
of diffraction reflection (CDR) for the series of the
pHEMT-heterostructures taken by 26/w-scanning near
the reflection (004) of GaAs substrate. The structures in
the series differed only by the parameters of thickness
and composition of the channel layer of InGaAs. The
required parameters of the channel layer in case of the
pseudomorphous growth during adjustment are deter-
mined by the position and the width of the peak with
the use of only one CDR. In case of a considerable re-
laxation for a correct quantitative definition of the
composition of a layer it is necessary to analyze in ad-
dition the asymmetric reflections. In case of a routine

analysis of the quality of the epitaxial heterostructures
such a procedure may be unnecessary. It is possible to
judge qualitatively about the perfection of a structure by
the amplitude of oscillations of the thickness contrast
from the layers covering a quantum well from above.
Experiments show that this characteristic of CDR is
very sensitive even to the initial stages of a relaxation.
As it is visible from fig. 7, the quantitative description
of deterioration of the contrast of oscillations on CDR
by means of the mosaicity parameter works well also for
the pHEMT-heterostructures. Also it was demonstrat-
ed that for the pHEMT-heterostructures the parameter
of mosaicity correlates with the electrophysical charac-
teristics of the structures. At the mosaicity parameter
over 0.8 a considerable degradation of the transport
characteristics of 2DEG is observed. The values of the
structure and the thickness of the InGaAs layer deter-
mined by the HRXRD method coincide well with the
results of the quantitative SIMS depth profiling of the
pHEMT-structures. Thus, the technique proposed for
analysis of the pHEMT-heterostructures by HRXRD
method can be used for a routine quantitative nonde-
structive express control of the most important struc-
tural parameters of the samples.

From the data presented in table 1 it is visible that
the best characteristics of 2DEG in our experiments
were demonstrated by the samples with parameters of
the channel layer x(In) = 21 %, d = 12 nm (ES-214)
and x(In) = 24 %, d = 8 nm (ES-217). The received
values of the concentration and the mobility of the
electrons corresponded to the best known from litera-
ture samples of the selectively doped pHEMT-heter-
ostructures grown abroad by the MBE and MOVPE
methods [3, 11, 20—21]. After the optimization and
comparison of the data of the electrophysical measure-
ments with the results of PL, SIMS, AFM and HRXRD,
x =21 %, d = 12 nm were chosen as the working pa-
rameters for the channel layer of InGaAs.

On the basis of the optimized pHEMT — heter-
ostructures, the test microwave transistors with the
length of the gate of 70 nm and low-noise amplifiers
(LNA) were manufactured. Discrete field transistors
demonstrated good output volt-ampere characteristics
with the specific steepness 400 mS/mm, specific satu-
ration current 460...500 mA/mm and with the break-
down voltage of 14 V. Prototypes of the low-noise am-
plifiers on the basis of the optimized pHEMT showed
rather big output power which made it possible to use
them for a preliminary amplifying in the frequency
multipliers and in the amplifiers of the traveling wave at
frequencies of 6...16 GHz. The relevant data are pro-
vided in table 2.

We should also point out that a rather small spread
of parameters (2—3 %) reached during development of
MOVPE technology for the area of the two-inch plates,
ensure the yield comparable with the structures re-
ceived by the MBE method.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 10, 2019 609




Conclusion

In the course of the work an integrated approach was
realized to formation and diagnostics of the heteroepi-
taxial pHEMT-structures of AlGaAs/InGaAs/GaAs
including a research of the specific features of the
structures’ growth by the MOVPE method and also
their structural and electrophysical characteristics. This
made it possible to determine single-valued bonds of
"growth condition" — "structural properties” — "elec-
trophysical characteristics" and to perform optimiza-
tion of the growth conditions and design of the struc-
tures for improvement of the electrophysical character-
istics. Optimization of the structural parameters —
composition and thickness — of the channel layer of
InGaAs was done for obtaining of the best electrophys-
ical characteristics of the heterostructure. As a result
of the optimization x = 21 %, d = 12 nm were chosen
as the working parameters of the In Ga; _ ,As layer.
The pHEMT-heterostructures with the optimized pa-
rameters of the channel layer received by the MOVPE
method demonstrated values of the density and the
mobility of the carriers equal to 2.3 - 1012 ¢cm™2 and
6200 cmz/(V-s), which corresponded to the similar
samples, grown by MBE and MOVPE methods abroad.
Prototypes of LNA made on the basis of the optimized
pHEMT-structures at frequencies of about 10 GHz
demonstrated the output power of 100 mW at the co-
efficients of amplification and noise of 18...20 dB and
2.5...3 dB, respectively. Samples of LNA were used in
the circuits of preliminary amplification at frequencies
of 6...16 GHz.

The part of the work connected with IPM RAS was
done within the framework of IPM RAS state contract,
subject No. 0035-2014-0205. Equipment of IPM RAS
CCU "Physics and Technology of the Micro and Nano-
structures” was used.
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Paccmompenst ocobernocmu uzeomoenenus MIMC-cmpykmyp ¢ ucnoavzosaruem Bosch-mpaenenus kpemuus. O0Hou u3
0cobeHHOCmel 0aHH020 UOA MPABACHUS ABAAEMCA 3HAYUMEAbHASA UEPOX08AMOCMb NOBEPXHOCMU, C8A3AHHAS C (OPMUPOBAHUEM
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DOBAHHBIX KpeMHUesblx cmpykmyp. laHHble mexHosocu4eckKue peuleHus Mo2ym 0bims UCHOAb308AHbI NPU (HOPMUPOGAHUU PA3AUY-

Hoix MOMC.
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BBenenune

TexHosorust yooKOro peakTUBHO-MOHHOTO TPaB-
nenust (F'PUT) kpemHwusi, Takast kak Bosch-mpouecc,
ILIMPOKO MPUMEHSIETCS MPU CO3AAHUU KPEMHUEBBIX
MUKpO3JIEKTpOMeXaHnueckux cucrem (MBOMC) —
MUKpPOaKCeJepoOMeTPOB, 1aTUMKOB YIJIOBOW CKOPOCTH,
rupockonoB u Ap. [1, 2]. Bosch-nipouecc umeet psn
MPEeMMYIIECTB Tepea XUIKOCTHBIM aHU30TPONHBIM
TpaBiieHHeM KpeMHuUs. K MXx 4ucily MOXHO OTHECTU
BO3MOXHOCTb (DOPMUPOBAHUSI MUKPOMEXaHUYECKUX
CTPYKTYP C BBICOKMM acCIeKTHBIM OTHOLIEHUEM U CO-
XpaHEeHHeM BEpPTUKaJIbHOTO Mpoduiisi, a Takxke ¢hop-
MMUpPOBaHUE CTPYKTYpP IPOU3BOJbHOW TOMOJOTMU B
OTJIMYME OT TEXHOJIOTUHN XUIKOCTHOTO aHU30TPOITHO-
ro TpaBJeHUSs, NMPU KOTOPOM reoMeTpusi (popmupye-
MBIX CTPYKTYP OIpeAessaeTcsl KpUCTaIorpapuyecKum
cTpoeHreM KpeMHUs. OQHaKO MO CPAaBHEHMIO C XKW -
KOCTHBIM TpaBieHueM Bosch-mporecc xapakrepusy-
eTcsd oOpa3oBaHUEM CTPYKTYp C OoJyiee BbIpaK€HHOM
IIEPOXOBATOCTHIO TTOBEPXHOCTH, UTO CBI3aHO C CAMUM
CrocoboM MpoBeaeHUs MpoLecca — MPUMEHEHUEM Tie-
PEMEHHOM MOAYJISILMK Ta30BOM IUIa3Mbl JJIsl TpaBje-
Husi KpeMHusl. [IpuMeHsieMble ra3pl — rekcagropui
cepnl (SF¢) u propyriepon (C4Fg) — nooyepenHo tpa-
BSIT U MAaCCUBUPYIOT MOBEPXHOCTb KPEMHUS, MTPUBOJIS
K 00pa3oBaH1I0 MUKPOHEPOBHOCTEM Ha OOKOBBIX Bep-
TUKQJIbHBIX CTE€HKaxX KPEMHMEBBIX CTPYKTYp, TaK Ha-
3bIBa€MbIX CKajuionos [3].

HecMmotpst Ha TO uTO 3¢heKT 0Opa3oBaHUs CKal-
JIOTIOB MOXET ObITh MCIIOJIb30BaH B TEXHOJOTMYECKMUX
TMpolieccax U3rOTOBJICHUSI MUKPOCTPYKTYP, TaKUX KaK
KpeMHUEBbIE MUKPOIPOBO/IA, YUCJIO KOTOPbIX 3a1aeT-
cs yuciioM LukJIoB Bosch-mpouecca [4], ¢opmuposa-
HUE MUKPOHEPOBHOCTEMN MpU U3roToBieHun MOMC-
CTPYKTYp OCTaeTcsl HexenaTeJabHbIM [5]. Hampumep,
Ux oOpa3oBaHME MOXET HapyllaTb reoMeTpuio dhop-
MupyeMbix MOMC [6], orpaHUMYMBATEL MPON3BOAUTENb-

HOCTb ONTHUYECKUX MUKPOYCTPOUICTB [7] U MUKPOYCT-
POMCTB ¢ BepTUKaIbHBIMU MexxcoearnHeHusiMu (TSV)
[8], ABIATHCS UICTOUHUKOM IIIYMOB B KPEMHUEBBIX TIPU-
oopax [9]. Takum oGpa3oM, BOIIPOCH (POPMUPOBAHUS
MaKCHUMAJIbHO TJIAIKWX, UMEIOIINX MUHUMAJIBHYIO I1Ie-
POXOBATOCTb MOBEPXHOCTH BEPTUKAJIBHBIX CTEHOK, SIB-
JISIOTCS aKTyaJbHBIMM TIPU M3TOTOBJICHUM KpEMHUE-
BBIX MOMC-cTpyKTYD.

Teopernueckas 4acTh

3agaya yMeHbIIEeHHUS 1IePOX0OBATOCTU 3aKJIoUaeTCs

B YMEHBIIEHUU BBICOTHI CKAJIJIONOB HA OOKOBBIX CTEH-

Kax (hOpMUPYEMBIX CTPYKTYP. DTOTO MOXXHO TOOUTHCS

TEXHOJIOTUUECKUMU METOJAaMU, YYUTBIBasl Cleaylo-

1IME OCOOEHHOCTH TEXHOJOTUI MMKPOBJIEKTPOHUKU

U MUKPOCUCTEMHON TEXHUKU:

e 1mar TpaBieHus B Bosch-miponecce Hocut n3orpomn-
HBII XapakTep, KOMOMHAIMS 1IaroB "TpaBlieHUE—
raccuBanys” MPUBOJUT K KOHMYECKOI hopMe CKaJl-
JIOTOB, YBEINYMBAIOIIMXCS 1O TOJIILIUHE C TIPUOJIM-
KEHHUEM K CTeHKE;

e TEPMUUYECKOE OKCHUIMPOBAHUE KPEMHUS B cCpele
KHCJIOpOAa MO3BOJISIET TMOJYYUTh Ha €ro IMoBepX-
HOCTH CJIOM OKCHMIA 3aJaHHOM TOJIILHLI.
M3BecTHO, YTO TOMLMHA €10 KpEMHUA dg;, HEOO-

XOAMMOTO JJIl POCTa OKCUAHOM IJIEHKU TOJILIMHOM d)

Ha ero MOBEPXHOCTU, OIpeAesieTcsl Kak

ds; = 0,454, (1)

IIpu 3TOM rpaHMLIa KPEMHMSI IBUXKETCS B IIyOb
TJTACTUHBI TIPU POCTE OKCUAHOTIO CJI0S B Cpene KHUCI0-
pozaa npu ero TepMuueckom okcuauponaHuu [10], T. e.
IpaHUlIa PacTYyILIEero OKCUIa IBMXKETCS B 00€ CTOPOHBI
OT MOBEPXHOCTU KPEMHMEBOM MIACTUHBI.

s onvcaHus pocTa OKCUIHOM TIJIEHKY MPUMEHSI -
etcs monenb JAunma — I'poyBa. JlaHHas Moaesb IpuMe-
HUMa JIJ1s OTIMCaHMS TIPOLecca OKCUANPOBAHMS KPeM-
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Puc. 1. KpuBas okcuaupoBanusi KpeMHUs
Fig. 1. Silicon oxidation curve

BHyTpeHHS4 rpaHiIa OKCIIa
internal oxide boundary

=

HOBePXHOCTb KDPEMHHA [OCHIE TPABIICHHA
silicon surface after etching

Puc. 2. MuUKpPOHEPOBHOCTDh B BHE CKAJLIONA
Fig. 2. Microroughness in the form of a scallop

BHelrsag rpaHia okcHaa
external oxide boundary

IMonoxenne TMOBEPXHOCTH KPEMHHA ITOCIIE TPABICHHA
position of silicon surface after etching

Hus B TemrieparypHoM auanazoHe 700...1300 °C c ton-
LIMHOM MoJydyaeMbIX OKCUAHBIX TeHOK 30...2000 HM,
(opMupyeMbIx B aTMOchepe KUCIopoaa U MapoB BO-
npl. CorylacHO JaHHOW MOjeNd, 3HaUYeHUe PacTyllero
CJI0ST OKCHIIA KaK (PYHKITNIO BpeMEeH! MOXKHO TpeacTa-
BUTh CJIEAYIOLIMM O0pa3oM:

(2)

roe A, MKM; B, MKM2/‘1 — KOHCTaHTBI; T — BpeMsl,
HeoOxoauMoe isi (OPMUPOBAaHUSI HAa TMOBEPXHOCTU
KPEeMHMEBOI TIJIACTUHBI TTEePBOHAYATBHOTO OKCHIA, C;
t — BpeMs mpoliecca oKcuaupoBaHus, ¢ [11].

[Mpunumas Temneparypy 920 °C u BiaxHyo aT-
Mochepy okcuaupoBaHusi, 3HaueHust 4 = 0,50 MKm,
B=10,203 MKMZ/‘i [11], T = 50 mc, # = 20 MuH, KpuBast
OKCUAMPOBAHMS KPEeMHUEBOM IUIACTUHEI OyIeT UMETh
BUJI, U300paxkeHHOM Ha puc. 1, roe kpuBasg [ xapak-
TEpU3YET TOJIIMHY CJIOSI OKCUAA KPEMHMsI, paccuu-
TaHHYIO COIJIACHO BbIpaXeHUIo (2), KpuBas 2 xapak-
TEpU3YET TOJILLMHY CJI0SI KPEMHHUSI, paCXOAyeMOro st
poCTa OKCUIHOM TJIEHKU UM PAacCUUTAHHYIO COIJIACHO
BbIpaxxeHuto (1).

ITpu nposenenun Bosch-mnpoliecca cpenHee 3Ha-
YyeHHUe TIYOMHBI TPAaBJICHUs 3a OOWH IIIar TPaBJICHUS
coctapisieT 1,0 MKM, MpU 3TOM c/eaeM JONyIIeHue,
YTO CPEeIHUI pagmyc 3aKpyIJIeHMS CKaJliora COCTaB-
JsgeT 0,5 MKM, T. €. IOJIOBUHY OT TTyOMHBI TPaBJICHUS.
C y4yeToM poCTa OKCHIHON IJICHKUA B 00€ CTOPOHBI OT
MTOBEPXHOCTH KPEMHUST OKCHIVMPOBaHHAS TTOBEPXHOCTh
cKaJJIoIla MMeeT BUJI, M300paKeHHBIM Ha puc. 2.

Ha puc. 1, 2 BugHO, 4TO NMpU UCIIOJIb30BAHUU TEP-
MMYECKOTO OKCHAVMPOBAHUS KpeMHUS Tocie GopMu-
poBaHMsI OOKOBBIX CTEHOK MeToioM Bosch-TpaBieHust
BO3MOXHO "TIpOKMCJIEHHE" CKAJJIONIOB Ha 3HAYeHUeE,
MpeBbIIIAIOLIee TOMIMHY C(POPMUPOBAHHOTO CJIOST OK-
cuna kpemHus. [locaenymoliee ynajaeHue Clios OKCHIA

[1[epOXOEATOCTE TIOBEPXHOCTH

Surface roughness
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Puc. 3. IIpoduab GOKOBBIX CTEHOK MOCJIE TPABJIEHHSA
Fig. 3. Profile of the sidewalls after etching
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KPEMHUST TOXKHO CHMXATb BbICOTY MUKPOHEPOBHO-
CTell, CrilaxkuBasl TIOBEpXHOCTD, MOABEPTrHYTYI0 Bosch-
TpaBJIEHMUIO.

DKCIEePUMEHTAJIbHAS YACTh

st moaTBepXKIeHWsI JAHHOTO TEXHUYECKOTO pellle-
HUS Ha MOBEPXHOCTU KpeMHUEeBo rmnacTuHbl KOM-4,5
toamuHoi 300 MkMm opueHtauuu (100), nuameTpom
60 MM B 3allIUTHOM CJIO€ C 00EUX CTOPOH KPEMHUEBOM
ILUIACTUHBI (OPMUPOBAIU OKHa noa Bosch-TtpaBneHue.
3alIUTHBIN CJIOM TIpeacTaBiIsgeT co00il TOHKYIO MeTaJl-
Jundeckyro 1eHKy [12]. Tomonorust TecToBbIx objac-
Tell 1o TpaBJIeHUE IIpeICTaBlIsIa COO0M MPSIMOYTOJIb-
HUKHM pazMepoM a0 3,0 X 2,0 MM ayis ynoOCcTBa Mexa-
HUYECKOTo pa3fesieHusl B LEIsIX OLEHKU MapaMeTpoB
noJjiyueHHoro npoguiisi. KpeMHueBy1o MmiacTUHy MO -

Rz, mxav IlTepoxoratocts Rz
Rz, um Roughness Rz
1.0 py
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number of wafer
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after Bosch-etching after removal oxide
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Puc. 4. IllepoxoBaTocTh MOBEPXHOCTH OOKOBBIX CTEHOK
Fig. 4. Roughness of the surface of the sidewalls

ITapameTpbl MOBEPXHOCTH GOKOBBIX CTEHOK
Parameters of the surfaces of the sidewalls

[TapameTpbl MOBEPXHOCTU, MKM
Surface parameters, um
Hocre TMocne
No mtacTUHBI OKCHUIMPOBAHUS U
No of the plates TpajﬂeHm TpaBJIeHUsI OKCHIA
i er After oxidation and
etching . .
etching of the oxide
Rz Ra Rz Ra
1 0,258 | 1,410 0,110 0,760
2 0,178 | 1,240 0,055 0,255
3 0,271 | 1,480 0,0568 0,325
4 0,940 | 1,295 0,243 2,070
5 0,294 | 1,890 0,144 0,928
6 0,156 | 1,080 0,126 0,810
CpenHee 3HaYeHUE 0,350 | 1,399 0,122 0,858
Average value

Beprajii Moo4YepeaIHOMY TPaBJIEHUIO ¢ 00EUX CTOPOH
JIO MOJIy4eHMSsI CKBO3HBIX OTBEPCTUIA, TOCIIE YeTO yaa-
JISUIM 3a1UUTHBINA CJIOM, W IJIACTUHY MEXAHMUYECKU pa3-
JIeJISJIM Ha 1IeCTh TECTOBBIX o0sacTell (fajnee riacTv-
Hbl). Ha OOKOBBIX CTEHKaXx IJACTUH MPOBOIUIN KOH-
TPOJIb TapaMeTPOB 1IEPOXOBATOCTU MOBEPXHOCTU Ra,
Rz Ha onTuueckoMm Tpodunorpade-npopuiomerpe
PF-60 (Mitaka, dmoHus) 110 METOAMKAM, OIIMCAHHBIM
B pabotax [13, 14]. [IpuMep moaydyeHHBIX MpoduUIOo-
rpamMM IpeacTaBjieH Ha puc. 3.

M3mepennst mpoBOAMIIN B HAITIPpAaBJIeHNN, HOPMaJlb-
HOM 10 OTHOLIEHMIO K TTOBEPXHOCTH IIacTUHLI. Toc-
Jie U3MEPEHMI TIJIACTUHBI TTOABEPTaIN TePMUIECKOMY
OKCUIVPOBAHMIO MpU TeMrepaType He Bbile 920 °C
BO BJIaXKHOM KHCJIOpOZIE B TEUCHHME BpEeMEHU, He TIpe-
BhilaBiieM 20 MuH. Jlajgee okcuI CTpaBiIMBaiv B pac-
tBope HF 1 Takke rpoBoauayn n3MepeHusl, aHaJIOTUY-
Hbl€ ONMMCAHHBIM BbIlIe. Pe3yibTaThl U3BMEPEHUN TTPU-
BeIEeHBI B TAOIMIIE U MpeACTaBlIeHbI Ha puc. 4.

M3 pe3ynbTaToB U3MEpEeHUI BUAHO, UTO B CPEIHEM
Takoi mapaMeTp LIePOXOBAaTOCTH, KaK Rz, CHUXKAETCs
0oJjiee yeM B 2 paza mocjie OKCUAUPOBAHUS IIPOTPaB-
JICHHBIX CTPYKTYp U TpaBieHusi okcuaa (c 0,350 mo
0,122 mxM); mapameTp Ra CHMXaeTCS MPUMEPHO Ha
40 % (c 1,399 mo 0,858 MKM) IO CpaBHEHUWIO C WC-
XOIHBIM 3HaueHMeM. OTKIIOHeHMS Ha TiacTuHe Ne 4
MOTYT OBbITh BbI3BaHbI MOMagaHUEM BHEIIHEH MUKPO-
YaCTULIBl Ha MCCJIEMyeMYyIO IMOBEPXHOCTb, OMHAKO W3
MPOBEJEHHBIX UCCIEAOBAHUI BUIHA TEHACHLIUS YMEHb-
IIEHUS 1IePOXOBATOCTH MOBEPXHOCTU TOCIIE OKCHIM-
POBaHUS U yIaJIeHUsI OKCHUIA CO CTPYKTYP, MOJy4YEeHHbIX
Bosch-TpaBnenuem. IIpoMexXyTOUHbBIE TEXHOJOTHYEC-
KHMe omnepaluM, TaKhe KakK XMMHu4yeckass oOpaboTka
KPEMHUEBBIX TUTACTUH [I0 U MOCJIe TPABJIEHUSI, HE OIU-
CaHBI B CWIIY UX ¢IMHOO0pAa3us IPU U3TOTOBICHUH WH-
TerpajbHbIX MUKPOCXEM U KpeMHHueBbIXx MOMC.
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3akmouenue

[IpeacraBneHHOe TEXHUYECKOE PElIEHUE MOKAa3bl-
BaeT MPUHUUINUAIbHYIO BO3MOXHOCTb YMEHbIIEHUS
LLIEpOXOBATOCTU MOBEPXHOCTU KPEMHUEBBIX CTPYKTYP,
nojiyueHHbIX Bosch-TpaBneHuem, myTeM oKCUIMpoBa-
HUS TIOBEPXHOCTU U yaaJieHUsI oKkcuaa KpeMHus [15].
JlaHHO€ pelleHre MOXET OBbITh IPUMEHEHO IIpu (Pop-
MHUPOBAaHUM KpeMHHEeBbIXx MOMC MeTomaMu oObeM-
HOM MUKPOOOPaOOTKM KPEeMHHUSI.
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Introduction

The technology of the deep jet-ion etching (DJIE)
of silicon, such as the Bosch-process, is widely applied
for development of the silicon microelectromechanical
systems (MEMS) — microaccelerometers, angular
speed sensors, gyroscopes, etc. [1, 2]. The Bosch-proc-
ess has a number of advantages in comparison with the
liquid anisotropic etching of silicon. Among them are a
possibility of formation of the micromechanical struc-
tures with a high aspect relation, with preservation of
the vertical profile and also formation of the structures
of a random topology, different from the technologies
of the liquid anisotropic etching, at which the geometry
of the formed structures is determined by the crystal-
lographic structure of the silicon. However, in compar-
ison with the liquid etching, the Bosch-process is char-
acterized by formation of the structures with a more
pronounced surface roughness, which is connected
with the way of carrying out the process itself — appli-
cation of a variable modulation of the gas plasma for the
silicon etching. The applied gases — sulfur hexafluoride
(SF¢) and fluorocarbon (C4Fg), in turn etch and pas-
sivate the silicon surface, leading to formation of mi-
croroughnesses on the vertical sidewalls of the silicon
structures, the so-called scallops [3].

Notwithstanding the fact that the effect of formation
of the scallops can be used in the technological proc-
esses for production of microstructures, such as silicon
microwires, the number of which is set by the number
of the cycles of the Bosch-process [4], the formation
of the microroughnesses in production of the MEMS
structures remains undesirable [5]. For example, their
formation can break the geometry of the formed
MEMS [6], limit the productivity of the optical micro-
devices [7] and of the microdevices with vertical inter-
connections (TSV) [8], and be the sources of noises in
the silicon devices [9]. Thus, the questions of formation
of the smoothest vertical walls with the minimal surface
roughness are important for production of the silicon
MEMS structures.

Theoretical part

The task of reduction of roughness consists in re-
duction of the height of the scallops on the sidewalls of
the formed structures. This can be achieved by techno-
logical methods, considering the following features of
the technologies of the microelectronics and the mi-
crosystem technologies:

e A step of etching in the Bosch-process has an iso-
tropic character, a combination of steps of "etching-
passivation” results in a conical shape of the scal-
lops, the thickness of which increases, when it is
closer to a wall;

e A thermal oxidation of silicon in the oxygen envi-
ronment allows us to receive on its surface a layer of
the oxide of the set thickness.

As is known, the thickness of the layer of silicon dg;
necessary for growing of an oxide film with thickness
of dj on its surfaces, is defined as:

dSi = 045d0 (1)

At that, the border of the silicon moves deep into the
plate with the growth of an oxide layer in the oxygen
environment during its thermal oxidation [10], i.e. the
border of the growing oxide moves in both directions
from the surface of the silicon plate.

For description of the growth of an oxide film the
Deal — Grove model is applied. This model is appli-
cable for description of the process of oxidation of sil-
icon in the temperature range of 700...1300 °C with the
thickness of the received oxide films of 30...2000 nm,
formed in the atmosphere of oxygen and water vapors.
According to this model, the value of the size of the
growing oxide layer as a time function can be presented
in the following way:

dy(1) = ; (2)

where 4, um; B, pmz/h — constants; T — time nec-
essary for formation of the initial oxide on the surfaces
of a silicon plate, s; ¢t — time of the oxidation process,
s [11].

Assuming the temperature of 920 °C and the damp
atmosphere of oxidation, the values A = 0.50 pm, B =
= 0.203 pm?/h [11], t = 50 ms, /= 20 min., the curve
of the oxidation of a silicon plate will have the appear-
ance presented in fig. 1, where curve / characterizes the
thickness of the silicon oxide layer calculated according
to expression (2), curve 2 characterizes the thickness of
the layer of the silicon used for the growth of an oxide
film and calculated according to expression (1).

During the Bosch-process the average value of the
depth of etching per one step of etching is 1.0 um, at
the same time, we make an assumption that the average
radius of the curve of a scallop equals to 0.5 um, i.e. a
half of the etching depth. With account of the growth
of the oxide film in direction to both sides from the sil-
icon surface, the oxidized surface of a scallop has the
appearance presented in fig. 2.

In fig. 1, 2 it is visible that in case of application of
the thermal oxidation of silicon after the formation of
the sidewalls by the Bosch-etchings method, the scal-
lops can "turn sour” by the value exceeding the thick-
ness of the created silicon oxide layer. The subsequent
removal of the layer of the silicon oxide is to reduce the
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height of the microroughnesses, smoothing the surface
subjected to the Bosch-etching.

Experimental part

For confirmation of this technical solution, on the
surface of KEF-4.5 silicon plate of (100) orientation,
with thickness of 300 um and diameter of 60 mm, win-
dows for the Bosch-etching were formed in the protec-
tive layer on both sides of the silicon plate. The pro-
tective layer was a thin metal film [12]. The topology of
the test areas for etching was represented by the rec-
tangles with sizes up to 3.0 X 2.0 mm for convenience
of a mechanical separation for assessment of the pa-
rameters of the received profile. The silicon plate was
subjected to an alternate etching from both sides up to
receiving of the through openings, after that the pro-
tective layer was removed, and the plate was mechan-
ically divided into six test areas (further, plates). On the
sidewalls of the plates a control was carried out of the
parameters of the roughness of the surfaces of Ra, Rz
on PF-60 optical profilograph-profilometer (Mitaka,
Japan) by the techniques described in the work [13, 14].
An example of the received profilograms is presented
in fig. 3.

Measurements were taken in the direction, normal
in relation to the plate surface. After the measurements
the plates were subjected to a thermal oxidation at the
temperature, not above 920 °C, in a damp oxygen dur-
ing the time, not exceeding 20 min. Then the oxide was
pastured in HF solution and also the measurements
were taken, similar to the ones described above. The re-
sults of the measurements are presented in the table and
in fig. 4.

From the taken measurements it is visible that on
average such a parameter of roughness as Rz decreases
by more than a half after the oxidation of the stained
structures and etching of the oxide (from 0.350 down to
0.122 um); Ra parameter decreases approximately by
40 % (from 1.399 down to 0.858 um) in comparison
with the initial value. The deviations on plate No. 4 can
be caused by a hit of an external microparticle on the
studied surface, however, from the conducted research
a trend is visible for reduction of the surface roughness
after the oxidation and removal of the oxide from the
structures received by the Bosch-etching. The inter-
mediate technological operations, such as chemical
processing of the silicon plates before and after the
etching are not described due to their uniformity during
production of the integrated circuits and the silicon
MEMS.

Conclusion

The presented technological solution demonstrates
a basic possibility for reduction of the surface roughness
of the silicon structures received by the Bosch-etching
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by oxidation of the surface and removal of the silicon
oxide [15]. This solution can be applied for formation
of the silicon MEMS by the methods of the volume mi-
croprocessing of the silicon.

References

1. Zotov S. A., Montgomery C. Rivers, Trusov A. A.,
Shkel A. M. Folded MEMS Pyramid Inertial Measurement Unit,
IEEE Sensors Journal, 2011, vol. 11, no. 11, pp. 2780—2789.

2. Mokrov Ye. A., Papko A. A. Akselerometry NII Fiz-
icheskikh Izmereniy — elementy mikrosistemotekhniki, Mikro-
sistemnaya tekhnika, 2002, no. 1, pp. 3—9 (in Russian).

3. Galperin V. A., Danilkin Ye. V., Mochalov A. 1. Protsessy
plazmennogo travleniya v mikro- i nanotekhnologiyakh: ucheb-
noye posobiye, Ed. S. P. Timoshenkov. Moscow: Binom. Labo-
ratoriya znaniy, 2010. 283 p. (in Russian).

4. Ozsun O., Alaca B. E., Leblebici Y., Yalcinkaya A. D.,
Yildiz 1., Yilmaz M., Zervas M. Monolithic Integration of Sili-
con Nanowires With a Microgripper, Journal of Microelectrome-
chanical systems, December 2009, vol. 18, no. 6, pp. 1335—1344.

5. Anurov A. Ye., Zabotin Yu. M., Podgorodetskiy S. G. Os-
obennosti protsessa glubinnogo anizotropnogo travleniya krem-
niya v tekhnologii izgotovleniya transheynykh MOP-tran-
zistorov, Raketno-kosmicheskoye priborostroyeniye i informatsion-
nyye sistemy, 2015, vol. 2, issue 4, pp. 66—73 (in Russian).

6. Zhang Q. X., Liu A. Q., Li J., Yu A. B. Fabrication tech-
nique for microelectromechanical systems vertical comb-drive
actuators on a monolithic silicon substrate. J. Vac. Sci. Technol.
Jan/Feb 2005. B23 1, pp. 32—41.

7. Weng K.-Y., Wang M.-Y., Tsai P.-H. Planarize the side-
wall ripples of silicon deep reactive ion etching, NSTI-Nanotech
2004, vol. 1, 2004, pp. 473—476.

8. Filipovic L., Lacerda de Orio R., Selberherr S. Effects of
Sidewall Scallops on the Performance and Reliability of Filled
Copper and Open Tungsten TSVs, 2014 IEEFE 21st International
Symposium on the Physical and Failure Analysis of Integrated Cir-
cuits (IPFA), pp. 321—326.

9. Barlian A. A., Mukundan V., Park S.-J., Pruitt B. L. De-
sign, fabrication, and characterization of piezoresistive MEMS
shear stress sensors, Proceedings of IMECE 2005. ASME Interna-
tional Mechanical Engineering Congress and Exposition. Novem-
ber 5—11, 2005, Orlando, Florida USA, pp. 6.

10. Gotra Z. Yu. Tekhnologiya mikroelektronnykh ustroystv:
Spravochnik, Moscow, Radio i svyaz', 1991, 528 p. (in Russian).

11. Pirs K., Adams A., Kats L., Tsay Dzh., Seydel T.,
Makgillis D. Tekhnologiya SBIS: v 2-kh kn. Kn. 1. Per. s angl.
Ed. S. Zi. Moscow, Mir, 1986, 404 p.

12. Pautkin V. Ye., Mishanin A. Ye., Vergazov 1. R. Sposob
izgotovleniya kristallov mikroelektromekhanicheskikh sistem, Pat-
ent RF Ne 2625248 MPK NOIL 21/308, Zayavka Ne 2016138485 ot
28.09.2016; opubl. 18.09.2017, byul. Ne 20 (in Russian).

13. Pautkin V. Ye., Abdullin F. A., Mishanin A. Ye. Issledovani-
ye stenok vertikal'nykh kremniyevykh struktur, sformirovannykh
metodami glubokogo BOSCH-travleniya, Nano- i mikrosistemnaya
tekhnika, 2018, vol. 20, no. 9, pp. 535—542 (in Russian).

14. Pautkin V. Ye. Issledovaniye ploskostey kremniyevykh
struktur, poluchennykh travleniyem v rastvore gidroksida kaliya,
Nano- i mikrosistemnaya tekhnika, 2018, vol. 20, no. 12,
pp. 738—744 (in Russian).

15. Pautkin V. Ye., Abdullin F. A. Sposob formirovaniya ob-
lastey kremniya v ob"yeme kremniyevoy plastiny, Patent RF
Ne 2672033 MPK HOIL 21/306, Zayavka Ne 2017139393 ot
13.11.2017; opubl. 08.11.2018, byul. Ne 31 (in Russian).




MOAEKYASIPHASI IAEKTPOHUKA

N BUOIAEKTPOHUKA

MOLECULAR ELECTRONICS AND BIOELECTRONICS

YK 004.81

A. H. Bono0yes, 1-p TexH. HayK, npod.,

DOI: 10.17587/nmst.21.617-633

CaMapckuii rocygapcTBeHHBI MeAUIIMHCKUI yHUBepcuTeT. Kadeapa MeAULIMHCKON U OUOTOTMYECKOM

¢u3uku, volobuev4d7@yandex.ru

O HEKOTOPbBIX MPOBAEMAX CO3AAHUA UCKYCCTBEHHOT O UHTEAAEKTA:

CTOXACTUYECKASA ®YHKUNA MO3TA

Ilocmynuna é pedaxyuro 20.06.2019

Paccmompennvt déa npunyuna pabomol mMo3ea: 0emepMUHUPOBAHHDBLL, 0ObIMHO MOOCAUPYEeMbLI HA OCHOBE CXeMbl NEPUENnMpoHa,
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Karoueeuvie caosa: uc:cyccmeeHHszi UHmesnneKkm, nepuenmpor, UUKAu4ecKas Heb?pOHHaﬂ uens, cmoxacmu4ecKas d)ymcuuﬂ MO3-

2a, pacnpocmpaneHue 8030yicoeHus

BBenenune

T'onoBHOIT MO3r mnpencrtasBisieT co0Oi  caMblil
CJIOXXHBIA 11 TTOHUMaHUSI OOBEKT HUCCIeI0BaHMUSI.
Mpbl 10 cux MOp HE 3HAEM JIOMOIJIMHHO, KaK OH pabo-
TaeT. OMHaKO pa3BUTUE OMOJOTHUU TTO3BOJIUIIO TIPOsIC-
HUTb MHOTHUE€ acMeKThl (PyHKIIMOHUPOBAHUS TOJIOB-
Horo mo3sra. Hayka xopotiiio npeacrasisieT, Kak pado-
TaeT IJaBHasl COCTaBJISIOLIAsl CTPYKTYpPbl T'OJIOBHOTO
MoO3ra — OTHeJbHbIA HelpoH. Okazanoch, 4TO €ro
(YHKIIMOHUPOBAHUE XOPOILLIO MOAJAETCS MaTeMaTH-
YEeCKOMY OIMUCaHMI0. BbIsicHEHO, KaKuM 00pa3oMm ye-
pe3 CMHANTUYECKWE OKOHYAHWS HEWPOHBI MEpPEmaroT
nHpopManuio apyr apyry [1—5].

XapakTepHOil 0COOEHHOCThIO (PYHKLIMOHUPOBAHUS
HelpoHa TOJIOBHOTO MO3Ta SBJIsIeTCS
OrPOMHOE YHMCJIO TMOCTYIAIIINUX Ha "
HEUPOH CUTHAJIOB OT APYTUX HEUPO-

BBICOKA BCJIEJCTBUE PACIpPOCTPAHEHHOCTH pa3Iny-
HBIX 3a00JIeBaHMii, CBI3aHHBIX ¢ Mo3roM. Cpenn HuUX
BBIACJISIIOTCS 3a00J1€BaHMsI, IIPUBOASIIINE K HapyIle-
Huto namsatu. [ToHumanue paboThl MO3ra HeOOXOIUMO
TakKe B Mpo0ieMe CO3MaHUS NCKYCCTBEHHOTO MHTE-
JIEKTA.

HexkoTtopbie oco6eHHOCTH (DYHKIMOHHAPOBAHUS
MO3ra YeJI0OBeKa

PaccMoTpuM HeKOTOpbIe COBpeMEHHbIE MPEaCTaB-
JIeHUs1 0 (byHKLIMOHUPOBAHUM MO3ra YejloBeKa.

Ha puc. 1 npeacrapiieHa ynpollieHHas cxema CBSI-
3eil CTPYKTyp Mnepedayd MH@oOpMaluuu B TOJOBHOM
MO3Te.

Ilepuentpon

|
. : Perceptron

HOB U KpaiiHe He3HaYUTeIbHas Bbl- m—— — — — e m m - — -
XoJHas1 WHdoOpmMalus, TepenaBae- : | - :
Mas mo akcoHy. Ilpu mocTtymieHUMn | : B -0ot300pEt PR— gfﬁ:ﬁ%ﬁ; |
Ha HelpoH MHGpOPMaLUU Yepe3 CU- : | |S-sensors A-neurons [HITIOKAMIT
HaNTUYCCKHE CBA3U B BUIAEC UMITYJIb- I hippocampus :
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Fig. 1. Scheme of information transfer structures in the brain
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Fig. 2. Schematic model of a memory cell due to a cyclic neural circuit

OCHOBHO# SYeiKOil IMaMsITU B TOJIOBHOM MO3TY
ABIISIETCST LMKIMYecKass HelipoHHas uenb (LIHLL) [6]
(neuronal loops [3]). Bo3HUKHOBeHHE B MO3Ty UejiOBe-
Ka HEKOTOPOTO MOHSTUSI TPOMCXOIUT 3a CUeT BO30YXK-
nenus onpeneiaeHHoit ITHII. B coBokynmHoctu LTHII
(puc. 2) 9BASIOTCSI XpaHUTEIIMU UHMOPMALIUU.

[MocTtpoeHue (pasbl, 1axKe MBICIEHHOE, TPUBOIUT
K BO3HMKHOBEHMIO ITOTOKA HEPBHBIX MMITYJIbCOB IO
teM LIHII, xoTophie obecneunBaloT XpaHeHUe B Ta-
MSITU HEOOXOAMMBIX IJIsl TTOCTpoeHUs1 ¢hpasbl CJIOB.
OauH HEeWpOH MO3ra BXOIUT MPUMEPHO B 103 LIHII.
Bcero B ronoBHOM MO3ry yejloBeKa UMEeTCsl TIpUMep-
Ho 101! HelipoHOB [1].

BcenenctBue Hanuuus LTHII Bech Mo3r mpeacras-
JIsieT co0O0i eAMHYI0 HEMPOHHYIO CTPYKTYpPY, CIIOCO0-
HYIO 3aIIOMUHATh Pa3JIMYHbBIC TTOHSTUS.

ITpu BozOyxaeHuu ompeneseHHoinr IIHII, 1. e.
BO3HMKHOBEHUU B HEM MOTOKA MUMIYJIbCOB, YeJIOBEK
BCIIOMMHAET TO WJIM MHOE MOHSTHE. DTO BO30YXIEeHNE
obecreynBaeTCsl TUIIIIOKAMIIOM, HAXOISIIMMCS B BU-
COYHBIX JIOJISIX TOJIOBHOTO MO3Ta, B KOTOPOM XPaHUTCS
anpecauus Bcex LTHII.

B HacTog11Iee BpeMs, UCITONIb3Ys UEI0, YTO B TUII-
rmokamie KoaupyeTcs MHGOpMAaLUs ISl COXpaHEHUS
B IPYTUX OTAEJaX FOJIOBHOTO MO3Ta, UIPalolMX POJib
JIOJITOBPEMEHHOM MaMSITU, MBLITAIOTCSI MOAEIUPOBATH
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runnokamn [7]. K coxaneHuto, MeToJ KOAUPOBAHUS
IOKAa HE YIaJIOCh HAWTH.

Homnyctum, HEOOXOAUMO MOCAaTh MHOOPMALIUIO OT
HEKOTOPOTO ajapeca B TUIIIIOKAMIIE AJIS1 BO30YKACHMUS
onpenenenHoit LTHII. /1151 aTOr0 Hamo nepeBecTu 3TOT
agpec (T.e. HEHpOH) B BO30YXJIEHHOE COCTOSTHUE U 3a-
neiictBoBaTh KaHai cBs13u ¢ LIHII. Heobxonnumo moc-
JIaTh OrPaHUYEHHOE YMCJIO MOTEHIMAJIOB ICHUCTBUS
WM UMIOYJILCHBIX TpymIl (Iauyek MOTEeHLMAJIOB aeii-
ctBus) K LIHII.

IlepuenTpoHHBI MeXaHU3M Nepeaayn WH(OPMALUH
B TOJIOBHOM MO3TY

JI1060e moHsITHE B FOJIOBHOM MO3TY BO3HMKAET HE
crioHTaHHO. O0s3aTe/IbHO UMEeTCsl KaKasi-TO MpUYu-
Ha, BCJEACTBHE KOTOPOH B MO3IY BO3HMKAET 3TO IO-
HSITHE. DTa MPpUUMHA MOXET ObITh HE OCO3HaHa 4e-
JoBekoM. OHa MOXET OIpenensiThbcsd MHGpOpMaluei,
MOCTyMarmuleil OT aHaAM3aTopoB — a3, yuieir. OHa
TaKXKe MOXET OTPeIeTAThCS APYTUMH PEETTTOPHBIMU
cUcCTeMaMU: OOOHSATENbHBIMU, TAKTUIBHBIMU, BKYCO-
BbIMU. MHTeIeKTyaJbHbIE 3aJaud, CTOSIIME Mepe
YeJIOBEKOM, TaKXKe MOTYT ObITh MIPUYMHON BO3HMKHO-
BEHMSI B MO3TY HEKOTOPOT'O TTOHSITUSI.

Takum oOpa3oMm, B TOJIOBHOM MO3TY JIOJDZKHA CY-
IIECTBOBAaTh HEKOTOpasi CUCTeMa, KOTopasi Ha OCHO-
Be MHOTOYMCJIEHHBIX CUTHAJIOB, MOCTYMAIOIINX U3BHE
WY POXAAIOIINXCS B MO3TY, TOJDKHA BBIPAOOTATh CUT-
HaJl JUTI BO30OYXXIEHUsI HYXKHOIO ajpeca B alpecHOM
roJjie TUIMnoKamma.

Brumn npenioxeHbl pa3IMUHbIe CXeMbl, MOIENPY-
IolliMe HEeHpPOHHBIE ceTU. B yacTHOCTH, omHa U3 Ha-
ubojee ymauyHbIX cxeM Obljia MpemiokeHa aBTopamu
pabothl [8]. HanbHelillee pa3BUTUE MOIEIUPOBAHUS
HEUPOHHBIX CETEM CBSA3aHO C MOJEJbIO MEPLENTPOHA.
Cxema TieplLenTpoHa Oblia TpeayioxkeHa 1 MaTeMaTh-
yecku mpopaboTaHa aMepUKaHCKUM Helpodusnoso-
rom ®psnkom PosenbiaarToMm [9]. B manpHeitem cxe-
Ma MepLenTpoHa YCIOXHSIACh Pa3IMUHBIMU aBTOpa-
mu [10, 11]. Hampumep, B pabdore [10] mpemnaraercs
MepLENTPOH ¢ QYHKIIMOHAIBHO CBSI3aHHBIMU HECKOJIb-
KUMHU acCOLMaTUBHBIMU HEMpPOHaAMMU.

B nepuentpone (cM. puc. 1) curHaabl OT BHELIHUX
WM BHYTPEHHUX CEHCOPOB (S-CEHCOPOB) MOCTYMNAIOT
Ha accouMaTHMBHbIe HeWpOHbI (A-HelipoHbl). B nasb-
HEMILEM 3T CUTHAJIBI MOCTYIIAIOT Ha ONpeIeICHHBIN
agpec B TUIINIOKaMIie, T. €. B R-HelpoH, BO30yxnas
ero. Ilo akcoHy R-HelipoHa cUTHaJ IlepegaeTcsl B
IIHII, cBs3aHHy10 ¢ 3TUM aapecoM. IIpu Bo3Oyxae-
Hun IIHII yenoBek BCIIOMMHAET ONpeaesIeHHOE IO-
HSITHE.

Lenpio Haileil paboOThl HE SIBSIETCSI TTOBTOPEHUE
aHaju3a CXeMbl MepLEeNnTpoHa. DTOT aHAIU3 LIMPOKO
NpeAcTaBieH B autepaType. OCHOBHOE BHUMAHUE MBI
ynenuM coBokyrmHocTu ITHII B Kope rooBHOro Mo3ra
U XpaHEHUIO MH(pOPMALIUU B HEHA.




Kaxnoe u3 moHsATUI, Hampumep cjioBa, UMEIT
ceou IHHII, rne oHu xpaHSTCS, U agpeca B agpeCHOM
noje runmnokammna. CpeqHMH KyJbTypHBI 4YelOBEeK
onepupyeT nnpumepHo 100 TeicsiyaMu ciioB. Takum 00-
pa3oM, B MO3IY YeJloBeKa MMeeTCs 0 MEHbIIIeH Mepe
10° accoLMaTHBHBIX HEIPOHOB 1 CTOJIBKO K€ aIpecoB
B runnokamrie. HelipoH craHOBUTCS (DYHKIIMOHATIBHO
acCOLIMAaTUBHBIM (CIELIMAIM3UPYETCS) B paHHEM BO3-
pacte B mpoiiecce o0y4yeHusI yesoBeka. BoamoxHo no-
MojiHeHue oO0beMa A-HEeWpOHOB M3 OOLIErO0 MaccuBa
HEPOHOB (He BO3HUKHOBEHUE HOBBIX HEMPOHOB) B
Mpoliecce, HapUMep, U3y4eHUs] MTHOCTPAHHOTO SI3bIKA.

HexkoTtopbie npuHiyunbl GyHKIHOHAPOBAHUS NAMATH

PaccMoTpuM (yHKIIMOHMPOBAHUE ITAMSITU YEJIOBE-
Ka 6osee AeTaJbHO.

JonycTtuMm, B pacCyXIEHUSIX y4acTBYeT IpeaMeT
"tapenka". IIpexzae Bcero, B Kope TOJOBHOIO MO3Ta
aktuBusupyotrcsa LIHII, B KOTOpbIX HaXOOMTCS 3pHU-
TeJIbHBII 00pa3 atoro npeamera, 1 LHHII, B koTopbix
3allfoMHeHo ero HasHadyeHue. Ot LIHII sBoonmnoH-
HO OTHOCHUTEJILHO CTaphble, TaK Kak 3pUTeJIbHbII 00pa3
Y Ha3HaueHMe TapeJKu MOXET UMEThCS U y AOMAIIHUX
KMBOTHBIX, HaIlIpuMep KollleK 1 cobak. Ho y yenoBeka
IoJKHBI pucyTcTBoBaTh LIHII, B KOTOpPBIX XpaHUTCH,
HarpuMep, Ha3BaHuUe MpeaMeTa. DTO 3BOJIOLUMOHHO
Oosiee MO3AHKME 00JACTU KOPBI TOJIOBHOTO MO3ra, OT-
cyTcTByIolIMe y XKUBOTHBIX. LIHIL oTHOCUTENBEHO, HO,
MO-BUAMMOMY, HE OYEHb XKECTKO, CIelualIu3upoBa-
Hel. Hanpumep, ITHII, B KOTOpBIX XpaHUTCS 3pu-
TeJIbHbII 00pa3, HaXOASTCS B 3aTbUIOUHOM J10JI€ KOPbI
OosiblIMX Toylapuil rosoHoro moara. Bee ITHII B
KOpe TOJIOBHOTO MO3Tra (PYHKIIMOHAJIBHO CBSA3aHbI, TaK
Kak B TPOLIECCe PacCyXIeHUN MOXET MOSIBUTHCSI He-
00XOIMMOCTh BCIIOMHUTD IIBET TApeJIKM, €€ pa3Mep,
PUCYHOK Ha Tapejke, MaTepuall, 13 KOTOPOIro OHa clie-
JlaHa, HEeOOXOAMMOCTb OLEHUTH IUIOLIANb TapesKH,
T. €. BCIIOMHUTb MaTeMaTUYeCKy0 (hopMyy TIOIIaIn
Kpyra u MHoroe apyroe. [103ToMy MOXHO IIpeanoJsio-
KUTb, UTO B TIPOLIECCE PACCYXICHUI 3axBaTbIBaeTCS
BCsI KOpa OOJIbIIMX IOJIylIapuii rontoBHoro Mmosra. Ho
9TOT 3axBaT MPOUCXOAUT He (DPOHTAILHO, a B BUIE
MHOXeCTBa LIEHTPOB B030yxneHus. O6 3ToM cBuUje-
TeJIbCTBYIOT TaKxKe JaHHBIE 3JIEKTposHLedanorpadpuu
(D9I). Ecnu yenoBek HaUMHAET pellaTh KaKylo-TO 3a-
JIady, TO o.-pATM CMEHSETCsS Ha B-pUTM Ha Bceil Imo-
BEPXHOCTH TOJIOBBI.

B otinuuue or BKI, s BBI HeBO3MOXHO Mpe-
JIOXXUTh YHMBEPCAIbHBIN SKBUBAJICHTHBIN 3JIEKTPU-
YeCcKuil reHepaTop (TUIla TOKOBOI'O AUMOJsS). 3allOMU-
HaeMble MOHSITHUSL U 00pa3bl B KOpe FOJIOBHOTO MO3ra
pacnpenensrores no LIHII nocratouno nHIuBUAyalb-
HO, B 3aBUCUMOCTH OT CYyAbObl MHAMBUAYYMA U HaJIU-
YU Ha MOMEHT 3allOMWHAHUS TOTO WJIW WHOTO TT0-
HATUSA ¢cBOOOAHBIX OT mHMopMaumu ITHII. Bcmomu-
HaHUe OJMHAKOBBIX MOHITUI y pa3IMYHBIX JIOACH, a,

crenoBaTenbHO, 1 Bo30yxnenue ILIHII, mpoucxomut B
pa3HbIX yyacTKax Kophl. IToaToMy B-puUTMBI YeloBeKa
rno ¢opMe oueHb UHAUBUIYAJbHBI.

Casa3u Mexay HHHII xkopbl 60ablIMX TTOTYLLIAPUIA,
BO3HMKAIOLIME B MPOILECCE MBICIUTEIbHON AesITeb-
HOCTH, MOXHO pa3lIe/IMTh Ha clienoBbie [4], T. €. ae-
TEPMUHMPOBAHHBIE, U CIIyYyailHbIE WIM CTOXacTUYec-
kue. [Ipexnae Bcero MO3r UCMOJb3yeT AeTePMUHUPO-
BaHHBIC CBSI3M, BO3HMKAIOIIME B BUAE OOJETYeHHBIX
MyTei TpoBeaeHNsT BO30YXXIeHUST MEXIy HelpoHaMu,
BCJICACTBUE HaJIW4YMs MpPeAbIAyIIero ombiTa (o0ydye-
HUs1). CxeMa nepuenTpoHa MpeacTapiisgeT codoit moJ-
HOCTBIO AETEPMUHUPOBAHHYIO CUCTEMY.

OnHako 04eHb BaXXHbI CTOXacTUUeCcKue cBsA3u. OHU
BO3HUKAIOT B BUJAE CIyYaliHBIX KOHTAaKTOB pa3jiNy-
Hbix ITHII, vacTo HaxomsIuxcs gajieko Apyr OT Apyra.
OOBIYHO 3TU KOHTAKThl OECCMBICICHHBI, HO WHOTIA
OHM MOTYT MPUBECTU K KaKOMY-JI1OO O3apeHUIo, OT-
KpbITU1O. [10-BUAMMOMY, B 3TOM CYTh TOTO, YTO YEJIO-
BEK Ha3bIBae€T MHTYHUILIMEN, OCOOEHHO B TBOPYECKON
nesteabHocT. MMeHHO ctoxactuyeckue cBsiau LTHIT
00ecIeuynBarOT HayUYHO-TEXHUYECKUI TTporpecc yeso-
BEeUecTBa, YTO MPEIOIpeaessieT UX 0CO0YI0 BaXXHOCTb.

Ectb moau cnocobHbIe TTepeMHOXATh B yMe TISITH -
3HaYHbIe yucia. B 3ToM mpouecce 3aaelicTBOBaHBI
TOJIBKO AeTepMUHKUpOoBaHHBIE cBs13U Mexxay LTHII. Her
HUKaKMX CBEIEHW, YTO 3TU JIFOAU COBEPIIWIN KaKoe-
00 OTKPBITHE, TAK KaK y HUX, ITO-BUAUMOMY, OUCHb
ciaba Wi MoYTH OTCYTCTBYET CITOCOOHOCTh K CTOXac-
nyeckuM cBsa3saMm LTHII, 1. e. K TBopueckoii pabote.
dakTryecku 3TOT YeJOBeK — KOMIIbloTep. B aToii
CBSI3U MHTEPECHO CPaBHUTH pabOTy KOMIbIOTEPA U TO-
JIOBHOTO MO3ra. B ux ¢pyHKIIMOHMPOBaHUY €CTh MHOTO
o6wero [4]. 'osoBHOIT MO3T, TaK XK€ KaK M KOMITbIO-
Tep, IojydaeT uH@opMaluio, 3allOMUHaeT ee, oOpa-
OaThIBa€T M MCIOJB3YET IS NAJTbHEWINWX LIeJel, B
YaCTHOCTH, IUISI CBOETO (DYHKIIMOHUPOBAHMSI.

OmHako MeXIy KOMIBIOTEPOM M MO3TOM UMEETCS
MO MEHbIlIel Mepe ABa CYILIEeCTBEHHbIX pa3inyusl.

IlepBoe paznuuue KoindectBeHHOe. OObeM mamsi-
TU FOJIOBHOTO MO3ra HEU3MEePUMO O0JIbliIe 00beMa Ta-
MSTHU UCHOJIB3YIOLIUXCS B HACTOSIILEE BPEMS 3alIOMMU -
HaloUMX yCTpOMCTB KommbloTepa. MHdopmanus B
IIHII monyuapuit roIOBHOTO MO3Ta MOCTYIaeT U 3a-
TTIOMMHAETCSI B HETIPEPHIBHOM PEXMME B TEUCHUE BCETO
nepuoaa 00APCTBOBAHUS YETOBEKA, T. €. IeCATUICTUS.
Hu opun xommnbloTep Tak paboTath He MoxeT. Kpome
TOrO, YeJOBEK POXKAAETCS YKe C YAaCTUYHO UMEIOLIeH -
csl B MO3ry MH(poOpMaliuei, HeoOXoaMMO IJi MepBO-
HayaJbHOM KU3HEJESTETbHOCTH.

BTtopoe paznuune kayecTBeHHoe. KomIbioTep pa-
00TaeT TOJBKO MO TMPUHIIAIY AETEPMUHUPOBAHHBIX
CBSI3el MexXny syeKamMu MaMsITh M LEHTPabHbIM
MPOLIECCOPOM, B KOTOPOM OCYILIECTBIIsIETCS 00paboTKa
nHdopmanu. CToXacTUYeCKUE CBI3U B KOMITbIOTEPE
OTCYTCTBYIOT. BoJjiee Toro, BOSHUKHOBEHWE CyYaliHOM
CBS3M, HaIlpuMmep, oOpallleHue He K ToMmy (aliay, Ha
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KOTOPBI YKa3bIBaeT Kypcop Ha JUCILUIee, UAEHTUhU -
HUpyeTcs Kak cOoil B paboTe KOMIIbIOTepa, Tpedyio-
IIMIA TIepeyCTaHOBKU OIepallMOHHON cuctembl. s
MO3ra 3TO a0COJIOTHO HOPMAJIbHBIMA, OY€Hb BaxKHBIN
CTOXaCTUYECKHUIA pEXUM pabOThI, & KOMITBIOTED HE CIIO-
co0€H K TBOPYECKOU AesaTelbHOCTU. B 3TOM riiaBHOE
MPENITCTBUE B CO3JAHUU MOJHOLIEHHOTO UCKYCCTBEH-
HOTO MHTEJJIeKTA.

Ilpn npanpHeiilieM aHamu3e OOpaTMM OCHOBHOE
BHMMaHHE Ha CTOXaCTUUYECKUM peXkruM pabOThl TOJIOB-
HOTO MO3ra.

HekoTopble NPUHIMIIBI CTOXACTHYECKOTO
(hyHKIHOHHPOBAHUSA KOPbI TOJIOBHOTO MO3Ta

Kopa ronoBHoro mo3sra mnpeacTaBiisieT co0oil Tpex-
MEpPHBbI CUHLUUTUI 13 B3aUMOCBSI3aHHBIX LIMKJIWYEC-
KMX HeMPOHHBIX 1ieneil — siueek nmamMsati. CUHIUTUIA —
3TO TECHOE COEIMHEHUE MHOXECTBA OJIHOTUITHBIX KJIe-
TOYHbBIX CTPYKTYP B €IMHBIIA OpraH.

TpexmepHas CTpyKTypa JOBOJBHO CJI0XHA JI aHa-
JIu3a, TIOATOMY TIpeXae pacCMOTPUM OIHOMEPHYIO
CHCTEMY sTYeeK MaMATH, TaK Ha3bIBa€MBINA "OgHOMEP-
HbI Mo3r". B aTOM cucTeMe slYeMKU MaMsITh — IUK-
JINYECKHE HEMPOHHbIE LIETIM COeIMHEHBI MEX Ty COOO0M
JIMHEWHBIM 00pa3oM M pacrosiaratoTcs BIOJIb MPSMOK
JIMHUU — ocu X.

Bo30oyxnenne kakoii-nubo ITHII ocyiecTBisieTcst
cliydaiiHbIM 0o0pa3oM ot coceanux ITHII. ITycts ¢ Be-
posiTHOCTRIO 1/2 MoxeT Bo3oymuThes LIHLL crmeBa m
cmpaBa oT yxe Bo30yxneHHoi IITHII, koTopyto Oymem
CUMUTATh PACHOJIOKEHHOU B Havyasie koopauHaToel X = 0.

Haiinem BeposiTHOCTh Bo30yxkaeHust LITHII B nipo-
WU3BOJIbHOW TOYKE X.

ByneMm ucxoauTh u3 cAeaylolIMX MPearnooXeHUl
[12]. PaccMoTpuM paBeHCTBO

cosg = 1 (e + &), (1)

IJie YIJIOBask BeJIMYMHA —7t < ¢ < T.

Koadduumenr 1/2 nepen e' 6ynem cuurarhb BEpO-
ATHOCTBIO BO30OYXaeHus rpasoit LIHLI, a mepen e 4 —
nesoi IHHII.

Bo3BeaeM neByio U IpaBylo 4acTu paBeHcTBa (1) B
CTereHb £, rae ¢ — Oe3pa3MepHasl BeJIMUMHa:

: At .
cos'q = B(equrefzq)J -1 eld! +

21‘
1 Al —igt — Vo—ig o 1 ~2 ig(r — 2),—ig2
+=C,e e 1+ = (/e e + ...

2! 2

o+ L kel — Rgiak 4

!
+ Lol teltemiat =1 4 L gmia 2)
! 2

rae kK — TeKylIMi UHAEKC pa3ioXeHus OMHOMA.
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B BbIpaxxeHuu (2) BeTMUMHA ¢ IPUHSTA IMCKPETHOM.

BepositHocts Bo3Oyxaenust IHIHIL p(z, X) Ha pac-
CTOSTHUU X OT Havayia KOOPIWHATHI OMPEIeTUM, UCXO-
N1 U3 COOTHOILIEHUS:

L cfefatt = Reiak = p(z, xye X (3)
2
B coorHomrennu (3) 6e3pa3mepHoOe paccTosiHue X
HOPMMPOBAHO Ha PACCTOSTHUE MEXIY IBYMS COCEIHM-
mu IHHII.
Hanpumep, npu 1= 2 1 k < 2 BO3MOXHBI BAPUAHTBI
Bo30yxaeHuss LIHLI Ha caeayronux koopauHarax X:
k = 0, caenoBaTeabHO,

b

(1, X)e 14X = lz Cg (2 = 0)aig0 — ‘1‘ el

Te X=—2upQ, —2) = 41‘;
k =1, ciemoBaTesbHO,

p(t, X)e 49X = 2% Cleid = Demigl — 1

[\

T.C.X=OI/IP(2,0)=%;

k = 2, cmenoBaTeabHO,

2? 4

T.¢. X=2up2,?2) =

A=

Bosoyxnenue IHHII Ha paccrostHusx X = 1 He-
BO3MOXHO, TaK KaK MpU ¢ = 2 JOJDKHBI MOCaea0Ba-
TenbHO Bo30ymmuThes nBe LTHII, a ommkaiimme K Ha-
yairy kKoopauHaT ITHII mo/okHBI IpUATH B COCTOSTHHE
nokosi. B coorBercTBuu ¢ (3) BepositHocTh P(0, 0) =1,
T. €. ucxonHas LIHII Ha koopauHare X = (0 B Havaab-
HBIi MOMEHT BpeMeHHM BO30yxXIeHa. AHaau3 BO3-
oyxnenuit LHHII ipu f = 2 u k < 2 moka3bIBaer, 4To
BO3MOXHO B030yxaeHue ganbHux LHHIL mpu X = +2
¢ BeposITHOCThIO p(2, +2) = 1/4 m BO3OyXIeHUE UC-
xogHow IIHII mpu X= 0 ¢ BepositHocThIO p(2, 0) = 1/2.
B nmocnenHeM ciyyae AOJDKHBI CHauyajla BO3OYIUThCS
cocenuue IHHII npu X = £1, 3aTeM OHU IIPUBOISIT B
Bo30Oyxnenue LHIHII mpu X = 0, a camu nepexonsrt B
coctosiHue nokosi. IToatomy BeposTHOCTH p(2, 0) =
=1/4+1/4=1/2.

Takum oOpazom, mpearnoioxeHue (3) I BbIUMC-
JIeHUsI BepOSITHOCTU p(f, X) MOXHO CUMTATh CIIpaBe-
JIUBBIM.




YMHoxum (2) ¢ yuetom (3) Ha 2L eldX y MMPOUHTET-
T

pupyeM B mnpeaenax —n < g < T

PR N
2_1-5'[[2(‘: +e ):|e dq_

- 1 jcosqequdq_ 1 f 1 1q(t+X)dq+
2 2n no!

T
+ L [ o, Xye X~ Xy + .
21

T
2L | l 4= Xdg =0+ ...+ p(t, X) + ...
2!
.+ 0=p@ X). 4)
[Ipu BBIBOAE (4) MCIOJIB30BAIM CBOMCTBO CUMBOJIA

Kponexkepa:

1 igin —k) 7, — I, n=k
e d S,k . 5
5= jn g = 0 ek (5)

Takum o6pa3oM, yepe3 BpeMst ¢ Bo3oymurcss LTHII
Ha paccTosSTHUM X OT Hayaja KOOPAUHATHI C BEPOST-
HOCTBIO:

T
2%: [ cos'qe*dy. (6)

-7

p(t, X) =

®opmyna (6) mpenctaBisieT coboit odpaTHOE TIpe-
obpazoBanue Dypre nnsg Pypbe-obpaza:

o0

pt, q) = [ p(1, X)e " 4¥dX. (7)

—00

Pacnipoctpanum dopmynbsl (6) u (7) Ha ciydaid,
korga Bo3oyxaeHHyto LIHIL oxkpyxaioT 2n cocemHUX
IIHII, 1. e. nepeiigeM K yCJIOBHO n-MEPHOMY MO3TY,
rme n=1, 2, 3.

B stoMm ciydae BeposiTHOCTH Bo30yxkneHus LITHII
yepe3 BpeMs ¢ ¢ KoopauHaToi X paBHa:

p(t, X) = f cos qe’qxdq =
<2n> “n
S (8)
Qn)"

rme X — BEKTOpHAs BeJMYMHA; apryMeHT Dyphe-00-
pasza q sBiasieTcsl nceBaoBekTopoM. IlceBaoBekTop q
HampasJjieH 110 JUHUM AeiCTBUS BeKTopa X.

B dopmyine (8) 6epercs n unTerpainoB, nuddepeH-

h
uuan dq = dgq,...dq,, W(q) = cosq = % ,ZICOS% qX —
=

CKaJISIPHOE IIPOM3BEICHNE BEKTOPOB.

®Dypre-00pa3 pyHkuu (8) MMeeT BUL:
plt, @) = ; plt, Xy XaX, ©)

IJle UHTeTpUPOBAHUE MAET IO BCEMY 00beMy V KOphl
TOJIOBHOTO MO3Ta.

B cootBetctBUM ¢ (8) Pyphe-06pa3 (9) paBeH

p(t, @) = Wi(g). 10)

Dopmyna (8) MPUHLUITUAIBHO pellaeT MOCTaBIeH-
HyIO 3aIayy HaXOXIEHMST BEPOSITHOCTU BO30YKIECHUS
IIHII yepe3 Bpems ¢ ¢ KoopauHaToil X.

[ns1 nanbHeulero aHaau3a BBeeM ITPOU3BOISIILYIO
dynkumio [13]. Pypbe-06pa3 mpousBoasieii GyHK-
uuu, ucnoib3ys (10), HAATU HECTOXHO:

GZ o= X Zph o= % ZW@=

1

T 12’ an

IJIe WCIojb30BaHa (opMysia CyMMbl OECKOHEYHO
reoMeTpuuYecKoil mporpeccun. BenuunHa Z — apry-
MEHT MPOU3BOJsIIEN (DYHKIIUU.

Cama npousBozsiiiast GyHKUUS ¢ yueToM (8) uMeeT
BUI;

G(Z X) = éo Z'p(t, X) =

= I S (Z'W(q))e¥dq =
(2n) -nt=0

= ] 6(Z, a)eithdq =
<2n> ,n
1 7 eiqX
2n)" R Tk 12

Pesynbrat (12) MOXHO Hamucatb cpa3y, Kak oopat-
Hoe TipeoOpazoBanmne Dypre ot pyHKuIMM (11).

HMudopmanus ot ognoit ITHII x apyroii mepenaet-
Cs C TOMOIIbIO 3JEKTPUUYECKUX UMITYJIbCOB (MTOTEH-
uuagoB aeictBus). COBOKYIMHOCTb 3TUX WUMIMYJIbCOB
MOXHO OTOXIECTBUTh C HEKOTOPBIM 3JIEKTPUUYECKUM
TOKOM 1.

Homyctum, uto ToK [ BeiTekaeT 13 LIHLL pu X = 0
U pacTekaeTcs 1o BceM ocTaiabHbIM LTHII.

Haiinem pacnpeneneHue noreHuuana ¢(X) B Kope
rojjopHoro Mo3sra. Ilo 3akoHy Oma:

I= b‘P—)(O);z X) (13)
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roe R — ycinoBHoe comporuieHne Mexny LHTHIL mpu
X =0 u X. DTO CONpPOTUBIEHNE MOXET HOCUTh KaK aK-
TUBHBIN, TaK U peakTUBHBII xapakTep. [IpeHeOperaem
UMITYJIbCHBIM XapaKTepoOM paclnpoCTpaHeHUsI BO30YXK-
JICHUS IO HEUpPOHAaM.

Iepeiinem Kk Dypbe-00pa3y MoTeHILIMANA:

9@ = e o(X), (14)
rae noreHuran ¢(X) paBeH

o(X) = —L— Yeo(q). (15)
(2m)" @

INepBoHayaIbHO OyIEM paccMaTpUBATh PACCTOSTHHE
mexnay HHII npu X =0u X =1, 1. e. ot IITHII Ha-
XOHSITCSI psiaoM Apyr ¢ apyroM. Iloacrasum (15) B (13):

I= —L 5 - et¥)p(q) =
(2m)"R, ¢
= —L 31— ey, (16)
rae Ry — conporusneHue mexny cocegHumu ITHIT
X=0uX=1.

B 9TOM CJiyyac (bYHKLII/HO TOKa MO>XXHO 3arimcaTthb B
l .
Buge 1(q) = R (1 — eNo(q).
1

Ecnu 1ok momaerca B ueHtpanbHyio LHHII mpu
X = 0 u pactekaetrcsa 1o Bcem coceguuMm LIHII, To
HYXHO CyMMUpPOBaTh (DYHKIIMIO TOKa MO BCeM 2x CO-
cennuMm ITHII [13]:

1= 2ng(@) - (1 — &) =
1
- M?R 9 (1 — cosq — ising). (17)
1

MHumMasi yacTh TOKa (PM3UIECKOr0 CMBIC/IA HE UME-
eT, CJIeJOBaTeJIbHO

/= %Rw(l — cosq) = 21}&”(1 - W), (18)
1 1

n
rae yureHo WA(q) = cosq = }11 2. COsg;.
i=1

Hcnonsays (11), nonyuum G(1, q) = 1

1-Wa)
Takum obpazom
_ 2n9(q) /1 _ — _2no(q)
I= 1 — Mq) = : 19
“R - e = gt ()

622 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 10, 2019

Takum obpazom, pacripeneneHne Pypre-odpasa mo-
TEeHIMajla UMeeT BUJ:

—IRIGI 20
o(@) = 7.1 G(1, 0. (20)

PaccMotpuM Gosiee oOLIMiA cllyvali, KOrJa paccTo-
sHue mexay LUHII mpu X = 0 u X He paBHO eAUWHUIIE.
Ilepexonst B (16) K WHTErpady, HAXOOUM TOK MEXIY
stumu LIHII;

1= —L—[(1 = eX)p(q)da, @1
(2r) R4

rae R — conporusnenue mexay LIHIL mpu X =0 u X.
IMoncraBum B (21) dopmymay (20):

=1 ja-eRig0 ga @
(2n)"R 4 2n

Cokpainas Tok 1, umeeM

g [(1 = e G(1, q)dg. (23)
2n(2n)" a

®opmyna (23) HyxgaeTcsl B KOppeKTUpoBKe [14].
ITycts Tok BTekaeT B LHHII npu X = 0 u pacrekaetcs
o cetke IIHII, T.e. o y31am ceTku. Pa3HOCTb ITOoTeH-
nuvanoB Mexay y3aamu 0 u X paBHa Ag' = ¢(0) — ¢(X).
Hanmee paccMOTpMM CiIydalf, KOrJa TOK BTEKacT B
y3ea X M pacTekaeTcs Io ceTkKe. B aTom ciydae pas-
HOCTb MOTeHLManoB Mexay y3namu X u 0 paBHa
Ag" = ¢o(X) — ¢(0). Mcrronb3yst IPUHIIAT CYIIePITO3W-
LMY, HaliaeM pacrpeneieHue MOTeHLIMAIOB ISl pa3-
HOCTH 3THUX JBYX COCTOSIHMI. B 3TOM citydyae Tok OyaeT
BreKaTh B y3es 0 U BoiTeKaTh U3 y3ia X. Umeem:

A = A9" — Ap" = ¢(0) — o(X) — (o(X) — 0(0)) =
= 2(p(0) — o(X)). (24)

IToatomy cornacHo (23) u (24) conpotuBieHue R
Mexay y3namu 0 u X

R,
n(2m)

Rox= 22 = J(a = ¢™)G(1, qdg.  (25)

n

Hanee paccMOTpUM IBYMEPHYIO cucteMy [13, 15] —
"nByMepHbIit Mo3r" (puc. 3). AHaNIU3 "IByMEPHOIO MO3-
ra" 3HaUYUTEJIbHO OoJiee CI0XKEH, YeM aHAIU3 "OmHO-
MepHoro mosra". IlpearnonaraeM, 4To B KaXKIOM Y3JIe
nBymepHoi cetku Haxonutcsa LIHILL. Bce LIHII cBsiza-
HbI MEXIY CO0OIi, YTO OTpaXkaeTcsl CIIOIIHBIMU JIU-
HUSIMU.
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Puc. 3. Moznean "nBymeproro mo3ra”. IIpaBblii HIKHHI KBaIPAHT
Fig. 3. Two-dimensional brain model. Lower right quadrant

HUcnonb3ys (25), HalimeM COIIPOTUBIIEHUE MEXIY
nByms IIHII (y3namu) 1o nuaroHajy CeTKU IpU h = 2
1 .

I-Wa)

Ry (1-e"7%

(puc. 3), yuutniBag G(1, q) =

R, = dq =
" 0t - M)
T l_eim(clﬁqz)
> J. .f 1 dq,dq;, (26)
2(27:) -] — E(cosc]l +¢0sq,)

IJIe mm — HOMEP y3JIa OTHOCUTEILHO BEPTUKAIU M U
ropu3oHTau k, ipu kK = m (puc. 3).

_UtD
[Iposenem B (26) 3aMeHY ITepeMEHHBIX 0, = 5
0 = 91— D
n 0 21m9Jr
R, = |04, 6_)|do,do_ =
" 2(27:)2 jn(j) 1- cos9+cose * *
2n
2im@ do_
fa-e™ b, | — D o)
(27'5) - 0 — COS +COS —
rae sSIkoOuaH 3aMeHbl
80, 00, -
J(O,, 0_) = 04y 04y | _ |2 2| =
00_ 06_ 11
-1 _1__1
4 4 2"

Hyneswie mpenesl MHTETpUPOBAHUS IS O_ 3aMeHsIeM
WHTErpUpOBaHUEM I10 BceMy Iepuony oT 0 1o 2w, pu
5TOM yIBamBasi MHTETPAJl.

2n d 2
HMcronbs3yss umHTETrpan f W = T
p a+bcosw a2 b2

[13, 15], Haiimem:

2imo,
j(l, . 1d9+2—75=

Z 2
(275) g 1-cos“0,

R,

Rl 17 21m6+1

(2n) n |sm9+‘ d6 -

Rl T 2imo

_ 1-e
(2n)£ |sin@,| B (28)

HMuterpan (28) MoxHO 3anucaTb B BUIE:

2zm9+
B (2TE)J ’9+ e—i9+2lde+ N
R T 2lm9Jr i0
- IS— a0l @ 29)
0 + 1
0,

Beenem 3aMCHY NICPEMCHHBLIX: € = u, TaxKk 4TO

du = ie’9+ do ., mpenensl unTerpupoBanus 6, (0, n) —
— u(l, —1).

CiienoBaTesIbHO, MEHSISI MECTaMU IIpeleibl MHTEeT-
pPUPOBaHUS, TIOIYYUM:

1, 2
_Rpen,, -

Tt

R

mm

1

=d g+ +dt+u®+ .+ Ddu=
T
R B S RN
‘ﬂ”*?*? o 1)
_ 2R, 1.1 1
—T(1+§+5+...+m). (30)

ﬂf[ﬂ HEKOTOPbIX Y3JIOB, TOYHEC COHpOTI/IBJIeHI/Iﬁ
MEXIy TUaroHaJbHBIMU y37aMu U y3ioMm 0, uMeeM
1 n 22 T 3 3’33 15n

nT. O

Hanee BBIYMCIUM COIPOTUBIeHUE Mexay y3mom 00
1 OnvKaWIIMM y37I0M, HallpuMep IO BepTUKaIu CeT-
KU. BbIumcieHne ConpoTuBieHus R, MPOBEAEM, HC-
MoJb3ysl NpuHOUN cyrnepno3uuuu [14]. Ilpu sTtom
nepasi uudpa MHACKCA XapaKTePU3yeT BEPTUKAIbHYIO
OCb CETKM, BTopas LIu(ppa — ropu30HTAIbHYIO OCh.
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B y3en 00 momaem Tok 1. OH pacTekaeTcsi Mo YeThbl-
peM conpotuBieHuaM R,. Ilo conporusiaeHuto Ry te-
yeT ToK 1/4.

ITomaem tok /I B y3en 01. ITo Tomy ke conmpoTuBie-
HUIo R Teuer ToK —1/4.

Haxonum pa3HOCTb 3TUX ABYX pacipeneaeHuil Toka
MO PENIETKE COMPOTUBIICHUN.

B stoMm cayuae B y3en 00 Tok BxoauT, a u3 y3ma 01
TOK BbIXoAMT. [lo comporuBieHHI0O R; Te4yeT TOK
1/4 — (—1/4) = 1/2. CnegoBaTenbHO, 5KBUBaJEHTHOE
COIMPOTUBJICHNE TOKY YMEHBILIMJIOCH BIBOE 3a CYET pe-
LIETKU CONPOTUBIEHUIA Ry = R;/2.

OcTasibHBIE COMTPOTUBIIEHYSI MOXKHO HAWTH, UCIIOJb-
3y caenyoounyio ¢dopmyy [15]:

R =

m, k

1
= 1 Rusri T Ryp—1 6t Ry + R 1) G

®opmyna (31) ToKa3bIBaeT, UTO COMPOTUBJICHUE OT
y3na 00 mo Kakoro-aubo y3ia CeTKH PaBHO CpeaHEMY
OT COIPOTUBIIEHUN 10 BCEX COCEAHUX Y3JIOB.

Hanpumep, HalimeM compoTuBieHue ot ysnaa 00
no ysna 20, 1. e. R,,. Mcmonbsya (31), umeem

Ry = }t(RZO + Ry + Ry + Rl, —1). YuuThIBag CUM-
METPHIO CeTKH, ucrons3yeM Ry = Ry _;. Crenosa-
B Ry 042280 Ry = (2-4) &

TEJIBHO, 7 = A_I. 20"1‘ + T n Ryy = - 1

Haiinem conporusneHue ot yana 00 go ysna 21,
T. €. Ry;. Ucnonbsya (31), monyuyum Ry = ‘l‘(R21 +
+ Ry; + Ryy + Ryg). YuuThiBas CUMMETPHUIO CETKH,
ucnonsdyeM Ry = Ry, u Ry; = R;. CinenosarenbHo,

2Ry _ 1 Ry R 4 1
T=Z|:2R21+—2—+—2—:|I/[R2]=(;C—§)R1.

PaccmoTpuM mpocTeiilylo MOneab perucTpauuu
OMOIIOTEHIIMAIOB MPU JIeKTpo3HIIedanorpaduu.

[Tpu B3I snekTpoabl HAKJIAAbIBAIOTCS HA TTOBEPX-
HOCTb TOJIOBBI TTOMApHO U CUMMeTpu4Ho. [IpoaHanu-
3UpYEM Pa3HOCTh MOTEHIIMAIOB MEXIY TAaKUMU DJIeK-
TpoAdaMM.

Haiinem pasHocth moreHuManoB Mmexmy asyms LTHIT
¢ koopauHatamu X; U X,.

Hcnons3ys (25), HaligeMm:

IR] iqul
Ap = - [(1-e""H 6, qpdq; -
n(2n)" q
IR iq,X
- —L [(1-e )G, q)da, =
n(2n)" 9@
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Puc. 4. Cxema pacnpeeieHnsi napaMeTpoB npu perucrpamun DT

Fig. 4. The distribution scheme of parameters during registration of the
EEG

IR iq, X
=——L [ G(1, q)dg; +
n(Zn)n qQ
IR iq, X
+ — [ e G, gy)day. (32)
n(2mn)" 4
IR,
IIpu BeiBOAE (32) yUTEHO, UTO f G(1,qy)dq, =
n(2n)n q

IR, f G(1, qy)dq,, Tak KaKk BU[ MOIBIHTETPAJIb-
n(2n)" 9@
HBIX GYHKIIWIA 1 TIpeaebl MHTETPUPOBAHUS OIMHAKO-
BBIE.

ITpeamnoysioxxuM, 4TO 3JEKTPOAbl Ha MOBEPXHOCTh
rOJIOBbl HAJIOXEHbl CUMMETPUYHO, KaK 3TO OOBIYHO
uMeer Mecto mpu perucrpauuu D3I. PaccMorpum
CXeMy M3MEpPeHUs Pa3HOCTU MOTEHLUAJIOB IPU 3TOM
0oJ1ee MoIpoOHO.

B 3aMKHYTOM TpeyrojbHUKE CONMPOTUBJICHUI pa3-
HOCTbH TTOTEHIITNAIOB

APy = Api_g + Apg_». (33)

Hccnenyem mpocrteiilimii BapuaHT, KOIJAa TOYKH
HaJIOXKEHUSI DJIEKTPOAOB 1 HyJIeBasi TOUKa IoTeHIana
pACIIOJIOKEHBI Ha OTHON IpsiMoii (puc. 4).

B atoMm cnyuae u3 (33) cnenyert:

Apo_»
AXO_2 )

Ay,

_Ap_

4
T (34)

®opmyna (34) orpaxkaer OGamaHC HaIpPSKEHHO-
CTell anekTpuyeckoro mona Ey_, = E_j + E;_,.
Y4uTheiBasg CUMMETPUIO CXeMbI pUC. 4, MOXHO 3aIlu-
catb Ey_, = 2E;_, v Ag|_, = 2A¢(_,, a hopmyiy
(32) ucnonb30BaTh B CIAEAYIOLIEM BUIE:

21R iq;X
A = L [e 7 G(1, ay)da, =
n(2n)"
2IR,
= - [ cos(gX,) G(1, qy)dq, =
n(2n) 4q

2IR, . cos(qX,)
= q2.
n(2n)" a 1-Waqy)

(35)

B (35) MHUMBIE cllaraeMble HE YYUTHIBAIOTCSI.




J11s1 60J1e€ CIOXKHBIX CIIy4aeB, TEM
Oonee ms1 "TpexXMepHOTro Mo3ra'",
BBIYMCIIEHWEe wuHTerpana (36) 3a-

| |

| |

: 1 T T :

| | TPYZHUTEIBHO.

. 05F 4 |

| |

: 0 b= P\V/\v/\vf\ [\ /‘\ If\vf\vf\vﬂv/\vf\ = : 33KJ110'lel-me

: Y U v : B HacTosee BpeMs mpobiema
| 05F | | CO3MaHUSI MUCKYCCTBEHHOIO MHTEJ-
: ¥ | JekTa 0asupyeTcs Ha pa3paboTke
| I l | TPOTrPAMMHOTO OOeCIIeUeHMs IS
: -100 -50 0 50 100 :

Puc. 5. N3menenne norennnana no de3pa3mepHoii koopaunare X B "oxHOMepHOM Mo3re”
Fig. 5. Change in potential along the dimensionless coordinate X in the "one-dimensional brain"

Hopmupyst ¢dopmyiy (35), nonyyum:

AG(X) = deX) = _ 2 cos(qX) o 36
0 =g n(27t)n(I1 g% GO

®opmyna (36) Mo3BOISET BEIYUCIATH PA3HOCTh IM0-
TEHIMAJIOB MEXIy 2JIeKTPOAAMU, MOJEIUPYIOLIYIO pa3-
HOCTb HNOTeHLMAaIOB IIpu DI,

PaccmoTtpuMm mpocteiiinuii ciydait "ogHOMEPHOTO
Mosra" n = 1. I1pu atom popmyia (36) mpeodpasyeTcst
K BULY:

500 = | [ costgX)
Ao () = 1 [ 2 dg (37)

®yakmio (37) HECTOXHO OIPEIeINTh YUCICHHO.
OnHako npu ¢ = 0 TOIbIHTErpaibHOE BhIpAXKEHUE UMe-
€T CUHTYJISIPHOCTD. DTy CUHTYJISIPHOCTh HYXKHO MICKITIO-
YUThb TIPYU YMUCIeHHOM uHTerpupoBanuu (37). Kpome
TOTO, 6e3pa3MEepHYIO Pa3HOCTh MTOTEHIIMAIOB B "OMHO-
MEpHOM Mo3re" Mexay y3namMu X = +1 MOXHO HaiTu
aHamuTrdeck. OHa paBHa Ag (X) = —2 =[—1 — (+1)].

Ha puc. 5 nmokaszaHo, kak Bo30yxaeHue ot LTHILI
npu X = 0 pacnpocTpaHsieTcsl B 06e CTOPOHBI "OIHO-
MepHOTro Mo3ra”. DTo pacIpocTpaHeHNe HOCUT KOJie-
OaTreNIbHBII XapakTep.

Konebanus noreHuuana, B cootBeTcTBuu ¢ (13),
COIPOBOXKIAIOTCS KOJEOAHUSIMM TOKA.

PacripoctpaHeHme BO30OYKIEHUS OCYIIECTBIISICTCS
C HEKOTOpO CKOpOCThIO, B MO3re 4ejioBekKa V =
= 20...30 m/c. Tloatomy, BcnenctBue X = Vi, puc. 5
OTpaXaeT TakxKe BPEMEHHOW XapaKTep pacipocTpa-
HeHMsI BO30yximeHus. B aToM ciryyae puc. 5 MOXHO
OTOXXIECTBUTD C 0.-PUTMOM 3JIEKTPOHIIe(haTOrpaMMbl
MO3Ta.

ITonydyeHHbIe pe3yabTaThl BPSI U MOXKHO CUUTATh
MMOJTHOCTBIO aJAeKBAaTHBIMM, TaK KaK "OJHOMEPHBIN
MO3T" HE MOXKET CIYKUTh MOTHOLIEHHON MOJEJIbIO pe-
aJbHOTO MO3Ta.

WICKYCCTBEHHBIX HEHPOHHBIX CETEW
C BO3MOXHOCTBbIO MX OOYYEeHMS.
KoHctpykuus HUCKYCCTBEHHBIX
HEUPOHHBIX CETE B OCHOBHOM 0a-
3UpYyeTCsl Ha MOJEIW TEPLENTPOHA
pa3HOM CTENEHU CJIOXHOCTH.

OnHakKo 3TOT IMyTh HE MOXET MPUBECTU K BO3HUK-
HOBEHUIO MCKYCCTBEHHOI'O MHTEJJIEKTA, KOTOPbIA MOT
Obl HEe TOJIbKO 00y4YaThbCsl U3BECTHBIM 3HAHMSIM, HO U
(opMupoBaTh HOBbIE 3HAHUS.

JaHHOe MpernsTCTBUE CBSI3aHO C TeM, YTO JitoObIe
Pa3sHOBUAHOCTU MCKYCCTBEHHBIX HEUPOHHBIX CETEH,
MIPAMEHSIEMBIE B HACTOSIIEE BPEeMS, B YACTHOCTH Ha
OCHOBE CXEMbl MEPUENTPOHA, SBJISIOTCS N€TEPMUHU-
POBaHHBIMU.

Moar yenoBeka GyHKIIMOHUPYET TAKXKe U B CTOXAaC-
TUYECKOM peXHME, KOTOPbIii o0ecrieuynBaeT BO3MOXK-
HOCTb €70 TBOPYECKON pabOThl U FEHEPUPOBAHUS HO-
BOTO 3HAHUS.

ITpyHLIMIIBI CTOXaCTUYECKOM paboThl MO3ra, pac-
CMOTpPEHHbIE BbIllIE, MO3BOJISIIOT HAMETUTb MYTU CO-
3IaHUS TTOJHOLIEHHOTO UCKYCCTBEHHOIO MHTEJIJIEKTA.
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Introduction

The brain is the most difficult to understand object
of study. We still do not know for certain how the brain
works. However, the development of biology has clar-
ified many aspects of the functioning of the brain. Sci-
ence is well aware of how the main component of the
structure of the brain — a separate neuron — works. It
turned out that its functioning lends itself well to math-
ematical description. It was found out how neurons
transmit information to each other through synaptic
terminals [1—35].

A characteristic feature of the functioning of a brain
neuron is the huge number of signals coming from oth-
er neurons to the neuron and extremely insignificant
output information transmitted along the axon. When
information arrives at the neuron through synaptic
connections in the form of pulses, the neuron can go
into only two states — to maintain peace or go into ex-
citation.

The relevance of the study of the brain is extremely
high due to the prevalence of various diseases associated
with the brain. Among them, diseases leading to im-
paired memory are distinguished. An understanding of
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the functioning of the brain is also necessary in the
problem of creating artificial intelligence.

Some features of the functioning of the human brain

Consider some modern ideas about the functioning
of the human brain.

Fig. 1 shows a simplified diagram of the relation-
ships of information transfer structures in the brain.

The main memory cell in the brain is the cyclic neu-
ral chain (CNC) [6] (neuronal loops [3]). The emer-
gence in the human brain of a certain concept occurs
due to the excitation of a certain center. In aggregate,
the CNC'’s (fig. 2) are the custodians of information.

The construction of a phrase, even the mental one,
leads to the emergence of a flow of nerve impulses
along those CNCs that provide storage in memory of
the words necessary for constructing a phrase. One
brain neuron enters approximately in 103 CNCs. In to-
tal, there are approximately 10'! neurons in the human
brain [1].

Due to the presence of the central nervous system,
the whole brain is a single neural structure that can re-
member various concepts.




Upon excitation of a certain center, i.e. the occur-
rence of a stream of impulses in it, a person recalls a
particular concept. This excitement is provided by the
hippocampus located in the temporal lobes of the brain,
in which the addressing of all the central brain centers
is stored.

Currently, using the idea that information is encod-
ed in the hippocampus for storage in other parts of the
brain that play the role of long-term memory, they are
trying to model the hippocampus [7]. Unfortunately,
the encoding method has not yet been found.

Suppose you want to send information from a cer-
tain address in the hippocampus to excite a specific
center. To do this, it is necessary to translate this ad-
dress (i.e., neuron) into an excited state and use the
communication channel with the CNC. It is necessary
to send a limited number of action potentials or impulse
groups (packs of action potentials) to the CNC.

Perceptron mechanism of information transfer
in the brain

Any concept in the brain does not arise spontane-
ously. There is certainly some reason why this concept
arises in the brain. This reason may not be realized by
man. It can be determined by the information coming
from the analyzers — eyes, ears. It can also be deter-
mined by other receptor systems: olfactory, tactile, and
taste. The intellectual tasks facing a person can also be
the cause of a certain concept in the brain.

Thus, a certain system must exist in the brain,
which, on the basis of numerous signals arriving from
outside or originating in the brain, must develop a sig-
nal to excite the desired address in the address field of
the hippocampus.

Various schemes have been proposed that simulate
neural networks. In particular, one of the most success-
ful schemes was proposed by the authors of [8]. Further
development of neural network modeling is associated
with the perceptron model. The perceptron scheme was
proposed and mathematically worked out by the Amer-
ican neurophysiologist Frank Rosenblatt [9]. Subse-
quently, the perceptron scheme was complicated by
various authors [10, 11]. For example, a perceptron
with functionally connected several associative neurons
was proposed in [10].

In the perceptron (see fig. 1), signals from external
or internal sensors (S-sensors) arrive at associative neu-
rons (4-neurons). Subsequently, these signals arrive at a
specific address in the hippocampus, i.e. into an R-neu-
ron, exciting it. On the axon of the R-neuron, the signal
is transmitted to the central logic center associated with
this address. When excited by the CNC, a person recalls
a certain concept.

The aim of our work is not to repeat the analysis of
the perceptron scheme. This analysis is widely repre-
sented in the literature. We will focus on the totality of

the CNC in the cerebral cortex and the storage of in-
formation in it.

Each of the concepts, for example words, has its
own CNC, where they are stored, and addresses in the
address field of the hippocampus. The average cultural
person operates approximately 100 thousand words.
Thus, in the human brain there are at least 103 associ-
ative neurons and the same number of addresses in the
hippocampus. 4 neuron becomes functionally associa-
tive (specializes) at an early age in the process of hu-
man learning. It is possible to replenish the volume of
A-neurons from the general array of neurons (not the
emergence of new neurons) in the process, for example,
learning a foreign language.

Some principles of memory functioning

Consider the functioning of human memory in more
detail.

Suppose the subject "plate” is involved in the discus-
sion. First of all, in the cerebral cortex, the central brain
centers are activated, in which the visual image of this
object is located, and the central brain center, in which
its purpose is remembered. These CNCs are evolution-
arily relatively old, since the visual image and purpose
of the plate can be found in domestic animals, such as
cats and dogs. But a person must have a CNC in which,
for example, the name of the item is stored. These are
evolutionarily later areas of the cerebral cortex that are
absent in animals. The CNC is relatively, but, appar-
ently, not very tough, specialized. For example, the
central brain centers, in which the visual image is
stored, are located in the occipital lobe of the cerebral
cortex. All CNCs in the cerebral cortex are functionally
connected, since in the process of reasoning it may be
necessary to recall the color of the plate, its size, the
pattern on the plate, the material from which it is made,
the need to estimate the area of the plate, i.e. remember
the mathematical formula for the area of a circle and
much more. Therefore, we can assume that in the proc-
ess of reasoning, the entire cortex of the cerebral hem-
ispheres is captured. But this capture does not occur
frontally, but in the form of many centers of excitation.
This is also evidenced by the data of electroencepha-
lography (EEG). If a person begins to solve some prob-
lem, then the a-rhythm is replaced by the B-rhythm on
the entire surface of the head.

Unlike an ECG, it is impossible to offer a universal
equivalent electric generator (such as a current dipole)
for an EEG. Memorized concepts and images in the
cerebral cortex are distributed according to the CNC
individually enough, depending on the fate of the in-
dividual and the presence at the time of memorization
of one or another concept free of information from the
CNC. The recollection of the same concepts in differ-
ent people, and, consequently, the excitation of the
central nervous system, occurs in different parts of the
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cortex. Therefore, human B-rhythms in form are very
individual.

The connections between the central cerebral hem-
isphere cortex that arise in the process of mental activity
can be divided into trace ones [4], i.e. deterministic and
random or stochastic. First of all, the brain uses deter-
ministic connections arising in the form of facilitated
pathways for conducting excitation between neurons,
due to the presence of previous experience (training).
The perceptron scheme is a completely deterministic
system.

However, stochastic connections are very impor-
tant. They arise in the form of random contacts of var-
ious CNC’s, often located far from each other. Usually
these contacts are meaningless, but sometimes they can
lead to some kind of insight, discovery. Apparently, this
is the essence of what a person calls intuition, espe-
cially in creative activity. It is the stochastic ties of the
CNC that ensure the scientific and technological
progress of mankind, which predetermines their special
importance.

There are people who can multiply five-digit num-
bers in the mind. In this process, only deterministic
links between the CNC are involved. There is no in-
formation that these people made any discovery, since
they apparently have very weak or almost no ability to
stochastic connections of the CNC, i.e. to creative
work. In fact, this person is a computer. In this regard,
it is interesting to compare the operation of the com-
puter and the brain. Their functioning has a lot in com-
mon [4]. The brain, like a computer, receives informa-
tion, remembers it, processes and uses it for further
purposes, in particular, for its functioning.

However, there are at least two significant differenc-
es between the computer and the brain.

The first difference is quantitative. The amount of
memory in the brain is immeasurably greater than the
amount of memory currently used in computer storage
devices. Information in the central brain center of the
cerebral hemispheres is received and stored continu-
ously during the entire period of human wakefulness,
i.e. decades. No computer can work like that. In ad-
dition, a person is born already with partially available
information in the brain necessary for the initial life
activity.

The second difference is qualitative. A computer
works only on the principle of deterministic connec-
tions between memory cells and a central processor in
which information is processed. There are no stochastic
connections in the computer. Moreover, the occur-
rence of a random connection, for example, accessing
the wrong file indicated by the cursor on the display, is
identified as a malfunction of the computer that re-
quires reinstalling the operating system. For the brain,
this is an absolutely normal, very important stochastic
mode of operation, and the computer is not capable of
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creative activity. This is the main obstacle to the crea-
tion of full-fledged artificial intelligence.

For further analysis, we will focus on the stochastic
mode of the brain.

Some principles of stochastic functioning
of the cerebral cortex

The cerebral cortex is a three-dimensional syncy-
tium of interconnected cyclic neural circuits — mem-
ory cells. Syncytium is a close connection of many of
the same type of cellular structures into a single organ.

The three-dimensional structure is rather compli-
cated for analysis, so first we consider the one-dimen-
sional system of memory cells, the so-called "one-di-
mensional brain". In this system, memory cells — cyclic
neural circuits are interconnected in a linear manner
and are located along a straight line — the X axis.

Excitation of any CNC is carried out randomly
from neighboring CNCs. Suppose that, with a proba-
bility 1/2, the CNC can be excited to the left and to the
right of the already excited CNC, which we will con-
sider to be located at the origin X = 0.

We find the probability of excitation of the CNC at
an arbitrary point X.

We will proceed from the following assumptions
[12]. We consider the equality

cosq = %(eiq + e 1), (1)

where the angular value is —n < g < .

We will consider the coefficient 1/2 before e’ to be
the probability of excitation of the right center, and be-
fore e ' — the left center.

We raise the left and right sides of equality (1) to the
power of 7, where ¢ is the dimensionless quantity:

: At .
coslq = P(equr eflq)J = lte"” +
2 2
+ L olemiatt—Demia L 02 ittt = 2gi2 4
t t
2 2
o+l Cfeiq(’_ ke~igk 4
t
2
L+ 1 C,’fle"qe_"q(’_ D4 le_iq’, ()
2! 2!

where k is the current binomial expansion index.
In (2), the value of t is assumed to be discrete.
The probability of excitation of the CNC is p(¢, X)
at a distance X from the coordinate origin is determined
based on the relation:

2lt Ceidtt = e~k = p(z, X)ye ¥, 3)




In relation (3), the dimensionless distance Xis nor-
malized to the distance between two neighboring
CNCs.

For example, at = 2 and k < 2 with and there are
possible options for the excitation of the CNC at the
following X coordinates:

k = 0, consequently,

(1, X)e 14X = Lz Cg (2 = 0)g=ig0 — leiqZ’

ie. X=—2and p(2, =2) = i;

k = 1, consequently,

b

[\

p(t, X)e 14X = 2L2 Cl e =~ Deial - 1

ie. X=0and P2, 0) = %;

k = 2, consequently,

2? 4

ie. X=2and p(2,2) = i.

Excitation of the CNC at distances X = *1 is im-
possible, since at £ = 2 two central CNCs should be ex-
cited, and those closest to the origin of the CNC should
come to rest. In accordance with (3), the probability
P(0, 0) = 1, i.e. the initial center on the coordinate
X = 0 at the initial time is excited. An analysis of the
excitations of the CNC at r = 2 and k < 2 shows that
it is possible to excite the distant CNC at X = +2 with
probability p(2, +2) = 1/4 and the excitation of the
original CNC at X = 0 with probability p(2, 0) = 1/2.
In the latter case, the neighboring CNCs must first be
excited at X = =1, then they cause the CNC to be ex-
cited at, and they themselves go into a state of rest.
Therefore the probability p(2, 0) = 1/4 + 1/4 = 1/2.

Thus, assumption (3) for calculating the probability
p(t, X) can be considered valid.

Multiply (2) by (3) by 2L e/ and integrate within
Y

—n<g<Tm

PR N
2—1_[].[2((3 +e ):|e dq—

T

T
= L [ cosiqeiag = L [ Leiat+ Ny 4
2n - 2n - 2’

T

ot L [, X X Xy 1
21

T
| lte_iq(’_x)dq= 0+ ..+ pt, X) + ...

.+ 0=p(t, X). 4

When deriving (4), we used the property of the Kro-
necker symbol:

L Jeunbgg=g, =] "=k
2n 0 nek

Thus, after a time ¢, the CNC will be excited at a dis-
tance X from the coordinate origin with probability:

T
p(t, X) = 2= [ cos'qe®dg. (©6)
2n o,
Formula (6) is the inverse Fourier transform for the
Fourier transform:

p(t, @) = [ p(t, X)e4dx (M

We extend the formulas (6) and (7) to the case when
the excited center is surrounded by 2n neighboring
centers, i.e. we pass to the conditionally n-dimensional
brain, where n =1, 2, 3.

In this case, the probability of excitation of the CNC
after time t with the coordinate X is equal to:

p(t, X) = 1 - [ cos'qe™dq =
(2m)"
1 7 i
Py | Wh@e™dq, ®)
(2m)” -

where X is a vector quantity, the argument of the
Fourier image q is a pseudovector. The pseudovector
q is directed along the line of action of the vector X.
In formula (8), in integrals are taken, the differential

n
dq = a’ql...dqn, W(q) = cosq = ’11 2. cosg;, qX — are
i=1

scalar product of vectors.
The Fourier transform of function (8) has the form:

p(t, q) = ; p(t, X)e Xgx, 9)

where integration is throughout the entire volume of
the V cortex.

In accordance with (8), the Fourier image (9) is
equal to:

p(t, @) = Wig. (10
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Formula (8) fundamentally solves the problem of
finding the probability of excitation of the CNC after a
time ¢ with the coordinate X.

For further analysis, we introduce the generating
function [13]. The Fourier transform of the generating
function using (10) is easy to find:

6Z0= T 2t a)= T ZW=

1
= 11

1-ZW(q)’ (1D
where the formula of the sum of infinite geometric pro-
gression is used. The value Zis the argument of the gen-
erating function.

The generating function itself, taking into account
(8), has the form:

GZX) = T Zp1.X) =

-5 L3 2] wiaetd -
T = —T

= J 2 (Z'W'(q))e'®dq =
(21t) —ni=

= ] 6(Z, eidq =
(2n> ,,T
1 7 eiqX
= dq. 12
(zmn_fnl Zie (12)

The result (12) can be written immediately as the in-
verse Fourier transform of function (11).

Information from one CNC to another is transmit-
ted using electrical pulses (action potentials). The com-
bination of these pulses can be identified with some
electric current /.

Let us assume that the current 7 flows from the CNC
at X = 0 and spreads over all the other central CNCs.

Find the distribution of potential ¢(X) in the cere-
bral cortex. By Ohm's Law:

= ﬂQLR(PLXJ (13)

where R is the conditional resistance between the CNC
at X = 0 and X. This resistance can be both active and
reactive. We neglect the pulsed nature of the propaga-
tion of excitation through neurons.

Let's move on to the Fourier transform of the po-
tential:

o(q) = ;f"qxcp(xx (14)
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where is the potential ¢(X) is equal to

—— Xe'%o(q). (15)
<2n) a

o(X) =

Initially, we will consider the distance between the
CNC at X=0and X = 1, i.e. these CNCs are next to
each other. Substitute (15) in (13):

I= z<e’q° — e%)o(q) =
(21'5) Rl
Z(l — e"Yo(q), (16)
where R; — Resistance between neighboring center
X=0and X=1.

In this case, the current function can be written as
@) = o (1 = e"o().
1

If the current is supplied to the CNC at X = 0 and
spreads over all neighboring CNCs, then it is necessary

to summarize the current function over all 2n neigh-
boring CNCs [13]:

) .
I=2n¢(q) - (1 — &%) =
mp(q)Rl( e
- ZHR(‘I) (1 — cosq — ising). (17)
1

The imaginary part of the current has no physical
meaning, therefore:

= gﬂ%ﬁﬂ)(l — cosq) = 2-—’z—;if’-(ﬂ-)(l — Waq)), (18)
1 1

where taken into account W{(q) = cosq = - Z cosql
. . 1 .
Using (11), we obtain G(1, q) = ————, In this
g (1D) 6@ = 0
way:
I’lgg(q 1 — W — _2no(q) 1
(1= wa) = g, a9

Thus, the distribution of the Fourier transform of
the potential has the form:

—IR‘Gl 20
0@ = 51 G(l, a). (20)

Consider the more general case when the distance
between the CNC at X = 0 and X is not equal to one.




Passing to the integral in (16), we find the current be-
tween these CNCs:

I= [ (1 = " X)o(q)dq, 1)
(27[) Ra

where R — resistance between the CNC at X =0 and X.
We substitute in (21) the formula (20):

Rl
G(1, q)dq. (22)

1= [a- ’q">

(27t) Rq

Reducing the current I, we have:

il [(1 = e G(1, q)dg. (23)
2n(2n)" @

R:

Formula (23) needs to be adjusted [14]. Let the
current flow into the center at X = 0 and spreads
over the grid of the CNC, i.e. on the nodes of the grid.
The potential difference between nodes 0 and X is
Ag" = ¢(0) — ¢(X). Next, we consider the case when
the current flows into the node X and spreads over the
grid. In this case, the potential difference between the
nodes X and 0 is equal to Ap"” = @(X) — ¢(0). Using the
principle of superposition, we find the distribution of
potentials for the difference of these two states. In this
case, the current will flow into node 0 and flow out of
node X. We have:

A = A9" — Ag" = ¢(0) — o(X) — (o(X) — ¢(0)) =
= 2(9(0) — o(X)). (24)

Therefore, according to (23) and (24), the resistance
between nodes 0 and X:

J(1 =) G(1, q)dg.  (25)

_A
Rox = —;P

n(27t)

Next, we consider a two-dimensional system
[13, 15] — the "two-dimensional brain" (fig. 3). The
analysis of the "two-dimensional brain" is much more
complicated than the analysis of the "one-dimensional
brain". We assume that in each node of the two-dimen-
sional grid there is a center. All CNCs are intercon-
nected, which is reflected by solid lines.

Using (25), we find the resistance between the two
CNC:s (nodes) along the diagonal of the grid at n = 2

. -1 .

(fig. 3), taking into account G(1, q) T~ W)
—igX

e~ R (1_e"‘)dq:
mm 2(27:)2 1-W(q)
Rt | im(q+qy)
1 T i e dq\dg,,  (26)

2Q2n)" m-n ] - 5(c05q1+ C08¢,)

where mm is the node number relative to the vertical m
and horizontal k, at k = m (fig. 3).
We carry out the change of variables in (26)

J’_ —
0, = q ‘12’9_2‘11 )

2

R n 0 2im6,
R, = —"! —¢ (0,4, 0_)|do_ do_ =
mm 2(2n)2 “n01—cos6, cosO_
R, 2im 2z do_
= f(l— " +)la’eJrf—,(27)
(27:) n 2 p 1—cos6,cosO_

where is the Jacobian substitution

00, 00, 11
JO,., 0_) = 99y 0qy | _ |2 2 | _
00_ 00_ 1 _l
-1 _1__1
4 4 2°

Zero integration limits for 6_ replace by integration
over the entire period from 0 to 2, while doubling the
integral.

2n

Using the integral |

dw _ 2=
o a+bcosw [13, 151,

A/aszz

we find:

do, — 2" —

/1 coszeJr

1 Jdb. =

Rmm= R J‘(]f 1m6+)1
2n) =

Rl T 7e21m9+
(2n) Cn |s1n6+|

m 2im0
Ry T1_e "

B (2n) ) ‘sin9+]

do,. (28)

The integral (28) can be written as:

Tl-e 0,
[i=8 e "ao,. (29)
0

0
We introduce the change of variables el T =u, s0

i0
du = iel " do_, the limits of integration are 6,(0, 7) —
— u(l, —1).
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Therefore, interchanging the limits of integration,
we obtain:

1 2
R, J-(u m_l)du=
mm n u2—-1

1
=1 Ja+d+it+ 0+ .+ uP Ydu=
|
T 37357 2m U
2R 1.1 1
=_l = = -
T (]+3+5+'"+2m—l)' (30)

For some nodes, more precisely the resistances
between the diagonal nodes and node 0, we have

2R, 2R, 4 S8R, _ 46R,

fn= = fem 2y T M T

Next, we calculate the resistance between node 00
and the nearest node, for example, along the vertical of
the grid. Resistance calculation R;, draw using the
principle of superposition [14]. In this case, the first
digit of the index characterizes the vertical axis of the
grid, the second digit — the horizontal axis.

In node 00 we apply current /. It spreads over four
resistances R;. By resistance R, current //4 flows.

We apply current 7 to node 01. For the same resist-
ance R, current —//4 flows.

We find the difference between these two current
distributions over the resistance grid.

etc.

In this case, current enters node 00, and current ex-
its node 01. By resistance R, current //4 — (—1/4) = 1/2
flows. Consequently, the equivalent current resistance
is halved due to the resistance grid Ry = R;/2.

The remaining resistances can be found using the
following formula [15]:

Rmk'_

Ry+16t Ry—16F Rpkv1 T Ry —1)- B

A—

Formula (31) shows that the resistance from node 00
to any mesh node is equal to the average from the re-
sistances to all neighboring nodes.

For example, we find the resistance from node 00
to node 20, i.e. Ry, Using (31), we have Rj, =

= }‘(Rzo + Ry + Ry + R _y). Given the sym-

metry of the grid, we use Ry,

% = i(R20+0+2%) and Ry = (2-2) R,

= R, —;. Consequently,

632 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 10, 2019

Find the resistance from node 00 to node 21, i.e. Ry;.
Using (31), we obtain R, = & 3 Ry + Roy + Riy + Ry,

Given the symmetry of the grld we use Ry; =

— =Rt 3 3

Ry, and

Ry = Ryy. Consequently,

and Ry = C—if%) R,.

Consider the simplest model for recording biopo-
tentials in electroencephalography.

With EEG, electrodes are superimposed on the sur-
face of the head in pairs and symmetrically. Let us an-
alyze the potential difference between such electrodes.

We find the potential difference between the two
CNGCs with the coordinates X; and X,.

Using (25), we find:

"11 1

Ap = [a- ) G(1, q;)dq; —
n(2Tc) q;
IR iq,X
L [(1-e ) G, qdy, =
n(2m)" @
IR iq, X
=-——=L [e "G, q)da; +
n(2m)" q
IR iq,X
+ —L [P 60, gda,. (32)
n(2n) 9@

In the derivation of (32), it was taken into account

- [ G(1, qpday = - [ G(1, aqy)day,
n(2n)" 4 n(2n) 4

since the form of integrands and integration limits are

the same.

Suppose that the electrodes on the surface of the
head are applied symmetrically, as is usually the case
when registering an EEG. Consider the scheme for
measuring the potential difference in this case in more
detail.

In a closed triangle of resistances, the potential dif-
ference:

that

Ap1_p = Api_o + Apy_». (33)

We investigate the simplest case when the points of
electrode application and the potential zero point are
located on the same line (fig. 4).

In this case, from (33) it follows

Apy_»

_ Ay

Apy_»
AXO_2 )

(34

Formula (34) reflects the balance of electric field
strengths E£y_, = E|_ + Ey_,. Given the symmetry of
the circuit of fig. 4, can be written £,_, = 2E, , or




AQi_p = 2A@()_,, and formula (32) should be used as
follows:

2IR iq, X
Ao = —=L [e 2 G(1, qy)da, =
n(2mn)" 4@
21R,
= - [ cos(qXy) G(1, ay)da, =
n(2n) 4

_ 21R, Icos(qu)

dap. (35)
n(2rn)" a 1-W(q,) 2

In (35), the imaginary terms are not taken into ac-
count.

Normalizing the formula (35), we obtain:

AG(X) = AeX) - _ 2 cos(qX) o 36
0 =% n(2n)n(fl ~q % G0

Formula (36) allows us to calculate the potential dif-
ference between the electrodes, which simulates the po-
tential difference during EEG.

Consider the simplest case of a "one-dimensional
brain" n = 1. In this case, the formula (36) is converted
to the form:

Ap () = L [ costadd g, (37)

n 1 —cosq

Function (37) is easy to determine numerically.
However, at ¢ = 0, the integrand, the expression has a
singularity. This singularity must be excluded during
numerical integration (37). In addition, the dimension-
less potential difference in the "one-dimensional brain"
between the nodes X = +1 can be found analytically. It
is equal Ap (X) = —2=[—1— (+1)].

Fig. 5 shows how excitation from the central brain
at X = 0 spreads to both sides of the "one-dimensional
brain". This distribution is oscillatory in nature.

Potential fluctuations, in accordance with (13), are
accompanied by current oscillations.

Excitation propagates at a certain rate in the human
brain of about V= 20...30 m/s. Therefore, due to X= V%,
fig. 5 also reflects the temporal nature of the propaga-
tion of excitation. In this case, fig. 5 can be identified
with a-rhythm of the brain electroencephalogram.

The results obtained can hardly be considered com-
pletely adequate, since the "one-dimensional brain"
cannot serve as a full-fledged model of the real brain.

For more complex cases, especially for a "three-di-
mensional brain”, the calculation of the integral (36) is
difficult.

Conclusion

Currently, the problem of creating artificial intelli-
gence is based on the development of software for ar-

tificial neural networks with the possibility of their
training. The design of artificial neural networks is
mainly based on a perceptron model of varying degrees
of complexity.

However, this path cannot lead to the emergence of
artificial intelligence, which could not only learn known
knowledge, but also form new knowledge.

This obstacle is due to the fact that any varieties of
artificial neural networks currently used, in particular
based on the perceptron scheme, are deterministic.

The human brain also functions in a stochastic
mode, which provides the possibility of his creative
work and the generation of new knowledge.

The principles of stochastic brain function, dis-
cussed above, allow you to outline ways to create a full-
fledged artificial intelligence.
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BBenenue

Pa3BuTHe TeXHOJIOTMYECKOI 1 MaTepraoBeTUECKOM
0a3bl TBEPHOTEIbLHOM MUKPOS3JIEKTPOHUKU TIPUBEIN K
paclIMpeHnIo o0yacTeil MPUMEHEHNST MUKPOMEXaHU-
YECKUX JaTYMKOB. MUKPOTMPOCKOIThI UCIIOIL3YIOTCS BO
Bce 0oJiee CIOXHBIX CUCTEMaX YIpaBJIeHUs pa3IuYHbI-
MU 00beKTaMU. BO3MOXHOCTD ITOBBIIIEHNS TOYHOCTH 1
CTaOMJILHOCTU TMapaMeTpOB MOXKET ObITh pealn30BaHa
B TOM 4YHMCJIe 3a CYET YIYYIIEHHS CXeMbl OOpabOTKM
curHanoB Y3D. CnenoBareibHO, MPOBEACHUE UCCIENO-
BaHWIi1 B 5TOM HaIpaBJICHUU SIBJIETCS aKTyaJIbHBIM.

Oco0ennocTn pa3padoOTaAHHOTO
YyBCTBHUTEJIHHOTO JJIEMEHTA

UyBcTBUTENBHBIN 371eMeHT (UD) KOJIbLIEBOro MUKPO-
rupockomna (KMI') npencrasisier co0Ooii KOJblLIEBOM
pe30HATOP U3 MOHOKPHUCTAJUIMUECKOTO KPEMHMSI C YII-
PYTMM MOJBECOM, pa3MeIleHHBII B TIOCTOSIHHOM Mar-
HUTHOM 110Jie (puc. 1, a, CM. 4eTBEpPTy10 CTOPOHY 00-
JIOXXKM). YyBCTBUTEIbHBIA BJEMEHT pa3paboTaH Ha
6aze MUDT u OO0 "JIabopaTopust MUKpPOITprOOpPOB"
[4—6]. Ha puc. 1, b mpuBeneH KpeMHUEBBIN pe30Ha-
TOP &§: KOJbLIO MOIBEIIEHO K OCHOBAHUIO C MTOMOLUBIO
BOCbMU TOPCMOHOB. MeTOIOM aHOTHOTO CpalllMBaHMS
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KpPUCTALT 4 COEAUHEH CO CTEKISIHHON TOMIOXKONU 5
TaKUM 00pa3oM, YTOOBI KOJIbLIO KPEMHUEBOTO Pe30HA-
TOpa ObUIO PACIIOIO0XEHO B OMHOPOJIHOM MOCTOSIHHOM
MarHMTHOM Iojie. MarHuTHoe 1oJjie 00pa3yeT MarHuT-
Hasl CUCTeMa, COCTOsIasi U3 KOoOaJabTO-CaMapUeBOIo
MarHmTa 3, BepXHero 2 M HUKHEro 6 MarHuTOIIPOBO-
JIOB, U3TOTOBJICHHBIX M3 MAarHUTOMSTKOIO MaTepuaJa.
MarHuTHas Lelb pa3paboTaHa TaKMM 00pa3oM, 4YTO-
OBl 00pa30BaTh MAaKCUMAJIbHOE MAarHMTHOE I10JIe B 30-
He pacriojioXeHUs1 pe3oHaTopa (clieaoBaTe/lbHO, U
MPOBOJHUKOB, PACHOJOXEHHBIX Ha TIOBEPXHOCTHU pe-
30HATOpa), U TAKUM 00pPa30M IMOBBICUTH €I0 UyBCTBU-
TEeJIbHOCTh. MarHuTHasg cucTeMa C KPUCTaJUIOM CO
CTEKJITHHOM TTOIOXKOM 3apuKCUpPOBaHbI B KOpIyce,
KOTOPBIM COCTOMT M3 OCHOBaHMS 7 1 Kpblluku 1. s
MOBBILIEHUSI JOOPOTHOCTH KOJIbLEBOTO pe30HaTopa
BHYTPEHHUII 00bEM KopIlyca Bakyymupyetcs [7—9].
Bocemb mpoBOAHMKOB HaHECEHBI Ha BEPXHIOIO T10-
BEPXHOCTh KOJIbLIa U (DOPMUPYIOT KOHTYPHI TEepBUY-
HBIX ¥ BTOPUYHBIX KOJIeOaHUI TTPU COOTBETCTBYIOIIEM
noakmoueHuu. [lpyu mpomyckaHMM TOKa yepel Ipo-
BOJHUKU KOHTYpa B MarHUTHOM I10J1€¢ BO3HUKAET CUJIa
AMriepa, Bo30Oyxaarolas repBUYHbIC KojebaHUsT pe-
30HaTopa. JIBrXKeHne MTPOBOJHMKA B MATHUTHOM T0JIE




nopoxnaaet DJIC, mo 3HaYeHUI0 KOTOPOI KOHTPOJIUPY-
10T aMIUTUTYAY TIEPBUYHBIX M BTOPUYHBIX KOJIeOaHMIA.

ITo nmpuHUMY (DYHKLIMOHUPOBAHMSI pa3padoTaH-
Hb1ii YO KMI' oTHOCST K TUILy TMPOCKOIIOB C paciipe-
nIeJleHHOM Maccoii. B pabdore [1, 2] Obl;ma maHa apgari-
TalusI TEOPUU TBEPAOTEIBHOTO BOJTHOBOTO THPOCKOIIA
(TBT) [3] anst KONbLEBOTO pe30HATOpa C YYETOM pas-
paboTaHHOM cucTeMbl BO30YXIeHUs KoJeOaHU u
CHUCTeMbl cbheMa curHaia. [Ipu Mcrnojib3oBaHUM BTO-
poit MOIBI KOJIeOaHWi1 KOJIBIIEBOTO Pe30HATOpa paay-
aJlbHOE CMEIlIEHUE BJIeMEeHTa KoJjblia o(¢, f) MOXHO
HaiTU B BUJIE:

o(9, 1) = p(Ncos(2¢) + g(Hsin(2¢). (1
JB1KeHMEe KOJIbLIEBOIO PE30HATOPA U MEPBUYHBIE

3JICKTPUYECKUAE CUTHAJIA OMUCHIBAIOTCS CIEAYIOIIEH
CUCTEMOM YPaBHECHUIA:

B+ 2iepin + 21 pn - Soqu = Lai,
i+ 2ueqen+ 2 qu - ap = Laiy,
Ey = ( ﬁR+T”zp(t))p(t)+2Bn+2q(t)q(t)()
£y = 28~ L2 R+ %2400 g + 285 2p(0p(o),

rie k= VEJ/pSR*; & = 1/0,0; H=4B.J2 /npS; @ —
MIPOEKIINS YTIIOBOM CKOPOCTH OCHOBAHMS KOJBIIEBOTO
pe3oHaTopa Ha HOpMajib K IIJIOCKOCTH pPE30HATOpPA;
B — HamnpssKeHHOCTb MarHUTHOTO TOJiI B 00JIacTH
PacIoIoXeHus KOJIbLEBOro pesoHaropa; £y, £, — 9I1C

B KOHTYpE NEPBUYHBIX M BTOPUYHBIX KOJIEOAHWA; i}, i) —

TOK B KOHTYp€ MEePBUYHBIX U BTOPUYHBIX KOJICOAHUIA;
R — panuyc KoJblIeBOTO pe3oHaropa; S — IUIoLaab
MOMEePEeYHOro CeueHUs KOJIbIIEBOIO pe30oHaTopa; p —

MEPBHYHEIN KOHTYP
PRIMARY LOOP

TUIOTHOCTb MaTepuaja KoJIbLIEBOro pe3oHatopa; F —
Monynb IOHra marepuana KOJbLEBOIO pPe30HATOpa;
Q — 100POTHOCTbH KOJIbLIEBOTO Pe30HATOpA.

Cucrema ypaBHeHuit (1) omucweiBaer DJIC, HaBO-
JIMMble B TIPOBOJHUKAX CUCTEMbI cheMa curHaiga YD
KMTI' ¢ MarHuUTO3aeKTpuYeCKUM BO30YXKIEHUEM KO-
JIe0aHM KOJBLIEBOIO pEe30HATOpa Ha BTOPOUl Moje.
Bos0yxneHue konebaHuii pe3oHATOpa Ha BTOPOUl MO-
ne obecrieynmBaeTcsl TreoMeTpueil MPOBOIHUKOB, MX
MOJKIIOYEHNEM U paboTOil Ha pe30HaHCHOI YacToTe
BTOpOI (hopMBI KosiebaHuil [2].

Onmcanue 3JIEKTPOHHON CXeMbl 00padOTKI

Paspaborana cxema monenu Y9 MMTI', pesynbTaThl
MOJEeIMpPOBaHUs TIpuBeAeHbI B padore [2]. C yuyeToM
pe3yNbTaTOB MOAETUPOBaHUS ObUTa pa3paboTaHa cxe-
Ma 00paboTKu curHaiaoB UD.

Ha puc. 2 npuBeneHa cxeMa o0paboTKy curHaioB YD.

[NepBUYHEI KOHTYpP BKITIOUAET B ceOST KOHTYP KOH-
TPOJISI YaCTOTHI ¥ KOHTYP KOHTPOJISI TIOJACTPOMKM TIep-
BUYHBIX KoebaHMil. KOHTYp KOHTpOJST 4acTOTHI CO-
CTOMT U3 TeHepaTopa yrnpasieHus: HanpsikeHeM (I'YH)
" cXeMBI (pa30BOi aBTOMOACTPOITKY YacTOoThl (DAITY),
MOJIEPXKUBAET MOCTOSIHHYIO HACTPOiiKy yacTtoTel ['YH
Ha pe3oHaHCHOI yactore YD (pe3zoHaTopa). KoHTyp
MMOACTPOUKM TIEPBUYHBIX KoJieOaHMIT 06ecIieynBaeT
TOCTOSIHHYIO aMIUIMTyny nOBvXeHus. Ilpy Hammduu
YIJIOBOIM CKOPOCTH BO BTOPUYHOM KOHTYpPE BO3HHMKA-
IOT KoJieOaHMs 3a cuyeT yckopeHust Kopuonuca. Am-
TUIUTYa BTOPUYHBIX KOJeOaHUI MPOIOPLMOHATbHA
VIJI0BOI cKopocTH. B paboTe paccMmaTpuBaeTcs maT-
YUK, peaJu3yrolIdil KOMIEHCAIIMOHHbBIA PeXUM 13-
MepeHUS.

Crabwimzanysi aMIUIMTYIbl TTepBUYHBIX KOJIeOaHUt
obecreuynBaeT CTaOMIBHOCTh MAaclITaOHOTO Ko3(pu-
nueHTa. KoMmneHCcallMOHHBII peXuM pPaOdOThl CXEMBI
MO3BOJISIET TOBBICUTh JIMHEHHOCTb XapaKTEPUCTUKHU

BTOPUYHEIV] KOHTYP

| |
| |
| |
| | SECONDARY LOOP |
I [ I
I | | \
I Tenepatop Beixoamoii cHrHAT I
| YNpaBIeHHA Cxema RATE OUT I
| HAMNpPAKEHHEM peryIHpOBKH > I
| vCo AMILTHTYB! [ | I
| | NepPBHIHBIX L Cunainag Kpaaparyphas |
| OamHi coc COC |
CHTHANa CHIHATA
! Cxema dazosoit AGC REAL QUAD !
! ABTOMOCTPOHKH ‘
I 9aCTOTEL !
| |
| PLL / I \
: I Pe3onarop KoHTyp HiMepeHHA :
I SENSITY LOOP

| Kontyp xontpoas Kontyp noactpoitkx RESONATOR i |
| acToTH NepBHYHEIX KonebaHHi |
I FREQUENCY PRE-AMPLIFIER [
| CONTROL LOOP Crxpormsata |
| SINCHRONIZATION |
L - e e e e e e e e e e e e e e e e e e e e e e e e - — o
Puc. 2. Cxema 00padoTku curaaios Y9
Fig. 2. Electronic loop of Sensing Element
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MpeoOpa3oBaHusl U YMEHBIIUTb BIUSHUE JOOPOTHOCTU
Ha MaclUTaOHbIN K03 duuneHT. Mcnoap3oBaHne KOM-
MeHcaluu KBaapaTypHOU COCTABISIONICH BTOPUYHBIX
KOJIeOAaHUH TTO3BOJISIET YMEHBIIUTL Pa3Inuus B pe3o-
HAHCHBIX YacTOTax MEPBOl M BTOPOI MO pe30HATOpaA.

st Bepudpukauyy Mmoaenu u cxembl YO KMI 0b11
M3rOTOBJIEH MaKeTHbII 00pasell, MpeacTaBIeHHbIN Ha
puc. 3 (CM. 4eTBEpTYIO CTOPOHY OOJIOKKM).

Pe3yabTaThl HCIBITAHMI MAKETHOTO 00pa3na

ABTOMaTHM3UPOBAHHBINM CTEHI ObLT paszpaboTaH U
coOpaH 11 UCITbITaHUI MakeTHoro oopasua KMI [10].
Ha puc. 4 npuBeeHa CTpyKTypHasl cxeMa aBTOMaTH-
3UPOBAHHOI'O UCIIBITATeIbHOTO cTeHaa. CTeHa mpen-
Ha3HauyeH JiJisl TPOBeAeHUsI UCTIBITAHUI MAaKETHBIX 00-
pasuoB KMT'.

CreHp cobpaH Ha 6a3e OMHOOCHOTO MOBOPOTHOIO
crenaa Acutronic AC1120S. TToBopoTHBI# cTON C yC-
TaHOBJICHHBIM MCIIBITBIBAEMBIM OOpPa3llOM PACIOJIO-
>XeH B KaMepe Tera-xonoaa. CTeH Mmo3BoJiseT ornpe-
JIeIUTh OCHOBHbIe mapameTpbl KMI': maciutaOHBIN
KO3(ppUIIMEHT, CMEIIeHUe HYJsI, ITOJIOCY IIPOITyCKa-
HUSI, HeCTaOMJIbHOCTb HYJIEBOTO CUTHaja B 3alycKe,
LIIYM BBIXOJHOT'O CUTHAJIa, 3aBUCUMOCTHU Pe30HAHCHOM
YaCTOTHI, MacIlITaOHOTro Ko3(duiumreHTa U CMeIIeHUs
HyJISI OT TeMIIepaTypbl OKPYXalollleil cpebl.

PesynbTaThl TIpOBEACHHBIX SKCIIEPUMEHTATBHBIX HC-
cJe0BaHMil MpUBeACHBI Ha rpadukax. JluanazoH usme-
PSIEMBIX YIJIOBBIX CKOPOCTEH MCHBITHIBAEMOIo o0paslia
coctaBu £500°/c (puc. 5). Ha puc. 6 (cM. 4eTBepTyIO
CTOPOHY O0JIOXKKM) TIpMBEJicHa 3aBUCMMOCTD BBIXOITHOTO
curdHana KMI oT Bo3aeiiCcTBYIOLLEH YTII0BOI CKOPOCTH C
marom 100°/c. KpacHbIM 1IBETOM OTMEUYEHbI Y4aCTKU
BO3JICUCTBUS TTOCTOSTHHOW YTJIOBOW CKOPOCTH.

Ha puc. 7 npuBeaeHa nojoca MpoIycKaHusl, 3Ha-
YyeHHe KOTOPOi OLIEHMBAJOCh KOCBEHHO IO JIJIUTENb-
HOCTH TIepeXxoaHoro Ipouecca u coctapuiao 200 I'.

HecrabunbHocTh HyJieBoro curHaiga KMI onpene-
JISUTM ¢ MCITOJTb30BaHMEM Bapualuy AJutaHa, JUIsl pac-
yeTa KOTOPOW ObLI 3amMcaH MacCUB JaHHBIX BbIXOII-
HOI'O CUTHajJla B CTaTUYECKOM MoJoXeHuu (puc. 8).

»  Hcrounuk
MHTaHHUA

I I
I I
I I
| POWER SUPPLY | |
: - v X :
|| HoBopoTHEii HcneiTeiBacMBIi L |
| cTon obpasen < »| [lnaracGopa |
'| RATE TABLE U}:IT UNDER TEST HAHHBIX |
: Kamepa Temna-xonona ADC !
: TEMPERATURE CHAMBER 3 :
| " K ||
: acToToMep  |g—» PC |
| COUNTER 5 |
I I

Puc. 4. CTpykTypHas cxeMa aBTOMATH3HPOBAHHOIO CTEHIA
Fig. 4. Block diagram of automated test bench
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Rate, dps
Yrnoeas ckopocTe. °fc

Puc. 5. Ilepenarounas Qpynknus
Fig. 5. Transfer function

Puc. 7. ITosoca nponmyckanus
Fig. 7. Bandwidth

Allan varianca, degh
Bagualua AR, "M

Puc. 8. /Iluarpamma Annana
Fig. 8. Allan Plot




Puc. 9. JIpeiid sBoixoanoro curiaja KMTI B 3anmycke
Fig. 9. Short-term bias drift

HectabunpHocts Hyns KMIT no rpaduky Ha puc. 8
cocrasisieT 4°/4. Ha puc. 9 npuBeneH apeiid BuIXOMI-
Horo curHana KMI B 3amycke.
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Temperature,”C
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Puc. 10. 3aBHCHMOCTb PE30HAHCHOM YACTOTHI KOJIbIIA OT TEMIEPATYPbI
Fig. 10. Resonating ring frequency

A
i=1

Null, mV
CMeleHHe HynA, MB
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B paborte mpeacTtaBieHbl pe3yabTaThl MCCIEA0Ba-
Hust B Temneparype —40...+80 °C. Ha puc. 10 npu-
BelleHa 3aBMCUMMOCTb PE30OHAHCHOM YacTOThI OT TeMIle-
patypsbl, Ha puc. 11 — cMmenieHue Hys; Ha pyc. 12 — us3-
MEHEHMe MacluTabHoro koadduiMeHTa B IUana3oHe
temmiepatyp. CMmellleHre HyJIsl B Avaria3oHe TeMIieparyp
—40...+80 °C 1o puc. 10 cocrasisier 16 mV, nusaMeHeHue
maciutabHoro koagguiueHta cocrapisieT 0,5 mV/°C,
win 12 % B nuanasone temmneparyp —40...+80 °C.

3akiouyeHune

B pabote mnpuBeneHbl pe3yJbTaThbl 3KCIIEPUMEH-
TaJIbHBIX HMCCJIeIOBAaHUIA, TTOJYyYEHbl CeayIolIe 3Ha-
YeHUS TTapaMeTpoB:

— JMana3oH M3MepsSieMbIX YIJOBBIX CKOPOCTEN
+500°/c;

— tmostoca nponyckanus 200 I';

— HecTaOWIBHOCTD HyJIS1 4° /4 (110 BapraLvu AJlTlaHa);

Scale, mV
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Puc. 12. 3aBucumocts MacmTabHoro Ko3gpuuuenTa OT TeMnepaTypbl
Fig. 12. Scale factor over temperature
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— cMeuleHue HyJdas (B JauamasoHe TemIleparyp
—40...+80 °C) 16 mV;

— M3MeHeHMe MacluTabHoro koagduimeHra (B qua-
nazoHe temneparyp —40...+80 °C) 0,5 mV/°C, unu
12 %.

IIpoBeneHHbIE MCIIBITAHWSI MAKETHOTO oOpa3lia Ha
pa3pabOTaHHOM aBTOMAaTU3UPOBAHHOM CTEHIE MOJI-
TBepOWIN TIPABUIBLHOCTD TEOPETHMUECKMX MOJEIEeH,
MPOBEICHHOIO MOIEIUPOBAHUSI CXEMbl O00pPadOTKU
curHajgoB YO KMT.
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Introduction

The development of the technological and material
science base of solid-state microelectronics has led to the
expansion of the fields of application of micromechanical
sensors. Microgyroscopes are used in increasingly com-
plex control systems for various objects. The possibility of
increasing the accuracy and stability of parameters can be
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realized, including by improving the signal processing
scheme of the SE. Consequently, conducting research in
this direction is relevant.

Features of the developed sensor

The sensitive element (SE) of a ring microgyroscope
(RMG) is a single-crystal silicon ring resonator with an




elastic suspension placed in a constant magnetic field
(fig. 1, a, see the 4-th side of cover). The sensitive el-
ement was developed on the basis of MIET and LMP
Ltd. [4—6]. Fig. 1, b shows a silicon resonator 8: the
ring is suspended from the base using eight torsions. By
anode splicing, the crystal 4 is connected to the glass
substrate 5 so that the silicon resonator ring is located
in a uniform constant magnetic field. The magnetic
field is formed by a magnetic system consisting of co-
balt-samarium magnet 3, upper 2 and lower 6 magnetic
cores made of soft magnetic material. The magnetic
circuit is designed in such a way as to form a maximum
magnetic field in the area of the resonator (and there-
fore, conductors located on the surface of the resona-
tor), and thus increase its sensitivity. A magnetic system
with a crystal with a glass substrate is fixed in the hous-
ing, which consists of a base 7 and a cover 1. To in-
crease the quality factor of the ring resonator, the in-
ternal volume of the housing is evacuated [7—9].

Eight conductors are applied to the upper surface of
the ring and form the contours of the primary and sec-
ondary vibrations with the appropriate connection.
When current is passed through the circuit conductors
in a magnetic field, an Ampere force arises, exciting the
primary oscillations of the resonator. The movement of
the conductor in a magnetic field generates an EMF,
the value of which controls the amplitude of the pri-
mary and secondary vibrations.

According to the operating principle, the developed
RMG’s SE is classified as a distributed mass gyroscope.
In [1, 2], an adaptation of the SSG (solid-state gyro-
scope) theory [3] for a ring resonator was given, con-
sidering the developed system of excitation of oscilla-
tions and the system of signal acquisition. When using
the second oscillation mode of the ring resonator, the
radial displacement of the ring element o (o, #) can be
found in the form:

o(p, 1) = p()cos(29) + g(nsin(29).

The motion of the ring resonator and the primary
electrical signal are described by the following system:

1

b+ 2epn + L pn-Eaqn =
. 36,2, . 36,2 8 1y
Q(I)Jr?k QQ(t)+?k Q(f)*gQP(’) = §H12(t),

(1

Ey = 28~ LR+ 2 2p0) o + 287 2d(1)q(0),

B, = 2B~ LR+ T 2000 gt + 285 2p0ptr,

where k = JEJ/pSR®, & = 1/0,0, H= 4B./2 /npS,
Q — the projection of the angular velocity of the base
of the ring resonator on the normal to the plane of the
resonator; B — magnetic field strength in the region of

the location of the ring resonator; £}, £, — EMF in the
circuit of primary and secondary vibrations; ij, i, —
current in the circuit of primary and secondary oscil-
lations; R is the radius of the ring resonator; .S is the
cross-sectional area of the ring resonator; p is the den-
sity of the material of the ring resonator, E is the
Young's modulus of the material of the ring resonator;
Q is the Q factor of the ring resonator.

The system of equations (1) describes the EMF
induced in the conductors of the RMG’s SE signal
pickup system with magnetoelectric excitation of oscil-
lations of the ring resonator in the second mode. The
excitation of resonator oscillations in the second mode
is provided by the geometry of the conductors, their
connection and operation at the resonant frequency of
the second mode of vibration [2].

Description of electronic processing circuit

A model diagram of the SE MMG was developed,
the simulation results are given in [2]. Based on the
simulation results, a signal processing scheme for the
SE was developed.

Fig. 2 shows the signal processing of the SE.

The primary circuit includes a frequency control cir-
cuit and a control circuit for adjusting the primary os-
cillations. The frequency control loop consists of a vol-
tage controlled oscillator (VCO) and a phase-locked
loop (PLL), supports constant tuning of the VCO fre-
quency at the resonant frequency of the SE (resonator).
The primary vibration control loop provides a constant
range of motion. In the presence of angular velocity in
the secondary loop, oscillations occur due to the Corio-
lis acceleration. The amplitude of the secondary vibra-
tions is proportional to the angular velocity. The paper
considers a sensor that implements closed-loop mea-
surements.

The continuous automatic attenuation a of the am-
plitude of the primary oscillations ensures the stability of
the scale factor. The compensatory mode of operation of
the circuit allows to increase the linearity of the conver-
sion characteristics and reduce the influence of the qua-
lity factor on the scale factor. The use of compensation
of the quadrature component of the secondary vibrations
can reduce the differences in the resonant frequencies of
the first and second modes of the resonator.

To verify the model and scheme of the RMG’s SE,
a prototype model was produced, shown in fig. 3, see
the 4-th side of cover.

Test results of the prototype

An automated test bench was developed and assem-
bled for testing of RMG prototype [10]. In fig. 4 is a
structural diagram of an automated test bench. The test
bench is intended for testing of the prototype RMG
samples.
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The test bench is assembled based on a single-axis
rate table Acutronic AC1120S. A rate table with the
Unit Under Test (UUT) installed is in the temperature
chamber. The test bench allows to determine the main
parameters of RMG: scale factor, bias, bandwidth,
short-term bias drift, output noise; instability of the re-
sonant frequency, scale factor, and bias on the opera-
ting temperatures.

The results of experimental studies are shown in
graphs. The range of measured angular velocities of the
test sample was = 500°/s (fig. 5). Fig. 6 (see the 4-th
side of cover) shows the dependence of the output signal
of the RMG on the acting angular velocity in increments
of 100°/s. The areas of exposure to constant angular ve-
locity are marked in red.

Fig. 7 shows the bandwidth, the value of which was
estimated indirectly by transient duration and amoun-
ted to 200 Hz.

The bias instability of the RMG was determined
using the Allan variation, for the calculation of which
an array of data of the output signal in the static posi-
tion was recorded (fig. 8). RMG bias instability accor-
ding to the graph in fig. 8 is 4°/h. Fig. 9 shows the short-
term bias drift of the RMG.

This paper presents the results of a study at tempe-
ratures from —40 to +80 °C. Fig. 10 shows the depen-
dence of the resonant frequency over temperature;
fig. 11 shows a bias change over temperature; fig. 12
shows scale factor’s error in the temperature range. The
bias change in the temperature range —40...+80 °C in
Fig. 10 is 16 mV, the change in the scale factor is
0.5 mV/°C or 12 %.

Conclusion

This paper presents the results of experimental stu-
dies, the following parameter values are obtained:

e measurement range: £ 500°/s;
e bandwidth: 200 Hz;
o bias instability 4°/h (according to Allan variation);

e Dbias change (in the temperature range —40°...+80 °C)

16 mV;

e scale factor’s error (in the temperature range

—40°...+80 °C) 0.5 mV/°C or 12 %.

The tests of the prototype model at the developed
automated test bench confirmed the correctness of
theoretical models and circuit’s simulations of the
RMG?’s SE.
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InGaAs. Yka3anubIM Ha pACYHKe 3HATeHAAM MO3aHIHOCTH, IOTY-
YeHHBIM OpH nojaronke pacermranbix K/[O (me mpuBeneHs! Ha
PHCYHKE) IO H3MEpPeHHBIC, COOTBETCIBYIOT CIeqylolne Hapa-
MeTPBI TOJIMAHGI 1 coctaBa cioes InGaAs: 0,5 — 11 1vm, 12 %;
0,7 — 11 mm, 21 %,; 0,8 — 8 mm, 23 %; 1 — 9 mm, 24 %,;
1,3 — 11 1M, 24%

Fig. 7. Diffraction curves of pHEMT heterostructures differing
in the parameters of the InGaAs channel layer. The mosaicity
values indicated in the figure obtained by fitting the calculated
XRD curves (not shown in the figure) to the measured ones
correspond to the following parameters of the thickness and
composition of InGads layers: 0.5 — 11 nm, 12 %; 0.7 — 11 nm,
21 % 08 —8nm, 23 % 1 — 9 nm 24 % 1.3 — 11 nm, 24 %

2
N\

\

X Vit




Pucynxu k cratbe C. 1. Tumorrenxosa, C. A. Aruytuna, B.E. [Inexanosa, E. C. Kouypunoii,
A. C. Mycarknna, A. C. TumotieHKoBa
«ACCIEJOBAHUNE KOJIBITEBOI'O MUKPOI MPOCKOITA»
S. P. Timoshenkow, S. A. Anchutin, V. E. Plekhanow, E. S. Kochurina, A. S. Musatkin, A. S. Timoshenkov

«RESEARCH OF MICROMECHANICAL RING GYROSCOPE»

Pue. 1. YyBerBATEIbHBIH 2TeMEHT KOIBIEBOI0 MEKPOTrHPOCKOINA: b)
a — m37ieTCE B KOpIyce; b — KpeMHHEBHI pe3oHaTop (KPHCTAILT)

Fig. 1. Sensing Element of Gyroscope: a — In the case; b — Silicon Sensing Element

" Pre. 3. Makernbrit
) obpazen U KMI'

\ N Fig. 3. Prototype
of sensing element ring

Pue. 6. Boixommoii carmait
HCOBITBIBAEMOI0 06pa3sna

Fig. 6. Out gyroscope

0 10 20 30 40 50 60
Bpewms, ¢

Time, sec



	obl_NMST10_2019-1pl
	obl_NMST10_2019-2pl
	mc1019_web
	obl_NMST10_2019-3pl
	obl_NMST10_2019-4pl


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /TimesET
    /TimesET-Bold
    /TimesET-BoldItalic
    /TimesET-Italic
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.03333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.08000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [637.795 765.354]
>> setpagedevice


