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OCOBEHHOCTH NMOCTPOEHWA TIPUEMO-TEPEAAIOLLETO MOAYAA
L-AMAMA30OHA HA OCHOBE HUTPUA-TAAMEBOW TEXHOAOTUM

Ilocmynuna ¢ pedaxuyuio 04.06.2019

Paccmompennt ocHosHbie npobaemblL U 0COOEHHOCMU NOCMPOCHUS. npueMo-nepedaroueco Mooy L-duanasona Ha ocHoge HUm-
pud-eannuesou (GaN) mexnonroeuu. [lpueedensvl pezysbmamsl pazpabomku, a MaKice SKCNEPUMEHMANbHbLe OQHHbLe UBMEPeHULL.
B pesyrbmame paspabomku yoanioce co30amo bICOKOMEXHOAOLUYHBLI YeMblPEXKAHAAbHbLI NPUEMO-Nepe0arouuil YCUaUmeabHbLL
MOO0Yb C BbICOKOL CMENeHbl0 UHMe2payuu KOMHNOHEeHMO8: 6HeulHUue cabapummble pazmepbt — He 6oaee 220 X 200 X 60 mm, mac-
ca — He 6oaee 4,1 ke. MakcumanvHoe 3HaueHUEe BbIXOOHOU UMNYALCHOU MOWHOCHU 00OHO20 nepedaroujeeo KaHaia COCMaguio He
menee 450 Bm npu munogom 3HaveHuu cymmapro2o Kosgguyuenma noaesrnoeo devicmesus 45 %. Pexcum pabomvt AB GaN mpan-
3UCMOPO8 Nepedarouux KaHaL08 NO360AUN PeANU308AMb B03MONCHOCHb PEYAUPOSKU EbIXOOHOU MOWHOCMU 8 WUPOKOM OUANA30He,
Hayunas om 1 Bm 0o makcumanvrozo 3navenus. [Ipumenenue cxemvl amnaumyoOHot MOOYAAUUU, OCHOBAHHOU HA USMEHEHUU Ha-
NPANCEHUSI CMEWeHUs. HA 3ameopax MpAaH3UCMOpO8, NO360AUA0 MUHUMUUPOBAMb EPEMEHHble UCKANCEHUs PaOUOUMNYAbCO8 U
cgpopmuposams mpebyemoie HpoHmMbvL U CNAObL BLIXOOHBIX PAOUOUMNYABCOB.

Karoueewie caosa: npuemo-nepedarouuii mooyas, L-0uanasoH, UmnyabCHas MOWHOCMb, hPOHM UMNYALCA, CNAO UMNYALCA, KO-

aghguyuenm noaesnoeo oelicmeus

BBenenune

MHTEHCHBHOE Pa3BUTUE U BHEAPEHUE COBPEMEH-
HbIX BbICOKOYACTOTHBIX MOJIEBBIX TPAH3UCTOPOB Ha
ocHoBe GaN MO3BOJIUIIO CO3IaTh MPOMBIILIEHHBIE 00-
paslibl IPpUOOPOB ¢ PEKOPAHBIMU 3HAUYCHUSIMU BbIXO/I -
HOI MOIIIHOCTHY U 3(p(hpeKTUBHOCTU, KOTOPHIE UCIIOJIb-
3YIOTCSI B HOBEMIIIMX HA3eMHBIX U OOPTOBBIX CUCTEMAX
paguoCBsI3U U paguoaoKauuu [1, 2].

OnHa 13 OCHOBHBIX IIPOOJIeM MpU CO3IAHUU IIPU-
emo-nepenaroiux moayiaeit (ITIIM) mist akKTUBHBIX
(asupoBaHHBIX aHTeHHBIX pelleTok (ADAP) 3akimo-
YyaeTcsl B HEOOXOAUMOCTH pealu3aliui BbICOKO3(hheK-
TUBHBIX MEPEAAIOIINX KAaHAJIOB IMPU OTHOCUTEbHO He-
OospIIMX rabapuTHeIX pazMepax [1TIM.

B Hacrosieit paboTe paccMaTpHBalOTCSI OCOOEH-
HOCTH MOCTPOEHUS YeTbipexkaHaibHoro I1TTM L-aua-
Ma3oHa ¢ CYMMapHOW BBIXOIHOW IMUKOBOW MOIIHOC-
TeI0 He MeHee 1600 Bt (mopsimka 400 BT Ha KaHai)
IpHY I10JE3HOM 00beMe MOMYJISI PUOIU3UTEBHO 2,5 JI.
[1pu 3TOM, MOMUMO YCUJIEHUST BXOAHBIX PAAUOUMITYJIb-
COB 10 TpeOyeMOro YpOBHS ¢ HEOOXOAMMBIM K03 hu-
LIMEHTOM YCUJIEHUSI, IPEABSIBIISIIOTCSI HE MEHEE BaXKHbBIE

TpeOOBaHUSI HAMMEHbIIETO UCKaXeHUs (yXyILISHUSsI)
CIIEKTPaIbHBIX, BDEMEHHBIX 1 IITYMOBBIX XapaKTepHC-
TUK BXOJIHBIX pAAMOUMITY/IbCOB. IIpriMeHeHUe MOoJIeBbIX
GaN TpaH3ucTopoB B mepepamoinux KaHamax [1TIM
MO3BOJIWJIO JOOUTHCS 3HAUYMUTENbHBIX PE3yJbTaTOB B
CpaBHEHHM C TIPUMEHEHHMEM OWITONSIPHBIX KPeMHME-
BbIX TPAH3UCTOPOB: MPU OJAMHAKOBON BBIXOAHOU MM-
nmyabcHoi MolHocTy Ha KaHai 400...500 Bt koappu-
HueHT 1noJje3Horo aericteus (KII/) kaHana yBeanyumi-
csg ¢ 25 no 45 % [3].

Ocobennoctu nocrpoenns ITTIM

IMpuemo-nepenatoimit kanan (IT1K) moaynst moc-
TPOEH MO KIJIACCHMYECKOM cxeMe: pa3Bs3Ka BBIXOAA
npueMHoro kaHana (ITPM) u Bxoga nepeaaloliiero Ka-
Hana (ITPI) ocyiiecTBiasIeTcsI ¢ IIOMOIIBIO Y-IIMPKY-
ngaropa. Beixon ITP/I u Bxon ITPM o0beauHSIIOTCS Ha
AHTEHHY C TOMOIIbI0 X-TMpKyasaTopa. OeppuTOBHIE
Y- u X-1upKyasaTopsl UMEIOT TUIOBBIE 3HAYEHUSI 00-
patHbIX Tiotepsb 18...22 nb.

o HemaBHEro BpeMEHM HWMITYJIbCHBIE CBEPXBBICO-
kouactoTHble (CBY) ycunutenn mouiHocty (YM) ne-
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pelalMX KaHaJI0B CTPOMJIM Ha OUMOJSIPHBIX TpaH-
3UCTOpPAxX MO cxeMe c olllei 6a30it, 00aanaIIUX TEM
MPEUMYLLIECTBOM, UTO [IJI1 MX pabOThI TpebyeTCs TOJb-
KO OJMH HOMMHAJ IOJOXUTEIbHOIO MUTAIOLIEro Ha-
MPSKEHUSI, OTHAKO UMEIOIIUX MTPU 3TOM PSII TPUHLIU -
MMUAJIbHBIX HEJI0CTaTKOB [4]. bumnonspHble TpaH3UCTO-
pbl, paboTaplIe B peXXUMe OTCEUKU KOJJIEKTOPHOTO
toka (kjiaccel C u D), pu OTCYTCTBUM BXOAHOTO CUT-
Hana (pexum [IPM) npakTuyecku He TOTPEOSIIOT
SHEPTHIO OT MCTOYHMKA MUTAHUS. YPOBEHb IlIyMa Ha
BbIXxoge YM B 3TOM pexuMe MUHUMaJbHBIN. Hemo-
cratkoM nogooHbix CBY ycunureneit saBiasieTcs: CUb-
Hasl 3aBUCMMOCTb (pOpMbI Orudaroleil BBIXOAHOTO pa-
JMOMMITYJIbCa OT YPOBHS BXOJIHOTO CUTHAaJa, 3Ta op-
Ma He I03BoJisieT 3¢ (hEKTUBHO YIPaBISATh BHIXOTHOM
MOIIIHOCTBIO.

C nosBIeHUEM MOIIHBIX WMITYJbCHBIX ITOJIEBBIX
CBY T1paH3UCTOPOB C M30JMPOBAHHBIM 3aTBOPOM
(LDMOS) u nosneBbIxX TPaH3UCTOPOB C p—H-TIEPEX0O-
JIOM Ha OCHOBE HUTPMIA TajIvsl CUTyallUsi U3MEHU-
nachk. Bricokuit koaduimeHT 1epegadyr mO3BOIUII
MpOEKTUPOBaTh YM ¢ MEHBIIUM YXCJIOM KacKajoB, a
paboTta TpaH3uCTOPOB B Kiacce AB mana BO3MOXHOCTB
VIIPABJISITh BBIXOAHON MOIIHOCTBIO YM B IIMPOKUX
npezesaax MmyTeM U3MeHEeHMsI MOLIHOCTU Ha BXOJIE YCU-
squrens [5]. TectoBas miata ajisi ONTUMAJIBHOTO MUATA-
HMS 0 Lenu cMelleHust MolHoro GaN TpaH3ucTopa
JICTaJbHO OIKMCaHa W IpeacTaBjieHa B padote [6].

Ha 3aTtBOpbl TpaH3MCTOPOB MOJKHBI TOAABATHLCS
OTpulIaTe/IbHbIe, OTHOCUTEIBLHO MCTOKA, HATIPSIKEHUS
CMELIEHMS, ONpPENesolIne TOKU MOKOsI 000UX Kac-
kanoB ycuautens. Toku nokost st CBY GaN tpaH-
3UCTOPOB cpenHel MolMHOCTU (P, = 10...40 Br)
O0OBIYHO COCTaBJISIOT AECATKM MWLIMamIep. s Mour-
HBIX TpaH3UCTOPOB (P, = 300...1000 Br) 3Hauenue
TOKA IMTOKOS COCTaBJISIET COTHU MUJIMamIiep [7].

ITpoTekaHue TOKa MOKOS Yepe3 OTKPbIThIe KaHAJIbI
TPaH3UCTOPOB BBI3BIBAET B HUX T'€HEpALIMIO IIIyMa U
MOSIBJIEHME ero Ha BhIxoje ycwiautenas. [Ipu padote
VM B cocrase IIIIK B pexume ITPM nob6aBka mryma
MPU OTKPBITHIX KaHaJlaX TPaH3UCTO-
POB K KO3(p(PULMEHTY IIIymMa IIpUEM- -
HOro KaHajia coctaBuia 2...5 nb.

co0: MaHUMYJSILMEN HaIpSDKeHUIA CMelleHUsl 3aTBO-
POB TPaH3UCTOPOB.

Peanu3zanus MMIyJIbCHBIX pPeXUMOB padoTel YM

Peanuzanus nepBoro crocoba TpeOyeT mpuMeHe-
HUSI MOILIHOTO, OTHOCUTEJIbHO BBICOKOBOJIBTHOTO, KJTIO-
YeBOIro TpaH3UCTOpa (HANpPsSDKeHWE MUTAHUSI CTOKOB
GaN Ttpanaucropos cocrtasisieT 28...100 B), uepes ko-
TOPBIN OyAEeT MpOoTeKaTh 3HAYMUTEJIbHBI UMITYJIbCHbBIA
TOK cTOKOB YM (20...30 A) B MOMEHT yCUJIEHUSI BXO/I-
HOro paguoumiyiabca. o ObICTpON KOMMYyTalUMU
KkaoueBoro TpaHsuctopa (50...150 He) TpebyeTcst ObIc-
TPOAECMCTBYIOIIMI ApaiBEP C MOIIIHBIM BBIXOAOM, CIIO-
COOHBIM 3a KOPOTKOE BpeMms Iepe3apsikaTh OOJIbIIYIO
3aTBOPHYIO €MKOCTh KJI04Ya MPHU €r0 MEpPeKIIOYEeHUH.
BapuaHT cxeMHOI1 peaan3aliy TaKOIro CIiocoba Imoka-
3aH Ha puc. 1.

Bropoii cnoco6 0CHOBBIBAeTCS HAa TOM, YTO HAIIpsIi-
JKEHUsI OTCEYKU TOKOB cTOKOB GalN TpaH3MCTOPOB Jie-
Kat B nipedenax MuHyc (3...3,5) B. Ilpu 3ToM aKcrie-
PUMEHTAJIbHO M3MEPEHHBbIE TOKM CTOKOB IPHU HAmpsi-
>xeHuu nutaHust 50 B umeror 3HayeHus 15...50 MKA
(TpaH3ucTopbl KomnaHuu Integra Technologies). AHa-
JIOTMYHBIC TpaH3UCTOPhl KoMmiiaHuu Microsemi Corpo-
ration B peXXrMe OTCEYKH MMEIOT TOKA CTOKOB He 60-
see 1...2 MA. Ilpn HanpsoKeHNM CMEleHUsT 3aTBOPOB
MUHYC 5 B TpaH3UCTOpPHI MOJHOCTBHIO 3aKPBITHI.

IIpu craHmapTHOM TSI IOTMYECKUX M aHAJIOTOBBIX
MUKPOCXEM HampsbkeHuu nutaHus +5 B u —5 B no-
SIBUJIACh BO3MOXKHOCTb YIPABISATH PEXKMMOM PabOTHI
TpaH3UCTOPOB YM 110 LiensIM cMellleHUsT, He TTpuberast
K KOMMYTAIIMX OOJBIINX HANPSKEHUN UM TOKOB CTO-
KOBBIX 1IeTeil TPaH3UCTOPOB.

Ha puc. 2 moka3zaHa cxemHas peaaud3alus Lenei
yrnpaBlieHUs! 3aTBopaMu TpaHauctopoB CBY YM.

Vhpapasiercsl 3Ta cXxema JIOTUUYeCKHWM CUTHAJIOM
"Crtpo06 ITP1", koTophbIilt (hopMUpYyeETCSI B KOHTPOJLIEpE
IITTK. B pexume TTPM 3TOT curHajql MMeeT HU3KUI
MOJIOXKUTEJIbHBIN NoTeH1ual, B pexxume ITPI — Bbico-
kuii. JIist Toro uro6sl aHanoroBbie SPDT (Single Pole

Kpome Toro, B HEKOTOPBIX Cilyva-
SIX TIPU OOJIBLIOM CYMMAapHOM KO3(-
¢unmenTe nepegadyn YM 1 Majolry-
msiiero yceunurens (MIIY) B ITTTK
MOXET BO3HMKHYTh YCJIOBHE CaMO-
BO30YKIEHMS Ha 9YaCTOTE, OTIpeIeIsi-
eMoii OamaHcoM (ba3 B 3aMKHYTOM
reTJjie KaHasa.

YcrpaHeHue 3TUx 3¢ GHEKTOB MOX-
HO pelaTth AByMsl criocobamu. Ilep-
BBl CITOCO0: BBIKJIIOUEHME/BKITIOYE-
Hue YM KoMMmyTaliuei HampsoKeHusT -
MMUTAaHUSI CTOKOB TPAH3UCTOPOB YCH-
JIMTENIbHBIX KackaaoB. Bropoii cro-

Unur. +48B8
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Puc. 1. Cxema apaiiBepa ¢ MOIIHBIM BbIX0J0M
Fig. 1. Circuit of the driver with a powerful output
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Puc. 2. Cxema neneii ynpasienusi 3aTsopamu Tpansucropos CBY YM
Fig. 2. Circuits for control of the gates of the transistors of the microwave PA

Double Throw) ximoun DA1 u DA2 pabortanu ¢ orpuiia-
TeJIbHBIMU KOMMYTUPYEMBbIMU HAIPSDKEHUSIMU, UX BbI-
Boabl nmutaHusg Vdd coeamHEHBI C OOIIMM ITPOBOAOM
cxeMbl, a BeIBOIbl GND — ¢ MCTOYHMKOM IUTaHUST —
5 B. Ha noruuyeckom snemente DDI1, crabunutpoHe
VDI u pesuctope R1 cobpaHa cxeMa cMelleHUs JIo-
ruyeckux ypoBHeit curHana "Crpoo ITPH", dpyHkimo-
HUPYIOIIAas B OTPUIIATEIFHOM JIMaria30He HATIPSIKEHUI.

B MomeHTBI BpemeHu, korga curdan "crpo6 ITPI"
yCTaHaBJIMBaeTCsl B HU3KU roTeHLuan (pexum [TPM),
Ha ympasisonmx Bxogax In DDI,
DD2 mosiBnsercs HU3KUAN ITOTEH-

Pe3yabTaThl 3KCIIEPUMEHTAIBHBIX HCCJIEI0BAHMIA

[nsg npeacraBieHHON cxeMbl (puc. 2) Bpemsl 3a-
JEPXKKHM TTepeaHero poHTa YIIPaBJIsSIONIX UMITYILCOB
Ha 3atBopax CBY Tpan3ucTtopoB YM OTHOCHUTEIBHO
repenaHero gppoHTa nMItynbca "ctpod ITPI1" cocrapis-
er 15...30 HC.

Ha puc. 3 u 4 npuBeaeHbl 3MIOPbl BBIXOAHBIX pa-
JUOMMITYJILCOB Tepefaloliero KaHajga Mpu pas3HBbIX
YPOBHSIX BBEIXOOHOI MoiiHoCcTU: 2 1 450 BT, uamepeH-
Hble Ha ¢ukcupoBaHHoi1 yacrore 1,3 I'T'u mpu Hanpsi-

5.00d8 fdv 5.000 usfdiv Ll 1|
| Algorithm Histogram
High level 90 % (0.5 dB)
| [Mid level 50 % (3.0 dB)
Low level 10 % (10.0 dB)
Pulse duration 9.989 us
Pulse period ==
¢ . [Rise time 29.4 ns
Fall time 19.7 ns
— Peak power 34.42 dBm
T =+ Top power 33.22 dBm

onmusurenbHo 0 B), u aHangoroBbie
KJIIOYM TIEPEeKITIOYaloTCsl B BepXHEe
nojoxeHue. [Ipu aToM Ha 3aTBOPHI
TpaH3UCTOPOB YM mnopaloTcs Ha-
NPSIKEHUsT C ABMXKKOB IOTEHIIMO-
MetpoB R4, R6, koropsle ycraHaB-
JIUBAIOT pabouyude TOKM KacKaaoB
yCWIEHUsI, TIp1 3ToM YM TroToB K
YCWIEHWIO BXOJHOTO CHUTHAJa.

uuan —5 B M aHaJorosble KIIIOYU I gooodm
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reHepupyeT IIyM, TaKMM OOpa3om |
HE OKa3bIBasl BIUSHUS Ha paboToO- : %5.00 ey
CITOCOOHOCTH TIPUEMHOTO KaHaja. o
B pexume ITPII, korma curHai L '
"ctpo6 IIP[" ycranaBnuBaeTcsT B | zS00de
BBICOKMIA ITOTEHLIMAJ, HA YIIPABJISIO- : -
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Puc. 3. Dmopa Beixoanoro paauoumnyjbca 2 Bt (m3mepurenar momuoctn NRP-Z81) na
gactore 1300 MI'n (napameTpbl BXOAHOrO paguoummybcea: £, = 10 MKC — JUIMTEIbHOCTD

ummyisca, Q = 10 — CKBaXHOCTb, Tp = T = 10 HC — MTUTENBHOCTH (DPOHTA U crana

Fig. 3. Diagram of the output radio pulse of 2 W (NRP-Z81 power measuring instrument) on
the frequency of 1300 MHz (parameters of the input radio pulse: 1, = 10 ps — duration of a
pulse, Q = 10 — pulse ratio, 7, = v, = 10 ns — duration of the rise time and the fall time)

517



TunoBbie XapaKTEePUCTHKH MEPEIAOMEr0 KaHAIa
Standard characteristics of the transmitting channel

YacroTta, | YpoBeHb BHIXOTHOW UM- CyMMapHbIil TOK HOTPEOIEHMS, JMUTeIbHOCTh JAnTeIbHOCTh Ckon
ITu MyJIbCHOW MOIHOCTU, BT A/3Hauenue KITI, % ¢poHTa UMITyJIbCa, HC | CMafa UMIYJIbCa, HC| UMITyJbca, 1b
Frequency, Level of the output Total consumption current Duration Duration Pulse
GHz pulse power, W A/coefficient of efficiency, % of the pulse rise, ns of the pulse fall, ns cleavage, dB
1.25 503 2.38/42 30 17 0.55
1.35 504 2.22/45 32 15 0.34
1.40 496 2.12/47 34 17 0.24
1.55 446 0.24/47 37 17 0.05
MMpumevanns: mis yactor 1,25—1,40 ' murenpHOCTE UMIysibca coctapisieT 20 Mkc, ckBaxHocTh — 10; mis wactoter 1,55 T
ITATEILHOCTh UMITYJIbca cocTaBisieT 0,7 MKC, CKBakHOCTh — 80.
Notes: for frequencies of 1.25—1.40 GHz the pulse duration equals to 20 us, pulse ratio — 10; - for frequency of 1.55 GHz the pulse
duration equals to 0.7 us, pulse ratio — 0.

KEHMU MUTaHUs TpaH3ucTopoB U, = 50 B u Toke no-
Ko I, = 100 MA.

W3 ganHbIX puc. 3 1 4 BUIHO, UTO NepeAalolInii Ka-
Hajl cnocoOeH paboTaTh B IIMPOKOM Auana3oHe Bbl-
XOIHBIX MOIIHOCTEH TIPU HE3HAYMTEIHHOM H3MEHe-
HUM (HOpMbI Orudarolieil paguouMITyJIbCa.

HononHurtenbHON (yHKIIMEH cxembl (CM. puc. 2)
SIBJISIETCS BO3MOXKHOCTh (popMupoBaHUsl (DpOHTA U
crnaja BeIXOAHOTO paguoumiyabca YM. Pesuctop R2
U CyMMapHasi eMKOCTb 3aTBOPHOI LIeMU OKOHEYHO-
ro Kackaja ornpeneyisiioT IJIUTEeJIbHOCTh (PPOHTA BbI-
XOMQHOIO paauoumiIlyjbca, a R3 — miuTenbHOCTH
crnaja.

KoagdpuumeHT noae3Horo aeicTBUs Iepenaroiie-
ro KaHajaa Ha OMIIOJSIpDHBIX TPaH3MCTOpax C y4eTOM
BCEX MOTEPh TPAKTa, BKIIIOYAS [IUPKYJISITOPHI, COCTAB-
et 25...28 % [8]. Ilepenaroiinii KaHaa Ha OCHOBE
GaN Ttpan3uctopoB mMmeer tuiioBoe 3HaueHue KIIJI

45 % tipu TOM XK€ BBIXOTHOW MMITYJTBCHOM MOITHOCTH
okosio 500 Br.

bonee Bricokoe 3HaueHue KIIJI oOBsICHSIETCS TeM,
ytro GaN TpaH3UCTOPHI 00ECIIEYNBAIOT OONIBIINIA TTPU-
O61usuTenabHo Ha 7...10 1b xoadduumeHT nepengaun u
SIBIISIIOTCSI 00Jiee BHICOKOYACTOTHBIMHU I10 CpaBHEHUIO
C KpeMHHEBBIMU OUIIOISIPHBIMUY TPpaH3UCTOpaMu (Tpa-
HUYHAsl 4acToTa Ha TOpsiaoK Bhilie). Kpome Toro,
BXOIHOM 1 BeIXOAHOU uMItegaHchl GaN TpaH3MCTOPOB
3HAUUTENbHO BBILLIE, YeM y OUMOJSIPHBIX TPAH3UCTO-
poB. IToaToMy njisl corjlacoBaHUsl KackKaaoB MprMe-
HSIIOT 00Jiee TIPOCThIE BXOAHBIEC 1 BBIXOJHbBIE COIJIACY-
fomue uenu ¢ MeHbinMu CBY norepsimu. Hakonerlr,
JIBa KacKaja COrjacoBaTh ropasao IIpolle, YeM TpU, U
3¢ (HEKTUBHOCTb COIJIACOBAHUSI YBEIMYMBAETCS KakK
MWHUMYM BBUAY MEHBIIETO (Ha OIHY) YMCJia COrJIacy-
IOLIVX LIETIEH.

I1pu MomymsIiiny 1O CTOKY IPU BEICOKMX HaIpsoKe -
HUSIX W TOKax KJjioua HaOJomaeTcs
He3HauyuTeIbHasl yTeyka TOKa B may-
3aX, YTO, KpoMe TOro, NMPUBOAUT K

1975 ms

2.025ms

Puc. 4. Dmopa Boixoguoro paguoummyiabca 450 Bt (n3mepuresns momnoctn NRP-Z81) na
yacrore 1300 MI'n (mapameTpsl BXOAHOro paauoummyibca: £, = 10 MKC — JUIMTEIBLHOCTD

nmmynbea, Q = 10 — cKBaXHOCTb, TH= T = 10 HC — IUTENTBEHOCTH (DPOHTA U CTIAIa UM-

yJIbCa)

Fig. 4. Diagram of the output radio pulse of 450 W (NRP-Z81 power measuring instrument) at
the frequency of 1300 MHz (parameters of the input radio pulse: 1, = 10 ps — duration of a

pulse, Q = 10 — pulse ratio, 7, = v, = 10 ns — duration of the rise time and the fall time)
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| 4 |

: | S m : YBEJIMYEHUIO IIIyMa B T1ay3ax, Koraa
: =i g _‘!' High level 90 % (0.5 dB) : paboTaeT IpUEeMHbBII KaHall.

| |so.000em Mid level 50 % (3.0 dB) | | TuroBble XapakTepUCTUKU TEpe-
: ol 1 iN Lowlewd 10 % (10.0 ) : JauIero KaHasa B 1eJIOM, U3MEPEeH-
| : :::g:ﬂﬂon 9.981 US| | HbIE Ha BBICOKOYACTOTHOM BBIXOI-
: | s0.00 dewy |a Teoinm 24.7 ns : HOM pa3beMe MOMIYJISI, TIPUBEICHBI B
| Fall time 171ns| | TadIuULIE.

A Peak power 56.95 dém | |

' lesal Top power 5650d8m| ,  3aK/I0YeHHe

: : B pesynbraTe paspaboTrku yma-
| |z.000m | JIOCh CO31aTh BBICOKOTEXHOJOTUY-
: oo | HBlii YETHIPEXKAHAIbHBIA TPUEMO-
Pt | MepeHaroluvii YCUJIMTEIbHBIA MO-
: 15.00 dén _ 1 | . } IIYJIb C BBICOKOW CTETIEHBIO MHTETPA-
' e i Wbt A | it KOMIIOHCHTOB, 170 HO3POMIO
| |

MOJIHOCTBIO YIOBJETBOPUTH 3adaH-
HBIM TEXHUYECKHUM TpeOOBaHUSIM M
BBITIOJIHUTH TpeOOBaHUSI MO Macco-
rabapuTHBIM MOKa3aTeasiM (BHEIII-
Hue pa3mepbl — 220 X 200 X 60 MM,
Macca — 4,1 kr). Moayjib UMeeT BbI-
COKME 3HAYEHMS BBIXOAHOW MMITYJIb-
CHOMl MOIIJHOCTU C BO3MOXHOCTBIO




€€ peryJMpoOBKH, UTO IMOTEHIIMAJIbHO ITO3BOJISIET pac-
IIUPUTh YTOJ CKaHupoBaHusi GopToBoii ADAP u
copMUpOBaTh IMAarpaMMy HampaBJIeHHOCTU ¢ HU3KUM
YPOBHEM OOKOBBIX JIEIIECTKOB. [IprMeHeHre CXeMbl aM-
TJIMTYAHOU MOMYJISILIMM, OCHOBAHHOM HAa M3MEHEHUU
HaIpsDKeHUsI CMEIeHMsI Ha 3aTBOpax TPaH3MCTOPOB,
MO3BOJIMJIO MUHUMU3UPOBATh BPEeMEHHbIE MHCKaXe-
HUSI pagyOUMIIYJIBCOB U COPMUPOBATL TpeOyeMmble
(pPOHTHI 1 crnaabl BHIXOAHBIX PaIMOUMITYJIbCOB.
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The authors considered the main problems and specific features concerning designing of an L-band receiving-transmitting module
on the basis of GaN technology. They presented the results of the development and experimental measurements. Due to the imple-
mented work a hi-tech four-channel receiving-transmitting module with a high integration of the components was developed: its ex-
ternal dimensions were not more than 220 X 200 X 60 mm, weight — not more than 4.1 kg. The maximal output pulse peak power
of one transmitting channel was not less than 450 W at the typical value of the total coefficient of efficiency of 45 %. The operating
mode of the AB GaN transmitting transistors allowed the authors to control the output power in a wide range — from 1 W up to
the maximal value. Application of the amplitude modulation based on the bias voltage of the transistors’ gates made it possible to
minimize the time distortions and form the required rise and fall times of the output radio pulses.
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Introduction

Intensive development and introduction of modern
microwave field transistors on the basis of GaN allowed
us to create industrial samples of the devices with the
record values of the output power and efficiency, which
are used in the state-of-the art land and onboard radio
communication and radar-location systems [1, 2].

One of the main problems in development of the re-
ceiving-transmitting modules (RTM) for the active
phased arrays (APA) is realization of highly effective
transmitting channels, while preserving rather small
overall dimensions of RTM.

The given work presents specific features of devel-
opment of a four-channel L band RTM with a total
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output peak power not less than 1600 W (about 400 W
per channel) at the net volume of the module of about
2.5 1. At the same time, besides amplification of the in-
put radio pulses up to the required level with the nec-
essary coefficient of amplification, not less important
are the requirements to the lowest distortion (deterio-
ration) of the spectral, temporary and noise character-
istics of the input radio pulses. Application of the field
GaN transistors in the transmitting channels (TR) al-
lowed us to achieve considerable results in comparison
with the use of the bipolar silicon transistors: at the iden-
tical output pulse power per channel of 400... 500 W
the coefficient of efficiency of a channel increased
from 25 up to 45 % [3].

Specific features of RTM construction

The receiving-transmitting channel (RTC) of the
module is constructed according to the classical circuit:
decoupling of the output of the receiving channel (RC)
and input of the TR is carried out by means of a Y-cir-
culator. The output of TR and the input of CR are com-
bined in the antenna by means of the X-circulator. The
ferrite Y- and X-circulators have standard values of the
return losses of 18...22 dB.

Until recently the pulse (microwave) power ampli-
fiers (PA) of the transmitting channels were constructed
on the bipolar transistors according to the circuit with
a common base, which had the advantage that their op-
eration required only one nominal of the positive sup-
ply voltage, however, at the same time, it had a number
of basic drawbacks [4]. The bipolar transistors working
in the mode of a cut-off of the collector current (classes
C and D), in absence of the input signal (receiving
mode) practically do not consume energy from the
power supply. The noise level at the output of PA in this
mode is minimal. A drawback of such microwave am-
plifiers is a strong dependence of the form, bending
around the output radio pulse, on the level of the input
signal, and this form does not make it possible to con-
trol the output power effectively.

The situation changed when powerful pulse field mi-
crowave transistors appeared with the insulated gate
(LDMOS) and the field transistors with p—n junction on
the basis of the gallium nitride. The high transmission co-
efficient made it possible to design PA with a smaller
number of cascades, while operation of the transistors of
AB class gave a chance to control the output power of PA
over a wide range due to variation of power at the input
of an amplifier [5]. A test board for the optimal power
supply along the bias chain of a powerful GaN transistor
is described in detail and presented in the work [6].

On gates of the transistors, the negative in relation
to the source, currents of the bias voltage defining the
rest currents of both cascades of the amplifier, should
be supplied. The rest currents for the microwave GaN
transistors of average power (P, = 10...40 W) are
usually equal to tens of mA. For powerful transistors
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(Pyye = 300...1000 W) the value of the rest current
equals to hundreds of mA [7].

Course of the rest current through the open chan-
nels of the transistors causes in them a generation of
noise and emergence of it at the output of the amplifier.
During operation of PA as a part of RTC in the receiv-
ing mode the noise additive at the open channels of the
transistors to the noise coefficient of the receiving
channel was 2...5 dB.

Besides, in certain cases, at a big total coefficient of
PA transmission and a low-noise amplifier (LNA) in
RTC there can be a self-excitation condition on the fre-
quency determined by the balance of phases in a closed
loop of the channel.

These effects can be eliminated in two ways. The
first way: switching off/on of PA by switching of the
supply voltage for the drains of the transistors of the
amplifying cascades. The second way is manipulation of
the bias voltages of the transistors’ gates.

Realization of PA pulse operating modes

Realization of the first way demands application of
a powerful, relatively high-voltage, key transistor (the
supply voltage of the drains of the GaN transistors
equals to 28...100 V), through which a considerable
pulse current of the PA drains (20...30 A) will proceed
at the time of amplification of the input radio pulse.
A fast switching of the key transistor (50...150 ns) re-
quires a high-speed driver with a powerful output, ca-
pable to recharge quickly the big gate capacity of the
key during its switching. A version of the circuit reali-
zation of such method is shown in fig. 1.

The second method is based on the fact that the cut-
off voltage of the currents of the drains of the GaN
transistors is within the limits of minus (3...3.5) V. At
the same time, the experimentally measured currents of
the drains at the supply voltage of 50 V have the values
of 15...50 mcA (the transistors from Integra Technologies
Company). Similar transistors from Microsemi Corpo-
ration in the cut-off mode have the currents of the drains
not more than 1...2 mA. At the bias voltage of the gates
of minus 5 V the transistors are closed completely.

At the supply voltages of +5 V and —5 V, standard
for the logical and analog microcircuits, an opportunity
appeared to control the operating mode of PA transis-
tors by the bias circuits, without resorting to switching
of high voltages and currents of the stock circuits of the
transistors.

Fig. 2 presents a circuit realization of the control
circuits of the gates of PA microwave transistors.

The circuit is controlled by the logical signal of " TC
Strobe" which is formed in the RTC controller. In the
receiving mode this signal has a low positive potential,
while in the transmitting mode — a high one. In order
to make the analog SPDT (Single Pole Double Throw)
keys of DA1 and DA2 work with the negative switched
voltages, their Vdd power supply leads are connected to




the common wire of the circuit, and the GND leads —
to the power supply of minus 5 V. On the logical DD1
element, VD1 stabilitron and R1 resistor the bias circuit
of the logical levels of the " TC Strobe" signal is built,
functioning in the negative range of voltages.

In the moments when the signal " TC strobe" is set
in the low potential (receiving mode), on the control
inputs of In DD1, DD2 a low potential —5 V appears
and the analog keys switch into the position shown in
fig. 2. To the gates of PA transistors the locking voltage
—5 V is supplied. The current of rest of the cascades
becomes almost equal to zero, PA does not generate
noise, and thus exerts no impact on the operability of
the receiving channel.

In the transmitting mode when the " TC strobe" signal
is set in the high potential, then on the control inputs
(In DD1, DD2) a high potential appears (approximately
0V), and the analog keys switch into the top position. At
the same time to the gates of PA transistors the voltages
from the contact arms of R4, R6 are supplied, which set
the working currents of the amplification cascades, at the
same time PA is ready to amplify the input signal.

Results of the experimental studies

For the presented circuit (fig. 2) the time delay for
the forward front of the control pulses on the gates of
the microwave PA transistors in relation to the forward
front of the " TC strobe" pulse equals to 15...30 ns.

Fig. 3 and 4 present diagrams of the output radio
pulses of the transmitting channel at different levels of
the output power of 2 and 450 W measured on the fixed
frequency of 1.3 GHz at the supply voltage of transis-
tors Uy = 50 V and the quiescent current /; = 100 mA.

From the data presented in fig. 3 and 4 it is visible
that the transmitting channel can operate in a wide
range of the output powers at a minor change of the
bending-around form of the radio pulse.

An additional function of the circuit (see fig. 2) is a
possibility of formation of the rise and fall of the output
radio pulse of PA. R2 resistor and the total capacity of
the gate circuit of the terminal cascade determine the
duration of the forward rise of the output radio pulse,
and R3 — the duration of the fall.

The coefficient of efficiency of the transmitting
channel on the bipolar transistors with account of all
the path losses, including the circulators, equals to
25...28 % [8]. The transmitting channel on the basis of
GaN transistors has the standard value of the coeffi-
cient of efficiency of 45 % at the same output pulse
power of about 500 W.

A higher efficiency value is explained by the fact
that the GaN transistors ensure a bigger, approximate-
ly by 7...10 dB, coefficient of transmission and are more
high-frequency devices in comparison with the silicon
bipolar transistors (their boundary frequency is by an
order higher). Besides, the input and output impedanc-
es of the GaN transistors are much higher, than those

of the bipolar transistors. Therefore, for coordination of
the cascades, simpler input and output coordinating
circuits with smaller microwave losses are applied. At
last, it is much easier to coordinate two cascades, than
three ones, and the efficiency of the coordination in-
creases at least due to a smaller (by one) number of the
coordinated circuits.

During modulation by drain at high voltages and
currents of the key, an insignificant leakage of current
in pauses is observed, which, among other things, leads
to an increase of the noise in pauses, when the receiving
channel works.

The standard characteristics of the transmitting chan-
nel in general, measured on the high-frequency output
connector of the module, are presented in the table.

Conclusion

As a result of the work, a hi-tech four-channel re-
ceiving-transmitting amplifying module was devel-
oped with a high degree of integration of the compo-
nents, which made it possible to meet completely the
set technical requirements and the requirements for
the mass-dimensional parameters (the external size —
220 x 200 x 60 mm, weight — 4.1 kg). The module has
high values of the output pulse power with a possibility of
its control, which potentially allows us to expand the an-
gle of scanning of the onboard active phased arrays and
create the directional pattern with a low level of the side
petals. Application of the circuit of the amplitude mod-
ulation based on variation of the bias voltages on the gates
of the transistors made it possible to minimize the time
distortions of the radio pulses and to the required rise and
fall times of the output radio pulses.
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Onucoleaemces mexHoA02us CO30aHUS 3aMe0AAuell cucmembl 045 1amnbl becyuieli 6oaubl (J1BB) muriumemposoeo duanasoua.
Samednsrowas cucmema NOAHOCHbIO 8bINOAHEHA U3 noaukpucmaniuveckoeo CVD-aimasa, chopmuposana é sude meanopa, Ha éce
N08EepPXHOCMU KOMOPO20 HAHECeHA MEemariu3ayus nopsaoKka moaujuHbl CKUH-CAOS.

Ilpumenenue CVD-armasza daem pso npeumyuyecme: 8blCoKas menionpogooHOCms mamepuaia obecnevusaem 3¢hghexkmueHblil
0MB00 Meniombol 0N 3aMeONIOUWEU CUCMeMbl, MAAbLI KO3 PUYUeHm Meni06020 pacuuperus U HcecmKocms MOHOAUMHOU KOHCH -
DYKUUU NO360AAIOM UMEmb CabUibHble XaPAKMepUCMUKU 3aMe0nsioweli CUCembl 8 WUPOKoM OUanasone memnepamyp, 6bico-
Kas MexaHu4eckas npoyHocme noaukpucmanriuveckoeo CVD-aamasa no3gonsem yMeHbuuUmsy ceomempuyeckue pazmepsl AamMnbl

beecyuieli 601HbL.

Karouegnie caosa: 3amednsrowasn cucmema, meanop, ramna bezyujeti 60aHbl, noaukpucmaniudeckui CVD-aima3s, musisumem-

POBbLI OUANA30H OAUH BOAH

BBenenue

OpnHoit U3 IJaBHBIX 3a7a4y COBPEMEHHON BaKyyM-
HOIl MMKPO3JIEKTPOHUKMU SIBJISIETCS OCBOEHWE MUJUIU-
METPOBOI0O Juarna3oHa 4acToT.

MuiIMMeTpoBble MCTOYHUKM BO30YXKIEHMUS C
OOJIBIIION MOIIHOCTBIO, IIWPOKON ITOJIOCOM U BBICO-
KOIt 3¢ (GEKTUBHOCTBIO TTPUBIEKATEIbHBI JUIST MHOTHX
MIPUMEHEHU I, TAKMX KaK BbICOKOCKOPOCTHAs GecIpo-
BOJIHas1 mepeaavya JaHHBIX, PaAMOJOKALIMOHHOE 30H-
IUpOBaHUE, CIIyTHUKOBAsI CBSI3b.

Cpenu 37eKTpOBAKyyMHBIX IIPUOOPOB MUJUIMMET-
pPOBOro nHMamna3oHa OOJbIION MHTEPEC BhI3bIBAET JIaM-
na Oeryiieit BojHbl (JIBB) ¢ J€HTOYHBIM 37€KTPOH-
HBIM IIYYKOM M IJIAHAPHOM 3aMEUISIOIIEN CUCTEMOM
(3C) Ha IMAIIEKTPUYECKOM TTOJIOKKE, 00eCIIeunBalo-
mas MKXPOKYI0 IMOJOCY pabodYuX 4acTOT U TEIJIOBYIO
ycTOMYMBOCTD [1—4].

IIpu mepexoae B MUJIJIMMETPOBBIN OMamna3oH Cy-
LIECTBEHHO YMEHbIIAIOTCSI TeOMETPUYECKUE pa3MepPhI
npubopa u 3C B Tom uucie. CyllecTBYIOT INpeaesbl
YMEHBIICHUST TabapUTHBIX pa3MepoB 3C, 4TO 00yCIIOB-
JICHO HEBO3MOXHOCTBIO MPOBEIECHUS TEXHOJOTMYEC-
KUX mpolueccoB. 1151 pa3HbIX KOHCTPYKTUBHBIX TUTIOB
3C u TexHoJOTUA UX (POPMUPOBAHUS 3TU MHPEHACIIbI
MOTYT CYILIECTBEHHO Pa3inyaThCsl.
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KpoMe Toro, ¢ ymeHblleHMEM pa3MepOB KOHCT-
PYKTUBHBIX 3jieMeHTOB 3C Bo3pacTaeT TeruioBasl Ha-
rpy3ka Ha Hee. CriocooHocTh 3C JIBB pacceuBathb
TETJIOTY SIBISIETCS BaXXHBIM (haKTOPOM, OIIpEeAeIIsIiO-
1M BBIXOIHYIO MOIIHOCTb, CTAOMJIBHOCTb U HaIeX-
HOCTb TIprubopa.

Becbma mepcrneKTMBHOM MpeACTaBIsIeTCs] KOHCT-
pykumst MoHOIUTHOM 3C, ETMKOM BEITIOTHEHHON U3
MOJUKPUCTAIINYECKOTo anMasa. JlaHHas KOHCTPYK-
LIMST UMEET PSI MPENMYIIECTB.

Bo-nepBbiX, BbICOKAST TEMJIOMPOBOJHOCTh MaTepu-
ana (6onee 1000 Bt/(m * K)) obecrieunBaet ahhekTuB-
HbBII oTBOA TeIu1oThl OT 3C.

Bo-BTOpBIX, MaTBII KOAGhGULIMEHT TEIJIOBOTO pac-
IIMPEHUSI U XEeCTKOCTh MOHOJUTHON KOHCTPYKIIMU
MO3BOJISIIOT UMETh CTaOUJIbHbIE XapakTepucTuku 3C B
IIMPOKOM Jrarna3oHe TeMIlepatyp.

B-TpeTthux, BbICOKas MeXaHWYeCKas IPOYHOCTD
CVD-anma3za naet BO3MOKHOCTb YMEHbBIIUTb TEOMET-
puyeckue pasMmepsl JIBB.

Illupokoe TpUMeHEHNE TOIUKPUCTAIUINICCKOTO
ajgMasa B MUKPOIJIEKTPOHUKE CAEPXKUBAETCS HE TOJb-
KO €ro BbICOKOI CTOMMOCTBIO, HO U CJIOXHOCTBIO €ro
IMOCTPOCTOBOI 0OPaOOTKMU. DTO CBSI3aHO, B YACTHOCTHU
C TeM, YTO ajiMa3 SIBJIIETCSI CAMbIM TBEPIbIM U XUMMU-




YeCKHU CTOMKHM M3 BCEeX M3BECTHBIX MaTepuasioB. [1pu
9TOM Pa30PUEHTUPOBAHHOCTD OTAEIbHBIX KPUCTAIU -
TOB CO3/Ia€T JOTOJHUTEIbHbIE MPODOJEeMbl B 00paboTKe
MOBEPXHOCTU U3ICIUN.

Bce BhlillienepeurciieHHOE 00YCIOBAMBAECT MpUMeE-
HeHMe WHHOBALIMOHHBIX TEXHOJOTUU IJIST HaHOpa3-
MEepHOro MnpoduIMpoOBaHUs MOJUKPUCTAIUIMYECKOTO
anMasa npu cozganuu 3C.

B manHoil paboTe paccMaTpuBaeTCs TEXHOJOTUS
CO3MaHUs 3aMeUISTIONIE CUCTEMbI, MOJHOCTbIO BbI-
MOJIHEHHOM U3 nonukpuctaianuyeckoro CVD-anMma3sa,
chopMUpPOBaHHOI B BUAE MeaHApa, Ha BCEe MOBEPX-
HOCTU aJIMa3a HaHECEHa METAIM3ALMS TOPSIAKA TOJ-
IIUHBI CKMH-CJIOS.

DKCIEePUMEHTAJIbHAS YACTh

TexHonornueckuii mpouecc usrotrosiaeHuss 3C Ha-
YUHAETCS ¢ POCTa TTOTMKPUCTAIUTAYECKOTO ajiMa3a Ha
KpPEeMHMEBOI TMOJUIOXKKE. 3aTeM ajiMa3Hylo TUIACTHHY
OTHEJISIIOT OT KPEMHUEBOW MOMJIOXKHA METOJOM TpaB-
JIEHUsI KpEMHUsI B CMECH TUIaBUKOBOI U a30THOM KUC-
JoT. [anee ynazepoM W3 TJIACTUHBI MOJUKPUCTAILIN-
YeCKOro ajMasa BhIpe3aloT MPSIMOYTOJIbHYIO 3aTOTOBKY
HEOOXOIMMBIX T€OMETPUYECKUX pa3MepoB, U3 KOTO-
poit u ¢popmupyetcs 3C.

C yMeHblIeHUEM TeoMeTpudecKux pasmepoB 3C
BO3pacTaloT TpeOOBaHMSI K TOUHOCTH €€ U3TOTOBJICHMUS
M IIepOXOBATOCTU IOBEPXHOCTEl, MOPDOIOTHUs KO-
TOPbIX BO MHOI'OM OIpeAeisieT OAHOPOAHOCTh U Xa-
PaKTEePUCTUKM MeTaTMIecKoil TuieHKu. Kpome toro,
1repoxoBaTocTh IoBepxHocTh 3C yBeamunBaeT 3 dek-
TUBHBII MYTh, MPOXOAUMBIA 3JIEKTPOMArHUTHOM BOJI-
HOH M, clleaoBaTeIbHO, Bo3pacTaioT rmorepu B JIBB.

st popmoobpazoBanus 3C mpUMEHSIIIA TEXHOIO-
MU TEPMUYECKOTO TpaBJIeHUS U MPELM3UOHHON Jia-
3€pHOI pe3KMU.

CyIIHOCTb TEXHOJOTMYECKOIo Mpolecca TepMuyec-
KOTO TpaBJIe€HUS 3aKJIIOYAETCs B SIBJICHUU PACTBOPEHUS
ajMasza MeTajulaMM NMepeXOoJHOM TPYIIIbl WIK CIJIaBaMU
STUX METAJUIOB NpU TeMmiteparypax Beime 600 °C [5].
IIpu aTOM aniMa3 MOBTOPSIET pesibed U CTPYKTYPY IO-
BEPXHOCTU KOHTAKTUPYIOILETO ¢ HUM MeTaJlja.

B nanHoit pabote vccienoBajv Mpouecchl Tpapie-
HMS aMasa XeJie3oM W HHMKeseM. 1S pugaHus 3a-
roToBKe M3 aiMasda popMbl 3C MCIIOIB30BAIM MaTPU-
11kl U3 Xese3a (puc. 1, CM. TPETbIO CTOPOHY OOJIOKKH)
U HUKEJs, TOBTOPSIOIIME OOpaTHYIO (HEraTMBHYIO)
periuKy (opMbl TpedbyeMoro pesbeda.

OngHa u3 Haubosee TPYAHOMPEOIOJTUMBIX IIPO-
071eM — Oosblasi pazHULa KO3 ULIMEeHTa TEIJIOBO-
ro pacuupenus (KTP) anmaza u mertanna. B cBsi3u ¢
3TUM NIPU TEPMOOOPAOOTKE pa3sMepbl METAIMYECKOM
MaTpulbl U3MeHs0TC B 10 pa3 Oosblie, 4eM ajaMmas-
HOM 3arOTOBKU, YTO YYUTHIBAIOCH MPU U3TOTOBJIECHUU
MEeTaJUIMIeCKOM MaTPUIIBI.

H3BectHO [6], uTO Xenme30 npu Temmepatype 917 °C
n3 o-Fe ¢ 00beMHOLEHTPUPOBAHHON KyOuUYeCcKOn

pelreTkoi mepexomuT B y-Fe ¢ rpaHeneHTpupoOBaH-
HOM KyOWYecKoil pelieTkoil, Mop¢OJorus IT0BEepX-
HOCTH XeJle3a MeHSETCS, YXYAIIaeTcs IIepOX0BaTOCTh
MOBEpPXHOCTU. BcieacTBue 3Toro MUHUMAaJIbHOE J0-
CTIKMMOE 3HAauYeHWE IIIEPOXOBATOCTH ITOBEPXHOCTHU
MOJIMKPUCTAJUTMYECKOTO ajiMaza Mpu TeMIlepaTypax
950...1130 °C cocrasnsier 3,0...5,0 MKM IpY CKOPOCTHU
npouecca tpapineHust 30...50 MKM/4.

B orimume ot kesnesa, HUKeJb BO BCeM Juana3oHe
TEMIIepaTyp He M3MEHSET CBOIO TpaHEIeHTPHPOBAH-
HYIO KYOMYECKYI0 KPUCTAULINYECKYIO PEIIEeTKY, U MOp-
¢osorus ero IMOBEpXHOCTHM HE MEHSIETCs. DTO 00yc-
JIOBJINBA€T BO3MOXKHOCTb TMOJIYYEHUS IIEPOXOBATO-
CTH TTIOBEePXHOCTH ajMa3sa B nuamna3oHe 0,3...1,5 MxM.
CKOpOCTb TpaBJIeHUs ajiMa3a B 3TOM CJIyJae CyIIecT-
BEHHO HUXE.

B cBsI3M ¢ 3TUM TepMHYECKOE TpaBIIEHWE aaMas-
HBIX 3arOTOBOK OCYIIECTBISUIM B aBa 3Tana. Ha mep-
BOM 3Tarie ISt TpaBJICHUs ajiMa3a MCITOJIb30BaIN Xe-
JIe30, HA BTOPOM — HUKEJb.

Mopdoorio TOBEPXHOCTH TUIEHOK TTONMKPHC-
TaJUIMYECKOTO ajMa3a MCCIIeIOBAIM METOIOM aTOM-
HO-cuJIoBoit Mukpockonuu (ACM) ¢ NoMOLIbIO MPU-
6opa Solver P47 Pro, 1o jaHHBIM KOTOPOTO TMOJyJyaiu
ACM-ckansl B 2D- n 3D-dopmarte, a Takke mpodu-
JIOTPAMMBI TTOBEPXHOCTH.

Meton ACM no3BoJisieT IPOBOAUTH TPEXMEPHYIO
BU3yaJIU3alIMIO MMOBEPXHOCTHU, UYTO SIBJSIETCSl HATJsII-
HOW leMOHCTpaleil ocobeHHOCTel ee 00pabOTKH.

ITapameTpbl LIEPOXOBATOCTU OIPEACIISIIM MO MOJY-
YEeHHBIM M300pakeHUSM ITOBEPXHOCTH TIPH pa3Mepe
nost Mukpockonuu 70 X 70 MKM.

Ha pwuc. 2 mpencraBieHBI 3aBUCUMOCTH IIEPOXOBA-
TOCTU R, TIOBEPXHOCTHU MOJMKPUCTATINIECKOTO aiMa-
3a OT BpeMEHU 00pabOTKU Ha XeJie3e U HUKEJIe.

AHaJ3 METOJIOM BTOPUYHO-MOHHOW MaccC-CITeKT-
pomerpun (BUMC) mokaszan OTCYTCTBUE Xejle3a U
HUKESA B IPUTIOBEPXHOCTHOM 00JIACTA TTOTMKPHUCTAIT-
JIMYECKOTO ajMasa, T. €. MPU TaKuX TeMmIlepaTypax u

Puc. 2. 3apucumocTn R, NOBEPXHOCTH MOJMKPHCTAJLIMYECKONO aJl-

Ma3a OT BPeMeHH TEPMHYECKOro TPaBJEHHS HAa IJIACTHHE JKelie3a
(kpuBas 1) u Hukens (kpuBas 2)

Fig. 2. Dependence of R, value of the polycrystalline diamond surface

on the time of the thermal etching on the plates of iron (curve 1) and
nickel (curve 2)
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BpeMeHax 11d¢y31s MIOCTOPOHHUX aTOMOB B ajiMa3 He
UIET, Naxe Mo rpaHullaM 3epeH.

Janee ¢ MOMOIIBIO TIPEUM3NOHHON JTa3epHOM pe3-
K1 ¢opMHUpOBaIM MeaHAp U3 NMpodUIMpOBaHHON 3a-
rotoBku. [IprMeHeH e Ja3epHOi pe3Ku MO3BOJISIET 10-
OUTBHCS TpeOyeMbIX TOYHOCTEM I'€OMETPUMYECKUX pa3-
mepoB 3C.

Ha puc. 3 (cM. TpeTbio CTOPOHY O0JIOXKKH) IPUBE-
neHbl ororpaduu pparmenroB 3C 1ociie Ja3epHON
pe3Ku.

IIpu Bo3aECTBMM Ha ajiMa3 BBHICOKMX TeMIIepaTyp
(cbiie 1000 °C) Ha omepanusax WIMGOBKY U jJa3ep-
HOI pe3KM Ha MOBEPXHOCTSIX, MOABEPIrHYTHIX 00paboT-
Ke, 00pa3ytoTcsi rpaUTU3MPOBAHHbBIE 3JEKTPOIIPOBO-
JSIIMe CJIOUM. DTU CJIOU YAAISUIM B CEPHOKUCIOTHOM
TpaBuUTEJE.

ITocne ynaneHust rpa¢UTU3MPOBAHHOIO CJIOSI C MO~
BEPXHOCTM ajiMa3za yepe3 TpadapeT MpOBOAST HaIlbl-
nenne W—Ni ¢ TonmmHoi Kaxaoro cios 0,2 MmxM. 3a-
TEM MeTa/UTM3allli0 MOKPHIBAIOT CJIOEM raJibBaHUYEC-
KOTo 30JI0Ta 3 MKM.

ITosryyeHHas 1O TaKO TEXHOJOTUU MeTaJUIM3aIus
MO3BOJIMJIA MOJIYYUTh IUIEHKY MeTajlla Ha ajiMase 6e3 Iie-
PEXOTHBIX IPpaPUTU3MPOBAHHBIX CJIOEB U C HU3KMM TeTI-
JIOBBIM COMPOTUBJICHUEM MEXIY aIMa30M U METAJLIOM.

Ha puc. 4 (cM. TpeTbio CTOPOHY OOJIOXKHU) IIPE-
cTaBjlieH ¢parMeHT I1aHapHOil MoHoauTHOn 3C,
MOJIHOCTBIO BBITTOJIHEHHOW U3 MOJUKPUCTAUIUNYECKO-
ro CVD-anmasza.

3akmouenue

PazpaboraHHasi TEXHOJOTMS MO3BOJISIET C OOJIBILIOK
TOYHOCTbIO M3TOTaBJIMBaTh U3 MOJUKPUCTAINYECKO-
ro aaMasa 3amenJstoinyio cucremy JIbB. Mcnonb3o-
BaHKe HOBOW KOHCTPYKUUM 3C MO3BOJIUT CYLLIECTBEH-

HO YBEJWYUTH BBIXOMHYIO MOIIHOCTb ITMPOKOIIOIOC-
Hoil JIBB. Bricokas TemaonmpoBOAHOCTh MaTepuala
o6ecneuyuT 3(pHeKTUBHBINA OTBOA TerIoThl oT 3C, Ma-
JIbIA KO2(@UILIMEHT TENJI0BOTO PACIIMPEHMST U XKeCT-
KOCTh MOHOJIMTHOW KOHCTPYKLMU TO3BOJISIT UMETh
crabusbHble XapakTepucTuku 3C B IIMPOKOM Auvarna-
30HEe TeMmepaTyp. A 6jaromapsi BHICOKOI MeXaHuYec-
kol nmpouHoctu CVD-anmasza uMmeeTcs: BO3MOXHOCTD
YMEHBIIUTb TeoMeTpudyeckue pasmepsl JIBB.

Paboma evinoanena npu @urancosol noddepiicke
epanma PODPU Ne 19-07-00683A.
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This paper describes the technology of creating a slow-wave structure for a traveling wave tube of millimeter wavelength range.
The slow-wave structure is completely made of polycrystalline CVD diamond in the form of meander on all surfaces of which mul-
tilayer highly adhesive and highly heat-conducting metallization is applied with a thickness of the order of the thickness of the skin
layer at the frequency of the traveling-wave tube. The application of CVD diamond provides a number of advantages directly related
to the physical and chemical properties of the diamond itself as a material: high thermal conductivity of diamond provides effective
and rapid heat removal from the slow-wave structure to the tube body; low coefficient of thermal expansion and rigidity of the mon-
olithic construction of the slow-wave structure will provide stable performance of the traveling-wave tube in a wide temperature range;
the high mechanical strength of polycrystalline CVD diamond allows to reduce geometrical dimensions of the traveling-wave tube.
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The processes of CVD polycrystalline diamond growth on a silicon disk in hydrogen and methane plasma are used in this work. Pre-
cision nanoscale diamond processing for the formation of a given shape and quality of the surfaces was carried out according to two
methods successively: 1) thermochemical etching on the surface of transition metals (iron and nickel) is the effect of dissolving carbon
Sfrom diamond in the volume of the above metals under high temperatures over 600 °C; 2) precision laser cutting forms a high-pre-
cision form of the meander providing the necessary range of operating frequencies of the traveling-wave tube. Metallization of the
given surfaces was carried out by magnetron sputtering in vacuum and galvanic deposition methods.

Keywords: slow-wave structure, meander, traveling-wave tube, polycrystalline CVD diamond, post growth diamond processing,
thermochemical diamond etching, diamond laser cutting, diamond metallization

For citation:

Deryabkin A. V., Dukhnovsky M. P., Kulikov E. N., Fedorov Yu. Yu., Scherbakov S. V. Monolithic Slow-Wave Structure
from a Polycrystalline Diamond for TWT of the Millimeter Band of the Wavelengths, Nano- i mikrosistemnaya tekhnika,

2019, vol. 21, no. 9, pp. 522—526.
DOI: 10.17587/nmst.21.522-526

Introduction

One of the main tasks of the modern vacuum mi-
croelectronics is development of the millimeter range of
frequencies.

The millimeter excitation sources with a big power,
wide band and high efficiency are attractive for many
applications, such as high-speed wireless data transmis-
sion, radar sounding, and satellite communication.

Among the electrovacuum devices of the millimeter
range of great interest is the traveling-wave tube (TWT)
with a ribbon electron beam and a planar slow-wave
structure (SWS) on a dielectric substrate ensuring a
wide band of the working frequencies and thermal sta-
bility [1—4].

Transition to the millimeter range decreases signif-
icantly the geometrical sizes of the devices, including
SWS. There are limits for reduction of the overall di-
mensions of SWS, which are explained by impossibility
of carrying out of the technological processes. For dif-
ferent constructive types of SWS and the technologies
for their formation these limits can differ significantly.

Besides, the reduction of the sizes of the structural
elements of SWS increases the thermal load on it. The
ability of SWS TWT to disseminate warmth is an im-
portant factor, which determines the output power, sta-
bility and reliability of a device.

The design of a monolithic SWS made entirely of a
polycrystalline diamond is very promising. This design
has a number of advantages.

Firstly, a high heat conductivity of the material
(more than 1000 W/(m - K)) ensures an effective with-
drawal of warmth from SWS.

Secondly, a small coefficient of thermal expansion
and rigidity of the monolithic design allow us to have
stable characteristics of SWS in a wide range of tem-
peratures.

Thirdly, the high mechanical durability of the CVD
diamond makes it possible to reduce the geometrical
sizes of TWT.

A wide use of the polycrystalline diamond in micro-
electronics is restrained not only by its high cost, but al-

so by the complexity of its post-growth processing. In
particular, this is connected with the fact that a dia-
mond is the firmest and most chemically stable of all
the known materials. At that, the misorientation of its
separate crystallites creates additional problems for
processing of the products’ surface.

All the above-mentioned reasons demand innova-
tive technologies for the nano-dimensional profiling of
the polycrystalline diamond during creation of SWS.

This work presents a technology for development of
a slow-wave structure, which is made completely of a
polycrystalline CVD diamond in the form of a mean-
der, with a skin layer-thick metallization deposited on
all the surfaces of the diamond.

Experimental part

The technological process for manufacturing of SWS
begins with growing of a polycrystalline diamond on a sil-
icon substrate. Then the diamond plate is separated from
the silicon substrate by the method of etching of the sil-
icon in a mixture of the fluoric and nitric acids.

Then a laser cuts out a rectangular billet of the nec-
essary geometrical sizes from a plate of a polycrystalline
diamond, from which SWS is formed.

With reduction of the SWS geometrical sizes the re-
quirements to the accuracy of its production and rough-
ness of the surfaces, the morphology of which in many
respects defines the uniformity and characteristics of a
metal film, increase. Besides, the roughness of the sur-
face of SWS increases the effective way passed by an
electromagnetic wave and, therefore, the losses in TWT
increase.

For formation of SWS the technologies of the ther-
mal etching and precision laser cutting were applied.

The essence of the technological process of the ther-
mal etching consists in the phenomenon of the dia-
mond dissolution by the metals of the transitional group
or alloys of these metals at temperatures over 600 °C
[5]. At that, the diamond copies the relief and the struc-
ture of the surface of the metal contacting with it.

The authors of this work investigated the processes
of etching of a diamond by iron and nickel. In order to
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provide the shape of SWS to a diamond billet, the ma-
trixes from iron (fig. 1, see the 3-rd side of cover) and
nickel were used, which copied the return (negative)
side of the required relief.

One of the most formidable problems was a big dif-
ference in the diamond and metal coefficients of ther-
mal expansion (CTE). Due to this during a heat treat-
ment the sizes of a metal matrix varied 10 times more,
than those of a diamond billet, which was taken into ac-
count during manufacturing of a metal matrix.

As is known [6], at the temperature of 917 °C the iron
transforms from o-Fe with a body-centered cubic lattice
into y-Fe with a face-centered cubic lattice, the morphol-
ogy of the iron surface changes and the surface roughness
worsens. Thereof, the minimal values of roughness of
the surface of a polycrystalline diamond achievable at
temperatures of 950...1130 °C are 3.0...5.0 um at the
speed of the etching process of 30...50 pm/h.

Unlike iron, nickel does not change its face-cen-
tered cubic crystal lattice in all the range of the tem-
peratures, and the morphology of its surface does not
vary. This provides a possibility for receiving the sur-
face roughness of a diamond within the range of
0.3...1.5 um. In this case the etching speed of a dia-
mond is significantly lower.

In this regard the thermal etching of the diamond
billets was carried out in two stages. At the first stage the
iron was used for etching of a diamond, at the second
stage — nickel.

The morphology of the surface of the polycrystalline
diamond films was investigated by the method of the
atomic-force microscopy (AFM) by means of Solver
P47 Pro instrument, according to the data from which
the AFM-scans in 2D and 3D formats and also the sur-
face profilograms were obtained.

The AFM method allows us to have a three-dimen-
sional visualization of the surface, which ensures a bet-
ter demonstration of the features of its processing.

The roughness parameters were determined by the
surface images received at the size of the microscopy
field of 70 %< 70 pum.

Fig. 2 presents the dependences of roughness R, of
the surface of the polycrystalline diamond on the time
of processing on iron and nickel.

An analysis by the method of the secondary-ion
mass spectrometry (SIMS) demonstrated absence of
iron and nickel in near-surface area of the polycrystal-
line diamond, i.e. at such temperatures and times there
was no diffusion of foreign atoms into the diamond,
even on the boundaries of the grains.

Then by means of a precision laser cutting a mean-
der was formed out of a profiled billet. Application of
laser cutting allows us to achieve the required precision
of the SWS geometrical sizes.

Fig. 3 (see the 3-rd side of cover) presents photos of
SWS fragments after the laser cutting.
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Under the impact of high temperatures (over 1000 °C)
on a diamond during operations of grinding and laser
cutting, the graphitized electroconductive layers were
formed on the surfaces subjected to processing. These
layers were removed in a sulphuric-acid etchant.

After removal of the graphitized layer from the dia-
mond surface, W—Ni layers with thickness of 0.2 um of
each layer were deposited through a stencil. Then the
metallization was covered with a layer of the galvanic
gold of 3 um.

The metallization received by such technology al-
lowed us to obtain a metal film on the diamond without
the transitional graphitized layers and with a low ther-
mal resistance between the diamond and the metal.

Fig. 4 (see the 3-rd side of cover) presents a frag-
ment of the planar monolithic SWS, made completely
of a polycrystalline CVD diamond.

Conclusion

The developed technology allows us to manufacture
polycrystalline diamond TWT slow-wave systems with
a high accuracy. Use of a new SWS design will make it
possible to increase significantly the output power of a
broadband TWT. High heat conductivity of the mate-
rial will ensure an effective heat elimination from SWS,
while a small coefficient of thermal expansion and the
rigidity of the monolithic design will allow us to have
stable characteristics of SWS in a wide range of tem-
peratures. And due to a high mechanical durability of
the CVD diamond it is possible to reduce the geomet-
rical sizes of TWT.

The work was done with the financial support of RFFI
grant No. 19-07-00683A.
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Paccmompenvl mexrono2uueckue acneKmol, CEA3aHHbIE C PA3DYUICHUEM MeMAiAU1eckKux NAeHOK Oemanetl 4y8cmeumenbHslx
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BBenenne

MukpoMexaHUUeCKe aKCeJIepOMETPhI, CO3IaHHbIE
nmo kpeMHueBoit MOMC-TeXHONIOTUU, HAXOISIT MpPU-
MEHEHHWE BO MHOTUMX OTPACHSIX MPOMBIIUIEHHOCTH —
aBUallMM, aBTOMOOUJIECTPOEHUN, CHUCTeMaXxX yIpaBie-
HUSI 00bEKTaMU B KauyeCTBE M3MEpUTEJIEl YIrJoB Ha-
KJIoHa [1, 2]. BaxkHeH1IM 3JIeMEHTOM MUKPOMEXaHU -
YeCKOTO aKceJIepoMeTpa €MKOCTHOTO THIA SBISETCS
YYBCTBUTEIBHEIN 2JIEMEHT, TEXHOJIOTHS COOPKHU KOTO-
pOro CBsI3aHa C M3TOTOBJIEHWEM KPEeMHUEBOTO KpUC-
TaJljla, CTeKJISTHHbBIX JIeTajleid, a TAKXKe UX COeTUHEHU -
eM Mex Iy coboit. Hapsimy ¢ oTpaboTaHHOCTBIO MHOTHUX
TEXHOJIOTUII W3TOTOBJICHUS, HAIMPUMEpP HaHECEHUs
MeTaJUTM3UPOBAHHBIX TUIOIIAAOK Ha CTEKISTHHBIE Ie-
TajJd U COOPKU UyBCTBUTEIBLHOTO 3JIEMEHTA, MIEPUOAU-
YECKU BO3HUKAIOT OTKJIOHEHUSI OT OTPAOOTaHHBIX TeX-
HOJIOTMYECKHUX TIpolieccoB. Hampumep, mocie c6op-
KM YYBCTBUTEJBHOIO 3JIeMEHTa HaOJI0Aal0Ch MOYTU
MOJIHOE pa3pylleHre MeTa/UIM3allui Ha CTEKISTHHBIX
JIeTansx. XapakTep pas3pylleHUs aJlOMUHNEBOU Me-
TAJIM3aLIMK TIPEACTABISIET COOOM NEeHAPUTHYIO ppaK-
TaJIbHYIO CTPYKTYPY C SIPKO BbhIpaXKeHHBIM IPU3HAKOM
camoronobusi, T. €. IO Mepe yBeJMYeHUs pazMmepa
1300paxkeHUST HAOII0Ial0TCs TE K€ caMble "BETBU' Me-
TaJIJIM3aLMU, TOJIBKO MMEIOINe YMEHBIIEHHbIE pa3Me-
pHI. YKa3aHHOE 3aCTaBUJIO OOPATUTHCS K TTIOMCKY BO3-
MOXHBIX TTPUYMH TaKUX OTKJIOHEHUIA.

®paKTajibl B TEXHAKE

IMonsitue ¢paktan, BBeaeHHoe B 70-X romax Tpo-
moro crojetus [3, 4] nasg onucaHus CIOXHBIX ca-
MOTIOIOOHBIX CTPYKTYP, B HACTOSIIEE BPEMSI IIIMPOKO
MPUMEHSIETCS B TE€XHUKE ISl OMUCAHUS PasIuYHbIX
MPOILIECCOB, HAIPUMEDP B 001aCTA KOMITBIOTEPHOM 00-
paboTku nHgpopmaLuu [5], B 0061acTu MOIyYEeHHUS Ha-
HOCHCTEM C HOBBIMU CBOMCTBAaMU [6], CUHTE3a TOHKUX
MJIGHOK METOJIOM 30JIb-TeJIb TEXHOJOrMU [7] 1 ap.

MHorue ucciegoBaTe/ln B CBOUX paboTax HaOII0-
nany ¢dpaxkTajgbHble CTPYKTYpbl. Hampumep, Kpem-
HUEBbIE (DOTONEKTPOIbI, MOMEIICHHbIE B PacTBOP
NH4F, nemoncrpupoBanu MacmrtaGHble KapTHHbBI
(bpakTasbHOTO TpaBJIEHUS MPU AHOJHBIX MOTEHIMAIax
okoJio 6 B [8]. ®pakTanbHble CTPYKTYPHI YIIPABISIEMO
(opmupoBaIMCh B MPOMEXYTOUHOMN IJIEHKE aTIOMM-
HUS MEXY CTEKJIOM U KPeMHMEM TMPU BJIEKTPOCTATH -
YEeCKOM COEAMHEHMH 110 MOAEIN IBYMEpHOM muddy-
3MOHHO-OIpaHUYEeHHON arperauuu. [Ipu 3ToM OBLIO
OTMEYEHO, 4TO (opMUpOBaHUE (PpaKTaJbHOU CTPYK-
TYpbl TIOMOTaeT ITOBBICUTH IMPOYHOCTb COEIMHEHMS
"KpeMHUI — cTekyno” [9].

B pabore [10] omuchiBaeTcs TMpoliecc KOPpO3uu
amomuHueBoi ¢osaeru B 1M-pactBope NaCl. B naH-
HOM cCJIy4ae TIpollecC KOPPO3UM MOXET OBITh IIpel-
CTaBJIeH KakK (opMUpoBaHUE caMOIOJ00HOU ¢pak-
TaJbHOW IreOMEeTpUM antoMuHUs. Takxke Hs MJIEHOK
aJIOMUHUS TIOKA3aHO, YTO Ha MPOLIECC aHOAHOTO pac-
TBOPEHUS aTIOMUHUS BAUSIOT TaKUe MapaMeTphl, Kak
TTepBOHAYAJIEHOE COCTOSTHHE 3JIeKTposuTa, pH, mroT-
HOCTh ToKa. [IprCyTCTBHE MOHOB HATPHUSI CMEIIIAeT T10-
TEHIIMaJl KOPPO3UHU B CTOPOHY O0Jiee KaTOAHBIX TOTEH -
nMayioB. ['albBAHOCTATUYECKUIA DJIEKTPOJIM3 MOKa3al,
YTO U3MEPEHHbIE KOHLIEHTPALUN aJIIOMUHUS TIPEBbI-
A TeOpeTHYeCKrUe 3HAYCHMSI, PaCCUMTAaHHBIE ITO
3akony ®apazges. M30BITOK pacTBOPEHHOTO aJllOMU-
HUs, TTOJYYEHHOIO BO BpeMs TaJibBAHOCTATUYECKOTO
BJIEKTPOJIN3A, SIBJISIETCS] TIEPBUYHBIM BCJICACTBUE XU-
MUYECKOTO PaCTBOPEHMST AJIIOMUHUS TIPU CUJIbHOIIE-
JIOUHbIX ycaoBusx [11].

OnuvcaHo BO3AEWCTBUE HaMNpPSDKEHUs TMOpsaKa
8,5 KB Ha MOBEpXHOCTb BJIEKTpeTa MOJUITUICHTEpe-
¢ranara (PET-a) npu pazauuHbIX BpeMeHax BO3aeic-
TBUsl. Ilpu sTom mosepxHocTh PET-a mokpriBajiach
JIMHUSIMM pa3iuaHoit padMmepHoctu [12]. Takke mc-
cJemoBaTeIIMU TIPEACTABIEHBI Pa3IMYHbIE MOIETU
(pakranbHOTO pacTBOpeHus Bewects [13]. U3 npen-
CTaBJICHHOTO aHajv3a BUIHO, YTO (HOPMUPOBAHUE U
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HUCcliefoBaHue (PpaKTaJbHBIX CTPYKTYp MMEIOT 0OJib-
110€ 3HaYEHUE B Pa3IMYHbIX 00JACTSIX.

W3srorosieHue YYBCTBHUTECJIBHOI0 3JIEMEHTA

KoOHCTpYKTUBHO 4yBCTBUTEIbHBIN 31€MEHT (puc. 1)
COCTOUT M3 KPUCTajja, BbIMOJIHEHHOTO U3 KPEMHUS
BBICOKOII MPOBOAMMOCTU, Hampumep mapok DKHOC
win Kb, uMeloliero opueHTaluw0 padoyeil mioc-
koctu (100). Kpucraan cogepKuT NOABUXKHYIO Mac-
Cy, KEeCTKO 3aKpeTlJIeHHYIO Ha BHEIIIHell pamMKe uepes
ynpyrue rnepeMbluku. [TomBuskHasi Macca, BHEIIHSS
paMKa, ynpyrue mnepeMblYKU BBIMOJHEHBI B €IMHOM
LIMKJIE M0 00beMHOI KpeMHueBoit MBOMC-TexHoI0-
TMU METOJIOM XKMAKOCTHOIO aHU30TPOITHOIO TpaBjie-
HUS KpemHus [14].

JIBe CTEeKJISIHHbIC TUIACTUHBI U3 11IEJIOYHOTO CTeKIIa,
Hanpumep mapok JIK-5, JIK-105, ¢ HaHeceHHBIMU Ha
HUX €MKOCTHBIMU 3JIEKTpoJaMu (TOHKas TUJIEHKa Me-
TaJlJla, yallle BCeTO aJIOMUHUS) PacIIONOXEHBI C 00enx
CTOpPOH KpucTa/ia. Mertanausanus o0eux CTeKJISTH-
HBIX TUTACTMH M MOABUXKHAS Macca KpucTaija oopa-
3y10T auddepeHIuaTIbHbIl KOHAEHCATOp, HEO0X0au -
MBI 1151 GDYyHKUIMOHMPOBaHUS IIpuodopa.

Y4YuThIBas CJIA0XHOCTh MUKPOMEXaHUYECKUX JeTa-
JIell — KpeMHHEeBOro Kpucrajuia, CTeKJISSHHbBIX JeTallei,
U, YTO OCOOEHHO BaXKHO, HEOOXOAUMOCTb TOYHOIO
COOMIONEHNST eMKOCTHOTO 3a30pa MEXIY IeTAISIMA —
MOABUXXHOM Maccoil KpucTajia W MeTautM3auuei
CTEKJITHHBIX TIIACTUH (KOTOPBIM MOXET COCTaBJISITh
8...30 MKM), cOOpKa YyBCTBUTEJILHOTO 3JIeMEHTA TIpe/l-
CTaBIsIeT COOOI OTBETCTBEHHYIO TEXHOJOTHYECKYIO
orneparuio.

B Hacrosiiee BpeMsi OCHOBHBIM CIOCOOOM COEu-
HEHUS KPEMHUEBBIX KPUCTAIOB U CTEKJISTHHBIX JeTa-
Jiell MTaHHBIX KOHCTPYKUMUN SIBISETCS 3JE€KTpOCTaTU-
yeckoe coeauHeHue (DCC), Takxke M3BECTHOE Kak
aHogHas cBapka [15—18]. Ee ocobeHHOCTSIMU SIBJISI-
I0TCSl MCITOJIb30BaHME BBICOKMX TEMIIEPATyp COeIUHE-

3 < ] - KpeMHHeBasA IUIACTHHA; 2, 3 - CTEKILIHHBIE IUIACTHHBI
4 - MeTaUIH3ALNA

1 - glass wafer; 2, 3 - silicon wafers;
4 - metallization

Ak

N\
A
N\
AN
N\
AN

Puc. 1. UyBcTBUTEIbHBIN 3JIeMEHT MHKPOMEXaAHHYECKOTO aKceJiepo-
MeTpa
Fig. 1. Sensitive element of a micromechanical accelerometer
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Hus (350...450 °C) 1 HeoOXOAUMOCTh MOJaYM MOCTO-
sStHHOTO Bbicokoro HampsikeHust (400...500 B) onpene-
JICHHOH TIOJIIPHOCTH Ha COEAWHSEMBIE ACTalud TIPU
BpemeHu coearHeHus 10...15 MuH. JaHHBIE peXXUMBbI
00ecreyrBaT MOJyYeHHEe MUKPOMEXaHMUECKUX JyB-
CTBUTEJIbHBIX 3JIEMEHTOB [IJII CO3MaHUSI MPUOOPOB C
BBICOKMMM METPOJIOTMYECKUMHU U IKCIUTyaTallMOHHbI-
MU XapaKTEepUCTUKAMMU.

OnHako ¢ peiakoi IMepuoAUYHOCTbIO MOXKHO Ha-
0J1t07aTh TAKOW BHELIHUIN BUJ CTEKJISIHHBIX IE€TAJIEH C
HaHEeCEeHHOI MeTajIM3allMelt, Kak MoKa3aHo Ha puc. 2
(CM. 4eTBEpPTYIO CTOPOHY OOJIOKKH).

I[Ipu 3TOM MOpOUCXOAUT paspylleHue (Hecoemau-
HEHME) YYBCTBUTEIBHOIO 3JIEMEHTA C MOJHbIM pa3-
pyllleHHueM MeTajau3auun (aJIOMUHUEBON TUIEHKHU
TOJILLIMHOM ITopsiaKa 1 MKM) Ha OMHOM U3 CTEKJISTHHBIX
JneTajieil. Xapaktep pa3pylleHUs] aIIOMUHUEBON Me-
TaJlJIM3aluu, KaK ObUIO CKa3aHO BbIlIIE, MTPEACTABIISIET
co00ii IeHAPUTHYIO (bpaKTaJbHYIO CTPYKTYpY.

I'unore3nbl paspylieHus MeTALIM3ANUH

Anekmpuueckuti npodoii. I3 nutepaTypHbIX UCTOYU-
HUKOB XOpOILIO M3BECTHbI IOMOOHBIE (ppaKTaabHbIE
JIMTHWUW, Ha3bIBaeMbIe B YECTb MX OTKPHIBATENIST JTMHU-
amu JluxteH6epra [19]. JaHHble JUHUM HOPMUPYIOT-
cs Ha HEIPOBONAIINX ITOBEPXHOCTAX, HaIpuUMep
CTeKJIe, U MPEACTABISAIOT COO0M JIMHUM MPOXOXKIECHUS
BIIEKTPUYECKNX 3apSIIOB BEICOKOM TNTIOTHOCTU. B maH-
HOM cJlyyae Mbl UM€EM JeJI0 C IPOBOAHUKOM (aJlto-
MHWHWEM), XOTS U pacToIOKeHHOM Ha cTekie. Kpome
TOro, TMosiBJieHWe JUHMI JIuxTeHOGepra CBSI3aHO C
BJIEKTPUUYECKUM TIPOOOEeM, UTO B YCIOBHSIX IPOBEIE-
Hust DCC MOXeT ObITh CBSI3aHO TOJIBKO C MOMagaHUueM
MMOCTOPOHHUX ITPOBOISIINX YACTUI] B eMKOCTHOM 3a-
30p. YUMThIBasE HaIpsiKeHWe MPOBEACHMS Ipoliecca
nopstaka 400...500 B, Tok npu KOpOTKOM 3aMbIKaHUH
(K3) TeopeTnyeckd MOXKET AOCTUTaThb ACCATKOB aM-
nep. KOHCTpYKIIMST yCTAHOBKU IJIST TIPOBEACHMS TIPO-
necca DCC uMeeT 3alIUTy OT KOPOTKOTO 3aMbIKaHMUS,
U1 Ha npaktuke K3 He HaOmogasoch, 4TO JeJIaeT 3Ty
BEPCHIO MAJIOBEPOSITHOIA.

Inexkmpoxumuueckas kopposus. OmpHOU U3 ocC-
HOBHBIX MPUYUH OTKA30B IUICHOK aJIIOMUHUS B MH-
TerpaIbHBIX MUKPOCXeMaX SIBJISIETCS €ro Mayasi Kop-
po3uOHHas CTOHWKOCTh. OCHOBHBIMU (haKTOpaMHu,
CITOCOOCTBYIOIIMMH YCKOPEHHIO TIpollecca KOPPO3UU
MeTaJuIM3alluy, HOocsIel, Kak MpaBUiIo, JIEKTPOXU-
MHMYECKHMI XapakKTep, SABISIOTCS TaKHWe, KaK HaJMdue
aJicOpOMPOBAaHHON BJIaru, 3JIEKTPUYECKOTO MOTCHIIU-
ajla MeTaJUIM3aIiH, TIOBBIIIEHHAsI TeMIIepaTypa OKpy-
JKalollel cpeabl 1 HaTuuue MOHHBIX 3arpsi3HeHuit. Bee
MepeYnCICHHOE YBEJIMINBAECT TOK KOPPO3UU, YCKOPSIS
Mpolecc pa3pylleHus MeTaJuTMYecKoii riieHku. Heo6-
XOIMMO OTMETHUTb, YTO IBWIKYIIEH CHION mporliecca
9JIEKTPOXUMUYECKON KOPPO3UU SIBSETCS BHELIHUI
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Fig. 3. A sketch of a glass plate with the deposited aluminum film

HMCTOYHUK TOKa — TaK Ha3bIBaeMasi 3JIeKTPOJIUTHYEC-
Kass Kopposusi. Haubosee omacHbIMM ISl TUJIEHOK
aJTIOMUHUS SBJISIIOTCS MOHBI HaTpus. B Oosblieit cre-
MEeHU MOJABEPXKEHbI KOPPO3UU IJIEHKU, HAXOISIIUECS
IO/ OTPUIIATEIEHBIM MTOTEHIIMAIOM, TaK Ha3bIBaeMast
KarogHasg Kopposus [20]. g ajmoMUHUEBOR MeTal-
JIM3aLUU TUIIMYHBIA BUI 1e(EKTOB — OOPBIB IIPOBO-
JSIIUX TOPOXEK, B OTJIMYUE OT MEIHOM, CKIOHHON K
co3maHuIo 1eeKTOB "KOPOTKOEe 3aMbIKaHUe".

Kaxk u3BecTHO, MHOIrMe€ OKCMIbl IE€pBOHAYaJIbHO
afcopOoUpyIOT BOAY B HEMOJABUXKHOM JOKAJIU30BaH-
HOM COCTOSIHMH TIpY TeMIIepaType He BBIIIe KOMHAT-
HOM, ¢ o0pa3oBaHMEM BOJOPOIHBIX CBsI3EH amcopOu-
POBaHHBIX MOJIEKYJI BOJbI C HUXEJeXalllMMU TUIPOK-
CUJIBbHBIMU Ipyrnnamu. Takue CBSI3U YCTOHUYMBHI MpU
temnepatypax nopsiaka 400 °C. IMocie o6pazoBaHus
MEePBOro HEMOABUXHOIO aJIcCOPOMPOBAHHOTO CJIOST 00-
pa3yeTcsi BTOpOU, MOABMXKHBIN cjoii. UMeHHO 3Tu
CJIOM OTBEYAIOT 32 MUTPALIMI0 MOHOB MEXIY 2JIEKTPO-
mamu [21]. Ha atu agcopOupoBaHHbIE CJIOU BIIOCIEI-
CTBUU U MOXET ObITh HaHEeCEeHa aJllOMMHMEBAS TJICH-
ka. Kpome Toro, npu Temreparypax npoBeAeHHUs Mpo-
ecca DCC B cTeksie BHICBOOOXAAIOTCSI aTOMbI HATPUSI,
YTO MPUBOJUT K YCIOBUSIM BOZHUKHOBEHMS BJIEKTPO-
Juta. CxeMaTU4YHO 3TO TMpeACTaBleHO Ha puc. 3.

Ha nsMeHeHue aJ1eKTpOaHOro MOTeHIIMala BAUSIOT
reoMeTpuyeckrue (HakTopbl KOHCTPYKIIMM, B HallleM
cJlyyae YyBCTBUTEJIBHOTO 3jieMeHTa. B y3kux 3a3opax —
HampuMep IJIs1 YyBCTBUTEJIBLHOTO 3JIEMEHTa 3THUM 3a-
30pOM SBJISIETCSI €MKOCTHOM 3a30p — 3aTpynHseTcs
JOCTYIT KUCJIOPOAA, UTO MPUBOAUT K CMEIIEHUIO JIeK-
TPOAHOIO MOTEHIMaJla B OTPULIATEJIbHYIO CTOPOHY U
BO3HMKHOBEHMIO TaJIbBAHMYECKOW Mapbl "OTKPbITas
MMOBEPXHOCTh — IIEJb", TIE IIeIb SIBISIETCS aHOIOM U
YCWIEHHO KOppoaupyeT (Tak Ha3blBaeMas leseBas
Koppo3usl). Takke M3BECTHO, YTO HArpeB MeTaInyec-
KUX TIJIEHOK M BO3AEMCTBME Ha HUX PACTSTMBAIOLIMX
MEXaHWYECKUX HAMPSKEHU MPUBOIUT K CMEIIEHUIO
ero MnoTeHuuajga B OTPULIATEJbHYIO CTOPOHY. Takum

00pa3oM, HarpeThle WIN pacTSIHYTbIe Y4acTKU MeTall-
JIMYECKUX TUICHOK SIBJISTFOTCSI aHOAAMM I10 OTHOILIEHUIO
K OCTaJIbHBIM y4acTKaM IUIEHOK M TakKKe IOJABEepraroT-
Csl YCKOpEeHHOM Koppo3uu [21].

B cnydae, korma paccMaTpyUBaeMblii UyBCTBUTEb-
HbIA 3JIEMEHT HAXOAUTCS TIPU OJHOU M TON XK€ TeM-
nepaTrype, Hajluuue 3HAYUTEIbHBIX PACTSITUBAIOIIUX
HaNpsKEHUN aTlOMUHUEBOM TJIEHKWA, HAHECEHHOM Ha
CTEKJISIHHBIE IeTaIi, TaKXKe MOXKET BbI3BaThb YCKOPEH-
HYI0 KOppo3ulo (puc. 4, 5, CM. YeTBEPTYIO CTOPOHY 00-
JIOKKH).

Kaxk BunHoO u3 pucyHKoB, 06e npo¢uiorpaMmsbl OT-
JINYaAlOTCs OOJIBIION HEOAHOPOTHOCTHIO MO TOJIIAHE
MJEHKU C yYaCTKaMHU Pa3pbiBOB, MOATBEPKIAIOIINX €€
MOJIHOE pa3pylleHue.

BriBoapl

YuurtbiBasi 0COOEHHOCTA KOHCTPYKIMU U YCJIOBUS
nposeneHus npouecca DCC, a UMEHHO:

— HaJlM4yMe MOHOB LIEJIOYHOIr0 MeTalia (HaTpusl) B
o0beMe cTekyia mpu npoBeaeHnu npouecca DCC;

— HalIW4ue BBICOKUX TeMIIepaTyp COCIMHEHMSI
KPEMHUEBOW U CTEKIISTHHBIX JICTAJIEH;

— HaJu4yuhe MajJoro eMKOCTHOrO 3a30pa UyBCTBU-
TEJILHOTO 3JIEMEHTA;

— OTCYTCTBHUE CpabaThIBaHUSI YCTAHOBKU OT KOPOT-
KOTO 3aMbIKAHMUS;

— UCMOJIb30BaHUE HEYCTOMUYMBOI K MOHAM HATpUSI
IUIEHKU aJTIOMUHUS,
MOXHO cAejaTh 3aKJI0UeHME, YTO MPUYMHON pas3py-
LIEHWS TOHKOM aJIOMUHMEBON IUICHKMU SBJISIETCS
MMEHHO 3JIEKTPOXUMUUYECKAasi KOPPO3UsI TTPU YCIOBUSX
BO3MOXHOTI'O HAIIPSIZKEHHOI'O COCTOSIHUS TUIEHKU aJlio-
muHuA. s nckimoyeHUsT naHHoro 3¢ gexra Heo0xo-
JUMa THIATeJIbHAsT XUMMYECKas OYMCTKA MOCTYIalo-
1IUX Ha COOpKY JeTajeid, mojiydeHue MIeHOK ¢ MUHU-
MaJIbHbIMUA BHYTPEHHMMM HAIPSKEHUSIMU, a TaKXkKe
CTpOroe COOJI0JEHNE BCEX TEXHOJOTMYECKUX PEXKU-
MOB U3roToBJIeHUs. IJIs1 yCTpaHeHUsT BO3MOXKHOIO 3(h-
(hekTa KOPOTKOTO 3aMbIKaHMSI HEOOXOAMMO KOHTPO-
JINPOBATh HAMNPSXKEHHOCTh 3JEKTPUYECKOro MOJS B
€MKOCTHOM 3a30pe.

3akmouenue

PaccmotpeHbl (bakTopbl, BIMSIOIME Ha MPOLECC
paspyllieHrs] TOHKOW aJlOMMHUEBON TUIEHKU, HaHe-
CEHHOU Ha MOBEPXHOCTh CTEKJISIHHBIX JIeTalleil UyBCT-
BUTEJbHBIX 2JIEMEHTOB MUKPOMEXaHMYECKMX OaT4yM-
koB. K Takum npuymHaM MOXXKHO OTHECTU HaJUuMe ajl-
COpOMPOBAHHOI Barv Ha MOBEPXHOCTU CTEKJISTHHBIX
Jerajeii, HaIMuMe MOHHBIX 3arpsi3HEHUM MOBEPXHOC-
TU METAJIMYECKON TUIEHKU, MpUBeILIei K ee pa3py-
IIEHUIO B TpoliecCe BJIEKTPOCTaTUUECKOTO COearHEe-
Hus. CTOUT OTMETUTh, YTO OOpa3libl AeTajeil, ONu-
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CaHHBIX B paboTe, Ha MPAKTUKE BCTPEYAIOTCSI KpaliHe
peaxko. B 1aHHOM ciiydyae MOXHO JIMIIb CYAUTb O €1~
HUYHBIX OTKJIOHEHMSIX OT TEXHOJIOTUU U3TOTOBICHUS,
YTO HE MO3BOJISIET B MOJIHOM MEpEe YCTAHOBUTbH TOUHBIE
MPUYMHBI TIOSBJIEHUS JaHHBIX Ne(EKTOB, a TOJbKO
BBIABUHYTH TUIOTE3bI UX TTOSIBJICHHUS.
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Introduction

The micromechanical accelerometers based on the
silicon MEMS technology find their applications in
many industries — aircraft, motor industry, objects’
control systems as the instruments for measuring of the
tilt angles [1, 2]. The most important element of a mi-
cromechanical accelerometer of the capacitor type is
the sensitive element, the technology of assembly of
which is connected with production of a silicon crystal,
glass parts and also their connection among themselves.
Alongside with many well-developed manufacturing
techniques, for example, deposition of the metallized
platforms on the glass parts and assemblies of the sen-
sitive elements, periodically, the deviations from the
known technological processes do happen. For exam-
ple, after the assembly of a sensitive element, almost a
complete fracture of the metallization on the glass parts
was observed. The nature of the destruction of the alu-
minum metallization was a dendritic fractal structure
with a pronounced sign of self-similarity, i.e. in the
process of increase of the size of the image the same
"branches" of metallization only of the reduced sizes
were observed. The above circumstance forced the au-
thors of the work to investigate possible reasons for the
specified deviations.

Fractals in the equipment

The notion a fractal introduced in [3, 4] for descrip-
tion of the complex self-similar structures is widely ap-
plied in the technologies for description of various
processes, for example in the field of computer infor-
mation processing [5], in the field of receiving of na-
nosystems with new properties [6], synthesis of thin
films by the method of zol-gel technology [7], etc.

Many researchers in their works observed fractal
structures. For example, the silicon photoelectrodes
placed in NHy4F solution demonstrated large-scale pic-
tures of fractal etching at the anode potentials of about
6 V [8]. The formation of the fractal structures was con-
trolled in the intermediate film of aluminum between
the glass and the silicon at an electrostatic connection
by the model of a two-dimensional diffusive-limited ag-
gregation. At that, it was noted that the formation of a
fractal structure could increase durability of the "sili-
con-glass”" connection [9].

In [10] the process of corrosion of an aluminum
foil in 1M solution of NaCl is described. In this case

the process of corrosion can be presented as the
formation of a self-similar fractal geometry of alumi-
num. Also for the aluminum films it was demonstrated
that the process of the anode dissolution of aluminum
was influenced by such parameters as the initial state
of the electrolyte, pH, and the current density. Pres-
ence of the ions of sodium shifted the corrosion po-
tential towards the more cathodic potentials. The gal-
vanostatic electrolysis demonstrated that the meas-
ured concentration of the aluminum exceeded the
theoretical values calculated under the Faraday's law.
Excess of the dissolved aluminum received during the
galvanostatic electrolysis was primary due to the
chemical dissolution of the aluminum in strong alka-
line conditions [11].

The authors described the impact of voltage of about
8.5 kV on the surface of an electret of polyethylene
terephthalate (PET-a) at various periods of influence.
At that, the surface of PET-a was covered by lines of
various dimensions [12]. The researchers also presented
various models of a fractal dissolution of the substances
[13]. From the submitted analysis it was visible that the
formation and research of the fractal structures were of
great importance in various spheres.

Production of a sensitive element

Structurally a sensitive element (fig. 1) consisted of
a crystal made of the silicon of high conductivity, for
example of EKES or KDB brands, having orientation
of the working plane (100). The crystal contained a mo-
bile mass, which was rigidly fixed on an external frame
by the elastic crosspieces. The mobile mass, the external
frame, the elastic crosspieces were made in a uniform
cycle according to the volume silicon MEMS technol-
ogy by the method of the liquid anisotropic etching of
silicon [14].

Two glass plates from the alkaline glass, for example,
of LK-5, LK-105 brands, with the capacitor electrodes
(thin films of metal, usually, aluminum) deposited on
them, were located on both sides of the crystal. Met-
allization of both glass plates and the mobile mass of the
crystal formed a differential condenser necessary for
functioning of the device.

Considering the complexity of the micromechanical
parts — silicon crystal, glass parts, and, which is espe-
cially important, the need for keeping of the exact ca-
pacitor gap between the parts — the mobile mass of the
crystal and metallization of the glass plates (which can
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be 8...30 um), the assembly of the sensitive element is
a critical technological operation.

Now the main way of connection of the silicon crys-
tals and the glass parts of these designs is an electrostatic
connection (ESC) also known as the anode welding
[15—18]. Its features are the use of high temperatures
for connection (350...450 °C) and the necessity to en-
sure a constant high voltage (400...500 V) in a certain
polarity to the connected parts during the connection
period of 10...15 min. These modes ensure obtaining of
the micromechanical sensitive elements for creation of
the devices with high metrological and operational
characteristics.

However, with rare periodicity it is possible to ob-
serve the following appearance of the glass parts with
the deposited metallization, as shown in fig. 2 (see the
4-th of cover).

At the same time, a destruction (not connection) of
the sensitive element with a complete fracture of the
metallization (about 1-pm thick aluminum film) hap-
pened on one of the glass parts. The character of the de-
struction of the aluminum metallization had, as it was
mentioned above, a dendritic fractal structure.

Hypotheses of the destruction
of metallization

FElectrical breakdown. Such fractal lines are well-
known from the literature sources and they are called
Lichtenberg lines in honor of the scientist who dis-
covered them [19]. These lines are formed on the non-
conducting surfaces, glass, for example, and represent
passage lines of the electric charges of high density. In
this case we have a conductor (aluminum), although
located on the glass. Besides, emergence of Lichten-
berg lines can be connected with an electrical break-
down, which in the conditions of carrying out of ESC
can be connected only with appearance of foreign
conducting particles in the capacitor gap. Considering
the voltage for carrying out of the process (about
400...500 V), the current during a short circuit (SC)
can theoretically reach tens of amperes. The design of
the installation for carrying out of the ESC process has
a protection against the short circuits, and SC practi-
cally were not observed, which makes this version
hardly probable.

Electrochemical corrosion. One of the main reasons
for failures of the aluminum films in the integrated mi-
crocircuits is the aluminum’s low corrosion resistance.
The major factors accelerating the process of corrosion
of the metallization, as a rule, are of an electrochemical
character. They are such factors as availability of the
adsorbed moisture, presence of an electric potential of
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the metallization, an increased ambient temperature
and ionic pollution. All the above factors increase the
corrosion, accelerating the process of destruction of a
metal film. It should be noted that the driving force of
the process of the electrochemical corrosion is the ex-
ternal source of the current — the so-called electrolytic
corrosion. Sodium ions are most detrimental for the
aluminum films. Those films are most subjected to cor-
rosion, which are under the negative potential, and this
is the so-called cathodic corrosion [20]. A typical defect
of the aluminum metallization is a break of the con-
ducting paths, which unlike the copper ones, are prone
to "the short circuits”.

As is known, many oxides originally adsorb water
in a motionless localized state at a temperature not
above the room one, with formation of the hydrogen
bonds of the adsorbed water molecules with the un-
derlying hydroxyl groups. Such bonds are stable at
temperatures of about 400 °C. After formation of the
first, motionless adsorbed layer, the second, mobile
layer is formed. Exactly these layers are responsible for
migration of the ions between the electrodes [21].
Subsequently, an aluminum film can be deposited on
these adsorbed layers. Besides, at the temperatures of
carrying out of the ESC process in the glass, the so-
dium atoms are released which leads to the conditions
for emergence of the electrolyte. Schematically this is
presented in fig. 3.

Variation of the electrode potential is influenced by
the geometrical factors of the design, in our case, of the
sensitive element. In the narrow gaps, for example, for
the sensitive element, this gap is the capacitor gap ? the
oxygen access is hindered, which results in a shift of the
electrode potential to the negative side and emergence
of the "open surface — slit" galvanic couple, where the
slit is the anode and it corrodes actively (the so-called
slit corrosion). It is also known that heating of the metal
films and impact on them of the stretching mechanical
stresses leads to a shift of its potential to the negative
side. Thus, the heated or stretched sites of the metal
films become the anodes in relation to the other sites of
the films and are also exposed to an accelerated corro-
sion [21].

In case, when the considered sensitive element is at
the same temperature, the presence of the considerable
stretching stresses of the aluminum film deposited on
the glass parts can also cause an accelerated corrosion
(fig. 4, 5, see the 4-th of cover).

As it is apparent from the figures, both profilograms
are characterized by a high thickness heterogeneity of
the film with the sites of the gaps confirming its com-
plete fracture.




Preliminary conclusions

Considering the specific features of the design and
the conditions for carrying out of the ESC process,
namely:

— Presence of the ions of an alkaline metal (sodium)
in the volume of the glass during carrying out of the
ESC process;

— High temperatures of the connection of the sili-
con and glass parts;

— Small capacitor gap of the sensitive element;

— Malfunction of the installation in preventing a
short circuit;

— Use of an aluminum film, unstable to the ions of
sodium,
it is possible to draw a conclusion that exactly the elec-
trochemical corrosion is the cause for destruction of a
thin aluminum film under conditions of a possible stress
of the aluminum film. In order to avoid this effect, it is
necessary to ensure a careful chemical cleaning of the
parts coming to the assembly, use of the films with the
minimal internal stresses and also a strict observance of
all the technological modes of production. For elimi-
nation of a possible effect of a short circuit it is neces-
sary to control the electric field strength in the capac-
itor gap.

Conclusion

The authors considered the factors influencing the
process of destruction of the thin aluminum film de-
posited on the surface of the glass parts of the sensitive
elements of the micromechanical sensors. Among
such factors it is possible to mention the presence of
the adsorbed moisture on the surfaces of the glass
parts, ionic pollution of the surface of the metal film,
which results in its destruction in the course of the
electrostatic connection. It should be noted that the
samples of the parts described in the work in practice
are extremely hard to find. In the given case it is only
possible to judge about certain deviations from the
manufacturing technologies, which do not allow us to
establish the exact reasons for emergence of these de-
fects, but only to advance the hypotheses concerning
their emergence.
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BBenenune

Tak HasbiBaeMble J1abopaTOpUU-HA-YUIIE — OFHO
W3 TIepCIIeKTUBHBIX HAIIpaBJIeHU COBPEMEHHOM MUK-
POCHUCTEMHOM TEXHMKHU, KOTOPOE HAXOAUT LIMPOKOE
MIpUMeHEeHNEe B OMOTEXHOJIOTUSIX, MEIUIINHE, XUMUU
[1—4]. BaxHoil cocTaBisiolleil JiabopaTopuu-Ha-
YUIle SIBJISIETCS CMECUTEJIbHBIM Kackaa — CcHUCcTeMa
MMKPO- ¥ HaHOKAHaJIOB TaKoil ¢OopMBI, KOTOpas
oOecrieuynBaeT 3P@EeKTUBHOE CMEIICHUE pPEearcHTOB
[5]. IuaMeTp TaKMX KaHaJIOB OOBIYHO HE ITPEBHILLIAET
100...200 MKM, 4YTO TIPMBOAMT K 3HAYEHUSIM 4YHCIa
PeiiHonbaca HUXKe KpUTUYECKOTO 3HAYEHUS Tepexoa
OT JIJaMMHApHOTO K TypOyJleHTHOMY TeueHM1o. Kak pe-
3yJbTaT, B KaHajJaX MOpocToil (opmbl HaOMIOAAETCS
KpaiiHe MeIJIeHHOEe CMellleHMe 3a cueT Auddy3un, 4To
4yacTo SBJIsIeTCsl HenpuemaeMbIM. B HacTosiiee BpeMst
CYILIECTBYIOT IBa OCHOBHBIX HAIIPABJICHUS PEIICHUS
naHHoi npob6iemsl. [lepBoe HampaBiieHUe — 3TO pas3-
paboTKa aKTUBHBIX CMEIIMBAIOLIMX KacKaloB, B KOTO-
DBIX JUISl IepeMelIMBaHUS 3aA€MCTBYIOTCSI pa3IMuHbIe
TUIIBI aKTIOATOPOB: MarHUTHBIE, MbE303JIEKTPUUECKHUE,
yJABTPa3ByKOBbIe U T. 4. [6]. Bropoe HampaBieHne —
9TO KCIIOJIb30BaHUE KaHAJIOB CJIOXHON (POpMbI, CO-
Jnepxalleil, Hampumep, (pakTajibHbIe y4acTKu [7],
MeTJIM OOpaTHOM CBA3M [8] MK MPOCTO MHOTOKPATHbBIE
W3MEHEHMST HaIlpaBJICHUs TTOTOKA WJIM TepecedyeHus
KaHaJjoB [9].
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HecMmoTpst Ha TOBOJIBHO OOJIBIIOE YKUCIO pa3ivy-
HBIX pealM3alii CMECUTEIbHBIX KacKajoB, BbICOKas
3 HEKTUBHOCTh CMEIIMBAHMS YaCTO COIIPOBOXIACTCS
CJIOXKHOCTBIO M3TOTOBJICHUSI U BHICOKOI CTOMMOCTBIO.
B 10 Xe Bpemss MUKpO(IIOUAHBbIE YUITBI CO CMECH-
TeJIbHBIMU KacKaJaMy 4acTo SIBJISIIOTCS OJHOPa30BbIM
pacxogueiM Matepuanom [10]. ITostomy mpu paspa-
0OTKE CMECHUTEJIbHOIO Kackala B HacTosIUeil paboTe
[JIABHOM 3ajadeil ObUIO coueTaHue BBICOKOU a(dek-
TUBHOCTU CMEILIMBAHUS U MPOCTOM TEXHOJOTMYECKOMN
peanu3alyy METOIOM JIa3epHOIl MUKPOOOPaOOTKMU.

Tonojiorus CMeCHTEIbHbIX KACKa/I0B
U METOAUKA IKCNECPpUMEHTA

3a OCHOBY TOIOJOTMM CMECUTEJIBbHOTO Kackaaa
ObL1a BhIOpaHa (hopma CETYaTOro XKMIKOBAHUS JIAC-
TOBOM TJIACTMHBI KaK MpUMeEpP MPUPOIHONA CUCTEMBI,
obecreunBamIedl TPAHCIIOPTUPOBKY U CMELIMBAHUE
KMIOKOCTei. MaTeMaTHyecKu Takasl TOMOJIOTUS Tpel-
cTaBJsieT coboii auarpaMmy BopoHOTro u MOXeT ObITh
BOCIIPOM3BeIeHA, HAIIpUMED, C TTOMOIIILIO aJropuTMa
®opuyna [11].

C ucnosb30BaHUEM Ja3epHON MUKPOOOPabOTKHU
Ha TOBEPXHOCTH IIJIACTMHBI MOJMMETUIMETaKpUIaTa
(ITMMA) ObUTM M3TOTOBJIEHBI CMECUTEIbHbBIE KaHAIBI
¢ mmpuHOi u rayomHoir ~100...125 MxMm. T'oToBbI
YU MoJyYajcs cpaluiiBaHUEeM METOIOM TepMUYECKO-




Puc. 1. CmecuTebHblii KaCKaa MAKPO(IIOHIHOTO YHINa
Fig. 1. Micromixer for a microfluidic chip

ro cBg3biBaHus macTuHbl [IMMA, cogepkaiieii cme-
cuTeJibHBIe KaHajbl, U IutactuHbl [IMMA, comepxka-
LI BXOAHBIC U BBIXOAHOE OTBepCTus (puc. 1).

boutn pazpaboTaHbl M U3TOTOBJIEHBI YMIIBI CO CME-
CUTENIbHBIMU KacKaJaMu TPeX PasIMYHbIX TOMOJOTUI
(puc. 2). IlepBas Tomoyorus SBIsIeTCS TUOPUIHOU —
OTIeJIbHbIE HEOOJbIIME €€ YYacTKU C(hOPMUPOBAHbI
10 IPUHIIUITY AruarpaMM BopoHOro u mpu3BaHbI 00ec-
MEeYUTh CIYYallHOCTb TOYEK U YIJIOB CMEILIMBAHMS, a
TOYKH TOCJIeI0BATEeIbHOTO COSAMHEHUS] TaKUX y4acT-
KOB MO3BOJISIIOT 3a1aBaTh CTPOTO OIpeAeJeHHbIN Yo
cMmelIuBaHus (puc. 2, a). XapakTepHble pa3Mepbl
sSYeek nuarpaMMbl BOpoHOTro B JaHHOI TOMOJOTMH
COIMOCTaBUMBI C IIUPUHOM KaHaia, 4To JOJKHO o0ec-
MeYrMBaTh BBICOKYIO 3(¢(GEeKTUBHOCTh pacllerIeHUs
JJaMUHApHBIX TTOTOKOB XuakocTu. HemocrtaTkom naH-
HOM TOTIOJIOTUY SIBJISIETCS €€ HM3Kasl TEXHOJIOTUYHOCTD
BCJIEACTBUE HAJWUMS CIMIIKOM MEJIKUX AeTajeid. Bro-
pasi TOIOJIOTUsI TMOJHOCTBIO OCHOBaHA Ha MOCTPOSHUM
nuarpaMMbl BopoHoro mis ciayvyaiiHO pacrpenesieH-
HBIX B IMPOCTPAaHCTBE TOoueK (puc. 2, b) U UMeeT cy-
IIECTBEHHO OOJIBIINIA pa3Mep sSYeeK IS TTOBBIIICHMS
MPOLEHTAa BbIXOAA TOAHBIX YMUMOB. 1S cOXpaHEHMsI
3(PEKTUBHOCTU CMELICHUS B JAaHHOM TOIIOJIOTUM MC-
MOJIb3yeTcs OoJibliee Yucio siueek. B kauecTse oopas-
11a CpaBHEHUS UCITOJIb30Bajach MpocTasi Y-TOIMOJOTUs
(puc. 2, c).

Hnst cpaBHeHUST 3(PPEKTUBHOCTU IPEMIOKEHHBIX
TOIOJIOTUI CMECUTEIbHBIX KackaloB Oblia cobpaHa
YCTaHOBKA, COCTOSIIIAsl U3 LITMPULIEBOTO Hacoca, MUK-
pOdIIIOMAHBIX YMIIOB U MMKPOCKOIIA C LIM(PPOBOIi Ka-
Mepoii. HInpuieBoit Hacoc [12] MO3BOJISII KOHTPOIM-
poOBaTh 00BEM U CKOPOCTD IT0JAaYM B MUKPODIIOUMIHbBIN
YUI ABYX pPeareHTOB, B KaUeCTBE KOTOPBIX MCIOJIb30-
BaJIUCh YEpPHWJIA KOHTPACTHBIX IIBETOB. Hawrydime
pe3yabTaThl Npu LHUGPOBO 06pabOTKe ObLIN TTOJyYe-
HBI TIPY MCTIOJIb30BAaHUU KPACHBIX M CMHUX YEPHUIL.

[HudpoBbsie doTorpacduu uMeIn paspelieHue
1280 x 1024 Toyek mpM YBEIUYEHUM MHUKPOCKOIIA
%X 100. Ha doTtorpacdusix aBroMaTU4eCKN BBIIEISUIMCH

BXOIHBIE YYaCTKM KaHAJIOB (TOUKU A HA puC. 2) U BbI-
XOJHbIe yJyacTKu (Touku B Ha puc. 2). Takxke B Kaue-
CTBE 3TaJIOHA TIOJIHOTO CMEIIMBAHUS MCITOIh30BajIach
dotorpacdusi onHOPOAHON CMeCU YEepHUJ B KaHaie
MUKPOMIOUIHOTO YUMa.

IHudpposyio 00paboTKy ¢oTtorpacduii IPOBOAUIN
JIByMsi criocobaMu. i1 BU3yalbHOro KOHTPOJISI Ka-
YeCTBa CMEIIMBAHUS MCITOIB30BAIN TTOCTPOECHHUE q1a-
IpaMMbl LIBETHOCTH B LIBETOBOM IpocTpaHcTBe YCbCr,
JIJIS1 KOTOPOTO HEOAHOPOAHOCTb OCBEILIEHHOCTH B T10J1e
3peHUs] MUKPOCKOIIa OKa3biBajla MUHUMAJIbHOE BJIMSI-
Hue. Tak Kak npu uudpoBoit perucTpaluu UCMoJb30-
BaJlach KaMmepa, ONTUMU3UPYIOLIAsl LIBETOBOE BOCHPU-
SITWE JIJISI Y4eJIOBEeUeCKOTO Tjia3a, TO KOJMYECTBEHHYIO
OLICHKY CTEIEeHU CMEIIeHUs] peareHTOB IPOBOIMIU
Ha OCHOBE CTaHAapPTHOM METPUKHU 1LIBETOBOI Pa3HOCTU
CIEDE2000 [13]. JTaHHast MeTpuKa OMNpeaesseT LBe-
TOBOE PACCTOSIHME MEXIY ABYMSI TOUKAMM B LIBETOBOM
npoctparctBe LCH u ucmonb3yeTcs: mpu OlLeHKEe pa3-
JIMYUA MeXIy U300pakeHUSIMU (Harpumep, IMpU CpaB-
HEHUU aJITOPUTMOB CXXaTUsI U300pakeHUIA).

O6paboTtke ObUTO TTOABeprHyTO 1260 M300paxe-
HUIA, TMOJYYEHHBIX TNMpU 14 pasauyHBIX CKOPOCTSIX
CMEIIIMBAHMSI, KOTOpBIe OOECIeYMBAIN M3MEHEHUE
yuciaa PeitHonbaca B nuamnaszoHe ~7...43, 4To B ycJo-
BUsIX Y-Tomojoruu odbecrieunBaeT pexxumM JaMUHapHO-
ro Te4YeHus.

a) Tononorus I
Topology I
A B
I mm
—
b) Tomonorus 11
Topology 11

1 mm

c) Tononorus I~
Topology II1 \

Puc. 2. Tonosoruu cMecuTeNbHBIX KACKAJI0B: ¢ — B BUIE MOCIEN0-
BaTeJIbHOTO COENMHEHMsI HECKOJIbKMX YYacTKOB AuarpaMmbl Bopo-
Horo; b — Ha ocHOBe aMarpammbl BopoHoro, ¢ — Y-tomonorus
Fig. 2. Topologies of the micromixers: a — in the form of a serial
connection of several sections of the Voronoi diagram; b — based on the
Voronoi diagram; ¢ — Y-topology
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Pe3yJILTaT]>l JIKCIIepUMEHTA

BusyanbHoe cpaBHEHHME PE3yJbTaTOB CMEIICHMUS
MOKa3bIBAET, YTO MPU MCMOJb30BAHUU Y-TOIMOJOIUMU
Ha AuarpaMme IIBETHOCTU, COOTBETCTBYIOIIEH BBIXOIY
Kackaia, MOsIBJISIETCSl AOMOJHUTEbHAsA 00JacTh (CM.
puc. 3, b), UTO O3HauUaeT NosiBJeHue Ha (oTorpaduu
HOBOIO 1BeTa, KOTOPOro He ObLIO Ha ¢oTtorpaduu
BXxoja Kackaaa (cM. puc. 3, a). JlaHHBII 1LIBET COOT-
BETCTBYeT 00jacTu Au¢p@Gy3MOHHOIO CMEIIeHUS pea-
reHToB. [1py 3TOM cTeneHb CMEIIeHUST OCTaeTCs HU3-
KO, TaK KaK Ha JuarpaMMe IIBETHOCTH OCTaroTCs
MPOTSIKEHHbIE O0JAaCTU, COOTBETCTBYIOLIME WCXO-
HBIM IIBETaM.

IIpy MCIOIB30BAaHUM CMECUTEIBLHBIX KACKaIOB C
TOIoJIorMel auarpaMmmbl BopoHoro auarpamma 1BeT-
HOCTH CTAaHOBUTCS CYIIECTBEHHO 0o0Jiee KOMITAKTHOM
(puc. 3, ¢, d), uTO 0O3HAYAET UCUE3HOBEHUE MCXOIHBIX
IIBETOB M TIpeobjIamaHie HOBOTO IIBETa, COOTBETCTBY-
IOIIIer0 CMECH YEePHMUII.

s KoauyecTBEHHOH OLIeHKU 3(PdeKTUBHOCTH
CMelIeHUs UCT0Ib30BajICd KO3(PPUIIMEHT CMeIleHUS
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ToukaMu (poTorpacum BbIX0Ia CMECUTEIHLHOTO KacKa-
nIa u ororpadpuy OJHOPOIHOM CMECU YEPHUII,
(AE(;‘OmaX) — CpellHee LIBETOBOE PACCTOSTHUE MEX-
Iy Touykamu (oTtorpacum Ha BXOJE CMECUTEJbHOIO
Kackana u ¢ororpacduu OJHOPOTHON CMECH YePHWI;
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Puc. 3. Muxkpodororpadgun npounecca CMEIEHHS B IBETOBOM IpPoO-
crpanctBe YCbCr (mpoekmus Ha miockoctb CbCr): ¢ — B Touke A;
b — B Touke B tomonorum III; ¢ — B Touke B Tomonoruu I; d —
B Touke B Tomosorum 11

Fig. 3. Micrographs of the mixing process in the YCbCr color space
(projection on the CbCr plane): a — at point A; b — at point B of topology
I1I; ¢ — at point B of topology I; d — at point B of topology I
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Puc. 4. Bausnue yucaa Peiinosnbaca na 3¢deKTHBHOCTD CMeleHust
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Fig. 4. The influence of the Reynolds number on the mixing efficiency
for different topologies of mixing cascades

(A E&)min Y — cpelHee 1LIBETOBOE PACCTOSIHUE MEXITY
TOYKAMU pa3InyHbIX (poTorpacuit OTHOPOJHON cMeCcH
YepHUJI, KOTOPOE OMpeaeIsieT CUCTEMAaTUIeCKYIO ITOT-
peLIHOCTh HU(PPOBOI KaMepbl ITPpU BOCIIPOM3BEASHUM
OIMHAKOBBIX M300paxkeHUI, a TakKXkKe KojiebaHUS Oc-
BEILIEHHOCTH MUKPOCKOIA.

KonmuyecTBeHHas oOlleHKAa Ha OCHOBE METPUKHU
CIEDE2000 mnoxa3piBaeT HauOOJblIyI0 3(GEKTHUB-
HOCTb CMEILIEHUSI TIPU UCTIOJIb30BAHUU TMOPUAHOM TO-
nojioruu I (puc. 4). 3To 00YCIOBIEHO TEM, UTO SA4eii-
KM auarpaMmbl BopoHOTro MOXHO paccMaTpMBaTh Kak
MPEeMSATCTBUS HA MyTH MTOTOKA, COMIOCTaBUMBIE T10 pa3-
MepaM C IIMpUHON KaHana [14].

ITpu yBenmueHun pasmepoB ssueek (Tomosorus II)
3(h(HEKTUBHOCTh CMEIIIEHUSI HECKOJbKO TagaeT, Of-
HaKo OJylaromapsi cliydyaifHOMY pacITOJIOKEHHUIO TOUYEeK
pacilieruieH1sl MOTOKa OCTaeTCsl JOCTAaTOYHO BbICOKOM
(~80 %). Ilpu sTOM MOBBIIEHUE yKcaa PeiiHoibaca
COITPOBOXKIAETCS HEKOTOPBHIM CHUXKEeHUEM 3(PdeKTUB-
HOCTU cMellleHus1 B ciydae tonosioruu II. TTpuumHa
3aKJII0OYaeTCs B TOM, YTO CMELIEHWE UIET B JaMUHap-
HOM pPEeXUME C MHOTOKPAaTHBIM paclleIlJIeHUeM MC-
XOIHBIX TIOTOKOB, B pe3yJibTaTe Yero Ha BbIxone (op-
MUPYETCSl MHOTOCJIOHOE TeueHue. CMelleHrne MexXay
CJIOSIMM OCYIIIECTBIISIETCSI TIPEUMYIIIECTBEHHO 3a CYET
nuddysuu. [Ipu aToM popma cMecuTeIbHOTO Kackaaa
obecreunBaeT 3(Pp(PeKTUBHOE paclleIUIEeHNEe II0TOKa
yXe TPY HU3KUX CKOPOCTSIX MOTOKa, TOraa Kak pocT
CKOPOCTU TIOTOKa HECKOJbKO CHUXaeT 3(hGheKTUB-
HOCTb TU(MDPY3MOHHOTO CMEIIUBAHMSI.

3akimouenue

[TpennoKeHHbBIE TOMOJOTMU CMECUTETBHBIX KACKa-
OB Ha OCHOBE IuarpaMM BopoHOro mpocThl B M3ro-
TOBJICHUU 1 00ECIIEYMBAIOT BBICOKYIO 3(D(EeKTUBHOCTh




cMeteHust (~80...95 %). Tak Kak MeXaHHU3MOM CMe-
LIEHUS SIBJISIETCSI MHOTOKPATHOE pacllerieHUe JJaMu-
HapHBIX IOTOKOB C MOCHAEAYIOIIUM IU(PQYy3MOHHBIM
CMelIMBaHMEM MHOTOCIOMHOTO MOoToKa, 3¢h¢heKTUB-
HOCTb CMEIIIeHUsI TIOUTH HE 3aBHCUT OT CKOPOCTHU Te-
YEeHUSI U Ha Hee He BIMSET Mepexo] MeXIy JaMuHap-
HBIM Y TYpOYJISHTHBIMU PEXXKUMaMU TEUEHMS. DTO MM03-
BOJISIET UCIOJb30BaTh MPEMIOKEHHBIE CMECUTEIbHbBIC
Kackajabl B IITMPOKOM AHMaIta3oHe yucen PeifHombaca.
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Micromixer for a microfluidic chip inspired from the leaf veins were made using laser micro-processing and thermal wafer bond-
ing of polymethylmethacrylate. For generating the topology of microchannels, it was proposed to use the Fortune's algorithm, which
implements the Voronoi diagram. Two different topologies are proposed. The first option is serial connection of 4 sections of Voronoi
diagrams, each of which contained 9 cells. The cell sizes in this case were comparable to the width of the channel (~100...125 um)
to increase the efficiency of splitting the laminar fluid flow. The second option is a Voronoi diagram containing more than 100 cells
with sizes much larger than the width of the channels to increase the number of suitable chips in the manufacture. A test bench has
been developed, which includes a syringe pump, microfluidic chips, a microscope with a digital camera and software for micrographs
processing. The efficiency of two reagents mixing for different forms of micromixers and Reynolds numbers has been studied. Contrast
inks were used as reagents. To estimate the mixing efficiency based on the analysis of micrographs of the mixed inks in micro-
channels, it is proposed to use the CIEDE2000 color metric. For this, the color distance AEy, in the LCH color space was calculated
for the corresponding pairs of micrographs points, after which the averaging of the color distances was performed. Micrograph of
mixed inks at the exit of the micromixer and a micrograph of the liquid in the channel, which was obtained by preliminary homo-
geneous mixing of the initial inks, were compared. As a control experiment, liquid mixing was used in a micromixer with a simple
Y-topology. It is shown that micromixers based on Voronoi diagrams are easy to manufacture and provide high mixing efficiency
(~80...95 %) compared to the micromixer with the Y-topology (~5 %). Since the mixing mechanism is multiple splitting of laminar
Sflows followed by diffusion mixing of the multilayer flow, the mixing efficiency is almost independent of the flow rate of the reactants
and is not affected by the transition between laminar and turbulent flow regimes. This allows the use of the proposed micromixers
in a wide range of Reynolds numbers.

Keywords: microfluidic chip, micromixer, laser microfabrication, Voronoi diagram
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Introduction

Laboratories on a chip is a promising direction in
the modern microsystem technologies, which finds its
applications in biotechnologies, medicine and chemis-
try [1—4]. An important component of the laboratory
on a chip is a micromixer, a system of micro- and na-
nochannels of such a form, which ensures an effective
mixing of the reagents [5]. The diameter of such chan-
nels usually does not exceed 100—200 pum, which re-
sults in the values of Reynolds numbers below the critical
value of transition from a laminar flow to a turbulent one.
As a result, due to diffusion in the channels of a simple
form an extremely slow mixing is observed, which is often
unacceptable. There are two main ways to solve the prob-
lem. The first one is development of active micromixers,
in which various types of actuators are involved, for hash-
ing: the magnetic, piezoelectric, ultrasonic, etc. [6]. The
second way is the use of the channels of a complex form
containing, for example, the fractal sites [7], feedback
loops [8] or just repeated changes of the direction of a
flow or crossing of the channels [9].

Notwithstanding a big number of various realiza-
tions of the micromixers, a high efficiency of mixing is
often accompanied by complexity and high cost of pro-
duction. At the same time, the microfluid chips with the
micromixers are often disposable, expendable materials
[10]. Therefore, during development of the micromixer
the main task of the given work was a combination of
high efficiency of mixing and a simple technological re-
alization by the method of laser microprocessing.

Topology of the micromixers
and technique of the experiment

As the basis for the topology of the micromixer, the
form of a dictyodromous nervation of a sheet plate was
selected as an example of a natural system ensuring
transportation and mixing of liquids. Mathematically
such topology represents the Voronoi diagram and can
be reproduced, for example, by means of Fortune al-
gorithm [11].

With the use of laser microprocessing on the surface
of a plate of polymethyl methacrylate (PMMA) mixing
channels were manufactured with the width and depth
of ~100...125 um. A ready chip was obtained by merg-
ing by the method of thermal binding of a PMMA plate
containing the mixing channels, and PMMA plate con-
taining the input and output openings (fig. 1).

Chips with the micromixers of three various topol-
ogies (fig. 2) were developed and manufactured. The
first topology is a hybrid one — its certain small sites
were formed according to the principle of the Voronoi
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diagram and expected to ensure randomness of the
points and angles of mixing, while the points of the
consecutive connection of such sites allowed us to set
strictly a certain angle of mixing (fig. 2, a). The char-
acteristic sizes of the cells of the Voronoi diagram in
this topology are comparable with the width of the
channel, which is to ensure high efficiency of splitting
of the laminar flows of liquid. A drawback of this to-
pology is its low technological efficiency owing to ex-
istence of too small parts. The second topology is com-
pletely based on construction of the Voronoi diagram
for the points, randomly distributed in space (fig. 2, b)
and it has a significantly bigger size of the cells for in-
creasing of the percent of output of the suitable chips.
For preservation of the efficiency of mixing in this to-
pology a bigger number of cells is used. As an example for
comparison, a simple Y-topology was used (fig. 2, c).

For comparison of the efficiency of the proposed
topologies of the micromixers an installation was assem-
bled consisting of a syringe pump, microfluid chips and
a microscope with a digital camera. The syringe pump
[12] made it possible to control the volume and the speed
of supplying of two reagents into the microfluid chip, the
role of which was played by the inks of the contrast
colors. During the digital processing the best results were
received with the use of red and blue inks.

The digital photos had the resolution of
1280 x 1024 pixels with the microscope’s magnifica-
tion of X 100. In the photos the input sites of the chan-
nels (points A in fig. 2) and the output sites (B points
in fig. 2) were automatically marked out. Also, as a full
mixing standard, a photo of a uniform mixture of the
ink in the channel of the microfluid chip was used.

The digital processing of the photos was done by two
methods. For a visual quality control of mixing, the
chromaticity diagrams in the YCbCr color space were
constructed, on which the heterogeneity of illumina-
tion in the sight of the microscope exerted the minimal
impact. Since for the digital recording a camera was
used, optimizing the color perception for a human eye,
the quantitative assessment of the extent of mixing of
the reagents was carried out on the basis of CIEDE2000
standard metrics of the color difference [13]. This met-
rics determines the color distance between two points in
LCH color space and is used for assessment of the dis-
tinctions between images (for example, when compar-
ing the algorithms of compression of images).

Some 1260 images received at 14 various speeds of
mixing were subjected to processing (which ensured a
variation of the Reynolds number within the range of
~7...43, which in the conditions of Y-topology ensured
the mode of a laminar current).




Results of the experiment

A visual comparison of the results of mixing shows
that when Y-topology was used, an additional area ap-
peared on the chromaticity diagram corresponding to
the cascade output (see fig. 3, b), which means emer-
gence in the photo of a new color, which was not in the
photo of the input cascade (see fig. 3, a). This color cor-
responded to the area of the diffusive mixing of the rea-
gents. At the same time, the degree of mixing remained
low, because on the chromaticity diagram there still were
extended areas corresponding to the initial colors.

When the micromixers with the topology of the Vo-
ronoi diagram were used, the diagram of chromaticity
became essentially more compact (fig. 3, ¢, d), which
meant disappearance of the initial colors and preva-
lence of a new color corresponding to the ink mixture.

For a quantitative assessment of the efficiency of
mixing, the mixing coefficient was used:

* * 2
] ((AEyy) = (AEg)min))

m=l >

(<AE(;50max> - <AE50min>)

where

(A E50> — average color distance between the points
of the photo of the output of the micromixer and the
photo of the uniform ink mixture;

<AE50max> — average color distance between the
photo points at the input of the micromixer and the
photo of the uniform ink mixture;

<AE5‘0mm) — average color distance between the
points of various photos of a uniform ink mixture,
which determines a systematic error of the digital cam-
era during reproduction of the identical images and also
fluctuations of illumination of the microscope.

A quantitative assessment on the basis of
CIEDE2000 metrics demonstrates the greatest efficien-
cy of mixing when the hybrid topology I is used (fig. 4).
This is explained by the fact that the cells of the Vo-
ronoi diagram can be considered as an obstacle to the
flow comparable by their sizes with the width of the
channel [14].

In case of an increase of the sizes of the cells (to-
pology II) the efficiency of mixing decreases a little,
however, due to a random arrangement of the points of
the flow splitting remains rather high (~80 %). At that,
an increase of the Reynolds number is accompanied by
a certain decrease of the mixing efficiency in case of to-
pology II. The reason is that mixing proceeds in the
laminar mode with a repeated splitting of the initial
flows, therefore, a multilayered current is formed at the
output. Mixing between the layers is carried out mainly
due to diffusion. At that, the form of the micromixer
ensures an effective splitting of the flow already at low
speeds of the flow, whereas the growth of the speed of
the flow somewhat reduces the efficiency of the diffu-
sion mixing.

Conclusion

The proposed topology of the micromixers on the
basis of the Voronoi diagram is technologically simple
and it ensures a high efficiency of mixing (~80...95 %).
Since the mechanism of mixing is a repeated splitting
of the laminar flows with the subsequent diffusion mix-
ing of the multilayered flow, the efficiency of mixing al-
most does not depend on the speed of a current and is
not influenced by the transition from the laminar to the
turbulent modes of the flow. This allows us to use the
proposed micromixers within a wide range of the Rey-
nolds numbers.
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ONTMMU3ALNSA TONMOAOTUN TTAEHOYHHbBIX YHUTT-DAEMEHTOB

BY 1 CBY ATTEHIOATOPOB

Ilocmynuna ¢ pedaxyuio 13.05.2019

IIpeonoxcervr monoao2uy NACHOUHbIX HUN-31EMEHMOE AMMEHI0amopos 05 NOEEPXHOCMHO20 MOHMANCA HA OCHO8E 0OHOPOOHOU
U KYCO4HO-00HOPOOHOU Pe3UCMUBHBIX NAeHOK. TaKkue monoaoeuu 00ecne4usam é Maabvix 2a0apumHbIX pazmepax pearu3auuio wu-
POK020 0Uana3ona ocaabaeHut npu cHuxcenuu 6 cpedhem Ha 40 % MaKcumanbHbiX 3HAYEHUl epadueHma NOMEHYUaa U niom-
HOCMU 8bl0eAsOWelics 8 Pe3UCMUBHOU NAeHKe MOWHOCMU N0 CDAGHEHUIO ¢ MUNOBbIMU MONOA0SUIMIU.

Karoueevie caoea: pe3ucmueHble NiAeHoO4YHble nocaouwarouiue 31emenmol, 4Yun-3,1emernniol, d)llKCLlpOﬁaHHble ammeHHamopbsl

BBenenue

[IIupoxononaocHbIe (PUKCUPOBAHHBIE aTTEHIOATO-
pbl C TUIGHOYHBIMU TIOTJIOLIAKOIIMMU 3JeMEHTaMU
(ITD) 1MpPOKO UCMONB3YIOT B T€JIEBU3MOHHBIX, PAIUO-
MPUEMHBIX U U3MepUTeNbHbIX cucteMax [1—4]. T1D
TaKMX aTTEHIOATOPOB BBHIMOJIHSIIOT, KaK MpaBWJIO, HA
OCHOBE pacIipelieJIeHHbIX PE3UCTUBHBIX CTPYKTYp,
ommyatomuxcs ot [19 ¢ AMCKpeTHBIMU TIJICHOUHBIMU
pe3uctopamu (o Il- mmm T-cxemam) MOBBIIIEHHON
IIUPOKOMOJIOCHOCThIO, MaJIOl UYBCTBUTEJIbHOCTBIO K
TOYEYHBIM AedeKTaM U HEOTHOPOIHOCTSIM, pa3dpocy
TEXHOJIOTMYECKMX TapaMeTpoB, OOJIbllIel HaleKHOC-
ThIO U YCTOMYMBOCTBIO K UMITYJIbCHBIM U TeMIIepaTyp-
HBIM BO3aeicTBUsIM [5—15].

M3BectHble Tonosoruu I1D Ha ocHoBe pacripene-
JIEHHBIX PE3UCTUBHBIX CTPYKTYP, pa3paboTaHHbIE paHee
JUTST KOAKCUATBHBIX U TTOJIOCKOBBIX TPAaKTOB, OKAa3bIBa-
IOTCSI TEXHOJIOTMYECKHU CJIOXHBIMU 11 MOCTPOCHMSI
manorabaputHeix UYMII-aTTeHI0aTOPOB WISI ITOBEPX-

2d

a) b)

Puc. 1. Ucnonsdyemas (a) u npennaraemast (b) ronosormu IID:
1, 21 3 — BXOIOHOI1, 3a3¢MJICHHBII U BBIXOAHOIN KOHTAKThI

Fig. 1. The presently used (a) and the proposed (b) topology of AE:
1, 2 and 3 — input, grounded and output contacts
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HOCTHOT'O MOHTaXXa, KOHTaKThl KOTOPBIX JOJKHBI pac-
MoJaratbCsl Ha MPOTUBOIOJIOXKHBIX CTOPOHAX MOIIOX-
K1 1 oxBaThIBaTh ee [16]. [TogpobHO paccMoTpeHHas
aBTopamu paHee [17] Tomonorus I1D njiss moBepxHOC-
THOTO MOHTaxa (puc. 1, @) HyXnaeTcsl B ONTUMU3ALUUN
HE TOJIbKO [Jis1 obecrieyeHusi 0oJjiee paBHOMEPHOTO
pacnpeeieHUs BbIAESIOIIEHCS B IJIEHKE MOILIHOCTH,
HO W peaii3aly BCero TpedyeMoro Auna3oHa ocaao-
JICHUU B MaJibIX TabapUTHBIX pa3Mepax.

Ilenbp paboOThl — MpPEedIOXUTh TOIIOJOTUM MaJjiora-
O0aputHbix [1D mmpokoro nuamnasoHa ociabieHUuit ¢
MEHBIIMMH 3HAYeHUSIMUA TPAIUEHTOB MOTEHIIMAIOB U
IIJIOTHOCTEU MOILHOCTU B PE3UCTUBHOM IJIEHKE, Olie-
HUTb 3HAYEHHUE 3TOTO CHIKEHUS U MOJYIUTh COOTHO-
LIeHUs IJIsl pacuera.

Yun-3jieMeHTbl HA OCHOBE OJHOPOAHOM
PEe3UCTUCTUBHOM IUICHKH

B paGorte [18] moka3zaHO, 4TO ONTUMAJIbHBIN TIPO-
¢uib (Ipoduiib IMOCTOSIHHOIO IrpadydeHTa MOTEHIIMa-
Ja) Mexay koHtaktamu I u 3 I19 (puc. 1) 6au30K K
MOJIyOKPY>KHOCTH, YTO OOecreurBaeT U 0ojiee paBHO-
MepHoe pacrpeaeneHre MowHocTu. [Ipemnaraemas
TOITOJIOTMS MpUBeAeHa Ha puc. 1, b.

PesynbTaThl MomenupoBaHUSI B OTEUYECTBEHHOM
porpaMMHOM KoMmiuiekce FElcut [19] npuBeneHb Ha
puC. 2 ¥ MOKa3bIBAIOT MPU OOBIYHO UCITOIb3YEMbIX OT-
HomeHusx 0,1 < b/h < 0,3 B kBaapatHoM (h/[=2) T1D
CHIWXXEHWE MaKCUMAaJIbHOM IIJIOTHOCTH MOIIHOCTH B
1,4 paza. IIpu 3TOM pacuyeT MOXHO IIPOBOAUTH I10 Me-
toauke [20], Tak Kak ociabjeHue U BXOJHOE COIpO-
TUBJIeHUE (pUC. 3) MEHSIIOTCS B MpeAesiax TeXHOJIOTH-
YeCKMX TOTPeIIHOCTe.

s HOpMUPOBAHHOTO BXOTHOTO COIPOTHUBIICHMS
R,y v ocnabnenuda 119 g (puc. 1, b) ¢ morpemHoc-




Puc. 2. OTHOImEHNEe MAKCHMAJIbHBIX 3HAYEHHI IJIOTHOCTH MOIIHOCTH
TemosbiaeneHus I1D TunoBoii (T) M npeanaraemoil (p) TONMOJIOrHK
npu h/l =2

Fig. 2. Correlation of the maximal values of the density of power of the
thermal emission of AE of the standard and of the proposed topology at
h/l =2

Puc. 3. Ornomenne ociabiennii (@) m BXOJHbIX conpoTusiennii (b)
IID THnoBoii M npeajaraeMoi Tonojoruu npu h/l = 2

Fig. 3. Correlation of the attenuations (a) and the input resistances (b)
of AE of the standard and the proposed topology at h/l = 2

TbIO MeHee 3 % moaydyacM paCy€THLIC COOTHOILICHUA
(o =d/l, B =b/h, y= h/l).
Ryn/p = Aga? + Bro + Cp;
Ap = DpB* + Egp’ + Fpp> + GgB + Hp,
Bp=JgB* + Igp> + LgB> + KgP + Mp;
Cr= NgB* + Oxp> + Ppp> + RzB + Si;

Dp = —0,0083y + 0,0041; Ep=0,1105y — 0,0374;
Fr=—0,3359y — 0,0465; G = —0,0228y + 0,6697;
Hp = —0,0195y + 0,8967; J = 0,0039y — 0,0021;
Ip = —0,0515y + 0,0212; Lz = 0,1426y + 0,0034;

Kp = 10,3245y — 0,4611; Mp=—0,1611y + 0,0079;

Ng = —0,0003y + 0,00002; Op = 0,0054y + 0,0005;

Pp=—0,0311y — 0,0077; Rp= 0,1467y + 0,0102;
S = 0,1399y + 0,4662;
q= Aqoc2 + Boa + Cy
A,=Dp*+ EB + Fp*+ Gp + H,
B,=Jpt+ 1B+ LB+ KB+ M,
Cy= Np* + O + Pp> + Rp + S
Dq = —0,0743y + 0,0426, Eq = 0,8828y + 0,6287,
F, = —3,2093y — 5,5987, G, = 4,0882y — 7,6476,
Hq = —3,9359y + 40,5471, Jq = 0,0608y — 0,2281,
Iq = —0,7175y + 2,1781, Lq = 2,5281y — 5,7427,
K, = —2,6444y + 13,4421, M, = 0,4313y — 1,3742,
Nq = —0,0014y — 0,0133, Oq = 0,0073y + 0,3141,
P, = —0,0094y — 1,6202, R,

S, = —1,0368y + 13,6441.

= —0,1216y + 5,178,

Yun-3jieMeHTbl HA OCHOBE
KYCOYHO-OHOPOJHON Pe3MCTHUBHOM IJICHKH

[1D, noka3zaHHbIe Ha puc. 1, obecrieuuBaloT Mpu
h/l=2mu 0<b/h<0,6 ocnabnenus 8 < g < 32 nb.
Hdns peanuzauuu Bcero TpedyeMoro jauana3oHa oc-
nabaennii (0,5...60 1b) B MayibIx raGapuTHBIX pa3me-
pax 1eysiecoobpasHo ucrnosab3oBath [1D Ha OCHOBE Ky-
COYHO-OIHOPOIHBIX CTPYKTYp (puc. 4, ¢/h = 0,5) ¢
OTHOIIEHHWEM YIEIbHBIX MOBEPXHOCTHBIX COIMPOTUB-
JEHUI © = py/py.

i l/ P 2/ P, i
| Q\
JI 27 LAel
I =) 1 [
| ] 2d \é\
1 fl2d] N3 ) i
| 2] 1
| a) b) 1

_______________________________

Puc. 4. Ilpeanaraembie Tonojorun IID ¢ npamoyroabubiM (a) H
cKpyriienHbM (b) Bbipe3amm: /, 2 1 3 — BXOAHOM, 3a3eMJICHHBIN U
BBIXOIHOW KOHTaKThI

Fig. 4. The proposed topologies of AE with the rectangular (a) and
rounded (b) cuts: 1, 2 and 3 — input, grounded and output contacts
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Puc. 5. /Inana3on peanusyembix ociadaenuii I1D (puc. 4, a) npn
¢/h=0,5uh/l=2

Fig. 5. Range of the realized attenuations of AE (fig. 4, a) at ¢/h = 0.5
and h/l = 2

: PmaxPNJ'eraxPS PmaxPN"anxPS :
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11,2 1,3 I
! 1,2 !
: 1,1 1,1 :
| |
| 0,4 04 |
03 0,4 ’ 0,304,
0,3V di 0.2 02 Y
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Puc. 6. OTHOIIEHHE MAKCAMAJIBHBIX IJIOTHOCTE MOIIHOCTH TeEILIO-
Bbigenenus IO puc. 4, a (PN) u puc. 4, b (PS) ot b/h u d/I npu
® = 0,001 (a) 1 ® = 1000 (b)

Fig. 6. Correlation of the maximal densities of power of the thermal
emission of AE, fig. 4, a (PN) and fig. 4, b (PS) on b/h and d/! at
w = 0.001 (a) and w = 1000 (b)

Jwama3zoH peanusyeMmbIx ocnabieHuit I1D Ttormo-
JIOTUU puC. 4, @ ¥ OTHOIIIEHNE MAaKCUMAaJbHBIX ILIOT-
HOCTel MOIIHOCTHU TETUTOBBIACICHUS MPUBEICHO Ha
puc. 5, 6.

OtMeTnM, YTO OTHOLIEHUE OCNabaeHUI (4 pp/q ps)
U  HOPMHMPOBAaHHBIX BXOAHBIX  COMPOTHBJICHUM
(RynpN/ Rinvps) 119 (puc. 4) cOOTBETCTBYIOT 110 3Haye-
HUSM UM XapaKTepy 3aBUCUMOCTSIM pHC. 3.

CooTHoIllIEHH s UTS1 BBIYUCTIEHUST OCabeHUsT Y HOP-
MHPOBAHHOTO BXOIHOro conpotupiaeHus I10 (puc. 4)
C TIOTPEITHOCTBIO MeHee 3 % TIpUMBEIEHBI HIKE
d/l=0,5, h/l =2,0<b/h=0a<08, o =py/p,
B = Inw).

Hns TID Ha puc. 4, a nioaydyaem:

apy = —(9,988 + 0,67)a’ + (66,77p + 478,17)a +
+ (136,21p +1039,09);

Rynpy = —(0,298 + 0,81)a® + (1,94p + 29,12)ax +
+ (6,078 + 70,77).
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Hns 11D Ha puc. 4, b:

gps = —(8,688 + 4,19)a® + (57,15B + 443,01)oc +
+ (138,598 + 1052,51);

Riyps = —(0,288 + 0,09)a? + (1,94p + 19,51)a +
+ (6,22 +72,19).

TexHonornyeckue BOIpochl moctpoeHus 11D us3-
JIoxXeHbl B pabore [21].

3akmouenune

IIpennoxeHbl TOMOJIOIMU MaJorabdapUTHBIX YHUII-
snemeHToB BU n1 CBY aTTeH10aTOPOB 1151 TOBEPXHOC-
THOTO MOHTaXa Ha OCHOBE OJHOPOTHON M KyCOYHO-
OIHOPOJHON PE3UCTUBHOM IUIEHKU, obOecrevyrBalo-
e peayn3alliio IUPOKOro Arana3oHa ocjiabaeHun
MpUA CHIDKEHUU B cpenHeM Ha 40 % MaKcUMAaIbHBIX
3HAYEHUM TpaareHTa MOTeHLMAaAa U TUIOTHOCTU BBI-
JeJIsiiolleicsl B PE3UCTUBHOM IJIEHKE MOIIHOCTU IO
CPaBHEHMIO C TUIOBBLIMU TOTIOJIOTUSIMM.

PesynbraThl paboThl MCTIOAB30BAHBI MPU CO3AAHUN
00pa3loB TOHKOIUIEHOYHBIX YMII-aTTEHI0ATOPOB Ha
MOUTOXKKE M3 TOJIMKOpPAa W HUTPUIA ATIOMUHUS pa3-
mepamu 0,85 % 0,85 x 0,15 mMm guamasona 0,5...32 nb.
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The proposed topology-absorbing film chip components attenuators for surface mounting on the basis of homogeneous and piece-
wise-homogeneous resistive film different from the absorbing elements with discrete film resistors (for P- or T-schemes) high-output,
low sensitivity to point defects and inhomogeneities, the scatter of technological parameters, greater reliability and resistance to im-

pulse and thermal effects.

The proposed topologies provide implementation of a wide range of attenuations in small dimensions (from tenths of a decibel
to tens of decibels) with an average reduction of 40 % of the maximum values of the potential gradient and the density of the power

released in the resistive film compared to typical topologies.

The calculated ratios and graphs showing the gain in the value of the potential gradient and power density depending on the ratio
of the size of the absorbing chip elements and the ratio of the resistances of the films used, as well as graphs of the ratios of attenuation
and input resistances of chip elements of the model and the proposed topology.

The results of the work used in the creation of small-sized specimens of thin film chip attenuators on a substrate made of polikor
and nitride of aluminium of between 0.5—32 dB. Results of work are used during creation of small-sized exemplars thin-film the chip
attenuators on a substrate from a polybark and aluminum nitride of the range of 0.5...32 dB.

Keywords: resistive film absorbing elements, chip elements, fixed attenuators
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Introduction

The broadband fixed attenuators with the film ab-
sorbing elements (AE) are widely used in TV, radio-re-
ceiving and measuring systems [1—4]. As a rule, AE of
such attenuators are made on the basis of the distrib-
uted resistive structures, different from AE with the dis-
crete film resistors (P- or T-circuits) by a broader band,
small sensitivity to dot defects and heterogeneities,
spread of the technological parameters, higher reliabil-
ity and resistance to the pulse and temperature influ-
ences [5—15].

The known topologies of AE on the basis of the dis-
tributed resistive structures, developed earlier for the
coaxial and strip paths, turn out to be technologically
complex for development of small-sized chip attenua-
tors for the surface installation, the contacts of which
should be on the opposite sides of a substrate and em-
brace it [16]. A similar topology of AE, considered by
the authors in detail earlier [17] for a surface installa-
tion (fig. 1, a) needs optimization not only for a more
uniform distribution of the power allocating in a film,
but also for realization of all the required band of at-
tenuations in small overall dimensions.

The aim of the work is to offer a topology of small-
sized AE of a wide range of attenuations with smaller
values of the gradients of potentials and densities of
power in the resistive film, to estimate the value of this
decrease and to receive the ratios calculation.

Chip elements on the basis
of a uniform resistive film

The work [18] demonstrated that the optimal profile
(the profile of a constant gradient of potential) between
contacts 1 and 3 of AE (fig. 1, a) was close to a semi-
circle, which ensured also a more uniform distribution
of power. The proposed topology is presented in fig. 1, b.

The results of modeling in Elcut domestic program
complex [19] are presented in fig. 2 and demonstrate
at usually used ratios of 0.1 < b/h < 0.3 in square
(h/l = 2) AE a 1.4 times decrease of the maximal den-
sity of power. At that, a calculation can be carried out
according to the technique [20], since the attenuations
and the input resistance (fig. 3) vary within the tech-
nological errors.

For a normalized input resistance R;y and attenua-
tion of AE ¢ (fig. 1, b) with a margin error less than 3 %
we get the following calculated ratios (o = d/I, B = b/h,
y = h/l):

RIN/p =ARO(2 + BR(X + CR,
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Ap = Dpp* + Epp> + Fpp? + Gg + Hp,

Bp=JgB* + Ipp> + LyB® + Kgp + Mp;

Cr= NgB* + OB’ + Ppp> + RgB + Sp;
Dp = —0.0083y + 0.0041; Eg = 0.1105y — 0.0374;
Fp=—0.3359y — 0.0465; Gp = —0.0228y + 0.6697;
Hp=—0.0195y + 0.8967; Jz = 0.0039y — 0.0021;
Ip = —0.0515y + 0.0212; Lp = 0.1426y + 0.0034;
Kp = 0.3245y — 0.4611; Mp = —0.1611y + 0.0079;
Np = —0.0003y + 0.00002; Opg = 0.0054y + 0.0005;
Pp=—0.0311y — 0.0077; Rp = 0.1467y + 0.0102;

Sp=0.1399y + 0.4662;
g=Ap*+ Bo + C
A,=Dp*+ EB + Fp*+ Gp + H,
B,=Jp*+ I3+ Lp*+ Kp+ My
Cy= Np*+ Op> + P>+ Rp + 5
D, = —0.0743y + 0.0426, E, = 0.8828y + 0.6287,
F,=—3.2093y — 5.5987, G, = 4.0882y — 7.6476,
H,=—3.935% + 40.5471, J,= 0.0608y — 0.2281,
I,=—0.7175y + 2.1781, L, = 2.5281y — 5.7427,
K, = —2.6444y + 13.4421, M, = 0.4313y — 1.3742,
N, = —0.0014y — 0.0133, O, = 0.0073y + 0.3141,
P, = —0.0094y — 1.6202, R,=—0.1216y + 5.1781,
S, = —1.0368y + 13.6441.

Chip elements on the basis of a piecewise-uniform
resistive film

AE (fig. 1) are ensured at 4/l =2 and 0 < b/h < 0.6
attenuations of 8 < g < 32 dB. In small overall dimen-
sions for realization of all the required range of atten-
uations (0.5...60 dB) it is expedient to use AE on the ba-
sis of the piecewise-uniform structures (fig. 4, ¢/h = 0.5)
with the correlation of the specific surface resistances of

© = py/py.




Range of the realized attenuatins of AE (fig. 4, a)
and correlation of the maximal densities of power of the
thermal emission is given in fig. 5, 6.

Let us note that the correlation of attenuations
((gpp/aps)) and  normalized input resistances
(Rynpn/ Ry ps) of AE (fig. 4) correspond by their values
and character to the dependences of fig. 3.

The ratios for calculation of the attenuations and
normalized input resistance of AE (fig. 4) with a mar-
gin error less than 3 % are presented below (d/l = 0.5,
h/l=20<b/h=0a<038, o =p,y/p, B = Ino).

For AE in fig. 4, a we get:

apy = —(9.98p + 0.67)a® + (66.77p + 478.17)0 +
+ (136.21p + 1039.09);

Rivpy = —(0.29B + 0.81)a? + (1.948 +29.12)0 +
+ (6.07p + 70.77).

For AE in fig. 4, b:

dps = —(8.68p + 4.19)a® + (57.15B + 443.01)a +
+ (138.398 + 1052.51);

Rynps = —(0.28B + 0.09)a® + (1.94 + 19.51)a +
+ (6.22p + 72.19).

The technological questions concerning construc-
tion of AE are presented in [21].

Conclusion

The authors proposed the topologies for small-sized
chip elements of high and microwave frequency atten-
uators for surface installation on the basis of a uniform
and piecewise-uniform resistive film, ensuring realiza-
tion of a wide range of attenuations at a decrease on av-
erage by 40 % of the maximal values of the gradient of
potential and density of the power, allocating in the re-
sistive film in comparison with the standard topologies.

The results of the work were used for development
of the samples of thin-film chip attenuators on a sub-
strate from polycore and aluminum nitride with the siz-
es of 0.85 x 0.85 mm in the range of 0.5...32 dB.
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AHAAU3 MUKPOIAEKTPOMEXAHUYECKOIO TEHEPATOPA
C NMEPUOANYHECKNM NMOAKAIOHEHUEM HATPY3KHU
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Arnanuzupyemces paboma 31eKmpocmamu4ecko20 eUOPAUUOHHO20 MUKPOINEKMPOMEXAHUYECK020 2eHEPAMOPA HA OCHOBE CXeMbl
dynauxamopa bennema ¢ 00HUM nepemMeHHbIM KOHOCHCAMOPOM, COOEPICAUUM CMPOCHHbII 3aps0, U Pe3UCMOPOM HAZpY3KU, ne-
puoduyecku NOOKAYAeMbIM NAPAIEAbHO HAKONUMENbHOMY KOHOeHCamopy 6 gaze paspsaoa nepemenHo2o korndencamopa. [loka-
3aHO, 4Mo nooKAHeHue Haepy3Kku Ry, ,, napaiienvho HakonumenbHoMy KOHOEHCAmopy Modcem npueooOums K OCMAaHOGKe Heoepa-
HUYEHHO20 POCMA HANPSJCeHULL U 3apsa006 dadice npu enyOuHe MOOYAAUUU eMKOCMU nepemMerHo20 KoHdeHcamopa 1 > 2. IloayueHst
6bIPAICEHUs 015 PacHema 0CHOBHbIX NAPAMEmPO8 MUKPOLEHEPAMOpa 6 pexcume agmocmadusuzayuu npu Ry, ,, # «. Yemanoe-
AECHO, YMO Pelcum asmocmaduau3ayuu npyu n > 2 U 3a0GHHOM CONPOMUBACHUU HASPY3KU HACMYNAem, MOAbKO ecau 2AYOUHa Mo-
OyAAYUY eMKOCIU 1] MEHbUle HEKOMOPO20 KPUMUYECK020 3HAUEHUS. 1], NPesbluleHlie KOMOpoeo edem K 60300HOBAEHUIO PelcuMa
He0epaHUMeHHO20 MOHOMOHHO20 POCMA HaNpAdlNCeHUl U 3apadoe 6 cxeme. [lokazano, ¥mo 6 omauuue om cayuas ¢ Ry,,; = o npu
Rjppq # © 6 ycmanogueuiemcs pevcume agmocmadusu3ayuy UsMeHeHus 3aps1008 KOHOCHCAMOPOB 8 ucciedyemoli cxeme He npe-
Kpawaromest, a CMaouau3upyomcsi.

Karoueevie caosa: MOMII, dynaukamop bennema, npeobpazosanue 3Hepeuu, pelcum agmocmaduiu3auyul, MUKpo2eHepamop,

Kpumu4ecKkue 3Ha4eHu:

BBenenue

Kaxk 6n110 oTmMeueHo B paborax [1, 2], B HacTosiiee
BpeMsI aKTUBHO pa3pabaThIBAIOTCS U MCCIEOYIOTCS
HOBBIC BHUIbI aBTOHOMHBIX MCTOYHWKOB TMTAaHUS Ha
OCHOBE MHKPOBJIEKTPOMEXaHUUECKUX Ipeodpa3oBa-
teneit (MOMII) 3Heprum, pacroyioXXeHHbIX Henoc-
pPEICTBEHHO HA MeCTe pa3MeIlleH!s] aBTOHOMHEBIX yCT-
pPOMCTB, TaKMX Kak, HampuMep, Yy3JIbl OECIPOBOMAHBIX
CEHCOPHBIX CETEN.

YToObI NepeaaTh 2JEKTPUUECKYIO SGHEPIUIO, MOy~
YyeHHy10 ¢ noMoiibio MOMII, B Harpysky, npeodpa-
30BaTeb BKJIIOYAIOT B COCTAB COOTBETCTBYIOIIMX
3JIEKTPUUECKUX cxeM (cxeM corpsikeHus ) [3—7]. Ta-
Kas cUCTeMa B 1LIeJIOM IIpelCcTaBlIseT co00i cBoeoOpa3-
HbIll MUKporeHepaTop (MT').

ITapametpsl MI' cyllieCTBEHHO 3aBUCSAT KakK OT
KOHCTPYKUMU U XapakTepucTuk MOMII, Tak u ot
CXeMbI compspKeHus. BuIOOp cXeMbI COMpsDKeHHMsI Ha
aTane npoektupoBaHusd MI siBisieTcsl BaXXHEHUIen 3a-
Jayei.

OnHuMu U3 Haubosee TMepCleKTUBHBIX CXeM CO-
MpsKeHUs 115 3eKTpoctatuyeckux MI™ B HacTosiiee
BpeMsl MIPEACTABISIOTCS cxeMa nyruimkaropa beHHeta
u ee Moaudukaiuu [§—14].

B pa6orax [15, 16] mpoBoawics aHAIU3 CXEMBI CO-
MpsKEHUsT Ha OCHOBE AyIiuKaTopa beHHera ¢ mepe-
MEHHBIM KOHJEHCATOPOM, COAEpXKalIUM BCTPOEHHBIN
3apsil, YTO MCKJI0YaI0 HEOOXOIAMMOCTb COOOIIECHMUS
HavanbHOro 3apsiga MOMII, u ObUIO TTOKa3aHO, YTO
JTaHHasl CXeMa COXpaHseT pabOTOCIMOCOOHOCTh U MpPU
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IJTyOMHEe MOIYJSILIMYA €MKOCTH NePEMEHHOro KOHIeH-
caropa MeHbllle AByX. Takum obOpa3oMm, Ha OCHOBE
JAHHOI CXEeMBI CONPSIKEHUS MOSIBUJIACh BO3MOXHOCTh
coznaBath MI', paboTaloliue pyu MajibIX aMILIATYIax
BHEITHMX MEXaHUYECKUX KOJIeOaHUI.

HanbHelillye ucciaeaoBaHus 3Toi cxeMbl [1] mo-
Kaszajii, 4YTO MOJKJIIOUYEHUE Harpy3ku MapajieibHO
HaKOTUTEILHOMY KOHIEHCATOPY TTO3BOJISIET TTOIyJaTh
HETpepbIBHYIO FeHEPaLMIO TOKA B peXXUME aBTOCTaOU -
JIN3alnu.

B nmanHoit paboTe mpoBOAUTCA aHaaM3 pPabOTHI
MMKpOTeHepaTopa Ha OCHOBE MOIWGUIMPOBAHHOMN
cxeMbl aymnaukKaTopa beHHeTa ¢ mepeMeHHBIM KOH-
JIEHCATOPOM, COIepKaIllMM BCTPOCHHBIM 3apsia, U I0-
MOJHUTEIbHBIM PE3UCTOPOM B LMW HAKOMUTEIbHOTO
KOHAECHCATOpa, TMEPUONMYECKM TTOIKIIOYaeMbIM TIa-
pajuleJIbHO HAKOMWTEJIbHOMY KOHIEHcaTopy B (hase
paspsiia ImepeMeHHOro KOHAeHcaTopa.

Mopean

DnexTpuyeckas cXxemMa MUKPOTreHepaTopa Ha oc-
HOBE MOIM(pUUUPOBaHHOIO myrmkaropa beHHnera c
OIHUM TEPEMEHHBIM KOHIEHCATOPOM, COAEPXKALIUM
BCTPOEHHBIi 3aps/, U NEPUONUYECKU MOAKII0YAEMOIA
Harpy3koi, mpeacrasjieHa Ha puc. 1. Cxema comepxur
nepeMeHHbIi KonaeHcarop C,,, — MOMII, aBa noc-
TOSIHHBIX KOHzeHcatopa: C| (HaKONMWTEIbHBI KOH-
aeHcatop) U C,, a TakkKe YeTbIpe Kioda Sw;—Swy.
Jlna co3naHus BCTPOEHHOTO 3JIEKTPUMYECKOTO T0JIA B
Cyar UCTIONIB3YETCS NNEKTPET-AUINEKTPUK CO BCTPOEH-
HBIM 3aps/IOM, PACIIOJIOXEHHBI HAa OJHOM M3 3JIEKT-




1 Sw, :
: Sw |ﬁCV; 170 ) & :
SN . e I |
| AT
\ Cl : - — — [
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Puc. 1. Dnekrpuueckas cxema MI' ¢ aekTpeTom
Fig. 1. Electret microgenerator electrical circuit

pPOIIOB TIEPEMEHHOTO KOHIEHCAaTopa. DKBUBAJEHTHAS
cxeMa KOHJIEHCATopa C 3JIEKTPETOM MpPEACTaBIeHa Ha
puc. 1 momynem C,,, M UICTOYHMKOM HanpsokeHus V)
B LENM NepeMEHHOro KoHaeHcaropa. Harpyska Rj,,4
MOJKJIIOYEHA MapajulesIbHO KoHaeHcaTtopy C| mpu 3a-
MBIKAHUM KJIIOYa Swy.

IIpeobOpa3zoBaHue MeXaHUYECKOM SHEPIUU B 3JIEK-
TPUYECKYIO MPOUCXOAUT MPU MEPUOIUYECKOM U3Me-
HEHUU EMKOCTH IIEpEMEHHOIO KoHaeHcaropa C, 1o
NEACTBUEM BHELIHEH MeXaHUYeCKOM cubl oT Cp.\ 110
Cinin ¥ 00paTHoO.

[NonHelA HMKT peoOpa3oBaHUsl SHEPTUM Y AAH-
HOM cXeMbI BKJIIOYAET ABe yepeayoinecs ¢as3bl: dasy
3apsna u (azy paspsna mepeMeHHOTO KOHIEHcaTopa
Cyqr- ConpoTuBieHne HArpy3ku Ry,,q MEPUOIUYECKU
MOAKJIOYAETCS MapayljieIbHO HaKOMUTEIbHOMY KOH-
aencaropy C; TolbKO B ¢ase paspsaa KOHIEHcATopa
Cvar'

AHanu3 paboTbl TeHepaTopa MpoBeleM, MoJaras,
YTO CONPOTHUBIICHUS KIIOYEl B pa30OMKHYTOM COCTOSI-
HUM PaBHBI OECKOHEYHOCTH, a B 3aMKHYTOM COCTOSI-
HUU — HECKOJIBLKUM Jecatkam oM. PDasy paspana C,,
OynaeM 0003HayaTh MHAEKCOM A, a (ha3bl 3apsijia — UH-
gexkcamu (n — 1) u (n + 1).

B ¢asze sapana konaencaropa C,., KOrjia €ro em-
KOCTb YBEJIMUMBAETCS, K04 SW3 Pa3MBIKAETCH, a KIIIO-
un Swy U Sw, 3ambIKaroTca U no uensm Vy - G, -
- Sw - Cyyy 1 Vg » Swy - C; —» C,, mpouc-
xomut noasapsn C,, .. B xonue dasnl 3apana C,,, Kor-
na Cy, = Cihax> HalpSOKEHME HA TEPEMEHHOM KOH-
JleHCaTope NMPUHUMAET MUHUMAJIbHOE 3HAYCHUE V.
IIpu sTOM

Vmin = VCl,char + VO = VCZ, char + VO’ (1)

rae VCl,char u VCz, char — HATPSDKEHUS] Ha KOHIEH-

caropax C; u C, B xoHue ¢asbl 3apsaaa C,.
B dase paspana xonnencaropa C,,, KOIjia ero eM-

KOCTb YMEHBILIAETCS, KIIIOYM Swy U Sw, pPa3MBIKAIOTCS,

3aMBIKAIOTCS KIIIOYU Sw3 U Swy U IPOUCXOAUT Paspsij
Cogr o iyt Cy . > (Cy, Ryaq) = Sw3 — G — V. Ilpun
3TOM B KOHLE ¢asbl paspana C,,., xorma C,. = C ..,
HanpsKeHUe Ha TepeMEHHOM KOHIEHCATOpe TOCTUTa-

€T MaKCUMAJIbHOI'O 3HAYCHUA VmaX' l_[pI/I 3TOM
Viin = Veyais © Veypdis T Vo 2

rae Vcl,dis u ch, dis — HAampsDKEHUS] Ha KOHJIEHCa-

topax C; u C, B KoHue daspl paspsaaa C,.

[Tocnie 3TOTO LMK NPEOOPa3OBaHKs TIOBTOPSAETCH.
AHaJli3 MOoKa3bIBaeT, UTO B KOHLIE n-i (ha3bl pa3psina
Cyqr U3MeEHeHUs 3apsanoB KoHuneHcatopoB C,. u €,

OYIYT PaBHBI MEXIY COOOIA: ’Aq(cn), ‘ = ’Aq(c';) = Aq(”),
rae
Lo 1)
A = (___+_+_J 9
Cmin Cl ¢
_ (n-1) (n-1)
o (q(n 1)_qu _qC2 _V0+Aq(]?? (3)
Coin € G C
specs ¢~ D, ‘I(Cnf Dy q(cn; b _ 3apsabl HA KOHACH-
caropax C,., C; u C, B KoHue (n — 1)-i1 da3sl 3apsana
CoyaAge) — -
var AAGR KOJIMYECTBO 3apsija, MPOLIEALIETro Ye

pe3 CONMpOTUBIIEHUE HArPy3KH 3a n-10 a3y paspsaa
C

var:

B cBomo ouepens, B koHue (n + 1)-i1 da3sl 3apsiga
C,qr BPIDAKEHME Ul OLEHKM M3MEHEHUS 3apsna Ha
KoHzaeHcaTtope C,. NMPUHUMAET CJIELYIOIINIA BUI:
Agn D = Cnax(C1+ )

Cmax + Cl + C2

(), (n) -
x (‘zfa__g_c_l +v._4 J , 4)

ma.

e ¢, q(Cnl) u q(cnz) — 3apsabl Ha KoHaeHcatopax C, .,
Cy u G, B XoHUE n-it ¢aspl paspsana C,,.

YuuteiBasg (1) u (3), MOXHO MoKa3aTh TakKXe, YTO
M3MEHEHHEe 3apsiiga Ha TTepeMeHHOM KOHAEHCAaToOpe B
KoHLE n-ii dasbl paspsaga C,,. MOXET ObITb PEICTaB-
JIEHO B BHJE

(n-1) (m)

|4 (M-2)+Vy+Aqp"/C,

min

ag"™ = e NG
Cmin + Cl + C2
rae Vn(ﬁ?r: b — MHMWHHMMAJIbHOC HAIIPpAXKCHUE Ha KOH-

nencarope C

var B KoHLIe (n — 1)-i1 da3wl 3apsna, a
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Puc. 2. 3aBHCHMOCTH M3MEHEHHsI NPUPAIIEHHSA 3apsAaa HA MepeMeH-
HoM KoHzencatope C,,. B (ha3e ero 3apsaa OT 4MCJIa HUKJIOB peod-

pasoBanms a1 = 1,767: 1 — Rip,q = 05 2 — Rigpq = 3+ 1010 Om

Fig. 2. Dependences of the change in the charge increment of the variable
capacitor C,,, in the phase of its charge on the number of conversion

cycles for g = 1.767: 1 — Rypyy = 0, 2 — Rjpgg = 3+ 10" @

N = Chax/ Cinin — MyOMHA MOAYJISLIUM €MKOCTH Tie-
PEMEHHOTO KOHIEeHCATOopa.

W3 BoipaxkeHus (5) cliemyeT, YTO Ha HadyaJbHOM
aTane pabora MeXaHUYeCKOW CUJIbl BCEraa BbI3bIBAECT
YBEJIMYCHWE HAIPSLKeHUs W 3apsiaa KOHIEHCATOPOB,
OIHAKO MPOILIECC POCTa HAMPSDKEHUST U 3apsiia KOH-
JIEHCAaTOPOB IIPU pa3HOM TIIyOMHE MOMYJISIIIAN €MKOC-
TU MOXET MPOTEKaTh MO-Pa3HOMY.

Ilpu n < 2 gelicTBUE MEXaHMYECKON CUWIIbI, XOTS
IepBOHAYAJILHO 1 BBI3BIBAET YBEJIMUEHME 3apsiaa U Ha-
npsKeHus Ha KoHgeHcatopax C,., C; u C,, HO npu-
pallleHne 3apsima TepeMeHHOro KOHIeHcaTopa Ag B
KaxkJIoM TMOCeAyIoLEM LIMKJIIe Tpeodpa3oBaHus OyaeT
ITOCTEIIEHHO YMEHBIIIATLCS — TIPOMCXOINUT aBTOCTA0M -
JIu3auusl HanpsekeHus: (HaceleHue). Ha puc. 2 pu-
BeIeHbI 3aBUCMMOCTH W3MEHEHWS TIpUpallleHUs 3a-
psima Ha MepeMeHHOM KOHIeHcaTope B ¢ase 3apsiaa
Cyar TIPM YBEJIMYEHUM YMCJIA LIMKIOB Ipeo0pa3oBa-
HUs, paccyuTaHHble A n < 2, Ryg,q = © (kpusas /)
¥ Rgq = 3+ 10'° Om (xpuBas 2). B naHHbIX 1 HOCTE-
AyloUMX pacyeTax nojaramu, yro C; = C, = 0,5 HO,
Cy =100 n®, a V; =1 B (3necb C; — eMKOCTb nepe-
MeHHOro KoHneHcatopa C,,. B OTCYTCTBUM BHEILIHE
MEXaHUYECKON CUJIBI).

BuaHo, yTo nMpu yBeJMUYEHUU YuCIa LUKIOB MpU-
pallleHne 3apsima TMepeMEeHHOro KOHIeHcaTopa Ag B
KaxkIoM TOCJeAyIoleM 1IMKIIe Mpeodpa3oBaHus MOC-
TEIMeHHO yMeHbImaeTcs. [IpuyeM B OTCYTCTBUM Ha-
IPy3KH (Ryy.q = ©) Ag, B UTOTe, CTPEMUTCH K HYIIIO.
[Ipu aTOM TIpOTEKaHWE TOKOB B IIEIISIX TTpeoOpa3oBa-
TeJIsl TakKe Mpekpaiaercsa. Eciu ke conmpoTuBIeHMe
Harpy3ku nepuoauyecky MOAKII0UaETCs MapaiebHO
KoHzaeHcaTtopy Cp (Rjyaq # ), TO YCTAHOBUBILUIACS pe-
>KUM mocturaetcs npu Ag = 0. Pexxum aBrocTabuinsa-
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LMY B 3TOM Cllyyae HacTynaer, Koraa paspan C,. B
(aze paspsana KomrneHcupyerca pocrom 3apana C,. B
¢aze 3apspa. Ilpu 3TOM mpoTeKaHWE TOKOB B LIEISIX
npeoOpa3oBaTesisl He MpeKpallaeTcs.

IIpu n > 2 geiicTBUE MEXAaHUYECKON CUJIbI TAKXKE
BBI3BIBAET YBEJIMUECHME 3apsiia U HAINIPSDKEHUs] HAa KOH-
aencaropax C,., C; u C,. IIpuyemM B OTCYTCTBUM Ha-
IPY3KM (Rjy,q = ) yBEIMUEHME 3apsa NEPEMEHHOIO
KoHIeHcaTopa Ag\” thy (ase zapana C,, Bceraa Oy-
JeT mpeobiafaTh Hal yMeHblueHueM 3apsia Ag' B
aze ero paszpsiaa, 4To MPUBOAUT K MOHOTOHHOMY YBE-
JIMYEHUIO 3apsiaa M HaIpsDKeHUST Ha KOHIeHcaTopax
B KaXIIOM MOCJEAYIOlIeM LIMKJIe Mpeodpa3oBaHUs —
peann3yeTcsl pexXuM HEeOTpaHWYEHHOTO POCTa Hampsi-
JKEeHUSI M 3apsiia Ha KoHaeHcaTopax (puc. 3, Kpusas ).

PacueThl MoKa3pIBaIOT, YTO U MPU 1 = 2 C TOAKIIIO-
YEHMEM COMNpPOTUBJICHUSI HArpy3kKd CKOPOCTb pOCTa
HANpsDKEHUST M 3apsiia Ha KOHAEHCATOpax TOXeE 3a-
MEJUISIETCSI U MOXET BOOOIIe MpeKpaTUThes (puc. 3,
kpuBas 2). [Ipy 3ToM u3MeHeHusl 3apsiioB KOHAEHCa-
TOpoB B (hasze paspana C,,, TOYHO KOMIIEHCUPYIOTCH
U3MEHEHUAMMU 3apAnoB B ¢ase 3apsana C,, . [Ipoucxo-
IWAT aBTOCTAOMIM3AlMs IIpoliecca, XOTS IPOTeKaHue
TOKOB B LIeMsX IMpeodpasoBaTesisi He MpeKpallaercs.
ITpy 5TOM 1714 KaX10r0 3HAYeHUA R|,,q UMEETCH CBOE
KPUTUYECKOE 3HAUEHUE TTYOMHBI MOAYISILIMU €MKOC-
TU 1), NPEBBILIEHUE KOTOPOTO MPUBEAET K BO30OHOB-
JIEHUIO peXXrMa HeOrpaHMYeHHOT0O MOHOTOHHOT'O pOC-
Ta HaNnpsKeHU U 3apsiioB B CXEMe.

Ecnn yuects, uto 3a dasy paspana C,. U3MEHEHNE
HanpspkeHus Ha KoHgeHcatope Cp npu T < Ry,,4Cy
(T — nIuTeNbHOCTh LIMKJIA MpeoOpa3oBaHMs) AOCTa-
TOYHO MaJio, TO MPH OLIEHKE KOJIMYeCTBa 3apsiia, npo-
IIEAIIero 4Yepe3 COINPOTUBICHME HArpy3kum 3a dasy

00 20k 40k 60k 8.0k

Puc. 3. 3aBucuMocTn W3MeHeHNs MPUPALIEHAs 3aps/ia HA MepeMeH-
HoM KoHziencatope C,,. B (ha3e ero 3apsaa oT 4uCJia HUKJIOB Npeod-
pasoBanmst isi 1 = 2,01 1 — Rio,q = 5 2 — Rigyg = 1+ 101 Om

Fig. 3. Dependences of the change in the charge increment of the variable
capacitor C,,. in the phase of its charge on the number of conversion

cycles for n = 2.01: 1 — Ryyyy = o5 2 — Ripgy = 1+ 100 2
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Puc. 4. 3aBUCHUMOCTH MOUIHOCTH, BbIJEJISIEMO B HArpy3ke, OT CO-
NPOTUBJIEHUs] HATPY3KH, paccuuTanubie npu = 1,767 n 1,95. Kpu-
Bble — pacyeT C MCHoJb30BaHHEM (6), MapKepbl — pacyer ¢ y4eToM
M3MEHeHHs HanpsukeHus Ha Cp

Fig. 4. Dependences of the output power on the load resistance obtained
at n = 1.767 u 1.95. Lines are calculations using (6). Figures are
calculations taking into account the voltage variations across C;

paspsiia mepeMeHHOro KOHAEHcaTopa, UM MOXHO Mpe-
HeOpeub. IIpu 3TOM BBIpaxkeHuHE IJIs1 pacueTra KO-
yecTBa 3apsja, MPOIIeAIIero 4yepe3 COMPOTUBJICHUE
Harpy3Kk# 3a a3y paspsina mepeMeHHOTO KOHAEHCATO-
pa, MOXeT OBbITh MPEACTABICHO B BUIE

(n-1)
Aq(Ig) =0 S—VC' !
Ri0ad €1

(n-1)

rae VCI — MHMWHHMMAJIbHOC HAaIIpAKCHUE Ha KOH-

nencarope C; B KoHue (n — 1)-ii daswl 3apsana C,;,.
AHanmm3 paboThl MUKPOTeHepaTopa MpH CASTaHHBIX

JIOTYILLIEHUSIX TIOKA3bIBAET, YTO B YCTAHOBMBILIEMCS pe-

KMMe HarnpspKkeHue Ha KoHaeHcartope C) OyldeT paBHO

?1_ : -1 ) (6)

min

Vl,min = VO

CornacHo (6) yCTaHOBUBIIHICS PEXUM TIPH TIepH-
OIMYEeCKOM MOMKIIOUEHUM Harpy3kud OyaeT HaOIio-
JaThCsl, TOJBKO €CIM T[JIyOMHA MOAYJSILIMA €MKOCTHU
Cyqr HE TIPEBBICUT HEKOTOPOTO KPUTUYECKOTO 3HAYE-
HUA Mg,

-1 -1
Ner =2+ 0,5(Coi + C3 ) T/Rigpa

min

BoipaxkeHue (6) IO3BOJISIET TakKXKe pacCYUTATh
MOIIHOCTb, BbIAC/ISIEMYIO B Harpy3ke. Ha puc. 4 npu-
BEJIEHbI 3aBUCMMOCTU MOILIHOCTU, BBIAEISIEMOl B Ha-
rpy3Ke, OT COMPOTUBJIEHUSI HArpy3Ku, pacCYMTaHHbIE
nmpu n = 1,767 n 1,95 ¢ Mcrnonb30BaHNEM BBIPAKCHMUS
(6) — xpuBble 1, 2. B pacuerax nmpuanmanu 7= 0,02 c.
Ha sToM Xe pucyHKe NpUBEIeHbl aHAJTOTUYHBIE 3aBU-

CHMOCTH, PACCUUTAHHBIE C YIETOM U3MEHEHMS HaTIPSI-
KeHMd Ha KoHIeHcaTope C| IpU OLIEHKE KOJINYECTBa
3apsaa, MPOIIESAIIEro Yepe3 CONPOTUBICHNE Harpy3Ku
3a ¢hagzy paspsiaa nepeMeHHOTo KoHIeHcaTopa (MapKe-
pbl). BugHo, 4TO pe3ynbTaThl pacueToOB C YYeTOM U 0e3
y4yeTa U3MEHEeHUs HanpsikeHud Ha C| 1OCTaTOUHO XO-
POIIO COTJIacyloTcsl.

3aBUCHMOCTH Ha pUC. 4 MOKa3bIBAIOT, YTO JJIST KaXK-
JIOTO M CYIIECTBYET CBOE ONTHMAaJbHOE COMPOTUBIIE-
HUE HArpysKu Rjg,q opis TPU KOTOPOM CKOPOCTD Ie-
peaayu SHepruy B HArpy3Ky (MOILIHOCTb) MaKCHUMaJlb-
Ha. C ydyeTtoM (6) MOXHO MOKa3aTh, 4TO

-1
Rload, opt = 0’5( C

min

+ G 2% : (7)

CornacHo (7) 3HaUeHWE ONMTUMAJIBHOTO COMPOTUB-
JICHUST HaTpy3KU OIpeaensieTcs: JTUTeIbHOCThIO LIMK-
Jla mpeoOpa3oBaHUs, 3HAYECHUSIMW MHWHUMAJIbLHOU U
MaKCHUMAaJIbHOU €MKOCTEM MEePEMEHHOIO KOHJIEHCATO-
pa, a TaKXe €MKOCTbI0 KoHaeHcaTopa C,.

Ha puc. 5 npuBeaeHa 3aBUCUMOCTb ONITUMAJIbHOIO
CONPOTUBJICHUSI HArpy3KW OT IJIYOMHBI MOXIYJISILIAU
€MKOCTHU TIepeMEHHOI0 KOHJAEHCATOpa, pacCYMTaHHAsI
¢ ucnojb3zoBaHueM (7). BugHo, uto nipu 7T = 0,02 c,
Chin = 75,7 1®, C, = 0,5 H® (xpusag ) u C, = 10 ud
(kpuBasi 2) ONTUMAlbHOE COMPOTUBJICHUE HATPy3KU
yBeanuuBaercs npuMepHo ot 150 MOwm no 100 'Om
MpU UBMEHEHUU TJIYOMHBI MOAYJISLUU €MKOCTHU Tiepe-
MEHHOTO KOHzeHcaTopa oT 1 go 2.

I[Ipy onTuUMalbHOM COMNPOTUBICHUM Harpy3Ku
CpemHsisl MOIIHOCTb, BBIAEJsIeMass B Harpyske, OymeT
paBHa

2

2
Vo(ﬂ*])
+C£1)

=0,25

P load, max

2-mT(Cy,

min

100G

G 10G

load, opt®

Puc. 5. 3aBuCHMOCTH ONTHMAJILHOrO CONMPOTHBJIEHUS HATPY3KH OT
rayOunbl Moaysumn emkoctd Cy, .

Fig. 5. Dependences of the optimal load resistance on C,,,. capacitance
modulation depth
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Puc. 6. 3aBucuMocTb cpenHeii MOIHOCTH, BbIIEISIEMOi B Harpy3Ke,
OT IJIyOMHBI MOJYJNALMH €MKOCTH

Fig. 6. Dependence of the average output power on C,,,. capacitance
modulation depth

Ha puc. 6 mpuBeneHa 3aBUCUMOCTh CPEIHE MOIII-
HOCTH, BbIIEJISIEMOU B Harpy3ke, oT rIyOMHbI MOIYJIS -
LIMM €eMKOCTH MEePeMEHHOT0 KOHAECHCATOpa, paccyu-
TaHHasl ¢ UCIOJb30BaHuEM (8).

BI/IHHO, 4yTO IIPpU MCIIOJb30BaHMM IJECKTpETa, 3a-
PAKEHHOI'O JO HaIIPpsSKE€HUSA B HECKOJIBKO JCCATKOB
BOJIBT, MOIITHOCTDb, BbBIACJIAIEMAA B HAarpy3ke, B JAHHOU
CXEME€ MOXKET COCTAaBUTHb NMopdaKa COTHM MUKPOBATT.

3akmouenue

ITpoBeneHHbIEe MCCIEAOBAaHUS TTOKA3aln, YTO B MO-
nubunrpoBaHHoi cxeme MIT Ha ocHOBe myruIMKaTopa
bennera ¢ omHUM TMepeMeHHBIM KOHIEHCATOPOM, CO-
JiepKallluM BCTPOEHHBIN 3apsij, MepruoaIndecKoe Moj-
KJII0YeHWe Harpy3ky NapajjielbHO HAKOMUTEJIbHOMY
KoHzeHcaropy C; B ¢ase paspsina NepeMeHHOro KOH-
JleHcaTopa MOXKeT MPUBOAUTH K OCTAHOBKE MOHOTOH-
HOro HEOTpaHMYEHHOIO POCTa HANpsDKEHUH W 3apsi-
JIOB U K PEXMMY aBTOCTaOWIM3aLMU, AaXe Mpu 1 > 2.

Pexum aBTOoCcTAaOMAM3alMU MpU M > 2 HACTYyIIaeT,
KOIZIa paspsi/l HAKONMUTEJILHOrO KoHaeHcaropa € Mo-
KeT KOMIIeHCUpoBaTh pocT 3apsaa C. g storo npu
3alaHHOM Ry, 4, ONpENEAIONIEM CKOPOCTh paspsja
(|, rmybuHa MOLYJISALIMN €MKOCTH 1, OIpPEIeonas
ckopocTb 3apsana Cj, 1oJkKHa ObITb MEHbLIE HEKOTO-
POro KPUTUYECKOTO 3HAYEHUA M, TIPEBBILIEHNE KO-
TOPOTro MPUBEAET K BO30OHOBICHUIO peXMMa Heorpa-
HUYEHHOTO MOHOTOHHOTO POCTa HaNpsDKeHUR M 3a-
psinoB B cxeme. [Ipu yMeHbILIEHUU COMPOTUBICHUS
Harpysku Ry,,q KPUTUUECKas IIIyOMHA MOLYJIALIMY M-
KOCTH 1., YBEJIMUMBAETCH.

YCTaHOBJIEHO, YTO B OTJIMYME OT CIIy4as € Ry g =
npu Ry ,q # © B YCTAHOBUBLIEMCS PEXUME aBTOCTAOM-
JIM3aLMM U3MEHEHMST 3apsiIoB KOHAEHCATOPOB B MUC-
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CJIedyeMOoil cxeMe He MPEeKpallaloTcs, a CTa0WIM3UPY-
torcst. [lpy 3TOM M3MeHEeHHUs 3apsiioB M HANPSDKeHUI
B (base paspsma mepeMeHHOro KOHAEHCATOpa KOMIIEH-
CHPYIOTCSI TIPOTUBOITOJIOXKHBIM M3MEHEHUEM 3apsiioB

1 HanpsokeHui B ase sapsana C, .. B aTom ciydae Tok

MO COIPOTUBJICHMUIO HArpy3ku, Adaxe B YCTaHOBUB-
ImeMcsT pexxuMe, He TIpeKpaliaercs.

[TonydeHsl aHATUTUYECKHUE BBIPAKEHUS 1T OLIEH-
K1 OCHOBHBIX XapaKTepUCTUK MUKpPOTeHepaTopa B pe-
KMM€ aBTOCTAOMIIM3aLUU NPU Ry, 4 # 0.
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The operation of the Bennet doubler circuit-based single-capacitor electrostatic microelectromechanical generator with built-in
voltage and a load resistor, which is periodically connected in parallel to the storage capacitor branch, is analyzed. It is shown that
the connection of the load resistor Ry, in parallel to the storage capacitor can lead to the termination of the unlimited voltages and
charges growth even for variable capacitance modulation depth n > 2. The equations enabling to evaluate the microgenerator main
parameters in the autostabilization regime at R, ,;# « are obtained. It is established that the autostabilization regime at n > 2 and
a defined load resistor occurs only if the capacitance modulation depth n is less than some critical value 1,,. If the value of n is
higher than 7., the monotonous unlimited growth of the voltages and charges in the circuit is observed. It is demonstrated that in
contrast fo the case with R,,, = « for the case when R,,,,# « in the steady-state autostabilization regime the capacitors charges

do not stop to change and get stable.
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Introduction

As noted in [1, 2], new types of autonomous power
sources based on microelectromechanical converters
(MEMC) of the energy located directly at the location
of autonomous devices, such as, for example, are being
actively developed and investigated, nodes of wireless
sensor networks.

In order to transfer electrical energy obtained using
MEMC to the load, the converter is included to the
corresponding electrical circuits (interface circuits)
[3—7]. Such a system as a whole is a kind of micro-
generator (MGQG).

MG parameters essentially depend both on the de-
sign and characteristics of the MEMC, and on the in-
terface circuit. The choice of the interfacing scheme at
the stage of MG design is the most important task.

One of the most promising interfacing schemes for
electrostatic MGs is currently the Bennet doubler
scheme and its modifications [8—14].

In [15, 16], an analysis of the interfacing scheme was
carried out on the basis of a Bennet doubler with a var-
iable capacitor containing a built-in charge, which
eliminated the need to report the initial charge to
MEMC, and it was shown that this circuit retains its
performance even with the capacitance modulation
depth less than two. Thus, on the basis of this condi-
tioning scheme, it became possible to create MGs op-
erating at small amplitudes of external mechanical vi-
brations.

Further studies of this circuit [1] showed that con-
necting the load parallel to the storage capacitor allows
to obtain continuous current generation in the auto-
stabilization mode.
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This paper analyzes the microgenerator based on the
modified Bennet doubler circuit with a variable capac-
itor containing a built-in charge and an additional re-
sistor in the storage capacitor circuit periodically con-
nected in parallel to the storage capacitor during the
discharge phase of the variable capacitor.

Model

The electrical circuit of a microgenerator based on
a modified Bennet doubler with one variable capacitor
containing a built-in charge and periodically connected
load is shown in fig. 1. The circuit contains a variable
capacitor C,,, — MEMC, two constant capacitors C,
(storage capacitor) and C,, as well as four switches
Sw;—3Swy. To create a built-in electric field in C,,, an
electret — dielectric with a built-in charge is used, lo-
cated on one of the electrodes of the variable capacitor.
The equivalent circuit of a capacitor with an electret is
shown in fig. 1 by the C,, module and the voltage
source V|, in the variable capacitor circuit. The load
Riyaq is connected parallel to the capacitor C; when the
switch Swy is closed.

The conversion of mechanical energy into electrical
energy occurs when the capacitance of a variable ca-

pacitor C,, varies periodically under the action of an
external mechanical force from C,,, to Cy,;, and back.

The complete energy conversion cycle for this cir-
cuit includes two alternating phases: the charge phase
and the discharge phase of the variable capacitor C,,.
Load resistance R,,q is periodically connected in par-
allel with storage capacitor C; only in the discharge
phase of the capacitor C,;.

We will analyze the operation of the generator, as-
suming that the resistance of the switch in the open
state are equal to infinity, and in the closed state to sev-
eral tens of ohms. The phase of the C,,, discharge will
be denoted by the index (n), and the phases of the
charge — by the indices (n — 1) and (n + 1).

In the charge phase of the capacitor C,,,, when its
capacity increases, the switch Swj is opened, and the
switches Sw; and Sw, are closed and C,,, is charged
through the Vy —» G, —» Sw; —» C,, and V) —» Swy, —

- €} > C,, circuits. At the end of the phase of the

Cvar charge., when C,, = .C”.‘ax’ the voltage on the var-
iable capacitor takes the minimum value V,;;,. Wherein
Vmin = VCI, char + VO = VC2, char + VOa (])

where VC,, char and ch’ char are voltages on capacitors

C, and G, at the end of the charge phase of C,;.

In the discharge phase of the capacitor C,., when
its capacitance decreases, the switches Sw; and Sw,
are opened, the switches Sw; and Sw, are closed and
the discharge of C,,, takes place along the path
Cyar = (C1, Rygaq) = Swy3 = G, = V. In this case, at

the end of the discharge phase of C,,,, when C,;, = Cip
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the voltage on the variable capacitor reaches the max-

imum value V,,,. Wherein
Viin = Ve ais T Ve, ais T Voo 2)

where Vi g5 1 Vi, gis are voltages on capacitors €

and G, at the end of the discharge phase of C,,,.

After this, the conversion cycle is repeated.
The analysis shows that at the end of the n-th phase
of the discharge of C,, the changes in the charges of the

var
capacitors C,, and C, will be equal to each other:

’Aq(cn), = ‘Aq(cnz) = Aq(”) where
1 AR
A" = [___+_+_J 9
Cmin Cl C
_ (n-1) (n-1)
y [q(n 1) - dc, 3 dc, —Vy+ Aqi)j (3)
Cmin G G, o

(n- 1))

where ¢~ D, qc,
capacitors C,., C; and G, at the end of the (n — 1)-th

D and q(gz_ are the charges on the

phase of the charge of C,. ., and Aq(l?) is the amount of

var?

charge that passed through the load resistance during
the n-th phase of the discharge of C,

var:

In turn, at the end of the (n + 1)-th phase of the

charge of C,,,, the expression for estimating the change
in charge on the capacitor C,,, takes the following
form:

Aq(n +1) — Cmax( Cl + C2) x

Cmax t Cl t C2
(n) . (n)
qge +q (n)
X[MJFVOQ j, (4)
Cl + C2 Cma

where ¢, q(cnl) u q(gz)

Cyar» Cp and G, at the end of the n-th discharge phase
of Cy,;-

Taking into account (1) and (3), it can also be
shown that the change in charge on a variable capacitor

at the end of the n-th phase of the discharge of C,, can
be represented as

are the charges on capacitors

v D 2 2)+ Vy+ agi/ C,

min
-1 -1 -1
Coint Cp + G

min

A" = S

where Vgl’; D is the minimum voltage on the capacitor
C,qr at the end of the (n — 1)-th phase of the charge,
and n = Cpax/Chmin 1S the capacitance modulation

depth of the variable capacitor.




From the expression (5) it follows that at the initial
stage, the action of the mechanical force always causes
an increase in the voltage and charge of the capacitors,
but the process of increasing the voltage and charge of
the capacitors at different modulation depths of the ca-
pacitance can proceed differently.

When n < 2, the action of mechanical force, al-
though initially causes an increase in charge and voltage
on capacitors C,,,, C; and C,, but the increment in
charge of the variable capacitor Ag in each subsequent
conversion cycle will gradually decrease — the voltage
is automatically stabilized (saturation). Fig. 2 shows the
dependences of the change in the charge increment on
a variable capacitor in the C,,, charge phase with an in-
crease of the number of conversion cycles calculated
forn <2, Ry,q = o« (curve I) and Ry,q = 3 101 o
(curve 2). For the data and subsequent calculations, it
was assumed that C; = C, = 0.5 nF, ¢, = 100 pF, and
Vo =1V (here C is the capacitance of the variable ca-
pacitor C,. in the absence of external mechanical
force).

It can be seen that with an increase of the number
of cycles, the increment in the charge of the variable ca-
pacitor Ag in each subsequent conversion cycle de-
creases gradually. And as a result in the absence of a
load (Rj,,q = ) the value of Ag tends to zero. In this
case, the flow of currents in the circuits of the converter
also stops. If the load resistance is periodically connect-
ed parallel to the capacitor C; (Rj,,q # ), then the
steady state is reached when Ag # 0. The autostabiliza-
tion mode in this case occurs when the discharge of C,;
in the discharge phase is compensated by C,. charge
growth during its charging. In this case, the flow of cur-
rents in the converter circuits does not stop.

When n > 2, the action of mechanical force also
causes an increase in charge and voltage across capac-
itors Cy,;, C; and C,. Moreover, in the absence of a
load (R ,q = ), an increase in the charge of the var-
iable capacitor Ag" * D in the charge phase of C,,, will
always prevail over a decrease in charge Aq(”) in the dis-
charge phase, which leads to a monotonic increase in
charge and voltage on capacitors in each subsequent
conversion cycle — a mode of unlimited voltage and
charge on capacitors is realized (fig. 3, curve I).

Calculations show that even at n > 2, when the load
resistance is connected, the rate of voltage and charge
growth on the capacitors also slows down and can stop
completely (fig. 3, curve 2). In this case, the changes in
the charges of the capacitors in the discharge phase of
C,,r are exactly compensated by the variations in charg-
es during the charge phase of C,,. Autostabilization of
the process occurs, although the flow of currents in the
converter circuits does not stop. In addition, for each
value of Ry, there is a critical value of the modulation
depth of capacitance 1, the excess of which will lead to
the resumption of the mode of unlimited monotonic
growth of voltages and charges in the circuit.

If we take into account that during the discharge
phase of C,, the voltage variation on the capacitor C,
at T'< Ry,,4C; (T'is the duration of the conversion cy-
cle) is quite small, then when estimating the amount of
charge passed through the load resistance during the
discharge phase of the variable capacitor can be ne-
glected. In this case, the expression for calculating the
amount of charge that has passed through the resistivity
of the load during the discharge phase of the variable
capacitor can be represented as

(n-1)
Aq(lg) = 0.5 u ,
Rload Cl

where VéZF b is the minimum voltage on the capac-

itor C; at the end of the (n — 1)-th phase of the charge
of C

var:

Analysis of the microgenerator operation under the
assumptions made shows that in steady state the voltage
on the capacitor C; will be equal to

1:ll_l -1 ) (6)

min

Vimin = Vo

According to (6), the steady state with periodic load
connection will be observed only if the modulation
depth of the capacitance C,,, does not exceed a certain
critical value n:

1 1
Ny =2+ 0.5(Ci + Cy )T/ Rygpa.

min

The expression (6) also allows you to calculate the
power dissipated in the load. Fig. 4 shows the depend-
ences of the power dissipated in the load, on the load
resistance, calculated at n = 1.767 and 1.95 with the use
of the expression (6) — the curves 1, 2. In the calcu-
lations, 7= 0.02 s was taken. The same figure shows
similar dependencies calculated taking into account
changes in the voltage on capacitor the C; when esti-
mating the amount of charge passed through the load
resistance during the discharge phase of the variable ca-
pacitor (markers). It can be seen that the results of cal-
culations with and without accounting for the change in
voltage on C| are in fairly good agreement.

Dependencies in fig. 4 show that for each n there ex-
ists its own optimal load resistance Ryy,q. op. at Which
the rate of energy transfer to the load (power) is max-
imum. In view of (6), it can be shown that

— -1 -1, T
Rload, opt 0.5( Cmin + C2 )ﬂ : (7
According to (7), the value of the optimal load re-
sistance is determined by the duration of the conversion
cycle, the values of the minimum and maximum ca-
pacitances of the variable capacitor, and the capaci-

tance of the capacitor C,.
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Fig. 5 shows the dependence of the optimal load re-
sistance on the capacitance modulation depth of the
variable capacitor, calculated using (7). It is seen that
at 7=0.02s, Cy;, = 75.7 pF, C; = 0.5 nF (curve 1)
and C, = 10 nF (curve 2) the optimal load resistance
increases from about 150 MQ to 100 GQ when chang-
ing the capacitance modulation depth of the variable
capacitor from 1 to 2.

With optimal load resistance, the average power dis-
sipated in the load will be equal to

2 2
VQ(T]— 1)

Q-mncl ol

min

=0.25 ®)

P load, max

Fig. 6 shows the dependence of the average power
dissipated in the load on the capacitance modulation
depth of the variable capacitor calculated using (8).

It can be seen that when using an electret charged
to a voltage of several tens of volts, the power dissipated
in the load in this circuit can be on the order of hun-
dreds of microwatts.

Conclusion

The studies have shown that in the modified MG
scheme based on the Bennet doubler with a single var-
iable capacitor containing a built-in charge, periodical-
ly connecting the load parallel to a storage capacitor C;
in the discharge phase of the variable capacitor can lead
to a monotonous unlimited growth of voltages and
charges and to the autostabilization mode, even with
n=2.

The autostabilization mode at 1 > 2 occurs when the
discharge of the storage capacitor C| can compensate
for the growth of the charge C;. To do this, for a given
Raq> Which determines the discharge rate of Cj, the
modulation depth of the capacitor n, which determines
the charge rate of C;, must be less than a certain critical
value n,, the excess of which will lead to the resump-
tion of the mode of unlimited monotonous growth of
voltages and charges in the circuit. As the load resist-
ance Ry,,q decreases, the critical modulation depth of
the capacitance n, increases.

It was found that, in contrast to the case with
Ryy,q = o, in the case of R,,q # », in the steady-state
autostabilization mode, the changes in the charges of
the capacitors in the circuit under study do not stop, but
stabilize. In this case, changes in the charges and volt-
ages in the discharge phase of the variable capacitor are
compensated by the opposite change in charges and
voltages in the phase of the C,,, charge. In this case, the
current across the load resistance even in the steady
state does not stop.

Analytical expressions are obtained for the evalua-
tion of the main characteristics of a microgenerator in
the autostabilization mode with R,y # .
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Ha ocrose npednodceHHOU paree nOAHOU 1eKMPOHHOU UHMePnpemayuy DYHKUYUOHUPOBAHUS M032A PACCMOMpPeEH (eHoMeH "co-
3HaHue yenogexka”. B wacmu Il pabomoi 6 pesyisbmame 6osee 0emanbHo20 AHAAUZA NPOUECCA OCOZHAHHOU 00PAbOMKU CEHCOPHOLL
UHGOpMayUuU cOPMYAUPOBAH OCHOBHOU NPUHUUN QYHKUUOHUPOBAHUS MO32a — NPeodpa306aHUe CUCHAN08 U dHepeemUu1ecKux pe-
KOHCMPYKUYULL, @ MaKice paccCMompeHsl: NoHamue "keaiua'; xapakmep 06pabomiu uHopmayuu mo3eom, npupoobl HCU3HU; 0C-

HO6Hble I’lp06./l€Mbl U Hanpaenenus Uccnedo8anuss CO3HAHUs.

Karoueevie caosa: cosnanue YenoeeKka, mose, NoAHAsA INeKMPOHHASA UHmMmepnpemauus, HAH031eKmpOHUKA

Oco3HaHnas 00padoTKa ceHCOpHO#i HH(popMANUN

PaccMoTpuM cHayaja OOMH M3 CaMbIX CJIOXHBIX
peXUMOB pabOThl MO3ra — OCO3HAHHYIO 00pabOTKy
ceHcopHoit nH@opMaiu. CoriaacHO MpeaoXeHHOM
MOJTHOW 3JIEKTPOHHOU WHTepnpeTauuu (hyHKIMOHU-
poBaHus Mo3ra [1—6] — 3To OIWH U3 BApUAHTOB CMe-
IIAHHBIX (TPETUM TUM) pexkruMOB paboThl Mo3ra. [lo-
MbITAEMCS YTOUHUTh, YTO MPU 3TOM MPOUCXOJIUT, TaK
Kak B yactu I [7], B CylIHOCTH, paCCMOTPEH TOMWHU-
pyIOLLIMii ITpouiecc B paboTe co3HaHuUs. B kauecTBe oc-
HOBBI, KpOM€ OTMEUYEHHBbIX MPUHUMIIOB B yactu I [7]
HCIIOJIb30Bajlach U COBpeMeHHass MHdOopmalus Heul-
pOHayK, mpexie BCero HelpoOUoJoruu (CM., Harmpu-
Mep, paboTel [8—14]), a TakKe MpUBIEKaBIIASICS IS
MOCTPOCHUSI SMIUPUUECKUX TEOPUI CO3ZHAHUSI (XOPO-
LMK uX 0030p NMpuBeAcH B yueOHMKe [15]), a UMEHHO:
TeopuU IJiobaabHOro pabouero npocrpaHcTBa baapca;
TEOpPUM HEMPOHAIBLHOIO IJIOOAIBLHOTO paboyero Mmpo-
cTtpaHcTBa JleaHa u Jp.; HEHPOOMOJIOTMYECKOI TeopuHr
Kpuka u Koxa; Teopuu auHamudeckoro siapa ToHOHU
U DaeabMaHa; TEOpUU MHOOPMALIMOHHOW WHTerpa-
i TOHOHU; TEOpUU PEKYPEHTHOM 00paboTKu Jlam-
M€; TeOpMHU CO3HAHUSI KaK YyBCTBa IMPOMCXOMSIIIETO
Hamacuo u ap. C TOUKM 3peHUs] aBTOpa, SMIIUpUYEC-
KHWe TeOpuU CO3HAHUS TMPEACTaBISIOT HauOOJIbIIYIO
MEePCIEKTUBY TS JaTbHENIIETO pa3BUTHS, TaK KaK OC-
HOBBIBAIOTCSI Ha CEPbe3HON HaydyHOU Oa3e (HaHHBIX
HepoOUOIOTUM, HEWPOHAYK B 1IEJOM), a He daHTa-

HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 21, Ne 9, 2019

3UsIX, T. €. OyleM Mo-TpexXHEeMy aHAIM3UPOBaTh (e-
HOMEH "CO3HaHME 4esoBeKa" B COOTBETCTBUU C IMPU-
HuunoM "6putBel Okkama" [7].

IIpu peranuzanuu mnpolecca OCO3HAHHOW oOpa-
0OTKM CEeHCOpPHOU MH(OpPMaIMU, CTPOTO TOBOpPSI, He-
00X0IMMO aHAJIM3UPOBATh MOJHYIO CUCTEMY, a UMEH-
HO [7, 16]: MO3r — Apyrue COCTABISIOLINE HEPBHOI
CHUCTEMBI — TeJI0O — OKpyxatoliasi cpeaa. B vactu I [7]
OTMEYaioCh, YTO, K COXaJEHMIO, BO3MOXHO JHIlb
MPUOIMKEHHOE PACCMOTPEHUE SBICHUMA, TIPOMCXOISI-
IIUX B ITOJTHOM CHUCTEME, TI03TOMY IpOaHAIU3UPYEM,
YTO MPOUCXOAUT XOTs Obl B LIEJIOM Ha KaXIOM U3 OC-
HOBHBIX 3TaroB Mpoliecca o0paboTKH.

Ilpeobpazosanus nHopMaliMy HauMHAIOTCS C ca-
MO0 Hayajia rpoliecca MmocJje MonagaHus CUrHajaoB U3
BHEIITHEH Cpeabl M OT BHYTPEHHMX OPraHOB Ha peliern-
TOPBI CEHCOPHBIX CUCTeM. MI3BECTHO, UTO PEeLENTOPHI,
Kak MpaBUjIo0, MpeaIHa3HAUYCHBI AJIs IPUHSATHS OJHOTO
BMIIa CUTHAJOB. B To ke BpeMs Iomanmaroliyde Ha Te-
JIO, B TOM YMCJIE€ PELENTOPbl, CUTHAJIbI MOTYT OBITh
caMbIMU pa3HooOpasHbiMU [1, 2]: MeXaHMYECKUMHU,
ONTUYECKUMMU, TEIJIOBBIMU, XMMUYECKUMHU, DJECKTPU-
yeckumu U ap. Kpome Toro, He ciienyer 3a0bIBaTh,
YTO PacIoJOXEHHE PELENTOPOB Ha Teje 4YeloBeKa
HOCHUT IMCKPETHBIN xapakTep. B cBsI3u ¢ 3TUM cpasy
K€ TIPOBOIATCSL pedyyuposanue u 0eKOMNO3UUUsS BXO-
Jsuieit MHgpopMalmy OT OKpyKaroulei cpeabl U BHYT-
peHHMX opraHoB. Hampumep, u3BeCTHO, 4YTO s
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MEePBUYHOI 00pabOTKM 3IEKTPOMATrHUTHHIX BOJIH UC-
MOJIL3YIOTCSA pelenTopbl (TOUuHee (POTOMUTMEHTHI,
CM. J1ajiee), YyBCTBUTENIBHBIE TOJIBKO K TPeM 00JIacTsIM
JUJTMH BOJIH OMTWUYECKOIOo IMara3oHa, MpuOIu3UTelb-
HO COOTBETCTBYIOIIMX BO3MOXHOCTH 4YeJIOBEKa OTJIM-
YyaTh KPaCHBIN, 3€JIEHBIA U CUHUIA 1IBETA.

Wrak, xorma HaumHaeTcs oOpaboTka uHGpOpMa-
mun? OTBeT oueBHIeH: cpa3dy. OCOOEHHO 3TO XOPOIIO
ITOHSITHO Ha TIpUMeEpPE 3IEKTPOMArHUTHBIX BOJTH, TaK
KaK 4YeJIOBEK BOCIHPUHUMAET TOJbKO Y3KUI CHEKTp
BOJIH ONTHWYECKOro muara3oHa. Biauser nm Teno Ha
oTOT npoiiecc? OTBET MEHee 0YeBUIEH, HO BCE Xe: KO-
HEYHO. DTO MpeXae BCEro CBSI3aHO C TEM, YTO peler-
TOPbI CEHCOPHBIX CUCTEM PACIOJIOXEHbI B TeJIe Yeso-
BeKa, a CJIeAoBaTeJIbHO, BIMSHUE Ha HUX MOXET OBITh,
HarpuMmep, B pe3yJibTaTe U3MEeHEHUs TeMIIepaTyphl Te-
J1a, Oosie3HEM, NEMCTBUSL XMMHUUYECKUX IIPOLIECCOB U
UX U3MeHeHUs U T. I. ClieyeT Takke 0Co00 OTMETUTh
YYBCTBUTEJIBHOCTh HMKHMX ITOPOTOB OIIYIICHUI OT
pa3IMYHBIX (PAKTOPOB, MPUBOAAIINX KaK K TTOBBIIIE-
HUIO, TaK U K TIOHMKEHUIO YYBCTBUTEIbHOCTH, HAIPU -
Mep, B 3aBUCUMOCTU OT SIPKOCTU OCBELUEHUS, UHAU-
BUIYaAJIbHBIX Pa3Iu4uii, ICUXOJOTMYECKOro, T. €. 00-
paTHOro, BJWSIHUS, B3aMMOIEWCTBUS OLIYILIEHUH, U
MHOTHUX Apyrux (cM., Hampumep, [17]).

Takum obOpa3om, TTpr 00pabOTKE CEHCOPHBIX CUT-
HaJIOB HEOOXOIVMMO YUYMTHIBATh BIMSHUE KaK OKpYKa-
IOLIEN Cpelibl, UYTO OYEBUAHO, TaK KaK IMOCTyMamlIne
CHUTHAJIBI UOYT OT Hee, TaK u Tena. [loaToMy He moJK-
HO BbI3BIBATh YIMBJIEHUE BCe 0oJiee pPacIpOCTpaHsIIo-
lieecsi MHeHME, OCOOEHHO Cpeaud HeilpoOMOJIOTOB, O
HEoOXOMMMOCTU y4yeTa BIMSHMSI U Tejla Ha CO3HaHUe
YyesioBeKa.

B pesymbraTe TmocTyruieHMs WHGOpMaLUU U3
BHEIITHE! cpeibl M OT BHYTPEHHUX OPTraHOB IIPOMCXO-
AT ee JNeKOMITO3UIIUS TI0 BHEITHUM W BHYTPEHHHNM
CEHCOPHBIM CHCTEMaM, TPUHIIUITEI PaOOTHl KOTOPBIX
XOpollo onucaHbl B yueoHuke [18]. ITocne nepBuuHoit
00paboTKM, KaK MpaBUJIO, CTUMYJ COOTBETCTBYIOLIEH
MOJAJIbHOCTU KOH@epmupyemcs B 3J1eKTPUYECKHIE CUT-
HaJlbl. A Hajiee 3TU CUTHAJIBI PaCIpPOCTPAHSIOTCS IO
HEPBHOI CHUCTeMe C MOCTOSIHHBIMU TMpeoOpa3oBaHusl-
MM M3 DJIEKTPUUYECKUX B XUMUUYECKUE (Hampumep, B
XUMUUYECKHX CHUHArcax) CUTHajbl, U Hao0opoT. Tak
Kak B 3TOM IIpolecce rnepeaayv MHGOpMaluu MpUH-
LIMITMAJIbHOE 3HAaYeHUe MMEIOT pPas3MYHble KaHaJbl
(MOHHBIE U Ap.), T. €. HAHORJIEKTPOMEXaHUUECKUE CUC-
tembl (HOMC) [7], To BIMsIHME OKa3bIBAlOT U MeXa-
HUYeCcKue mpoliiecchl. Jpyrumu ciioBamMu, Ipu nepe-
madye wH@opManuy WIS OajbHeilnelr o0paboTKu B
[JIaBHbIA MH(OPMAIIMOHHBIA LEHTP 4yeJoBeKa, T. €.
MO3T, UIET MOCTOSIHHOE MpeoOpa3oBaHUE CUTHAJIOB,
a cjefoBaTeIbHO, UX U3MEHEeHMs1 (mpancgopmayus),
T. €., BOOOIlle TOBOpsI, MpeaBapuTeIbHas oOpaboTKa
“HMOpMaLUKM MPOAOJKAETCS.
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Ilocne TakuX MHO2OHUCAEHHBIX NPEoOPA308aAHUL
(penympoBaHUsI, JEKOMITO3UIINN, KOHBEPTUPOBAHUSI,
TpaHc¢oOpMallMKi) CUTHAJIIOB, UYTO AOJXKEH CcAelaThb
MO3I, YTOObI OTpPa3uThb JAEUCTBUTEIBLHOCTh (B COOT-
BETCTBUM C OTMEUYEHHBIM B YacTu I [7] mpuHIIUIIOM OT-
paxkeHus BbICIlIelt HEpBHOI nesitebHOCTH)? OH 10J-
JKeH co0paThb BCe 3TO BMECTe, T. €. CHeJIaTh PeKoH-
CMpYKYuo NeNCTBUTEJILHOCTY B CaMOM € Moare!
Hpyroro MecTa y Hero nmpocto HeT. Kak oH 3T0 aejaer?
ITonbiTaeMcs 3TO TMOHATH ISl Ipoliecca oOpaboTKU
CEHCOpPHOU MHGpOPMALIMU C UCIOJb30BAHUEM UMEIO-
IIUXCS ¥ OTMEUEHHBIX paHee COBPEMEHHBIX CBEICHUIMA
U3 HEHpPOHayK.

Camoe MHTepecHOe 3aKJII0YaeTcsl B TOM, UTO MOCIe
MOCTYIUIEHUST TaKOU pazodpanHoil uHghopmayuu B MO3T
Mpeodpa3oBaHUsI MPONOIKAOTCS, T. €. 1O OCHOBATE I b-
HOI PEKOHCTPYKIIMU ellle Jajieko. B manbHeiieM ms
YIPOLIEHUsI aHau3a OyaeM IMTPOBOAUTh PACCMOTPEHUE
B COOTBETCTBUU C MOJHOM 3JEKTPOHHOM MHTEpIpETAa-
et GyHKIIMOHMPOBAHUS MO3Ta, T. €. CYUTATh Heil-
POHHBIE 1LIETU 3JIEKTPUUYECKUMU LETSIMUA TTePBOTO TH-
Ma, Mo KOTOPbIM PACIPOCTPAHSIIOTCS JEKTPUYECKIE
curHanwl [1, 2, 4, 7].

Hnst co3HaTenbHON OOpabOTKM CEHCOPHOM WH-
dbopmalu ocHosroe 3HAYEHNE MMEIOT TPU KPYITHBIX
CTPYKTYpPbl MO3ra: CTBOJI, TajJjaMyc U kKopa. Cpasy xe
OTMe4y, YTO BJIUSHHUE NP BBITOJIHEHUU Pa3TAYHBIX
MICUXNIecKX (PYHKIWMH, BKIIOYas CO3HAHWE, MOTYT
OKa3bIBaTh M IPYrue CTPYKTYpbl MO3ra. DTO TakxKe
CBSI3aHO C T€M, YTO MO3T XapaKTepusyeTcsl ny0aupo-
BaHUMEM B paboTe HellpoHHBIX liereil. Heobxomumo
3TO ISl 00ecreyeHus1 HadexcHocmu GyHKIIMOHUPOBA-
HUs Mosra. KpoMe Toro, uaeT IOCTOSIHHBIM OOMEH
nHbopMaleit (CUrHalaMKi) MeXay pas3IudyHbIMU 00-
JJaCTSIMU MO3Ta, HEHPOHHBIMM LIETISIMU, HEHPOHAMMU.
M Bce 310 MOXeT ObITh BaxkHbIM! B CBSI3U ¢ 3TUM 10-
MMyCTUMO FOBOPUTD JIMIIB O KJIIOUEBBIX CTPYKTYpax, OC-
HOBHBIX mpolueccax. OTMeueHHbIe 0COOEHHOCTH pabo-
Thl MO3Ta MPUBOASIT K MHOTOUMCIEHHBIM BO3MOXKHBIM
BapMaHTaM WCITOJTHEHUS MO3TOM JaXe Ka3ajoch OB
OIHUX U TeX Xe Mcuxuyeckux byHkuuii. [Toaromy na-
Jiee paccMaTpuBaeM TOJbKO HECKOJbKO BO3MOXHBIX
BapUaHTOB 0OpPaOOTKM CEHCOPHOU MHGbOpMalIUU, KO-
TOpBIE, OMHAKO, TIO3BOJIST BHIIEINUTH OCHOBHBIEC 3aKO-
HOMEPHOCTH, XapaKTepHble OCOOEHHOCTY Y TOMUHAH-
THBIE TIPOIIECCHI.

CTBOJI MO3ra, Cyns Mo BCeMY, UTPaeT BaXKHOE 3Ha-
YeHMe TS TTOAmepKaHusI HEeOOXOIUMOTO YPOBHSI aK-
TUBALUU CTPYKTYP MO3ra, COOTBETCTBYIOILETO COCTO-
STHUIO OOApPCTBOBaHMS YesioBeKa. [1pm aTOM sABiIsIeTCS
TaK>Xe BaXXHBIM OOMeH MHGopMalueil (CuTHaiaMu) ¢
KOpPOIt TOJJOBHOTO MO3ra, MPOXOJSIIEl Yepe3 TajlaMycC,
T. €. Tyaa 1 odbpatHo. Kopa BMecTe ¢ TalaMycoM TaKuUM
00pa3oM peryarpyeT AesTeIbHOCTb CTBOJIA, TTOMIEP-
JKMBas B pe3yJibTaTe KOOIMepaTUBHON pabOThl COCTOSI-




Hue 0oapcTBoBaHus. KitoueBoe e 3HaueHUe Hermoc-
PEACTBEHHO ISl CO3HATEIbHON 00pabOTKU CEHCOPHOM
nH(pOpMaLNY, KaK OOBIYHO CUMTAETCS B HEMPOOMOJIO-
ruu (cM. Hampumep, [9]), UMeeT TaTaMOKOPTUKAIbHAs
cuctema (TajlaMyc M Kopa TOJIOBHOTO mo3ra). M3Bec-
THBIM HelipoOmonor A. Jlamacmo, ogHAKO, CUYWTAET,
4TO "camble TIepBbIe MPOSIBIIEHUS TICUXUKU BO3HUKAIOT
B CTBOJIOBOI1 yacTy Mo3ra" [19]. MHoroe KoHEeYHO 3a-
BUCUT OT TOTO, UTO UMeTh B Buay. Kak ObL10 moKa3zaHo
paHee, 06paboTKa MH(GOPMAIINM HAUMHAETCS C CAMOTO
Hayaja mpoiiecca.

IMoctynuBmas pazobpaHHas nH¢popMalus od OK-
pyKalollieil cpene v Tejie B MO3T paciipeaessieTcs aaiee
TajaMycoM (CBOeOoOpa3HBIM "KOMMYTaTOpPOM", KaK ero
yacTo 00pa3HO Ha3bIBAIOT B HEMPOOMOJIOTNM) Ha Kap-
THl COOTBETCTBYIOIIUX CEHCOpaMm cucrem': 3pPUTENb-
HOM, CIyXOBO#, ocsi3aTeIbHOUN (TaKTUJILHOM), BKYCO-
Boli. ETMHCTBEHHBIM UCKJIIOUEHUEM SIBJIsSIeTCSI UH(OP-
Mauusi o 3arnaxax (oooHsiTenbHast cucteMa) [12]. OHa
rormagaeT Ha KapTy, MUHYS Tajamyc. IloaToMy Takxke
pa3uyalT cleaylllie BUAbl 'TaMSITU: 3pUTeIbHas,
CIyXxoBasi, OOOHATENbHAs, BKYyCOBas M OcCs3aTesIbHAs
(taktunbHas)" [20]. CeHCOpHBIE KapThl — 3TO o0Jsac-
TU KOPbI TOJIOBHOTO MO3ra, B KOTOPBIX XPaHUTCS CO-
OTBETCTBYIOIIAst MH(GOpMALYS B pa300paHHOM BUIE B
pe3yJsbTaTe uepapxuyeckKoit o0padboTKu, IIpOBEACHHOM
paHee, U, Cyasl IO BCeMy, YaCTUYHO 3aJI0XKEHHON Te-
HeTHYeCcKM. B HacTosIiee BpeMs B 11€JIOM OIpeAe/ICHBI
00s1acT Mo3ra (HOpMaJibHO (DYHKIIMOHUPYIOLLET0), B
KOTOPBIX pacmojioXeHbl KapThl (CM., Harpumep, [9]).

[ns mambHeMIero pacCMOTPEeHMST HaM BaXKHO OT-
METUTh clieaytollee: "3alHsIsl 4acTh KOPbI COMEPXUT
00JIaCTU TIPOEKIIMIT OCHOBHBIX OPTaHOB UYBCTB: 3pe-
HUsI, cyxa, ocsi3aHus, OOOHSIHUS 1 BKyca. HanmpoTus,
nepenHsasd 4YacTh BKIIIOYACT PETYISLUI0 IEWCTBUM,
TUIaHUPOBaHME, HEKOTOPbIe (DYHKIIMMU paboueit mamsi-
TH, peyb U UM nogooHoe" [9].

Takum 00pa3oM, KapThl CEHCOPHBIX CUCTEM U Kap-
THI LIeJIe#, CMBICJIOB pa3ieieHbl B MO3Te CYIIICCTBEHHO.
B 10 e BpeMsi KapTbl CEHCOPHBIX CHCTEM PACIIONOXKE-
HBI B Pa3IMYHBIX 00JIACTSIX KOPHI TOJJOBHOTO MO3Ta.

CHauana y CIellMaJIMCTOB BBI3BAJIO KpaitHee yINB-
JIeHHe CJIeAyIolee: "MO3T MCIIOJIb3yeT OMHU U Te Ke
o0sacTtu, 4YToObl BOOOPA3UTh KaKylO-HUOYIb CLIEHY U
yBUJETh ee B nmeiictButenbHocTU" [21]. Ceiiuac 3Ta
TOYKa 3peHUs] MpU3HAHA MHOTMMM HelpoOuoioraMu
(cMm., Hanpumep, [9, 22]). CiaegoBaTeabHO, IIpU 00Opa-
00TKe TocTynarollieii CeHCOpHOl MH(pOpMaLUU UAET
uepapxuveckas coopka WH@GOpPMaUUU B pe3yjibTare
MPOXOXIEHUS DJIEKTPUUECKUX CUTHAJIOB 10 HEMPOH-
HBIM IIETISIM COOTBETCTBYIONIEH 00JacTH KOPHI. DTO

! Bonee netanbHoe paséueHue Ha CEHCOPHBIE CHCTEMBI IIPUBE-
neHo B pabote [18]. M B 3TOM ciiyyae, 0HAKO, MOXHO TOBOPHUTH O
COOTBETCTBYIOLLIMX KapTax.

TOBOPHT O TOM, UYTO U3 pa300paHHoU ungopmayuu, no-
JAYYEHHOU U 3a10)CeHHOU paHee HA XpaHenue (3aKooupo-
BAHHOUL), MOJcem Obimb B0CHPOU3BedeHa 8 pe3yibmame
NPOXO0INCOCHUSL INEKMPUHECKUX CUSHAN08 (0eK00UposKiL)
He MoAbKO cmapas, HO U, 4YMmo 0COOeHHO 6ocxXuujaem,
6HO8b nocmynarouas ungopmayus, m. e. Hogas! Takum
o0pa3oM, uaeT rubdkas cOopka BHOBb ITOCTYIIMBIIEH
nH(POpPMaIUM W3 CaMBIX Pa3HOOOpa3HBLIX (parMeH-
ToBZ. D1a pexoHcmpyuposanHas “HGopMaIus, K coxa-
JICHUI0, pa3po3HEHHasl MO KapTam Mo3ra, T. €. Halo
MPOAOKUTh OOBEIMHSTD €€, HO YK€ B eIMHOE 1IeJIoe.

3ayeM TakWe Kas3aJoch OBl Ha TIEPBBINA B3TJISII
CJIoOXHOCTU? [JIaBHBI CMBICS 3TOTO 3aKJIOYaeTcs B
HEoOXOIMMOCTH YPe3BbIYAafHO SKOHOMHWYHOTO XpaHe-
HUST MHPOpPMAIIUK, KaK IJIsT 3aTIOMMHAHUs, TaK ¥ BOC-
MIPOM3BEACHNUS CTapoil W HOBOW WMHGpOPMALINH, T. €.
0OEepexXHOr0 OTHOIIEHMST K MMEIOIIMMCS pecypcaM Ko-
pHI TOJIOBHOTO MO3Ta, KOTOPHIE, K COXAJICHHIO, OTpa-
HUYEHBI, U1 B TO e BpeMsI MO3T JIOJDKEH U MOXKET Ha-
JeXHO paboTath AecaTmieTusiMu. Clie1oBaTeIbHO, peub
uaeT ob onpeneseHHbIX, J0CTaTOUHO YHUBEPCATbHBIX
MexaHMU3Max o0paboTKM WH(OpPMAIUK C ITOMOIIBIO
BJIEKTPUUYECKUX (HEHPOHHBIX) lieIeil IepBOro TUIla
Tocjie ee IpeaBapUTEIbLHONM 00pabOTKM Ha BXOAE B
COOTBETCTBYIOLLIME CEHCOPHBIE CUCTeMbI. B pe3ysbTate
peakTUBAIlMA COOTBETCTBYIOIINX HEHPOHHBIX IIETICH
KapT CEHCOPHBIX CHUCTeM (haKTUUECKU COOMparoTcs
KOaJMLMKU (HA30BeM WX KOAAUUUU HEUPOHO8 CEHCOPHbIX
Kapm), OTBETCTBEHHbIC 3a PEKOHCTPYKIIMU TEX WJIU
WHBIX BOCITOMUHAHUN W/WIK AeicTBUTebHOCTA. CITy-
yaii "M" MOXET COOTBETCTBOBATH TaJIIIOLIMHALIUSIM,
WHUAIIMUPOBAHHBIM M3BHE.

Hanee mpoucxoout elle 0ojee MHTEepecHoe. MH-
(opmanst OT CEHCOPHBIX KapT ITOCTYITaeT B JOOHBIC
JIOJIY 111 0ObeIMHEHMS B eAuHoe 1enoe. M 3nech Bo3-
MOHO MHOXECTBO Pa3IMYHBIX BApMAHTOB. B CBA3M ¢
9TUM PACCMOTPHUM JIUIb HEKOTOPhIE, XapaKTepHbIE.

ITpeamnonoxuM, 4To Bbl uaete no yauie. OObIYHO
BCE IMPOMCXOIUT B aBTOMATUUYECKOM (Ha TOJCO3HATEb-
HOM YpPOBHE) pexume, T. €. paboraet cuctema 1 [7].
DakThyecKu CUTHAJbI, MPOXOISIINE MO0 OOBEAMHEH-
HOM KOAJMILINKU HEUPOHOB, M €CTh INTAHUPOBaHMUE (MO-
JeUpoBaHUEe WJIM TIPpOrHo3) curyauuu [7] (HazoBem
00beIMHEHUE HEMPOHOB B JAHHOM Cllydae Koaiuyuell
NAGHUPOBAHUS UAU NPOCHO3UPOBAHUSA), A JAJIbLIE TPOKUC-
XOOWUT MHULMALMs neictBus (cMm. puc. 1, ctp. 313 [7])
U meperaya CUTHaJOB COOTBETCTBYIOIIMM CHCTEMaM
IUIST VICTIOTHEHUs. 3aMedy, 4YTO COIJIACHO JaHHBIM
HEeHpOOMOJIOrMHU KapThl AEUCTBUS PAaCHOJOXEHbI PsI-
IIOM, T. €. TOXEe B JJOOHOI m0JIe, YTO MIPUBOIUT K KO-

2 BCrioMHMM O MMKCEISIX B 9KPAHAX TeJIEBU30POB U APYTHX yC-
TpoicTBax. B Mo3re, ofHaKo, 3TO MPOUCXOAUT HAMHOTO U3OLIPEH-
Hee, TaK KaK OYEBUIIHO, YTO IKpaHa B HEM HET, Jia ¥ MOJ0OHBIX Tpa-
JIMLIMOHHOM 3JIEKTPOHMKE BOCTIPOM3BO/ISILIMX YCTPOMCTB ToXe. Bee
clielaHO yHUBepcalibHee U MHTEpeCHee.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 9, 2019 557



HOMUM BpeMEHM B3auMonaelcTBus. Tak (akTuiecku
MPOUCXOAUT TOJACO3HATEbHOE NEeHCTBUE B JTaHHOM
cllyyae CO 3HAUYMTEJIbHOM 3KOHOMMEN BPEMEHHU, 4TO
MOXET OBITh BaXXHBIM. 1o oleHKaM HelpoOMOoJI0roB
JUISI OCYLLIECTBIICHUSI TAKUX IEUCTBUIA TPEOYETCs OKOJIO
100 mc [9].

OnHako caMoe MHTEPECHOE BCe Xe MPOUCXOAUT B
npyroM ciydae. Ilpenanosoxum, 4To Koaulvs Hei-
POHOB, XOT$l Obl OTHOW M3 CEHCOPHBIX CUCTEM, CHUT-
HaJM3upyeT 006 onmacHoctd. Hampumep, Bbl yBUIEIU
B TIpoIlecce ABIKEHUS IO YJIWIIE YTO-TO OITacHOE.
B naHHO# cuTyauuu MPOUCXOIUT IMOBBILIEHUE aKTU-
BallMi W TIPEBBIIICHUE TTOPOra OCO3HAHMSI, KOTOPHIN
MOXKET 3aBUCETb OT MHOTUX (haKTOPOB, a TAKXKE CBOE-
0o0pa3HbIli pPe30HAHC C KapTaMu liejiell, CMBICIOB B
JIOOHBIX HOJsIX. MI3BEeCTHO, 4TO "B COCTOSTHMM OOIpC-
TBOBaHMUs IIpedpoHTaNIbHAsI KOpa sSIBJISIETCSI Hauboee
aktuBHoO#1" [20], T. e. KaKk OBl HAXOAUTCSI B peXUME
OXMIaHUS, CBOEOOPA3HOTO CKAHUPOBAHUS CUTYaIlUU.
He uckitoueHo, 4To cOOTBETCTBYIOIIME 00aacT (IO~
00J1acTN) JIOOHBIX JOJIeil AOIOJHUTEILHO aKTUBUPY-
I0TCsI CUTHaJIaMU 13 TajlaMyca, T. €. IPOUCXOAUT ellle
1 MIOJITOTOBKA K IIPUEMY CUTHAJIOB COOTBETCTBYIOIIEH
CeHCcopHOM KapThl (Mau KapT). B pesynbTate Takoro
pPE30HAHCHOTO B3aMMOIENCTBUS (IIpoliecca caMoop-
raHu3alyu) HaUMHAEeT UATU U3 JIOOHBIX TOJIeil B CeH-
COpHbIE KapThl oOpaTHasl (OTpaxKeHHasl) BOJIHA IO-
BBILIEHHOM aKTMBAllMM. DTOT MPOLECC yxXe TpedyeT
OOJIBLLIETO BPEMEHM — IO OLIEHKaM HEHpPOOMOJIOrOB
okoJio 300—500 mc u Gosnee.

DHepeemuyeckuli NOMOK, NPOXOOAWULI N0 Mol 006-
e0UHEeHHOU KOaAuyuu HelpoHos, u ecmov oco3Hanue [7].
OTMedy, 9TO 3Ta KOaAuyus 0CO3HAHUs, TIO-BUINMOMY,
OTJIMYAETCS OT KOAIMLIMY MPOTHO3UPOBAHUSI IJIsI 1aH-
Horo ciydas. [1oBbIllIeHHAsT aKTWBALMS TIPU OCO3Ha-
HUM HeoOXoauMa, Mo KpaiHelt Mepe, 1S Cleayolie-
ro: 1) BeyzelleHUsT "TaBHON" KOAIMLIMU HEUPOHHBIX
lereil U B pe3yJbTaTe OCO3HAHMSI BO3MOXHON KOp-
PEKTUPOBKU AeicTBUil (cMm. puc. 2.1, a ctp. 313 [7]);
2) "oTceyku", MOMaBJCHUSI BTOPOCTENEHHBIX IIEMO-
YeK, B TOM YMCJIEe CBSI3aHHBIX C APYTMMU MaJIOBaX-
HbIMM B paccMaTpMBaeMOM CJyyae ICUXUUYECKUMU
¢ysukuusgamu. UMeHHO A1 3TOro, Kak MHE KaXeTcs,
B OCHOBHOM U1 HY>KHbI 00Jie€ MHOTOUMCJIEHHbIE CBSI3U
B MO3Ty CBEpXy BHHU3, YEM CHM3Y BBEPX. DTO BbI3bI-
BaeT y MHOTMX HEMpOOMOJOroB KpaitHee yauBJeHNeE:
3a4yeM; 3) IJisl BO3MOXKHOIM KOPPEKTUPOBKH (3alIOMMU -
HaHMS) KaK CEHCOPHBIX KapT, TaK U OJHOBPEMEHHO
KapT Lejeif, CMBICIOB, NEWCTBUI B JIOOHBIX IOJISIX.
KoneuHo ke, B 3aBUCMMOCTM OT MOCTYyIalolleil MH-
¢dopMauu BO3MOXHA He TOJIbKO "oTceuka", HO U B3a-
AMOIEUCTBHUE C 00JIACTIMU, TICUXMISCKUMU (PYHKIIH-
sIMU, obecrneyrBaeMbIMM CTPYKTYpaMU MO3ra, OTBeva-
IOIUMHU, TIpEXIe BCETOo, 3a peyb, a TakKKe SMOLMH,
MOTOpPHbIE (YHKIUM U AP.
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st ocylliecTBIeHMsI TaKOi CO3HATEJIbHOM esi-
TeJTbHOCT HEOOXOANM OIIpee/IeHHBI YPOBEHb aKTH-
BaIlvU, JIEKAIIWI B ONITUMAIBHOM JIJISI KaXKIOTO YeJio-
BeKa mauama3zoHe. Ecv akTwBalMsT HITKE COCTOSTHUS
0OIPCTBOBAHMS, TO HOPMAJIbHBIN YeJIOBEK HAXOAUTCS
B HEKOTOPBIX WM3MEHEHHBIX COCTOSHHSX CO3HAHUS
(MUCC) [23], Hantpumep, cOCTOSIHUSX cHa. bonee Hu3-
KWe aKTWBALIMW XapaKTepHBI TakKe IJIST HEKOTOPBIX
MCUXUYECKUX PaCCTPOMCTB (IeMEHLMM U Op.), pas-
JIMYHBIX BUAOB KOMBI. B TO Xe BpeMs TIpeBBHIIIICHIE
OINTMMAJIBHOTO MHUana3oHa aKTMBALMU MOXET MPUBO-
IUTH K TIPUCTyIaM STUJICTICUU, IPYTUM PacCTPOMCT-
BaM. Kpome ypoBHSI akTUBallMW UISI MPOXOXKIEHUS
5TOM BOJIHBI 10 KOAJIWIIMM OCO3HAHUS, HeoOXommMma
Takxke oIpejesieHHas CTeleHb CUHXPOHM3aluU. Y4u-
TBIBasl TO, YTO 00JIaCTH OOBEIMHEHNS JJOOHBIX JOJIEH U
pa3MeleHUs CEHCOPHBIX KapT HaXOAITCS Ha OTHOCH-
TeJTbHO OOJIBIIOM PACCTOSTHUU B MO3Te, KPOME YPOBHS
aKTUBAIIMU CTAHOBATCS 0oJjiee BaXKHBIMU BbICOKOYAC-
TOTHBIE CUTHAJIBI, XapaKTepHBIE UISI TaMMa-BOJTH.
Takum o0pa3oM, ocosHaHue 4enoeKka — eAaGHbIl
OOMUHUDYIOWULL NPOUECC FHePeemuUecKol peKoHCMmpPYK-
yuu 6 coomeemcmeyroulell Koaluyuy HelipoHog 6 onmu-
MAnvHOM Ouanasone aKmusayuu 0600pcmaeyoue2o co-
CMOSAHUSL HOPMAABbHO20 4eaoéekd. B NaHHBIL MOMEHT
BpEMEHHN KOAJIWIINS OCO3HAHUS MOXET OBITh B MO3Te
TOJIbKO OJHOM, YTO U MPUBOJUT K U3BECTHOMY (heHO-
MeHyY "OyTBUTOYHOTO TOPJIBIIKA" (CM., HarpuMmep, [13]).
KoHeuHoCTh BpeMeH, CBA3aHHbIX C OCO3HAHUEM, MPU-
BOIWUT K Apyromy ¢peHOMEeHy — HE3KOHOMHYHOCTH B
11eJIOM MHOT03a/1ayHOi MBICTUTENIbHON AeATeIbHOCTU
[24], Tak KaK NPUXOAUTCS TEepeKtouyaTh CO3HAHUE C
OIHOH NeSITeNIbHOCTU Ha Apyryio (MAeT mnocjiefoBa-
TeJibHas1 00paboTKa). A 3T0 3aHMMaeT okoio 500 Mc,
T. €. IPUBOJUT K NOTEPe BPEMEHU Ha MEePeKII0YCHMUE.
DTUM 0CO3HAHUE TAKXKE CYIIECTBEHHO OTIMYAETCS OT
MOJCO3HATENbHON NESITEIbHOCTU, XapaKTepu3yeMou
MHOXECTBOM TIPOLIECCOB, TPOMCXOASIINX B Mapaljiciib.
CxeMaTuyHO TMpoliecC OCO3HaHUS IOoKa3aH Ha
puc. 2, a (ctp. 313 [7]). [ToHSTHO, YTO OH XapaKTepu-
3yeTcsl MOBBILIEHHBIMU 3Hepro3aTparamu. KMckiove-
HUSIMU, IO-BUAUMOMY, sBisttoTcs Takue MCC kak, Ha-
MpUMep, cocTosiHUe "moToka", Meautanuu [23]. Eme
pas moAYepKHY, UYTO "CO3HAaHUEe — GECCIOPHO CUCTEM -
HOE, MHTETPaTMBHOE CBOMCTBO Mo3ra denoBeka" [7].
B coOTBeTCTBUU C M3JTOXKEHHBIM BBIIIE W BBIICIS-
IOTCSI OCHOBHBIE COCTaBJISIIOLIME "CUMpaan” MBICIH-
TeJIbHOU AesTeabHOCTH [7], Korma paboTaet cucrema 1
1 cucTeMa 2 B cIydyae TPeThero CMelIaHHOro pexuma
(byHKUMOHMpPOBaHUS Mo3ra. B ciiydae BHYTpeHHEro
pexkuMa paboThl CUCTEMBbI 2 MOXKET ObITh MCKJIIOUEHA
WHUIINALNS TeCTBUs. B To ke BpeMsT caMa MHULIMA-
LIMST MBICJIUTEJbHBIX MTPOLIECCOB, CYAS MO BCEMY, MPO-
ncxonut B ripedporTanbHO Kope (ITPK) (jro6HbIE 10-
JI1), a najee UaeT yepeaoBaHue paboT KoaJuluii Hell-




POHOB IIPOTHO3MPOBAaHUS U OCO3HAHUS (CM. puUC. 2, b,
crp. 313 [7]).

Eme pa3 momyepkHy, 4YTO 310€Ch PACCMOTPEHBI
BCETro JIMIIb HECKOJIBKO BO3MOXHBIX BADUAHTOB MbIC-
JINTEJIbHOW JNesiTeIbHOCTU. bosbliioe pazHooOpasue
MOXET BO3HHMKATh BCJICACTBUAE MOIKITIOUECHUS IPYTUX
CTPYKTYp MO3ra, peryJspHoro oOMeHa CUTHaJaMu
MEXIY pasTMYHBIMU O0JIACTSIMHU, a TAKKe BBIXOIA He-
KOTOPBIX M3 MapaJljIeJbHBIX ITOACO3HATEIbHBIX IIPO-
LIECCOB Ha YPOBEHb OCO3HAHUsI, U HA00OPOT, MPUBOIS
K CBOEOOpa3sHbIM OCUWIISILIUAM, CMEHaM B CIIMPAJIU
MBICTIUTEILHOM NesITeIbHOCTH. Y HaKOHEIl, OT WHAM-
BUAYaJIbHBIX OCOOEHHOCTE HEHPOHHBIX LIeIIeit.

M TeM He MeHee, HecMOmpPs HA 803MOICHOCHb 00/1b-
U020 YUCAA BO3MOICHBIX BAPUAHMOB, NPU 00paboOmKe UH-
gopmayuu 6 yeHMparbHOU HepeHoll cucmeme oduell 3a-
KOHOMEPHOCMbIO ABAAIOMCsL NPeobpa308aHus CUeHAN08 U
JHepeemuyeckue peKoHCmpyKuuu. Imy obuyio 3aKoHo-
MEPHOCMb A8MOP U CHUMAEM 2AAGHIM NPUHUUNOM (PYHK-
YUOHUPOBAHUSI MO32d.

PaccMoTprM HECKOJIBKO MHTEPECHBIX M BaKHBIX
BOITPOCOB.

IIepBEIii BOIIPOC: €CTh JIM B MO3T€ €IMHBINA yIIpaB-
Jsomuii neHTp? B HelipoOKMoIOrUM ero yacto oopas-
HO Ha3bIBAIOT "mUprKepoM”, "TeHepaabHbIM JUPEKTO-
poMm" 1 T. 1. OOBIYHO 3TU (PYHKIMU TIPUITMCHIBAIOTCS
M®K (ro6uble monau) [9, 11, 25]. B Helipobuonorun
BeIyTCd XKapKHe TUCKYCCHUM Ha 3Ty TeMy. Bospaxe-
HHUs MPOTUBHUKOB, KaK MPaBWJIO HEHPOIICUXOJIOTOB
(cMm., Hampumep, [19]), OCHOBBIBAIOTCS Ha TOM, UTO
npu nopaxeHusix [TOK Hepenko co3HaTelbHBIE BO3-
MOXHOCTH YeJIOBEKa CTPagaloT He3HAYNUTEILHO.

ABTOp pasmensieT TOYKY 3peHUsI, COIJIACHO KOTO-
poii: 1) [IOK — oO6beUHSIONINI, CKAHUPYIOIIWA CH-
Tyaluio IEHTP MO3ra, KOTOPHIi, KaK U3BECTHO, UMEET
MHOTOUYNCJICHHBIE CBSI3M CO BCEMU OOJIACTSIMU MO3Ta,
a TaKxe 0ojee pa3BUTYIO CEThb IEHIPUTOB IO CpaBHE-
HUIO C IPYTUMH CTPYKTypaMH, a CJeIOoBaTelIbHO, U
oIsITh Xe cBs3eil. Bee 310 obneryaer mnsa [1PK BbI-
MMOJTHEHMEe OTMeUYeHHBIX (pyHkmmii; 2) [TPK comepxur
(akTMUecKM KapThl ILIeJiel, CMBICIOB, aJTrOPUTMOB
(1Mo cyiiecTBy, 3TO cBoeoOpa3zHasi OubIMoTeKa) pe-
IIEHUM TeX WM MHBIX 3a7a4, MO3TOMY, MO-BUINMO-
My, OKOHYATeJIbHO (hOPMHUPYETCS B MO3Te TTO3XKEe BCEX
CTPYKTYp IIpu HOopManbHOM pa3Butuu. B [IDK obHa-
PY*KE€HO MHOTO "KJIETOK, KOTOPBIE BeIyT ceOsT KaK IaT-
yuku uenun” [12]; 3) Mo3r xapakTtepu3syercsl 0OJIbIION
IUIACTUYHOCTBIO, a CJIeA0BaTeIbHO, HaAEXHOCThIO,
MO3TOMY TPU MOBPEKACHUSIX HEKOTOPHIX YYaCTKOB, B
toMm umcie [NPK, yrpadyeHHbIe GYHKIIUM MOTYT Ha Ce-
051 B3SITh pYIMe HEMOBPEXKAEHHbIE YYACTKM MO3ra, ye-
MYy CITOCOOCTBYET pa3BEeTBJEHHasl CUCTeMa CBsi3eil B
Mo3are. Ml 5To Xopollo U3BECTHO B HEMPOICUXOJIOTUH.
MHoroe, KOHEYHO, 3aBUCUT 1 OT KOHKPETHOTO YeJIo-
BeKa, T. €. MHAMBUAYAJIbHBIX OCOOEHHOCTE! HEpOH-

HBIX Lierneit. Tak, Ka3zaaoch Obl IOXOXKKE ITOBPEXKACHUS
(OoMmyXoJi, UHCYJIbTHl U NIP.) V Pa3HBIX JIOAEH MOTYT
MPUBOAUTD K CaMbIM Pa3IMYHBIM MOCaeACTBUsIM [12]:
Yy OIHUX — K KaTacTpouuyeckum, a y Apyrux — K HU-
KakuM. TakoMy MOBeIEeHMIO, MMO-BUIMMOMY, CITOCO0-
CTBYET U KOJIbLIEBOM XapakTep CBA3€W HEUPOHHBIX
uerneit Mo3ra>. BaxHO Ji B 3TOM cinyyae, raoe Havyano?
B c¢Bs13u ¢ 3TMM MHTepecHa Takke MHGpOpMalLuvs pa-
00ThI [12] 0 TOM, UTO TIpU pPELIEHUU MSATU Pa3TUIHbBIX
KOTHUTUBHBIX 3aja4y 00s13aTeJIbHO BO30YXIalOTCsl He
TobKO 1Be obyactu B [IDK, HO 1 ogHa B TEMEHHOM
JoJe.

Takum obpazom, ITDK gBnsgeTcss BaKHLIM LIEHT-
POM, OCYIIECTBJSIOIIUM OObEAUHSIIONINE U UHULIMY-
pyolye GYHKIMM B MO3re HOPMAaJIbHOTO YeJIoBeKa,
OIHAKO MHOTO€ MOXET 3aBUCETb OT MHAUBUIYATIbHbBIX
0COOCHHOCTE!, BMAA JesTeJIbHOCTU. B yacTHocTH,
Moao0HbIe (PYHKIMM Ha ceds MOTYT, MO-BUIMMOMY,
OpaTbh, XOTs OBl YaCTMYHO, U JIpyrue o0JacTU MO3Ta,
OCOOEHHO B Cliyyasix TNMOBPEXIEHWM WM Helopa3BU-
toctu [TPK.

Bropoii Bompoc: a 4To K€ MPOMCXOAUT Aajibliie?
PaccmoTpeHHasi BojiHA TOBBILIEHHOW 3HepreThyec-
KO aKTHMBallMM, KOTOpPasi U COCTaBJsIeT MpeaMeT Ha-
11IeTO OCO3HAHUS, U SIBJIsSIETCS (DAKTUUECKU OCHOBHBIM
colepXaHWeM TaK Ha3blBaeMON padoueil maMsiTu.
Bruto BMIHO, YTO 2Ta BOJIHA SIBJISIETCS NMHAMUYHOMR
BPEMEHHO CO31aBaeMOM CTPYKTYPOH U BO3HHUKAeT
nepuoguvecku B OOIPCTBYIOLIEM COCTOSIHMU. YTo
MPOUCXOAUT Jajiee, a TOuHee, BO3MOXHbBIE BapUaHTbI
pa3BUTHUSI COOBITUI, HETJIOXO YCTAaHOBJIEHO B HEHpO-
ouonoruu (cMm., Hampumep, [9, 14]). [lnsa Gosnee miu-
TEJbHOTO 3allOMMHAHUs MH(GOpPMALMs HOJKHA IIO-
MacTh B TMIINOKAaMII, KOTOPbI MepeHarpaBiseT ee B
pasnuyHble objgactu mosra. "K mpumepy, 3MOILIMO-
HaJIbHbIE BOCITOMUHAHMSI XPaHSITCS B MO3XKEUKOBOM
MUWHIAJIMHE, a CJIOBA 3aIlMCHIBAIOTCS B BUCOYHOM 00-
Jactu. B To xxe Bpemsi UBET U JApyrasi BU3yajbHasl WH-
(opmaiisi cobupaeTcss B 3aTbUJIOYHOIM A0Jie, a TaK-
TUJIbHBIE OILIYIIEHWS U IBUXEeHUe — B TeMeHHol. Ha
JAHHBIA MOMEHT y4yeHble pasauyalotr 6ojee 20 katero-
pUil BOCIOMUHAHMMI, XpAaHUMBbIX B Pa3JIMUHBIX YACTSIX
MO3ra, cpend HUX (PPYyKTbl U OBOIIM, PACTEHUS, KU-
BOTHBIE, YACTU TeJla, LIBETa, YMciia, OYKBbI, CYLIECTBU -
TeJIbHBIE, TJIarojibl, UMeHa COOCTBEHHBIE, JINIIA, TPU-
Machbl, SMoLMK 1 3ByKu" [14]. B pe3ynbraTe MMOCTOSH-
HO KOPPEKTUPYIOTCSI CEHCOpHBIE KapThl 1 KapThl [IPK
B 3aBUCUMOCTU OT MPOUCXOISIINX U OCO3HAHHBIX CO-
opiTuii. I1o KpaitHell Mepe, BaXKHBIM (DAaKTOPOM 31eCh
SIBJISIETCSl TAKXKE CTENEeHb HOBU3HBI, KaK BIIPOYEM Yac-

3 Ciienyer, OIHaKO, 3aMETHTb, YTO HEHPOHHBIE LEIH He SKBU-
BaJIEHTHBI axe MopdoJoruyecku, Tak Kak MOIYT BKJIIOYATh pa3-
JIMYHBIE TUIBI HEMPOHOB, OTIMYAIOLIMXCA APYT OT ApYyra Jaxe Ijisd
OJHOTO TUMA (CM. Jajee).
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TO N HEINOCPECACTBEHHO [JId IIpolecCa OCO3HaHUA B
paccMaTpuBacMOM CJiydac.

KBamma

HMHTepecHOEe M TOYYMTEIbHOE MHEHME II0 3TOMY
BOIPOCY BbICKa3aJl U3BECTHBI Heliporicuxodior J1. JlaH-
KaH [12]: "®unocodbl, n3yyalolye co3HaHKHe, 0003-
HAyYaT COmepKaHMe pa3HbIX YYBCTBEHHBIX OIILYIIE-
HUil TepMuHOM "kBanua" (qualia). CaMu OHU TIpU-
YUCIIIIOT KBajJa K TPYIHOPa3pelIUMBIM IIpo0IeMaM,
XOTs $1 BUXXY B 9TOM HEKOe€ JIyKaBCTBO. Beab TpyaHo-
paspeimmMoil TIPUHITO Ha3bIBaTh TaKylo IIpodJeMy,
KOTOPYIO MBI TIPU3HAEM CIIOKHOI, HO BCe XK€ HaMepe-
BaeMcs ee peluTh. S1 Obl IIpeanoyen Ha3blBaTh KBajlKa
Mpo0JIeMOii, KOTopasi HACTOJIbKO oflypauyusia Hac, YTo
MBI JaXe He 3HaeM, B UYeM ee CyTh'.

CyuIHOCTb I1aBHOM MPpo0JeMbl ICUXO(MU3KOTIOTUU
KpaTKo c(hopMyIMpOBaa BEIUKUI PYyCCKUM (DU3UOJIOT
H. I1. T1aBnoB, KOTOpBIi 3amajl CTaBLIMUU JereHaap-
HbIM Borpoc: "Kakum obpa3oM Marepust MO3ra Ipo-
W3BOAUT CYObeKTUBHOE siBiieHne?" B To XKe Bpems, Ka-
KUM 00pa3oM MO3T MOPOXIAET CO3HAHUE, U3BECTHBIN
coBpeMeHHbI dunocod 1. Yanmepc oTHec K Tpya-
HbIM TipobiemaM [26]. Cioma Xe OH OTHeC IpobeMy
"kBajma", T. €. YYyBCTBEHHBIX TIepeXXUBaHMUA. B 11e10M,
MHEHMS TI0 TaHHOMY BOIIPOCY U3MEHSIOTCS B OYEHb
IIUPOKOM IHalia3oHe, HaunMHas OT TOJHOTO HETIpUs-
THUS, T. €. IPOCTO yXola OT BOIIpOCca, M 3aKaHUMBas
TEM, YTO OH CUMTAETCS Hepa3pellMMbIM. Tak 4To I-
TaTta, MpUBeACHHAsl B Hayaje, HeTJIOX0 OTpakaeT COB-
peMeHHOe 00IIee COCTOSTHIE PacCMaTpMUBaeMOTO BOII-
poca, T. €. onpeleJeHHO pacTepsSTHHOCTU.

IToneiTaemcst, ogHaKoO, pa3o0paThCs ¢ 3TOM, AeHC-
TBUTEJIBHO CJIOXHOM, pobyieMoit "KBanua", pacCMOT-
peB CTaBIIMI KJIACCHMYECKUM TIpUMEp OO OIIMYIIeHUHN
"kpacHoro" [26].

Haunem c Havama, T. €. PU3MIECKUX OCHOB.

"CyllecTBYIOT IBa TUIa (POTOPELIENITOPOB: KOIOOU-
KM 1 najouyku... Konbouku n3dupaTeIbHO pearupyroT
Ha LIBET, MEHee UYYBCTBUTEJIbHBI K TYCKJIOMY IIBETY,
YeM TaJOYKW, M BaXHBI IS JETAJBHOTO IIBETOBOTO
3peHus Mpu JHEBHOM cBeTe. Kaxknmast konbouka conep-
KT OVH U3 TPeX BUIOB (DOTOIMMTMEHTOB, CITeIIAII-
3UPOBAHHBIX OEJIKOB, YYBCTBUTEJbHBIX K PA3TUYHBIM
JUTMHAM BOJIH CBETa. DTH JUIMHBI BOJH TTPUOIN3UTEIb-
HO COOTBETCTBYIOT Halleif CIOCOOHOCTM pas3ivyaTrh
KpacHbIi, 3eJieHblii U cuHui 1BeTa. Korma ceet nona-
JaeT Ha MOJIEKYTy (hOTOMUIMEHTA, SHEPTHUs CBeTa Mor-
JIollIaeTcsl, U MOJIeKyJa 3aTeM Mpeobdpasyet cBoto op-
My TakuM oOpa3oM, YTO B 3TOM (hOoTopeLenTOPpHOM
HepoHEe M3MEHSIETCST ABVKEHHUE SJIEKTPUICCKOTO TO-
ka" [9].

Yro Oynmer B ciayvyae OTCYTCTBUSI OJTHOTO BUJIA TTUT-
MEHTOB, B YAaCTHOCTU COOTBETCTBYIOILLETO KPACHOMY
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uBety? OTBET M3BECTEH: AAJbTOHU3M, a TOYHEe, IIpo-
TaHOTIUSI — HapyllIeHWe B KPacHOM YacTW CIIeKTpa.
M omyieHust "KpacHOro" 1iBeTa y TAKOT'O YeJIOBEKa He
OyzeT, T. €. KpacHBI LIBET MM He OymeT BOCIIPUHM-
MaTbcs. YUTo Ke OymeT BUAETh B 3TOM CJIydyae 4eJOBeK
¢ nmportaHonuei? OTBET: cephlid, T. €. Apyroi 1seT. Ta-
KM 0o0pa3oM, peaykius (KatacTpoduyeckass B JaH-
HOM cJlydyae) mpour3ollia cpa3y e BCAeACTBUe 0oJie3-
Hu. [ToHATHO, YTO OHA OTAMYAETCS KAYECTBEHHO OT
pEAyKIIMK B HOPMaJIbHOM ciiydae (CM. paHee).

HopMasbHOe Ul YesioBeKa 3peHue’ BO3MOXHO
TOJIBKO TIPU HAJIMYIUU BCEX TPeX BUIOB (POTOMMTMEH-
TOB, YCJIOBHO Ha3bIBaeMbIX "KpacHbII", "3ejeHbIi" 1
"cuHNMit". MU3BeCTHO, YTO pa3IMYHBbIC COYETAHMS IIBE-
TOB KPacHOTO, 3¢JIEHOTO I CHHETO AUAITa30HOB CITeKT-
pa MO3BOJISIIOT BUJETh U JIPYTHe LBETA U TOHA (OIISITh
K€ BCTTOMHUM IIBETHOM TeJIEBH30D).

HMTtak, HEOOXOOUMMBIM, HO HEIOCTAaTOYHBIM, YC-
JIOBUEM HOPMAJbHOTO YeJIOBEUYECKOTO BOCIIPUSTHUS
KpPacHOIO IIBeTa, IPEXIE BCEro, SIBISCTCS HaJIMdyue
MMUTMEHTOB KpacHOTo. ApyruMu HEOOXOOUMBIMH YC-
JIOBUSIMU BOCIIPHMSITUSI KPACHOTO SIBJISIETCS TaKXKe HOP-
MaJIbHOC Pa3BUTHEC psiia IPYTUX COCTABJIAIOIINX 3pU-
TeJIbHOM CUCTeMBI. PaccMOTpUM 3TOT cirydaii 1ist Cu-
Tyallud OCO3HAHHOI 00paboTrku mHPopMamuu (CM.
paHee).

B HopmanbHOI 3pUTENbHONM CHUCTeME CUTHAIbI
MTOCTYTAIOT COTJIACHO OIMMCAHHOMY BEINIE I obpa-
0OTKHU B 00J1aCTb CEHCOPHOIA KapThl, OTBETCTBEHHOM 3a
LIBET, B YaCTHOCTU KpacHBIN. [lanee coOupaeTcst ceH-
COpHas KOAJIMIIUS HeMPOHOB, OTBETCTBEHHBIX 3a Kpac-
HBIN [IBET ¥ BOCIIPUATHE COOTBETCTBYIOIIETO IIPEIME-
Ta. B Koneunom umoee, 6 pesyavmame NPOXOHCOCHUS
CUCHAN08 NO COOPAHHOU KOAAUUUU OCO3HAHUS U NPOUC-
X00um 3Hepeemu4ecKdsi peKOHCMPYKUYUsi, Komopas u co-
omeemcmeyem OuYU,eHUr 4e108eKa y8UJeHH020 Kpac-
Ho2o npedmema. Ommeuy, 4mo NPOXodCOeHUe CUSHAN08,
cO0pKa KOAAUYUU OCO3HAHUS U IHepeemu4ecKds pPeKoH-
cmpykuyus npoucxodsm cuuxpouro! Takum o6pazom,
owyuienue "KpacHoeo" 603HUKAem 8 COOMEEemcmeuu co
chopmyaupoeaHHbIM 2AAGHBIM NPUHUUNOM (PYHKUUOHU-
POBAHUSL MO32a — NPeobpa308aHuUll CUCHAN08 U SHepee-
MUYeCKUX PeKOHCMPYKYUI.

Yto Biusier Ha (OPMUPOBAHUE CEHCOPHBIX KapT?
OueBUmHO, 4YTO OBa (hakTopa WTrparoT pelalolyio
pOJIb: OIBIT U TeHeTHKa. ['eHeTrKa IPUBOIUT K TOMY,
YTO y BCEX HOPMAaJIbHBIX JIIOEH OIIylIeHne "KpacHO-
ro" OyaeT npubauszumenbHo OOUHAKOBBIM, €CJIU He Oy-
JIeT KaKUX-JM0O0 Cepbe3HBIX HapYIICHWI B Iprodpe-
TeHHOM omnbITe. "[Ipuban3uTeNbHO" CBSI3aHO ¢ STUMU
Xe IByMs (paKTOpaMH, a UMEHHO: TeHeTUKOM M OITBI-

4 Kak KaJlb, UYTO Y HAC BCETO JIUILIb TP BUIA (DOTOIMUIMEHTOB,
MO3TOMY HEKOTOPbIE MTULBI M 0a00UKU BUISIT HEBUAUMbIE (HE OILILY-
1IaeMble) IJIsI HAC 1IBeTa, MMesl APyTrue BUIbI TUTMEHTOB [27].




TOM, a TOUHEe, C UHAUBUAYAJTbHBIMU OCOOEHHOCTSIMU
COOTBETCTBYIOILIMX HEMPOHHBIX LICII€i, KOTOPHIE U SIB-
JISTFOTCSI TIpeIONpeAeIsIOnIeid MaTepraaIbHOM OCHOBOM
cyobekTuBHOCTH [28]. Tak, U3BECTHO, UTO €CTh JIIOAU,
KOTOpBIE JIy4llle pa3janyaloT OTJIWYMS B I[BEeTaX, 3ara-
Xax, 00sagaloT 0ojee TOHKUM MY3bIKAJIbHBIM CIYXOM
U T. 0. Byayr au oTu sHepreTuyeckre peKOHCTPYKLIMU
B MO3T¢ 4eJI0BeKa ITOJJTHOCThIO COOTBETCTBOBATH JIEiic-
TBUTENbHOCTH? OTBeT omHO3HauHBIN: HeT! Tak Kak
J100ast KOMusl, a SHepreTuyeckass peKOHCTPYKUUS U
€CTh KONMsSI, HUKOIIAa HE COBIIQAAeT C OPUTHHAJIOM.
A y Ipyrux BUAOB KMBOTHBIX? O4eBUOAHO, YTO 3TU
OLLYIIECHMST MOTYT ellle OOJIbIIIe OTNYATHECS B CBSI3M C
BO3MOXXHEIMM OTIMUMSIMH (CM. paHee) B mpeoOdpa3o-
BaHMSIX CUTHAJIOB U SHEPTeTUUECKUX PEKOHCTPYKLIMSIX
B MX MO3TE.

TakuM 006pa3oM, HallIM OLLYIIEHUS HE MOJHOCTHIO
OTpaxaloT IeHCTBUTENbHOCTD, a JIUIIb MTPUOIUKEHHO.
ITo MHeHMIO aBTOpa, HECMOTPS Ha TO YTO COIJIACHO
c(hOpMYIUPOBAHHOMY MPUHLMUNY (HYHKIMOHUPOBA-
HUSI MO3ra npeodpa3oBaHMii CUTHAIOB U SHEPreTuyec-
KHUX PEKOHCTPYKLMIA CTAHOBUTCS B OOILLEM IMOHSITHO,
YTO TaKOE€ OLIYILIEHUs YeJIOBeKa, UX TOUHOE OIMCAHUE,
KaK ¥ CO3HaHMUS, — HEBO3MOXHO TaKKe MO aHaJIoruy-
HBIM TIpUYMHaM [7].

Xapakrtep 00padoTKu MH(GOPMAIME B MO3Te
M IPHPOIBI KUIHH

PaCCMOTpI/IM HECKOJIbKO Ba>XHBIX BOITPOCOB.

Bonpoc 1. Heasemcs yughpoesoti uru ananroeoeoi 06-
pabomka uHgopmayuu 6 mosee?

Cpa3y xe oOparuMmcsd K Kimaccuke. Tak, eie
Ix. don Heitman mucan [29]: "CambIM Hemocpenc-
TBEHHBIM BBIBOJOM M3 HaOJIONEeHUs 3a paboToil He-
PBHOI CUCTEMBI SBJISIETCS TO, YTO €€ IeSITeIbHOCTh
HOCUT prima facie (Ha nepBblii B3MIs1a) TUPPOBOI Xa-
pakTep". DTU CI0Ba BEJIMKOTO YYEHOIO IIPUBEIN DS
CMELMAIUCTOB K BbIBOAY O TOM, UTO 0OpabOTKa WH-
¢dopmaly B MO3Tre YejioBeKa HOCUT L1(pOBOM XapakK-
Tep. MOXHO JIUIIB B 3TUX CIIy4asix COXaJIETh O TOM, UTO,
BO-TIEPBBIX, HEBHUMATEJILHO TIPOYNUTAHO CaMO TIPEIIO-
KeHue (ynyleHo "prima facie (Ha nepBbIii B3MISIA)"), a
BO-BTOPBIX, aBTOP MTOPEKOMEHIOBaJI OBl BCE XXe BHU-
MaTeJbHO MPOYECThb 3Ty JeTeHAAPHYIO KHUTY 10 KOH-
1a. B yacTHoCcTH, AOCTaTOYHO MPUBECTU APYTYIO 1IU-
TaTy u3 pasmena KHuru "LludpoBeie M aHAIOTOBBIC
YacTH HEPBHOW cucCTeMbI', a uMeHHO [29]: "4 xouy
CKazaTh CIIeAyIOIIee: MPOLEeCChl, TPOUCXOISIIINE B He-
PBHOI CHCTeMe, MOTYT MHOTOKPATHO, KaK ST yXe OT-
Meuas, MEeHSITh CBOU XapakTep ¢ LU(ppoBoro Ha aHa-
JIOTOBBIN M 00OpaTHO Ha LM@pPOBOI U T. A." Yausie-
HHE M BOCXHUILEHUE BBI3BIBACT TO, YTO CBOM aHaIM3
Hx. ¢on Heitman ony6aukoBan B 1958 roay!

HMmMeronecss Ha HACTOSIIMKA MOMEHT BpPEMEHU
CBEJCHUSI MO3BOJISIIOT TOAAEPXKATh TOUKY 3pEHUs
IIx. ¢oH HeiiMaHa v cienath OAHO3HAUYHBIN BBIBOJI, ITO
paccMaTpuBaeMbIM BOIIPOCaM.

Bynem paccMaTpuBaTh OIMH M3 CAMBIX CJIOXKXHBIX
peXMMOB pabOTBI MO3ra — OCO3HAaHHYIO O0pabOTKy
CEeHCOopHOU MH@opMalu (cM. paHee). Oka3bIBaeTcs,
YTO MPUHLIMITUAJIBHO BaxKHbIEe LMMPOBBIC 1 aHAJIOTO-
BbI€ COCTaBJISIIOLIKE 00pabOTKKU MH(pOpMALIMKU B 3TOM
cllyyae UMEIT MECTO He TOJIbKO Ha MUKPOCKOIUYEC-
KOM, HO ¥ Ha MaKpOCKOIIMYECKOM YPOBHSIX.

Ha mukpockonuueckom ypoene. MOXHO HalTH
MHOTO HIM(MPOBBIX U aHAJIOTOBBIX COCTABJISIOLINX TPU
aHanu3e PYHKLIMOHUPOBAHUSI HEMPOHHBIX LieTei MO3-
ra Ha 3TOM ypoBHe. Bpiiesnto Bcero JIMIIb ABa MOMEH-
ta. Byactu I [7] oTMeuanock, 4TO KJIFOYEBHIMU aKTUB-
HBIMU BJIEMEHTaMU B 3JEKTPUYECKUX (HEHPOHHBIX)
LIETSIX TIEPBOrO TUMA SIBJISIIOTCSI MIOHHBIE KaHaJbl, T. €.
HBMC, paboraloline Mo MPUHLUNY: OTKPBIT — 3a-
KpPBIT, T. €. U poBoMy. B To e BpeMsi B XUMUYECKUX
CHUHAIICaX MPUHLMUITMAIBHO BaXHbI IU(h(Y3MOHHBIE
MpoLEeCcChl, T. €. peaiu3yeTcsl siBHasl aHaAJIoroBasi Co-
crapisiontas. [1pu aToM, Kak oTMeuajaoch paHee, UMe-
IOT MECTO PEryJsipHble TTPpeoOpa3oBaHuUsl CUTHAJIOB U3
9JIEKTPUYECKUX B XMMUYECKHE, U HA00OPOT.

Ha makpockonuueckom yposne. B uienom, pabora
cucTeMbl 1 ¥ cUCTeMbl 2 BHIISIAUT HEMPEePbIBHON (110
coupanu [7]). OmgHako mepexom OT OMHOM KON
HEPOHOB K Apyroi (cM. paHee) HOCUT SIBHO JMCK-
peTHBINM xapakTep. TakuMmu Xe, IT0 KpaliHeil Mepe, SIB-
JISTIOTCSI CMEHA HaIpaBJIeHUI MbICTUTEIbHOMI NesITeb-
HOCTH, BBIXOJ ITOACO3HATEIBHBIX IIPOIIECCOB Ha ypO-
BeHb OCO3HAHUs, T. €. MepexoJbl OT OJAHOIO BUTKA
CIUpau K apyromy (cM. [7]).

CrenoBaTesIbHO, MbIILIJICHUE SIBJISIETCS HEMPEpbIB-
HO-JMCKPETHBIM TPOLIECCOM, a 00paboTKa uHdopma-
LIMM B MO3re HOCHUT B LIEJIOM MepapXMUecKMil xapak-
Tep, COUETAIOIINI KaK aHAJIOTOBBIE, TaK W UM POBLIC
KOMITOHEHTHI.

Bonpoc 2. Heasemcs yughposoii uau ananoeo8oi npu-
poda xcusHu?

DTOT BONpPOC — Oosiee OOIIUil, YeM CBSI3aHHBIN C
HUM pacCMOTPEHHBIN, Oosiee yacTHhI Bompoc 1. ITo-
MbITaEMCSI OTBETUTb M Ha 3TOT BOMPOC, TaK KaK B Ha-
CTOSIIIIee BPEMsI OH BBI3bIBAET BCE OOJBIINI MHTEpeC
(cm., Hanpumep, [30]).

"[leHTpanbHasi AOrMa MOJIEKYJISIPHON OMOJOrUU
1aCUT O TOM, YTO MH(pOpMalUs B KJIETKE MAET OT
HOHK uepe3 PHK k 6enky, u 6onee Hukak" [9]. U3-
BECTHO TaKXe clieayolee BbickadbiBaHue P. JlIokuH-
3a: "Ecnu cyMMUpOBaThb MOJIEKYISIDHYIO TE€HETUKY
OIHUM CJIOBOM, 5 ObI ckasan "mudponas™” [31]. ITo-
JIOOHbBIE B3MJISIABI MPUBOIST CIELMAIMCTOB K IOITY-
JIIPHOMY B HACTOSIIIEe BPeMS BEIBOAY O TOM, UTO TIpHU-
pona Xu3Hu — uudpoBas.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 9, 2019 561



OnsaTh ke o0paTUMCS K KJIaCCUKe — JIeTeHIapHOI
kHure JIxx. don Heiimana, a umeHHo [29]: "Camu re-
HBI, OYEBUIHO, SBJISIOTCS YacTIMU IIUGPOBOI CUCTE-
MBI KOMITOHEHTOB. OIHAaKO WX IEHCTBHS COCTOSIT B
CTUMYJIMPOBAHUM OOpa30BaHMUS OCOOBIX XMMUYECKUX
BEIIIeCTB, a UMEHHO OTIpeleIeHHBIX 9H3MMOB, CBOMCT-
BEHHBIX JTAHHOMY T€Hy, M TO3TOMY NpHHAIIEXKAT K
aHajoropoii objgactu". CerogHsi MOXXHO YCUJIUTb U 3Ty
TOYKY 3PEHMS BEJIMKOTO YIYEHOTO C MPUBJICYEHUEM YC-
TaHOBUBIIIETOCST HAYYHOTO HAIIPaBJICHNUS, B YaCTHOCTH
SIUTeHETUKU. "DIUTeHEeTUKA: U3yUyeHUEe DKCIIPECCUU
TeHOB IO/ BIUSTHUEM OKpYyKatoleit cpeabl. OTKPBITHE
aJIbTepHATUBHBIX OMMCAHHBIM B LIEHTPAJbHOU HOrMe
ImyTeil mepegayn WHGOPMALMM MHOTIA Ha3bIBACTCS
TpeThell Orosornyeckoi pesoaonuein” [9].

CrenoBaTeIbHO, I B 3TOM BOIIPOCE aHAJIOTOBAs CO-
CTaBJIsSIIONIAsl, CBSI3aHHAsI C BJAUSIHUEM OKpYXXarollei
cpenbl, UMeeT MPUHIMITHAIbHOE 3HAYeHHE.

B kauecTBe mocienHero apryMeHTa oTMeuy cleay-
touiee. CorlacHO caMoOil MOIIIHOM COBpEeMEHHON u-
3UYECKOM TEOPUM — KBAHTOBOM MEXaHMKE — XOPOIIIO
M3BECTHO, YTO BO3MOXHBI TPM BUIA CIIEKTPOB (DU3U-
YeCKOM BEJIMYMHBI, 4 UMEHHO: 1) TUCKPETHHIN; 2) CO-
CTOSIIIUI M3 OTHEJAbHBIX IOJOC; 3) HENpepbIBHbIM.
DTHM KBaHTOBas MeXaHMWKa KOPEHHBIM 00pa30oM OTIIH-
YyaeTcs OT KJIACCUYECKOM (U3MKU, B KOTOPOW JOMycC-
KaeTcs TOJBKO HEeNPEePBIBHEIN BUI crieKTpa. [losToMy
aBTOp cuuTaeT, uto Ilpupona, peaausys XU3Hb, B TOM
YHUCcie YeloBeKa, MCIOoJb30Baja BCe OOTaTCTBO BO3-
MOXHOCTEM.

Ilo M3M0XEHHBIM TIPUYMHAM OKOHYATEJIbHBIM WU
OMHO3HAYHBLIN OTBET Ha IBa TOCTABJICHHBIX BOIIPOCA:
"Xapaxmep kak 00pabomku uHgpopmayuu 6 mosee 4eno-
6eka, max u npupoodsl JHCU3HU — 0OWULl, M. e. AHAN020-
uugposoit!”

PaccmoTperHBIe BOIIPOCH MMEIOT TTPWHIIMITAAIb-
HOe 3HaueHUe, 1o KpaitHeil Mepe, 1151 IByX OYeHb UH-
TepECHBIX MpobJieM: 6ecCMepTUsl U CO3MaHUsI CBEPX-
pasyma.

B vactu I [7] oTMeuasioch, YTO KONMMPOBAHUE CO-
3HAHMS YeJ0BEKa MOXET pacCMaTpUBAThCSI KaK CBOe-
00pa3HbIil BapuaHT ero oeccMmeptus. M3 npeabiayiie-
IO CTAHOBUTCS TTIOHSTHO, YTO KOIMMY CO3HAHUS 1IEIeCO-
o0pa3Ho JejaTh Ha aHaJIoro-mugpoBoil (CMellaHHOM!
WIM THOpUIHON) ocHOBe. YTO XKe KacaeTcs co3maHus
cBepxpazyMa (cMm. [23]), To, MO-BUAMMOMY, U 31€Ch
OCHOBHOI JOJDKHA OBITH aHajoro-umudposas, T. €.
ruOpuaHas 3JeKTpoHrKa. He MCKIII0YeHO, YTO TaK Xe
KaK ¥ MO3T YeJIOBeKa, 3TO OymeT opraHmyeckas rud-
pUIHas HAaHOZJIEKTPOHUKA [1—6].

HpOﬁJlEMI)I H HANPaBJICHHA UCCICA0BAHUA COZHAHMUA

OCHOBHBIE IIPOOJIEMBI MCCIEAOBAaHUS MO3ra 4e-
JIOBEKa B 1I€JIOM, CO3HAaHUSI B YAaCTHOCTH, IpexXIe
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BCETO, SBJISIOTCS CJIEACTBUEM €ro (PaHTaCTUIECKOIO
YPOBHSI MHTETpallMKM KaK 00beKTa 3JIeKTPOHUKHU. B yac-
™ I [7] ObL1a maHa BecbMa rpy0asi olleHKa — OKOJIO
10'°...102! akTHBHBIX 2JIeMEHTOB, a MMEHHO: 4HMCIa
kaHamoB M, 1. e. HOMC. K coxaneHuio, Ha HacTosI-
LU MOMEHT BPEMEHU MOXHO YBEPEHHO yKa3aTh JIUIIIb
JMara3oH, B KOTOPOM MOXET HaXOAUTbCS 3TO YMCJIO:

105 < M < 105, (1)

IJIe HUXKHUM TMpeaes COOTBETCTBYET MPUOIU3UTEIBHO
YUCTy CMHAICOB (M3BECTHO, YTO YMCJIO KAaHAJIOB TO-
pa3no OoJIbliIe YKMCiia CUHAIICOB), a BEPXHUIA IIpenest —
o01IeMy 4YMCIy MOJIEKYJl B MO3re 4ejoBeka (00beM
Mo3ra — okosio 10° cM>, a uncio MoJIeKyn Ha 1 oM —
OKOJIO 1022). OTMeuy, YTO TOJIbKO HEJaBHO OIpenese-
HO NpUOJM3UTENILHO CpelHee YMCIO HelpoHOB N B
MO3re¢ HOPMaJIbHOT'O B3pOCJIOTO YeJ0BeKa, T. €. pelle-
Ha Oosee mpocrtas 3amaya. OHO BapbUpYeTCsl MO pas-
HBIM MCTOYHMKAM B auamasone (86,1 + 8,1) - 10° [32].
[MpubausureasHo croiabko xe (85,0...86,0) + 10° -
anbHbIX KieTok [10, 33]. Takum oOpa3oM, peub UAET O
qucne N ~ 101, Onnako 3aMeuy, YTO B TO XK€ BpeMsl
Jaxke HEM3BECTHO YMCJIO TUIIOB HEMPOHOB, KOTOPBIX
10 OlIEHKaM, "HECOMHEHHO, OOJIbIIIE COTHU, a MOXET
OBITH, U OOJbINe THICSTUN” [34]. Bosnee Toro, "HeT ABYX
COBEpIIICHHO OAMHAKOBBIX HelpoHOB" [34]. C cuHam-
caMM CUTyalusl CioXxHee (OOBIYHO YKa3bIBaeTCsl Iua-
Ma3oH 1014...1015). ABTOp yXe He 00CyXaaeT BOIIPOC O
yycaax JIeHIPUTOB, IIUIIMKOB, a Takke MOpdoyoru-
YecKUX (TOMOJOTUYECKHX) OCOOEHHOCTSIX HEMPOHHBIX
Leneil. B cBSI3M ¢ M3/10KEHHBIM KpaliHe CJIOXHO aHa-
JINBUPOBATh OOBEKT JIEKTPOHUKU, B KOTOPOM HEM3-
BECTHBI JaXe YMcCja OCHOBHBIX CTPYKTYp, @ B TO Xe€
BpeMsI OHHM TO-HACTOSIIEMy acTpoHoMuYeckue. [1pu
5TOM HE€ BBI3BIBACT COMHEHMS, YTO PEXUMBI PaOOTHI
MO3Tra, B KOTOPBIX peaau3yeTcsl OCO3HAHUE, SIBJISIOTCS
caMbIMHU CIIOXHBIMHU (cM. [7] u paHee). He cienyer 3a-
ObIBaTh O BO3MOXXHOCTM MHOXECTBA OTJIMYAIOLLIMXCS
BapuaHTOB, Jlake B OJHUX U TeX Xe pexumax ¢GpyHK-
LIMOHMPOBaHUS MO3ra. becCropHO yCIOXHSIeT CUTya-
LIMIO U TO, UTO Mbl UMEEM JIEJI0O B MO3Te C PEKOHCTPYK-
LMSIMHM, a He NEeWCTBUTEIBHOCTBIO. Kak mcciaemoBaTh
00BEKT Takol (paHTACTUUYECKOM CIOXHOCTU CO CTOJb
3HAYUTEIbHBIMU HeompeaeneHHocTaMu? Takum obpa-
30M, Mbl uMeem 0eno ¢ 3adayeli epaHOUO3HOU cmeneHu
CAOJICHOCMU NPU UCCAe008aHUU CO3HAHUSA Yenoseka. Kak
Yolce ommeuanoch, MmoyHoe ee peuieHue noAYHUmMs Hego3-
MODICHO.

Tem He MeHee, MoMnbITaeMCs OTBETUTh Ha BOIPOC:
YTO HallO CAeJaTh, YTOOBI 1OCTUYL OoJiee aleKBAaTHOIO
MOHUMAHUS CO3HAHUS?

AHanu3 MO3BOJISIET BbIACAUTD CIEAYIOIIUE OCHOB-
Hble HampaBJeHUS.




Bo-nepBhriX, y:ke oTMeualioch, YTO HauboJiee repc-
MMeKTUBHBIMH JUTSI TaJbHEHIIETO Pa3BUTHUS SBIISTIOTCS
SMIIUPUYECKHNE Teopun co3HaHus. [losroMy mepBo-
CTereHHOe 3HaueHUe UMEIOT Oosiee IIyOOKUe ucche-
JIOBaHUS B HelipoOuonoruu (Heipodu3noaorum, Hew-
POTICHXOJIOTHH M JIp.) M HelipoHaykax B menoM. K co-
KAJIEHUIO, WCCIENOBaHMSI HA HACTOSIIIUN MOMEHT
BpEMEHN 4YacTO XapaKTepU3YIOTCSI OTPHIBOYHOCTBIO,
HEIIOJHOTOM, ITPOTUBOPEUNBOCTBIO, 4 TAKXKE OCHOBBI-
BalOTCSI HA YACTHBIX, OOBIYHO CTATUCTHMYECKHM HEIOC-
TOBEPHBIX, HAHHBIX IJIsI KOHKPETHBIX JIIOAci B He-
6oJIBIIION Tepuon BpeMeHH. B To XXe BpeMsl XOpOIIo
MU3BECTHO, YTO MO3T YeJIOBEKa SIBJISICTCS TMHAMUYHOIM,
MMOCTOSTHHO W3MEHSIoIIelicss CTpyKTypoit. Ocrajcs
ellle Psll Cepbe3HBIX HESICHBIX BOIIPOCOB B paboTe MO3-
ra. B yacTHOCTH, pOIU TIMAIBbHEBIX KJIETOK B 00paboT-
ke uHpopmauuu. g aBTopa MOHSITHO, YTO OHU OKa-
3BIBAIOT BIMSHME Ha (PYHKIIMOHMPOBAHWE MO3Ta, TaK
KakK BaXXHbI U151 pabOThl cuHafncoB. HackoibKo BaxkHO
o710 BausHue? He coBceMm siceH Bommpoc ¢ HelporeHe-
30M — INIACTUYHOCTBIO MO3ra BhICIIEro ypoBHs [35].
MHe KaxeTcs, 4YTO 3TU U MHOTHUE IPYyTUe BOIPOCHI
(cMm., Hanmpumep, [9]) MOryT MpernogHECT Hemasible
CIOPIIPU3BI B TOHUMAaHUM (PYHKIIMOHUPOBAHUS MO3ra.

Bo-BTOpEIX, TIPaKTUYECKU BCE COBPEMEHHBIE METO-
Ibl U CPEICTBA 3KCIIEPUMEHTAJbHBIX HCCIIeOBaHUI
MoO3Ta (BU3yaJIu3allni), K COXAJIECHUIO, HOCSAT KOCBEH-
HBII XapakTep U JOCTaTOYHO IPyObl, YTO OTMEUYaIOCh
MHOTHMU CITeIIMaJIMCcTaMU. Tak, JeTaJbHBIM aHaIu3
COBPEMEHHBIX METOIOB BU3yaJlIM3allUM MO3ra JIaH B
pabore [9]. BepmmKr HeyTelIUTENbHBIN: "...HU OIWH
MeToJ He 00J1agaeT HeoOXOAUMBIM MPOCTPAHCTBEHHO-
BpPEMEHHBIM pa3pellieHneM IJIST TIPOCICKNBAHUS €M -
HUYHBIX HEHPOHOB M Jaxe HEOOJBIINX TPYIT HEPB-
HBIX KJIETOK, HaIIpuMep KOJ0HOK B Kope" [9]. [TosTo-
My HEOOXOIMMO VCIIOJTE30BaTh LBl HAOOp METOIOB,
YTO HE BCErJa BO3MOXHO M YCIOXHseT aHanu3. Mc-
MTOJIL3YEMBIH IUTSI KCCIICHOBAHUST CO3HAHMUS METOI MH-
TPOCHEKIUN SIBJISIETCS B OOILIEM-TO KOCBEHHBIM Me-
TOZOM M MMeEET TaKXKe PSII CEPhe3HBIX HEIOCTATKOB.
Hawubosee cyliecTBeHHBIM M3 KOTOPBIX SIBJISIETCS TO,
YTO HCCIEAyeMblii MPOLEecC U COOOIIeHUE O HeM He
TOJILKO pasfelieHbl BO BpEMEHM, HO U TO, YTO IPU CO-
OOLIEHUM MOTYT OBbITh 3a/1€iICTBOBaHbBI YXe Ipyrue 00-
JIaCTU MO CPaBHEHMIO C YYACTBYIOLIUMU B UCCIIEaye-
MOM TIpoIlecce, a TaKKe BIMSIHUE MOTYT OKa3bIBaTh
MOJCO3HATeNIbHBIE Mpolecchl. Bce 3T0 BMecTe MOXeT
MIPUBOIUTE K MCKAXEHUSIM, U B KOHEYHOM HTOTe K
apredakTaM, YTO OTMEUaJloCh, B YACTHOCTHU, B paboTe
[13]. B ocHOBHOM TakxKe MCCJIEIyeTCsl IPOLECC 3pU-
TeJIbHOTO Oco3HaHus. OUeBUIHO, YTO CYLIECTBEHHBIE
OTJIMYMS MOTYT BO3HMKATh B IPYTUX BUAAX OCO3HAHMSI.
Bce aT0 TpeOyeT ouyeHb TILIATEJbHON MHTEPIpeTaLuu
MMOJTy9aeMbIX Pe3yJbTaTOB, pa3pabOTKM CIIeIIMATbHBIX
MeToJ0B 00paboTku uHpopmauuu. llepcnexkmuagy ois

KAueCmeeHH020 YAVHUIeHUS IKCNePUMEHMANbHbIX MemO-
006 uccaedo8anus mo3ea asmop eudum, npedicoe 6ceeo,
6 UCNOAb306AHUU HAHOINEKMPOHUKU, HAHOMAMEPUAL08,
HAHOMEXHO0A02Ull U HAHOHAYK 6 yeaom [28]. DTo TeM 6o-
Jiee BaXKHO, 4TO MpH co3naHuu Moara [Ipuponaa nHTeH-
CHBHO UCMOJIb30Bajia HAHOOOBEeKThI [28]: rensl, JJHK,
PHK, nHeiipoMenuaTopsl, O€JIKA U ApP., a cCaM MO3T —
00BEKT OPraHMIECKOI TMOPUIHON HAHORJIEKTPOHUKH.

B-TpeTbux, yumThIBasi KOCBEHHBINM, TPUOIIKECH-
HBII XapaKTep BCeX METOAOB 9KCIIEPUMEHTAIbHBIX UC-
CJIeMOBaHWI MO3Ta, HEOOXOIUMBI CEPhE3HBIC YCUITHS
MO Pa3BUTUIO TEOPUIl CO3HAHUSI, COOTBETCTBYIOLIUX
METOIOB MaTeMaTUYeCcKOro MomeanpoBanus. Coriac-
HO aHajM3y COBPEMEHHOIO COCTOSIHWSI Pa3BUTHS I10-
HUMaHUs CO3HAHWSI, TTO-BUAMMOMY, IIPHUOPUTET HOJI-
>X€H OBbIThb OTHaH 3MIMPUYECKUM TeopusM. MMeHHO
OHM, CyIS IO BCeMY, IPABUILHO OIMCHIBAIOT XOTsI OBI
HEKOTOpbIe acmeKThl co3HaHus. He Oyaem, omgHako,
3a0bIBaTh O OOJIBIIOM pPa3HOOOpa3uu CO3HATEJIbHOI
JIEeATeTbHOCTH, UCKITFOUNTETEHOM CTETIEH! CIIOXKHOCTH
3agayM (cM. paHee). [j1s1 MaTeMaTUYECKOro MOAEIU-
pOBaHUSA TIEPCIEKTUBY TIPEACTABIISIET pa3paboTKa
MHOTOYPOBHEBBIX CXEM M PEATM3YIOIIMX UX CUCTEM,
OJIMH 13 BapMaHTOB KOTOPBIX OMucaH B padoTtax [1, 2]
B paMKax MpPeanoJ0XEHUIN ITOJHON 3JIEKTPOHHON UH-
TeprpeTauy (GyHKIMOHNPOBAHMS Mo3Ta. BaskHBEIM B
9TOM CJIyvae SIBJIIeTCSl CBOMCTBO OTKPBITOCTH TOIXO-
JIa, BOSMOXXHOCTD y4YeTa BIUSTHUS Pa3INIHBIX (PaKTo-
poB, oObeaMHEHUs1 ¢ OpyruMu noxxonamu [28]. Tak
KaK OCHOBHBIMM aKTWBHBIMHM 3JIEMEHTAMHM B MO3Te,
KaK OOBEKTe DJEKTPOHUKU, SIBJSTIOTCS KaHaJbl, T. €.
HBMC, To mcrmonbp30BaHUE CIOXHBIX KBAaHTOBO-MeE-
XaHWYECKUX METOJOB, MO KpaiiHeil Mepe Ha HUXKHUX
HepapXuyeCcknX ypoBHsIX, OyaeT obs3aTebHbIM [1, 2].
B mo6oM ciiyyae HeoOXOAMMO YYMTHIBATh, YTO pac-
cMaTpuBaeMas IpodjieMa OTHOCUTCS K TpyITHOpPeIIae-
MbIM 3amayaM Kiacca NP B MaTeMaTuyeckoM CMBbICIIEe
[1, 2]. YunuTbiBasg rpaHIMO3HbIE YUCIA HEUPOHOB N U
HOMC M B Mo3re yejioBeKa, IepPCIeKTUBHBIM OyaeT
TaKXe pPa3BUTHE CTATUCTUYECKHUX METOIOB aHaJM3a
[1, 2] u cuHepreTuyeckoro noaxona [36]. Bciedcmeue
cRoJICUBLUETICS CUMY QYUY BAJICHBIM HANPABAEHUEM CAedy-
em cuumams paspadomKy KOMHAEKCHbIX N00X0008 Uc-
caedosanusn moszea [1, 2] Ha ocHose ucnoab30eaHus Kak
OMAUYAIOWUXCST IKCHEPUMEHMANbHBIX Memo008, maK U
DA3HO0OPA3HBIX MeM0008 MaAmemMamu4eckKoeo mModeaupo-
eanus. Ilpu smom mMoxcHO npuesekamo paziuyHsvie meo-
pul QYHKUUOHUPOBAHUS MO32q.

M nocnenHee, HECMOTps HA BaXKHOCTb MCCJIeI0Ba-
HUS CO3HAHUS YesOBeKa IUISI CaMbIX Pa3INIHBIX 00-
JlacTed HayKW, TEXHUKU WM IPYroil JesATeIbHOCTU, HE
cJemyeT 3a0bIBaTh, UTO TIPUOPUTETHOE HAIIpaBICHUE —
BO3MOXHOCTb BOCCTAHOBJIEHUSI CO3HAHMSI y JIIOJEH,
KOTOpBIE €ro TepsTIoT Mn yxke morepstii. K coxarne-
HUIO, YCIIEXU 3[1eCh KpaliHe He3HauuTe bHbl. Onpene-
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JIEHHBIE HaIeXXIbl B HACTOSIIIEe BpeMs TTOAAI0T KOMII-
JIEKCHBIC BMIIMPUYECKNE METOAUKU, HalpuMep Mpo-
tokosl ReCODE mis1 neuenust 6one3Hu AjblreiiMmepa
[37] n HekKoTOpBIE APYrMe METOAUKM BOCCTAHOBJICHUS
psna dyHkumit mosra [38, 39]. BaxHbIM B 3TOM Ha-
MpaBJeHUHU J0JKEH ObITh 00sI3aTeIbHBIN yUeT 0COOEH-
HOCTeH MauuMeHTa, T. €. MHIUBUAYAIBHOTO XapakTepa
HEMPOHHBIX LENeil U OPYIrUX OTJIMYUIL €ro Mosra oT
HopMBbI. Oco0yI0 TepCIeKTUBY aBTOP U 3[1€Ch BUAUT B
KCIIOJb30BAHUM BO3MOXHOCTE HAaHOBJEKTPOHUKMU,
HaHOMAaTepuaaoB, HAHOTEXHOJIOTUI U HAHOHAYK B 1Ie-
JioMm [28]. ['MaBHBIM HallIMM COIO3HUKOM B 3TOM CaAMOM
TPYAHOM HampaBIeHUM UCCIeIOBaHUS OyaeT yIuBU-
TeJIbHasI TIaCTUYHOCTh MO3ra, T. €. OH caMm [28].

3aKkmouenue

bonee netanbHBI aHaNIU3 Mpoliecca OCO3HAHHOM
00pabOTKU CEHCOPHOI MHGbOPMALIMKY TTO3BOJINI ChHOp-
MYJIMPOBATh TJaBHbI MPUHLIUIT QYHKIIMOHUPOBAHUS
MO3ra — MnpeoOpa3oBaHUsl CUTHAJIIOB U DHEPreTuyec-
KHUX peKOHCTpyKI1uii. Ha aToit ocHOBe npoaHaiu3upo-
BaH OIMH U3 CaMbIX TPYAHBIX BOMPOCOB, OOBIYHO CBSI-
3bIBa€MbIX C CO3HAHUEM, — KBaJIua, T. €. YyBCTBEHHbBIX
oulyleHui yeaoBeka. [lokazaHo, YTO YYyBCTBEHHbIC
OLIYILIEHUSI SIBJISTIOTCS] SHEPreTUUECKUMU PEKOHCTPYK-
LIMSIMU B MO3Te YeJIoBeKa MPU BOCHPUSTUM COOTBETC-
TBYIOLLIMX 00beKTOB. Kak 1 mo0ble Apyrue KOM1uu, OHU
HE MOTYT MOJIHOCTbIO COOTBETCTBOBATh ACHCTBUTEb-
HOCTH.

PaccMmoTpeHsbl LIMPOKO AebaTUupyeMble B IUTEpaTy-
p€ BOIIPOCHI O XapakTepax o0paboTKu MHPOPMAIUU B
MO3Te U TIPpUPOIHI KU3HU. M3 TpeX BO3ZMOXHBIX Bapu-
aHTOB JJIsI KaXJ0TO M3 BOMPOCOB MPUBEIEHBbI apry-
MEHTBI B MOJIb3y TOTO, YTO 3TOT XapakTep U B TOM U B
JIpyroM ciy4dasix — o0lIMi, a UMEHHO: aHaJIoro-1ud-
poBoii. OTMe4YeHO, YTO 3TU BOMPOCHI UMEIOT MPUHILIU-
NYaJIbHOE 3HAYEHME I IBYX IPOOJIeM: UCKYCCTBEH-
HOro OeccMepTHsl U CO3AaHUsI CBepXpasyMa.

BoiaeneHbl OCHOBHbBIE MTPOOJIEMBbl U MIEPCTIEKTUBbI
WCCIe0BaHUs CO3HaHUs uvejoBeka. [loguepkHyTO,
YTO OHM, IJIaBHBIM 00pa3om, ompenessitorcs ¢dpaHTac-
TUYECKMM YPOBHEM MHTErpaliMyd Mo3ra Kak oObekTa
OpraHUYeCKON TMOPUAHON HAHO3JIEKTPOHUKHMU.

OcHoBHag olMOKa Mpu CO3MaHUU MHOTUX TEOPUit
CO3HaAHMS, CYAd 10 BCeMy, 3aKJT0Uajaach B IIOMCKE He-
KOTOpOM cTaHOapTHOU cxeMbl ero peanuzauuu. Ilo
MHEHMIO aBTOpa, B ACHCTBUTEIBHOCTH €€ TIPOCTO HET,
a BOT IJIABHBIA MPUHLMIT (YHKIIMOHUPOBAHUSI MO3ra
€CTh, a UMEHHO: TTpeoOpa3oBaHMUs CUTHAJIOB M DHEP-
reTUYECKUX PEKOHCTPYKUUI. B nenom, pabora mosra
XapakTepMU3yeTCsl OrPOMHBIM pa3HooOpasueMm. [maB-
HBIM € HeJOCTAaTKOM W OJHOBPEMEHHO HOCTOMHC-
TBOM MO3Ta, TIOXaJyi, SIBJIIeTCS TO, YTO OH IpUOJI-
>KEHHO OTpaXaeT AeUCTBUTEIbHOCTb. [T03TOMY Helb3s
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CMOTpPETh Ha MO3I' KaK Ha CTaHAAPTHBIA OOBEKT, OC-
HOBBIBasICh IIPpYM 3TOM Ha HEKOTOPHIX OTPBIBOYHBIX
YaCTHBIX JaHHBIX. M HAMBUAYaTbHOCTD 3[1€Ch IPUHIIN-
MMAAJIbHO BaXkHa, HECMOTPSI Ha 0O11I1e TIPUHIIUIILI ITOC-
TPOEHHUS MO3ra, 1o KpailHel Mepe, HOPMaJIbHBIX JIIO-
nmeit. BMecTe ¢ TeMm, O4eBMIHO, YTO 3TO U HE MOIJIO
OBITh MHAYE, YYUTHIBasI (paHTACTUYECKUI YPOBEHDb UH-
Terpaliy MO3ra KaK OO0beKTa 3JEKTPOHUKM, a TaKXkKe
0CO0EHHOCTU MO3ra Kaxaoro yenoBeka. I1o uzmoxeH-
HBIM IpUYMHAM HU CO3HAHWE, HU KBaja HE MOTIYT
ObITh, K COXKAJICHUIO, OMKMCAaHbl U IIPOaHAIM3MPOBaHbI
TOYHO, & MOXET OBITh... K CYACTHIO!

Asmop cuumaem c60UM NPUAMHBIM 00420M GbIPA3UMD
UCKPeHHION npusHamenvHocms moum yuenuyam H. B. Ko-
sometiyesoul, U. A. Pomanosoii u U. 10. lllepbakosoti 3a
Nn0020MOBKY PYKORnUCU pabomvl K newami.

CHmcoK JuTepaTypbl

1. Aopamoe . U. Mo3r kak OOBEKT 3JIEKTPOHUKHU.
Saarbriicken: LAP LAMBERT Academic Publishing, 2012. 80 c.

2. Abramov I. I. Brain as an object of electronics.
Saarbriicken: LAP LAMBERT Academic Publishing, 2013. 76 p.

3. Aopamos U. . Mo3r — 00OBEKT OpraHMYeCcKOW TUOPUI-
HOU HAHOBJIEKTPOHWKMU, WU B3TJsI co cTopoHbl. Yacts I //
Hano- n mukpocucremnuas texamnka. 2013. Ne 1. C. 52—54.

4. Aopamos . 1. Mo3r — 00BEKT OpraHUYECKOil THOpHI-
HOW HAHOZJIEKTPOHWKW, WU B3I co ctopoHbl. Yacts 11 //
Hano- 1 mukpocucremHas trexauuka. 2013. Ne 3. C. 45—53.

5. Aopamo U. . Mo3r — 0OBEKT OpraHUYeCKOM TMOpUI-
HOI HAHOBJIEKTPOHUKM, WM B3IJIsAA co ctopoHsl. Yacts 111 //
Hano- 1 MukpocucremHast rexuuka. 2013. Ne 5. C. 45—54.

6. Aopamos U. 1. Mo3r — 00OBEKT OpraHMYECKOM TMOPUI-
HOI HAHORJEKTPOHMKH, WX B3 co cTopoHbl. Yacts IV //
Hano- 1 mukpocuctemnast texauka. 2013. Ne 6. C. 49—53.

7. Aopamos U. U. Co3zHaHure YesloBeKa, UM BO3MOXHOCTHU
anekTpoHuKu. Yacte 1 // HaHo- 1 MuKpocucTeMHasi TeXHUKA.
2018. T. 20, Ne 5. C. 308—320.

8. Hukomne JIx. I'., Maprun A. P., Bammac b. JIxk.,
®ykc I1. A. Ot HeiipoHa K mo3ry. M.: M3n-Bo JIKU, 2008. 672 c.

9. Cognition, brain, and consciousness. Introduction to
cognitive neuroscience. Second Edition / Ed. by B. J. Baars,
N. M. Gage. Amsterdam: Elsevier, 2010. 658 p.

10. I'azzanmra M. Krto 3a raBHoro? CBoGona BOJIU C TOUKU
3peHust Helipoouosnoruu. M.: Usn-so ACT: CORPUS, 2017.
368 c.

11. Tonndepr D. Ympasnstonmit Mo3r: JIOOHbIe MO, JU-
nepcTBo u umBuam3anus. M.: Cmeici, 2003. 335 c.

12. Tankan JI. [me poxmaercst mHTteiuiekT. M.: Kapbepa
Ipecc, 2015. 256 c.

13. lean C. Co3nanue u Mo3r. Kak MO3r KoqupyeTr MBICIIH.
M.: Kapnepa IIpecc, 2018. 416 c.

14. Kaku M. The future of the mind: the scientific quest to un-
derstand, enhance, and empower the mind. New York: Double-
day Publishers, 2014. 400 p.

15. Revonsuo A. Consciousness. The science of subjectivity.
Hove and New York: Psychology Press, Taylor & Francis Group.
2010. 324 p.

16. Aopamos H. 1. Moa3r yenoBeka — IeIeBp €CTECTBEHHOIM
9JIeKTpOHUKM. [IpoOGieMbl M TMepCrneKTUBbl MCcleaoBaHus //
Marepuanbl MexayHap. Hayd.-TeXH. KOH}. "AKTyaJbHbIe MPO-




OsieMbl paguo- u kuHotexHojoruit", 2017, Poccus, Cankr-Ile-
tepbypr. C. 79—86.

17. Jlypusa A. P. Jlexuuu no obuieit ncuxonoruu. CII6.: TTu-
Tep, 2007. 320 c.

18. Baryes A. C. ®usnonorus BBICIICH HEPBHOM OESATEIb-
HOCTH M CEHCOPHBIX cucTeM: YueOHUK miist By3oB. CII0.: [Turep.
2010. 317 c.

19. Tamacuo A. Tak HaumHaetrcs "s". Mo3r U BOZHUKHOBE-
Hue co3HaHus. M.: Kapsepa Ilpecc, 2018. 384 c.

20. Moar uyenmoBeka. Kak ato paGoraer / mom oOII. pe.
I1. A6paxamca. M. Uzn. ACT, 2016. 176 c.

21. Pamaganapan B. C. Mo3r pacckaseiBaet. Uto menaet Hac
moneMu. M.: Kapeepa IIpecc, 2012. 422 c.

22. Kanpeas . B mouckax mamsiti: Bo3HMKHOBEHNE HOBOM
HayKH 0 4yejoBevecKkoii reuxuke. M.: Acrpens: CORPUS, 2012.
736 c.

23. AopamoB U. M. Co3HaHKe YesoBeKa, WIM BO3MOXHOCTH
anekTpoHuKu. Yacts 11 // HaHo- 1 MUKpOCcHCTeMHas TeXHUKA.
2018. T. 20, Ne 6. C. 368—384.

24. Komneprosuie T. Mosr ocBoboxneHHbIi: Kak mpenot-
BpPaTHUTb MePerpy3Ku W MCIOIb30BaTh CBOM MOTEHIIMA Ha TOJI-
Hylo Molilib. M.: AnbnuHa ITabnuiep, 2015. 571 c.

25. Jlypua A. P. OcHoBel Heliponcuxosnoruu. M.: W3a-Bo
MTY, 1973. 375 c.

26. Yaamepc . CosHaromuii yM: B monckax pyHIaMeHTalb-
Hoii Teopuu. M.: YPCC: Kuwxuslii aom "JIMBPOKOM", 2013.
512 c.

27. Kappoan II. IMpucnocobutses u Boikuts! JJHK kak ne-
tonuch 3Bomounn. M.: U3n-Bo ACT: CORPUS, 2015. 384 c.

28. AopamoB M. WM. TlepcneKTWBBI WCIIOIH30BaHUS HAHO-
2JIEKTPOHUKY, HAHOMAaTePUaJOB U HAHOTEXHOJOTUI B UCCIIEI0-

BaHUU M MEIMIIMHE MO3ra yenoBeka // HaHo- 1 MUKpocucTeM-
Has texHuka. 2016. T. 18, Ne 1. C. 49—64.

29. Heiiman JIk. BoruvcnutenbHas maiimHa v Mo3r / Ku-
o6epHeTnyeckuii ¢6. Boin. 1. M.: MU30-Bo MHOCTpaHHOI JINTepa-
Typsl, 1960. C. 11—60.

30. ZKu3ub. Ha mepegHem Kpae 3BOJIOLIMOHHON OWMOJIOTUH,
TeHETUKY, aHTPOIOJIOTMM M HayKu 00 OKpyKarolei cpeme /
IMon pen. Ix. bpokmana. M.: M3n-Bo ACT, 2018. 384 c.

31. Bynymee nHayku B XXI Beke. Crenyroiye ISTHIECSAT JIET /
ITon pen. Ix. bpokmana. M.: ACT: ACT MOCKBA, 2008. 255 c.

32. Boctpom H. VickyccTBeHHBIN WHTEIIEKT. DTaIbl. YTPO-
3pl. Crparerun. M.: Maun, MBanos u ®epbep, 2016. 496 c.

33. Xya B. Wimozust "A", wiu Urpsl, B KOTOpbIe UTpaeT ¢ Ha-
MM Mo3r. M.: Bkemo. 2015. 384 c.

34. Xer00en 1. I'nas, mo3ar, 3perue. M.: Mup, 1990. 239 c.

35. Kemnepmann I'. PeBomonnst B rooBe. Kak HOBBIE Hep-
BHbI€ KJIETKM OMOJaXKMBaloT Mo3r. M.: AzOyka-Attukyc, Ko-
JIubpu, 2018. 272 c.

36. Xaxken I'. ITpuHIMIIBI paGoTH rojloBHOro Mosra: CuHep-
TeTUYECKHUIt OAX0 K aKTUBHOCTU MO3Tra, MOBEIEHUIO U KOTHU-
THBHOI nestenbHocTu. M.: TIEP CB, 2001. 351 c.

37. bpenecen JI. Hecrapewoiuit Mo3r: rjiodaibHOe Meau-
IIMHCKOE OTKPBHITHE 00 MCTMHHBIX MPUINHAX CHUXKEHUS YMC-
TBEHHOI aKTUBHOCTH, TTO3BOJISIIONIEE OOPECTH SICHOCTh yMa, XO-
polYIO MaMsTh ¥ CIAacTU MO3T OT Oosie3HU AusblreiiMepa. M.:
BJkcemo, 2019. 304 c.

38. Amen JI. Vi3ameHuTe CBOIT MO3T — U3MEHUTCS U KU3HB!
M.: Dkemo, 2014. 448 c.

39. Ilepamytrep ., Koaman K. 3nopossrii mo3r: [Iporpamma
IUIS yAyYIIeHUs maMsITd U MbliuuieHus. M.: ManH, UBaHOB u
Depbep, 2017. 352 c.

I. I. Abramov, D. Sci., Professor, nanodev@bsuir.edu.by,

Belarusian State University of Informatics and Radioelectronics, Minsk, 220013, Belarus

Corresponding author:

Abramov Igor 1., D. Sci., Professor, Belarusian State University of Informatics and Radioelectronics, Minsk, 220013,

Belarus, nanodev@bsuir.edu.by

Human Consciousness, or Possibilities of Electronics. Part IlI

Received on April 22, 2019
Accepted on May 20, 2019

The phenomenon of "human consciousness" is considered on the basis of the full electronic interpretation of brain functioning
proposed earlier. In the third part of the work, the basic principle of the brain functioning — signal transformations and energetic
reconstructions — is formulated as a result of a more detailed analysis of the process of conscious processing of sensory information;
concept of "qualia”, the nature of information processing by the brain, the nature of life, main problems and trends of consciousness
research are also considered.

In particular, the mode of conscious processing of sensory information was analyzed on the basis of considering a more complete
system: "the brain — other components of the nervous system — the body — the environment". As a result, the main principle of
brain functioning was formulated, namely: signal transformations and energetic reconstructions. Another difficult problem —
"qualia”, i.e. of sensual sensations (experiences), is considered on the basis of the formulated principle. It is shown that sensory sen-
sations are energetic reconstructions occurring in the human brain when perceiving relevant objects, that is, they are material, like
thought and other mental functions. As a result of the consideration of the nature of information processing in the brain and the nature
of life, it is argued that this nature in both cases is common, namely analog-digital. In conclusion, the main problems and trends
of human consciousness research are highlighted. It is noted that they are determined mainly by the fantastic level of integration
of the human brain as an object of organic hybrid nanoelectronics.

Keywords: human consciousness, brain, full electronic interpretation, nanoelectronics

For citation:
Abramov I. I. Human Consciousness, or Possibilities of Electronics. Part 111., Nano- i mikrosistemnaya tekhnika, 2019,
vol. 21, no. 9, pp. 555—574.

DOI: 10.17587/nmst.21.555-574

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 9, 2019 565




Conscious processing of sensory information

Consider first one of the most difficult modes of the
brain — conscious processing of sensory information.
According to the proposed full electronic interpretation
of brain function [1—6], this is one of the variants of the
mixed (third type) modes of the brain. Let us try to clar-
ify what happens in this case, since in Part I [7], in es-
sence, the dominant process in the work of conscious-
ness is considered. In addition to the noted principles
in Part I [7], modern information from neuroscience,
primarily neurobiology (see, for example, [8—14]), was
also used as a basis, as well as being used to construct
empirical theories of consciousness (a good overview is
given in textbook [15]), namely: the global workspace
theory (Baars); the theory of the neural global work-
space (Dehaene et al.); the neurobiological theory
(Crick and Koch); the theory of the dynamic core
(Tononi and Edelman); the information integration
theory (Tononi); the recurrent processing theory
(Lamme); the theory of consciousness as the feeling of
what happens (Damasio) and others. From the author’s
point of view, empirical theories of consciousness rep-
resent the greatest perspective for further development,
since they are based on a serious scientific basis (data
from neurobiology, neuroscience in general), and not
fantasies, i.e. we will continue to analyze the phenom-
enon of "human consciousness" in accordance with the
principle of "Occam's razor" [7].

When detailing the process of conscious processing
of sensory information, strictly speaking, it is neces-
sary to analyze the complete system, namely [7, 16]:
the brain — the other components of the nervous sys-
tem — the body — the environment. Part I [7] noted
that, unfortunately, only an approximate considera-
tion of the phenomena occurring in the complete sys-
tem is possible, so we analyze what is happening at
least as a whole at each of the main stages of the
processing process.

Transformations of information begin from the very
beginning of the process after the signals from the ex-
ternal environment and from the internal organs reach
the receptors of the sensory systems. It is known that re-
ceptors, as a rule, are designed to accept one type of sig-
nals. At the same time, signals entering the body, in-
cluding receptors, can be very diverse [1, 2]: mechan-
ical, optical, thermal, chemical, electrical, etc. In ad-
dition, one should not forget that the location of the
receptors on the human body is of discrete nature. In
this regard, the reduction and decomposition of incoming
information from the environment and internal organs
are carried out immediately. For example, it is known
that for the preprocessing of electromagnetic waves, re-
ceptors are used (more precisely, photopigments, see
below), which are sensitive only to three regions of the
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wavelengths of the optical range, approximately corre-
sponding to a person's ability to distinguish between
red, green, and blue.

So, when does the processing of information begin?
The answer is obvious: right away. This is especially
well understood by the example of electromagnetic
waves, since a person perceives only a narrow spec-
trum of waves in the optical range. Does the body af-
fect this process? The answer is less obvious, but still:
of course. This is primarily due to the fact that the re-
ceptors of sensory systems are located in the human
body, and therefore, they can be influenced, for ex-
ample, by changes in body temperature, diseases,
chemical processes and their changes, etc. It should
also be particularly noted that the sensitivity of the
lower thresholds of sensations from various factors
leading to both increasing and decreasing sensitivity,
for example, depending on the brightness of the light,
individual differences, psychological, i.e. reverse, in-
fluence, interaction of sensations, and many others
(see, for example, [17]).

Thus, when processing sensory signals, it is neces-
sary to take into account the influence of both the en-
vironment, which is obvious, since the incoming sig-
nals come from it and the body. Therefore, an ever
more pervasive opinion, especially among neurobiol-
ogists, about the need to take into account the body
influence on the human mind should not come as a
surprise.

As a result of the receipt of information from the
external environment and from internal organs, its de-
composition into external and internal sensory systems
occurs, the principles of which are well described in
the textbook [18]. After the initial processing, as a
rule, the stimulus of the corresponding modality is
converted into electrical signals. And then these signals
are distributed through the nervous system with con-
stant transformations from electrical to chemical (for
example, in chemical synapses) signals, and vice versa.
Since in this process of information transfer, various
channels (ionic, etc., i.e. nanoelectromechanical sys-
tems (NEMS)) are of fundamental importance [7],
then mechanical processes also have an effect. In oth-
er words, when transmitting information for further
processing to the main information center of a person,
i.e. the brain, there is a constant conversion of signals,
and therefore, their changes (transformations), that is,
generally speaking, pre-processing of information
continues.

After such numerous transformations (reduction, de-
composition, conversion, etc.) of signals, what should
the brain do to reflect reality (in accordance with the
principle of reflection of higher nervous activity noted
in Part 1 [7])? It has to put it all together, i.e. make a
reconstruction of reality in the very same brain! It simply




has no other place. How the brain does it? Let us try to
understand this for the processing of sensory informa-
tion using current and previously noted information
from neuroscience.

The most interesting thing is that after the receipt
of such disassembled information into the brain, the
transformation continues, i.e. a thorough reconstruc-
tion is still far away. In the future, to simplify the anal-
ysis, we will conduct the consideration in accordance
with the full electronic interpretation of brain func-
tion, i.e. to consider neural circuits as electrical cir-
cuits of the first type along which electrical signals
propagate [1, 2, 4, 7].

For conscious processing of sensory information,
three major brain structures are of primary importance:
the trunk, the thalamus and the cortex. Immediately,
I note that other brain structures can also have an effect
in the performance of various mental functions, includ-
ing consciousness. This is also due to the fact that the
brain is characterized by duplication in the work of
neural circuits. It is necessary to ensure the reliability of
the brain. In addition, there is a constant exchange of
information (signals) between different areas of the
brain, neural circuits, and neurons. And all this can be
important! In this regard, it is permissible to talk only
about key structures, main processes. The noted fea-
tures of the brain work lead to numerous possible var-
iants of the brain performing even seemingly the same
mental functions. Therefore, in the following, we con-
sider only a few possible options for processing sensory
information, which, however, will make it possible to
single out the basic regularity, characteristic features,
and dominant processes.

The brain stem, apparently, is important to main-
tain the required level of activation of brain structures,
corresponding to the state of wakefulness. It is also im-
portant to exchange information (signals) with the
cerebral cortex passing through the thalamus, i.e.
roundtrip. The cortex, along with the thalamus, thus
regulates the activity of the trunk, maintaining the
state of wakefulness as a result of cooperative work.
The key value directly for conscious processing of sen-
sory information, as is commonly believed in neuro-
biology (see, for example, [9]), is played by the tha-
lamocortical system (thalamus and cerebral cortex).
The well-known neurobiologist A. Damasio, however,
believes that "the very first manifestations of the psy-
che arise in the brainstem" [19]. Of course, much de-
pends on what is meant. As was shown earlier, infor-
mation processing begins from the very beginning of
the process.

The received disassembled information about the
environment and the body in the brain is further dis-
tributed by the thalamus (a kind of "switch", as it is of-
ten figuratively called in neurobiology) on the maps of

the corresponding sensor systemslz visual, auditory,
tactile, gustatory. The only exception is odor informa-
tion (olfactory system) [12]. It hits the map bypassing
the thalamus. Therefore, the following types of "mem-
ory: visual, auditory, olfactory, gustatory and tactile"
are distinguished [20]. Sensory maps are arecas of the
cerebral cortex in which relevant information is stored
in a disassembled form as a result of the hierarchical
processing carried out earlier, and, apparently, partially
laid down genetically. At present, in general, the areas
of the brain (normally functioning) in which the maps
are located (see, for example, [9]) are defined.

For further consideration, it is important for us to
note the following: "The back part of the cortex con-
tains areas of projections of the main sense organs:
sight, hearing, touch, smell and taste. On the contrary,
the front part includes the regulation of actions, plan-
ning, some functions of working memory, speech and
the like" [9].

Thus, maps of sensory systems and maps of goals,
meanings are divided in the brain significantly. At the
same time, maps of sensory systems are located in dif-
ferent areas of the cerebral cortex.

At first, specialists were extremely surprised by the
following: "the brain uses the same areas to imagine a
scene and see it in reality" [21]. Now this point of view
is recognized by many neuroscientists (see, for exam-
ple, [9, 22]). Consequently, in the processing of in-
coming sensory information, a hierarchical assembly of
information occurs as a result of the passage of elec-
trical signals through neural circuits of the corre-
sponding region of the cortex. This suggests that from
the disassembled information received and previously
deposited (encoded), not only old information can be re-
produced as a result of the passage of electrical signals
(decoding), but also, which especially impresses, the
newly received information, i.e. new! Thus, there is a
flexible assembly of newly received information from
a wide variety of fragmentsz. This reconstructed infor-
mation, unfortunately, is scattered by brain maps, i.e.
it is necessary to continue to unite it, but in a single
whole.

What are such at first sight seeming difficulties need-
ed for? The main point of this is the need for extremely
economical storage of information, both for memoriz-
ing and reproducing old and new information, i.e. sav-
ing the available resources of the cerebral cortex,
which, unfortunately, are limited, and at the same time,

' A more detailed breakdown into sensor systems is given in [18].
And in this case, however, we can talk about the corresponding maps.

2 Recall the pixels in the TV screens and other devices. In the
brain, however, this is much more sophisticated, since it is obvious
that there is no screen in it, and indeed reproducing devices similar
to traditional electronics. Everything is made more universal and more
interesting.
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the brain must and can work reliably for decades. Con-
sequently, we are talking about certain, fairly universal
mechanisms for processing information using electric
(neural) circuits of the first type after it has been pre-
processed at the entrance to the corresponding sensory
systems. As a result of the reactivation of the corre-
sponding neural circuits of the maps of the sensory sys-
tems, coalitions are actually assembled (let's call them
the coalitions of the neurons of the sensory maps) respon-
sible for the reconstruction of certain memories and/or
reality. The case of "and" may correspond to halluci-
nations initiated from outside.

Further more interesting happens. Information from
sensory maps enters the frontal lobes for integration in-
to a single whole. And here there are many different op-
tions. In this regard, we consider only some of the char-
acteristic.

Suppose you are walking down the street. Usually,
everything happens in an automatic (at a subconscious
level) mode, i.e. system 1 is working [7]. In fact, the sig-
nals passing through the combined coalition of neurons
are planning (modeling or prediction) of the situation
[7] (let's call the union of neurons in this case a planning
or prediction coalition), and then the action is initiated
(see fig. 1, p. 313 [7]) and signaling the relevant systems
for execution. I note that according to the neuroscience
data, the action maps are located nearby, i.e. also in the
frontal lobe, which leads to saving interaction time. So
actually, a subconscious action takes place in this case
with a significant time saving, which can be important.
Neuroscientists estimate that such actions require about
100 ms [9].

However, the most interesting thing happens in an-
other case. Suppose that a coalition of neurons, at least
one of the sensory systems, signals danger. For exam-
ple, you saw something dangerous in the process of
walking down the street. In this situation, there is an in-
crease in activation and exceeding the threshold of
awareness, which may depend on many factors, as well
as a kind of resonance with the maps of goals, meanings
in the frontal lobes. It is known that "in the waking state
the prefrontal cortex is the most active" [20], i.e. as if
in standby mode, a kind of scanning of the situation. It
is possible that the corresponding areas (subregions) of
the frontal lobes are additionally activated by signals
from the thalamus, i.e. there is also preparation for re-
ceiving signals from the corresponding sensor map(s).
As a result of this resonant interaction (the process of
self-organization), the reverse (reflected) wave of in-
creased activation begins to go from the frontal lobes to
the sensory maps. This process already requires more
time — according to neuroscientists, about 300...500 ms
and more.

The energy flow passing through this united coalition of
neurons is awareness [7]. 1 note that this coalition of
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awareness, apparently, differs from the coalition of pre-
diction for this case. Increased activation in awareness
is necessary, at least, for the following: 1) the selection
of the "main" coalition of neural circuits and as a result
for the realization of possible corrective actions (see
fig. 2.1, a, and p. 313 [7]); 2) "cutoffs", suppression of
secondary chains, including those associated with other
mental functions that are of little importance in the
case under consideration. It is for this purpose, as it
seems to me, that more numerous connections in the
brain are needed from the top down than from the bot-
tom up. Many neuroscientists are extremely surprised
by this: why; 3) for the possible correction (memoriza-
tion) of both sensory maps, and simultaneously maps of
goals, meanings, and actions in the frontal lobes. Of
course, depending on the incoming information, not
only a "cutoff" is possible, but also interaction with ar-
eas, mental functions provided by brain structures that
are primarily responsible for speech, as well as emo-
tions, motor functions, etc.

To carry out such a conscious activity, a certain
level of activation is needed, which lies in the opti-
mum range for each person. If the activation is below
the waking state, then the normal person is in some al-
tered states of consciousness (ASC) [23], for example,
sleep states. Lower activations are also characteristic
of some mental disorders (dementia, etc.), various
types of coma. At the same time, exceeding the opti-
mal range of activation can lead to epileptic seizures
and other disorders. In addition to the level of activa-
tion, a certain degree of synchronization is also nec-
essary for the passage of this wave through a coalition
of awareness. Considering the fact that the regions of
the frontal lobes and the placement of sensory maps
are located at a relatively large distance in the brain,
in addition to the level of activation, high-frequency
signals characteristic of gamma waves become more
important.

Thus, human awareness is the main dominant process
of energetic reconstruction in the corresponding coalition
of neurons in the optimal range of activation of the waking
state of a normal person. At this point in time, a coalition
of awareness can be only one in the brain, which leads
to the well-known "bottleneck” phenomenon (see, for
example, [13]). The finiteness of the times associated
with awareness leads to another phenomenon — the in-
efficiency of the whole multitasking mental activity
[24], since one has to switch consciousness from one
activity to another (there is a sequential processing).
And it takes about 500 ms, i.e. leads to loss of time to
switch. Thus awareness is also significantly different
from the subconscious activity, characterized by a va-
riety of processes occurring in parallel.

Schematically, the process of awareness is shown in
fig. 2, a (p. 313 [7]). It is clear that it is characterized




by increased energy consumption. Exceptions, it seems,
are such ASCs as, for example, the state of "flow", med-
itation [23]. Once again, "consciousness is, undoubt-
edly, a systemic, integrative property of the human
brain" [7].

In accordance with the above, the main components
of the "spiral" of mental activity [7] are highlighted
when system 1 and system 2 work in the case of the
third mixed mode of brain functioning. In the case of
an internal mode of operation of system 2, the initiation
of an action can be excluded. At the same time, the very
initiation of mental processes, apparently, occurs in the
prefrontal cortex (PFC) (frontal lobes), and then comes
the alternation of coalitions of neuron prediction and
awareness (see fig. 2, b, p. 313 [7]).

Once again, here are just a few possible options for
thinking. A great variety can arise due to the connec-
tion of other brain structures, regular exchange of sig-
nals between different areas, as well as the exit of some
of the parallel subconscious processes to the level of
awareness, and vice versa, leading to peculiar oscilla-
tions, changes in the spiral of mental activity. And fi-
nally, due to the individual characteristics of neural
circuits.

And yet, despite the possibility of a large number of
possible options, while processing of information in the
central nervous system, the regularity is the signal trans-
Jformations and energetic reconstructions. The author re-
gards this regularity as the basic principle of the brain
Jfunctioning.

Consider some interesting and important issues.

The first question: is there a single control center in
the brain? In neuroscience, it is often figuratively called
the "conductor”, "CEQ", etc. Usually these functions
are attributed to PFC (frontal lobes) [9, 11, 25]. In neu-
roscience, there are heated discussions on this topic.
The objections of opponents, as a rule, by neuropsy-
chologists (see, for example, [19]), are based on the fact
that, in cases of PFC lesions, the conscious possibilities
of a person often suffer only slightly.

The author shares the point of view according to
which: 1) PFC — the center of the brain uniting and
scanning the situation, which, as is well known, has
numerous connections with all areas of the brain, as
well as a more developed network of dendrites com-
pared to other structures, and therefore, again con-
nections. All this makes it easier for PFC to perform
the marked functions; 2) PFK actually contains maps
of goals, meanings, algorithms (essentially, this is a
kind of library) of solutions of various tasks, therefore,
it seems that it is finally formed in the brain after all
structures during normal development. In PFC, many
"cells that behave as sensors of the target" have been
detected [12]; 3) the brain is characterized by high

plasticity and, therefore, reliability, therefore, in the
event of damage to some areas, including PFC, other
intact brain areas can assume lost functions, which is
facilitated by an extensive system of connections in the
brain. And this is well known in neuropsychology.
Much, of course, depends on a particular person, i.e.
individual characteristics of neural circuits. So, it
would seem that similar injuries (tumors, strokes, etc.)
in different people can lead to very different conse-
quences [12]: for some people — to catastrophic, and
for others — to none. This behavior, apparently, con-
tributes to the ring nature of the connections of the
neural circuits of the brain’. Is it important in this
case, where is the beginning? In this connection, the
information from work [12] that, when solving five
different cognitive tasks, not only two areas in the
PFC, but also one in the parietal lobe, are necessarily
excited, is also interesting.

Thus, PFC is an important center that performs uni-
fying and initiating functions in the brain of a normal
person, but much can depend on individual character-
istics, type of activity. In particular, such functions
may, apparently, take, at least partially, other areas of
the brain, especially in cases of damage or underdevel-
opment of PFC.

The second question: what happens next? The con-
sidered wave of increased energy activation, which is
the subject of our awareness, is actually the main con-
tent of the so-called working memory. It was evident
that this wave is a dynamic temporarily created struc-
ture and occurs periodically in the waking state. What
happens next, or rather, possible scenarios, is well es-
tablished in neurobiology (see, for example, [9, 14]).
For longer memorization, the information must fall in-
to the hippocampus, which redirects it to different areas
of the brain. "For example, emotional memories are
stored in the amygdala, and words are recorded in the
temporal lobe. At the same time, color and other visual
information is collected in the occipital lobe, and tactile
sensations and movement are in the parietal lobe. At
the moment, scientists distinguish more than 20 cate-
gories of memories stored in various parts of the brain,
including fruits and vegetables, plants, animals, body
parts, colors, numbers, letters, nouns, verbs, proper
names, faces, grimaces, emotions and sounds "[14]. As
a result, sensory maps and PFC maps are constantly ad-
justed, depending on the occurring and conscious
events. At least, an important factor here is also the de-
gree of novelty, as well as often and directly for the
process of awareness in this case.

3 1t should be noted, however, that neural circuits are not even
morphologically equivalent, since they can include different types of
neurons that differ from each other even for the same type (see below).
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Qualia

An interesting and instructive opinion on this issue
was expressed by the well-known neuropsychologist
J. Duncan [12]: "Philosophers who study consciousness
designate the content of various sensory sensations by
the term qualia. They themselves consider qualia as
hard problems, although I see this as something cun-
ning. Indeed, it is customary to call a hard one such a
problem, which we recognize as difficult, but still in-
tend to solve it. I would prefer to call qualia a problem
that so fool us that we don’t even know what its es-
sence is."

The essence of the main problem of psychophysiol-
ogy was briefly formulated by the great Russian phys-
iologist I. P. Pavlov, who asked the legendary ques-
tion: "How does brain matter produce a subjective
phenomenon?" At the same time, how the brain gen-
erates consciousness, the well-known modern philoso-
pher D. Chalmers attributed to hard problems [26].
Here he took the problem of "qualia”, i.e. sensual ex-
periences. In general, opinions on this issue vary in a
very wide range, ranging from total rejection, i.e. just
avoiding the question, and ending up being considered
unsolvable. So the citation given at the beginning quite
well reflects the current general state of the issue in
question, i.e. a certain confusion.

Let us try, however, to deal with this, really difficult,
problem of "qualia", having considered the classic ex-
ample about the sensation of "red" [26].

Let's start from the beginning, i.e. physical funda-
mentals.

"There are two types of photoreceptors: the cones
and the rods... Cones selectively react to color, less sen-
sitive to dull color than rods, and important for detailed
color vision in daylight. Each cone contains one of
three types of photopigments, specialized proteins, sen-
sitive to different wavelengths of light. These wave-
lengths roughly correspond to our ability to distinguish
between red, green, and blue. When light hits a photo-
pigment molecule, the light energy is absorbed, and the
molecule then develops its shape in such a way that the
movement of electric current changes in this photore-
ceptor neuron” [9].

What will happen in the absence of one type of pig-
ments, in particular, corresponding to the red color?
The answer is well known: color blindness, or rather
protanopia — a violation in the red part of the spec-
trum. And such a person will not have the feeling of a
"red" color, i.e. red color will not be perceived by them.
What will a man with protanopia see in this case? The
answer is gray, i.e. another color. Thus, the reduction
(catastrophic in this case) occurred immediately due to
illness. It is clear that it differs qualitatively from the re-
duction in the normal case (see earlier).
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Normal human sight4 is possible only with all three
types of photopigments, conventionally called "red",
"green" and "blue”. It is known that various combina-
tions of colors of the red, green and blue ranges of the
spectrum and allow us to see other colors and tones
(again, remember the color TV).

So, a necessary, but insufficient, condition for a
normal human perception of red, first of all, is the pres-
ence of red pigments. Other necessary conditions for
the perception of red is also the normal development of
a number of other components of the visual system.
Consider this case for a situation of conscious informa-
tion processing (see earlier).

In a normal visual system, the signals are received
as described above for processing in the area of the
sensory map responsible for color, in particular red.
Next, a sensory coalition of neurons responsible for
the red color and perception of the corresponding ob-
ject is assembled. Ultimately, as a result of the passage
of signals through the collected coalition of awareness,
an energetic reconstruction takes place, which corre-
sponds to the sensation of the person of the red object
seen. I note that the passage of signals, the assembly of
the coalition of awareness and energetic reconstruction
occur simultaneously! Thus, the sensation of "red" arises
in accordance with the formulated main principle of the
Jfunctioning of the brain — signal transformations and
energetic reconstructions.

What influences the formation of sensory maps?
Obviously, two factors play a crucial role: experience
and genetics. Genetics leads to the fact that all normal
people have approximately the same feeling of "red", if
there are no serious violations in the acquired experi-
ence. "Approximately" is associated with these same
two factors, namely, genetics and experience, or rather,
with the individual characteristics of the corresponding
neural circuits, which are the determining material ba-
sis of subjectivity [28]. So, it is known that there are
people who better distinguish differences in colors,
smells, have a more delicate ear for music, etc. Will
these energetic reconstructions in the human brain fully
correspond to reality? The answer is simple: no! Since
any copy, and the energetic reconstruction is a copy,
never coincides with the original. How does it happen
for other animals? Obviously, these sensations may dif-
fer even more due to possible differences (see earlier) in
signal transformations and energetic reconstructions in
their brain.

Thus, our sensations do not fully reflect reality, but
only approximately. According to the author, despite
the fact that according to the formulated principle of

4 What a pity that we have only three types of photopigments,
so some birds and butterflies see invisible (not perceived) colors for
us, having other types of pigments [27].




brain functioning, signal transformations and energetic
reconstructions, it becomes generally clear what human
sensations are, their exact description, like conscious-
ness, is also impossible for similar reasons [7].

The nature of information processing in the brain
and the nature of life

Consider a few important questions.

Question 1. Is information processing in the brain dig-
ital or analog?

Immediately turn to the classics. So, J. von Neu-
mann also wrote [29]: "The most direct conclusion
from monitoring the work of the nervous system is that
its activity is prima facie (at first glance) digital in na-
ture." These words of the great scientist led a number of
experts to conclude that the processing of information
in the human brain is digital. It is only possible in these
cases to regret that, firstly, the sentence itself was not
attentively read (omitted "prima facie (at first glance)"),
and, secondly, the author would recommend to read
this legendary book carefully to the end. In particular,
it is enough to cite another quotation from the section
of the book "Digital and analog parts of the nervous sys-
tem", namely [29]: "I want to say the following: the
processes occurring in the nervous system can repeat-
edly, as I have already noted, change their character
from digital to analog and back to digital, etc. " Surprise
and admiration is caused by the fact that J. von Neu-
mann published his analysis in 1958!

The information currently available allows us to sup-
port the point of view of J. von Neumann and to make
an unequivocal conclusion on the issues under consid-
eration.

We will consider one of the most complex modes of
the brain — conscious processing of sensory informa-
tion (see earlier). It turns out that the fundamentally
important digital and analog components of informa-
tion processing in this case take place not only at the
microscopic, but also at the macroscopic level.

Microscopic level. You can find a lot of digital and
analog components in the analysis of the functioning of
the neural circuits of the brain at this level. I will high-
light only two points. Part I [7] noted that the key active
elements in electrical (neural) circuits of the first type
are ion channels, i.e. NEMS operating on the principle:
open — closed, i.e. digital. At the same time, diffusion
processes are crucial in chemical synapses, i.e. explicit
analog component is implemented. In this case, as not-
ed earlier, there are regular conversions of signals from
electrical to chemical, and vice versa.

Macroscopic level. In general, the operation of sys-
tem 1 and system 2 looks continuous (in a spiral [7]).
However, the transition from one coalition of neurons
to another (see earlier) is clearly discrete in nature. The

same, at least, is the change of directions of thinking
activity, the output of subconscious processes to the
level of awareness that is transitions from one turn of
the spiral to another (see [7]).

Consequently, thinking is a continuous-discrete
process, and information processing in the brain is gen-
erally hierarchical in nature, combining both analog
and digital components.

Question 2. Is nature of life digital or analog?

This question is more general than the related,
more specific question 1. We will try to answer this
question, since it is now of increasing interest (see, for
example, [30]).

"The central dogma of molecular biology says that
information in a cell goes from DNA through RNA to
a protein, and no other way" [9]. The following state-
ment by R. Dawkins is also known: "If we summarize
molecular genetics in one word, I would say "digital"
[31]. Such views lead experts to the currently popular
conclusion that the nature of life is digital.

Again let us turn to the classic — the legendary book
of J. von Neumann, namely [29]: "The genes them-
selves are obviously parts of the digital system of com-
ponents. However, their actions are to stimulate the
formation of specific chemicals, namely, certain en-
zymes inherent in this gene and therefore belongs to the
analog domain. " Today it is possible to strengthen this
point of view of the great scientist with the involvement
of the established scientific field, in particular epigenet-
ics. "Epigenetics: the study of gene expression under the
influence of the environment. The discovery of alter-
native ways described in the central dogma of informa-
tion transfer is sometimes called the third biological
revolution™” [9].

Consequently, in this question the analog compo-
nent, connected with the influence of the environment,
is of fundamental importance.

As a final argument, I will note the following. Ac-
cording to the most powerful modern physical theory —
quantum mechanics — it is well known that three types
of spectra of a physical quantity are possible, namely:
1) discrete; 2) consisting of separate lanes; 3) continu-
ous. Thus quantum mechanics is fundamentally differ-
ent from classical physics, in which only the continuous
form of the spectrum is allowed. Therefore, the author
believes that Nature, realizing life, including man, used
all the wealth of possibilities.

For the reasons stated, the final and unequivocal an-
swer to the two questions posed: " The nature of both in-
Jformation processing in the human brain and the nature
of life is common, that is analog-digital!

The questions discussed are of fundamental impor-
tance, at least for two very interesting problems: im-
mortality and the creation of supermind.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 9, 2019 571



Part 1 [7] noted that the copying of human con-
sciousness can be considered as a peculiar variant of its
immortality. From the previous it becomes clear that it
is advisable to make copies of consciousness on an an-
alog-digital (mixed or hybrid) basis. As for the creation
of the supermind (see [23]), then, apparently, the an-
alog-digital should also be the main one, i.e. hybrid
electronics. It is possible that, like the human brain, it
will be organic hybrid nanoelectronics [1—6].

Problems and directions of consciousness research

The main problems of the study of the human brain
as a whole, consciousness in particular, are primarily
the result of its fantastic level of integration as an object
of electronics. Part I [7] gave a very rough estimate —
about 10'...10%! active elements, namely: the number
of channels M, i.e. NEMS. Unfortunately, at the
present moment of time, we can confidently indicate
only the range in which this number can be:

100 <« M < 105, (1)

where the lower limit corresponds approximately to the
number of synapses (it is known that the number of
channels is much greater than the number of synapses),
and the upper limit corresponds to the total number of
molecules in the human brain (the brain volume is
about 103 cm3, and the number of molecules per cm?
is about 1022). I note that the approximate average
number of neurons N in the brain of a normal adult has
been only recently determined, i.e. solved a simpler
problem. It varies according to different sources in the
range (86.1 + 8.1) - 10° [32]. There are approximately
the same (85.0...86.0) - 10° glial cells [10, 33]. Thus, we
are talking about the number N~ 10", However, I note
that at the same time, even the number of types of neu-
rons is unknown, which, according to estimates, "un-
doubtedly, are more than a hundred, and maybe more
than a thousand" [34]. Moreover, "there are no two
completely identical neurons” [34]. With synapses, the
situation is more complicated (usually the range is
1014... 1015). The author no longer discusses the issue of
the numbers of dendrites, spines, as well as the mor-
phological (topological) features of neural circuits. In
connection with the above, it is extremely difficult to
analyze the object of electronics, in which even the
numbers of the main structures are unknown, and at the
same time they are truly astronomical. There is no
doubt that the modes of the brain, in which awareness
is realized, are the most complex (see [7] and earlier).
Do not forget about the possibility of many different
options, even in the same modes of functioning of the
brain. There is no doubt that the situation is compli-
cated by the fact that we are dealing with reconstruc-
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tions in the brain, and not with reality. How to inves-
tigate an object of such fantastic complexity with such
significant uncertainties? Thus, we are dealing with the
task of a grand degree of complexity in the study of human
consciousness. As already noted, its exact solution is im-
possible to obtain.

Nevertheless, let us try to answer the question: what
should be done to achieve a more adequate understand-
ing of consciousness?

The analysis allows us to identify the following main
directions.

First, it has already been noted that the most prom-
ising for further development are empirical theories of
consciousness. Therefore, deeper studies in neurobi-
ology (neurophysiology, neuropsychology, etc.) and
neuroscience in general are of paramount importance.
Unfortunately, research at the present time is often
characterized by fragmentary, incomplete, inconsist-
ent, and also based on private, usually statistically un-
reliable, data for specific people in a short period of
time. At the same time, it is well known that the hu-
man brain is a dynamic, constantly changing struc-
ture. There are still a number of serious unclear issues
in the work of the brain. In particular, the role of glial
cells in information processing. For the author, it is
clear that they affect the functioning of the brain, as
important for the operation of synapses. How impor-
tant is this influence? The question of neurogenesis
(plasticity of the brain of the highest level [35]) is not
entirely clear. It seems to me that these and many oth-
er questions (see, for example, [9]) may present con-
siderable surprises in understanding the functioning of
the brain.

Secondly, almost all modern methods and tools for
experimental studies of the brain (visualization), un-
fortunately, are indirect and rather rude, as noted by
many experts. So, a detailed analysis of modern meth-
ods of visualization of the brain is given in [9]. The
verdict is not comforting: "... no method has the nec-
essary space-time resolution for tracking single neu-
rons and even small groups of nerve cells, for example,
columns in the cortex" [9]. Therefore, it is necessary
to use a whole set of methods, which is not always pos-
sible and complicates the analysis. The method of in-
trospection used for the study of consciousness is, in
general, an indirect method and also has a number of
serious drawbacks. The most significant of which is
that the process under study and the report about it are
not only separated in time, but also that other areas
can already be involved in the report compared to
those participating in the process under study, and
subconscious processes can also have an effect. All this
together can lead to distortions, and ultimately to ar-
tifacts, which was noted, in particular, in [13]. Basi-
cally, the process of visual awareness is also investi-




gated. It is obvious that significant differences may
arise in other types of awareness. All this requires a
very careful interpretation of the results, the develop-
ment of special methods for processing information.
The author sees the perspective for the qualitative im-
provement of experimental methods for the study of the
brain in the use of nanoelectronics, nanomaterials, na-
notechnologies and nanoscience in general [28]. This is
all the more important because when creating the
brain, Nature intensively used nanoobjects [28]:
genes, DNA, RNA, neurotransmitters, proteins, etc.,
and the brain itself is an object of organic hybrid na-
noelectronics.

Thirdly, considering the indirect, approximate na-
ture of all methods of experimental studies of the brain,
serious efforts are needed to develop theories of con-
sciousness, the corresponding methods of mathemati-
cal modeling. According to the analysis of the current
state of development of understanding of conscious-
ness, apparently, priority must be given to empirical
theories. They, apparently, correctly describe at least
some aspects of consciousness. Let us not forget, how-
ever, about the great variety of conscious activity, the
exceptional degree of complexity of the task (see earli-
er). For mathematical modeling, the development of
multilevel simulation approaches and systems imple-
menting them represents a perspective, one of the var-
iants of which is described in [1, 2] within the frame-
work of a full electronic interpretation of brain func-
tioning. Important in this case is the property of open-
ness of the approach, the ability to take into account the
influence of various factors, combining with other ap-
proaches [28]. Since the main active elements in the
brain, as an object of electronics, are the channels, i.e.
NEMS, then the use of complex quantum-mechanical
methods, at least at the lower hierarchical levels will be
mandatory [1, 2]. In any case, it is necessary to take in-
to account that the problem in question is related to the
NP class problems in the mathematical sense [1, 2].
Considering the tremendous numbers of neurons N and
NEMS M in the human brain, the development of sta-
tistical analysis methods [1, 2] and a synergistic ap-
proach [36] will also be promising. Due to the current
situation, the development of integrated approaches to the
study of the brain [1, 2] based on the use of both different
experimental methods and various methods of mathemat-
ical modeling should be considered an important area. At
the same time, various theories of brain functioning can
be used.

And last, despite the importance of the study of hu-
man consciousness for the most diverse areas of sci-
ence, technology and other activities, we should not
forget that the priority direction is the possibility of re-
storing consciousness to people who lose or have al-
ready lost it. Unfortunately, the progress here is ex-

tremely insignificant. Certain hopes are currently being
offered by complex empirical techniques, such as the
ReCODE protocol for the treatment of Alzheimer's
disease [37] and some other techniques for the recovery
of a number of brain functions [38, 39]. Important in
this direction should be a mandatory account of the pa-
tient’s characteristics, i.e. individual character of neural
circuits and other differences of his brain from the
norm. Here, the author also sees a particular perspec-
tive in using the possibilities of nanoelectronics, nano-
materials, nanotechnologies, and nanoscience in gen-
eral [28]. Our main ally in this most difficult direction
of research will be the amazing plasticity of the brain,
i.e. the brain itself [28].

Conclusion

A more detailed analysis of the process of conscious
processing of sensory information made it possible to
formulate the main principle of brain functioning —
signal transformations and energetic reconstructions.
On this basis, one of the most difficult questions, usu-
ally associated with consciousness, is analyzed —
qualia, i.e. human sensations. It is shown that sensory
sensations are energetic reconstructions in the human
brain when perceiving the corresponding objects. Like
any other copies, they cannot fully correspond to re-
ality.

The widely debated in the literature questions about
the nature of information processing in the brain and
the nature of life are considered. Of the three possible
options for each of the questions, there are arguments
that this character in both cases is common, namely an-
alog-digital. It is noted that these questions are of fun-
damental importance for two problems: artificial im-
mortality and the creation of supermind.

The main problems and prospects for the study of
human consciousness are highlighted. It was empha-
sized that they are mainly determined by the fantastic
level of integration of the brain as an object of organic
hybrid nanoelectronics.

The main mistake in creating many theories of
consciousness, apparently, was to find some standard
scheme for its implementation. According to the au-
thor, in reality, it simply does not exist, but the main
principle of the functioning of the brain is, namely: the
signal transformations and energetic reconstructions.
In general, the work of the brain is characterized by a
huge variety. The main disadvantage and at the same
time dignity of the brain, perhaps, is that it approxi-
mately reflects reality. Therefore, it is impossible to
look at the brain as a standard object, relying on some
fragmentary private data. Individuality is fundamen-
tally important here, despite the general principles of
building the brain, at least for normal people. How-
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ever, it is obvious that this could not be otherwise,
considering the fantastic level of integration of the
brain as an object of electronics, as well as the features
of the brain of each person. For the reasons stated,
neither consciousness nor qualia can, unfortunately,
be described and analyzed accurately, or maybe... for-
tunately!

The author considers it a pleasant duty to express sincere
gratitude to my students N. V. Kolomeitseva, I. A. Romano-
va and 1. Y. Shcherbakova for preparing the manuscript
for publication.
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o W3znyuarenu u 371€MEHTbl aHTEHHBIX TPAKTOB

o H3MepeHUs1 B aHTEHHOI TEXHUKE

o MHWccnenoBaHue xapakTepUCTUK PACCESTHUS

o HoBble MaTepuanbl B aHTeHHOI TexHMKe U TexHuke CBY
« PacnpocrpaHeHue paaroBOJH

e AHTEHHBI T€JIEKOMMYHUKALIMOHHBIX cucTeM 5G
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Opranu3anyoHnbie B3HOCHI:
o B3Hoc 3a yuyactue B KoHepeHLIMU B KauecTBe caymarenass — 1000 pyGaeit
o B3Hoc 3a yuacTue B KoH(pepeHLIMU ¢ TIpeacTaBieHueM u nyoaukauuei gokinana — 4000 pyoaeit
o B3Hoc 3a yyacTtue B KOH(pepeHLMU 1151 aCOUPaHTOB U cTyaeHToB — 500 pyOneit
o B3HoC 3a yyacTtue B KOH(pepeHLIMM ¢ IpeAcTaBIeHUeM U MyOaMKalei 1oKJiaaa 1jisl aCliMpaHTOB
u crtygeHtoB — 1000 pyoneit

ITonnas nHpopmanmsa o KoHdpepeHIMN noctynHa Ha caite (http://antennaconf.com).

KoHdepeHuust npoBoautcst npu nopaepxxke Komurera mo Hayke M BbICLIel 1iKosie IlpaBu-
tenbeTBa CankT-IleTepOypra, Poccuiickoro mpencraButeabcTBa KommaHum Keysight Techno-
logies, AO HIT® "ITunonp", MHCTUTYTA NMPUKIIagHONW acTpoHOMUM Poccuiickoil akageMuu Hayk
(MUITA PAH), Caukr-IletepOyprckoii opranusauuu OO01epOCCUICKOI 001LIEeCTBEHHOM OpraHu-
3auuu "Poccuiickoe HaydyHO-TEXHUYECKOE OOIIECTBO PaaAMOTEXHUKHU, DJIEKTPOHUKU U CBSI3U
uM. A. C. ITonosa" (CIITGHTOPSC).

Kondepenuns APP'2019 npoBoautcs

B CaHkT-IleTepOyprcKkom rocyaiapcTBEHHOM
BJIEKTPOTEXHUUYECKOM YHuBepcurere "JIDTHU"
M. B. 1. YibgHoBa (JlIeHnHa), KOTOpbIi
pacnonaraeTcsi B MCTOPMYECKOM YyacTu
Cankr-IlerepOypra BOJIM3U OTENEH,
pECTOpPaHOB, MY3€€B U JOCTOIPU-
MeuaTeJIbHOCTEM.

KonTtakTbi:

Cankr-IlerepOyprckuit
rocy/1apCTBEHHbBIN
3JIEKTPOTEXHUYECKUI
yHuBepcuret "JIDTHU"
M. B. . YibgHoBa
(JIenuHa)

Anpec: 197376, Cankr-IletepOypr,
yi. IIpodeccopa Ilomnosa, 5

KoHTakTHOE JHIIO:
Jwoouna JTroboevs Muxaiinoena

Tenedon: +7 (981) 125-91-85

E-mail: info@antennaconf.com

Anpec penakiyu xypHana: 107076, Mocka, CtpombIHCKUit Tiep., 4. TenedoH penakimu xypHana (499) 269-5510. E-mail: nmst@novtex.ru
KypHnai 3apeructpupoBa B DejiepaibHOI CITyX0e 110 HaI30py 3a COOMI0IEHUEM 3aKOHOIATEIbCTBA B Chepe MACCOBBIX KOMMYHUKALIMIA U OXpaHE KYJILTYPHOTO HACIIEIHSI.
CauzeTenbeTBO 0 peructpauuu [TW Ne 77-18289 ot 06.09.04.
Texnuueckuii penakrop 7. A. lllaykas. Koppexktop E. B. Komuccaposa.
Cnano B HaGop 19.07.2019. IMoanucano B nieyats 22.08.2019. ®opmar 60%88 1/8. 3akaz MC919. Llena moroBopHast
OpuruHan-MakeT OO0 «AnBaHcen comoiH3». Orneyarano B 000 «AnBaHcen commoniH3». 119071, r. Mocksa, JleHnHckuit np-T, A. 19, ctp. 1. Caiit: www.aov.ru
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Pucynku k cratbe A. B. [lepssoxuna, M. I1. Jlyxaosckoro, E. H. Kymuxora, 10. 10. ®emoposa, C. B. Illep6akopa
«MOHOJIMTHAS 3BAMEJVIAIOIINASI CUCTEMA N3 ITOJIMKPUCTAVNIMYECKOT'O AJIMA3A
A1 JIbB MUJVIMMETPOBOI'O TUAITA3OHA JIJIMH BOJIH»

A. V. Deryabkin., M. P. Dukhnovsky, E.N. Kulikov, Yu. Yu. Fedorov, S. V. Scherbakov

«MONOLITHIC SLOW-WAVE STRUCTURE FROM A POLYCRYSTALLINE DIAMOND FOR TWT
OF THE MILLIMETER BAND OF THE WAVELENGTH»

Puc. 1. Jlerans n3 :xene3a 11s rpasiaenns 3C n3 anvasa

Fig. 1. An iron part for etching of a diamond slow-wave structure

Pue. 3. ®parments 3C nocite npenusHoRHOl TazepHOil pe3kn

Fig. 3. Fragments of a slow-wave structure dafier precision laser cutting

Puc. 4. ®parment mianapaoii MonomaTHOH 3C H3 HOMIKPHCTALIHIECKOro aIMa3a

Fig. 4. A fragment of a planar monolithic slow-wave structure from a polycrystalline diamond



Fig. 2. Images of the destroyed aluminum film at various magnifications (HiroxKH-7700 optical digital microscope)

«O®PAKTAJIbHOE PASPYIIEHUE METAJVIN3ALIA
TP CbOPKE MUKPOMEXAHNUYECKNX YYBCTBUTEJIbHbIX DJIEMEHTOB»

Pucynkn k cratbe B. E. Ilayrkmnaa

V. E. Pautkin

«FRACTAL DESTRUCTION OF THE METALLIZATION DURING ASSEMBLY
OF THE MICROMECHANICAL SENSITIVE ELEMENTS»
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Pue. 4. IIpopunorpamma (a) n pororpacus amomuanepoif wienkn (b), moaydennpie Ha yaacTke TmHOH 450 MKkM

Fig. 4. A profilogram (a) and a photo of the aluminum film (b) received on the site with the length of 450 um
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Puc. 2. M306paskenns pa3pyieHHOl IICHKH a/IIOMHHES HPH Pa3/ITTHOM yBeTHICHAN
(omrmaecknii macgpopoii mukpockon HiroxKH-7700)
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Fig. 5. A profilogram (a) and a photo of the aluminum film (b) received on the site with the length of 70 um
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Pue. 5. Ilpodmrorpamma (a) n pororpadus amomuanepoii wieHkn (b), noay1ennpie Ha yiacTke mHOH 70 MKM
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