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KOHTPOJIEITPUTO/JHOCTb CXEM B FPGA-IIPOEKTAX
[TO ITPUSHARY PACCEUBAEMOINM MOIIHOCTHU

Paccmampuearomcsa sonpocvl konmponenpuzoonocmu cxem FPGA-npoexmos, a maxxe 603MOKHOCMb U e~
71ec000pa3HoCmy pacuupenus mpaoutuoHHO UCNOLbIYEMOU J02UUeckol opMbL 00 KOHMPOLenpuzooHocmu
N0 NPUHAKY PACCEUSACMOU MOUHOCIU. AHANUSUPYIOMCSL 0ZPAHUYCHUS JI02UMECKOU KOHMPOIENPU2OOHOCU
cxeM, C8A3AHHOU C MeCMOBbIM U PAGOUUM OUAZHOCMUPOSAHUEM UUPPOSbLY cxem. OmMmeuaromcs 0cobeHHo-
cmu xoumpoaenpuzoonocmu cxem ¢ FPGA-npoexmax u ee docmouncmed, 6axHuie 015 KPUMULECKUX NPU-
noskenuti. Ilpednazaemcs anarumuueckas ouenka npuzooHOCMu cxem K nposedenuro OuazHoCmuposanus
HeUCnPAGHOCMEl, NOGHIUAIOUUX PACCEUCACMYI0 MOUHOCTND, MAKUX KAK KOPOMKOE 3AMbIKANUE, U OP2AHU3A-
yus MoHumopuHed ee npeeviuerus. Ilpusodames pesyivmamot 3KCNEPUMEHIOE NO OUEHKE KOHMPOLENPU-
200HOCIMU CxeM cO8UZOBbIX peeucmpos, umniemenmuposannvix ¢ FPGA-npoexmax.

Kaiouesvie cnosa: xonmpoienpuzoonocms cxem, Jozuueckas gopma, pacceusaemas mougnocmv, FPGA-

npoexmuposanue, KOpomrkoe 3admMvlKanue, MOHUMOPUHe pacceueaemod MOUuwHOCMU, €06uU20601 pezucmp.

Baxxnoil XapakTepucTUKOl COBpeMEHHBIX KOM-
MbIOTEPHBIX CUCTEM M KOMIIOHEHTOB SIBJISIETCS
KOHTPOJIEIIPUTOJHOCTD — MPHUTOJHOCTh CXEM K
KOHTPOJIIO BO3HUKAIONNX B HUX HEUCITPABHOCTEH.
KoHnTposlenpuroiHoCTh CBSI3aHa ¢ BU/IOM BBITIOJIHS-
eMoro KourtpoJis. /s nudpoBbix cxeMm, Kak mpa-
BUJIO, BBITIOJIHSIETCS JIOTUYECKUN KOHTPOJIb, OCHO-
BaHHbBIII HAa TPOBEPKE BBIUUC/ISIEMOTO Pe3yJIbTaTa Ha
HaJmuue B HeM omu6ku. EMy cooTBeTcTBYeT JioTH-
YecKass KOHTPOJIETPUTOMAHOCTD ITU(MPOBOI CXEMBI,
HamboJiee pacrpocTpaneHHass B popMe TeCTOIpH-
TOJIHOCTH, T. €. IPUTOJHOCTH CXEMbI K HAITMCAHUIO
JUIS Hee TECTOB, BBISBJISIONINX HeUcrpaBHocTH [1,
2]. Dta npocras dopma 1oJydnIa pa3BUTUE B Te-
CTOBOM JIMArHOCTUPOBAHUU IIU(PPOBBIX CXEM, KOTO-
pOe BBITIOJHSETCS B TIay3aX (DYHKIIMOHUPOBAHUS 110
HaszHaveHuto. OHa SBJISETCS CTPYKTYPHOI KOHTPO-
JIEMPUTOTHOCTBIO CXEMBbI, TOCKOJbKY ITOJHOCTHIO
OTIPE/IEJISIETCST €€ CTPYKTYPOIA.

B mnpotiecce BbITIOJIHEHUST OCHOBHBIX BbIYUCJIE-
HUI JIOrUYecKasi KOHTPOJIENPUTOHOCTD OKa3bl-
BaeTcs B CYIIECTBEHHOW 3aBUCUMOCTU OT BXO/I-
HBIX JJAHHBIX, TTPUOOpETast CBOICTBA CTPYKTYPHO-
(QYHKIIMOHAJBHON KOHTPOJIEIIPUTOIHOCTH, A TaK-
Ke o6ecrieunBaetr pabouee JUarHocTupoBanue 1ud-
poBbix cxeM [3, 4]. Meroxbl u cpenacrBa paboue-
ro JUAarHOCTUPOBAHUSI IPUMEHUMbBI TIPHU BBITIOJIHE-
HUW OCHOBHBIX BBIYNCJIEHUN C paGOUYNMH BXOAHBIMU
JIAHHBIMY B PAMKaX CTPYKTYpPHO-(PYHKIIMOHAJILHOM
KOHTPOJIENIPUTOHOCTH TU(PPOBBIX CXEM.

Pa3zBuTie KOMIIBIOTEPHBIX CHCTEM B HAIPaBJie-
HUU KPUTHUYECKUX MPUJIOKEHU TPe06Pa30Baio Ux
B MHMOOPMAIIMOHHO-YTIPABJISIONINE CUCTEMBI KPUTH-
YecKOro MpUMeHeHus, KOTOpble B COOTBETCTBHUH C
MEXXIYHAPOJAHBIMYA CTAaHJAPTAMU HAIPaBJEHbI HA
obecrieyeHne (QyHKIMOHAIBHOIN 6€301TaCHOCTH |
caMoil CUCTeMBbI, U 00BEKTa YIPABJEHUS s Tpe-
JIOTBpAIIleHUsT aBapuil, a B cjy4yae MX BO3HUKHO-
BEHUSI — CHIDKEHUS] HaHeceHHOro yiepba [5, 6].
O6beKkTaMu yIpaBJeHUs SBJSIOTCS OOBEKTHI T0-
BBIIIIEHHOTO PUCKA — 3JIEKTPOCTAHIINH M SHEPTOCE-
TH, CKOPOCTHOHN TPAHCIIOPT, pasjiMuHble BUIbI BO-
opyxkeHuil u T. 7. CucreMbl KPUTHYECKOTO TpUMe-
HEHUSI MPOEKTUPYIOTCS J1Jisi PaGOThl B JIBYX PEXKU-
Max — HOPMaJIbHOM U aBapHiHOM, B paMKax KOTO-
PBIX Ha BXOJbI IIU(PPOBBIX CXEM MOCTYIAIOT, B 00-
IeM cJiydae, pa3JjMyHble BXOJHBIE JaHHBIE, TIpe-
o6pa3syolye CTPYKTYpPHO-(PYHKIIMOHAIbHYIO KOH-
TPOJIETIPUTOHOCTD B JIBYXPEKUMHYIO, T. €. pas-
HYIO B 9TUX PeKUMaX. JTO CO3/1aeT npobJiemMy, Kor-
Jla CKPBITbIe HENCITPABHOCTU MOTYT HAKAIJINBATHCS
B HOPMAaJbHOM PEXKUMEe M TPOSIBIATHCSI B aBapuii-
HOM CHIDKEHHEM OTKAa30yCTOWYMBOCTH CXEM, SIBJIS-
IolIelicss OCHOBON (DYHKIIMOHATBHOU 6e30T1aCHOCTH
CHCTEM U KOMITOHEHTOB [7, 8].

Jlost petienust aToit Tpo6IEMbI Ha MIPAKTUKE UC-
MOJIb3YIOT UMHUTAIMOHHDIE TECTOBBIE PEKUMBI, BOC-
co3faione aBapuitHbie ycaoBus. OHU TIOBBINIA-
10T KOHTPOJIETIPUTOAHOCTD CUCTEMBI W KOMITOHEH-
TOB, OJIHAKO CaMO WX HAJUYME TPEJCTABJSET CY-

ISSN 2225-5818

TexHoIOrHsT ¥ KOHCTPYHPOBaHIE B 2JIeKTPOHHON ammaparype, 2019, Ne 1-2




COBPEMEHHDIE 3JIEKTPOHHBIE TEXHOJIOTHUN

MIECTBEHHYIO OMACHOCTh W He pa3 MPUBOAWIO K
aBapWIHBIM CHUTyalllsIM B pe3yJabTaTe HEMCITPaB-
HOCTH WJW HECAHKIIMOHWPOBAHHOTO BKJIOYEHUS
[9, 10]. V3BecTHbI METOABI OIEHKU W YJIydllle-
HUS CTPYKTYPHO-(PYHKITMOHAJBHON W IBYXPEKIM-
HOW JIOTHYECKOH KOHTPOJIETTPUTOIHOCTH T(POBBIX
cxeM [11], oqHaKo OHM UMEIOT CBOU OTpaHUYEHUS],
KOTOpbIE CTUMYJUPYIOT MOUCK JAPYTruX (POpM KOH-
TPOJIEIIPUTOJHOCTH.

Cospemennnie CAIIP, mognep:xuBatonme FPGA-
npoektuposanue (FPGA — field-programmable
gate array), IpejiJlaraloT CpeiCTBa MpeBapuTe.ib-
HOIl m Tekymiedl oneHku FPGA-npoekToB 1o ux
SHEPTONOTPEOJIEHHIO, YTO CO3/IA€T OCHOBY [IJISI UC-
MOJTL30BAHUS KOHTPOJIETIPUTOTHOCTH CXEM TIO TIPH-
3HAKy paccemBaeMoil MJM MOTPe6ISIEMON MOIITHO-
CTH. DTOMY K€ CIIOCOOCTBYET TEHIEHIIUS K YCJIOXK-
HeHnio FPGA-poexToB, 4TO, ¢ OJHOU CTOPOHDI,
VCJIOKHSET OIEHKY W MCIOJb30BaHUE JIOTHUECKON
KOHTPOJIENIPUTOAHOCTH, OCJIa0JIsIsl ee MO3UIINN, a C
JIPYTOii, COBEPIIIEHCTBYET SHEPTONOTPEHIEHNE, ETO
OIIEHKY, PEryJMPOBAHKUE U KOHTPOJIb.

KonTposenpurogHOCTh CXeM MO paccenBaeMO
MOIITHOCTA WMeeT MPEUMYIIeCTBO Tepes KOHTPO-
JeM ToTpebsieMolt MolHOCTU 6Gyarogapsi 6oJiee
JIOCTYTIHBIM CPEJICTBAM M3MEPEHUS — TeMIleparyp-
HbBIM JaTUYUKaM.

[Ipu anamm3e KOHTPOJETPUTOAHOCTA CXEMBI HA
OCHOBE 3HEPTONIOTPEOIEHUS UCIIOIb3YIOTCS IAHHbIE
0 JIOMyCTUMOM WAlNa3oHe M3MEeHEHWST MOIIHOCTH,
(pyHKIIMOHMPOBaHWE 32 TIpe/eJaMi KOTOPOTO O/I-
HO3HAYHO YKAa3bIBAET HA HAJNYKE HEUCIIPABHOCTH.
CyiectBoBaHUe JBYX TakuX 06JaCcTeil — HUXKe U
BBITIIE JIOMYCTUMBIX 3HAUEHWH MOIMTHOCTU — OTIpe-
JleJigeT, COOTBETCTBEHHO, TaK Ha3blBaeMble HIK-
HIOI0 U BEPXHIOI0 KOHTPOJIEPUTOJTHOCTD CXEMBI.
HuxHssg o6ecnieunBaeT MOHUTOPUHT OOIIMX CUTHA-
JIOB, TAKUX KaK cOPOC UM CUHXPOHU3AIMs, 001Iee
yrpassenne (HeMCIpaBHOCTH B HENsAX OOMINX CHT-
HAJIOB MOTYT CYIIECTBEHHO CHIKATh SHEPTOIOTpe-
OJiIeHHEe B €ro JMHAMHYECKON COCTABJISIONIEN U He
BCerja MOAAA0TCS JTOTHIeCKoMy KoHTpoJo [12]),
BEPXHSS CBSI3aHA C HEUCIIPABHOCTSIMU, TIOBBITIATO-
muMu sHepronorpebienue. [lockombky mocienHee
MPUBOJUT K JIOTHYECKHUM ITPOSBJIEHUSIM HEUCITPAB-
HOCTH, BO3HUKAET BOIIPOC O 11e71eCO00Pa3HOCTHU Pac-
CMOTPEHUS BePXHEH KOHTPOJIETTPUTOAHOCTH B YCJIO-
BUSX YK€ JJOCTATOYHO MIMPOKO UCIOJIb3yeMON Jio-
TUYECKON KOHTPOJIEIIPUTOJHOCTH CXEM.

[lenpio anHOI PaGOTHI SBJISIETCS PACCMOTPEHNE
BO3MOJKHOCTH M I11€JIECOOOPA3HOCTH PACIINPEHUSI
TPAJUIMOHHO MCII0JIb3YEeMOI JIOTHYECKON KOHTPO-
JIETIPUTOTHOCTH JI0 KOHTPOJIEIIPUTOAHOCTH TIO TIPH-
3HAKy paccenBaeMoil MOIITHOCTH. Kpome Toro, mpe-
JlaraeTcsl aHAJIUTHIeCKas OIleHKa BepXHel KOHTPO-

JIETIPUTOHOCTH TI0 PACCEMBAEMON MOMNIHOCTH, Op-
TaHM3AIUsT ee MOHUTOPHUHTA JIJisT OOHAPY KEHUs KO-
POTKHMX 3aMbIKaHUIl ¥ 3KCIIepUMEHTaJbHOe HccJie-
JIOBaHHe 3HAUYEeHUI KOHTpoJenpurogHoctu B Intel
FPGA-npoekTax, pa3pabOTaHHBIX C HCIIOJb30Ba-
unem CAIIP Quartus Prime na nmpumepe maTpuu-
HBIX YMHOKHTEJIEH.

Ilesrteco06pa3HoOCTh paccMOTPEHHs BEPXHEi
KOHTPOJIENPUTOAHOCTH 1I(POBBIX cXeM

BepxHsag KOHTPOJIETPUTOIHOCTD CXEM IO pac-
CEemBaeMOll MOITHOCTH Ba)KHA B Te€X CJydYasx, KOT-
Jla JIoTHYecKast KOHTPOJIETIPUTO/THOCTD YCTYIIAET eif
IT0 BpEMEHU TIPU BBISIBJIEHUH HEUCIIPABHOCTEH. DTH
CJIy4au OIpe/IesISIOTCS XapakTepoM HENCITPABHOCTH
U/ NI 0COOEHHOCTSIMU CXEMBI M €€ BXO/HBIX JaH-
HBIX, KOT/Ia CyIeCTBEHHOE TIOBBIIIIEHNE MOIITHOCTH,
BbI3BAHHOE HEHCIPABHOCTHIO, MOXKET ObITh 3auK-
CUPOBAHO paHbllle, YeM OMMOKa KOHTPOJUPYEMOTO
pe3yJsbrara. ITO MOXKET UMETh MECTO B cJiydae Jie-
rpajlalliOHHOTO XapaKTepa HEMCIIPAaBHOCTH, a TaK-
JKe JUUIS HEMCIIPAaBHOCTEM, CKPBIThIX (MM BpeMeH-
HO CKPBITBIX) 10 mpuurHe orcyterBus (Mam Bpe-
MEHHOTO OTCYTCTBHUSI) MPOSABJAIONIMX UX BXOIHBIX
JIAHHBIX. B 3TUX yCJIOBUSAX BEPXHSS KOHTPOJIENPU-
rOJIHOCTh obecrieurBaeT 6oJjiee paHHee, YeM JIOTHU-
Yyeckasi, oOGHapy>KeHUe HEUCIPABHOCTH, COKpAIas
BpeMsI IIPOTEKAHMS CKPBITHIX ITPOIIECCOB, YEM IIO-
BbINIaeT (PYHKIIMOHAJIbHYTIO 6€301TaCHOCTb CHCTEMBI.

B kputnyecknx NpuIOKeHUSIX pasHoobpa-
3We BXO/IHBIX [IAHHBIX, a 3HAYUT, U CTPYKTYPHO-
(pyHKIIMOHANbHAS JIOTHYECKAS KOHTPOJEIPUTO/I-
HOCTb CXeM, KaK IIPaBUJIO, CYIIIECTBEHHO OTpaHuye-
HBI, 4TO CTIOCOOCTBYET HAKOILJICHUIO CKPBITHIX HEHC-
MIPaBHOCTEN, B TOM YKCJIe TOBBINIAIONINX SHEPrOIO-
TpebJIeHNE U PACCENBAEMYIO MOIITHOCTD. Jlornueckas
KOHTPOJIENIPUTO{HOCTh OTKPBIBAETCS JJISI TAKUX He-
UCIIPABHOCTEH TOJBKO C HACTYIJIEHHEM aBapUUHO-
IO PEKKMMA, YTO He CIIOCOOCTBYET MPEJIOTBPAIIEHHTO
aBapuu. K cyliecTBeHHbIM HEZOCTATKAM JIOTUIeCKON
JIBYXPEXUMHOI CTPYKTYPHO-(DYHKIITMOHAJIBHON KOH-
TPOJIETIPUTOTHOCTH OTHOCHUTCS TAK3KE TPYI0EMKOCTb
ee OIleHKU B COBPEMEHHBIX KOHBEHEePHBIX CHCTEMAX
C Pa3BUTBIMU MATPUYHBIMHU CTPYKTypaMH B COCTa-
Be cekIuil. /{1 cucTeM KPUTUYECKOTO TPUMEHEHUST
HEO0OX0/IMMO BBITIOJHITDH TPYA0EMKOE MOJIETUPOBA-
HHeE C UCII0JIb30BAHNEM CIIEINAJIBHO pasdpabaTbiBae-
MBIX [TPOTPAMMHBIX MOJIeJIel NN CYIIECTBEHHO JI0-
pabaTbIBaeMbIX allllapaTHBIX PeIleHUiI Ha OCHOBE
ucxouoro FPGA-tipoekra, HalleJIeHHbIX Ha UCCJIe-
JloBaHUe HAGJII0/JaeMOCTH TOYEK ITU(POBOI CXEMBI.

OneHka BepxHeil KOHTPOJIEIIPUTOHOCTU CXe€M
B FPGA-npoekrax
Opuum u3 HanGosiee PacIPOCTPAHEHHBIX IIOJ-

XOZIOB K TMOCTPOEHWIO COBPEMEHHBIX NHU(MPOBBIX
CUCTEM SIBJISIETCSI UX peanusanus Ha 6asze Mpo-
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COBPEMEHHDIE 3JIEKTPOHHBIE TEXHOJIOTHNN

TPAaMMUPYEMBIX JIOTUYECKIX WHTETPAJTBHBIX CXeM
(programmable logic device — PLD), B yactHOCTH
MPOTPAMMHUPYEMBIX TOJb30BATETIEM BEHTHJIHHBIX
matpuil (field-programmable gate array — FPGA).
Takas asieMeHTHas 6a3a CTAHOBUTCST TPHOPUTETHON
U JIJIsS TPOEKTUPOBAHUS TIU(PPOBBIX KOMITIOHEHTOB B
coCTaBe CUCTEM KPUTHYECKOTO TpuMeHeHus [13].

Konrposenpuroanocrs cxembl Cy; MOKET ObITb
olieHeHa OTHolleHuneM oObeMa V, JnanasoHa He-
BO3MOKHBIX 3HaU€HUil MOIIHOCTH K 00beMy V. Bce-
ro [uana3oHa ee 3HadeHuu. [[/1s1 BepxHelr KOHTPO-
JenpurogHoct obbem Vy dopmupyercs us 3Ha-
YEHUH, TTPEBBIMAIOIINX MAKCUMAJIbHO BO3MOXKHYIO
MOIITHOCTL. BepxHeil rpanurieil quamnasona HeBO3-
MOXKHBIX 3HAUEHWH SIBJISEeTCS Tpe/ie/bHast MoTpe-
6JisieMast MOITHOCTb, YCTaHABJIWBaeMas [ KOH-
KPETHBIX THIIOB MUKpocxeM. O6beM V. oXBaTbIBa-
€T INATa30H OT HAUMEHBITIETO BO3MOYKHOTO JI0 TIpe-
JIeJTbHOTO 3HAYEHUS] MOIIHOCTH.

B CAIIP Quartus Prime [14], npegnasnayen-
HOIT /1711 pa3paboTKH MTPOEKTOB MU(POBBIX CXEM HA
PLD Intel FPGA, paccenBaemast MOIIHOCTb IIPO-
ekTa oreHuBaercss yrunutoit PowerPlay Power
Analyzer [15].

O6beM uarnazoHa, XapaKTepU3YIOIIETO BEPX-
HIOIO KOHTPOJIENIPUTOHOCTh CXEMbI, MOJKET ObITb
YUYT€H KOHKDETHBIMM 3HAYEHUSIMU PaCCEeuBaeMOit
MOIIIHOCTH B cJaeaymomieit dopmye:

CH = (NB - Nmax) / (NB o Nmin)’

1)
rae Ng, N .. 1 N . — 1pejiejbHasd, MaKCUMaJb-
HO ¥ MUHUMAJIbHO BO3MOKHAsI paccenBaemMast MOIIl-

HOCTb COOTBETCTBEHHO.

IIpenenbnas paccemBaeMass MOIHOCTb N pac-
YUTBIBAETCS, MCXOJd W3 MAKCUMAJIbHO [IOTYCTHU-
Moii paboueil TeMIepaTyphbl A1 KOHKPETHOTO THIIA
FPGA MukpocxeMbl.

Maxcumasbao (N max) u MuHUMasIbHO (N mm) BO3-
MOJKHbBIE 3HAUEHUST MOITHOCTU OIIEHUBAIOTCS C yde-
TOM OIIEHOK MOIITHOCTH M WX TOTPEITHOCTEHN, OIpe-
nensgembix yrusutoir PowerPlay Power Analyzer
B 3aBHCHMOCTH OT aKTUBHOCTU BXO/{HBIX CHTHAJIOB
mdpoBoit cxembl. [locKObKY TOBBITIIEHNE AKTHB-
HOCTH CHUTHAJIOB TIPUBOJIUT K POCTY TOTPEOISIeMOii
U paccenBaemoii MomHocty, sHavenna N u N .
OIIEHNBAIOTCS, COOTBETCTBEHHO, IIPU MaKCUMAIbHOM
(N ) u myuesoil (N, ;) aKTHBHOCTH BXOJHBIX

A.max
CUTHAJIOB IO CJEeAYIOIUM (l)OpMyJIaMZ
Nmax = NA.max + O’SANA.max; (2)
Nmin = NA.O - O’SANA.O’ (3)
rae AN, .., AN, — HIOTPEmHOCTH OLEHKH

paccerBaeMoii MOIHOCTU YTHAUTOM (y4uThIBAIOT-
c4 B yacTu yseaudenus N ¥ ymenblenus N
1. e. ¢ Koapduientom 0,5).

min’

AKTHBHOCTD BXOJIHBIX CHTHAJIOB 33/1a€TCS B yTH-
JIITE B TIPOTIEHTAX OT aKTUBHOCTH CHHXPOCUTHAJIOB, T
BO3MOJKHO, 4TO ee 3Hadyerue Oyzer mpesbimatb 100%.
Peanbrnag MmakcumMasbHasi aKTHBHOCTD BXO/IHBIX CHT-
HAJIOB MOXKET ObIThb OIlEHEHA ITyTeM arapaTHOro MO-
JIeINPOBaHMS TIPOEKTa Ha HAaGOpaxX BXOJHBIX CHUT-
HAJIOB TIOBBIIIEHHOH akTuBHOCTH. OJMH U3 110/1X0-
JIOB K TAKOH OIIEHKE COCTOUT B II00YEPEIHOH aKTH-
Ballly O/THOMEPHBIX MyTeH OT Ka)KJ0ro BX0/a CXe-
MBI C MOJIHBIM 11epe60pPOM 3HAUEHHI Ha OCTAJbHBIX
Bxojax [16, 17].

Pemenne o6ecmeunBaercst cpeicTBaMu IaKe-
ta ModelSim Intel® FPGA Starter Edition, xoro-
Pblii BBIIOMIHAET Kak Jorndeckoe (register transfer
level), Tak n BentuabHoe (gate-level) mogemmposa-
HUE TTPOEKTOB, pean3oBaHHbIX B Quartus Prime.
dopmupyeTcs crienua bHbIN (aita-TecTOeHd, KoTo-
porii conepxut HDL-onmucanne nnatepdeiica BXo-
JTOB / BBIXOJIOB MO/JIEJTMPYEMOTO TIPOEKTA W TeCTa,
OTIPE/IEISAIONIETO OYePEeHOCTD M YaCTOTY CMEHBI
3HAYEHWI [IJIsI BXOJI0B 1poekTa. MDaiia-rectGeHyd
PEelaKTUPYyeTCcsl B TEKCTOBOM pelaKTope IIyTeM 3a-
JaHus TpeOyeMbIX TECTOBBIX BXO/HBIX HAOOPOB.
OTpenakTupoBaHubiil daiia-TecTO6eHY 3aImyCcKaeT-
cs Ha BbinosiHeHne B ModelSim ass Mozesmmpo-
BaHUsI PabOTBI MPOEKTA TIPU 3AJAHHBIX BXOHBIX
nocyenoBaTenbHOCTSAX. [lo pe3dynbratam Mopesn-
poBanusi ModelSim dopmupyer BpeMeHHYyIO j1a-
rpaMMy JIJIS BXOZIOB,/ BBIXO/IOB TIPOEKTA W CIIEIH-
aspHbiil ¢aita Value Change Dump, copep:xaruit
undopmarmio 06 akruBHoCTH (4acToTa TEPEKJIIO-
YeHUiT) BCEX BXOJHBIX / BBIXOJHBIX U BHYTPEHHUX
cUTHAJIOB TpoekTa. [laHHbIl daiin ucrmoyab3yercs
yrunutoit PowerPlay Power Analyzer amst 6oJiee
KOPPEKTHOI OlleHKU MapaMeTpoB aHepromnorpebJie-
HUS U TEIJIOBBIJETEHUST TPOEKTA C YYETOM peasb-
HOIl AaKTUBHOCTH CUTHAJIOB.

OCco6GEeHHOCTH MOHHTOPUHIA PaccenBaeMoi
MOIIHOCTH

MoOHUTOPWHT paccenBaeMOil MOITHOCTU BBITIOJI-
ugetrcs B FPGA-ipoekTax ¢ ncmnosab30BaHueM AaT-
4uKOB TeMmIiieparypbl. Heo6xoaumMo cOMOCTaBUTH
HIDKHIOIO Trpanuily N . - BepXHeil KOHTPOJeIpHu-
TOJHOCTH C MTOKa3aHuAMU gatunka. CpaBHUBaeMbIe
BEJINYMHBI CJIe/lyeT MPUBECTH K OHON XapaKTepu-
CTHKE: paccenBaeMOl MOTITHOCTH WJIH TEMIIEpPaType.
[Tockonbky Besmunna N ABISETCA HOCTOAHHOI
st FPGA-tipoekTa, 1enecoo6pasHo mpeobpaso-
BaTh €e B COOTBETCTBYIOIee 3HAUEHNE TeMIEepaTy-
pel. HencmpaBHOCTH 06HAPYKUBAETCS B TOM CJIy-
yae, ecJIM TIOKa3aHue JAaTYNKA MPEBBINIAET TeMIIe-
paTypy KpHCTaJjia, ONpeessieMyio Mo paccenBae-
moii momHocTn N . . Takum 06pa3oM, MOHUTOPUHT
paccenBaemoii MontHocTH FPGA-mipoekTa sBJseT-
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Cs1 110 CyTH MOHHTOPHHTOM TeMIIePaTypbl KPHCTAJ-
Jla MUKPOCXEMBI.

Temneparypa kpucraina T; n ero paccenBae-
Mast MOITHOCTb N CBSI3aHBI MEK/Y cOo060il cJeryto-
et popmy.oit [15]:

T,=NR,, +T, (4)

rae T, — TeMiiepaTypa OKpYKaIOMeil CPesibl;

R;, — remioBoe CONPOTHBIEHUE CHCTEMbl <«KPU-
CTaJlsI — Cpefa».

Ipu N =N, . dopmyna (4) nossoJster paccau-
TaTb COOTBETCTBYIOIIYIO TOW PAacCEUBAEMOI MOTII-
HOCTH TeMIeparypy kpucramna T, . .

Terosoe conporusierne R, ABJISETCS KOHCTaH-
toit it FPGA-tipoekTa, 3HaueHue KOTOPOi 3aBUCHUT
OT HAJIMYUS UM OTCYTCTBUSI CUCTEMBI OXJIAXK/CHUS.
[Tpn HAMYUYM CHCTEMBI OXJTXKICHUS OHO OITpPe/IeIs-
€TCs KaK CyMMa 3HAU€HNH TeTJIOBOTO COTTPOTHUBJICHNS
cucTeM «Kpuctain — kopryce» (R).), «koprmyc —
cucremMa oxnaxaeHIs> (Ryq), «CHCTEMA OXJIaK/Ie-
mg — cpena> (Ryey): Ry, = Rjc + Reyg + Ry

®opmyaa (4) TakKe IO3BOJISET PACCUNTATD 3HA-
YyeHWe Tpe/leTbHOM paccemBaeMOll MOIHOCTH TIO
MaKCUMAaJIbHO JIOIMYCTUMON paboueii Temiieparype
T,z xpucramna FPGA: Ny = (T,; = T,) / R,,,
YTO HEOOXOAMMO JIJISI OIIEHKH KOHTPOJIETIPUTOIHO-
cru o dopmye (1).

MeTo/ MOHUTOPUHTA, pean3yeMblii Ha OCHOBE
dbopmybl (4), npearoaraet UCIoOIb30BaHKe [BYX
JIATIYNKOB TEMTIEPATYPbI, KOTOPBIE OMPEEJSIOT Te-
KyIYIO TeMIleparypy kpucraaia I'- u temmepary-
py okpy:xaromteil cpeapr T, a Takxke cxembl Gop-
MUPOBaHUS CPABHUBAEMBIX BEJMYNH U CXEMY CPaB-
Henus. Mexy co6oil cpaBHUBAIOTCS BeJIMYUHbL T g
u T,,: neppas oTpaskaeT OPOTrOBOEe 3HaUeHUe TeM-
MepaTypbl KPUCTAJLIA, TIPEBBIIIEHIE KOTOPOH YKa-
3bIBAET HA HAJMYNE HEUCIIPABHOCTH, BTOpas — W3-
MepsieMoe 3HaueHUe TeMITEPATYPhI KPUCTAJLIA C yie-
TOM TIOTPENTHOCTH M3MEPEHUS TATUYNKOB:

Ty=C+T,+0,5AT,; (5)

Ty =Tq—0,5AT, (6)

rme C  — 3apanee BbrumciaenHasa niaa FPGA-mpo-
exTa koHcranra, C = N R A

AT, AT, — morpemHocTH H3MepeHus JaTYNKOB TeM-

mepatypsl KpHCTaJja M OKpy’Kalomien
Cpellbl COOTBETCTBEHHO.

Cpasuenre Boimnostmsiercst o ¢popmyae Ty, > T,
T. €. HEUCIIPABHOCTD OOHAPY>KUBAETCS TIPU yCJIOBUK
To >C+T,+0,5(AT, + AT) nnu T > T, tae
T =T + 0,5(AT, + AT ) — mopor o6Hapy-
JKEHHsI HEMCIIPABHOCTH.

JKcnepuMeHTaJIbHAS YACTh

[l sKCIIepyMEeHTaIbHOM OLIEHKN BepXHeil KOH-
TPOJIETIPUTOAHOCTH TIO PACCENBAEMON MOIHOCTH
61 peasn3oBaHbl FPGA-TIpOEKTBI CBUTOBOTO
perucTpa Ha pa3HbIX CTPYKTYpHBIX 6yokax FPGA.

s pasmerennss npoekToB Oblaa BbIOpaHa
FPGA Intel Max 10 10M50DAF67217G, max-
CUMAJIbHO [IOTYCTUMAasi TeMIlepaTypa KOTOPOH co-
crapuser T;p = 100°C. Ilpu mMogemupoBaHuu B
PowerPlay Power Analyzer ycranaBsmBaiotcs cJie-
JIYIOIIIe 3HAYEHHS TETJIOBOTO COIPOTUBJIEHUS W TEM-
epatypbl OKpysKatoreii cpeabt: R;- = 4,60°C/Br,
Riys=0,10°C/Br, Ry, = 2,80°C/Br, T, = 25°C.
13 dopmyasl (2) onpesessercs npejebHoe 3Ha-
YeHUE PACCerBAEMOU MOIIHOCTH JIJis BBIOPAHHOU
FPGA:

Npp=(100-25) / (4,60 + 0,10 + 2,80) = 10 Br.

[TepBoIil TTPOEKT CABUTOBOTO PETHCTPa OBLT
peaysn3oBaH Ha 6a3ze WHTEJJIEKTYAJTbHOTO MOJY-
as (IP-Core) casurosoro pernctpa LPM_SHIFT
n3 6uGINOTEKH TTapaMeTPU3UPOBAHHBIX MOJY-
aeir (library of parameterized modules). CAIIP
Quartus Prime nummniiementupyet moayb B FPGA,
UCTIob3yst BcTpoeHHble MIK 6/10KM maMsITH, Kask-
JIbIIl U3 KOTOpbIX cojep:kut 9216 6utoB, a BCero
yun 10MS0DAF67217G umeer 1677312 6ura mna-
martu. O6uiee koanuectBo 610k0B mamatu M9IK co-
CTaBJISIET OKOJIO 5% TLJIOMIA/N BCETO YHIIA.

Bropoii mpoexT 6bL1 pean3oBaH B BUE I0JIb-
3oBateabckoro VHDL-onucanus. PesyabraTol pe-
aJM3aIny TPUBE/IEHbI B TA0JMIE.

B mpoexTe K Kaxk/[oMy pa3psily perucrpa Jo-
6aBisietcss nHBepTop Ha BbIxojge. CAIIP Quartus
Prime ummieMeHTHpYeT TOJIb30BATEJNbCKUM TIPO-
exT B FPGA, ncnosb3yss 0OCHOBHOW CTPYKTYPHbIH
KOMITOHEHT YWIa — JOTWYECKUN 3JEeMEHT, COCTO-
SIUN W3 JIOTHYECKOW TaGJuIbl U Tpurrepa. Ywr
10MS0DAF67217G comepxut 49760 Takux aJe-
MeHTOB. OO611ee KOJIUYECTBO JOTHYECKUX O6JI0-
KOB COCTaBJISIET OKOJIO 83% ILIOMIAN BCETO YHIIA.
Kaxnpiii pa3psii cABUTOBOTO PETHCTPA MOJIb30Ba-
TEJbCKOTO TIPOEKTa 3aHWUMAEeT OJUH JIOTHYECKUi
3JIeMEHT — TPUTTEp JJIsl XpaHeHUst OGUTa paspsiia
M JIOTUYECKyIo TabJWIy AJs peanusanuu (yHK-
1Y MTHBEPCHH.

[lanHble, IpuBe/IcHHDBIE B TAGJIHIIE, TIOKA3BIBAIOT
BBICOKHUI YPOBEHDb BePXHEW KOHTPOJIETIPUTOJHOCTH
C};, KOTODBIii ¢ POCTOM JI0JTH MCIIOJIb3yeMOI 4acTn
MUKPOCXEMBI HE3HAUUTETBHO CHUMKAETCS ISt OU-
6JIMOTEYHOTO PellleHust U B GOJIbIEN CTEleHn — B
cJIy4ae T0JIb30BaTEeIbCKOM CXEMBI.
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Pesyarvmamuot pearusavuu npoexmog 0as IP-Core LPM_SHIFT u das noivzosamenvcrxozo VHDL-onucanus

Tlons Uactora PacceHBaeMalgl TeMnepaTye%

HCTIO/Ib30BAHHBIX 6I/ITOOB MTr ' MOMHOCTD, MBT KpucTaJjiia, Cy T
BCTPOEHHOI MaMsITH, Yo N, . N,. T T i

[P-Core LPM_SHIFT

1 250 128,22 113,99 26,0 25,9 0,998 26,2

20 222 328,20 237,04 27,5 26,8 0,990 27,7

40 200 496,28 331,30 28,7 27,5 0,983 28,9

60 200 697,97 448,56 30,2 28,4 0,974 30,4

80 172 825,01 512,97 31,2 28,8 0,967 31,4

ITosb3oBaTennckoe VHDL-onucanue

1 185,21 121,08 26,4 25,9 0,99 26,6

20 482,04 182,42 28,6 26,4 0,97 28,8

40 250 856,14 258,11 31,4 26,9 0,94 31,6

60 1579,01 388,61 36,8 27,9 0,88 37,0

80 3036,08 638,17 47,8 29,8 0,74 48,0

opor T ¢ 0GHAPY KEHIST HEUCIIPABHOCTH MPE/IJIO-
JKEHHBIM METOJIOM TIpeBbImaet Temmepatypy T, ..
na Besmunny 0,5(AT, + AT ), pacCUNTaHHYIO /IS
norpemnoctu AT, = AT = 0,2°C.

3akouenue

TakuMm 06pa3oM, IIPOBEAECHHDIE HCCJIEI0BAHUS
YKa3bIBAIOT Ha 3HAUUTEJbHbIE TIOTEHIINAIbHbIE BO3-
MOZKHOCTH MCITOJIb30BAaHUS BEPXHEN KOHTPOJIETIPH-
TOAHOCTU [JId MOHUTOPUHTA HeI/ICHpaBHOCTeﬁ KO-
potkoro 3ambikanug B FPGA-mipoekTax, 4To BasKHO
JUIS CHCTeM KPUTHYECKOTO NMPUMEHEHHS B yCJIOBU-
SIX OTPAaHUYEHHBIX BO3MOXKHOCTEH JIOTHYECKOH KOH-
TPOJIETPUTOHOCTHY TIPU PETEHNU TPOGJIEM, CBSI3aH-
HbIX CO CKPbITbIMU HEUCIIPABHOCTAMMU.
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KOHTPOJIEITPUJATHICTDb CXEM B FPGA-ITPOEKTAX 3A O3HAKOIO
PO3CIIOBAHOI ITOTYKHOCTI

Posznsioaiomecss  numanns — xoumpoaenpudammuocmi  cxem  FPGA-npoexmis.  Ananisyemvcs — aoziuna
Koumposenpudamuicmo ma ii pizHoeudu: cmpyxmypHa i cmpyxmypHo-pyuKyionarvna. Bidsnauaromvcs
0COOUBOCTNT CUCTNEM KPUMUUHOZO 3ACTNOCYEAHNS, PYHKUIONYSANHS AKUX NOOIIAEMBCA HA 08d PEKUMU — HOPMALb-
HUtl ma asapitinui, 8 aKux na 6X00U YUGPOBUX CXeM KOMNOHEHMIE NOOAIOMbCsL PI3HT 8XI0HT 0ani, wo 00YMOBII0E
PO3UWUPEHHs. CMPYKMYPHO-DYHKUIOHAALHOT KOHmposenpudammocmi 00 0sopexumnoi. Biomivacmocsi cmeopenus
npob.emMu GUAGNEHHS NPUXOBAHUX HECNPASHOCMEU, SKi MOXYMb HAKONUYYEAMUCST 6 HOPMATOLHOMY PeXUuMi ma
NPOSIEASIMUCS 8 AsapiiunoMy. Bidsnauaromovcs ocobausocmi konmpoaenpudammocmi cxem 6 FPGA npoexmax i
i nepesazu, 6axaugi 01 KpumuyHux 000amxie. AHANI3YIOMbC 0OMEKEHHsL N02IUHOT KOHMPOAENPUOAMHOCI
cxem, d MAKONK MOKIUGICMb 1 OOULNLHICY POWUPEHHS MPAOUYITHO BUKOPUCTROBYEAHOT N10214HOT hopmu 00
KOHMPOAenpudamnocmi 3a 03HaAK00 eHepzoCnoKUBanHs. Busnawaemocs konmponenpuoamuicmo cxem ¢ FPGA-
NPOeKmMax 3a eHepzoCNOKUSAHHAM MA 1T PI3HOBUOU: HUXHA MA 6epxHA. Huxna Konmporenpuoamuicmo 6axiu-
6a 01 BUABNEHH HECNPAGHOCMEU, WO NPUIBOOAMb 00 3HUKEHHS eHePeOCROKUBAHHS, HANPUKAAO 6 JAHUI02AX
3A2ANOHUX CUZHATIS, MAKUX SK CKUOAHHS A60 CUHXPOHI3ayis. Bepxus 6axauea 01s 6Usi8IeHHS HECPASHOCE,
wo nidsuUwYIOMsb picens eHepzoCnoKUGAHNS, HANPUKAAD KOPOmMKi 3amuxanns. Busnauwaiomovcs moxausocmi
OUIHKU KOHmMpOLenpuoamnocmi 3a euepeochoxueanuim FPGA-npoexmie 3a nokasnuxamu po3citoeanoi
abo Cnoxusanoi NOMYKHOCMI MA 6KAYEMbCS OOULILHICb POIBUMKY BEPXHBOI KOHMPOAENPUOAMHOCMI 3d
PO3CII06AHOI0 NOMYHKHICIO. 3AIHAUAIOMBCS 0COOAUBOCNE MOHIMOPUH2Y PO3Citoeanol nomyxnocmi oas FPGA-
npoexmis. IIpononyemvcs anarimuuna ouinka npudamuocmi cxem O0as 0iAZHOCMYBAHHS HECHPAGHOCMEU, U0
NIOBUULYIOMY PO3CIIOBARY NOMYKHICb, MAKUX K KOPOMKE 3AMUKAHHS, | Opeanizauyis MoHimopuHzy ii nepeu-
wenns. Ilposodsmucs excnepumenmu ¢ CAIIP Quartus Prime Lite no oyinyi 6epxuvoi KoHmpoienpudamuocmi
3a PO3CII0BANOI0 NOMYHKHICMIO MACWUMAOOBAHUX CXeM pezicmpie 3cysy, wo peadrizosani ¢ FPGA-npoexmax na
6asi e6ydosanozo 1P-Core, ma xopucmysayvkozo VHDL-onucy. Hago0smuvcs pe3yivmamu excnepumenmis, wo
OUIHIOIMb 3ANEKHICMY PIBHA KOHMPOAenpudamuocmi 610 naowi, wo 3aimae cxema na kpucmani FPGA.

Kniouoei c06a: KoHmpoaenpudamuicms cxem, aoziuna ¢opma, posciosana nomyxnicmo, FPGA-npoexmyeanns,
KOpomKe 3aMUKaAnts, MOHIMOPUNE PO3CII06AHOT NOMYKHOCMI, PEZICMP 3CY8Y.
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CHECKABILITY OF THE CIRCUITS IN FPGA DESIGNS ACCORDING
TO POWER DISSIPATION

The authors consider the checkability issues of FPGA designs and analyze the logical (structural and structurally
functional) checkability. The paper describes the features of safety-related systems that can operate in normal
and emergency mode. In these modes different input data are fed to the inputs of the digital circuits of the
components, which leads to an expansion of the structurally functional checkability to dual-mode. The paper
shows the problem of hidden faults, which can accumulate in the normal mode and manifest themselves in the
emergency mode. The features of checkability of circuits in FPGA projects and its advantages important for
critical applications are noted.

The limitations of the logical checkability of the circuits are analyzed, as well as the possibility and expediency
of expanding the traditionally used logical form to power usage checkability. The study defines the checkability
of circuits in FPGA projects by power usage and determines its subtypes — lower and upper checkability.
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Lower checkability is important in identifying faults that lead to lower power usage, for example, in chains
of common signals, such as reset or synchronization. The upper one is important for identifying faults that
increase the level of power usage, for example, short-circuits. The authors identify the possibility of assessing
the power usage checkability of FPGA projects in terms of the power dissipation or power consumption and
indicate the possibility of developing upper checkability by the dissipated power. The features of power
dissipation monitoring for FPGA projects are noted.

An analytical assessment for the checkability of circuits for short-circuit faults, which increase the dissipated
power, and the organization of monitoring its excess ave proposed. Experiments in Quartus Prime Lite CAD
to assess upper checkability by power dissipation of scalable shift register circuits, that are implemented
in FPGA projects, based on default IP-Core and a custom VHDL description, are carried out. The paper
presents experimental results, that estimate the dependence of the checkability level on the area, occupied by
the circuit on the FPGA chip.

Keywords: checkability of circuits, logical form, power dissipation, FPGA design, power dissipation

monitoring, shifting register.
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KOHCTPYKTOPCKUE METO/Ibl YMEHbBINEHWA
HIYMOB "N IIOMEX B KAHAJIAX

C COCPEAOTOUYEHHBIMN [TAPAMETPAMU

I[TPM1 BBICOKOCKOPOCTHOUN OBPABOTKE JAHHDBIX

Paccrompervr memoovl u npasuia 3AeKmMpoHHOz0 KOHCMPYUPOBAHUS PAOUOILEKMPOHHBIX Cpedcme, obe-
CREUUBAIOUWUX BLICOKYIO NOMEXOYCMOUUUBOCNY U INEKMPOMAZHUMHYIO COBMECUMOCMb 6 OJUNKHel 30He
pacnpocmpanenus 31eKmpoMazHumHoll snepzuu, d maxKe NpULUHvL 03HUKHOBCHUS NOMeX U3-3d Heyoau-
HOLX KOHCMPYKMOPCKUX Peenuti npu NOCMpoeHul OUCKPEeMHO-AHAI0206bIX KAHAL08 NPeodPpa3068anUs UH-
popmayuu. /Janvl npakmuueckue pexomMeHoauuu no eulOopy 3AeMeHmnot 0a3vl, KOHCMPYUPOBAHUIO 3A3CM-
JeHUSL U UCTHOUHUKOS NUMAHUI.

Kawuesvie cioea: auCerﬁ’lHO*de]l0206blﬁ KdHhdJl, 31€eKMpOHHOE KOHCMPYupoedaHue, nomexu, OuKHAS

30HA pdcnpocmpdaHenust, nozwexoycmoﬁuueocmb, anemenmuas 6asa.

TexHuueckre XapaKTePUCTUKU JIOOOTO PaJINo-
snekTponnoro cpezacrsa (PIC) ompepensaior He
TOJIbKO WX TPUTOJHOCTH K BBIMOJHEHUIO 3a/1aH-
HBbIX (DYHKIIUH, HO U CIIOCOOHOCTh (DYHKIIMOHUPO-
BaTb COBMECTHO C JIDYTUMH H3JIEJUSIMU B HEKOTO-
poii cucreme. KauecTBo painoaieKTPOHHOTO CPE/I-
CTBa OI[EHWBAETCS 0 TOMY, HACKOJIBKO B COBOKYTI-
HOCTHU YJ/IOBJIETBOPSIOTCS TpeGoBaHUsI K (PyHKIIHO-
HAJbHBIM XapaKTEPUCTUKAM W 3JIEKTPOMATHUTHOMN
COBMECTUMOCTH.

OnHuM U3 TJIaBHBIX ACHEKTOB, HA KOTOPBIH 06-
panaioT BHUMaHue 1pu o6ecTieYeHnH 3JeKTPoMar-
HUTHOUN coBMecTuMOCcTU PIC, aABAgIOTCSI BO3HUKA-
IONIMe Helpe[HAMEPEHHO 3JIEKTPOMArHUTHBIE I10-
Mexu. Mepbl 10 IPOTUBOACHCTBUIO UM BKJIIOYAIOT
BbISIBJIEHNE MCTOYHUKOB M HAXOXK/IEHUE SHEPTEeTH-
YECKUX, YACTOTHBIX W BPEMEHHBIX XapaKTEPUCTUK
MOMeX, MU3y4yeHWe BJIUSHUS CPe/bl HA UX PacIpo-
CTpPaHEeHHE U BJUSHHS TIOMEX Ha paboTy pasjiny-
HBIX IPUEMHUKOB.

OCHOBHBIMH TPUYMHAMU BHYTPEHHUX NIYMOB
U TIOMEX SIBJISTIOTCSI CJIeIyIOIIe: BBICOKOCKOPOCT-
HbIe TIEPeKJIoUeHrs B KaHaJaX oOpabOTKU CUTHA-
J0B (KpyToii PPOHT HapacTaHus U ClIajia UMILYJIbC-
HBIX CHUTHAJIOB); HaBEJEHHbIE TOKH, 00YCJOBJIEH-
Hble WH/IYKTUBHBIMU U EMKOCTHBIMU CBSI3SIMU MEXK-
Jly TIPOBO/IHUKAMU; HEAKBUIIOTEHIIUAIBHOCTD TOUEK
3a3eMJIEHVS; BKITIOYEHNE U BBIKJTIOYEHNE PA3JIUIHO-
TO PO/la AaKTUBHBIX U PEAKTUBHBIX HATPY30K B CETH
nuTaHus, 6bICTPOE U3MEHEeHUEe TOKa HAarpy3oK, Ha-
JIM4Me HArpy30K, CIIOCOOHBIX BO3BPAIATh B CETH 3a-
MACEHHYIO HEPTHUIO; HABOJKH OT BHEITHUX 3JIEKTPO-
MAaTHUTHBIX TOJIell HA BHYTPEHHUX TPOBOJHUKAX;
He JIyYNINi U3 UMEIONINXCS BO3MOXKHOCTEH BBIOOP
3JIEKTPOHHBIX KOMIIOHEHTOB.

VHTEHCUBHOCTD MITYMOB M TIOMEX YacTO CBSI3aHa
€ Ka4eCTBOM KOHCTPYKTOPCKUX PEIIEHHH TpH TI0-
CTPOEHUU CUCTEMBI TEPe/lavui JJAHHBIX B OJUKHENH
30HE PACIPOCTPAHEHUsI 3JIEKTPOMATHUTHOW 3HEp-
TUH, T/le Pa3Mepbl U3JIydaTelist IOMeXH 3HAYNTE h-
HO MEHbIIe JITUHBI BOJHBI U3JYUYEHUs U DJIEKTPO-
MarHuTHOE T0JIe eile He 0(DOPMUIOCH B IJIOCKYIO
BosiHy. HeymauHbie pelieHust MOBBIIIAIOT CPEHUI
ypOBeHb OMUOOK TpHU rpueMe u o6paboTke coo6-
menuii. B cMermanupix aHaaoro-mudpoBbIX KaHa-
JIaX, a KaHAJIBI 3JIEKTPOCBSI3H U 0OPaOOTKU TaHHBIX
0OBIYHO TAKOBBIMEU U SBJISAIOTCS, MPOOIeMa TOCTH-
JKEHHS] MUHUMAJIBHOTO YPOBHS TIOMEX KOHCTPYKTOP-
CKOTO TIPOUCXOKEHUS 3HAUUTENBHO YCYTYOISIETCS.

Yuebuble 110cO6US 10 KOHCTPYUPOBAHUIO pa-
MNO3TEKTPOHHONW ammapaTypbl ¥ 3JeKTPOHHO-
BBIYMCINTENbHBIX cpeacts (Hanp., [1, 2]) B pasae-
JIaX 3JIEKTPOMATHUTHON COBMECTUMOCTH HE OXBAThI-
BAIOT BCE aCTMEKThI BHIGOPA PAIMOHAJIBHBIX B 3TOM
CMBIC/IE KOHCTPYKIIUH, 3JIEKTPOPAINOITEMEHTOB 1
MaTephasoB, a B MHOTOYMCJIEHHBIX JINTEPATYPHBIX
MCTOYHMKAX, TIOCBATIEHHBIX TIOMEX03AITHIIEHHOCTH
kanasioB cBsasu (Hanp., [3, 4]), 6o npeataraior-
CS M AaHAJIMBUPYIOTCS AJTOPUTMBI TIOMEXOYCTONYN-
BOTO KOTMPOBAHMS-IEKOTNPOBAHNSI, TJIABHBIM 0Opa-
30M, C TOYKU 3peHust 6e30mnbGOUYHOCTH IIPUEMa Tie-
pelaBaeMbIX JAHHBIX W 9KOHOMHOCTH KO/a, C YeM
CBsi3aHa CKOPOCTH Iiepejiaun uHdoOpMaiuu, Ju6o
MCCEYETCS BIWSHIE TIOMeX Ha XapaKTePUCTUKH
KaHayoB [5], mbo comeprarcs KOHCTPYKTOPCKO-
TEXHOJIOrMYEeCKne yKaszanus o61iero xapakrepa [6].
ITpakTUyecKMM BOTPOCAM KOHCTPYUPOBAHUS ObI-
CTPOJEHCTBYIOIEH anmaparypbl HOCBSIEHb KHU-
I'v psijia aBTOPOB, Haripumep [7 —12], HO B HUX He
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00CY3K/IAI0TCSl XapaKTEPUCTUKK U BO3MOKHOCTU HO-
BOIl 2J1eMEHTHO! 6a3bl.

3asava JaHHOW paboThl — TPOCJEAUTb CBS3b
MEXIY OT/IEJbHBIMA KOHCTPYKTOPCKUMU PEeHMSI-
MU, BbIGOPOM 3JIEMEHTHOI 6a3bl U BO3HUKAIOIUMU
KOH/ITyKTUBHBIMU TIOMEXaMH U OIMUOKAMU B 3JIEK-
TPUYECKH KOPOTKUX KaHaJaX o6paboTKU cooobiie-
HUHM B MIMPOKOM guarnazoHe yactoT: ot 10 kI g0
YaCTOT, /IJIs KOTOPBIX MPUMEHUMA MOJIEJNIb C COCPe-
JIOTOYEHHBIMU COTIPOTUBJIEHUEM, €MKOCTbHIO W WH-
JIyKTUBHOCTbBIO, YTOOBI TAKUM 0OPA30M HAIPABUTh
BHUMaHUE pa3pabOTUYNKOB Ha PE3EPBbI yJIYUIIEHUS
TEXHUYECKUX XAPAKTEPUCTUK KAHAJIOB.

3azeMmienue

Pexomengarun B [13] 3a3eMIgaTh Bce KacKajbl
KOHCTPYKTUBHO 060COGJIEHHOTO y3J1a B OJIHOW TOY-
Ke OlpaB/laHa [/ MaJoOpa3MepHBIX Y3JI0B almapa-
Typbl. VIX Heco6ro/IeHre MOYKET TIPUBECTH K CUTY-
anuy, KOTa B CMENaHHBIX KaHaIaX MIMPOBOI TOK
BO3BpaTa MOy IUPYyeT aHAJIOTOBBIN TOK, TOCKOJbKY
MPOTEKAET TI0 TOMY K€ MTPOBOHUKY € GOJIBITUM HM-
negancoM, 4to u ananorosbii (puc. 1) [11]. Uro6br
n36ekaTb ONMMOKHU, CJIe/lyeT HAPaBUTh IUMPOBO
TOK BO3BpaTa K OOIllell 3eMJISTHOM TOYKe 10 WH/IU-
BU/yasibHOl Tpacce (puc. 2).

B xpymHOpa3MepHBIX y3/aX peasu3anus TaKmX
peKoMeH Ialuii 3aTpyiHeHa u3-3a 6oJibiioit ¢husu-
YeCKOU JIMHBI MHANBUAYATbHBIX TTPOBOJHUKOB, IO
KOTOPBIM TeYeT TOK Bo3Bpara. Ha BbICOKHX YacTo-
TaX, SKBUBAJEHTHBIX YACTOTE TEPEKJTIOUeHUl Jo-
TUYECKUX CUTHAJIOB, 3TU MPOBOJAHUKHI MOTYT MMETh
3HAYNTETbHBbIE COTTPOTUBIEHTE N MHAYKTUBHOCTD, a
3HAUNT, U3JIUITHE BRICOKII YaCTOTO3aBUCUMBIN M-

AC

B
e ou
I

Puc. 1. Ilucdposoii Tok Bo3BpaTa co3/aeT HAIPSIKEHIE
omn6ku B aHaoropoM tpakre (AC, — amasorosast cxe-
Ma; IIC, — nudposasa cxeMa)

Puc. 2. Nckaiouenue MOAYJIAIIUN aHaJOroBOI'O TOKa L[I/I(i)-
POBBIM B aHa]IOI‘O-HI/I(l)pOBbIX MaJIOpa3MEPHbIX KaCKa/laX

TMEe/IaHC, B TO BPEMs KaK BayKHEUIITM yCJI0BHEM o6e-
CIIEYEHUsST MAJIbIX IIyMOB, OCOGEHHO B AHAJIOTOBBIX
cXeMax, SIBJISIETCS TO/iJiepyKaHue HU3KON BeJyu-
HBbI MMII€/IJaHCA 3eMJISHBbIX muH. K npumepy, mps-
MOJIMHEHBIN TTPOBOJHUK TE€YaTHOW IIJIATHI MIUPH-
HOH 2 MM W TOJIINHON 1 MM MMeeT TIOTOHHYIO WH-
nykrtuBHocTh L = 5,6 ul'n /cm [12]. [Ipoxomsiuii
M0 TAKOMY IMPOBOJHUKY TOK, UMEIONIUIl CKOPOCTb
HapaCTaHUsI TIPU MTEPEKTIOYEHUH JIOTHYECKUX CXEM
100 MA /Hc, 6yneT co3gaBaTh UMITYJIbC HAIIPSIXKe-
Husg u = L-Ai /At = 560 mB, npusoasiuii Kk omm6-
Ke B aHAJIOTOBOI YacTH U K 3aMETHOMY yMEHbIIIe-
HUIO TIOMEXOYCTONYMBOCTU B 1U(POBOI YacTu Ka-
Hana. Ha cerogHsmiauii /leHb CKOPOCTH HapacTa-
HUS TOKa, €CJIU ee CIeUAJTbHO HE OTPAaHUYHUBATD,
nocturaetr 300 MA /Hc [14] u coxpaHseT TeH/IeH-
IIUIO K 3HAUUTETbHOMY pocty. [loaToMy B 60JbITIX
MEYATHBIX y3JaX YMEHbBINEHUIO 1moMeX GYJeT CIo-
coO6CTBOBATH TIPUMEHEHUE 3E€MJISTHON TIMHBI 6OJIb-
ol mromaau (¢ HU3KUM MMIIEaHCOM ), Ha KOTO-
PYIO WUHTETPAJIbHBIE CXEMbI 3a3€MJISIOTCS 110 Kpart-
yaiiieMy paccrosinuio. [Ipu aToM Hy>KHO TOMHUTD,
YTO YeM JIaJIbllle HAXO/IUTCS TOYKA 3a3€MJIEHUST OT
OIIOPHOW, TeM BBIIIE €€ TOTEHIMAl, U XOTs IPO-
CTOTa Peau3alliy OCJe/[0BATENbHOM CUCTEMbI 3a-
3eMJIEHUs] TIPUBJIEKATENbHA, HYKHO CTAapaTbCs W3-
6eratb ee MpUMEHEHUs [ 1ieeil ¢ 6OJIbIINM Pa3-
6pocoM TIOTPeBJISIEMOI MOIITHOCTH. DTO CBSI3aHO C
TEM, YTO MOIIHbIE (DYHKIIMOHAJIbHBIE Y3JIbI CO3/IAI0T
60JIbIIIie BO3BPATHBIE TOKKM 3a3€MJICHUS, KOTOPbIE
MOTYT BJUSTb HA MaJIOCUTHAJbHbIE (DYHKIIMOHAIb-
Hble y3Jbl. [Ipu nHeo6xouMocT HanboJiee KPUTHY-
HBI (PYHKIIMOHAJIbHBIN y3€eJI CJeYeT MOAKII0YATD
KaK MOXKHO GJIMIKe K TOUKE OIIOPHOTO 3a3eMJIEHUS.

B BBICOKOCKOPOCTHBIX YCTPOUCTBAX CJAEAYET TaK-
’Ke u3beraTb WMCIOJb30BAHUS JJIS MOJAKJIIOUEHUS
UHTETPAJbHBIX CXEM MaHeJeK, YAJUHSIONNUX MyTh
JI0 3eMJISTHOU TTMHBI. KpoMe TOTo, 3eMJiisiHast IIMHa
6OJIBINON TLTOIA/ M 06J1aIaeT IKPAHUPYIONIUM CBO-
CTBOM, BCJIE/ICTBUE YEr0 YMEHBIIAETCS U3JIydyeHUe
PaJIMOYaCTOTHBIX ITOMEX BOBHE W BJIUSIHUE BHEII-
HUX TIOMeX Ha paboTy KaHaJa.

[Ipu mogave nmutanus U CUTHAJIOB Ha ME€YATHBIN
y3eJ peKoMeH/IyeTcss o6pamarb oco60e BHUMaHUE
Ha HEKOTOPBIE 3JIEMEHTBI ¥ TOYKU. DJIEMEHTOM, YBe-
JITUMBAIOIIUM OMACHOCTb MMAPA3UTHBIX CBs3el, SB-
Jissetcss pazbeM. Uepes HEro Bce CUTHAJbHBIE TTPO-
BOJIHUKHU TIPOXO/IAT TapaJlJieIbHO Ha HEGOJbIIOM
PACCTOSTHUM JIPYT OT Jpyra, 4To 6JIAaronpusiTCTBY-
eT o6pasoBanuio cBsseii. IIpocroii MeTos sKpaHu-
POBaHUS — PAa3/Ie/IUTh CUTHAJbHbIE KOHTAKTHI HA
pazbeMe KOHTAKTaMU C TI0TEeHIa oM 3emin. Kpome
TOT0, HECKOJIbKO KOHTAKTOB, 3aHSATBIX 0] 3€MJIIO,
YMEHBIIAIOT PE3YJIbTUPYIOIEE COMPOTUBIEHNUE MO
KJIIOUEHUS T1apaJsijieIbHO COe/JMHEHHBIX KOHTAKTOB
K 3€MJISTHOM IIUHE, U KOHTAKTHOE COIPOTUBJIEHUE
OCTAEeTCsl HU3KUM JIa’Ke 10 Mepe CTAPEHUS IJIATHI.
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IIutanue

C mymamut 6bLJIO MeHbIlle TPo6JIeM, KOTa Tpe-
[U3NOHHBIE AHATIOTOBBIE CXEMbI ITUTAJUCDH OT MaJIo-
ITyMAIIX JTUHEHHBIX UCTOUHWKOB. Ceiyac craam
MOTTYJISPHBIMU MMITYJIbCHbIE MCTOYHUKYA MUTAHUS
6aroiapsi TaKMM CBOUM JOCTOMHCTBaM, KaK BbI-
cokuit KII/l, Mmampie pa3Mepbl, Macca U paccenBa-
eMasi B BU/IE TEILJIOTHI MOII[HOCTDb, HO TIPU 3TOM JIJIsI
HUX XapaKTepeH BBICOKWH BBIXOAHON ITyM, OXBa-
ThIBAIOIMI IMUPOKKI auana3on vactoT. ITomexu,
CBSI3aHHBIE C NIEPEKJIIOYEHUEM MMITYJIbCHOTO TTPE0s-
pasoBaTeJisi HA OCHOBHO# YacToTe, MpeobJiaJlaloT B
CYMMapHOM CIIEKTPe BBIXOJHbBIX IyMoB. Kak mpa-
BUJIO, /IMANIA30H pabOUnX YaCTOT HEU30JIUPOBAHHBIX
DC /DC-nipeo6pa3oBaTeieii cOCTaBJISeT IPUMEPHO
0,5—3 MTI1. OnacHocTh IPEACTABISIOT KaK HaBO-
IMMble, TaK W W3JydyaeMble TIOMEXW. Y 1ayHasd To-
MOJIOTHS TIEYATHBIX TJIAT OCJIA6ISIeT U3JTyYeHUs UC-
tToynnka. C Toil ke 11eJbI0 cJeyeT MPaBUIbHO BbI-
MOJTHATD 3a3eMJICHVE, MCTIOJb30BaTh (DUIbTPAIIIIO
HEKEJATETHHOr0 U3JIyYaeMOro CUTHAIA M YMEHb-
n1aTh, HACKOJBKO BO3MOKHO, KPYTH3HY (DPOHTOB
UMIYJIbCOB BBIGOPOM MeHee ObICTPO/IEHCTBYIONINX
MUKPOCXeM JUO0 BKJIOYATh B I€llb CUTHAJIA pe-
sucrop (R Ha puc. 2). BxogHast eMKOCTb THIIOBO-
ro KMOII-BeHTHIS COCTaBISIET HECKOJIBKO MHUKO-
dapan. Bmecte ¢ Hell BKJIIOUEHHBIN PE3UCTOP 006-
pasyeT GUAbTP U 3aMEATUT CKOPOCTb TTepeKJIoYe-
Hus. V3ydaroriye y9acTKy caelyeT Mo BO3MOXKHO-
CTH 9KPAHUPOBATDH U OTJAJSATH OT 4YYBCTBUTEIbHBIX
MIPUEMHUKOB cXeMbl. [IpreMHUK TTOMeX MOXKHO 3a-
HNIMUTUTD OT 1ToMeXu (DUIbTPAIlNell Ha JIMHUSX TU-
TAHWS U CUTHAJA, KOHTPOJIEM YPOBHS MMIIEIaHCA,
TPAaMOTHBIM BBIOGOPOM THIIOB KOH/IEHCATOPOB W pe-
3UCTOPOB, UCIOJb30BaHUEM (PeppPUTOB /s (PUJIb-
TPAIMU PAJNOYACTOTHBIX TTYMOB.

CpaBHeHue 1 BbIOOP CXEM PACIIPE/IETeHUs JIEK-
TPOTUTAHUA TPOU3BOAUTCS TI0 TTAJEHUIO HATIPSKe-
HUSI, HArPY304HO# CIIOCOOHOCTH TI0 TOKY, JIETKOCTH
MOHTa)ka, peMoHTonpurogHoctu. C OJHOU CTOPO-
HBbI, HeOOXOIUMO VIMETH B BUJ/LY AKTHBHbBIE dJIeMEH-
ThI, oGecriednBaionue 06paGoOTKy MOJE3HOTO CUT-
Hasia. Amnmaparypa paboTaeT HaJIeKHO B TOM CJIy-
yae, ecJid TIaJIeHre HANPsDKEHUS Ha NTUHAX IHTa-
HUS HE TIPEBBIIIAET KPUTUYHOTO YPOBHS JIJISI BbI-
O6panHoii cepun MuKpocxeM. C ApPyToil CTOPOHBI,
HY>KHO TaKke AyMarb 0 noMexax. UTo6bl MUHUMU-
3UPOBATH MOTEPH B IENIX MUTAHUS [T oOecrieye-
HUSI UJEHTUYHBIX YCJIOBUI pabOThI BCEX 3JIEMEHTOB,
HATPY>KeHHBIX Ha OJUH WUCTOYHUK TTHUTAHUS, HY¥XK-
HO 33/1aTbCSl MAKCUMAJbHO JIONMYCTUMBIM YPOBHEM
[OMEeXH, BO3HUKAIOIIEl Tpu 1oTpebJIeHNN 3JIeMeH-
TaMW 3HEPTUU B CTATHYHOM pexknme. Torma Mox-
HO YCTAaHOBUTDb TPEGOBAHUS K JIONYCTUMOMY COIIPO-
TUBJIEHWIO IMWH TMUTAHUS, PACCUYNTATD MAKCUMAJb-
HO JIOITyCTHMOE 3HaUYe€HUe WH/yKTUBHOCTH OTPE3Ka

MIMHBI MEK/y aKTUBHBIMU 3JIEMEHTAMH U Ha OCHO-
Beé KOMIIOHOBOYHON CX€MbI aliapaTypbl BbIOPATbH
crioco6 pa3BOJIKM U TEOMETPUI0 — JJNHY, HOpMY
U TIJIONIA/Ib MTOTIEPEYHOrO CEYEHUS IIUH.

Ecun pasBojika nuTaHus Ha IIeYaTHOMU ILJIATE OCY-
HIECTBJISIETCS MTOCJIEI0OBATENBHO, TO B XY/IIIIEM C TOY-
KU 3PEHUST TOMEXO03aIUINEHHOCTH TTOJIOKEHUH Ha-
XOJIUTCST 2JIEMEHT CXEMbI, HanboJiee yaaJeHHbIN OT
Havasja muHbl nutanus. [loatomy paszBoaky ciie-
JIyeT MPOBOJUTDL JUOO0 TapasiesbHo, Ju60 B BUIE
3aMKHYTBIX KOHTYPOB. Takast KOHCTPYKIIUS 110 CBO-
UM 3JIEKTPUYECKUM TapaMeTpaM TPUOJIUKAETCS K
CILJIOITHBIM TLIOCKOCTSIM TUTaHust. J[jist 3anmThbl OT
BJIUSTHUSI BHENIHETO TIOMEXOHECYIIETO MAarHUTHOTO
TOJISA TI0 IEPUMETPY ILJIATHI MOJIE3HO MTPEYCMOTPETD
3aMKHYTBII KOHTYp [12].

Ecau B ycrpoiictBe anasoroBas u nudpoBas
3eMJisiHble UHBL paszaesenbl, To AL, HAIl n
JIPYTUE CXEMbI CO CMENIaHHBIMU CUTHAJIAMU CJIE/TY-
€T 3a3eMJIITh HAa AHAJIOTOBYIO IIUHY TIPOBOIHUKAMU
MUHUMAJIBHON JIJIUHBI, YTOObI HCKJIIOUYUTh PA3HOCTD
MOTEHITNAJOB MEX/y ABYMS 3€MJISHBIMU IMUHAMY,
KOTOpasi TPUBOJIUT K HEMPHUATHBIM TOCJTEICTBU-
aM. BeiBoabl mudpoBOTO U aHAJIOTOBOTO MUTAHUS
MO>XHO JOMOJHUTEIbHO U30JUPOBATD IPYT OT JAPY-
ra ¢hpeppuTOBOI 6YCHHOIl, KaK MMOKa3aHo Ha pHC. 3.

B BbICOKOKAUECTBEHHBIX UMITYJIbCHBIX CXEMAX B
KadecTBe (opMUpOBaTEiell TAKTOBBIX HUMITYJIbCOB
AT wau HAIL 1o/KHBI KCTIOJIB30BATbCA KBapiie-
Bble TEHEPATOPBI C HU3KUM (PA30BBIM ITyMOM, IIO-
CKOJIbKY OH TIPUBOJAWUT K MOYJISINHI aHAJIOTOBOTO
BXO/IHOTO U BBIXOJHOTO CUTHAJIOB, YBEJIMUUBAET 06-
il IryM 1 uckaxkaet popmy curnana. [emepaTtop
TAKTOBBIX UMIYJIbCOB JIOJKEH ObITh M30JIUPOBAH OT
noMeX Mu@POBBIX CXEM W TOXKE Pa3BsI3aH Ha aHa-
JIOTOBYIO 3€M.JTIO.

Puc. 3. Pasnenenue mupoBoro 1 aHaJ0rOBOTO TIUTAHUS
(p6 — deppuroBas Gycuna)
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Jluist yMeHbIIIeHUsI TIOMEX B LENSIX MUTAaHUsI TPa-
JIUITOHHO MPUMEHSIOT MHUBHU/Y AJIbHbIE CTJIa’KUBa-
IolIMe KoHAeHcatopbl. MU CBSI3BIBAIOT MEXK/Y CO-
6011 110 BBICOKOI 4acTOTE IMUHBI ITUTAHUS U HYJIEBO-
ro norenmmaia (C, n C, ma puc. 3), TONbKO HOJ-
COEIUHATD UX CJEAYeT KaK MOXKHO OJIMKe K TOY-
KaM IOJKJII0YEeHUSI aKTUBHBIX 3/1eMeHTOB (0coGeH-
HO CH), 4106l MUHUMHU3UPOBATH MAPA3UTHYIO MH-
JIyKTUBHOCTH IPOBOJHUKOB. KoHzeHcaTOpbI TOXe
JIOJIKHBI OBITb C HU3KOUW WHAYKTHBHOCTBIO.

B cBsi3u ¢ TeM YTO KOH/IEHCATOPBI 3aPSIKAIOTCS
JI0 YPOBHS MCTOYHWKA MUTAHUS, CO3IAIOTCS YCJIIO-
BHSI, TIPY KOTOPBIX KAK/IbIN MOAKJIIOYEHHbIN K IIHU-
HAM 9JIEMEHT OKA3bIBAETCST KaK Obl HAPY)KeH Ha WH-
JIMBU/Ty ATbHBIM NCTOYHUK TUTaHus. KoHgerncaTopbr
MOTYT YCTAaHABJIMBATHCS IO OTHOMY Ha TPYIIIY KOP-
MyCOB B TIpe/ieiaX SYeWKN WM Jake HemoCpe-
CTBEHHO y Ka)XXJIOTO 2JieMeHTa. EMKOCTh KOH[IEH-
caTopa BBIGMPAIOT MCXO/S U3 YCJOBHII PaBEHCTBA
3apsijla, HaKaIJIMBAaEMOr0 KOHJIEHCATOPOM 3a Bpe-
M1 TIEPEKJIIOUEHIST BEHTHUJIS, 3apsly, TIEPEHOCHMO-
My BBIOPOCOM TOKa 3a TO ke Bpems [1]. EMkxocTb
C, o6bruno menbire 100 n®. Hanpskenne Ha KOH-
JIEHCATOPE MOJKET K0JieGaThCs B MPe/eiaX, PaBHbIX
JIOITyCTUMON MOMeXe B MUHAX MUATAHWS.

Ha puc. 3 Bce MHAYKTUBHOCTU, KOHIEHCATOPbI
1 CONPOTUBJEHNUs napasuthbie, kpome C,, C, u
deppuroBoil 6ycunnl. Hanpsikenne Touku 2, BO3-
HUKIIee 13-32 ObICTPO M3MEHSIONUXCS 1u(POBBIX
TOKOB, Henms6exHo Oyjer mepegaBaTbest yepes C
B Touky / (aHamoroByIo actb nmpeoOpa3oBaresns).
[TpuBenennas Ha puc. 3 cxema He SBJSETCS YHU-
BEpCAJIbHOII, HO OHA TIOKA3bIBAET MEXAHU3M BJIMSI-
Hust 1udpoBoit yactu mpeobpaszoBaTesis Ha aHAJO-
TOBYI0, TIOHUMaHUe W y4eT KOTOPOTO HEOOXOIUMBI
JUIST TIOUCKA JIYUIIIeTo pelieHust mpo6ieM KOHKPeT-
HBIX CX€M IIPU ITPOEKTUPOBAHUU.

Heob6xoauMo Takske paBuJIbHO BIGUPATD JIHO-
JIbI BBITIPSIMUTEJIS, TTOCKOJBKY TOK 0OPaTHOTO BOC-
CTAHOBJIEHUS TIOJYITPOBOJHUKOBOTO JMOJA TPUBO-
JIUT K JIOTIOJIHUTEJbHBIM PIMOYACTOTHBIM TOMEXAM.
OG6paTHoe BOCCTAHOBJIEHHE CTaH/APTHBIX JHO0B
SIBJISIETCSI IPUYUHOIL MTOSIBJIEHUST B UICTOYHUKAX TUTa-
HUSI TAPMOHUK IIPOMBIIIJIEHHON YaCTOThI BILIOTH /10
10 MIt, u maxe Boime. Uem pe3de BOCCTaHOBJIE-
Hue, TeM OOJIbIIIE Pa[MOYaCTOTHDbIE TTOMEXU BO3-
HUKAIOT. Pe3Koe BoccTaHOBJIEHUE /[10/1a BO30Y K/ 1a-
€T KOHTYP, COCTOSIIIHN U3 eMKOCTH p — R-TIePeX0/ia
U MMapasuTHBbIX UHAYKTUBHOCTEH cxembl. [l cHu-
JKeHWST BAUSHUS 9 dekTa 06paTHOTO BOCCTAHOBJIE-
HUSA B BBITPAMUTENAX UCTOAB3YIOT RC-memMrdepsl.
3/1ech BMECTO CTaHAAPTHBIX AMOA0B (IpomsBoau-
MBIX C UCTIOJIb30BAHNEM ABOUHOTO M dHy3NnOHHOTO
npomecca) IIpeAouTUTEIbHee IIPUMEHSATh SIHUTAK-
cHajJbHbIe, M3TOTOBJIEHHBIE 110 TexHoJornu FRED
[15]. Takue aquoabI OTANYAIOTCA MOHUKEHHBIM TO-
KOM U ILIABHOCTHIO OOPATHOTO BOCCTAHOBJIEHUSI,

HU3KHUM IIPSIMBIM I1a/[€HUEM HAIIPSKEHUST 1 HU3KUM
TOKOM yTeUYKH, 6J1arojiapst 4eMy MOXKHO YMEHbBITHTD
JIMHAMUYECKUE ITOTEPU M 3JEKTPOMATHUTHBIE Ha-
BOJIKM B MOIIHBIX BBICOKOYACTOTHBIX UMITYJIbCHBIX
1peoGpa3oBaTeisiX U JaskKe UCKJIIOUUTD TOTPEOGHOCTD
B JieMiipepax, MOCKOJBbKY B 3TOM CJIy4ae SHepPrust
curHaja OyJeT HeJJOCTATOUHOU /st BO3OYIKIEHMS
PE30HAHCHOTO KOHTYPA.

HawuboJtee mpoctoii crioco6 CHIKEHUST HAIIPsIKe-
HUS IIIyMOB B CTAGUIN3aTOPAX HAPSIKEHUS TTUTAHMUS
3aKJIIOYAETCS B TOM, YTO HA BBIXO/IE YCTAHABIMBAET-
Cs1 KOHJIEHCATOP, a B CJIyYae MPUMEHEHUsT PEryJInpy-
€MbIX CTaOUJIN3aTOPOB — €llle U Ha BBIBOJIE Pery.JIH-
POBaHUSI BBIXOJHOTO HAIPSLKEHUsT. Y CTAaHOBKA [I0-
MOJIHUTEJIbHOTO KOH/IEHCATOPa Ha GOJIBIIMHCTBE CTa-
O6UJIN3ATOPOB HAIIPSIKEHUSI MOKET 1TO3BOJIMTH CHU-
3UTb YPOBEHD IIYMOB B OY€Hb NIMPOKOM JIUATIA30HE
YaCTOT 32 WCKJIOYEHUEM OIpeJleIEHHO Y3KOi T10-
JIOCHI BOKPYT PE30HAHCHON YacTOTbI KOHTYpa, o6pa-
30BAaHHOTO WH/[YKTHBHOW COCTABJISIONIEN BBIXOHO-
T'O COTPOTUBJIEHHS CTAOMIN3aTOPA U BXO{HOI €MKO-
CTBIO B IleNU HArpy3ku. HacTtoTa, Ha KOTOPOMl MO-
JKET MOSIBUTBHCS TAKOII MK, CKOPEE BCETO, OKAMKETCSI
B quanasone 10— 100 kI, AMnnTy/1a 3TOTO MMMKA
B CIIEKTPe MYMOB Oy/IeT U3MEHSTHCS B 3aBUCHMO-
CTH OT JOOPOTHOCTH SKBUBAJIEHTHOTO PE30HAHCHOTO
KOHTYPa, Ha KOTOPYIO OCHOBHOE BJIUSIHUE OKa3bIBa-
€T 9KBHBAJIEHTHOE TI0CJIEZI0BATENbHOE COIIPOTUBIIE-
nue (IIIC) BBIXOAHOTO KOHAEHCATOPA.

BbIxo/1HO€E TI0JIHOE CONPOTHUBJIEHNE CTaOMIM3a-
TOPOB MOJKET 3HAYUTEJIbHO U3MEHSITHCSI B 3aBUCHU-
MOCTH OT CUJIbI TOKQ HATPY3KH M yCTAHOBJIEHHOTO
BBIXO/IHOT'O HAIIPSIZKEHHUsI, KOTOPBIE B CBOIO OUEPE/Ib
BJISTIOT HA IEHTPAJTBHYIO YACTOTY TYMOBOTO MTUKA.
YBennuenne TOKa HArpy3KU BbI3BIBAET yMeHbIIIe-
HIUEe BBIXOJHOW MHJYKTHBHOI cocTaBJsionel, Ko-
TOPOE TIPOJIOJIKAETCS JIO TeX MOP, TTIOKA JOMUHUPY-
IOIIMMHU COCTABJISIIOIIUMEU BBIXOHOIO COIIPOTHUBIIE-
HUS He CTaHyT COIPOTUBJIEHIE OTPAHUYUTEIST TOKA,
COIPOTUBJIEHNE TIPOBOJAHUKOB, COEIUHSIIONNX KPHU-
CTaJIJI TPAH3UCTOPA C BBIBOJIAMHU, W COIIPOTUBJIEHHUE
CaMUX BBIBOJIOB.

B GoJibiuHCTBE coTyyaeB HAJTMYKE HA BBIXO/IE UC-
TOYHHMKA TUTAHUS TTYMOBOU COCTABJISIONIEN B He-
CKOJIbKO MUKPOBOJIBT HA YKA3AHHBIX BBIIIE YACTOTAX
He BbI3bIBAeT KakuX-an6o mpobaem. OQHAKO B TEX
CIyvasx, KOrjia cxeMa pa3pabarbiBAeMOTO YCTPOii-
CTBa 0c000 YYBCTBUTEbHA K YPOBHIO MIYMOB B Tie-
X MUTAHUS Ha KAKOW-TO OIpe/ieJIeHHON 4acToTe,
Pa3paboTUYnK MOJKET 110A00paTh MOAXOASIINN KOH-
JleHcatop /s (PUIbTPAIMU BBIXO/IHOTO HATIPSIKe-
HUS cTabUJIN3aTOPa U CIIPOEKTUPOBATH €r0 BBIXO/I-
HYIO I[eTlb TaK, 4TOOBI MUK B CIIEKTPE IIYMOB He T0-
najiajl B UHTEPECYIOMUI auana3on. B mMamonymsi-
MUX YCTPOMCTBAxX cJjeyeT u3beraTb MpUMeHEHMs
KOH/IEHCATOPOB € HU3KHMM 5KBHBAJIEHTHBIM I1OCJIE-
JIOBaTesIbHbIM conpoTuByerueM. /s apdexTuBHO-
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ro TOJIaBJIEHUs] IIyMOB HA BBIXOJ/I€ CTAOUIN3AaTOPA
MOJKHO MCIIOJTb30BATD 3JIEKTPOJUTHUECKUN KOH/IEH-
catop eMKocTbio 6oJiee 50 MkMD, a ecsiu ctabusn3a-
TOP PEryJupyeMblii — ellle OJIUH KOH/IEHCATOP eM-
KOCTBIO XOTsI 6b1 1 MKMD Ha BBIBOJIE «PETYJIUPOB-
Ka». Kpome TOro, 1mocko/ibKy uaMeHeHue TOKa Ha-
rpy3KI/I nJN BBIXOJAHOTO HaHp}I}KeHI/IH MOFyT n3me-
HUTDb I/IHZIyKTI/IBHyIO COCTaBﬂHIOLHyIO BbIXO/ZHOTI'O CO-
HpOTI/IBJIeHI/ISI n CZIBI/IHyTI) ‘{aCTOTy IINKa H_[yMOB, pa—
60Ty cXeMbl He0OXOIMMO TTPOBEPSITH BO BCEM JIHa-
Ma30He HKCILTyaTAIlMOHHBIX TOKOB HATPY3KHU M BbI-
XO/JIHBIX HAIPAXKEHU.

aﬂeKTpOHHbIC KOMIIOHEHTbI

B uyucsio koMnoHeHTOB (UIBTPOB UCTOYHUKOB
MUTAHUS BXOAAT KOoHAeHcaTopbl. KoHmencaTop xa-
paKkTepu3yercs rJIaBHbIM 006pa30M TeM, 4TO HaKa-
IJIMBAET 3apsii 10/l BO3/IENICTBUEM IIPHJIOKEHHOTO
HAIPSKEHHST, a CXeMa 3aMelIeHsT PeaJTbHOTO KOH-
JleHcaTtopa COAEPIKUT COIPOTHUBJIEHUE, €MKOCTb U
UHIYKTUBHOCTD.

Uro6bl cpaBHUBATH TIapaMeTPhbl KOHAEHCATOPOB,
UX MOKHO YCJIOBHO Pa3/leJINTh HA TPU THIIA, CYIIle-
CTBEHHO OTJIMYAIOIIUECS TI0 KOHCTPYKITUMH U UCIOJIb-
3yeMOMY JIU3JIEKTPUKY: 3JEKTPOJUTHYECKUE, TIIe-
HOYHbBIE U KEpaMUYECKUE.

DJEKTPOJIUTHYECKIE KOH/IEHCATOPhI 06/1a1aI0T
6GOJIBIIION €MKOCTBIO, HO Takxke u OospmuM IIIC
U HU3KOHN Ipe/esbHON pabodeil yacToToil — Ha-
npuMep, y amomMuHueBbix oHa Huke 100 kI'm. B
STOM OTHOIIIEHWM TaHTAJOBble KOHIEHCATOPHI He-
CKOJIBKO JIy4llle: WX MMIIEJJAHC C POCTOM YaCTOTBI
yMeHbInaeTcs BIJIOTh g0 MIT-1uanasona, 4to mo-
3BOJISIET WCIIOJIb30BaTh 3TH KOHJ/IEHCATOPBI B CO-
BPEMEHHBIX HCTOYHMKAX IUTAHUS HA YacTOTaX B
cotau KIm. IlosnsipHble 3JIEKTPOJUTHYECKHE KOH-
JleHcaTopbl «60gaTCsI» 06PATHOTO HAIIPSIKEHMUSI.
OTHOCHUTENIBHO BBICOKHME TOKKM yTeukn (10 jpecsat-
KOB MKA) CBsI3aHbI C KOHCTPYKTHBHBIMH OCOGEH-
HOCTSMU. JJIEKTPOJUTHIECKHE KOH/IEHCATOPDI C Ta-
KHUMU TTapaMeTpaMu XOPOIIH /ST HU3KOYaCTOTHBIX
puabTPOB, a I/ BBICOKUX YaCTOT JIYYIlle UCITO0JIb-
30BaTh KepaMUYECKHeE.

[TepBocTemneHHOe BJINSHHE HA XapaKTePUCTHKU
peasibHOr0 KOH/IeHCAaTopa, MOMUMO eMKOCTH, OKa-
3bIBAIOT €r0 9KBUBAJIEHTHAS IIOCJIeL0BaTEeIbHAS NH-
aykruBHoCTh (TIU) 1 SKBUBAJIEHTHOE TI0C/IEI0BA-
TeJIbHOE compoTuBeHne. Kakoro 6bl THIIA HU OBLI
JIU3JIEKTPUK, OCHOBHBIM 3JIEMEHTOM TIOTEHIINATb-
HBIX TToTepb huabTpa 6yner IIIC, BXozsiiee B aK-
BUBAJIEHTHYIO CXEMY KOH/IEHCATOPA KaK TTapa3uTHOE
conporuBieHne. OHO pasHOe [ Pa3HBIX YaCTOT
1 3aBUCHUT OT TeMuepaTypbl. TN Takxke saBasercs
HMCTOYHUKOM BBICOKOYACTOTHBIX IMOTEPD.

[IsreHOUHBIE KOHIEHCATOPBI XapaKTEPU3YIOTCS
HEGOBINON y/IebHOM eMKOCTBIO, TIO9TOMY OHU He
MOJIXO/ISAT JIJISI MAJIOTabapPUTHON anmapaTypbl, a Bbl-

COKast TIOOPOTHOCTH Ha TIPAKTHKE MOKET MPUBECTH
K TIOSIBJICHWIO TIAPA3WTHBIX PE30HAHCOB (PUIbTPA,
T. €. ICTOYHNUKOB JIONMOJTHUTEIbHBIX TTOMEX, U K €T0
ycaoxuennio. [liaenounble KOHIEHCATOPDI, TMEIO-
e (popMy MIIMH/PA, 06J1a/[AI0T BIIOJIHE KOHETHON
UHYKTUBHOCTDIO, OTPAHUYUBAIONIEN X TTPUMEHM-
MOCTb B BBICOKOYACTOTHBIX (prarbTpax. B Takmx coy-
YasgxX HYKHO MCIOJb30BaTh GE3bIHAYKTUBHbBIE KOH-
JleHcaTopbl. K HUM OTHOCATCSA TaKeTHbIE TIIEHOY-
HbIe KOHJIEHCATOPbI, B KOTOPBIX OOKJIAJKN HE CBO-
pavymBalOTCs B MUJWH/IP, a HApe3aoTcs B BU/E He-
6OJIbIINX JIUCTOBBIX ceKiuit. KonpeHncaropst 10JK-
HbI UMETHh KOPOTKHUE BBIBO/IBI, A ellle Jiy4liie — ObITh
6e3BbIBOAHBIMU (/IS TOBEPXHOCTHOTO MOHTA)Ka).

JLns gacToT BbInIe HecKoabKkux MITt (BILIOTH 710
ITu) Gosblre BCEro MOAXOAAT KePaMUYECKHe KOH-
JleHCcaTopbl 6Jarojjapsi X MaJbiM pa3MepaM, Bbl-
COKOH JIM3JIEKTPUYECKON IMPOHUIIAEMOCTH, HU3KUM
MOTEPSIM, MAJIOMY TeMTepaTypHoMy KoadduimenTy
conporuBJyieHusi. CaMble BBICOKOYACTOTHBIC — MHO-
rocJIoHbIe MUKPOKEPaMUYeCKUe U3-3a CBOEH CBEpX-
HU3KOW MHAYKTUBHOCTU. BepxHsas nmporyckHas dya-
crota (PUIBTPA OTPAHUYUBAETCS YACTOTOM COOCTBEH-
HOTO pe30HaHca KOHAEHCATOPAa, 3aBUCATIEH OT Tmapa-
3UTHBIX MTapaMeTPOB — OHa JOJIKHA JIEXKATh BBIIIE
MOJIOCHI TTPOTTYCKAEMbIX YaCTOT.

MHOXeCTBO BKJIIOUEHHBIX MApaJIeJbHO IJa-
crun (puc. 4) u3 XOPOUIO MPOBO/AIIETO MaTEPHa-
Ja o0ycaaBauBaioT ouenpb Huskuit I1C MHOTOCTOI-
HBIX KepaMHYECKUX KOHIEHCATOPOB, YTO HAPSAY C
IIMPOKUM HAGOPOM 3HaUeHUii eMKocTU (BILIOTH /10
necaTkoB MKMD) 06ecIeunio ux MOIyJISPHOCTb.
OpnHako cyniecTByoT 1mo6ounble 3hdeKTbl, KOTO-
pble OTPAHNYMBAIOT MPUMEHEHNE TaKNX KOH/IEHCA-
TOpOB. B KepamMuuecknX KOHeHCATOpaX GOJIBbINONM
e€MKOCTH MCTOJB3yIoTCs auanekTpuku X7R, XSR
u Y5V, nuaiexkTpudeckas ITPOHUIIAEMOCTH KOTO-
PBbIX, a BMeCTe C Hell W eMKOCTb, CHJIbHO 3aBUCHT
OT TeMIepaTypbl W TPUJIOXKEHHOTO HATPSKEHU.
[Tpu focTaroyHOo sKECTKUX TPEOOBAHUSX K CTAOUIID-
HOCTH HOMWHAJA, HATIPIMED, BO BPEMS3a/IAIOIIIX
ETISIX, JIyulle TIOAXOAUT AnaaekTpuk X7R kak 6o-
nee crabuapnbiii nm NPO (COG), y kotoporo ca-
Masi BBICOKAsI TeEMIIepaTypHast CTaOMIbHOCTD, a €M-

BuyTpenHmii 2s1eKTPO/]

Pd /PdAg /Ni

BuyTpennue 3jeKTpoibl

Bremrnne
Eﬂempomﬂ:
Ag/Cu
Ni
L Sn

Buenraue aseKTpoIb

Puc. 4. CrpykTypa MHOIrOCJ0HHOIO KepaMU4yeCcKOro
KouzieHcatopa [16]
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KOCTb, XOTs U HeGOJIbIIAs, HE 3aBUCHT OT YACTOTHI
U TIPUJIOKEHHOTO Hanpstkenus. [lug criaskmBaio-
Iero KOH/IeHCcaTopa CTa6MIbHOCTh HOMIUHATA HE SIB-
JIZeTCS KPUTUYHBIM TTapaMeTpOM, TI03TOMY MOXKHO
MCTIOJIb30BaTh KepaMuKy Y5V, u3 KOTOpPOH MoJIy-
YaIOTCST JIETAJN MEHBINUX TabapuToB u Gojiee HU3-
KOW CTOMMOCTH C UCKJIOUUTEIHbHO GOJIBITUMY 3HAa-
YEHWSIMU €MKOCTH.

Korga smsinne I11C maso, mogHOE COMPOTHB-
JIeHWe Ha BBICOKUX dYacToTax ompezenser IIIN.
[TockoJibKy MHIYKTUBHOCTH KOHJIEHCATOPA 3aBU-
CUT OT pa3Mepa IJIACTUH, KOHTAKTHBIE IJIOTIA[I-
KU KOHJIEHCATOPOB [IJISI IOBEPXHOCTHOTO MOHTAXa
CTaJ M BBIBOJUTL HA JIJIMHHBIE CTOPOHBI KOPITyCa.
HeG6ospinast BesimunHa 5KBUBaJIEHTHON 1OCJIE€/[0BA-
TEJbHOU WHIYKTUBHOCTH, KOTOpas A/ GOJIbINUH-
CTBa KOPIIYCOB TI0J[ MOBEPXHOCTHBIN MOHTAXK KO-
ae6serca B auarazone or 500 nl'n 1o 1 ulH, BMe-
cte ¢ eMkocTbio 10 MkD TpuBeieT K BO36YK/ICHUIO
MapasuTHOrO KOHTypa Ha yactore 5 MI'1, KoTopas
MOJKeT OKa3aTbCsA B TI0JIOCE MPOIMYCKAHWS TPaKTa
06paboOTKK JJAHHBIX.

Baskno, uTo6bI IU3/IEKTPUK KOH/IEHCATOPA HE SIB-
JISLJICSL TIbEe303JIEKTPUKOM, He OBbLI MO/IBEP3KEH MU-
kpodouromMy adderty. OaHAKO TUITEKTPUK MHO-
TOCJIOMHBIX KepaMUYeCKUX KOHIEHCATOPOB dYallle
BCETO COJIEPIKUT TUTAHAT Gapusl — KJIACCUYECKUN
MaTepuaJ JIJisl Tbe30aTYNKOB, TI03TOMY TIPU MeXa-
HUYECKUX BO3/IEHCTBUSAX MOSIBJIEHUE TTAaPA3UTHOTO
CUTHAJIA B TPaKTe TapaHTUPOBAHO.

Ete ogHuM ciieicTBUEM IThe303JIEKTPUYECKOTO
saddekTa ABgETCS TO, YTO KOHJIEHCATODP BUOPUDPY-
€T OT TPUJIOKEHHOTO K HEMY TIepEMEHHOTIO HAIpsi-
JKEHUsI, YTO BBI3OBET 1IPOGJIEMBI, ecjin pabodas ya-
crota Oy/eT HAXOJUThCS B 3BYKOBOM /IMATIA30HE.

Kepamuueckue mpoxo/iHble KOHEHCATOPBI 06e-
CIIEeYUBAIOT HAJEKHYIO 3alIUTY OT BHYTPEHHUX TI0-
MeX, a 6Jarojaps CBOeil KOMIAKTHOCTH OHU YJ100-
HBI JIJISI UCTIOJIb30BAaHUsT B (DUJIBTPAX HJIEKTPOMAr-
HUTHOI coBMecTUMOCTH. OCHOBHBIE CBOIICTBA 9TUX
KOH/IEHCATOPOB: HM3KHE 3JEeKTPUYeCKue TOTepH;
3HAUMTEJBbHOE TIOJ/IaBJIeHNEe TIoMeX; paboTa Ha pa-
JINOYACTOTAX; KOMIIAKTHOCTD; IMUPOKUN HATIA30H
pa6ounx temmneparyp (or —40 go 125°C); Huskas
CTOUMOCTD 110 CPaBHEHMIO CO CJIOKHBIMU IIOMEXO-
MOABJITIOMUMHY (PUIBTPAMU Ha OCHOBE (PUIBTPYIO-
ux 1emeii. B 0ObIYHBIX KepaMUYeCKUX KOHAEHCA-
TOpaxX MapasuTHble UHAYKTUBHOCTU COEIMHEHBI T10-
caeioBaresibHO (pUcC. 3), a B IPOXOAHBIX — Tlapai-
senbHo (puc. 6), us-3a yero cymMmapHas napasur-
Hasi WHAYKTUBHOCTL B YeTbIPe pa3a MeHbIlle, 4eM
B 00b14HbIX. Ellle 0/HO y00CTBO [1JisT KOHCTPYKTO-
pa — BO3MOKHOCTH UX UCIIOJIb30BAHUS HA Tepece-
KaIOIUXCS MPOBOJIHUKAX, €CJIM BBIXO/IHbIEC KOHTAK-
TbI C(DOPMUPOBAHBI HE TOJBKO HA TOPIAX, HO U HA
JUIMHHBIX CTOpOHax Kopmyca (puc. 7).

Bounee BbITo1HO 1 3 HEKTUBHO TIPUMEHSITD 0.J10-
KU TPOXOJHBIX KOHJeHcaTopoB. KoHeuyHas Beu-
YUHA SKBUBAJIEHTHOTO TIOCJIEI0BATENBHOTO COIMPO-
TUBJIEHUSI, TIPUCYIIIas BCEM KOH/IEHCATOPaM, OTHO-
CUTCS K HETaTUBHBIM ITapas3uTHBIM ITapaMeTpaM.
[Tosrle3ano mcHOIB30BaTh IMapaJlielbHO COeANHEH-
Hble KOHJIEHCATOPBI: TaKOe COe[[MHEHNE yMEHbIIa-
eT IIIC u UHAYKTUBHOCTD KOH/IEHCATOPA U YBeJH-
yuBaeT eMkocTb. C JApyroil CTOPOHBI, 3TO COMPO-
TUBJIEHUE MOKET CBITPATD U TTOJIOKUTETHHYIO POJIb:
6yay4u 1o cyTu gemMrdupyomum ajaementom, I1IC
MOJKET TIOMOYb B TIO/IaBJEHUN PE30HAHCHBIX ITHKOB
(puIBTPOB W 3aMEHNUTH TEM CaMBbIM PE3UCTOP, KO-

Ly Ly
L,
(,., Ncrounnx R,
oMex
L,
O o—

Puc. 5. OxBuBaJieHTHAS dJEKTPUUECKas [eIb CTAaHAAPT-
HOTO KepaMHYecKoro Komgencatopa (R; — Harpysod-
HOE COIPOTHBJIEHHUE )

Hcrounuk
moMex

o

Puc. 6. DxBuBaseHTHAS 3JIE€KTpUYECKAs IIeTb
MPOXOJHOTO KOH/IEHCATOPA.

Bxonx

Boixon

Puc. 7. Iloakmouenne mMpoxo/I-
HOTO KOHJ/IEHCATOPA K IepeceKa-
IOIUMCS TIPOBOJIAM
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TOPBIN JJIST STUX IleJIell MHOT/Ia CIIEIHAaJIbHO BKJIO-
YaloT B CXEMY II0CJIE[I0BATENbHO C KOH/IEHCATOPOM.

Y GOJBIIMHCTBA 3JIEKTPOJUTHYECKUX KOH/IEHCA-
TOpOB HalJo/aeTcst 06JIacTb HU3KO[0OPOTHOTO I10-
CJIEJJOBATEIBHOTO PE30HAHCA JJIMHOI B HECKOJIBKO
OKTaB, He IPUHOCSIIEr0 GOJIBIIOTO Bpeaa. Takum
00pa3oM, HU3KYIO JOOGPOTHOCTD 3JIEKTPOJUTHUECKUX
KOH/IEHCATOPOB MOKHO HCIIOJIb30BATD JIJIsI IIO/[aBJIe-
HUSI PE30HAHCHBIX NMUKOB. llpaBma, Takue KOH[EH-
caTopbl, K COKAJICHNIO, He NMPUMEHSIOTCS Ha BBICO-
KIX 4acTOTaX, M 3/IeCh BMECTO 3JIEKTPOJUTHYECKUX
JIyUIIle WCTIOIb30BATh MHOTOCJIOMHBIE KEPAMUIECKIe
KOHJieHcaTopbl. Ec/ii Ha HU3KUX 4acTOTaX WX IIPEr-
MYIIECTBA MEPE]l 3JIEKTPOJUTUIECKUMU 3aKJII0YAIOT-
s, TJIABHBIM 06pa3oM, B pa3Mepax U TeMIepaTyp-
HOM Jinanasone, To npu npubsmnkenny K 1 MT oxu
noJaBJ/stior moMexy B 10 pas cuiibHee TaHTAJOBBIX
u B 100 pa3 cusbHee aJIOMUHUEBBIX TTPU OJUHAKO-
BOII HOMMHAJIBHON eMKocTH. HecMoTpst Ha TO, 4TO
MHOTOCJIOMHbBIE KEpAMUYECKIE KOH/IEHCATOPDI MMe-
10T MEHBIITIE Pa3MePbl, OHN Me/[JIEHHEee HarPeBatoT-
Cs1, a TaK’Ke JIydIlle BBIJIEPIKUBAIOT KPATKOBPEMEH-
Hbl€ CKAQUKU HAIPSIKEHMUS .

CJietyer OTMETUTD, UTO HIEKTPOJTUTHIECKHE KOH-
JleHCATOPbI HEOOXOAMMO BbIOHUPATD ¢ GOJIBIINM 3aria-
COM I10 HAIPSIKEHUIO, MOCKOJIbKY UMITYJIbCHBIE KC-
TOUHUKU [IUTAHUSA B MOMEHT BKJIIOYEHUS U BBIKJIIO-
YeHUsT MOTYT T€eHEPUPOBATH UMITYJIbCHI AMILTATY IOU
JI0 HECKOJIPKUX 3HAYCHUH BBIXOJHOTO HAIIPSIKEHUSI.

PesucTopbl yCTpOeHbI MpoIllle KOHIEHCATOPOB,
HO ¥ WX HeNb3s MCMOJb30BATH TOJBKO WHTYUTHB-
HOo. COGCTBEHHBII MTyM Pe3uCTOpa — BasKHAs Xa-
PaKTEPUCTUKA, IPEJCTaBJSAIONasi co60il momMexy
JUISL TI0JIE3HOTO CHTHAJIa M HaKJIaJbIBAIOIIAsl OTpa-
HUYEHWST HA YYBCTBUTEJBHOCTH PA3JHYHBIX CXEM.
[Iymbr pencTaBasior co6oii MepeMeHHoe Harpsi-
JKEHWe, XapaKTePU3YIOIIeecs] HelPePbIBHBIM ITHPO-
KHUM CIIEKTPOM U OJMHAKOBOI MHTEHCUBHOCTDHIO Ya-
CTOTHBIX COCTABJISIONINX.

Wmeror MecTo /1Ba BUA IIyMOB: TEILIOBbIE U TO-
KOBbIe. TeroBbIe MTyMbl BO3HUKAIOT BO BCEX THITAX
PE3UCTOPOB M3-3a U3MEHeHUs1 00beMHON KOHIIEHTPa-
[IUU 3JIEKTPOHOB B IIPOBOJHUKE 34 CUET MX TEILIO-
BOTO JIBUIKEHUS, U TIOITOMY MEXKIY JIOOBIMU TOY-
KaMH [IPOBOJHUKA BO3HUKAET HAIIPSLKEeHMe KoJieba-
TebHOTO XapakTepa. TOKOBbIE IIyMbI BO3HUKAIOT B
MPOBOJTHUKAX C 3ePHUCTON CTPYKTYPOU M3-32 U3Me-
HEHWS KOHTAKTHOTO COTIPOTUBJIEHUS MEK/Ty 3€pHa-
MU IIPOBOJAIIETO dyeMeHTa (paspylienne KOHTaK-
Ta, CIEKAHNE YACTHUII, JIEKTPOXUMUIECKHUE MTPOIIEC-
cbl, MexaHnueckue BuGpaiun). BesmunHa myma 3a-
BHUCHUT OT JIJIMHBI IPOBO/ISIIIIETO 3JIEMEHTA, Pa3Mepa
3ePEH U COIPOTHUBJICHUS: YeM GOJIbIIE COIIPOTUBIIE-
HUe, JIUCTIEpCHEee CTPYKTYPA U JIJIUHHEE PE3UCTHB-
HBIH HJIEMEHT, TeM TOKOBBIE TITyMbI MEHBIIIE,

Takum 06pas3oM, Ha KOHI[AX PE3UCTOPA TIPOSIB-
JISETCSI TIepEeMEHHAsT COCTABJISION[AsT HAIPSIKEHUST

passnyHbIX vacToT. [lelicTByolee 3HaUeHUe 3TON
HePEMEHHOI cOoCTaBJIAonel Hanpsokenua E, , or-
HeceHHOe K MOCTOAHHOMY Hamnpsbkenuto U,, npu-
JIO)KEHHOMY K PE3HUCTOPY, HA3bIBAETCS yPOBHEM
cobcteennbix mymos: N = E, /U, [MxB/B], xo-
TOPBII B 3HAYUTEbHON CTEIIeHN 3aBUCUT OT Kaue-
CTBa KOHTAKTa MEXK/Iy PE3UCTUBHBLIM 3JIEMEHTOM U
BBIBOJIAMU.

Boei6parh moaxoasinuii pe3sucTop paspaboryu-
Ky almnaparypsbl Jierde, 4eM KOH/IEHCATOP, TIOCKOJIb-
Ky GOJIBIIIMHCTBO TUTIOB UMEIOT WJIM BKJIIOYAIOT Ba-
PUAHTBI C HU3KUM YPOBHEM COGCTBEHHBIX NITYMOB.
[Toutn Bce moKa3aTesn BHICOKU y METAJIONJIEHOY-
HBIX PE3UCTOPOB, B KOTOPBIX B KAUeCTBE PE3UCTUB-
HOT'O 2JIEMEHTA UCIIOJIb3Y€eTCs] TOHKAS TIJIeHKa CIely-
aJIbHOTO CILJIaBa WJIM MeTaJjljla, HaHeCeHHasT Ha M30-
JISIIMOHHOE OCHOBAHUE METO/IOM BaKyyMHOTO UCIIa-
peHNs WU KaTOHOTO HAIbLJIEHUS.

K meHOYHBIM MOXXHO OTHECTH YTJIEPOJIUCTHIE
u 6GOpPOYTJIEPOJIUCTBIE PE3UCTOPBI, MOCKOJBKY WX
MPOBOIANINI dJIEMEHT TPEACTABJISIET COOON TLIeH-
KY TMUPOJUTUYECKOTO YTJIEPO/a, MOJYYeHHYIO ITy-
TEeM PAa3JIoKEHUSI YIJIeBOJOPO/IOB B BaKyyMe WJIH
cpe/le UHEPTHOTO Ta3a TPY BBICOKOW TeMIleparype
(940 —1000°C). VM npucyl HU3KUI yPOBEHD TO-
KOBBIX IIIYMOB.

Hesnauutesnen co6CTBEHHBIN MIYM W Yy MPOBO-
JIOYHBIX COINPOTHUBJIEHMI, HO BeJHWKa cOOCTBEHHAS
€MKOCTb, a MH/[yKTUBHOCTb HY>KHO aHAJN3UPOBATD.
OrTHolllenne BeJMYNHBI UHYKTUBHOCTH K COITPOTHB-
JIEHUIO TIPOTIOPITMOHAIBHO IUAMETPY TIPOBOJIA, TI0-
3TOMY WX COOTHOIIIeHWe Oy/IeT BO3pacTaTh PH UC-
oJIb30BaHuK GoJiee TOJICTOTO MpoBoaa. M3-3a aro-
T'O WH/[yKTUBHOCTb PE3UCTOPOB, B KOTOPBIX UCIIOJIb-
30BaH HU3KOOMHBIH ITPOBO/I, BBICOKA, & Y PE3UCTO-
POB CO CKOJIbKO-HUOY/Ib 3HAYUTETbHBIM COTTPOTUB-
senuiem (6osbine 10 KOM) HHIYKTUBHOCTD HIPEHE-
6pesKuMOo MaJia.

MerannodoabroBbie pe3ucTOpbl, B KOTOPBIX
PE3UCTUBHBIN 3JIEMEHT BBITIOJHSETCS U3 (POJIBIH
(MaHranuH, KOHCTaHTaH, HUKEJIb C MOJUGIEHOM U
4yuCThIi HUKenb) Tosmmuon 0,002 —0,1 MM, npu-
KPEIJIEHHON K M30JSIIMOHHON TO/JIOKKE TIJTOCKON
WJIN [UJIWHIPUYECKOoil (popMbl, 06Jaai0T J0CTO-
MHCTBAMM TIPOBOJIOUHBIX (HU3KHUiI ypOBEHb MIy-
MOB, BbIcokad TouHocTb (10 +0,001%) u crabuib-
HOCTb) M ILIEHOYHBIX (TeXHOJIOTMYHOCTD, HIMPO-
KNI 4aCTOTHBINA [MAIla30H U AUalla30H HOMHUHAJIb-
HBIX 3HaYeHuii — 10 gecatkoB MOM) pesucro-
poB. OHAKO cJe[lyeT UMETh B BHJIy UX BBICOKYIO
TEH304YBCTBUTEJIbHOCTD, 6Jaroiapsi KOTOPOii mosi-
BHIJIACH ellle OJiHa 06JIacTh NMPUMEHEHUS MeTaJIJIO-
(hoIbTOBBIX PE3UCTOPOB — B KAYECTBE TEH30/IaTUU-
KOB. BbITTycKatoTCsT TEH30PE3UCTOPHI MPSIMOYTOJIb-
HOTO U PO3ETOYHOTO THUIIA, TMPEIHA3HAYAIOTCS OHU
[t u3Mepenus nedopMaiun getajgeil MamnH, Me-
TAJJIOKOHCTPYKIIMH W T. JI. TIPU CTAaTHYECKUX Ha-
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Tpy3Kax, a TakKe B KaUYeCTBE UYBCTBUTEIbHBIX dJIe-
MEHTOB CUJIOM3MEPUTETHHBIX JIATYNKOB B yCJIOBU-
SIX MaKPOKJIMMATUYECKUX PAHOHOB C YMEPEHHBIM U
XOJIOJHBIM KJIMMAaTOM.

[l paccMaTpuBaeMbIX 1ieJieil cyie/lyeT UCKJIo-
YUTb UCTIOJIb30BAHKE TAKUX IJEMEHTOB, KaK KOMIIO-
3UIMOHHBIE PE3UCTOPBLI U 0GBEMHOTO, U MJIEHOYHO-
TO TUIIOB, ITPOBOASIIAN CJIOM KOTOPBIX COCTOUT U3
CMecH TIPOBOJISIIIErO 3JieMeHTa, Hanpumep rpadu-
Ta WJIN CAXKU, C OPTAHWYECKUMHU WM HEOpraHude-
ckumu cBsizyoiumu (peHobHbIe 1 apupHbIe CMO-
JIBI) M HAIOJIHUTEJEM, TLIacTH(UKATOPOM, OTBEP-
qureneM. KoMIo3uIimoHHble Pe3ucTopbl 00.J1a/1a-
10T HEMAJIBIMU JOCTOMHCTBAMH, OJHAKO WCITOJIb30-
BaThb WX B BBICOKOYACTOTHOW W TOYHOW ammapary-
pe He T03BOJISIET BBICOKUH YPOBEHD IITYMOB, a TaK-
K€ 3aBUCUMOCTDH HEKOTOPBIX 1TapaMeTpPoOB OT YacCTo-
TbI, YTO SIBJISIETCSI CJIEJICTBUEM 3€PHUCTON CTPYKTY-
Pbl KOMITO3UIIMOHHBIX MaTepHaJsoB.

Hecko/ibK0O 0COOHSIKOM CTOSIT TOJICTOILIEHOYHbBIE
PE3UCTUBHBIE CTPYKTYPbI. TOJICTOIIEHOYHAS TEXHO-
JIOTHSI, UCTIOJIb3YEMAs B TEUEHUE JIECATUIETUI KaK B
KOMMEPUYECKUX, TaK U B CIENNAJN3NPOBAHHBIX U3-
JeJIUSIX 3JEKTPOHUKN, CHOBA BBI3BIBAET TIOBBINIEH-
HBII WHTEPEC. ITO MOKHO OOBSICHUTD yBeJTNIEHUEM
MCTIOJTb30BaHNST KEPAMUYECKITX MUKPO3JIEKTPOMEXa-
nuyeckux cucreM (C-MEMS) u 1oTpe6HOCTBIO OT-
pACJIM CBSI3U B 3JIEKTPOHHBIX CXeMaX ¢ GOJbITUMI
(QYyHKIMOHAJIBHBIME BO3MOXKHOCTSIMU 6€3 yBeJnye-
HUS MacChl, TIOBBINIEHHON HAJIE3KHOCTbIO U COOJIIO-
JleHreM sKoJiormdeckux tpeboBanuii. C-MEMS,
coOpaHHbIE 110 TOJCTOIJIEHOYHON TEXHOJIOTHH, CO-
Jlep>KaT OJHOBPEMEHHO MATYWK, WCIOJHUTEJbHBbIE
3JIEMEHTBI U 3JIEKTPOHHBIE CXEMBI [T 06paboTKI
curHaJIOB. KpoMe TOTO, TOJICTad MJIeHKA, OCHOBHOM
CTPYKTYPHBIHN 2JIEMEHT TOJICTOIIJIEHOYHON TEXHOJIO-
TMH, UCTIOJb3YeTCS U KaK YYBCTBUTEJbHBIN, U KaK
PE3UCTUBHBIN 3JIEMEHT.

ITO HOBOE TIPUMEHEHNE TOJICTOIJIEHOYHBIX pPe-
3UCTUBHBIX MATEPUAJIOB MMPUBOJAUT K YMEHBIIECHUIO
pasMepoB Pe3nUCTOpoB, Gojiee BBICOKUM JIOMYCKaM U
JIOTIOJTHUTEIBHOMY UCIIOJIb30BAHUIO CKPBITBIX BO3-
MoxxkHOCTel. C ApyTroil CTOPOHBI, pacIiupeHue uc-
MOJTb30BAHUS TOJICTOILJIEHOYHBIX YCTPOUCTB B CU-
cTeMax CBsI3u TpeOyeT Jydllero 3HaHWs MCTOYHU-
KOB IIyMa B PE3UCTUBHBIX IJIEHKAX U CBSI3aHHBIX
¢ aIME 3 HEKTOB TAPA3UTHON MOTYJIAINN B 9TUX
ycTpolictBax. Vi3mMepeHWs HW3KOYACTOTHBIX IITY-
MOB MOTYT ObITb MCHOJIb30BAHBI JIJISI OIEHKU 3TUX
CJIO3KHBIX CTPYKTYP.

Hwu3kouacTOTHDBII 1ITyM B TOJICTOTLIIEHOYHBIX Pe-
3UCTOPaxX 3aBUCUT OT MX MHUKPOCTPYKTYPBI, TTOTO-
MY €ro MOXXHO WCIIOJIb30BaTh [IJII OTCJIEKUBAHUS
CTPYKTYPHBIX M3MEHEHWI, BbI3BAHHBIX PA3JINYHbI-
MU BUJIaMU W BEJTMYNHON HANIPSKEHNU, BJIUSIONIN-
MU Ha HAJAEKHOCTH TJIeHKU. CBSI3b MEX/Y HU3KO-
YaCTOTHBIM IIYMOM W CTPYKTYPOU TOJICTBIX pe3u-
CTUBHBIX TIJIEHOK B OCHOBHOM HCCJIEIOBATACDH IKC-
nepumentasbho [17]. Teopernueckuii ananius mpo-
BOJIMJICS HA OCHOBE MOJIEJIN HI3KOYACTOTHOTO TITyMa

B TOJICTOTLJIEHOYHBIX CTPYKTYPaX, MPEAIOIaraionei
TECHYIO0 B3aMOCBSI3b MEXaHM3MOB IITyMa U MPOBO-
qumocti. Takoit anasm3 He 1mo3BoJisger chopMy.iu-
pPOBaTbh OJIHO3HAYHBIE PEKOMEH/IAIUY 13-32 JI0BOJIb-
HO CJIOXXHOW MHUKPOCTPYKTYPBI TOJICTOH TIJIEHKH.
Boubiie Bcero ycaoxkusier npobeMmy pazHoobpasue
apaMeTpoB, KOTOPbIE TOJKHBI ObITh TPUHSATHI BO
BHUMaHWE, 0COOEHHO B YCJOBHIX OJHOBPEMEHHON
MEXAHUYECKONH U BBICOKOBOJIBTHOM HMMITYJIbCHON
3JIEKTPUUYECKON HATPY3KN Ha PE3UCTUBHYIO TIJICHKY .
Mexannveckas fedopMaliusi IpUBOIUT K 00paTu-
MOMY M3MEHEHWIO COIPOTUBJIEHUS W3-32 TOTO, YTO
U3MEHSIOTCS YCJIOBUS TIepeHoca 3apsijia. JTO BJIU-
seT KaK Ha MeTaJIMYECKYI0 TTPOBOJMMOCTD, TaK U
Ha TYHHEJMPOBAHUE Yepe3 sHepreTnieckue 6apbepbl
n3-3a U3MeHeHus MupuHbl 6apbepa. [lpunoxenue
9JIEKTPUYECKOTO HANPSIKEHUS PUBOJUT K YCTOU-
YUBOMY M3MEHEHWIO BBICOTHI 6apbepa U COIPOTUB-
Jgenns. Hanudne pa3simdaHbIX BU/IOB HATPSKEHWS B
PE3UCTUBHBIX MJIEHKAaX (MEXaHUUECKUX, DJIEKTPpUYe-
CKHX U COBMECTHBIX) M U3MEHEHNE UX NWHTEHCUBHO-
CTH BJIUSIIOT HA TTAPAMETPhI HU3KOYACTOTHOTO TITyMa
U MOTYT IPUBECTH K U3MEHEHUIO CTPYKTYPBI TLJIEH-
KU BIIJIOTD /IO €€ Pa3pylIieHMs.

3akrouenue

AcriekTam o6ecrieuenust 3JeKTPOMArHUTHOM CO-
BMECTUMOCTH B TIpaKTHKe TpoekTupoBanmsi PIC
yeNsgeTcss HeJ0CTATOYHOTO BHUMAHUS, 4TO 00Yy-
CJIOBJIEHO Kak (popMasbHbiMu TipuduHamu (oTcyT-
cTBHE TPeGOBAHWIA B TEXHUYECKOM 3a/[aHUN ), TaK U
0 HESICHOCTH TPUYHWH BO3SHUKHOBEHUS 3JIEKTpOMar-
HUTHBIX TTOMEX U CTETIeHU X BJAUSHUAS Ha DYHKIU-
onnposBanue PIC. B mo6om ciaydae aTO CHUXKAET
kauectBO POC, MOCKOIbKY co3aBaeMast IPOAYKITHUS
JI0OJDKHA COOTBETCTBOBATH OIPE/IEJIEHHOMY KJIACCY
110 TIOMEXOYCTONYUBOCTH U HE SBJISATHCS MCTOUHU-
KOM Pa/InONOMEX.

[IpoBenennbIil aHAJMN3 CIENNAJBHBIX XapaKTe-
PUCTUK 2JIEMEHTHOH 6a3bl, a TAaKyKe OIBIT TOCTPO-
€HUS IICTOYHNKOB MUTAHUS W 3a3€MJICHUS TOJIKHBI
noMoub pazpaborurkaM PIC n1o6uThcs yMeHblie-
HUS ITyMOB B POPMUPYEMBIX KaHaJIaX BBICOKOCKO-
pocTHOI 06pabOTKM JTaHHBIX.
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KOHCTPYKTOPCBKI METOAM SMEHIIIEHHA HIYMIB I SABAZL ¥ KAHAJIAX
13 30CEPE/IJKEHUMU ITAPAMETPAMMU T1PY BUCOKOMIBU/IKICHII
OBPOBIII TAHUX

Cmamms npucesiuenda anaiizy memooie i npasul eaeKmpoHnoz0 KOHCMPYIO8AHHS PAOIOESCKMPOHHUX 3Ac0018,
aKi 3a6e3neuyiomy UCOKY 3A6aA00CMIUKICMY i eAeKMPOMAZHIMHY CYMICHICMb. P032AHYMO NPUYUHU SUHUKHEH-
Hsl 3a6a0 uepe3 HeeddLi KOHCIMPYKIMOPCHKT PiuleHHs npu noby006i OUCKPEMHO-AHAI0Z08UX KAHALIE NEPEMEOPeH-
nst ingpopmayii. Hadano npaxmuuni pexomendayii wjooo eubopy eremenmnol 6a3u, KOHCMPYIOBAHHI 3A3CMACH-
HsL ma 0xKepe Kugienus. AKMYAIbHICMb Yux 3d60anb 00YMOB.IeHd BUMOZAMU 00 NIOGUWEHHS WEUOKO00IT HANIG-
NPOGIOHUKOGUX NPULADIE | eACKMPOHHUX CXEM 6 ULAOMY Md 3MEHUWEHHS AMIAIMYOU POOOUUX CUZHANLE YUDPO-
BUX NPUCTPOTB, A MAKOXK NPOOIEMAMU 3POCMAHNSI BNAUBY MIK3 COHAHL | KOMNOHYGAHNS 6Y3116 HA CMIUKICIND
1 WeUOK00110 eACKMPOHHUX NPUCPOIE | CUCEM, NUMAHHIMU 3HUKEHHS MPYIOMICIKOCIT Md MAMEPIAIbHUX T
YACOBUX UMPAM HA NOWYK T YCYHEHHS NPUUUH HU3LKOT 3d8A00CMIUKOCT eAeKMPOHHUX NPUCPOTS.

3i 3pocmannamn weudkodii i wiibHOCMI KOMNOHYBAHHS eleMenmie 3abe3neuents 3a6adoCmiiuKocmi ma eiexmpo-
MAZHIMHOT CYMICHOCTNT MIX PISHUMU NPUCTIPOSIMU | CUCTNEMAMU CMAE HAUBAXKIUSTUUM 3ABOAHHIM KOHCMPY-
106anHs PAdioeIeKMpoOHHUX cucmem 6 yinomy. I1i0 uac xoncmpyxmopcoroi peanizayii 6yov-axoi eaekmponnoi
cxemu HeMunyue 8paxosyromucs 000amK0O6i NAPA3UMHL NAPAMEMPU Pe3UCTNUBH020, THOYKMUBHOZ0 | EMHICHO-
20 xapakmepy, SKi MOXYmMb NOZIPwumu weuokodito i 3aeddocmiukicms peaivHoi KOHCMPYKYIl 6 HeNpunycmu-
MUX MEKAX YU HA8TMb npusecmu 00 NOGHOT empamu pPo6omocnpomoxHocmi. Oco0aUB0 CUNLHO BNAUBAE KOH-
cmpyKyis ma mowmax na pobomy nadweuoxicnux (gucoxouacmomuux) cxem i npucmpoie — mym 3abesneuen-
HS cucmemnoi weudxkodii, 3a6adocmitikocmi ma eleKmpomMazHimuoi CYMIiCHOCI CIAIOMb OCHOBHUMU KPUMePisi-
MU AKOCMIL eJIeKMPOHHOT KOHCMPYKUYLL.

IIposedenuil anariz cneyiaivHUx XApaxmMepPucmur eiemenmnoi 6asu, a maxox 0oceioy nobydosu dxepen Kug-
JAeHHsL 1 3A3eMAeHHsL MAE OONOMOZIMU POPOOHUKAM PAOTOCAEKMPOHHUX 3dC0616 0OUMUCS 3MEHWEHH WYMIE 6
Gopmosanux Kanaiax ucokowsudxicnoi 06pobxu danux.

Kaouosi crosa: Ouckpemmo-ananozoeuil Kamaa,eieKmponte KOHCMPYI08dAHHsl, 3a6ad0uU, 3a8a00Cmitikicmy, uGip
enemenmnol 6asu.
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Ukraine, Odessa National Polytechnic University
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DESIGN METHODS FOR REDUCING NOISE AND INTERFERENCES

IN CHANNELS WITH LUMPED PARAMETERS IN HIGH-SPEED DATA
PROCESSING

DOI: 10.15222 /TKEA2019.1-2.10
UDC 621396:004.3

The article is devoted to the methods and rules of electronic design of radio electronic devices, which provide
high stability and electromagnetic compatibility. The author considers how interferences may be caused by
the unsuccessful design decisions when constructing discrete-analog channels of information conversion. The

TexHosorns U KOHCTPyMPOBaHKe B 3JIEKTPOHHOIT anmaparype, 2019, Ne 1-2
18 pyup P patyp ISSN 2225-5818




IJEKTPOHHBIE CPEJACTBA: UCCJIEAOBAHHUA, PASPABOTKHU

paper gives practical recommendations for choosing appropriate element base, grounding and power sources.
The urgency of these tasks is caused by the requirements for increasing the speed of semiconductor devices
and electronic circuits in general and reducing the amplitude of the working signals of digital devices, as
well as by the problems of increasing the impact of interconnections and the assembly of nodes on the stability
and speed of electronic devices and systems, by the problems of reducing the production complexity, material
and time consumption, and of finding and eliminating the causes of low noise immunity of electronic devices.

With the growth of the speed and layout density of the elements, ensuring the immunity of the electromagnetic
interaction between different devices and systems becomes the most important task in construing the radio
electronic systems in geneval. When designing any electronic circuit, one should inevitably allow for addi-
tional parasitic parvameters of resistive, inductive and capacitive nature, which may unacceptably impair the
performance and noise immunity of the actual design, or even lead to complete loss of functionality. Design
and installation have a particular effect on the work of super-high-speed (high frequency) circuits and de-
vices — here the provision of system speed, noise immunity and electromagnetic compatibility become the main
criteria for the quality of electronic design.

The analysis of the special characteristics of the element base and of the experience of designing power sources
and grounding, should help the developers of the electronic devices to reduce the noise in the shaped channels
of high-speed data processing.

Keywords: discrete-analogue channel, electronic design, interference, noise immunity, choice of element base.
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MUNKPOIIOJIOCKOBDBIE YABOUWTEJIN CBY
C HETPAIUIIMOHHOWM PEAJIM3AIIMNEN

Paccmompenvl  uzsecmmuvle CXEMHO-MEXHOI0ZUMECKUE NPUHUUNDGL  CO30AHUL  MUuKponosiockoevix CBY-
ymuoxumenet. IIposeden anarus ocobennocmeti, npobaem u HeOOCMAMKO8, BO3HUKAIOWUX NPU UX Pediu-
sayuu. Chopmuposan nepeuenv 00s3amesvivlx mpedbosanuii u Ycaoeull, HeoOX00UMbLX 01t Pearu3ayuu
CBY-ymmnoxumeneii. IIpodemoncmpuposano, umo 0cobennocmu GynKyuoHuposanus MuKponoiocKo6020
HANPAs.Iennozo Gurvmpa Gezyuett 6oNHbL UOCHMUUHDL YCIOBUIM U MPEOOBAHUAM PEeAIUIAUUU OALAHCHDLX
ymnoxumenet. Ha npumepe mooupuxauuu cmpyxmyproti cxemvl HANPAGIEHHO20 PUILMPA 6 CXEMY YMHO-
JKumest noomeepKoend 603moxHocms cozdanus CBY-ydsoumens 3a cuem evideseHus 3d0aAHHOU 4dCMO-
Mol U3 CREKMPA UACMOM KOJLbUe6020 Pe30HAmMopa bezyueti 60IHbL.

Karoueswvie croea: ymnoxumenv, CBY, Muxponosiockoedas iunus, Cnekmp 4dacmom, HeJUNetUHbILl d/leMenm,

YMHOKHUTENN YACTOTHI PUMEHSIIOTCSI B PAJINO-
3JIEKTPOHHBIX YCTPOWCTBaX st (POPMUPOBAHUS
CIEKTPAJBbHO YUCTBIX CUHYCOUJATBHBIX CUTHAJIOB
B JMalla3oHe Y4acTOT OT €JUHUIL 0 JEeCATKOB IUra-
repil. OHU peau3yIOTCs IyTeM YMHOMKEHUS 4acTo-
TBI BBICOKOCTAOMJIbHBIX, HO 00JIe€ HI3KOUYACTOTHBIX
YCTPOUCTB € MOCJEAYIONUM BbIJIeJIEHIEM HEOOXO-
JIMMBIX TAPMOHWK M3 CIEKTPa YacTOT TOJIYyYeHHO-
ro CBY-auanasona. Ilpu sTOM BbI/IeJIEHHBIE TIOCJIE
yMHOKeHust (3ajaHHbIe) 4acTOThl 06/1a1a10T CyIIe-
CTBEHHO 60J1ee BBICOKHMHU SHEPreTHYECKUMU, CIIEK-
TPaJIbHBIMU U /INANa30HHBIMU XaPaKTEPUCTUKAMU,
YTO TIO3BOJIET UCIIOJIb30BATh UX B KAUeCTBE TeTe-
POAWHOB W CHHTE3aTOPOB B IIPUEMO-TIEPENAIONTUX
cHuCcTeMax.

W3 ananuza usBectHbix mybsukaiuit 06 CBY-
YMHOXKUTENSAX, Harpumep [1 —6], ciemnyer, uTto Bce
ouu 0O6beluHEHDbI OONUM TTPU3HAKOM — JIJIsI Ipe-
o6paszoBanust (yMHOKEHUsI) 4aCTOThI B HUX 00si3a-
TEJHLHO WCIOJb3YIOTCS HeJMHeHble CBOWCTBA aK-
TUBHBIX MOJIYIPOBOTHUKOBBIX MPUOGOpOB. B Kaue-
CTBE TIOCJEJHUX MOTYT MPUMEHSITLCS KaK OJ[MHOY-
HbIE JIMO/IbI WJIU CJIOKHbIE MHOTOJMO/IHbIE CTPYK-
TYpbI, TaK ¥ TPAH3UCTOPHI.

Heo6xoamMo Tak:Kke OTMETHTD, YTO XapaKTepH-
CTHKHU KaJKJOTO YMHOXKHTEJSI CYNIeCTBEHHO 3aBHU-
CAT OT OCOGEHHOCTEN WCIOJH30BAHHBIX TTOJIYIIPO-
BOJHUKOBBIX MPUOOPOB, a Tak:Ke OT IapaMeTpPOB
MOABOAMMOrO K HUM 3JIEKTPUYECKOTO CMEIeHUSI.
W3-3a aroro nportiecc 1o160pa PesKUMOB CMEEHMS
U ONTUMU3AIIH BCEX YCJIOBUN U TpeGOBaHMI, HEOO-
XOAWMBIX IJIST Peaqu3alluid 3aJaHHbIX XapaKTepu-
CTUK YMHOKWTEJIEH, SIBJISETCS HE TOJbKO JIJINTEh-

bezywas 601HA, HANPAGACHHBLI DUNLMD, KOALUCBOU PEIOHATROP.

HbIM, HO ellle U JI0CTaTOYHO CJIOXKHbBIM U TPYA0EM-
kuM. [ToCKOJIbKY OTMeYeHHbIE CJOKHOCTU Xapak-
TepHbI Ay Beex BuaoB CBU-ymuoxureneir — He-
3aBHCHMO OT CXEMHO-KOHCTPYKTHBHOI peasuzanuu
(Ha 6ase BOJIHOBOJA, KOAKCHAJIA UJIU II0JOCKOBON
JMHUM) ¥ auanaszoHa paboumx ugactor (or coren
MT1 10 MUJLIMMETPOBOTO), MPAKTUYECKN KaXKI0€
TaKoe YCTPOWCTBO SBJISIETCS] YHUKAJIbHBIM TeXHUYe-
CKHUM pellleHueM, Kak 9TO cJeJyeT, HallpuMep, U3
[4]. OueBumHO, 9TO B TAKOIl CHTyallWu MpeICTaB-
JIIeTCd BIIOJIHE JIOTUYHBIM >KeJIaHWe pPean30BaTb
CBY-ymuosxuTesnb (Kak MUHUMYM — Y/IBOUTEJIb)
6€e3 WCII0JIb30BAHUS JIJIs1 IPe0OpPa30BaHUSI 4aCTO-
ThI AKTUBHBIX MOJIYITPOBOJHUKOBBIX TIPHOOPOB (T0
€CThb B IIACCHUBHOM PEKHME) M C OTJMYHBIM OT Tpa-
JIUITMOHHOTO PEKUMOM PACIIPOCTPAHEHUS 3JIEKTPO-
MATrHUTHOU BOJIHBI.

esb HacTostIEed paboThl — TeopeTuyecku 060-
CHOBATb U MPAKTUYECKU MPOJIEMOHCTPUPOBATH BO3-
MOKHOCTH HETPAJIMIIMOHHOM, He Tpebyloleil mpu-
MEHEHUsI aKTUBHBIX ITOJYIIPOBOIHUKOBDIX 3JIEMEH-
TOB, peaJnu3alui MUKPOIIOJOCKOBOIO YMHOKUTEJIS
CBY-auamasona Ha 6asze HaPaBJIeHHOTO (PUILTPA
Geryrieil BOJHBI.

OCOGEHHOCTH KJIaCCHYECKUX
CBUY-ymHoxureeit
Bce usBectnbie ymuoxureau CBY, HezaBucumo
OT KCIIOJIb3YEMOTO THUTA JIMHUU TIEePe/ladyu, MOXKHO
pa3/e/IuTh Ha TPU OCHOBHBIX BU/IA B COOTBETCTBUU
C TIPaKTUYECKON peasin3aliieil cXeMbl: TocJae0Ba-
TeJbHas, NmapaJuiesnbHas wian 6asancHas [7]. Ilpu
3TOM HEOOXOUMO OTMETHUTH, YTO GOJIBITUHCTBO CO-
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BpeMeHHbIX CBY-ycTpoiicTB, BKIIOYas U yMHOXKU-
TEJIU YacTOThI, CO3/IAI0TCS HA OCHOBE MUKPOIIOJIO-
ckoBbix suanit (MILJI) nepepaun.

Tpanuunonso Bce ymHoxxutean CBY na MILJI,
HE3aBUCHMO OT Jiualia3oHa paboyveil 4acTOThI, IIPe/-
CTaBJIAIOT cO000i1 yCTPOICTBO, cocTosiiee u3 BXO/I-
HOTO U BBIXO/IHOTO Y3JIOB, MEX/IY KOTOPBIMH BKJIIO-
YeH YaCTOTHO-TIPe0OPa30BaTeNbHbIN y3ea1 — Hesu-
HEUHDbI aKTUBHBIN MOJYIPOBOJAHUKOBBINA 3JI€MEHT
(HATIJ). IIpuMepoM Takoro ycTpoiicTBa MOKET
CJIY>KUTH CXeMa YIBOUTEJIS YaCTOThI MUJLJIUMETPOBO-
ro [uarasoHa, nmpuBeaeHHas Ha puc. 1. Ha neii uc-
MOJTb30BaHbI cJeyionue o6o3nauenus: MILJI Bxo-
na 1 u BpIXo4a 2, corJacyioriue otpesku MILJI 3,
4 m 5 Ha BXOJle U BBIXOJle, a TaKyKe XOJOCTbIe OT-
pe3xku MILJI pagunanpHbIX JUHUI 6, KOTOpbIe 06e-
CIIEYNBAIOT OIITHMAaJIbHbIE BeJIUUYNHbI UMIIELAHCOB,
MIPUBE/ICHHBIX K AKTUBHOMY 3JIEMEHTY 7, JIJIS TIOJTy-
YeHWs 33/[aHHOW KPATHOCTU YMHOMKEHUS YaCTOTHI.
OTMeTHM, YTO B HACTOSIIEE BPEMS B KaUyeCcTBe aK-
THUBHOT'O 3JIEMEHTA YaCTOTHO-TIPeo6pa3oBaTeIbHOTO
y3J1a YMHOKUTEJIEN Yalle BCETO TIPUMEHSIOTCS Pa3-
JINYHBIE TIOJYTTPOBOJHUKOBBIE CTPYKTYPBI: JUO/IbI
WJIA TPAH3UCTOPHI.

u6puHO-MHTErpAJIbHBIN YABOUTENb, M306pa-
JKeHHBINT Ha puc. 1, M3TOTOBJIEH HAa AWAJIEKTPU-
YECKOH IO/JIOKKE U IPEACTaBJISIET cOOOU IOCJIe-
poBarenbHylo nenouky MIIJI-anementos CBY.
HemocratkoM Takoil cXeMbl YMHOKUTENS SBJISET-
Csl M3JIMIIHE BBICOKMH ypoBeHb 110604HbIX (mapa-
BUTHBIX) FAPMOHKK Ha BBIXO/IE€ YCTPOICTBa, ero pa-
60TOCTIOCOGHOCTD B Y3KOIi MOJI0OCE YACTOT, 3aBUCH-
MOCTh XapaKTePHCTUK BBIXOJHOTO CHTHAJa OT pe-
JKUMOB MHUTAaHUS aKTUBHOI'O 3JIEMEHTA, CJIOKHOCTD
COTJTACOBAHMS YaCTOTHO-TIPE06Pa30BaTENbHOTO Y3712
¢ BXoHOH u BbixoaHOM MILJI yMHOXUTe S, a TaK-
sKe ero HeCcTaOMJIbHOCTh M HECTOMKOCTb K BO3Jeil-
CTBUIO BHEITHUX (DAKTOPOB.

[Tapannenprast cxeMa YMHOKUTEJS TTPUHITATIHAID-
HO OTJIMYAeTCs OT IIOCJIeIOBATEeJIbHOI CXeMbl TOJIb-
KO TeM, YTO B YaCTOTHO-TIPEOOPA30BATENTLHOM Y3JIe
YCTPOHCTBa aKTUBHBIE ByeMeHThI (He MeHee J[BYX)
BKJIIOUEHDI IapasiesabHo B lenouky MILJI, B pe-
3yJIbTaTe YEero yJydlialoTcs HEKOTOPbIE XapaKTepH-
cTuky yMHOXKUTENs. C TOYKH K€ 3pEHUsT MpaKThye-
CKOi1 peasm3zanuu 6oJiee TIEPCIIEKTUBHON U addex-
TUBHOM TIpeJICTaBJIsIeTCs GajlaHCHAs CXeMa YMHOXKe-

7 6
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fi=18.2TTu |~ N f,= 36,4 TTn

out

1 6 5 3 4 2
Puc. 1. CxeMa yaBOMTENST 4acTOThI MM-AHANa3oHa B
ru6pUIHO-NHTErPaIbHOM UcroaHeHnn [ 8]

Husi. Hampumep, Hambosiblliee paciipocTpaHeHWe B
kauectse CBY-ynBoutess moayyusia cxema JByXIio-
JIYHIEDHO/IHOTO BBITIPSIMUTENIST — OaslaHCHAS CXeMa
yMHOKeHust (yBOEHHS) HJIEKTPOMArHUTHBIX KOJIe-
6anuii ¢ cuMMerpupyonmM TpancdopmaTopom [9].
OKBUBAJIEHTHAS CXEMA TAKOTO YMHOKUTEJISI COCTOUT
13 BXOJHOTO MHBEPTOPA-Pa3BETBUTEJIS, /IBYX Y3JIOB
yacToTHOTO Npeo6pasoBanus ¢ HAIID u BbIxoaHO-
ro cymmaropa (puc. 2).

[lepcriekTuBHOCTD M 3PHEKTUBHOCTD GAJTAHCHOM
cxeMbl MuxponojgockoBoro CBY-yaBoutesns moz-
TBEPXK/leHA TeM, UYTO COBPEMEHHbBIE U TEXHOJOTHU-
yeckn HambGoJiee pasBuTbie npeanpusrtusa (Hampu-
mep, 3AO «HII® «Muxkpan», Hittite) ocBonam
cepuifHOe TTPOU3BO/ICTBO TAKUX YCTPOWCTB B ITHPO-
KOW IT0JIOCE YaCTOT C YPOBHEM BXOJ/IHOTO CUTHAJIA B
nuanazone 30— 100 mBr, norepsimu npeo6pasosa-
Hus 4actoThl nopsiika 13—15 ab ¢ HepaBHomep-
HOCTBIO He Gosiee 1,0 1B u kKoadpdurmenToM crosi-
veii Boambl 110 Hanpskennio (KCBH) Bxoaa /Bbl-
xo/1a He 6oJtee 2,0.

B criekTpe yacToT Ha BBIXO/IE YABOUTEJIS, PEATIH-
30BaHHOrO 110 6AJAHCHOI CXeMe, BO3MOKHO BO3HUK-
HOBEHHE 11€JIOTO Psijila KOMOMHAITMOHHBIX COCTABJISI-
omux (mapasuTHBIX TapMOHUK). J[/ UX MojiaBJie-
nus (e menee yem Ha 30 1B 10 ypOBHIO Ha BbIXO/IE
YCTPOHCTBA) MPUMEHSIOT MOJOCHO-TIPOITY CKAIOIIUiT
duabrp (IITIA), HACTPOECHHBIN Ha KOHKPETHYIO 3a-
JIAHHYIO BBIXO/IHYIO YacTOTY.

3a/laHHYI0 KPAaTHOCTb YMHOMKEHUS OINpeeJisi-
IOT PEKUMBI IIEMU THUTaHUS — IMOCTOSIHHOTO Ha-
NpSUKEHUsT cMelenus, moasoguMoro k HAILD.
CremoBaTeibHO, TN TMUTAHWS JOJDKHBI obecrie-
YUBATh HAJIEXKHOCTb U CTAOUJIBHOCTD HATIPSIXKEHUS
CMeNIeHNsT KaK 110 YPOBHIO aMILIUTY/bl, TAaK U BO
BpeMeHu. ITOT (PaKTOP UCKIIOUUTETHHO BazKeH, T10-
CKOJIbKY BJIMSIET HA OMTUMAJBHYIO BEJIMYMHY MMIIe-
nancoB, puBenenubix K HAILD [4].

Takske OlHUM M3 OCHOBHBIX TTaPaMETPOB MUKPO-
OJIOCKOBOTO yaBonTeis saisgercss KCBH, koropbiit
(110 onpe/ieIeHNI0) 03HAYAET, YTO B HTOM YCTPOICTBE
3JIEKTPOMArHUTHbIE KOJIEGAaHKS PACIIPOCTPAHSAIOTCS B
pesxuMe ctostueil Bosiibl. COOTBETCTBEHHO, U3MEHe-
HUSI UMIIEJAHCOB B YaCTOTHO-TIPe0OPA30BATENLHOM
(YMHOKUTEJIBHOM) y3Ji€ MOTYT CYIIECTBEHHO Hapy-
HIMTb 3TOT PEXKUM U, CJIE/I0BATEIbHO, caMO (DYHK-
[IUOHUPOBAHUE Y][BOUTEJIS.
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Puc. 2. DxBuBanentHas 6anancuas cxema CBU-ynBouress
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AHayim3 XapakTEPUCTUK HM3BECTHBIX yMHOXKMU-
TesabHbIX ycTpoiictB [10] mosBonua chopmupo-
BaTh TepeyeHb OCHOBHBIX YCJIOBWIA, BBLITIOJHEHUE
KOTOPBIX HEOOXOAUMO [IJIsl PeaM3aIuyl yBOUTE-
neit (ymuoskuTeseii) Ha ociose MILJI:

— 00ecIeunTh MAaKCUMAJIHhHO BO3MOKHOE COTJIa-
coBaane (KCBH) MIILJI BXOAHOTO M BBIXOIHOTO
y370B ¢ peryaspabiM CBU-TpakToM;

— Ha BBIXOJIe YCTPOUCTBA MMETh MaKCUMATTbHOE
MoJIaBJieHNe TIEPBOM, TpPeTbell U YeTBEPTOil TapMo-
HUK BXOJHOTO CHUTHAJA OTHOCUTENIHbHO BBIXOMTHOU
rapMOHUKH;

— YacTOTHO-TIpe0oO6pa30BaTEJbHBIN Y3€a C
HAIID, o6ecrnieunBaroiuii 3aJlaHHYI0 KPaTHOCTb
YMHOKEHUS YaCTOTBI, JOJKEH ObITh IOCTATOYHO XO-
pomio coraacoan ¢ MIIJI BXOZHOTO U BbIXO/IHOI'O
y3JI0B B BO3MOXKHO 60Jiee MUPOKOIT TT0JI0CE YACTOT.

Hau6osiee ipo6ieMHbIM U TPYJAOEMKUM W3 Tie-
PEYHCIEHHBIX YCJIOBUI peajn3anuu MUKPOIOJO-
ckoBoro CBUY-yasoutens siBasietcst Tperbe. U mo-
STOMY BIIOJIHE JIOTUYHBIM OKAa3bIBAETCSI CTPEMJICHIE
Hatitu CBY-ycTpolicTBO € aHAJOTMYHBIMHM Xapak-
TEePUCTUKAMH, B KOTOPOM 3JIEKTPOMATHUTHAS BOJI-
Ha pacrpocTpaHsercss MHbIM 06pa3oM, HapuMep B
pexxume Oeryineil BOJHBDI,

Hanpasaenusiii puiabtp ¢ pesoHaropom
Oerymieii BOJHbI

WsBectro [11], uto must pactpocrpanenuss CBY-
5JIEKTPOMArHUTHBIX KoJeGanuii (BoIH) 1o Hampas-
JISTIOIIUM CTPYKTypaM (JIMHUSAM Tiepeiaun) BO3MOK-
HBI TOJbKO J[BA PEKUMA: CTOSTYEll BOJIHBI, KOT/IA B
JINHUY TIepeIauu Yepe3 KajK/Ible TT0JIBOJTHbI BO3HU-
KalOT MyYHOCTU M y3JIbl HANPSZKEHHOCTH, U Gery-
nieil BOJIHBI, KOT/la HAIPSXKEHHOCTb BJOJIb JIMHUH
nepejiauu Beer/a mocrostuna. Ilocsenee ceumeresn-
CTBYET U O TOM, 4TO Bce aeMenTbl CBU-TpakTa X0-
POIIIO COTJIACOBAHBI MEX/y CO60i. ITO TaKKe TOo-
3BOJISIET PEATU30BATh OCHOBHBIE TIPEUMYIIIECTBA Pe-
>KuMa Geryiieil BOJIHBI TIPU UCIIOJb30BAaHUU PE30-
HAHCHBIX SBJEHUH — BO3MOXKHOCTH COTJIACOBAHUS
B paboueii 1moJioce JUHUY TePeIadn 3a CUeT ITpuMe-
HEHUS IMHUPOKOTIOJOCHBIX HAIPABJECHHBIX OTBETBU-
teneir (HO) u manmpapienHoe pasieieHne 4acToT-
HBIX KAaHAJOB TIPU COXPAHEHWH COTJIACOBAHUS BO
Bceii mmoJioce gactor HO.

HazBanmuble npeumyiiecTBa paccMaTpUBAEMOrO
pesxxuma pacrpocrpanenns CBU-kone6anuit (Bosn)
peasn30BaHbl B M3BECTHOM (DUJIbTPE HalpaBJieH-
HOTO THIIA, I/le TIPUMEeHEeHbI 06beMHbIe (BOJHOBO/I-
Hble) pe3oHaTopbl Geryuieit Bosnbl [12]. Takke us-
BECTEH U OJHOTUITHBIN eMy MUKPOIOJOCKOBBIN Ha-
npasJeHHblil Gpuabtp Gerymieii Boasr (MHMBB)
[13], sxBuUBaseHTHasT cXeMa KOTOPOro u 6Gas3oBas
TOITOJIOTHST TIPUBE/IEHBI Ha pUC. 3.

W3 sxBuBasenTHOil cxembl MHMDBB (puc. 3, a)
BH/IHO, YTO OH 00pa30BaH JByMSI 4€TBEPTHBOJIHO-

a)

6)

Puc. 3. DxsuBasnentHas cxema (@) u 6azoBas TOIOJIO-
rust (6) MHOBB

BpiMu otBerBuTeaMu HO; n HO, na cBasanHbIxX
MILJI ¢ mepexoaubiM ocyabiaenueM 3 b, BTopuy-
Hble KaHaJbl KOTOPBIX, O0ObeIMHEHHbIE YeTBEPTh-
BosiHOBbIMU oTpeskamu MILJI L, n L,, o6pasyior
KOJIBIIEBOIl pe3oHaTop Oerymieil BoJsiHbl. [lpuuem
OYEBUJIHO, YTO JIJisT 0OpPa30BaHMUS KOJBIIEBOTO Pe-
sonaropa orsersuresin HO u HO, n0/KHBI HMETDH
ABTOHOMHBIN 1 1eJ1bHbIN (6e3pa3pbIBHBINA) BTOPUY-
HbIM KaHaJa. OHaKo TakoMy TpeGOBAaHMIO HE OTBe-
YaloT U3BECTHbIE MUKPOIIOJOCKOBbIE OTBETBUTEH C
ociabaenneMm 3 nb — Hu nuieiidHble, HU HA MHO-
rorpoBogHoi MILJI tuma Jlanre, HU /1aKe COCTaB-
Hble THUIIa «TaHgeM» [14].

[Ipo6remy ypmajioch NpeosoJieTb, OCYNIECTBUB
MOIN(UKAIUIO OTBETBUTENSI THIIA <TaHJeM». Xa-
paKTep IMPOBEJIEHHON MOJAu(UKAIIU MOXHO Olle-
HUTb, CPABHUB, KaK 3TO [IOKA3aHO HA PHUC. 4, CTPYK-
TYpPHbBIE CXEMBbI J[BYX HAIlPABJIEHHBIX OTBETBUTEJIEH
TUIA «TAHJEM» — KJACCUYECKOTrO U MOAUMUINPO-
BanHoro. OveBuiHO, uTO Mo uuIIMpoBanHbIE HO
(puc. 4, 6) umeer yxe Gespa3pbiBHbIA (11€JbHbIN)
BTOPHMYHBII KaHa, 06Pa30BaHHbIN BTOPUYHBIMU Ka-
nanamu orsersureneir HO; nu HO,,, Koropbie co-
€/IMHEHbl YeTBEPTbBOHOBBIM OTpeskoM MILJI L.
CremoBaTesIbHO, 3JEKTPUYecKas AJIMHA TaKOTO BTO-
PUYHOTO KaHasia yyKe He A /4 (Kak y KJaccuyecko-
ro MH®BB na puc. 3, @), a 3L/4 (kak BuaHO 13
Tonosioruu Ha puc. 3, 6). Bropuunbie kanaabr HO
Tuna «TanaeM» (BXOJHOIO U BBIXOJHOIO), C 3JIEK-
TpUUecKoi JuHON 3A,/4 KasKAblil, 06beIMHEHbBI
4eTBepThbBOJIHOBbIMU OTpeskamu MILI L, u L, B
3aMKHYTO€ KOJIBII0O — Pe30HATOp GeTyIieil BOJIHBI.
Ero asexkTpuyeckas JAJuHa KpaTHA JIJIMHE PACIIPO-
CTPAHSIONIENCS 2JIEKTPOMATHUTHON BOJIHBI, HO yIKe
paBHa 2\, TA€ A, — JJIMHA BOJHbI Ha BXOAHON Ya-
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Puc. 5. Crpykrypnas cxema MHDBB

crote f,. IIpu aToM sKBUBa/eHTHas cXeMa puc. 3, a
npeo6pasyercss B cTpyKTypuylo cxemy MH®DBB,
MPE/ICTABIEHHYIO HA PUC. .

Kak Buano w3 puc. 5, MH®BB umeer TosB-
KO OJMH PE30HAHCHDBIN 3JIeMEHT — pPEe30HATOp B
BUJIE 3aMKHYTOIO KOJIbIIa, 110 KOTOPOMY pPaclpo-
crpansercst CBU-curnan B peskume Geryiieii BOJ-
uel. [Tockompky MHDOBB ¢yrkunonupyer B pe-
JKuMe OeryIieil BOJIHbI, TO BXOJHAas 1ienb {—2 u
BBIXO/{HAS IeTlb 3 — 4 Takoro ¢puabTpa 6€3yCcJI0BHO
(mo ompexenennio) corsiacoBanbl kKak ¢ MILJT
CBUY-tpakra, Tak U C KOJbIIEBBIM PE30HATOPOM,
B KOTOPOM paCIpPOCTPAHSIOTCS 3JeKTPOMArHuT-
HbIe BOJHBI CO CHEKTPOM BO3MOXKHBIX YacCTOT:
fo=15/2;f 1, =2f; 5= 3f n1. a. Caenyer or-
METHTDb, YTO BCE 3JIEMEHTBI CXEMBI pUC. 5 — KaK
orpesku MILJI L, ... L, tak u orsersute/m HO
HO,, HO,, u HO,, UMEIOT 3JIEKTPUYECKYIO
amuny A, /4, rae Ay — JIMHA BOJIHBI Ha BXOJHOI
yacrote f.

B upexcrasaennoii crpykrype MH®BB (mipu
(PUKCUPOBAHHON reOMETPHU OTBETBUTEIEN ) TIPAKTH-
YeCKU HEBO3MOKHO PeaI30BaTh CEJICKIUIO CUTHAIA
C 4acToToil f), a BOT U3MEHUTb PE30HAHCHYIO YacTO-
Ty BBIXO/IHOIi 1len /I BbljiesleHus 4acTorT fq, f, u
f (1pu HensMeHHOI (UMIECKOI U HIEKTPIUIECKOIT
JUIMHE KOJIBIIEBOTO PE30HATOPA) ysKe MOXKHO. [[Jist
HTOTO JJOCTATOYHO U3MEHUTH AJIEKTpUYecKyto (1 reo-
Merprdeckyio) amiy orserureneit HO,, 1 HO,,.

YaBouTe b 4ACTOTHI C PE3OHATOPOM
Oerymeil BOJIHBI

[To ananoruu ¢ 6ajlaHCHON CXEMOW Y/IBOUTEJIS
vyacrorel (cMm. puc. 2), B MH®BB BxoaHoii oT-
sersutesib HO, Bbimosnnger QyHKIMIO HHBEPTOPA-
pasBeTBUTE A, BbIXOHOI otBeTBuTe b HO, — BbBI-
XOJ/IHOTO CyMMaropa, a KOJbIEBO#l pe3oHaTop Ge-
rylieil BOJIHBI € 3JIEKTPUYECKOHU AJUHON, Kpat-
HOI1 JIIMHE BOJIHBI A, Ha €r0 PEe30HAHCHOII YacToTe,
— y3Ja peo6pasoBanus yactorel ¢ HAIID. U mo-
CKOJIbKY oTBeTBUTE b HO, — 4acToTHO-3aBUCUMBbIIT
3JIEMEHT, OH SIBJISIETCS BBIXOJHBIM CYMMaTOPOM
MH®OBB ¢ dynkiueit monocoBoro ¢uabrpa.

Eciu comnocraButh Ha3BaHHbIE (PYHKITMOHAJb-
Hble poJn y3108B MHMDBB ¢ panee copmupoBan-
HBIMH TPEMSI OCHOBHBIMH YCJOBUSIMH PeaTN3aIlHH
6aaHCcHBIX MUKponoJockoBbix CBY-yaBoureleii,
TO MOKHO YOeuThcs B UX ujentuunoctr. OpHaKo
HEUJIEHTUIHBIM W HEOIPe/IeIEeHHBIM OKa3bIBAETCS
NpUHIMI peo6pazoBanus (yMHOKEHNS) 4aCTOTBI
B 3THX yCTPOMCTBaX.

B kunaccuueckom 6asancHoM yaBoutene CBY-
XapakTep Mpeo6pa3oBaHUs YACTOTHI ONPe/IEIeTCs
MOCTOSTHHBIM HAIPSI;KEHUEM CMEIEHUS — PEKUMOM
nernu nuranus, noasoaumoro Kk HAIID. Oxpnakxo
MH®bBB gBasiercss nmaccuBHbIM yCTPOHCTBOM, K
KOTOPOMY HAalpsiKeHUe CMEIEeHUus He TIOBOJIUT-
CS HU B KaKOM BHUJIE, TI03TOMY BO3MOXKHOCTH OCY-
1ecTBUTH npeobpasoBanne (yMHOKEHNE) YaCTOThI
B KOJIBI[EBOM pe30oHaTope Oerymieil BOJHBI CJIeyeT
paccMoTpeTh 6oJiee THIATENbHO.

Bosmoxknocts npeo6pazoBanusgs MHDBB B
YABOUTEJDH YACTOTBI MPOIIE BCETO MTPOUJLITIOCTPUPO-
BaTh Ha MPUMEPE YIIPOIIEHHOW CTPYKTYPHOI cXe-
MbI yaBouTesst (YMHOKUTENs Ha 2), TIPUBEICHHOI
Ha puc. 6.

Yupomennas crpykrypHaga cxema MH®OBB c
BXO/IHOI W BBIXOHON 4aCTOTOM f1, KOT'/la BCeE ee COo-
CTaBHbIE 3JIEMEHTHI UMEIOT 3JIEKTPUYECKYIO JIJIUHY
A,/ 4, npusesiena Ha puc. 6, a. [na Bbljenenus He-
06XO/IMMO¥ YaCTOTHI Ha BBIXO/IE y3Ke HOBOTO YCTPOIi-
crBa — yasoutessi (puc. 6, 6), rae f, =2 f, (4ro co-
OTBETCTBYET JI/IMHE BOJHBI Ay = A/ 2), Heo6XOIH-
MO, YTOOBI 3JIEKTpUUYECKas JJUHA BCEX 3JEMEHTOB
BBIXO/{HOW IIeIII — OTBETBUTEJSI THIIA <«TaHIEM»
HO,(1,), cocrosimero us orsersuteseii HO,, (1,)
u HO,,(},), 6bita pasra A, /4. IIpu aToM [umnHa
KOJIBIIEBOTO PE30HATOPA C PEIKUMOM GeryIieii BOJTHbBI
ocTaeTca HeM3MeHHOi, pasHoii 2, = 8, /4 = 16, /4.

a) o———p L/

HO, () HO,(,)

o— N L4 L

6) o  L=T),/8

oﬁo

HO,(,)

PO

HO, ()

L,=7,/8

—— %

Puc. 6. Wmocrpanus npeo6pasosanus MHDBB (a)
B yaBOUTENb 4acTOThI (6)

ISSN 2225-5818

TexHoIOrHsT ¥ KOHCTPYHPOBaHKE B 2JIeKTPOHHON ammaparype, 2019, Ne 1-2

23



CBY-TEXHUKA

Crnemyer OTMETHTD, YTO 3a CYET 3JEKTpOMar-
HUTHOTO B3aWMO/JIECTBUSI KOJIBIIEBOTO pPE30HATO-
pa Geryliieil BOJHbBI C BXO/[HBIM U BBIXO/HBIM y3J1a-
Mu ycrpoiictBa B Buge HO tuna «ranjgems» o6e-
CIIEYEHO XOpPOIIlee COTJTACOBAaHUE 3TOTO YACTOTHO-
npeo6pasoBaresbHOTO y37a yasoutess ¢ MILJI ero
BXO/THOTO M BBIXO/HOTO Y3JIOB.

DJeKTpUYecKasl /IJINHA BBIXOIHOW IIEMU YBO-
urensa pasHa 3L, /4, a Bxoauoit — 3i,/4.
Caenosarenbno, aauna orpeskos MILI L, u L,,
KoTopble 06pasyior ¢ orsersutessimin HO, (Ha ua-
crore f;) u HO, (na yacrore f,) Pe30HAHCHOE KOJIb-
110, OY/JIeT CJIeYIONIEeN:

(161,/4 — 3\, /4 — 3h,/4) /2 =
= (131,/4 — 6L, /4) /2 = (TN, /4) /2 = Th, /8.

[Ipu 5TOM COOTBETCTBUE TTPEIJIATAEMOTO ITACCHB-
HOTO YCTPOWCTBA TPEThEMY U3 C(POPMYTMPOBAHHBIX
paHee ycjoBuii peanusanuu cxembl CBU-yBouresis
obecITeynBaeTcs 3a CUET JEKTPOMATHUTHOTO B3au-
MO/IENICTBYST KOJIBIIEBOTO pe3oHaTopa Geryiieil BoJi-
HbBI U OTBETBUTEJI HOQ(XQ) TUIIA «TaHIEM> .

[Toro6HOE MUKPOMOJIOCKOBOE YCTPOMCTBO, CO-
OTBETCTBYIOIlEE CTPYKTYpHOIl cxeme puc. 6, 0,
OBLIO PeaJin30BaHO B JELUMETPOBOM JHAIla30HE.
Wccaenosanusa nokasanu, uto KCBH ero Bxoma n
BBIXO/Ia, T. €. IOKa3aTeJyb corjacoBanus ¢ MIILJI
CBUY-tpakra, He npesbimiaer 1,25. A ypoBeHb cur-
HaJla ¢ 4acTOTOll f, Ha BbIXozie 3 yABOUTENIS 4acTo-
ThI HUJKE YPOBHA BXOJ[HOIO CUTHAJIA C YacTOTOIl [
npumMepHo Ha 13 b, 4To sBJgeTCS XapaKTepHbIM
nokasateneMm g CBUY-ynsouresieit. Cuenyer oT-
METHTD, YTO MPU U3MEPEHUSAX B PEKUME yABOCHUS
YacTOThI K moJiocaM 2 u 4 ycTpoiicTBa 6bLIN MOJI-
KJIIOUEHBI COTJIACOBAaHHBIE HATPY3KH.

PaccMoTpeHHOe TEXHUYECKOE pPellleHne MacChuB-
HOro MuKpornoJockoBoro CBY-yaBoutess 3amiu-
NIEHO TMpaBaMHU WHTEJJIEKTYaJTbHON COOCTBEHHO-
cru [15].

BsiBo1bI

ITpoBenenHble uccae10BaHNS TOATBEPIUIN BO3-
MO>KHOCTb peaJIM3alliil MUKPOIIOJOCKOBOIO I1ac-
cuBHOTO yaBouTesst yactorel — CBY-ycrpoiicTBa
C HETPAJUIMOHHBIM XapaKTepOM PpaclpOCTpaHe-
HUST 3JIEKTPOMAarHUTHOTO CHTHAJIA B PexXuMe Gery-
mieit BosiHbL. IlokasaHo, 4TO ec/u yCUJIUTh CUTHAJ
BBIXOJIHON (y/[BOGHHOMN) YacTOTHI 0 YPOBHS He
menee 20 n1b, To Ha ocnoBe MH®BB kak na 6a-
30BOM 3JIEMEHTEe MOXKHO Peasn30BaTb I1aCCUBHDIE
CBY-yMHOXuUTENN ¢ KPATHOCTDIO OOJIbIIE /IBYX.

Heo6xoauMo Takke OTMETUTb, YTO BOCHMMIIO-
mocank MHOBB sBsiseTcss B3auMHBIM yCTPOii-
CTBOM, IIPUHIMI (PYHKIIMOHUPOBAHUS KOTOPOTO HE
MU3MEHUTCSI, €CJIi IIOMEHSITb MeCTaMyi ero BXO/JHOMN
1 BbIXOZHOH y3.bl. Iloatomy ecom Ha mosoc 3 kak
Ha Bx0oJ nogatb CBUY-curunaga ¢ wacrorout fz, TO Ha

noJitoce / Kak Ha BbIXOJ/E IIOJIYYMM CHUTHAJ C Ya-
croroit f,=f,/2. CnenoBaTenbHO, MPeI0KEHHOE
TeXHUUYECKOe pelleHe 06J1a/1aeT YHUKAJIbHBIM CBOI-
ctBoM — CBY-yaBoutesb MOXET CIYKUTb TaKxkKe
JleTuTesieM 4acToThl Ha 2.
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MIKPOCMYKKOBI I1O/IBOIOBAUI HBY 3 HETPA/IUIINHOIO
PEAJIISAIIEIO

IHommnoxyeaui uacmomu 3acmocos8yomuvcs 6 padioeseKmpoHHUX RPUCMPOX 01 POPMYBANHs CREKMPATLHO YU-
CMUX CUHYCOTOANDHUX CUHANI6 6 diand30Hi uacmom 610 00unuyyb 0o decsmkie I'Ty. Bonu peani3yomvcs wasxom
MHOXKEHHS. HACINOMU BUCOKOCMAOIILHUX, dle Oilbul HU3LKOUACMOMHUX NPUCMPOTE 3 HACTNYNHUM SUOLIEHHAM
HeobXi0nuX 2apmonix 31 cnexmpa uacmom ompumanozo HBU-dianasony. Ipu yvomy 6udiieni niciis MHOXKeHHs
(3adani) wacmomu maiomv icmomno Giivul UCOKT eHePZeMUUHL, CREKMPAIvHE A OIANA30HHT XAPAKIMEPUCTIUK,
w0 00360.715€ BUKOPUCOBYEAMU X AK 2eMepoOUNHU MA CUHME3AMOPU 6 NPUIUMATLHO-NEPeiasaIbHUX CUCTIEMAX.

Y danii po6omi meopemuuno 062pynmosano i NPaAKmMuUHo nPOOeMOHCMPOBAHO MOKIUGICIG HEMPAOUUTIHOT, WO
He 8UMA2AE 3ACTNOCYBANHS. AKMUSHUX HANIGNPOGIOHUKOBUX eAeMeHMI8, Pedni3ayii MIKPOCMYKKOB020 NOMHOXKY-
eaua HBY-dianaszony na 6asi cnpsamosanoezo ¢irempa 6ixyuoi x6ui.

Pozensinymo  6i00Mi  CXEMHO-MEXHON02IUHT NPUHUUNU CMBOPeHHs: Mikpocmyxkosux HBY-nomnoxysauis.
IIposedeno ananiz ocobausocmeti, npobiem ma HedoNIKi6, WO GUHUKAIOML Ni0 udc ixnvol pearizauyil.
Cghopmosano nepenix 0606’ 13x06ux ymos pearizayii HBU-nommosxyeauis. IIpodemoncmposano, uwo ocobaugocmi
Pynryionyeanms MiKpoCMYKKOB020 CNPAMOBANH0z0 pirvmpa 6ixyuwoi xeuri ma 6arancnux HBY-nomnoxyeauis
i0enmuuni. Ha npuxaadi moougixauii cmpyxmypuoi cxemu cnpsamosanozo Giiempa y cmpyxmypuy cxemy no-
060106a1A YACTOMU NIOMBEPOKEHO MOKAUBICMY CMEOperHa nacusrozo HBY-nodsorweaua 3a paxyHox eudilenus
3a0anoi uacmomu i3 CheKmpd Kilblee0z0 Pe3oHamopd.

Katouosi crosa: nomnoxyeaw, HBY, Mikpocmyxkoed NiHis, CREKMp 4acmom, HeATHIUHul eiemenm, OiKyud
X6UNS, CNPAMOBAHUL DINLMP, Kilbyesuil pe3oHamop.

DOI: 10.15222 /TKEA2019.1-2.20 E. N. GLUSHECHENKO
UDC 621.374.4:621.372.832

Ukraine, Kyiv, Scientific-produktion enterprise «Saturn»
E-mail: gen-nto@ukr.net

MICROSTRIP DOUBLER MICROWAVE WITH NON-TRADITIONAL
IMPLEMENTATION

Frequency multipliers are used in electronic devices to generate spectrally pure sinusoidal signals in the
frequency range from a few to tens of GHz. The multipliers are used to multiply the frequency of highly
stable but more low-frequency devices with the subsequent extraction of the necessary harmonics from
the frequency spectrum of the received microwave range. The frequencies selected after multiplication
(set) have significantly higher energy, spectral and range characteristics, which allows them to be used as
local oscillators and synthesizers in receiving and transmitting systems.

The authors of this paper theoretically substantiate and practically demonstrate the possibility of an
unconventional implementation of a microstrip multiplier of the microwave range based on a directional
traveling wave filter. The proposed implementation does not require the use of active semiconductor elements.

The well-known circuit and technological principles for the creation of microstrip microwave multipliers
are considered in the paper. The features, problems and shortcomings arising from their implementation are
analyzed. The effectiveness of using the balanced circuit for frequency multiplication is confirmed. A list
of mandatory requirements and conditions necessary for the implementation of the microwave multipliers
is given. It is demonstrated that the features of the microstrip travelling-wave filter are identical to the
conditions and requirements for the implementation of balanced multipliers. It is shown and substantiated how
an unconventional implementation of a passive microwave multiplier is possible due to the electromagnetic
interaction of the input and output nodes of such a filter with an annular travelling-wave resonator. Using
the example of modifying a block diagram of a directional filter into a multiplier circuit, the possibility of
creating a microwave doubler is confirmed by separating a given frequency from the frequency spectrum of a
traveling-wave ring resonator.

Keywords: multiplier, microwave, microstrip, frequency range, nonlinear element, traveling wave, directional
filter, ring resonator.
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Ilictyn €. II., Craciok I. /. OcHOBH aBTOMAaTHKH Ta aBTOMaTU3AIii.—
JIpBiB: BugaBuuinrso JIbBiBcbkoi moaitexuiku, 2018.

POSI‘JIHHyTO OCHOBHI TIPpUHIUIIA HOéy[[OBI/I CHUCTEM aBTOMa-

~

Ewens Ty, bams Crsceos:

£

YRABH ABTOMATHN
QATHIAW

TUYHOTO PEryJII0BaHHS Ta KepyBaHHs. BUCBiT/IeHO OCHOBHI eTa-
1 PO3BUTKY TexHiku aBroMaTtusaiiii. [logano dyHkiiiine mpu-
3HAYEHHS i HaBEeJIEHO CTAaTUYHi Ta JUHAMIiYHi XapaKTePUCTUKHU
€JIEMEHTIB CHCTEM aBTOMATUYHOTO PEeryJIIOBaHHS i KepyBaHH.
Hagenerno kiacudikaliilo peryJsiTopiB 3a 3aKOHaMU PETY.JIIO-
BaHHS. Po3risiHyTo Gym0BYy i po6OTY PEryJIsITOPiB NMPSMOT il
Ta 1307IPOMHUX PETYJIATOPiB, OCHOBHI BJACTUBOCTI 00’ €KTIB pe-
I'yJIIOBaHHS Ta IXHIill BIIUB Ha XapaKTep IIPOLECY PeryJlloBaH-
HS, & TAaKOX BILJIMB BJIACTUBOCTEH aBTOMATUYHOTO PETYJSATOPA
Ha xapakTtep mnepexigaoro npoiecy B CAP. Ilogano crpomieri
iHXKeHepH] MeToN BUOGOPY aBTOMATUYHUX PETYJISTOPiB i po3-
paxyHKy IXHiX IIapaMeTpiB HACTPOIOBAHHA.

[TpusHaueHuil g CTY[EHTIB BUIUX TEXHIYHMX HaBYAJIbHUX 3akJaliB. byne ko-
PUCHUM iHXEHEPHO-TEXHIYHUM IIPALiBHUKAM, SIKi 3aiiMAIOThCSI PO3POGJIEHHSIM Ta BIIPO-
Ba/KEHHSIM CHCTEM aBTOMATUYHOTO PEryJIOBaHHS Ta KEPyBaHHS.

HOBBIE KHUT'U

/
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CFD-MO/AE/JTIOBAHHA TEMIIEPATYPHOTI'O I1OJIA
KOPIIYCA-PAATATOPA IIEPEJABAJIBbHOTI'O MO /YJIA
ADOAP 3 ITOBITPAHUM OXOJIOA/KEHHAM

Hasedeno pesyrvmamu KoMN'10mepHozo M00ea06anHs PO3N00LLY MeMNepamypu MOHMAKHOT NOGEPXHi
OCHOBU KOPNYCA-padiamopd, HA SKIU YCMAHOBAEHO BICIM eJeMeHMI8 3 JOKALbHUM MENI08UOLIeHHIM
KoKH020 28 Bm. Ha npomunexuiti cmoponi ocHO8U KOPRYCA-padiamopd uKOHAHT pedpd 0X0100XKeHHsL.
Opebpena nosepxus 060ysacmvcs NOGIMPSAHUM NOMOKOM 3 memnepamypoio na 6xodi 40°C. Modeniosarms
nposedene 0151 MPLOX 3HAUEHb WEUOKOCII NO8ImpsL 8 Mixpebepuux kanarax: 1, 6 1 10 m/c. Iloxazane, wo
3a weudxocmi 1 m/c cnocmepizdemvcs MaAKCUMAIbHE 3HAYEHHS MeMNepaAmypu MOHMAKHOL NOGEPXHI OCHO-
6u xopnyca-padiamopa, sxe cmanosumsv 90,1°C. 36irvwenns weudxocmi nosimps do 10 m/c doseonse
3Hu3umu memnepamypy 6 micui ycmanosxu HBU-enemenmie do 72,1°C. 3anpononosano nose mexuiumne
plwenns 01 no0aIbUL020 NIOSUWEHNS eQEeKMUSHOCTNT NOGIMPANHOT CUCTNEMU 0XO0JI00KEHHI MA SHUNKEHHS]
memnepamypu MOHMAXHOL NOBePXHi KOpnyca-padiamopd.

Knioueevie crosa: CFD-modenoseanus,, suxionuti niocuniosau nomyxHocmi, padiamop, nosimpsine 0xoa00-
JKEHHS, meMnepamypme noe.

CyuacHi pajiosokaitiiftHi cTaHIii MMpoKo 3acTo-
COBYIOTbCS /IJISI OJIep>KaHHs 306pakeHb 3€MHOI T0-
BEepXHi 3 BUCOKOIO PO3AiJabHOIO 3xaTHicTIO. Ile no-
3BOJIAE€ BUPINIYBATU 3aBJAHHA IPOTHO3YBAHHS 110~
roju, AOCJIJPKEHHS IIPUPOJHUX PECyPCiB, Te0J10-
ropo3Bijiku, oiiHKu 6iopecypciB, CTBOPEHHS TOIIO-
rpadiyHIX KapT, MOHITOPUHTY KatacTpod, eKoJio-
riyHNX 3a0pyJHEHD Ta iH. 3a JOTTOMOTOI0 PaIioJio-
KaIlifHNX CTaHIiH TakoX MOXXHA BUSBJIATH TOBi-
TPsIHi, MOPCHKi i HazeMHi pyxomi 06'€KTH i 3 BH-
COKOIO TOYHICTIO BH3HA4aTU IXHI KOOpAMHATU Ta
napamMeTpu pyxy.

3 MeTo10 pO3NMMUPeHHsT (PYHKITIOHAIBHUX MOXK-
JINBOCTEH Pa/IioJIOKAIiTHNX CTAHIIiN B OCTaHHI POKH
MIMPOKO BUKOPUCTOBYIOThCS aKTUBHI pa3oBaHi aH-
tenni pemitkun (ADAP) [1]. o ckiragy ADAP
BXO/IUTh BEJIUKA KiJIbKIiCTh (Bi/[ IECATKIB 110 A€Kib-
KOX THCSY) MPUIIMAIBHO-TIEPeJaBaJbHUX MOJLYJIiB
[2]. ¥V neskux momudikaiisix ADAP npuiimaibhi
Ta IIepefaBajbHi MOAYJIi BUKOHYIOTbCA y BUIJIAAL
okpeMux OJIOKiB, i Gisbllle Teria BUMIJIATD APYTi.
OcHOBHA KiJTbKiCTh TETIOTU BUIIISIETHCS Y BUXIi/I-
HUX IICUII0BaYax MOTYKHOCTI IlepeaBaIbHUX MO-
nyJiiB. KOHCTPYKTWBHO BUXiMHI MifcuUIOBavi 1O-
TY3KHOCTI SBJISIIOTH COG0I0 OCHOBY 3 TEIJIONPOBi/I-
HOro Matepiasy (Haifuacriiie 3 aIOMiHIEBOTO CILIa-
By), Ha OJHill CTOPOHi AKOi MeTOZOM (ppesepyBaHHs
BUKOHYIOTb TIOTJINOIEHHST 3 €eKPAHYIOUNMH CTiHKa-
M i1 BectanoBaeHHss HBU-enemenTiB, a Ha iHIIin
BUKOHYIOTb pebpa oxoJio/keHHs. 1licas ycraHoB-
KU €JICKTPOHHI eJIeMeHTH FeépPMEeTUYHO 3aKpUBAIOTh

kputikamu. [Ipukian KOHCTPYKTUBHOIO BUKOHAH-
HA BUXIJHOTO IiJCUJIIOBaYa MOTYXXHOCTI CaHTUMe-
TPOBOTO [ialla30HY TOBKWHU XBUJIb TTOKA3aHWH HA
puc. 1 [3]. lauwii nijicuaioBay MoTy>KHOCTI MOKe
MpaIioBaTh SIK B iMIYJIbCHOMY, Tak i B 6e3nepeps-
HOMY peskuMax, y 6e3lepepBHOMY BUXi/[HA MOTYXK-
HicTh cTtanoButh 11 Br.

Puc. 1. 3oBHimHill BUTAAL TiCUIIOBAYa MOTY>KHOCTI
X-pmiamasony 3i 3HATUMU Kpuikamu [3]
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[lyig moimeH s po3CiloBaHHS TETJIOTH B AaHil
KOHCTPYKIIii MiACHIoBaYa MOTYKHOCTI HA HIDKHIM
CTOpOHi ocHOBU Tiepenbavenuii pazaiatop 3 17 pe-
6paMu BUCOTOIO 24 MM i TOBHIMHOIO 2 MM Ha TO-
JIOBUHY JIOBKuHU Kopiyca. O6yBaHHs pajiiatopa
3MIMICHIOETHCS TIOTOKOM TIOBITPS 31 miBuKicTio 0,5
M/ ¢, 110 3a6e31euye TeMIepaTypy KOpiiyca Ii/icu-
soBava He Buile 85°C 3a TeMIiepaTypu HABKOJIHIII-
uporo cepezposuinia 20°C [3].

B iHmIMX KOHCTPYKIiSX NepelaBaJbHUX MOAYJIiB
JUISL PO3MO/IiJY JIOKAJbHOTO TETJIOBOTO TOTOKY Jle-
Kinbpka temoBuzaiagiounx HBY-emremeHTiB (TpaH—
3UCTOPIB a60 MOHOJIITHUX IHTErPaJbHUX CXeM)
YCTAHOBJIIOIOTD 13 3a6€3IeUeHHsIM TEIJIOBOIO KOH-
TaKTy Ha 3arajbHOMY PO3CiI0Bayi TEIJIOBOTO II0TO-
Ky, BUKOHAaHOMY 3 Mi/ii, SIKHil B CBOIO 4epry BCTa-
HOBJIIOIOTb Ha OXOJIOJI)KYBaHY OCHOBY MOJYJIS 3
amoMinieBoro cniaBy. Taki MigHi posciloBaui Te-
mI0Boro noroky 3 HBUY-enemenramu Ta JpyKoBa-
HUMH TJIATAMH HA3UBAIOTH TTiICHIIOBATbHIMU CYO6-
Moy istmu a6o naseramu (puc. 2) [4, 5]. To ckia-
Jly OJTHOTO IIepelaBaJIbHOTO MOJYJISI MOKE BXO/U-
TH [eKiJbKa I1ajerT.

Oco6JMBO aKTyaJbHOIO 33Jla4el0 I/l 4ac MOo-
JepHisanii nepegaBaabHux MoayaiB AMAP e nijg-
BUTIEHHS e(EeKTUBHOCTI OXOJIO/JKEHHST aKTHBHUX
HBY-esementiB (TpaH3ucTopiB a6o MOHOJITHHX
iHTErpajJbHUX cxXeM) BUXiJIHUX MiJICUJIIOBAYiB TO-
tyskHocTi. Ile 06ymMOB/IeHO TEPEXOOM 3 apceHij-
rajieBol ejeMeHTHOT 6a3u Ha GiJiblll BUCOKOYACTOT-
HY HITpUJI-Tsi€BY, SKa € i 6iJbII TOTY>KHOIO, BHA-
CJILIOK YOT'0 iCTOTHO Ii/IBUINYETHCS INTOMA T'yCTUHA
TEIJIOBU/IiJIEHHS Ta 3arajbHa MOTYXXHIiCTb Iiepeja-
BasibHOTO MoayJist [6, 7]. SKI0 piBeHb MOTYKHOCTI
I ZICMTIOBAYiB HA apCeHi/li Tajifo CTAaHOBUTD TOPSII-
Ky 10 Br, to na mitpuzi rasio 1e Bxe 15—20 Br
i 6ibire [8, 9].

Tennora, mo BuainageTbesas aktTuBHuMym HBUY-
€JIeMeHTaM1, TPU3BOAUTH [0 TiJABUIICHHS 1XHBOL
TEMIIEPATyPU Ta 3HIKEHHS HaJiliHOCTI pOGOTH.
Tomy nij yac MoaepHisanii KOHCTpYKUii nepeja-

Puc. 2. Ilanmera i3 ngoma HBUY-Tpansucropamu
kommanii Integra Technologies, Inc., CIIIA [4, 5]

BaJbHUX MoAy/niB AMAP, mo CyIpoBOIKYETH-
cs HiIBUIIIEHHSAM SIK IMUTOMOI, TakK i 3arajbHOI 1O-
TYSKHOCTi TENJOBHU/IIJIEHHSI, TUTAHHAM 3a0e3Te-
YEHHS HOPMaJIbHOI'O TEIJIOBOIO PEKUMY aKTUBHHX
HBUY-eneMeHTiB cifi TPUIiIATH OCOOJIMBY yBa-
ry. ITix yac gocaijpkeHb TEIJIoBUX i aepoAuHaMiy-
HUX TPOIIECIB, SKi MPOTIKAIOTh y 3ac06axX TeTIo-
BiZiBE/JICHHS, JOCTATHHO IUPOKO BUKOPUCTOBYETDCS
CFD-mopnemoBannst [10—14]. Ile mo3BoJisie yHUK-
HYTH BUTPaT Ha BUTOTOBJICHHS €KCIIEPUMEHTAJIBHOTO
3pasKa Ta Horo ekcrepuMeHTaJbHe JA0CHTiZKeHHS.

Hine panoi po6otu — 3a ponomoroio CFD-
MOJIEJIIOBAHHS OI[IHUTH TEIJIOBUN PeKUM KOpILyca-
pazaiaTopa nepeaBaabHOrO MOIYJIS 3 BiCbMOMa I10-
TyKHUMH akTuBHUMU HBY-esementamu, ycTraHoB-
JieHuMU 6e310ocepeIHb0 Ha WOT0 MOHTKHIN 110-
BEPXHI.

Bu6ip cucreMu 0X0JI0/>KEHHSI Ta KOHCTPYKILii
nepe/IaBajbHOTO MOy JIst

Jlnst 3a6e3reyeHHs] HOPMAJbHOI'O TEIJIOBOTO
pEXUMY TepeaBaJbHUX i MpUiMaJIbHO-TIepeIa-
BaJabHUX MOAyJIiB ADAP BUKOPHUCTOBYIOTHCS TIOBI-
Tpsui [15, 16] abo pigunni [17, 18] cucremu oxo-
JokenHs. Pinnnni 3HauHO edekTuBHINI i 3acTo-
COBYIOTBCS B THX BMIIQJIKaX, KOJM IIOBITPAHI HE B
3M03i 3a6e3MeYnTH HOPMAJIbHUIN TEIJIOBUN PesKUM
aktuBanx HBU-enmementiB. Pasom 3 TnMm, HasgB-
HIiCTh PiIKOTO TEMJIOHOCIA YCKJAAHIOE KOHCTPYK-
nito ADAP, ockisibkyu BUHUKae HEOOXiIHICTb 3aCTO-
CYBaHHs Hacocy /Js1 loro mpoKauyBaHHS Ta BUKO-
PHUCTaHHST TETJIOOOMIHHOTO Ta TEPMOPETYJIIOI0UOTO
YCTaTKyBaHHA /14 NiATPUMaHHA 3aaHoI TeMIlepa-
TYPH TEILJIOHOCiA Ha BXOJAl KaHaJiB OXOJIOAKEHHA
nepeaBaJbHOTO MOAYJIst. Takox HeoOXiJHO BUKO-
PHCTOBYBATH PO3HIMHI 3'€[HYyBayi, 110 HE MPOJIH-
BaloTbCs, 326€31eYnTH HaJilHy TepMeTH3allio pi-
JUHHOI MaricTtpaJi, IpauesJaTHiCTb 32 MiHyCOBOI
TeMIlepaTyp! HaBKOJIUIIHBOIO CEPELOBUINA, KOPO-
3ifiHy CyMiCHiCTh KOHCTPYKIIIITHIX MaTepiaJiB i Te-
ILIOHOCIS TOINO. Yce 1ie poOUTh PiAMHHI CHUCTEMMU
OXOJIO/IXKEHHS He TiJIbKU CKJIAJHUMM, ajie i Jopo-
TMMU Y BUTOTOBJICHHI Ta €KCILIyaTallii.

Haii6isbIn mpocTHME 3 IOTJISITY KOHCTPYKTHBHOT
peasizanii Ta eKCILIyaTalii, a TaKOXK JEIIeBUMU, €
NOBITPAHI CUCTEMH OXOJIOJKEHHA [BOX BU/JIB — 3
IIPUPOAHBOIO KOHBEKIII€I0 TOBITPA Ta 3 IPUMYCO-
Bolo. BpaxoBytoun HU3bKy e(eKTUBHICTDb MEPIINX,
JUIsT 3a6€e31eYeHHST HOPMaJIbHOTO TEILJIOBOTO PEKU-
My Ilepe/laBaibHUX Ta PUiMaJbHO-TIepeaBaJbHUX
MOJYJIiB 3a3BHYail BUKOPUCTOBYIOTb CUCTEMU OXO-
JIOJIKEHHS 3 TIPUMYCOBOIO KOHBEKITI€I0.

Buxomsaun 3i ckazaHoro, A8 BUKOPUCTAHHS B
nepeaBaJbHOMY MOJyJli 6yJio 06paHO TOBITPSIHY
CHCTEMY OXOJIOJPKCHHS 3 IIPUMYCOBOIO KOHBEKIIi-
€10 MOBiTpA.

28
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[ nocmiikeHHS TEMJOBOTO PeKUMYy O6yJIo
00paHO KOHCTPYKINIO TepeaBaJbHOTO MOIYJS 3
KOPILyCOM-Pa/liaTOPOM.

Haii6inpur rermosuaingaoyi CBU-esementu Mo-
JlyJisl BCTAaHOBJIIOIOTH B PAJl HA MOHTQKHIN CTOpPOHIi
OCHOBHU TEPHEeHANKYIIApHO i1 AOBriit cToponi. Ak
rmoxasanan gocuaimkenasa [19, 20], ontumaabHuM €
pO3TallyBaHHSA TENJIOBAMIJISIOYNX €JIEMEHTIB TPU-
6JIM3HO HA Cepe/IHI JJOBKUHU pajiiatopa.

TensoBa Mozesb Kopiyca-pajiaTopa

KoHCcTpyKTUBHO nepe/laBabHUN MOAYJb BUKO-
HaHUil y BUIJIS/JI KOpIIyca-paaiaTopa IIPsSIMOKYT-
HOT opmu posmipamu 490x275%52 mm (puc. 3).

Ha MoHTa)kHilf CTOpOHI Hecydoi OCHOBH KOP-
nyca-pajiiaropa B TOrIHOJEHHSIX 3 3a0e3neden-
HSIM HAJiHOTO TEIJIOBOTO KOHTAKTY BCTAHOBJIEHI
eJIEKTPOHHI By3Jin i 6Jyioku. Hait6inpin tensioBu-
JIiJTbBHUMU €JIeKTPOHHUMU KOMITOHEHTaMU MOJTYJISI €
Bicim HBY-Tpan3ucropis BuXijHoOro Mi/icuaoBaya
MOTY>KHOCTI IepeiaBabHOTO MOyJisd. Po3citoBaHa
ko>xHUM HBY-Tpan3ucTopoM NOTYKHICTb CKJIaJa€
28 Br, cymapua — 224 Br. 3aznaummo, 1o Ha
puc. 3 enekrponni 6soku i HBY-tpansucropu He
[IOKA3aHO, a BKA3aHO JIUIIIE MiCIlsl yCTAHOBKYU OCTaH-
Hix (mosutis 3). Posmipu noBepxHi TernjoBiaBe-
nennst HBY-Tpansucropa, 110 KOHTAKTY€E 3 MOH-
Ta)KHOIO TIOBEPXHEI0 Hecy4yoi ocHOBH, Gyau o6pa-
Hi piBHuMu 10x10 MM.

Ha mporunexxunomy 601i Hecy4yoi OCHOBHU
KOpIIyca-pajiiaTopa BUKOHAHO 29 I03/I0BXHIX pe-
6ep OXOJIO/UKEHHS BUCOTOIO 19 MM, JOBXKHHOIO
396 mM. ToBmmHa KoXHOTO pebpa CTAHOBHUTH
2 MM, Bijctanb Mix cycigniMu pe6pamu (mmpu-
Ha TOBITPsIHOTO KaHaiay) — 6 mMM. ToBuMHa Hecy-
4yoi OCHOBH, Ha SKiif BUKOHAHO pe6pa OXOJIO/[’KEH-
Hd, — 12 mMm. Martepian pagiatopa — aJoMiHie-
Buii criiaB AMr 3 3 koedillieHTOM TeIJIONpPOBiI-
Hocti 132 Bt/ (M-°C).

O6pebpeHa cTOPOHA OCHOBU € TIOBEPXHEIO TETLIO-
o6MiHy KOpIIyca-pajiaTopa rnepeiaBajbHOTO MOJY-
Jst i mif yac po6oti ADAP 06yBaeTbcst TOTOKOM
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Puc. 3. KonctpykTtuBHa cxeMa KopIlyca-pajiaTopa:
1 — HecydJa OCHOBA; 2 — MOHTa)KHA CTOPOHA OCHOBH; 3 — Mic-
11e YCTAaHOBKY TEIJIOBU/IIJISTIOUOTO eJieMeHTa; 4 — Micie s
YCTAHOBKHU KPUIIKH; 5 — pe6pPO OXOJIOMIKEHHS
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Puc. 4. MicueBuit momnepeunuit
po3pi3 Hecyuoi ocHOBU 3 pebpaMu

OXOJIO/KYIOUOr'O IOBIiTPS 3 TEMIIepaTypoIO Ha BXO-
Jli B KaHaam moBepxHi TermmoooMiny 40°C.
BBaxaeTbcs, 1110 10BepXHs KopIlyca-pajiaropa,
KpiM ope6peHoi ToBepxXHi TernnmooOMiHy Hecydoi
OCHOBH, € ajziiabaTHO0 (Ternyioi30ap0BaH00), a Bijl-
CTaHb MiXK TOPUAMU pebep i KPUIIKOIO CyMiXKHOTO
TepeIaBaJbHOTO MOJIYJISI CTAHOBUTD 2 MM.
MogemoBaHHS TEIJIOBOTO 10JIs1 KOPILyca-pajia-
TOpa BUKOHAHE METOIOM OOUUCTIOBAIBLHOT I'iIpO/HU-
HaMmiku. Ha puc. 4 HaBeieHO TeOMETPUYHI PO3MipH
OJTHOTO 3 MiXKpeOepHUX KaHAJIB AJS PO3PaXyHKY
HOro eKBiBAJIEHTHOTO JiaMeTpy, HEOOXiHOTO /st
obuncsenHst KoeilieHTiB TETIOBiA1aYi.

Pe3yJIbTaTI/I MO/J€/JI0OBaHHA

3a yMOB, 3a3HaueHuX Buile, 6yJO MPOBeE/EHE
CFD-MonemoBaHHS [Jis1 TPhOX 3HAUY€HDb MIBUJIKO-
cri V, OXOJIOZKYIOUOrO MOBiTPAHOIO IOTOKY B
MixkpebepHUX KaHaJaX Kopiryca-pajiatopa — 1,
6, 10 M/ c. AHaJi3 pe3yJbTaTiB 1MOKA3aB, 10 Hall-
617TbIT 3HAYEHHS] TEMIIEPATYPU B MICIISIX YCTAHOB-
ku TeroBuaisagtounx HBUY-tpansuctopis criocte-
pirarotbcd 3a MIBUAKOCTI IOBiTPAHOTO IOTOKY B
MikpebepHux KaHasax 1 mM/c (auB. puc. 5, a Ha
crop. 1 O6KJaANHKK), a MaKCUMaJIbHA TeMIIePaTy-
pa csrae 90,1°C. Ouianmo, skoo 6yje B IIbOMY
BUIIQ/IKy TeMIlepaTypa HalliBIPOBiJHUKOBOTO KPUC-
tany HBU-tpan3ucTtopa 3a yMOBH yCTAaHOBKM HOTO
Ha MOBEPXHIO KOpIIyca-pajliaTopa vepes3 Iap Te-
monpoBigHoi mactu KIIT-8 Tosiuuoo 0,2 MM i3
koedinientom reronposigrocti 0,7 Br,/(m-°C).

Tennora Big HaMiBIPOBIIHUKOBOTO KPUCTAJTY
[0 KopIlyca-pajiatopa IepelaeTbCs TEIJIONPOBiI-
HicTIO 4epe3 BHYTpilmHiil TemnoBuii omip HBY-
TpaH3uCTOpPa i Yepe3 KOHTAKTHUM TEIJIOBUH OIIip
Mixk koprmycom HBUY-tpansucropa i moBepxHero
Hecy4oi ocHOBU. BpaxoByiouu 1ie, HECKJIQHO BU-
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3HAUUTH, 1110 NIPU BHYTPIlTHbOMY TEIJOBOMY OIIO-
pi HBU-tpansucropa, mampukaaza, 0,25°C/ Br,
Tepernaz, TeMIEparypu MiXK HaIliBIPOBIIHUKOBUM
kpucrajgoM i xkoprmycom HBUY-tpansictopa ckia-
ne 7°C, a mepenaji TeMIepaTypu MixK KOPIIyCOM
HBUY-Tpansucropa i HeCy4ol0o OCHOBOIO KOPITycCa-
pajziaropa mpu IryCTUHI TEIJIOBOIO IIOTOKY B 30HI
koHTakty 28 Br/cm? — 80°C.

TakuM uMHOM, TeMIlepaTypa HalliBIIPOBiJHUKO-
Boro kpuctany HBU-tpansucrtopa 3a MBUIKOCTI
Vo =1m/c crnmage 90,1+7,0+80,0 = 177,1°C.
O4eBUZHO, 1O HABiTb 32 BUKOPUCTAHHSA HITPU[I-
rajgiesoro HBUY-rpansucropa Take BUCOKe 3HAauY€eH-
HS TeMIIEpaTypU KPUCTaIy He 6akaHe 3 MipKyBaH-
Hs HaZilHOCTI floro po6oTH.

Haii6inbir mpoctuM cnoco60M 3HUKEHHST TeMITe-
paTypH HaIlliBIPOBiTHIKOBOTO KPUCTAY € 36iJIbIIIeH-
H4 IBU/IKOCTI OXOJIO/ZKYIOUOTO TIOBITPSHOTO TIOTOKY .

36iapmennsa V 31 10 6 M/ ¢ 103BosIg€ iHTEH-
cudikyBaTu TEIJIOOOMiH i 3HU3UTH MAKCUMAJBHY
TeMIlepaTypy MOHTAKHOI IIOBEPXHi B MiCISIX ycTa-
HoBkun HBU-tpansuctopis #Ha 13°C i TuM camum
3HU3UTH TEMIIepaTypy HalliBIIPOBIIHUKOBOIO KPUC-
tany 3 177,1 no 164,1°C.

[Moganbiie 36iMbITIEHHS MBUIKOCT] TTOBITPSIHOTO
noroky 10 10 m /¢ (quB. puc. 5, 6 Ha crop. 1 06-
KJIAIUHKN) 103BOJsIe Te Ginbie — Ha 18°C 3uU-
3UTHU TeMIlepaTypy OCHOBHU KOpILyca-pajiaTopa Ta,
BifiMIOBiTHO, TeMTeparypy Kpucrauay ao 159,1°C.
Curin, ogHak, 3a3HA4YUTH, IO IS HAAIHHOT po6o-
@ HBY-tpansucropiB 1ie He € jgocTarHiMm, aje i
moiaJbIine 361IbIIeHHs IIBUIKOCTI MTOBITPSHOTO I10-
TOKy HeOGa)kaHe yepe3 PIiCT €HeproBUTPAT HA WOTO
MPOKAUYyBaHHS.

HoBuM TexHiYHUM PpilllEHHSAM TyT MOKe CTa-
™ BOYAOBYBaHHs miockux rersosux Tpy6 (TT)
y TiJI0 HECY4Ol OCHOBM KOpIIyCa-pajiaTopa TaKuM
YUHOM, 1100 TEILIOBUIIAIOYI €JIeMEeHTH BUXIHOIO
MiJICUJTI0OBaYa TIOTYKHOCTI mepefyBaJji B TEIJIOBO-
My KOHTaKTi i3 3oHamu HarpiBanusa TT, a 30HU 0XO-
gomxeHHsa TT 3Haxonuauch y TijJli Hecydyoi OCHO-
BU B opebpeHiii o6acti. Ockisibku eeKTUBHA Te-
MJIONPOBI/IHICTD TEMJIOBUX TPYO HA TMOPSIJIKU MEpe-
BUIIY€ TEIJIOPOBIHICTh TAKUX METaJiB, AK Mi/b
i amominiit [21], 1e 103BOIUTH PO30CEPENUTH JIO-
KagabHuil TemoBuil notik Bixm HBY-Tpansucropis
Ha BCI0 ope6peHy TOBEPXHIO TENJI000Miny 3 MiHi-
MaJIbHUM IIeperajioM TeMiepaTypH 110 JOBXKUHI pe-
6ep i TMM caMUM ITiIBUIIUTH TETNJIOPO3CIIOBAIbHY
3/IaTHICTD BiIATIEHNX 4YacTUH peGep i J0JATKOBO
3HU3UTHU TeMIepaTypy B Miciigx yctaHoBku HBY-
TPaH3UCTOPIB.

HanpsaMkoM nmogaibIiuX JOCTiIKeHb € MOJIeJIO-
BaHHSA 3aIIPOITOHOBAHOTO TEXHIYHOTO PillleHHSA 3 Me-
TOI0 BU3HAYEHHS e(EKTUBHOCTI 3HUKEHHS TeMIIe-
paTypyd MOHTa)KHOI TOBEPXHi KOpIIyca-pajaiatopa

Ta, BIAIIOBIAHO, TEMIIEPATypPU HAIliBIPOBIIHUKO-
Boro kpucrany HBU-tpansucropis BuXijHOro mij-
CUJIIOBAYa TOTYKHOCTI TIePeaBajlbHOr0 MOY JIA.

3ako4yeHHsa

CFD-MozemoBaHHST TeMIIEPATypPHOTO TOJS OJI-
Hiel 3 MOKJIMBUX KOHCTPYKIUiH KopItyca-pajiiatopa
repeJlaBaIbHOTO MOJTYJISI IOKA3aJ10, 1110 32 PaXYHOK
MiBUIIEHHST NIBUIKOCTI TIOBITPsSI B MisKpeGEPHUX Ka-
Hasax 3 1 10 10 M /¢ 3a fioro TemMmepaTypu Ha BXO/i
40°C MO>kHA 3HU3UTH TeMIlepaTypy HalliBIIPOBiIHU-
koBoro kpucrasy HBUY-rpansucropis Ha 18°C. s
TIO/IAJTBINIOTO TiABUIIEHHS e(PEKTUBHOCTI MOBITPSIHO-
IO OXOJIOJPKEHHS IIepe/IaBaJIbHOr0 MO/ ISl IEPCIIeK-
TUBHUM 6aunTbCS BMOHTOBYBAHHS TEIJIOBUX TPYO
y TiJIO Hecy4yoi OCHOBU KOpITyca-paziatopa nepeza-
BaJbHOTrO MOy JIs1. 1le 103BOJIMTh po3ocepesiuTH Jio-
KaJIbHUH TerioBuit 1oTik Bii HBY-Tpansucropis Ha
BCIO IIOBEPXHIO KOpIIyca-pajiaTopa i B pe3yJbrari
3HU3UTU MaKCUMAJbHY TeMIlepaTypy HalliBIIPOBij-
HuKoBoro kpucrany HBY-tpansucropis.
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CFD-MOAENMINPOBAHUE TEMIITEPATYPHOTI'O I10JIA
KOPIIYCA-PAINATOPA IIEPEJAIOIIEIO MOAYJIA ADAP
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IIpusedenvr pe3yrvmamvi KOMRHIOMEPHOZO MOOCAUPOSAHUS PACNPedeseHUs MeMNepamypvl. MOHMAKHOU NO-
BEPXHOCIMU OCHOBAHUS KOPNYCA-PAOUAMOPA, HA KOMOPOU YCMAHOBACHO 60CeMb MENA08bLOCTIIOUUL ITNCMEHMOE
C J0KAALHBIM Mmenaogvidenenuem Kaxodozo no 28 Bm. Ha npomueonoioxHoi cmopoue OCHO8AHUS KOPRYCA-
paduamopa evinosmenvt pebpa oxaaxoenus. OpeOpennas noseprHocmv 000yeaemcs 6030YUHLIM NOMOKOM €
memnepamypoti na éxode 40°C. Modenuposanue nposedeno 0is mpex 3uauenuti cKOpocmu 6030YuLHozo nomo-
Ka 6 mexpebepnvix xananrax: 1, 6 u 10 m/c. ITokasano, umo MAKCUMATLHOE 3HAYEHUE TREMNEPAMYPbL MOHMAK-
HOU NOBEPXHOCIU OCHOBANUS Kopnyca-paduamopa, komopoe cocmaegisem 90,1°C, nabmodaemcs npu cxopo-
cmu 1 m/c. Yeenuuenue cxopocmu 6030yxa 0o 10 m/c no3soraem cHUIUMb MeMREpaAmypy 6 mecme Ycmanos-
xu CBU-anemenmog do 72,1°C. [Jlas darvetiwezo nogviuenus hhexmuenocmu 6030ywHotl Cucmemvl OXAAK-
Oenusi U CHUXeHUs. MeMNepamypovl MOHMAXKHOU NOGEPAHOCIIU KOPNYCA-PAOUAMOPA NPedS0KeHO HOB0e MexXHU-
uecKoe peulenue.

Kmoueswvie crosa: CFD-modenupoganue, bix00HOU YCUAUMELb MOUHOCTIU, PAOUAOP, 8030YuHOe 0XAdxKdeHue,
memnepamyproe noJe.

TexHOIOTisT Ta KOHCTPYIOBAHHS B eJIeKTPOHHIN anapatypi, 2019, Ne 1-2
ISSN 2225-5818 Py P paryp 31




3ABE3IIEYEHH{ TEIIJIOBUX PEKVIMIB

DOI: 10.15222 /TKEA2019.1-2.27
UDC 621.396.96; 536.248

Yu. E. NIKOLAENKO, A. V. BARANYUK,
S. A. REVA, V. A. ROHACHOV

Ukraine, Kyiv, National Technical University of Ukraine
«Igor Sikorsky Kyiv Polytechnic Institute»

E-mail: yunikola@ukr.net

CFD-MODELING OF THE TEMPERATURE FIELD

OF THE RADIATOR CASING OF THE TRANSMITTING
MODULE OF THE ACTIVE PHASED

ANTENNA ARRAYS WITH AIR COOLING

Modern radar stations are widely used to obtain images of earth surface with high spatial resolution, to
identify moving objects in the air, on sea and on the ground, and allow determining the coordinates and
movement parameters accurately. Active phased antenna arrays with large number of transmitting modules
are widely used as antenna systems in radar stations. The heat generated by the active microwave elements
of the output amplifiers of the transmitting module, leads to an increase in their temperature and to decrease
in reliability. In this regard, the task of increasing the cooling efficiency of active microwave elements of the
output power amplifiers is important.

The aim of this study is to assess the possibilities of air cooling of the active elements of the output power
amplifier in relation to the transition from gallium arsenide to gallium nitride element base with increased
heat generation.

This paper presents the results of computer simulation for the temperature filed of the mounting base of the
radiator casing, on which 8 heat-generating elements with a local heat release of 28 W each are installed.
Cooling fins are made on the opposite base of the radiator casing. The finned surface of the radiator casing is
blown by an air stream with an inlet air temperature of 40°C. The simulation was carried out for three values
of the air flow rate in the interfin channels: 1, 6 and 10 m/s. It is shown that the maximum temperature of
the mounting base of the radiator casing is 90.1°C and is observed at an air flow rate of 1 m/s inside the
interfin channels. Increasing the air speed up to 10 m/s makes it possible to reduce the temperature at the
installation site of the microwave elements down to 72.1°C. A new technical solution was proposed to further
improve the efficiency of the applied cooling system and to reduce the temperature of the mounting surface of

the radiator casing.
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Kanra mocBsmera OfHON W3 KJIOYEBBIX MPO6JEM MPOEKTHPOBAHUS TEPMO3JIEKTPH-

HOBBIE KHUT'U

LY

gyeckux ycrpoiicts (TOY) — moucKy myTeil TOBBINIEHUS WX HAAEKHOCTH. VIccae[0BaHbI
OCHOBHBIE METO/bI MOBBIMIEHNS IMOKasaTeaell Hafe:KHOCTH TOY: KOHCTPYKTHBHBIN, Ha-
paMeTpUYeCKuil, CTPYKTYPHBIN 1 KOMOMHUPOBAHHBINA. [IpiBe/ieHbl pesyIbTaTbl pacyeToB
OCHOBHBIX XapaKTepUCTUK U ITIOKasaTeseidl HaJeXXHOCTH OJHO- U JBYXKAcKaJHbIX TIY
B 3aBHCHMOCTH OT '€OMETPHU BETBEH TEPMO3ITIEMEHTOB, TOKOBOTO peKMMa PAaGOTHI, Ma-
pPaMeTPOB MCXO/HBIX MATePUAJIOB TepMO3IeMeHTOB (TepMoasekTpuueckoi adderTus-
HOCTH, KOa(DUIEHTa TePMO-3/IC U 3JEKTPOIPOBOAHOCTH) U MPOBEJEH aHAJIN3 TOJIY-
YeHHbBIX Pe3yJ/IbTaToB. Tak)ke pacCMOTPEHbI IIPOCTEHIINE CXEMbl pe3epBUPOBAHUA 3Jle-
MEHTOB U IIPOBE/IEH CPABHUTEJIbHBIN aHAIN3 PA3JUYHBIX CIIOCOO0B BKJIOYEHHUS PE3epBa.
[Toka3aHbl BO3MOKHOCTH KOMGHHUPOBAHHOTO (COBMEIIEHHOT0) MeTO/a TIOBBIIIEHNSI T0-
Kazareseil HageskHocTH TOY myTeM OLleHKH COBMECTHOTO UCIOJb30BAHUSA KOHCTPYKTUB-
HOTO M IIapaMeTPUYECKOT0 METO/J0B B CPABHEHUH C Pe3yJIbTaTaMu, KOTOPbIE MOXKHO IIO-
JIyYUTb IIPU UX Pa3/iebHOM IIPUMEHEHUN.

[IpeanasnaveHa /Jist MHXXEHEPOB, HAYYHBIX PAGOTHUKOB, a TAKXKE CTY/IEHTOB COOTBET-
CTBYIOIIUX CIEIMAJbHOCTEN, 3aHIMAIOIUXCST BOIIPOCAMU HA/IEXKHOCTH 3JEMEHTOB 3JIEK-
TPOHUKHU M B 1esIoM POA, a Takke paspabOTKON 1 MPOEKTHPOBAHIEM TEPMOIJIEKTPHYE-

\_ CKUX YCTDOMCTB.
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IMPROVEMENT OF THE REVERSE CHARACTERISTICS
OF SCHOTTKY DIODES USING GETTERING

The paper considers the causes and mechanisms of the influence of defects and impurities on the reverse
current of the Schottky diode. The influence of two getter regions, which were created by different
technologies on the working side and the reverse side of the plate, on the value of the reverse current of
diodes was experimentally investigated, and the physical factors of such influence were analyzed. The
proposed technology for creating getter regions allows one to significantly reduce the reverse current of

diodes and increase the product yield.

Schottky diodes (SDs) are widely used in many
areas of electronics as low and medium power
rectifier diodes, as well as pulsed diodes [1, 2].
The purposeful using of SDs as pulsed diodes is
explained by the fact that they are unipolar devices
with no injection of minority charge carriers.
Because of this, their speed is higher than that of
pulsed diodes based on p—n-junctions, the speed of
which is limited by the phenomenon of “resorption”
of minority charge carriers during switching the
voltage from forward to reverse [3]. Some series of
SDs are used as pulse rectifier diodes.

It should be noted that the cost of the SDs
remains relatively high due to the low yield of
diodes, which is explained by a high value of their
reverse current and a smaller breakdown voltage
compared to p—n-junctions. These phenomena are
associated with a significant dependence of the
reverse current of the SD on the quality of the
surface of the diode structure and the influence
that structural defects and impurities have upon
the reverse current [4—8]. First and foremost,
one should note oxidation stacking faults (OSFs),
which are formed in the active region of the diode
during high-temperature operations [6, 7]. OSFs
are usually located in the near-surface region of
the crystal. OSFs which are not decorated with
impurities have practically no effect on the inverse
characteristics of the diodes [7]. The decoration
of the OSF with heavy metal impurities during
thermal oxidation leads to the fact that a high
density of surface states is formed in the near-
surface silicon layer. After deposition on a surface
of molybdenum, which forms the Schottky barrier,

Keywords: gettering, reverse current, Schottky diode, impurities, oxidation stacking faults.

the potential barrier at the metal /semiconductor
interface becomes thin enough for the tunneling
of electrons from the metal to the semiconductor
at reverse bias of the junction [9].

Tunneling is one of the causes for the so-called
soft reverse characteristics. In this case, the region
near the edge of the metal contact is important,
because the electric field lines are converged
there. A strong electric field leads to a thinning
of the potential barrier, and the action of image
forces decreases its height. Both of these factors
increase the reverse current of the p—n-junction.
This effect is further enhanced if the near-boundary
semiconductor layer is enriched by electrons as a
result of the presence of a positive surface charge
[10]. All these facts lead to an additional decreasing
in the thickness of the barrier at the edge of the
metal contact. Therefore, the value of reverse
current of the Schottky diodes is largely determined
by the quality of the protective SiO, layer, the
Si/SiO, interface and the metal /Si interface.

The generation of charge carriers in the depletion
region also significantly affects the reverse branch
of the current-voltage (I-V) characteristic of the
Schottky diode. The generation component of the
reverse current IG is expressed [9] by the formula

1,=qnd/Q270), €))

the width of the depletion region in the
semiconductor;

the carrier lifetime in the depletion region;
the electron charge;

the intrinsic carrier concentration in the
semiconductor.

where d is

Tis
q is
n; is
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The generation of charge carriers in the
depletion region is particularly intense when a
high density of structural defects (e.g., OSF) is
present in a semiconductor, since this significantly
decreases carrier lifetime [7].

In order to reduce the density of bulk structural
impurity defects in silicon, various gettering
methods are used [11—14], but, as practice has
shown, many of them are ineffective for reducing
the reverse current of the diodes. Many different
methods have been developed to improve the
surface properties of the Schottky diode structures
[15], but not all of them are effective for improving
the inverse characteristics of diodes.

The goal of the work is to study how structural
defects and impurity contaminations of the
surface of the diode structure influence the level
of the reverse current of the Schottky diodes and
to determine the effectiveness of the proposed
technology to create getter regions of the structures
with respect to reducing the reverse current and
increasing the yield of suitable devices.

Test samples

Structures of investigated diodes were fabricated
by isoplanar technology [16] on silicon n-type
epitaxial structures with a specific resistance of
1 Q-cm and a thickness of 3 pm grown on a silicon
substrate oriented along the (111) plane.

The basic technological route for manufacturing
diode structures included the following main
technological operations:

— standard chemical treatment of plates;

— sequential deposition of layers of nitride
and silicon dioxide with a thickness of 0.1 and
0.3 um, respectively;

— formation of 0.5 um heigh mesa structures
by photolithography methods with using the round
sections of a silicon nitride film with a diameter
of 50 um as a mask;

— oxidation of mesa structures at the
temperature of 1050°C for 2 hours alternately in
dry O, (10 min), in water vapor (100 min) and
again in dry O, (10 min);

— annealing in argon for 30 minutes at the
temperature of the oxidation process (as a result,
the thickness of the grown protective SiO, layer
was 0.7 um);

— removal of silicon nitride from the
contact pads by placing the structures in boiling
orthophosphoric acid for 30 min (for safety, in case
there is a thin SiO, film on the surface of silicon
nitride, structures were preliminarily kept in the
etchant HF: H,O = 1:20 for 20 s);

— deposition of a 0.3 pm thick molybdenum
layer by vacuum thermal evaporation and

Mo
SiO,
S /
n
ot Ti
-~ _Ni
~Au

Fig. 1. The structure of the Schottky diode, manufactured
according to the basic technology

formation of a rectifying contact with a diameter
of 60 um using photolithography;

— plate grinding on the substrate side to a
thickness of 180 —200 um;

— formation of an ohmic contact on the back
side of the plate by sequential deposition of
layers of titanium, nickel (by vacuum thermal
evaporation) and gold (by electroplating).

Implementing the above operations resulted
in obtaining the diode structure shown at Fig. 1.

Investigation of structural defects

Studies of diode structures that were rejected
by the value of the reverse current showed the
presence in their active regions of OSFs with a
density of 10*—10° cm™2. Structural defects were
detected by selective etching of the structures
in the Sirtl reagent for 10—180 s. The type of
structural defects and the assessment of their
density were determined using a METAM-1
metallographic microscope. The density of OSFs
was determined by the formula [17]

N=n/S,
where N is the defect density;
n is the average value of the number of defects
in five areas;
S is the area of the field of view in the eyepiece

of the microscope.

A micrograph of the surface of one of the
studied diode structures after selective etching in
a Sirtl reagent for 25 s is shown in Fig. 2.

Fig. 2. The surface of the diode structure with the
identified OSFs
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Gettering technology

Firstly, in order to prevent the formation
of OSFs, a gettering method was chosen that
organically fit into the technological route of the
diode manufacturing. Since OSFs start forming
from the first high-temperature operation, i.e.
thermal oxidation, it is obvious that gettering
should be performed at the very beginning of
the technological route for manufacturing the
diode [11, 18]. Studies have shown that the most
effective way to prevent the formation of OSFs is
to create a getter area on the reverse side of the plate
by implanting argon ions into it and then annealing
the plate in a mixture of nitrogen and oxygen before
precipitating silicon nitride layers [19].

The getter region (GR) was formed on the
reverse side of the plate by implanting argon ions
with an energy of 100 keV, by a dose of 5-10'> ¢cm™
using the industrial plant for ion doping Vesuvius-5.
Then the plates were annealed in a mixture of
nitrogen (130 1/h) and oxygen (6 1/h) at the
temperature of 1100 °C for 3 hours. Further, when
referring to this method of creating an GR, we
will use the designation G,,.

In order to improve the surface quality of the
diode structures and thus to reduce the value of
their reverse current, the authors tested a method
of creating a getter by boron diffusion into the
working side of structures after the formation of
a protective SiO, layer [20]. Boron diffusion was
carried out using the open tube method from a
B,0O; source at the temperature of 950°C for 30
minutes in a mixture of argon (100 1/h) and dry
oxygen (4 1/h). At the same time, a borosilicate
glass (BSG) film was formed on the surface of the
protective layer of SiO,. This method of creating
a getter will be further denoted as Gy.

Fig. 3 shows the structure of the Schottky
diode, manufactured according to the developed
technology with the using of double-sided
gettering (G, .y technology, combining G,, and
Gp) before the grinding operation of the reverse
side of the plate.

Mo

QSS
/ \ / /5102

nt GR

Fig. 3. The structure of the Schottky diode, manufactured
according to the developed technology using double-
sided gettering

The effect of additional boron diffusion on the
surface quality of diode structures was estimated
by the method given in [17, 21]. A SiO, film
was grown on the initial plates under conditions
similar to oxidation conditions of mesa structures,
after which they were cut into two parts. One of
them was left as a control, and the second was
subjected to additional diffusion of boron into
the SiO, layer in the mode corresponding to the
developed technology. Then Al was sprayed onto
all the plates, and MOS structures (Al /SiO, /Si)
were fabricated using photolithography. Then, the
C-V-method was used to calculate the values of
the total induced charge on the structure fabricated
using additional boron diffusion (Q,) and on
the control MOS structure (Q,,). Voltage-Farad
characteristics were measured using an RLC E7-12
instrument. The following results were obtained:
Qg = 23107 C; Qy, = 3.2:107° C, the charge
ratio was Q, /Qy = 1.4.

Thus, the additional diffusion of boron made
it possible to reduce by 1.4 times the value of
the total charge in SiO,, which is adequate to
decreasing the density of surface states at the
Si/SiO, interface [17]. This makes it possible
to significantly reduce the tunneling of charge
carriers through a potential barrier and thereby
reduce the value of the reverse current of the diode.

Testing the effectiveness of the developed
technology

For this research, three experimental batches
of diode structures were formed. Half of the
structures in each batch were manufactured using
the basic technology, the other half — using one
of the methods described above (G,,, Gy, G,,.p5)-
The effectiveness of the technology was evaluated
by the number of suitable structures, which were
selected based on results of metallographic studies
and by the value of the reverse current Irev.

The validity criterion was set by limiting
I., =1 pA at a reverse voltage of 30 V. In
accordance with this, the average value of the
product yield for the structures manufactured
using the basic technology was 84.1%, the proposed
technology with the formation of a getter only on
the reverse side of the plate (G,,) allowed for
88.2%, the technology with only boron diffusion
into the working side of the plate (Gy) gave
89.7%, while the one with double-sided gettering
(G,,4p) showed the result of 93.4%.

As can be seen, using any one of the proposed
methods for obtaining diode structures allows us
to increase the product yield by the criterion of
smallness of the reverse current of the devices
compared to the basic technology. Note that
gettering significantly (from 2 to 6 times) reduces
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the value of the reverse current. Double-sided
gettering allows increasing the percentage of
product yield by 9.3% and to obtain a 3—6 times
lower I ..

Before the formation of a rectifying contact,
metallographic studies of diode structures were
carried out. In the structures obtained by the G,,
method, there were no oxidative stacking faults
(Fig. 4). In diode structures with a borosilicate glass
(Gp) film, the density of OSF was 10>—103 em ™2,
which is significantly (two orders of value) lower
than on plates which were made by using the basic
technology.

Fig. 4. The surface of the diode structure with the
getter region created on the reverse side of the plate
by the G,, method

Fig. 5 shows the reverse branches of current-
voltage characteristics of diode structures which
were made according to the basic technology
and by using the developed methods for creating
getter regions. It can be seen that using any of
the proposed gettering methods can significantly
reduce the level of the reverse current of the diodes
increasing the diode breakdown voltage (possibly
by eliminating surface breakdown). In this case,
the Gz method is more effective than the G,,.

1, KA 4 123
3
2
1
0 10 20 30 40 50 60 U, B

Fig. 5. Reverse I—V- characteristics of diode structures
made by using various technologies:
1 = Gy 2 = Gg; 3 = Gy, 4 — basic technology
(curves were obtained at 20°C)

Let us analyze how the gettering regions created
by the G,, and Gy methods affect the parameters
of the diode.

Implantation of argon ions on the reverse side
of the sample plate during the annealing process
leads to the formation of high-density dislocations,
which play the role of drains for metal impurities.
At the same time, the nuclei of the OSFs, which
are formed during the growth of silicon ingots and
during epitaxy, are also being suppressed. This
prevents the formation of OSFs during the process
of thermal oxidation of plates (see Fig. 4), due
to which the generation component of the reverse
current (1) is significantly reduced. In addition,
the getter area created in this way effectively
absorbs uncontrolled impurities from the bulk and
near-surface regions of the plate, which reduces
reverse currents of diodes, since they are caused
by both bulk and surface mechanisms.

A borosilicate glass layer formed during the
boron diffusion on the surface of the protective
SiO, film exhibits a gettering effect against
impurity contaminants (usually impurities of Na,
K, Fe, Ni, Cu, etc.), which usually get into the
SiO, layer grown by thermal oxidation from walls
of the quartz tube and from oxidizing environment.
This allows to perform a deep cleaning of the
protective oxide layer and the Si/SiO, interface
from the impurities, which makes it possible
to reduce the total charge in SiO,, and this is
equivalent to a decreasing of the density of surface
states at the Si/SiO, interface. Improving the
surface quality of structures, which is achieved
by gettering, virtually eliminates the tunneling
of current carriers through the potential barrier,
which in turn provides a significant reduction in
surface leakage currents at reverse connection of
diodes. In addition, when conducting diffusion
into the working side of the plate, the back side
of the plate is not specifically protected, therefore,
a high-alloyed gettering p*-layer is formed on
it. This allows for a significant reduction in the
density of OSFs formed during thermal oxidation
in active regions of the diode [22]. It should also be
noted that another possible reason for decreasing
the density of defects may be the effect of «post-
oxidizing annealing» occurring in relation to the
already formed OSFs during boron diffusion [23].

Conclusion

The creation of a getter formed by implantation
of argon ions on the reverse side of the diode
structure plate using the G,, technology prevents
the formation of OSFs in the active region of the
diode structure, and also provides a relatively
high-quality cleaning of the near-surface diode
area from uncontrolled impurities, which leads
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to a decrease in the charge carrier generation in
the depletion region of semiconductor and to a
reduction of the surface leakage currents.

The creation of a getter by diffusion of boron
into the working side of the diode structure using
the Gg technology prevents such undesirable
surface effects as surface tunneling of electrons
from the metal into the semiconductor and surface
breakdown of diodes, and also makes it possible
to reduce the density of OSFs on the working-side
surface of the diode.

Thus, the first G,, method obviously prevents
the generation of charge carriers in the depletion
region of transition, but doesn’t completely
eliminate surface leakage currents. The second
Gg method practically liquidates surface leakage
current, but doesn’t eliminate the generation
component of the reverse current.

The diode breakdown voltage increases with
the use of both technologies, however, the Gy
method turned out to be more efficient than the
G,, method.

When we used G,, and Gy technologies
separately, the number of suitable diodes at the
end of the production cycle increases by 5—6%
compared with the basic technology, and by 11%
when both of technologies G,,,; were used by
applying double-sided gettering.

Thus, the developed technology for
manufacturing Schottky diode structures prevents
the formation of oxidative packing faults in the
active region of the diode and improves the surface
state of diode structures, which reduces the reverse
current of diodes and, consequently, increases the
percentage of product yield.
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I[TOJITIIITEHHA 3BOPOTHUX XAPAKTEPUCTUK AIOJAA HIOTTKI
I[TP11 BUKOPUCTAHHI TETEPYBAHHA

Mioou HHlommxi (1) wupoko suxopucmosyiomocs ¢ 6azamvox 004ACMAX eACKMPOHIKU AK GURPAMHI 0100u
HeseauKol ma cepedHboi NOMYKHOCMI, d MAKOK AK iMnyabcHi diodu. IIpu yvomy eapmicmo AL 3aruwacmocs
NOPIBHAHO GUCOKOIO Uepe3 HUSLKULL 6UXI0 NPUOAMHUX NPUADIB, WO NOACHIOEMbCS BUCOKUM PIBHEM 360POMHUX
CMPYMIG 1 HU3LKOIO, 6 NOPIGHAHHT 3 P — N-nepexodamu, npobusnolo nanpyeot. Ili seuwa nos'sazani 3 icmommoi
3anexuicmio 3gopomuux cmpymis /I 6i0 sxocmi nosepxni 0i00HUX CMPYKMYP § 6NAUSOM HA HUX CIRPYKIMYD-
Hux deghexmis i CMOPOHHIX OOMIULOK.

YV daniit pobomi docridxeno enaue cmpyxmyprux depexmie i OMIUKO8UX 3A0PYOHEHb NOBEPXHT HA PiseHb 360-
pomuux cmpymie A1l i echexmusnicmv 3acmocysanis onepayii zemepyeanis 04s 1020 3HUKeHHs i NI0SUUEHHS
68UxX00Yy npudamuux npuiadie. Bcmanosieno, wo npuvunamu nu3vkozo i0COMKA 6UX00Y NPUOAMHUX CIMPYKMYDP
I npu koHmpoai pieHs ix 360POMHUX CMPYMIE € OKUCTIOBANLHI eheKmu YnaKosKu, w0 Yymeopiormscs 6 aK-
muenux 006aacmsx 0iodie 6 npoueci NPoBedeHHs. MePMIUH020 OKUCAEHHS, | 0OMIWKOGT 3d0PYOHeNnHs HA NOBEPXHI
diodnux cmpyxmyp. 3anpononosano mexnonoziio euzomosaenns cmpyxmyp ALl 3 dsoma zemepruumu o6.racms-
MU, 00HA 3 AKUX CIMEOPEHA IMNAAHMAYIEI APZOHY HA 360POMHOMY Ooyi naacmunu, Opyza — Jugysierw 6opy na
po6ouitl CMOpoHi NAACMUHU.

Y nopiensnni 3 6aszosor mexmoaozieio euzomosaenns cmpyxmyp AL noxasano, wo po3pobaena mexnonozis
i3 3aCMOCY8AHHAM 2eMEPYSANHS CIMPYKMYPHO-OOMIUKOBUX Oehexmic 00360AAE€ 3aNoOizmu YymeopenHio oKuc-
T06ANLHUX Oeqhexmie ynaxoeku 6 akmuenux obadcmsax 0i00i6 i NOAINWUMU CMAH NOGEPXHL 0I0OHUX CMPYK-
myp, wo 0a€ MOXAUGICIG FHUSUMU PIGEHb 360POMHUX cmpymis diodie i, ax nacaidok, icmomno (do 10%)
nidsuuumu uxio npudamuux npuiadis.

Kntouosi caosa: eemepysanns, 3eopomuuti cmpym, 0iod IHommxki, domiwku, OKUCA06AIbHE dehexmu YnaxKyeanms..
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YAYUHIHIEHNE OBPATHBIX XAPAKTEPUCTURK JNOJAA IIOTTKN
IMp11 NCIIOJIbSOBAHUN I'ETTEPMIPOBAHUSA

Juodv ITommicu (JIII) wupoxo ucnoiv3yiomes 60 MHOZUX 00LACMAX INEKMPOHUKIU 6 KAUECTNEE GoINPAMUMNETb-
HbIX 0Uu0006 HEGOILWON U CPeOHetl MOWHOCIU, d MAKKE 6 Kauecmee UMNYisCHulx 0uodos. IIpu amom cmou-
mocmu JAII ocmaemces cpasHumespo 6biCOKOU U3-3a HU3K0Z0 6b1X00d 200HbIX NPUOOPOS, UMO 00BACHAEMCS 6bl-
COKUM YpOBHEM 00PAMHBIX MOKOS U HUSKUM, NO CPASHEHUIO C P —n-nepexoddmu, npoOUSHbIM HANPAKEHUEM.
Omu s61€HUSL CBA3AHDL C CYULCTNEEHHOT 3A8UCUMOCTNDIO 06pamubLx mokoe LIl om kawecmea nosepxnocmu Ou-
OOHBIX CIMPYKMYP U BAUSHUEM HA HUX CMPYKMYPHOLY 0eheKmos U NOCMOPOHHUX NpUMecell.

B nacmosuweil pabome uccaedosanvl 8ausHUe CIMPYKMYPHOIX 0ePeKos U NPUMECHIX 3dZPAZHEHUT NOBEPXHO-
cmu na yposenv oopamuoix moxos AL u shpexmusnocms npumenenus onepavuil zemmepuposanus 01s ez0
CHUKEHUS. U NOBLIUEHUSL 8bIX00d 200HBIX NPUOOPOE. Y CIMAHOBIEHO, UMO NPUUUHAMU HUZKOZ0 NPOUEHMA GblX00d
200no1x cmpyrkmyp LI npu KoHmpoJie yposHs ux 00paAmMHvLX MOKOE SASISIIOMCS OKUCIUMENbHbIE dehexmul yna-
KOBKU, 00pA3yIouUecs 8 AKMUBHBLX 001ACSX 0U0008 6 NPouecce NPoGedeHUs MEPMUUECKOZ0 OKUCICHUS, U NPU-
MecHble 3azpA3HeHUs Ha NOGePXHOCMU UOOHbIX cmpykmyp. [Ipedroxena mexnono2us u3z0mosieHus CmpyKmyp
A ¢ deyms zemmephvimu 06aacmsamu, 00HA U3 KOMOPLIX CO30AHA UMNAAHMAYUE AP2ZOHA HA 0OPAMHOU CMO-
pone naacmumsl, emopas — oughpy3suetl bopa na paboueii cmopoue niAcmuHbL.

B cpasuenuu ¢ 6a3osoi mexnonozuei uszomogaenus cmpyxmyp AL nokasano, umo paspabomannds mexmo.io-
2USL C NPUMEHEHUEM 2eMMEPUPOBAHUSL CIMPYKIMYPHO-NPUMECHBLX deheKmos no3sosem npedomepamums o0pa-
306anUe OKUCAUMENLHLIX 0eheKmos YynaKosKu 6 AKmueHsix 00.1dcmax 0uo0o8 U YAyYyduwums cOCMOsHUe Nogepx-
HOCMU OUOOHBIX CMPYKMYP, UMO 0dem B03MOKHOCMb CHUZUMD YPOGEHb 00paAmMHbLX MOK08 0u0008 U, KK CAe0-
cmeue, cywecmsenno (0o 10% ) nosvicumo 66100 200161 NPUGOPOS.

Kmouesvie crosa: zemmepuposanue, obpammniti mox, ouod IIommxu, npumecu, okucaumenvuvie oeghexmol ynaxosxu.
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FLEXIBLE COMPOSITE SCINTILLATORS BASED
ON ZnWO, MICRO- AND NANOPOWDERS

Nano-sized and micro-sized ZnWO,, powders were obtained by different methods: hydrothermal synthesis
with microwave heating, molten salt method, solid-state synthesis and crushing of bulk crystals. Their
morphological features were studied using transmission electron microscope and scanning electron
microscope. The obtained nano- and micro-sized powders were used as fillers for flexible composite
scintillators. The silicon rubber was used as a binder. The luminescent characteristics and scintillation
performance of composite scintillators were measured. The dependence of scintillation performance of
flexible scintillators on the morphological features of ZnWO, nanocrystallites was demonstrated. The
flexible composite scintillator based on zinc tungstate obtained by solid-state synthesis with lithium
nitrate addition was obtained and investigated. Its scintillation performance was close to that of
a ZnWO, single crystal.

Keywords: zinc tungstate, nano-sized crystals, micro-sized powders, composite scintillators, light output,

afterglow.

There is now an ongoing research of effective
technological methods for obtaining materials
suitable for use in modern scintillation detectors
(for nondestructive testing, digital radiography
and X-ray, o, B, y and neutron registration). The
creation of composite scintillators based on mi-
cro- and nanoscale crystal powders [1] obtained
by various methods [2—4] is a promising research
direction in this field.

It was expected that using nano-sized materi-
als would allow developing qualitatively new
scintillators with functional characteristics that
would satisfy the modern requirements (spatial,
spectrometric and temporal resolution, sensitiv-
ity, radiation hardness, low afterglow) [5, 6].
The properties of nano-sized scintillation powders
significantly depend on their size and morphology,
and controlling this parameters allows producing
scintillation detectors with high performance [7].

Zinc tungstate (ZnWO,) is a promising mate-
rial that could be a successful replacement for
cadmium tungstate which contains toxic cadmium.
It is possible because ZnWO, has the unique
combination of properties (high density, high
effective atomic number, small radiation length
and scintillation performance) similar to those
of cadmium tungstate. Therefore, ZnWO, can
be used in X-ray, gamma and neutron radiation

This work was supported by National Academy of Science
of Ukraine through grant of young scientists’ project of
NAS of Ukraine in 2017, contract No. 51-2017.

detectors in homeland security systems and for
non-destructive testing.

Thus, the primary task of the work was to
choose the best method to produce ZnWO, pow-
der for development of high performance flexible
composite scintillators.

Research methodology

ZnWO, single crystals grown by Czochralski
method [8] were used to obtain powders with
different grains sizes. The crushing of ZnWO,
single crystals was carried out with laboratory
mechanical mortar Retch RM 200. The following
fractionation was carried out with vibratory sieve
shaker Retch AS 200 using sieves No 0080, 0100,
0140, 0200, 0250.

For the preparation of 0.1 M aqueous solu-
tions Zn(NO,),-6H,0 (99.9%) and Na,WO,-2H,0
(>99.9%) were used. Before the synthesis the
solutions were mixed with a ratio of 1:1. The
pH of the mixture was changed by addition of
30% NH,-H,O solution (99%). ZnWO, powder
was synthesized from the obtained mixture by
microwave-hydrothermal method.

ZnO (99.995%) and WO, (99.995%) were used
as starting materials for the synthesis of ZnWO,
scintillation powder by molten salt and solid-state
methods. LiNO5-6H,0 (99.9%) was used as a low-
temperature solvent and as a mineralizer in molten
salt and solid-state methods, respectively.

Morphology of the nano-sized crystals was de-
termined using transmission electron microscope
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(TEM) EM-125 (SELMA, Ukraine). Electron
accelerating voltage was 125 keV, the survey was
carried out in the bright field mode, and the image
was recorded by CCD matrix. The carbon films
coated with water suspension of the investigated
powders were used for electron microscopy.

Morphology of the micro-sized crystals was
determined using scanning electron microscope
(SEM) REM-100U with energy dispersive attach-
ment EDAR.

X-ray diffraction study (XRD) was carried out
using Siemens D500 automated powder diffrac-
tometer (Cuy,, radiation, Ni filter, 5° <26 <110°,
A20 =0.02°, delay time of 24 s per point). Rietveld
refinement of obtained pattern was carried out
with FullProf and WinPLOTR software packages
[9]. Cell dimensions, anisotropic profile function,
background function and systematic instrumental
errors were taken into account.

Flexible scintillation composite samples
(230x2 mm) based on ZnWO, powders obtained
by different methods were prepared. The heat-
resistant low molecular silicone rubber was used as
a binder. The luminescent and scintillation char-
acteristics of the composite samples were investi-
gated. ZnWO, and CAWO, polished plates with
size of 10x10x2 mm were used as references during
the measurements of scintillation performances.
Both reference plates were cut from crystals grown
by Czochralski method. The light yield of CAWO,
was measured in [10] as 19500 ph/MeV.
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Fig. 1. Scheme of light output measurements:

1 — X-ray source; 2 —collimator; 3 —objective table;

4 —protective filter; 5 —photodetector; 6 —amplifier

X-ray luminescence spectra were measured by
spectrometric complex KSVU-23. REIS (U, <40 keV,
I, <50 pA) X-ray source was used for excitation.

Light output of the investigated composite
samples was measured in scanning mode with
respect to ZnWO, and CdWO, single crystals
by the scheme which is presented in Fig. 1. The
objective table 3 with investigated samples moves
between the photodetector 5 and X-ray tube (fo-
cal spot 0.8 mm) in a plane XY with a step of
3 mm, which can be changed in manual mode. X-ray
transmission optical scheme was used during measure-
ments. The different light collection conditions were
considered. X-ray source (U, =100 keV, I =1 mA)
was used for excitation. The measurement error of
the light output was 12%.

The afterglow level was determined by means of
a measuring set up which included a pulsed X-ray
source RAPAN 200,100 (U, =130—180 kV, irra-
diation time 2 s), a control unit, a Si-photodiode
S8594, a current-to-voltage converter, a multiplex-
er, an analog-to-digital converter, and a computer
with an appropriate software. The measurement
error of the afterglow level was 10%.

Experimental results and discussion

Flexible composite scintillators based on ZnWO,
obtained by crushing of bulk crystals

Micro- and nanocrystallites ZnWO, used as
fillers for composite scintillators were obtained by
crushing of bulk crystals [11]. The advantages of
the method are the high speed of the process and
the simplicity of the milling hardware. The feature
of the method is wide particles size distribution
of resulting crystallites (from several nanometers
to hundreds of micrometers).

As aresult of ZnWO, single crystal crushing we
obtained the following ratio of the particle size frac-
tions: more than 280 um was 4.5%; 140 —280 pym
was 33.5%; 80— 140 um was 26%, less than 80 pm
was 36% [12]. The composite sample (further
denoted as ZWO-30) based on as-crushed crystal
was prepared. During the polymerization of the
binder the sedimentation of ZnWO, particles
takes place. Large particles settle on the bottom
of the mold for casting, while particles of several
tens of nanometers remain in suspension forming
a dense composite surface. SEM-evaluation of the
composite scintillator surfaces has shown that
ZnWO, particles about 250 nm in size were located
on the top side and particles with average size of
250 um were on the bottom side of the composite
sample. (Further these surfaces will be denoted as
ZW0-30-250nm and ZWO-30-250um, respectively.)

The light output of the obtained samples was
determined by two methods, i. e. the light output
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was estimated by cathodoluminescence technique
and measured under X-ray excitation.

The technique for measuring light output under
cathode excitation is described in [11]. It should
be noted that the experimental conditions of light
output estimation used in [11] have minimized the
influence of light collection due to reflection-type
optical scheme in the measurements of catodolu-
minescence intensity.

The light output was determined for the
both sides of the sample (ZW0-30-250nm and
ZW0-30-250pm) based on the cathodolumines-
cence results. The penetration depth of the high-
energy electron beam into the surface was very
small and only luminescence of the surface layers
was observed under irradiation. The light output
of the ZWO-30-250nm (97 a. u.) was almost twice
higher than that of the ZWO-30-250um (45 a. u.)
and the ZnWO, single crystal (46 a. u.) [11].

The light output of the ZWO-30 under X-ray
excitation was determined using the optical trans-
mission scheme shown in Fig. 1. The light output
of the ZWO-30 under X-ray excitation was mea-
sured from both top and bottom sides (Table 1).
The ZWO-30 sample and ZnWO, single crystal
reference were placed on a white diffuse reflector.
The relative light outputs of ZW0-30-250um and
ZWO-30-250nm were 280% and 227% of ZnWO,
single crystal, respectively. It could be due to
size gradient distribution of particles through the
thickness of the composite samples (as a conse-
quence of the sedimentation described above) [12].
As a result, the best light collection conditions
for this measurement method were achieved on
ZWO-30-250um. Further in the article it will be
shown that the change of light collection condi-

Table 1
The light output under X-ray excitation of composite
scintillators based on ZnWO, obtained by different

methods
. Light
Method Sample output, %
, Polished ZnWO,
Czochralski single crystal 100
ZW0-30-250pum 280
Crushed crystal
ZW0-30-250nm 227
Hydrothermal ZWO-25g 16
synthesis with Z7WO-100r 23
microwave
heating ZWO-200r 30
Molten salt ZWO-MSM 67
synthesis
Solid-state ZWO-SSS 155
synthesis ZWO-SSS-LiNO4 272

tions shows significant effect on the light output
of composite scintillators.

The measurement results demonstrate that the
described preparation method of scintillation pow-
der allows obtaining composite scintillators based
on ZnWO, with high scintillation performance.
However, mass production of such composite scin-
tillators is expensive. Therefore, it is desirable to
find ways of preparing ZnWO, powder with good
scintillation characteristics by passing the growth
stage and the following crushing of a single crystal.

Flexible composite scintillators based on ZnWO,
obtained by hydrothermal synthesis with micro-
wave heating

Hydrothermal synthesis with microwave heat-
ing allows controlling all parameters of the reac-
tion (time, temperature, pressure), which ensures
homogeneous nucleation process under homoge-
neous heating of the reaction mixture and yields in
dispersion of high purity with a specified narrow
particle size distribution [13]. The method also
allows obtaining specified morphology of nano-
crystals, which directly relates to the electronic
structure, binding energy and surface energy [14].

The hydrothermal synthesis of zinc tungstate
nanocrystals was carried out using microwave heat-
ing of aqueous solutions of Zn(NO,),-6H,O and
Na,WO,-2H,0 (pH = 6.5—9.5) at temperatures of
120 —200°C for 30 min [14]. The results of XRD
(Fig. 2) showed that the nucleation of ZnWO,
nanocrystals with a monoclinic wolframite struc-
ture (JCDPS No 15-0774 [15]) begins at 120°C.
The increase in temperature and pH accelerates
the growth of the crystallites.

The investigation of ZnWO, nanopowders
morphology using TEM showed that samples syn-
thesized at pH = 9.5 and temperature of 120°C,
consisted of “grain” nanoparticles with a size
of 25—50 nm, while those synthesized at 200°C
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Fig. 2. X-ray diffraction patterns of ZnWO, nanocrystals
obtained by hydrothermal synthesis with microwave
heating at pH = 9.5 and different temperature values
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Fig. 3. X-ray luminescence spectra of ZnWO,

nanopowders obtained by hydrothermal synthesis

with microwave heating at pH = 9.5 and different
temperature values:

1 —120°C; 2 — 160°C; 3 — 200°C

0
400

650

consisted of “rod” nanoparticles of 250 —300 nm
in length and 30 nm in diameter (Fig. 3). Such
a preferential growth along one of the crystallo-
graphic directions is explained by the anisotropic
structure of ZnWO,.

X-ray luminescence spectra investigation of the
obtained powders showed the presence of a band
with A =500 nm. This band is typical for ZnWO,
single crystals and is caused by the emission of self-
trapped excitons in the Wog- oxyanion complex
[16]. Fig. 3 illustrates the dependence of X-ray
luminescence intensity on the morphology (sizes)
of nanopowders synthesized at different conditions.
Emission intensity of the “grains” is nearly zero
(curve 1), while for “rods” the luminescence inten-
sity (curve 3) is typically high for ZnWO,. Similar
dependences were observed in nanocrystals of dif-
ferent oxygen-containing compounds [17 —19].

Such a big difference between curve 7 and curve 3
could be explained by the fact that the decreasing
of nanocrystal sizes leads to an increase in oxygen
vacancies, which in turn causes the formation of
WO octahedra with distorted structure (lumi-
nescence centers with low probability of photon
emission) [20]. It was shown that red luminescence
is associated with the distorted complexes. The
photoluminescence spectra of nano-sized ZnWO,
samples excited by irradiation with a wavelength
of A= 355 nm contain a red emission band at
700 nm (Fig. 4). The intensity of the red band
increases with the decrease of the ZnWO, nano-

8
A= 355 nm

2
u«r“""?-r--}o-‘

Intensity, a. u.

0 , ] , 1 , ]
500 600 700
Wavelenght A, nm

Fig. 4. Photoluminescence spectra of ZnWO, “grains”
before (1) and after annealing in air (2)

crystals size. At the same time the intensity of the
red band for the samples annealed in air decreases,
which indicates the healing of oxygen vacancies
and decrease in concentration of distorted WOy
octahedra.

As it was shown in [20], that annealing of
ZnWO, nanopowders in air leads to a significant
increase in X-ray luminescence intensity of the
“grains” and has virtually no effect on intensity
of the “rods” (Fig. 5).

Intensity, a. u.

500

550 600
Wavelenght A, nm

Fig. 5. X-ray luminescence spectra of ZnWO,
nanopowders:

1 [
400 450

1 —“grains”; 2 — “grains” after annealing; 3 — “rods”;
4 —*“rods” after annealing
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Under X-ray excitation, the red luminescence
is absent even in the samples with high oxygen
vacancy concentration. A competing nonradiative
relaxation channel is formed in WOg octahedra
before air annealing, which causes a decrease in
the luminescence intensity of the main emission
band. After air annealing, the concentration of the
distorted WOy octahedra decreases, simultaneously
increasing the main band intensity. This could pos-
sibly explain the increase in the intensity of the
main band in X-ray luminescence spectrum after
annealing the samples in air.

Composite samples with sizes of 10x10x2 mm
were based on the obtained ZnWO, nanopowders.
The light outputs of the composite samples were
measured with reference to the ZnWO, single
crystal (10x10x2 mm). The results of the measure-
ments are shown in Table 1 (ZWO-25¢ contained
“grains” of 25 nm, ZWO-100r — “rods” of 100 nm in
length, ZWO-200r — “rods” of 200 nm in length).

The data in Table 1 show an increase of light
output with the increase in nanoparticles size.
However, the light output of the nanodispersed
samples does not exceed 30% of that of the single
crystal sample. Thus, this method does not ensure
obtaining a scintillation material of the required
quality.

Flexible composite scintillators based on ZnW O,
obtained by molten salt synthesis

Synthesizing nanomaterials using a low-temper-
ature solvent offers the following advantages: the
simplicity of the required equipment and a high
efficiency of the particles obtained at tempera-
tures below the melting point of the synthesized
substance [21].

Single-phase nanocrystalline samples of the
ZnWO, scintillator were obtained by molten salt
method (MSM) using a low-temperature LiNO,
solvent at 270°C for 6 and 16 hours [22]. The
original sample was amorphous ZnWO, obtained
by co-precipitation method. Then, the precipitate

Unit cell parameters of ZnWO, nanocrystals obtained under different synthesis conditions, compared
to the data for zinc tungstate presented in [15]

Fig. 6. TEM image of the nanopowder obtained by

molten salt synthesis at the following conditions:

ZnWO,/LiNO4 ratio of 1:10 after annealing for
16 hours

was mixed with lithium nitrate in a ratio of 1:6
and 1:10.

The investigation of powder morphology using
TEM showed that the largest granules (100 nm)
were synthesized at ZnWO, /LiNO, ratio of 1:10
after synthesizing (annealing) for 16 hours (Fig. 6).
The size of nanocrystals obtained at other synthesis
conditions was less than 100 nm.

Table 2 shows the XRD data and calculated
on their basis unit cell parameters of ZnWO,
nanocrystals obtained under different synthesis
conditions (different ZnWO, /LiNO, ratios and
different synthesis time periods). The crystal
lattice of nanocrystals is markedly distorted in
comparison with the ICDD database data for zinc
tungstate ZnWO, (JCDPS No 15-0774 [15]). This
is particularly noticeable in the changing of the
unit cell volume. There is a tendency for crystal
lattice distortion to reduce (in particular, the
lattice volume parameter V) with the increase
of the synthesis time at the same lithium nitrate
concentration. The similar influence of synthesis
conditions on the crystal lattice parameters was
reported in [23].

Table 2

Ratio ,
ZnWO,:LiINO, / a, A b, A c, A B, Vv, A3

time
1:6 /6h 4.68266(9) 5.75328(12) 4.94864(8) 90.6305(11) 133.311(4)
1:10 / 6 h 4.68258(9) 5.75424(12) 4.94881(8) 90.6352(12) 133.336(4)
1:6 /16 h 4.68341(8) 5.74941(11) 4.94598(88) 90.6362(10) 133.171(4)
1:10 / 16 h 4.68340(9) 5.74908(11) 4.94544(8) 90.6386(10) 133.149(4)
ZnWO, [15] 4.69264 5.71546 4.92691 90.627 132.135
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Fig. 7. The X-ray luminescence spectra of nanopowders
obtained by molten salt synthesis under difference
conditions (ratio ZnWO,:LiNO,, synthesis time):

1 — 1:10,16 h; 2 — 1:6,16 h; 3 —1:6, 6 h; 4 — 1:10, 6 h

400 600

The X-ray luminescence spectra of the obtained
powders show that nanosized crystal samples with
less distorted crystal lattices demonstrate better
scintillation performance. The highest lumines-
cence intensity was demonstrated by the sample
synthesized at the following conditions: ZnWO, /
LiNOy ratio of 1:10 after annealing for 16 hours
(Fig. 7). X-ray luminescence intensity of the
obtained powders decreases with reduction in an-
nealing time and concentration of low-temperature
solvent.

The light output under X-ray excitation and
the afterglow level of composite scintillator based
on the ZnWO, powder obtained by the molten
salt method (ZnWO,/LiNO; = 1:10, 16 h) are
shown in Table 1 (ZWO-MSM) and Table 3,
respectively.

The light output of the ZWO-MSM sample
was 67% of that of the ZnWO, single crystal (see
Table 1). However, the afterglow level of ZWO-
MSM is almost 2 times lower in the time range of
3—35 ms than that of the ZW0O-30-250um, which
is very important for using these scintillators in
computer tomography.

The afterglow level of ZnWO, composite scintillators under

X-ray excitation

30.00kV  x1.00k

WD=12.4mm

30.00kV

x1.00k

Fig. 8. SEM images of ZnWO, crystallites synthesized
at 950°C for 50 hours without a mineralizer («) and
with LiNO, (b)

The improvement of the afterglow level of
the scintillators can be explained by the entry of
lithium ions from the solvent into the ZnWO,
crystal lattice, thus compensating the uncontrolled
impurities charge (in particular, trivalent metal
ions). This leads to changes in the defect structure
and, as a result, to disappearing of deep charge
traps. A similar effect of the lithium impurities on
the afterglow was observed for cadmium tungstate
crystals [24].

Flexible composite scintillators based on ZnWO,
obtained by solid-state synthesis

The most commonly used method for prepar-
ing of micro-sized oxide powders is solid-state
synthesis (SSS), which is quite simple
in technical realization. The use of a
low-melting salt as a mineralizer (up
to 10 wt. %) is one of the ways to ac-

Table 3

Afterglow level, %, after different celerate solid-state reactions. The min-

Sample Granule periods of time eralizer reduces synthesis temperature,

S1zes 3ms | 5ms | 10 ms | 20 ms forms a melt, improves the diffusion of

Polished ZnWO reagents and accelerates the growth of
single erystal |~ 0.19 | 01 | 043 | 0.07 | grains [25, 26].

ZWO0-30-250um | 250 um | 0.14 | 0.103 | 0.068 | 0.045 As can be seen in the SEM images in

ZWO-MSM 100 nm | 0.072 | 0.064 | 0.055 | 0.047 | Fig.8, after 50 h long synthesis without

Tekhnologiya i Konstruirovanie v Elektronnoi Apparature, 2019, No 1-2

ISSN 2225-5818

45



MATERIALS OF ELECTRONICS

&
7 S

d)

eee

Fig. 9. The location scheme of samples on an objective table when measuring light output under X-ray excitation:
a — all samples are placed on a white diffusion reflector; b — all sides of the samples, except the top, are covered
with a white diffusion reflector; ¢ — only the crystals are covered with a white diffusion reflector (all sides except
the top); d — only the crystals are covered with a white diffusion reflector (bottom side only)
1 — ZnWOy single crystal (10x10x2 mm); 2 —CdWO, single crystal (10x10x2 mm); 3— ZWO-30-250pum;
4—7ZWO-SSS; 5 —ZWO-SSS-LiNO;,

the mineralizer, the sizes of the obtained ZnWO,
grains were 0.5—2 pum, while after the synthesis
under the same conditions but with the addition
of lithium nitrate the sizes were 20 —30 pm.

Fig. 9 shows the samples location on the objec-
tive table when measuring the light output under
X-ray excitation. For clarity, the white diffuse
reflector is shown in dark gray. The light output of
the composite samples (estimated under X-ray exci-
tation using the optical transmission scheme shown

Lenght

M 400 —500; M 500 — 600; ™ 600 — 700 The samples were placed on the objective table
Fig. 10. Light output area distribution of different and the light output throughout the scintillation
samples: sample was measured at 3 mm step. The light out-

1 — single crystal ZnWO,; 2 — single crystal CAWO,; put of the sample was determined as the average
3 — ZWO-30-250um; 4 —ZWO-SSS; 5 —ZWO-SSS-LiNO, | value over the entire area.

Table 4

The light output under X-ray excitation of scintillation samples under different light collection conditions

Light output, %

Light output collection CdWO ZaWO ZWO- 7WO-
e 4 4 .
conditions single single' | 30250 | 360 | sss-
crystal crystal pm LiNO,
All samples placed on white diffusion reflector 288 100 280 155 272

All the sides of the samples except the top were

covered by white diffusion reflector 130 100 121 60 107
iffasion refector (all sides except.top side) 133 100 84 | o1 | #
iffasion refiector (st the bottom side) 136 100 8 | 4 | 8
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As can be seen from Table 1, the light output
of the composite sample based on the powder
prepared by solid state synthesis with addition
of the mineralizer (ZWO-SSS-LiNO,) is twice as
high as that of the sample synthesized without the
mineralizer (ZWO-SSS).

Table 4 shows that the light output of compos-
ite samples significantly depends on the light col-
lection conditions. The light output of ZW O-SSS-
LiNO, is comparable with the light output of the
composite based on a crushed ZnWO, crystal and
is close to a 10x10x2 mm CdWO, single crystal for
all samples placed on a white diffusion reflector. In
the case when the single crystals were covered with
a white diffusion reflector, the light collection
in single crystal samples improved, and the light
output of ZW0O-30-250um and ZWO-SSS-LiNO,
is comparable to the ZnWO, single crystal. Also,
in comparison with the single crystal, the com-
posite scintillators demonstrate a good uniformity
of scintillation parameters through the area of the
sample. The results demonstrated in Fig. 10 were
measured using the same light collection condi-
tions for crystals and composite scintillators (all
the sides of the samples except the top ones were
covered by white diffusion reflector, see Fig. 9, b).

As was shown above, a significant increase
in the light output of the composite scintillators
made from crushed single crystals may be caused
by better light collection conditions, which is
obviously characteristic of ZWO-SSS-LiNO; com-
posites as well.

Conclusions

Research of the scintillation and luminescence
characteristics of flexible composite scintillators
made of micro- and nano-sized ZnWO, powders ob-
tained by different methods showed the following.

The light output of the composite made of the
ZnWO, powder obtained by grinding a ZnWO,
bulk crystal is 84—280% of that of the ZnWO,
single crystal and depends on the light collection
conditions. Such a scintillator can be used in vari-
ous X-ray and gamma-ray detectors. Composite
samples of nano-sized ZnWO, powders obtained
by the hydrothermal-microwave and molten salt
methods are inferior to crushed crystal composite
in terms of their scintillation characteristics.

The solid-state synthesis method using the lith-
ium nitrate mineralizer makes it possible to obtain
a ZnWO, micron powder with high scintillation
characteristics, bypassing the single crystal growth
stage. Under certain conditions of light collection,
the parameters of a composite scintillator prepared
from such a powder are comparable to those of a
single crystal. Such composite scintillator can be

an alternative to a composite made of a powder
obtained by grinding crystal.

Moreover, the manufactured flexible composite
scintillators have a high uniformity of light output
through the area, which makes them promising for
digital radiography.
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MIKPO- TA HAHOIIOPOIIKIB ZnWO,

THYUKI KOMIO3UIINHI CHUHTUJIATOPU HA OCHOBI
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s ompumanns mamepianie, npudamnux 051 GUKOPUCTRANHS 6 CYUACHUX CyuHmursyiunux demexmopax (0as
HePYUHIEHO20 KOHMPOLIO, Uuppoeoi padiozpadii i penmeenozpadii, o-, B-, y- ma nelimponnoi peecmpauii), ee-
0Yymvcs NOWYKU eherxmusHux mexnHon02iunux memodie. OOHUM 3 NePCNeKMUSHUX HANPAMKIE 00CAi0KeHb 6
uit obaacmi € cmeopenHs: KOMROSUYTUHUX CUUHIMULIMOPIE HA OCHOBT MIKPO- i HAHOPOIMIPHUX KPUCTNANTUHUX
nopowkie. Baacmueocmi maxux CUUNMUASIUHUYX NOPOWKIE ICINOMHO 3ANeKAMb 8i0 POIMIPY CKAAOOBUX TXHIX
YACMUHOK T MOPPOL0ZIT, omoKke, Kepyouu YuMu nApamMempamu, MOKXHA CIEOPUMU CUUHMULAYITUHT JemeKkmopu 3
BUCOKUMU CUUHMULAUYTUHUMU XAPAKMEPUCIUKAMU.

Bonvgppanam wunxy (ZnWO,) — ue nepcnexmuenuii mamepian, axui 3a60axu ynikaivHii komOinauii eéaa-
crmusocmetl MoXe Cmamu YcniuHoo 3aMiHo0 CdWO4, wo Micmume moxcuunutl kaomig. Y danii pobomi
npoeedeni 00CAI0KeHHS, CNPAMOGAHT HA NOWYK edheKxmuenozo cnocoby ompumanns nopowxy ZnWo, ora pos-
POOKU 2HYUKUX KOMROSUUTUHUX CUUHMUIAMOPIE 3 GUCOKUMU (DPYHKUTOHAILHUMU XAPAKMEPUCTRUKAMU, TAKUMU
K c8imaosuli 6uxio i pieenv NICAACEIMINHSL.

HAocridxysanru nopowru éonvgppanamy yunxy (ZnWo,), cunme3oeani mpooma cnocobamu: ziopomepmaronum
3 MIKPOXBUNLOBUM HAZPIBOM, POIUUH-POINAASHUM MemOOoM i memodom meepdogha3oeozo cunmesy. Ompumani
HAMO- MA MIKPONOPOWKU CAY2YBANU HANOBHIOBAUEM OJlst CMEOPEHHS ZHYUKUX KOMNOSUYTUHUX Cyunmusmopie. Ax
cnoayune 6ye guKopucmanull curixonosutl kayuyx. Mopgooziio 3paskie eusuaiu 3a 0onoM0z010 MPaArHCMICitiHOT
ma cKanyouoi eiekmporHoi MIKpocKkonii. [ocaioxeno AoMIHeCyeHmHi XapaKmepucmury i CUuHmMUIYitni na-
pamempu ompumanux Komnozumie. IIpooemoncmposano 3anex Hicmo CYUHMUAAYLLNUX NAPAMEmPI8 KOMNOIUMIE
610 mopghonoziunux ocobrusocmeti nano- ma mikpoxpucmarimie ZnWo,,.

Ceimaosuii 6uxio KOMROUMY 3 NOPOWKY, 8ULOMOEEH0Z0 3 hoOPiOHEH020 00'emHno20 kpucmary ZnWO,, cma-
Hoeumv 84—280% e6id ceimnoeozo euxody monokpucmania ZnWO, i sarexumsv 6id ymos 300py ceimid.
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Komnosuyiiuni spasku 3 nanoposmipnux nopowxic ZnWO,, ompumanux z2i0pomepmarvho-MiKpPOXEULbOGUM i
PO3UUNH-POINIAAGHUM MEMOOAMU, 34 CE0IMU CUUHMUIAUIIHUMU XAPAKMEPUCTNUKAMU NOCMYNAIOMbCA KOMNOIU-
my 3 nodpionenozo kpucmana. Teepdoghazoeuii memod cunmesy 3 6UKOPUCTRAHHAM MIHEPANI3AMOPA HA OCHOBT
Himpamy aimito 0036019 ompumyeamu Mikponnui nopoutok ZnWo,, 3 6UCoOKUM 3HAUEHHAM CEIMA06020 GUX00Y,
MUHAIOUU CMAOTIO BUPOUYEAHHS MOHOKpUcmany. Ilapamempu KoMno3umie na 0CHOBL MAK0ZO NOPOWKY ONU3bKE
00 napamempie MOHOKPUCMALA BOJbDPAMAY KAOMIIO.

Kniouogi crosa: eorvppamam yunky, HaHOPOIMIpHI KPUCTRAIU, MIKPOPOSMIPHI KPUCMANU, KOMNOSUYIUHT CUUH-
MUASAMOPU, CEIMA06UL 6UXT0, PiGeHb NICAACEIMIHHSL
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I'MBKUE KOMITOSUIIMOHHBIE CHUHTNJIJIATOPDBI
HA OCHOBE MHIKPO- 1 HAHOIIOPOHIKOB ZnWO,

Ans noryuenus mamepuanos, npuzo0Huix 08 UCNOALI0BAHUSL 8 COBPEMEHHBIX CUUHMUILAUUOHHBIX 0emeKmopax
(015 nepaspywaiowezo Konmpoas, yugposoil paduozpaduu u penmeenozpadpuu, O-, B-, ¥ u netmponnoi pe-
eucmpayuu), 6e0ymcs NOUCKU IPHexmueHvix MexHoL0ZuUeckux memodos. OOHuM U3 NePCneKmuUGHvIX HANPAG-
AEHUT UCCAeO08ANHUTL 68 IMOU 00ACMU ABASLEMCS CO30aHUEe KOMNOSUUUOHHBIY CUUHMUTILAMOPOS HA OCHOB8E MuU-
KPO- U HAHOPASMEPHBIX KPUCTAAIUYECKUX hopoukog. Ceolicmed maxux CUUHMUAISUUOHHIX NOPOUKO8 CYule-
CMBEHHO 3ABUCAM OM PA3MEPd COCMABASIIOUUX UX YACTRUY, U MOPPOL0ZUL, d 3HAUUM, YNPABLSS IMUMU NApaAMe-
MPAMU, MOXKHO CO30aMb CUUHMULISUUOHHDLE 0eMEKMOPbL C LICOKUMU DYHKUUOHATLHOIMU XAPAKMEPUCTIUKAMU.

Bonvgppamam yunxa (ZnWO,) — amo nepcnexmusnuiiic mamepud.i, Komopuiii 6.1az00aps. YyHuKa1oHotl KoMouna-
yuu ceoticme moxem Ovimo ycnewnoti samenoti CAWO,, codepixaujezo moxcuunoli Kadmui. B nacmoswei pa-
bome npoeedennl UCCLe008AHUS, HANPABIEHHbIE HA NOUCK IhpexmusHozo cnocoba noryuenus nopouxa ZnWo,
051 Pa3padomru 2uOKUX KOMNOSUUUOHHBIX CUUHMUTLATNOPOS C GLICOKUMU (DYHKUUOHATLHOIMU XAPAKMEPUCTIU-
Kamu, maxumu Kax c6emosol 6vix00 U YPoseHb NOCL1eCEeUeHUs.

Hecenedosanu nopowxu eonvgppanama yunxa (ZnWoO,), cunmesupoeanivie mpems cnocobami: 2udpomepmaivHoLm
€ MUKPOBOJIHOBLIM HAZPEEOM, PACMBOP-PACNIABHBIM MEMOOOM U Memodom meepdogasiozo cunmesa. Ilonyyenivie
HAHO- U MUKPOROPOULKU CAYKUIU HANOTHUMENCM 015t CO30ANUS 2UOKUX KOMNOSUUUOHHBIX CYUHMULAIMOPOS. B ka-
yecmee c6s3Y10uezo Oblll UCNOIL308AH CUIUKOHOBVI Kayuyk. Mopgonoeuio 06pasuos usyuaiu ¢ noMowsio mpamc-
MUCCUOHHOU U CKAHUpYIowel 31eKmpornotl Muxpockonuu. Hccaedosanvl noMunecyenmmvie Xapaxmepucmuxu u
CUUHMUNTLAYUOHHIE NAPAMEMPbL NOAYUEHHBLY KOMNO3umos. lIpodemoncmpuposana 3a8ucuMocms CUUHMULLAUU-
OHHBIX NAPAMEMPOE KOMNOZUMOE O MOPPON02UMECKUX 0COOEHHOCMel HAHO- U MUKpokpucmariumos ZnWo,,.

Ceemosoii 6b1X00 KOMNO3UMA U3 NOPOULKA, NPUZOMOBIEHHOZO U3 USMEbUEH020 006eMHO020 Kpucmarra ZnWO,,
cocmasnsiem 84—280% om ceemoeozo evixoda monoxpucmarra ZnWO, u 3asucum om ycioeuti c6emocoou-
panus. Komnosuuuonnvie obpasyvt u3 nanopasmepuvix nopouxos ZnWO,, noiyueHHvlx zudpomepmaivHo-
MUKPOBOSHOBHIM U PACEOP-PACNAABHHIM METOOAMU, NO CEOUM CUUNMULIAUUOHHBIM XAPAKMEPUCTIUKAM YCY-
naom KoMno3umy u3 uamenvuentozo kpucmaiia. Teepooghasnviii memod cunmesa ¢ UCnOLbIOBAHUECM MUHEPATU-
3amopa na ocHoe HUMPAma Lumus NO36oAsem NoiYuums Muxponnviil nopouox ZnWao, ¢ 6vicoxum snavenuem
C6EMOB020 GLIXOOA, MUHYS CMAOUIO BLIPAUUBAHUS MOHOKpUCALLd. Komnosumol na ocnoee maxozo nopowka o6-
A40a0m napamempan, OJUKUMU K NApamMempam MOHOKPUCIALILA 801bphpamama KaoMus.

Karoueswvie crosa: 6’0/lb(i)pCZMdm UUHKA, HAHOpA3MepHble KPUCMAJLIbl, MUKPOPA3IMEePHble KPUCAIbL, KOMNO3UUU-
OHHbBlE CUUHTMUNIATMOPDL, €8emoBoIl ebzxoa, Yypoesenv nocieceeuenus.
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