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AnHOTanuss — PaccmaTpuBaOTCs CBOMCTBA TOKOBHUXPEBOii
NOJIOKUTENbHONH MuiaHapHoii uHAykTHBHOCTH (IIIIH), BBI-
MOJIHEHHOH B BHJe KOHCTPYKIMHM «IMPOBOAAIIAs IUIEHKA B
TOKOBOM KoJjbue». IlpeanoxkeH MeToa pacdyéra 4acTOTHO-
He3aBMCHMBIX MHAYKTUBHBIX CBOICTB NpOBOAsAIIeH NMIEHKU
s HY, BU, CBY u KBY auana3oHoB 4acToT. YKa3aHO HA
CyIeCTBOBAHME HAHOPAa3MePHOro 3¢ dekTa, B KOTOPOM TOKH
DyKo NPOABJIAIOT CBOU NAPAMATHUTHBIE CBOiicTBa. DddeKT
M03B0JIsIeT AOCTUTHYTh Npe/eJbHbIX 3HAYeHHIl MOBEPXHOCT-
Hoii muotHoctu [IIIIU. Iloka3zaHo, 4YTO HHAYKTUBHOCTH
IVIEHKHU 3aBMCHUT TOJIBKO OT €€ reoMeTpUYeCKHX pa3MepoB, a
YaCTOTHBIH IUANAa30H — OT ee yJAeJbHOr0 CONPOTHUBJICHMS.
Cpeanss yacrora padodero nuanasona IIIIA pactér ¢ poc-
TOM YJeJBHOr0 CONPOTUBJICHUS IJIeHKH. MccnenoBaHHBIH
HaHOpa3MepHblii 3 deKT Mmo3BoJIsieT yBeauuuTh (B 7-50 pa3)
3HaYeHHE IJIAHAPHOH HMHAYKTHBHOCTH B OJHOM CJIo€ HA
nJIomaan KBaapara pasmepom 100x100 mxm?,

Knrwouegvie cnoga — nnaHapHasg MHIYKTHBHOCTb, IMJIHH/-
puyeckasi IPOBOASAINAA IUICHKA, TOKOBOE KO0JIbL0, HAHOPA3-
MepHbIii 3¢ pexT.

l. BBEJEHHUE

[InaHapHble HHIYKTHBHOCTH, KOTOPBIC PEANH3YIOTCS
Ha I[I/IaﬂeKTpI/IquKOﬁ IIOAJIOKKE B BHUJ€ MHOT'OBUTKOBBIX
KPYIJIBIX, CIIMPAIBHBIX, KBAJIPATHBIX MK GOJICe CIIOXKHBIX
reoMeTpudeckux (Gopm, HanpuMep, OPTOTOHAIBHBIX CIIH-
paJieii, MIUPOKO WCIOIB3YIOTCS B COBPEMEHHBIX YCTPOMCT-
BaxX CBSI3M U TEJEKOMMYHHUKAIW, B CTPYKTYpE «CHCTEMa
Ha KPHCTAJJIeY WK «CHCTeMa B Kopiycey [1].

B paborax [2-5] mpemsokeHbl MeTOIBI pacuéra yac-
TOTHO-3aBUCHMON WHIYKTHBHOCTH CIUIOLIHOTO ITPOBOS-
IIero IMIMHAPA ¢ a3UMYTaJIbHON IIOTHOCTBIO BHXPEBOTO
TOKA.

Llens paboTHI — MPEIIOKHUTH METO]] pacdéTa YaCTOTHO-
HE3aBUCUMOM MUKPOCKOIUYECKON IUIAHAPHON UHIYKTHUB-
HOCTH Al NPOPBIBHOM TEXHOJOTMHM €€ CO3JaHus THIa
«poBoJsIIas IJIEHKA B TOKOBOM KoJjblie». Peammzanus
TEXHOJIOTMH TO3BOJHUT IMOBBICUTH MOBEPXHOCTHYIO IIIOT-
HOCTb UHJIYKTHUBHOCTH 0 IPEJENbHBIX 3HAUEHUN NOpsaKa

10 Tu/M>.

Il.  KOHCTPYKLMS TNTAHAPHOM MHIYKTUBHOCTHU C
TOHKOM [AJIMHIPUYECKOU TIEHKOM

Ha puc. 1 npuBenena KOHCTpYKIMs NpeAaraéMou UH-
JYKTUBHOCTH, KOTOpasl UCIOJIb3YEeT U3BECTHYIO OJHOBUT-
KOBYIO TOTIOJIOTHIO €€ co3aanus [1].

Bo BHyTpeHHIOI0 0071aCcTh BUTKA (TOKOBOTO KOJIBIIA) M3
METaTMYECKOil [UICHKH TOJIIMHOW h; BBeAeHA JOMONHH-
TeNbHAs TOHKas IUIeHKa TojmuHoW hy << h; pammycom
R <R; u3 marepuana, o0IaiaromIero 3aJaHHON 3JEKTPO-
MPOBOJHOCTBIO U HE MMEFOLIETO 3JIEKTPHIECKOr0 KOHTAKTa
C BUTKOM.

[ononHutensHa:
TOHKas nnepka

-
Mopanoxka
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Puc. 1. lIpeanaraemasi KOHCTPYKUHUSI HHAYKTHBHOCTH (a) U
ee pa3pe3 0 BepTHKAJIbHOMY cedeHHI0 AB (0)

Ha puc. 1, 2 npunsiTts ciexyromue o0o3HaueHus: R —
pamuyc JOMOJHUTEIBHON TOHKOM TIEHKH, h, — ee Toumu-
Ha; Ry — BHyTpeHHMIA paanyc BUTKA (TOKOBOTO KOIBbIIA) U3
METAJUTMYECKOH TUIeHKH ToJuHol hy; R, — BHemHuit pa-
JIUycC BUTKA; 1 ¥ 2 — BBIBOJIbI MHTETPAJIbHOM MHAYKTUBHO-
CTH JJI €€ BKJIIOUEHHUSI B SJIEKTPOHHYIO CXEMY.

I1l.  METOJ PACUETA YACTOTHO-HE3ABUCHUMOU
WHAYKTUBHOCTHU ITPOBOJISIIEN TVIEHKH

Ha puc. 2 nokaszaHsl HalpaBJI€HUS OCHOBHBIX BEKTO-
poB 3amaun. MHIyKTUBHOCTE KOHCTpYKIMHU L (puc. 1) oT-
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HOCHUTCJIIBHO BBIBOIOB 1 u?2 CKJIaAbIBACTCA M3 IOBYX CO-
CTaBJIAOIIUX

L=L.+Lg 1

Puc. 2. HanpaBjieHHs1 0CHOBHBIX BEKTOPOB 321a4H

rae L, — UHIYKTUBHOCTh TOKOBOTO KOJIbIIA, PacdyeT KOTO-
POH MOKHO BBITIOJIHUTH Ha OCHOBE (JOPMYII, TIPEICTABIICH-
HBIX B [1], Lp — TOTOKOBas MHAYKTUBHOCTH JOTOJHUTEIb-
HOW TOHKOH TUICHKH /1, pacdeT KOTOPOil ImpecTaBiieH HUl-
Ke.

[TpeamnonoxuM, 9TO IOMOJIHUTENbHAS TOHKAs IUIEHKA
(cmorHas, MPOBOAIAs, HEMArHUTHAS) PUC. 2 HAXOIUTCA
BO BHEIIHEM OJHOPOJHOM MEPEMEHHOM MarHUTHOM IIOJIE,
HaIllpaBJIEHHOM II0 OCH Z, KOTOPOE UMEET TOJIBKO OJHY

xommonenty B =(0,0,B, ). Dro BHemHee MaruuTHOE TIO-

je co31aéTcad BUTKOM (TOKOBBIM KOJIBIIOM), & €TO 3aBHUCH-
MOCTb OT BPEMEHHU HUMEET BUJT

B, =B, cosmt . 2)

s mpocToThl peAnonaraeM, 4To 0JHOPOIHOE B MPO-
CTpaHCTBE MarHuTHoe moje By = CONst He 3aBUCHUT OT IH-
JUHAPUYECKUX KOOPJAUHAT CUCTEMHI (I, @, Z) U orpaHHYe-
HO B PaJMalbHOM HANpPaBICHUH BHEIIHUM DPAIHyCcOM I[H-
TuHApa R TOTONHUTENEHOW TOHKOH IUIEHKH, 4 B aKCHAJh-
HOM HallpaBJI€HUHU — TOJIIUHON JOTOJHUTEIBHON TOHKOMN
IUIeHKH, 0003HaueHHOM yepe3 h,.

IIpu Takoil opueHTalMK NEPEMEHHOE MATHUTHOE I10JIE
OyneT mopoXxaaTh B TOHKOW IUIEHKE BUXPEBOE IIEKTpHYE-
CKO€ T0JIe, HAMPSHKEHHOCTh KoToporo E = (O,E(p 0) ume-
eT TOJBKO OJIHY KOMITOHEHTY [6].

KoMNoHEeHThI IEpEMEHHBIX ANIEKTPOMArHUTHBIX MOJIEH
B MPOBOJIAIIEH TUIEHKE PUC. 2 CBA3aHBI MEXy co00ii mep-

BEIM ypaBHCHHEM MakcBeia, 3aliCaHHbIM B TPOESKITHSIX
UJIMHAPUIECKON CUCTeMbI KoopauHar (I, ¢, Z)

o(rotE), =— 5a|3tz , 3)

raie c=11 — YTOYHSIOMMUNA 3HAKOBBIM MHOXHUTENh. OH
BKJIOUaeT B cebs JB€ BO3MOJXKHBIC OpPUEHTAIMU POTOpa
BHUXPEBOT'0 3JEKTPUUYECKOIO MOJII MO OTHOLIEHUIO K HC-
XOJTHOMY HampaBjeHui0 BekTopa B, Kak mokaspBaoT
JKCIEPUMEHTHI, NMPOBEAECHHBIE AMEPUKAHCKUMH TEXHOJIO-
ramu [7], 3HaueHne G =—1 BO3HHKAET B IMIMHIAPUIECKUX
IJIEHKAaX C TOJIIMHOW JECATKM W COTHH HAHOMETpoB. B
TaKUX CBEPXTOHKHX IUIEHKAX TOKH DYyKO (GOpMUPYIOT Yac-
TOTHO-HE3ABUCHUMYIO MOJIOKUTENBHYIO UHAYKTUBHOCTD Ly,
KOTOpasi MPUBOJUTCS K BbIBOJaM | W 2 MHTErpanbHON HH-

JYKTHBHOCTH, TIPOSIBJISISI CBOM HEOXKHJIAaHHBIE MapaMarHuT-
HBIE CBOMCTBA.

[Touarast B (3), 9uToO

oE, = Eg(r)sinot, 4)

W3 YypaBHCHUA (4) MOJIY4YUM YpaBHCHHUE, CBI3BIBAIOIICC
Eo(l" ) I/IB():

10
Fa( reEq ) = 0By, Q)

r7ie 7 — paguyc TEeKyIed TOUYKN HaONFOeHHS B IMIHHAPH-
YECKOM CUCTEME KOOPAMHAT, KOTOPBIA MOXET U3MEHSATHCS
B nquanasone 0-R.

Pentenue ypasuenus (5) s Eo(r) umeet Bug
oEy(r)=owByr/2+C,/r, (6)
rae C| — MOCTOsIHHAs BEJTMYHHA.

B pemennn (6) m30aBUMCS OT OCOOCHHOCTH WpH
r -0, nonaras C;=0. D10 ycioBHUE NMPUBOIMUT K TOMY,
gyro npu By =0 Bemmuuna E,; =0. U3 (6) BumHO, uTO

aSI/IMyTaJ'H)HaH KOMIIOHCHTA BeKTOpa HaHpH)KCHHOCTI/I BUX-
PEBOTO 3NEKTPHUUYECKOTO MO — JIMHEHHas (QYHKUIUS pa-
quyca I ¢ MacmTadbom

E. =0ByR/2=nfByR. @)
B macmirabe HanpspkEHHOCTH YYTEHO COOTHOIICHHE

o=2nf . Torna (6) ¢ yu€rom (7) mpu 0<r <R wumeer
BUJI

Eq(r)=ocEr/R . ®)

[TnoTHOCTE TOKOB DyKO paccuHThIBacTcs U3 Iupde-
peHnuansHoro 3akoHa Oma

jm:E(p/p’ (9)

TI€ P — YACIbHOE IEKTPUUECKOE CONPOTUBIIEHUE IOIOJI-
HUTEIBLHON TOHKOW MIEHKH.

U3 (9) BumHO, 9TO TIOTHOCTH ToKa DyKO B OJHOPOI-
HOH npoBoOJsLIEH cpesie o = CONSt TakKe SIBISIETCS JIMHEH-
HOW (QyHKIMEH pamuyca ' U TaKkKe 3aBHCHT OT BPEMEHH,
xak 1 E,

o =cio(r)sinemt, (10)
rae jo(7) CBsI3aHO ¢ MacIITabOM IUIOTHOCTH TOKA
J» =nfByR/ p (11)
COOTHOLICHUEM
Jo(r)=j«r/R. (12)

BuxpeBoil TOK, HHIYUUPOBAaHHBIA BO BCEH JOMOIHU-
TEJIFHOW TOHKOH TUIEHKE, MOXET OBITh ITOJyYEeH M3 WHTET-
PUpOBaHUs IJIOTHOCTU TOKAa B LIMJIMHIPUYECKUX KOOPAU-
HaTax



- hR
i =] Jd§ = [] j,drdz = sinat, (13)
00
rae
i = j«h,R/ 2 = nfByh,R% /(2p) (14)

— macirab WHAYKIIMOHHOT'O TOKaA.

[TnotHOCTE BHXpeBbIX TOKOB Dyko (10) co3zmaér B
HPOCTPAHCTBE INIEHKU COOCTBEHHOE MarHUTHOE ToJie B, .

Pacnpenenenue MarHUTHOTO MOJI OTKJIMKA BEIECTBA
MOXHO PaccYWTaTh W3 BTOPOTO ypaBHEHHS MakcBeiia,
3alUCaHHOTO B IIWIMHIPUYECKOH CHUCTEME KOOpAMHAT

(r. ¢ 2):

— oB .
(rotBl)¢=—a—;Z=qu¢. (15)

Wnrerpupys (15) nns wavansHOTO yenosus By, (0) ¢
yaétom (10), moyanm

B,, = —oBu(r/R)?sinot, (16)
rac
By =g j«R/ 2 (17

— MacmTad HHAYKIIMKA MarHUTHOTO TIOJISI OTKJIMKA BEILIECT-
Ba. ET0 MOXHO CBf3aTh C MHAYKIMEH BHELIHET0 MarHWT-
HOTO T0JIs1 0e3pa3MepHbBIM ITapaMeTpoM [

By =PBy, (18)

KOTOPBIH yKa3blBAET HA BJIUSHUE MarHeTU3Ma TOKOB DyKo:

nR2f  f
p=t—=—, (19)
2p fa
rac
f.=2p /(p.ofcR2 ) (20)

— MaciTab 4acTOThl CUCTEMEI.

Hccnenyem MHIYKTUBHBIE CBOMCTBA JAONOJHUTEIbHOU
TOHKOW MnéHku. HaiinéMm e€ moTokoBYH0 HMHIYKTUBHOCTH
13 COOTHOLIEHHUS

<O>=L_<i>, (21)

rae mox <@> OyneM MOHUMATh CyMMApHBIA CpEIHHH 3a
MOJIyTIEPHO/] MOTOK, MEPECEKAIONINI MPOBOAALIYIO JOTIOJI-
HHUTENIbHYI0O TOHKYI IUIEHKY, KOTOpbIii (opmupyercs
BHEIIHUM NEPEMEHHBIM MAarHUTHBIM MOJieM By U MarHut-
HBIM TOJIEM OTKIMKa BemiecTtBa B;. Ilox 3HaueHmeM <i>
OyneM TOHMMATh CpeIHee 3HAYCHHE IEPEMEHHOTO TOKa
OJTHOTO HAIpaBJIEHHUS 3a moiynepuon. Torma ko3dduiu-
€HT MPONOPIUOHANEHOCTH MEXIY HUMH L Oyner urpatb
poJib cpefHeil MOTOKOBOM MHJIYKTUBHOCTH JOTIOJTHHUTEIb-
HOM TOHKOU TJIEHKHU.

IloTok BHEIIHETO OAHOPOAHOT'O MEPEMEHHOTO MAarHuT-
HOTO ITOJIsA UMECT BU/L

®, = B,nR? cosot , (22)

a MOTOK MEPEMEHHOIO MArHUTHOT'O ITOJIA OTKIJIMKA BECHICCT-
Ba BBIYUCIIACTCA U3 COOTHOIICHUA

@, = [B,ds =

. (23)
R . rs onR? . (
= —cr'!dgo'[] B.. sin a)t?dr = _TB” sin wt

CpenHee 3HaYeHHE CyMMapHOTO MOTOKA 32 MOJyNepH-
O] UIMEET BUJI

<P>=< Py >+<Dy >, (24)
rac
2T/2
<@o>=T IBOnchosmtdt:o, (25)
0
a
2 T/2
<@, >= —?" jBl*rchsin otdt/ 2 = —oR?By. . (26)
0

IoncraBmsas (25) u (26) B (24) ¢ yuérom cBs3u (21),
TIOTY9UM
orR’B, _ N 1, 7R? .

L. =<®>/<i>=-
2i, 2h,

27

W3 (27) cnemyet, 4To cpenHss 3a HOIYNEPHOA TOTOKO-
Bas MHOYKTHBHOCTH Lp JOMONHUTENHHON TOHKOW IICHKU
HE 3aBUCUT OT YaCTOTHI M MOXET OBITh KaK ITOJOKHTENIb-
HOM, TaK ¥ OTPULIATENLHON BETUYUHOM.

BrepBeie cylecTBOBaHME YaCTOTHO-HE3aBUCUMOM I10-
JIO)KUTENBHONH MHKPOCKOIIMYECKOH HMHIYKTUBHOCTH OBLIO
00HApYXEHO B HKCIIEPHMEHTAX aMEPUKAHCKIX TEXHOJIOTOB
B 2009 r. [7]. Ilpu sTom aBTOpamu [/] wcHONB30BaCSH
IUTAHAPHBIN CIUpanbHbIi HHIYKTOP [8-10].

CpaBHEHHE TIOyYCHHBIX TEOPETHUECKUX PE3YIILTATOB
C DKCIIEPUMEHTaMU [7] AJIS TONOKHUTEIHHONH HHIYKTUBHO-
CTH Na€T YIOBJICTBOPUTEIBHOE COBIAJCHHE C IOTPEIIHO-
cthio B 20%. Kpome aToro, cpaBHEHHE MO3BOJISIET YCTaHO-
BHUTh BEpXHHE OTPAHWYCHUS HA YWCIIA, KOTOPBIE MOXKHO
noactaBisATh B Qopmyny (27). dopmyna npuMeHHMa
TOJBKO JIJIsi MHUKPOIUIEHOK, TOJIIHWHA KOTOPBHIX MEHBIIE
500 am. To ecth TOrma, KOrja MPOSIBIIACTCS HAHOPa3Mep-
HeI 3¢ ekt TokoB DyKo, HAXOIAMUXCS B COCTOSHHU
YCHJICHUS BHEIIHETO IIEPEMEHHOTO MarHUTHOTO TIOJIS.

Ecnu tosmmba ToHKO# miéHku hy > 1 MKM, a ycioBue
h, < R He BBINOJHEHO, TO IUIEHKA MOKET HAXOIUTHCSA B
COCTOSIHUM YaCTOTHO-3aBUCHUMOW JMHAMHYECKOM HWHIYK-
TUBHOCTH, KOTOpasi 0OpaIacTcs B HyJb Ha JIBYX XapakTe-
puctrueckux yacrorax [11].

B Tabmune 1 nmpuBeneHbI 3HAYCHUS TIOTOKOBOW HHIYK-
TUBHOCTH Lp, paccumranuble u3 (27), KOTOpBIE MOXKHO
peamu3oBaTh HAa HAaHOPA3MEPHOM JPQEeKTe AN TOHKOH
wiéHku paanycoMm R = 50 MkMm.



Tabiuma 1

3asucumocms nomorosot unoykmuernocmu Lg monkoti
naénxku om ee monwunsl hy

:12\/’1 50 100 150 | 200 | 250 | 300 350
L, 100 50 33,3 25 20 16,7 | 14,3
H[ H

IIpu 3TOM yAEnbHOE CONPOTUBJICHUE TOHKOHU IUIEHKU
HE BIMSAET HA BEIWYMHY MHIYKTUBHOCTH MEXIY BBIBOJA-
MU | 1 2, a ©3MEHsAeT TOJIBbKO YaCTOTHBIN JUANa3oH, B KO-
TOPOM Takasi HHIYKTHBHOCTb OYAET OCTaBaThCS MOCTOSH-
HOM. JIaHHBINM JUANa30H 4aCTOT MOXKHO OLICHHUTb U3 YCIIO-
Bus 0,1« < f < 10f., roe f« — Maciuta6 gacrotst (20) mposo-
JUIIIEeH TIICHKH, TIPEJICTAaBICHHBIN B Ta0IHLE 2.

Tabiuma 2

Macwma6 wacmomuvl npogodsiujeli RIEHKU Paouycom
50 mrm

N Marepuan VYaensHoe conpo- | Macmtab

/1 TUBJICHUE, YaCTOTHI,
OM'M I'm

1 Mefb 15,5-10° 3,14-10°

2 ATIOMHHHI 25,0-10° 5,0-10°

3 Bonbdpam 48,9-10° 10,0-10°

4 HHKETTb 61,4-10° 12,4-10°

5 HUXPOM 1,0.10° 203-10°

6 | xkpemHmii dmeK- 1,0-10° 203-10°

TPOHHBII
(KEF)

U3 1abn. 1 u 2 BUAHO, YTO MCIOJIL30BAHUE, HATIPUMED,
ANMIOMUHUST TIPH HAMBUICHUH JOTOJTHUTEIBHON TOHKOU
Wi€HKK paguycoM R = 50 MxMm u tosmuuoi hy = 100 HM
MO3BOJISIET TOIYYUTh IIOTOKOBYIO MHIYKTUBHOCTH TOHKOU
miéHku Lg = 50 ul'H. Takas Tonkas mi€Hka Oyaer odecrie-
YUBATh YaCTOTHO-HE3aBUCHMYIO HHAYKTHBHOCTH B IHaIia-
30He yacToT ot 0,5 1o 50 MI'm.

O1eHKH, TpencTaBICHHBIE B Tabmumax 1 u 2, mon-
TBEPKJIAIOT BO3MOXKHOCTh PEIIEHUS] TOCTABJICHHOMN 3aja-
yu. [lpm u3MeHeHuH ToiMHBI MNEHKKM oT 50 HM 10
350 BM mpesIaraemMasi HHIYKTHUBHOCTh U3MEHSICTCS B JTHA-
na3one ot 100 al'H 10 14 HI'H, 4TO 3HaUMTENBHO JITydUIle (B
7-50 pa3) MakcHMMalbHOW WHIYKTUBHOCTH W3BECTHBIX B
KMOII — TpagulMoHHBIX TEXHOJOTHUSAX, JOCTHTAEMbIX B
OJIHOM CJIO€ Ha TOM e Tutoniaau [12].

IV. 3AKJIIOYEHUE

IIpennaraemas xoHcTpykuus u pacuér IIIIU ¢ TexHo-
Joruel «IpoBOASIIas IUIEHKA B TOKOBOM KOJBLEY» UMEIOT
CYIIIECTBEHHbBIE NPEUMYIIECTBA B CPABHEHHH C KJIaCCHUE-
CKUM OJIHOBHTKOBBIM peleHrueM. HaHopasmepHsbiii 3¢-
(exT, oOHApYXEHHBIH HKCIEPUMEHTAIbHO B [7] M mOx-
TBEPKIEHHBIM TEOPETHYECKH B HacTosIIei paboTe, HO3BO-
nsieT peann3oBath B 7+50 pa3 Oosiee BBICOKME 3HAYCHUS
MUKPOCKOIUUYECKON HMHTErpalbHOM WHIYKTUBHOCTH Ha
TOM JKe TUIOIIAJIH.

Bribop 3HaueHHS YyNETBPHOTO CONPOTHBIICHHS MaTe-
puana, U3 KOTOPOTro CO3/aeTcs TOHKAs IUICHKA, MO3BOJISET
«coBUTATH» PAbOUMH JWAma3oH 4YacToOT TpejiaraeMoit
WHIYKTHBHOCTH B 3aJIaHHBIIl YaCTOTHBII JIMaIa30H.
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ABSTRACT

The planar inductances, being realized at insulating
base as multi-turns circular, spiral, square and more com-
plex geometric forms, for example, orthogonal spirals, are
widely used in modern devices of communication and tele-
communications, in structures “system-on-chip” and “sys-
tem-in-package” [1].

The inductances, fabricated as planar spiral, loaded at
adjacent to spiral semiconducting film with patterned
shield, have been suggested in [8]-[10]. The frequency
dependences, measured in these works, show that induct-
ance of planar spiral can has as positive so and negative
values.

Such inductance has been named as dynamic planar
one in papers [2]-[5]. There original methods of calculation
of inductance’s frequency characteristics have been pro-
posed.

PURPOSE

This paper has deal with research of frequency-
independent planar inductance. The paper object is to sug-
gest the method of calculation of frequency-independent
microscopic positive planar inductance (PPI) for its crea-
tion over breakthrough “conducting film inside current
ring”-technology. The realization of this technology per-
mits to increase surface density of inductance till limit val-
ue of 10 H/m%

METHODS

The construction of inductance suggested uses the
known single-turn topology of its creation [1]. To form
frequency-independent vortex current’s inductance the
additional thin film, which has the known conductivity, is
introduced into internal domain of current ring. The thin
film has no electric contact with the turn.

The inductance of construction is summed from two
components: the inductance of current ring and flux in-
ductance, which calculation has been represented in the
paper.

To calculate frequency-independent inductance of con-
ducting film, the system of differential equations, consist-
ing of two Maxwell’s equations, differential form of

Ohm’s law and relationship between the current and the
flux, determining the inductance, is used.

We suppose that the thin film (solid, conducting, non-
magnetic) is in external homogeneous variable magnetic
field, which has the single component, coinciding with
film’s axis. Under such orientation the variable magnetic
field will generate in thin film the vortex electric field, the
strength of which will has the single axial component. For
the first time the experimental proof of existence of such
probable vortex electric field’s orientation has been ob-
tained under creation of betatrons — inductive accelerators
of electrons [6].

We get radial distribution of vortex electric field from
the first Maxwell’s equation over original magnetic field.
The same distribution in space has the density of Foucault
currents in homogeneous conducting medium. The scales
of strength and density of vortex current have been ob-
tained under calculation.

We find the value of current, induced all over thin film,
over the law of distribution of Foucault currents’ density
by calculation of flux integrals. The density of vortex Fou-
cault currents creates self-magnetic field in the space of the
thin film. This magnetic field of substance reply on the
external influence has the single projection, coinciding
with film’s axis, for original orientation of vortex currents
in cylindrical system of coordinate. The direction of pro-
jection of magnetic field’s reply over all film’s points is
opposite to the direction of external magnetic field. This is
the main reason of diamagnetism, being manifested by
Foucault currents.

The distribution of substance reply’s magnetic field is
calculated by integration of second Maxwell’s equation,
written in the cylindrical system of coordinate, and induc-
tive properties of thin film are investigated.

Further we find flux inductance. It represents by itself
the coefficient of proportionality between total average
magnetic flux, which crosses the conducting film over
half-period, and the current, which appears in the film over
the same period. The total average magnetic flux is
summed from the flux of external magnetic field and the
flux of substance reply’s magnetic field. The flux of exter-
nal magnetic field vanishes under averaging over half-
period, but the flux of substance reply’s magnetic field
depends on the phase relationships and can be as positive
so and negative.



RESULTS

The calculation show that average flux inductance of
the thin film over half-period does not depend on the fre-
quency and can be as positive so and negative. It is im-
portant that the flux inductance depends on geometric di-
mensions of film only, but its operational frequency de-
pends on film’s conductivity and locates in the band de-
termined by the scale of frequency.

The suggested construction and computation of PPI
with “conducting film inside conducting ring”-technology
have significant advantages. They give capability to realize
microscopic integral inductance, which value depends on
the thickness and radius of additional film only. Its positive
contribution in total inductance permits appreciably to in-
crease the inductance obtained under classic single-turn
decision at the same square.

The operational band of frequencies of inductance sug-
gested can be “moved” in given band by the choice of re-
sistivity of additional thin film’s material.

DISCUSSION

The experiments with planar spiral inductor of 170 um
radius have been carried out in [7]. It has been loaded at
thin conducting layers of Cu-Al. Under their total width of
400 nm, layers have formed positive frequency-
independent vortex current’s inductance. The theory sug-
gested explains the existence of such inductance by dimen-
sions of layer, i.e., by nano-dimensional effect.

The estimations, executed over the computational rela-
tionships, point out that the discovered nano-dimensional
effect permits to increase the values of planar inductance
from 7 till 50 times at the square of 100x100 um? in one
layer. It is substantially more than the value of maximal
inductance, obtained in traditional CMOS-technologies
[12].

It is also shown in experiments [7] that laminated film
with total width more than 1 um can manifest itself as fre-
quency-dependent inductance, which vanishes at two char-
acteristic frequencies, that is validated by theory, devel-
oped in [11].

Nulls of inductance divide the whole frequency band
into three parts. At low-frequency interval the inductance
of the cylindrical multi-layers film is a positive value, de-
creasing with growth of frequency (paramagnetic proper-
ties of Foucault currents are manifested). At mid-band fre-
quency interval the inductance is negative (natural dia-
magnetic properties of Foucault currents are manifested).
At this interval the minimal value of inductance is
achieved at defined frequency. At high-frequency interval
the inductance is positive (again paramagnetic properties
of Foucault currents are manifested) and practically is in-
dependent of frequency. In accordance with suggested in
[11] theory the cutoff frequency in dynamic inductance is

absent. The correctness of such assertion requires experi-
mental check.
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