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B crarTi TeoperutHO 0OGIpYHTOBAHO MOXKJINBICTH (DOPMYBAHHS ACHMETPHIHOI PE30HAHCHO! XapaKTepPUCTH-
ku ®@dno B mosriéi minii (JI) 1 miareepaxkeno migpumenas 706pOTHOCTI Ta 3MeHmeHHa pos3mipis JIJI 3
pesonancom PanHo, 9K HOPIBHATH 3 KJIACUYIHUM IiBXBUJIBOBAM pe3oHATOpOoM. Peszomanc Pano 3ymoBieHmI
JBOXBUJILOBOIO 1HTEP(dEPEHI€l0 1 BUHUKAE B CTPYKTYpPaX Pi3HOI XBUJILOBOI IIPHPOIH. YHIKAJIBHICTH IIHOTO
Pe30HAHCY 3yMOBJIEHA IIO€IHAHHAM Yy HbOMY IIOBHOT'O IIPOXO/I2KEHHS Ta IIOBHOTO BIAOUTTS 3 PI3KUM [I€PEX0I0M
wmixk aumu. g pesonancy Pano xapakTepHa BUCOKA J0OPOTHICTD. [l €/IeKTPOMArHi THUX XBUJIb OIITHIHOTO
mianazony peszonanc Pamo posriaHyTo B 6ararhox mybiikarisx. Pesomancy @amo B pajiomiana3oni IpucBs-
YeHO JIMIIe JeKiJibKa pobiT. B cTarTi BUKOHAHO MOPIBHAHHS ACUMETPUYHOI PE30HAHCHOI XapaKTEPUCTUKH
®Dano Ta cUMETPUYHOI yHIBepCaJIbHOI pe30HaHCHOI KpuBoi. Cumerpuyny Pe30HAHCHY KPUBY BU3HAYAE OUH
mapaMeTrp — JOOPOTHICTD, a xapakTepuctuky Pamo — nBa: 1o6poTHICTH i mapamerp acumerpil. ITokazano, mo
xapakrepuctuky PaHo MOKHA OIMUCATH BUPA30M, (DOPMa IKOTO TaKa K, SK 1 /IJIsi CAMETPHUIHOI yHIBepCaIbHOL
pe30oHaHCHOI KpuBOi. BCTaHOBIEHO yMOBHM, HpH SKUX y CMy3l HPOILyCKAHHS Ili XaPAKTEPUCTUKU OJIN3bKI.
IIpoanamizoBano iMmesaHcHI yMOBM IIOBHOTO BigOWTTsI, HEOOXiAHOro At GOPMYBAHHS HYJS XapaKTEePUCTH-
ku Pano. Teopernano oO6rpyHTOBaHO MOXKMMBICTH pe3onancy Panmo B moerux mimiax (IJI) 3i mueitdamm.
PosrasmyTo cTpyKTYypu Ha OCHOBI pO3IMKHYTOr0 ab0 KOPOTKO3aMKHyTOTO muteiida Ta Bigpizka IJI; a Takox
Ha OCHOBI ABOX PO3IMKHYTHX ab0 PO3IMKHYTOro i KOPOTKO3aMKHyTOro uureiidis. Bukonamno maremaTuaHumit
aHAJI3 9aCTOTHUX XapakTepucTuk cTpykTyp. HaBemeno mapamerpu [IJI ta po3paxoBami 4acTOTHI XapakTe-
puctukn koedimienta mpoxomzkenus /IJI. BukoHaHO MOPIBHSIHHS OTPUMAHUX YACTOTHUX XAPAKTEPHUCTHUK 3
aHATITUYIHOIO XapakTepucTukoio PamHo, a TAKOXK 3 XapPaAKTEPUCTUKOIO KJIACHIHOTO MiBXBU/IHOBOTO PE30HATO-
pa. Crpykrypu na ocuosi IJI 3 xapakrepucrukoio PaHO 103BOAAIOTH MOMITHO IIABANIUTUA JOOPOTHICTD,
TOMABUTH BIATYKM Ha HANOIMIKYNX TapMOHIKAX Ta 3MEHIIUTH DPO3MIpH, SIK TOPIBHSATH 3 MiBXBUJILOBUM
pe3onaropoM. 1IpomeMOHCTPOBAHO MOXKJIMBICTH peasti3allil HaIBY3bKOCMYTOBHX YAaCTOTHHX XapPAKTEPUCTHK

CTPYKTYPOIO Ha OCHOBI PO3IMKHYTOTO ¥ KOPOTKO3aMKHYTOTO miteidis.

Karowosi caoea: pe30HAHCHA XapaKTePUCTHUKA; pe3oHaHc Pamo; 10oBra JiHidg

DOT: 10.20535/RADAP.2021.84.88-94
Bceryn

XBUIbOBI sIBUINA (DYHIAMEHTAIBHI B HANIOMY CBiTi.
Onme 3 KIIIOYOBUX XBHJIBOBUX SIBHII[ — PE30HAHC, 33
SIKOT'O PI3KO 3POCTaE aMILIITY1a BUMYIIEHUX KOJTHBAHbD.
Pezonanc, Binkpurwmii amineo lamineem y 1602 p., Jre-
2KUTb B OCHOBI Pi3HMX HPUPOJHUX $IBUIIL 1 lOr0 HaJI-
3BUYAMHO HIMPOKO BUKOPUCTOBYIOTH. Pe3onancua dva-
CTOTHA XapaKTEPUCTUKA OCIMJISITOPA — KOJIWBAIHHOI
CTPYKTYPH 3 O/THI€I0 PE30HAHCHOIO YaCTOTOI0 — 3 XOPO-
muM HaOImKeHHsAM cumerpuana. ¥ 1961 p. Yro @ano
orpuMaB GHOPMYJITy Ijid ACKMETPUYHOIO PE3OHAHCY, Ha-
3BaHOIO 3rozioM pesonancom Pano [1].

Pesonanc @ano 3ymoBaeHn# IBOXBUILOBOIO 1HTED-
depeHITielo i BUHUKAE B CTPYKTYpaxX Pi3HOI XBUIBOBOL
npupoau. Takwit pe3oHaHC XapaKTepHUN A1 HAHO-
cTpyKTyp i Meramarepianis [2—7]. VHikamabHicTh pe3o-
nancy Pano 3yMOBII€HA TOETHAHHSAM Y HHOMY ITOBHOTO
MMPOXO/?KEHHsI Ta ITOBHOI'O BifOMTTS 3 Ppi3KUM mepe-

XOOM MiXK HUMH, IO MOSICHIOE 3HAUHWI iHTEepec 10
HBOTO [4].

BazoBa pamiorexuiuna dyHKIlis, HEOOXiTHA B pa-
JTI0EJIEKTPOHHUX CHUCTEMAX, — YACTOTHA, BUOIPKOBICTH.
Hogi, 6inbmr »KOpcTKi BUMOTH [0 CHCTEM BHMAaraioTh
migBUIEeHHsA BUOIpKOBOCTI. B Tpamumifinnx 9acToTHO-
BUOIPKOBHUX IPHUCTPOSIX BHKOPUCTOBYIOTH DPE3OHAHC 3
CUMETPUYHOIO XapaKTepucTukoio. s pezonancy Pa-
HO XapaKTepHa BHCOKa 106poTHicTh [3]. OTxe, MOKHA
OdYiKyBaTH, 110 BUKOpUCTAHHS pe3oHancy PaHo 103B0-
JIUTH MiABUAIIATH YAaCTOTHY BHOIPKOBICTH PaiOTEXHi-
YHUX HPUCTPOIB.

st eTeKTpOMAarHiTHUX XBHJIb OMTHIHOTO Tiara30-
oy pesonanc @aHo PO3LISHYTO B DAraThbox MyOsiKari-
sax. Pesonancy ®ano B paJiogiana3oHi mpuCBIIEHO JTU-
e eKizgpKa pobiT. ¥ crarTi [8] mpoanasizoBaHo pe3o-
naunc Pano B 3B’43aHUX KOJIMBAJIHHUX KOHTYpaX, aHa-
JIOTIYHUX 3B’S3aHUM MEXAaHIYHUM pe30oHATOpaM. ¥ Po-
Gori [9] neit pesoHaHC peani3oBaHUil JBOMA 3B’ A3aHUMHA
KOakcCiasibHuMu pesonaropamu. ¥ crarri [10] posriis-
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HYTO MOJETIOBaHHA pe3oHaHcy PaHo paTioTeXHITHUMA
KOJIAMU 3 30CEPEPKEHUMHE [1aPAMETPAMU.

Mera 1i€l cTarTi — TeOpeTHIHe OOTPYHTYBAHHSI MO-
KIUBOCTI (POPMYBAHHS PE30OHAHCHOI XapaKTEPUCTUKA
@ano B gopriit ainii (JAJI) i nigrsepuekenns uinsu-
IeHHsA J00pOTHOCTI Ta 3MmeHmenHs po3mipis JIJI 3
pe3onancom PaHo, siK MOPIBHATH 3 KJIACUIHUM TiBXBHU-
JIbOBUM PE30HATOPOM.

1 CumerpuyHa pe30HAHCHA Xa-
PAaKTEPUCTUKA I XapaKTepuc-
tnka PaHo

Y GaraTboxX BHIIaJKaX PE30HAHCHY YaCTOTHY 3aJjie-
KHICTh HOPMOBAHOI aMILIITYAU KOJUBAHb AITPOKCUMY-
IOTh CUMETPUYHOIO YHIBEPCAJIbHOIO PE30HAHCHOIO KPU-
BOIO

; (]_)
ive

Ae f = 2Q6; Q - ,H,O6pOTHiCTI), § = (f_fO)/f07 f B
qacToTa, fy — PE30HAHCHA 9acTOTa. Y PATIOTEXHII 3a-
JieskHicTh (1) anpoKCcuMy€e pe30HAHCH] XapaKTePUCTUKY
KOJMBAJILHUX KOHTYpPiB Ta Bimpizka IJI i mae ma3By
TPAHUYHOI PE30HAHCHOI XapaKTEePUCTUKU.

Pezonanc ®ano OyB BiakpuTwit 1jisi KBAHTOBO-
MexaHIYHuX XBWJb. Xapakrepucruka ®ano (mis iu-
TeHCHBHOCTI) Mae Bursaz [1,5]

I =

(¢+¢)°

142’

(2)

Je ¢ — napamerp acumerpii, e = 2(E — Ey)/I', E —
eHepriga eleKTpoHa, I’ — mupuHa piBHSA eHeprii 3 pe3o-
HaHCHEM 3HadenHaM Eg. 3a € = ¢! xapaxTepucTuka
®ano Mae MakCuMyM, 110 jopismioe 1+ ¢%, a 3a e =—q
— MiHIMyM, IO TOPiBHIOE HYIIIO.

3riguo 3 dopmysnowo Ilnanka F = hv, ne h — cra-
sga Ilnanka; v — gacrora, orpumyemo: € = 2Q9. Tyr
0= (w—w)/vo, vo = Eo/h, Q = Ep/I. Bemmunna Q
anasorigna mobporrocri. Orxe, qyis dopmya (2) i (1)
e=¢£.

HopmoBany 10 MakcmMyMy aMIIiTyIHY XapaKTe-
puctuky Pano BU3HAYAE BUPA3

B lg + ¢
L e e ¥

ko |g| =00, (3) 36iraerbes 3 (1).

2 OcobsmBocTi
dPaHO

XapaKTePUCTUKM

Cumerpuuny pesonancHy kpusy (1) Busnavae onun
napamerp @, a xapakrepuctuky Pano (3) — asa: Q i g.
Ha puc. 1 naBeneno xapakrepucruku ®ano 3rigno 3 (3)
3aq=2,315 (kpusi 1, 21 3 Bignosiguo). Akmo g < 0,

3aJIeKHOCTI A3epKasibHi. Xapakrepuctnka Pamo 3a-
Oe3medye MaKCHMAJIbHO MOYKJIMBE CIIiBBITHOIIEHHST MizK
MaKCHUMAJbHUM PiBHEM CHTHATY B CMY3i MPOMYyCKaHHS
it MminiMasbHUM — y cMy3i nogaBieHHs. 3i 30iibIneH-
HM |¢| piBeHb CUTHAJIY [03a CMYIOI0 HPOIYCKAHHS
3HUKYETHCH.

0,75
£ 0,50

0,25

Puc. 1. Xapakrepucruku Pano

IMopiBusiemo xapakrepucturu (1) i (3), a rakox
ixai rpadiani 3amexuocti. g 3pydHOCTI MOPIiBHIHHS
cymicTumo makcumywmu xapakrepucruk (1) i (3) 3wmi-
meHHAM 3a7exHocTi (3) JiBopyd Ha BewummHy ¢ ! i
OpeJCTaBUMO OTpuMaHuii Bupa3 y dopmi Bupasy (1).
3umimena 3anexHuicTsb (3) Mae BHDIAL

lg+q7t+¢

Lp:
VAt @+ +a

; (4)

i MakcuMasbHe OfMHNYHE 3HaueHHs Bupa3 (4), gk i (1),
Mmag 3a £=0.
VY pesyuabrari nepersopenn Bupasdy (4) orpuMaemo

1
V14 (ag)? ’

pea=[1+q (¢~ +&)]". Bupas (5) sinpisuserncs
Big (1) MuoxkHuKOM . [Ijisi cuMeTpudHoi Xxapakrepu-
cruku: |q| = 00, o = 11 (5) 36iraervca 3 (1). Kpim
MakcuMyMmy, dacroThi xapakrepucruku (1) i (5) 36ira-
I0ThCA Ha 9acTOTaX, IO BU3HAYAE yMOBa ov==*1, 3 aKOL
punaBae: =—q¢ 1 i&=—(2¢+q71).

3a |g| > 1 y cMys3i mpomycKaHHsS 9acTOTHO! Xapak-
repuctuku (5), e MakcuMyMm Mmomyns |€] & 1, maemo
ax1i

Ip= (5)

1
) e

Bupa3s (6) nabauxkeno 36iraetbea 3 (1).

Ip (6)

Ha puc. 2 naBeneno xapakrepucruku (1) (kpusa 1)
i(5) (xkpuBi 21 3 nnsa ¢=51 ¢=—5 Biguosiguo). Ak
i Moxkua Oysi0 ovikyBaTu 3 ypaxyBanuam (6), y cMmysi
MPOIYCKAHHS XapAKTEPUCTUKU OJIM3bKi. 38 PE3OHAHCY
®aHO MABUILYETHCA BUOIPKOBICTH 3 OOKY HIKHIX ab0
BepxHix dacror (3a ¢ > 0 abo ¢ < 0 Bimnosizno) 3
PEKEKIIIEI0 /10 HYJId HA OJHIN 3 4acTOT.
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Puc. 2. YuiBepcasibha pe3onancua Kpusa (1) ra xapak-
repuctuku Pano (2 ra 3)

Maxkcumyw™ i minimym xapaxrepuctuku ®Pamo Bim-
MIOBIJAI0OTH TOBHOMY MPOXO/I2KEHHIO i IIOBHOMY BiIONT-
TI0 XBuji. BignoBiaHo 10 3akoHy 30epekeHHs] eHepril
6e3 ypaxyBaHHs BTpar Koedinient npoxomkenns T (3a
mozyseM) 1 Koedimienr Binburta R moB’a3ye criBsiji-

HOIIICHHA
T=1/1-|R[. (7)

V Toukax Makcumymy i MiniMmymy 3 Bupasy (7) maemo
BiJITTOBI THO
(8)

T:]-a |R|:Oa

T=0, |R|=1. (9)

Cuissigsomenns (8) 1 (9) sBignosimaors MakcHMasIb-
HO MOKJIMBOMY [iama30Hy PiBHIB 00pOOIIOBaHUX abO
GbYHKIIIOHAIBHUX CHUTHAJIB, IO IyKe BaXKJWBO IS
MPAKTUYHUX 3aCTOCYBAHb.

CuissigHorents (8) peasisylOThCst B DI3HUX XBHU-
JIbOBUX CTPYKTYpPax 3a PE30HAHCHOTO ITPOXOKEHHS
XBUJIb. 33,15 JOCATHEHHs CIIBBLIHOIIEHDb IOBHOIO Bijl-
ourra (9) meoOximmi cmemianbui pimenns. Y Takux
XBWJILOBUX CTPYKTypaxX, sK BimbuBadi, dinbrpu Ha
ocHoBi Biapi3kis /IJI, oOMerkeHi mepioaudHi CTPYKTYPHU
JI0 criBBigHOmEHb (9) MOXKHA JHIIe HAOTU3UTHCH, A
J7IsI TOYHOTO IXHBOTO BHUKOHAHHS HEOOXiTHI MOIesIbHI,
dbizuuno nenocsizkui ymosu (Haupukiial, — HeobMezxe-
HICTDb TEPIOIUYHOI CTPYKTYPH).

3 IloBHe BigburTd B mOBriii JiiHii
3i nureiicpom

VYMmoBu mocsrHenHs cniBsigHomens (9) imocrpye
puc. 3a. Ixepena I i II (nepBunui abo BropuHHi) BU-
npoMiiooTh xButi 11 2 omHakoBoi ammutiTyan i ¢asw,
A — JOBXKWHA XBWJIi, IITPUX BiAMOBIZAE YACTOTI HyJIst
YACTOTHOI XAPAKTEPUCTUKN KOEDIIi€eHTAa MPOXOIKEH-
us. [lpu inTtepdepentii nux XBuUIb BHACTIIOK HAOITY
dasm xBuai 1 BimHOCHO XBmui 2 Ha wactori f/ ammuri-
TyJa cymapHol (10 NpPOMIIa) XBUJL JOPIBHIOE HYJIIO,
BiamoBigHO KoeilieHT MPOXOMKEHHS TOPIBHIOE HYJTIO.

Posrasguaemo BuMoru 10 BXiZIHOTO aaMIiTTaHCY CTPY-
KTYDU Gpx, WO Biguosinaors (9). Hdus cupouienus

IepeTBOPEHb IMITEJAHCU W aJMITTAHCU ITPOHOPMOBAHO
BIJIIOBIJIHO 10 iMIleaHCy @ aJIMITTAHCYy XBUJIBOBOI'O
cepenosuing (30kpema, — IJI). Koedinienr Bigburrs

3a HAMPYTOIO JOPIBHIOE

1_ng

L4 Gox (10)
Jua orpumanns crissignomens (9) HeoOXigHi rpanu-
YHI 3HAYEHHSA Gpx: Jax = 0, gux = 00, Regax = 0,
[Im gex| = 00, me Re i Im — xiiicua Ta ysiBHA YacTu-
ou. BapiauT ¢, = 00 BiAMOBiZa€ MOIOCY 3aTyXaHHS
JIAHKHM 3 TOCJIJOBHUM KOHTYPOM, I €IHAHUM IMIapa-
nensuo Hasamrtasi [11]. Ile Buxopmcramo B [10]. Ba-
piaat |Im ggx| = 0o mocszkuumit B IJI 3 posiMKHyTHM
abo KopoTKo3aMKHyTuM Iieiipom (puc. 3b, mrpuxo-
BOIO JIHIEIO MOKA3aHO 3aKOPOTKY KOPOTKO3aMKHYTOT'O
nwieiida, 11 z; — xBunbosi imuegancu JIJI 1 nuieiida),
a Takox 31 wuieiihoM 3 PEaKTHBHOIO HaBaHTArow (B
cTarTi He PO3IJISTHYTO).

Bxigawuit agmitranc sigpizka JIJI (mamami — Bigpi-
30K) 6e3 BTpaT JJisi HOPDMOBAHUX IMIENAHCIB 1 aaMmiT-
TaHCIB mopiBHIOE [12]

-1
:1—|—zzH.z t (11)
Zutizt
e 1 = \/?1; Zy — IMIIEJIAHC HABAHTAI'U; Z — XBUJIbO-
BUil iMmenaHc Binpiska; ¢t =tgBl, f — XBUIKOBE YUCIIO,
B =2x/\, | — noexxkuHa Bimpiszka. 3 Bupa3zy (11) mus
BXIJIHOIO MITTAHCy PO3IMKHYTOrO (2 = 00) il KOPOT-
KO3aMKHYTOro (7, = 0) uweiidiB MaeMo BiALIOBLIHO

G =iz, gu = —iz (12)

ze ingekcom «1» mo3HaYeHO mapamerpu nuieida.

Bxiguwmit agmitramc [JI 3i mumeiidpom B TOUKaxX
mig’eqnanas miefida 1opiBHIOE ¢px = 14 g. Ha da-
cToTax, dKi Bu3Ha4YaloTh ymoBu | = A(2n — 1)/4, n =
1,2, ... pua posimkuyroro uweiida i [ = An/2 nua
KOPOTKO3aMKHYTOrO, MaeMO: |Im gux| = |gu| = 00, Tak
II0 BUKOHYIOThCs criBBigHOmMeHHs (9). 3a Takol yMoBH
B O3HAYEHHAX HA PUC. Ja XBUIA 1 — Magaroda, a XBU-
Jis 2 — BimOmTa Bix KiHIlsg po3iMKHYyTOrO muteida y pasi
n = 1; xsumi 11 2 cuadazui. i KOpOTKO3aMKHYTOTO
nwreiida i xBusi nporudas3ni, OCKIIbKY Ipu BigOUTTI
daza XBUJI 3MIHIOETHCS HA MPOTUJIEXKHY, 1 A n =1
Bigcranb Mmixk mxepenamu 1 i 11 gopisaioe N .

Y pazi, gKIIO ¢sx BU3HAYAE BUPA3 Gnx = 1+ 17,
ne n — gificra dbysknis gacroru, 3rigHo 3 (7) 1 (10)
OTPUMAEMO

1

i+ @22

dopwma Bupasy (13) 36iraerbea 3 dhopmoro Bupasis (1)
i(5).

ITokaxkemo, mo JJI 3i nwreiidamu mo3BONIAIOTH
chopmyBaru xapakrepuctuky Pamo.

T= (13)
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(a) (b)

o— — —0

(c) (d)

Puc. 3. dxepena xpuab 1111 (a); JJI 3i uneiticbom (b); IJI va ocuosi nwieiida ra siapizka (c); JJI na ocrosi
aBox uueiidis (d)

4 Pesonanc ®aHo B JOBriii JiHIT
Ha OCHOBI nuieiida i Biapizka

Ha puc. 3c naseneni /IJI ma ocHOBI po3iMKHYTOrO
uwieiipa 1 sBigpizka (JJI1) abo koporko3aMKHYTOrO
nueiida i Bigpizka (IJ12).

s Bimpi3ka MOBUHHI BUKOHYBATHUCA YMOBH

2z 1il <)\, (14)
e Ao — JOBXKWHA XBHUJI HA 9aCTOTi fj.
Bxigawit agmitranc IJI1 i JIJI 2 mopisHioe
Isx = 9s + G, (15)

Je g — BXiTHWIT aaMiTTaHC Biapiska.
Ockinbku st Biapiska z; =1, 3 Bupasy (11) maemo

1+iz71t
ot 16
g 1+izt (16)
3 ypaxyBanusam ymos (14)
gs ~ 141271t (17)

IMigcrausum y (15) Bupasu (17) i (12), mosa JJI1 i
IJI2 orpumaemo BiamoBigHO

ez ey, ne T

Otxe, koedimient mpoxomkennus AJI1 i JJI2 naban-
JKEHO BuU3Hadae Bupas (13).

Ha puc. 4a maBesmeni gyacToTHa 3a/I€2KHICTH Koedi-
mienra mpoxomkenust JIJI1 arigno 3 (12), (15) i (16)
(xkpuBa 1) i xapakreprucruka Pano 3rigao 3 (5) (kpwu-
Ba2), F'= f/fo. Hapamerpu [IJI1 i xapakrepucruku
@ano: 2=0,08, 21 =3,1=X/12, 1, =X /4, F'=0,9721,
Q =55, g =2,7. dk Gauumo, xapakrepucruka JIJI 1
BinmoBimae xapakrepuctuili PamHo.

st mopiBHAHHS Ha puc. 4a TOKA3aHO PE3OHAHCHY
XapaKTepucTuKy misxsusboBoro siapizka JIJI (IJIIT)
3 XBUJIBOBMM iMuenancom z (Kpusa 3); 106poTHICTH
JJIIT - 10. Iporu JAJIII nobporuicts JAJI1 y 5,5 pa3a
Oiipima, a goexkwHa JIJI1, 1m0 BU3HAYAETHCS CYMOIO
JOBXKUH i1 ememenTtiB i mopiBuioe 0,34)\g, B 1,5 pa-
3a wmenrma. Ha Bigmimy Bim xapakrepuctuku JIJIIT B
xapakrepucturi JJI1 Bigcyrui Binryku ma gacrorax
JPYyroi, TpeTbol i 4eTBepTOl rapMOHIK.

0,75

]

£ 0,50

025

0,8

075 f

Lo
2050t f1
< 00

025 1
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v/ \;\_ /

> '\__‘.é
\\72‘~ ‘
2
F

- \

(b)

Puc. 4. Xapakrepucruku JIJI1 (a, 1), JJI2 (b, 1),
®ano (2) Ta JJIII (3)

Ha puc. 4b naseneno xapakrepucruxu JIJ12 (kpu-
Ba 1), ®ano (xpusa 2) i JJII (kpusa 3), z=2; =0, 08,
I=XN/4,1,=N/2, F'=2,9940, Q =6, ¢g=—24, no6po-
taicts JJIII — 10. Xapakrepuctuka /1JI12 y mepmomy
HabmmKeHHi Biamosinae xapakrepucturi @ano. IIporn
I nosxwna JIJI2 Basiui menmia, B XapakTepucTu-
ui JAJI2 Biacyrni Biaryku na mynbosiit dacrori ra Ha
qaCcTOTaxX JIPYTol, TPEThOl if 4eTBEPTOi rapMOHUK.

5 Pe3onanc ®ano B goBriii JiiHil
Ha OCHOBIi JABOX ILIeii(iB
Ha puc. 3d naBeneno /IJI Ha ocHOBI 1BOX PO3iMKHY-

TUX, & TAKOXK HAa OCHOBI PO3IMKHYTOI'O ii KOPOTKO3aM-
kuyroro uteiidis (JIJI3 i JJ14 signosiguo). s uux
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JJI maemo BifmoBizHO

n =zttt (18)

n=2y -2y g (19)
Je igekcaMu mo3Hadeno Homepu mnneiidis. Koediri-
ent npoxomkenns JIJ13 i IJ14 susnagae supas (13).

Ha pwuc. 5a npencrapieni xapaktepuctuku JIJI3
sriguo 3 (13) i (18) (kpuBa 1) i Pano (kpusa 2). Ilapa-
mverpu JIJI 3 i xapakrepuctuku Pamno: z; =0, 15, 20 =3,
Iy =XN/8, I =XN/4, F' =0,9705, Q = 58, ¢ = 3, 1.
Hobporuicrs JIJI3 y 11,6 pa3a Glibiia, a J0BKUHA B
1,3 paza menrmra npotu JIJITI. B xapakrepucrumi /IJI3
BiZCYyTHIi# BIATYK Ha 9acTOTI APYTOl TapMOHIKH.

Ha puc. 5b naseneno xapakrepucruku JIJ14 3rigHo
3 (13) i (19) (xpuBa 1) i Pano (kpusa 2) 3 napamerpa-
mm: 21 =3, 20=0,2, [y =)\ /4, l, =X /16, F' =1,0175,
Q =174, g = —5,9. lIporu JIII mobporuicrs JIJ14
y 47,4 pas3a Oispmmia, a goBxkuHA B 1,6 pa3a MeHra.
Axmo zo = 0,08, mobporuicts 1JI14 mopiBaioe 1091.
B xapakrepuctumni IJI 4 BimcyTHi Biaryku Ha HY/IHOBI
4acToTi W 4aCTOTi JIPYroi rapMOHIKH.

0,75

]

=2 0,50

025

|

1,10

0 | | |
090 095 100 1,05

F

(b)

Puc. 5. Xapakrepucruku JIJI3 (a, 1), AJI 4 (b, 1) 1a
Dano (2)

6 OOroBopeHHA OTpPUMAaHWUX pe-
3yJIbTATIB

Orpumani pe3yabTaTv MAOTh TEOPETUIHY i MPaK-
TUYIHY CKJa0Bi. Teoperndna mossira€ y BCTaHOBJIEHIH

MOXKJIUBOCTI opMyBaHHsd Xapakrepucruku Pamo B
JLJT 3i mneiicbamu, a TpaKTUYHA — B MOXKJIMBOCTI I1iJI-
BUINEHHST JTOOPOTHOCTI Ta 3MEHITIEHHST PO3MipiB pe3o-
HAHCHUX CTPYKTYp Ha ocHOBi IJI 3 xapakTepucTukoio
®ano mporu JIII. 3Haunuit inTepec CTaHOBHTH MO-
JKJIMBICTh peaJsiizaliil HaJIBy3bKOCMYTOBHX YaCTOTHHX
XapaKTePHCTHK 3 gobporwicrio @ > 102 + 103, Heobxi-
JIHO BPaXyBaTH, IO MPAKTUIHO JOCAXKHA, JOOPOTHICTH
obMerkeHa BTpaTaMu B JIiHIT mepemadi Ta, mureiidax.
3HaveHHsA XBUJBOBUX IMITEIAHCIB €JeMEeHTIB pOo3-
IJISHYTHX CTPYKTYD MOXKYTb BUXOIUTH 3a MeXKi jia-
Ma30Hy XBUJILOBUX iMmemanciB Jjimil mepemadi. Taxk,
XBUJIbOBI IMIIE€/IAHCH TPAJMIIHHUX JIBOBUMIDHUX CEKIIii
MiKpOCMY?KKOBOI JIiHiT oOMerkeHi mianazonoM mpubIn3-
HO 20...1000m (y BimHOCHWX BenmumHax: 0,4...2).
3HadHe PO3IMIUPEHHS bOTO Iiana30Hy, TPUOIU3HO 0
4...4000m (y Bignocumx Besmumnax: 0,08...8), 3a-
6e31edyorb TpUBUMIpHI MIKPOCMY2KKOBI cekuil (He-
onHopignrocti) [13,14]. BukopucTaHHs TaKNUX €JI€MEHTIB
3HAYHO PO3MUPIOE MOMKJIUBOCTI B peaJizarii MiKpo-
CMY?KKOBHX CTPYKTYP 3 XapakTtepuctukoio Damo.

Bucuosku

Acumerpuuny pe3oHaHCHY XapakTepucTuky DaHo
MOXKHA ONKCATH BUPA30M, (pOpMa AKOTO TaKa XK, AK i
JIJIsi CHMETPUYHOI YHIBEPCAJILHOI PE30HAHCHOI KPHUBOI.
JloBri jiHil HA OCHOBI PO3IMKHYTOrO ab0 KOPOTKO3aM-
KHYTOTO Tmijiefida Ta HU3bKOIMIEIAHCHOTO KOPOTKOTO
Bimpizka JIJI, a Takok Ha OCHOBI JBOX PO3IMKHY-
THX ab0 PO3IMKHYTOrO i KOPOTKO3aMKHYTOTO ILieitdin
JI03BOJIAIOTH C(POPMYBATH PE3OHAHCHY XaPaKTE€PUCTU-
ky @ano. IIporu JJIII nobporuicrs AJI1, AJI31 1JI14
Oimpmma B 5,5, 11,6 i 47,4 pa3a, a po3Mipu MeHIni B
1,5, 1,3 i 1,6 pasa BiAnoBiaHO; BiICYTHI BiATYKHM Ha
9aCcTOTaX HAMOIMKINX TAPMOHUK.
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Pe3zonanc ®aHo B AJIMHHON JUHUNI

Heaun €. A., Henowammwz FO. B.

BeuimosiHeHo CcpaBHEHWE ACUMMETPUYHON PE30HAHCHOM
xapakTepucTukn PaHO M CHMMETPUIHON YHUBEPCAJIHHOMN
pe3onancHoM Kpupoil. IIpoaHa/M3upOBaHbl HMIIEJAHCHBIE
YCJIOBHUs TIOJTHOTO OTparyKeHwus, HEOOXOAMMOro s (op-
MupoBaHus Hyas xapaktepuctuku Pano. Teopermduecknm
000CHOBaHAa BO3MOXKHOCTH pe3onanca Pamo B IMHHBIX
muamax  (IJI) co mureiidavu. PaccMOTpeHBI CTPYKTYDBI
Ha OCHOBE PA30MKHYTOr0 WA KOPOTKO3AMKHYTOIO ILIEH-
da u orpeska IJI, a Takke Ha OCHOBE ABYX DPa30MKHY-
THIX WIK PA30MKHYTOTO W KOPOTKO3AMKHYTOTO TILIEH(OB.
Boinosien MareMaTudecKuii aHAIU3 XaPAKTEPUCTUK CTPY-
kTyp. IlpuBemennr mapamerpst IJI m paccamrambble wa-
CTOTHBIE XAPAKTEPUCTUKY KOIPDUIMEHTa MTPOXOKICHUS
JJI. BeimosiHeHO CpaBHEHHE ITOIYyYeHHBIX YACTOTHBIX Xa-
PAKTEPUCTUK C aHAJIMTUYIECKON Xapakrepuctukoii Pano, a
TaK>Ke C XapPAaKTEePUCTUKON KJIACCUIECKOTO II0JIyBOJHOBOTO
pesonaropa. Ilo CpaBHEHUIO C IOJYBOJTHOBBIM PE30HATO-
pom JIJI ¢ xapaktepucrukoii PaHO MHO3BOIAIOT 3aMETHO
MOBBICUTH JOOPOTHOCTH, TOJABUTH OTKJINKK HA YACTOTAX
OTMKAWIMNX TAPMOHUK W yMEHbIIUTH pa3mepsl. [lokazama
BO3MOXKHOCTH PEaIM3alui CBEPXY3KOIOJIOCHBIX YaCTOTHBIX

XapaKTEePUCTUK CTPYKTYPOl Ha OCHOBE PA30MKHYTOTO U
KOPOTKO3aMKHYTOTO TIJIEH(OB.

Karouesvie caosa: pe3oHAHCHAST XaPAKTEPUCTUKA; PE30-
wauc PaHo; NIUHHAS JIMHIS

Fano Resonance in Transmission Line

Nelin E. A., Nepochatykh Yu. V.

Introduction. Wave phenomena are fundamental in
our world. One of the key wave phenomena is resonance,
in which the amplitude of the forced oscillations increases
sharply. The resonance characteristic of an oscillator —
an oscillatory structure with one resonant frequency —
is symmetrical with a good approximation. In 1961, Ugo
Fano obtained a formula for the asymmetric resonance,
later called the Fano resonance. The Fano resonance is due
to two-wave interference and is observed in structures of
various wave nature. The uniqueness of the Fano resonance
is due to the combination of full transmission and full
reflection in it with a sharp transition between them, which
explains the significant interest in it. For electromagnetic
waves of the optical range, Fano resonance is considered
in many articles and only a few papers are devoted to
the Fano resonance in the radio range. The purpose of
this article is to theoretically substantiate the possibility
of Fano resonance characteristic forming in a transmission
line (TL), as well as to compare a Fano resonance TL with
a classical half-wave resonator.

1 Symmetric resonance and Fano characteristics.
In many cases, at resonance, the frequency dependence
of the normalized oscillation amplitude is approximated
by a symmetric universal resonance curve. Initially, the
Fano resonance was discovered for quantum-mechanical
waves. According to the Planck formula as a result of
the transformations, the relationship between universal
resonance curve and Fano characteristic arguments is
shown.

2 Features of the Fano characteristic. Symmetric
resonance curve is determined by single parameter —
the quality factor, and Fano characteristic — by two:
the quality and the asymmetry factors. Comparison of
Fano asymmetric resonance curve and symmetric uni-
versal resonance curve has been performed. For convenience
of comparison of symmetric resonance curve and Fano
characteristic we superpose their maxima shifting Fano
characteristic to the left by a value of asymmetry factor to
the minus one power and present the resulting expression
in the form of symmetric resonance curve expression. If the
modulus of the asymmetry factor is much greater than one,
symmetric resonance curve and Fano characteristic in the
passband are close. Fano characteristic maximum and mini-
mum correspond to the full transmission and full reflection
of the wave. To achieve the full reflection special solutions
are needed. In such wave structures as reflectors, filters
based on TL sections, limited periodic structures relations
of the full reflection can only be approached, and their exact
fulfillment requires physically unattainable conditions, for
example, unlimited periodic structure.

3 Full reflection in the transmission line with
a stub. The impedance conditions of the full reflection
required for the formation the zero of Fano characteristic
are analyzed. One of the solutions is achievable in a TL with
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open-circuited or short-circuited stub. Physical features of
full reflection in a TL with open-circuited or short-circuited
stub are considered.

4 Fano resonance in the transmission lines
based on stub and section. Transmissin lines based
on open-circuited or short-circuited stub and TL secti-
on are considered. Based on TL model mathematical
analysis of transmission coefficient frequency characteristics
of these structures is performed. It is shown that the Fano
characteristic is formed in such structures. Transmission
line parameters and calculated frequency characteristics are
given. Comparison of obtained characteristics with Fano
resonance curve as well as with classical half-wave TL
resonator characteristic is made. Compared to half-wave
resonator, TLs with Fano’s characteristic permit suffici-
ently increase quality factor, suppress responses on near
harmonics and to decrease structure size.

5 Fano resonance in the transmission lines based
on two stubs. Transmissin lines based on two open-
circuited or open-circuited and short-circuited stubs are
considered. Transmission line parameters and calculated
frequency characteristics are given. It is shown, as in the
previous case, that the Fano characteristic is formed in such
structures and their selectivity is higher compared to half-

wave resonator. Possibility of ultra-narrowband frequency
characteristic realization by means of the structure based on
open-circuited and short-circuited stubs is demonstrated.

Results discussion. The theoretical component of the
obtained results is the established possibility of forming the
Fano characteristic in TL with stubs, and the practical one
is the possibility of increasing the quality factor and reduc-
ing the size of resonant structures based on TL with Fano
characteristic against half-wave resonator. Of considerable
interest is the possibility of implementing ultra-narrowband
frequency characteristics with quality factor Q > 10% +103.

Conclusion. The Fano asymmetric resonance
characteristic can be described by an expression, which
shape is the same as for the symmetric universal resonance
curve. Fano characteristic can be formed by TLs based on
open-circuited or short-circuited stub with low-impedance
TL section as well as by TLs based on two open-circuited
stubs or one open-circuited and one short-circuited stubs.
Compared to half-wave resonator in the first and the last
two TLs quality factor is greater in 5.5, 11.6 and 47.4 times,
dimensions are less in 1.5, 1.3 and 1.6 times respectively;
there are no responses at the nearest harmonics.

Key words: resonance characteristic; Fano resonance;
transmission line
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