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Uzfuwnwuph wpnhwlwunipyniup
Utwnwdwlybpunypubph  jnipwhwwny  nbpp,  npwbu wihph  unwywpdw

wpryniuwybn  hwdwlwngbp, wjdd wdpnneswwbtiu hhduwynpyws E: dwdwtwlwyhg
dnwdwlbpunypubph Yhpwnnyegniuubpp, npnup dwnuwnd U npubu wjwunwlwu
dhypnwihpwiht b owywhlwlwu unuyebph hwdwp  wypunpwuptbp, ubpwnnd  bu
thnjuwugyws  Hwd  wunpwnwpdws  wihpubph  hwdwfuwpuwpnnnivwy  Jwpph
ntywlwpnuwip, plubnwgdwt U wjhpwiht dwlwwnh dwihynyughwt, hnbwwlwu
Yiwunwp [1], Ynnwynpnwip, htuswbu twl dwybplnypuiht wihpubph gbubpughwu:
Unwuduwhwwinty hbwnwppppnyeginiu Gu ubplujwgund twle Swungh  dniyunhwibn
ntignuwlutbpp: “wup Ywpnn Gu hubp puswbu nwnhnhwéwfuwht nhpnypenud 2],
wjuwbu k| wnbuwubh whpnyenw: Puwlwuwpwp, Swunh dnynpwtinn nEgnuwuuubpp
wmwpwpunyp Gu: Npng nGwptipnd Gpynt nignuwuuubiphg dbyp wkinh £ niubunwd nwswnh
L wnyw| Juqdwsluh thnfuwgnbgnieyw  hbnbwupnd, huy Gpypnpnp wpryniop |
pwnwnphsubph  dholl  nidbn  hnfuwgnbgnuygyniuubph: - buy  Jbpwpbpnd |
Yhpwnbhnygjwup, pwuh np swinwitbpp Ywwnwpdnd B wqun twpwdnypjuu by,
www wiu Yuwpnn £ oguuwgnpdyti wujwp Juwh hwdwlwpgbpnd, h wiwppbpnigniu
owwn wj nkiwpbph, npwbn Ynwpuhw| wnpup gpgnnud £ ngnuwtuwhtu hwdwlwpgp
Ynuwwlwwiht - Gnwuwyny:  VUwutwynpwwbu  F<g-wht - whpnypnwd  winwhup
Yunmgdwspp Ywpnn £ ogquwgnpdyb npwbu obipunwydnp qunhs: <wpintuph £, npowyu
wbuwyh hwdwlwpgbipp hnwulwpwiht Gu twlb owywhlwnd U Ywpnn GU wpfuwwnb|
npwbu  thnpp hgnpnipjudp  ginfuwtgwnhs,  Ywd  ubtunp' pEYwdwpbing
nwnhnwgnwuowuh npwgndp:

Jdbpohtu wwphubphtu nulyb twunufwdwnwlubph dowlynwdu ni wpuwnpnieiniup
qquihnpbl  wnwepupwg bu gpwughl), husp wju  htwpwynpnieynitubp £ pugh)
owwhlwih wmwppbp twunswihwht uwppbph twhiwgddwt b thnpdwplydwu hwdwp:
Unwohu htipphu Ywpbh k ok pubinugnighsubipp, npnug wouwwnwupnd uupwgpywd
dawnwdwybplnyputpp hhwbppnihy Gu b niubu wuhgnunpnwhw: “Hw nbgnuwtuwhu
punypep  oguiwgnpdynd £ twl  $nuinpnuihtubugbunmwih Yupgwynphsubpnd b
owwndbfuwuplulwu Jdwuhynwwnpubpnd: b hwydbpnudu upwt' ns phupwwnhy
hwwnynieyniubpp Ywpbh £ wwppbpwlbp bwl wuhgnupnwhwyny, nph 2unphhy wju
ogqinwgnpdynd £ pwpdp  ndwswihng - twunhunngpubhwinud: - 2niquhbnwpwp
thnpduwlwunpbu  nwnwtwuppdlp G nuybs  uwunuywlwnwlutbph  Jdh pwup
hwwnlynyeniuubp, npnup unyuwbu Ywuplnp 5U Wdwtwwhy hwdwlwpgbph hnwgu
htwmwgnunienitutiph hwdwp:

Utkd hGunwppppnipginit - ubplujwgunn  Gpunypubphg £ twb  owywmhlwlwu
phuwwphinienup (OP), ny gdwiht dh Gplnye, npny punyewgnynid Gu plynt tiwppkip
wpdwqwupdwdp  Jpdwlubpny  hwdwlwpgbp'  Yuwiujwd  dnunpwiht - wgnwuowuh
hunbuuhynigjut thnthnfunipiw ninnnipynithg: Lnyt dnunpwiht wqnutowuh Gpyne
wmwppbip wpdwguwupdwyu yhéwlubph wnwowgnuwip Yuwuwyws £ pbYdwu gnigsh ng
gdwjhu dnnniyywghwih hbw' dnwnpwiht (nyup hunbuuhynugywt sunphpy [3]: Uh pwup
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$hghfwlwu dhjuwuhgqdubp bywuwnnd Bu Yndybpu pbldwu gnigsh dhnhinfunyejuup’
YwiuJwd puwnbuupynipinithg. ophuwl' Ytinh ns gdwjunyenup, stipdwowwnhlwulwl
Gpunyep U wqww |hgpwlhpubiph nhuwybpupwy, npt wnwowund £ Gpydninnuwjhu
YJwudwu hbwnbwupny [4-5]: Lnyuh Juwnwywpdwt qunuwihwpp hbug nyup dhengny
puyws £ owymhlulywt uwppbph ywwpwunmdwu hhdpnd. hGinwgqund gunuyb) G jwju
Yhpwnnigniuubp  owyunphluwlwu  wugwndwy,  wnpwdwpwiwlwl  gnpdwnnypubiph,
oywhlwlhwu pYwihu  uwppbpph  dby, wwiutiph  dowydwu, wbnbYwnynyjwu
wwhwwudwu hwdwp b wyu:

Uwmbuwlununiejwt tuyywwmnwlyp

Uphypn L uwun swihwht  dewnwdwlbpunypubph  dhongny  uwnwitiwg
EiEywnpuwdwquhuwlwu  nuownh  hbn  hnfjuwgnnn pwpbuwyqws b Yunwywpbh
hwdwlywpgbp b Ywqdwslbp, npnup swihubpnyg Yhubu Yndwywly,, wyuwnpwundwl
wnbuwuyniuhg dwingkh b wwng, huswbu twb huwpwynpngnis Yniubuwo ubpnpybine
wmwppbip uwppbpnu, npwbu pwnwnphs W punyugnighs dwu:

Ghunwlwt unpnypep

o Jbpowynp bplwpnipjudp hwnnpnhs dnnh nbignuwuuwiht Yuwp Yupdwd Swpnth
géh (9% hbtwn  wwwhnynud £ opowlhw  dhowdwyph  Uwwndwdp
hwéwliwpunpnnuwynygwu pwpdnp wunhdwu b Yunwdwnbhnegniup bpshuhu
pny| b nwihu ogunwgnpdt| hwwfuwht jwju whpnyenud® 9<g-hg dhush S<g:

* Bupwwihpwiht  swihubpny  Jbpgwynp  Bplwpnugjudp hwnnpnhg - dnntinhg
pwnywgws hwdwYwnpgp dhypnwihpwihu wphpnypnd gnpdnwd £ npwbu  pwg
ntignuwwnnp: Mtagnuwuuwiht dnnbph pwuwyp hwdwwwwwufuwunud £ Yuqdwéalinud
annbpph pwuwyht: Wu dnnbpp wnwowund Gu dnnbiph Ubpunud |hgpbiph Ynhbptun
wmwwnwuniubphg, npnup gnyg Gu wwhu wwppbp wdyhnninubp ne thnybp W
punipwagpynid tu wihph nwownh qquih wbnujuwgdwdp:

¢  Dwun ntgntwbuny odinjwd qutiwsl dinmwnulwi Jugqdwalp Yupnn b wofuwnb)
npwbiu withwywp, ubuunp Ywd thnfuwtswinhs X-inhpnypenid wupwnp Ywwh hhdwu
Yypw: Pnpsduwlwunpbu gnyg £ npdb), np pwpn guitwél hwdwlwpgbpp odindwd
GU dwun nbgnuwtiuny, npp gnigunpyt | awle QUOLU-h dhongny:

e Ubp Unndhg twhiwgdywd pwpdp wpryniuwybnnygjudp  wunpuwnwpdunn  Yeu
wihpwhts phpbnp upnn £ hwonnnipgywdp thnfuwltipwty pubinugnudp owwhlwlw
whpnypenwd  (650-800  ud):  Snnipniu niubt owwnhdw)  Bplypwswthwlut
wwpwdbwnpbp fhyuwél hhdpny guup b nhEEyupwlywu wwlynhph hwdwp, npunkn
hwdwlywpgp gnpdnud £ wnwyb] wpryniuwybn:

e Uh pwup twundbwnp (wjunyqudp dtinph dhongny uwnbindjwd dhonwyubiph dhole
nuwlwiht  Yuwwp pYwhqugyud dwqUhuwlywu  wugqinuwiht  nbgnuwuund
(LUMNMN twyywuwnnud £ midbin EiGlupwdwqupuwlwiu nwonh Ynunwldwt bwunébnph
wnbnwdwund' ndbnugubing ns qdwiht wpdwqwupp, npp Juwwd £ Ybnh ng
géwjunipjwu hbw:



Qnpéuwlju wpdbpp

dbpowynp  GpYupnigwdp hwnnprhs Gnnp Gwpnih géh hbun wofuwwnnwd £ npwtu
thwynguijht quihg, npp Eny| £ wwihu Yunwywnt) panwpldwt gepmp jwiungegniup,
phipnieiniup b pwpnpwnipyniun:

Cwdwluwpgp,  npp pwnugwd £ Bupwwihpwiht - gwthubpny - dtpgwdnp
Gpywpniugjudp  hwnnpnhs  &nnbiphg, niuh  ubipnid wiuwhup  Yhpwnniginiuubnh
hwdwp, npnup  wwhwuonud o nuonh  Yupnly  wbnujiwgnud b mdbin
ntiqnuwtuwjhu Junp:

duwun nhgbuwuuny odinjwd quuwasl dnwnuywu Yugdwdslup Ywpnn b wofuwnt
npwbu  withwdwp, ubuunp Yuwd thnfuwtgwinhs  X-inhpnyenud  wujwp  Yuwh
hwdwlywpgbpnud:

Uulwfu Bpypwswihnyeyntuhg blhwuwdl hhdpny twunswithwiht quuuhg Yugddwd
wwppbpwlywu hwdwlwnpgp npwbu YGu wihph phetin, gnyg b wnwjhu Juniunygntu
U pwpép wpnyniuwybinnieyniu:

Nuynt bwundwuuhlubtinny W ny géwjht dhowdwjnny dhony-wwwinjuu Yuqdwalbnp
Ywpnn Gu ogquwgnpdybp npwbu  wwppuwlwt  dinwdwyBpbnewiht - pohoubin
owwmhlwlywu phy hnfuwtswndwt, nyup Gunwldwpdwt b hwdwfunigniubph
dhwhuwnudwu gnpdpupwgubph hwdwp:

NMupunuwunipyw ubpluywgynn hhduwlwu npnypubpp

1.

SGuwpnth goéh hwwndwdnd nbnulyuwijwd pwpwly hwnnpnhs &nnp unwpnd £
thwyngwyht Shpinph (dhusk 400 pwpnpuyniejwdp) gnpdwnnype, nph nEgnuwluwhu
hwlwlunyeniup  huwpwynp  t Ywupgquynpl'  inthnfuind - dnnp - 2pswiwyuinnnn
pwnwupeh hwuwnnyeniup b nhkityunphy pwihwugbhnyeniup:

. Bupwwihpwiht  swihubpnd  Jbpowdnp - Gplwpnipgwdp  hwnnpnhy  dnnbiphg

pwnlwgwd hwdwlwnpgp pwgdwdnn nbgnuwwnp £ dnn 400 pwpnpulyniejwdp,
npnd Gwnwguwjpwiht Ynpnwuwnubipp qquihnpbu tugnd U, Gpp hwplwu énntpp
wnwwnwuynwd Gu hwlwihnybpnud: Uhpwiht nwonh wmbnujtugdwt dwywip dnwn
Bnynt Yuwpgny wwlwu b nbgnuwbuwjhu wihph Bplwpnigjwt  funpwiwnpnwht
wndbiphg, npu nintlgynd | EEGunpulwt nuownh onipg 30 wugud nidbnugdwdp:

. Pwpwl  funnndulwal denmwnulyut - junnigwdépnid - wbnunpjwd  anntipp

hwdwlwpgnw nhndnd Bu Bplynt dwun nbgnuwud' gnigupbpbing 300-hg wyby
pwpnpwynieintt X (8-12 3Lg) inhpnypnud:

. Ehwuwal  hpdpny  qutwédl dbnwnulwu wwppbpwlwt  hwdwlwpgp

hwunhuwund £ wunpwnwnpdunn Ybu wihpwht phpbtn owwhlwlwu wbuwubh
whpnypnd >20 nP  plbnwgdwt Jwpdwt gnpdwlgny L 99% plbnwgdwu
thnfuwlbpwdwi gnpéwlygny:

. 3 ud dtnpnY wnwuduwgywd ns qdwiht wwuwnjwuny 2pswwuinywsd wjwgdnuwhu

Uwunudbpwiht Gpypwnunphsnid untindjwsd dhonlyubph dhole nitwlwihu Yuwwp
Uywuwnnd  twunébnpnud  EiEYunpwdwqupuwlwi nwonp ndbinugdwt wybih pwt
310" wuquu:
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NMupwgpuwd 1.1-md ubpwdswlwu punypeh wbnblnyegniu £ ubiplujwgynud gbippwpép
hwéwfunigniuubph  hphduwlwu Yhpwnnignwiubph ninpuubph JGpwpbpu,  huswbu
Uwl wnpywd GU hunwly ninnnigyniuutip, pE huswbu Ywpnn Gu dbp Ynndhg twfuwgdywd
L tnpdwpywd hwdwlhwpgbpp  uywuwnbp  dhypnwhpwiht  pudbubipnigjwu
qupgqugdwup b hunbipgyb| mwppbip uwppbppt:

NMuwpwqgpuw$ 1.2-nd funuynd £ unietiph puunpnygyw b dbennubph Yhpwnnysjui
dwupt: Uwuuwynpwwbu dbup oguwgnpdt) Gup QUOPU-u npwbu dhypnwihpwjhu
nwownbph  wpunwwwwybpdwu dbenn nhitlupply sbpnnd ywndwd wynudtb &nnp
nnwitwuhpbint tywwwyny:

ShEYwnphyp 2bpnng Swoyywsd hwnnpnhs dnnp wwwhnynwd £ nwonp pupbjuyjwsd
wnbnwjuwgnu b dwnwqwjpwiht wybh phs Ynpnwwnubip, husp pny) £ wwihu winwhup
wwppbipp oquwgnpdt npubiu: Yupquiynpynn wwpwdtinpbipny dwnwquypwiht wipph
nbgnuwwnp: Quwjws winuhuh dwybplnypwiht wihpubpp hbownejwdp gpgnynwd bu
dnnh wnwugph bBpywjupny plUbnwgyws hwpe wihph oqunipjwdp, Swnwgujpdwl
Ynpnwnubipp dbé Gu: Lwfu, thnpduwlwunpbu nwnwuwuhpyby Gu nhktyunphly otpnnyg
wwwnywd hwnnprhs dnnh dhypnwihpwiht flYwpwlwt dnwnwlw nwownh (UUUY
wpnwwwnlbpnwp  hwppnpjwu dbe 10 9<g  hwbwfunieyudp  Jhypnwihpwiht
twnwqwjpdwlt dwdwiwl: Upryniupubpp ywwnlbpdwsd Gu LY. 1 (b) U (¢} unytu 1.5 dd
wpwdwgdny W h = 11 dd nL h = 25 dd pwpdpnigjudp dnnbiph hwdwn: Ywnbh £ wnbuub,
np UUUh pwotunwdubpp tpyne dnnbiph Gplwiupny niubu npnpwlh udwuniggniuttn:
Uwutwynpwuybu' annbph dnin - wnwowund £ dhwnbuwl nuow, npl np
hwywhwugnygh wbup, wyjw| pwpdpnyeinit niubignn dnnh hwdwp  duwguhuwlwi
nwowh winwhuh pwfunWd wbnh £ onubund dhwiu npnpwlh nbignuwuuwghu
hwéwfunygniuubp  nbwpnd, U &nnh  2onipe  YEunpnuwgwd  wihpwiht  nwownp
uywwnbhnpbu dadwundd E:

LY. 1 (d) gnyg £ wnmwihu UUUh pwtundp wnudh dnnh hwdwn, npp Swdyywd
£ pwpwy dhwwnwpp wnihdbpwhte gipung (nhkjtluphly puthwigbihnyeniup dnn 4 L.
dnnp unyutu £ hus LY. 1 (b)-nud, hull wnihdbpwjht obpnp hwuwnnyeyniup 5 dd E: @nnp
Gpywjupny Ywugniu  wihph nbgnuwbuwiht  gpgndwt U npw  plunyewgpbph
wdpnnowlwt  nwndtwuppnipywt hwdwp  wthpwdbon £ uwlb  nwnwduwuppb)
EiEyunpwlwu  nwownh  pwfunuip: Upnwwwunlbpqus  nwonbph  thnpdwpwpwlwu
wpryntupubipp hwuwnwwnbine hwdwp COMSOL Multiphysics dhowywjpnid hpwlywuwgyb|
£ Gnwguth (3D) iphy wihpwiht plwiht Yeppmsnuygniu, npp hhdujwsd £ apguinp
wwnpbiph dbennh (USU) Ypw: Pninp Gpypwswihwlwu b wihpwiht wwpwdbunpbpu ne
punipwaptipp, huswhuhp U dnunpwiht hgnpniegniup W gpgndwt nkidhdp, (hnght
Unyuophuwynd Gu thnpdp: Uwutwynpwwbu, hwdwlwpgswihtu tdwtwydwu dnnbip
Ubpwnnd £ WR-90 pwg Swypny wihpwuiwp' wwpwdynn hhduwlwu TE dnnny:
Ujhpwwwph pwg dwph W udniph dhole hbnwynpnieniup 5 dd £ Udpnng dnnbip
nowwywinywd £oqunnd, nph o wpnwpht 2bpinp punpdep £onpwbiu nbwjwlw
hwdwdwjubgywsd sbipn’ nuownbph hbnwnwps gpnwp pwgwnbne hwdwp:
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wpryntupnud - blywiinynid E Gpynt nbgnuwlu, npnup  qubund  Eht dhdjwiughg
pwlwlwuht htinnt, husp nwpdunwd £ Gplinyep wybh hnwppphp b wpdtipwynp:

Nupwgpwd 2.3-nud ubpyuyugyb) £ wpryniupubph ptuwpynwp b gnigunpyb| Gu
wmwppbip $hghywlwu defuwuhqdubphtu punpng dnnw) pwgfuywdniyeniuttpn:

huswybiu wpnbu updbg, wu gunid nwnuitwuppgws Yuwqdwéslp niuh wwpg nbup:
Wu phpbuhg Ubplujwgund | quitwsl dtnwnulwu qut’ Yaunpnund wbnunpdwd
dhnwnwlwu dnnny: pynt pwnwnphsubipt £ wwwnpwundws Gu 99%-wung dwpnip
wnuadhg: Hwuph hwuwnygniup  t=100 Jyd k, wpunwpht 2wnwdphnp’ Ri=5 dd &, huy
pwpdpnyeyniup' Hi = 15 dd: @nnh ownwydhnp Ro=0,75 dd k, huly pwpépnygyniup’ Ho=14
dd: Gpynt dnnbipny Ywnnigywdpnid upwug dhol. inwé g htinwynpnigyniup Yuqdnd £ 1.5
dd: Hpwug swihtipp thntuygby Gu thnpdbiph W pqwiht dnnbjuynpdwtu dwdwuwy, huswbu
Uwl nwnwbwuppyb]p G nbgnuwuuh nhpph U wdyhwnnih  hnthnfunyeniubbpp:
Unnbjwynpnwp Ywwnwnpybp £ COMSOL Multiphysics nwnhnhwéwfuniyejwtu dhowywinh
dnnnuyh (RF module) oqunugqwdp  dSU-h  hpdwU Jpw, npwbn  huwpwynp &
nwnwtwuppbip wju hwdwlupgp 9<g wijhpubph dhongny: Jwjht dnnbjuynpdwt dbg
wnudh hwnnppniuwynyywy hwdwnp punnidb) b o=5.9x107 U/J winpdbpp: Twaownp, npp
puyunu £ hwpp Eyunpwduguhuwlwu wihph nbupny, ubplujwgyb) £ npybu gpjwsd
nwow, nph dhe wnlw Gu EEYwpwywu b Jwquhuwlwu nwonbph punwnphsubn:
Thuowpydt) b ouwb EEYunpwywu b dwquhuwlwu nwownbiph nidbnugdwu b gpdwu
Yunpywoéph plwiht wpdbtipubipp (scattering cross section): Pwuh np gnyg £ inpqwsd, np
hwdwlwpgp gnpdnud £ wihpwwnwph wugnwwihu gnunnd (transition zone), npwuhg
hbwlnwd £, np pulunn wihpp Jupnn b dnunwpyytp npytiu hwpe wip: <Gunbwpwn,
dnnbjuwynpdwt wnbuwuyniuhg wiu Yupbh £ hwdwpb npybiv wqun viwpwdp b hwpp
wihph dhongny nwnuwtwuhpb inyju Yugdwslp: 6Y udwu nhunwnpynwip hwuwnwnyb) b
onnud" wquun nwpwdnpnund jwwnwnjwd uhdnywughwubpny, npnug wpryniupubipu
wdpnnontpjwdp hwdpulb| U thnpdwpwpwyuu wpryniupubph htw:

2UOPU-ny thnpénwd plinwd £ wju nbgnuwuutubphg dhwju dkyp, pwuh np Gpypnpnp
wbnwjuwgynd £ dnntiph dhol: Uju pwjwlwupt hbnwynpnigwt Jpw b gquugnud
hunhlwuwnphg (3 dd), b dnnbiph dholt inwd hwwnywdnid fuhuwn njwuhqugywsd k, husp
Ywufund £ npuw wpunwwwunlbpnwdp, pwup np dGnwnuywu quup fypwup nbp |
wnwund wyn dnnh gpgndwu dwdwuwy: Wn huly ywwnbwnny hwdwlwpgp wenwnpyb §
wihpwwwpnud b unwgyt) B wnwyb| 6ogphin uwblnpp. swihndubpp ppwlwtuwgyb) £
ogunwgnndtiiny Rohde &Schwartz ZNB20 484-u: Uju nbwpnid bplnwd Gu win bplhne
ntignuwluubpp, npnup  nhndtp G dnnbwdnpdwt dwdwuwl:  Fhuowpldws
phuwynpynn thnpdwudniph pwpdpnuegniup wybhu &, pwu wihpwwwnh thnpp Ynndp,
wjn huy wwwndwnny k| ogunwugnpdt Gup thnnwjht wuwnbtw, npwbugh wihpwnwpwihu
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MOBCUCAH APTEM

YNYHWEHHAA PEYIMPYEMAA KOMBUHALIMA U YNPABNEHUE MAKPO U
HAHOCTPYKTYPAMU, COCTOAWLNMUN N3 SNEKTPOMATHUTHBIX BOJH U
METADJIEMEHTOB

AHHOTALMA

YHUKanbHas pofb  MeTanoBepxHocTell Kak  3(bheKTUBHbLIX CUCTEM  yrpasaeHus
BOHAMW B HACTOALLEE BPeMA MNONHOCTbIO obocHoaHa. CoBpeMeHHble  MpUMEHeHUA
METANoOBEPXHOCTEN, KOTOpbIE ClyMaT aIbTEPHATUBOK TPaAWLMOHHBIM MUKPOBONHOBbLIM U
ONTUYECKUM MaTepuanam, BKMIOYMAOT yrpasieHue 4acTOTHO-U3OMpaTenbHbIM MOBENEHUEM
MPOXOAALLIMX AN OTPaMEHHbIX BOMH, MAHUMYNALMIO NONAPU3ALMUE N BOMHOBbIM (PPOHTOM,
WAeaNbHOE MOMIOWEHNE, KOOMPOBAHWE, @ TaKMe reHepauyio MOBEPXHOCTHLIX BOJH.
MHorochyHKLUMOHaNLHOCTL MeTanoBepxHOCTell B OCHOBHOM OMpeAenAeTca CTPYKTYPHbIMM
XapaKTEepPUCTUKAaMU UX 3MIeMEHTApHbIX AYEEK (3/1EMEHTOB METaNOBEPXHOCTN), KOTOpPbIE YacTo
obnapator  ocobbiMM  pe3oHaHCHbIMKM  cBolicTBamu.  Kpome  Toro,  cunbrpauma
3MEKTPOMArHUTHbIX BOJH, ABAAIOLLLAACA CTaHAApTHOl onepaumeil B COBPEMEHHbIX cucTeMax
MWUKPOBOMHOBOW, ONTUYECKO cBA3N M 0bpaboTku curHanos, acpchpekTMBHO peanusyetca ¢
MOMOLLLbIO  HaCTOTHO-U3bVpaTenbHON hrnbTpaummM ¢ JUCNEPCUOHHBIMU XapaKTePUCTIKaMK
OTPKEHUA WM nepefadn. DNeKTPOMarHUTHbIA OTKIMK MeTamaTepuaios obycnosneH
pasnnMyHbIMM hakTopaMu, TaKMMM KaKk reoMeTpuyecKkue napameTpbl MeTanoBepXHOCTU W
KOJINYECTBO 3NEMEHTOB, a TaKKe MaTepuarbl, WUCMOJb3yeMblE MPU WX U3TOTOBNEHUU. ITO
BAMAHWE LOCTUraeTcA 3a CYET UMEHEHUA pPasMepoB Pe30HaTOPOB, KOMMYECTBa 3a30POB U WX
B3aMMHOMO PACMONOMEHUA.

Ocobbliii HTepec NpeacTaBNAIOT TaKke MyNbTUIIETHbIE pe3oHaHcbl PaHo. Oum moryT
MPOABAATLCA KaK B PajMOYAcTOTHOM, TaK M B BUAWMOM JAuanasoHe. EctectBeHHo,
MynbTUNAETHble pe3soHaHcbl PaHo pasHoobpasHbl No ceoeli Npupoae. B HekoTopbIx cnyyvasx
OQMH M3 [BYX PE30HaHCOB BO3HMKAeT B pe3ynbTaTe B3aMMOLEWCTBMA nona € JaHHON
KoHdbMrypauueid, Torfa Kak BTOpoil ABAETCA CNeACTBUEM CUILHOrO B3aMMOAECTBNA Memay
KOMMOHeHTamu. YMpasnAemble M HacTpavMBaeMmble Pe3OHaHCbl MOTYT UrpaTb 4pe3BblyaiiHo
Ba¥HYIO pOfib B CMELMAIU3NPOBaHHbIX TMPUIOKEHUAX. YTO KacaeTtca npUMEHMMOCTH,
MOCKONbKY WM3MEPEHMA MPOBOAATCA B CBOOOLHOM NPOCTPAHCTBE, TakUe CUCTeMbl MOTyT
“cnonb30BaTbcA B BECNPOBOAHbBIX CUCTEMaxX CBA3M, B OTJMYME OT MHOTMUX ApPYrux Cry4aes,
rAe KOaKCManbHbI MOPT BO30YMJAET PE30OHAHCHYIO CUCTEMY KOHTAKTHbIM criocobom. B
YaCTHOCTW, B rUrarepLuoBOM [ManasoHe TakaA CTPYKTypa MOMET WCMONb30BaTbCA Kak
nonocosoit unbTp. U3BecTHO, 4T0 NOLOOHbIE CUCTEMbI MEPCMEKTUBHBLI U B OMTUKE U MOTYT
pabotaTb Kak MaNOMOLLHblE [EpEKNIoYaTeNnu WM  CEHCOPbl, YNpaBiAd  3aJepHKy
papuvocurHana.
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B nocnepnue ropbl paspabotka U NpPon3BOACTBO 30MI0TbIX HAHOAWCKOB 3HAYMTENBHO
MPOABUHYNUCE BMEPEn, YTO OTKPbUIO LUMPOKUE BO3MOMHOCTU [NiA MPOEKTUPOBAHWA U
3KCMEPUMEHTANBHOrO UCCNEAOBAHUA Pa3fMYHbIX HAHOPa3MEPHbIX OMTUYECKUX yCcTpoicTe. B
MepByl0 oOuvepefb MOXKHO OTMETUTb MONApU3aTopbl, B paboTe KOTOPbIX OMUCaHHbIE
METaNoBEPXHOCTM  ABNAIOTCA  runepbonuyeckumn u  obnapatoT  aHmsoTponuveid.  Ux
pe3oHaHCHaA NPUPOAA Takke Wucnonblyetca B (POTOMOMUHECUEHTHBIX PErynaTopax u
onTOMEXaHUYeCKUX MaHunynatopax. Kpome Toro, HeauccunaTUBHbIE CBOWCTBA MOMHO
BblAeNMTb bnarogapA aHU3OTPONUU, YTO MO3BONAET MPUMEHATD UX B BbICOKOpa3peLLaroLLen
HaHonutorpacumn. OfHUM U3 ABNeHUiA, NpeacTaBAOLLMX HONbLLON UHTEpeC, TakKe ABNAETCA
onTUYeckaa OUCTabUIBHOCTb, HENUHEHOe ABNEHWE, XapaKTEPU3YIOLLLEE CUCTEMbI C ABYMA
PasNMYHbIMM  COCTOAHWAMW OTKIMKA B  3aBUCMMOCTM OT  HamnpaBneHus U3MeHeHWs
MHTEHCUBHOCTU BXOAHOrO CUrHana. BO3HMKHOBEHME [BYX pasfNMYHbIX COCTOAHUI OTKIMKA
Mpy OJHOM U TOM e BXOAHOM CUrHane CBA3AHO C HenuHeliHOW mMopynAuMeil nokasatens
MpenoMneHna noj, AelCTBUEM MHTEHCUBHOCTU magatoliero ceeta. Heckonbko cpusmuecknx
MEXaHM3MOB  CMOCOOCTBYIOT UM3MEHEHWUIO KOMIIEKCHOTO TMOKasaTend MNpenoMieHns B
3aBUCMMOCTM OT WHTEHCUBHOCTM, HanpuMep HenuHeliHocTb WKeppa, TepmoonTuyeckuit
acpchekt m  pgucnepcuA  cBobOfHbIX HOcuTenell 3apAja, BO3HMKAKOLWAA — BCNeACTBUE
apyxcoToHHoro nornoweHua. B uactHocTn, B adbdpekte HKeppa, Takme HasblBaeMOM
KBaApaTUYHbBIM 2NIEKTPOONTUHECKNM 3chtheKToM, (pyHKLUMOHaNbHAA 3aBMCUMOCTb MOKasaTtena
MPenoMneHna OT  MHTEHCUMBHOCTM  BXOJHOTO CWUrHana oOnpejenAercA  HenuHENHbIM
KoacpcpuumenTom. Upea ynpaeneHua cCBeTOM C MOMOLLbIO CAMOTO CBeTa NEKUT B OCHOBE
CO3A2HWA OMTMYECKUX YCTPOICTB W Halna LUMPOKOEe MpPUMEHEHUE B  OMTUYECKOM
MepeKTFOUEHNN, NOTUYECKUX OMepauuAx, ONTUYeckux LUPOBbIX ycTpolicTBax, obpaboTke
JaHHbIX, XpaHeHUN HdIopMaLMK 1 ap.
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MOVSISYAN ARTYOM

TUNABLE INTEGRATION AND CONTROL OF MICRC AND NANOSTRUCTURES
BASED ON ELECTROMAGNETIC WAVES AND METASTRUCTURES

ANNOTATION

The unique role of metasurfaces as effective wave management systems is now fully
justified. Modern applications of metasurfaces, which serve as an alternative to traditional
microwave and optical materials, include controlling the frequency selective behavior of
transmitted or reflected waves, polarization and wavefront manipulation, ideal absorption,
encoding, and surface wave generation. The multifunctionality of metasurfaces is mainly
determined by the structural characteristics of their elementary cells (metasurface
elements), which often have special resonant properties. In addition, electromagnetic wave
filtering, which is a standard operation in modern microwave, optical communication and
signal processing systems, is effectively implemented using frequency selective filtering with
dispersion characteristics of reflection or transmission. The electromagnetic response of
metamaterials is determined by various factors, such as the geometric parameters of the
metasurface and the number of elements, as well as the materials used in their
manufacture. This effect is achieved by changing the size of the resonators, the number of
gaps and their relative position.

Multiplet resonances of Fano are also of particular interest. They can manifest
themselves both in the radio frequency and in the visible range. Naturally, the multiplet
resonances of Fano are diverse in nature. In some cases, one of the two resonances arises
as a result of the interaction of the field with a given configuration, while the second is a
consequence of the strong interaction between the components. Controlled and tunable
resonances can play an extremely important role in specialized applications. As for
applicability, since measurements are carried out in free space, such systems can be used in
wireless communication systems, unlike in many other cases where the coaxial port excites
the resonant system in a contact manner. In particular, in the gigahertz range, such a
structure can be used as a band-pass filter. It is known that such systems are promising in
optics and can work as low-power switches or sensors, controlling the delay of the radio
signal.

In recent years, the development and production of gold nanodiscs has made
significant progress, which has opened up wide opportunities for the design and
experimental research of various nanoscale optical devices. First of all, we can mention
polarizers in which the described metasurfaces are hyperbolic and have anisotropy. Their
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resonant nature is also used in photoluminescent controllers and optomechanical
manipulators. In addition, non-dissipative properties can be distinguished due to anisotropy,
which allows them to be used in high-resolution nanolithography.

One of the phenomena of great interest is also optical bistability, a nonlinear
phenomenon that characterizes systems with two different response states depending on the
direction of change in the intensity of the input signal. The occurrence of two different
response states with the same input signal is due to the nonlinear modulation of the
refractive index under the influence of the intensity of the incident light. Several physical
mechanisms contribute to a change in the complex refractive index depending on the
intensity, for example, the Kerr nonlinearity, the thermo-optical effect, and the dispersion of
free charge carriers resulting from two-photon absorption. Particularly, in the Kerr effect,
also called the quadratic electro-optical effect, the functional dependence of the refractive
index on the intensity of the input signal is determined by a nonlinear coefficient. The idea
of controlling light using light itself underlies the creation of optical devices and has found
wide application in optical switching, logical operations, optical digital devices, data
processing, information storage, etc.
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