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Swoyywsd dnnh nuwowtipp ubipyuwjwgywsd tu hwdwwwwnwufuwuwpwp LY. 1 (e)-nwd L (f)-
(h)-nud:

Unnbjwynpyws UUUhu hwdwwwwnwufuwunn pwotunwdubpp, npnup ybepwpbpnud
Gu plunmwynpynn thnpdwudnipht ubipyuwjwgywsd tu LY. 1 (e-h)-nwd: “wpbih b nbuut)
wnwuduwhwwny  wbnwowpd  dwybpunypwihu  Ywugnit  wihph  EbGYwpwywu L
dwqUhuwywt pwnuwnphsubiph hwywhwugnygutiph dholi: Lywwbih £ uwl EEYnpwlywu
nwawnh Ynunwlynwiubiph wnlwjnieyntup dnnh gptiph onipg:

Uunpwnuwné £ Juunwpyb wju EpbYunutph huwpwynp gnpduwlwu Yhpwndwup: Uju
nbignuwuuwjht  wwpph  punbgpnwdp  hnfuwugdwt  gdh  hGwn Ywpnn £ pugh
dwytiplniwiht - wihputiph  nbgnuwuuwht  hwwynyejniuutiph  ogunwignpddwu  unp
huwpwynpniegniuttp: “w wubjint hwdwp dbup punpbghup 99-u, npu hpbuhg
ubpywjwgund £ thnfuwugdwu ghd, npp hpdudws £ hwnnpnhs quuwdl dhonyh W
nhtlElupuyw Swoynyph Ypw:

Npwbu 99-Gp thnpdbph dwdwuwly ogunwgnpdyty Gu 0.5 dd dhonyh 2wnwynny
wnuéb qwnpbn, npnup dwélywd Gu 0.25 dd hwuwnipjudp wynihtehiEuwihu stpnny:
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LY. 2: Cunhwwn §9-hu hunbgpugdws hbunwgnudnn 6nnh b ybhuinpwlwt  gwugwiht
ybpnwshsh (U84) phunwynpdwt  Ywnnigywoéph  (a) jnwwuluwpp b (b)  ufubdwu:  (c)
Uhypnwihpwiht wugdwu Sx gnpdwlgh wpdtipubnp wnuék dnnh hwdwn (1.5 dd wpwdwagény b
25 du Gpwpnipjwdp) 2ppwwywinnn nhkGyuphly 2tipnh wwppbp hwunniejniuutph nbwpnw: Uk
hnéd ghdp ubpyuwjwgunut £ hwdwywpgt wnwug wnudt dnnh, wjuhupu dhwju punhwn 99-u:
dbphtu  ubpnhpp gnyg b wwhu Sy dwqugnyuh U nbgnuwbuwht  hwbwfunipjwu
Ywiuqwsnigintup - nhbiywphy  2Gpinp hwuwnngeniuhg: UnnGjuygnpdwu wipryniupubipp
wwwnlybpywsd Bu Yhwnwgdtpny, huy thnpdwpwpwlwu wpryniupubpp' hnd gétipny: Uwnphu
ubpnhpp gnyg £ wwihu hwdwlwpgh pwpnpuynigyuwt b pnnniuwynigywt Yutujwontpiniup
nhEiElwphl 26pnh hwuwnnygyniupg:

YS-nwd unbindynuwd k thnpp 6tinp U ntignuwuuwiht wnmwppp wnbnwnpdnd £ qdhu
ninnwhwjwg  pwgwdpnud  wjuwbu, np $9%h bGpynt hwndwdubph  Ggpbph L
ntignuwuuwiht wwpph YGunpnuh dholt ujwqugnyu  hbinwynpnigyniup wwhwwuh
(1.75dd): 9S-h dnunpwjhtu b Gpwiht wnpubipp dJhwgywsd tiu Rohde & Schwarz ZNB20
Jd8u-hu: Qwithdwtu wpryniupubipp W thnpéh uwpph ufubdwnhy wwnybpp ywnybpgwsd
Gu LY. 2 (a), (b)-nui: Uugdwu Sx gnpdwlhgp, npp pwnyugws £ 3%-hg' dhwgdwsd
guuwdl wynudb dhonyny b wynihdbpwihtu dwoynypeny ntignuwuuwiht wnwpphtu 25 dd
GpYwpnigjwdp, tpp nhkGyunphYy 26pnp hwuwneniup mwwwuynd £ 0-hg (dwpnip
wnhud) dhusk 0.75 dd, gnyg bt wpdwd LY. 2 (c)-nu: Wuwnbin hwdbdwwndwd Gu
thnpédwpwpwwtu wpryntupubipp U pYwjht uhdniywghwubpp:

Nuwpuwgpwd 1.3-nd  putwpydl £ dhypnwihpwiht nwonh  nbgnuwtuwihu
nidinugnidu nt inbinwjuwgnip Yuwwlygyws hwnnpnhs dnnbipny hwdwlwnpgbpnid:

Llwp 3-p gnyg £ wwhu nbgnuwuuubph EGYupwlwu nwonh wdwyhuninp
ninnniejwu  pwofunwubipp, Gpp hwdwlwpgp pwnugws £ Gpbp annbiphg: Uyu
hwdwlwpgnd wihpwjhtu nwawnbph Juppwaghdp hhduwlwunwd hwdwhnius £ nbuwlwu
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LY. 3: Snuwdnp dwybplnypubpp U ujwpubpp gnyg Gu wwihu fGhunpwywu nuownh Ey
pwnuwnphsutiph pwafunwdp Gptip dnntipny hwdwlwpgh hwdwp, npnup hwdwwwwnwufuwunwd Gu (a)
wnwohtu U (b) tpypnpn U (¢} bppnpn Yuingh nbgnuwuuwiht dnnbpht hwdwwywwnwufuwuwpwn
6.37 9<g, 7.50 9&g L 8.03 948 hwbwfunigniuubipht: Gpypwswihwlwt  wwpwdbwpbpp
hwdwwwinwufuwund Gu LY. 1.9-nud gnyg inpdwd wwpwdbiipbphu:

ybpnwnipjwu hhdwt Jpw wpdwsd Ggpulwgnieiniuubph hbn: m=1 dnnh nbwpnid
pninp bipkip dnntipp Lmwwnwuygnwd Bu unyu thnynd, husp hwugbgund £ nhwynjwhu
dwnwqguwjpdwl, npp punipwgnpyntd £ qquih dwnwquypdwl Ynpuinny b nkignuwuuwiht
goh |wjuwgdwdp: m=2 dnnh hwdwp, wnweohu W Gppnpn dnnbipp wwnwuynwd Gu
wwppbp  gnybpnd,  Jdhusnbn . Gpypnpn dnnbpp - wutpwu  ubpnpnud Bu niubund
wpngbiunwi: Uw hwugbigunid £ dwnwqujpdwu pqunpniynjuwiht gndwt, nkgnuwtuwhu
goh Jwyunyejwl tjwqdwu b wihpwiht nwownbph Wywwbh wh:

Nupwgpwd 1.4-nd hwdwnnin dund wdthnthytip Gu dhypnwihpwihtu nwownh hbwn
thntuwgnnn hwnnpnhs dnnh Yypw hpdudwsd denwdwybplunypubph wpryniupubpp:

Qinifu 2-nd ubpYuywgyt) Foquiuwdl  dnwnwlwu  junngusépnd - Swun
ntignuwuutbph  nwnuWtwuppnieniup: Uwutwynpwwbu  hbinwgningtp 5u npwug
wnwowgdwl punypep, dnnw| pw2lujwdnipjwt nbupp b nEgnuwuuubtiph wbupp:

NMNupuwgpuwd 2.1-nd  hwdwnnin  dund 2wpwnpjwd £ wun nbgnuwuuubph

punhwunip punypep U wyjw) futnph npwépp: huswbiu twl hhduwynpwsd k fuunph
wnnhwywunyejniup b ghtnwwu unpnypep:

NMupwgpwd 2.2-nwd ubpyuwjwgyb) Gu nunwiuwuhpynn dbnwlwnnigjudph inbupp
L hbwnwgnunnipjuu dbpnnubpp: Swuwdl dnwnwlwu Yunnigwsdph dby nbinuipnyt
GU dbnwnwlwu énnbp' Jh nbwpnd deYy hwn Yunpnunid, huly dinw nbwpnid Gpyne
anntip Yuwnpnuhg hwjwuwn htnwynpnipjwu Yypw:

Pnpdwpwpwlwu swihnwubipu hpwywuwgyt Gu QUOLU-h dhongnd, npp Ywpnn &
wwwlybpk]  Jdwquhuwlwu nwownp  hwdwubn  hunhnd-wuwg  opupnhg  (PUO)
wwwpwunywsd  hunhyuwnpny:  Wunwdbuwjupy, huswbu  ugbightup,  thnpébipp
Yuuwwnyb) Gu uwl Gpynt dnnbipnyd quitwéal Yugiwabnw: Wu nbiwpnid dnnbjwynpdwu
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wpryniupnwd - Ulwnynud E Gpynt nbignuwbu, npnup quuynd thu  dhdjwughg
pwywywuht hbnnt, husp nupdunud £ Bpunyep wybih htwwppphp W wpdtpwynp:

NMuwpugpw$d 2.3-nd ubpluywgyby b wpryniupubiph puuwpynwip b gnigunnyb) Gu
wwpptip $hghulwu dbfuwuhgdubiphu punpng dnnwy pwotujwdnigyniuubpp:

huswbiu wpnbu upybg, wyu glund nwnwiuwuhpywd Yuqdwalp niuh wwpg nbup:
Uju hpbuhg ubpyuywgund b qutwsl denwnwlwu qut’ Yeunpnunwd mbnunpdwd
dbnwnwlwu dnnny: Gpynt pwnwnphsubpt £ ywwpwunjws Gu 99%-wung dwpnip
wnudhg: Hwup hwunnyeiniup  t=100 dyd k, wpwwpht swnwyhnp' Ri=5 dd Lk, huy
pwpdpniyniup’ Hi = 15 dd: Annh swnwyhnp Ro=0,75 Jd Lk, huly pwpapnigniup’ Ho=14
ud: Bpynt dnnbipny Yunnigywdpnid upwug dholt inwé g htinwynpnigniup Yugqdnwd £ 1.5
ud: Hwug swihbipp thntugbg Gu thnpdbiph W pwiht dnnbjuygnpdwt dwdwuwy, huswbu
Uwl nwnwuwuhpdt) Gu nbgnuwuuh nhpph U wdwhwninh  nthnfungyniubpp:
Unnbwynpnup Juwwpybp £ COMSOL Multiphysics nwnhnhwéwfunipjut dhowdw)nh
dnnnuyh (RF module) ogqunipjudp  USU-h  hhdwu dpw, npwbn  htwpwynp £
nwnwiuwuhpbp wju hwdwlwpgp 9<g wihpubiph dhongny: Gquwjhu dnnbjwynpdwu dbio
wnuéh hwnnpnniuwynipjwu hwdwp punniugb) £ 6=5.9x107 U/d wpdtipp: “Ywowp, npp
puyunu £ hwppe EtYyunpwdwquhuwywu wihph nbupny, ubipluywgyt| £ npwtiu gpdud
nwow, nph dby wnlyw U EGEYwpwlywu b dwqUpuwlwu nwonbph pwnwnphsubp:
Thuowpyyt) b uwb EEyupulwu b dwquhuwlwt nwonbph nidbnugdwu b gpdwu
Yupqwdph pywihtu wndbpubinp (scattering cross section): Lwuh np gnyg L wpws, np
hwdwlwpgp gnpdnwd £ wihpwwwph wugnwwihu gnnnud (transition zone), npwuhg
hGwmun £, np pulunn wippp Ywpnn £ dnnwpyybp nputiu hwpe wihp: <Gnbwpwn,
dnnbtijwynpdwt nbuwuyniuhg wyu Ywnbih £ hwdwpb) npybiu wqun tnwpwsdp b hwpp
wihph dhongny nwunwiuwuhpb) gy Yugqiwédlp: Y tdwu nhunwpyndp hwunwnyb) £
onnu" wqwu nwpwdnipgniund juwnwnpdwd uhdnywghwubpny, npnug wpryniupubipu
wdpnnontejwdp hwdpuyb) Gu hnpdwpwpwlwt wpryniuputiph htiwn:

2UOPU-ny thnpénw Gpunuwd £ wju nbgnuwuuubphg dhwju dkyp, pwuh np Gpypnpnp
wbnwjuwgynd £ énntiph dhol: Uju pwdwlwuht hbnwynpnigjuu Jpw £ gutynid
hunhywwnphg (3 dd), b dnnbiph dholt tnwd hwindwdnid fuhuin Infwihqugywsd £, husp
Jwuund £ npw wpunwwwwnybpndp, pwup np dbnmwnwywu quup Eypwup nbp |
wnwunw wyn dnnh gpgndwt dwdwuwy: Un huYy wywwmbwnny hwdwlwpgp nbnunpyb &
wihpwwwpnw b unwgybi £ wnwydb) dogphin uybynpp. swihnwiubipp hpwlwuwgyb) £
ogwnwgnndtiiny Rohde &Schwartz ZNB20 484-u: Uju nbwpnid Gplnw Gu wjiu  Gpyne
ntgnuwuutbpp, npnup nhwndbp Gu dnnbwydnpdwu dwdwuwly:  Hhwwpywsd
ptunwynpynn thnpdwudniph pwpdpnipniup wybiiht £, pwu wihpwwwph thnpp Ynndp,
wjn huy wwwndwnny k| ogquwgnpdti| Gup thnnwjht wuwnbuw, npwbugh wihpwunwpwihu
dnntipp hwjwuwpwswth tnwpwdybu wihpwwnwph wdpnng wugnwwghu gnunnud:

Llwp 4-p gnyg | vwihu pdwiht dnnbjwynpdwdp unwgywsd bGYyunpwdwgquhuwlwu
(EU)  nwawh  pwptudwdnipjwl  wpryniupubpp:  ElEhupwlwt nuownh - pwptundp
htitnwppphp £ twb wju ywwnbwnny, np wnweht nignuwtuh nbwpnid nwawnp
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LY. 4: Eyunpwywu nwownh purdjwdnipiniup YZ hwpeneniunud (a), (b), dwquhuwywu nwownh
pwofujwdnipiniup XY hwppniginiund (c), (d) , 8.92 9<g (a), () b 9.56 9A<Lg (b), (d)
hwéwfunipniuubinh hwdwn:

nidbinugnwip nhwyt| £ uphdGwphy &nnbph wpunwpht Ynndh Jdpw (LY. 4 (a)), huy
tinynnpn. nbiwpnud” dnntiph dholi (LY. 4 (b)):

NMNupuwgpwd 2.4-nd hwdwnnin Gun wdihnthyl] G quuwél  dGnwnwlwu
dbnwlwnnigwdpnud  dhypnwihpwiht nwowmh gpgndwtu dhongny wnwewgnn bwun
ntignuwuubiph punyep U daluwuhqiubpp:

Quniju 3-nWd nwnwtwuppdlp Bu wbuwublh whpnyenwd Uwungwithwihu
dbnmwwnwnpptiphg  pwnugws  Ywnnigwsdpubph  pwpbwydwd  Ywpguwynpynn
hwdwlygnuiu ni nklwdwpnup:

NMuwpugpw 3.1-nwd ubpwdwywu punyph nbntlwwnynieiniu £ nipynud owyunhlwywu
whpnyeh diwnmwdwytpunyputiph dwuptu: <wdwnnwn pwpwnpyt) b fuunph npduépp b
hpduwynpdby £ npw  wpnhwywunyeniup, htuswybu  twlb bwjuwudt) Gu - giund
Juunwpywsd hbnwgnuinyejuu hhduwywu ninnnipjniuubpp:

Nupwgpw) 3.2-nd dwipwdwut  ubpyujugwd £ wmbuwubh  wnhpnyph
wwppbpwywu hwdwywng, npp hhdudws £ dbnwdwybplnyputiph ypw W hwunhuwuntd
t Ytu wihph phebin:
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LY. 5: (a) x by ninnniggniiubipny, wunpwnuwndws wihpwhtu pwnwnphsubiph hunbuuhynipyniuutipp
L Ynpnwwnubpp, (b) thnpuwlybpuywsd b wuthnihnfu plbinwgnuing  wunpwnwpdywsé  wihputiph
thnytipp W npwtug wwppbpnieiniup (Ywuwsny ubipyywsd gninhtu uwtyinph wju hwindwdu k, npunbin
thnybiph wwppbpnggniup ™ £), () PPS-h b SPU-h uwybhupwy Juppp, (d) PUS-h uwyblupuy
Yuwinpp:

Llwp 5-p gnyg £ wnwihu owywnhdw) tiphpwswthwlwu swihubipny dnnbifh wpryniupubpp:
Llwp 5 (@)-u gnyg bt wwhu x L y ninnnienivubipny wunpunuwpéwsd  wihpubph
huwntuuhynieiniup b wunpwnwpddwt dwdwuwy dwpnwp: Ynnduwyh gpnud sh nhunybg
L htinnbwpwp wyu tipkip pwnwnphsutiph gnudwpp dhon whwp £ hwdwuwp (huh 1-h:
Lhwp 5 (b)-u gnyg £ wwphu thnuwybpyywsd L ulygpuwywt pubnwgning
wunpwnupdwd wihpubph thnybpp W npwug wwppbipnuggniup: Liwp 5 (c)-u gnyg £
wnwihu  pUubnwgdwu thnfuwlybpwdwu gnpdwlygh (PPF) U qdwihu  pUbnwgdwu
wunhbwuh ($RU) Jwppwghdp, huy LY. 5 (d)-u gnyg £ wwhhu hwdwlwpgh
pubnwgdwu dwpdwu gnpdwyhgp (FUS): Ununpwihu Lubpghwih wybijh pwu 80%-n
Jepwnuwpaynud £ npwbiu thnfuwltipugws plbinwgyws wihp, husp jwy wpynip £, huly
woluwwnwupwiht whpnyend Ynpnwntubpp Yuadnd Gu 20%-hg wwlwu: PPS-h L
PUS-h wnnwind wju hwdwlwpgp unyuwbu pwjwlwuhtu gpwydps E, pwuh np PUS-h
dwlwpnwyp 20 np-hg pwnpdp £ wdpnng woluwwmwupwihtu whpnypend wju nupdunw £
hnwwih uwpp U dnwn 100 ud-nud (700-hg 800 ud) PPS-u 99% E: huy Ybpwpbpnud &
thnywijht wwpwdtnpbph Ybpindnpjup, www fuunhpp pwpn £ U wbup £ nhuwpyt
wdyhwnnipwihnyuwiht - hwdwwnbpunnud: <wdwdwju wnbunypjut, shnfuwlbpyyws b
thnfuwltipyyws plubnwgywsd punwnphgutiph dhgle thayuwht tiwppbipnigniup winp k
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hwywuwp (hup nm, npntin n-p wdpnne phy k: Upryniupubiph hhdwu Jpw wyuhwyn £
nwnunw, np nw Ywpnn £ hpwlwuwgytp dhwju dnwn 10 ud skpnind (LY. 5 (b) Yutws
gnwh), npnbin hnywihtu wwppbpniiniup wnwybjwwbu dnin £ m-hu, puwyg Bpp wihph
Gpywpnigjwu wybjwgnip Ynpnwinubinu wybh phs GU nunund, b wju hwugqwdwupny
wwjdwuwynpjws hwdwlwnpgh wpryntuwybwnnip)niup gnpduwlwunid sh ujugnid, hugh
dwuht £ yuynud LY. 5 (d)-nd wwinytipdwd SRU-h Juppp, npu punniunwd £ wndtipubn,
npnup gpbipt hwjwuwp Gu JdGyhu, ufuwd 710 ud-hg L hwunwgh wwwhnyynd k
wdyhwnninubiph hwpwpbipnygnut ni thnywiht wwppbpnigniup:

Nupwgpw)p 3.3-nd dwipwdwutnpbt pwpwnpdws £ owywhlwlwu
phuwnwphnipjwu Gplnyep, npw wnwuduwhwnynyeniiutinp W ophtwswihnieniuttipn:
Luuwnyyt| £ nuynt bwunupbipwubiph nbup niubignn dhontubiph L ng gdwihu phldwu
gnigsny wwwnjwuh Yunnigwdpp: Snyg b wpyt, np Ywupbh £ thnpp hgnpnipniuutipny
unwiw| pwjwlywuhtu pwpnpwly b Yuyntt owyinhhulwu thnfuwugwinhs, npp wtuwwnnid
E fupun npnpwyh huwmbuupynipniuubph nbwpnd  Ywjudwd dhonly - wwwnjw
hwdwlwpgh wwpwdbwpbphg:

Lywp 6-nid wwwlybpyws Gu LGYunpwlywu nwonp unpdwynpwd wdwhunninh
pwatunwip UM-nwd 647 ud Gpyupnieyudp pulyunn hwpe wihph htwn 375 4dwn/ud? b 225
ywn/ud? hunbuuhynipniuubph nbwpnul: Uwuuhyubiph onipg uwhwnwy ujwpubipp gnyg
Gu wwihu EEYwnpwywu nuonh nipnnigyniup: Skuwubih Gu UM-h tpyne wnwppbip
wwqunuwiht dnntp, hwdwwywwwuluwu unnphu b ybphtu hhupbptghuh hwugnygh
nintipp: Vwuuwynpwwbu, hpubing dnunpwiht wihph Gplwpnyeniup 647 ud-nd L
pwndpwgubiiny huwnbuuhynigyniup, wuwmpbwuwpwp thnfub) Gup wwwywuh  phldwu
gnighsp, U hhduwlwt wjwqgqinuwihtu nhwniwjhtu dnnp hwynuynd £ 375 YYw/ud?h dnun,
huswbu gnyg b wipdwd LY. 6 (a)-nui: Ujuwnnbn, pwgh flahupwlwu nwownp' twnbbinph
dbi9 nudtin wwpthwynidhg, bEyunpwlwiu nwownh nidbinugnd tfwwnynd £ uwl UMN-h
ytipht b unnphtu Ggpbipht: Uuwbn wbwnp £ ufuwh niubuwg, np wyu dnnp Yupbph §
nhunwnpyb] npwbu hpduwywu nhwnwihu dnn, pwuh np wju dhwyu £, np nhnynuwd |
gwdp huwnbuuhyniejniuubipnd gdwihu ntidhdnd, tpp Ao = 605 ud: Ujunthtitnlk gpgnnn
nwawh hunbuuhynigywt pwpdpwgdwu nbiwypnd wnwowunw £ dbY wy nkdhd, huswbu
gnyg t wipdwd LY. 6 (b)-nwi: Wu wwgunuwiht dnnp, nph flGYunpwlwu nwownp, pwgh
uwunébinph  opowlwiphg, twlb YLGuwmpnuwgws L wdpnne  wwwnywuh  9nipy,
punipwgnpynd £ gpdwu  wpryniiwdbunigjwu - wlupwppwiht - wulydwdp,  husp
hwunwwnynwd £ UMN-h onipop  EiGYunpwlwu  nwownh  ujwpwiht gdtpnd U Qseat-h
hhuptiptighuwjht  ghyh  dtipht  §ninh - dwdwuwly: UM Ywqgdwdluh  phunwphg
wpdwqwupp  hpduwjwunwd  wwjdwuwynpwd £ uwunbébinph  hwwndwdnid  pwpdp
hgnpnipjwu funnejwdp: Puswbiu b uywuynid bp, unyuhuly wybih nidtin nwownbip Ywupnn
GU wnwowtw| bwunbtinpnul npw jwjunyeniup ujwqgbigutiint hwoyhu:

UM tpypwnwnphsh twunébinph jwjuniypjut wgnbignigyntup ny gdwjhtu owwmhywwu
wpdwqwupp  Ybppnstine hwdwp  dbnph jwjunyeyniup Ypdwnydtp £ dhtse 2 ud b
Yunnigyti b Qsca-h (dwfu wnwugp) U ni-h (w9 wnwugp) uytiyuinpubipp, npnup ptipdws Gu
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LY. 6: Gpynt LEywpwlwu nwonh  unpdwynpwd  wpdbtiputiph  pwofujwodnieniup - UMN-h
punipwgpwlwt  wwagdnuwiht  dnnbph  dnwnpuht (@) 375 Gdw/ud® L (b) 225 Ydw/ud?
hunbuuhynigjwdp dwnwqupdwu nbwpnd: Ujwptbpp wywwnbbpnad Bu byunpwlwt nuownbpp:
GpYynt dnnGjutipnud ujwpubph vwunnwyp unyuu k:

LY. 7 (a)-nud: Fowihtu ntidhdnd wjwqginuwihtu ngnuwup lwwnynu £, Gpp Ao = 628
ud £ wihph' hunbuupynipjwu nidbinugdwdp dhush 10%: Owunhywlwu phunwphinieyniup
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[wjunyzjwdp whpnyenud' dnn 735-745 ud uwhdwuubpnud: Ynpnunubpu wutowt b,
huy 700-800 ud uwhdwuubpnid wunpwnwpdws Lubpghwih 99%-p thnfuwybpwynud E:
Pwgh wyn, hwdwlwpgu niuh wnwybnyenu, npp punpng £ dBwnwdwybpbuubphu.
wulwfu pulunn  whph  wulydwt wulyniuhg, wiu gnyg £ wwhu  pwpdp
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MOBCUCAH APTEM

YNYHWEHHAA PETYIMPYEMAA KOMBUHALMA N YNPABNEHWUE MUKPO U
HAHOCTPYKTYPAMU, COCTOALLINMU N3 SNTEKTPOMATHUTHbBIX BOJTH U
METASJIEMEHTOB

AHHOTALUA

YHuKanbHaA ponb  MeTaroBepxHocTell Kak 3(PheKTUBHbLIX CUCTEM  YrpaBreHUs
BOMHaMW B HacToAWEee BpemMA MONHOCTbHO obocHoBaHa. COBpeMeHHbIe NpUMeHeHnA
MeTaI'IOBerHOCTeﬁ, KOTOpbIE ChyMaT aﬂbTepHaTMBOﬁ TPagnUMOHHbIM MUKPOBONHOBbIM U
ONTUYECKUM MaTepuanam, BKIIOYAIOT yrpaBieHne 4YacTOTHO-M3bupaTtenbHbIM MOBeAEeHNEM
MPOXOAALLMX WIN OTPaKEHHbIX BOMH, MaHUMYNALMIO NMOAApU3auneil 1 BONHOBbLIM (HPOHTOM,
nieanbHoe€ nornoweHne, KoagnpoBaHWE, a TaKKe reHepaunto MnOBEPXHOCTHbIX BOJH.
MHorochyHKLMOHaNBHOCTb METanoBEPXHOCTell B OCHOBHOM OMPEAENAeTcA CTPYKTYPHbIMU
XapaKTePUCTUKaMU UX INEMEHTAPHbIX AYEEK (3ﬂeMeHTOB MeTaﬂOBerHOCTVI), KOTOpbI€ 4acTo
obnapator  ocobbIMM  pe3oHaHCHbIMKM  cBoiicTBamn.  Kpome  Toro,  cunbTpauma
3NEKTPOMArHUTHbIX BOMH, ABMAIOLLLAACA CTaHAapPTHOI onepauueil B COBPEMEHHbIX cuCTEMax
MWKPOBOJIHOBOM, ONMTUYeCKol CBA3N U 0b6paboTkM curHanos, sppekTMBHO peanusyeTca c
MOMOLLIbIO  4aCTOTHO-M3OMpaTenbHON UNbTpaUUU C AUCNEPCUOHHBIMU XapaKTepUCTUKaMK
OTP&KEHUA WM Mepefadn. INEeKTPOMarHUTHbIA OTKAMK MeTamaTepuanos ob6ycnosneH
pasnnMyHbiMM (pakTopamu, TaKMMM Kak FeoMeTpuyeckue napameTpbl MeTanoBepXHOCTU U
KONMNYECTBO 3N1EMEHTOB, a TaKMe mMaTepuabl, UCMOJNIb3yEMbIE MPU UX N3rOTOBNEHUN. 3710
BAVAHME JOCTUraeTCA 3a CYET U3MEHEHUA Pa3MEpPOB PE30HATOPOB, KOIMYECTBa 3a30POB U UX
B3aWMHOIO PacroNOMEHNA.

Ocobblii MHTEpeC NpeacTaBnAIOT TakKe MyNbTUNNETHbIE pe3oHaHcbl PaHo. OHu MoryT
NPOABNATLCA Kak B PagMovacTOTHOM, Tak M B BUAMMOM AuanasoHe. EctectBeHHo,
MYNbTUNNETHbIE pe3oHaHcbl PaHo pasHoobpasHbl No cBoeii npupode. B HekoTopbIX cryyasx
OAWH M3 ABYX PEe30HAHCOB BO3HUKaAET B pe3ynbTate BBaVIMOJJ.eﬁCTBVIH nona c ,D.aHHOﬁ
KoHdpurypaLueid, Toraa kak BTOpOii ABNAETCA CNEACTBUEM CUIbHOMO B3aMMOAENCTBUA MEX Y
KOMMOHEHTaMK. YnpasiAemMble U HacTpaWBaeMble Pe30HAHCbl MOTYT UrpaTb Ype3BblyaiiHo
BaXHYIO PONb B CMELWNaTU3MPOBaHHbIX MNPUNOMEHNAX. YTO KacaeTcAa npPUMEHUMOCTH,
MOCKONbKY WU3MEpeHUA MNPOBOAATCA B CBOOOJAHOM MpPOCTPaHCTBE, TakMe CUCTEMbl MOTYT
UCMob30BaTbCA B HECNPOBOAHLIX CUCTEMaX CBA3M, B OTANYME OT MHOMUX APYruX Clyyaes,
rAe KoaKkcuanbHblii NopT BO30yMAaeT PE30HAHCHYIO CUCTEMY KOHTaKTHbIM criocobom. B
4aCTHOCTW, B TUrarepLoBOM [uanasoHe TaKaa CTPYKTypa MOMET WCMONb30BaTbCA Kak
nonocosoii unbTp. U3BecTHO, 4TO NOJOOHBIE CUCTEMbI NEPCNEKTUBHBLI U B OMTUKE U MOTYT
pabotaTb Kak MalOMOLLHbIE MEpeKNoYaTeNu WAN  CEHCOpbl, YNpaBMAA  3afepMKy
paguocurHana.
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B nocnegrue rogbl paspaboTka M NPOM3BOACTBO 30/0TbIX HAHOAWUCKOB 3HAYUTENbHO
NPOABUHYNUCL BMEPEN, 4YTO OTKPbLINO LUMPOKME BO3MOMHOCTU [JIA MPOEKTUPOBAHWUA U
3KCMEPUMEHTANBHOTO UCCNEA0BaHUA PasNNYHbIX HAHOPa3MEPHbIX ONTUYECKUX yCTpoiicTs. B
MepByl0 oOuepefb MOMKHO OTMETUTb MNONApPWU3aTopbl, B paboTe KOTOPbIX OMMCaHHble
METanoBEPXHOCTU  ABNANOTCA  runepbonuueckumnm u  obnajatoT  aHusotponueit.  Ux
pe3oHaHCHaA MpUpoja TaKk¥e Wcnonb3yeTcA B (hOTOMOMUHECLEHTHbIX perynatopax W
ONTOMEXaHUYECKUX MaHunynatopax. Kpome Toro, HeauccunaTuBHblE CBOWCTBA MOMHO
BbIAENUTb bnarofapA aHU30TPOMNUK, YTO MO3BONAET MPUMEHATb MX B BbICOKOpa3peLUatoLLeii
HaHonuTtorpacmu. OfHUM U3 ABNEHUIA, NpeacTaBAAOWMX BONbLLION NHTEPEC, TaKKe ABNAETCA
onTuyeckaa OUCTabUNIBbHOCTb, HENUHEWHOEe ABNEHWE, XapaKTepu3ylolllee CUCTEMbl C ABYMA
PasNMYHbIMM  COCTOAHUAMM OTKIMKA B 3aBUCMMOCTM OT  HarnpasleHWA U3MeHeHUs
MHTEHCUBHOCTU BXOQHOro curHana. BosHuKHOBeHWE ABYX pa3fMyHbIX COCTOAHMUI OTKAMKA
Mpu OBHOM U TOM M€ BXOAHOM CUrHaNe CBA3aHO C HENWHENHOW MoaynAumeli nokasatens
npenomneHna nop AelicTBUEM MHTEHCMBHOCTM Najatoliero ceeta. Heckonbko cpmsmueckux
MEXaHU3MOB  CMOCOOCTBYIOT ~M3MEHEHWIO KOMMNEKCHOTO ToKasaTena MNpenoMieHna B
3aBMCUMOCTM OT WHTEHCMBHOCTM, Hanpumep HenuHeliHoCTb Keppa, TepmoonTuueckuii
acpcbekT M aucnepcua  cBobOfHbIX HOcuTenell 3apAfja, BO3HMKAlOWAA —BCNeACTBUE
aByxcpotoHHoro nornowleHna. B uyactHocTn, B 3adbpekTe Keppa, Takme HasblBaeMOM
KBaApaTUUHbIM 3NEKTPOONTUYECKUM 3PEKTOM, (PYHKLMOHANbHAA 3aBUCMMOCTb MOKasaTens
NpPenoMneHUas OT WHTEHCMBHOCTM  BXOAHOTO CUTHana OMNpefenAercA  HelUHeNHbIM
KoacpcpuumenTom. Mpea ynpasneHvA CBETOM C MOMOLLbIO Camoro CBeTa JIeMWUT B OCHOBE
CO3AaHMA OMTUYECKUX YCTPOMCTB M Hala LUMPOKOE MpPUMEHEHUE B  OMTUYECKOM
NepeKNtoYeHNN, NOrMYECKUX onepauuax, OnTUYecKnx LMdpoBbix ycTpolicTeax, obpaboTke
JaHHbIX, XpaHeHUN UHdopMaLMKn 1 p.
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MOVSISYAN ARTYOM

TUNABLE INTEGRATION AND CONTROL OF MICRO 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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