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Sesavalli
K

probBemis aqtualloba. Tanamedrove cifrulli da analloguri
eleqtronuli mowyobi Bobebi (kompiuterebi, mobi Buri kavSirgabmu B obis
mowyobi Bobebi da a S) mniSvneBovan rolls asrulleben sazogadoebriv
cxovrebaSi. maT  gareSe warmoudgeneBia  Tanamedrove medicinis,
sakomunikacio sistemebis, sabanko seqtoris da sxva dargebis ganviTareba.

cifrulli da analloguri sistemebis ganviTarebis tendenciebi
miuTiTebs imaze, rom maTi momavali samuSao sixSireebis diapazoni ufro
da ufro mikrotaBlRur (terahrcull da infrawiTell) areSi gadaiwevs. am
diapazonSi standartulli masallebi (naxevargamtarebi da metaluri
zedapirebi) gansxvavebu l Tvisebebs avBenen, kerZod isini metad STanTqgaven
am sixSiris talRebs an xdebian rTullad dasamuSavebe Bi. amis gamo maTi
gamoyeneba mniSvneBovnad SezRuduBlia amitom aqtuaBuri gaxda axali
masa B ebis, struqturebis da midgomebis Zieba. am masallebs zogadad
komp Beqsuri masalebi da aseve metamasa lebi ewodebaT.

rogorc CvenTvis cnobilia, istoriullad kompBeqsur masallebze
moTxovni Beba egreT wodebulli “stellsis” amocanidan daiwyo, rodesac
miznad 1yo dasaxu Bi Segmni Biyo dafena minimaBuri gabnevis ganivkveTiT,
ris Sedegadac igi uCinars gaxdida radarebisTvis samxedro
TviTmFrinavebs.

komp B eqsuri masa ll ebi, zogadad, warmoadgenen xe Bovnur
nivTierebebs, rome Bl Ta eleqtromagnituri Tvisebebi gansxvavdeba maTi
Semadgene Bi nivTierebebis e Beqtromagnituri Tvisebebisgan.

kompBeqsuri masallebis bazaze, kerZod, SesaZlebelia damzaddes
aRniSnull  sixSirull diapazonSi momuSave Bogikuri da integralluri
sgemebi, aseve sxvadasxva elegtronuli mowyobi Bobebi, magaliTad:
sixSirullit Ffilltri, cirkullatori, simZBavreTa gamyofi, simZBavreTa
Semrevi, tal Rgamtari, aseve antenuri struqturebi, rogoricaa mimarTulli
gamosxivebis mgone antena egreTwodebuli TFTazirebuli antena rombis
gamosxivebis mimarTu Beba SegviZlia vcvalloT el eqtronullad.
metamasa B ebis gamoyeneba am mizniT dRes dReobiT metad aqtualuria,
radgan Tanamedrove eleqtronulli mowyobi Bobebis gadasvBla maRal
sixSirull diapazonSi arsebulli Zveli tegno B ogiebis bazaze rTullia da
zog SemTxvevaSi SeuZBebelBi maTi zomebis Semcirebis gamo. Tanamedrove
teqgno B ogiis gamoyenebiT kompBeqsuri masalebis damzadeba SedarebiT
martivia da is ar aris SezRudull'i sixSirulli1 diapazoniT.

unda aRiniSnos, rom arsebobs bunebrivi kompBegsuri masalebi.
magal iTad, bunebrivi kiraBuri garemo, romelic iyo cnobilli jer kidev
XIX saukunis dasawyisidan. termini “kiraBuri” pirvelad gamoyenebu i
igna ui Bian tomsonis mier da niSnavs obieqtis SeuTavseb B obas mis
sarkull anarek@ Tan - aranairi brunviTi da gadataniTi moZraobebiT.
bunebriv kiraBlur obieqtebs warmoadgenen Sagris, aminomJavebis, dnm-s da
organulli polimerebis mo BekuBebi (http://www.complex.mat.ethz.ch). rogorc
wesi, bunebriv kompBegsur masallebs ar gaaCniaT sasurvell sixSirul
diapazonSi pragtikisaTvis saWiro Tvisebebi. amis gamo, zogadad, maTi
gamoyeneba praqtikaSi SeuZBebelia amitomac arsebobs maTi xel ovnurad
miRebis didi moTxovni Beba
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zogadad cnobilia, rom xeBovnuri kompBegqsuri masalla SeiZleba
Seigmnas Tu Cveu Bebriv dielleqtrikSi SeviyvanT gamtari e Bementebisagan
Semdgar samganzomi Bebian periodull mesers [1-6].

Tanamedrove tegno B ogiis ganviTarebiT SesaZBl o gaxda kompBeqsuri
masalebis damzadeba. unda aRiIniSnos, rom aseTi tegno B ogiebi
sagarTve BoSic arsebobs. italliellebTan, amerikeBebTan da espaneBebTan
TananSromB obiT, mimdinareobs Txevadi kristallebis elegtromagnituri
Tvisebebis gamokvBeva optikur diapazonSi, realluri eqgsperimentebis
saSuallebiT [7-16] kerZod, interess warmoadgens optikur diapazonSi
momuSave gadawyobadi organzomi Bebiani da samganzomi Bebiani Ffotonuri
kristallebis miReba Txevadi kristalebis bazaze.

rogorc cnobilia, Totonuri kristali warmoadgens periodul
mesers, rombBis periodi tallRis sigrZis rigisaa elegqtromagnituri
talRis gavrcelleba aseT kristallSi Seesabameba e Beqtronis gavrce Bebas
naxevargamtarSi. magsve B is ganto Bebebis amonaxsni fotonur
kristallebisaTvis aCvenebs rom arsebobs tallRis sigrZis iseTi
mniSvne B obebi, rodesac maTSi talRis gavrcelleba ar xdeba gadawyobadi
fotonuri kristali warmoadgens iseT TFfotonur kristalls, romlis
konfiguracia SeiZlleba Seicvalos gare eleqtromagnituri velis
zemoqmedebiT. aseTi saxis Fotonuri kristallebi did gamoyenebas pou Il oben
optikuri kavSirgabmu B obis sistemebSi.

kv Bevis obieqti da amocanebi. rogorc cnobillia, standatrulli
masa B ebi, rogoricaa gamtarebi, dieleqtrikebi da naxevradgamtarebi,
aRiwerebian zogadad ori parametris saSuallebiT: dielleqtrikulli ¢ da
magnituri u SeRwevadobebiT.

erTgvarovan izotropull diellegqtrikis SemTxvevaSi am parametrebs
gaaCniaT namdvi B 1 mniSne B obebi. maT SeiZBeba gaaCndeT aseve kompHBeqsuri
mniSvne B obebi, rasac aqvs adgi Bi, magal iTad danakargebis mgone garemoSi.
zogadad, anizotropulli garemos SemTxvevaSi, dielleqtrikulli da
magnituri SeRwevadobebi warmoadgenen tenzorull sidideebs, magaliTad
pBazmis da damagnitebulli Teritis SemTxvevaSi. aseT garemoSi kavSiri
indugciis veqtorebsa da daZabu Bobis veqtorebs Soris Semdegi saxiT
Caiwereba:

D =¢,E,, B=uH,.

CanoTvBiB1 masallebisagan gansxvavebiT kompBegsuri masalebis
aRwera moiTxovs kidev damatebiT or «, S parametrs, romelTac
admitansebi ewodebaT. gasagebia zogadad, rom am OTxive parametrs aseve
tenzorulli buneba SeiZleba gaaCndeT. aseT rTull garemos bianizotropulli
kompBeqsuri garemo ewodeba. am SemTxvevaSi zemoaRniSnulli KkavSiri
gamoisaxeba rogorc

Di=¢,E,+oH,, B=pu,;H,+BE,.

kerZo SemTxvevas warmoadgens biizotropulli garemo, romelSic
oTxive parametrs namdvilli mniSvne B obebi gaaCniaT. am damatebiT
admitansebzea  damokidebull'i IS saintereso  Tvisebebi, rome Inic
komp Beqsur masall ebs gaaCniaT.

warmodgeni | naSromsSi ganixi Beba, drosSi harmoniu B i
eleqtromagnituri talRis difragciisa da gabnevis amocanebi zogierT
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metallo - dielleqtrikull struqturebze. ganixi Beba aseTi strugqturebis
sasrulli da usasrullo SemTxvevebi. Zogadad, strugtura warmoadgens
periodull mesers, romelic moTavsebu Bia dielBeqtrikSi. meseri Sedgeba
mcire eleqtrulli zomebis mgone gamtar e Bementebisagan, romllebsac
garkveul sixSireebze rezonansulli Tvisebebi gaaCniaT. Cveni amocanaa,
aseTi sistemebis elegtrodinamikuri Tvisebebis SeswavBla rezonansul
sixSireebis areSi, rodesac isini kompBegsuri garemos Tvisebebs iZenen.

cnobiBia, rom yovel rezonansull sixSireze TviToeull elementze
aRZrulli denis ampBituda mkveTrad izrdeba. dasawyisSi, maRali
vargisianobis Sedegad rezonansull sixSireze, sistema 1iZens dacemuli
talRis energiis did nawills da procesis damyarebis Semdeg srullad
gadasxivdeba. am dros, sixSiris zrdisas, yove I ganmxo B oebu ll e Bementsac
ki uCdeba axalli miuBevadi speqtraluri komponenti, rac aCens Sori zonis
diagramaSi axall FoTolls. rodesac gvaqvs aseTi e Bementebis erTobl ioba
meserSi, maTi elBeqtrodinamikuri urTierTgmedeba ansamb BSi i1zrdeba da
iwevs denis kidev ufro met gazrdas yovel elementze. aRniSnuli
urTierTgmedeba damokidebuBia agreTve elementebs Soris manZillze,
radgan igi gansazRvravs urTierTgmedebis energiis Tazas. elementebs
Soris manZi Bi1 aseve SeiZlBleba i1yos rezonansulli. aseT movBenas SeiZleba
vuwodoT ormagi rezonansi. rodesac sistema moTavsebu lia dieBeqtrikSi,
moiZebneba srulli sistemis iseTi parametrebi, rodesac aRniSnu i efeqtebi
mkveTrad izrdeba da am dros igi iZens komp Begsuri garemos Tvisebebs.

mesris elementis geometriulli fTorma gansazRvravs, romell Ttipis
kompBeqsur garemos Seesabameba aRebuli struqtura mis rezonansul
sixSireebze. kerZod, marjvena an marcxena kiralB obis mgone elementebis
strugtura dielleqtrikSi Seesabameba kiraBlur garemos; Tu mesris
e Bementi warmoadgens koncentrirebull or Ria rgolls, maSin garkveul
sixSireebze Sesabamis garemos uaryofiTi gardatexis maCvenebe Bi gaaCnia
da a S

zogadad, metad sasurveBlia naSromSi ganxiBulli struqturebis
siRrmiseuli SeswavBa im mizniT, rom SevZBoT imis dadgena, Tu
konkretullad romel kompBeqsur garemos Seesabamebian isini da risi
tolia maTi eleqtrodinamikuri parametrebis (SeRwevadobebis da
admitansebis) mniSvne B obebi. es mogvcems saSuall ebas SemdgomSi amovxsnaT
Sebrunebuli  amocana da kompiuterulli modelirebis saSuallebiT
davamode BiroT sasurveli parametrebis da Tvisebebis mgone kompBegsuri
masaBla. unda aRiniSnos, rom aseTi amocanis gadaWra dResdReobiT metad
rTull probBemas warmoadgens. sagme imaSia, rom e Bementebis periodulli
wyoba dieBeqtrikSi gmnis miRebu i1 struqgturis anizotropias, ris gamoc
misi oTxive elegqtrodinamikuri parametri tenzorull xasiaTs 1iZens.
Sesabamisad izrdeba ucnobi parametrebis raodenoba, romeBic am
SemTxvevaSi, zogadad aris 4x3x3=36. gamosavalli aseT rTull SemTxvevidan
SeiZleba iyos, Tu davarRvevT elementebis periodullobas dieleqtriksSi,
iIse rom yovell maTgans damoukidebeBi orientacia da mdebareoba gaaCndes.
masin maTi raodenobis gazrdis Sedegad SesaZBloa  saZiebeli
el egtrodinamikuri parametrebis gasaSvaloeba. zogadad damtkicebulia,
rom aseTi saxis struqtura unda Seesabamebodes biizotropull kompBeqsur
garemos, romelB Sic kavSiri indugqciis da daZabu Bobis veqtorebs Soris
SedarebiT ufro martivad gamoisaxeba:
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5:(8+uaﬂ)é+iuaﬁ, B=—iufE+uH.
kerZo SemTxvevaSi, Tu srulldeba piroba a=-8 maSin garemos telegenis
garemo ewodeba. Tu a =0, maSin garemos kiraBuri Tvisebebi gaaCnia
miuxedavad aseTi gamartivebisa, am SemTxvevaSi Cndeba axalli

prob Bema. sagme imaSia, rom e Bementebis raodenobis aseTi gazrda 1Txovs
ricxviTi gamoTv Bebis dros metismetad did kompiuterull resursebs.

kv Bevis mizani. kompBeqsuri masallebis elBegtrodinamikis ZiriTadi
mizani, pragtikis TvallsazrisiT, ndgomareobs:

1. xeBovnuri kompRegsuri masallebis Tvisebebis SeswavBaSi, maTi
pragtikaSi gamoyenebis mizniT.

2. imis dadgenaSi Tu ramdenad SesaZBebelBia sasurveli Tvisebebis
mqone kompBeqsuri masalebis damzadeba, romel@nic imuSaveben sasurvel
sixSirull diapazonSi.

mocemu Bi1 sadisertacio naSromi wamroadgens erTerT etaps am
zogadi miznebis misaRwevad. masSi ganixi Beba ramodenime saxis metall o-
dielleqgtrikulli strugtura da xdeba maTi Teoriulli anaBizi. Semdeg,
kompiuterulli modelirebis saSuallebiT xdeba maTi Tvisebebis (kirall oba,
uaryoTiTi gardatexa da a S) gamokv Beva.

kompiuterulli modelireba da ricxviTi eqgsperimentebi win unda
uZRvodes reallur egsperiments, sistemis optimaluri parametrebis
dasadgenad. amasTanave aseTi ricxviTi egsperimenti aris bevrad ufro
advi b1, moxerxebu i da ar aris dakavSirebulli did xar gebTan.

unda aRiniSnos rom am mimarTu BebiT muSaobisas miRebu B i1 Sedegebi
aprobaciis mizniT wardgenil igna sansjelod konferenciebze MMET 2010,
DIPED 2012 da maT dadebiTi Sefaseba daimsaxures. amis Semdeg aRniSnulli
Sromebi miRebul igna dasabeWdad JurnaBSi “Journal of Communications
Technology and Electronics” da aseve saberzZneTSi, JurnallSi “Journal of Applied
Electromagnetism”.

probBemis Tanamedrove mdgomareoba. 1967 wels vigtor vesellagom
gamoagveyna Sroma, romeBSic aRniSna, rom Tu garemos elleqgtrull da
magnitur SeRwevadobebs gaaCniaT wuaryofiTi mniSvne B obebi, maSin aseT
nivTierebas egneba uaryofiTi gardatexis maCvenebBi [17]. marTHRac, Tu

ganvmartavT gardatexis koeFficients rogorc n=+e/u da davuSvebT, rom

e=—¢', p=-u', masSin miviRebT n=+-¢'J-u' =i?Je'\Ju'=-n". aseT garemoSi
talRis elleqtrulli, magnituri da gavrcelebis mimarTulebis veqtorebi
gmnian marcxena brunvis sistemas. pirve 11 uaryofiT indegsiani nivTiereba
Seigmna 30 wHiT gvian, mas Semdeg rac smitma Segmna rezonatorulli meseri.
dResdReobiT radiofizikaSi sull ufro da ufro did interess
Iwvevs aseTi struqturebis da zogadad, komp Begsuri masall ebis gamoyeneba,
radgan maTi saSuallebiT SeiZBeba unikaBuri Tvisebebis mgone sistemebis
Segmna. kerZod, did interess iwvevs iseTi sistemebis Segmna romelnic
iyeneben bianizotropulli da kiraBuri garemoebis Tvisebebs. kiraBuri
masalebis Teoriulli gamokvBeva maTematikuri TFizikis meTodebiT
warmoadgens metad mniSvneBovan da saintereso amocanas. SeiZleba
ganoyofi 0 ignas aseTi amocanebis ori kBasi: 1. speqtraluri amocanebi,
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rodesac gamosakv Bevia kiralluri masa l ebis bazaze miRebu R i
rezonatorulli  sistemebi. 2. aRznebis sawyis-sasazRvro amocanebi,
romBebSic SeiswavBeba kiraBluri masallebis bazaze Segmni B1 sxvadasxva
talRgantari sistemebis aRznebis procesebi da elegtromagnituri
tall Rebis gavrce B eba aseT sistemebSi.

zogadad, kompBegqsuri masallebis elegtrodinanikaSi  SeiZleba
gamoyofi ignas ori ZiriTadi amocana: 1. Sebrunebuli amocana, rodesac
moiTxoveba xeBovnurad 1ignas miRebuli1 sasurveli eleqtrodinanikuri
parametrebis (SeRwevadobebis da admitansebis) mgone strugqtura 2
pirdapiri amocana, romelic mdgomareobs 1imaSi, rom strugturaze
difragciis da gabnevis amocanis amoxsnis safuZvellze dadgindes misi,
rogorc kompBegsuri masalis eleqtromagnituri Tvisebebi (kirall oba,
uaryoFfiTi gardatexa da a. S.).

CvenTvis cnobi Bia msofBioSi ramodenime jgufi, romeBnic atareben
Teoriull da egsperimentalur kvBevebs ganxiBlull dargSi. kerZod,
arsebobs aseTi jJgufi TineTSi - helsinkis tegno B ogiur univesitetsSi,
kanadaSi [2], beBorusiaSi [3], SveicariaSi, SvedeTSi [4], ruseTSi -
peterburgis tegnikur universitetSi, moskovSi, radiotegnikis da
e Begtronikis institutSi [18, 19], aSS - pensi Bvaniis universitetSi [1, 20-39],
arsebobs aseve ggutfebi ing B isSi, safrangeTSi, da germaniaSi.

miuxedavad imisa, rom komp Beqsuri masallebis gamokv Beva gamoyenebiT
elBlegtrodinamikaSi  ukve aTwBeulls aRwevs, dRemde ar arsebobs
dasrullebulli  Sesabamisi analitikuri Teoria, ris gamoc aseTli
strugturebis gamokv Beva xdeba ricxviTi meTodebiT gamoTvRiTi Fizikis
da kompiuteru i modelirebis saSuallebiT.

Catarebuli kvBevis siaxBe sadisertacio naSromis siaxles
warmoadgens:

1. damxmare gamomsxiveb Bebis meTodis ganviTareba da misi gamoyeneba
sxvadasxva metall o-dielBeqtrikulli1 strugturebis gamosakv Bevad. usasrullo
periodulli strugturebis SemTxvevaSi miRebullia periodulli grinis
Tunqcia, romeBic am SemTxvevaSi damxmare gamomsxivebelBis velis rolls
asru llebs.

2. Segmni 01 programu B 1 paketi, rome B Sic arsebobs ramodenime saxis
mesris elementis da dieleqtrikis Formis SerCevis saSualleba programaSi
arsebobs SesazBlebBoba vcvaloT struqturis rogorc geometriuli
parametrebi, aseve dieleqtrikis SeRwevadobebi. amasTanave, paralleBlurad
mowndeba TviT aBgoriTmis sizuste. maSasadame SesaZll oa sakmaod farTo
kBasis metalo-dieleqtrikulli struqturebis modelis Segmna da maTi
testireba winaswar arCeulli sizustiT.

Segmni B1 programu i paketi warmoadgens rogorc saswavBo, aseve
samecniero saSuallebas. rogorc saswavB o saSualleba, igi xels Seuwyobs
aRniSnu 1 TematikiT dainteresebull studentebs intuiciis gamomuSavebaSi,
codnis miRebasa da ganmtkicebaSi. rogorc samecniero saSualleba, igi
daexmareba am dargSi momuSave yveBa mecniers metalBlo-dieleqtrikulli
strugturebis Tvisebebis SeswavBaSi da maTi parametrebis optimizaciSi.
amasTanave, 1igi SeiZlleba wardgenill ignas sxva universitetebSi da
samecniero kvBeviT institutebSi
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3. kasinis elementis ganxilBlva naSromSi SeswavBilBia eqvsi
gansxvavebu B1 Formis mesris elementi. esenia gamtari monakveTi, gamtari
Ria rgoli, ori gamntari koncentrirebulli Ria rgoli, gantari spirali,
gantari Q- elementi da gamtari kasinis eBementi. naSromSi [30] ganxi Bull
igna tal Rgantarulli1 amocana, rodesac tall Rgamtaris ganivi kveTi kasinis
ovalls warmoadgens. kasinis elementis ganxiBva kompBeqsuri garemos
mode Birebis mizniT, warmoadgens sadisertacio naSromis erTerT siaxles,
radgan rogorc CvenTvis cnobiBia, igi am mizniT araa gamoyenebu Bi sxva
mkv BevarTa mier. am elementis gamokvBevam gviCvena, rom mas gaaCnia
rezonansu li1 Tvisebebi FfarTo sixSirull diapazonSi da amitom mis bazaze
miRebull  strugturas aseve unda gaaCndes kompBegqsuri Tvisebebi
sixSireebis FarTo areSi.

kvBevis ZiriTadi ricxviTi meTodi. maTematikuri TFizikis mravali
amocana daiyvaneba wrFfiv araerTgvarovan diferencialur ganto lebande
kerZo warmoebulebSi. aseTi gantoleba =zogadi operatorulli saxiT
Caiwereba rogorc
Cf (x)=9(%),

sadac L warmoadgens wrfiv operators, xoBlo g(x) - cnobill Fungcias.
Ffizikurad, es gantoleba Seesabameba ucnobi f(x) velis povnas, rodesac

cnobi Bia misi wyaroebis g(x) ganawi Beba raime (D) areSi.
rogorc cnobillia, am gantoBebis =zogadi amonaxsni SeiZleba
gamosaxu l  ignas Sesabamisi grinis TFfungciis saSuallebiT, romelic
akmayofi Bebs ganto Bebas
LG(x,y)=5(x-Y),
sadac 6 delta Tungqciaa. grinis TFunqcia Tavisi Fizikuri azriT aris

werti Bovani wyaros mier Segmni Bi1 velBi. sawyisi ganto Bebis aRniSnulli
amonaxsni Caiwereba rogorc
f(x):jG(x,y)g(y)dy.
(D)
grinis fungciis konkretu i1 saxe damokidebu l ia sasazRvro da aseve
damatebiT pirobebze. eBeqtrodinamikis, hidroaerodinamikis, drekadobis
Teoriis da Fizikis sxva amocanebSi ucnobia pirvel rigSi TviT wyaroebis

g(x) ganawi Beba. es ucnobi ganawi Beba SeiZBeba gamowveull ignas, kerZod,
cnobi bi (p(x) zemoqmedebiT (aRznebiT). naTqvams aqvs adgi B, magall iTad
droSi harmoniulli elegtromagnituri da akustikuri tal Rebis difragciis
amocanebisaTvis sxvadasxva oObieqtebze. am SemTxvevaSi (p(X) aRzneba
dacemul tallRas warmoadgens. amocana ixsneba Semdegnairad: daSvebu llia
rom g(y) ganawi Beba cnobilia da iwereba ucnobi gabneuli f(x) velis
zogadi gamosaxu 0 eba

f(x)= jG(x,y)g(y)dy.
()
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aq (F) gambnevi oObieqtis zedapiria iwereba aseve sasazRvro piroba
rome Bsac unda akmayofi Bebdes saZiebeBi veli dacemull velTan erTad
(I') zedapirze:

W ( f =0.
(f(x)+o (1)), =0
ag W sasazRvro pirobis operatoria Tu CavsvavT f(x) Fungciis

gamosaxu Bebas am sasazRvro pirobaSi, maSin ucnobi g(y) ganawiBebis
mimarT miviRebT integralBlur ganto lebas

IWGUJ%ngWNW:—W¢U)
(1)

grinis funqcias (/) =zedapize singularoba gaaCnia, ris gamoc es
integralluri ganto Beba aseve singularullia

imisaTvis rom Tavi avaridoT am singuBarobas, momentebis meTodi
gvTavazobs moyvani B'i ganto Bebis marcxena mxareSi arsebulli integralis
CanacvBlebas wyaroebis diskretulli raodenobis jgamiT, Tumca am
SemTxvevaSi, sasazRvro piroba zedapiris yvela wertillSi ar srulldeba,
rac iwvevs amonaxsnSi did cdomi lebas.

v. kupraZis mier SemoTavazebull igna singuBarobebis acilebis
alternatiuli meTodi [31] am meTodis saSuallebiT sruliad ixsneba

singu Barobis arsebobis probBema (/) zedapirze, ris gamoc misi
gamoyeneba bevrad ufro efeqturia zogadi maTematikuri interpretaciidan
gamomdinare [32], dgm mdgomareobs SemdegSi: kvBav ganvixi BoT f(x)

Tfungciis gamosaxu leba da warmovidginoT 1igi Semdegi miaxBoebulli
mwkrivis saxiT

xe(r)

N

(0= ] 8(x¥)a(3)oy~ 0 (%) 6 (x9,)= 22 6(x ).

(r) =
sadac SemoRebuBia aRniSvna a,=g(y,)dy, es mwkrivi warmoadgens sawyisi
f(x) Funqciis gaSWas grinis funqciebiT sxvadasxva y, argumentebisTvis
da N s gazrdiT nmisi sizuste izrdeba. G(xy,) Fungciebis erToblioba,
rodesac n=12,.., gnnis srull wrFfivad damoukidebe @ sistemas HNebegis L
sivrceSi. v. kupraZis mier damtkicebull igna, rom f(x) fungcia, rogorc
gabneuli veli, analizuria da SeiZlBeba misi anaBlizuri gagrZe leba (F)
zedapiridan. es iZBeva saSuallebas wavanacvBoT y wertilebis zedapiri
(I') zedapiridan garkveuli d manZi BiT. am wanacvBebull y +d zedapirs

damxmare zedapiri ewodeba, xoBl o masze ganBagebull werti Bl ovan anG(x, yn)

wyaroebs - damxmare gamomsxiveb Bebi. maSasadame moyvanili mwkrivis
magivrad SegviZBia ganvixi BOoT mwkrivi

NO=%%GMW+®-
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gaSHis ucnobi a, koeFficientebis gansazRvra, kupraZis Tanaxmad, SeiZ 0 eba

moyvani B1  jamis wevrebis orTogonalizaciis saSuallebiT sasazRvro
pirobebis gamoyenebiT, romeBic garkveull sirTuBeebTanaa dakavSirebulli.

moyvani Bi  gamosaxu Bebis  Tanaxmad, saziebeBi  f(x) Fungcia
warmodgeni Bia cnobiBi1 grinis Tunqciebis jamis saxiT. yovel grinis
TfungciaSi Figurirebs regularizaciis d parametric, romBis arsebobac
uzrunve Byofs maT karg sigBuves da Sesabamisad TviT f(x) Funqciis

sighuves sxeulis (I') zedapirze. agedan gamomdinare moyvani B mwkrivs

kargi krebadoba gaaCnia (/) zedapiris gaswvriv da amitom ucnobi a,

koeficientebis sapovneBlad ufro moxerxebulia koBokaciis meTodis
gamoyeneba. amisaTvis CavsvaT aRniSnulli mwkrivis gamosaxu Beba sasazRvro
pirobaSi. miviRebT:

ianV\A/G(x,yn+d)‘ =-Wo(x)
n=1

Tu moviTxovT am sasazRvro pirobis Sesrullebas (I') zedapiris N
raodenobis sxvadasxva werti BSi (koBokaciis wertiBebSi), maSin ucnobi
a, koefFicientebis mimarT miviRebT wrFiv algebrull gantoBebaTa sistemas

N ~ ~
> aWG(y,, Y, +d)=-We(y,), m=12..,N.
n=1

am ganto BebaTa sistemas ar gaaCnia singuBaroba radgan grinis funqciis
argumenti gansxvavdeba nu Bl isgan maSinac ki, rodesac m=n. misi amoxsna
Semdeg kompiuterulli mode B irebis saSuallebiT xdeba

difragciis amocanebSi, rogorc wesi, ganixi Beba droSi harmoniu ll ad
cv ladi velebi:

xe(I) xe(r)

f(x,t)=f(x)e™,
rodesac drois maxasiaTebelBi cnobilia da aris e''. sawyis operatorul
ganto Bebas am SemTxvevaSi gaaCnia saxe
Af (x)+k*f (x)=g(x)

da warmoadgens dallamberis tal Rur ganto B ebas kompBeqsur FormaSi. mas
aseve araerTgvarovani helmhgoBcis gantoBeba ewodeba. Tu ganixiBeba
organzomi Bebiani amocana, maSin grinis fungciis rolls asrullebs hankelis
Tunqcia

G(x,yn):Héz)(k\/(x—xn)2+(y—yn)2j.

bollo ramodenime whlis ganmav B obaSi, Tsu-s gamoyenebiTi
e leqtrodinamikis WBaboratoriis mkvBevarTa jJgufi muSaobda damxmare
gamomsxiveb Bebis meTodis gaumpobesebaze, raTa Sesazllebeli yoFfiliyo
aRniSnulli meTodiT aseTi amocanebis amoxsna [33, 34]. sxva meTodebisgan
gansxvavebiT, magaB iTad momentebis meTodisgan gansxvavebiT [35], damxmare
gamomsxiveb Bebis meTodis gamoyeneba mkveTrad amcirebs saWiro ucnobebis
ricxvs, iZBeva maRall sizustes da swraf krebadobas. Cvens jJgufSi
ganviTarebulli dgm gaxda mZBavri iaraRi zemoT aRniSnulli probBemebis
Sesaswav B ad.
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miRebu B i Sedegebis samarT B 1anoba. sadisertacio nasSromis
fargBebSi miRebuli ricxviTi eqgsperimentebis Sedegebis marTebull oba
mownmdeba sxeulis zedapirze sasazRvro pirobebis SesrullebiT da aseve
maTi  Fizikuri arsis gaanalizebiT. agreTve, kerZo SemTxvevebSi,
anall izurad miRebu @l SedegebTan SedarebiT.

sadisertacio naSromis mokBe mimoxilva sadisertacio naSronmi
Sedgeba sami Tavisgan. yoveBi Tavi iwyeba amocanis dasmiT da Sesabamisi
maTematikuri aparatis CamoyalibebiT romBis saSuallebiT ixsneba es
amocana. Semdeg moyvani Bia, Sesabamisi ricxviTi egsperimentebis Sedegebi,
rome Inic miRebulia kompiuterulli modelirebis saSuallebiT. yovel
amocanisaTvis SegmniBia progranulli paketi, vromelBSic SesaZzloa
strugturis yvela parametris SecvBla da mravalli saintereso ricxviTi
eqsperimentebis Catareba maRall i sizustiT.

disertaciis pirvel TavSi ganixi Beba droSi harmoniu B 1
eleqtromagnituri talRis difragcia, sasrulli zomebis meserze, romelic
moTavsebu B i1a Tavisufall sivrceSi da Semdeg sasrulll zomebis mgone
dielBeqtrikSi. miRebullia kiralBluri da aseve uaryofiTi gardatexis mgone
struqgturebi. difraqciis amocanasTan erTad ganixi Beba antenuri amocana,
rodesac dacemulli velis wyaro struqturis SigniT imyofeba kerzZod,
napovnia struqturis parametrebi brtyeli diagranmis, kiraluri Tvisebebis
da aseve uaryofiTi gardatexis misaRebad.

meore TavSi ganixilleba btryeli, droSi harmoniulli talRis
difragcia usasrullo orperiodull meserze. orperiodulls vuwodebT
organzonmi Bebian mesers, rome l sac gaaCnia ori periodi
urTierTmarTobulli mimarTuBebiT. ganixiBeba mesris elementis Fornmis
ramodenime SemTxveva. miRebull1a struqturis parametrebis mniSvne B obebi
rodesac i1gi garkveull sixSireebisaTvis srulliad amrekl zedapirs
Seesabameba, an aris srulliad gamwvirvalle.

mesame Tavi exeba brtyeli, droSi harmoniulli talRis difragcias
sistemaze, romellsac gmnis usasrullo orperiodulli meseri da brtyeli
usasrullo diellegqtrikulli fena ganixi Beba ori gansxvavebu B i1 SemTXxveva,
rodesac meseri imyofeba Fenis SigniT da aseve mis max B ob Bad. moyvani Bia
sami maTematikuri meTodi aseTi saxis amocanebis amosaxsne Bad. moyvani B ia
aseve zogierTi miRebul1 ricxviTi Sedegebi.

11
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Tavi |

eleqtromagnituri talRis difragcia Tavisufall sivrceSi da
dieleqtrikSi moTavsebull sasrulli zomebis samganzomi Bebian
periodull meserze

12
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zogadi mimoxi Bva
pirve I1 Tavi Sedgeba sam paragrafisgan:

pirvel paragrafSi ganixileba difragcia meserze, rodesac 1is
Tavisufall garemoSi imyofeba. mesris elementebSi aRZrulli denis
ganawi Beba iZebneba Sesabamis sasazRvro pirobidan.

meore paragrafsSi meseri moTavsebu ll ia sasrulli zomebis
dieleqtrikSi. dielleqtriki SemosazRvrulia gBRuvi zedapiriT da gaaCnia
kompBeqgsuri dielleqtrikuli SeRwevadoba. Sesabamisad mas gaaCnia
danakargebi. aseTi metallo - dielleqtrikulli struqturis Teoriulli
gamokv Beva moiTxovs damxmare gamomsxiveb Bebis meTodebis gamoyenebas.

mesame paragrafSi moyvani Bia Segmni Bi kodis saSuallebiT miRebulli
ricxviTi egsperimentis Sedegebi. ganixilBeba mesris oOTxiI sxvadasxva
rezonansu i1 el ementi. esenia koncentrirebulli ori gantari Ria rgoli,
gantari Q elementi, gantari spiralli da aseve gamtari kasinis e Bementi.
ganokv Beu Bi struqturebis parametrebi mocemu lia dayvani B erTeulebSi,
rac xdis miRebul Sedegebs samarT Bians sixSiris TarTo diapazonSi,
sadac SeiZ B eba gamoyenebu B ignas magsve Bis kBasikuri Teoria

$1.1 elegtromagnituri talRis difragcia sasrulli zomebis meserze
Tavisufall garemoSi

amocanis dasma. ganvixi BoT Tavisufall garemoSi moTavsebulli
sasrull1 zomebis samganzomi Bebiani meseri, rome B ic Sedgeba rezonansulli
Tvisebebis mgone gamtar eBementebisagan (nax. 111). mesris periodi
sakoordinato RerZebis gaswvriv Sesabamisad avRniSnoT rogorc d,, d,, d,.
moxerxebuBlia ganxillull ignas kerZo SemTxveva, rodesac yoveli
sakoordinato RerZis gaswvriv gagvaCnia eBementebis kenti raodenoba
amitom CavTvaBloT, rom elementebis srulli raodenoba meserSi udris

(2N +1)(2M +1)(2P+1), sadac N, M, P Figsirebuli ricxvebia

nax. 111 periodulli meseri

mesris e Bementi warmoadgens mcire dr, radiusis mgone gamtars. unda

aRiniSnos, rom Camoyalibebulli Teoria aris zogadi da amitom araa
dakonkretebulli Tu ra Fforma gaaCnia am elBements. es Teoria SeiZleba
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gamoyenebu B 1gnas sxvadasxva e Bementebis SemTxvevaSi. mesris periodebi
unda aRematebodes misi elBementebis zomebs, iImisaTvis rom ar hgondes
adgi b1 eBementebis urTierTgadakveTas.

ganxi Bul nmesers ecema cnobilli, droSi harmoniullad cvladi,

elBeqtromagnituri tallRa E,(r), H, (F), sadac 7 dakvirvebis wertilis

radiusveqtoria drois maxasiaTebeBia e™'. dacemuli tallRa aCens mesris
yove I elBementSi denis da muxtis ganawi Bebas, rac warmoadgens meoradi
(gabneu 1 velis) wyaros. Cveni amocanaa VvipovOoT denis da muxtis es

ganawi Beba da Sesabamisad difragciis Sedegad mesridan gabneulli ES(F),
H,(F) veli.

amocanis amoxsnis meTodi. mesris centralluri elementis gaswvriv

ganvixi BoT B {Xo: Yor Zo | radiusveqtori. maSin sxva  elementis
radiusveqtori, ronlis nomeria nmp, Caiwereba rogorc T, {x.y,.z,},
sadac

X, = X, +nd,, -N<n<N,

Y =Yo+Md,, -M <m<M,

Z,=12,+ pd,, -P<p<P.

ucnobi gabneull1 veli unda akmayofi Bebdes magsve Bis ganto BebaTa
sistemas da sasazRvro pirobas mesris yoveli elementis zedapiris

gaswvriv:
-N <n"<N,
Epe (T +005 )7 + E, (T, oy + 0T )7, =0, —M <m’'<M, (L11)
-P<p'<P,

sadac 7, erTeulovani tangencialluri veqtoria
gabneuli veli 7 dakvirvebis wertiBSi Sedgeba yoveli elementidan
wamosu 1 ve B ebisgan:

r)= Z Igruﬂ,p(r)’ HS(F): Z l:lnvm,p(r)

nm,p nm,p
an velebis sapovneBad moxerxebullia gamoyenebull ignas potencialebis
meTodi, romBis Tanaxmad ucnobi gabneulli1 veli SegviZlia warmovidginoT

rogorc
E, (F)=—-grade(F)+ioA(T), H, (F) = (1/ u, ) rotA(F),
sadac
A(F)=(1o/47) j Fop )AL o(T)=(Y4re,) Y ja Fmp)dl, (112)
G(F,anp 'k‘"r r"mp‘/r—rnmp K, = /1oty | an'm'p:—(l/a))dln'm'p/dl. (L13)
aq I,,, da o,,, mesris | . elementSi aRZrulli ucnobi denis da muxtebis
,m, p m,p m,p

ganawi N ebaa.
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davyoT mesris yoveli ellementi didi K raodenobis mcire sigrZis
Al segmentebad (j=12,..,K). yove 1 segmenti davaxasiaToT centralluri

n,m,p

Fda . rl kidura wertiNebiT (nax. 1.1.2).

nm,p nm,p ! n,m,p

Al
i i 3 }
\ | J
-+ g H
FF!J,?H,P PTQJ?HJP ?F!Jmp

Nnax. 1.1.2 segmentis geometria mesris e lementSi

segmentebis K raodenoba aviROT sakmarisi imisaTvis rom SegveZ I os
ugu Bebe BvyoT denis | cvililleba yovel maTganis gaswvriv. maSasadame

n,m,p

segmentSi gaedineba mudmivi amp Bitudis |!

n,m,p

CavTvaloT, rom yovel All ]
deni. es SesaZBoa im SemTxvevaSi, Tu am segmentis bo B oebSi imyofeba ori
urTierTsapirispiro niSnis nuxti +q),  da —q!
sadac uwyvetobis ganto Bebidan gamomdinare
iy == (/@) -

naTqvamis gaTvaliswinebiT potenciallebis gamosaxu llebebSi integrireba
mesris e Bementis gaswvriv unda CavanacvBoT gamiT:

integrallisTvis, romelic veqtorulli potenciallis gamosaxu lebaSi
Tigurirebs, miviRebT:

J Vs G (7 o A = D0 8T T ) Al

nmp

skalarull potenciall isTvis mivagcioT yuradReba imas rom TiToeul AIn‘mp
segmentze imyofeba ori muxti. amis gamo unda davweroT

J O' r, nmp) I/a) zlnmp|: (F’ﬁfm,p]_e(r’ﬁ?mﬁ]}:
~(i/®) Zlnm AG(T,EL ).

unda  aRinisnos, rom sasrulli sxvaoba AG(F.7) ) bolNo
gamosaxu BebaSi ar 1icvBleba diferencialiT, radgan aseTi Canacvlleba
gaxdeba samarT B iani elementarulli segmentebis ufro did
raodenobasaTvis, rac modelirebisas moiTxovs kompiuteris gacillebiT
ufro met resursebs.

Tu SevitanT integrallebis miRebul mniSvne B obebs potenciallebis
(1.1.2) gamosaxu 0 ebebSi, maSin gveqgneba:

A(T)=(1/87) > > 11 G (r,rn‘mp)Aln‘mp, o(T)=—(i/4nwe,) > D11} A (r,rnfm,p),

nmp j nmp j
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gabneu K1 velis gamosaxu B eba. veqtoru i da skalarulli
potenciallebis meSveobiT SegviZllia gamovsaxoT ucnobi gabneulli vel i

E, (F)=—-grade(F)+ioA(T), H, (F) = (1/ u, ) rotA(F).
Tu SemovitanT aRniSvnas

G(r.r),)=¢ ol "m"‘(lk r=7i, ‘— /‘r— A
maSin garkveu i gamoTv Bebis Sedegad miviRebT

rotli() u0/4ﬂ zzlnmp (r,rn‘mp)(F—anm‘p)xAE’jm’p,

nmp j

grade (F)=—(i/4nwe,) 3 Y10, A[G(F. 0L )(F -1k ,) ],

nm,p j

A[é(r,ﬁ]fm'p)(F—ﬁfm,p)]=C§(F,ﬁé;,p](F—ﬁf;,p]—é(F’ﬁf;,p](r‘ﬁf;m]'

gabneu l'i veli Semdegnairad gamoisaxeba:

E. (F)=(i/47080) 3 3 1o (KB (Tl )AL S, + A[ G (P, ) (PRl ) |} (125)

nmp |

H, (F)=(Y47) 2 2 00m G (Pl ) (F =T )< ALY (LL6)

nm,p j

, (1.1.4)

sadac

denis ganawi Bebis gansazRvra mesris eBementebSi. denebis ucnobi
| amp B itudebs vipoviT sasazRvro pirobidan, romelsac gabneulli veli

n,m,p

unda akmayofilBebdes yovel Alf » Segmentis gaswvriv. sasazRvro
pirobidan gamomdinare
E, (Ff  p +00 ) ALy = =B (T +075 )- AL

Tu movaxdenT velis gamosaxulebis Casmas am pirobaSi, maSin ucnobi
amp B itudebis mimarT miviRebT wrfiv algebrull ganto BebaTa sistenmas:

zzznmpnmp nm,p Elnc(nmp+dr)A|nkmp’ (1.17)
nmp j
-N<n'<N,
M <m'<M, k=12,..,
-P<p'<P,
sadac
Z”J:anm p’ (I/4ﬂa}80)

{sz( K A6, T )AL A [G(rn R AR AFVIRE AR )}} N (118)
ganto Bebebis raodenoba sistemaSi tolia K(2N+1)(2M +1)(2P+1), rac

udris ucnobi ampBitudebis raodenobas. am sistemis amoxsna kompiuteris
saSuallebiT xdeba, ris Semdegadac ucnobi gabneuli veli (115) da (116)
Tormu Bebis saxiT Caiwereba.
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$1.2 difragcia dieleqtrikSi moTavsebull periodull meserze

amocanis dasma. davuSvaT rom, zemoT ganxi Buli meseri moTavsebull ia
sasrull1 zomebis ¢=¢"+i¢" kompBeqsuri dielleqtrikulli da pg magnituri
SeRwevadobebis mgone dieBeqtrikSi (nax. 1.2.). dieleqgtriki
SemosazRvrullia gluvi S zedapiriT. sivrcis garkveull wertillSi

inyofeba wertiBovani, cnobili eBeqtromagnituri E. (), H, (F) talRis
wyaro. amocanaa VvipovoT difraqciis Sedegad miRebuli veli strugturis
SigniT da gareT. Cven unda ganvixi BOoT ori gansxvavebull1 SemTxveva,
rodesac dacemulli vellis wyaro imyofeba strugturis gareT da mis SigniT.
pirve I SemTxvevaSi, Tu igi Sor manZi Bze imyofeba strugturidan, maSin

gvegneba brtyeBi dacemuli E, (r), H, (F) talRa

wyaro

nax. 121 dielBeqtrikSi Casmulli periodull i meseri

Tu dacemulli velis wyaro struqturis gareT imyofeba, maSin gare

sruli E,(F), H,(F) velBi Sedgeba dacemuli E,(r), H,(F) da
dielBegtrikis S zedapiridan gabneuli ucnobi E (), H,(F) veBebisagan:
Eo (F)=E(F)+ Ee (), Hou (F)=H.(F)+H, (7).
strugturis SigniT srulli E,(7), H,(F) veli Sedgeba mesris mier
gabneul E (F), H,(f) da dieleqtrikis S =zedapiridan SigniT gabneull
ucnob E,(F), H,(F) ve Bebisagan:
E.(F)=E,(F)+E,(F), Hy,(F)=H,(F)+H(F).
im SemTxvevaSi, rodesac dacemulli velis wyaro struqturis SigniT

inyofeba, srulli gare veli warmoadgens mxoBod im ucnob E(7), H,(F)
vells, rome Bsac dieleqtrikis S zedapiri asxivebs:

Eout(r)zél(r)’ Hout(r)zﬁl(r)'
srulli Sida veli anm SemTxvevaSi Sedgeba dacemuli E, (F), H,.(F), mesridan
gabneuli E (), H,(F) da S =zedapiridan SigniT gadasxivebulli E,(T),

H, (F) ve Bebisagan:
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By (F) =B, () + By (M) + Bye (F), Hiy (F) = H, (7)+ H, (F)+ Hie (7).

srulli Sida da gare vellebi unda akmayofiBebdnen sasazRvro
pirobebs diellegtrikis S zedapirze da aseve mesris yoveli elenmentis
gaswvriv.

dieleqtrikis S zedapirze moiTxoveba srulli velis tangencialluri
mdgene Bis uwyvetobis piroba Cven ganvixi BavT difragciis amocanas
samganzomi Bebian strugqturaze da maSasadame, sasazRvro piroba unda
srulldebodes S =zedapiris nebismieri tangenciallis gaswvriv. avagoT am
zedapiris yovel wertillSi ori urTierTmarTobulli erTeulovani mxebi
veqtori 7, da 7,. gasagebia rom Tu sasazRvro piroba srulldeba orive

veqtoris gaswvriv maSin 1is nebismieri sxva tangenciallis gaswvriv
Sesru B deba. naTqvamis Tanaxmad

Ein(rs)'fl = Eout(;)'rl’
Hi (1) 7= Hoy (1), (12.1)
Ein(FS)'TZ = Igout(FS)'TP

l:lin(rs)'fz :Hout(rs,)'fzi
r, dieleqtrikis S zedapiris wertilis radiusveqtoria.
mesris e BementebisaTvis moiTxoveba srulli Sida velis
tangencialuri mdgenelis null Tan to B obis piroba:

Ep (T + 0T )7, =0. (1.2.2)

pirve I SemTxvevaSi, rodesac dacemulli vellis wyaro gareT imyofeba, (12.1)
da (1.2.2) sasazRvro pirobebidan miviRebT'

sadac

meore SemTxvevaSi, anall ogiurad gvegneba
I

S
|:|2('7s)'2'2 1(@)'72+Hs s)'Tzz_Flinc(
E, (T + 05 ) 7y + By (T + 0T ) 7y = =B, (T + 0T ) .

dasmuli amocanis Tanaxmad, unda vipovoT difragciis Sedegad
miRebu 1 vellebi dieleqtrikis SigniT da gareT da aseve unda
davakmayofi B oT (121), (1.22) sasazRvro pirobebi.
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amocanis amoxsnis meTodi. wina paragrafSi igna napovni mesris mier
gabneuBi ucnobi E,(F), H,(F) veli. misi damokidebuBeba ucnobi denis

1., amp Bitudebisagan Semdegi FormuBebiT gamoisaxeba:

E. (F) = (i/4nwe,e) 22|nmp{ G(F ,anm’p)AE’jm’p+A[G(F,ﬁ]fm’p)(F—ﬁ]fm’p)]}, (1.2.3)
=(1/47) D D1 G (P rh ) (F =T, )< AL L (12.4)

nm,p j

sadac

ucnobi E (r), H,(F) da E,(r), H,(F) velebis sapovne Bad gamoviyenoT
damxmare gamomsxiveb Bebis meTodi. amisaTvis dieleqtrikis zedapiris
orive mxridan, Tanabari daSorebiT avagoT ori gBluvi damxmare zedapiri
S S, da ganvalagoT yovel maTganze damxmare wyaroebi. damxmare
wyaroebis raodenoba yovel aseT zedapirze unda udrides wertiBebis im
raodenobas dieleqtrikis S zedapirze, sadac Sesabamisi (1.2.1) sasazRvro
pirobis Sesru B eba moiTxoveba.

damxmare wyarod moxerxebu B ia arCeulli Ignas ori
urTierTmarTobulli kombinirebuli1 dipoBi. maTi saSuallebiT SeiZleba
warmodgeni B1 ignas nebismieri saxis da nebismieri poBarizaciis mgone
veli. an dipolebis polarizaciis veqtorebi, damxmare zedapiris yovel
wertiBSi mivmarToT 7, da 7, tangenciallebis paralleBurad. Sida

in?

wyarobis meSveobiT aRiwereba gare ucnobi E(F), H,(F) veli. gare

danxmare wyaroebi ki aRweren dieleqtrikis SigniT ucnob E,(7), H,(F)

vels.
damxmare wyaros mier gamosxivebulli velBisTvis moxerxebulia

SemoviROT aRniSvna E;jfut(). aqg gvagvs zeda da qveda indegsebi. zeda

indegsebi gviCveneben damxmare wyaros nomers (o, =12,...). pirveli an meore
gveda indeqgsis mixedviT gavigebT romel damxmare zedapirs ekuTvnis es
dipo b1, FrCxi BebSi mdebare indegsi gviCvenebs dipo lis orientacias.
yovel kombinirebull dipoles, damxmare gamomsxivebeBSi gaaCnia
Tavisi ucnobi amp B ituda. amitom, Tu ganvixi BavT (a, [) damxmare wyaros

Sida S, zedapirze, maSin misi vel1 igneba

=a.f (& a.B (¢ Ja.B (¢ a.B (v
A, sty (F)+B, E.n(fz)() A, sHoio) (F)+B,, H.n(fz)()
anal ogiurad, gare S , zedapiris (y, ) wyarosTvis gveqneba
CybE(})/ufrl)( )+D}/(>Et};uf(rz)(_>)’ C, H(})/uf(rl)( )+D,, Houf(rz)(_’)'
aq A,z B,,;, C,, D, damxmare wyaroebis ucnobi ampl itudebia
19

Print to PDF without this message by purchasing novaPDF (http://www.novapdf.com/)



http://www.novapdf.com/
http://www.novapdf.com/

kombinirebu B i dipolis nmier gamosxivebulli velis zogadi
gamosaxu Beba cnobi Bi1a Teoriidan [36]

d E(R)=Ey (R)+ ViotfooeErg (R),  F(R) = Fiy (R)+ itrt/oas Fin (R),
£ (R) = (& aneoe ) (/R ~ik/R7)[ Ry (R, 7 ) -7 | (K/R)(Rox(Rox )

H, (R)=—(iwe" /47 )(1/R? ~ik/R)(7, xR, )
Ereg (R) = (K€" /47 ) (YR ~ik/R)(7peg xRy )

Flsg (R) = (/47 ){(Y/R® =it/ R?) [ 3R, +(Ro Frag )~ Frag | = (K*/R)(Rox(Rox oy )

aqg ﬁo erTeulovani veqtoria, romelic aris mimarTulli dipolRidan

dakvirvebis wertillSi, R warmoadgens manZi Bs dipolsa da dakvirvebis
wertills Soris, xolo 7 dipolis polarizaciis erTeullovani veqtoria

ucnobi E(7), H,(F) da E,(F), H,(r) veBebisTvis gveqneba:

E (F)= [Aa,ﬂéii(ﬁ)(F)JfBa,ﬂéaiifz)(r)] (1.2.5)
ap

ﬁl(F)zaZ’;[AaﬁH“(ﬂ)(r)JrB L ()] (12.6)

E,(F)= [Cmﬁgf()(FﬁD Eguf(rz)(r):|’ 1.2.7)

Hz(F):;[C ngf( )( )+D,, ngf( )(q)} (1.2.8)

maSasadame amocana dayvani Bia damxmare wyaroebis ucnobi A,;. B,;.
C,;» D, anpBitudebis da mesris eBementebSi aRZruli denis ).,

amp B 1tudebis gansazRvraze.

ucnobi amp Bitudebis gansazRvra. A, ,, B,,, C,, D da I = ucnob

amp B 1tudebs gavnsazRvravT (1.21) da (1.22) sasazRvro pirobebidan. Tu am
sasazRvro pirobebSi CavsvavT velebis (1.25) - (1.28) gamosaxu B ebebs, maSin
miviRebT wucnobi ampBitudebis mimarT wr¥fiv allgebrull gantolebaTa
sistemas. Im SemTxvevaSi, rodesac dacemulli velis wyaro strugturis
gareT imyofeba, aRniSnull sistemas egneba saxe

EZ(E7v9).ﬂ_E1(nv ) T1+E (’79)'51:Einc(f7v ){:1,

A B, (T + 0T )- ALY =0,
sadac n, ¢ dieleqtrikis zedapiris wertillis nomeria, romellSic
sasazRvro piroba iwereba (n,9=12,...), k=12,...
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im  SemTxvevaSi, rodesac wyaro Imyofeba strugturis SigniT,
ana B ogiurad miviRebT

n,m',p" T n,m,p n',m’,p'"

E, (Ff g+ 8 ) ALY o+ By (T 0 ) AL = =B (T + T )- AL
an sistemebis amoxsna kompiuteris saSuallebiT xdeba, ris Sedegad
vpou BobT damxmare wyaroebis amp B itudebs da aseve denis ampll itudebs
mesris el ementebis gaswvriv. amis Semdeg vpou B obT ucnob gare da Sida

ve 1 ebs.

$1.3 ricxviTi eqgsperimentis Sedegebi

ricxviT egsperimentebamde, pirvel rigSi, Semowmda Sesabamisi
algoriTmis sizuste da miRebu B i amonaxsnebis krebadoba.

krebadobis da amoxsnis sizustis Semowmeba. damxmare
gamomsxiveb B ebis meTodis gamoyenebisas mniSvne B ovania damxmare
parametrebis optimaBuri SerCeva. damxmare parametrebs warmoadgenen:
segmentis sigrZe mesris elementSi da elementis radiusi dacemulli
talRis 1 sigrZesTan SedarebiT, damxmare zedapiris daSoreba sxeullis

realur zedapiridan, aseve kolokaciis wertillebis raodenoba A2
farTobze. am damxmare parametrebis mniSvne Bobebzea damokidebulli
miRebu B 1 amonaxsnis  krebadoba da sizuste. maTi optimaluri
mniSvne B obebis codna xells uwyobs rTulli strugturebis
e Beqtromagnituri Tvisebebis saTanado gamokv B evas ricxviTi
eqsperimentebis saSuallebiT.

qgvemoT moyvani Bi naxazi (nax. 131) gviCvenebs, Tu rogoraa
damokidebu B1 sasazRvro pirobebis Sesrulleba mesris elementis gaswvriv
koBokaciis wertillebis raodenobaze. gadaxris yvela mniSvne Il oba
danormirebullia magsimaBur mniSvne Bobaze, romeBic miiReba OTXxi
ko B okaciis wertilis SemTxvevaSi tall Ris sigrZeze.

1

0.75

0.5

0.25

nax. 1.3.1 cdomi Bebis damokidebu I eba
ko B okaciis werti lebis raodenobaze
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rogorc am naxazidan Cans, gadaxra sasazRvro pirobis Sesrullebidan
kol okaciis wertillebs Soris mcirdeba maTi raodenobis gazrdisas.
optimaluri damxmare parametrebis Ziebam gviCvena, rom saukeTeso
miax Boveba eleqtrullad wvrill mavTul Tan miiRweva, rodesac misi dr,
radiusi imyofeba 0.034 mniSvne B obis Farg B ebSi.

Semdegi  naxazi (nax. 132) gviCvenebs amonaxsnis magsimaBuri
cdonmi Bebis damokidebulebas n/A sidideze, romelic warmoadgens
ko B okaciis wertilebis raodenobas tal Ris sigrzZeze.

0 e n/a
3 & 9 12 15

nax. 1.3.2 cdomi Bebis damokidebu N eba n/ﬁ, sidideze

iTvleba, rom cdomilleba romelBic Seesabameba romelime konkretull n/i
mniSvne B obas, aris Tanabari mTeli elBementis (mavTulis) gaswvriv. es imas
niSnavs, rom realluri cdomilleba am mniSvneBlobaze ufro nakBebia
magaliTad, cxra koBokaciis wertillis SemTxvevaSi cdomilleba or
procentze nak Bebs Seadgens.

naxazebi 133 a) da b) gviCveneben sasazRvro pirobebis Sesrullebis

sizustes E veqtorisaTvis dielleqtrikis zedapirze, kolBokaciis
werti Bebis sxvadasxva raodenobaze.

600
45
30

15

n/ne
Q 25 1) 49 A
b)

nax. 1.3.3 cdomi Bebis damokidebu B eba ko I okaciis
werti Bebis raodenobaze die Beqtrikis zedapiris gaswvriv

ganoTvlis mrude texilBlia (b)), radgan rTullia mivaRwioT mis

sigluves. 25 kol okaciis wertilli A* FfarTobze gvaZBevs 10% cdoni lebas.
36 wertillis SemTxvevaSi cdomileba 3% Seadgens. aseve, cdomiBeba
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Seadgens mxoBod 1%, rodesac gagvaCnia 64 ko Bokaciis wertilli, rac
Seesabameba rva wertills talRis sigrZeze. dielleqtrikis wiboebi da
wveroebi CanacvBebullia cillindrullli da sferulli zedapirebiT da maTi
(momrgvalebis) radiusia r;=0.031. amave dros, momrgvallebis radiusis es

mniSvne Boba gansazRvravs damxmare zedapiris magsimaBur daSorebas
dielegtrikis realur zedapiridan dielleqtrikis zedapiri ar Seicavs
Cazneqi B nawi Bebs da amitom gare damxmare zedapiri SeiZBeba ignas misgan
daSorebull1 talRis sigrZis rigis manZi Bze. Sida damxmare zedapiris
aRebu B1 daSoreba udris momrgvallebis radiuss. rac Seexeba damxmare
gamomsxiveb Bebs, isini  warmoadgenen hiugensis wyaroebs da maTi
gamosxiveba mimarTu B 1a aRsaweri ve I isaken.

Semdeg moyvaniBlia ricxviTi Sedegebi, rome Bnic miRebullia
zemoaRniSnu i cdomi Bebebis gaTval iswinebiT. es cdomi Beba saSuallod 2-
5% FfargBebSia rezonansulli  sixSireebis SemTxvevaSi cdomileba
matu Bobs, magram 1is ar aRemateba 10%. cnobilia, rom praqtikaSi,
nebismieri TFizikuri sididis gazomva garkveulli sizustiT xdeba amitonm
miRebu B 1 ricxviTi Sedegebi Seesabamebian odnav wanacvBebull parametebis
mgone struqturebs.

yveBla moyvanili ricxviTi Sedegi rCeba samarTBRiani TFarTo
sixSirull areSi, rombBis TarglebSic SeiZleba gamoyenebull ignas
magsve Bis gantoBebaTa sistema. amitom, gamokvBeulli struqturebis
geometriuli parametrebi moyvani Bia dayvanill, tallRis sigrZis
erTeu BebSi.

ganixi Beba rezonansulli elementis oTxi gansxvavebulli forma ori
koncentrirebulli Ria rgoli, berZznulli aso Q Fformis elementi, kiralluri
elementi (spiralli) da aseve elementi, romelsac gaaCnia kasinis mrudis
Torma (nax. 134). yoveli elementi SeiZBeba warmodgenil ignas, rogorc
maRall 1 vargisianobis mgone rxeviTi konturi, romell sac gaaCnia sakuTari
induqtioba, tevadoba da winaRoba.

BEC

nax. 1.3.4 mesris el ementis magaliTebi

ori koncentrirebulli Ria rgolis eleqtrodinamikuri Tvisebebis
gamokv Beva. aqg gamokvBeulia im erTerTi SesaZBlo elementis rezonansulli
Tvisebebi, romelic SeiZBeba ignas gamoyenebuli kompBeqsuri masallis
misaRebad. kerZod, 1iseTi masalis, romelsac uaryofiTi gardatexis
maCvenebe B 1 gaaCnia.
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L&)

&

nax.F1.35 rezonansulli e Bementis geometria

es rezonansulli elementi warmoadgens R da r=05R radiusebis mgone
koncentrirebull or Ria rgolls [37]. orive rgolis Ria seqtori a kuTxes
Seadgens da am seqtorebs urTierTsawinaaRmdego orientacia gaaCniaT (nax.
1.35).

ganxiBull elements ecema brtyeli erTeulovani amp B itudis mgone
tallRa, romelic OX RerZis gaswvriv vrcelldeba da polRarizebullia OY
RerZis gaswvriv. naxazze 136 moyvaniBia gadasxivebulli simZBavris
damokidebu Beba kR=27R/A sidideze or gansxvavebull SemTxvevaSi, rodesac
rgo Bebis Ria seqtoris o kuTxe Seadgens 15° da 30°.

gadasxivebu B'i simZBavre igna  napovni poitingis veqtoris
integrirebiT ganxiBulli elementis garSemo agebulli sferos =zedapiris
gaswvriv. am grafFikis pikebi Seesabamebian rezonansis SemTxvevas, radgan
rezonansull  sixSireebze aRznebuli denis ampBlituda izrdeba da
Sesabamisad i1zrdeba gadasxivebuli1 simZBavre. gansxvaveba gadasxivebulli

simZBavreebs Soris am or SemTxvevaSi Cndeba meore (kR =09.75) da mesame
(kR =12.8) rezonansull sixSireebze.

o gadasxivebul'i simZBavre
1
!‘}ﬁ? dELdELs e h e R e g S SN AL NS RS S EeE S S e S bt e bl A AL E bl b A Al Bkl Bkl B Ey

F60

1.37

0.68 443

nax. 1.3.6 sixSirulli maxasiaTebe i

pirvel1 rezonansis dros gadasxivebulli veli 5 6-Jer ufro
maRall 1a. ag adgi Bi agvs ormag rezonanss, radgan e Bementi or nawi B isgan
Sedgeba. amiT aixsneba is, Tu ratom aris pirveli rezonansi ufro farTo
vidre danarCeni rezonansebi.
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naxazze 137 moyvaniBia ganxiBulli elementis mier gadasxivebuli
ve B is diagrama, rodesac mas ecema rezonansulli sixSiris mgone brtyeli
tall Ra moyvani B ia aseve Sesabamisi parametrebi.

gare rgolis radiusi - R
Sida rgolis radiusi - 0.5R

Ria seqtoris kuTxe - 15°
kR=2.06

nax. 1.3.7 Sori velis diagrama
rezonansul sixSireze

ganxi Bull ellements maRalli vargisianoba gaaCnia. sixSiris cvBlillebiT
rezonansis maxBobBad, SegvBliZBia gavzardoT an SevamciroT denis
anp B ituda gare an Sida rgo B Si. Semdeg naxazze (nax. 13.8) moyvani Bia is
SemTxveva, rodesac ufro maRalli amp B itudis deni aRiZvreba Sida rgo I Si.

1o

1.57

118

0.

0.39

|:| { {
o' 2 m 3miz 2M-oy2

nax. 1.3.8 denebis ganawi Beba e Bementis rgo BebSi
es aseve kargad Cans 139 naxazze sadac moyvani Bia axB o velis ganawi Beba

rezonansull sixSireze a) XO0Z, b) XOY, da g) YOZ sibrtyeebSi. Sida
rgolis garSemo ufro maRalli veli Formirdeba

a) b) 9)
nax. 139 ax Bo velis ganawi Beba a) XOZ , b) XOY da g) YOZ sibrtyeSi
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Semdeg ganxi Bulia aseTi tipis elementebisagan Semdgari periodulli
struqturebi Tavisufall sivrceSi, elementebis gansxvavebu 1 orientaciis

dros (nax. 1310, 13.11).

%g%h ﬁﬁgg

ITRLLT
H“ HH H‘H ”H

by Py By by

nax. 1311 mesris periodebi: d =d,=d, =081,

nax. 1.3.10 mesris periodebi: d, =d,=d, =051,
rgo Bebis radiusebi: R=0.144, r =0.0721

rgo Bebis radiusebi: R=0.084, r=0.041

manZi B1 elementebs Soris Seesabameba ormag rezonanss da elBementebis
raodenobaa 4x4x4. aseTi tipis struqturebi kompBeqsur Tvisebebs
amJRavneben. naxazebi 1312 a) da b) gviCveneben axB o velis ganawi Bebas am

ori gansxvavebu Bi1 strugturis SemTxvevaSi.

nax. 1.3.12 axBo velis ganawi Beba a)
1310 da b) 1311 geometriis SemTxvevaSi
Semdeg moyvani Bia ganxiBulli struqturebis mier gamosxivebulli Sori
ve B is diagramebi (nax. 1313 a) da b)). rogorc vxedavT, orive SemTxvevaSi
miiReba ori didi ZiriTadi FoToli. erT maTgans gaaCnia dacemulli velis
mimarTu Beba, xo B o meore FoTo i Seesabameba uaryofiT gardatexas.

......

v ’ w
i T,
,4"/ T VAR
VO
‘I:";;ii R
?7;/ /f\ Y \Vﬁd
et / Nyt .'\\ W\
D) (]
NN
3 J '
ity . y&;w
ki I ' s
'H{&'! ror ot ‘Q*",
9
)y

.
. tq‘l‘k,y‘
. b (R

Vet N2

a) b)

nax. 1.3.13 Sori velis diagrama a) 1310 da
b) 1311 geometriis SemTxvevaSi

nax. 1.3.14 velis veqtorebis
ganawi Beba sFerull zedapirze
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gabneuli velis polarizaciulli Tvisebebis SeswavBam gviCvena, rom am
ZiriTadi FoT Bebis gaswvriv mas gaaCnia urTierTsawinaaRmdego mbrunavi
po Barizacia (nax. 13.14). es ukanaskneB'i ufro ukeTesad Cans kompiuterull i
animaciis dros.

Q elementis zogierTi elegtrodinamikuri Tvisebebis gamokv Beva.
qveviT moyvani Bia sxva rezonansulli elementis gamokvBevis Sedegebi.
e Bementi warmoadgens wvrill gamtars da gaaCnia berZznulli aso Q TForma
ganixi Beba SemTxvevebi rodesac igi imyofeba Tavisufall sivrceSi da aseve
sasrulli zomebis mgone dielBeqtrikSi. aseTi saxis elementis ganxiBva
sainteresoa imiT, rom mis bazaze SeiZleba Seigmnas mimarTuli
gamosxivebis mgone antenuri mowyobi Boba amasTanave aseTi e Bementi
sainteresoa imitom, rom Tu dacemulli veli poBRarizebulia elementis
horizontaluri “fexebis” gaswvriv, maSin mis momrgvalebul nawi B Si

maRali ampMitudis deni aRiZvreba. es deni aCens maRall H magnitur da

Sesabamisad maRall E elBeqtrull vellebs. es E da H vellebi
urTierTmarTobullni arian. Tu saTanadod SevarCevT Q elementis
parametrebs maSin igi hiugensis gamomsxivebe Bis msgavsi igneba. naxazze
1315 moyvanilia Q elementis geometria da aseve misi parametrebi,
rome Inic iyvnen SerCeullni FarTo sixSiruli maxasiaTebeBis misaRebad

(nax. 1.3.16).
2 10° gadasxivebul'i simZBavre
1
¥ 516
5 f I".
== - - 4
RQ R’—‘A“Ll 339 I|I II'.I II |
e l - ||I E _? g '-,_. I| ||
262 I . 1--eop 4
XU I ! \ I.' |I
- ! ", _|' |I J—
k 1.35
E S 148
I- e Bementis srulli sigrZe 007 __— kl
R =01, R,=0.02I, R,=0.02I, 538 207 10.30 13.50 16.10

L, =005, L, =01, a=nr/12

nax. 1316 gadasxivebulli simZBavris

nax. 1.315 () - e Bementi
damokidebu B eba kl sidideze

da misi parametrebi

Semdeg naxazebze moyvani Bia axBo velis ganawi Beba da Sori velis
diagrama rodesac dacemu i velis wertiBovani gamomsxivebe b1 e Bementis
max Bob Bad imyofeba (nax. 1.3.17, 1318). imisaTvis, rom avaridoT Tavi velis
singu Barobebs elementis gaswvriv, velis daxatvis sibrtye mcire
manZi BiTaa daSorebulli elementis sibrtyisgan. Sori velis diagrama
gviCvenebs, rom gadasxivebu B 1 energiis umetesi nawi Bi1 erTi mimarTullebiT
vrce 1 deba.
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nax. 1317 axB o velis ganawi Beba nax. 1318 Sori velis diagrama
omega e Bementis SemTxvevaSi

Semdeg moyvani Bia gabneulli velis polarizaciis ganawi Beba sferull
zedapirze Sor zonaSi (nax. 13.19). misma analizma gviCvena, rom gabneul
vells garkveuli mimarTullebebiT gaaCnia elifsuri da wriuli
po larizacia

nax. 1319 polarizaciis nax. 1.3.20 Q-e Bementi
ganawi Beba Sor zonaSi dielegtrikulli kubis SigniT

imisaTvis rom miviROT  rezonansi ufro TarTo sixSirul
diapazonSi, Q elementi ganixi Beba ¢ =4 SeRwevadobis mgone die Beqtrikis
SigniT. dieleqtriks gaaCnia gRuvi kubis Fforma (nax. 13.20). dacemulli
ve B is werti Bovani waro am dielBegtrikis SigniT imyofeba

Semdeg naxazze moyvani Bia sistemis mier gadasxivebulli simZBavris
damokidebu Beba Kkl parametrze (nax. 1321). F¥arTo rezonansi Kkl=
mniSvne B obaze aris ormagi, anu warmoadgens rezonanss (2 elementsa da
dieleqtriks Soris. naxazebi 1322 a) da b) gviCveneben axBo velis
ganawi Bebas da Sori velis diagramas. am SemTxvevaSi gamosxivebull vels
ar gaaCnia gamokveTi Bi mimarTu Beba.
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gadasxivebul'i simZBavre

ik
717 T
,---..'_\
552 /
} 4“‘“’"[)’0};‘
[ 48 S
' S22
i
223
05EL 3,54 kl
323 377 431 454 538
b)
nax. 1321 gadasxivebull'i simZBavris
damokidebu Beba kB sidideze nax. 1322 a) axBo velis ganawi Beba,
die Begtrikis SemTxvevaSi b) Sori velis diagrama

Semdeg ganxi Bull igna Q elementebisagan Semdgari samganzomi Bebiani
periodulli meseri, romelic iyo moTavsebulli dieleqtrikSi (nax. 1323).
e Bementebis raodenoba meserSi tolia 4x4x3 da manZi Bi maT Soris udris
4R, sadac R, omega elBementis rgolis radiusia naxazze 1324 moyvani Bia

axBo velis ganawi Bebas XOZ sibrtyeSi. rogorc Cans energiis umetesi
nawi B1 garkveu 1 mimarTu BebiT vrce B deba

/F“‘_;TIZX

iy T

0T 57

[ v it ‘;T.

e

\\§' ///
\QH P

nax. 1.3.23 omega e Bementebisagan nax. 1324 axBo velis
Semdgari meseri dieleqtrikSi ganawi Beba XOZ sibrtyeSi

naxazze 1325 moyvani Bia Sori velis diagramebis Sedareba rodesac
gagvaCnia 1 da 4x4x3 € elementi. gadasxivebuli velis magsimaBuri
mniSvne Boba 4x4x3 elementis SemTxvevaSi gacilebiT ufro metia radgan

yoveli ellementi rezonansSi imyofeba da Sedegad miiReba maTi velebis
superpozicia.

nax. 1.3.25 Sori velis diagrama 1 da
4x4x3 e Bementebis SemTxvevaSi
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spirallebisgan Semdgari metallo - diellgtrikulli struqturebi.
Semdeg gamokvBeulia iseTi strugtura, romelsac SeuzBlia wr¥ivad
polarizebulli tallRa gardagmnas eBifsurad poBarizebull Si. amasTanave
mis mier gamosxivebull vels gaaCnia brtyeli diagrama garkveuli
sxeu Bovani kuTxis TFargBebSi [38, 39] (SedarebiT ufro adre ganxillul
igna aseTi amocanis organzomi Bebiani  SemTxveva [40]). strugqtura
warmoadgens sam spiralls6 romelBnic imyofebian die BeqtrikSi. ganixi Beba
ori SemTxveva: pirvel SemTxvevaSi dieleqtriks gaaCnia cilindris forma
da orive mxridan SemosazRvrulia naxevarsferoebiT. meore SemTxvevaSi
die Beqtriks gaaCnia paralle Bepipedis forma dacemu i velis
kombinirebuli gamomsxivebeBi1 imyofeba strugqturis SigniT erTerTi
spirallis max B ob B ad.

Semdegi naxazi gviCvenebs struqturis geometrias parallellepipedis
fromis SemTxvevaSi (nax. 1326 a)). ag aseve moyvani Bia parametrebis is
mniSvne B obebi, rodesac am strugturas gaaCnia zemoaRniSnuli Tvisebebi
(nax. 1.3.26 Db)).

dieleqtrikulli paralle Bepipedis zomebi X, Y, Z
RerZebis gaswvriv. ax0.25ax0.25a; dielegtrikis

kuTxeebis momrgva B ebis radiusi 0.055a;
dielleqtrikulli SeRwevadoba 4; talRis sigrZe

dieNegtrikis gareT a; spirallis simaRNe 0.18a;
spirallis radiusi 0.09a; manzZi Bi spirallebs Soris
0.32a; spirallebis raodenoba 3; kombinirebuli
dipolis koordinata X RerZze - 043a;
kombinirebuli dipolis polarizacia Y
eleqtrulli dipolisaTvis, Z - magniturisaTvis.

a) b)

nax. 1326 a) struqturis geometria, b) struqturis parametrebi

10° gadasxivebul'i simZBavre

1.00
[\
{1\
0.77 \
[
f \
052 [ B0% =
/ N -
IJII . ll
0.26 / il
000 ka
232 3.45 458 5.78 6.91
a) b)

nax. 1327 a) struqturis sixSirulli
maxasiaTebe B i, b) Sori velis diagrama

naxazze 1327 a) moyvanillia ganxiBulli struqturis mier
gadasxivebu Bi1 simZBevaris damokidebu Beba ka parametrze. am parametris
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moyvani I FfargBebSi, struqturas gaaCnia ori rezonansi. pirveli
rezonansi metad viwroa da amitom interess meore rezonansi warmoadgens,
rodesac ka=6.09. naxazze 1327 b) moyvani Bia Sori velis diagrama meore
rezonansis SemTxvevaSi. ganxiBull1 strugturis mier gamosxivebuli
energiis ZiriTadi nawilli vrcelldeba OX RerZis sawinaaRmdego
mimarTu BebiT.

Semdeg moyvaniBlia Sori velis diagrama or urTierTmarTobul
sibrtyeSi rezonansis dros da aseve mis maxBobBad (nax. 1328 a), b))
mniSvne B obebi danormirebulia magsimaBur mniSvne B obaze. rogorc Cans
ganxi Buli struqgturis mier gamosxivebull vells gaaCnia erTi da Iigive
anp B ituda garkveull kuTxur diapazonSi da am diapazonSi Sori velis
diagrama brtyel ia.

nax. 1.3.28 Sori velis diagrama a) XOY da b) XOZ sibrtyeSi

rezonansull  sixSireebze dielleqtrikSi moTavsebull spirallebSi
aRiZvreba maRali ampBitudis denebi, ris Sedegadac gabneull vels
el ifsuri polarizacia gaaCnia (nax. 1.3.29).

=il

nax. 1329 el ifsurad polarizebulli
tallRa struqturis gareT

Semdeg ganxi Bull igna SemTxveva, rodesac dieleqtriks cillindrulli
Torma gaaCnia. naxazze 1330 moyvani Bia ganxi Bulli struqturis geometria
da misi parametrebis mniSvne B obebi, rodesac mas anaBlogiuri Tvisebebi
gaaCnia.
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dieleqtrikuli cilindris radiusi 0.183l;
dieleqtrikulli SeRwevadoba 4; tal Ris sigrze

dieBegtrikis gareT 0.183l; spiralis
simaRBe 0.27]; spiralis radiusi 0.13;
manZi Bi spirallebs Soris 0.4l; spiralebis

raodenoba 3 kombinirebull'i dipolis
koordinata OX RerzZze: 0.67]; kombinirebulli
dipolis polarizacia Y - elleqtrul

dipoRisaTvis, Z - magnituri dipolisaTvis
a) b)

nax. 1.3.30 a) struqturis geometria, b) strugturis parametrebi

Semdegi naxazi gviCvenebs gadasxivebuli simZBavris damokidebu Bebas Kl
parametrze, sadac | cillindris simaRBea (nax. 1331). ganxiBulli
struqturis Tvisebebi SesawavBilBlia kl=482 rezonansis maxBobBad. aq
aseve moyvani Bia Sori velis diagrama rezonansull sixSireze (nax. 1332).
rogorc Cans gadasxivebulli velis energiis ZiriTadi nawi Bi vrce B deba
garkveu i mimarTullebiT, xoBlo mis sawinaaRmdego mimarTullebiT veli
Tfagtiurad gqreba.

10* gadasxivebull'i simZBavre

1.68

1.10 ¥
4.82

0.53 Id
4.40 4.56 4.72 4.9 5.06
nax. 1.3.31 sixSirulli maxasiaTebe R i nax. 1.3.32 Sori velis diagrama
Semdeg naxazze moyvani B i1a Sori velis diagrama or

urTierTmarTobull sibrtyeSi rezonansis SemTxvevaSi da aseve rezonansis
max BobBad (nax. 13.33). rogorc Cans, Sor zonaSi vells gaaCnia Tanabari
amp B 1tudis mniSvne B obebi garkveul kuTxur diapazonSi da Sesabamisad
sakmaod brtyel 1 diagrama

1.00 1.00

T
b)
nax. 1.3.33 Sori velis diagrama a) XOY da b) XOZ sibrtyeSi
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el

nax. 1.3.34 elifsurad polarizebuma
tallRa struqturis gareT

rezonansis SemTxvevaSi, denis amp B ituda spirallebSi mkveTrad izrdeba da
mTeli strugturis mier gamosxivebull vells elifsuri poBlarizacia gaaCnia
(nax. 1.3.34).

spirallis radiusi 0.2a;
spirallebis raodenoba 8;

spiralis simaR0Be 0.4a
manZi Bi spirallebs Soris 0.5a

a) b)
nax. 1.3.35 a) struqturis geometria, b) struqturis parametrebi

Semdeg igna ganxi Bulli periodulli meseri, romelBic Sedgeba 2x2x2
spiralisagan da aris moTavsebulli gRuvi dielleqtrikulli kobis SigniT,
rombis SeRwevadobaa ¢=4 (nax. 1335). dacemulli velBis kombinirebuli
wyaro imyofeba dielleqtrikis centrSi da asxivebs OX RerZis
sawinaaRmdego mimarTulBebiT. gamosxivebull vells gaaCnia mbrunavi
polarizacia da axBosaa wriullTan. qgvemoT moyvanillia axBo velis
ganawi Beba da Sori velis diagrama marTkuTxa sakoordinato sistemaSi
(nax. 1.3.36 da 1337). rogorc vxedavT, diagramas gaaCnia Il asos forma didi
sxeuBovani kuTxis TFargBlebSi. energiis umetesi nawilli vrcelldeba
mxo B od erT naxevarsivrceSi.
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nax. 1.3.36 axBo velis nax. 1337 Sori velis diagrama
ganawi Beba XOZ sibrtyeSi

kasinis el ementis SemTxveva. ag ganixi Beba SemTxveva rodesac mesris
e Bements kasinis ovallis Torma gaaCnia (nax. 1.3.38) [41, 42]

X

)

nax. 1.3.38 kasinis e B ementi

polarull koordinatebSi am mrudis ganto Bebaa

p(p)= \/c2 cos2¢ ++/a* —c*sin’ 2¢ ,

sadac c¢ Tokusebis Soris manZi Bis naxevaria, xolo a garkveull1 ricxvia

Cven ganvixi BavT SemTxvevas, rodesac srulldeba utoBoba c<a<+2c da
kasinis mruds oTxi gadaRunvis wertill i gaaCnia

aseTi saxis elementis ganxi Bva sainteresoa imiT, rom mas FfarTo
rezonansebi gaaCnia. es xells Seuwyobs Sesabamisi strugturebis
komp Beqsuri Tvsebebis gamov Benas FarTo sixSirull diapazonSi.

erTi elementis SemTxveva brtyeli dacemulli talRis dros. elementi
imyofeba XOZ sibrtyeSi, dacemulli veli warmoadgens brtyell tallRas,
romelic vrcelldeba OY RerZis gaswvriv da gaaCnia orive OX da 0OZ
polarizacia. qvemoT moyvanilli suraTi gviCvenebs aRZrulli denis
danormirebu i1 magsimumis damokidebu Bebas kd parametrze, sadac k
talRuri ricxvia, xolo d warmoadgens kasinis magsimaBur radiuss (nhax.
1.339). aq moyvani Bia ori gansxvavebulli mrudi, romBebic Seesabamebian
eBementis sxvadasxva geometrias (a=101c da a=102c). am mrudebis
magsimumebi miuTiTeben rezonansis SemTxvevas. a koeFficientis umniSvnelo
gazrdam gamoiwvia rezonansis wanacv l eba mar gvniv.
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Current maximum

1
o pemec a=1.01c \
a=1.01C )
0.75
: d——s—z

0.50

)]

4.36

0.25

kd
0.75 3.56 6.39 9.20 12.03

0.00

nax. 1339 gadasxivebulli simZBavris
damokidebu Beba kd parametrze

Semdeg moyvaniBia axBo velis E, komponentis ganawileba YOZ

z

sibrtyeSi da aseve Sori velis diagrama rezonansis SemTxvevaSi, rodesac
kd=4.36, a=1,02c (nax. 1340 a) da b)).

b)

nax. 1340 a) axBo vel is ganawi Beba,
b) Sori velis diagrama

grafikis Semdegi piki maRali rigis rezonanss warmoadgens da Sori velis
diagramas mravalli foToli gaaCnia velis Tvisebebis gamokv Bevam gviCvena,
rom mas e Bifsuri poBlarizacia gaaCnia da el ifsurobis koeficientia 1.25.

erTi elementis SemTxveva rodesac wertilovani dacemulli velis
wyaro masTan axBos imyofeba elBementi kvBav XOZ sibrtyeSi imyofeba mas
ecema X polarizaciis mgone tallRa, romBis werti B ovani gamomsxivebe li
imyofeba wertillSi (0, -3d, 0). qveviT moyvanillia danormirebulli
gadasxivebu b1 simZBavris damokidebu Beba kd sidideze (nax. 1.3.41). moyvani I
TfargBebSi Cven vxedavT or piks, romelnic rezonanss Seesabamebian.
gamokvBeulia orive rezonansi. ag moyvani Blia Sori velis diagrama (nax.
1.342) da axBo velis Ez komponentis ganawi Beba rodesac kd=1.79 (nax. 1.3.43).
rogorc vxedavT, gamokveTiBia energiis gavrcelebis ori mimarTulleba -
OY RerZis gaswvriv da mis sawinaaRmdegod.
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gadasxivebulli simZBavre
1.00

075

0.50

0.23
1.79 262
0.00 kd
149 187 224 262 299
nax. 1341 gadasxivebu i simZzBavris nax. 1342 Sori
damokidebu Beba kd sidideze ve b is diagrama

nax. 1.343 ax B o vell is ganawi Beba

meore SemTxvevaSi, rodesac kd=2.62, diagramaSi SeimCneva bevri FoToli
radgan es ufro maRalli rigis rezonansia

Reflected power

6.17 6.19 6.21 6.23 6.25

nax. 1.3.44 gadasxivebulli simzBavris nax. 1345 Sori
damokidebu Beba kd sidideze ve b is diagrama

Semdeg ganxi Bull igna SemTxveva, rodesac dacemulli velis wyaro
imyofeba (0, -3d, 0) werti BSi da gaaCnia Z polarizacia qveviT moyvani lia
danormirebu i1 gadasxivebuli simZBavris damokidebulleba kd sidideze
(nax. 1.3.44). gamoTv Bebi gviCvenebs, rom X polarizaciis SemTxvevisagan
gansxvavebiT, agq gadasxivebuli simZBavre erTi rigiT ufro maRali

36

Print to PDF without this message by purchasing novaPDF (http://www.novapdf.com/)



http://www.novapdf.com/
http://www.novapdf.com/

gamodis. rogorc moyvaniBli grafiki gviCvenebs, SemTxveva kd=6.195
Seesabameba rezonanss. qveviT moyvani Bia Sori velis diagrama (nax. 1.3.45)
da axBo velis ganawi Beba (nax. 1346) am rezonansis dros. agac
gamokveTi Bia energiis gavrce lebis ori mimarTuleba - OY RerZis gaswvriv
da mis sawinaaRmdegod, Tumca X po Barizaciisagan gansxvavebiT es energia
metad ufro mimarTullia

nax. 1.346 ax 1o velis ganawi B eba

ganieri rezonansis SemTxveva. Tu SevcvBiT kasinis elementis
Tormas, maSin SegviZBia miviRoT ufro ganieri rezonansi. naxazze 1347
moyvani B i1a e Bementis geometria, rodesac mis parametrebs Soris arsebobs
damokidebulleba (a=1.1c). dacemulli velis wyaro imyofeba wertillSi

(4d ,0, 0) .
Current maximuir
100 [----ooremom e et iR
o S
; ; 4.8236 :
e L e
et 025 oo f
G)_.'Eiuc E
k |
0.00 . . : kd:
2.3340 3.3065 4.2790 5.2515 6.2240
nax. 1.347 el ementis nax. 1348 denis magsimumis
geometria damokidebu 0 eba kd parametrze

dacemulli veli vrcelldeba OX RerZis sawinaaRmdego mimarTulebiT
da gaaCnia OZ polarizacia areSi kd=2.3340-6.2240, elements gaalnia
ganieri rezonansi (nax. 1348). Semdeg naxazze moyvaniBia Sori velis
diagrama rezonansis dros (nax. 1349 a)). am SemTxvevaSi vells mbrunavi
poBarizacia gaaCnia (nax. 1349 b)) rac ufro ukeTesad Cans animaciisas.
gabneull vells gaaCNia ori didi TfoToli. axBo velis ganawi Beba
rezonansis dros moyvani Bi1a naxazze 1350.
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nax. 1.350 ax o ve B is komponentebis ganawi Beba

sami e lementis SemTxveva rodesac dacemulli velis wyaro maTTan
axBlos imyofeba ganixiBeba sami kasini Tavisufall sivrceSi (nax. 1351).
dacemulli tallRas X polarizacia gaaCnia da misi wyaro imyofeba
werti BSi (0,-3d, 0).

nax. 1351 strugturis geometria nax. 1352 Sori velis diagrama

erTi kasinis rezonansull sixSireze (kd=1.79) napovnia rezonansu 't manZi ki
maT Soris, rodesac aqvs adgi Bi ormag rezonanss (d2=0.714d). naxazze 1.3.52,
1.353 moyvani Bia Sori velis diagrama da axBo velis ganawi Beba. rogorc
vxedavT, ormagi rezonansis dros gamosxivebu l energias gaaCnia garkveull'i
mimarTu Beba sivrceSi.
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e
S o
S S

nax. 1.354 Sori velis diagrama a) d2=0.04d, b) d2=0.84d

< v v

b)
nax. 1.355 ax Bo velis ganawi Beba a) d2=0.04d, b) d2=0.84d

Z polarizaciis dros, rezonansull sixSireze (kd=6.195) kvHlav
napovnia optimaBuri manZiBi elementebs Soris, rodesac agqvs adgili
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ormag rezonanss. am manZi Bis mniSvne B obaa d2=0.04d da aseve d>=0.84d. qveviT
moyvani Bia Sori vellis diagramebi da axBo velis Ez mdgenelis
ganawi Beba am ori rezonansis SemTxvevaSi (nax. 1354 a), b) da nax. 1355 a),
b)). rogorc vxedavT, ormagi rezonansis dros gadasxivebulli veli ufro
mimarTu B ia.

meseri  Tavisufall sivrceSi. Semdeg ganxillul igna  kasinis
e Bementebisagan Semdgari periodulli meseri (nax. 1356), romellsac OY
mimarTu Bebidan ecema brtyeli, OX da OZ polarizaciebis mgone tallRa
erTi elementis rezonansull  SemTxvevisaTvis (kd=4.36) igna napovni
optimaBuri manZillt (d,=d,=d,=2.09d) elementebs Soris, rodesac aqvs
adgilt ormag rezonanss. naxazze 1357 moyvaniBia gadasxivebuli
simZBavris damokidebu Beba kd parametrze.

Eeflected power

025

led
301

0.00

nax. 1356 mesris geometria nax. 1357 gadasxivebuli sinZBavris
damokidebu Beba kd parametrze

Cven vxedavT, rom wina SemTxvevisagan gansxvavebiT, kasinis a koeFficientis
cvlilebiT rezonansis wanacvBeba ar xdeba. Semdeg moyvaniBia Sori

velis diagrama da aseve axBo velis E, komponentis ganawi leba
rezonansebis SemTxvevaSi, rodesac a=102c, kd =195 da kd =2.75 (nax. 1358
da 1.3.59).

i
Sy

=20y

nax. 1.358 Sori velis diagrama: a) kd =1.95, b) kd =2.75

rezonansis dros, rodesac kd =195, gamosxivebulli veli ZiriTadad
OY RerZis gaswvriv vrce Bdeba Semdegi rezonansis dros (kd =2.75), XOY
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sibrtyeSi gamokveTi Bia gabneulli vebis ramodenime mimarTu Beba. gabneuli
velis kvBevam gviCvena aseve, rom mas gaaCnia eBifsuri polarizacia
el ifsurobis koeficientiT 1.2

nax. 1359 axBo velis ganawi Beba a) kd =1.95, b) kd =2.75

elementi dielleqtrikis SigniT. ganxiBull igna SemTxveva rodesac
erTi kasinis elementi moTavsebulli 1yo =4 SeRwevadobis mgone
dieleqtrikulli kubis SigniT (nax. 1360). dacemuli velis wertillovani
wyaro imyofeba (0, -4d, 0) werti B Si.

nax. 1.3.60 kasinis e Bementi dieleqtrikis SigniT

Semdeg naxazze (nax. 1361) moyvani Bia magsimumze danormirebulli
gadasxivebu 1 simZBavris damokidebu Beba kd parametrze kubis sxvadasxva
b zomis SemTxvevaSi. rogorc vxedavT, am simZBavris magsimaBuri
mniSvne Boba (rezonansi elementsa da dielleqtrikis Soris) mniiRweva
rodesac kd=3.4005 dacemulli velis OX poBlarizaciis SemTxvevaSi. axlo
ve B is ganawi Beba am rezonansis SemTxvevaSi moyvani B ia naxazze 1.3.62.

gadasxivebu i simZBavre
1.00

b=2.80d
0.75 B { e b=2.81d
ine

b=2.78d

e kd
338 3.39 3.40 34 3.42

nax. 13.61 gadasxivebull'i simZBavris
damokidebu Beba kd parametrze
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nax. 1.362 axBo velis ganawi Beba

meseri dielBeqtrikis SigniT. aseve ganxi Bull igna SemTxveva rodesac
sami kasinis e Bementi moTavsebulli ¢=4 SeRwevadobis mgone dieBeqtrikul
paralle BepipedSi (nax. 13.63). manZi Bi eBementebs Soris 1.53d-s Seadgens.
dieleqtrikis zomebia 237dx2.79dx4.87d da SemosazRvrullia gRuvi
zedapiriT. momrgvallebis radiusia 056d. naxazze 1364 moyvanilia
danormirebu i magsimaBur mniSvne Bobaze gadasxivebulli simZBavris
damokidebu Beba kd parametrze. ag moyvaniBlia ori mrudi, romlebic
Seesabamebian sxvadasxva manZi Bebs elementebs Soris. rogorc vxedavT,
gadasxivebu B1 simZBavre izrdeba rodesac manZi Bi xdeba 2.09d-s tol1.

o Reflected power

1.23

nax. 1363 structuris nax. 1364 gadasxivebuli simZBavris
geometria damokidebu Beba kd parametrze

Semdeg naxazze (nax. 1365) moyvanilia axBo velis ganawiBeba
rezonansis SemTxvevaSi (kd =1.2075). gabneu i1 velis anaBlizi aCvenebs, rom
mas gaaCnia mbrunavi po Barizacia romellic axBosaa wriull Tan

nax. 1.365 axBo velis
ganawi W eba
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daskvna

gamokvBeulia metalo-diellegtrikulli struqturebis zogierTi
eleqtrodinamikuri Tvisebebi. ganxi Bulia mesris elementis ramodenime
gansxvavebulli  Fforma. moyvanilia probBemis gadaWris Teoriuli
safuzvlebi. ZiriTad mizans warmoadgenda aseTi struqturebis Seswavla
rezonansul sixSireebze, rodesac isini kompBegsuri garemos Tvisebebs
anJRavneben. kerZod, miRebulBia kiraBuri da aseve uaryofiTi gardatexis
mgone struqtura ganxiBulia axali saxis elementi - “kasini” romell sac
gaaCnia FarTo sixSirull diapazonSi rezonansulli Tvisebebi. ganxi Bullia
aseve antenuri amocana, rodesac dacemulli velis wyaro strugturis
SigniT imyofeba. ricxviTi ganoTvlebis saSuallebiT  SerCeullia
strugturis optimaBuri parametrebi brtyeli an mimarTulli diagramis
misaRebad. gamoTvBebi Catarebullia damxmare gamomsxivebBebis meTodis
gamoyenebiT. ricxviTi gamoTv Bebis paralle Burad mowndeboda gamoTv Bebis
cdonmi Beba romelic ar aRemateboda 2-5%.

unda aRiniSnos, rom am TavSi moyvani B1 zogierTi Sedegi statiis
saxiT miRebull igna dasabeWdad imfFagt-Fagtorian jJurnallSi “Journal of
Communications Technology and Electronics” [43].
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Tavi I

brtyeli1 eleqtromagnituri talRis difragcia usasrullo
orperiodull meserze Tavisufall garemoSi

44

Print to PDF without this message by purchasing novaPDF (http://www.novapdf.com/)



http://www.novapdf.com/
http://www.novapdf.com/

zogadi mimoxi Bva

es Tavi exeba brtyeli talRis difragcias usasrullo orperiodul
meserze [44]. mesris elBementi warmoadgens rezonansulli Tvisebebis, mcire
eleqgtrulli radiusis da sasrulli sigrZis mgone gamtars. es amocana
dResdReobiT metad agtualuria, radgan kompBegsuri masalebis Tvisebebis
Seswav Ba swored periodull strugturebze difragciis amocanis amoxshaze
daiyvaneba. pragtikaSi sagme gvaqvs sasrulli zomis mesrebTan, magram Tu am
mesris elementebis raodenoba didia, misi modelBireba did kompiuterul
resursebTan xdeba dakavSirebuli. anitom ufro martivia ganxi Bull'i ignas
difraqciis amocana usasrullo periodul strugturaze, vromelic
maTematikurad ufro martivad amoixsneba da amave dros veli axBo areSi
Tfagtiurad ar gansxvavdeba sasrulli zomis mesris SemTxvevisgan.

periodulli struqturebis elegtromagnituri Tvisebebis gamokv leva
intensiurad daiwyo XX saukunis Suaw BebSi. 1954 wells ueitma ganixilla
sasrulli gamtareb B obis mgone usasruBl o sigrZis mavTu Bebisgan Semdgari
meseri. Fagtorizaciis meTodis gamoyenebiT vainSteinis mier ganxiBulli
igna usasrulo sigrZis zolebisagan Semdgari meseri, rombBis periodi
zolis siganes udrida Sestopallovis mier gamoyenebulli igna riman -
hi Bbertis ricxviTi meTodi difragciulli anocanebis amosaxsne I ad.

moyvani B SromebSi ganixi Beboda erTperioduli mesrebi, anu
romBebic i1yvnen periodullebi mxoBod erTi mimarTulebiT

Tavi Il Sedgeba 3 paragrafisgan:

pirvel1 paragrafis dasawyisSi gamoyvani Bia puasonis ajgamvis
formulla, romlis gamoyeneba amartivebs Semdgom gamoTv Bebs. Semdeg xdeba
ZiriTadi amocanis dasma da moyvani Bia misi amoxsnis meTodi. naCvenebia,
rom mesris mier gabneuli veli warmoadgens brtyelli tallRebis
superpozicias.

meore paragrafSi xdeba wucnobi denis ampBitudebis gansazRvra
mesris e BementebSi. es amocana daiyvaneba wrfiv allgebrull ganto BebaTa
sistemaze. moyvani B ia aseve napovni gabneu Bi1 ve B is gamosaxu B eba.

mesame paragrafSi moyvani Bia kompiuteru i mode B irebis saSuallebiT
miRebu B1 ricxviTi eqsperimentis Sedegebi.
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$2.1 brtyelli talRis difragcia usasrullo orperiodull strugturaze
Tavisufall garemoSi

Semdgom gamoTv BebSi saWiro igneba usasrulo mwkrivebTan muSaoba
da amitom moxerxebuBia maTi gardagmna cnobili puasonis ajgamnvis
formulis gamoyenebiT. es gardagmna gulisxmobs mocemulBi mwkrivis
Canacv B ebas sxva mwkriviT, romeBic gaciBlebiT ufro swrafad ikribeba

imisaTvis, rom miviRoT aRniSnulli Fformulla ganvixi BOoT Semdegi
saxis Fungcia

nié(x—n),

sadac 6 dellta Tungqciaa gasagebia, rom am +F¥ungciis mniSvne Boba ar
Seicvleba, Tu mis x arguments davumatebT raime naturalur ricxvs. es

imas niSnavs, rom igi periodullia da misi periodi erTis tolia amis gamo,
1gil SeiZBeba warmodgeni B ignas Furies mwkriviT:

i S(x-n)= i a, e’
n=-—o0 oa=-—0

ucnobi a, TFuries koeFficientebis sapovnelBlad gavamravBoT tolobis

orive mxare €™ sadac P Figsirebuli naturaluri ricxvia da
gavaintegroT periodis farglebSi:

s 12 _ +w

> ja(x—n)e"z”pxdx je'z”“ P

n:—oo_l/z o=—0 _1/2

marcxena mxareSi gagvaCnia mwkrivis mxoBod nuBovani wevri, romellic
udris erTs. yveBa danarCeni wevri nullis tolia radgan ne[-1/2,1/2]
rodesac N#0 da Sesabamisad &(Xx-n)=0. marjvena mxareSi

Je'z”“ o Sln( (a—p)):{l,a:p

32 n(a-p) Oa#p"
maSasadame &, =1 da Furies yveBa koeFicienti erTis tolia amiton

Z 6(X_n): Z ei27zaxl
Tu gavamravlebT boBo tolobis orive mxares raime f(X) fungciaze da
gavaintegrebT intervall Si (—00 +00), maSin sabo Bl ood miviRebT

> Z J' |27zade.

= aA=—%0 _

es aris puasonis ajamvis formula. ormagi mwkrivis SemTxvevaSi SeiZlleba
an Formu B is or jer gamoyeneba, ris Sedegadac miviRebT Fformu las

+oo +o0 00 +0

Z Z@ m, n Z J' J'qo X y |27zax+ﬂy dXdy
Mm=—00 N=—00 o=—0 ff=—0 _pn 0
amocanis dasma. ganvixi BoT z=0 sibrtyeSi usasrullo orperiodulli

struqtura, romelBic Sedgeba rezonansulli Tvisebebis mgone gamtar
e Bementebisagan. naxazze 211 moyvani Bia meseri, romBis elementi Ria
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rgo s warmoadgens, Tumca qvemoT Camoyalibebuli Teoria zogadia da is
SeiZ B eba gamoyenebu @ ignas sxva, ufro rTulli Formis mgone e Bementebis

SemTxvevaSic.

OG@

nax. 2.1.1. mesris geometria

igulisxmeba, rom elements gaaCnia mcire dr, radiusi. mesris
periodebi OX da OY RerZebis gaswvriv Sesabamisad avRniSnoT rogorc d,
da d,. ganxilull strugturas ecema droSi harmoniullt brtyeli
eleqtromagnituri tallRa
Epe (F)= 8™, Hi (F)=Hoe™,
Hyo=E,/Z,, k=2n/A=w\eu,, Zo=\/s,
ag A tallRis sigrZea, Z, Tavisufalli garemos taBlRuri winaRobaa, k

talRuri veqtoria, TF{xy,z} dakvirvebis wertillis radiusveqtors
warmoadgens. drois maxasiaTebe Bia e™".

dacemulli tallRa aRZravs mesris yovel eBementSi  ucnobi
anp B itudebis nqone denebs romBebic gadaasxiveben meorad E(F), H(T)
ve Is. Cveni amocanaa gavnsazRvroT ucnobi denebi da vipovoT mesris mier
gabneuBi E(7), H(F) veli.

usasrullo periodullobis da brtyeli dacemulli talRis gamo mesris
e Bementebi msgavs pirobebSi imyofebian da yovel maTganze erTi
amp B 1tudis denebi aRiZvreba, romBebic mxoBod TazebiT gansxvavdebian

erTmaneTisagan. gansxvavebas am Fazebs Soris ar eqneba adgilli marTobulli
dacemis SemTxvevaSi. agedan gamomdinare, gadasxivebulli velli aseve

periodullia da yovell d,xd, areSi gaaCnia erTi da igive saxe.

gadasxivebu B'i velis periodu B obis gamo, sakmarisia igi
SeviswavBloT mxolBlod erT vromeBime d,xd, areSi da davakmayofilloT
misTvis sasazRvro piroba mxo Bod am areSi myof el ementze.

mesris yove Bi elementi avRniSnoT rogorc | . aqg pirve i m indegsi
gviCvenebs e Bementis rigis nomers meserSi x koordinatis gaswvriv, xollo
n indegsi - svetis nomers y koordinatis gaswvriv. (-co<m,n<+w). Tu
h{X ¥,0} da T {x,y,0} Sesabamisad mesris centralluri da | k6 elenentis
gaswvriv aRebu Bi1 radiusveqtroia, maSin
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X, =% +nd, y, =Yy, +md,.
amocanis amoxsnis meTodi. mesris yoveli | e Bementis nmier

mn

gadasxivebuBi velBi E, (F), H,(F) - iT aris aRniSnulli. srulli veli
ganisazRvreba am ve Bebis jamis saxiT:

ZZEm ZZHm

=—00 N= m=—o0 N=

rogorc igna aRmSnuIl, es veli perlodulla da amitom sakmarisia

misi gansazRvra erT romellime periodis fargBebSi. moxerxebullia arCeul

ignas is d,xd, periodi, romeBic mesris centrallur elements Seicavs.

ucnobi E(F), H(F) veli unda akmayofiBebdes an elementis zedapirze
Semdeg sasazRvro pirobas:

E(F+dF,) 1, =—E,. (F +df,) -1, (2.11)

sadac E) warmoadgens e Bementis zedapiris gaswvriv aRebull tangenciallur

veqtors, |dif|=dr, mesris elementis radiusia sasazRvro piroba yvela

danarCen e Bementze, periodu B obis gamo, avtomaturad Sesru B deba
TviToeull elementis mier gadasxivebuli veli veqtorulli da
skaBlarulli potencial 1T gamovsaxoT:

En (F)=—grade,, (F)+ioA, (F), H,,(F)=(1/u)rotA,, (F).
agedan gamomdinare
E(F)=—grade(7)+iwA(r), H(F)=(1u)rotA(r), (2.12)
sadac

ZZAm ZZ%F

m=—o0 N= m=—o0 N=

jJamuri potenciallebia
dakvirvebis werti BSi Am(F) da ¢, (F) potencialebisTvis davwerT

Oun () =(1/475,) [ & (1 )& [l =[dl, A (7F) = (/A7) [ 1 (1 )€™ /7 =1 [l

|
I(l,,) da o(l,) warmoadgenen Sesabamisad |, eBementSi aRZrull denis da

muxtis ganawiBebas. Tu I(l) da o(l) warmoadgenen centralluri |
e Bementis muxtis da denis ganawi Bebas, maSin

| (Inm): | (I)ei(nkxdﬁmkydz)’ G(Imn): G(I)ei(nkxdﬁmkydz)’ G( ) I/a) dl /dl
SevitanoT es Fformulebi srulli potenciallebis gamosaxu i ebebS|, miviRebT:

+00 +00

A(T) = (o /47) I ()Y Y6(F )i, 2.13)

m=—oc0 N=

+00 +00

o(F)=(Y4re,) [o (1) Y ZG (F.F., (2.1.4)

Mm=—oc0 N=

sadac
G (F r ) _ ei(nkxdl+mkyd2+k\r-rmn\)/|F_ r |
1 'mn

mn

grinis funqciaa
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veqtoru i da skalarulli potenciallebis (213), (214) gamosaxu 0 ebebSi
Tigurirebs grinis fungciebis ormagi mwkrivi

ZZG

M=—o0 N=

romBis krebadoba SegviZBia gacillebiT gavzardoT Tu gamoviyenebT
puasonis miRebul formu las:

4o 4oo  FOO 400

Z ZG > j jG F,F,, )™ P )d 9dr .

m=—o0 N= g=—00 P=—0 _n —n

am gardagmnis Sedegad miviRebT

i ZG ) =(2i7/dd,) i Zqu (F.%) (2.15)

m=—o0 N= g=— p=

7qp(F’F;J):e @l FO/\/kz_k2 _kjy’
Kep =Kop (Ko Koy Kepz |+ Ko =K, +270/0y, Ky, =k, +270/d,, kg, =sgn(z) k> —k2, —KZ, .

rogorc vxedavT, marjvena mxare warmoadgens brtyeli tallRebis
(harmonikebis) jgams. am jJgamis 1is komponentebi, romeB TaTvis srulldeba
uto 1 oba

sadac

k? >k, +kZ,,
arami Bevad speqtrallur komponentebs warmoadgenen da es - daballi rigis,
komponentebia. SedarebiT maRalBli rigis komponentebi, romBiTaTvis

sru B deba uto l obha
k2 <k2 +k?

q.y’
eksponencialurad miBevadia da maTi mniSvne Boba mesridan daSorebiT
sakmaod swrafad mcirdeba.
SevitanoT (215) potenciallebis (213), (214) gamosaxu BebebSi da
movaxdinoT integrireba gamis SigniT. Tu davubrundebiT m, n indegsebs,
maSin davwerT

A(1)=(im,/24,d,) S Zj )7 (F, )l (2.1.6)
= e
o(r)=(i/268,0,) 3 3 [(1)7m (F.5)d, 217)
==
M A / K2 —k2, —k2, Koy =Ko 1Ko Ky o Ko |

K., =k, +2;rn/d1 , Koy =k, +27m/d,, K, =sgn(z)k*—k?, - knzw .

ag m, n indeqgsebi ukve gviCveneben harmonikis nomers da ara strugturis
e Bementis nomers, rogorc Tavidan iTvBeboda maSasadame Cveni amocanaa
vipovoT denis da muxtis ganawi Beba centrallur el ementSi.

$2.2 gabneul'i velis zogadi gamosaxu Beba da ucnobi denebis gansazRvra

warmovidginoT centralluri ellementi rogorc N raodenobis
segmentebis erTobBioba yoveli aseTi segmenti davaxasiaToT Sua da
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kidura wertillebiT, xoBlo maTi radiusveqtorebi Sesabamisad T, I; da r_J -
T avRniSnoT (nax. 2.2.1).

Al
L[ ’
d’a-@ ....................... ; }
F T ',I
R
5oh

Nnax. 2.2.1. segmentis geometria mesris e lementSi

segmentebis raodenoba aviROT imdenad didi rom SegveZlos
ugu Bebe BvyoT I(l) denis cvlilleba yovel maTganis gaswvriv. Cven VIVEiT
rom yovel Al; segmentSi (j=12,..,N) gaedineba ucnobi |, ampRitudis deni.
es SesazBloa mxoBlod im SemTxvevaSi Tu am segmentis bo B oebSi imyofeba
ori urTierTsapirispiro niSnis muxti +q; da -g; sadac

q; ==(i/@)1;.

integrallisTvis romelic TFigurirebs (216) veqtorull potencialis
gamosaxu B ebaSi, davwerT:

sadac 1, warmoadgens Al; segmentis Sua wertillis, xollo

Yo (P17 =0 [ i 202 K2 2.2.0)
mivagcioT yuradReba imas, rom yovelBi Al, segmenti gmnis or

skalarull potencialls romelBic Seesabameba +q; da -q; muxtebs. amitom
(2.1.7) gamosaxu BebaSi mdebare integralisTvis davwerT:

[o ()7 (r.5)0 z—(i/w)i'jA[m(ﬁﬁﬂ’
sadac

AP = 7, (717 ]

Cven ar vevliT A[;/mn(F,Fj)] sasrull sxvaobas diferencialiT radgan es

igneboda samarT B iani gaci BebiT ufro did N- sTvis.
Tu SevitanT integrallebis am gamosaxulBebebs (216) da (217)
Tormu B ebSi, maSin gvegneba

+00 +00

A(F) - (i:uo/Zdldz)i I 2 Ymn (F’ f )Arj , (2.2.2)
Co(f):—(]/ngodldz)ilj > > Alrm(FH)] (2.2.3)
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gabneuli velis gamosaxulleba. gabneuli velis gamosaxulleba
SegviZlia vipovoT (2.1.2) Formu Bebis saSuallebiT:

E(F)=—grade(7)+iwA(T), H(F)=(1/u)rotA(r).
saidanac miviRebT

E(F) = (206,04, Z'Z Z{kzymn(ﬁﬁ)A'?+iA[7mn(f1ﬁ)]‘zmn,z}, (224)

=l m=—on=

- (Y2d,d,) ZI S5 V(121 ) (AT, %K) (225)

N=—00 M=—00

davuSvaT axWBa, rom segmentebls N raodenoba sakmarisad didia
imisaTvis, rom SegveZBos sasrulli sxvaoba A[;/mn (F, F, )] diferencialiT
CavanacvB OT. am SemTxvevaSi (224) da (225) Formullebis anallogiurad,

davwerT
E(F)=(1/2we,d,d,) ZN), f ze'km” ") ( kgvx—k;,y)‘” (kmnx(Emnxdrj)), (2.2.6)
j=1 Mm=—c0 N=
H(F)=(y2dd, il 3 Z g1 ( kfvx—k;y)_m(drjxlzmn). (2.2.7)

j N=—00 M=—00

ganvixi BOoT am sammagi _gamis vromeBime erTi wevri (erTerTi
harmonika):

E, o (F) = (1/2006,d,d, ) 1 ") (k2 k2, _k;,y)‘”(ﬁm X (Knn xdrj)),

H, o (F) = (1/2dd) e (k2 k2, —k2, ) (dl <Ky ).
SeiZ B eba naCveneb ignas, rom am veqtorebis modu Bebis Sefardeba sivrcis

tal Rur winaRobas udris, rac warmoadgens brtyeli talRis erTerT
Tvisebas. marT Bac, maTi modu Bebi tolia

E;m (7) = (Y2006,0,d,) 1™ (k2 k2, —k2, ) |<\/|<Zo||2 (K -dl})

Hy o (1) = (/200,10 (1 k2 -2 ) Jleat? (K, -df, )

saidanac
Ej,mn (F)/Hj,mn (F) = k/a’go = ﬂo/go = ZO’ Hj,mn (F) = Eivmn (F)/ZO )

maSasadame, mesris mier gabneuli veli gamoisaxeba (226) da (227)
TormulebiT. es veli warmoadgens milBevadi da aramiBevadi brtyeli
tal Rebis superpozicias. Cveni amocana dayvani Bia imaze rom vipovoT

denis |, amp B itudebi yove l segmentSi.

denis amp B itudebis gansazRvra denis ucnob amplitudebs unda
gaaCndeT 1seTi mniSvne Boebi rom srulldebodes sasazRvro piroba yoveli
segmentis zedapirze:

E(F, +dr,)-dl, =—E,. (F, +dfy)-dl,, 9=12,..,N. (2.2.8)
(2.2.6) da aseve dacemu i velis formulebis Tanaxmad
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N +00

E(F, +d%) = (120500, 21, Y zym(r 0,1, ) (Ko (Ko 1)),

j=1  m=-oon=

E,.. (F, +dF,) = E,“" "),
rac sasazRvro pirobaSi Casmis Sedegad mogvcems ucnobi |; amp N itudebis

mimarT wrfiv algebrull ganto BebaTa sistemas
N . -
> Zjl; =205,did, (Ey-dly), 9=12,.,N,
=1

sadac

+Z'° Ze K)(rg+dry ) an)(kZ_kz _kz )_l/z(lzmnX(EmnXdl_;)).dl;'

m=—o0 N=

an sistemis amoxsnis Sedegad vpouBobT denebis ampBitudebs da
(2.2.6), (22.7) Formu Bebis saSualebiT gabneull vels.

$23 ricxviTi eqgsperimentebis Sedegebi

ganoTv B ebis sizustis dadgena. imisaTvis, rom davrwmundeT miRebu li
Sedegebis  samarT BianobaSi, mniSvneBovania SerCeul ignas  mesris
e Bementebis damxmare parametrebi: mcire segmentebis optimaBuri sigrZe da

mavTu Bebis radiusi dacemuli talRis sigrZesTan SedarebiT (Al;/4, dr,/A).

sxvanairad rom vTqvaT, wunda davrwnundeT, rom Cveni gamoTvHlebi
samarT Biania da miRebuli Sedegebis sizuste kontroBlirebadia Tu
gaviTval iswinebT, rom ganxiBulli velebi akmayofileben talRur
ganto Bebas da amasTanave puasonis gardagmna aris samarT Biani, maSin
amoxsnis sizuste unda 1i1yos damokidebuli sasazRvro pirobebis
Sesru lebaze ko B okaciis wertillebs Soris. an optimaBuri parametrebis
codna i1ZBeva saSuallebas maRali sizustiT gamovikvBioT wusasrullo
periodulli struqgturebis elleqgtrodinamikuri Tvisebebi.

naxazze 231 moyvani B i1a sasazRvro pirobis Sesru B ebis
damokidebu Beba mavTu B ze, ko B okaciis werti Bebis sxvadasxva raodenobis
SemTxvevaSi talRis sigrZis gaswvriv.

075 4
0/ =14 (23%)
n/h=16.(14%)
n/i =20.(4%)
n/A =26,(1%)

0.50

0 L2

nax. 2.3.1 amoxsnis sizustis Semowmeba

moyvani 1 gadaxra sasazRvro pirobidan danormirebullia magsimumze,
romelic miiReba, rodesac gagvaCnia talRis sigrZeze mosulli mxolod 14
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kol okaciis wertilli. rogorc es suraTi gviCvenebs, 20 wertillis
SemTxveva, anu rodesac n/A=20, sakmarisia imisaTvis, rom miviROT
samarT Hiant ricxviTi Sedegebi mesris elegtrodinamikuri Tvisebebis
gamosakv Bevad. optimaBuri damxmare parametrebis SeswavBam gviCvena rom
sau BeTeso miaxBoveba eleqtrullad wvrill mavTull Tan miiRweva rodesac

misi dr, raiusi imyofeba 0.021 da 0.0354 - s FargBebSi (nax. 2.3.2).

Error (%)
4

40

nax. 2.3.2 cdomi Bebis damokidebu Beba ko B okaciis werti Bebis raodenobaze
tal Ris sigrZis gaswvriv, mavTullis sxvadasxva radiusebisaTvis

naxazze 233 moyvaniBi mrudebi warmoadgenen arekvBis koeFficientis
damikidebu Bebas mesris D,=d,/A periodze sxvadasxva N =n/i ko B okaciis

werti Bebis raodenobisaTvis Ria rgoBebis SemTxvevaSi (nax. 2.11). rogorc

Cans mrudi mniSvne B ovnad aRar icv Beba N=20 mniSvne I obidan.

0.25

0.00

0.42 0.56 0.71 0.85 0.99

nax. 2.3.3 arekvlis R koeFicientis damokidebu B eba
mesris periodze D1=0.5, Ro/ 2=0.2, (N=10, 20, 25, 30).

Semdeg moyvani B1  Sedegebi miRebulia maTi sizustis winaswari
Semowmebi T da Tizikuri Sinaarsis gaana B 1zebiT. gamokvileuli
struqgturebis parametrebi moyvani Bia uganzomi Bebo dayvani B erTeu BebSi

(D,=d,/A, D,=d,/2 da L=I/A, sadac |- mesris elementis srulli sigrZea)
anitom yvela es Sedegi rCeba samarT Biani FarTo sixSirull diapazonSi,
sadac SeiZ B eba gamoyenebu B ignas magsve Bis kB asikuri Teoria

swor gamtarebisgan Semdgari usasrullo periodulli meseri. pirvel
SemTxvevaSi ganxiBull igna mesris elementis umartivesi SemTxveva.
e Bementi warmoadgens eleqtrullad mcire | sigrZis gamtars (nax. 2.34).
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!

nax. 234 mesris geometria

qu:qu{(|/2)9+ pdl,qdz,O}, -1<9<1, —0o<p<+0, —00<(<+0,
mesers marTobullad ecema erTeuBovani ampBitudes mgone brtyeli
elegtromagnituri tallRa romelic vrceldeba OZ RerZis sawinaaRmdego
mimarTu BebiT. naxazi 235 gviCvenebs R arekvBlis da T gasvlis
koeFicientis damokidebu Bebas D,=d,/1 periodze sxvadasxva Figsirebul
D, =d,/A periodis SemTxvevaSi. mesris elementis sigrZe aris rezonansi
(L=1/A=05). energiis Senaxvis kanoni moiTxovs, rom arekvBlis da gasvlis

koeficientebis jJami iyos erTis tolii R+T=l. rogorc C(Cans es piroba
maRali1 sizustiT srulldeba, rac aseve miuTiTebs miRebuli Sedegis
samarT B 1anobaze.

1.00
D, =0.70
D, =0.60
D, =0.55
D, =051

0.75

0.50

025 |

0.00

0.20 0.40 0.60 0.79 0.99

nax. 235 R arekvlis da T gasvlis koeFicientebis
damokidebu B eba mesris periodebze

rodesac D, =051 elementebi TiTgmis exebian erTmaneTs OX RerZis
gaswvriv. rogorc vxedavT R=1 da T=0 rodesac D, =051 da D,=02 rac
niSnavs imas, rom meseri iqceva rogorc amrekBi zedapiri. D, periodis

danarCen ganxi Bull mniSvne B obebisaTvis kvBav arsebobs iseTi D, periodi,

rodesac meseri srulliad 1irekBavs dacemull tallRas. es movlena
Seswavlill igna siRrmiseulad, radgan igi dakavSirebulia rezonansul
efeqtebTan. periodebis am mniSvne lobebze, zogierTi manZili mesris
elementebs Soris dacemulli tallRis 4 sifrZis Jeradi xdeba, rac
rezonansu l manZi Bs Seesabameba (nax. 2.3.6).
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10 Current (A)

4,02 ——— D, -080
(T 317 D, =0.70
)
ST o D, = 0.60
4 =
' o 2.32 D, =0.55
i :
M IE 0.70 D, =051
4
b 147
b "
N
Dz =0.897 0.62 D
2
0.20 0.40 0.60 0.79 0.99

nax. 2.3.6 rezonansu i nax. 2.3.7 denis magsimumis damokidebu N eba
manZi Bi e B ementebs Soris mesris periodze. e Bementis sigrZea054

235 naxazis analogiurad, Iinteress warmoadgens aseve 1is, Tu
rogoraa damokidebuli elementSi aRZrulli denis magsimumi mesris
periodebze (nax. 237). yoveli denis mrudis piki naxazze 237 aseve
Seesabameba rezonanss magram D, periodis rezonansulli mniSvne B obebi
naxazebze 235 da 237 ar emTxvevian erTmaneTs. aRniSnulli ardamTxveva
axsni B i1gna Sesabamisi axBo velis SeswavBlis Sedegad. denis rezonansis
dros mniSvneBlovnad ZBierdeba axBo veli, maSin rodesac Sor zonaSi,
sadac gagvaCnia mxoBod erTi arami Bevadi speqtraBluri komponenti, veli
mniSvne B ovnad ar icvleba

-J_f_

1.00

R
0.75 i
D,=0.35
0.50 D, =0.32
D, =0.31
0.25 D, =0.305
0.00 2
0.200 0.398 0.595 0.792 0.990

nax. 239 arekvl is da gasvlis koeFicientis damokidebu ll eba
mesris periodze. e Bementis sigrzea0.3 4
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naxazze 238 moyvani Bia axBo velis komponentebis ganawiBeba z=0
sibrtyeSi erTerT rezonansis SemTxvevaSi rodesac D, =0.55, D,=0.70 da
meseri iqceva rogorc srulliad amrekBi zedapiri. am suraTze SegviZlia
davinaxoT mdgari tal Ra mesris gaswvriv, romeBic aniWebs mesers amrekll
Tvisebebs. cxadia, rom aseTi Tviseba SeiZBleba gamoyenebull ignas
pragtikaSi.

Semdeg ganxi Bull igna SemTxveva rodesac mesris elementis sigrZe
araa rezonansulli (L=0.3). naxazze 239 moyvani Bia arekvBis da gasvlis
koeficientis damokidebulebas D, periodze sxvadasxva Figsirebull D,
periodis SemTxvevaSi. rogorc vxedavT kvBav arsebobs am periodebis iseTi
mniSvne B obebi, rodesac zogierTi manZiBi mezobel elementebs Soris
xdeba rezonansu l'i da meseri kvkav iqceva rogorc amrek i zedapiri.

naxazze 2310 moyvani Bia anaBogiuri damokidebuleba e BementebSi
aRZru Bi1 denis magsimumisaTvis. am mrudebis pikebi Seesabamebian rezonanss.

107 Current (A)

3.80
2.94
D,=0.35
2.07 % D, =0.32
D, =031
121 D, =0.305
0.34 D,

0.200 0.398 0.595 0.792 0.990

nax. 2310 denis magsimumis damokidebu N eba
mesris periodze. e Bementis sigrZea0.31

Ria gamtari rgoBlebisgan Semdgari usasrullo periodulli meseri.
Semdeg ganxi Bull igna toli1 D, =D,=D periodebis mgone usasru Bl o mesert,

rodesac misi ellementi Ria gantar rgols warmoadgens (nax. 2.3.11). mesers
ecema X po Barizaciis mqone brtyeli talRa

0.44 0.91
1.00 |/ ST
x / \]\\\ // \ '
0.75 - R 4 | /
=z \/ \/
@ 0.50 ><
pd M \
% Py 0.25 e T \\ / \
0.41 0.56 0.70 0.85 0.99
nax. 2311 mesris nax. 2312 arekvlis da gasvlis koeFicientis
geometria damokidebu Beba mesris periodze. Ry A =0.2, N=20
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naxazze 2312 moyvanilia R arekvlis da T gasvlis koeFficientis
damokidebu Beba mesris D periodze. rgolis radiusia Ro= 0.2 ), Ria
seqtoris kuTxea 30°, xolo kolokaciis wertillebis raodenoba rgolis
gaswvriv aris N=20. rogorc vxedavT, rodesac D=044 da D=0.91, adgili
aqvs dacemulli talRis srull arekvlas. aseve, rogorc es iyo swori
gamtarebis SemTxvevaSi, es srulll arekvBa Seesabameba ormagi rezonansis
SemTxvevas, anu rezonass mesris elementebs Soris. piroba R+T=1 aseve
sru B deba.

nax. 2313 ax 1o vell is komponentebis ganawi Beba

naxazze 2313 moyvaniBia axBo velis komponentebis ganawi Beba im
SemTxvevaSi rodesac R,/1=0.24 da mesris periodebi ar emTxveva erTmaneTs

(D,=062, D,=054) velis daxatvis sibrtye wanacvlebulia mesris

sibrtyidan, rome B Sic mas singu Baroba gaaCnia.

Semdeg kvBav ganixilBleba toli periodebis SemTxveva. naxazi 23.14
gviCvenebs axBo velis ganawi Bebas mesris perpendikuBarull sibrtyeSi
rezonansu i periodis SemTxvevaSi D=0.91 (nax. 23.12). suraTis mar jvena
mxareSi Cven vxedavT mdgar tallRas rac niSnavs dacemulli talRis srul
arekvilas. mar gvena nawi BSi dacemu i veli nawi Bobriv aRwevs, magram ar
vrce B deba masSi, radgan arsebobs fazaTa sxvaoba eleqtrull da magnitur
vells Soris am areSi.

A

eBementi marTobull sibrtyeSi

nax. 2314 axBo velis ganawi Beba ormagi rezonansis SemTxvevaSi

Semdegi suraTi (nax. 2315) gviCvenebs elementSi aRZrulli denis
ganawi Bebas rezonansis dros (D=044 da D=0.91, nax. 23.12). rogorc Cans,
meore SemTxvevaSi gaci BebiT ufro maRalli1 amp B itudis deni aRiZvreba
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10  Current (A)
7.06 L o

/ \ / N\

1% \ / N

01/ oa \ / \
\ /

353 / \ / \\

\ / \
1.77

0.44 \ / ‘
ml //M\\\
1/2 |

nax. 2.3.15 denis ganawi Beba e BementSi

0.00

naxazze 2316 moyvaniBia arekvBis da gasvlis koeficientebis
damokidebu Beba D, periodze, D; periodis sxvadasxva mniSvne B obebisaTvis,
rodesac Rop=0.2., «a=30°, N=20. interess warmoadgenda aseve arekvlis
koeficientis damokideboleba mesris periodze Ria seqtoris KkuTxis
sxvadasxva mniSvne B obebisaTvis. miRebulli damokidebulleba moyvanillia
naxazze 23.17. am suraTis mixedviT Ria seqtoris kuTxis gaSHBa 1iwvevs
rezonansis Seviwrovebas, rac Seesabameba sixSireze damokidebull zedapirs.

1.00

0.42 0.56 0.71 0.85 0.99

nax. 2316 arekvlis da gasvlis koeFicientis
damokidebu Beba mesris periodze. Ry A =0.2, N=20

1.00

0.75
0.50

0.25

0.00

0.41 0.56 0.70 0.85 0.99

nax. 2317 arekv B is koeFicientis damokidebu Beba mesris
periodze, sxvadasxva gaSHis kuTxis SemTxvevaSi
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daskvna

am TavSi ganixiBeboda brtyeli talRis difragciis amocana
organzomi Bebian usasrullo periodull meserze. moyvani Bia am amocanis
Teoriulli anallizi da aseve ricxviTi eqgsperimentebis Sedegebi.

Teoriull nawi BSi igna gamoyenebu Bi puasonis cnobi Bi1 gardagmna,
romblis saSuallebiT gabneuli veli1 warmodgeni B igna sivrculli, mi Bevadi
da aramiBevadi speqtralluri komponentebis jgamis saxiT. ricxviTi
eqsperimentebis Catarebamde Semowmda aBgoriTmis cdomi Beba da dadginda
damxmare parametrebis optimalBluri mniSvne Bobebi, mcire cdomiBebis
misaRebad. ganxi Bulia nmesris elementis ori gansxvavebulli TFTorma
gamokvBeull igna mesris gasvBiTi da arekvBiTi Tvisebebi. am TavSi
miRebu B 1 Sedegebi gamoqgveynebu B 1igna statiis saxiT Jurnall Si “Journal of

Applied Electromagnetism” [46].
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Tavi Il

brtyeli1 elegqtromagnituri talRis difragcia sistemaze
usasrullo orperiodulli meseri - brtyeli dielleqgtrikli1 fena
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zogadi mimoxi Bva

am TavSi amoxsni Bia brtyeli eleqtromagnituri talRis difragciis
amocana sistemaze brtyeli usasrullo orperiodulli meseri - brtyeli
dieleqtrikulli TFena [45 46]. ganixiBeba ori gansxvavebu Bi SemTxveva,
rodesac meseri imyofeba dielBegtrikis SigniT da aseve mis maxBoblad.
mesris e Bementi kvBav warmoadgens rezonansu Bi1 Tvisebebis mgone, brtyel
wvrill gamtars. zogadad mas SeiZBeba gaaCndes rTulli Forma moyvanilia
sami meTodi dasmu B i amocanis amosaxsne lad.

difragciis amocana dielleqtikSi moTavsebull periodull meserze
dResdReobiT metad aqgtualBlur probBemas warmoadgens radgan aseTi saxis
strugturebi, erTianobaSi garkveull sixSireebze, saintereso rezonansul
Tvisebebs amJRavneben. es aixsneba imiT, rom rezonansulli elementebis
gaerTianeba sistemaSi aZBierebs maT Soris urTierTgmedebas, rac iwvevs
denis ampBitudis mkveTr gazrdas yovel elBementSi. aRniSnulli
urTierTgmedeba damokidebu Bia agreTve manZi B ze e Bementebs Soris da es
manZi B1  aseve SeiZlBleba 1yos rezonansulli. amasTanave, aRniSnulli
rezonansull i efeqtebi damokidebul1a agreTve mesris elementis
geometriull formaze. rodesac sistema moTavsebull 1a naxevrad gamWvirvalle
dieleqtrikull 1 zedapiris SigniT, cxadia, moiZebneba srulli sistemis iseTi
parametrebi, rodesac ganxi Bulli efeqtebi mkveTrad izrdeba da swored
aseTi SemTxvevebis Seswav B a warmoadgens metad saintereso amocanas.

mesame Tavi Sedgeba sam paragrafisgan:

pirvel paragrafsSi ganixi Beba  SemTxveva, rodesac meseri
dieleqgtrikis SigniT imyofeba. am amocanis amosaxsne Bad gamoyenebu ll ia
damxmare gamomsxiveb Bebis meTodi. amisaTvis napovn igna periodulli grinis
Tungcia, romelic iyo gamoyenebu i rogorc damxmare gamomsxiveb Bis veli.
es niSnavs am meTodis ganviTarebas da morgebas aseTi saxis amocanebze.

meore paragrafSi ganixi Beba SemTxveva, rodesac meseri imyofeba
Tenis max Bob Bad. damxmare gamomsxiveb Bebis meTodTan erTad moyvani lia
aseve am amocanis mkacri amoxsnis ori meTodi.

mesame paragrafSi moyvani Bia miRebul1 ricxviTi egsperimentebis
Sedegebi.
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$3.1 brtyeli talRis difragcia dieleqtrikull fenaSi moTavsebu I
usasrullo orperiodull meserze

anocanis dasma. ganvixi BoT sasrulli d sisqgis mgone usasrullo
dieleqtrikuli Tfena Tavisufall garemoSi, romelic XOY sibrtyis
paraleBuradaa orientirebuli. fena SemosazRvrulia z=d/2, z=-d/2
zedapirebiT da daxasiaTebulia ¢ dielleqtrikullt da g magnituri
SeRwevadobebiT. am Tenis SigniT, z=0 sibrtyeSi imyofeba
organzomi Bebiani usasrullo, d, da d, periodebis mgone meseri, rombis
elementia, brtyeli mcire radiusis da rezonansulli Tvisebebis mgone
gamtari (nax. 3.1.1).

aRniSnull strugturas z>d/2 naxevarsivrcidan ecema cnobili droSi

harmoniuli brtyeli elegtromagnituri tallRa, romBis mimarTulleba k
talRuri veqtoriT ganisazRvreba:

EiﬂC (F) = EOeiEF’ I:iin(: (F) = l:ioeilzr’ HO = 80/,”0 EO' (311)
aq r{xy,z} dakvirvebis wertillis radiusveqtoria drois maxasiaTebellia

e, saZiebeBia gasulli veli, arekvBlilli veli da aseve veli strugturis
SigniT.

tole, Ak

nax. 311 meseri dieBeqtrikSi

Cveni amocanaa, vipovoT difragirebulli veli struqturis zeviT, mis qveviT
da aseve mis SigniT.

Ddamxmare gamomsxiveb Bebis meTodis gamoyeneba: ganxi Buli1 amocanis
Teoriulad gadawyvetisaTvis, moxerxebu Bia gamoyenebull ignas damxmare
gamomsxiveb Bebis meTodi. rogorc cnobi Bia, an meTodis gamoyenebis dros
erTerT principull sakiTxs warmoadgens damxmare gamomsxiveb Bebis SerCeva,
romBis maTematikuri gamosaxulleba unda akmayofiBebdes saTanado
amocanis diferencialur gantollebas da unda warmoadgendes am
ganto Bebis grinis Ffungcias.

usasrullo periodulll mesris SemTxvevaSi, xdeba saWiro periodulli
strugturis grinis Ffunqciis gansazRvra wina TavSi Cvens mier miRebul
igna usasrullo periodulli mesris mier gamosxivebu Bi vellis gamosaxu I eba
es gamosaxu Beba igna miRebu B i1 mesris elementis dayofis gziT didi
raodenobis mcire segmentebad. gasagebia, rom yovel konkretull segments
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mesris romelime eBementSi, Seesabameba aseTive segmentebi mis mezobel
elementebSi da aseTi msgavsi elementebis erTobBioba gmnian imave
periodebis mgone usasrull o mesers. zustad aseTi segmentebisgan Semdgari
mesris mier gamosxivebull vels unda vuwodoT periodulli grinis funqcia
maSasadame, damxmare gamomsxiveb Bebis meTodis gamoyenebis dros, unda
davuSvaT, rom wertilovani damxmare wyaro asxivebs vells, romelic
gamoisaxeba Semdegnairad:

+00 +00

Ge (F.F,) =(Y20e,edd,) . Y ") (uek? —k2, —|<;,y)‘”2 (lZ XKy % f))) (3.12)

=—00 N=—00

+00 +00

Gu (1) =(¥/2d,d,) 3 D %) (uek? k2, k2 ) (B, %Ky ). (313)

N=—00 M=—00

i {k Ky SON (22, ) [1iek? K2, - kfﬂ,y} Lk, =k, +27n0/d,, K, =k, +27m/d,

k

o,mn = ka,m
aq T {x,,y,,z,} am damxmare gamomsxivebBis radiusveqtoria, P,
erTeu B ovani veqtoria, romelic gansazRvravs am wyaros orientacias. agve
unda aRiniSnos, rom ganxiBull grinis +Ffungcias gaaCnia singularoba
(ormagt mwkrivi ganSBadia) sibrtyeSi z=z,, radgan Ffizikurad, es aris is
sibrtye, saidanac vrceldebian brtyeli tallRebi z>z, da 1<z,
naxevarsivrceebSi.

brtyeli dacemulli tallRis da mesris usasrullobis gamo, ucnobi
gabneuli veli yovel areSi aseve periodullia da yoveli periodis
farglebSi erTi da igive ampRitudis realluri nawiBi gaaCnia. amitom
Cvens mier ganxiBull igneba mxoBod sivrcis is nawilli, rombis
werti BebisaTvisac srulldeba Semdegi piroba: (x,y)e(d,xd,).

amocanis amoxsnis dros Cven dagwirdeba aseve im velis
gamosaxu Beba, romelsac asxivebs meseri dielleqtrikis gareSe. es

gamosaxu Beba ukve igna Cvens mier gamoyvanili da mas axWBa pirdapir
moviyvanT:

N N
E(F)=)1,G(F.7;), H(F)=>1,G,(F.1)). (3.14)
j=1 2.=0,p,=dl; j=1 2;=0,p;=dl;

axBla gadavideT uSuallod damxmare gamomsxivebBebis meTodis
gamoyenebaze. avagoT dielleqtrikis SigniT da gareT, zeda da qveda
zedapiridan mcire h, manZi B1T daSorebul1 oTxi damxmare zedapiri:

z=d/2-h,, z=-d/2+h;, z=d/2+h,, z=-d/2-h,.

rogorc Cans, pirvelli da meore damxmare zedapirebi struqturis SigniT
imyofebian, xo o danarCeni ori — mis gareT.

nax. 312 ganxi Buli are (x,y)e(d,xd,)
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yve la damxmare zedapirze vaTavsebT zemoT aRniSnull damxmare
gamomsxiveb Bebs. damxmare gamomsxiveb BebiT Sida zedapirebze aRiwereba
veli struqturis gareT, xolo gare damxmare zedapirebze mdebare
gamomsxiveb BebiT - veli1 struqturis SigniT. gasagebia, rom ag, gare
damxmare wyaroebis ve bl is garda arsebobs aseve mesris mier gabneulli veli.
gamosakv Bevi periodulli strugtura samganzomi Bebiania da amitom yovel'i
damxmare  gamomsxivebeB@ i1 unda Sedgebodes or urTierTmarTobul
elementarull wyarosgan. es imas niSnavs, rom maTi oOrientacia unda
ganisazRvrebodes Sesabamisad X da y bazisuri veqtorebiT. amasTanave,
orive ellementarull wyaros damxmare gamomsxivebeBSi unda gaaCndes
sakuTari ucnobi amp B itudebi.

naTqvamis gaTval iswinebiT davweroT zogadad difragciis Sedegad
warmogmni i1 ve Bebi.

are (I) — strugturis zeviT. aq gagvaCnia veli, romelic aRiwereba

Sida z:%—h0 damxmare zedapiriT da aseve dacemulli veli:
- - .o G -
Einc(F)+ Ee (F) = Eoel T +ZZ(A’1“' Gé (F’ Faa’)+ Baa’ Gé, (F’ F;xa’)] ) (315)

. Lo Qe - -
H, (F)+ He(F):HOe”+ZZ(AW, G (F,T )+B,, G (r,rm,)], (3.1.6)

Z,, =0/2-hy, z€[d/2,+0), sgn(z-z,,)=1.
aqg QxP damxmare gamomsxiveb Bebis raodenobaa erT damxmare zedapirze,
aa' indegsebs warmoadgenen, rome Bnic gviCveneben am wyaros nomers, A A da
B,, misi ucnobi ampBitudebia, x da y indeqsi gviCvenebs romell ortis
gaswvrivaa orientirebulli misi elementarulli wyaro.
are (I) — strugturis SigniT. ag gagvaCnia z=d/2+h, da z=-d/2-h,
damxmare zedapirebis mier SeqmniBi veli da aseve mesris mier gabneulli

veli:
— — —_ N —
E(r)+Ef(r)+Eg(r)=2|JGE(r,j)+
j=l 2;=0,p;=dI,
Q P _ _ Q P _
+ﬂ§‘zﬂzl(cﬂﬂe,; (F.Fyp )+ Dy GY (F.F ))+Z‘Z‘1(FWG,§ (r.r,)+L,6L(r.5,)), (17)
=1p'= y=ly'=
— — —_ N —
H(F)+H (F)+H, (F)=21,G, (F.F, )+
j=1 2;=0,p; =dI;
Q P Q P ~
+ﬂ§‘zﬂzl(cﬂﬂeg(r,rﬂﬂ)+Dﬂﬂeg(r,rﬁﬂ ))+22(FWGQ(F,FW)+LWGg(F,FW )) (3.1.8)
=1p'= y=ly'=
2, =0/2+hy, 2, =—d/2-h), ze[-d/2,d/2], sgn(z—zﬂﬂ,):—l, sgn(z—z”,):l.

are (ll) — strugturis qveviT. ag gagvaCnia mxoBod gasulli veli,
romelic z=-d/2+h, zedapiriT aRiwereba:

EJF)ii(Kw Gy (F, Ty )+ Ry G (T, @5,)], (3.19)

5=16'=1 pu=¢=1 n=e=1
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H*S(F)=§i(i<w Gy (F, T )+ Ry G (F, @5,)], (3.1.10)

§=16'=1 p=e=1 pu=e=1

Zs =—0d/2+N;, ze(—0,-d/2], sgn(z-2z4)=-1.

ucnobi amp B 1tudebis gansazRvra. Cveni amocana dayvani Bia imaze rom
vipovoT denis ucnobi I.  ampBitudebi (j=12,..,N) da damxmare

J
gamomsxiveb Bebis amp B itudebi A B Cppr Dyps Fv L., Ky Py, sadac

(a,B,7,6=12,...Q, o, p,y,6'=12,..,P) sull gagvaCnia 8QxP+N wucnobi da
Isini sasazRvro pirobebidan unda vipovoT. dielleqtrikis zedapirze
moviTxovT sasazRvro pirobis Sesrullebas QxP- calll gansxvavebul

werti BSi. aseve viTxovT sasazRvro pirobis Sesrullebas mesris elementis
N segmentze:

—_—~~ N /N /N /S /S e/~
I
=
(3]
—_— —_—
s o
<
N— N—
+
I
@
—_~ —_~
s ¥
e‘
N— N—
N — '\‘\_/
i
|
o
—
N
x|
Il
—_—
}
—_
s ¥
<
N—
+
I
s ¥
<
N—
+
I
«
— — <l
s o
<
N—
'\‘\_/
I}
o
—
N
}

sadac ¢=12,..,Q, ¢'=12,..,P o=12,..,N. an sistemis amoxsna kompiuterulli
mode BirebiT xdeba. amis Semdeg SegviZBia vipovoT difragciis Sedegad
miRebu i1 vel1 sivrcis nebismier wertillSi (315) - (3.110) Formulebis
saSuallebiT.

$3.2 brtyeli talRis difraqcia dielegtrikulli Fenis maxBoblad
moTavsebu l usasrullo orperiodull meserze

amocanis dasma. ganvixi BoT d sisqis da &, u SeRwevadobebis mgone
brtyeli dielleqgtrikulli fena periodulli meseri, romBis periodebia d,

da d, imyofeba Tenisgan h simaRBeze da misi yveBla elementi erT
sibrtyeSi imyofeba (nax. 3.2.1).
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nax. 3.2.1 sistemis geometria

mesers ecema cnobi b1, droSi harmoniulli brtyelli elBeqtromagnituri
talRa
Einc (F) = EOeikr ! I:iinc (F) = Hoeikf’ (321)

sadac F=r{xy,z} dakvirvebis wertillis radiusveqtoria, k=k{k k,k,|

X1ty Yz
talRuri veqtoria, k=w,/¢u, . droze damokidebu Beba gamoisaxeba rogorc

e, Cveni amocanaa vipovoT diFfragirebuli velebi Semdeg areebSi: (l)-
mesris zeviT, (ll)-mesersa da dielleqtrikuli Fenis Soris, (lll)-
dieleqtriku i1 Fenis SigniT, (IV)-dielegtrikulli Ffenis qveviT.

radgan, meseri usasrullo periodullia da dacemulli tallRa aris
brtye b1, agedan gamomdinare difragirebull vellebs yvela areSi sivrculli
periodu B oba unda gaaCndeT da amitom Cvens mier ganxi Bull igneba mxo lod
erTi aseTi periodi, anu sivrcis is nawilli, romBis wertilebis
koordinatebisaTvis srull deba pirobebi

Xe[—dl/Z,dl/Z], ye[—dz/Z,dz/Z], Ze(—oo,+oo).

gasagebia, rom sivrcis es nawilli mxoBod mesris centralur (nullovan)
e Bements Seicavs.

SemoviROT sakoordinato sistema ise, rom meseri imyofebodes XOY
sibrtyeSi, xolo dielleqgtrikulli Ffenis zedapirebs warmoadgendnen z=-h

da z=-(h+d) sibrtyeebi. mesris nulBovani elBementis eleqtrullad ncire
radiusi avRniSnoT rogorc dr,, xoBlo am elementis centralluri wiris
ganto Beba parametrulli saxiT SemoviROT:

X =%(t), Yo=Yo(t), z,=2(t)=0, teft,t,].
pirve I areSi gagvaCnia dacemulli veli da aseve mesrisgan zeviT mimavall'i
ve Bebi:

(): Eyo(F)+E(F), Hyo(F)+H,(F), z>dr,. (32.2)
anaB ogiurad, meore areSi gagvaCnia mesrisgan qveviT mimavall1 velebi da
aseve z=-h zedapiridan arekvBili velebi:

(). E,(F)+E,(F), H,(F)+H,(F), -h<z<-dr, (3.2.3)
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mesame areSi gagvaCnia z=-h zedapiridan gardatexili velebi da aseve
z=—(h+d) zedapiridan zeviT arekvBilli velebi:

() E, (F)+E,(F), H,(F)+H,(F), —(h+d)<z<-h. (3.2.4)
meoTxe areSi gagvaCnia mxoBod z=-(h+d) zedapiridan qveviT mimavalli
(gasu 1) ve lebi:

(IV): E((F), H,(F), z<-(h+d). (3.25)
Cven ar ganvixi BavT Txel Tenas -dr,<z<dr, romeBSic mesridan wamosu il

ve Bebs singu Baroba gaaCniaT.

aRniSnulli  vellebi unda akmayofiBebdnen sasazRvro pirobebs
dielleqgtrikulli Tenis orive zedapirze da aseve mesris elementebis
gaswvriv. am pirobebis raodenoba udris cxras. erTi piroba iwereba mesris
el ementis zedapirze, ris gamoc mas BokaBuri xasiaTi gaaCnia da 1igi
mdgomareobs pgamuri eleqtrulli velis tangenciaBluri mdgenelis null Tan
to B obaSi:

(Eve (7)) +Eo(R)+E(F,))-7 =0. (3.26)
aqg T aris elementis zedapirze aRebulli wertilis radiusveqtori, xollo

7 warmoadgens am wertillSi gavlBlebull tangencialls. radgan mesris
elementi wvrillia, Cven ar ganvixilavT im +tangencialls romellsac
radialuri mimarTu B eba gaaCnia

danarCeni  rva piroba unda exebodes dielleqtrikulli TFenis
zedapirebs, romelic araa BokalBuri da zedapiris yvela wertillSi unda
sru Bl debodes. gagvaCnia ori zedapiri da Sesabamisad yove l maTganze oOTxi
sasazRvro pirobaa dasaweri. am oOTxi pirobidan ori unda daiweros
eleqgtrulli velisTvis, xolo danarCeni ori - magniturisTvis (radgan
dielBeqgtrikis zedapirs ori wrfivad damoukidebeBi tangencialli gaaCnia).
rogorc viciT, dielleqtrikis zedapirze moiTxoveba daZabu B obis veqtoris
tangencialuri mdgene B is uwyvetobis piroba maSasadame

(E.(F)+E.(F)), . -X=(E/(F)+E, (7))
(Ho(F)+H (7)) -x=(H, (")+H, (7)) X

(E(F)+E(7) -V=(E ()+E,(F)) .-V
(Ho(F)+H(F)) -y =(H, (F)+Hy (7)) _ -y

(B E (M) Rl X o
(H¢ (F)+H,(7) 2= (h+d) X:HS(F)Z:—(M)'X

(B (+E (M), =BT T

(H¢ (F)+H,(7) 2= (h+d) YZHS(F)Z:—(M)'y
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amocanis amoxsna pirveli meTodiT. dasmu 1 amocanis amoxsnis dros
Cven dagvWirdeba im velis gamosaxulleba, romellsac meseri asxivebs
dieleqtrikulo Tenis gareSe. es gamosaxulleba warmoadgens brtyeli
mi Bevadi da arami Bevadi talRebis jJams. igi igna napovni naSromis wina
TavSi da amitom mas moviyvanT gamoyvanis gareSe. aq mxo Bod gavixsenebT,
rom 1igi miRebulia mesris elementis warmodgeniT rogorc didi N

raodenobis mcire dl sigrZis mgone segmentebis erTobHlioba (‘dfj‘:dl,

i=142,.,N), T, warmoadgens | segmentis radiusveqtors, A, ucnobi
koeficientebia da yoveli maTgani, Tizikurad warmoadgens Sesabamis
segmentSi aRZrull dens.

Cven call-callke ganvixi BavT zeviT da qveviT mimavall ve Bebs. amitom:

~+00

Emﬁmewi&Zme' .

(F)=(1/2d,d, ZN:AJ f kam Fon (7-1) (dl xKi ).
j= m=—c0 N=

P, =k, (k}nnxdlj), Ko =Ko A K Koy Ko |

da aseve

~+00

E N < i‘ (-7,
E, (F) = (1/205,4,d, zlAjz 3 kit et ipa
]J=! Mm=-o00 N=—0
N

H, (F) =(1/2d,d,) ZA] kmnze' P (o <2, ),

j=1 m=—o0 N=

ijn:krﬁnx(krﬁnxdlj), krﬁn:krﬁn{k S

n,x?m,y?

am gamosaxu 0 ebebSi

dl; =dI; {dx;,dy,,0}, 2=k,

K, =k, +272n/d, k, =k +27m/d,, k., =Jk*—kZ K2 .

gadavideT axBa danarCeni ve Bebis gansazRvraze yvela areSi. pirvel
areSi gagvaCnia E (f) da dacemuli E, () velBebi (322)

E, (T)+E,. (T)=(1/20¢,d,d,) ZA§kaHZ' - Jmn+Em(r). (3.2.8)

m=—o0 N=

unda aRiniSnos, rom dleleqtrlkldan mesrlsaken wamosu B i1 harmonikis
po Barizacia ganisazRvreba P’  veqtoriT, anu dfj da E;n veqtorebiT:

j,mn

Bl = K X (K x ) = k2, (K2, -l ) k2.
dieleqtrikull fenasTan urTierTgnedebis Semdeg miRebuli1 velebis
polarizaciis veqtorebi unda imyofebodnen imave sibrtyeSi. amis gamo,
maTi1 orientacia kvBav unda ganisazRvrebodes dfj da k? veqtorebiT.

aRniSnu B is gaTval iswinebiT, meore areSi velis (3.23) gamosaxu Beba
veZeboT rogorc

N o0 =

E,(1)+ B, (1) =(V20e00) LA, 3. 3k (7B, ve™ TR, ), (329)

j=1 =—0 N=

sadac
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R. k2 +C; dI

jmn — ] mn"mn

B. da C. ucnobi koeFicientebia.

j,mn j,mn

mesame areSi gagvaCnia z=-h zedapiridan gardatexili da z=-(h+d)
zedapiridan arekvBi i vellebi (324) rom Bl ebsac veZebT Semdegi saxiT:

Ef( )+E ( ) =(1/2we,ed,d, ZA Z ZKW( )ijmn+e'km"(r n)g jmn)’ (3.2.10)

M=—00 N=—w

sadac
lzrr:n:lzrr:n{kn,x’kmy’ kr’nnz}’ { n,x? my’ r’nnz}’ mn,z \/kzlLtg k2 _krf]y’
Qj,mn i, mnkn21n + F] mndl §j,mn G] mnkmzn + L dl
Dim:+ Fim» Gjm» Ljm ucnobi koeFicientebia.

meoTxe areSi gagvaCnia mxoBod sistemidan gamosulli velebi (325),

rome B sac veZebT kvBav rogorc:
N

E, ()= (Y20¢,0,d,)>" A, Z 2 Sl S (3.211)

j=1 m=—o N=

sadac
T =I k%+Y dl

j,mn j,mn™mn j,mn

xollo I Y. ucnob koeficientebs warmoadgenen.

j,mn? j,mn

magnitur vells yveBla areSi vipoviT magsve Bis ganto Bebidan
H (F) = —(i/ optops ) rOtE (7).

miviRebT:
L (F)+ o (F) = (120,0,) DA S 3 %070 (o kL )+ H (), (3212)
~ )) (3.2.13)

(1) iy (1) =~ (V200 )

N 2 WK () /= . K9 (Fop) [ = _ , (3214)
ZAJ 2 Zkr;nlz( kmn( J)(Qj,mnan:n)-i_e”kmn( J)(Sj,mnxknﬁln))
j=1 Mm=—o0 N=
N rF_r. —
HS(F):_(J‘I/ZdlekZ)ZAj z z I(mnz . r " ( jmnxknfn)' (3215)
j=1 m=—o0 N=
maSasadame, gagvaCnia Semdegi ucnobi koefFicientebi: A, B, ., C, .,
Dim+ Fims Gjms Limnr L Yjm da maTi gansazRvra sasazRvro pirobebidan
SeiZ M eba.

CavsvaT exBa velis (328) — (3.215) gamosaxu Bebebi (327) sasazRvro
pirobebSi dieleqtrikis zedapirebze. pirvell pirobidan miviRebT:

ZA +Z.O z I(mnz I HX ! +ka(y yj))( " P2 km"'zhﬁj'mn)')_(:

m=—o0 N=
i mn,z S o .
j=1 m=-o0 N=
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es tolloba unda iyos samarTBiani nebismieri (xy) wyviBisaTvis. mas
mniSvne Bovnad gavamartivebT, Tu gaviTvaliswinebT, rom Fungciebi

gl %) homnjan orTogonallur — sistenas Ay ~ MarTkuTxedis

Tfarg B ebSi, sadac
Ay, :[—dl/2+xj,dl/2+xj]U[—d2/2+ y;.dy/2+ yj].

amisaTvis toBobis orive mxare gavamravloT g (oxliniln b)) - 5 (sadac p
da q fiqsirebu Bi mTeli ricxvebia) da Semdeg gavaintegroT A, , areSi:

+OO J'J' K=K (6 ) +{Kny gy (v yj))dXdyX kmn ) ( ik, 1 ﬁfmn +e_ikm"vzh ﬁj,mn)' X =

m:—oo N=—o0 Adl xd

+00

:i J'J' Ko —kpx) (X (ki y Ky ) (V- VJ))ddeX(gkr;m)_ ( 'km"'zh(ﬁj'mn+e_ik”""'zh§j‘mn).)*(.

j=1 m:—oo N=-% Ay

integrirebis Sedegad vRebu BobT, rom
” L A d,d, sinz(n—p)sinz(m-q) :{O,I’]i p,(m=q)
Adyea ﬂz(n_p)(m_q) dd, n=p,m=q

es imas niSnavs, rom to B obis orive mxareSi, ormagi usasrullo jamisgan
dagvrCeba mxoBod is wevri, romBisaTvis n=p da m=q. miviRebT:

ik, ,h 52 ik N 5 v\ Ak S haE o
ZA( qu(e " P,qp+e " Ri,qp) (gkqu) (e v Qj,qp+e @ Sj,qp))'x_o'

anal ogiurad, danarCen sasazRvro pirobebidan, gvegneba:
3 I (1) "6 (R ) (R )
(k) (€5 (G KD 1 (S, xKE ) X =0
N S —
]Z:AJ (kqp z (elkquhpz,qp quthRJ qp) (gk(;p Z) 1(elkqp'Zth,qp +e quth,qp))' )7 =0 !
L —ikgp ;N 1 ikyp, ,h ' 2
JZAJ( QDZ(( ) e ( JQPXk ) e (dequp))_

(k uek;, Z) B (eiképvzh (qu'qp X Izqu ) e Haah (§j'qp X Izqu ))) y=0,

A

]

Mz

qap,z

, 1 ik, (h+d) R kg o (h+d) & Kop o () o _
Z (gk ) (e Qi,qp"'e Sj,qp) kque Tj'qp)-X—O,

]

|
2A ((“3kép,z )‘1 (eikap,z(md
|

Il
LN

)+e qu(h+d)(§j'qp xIZq%)) Kt e qu(h+d)(-|‘-’j‘qp ><|Zq2p))'7<:0’

i,qp
=
ik

A

]

Mz

]

w2 (h+d) kep.o (h+d) & ikep (N4 )7 o
(e Qi,qp+e qup) kqp € Tj,qp)'y_o’

'
(ki)
'

0) k
)
iAj((ﬂgquZ)l(eik&pZ(hm qupXIqup)-" qu(h+d)(SJqu|zq%)) kque qu(md)( JQPXk )) y=0.
j=1

mivagcioT axBa yuradReba imas, rom amave sasazRvro pirobebs unda

akmayofi Bebdnen ara mxoBlod januri velebi, aramed aseve callkeulli A

Il
LN
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denis mier Seqmni Bi velebi. Tu gaviTvall iswinebT naTqvams da gamoviyenebT
aseve R ., Qv S;p: Tie VeQqtorebis gamosaxu Bebebs, maSin ucnobi B,
C. D. F. G, L. I Y. . koeFicientebis mimarT miviRebT wrFfiv

J.qp? Jqp? J.qp? J.ap? J.ap ! J.ap! 1,.qp
ganto BebaTa sistemas:

oo (B K,x+C; dx) (qu/gkqu)eikq“ (D k +F. dx)

J.ap T p.x J.app.x J,.ap

(qu/gkqu) P (G oKy + L i, ) = =€ (B2 %),

j.ap™p.x j.ap
. (ZBJ qpqu+Cj,quyj)_
e (D Kooy (Kepe = Kip )= Fapkip. 0¥} )=

j,apa.y qp.z J,.ap"ap.z

uek!

qu

japa.y qp.z J,.ap"ap.z

g s ( ]qpqu*'cj,quy') ( qu/gkqu)e v ( Jqpqu+Fiyquyi)_

( qu/gkqu) o ( Jqpqu+|‘j,quyj):_e v (ﬁjz,qp'y)’
pekl, e " (2B, ok, +C; o dx; ) -

J.ap ™ p.x

—'w: (D Kpx (Kepx =Kl )~ Fiapkip. 0, ) =

J.qp p.X ap.z J,.ap"ap.z

(G ki (Kap +Kip )+ Ly okl Y, ) =~k ek, €*="dy,

(G ki (Kepr + K )+ Ly ki X, ) = =k paeky, 6"l

J.ap T p.x qp.z J,.ap"ap.z

gz (n+d) (D Koo + F op0X; ) +

j.ap T p.x
g MwalMd) (GJkapX+LJ X ) (gképz/kqp,z)eikqpl(hm(n Ko + Y gl ) 0’
eikapl(md (DJ qpqu(kaz képZ) FJ qpk‘;PZdyj)-'_

e (G e (Kap +KG )+ Ly ookl ) = — ke, e Y, Ly,

japTay ap.z jap"ap,z ap.z
eiképl(md ( I qpkq y + Fj quyj)+
+e " MG kL Yy ) = (kG K )€ (1 ki + Yy pdV; ) =0

j.apa.y ap.z 51Lapq.y

e e (D) K, (Kepe =K ) = F opkip 206, ) +

J.ap ™ p.x ap.z J,.aqp-qp.z

e "0 (G (K + Kl )+ Lok 0% ) = =gk, @™, dx;.

J,ap T p.X qp,z J,qp " "qp.z qap.z 1,ap
am sistemis pirdapiri amoxsna garkveull sirTulles warmoadgens. amitom
ufro martivia misi amoxsna kompiuterulli mode B irebis saSuallebiT.

amoxsnis Semdeg ucnobi rCeba mxoBod A; denis ampBitudebi mesris

elementSi da maTi gansazRvra (3.26) sasazRvro pirobidan SeiZlleba.
e Bementi warmodgeni B ia rogorc segmentebis erTob B ioba da es sasazRvro
piroba yovell aseT segmentze unda srull debodes:

(B (T,)+E(F,)+E.(F,))-dl, =0, 0=12,..,N.

aq T, =T {x,,y,.dr,} warmoadgens dI segmentis zedapirze aRebulli wertilis

radiusveqtori. es bolo gamosaxulleba aseve gantolebaTa sistemas
warmoadgens da misi amoxsna kv Bav kompiuteris saSuallebiT SeiZlleba

anis Semdeg napovnia yveBa ucnobi koefFicienti da maTi CasmiT
ve B ebis gamosaxu 0 ebaSi, vpou B obT ve Bebis mniSvne B obebs yve Ba areSi.
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Semdeg ganixi Beba dasmuBi1 amocanis amoxsnis sxva gza amisaTVvis
mesridan dieleqgtrikisaken mimavali E,(f), H,(f) velis magivrad

ganixi Beba mxoBod misi erTi harmonika da SeswavBilia am harmonikis
urTierTgmedeba am dieleqtrikTan. garda amisa, an  harmonikis
polarizaciis veqtori daSBilia or mdgeneBlad. pirveli mdgeneli
imyofeba dacemis sibrtyeSi, xolo meore - am sibrtyis marTobullia
SeswavBlilia cal-callke am ori velis difragcia dielleqgtrikull fenaze da
gabneu i velis amp B itudebi kvBav sasazRvro pirobebidan ganisazRvreba.

polarizaciis veqtoris daSBa parallelur da marTobul
mdgene Bebad. ganvixi BOoT mesridan dielleqtrikull Ffenisaken mimavalli
erTerTi harmonika:
= |IZ (F F

Ejmn( ) (]7/26080dd ) mnz A _j)lsjzmn’
Hi o (F) = (12,0, )i 6" %) (d k2, ) = (2d,d, K2 ) &) (K2, < P2,),
sadac
B = K X (Ko xdl ) = K (K2, -dl ) = KPdl -
am harmonikis poBlarizaciis veqtoria gasagebia, rom srulli veli aris
aseT1 harmonikebis jami'

ZA 5 Y En(r) Hr)=3A S 3,0

m=—o0 N= j=1 M=—00 N=—0

warmowdglnoT axBa P’ veqgtori, rogorc P’ =P’

jmn j.mn,|

5?2
+ijnL’

sadac
52
P,
sibrtye), xolo P’ an sibrtyis marTobullia

naTqvamis Tanaxmad es vegqtorebi unda akmayofiBebdnen Semdeg
pirobebs:

inyofeba imave sibrtyeSi, romeBSicaa k? da 7 ortveqtori (dacenis

(Ployxken)-2=0, Bl ki =0, P, -7=0.

j,mn, L
da P?

j,mn,|| j,mn, L

P2 =—a __ X+a . y+a.

z
J,mn,|| J,mn,x j,mn,y '
maSin moyvani I pirobebidan, gaSBis ucnob koeFficientebis mimarT
vRebu B obT

gavSaloT P’ veqtorebi X, y,z bazisSi:

=b.  X+b, __ y+Db

j,mn,z jan j,mn,x j,mn,y jng

A oKy — & Koy =0, b ok +b k=0, b, =0

J,mn,x=m,y J,mn,y""n,x J,mn,x""n,x J,mn,y='m,y

da agedan

aj,mn,y = (km,y/kn,x)aj,mn,x’ bj,mn,y = _(kn,x/km,y)bj,mn,x ! bj,mn,z = 0
maSasadane,

I:)jzmn Il i, mn,x)_( +(km,y/kn,x)aj,mn,xy + aj,mn,zz ’ IESjz,mn,L = bj,mn,x)_( _(kn,x/km,y)bj,mn,xy’
saidanac
szmn :( j,mn,x +bj mn x) ((km,y/kn,x)aj,mn,x _(kn,x/km,y)bj,mn,x)y+ aj,mn,zz '
magram, P2  vegqtoris gamosaxu lebidan gamomdinareobs, rom

j,mn

P2 = (Ko (K2, -l ) = kP, ) % (K (K2, -l ) = K2l )Y =K, (K2, -0 )2

72

Print to PDF without this message by purchasing novaPDF (http://www.novapdf.com/)



http://www.novapdf.com/
http://www.novapdf.com/

da amitom unda srull debodes Semdegi pirobebi
aj,mn,x + bj,mn,x = kn,x (Iznin . drj ) - kdej

(kva/kan)ai,mn,X _(kn,x/km,y)bj,mn,x = km,y (Enfn : dl—; )— kzdyj

U
aj,mn,z = _kmn,z (kmn : dlj )
am sistemis amoxsnis Sedegad viciT ukve yve Ba koeFicientebi:

a . =k, (1—|<2 (k2, +kn21'y)_1)(|2n§n dl), @, = |<m'y(1—|<2 (K2, +kn21'y)_1)(|2nfn di}),
8z =Ko (K A1} ) B = kZ(kn,X(k;X +k;,y)'1(|2nfn -drj)—dxj),
B3y =K (Ko ) (Ko (2, 4K ) (RE -l )= ) B, =0,

agedan gamomdinare,

B2y = K (K2, - )~k (K2, K2, ) (K2, -0 ) (K X K
P2 =k? (k (K42, ) (K2, -, ) o )()‘(—(knvx/km'y)y).

<l

dasmulli amocanis amoxsnis meore meTodi. Cven unda amovxsnaT
difragciis amocana callkeul harmonikisaTvis. amisaTvis dacenulli

harmonikis gamosaxu 0 ebaSi 5fmn veqtori warmovidginoT zeviT moyvani Bi
Jamis saxiT. miviRebT:

Ejm (F)=E; R H, . (F)=H} 'eiE”z‘"‘(r_rj)+H*9 'eiE”Z‘"‘(F_Fj),

J,mn,|| j,mn, L j,mn, L J,mn,||
sadac
E:'),mﬂ,ll = (1/2(080d1d2 ) k;iz IESj2,mn,|| ' E:'),mn,L = (]7/2(080dld2 ) k;iz IEsjz,mn,L '
l:i;),mn,L = (1/2d1d2 kz)kéiz (Iznzm x IESj2,mn,||) ! I:i;),mn,ll = (]'/Zdle k2 ) kr;iz (Izmzn X IESj2,mn,L) '

es Canaweri gvaZlevs saSua ll ebas davweroT anallogiuri
gamosaxu B ebebi danarCen ucnob difragirebull veBebisaTvis. marT Bac,
1. arekvlill vells unda gaaCndes Semdegi saxe:

e ()= E05, €00 g0 R0t e (p) oD @) o gl

J,mn j,mn,|| j,mn, L j,mn j,mn, L J,mn,||
E?jr?m,” = Rj,mn,|| (1/2(080d1d2 ) k;iz IESjl,mn,|| ! E?ﬁm,L = Rj,mn,L (]7/2(080dld2 ) k;iz IESjl,mn,L ’
H?ﬁm@ = Rj,mn,ll (1/2d1d2 kz)k%ﬁz (Izr:m X IESjl,mn,H)’ Fi?,ﬁm,” = Rj,mn,L (]/Zdle k2 ) kr;ﬁz (Izr:m X IESjl,mn,L) ’

sadac anall ogiurad
By = K (K2, -l ) K2 (K2, 42, ) (KE -, ) (KX K, 9)
Ban =K (K (kK2 ) (hy )= J(2= (k) 9).
da R

j.mn, L

<l

xolo R, . arekv B is ucnobi koeFicientebia
2. gardatexi b1 ve B isTvis gvegqneba
(1) = oty @™ L ESL ) T (r)= DL @R )
! J,mn )

J,mn J,mn,j| j,mn, L j,mn, L j,mn ||

EON = Ay (Y2weed,d, kiR EDE = A (Y 2me,ed,d, ) K P

J,mn,|| mn,z" j,mn,||? j,mn, L — mn,z" j,mn,L?

73

Print to PDF without this message by purchasing novaPDF (http://www.novapdf.com/)



http://www.novapdf.com/
http://www.novapdf.com/

H ?,'r;n,L = Aj,mn,u (]7/2d1d2 3,Uk2 ) kr;]_nl,z (Iznin X stfmn,||) , H ?,'r;n,u = Aj,mn,L (]7/2d1d2 3,Uk2 ) kr;]_nl,z (Iznin X ISijn,L) ,

-1

By = Kl (KL, )=k (K, k2, ) (KL -l ) (K % 4K, 9),

B! =euk? (k (K242, ) (KL -ai; ), )(X—(knvx/km‘y) 7).
sadac A, ., da A, gardatexis ucnobi koeFicientebia
3. Fenis SigniT arekvBili veli:

E9,, (F)=E08 ) oo M) g (py =0 M) o (),

J,mn J,mn,j| j,mn, L j,mn j,mn, L j,mn ||

E?jrﬁn,” =B, (I/Za)gogdldz ) ki, P E('),'r?m,L =B; 1 (J/Za)gogdldz ) kr:]_nl,z IS]?mn,L ’

mn,z" j,mn,||? ]

HS, L =By oy (12040, ki, (S, ﬁ;}mm”) HS =B (20,0, ki, (KS, ﬁj?mn,L),

By = K (K3, -l )= ek® (K2, +k2 ) (K3, -l ) Ky X+ K ),

jomn =

B = euk? (k (K242, ) (K3, -di, ), )(X—(knvx fkny)9),
sadac B, da B;  Sida arekvlis ucnobi koeficientebia

4, gasullil veli:
£ (F)= B0, @) gon M) s () s QR pos (),

j,mn J,mn,j| j,mn, L j,mn, L j,mn ||

Eeny =T, (Vzwgodldz ) Ko P E?ﬁm,L = Tj,mn,L (Vzwgodldz ) k;i,z ﬁjz,mm )

j,mn|| j,mn|| mn,z" j,mn,||?
l:i;),'r?m@ :Tj,mn,ll (]'/Zdle kz)k%ﬁz (Iznzm x IESj2,mn,\| ) ’ l:i;),vr?m,u :Tj,mn,L (]'/Zdle k2 ) kr;rln (Izmzn X IESj2,mn,L) ’

sadac T, da T, , ucnobi koeFicientebia.

maSasadame, gagvaCnia ori damoukidebeli1 tallRa pirveli talRa
£ gfmlh) o %) ronelic poMarizebullia dacemis sibrtyeSi da

J,mn || ! j,mn, L
ikan(7-1;)

~ - K2 (Pt _ . . .
aseve meore tallRa: E° e C A e® (%) romelic dacemis sibrtyis

j,mn,L J,mn,||

marTobu Badaa poBarizebulli. call-callke SeviswavBoT am tallRebis
urTierTgmedeba dieleqtrikull FfenasTan.

dacemis sibrtyeSi polarizebulli tallRa am tallRis difragciis
dros, dielleqtrikis zedapirebze unda srulldebodnen Semdegi sasazRvro

pirobebi:
0 gikm(TT) _goe ikm () (ot aikm{rT; 0g ik (r-1)
(EJ mn € Ei,mn i€ Cos 8 = Ej,mn,ue Ej,mn,ue cosy
z=—h z=-h
kmn‘ P kmn F—T; 'kmn‘ r—r.
(E?rrfm ||el ) E?,'r%n ||el r rj)) Cosy = E?,'rsnn,ueI (=) cosd
z=—(h+l) z=—(h+l)
0 gR(rn) o gFn(r) 01 GEH(R) | yos g
(Hj mn Le : + H ] mn,Le : H ] mn,Le : + Hj mn,Le :
z=-h z=-h
0.f  gikm(r=1) 09 gk {-T) _HO ikn-(F=T;)
(H j,mn,Le : + H j mn,Le : - Hj r?m,Le : .
z=—(h+l) z=—(h+l)

moyvani B 1 sistema garkveu i1 gamartivebis Semdeg Caiwereba rogorc
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0 ng 0 Ing Of Ing 0 Ing
(E. -E7 )cosS (Ejmnu —Ej o€ )cosw

Jvmnvll j.mn, ||
0,f ' . z(h+|) 0,9 Kfon, z(h+|) ' mn z(h+|)
(E] - ~E}9.e cosy =E», e cos 9
0 Imnz 0.e Imnz 0,f Imnz 0,9 'kr;m,zh
H]an +Hjan _Hjan +Hij’1L

Ho f | Kin,z (h+1) Hog k,’nn’z(h+l) H()s | ng(h+|)

jan jan jan
aqg ¢ da yw Sesabamisad dacemis da gardatexis kuTxeebia. SeiZ 0 eba naCveneb

ignas, rom am gamosaxu B ebebidan gamomdinareobs Semdegi damokidebu B ebebi
ve B is amp B itudebs Soris:

0 0 0.e o0, f '
Hjan_EjmnH/Z Hjan_EjmnH/Z Hjan_EjmnH/Z '
0, 0, ’ 0,s 0,s
er?mL =E; r?wn,”/z ! Hjmni = Ejvmnvll/z’

sadac Z=\p /e, Z'=\Juu/c,e TavisuFali sivrcis da diellegtrikis
tal Ruri winaRobebia amitom sistema sabo B ood Caiwereba rogorc

EO  ghma _gOe g Hmah (COSz///cos&l)(EOf 'm“—E"ge‘k'm"‘Z“)

Jmnll Jmnll Jomn,J| JomnJ|

EOs | K2 (N+1) (COSI///COSS)(EO f | Kin.2 (h+1) _ %0 ng(h+|))

Jmnll Jmn\l Jmn\l

B0 0" Eln 0 = (2/2) (B0 + E, 07

., € €
s ik 2 (N+1 ' ik 2 (N+ Kmn.2 (h+1
SN ( ):(Z/Z )(E?r;nu ™+ Effn’nu ( ))-

Tu SemoviRebT aRniSvnebs
Z'=27"cosy +Zcos$, Z=2'cosy —Zcos9,
maSin am sistemis amonaxsni igneba

E?r?m = E?mn ||Z’Z~ (ZN’Z — 7 %%l )_ (92Ikm“| —l)QZikm"'Zh ,

E?nfm | = E?mn I (COSS/COS(//)Z (Z Z)(Z’Z _ 202Kl )—1 ei(kmnvz_k;m)h ’
E%% =E m, (cosd/cosy )Z(Z'+Z ( _ 5202 )—1ei(kmnvz+kr'ﬂnvz)h+2ikr;ml|’
EOs 0= =E° “ 2’2 ( 72 2.kmm|) 1ei(k;ﬂnvz—kmnvz)l
J,mn j,mn .

dacemis sibrtyis marTobullad polRarizebulli tallRa misTvis,
sasazRvro pirobebi gvaZzBevs sxva ganto BebaTa sistemas

ik —ik f ik! —ik! ~h
E?an mnz + E?rennL mnz E?an mnz + E?r?wnL "
o,f iKnn z(h+|) 0,9 Kfon z(h+|) 0,s ik mn, z(h+|)
Ejan Ejan Ejan
0 Imnz _ 0. Imnz o,f Imnz _ 0,9 Imnz
(H]mn” H i, 8 )0039 (Hjmnu H i@ )COS‘/’

(H o,f ' mn z(h+|) H 0,9 i m"Z(h+|))COSW H 0.s I mnz(h+| C0819

Jmnll Jmnll Jmn\l

agac SeiZleba naCveneb ignas, rom magnituri da eleqtrulli velis
amp B itudebi Sesabamisi garemos taB Ruri winaRobebiT gansxvavdebian:

HO — E° /Z Hoe _ poe /Z HOf ot /Zr’

j.mn,|| j,mn, L j.mn,|| j,mn, L j.mn,|| j,mn, L

0, 0, ’ 0,s 0,s
er?mH_EjngnL/Z ' Hjmn||_Ejan/Z’
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Z=\1/e,, Z'=\ 1/, .
amitom zemoT moyvani Bi sistema miiRebs Semdeg sabo B 00O saxes:

ik —ik f ik —ik’_h
E?an mnz + E?;nL mnz E?an mnz + E?nqu mn,z
OS mn Z(h+l) Of Imn Z(h+l) Og kmn Z(h+l)
Ejan E]an +Ejan

EO |mnz EOe

]an jan

e"m" =(Z cosy /2’ cosS)(Efn:M'm” ~EJ9 e 'm““)

EOs mnz(h*’l)).

]an
Tu SemoviRebT aRniSvnebs

Z'=Zcosy +2'cos3, Z=2Zcosy—Z2'cosd,
maSin am sistemis amonaxsns egneba Semdegi saxe:

|mnz(h+l) (ZCOSI///Z’COSS)(EOf |mnz(h+|) EOQ

j,mn, L jan

E?r?m = E?mn ,Z ( 2e2|kmnz )‘ (e2|kmnzl _1)e2ikmmh ’
N L S
E?r?m 1= E?mn LZ_(Z_’ B Z_)(Z_’z B Z_zeZiK;HMI )_1 ei((km" o Z)h+2kmn ZI) )
£, = EDy, (272 =27)(Z7 =26 ) glinaons),

Tu gavaerTianebT am or miRebull amonaxsnebs, maSin gvecodineba ra
ve Bebi igmneba erTi harmonikis difragciis dros dielleqtrikull fenaze da
agedan advillad vipoviT jJanur vellebs. exBa ucnobia mxoBod denis
amp B i1tudebi mesris elementSi da maT Sesabamis sasazRvro pirobidan
vipoviT.

damxmare gamomsxiveb Bebis meTodis gamoyeneba. wina paragra¥Si Cven
amovxseniT difragciis amocana im SemTxvevisTvis, rodesac meseri
imyofeboda dielleqtrikulli Ffenis SigniT da gamoviyeneT amisaTvis
damxmare gamomsxiveb Bebis meTodi. es meTodi aseve SeiZBeba gamoyenebu i
ignas am SemTxvevaSic, anu rodesac meseri imyofeba aRniSnulli Fenis gareT.
amisaTvis Tenis zedapirebis maxBobBad unda avagoT oOTxi damxmare
zedapiri da ganvalagoT maTze damxmare gamomsxiveb Bebi.

ganixi Beba ori gare da ori Sida damxmare zedapirebi:

(x,y)e(d,xd,), z=-h+68, z=—(h+d)-6, z=-h-5, z=—(h+d)+5,

sadac 6 warmoadgens manZi Bs damxmare zedapirsa da Tenis zedapiris
Soris. aseve rogorc wina TavSi, Cven agac wunda ganvixiBloT ori

urTierTmarTobulli elBementarulli wyaro, romBis vellsac gaaCnia saxe
(312) — (3.1.3):

Ge (F.F, ) = (120¢,5d,d,) f ze'kam”fa’(ugkz—ij—k;,y)'”(k (

m=-—o00 N=

G, (F,F,)=(y/2d,d,) iZe“"”F“)(/,tgkz—kfvx—kfn'y)_m(ﬁ XKy )

N=—00 M=

>,

o Pa )~ H2K°B, ),

Ra'mnzlza'mn{k“, Ky, 50N (22, )\/ugkz_kgyx_kfﬂ,y}, k, =k +27n/d,, Kk

maTi orientacia unda ganisazRvrebodes Sesabamisad X da y bazisuri
veqtorebiT. amasTanave, orive elementarul wyaros damxmare

=k, +27zm/d, .

m,y
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gamomsxivebe 8 Si unda gaaCndes sakuTari ucnobi amplitudebi. naTgvamis
gaTvaliswinebiT, ve BebisTvis (I) — (IV) areebSi davwerT:
(1. aq gagvaCnia dacemu Bi da mesridan zeviT mimavalli velebi:

Ee (T)+E, (T Ee"“+2| ( ), Hi(F)+H,(F)=H e'kf+2| a (7.7,
j=1 us— j=1 #5‘1
z;=0, p,=dl,, z>dr, sgn(z—zj):l.
(I1). gagvaCnia mesridan qveviT mimavalli veBi da aseve veli romelic
z=-h-5 damxmare zedapiriT aRiwereba:

. leﬂ (ER) S AL G ()b B G (1)

=e=1 a=la'=l pu=¢=1 u=e=1
- N Q P _»
H H zll H ( )+22(Aaa I: F Faa’)+Baa’ Gm (F,f;a,)],
j=1  p=e=l a=la'=l n=e=1 pu=e=1

aa

z,=0, p;=dl;, z,,=-h-8 -h<z<-dr, sgn(z-z;)=-1, sgn(z-2,,)=1.
aq ao' indegsebi miuRiTeben damxmare gamomsxiveb Bis nomers da maSasadame
TiToeull damxmare zedapirze maTi raodenobaa QxP.

(). aq gagvaCnia z=-h+§ da z=-(h+d)-6 gare zedapirebis mier
Segqmni B 1 ve Bebi:

2y =-h+8, z,,==(h+d)-8, —(h+d)<z<-h, sgn(z-2z,,)=-1, sgn(z-z,,)=1.

vy !
(IV). ag mxoBod z=-(h+d)+6 damxmare zedapiridan qveviT mimavalli
(gasu 1) ve i gagvaCnia:

P
Z(Ko‘o" éé (F’F;'O")-i_RO'O" Gé, (F’FO'O")]’

n=g=1 p=e=1

P — —

Z(Ko‘o" GI: (F’Fao")-i_Roo” Gm (F’Fao")]’

= pu=¢=1 pu=e=1

+d)+6, z<—(h+d), sgn(z-z,.)=-1.

maSasadame, ucnobi ve Bebi gamosaxu Bia periudulli grinis FfungciebiT

rome Inic imyofebian damxmare zedapirebze da aseve mesris elementis

gaswvriv.
Cveni amocana kvBav dayvani Bia imaze rom vipovoT denis ucnobi I,
anp B itudebi (j=12,..,N) da damxmare gamomsxiveb Bebis ampBitudebi A .,

B Cups Dy F. L., Ko s R sadac (a,B,7,0=12,..,Q,

o\ By',o'=12,..,P). sull gagvaCnia 8QxP+N ucnobi da isini (326), (3.2.7)

aa'? oo’
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sasazRvro pirobebidan unda vipovoT.
sasazRvro pirobis Sesrullebas QxP

dielBeqtrikis zedapirze moviTxovT
raodenobis gansxvavebul werti lSi.

aseve VviTxovT sasazRvro pirobis Sesrullebas mesris elementis N
segmentze:
(Bl )+ BT )], %= (E (Re)+Es ()], %
(Ha(f )+ He (B )),__, %= (He(Re)+H (7)), X
(Bl )+ B, 7= (B () + B (),
(et )+ A (R)), -7 =(F0 () + Ay (7)), -9
(B () B (0], R B )
(He () Ho (), = ()l ¥
(B () +Ea (o)), T=E ()l )Y
(He ()= By (B ), oy T =R, )
(Ene () +E(T, )+ E(F,))-dl, =0

sadac ¢=12,..,Q, ¢'=12,..,.P o=12,..,N. an sistemis amoxsna kompiuteruli
modeBirebiT xdeba. amis Semdeg SegviZBia vipovoT difragciis Sedegad
miRebu i1 vel i1 sivrcis nebismier werti lSi.

$3.3 ricxviTi eqgsperimentebis Sedegebi

algoriTmis cdomiBebis dadgena. sanam gadavalT konkretuli
struqturebis gamokvBevaze SegmniBi programuli paketis saSuallebiT,
pirvel rigSi unda Semowmebu B 1ignas misi sizuste. es gu B isxmobs damxmare
parametrebis optimaBuri mniSvne B obebis dadgenas. rogorc | TavSi iyo
naxsenebi, damxmare parametrebs warmoadgenen: 1. damxmare zedapirebis d/4,

daSoreba dielleqtrikis reallur zedapiridan, 2 damxmare wyaroebis
raodenoba talRis sigrZis kvadratis TarTobze, 3. mesris elementis

mavTulis radiusi dr,/1, 4 elementaruli segmentebis raodenoba talRis

sigrZeze. aq 4, da A, Sesabamisad, warmoadgenen tal Ris sigrZes Tavisufal

sivrceSi da dielleqtrikis SigniT. zustad am damxmare parametrebis
mniSvne B obebzea damokidebu B i1 miRebu @i Sedegebis samarT Bianoba. Cven
vIvRiT, rom Sedegi aris samarT HRiani, Tu srulli cdomi Beba sasazRvro
pirobebis SesrullebaSi ar aRemateba 15% rogorc dieleqtrikis zedapirze,
aseve mesris gamtari elementebis gaswvriv. unda aRiIniSnos, rom am
SemTxvevaSi sasazRvro pirobebis Sesrulleba mowmdeba rogorc TviT
ko B okaciis wertiBebSi, aseve maT Sua wertiBebSi, sadac gadaxra am
pirobebis Sesrullebidan magsimaBuria amasTanave, ganxi Bull SemTxvevaSi
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unda srul debodes aseve kidev erTi aucillebel1 piroba Tu dielleqtriks
ar gaaCnia danakargebi, dacemulli velis energia unda udrides arekvBlili

da gasulli velebis energiebis jams W, =W,+W, - rasac energiis Senaxvis
kanoni moiTxovs. Tu gaviTval iswinebT, rom energia aris vellis amp B itudis
kvadratis proporciulli, maSin SegviZlBia daweroT E’ =EZ+E’, saidanac

inc

gamondinareobs toBoba R+T =1, sadac R=E2/E2, T =E?/EZ - arekvlis da

gasv b is koeFicientebia

magaBiTisTvis ganxiBull igna SemTxveva, rodesac usasrullo
orperiodulli meseri imyofeba brtyeli dielleqtrikulli Fenis SigniT (nax.
3.11). mesris elementi warmoadgens kasinis ovalls (nax. 331). dacemuli
brtyeli tallRa OZ RerZis sawinaaRmdego mimarTulebiT vrceldeba da

gaaCnia OX polarizacia dielleqtrikuli fenis sisgea 1=(2/3)4,,
SeRwevadobebia ¢=4, u=1, mesris periodebia d, =d,=(1/3)4,=(2/3)4.

v

X

k®_"Einc

p(p)= \/c2 cos2p ++/a* —c*sin’2¢, p €[0,27], a=1.1c

nax. 3.3.1 kasinis ovalli

Semdeg naxazze 332 moyvani Bia dielegtrikze ko B okaciis werti lebs
Soris sasazRvro pirobis Sesrullebis cdomnilebis damokidebu Beba
werti Bebis raodenobaze.

(%) Error

60 e
NN Ahow
L dfa=1/15 :

o EL P Spsnene s d72=1/10 oo :
N - d/25=2/15 i

15 b e bl
0 3 I L N/R
36 144 324 576

nax. 332 dielegtrikze cdonmi Bebis
damokidebu B eba werti Bebis raodenobaze

damxmare zedapirebi ag arian daSorebullebi reallur zedapiridan
sxvadasxva manZi BebiT  (d/4,=1/15, 110, 2/15). rogorc vxedavT 36
koBokaciis wertilli talRis sigrZis kvadratis TarTobze maRal
cdoni Bebas iZBeva, rodesac d/4,=1/15, Tumca maTi raodenobis gazrdiT
cdonmi Beba mkveTrad mcirdeba da 324 wertilBis SemTxvevaSi (18 wertili
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talRis sigrZeze) mas ukve dasaSvebi mniSvne Boba gaaCnia. meti daSoreba
kidev ufro amcirebs cdomillebas, magaliTad, Tu d/4;,=2/15 maSin
cdomi Beba 144 wertilBis SemTxvevaSi (12 wertilli talRis sigrZeze)
mxo B od 2%-s Seadgens.

Semdeg moyvani Bia igive cdomilBebis damokidebulleba damxmare
zedapirebis d daSorebaze dielleqtrikis zedapiridan (nax. 333 a)).
daSorebas ganicdian rogorc Sida, aseve gare damxmare zedapirebi. aseve,
paralle Burad, moyvani Bia energiis balansis grafiki (nax. 333 b))

(%) Error

0.50 |-

22.5 0.25 |-

0.00

0.033 0.075 0.117

nax. 333 a) dieleqtrikze cdomi Bebis da b) energiis ballansis
pirobis damokidebu B eba damxmare zedapirebis daSorebaze

Semdeg naxazze moyvani Bia R arekvlis, T gasvlis koeficienebis da
aseve maTi R+T _gamis damokidebu Beba dielBeqtrikis | sisgeze (nax. 3.34).
rogorc vxedavT, arekvBlis da gasvlis koeficientebi periodullad
icvilebian. es aixsneba ImiT, rom dieleqtrikis sisqis cvilillebis dros,
icvleba fazaTa sxvaoba zeda zedapiridan arekvBill f vellsa da qveda

zedapiridan arekvl i Bs da Semdeg ganosull f' velebs Soris (nax. 3.35).

RTR+T v
00 = = R’z

rr

R

0 A4 A2 3474 A

nax. 334 R, T koeFicientebis da maTi jamis nax. 335 f da f’ velebi
damokidebu Beba die Beqtrikis sisgeze

anis Sedegad, zogierT SemTxvevaSi (arekvBis koeFficientis magsimumebi)
adgi 01 aqvs maTi Fazebis damTxvevas, rac, interferenciis Sedegad iwvevs
arekvlili velis gaZlierebas. sxva SemTxvevaSi (arekvBis koeFficientis
minimumebi) f da f' velebi sawinaaRmdego fazebiT xvdebian da fagtiurad
axSoben erTmaneTs, rac Sesabamisad iwvevs gasvlis koeficientis gazrdas.
anitom grafikis periodulloba aris /2. nebismier SemTxvevaSi, arekvlis
da gasvlis koeficientebis jami erTis tolia rac TanxmobaSia energiis
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Senaxvis kanonTan. es miRebuli1 Sedegi aseve adasturebs kompiuteruli
algoriTmis samarT 0 1anobas.

mesris elementze cdomilebis angariSis dros ganxilull igna
rezonansulli  SemTxveva, rodesac mesris elementis srulll sigrZe
Tagtiurad talRis sigrZis tolia dielleqtrikis SigniT (L=1031).
gasagebia rom cdomileba sxva (ararezonansull) SemTxvevaSi miRebull ze
mcire unda iyos. Catarebu Bma kv Bevebma gviCvena rom mavTulis radiusis
gazrdiT mcirdeba sasazRvro pirobis Sesrullebis cdomi Beba, magram am
SemTxvevaSi mcired 1irRveva R+T=1 toloba naTqvani naT Bad Cans
momdevno ori grafikidan, sadac moyvanilBlia cdomilleba sasazRvro
pirobisaTvis da R+T =1 tolobisaTvis.

(%) Error
100

50

(107 dry/ A

4.00

a)
p (%) Error R+T
12
————————— N/A=50
8 — N/A=55
— N/2=60
4
0 107) dn /4
0.67 1.51 233 3.17 4.00
b)

nax. 33.6 a) mesris e Bementze sasazRvro pirobis da
b) energiis balansis cdomi Bebebis
damokidebu Beba mavTull is radiusze

an suraTebze moyvani Bia sami grafiki, romelBnic Seesabamebian mesris
elementze koBokaciis wertillebis sxvadasxva raodenobas. rogorc
vxedavT, cdomilBeba orive SemTxvevaSi SedarebiT mcirdeba rodesac
wertilebis aRniSnulli raodenoba 1zrdeba, Tumca 1igi ar unda
aRematebodes 60-s talRis sigrZeze, radgan winaaRmdeg SemTxvevaSi
VRebu B obT arafizikur denebis ganawi Bebas eBementSi. es kargad Cans
Semdeg suraTze, sadac moyvani B ia magsimaBur mniSvne B obaze
danormirebu B inducirebulli denis ganawi Beba e BementSi (nax. 3.3.7).
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Current

0.25

0.00

0 L4 L2 3L/4 L

nax. 3.3.7 danormirebulli inducirebulli
denis ganawi Beba mesris e BementSi

maSasadame, miRebu B 1 mrudebis Tanaxmad, rezonansis SemTxvevaSi,
Tizikuri Sedegebis misaRebad saWiroa parametrebis Semdegi mniSvne Bl obebi:
N/A=60 3.17-10°<dr,/1<4-10%. unda aRiniSnos, rom mesris elementebis
dayofa tol monakveTebad =zogad SemTxvevaSi kasinis eBementebisaTvis
rTulldeba da tallRis sigrZeze elementis gaswriv koBokaciis
werti Bebis aseTi didi raodenoba nawi Bobriv amiT aixsneba.

Tavisufal1 sivrcis SemTxveva. magaBiTisTvis ganxi Bull igna kerZo
SemTxveva, rodesac |=2d sisqis brtyeli dielleqgtrikulli Ffenis
SeRwevadobebia &e=u=1, rac Tavisufall sivrces Seesabameba. mesris
periodebia d =d,=d. damxmare zedapirebis daSoreba udris 04d, xollo
mavTulis sisgea 0.02d. Semdeg suraTze moyvani Bia kasinis elementis
geometria da dacemulli velis orientacia (nax. 338). mas gaaCnia
erTeulovani anplituda da OX polarizacia

y

=
1
=+ X
e
= . ké@ -Eimc
0.592d

nax. 3.38 e Bementis geometria da
dacemu i talRis orientacia

dacemulli veillis talRis sigrZis cviilebiT SeswavBlilia
e BementSi inducirebu B denis magsimumis cv il iBeba naxazze 339 moyvani I
diapazonSi, napovnia ganxi Buli sistemis parametrebis ori mniSvne l oba,
rodesac elementSi aRZrull dens maRalBi mniSvneBoba gaaCnia d/A=1 da
d/A=1.404. pirvelBi magsimumis mniSvne Boba warmoadgens mxo Bod mesris
rezonanss. meore magsimumis mniSvne B oba Seesabameba ormagi rezonansis
SemTxvevas (rezonanSia TviT elementi da aseve rezonansullia mesris

periodi). rogorc vxedavT, aRZruli deni rezonansebis SemTxvevaSi ori
rigiT metia

82

Print to PDF without this message by purchasing novaPDF (http://www.novapdf.com/)



http://www.novapdf.com/
http://www.novapdf.com/

103 Cutrent mazimum

——————————————————————————————————————————

: - diA
0.876 1.073 1.272 1.471 1.667

nax. 3.3.9 denis magsimumis damokidebu N eba
dacemu i tallRis sigrzZeze

Semdeg suraTze (nax. 33.10) moyvani Bia denis ganawi Beba nmesris
elementSi rodesac d/A=1404. rogorc vxedavT, OX poBlarizaciis
SemTxvevaSi e Bementis Cazneqi B nawi BSi ufro maRalli deni aRiZvreba.

3 N
107 Current distribution

3.67

0 L/4 L2 3L/4 L

nax. 3.3.10 denis ganawi Beba e BementSi
ormagi rezonansis dros

a) b)

nax. 3311 axBo velis ganawi Beba a) mesris
paraleBur da b) marTobull sibrtyeebSi

naxazze 3311 moyvanilBlia axBo velis E, komponentis ganawi Beba
mesris periodis TargBebSi mis paralleBur da marTobull sibrtyeSi,
ormagi rezonansis SemTxvevaSi, rodesac d/1=1.404. velis daxatvis
sibrtye a) suraTze imyofeba mesris sibrtyidan 031 simaRBeze.
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aRsaniSnavia, rom dieleqtrikis zedapirebze z=+1/2 veli kargad ikereba

rodesac ¢=1.
daskvna

amoxsnil  igna brtyeli talRis difragciis amocana sistemaze
usasrullo orperiodulli meseri - brtyeli1 dielleqtrikulli fena ganxiBul
igna SemTxvevebi, rodesac meseri imyofeba Fenis SigniT da aseve mis gareT.
es amocana pirvel SemTxvevaSi amoxsni Bia damxmare gamomsxiveb Bebis
meTodiT, romelBSic orperiodulli grinis TFunqcia asrullebda damxmare
gamomsxivebeBis velis rolls. meore SemTxvevaSi am ricxviTi meTodis
garda, ganxiBull igna aseve amoxsnis ori mkacri meTodi. Semdeg 1igna
moyvani B1 ricxviTi gamoTv Bebis Sedegebi, sadac pirvel rigSi dadginda
damxmare  parametrebis optimaluri mniSvne Bobebi.  magaB iTisaTvis
ganxi Bul igna kasinis e Bementebisagan Semdgari meseri.
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