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Tavi I. problemis aqtualuroba da amocanis dasma 

$ 1.1 dasmuli problemis aqtualuroba da misi Tanamedrove mdgomareoba 

adamianis sxeuli Sedgeba e.w. receptorebisagan, romlebic axdenen 

eleqtruli potencialis generirebas (nervuli impulsebis gavrceleba 

cocxal organizmSi). bioeleqtroba metad mniSvnelovan rols asrulebs 

cocxal organizmebSi, vinaidan bioligiuri qsovilebi da misi 

komponentebis didi raodenoba (ujredebi, ujredovani membranebi, nervuli 

ujredebi) eleqtrulad metad mgrZnobiarea.  am mimarTulebiT didi 

yuradReba eTmoba Semdegi sakiTxebis Seswavlas: eleqtromagnituri (e.m.) 

velis energiis STanTqma cocxal organizmebSi, e.m. velis nervul 

sistemasTan urTierTqmedeba, dabalsixSirovani modulirebuli e.m. velebis 

gavlena ujredovani membranis arxebze, molekuluri efeqtebi. cnobilia 

faqtebi, rom radiosixSiruli (RF) da mikrotalRovani (MW) gamosxiveba 
axdens gavlenas cocxal organizmebze pirdapiri da iribi siTburi 

efeqtebis, da arasiTburi efeqtebis saxiT. biologiuri efeqtebi 

damokidebulia Siga eleqtromagnitur velze. Siga velis daxasiaTebisaTvis 

Semotanilia e.w. STanTqmis kuTri siCqaris (vt/kg) (SAR – Specific Absorbtion 
Rate) [1-2] cneba. esaa drois erTeulSi masis erTeulis mier STanTqmuli e.m. 

energia. imis mixedviT, Tu ra masaze da rogor aris igi daTvlili, SAR 
SeiZleba iyos wertilovani da sxvadasxva masaze gasaSualoebuli. nervuli 

sistemis reaqciis gamokvleva sxvadasxva saxis e.m. dasxivebaze gansxvavebul 

da xSirad sapirispiro Sedegebs iZleva, ris gamoc Znelia konkretuli da 

miTumetes raodenobrivi daskvnebis gamotana. “mikrotalRovani sindromis” 

problema dasxivebis dabal doneze, warmoiSva ramdenime aTeuli wlis win 

aRmosavleT evropaSi. es sindromi Seicavs Semdeg niSnebs: Tavis tkivili, 

emociuri arastabiluroba, gamofitva, mexsierebis daqveiTeba. am 

problemebze pasuxis gacema rTulia saimedo dozimetriuli monacemebis ar 

arsebobis gamo. “RF sindromi”, rogorc avadmyofoba, ganxilulia [3] -Si.  

SAR-is ganawilebis dadgena da misi maqsimaluri mniSvnelobebis gazomva 

cocxali organizmebisaTvis rTulia da xSirad SeuZlebelic. amave dros, 

maRali sixSiris (1 GHz da zemoT) SemTxvevaSi adamianis qsovilebis maRali 

STanTqmis mniSvnelobis gamo am sixSireebze veli TiTqmis ar aRwevs 

organizmSi da xelsawyos mier gamosxivebuli energiis STanTqma ZiriTadad 

xdeba sxeulis zedapirze. aseve naCvenebi iqna, rom miuxedavad SAR-is 
SesaZlo mniSvnelobebisa calkeul nawilebSi, SeiZleba biologiuri 

qsovilis siTburi Tvisebebi iseTi iyos, rom ar gamoiwvios temperaturis 

mateba; an piriqiT, SeiZleba SAR-is mniSvneloba ar iyos maRali, magram 

biologiuri qsovili metad mgrZnobiare aRmoCndes da mcire temperaturis 

matebac ki kritikuli aRmoCndes adamianisaTvis (magaliTad hipofizi, 

TeTri da ruxi nivTierebebi). aseve mniSvnelovan rols TamaSobs garemo, 
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romelSic imyofeba adamiani, da calkeuli nawilebis lokalurad 

dasxivebis SemTxvevaSi, sisxlZarRovani sistema [4-8]. e.m. dasxivebisas 

maRali safrTxis qveS myofi erT-erTi nawilia Tvalebi. magaliTad, xelis 

radiogadamcemis muSaobisas antena imyofeba adamianis saxis win. mobiluri 

antenis mier gamowveuli siTburi efeqtebi nawilobriv ganxilulia [9-14] 

SromebSic.  

eleqtromagnituri veliT gamowveuli siTburi efeqtebis mniSvneloba 

naCvenebia, magaliTad naSromebSi [15]-Si da [16]-Si, sadac gamokvleulia SAR 
da temperaturis mateba TvalSi stimulatoris implantaciisas da 

magnituri rezonansis meTodiT gamokvlevisas. ufro metic, xSirad siTbur 

da arasiTbur efeqtebs erTdroulad aqvT adgili da cxadia erTmaneTzec 

axdenen gavlenas. miuxedavad amisa isini xSirad cal-calke arian 

gamokvlevebis sagani.  

arasasurveli arasiTburi efeqtebi  [3] ufro naklebadaa Seswavlili 

Tavisi sirTulis gamo. gamokvlevebi ZiriTadad eqsperimentul xasiaTs 

atarebs. dResdReobiT varaudoben arasiTbur efeqtebs, romlebic SeiZleba 

gamowveuli iyvnen RF da MW gamosxivebiT: ionebis koncentraciis cvlileba 

ujredis membranebSi, arasiTburi efeqtebi proteinebSi [17], imunur 

sistemebSi, 

baranskim da sxv. aCvenes, rom RF gamosxivebam, 5-10 mv/sm  simZlavreebisaTvis, 

SeiZleba gamoiwvios sisxlis ujredebisaTvis hemoglobinis mimReblobis 

Secvla. barnsma [18] aseve aCvena, rom zebra Tevzis embrionis sikvdilis 

mizezi SeiZleboda yofiliyo osmiuri wnevis disbalansi, gamowveuli 5-10 

mv/sm veliT. 

rogorc zemoT moyvanili mcire mimoxilvidan Cans, sakiTxi e.m. gamosxivebis 

SesaZlo safrTxis Sesaxeb arc Tu ise naTelia. arsebuli usafrTxoebis 

standartebi sazRvraven e.m. gamosxivebis dones iseTi SemTxvevebisaTvis, 

romlebic safrTxes uqmnian adamianis janmrTelobisTvis. maSin roca 

SeiZleba arsebobdes raime sxva biologiuri efeqtic, zemoqmedebac, magram 

is ar iTvlebodes janmrTelobisaTvis saSiSad.   

dResdReobiT saxeze gvaqvs Semdegi suraTi: 

adamianTa did raodenobas aqvs mobiluri telefoni da awuxebT eWvi 

janmrTelobis safrTxis Sesaxeb, rasac SeiZleba iwvevdes mobiluri 

telefonis moxmareba. momxmarebelTa umravlesoba ki iyenebs radio-

telemimRebebs, magram bevri maTgans ar awuxebs eWvi am xelsawyoebis mier 

gamosxivebuli energiis mavne zemoqmedebis Sesaxeb, Tumca mikrotalRovani 

sixSireebis mTeli erToblioba iwvevs igive biologiur efeqts. 
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arsebul rekomendaciebSi mocemulia ori saxis SezRudva: pirveli 

ZiriTadi SezRudvebi, romlebic yovelTvis unda sruldebodes; da meore 

SezRudvebi, romlebic SeiZleba darRveul iqnas maSin, roca ZiriTadi 

SezRudvebis pirobebi ZalaSia. ZiriTadi (bazuri) SezRudvebi gamoxatulia 

sidideebiT, romlebic axasiaTeben sxeuls da ar izomebian, magaliTad SAR-
iT. meore tipis SezRudvebi gamoxatulia sidideebiT, romlebic izomebian 

adamianis gareSe, magaliTad eleqtruli velis amplitudis doneebi. 

Aarsebobs Teoriebi da mosazrebebi, romlebic adgenen kavSirs am ori tipis 

sidideebs Soris. met-naklebad mecnierulad Seswavlil biologiur 

zemoqmedebad iTvleba siTburi efeqtebi da dRemde arsebuli 

rekomendaciebi ZiriTadad efuZneba siTburi efeqtebiT gamowveul 

SezRudvebs. rekomendaciebi ZiriTadad efuZneba erT wyaros. es wyaro aris 

msoflios janmrTelobis organizacia World Health Organization (WHO), 
romlis rekomendaciebic Tavis mxriv efuZneba araionizebadi radiaciisgan 

dacvis saerTaSoriso komisiis Commission on Non-Ionizing Radiation Protection 
(ICNIRP) mier 1998 wels gamoqveynebul rekomendaciebs 300 GHz sixSiremde [19]  

didi mniSvneloba aqvs izoTermuli da mikroTermuli faqtorebis 

gaTvaliswinebas. maTi gaTvaliswinebiT dasaSvebi dasxivebis simZlavre 

daaxloebiT 100-jer unda Semcirdes dRevandelTan SedarebiT, rac did 

finansuri da industriuli cvlilebebis gamomwvevi mizezi SeiZleba 

gaxdes. 

rekomendaciebi zogierT SemTxvevaSi Seicaven winaaRmdegobas an maTi 

interpretireba sxvadasxvagvaradac SeiZleba. magaliTad: WHO [19] gv. 21 

naTqvamia: ”normalur siTbur pirobebSi, 1-4 W/kg  SAR mniSvnelobisTvis, 30 

wuTi xangrZlivobis dasxivebisas,  temperaturis mateba naklebia 10C0-ze 

janmrTeli, zrdasruli adamianebisaTvis”. iqve, gv. 23 naTqvamia: 

arasasurvel siTbur pirobebisa da SesaZlo gviani efeqtebisaTvis, 

Semotanilia usafrTxoebis faqtori 10; anu gvaqvs dasaSvebi mniSvneloba 

0.4W/kg”. Ee. i. standarti arasasurvel garemoSi dasaSveb SAR mniSvnelobas 

angariSobs ara 1, aramed 4 W/kg mniSvnelobidan. 1-dan rom agveTvala, maSin 

faqtori gamovidoda 2.5, rac ar aris didi ricxvi. iqve naTqvamia, rom 

zogadad, sazogadoebisTvis da e.m. velis mimarT mgrZnobiare 

adamianebisaTvis, usafrTxoebis done aris 0.08 W/kg, anu damatebiTi faqtori 

aris 5. e. i. pirvel normasTan SedarebiT, sul damatebiTi faqtori gamodis 

50, Tu aviTvliT 4 W/kg-dan; da 12.5, Tu aviTvliT 1 W/kg-dan. anu, uSualod 

safrTxis qveS myofi janmrTeli muSa-mosamsaxuresaTvis usafrTxoebis 

faqtori aris 10 da 2.5, 4 da 1 W/kg -Tvis Sesabamisad. usafrTxoebis 

standartma unda gaiTvaliswinos Semdegi faqtorebi: dasxivebisas 

temperaturis mateba unda iyos 10C0-ze naklebi; dasxiveba SeiZleba 

grZeldebodes ara 30wT-s, aramed 24 sT-s ganmavlobaSi; yvela zrdasruli 

adamiani ar aris janmrTeli; sazogadoebaSi zrdasruli adamianebis garda 
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arian bavSvebic da yvela bavSvi araa janmrTeli; SeiZleba arsebobdes 

arasasurveli siTburi garemo; da bolos SeiZleba adgili hqondes gvian 

gamomJRavnebul efeqtebs, romlebsac es standarti ar iTvaliswinebs. 

kerZod, Seswavlisas dadgenil iqna amTviseblobis cvlileba 0.016W/kg SAR 
mniSvnelobisTvis, rac 5-jer naklebia vidre sazogadod miRebuli 

dadgenili standarti. 

Tu gaviTvaliswinebT, rom simZlavre velis amplitudis kvadratis 

proporciulia, dadgenili evrostandarti velis daZabulobis  

mniSvnelobisaTvis gamodis 41.2 V/m. anu eleqtruli velisaTvis dasaSvebi 

norma gamodis 2.5-jer meti muSa-mosamsaxurisaTvis, vidre es 

rekomendirebulia zogadi publikisaTvis. zogierT qveyanaSi miRebulia 

sxvadasxva zRvruli normebi. magaliTad, belgiaSi-20.6V/m, italiaSi-20.0V/m, 

xolo 4 saaTisa da meti dasxivebis SemTxvevaSi, 6.0V/m. zemoTxsenebuli 

efeqtis SemTxvevaSi velis mniSvneloba aris 18V/მ. Tu gaviTvaliswinebT 

izoTermul da mikroTermul efeqtebs, maSin dasaSvebi velis mniSvneloba 

kidev ufro mcirdeba - 4V/m-მდე. 4V/m aris aseve dadgenili zRvari tele 

da radio sixSiruli (TV/RF) gamosxivebisaTvisac. 

SeiZleba iTqvas, rom dRemde arsebuli standartebi ar iTvaliswineben e.m. 

velis zemoqmedebis arasiTbur efeqtebs. isini gaTvlili arian mxolod 

swraf efeqtebze da aseve mxedvelobaSi ar iReben SesaZleblobas, rom 

sakmarisad didi drois dasxivebis SemTxvevaSi, momxmarebeli SeiZleba 

aRmoCndes safrTxis qveS. am ori faqtoris gaTvaliswineba ki rTuldeba 

imiTac, rom ar arsebobs sakmarisi calsaxad damadasturebuli e.m. velis 

zemoqmedebis statistika da sakmarisi eqsperimentuli monacemebi. 

winamdebare sadisertacio naSromis ZiriTadi mizania, eleqtromagnituri 

velis gavlenis Sefaseba am velis qveS myof obieqtze, kompiuteruli 

modelirebis saSualebiT. araerTgvarovan rTul obieqtebSi e.m. velebis 

gamoTvliTi meTodi da programuli kodi efuZneba droiT areSi sasruli 

sxvaobebis meTodis (FDTD) gamoyenebas maqsvelis gantolebebisaTvis. 

siTburi movlenebis modelireba da analizi _ ki biosiTbos gantolebis 

gamoyenebiT. mxolod FDTD meTodi saSualebas iZleva Seswavlil iqnas 

rTuli, araerTgavrovani obieqtebi. FDTD meTodiT miRebuli SAR-is 
ganawileba, xolo Semdeg miewodeba “biosiTbos Zravas”, romelic SAR-iT da 

STanTqmuli e.m.  velis energiiT iTvlis gamowveul temperaturis matebas. 

 dRevandeli cxovreba warmoudgenelia eleqtromagnituri xelsawyoebis 

gareSe, romelTa ricxvs miekuTvnebian televizorebi, radiomimRebebi, 

kompiuterebi, mobiluri kavSirgabmulobis aparatebi, mikrotalRovani 

Rumelebi, radarebi, samrewvelo, samedicino, savaWro danadgarebi da a. S. 

urbanizebul regionSi mcxovrebi adamiani TiTqmis mudmivad imyofeba 
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sxvadasxva wyaroebis mier gamosxivebuli eleqtromagnituri velebis 

gavlenis qveS. 

garda am e.m. fonisa, aseve mniSvnelovania uSualod adamianis siaxloves 

warmoqmnili e.m. velebis Seswavla, sxvadasxva e.m. xelsawyoebis 

gamoyenebisas, maTi mavne zemoqmedebis Tavidan acilebis mizniT. 

dResdReobiT aqtualuria personaluri sakomunikacio sistemebis (pss) mier 

gamosxivebuli e.m.  velebis da maTi adamianze SesaZlo gavlenis efeqtebis 

gamokvleva. aseve aqtualuria medicinaSi, klinikur gamokvlevebSi, 

gamoyenebuli e.m.  velebis Seswavla da usafrTxoebis wesebis dadgena. 

kerZod, birTvuli magnituri rezonansis movlena safuZvlad udevs 

magnituri rezonansiT adamianis organoebis skanirebas, rac gamoiyeneba, 

magaliTad, avTvisebiani simsivneebis diagnostikisaTvis.  

radiosixSiruli (RF) velis urTierTqmedeba ujredovan qsovilTan 

SeiZleba ganxilul iqnas rogorc 3 procesis Sedegi:  

1. eleqtromagnituri velis SeRweva da gavrceleba cocxal organizmSi. 

2. uSualo urTierTqmedeba velsa da qsovilis ujreds Soris. 

3. aqedan gamomdinare SesaZlo meoradi efeqtebi.  

cocxal sistemebs aqvT unari moaxdinon gare qmedebebis Sedegebis 

kompensireba, e.m. velebis zemoqmedebis CaTvliT. kerZod, fiziologiuri 

kompensacia niSnavs, rom gareSe faqtorebisgan gamowveuli daZabuloba 

organizmSi srulad kompensirdeba da organizms SeuZlia ganagrZos 

normaluri funqcionireba. paTologiuri kompensacia niSnavs, rom gare 

qmedebebi iwveven funqcionalur cvlilebebs organizmSi, rasac SeiZleba 

struqturuli cvlilebebic ki mohyves.  

sazRvari am ori tipis kompensacias Soris metad rTuli dasadgenia. 

usafrTxoebis standartebi adgenen normas, romlis zemoTac adgili aqvs 

janmrTelobisTvis saSiS, ukve cnobil efeqtebs. biologiur efeqtebs ki 

SeuZliaT gamoiwvion, an ar gamoiwvion janmrTelobisaTvis saSiSi 

zemoqmedeba.  

e.m. zegavleniT gamowveuli SesaZlo efeqtebi iyofa or klasad: siTburi 

da arasiTburi efeqtebi.  

pirveli (siTbur efeqtebi) aris, magaliTad, lokaluri gadaxureba.  e.m. 

velis SeRwevisas, velis energiis didi nawili siTboSi gardaiqmneba. 

organizmSi mimdinare metaboluri da Termoregularizaciis meqanizmebi 

cdiloben SeinarCunon normaluri temperatura qsovilSi da icaven mas 

gadaxurebisagan. meores mxriv, roca sxeuli moTavsebulia gare sakmarisad 
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maRali simZlavris velSi, qsovilSi temperatura SeiZleba gaizardos da 

gadaaWarbos usafrTxoebis normas. 

meores (arasiTbur efeqtebs)  miekuTvneba, magaliTad, e.m. velis 

zemoqmedebis Sedegad cvlilebebi ujredul doneze. gare velSi 

moTavsebul ujredSi icvleba dadebiTi da uaryofiTi ionebis 

koncentraciis fardoba, rac cvlis ujredSi ionebis transportirebis 

process. orive klasis efeqtebma SeiZleba moaxdinon rogorc dadebiTi, 

aseve uaryofiTi gavlenac. 

      warmodgenili naSromi exeba  siTbur efeqts, romlis drosac adgili 

aqvs qsovilis temperaturis matebas. am temperaturis Sesafaseblad saWiroa 

movaxdinoT Tbocvlis modelireba organizmSi mimdinare realuri 

procesebis gaTvaliswinebiT. konkretulad ki, naSromis mizania 

SeviswavloT ra gavlenas axdens sisxlis mimoqceva dasxivebiT gamowveuli 

siTbos gadatanis procesSi, anu Tbocvlisas.  

      aRniSnuli sakiTxis gadasaWrelad, am naSromSi warmodgenilia 

Termuli efeqtis modelirebis axali ricxviTi meTodi  adamianis  

qsovilis RF energiiT dasxivebisas. is dafuZnebulia axal algoriTmze, 

romelic moicavs realuri sisxlZarRvebis qselis agebas, sisxlis dinebis 

siCqareTa ganawilebis axal models da midgomas bio-siTbos gantolebis  

amosaxsnelad,  qsovilSi cvladi da sawyisi ucnobi sisxlis temperaturis 

ganawilebisas. algoriTmi agebs diskretul samganzomilebian models 

orive arteriuli da venuri sisxlZarRvebis qselisa da uwyveti sisxlis 

siCqareTa veqtorul velis nebismieri Caketili  geometriisTvis,  

rogorsac moiTxovs  adamianis  sxeulis rTuli anatomia da sisxlis 

dinebis  warmodgena. 

    ganviTarebuli meTodis gamoyenebiT mocemul naSromSi miRebuli 

Sedegebi realuri dasxivebis pirobebSi gviCvenebs  dasxivebuli qsovilis  

siTburi efeqtis  fardobiT gansxvavebas  Cveulebrivi bio-siTburi 

gantolebiT miRebul SedegebTan  SedarebiT mudmivi sisxlis mimoqcevisas  

da temperturisas. ganviTarebuli teqnika ganapirobebs ufro zust  da 

realur  damodelirebas adamianis sxeulis dasxivebis Termuli 

dozimetriis Sesaswavlad. 

 

$ 1.2.  arsebuli  literaturis   mimoxilva. 

  arsebuli literaturis mimoxilvis dasawyisSi minda vaxseno levan 

SoSiaSvilis [20] da aleqsandre razmaZis disertaciebis mokle mimoxilva 

[21]. orive disertaciis gamokvlevebis Tematika iyo dakveTili “Motorola” 
kompaniis da MMF/GMSA-is konsorciumis mier da mTlianad iyo miZRvnili 
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mobiluri telefonebis mier gamosxivebis zemoqmedebis gamokvlevas 

momxmarebelze. levan SoSiaSvilis disertaciaSi Camoyalibebulia dasmuli 

amocanis Seswavlis ricxviTi meTodebis SesaZleblobebi, anu kompiuteruli 

gamokvlevebis saSualebebi. masSi vrclad aris aRwerili FDTD, MAS da maTi 

hibriduli meTodebi gamosxivebuli e.m. velis SeRweva iseT rTul garemoSi, 

rogoricaa adamiani. disertaciis ZiriTadi mizani da Sedegi iyo 

specialuri programuli paketis FDTDLab-is Seqmna. naxsenebi programuli 

paketis daniSnulebaa:  

1. dasxivebuli e.m. velis ganawilebis povna adamianis sxeulSi. 

2. SeRweuli e.m. velis energiis gardaqmna siTbur energiaSi (SAR-is 
ganawileba), da  

3. adamianis sxeulSi temperaturis cvlileba e.m. dasxivebis Sedegad – 

anu Termuli  amocanebis amoxsna kompleqsuri scenarebisaTvis. 

aRsaniSnavia, rom Termuli amocanis amoxsna xdeboda sisxlis mimoqcevis 

gauTvaliswineblad bio-siTburi gantolebis  FDTD modelirebiT. 

winamdebare disertaciaSi ganxilulia sisxlis mimoqcevis gaTvaliswineba 

da FDTDLab programuli paketis SesaZleblobebis gafarToeba. l. 

SoSiaSvilis Seswavlis sagani iyo damkveTebis mier SemoTavazebuli 

adamianis araerTgvarovani modeli “Visible Human Model” warmodgenili 0.5 mm-

is sizustiT [22,23] is gagrZeleba.  

aleqsandre razmaZis disertaciis mTavari mizani iyo temperaturis 

cvlilebasTan korelaciis TvalsazrisiT SAR-is gasaSualoebis saukeTeso 

masis SerCeva. maT Soris ganxilulia sakiTxi Tu romeli gaTvaliswinebuli 

IEEE da saerTaSoro standartebSi 1g Tu 10g gasaSualoebuli masa 

ukeTesad emTxveva temperaturul ganawilebas. agreTve gamokvleuli iyo 

koreliaciis damokidebuleba cudad aRweril usafrTxoebis standartSi 

parametrze: daSvebuli haeris raodenoba gasaSualoebis kubSi. [1]. am 

disertaciis Seswavlis sagani iyo damkveTebis mier SemoTavazebuli 

mobiluri telefonebis da agreTve kavSirgabmulobaSi gamoyenebuli sabazo 

antenebis mier gamosxivebuli e.m. velebSi myofi adamianis dasxiveba 

realurTan axlo scenariebSi (oTaxSi, saxlis kedelTan-quCaSi, borcvebis 

da mTis garemocvaSi. a. razmaZis disertaciaSi ganxilulia FDTD meTodis 

amonaxsnis sizustis sakiTxi da aRniSnilia, rom zogierT amocanaTa 

klasisTvis saWiroa ufro zusti modeli, romelSic aris 

gaTvaliswinebuli sisxlis mimoqceva da mis mier siTbos gadatana (siTbos 

konveqcia). 

eqsperimentuli gazomvebis maRali Rirebulebis gamo, ricxviTi 

modelireba gaxda Seswavlis ZiriTadi meTodi. davamodeliroT da 

viwinaswarmetyveloT temperaturis mateba adamianis sxeulSi, 
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dakavSirebuli eleqtromagnitur gamosxivebasTan radio sixSireebze (RF). 
wlebis ganmavlobaSi  bio-siTbos gantoleba [18] gamoiyeneboda qsovilSi 

Tbocvlis procesebis modelirebisaTvis. mas Semdeg tradiciul 

gantolebas aqvs sisxlis mimoqcevis wevri, gansazRvruli rogorc 

makroskopuli qsovilze damokidebuli mudmivi parametri,  is zRudavs 

gamoviyenoT dasxivebis scenaris ufro detaluri modelireba, romelic 

aRwers realurad mimarTul sisxlis dinebas. zogi modeli Seicavs 

sivrcul mudmivas, magram mniSvnelovania SeviswavloT temperaturis 

damokidebuleba sisxlis mimoqcevaze, romelic aRwers adamianis sxeulis 

Termuli regulaciis  meqanizms, maRali simZlavris RF wyaroTi 

dasxivebisas. ufro zusti modelebi [4-5] Seicavs diskretul kapilarul 

struqturas da Tbocvlis meqanizms. winad arsebuli modelis [5] praqtikul 

realizaciisas gaaCnia nakli sirTulis gamo. sadavo aris  agreTve 

kapilaruli qselis agebisas algoriTmi. imisaTvis, rom SeviswavloT 

sisxlis mimoqcevis efeqti Tbocvlisas qsovilSi, saWiroa kapilaruli 

qselis modelireba. metad detalizebuli sisxlZarRvebis qselisTvis 

modeli ar arsebobs ageba realuri araa xelmisawvdomi,  saWiroa  

kompiuteruli algoriTmi rom aigos  realuri xelovnuri kapilaruli 

qseli. xelovnuri kapilaruli qselis agebis saWiroeba motivirebulia  

angiogenezisisa da hipoTermiis Seswavlis interesiT,  iseve rogorc RF 
gamosxivebis ufro zusti modelirebiT.   

am naSromSi moyvanilia axali algoriTmi [4], romelsac SeuZlia 

sisxlZrRvebis qselis 3-D modelis Seqmna da sisxlis dinebis siCqareTa 

veqtoruli velis ageba,  romelsac SemdgomSi kapilarebs vuwodebT. 

Semotanili midgoma SesaZleblobas iZleva gamoiTvalos kapilarobis 

efeqti garkveuli sisxlis dinebis ganawilebis dros Tbocvlisas 

qsovilSi. algoriTmi aseve mxedvelobaSi iRebs geometriis 

uswormasworobebs da rTul anatomiur Taviseburebebs. 

maSin roca diskretuli kapilaruli modeli vargisia Tbocvlis 

modelirebisTvis farTe sisxlZarRvebSi [4], kapilarebis moqmedeba Zneli 

gasaTvaliswinebelia mtkiced gansazRvrul modelebSi. 

   yvelaze farTod gamoyenebuli midgoma Tbocvlis modelirebisa RF 
veliT dasxivebul  qsovilSi, dafuZnebulia penes bio-siTbos gantolebze 

(1.1) [23].   

( ) ( , ) ( , ) ( , )p b
Tc k T SAR A r t B T r t T r t
t

ρ ρ
→ → →∂ ⎛ ⎞=∇⋅ ∇ + + − −⎜ ⎟∂ ⎝ ⎠

 (1.1) 

sadac  SAR - STanTqmis kuTri siCqarea (vt/kg) esaa drois erTeulSi masis 

erTeulis mier STanTqmuli energia. imis mixedviT, Tu ra masaze da rogor 
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aris igi daTvlili,  SAR  gvaqvs wertilovani da sxvadasxva masaze 

gasaSualoebuli.  

A  -  aRwers metabolur procesebs qsovilebSi. 

Tb - sisxlis temperatura sivrciT da droiT mudmivia mTel gamosakvlev 

areSi.  zogi gamokvleva ukve Semowmebulia am SezRudvis dasaZlevad [26] da 

. miuxedavad imisa, rom cnobilma midgomam ukve aCvena kargi Sedegebi [25], 

gamoTvliTi saSualebebis zrda SesaZleblobas iZleva gamoviyenoT ufro 

zusti modeli, romlisTvisac damaxasiaTebelia orive kapilaroba da 

kapilaruli sisxlis dineba [26]. Cemi TanaavtorobiT samagistro TemasTan 

dakavSirebiT  gamoqveynebulia  Semdegi  Sromebi  [26],  [27],   

     

$1.3.  amocanis dasma 

naSromis ZiriTadi mizani mdgomareobs mcire simZlavris (mag. mobiluri 

telefonis) gamomsxivebelis mier gamosxivebuli eleqtromagnituri velis 

SeRweuli energiis SeswavlaSi anatomiuri modelis TavSi. vixilavT em 

velis SeRwevis siRrmesa da STanTqmuli kuTri simZlavris mniSvnelobebs 

(SAR). STanTqmis Sedegad e.m. energia gardaiqmneba siTbur energiaSi, 

cxeldeba is adgilebi, sadac  SeiRweva energia, da cxadia, sainteresoa 

imis gamokvleva, Tu ra sididiT gaizrdeba am dros temperatura modelis 

qsovilsa Tu organoSi, ramdenad iqneba is moqceuli standartis normebSi 

da ა.შ. aqedan yvelaze mniSvnelovania SeRwevis gamokvleva Tavis tvinSi. 

eleqtromagnituri talRis gamomsxiveblebis wyaroebad aRebulia 

sxvadasxva rezonansuli antenebi – dipoluri, monopoluri sworxazovani, 

spiraluri, “meanderis” tipis da brtyeli antenebi.  

ricxviTi eqsperimentebi tardeboda sixSireTa farTo diapazonisaTvis - 300, 

450, 900, 1450, 1900, 2450, 3700 da 6000 mgh, romlebic gamoiyeneba praqtikaSi an 

iqneba gamoyenebuli momovalSi.  magaliTad,  300 - 450 mghc – gamoiyeneba 

policiasa da samxedro daniSnulebaSi, 900 - 1900 mghc – mobiluri kavSiris 

diapazonia, xolo 3700 da 6000 mghc  - momavlis sixSireebia. Sedegebi 

miRebulia antenebis sxvadasxva zomebisaTvis da Tavis modelidan antenamde 

sxvadasxva manZilebisaTvis. rogorc cnobilia, ე.მ velis energiis simkvrive 

gamomsxiveblidan manZilis kvadratis ukuproporciulia (1/r2), amitom 

eqsperimentebi tardeboda sxvadasxva 5, 10 da 20 mm manZilebisaTvis. aqve 

unda aRiniSnos, rom mocemul naSromSi yvela eqsperimenti tardeba 

sisxlis nakadisa da sisxlZarRvTa struqturis mimoxilvis 

gauTvaliswineblad. sisxlZarRvebis struqurisa da misi agebis algoriTmis 

mimoxilva da kvleva aris aRwerili calke TavSi. 
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$ 1.4 disertaciis mokle mimoxilva 

pirvel TavSi ganxilulia problemis Tanamedrove mdgomareoba da 

aqtualuroba da aseve arsebuli literaturis mimoxilva.  

meore TavSi moyvanilia kvlevaSi gamoyenebuli meTodologia. aRwerilia 

sasruli sxvaobebis meTodi eleqtromagnituri da siTburi amocanebisaTvis 

da aseve  SAR-is gasaSualoebis algoriTmi. 

mesame TavSi ganxilulia sisxlis mimoqcevis modelirebis axali midgoma.  

dawvrilebiT aRwerilia sisxlZarRvTa sistemis agebis algoriTmi. aseve 

moyvanilia ori meTodi sisxlis dinebis veqtoruli kapilaruli velis 

asagebad. sisxlZarRvTa diskretuli modeli da kapilaruli qseli 

gamoiyeneba modificirebul bio-siTbos gantolebaSi, romelic 

iTvaliswinebs sisxlis mier siTbos gadatanas. 

meoTxe TavSi warmodgenilia MMF WP8 proeqtis farglebSi miRebuli 

Sedegebi da maTi analizi. sxvadasxva tipis antenebisaTvis ganxilulia 

SemTxvevebi ramodenime operatiuli sixSiris SemTxvevaSi gansxvavebul 

manZilebze Tavsa da antenas Soris. am Tavis ZiriTadi mizani aris imis 

dadgena, Tu ra antena da romeli sixSire aris ufro usafrTxo mobiluri 

kavSirisaTvis. 

mexuTe Tavi gankuTvnilia meoTxe TavSi miRebuli Sedegebis stabilurobis 

analizisaTvis. gamokvlevis Catarebisas aRmoCnda, rom maRal sixSireebze 

miRebuli Sedegebi arastabiluria. zogierT SemTxvevaSi ki daikvirveba 

rezonansi. 

disertaciis bolo nawilSi moyvanilia disertaciis ZiriTadi Sedegebi, 

romlebic gamotanilia dasacavad. 
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Tavi II. disertaciaSi gamoyenebuli kvlevis moTodologia 

$ 2.1. droiT areSi sasruli sxvaobebis (FDTD) meTodi maqsvelis 

gantolebisaTvis 

droiT areSi sasruli sxvaobebis meTodi (FDTD) warmoadgens maqsvelis 

gantolebebis diskretizacias centraluri sxvaobebis meTodiT. amocana 

aris (1) gantolebebis diskretizacia kompiuteruli modelirebisaTvis.  

 

 

 

                                 (2.1.1) 

 

sadac D Eε=  da B Hμ= ;ε  eleqtruli SeRwevadiba da μ   magnituri 

mimReblobaa, roblebic moiceba Semdegi saxiT 0rε ε ε=  da 0μ μ μ=  sadac rε  

da rμ  fardobiTi xolo 0ε  da 0μ  Tavisufali sivrcisTvis ( 128,854*10−  f/m 

da 74 *10π −  h/m Sesabamisad). xolo s EJ J σ= +  da *
sM M Hσ= +   sadac sJ  da 

sM  gare wyaroebia xolo σ  da *σ  eleqtruli გამტარობა(სიმ/მ) da 

magnituri დანაკარგები(ომი/მ). Tu am formulebs SevitanT (2.1.1) da gadavwerT 

maT integraluri saxiT miviRebT 

 

                                    (2.12)        

                         

 

 

      ------------------- -------------(2.13) 

 

       

 

 

                                                     

 

; 0

; 0

B
E M D

t

D
H J B

t

∂
= −∇ × − ∇ ⋅ =

∂

∂
= ∇ × − ∇ ⋅ =

∂

*
( )s

C S S

Edl Bds M H ds
t

σ
′ ′ ′

∂
+

∂
= − −∫ ∫∫ ∫∫

( )s
C S S

Hdl Dds J E ds
t

σ
′ ′ ′

∂
+

∂
= +∫ ∫∫ ∫∫

sur 2.1.1 E da H 
velebi 
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anu gvaqvs faradeis da amperis kanonebi Sesabamisad. am integraluri 

gantolebebis diskretizireba mocemul sivrce drois badeze saSualebas 

gvaZlevs amovxsnaT maqsvelis gantolebebi mocemuli wyaroebis da 

fizikuri parametrebis SemTxvevaSi. IEEE-s algoriTmi mdgomareobs 

SemdegSi: vakeTebT (2.1.2-2.1.3) gantolebebis diskretizirebas. yoveli 

“ujredisTvis” zE  velis komponentis ganaxleba xdeba misi mezobeli B   

velebis komponentebis aRebuli drois ½ bijis ukan da E  Sesabamisi 

komponentis saSualebiT wina bijze. Semdeg vzrdiT dros droiTi bijis 

naxevariT da Sesabamisad xdeba B  komponentebis ganaxleba. 

SemovitanoT aRniSvnebi: , ,i j k - warmoadgenen sivrcul ( , ,x y z ) indeqsebs, 

n droiT indeqss, , ,x y zN N N  kvanZebis raidenobaa sivrcul badeze. 

 

                                (2.1.4) 

 

elementaruli ujredis centeris koordinatebi iqneba: 

 

                                                           (2.1.5) 
 

 

xolo centrebs Soris manZili  : 

 

                                                                            (2.1.6) 

 

1) E  velebi mocemulia ujredis wiboebis centrebSi, xolo B  velebi 

ujredis waxnagebis centrebSi. maSin mocemuli ujrisaTvis (2.1.2-2.1.3) 

diskretizacia gvaZlevs Semdeg sqemas E  da B  komponentebisTvis: qvemoT 

moyvanilia sqema Ez  komponentisTvis.  

2) analogiurad gveqneba danarCeni komponentebisTvisac. sxvadasxva 

sivrculi bijis gaTvaliswineba programaSi orive ტიპის,ერთგავროვანი da 
adaptiuri badis, agebis saSualebas iZleva. aseve nivTierebaTa parametrebi 

mocemulia badis kvanZebze da damokidebulia indeqsebze ი,ჯ,კ rac 

araerTgavrovani obieqtebis saSualebas iZleva. droiTi biji gamoiTvleba 

kurantis პირობიდან
3

t FDTD
c
δ

Δ ≤
3

t
c
δ

Δ ≤  sadac δ  minimaluri sivrciTi 

bijia badeze.  

 

1

1

1

; 1, 1;
; 1, 1;

; 1, 1;

i i i x

j j j y

k k k z

x x x i N
y y y j N

z z z k N

+

+

+

Δ = − = −
Δ = − = −

Δ = − = −

1/2 1/2 1/2/ 2; / 2; / 2;i i i j j j k k kx x x y y y z z z+ + += + Δ = + Δ = + Δ

1 1 1( ) / 2; ( ) / 2; ( ) / 2;i i i j j j k k kh x x h y y h z z− − −Δ = Δ + Δ Δ = Δ + Δ Δ = Δ + Δ
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(2.1.7) 

 

aqedan 1n
zE +  Tvis viRebT 

 

       

(2.1.8) 

 

 

 

sasruli sxvaobebis meTodi aris erTaderTi ricxviTi meTodi, romelic 

gamoiyeneba rTul anatomiur modelze e.m. dasxivebis modelirebisas. is 

gvaZlevs saSualebas eleqtromagnituri da Termuli amocanebis 

modelirebisas gamoyenebul iqnas erTidaigive diskretuli bade.  

sasruli sxvaobebis meTodis erTerTi nakli aris is, rom ararsebobs 

amonaxsnis sizustis Sefasebis meTodika. im faqts, rom amacana aris swored 

amoxsnili miuTiTebs mxolod krebadobis arseboba.  

damatebiT unda aRiniSnos, rom nivTierebis eleqtromagnituri da Termuli 

Tvisebebi aris damokidebuli sixSireze da temperaturaze, rac 

mniSvnelovnad arTulebs modelirebis proces. 

( )21,, +kjiEz

( )21,,21 ++ kjiH y

( )21,,21 +− kjiH y

( )21,21, ++ kjiH x( )21,21, +− kjiH x 2
1 ii

i
xxhx Δ+Δ

= +

2
1 jj

j

yy
hy

Δ+Δ
= +

( ) ( )( ) ( ) ( )( )
( ) ( ) ( ) ( )

1 1
2 2

1 1 1 1 1 1 1 1
2 2 2 2 2 2 2 2

1 11 1 1 1
2 2 2 2

, , , ,

, , , , , ,

, , , , , , , ,
2

y y j x x i

n n n n
z z z z

i j i ji j k i j k

H i j k H i j k hy H i j k H i j k hx

E i j k E i j k E i j k E i j k
hx hy hx hy

t
ε σ

+ +

+ +

+ + − − + ⋅ + − + − + + ⋅ =

⎡ ⎤ ⎡ ⎤+ − + + + +
⋅ ⋅ ⋅ + ⋅ ⋅ ⋅⎢ ⎥ ⎢ ⎥Δ⎣ ⎦ ⎣ ⎦

( ) ( )

( ) ( )( ) ( ) ( )( )

1 1
2 2

1 1 1 1
2 2 2 2

, , , ,1 1 1
2 2

, , , , , , , ,

1 1 1 1 1 1 1 1
2 2 2 2 2 2 2 2

2 2, , , ,
2 2

1 1, , , , , ,

i j k i j kn n
z z

i j k i j k i j k i j k

y y x x
i j

t tE i j k E i j k
t t

H i j k H i j k H i j k H i j k
hx hy

ε σ

ε σ ε σ
+ ++

+ + + +

⎛ ⎞ ⎛ ⎞− Δ Δ⎜ ⎟ ⎜ ⎟+ = ⋅ + + ⋅
⎜ ⎟ ⎜ ⎟+ Δ + Δ⎝ ⎠ ⎝ ⎠

⎡ ⎤
⋅ + + − − + + + + − − +⎢ ⎥
⎢ ⎥⎣ ⎦
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$ 2.2. siTburi procesebis ricxviTi modelireba FDTD meTodiT 

biosiTbos gantolebis (1) (2.2.1) modelireba (2.2.2) sasazRvro pirobiT 

maqsvelis gantolebebis modelirebis  analogiuria (1).  

 

(2.2.1) 

 

                           (2.2.2) 

siTburi gantolebis (2.2.1) modelirebisas viyenebT igive sivrcul bades 

rac gvaqvs maqsvelis gantolebebis SemTxvevaSi, viyenebT nivTierebebs, 

romlebic mocemulia ujredis centrebSi. vwerT siTburi balansis 

განტოლებას: 

 

(2.2.3) 

 

 

sadac  elementaruli ujredis moculobaa S  zedapiri, xolo G K T= − ∇ . 

Sesabamisi sasruli sxvaobis sqemaa: 

  

 

 

 

 (2.2.4) 

 

 

aris siTbos nakadi mocemuli ujredis zedapirze. nakadebis enaze 

gantolebebis modelireba metad moxerxebulia sxvadasxva sasazRvro 

pirobebis modelirebisaTvis. magaliTad vinaidan (2.2.1) pirobis 

gaTvaliswineba niSnavs G  nakadze pirobis dadebas. vinaidan bade 

0 ( )b
TC K T SAR A B T T
t

ρ ρ∂
⋅ = ∇ ∇ + ⋅ + − ⋅ −

∂

( )a
TK h T T
n
∂

= − −
∂

1 1 1 1

1

0* *

( ) *

n n n n

n n n n

n

n

t t t t

t V t S t V t V

t

b
t V

Tdt C dV dt Gds dt SAR dV dt A dV
t

dt B T T dV

ρ ρ
+ + + +

+

∂
⋅ = − + ⋅ +

∂

− ⋅ −

∫ ∫∫∫ ∫ ∫∫ ∫ ∫∫∫ ∫ ∫∫∫

∫ ∫∫∫

1
1/2, 1/2, 1/2 1/2, 1/2, 1/2 , , , , 1, ,

1/2, 1/2, 1/2 1/2, 1/2, 1/2

1/2, 1/2, 1/2 1/2, 1/2, 1/2
1/2, 1/2, 1/2 1/2, 1/2, 1/2

( )

( & )

( )

n n n n
i j k i j k x i j k x i j k

i j k i j k

n
i j k i j k b

i j k i j k

tT T G G
C

x y x z terms
t B T T

C

ρ

ρ

+
+ + + + + + +

+ + + + + +

+ + + + + +
+ + + + + +

Δ
= + −

+ → →
Δ

− −

+

1/2, 1/2, 1/2

1/2, 1/2, 1/2 1/2, 1/2, 1/2
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t SAR
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ρ
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+ + + + + +
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⋅
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orTogonaluria es niSnavs rom ujredis waxnagebze gvaqvs mxolod erTi 

komponenta , ,x y zG G G  Sesabamisad , ,x y z  waxnagebze. (2.2.2) diskretizeba 

sabolood გვაძლევს. 

sadac 1, , , , 1/ 2, 1/ 2, 1/ 2 1/ 2, 1/ 2, 1/ 2
, , ,

, , 1, , , 1( )

n n
i j k i j k i j k i j kn

x i j k
i j k i j k x i

k k T T
G

k k h
− + + + − + +

− −

−
= − ⋅

+ Δ
 konveqciuri sasazRvro 

pirobebis SemTxvevaSi Sesabamisi nakadis formula icvleba (2.2.1) 

diskretizaciiT. (2.2.2) formulaSi koeficintebis cvlilebiT advilad 

SeiZleba sxvadasxva sasazRvro pirobebis (konveqcia, mudmivi temperatura, 

adiabaturi sasazRvro piroba) modelireba. 

 

$ 2.3 SAR-is IEEE standartiT moculobis გასაშუალოების 
algoriTmi 

moculobis gasaSualoba FDTD meTodis algoritmSi. 

SAR-is gasaSualoebis saWiroeba imiTaa gamowveuli, rom realur 
eqsperimentSi gazomili SAR-i ar emTxveva wertilovan SAR-s, romelic 
miRebulia ricxviTi meTodebiT. aRmoCnda, rom gasaSualoebuli SAR-i 
bevrad ukeTesad emTxveva realuri  eqsperimentis Sedegad miRebul 
mniSvnelobebs. amitom usafrTxoebis standartebSi naxsenebia zustad 
gasaSualebuli SAR-i. aseTi usafTrxoebis standartebi arsebobs 
sxvadasxva qveynebSi, da es standartebi erTmaneTisgan gansxvavdeba, Tumca 
miuxedavad amisa, maT mainc gaaCniaT saerTo maxasiaTeblebi. magaliTad 
aseT standartebSi calke gamoyofilia samoqalaqo da specialuri 
daniSnulebis adamianTa jgufebisTvis gankuTvnili maqsimalurad 
daSvebuli SAR-is mniSvnelobebi. Sedegad, adamiani, romelic aris 
gafrTxilebuli ama Tu im aparaturasTan muSaobis safrTxis Sesaxeb, 
Rebulobs socialur, materialur an sxva SeRavaTebs.  

mas Semdeb rac gaerkva rom saWiroa saris gasaSualeba dadga sakiTxi 
saukeTeso moculobis moZiebis sakiTxi. 

arsebuli xelsawyoebi da anatomiuri modelebis milimetriani 
diskretizacia aris safuZveli imisa, rom gaCndes sakiTxi masis 
gasaSualoebis SerCevis Taobaze. Tanamedrove IEEE usafrTxoebis 
standartebis mixedviT SAR-is maqsimaluri mniSvneloba qsovilSi ar unda 
aRematebodes gansazRvrul sidides. analogiurad, izRudeba mTlian 
sxeulsa da sivrceSi gasaSualoebuli SAR-is mniSvnelobebi. ZiriTadad 
sivrceSi gasaSualeba xdeba masis mixedviT, magaliTad - kubSi, romlis 
masaa 1g, 2g, 5g, 10g da a.S. cnobilia, rom momxmarebelze mobiluri 
telefonebis da sxva mowyobilobebis dasxivebisas maqsimaluri SAR-i 
imyofeba yurSi. radgan yuris forma araa martivi da masSi Sedis 
ramodenime nivTiereba (kani, cximi da a.S.) araa gamoricxuli, rom 
SeuZlebeli iyos erTgramiani kubis moZieba maqsimaluri SAR –is wertilSi. 
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amasTanave,  zogi nivTiereba sxvebTan SedarebiT bevrad mkvrivea, magaliTad 
Zvali. garda amisa, unda gaviTvaliswinoT, rom FDTD algoriTmis Tanaxmad 
badis erT ujredSi SeiZleba ar daetios masis 1 (an 2, 5 10. da a.S) grami. am 
problemis aridebis mizniT, SeiZleba gamoyenebul iqnas interpolacia da 
eqstrapolacia, Tumca miuxedavad amisa, rCeba araerTgvarovnebis problema. 
radgan axlo myof gamomsxiveblebis veli swrafad miileva, amitom wyaros 
daSorebisas saboloo Sedegze did gavlenas axdens ujredebis zoma da am 
ujredebis masebis moculoba. 

 

 

sur 1.2 gasaSualebis sxvadasxva SemTxvevebi 

 

SAR-is gasaSualeba sxeulSi 

sxeulSi myof nivTierebebisaTvis SAR-i unda iyos gasaSualebuli kuburi 
moculobebisaTvis, romlebSic masis raodenoba unda iyos 1g 5% sizustiT. 
kubi, romlis centri emTxveva wertilovani SAR-is maqsimalur mniSvnelobas 
izrdeba yvela mimarTulebiT manam, sanam misi masa ar gautoldeba 
gansazRvrul mniSvnelobas. xolo kubis waxnagi ar unda emTxveodes 
sxeulis zedapirs. im SemTxvevaSi, Tu sasurveli masa araa  miRweuli, 
sawyisi wertili unda wainacvlos manam, sanam procesi warmatebiT ar 
dasruldeba. yvela gamoyenebul gasaSualoebaSi ujredi moiniSneba, 
rogorc “gamoyenebuli”. xolo Yyvela gamouyenebeli ujredi,  rogorc 
“gamouyenebeli”. yoveli gamouyenebeli ujredisaTvis gamoiyeneba sxva 
gasaSualoebebis algoriTmi. im SemTxvevaSi, rodesac ujredi moniSnulia 
rogorc “gamoyenebuli” da amave dros ar yofila  gasaSualoebis centri 
mas eniWeba Sesabamisi moculobis maqsimaluri mniSvneloba. 

 

ujredi miniWebuli mniSvnelobiT 

“gamoyenebuli” ujredi 

gasaSualebis swori moculoba 

gasaSualebis uvargisi moculoba 
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sur 1.3 gasaSualoebis sqema sxeulis sazRvarze da mis SigniT 

 

SAR-is gasaSualeba sazRvarze 

sivrceSi gasaSualoebuli SAR-i sasazRvro wertilebisTvis gamoiTvleba 10 
gramiani moculobisTvis 5%-iani sizustiT. analogiurad, rogorc iyo wina 
SemTxvevisaTvis, kubi farTovdeba manam, sanam nivTierebis masa masSi ar 
gaxdeba 10g. Tu es SeuZlebelia mocemuli wertilis eniWeba sari 
gasaSualoebuli mniSvneloba mocemuli araerTgvarovnebisaTvis. 

 

$ 2.4 me-2-e Tavis daskvna 

 amrigad meore TavSi ganxilul iqna disertaciaSi gamoyenebuli 

maTematikuri meTodebi. aRwerilia eleqtromagituri da siTburi amocanebis 

modelirebis meTodi sasruli sxvaobebis meTodiT meSveobiT. agreTve 

moyvanilia SAR-is gasaSualoebis algoriTmi. aRsanSnavia, rom aRwerili 

midgoma saSualebas iZleva rogorc siTburi aseve ე.მ. amocanis amoxsnisa 
igive sivrcul badeze da advilad xdeba sxvadasxva sasazRvro pirobebis 

gaTvaliswineba siTbur amocanaSi. 

 

 

 

ujredi, romelic warmoadgens 

gasaSualebis moculobis centrs 

ujredi, romelsac aqvs miniWebuli 

SAR-is maqsimaluri mniSvneloba 

gasaSualoebis moculobebidad, 

romlebSic mimdinare ujredi 

Sedis. 
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Tavi III sisxlis dinebis modelireba 

$ 3.1 Sesavali. 

sisxlis dinebis modelireba iyofa or amocanad: SedarebiT farTo 

sisxlZarRvebis ageba da sisxlis dinebis veqtorebis ageba gamosakvlevi 

aris TiToeuli wertilisaTvis. sisxlZarRvebis ageba xdeba fuZe 

wertilebidan (wertilebi, saidanac arteriebs da  venebs SeuZliaT 

gansaxilvel areSi Sesvla), romlebic gluvad moZraoben veqtorul velSi. 

es veqtoruli veli ganisazRvreba ukve agebuli sisxlZarRvebisa da 

qsovilis aris sazRvrebis mier. es meTodi mniSvnelovnad gansxvavdeba DIVA 

algoriTmisagan [4], romlis mixedviTac kapilarebis ageba iwyeba bolo 

wertilebidan da sisxlZarRvebi izrdeba boloebidan fuZe wertilebamde.    

magaliTisTvis SegviZlia moviyvanoT situacia, sadac zrdadi 

sisxlZarRvebi ver pouloben gzas maT fuZe wertilebamde,   gansakuTrebiT 

es xdeba Txel fenaSi (sadac sisqe mniSvnelovnad naklebia vidre sxeulis 

wrfivi zoma). 

modelirebisas, sisxlZarRvebis Stoebis gaCena xdeba sisxlZarRvis  

SemTxveviT wanacvlebisas gansaxilvel areSi, romelic SemosazRvrulia 

geometriis mocemuli wertilebiT. algoriTmi muSaobs ramdenime fuZe 

wertilidan da SeuZlia gaiTvaliswinos arsebuli sisxlZarRvebi, rogorc 

sawyisi parametrebi. bunebrivi kapilaruli qselis asagebad kapilarebis 

Seqmnis algoriTmi unda akmayofilebdes Semdeg moTxovnebs  [4]:  

1. kapilarebi unda agebul iqnas gansaxilvel areSi. 

2. sisxlZarRvebi erTmaneTs ar unda gadakveTdnen.  

3. daboloebebi unda iqnas ganawilebuli erTgvarovnad qsovilSi da im 

simkvriviT, romelic damaxasiaTebelia mocemuli qsovilisTvis. 

4. sisxlZarRvebis parametrebi, rogoricaa sisxlZarRvebis 

traeqtoria(ბილიკი), ganStoeba da sisxlZarRvebis sigrZe, 

damokidebuli unda iyos qsovilis parametrebze. qsovilis 

parametrebi Tavis mxriv empiriulad unda iqnes miRebuli bunebrivi 

kapilarebidan.   

 

$ 3.2  sisxlZarRvebis qselis agebis algoriTmi. 

  kapilaruli qselis Seqmna xdeba sawyisi fuZe wertilebis da meoreuli 

ganStoebebis gamoyenebiT. msgavsi rigis ganStoebebi izrdeba erTdroulad. 

kidura moZrav wertils sisxlZarRvSi ewodeba reperuli wertili. 

reperuli wertilis traeqtoriis asagebad gamoiyeneba mrudis bunebrivi 

parametrizacia (sur. 3.2.1). 
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sur 3.2.1. reperuli wertilis traeqtoria 

  rogorc diferencialuri geometriidanaa cnobili, TiToeuli mrudi 

SeiZleba warmodgenil iqnas bunebrivi parametrizaciis saSualebiT (3.2.1), 

ე.ი. mrudi srulad aRiwereba simrudisa da grexa damokidebulebiT 

traeqtoris t parametrze: 

                     )(tkk =       da       )(tnn =              (3.2.1) 

Tavdapirvelad venuri da arteriauli qselis agebisas tangencialuri 

veqtori utoldeba sawyisi wanacvlebis mimarTulebas (romelic aris 

sawyisi parametri) da ZiriTadi veqtorebis sxva wyvili: simrude da grexa 

irCeva SemTxveviTad romlis sigrZe icvleba 0-sa da bijis L sigrZes Soris. 

Semdeg aRniSnuli damokidebulebebi )(tkk = , )(tnn =  calsaxad 

ganisazRvreba. amis Semdeg, realuri sisxlZarRvebis zrdis buneba 

SemTxveviTia, sisxlZarRvebis zrda xdeba tangencialuri mimarTulebis 

gaswvriv patara bijiT wanacvlebiT. mocemuli biji ufro naklebia vidre 

zedapiris uaxloes wertilebs Soris manZili. Semdeg xdeba tangencialuri 

veqtoris xelaxali gamoangariSeba (3.2.1)-is mixedviT da am mimarTulebiT 

wanacvleba. rodesac (3.2.1) damokidebulebebi SemTxveviTi funqciebia, 

Seqmnili sisxlZarRvebis ganawileba msgavsia bunebrivi sisxlZarRvebis 

qselis.  

     gansaxilvel areSi sisxlZarRvebis qselis zrdis SezRudvisaTvis da 

daboloebebis erTgvarovani ganawilebis misaRebad, (3.2.1) 

damokidebulebebze dayrdnobiT, Semotanilia damatebiTi veqtoruli 

ganmzidavi veli, romelic moqmedebs tangencialur veqtorze da cvlis 

sisxlZarRvis traeqtorias (sur. 3.2.2). yoveli zedapiris wertili qmnis 

vels  misi moqmedebis R1 radiusis SigniT xolo yoveli sisxlZarRvis 
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wertili - R2 radiusis SigniT. tangencialuri veqtoris axali 

mimarTuleba sisxlZarRvis wanacvlebisas drois yovel momentSi aris 

superpozicia misi SemTxveviTi cvlilebisa ((3.2.1) damokidebulebis 

mixedviT) da velisa am wertilSi. Tu sisxlZarRvi miva metismetad axlos 

sazRvarTan, an sxva sisxlZarRvTan, igi ukugdebuli iqneba uku velis mier. 

xazi unda gaesvas imas, rom uku veli unda iyos ufro Zlieri vidre 

SemTxveviTi cvlileba. 

  yoveli daboloeba Sesabamisad warmoqmnis mizidvis vels, romelic 

izidavs ganStoebul sisxlZarRvebs Tavisi moqmedebis areSi. 

sisxlZarRvebis diametrebi gamoiTvleba mureis kanonis mixedviT [30]. 

 

sur. 3.2.2. zrdadi sisxlZarRvebi brundeba sasazRvro wertilebis mier.          

                                                                                        

saTanadod arCeuli parametrebis saSualebiT algoriTms SeuZlia aagos 

venuri da arteriuli qseli, msgavsi  sur. 3.2.3-ze warmodgenili qselisa 

(kapilaruli qseli Tvalis modelisTvis) da sur. 3.2.4-ze (adamianis tvinis 

modelisTvis). rogorc sur. 3-dan Cans algoriTmi kargad sruldeba Txeli 

SrisTvisac. agreTve, unda aRvniSnoT rom algoriTmi swrafia Diva-sTan 

SedarebiT: saTanadod arCeuli parametrebiT da winaswar gansazRvruli 

sisxlZarRvebis sixSiriT is sruldeba  O(V) droSi, sadac  V aris 

saTvleli aris moculoba. P4-is 2.8 GHz-iani kompiuterisTvis Tvlis dro 

iyo daaxloebiT 1 wuTi, sur-3-ze warmodgenili modelisTvis. modeli 

Sedgeba daaxloebiT 60 000 sisxlZarRvis wertilisa da 5 000 erTgvarovnad 

ganawilebuli arteriebisa da venebis daboloebebisagan.  
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      Sedegebidan gamomdinare, warmodgenili algoriTmi sakmaod swrafia 

da agebs realobasTan miaxloebul sixlZarRvebis qsels mocemuli 

geometriis moculobaSi.  algoriTmi aseve   kargad  muSaobs  Txel 

fenaSic.                                                   

 

sur. 3.2.3. venuri da arteriauli qseli adaminis Tvalis modelSi. 

 

sur. 3.2.4. martivi venuri da arteriuli qselebi Seqmnili adamianis tvinis 

modelisTvis.     
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$ 3.3 sisxlis siCqareTa laminaluri veqtoruli velis ageba. 

  avageT ra diskretuli sasxlZarRvTa qseli da miviReT arteriuli da 

venuri daboloebebi mocemul areSi, Semdegi nabijia gamovTvaloT sisxlis 

siCqareTa veqtoruli veli, imis gaTvaliswinebiT,  rom maRali arteriuli 

da dabali venuri wnevebi gansazRvravs sisxlis kapilarul dinebas 

qsovilis yvela wertilSi (sur 3.3.1). vakeTebT analogias, arteriebis 

daboloebebs (saidanac sisxli gamoedineba) ganvixilavT rogorc dadebiT 

muxtebs; xolo venur daboloebebs (sadac sisxli Seedineba) vaigivebT 

uaryofiT muxtebTan da viTvliT maT mier Seqmnil veqtorul vels 

mocemul modelSi;  arteriuli da venuri daboloebebTan sisxlis nakadis  

simZlavreebis  algebruli jami 0-is toli unda iyos,  raTa  Zalwirebi 

Caiketos. 

amis Semdeg saWiroa miRebuli veqtoruli veli iyos gluvi, manZili 

arteriebis boloebsa da venebis Sesasvlelebs Soris unda iyos sakmaod 

didi (10 ujredi), rom sisxli SedarebiT erTgvarovnad ganawildes 

qsovilSi. sxvanairad, sisxlis siCqareTa veqtoruli veli ar iqneba gluvi. 

 

sur. 3.3.1 sisxlis siCqaris veqtorebi ori wyaros SemTxvevaSi. 

 realuri  modelis asagebad sisxlis nakadis mudmivobis piroba unda 

iyos gaTvaliswinebuli da amitom aucilebelia Sesruldes sisxlis masis 

Senaxvis kanoni. imisTvis, rom davZlioT es problema, unda vivaraudoT rom 

sisxli miedineba qsovilis yvela wertilSi kapilarebis gavliT mudmivi 

siCqariT, aCqarebis gareSe, gamowveuli xaxuniT. am SemTxvevaSi dasaSvebia, 

rom sisxlis dinebis siCqare  
→

V   qsovilis yovel wertilSi proporciulia 

efeqturi, an moqmedi Zalisa, gamowveuli sisxlis P  wnevebis sxvaobiT 

(3.3.1). 
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1

N

i
i

Pα
ρ =

⎛ ⎞= − ∇⎜ ⎟
⎝ ⎠
∑V                                                                           (3.3.1) 

sadac α  aris proporciulobis koeficienti, romelic damokidebulia 

qsovilis gvarobaze,  ρ   aris sisxlis simkvrive romelic mudmivia, ιP  

aris sisxlis wnevebi arteriebis, an venebis boloebze. tolobis marjvena 

nawili warmoadgens erTeul masaze moqmed Zalas.  

      garda amisa, sisxlis dinebis are arteriebidan venebamde 

SemosazRvruli unda iyos organos zedapiriT. es hidrodinamikuri 

problema SeiZleba amoixsnas ramdenime gziT: damxmare gamomsxiveblebis 

meTodis gamoyenebiT (MAS) [28]  gluvi zedapiris mqone geometriisTvis da  

FDTD meTodiT-zogad SemTxvevaSi.  

 

$ 3.4  sisxlis dinebis veqtoruli velis ageba damxmare gamomsxiveblebis 

meTodis gamoyenebiT 

 

 

sur. 3.4.1. MAS meTodi: wiTeli-arteriebi, lurji-venebi, da damxmare 

gamomsxiveblebi  sazRvarTan axlos. 

  sur. 3.4.1-ze mocemul sqemaSi warmodgenilia  MAS meTodi. mocemuli 

gvaqvs arteriebis da venebis daboloebebi (romelTaTvisac nakadis 

simZlavreTa algebruli jami nulis tolia) gancalkevebuli organos 

zedapiris SigniT, romelic qmnis sisxlis mimoqcevas. Cveni mizania, SevqmnaT 

sisxlis veqtoruli veli swored am zedapiris SigniT. am velis veqtorebi 

ar unda gadakveTdes zedapiris sazRvars.    S zedapiris gareT Cven 

vanawilebT damxmare wyaroebs ucnobi amplitudebiT (koeficientebiT) 

romlebic zRudavs sisxlis dinebas am zedapiris gaswvriv. sasazRvro 

pirobebis dasakmayofileblad (sisxlis siCqaris veqtorebis zedapirisadmi 
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normaluri mdgeneli unda iyos 0-is toli) unda amoixsnas wrfiv 

gantolebaTa sistema.  

3
1

3
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k m

Q R r N
R r
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− =
′−

∑

∑
mk ,...,2,1=            (3.4.1)            

sadac Rk aris radius-veqtori zedapiris werilebisa, sadac sasazRvro 

pirobebi kmayofildeba, (QN, rn) arian wyaroebi S zedapiris SigniT ( anu, 

arteriuli da venuri daboloebebi) da (qm, rm) arian  damxmare wyaroebi 

ucnobi amplitudebiT. 

es gvaZlevs veqtorul vels saTvleli aris SigniT, sazRvarze 0-is toli 

normaluri siCqareebiT. Seqmnili veqtoruli veli gluvia da uwyvetobis 

gantoleba, rogoricaa nakadis Senaxvis kanoni dakmayofilebulia.  

 

 

sur. 3.4.2. uwyveti Caketili siTxis siCqareTa veli miRebuli tvinis 

modelisTvis. 
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      sur. 3.4.2-ze, warmodgenilia tvinis gamartivebul modelSi, sisxlis 

veqtoruli veli romelsac qmnis masSi moTavsebuli wyaroebi.  

 

$ 3.5  sisxlis dinebis veqtoruli velis ageba FDTD meTodis gamoyenebiT  

  wina TavSi aRwerili meTodi, romliTac ganisazRvreba sisxlis dineba 

raime aris SigniT, Zalian efeqturia, magram Semoifargleba SedarebiT 

martivi geometriebiT. anatomiuri struqturis sirTule xSirad moiTxovs 

ufro zogad midgomas. sisxlis siCqareTa veqtorebis gamosaTvlelad 

nebismieri geometriisaTvis SeiZleba gamoyenebul iqnas FDTD meTodi.  Cven 

vTvliT rom sisxlis dineba aris laminaruli.  Sesabamisi diferencialuri 

gantolebaa:  

V V
t

∂
= Δ

∂                                   (3.5.1) 

  roca (3.5.1)-is marcxena mxare miiswrafis nulisken, funqcia  V  

akmayofilebs laplasis gantolebas romlis drosac sisxlis dineba 

gluvia da laminaruli. mocemuli sasazRvro da sawyisi pirobebiT es 

gantoleba SeiZleba amoixsnas iteraciiT. es pirobebi Cvens SemTxvevaSi 

martivia: V -s normaluri komponentebi nulia zedapirze. nakadis Senaxvis 

kanoni avtomaturad kmayofildeba.  sakmarisad patara diskretizaciisas 

(rodesac zedapiris geometriis umciresi ganzomilebis gaswvriv gvaqvs 

minimum 10 ujra) es meTodi MAS-isgan gansxvavebiT muSaobs aragluvi 

zedapirebisTvisac. is muSaobs rTuli anatomiuri modelis umciresi 

araerTgvarovnebisTvisac, romlebic  moipoveba  sxeulis maRali  sizustis    

ricxviT  modelebSi.  

siCqareTa velis ageba iyofa ramdenime qveamocanad:  

a) sazRvris yoveli wertilisTvis ( romlis mezobeli ujraSi,  siCqare 

nulis tolia) igeba normaluri veqtorebi. 

b) ganisazRvreba sawyisi siCqareebi arteriuli daboloebebTan 

(daboloebebi ganawilebulia erTgvarovnad, amgvarad, Cven viRebT, 

rom daboloebebTan sisxlis siCqareebi tolia). 

c) (3.5.1)-is iteraciuli amoxsna, sanam dv/dt gaxdeba winawar arCeul 

patara sidideze naklebi (krebadobis kriteriumi ). rac niRnavs rom 

saqme gvaqvs damyarebul procesTan.  
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d) sasazRvro pirobebis dasakmayofileblad yovel nabijze siCqaris 

normalur komponentas zedapirze vutolebT nuls.  

 

sur. 3.5.1. sisxlis dinebis siCqareTa veqtorebi Tavis modelSi daTvlili 

(3.5.1)-is Sesabamisad. 

 

Sedegad sisxlis siCqareTa ganawileba uwyvetia da nakadis Senaxvis 

kanoni dakmayofilebulia.  

Semdegi nabijia gamoviyenoT agebuli siCqareTa veli modificirebul bio-

siTbos gantolebaSi, romelic ganixilavs Tbocvlas sisxlis saSualebiT  

ე.მ. dasxivebis ganmavlobaSi.    

 

$ 3.6   modificirebuli siTbos gavrcelebis gantoleba. 

 tradiciuli penes bio-siTbos gantoleba modificirda raTa 

gaTvaliswinebul iqnas siTbos gadatana romelic gamowveulia sisxlis 
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dinebiT. Cven gamovyaviT diskretuli bade sisxlis siCqareebisa da 

temperaturisTvis, da  viTvliT Tbocvlas sisxlsa da qsovils Soris 

yovel ujredSi. sisxli aRwevs badis ujredSi cnobili T temperaturiT t 
momentSi da Semdeg drois dt periodis ganmavlobaSi xdeba Tbocvla 

qsovilsa da sisxls Soris. procesis kvazistacionaruli bunebis 

ganxilviT da siTburi balansis gantolebis CaweriT ujredisTvis, Cven 

miviRebT (3.6.1) gantolebas, sadac temperatura aris ( , )bT r t
→

 radius veqtoris 

da dros funqcia, 

( ) ( , ) ( , ) ( , )p b
Tc k T SAR A r t B T r t T r t
t

ρ ρ
→ → →∂ ⎛ ⎞=∇⋅ ∇ + + − −⎜ ⎟∂ ⎝ ⎠

                     (3.6.1) 

im daSvebiT, rom sisxli Sedis ujredSi sami mxridan radgan sisxlis 

siCqaris veqtors aqvs maqsimum sami aranulovani komponenti, Cven SegviZlia 

davweroT siTburi balansis gantoleba ujredisTvis.  

 

nax. 3.6.1 sqematiuri modeli FDTD ujredis. sisxli Sedis erTi mxridan  Sx 
waxnagSi vx siCqariT. 

dt droiis ganmavlobasi Vx sisxlis moculoba Sedis ujredSi 

vTqvaT, 0V  aris ujredis moculoba da  0
bT  aris am ujredSi myofi 

sisxlis sawyisi temperatura. simartivisaTvis davuSvaT, rom sisxli Sedis 

ujredSi mxolod erTi mxridan xυ  siCqariT (sur 3.6.1). Semosuli sisxlis 

moculoba aRvniSnoT xV . sisxli, romlis sawyisi temperaturaa 0
bT  daikavebs 

moculobas 0 xV V− .  xdQ და 0dQ ის siTbos raodenobebia, romlebic Seesabameba 

Semosuli da sawyisi temperaturis mqone sisxlis moculobebs. Tu 

CavTvliT, rom procesi  kvazistacionarulia, SegviZlia davweroT siTburi 

balansis gantoleba 0 0xdQ dQ+ = . aRvniSnoT new
bT ტემპერატურა, romelic 

Termuli wonasworobis miRwevisas damyardeba ujredSi. SegviZlia 

davweroT 0
,~ ( )new

x x b b xdQ V T T−  da 0
0 0~ ( )( )new

x b bdQ V V T T− − .  

0 0
, 0( ) ( )( ) 0new new

x b b x x b bV T T V V T T− + − − =                      (3.6.2) 

 

gamartivebis Semdeg miviRebT 

Sx

Vx
x axis

νx, ,b xT  
V0 –Vx, 
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0 0 0
,

0

( )new
b b x b x b

tT T T T
x
υΔ

= + −
Δ

                         (3.6.3) 

 imis gaTvaliswinebiT rom sisxls SeuZlia Sesvla ujredSi samive 

mxridan gantoleba (3.6.3) gadaiwereba Semdegi saxiT 

0 0 0
,( , ) ( )

i

new i
b b b x b

i

vT r t T t T T
x

→

= + Δ −
Δ∑                      (3.6.4) 

  Cven vTvliT, rom sisxli Sedis moculobaSi arteriebis daboloobebidan 

mudmivi temperaturiT. imisaTvis, rom amonaxsni iyos krebadi, unda 

sruldebodes Semdegi პირობა: tΔ დროს ganmavlobaSi ujredSi Sesuli 

sisxlis raodenoba ar unda aRematebodes ujredis moculobas. sabolood 

miiReba Semdegi sistema: 

0 0 0
,

min

max

( , ) ( ), ,

( , ) ,

i

new i
b b b x b

i

i

b

vT r t T t T T r Sources
x

Vt
v S

T r t const r Sources

→

→ →

⎧ = + Δ − ∉⎪ Δ⎪
⎪
⎨ Δ <
⎪
⎪
⎪ = ∈⎩

∑

                  

(3.6.5) 

         maxv - Seesabameba maqsimalur siCqares ganxilul areSi, minV  badis 

ujredis minimalur moculobas, 
0bT - sisxlis temperaturas Sesabamis 

mezobel ujredSi, 0V  mimdinare ujredis moculobas. aRwerili modeli 

saWiroebs or gamoyofil bades: erTs qsovilis temperaturis sididisTvis 

da meores, sisxlis temperaturis sididisTvis.   

 

 

sur. 3.6.2. martivi modelebi Sevsebuli kunTiT: (a) sisxlZarRvebis gareSe, 

(b) sisxlZarRvebiT. 

a)  b) 
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$ 3.7 gamartivebuli modeli da ricxviTi kodis Semowmeba 

   aRwerili midgomis Semowmeba Zalian rTuli amocanaa, radgan realuri 

eqsperimentebi, romlebSic gaizomeba sisxlisa da qsovilis temperatura 

cocxal organizmSi, ver ganxorcieldeba. magram arapirdapiri faqtebi 

gviCvenebs, rom gamoTvliTi modeli ar Seicavs Secdomas. radgan 

modificirebuli gantoleba gadadis penes gantolebaSi, rodesac yvela 

ujredSi moTavsebulia dadebiTi da uaryofiTi wyaro (arteriis da venis 

daboloeba). Cven SegviZlia SevamowmoT ricxviTi kodis siswore:  

analitikuri amonaxsni cnobilia [29,30] usasrulo cilindrisTvis, romelic 

civdeba, da Sedegad am namuSevarSi gamoyenebuli ricxviTi kodi 

Semowmebulia da Sedarebulia analitikur amonaxsnTan. usasrulo 

cilindri radiusiT ro=4 sm agebulia diskretul badeSi 0.0004mm სიზუსტით.  

cilindris simkrive ρ = 1070 3kg /m , siTbotevadoba C= 3140 j / (kg oC), 

konveqciis koeficienti k=0.502 J / (m*s*oC). cilindris sawyisi temperaturaa 

T0 = 20 oC, sasazRvro pirobaa T = const = 0 oC. aRwerili problema daiyvaneba 

erTganzomilebian amocanamde. amonaxsni (11) mocemulia jamis saxiT: 

  

     ---------- (3.7.1) 

 

 

sadac  0
mμ   beselis funqciis fesvebia. T-s didi mniSvnelobisaTvis jami 

ikribeba Zalian swrafad da stacionarul mdgomareobaSi sakmarisia 

mxolod erTi wevri. ricxviTi kodis Semowmebisas aRebulia 40 wevri 

imisTvis, rom jami krebadi iyos drois nebismier momentSi nax 3.7.1. 

temperatura cilindris centrSi moyvanilia nax. 3.7.2 

qvemoT gamartivebul SemTxvevaSi naCvenebia Tu rogor muSaobs 

modificirebuli gantoleba. gamoTvlas vaxdenT kubze, romelic 

Sevsebulia kunTiT. sisxlis temperatura 36.7 oC, xolo haeris temperatura 

23.0 oC da yvela ujredis sawyisi temperatura aris 37.0oC. qsovilis 

parametrebi mocemulia “Virtual Family” [22,23]-დან. sur. 3.7.3-ze warmodgenilia 

stacionaruli mdgomareoba sisxlis dinebis SemTxvevaSi da mis gareSe.  

Cans, rom maqsimaluri temperaturis sidideebi karg TanxvedraSia, roca 

viTvliT Cveulebrivi da modificirebuli modelebiT.   

 (3.7.1)-is modelirebisas damodelirda usasrulo cilindri. usasrulo 

colindris miaxloveba iqna miRebuli erTerTi RerZis gaswriv 

warmoebulis ganulebiT. magaliTad, Tu CavTliT, rom dT/dz=0, miviRebT z 
RerZis gaswvriv mummiv temperaturis. magram ases SemTxvevaSi Semowmdeba 

0 2
0

( )0
0 0 0

1 1
2

0 0

2 ( ')( , )
( )

' / ; / ( )

mm

m m m

J rT r t T e
J
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∞
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ricxviTi kodis mxolod erTi nawili radgan erTerTi warmoebuli 

xelovnurad ganulebulia. amitom usasrulo wilindri iqna 

damodelirebuli samive RerZis gaswvriv. 

 

sur 3.7.1 ricxviTi amonaxsnis Sedareba analizurTan. 

 

sur. 3.7.2.  a) ricxviTi kodis Semowmeba. ricxviTi amonaxsnis Sedareba 

analizurTan.  b) temperaturuli ganawileba winlindrSi 120 wuTis Semdeg. 
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sur.3.7.3. stacionaruli mdgomareoba daTvlili:  (a) penes bio-siTbos 

gantolebiT, (b) modificirebuli bio-siTbos gantolebiT. 

imis sademonstraciod, Tu rogor cvlis modificirebuli gantoleba 

temperaturis ganawilebas gamartivebul modelSi, ganxilulia ori 

SemTxveva. orive SemTxvevaSi mocemulia sferuli SAR-is ganawileba 

maqsimaluri sididiT  2.6 ვტ/კგ, romelic mcirdeba radiusis gaswvriv. 

pirvel SemTxvevaSi wertili maqsimaluri  SAR-iT moTavsdeba kubis 

centrSi da meore SemTxvevaSi kubis waxnagis centrSi.   

sur. 3.7.2, 3.7.3, da sur. 3.7.4-ze naCvenebia Tu rogor icvleba temperaturis 

namatis maqsimaluri sidide da sferuli ganawileba. temperaturis mateba 

dabalia, rodesac viTvliT modificirebuli bio-siTbos gantolebiT. bneli 

wertilebi romelic Cans sur. 3.7.3 (b) da sur. 3.7.4 (b)-ze Seesabameba venebs 

da arteriebs, romelTa sisxlis mimoqcevis koeficientebi B (3.6.1) SedarebiT 

maRalia.  

 

b) 

a) 
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sur. 3.7.4. temperaturis mateba kunTovani modelisaTvis sferuli SAR-is 
ganawilebiT, daTvlili: (a) penes bio-siTbos gantolebiT, (b) 

modificirebuli bio-siTbos gantolebiT. 

rogorc Cans, modificirebuli gantolebis mixedviT miRebuli 

temperaturis nazrdi araerTgvarovania. lokaluri maqsimumebi gadRabnilia 

da wanacvlebuli. amavdroulad ganxiluli SemTxvevebisaTvis maqsimaluri 

mniSvnelobebi Tanxvedrilia, magram rodesac temperaturis mateba 

daTvlilia modificirebuli gantolebis mixedviT, is aris ufro dabali. 

a)

b)
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.  

 

 

 

sur. 3.7.5. temperaturis mateba kunTovani modelisaTvis sferuli SARis 
განაწილებით sazRvarze daTvlili: (a) cnobili bio-siTbos gantolebiT, (b) 

modificirebuli bio-siTbos gantolebiT. 

     

 

 

 

 

 

b)

a)
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$ 3.8  temperatura  da  temperaturis  mateba  adamianis  realur modelSi. 

 

 

 

sur. 3.8.1. originali modeli da modeli agebuli sisxlZarRvebiT. a) 

originaluri modeli. b) Secvlili modeli 

momdevno SemTxvevaSi ganxilulia: adamianis Tavis modeli ( diukis Tavis 

modeli “Virtual Family” [22,23] -dan) dasxivebuli ე.მ. veliT 300 mhc-sixSireze, 

romelsac axsivebs dipoluri antena λ/4 sigrZiT. SesaZlebelia ori gza 

temperaturis matebis dasaTvlelad am modelisaTvis [4]. Cven daviTvliT 

temperaturis matebas penes bio-siTbos gantolebis da modificirebuli (6) 

gantolebis saSualebiT.   

urTierTqmedeba sisxlZarRvisa qsovilTan SeiZleba gamoiTvalos ori 

gziT: gamoiTvalos Tbocvla sisxlsa da qsovils Soris sisxlZarRvebis 

zedapirTan an sisxlZarRvis materialis miniWebiT maRali dinebis mqone  

Sesabamis modelis ujredSi.  amis Semdeg sisxlis dinebis siCqareebi did 

sisxlZarRvebSi SedarebiT maRalia,  pirveli miaxloeba gulisxmobs mkacr 

moTxovnas drois bijze. Semdeg sisxlZarRvebis materialebi ukve 

warmodgenilia modelSi; meore miaxloeba, romelic gamoyenebulia 

modificirebul bio-siTbos gantolebaSi, ar cvlis Tvlis drois bijs 

penes gantolebisTvis drois bijTan SedarebiT, Tumca is SeiZleba 

Semcirdes  dt  SezRudviT (3.6.5).     

a)  b) 
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ase rom, gamovTvaloT temperaturis ganawileba da temperaturis mateba 

swored ე.მ. gamosxivebisas, pirvel rigSi Cven ganvsazRvravT bades agebuli 

kapilaruli qselis Sesabamisad. sur. 3.8.1-ze naCvedebia, Tu rogor icvleba 

modeli; TeTri wertilebi arian sisxlZarRvebis ganiv kveTaSi, romelic 

Cans geometriis Sesabamis nawilSi.   

 

 

  

 

a)  b) 

g

sur 3.8.2 

a) temperatura, daTvlili penes 

modelis mixedviT. 

b) temperature daTvlili 

modificirebuli gantolebis 

mixedviT 

g) a da b ganawilebebis Soris 

sxvaoba. 
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     stacionarul mdgomareobaSi orive  modelisaTvis temperaturis 

ganawileba karg TanxvedraSia (3.8.2). rodesac sisxlis mimoqceva 

gaTvaliswinebulia maqsimaluri temperatura moculobis SigniT 

umniSvnelod (0.04˚C) mcirea.  kapilaruli dineba  aumjobesebs Tbocvlas 

sazRvarze. vinaidan sisxlis dineba gadaanawilebs siTbos moculobis 

SigniT, temperaturis maqsimumis mdebareoba (penes modelTan SedarebiT) 

SeiZleba Seicvalos. gamokvleul modelebSi pirobiTi penes bio-siTbos 

gantolebisTvis, maqsimaluri temperatura daikvirveba yelis areSi [4,27], 

modificirebuli gantolebis gaTvaliswinebiT is aris odnav wanacvlebuli. 

ricxviTi Sefaseba xsenebuli temperaturuli sxvaobisa modelebs Soris 

daaxloebiT 0.1˚C-ia, ase rom axali modeli inarCunebs temperaturas 

dasaSveb farglebSi.   

 

       

 

sur. 3.8.3. temperaturis mateba:  a) penes modelisTvis da b) modificirebuli 

modelisTvis. SAR normirebulia 1 W simzlavreze. 

. 

 sur. 3.8.3-ze SeiZleba davinaxoT sisxlis mimoqceva Tu rogor zemoqmedebs 

temperaturis matebaze.  sisxlis dinebis gaxilvisas tempraturis mateba 

mcirea (0.5˚C Seswavlil SemTxvevaSi) da misi ganawileba moculobis SigniT 

icvleba. unda aRiniSnos, rom maqsimaluri temperaturis mateba 

modificirebul modelSi SeiZleba Seicvalos  mis mdebareobasTan 

SedarebiT Cveulebriv modelSi. sxvaoba temperaturis matebebs Soris 

a)  b) 
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Δ=|dT1 - dT2|, ( sadac  dT1  da  dT2  daTvlilia penes gantolebiT da 

modificirebuli gantolebiT Sesabamisad), damokidebulia calkeul  

SemTxvevaze; is SeiZleba aiwios SAR-is gazrdiT an SemcirebiT, Tu 

werilebi Rrmadaa modelis SigniT. 

   saintereso efeqti SeiZleba daikvirvos Tu SAR izrdeba.  SAR-is 

gazrdiT  sxvaoba temperaturis  matebebs Soris  Δ, gamoTvlili penes 

gantolebis  da  modificirebuli (3.6.1) gantolebis gamoyenebiT izrdeba.  

sur. 3.8.3-ze, sadac SAR normirebuli iyo 1W Semaval simZlavreze, ΔT= 
0.74˚Cia  da  Tu  SAR normirebulia  2W Semaval simZlavreze ΔT 
mniSvnelovnad  izrdeba  da  xdeba 1.48˚C .  

ganxilul modelSi maqsimaluri temperatuis mateba iyo modelis SigniT, 

diskretizciiT 1mm. rom gamoviyenoT modificirebuli (3.6.1) gantoleba 

temperaturis matebis gansazRvrisaTvis   Txel fenaSi, diskretizacia 

sakmarisad mcire unda iyos, rom siCqareTa veqtoruli veli, daTvlili 

(3.4.1) an (3.5.1)-is gaTvaliswinebiT,  iyos gluvi.  

Sedegebidan  gamomdinare, temperaturis mateba sisxlis mimoqcevis 

gaTvaliswinebiT (anu bio-siTbos modificirebuli gantolebis gamoyenebiT) 

SedarebiT mcirea,  vidre mis gareSe.  

 

$ 3.9 me-3-e Tavis daskvna 

siaxle SemoTavazebuli modelisa Sedgeba sisxlZarRvTa struqturis  

agebisa da gamoangariSebis   algoriTmisagan  kapilaruli sisxlis 

dinebisaTvis, siTbos gadatanisas qsovilSi konveqciiT.  modificirebuli 

(3.6.1)  gantoleba saSualebas gvaZlevs SeviswavloT dawvrilebiT Termuli 

efeqti im saxiT, romelic axloa arsebul qsovilTan, vidre penes modelSi. 

(3.6.1) da (3.6.5) gantolebaTa sistema rCeba wrfivi, ase rom temperaturis 

mateba SeiZleba danormirdes sxva SAR-Tvis.  gamoTvlebi aCvenebs, rom 

statikur mdgomreobaSi maqsimaluri temperaturebi pirobiT penes 

gantolebasTan SedarebiT faqtiurad igivea. magram temperatura da 

temperaturis mateba ე.მ dasxivebis ganmavlobaSi gamoTvlili 

modificirebuli bio-siTbos gantolebis gaTvaliswinebiT mcirea. aseve 

naCvenebia, rom  SAR zrdisas modificirebuli modelis gaTvaliswinebiT  

temperaturis  mateba  aseve  mcirea.  

Tumca, Semotanili algoriTmis, SemTxveviTad agebuli kapilaruli 

qselis gamosaxulebis modelirebisTvis, Sedegi SeiZleba Seicvalos 

modelidan modelamde da Cveulebriv unda ganixilos. 
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momavali samuSao ganixilavs Semdgom ganviTarebas algoriTmisa da 

Semdgom integracias axali Termuli solverisa FDTDLab programuli 

paketis SemadgenlobaSi. 

   ricxviTi kodis mniSvnelovani nakveTebi, romlebic iyo gamoyenebuli 

mesame TavSi Sedegebis gamosaTvlelad moyvanilia danarTsi I, danarTSi II 

da danarTSi III. 
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Tavi IV MMF WP8 proeqtis farglebSi miRebuli Sedegebi da 

maTi analizi. 

$ 4.1 Sesavali 

am TvSi moyvanilia  MMF/GSMA WP8 2008-2010 wlebis proeqtis farglebSi 
miRebuli monacemTa analizi. proeqtis ZiriTadi mizani iyo sxvadasxva 
dasxxivebis SemTxvevebisaTvis temperaturuli ganawilebis da SAR-is 
maqsimaluri mniSvnelobebis dadgena. gamoTvlebi Catarebulia adamianis 
Tavis realistur modelze [23,24]. 

proeqtis farglebSi iqna ganxiluli bevri sxvadasxva dasxivebis scenari. 
kerZod dipoluri, monopoluri, PIFA, IFA da Patch antenebi. proeqtis 
ZiriTadi mizani iyo sxvadasxva sixSireebisaTvis da antenis SesaZlo 
daSorebisaTvis SAR-is da temperaturuli ganawilebis dadgena. gamoTvlebi 
Caterebuli iqna programuli paketis FDTDLab [30,33] meSveobiT, romelic 
Seqmnilia gamoyenebiTi eleqtrodinamikis da radio inJineriis 
laboratoriaSi  Motorola Inc. (2002-2008). programuli paketis Semowmeba 
ganxorcielda ramodenime gziT e.m. da Termuli nawilebisaTvis. igi iqna 
gaumjebesebuli ramodenime funqciiT, kerZod temperaturuli nazrdis 
dadgena SerCeuli masalebisaTvis an areebisaTvis, da axali 
“TermosolveriT”, romelic aris aRwerili mesame TavSi. 
proeqtis pirveli amocana mdgomareobda dipoluri antenebisaTvis 1g 10g 
SAR-is da temperaturis ganawilebebis dadgenaSi sasruli sxvaobebis 
meTodis gamoyenebiT. ganxiluli iyo Tavis modelisgan 5, 10 da 20 mm manZilze 
moTavsebuli λ/2, λ/4, λ/8 sigrZis mqone dipoluri antenebi  300, 450, 900, 1450, 
1900 da 2450, 3700 6000 mghc sixSireebze. dResdReobiT mobiluri 
kavSirisaTvis gamoiyeneba sixSireebi 1900 mgh-mde. maRali sixSireebis 
gamoyeneba dagegmilia uaxloes momavalSi.  
meore amocana mdgomareobda λ/4 sigrZis monopoluri antenebis SeswavlaSi 
300 da 1450 mghc sixSireebze. 
mesame amocana iyo brtyeli antenebis Seswavla (Patch, Pifa da  IFA antenebi). 
Patch antenebi iyo Seswavlili 3700 mghc-ze, PIFA ki 1900, 3700, da 6000 mghc-ze. 
IFA antenebisaTvis gamoTvlebi Catarda 6000 mghc-ze. 1g da 10g SAR-i 
daTvlilia  IEEE C95.3-2002 standard (IEEE, 2002) (2002) [6-9] standartis mixedviT. 
 
 

$ 4.2 gamoyenebuli meTodologia 

gamoTvlebisas gamoyeneboda sasruli sxvaobebis meTodi. adamianis Tavis 
anatomiur modelSi gamoiTvleboda temperaturis mateba, romelic 
gamowveuli  iyo sxvadasxva manZilebze moTavsebuli antenebiT. 
gamoyeneboda FDTDLab-is e.m. da “Termosolveri”, anu programa romelic 
iTvlis Sesabamis ricxviT amocanebs. rogorc naCvenebia [4]-Si 
Termosolveri Semowmebulia analizur amonacanasTan Sedarebis meTodis 
saSualebiT. gamoTvlebisas gamoiyeneboda diskretuli bade 1mm 
diskretizaciiT yvela sixSirisaTvis 6000 mghc-is garda. 6000 mghc-ze kvebis 
wyaros garSemo diskretizacia iyo 0.5mm. ufro mcire diskretizacia 
imitomaa saWiro, rom maRal sixSireze talRis zoma mcirea. antenebi 
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Tavsdeboda Tavis uaxloes wertilidan “d” manZilis daSorebiT. antena 
ikvebeboda sinusoidaluri signaliT Sesabamis sixSireze manam, sanam 
procesi ar damyardeboda. aseTi modeli Seesabameba droSi usasrulo  
dasxivebas. aseTi idealizirebuli modeli aRwers yvelaze cud SemTxvevas 
(maqsimaluri SesaZlebeli temperaturis mateba), romelic araa 
damaxasiaTebeli realur cxovrebisaTvis.  

ricxviTi modelirebisas gamoiyeneboda midgoma, aRwerili disertaciis 
meore TavSi. 

 

$ 4.3 dipoluri antenebi 

proeqtis farglebSi gamokvleulia dipoluri antenebis zemoqmedeba 
adamianis Tavis modelze. ganxilul iqna sixSireebi 300, 450, 900, 1450, 2450, 
3700 da 6000 mghc. Tavsa da antenas Soris manZili iyo 5, 10 da 20 mm.  

 

 

sur.4.3.1 SAR-is damokidebuleba sixSireze. monacemebi normirebulia 1vt-ze 

 

sur. 4.3.1-ze moyvanilia SAR-is damokidebuleba sixSireze. minimaluri 10g 
SAR-i SeimCneva 1450 mghc-ze, xolo lokaluri maqsimumi ki 2450 mghc-ze. sur. 
4.3.1-ze moyvanilia monacemebi samive daSorebisaTvis (5, 10 da 20mm). yvela 
SemTxvevisaTvis manZilis gazrdisas SAR-is maqsimaluri mniSnelobebi 
mcirdeba. rogorc Cans, yvela manZilisaTvis Sesabamisi mrudis forma 
msgavsia. distanciis gazrdisas mrudi ufro gluvia. amis mizezia 
gamosxivebis diagrama. temperaturuli ganawileba gamoiTvleba miRebuli 
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SAR-is ganawilebis gamoyenebiT. temperaturis matebis damokidebuleba 
sixSireze λ/8 dipoluri antenisaTvis moyvanilia sur. 4.3.2-ze. minimaluri 
temperaturis mateba SeimCneva 900 mghc-ze. umravles SemTxvevaSi maqsimaluri 
temperaturis mateba SeimCneva yuris bibiloSi, da ar aRemateba 38ºC.  

maqsimaluri temperaturis mateba SeimCneva 6000 mghc-ze da lokalizebulia  
yuris bibiloSi. aRsaniSnavia, rom monacemebi 6000 mghc sixSirisaTvis 
arastabiluria. sawyisi parametrebis mcire cvlileba iwvevs saboloo 
Sedegebis mkveTr Secvlas. 

 

sur. 4.3.2 temperaturis damokidebuleba sixSireze. 

10g SAR-is damokidebuleba sixSireze λ/4 dipoluri antenebisaTvis 
moyvanilia sur. 4.3.3-ze minimaluri 10g-iani SAR-i SeimCneva 300 mghc-ze. 
magram  amavedroulad Sesabamisi gamoTvlebisaTvis minimaluri 
temperaturis mateba SeimCneva 900 mghc-ze.  

maRali temperaturis matebisa da 10g SAR-is mniSnelobebi λ/8 dipolisaTvis 
SeiZleba iyos axsnili modelis rezonansuli zomebiT. 

 aRsaniSnavia, rom gamoTvlebisas ar iyo gaTvaliswinebuli momxmareblis 
xelis gavlena miRebul Sedegebze. xelis zemoqmedeba temperaturul 
ganawilebaze e.m. dasxivebis modelirebisas Seswavlilia disertaciis 
mexuTe TavSi. 



44 
 

 

sur. 4.3.3 10g SAR-is damokidebuleba sixSireze  λ /4  dipolur antenisaTvis 

 

sur.4.3.4 temperaturis matebis damokidebuleba λ/4 dipoluri antenisaTvis 

sur. 4.3.3 da sur. 4.3.4-dan Cans, rom temperaturis mateba λ/4 dipoluri 
antenisaTvis aris mcire λ/8 dipolur antenasTan SedarebiT.  amis mizezia 
ganxvaveba gamoxivebis diagramis mimarTulebaSi. mcire antenisaTvis 
diagrama ufro mimarTulia da veli koncentrirdeba modelis mcire areSi. 
lokaluri maqsimumi SeimCneva 2450 mghc-ze antenis orive sigrZisaTvis. 
amavdroulad SeRwevis siRrme 2450 mghc-ze aris ufro didi maRal 
sixSireebTan SedarebiT. velis SeRwevis siRrme damokidebulia nivTierebis 
gamtareblobaze. gamtareblobis damokidebuleba sixSireze sxvadasxva 
nivTierebisaTvis moyvanilia 4.3.5-ze.  
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aRniSnuli damokidebulebebi naCvenebia kunTisTvis, kanisTvis da 
cximisTvis. sur. 4.3.5-ze SeimCneva, rom zogi nivTierebisaTvis gamtarebloba 
TiTqmis 10-jer didia 6000 mghc-ze, vidre 300 mghc-ze. amiT aixsneba 
gansxvaveba velis SeRwevis siRrmeebs Soris, mocemul sixSireebze. 

 

sur. 4.3.5. gamtarebloba sixSireze 6000 mghc-ze σ gamtarebloba TiTqmis 
aTjer didia vidre 300 mghc-ze 

yvela ganxiluli SemTxveva idealizirebulia: antenis pozicia ar icvleba 
modelis dasxivebisas. Tu antenis gamosxivebis diagrama aris mimarTuli da 
maRali koncentraciis mqone veli emTxveva modelis nawils, temperaturis 
mateba mocemul wertilSi gaizrdeba. es faqti niSnavs imas, rom antenis 
adgilmdebareobis SerCeva aris calke Seswavlis sakiTxi. im SemTxvevaSi, 
Tu mobiluri kavSiris dros antenis pozicia icvleba, maqsimumebi 
temperaturul ganawilebaSi idRabneba da mcirdeba.  

sur 4.3.6-ze moyvanilia 10g SAR-is da temperaturis matebis ganawilebebi. 
sur. 4.3.6-dan SeimCneva, rom maqsimaluri SAR-is da temperaturis matebis 
adgilmdebareobebi SeiZleba ar emTveodes erTmaneTs. antenis geometria da 
misi pozicia gansazRvravs saboloo ganawilebebs, da misi cvlileba 
gamoiwvevs Sedegebis mkveTr Secvlas. 
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                                                  a)                                                   b) 

sur. 4.3.6. adgilmdebareoba  a) 10g SAR = 6.7w/kg b) temperaturis mateba 
ΔΤ=0.36°C of λ/8 dipoluri antenisaTvis 300 mhzc, 10 mm manZilze. 

 

                                a)              b)                g)               d) 

sur. 4.3.7. velis SeRwevis siRrme λ/2 dipoluri antenebisaTvis. 1g SAR 
sixSireebze: 

a) 300 MHz b) 450 MHz g) 1450 MHz da d) 3700 MHz 
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sur. 4.3.7-dan Cans, Tu rogor gansxvavdeba velis SeRwevis siRrme sxvadasxva 
sixSireebisaTvis. dabal sixSireebisaTvis igi gacilebiT didia. magram 
amavdroulad temperaturis matebisa da SAR-is mniSvnelobebi SigniT myof 
nivTierebisaTvis gacilebiT didia, maRal sixSireebTan SedarebiT. 
dawyebuli 1450 mghc-dan velis SeRwevis siRrme mkveTrad mcirdeba da velis 
ZiriTadi nawili STainTqmeba yurSi. Tu antenis pozicia icvleba dasxivebis 
dros temperaturis matebis maqsimaluri mniSnelobebi mcirdeba da 
Sesabamisi ganawilebebi idRabneba.  

zogierT SemTxvevaSi, rodesac velis modelSi SeRwevis siRrme modelis 
zomebis Tanafardia, SeimCneva fokusirebis efeqti sur. 4.3.7.  

dipoluri antenebisaTvis daimzireba kargi koreliacia SAR-sa da 
temperaturis matebas Soris (sur. 4.3.8). aRmoCnda, rom korelacia 
damokidebulia dipoluri antenis sigrZeze. rodesac korelacia daTvlili 
iyo yvela dipoluri antenebisaTvis (λ/2, λ/4, λ/8, λ/15 antenebi)  miRebuli 
Sedegebis mixedviT, igi aRmoCnda R2=0.73. amavdroulad rodesac korelacia 
iyo daTvlili mxolod λ/2, λ/4, λ/8 dipoluri antenebisaTvis, igi 
warmoadgenda R2=0.91 (Fig. 8), xolo calke  λ/15 dipoluri antenisaTvis igi 
iyo R2=0.93.  

 

sur. 4.3.8  10g saris da temperaturis nazrdiz korelacia 

 

 λ/15 dipoluri antenebi TiTqmis wertilovania da maTi gamosxivebis 
diagrama aris ufro mimarTuli, did antenebTan SedarebiT. aseT 
SemTxvevebSi SAR-i koncentrirdeba mcire areSi. sasazRvro pirobebis gamo 
nakadi zedapiridan am SemTxvevaSi mcirea. 

Osaboloo jamSi SeiZleba iTqvas, rom yvela daTvlili dipoluri 
antenebisaTvis daikvirveba kargi koreliacia. 
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$ 4.4 monopoluri antenebi 

am proeqtis farglebSi Seswavlil iqna monopoluri antenebi 300 da 1450 
operatiul sixSireebze (sur. 4.4.1.) yvela gamoTvlebis ZiriTad sagans 
warmoadgenda SAR–i da temperaturis nazrdi. antena moTavsebuli iyo 10 da 
20 mm (sur. 4.4.2) manZilze diukis Tavis modelidan. gamoiyeneboda 
monopoluri antenis sami tipi: sworxazovani, spiraluri da meander tipis 
antenebi, romlebic Tavsdeboda liTonuri yuTis zeviT.  

aseTi formis antenis damodelireba warmoadgens did praqtikul 
interess, radgan msgavsi formis mowyobilobebi gamoiyeneba policiis da 
sxva samsaxurebis raciebSi. unda aRiniSnos, rom specialuri tipis kavSiris 
usafrTxoebis normebi aris gamoyofili calke usafrTxoebis standartSi. 
samoqalaqo standartisgan gasnsxavebiT, masSi mkacrad izRudeba gadamcem 
aparaturasTan daSvebuli muSaobis dro. rogorc naCvenebi iqneba am TavSi 
monopoluri antenebi iwveven ufro did temperaturis matebas dipolur 
antenebTan SedarebiT. 

 

sur 4.4.1 monopoluri antenebi. 

 

sur. 4.4.2 manZilis gansazRvra. 

d
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amocanaSi gamoiyeneboda 1 mm formaluri diskretizacia. yoveli 
monopolis 1mm ujredSi Tavsdeboda uwyveti sinusoidaluri kvebis wyaro 
Sesabamis sixSireze. SAR-isa da temperaturis nazrdis yvela monacemi 
normirdeboda 1 vat simZlavreze. 

rogorc iyo mosalodneli, miRebuli SAR-isa da temperaturis nazrdis 
mniSvnelobebi mcirdeboda manZilis gazrdiT. qsovilis iseTi siTburi 
parametrebi, rogoricaa sfecifikuri siTbo, siTbotevadoba, sisxlis 
perfuzia da a.S araa damokidebuli sixSireze, xolo temperaturis nazrdi 
damokidebulia mxolod SAR-ze. fiqsirebul sixSireze SAR-s  da 
temperaturis nazrds aqvs kargi korelacia. sxvadasxva antenis moier 
miRebuli maqsimaluri temperaturis nazrdebi SeiZleba gaCndes modelis 
sxvadasxva nawilSi (magaliTad, zogi lokalizebulia yuris bibiloSi, 
zogi SeiZleba iyos an yuris zemoT, an mis SuaSi). maqsimaluri 
temperaturis nazrdi ∆T=2.97  °C da   maqsimaluri   10g  SAR=10.5 W/kg SeimCneva 
spiraluri monopoluri antenis SemTxvevaSi, 10 mm-is daSorebiT 1450 mghc 
sixSireze. xolo minimaluri temperaturis nazrdis mniSvneloba ∆T=0.14°C 
300 mghc sixSirezea. rac Seexeba 10g maqsimaluri SAR-is minimalur 
mniSvnelobas, igi emTxveva 300 mghc sixSireis sworxazovan monopolur 
antenas modelidan 20 mm manZilize.  

 

Fig. 4.4.3 Temperature Rise for Antennas at 10mm, 300MHz and 1450 Mhz 

Tu SevadarebT sur. 4.4.3 da sur. 4.4.4-ze miRebuli Sedegebis SAR-isa da 
temperaturis nazrdis mniSvnelobebs, miviRebT rom, erTnairi tipis 
antenebisaTvis 300 mghc sixSireze es mniSvnelobebi ufro mcirea, vidre 1450 
mghc-ze. am faqtis ganapirobebs SeRwevadobis siRrme, romelic maRali 
sixSireebisaTvis ufro mcirea. 1450 mghc –ze energia STainTqmeba zedapirze 
da temperaturis nazrdis maqsimaluri mniSvnelobebi ZiriTadad 
Tavmoyrilia yurSi, xolo 300 mghc sixSireze es mniSvnelobebi SeiZleba 
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iyos moTavsebuli Tavis qsovilSi. rogorc iyo mosalodneli temperaturis 
nazrdis mniSvnelobebi bevrad naklebia 20 mm manZilisaTvis. 

 

Fig. 4.4.4 Temperature Rise for Antennas at 10mm, 300MHz and 1450 Mhz 
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$ 4.5 PIFA antenebi 

brtyeli Sebrunebuli  F tipis (PIFA)  antenebi Seswavlil iqna 1900, 3700 da 
6000 mghc sixSireebze diukis Tavis modelidan 10 da 20 mm manZilebze 
daSorebiT. sur. 4.5.1-ze da cxrili 4.5.1-Si moyvanilia PIFA antenis sqematuri 
naxazi da zomebi. 

 

gamoTvlebi Catarebulia ”PIFA“ antenis ori gansxvavebuli - “standartuli” 
da “Sebrunebuli” orientaciis SemTxvevebisaTvis. standartuli 
orientaciis SemTxvevaSi aqtiur elementze  mdebareobda liTonuri yuTis 
zedapiris gareT, xolo “Sebrunebuli” orientaciisas – am zedapiris 
SigniT. 

sur. 4.5.1 PIFA antenis sqematuri naxazi 

Frequency  W  Ws  L  Ls  L2  s  d  
2450 MHz  1  3  16.5  24  8  1  3  
3700 MHz  1  3  9.75  13  13.5  0.5  3  
6000 MHz  2  4  8  14  13  2  3  

cxrili 4.5.1 PIFA antenis zomebi 

 

sur. 4.5.2. 10g saris da temperaturis nazrdis korelacia 
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PIFA antenebi modelirdeboda 1900, 3700 da  6000 mghc sixSireebze. manZili ‘d’ 
gamoiTvleboda SekumSuli yuris gare kuTxidan PIFA antenis liTonuri 
yuTis zedapiramde. yvela antenis SemTxvevaSi drois bijad aRebuli iyo 0.5 
wami. sxeulis ZiriTad temperaturad  aiReboda 37˚C. manam garemos haeris 
temperatura iyo  23˚C. 

maqsimaluri temperaturis nazrdisa ∆T=4.68°C da  10g SAR = 8.41 W/kg SAR-
is mniSvnelobebi SeimCneva 6000 mghc sixSirize 10 mm manZilze daSorebiT 
PIFA antenis Sebrunebuli orientaciisas. xolo minimaluri temperaturis 
nazrdi ∆T=0.21°C  miRebulia 1900 mghc sixSireze PIFA antenis standartuli 
orientaciis SemTxvevaSi, romelic lokalizebulia modelidan 20mm 
manZilis daSorebiT.  

miRebuli Sedegebidan Cans, rom yvela sixSireze SAR-isa da temperaturis 
nazrdis mniSvnelobebisaTvis gvaqvs kargi korelacia. miuxedavad imisa, rom 
miRebuli temperaturis nazrdis-  4.68 °C  mniSvneloba sakmaod maRalia, 
jamuri temperatura ar aRemateba 38°C. aqve unda aRiniSnos, rom 
gamoTvlebis Catarebisas antenis mdebareoba mkveTrad cvlis miRebuli 
maqsimaluri SAR-isa da temperaturis nazrdis mniSvnelobebs da aseve 
Sesabamis ganawilebebs.    

maqsimaluri ∆T mkacr korelaciaSia 1 g da 10 g gasaSualoebul SAR -Tan. 
sur. 4.5.2-ze naCvenebia maqsimaluri PIFA antenisaTvis miRebuli ∆T –s 
mniSvnelobebi 1900, 3700 da 6000 mghc sixSireebze, romlebic agebulia 10g 
gasaSualoebuli SAR- is Sesabamisad. msgavsi damokidebulebebi SeimCneva 
aseve 1g masaze gasaSualoebuli  SAR SemTxvevaSi.  

 

 

sur. 4.5.3 temperaturis mateba PIFA antenebisaTvis 3700 da 6000 mghc-ze. 
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ufro zusti analizisaTvis SeiZleba sur. 4.5.3 mixedviT. aman SeiZleba 
aCvenos, rom PIFA antenebis @”Sebrunebuli” orientaciis SemTxvevaSi 
temperaturis nazrdis mniSvnelobebi ufro maRalia, vidre “standartuli” 
orientaciisas. msgavsi daskvnebi WeSmariti iqneba aseve 20 mm manZilisaTvis.  

 

sur. 4.5.4. temperaturis mateba PIFA antenebisatvis 20mm-ze, 3700 da 6000 MHz-
ze. 

yvela SemTxvevisaTvis, temperaturis nazrdis maqsimaluri mniSvnelobebi 
3700 mghc sixSireze naklebia, vidre 6000 mghc–ze. 10 mm manZilze, 
Sebrunebuli orientaciis mqone PIFA antenisaTvis temperaturis nazrdis 
maqsimaluri mniSvnelobebi Zalian axlosaa dipoluri antenebis maqsimalur 
mniSvnelobebTan. xolo 20 mm manZilze (sur. 4.5.4) temperaturis maqsimaluri 
nazrdis mniSvnelobebi gansxvavdeba dipolisa da “Sebrunebuli” PIFA 
antenebis SemTxvevebisaTvis. rac gamowveulia rezonansuli manZiliT PIFA 
antenasa da adamianis Tavis models Soris 20mm-ze. es faqti ganapirobebs 
mogvianebiT am statiaSi ufro detalur Seswavlas.  
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$ 4.6 Patch antenebi 

brtyeli Patch antenebi Seswavlil iqna 3700 mghc sixSireze, sadac 
gamoiyeneboda ori 10 da 20 mm –iani distanciebi (sur. 4.6.1, cxrili 4.6.1) 

 

4.6.1 Patch antenis sqematuri naxazi. 

 

 

 

 

cxrili 4.6.1 Patch antenis zomebi 

brtyeli patch antenebi warmoadgenen Zalian martiv PIFA antenebs. igive 
daskvnebi, rac gvqonda PIFA antenis SemTxvevaSi, aqac samarTliania.  

 

sur. 4.6.2 temperaturis mateba dipoluri da patch antenebisatvis 3700 mghc-ze 

Frequency  W  L  Ws  Ls  y  d  
2450 MHz  36.5  27.5  40  31  6.25  3  
3700 MHz  24.0  17.5  30  24  4.0  3  
6000 MHz  15.0  11.0  20  14  1.0  3  
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“Sebrunebuli” orientaciis SemTxvevaSi SAR-isa da temperaturis nazrdis 
mniSvnelobebi bevrad metia “standartul” orientaciasTan SedarebiT (sur. 
4.6.2). amavdroulad, “Sebrunebuli” orientaciisas miRebuli mniSvnelobebi 
axlosaa dipolTan. 20 mm manZilze temperaturis nazrdi naklebia, vidre 
10mm manZilze. temperaturis nazrdis maqsimaluri mniSvnelobebi 
lokalizebulia yuris qsovilSi yvela eqsperimentis SemTxvevisaTvis.  

$ 4.7 IFA antenebi 

  

sur. 4.7.1 PIFA antenenis sqematuri naxazi 

IFA antenisaTvis miRebuli mniSvnelobebi moyvanilia 1 cxrilSi.  

6000 mghc 
10 mm 20 mm 

SAR 1g SAR 10g  ΔΤ SAR 1g SAR 10g ΔΤ 
Cveulebrivi 24.8 4.77 3.01 11.21 2.56 1.45 
Sebrunebuli53.1 12.66 6.37 63.88 16.97 7.78 

 

cxrili 4.7.1. 1g, 10g SAR-i da temperaturis mateba IFA antenebisaTvis 

P Patch da  PIFA antenebis msgavsad IFA (sur. 4.7.1) antenis SemTxvevaSi 
SeimCneva is, rom temperaturis nazrdi “Sebrunebuli” orientaciisas bevrad 
didia “standartulTan” SedarebiT. standartuli orientaciis SemTxvevaSi 
10 mm –ze temperaturis nazrdi metia, vidre 20 mm –ian distanciaze. magram 
situacia icvleba “Sebrunebuli” antenis SemTxvevisaTvis 20 mm manZilze. 
rac imaSi mdgomareobs, rom yvelasaTvis moulodnelad temperaturis 
nazrdis mniSvnelobebi 20mm manZilze metia, vidre 10 mm –ze. es SemTxveva 
SeiZleba Seswavlil iqnas ufro Rrmad.  

6000 mghc sixSireze talRis sigrZe 5 sm-ia. manZili antenidan modelis 
uaxloes wertilamde aris 2sm. SemCneulia, rom ifa “antena-Tavis” sistema 
rezonansulia. rac zustad 20mm manZilze temperaturis nazrdis maRali 
mniSvnelobis mizezs warmoadgens.  
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$ 4.8 me-4-e Tavis daskvna 

Seswavlili iyo siTburi efeqtebi dipoluri, monopoluri, PIFA da Patch da 
Patch antenebisaTvis yvela aRniSnul sixSireze. warmodgenili iyo 
maqsimaluri STanTqmis kuTri siTbo (SAR) da warmoqmnili temperaturis 
nazrdi diukis TavSi. yvela ganxiluli antena iyo Sedarebuli dipolur 
antenebTan. antenis mdebareoba rCeboda ucvlelad gamoTvlebis dros. 
Sesabamis sixSireze gamoiyeneboda sinusoidaluri talRis signali. 
maSasadame,  SAR isa da Sesabamisad temperaturis nazrdis  miRebuli 
maqsimaluri  mniSvnelobebi Seesabamebian droSi usasrul dasxivebas. 

saxeze Semdegi suraTia [34]:  

1. temperaturis nazrdis umciresi mniSvnelobebi SeimCneva 900 da 1900 
mghc sixSireebze. (ix. sur. 4.3.2, 4.3.4) 

2. yvela antenisaTvis ganxiluli iyo temperaturis nazrdis 
maqsimaluri mniSvneloba dawyebuli 0.1˚C to 7.78˚C –mde. is SemTxvevebi, 
rodesac miRebuli iyo temperaturis nazrdis maRali mniSvnelobebi 
Seswavlil iqna cal-calke. 6000 mghc sixSireze talRis sigrZe 5 sm-
ia. am sixSireze manZili antenasa da yurs, antenasa da Tavs Soris 
aris rezonansuli. aseT SemTxvevebSi Sedegad miiReba temperaturis 
nazrdis normaze ufro maRali mniSvnelobebi.  

3. dabal sixSireebze SeRwevis siRrme didia, da aseve SeimCneoda 
eleqtromagnituri velis fokusireba, romelic koncentrirebuli iyo 
modelis erT-erT lokalur wertilSi. (ix. sur. 4.3.7). cxeli 
wertilebi SeimCneva tvinSic. detalurma analizma aCvena, rom maTi 
mdebareobebi icvleba antenis gadaadgilebiT. maTi zomebi da 
mdebareoba damokidebulia Tavis zedapiris simrudeze. did interess 
warmodagens aseve fokusirebis efeqtis Seswavla bavSvis modelze.  

4. yvelgan SeimCneva kargi korelacia 10g SAR –sa da temperaturis 
nazrds Soris (ix. sur. 4.3.8 da sur. 4.5.1).  

5. asimetriuli gamosxivebis diagramis gamo monopoluri antenebi 
gamoiwvies ufra maRali temperaturis mateba, dipoluri antenebTan 
SedarebiT. magram isini arian Zaan axlos erTmaneTTan. temperaturis 
mateba ki gansazRvrulia umetes wilad antenis mdebareobiT. 

6. brtyeli antenebis SemTxvevebSi “Sebrunebuli” orientaciis dros 
SeimCneva ufro maRali temperaturis nazrdis mniSvnelobebi, vidre 
stantaruli orientaciis SemTxvevaSi.  

7. naCvenebia, rom “Sebrunebuli” orientaciis mqone brtel antenebi 
msgavsia dipoluri antenebisa.  

8. temperaturis nazrdis lokaluri maqsimumi SeimCneva 2450 mghc 
sixSireze. am sixSireze SeRwevadobis siRrme ufro didia, vidre 3700 
mghc-ze da mis zeviT. amis mizezi SeiZleba iyos am sixSireze 
mikrotalRurebis funqcionireba. cnobilia, rom maRali 
dieleqtrikuli SeRwevadobisa da gamtareblobis arseboba cvlis 
gamosxivebis diagramas da dieleqtriki STanTqavs gamosxivebuli 
energiis ufro did nawils. 

9. winaswarma gamoTvlebma aCvena, rom xelis arseboba zegavlenas axdens 
gamosxivebis diagramaze. xeli mimarTavs eleqtromagnituri velis 
energias mis gaswvriv, ris Sedegadac temperaturis nazrdis 
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mniSvneloba TavSi mkveTrad mcirdeba.  Cveni TvalTaxedviT es 
movlena unda Seswavlil iqnas ufro Rrmad.  

10. IFA antenisaTvis 20 mm manZilze SeimCneva rezonansis movlena, rac 
ganapirobebs moulodnelad temperaturis mkveTr zrdas.  

11. IFA antenisaTvis miiReba temperaturis nazrdis ufro maRali 
mniSvnelobebi, vidre patC da pifa antenebisaTvis. IFA antenisaTvis  
rezonansi SeimCneva 20 mm daSorebis manZilze.  

12. 6000 mghc sixSireze miRebuli Sedegebi arastabiluria. Semavali 
parametrebis mcire SecvliTac SesaZloa mniSvnelovnad Seicvalos 
miRebuli ganawileba.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tavi V miRebuli monacemebis mdgradobis analizi 
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$ 5.1 Sesavali 

am qveTavSi moyvanilia e.m. dasxivebis realisturi modelirebis 
stabilurobis analizi. gamokvleulia dipoluri, monopoluri da sxva 
antenebisaTvis miRebuli Sedegebi. gamoTvlebi Catarebulia adamianis Tavis 
modelze sisxlis mimoqcevis gauTvaliswineblad.  

mas Semdeg, rac gamovikvlieT sxvadasxva antenebi, aRmoCnda rom Sedegebi 
Seicaven imaze ufro met informacias, vidre marto temperaturis zrdas, 
SAR-is mniSvnelobebs da korelacias. gamoTvlebi Catarda sxvadasxva 
sixSireebze 300, 450, 900, 1450, 2450, 3700 da 6000 mghc. iyo ganxiluli 
ramodenime antenis daSoreba: 5, 10 da 20 mm. am TavSi moyvanilia miRebuli 
Sedegebis stabilurobis analizi. gamoTvlebis ZiriTadi mizani iyo 
temperaturis zrdis da SAR-is maqsimaluri mniSvnelbis povna. 

proeqtis specifikaciis mixedviT gamoTvlebSi gamoyenebuli iqna adamianis 
Tavis modeli mxrebis da xelis gareSe. gadawyvetili iyo imis Semowmeba, 
Tu rogor zegavlenas axdens temperaturul ganawilebaze xelis arsebobis 
gaTvaliswineba e.m dasxivebisas. 

aRmoCnda, rom xelis gaTvaliswinebiT, Sedegebi gansxvavdebian. cocxali 
qsovilis maRal sixSireebze didi gamtarebloba gamoiwvevs imas, rom xeli 
STanTqavs energias da cvlis gamosxivebis diagramas 

meore faqtori, romelic ar iyo detalurad aRwerili proeqtSi, iyo 
antenis mdebareobis SerCeva. yvela Catarebuli ricxviTi eqsperimenti 
warmoadgens idealizirebul SemTxvevas: modelirdeba droSi usasrulo e.m. 
dasxiveba droSi uZravi antenisaTvis. ras niSnavs droSi uZravi antena? 
gamokvleul iqna, rom temperaturis nazrdisa da SAR-is antenis ganawileba 
mkveTrad icvleba Tu antenis mdebareoba umniSnelodaa Secvlili.  

am TavSi aris detalurad aRwerili miRebuli Sedegebis stabilurobis 
analizi. 

$ 5.2 stabilurobis analizi maRal sixSireebze miRebuli SedegebisaTvis 

IFA antenisaTvis miRebuli Sedegebi 6000 mgh-ze moyvanilia cxrilSi 5.2.1. 
gamoTvlebisas gamoyenebuli iyo antenis ori orietacia: “Cveulebrivi” - 
standartuli da “amotrialebuli” – Sebrunebuli. antenis sqematuri naxazi 
naCvenebia sur. 4.7.1-ze.  

6000 mghc 
10 mm 20 mm 

1g SAR 10g SAR ΔΤ 1g SAR 10g SAR  ΔΤ 
“standartuli” 24.8 4.77 3.01 11.21 2.56 1.45 

“Sebrunebuli” 53.1 12.66 6.37 63.88 16.97 7.78 

cxrili 5.2.1  Sedegebi, miRebuli IFA antenisaTvis 6000 mghc. monacemebi 
normirebulia 1 vt simZlavreze. 
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                                               a)                             b) 

sur. 5.2.1 a) “Sebrunebuli” orientacia, b) “standartuli” orientacia. 

20 mm daSorebaze IFA antena gamoiwvia ufro maRali temperaturis zrdas 
vidre igive antena 10mm-ze. aseTi Sedegi aris moulodneli, radgan yvela 
sxva gamoTvlebisaTvis distanciis gazrdisas temperaturis zrdis da SAR-
is maqsimaluri mniSvnelobebi mcirdebodnen. aRwerili SemTxveva iqna 
detalurad Seswavlili. 

pirveli faqtori, romelic ar iyo gaTvaliwinebuli proeqtis Sedgenisas 
aris antenebis gamosxivebis diagrama. axlo veli da gamosxivebis 
diagramebi moyvanilia sur. 5.2.1 da sur 5.2.3-ze. 
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sur. 5.2.2 antenis gamosxivebis diagrama 

 

 sur. 5.2.3.  axlo velis ganawileba IFA antenisaTvis. antena ar aris 
naCvenebi 

axlo velis ganawileba araerTgvarovania. zogierTi mimarTulebiT veli 
vrceldeba ukeTesad, xolo zogierTi mimarTulebiT ufro cudad. nax. 5.2.3-
dan Cans rom veli koncentrirdeba sivrcis mcir areSi. naxatze Sesabamisi 
aris farTobia 1x4 sm. rodesac sxeuli moTavsebulia didi energiis 
koncentraciis mqone areSi, temperaturis zrda aris gacilebiT didi.  

 

                                                       a)                                      b) 

sur. 5.2.4 temperaturis nazrdi Secvlili poziciisaTvis. maqsimaluri 
temperaturis nazrdi mdebareobs yuris bibiloSi. a) XOZ slice b) YOZ slice. 

 



61 
 

 

                                          a)                        b)  

sur. 5.2.5 temperaturis nazrdi antenis sawyisi poziciisaTvis. 
maqsimaluri temperaturis nazrdi mdebareobs Tavis zedapirze. 

a) XOZ slice -kveTa  b) YOZ kveTa. 

amave dros, Tu antenis mdebareoba icvleba, aseve icvleba am aris 
mdebareoba da anatomiur modelSi velis mniSvnelobebi. aseT SemTxvevebSi 
antenis mcire wanacvleba, mag. 1sm, gamoiwvevs Sedegebis mkveTr cvlilebas. 
sur. 5.2.4 da sur. 5.2.5 gansxvavebuli miRebuli Sedegebi gamowveulia 
maqsimaluri SAR -is mdebareobis SecvliT, radgan modelis sxvadasxva 
wertilSi siTburi nakadi zedapiridan gansxvavdeba. erTi SemTxvevisaTvis 
maqsimaluri SAR-i da temperaturis zrda SeiZleba iyos bibiloSi, xolo 
meoresaTvis ki Tavis zedapirze (sur. 5.2.4, sur 5.2.5) aseT SemTxvevebSi or 
proeqts Soris, romlebisTvis SAR-is mniSvneloba mkveTrad ar gansxvavdeba, 
temperaturis mateba SeiZleba gansxvavdebodes 100%-iT. aseTi sxvaoba 
daikvirveboda 3700 mgh-zec. 

 meore faqtori, romelic ar iyo gaTvaliswinebuli gamoTvlebis dros, aris 
SesaZlo rezonansi sistemaSi “Tavi-yuri-antena”. aRmoCnda, rom maRal sixSireebze 
talRis zoma Tanafardia antenis da Tavis manZilisa. 6000 mghc sixSireze talRis 
sigrZea 5sm. rodesac sistemaSi Cndeba rezonansi mkveTrad izrdeba velis 
mniSvnelobebi da gamoTvlebis dro. sur. 5.2.6-ze naCvenebia, rom velis 
koncentracia bibilos garSemo aris Zalian didi.    SesaZlo rezonansi, 
mimarTuli gamosxivebis diagrama da antenis mdebareobis cvlileba 
gamoiwvevs amonaxsnis arastabilurobas. aseTi arastabiluroba arsebobs 
ara marto rTuli antenebisaTvis. igive cvlilebi ganixileboda dipoluri 
antenisaTvis. nax. 5.2.7-dan Cans, Tu rogor icvleba axlo velis ganawileba 
dipoluri antenis z RerZis gaswvriv 10 mm wanacvlebis SemTxvevaSi. 
miRebuli maqsimaluri SAR-is da temperaturis nazrdis mniSvnelobebi 
mkveTrad gansxvavdebian. 10g SAR-is mniSvneloba pirveli SemTxevisaTvis 
aris 3.61 W/kg, xolo meoresTvis - 6.01 W/kg.  
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                                            a)                              b) 

sur. 5.2.6 axlo velis ganawileba a) XOZ kveTa b) YOZkveTa 

 

 

                                                     a)                                        b) 

sur. 5.2.7. a) axlo veli λ/2 dipolisTvis mgh-ze b) igive dipoli, 
wanacvlebuli 10mm zeviT 

 

 

 

 

 



63 
 

$ 5.3. xelis arsebobis gavlena miRebul Sedegebze. 

proeqtis moTxovnebis Tanaxmad gamoTvlebSi gamoiyeneboda adamianis Tavis 
modeli xelis gauTvaliswineblad. antenebi Tavsdeboda Tavidan sxvadasxva 
distanciaze. ganxiluli iqna idealizirebuli Tu modeli. realur 
cxovrebaSi ki, momxmarevels uWiravs mobiluri telefoni xeliT, romelic 
STanTqavs energias da cvlis gamosxivebis diagramas. gamoTvlebma aCvena 
rom, xelis gaTvaliswinebis SemTxvevaSi SAR-is maqsimaluri mniSvnelobebi 
Tavis modelSi mkveTrad mcirdeba. xelis arsebobis zemoqmedeba 
Seswavlili iqna MAS [28] meTodis saSualebiT, romelic iyo arCeuli 
Tavisi siswrafis gamo. 

 

sur. 5.3.1. Tavisa da xelis modelebi, romlelbic iyvnen gamoiyenebuli 
ricxviT gamoTvlebSi 

sur. 5.3.1-ze moyvanilia ricxviT eqsperimentebSi gamoyenebuli geometria. 
isari aRniSnavs antenis mdebareobas.  MAS meTodis gamoyenebisaTvis, Tavis 
modeli aris gluvi. simartivisTvis Tavi da xeli Sevsebulia kunTis 
qsoviliT. 

 

 

sur. 5.3.2 gamosxivebis diagrama sxvadasxva SemTxvevisaTvis. suraTidan Cans, 
rogor gansxvavdeba gamosxivebis diagrama sxvadasxva modelebisaTvis 

a) Source pattern 
b) Hand pattern 
c) Head pattern 
d) Head and hand pattern 
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sur. 5.3.3. SAR-is ganawileba TavSi da xelSi 

 

sur 5.3.2.-dan Cans rogor gansxvavdeba gamosxivebis diagrama sxvadasxva 
modelebisaTvis. Tavi STanqavs energias da cvlis gamosxivebis diagramas 
Tavisken aRwevs naklebi energia da TavSi gamowveuli temperaturis matebia 
mcirdeba.  

 

sur. 5.3.4. gamosxivebis diagrama dipoluri antenis ramodenime 
daSorebisaTvis 

imisTvis, rom gamoTvlebi Catardes ufro realobasTan axlo 
SemTxvevisaTvis, saWiroa modelSi TavTan erTad xelis gamoyenebac. sur. 

0.5cm 
1cm 
2cm 
3cm 
4cm 
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5.3.4  naCvenebia rogor icvleba gamosxivebis diagrama antenasa da dipols 
Soris manZilis cvlilebisas. yvela manZilze diagrama erTnairia, xolo 
4sm-is SemTvevaSi gansxvavebulia. araa gamoricxuli, rom 4-sm daSorebis 
manZilze  mocemuli sistemisaTvis es manZili SeiZleba iyos rezonansuli. 

 

$ 5.4 me-5 Tavis daskvna 

mexuTe TavSi naCvenebia, rom e.m dasxivebis modelirebisas 
gasaTvaliswinebelia ramodenime iseTi faqtori, romelic adre ar 
iTvleboda mniSvnelovnad [35].  

1. naCvenebia, rom gamoTvlebis amonaxsni arastabiluria sawyisi 
parametrebis umniSvnelo cvlilebebis mimarT. 
2. mimarTuli gamosxivebis diagrama gamoiwvevs amonaxsnis 

arastabilurobas antenis mdebareobis mimarT.  
3. rezonanis SemTxvevaSi maqsimaluri temperaturis mateba mkveTrad  

izrdeba. 
4. rezonansi SeimCneoda 6000 mgh-ze. sxva sixSireebze arastabilurobis 

ZiriTadi mizezi iyo antenis mdebareobis cvlileba 
5. xelis arseboba mkveTrad cvlis gamosxivebis diagramas da 

temperaturis nazrdisTvis miRebul mniSvnelobebs. 
6. momxmareblisaTvis sasargebloa mobiluri telefonis gamoyenebisas 

aparatis adgilmdebareobis cvlileba. 
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disertaciis ZiriTadi Sedegebi gamotanili dasacavad da 
daskvna: 

pirvel TavSi ganxilulia problemis Tanamedrove mdgomareoba da 

aqtualuroba da aseve arsebuli literaturis mimoxilva.  

meore TavSi ganxilul iqna disertaciaSi gamoyenebuli maTematikuri 

meTodebi. SemoTavazebuli midgoma saSualebas iZleva rogorc siTburi,  

aseve ე.მ. amocanis amoxsnisaTvis, imave sivrcul badeze da advilad xdeba 

sxvadasxva sasazRvro pirobebis gaTvaliswineba siTbur amocanaSi. 

mesame TavSi aRwerilia sisxlis mimoqcevis modelirebis axali midgoma. 

siaxle SemoTavazebuli modelisa Sedgeba sisxlZarRvTa struqturis  

agebisa da gamoangariSebis   algoriTmisagan  kapilaruli sisxlis 

dinebisaTvis, siTbos gadatanisas qsovilSi konveqciiT. modificirebuli 

(3.6.1)  gantoleba saSualebas gvaZlevs SeviswavloT sxva siTburi efeqti im 

saxiT, romelic axloa arsebul qsovilTan, vidre penes modelSi. (3.6.1) da 

(3.6.5) gantolebaTa sistema rCeba wrfivi, ase rom temperaturis mateba 

SeiZleba danormirdes sxva SAR-is mniSvnelobebisaTvis. miRebuli 

Sedegebiodan Cans, rom statikur mdgomreobaSi maqsimaluri temperaturebi 

penes gantolebasTan SedarebiT faqtiurad igivea. magram temperatura da 

temperaturis mateba ე.მ dasxivebis ganmavlobaSi gamoTvlili 

modificirebuli bio-siTbos gantolebis gaTvaliswinebiT mcirea. garda 

amisa naCvenebia, rom  SAR zrdisas modificirebuli modelis 

gaTvaliswinebiT  temperaturis  mateba  aseve  mcirea.  

meoTxe TavSi Seswavlilia siTburi efeqtebi dipoluri, monopoluri, PIFA 
da Patch da Patch antenebisaTvis yvela aRniSnul sixSireze. warmodgenili 

iyo maqsimaluri STanTqmis kuTri siTbo (SAR) da warmoqmnili 

temperaturis nazrdi diukis TavSi. yvela ganxiluli antena Sedarebulia 

dipolur antenebTan. antenis mdebareoba rCeboda ucvlelad gamoTvlebis 

ganmavlobaSi. Sesabamis sixSireze gamoiyeneboda sinusoidaluri talRis 

signali. maSasadame,  SAR-isa da Sesabamisad, temperaturis nazrdis  

miRebuli maqsimaluri  mniSvnelobebi Seesabamebian droSi usasrul 

dasxivebas.  

CamovayaliboT MMF WP8 proeqtis farglebSi miRebuli Sedegebis 

ZiriTadi daskvnebi [34] 

1. temperaturis nazrdis umciresi mniSvnelobebi SeimCneva 900 da 1900 
mghc sixSireebze. (ix. sur. 4.3.2, 4.3.4) 

2. yvela antenisaTvis ganxiluli iyo temperaturis nazrdis 
maqsimaluri mniSvneloba mdebareobda 0.1˚C - 7.78˚C SualedSi. is 
SemTxvevebi, rodesac miRebuli iyo temperaturis nazrdis maRali 
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mniSvnelobebi Seswavlil iqna cal-calke. 6000 mghc sixSireze 
talRis sigrZe 5 sm-ia. am sixSireze manZili antenasa da yurs, 
antenasa da Tavs Soris aris rezonansuli. aseT SemTxvevebSi Sedegad 
miiReba temperaturis nazrdis normaze ufro maRali mniSvnelobebi.  

3. dabal sixSireebze SeRwevis siRrme sakmaod didia, Sedegad 
SeimCneoda eleqtromagnituri velis fokusireba, romelic 
koncentrirebuli iyo modelis erT-erT lokalur wertilSi. (ix. sur. 
4.3.7). aseTi “cxeli wertilebi” SeimCneva tvinSic. detalurma analizma 
aCvena, rom maTi mdebareobebi icvleba antenis gadaadgilebiT. maTi 
zomebi da mdebareoba damokidebulia Tavis zedapiris simrudeze. did 
interess warmodagens aseve fokusirebis efeqtis Seswavla bavSvis 
modelze.  

4. yvela ganxiluli SemTxvevisaTvis SeimCneva kargi korelacia 10g SAR 
–sa da temperaturis nazrds Soris (ix. sur. 4.3.8 da sur. 4.5.1).  

5. asimetriuli gamosxivebis diagramis gamo monopolurma antenebma 
gamoiwvies ufro maRali temperaturis matebis mniSvneloba, dipolur 
antenebTan SedarebiT. miuxedavad amisa isini arian Zalian axlos 
erTmaneTTan adamianze zemoqmedebis TvalsazrisiT. temperaturis 
mateba ki gansazRvrulia umeteswilad antenis mdebareobiT. 

6. brtyeli antenebis SemTxvevebSi (Patch, PIFA da IFA antenebi) 
“Sebrunebuli” orientaciis dros SeimCneva ufro maRali 
temperaturis nazrdis mniSvnelobebi, vidre stantaruli orientaciis 
SemTxvevaSi.  

7. naCvenebia, rom, gamosxivebis Sedegad gamowveuli temperaturis 
matebis mimarT, “Sebrunebuli” orientaciis mqone brtyeli antenebi 
msgavsia dipoluri antenebisa.  

8. temperaturis nazrdis lokaluri maqsimumi SeimCneva 2450 mghc 
sixSireze. am sixSireze SeRwevadobis siRrme ufro didia, vidre 3700 
mghc-ze da mis zeviT. amis mizezi SeiZleba iyos am sixSireze 
mikrotalRur RumelebSi aRebuli operatiuli sixSire. radgan 
cnobilia, rom maRali dieleqtrikuli SeRwevadobisa da 
gamtareblobis arseboba cvlis gamosxivebis diagramas da 
dieleqtriki STanTqavs gamosxivebuli energiis ufro did nawils. 

9. gamoTvlebma aCvena, rom xelis arseboba zegavlenas axdens 
gamosxivebis diagramaze. xeli STanTqavs eleqtromagnituri velis 
energias mis gaswvriv, ris Sedegadac temperaturis nazrdis 
mniSvneloba adamianis Tavis modelSi mkveTrad mcirdeba.   

10. manam sanam Catardeba mniSvnelovani kvleva, romelSic Seswavlili 
iqneba antenis dasxiveba adamianis modelze, saWiroa gamokvleuli 
iyos Sedegebis damokidebuleba antenis mdebareobaze da misi 
gamosxivebis diagramaze.  

11. IFA antenisaTvis 20 mm manZilze SeimCneva rezonansis movlena, rac 
ganapirobebs moulodnelad temperaturis mkveTr zrdas.  

12. IFA antenisaTvis miiReba temperaturis nazrdis ufro maRali 
mniSvnelobebi, vidre Patch da PIFA antenebisaTvis. IFA antenisaTvis  
rezonansi SeimCneva 20 mm daSorebis manZilze.  

13. 6000 mghc sixSireze miRebuli Sedegebi arastabiluria antenis 
adgilmdebareobis mimarT. Semavali parametrebis mcire SecvliTac 
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SesaZloa mniSvnelovnad Seicvalos miRebuli temperaturis 
ganawileba.  

mexuTe TavSi naCvenebia, rom e.m dasxivebis modelirebisas 
gasaTvaliswinebelia ramodenime iseTi faqtori, romelic adre ar 
iTvleboda mniSvnelovnad. stabilurobis analizis ZiriTadi daskvnebia [35]: 

1. naCvenebia, rom gamoTvlebis amonaxsni arastabiluria sawyisi  
parametrebis umniSnelo cvlilebis mimarT. 

2. mimarTuli gamosxivebis diagrama gamoiwvevs amonaxsnis 
arastabilurobas antenis mdebareobis mimarT.  

3. rezonanis SemTxvevaSi maqsimaluri temperaturis mateba mkveTrad  
izrdeba. 

4. rezonansi SeimCneoda 6000 mghc-ze. sxva sixSireebze arastabilurobis 
ZiriTadi mizezi iyo antenis mdebareobis cvlileba 

5. xelis arseboba mkveTrad cvlis gamosxivebis diagramas da 
temperaturis nazrdis miRebul mniSvnelobebs. 

6. momxmareblisaTvis sasargebloa mobiluri telefonis gamoyenebisas 
aparatis adgilmdebareobis cvlileba. 

Catarebulma kvlevam calsaxad daadastura, rom Tanamedrove saerTaSoriso 

usafrTxoebis standartebis mimarT SesabamisobaSi myofi mobiluri 

telefonebiT sargeblobisas Termuli gadaxurebis mier gamowveuli 

uaryofiTi efeqtebi safrTxes ar qmnis.  
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danarTi I sisxlzarRvebis agebis gamoTvliTi kodis principuli 

monakveTebi   

yvela erTi da igive donis sisxlZarRvi izrdeba erTdroulad manam, sanam 

SeCerebis piroba ar Sesruldeba. 

 

progamis nawili sadac xdeba sisxlZarTvTa sistmis Camoyalibeba (zrda), 

mocemulia Semdegi saxiT: 

 

while(cond) 
 { 
  bool temp=false; 
  int i=0; 

for(int j=0;j<CGeometry::getInstance()-> 
branches.size();j++) 

  { 
if(CGeometry::getInstance()->branches[j]-> 
halted==STOP_NONE) 

     { 
CGeometry::getInstance()-> 
branches[j]-> growByPoint();  

      temp=true; 
     } 
   } 
  cond=temp; 
 } 
 
funqcia growByPoint()gazrdis mimdinare sisxlZarRvs erTi bijiT 

 

if(halted==STOP_NONE) //Tu sisxlZarRvis zrda ar aris SeCerebuli 
{ 
 dvector temp; 

if(iCurLength==0) // Tu vimyofebiT ganStoebis wertilSi,  maSin es 

mimdinare wertili  unda daematos fesvebis siais 
  points.push_back(reper.position); 
 temp=reper.move(); 
 
 CGeometry::getInstance()->points.push_back(temp); 
 CSuperGrid::getInstance()->accept(temp); 
 
 points.push_back(temp); 
 iCurLength++; 
 ending=temp; 
 if((iNumOfPts==(iLength-1))||halted==STOP_END) 
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 { 
  if(halted!=STOP_END) halted=STOP_HALT; 
  if(iCurLevel<=MAX_LEVELS&&iChildes>0) 
  { 
   for(int j=0;j < iChildes;j++) 
   { 

CBranch* newChild=new 
CBranch(ending,iCurLevel+1,reper.calcReper(), 
type,this); 
CGeometry::getInstance()-> 
branches.push_back(newChild); 

    this->children.push_back(newChild); 
   } 
  } 
  else  
  { 

CGeometry::getInstance()-> 
endings.push_back(ending); 

   halted=STOP_HALT; 
  } 
 } 
 iNumOfPts++; 
} 
return result; 
} 
 
rodesac reperuli wertili wainacvlebs erTi bijiT, miRebuli wertili 

daemateba sisxlZarRvTa wertilebis sias, an daboloebebis sias Tu misi 

zrda SeCerebulia. 

 

reperuli wertilis klasis (CReper) realizacia: 

//komstrukTori 

 
CReper::CReper(dvector _pos) 
{ 
 position=_pos; 
 init(); 
} 
//meore konstruqtori 

CReper::CReper(double _x,double _y, double _z) 
{ 
 position=dvector(_x,_y,_z); 
 init(); 
}  
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//inicializaciis funqcia 
void    CReper::init() 
{ 
 k=1.5; 
 kapa=1.12; 
 tau=dvector(0,-1,0); 
 niu=dvector(1,0,0); 
 beta=tau^niu; 
 halted=STOP_NONE; 
} 
 

//simrudis gamoTvlis funqcia 

double  CReper::calcK() 
{ 
 int minus=1; 
 double mrand=rand(); 
 mrand/=RAND_MAX; 
 if(RAND&&mrand<0.5) minus=-1; 
 return (mrand-0.5)*k; 
} 
//grexis gamoTvlis funqcia 

double  CReper::calcKapa() 
{ 
 int minus=1; 
 double mrand=rand(); 
 mrand/=RAND_MAX; 
 if(RAND&&mrand<0.5) minus=-1; 
 return minus*(mrand-0.5)*kapa; 
 //return kapa; 
} 
//zrdis funqcia 

dvector CReper::move(void) 
{ 
 double DSS=DS; 
 dvector oldTau; 
 dvector oldNiu; 
     double k_=calcK(); 
 oldTau=tau; 
 oldNiu=niu; 
 
 niu=-tau*k_+beta*calcKapa()+niu; 
 tau=k_*oldNiu+tau; 
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 tau=tau/abs(tau); 
 niu=niu/abs(niu); 
 beta=tau^niu; 
 
 /////////////////////////// 
 
 recalcDirections(ROT_SELF|ROT_GEO); // 
 
 /////////////////////////// 
 
 position=position+DSS*tau; 
 //std::cout << "*"; 
 return position; 
} 
// SemTxveviTi kuTxiT motrialeba 

 CReper  CReper::rotate() 
{ 
 double fi,psi,ksi; 
 fi=0.4*M_PI_2*rand()/RAND_MAX; 
 psi=0.4*M_PI_2*rand()/RAND_MAX; 
 ksi=0.4*M_PI_2*rand()/RAND_MAX; 
 return rotate(fi,psi,ksi); 
 
} 
//gansaZRvruli kuTxeebiT motrialeba 

 

CReper  CReper::rotate(double fi, double psi, double ksi) 
{ 
 dvector tau2,niu2,beta2; 
 
 niu2=(cos(fi)*cos(psi)-sin(fi)*sin(psi)*cos(ksi))*niu+ 
  (sin(fi)*cos(psi) + cos(fi)*sin(psi)*cos(ksi))*tau+ 
  (sin(psi)*sin(ksi))*beta; 
 tau2=-(cos(fi)*sin(psi)+sin(fi)*cos(psi)*cos(ksi))*niu- 
  (sin(fi)*sin(psi)-cos(fi)*cos(psi)*cos(ksi))*tau+ 
  (cos(psi)*sin(ksi))*beta; 
 beta2=(sin(fi)*sin(ksi))*niu - (cos(fi)*sin(ksi))*tau + 
cos(ksi)*beta; 
 
 
 return CReper(tau2,niu2,beta2,position); 
} 
// motrialeba da axali SemTxveviTi wertilis dabruneba 
CReper  CReper::calcReper() 
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{ 
 CReper _reper; 
 if(FREE) 
  return rotate(); 
 return _reper; 
} 
//veqtoris motrialeba mocemuli Rezis gaswvriv 

 
dvector CReper::rotateVector(dvector vec,dvector axis, double 
angle) 
{ 
 dvector zv=vec^axis; 
 if(abs(zv)==0) return vec; 
 return dvector(0,0,0); 
} 
// axali daTvlili mimarTulebis gamoTvla arsebuli veqtoruli velis 

gaTvaliswinebiT 

 

void    CReper::recalcDirections(int rotType) 
{ 
 dvector field=calcField(position,rotType); 
 dvector psi=tau+field; 
 dvector n=tau^psi; 
 tau=tau+field; 
 double length=abs(tau); 
 if(length>0) 
 tau=tau/length; 
 double alfa=acos((psi*tau)/(abs(psi)*abs(tau))); 
 if(alfa!=alfa) 
  alfa=0; 
 CBasis::rotateReper(this->niu,this->beta,this->tau,n,alfa); 
} 
//veqtoruli velis daTvla 

 
dvector CReper::calcField(dvector point,int rotType) 
{ 
 dvector sum=dvector(0,0,0); 
  
 if(rotType&ROT_SELF) 
 { 

sum=CSuperGrid::getInstance()-> 
calcField(point,ROT_SELF); 

 } 
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 if(rotType&ROT_GEO) 
 { 

sum=sum+CSuperGrid::getInstance()-> 
calcField(point,ROT_GEO); 

 } 
 return sum; 
} 
 
// syaros mier Seqmnili veli 

dvector CReper::calcSourceField(dvector point,dvector source,int 
source_type) 
{ 
 int mult=SRC_GEO; 
 if(source_type==SRC_GEO) 
  mult=MULT_GEO; 
 if(source_type==SRC_SELF) 
  mult=MULT_SELF; 
 if(source_type==SRC_ENDS) 
  mult=MULT_ENDS; 
 
 dvector R=point - source; 
 double length=abs(R); 
 if(length<mult*DS&&length>0) 
  R=(1/abs(R))*R; 
 else 
  R=dvector(0,0,0); 
 return R; 
} 
 

CSuperGird klasis ZiriTadi funqciebis realizacia 

//mocemuli tipis velis gamoTvla mocemul wertilSi 

dvector CSuperGrid::calcField(dvector point, int rot_type) 
{ 
 dvector sum; 
 if(rot_type&ROT_SELF&&points.size()>0) 
 { 
  for(int i=0;i<points.size();i++) 
  { 
   double r = abs(point-points[i]); 
   if(r>0&&r<DS*MULT_SELF) 
    sum=sum+ 
calcSourceField(point,points[i],SRC_SELF); 
  } 
 } 
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 if(rot_type&ROT_GEO&&geometry.size()>0) 
 { 
  for(int i=0;i<geometry.size();i++) 
  { 
   double r = abs(point-geometry[i]); 
   if(r>0&&r<DS*MULT_GEO) 
    sum=sum+ 
calcSourceField(point,geometry[i],SRC_GEO); 
  } 
 } 
 return sum; 
} 
 
//wyaros velis gamoTvla mocemul werTilSi 

 
dvector CSuperGrid::calcSourceField(dvector point,dvector 
source,int source_type) 
{ 
 double mult; 
 double length; 
 switch(source_type) 
 { 
 case SRC_GEO: //sasazRvro wertilebis mier Seqmnili veli 
  mult=MULT_GEO; 
  length=GEO_STRENGTH; 
  break; 
 case SRC_SELF: //veli, Seqmnili sisxlZarRvTa mier 
  mult=MULT_SELF; 
  length=VELOCITY_STRENGTH; 
  break; 
 case SRC_ENDS: // veli, Seqmnili daboloebebis mier 
  mult=MULT_ENDS; 
  break; 
 default: 
  mult=SRC_GEO; 
  break; 
 } 
 dvector R=point - source; 
 double len=abs(R); 
 if(length>0) 
  R=R/len; 
 return length*R; 
} 
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danarTi II sisxlis dinebis veqtoruli velis agebis algoriTmis 

gamoTvliTi kodis ZiriTadi monakveTebi 

 

(3.5.1) gamosaTvlelad gamoiyeneba Semdegi ricxviTi kodi  
 

void CNumericalGrid::Run() 
{ 
    bool stop=false; 
    while(!stop) 
    { 
        stop= Step(); 
        CheckStability(); 
    } 
} 
//sanam stabilurobis kriteriumi ar damaqmayofildeba, xdeba veqtoruli 

velis iteratiuli gamoTvla. 

 
bool CNumericalGrid::Step() 
{ 
    float cur=0; 
    float max=0; 
    float avg=0; 
    float n_ofPts=(float) area->nx*area->ny*area->nz; 
    int ii,jj,kk; 
    bool stop=false; 
 
    for(int i=minimax->start_x;i<minimax->end_x;i++) 
        for(int j=minimax->start_y;j<minimax->end_y;j++) 
            for(int k=minimax->start_z;k<minimax->end_z;k++) 
            { 

//sammagi cikli, romelSic xdeba velis daTvla yvela 

ujredisaTvis 

                 
if(cells[i][j][k]!=0&&sources[i][j][k]==0) 
newVelocity[i][j][k]=currentVelocity[i][j][k] +   
dt*CalcVelocity(i,j,k); 
//Tu werTilSi ar aris sicariele, da igi ar miequTvneba 

wyaroebs 

                 
if(IsBoundary(i,j,k)) 

                    KillNormalComponents(i,j,k); 
//sasazRvro wertilebisaTvis nuldeba siCqaris normaluri 

komponenta 
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      cur=abs(currentVelocity[i][j][k]); 
                if(cur>max) 
                    max=cur; 
                if(cur != cur) 
                    cur=0; 
                avg+=cur/n_ofPts; //saSualo mniSvnelobis gamoTvla 
                maxVelocity=max; 
       
    _time++; 
   
  if(_time%10==0) 
  { 
         float mult=avg<average?10:-1; 

    stop=mult*(average-avg) < Config::StabilityCriterium*avg; 
    average=avg; 
    //yovel meaTe bijZe Semowmdes stabilurobis kriteriumi 

  } 
swapPointers(); //sasruli sxvaobebis drois mimdinare da momovali 

drois moment mimTiTeblebis Secvla 
return stop; 
} 
 
veqtoruli velis gamoTvla funqcia 

 

fvector CNumericalGrid::CalcVelocity(int i, int j, int k) 
{ 

 fvector velocity; 
      velocity=Derive(currentVelocity,i,j,k,2); 
      return velocity; 
} 
// warmoebulis gamoTvlis funqcia, Sesavalze iRebs badis mimTiTebels, 

koordinatebs da warmoebulis rigs 

 

float CNumericalGrid::Derive(float*** cells, int_ijk, int level) 
{ 
    CheckIndices(i, j, k); 
    float value = 0; 
    switch (level) 
    { 
    case 1: //pirveli rigis warmoebuli 
        value = 
      (cells[i + 1][j][k] + cells[i - 1][j][k]) / (2 * area->dx)+ 
      (cells[i][j + 1][k] + cells[i][j - 1][k]) / (2 * area->dy)+ 
      (cells[i][j][k + 1] + cells[i][j][k - 1]) / (2 * area->dz); 
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        break; 
    case 2: //meore rigis warmoebuli 
        value =  
  (cells[i-1][j][k] + cells[i + 1][j][k]) / (area->dx * area->dx)+ 
  (cells[i][j-1][k] + cells[i][j + 1][k]) / (area->dy * area->dy)+ 
  (cells[i][j][k-1] + cells[i][j][k + 1]) / (area->dz * area->dz) 
 
               - 2 * cells[i][j][k] / (area->dx * area->dx) 
               - 2 * cells[i][j][k] / (area->dy * area->dy) 
               - 2 * cells[i][j][k] / (area->dz * area->dz); 
        break; 
    } 
    return value; 
} 
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danarTi III siTburi solveris gamoTvliTi kodis principuli monakveTebi 

  

gantolebis (3.6.4 da 3.6.5) iteratiuli daTvla xdeba kodis nawilSi: 

 

void  CGrid::run() 
{ 
 while(simulationTime>0)) 
  { 
   step(_gridArea); 
      } 
} 
// bijis funqcia, romelic gamoiZaxeba iteratiulad temperaturis 

dasaTvlelad 

void  CGrid::step(CArea *area)                     
{ 
 globalConvection=0; 
 if(strictDt==0) //Tu droiTi biji ar aris miTiTebuli, xdeba misi 

gamoTvla nivTierebebis siTburi Tvisebebis mixedviT 
  dt=matsminimax.calcDt();  
 
 for (int i=area->start_x;i<=area->end_x;i++) 
  for(int j=area->start_y;j<=area->end_y;j++) 
   for(int k=area->start_z;k<area->end_z;k++) 
   { 

//cikli garbis badis yvela wertils 

    if(cells[i][j][k]!=0) 
    { 

// Tu werTilSi arsebobs nivTiereba 

     dT=calcHeat(i,j,k); 
      
     if(boundary[i][j][k]>0)  
     { 
// sazRvarze viTvliT sasaZRvro pirobiT gansazRvrul temperaturas 
         BoundaryExchange(i,j,k); 
     } 
     else 
     { 

cellsNew[i][j][k]= 
cellsCurrent[i][j][k]+dT; 

     } 
    } 
   } 
           simulationTime-=dt; 
   time++; 
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   swapPointers(); 
  } 
 
funqciaSi calcHeat xdeba temperaturis gamoTvla drois momdevno 

momentisaTvis 

 

float CGrid::calcHeat(int i, int j, int k) 
{ 
 dT=0; 
 TChange chage=TChange(); 
 dConvection=0; 
 
 if(cells[i][j][k]>1) //we are inside  
 { 
   if(sarMult!=0) //Tu arsebobs siTbos wyaro 
  RoSAR=getRo(ijk)*getSar(ijk)*sarMult; 
   T0=getT0(ijk); 
   TbNew=calcTb(ijk); //sisxlis temperaturis gamoTvla 
   bTb=0; //sisxlis mimoqcevis wevro 
   CRo=getCRo(ijk);  
   b=getB(ijk); 
 calcDDs(ijk); //warmoebulebis mdgenelebis gamoTvla 
     if(CRo!=0) 
  { 
   bTb=b*(T0-TbNew)*dt/(CRo); 

dT=(dt/(CRo))*  
(calcKTsum(ijk)+getK(ijk)*calcT2sum(ijk)+RoSAR +  
getAO(ijk)) - bTb ; //temperaturis cvlilebis gamoTvla 

  } 
if(bloodFlowEnabled==1) // Tu sisxlis mimoqceva CarTulia 
{ 
  matsminimax.acceptBdT(bdT); 
  if(abs(bloodField->getV(ijk))==0)  
  { 

// Tu mocemuli wertili miequTvneba wyaroebs 
   bloodNew[i][j][k]=initBloodTemp; 
  } 
  else 
  { 
   bloodNew[i][j][k]=  TbNew + (CRo/4180000)*bTb ; 
  } 
    } 
} 
return dT;  
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} 
sasRuli sxvaobebis gamoTvla yvela funqciisaTvis da mimaRtulisaTvis 

void CGrid::calcDDs(int_ijk) 
{ 
 dpKx=Dp(&CGrid::getK,ijk,XX); 
 dpKy=Dp(&CGrid::getK,ijk,YY); 
 dpKz=Dp(&CGrid::getK,ijk,ZZ); 
 dmKx=Dm(&CGrid::getK,ijk,XX); 
 dmKy=Dm(&CGrid::getK,ijk,YY); 
 dmKz=Dm(&CGrid::getK,ijk,ZZ); 
 
 dpTx=Dp(&CGrid::getT0,ijk,XX); 
 dpTy=Dp(&CGrid::getT0,ijk,YY); 
 dpTz=Dp(&CGrid::getT0,ijk,ZZ); 
 dmTx=Dm(&CGrid::getT0,ijk,XX); 
 dmTy=Dm(&CGrid::getT0,ijk,YY); 
 dmTz=Dm(&CGrid::getT0,ijk,ZZ); 
} 
 
ujredSi Semosuli sisxlis temperaturis (4.5.6) gamoTvla 

 
float CGrid::calcTb(int_ijk)  
{ 
 if(bloodFlowEnabled==1) 
 { 
  float newTemp=getTb0(i,j,k); 
  float volume=0; 
  float totalVolume=0; 
  float velocity=0; 
  int index=0; 
  BTChange btchange=BTChange(); 
   
  velocity=getVi(ijk,0); //X komponentisaTvis  
  volume=dt*getSi(0)*abs(velocity)*velocityMult; 
  if(velocity>0) 
   index=-1; 
  else  
   index=1; 
  newTemp+=(1/gridArea.v0)*(volume*(getTb0(i+index,j,k)-
getTb0(ijk))); 
  
      ///////////////////// 
  velocity=getVi(ijk,1); //Y komponentisaTvis 
  volume=dt*getSi(1)*abs(velocity)*velocityMult; 
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  if(velocity>0) 
   index=-1; 
  else  
   index=1; 
  newTemp+=(1/gridArea.v0)*(volume*(getTb0(i,j+index,k)-
getTb0(ijk))); 
  velocity=getVi(ijk,2); //Z komponentisaTvis 
  volume=dt*getSi(2)*abs(velocity)*velocityMult; 
  if(velocity>0) 
   index=-1; 
  else  
   index=1; 

newTemp+=(1/gridArea.v0)*(volume*(getTb0(i,j,k+index)-
getTb0(ijk))); 

  return newTemp; 
 } 
 else 
  return initBloodTemp; 
} 
 

float CGrid::calcT2sum(int i, int j, int k) 
{ 
 float val=0; 
  val+=(dpTx-dmTx)/gridArea.dx2; 
  val+=(dpTy-dmTy)/gridArea.dy2; 
  val+=(dpTz-dmTz)/gridArea.dz2; 
 return val; 
} 
float CGrid::calcKTsum(int_ijk) 
{ 
 float val=0; 
  
 val+=(dpTx+dmTx)*(dpKx+dmKx)/(2*gridArea.dx); 
 val+=(dpTy+dmTy)*(dpKy+dmKy)/(2*gridArea.dy); 
 val+=(dpTz+dmTz)*(dpKz+dmKz)/(2*gridArea.dz); 
  
 return val; 
} 
unqciebi, romlebis dasaxeleba iwReba “get”-i abruneben mniSvnelobebs, am 

funqciebSi gamoTvla ar xdeba.  

CArea klasis prototipi. am klasSi aRwerili ricxviTi bades 

koordinatebi. 

class CArea 
{ 
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public: 
 int start_x,end_x,start_y,end_y,start_z,end_z;                
 float min_x, min_y, min_z, max_x, max_y, max_z;       
 float delta, dx, dy, dz,dx2,dy2,dz2;                          
 float v0; 
 int nx, ny, nz;          
public: 
 CArea(void); 
 CArea(int end_x,int end_y,int end_z); 
 CArea(int start_x, int start_y, int start_z,int  end_x,int 
end_y,int end_z); 
 CArea(float min_x, float min_y, float min_z, float max_x, 
float max_y, float max_z, float delta); 
public: 
 fvector getPoint(int i, int j, int k);}; 


