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UCtuUSUli.f!t> C!l..'l<:Ul..nt-r PlinMa-uq.t>rf:! 

U2f\lwlllwba~ Wf1'l~w4wtmLpJmbl! 

lihr4wimuu hhlllwqnlllnri.tihrr m2w11rmraiwti ljhtilllpntinuJ q.lllti4_nri. 
Liblllwtiimrahfl[!, WLPQP hr4wrmraimupg twUJhu 4Jnur lllWflflhrrg (Llblllwwlllmfuhppg) 
ljwqu4_wo wrhhulllwljwti ljwnmg4_woutihr hti , nrntiu tinr htiwrw4_nrmraimtitihr bu 
UlwLru tLh4lllrwuwq.tipuwljwti wq11wu2wtip 4_wf1Q[! ljwnw4_wrhLm hwuwr : 

<hlllwqnlllnrttihrr hhlllwQflQflmraimtiti wiu ljwnmg4_woutihrr tiljwllluwup 
wnwlj_b[WUJhu UJWJuwuw4_nr4_wo t tirwtin4_, nr WJUlllhrt wnljw tJli 2wru pwgwnr4 
:Pr~4w4wti hrLLmJratihrti wtirrwljwtiwtiwiP bti ptiwljwti tlJmrahrr oq.lllwq.nrMwti 
UjW[lWq.WJnLU: lJwutiwlj_n[lWUjhU , 11f1Wtlg 1"34_mu hti phljuwti gmgp2[!, Wf1U1Wun4_np 
pwrl'.lr [nLOmtiwljmraJWUp UjWUlljbptihrr Ulllwgmu[!, OpjbljUlp raw4Jwugh[p LL 
wtiraw4Jwtig unri.wrljmu[! LL WJ[tl: (.hlllLLWpWfl , ljwtintiw4_nr 11wuw4_nr4_wo 
Liblllwwlllmfuhrr wtihwlllwljwti LL ljn[hljlllp4_ hwlllljmraJmtitihrr hwuw11rmu[! 
qq.w[pnpbti [!tl11LWJtimu t tLh4lllrwuwq.tipuwljwti WLPQP Lj_hpwhuljuwu 
htiwrw4_nrmraJmti[!: 

UJtimwl.lbtiwJtip4_, nlnf1Ulp wnw2tuwri.wgnufu m qwpq.wgmu[! 4Jwulllmu t ' 
LibUlWtljnL(ahflp WJl1 pwgwn.plj hwUlljnL1"3JnLtltlhflQ. 2bti wuhhlllwtimu bnw~w4J 

ljwnmg4_woutihpQ. tiUwtiwlllpUJ pwpwlj rawri.wtirauhpn4_ 4Jntuwrrtih[m 11hUJQmu: 
(.hlllhtwpwp, hrab 11PlllW[1ljhtiQ ljppwnuwti U1huwti4Jmtipg, UjhlllQ t ti2htiQ, np 
LibUlWUWljhpLLnLJ(aQ. wnwlj_h[ tlUjWUlllWLj_np UjWJUWutibp t WUjWhn4_mu: npn2wljp , 
tiwtuwUJbU u2wlj4_wo hw2nr11wljwunL1"3JWLip LL gwuljw[p hwlllljnL1"3jnLuubpn4_ 
LibUlwwUlnuubrn4_ ulllhrto4_wo LibUlwuwljbpLLmJrauhr[! lllw!Pu hu huwrw4_nrmraJmti 
ljwnw4_wph[ wugwo LL wu11rw11wpl'.lwo wl)iuuhpp 4Jm[[!, ppwljwuwgub[ wunuwl 
wu11rw11wrl'.lmu ljwu Wf111JnLUw4_hU1 4LWUnLU, PLiiUjhU uwLL Ulllhrtbh[ hwrra 
nUUjUJWljuhp : 

lJhlllwuwljbpLLmirauhrmu pwquwlllhuwlj :J>pqpljwljwu UJrngbuuhrr hwti11bu 
q.wl[! UJWJuwunrl{wo t n2 tJliwJu hwuwljwrq.r ljwnmg4_wouwJrti 
wnwuauwhwUlljmraimuubrn4_, WJL uwLL 11flW UlWflflQ. hwu11ruwgnri. P2r2r 
ptimrawq.rriuhpn4_: "lhlllQ t uwLL hw24_P wnuhtiQ WJU 11rlllwpljuwuQ_, np WJU 
ljwnmgLj_wOQQ. muhtlw[nlj_ 4Jm!P ljwnw4_wpuwti [WJU htiwpw4_npmraJmuuhp, n2 Llbo 
11ct4_wrmraJwl.lp hurawr44_mu t Ulbuwljwu LL ra4.wiru 4_hrLmomraJwu: 

UJu 4-hrLmomraimtiuhrr 2unrhr4_ uhtiu 4wrnri. huu 4_hrwhu4htJinrbu 
WUjWhnlj_b[nlj_ ljWUjQ. ublllWUJnL(ar lllWflflbflr up2LL' UlllWUW[ 6wnwq.WJl"3r Wf111JnLUwl{blll 
4Lwtil.lwu, :J>nljmuwguwu LL wuhpwctb2Ul nl'l.'l.nl(aJWUp UlWflWOUWU OUJUlruwl 
UjWJUWuubp' WlPQr l114JWL hw6wtuwiru UlrflnLJ(anLU: 
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lcTt.l.wJtiU uwtuuwljwu t.l.bflLnLOnLr<tJWU W[H).JnLUQnLU, UjW[lq t 11-wnumu, nr 
tLblfUlpwuwq.uruwljwu wLtii:iti wnlfwJmraJwu LllWJtlwuubpmu umJu Lf wrq.ti tirwlfwu Lt 
Lfbrio uwubrnt.I. 11-rtLblfUlrtilfwljwu hWUUlWUlnLU mubgnl']_, burawwLtii;iwJtiU LWJUWLjwu 
iWljibpnq hwl']_npl).ri ctwlljwqbur wpilwq_wui;ir ljinq_[! Ljwpnl']_ t twUjbU zbrit.l.bl wq11-wlfr 
uljWUlUWUp: LJtiwuzwuwlj uljqpnLUQWJtiU uzwuwlfmtaJnLU muti uwbL WJU hwuq_wUWUQ[!, 
nr ubUlwljwnmgqwoi;itig UUlwgqwo wpllwq_wui;iti ljinLLWJtiU zbl']_nLU[! t.l.brwhulfblti t : UJU 
huwpwqnp t Ljwnwqwpbl UlW[l[lbpr wuhwlllwljwu pum13wq.rriubpr , ruiUjbU uwu 
l').[lWUg lj1ntuWl').W[l<'l l).WUWqnpm13JWU uti2ngnq: <::bUlbLwpwp' l').W UlWtrU t 6wnwq_WJrctr 
nLl']_l']_nLr<tJWU zbl']_UWU u W[ll).JnLUWqbUl ~nljmuwguwu huwpwqnpm13Jmu: 

b13b 11-rlllwpljbui;i uwbL ljinp<'lwpwpwljwu hbUlwqnlllnLr<tJnLUubp[!, WUjW 
uzbuj;!, np l').[lWUQ ubq UlWtrU bu huwpwqnpm13JnLU hbUlwqnUlbL i;iuuwpljqnl']_ 11-wur 
ub1J1wuwljbpllmj13ubpr hwlllljmraJmuubp[!: '1-pwug pwgwhWJUlUWU hwuwp tL tir 
hbp13tiu ubo uzwuwlf mtaJnLU mur upwug ubpilwljwjj;!nLU WtrQWJtiU l').W2Ulbpti 
pw2tut.1.womraJmuubrti hb1J1wqn1J1mtl[!: 

UJulllrunq, ::1nt.lbp~bL11-r Ljwuq_mu wLtii;iubp[!, nrnui;i lluwt.1.nrt.1.mu bu 
t.l.br2wt.1.nr iwljibrnt.I. nbqnuwlllnpubrrg Ljwquqwo Ljnu~rq.mpwgrwubrmu, Lfwrnri bu 
pwgbL WJU wLtii;iubpr nbqnuwuuwJru hwUlljnt13jmuubpr oq_Ulwq_npouwu unp 
hbnwuljwpubp, npnui;i UjWhwu2mu bu wqblti uwupwuwuu t.l.brLmomraJmu: 

UuibbwbJnumpjwb t11qw111w~I! 

PwgwhWJUlbL, npUjbU pwg LllilfrnwLtii;iwJtiU nbqnuwUlnp ownWJnl']_, hwrinr11-ri 
llnribrr hwuwljwpq_mu llllwt.l.nrt.l.nri wi;iutiwl urt.lbUlprwJnt.I., Lfwlllt.l.wo Ljwuq_mu 
WLtii;iubrti nbqnuWUUWJtiU hwlllljmraJmuubp[! Lt 11-rwug htiuuwu t.l.rw UUlbl']_oqwo 
Lib1J1wuwljbpllmJ13ubpr ur2ngnq WLtiQWJtiu wq11-wuzwuubpr Ljwnwqwpuwu 
huwrwt.l.nrmraJmuubp[!: 

q.buiw~wb bnpmJPI! 

1. PwgwhWJUlt.l.bL t , np hwrinrl'l-Pi· qbp2wqnp bpljwpm13jwtlp <'lnr)_bpmu, [!uljunl']_ 
wLtii:iti wq11-bgmraJwtlp q_bubpwgqwo Ljwuq_mu LllilfrnwLtii;iubp[! uruJwug hbUl 
mctbl']_ Ljwlljqwo bu u <'luwqnpmu bu lfnLblfUlrt.I. Unl).bp : 

2. Smjg t Ulflt.l.bL, nr nplljbU LlbUlwuwljbpllmJra ownWJnl']_, UjWppbpwpwr 
11-wuwt.1.nrt.1.wo hwrinr11-tii llnribrti bpljzbpUl hwuwljwpq_mu hwu11-bu blfnri 
nbqnuwuu[!, LllilfrnwLtii;iwJru hw6wtumraJmuubrti ubri UlppmJramu, 
hwuq_bgumu t wuguwu q_npowlfgr LjUlpmlj Lt twljwu wuljuwu, rui[! 
Ljwnwqwpqmu t zbpUlbflr Uli2u hbnwqnpm13JWU u L!li2zbpUlWJtiu ur2wt.l.wJrr 
11-rtLblfUlprlf 13wlj1wugbLrmtaJWU ljinljintumraJwtlp: 

3. nll']_r)_WUljjmu LllilfrnwLtiQWJtiU WLtiQWUlWpnt.I. UlWpwot.1.nri htiuuwljwu un11-ti 
wugmu[! hwrinr11-tii llnribrrg Ljwquqwo brlfzbpUl LlbUlwuwljbpllmJrant.I., 
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LjUlpmlj W[lUlWhWJUlqWO 11-rUUjbputit.I. punLJr<t muti , rui[! UjWJUWuwqnpqwo t 
ilnl']_bpr ur2u nbqnuwuuwjpu ljintuwqbumtaJWU q_npowlfgr wpctbi;imu Ljbl']_O 
WUl).WL!li wnljWJnLr<tJWUp: 

4. bu13wwltiQWJtiU iWljibpmu hwqwuwpwhbn l').Wuwqnpqwo, qbp2wqnp 13qnq 
Lt bplfwrmraJwtlp hwrinr11-ri llnribrti hwuwljwpq_[! hw6wtumraJmuubrti 
urlfpnwltii;iJtiu UlrflmJramu ownWJnLU t npUjbU nbqnuwUlnp, npmu un11-bpp 
QWUWlj[! hwqwuwp t ilnl']_bpr rat.i.tiu: lJnl).bpr <'luwqnpmU[! UjWJUWuwqnpqwo 
t llnribrmu Ltigi;iti Ulwppbp wullllPUlnLl).ubrnt.I. Lt ljinqbpnt.I. LjnhbpbuUl 
UlWUlWUmunq, ruiu ml']_bljgqmu t WtrQWJtiu l').W2Ulbpr mcJ-bl']_ 
UlbriwJruwguwup: 

q.npb'bw~wb wpctbpa 

lJbUlwuwljbpunyrati UlWflfl hwu11-tiuwgnri hwrinr11-ri llnribrti hwuwljwpq_mu 
llllwt.l.nrt.l.nri Lfwlllt.l.wo Ljwuq_mu LllilfrnwLtii;iubrti nbqnuwuuwJtiu wpllwq_wuQ[!, 
Lfwtut.1.wo LPUbLnt.I. 11-rwug ur2u hbnwt.1.nrmraJmurg Lt 2fl2WlljWUlnl']_ ur2wt.1.wJrti 
11-rtLblfUlflrlf 13wlj1wugbltimraJmupg, huwpwqnpmraJmu t UlWLPU Ljwnwqwpbl 
LibUlWUwljbpllmJrant.I. wugunri WLtiQWJPU wq11-wuzwu[!' ownwJbLnt.I. npUjbU qllltii Ljwu 
lj1ntuwu2wlllrf 

UUlbuwtunumraJmumu ubpljwjwgqwo, bu13wwLtii;iwJtiu iWljibpmu 11-wzUlbpr 
Ulbr)_WJtiuwgnu.fU m WflUlWunt.1.nr mctbriwgmtl[!, Lfwrnri t WUjWhnt.l.bL uqwqwq_nLJU 
11-wuwljwu wriumlfnt.I. LllilfrnwLtii;iwJtiurg-olljUlrljwljwu wr11-Jmuwqb1J1 ljintuwlfbplljmu, 
rui[! Ljwpunp t i;iqwuUlWJtiu tiu~npuwUlrlfwJnLU lf rrwnmraJmuubpr hwuwp: 

"lwz111tqwbmpJWb bb[!~WJWg!J,nq 'l[!nl!pbb[!I! 

1. PwgwhWJUlt.l.bL t mctbri Lfwlllr wnljWJnLr<tJnLU[! LlbUlwuwljbpllmJrar UlWflfl[! 
hwu11-tiuwgnri hwrinr11-tii llnribrmu lluwt.1.nrt.1.nri Ljwuq_mu LllilfrnwlrQubrti 
ur2u, npti qbpwhuljnLU[! LflWgmgri huwpwqn[lnLr<tJnLUUb[l t UlWtrU 
Ljwnwt.l.wrbLm LlblllwuwljbpllmJrant.I. wugunri wLtii:!wJru wq11-wuzwu[!: 

2. ct>ntuwq11-t.1.nri hwrinr11-ri llnribrti hpui;int.I. uUlbriot.1.wo LlbUlwuwljbpllmJramu 
hwu11-bu bljnl']_ &wunJti nbqnuwuur UjWJUWuubpmu, wuguwu q_npowlfgti 
hw6wtuwlfwUWJtiU UUjbljUlpti Ljnp[! muti umr q_wq.wra. nrti l'l-rflQ[! 
Ljwnwqwpqmu t zbpUlbpr Uli2u hbnwqnpmtaJWU u L!li2zbpUlWJtiu ur2wqwjpp 
11-rtLblfUlprlf 13wlj1wugbltimtaJWU ljinljintumraJwtlp: 

3. nririwu4Jmu wLrQwlllwpmu luu Ulpwuwq_ont.1. Lt 17,Suu bplfwrmraJwtlp 
Lllwrpbpwpwr 11-wuwt.1.nrt.1.wo Llll'lMJw llnribrti brlfzbpUl hwuwlfwrq.ti htiuwu 
t.l.rw UUlbl']_oqwo LibUlWUWLjbpUnLJtant.I. L!lilfpnWLPQr WUgUWU q_npowljgr 
wpctbi:!ti wuljmtl[! 0,8-tig uruill 0 tirwlfwuwumu t 8-8.SC\-<g 
hw6wtumraJmuubrti UltirmJramu: 
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4. nf1UjUU nbqntiwlllnf1 OWrlWJnri., hwri.nr'lP2 ipntuwql').4.nri. llnri.brnuJ 
lluw4_nr4.nrt Lln1'].bf1mLI UJi4rnwtJipwjpti l'J.W2lllbf1p lllbrtwJptiwguwti ow4_wl.I! 
Llnlll tirym ywrq.n4_ ipnpr t nbqntiwtiuw1rti wtJipp br4wrmra1wti 
tunrhwtiwr'ltJg, tLb4lllf1Wljwti l'J.W2lllP Lwr4_womra1mti[! w6mu t 30 wtiq.wu, 
pulj pwrnrw4mra1mti[! hwutimu t 400-p: 

USb"LUtununt-@aU"L Pn4.UVlUltnt-raant-"LC 

°Lbriwl\'mpJmtmu{ tlbf1ljWJWg4_wo t wztuwlllwtipp Wf11').pWljWtlnL[ajnLtl[! , 
llU.w4brUj4.wo bti tlUjwlllwljtibrti m tuti'ltirtibr'C! . UjW2lllUjwtimra1wti tibr4w1wg4_nri. 
hpuuwywti 'lflnLJ[atlbr[!, wztuwlllwtipp q.plllwljwti tinrm1rati m q.nrotiwywti 
wrctbptibr[!: 

Ulllbtiwtunumra1wti wnw2~ti qLmtun wytiwr4w1rti t, mr Lmuwpwti4_mu bti 
hblllwqnlllmra1mtitibrti hpupmu [!tiljwo br4m ljwrunr nLnrllltibr: 'trwtigpg 
wnw2titimu 4.brLmo4_mLI t tfulllwLlwybrum1ratibrti qwrq.wguwti wr'lr tlllWUj[! u 
qwrq.wguwti hbnwtiljwrtibrC!: br4rnr'lmLI hwtiq.wuwtibtJinrbti mumLl'uwurr4.mLI bti 
ljwUj4_wo Llnl'J.brti lllbumra1wti[! tit.1.rrt.1.wo Llnl').bLtibrC! u. 'lrwtig wnti24.nri. ynti4rblll 
rrw4.ti6wljtibr[!: 

bri4rinrilJ. qlfu~ wnw2~ti UfWl'lwqriw~nul tibr4w1wg4.bL t wnwMpti 4.brg4_wo 
tfuy 4_br2w4.nr bf14Wf1nL[aJWLlp hwri.nr'lP2 llnrtr nbqntiwtiuwjptl wrllwq.wtlp[! tirw 
wnwtigpn4_ pubnwg4_wo [!tlljtinri. UJi4rnwLti!lP9 [1] : rflwrq4.mLI t, nr llnri.P 
tfurMw4brumraw1rti lllpf1m1ramu 4wrnri. bti lllJ.w4.nr4.bL nwl'J.PWL upt.1blllf1pw1n4. 
ywtiq.mti wLti!ltibr, brp [!tlljtinri. wtJipp br4wrmra1mti[! Llnlll t llnri.P br4wrmra1wti 
ybupti: Ur'lJmtipmLI ulllwg4_mu t pwg nbqntiwlllnf1, nrC! wljlllp4.nrbti ywrnri. t 
ipntuwql'].bL hwruwti tiuwtiwlllpUj opJbljllltibrti hblll : 

bri4rinrilJ. qlfu~ bri4rinrilJ. UfWl'lwqriw~mil Lln1'].bLw4.nr4.bL lJ. ptitiwr44.bL t 
UjrtMb llnri.bppg ljwqu4_wg ipnqwhwuwllw1tibg4_wo br42bf1lll tfulllwLlwljbrum1ratibr 
[2] : liwlllwf14.bLbti lllbuwywti, 4inrllwrwrwljwti lJ. upLlmtwgpnti hblllwqnlllmra1mtitibr' 
UJi4rnwtJipp wtiguwti mctbri. lJ. 4.brwhuljb[m 'lPUUjbf1upw ulllwtiwtm tlUjwlllwljn4_: 
lizqwo ywnmg4_wopmu nbqntiwtiuw1rti ljWUj[! owq.mu t q.rbrab ybu WLP!lP 
br4wrmra1wup llnri.brmu wnwtigpw1rti hwuw2w4imra1wup Llw4brumraw1rti ywtiq.mti 
w[pptibr <'IU.w4.nr4.btm 2tinrhti4.: 

br42bf1lll tfulllwLlwljbrbup bnw2w4' (3D) utubuwlllplj 1.4wlllljbf1[! lJ. 
lllwrrwywti P2P2C! tibr4w1wg4_wo bti liy . 1-mu: 
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Lftwf1 1: blflf uju!Itfw (w) blflf lmw1wt/I tn!Iup '1 (p) 2x1 Lf/7wtfn17 p2/12: (q) 
blflf ljnrzw1/1ll hwtnnljp XY hw17pmp1m!Jnuf: 1-w2111f! p/J.tmwgtf wb I; onrzft wnw!Jgp/1 
li17ljw1ll11nt/ (z-mrzrzmp1wtfp). 

UJu ljwnmg4_wopp nbqntiwtiuw1rti hw6wtuwywtimra1mti[! 4wrnri. t 
ipnipntu4.bt' ipntubtn4. ljwUj4_wo llnri.brr UJi2u hbnwt.1.nrmra1mti[! ywLI UJi22bf1lllWJpti 
lllwrwomra1mti[! [9tlnri. UJi2w4.w1rr 'lPttb4lllf1w4wti hwlllljmra1mtitibrC!' 'lrwtin4_ puy 
lllf1WUWl'J.f1btn4. ttb4lllf1WLlwq.tipuwywti wtJiptibrti ptilllbtiup4_mra1wti lJ. ipnqp 
LlwtipUjmuwgpwJti wnw4_btmra1mtitibr[!: <Pnrllwrljuwti utubuwti UjWlllljbr4.wo t liy. 2-
mu: 

Lftwf1 2: <Pn17aw17w17wljw!J ljw17qwtfn17mtf, n17!J mll/1 tf!Jljnwwgtf wb 
Lf/7lj17nwlf!11w1/1ll pwg-Of)WJ/lll hwtfwljw17q /J. VNA ' blflf-m/, n17[! 111!IrzwfJ17tf wb I; hw17p 
wlf!p/1 a/J.wtf n17tfw!J qntnnuf: 

Unw2wr44.wo blJLJ-ti UJi4rnw[ppwjpti wrllwq.wtlp[! Lf1Wgmgr2 ioKilllwqnlllqb[ 
t 30 Lf1P4.-WLP!lWJpti ra4.wJpti Llnl').btw4_nruwti UJi2ngn4_, oq.lllwq.nrobtn4_ 4_br2w4.nr 
lllWf1f1bf1p tfutan'ln4. wztuwlllnrt COMSOL Multiphysics orwq.rwJpti WUjwhn4_mLI[!: 
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(wliw4wrq.r 6tJ2lll urumuwgrwJti hwuwp, ur2hrbutibrti 4Jiw , npntis;i qmq.whbn bti 
[!'tl4linri. wLtis:ir lllwpwMwti mri.ri.mraJW'tl[!, 4rrwn4.bt bti 1.4wppbpw4wti 1.4wJLiwti'tlbp: 
np1.4bu llnri.bptJ 'tlJmra [!'tllll[lqb[ t Cu-ti 5.8x107 Uu/Li Lili4rnwttJQWJtJ'tl 
hwri.npl).w4wtimraJwLip: l'flwppbpw4wti hwuw4wpq.[! q.pq.n4_bt t hwrra wtrs:in4_, np[! 
pubnwg4_wo t llnri.hrti wnw'tlgs;i'tlbpn4_: 

br42hfllll 4wnmg4_wos;iti w'tll).f1Wl').Wf1Mwti, w'tlguwti Lt 4twtiliwti 
ur4rnwLtis;iwJti'tl wpllwq.w'tls;i[!, 1.4wlll4hr4_wo t li4wr 3(w)-mu' 
hwuw1.4wlllwutuwtiwpwr 4w1.4mJlll , 4wrurr Lt Liwtim2w4wq.mJ'tl q.obpn4_: 

'L4wr 3-ti (p)-mu tibr4wiwg4_wo t blJLJ-ti w'tlguwti u1.4b4lllf1'tlhrti 
hwLlbLiwlllnL(aJnL'tl[! , npn'tls;i Ulllwg4.bL b'tl ra4.wJti'tl Linl).btw4.nruwup, l1lbuw4wti 
hw24.wr4n4. Lt lfinpllwrwrw4wli iwlfinufobpn4_, npntis;i gmgwl).pqwo bti 
hwuw1.4wlllwutuwtiwpwr 4wrurr. 4w1.4mJlll Lt Liwtim2w4wq.mJ'tl q.obpn4_: 

I ~ w) ,,---------... -
~OS 
~ io6p §. ', 
.=> ' 3 0A \ 
":J \ 

"' ' S o:? ~ 

' I 
I 

' ' ' I 

\ I 

'' " . Ol- ··········- ··•·· 

__ ........, 
----­······ -

- 5 s s 5 9 9 5 10 

=\w6wfunqaJnL1.J (c+=\g) 

1 L Fl 

0
0 s 

.J::.. 

3 06 
.0 

f L ··· 

.- .. roq ,\ '3' 

\ ~' 
\!)' 
~c o 

~ ' ' 9 10 a 
.=> 0 I 

-5 
_g o1 L-- u~u 
:;;, I •·•••• tpu 

---- tntu 

~~"' 
\ ., 
\ ...... ...... 

- .5 s S.l 9 9 5 10 

=\w6wfunqaJnL1.J (c+=\g) 

Lqwp 3: (w) olJIJ-fl 7-!0 9-<g hw6wfuwlfwllw;flll tnflµm;pnuf, 
tfnlJfi1wtfnµqw<J wllgtfwll (lfwµtf/7µ tftwµdfip qfl<J), wllfJf1WfJWf10tlwll (/jWUfntjtn 
qtn[ltnqw<J qfl<J) U !//Wlltfwll (2wqwllwlf wqnljll qfitnwqn[I qfl<J) UUffi!/tn[1llfi[1[}.' (p) fJIJIJ­
fl wllgtfwll qnµ<Jwlfgfl hwtl!Itfwtnmp;mll!J, nµ/] utnwgtf fif I; pc/w;flll tfnf)fi/wc/nµtfwll 
tf/72ngnc/ (lfwµtf/7µ tftwµdfip qfl<J), tnfiuwlfwll hw2tf wµlffl (!fwUfnljtn !/tn[ltnc/w<J qfl<J) Ii 
tjlnµallwlfwll '1w1/mul/Jfiµfl (2wqwllwlfwqn1Jll !/fitnwtfnµ qfl<J) tf/72ngnc/: Pn1nf1 anrzfifl!J 
mllfill 17 tftf fiµ!fwµmp;mll Ii 0.8 tftf tnµwtfwqfl<J: t7Jwµpfiµwlfwllmp;m!J!Jfiµ/] lx=l9 tftf Ii 
lz=3. 8 tftf fill, flu!/ tf/722fiµtnw;flll hl:mwqnµmp;mll!J' !. 5 tftf: ulf wµ p-mtf llfi[1f)f1c/WO 
qµw:fifllfmtf UfWtnlffiµqw<J f; fJIJIJ-fl tjlnµallwlf wllnµli!J }Wtjlqw<J jutfpw;flll m2wgmtf1J: 

(blllwqnlll4.ht t tth4lllrw4wli l').W2lllr pwri.wl').flritibrti pw2tuuwti 
QWfllllbqtibp[! (li4wr 4) lllwppbp hw6wtuw4wtimraimtitibpmu' [WJ'tlw4r Lt bp4wJ'tlw4r 
hwlllmJra'tlbptJ bp4wJ'tls;in4_, npntis;i lllflwliwl).pmu bti wpctbs;iw4.nr lllhri.b4mraJm'tltibp 
q.npo[!'tl(awg(! 4_bp[mOb[m hwuwp: ~wtiti np hwuw4wpq.tJ 4twlimu[! wtiti2wti t , 
hblllwq.w qb[l[nLOnL(aJLU'tl Llb2 Llb'tlQ 4gmgLLil).[1b'tlQ LiliWJ'tl w'tlgmtl[!' 
tth4lllf1Wtlwq.titiuw4wli wpllwq.w'tls;i[! ptimrawq.rbtm hwuwp: 
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Lfttup 4: unµtfw1wgqw<J f:1filf tnf1Wlf wll fJW2tnfl pw2fumtl1J (w) XY, (p) X 
hwµpmp;mllllfiµnuf, Ii (q) llnµtfw1wgqw<J tfwqllfluwlfwll fJW2tnfl pw2fumtl[! XZ 
hwµpmp;mt.muf: Pw2funu./'llfi[11J llfiµ!fw;wgqw<J fill nfiqnllwlluw;flll (8. 0 9-<g) Ii ±300 
IJ<g tnfirzw2wµdqw<J hw6wfuwlfwllmp;m!J!Jfiµnuf: Pwdwllwµwµfl fJ/11:1fi!/tnf1M 
pwtjlwllgfitftmp;mu!J ' /;, flu!/ fi[1!/f1W}Wt./1wlf wu UfWf1Wtl!Itn[1fi[1/] UnljUU fiu, flu1 ulf. 3-
nuf: Uu fiqµwq<Jfiµ!J Cu-fl anrzfiµfl uwhtfwllufiµu li!J: 

'L4wr 5-mu tibr4wJwg4_wo bti Llblllwuw4bpbuti wtiguwti q.npow4tigtibp[! , 
npn'tls;i Ulllwg4_bt bti lfinrllti Lt Unl).btw4.nruwti ur2ngn4_' ur2wl').rflr hwulllnL(aJW'tl (d,) 
lllLUflpbfl wpctbQ'tJbptJ hWUWfl : 

l.O 1.0 
-0 l; -~ ~o Jt-u~u -3 
E. 0.8 "' 

0.8 /~· •l t --~- ~ ti-
s- .J::.. O>os .-· ... ~-· ~ • teu 

~ .r:.. _. • ~ ·.• • E u c 3 
5 0.6 .0 0.6 "§o., J' ·. •• • • .~u 
:> c:. .0 c: c:. 3 a c: 

J:: "§ 04 i"' J::_ 04 
c. ":J 

J::_ O> c s 02 _g>o~ 
~ 0.2 :;J 

J::_ 
"::J 0 .0 

7.0 7.S 8-0 S.5 9.0 9.S 10 s & . ~ ~ 10 

w) 'lwiSwf'unL~nLu (q'lg) p) 'lw wtunqaJnLu (q'lg 

Lftwp 5: w) c/Jnfuwugtfwu mµqwqow;flu pwµtnfi<Jl!, nµ!J gnljg I; tnwtftu 
wugwufitftmp;mu!J' lfwfuc/wo hw6wfuwlfwump;muflg Ii tf/72wfJflf1fl hwutnmp;muflg, 
nµu tjlntjlnfuc/mtf I; 0. 05 tftl-flg tf/luiu ! tftf: p) c/Jnµawµwµwlfwll (u2wuufiµm/) l.J. 

tfnf)fi/Wc/nµc/wo (qofiµm/) wugwufitftmp;wu UUffi!ftnµufiµ/]' tnwµpfiµ flMS tf/72WfJflf1fl 
hwutnmp;muufiµfl hwtfwµ: lflJwgwo pn/n[I qfintl!Itn[1/1lf UfW[1Wtl!Itn[1fi[1/] un1juu fiu, flu} 
ulfwµ 3-nuf: 
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liljwr 5(w)-nll.I UjWlllljbr4.wb t rawlflwl.Jgbt]'lmraJwl.J ljnl.JlllnLflWjpl.J QWfllllbqQ' 
nrUJbU hw6wtumraJwl.J LI. ur2w'lrrti hWUlllnLfUJWl.J ~ml.Jljgpw , pulj l.Jljwr 5(p)-nll.I 
hwLiln.lwlllLj_nLL.I bl.J 1.5, 3 u 4.5 uu lfti22bflll1Wjpl.J hbn.wLj_nrmraJml.Jl.Jbflp 1'].bUJQnLU ra4.wJpl.J 
Unl').b[wLj_nrmi.Il.Jbrti (hnb q.bbr) LI. Lfinrllbrti (ti2w1.Jl.Jb11) ur2ngn4. UlllwgLj_wb 
fUWLflwl.Jgbt]'lnLfUJWl.J UUjbljlllfll.JbflQ: 

6-[ll']. l.JljWflnLU gmjg bl.J lllflLj_WO ll1Wflp0f1 W[lctbQlJbflp hWUWfl wl.JgiJwl.J 
q.nrbwljgp l'J.PUUJOflUpnl.J ljn[lb[lQ' ll1WflWl.J2Wlllnl']_ lfti2wLj_WJflP l').pt[bljll1[1Wljwl.J 
rawlflwl.Jgbt]'lmraJwl.J : 

.: 3.0 

li.5 
! v.o 
~ 
5 i I.) 
~ 1.0 
ii. 3 4 s 6 7 s 9 10 

w) ~ 'lw6wf\JnLJaJntu (CHg) 

1.0 ,, 

~ . 01 i:; 
08 c -- RF ~ · 3 • RBW c-

~ ' l 
0.6 ~ or• ~ 

~- ~ 
0.4 t ... 00& ~ ,, . ~ 

u i ! 
.g... o. · ~ 

0.0 3 i 
6. I a< ! ~~ J ~ 

p)5 ~-"""""""""""°'" 

Lqwp 6: (w) @wtjJw/Jgl:qftntpjw/J nt(ltf wqow1ft/J f}W(llflfI(jJJ ' n(lutl:iu 
hw6wfump1w/J /J. t.!J72wtf w1flft f)ft/;ffil{lfl(l/11; pwtjJw/JgfIJftntpjw/J :f>m/Jl{gftw, n(lf! 
lflWlflw/Jtfnu.f t 1-ftg 3: (p) f;;lJZf nliqn/Jw/Juw1ft/J hw6wfump1w/J (fl< awfu wnw/Jgp) /J. 
hw(lwpfI(lwl{w/J pnrzm/Jwl{ntpjw/J 2fI(llf1/1 (<@C w2 wnw/Jgp) l;wjutjw<fntpjnt/Jf! 
t.!J72wtf WJflft fJft(zli/;lfl(l/11; pwtjJw/JgfIJftntpjnt/Jftg: Pn1nf1 fI(ll{(IWjwt/Jwl{w/J 
UfW(IWtfl;lfl(lfI(lf! /Jnyl;l; fI/J, ft/Jj u/j. 3-nuf: 

liljwr 6(w)-mu ljnl.JlllnLflWJpl.J QWfllllbqp 4.flw UJWlllljbr4.wb t 
fUWLflwl.Jgbt]'lnLfUJWl.J UUjOljlllfll.JOflp ljwtuLj_wOnLfUjnLl.JQ ll1Wf1Wl.J2Wlllnl'J.ti l').pt[bljll1[1Wljwl.J 
rawlflwl.Jgbt]'lmraJml.Jpg: 6(p) l.Jljwrmu gmjg bl.J ll1[1Lj_wb Lfintuwl.Jguwl.J n.bqnl.Jwl.Juwjpl.J 
hw6wtuwljwl:mLfUjnLl.JQ U l'].flWl.Jg l.JnflUW[WgLj_wb fUnl']_nLl.JWljnLfUjnLl.JQ' ljWUjLj_WO 
hwuwUJWlllwutuwl.Jwpwr llwtu LI. w2 wn.wl.Jgi;il.Jbflp hbm: 

UJUUJpunLj_ Lfintuwql'J.4.nri. hwri.nr'lrl llnri.orti htiunn4. umbri.b4.wb br42brm 
LlbmwuwljbrU.mJramu hwl.Jl').bu bljnri. 3:iwl.Jnp n.bqnl.Jwl.Jur UJWJuwl.Jl.Jbrmu, wl.Jguwl.J 
q.nrbwljgp hw6wtuwljwl.JwJrl.J UUJblJmrti ljnrQ ml.Jr umr q.wq.wra, nrti 'lPflQQ 
ljwn.wLj_Wf1Lj_nLu t 20fllll0flp lfti2U hbn.wLj_n[lnLfUJWl.J U lfli220flll1Wjpl.J lfti2wLj_Wjflp 
'lPt[bljlllflplj rawlflwl.Jgbt]'lmraJwl.J LflnlflntumraJWUp: 

bppn(l'l CJtfunuI hbmwqnlllLj_b[ t lftiljrnwt]'lQWjpl.J n.bqnl.Jwl.Jul.JbflQ mctbl']_ 
Lfintuwql).4.nri. hwri.nrf"J.Pl llnri.brr hwuwljwrq.mu, LfinpllbflQ ljwmwr4.bt t mri.ri.wllljJml.J 
W[pQWlllWflnLU: 
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bppn(l'l ql.fu~ wnw2~b UjWpwqpw~nuI mumi.Il.Jwurr4.bt bl.J UJri.Mb llnri.brrg 
UjWlllflWUlllLj_WO LlblllWUWljb[lUnLJfUl.Jbflp JnLflWhWlllnLlj hwmljnLfUJnLl.Jl.JbflQ nrnl.Jj;! 
UJWJuwl.Jw4.nr4.wb bl.J ljwn.mgLj_wbnwJpl.J q.nrbnl.Jl.Jbrr hwuWl').flnLfUJWup [3,4] : 

¢n[1/lp Ql.JfUW9QnLU n[lUJOU l.JUnL2 oq.lllwq.n[lOLj_b[ t UjWflpOflWpWfl 
lllOl']_WljWJLj_WO /lnl']_O[lpg ljwquLj_wb OfllJ20fllll hwuwljW[lq. n[lQ UjWlllljbflLj_WO t l.JljWfl 7-
mu: 

llllJC 
w 

- L. p 

., 
Ir 

q 

Lqwp 7: utfm2ft ' fI(ll{Wj/Jwl{w/J (w), /Wj/Jwl{ft (p) /J. /flW(IW<fwl{w/J (q) 
lflfiuplI(lf!: 

~wn.mgLj_wOQQ UjWlllflWUlllLj_wb t W=15, 17.5, 20 LIU br4wrmraJWUp LI. D=0.6, 
0.9, 1.1 LIU lllflWUWq.bbrn4. Ujl']_l.Jilb llnri.brpg, nrnl.Jgpg JnLflWQWl.J2jnLflQ mt.l.JWL rawri.wt.Jrati 
4.flw tir wLlbl.Jwunm hwruwl.Jl.Jbrtig wn.wl.Jgi;ipl.J mri.ri.whwJwg mri.ri.mraJwup hbn.m t 1=3 
uu-nLj_, pulj 2011mbrti lfti2u hbn.wLj_nrmraJml.JQ d=1, 2, 3 uu t : ~nri.bflQ q.llll.JLj_mu bl.J £=2 
'lPt[bljlllflplj rawlflwllgbt]'lmraJwL.lp lfti2w4.WJflnLU (mb~[nl.J) : UJUUJpunLj_, lfti 20f1lllp 
Jmrwnw1.J21mr llnri. wljmr4.nrbl.J Lfintuwql).mL.1 t L.!Jmu 2brmti brljm hwruwl.J llnri.brti 
hbm: ¢n[1/IWflWflWljWl.J l.JUnL2Q q.ml.JLj_mu t OflljUjn[llllWl.Jp lfliljflnWt]'lQWjpl.J W[pQWlllWflp 
l.Jbpumu (l.Jljwr 8w): ct:>ntuwl.Jguwti UUJbljlllflQ 2wlfl4.bt t Rohde and Schwarz ZNB20 
Lj_bljmnrwJtil.J wl.Jw[pqwmnrti ur2ngn4. (llljwr 8p) : 

· ·~ 

~:~ d 

in!m.2Ji Juili.l 

(w) (p) 

1.4w11 8 : Liti4rnwtrnti wl.Jguwl.J wllgmL.IQ Llbmwl.JJmran4.: br4utnrmwl.Jti 
ur4rnwt]'lQWjpll W[PQWlllWfl (w) , Lj_bljmnrwljwl.J wl.Jwt]'lqwmnr Rohde and Schwarz 
ZNB20 (p). 

¢n[1/lp Ql.JfUW9QnLU nrn2Lj_b[ bl.J wl.Jguwl.J q.n[lOWljpglJbflp UutblJlllflW[ 
ljwtuLj_wOnLfUjnLl.JlJbflQ lul.Jf"J.flp UjWflWLlblllflOflp lllWflpbfl W[lctbQl.Jbflp hWUWfl : 'l-flW hblll 
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Ub4lllh'l.. p.ntnr tibr4wJwg4_wo 4nrbrti hwuwr p.tinrn2 t hw6wtuw4wtimraJmtipg 
4wtu4_womraJwti l}til').hwtimr Lj_wppwq.pb(}: libr4wJwg4_wo UJWlll4brtibppg hbzlll t 
ti4wlllb[, nr hw6wtuw4wtimraJwti w6p hblll Ub4lllb'l. wtiguwti q.npow4pg(} w6mu t. 
hwutibtn4. unl/l urw4.nr wnwlj_b[wq.mJti wpctbpp, WUjW 4lllflnL4 l}ti4timu t qpnir: UJU 
Lj_wppwq.pb(} p.tinpnz t l').Wuw4wti 3'wtin nbqntiwtiupti, np(} ppw4wtiwg4_mu t 
~ntu4wUJw4g4_wo ougruwlllnptibrti hwllw4wrq.mu: 

S12 wtiguwti q.npbw4pgtibrti 4wtu4_womraJwti 4nrbfll} 
hw6wtuw4wtimraimtipg lllwpp.br lln'l.brti br4wrmraiwti l').bUJpmu tibr4wiwg4_wo bti 
ti4wr 9-mu : t->ti~UJbu UUJwulj_mu tr . lln'l.bflp br4wrmraJwti wlj_b[wguwti hblll Ub4lllb'l. 
nbqntiwtiuwjpti ~ntuwql').bgmraJwti UUJb4lllflWL lllPflnLJ(O[} ur4rnwttipr hblll 
lllb'l.w~ntulj_mu t gwor hw6wtuw4wtimra1mtitibpp lllpflmJra: '1-w UJWJllwtiwlj_nplj_wo t 
tirwtinlj_, nr w4upw[ upUblllflPWJn4. 4wtiq.mti WLPQP 111.i.wlj_npmlll} lllb'l.11 t mtibtimu 
lln'l.bflp bp4WflnL(OJWD Lj_pw, npntip Unlll bti l}tl4tin'l. wltipp 4bu bf14WflnL(OJWD(}: 

c; 1.0 
c -:r 
3 
~ 
-:l 

3 

~0.5~ 
.§. 
.c. 
:::> 

'.E 
5 

i'.~~10 • 5•10' 6•10' 7•10' 
'\w6wtuw4w\mqaJnL\J ('\g) 

bqwp 9: <Pnjuw!Jgtfw!J qnf1owftflglil:if1f1 uu;l:ifttnflf! 512 tnwf1pl:if1 l:if1ftWf1ntpfnt!Jlil:if1nt/ 
anrzl:iflfl hwtfw(I W=15; 17,5; 20 tftf, n(lnlip hwtfwu;wmwujuw!Jmtf l:i!J 
hwtfwu;wtnwujuw!Jwpwf1 l ,2,3 qf1w:P/1ftlil:if1flli: ll;uml:irz D=0.9mm, 1=3mm, d=2mm: 

c; 0.8 
c 
-:r l 3 
~0.6 2 

-:l 
~0.4 
.§l c=C ' .Y 
3-0.2 
:ii 
5 
f 2.-f~ 1!0!,. I 1 I I 5~~0~ I I I I I ~.5~ 

1
.
0
.,. I I I I 6~~ 0 9 

'\w6wtuwljwunqaJnL\J ('\g) 

bqwp 10: S12 w!Jgtfw!J qn(lowftg/1 uu;l:ifttnf1lil:if1f! anrzft tn(lwtfwq0-l:if1f1 
t/ml/m/untpjwli fJl:iUjpnttf' D=O. 6; 0. 9; 1.1 tftf, n(lnlip hwtfwu;wmwujuw!Jmtf l:i!J 

hwtfwu;wmwujuw!Jwpwf1 1, 2, 3 qf1w:P/1ftlil:if1fl!J: lljuml:irz W=20tftf, 1=3tftf, d=2tftf: 
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) 

li4wr 10-pg bpumu t . nr nbqntiwtiuwirti hw6wtuw4wtimraJmtll} 
lllh'l.w~ntulj_mu t l').bUJti gwor hw6wtumraJmtitibrti lllPflnLJ(O lln'l.11411 lllflwllwq.op 
Ubowguwti l').bUJpmu: 

<wlllm4 hblllWQflQflnL(OJmti t tibr4wJwgtimu wtiguwti q.npbw4gr Lj_wppwq.pbl} 
zbplllbflp ur2u hbnw4_nrmra1wti ( d) tilj_wquwti l').bUJpmu (ti4 . 11): bpp. d = 1 uu, wtiguwti 
q.npow4gp l'J.PUUJbpupwJr rabpmraJwti Ubomraimtil} hwutimu t wnwlj_b[wq.miti wpctb1:1r' 
/:J.Tf /:J.v:::: 10/C}.(g: /:J.T-1} wtiguwti q.npow4gp ~n~ntumraJmtiti t. pu4 /:J.v-1}' 

hw6wtumra1wti lllb'l.w2wrctl}: 

2 1.0 
~ 
3 
~ 11.8 

~ 0.6 

§'. 
~ 0.4 
s::. 
::> 

3 

:E 0.2 
s 
Zo.ol ' ·~· 

4x10• 4.5•10' 5x10 9 5.5•109 6•10' 
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lfnl'J-b[w4_np4_w0 wugnulwjpU UUjbljlllpUb[lQ gmjg bu lllW[pU pwp/lp 
6NfllllnLfOJWLip hwunuljumu 4Jnpllwpwpwljwu W[ll'J-JnLUj;2Ubpp hblll, pu~UJbU 
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1'4wri 14: <PnruJwf1wf1wftwlt (ftwu;nLJIII q<llif1) LL ptfw1flu (ftwf1Uftf1 q<llif1) 
wuguwlt uu;lift1I1nf1ltlif1[! l/m(10Wf1fttfnrz uum2fl hwUWf1, n(11I11irz (w) 2 onrz, (p) 3 onrz, LL 
Uft2onrzw1flu hlinwtf nf1mp1mltf! 2 lflf /;: 

Pwgr WJl'J-, un11-btw4.nrmU}lg Ulllwg4_wo t[bljlllpwljwu l'J-W2lllP pw11.w11-rr~ubrr 

pw2tumun lll[lWLIWl'J-[lnLU t wpctbQw4_np lllbflbljm13Jmuubp q.npOQUfOW9Q 4_bp[mOb[m 
hWUWfl , pU~UjbU UJWlllljbp4_w0 t UljW[l 15-mu U 16-mu: 

lfn11-brrg w11w2run llU.w4.nr4.mt.l t bpljm lln11.brmu Lljlwumu LP9Qbrr hwuw4Jnq 
lllWlllwuuwu QUfOW9J:2nLU (liljwp 15w): Culll npmu hwu11-bu blJn'l. 4_wunflnLfOJnLUQ ~p 

UUJWUlllmu tr9QP uwljbpU.mJrawJpu lulllnL!OJWU w6pu u lln11.bpp U}l2u ljwUJp q.npbwljpgQ 
4Jn12r t : Pwgp WJ'l- hwuwljwpq.mu 11-rUJntwJr 6wnwq.wJrat.lwu hwl.Iwr ulllbflb4.mt.l bu 
UUJWUlllW4.nr UJWjl.Iwuubp, ru~n pbpmu t nbqnuwlllnpubpml.1 ljnpmul/lubrr w6pu: 

Uljqpmu12nrbu WJL t rrw4_P6wljn bpljrnr11- un11-r 11-bUJQnLU, bpp Lljlwumu 
tr912brr lllwlllwumun lln11.brmu hwljw4Jmt t (uLJwr 15p): UJulllb'l. lllwpwumu tr912brr 
llq.n11.m13JWU hbllluwu12mJ. w6mu t 11-rwug uwljbpumJ13WJPU lulllnL!OJnLUQ 
(t[bljlllpwmuwljwjpu ~~bljlll) : '1pw hbllluwunn4. w6mu t uwu 4Jntuwq11-bgm13Jwu 
q.npbwljrgn: Pwgr WJ'l- twUJbU uwrmu t. Lljlt.ljwug 2Wlll unlll q.lllu4_n11.. hwljw4Jnqn4_ 
lllwlllwu4_n11. 'l-PUJntubpp 6w11wq.wJ13nLLlQ, pu~p hbllluwunn4. 4JnQp bu ljnpmulllubpQ 
nbqnuwlllnpmu: 
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1'4wri 15: 9-ntUWJ/IU f2Wf11I1liqltlif1 LL UfWpltlif1, n(1nltp gnljg lilt IIIWfllU 11(11/nt 
onrzlif1fl hwUWf1 /;flil/IIl(1Wqwu fJ.W21I1fl Ey pWf]WfJ.flfllfl pw2ftmtlf[!, 
hwlfwu;w1I1wujuwltwpwf1 (w) wnw2flu LL (p) lif1!/(1nf1fJ. qwf1qf1 nliqnltwltuw1flll 
nlidflt.l'alif1flll 6, 51 9-l(g LL 7, 87 9-l(g hw6wjuwqwllmp1mlJllli(1nt/: Pw2/umtf'afJ(1[! 
gmgWfJ.(11/ntlf lilJ onrzliflfl hlilII qwu;tfw<l lif1!/WJliWqwlJ (y'z') LL fWJUWqwu (x'y') 
hw(1pntpjntlJllli(1nllf: x'y' hWf1/Qnl/QjnLUUlif1[! q1I1utf mu /;;l; onrzlif1f1 U/Ilnf1f1U /J. t/ll(1/1ll 
li<Jf1li(1/1g 2 uu tfaf1LL LL l!af1pLL: Uf1!/f1W}Wl/lwftwu UJWf1Wtlli1I1f1af1l! hwlf[!l!qumu au "Uq. 
14-mlf l!af1ftw1wgtfwol!af1f1 ha1I1: 

w) 111 - I F) ... - q) Ill - 3 

/: ''• 
10 

0 

- 10 

1'4wri 16: 9-muw1flu pwf11I1aql!af1l! LL u1wpl!af1f!, nf1nl!p Wf11I1wgn1mlf /Ju /.Jfl/J, 
onrzaflfl hwlfwqw(1q/1 qaq1I1(1Wqwll fJ.W2IIl/1 Ey PWfJWfJ.(1/1}/1 IIIW(1WOW!/wll pw2/un11lf1' 
hwuwu;w1I1wujuwllagtf w<l (w) wnw2flll, (p) lif1ftf1nf1fJ. LL (q) l1(1(1nf1fJ. l1w17q/1 
nliqnllwlluw1flll lfnfJ.af1flll' 6.37 9-l(g, 750 9-l(g LL 8. 03 9~g 

hw6wjuwqwllmp1mlJlla(1mlf: Uf1!/f1W}Wl/lwqwll U/Wf1wt./lJt.nf1lTf1t' 
hwlfWUJWIIIWU/uWliligtfw<J all "Uqw(114-mlf plif1tfWO IIlt/JWflJliflflU: 

UJu hwuwljwpq.mu wtrQWJpu 11-w2lllbflr 4.wrnwq.ron hwuwhmu~ t lllbuwljwl1 
4_b[l[nL0nLl3JnLUpg WfllllWhwu4_wO bqpwljwgm13JnLUUbppu: m=1 U111'J-p f\'.bUJJ2nLU (lilj . 16 
w)), bpbQ llnflbpu t[ lllWlllWu4_mu btJ hwuw4Jm[, npQ hwuq.bgtJmu t 'l-PUJn[lUJlll1 
6w11wq.wj13Llwu, nrn punrn24_mu t 6w11wq.wj13Llwu u2wuwljw[p ljnpmul/lullpml 11 
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nbqnuwuUWJpU q.op LWJUnL(itJWU Ubowguwup: m=2 un'lr flbu.u;1mu CL4 . 16 p)), wnw2ru 
u bppnpfl Onf1.bp[! lllWlllwuqmu bu hw4w4'imL, U]'lu2f'}.bn bp4pnpf'}. lln'l[! wuu2wu 
ubrflrmu mur q.npO[!U(itWgmu: Uw hwuq.bgumu t j;lWnwpubn gpqwo 6wnwq.WJ(3UWU, 
nbqnuWUUWJpU q.op LWJUnL(itJWU uqwqbguwu u WLPJ;lWJpU flW2lllbrr tw4wu w6p: 
°LuwuwlllpUj ppwqr6w4 t flplllqmu m=3 Unf'}.p hwuwp {"L4. 16 q.)), nplllbfl wnw2pu u 
bppnpfl Onf1.bp[! lllWlllWUqmu bu hWUWtPnLL. pu4 bp4pnpf'}. On'l[! lllWlllWUqmu t 
hw4w4'imL, uw4wJu w4_btr Ubo WUUJtrlllmf'}.nq: 

UJuu.irunq, burawwtr);lWJpu 2w4ibrmu hwqwuwpwhbn flWuwqnpqwo, 
4_bp2w4_np 134_n4_ u bp4wpm(3JWUJ1 hw11.nr'lr~ lln11.bpp hwuw4wpq.[! 
hw6wtumraJmuubpp UJ14pnWtrJ;lJpU lllppntj(itnLU ownWJnLU t npUjbU pwg nbqnuwlllnp, 
npmu Unflbrr j;lWUW4f:! hwqwuwr t lln11.brr rai.tru: lJnflbrr lluwqnpmu[! 
u.iwJuwuwqnpqwo t lln11.brnmu LP9Qr lllwppbr wuu.iLrlllmflubrn4. u 4'imLbrn4. 
4nhbpbulll lllWlllWUmunq, ru2u m11.b4g4_mu t WLPJ;lWJpU flW2lllbrr lllbf1.Wjpuwguwup: 
lfwuuwqnrwu.ibu, hwruwu lln11.brmu LP9J;lr hw4w'lwrll 4'imLn4. lllWlllwuuwu 
UjWJUWuubpmu 4lllpm4 uqwqmu bu 6wnwq.Wj(3Wjpu 4npmulllubp[! u nbqnuwlllnpp 
pwpnpw4nt(3JnLU[! hwuumu t 400-p: <wll14wu2w4wu t, np wu4wtu Onf1.bpp j;lWuw4pg, 
wuguwu uu.ib4lllpmu hwuf'}.bu b4n'1. wnw2ru nbqnuwuup 'lPl1J;lr:! twu.ibu 2P 4'intuqmu, 
t.ftiwLn4. 6.Sc+<g-r Ubpllw4wmmu (u4. 13): UJu flbu.iJ;lmu wLrJ;lwJru flW2lllbrr 
lllbflWjpuwguwu owqWL[! unlll br4m 4wrq.nq 4'innr t nbqnuwuUWJpU WLPQP 
br4wrmraJWU tunrhwuwpf'}.pg , ru4 tLb4lllrw4wu flW2lllP LWrqwomraJmU[! w6mu t 30 
wuq.wu: 
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UlllbuwtunumraJmumu hblllwqnlllqbL bu, npu.ibu pwg UJ14rnwtrPWJpu nbqnuwuinp 
OWnWJnfl, hWf1.npflp~ Onf1.bpp hwuw4wpq.mu Ouw4_npqnf1. nwf'}.pWL upulllt1ppWJml. 
4wu.i4_wo 4wuq.mu WtrJ;lUbpp nbqnuwuUWJpU hwll14mraJmuubp[! u l')pwug hpuwu ljpw 
Ulllbf1.oqwo Ublllwuw4bpllmJ(3Ubpp U)12ngn4_ WtrJ;lWJpU wq l')WU2WUubpl1 
4wnw4.wruwu huwrw4.nrmraJmliubp[!: Ulllwg4.bL bu hblllllJwu hpt.fuw4wu 
wr'lJnll.1Qubp[!: 

1. <w11.nr'lr2. 4.br2w4.nr br4wrmraJwup lln11.brmu, f:!li4tm11. wtrol1 
wqf'}.bUnL(itJWUJl q.bubpwgqwo 4wliq.mu UJ14rnwlrJ;lubp[! U]'lujwug hblll mctb'l ljwu.ilj.uio 
bu Ll lluwqnpmu bu 4nLbljlllp4_ unf'}.bp, npnug qbpwhu4mu[! Lrwgmgp~ 

huwrw4.nrmraJmuubr t lllWLPU 4wnwqwrbLm UblJlwuwljbpllmJran4. wugun11. Wtrl2WJl1li 
wqf'}.WU2WU[!: 

2. npUjbU ifulJlWUW4bplJ.mj(3 OWnWJnfl, UjWppbpwpwp f'l.WUW4_np4_wo hwf1.npl')p} 
Onf1.bpp bplj2bplll hwuwljwpq.mu hWUflbU b4nf1. fuwlJnjp nbqn°lJWUU[!, U)14pnWtr12WJl1lJ 
hw6wtumraJmliubrr libfl lllppmJramu, hwuq.bgumu t wuguwu q.npowljgp ljlllpmlj u 
twljwu wuljuwu, PLI2[! ljwnwqwpqmu t 2bplllbpp U)12u hbnwqnpnt(3JWU lJ 
UJ122bpll1Wjpu UJ12w4_WJl1P flptJ.b4llll1P4 13w41wugbLpnL(3JWU 4'in4'intumraJwup: 

3. nlflflWUljjnLU U]'lljpnWLPQWJpU WtrQWlllWpnq lllWpwoqn'l hpt.fuw4wli unqt1 
wugmu[! hw11.nr'lr2 lln11.brrg ljwquqwo br42brlll Ublllwuwljbpumiran4_, ljlllpnilt 
WplllWhWjlllqwo flpUUjbpupq JlUnLJ(it mup, PLI2[! UjWJUWuwqnpqwo t Onflbpp Uj19l1 
nbqnuwuuwJru 4'intuwqbumraJwu q.nrow4gr wrctbs:imu 4b11.o wu'lwur wnljwJmraJwLlr 
lfwuuwqnrwuibu , 1 uu lllpwuwq.onq u 17,Suu bpljwrmraJwup u.iwrpbpwpwp 
'lwuwqnri.two u.i11.U11Jw lln11.brr br42brlll hwuw4wrq.r hruwu 4.rw ulllbfll>Ltwo 
UblJlwuwljbpllmJran4. ur4rnwtrs:ir wuguwu q.npowljgp wpctbj;lp wu4mu[! 0,8 pg UJ1u1lt 
0 rrwljwuwumu t 8-8.Sc+<g hw6wtumraJmuubrr lllppmJramu: 

4. burawwtr);lWJpu 2w4ibrmu hwqwuwrwhbn 'lwuwqnpqwo, 4.br2w4.nr pt{mj 
Ll bpljwpnt(3JWUJ1 hwf1.nl1'lP2 llnf1.bpp hwuw4wpq.[! hw6wtumraJmuubpp Uj1ljpnw1rPJt1t1 
lllppmJramu ownWJnLU t nru.ibu nbqnuwlllnp, nrmu Unflbrr QWUW4f:! hwqwuwr I, 
lln11.brr rai.tru : <wuwljwpq.mu ur4rnwtrQWJpU flW2lllbrr lllOflWjpliwguwu OUJL!w111 
Llnlll br4m 4wrq.n4_ tPns:ir t nbqnuwuuwiru wtrJ;lr bpljwrmraJwu tunrhwuwrrit1q , 
t1bljlllpw4wu flW2lllP 1wr4_womraJmU[! w6mu t 30 wuq.wu, pu4 pwpnpwl1n1rilJmt1p 
hwuumu t 400-r: 
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roPorAHRH 

c:t>A30COrJlACOBAHHblE MHKPOBOflHOBblE METAnOBEPXHOCH1 

Bbl BOA bl 

B AHCceprau.1-11-1 HCC!leAOBaHbl pe30HaHCHble CBOHCTBa CBR3aHHblX ClOH'tHX UO/llt I 

paAHa/lbHOH CHMMerp1-1ei1 , cpopM1-1py10L11HXCR B CHCTeMe npOBOARll.IHX crep1Kttei.1 , KOlOpt.11' 

c11y1KaT OTKpblTblM MHKpOBO/lHOBblM pe30HaropoM, H B03MOIKHOCTl1 ynpa1rnc1 n111 

BO/lHOBblMH CHrHa/laMH c noMOll.lblO MeranosepXHOCTei1, C03AaHHblX Ha HX OCttOtl!' 

no11yYeHbl C/leAYIOll.IHe OCHOBHble pe3yllbTaTbl. 

1. CroRYHe M1<1Kposo11Hbl , reHep1-1pyeMb1e s npoBOARll.IHX creplKHRX KO ttCYtiOtl 

AllHHbl nOA B03AeHCTBHeM naAa10L11eH BO/lHbl , CH/lbHO CBR 3aHbl MelKAY co6oi.1 11 

cpopM1-1py10r KO/l/leKTl1BHble MOAbl , ynpas11eH1-1e KOTOpblMH npeAOC 1au1111l'J 

AOnO/lHHTellbHble B03MOIKHOCT11 AllR KOHTpollR BO/lHOBOro CHI tt.111.1, 

npoXOARll.lero 4epe3 MeranosepxHOCTb. 

2. ct>aHo-peJoHaHC, B03HHKalOL1.IHH B ABYXC/lOHHOH CHCTeMe nep1<10AH'IC(;K1-1 

pacno1101KeHHbtx npoBOARll.IHX crepJKHeH, c11y1KaL111<1X MeranosepxHOCTbtO, n 

y3KOM AHana3oHe M1<1Kposo11HOBbtX Yacror np1-1BOAHT K pe3KOMY 1-1 

3Ha4HTellbHOMY CHHJKeHHIO K03cpcp1-1u.1-1eHTa nponycKaHHR, 4TO pery11 1-1pyerC1t 

HJMeHeHHeM paCCTORHHR MelKAY C/lORMH H AH3/leKTpH4eCKOH npOHHLJ,aeMOC 1H 

MeJKC/lOHHOH cpeAbl . 

3. nepeXOA OCHOBHOH MOAbl , pacnpocrpaHRIOll.leHCR B npAMOyrOllhttOM 

MHKpOBO/lHOBOM BO/lHOBOAe, 4epe3 ABYXC/lOHHYIO MeranosepXHOCTb, COCT0/111\YIO 

1-13 npoBOARll.IHX creplKHeH, HMeer pe3KO BblpaJKeHHbtH AHCnepc1101t1 ti.1tl 

xapaKrep, 4TO o6yc11os11eHO HallH4HeM MHHMOro 4/leHa B 31ttl4!'ttHH 

K03cpcp1-1u.1-1eHra pe3oHaHcHoro sJaHMOAeHCTBHR MeJKAY crep>KttltMM H 

4aCTHOCTl1 , CH1<11KeH1-1e 3Ha4eHHR K03cpcp1-1u.1-1eHra nponyCKaHHfl MHKf)OllOlttlht 

4epe3 MeranosepXHOCTb, COJAaHHYIO Ha OCHOBe ABYXC/lOHttOH (111( ll'MJ.I 

nepHOAH4eCKH pacno1101KeHHblX MeAHblX crepJKHeH AHaMerpOM 1 MM 11 11m1ttoU 

17,5 MM, np011CXOAHT B AHanaJOHe YaCTOT 8-8,5 lll.l OT 0,8 AO 0 

4. C1-1creMa npoBOARll.IHX crepJKHeH KOHeYHOH AllHHbt 1-1 YHCtttl, f J.lt1ttoM1 ~ p1111 

pacnO/lOIKeHHblX B cy6BO/lHOBblX pa3Mepax, CllYIKHT pCjOlt.1 wp<>M ti 

MHKpOBO/lHOBOM AHanaJOHe YaCTOT, B KOTOpOM KO/lH4eCTBO MOii fl.llltHl 'llH' llY 

creplKHeH. 06beM /lOKa111-13aU.HH MHKpOBO/lHOBblX no11ei;l B CH~I CMC llflHMf'Jlllfl 11 . .1 

ABa nopRAKa MeHbWe Ky6a AllHHbl pe30HaHCHOH BOfltl bl, 11,1 11 p11>K1:1111111~ 1i 

3/leKTpH4eCKOro nO/lR yse/lH4HBaeTCR B 30 pa3, a A06porHOC I b Jl(lt. Hll 111) 1 400 
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GOR OHANYAN 

PHASE-MATCHED MICROWAVE METASURFACES 

CONCLUSIONS 

The dissertation investigates the resonance properties of coupled standing waves with 

radial symmetry, formed in a system of conducting rods serving as an open microwave 

resonator, and the possibilities of controlling wave signals using meta surfaces created 

based on them. The following main results were obtained: 

1. Standing microwaves generated in conducting rods of finite length under the 

influence of an incident wave are strongly coupled with each other and form 

collective modes, the control of which provides additional opportunities for 

controlling the wave signal passing through the meta surface. 

2. The Fano resonance arising in a two-layer system of periodically arranged 

conducting rods serving as a meta surface in a narrow range of microwave 

frequencies leads to a sharp and significant decrease in the transmission 

coefficient, which is regulated by changing the distance between the layers and 

the dielectric permittivity of the interlayer medium . 

3. The transition of the fundamental mode propagating in a rectangular microwave 

waveguide through a two-layer meta surface consisting of conducting rods has a 

sharply expressed dispersive nature, which is due to the presence of an 

imaginary term in the value of the resonance interaction coefficient between the 

rods. In particular, the decrease in the transmission coefficient of the microwave 

through the meta surface, created based on a two-layer system of period ically 

arranged copper rods with a diameter of 1 mm and a length of 17.5 mm , occurs 

in !he frequency range of 8-8.5 GHz from 0 .8 to 0 . 

4. A system of conducting rods of finite length and number, uniformly arranged in 

subwavelength dimensions, serves as a resonator in the microwave frequency 

range, in which the number of modes is equal to the number of rods. The volume 

of localization of microwave fields in the system is approximately two orders of 

magnitude smaller than the cube of the resonance wavelength , the electric field 

strength increases by 30 times, and the quality factor reaches 400. 

~ 
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