Lagomggarml Ggdbozm®o »boggdlodgdo

b9bsfigMols Mmawgdom

dobgoer 39wgbxg®0dy

35M5¢n9EM5Q 250593990 563JbgdoL g9mdxmdIBYdS MEEEMHTMSEO

35260@ Mo 39eols Isgbo@®-MHgBMbsbLvem EHmImyMmsgosdo

Lo MJBHMOM 3OMY5Ts ,,L50b7ObOM BobO ™

dogéo 0719

©MJGHMOOL 53500990M0 bo®obbols mlisdmggdews©

Dodygboo olgMEogool

53 mMmgxuygds@o

d0olo

2021 9o



LodmPocm GO gdME0s BodsOMNZ9wM 39dbozme MboggMbodg@do

06533530305 s FoMM30L LoLEIGOOL B3 EIGHO

L50bg0bOHM BoBO3OL Y350 FHSIBEGHO

bgwddegsbgmo:  36OH™my. J99396 3mGHgEH0dz0wo

09396963 9d0:

»

5339 89003905 2021 Heools 7-=----" —mmmmm e y mmmmmmm—— Losnbyg
Logo®mzgerml  39dbozmeo  mbogzgdlodgBol  LsobgoboOHm  gobozol
3oL I3MEBYMBOL Lsb0ggOLOEIEHM LEOLYOEHSEOM LodFMUL
bbby, 3O3INVO ~-------------—- , 9QOGMO0S ~—--=--=--=~

doLsds®mo: 0160, ®doolo, 3mbEegoL 77.

©oLgMES300L 453bMds 890degds LiE¥)-ob dodoMmmy3sdo,

beE® 53GMOIBIOEOLS - BoZNEIGOL 390339 DY

Lomb039MLOGHYBHM BoEOLYIOES30M LEdFML dE0Z5b0: §. AMm©gMdodz0wo

Qo



0990l 5gBHyoermOmMds

35055 2500593990 (3p) 96&96gd0 FoMdmoygbgb oabod -
9BMbsbLYEo  BHMIMYOR00L (IOEG) 30MHMOdM QovdxmdILYdL, MMIGEo3
3990399905 3500593980 M3EOMLObIoMWWO 390l 96¢39bgdol FoBOOWO
0530URBgdol  BsGoLlbom. 9353OMMEs© 3y 96@96900 bolosmMYd06
3033w9dbOMd0®m 5G5 FbMmm© LEMJEHMOMWO M35LIBOOLOm, slg39
oo  @odbdstg  3m33mbgb@gdols (O0amM03ss 1393083039960
50MLOLIOOWWO  g5d5d0gMdEd0, 993530 93Msbo s Ubg.) s
dom95¢03mnMo  dmEgo©gdol  dbG03,  MOMIGoE  9YEGOWIOIL0S
303309)GgOMo©  FoMMZ90  2osd3gdo  Mosomlobdomwmo  Logbowol
39696006M900b5m30L. OG-0  35MOIIMHSE  2osd3gdo Lol gdgdol
3o0mBgboll  J9gdamd ULosFoMm gobs oo  obzghs o  odsMmEH0390s.
©ILEPIMOOM IMH350 3335 J0IEO0BIMYMBIL 356G 4953930
LoLEB9dgdol  Lbgoolbgs  3MmiEgbol  golodxMdgLYdWS,  FoPIOMS,
399003 0m0 39gb030L 956MEGH03905 96 3MMEqLOL F99m3gds. B0MbHYOOZ5©
dolo  M306MsGHJLMOOLY, 3y LolEgdgdo 3wobozme 33939030  BIODME
39303909390 5655. 530l JOOO0MSO F0HBYHJdO 3OOl I6YMHY30L LoMmy,
00N, ©5 FgIMYO0m  bobaMdwogzo  Imbsdbogdgwo  3Mm3gLo.
5060360 360HMdgdgdol Bodslbbm, JOHMIOHPO M35¢LIBOBM ogsEomos
UP (Universal Pulses) dg0com@ol 0b@gaMsgos. 90bodbmeo dgmmomenmaos
bgloyg®geos Bsdobbg xam53gdol 259m 331093990l @OMUL. LEIBIOEMWS,
OG-80 3565 MO© 993700 LoLEJIoL  godmygbgdolisl, 35309bG0l
3905090599 IMLBsdbsYOgo 3OHMEgLO FoRgbL ssbermgdom 10-15 momb.
59 ©MMoL  gob353wwMd580, JOMOMIO  FOWOIWGOOL  ©IHYJddg bgds
565035¢09d0l 5090, GMIWoE LoFoMms Msombobdo®wmwo Logbswols s
365096 GHWwo  3mFJool  F9ds35wo  3965dgBHMYdoL  goblolobwgme. UP
9900m©0o LMo gdsll 0dEgzs  3MB3MYGHMEo  godm33wg30L  GHo3obsm3ol
9embger Jgoaglb 50bodbmeo 3OHMmEglo s gobolsDPIOML 35609 EBHMYdO
Odgbsg 00539 3309308 bb3s 3530963H90D93 299m0g4qbgdgb o 506 6oL



L5F0OM POMMYME0 353095GHOLMZ0L FMBdBIEYdJWo 3MHMELOL bgeobans
393, d0bodbmwo  3Hgdbogol  2s8mygbgds  sMolL  dgotmgo  bsdoxo 3y
LobL39dgdol by dolsfamdmdoLszgb s 0go BsFoMMIdL gob30msMgdOL 303
65996009 9o3L.

393609090 Losbery

Bgdl doge 0bogodgdwo  GHgdbolzs  gALIBNMMGdS  JoMOEGILMMSQ
3905933990  LOLEQIOL  2odoM3H039d5L s  bgEPdoLs3E™AMIOL  ASBEOEL.
3900MEMEMY0s  dEyMToMgMdL 45593900 9MHYdOL  IHYz0wgdsdo Fsmo
MON0YJOMH5339000L om35¢0l{0bgd0m, Mo3E 95830MIOL LsFsMMsgz0 sMbYOOL
50 9bMdSL s FgLsdToLO FolmZoL A563MM3BOE Lo FoMHMadBL.

3935003069 39Mm@OMEMm05, ®MmIwo3 990905 M339gbodg 9@o30Loyob
@5 dobo godmyggbgds dglodergdgeos 63d0LT0YMHO 35MOWYEIMEMOIE OT(39d0
3b6GH9boLomM30L, gobmMBgzws 96@IboL 9wgdgbGol Mom@gbmdol, GHodobs
(Bo®BmUgdeM0, o3mmMo, 30360MmBB0sbo Brmerols, dsmo 3mddobsgools mvy
bbgol) s 36@9bol 9eg8963H9gd0L LogM o 2obsygdol. dgomEMEMy0sdo
399mygbgdmwo doymds ©@d  299mygbgdmmo 350935303 M0  IMIWO
0m35wolLobgdl y39wsbg Mm3EGH0dsememo (yz0wqdol dgmBgzsl, MMIwgdos
906056 25059390 MOEOMLOLAOMME 39l. 2O 5Toby, FoMdmygbowo
dm©go  0dgg3s  Ggledergdemdsll  d98mdo  dMmEOx03o300l,  MMIob
d0Bsboiz 046905 ULbgs  GHo3ol ™m3EG0dobogos, dogomoms mOHbg dg@o
3900593990 5GBgdOL OHYz0Mgds.

3900MM™y0s dmoiegl Kuhn-Munkers-ols sgoym®omdl {jyz0egdols
d9L5Mhg35. 06xMMTs300L  FJEMGOOLIMZOL  2odMmYgbgd oy  J5sdEg00
Goombobdommwo  boaboswol,  dsgbodmemo  3mA3mbgbEol  LydMswM
339006530 30Mdowgdols 360d369wmdgd0, HMIWYdOE J9TNMNIWOWOs MO
3o6b35390 3565 gEIMESE o339 56EgbsL mMob.



L53Mo>mls Jobsbo

Bsddmddo  fomdmagbowo  IgmmmEmaos  80Bbs  obobogl
3965 g)M5Q Pod93930 BLOLEBHJIOL 49FoME03905L. 00 9IY>MIYOS FoT(39d0
5Mbgdol  sfiyz0eqdsll  dgMPgzomo  Igommom.  doMomso  3M0bio30
dMdomgmdl  (g30egds 03 sMObgdol  9MBg3580, MHMIGEmMS o390
39090Lo3  Y39wasBg  Bogawrgdo  mobs33900  8d3m.  53oLYM30L 53900
00MMYMO 3593900 5GBOL  M3EOMLOobIOMHIo ool  dsgbod Mo
3033mB69bEHoL  Gdgdo (Bf) ©s 8sm BmGols 90b0doemEmo  »sbs339m0l
0930900 560BgMmos Bsdomm  335MOGHMIWO  3MI0EGOOL oMM
0000MJ) sObL JmMob. Lsdmom 3350MGHME0 3MI0gdoL 2oblsbngms
3060mB0m5© § ©5 | 350583930 s6bgdol By G1dgdls 8meol 358momgmmgds

39900920 BMOIMwom:

m-1 n—-1

1 .. . N2
= > b)) = iG] )

i= 0

S

MSE

-
Il

Bo@s3 M s M §oMmo©agbab B 6+9dgd0ls a56bmdoqgdsl, bg > by

Fo00805©99696 g-mE0 s [-mH0 393900 sObgdOL B;" égdadls d9L505d0bo©

30bo Ng

Bobabo 1: Lodowm 3350M9EHWWO (3000 odMmm3Eolsm30L o FoMHm
56996@¢ 900



3393580 9OMAs690m6 Flss@gdWs® sbg39 35dmygbgdrywos B
ggdol  LsdgobBmBowgdosbo  dmbszgdgdo, 93 gdmbggzsdo  LyISEM
339OGHME0 FOIHOS F5TMMZ00s 39000930 BMOIME00):

m—-1 n-1p-1

1 . 72
MSEq’l :mX—nXp Z ZZ[bq(l,],p) —bl(l,],p)] (2)

i=0 j=0 k=0

L5053, 396GHMgds 1-156 goblibgs39d0m, sT5GHGOIE0s P 3m33MbY6E O
L5Q6BMI0 0560 IMbBs3gdoL G9amESbOLSL.

/

ql—

7

Y

BobaBo 2: LsdMowm 3350M9GHWO (3000 odMmm3EoLOm30L by FoMH™
3699963900 LsdgobBMI0gd0s6b0 IMbs3gdgdolmzol

39059339d0 96Ol  HY30egBOLIMZOL  BoFoMHMs  2oTMMIELOWO
LoMOM  3395MOGHMO  3EMIogdol  360d3z69wMdBOL  GMMT6gM6
09056905 @5 FodLoToErMEMmsE 456393900 3B0IZ69EMdBOL (Hyz0egdols
5MBg35. 90bodbMmo  §yz0qdol SB35  odmygbgdmeos 9.(. Kuhn-—
Munkres-ob gs65§0@gdols s¢rgmmo0do, ®mdwobom3zobsa bsdoBbg 3md3mbgb@Eo
5ol obgmo  §yzogdol  s®Bg3zs, MMIgeroi  dglsdwm  35M0sbEJO0I6



0993096 g43900Dg oo xodl - 9B 98 F9dmbgglzsdo Y439y d9Ee©
396Lb3s3907 figgowwgodb.
339930

3393580 353mygbgdyro mdogdhgdo @s dgomegdo fsGdmwygbowros
9m0d936m MG J3gmsgdo.

332030 mdogdo
3900MmOME ™Yool 3obbm®E0gmgdolsmzol 5290005 ™60

LodMWHE30MEO  dmEIWo. 3003900  FgEPqds  BIBGHMIoL 06303
3969090 99430 oMM 300JOESE FoMMZ50 SBFEHIBOL 9EgdgbEHOL
(6sbsBo 3).

BoboBo 3: 9J3LoMbosbo gMHmEH0R0560 35MIvgEMESE 493990 BEH b

LodMOEOWME  3OMYMsd0  TgBobowos  gargdBHem  3mA3MbgbEgdo
OO BMEJ30MboMGOOLMZ0L. sbg3g 96EHIBOL GO 3gMEro 9EgdgbEgdols
LbobdoMg  olfmMgdeos 300 333 @oGIMGOL  Lobdomgbg, M™Igwos
399L5050905 7 & IOG-b.



330930L5m30L F9350B0g 56360l MO0 FHowro: 306390 — FHowo A,
O®IY03 3960mo3Lgdv0os X OY Lod®Eygbg 56¢1960L g9mdgE®omw 396GH®d0
(6sbsBo 4) s gmMy - FGowo B, sbg3g XOY LoddEHYgdy, 39mdgd®omeo
396&®0b 7588 856d0cwdg Z” 0gmdol 8085:r00v9adoom (bsbsbo 5).

FOowo A

Bobobo 5: 943boebosbo gHMMH0R0560 35y mEsE osd39a0 BE9bol
FMowo B



33w930L5m30L  sLg3g  9390E0s  FgMmeg  LoIMWSEOYIMHO  FMEILO
OmIgog  omdmoagbl  0mm®IgBHMb0sb,  MmOEMOR0D  35MegEMEIS©

390059398 5639bsl (bsbsBo 6). 53 9JL3xM0IBEOLOL OMZEGOO 453JINYIOYL0S
565 B-MIgodg dM9Hg 565990 F0sd IMEMWMBSDY, M3 BOOL dggaoL
L503xEMMBSL.

BobsBo 6: mMMIYEHsOb0sBO MOHE0Y0560 3565 osd3gdo BEgbs

33e930L  mM039 ®dog@oL  Fgdmbggzsdo, GsBGHMIol  Imbsigdgdo
0566390065305 5580560l Mogol  BH30bol ML 6030009MdLSD, G5

2BON39ygmgBL 899agd0L 9@ LOBAULEIL.

33g30L dgoreregdo
330935 990905 650gbodg doM0mOO  gBo30Loysb, MMIwgdos

1J935@IM5© odMLELHY0s Bobsbo 7-Bg.



3900593990 35gb0G¥M0 39000l M¥Jqadol 52905
O0NMIM0 sGBoLm30L ]

bodMoM 33500M5G O 30Mmdogdol IM3ws NV
0MNMYME SOBL Jmeol

Kuhn-Munkers-ols 5¢ogm&®0mdols godmyggbgds g
™3&H0doHoMH00m0 HYr0mqdols Jqlo®B 29 ]
30090990 390939000 9035¢0l)obgdoo hd

250593900 5OHIOOL SHYR0dS

BobsBo 7: 3300930l 00O 933900

390059(39d0 3ogboGMO 3900l M¥Jgdol 52900L5mM30L A5TMY9bgdrIEos
090920  @MOIMWS,  Lds3g 8995350  356039GM9d0  F0MYdME0s
LOMWH3099MO 3OMYOH>G0:

|BL| = JRe(Bx)Z + Im(B,)? + Re(B,)” + Im(B,)" + Re(B,)? + Im(B,)> (1)

0930c09d0l gmHBgz0LsmM30L 2odmyqbgdyeros Kuhn-Munkres-ob, oqo39
MBOMWo  seam®omTdo. 030 oMol  Mm3GH0TowMGmOo  Q9bsfoggdol
d96Bg30L bgMbl. dolo by gd00 TGLodEGdgE0s MG Mbs3gdoms 30M9dMls
960l 08 M3G0sMo Fyzowgdol dg@Bggzs, HMIgwoE 0dwrgzs Jobodswy®
56 85gLoBscn® Kol Yy39ws dgladerm 30dd0bs30900q5b.

65b5Bo 8: gobsfoargdols 3O:MdEgdol M803Wo Fodmbisbrmergds

10



5060360 seMmOH0mMT0 ©53)b0dg 9E53930Lsb 990, HMIgdOE3
0™ 3-bdgdols Lsboom §390mmss dmyzsbowo.

9mb5399900L oGO0 Lobom
§o6dma9bo

l

306030530 359030Bs305

™30d0HoM9gdol
&030

353030 9e9d96¢)9d0L
-1-%9 900653 9gds

=d30MH9L0 3md3mb96¢E 0L
2399030905 MOMMYIED
fa36%g

3530308 00MMYo MHoFoLbmzol dobo
»9306M9L0 333MmbgbEHOL Qodm3egds

3530308 MomMgo 139EH0LmMZ0L Jobo
»3306MH9L0 333mbgbEHOL Qodm3egds

A4

]

11



00 1930609L0 Fomdmlobzomo bsBgdols

QM35 139G JOLS O MHOYIOT0, HMIGE03
Lo F0MHMS BoBHMOEOL Y39ws brmemols sliogsto

b5H9d0L MomEbmds
G005 BoBHMoiEol
139GH900L/M0RgdOL

5mgbmMdOl

NON

§omIMbEb30m0 bsbgdoligsb mogolvygse
9093963 90L dmMob dzocmglo
9600369c0md0ol (m) 2obLbsBEOZMS s BBy
390030905

Dom3mbob3omo bsbgdol sb533905BHg ds00

36009369c0md0ol m-00 QoBMH

00 bmegdol dmbodzbs GmAwgdos 50056
9000509000 dob b3gALS S H0YJdTO

Beangdol dgbsdsdolio
0930900 SdmOPN3S

12



506036990 3 M 3-1d980q56 BBl MMT 35UbOL oLloEYIbs Fgloderms
5¢03MGH0mIL ILFOOEIL M8gb0Tg 0GYMS3EOs.

330930L 400050 890093000 S 390092900l 353mygbgdols Lezgmm

330930L  BoMRgddo  gobloBzmmeos  LYTMSWM  339MOEHMEO
3MI0Mgd900  DOMMGME  SOBL  dmGol s  dsmo 360369 mdgdol

39035¢0lfobgdom, Kuhn-Munkers-ols sgogymdomdols d9d39mdoo d96mBgwmwos
0yz0gdo. dgmBgMo §Y30wqdo 9OHMMH0Q0560 9d3LoMbosbo 3sGowgumMo
39059339d0 96GHIBoLOM30L, FMowo A-Lmzol Bsbzgbgdos Bsbsbo 9-Bg, bmem
FM0@o B-Logols bobsbo 10-Dy.

3hbo 1 abbo 2 obbo 3 dtbn 4 obbn 5 abbo 6

ofbo 1

obbo 2

ofbo 3

otbon 4

ofabo 5

otbo 6

Bobobo 9: domgdmwo fyzowgdo FOHowo A-lmzol

13



otbo 1 dtbo 2 otbn 3 obbn 4 obbn 5 afobo 6

sbo 1 2.9 2.8
o6bo 2 2.9 2.8

ofbo 3 1

ofbo 4 -

MO

obbo 6

BoboBo 10: doegdmwo fyzowgdo FOowo B-Logol

6039 FO0DHg BoGHIMJOMWO 25dMmmM3eg00 JOMNBO0Ts39 F9gaHY
d0momadL.  5©0bodbmE LM gdby 30D mO 93306039000  S1Y3Y
Bomo@ BBL M 439eoHg OO Bb3sMds 5MOL sGbo N1-bs s sGbo N4-U
dme0b, 5939 sGbo N2-Us s s6Mbo N5-U dmMob, s sGbo N3-bs s sGbo N6-I
dme0b.

5b65EMa0Eo© 399MmM300s Lodmom 3390065GHIE0
3OMI0Wwgd9d0  MOEOOY0BO  OMOIYEHIOB0BO 356 MMO©  A9sd(39d0
3639bolom3z0lL o 50bodbe dmbs39dgdHg Kuhn-Munkers-ob sergm®omndol
3909250 d90BRgmwo Mm3GH0domemo (iyz0wgdo 6583969005 bobsbo 11-%by,
L5QSE 090060 oM 3MPHBYIEOM dMmbodbME0s B0LgdEo sG-BJdOL ffyz0egdo.

14



30M39e0 HOYJO

dgmég Gogo

: ofbo 1 ofbo 2 ofbo 3 afbo 4 ofabo 5

oMb 6 ‘ ‘bﬁbn 7

ofbo 8

ofbo 9 afbn 10 afbn 11 oMbo 12‘

sfbo 1

atabo 2

sbo 3

306390 H0go

atabn 4

ofobao 5

otbn 6

atobo 7

oMbo 8 4

atbo 9

dgmg Gogyo

ofbo 10

abo 11

otbo 12

41.0

39.1

45.5

46.9

42.5

41.1

42.2

43.6

47.5

43.8 43.5 39.7

a4.4 45.1 43.0

40.0 43.3 49.8

39.2 38.2 42.2 45.8

40.0

43.4

Bobobo 11: 9gMbBgmeo §yz0egdo (306086490 mgo®o o0 3Mmbggdom)
9943L5MOb0sbO MOHH0P0560 35MIWGIMS® 4953930 5bEHGBOLMZ0L

dogdwo  99©9a9d0

3065306

00Q)3d

d9L5d g™

3960LsBEOZOML 255933900 9OHJIOL Y30 gdo, OMIGEMS  ©939300MGd3

0d935 35M5WIMMEMSQ 993900 56EgbgdOL Q96 EH039d5U.

36™d900 EolgMHEBHOE300L BmEMEMdOLs s BLEMYJGHMOOL dgLabyd

©obgMES305 09905 106 939M@OLOLRSD ©@s Tgo3oglb  GBodgl

JoOome s 0bawolve

965%g.  LoobgmGszom  bsdGMmdo  HmIgwoa

§963mygberos 5 mogoom: 1. dgbogoo; 2. wo@gmodmmol dodmboergs (19

J3000530); 3. 332935 (8 9390530); 4. 133695 5. 59MYgbxdIEO OEIOIEHMES.

Bsde™ddo Homdmpagboos 49 bsbsbo s 1 gbMHowo. 65Ol dmeoml,

3990g9gbgd W0 Mo@Eemsdo, Homdmwygbowos 84 fystrm.

15



oy Es300L 30M0M5®O 890093900

30039 1133wz  Mdogdhdy  Forgdywo  89rYagdol  dobgpgzom,
Bom@o@ BIBL MM s{Y30 900 5HHGd0 39MIgEHM0ESE FobsdgdME0s
963s6900L IM30MHE30609© (BsHsBO 12). 50b0dbEo FagaolL goblobrzcs
d9Lsderms 0bEMo30MMa Bbgs bgoglo GHodol gMmEMoy0sbo s6@gbgdolsmzol
HMIg s 56@ 960l 9argdgb@gdo 9H@bs0M0s S B3MYBMdS Wfo, oAb 53
39000b3935d0 0™ 56FH9bsL gogl ol FM30MH30MgE AobWsYgdMwo
bGHIpol  gwgdgbGHo.  sbodbmmo  F90mbgg3gd0ligeb  2oblibgsgzgdmero
35600563930l Hobslfjot 2oblsDPZMS go30gd0m MM, J5BLY3I3MNOGIOM
30 08 9d90mbz9390d0 HMEILsE 9BGHIBs F9agds M98gbodg MooLORD, Moz
15305Mm@ 393039900 F9gdmH39355 35MOWIMMSI® 9T(39d 5b6¢3)gb9d30.
51939 dgLodegdgeos 56@H9bs 8903939l Lbgoolbgs GHodol 9wgdgb@gol,
05500005 BsGBRMLYOIO ©5 o3IO 96FHIbgOL MMIgdoz  Ls3zwg30
M309JBHOL 0603003 9MIMIBIOMIS  Q9bfogdMwo. 3 dobgbom,
3393530 gobbomo domgdo@03mMo dm@IEwo 0dEg3s 25(30egdom d9@
0530BBGISL 356G IMSQ o390 563 Jbol sGJoBgdBHMEOL B0dG0).

ofba N1

—

ofbo N2 ofbo N6

ofbo N3 ofbo N5

\.________/

ofbo N4

Bobobo 12: sGbgdol «mm0gMmysbwsagds 9d3leogosb gMms®bosd
3965 45059390 9b6¢)gbsdo

16



sMbo 1

3™Mbo 2

3™Mbo 3
3™Mbo 4
3®bo 5
3Mbo 6

Bobabo 13: 9gMBgmeo §y30egdo 9e00Mm00560 943LbsMbosbo 3smogumEa
3900593990 963 9gbobsm3z0l

300900 09y30egd0l b593vd39BY 39bLOBOZOME0S
9943L9w 93963060  GMPMOY0sbo  9BFEHIBOL  Hsombobdomro  FHowmgdol

353603 MM0 3m33mbgbEBol ®vYdgdo, MHMIwgdog bsB39bgd0s Bobsbo 14-Ls s
Bobs®o 15-%y.

obbo 1 -4 ofbn 2 -5 3bo 3 -6 1e-7

[=)]

wv

S

w

N

—

Bobsbo 14: 943Laebosbo gOHmMMH0R0560 356Gy MESE osd3990 9BE9boL
56MbgdoL 143000900l 250593990 Moombiobdo®eo 3garol dspbod Mo
333mbgbE oL MHdado FHowo A-Lmgol



obbo 1 -4 obn 2 -5 otbo 3 - 6 le-7

~

o

wv

SN

w

N

65b5Bo 15: 9d3b5Ob0sBO GMHNMOY05BO 353 gEMESE A9F37d0 5bBH9bOL
56bgBob Fyg09B0L 350583990 GH0MbObA0GXMO g9mols BsaB0d GO
3M33mBg6&0L Mvydgdo FHowo B-bogol

33w935do  dmyzs608s  FgOMOMEMY0sd  9dgLocmbosh  gMHNMOY0H
363965y dmy33o 3993990 96E96900L MoMmEIbmdOL MmMx9gH T9d306MH9d0L
15395905, B33 593069OL 35O IMHE 49593930 LOLEBHYIIOL bdFoMHMYdYOL
©OMOLY s HJJbMEMAO0MOO MYLMOLOL Loboo. s0Lsbodbsgzos MI Jodmgdo
5MHbgool  MHoMm©gbmds F933WIE0s, B3 9YE0WYOIE0s  AdTMBIbEgdOL
bseobbol d9bsePmbgdolismgol.

MOO0Yosb  HMOIGEHIOb0D  39MOWIWMOMS©  gosd3gd  9b63gbsBYg
900900 39093900L 450m35cobfiobgdom, y39esBg M3EH0ds Mo {iyz0egdo
65b39690005 (bsbobo 16).

900900 39093990 3M9x303Mws@ bsB3969000 BobosBo 17-Bg, Losg
LogMomm 39MH9d000 dmbodbmwos Y30 gdmEo s®bgdo. 50bodbIeosb

BoBL ™I LOFY30 IO sHHYBO 501056 JMTBJOL F30Ms30MY TSI

5 oblb3gs39dw Gogdo.

18



s®bo 1 3®bo 1
3®bo 2 3®bo 2
smbo 3 s®bo 3
3®bo 4 s®bo 4
3®bo 5 3®bo 5
3™bo 6 3®bo 6
s@®bo 7 s®bo 7
3Mbo 8 3Mbo 8
3Mbo 9 3Mbo 9
3®bo 10 3®bo 10
s®bo 11 s®bo 11
3Mbo 12 3Mbo 12

Bobs®o 16: Kuhn-Munkers-ol scram®omdol 990092500 domqdmeo ffygzowmgdo
039 3HoMb0sb0 OHGH0Y0560 35015 IMO® 993930 sBEIboLsM30L

A%

)
&7

B5bsBo 17: ™M 3gEHombosbo mOHE0R0560 3565 geMm@ 4osd3gdo B@gbs,
LS5O YOO S 0039 BYHOm IMBOTEME0S IHY30W YN sObYdO

-7

19



Dm0 ©sls336900

Bsd0™ddo Qobbowrmwo 8900MmEMmE™My0s HoMmdmoygbl 3sGogmIMo

3900593990 LOLEHYIOL 2535M3H03900L TglodEgdEMdL FobEE-M9BMbIBLYYIE

GMIMYM5330590. F00gdo 99093900 Homdmaqberos sli3gbgdol Loboo:

Bsde@ddo Domdmpgboro 390MOMEMY0S 560l
1B039MLHEMOHO s FoLo godmygbgds dgladergdgwos 6ydoldogMHo
Go30L 9bGH9bol 993963 gdoLOMZ0L, OMPMOOES ToRITOMS©
BoMBMIYdIMO  ©O3M&mo, d030maygbosbo  bmwol, dsomo
39690 09 bb3s GH03900Lsm300.

50b0dbmo  dgmmEmemyool  2sdmyqbgds  Iglodergdgaros
B9o0obdogmo BmOToby s gMIIBHOONWO  A3bsgdol dJmby
56960l 9engdgbEgdolismzol;

Bsd0™ddo 9853900 FomgdsBH03Mo IMmEIEro 0drg3s
dodLodoErmEo@  2oblbgegzgdyeo  fygzowgdols  Fgemhg30L
d9L5dGIMBSL;

Pomdmagbowo 3gom©MmEmyool GHodo LBsdwmoegdsl 0dwggs
5eam®omdo  390335¢0ml olyy, GMI JgLodErgdgero ogml 56
dbMEM© MO0 sOHOL Y30 gds, 3539 Lsdo b TgEo sObols
©53930069%53,  MmIgwog  9gBHo© 39593060908  sMbgdol
50 9bMdSL s FgLsdsFoLO Tom LbdFoMMGdYOL.

3900 ME ™00l 1393030300056 39030bs69

3oLomM350oLHobgdgos ©sdgbodg FBoJGHMMO GMIgos M93mdgbsiool

Lobomos fo®dmoagbowro:

39530  Mom©abmdol dJmbg  sMbgdolsmzol  Fomdmoagbowo
3900MMEMYo0L 25dmygqgbgdolsl MIxmdILos gMm-9MHmO SMBOL
396351393905 5 3GIM39L0L F98YMT oD mNgs;

d9L5degd90s  50b0bMro  FgMmEMEMAO0L  2o63gmMHgdom
3990myggbgds oG Jo0m  2odsM3H039d0Lm3zol,  MMI3s 50

20



99900b3935d0 LOlvMZY0S 356 YVIMSE 493F3900 sObgdOL
50m©gbMmds 56 0gml dz06M9;

e 50b0dbmwo  FgomEOMErmyool  2sbdgmEMgdoom  2sdmygbgdolsl
Lol™zgeros 999m(Hdgl gods6EH039dwwo 4bom Jowgdo
3900bObYEgds, LGObIOGHMO 3bom 900900
390mbsbgdol ghon  OMIgodg  FOowDbBg  LETMSM

33906530 300030 gdol 2oblsbrzmom.
LOEOLYOESEOM bsdMMAOL Tgx53gdolols 360d369wM35605 500bOABMU

Omd  fomdmygbowo  IgmEOmEmaos BOEOL  bgedobszmdmdsl

3905 25059399 LOLEJIGODY, FoToMH0390IWO  FJOOMPMEIMYO0L
159311939 DY MIXMIJLYOS MM O POTMMZ0MO MYLIMLO.

0bgm®ds30sL 653OMI0OL 536HMdsEoOL Tglisbgd

LoOLIMEIE0M 3309308 BoMRAWqddo 25dmd3994bgderos Modgbody

Lodg3bogH™ 65dOMT0, HMIgdoE Ho®dm©A9b0E0s Lool Laboo:

1. Kotetishvili K., Kelenjeridze M., Khechiashvili T. Use of dipole antenna in

microwave radiometry. In: 5th International Conference ‘Nanotechnologies.”
2018.p. 1.

2. Kotetishvili K., Kelenjeridze M., Khechiashvili T. Use of Dipole Antenna in
Microwave Radiometry. /. Pharm. Appl. Chem. 2019, 5, 2, 71-3.

3. 39w9bxg®modg 3. {obsbfo® goblobrgmmmwo  dsabo@m®o  ggwol
RMOHI0MYOS 35M0WIWIMSQ 250593900 bE9b9d0lL F9d39mdom dsabo@m®

9BMbsbLYE FBHMIMYGMsx05d0. Nano Stud. 2020, 20, 31-6.

4. Kotetishvili K., Kelenjeridze M. Overview of Parallel Imaging and Parallel
Transmit techniques of the Magnetic Resonance Imaging. Journal of Applied
Electromagnetism. 2020, 22, 1.

5. Kotetishvili K., Kelenjeridze M. Simplifying parallel transmit coils by
selectively pairing the channels. Journal of Applied Electromagnetism. 2021, 23,
1

21



L593GHMOM 3mjdmdgdol Los

1. Bsd®™Ido (omdmoygbowo bsbsBo 15 - eoEgb®os: John Wiley and Sons,
Bmdgemo: 5094991265413

2. 659630 Homdmagboo bsbsbo 16 - wo3gbBos: John Wiley and Sons,
Bmdgemo: 5030200027544

22



Abstract

Improving parallel transmit coils for ultra-high field Magnetic Resonance

Tomography

Magnetic Resonance Tomography is one of the leading technologies in
medical imaging. It is used for humans' and animals' different body parts
examinations as well. Mainly the MRT is used for soft tissue imaging, such as the
brain. Imaging the brain by the MRT can be used for clinical diagnosis and finding
the anomalies, also it is possible to research tractography of the neurons and axons
and determining the functional areas in the brain by the Functional Magnetic
Resonance Tomography. In these fields, the quality of the Magnetic Resonance
Tomography exceeds the possibilities of other technologies, such as Computer
Tomography (CT). Also, it should be mentioned that Magnetic Resonance
Tomography is not using ionizing radiation, which can potentially damage the
biological tissue distinctly to the CT. The principle of the MRI is based on
manipulating Hydrogen (in some cases other nuclei as well) spins with the help of
the main static magnetic field, gradient coils, and receive-transmit coils. Magnetic
Resonance Tomography has its downsides such as avoiding implanted patients and
objects with metallic parts, monitoring the Specific Absorption Rate during the
examination, and the cost of the scanner, but instead of this, Magnetic Resonance
Tomography is unchangeable technology for clinical examinations and research.

This field is developing day by day, and its opportunities is expanding as well.
Developing the MRI system supports the implementation of the various complex
systems, such as parallel transmit (pTx) coils. Their implementation mainly became
necessary after introducing the larger static magnetic field MRT scanner, because
conventional coils do not offer a homogenous transmit field, which is reflected in
the image quality too. The principle of the parallel transmit coils is based on the
increased degree of freedom, which makes it possible to control the transmit fields
advanced way, solve the field inhomogeneity if necessary or produce spatially
tailored spin excitation. This technology provides expanded opportunities for
Magnetic Resonance Tomography, but using them for clinical purposes widely,
meets several difficulties because of its complexity.

The methodology described in this thesis represents a control mechanism for
the degree of freedom, that simplifies the pTx system on the desirable level. This
methodology is based on the pairing of transmit channels regarding the specific
algorithm, which aims the least decrease the image quality, by choosing the transmit
channel’s pairs optimally. The magnetic component of the transmit radiofrequency
fields, which describes the sensitivity of the specific channel in the research subject,
is used to choose the pairs optimally. Channels are sorted and the best pairs are
chosen based on the transmit magnetic fields, with the help of the methodology
described in the thesis. Pairing the transmit channels decreases the physical
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necessities (like electric components and equipment) for the transmit up to a factor
of two and reduces the computational needs, which directly affects the preparation
time required before the examination.

There are described two simulated research objects in the thesis, the first is
a six-channel one-row parallel transmit antenna, and the second is a twelve-channel
two-row parallel transmit antenna. Innovative simplification methodology is
applied to these objects. For the first object, analysis is made on two conditionally
chosen slices, as on the two-dimensional transmit magnetic field maps. Whereas the
whole volume is used for the second object - as a three-dimensional transmit
magnetic field map. It worth mentioning that the results from both objects are
logically linked. For the first research object, which is one-row, analysis on both
slices showed that pairing channels are on opposite sides to each other. For the
second object, which is two-row, the pairing channels are on the opposite sides and
in a different row. For the first research object, the initial number of transmit
channels was six and after simplification, it became only three, whereas for the
second object, the initial number of transmit channels was twelve and it reduced to
six.

The methodology described in the thesis, which aims the simplification the
parallel transmit channels and increasing their accessibility, is a universal method,
which can be applied to any type of parallel transmit antenna. It can be used
regardless of the type of antenna element (loop, dipole, microstrip line, their
combinations, etc.) and the geometrical arrangement of those antenna elements.
Specific parallel transmit antenna can be simplified as one process in the initial stage
and does not require to interfere in every examination. These features make the
methodology more favorable to be implemented.
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