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Annotation

In the current paper, computer modeling of a distribution of
electromagnetic fields and eddy currents in the soil caused by high frequency
(=100 kHz) electromagnetic radiation is reviewed. Results then will be used for
creating a new type of detection system, more specifically a system that can
detect voids in the soil, where non-metallic landmines and other explosives can
be potentially placed. Experience and knowledge gained during the work on this
project will be helpful for solving geophysical problems. The results will have
international importance for demining areas mined during regional conflicts and

hostilities.

The next stages of the current project will make an important contribution

to the development of demining technologies.

The current thesis consists of an introduction and four chapters: a problem,
methods, modelling and results, and conclusion. Each of the chapters consists of
subchapters. The introduction includes an overview of the problem discussed in
the thesis and its actuality, existing systems and methods. The first chapter
describes the problem and tasks. The second chapter describes methods and
software used for modeling. The third chapter of the thesis describes work done
on modeling of eddy currents. Lastly, the four chapter of the current thesis
includes a conclusion. Results and programming codes are available in the

Supplemental Section of the current thesis.
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dsaboB«®mo 39wob o o S oL d (=
ng-dl=J]-ds+—JD-ds (1.14)
BO0M3Ms300lL MmgmeM9dos ! s dt Jg
259L0oL 3sbmbo jgﬁ -ds =fpdl7 (1.15)
N v
391bol 3sbmbo -
fB-dszzO (1.16)
dsaboBemo 3gwobmgzol s

o s mGmysbbmdogdosbo, aosmlol mgm®qdsdo  bszgdHowo, boem
RoMO©Yol o 533960 0-05J139w ol F9bFBHMEYdsTo MO DBYJPI30MmOs, MMIgEos
390mbsBE3m®s3l v Img@mdsl, GmIol Lsbwgs®o sGob [ Bszg@dowo

3mb@9wGo.

§3.1.3 LSbIDM3ZOM 30MHMBdYdO

MO0 Q50mqgdmb gsdymgy LoHDE3sMHDg swpowo 543l 909y LoLOIBO3O™
306 Mm0d9gdlL [43]:
1. 96m0 35093mEsb IgmGmgdo QoL olsl gwgddHdmwo 39wol dbgdo
09690 (H9630bgosw 6o, 3obfigHogo) Vfiygados
AXE, =71 XE,, (1.17)
Ls@sg B @3 E; 9@9]G0@o 39@)d0s 30639@ @5 3906 35693mdo, bawe 7 -
M60 35609dmb g5dgmxzo HBgEsdo®ol bmmdswos
2. 0930 9OM-9OH®M0 oM JIM 0JIW MO 25dBHoM0s, 35d0b 39wo dsbdo 396
50093L @ 98 dgdmbgggzsdo

AXE, =nXxE,=0 (1.18)
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3. ) MO0 256090mb  2509gmxzg  LIBERZIODBY sOLYIMOL  MIz0LYGIWO
9Iw9ddHemwo dnbEgdo, 95906 D bm®dswmdo dagbgero sbogob
UEERIVEL

#-D,—%-D,=q, (1.19)
boo3 g mogobvgswo dNbEgdol Bgosdo®mwo Lodlzzmoggs

4. 9600 o6 gdmsb Igm®mgdo ooz obsl B dp9bgwo »fyzgdos

#-B,=7"-B, (1.20)

5. o ghm-ghmo  2o6Mgdm  0IowMmHo 459G sM0s, 85806 B Qo H

Bm®dswm@o Jdagbgwgdo 53 qsMgdmbo bwmwos s syoo 543l
GHM@MdsL

#-B,=%"B,=f*H,=7-H, =0 (1.21)
6. ) OO0 25609Imb godymaxy LoHBEzsODY 335J3L g gdBH® Mo ©gbo, 35806
H 35556030 303969@0 33603@0L Fy390 b
AixH,—AxH, =3, (1.22)
bowe, 0o 9gOHm-9gOhmo (©s3Mdzsm dgmedg) 256M9dm 0IJIMEOO 45dGIM0
d5d0b
AxH, =6, (1.23)
U3 G BYEI30MmMwo ybol Lodzzmoggs
7. 3s53bod o dNbGH9gdob o ©9bgdol Fgdm@sbols 9dmbggzsdo 33996900
999000920 LoLOBO3ZOH™ 30OHMdgdO

i x By — i X E; = Ggy, (1.24)
ﬁ'Bl _ﬁBZ = T]d,a, (125)

LoQOG gy ©O Mgy V9EIS0ONO Fo360@H Mo ©gbol s dsgboBco dnbGHol
L0d3300399%005
8. m9) gehm-ghmo  QsMmgdm  bolosmEgds oo, dogxMsd  LobOEo
399396 9dwmdom, d5d0b E () H dbgd0 0y9bgwgdo goMmgdml godymg
b9©9300Dg 9O ®Ibgomsb ©s39300MmgdMwos d98®gao dosbwmgdomo
AWMmdom:

ﬁxﬁz\/g(ﬁ-(ﬁx H)) (1.26)
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§3.1.4 dgbgemol gmbJgogdo

09Lgwolb ®ymbJsogdo - Fom9gdsBozsdo gnbdzogdol mxsbo, GmIwgdos
d9Lgwolb oxgmgb3gosw Mo gosbBHmwgdol 356mbozm®o sdmblbgdo 56 0sb:

2 2%y
dx?

x2 24 x4 (62 = ad)y = 0, 8gligerob @oy. 3o6GMeyss, (1.27)

boog a - bgdobdoghHo bsdzowo Gogbgzos (HBmyss dgdmbgggzsdo -
3®83w9du©0o), H@dgebsg oyl Yimwgdgb.

09Lgwol 396G M gds 33b®9ds Wo3obol Qo 39wd3mwwaobl
23956 ™m@ 90930l 3o obEmmww s LY IO 3MmMmOEO065EJdTo sdmblbol OMU.
500@ ™3 ¥3gbgol gvbdizogdo bdoMms A59m0ygghgds GHowmgdol 9303w gdol
59m3s690300, doq9omMH:

* 0wIYIHOMIb0HNH0 HowIdo F0WobEOYW HowrysdGHs®To

e Lo®OMASTBHIO MBS 30obOW md0gdBH9ddo

e ombgwo IGyzswo d93d0Msbol Mbggzgol gm®dgdo

e dMa35w bgzMgwbg ©OoYMs0MmgdYwo  Lobsmwol  06GHgbLomdol

3obofogds
o b65fowszgdol ULobdotmg Lomboo 893b9dMe @S omogobo EgMJIol
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* Howeyco 3ubjgogdo LEIONE LodyHOoYw 3ndIbgon® yymdo
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30M39wo  335MG0L  dgbgwol gmbdsogdo s00b0869ds  Ji(x)-om. gL
1}vbd30900 dgLgwol ©oxghmhgbgosw®o gosbGHmwgdol sdmbsblbgdos x =0
Do @owdo, a-b dmgwo 56 s®sMsmymgomo 3609369™dgdol M™U.

9l 39bJ30gdo 3H3Mogz0L Loboom F9y30dw0s odmglLobmon:

—1)ym 2m+a
Ja(x) = Zm![‘((m-l-)a+1) (g) ' (1.28)

m=0

Loog ' gowg®ol g0ds gubdgoss.

1
142)?
F(z)zén#,zec 0,-1,-2,..} (1.29)

n=1 n
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Bessel functions
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@5 65 353w gbsl sbyhgbh bBoswogol gwgdBHO™IspaboBHHo 35G539GHM 00
99%owob ©939ddH™M9dbg. s00FGHMI sOLYdMOL LosFoOmmgds odobs, GmI 3
LR gOMAo BsBHIOIL OMamOE MmgmOowwo, 51939 9J3960096GsIWMEGO 33w 93s
odobmgol, GMmI go35M330mm», M5 gwagdBHOmdsgyboBHmGo 3560539@Ggd0
86003690 ™35605 5 ®5 253w gbsl sbgbgb olobo Lbgsslbgs Godol dg@Gswol
©IGIIOMOIdbY.

00ox 00 Lol IgmmETo 60sIH0 ITMPIWOMHYdM o SGOL, MMM
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3obLbgo399wo  Looy, ol NIgBHgl F9dmbgzgzsdo FoMImagbowos
LobdoMHobsb sdMM30Idgwwo Mgow@o 3mblGsbGob Lobom.

39¢owob ©93H9dH™©mgddo, MMIWgdoz 259m0ygbgds 2565030l O™,
bdo6 d9dmb3z93590 LybLlmOol Lobom 0ygbgdgb 10-15 LsbEGH0gGHMOL HooNLosH
30390L (UXO ™d09d3900l ©939JGH0cmgdol mml 250mo0ygbgds bbgs GHodol
LgbbmGgdo, 3mFgoom, MMIWIdOlL MHEONLYdo IsbWwMmgdom 50 LsbEGH0IgEHMol
RoMAWgdd0s). 063 9gMHgbol mdogd@gdo, MmIwgdog bdod Jdgdmbgggzsdo s60sb
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6o0m©9b0dg LsbBH0IgEH®oL Lo®Agbg (dodlodosw e LoW®IgE, bmyswsw, 30
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obGmOmomwo dmgzEgbgdol @godmdEobsdg, ©EILEOgMdom Jsbswdgol
36OMdwgds  MIgBHglb  F9dmbggzsdo  ©@gsdofiol  HOm3ozwmw  H9gaombgdl
5bobosmgdlL (585LMob 3MTsboBomMwo 2565030l 3O MdWYIol (obsdg sl
dbmgwoml momddol ygzgws Ggaombo). s M9gy0mbgddo bossgo Fgodwgds
bo3dom@ Foabo@MMo sImMBbgl ©s dobo dsgyboBH®o sdmzolgdwmds Mbo
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0oyml ©3MEYWoMmHgdMwo OmamO3 3033 9gdbymyGo LobdoMgbg
©23M30090Ywo LoEOY.

dm39dmwo dgoomo dobbos 96 obsbogl bosogol dgdsagbgwo
bsfowgdol s 3MHm3glgdol ©s Im3zwgbgdol, G@IWgdol godm bosoalb
9496905  dsaboBHmmo  ®»30L9d900, TgbHogwsl. o0bgm®Isgos 98 ®9doby
dmEgdwmos [33-39] 6596 ™dgd00. dobgo35Q© 500bo, dgoom©o
om3omollobgdl  bosogol  gwgdBHO™IsgaboBHme  ®»30L9dgdL.  dgomdo,
Gmamdag  bosogol, slggg  mogzobyygmyomo  Logd®aol  ogwgddHc®olzmwo
890f0350mds (&) Bo@gdywos  LobIoOYHY ©IIMY30EIPI LOPOEIE ©d
bmyog@om dgdmbgggzsdo Mogbgzomo 2s0mm3wgdol OML YMamwgdgwymzgowo
0d6905.  ©ogwoddhHogwo  Fgefggomdol (g b0, JwoddONwo
399%HoMmMds  JoEgowo  sOOoL, Mmamds LobdoMolysbh ©sdmwmzoydgwo
bLoOoY, bmwm bBosEsgol JsgboGMGo 356539GHMI00 ITMPIWOMHIOMWOD
490930 Loboo:

= (1 + x(w)), (1.30)

x(@) = x'() + ix"(w) = xo <1 - m(lr_z) -In im2+1>, (1.31)

iwty+1
71

LoOE U ©O Ky F9LOdSTOLOE Meg30LGso Logm®Eob s bosogyol Togbo@ Mo
99009300m39005. x(w) bosoyol 3mIdwgdbmeo LobdoMgdy ©sIM30YdWMO
ds3boB o  sdm30Lxd @By,  MH@mIwolb  Mmgowdo s  foMImbsbgomo
3m33mbgbBHgdo Ygbodsdobo x' @os x” s®ob. xo 35a603HG0 s83mzobydw™mdol
DC 86039369 mdss. obGHmegdsdo (1.31), ®mIgwog §o6MImoagbl dsabodmeo
50m30L9dwmdol  ghHm-9gOHo  FmEIWL, 035M5MYds, ™I  JsabodHdo
9gwodbsgool MmOl 3mbLEGHIbGHId0 gOMa35MH™3bs G056 sbsfowqgdmwbo
T,-bs  ©@s T71-b dmGolb. y(w) LooEol Mgownedo @©s Fo®Imbobgzomo
3M33mbgb3 ool ymxyodzgzol sbseobo sMmol gobbowmeo [40, 41] 65d6O™Igddo0.
Hmamda 339 9036086gm, Im3gdmeo sdmEsbobmgzol bosogyo ghmagzsmmgsbo
Bobggo®lbogm®aol Loboom 046905 ©dMmEgwoMmgdmeo. sdm3sbols

390393 ®oMo dmEgwo foMmImbobywos Lye. 3-%g.
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Ky, 0, g Air
..................................................... yh—.. sassisssssaaaa
Soil
0 p
X ‘
z2=-d
Hi,0,,8
v
. P(Po,¢(1.'d)

Object (1, 0, , &)
boyts. 3, sdmpsbolb ggmdgdGosyero dmogero

©939dH™60 (LybbmE o), OMPMOE BMYsOI© bEYds, HoM®Impagbowos mGo
3m63963®0Mmgdmwo  3m3wsbsdmwo fOGoMwo 3mFom. osdggldo 3mFol
ooMbo s b3z09d0lL Momgbmds dglsdsdobs a s Ni-5, d0d®gdo 3mFol -
b@sN,. bLy6d. 3-Bg sbggg dmyzsbowos Bspbod®o Fgufgzomdgdo (k;)),
9@9JOOVXOo  3odGHoOM™dYB0 () @O oI IJOOYwo Fgefgzomdgdo (&),
boog j=0, 1, 2 $o6H3moy9gbl 9gbodsdolo@ 3596, 60osogl s mdogd@L. 3mFs
©59496909os 90ffoob z=A Lodoswgbg. 35©0sd39d0L ©gbo Fs®Impagbowos
[e't Lsboo.

POomwo LodgGHoool dsdm, 39wol 3md3mbgbBHgdo, GmIwgdog bmywol
GO 5655, sOob H 3sabo@do 3gwol p ©o z 3m33mbgbBHgdo, bowm F
1w9dHOwo 39wolb - @ 3mI3mbgb@s. gobGHmwgdgdol LodsOGHogzolbmgzol
d99mGoboos 99990 s0b0d369d0:

Y6 = —Hogow?, (1.32)
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ug = A +5, (1.33)

2 _— _ i _ 2
Vi = oW — & 07, (1.34)
i =241, (1.35)

boog A 06393H0Mgd0L 33w sEOs.

Mmqbsg foboggwgdol ©@gbo sGOL wWamwgdgwymyowo, Moz bHJo
dgdmbggzsdo  bgds, BgdmmIm3gdnwmo  5bGHMmwwgdgdo  os0fgMmgds

9900936506 o0:
¥s =0, (1.36)
Vi = iojpw, (1.37)
u? =22 + y2. (1.38)

§3.2.1 3ggegdo 359680

J4399mm 9mEgdMwos 39wwgdol 3md3mbgb@gool qsdmlobmwgdgdo. Bgs
06©9dbo + 50b08bsgl LogHiEol Ggaombl 3mFol Bgdmm (z > A), bowm bgos
0b69dlo - 30 G®gaombl 3mFols s bososgl dmMob (0 < z < A). Bgos 0bgdbo
air 50b03dbs3lb 30MH39wWs© 39w, bawm soil - 3gmOsE, 36933wowl. ysO®m
50980 560l ghmbgzosbo 3mis Goonbom a s ©gbom - et EOHM®OL
3083mb6963s 560l Bsbdmdowo.
39Ww9d0 z > h s6H9do0:

T +air +soil
Hy, — Hy™ + Hy,
Ta , o
= A )k.,.irlII_}R{I?“:_HIIL—{U{EA
o[ (1.39)

a7 g — powy

2 Jo v + poty

Ay (Aa)Jy (Ap)e o R gy
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HD_: — H;]—:ﬂi:r + Hﬂ—:.'iﬂi.-ll

Ta ™ X° (k)
= — —Ji(Aa)Jg(Ap)e =T d )
2 Jo ug

Ia [ — A o
= Hitlo — Pt ZJi(Aa)Jy(Ap)e o l=Fh gy
2 S pun + pomw i

(1.40)

+ +mir + a0
Eﬂm - Eﬂm + E'Dm

g A g
__erd ZJi(Aa)Jy (Ap)e e T gy
2 0 to (1.41)

o] > — A e
_ tpowla f PO~ PO 2 7y (Aa)Jy (Ap)e ™ 0 gy
2 0 Mo + pot 1y -

0 <z < hs69d0 335J3L 39w 9gdob 99990 25dmbobmwgdgdo:
_ —ai —sgil
H{]p — Hﬂpﬂir + H{]Pg

Ia [~ —up(h—z)
=5 AJy(Aa) Ty Aple o= d A

1.42
Ta ™ pyug — pouy —up (h+2) ( :

+ — —————— A Aa)Jy (Ap)e e TN

2 Jo o maupg + pouy ,

HD_: — H;]—:ﬂi:r + Hﬂ—:.'iﬂi.-ll
la NS —un (h—=)
=3 —Ji(Aa)Jy(Ap)e “d )

0 o (1.43)

Ia [™ — A .
ia Hitg — Hotlh x 21 (a)Jy [hﬂ]le_“”m_‘ Y
2 S pun + pomw i

— —ir — a0
Eﬂm - Eﬂm _+ E'Dm

g 1 A i
__erd ZJi(Aa)Jy (Ap)e e sl gy
2 0 to (1.44)

pgwl > — A .
_ tpowla f PO~ PO 2 5y (Aa)Jy (Ap)e e gy
2 0 Mo + pot 1y

§3.2.2 39900 bososydo

0dob 5dm, M3 bybbm®gdol dgdz9mdom 39w gdol 2oHBmI3z900 IbmEwm
359630 bgds, 39w 9ol 6050 DMPIOIE 3G omMm35¢olobgdgb. sdob ooy,
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doffodo  sMLYdNMYo  ®dogdHol  sdmdsbowo bIod FJgdmbgzgzsdo  sGOL
336 MmJbodoMmgdmwo  OGmammOz  bossgol  bBobgza®lbogdaolbs ©s  359MTo
®009dGHol  godmdsbowgdol xsdo. w3gmglbo s3GMmJLlodsgos 0gbgds, owvy
3930m35¢obiobgdm 39w gdlL boswogdo.

39w 900L HBMmYoOo godmbobmmwgdgdo bososydo (z < 0) sGob:

In ™ 2ugiy

Hiy=—— [ —————A\J(Aa)Ji(Ap)e" e ™ d)
v 2 Jo piug + poty AR APTE (1.43)
Ia [ 2ugA ﬁ
Hy, = = L}Jl[An].f{-,lz,hpjr“l e ohg)
2 Jo piug + poti ’ (1.44)
witnd > 21\ )
By = _erd / '”—l.fl (Aa)Ji(Ap)etze Moty
2 0 Mg+ gt , (1.45)

b90mmIm39dMe 39 gdol  4odmbobwmwgdgddo  godmygbgdmmo  sGHob
d9bgwol 3wbdzogdo 3oM39wo 2356M0b s 0 s 1 Goyol ( Jo, /1 ).

§3.3 odbdotg 39dmILboggdegbol Igomo -
Method of Auxiliary Sources (MAS)
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LolGmo bbgomdgdo @OMmom s®m9gdo s Lbgs.
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©58dbgds Im3gdo ogm Jodm3zgwo JomgdsBozmbol 30dGHmE 3M36Gsdolb
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390dm, (obslffod o0dbglb oygbowo Lbgwmwol BgEsdo®dg oxgdsjgool
9909350 0bME0Mgdmwo ©gbhgdolb ©obgdol M3oGdsEGglo dodsOmnmwgdgdo,
Lob®3zgos 3mwm3zsgool HamEGHowqgddo dsbolyy®o 39dBH™Mmgdol mMogb@ogos
5MBgme  0dbol 53 M30GsBHglo  FodsOHMmMWgdol msbbggbowmos. sbgm
d90mbge3500 oM BH03©Ids OHx03 swaqgddOmE  gsbGHmegdsms  LolbEgdol
do@Gmogol bobg o dgbodosdobo 0HBOYds sdmEsbol sdmbLlbol LobBNLGI.
5033565, MMmamMz 58 dodmbowgosb BsBL Bs3gdHowo BgEsdoMgdolmgol
©.3.9. §oMMmo©ygbl LoLoBOzOMm sdmEsbgdol sdmblbol 9x39dGHMG s dwogd
39gomEL. 3sdbgmwo 39wol  sbooBMMHo 2o3mdgwgdol gomzowolobgds
dgomEl god®om  dgbsdwgdwmdgdl  nblbol. dgméHglb dbMog Govywo
39009300  FogmMgdolbmgol JgommEo LsFoMmmgdl gobgomsMmgdsl @
LOYyngsl [19].
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§3.4 0m3dgb39d0oL Igmmeo - Method of Moments
(MoM)

sbas  asbgobowmm  bmyso  3OMmE3gMs  §OGxz030  LolbEGgdgdol
50mbobbbgmo - ImdgbEgool dgomoo (Method of Moments) [4].
39630bo@m® gobbmaomgdmwo sdmasbs:
L(f) = g, (1.61)

boog L §O®x030 m3g0s@Gmcmos, g - 3bmdowo, bowm f - mgbmdo gubjsogdos.
Sbas L 35Bobdo 4o9mgzbobmm f gmbdgos fi,f2, f3 ... 8396d30900L xsdolb Loboo:

f=zanfn' (1.62)

boog a, fmbomo gmbjgogdol Mbmdo 3m9xn030963GH9d0s. 030l gsdm, GMmI L
06030300, (1.62) 259mbsbmegdol (1.61) godmbobmagdsdo Bsbdobsl dogowgdm:
zanL(fn) =g (1.63)
n
30630bmpomm  dgommeo, Gmdwol 09939mdom  Lobsbwgzmm  306HM™dJdO
©5999853090s5. B39b6  25BLoBE3Mogm  LIowodmo  b6sdMsgwo  BdsBobmGo

Bwbdgool r s fmbomo gwmbdgool f,(1):

fsfud = [ fnr) [ furarar (1.64)
fm fn

5y 0b@9gacowgdo 96056 §OGg030, BYI30oONWo 5b Imgmwmdomo, Mo
©53Mm30©09005 d5DoLbYO s BHgbBHM® BMbJ3090Bg. sbws 3o LswsdwWws
3935963 mm ymzgwo GHb@GmOo gnbdgos bsdGDBg. 999gpo d03009dm
990099 356G MEgdsL:

> f LU = {fons 9 (1.65)

n
boog
Apn = f LURD), X =an, b = (fin, 9). (1.66)
50b03836900L dg@sbom, 30300900 FoBHG o3 5bFGHMW9dSL

Ax =b (1.67)
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dmEoo®yds @s d9Egagdo

306039 6o0pdo, B396 0. ©sLoLb JgmmEom EIZsTMPIWOMmgm JoH®Oo
bgoolbasb V90pyo®o 3mFol gwgdddmwo ©s dogbo@GMMo 39wgdo oo
bLog®3980. ImPYWoMmgdolmzol Fsdmgzoygbgm 3OHMAGITNWo 353930 MATLAB
[44]. QoEgdwo Jd9©9agdo dmygzsbowos @sbsG»To, LyOHosmgdbg 1-8.
dmYoMgdol 3OMmyMsdmwo 3JmEo dmyzsbowos ©bsG®Io (3OHMAGITMNo
3mqo 1).

02039 50m@Esbs  ©o3%0mEawomgm  Ubbgs dgomgdol 2sd9mygbgdom,
390dmE 30 36myMsdnw 3539¢do EMCoS Studio [45] o C++ 360G ™6
9bo%bg Visual Studio [46] 36MMaGs0mE 3539300 ©shgHow MoM dgomol
Lodmowgdom. 0. Lol dgomeol Jgbodmf{fdgdws 8935IGJm gOH®MIsbgoL
bbgoolbbgs Jdgomom  Jogdmwo  d9©939d%0.  F9gEsMgdol  bobosbgdo
9myg356005 65O ®MTo LB oMgdHg 9-13.

500l 990093 ImEYwoMgdsdo  ©o35353gm  bosogo.  bosogol
56OLYOMBOLIL FogdMo d9Yagd0 ImYyzs60mos IBsOH®MTo LYOHsMgdbg 14-23.
dmYoMgdol 3OMmyMsdmwo 3JmEo dmyzsbowos ©sbsG®Io (3OHMAGITNo
3M©o0 2).

0MmEwoMmgdobsl 39w9dol odmbobwmargdgddo (1.39 - 1.45) s6GLgdwmwo
063} 9gadowo  dg333omgom X90o©. x500L  Bgs LIBO3MsE s30MBogm
96038369 mds 600.

® 600
f _>Z (2.1)
0 0

X590l 309050Mds 6563969005 IBsG Mo LYOHsM9dDg 24-49.

51939 ©o35dmEgwomgom GEM3 @odol bgbbmMo, HmIgwoi 99©ygds Mo
3m3obogob. GEM3 @Godolb ULgblmMgdo bdodo 299m0yggbgds ©9@H9ddH™OMw
Lol@9d9gddo. BoMgdMYWo MJBMNWEHIGJd0 653969006 LWEOLSM9gdBg 50-55.
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©sL336s

LodosgolBomm 659600l BoMwgddo Lbgoobbgs MOTUPNORYFYTele
bgwbofigmlb s gbol 99939md0m s0gMs Hsdm©gbodg 3MMAGTMwo 3539F0.
3O MyModmwo 35393900l  Fmoz35M0  0@Igs  sGOoL  Lbgoobbgs  dgmmol

39dmygbgdom  bosoydo  gwgddHemdsgbo@dmMo  39wom 398mf39mwo
3M0owMo ©9gbgdol FmEgwo®gds s dgbfiogers. B3gblb dogd osfgMHowo
3OMAGMOIMwo 353909008 qsdmygbgdom  ©o39dmEawomgm  bosopdo
9w9dBHO™IsaboBHMOo  39wgdol O  gMogowMOo  ©9gbgdol  dsbsfowgds.
3o9dmgz0Bobgm  ©olgghs, Mmd  Igbodwgdgwos bosopdo  sMLTgGHoEO
®00943H0L ©9GIJGH06gds Fo0olLobJoOH e g gdBHO™IsgboBHe ©0s35HmbJdo.
990pamdo  sdm3sbgdo  Fgodwgds  oygmb: Fs0swlbobdodOwmew  ©0535PmbTo
Bosogol 3565393 gdob  ©oy9bs;  9gwgdBHOmsgbo@ Mo  39wgdol o
23600350 ©gbhgdol ImgEo®mgds Bossado Jsbdo sGsTgGHIMMo mdogd@ol
56OLYOMBOLLL; BoDozMMHo LybbmGgdol dgddbs bososydo sMLTgGHIWMEO
000943900l (bo©dgdol) ©gB9IBH0M9dobmgzol. sMOLYdME sdmEsbgdbg IMFomds
d9bodwgdgwos LoEmJGHMOH™ 65O MIOL BoMawgddo.
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30O myMs9mo 3meo 1

clear all; clc; format long;

o

Matrix Indices

I

t
1
2;
3

4;
= 5;
= 6

"1'.1|"1'.1"1‘_1"1‘_1"1'_1Nl-<><
0o N X

I =1; % Current

a = 0.15; % Radius of a Big Coil

b = 0.10; % Radius of a Small Coil

coil pt count = 100; % Number of points of coil model
1.256 * 10 ~ -6; % Magnetic permeability of Air
eps 0 = 8.85 * 10 ~ -12; % Electrical permittivity of Air

o

miu 1 = 1 * miu 0; % Magnetic permeability of Soil

eps 1 = eps_0; % Electrical permittivity of Soil

sigma 1 = 0.000000000001; % Electrical conductivity of Soil
w = 100000; % Frequency

h = 0.5; % Height

3
-
e
(@]
I

gamma 0 = 0;

gamma_ 1 = sqgrt(li * sigma 1 * miu 1 * w);
% Axes

x min = -0.5;

x max = 0.5;

y = 0;

z min = 0;

z max = 1;

% Building a coil

i coil = 0:1:coil pt count;

d =1 coil * 2 * pi / coil pt count;

coil points = [a * cos(d)', a * sin(d)', h * ones(length(d), 1)];
file coil = fopen('../Coil m.plr', 'w');

fprintf(file coil, ['Coil\n6\n', num2str(coil pt count)]);

for i = 1l:coil pt count

fprintf (file coil, '\n%d %d %d', coil points(i, 1), coil points(i,

coil points (i, 3));
end

fclose(file coil);

[

% Calculations
curr = I * a / 2 / 100;

curr e = - (11 * miu 0 * w * I * a) / 2 / 100;
op = 0;

point count = 80;

x points = linspace(x min, x max, point count);
z points = linspace(z min, z max, point count);

size x = length(x points);
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size z = length(z points);

array size
op_max =

size x * size z;

array size;
limit = 600;

arr_ind =

E = zeros(array size, 8);
H = zeros(array size, 8);
message = ;

1 =20.00001:0.01:1imit;

u0 = sqgrt (1l
ul = sqgrt(l

N 2)
.~ 2 4+ gamma 1~ 2);

mag = (miu 1 * u0 - miu 0 * ul) ./ (miu 1 * u0 + miu 0 * ul);
mag hro = 2 * miu 0 * ul ./ (miu 1 * u0 + miu 0 * ul);

mag hz = 2 * miu 0 * 1 ./ (miu 1 * u0 + miu 0 * ul);

mag efi = 2 * miu 1 * 1 ./ (miu 1 * u0 + miu 0 * ul);

exp uh = exp(- u0 * h);

bessell la =

besselj la

besseljl la

besselj (1, 1 * a);
bessell la;
= bessell la;

for x = x points
fprintf (repmat ('\b', 1, strlength (message)));
message = "Operation " 4+ op + " out of " + op max;
fprintf (message) ;

for z z_points
op op + 1;
point = cart to cyl([x, y, z]);

ro = point(1l);

fi point (2);
zh sum = z + h;
zh diff = z - h;
zh diff inv = - zh diff;
Hor air = 0;
Hor soil = 0;
Hoz air = 0;
Hoz soil = 0;
Eofi air = 0;
Eofi soil = 0;
if z > h
exp diff = exp(- u0 .* zh diff);
exp _sum = exp (- u0 .* zh sum);
besseljl lro = besselj(l, 1 * ro);
besseljl mult = besseljl la .* besseljl lro;
besseljO0 mult = besselj(l, 1 * a) .* besselj(0, 1 * ro);
Hor air = sum(curr .* 1 .* besseljl mult .* exp diff);
Hor soil = sum(curr .* mag .* 1 .* besseljl mult .* exp sum);
Hoz air = sum(curr .* (1 .~ 2 ./ u0) .* besseljO mult .*
exp diff);
Hoz soil = sum(curr .* mag .* 1 .~ 2 ./ u0 .* besseljO0 mult .*
exp_sum) ;
Eofi air = sum(curr e .* 1 ./ u0 .* besseljl mult .* exp diff);
Eofi soil = sum(curr e .* mag .* 1 ./ u0 .* besseljl mult .*

exp_sum) ;

Hro = Hor air + Hor soil;
Hfi = 0;
Hx = Hro * cos(fi);



Hy = Hro * sin(fi);

Hz = Hoz air + Hoz soil;

Ero = 0;

Efi = Eofi air + Eofi soil;

Ex = - Efi * sin(fi);

Ey = Efi * cos(fi);

Ez = 0;

else

exp diff un = exp(- u0 * zh diff inv);

exp _sum_un = exp(- u0 * zh sum);

besseljl mult = besselj la .* besselj(l, 1 ro) ;

besseljO0 mult = besselj la .* besselj (0, 1 * ro);

Hor air = sum(- curr .* 1 .* besseljl mult .* exp diff un);

Hor soil = sum(curr .* mag .* 1 .* besseljl mult .*
exp_sum_un) ;

Hoz air = sum(curr .* (1 .~ 2 ./ u0) .* besselj0 mult

exp diff un);

Hoz soil =
exp_sum_un) ;

Eofi air =
exp diff un);

sum(curr .* mag .* 1

sum(curr e .* 1 ./ u0

SN2/

u0

.* besseljl mult .*

.* besselj0 mult

F_Y),

Eofi soil = sum(curr e .* mag .* 1 ./ u0 .* besseljl mult .*
exp_sum_un) ;
Hro = Hor air + Hor soil;
Hfi = 0;
Hx = Hro * cos(fi);
Hy = Hro * sin(fi);
Hz = Hoz air + Hoz soil;
Ero = 0;
Efi = Eofi air + Eofi soil;
Ex = - Efi * sin(fi);
Ey = Efi * cos(fi);
Ez = 0;
end
% Filling the matrix in a format
$ XY 72 Fx, Fy, Fz, Ffi, Fro
H(arr _ind, :) [x, y, z, Hx, Hy, Hz, Hfi, Hro]l;
E(arr_ind, :) = [x, y, z, Ex, Ey, Ez, Efi, Ero];
arr _ind = arr _ind + 1;
end
end
J = [E(:, X), E(:, Y), E(:, Z), sigma 1 * E(:, F X), sigma 1 * E(:,
sigma 1 * E(:, F Z)];
fprintf (repmat ('\b', 1, strlength(message)));
message = "Operation " + op + " out of " + op max;
fprintf (message) ;
fprintf ('\nSaving Files...\n');

points str = num2str (length(x points));
arr _size = length(E);

arr_size str = numZstr(arr_size);
'w');
w');

file hx xz =
file hy xz =

fopen('../Hx xz m.plr',
fopen(../Hy xz m.plr',

\J
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file hz xz = fopen('../Hz xz m.plr', 'w');
file ex xz = fopen('../Ex xz m.plr', 'w');
file ey xz = fopen('../Ey xz m.plr', 'w');
file curr dens = fopen('../Curr Density m.arr', 'w');

fprintf (file hx xz, ['Field Hx\n5\n', points str]);
fprintf (file hy xz, ['Field Hy\n5\n', points str]);
fprintf(file hz xz, ['Field Hz\n5\n', points str]);
fprintf (file ex xz, ['Field Ex\n5\n', points str])
( )
(

I

I

fprintf (file ey xz, ['Field Ey\n5\n', points str]

fprintf (file curr dens, ['Current Density\n', arr size str]);
for i = l:arr size

x = E(i, 1);

y = E(, 2);

z = E(i, 3);

fprintf (file hx xz, '\n%d
imag(H(i, F _X)));

fprintf (file hy xz, '\n%d
imag(H(i, F Y)));

fprintf (file hz xz, '\n%d
imag(H(i, F 2)));

fprintf(file ex xz, '\n%d
imag(E(i, F _X)));

fprintf (file ey xz, '\n%d
imag(E(i, F Y)));

o
0.
o
0.
o
0.
o
0.
~

x, 0, z, real(H(i, F X)),

o\°
0.
o\°
0.
o\°
0.
o\°
0.
~

x, 0, z, real(H(i, F Y)),

o
0.
o
0.
o
0.
o
0.
~

x, 0, z, real(H(i, F Z)),

o\°
0.
o\°
0.
o\°
0.
o\°
0.
~

x, 0, z, real(E(i, F X)),

o\°
0.
o\°
0.
o\°

d %d', x, 0, z, real(E(di, F Y)),

fprintf (file curr dens, '\n%d %d %d %d %d %d %d %d %d', x, y, z,
real (J(i, F X)), imag(J(i, F X)), real (J(i, F Y)), imag(J(i, F Y)),
real (J(i, F 7)), imag(J(i, F _Z)));
end
fclose(file hx xz);
fclose(file hy xz);
fclose(file hz xz);
fclose(file ex xz);
fclose (file ey xz);
fclose(file curr dens);
function new point = cart to cyl(point)

if ~ isvector(point) || length(point) < 3

error ('Input must be a 3-D point')

end

X point (1) ;

y = point(2);

z = point(3);

ro sqrt(x ~ 2 + vy ~ 2);

2(

end
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30O MmyMsdmo 3mEo 2

clear all; clc; format long; % Clearing memory

o

Matrix Indices

I

t
1
2;
3

4;
= 5;
= 6;
= 7;

8

—

0o N X

L e e B B D S
(@]
|

~e

I =1; % Current

a = 0.30; % Radius of a Big Coil

b = 0.10; % Radius of a Small Coil

coil pt count = 100; % Number of points of coil model

= 1.256 * 10 ©~ -6; % Magnetic permeability of Air
eps 0 = 8.85 * 10 ~ -12; % Electrical permittivity of Air

3

-

e

(@]
|

miu 1 = 1 * miu 0; % Magnetic permeability of Soil
eps 1 =5 * eps 0; % Electrical permittivity of Soil
sigma 1 = 5; % Electrical conductivity of Soil

o)

w = 100000; % Frequency
h = 0.5; % Height

gamma 0 = 0;

gamma_ 1 = sqgrt(li * sigma 1 * miu 1 * w);
% Axes

x min - 0.5;

x max = 0.5;

y = 0;

N
3
H
o]
I
(@]
&

% Building a coil

i coil = 0:1:coil pt count;

d =1 coil * 2 * pi / coil pt count;

coil points = [a * cos(d)', a * sin(d)', h * ones(length(d), 1)];
file coil = fopen('../Coil m.plr', 'w');

fprintf(file coil, ['Coil\n6\n', num2str(coil pt count)]);

for i = 1l:coil pt count

fprintf(file coil, '\n%d %d %d', coil points(i, 1), coil points(i, 2),
coil points (i, 3));
end

fclose(file coil);

[

% Calculations
curr = I * a / 2 / 100;

curr e = - (11 * miu 0 * w * I * a) / 2 / 100;
op = 0;

point count = 80;

x points = linspace(x min, x max, point count);
z points = linspace(z min, z max, point count);

size x = length(x points);



size z = length(z points);
array size = size x * size z;
Op_max = array size;

limit = 600;

arr_ind = 1;

E = zeros(array size, 8);

H = zeros(array size, 8);
message = '';

1 =0.00001:0.01:1imit;
u0 = sqrt(l .”~ 2);
ul = sqrt(l .~ 2 + gamma_1 * 2);

mag = (miu 1 * u0 - miu 0 * ul) ./ (miu 1 * u0 + miu 0 * ul);
mag hro = 2 * miu 0 * ul ./ (miu 1 * u0 + miu 0 * ul);

mag hz = 2 * miu 0 * 1 ./ (miu 1 * u0 + miu 0 * ul);

mag efi = 2 * miu 1 * 1 ./ (miu 1 * u0 + miu 0 * ul);

exp uh = exp(- u0 * h);
bessell la = besselj(l, 1 * a);
besselj la = bessell la;
besseljl la = bessell la;

for x = x points
fprintf (repmat ('\b', 1, strlength (message)));
message = "Operation " 4+ op + " out of " + op max;
fprintf (message) ;
for z = z points

op = op + 1;

point = cart to cyl([x, y, z]);
ro = point(1l);

fi = point(2);

zh sum = z + h;

zh diff = z - h;

zh diff inv = - zh diff;
Hor air = 0;

Hor soil = 0;

Hoz air = 0;

Hoz soil = 0;

Eofi air = 0;
Eofi soil = 0;

if z > h
% Over the coil
exp diff = exp(- u0 .* zh diff);

exp sum = exp (- u0 .* zh sum);

besseljl lro = besselj(l, 1 * ro);
besseljl mult = besseljl la .* besseljl lro;

besseljO0 mult = besselj(l, 1 * a) .* besselj(0, 1 * ro);

Hor air = sum(curr .* 1 .* besseljl mult .* exp diff);

Hor soil = sum(curr .* mag .* 1 .* besseljl mult

Hoz air = sum(curr .* (1 .~ 2 ./ u0) .* besselj0 mult
exp diff);

Hoz soil = sum(curr .* mag .* 1 .~ 2 ./ u0 .* besselj0 mult
exp_sum) ;

Eofi air = sum(curr e .* 1 ./ u0 .* besseljl mult

exp_sum) ;

Hro = Hor air + Hor soil;
Hfi 0;

.* exp sum);
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.* exp diff);
Eofi soil = sum(curr e .* mag .* 1 ./ u0 .* besseljl mult
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Hx = Hro * cos(fi);
Hy = Hro * sin(fi);

Hz = Hoz air + Hoz soil;
Ero = 0;

Efi = Eofi air + Eofi soil;
Ex = - Efi * sin(fi);

Ey = Efi * cos(fi);

Ez = 0;

elseif z > 0 && z < h
% Under the coil over the soil
exp diff un = exp(- u0 * zh diff inv);
exp _sum_un = exp(- u0 * zh sum);
besseljl mult = besselj la .* besselj(l, 1 * ro);
besselj0 mult = besselj la .* besselj (0, 1 * ro);

Hor air = sum(- curr .* 1 .* besseljl mult .* exp diff un);

Hor soil = sum(curr .* mag .* 1 .* besseljl mult .*
exp_sum_un) ;

Hoz air = sum(curr .* (1 .~ 2 ./ u0) .* besseljO mult .*
exp diff un);

Hoz soil = sum(curr .* mag .* 1 .~ 2 ./ u0 .* besselj0 mult .*
exp_sum_un) ;

Eofi air = sum(curr e .* 1 ./ u0 .* besseljl mult .*
exp diff un);

Eofi soil = sum(curr e .* mag .* 1 ./ u0 .* besseljl mult .*

exp_sum_un) ;

Hro = Hor air + Hor soil;
Hfi 0;

Hx = Hro * cos(fi);

Hy = Hro * sin(fi);

Hz = Hoz air + Hoz soil;
Ero = 0;
Efi = Eofi air + Eofi soil;
Ex = - Efi * sin(fi);
Ey = Efi * cos(fi);
Ez = 0;
else
% In the soil
exp uz = exp(ul * z);
exp full = exp uz .* exp uh;

bessell 1r = besselj(l, 1 * ro);
bessel0 1r = besselj (0, 1 * ro);

Hlr soil = sum(- curr * mag hro .* 1 .* bessell la .*
bessell 1r .* exp full);

Hlz soil = sum(curr * mag hz .* 1 .* bessell la .* besselO 1r
.* exp full);

E1fi soil = sum(curr e * mag efi .* bessell la .* bessell 1r .*

exp full);

Hro = Hlr soil;

Hfi 0;

Hx = Hro * cos(fi);
Hy = Hro * sin(fi);
Hz = Hlz soil;

Ero = 0;
Efi = EI1fi soil;
Ex = - Efi * sin(fi);

Ey Efi * cos(fi);



o\

Filling the matrix in a format
XY 7z Fx, Fy, Fz, Ffi, Fro

o\

H(arr ind, :) = [x, y, z, Hx, Hy, Hz, Hfi, Hro]l;
E(arr_ind, :) = [x, y, z, Ex, Ey, Ez, Efi, Ero];
arr ind = arr ind + 1;

end
end

% Current Density
J = [E(:, X), E(:, Y), E(:, Z), sigma 1 * E(:, F X), sigma 1 * E(:, F Y),
sigma 1 * E(:, F Z)];

fprintf (repmat ('\b', 1, strlength (message)));
message = "Operation " + op + " out of " + op max;
fprintf (message) ;

fprintf ('\nSaving Files...\n'");

points str = num2str (length(x points));
arr_size = length(E);
arr size str = num2str(arr size);

o)

% Creating files

file hx xz = fopen('../Hx xz m.plr', 'w');

file hy xz = fopen('../Hy xz m.plr', 'w');

file hz xz = fopen('../Hz xz m.plr', 'w');

file ex xz = fopen('../Ex xz m.plr', 'w');

file ey xz = fopen('../Ey xz m.plr', 'w');

file curr dens = fopen('../Curr Density m.arr', 'w');
file hx xz soil = fopen('../Hx xz soil m.plr', 'w');
file hy xz soil = fopen('../Hy xz soil m.plr', 'w');
file hz xz soil = fopen('../Hz xz soil m.plr', 'w');
file ex xz soil = fopen('../Ex xz soil m.plr', 'w');
file ey xz soil = fopen('../Ey xz soil m.plr', 'w');

file curr dens soil = fopen('../Curr Density soil m.arr', 'w');
fprintf(file hx xz, ['Field Hx\n5\n', points str]);
fprintf(file hy xz, ['Field Hy\n5\n', points str]);
fprintf(file hz xz, ['Field Hz\n5\n', points str]);
fprintf (file ex xz, ['Field Ex\n5\n', points str]);
fprintf (file ey xz, ['Field Ey\n5\n', points str]);
fprintf(file curr dens, ['Current Density\n', arr size str]);

% Plotting

for i = l:arr size
x = E(i, 1);
y = E(1, 2);
z = E(ll 3);

~
3

o\°
0.
o\°
0.
o\°
0.
o\°
0.
o\°
0.

fprintf (file hx xz,
imag(H(i, F X)));

fprintf (file hy xz, '\n%d
imag (H(i, F_Y)));

fprintf (file hz xz,
imag(H(i, F _Z)));

fprintf (file ex xz, '\n%d %
imag(E(i, F X)));

x, 0, z, real(H(i, F X)),

oe
0.
oe
0.
oe
0.
oo
0.
~

x, 0, z, real(H(i, F Y)),

>
3

o\°
0.
o\°
0.
o\°
0.
o\°
0.
o\

0.

x, 0, z, real(H(i, F Z2)),

0.
oe
0.
oe
0.
oe
0.

x, 0, z, real(E(i, F X)),



fprintf (file ey xz, '\n%d %d %d %d %d', x, 0, z, real(E(i, F Y)),
imag(E(i, F Y)));

fprintf (file curr dens, '\n%d %d %d %d %d %d %d %d %d', x, y, z,
real (J(i, F X)), imag(J(i, F X)), real (J(i, F Y)), imag(J(i, F Y)),
real(J(i, F 7)), imag(J(i, F Z)));
end
points str = [num2str(length(x points) / 2), "' ',
num2str (length (x_points))];
arr size = length(E) / 2;
arr_size str = numZstr(arr_size);
E soil = E(E(:, Z) < 0, :);
H soil = H(H(:, Z) < 0, :);
J soil = [E soil(:, ), E soil(:, Y), E soil(:, 2), sigma 1 * E soil(:,
F X), sigma 1 * E soil(:, F Y), 31gma_l * BE soil(:, F Z)1;
fprintf(file hx xz soil, ['Field Hx in Soil\n5\n', points str]);
fprintf (file hy xz soil, ['Field Hy in Soil\n5\n', points str]);
fprintf (file hz xz soil, ['Field Hz in Soil\n5\n', points str]);
fprintf(file ex xz soil, ['Field Ex in Soil\n5\n', points str]);
fprintf (file ey xz soil, ['Field Ey in Soil\n5\n', points str])
fprintf (file curr dens soil, ['Current Density in Soil\n', arr size str]);
for i = l:arr size

x = E soil(i, 1);

y = E soil(i, 2);

z = E soil (i, 3);

fprintf (file hx xz soil, '\n%d %d %d %d %d', x, 0, z, real(H soil(i,
F X)), imag(H soil (i, F X))

fprintf(file hy xz soil, '\n%d %d %d %d %d', x, 0, z, real(H soil(i,
F Y)), imag(H soil (i, F Y)));

fprintf (file hz xz soil, '\n%d %d %d %d %d', x, 0, z, real(H soil(i,
F 7)), imag(H soil (i, ¥ 7))

fprintf (file ex xz soil, '\n%d %d %d %d %d', x, 0, z, real(E soil(i,
F X)), imag(E soil (i, F X))

fprintf(file ey xz soil, '\n%d %d %d %d %d', x, 0, z, real(E soil(i,
F Y)), imag(E soil (i, ¥ " Y)));

fprintf (file curr dens soil, '\n%d %d %d %d %d %d %d %d %d', x, y,
real (J_soil(i, F X)), 1mag(J_301l(i, F X)), real (J _soil(i, F Y)),
imag(J_soil(i, F Y)), real(J soil(i, F 7)), imag(J _soil(i, F _2)));
end
fclose(file hx xz);
fclose(file hy xz);
fclose(file hz xz);
fclose(file ex xz);
fclose (file ey xz);
fclose(file curr dens);
fclose(file hx xz soil);
fclose(file hy xz soil);
fclose(file hz xz soil);
fclose(file ex xz soil);
fclose(file ey xz soil);
fclose(file curr dens soil);

function new point
if ~ isvector (point)
error ('

cart _to_ cyl (point)
length (point)
Input must be a 3-D point')

< 3
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end

end

y = point
z = point
ro sgrt
fi = atan
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