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Casovni prostor Preprosta Snov

Ampere  rot H=]J +8—D D=ck
ot B= U H
) . OE
Faraday rotE= rot H=J +e—
’ ot ot
Gauss divD=p FOtE:_Mgt'
v . 0
- -
Frekvencni prostor . Jj JivE=P
Ampere  rot H= J+ jwe E Diferencialna
Faraday rotE=—jouH oblika v
Gauss div E :% elektrodinamiki !

1 — Maxwellove enacbe v Casovnhem in frekvencnem prostoru



Smerni odvod
- 10T - 10T - 10T

dT = T=1 +1 +1
grad T =V T =1 g " e 5, 1o h, o,

Izvornost _
div B = 1 8(h2h3F1)+8(h1h3F2)+8(h1h2F3)
h1h2h3_ 0q, 04, 04,

Vrtincenje _ . Koordinate
h11q1 h21q2 h31q3 d1,-92,43

1 0 0 O

h,h,h,| 0q, 0q, 0qs;| Faktorji skale

h,F, h,F, hF, (Lamé)

hy,hy, hy

rot F =

2 — Odvodi skalarnih in vektorskih funkcij
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Antenska naloga: izvori 7,p - polja E,H

Gostota prevodniskega toka J[A/m’]
Gostota elektrine p[As/m®]

Laplace A F= grad (div 1_5) —rot (rot 1_5)

Valovna enacba za E[V/m]

Uporabno v
prostoru brez

AE+0°ueE= ](x)MJ+ gradp

1ZVOrov
Valovna enacba za H[A/m] J=0 p=0
oziromay
AH+w*ue H=—rot J 1zgubm SNovi

3 — Neposredna resSitev Maxwellovih enacb J Y E



Skalarni potencial V|V |

) | Vektorski potencial A[Vs/m]
Izracun polja:

. . Valovno
E=—jwA—gradV Stevilo
B=rot A ﬁzllTrotA kK'=mw"ue
Lorenzova izbira: divA=—joueV Valovni
- enacbi za

AA+Q)2M€A:—MJ

potenciala

imata

2 __b
AViwrneV=-¢ analitsko

4 — Skalarni in vektorski potencial resitev !



Oddajnik (7') Prazen prostor
J(7)=0 p(7)=0
divJ+jmp=0 A(7)

"= koord.vira

-

E(7)
r =koord.polja

—Jk|r r |

fffp )

43‘(36 r Y

o —Jklr rl
eI pl e

5 — Zakasnjeni potenciall 475 — ‘



Kako dolociti
I(s')=? in q(s')=7

6 — Preprosta antenska naloga



7/ — Integralska enacCba

Lorenz: V= J div A

E:—jwﬁ—grad

1
1+F

grad (div.)

W€
_wﬂediv}i_
— jk|F =7
)e—’ > dS'

F—7

> I(s')="?
LI(S')
—jk[F =T
= ——ds'
77




Antenska
zica

ig Z11  Z1p T Z1N
Zy1  Zp3p T Zoyn|.
ZNy1 £€N2 T ZNN

I
N
8 — Momentni postopek MoM (Method of Moments)

Stevilski priblizek 1(s')~|"




Generator Izgube Dielektrik
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9 - Neobremenjena in obremenjena tanka zica ] wCd



Kvadratna d A =4 Odsek
mreza ’ d " Zicne
mreze
’ d A,=2nr.d —
J \J:
’ Pravilo
’ d enakih d
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Am ~ Ap ~~~~~~~~~~~~~~~~~ .
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d~27mr.

10 — Tanka kovinska ploskev
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11 — Tanka dielektriCha plosca
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Pogoj: sklenjena ploskev A’
zaklepa nenicelno prostornino V '#0

yA, """""""""""""" Integralska enacba za H .
"""" -V H,=0,H,=0 > K,=?K,=?
o =1 >, e—jkl7—7'l
H(r)=— | K(r')Xgrad. ———dA"
(Pl ] R(Fxgad, S

12 — Kovinsko telo neniCelne prostornine



Neposredno stevilsko resevanje Maxwellovih DE

Absorber PML (Perfectly Matched Layer)
S

S Dielektrik

S

>0

S Kovina

S

B

= Generator

Kovina PEC (Perfect Electric Conductor)

13 — Koncne razlike (elementi) v Casovnem ali frekvenCnem prostoru



) Stevilo
Medsebojnif Cas Velikost neznank Velikost
vplivi resevanja [olelapglalliglles N naloge

Zahtevni:

. vsak NeskoncCna
B odsek 1000 (veCinoma
pol\s/ltcc))l\elek vpliva >3O prazen

na celoten prostor)

prostor

Preprosti:

KoncCne vsak KoncCna
(poljubna

razlike odsek 2
(elementi)| vpliva . N d. N
FD/FEM | samo na
sosede

>3.10* pbsii

14 — Primerjava postopkov resevanja elektromagnetnih nalog



Trzna raCunalniska orodja danes najpogosteje uporabljajo neposredno
resevanje diferencialnih enacb FD/FEM v mehaniki, statiki, akustiki,
aerodinamiki, hidrodinamiki, prenosu toplote itd.

(1) Vse opisane fizikalne naloge imajo veCinoma koncCne izmere.

(2) Samo resevanje diferencialnin enacb je razmeroma preprosto.

(3) Postavljanje mreze racunanja je zahtevno, rocno skoraj ni mozno.
(4) Razlicne fizikalne naloge (multlphyS|CS) Imajo podobne postopke.
(5) Simulacija anten je trzna nisa, kjer neskoncne izmere resuje PML.

Momentni postopek MoM temelji na izracunu elektromagnetnega
polja preko potencialov, obiCajno v frekvencnem prostoru.

(1) Antenske naloge imajo neskoncne izmere.

2) Antene so razmeroma ozkopasovne naprave (frekvencni prostor).
Neznanke so samo v strukturi antene, v praznem prostoru jih ni.
Postavljanje zicnih odsekov je preprosto, pogosto rocno izvedljivo.
IzraGun medsebojnih vplivov vsebuje zamuden e

Resevanje sistema linearnih enacb je zamudno a.N°.

Simulacija 3D dielektrikov je racunsko zelo potratna.

Simulacijo anten z MoM uporabljajo trzna orodja vseh cenovnih

/\/\/‘\/\/\/\/\

ﬁ

15 — Orodja za reSevanje antenskih nalog



1968 - knjiga R.F.Harrington: Field Computation by Moment Methods

G.J.Burke in A.J.Poggio skupaj s Stevilnimi sodelavci pri Lawrence
Livermore National Laboratory razvijejo NUMERICAL
ELECTROMAGNETICS CODE (NEC) - METHOD OF MOMENTS.

NEC je pisan v racunalniskem jeziku FORTRAN. Vhodni podatki
(opis antene) so v obliki preproste tekstovne ASCII datoteke. Izhodni
podatki so prav tako v obliki tekstovne ASCII datoteke in vsebujejo
poleg preverjenih vhodnih podatkov se izraCunane tokove na vseh
odsekih antene. Dodatno lahko vsebujejo tudi izraCunan smerni
diagram, impedanco napajanja in druge rezultate raCunanja.

1981 — objavljena izvorna koda, obsiren opis in natancna navodila
najbolj znane in razsirjene inacCice NEC2.
1992 — dokon€ana zadnja inaCica NEC4.

RacCunska jedra NECx danes poganjajo Sirno mnozico programov
za simulacijo anten, od najdrazjih placljivin do zastonjkarskih in
odprtokodnih, od optimiziranega FORTRAN do prevoda v C.

16 — Zgodovina orodja Numerical Electromagnetics Code (NEC)



CM enovalovni dipol (NEC2)

CE

GWw 1 55 0 0 -.5 0 0 .5
GE

EX 01 28 01 0

RP O 37 72 1 0 0 5 5

.001

CM=poljuben ASCII komentar

CE=oznaka konca komentarja

GW=geometrija ravne zice
1=Stevilka zice

95=stevilo segmentov na zici
0,0,-.5=(x,y,z) zaCetka zice
0,0,.5=(x,y,z) konca zice
.001=polmer Zice

(Brez FR so vse izmere v A!)

GE=oznaka konca geometrije

EX=izvedba vzbujanja
O=napetostni vir v segmentu
1=stevilka vzbujane zice
28=stevilka segmenta na zici
O=brez dodatnih zahtev
1=Re[Ug]=1V

0=Im[Ug]=0V

RP=smerni diagram & zagon
O=brez ucCinka tal

37=stevilo korakov ©
/2=Stevilo korakov ®
1=XNDA izracun dobitka
0=zacetni O (stopinje)
0=zacetni ® (stopinje)
5=korak © (stopinje)
5=korak O (stopinje)

17 — Opis preproste antene (simetricni enovalovni dipol) za NEC2




sidecefizelj7@cefizelj7-HP-EliteBook-8540w:~/

XNECVIEW 1.35

# freq. Zr Zi
299.8 1030.37 -1118.43

SHR
44.914

gain
3.96

quit || reload || currents -

| yes < | lock

Desktop/dip

ol$ xnecview dipol.out

/b phi theta
i] i] =1

-

= | lin.P| =

opaque

total | Z [ X| Y| Z

z

T %’iﬁ‘—ﬁ\ R
R4 7 7 A ey
AN IRARN “:’ ’}

1
f = 299,88 MH=z maxgain = 3,96 dBi wgain = 1,71 dEi

0.0 10.0

[

18 — Prikaz rezultatov s programom xnecview (Linux)




CM Monopol 5m z ravnino mase 4.5x4.5m

CM masa 1z zicne mreze 9x9 i Mhe
CE Axis| 2 mir
GW 2 8 =2.25 =-2.25 0 =-2.25 2.25 0 .05 Theta  Phi
GM 0 8 0 0 O .5625 0 O (a0 [280
GM 01 0 0 90 0 O O <] zeem - |
Gw 1 9 0 0O O 0O 0O 5 .05 dent| Res|
GE _Rote| Col |
'R O O O O 15 v True rad.
EX 01 1010 .
RP 0 73 73 1 0 0 5 5 v i

-
-

Structure ™
Hide patt. «
Tot-gain ™

@ S © Main [V5.8.16] (F2)

File Edit Settings Calculate Window Show RBun Help

BN EEEE BN
Filename | moropolzouwt  Frequency [ 15 Mha

W' avelength 1299 mir
Yoltage 496 +j0% Current 202+j039A |

Impedance 237 -14.63
Parallel farm 246/ -j126

5w R A0 213
Efficiency 100 kS
F adiat-eff.

Series comp. 004e  uwH
Paralel comp. | 1.33¢ | wH

|hput poweer 100 i
Structure lozs i L
Metwark: losz i L

R adiat-pamer 100 ol
Envirornment [ Loads [ Paolar
FREE SPACE

Coamrment

masa iz zicne mreze 9x9

Seq's/patches 153
Fattern lines REE]
Freq/Eval stepz 1

Monopol Bm z ravnino mase 4.5xd.5m

start  sztop  count  step

Theta| 0 [380 [ 73 [ 5
Phi [ 0 [3e0 [73 [ 5

Calculation time 0430 =

19 — Monopol nad ravnino mase iz zic (prikaz 4nec2 - Windows)

[(uaality

SN I
FPS  Tiis
[60 [16776



CM Monopol 5m z ravnino mase 4.5x4.5m
CM masa iz splosnih flik "O" e
CE AHislelr
SP 00 -2 -2 0 90 0 0.25 171 [ Theta P
S Nefizikalno ! o
GM 0 8 0 0O OO .50 ¢ zoom |
Gw 1 9 0 0 0 O 0 5 .05 dent| Res|
GE _Rote| Col |
FR O O O O 15 ¥ True rad.
EX 011010 e —
RP 0O 73 73 1 0 0 5 5 v s
¥ Graund
¥ Surfaces
IHiI:Ie patt. vI
ITu:ut-gain 'I

Filerarne I manopal-f.aut Frequency 15 Mhz

W' avelength 1299 mir

Yoltage | BR1+j0Y Current |1.1?+j1.38.¢‘1 |

Impedance 305-)35.8 Series comp. 03  uwH
Parallel form | 7254 -j61.7 Faralel comp. | 0655 @ wH
5w R A0 272 |hput poweer 100 i

Efficiency 100 kS Structure lozs i L
F adiat-=ff. Metwark: losz i L
RDF [dE8] R adiat-pamer 100 ol

E riraniment [T Loads [~ Polar

FREE SPACE

Comment

Monopol Bm z ravnino mase 4.5xd.5m
maza iz gploznib fils 0"

I Quality ——
Seq's/patches an gtalt  stop  count  step | I
Fattern lines 5329 Theta | 3l | 73 ] FFS Ti's
Freq/Eval stepz 1 Phi 0 360 73 [
Calculation tirme 0227 = Iﬁl a0

20 — Monopol nad ravnino mase iz krp (prikaz 4nec2 - Windows)



CM Monopol 5m z ravnino mase 4.5x4.5m
CM masa 1z obrnjenih flik "O" o Mhe
CE AHisletr
SP 00 -2 -2 0 270 0 0.25 171 ] Thets i
00 s %N Nefizikalno ! el
GM 0 8 0 0O OO .50 ¢ | zoom |
Gw 1 9 0 0 0 O 0 5 .05 Ident| Res|
GE _Rote| _col |
TR O O 0O 0O 15 v True rad.
EX 011010 S —
RP 0O 73 73 1 0 0 5 5 I s
¥/ Ground
¥ Surfaces
File _Edit“ Settings Calculate Window Show BRun Help Im

e A T s e S 1S 2,

Filename I manopalr.out Frequency 15 Mhz

W' avelength 19,99 mir

Yoltage | 4303 +j 0 Current | 002 +j3.494

Impedance 8.21-j137% Series comp. 14.6 uH
Parallel form | 2.5 4/ -1 1376 Parallel comp. 14.6 uH
S R.A0 4619 |hput power 100 il
E fficiency 100 % Structure lozs i L
F adiat-eff. Metwarl: loss i Lk
FOF [dE] R adiat-pomer 100 i
E rvirariment [ Loads [ Polar

FREE SPACE

Commert

tMonopol Bm 2 ravnino mase 4.5xd.5m
maza iz obrnjenik File 0"

I Qualty —
Seqg's/patches an start  stop  count  step k| I
Fattern lines 5329 Theta| 0 | 380 | 73 5 FPS  Tris
Freq/Ewval stepz 1 Phi 0 360 73 [
Calculation tirme 0250 = Iﬁl a0

21 — Monopol nad obrnjenimi krpami (prikaz 4nec2 - Windows)



Currents | Charges || Frequency Loop | = Step | 130 Gain Pattern || EfH Fields | FrequencyLoop = Step | 130

I1.53—2 E-03 4.00 |dB|300.000 | MHz & Apply -999 - I~ 0529 4.00 |dB|300.000 I MHz [ Apply

i-P'F 1= = 23 on Pattern: - Tota
46 - | ( . | Z00m % o || 52 ] L

fﬁ?ﬂmrl

dipol floop za xnec2c

55 00 -1 0 0 1 .001

1 28 010
131 0 0 40 2
91 180 0 0 0 2 2

22 — Animacija po frekvenci s programom xnec2c (Linux)




D3 ' K
D2 o

23 — 5 elementna NBS Yagi-Uda z y napajanjem za 430MHz



24 — Napacna simulacija nosilca z debelo zico NEC



ZIcho mrezo

AL 4

25 — Uporabna simulacija nosilca s 3D



Length L in mtr.
Radius R1 in cm.
Radius R2 in cm.
Start angle Al =
Stop angle A2 = 360
Straight sections =
Circular sections =
Radial sections = 5

L]

Rotate X, Y, Z = @,
Move X, Y, Z =0, ©
300 4 .045
301 4 .045
382 4 .045
303 4 .045
304 4 .045
305 4 .045
306 4 .045
307 4 .045
308 4 .045
389 4 .045
310 4 .045
311 4 .045
312 4 .045
313 4 .045
314 4 .042286
315 4 .042286
316 4 .042286
317 4 .042286
318 4 .042286
319 4 .042286
320 4 .042286
321 4 .042286
322 4 .042286
323 4 .042286
324 4 .042286
325 4 .042286
326 4 .042286
327 4 .042286
328 4 .034472
329 4 .034472
330 4 .034472
331 4 .034472
332 4 .034472
333 4 .034472
334 4 .034472
335 4 .034472
336 4 .034472
337 4 .034472
338 4 .034472
339 4 .034472
340 4 .034472
211 A ma2AATD

26 — Geometry builder v programu 4nec2 (Windows)

344 4 .0225

T = PR P i

E)

4.
4.

1

1
1

0

4

5

5

4

8

, 0

0
.0 -.04 .045 .0 -.03 .000971
.0 -.03 .045 .0 -.02 .000971
.0 -.02 .045 .0 -.01 .008971
.0 -.01 .945 .0 .0 .000971
.0 .0 .045 .0 .01 .000971
.09 .01 .045 .0 .02 .000971
.09 .02 . 045 .0 .03 .000971
.0 .03 .045 .0 .04 .000971
.0 .04 .045 .0 .05 .000971
.0 .05 .045 .0 .06 .000971
.0 .06 .045 .0 .07 .000971
.0 .07 .045 .0 .08 .000971

@ & © Geometry Builder (V2.5)
8153 Patch Plane Box Cylinder Parabola Helix Sphere Help

2400 Mhz

Axiz{0.05 mir
Theta Phi

IREE
i!zoomil
Identl Re3l
Rotcl EUII

[ Truerad.
5] i

W iz
¥ Ground
¥ Surfaces

IStructure "I
IHide patt, "I
IE-[Z] fld "I

L0153 Culinder
L0153 g circular -
9153 Length L in mtr. |_14 sect's g o ;a;g;s

Radiuz B1 in cm. I ; !
: gig; R:d::i R2 :: Z: |::—IIi ED byt Kiength

. A

.9153 : - Pl = L
.0153 Start angle A1 ID = o
L0153 | Stop angle A2 360 M|
0153 : . -
9153 Straight sections |14 ;::1'?; = | ot
.B153 | Circular sections |1 ] M| ¥ sect's
: gig; Radial sections |5 Pl 4:;-_‘“_‘_: i \\ . ;aﬁle
.0289 \EE ! * F
.0289 angle 3 T radus
L0289 | Start with taghumber 300 A2 R1
.0289
.028%9
.A280 v v Use equal-area rule to st wire-radius
.@289 | Frequency in Mhz |24EID
L0289 | Seqmentation Imediurr vl
.0289
.028%9
0289 | Rotate %, 7.2 ID ID ID I = symbaols also allowed
: gggg Mave ¥, Y, Z [0 o [-04 il Exit | Create I
i m200

.038971 -.02 .0225 .038971 -.01 .000971

T S R L Ay LAy il lires oo e R e Y - T

Quality -
I i |
FPS Tr's

[0 [77024




1250  Mhz File Edit Settings Calculate Window Show Run  Help
= 1 | | E T+ || I l
Szl 01 mir B @Iéh ﬁ @fé‘ @ @ |ﬂ|é‘§§ it @
Theta  Fhi Filenarne Iks.uut Frequency 1250  Mhz
rﬁ IT W avelength 024  mir
_<jzu:u:um.>_! WValtage 70.2+j0% Curren £ 1.42 +j1.08 4
Ident' Resl Impedance 31.8-)238 Sefies comp. 33 | WH
Rote| Col | Parallel form | 43.3 /7 - 66.4 Parallel comp. | 5e3  uH
C i S.W:R.ED 202 lrpLt poie 100 L
Efficienc i 100 & Structure loss 0 L
| = AGT resultz [ 1.009 (0.04 dE) I etwuark lor 0 L
oo RDF [dE] R adiat-pawer 100 i
¥ Ground Erviranimen I [ Loads [ Polar
¥ Surtaces FREE SPALE
IStructure "I
IMuIti-cu:qu:u 'I Commet i
ot-gain ¥ e
@ ® @ pattern (F4)
v ARREL syl
- Show Farfield [learfield Compare Transfer FFtab Plot
[Magrituc =] Tat-gain [dBi] 4 02 esricokot
1250 MHz an ‘ 3n
KSR
" LXK .

Cuality ——
{;I .

27 — Krpa v skodelici

135

22 < dBi<11.8
999 ¢ dBi< -BA
22 ¢ dBi<11.8
Maw gain The: 90




1250  Mhz File Edit Settings Calculate Window 5Show Run Help
A:-cisl 0.1 mir E i @léﬁ E’ @ﬁk @ @ |i|§§ 7| [ @
Theta  Fhi Filename Iksr.u:uut Frequency 1260 Mhz
I 73 |135 o' avelength 024  mir
_<j Z00m LI Woltage TEA+j0V Current 128+11.31 4
Identl Resl Impedance 2987307 Sefes comp. 43 WH
Mﬂl Parallel form | 1.5 4/ -] 597 Parallel comp. | 823 LiH
e S.W:R.ED 2 A1 IrpLt poier 100 i
Efficiency 100 & Structure loss 0 L
r i 2 | = AGT resultz [ 1.010 (0.04 dE) M etwarl: loss i L
; N o RODF [dE] Radiatpower [ o0 W
/! : ;.. ¥ Ground Erviranment | | Loads [ | Polar
J :.‘ % ¥ Surfaces FREE SPALCE
'_:z.. ’.:}- 1‘:'} I‘m
o i T,
{ I: .?lﬁjl:'l-;; IHide patt. 'I Cornrnent
il "-'? ‘:} ! Flik:a premera 125mm napajanje 3cm za 1250MHz

M S @ Ppattern (F4)

; L
lﬁ‘ }l".*:
B '= FE 5
:: ‘:3" -r:':":'ll'?
. T -.:1_;&!:( Show Farfield [learfield Compare Transfer FFtab Plot
1 | " 1] | i .. h
1K 3 B T at-gain [dEi Wertical plane
51 j;., gain [dEi] A5 0z 15 P
1260 MHz

30

50 an
ng

Quality ——

ITHCH |

FPS Tr's L

[a1 [83232

. . Tat-gain i - 21 < dBi¢11.9

— Hor-gai 2 141 < dBi«< 8.3
28 — Krpa v skodelici s pokrovom Hiegar
Phi= 0 120 Maw gain The: 90
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