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3-D Electromagnetic Wave Propagation /
3D elektromagnetische Wellenausbreitung
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3-D Electromagnetic Wave Propagation /
3D elektromagnetische Wellenausbreitung
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3-D Electromagnetic Wave Propagation /
3D elektromagnetische Wellenausbreitung
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3-D Electromagnetic Wave Propagation /
3D elektromagnetische Wellenausbreitung
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Laplace operator in Cartesian coordinates /
Laplace-Operator in Kartesischen Koordinaten
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3-D Electromagnetic Wave Propagation /
3D elektromagnetische Wellenausbreitung
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3-D Electromagnetic Wave Propagation /
3D elektromagnetische Wellenausbreitung
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3D elektromagnetische Wellenausbreitung
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2-D EM Wave Propagation - 2-D TM Case and 2-D TE Case /
2D EM Wellenausbreitung - 2D-TM-Fall und 2D-TE-Fall

We consider the xz plane and assume that the field is independent of y / » a -0
oy

Wir betrachten die xz-Ebene und nehmen an, dass das Feld unabhangig von yist

Then it follows for the 3-D wave equations / Es folgt dann fiir die 3D-
Wellengleichungen
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2-D EM Wave Propagation - 2-D TM Case and 2-D TE Case /
2D EM Wellenausbreitung - 2D-TM-Fall und 2D-TE-Fall
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2-D EM Wave Propagation - 2-D TM Case and 2-D TE Case /
2D EM Wellenausbreitung - 2D-TM-Fall und 2D-TE-Fall
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2-D EM Wave Propagation - 2-D TM Case and 2-D TE Case /
2D EM Wellenausbreitung - 2D-TM-Fall und 2D-TE-Fall
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2-D EM Wave Propagation - 2-D TM Case and 2-D TE Case /
2D EM Wellenausbreitung - 2D-TM-Fall und 2D-TE-Fall
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2-D EM Wave Propagation - 2-D TM Case and 2-D TE Case /
2D EM Wellenausbreitung - 2D-TM-Fall und 2D-TE-Fall
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T™, case / TMy—FaII
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Separation in 2-D — TM and TE case /
Separation in 2D — TM- und TE- Fall

TM: transversal magnetic / transversal magnetisch
TE: transversal electric / transversal elektrisch




2-D EM Wave Propagation - 2-D TM Case /
2D EM Wellenausbreitung - 2D-TM-Fall

TM: transversal magnetic / transversal magnetisch

Separation in 2-D — TM case /
Separation in 2D — TM-Fall
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2-D EM Wave Propagation - 2-D TE Case /
2D EM Wellenausbreitung - 2D-TE-Fall
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FD Method - 2-D TM Wave Equation /
FD-Methode - 2D-TM-Wellengleichung

Central FD Operators / Zentrale FD-Operatoren
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Central FD Operators / Zentrale FD-Operatoren
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FD Method - 2-D TM Wave Equation /
FD-Methode - 2D-TM-Wellengleichung

2-D TM wave equation / 2D-TM-Wellengleichung
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Explicit FD algorithm in the time domain of 2nd order in space and time /
Expliziter FD-Algorithmus im Zeitbereich 2ter Ordnung in Raum und Zeit
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FD Method - 2-D TM Wave Equation - 2-D FD Grid /
FD-Methode - 2D-TM-Wellengleichung - 2D-FD-Gitter

2-D FD grid / E,(x,2,8) = E ") — g7
2D-FD-Gitter
n, =1 n,—> n,=N,
:r n, =1
o e |
:E("‘nl) :
y
n, n.=1...,N,
l n,=1,...,N,
y
Az
A 4 n, :NZ
Ax
Global grid node numbering
/ n=n +N(n.-1) n=1..,N N=N,N,

Globale
Gitterknotennummerierung

FD Method - 2-D TM Wave Equation - 2-D FD Stencil /
FD-Methode - 2D-TM-Wellengleichung - 2D-FD-Schablone
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FD Method - 2-D TM Wave Equation /
FD-Methode - 2D-TM-Wellengleichung

Explicit 2-D FD algorithm in the time domain of 2nd order in space and time /
Expliziter 2D-FD-Algorithmus im Zeitbereich 2ter Ordnung in Raum und Zeit
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FD Method - 2-D TM Wave Equation /
FD-Methode - 2D-TM-Wellengleichung

Explicit 2-D FD algorithm in the time domain of 2nd order in space and time /
Expliziter 2D FD-Algorithmus im Zeitbereich 2ter Ordnung in Raum und Zeit
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FD Method - 2-D TM Wave Equation /
FD-Methode - 2D-TM-Wellengleichung

Explicit FD algorithm in the time domain of 2nd order in space and time /
Expliziter FD-Algorithmus im Zeitbereich 2ter Ordnung in Raum und Zeit
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FD Method - 2-D FD Wave Equation - TM Case - Flow Chart /
FD-Methode - 2D FD-Wellengleichung - TM-Fall - Flussdiagramm

I Start I—bl n =1 I

2-D FD TM wave equation: For all nodes 7,, n, inside the simulation region:

E;,”"n”n’) _ 2[172(&)2]E’§f’x'"1'"/71) 7E/(vnwnz,n, -2)

v

+(&)2[E5’nx,n:+l,n, -1) +b"-;l1v+l,nz,n,fl) +EA)(:zx71,n,,n,71) +E’\;nwnz 7l,n,7l)}

4 g,[jga,n:,nn — Jlmoneom —n]

Excitation: For all excitation nodes n,, 7,:

E"}’n\,n:,n,) :E"vj(!l‘,n!,n,) +AAt|:ng,n,.nﬁn7‘]&:‘,;;,."[72)]

v

Boundary condition: For all PEC boundary nodes n,, n

R
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FD Method - 2-D TM Wave Equation - Example /
FD-Methode - 2D-TM-Wellengleichung - Beispiel

Scalar 2-D TM wave equation / Skalare 2D-TM-Wellengleichung '\
2 2 sxs
O T e -t LB ozt =y 2 (voz) for/fir | 0<z<Z
ot e) T Cg(?tz e Aoﬁt A o

Initial condition / Anfangsbedingung Hyperbolic initial-

Ey(x,2,0) = Jg(x,2,0) =0 t<0  causality / Kausalitit bm;nrg;;'zmve;lue
Jey(x,z,t) =0(x—x9)0(z—2) f(t) t>0 Hyperbolisches
Anfangs-
Boundary conditions for a perfectly electrically conducting (PEC) boundary / Randwert-
Randbedingung fiir einen ideal elektrisch leitenden (IEL) Rand Problem

E,(0,2,0)=0
E,(X,2,0)=0

E,(x0,)=0

Vz,tVt and/und
E,(x,Z,0)=0

} Vx, 1Vt

- PEC / _
x=0 o x=X J
> z=0
\ A
PEC /
FRC! IEL
z=7
PEC /

IEL

FD Method - 2-D TM Wave Equation - Example /
FD-Methode - 2D-TM-Wellengleichung - Beispiel

Nodes in the simulation ne =1 n, —> n, =N,
region / Knoten im . o n =1
Simulationsgebiet x z
o pinm) g ¥
k¢ | B
Nodes at the PEC boundary /
Knoten auf dem IEL-Rand n.=1...,N,
n ) A
o Emm g f n.=1,...,N,
Ax
~ O n; = N:.'

Global grid node numbering /
Globale n=n+N./(n,-1) n=1..,N N=N,N,
Gitterknotennummerierung




PEC boundary / IEL-Rand

FD Method - 2-D TM Wave Equation - Example/
FD-Methode - 2D-TM-Wellengleichung - Beispiel

o0
E (z,0)=jou j G(z—2',0) Jo (2, 0) dz'

G(z,0)= C—O[j PVL + 775(2)}6%‘2‘
2 o

G(z,1) =

U
2

FD Method - 2-D FD Wave Equation - TM Case - Validation /
FD-Methode - 2D FD-Wellengleichung - TM-Fall - Validierung

Domain integral representation /
(Gebiets-) Integraldarstellung

1-D case / 1D-Fall 2-D case / 2D-Fall

o0 o0
E,(x,2,0) = jou, j j Glx—x',z=2,0) Jo (¥, 2, ) dr'dz’

2= z'=—0 x'=—0

Green’s function / Greensche Funktion

G(x,2,0) :iﬁg;)

N

:

)
[

2

‘Z‘ +z

d

0

2
G 1
G()c,z,t)—zﬂ\/l22 —
gt = (x"+2z7)

=1




FD Method - 2-D FD Wave Equation - TM Case - Validation /
FD-Methode - 2D FD-Wellengleichung - TM-Fall - Validierung

2-D Domain integral representation /
2D-(Gebiets-)Integraldarstellung

= G(r,0) = H [ﬁ r]
E (ro)=jou [ Gor—r,o)Jy o) dr 4 <
=0 ¢ 1 r
G(r, )= ——— u[t——]

2z \[cé 22

2
—r-r

G(rfz',w)=in)l)[

0}
Ey(r,0)=jou [, Gr-r ) J, 1, o) dr

C,
Ga-r,n=-2 ult-

T
\/63[2,‘5,5

FD Method - 2-D FD Wave Equation - TM Case - Validation /
FD-Methode - 2D FD-Wellengleichung - TM-Fall - Validierung

2-D Domain integral representation / 2D-(Gebiets-)Integraldarstellung

' j ' , . 1 r-r
G*?-r.0)=RC20) THY| Zlr-r GR(r—r' 1) =RC2A(1) %, =2 ul -
4 % 2 | ,, 12 o
Gt —‘E—E
G(r; —r't) G(ry —1'.t)
t=l —rl/e t =l —r'|/c
GR”(;, ) GR<'2<22 )
He=ln-rle ft=|r—rl/c

7z jhje-r’
G r-r a))=leJX 2¢ RCXw) e ‘ ‘
-7 4 7 o

=




EM Wave Propagation - Finite-Difference Time-Domain (FDTD) /
EM Wellenausbreitung - Finite Differenzen im Zeitbereich (FDTD)

The first two Maxwell’s Equations are: /
Die ersten beiden Maxwellschen Gleichungen lauten:

SBR)= -V*XER,) ~J,,(R,1)
. . ot
Equations of first order /
. 0
Gleichungen der ersten Ordnung —DR,/)= VxHR,) -J.(R,?)
ot - -
Constitutive Equations for Vacuum P
Konstituierende Gleichungen

0
(Materialgleichungen) fiir Vakuum L # 5#H(B,t): -VxER,) -J,(R,?1)
BR,?) = 1H(R,7)

TR = VXHR. ~J,(R.0)
D(R,) =5 E(R,1) o

/ (. J

/(HE)

Constitutive Equations for Vacuum P
Konstituierende Gleichungen

(Materialgleichungen) fir Vakuum - #
HR,5)=vBR,?) g[gg(g, N]= Vx[vBR,)] -I. R,

D(R,1) =5 E(R,1) J @ ),

§B<B,t>= “VXERD) -, (R.0)

EM Wave Propagation - Finite-Difference Time-Domain (FDTD) /
EM Wellenausbreitung - Finite Differenzen im Zeitbereich (FDTD)

Idea: Outline of a flow chart /
Idee: Entwurf eines Flussdiagramms

v

0 Faraday’s induction law /
- HHR,)= ~VxE(R,1) ~In(R0) Faradaysches Induktionsgesetz
Field / Feld Sources / Quellen
5 l Ampeére-Maxwell‘s circuital law /
ggg(g,t): VxHR,?) -J.(R,0) Ampere-Maxwellsches
t

Durchflutungsgesetz

|




EM Wave Propagation - Finite-Difference Time-Domain (FDTD) /
EM Wellenausbreitung - Finite Differenzen im Zeitbereich (FDTD)

Idea: Outline of a flow chart /
Idee: Entwurf eines Flussdiagramms

v

0 Faraday’s induction law /
—BR.) = -VxER,) ~Jn (R, Faradaysches Induktionsgesetz

Field / Feld Sources / Quellen

5 l Ampeére-Maxwell‘s circuital law /
a*SE(B,tF Vx[vB(R,1)] -J.(R,0) Ampére-Maxwellsches
t

Durchflutungsgesetz

1-D EM Wave Propagation - Finite-Difference Time-Domain (FDTD) /
1D EM Wellenausbreitung - Finite Differenzen im Zeitbereich (FDTD)

The first two Maxwell’s Equations are: /
Die ersten beiden Maxwellschen Gleichungen lauten:

CBRN= ~VXERD) -1,R)
t
Constitutive Equations for Vacuum /\ Fl
Konstituierende Gleichungen 52(&02 VxH(R,?) -J (R,1)
(Materialgleichungen) fur Vakuum

BR,)=pHR,0) ‘.'

D(R,7) =& E(R,7) 10 1

5 0=~ DB — Ty (20
> 0 10
Ansatz for the electric and

S EE0= ———H, (50 —gijm(z,t)
magnetic field strength / 0 0
Ansatz fur die elektrische und

magnetische Feldstarke f

ER.)=E G0 ¢,
HR,0) = H,(z0)e, J f((H&j_ f[t_ u

) +O[(AN?]

J+01<Ax>2]




1-D EM Wave Propagation - Finite-Difference Time-Domain (FDTD) /
1D EM Wellenausbreitung - Finite Differenzen im Zeitbereich (FDTD)

Idea: Outline of a flow chart /
Idee: Entwurf eines Flussdiagramms

v

0 1 0 1

—H (z,t)= ———E (2t ——J (21

5 0=~ ) om0
Field / Feld Sources / Quellen

!

Lpen--2Ll0cn - Liaeo
ot - & Oz &

N

0 O:

1-D EM Wave Propagation - FDTD - Discretization of the 1st Equation /
1D EM Wellenausbreitung - FDTD - Diskretisierung der 1ten Gleichung

9
0z

0

ot

Spatial discretization of the 1st equation /
Raumliche Diskretisierung der 1ten Gleichung

9
ot

0
E.(z,t) - gEX(z, 3]

H{™)(0)

10 1
H (z,0)= ———E.(z,t) ——J. (2,t
v(z,1) oo (2,0) o 'y (2:0)
Hy:zﬁn_,AL n,=1...,N.
E.:z—(n +1/2)Az, n =1,...,N,

:L[EX (HE}EX (Z’EJ}O[(AZ)Z]
. Az 2 2
[£0-]

-1/2 . +1/2
ES’”Z ) H;,”“ ) E)(C"Z )

& » »
> >

Nl

1

- 1
e R R SOl Bt 0




1-D EM Wave Propagation - FDTD - Discretization of the 2nd Equation /
1D EM Wellenausbreitung - FDTD - Diskretisierung der 2ten Gleichung

Spatial discretization of the 2nd equation /
Raumliche Diskretisierung der 2ten Gleichung

0 10 1
5 (2,0) = *?O*H},(Z,l‘) *f.]ex(z,l‘)
0 02 0}

Hy:zﬁn_,Az, n,=1...,N.

E.:z—>(n +1/2)Az, n =1,...,N,

Az
z+—

0 2 1
S0 > —H,G =E[Hy(z+Az)—Hy(z)]+O[(Az)2]

0z

(n.+1/2)
L]

(n,)  p(n41/2)  pr(n.+1)
H, L Hy

e A
n, 2 nz+l2 n, +1
- 2

1
€

0

9 Jn+1/2)
o o @)

E'(tn:+1/2)(t):_€%AZ [H§f71+1)(t) _H§37z)(t) }
“0

1-D EM Wave Propagation - 1-D FDTD - Staggered Grid in Space /
1D EM Wellenausbreitung - 1-D FDTD - Versetztes Gitter im Raum

H(vn:—z) E0=-32) H(vn:—l) E0=1 H;n:) E®H/D) H&rt:ﬂ) E+3/D

Az Az Az Az Az Az Az
P 3 By P P 1o B3 3
n,—2 2nz—E2 n -1 2112—%2 n, 2n2+52 n,+12 ne+
E3 E®D EC=1/D E0=+3D
< Az »le Az »le Az >
H(y”fz) H;)nz—]) H_&r”:) H}/nz +)
Az Az Az
2 2 2
< = > = pre = >
n, =2 nz—% n, =1 ,1Z,l n, ”z*% n+1  n +=




1-D EM Wave Propagation - Finite-Difference Time-Domain (FDTD) /
1D EM Wellenausbreitung - Finite Differenzen im Zeitbereich (FDTD)

0 1 0 1
ZH,(z2.0)= ———E(2,1) ——Jp, (2.1
S E0 =~ Bt — Ty )

Lo H,(z,1) —ijﬂ(z,t)
0z - &

s
5 B
%f(z)=i[f(z+%]—f(z—%ﬂ+O[<Az>2]

. B

b
ZE (= -
> (2,0)

11 ~ 1
gmynz)(,) :,;E[E(Yw]/z)(l)f@nz ”2)(t)}#—J§:};)(;)

0 o
gE(n;+1/2)(t):—7 [H(nﬁl)(;) —H" () },L‘/(n:ﬂ/z)(t)
a ghz LY ¥ el

gH;"ﬁ(t) =2
gE)(Cn:H/Z)(t):?

1-D EM Wave Propagation - Finite-Difference Time-Domain (FDTD) /
1D EM Wellenausbreitung - Finite Differenzen im Zeitbereich (FDTD)

0, (n) 1 17 n+1/2) (n.-1/2) 1 )
ZHS (@) =———| ED ()= BTV (1) |- — g
SH W ”OAZ[X O-E""P )] PRl AC
0 i+ 1 4D ppn) BRI
H B P0=——r [H0D@) -1 @) ] Pt (U
d . 1 . At . At 2
—f(t)=— t+— |- f|t——||+Ol(As
dzf() At[f(( 2) f[ 2)} [(An7]
Staggered grid in time / Versetztes Gitter in der Zeit
(n.n,) (n,,n,—1)
a H X 'zt — H 'z
S 0== v +O[(A1]
(n+1/2,m,+1/2) _ 7o(n.+1/2,n,-1/2)
g EUHD () = E; AtEX HO[(AD?]
H=m) — glneom D 11 . ]
y v bl =—;E[E§”Z+”2)(t)—E§”Z ””(t)}—ﬂ—]},fvz)(t)
o o
E;nz+l/2,n,+l/2) 7E)(Cn:+l/2,n,—l/2) ~ 1 H(”Z ) . _H(”Z) ’ ~ 1 J(n:+1/2) .
A T L ) () ;0 oy )




1-D EM Wave Propagation - Finite-Difference Time-Domain (FDTD) /
1D EM Wellenausbreitung - Finite Differenzen im Zeitbereich (FDTD)

F(m) _ gD
v ¥ _ ii[Eﬁ”s“/z)(t)—Eﬁ”:'”z)(t)]—ij&’}%)(t)
Ar b Azt ’ Ho
(n, 41128, 4112) _ p(n, +1/2,n,+1/2)
Ex Ex — 1 |:H§,n:+l)(t) _Hifl:)(t) }_SLJ((:;[ZH/Z)(I)
0

At &yAz

Explicit 1-D FDTD algorithm on a staggered grid in space and time /
Expliziter 1D-FDTD-Algorithmus auf einem versetzten Gitter im Raum und Zeit

H)()n:,n,) =H§?:,nx—l) N [E'EAZH/Z,A, -1/2) _ gl -1/ 71/2)}_ﬂjl(r§f,n, -1/2)
Hohz Ho

E.i"z‘fl/z,""f’l/z) :E)(Cn:+l/2,nt+1/2) _ At |:H§f’z+1>”/) —H;":’”’)] —gjgf:”/z’”’)
oAz &

FDTD: Yee, K. S.: Numerical solution of initial boundary value problems
involving Maxwell's equations in isotropic media. /EEE Transactions

on Antennas Propagation, Vol. AP-14, pp. 302-307, 1966.

1-D EM Wave Propagation - 1-D FDTD /
1D EM Wellenausbreitung - 1D FDTD

The first two Maxwell’s Equations are: /
Die ersten beiden Maxwellschen Gleichungen lauten:

d 18 1
—H(z,t)= ———E (z,t) ——Jp, (2.t
pRctiC) o o «(2,0) e my(2:0)

0 10 1
—E(z,t)= ———H (z,t) —J (2.t
o +(2,0) & oz },(Z ) P o (2:0)

Explicit 1-D FDTD algorithm of leap-frog type on a staggered grid in space and time /
Expliziter 1D-FDTD-Algorithmus vom ,Bocksprung“-Typ auf einem versetzten Gitter im Raum und Zeit

) _ gy A [E(nzﬂ/z,n,—l/z) _E(nz—l/z,n,—l/z)}_ﬂj(n:,n,—l/z)
y y ‘quz X X my
U2 4112) _ pln+1/2,n-112) AL |:H(nz+l,n1) 7H('nz,n1)] A 12
- * ghz LY 7 & &

FDTD: Yee, K. S.: Numerical solution of initial boundary value problems
involving Maxwell's equations in isotropic media. /EEE Transactions on

Antennas Propagation, Vol. AP-14, pp. 302-307, 1966.




1-D EM Wave Propagation - 1-D FDTD - Staggered Grid in Space /
1D EM Wellenausbreitung - 1-D FDTD - Versetztes Gitter im Raum

Interleaving of the E, and H, field components in space and time in the 1-D FDTD formulation /
Uberlappung der E,- und H,-Feldkomponente in der 1D-FDTD-Formulierung im Raum und in der
Zeit
Time plane /
Zeitebene

1-D EM Wave Propagation - FDTD - Normalization /
1D EM Wellenausbreitung - FDTD - Normierung

H;”Z’”f) :H;”Z’”"l) N [E)((anrl/Z,n,fl/Z) _E)((nfl/z,n, 71/2)j|_£‘]g;,n,71/2)
Hohz o
Ee 2 +112) _ gl +1/20,-1/2) _ At |:H§,nz+l,nt) 7H§,nz.n,) ]7ng'1:+1/2,n‘)
oAz &
A=A At Aty =—TF  Ar=—Tf Ay
Cref Cref
Az = Axop Az c= Crefé E=Epef € H= Heer M Hreet = Ho
Ex = ErefEx
; Erer  _ N %ref Mret Eref Lot
Hy :Hreny Href = £ = — Eref = - Eref = Zre
Cref Href Href Href ref
~ Eref
Jox =JererJex Jeresz;re Eret
ref
5 Href Ercf
mez mref‘]mx eref= Hre =
Atref Alref Cref
ﬁys,n,) _ ﬁfvnz,n, -1 7&[E§n2+1/2,n, -1/2) 7;:'(;1: —1/2,n, 71/2)}7&}%’,4 -1/2)
Ain:+1/2,n,+1/2) :Ein:Jrl/Z,n,fl/Z) 7&{;[(;12“,”,) 7ﬁ§72,n,) }7& ngZH/Z,n/)




1-D FDTD - Staggered Grid in Space - Global Node Numbering /
1D-FDTD - Versetztes Gitter im Raum - Globale Knotennummerierung

H -2, rr(n. =1, (nz,n;) H .+,
/(vn_ n) )(/nz n) )2 (y 't E’n n)
n,=3/2,n+1/2 n.=1/2,m,+1/2
E,( 'z My ) E( 't )

e +1/2.m41/2) E(n-+3/2.n,+1/2)
X X
> »ld »ld »ld »ld »ld »ld- » z
Az Az Az Az Az Az Az
P 3 B3 175 2 17y B 3
n2722n2—52 n, -1 Zn:_EZ n, 2":"‘52 11Z+12 nZ+E
H;n—z,n/) ij—l,nx) H(,"’”‘) H)()nﬂ,n‘) )
Ein—Z,n,) E/(Yn—l.n,) E)(Cn,nl) Ex Wy
& »ld »ld »ld »ld » »ld » z
e Y A R
”z‘22”: %2 ”z_12”z %2 n, 2n2+%2n2+12nz+7

1-D FDTD Algorithm - Flow Chart /
1D-FDTD-Algorithmus - Flussdiagramm

I Start l—->| n, =1 I

\ 4

Compute 1-D Faraday’s FDTD equation: For all nodes 7 inside the simulation region:
=H

I’:[(JLII,) ~ &[Ein,nﬁl 2) 712_?4,",4/2)]
Cofnpute 1-D Ampere-Maxwell’s FDTD equation: For all nodes 2 inside the simulation reg
E

on:
A(mn+1/2)  ~(mn—1/2)  ~[ ~(n+ln) ~(n,n,)
xn y =Ey ' —At|H)y ! 7HJI A

v

lectric current density excitation: For all excitation nodes
Eg;.nﬁlm _ E":(vn,n,ﬂ/l) 7&}53.",)

v

Boundary condition: For all PEC boundary nodes
~(nn, +1/2)
E =0

(n,n,~1)
y -




1-D FDTD Algorithm - Flow Chart /
1D-FDTD-Algorithmus - Flussdiagramm

I Start l—->| n, =1 I

Berechne die 1D-Faraday-FDTD-Gleichung: Fur alle Knoten 7 im Simulationsgebiet:

Ein,n,ﬂu) _ Ein,n, -1/2) 7&[[/_\](;”1.»“

> I’:I(‘fhll,) _ 1/:1(‘1,#,4) 7&[2_&”,”, -1/2) 712_?4,",4/2)]
Berechne die 1D-Ampere-Maxwell-FDTD-Gleichung: Fir alle Knoten 77im Simulationsgebiet::

B i_\[(;z‘u, ) }

Elektrische Stromdichteanregung: Fiir alle Anregungsknoten| 7
Flnn+1/2) _ E(vn,n,ﬂu) —AAIJAéy"’"‘}

v

Randbedingungen: Fur alle IEL-Randknoten n
~(nn, +1/2) _
By =0

FDTD Solution of the First Two 1-D Scalar Maxwell’s Equations /
FDTD-L6sung der ersten beiden 1D skalaren Maxwell-Gleichungen

Maxwell’s equations / Maxwellsche Gleichungen

~N

10

Ho Oz

0<z<Z

8
S H (2= -
a e 0<i<T

E (z,0) —ijmy(z,t) for / fiir {
Ho

S pen=-2m o -Lieo
ot - & Oz &

Initial condition / Anfangsbedingung
Hy(z,0) =y, (2,6)=0 t<0
E (z,t)=Jo(2,6)=0 t<0
Jex(2,8) = K (29) (2= 29) f() >0

>

Causality / Kausalitit

Boundary condition for a perfectly electrically conducting (PEC) material /
Randbedingung fiir ein ideal elektrisch leitendes Material

/

E,(0,)=0
E(Z,)=0

A 4

E.(0,)=0 iy

z=0 z=Z7Z

Hyperbolic initial-
boundary-value
problem /
Hyperbolisches
Anfangs-Randwert-
Problem

E(Z,tH)=0




FDTD Solution of the First Two 1-D Scalar Maxwell’s Equations /
FDTD-L6sung der ersten beiden 1D skalaren Maxwell-Gleichungen

Discrete 1-D FDTD equations / Diskrete 1D-FDTD-Gleichungen

~(n,, ~(n,m,—1 ~ [ A 41/2,8,-1/2)  ~(n,—1/2,m,~1/2 ~ A (112 . 1<n <N,
v gl —A{Eﬂ"-+ D g )}—Au(nfy "2 for  fir SN )
1<n <N,
A A1 2,m +1/2)  ~(n +1/2,m=1/2)  ~| ~(n,+Ln) ~(n,,n,) ~ A(n,+1/2,n;)
Ex ! =Ex -A [Hy -H,"" }Az Jex !
Initial condition / Anfangsbedingung
e S o et
) Y Causality / Kausalitit
B gm0 s
Jm) = gl s ) o) sy

Boundary condition for a perfectly electrically conducting (PEC) material /
Randbedingung fir ein ideal elektrisch leitendes Material

E,((l’”’) -0
' 1<m <N J
E,((NZ’I7’) -0
(Ln) _ 7 = AzN. Discrete hyperbolic
£ =0 < = » initial-boundary-value
\ HS,Z""’)E,((Z’n’) E)(C”:’”’),Hg,"“"’) H}N ) problem /
-® - * ® -————= - ° EW=m) Diskretes
a0 o e Jle R < e S hyperbolisches
y = B g d - bl g Anfangs-Randwert-
Az Az Az Az Problem
n, =1 n.=N.

FDTD Solution of the First Two 1-D Scalar Maxwell’s Equations /
FDTD-L6sung der ersten beiden 1D skalaren Maxwell-Gleichungen

Excitation pulse: RC2() - Time Domain / Anregungsfunktion: RC2(9) - Zeitbereich
1

o
o
T
i

(=]

Amplitude RC2() /
Amplitude RC()

05- : : 4
| Il L L
0 2e-010 6.25e-010 1.25e-009 1.875e-009 2.5e-009
tins
Excitation pulse: RC2(/ - Frequency Domain / Anregungsfunktion: RC() -
Frequenzbereich
- S5+ =
= _
S
gg
So
38250 ]
£9
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=
O L L etk
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X(z,tu) component at different time points tu
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FDTD Solution of the First Two 1-D Scalar Maxwell’s Equations /
FDTD-L6sung der ersten beiden 1D skalaren Maxwell-Gleichungen
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Implementation of Boundary Conditions /
Implementierung von Randbedingungen
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Randbedingung fiir ein ideal elektrisch leitendes Material

E)(Cl,n,) =0

1<n, <N,
EW=m) =

Absorbing/open boundary condition /
Absorbierende/offene Randbedingung

Space-time-extrapolation of the first order /
Raum-Zeit-Extrapolation der ersten Ordnung

For / Fiir Ar=0.5

a plane wave needs two time steps, 2 7,, to travel over one grid cell with the size Az /
braucht eine ebene Welle zwei Zeitschritte, 2 7,, um sich uiber eine Gitterzelle der GroRe Az
auszubreiten
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Space-time-extrapolation of the first order /
Raum-Zeit-Extrapolation der ersten Ordnung

FDTD Solution of the First Two 1-D Scalar Maxwell’s Equations /
FDTD-L6sung der ersten beiden 1D skalaren Maxwell-Gleichungen

Excitation Pulse: RC2(t) -— (Time-Domain)
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FDTD Solution of the First Two 1-D Scalar Maxwell’s Equations /
FDTD-L6sung der ersten beiden 1D skalaren Maxwell-Gleichungen

Ex(z,tu) component at different time points tu
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2-D TM FDTD - Photonic Crystals /
2D-TM-FDTD - Photonische Kristalle

2-D TM FDTD - Photonic Crystals /
2D-TM-FDTD - Photonische Kristalle




End of Lecture 5 /
Ende der 5. Vorlesung




