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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:

§B<B,t)= —VXER,) —J,(R,1)
t

Equations of first order / 3
Gleichungen der ersten Ordnung ED(R,t): VxHR.f) -J,(R,1)
, DR H(R J.(R

Constitutive Equations for Vacuum /

Konstituierende Gleichungen 0
(Materialgleichungen) fiir Vakuum # 5;&1{&0: -VxER,) -J,(R,?)

BR1)=#HR, SR = VXHR) I R1)
D(R,7) =5 ER,1) J y
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Constitutive Equations for Vacuum /

Kon;titui_erende Gleic__hungen EB(BJF ~VxER,) -Jd.(R1)
(Materialgleichungen) fir Vakuum # ot
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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

0 Faraday’s induction law /

— #HR,7)= ~VxER,?) ~In(R,0) Faradaysches Induktionsgesetz
Field / Feld Sources / Quellen

5 l Ampeére-Maxwell‘s circuital law /

—c¢ER, )= VxH(R,?) -J.(R,0) Ampére-Maxwellsches

ot 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

0 Faraday’s induction law /

—BR.) = -VxER,) ~Jn (R Faradaysches Induktionsgesetz
Field / Feld Sources / Quellen

5 l Ampeére-Maxwell‘s circuital law /

Z¢ER,)= Vx[vBR./)] -J.R,1) Ampere-Maxwellsches

ot Durchflutungsgesetz
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Constitutive Equations for Vacuum /\
Konstituierende Gleichungen
(Materialgleichungen) fur Vakuum

BR,)=pHR,)
DR,)=5ER,)

Ansatz for the electric and
magnetic field strength /
Ansatz fur die elektrische und
magnetische Feldstarke

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:

ER.0)=E,(z0) ¢,
H(R.0)=H,(z0)e,

'

gg<g,z)= ~VXER.1) ~J, (R.0)
ZpRN= VXHRN - R0

E =B
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—E (z,t)= ———H (z,t) ——J (2t
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J+OA<Ax>2]

N

v

0 10
—E (z,t)= ———H (z,t
SEGD) CH, ()
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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

1 0 1
—H,(z,0)= ———E\ (2,1 —— Iy (2,1
5 0=~ Bz : },(m
Field / Feld Sources / Quellen

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

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

0 1 0 1
5Hy(z,f)= —ggEX(ZJ) _;ijy(z’t)
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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

2pen= 121 o -Loen
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1-D EM Wave Propagation - 1-D FDTD - Staggered Grid in Space /
1D EM Wellenausbreitung - 1-D FDTD - Versetztes Gitter im Raum

H;n:fZ) E’((,,Z,g,/z) H;ynsfl) E)((n_,—l/Z) H;IE) EJ((HZH/Z) HE’n_,H) Ev(¥n7+3/2)

<& »le »la <& »le »le »le
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A 4
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) 3, S5 1 o 175 2 3
n:722nz—52 nflznzfgz n, 2n2+52n2+12nz+5
E=32) EC=1 E=1/D E0=32)
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H;HZ*Z) H/(Vnzfl) HE'ﬂ:) H}/nz +1)
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2 2 2
< ~ >« ~ P = >
3 1 1
n, =2 n=s n—-1 n —— n, nZJrE n,+1  n +=

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

0 10 1

51‘1,,(2,0: *ngEx(Z,t) *;me(zal)
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1-D EM Wave Propagation - Finite-Difference Time-Domain (FDTD) /

1D EM Wellenausbreitung - Finite Differenzen im Zeitbereich (FDTD)
9 pom) SR B S OO V7 PN PR Ve I 0
L v L S CR O
0 (n,+1/2) __ 1 (n,+1) _ ) _ 1 (n,+1/2)
SE N 0=—1 [H0D0) -0 @) ] Pt
d . 1 . At . At 2
—f(t)=— t+— |- f|t——||+Ol(As
dzf() At[f(( 2} f( 2)} [(A)7]
Staggered grid in time / Versetztes Gitter in der Zeit
(n.n;) (n,,n,—1)
0 (n) Hy=" —Hy= 2
—H") (1) =— +O[(At
Pl 0 Y [(A7)7]
0 12 E)(Cn;+]/2,n1+]/2) 7E)(Cn:+l/2,n,—l/2) 5
—ZE" )= +O[(At
P ® ~ [(A2)7]
Fnm) _ g 11
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v o OB 0|0
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1-D EM Wave Propagation - Finite-Difference Time-Domain (FDTD) /
1D EM Wellenausbreitung - Finite Differenzen im Zeitbereich (FDTD)

Fm) _ gD
v y _ ii[Eﬁ”s“/z)(t)—Eﬁ”:'”z)(t)]—ij&’}%)(t)
Ar by Azt ’ Ho
(n,+1/ 20, 41/2) _ pa(m,+1/2,m,41/2)
Ex Ex — 1 |:H§,n:+l)(t) _Hifl:)(t) }_gijé‘};tﬁl/l)(t)
0

At &z

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)()rg,n,) :H)(,,ﬂ:'ﬂ‘il) _ At [E'En: +1/2,n,-1/2) _E,S:ﬂ: —1/2,n, 71/2):|_ﬂ‘]r(‘:1;,n, -1/2)
Hohz Ho

E;"Z +1/2,n,+1/2) :E)(Cn: +1/2,m,+1/2) _ At |:H§,"Z +1,n,) _H;n:,n,)] _gjéc: +1/2,n,)
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.
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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
—Hy(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
ot «(2,0) & 0z },(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

Hi’nz,n,) :H§fqz,n,—1) N [Einzﬂ/z,n,—l/z) _E’((nz—l/z,n,—l/z)]_ﬂjl(];;,n,—l/z)
Hohz Ho
U2 4112) _ pln+1/2,,-112) _ At |:H(nz+l‘n1) 7H(pz,n1)] 7ﬂJ(n:+1/2,n,)
X X flz y ¥ & ex

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 /

( ] ( j ( j Zeitebene
(nzfgj n, 7% n:+% nz+% .
E ¢ ' g 4  d ==
(n.-2) (n.-1) (n.) (n.+1)
v =t ’ ’ : )
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1-D EM Wave Propagation - FDTD - Normalization /
1D EM Wellenausbreitung - FDTD - Normierung

Hi’nz,n,) :H§fqz,n,71) N [E)((anrl/Z,n,fl/Z) _ gl 71/2)j|_£‘]g;,n,71/2)
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Cref Cref
Az = Axop Az c= Crefé E=Epef € H= Heer M Heet = Ho
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Ain:+1/2,n,+1/2) :Ein:Jrl/Z,n,fl/Z) 7&{;[(;2“,”,) 7}:[572,71,) }7& ngZH/Z,n/)

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

H/(‘”: -2,n,) H;,"" —Ln,) H;,"Z ) HE,”Z +1,,1,)
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1-D FDTD Algorithm - Flow Chart /
1D-FDTD-Algorithmus - Flussdiagramm

I Start l—->| n, =1 I

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

\ 4

I’:[(JLII,) _ 1/:1(‘{,#, - Z’[Ein,n, -2) E&nfl,n, -1 /z)]

v

Cofnpute 1-D Ampere-Maxwell’s FDTD equation: For all nodes 2 inside the simulation reg
Ein,n,ﬂu) _ Ein,n,—lm 7&[[/_\](;”1.»“ 7;[(:1‘11,) }

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

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:

\ 4

I’:[(JLII,) _ 1/:1(‘{,#, - Z’[Ein,n, -2) E&nfl,n, -1 /z)]

v

Berechne die 1D-Ampere-Maxwell-FDTD-Gleichung: Fur alle Knoten 7 im Simulationsgeb
Ein,n,ﬂu) =Ein,n,—1/z>7&[[/5](},}1“.»“ 7;[(:1‘11,) }

v

Elektrische Stromdichteanregung: Fiir alle Anregungsknoten|
Blnn+112) _ plnn+112) _ 3 50nn)
()

y 'y

v

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

Nein
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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

Maxwell’s equations / Maxwellsche Gleichungen \
0 10 1 . [0<z<Z
—H (z,t) = ———E(2,) ——me(z,t) for / fur
o - Ho Oz Ho 0<¢<T

Spen=-+2h o -Lieo
ot - & Oz &

Hyperbolic initial-

- - . boundary-value
Initial condition / Anfangsbedingung > problem /

— — P . e Hyperbolisches
Hy(z,0) =y, (2,6)=0 t <0 | Causality / Kausalitit Anfangs-Randwert-
E (z,)=J.(2,6)=0 t<0 Problem
Jex(2,6) = K (29) 8(z = 29) f(t) >0

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

E.(0,)= 0} v /

E(Z,5)=0

A 4

E@©On=0 |— 7 E(Z.f)=0

z=0 z=Z7Z

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., ~ (., ~1 ~ [ A 41/2,8,-1/2)  ~(n,—1/2,n,~1/2 ~ A (112 . 1<n <N,
S 7 e R [E§"'+ D g )}—Au(nfy "2 for  fir =<V )
1<n <N,
Z?(\”Z +1/2,n,+1/2) _ E;":*Ul"z -1/2) B X |:If_\[$1z +1.n,) B ]f_\]g’lz,n,) }7& .}gx +1/2,n,)
Initial condition / Anfangsbedingung
H=m = gem) =0 n <1 ! !
) v Causality / Kausalitit
E’((nz?nl) = ng»";) =0 n <1
ng,n,) :ngo) 5('1:*":0)/-(»1,) n>1
Boundary condition for a perfectly electrically conducting (PEC) material /
Randbedingung fir ein ideal elektrisch leitendes Material
E,((l’”’) -0
(/\} ) 1<m <N J
A,
Ex =M =0
(Ln) _ _ Discrete hyperbolic
Ey =0 < Z=A4aN, > initial-boundary-value
\ HS’Z»"r)E’((za”/) E)(C”:v”r)’Hif'zv"t) H(,N:'n‘) problem /
-®- —— -—--= = ‘e EWN-m) _ Diskretes
) P . | P P 0 hyperbolisches
Hy™" =0 < > > < < d Anfangs—Randwert-
Az Az Az Az Problem
n, =1 n, =N,
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Magntiude [RC2(5| /
Betrag |RC(A|

Amplitude RC2() /
Amplitude RC()

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

T T T T
0.5 Si
0
i i I I i fl
0 2e-010 6.25e-010 1.25e-009 1.875e-009 2.5e-009
tins
Excitation pulse: RC2(/ - Frequency Domain / Anregungsfunktion: RC() -
Frequenzbereich
5 oo x|
251 &
O L L etk
4] 10 252 50.4 -25 -0.4

fin GHz

X(z,tu) component at different time points tu

% ‘ ]

0.075 015 0225 03

0.075 015 0225

0075 015 0225

E H
2 2
1 1
0 0
1 1
2 2
2 2
1 1
0 0
1 1
2 2
2 2
1 1
0 0
1 1
2 2
2 2
1 1
0 0
1 1
2 2
2 2
1 1
0 0
B K|
-2 2
2 2
1 1
0 0
-1 1
-1 2
2 2
1 1
0 0
-1 1
] ]
2 2
1 1
0 0
- 1
2 2
2 2
1 1
0 0
- 1
2 2
2 2
1 1
0 0
-1 1
2 2

0 0.075 015 0225 03
Zinm

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

y(z,tu) component at different time points tu

: ]

0.075 015 0225 03

0075 015 0225

0075 018 0225

0 0075 015 0.225 03

zinm
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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

E, component at nt = 97 E, component
2 1250 2
1 = - - ez - 937_5/ \ 1
: ] ! " = : =
£ 625 L 0
28 —\/_ "
-2 0 -2
o] 0.075 0.15 0.225 03 6] 0.075 015 0225 0.3
zinm zinm
Hy component at nt= 97 Hy component

2 ‘ ‘ ‘ 1250 2

937 5 /

=

2
£ 625 = 0
3125 = > <4
2 0 - 2
0 0075 015 0225 0.3 0 0075 015 0225 03
zinm zinm

Implementation of Boundary Conditions /
Implementierung von Randbedingungen

pDuuliualy LUIIUILIVIL 1VI a PTliTuuy cicoeuiicany \-Ulluu\.l.llls \recy) itiawciial
Randbedingung fiir ein ideal elektrisch leitendes Material

E)(Cl’”') =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 / Fur 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

E)(C],n, ) E)((Z,n, -2)

v Nin 2 1<m <N,
E)(g :>”1):E)(("z*>”ﬁ)

Space-time-extrapolation of the first order /
Raum-Zeit-Extrapolation der ersten Ordnung
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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
Excitation Pulse: RC2(t) -— (Time-Domain)
1 T T T
5 osh )|
£
%
o
=
2 0
[= 8
£
<C
Do i I I i fl
0 2e-010 6.25e-010 1.25e-009 1.875e-009 2.5e-009
tins
Excitation Pulse: |RC2(f)| --- (Frequency-Domain)
T T T
— 5 s
=)
{ g
[&]
-3
s
o
g25- =
.‘é‘
g
=
O Il L PR
0 10 252 50.4 -25 -0.4
fin GHz

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

Hy(z,tu) component at different time points tu

..D
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0.075 015 0225 03 0.075 015 03235 03
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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 component EX component

2 1250

0.5
1 T e 937.5

o]

@
o

0 c 625

0.5
-1 312.5
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Hycomponent
2 1250 1
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7
S UUNORER . SRSm—— SET— - P—— 3125 / BE
-2 0 i
0 0.075 0.15 0.225 0.3 0 0.075 0.15 0.225 0.3

zinm

T‘HE :
Finite Difference
Time Domain Hethod

for | ‘@ieeiwmagmiics

KARLS, KUNZ
RAYMOND J. LUEBBERS

ADVANCES IN

The Finite-Difference Time-Domain Method

ALLEN TAFLOVE
EDITOR

FDTD Books / FDTD-Blicher

Kunz, K. S., Luebbers, R.

J.: The Finite Difference
Time Domain Method for
Electromagnetics. 1993

Taflove, A. (Editor):

Advances in
Computational

Electrodynamics: The
Finite-Difference Time-
Domain Method. Artech

House, 1998.

COMPUTATIONAL

ELECTRODYNAMICS
The Finite-Difference
Time-Domain Method

Taflove, A. (Editor):
Computational
FElectrodynamics: The Finite—
Difference Time-Domain
Method.

Artech House, Boston, 1995.

Taflove, A. (Editor):
Computational
Electrodynamics: The
Finite-Difference Time-
Domain Method. 2nd
Editon,

Artech House, Boston,
2000.
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FDTD Books / FDTD-Blicher

Sullivan, D. M.:
ELECTROMAGNETIC Electromagnetic

SIMULATION USING Simulation Using the
THE FDTD METHOD FDTD Method. |EEE
Press, New York, 2000.

3-D FDTD - Derivation of the Discrete Equations /
3D-FDTD - Ableitung der diskreten Gleichungen

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

gg@,n: ~VXER.1) -, (R.1)
ZoRO= VAR LR D)

In Cartesian Coordinates we find for the Curl operator applied to Eand H /
Im Kartesischen Koordinatensystem finden wir fiir den Rotationsoperator angewendet auf E und H:

[ e, e,
vERn-| < 22
Ox oy [o4
E.R) E,R,) E.(R)
_[eE.R OE,R.) e 1| ERD ERD| L JERD ERD|
R ez [ o o |7 ax v [°
e, e, e,
vaaRn=| 2 20 2
ox oy oz
H,R1) H,R.1) H.(Rr)
7'5Hz(g,t)70Hy(B,t) . +FHX(L{,:)Jal{z(g,z)} N OH,(R,1) oH,(R,1) .
oy oz - 0z o |7 ox oy -
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3-D FDTD - Derivation of the Discrete Equations /
3D-FDTD - Ableitung der diskreten Gleichungen

If we insert the last expressions into the first two Maxwell’s equations are in differential form read /
Wenn wir die letzten Ausdriicke in the ersten beiden Maxwellschen Gleichungen in Differentialform einsetzen,
erhalten wir:
0
EB(B,I) = -VxER,) -J,(R,0)
t

2B, R0e, +B,Ro0e, + B.R.e. |

or
__J[eE®n E,RD] +{6EX(BJ)70EZ(B,I)}
B o oz | oz ox

[V R, + Ty (R0, + e (R D), |

e,

+[6Ey(g,t) B aEX(B,t)}gZ}
ox oy

gD(B,t) = VxHR,») -J.(R,0)

L[D.R e, +D, R0k, +D.(R.Ne. |

_|oH. Ry OH,RD | {aHr(B,t)_aHz(B,r)} | R oH R |
R e | o a7 ax o |

~[Ve (R0, + T, (R D, + T (R, D), |

Six decoupled scalar equations! /
Sechs entkoppelte skalare Gleichungen!

3-D FDTD - Derivation of the Discrete Equations /
3D-FDTD - Ableitung der diskreten Gleichungen

If we insert the last expressions into the first two Maxwell’s equations are in differential form we read /
Wenn wir die letzten Ausdriicke in die ersten beiden Maxwellschen Gleichungen in Differentialform
einsetzen, erhalten wir:

i OE,(R,¢
%BX(BJ); aEzé(;l,t)f ,;7 )}me(gjl)
)z
0 [0E.(R,1) OE.(R,1)
EBy(B,t):f % o }me(B,t)
[OE (R,t
Sh®n-- —}'a(; )—aEx;B’”}—sz@,r)
L Y
[ OoH ,(R,¢
EDY(BJ): M,# *Jax(B’f)
or D oz
0 [OH.(R,1) OH,(R.t
5D},(B,t): %*%}JW(BJ)
[6H (Rt
Sh®o- %—%}Ju(&r)
X
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3-D FDTD - Derivation of the Discrete Equations /
3D-FDTD - Ableitung der diskreten Gleichungen

Constitutive equation for homogeneous isotropic materials / B.(R,0)=uH (R,7)  D(R,0)=uE (R,
Konstituierende Gleichungen fiir homogene isotrope B,R,0)= uH,(R,7)  D,(R,1)=uE,(R,1)

Materialien:
B.(R,0)=uH_(R,1)  D.(R,))=uE_ (R)

F [0E.(R,r) OE, (R )
O it R 1) =- ( o_ } TR 1)
ot
ﬁpH},(B,t): 6E(Rt) aE(Rt} T (®R0)
ot "
aE R,/ PR I
Ot Ry =—| =0 ( ) o, (R” TR ) - ”
ol | I L
el - ;
r OH (R,1) : | ' ;
Lo o= |PEBD RO R e
a L ¥ & bOE |
0 [OH,(R,0) _OH,(R,1) E R al
ZeE,R = | == TSV g (R R L
al‘g },L ) i & o } ey(f ) : ’/, b
’BH R, e - 1
gggv(g,t)z ﬁ_w ~Jo. (R,
o - ox oy
Hy =Jp i=1,2.3

E, =Jo .i=123

3-D FDTD - Derivation of the Discrete Equations /
3D-FDTD - Ableitung der diskreten Gleichungen

o .
5H,X(B,t) =H.(R,1)

aIT R0 {%7 o, R0

oz i|7‘]m‘:(Bat)

uH (R0 = H™ ()
Jx R0 =TI (1)
ERY_E0-E" 0 +df ()]

oy Ay
OE,(R,)) ED@)-EW ()
80 00, fiop]

Ew-Ew ED @0 -EY (1)

HH™ ()= —Ja @)
" Yy
A part of the discrete curl operator / ()
Ein Teil des diskreten Rotationsoperators Ey
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2-D EM Wave Propagation - 2-D FDTD - TM and TE Case /
2D EM Wellenausbreitung - 2D-FDTD - TM- und TE-Fall

2-D TM Case / 2D-TM-Fall

2-D TE Case / 2D-TE-Fall

y =,1—>x2 ¢ eG g :,1—>X2 g"eG
e x=x g xX=x
z=Xx3 « z=Xx3 «
n=ng ~ n=ng 2
L -er ! ~(n) =~ H(”)M_ - -[\- - ~(n) =~
1 oy g"eG y 1 YED e
1 1 1 1
/4 ng ‘|/ £l ng ‘I/
Dual orthogonal 1 -(n) 1
HE”4 E(") : grid system in space / |Ex" 1
1 | Dual-orthogonales 1 1
e e Gittersystem im Raum o ——— -
GLlG
0 OE,(R,1) 0 OE . (R,t) OE,(R,f)
—uH R = —2L—"—J (Rt < = | OB OBRD)
o MR pn me (R 1) o R0 [ P PN } Ty (R1)
il OE,(R,1)
S HHR) === =T (RD)
4 I oH,R0) ®0)
—¢E.R D)= ————J (R
a T oz o
0 _ |oH,R) oH.(R,) oH (R,t
Genmas [TREO TR w2y TR
x

R=uxe, +ze,

R=xe, +ze,

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

2-D TM Case / 2D-TM-Fall

Two-dimensional staggered grid system in the 2—
D TM case / Zweidimensionales versetztes
Gittersystem im 2D-TM-Fall

y=x
12—> ¢ eG
& xX=x
zZ=X3 «
e . N . - )
Sl ~n_ = : 5
! aY oy g"ed . :
1 1 i |
4 o, 47 A
HE/I)# E(M) 1 : i
! 1
ot I
0 OE,(R,?) l .
— uH (Rt =7 _ R,/ . - - . .
MR === (R0 : —
OE,(R,t : :

2 p = [PHRO_HRD
o oz ox

R=uxe, +ze,

_Jey(Bst)
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Implementation of Boundary Conditions /
Implementierung von Randbedingungen

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

E(V.,.!,;/) —0
’ 1<n <N,
Em) =0

Plane wave excitation /
Ebene-Wellen-Anregung

PECBC/  PECBC/
PW BC / IEL-RB IEL-RB PW BC /
EW-RB EW-RB
Slit /
Schlitz
PEC BC /
IEL-RB

Plane wave boundary condition for a vertical incident plane wave /
Ebene-Wellen-Randbedingung fiir eine vertikal einfallende ebene Welle

E)(/Z,nz,n,) — E)()},n:,nt) 1< n < NZ
EWslnn) - pV-2nm-0 [ 1< <N,

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

7 Ghost grid cells / Simulation area /
/Geistergitterzelle Simulationsgebie
7

n t
Vs a” a’ a7 F

o--- - - - = f— .--_.___..'___.___.I___ i
; : G : | :
l ! g VS
:
] 1 1 '
; ; o o
| e 1 r'g H
' ) 1
l -- — [ e
i i i i i } 1
: : ' ' ; H ; ;
' e ! » '
- - i $ o L
1 f H
; . . i
H » ! e » x x \
---------------------------- : [ YRR JORS F. S ——"

Ghost components which are
E)(,") =0 H" =0 H™ =0 allocated outside the simulation area

- Geisterkomponenten, welche
auBerhalb des Simulationsgebietes
liegen

,
i

” 1
« v
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2-D EM Wave Propagation - 2-D FDTD - TM Case/
2D EM Wellenausbreitung - 2D-FDTD - TM-Fall

Plane wave excitation / Slit /
Ebene-Wellen-Anregung Schlitz

x x’T x’T Vg

(2n,,.n) _ (3n,,n) 7%
E} " =E} ‘

t

V Ghost grid cells / Simulation area /
/Geistergitterzelle Simulationsgebie

D eoeoret 2D TM, FOTD resut: H, component D eoeorent
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200
05 05
o % o o [
160 160 160
140) 140 140 02
o =
2120, 2120 E g1 o
& K 8100 o0 5
~ 80 ~ 80 o - 02
60| 60 60| =
40) 40/ 40| 0.4
20|
20 oS 20| 0s o
50 100 150 200 S0 10 150 200 s o s 20
xin cells xincells xin cells
2D TM, FDTD resut: H, component 2D TM, FDTD resul: H,, component 2D TM, FDTD result: H, component
1
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140 140 -~ i
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2120 2120 2120 ”. * i
84 o B4 o 4 i
S o % 0 N 80) \\ g 0,05
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60| . 60 . g
40| 0 02 20
20} 20] 0.3 20| -0.15
1
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xin cels xineells Xin cels
2D TM, FDTD resul: E, component 2D TM, FOTD resut: £, component 2D Th, FDTD resul: E, component
200 I
10 E . B o 0.4
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& u 8100 o L e
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2-D TM FDTD - Diffraction on a Single Slit /
2D-TM-FDTD - Beugung am Spalt

Wave field movie of the H, Wave field movie of the H, Wave field movie of the £,
field component / field component / field component /
Wellenfeldfilm der Wellenfeldfilm der Wellenfeldfilm der

H-Feldkomponente

H_-Feldkomponente

2D TM, FDTD result: H,, component 2D Th, FDTD resu: H, component 2D TM, FDTD result: H, component
200 03 0.4 200 hg
180 180
160 k= 02 160 0.4
140 o B 140 o2
— e e—
2120] 0 @2 — % e
Ty _ 3 I T 100 [ ————— |
£ 0.1 L - - £ ol - -
N 80 ~ 80 | —— 04 - 2
= g 60)
60) —— A
40 03 0] 08 40| . >
£ 0.4 2 o 20 — lag
50 100 150 200 50 100 150 200 50 100 150 200
xin cells xin cells xin cells
2D T, FDTD result: H,, component 2D T, FOTD result:H, component 2D TM, FDTD resut: H, component
1
0.2
180) 180] [ 180) - I
160 - 180) b 160 2w
140 140] 140 - - 0.1
@120 « 120) B 2120] £ - o
H — o 3 B i 100 — o
i S 10 -—- 2
< € o Ed ¥
N 80) N &0l - - o1 N 80f . g Z «115
. - - K
60| 05 60| 60} - - =
40} 19] 02 40| - - - -0.15
20} 0.2
20|
\ 2 g
50 100 150 200 50 100 150 200 50 ‘100 " 150 200
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2D TM, FDTD resut: E  component 2D TM, FDTD result: E component R e o
200 03 — — 0.4
180/ 180! 0.6 oo ; = - = ; ] .
160/ 0.2 160/ 0.4 weof - ::: = B
140 140 140 - |
@120 . ' B 0120 [ T - — o1
3 2 3 - - 5
% 100 — o % 100 e < % o
= < N 0] S —
b 0.1 DY 02 N — -
o @ S== 02
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20 s 2! I 2 e 04
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2-D TM FDTD - Diffraction on a Double Slit /
2D-TM-FDTD - Beugung am Doppelspalt

Wave field movie of the H, Wave field movie of the H, Wave field movie of the £,
field component / field component / field component /
Wellenfeldfilm der Wellenfeldfilm der Wellenfeldfilm der

H ~Feldkomponente H,Feldkomponente £,-Feldkomponente

Photonic Crystals /
Photonische Kristalle

PhOfOI‘liC Joannopoulos, J. D.,

ohnson, S. G.:
Crystals R. D. Meade, Egeg%’&’g Phthonic Crystals: The
Y J. N. Winn: bl Road from Theory to
Photonic Crystals - Theory to Practice Practice.
Ma/dinng _tl;e Flow of Kluwer Academic
ight. Press, 2001.
g Princeton University

Press, Princeton, 1995.

Molding the Flow of Light

John D. Joannopoulos
Robert D. Meade
Joshua N. Winn

Links:

Photonic Crystals Research at MIT
Homepage of Prof. Sajeev John, University of Toronto, Canada
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2-D TM FDTD - Photonic Crystals /
2D-TM-FDTD - Photonische Kristalle

Relative permittivity of the background |
& =
Relative Permittivitéit des Hintergrundes

Relative permittivity of the rods 114
g =11.
Relative Permittivitit der Stibe

Distribution of Permiﬂivityzr

200

150

zin cells
S
S

50

1 50 100 150 200
xin cells

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

Wave field movie of the H, Wave field movie of the H, Wave field movie of the £,

field component / field component /
Wellenfeldfilm der Wellenfeldfilm der
H ~Feldkomponente H-Feldkomponente

field component /
Wellenfeldfilm der
£ -Feldkomponente
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2-D TM FDTD - Photonic Crystals /
2D-TM-FDTD - Photonische Kristalle

Wave field movie of the #, Wave field movie of the H, Wave field movie of the £,
field component / field component / field component /
Wellenfeldfilm der Wellenfeldfilm der Wellenfeldfilm der

H,~Feldkomponente H,-Feldkomponente £ ~-Feldkomponente

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

End of Lecture 6 /
Ende der 6. Vorlesung

Dr.-Ing. René Marklein - NFT | - Lecture 6 / Vorlesung

6 - WS 2005 / 2006

25



